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HIDEO KOJIMA, NOBORU MATSUMURA, and HIROO INOUE. Can. J. Chem. 70, 1 (1992). 
Quinolines (2 and 3) and naphthazepines (8 and 9) are prepared in high yields by the reaction of tris(isopropy1thio)- 

cyclopropenylium perchlorate ( I )  with anilines and 1-naphthylamines, respectively, under nitrogen in N,N-dimethyl- 
formamide at 80-85'C. The reactions are proven to proceed through the intermediary formation of irninium salts (5, 10, 
and 11) derived from 1 and amines. The reaction of 1 with pyrrole and indole in dimethyl sulfoxide, containing sodium 
hydride, at 25°C gives S,6,7-tris(isopropy1thio)-IH-pyrrolizine (12) and 1,2,3-tris(isopropy1thio)-9H-fluorazene (14), 
respectively, in high yields by intramolecular cyclization of a vinylcarbene intermediate. The possible pathway for the 
formation of these nitrogen heterocycles is proposed. 

Key words: cyclopropenyl cation, aromatic amines, nitrogen heterocycles, three-carbon building block. 

HIDEO KOJIMA, NOBORU MATSUMURA et HIROO INOUE. Can. J. Chem. 70, 1 (1992). 
En faisant reagir du perchlorate de tris(isopropylthio)cyclopropCnylium ( I )  avec des anilines et des naphtyl-1-amines, 

sous azote, dans le N,N-dimkthylfom~amide, Zi 80-8S0C, on a prepare respectivement les quinoleines 2 et 3 et les naph- 
taztpines 8 et 9, avec d'excellents rendements. On a prouve que les reactions se produisent par la formation des sels 
d'iminium 5, 10 et 11, derives du compose 1 et des amines, comme intermediaires. Les reactions du composk 1 avec 
le pyrrole et I'indole, dans le dimethylsulfoxyde contenant de l'hydrure de sodium a 2S°C, foumissent respectivement 
le S,6,7-tris(isopropy1thio)-1H-pyrrolizine (12) et le 1,2,3-tris(isopropy1thio)-9H-fluorazkne (14), avec d'excellents 
rendements, par la cyclisation intrarnoleculaire d'un vinylcarbene intermediaire. On propose une voie Cventuelle de for- 
mation de ces hetkrocycles azotes. 

Mots clPs : cation cyclopropenyle, amines aromatiques, heterocycles azotks, possibilites d'ajouter trois carbones. 
[Traduit par la redaction] 

Introduction vield of 2; in the molar ratio of 1 : 1. the vield of 2 after 50 h 

Cyclopropenyl cations have attracted special attention 
because of their high strain and aromatic character, and their 
reactions with various nucleophiles such as amines (I),  en- 
olates (2), and Grignard reagents (3) have been investigated 
extensively. Recent studies have shown that the reaction of 
tris(tert-butylthio)cyclopropenyl cation with aliphatic amines, 
such as 3-aminopropionitrile and 3-aminopropionates, in 
N,N-dimethylformamide (DMF) containing sodium hydride 
gives the corresponding substituted 1 ,2-dihydropyridines by 
C,-ring opening followed by intramolecular cyclization (4). 
Despite this research, few have investigated the reaction of 
aromatic amines with this ring system to build nitrogen het- 
erocycles by cyclization at the aromatic ring. 

Due to our interest in using the cyclopropenyl cation as a 
three-carbon building block, we carried out the reaction of 
tris(isopropylthio)cyclopropenylium perchlorate (1) with 
aniline, m-aminophenol, 1 -naphthylamine, 5-amino- 1 - 
naphthol, pyrrole, and indole. Herein we report experimen- 
tal details on the preparation of quinolines, naphthazepines, 
and pyrrolizine and fluorazene derivatives from 1 and the 
corresponding aromatic amines. Part of the results have been 
reported in our preliminary papers (refs. 5 and 6). 

Results and discussion 

Preparation of quinolines from aniline and m-aminophenol 
The reaction of the cyclopropenyl cation 1 with aniline (2 

equiv.) under nitrogen in dry DMF at 80°C gave 2,3- 
bis(isopropy1thio)quinoline (2) in a high yield. In this reac- 
tion, 3,4-bis(isopropy1thio)quinoline was not obtained. The 
aniline11 molar ratio of 2:  1 was necessary for raising the 
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bas  40% '(recovery of 1: 60%). 7-~~dr~x~-2,3-bis(iso~ro- 
py1thio)quinoline (3) was also prepared under similar con- 
ditions from m-aminophenol and 1 (molar ratio of 2 :  1) in 
96% yield after 24 h, accompanied by the formation of 5- 
hydroxy-2,3-bis(isopropy1thio)quinoline (4) in 4% yield. 
Thus, the cyclopropenyl cation 1 served as a building block 
to form quinolines by ring opening followed by intramolec- 
ular cyclization. 

Next the reactions were carried out in acetonimle (MeCN) 
at 25°C. The reaction with aniline led to the formation of an 
iminium salt 5 in quantitative yield, although with m-ami- 
nophenol, quinolines 3 and 4 were isolated in 74 and 3% 
yields, respectively, after 73 h. The iminium salt 5 was iso- 
lated by the evaporation of MeCN after the reaction and its 
structure was established by measuring the 'H and I3c nmr 
spectra. The I H  nmr spectrum showed a singlet ( lH) for the 
CH=N+ proton at 6 9.08, a broad singlet (2H) for the NH 
and NH+ protons at 6 8.70-8.90, an unresolved multiplet 
(10H) for the aromatic ring protons at 6 7.38-7.43, and two 
doublets (12H, 6 1.18 and 1.26) and two septets (2H, 6 2.98 
and 3.19) for the methyl and methine protons of two isopro- 
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pylthio groups respectively. The "C nrnr spectrum showed 
a signal due to the C=Nf group at 6 175.2. Furthermore, 
the reaction of 1 with aniline at 25°C was carried out by us- 
ing DMF instead of MeCN. The yield of 2 after 29 h in- 
creased to 14%, but the main product was the iminium salt 
5 (84%). Next a solution of 5 in DMF was heated at 80°C 
for 25 h. It was found that 5 was converted quantitatively into 
the quinoline 2. These facts indicate that 2 is produced 
through the intermediary formation of 5 which undergoes 
cyclization at 80°C. 

spr ' 

MeCN ,25OC 

C104- 

The possible pathway for the formation of 5 is proposed 
in Scheme 1. The nucleophilic attack of aniline on 1 is con- 
sidered to form vinylcarbene (6), which is converted into an 
intermediate (7) by protonation. Formation and protonation 
of the vinylcarbene intermediate have been suggested in the 
reactions of 1-(dipheny1amino)-2,3-diphenylcyclopropenyl 
cation with phenylmagnesium bromide (7) and of tris(tert- 
butylthio)cyclopropenyl cation with dimethylamine (8) and 
o-phenylenediamine (4), respectively. The reaction of in- 
termediate 7 with aniline, accompanied by elimination of 2- 
propanethiol, leads to the formation of 5. Cyclization of the 
iminium carbon of 5 at the o-position of the anilino group, 
followed by elimination of aniline, gives quinoline 2. Quin- 
olines 3 and 4 also are considered to be produced from m- 
aminophenol by this process, although the corresponding 
iminium salt was not detected. 

Preparation of naphthazepines from 1 -naphthylamine and 
5-amino-1 -naphthol 

The cyclopropenyl cation 1 reacted under nitrogen with 
1-naphthylarnine and 5-amino- 1-naphthol (2 equiv.) in MeCN 
under reflux or in DMF at 85°C to give 2,3-bis(isopropy1- 
thio)- (8) and 7-hydroxy-2,3-bis(isopropylthio)naphth[1,8- 
bclazepine (9), respectively, in high yields. Thus, cyclo- 
propenyl cation 1 undergoes cyclization at the 8-position of 
the naphthalene nucleus to form the azepine ring, but not at 
the 2-position to form the pyridine ring. When the reactions 
were carried out in DMF at 25"C, the yields of 8 and 9 de- 

creased and iminium salts 10 and 11 were obtained as the 
main products. The iminium salts are considered to be pro- 
duced by the pathway similar to that in Scheme 1. Further- 
more, it was confirmed that iminium salts 10 and 11 were 
converted into naphthazepines 8 and 9, respectively, in 
quantitative yields by heating at 85°C in DMF. From these 
results, the reaction pathway for the formation of naphth- 
azepines 8 and 9 is considered to be similar to that in the re- 
action of 1 with anilines described above. Cyclization at the 
8-position of the naphthalene ring implies that the carbon at 
the 8-position and the iminium carbon are favorably situ- 
ated in positions that permit ring closure. 

Preparation of pyrrolizine andfluorazene derivatives from 
pyrrole and indole 

To prevent protonation of the vinylcarbene intermediate 
generated by ring opening, the reaction of cyclopropenyl 
cation 1 with N-anions of pyrrole and indole in dimethyl 
sulfoxide (DMSO) was conducted. Pyrrole was treated un- 
der nitrogen with sodium hydride (1 equiv.) in DMSO at 25°C 
and 1 (1 equiv.) was added. The reaction proceeded rapidly 
at 25°C to give 5,6,7-t~is(isopropy1thio)-lH(12) and -3H (13)- 
pyrrolizine in 53 and 11% yields, respectively, after 1 h. In 
this reaction, pyrrolizine 13 was found to be derived easily 
from 12 under irradiation with solar light. Therefore, reac- 
tion of 1 with the pyrrolyl N-anion was carried out in the dark, 
affording only 12 in 98% yield. Potassium tert-butoxide and 
potassium hydroxide also were useful, as a base, in this re- C
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action. In the absence of a base, 1 2  and 13 were not pro- 
duced, but a mixture of unidentified compounds was ob- 
tained. 

The reaction of 1 with the indole/NaH system (molar ra- 
tio of 1 : 1 : 1) was carried out under similar conditions. At 
85"C, 1,2,3-tris(isopropy1thio)-9H-fluorazene (14) was ob- 
tained in 84% yield after 1 h .  Cyclization at  the 7-position 
of indole did not occur. Thus, the cyclopropenyl cation 1 was 
proven to undergo cyclization at the 1 ,2  positions of pyrrole 
and indole to form pyrrolizine and fluorazene derivatives 
respectively. 

Reaction with the pyrrolyl N-anion is rationalized to pro- 
ceed through formation of the vinylcarbene intermediate 15 
by nucleophilic attack of the pyrrolyl N-anion on the cyclo- 
propenyl cation 1 ,  followed by intramolecular insertion of 
the carbene into the C-H bond in the 2-position of pyrrole 
to give 16, as shown in Scheme 2. Intermediate 16 is con- 
verted into 1 2  by the migration of hydrogen. Fluorazene 14 
also is considered to be produced from indole by this pro- 
cess. 

Experimental 
Melting points were determined on a Yanagimoto MP-S3 rnelt- 

ing point apparatus and are uncorrected. The ir spectra of solids 
(KBr) and oil (neat) were recorded on a Hitachi 215 spectrometer. 
The 'H nrnr (270 MHz) and "C nrnr (68 MHz) spectra were mea- 
sured on a Jeol JNM-GX 270 FT nrnr spectrometer with CDCI, as 
solvent and tetrarnethylsilane as an internal standard. Mass spec- 
tra were obtained at 70 eV with a Shirnadzu LKB-9000 spectrorn- 
eter. Elemental analyses of quinolines 2-4, naphthazepines 8 and 
9, pyrrolizines 12 and 13, and fluorazene 14 agreed within &0.3% 

with the calculated values. Column chromatography was per- 
formed on silica gel (Wakogel C-300). 

General procedure for the preparation of quinolines, iminium 
salts, and naphthazepines 

Compound 1 (1 8 1 rng, 0.5 rnrnol) was added under nitrogen to 
a solution of arnines (1.0 rnrnol) in dry DMF or MeCN (20 rnL) in 
one portion and the mixture was stirred at the indicated reaction 
temperature for 24-73 h. Irniniurn salts 5, 10, and 11 were iso- 
lated by removal of the solvent in vacuo. The residue was sub- 
jected to the measurement of the 'H and ')c nrnr spectra without 
further purification, because structural changes occurred on puri- 
fication. For the isolation of quinolines 2-4 and naphthazepines 8 
and 9, the reaction mixture with DMF was poured into water 
(100 mL) and extracted with CHZC12 (2 X 50 mL). 'The organic 
layer was washed with water (3 x 50 rnL), dried (Na2S04), and 
concentrated in vacuo. The reaction mixture with MeCN was 
evaporated in vacuo. The residue was purified by silica gel chro- 
matography using the eluent shown below. 

2,3-Bis(isopropy1thio)quinoline ( 2 )  (DMF, 8O0C, 29 h): 80% 
yield; purified by column chromatography (hexane/CHIC1,, 3: I); 
a colorless oil; ir (neat) v: 3050, 2960, 2925, 2865, 1620, 1575, 
1550, 1490, 1465, 1385, 1360, 1330, 1240, 1155, 1140, 1120, 
1055, 990, 780, 750 crn-'; 'H nrnr 6: 1.34 (d, J = 6.9 Hz, 6H, 
CH(CH,),), 1.48 (d, J = 6.9 Hz, 6H, CH(CH3),), 3.54 (sept, J = 
6.9 Hz, lH,  CH(CH3)2), 4.23 (sept, J = 6.9 Hz, lH,  CH(CH3)2), 
7.41 (rn, lH,arorn),7.61 (rn, lH,arorn),7.66(m, IH,arorn), 7.91 
(m, 1 H, arorn), 7.96 (s, lH,  H-4); I3c nmr 6: 23.0 (2C), 35.6, 38.2, 
125.3, 125.9, 127.0, 127.9, 128.3, 129.5, 138.5, 147.0, 162.2; 
rns m/z: 277 (M'). 

7-Hydroxy-2,3-bis(isopropy1thio)quinoline (3) and 5-hydroxy- 
2,3-bis(isopropy1thio)quinoline (4) (DMF, 8O0C, 24 h): 96 and 4% 
yields; purified by column chromatography (hexane/CH2Clz, 1 :2); 
a colorless oil. 3; ir (neat) v: 3375, 1620, 1580, 1560, 1495, 1450, 
1335, 1200, 1130, 1050, 995, 860, 810 crn-I; 'H nrnr 6: 1.30 (d, 
J = 6.7 Hz, 6H, CH(CH,),), 1.45 (d, J = 6.7 Hz, 6H, CH(CH3),), 
3.47 (sept, J = 6.7 Hz, lH, CH(CH3)2), 4.17 (sept, J = 6.7 Hz, 
lH,  CH(CH,),), 5.69 (br s, lH,  OH-7), 7.03 (dd, J = 8.6 and 
2.7 Hz, lH,  arorn), 7.25 (d, J = 2.7 Hz, lH,  arom), 7.56 (d, J = 
8.6 Hz, I H, arorn), 7.93 (s, IH, H-4); I3c nrnr 6: 22.9, 23 .O, 35.6, 
38.5, 110.0, 117.2, 120.9, 125.0, 128.8, 140.2, 148.4, 157.4, 
163.5; rns m/z: 293 (M'). 4; ir (neat) v: 3400, 1620, 1580, 1555, 
1465, 1335, 1275, 1200, 1 130, 1080, 1050, 805 cm-I; 'H  nrnr 6: 
1.35 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.48 (d, J = 6.7 Hz, 6H, 
CH(CH3)2), 3.56 (sept, J = 6.7 Hz, lH,  CH(CH3),), 4.21 (sept, J 
= 6.7 Hz, IH, CH(CH3)Z), 5.44 (br s, lH,  OH-5), 6.73 (rn, lH, 
arorn), 7.39-7.51 (rn, 2H, arorn), 8.34 (s, lH,  H-4); ms m/z: 293 
(M+). 

Iminiutn salt (5) (MeCN, 2 9 2 ,  25 h): 100% yield; a reddish oil; 
'H nrnr 6: 1.18 (d, J = 6.7 Hz, 6H, CH(CH3)2), 1.26 (d, J = 
6.7 Hz, 6H, CH(CH,),), 2.98 (sept, J = 6.7 Hz, lH,  CH(CH3),), 
3.19 (sept, J = 6.7 Hz, 1 H, CH(CH,),), 7.38-7.43 (m, 10H, 
arom), 8.70-8.90 (br s, 2H, NH and NfH), 9.08 (s, lH, CH=N+); 
',c nmr6: 22.19, 22.49, 39.58,40.15, 103.0, 115.2, 118.3, 118.7, 
123.5, 126.8, 127.9, 128.8, 129.5, 129.6, 129.7, 137.3, 145.6, 
154.5, 175.2 (CH=N+). 
2,3-Bis(isopropylthio)naphth[l,8-bclazepie ( 8 )  (MeCN, re- 

flux, 25 h and DMF, 8S0C, 25 h): 91 and 92% yields; purified by 
column chromatography (hexane/CH,CI,, 2: 1); colorless solids, 
rnp 86-87°C; ir (KBr) v: 3040, 2950, 2915, 2850, 1620, 1600, 
1570, 1550, 1495, 1470, 1435, 1385, 1360, 1240, 1150, 1130, 
1050, 935, 810 cm-I; 'H nmr 6: 1.36 (d, J = 6.7 Hz, 6H, 
CH(CH,),), 1.61 (d, J = 6.7 Hz, 6H, CH(CH3)J, 3.59 (sept, J = 
6.7 Hz, 1 H, CH(CH3)2), 4.4 1 (sept, J = 6.7 Hz, 1 H, CH(CH3),), 
7.58 (rn, IH, arorn), 7.65-7.72 (rn, 3H, arorn), 7.87 (rn, lH,  
arorn), 8.02 (s, lH,  H-3), 9.19 (rn, lH,  arom); I3c nrnr 6: 22.9, 
23.1, 35.9, 38.2, 123.3, 124.4, 124.8, 126.4, 126.9, 127.8, 128.1, 
128.3, 130.9, 133.9, 139.0, 144.8, 161.3; rns m/z: 327 (M+). 

7 - Hydroxy - 2 , 3  - bis(isopropylthio)naphth[l, 8 - bclazepine (9) 
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(MeCN, reflux, 30 h and DMF, 85"C, 25 h): 96 and 90% yields; 
purified by column chromatography (hexane/CH,Cl,, 1 :2); col- 
orless solids, mp 159-160°C; ir (KBr) v: 3325, 1610, 1575, 1425, 
1390, 1355, 1255, 1135, 910, 755 cm-I; 'H  nmr 6: 1.37 (d, J = 
6.7 Hz, 6H, CH(CH3),), 1.59 (d, J = 6.7 Hz, 6H, CH(CH3),), 3.59 
(sept, J = 6.7 Hz, lH, CH(CH3)2), 4.38 (sept, J = 6.7 Hz, lH,  
CH(CH3),), 5.76 (br s, 1 H, OH-7), 7.03 (m, 1 H, arom), 7.5 1 (m, 
1 H, arom), 7.57 (d, J = 9.2 Hz, 1 H, arom), 8.01 (s, 1 H, H-3), 
8.09 (d, J = 9.2 Hz, lH,  arom), 8.77 (m, 1 H, arom); I3c nmr 6: 
22.9, 23.1, 35.9, 38.1, 111.9, 117.1, 119.8, 123.5, 123.9, 124.0, 
126.9, 128.6, 132.4, 138.8, 144.6, 151.5, 161.2; ms m/z: 343 
(Mf).  

Imitlium salt (10) (DMF, 25"C, 26 h): 73% yield with 8 in 26% 
yield; a reddish oil; 'H nmr 6: 1.12 (d, J = 6.7 Hz, 6H, CH(CH,),), 
1.35 (d, J = 6.7 Hz, 6H, CH(CH,),), 3.1 1 (sept, J = 6.7 Hz, lH,  
CH(CH3),), 3.30 (sept, J = 6.7 Hz, lH,  CH(CH3),), 7.45-8.02 
(m, 14H, arom), 8.54-8.62 (br s, 2H, NH and NfH), 9.15 (s, lH, 
CH = Nf); I3c nmr 6: 22.4, 23.0, 40.1, 40.9, 103.1, 117.8, 119.6 
(2C), 121.3, 122.7, 125.3, 125.5, 125.6, 126.8, 126.9, 127.4, 
127.6, 127.9, 128.0, 128.5, 128.6, 129.2, 133.1, 133.7, 133.9, 
157.4, 178.3 (CH=Nf). 

Iminiurn salt (11) (DMF, 25"C, 25 h): 65% yield with 9 in 35% 
yield; a reddish oil; 'H nmr (CD,CN) 6: 1.06 (d, J = 6.7 Hz, 6H, 
CH(CH,),), 1.42 (d, J = 6.7 Hz, 6H, CH(CH,),), 2.97 (sept, J = 

6.7 Hz, 1 H, CH(CH3),), 3.44 (sept, J = 6.7 Hz, 1 H, CH(CH,),), 
5.70-5.80 (br s, 2H, OH), 7.06 (m, 2H, arom), 7.46-7.60 (m, 8H, 
arom), 8.25-8.35 (m, 2H, NH and N+H), 9.19 (s, lH, CH=N+). 

General procedure for the preparation of pyrrolizine and 
jluorazene derivatives 

Pyrrole (34 mg, 0.5 mmol) or indole (59 mg, 0.5 mmol) was 
added to a suspended solution of NaH (50% in mineral oil), Bu'OK, 
and KOH (0.5 mmol) in dry DMSO (10 mL) and the mixture was 
stirred under nitrogen at 25OC for 1.5-2 h. To the resulting solu- 
tion, a solution of cyclopropenyl cation 1 (181 mg, 0.5 mmol) in 
dry DMSO (10 mL) was added in one portion. After stining at 25 
or 85°C for 1-2 h, the mixture was poured into water (100 rnL) and 
extracted with ether (3 x 50 mL). The organic layer was dried 
(Na2S0,) and evaporated in vacuo. The residue was purified by 
silica gel chromatography using the eluent shown below. 

5,6,7-Tris(isopropy1thio)-IH-pyrrolizine (12) and 5,6,7- 
tris(isopropy1thio)-3H-pyrrolizine (13): Yield, %: 53 and 1 1 (NaH, 
1 h), 49 and 9 (Bu'OK, 1 h), and 4 1 and 8 (KOH, 2 h). Irradiation 
of 12 (0.5 mmol) in deuteriochloroform (1 mL) (nmr sample tube) 
with solar light for 6 h: 50% yield of 13 and 50% recovery of 12. 
Purified by column chromatography (hexane/CH,Cl,, 3 : 1); a col- 
orless oil. 12; ir (neat) v: 3100, 2950, 2920, 2860, 1590, 1465, 

1450, 1410, 1360, 1295, 1270, 1240, 1155, 1145, 1050,935, 890, 
810, 700 cm-'; 'H nmr 6: 1.18 (d, J = 6.7 Hz, 6H, CH(CH,),), 
1.20 (d, J = 6.7 HZ, 6H, CH(CH,),), 1.21 (d, J = 6.7 Hz, 6H, 
CH(CH3),), 3.20 (sept, J = 6.7 Hz, 1H, CH(CH3),), 3.33 (sept, J 
= 6.7 Hz, lH,  CH(CH3),), 3.48 (m, 2H, H-1), 3.49 (sept, J = 
6.7 Hz, lH, CH(CH3),), 5.89 (m, lH), 7.17 (m, 1H); ms m/z: 327 
(Mf).  13; ir (neat) v: 2950, 2920, 2860, 1465, 1450, 1395, 1370, 
1250, 1240, 1155, 1050, 770, 735 cm-'; 'H nmr 6: 1.19 (d, J = 
6.7 Hz, 6H, CH(CH3)2), 1.22 (d, J = 6.7 HZ, 12H, CH(CH,),), 
3.20 (sept, J = 6.7 Hz, 1 H, CH(CH3),), 3.37 (sept, J = 6.7 HZ, 
lH, CH(CH3),), 3.49 (sept, J = 6.7 Hz, 1 H, CH(CH3),), 4.52 (m, 
2H, H-3), 6.37 (m, lH), 6.71 (m, 1H); ms m/z: 327 (Mf). 

I,2,3-Tris(isopropy1thio)-9H-jluorazene (14) (NaH, 85"C, 1 h): 
84% yield; purified by column chromatography (hexane/CH,Cl-,, 
2: 1); a yellowish oil; ir (neat) v: 3030, 2900, 2860, 1590, 1440, 
1350, 1300, 1235, 1180, 1150, 1050, 735 cm-'; 'H nmr 6: 1.23 
(d, J = 6.7 HZ, 6H, CH(CH3),), 1.24 (d, J = 6.7 HZ, 6H, 
CH(CH,)?), 1.25 (d, J = 6.7 Hz, 6H, CH(CH,),), 3.3 1 (sept, J = 
6.7 Hz, lH, CH(CH,),), 3.38 (sept, J = 6.7 Hz, 6H, CH(CH,),), 
3.59 (sept, J = 6.7 Hz, 1 H, CH(CH3)2), 3.89 (s, 2H, H-9), 7.12- 
7.17 (m, lH, arom), 7.31-7.37 (m, lH, arom), 7.42 (d, J = 
6.7 Hz, 1 H, arom), 8.26 (d, J = 6.7 Hz, lH, arom); ms tn/z: 377 
(M+). 
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M. MARTINEZ-LARA, L. MORENO-REAL, R. POZAS-TORMO, A. JIMENEZ-LOPEZ, S. BRUQUE, P. RUE, and G. PONCELET. 
Can. J .  Chem. 70, 5 (1992). 

Oxidation of n-butane was investigated on vanadyl phosphate (VP) prepared in the presence of titania (anatase) and 
silica as supports. In the case of silica, a-VOPO, was synthesized with no sign of interaction between the silica surface 
and vanadium phosphate. On the contrary, titania was coated with amorphous VP (P/V = l ) ,  preventing the crystalli- 
zation of VOPO, at least up to the VP content of 21%. rz-Butane was completely converted into C02  for the VP/Ti02 
catalytic system. Upon impregnation with metal sulfates, maleic anhydride (MA) was produced with selectivities de- 
pending on the nature of the added metallic species, the best effect being observed with Fez+ (V/Fe = 3). Selectivities 
to MA were influenced by the P/V ratio, with a maximum at P/V = 1.2. 

Key words: vanadyl phosphate, maleic anhydride, butane oxidation, anatase, rutile. 

M. MARTINEZ-LARA, L. MORENO-REAL, R. POZAS-TORMO, A. JIMENEZ-LOPEZ, S. BRUQUE, P. RUIZ et G. PONCELET. 
Can. J .  Chem. 70, 5 (1992). 

On a ktudi6 l'oxydation du butane sur de phosphate de vanadyle (PV) prkpare en prksence de titania (anatase) et de 
silica comme supports. Dans le cas de la silice, on a synthktise du a-VOPO, sans signes d'interactions entre la surface 
de la silice et le phosphate de vanadium. Au contraire, le titania etait couvert de PV (P/V = 1) et cette situation emp&che 
la cristallisation du VOP04, au moins jusqu'a un contenu en PV de 21%. Avec le systirme catalytique PV/Ti02, le bu- 
tane est completement transform6 en COz. Apres imprkgnation sur des sulfates mktalliques, il y a formation d'anhy- 
dride malkique (AM) avec des s6lectivitCs qui d6pendent de la nature des especes mktalliques ajoutkes; les meilleurs resultzits 
sont obtenus avec le Fe" (V/Fe = 3). Les s6lectivitks en AM sont influenckes par le rapport P/V; le maximum se situe 
a P/V = l , 2 .  

Mors clbs : phosphate de vanadyle, anhydride malkique, oxydation du butane, anastase, rutile. 
[Traduit par la rkdaction] 

Introduction One way to improve the performance of a catalyst is to 

Two catalytic processes of industrial importance, namely, 
the production of maleic anhydride (MA) from C, hydro- 
carbons and phthalic anhydride from o-xylene, rely widely 
on vanadium-based catalysts. In the first process, C, hydro- 
carbons are oxidized into MA using vanadium phosphate 
catalytic systems (VPO catalysts), while in the second, ti- 
tania-supported Vr05 catalysts are preferred. These two types 
of catalysts generally contain modifiers, promoters, etc. There 
has been significant evidence that TiOz imparts special 
properties to V205,  which other more classical supports d o  
not, or do  so to a lesser extent. Several authors proposed that 
a solid solution forms between v4+ and TiO, (1, 2), though 
this question still remains debatable. 

The VPO catalysts, in spite of the large number of stud- 
ies on these compounds and the progress made in recent 
years, remain complex systems that are not yet understood. 
Three main aspects are still subject to some disagreement: 
the exact nature of the active phase (is it a crystalline phase 
and, if so, which one (3), or is it rather an amorphous phase 
(4)); the oxidation state of V and its control (5); the influ- 
ence of the P/V ratio on the selectivity to MA (6, 7). These 
questions have been considered in reviews by Hodnett et al. 
(8) and Centi et al. (9). 

'Authors to whom correspondence may be addressed. 
2~evision received August 1, 199 1 . 

increase the number of the active sites exposed to the react- 
ing molecules. High surface area catalysts may be obtained 
from precursors prepared in nonaqueous solutions (10, 11) 
or, alternatively, by supporting the catalytic phase. This lat- 
ter approach was preferred. 

Up to now, very little work has been concerned with the 
study of supported VP catalytic systems. Chinchen et al. (12) 
mention patents to BASF wherein it is "suggested" that a ti- 
tania/steatite is probably used to support VPO. The same 
authors also refer to patents to Mitsubishi quoting silica and 
alumina as supports for these catalysts. Cavani et al. (5) 
prepared a coprecipitated VPO-TiO, catalyst with 10% V205, 
but have not yet provided results showing how these sys- 
tems compare with pure VPO catalysts. SiO, was taken as 
support for VPO by Varma and Saraf (13) for the oxidation 
of butenes, whereas Nakamura et al. (14) investigated VPO/ 
a-Al,O, systems. 

In spite of the already complex nature of vanadium phos- 
phate catalysts, it was challenging, due to the particular in- 
teraction between vanadium compounds and titania, to in- 
vestigate the catalytic performance of supported VP in the 
oxidation of n-butane. TiO, (anatase) and a microfibrilous 
silica were chosen as supports, the VPO phase being pre- 
pared using a procedure that, in absence of support, yielded 
crystalline a -VOP0, .2H20  (15, 16). This paper summa- 
rizes the preliminary results obtained with these systems. 
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Experimental TABLE 1. Chemical analysis data of the VP/Ti02 catalysts 

Preparation of the catalysts 
Crystalline a-VOPO, was synthesized according to the method 

described earlier (15). The supported "VOP04" (hereafter VP) 
systems were prepared using the standard method, the only differ- 
ence being the addition of the support to the reaction mixture. Two 
supports were chosen: Ti02 (Eurotitania from Tioxide, batch 1143; 
So = 61 m'/g) and a microfibrous S i 0 2  (from Redco; So = 
550 m2/g). After refluxing, the slurries were washed and freeze- 
dried. The amounts of the different reagents in the reaction mix- 
ture corresponded to V20S/(VZOS + Ti02) weight ratios of 5 ,  10, 
15, and 22% (named T5, T10, T15, and T22 in Table 1) and V205/ 
(V20S + Si02)  of 6.6, 12.6, 20, and 31%. 

Metals (Me) supported on VP/TiO, were obtained by the wet 
impregnation (H20 or MeOH) method, using the sulfates of Fez+, 
Co-+, ~ r " ,  and ~ n " .  Molybdenum-impregnated systems were 
prepared with ammonium heptarnolybdate. In all cases the V/Me 
atomic ratio was 3.  Impregnation and drying were camed out in a 
rotavapor. 

Systems with different P/V ratios were obtained by impregna- 
tion of the (Me)VP/TiO, material with the amounts of H3P04 
necessary to achieve P/V ratios of 1.1, 1.2, 1.3, and 1.5. 

All the solids prepared were pelleted, crushed, and sieved. The 
catalytic tests were performed on the 0.2-0.315 mm fraction. 

Characterization methods 
To determine the chemical composition of the solids, they were 

dissolved by melting with NaOH. Vanadium was determined by 
atomic absorption spectrometry and the content of phosphorus was 
obtained by colorimetric analysis as the blue molybdophosphate 
complex; previous precipitation of titanium and vanadium was with 
cupferron. 

The catalytic systems were also characterized using various 
techniques: differential thermal and thermogravimetric analyses 
(Rigaku Thermoflex), infrared spectroscopy (IFS 88 Brucker), 
X-ray diffraction (Cu K a  radiation, Siemens D500 equipment with 
DACO-MP setup), scanning electron microscopy (Jeol Temscan 
lOOCX), and electron microprobe analysis EDS (Kevex SC 100). 

Catalytic measurements 
The catalytic oxidation of n-butane (n-C,) was carried out in a 

flow reactor operated at atmospheric pressure. A detailed descrip- 
tion of the apparatus and measurement procedure has been given 
elsewhere (7). The tests were done on a constant catalyst volume 
basis (height of catalyst bed: 14 cm; internal diameter of the tu- 
bular reactor: 3.5 mm). In these conditions, the sample weight was 
between 1.2 and 1.8 g. 

The reaction was performed in temperature-programmed mode 
with n-C, flowing at 0.5 mL/min and air at 35 mL/min. These 
conditions define a molar concentration of n-C, of 1.4%. The tub- 
ing and valves beyond the reactor were heated to prevent conden- 
sation of the reaction products. The analyses were performed by 
gas chromatography. 

Results 
Catalyst characterization 

Chemical analyses 
The chemical analysis data of solids before catalytic per- 

formances given in Table 1 indicate that, in the VP/TiO, 
systems, the molar ratio V/P is near 1. The total vanadium 
content of these catalysts represents 80% of the amount of 
V introduced in the synthesis mixture. For the VP/SiO, 
catalysts, only 60% of the starting vanadium is found in the 
final product. 

X-ray diffraction and SE microscopy 
The X-ray diagrams of the VP/TiO, series with different 

VP contents and of the pure a-VOPO,. 2H 0 phase are 
shown in Fig. 1. The 001 (7.4 A), 002 (3.7 A), 102 (3.16 

(in wt.%) 

V20s P2O5 H,O TiOF " VOP04" ' 
Catalyst (%) (%) (%) (%) P/v" (%) 

T5 4.5 3.3 1.1 91.1 0.94 7.5 
T10 8.1 6.1 2.9 82.9 0.96 13.9 
T15 12.0 9.2 5.1 73.7 0.98 21.0 
T22 18.4 14.0 7.9 59.7 0.97 31.9 

"%TiO, = 100 - (%V,O, + %P,O, + %H,O). 
'Molar ratio. 
'As inferred from P205 content. 

FIG. 1 .  X-ray powder diagrams of unsupported a-VOPO, (a), 
T i 0 2  (b), and VP/Ti02 containing 7.5%VP (c), 13.9%VP (d), 
21%VP (c), and 31.9%VP (d). 
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MARTINEZ-LARA ET AL. 7 
, 

FIG 2. SEM photomicrograph of: (a) VP/TiO, and (b) VP/Si02. The bar in the lower right corresponds to 0.42 km. 

A), and 200 (3.09 A) reflections were taken to identify the 
crystalline ci-VOPO,. 2H20  phase. As can be seen, these 
diffraction lines are absent in the systems containing less 
than 21% VP. On the SE micrographs the anatase parti- 
cles appear as homogeneously coated with VP (Fig. 2(a)). 
EDX studies verified this situation. Both analyses of aggre- 
gates and at various positions on individual particles show 
similar composition of Ti, V, and P. Only the samples with 
31.9% VP contain, in addition, segregated particles of ci- 
VOPO,, thus in agreement with the X-ray diffraction anal- 
ysis. 

This situation was also observed by Fierro et al. (17) in 
the V,O,/TiO, system; X-ray diffraction data and Raman 
spectra showed that V,05 was highly dispersed over TiO, in 
V/(V + Ti) 5 0.1 1 catalyst; in more vanadium-rich sys- 
tems the presence of tridimensional V205 crystallites was 
observed. 

The picture is very different for the VP phases prepared 
in the presence of silica. Indeed, the X-ray diffraction spec- 
tra, given in Fig. 3, clearly show that crystalline ci-VOPO, 
is present in all the samples, with peak intensities increas- 
ing with the VP content. Trace b in Fig. 3 indicates that the 
starting silica contains a small amount of residual quartz. The 
VP/SiO, with 4.1 and 14.6% VP contain, in addition to 
ci-VOPO,, small amounts of another phase characterized by 
reflections near 15"(20). This phase has not yet been iden- 
tified. Examining these samples with SE microscopy con- 
firms the existence of segregated a-VOPO,, particles, the 
SiO, fibrils being uncoated. This fact is deduced from the 
microprobe analysis on the fibrous and lamellar materials in 

Fig. 2(b). Summarizing, the type of support plays an im- 
portant role in the formation of the VPO phase. Anatase 
prevents the crystallization of a-VOPO,, at least for VP 
contents up to 21.0%, and the T i 0 2  particles are completely 
covered with VP. On the contrary, the silica used as sup- 
port has no effect on the crystallization of the VPO phase, 
and there is no evidence of vanadium phosphate interacting 
with the surface of silica. 

When V205 is supported on TiO, (anatase) a simulta- 
neous reduction of V205 and transformation of TiO, (ana- 
tase) into TiO, (rutile) has been observed (1, 2). This poly- 
morphic transformation is catalyzed by V" and is strongly 
dependent upon the calcination temperature, specially above 
800 K. Taking into account that our VP/TiO, systems were 
air-dried and that the catalytic reactions were carried out up 
to 673 K,  the catalysts will not undergo substantial phase 
transformation. The aforementioned authors (17) have not 
found any differences in the percentages of anatase and ru- 
tile in the supported catalysts after calcination at 773 K with 
respect to the unsupported anatase. 

The addition of reducing metal ions (like ~ e , ' ,  ~ n , ' )  
provokes a gradual diminution of the 001 reflections of ci- 

VOPO, .2H,O, while a new peak appears at 13.4"(20) 
(6.6 A) whose intensity increases with the amount of the re- 
ducing species. Such a change of the X-ray diagram had al- 
ready been reported by Martinez et al. (15) in the case of 
redox intercalation in vanadyl phosphate for which the co- 
existence of a vanadium (4+) phosphate phase containing 
interlamellar cations and vanadium (5+) phosphate was 
proposed. 
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FIG 3. X-ray powder diagrams of unsupported a-VOPO, (a), 
SiO, showing the reflections of residual quartz (b), and with dif- 
ferent amounts of VP: (c) 4.1%; (d) 14.6%; (e) 21.8%, and (f) 
33.0%. 

Infrared spectroscopy 
The IR spectra of the VP/Si02 and VP/Ti02 systems ex- 

hibit, without important modifications, the absorption band 
characteristic of the support and of the active phase. The 
spectral region between 900 and 1200 cm-' is most sensi- 
tive to the modifications of the catalyst. Indeed, this is the 
frequency domain of the vibrations of PO:- (1 170, 1080, 
1030 cm-I) and V-0 groups (1010, 990, 964 cm-') (15, 
16). The spectrum of VP/Ti02 impre nated with ~ e ~ +  (Fig. 8 . .  4B) clearly shows a band at 990 cm- , which is assigned to 
the v"-0 vibration as a consequence of a partial reduc- 
tion of vV by ~ e ~ + .  As compared to the spectrum of the iron- 
free sample (Fig. 4A), the intensity of the band at 964 cm-' 
of the Fe2+-containing catalyst is markedly diminished. This 
band may be attributed to the P-0 stretching vibration of 
the PO:- group within an asymmetrical environment, al- 
though Pulvin et al. (18) proposed to assign it to the pseudo- 
symmetrical vibration of 0-V=O. 

The IR spectrum of the Fe2+-containing VP/Ti02 sample 
impregnated with phosphoric acid (Fig. 4C) shows a broad 
absorption band centered at around 1050 cm-I, which en- 
velopes all the other bands due to the phosphate groups. 

EPR measurements 
The EPR spectra of the VP/Ti02 samples (not shown here) 

are characteristic of vanadyl phosphate, with the signal of 
trace amounts of V(4+) centers diluted magnetically (19). 
The sample of VP/Ti02 partially reduced with ~ e ~ +  gives rise 
to EPR signals that denote the presence of V(4+) and Fe(3+) 
species, with a broad signal due to large amounts of para- 
magnetic centers. 

Catalytic activity of the VP/Ti02 systems 
Influence of the "VOP04" content on the reaction 

of n-butane 
The conversion of n-C, for the catalysts containing 7.5, 

13.9, 2 1 .O, and 3 1.9% VP depends upon the temperature. 
Thus, total conversion (C) of n-C, is achieved at around 
380°C for the two catalysts containing the highest amounts 
of vanadium, and at temperatures above 400°C for those with 
lesser VP contents. For the four systems, there is a steep in- 
crease in activity between 250 and 350°C. In these runs, to- 
tal oxidation of n-C, occurred, CO, being the sole reaction 
product. No maleic anhydride could be detected. 

For the four catalysts, the relationship between In C and 
1/T does not yield a single straight line but, rather, two lin- 
ear portions with different slopes. The corresponding acti- 
vation energies calculated from Arrhenius' equation are 
88 kJ/mol between 200 and 300°C, and 15 kJ/mol between 
300 and 400°C, respectively. This last value is, of course, 
typical of a reaction limited by the diffusional process. 

Influence of different metal species on the selectivity to 
maleic anhydride 

The oxidizing power of VP/Ti02 being too strong, it was 
necessary to temper it by adjoining another metal. This was 
done, as indicated above, by wet impregnations of VP/TiO, 
catalyst with the sulfates of different metals. The impreg- 
nations were canied out on the system containing 3 1.9% VP. 

In a first series of preparations, the base catalyst was im- 
pregnated with FeSO, in order to deposit 2, 4, and 8 wt.% 
Fe2+. The catalytic tests were performed under the same 
conditions as those in the preceding section. 

Figure 5 compares the course of the conversion vs. reac- 
tion temperature obtained for the Fez+-loaded catalysts with 
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MARTINEZ-LARA ET AL 

FIG 4. Infrared spectra of VP/Ti02 (A); VP/Ti02 impregnated with FeSO, (B), and the same as (B) with a P/V ratio of 1.2 (C). 

that of the base VP/Ti02 catalyst. Obviously, the addition hydride is important. Whereas the base VP/Ti02 produces 
of FeSO, lowers markedly the catalytic performance as only CO,, upon addition of Fe2' maleic anhydride is ob- 
compared with the reference catalyst. The catalysts contain- tained, in addition to CO, as the main reaction product. In 
ing 4 and 8% Fe2' exhibit almost similar activities, slightly accordance with the IR and EPR results for the ~ e , +  -im- 
lower than that of the 2% Fe2+ -impregnated catalyst. pregnated catalysts, these systems have V(4+) and V(5+) 

The effect of adding Fe2' on the production of maleic an- centers. The selectivity to MA can be related to the pres- 
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FIG. 5 .  Conversion of n-butane vs. temperature for: VP/Ti02 
(31.9% VP) and for the same catalyst impregnated with, respec- 
tively, 2% (O), 4% (A), and 8% (0) FeSO,. 

ence of both oxidation states as has been established from 
EXAFS by other authors (20). A similar conclusion has been 
proposed by Batis et al .  (21) with a catalyst based on 
(VO),P,O, and v f 5 ,  where high selectivity to MA was found 
when specific VOPO, phases (a, ,  a,,, P, y, etc) are simul- 
taneously present with (VO),P,O,. Figure 6 compares, for 
the three iron-impregnated catalysts, the selectivities to MA 
as a function of the conversions obtained at the tempera- 
tures indicated in Fig. 5 .  At 50% conversion, the system 
containing 4% Fe2+ is twice as selective as the one with 2% 
~ e ' +  and almost four times as selective as that for 8% Fe2+. 
For the three catalysts, the maximum selectivity is attained 
at around 300°C. 

In another series of preparations, VP/TiO, (31.9% VP) 
was impregnated with the sulfates of different metals in or- 
der to see the influence of the nature of the metal on the se- 
lectivity to MA. Except for Mo, which was introduced as 
ammonium molybdate, the sulfates were used in the amounts 
required to load the parent catalyst with 4% Me. This amount 
corresponds to a V/Me atomic ratio of 3.  

Figure 7 compares the course of the conversion vs. tem- 
perature for the different systems investigated. Although the 
activity of these catalysts is lower than that of the metal-free 
catalyst, c o Z f  and ~ n "  appear, among the different met- 

20 LO 60 80 700 

C /%/ 

FIG. 6. Evolution of the selectivity to MA vs. conversion for the 
FeS0,-impregnated VP/TiO?: 0, 0, A: 2 , 4 ,  and 8% Fe respec- 
tively. 

als, to have the most effect on the activity, whereas the M O ~ +  - 
impregnated system is the least active. The c o 2 +  and ~ n ' + -  
modified catalysts transform approximately twice as much 
n-C, as the ~ o + ~ - l o a d e d  catalyst, at any temperature be- 
tween 250 and 350°C. The c r 3 +  system exhibits intermedi- 
ate behaviour. 

Considering the selectivities to maleic anhydride, for some 
of the conversion values obtained from Fig. 7 (Fig. 8), three 
systems are not very selective, namely those containing 
~ n , + ,  c r 3 + ,  and M O ~ + .  The other, the CO'+-impregnated 
catalyst, appears with a higher selectivity to MA although 
slightly lower than those developed by the Fez+-impreg- 
nated catalyst. As observed for the system containing Fez+, 
the maximum selectivity is reached near 30% conversion, 
which occurs at around 280-300°C. 

Influence of the P / V  ratio on the selectivity to MA 
The influence of the P/V ratio of unsupported VPO cat- 

alysts on the selectivity to MA is still debated. According to 
different authors (6, 7), the optimal ratio may vary signifi- 
cantly. It was interesting to consider this parameter in our 
systems, inasmuch as, as mentioned previously, Ti0,-sup- 
ported VP catalysts are X-ray amorphous. VP/TiO, cata- 
lysts containing 4% Fe2+ were thus prepared with P/V ra- 
tios between 1 and 1.5, additional P being supplied by 
impregnation with the required amounts of phosphoric acid. 

Figure 9 shows the evolution of the total conversion of n-C, 
as a function of reaction temperature. Obviously, P/V ra- 
tios higher than unity depress the catalytic activity as com- 
pared with the catalyst where P/V = 1. The catalyst with the 
highest P/V (1.5) is the least active. 

Considering the selectivities to MA, on increasing the P/V 
ratio there is an influence on the production of MA at least 
for conversions that do not exceed 40%. This is in accor- 
dance with the suggestion of some authors (20) who report 
that an excess of phosphorus prevents the complete oxida- 
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FIG. 7. Conversion of n-butane vs. temperature for the VP/Ti02 
(31.9% VP) impregnated with the sulfate (4%) of different metals 
(Mo from ammonium heptamolybdate). 

tion of vanadium (v4' to v5+) by calcination in air. Beyond 
this value (40%), the effect is much less obvious (see Fig. 
10). The system with P/V = 1.5 that is the least active is also 
the least selective and that with P/V = 1.2 is the most se- 
lective. At higher conversions, i.e., at higher temperatures, 
this effect vanishes. As for the other catalytic systems in- 
vestigated, the maximum selectivity is obtained near 25% 
conversion. 

Catalytic activity of unsupported crystalline a-VOP04 
Oxidation tests of n-C, were performed, as well, under 

similar experimental conditions on bulk, well-crystallized a- 
VOPO, synthesized according to the method described in ref. 
15. 

These solids were found to be completely inactive in the 
temperature range investigated. 

Catalytic activity of a-VOP04/Si0, systems 
As shown previously, these systems always exhibit seg- 

regated crystalline a-VOPO, adjacent to silica whatever the 
VP content introduced in the preparation. 

The catalytic runs carried out on these solids showed only 
partial conversion, which in no case was higher than 25% at 
450°C. No maleic anhydride was produced. 

VP/SiO, (21.8% VP) was then impregnated, first with 
FeSO, (4% ~ e " )  and subsequently with H3P04, to realize a 
P/V ratio of 1.2, and tested. The conversion of n-C, in- 

FIG. 8. Evolution of the selectivity to MA vs. conversion for the 
same catalysts as in Fig. 6: MO~'; 0 Cr3+; 0 ~ n " ;  Co2+. 

creased slightly, to yield 30% at 450°C, 53% of the reaction 
product being maleic anhydride. The activity could be fur- 
ther improved when silica was precalcined at 700°C. In- 
deed, at 450°C, 55% of the hydrocarbon was converted, but 
lower selectivities to MA (1 1%) were obtained (with a 
maximum of 22% at 400°C). 

These results agree with those found by Do et al. (22) for 
V20, supported on TiOz and Al,03, where the Ti02-sup- 
ported catalyst was found to exhibit better selectivities for 
MA than the A1203-supported catalysts. Although the source 
of the support effect on the selectivity to MA of V,O,/P,O, 
catalysts is not clear, Do et al. (23) related selectivity to MA 
to the presence of OH groups on the surface. Lopez Nieto 
et al. (24), in studies of the selective oxidation of propene 
on A1203, SiO,, and TiO, (anatase)-supported V205 cata- 
lysts, found that V,O,/TiO, was the most active and selec- 
tive phase because the V205 is highly dispersed on non-po- 
rous TiO,, whereas for SiO, and Al,03 part of the V20, 
species was deposited within the catalyst pores. 

Discussion 
The use of titania as support to VPO compounds makes 

difficult the comparison between the data in literature and the 
present results. Indeed, unsupported VPO catalysts used as 
starting materials are often, if not generally, well-defined 
crystalline phases. Nevertheless, as seen in this work, the 
presence of titania in the synthesis medium prevents the 
formation of a crystalline phase, up to VP contents near 21%. 
For this reason. this discussion will be restricted to the 
comparison of sbme of the main tendencies observed in this 
study with the results already published. 

First of all, crystalline a-VOPO, is a much less active 
catalyst for the oxidation of n-butane (in the presence of SiO, 
as well as unsupported) than is its amorphous counterpart. 
This difference might possibly be only a surface effect, the 
fraction of the catalyst surface available to the reagents being 
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FIG. 9. Evolution of the conversion of n-butane vs. tempera- 
ture for the ~ e ~ + - i m ~ r e ~ n a t e d  VP/Ti02 with different P/V ratios: 
0: 1.0; .: 1.1; A: 1.2; V: 1.3; and 0: 1.5. 

higher for the VP/TiO, systems. Nevertheless, independent 
of the crystalline or amorphous character of the VP phase, 
both systems yield only CO, as reaction product. These ob- 
servations are consistent with the results reported by Bergeret 
et al. (4), Hodnett (8), and VCdrine et a / .  (25), as well as the 
linear relationship between n-butane conversion and VP 
content (26). The results obtained with such catalytic sys- 
tems are a clear illustration that it is not enough to reach high 
conversions if the oxidizing power of these catalysts is not 
under control in agreement with Cavani et al. (5). 

In bulk VPO catalysts, the nature of the phase responsi- 
ble for the formation of MA is not well identified. (VO),P207 
has been advocated by Cavani et al. (27), Contractor et a1. 
(3), and VCdrine et al. (25), among other authors, as being 
the active phase, while no quantitative correlation between 
catalytic activity and selectivity and the content of vana- 
dium pyrophosphate could be found by Van Geem et al. (6) 
and Hodnett et al. (7, 28). To other authors, it turns out rather 
that the best catalysts appear to be poorly crystallized or even 
amorphous VPO phases (25), while for Bordes and Courtine 
(29) and Morselli et a1. (30) activity and selectivity are as- 
sociated with the simultaneous presence of p-VOPO, and 
(VO),P207. Bergeret et al. (4) obtained the best results with 
a mixture of (V0)2P20, and an amorphous phase produced 
upon activation. In this respect, our data show that com- 

FIG. 10. Effect of the P/V ratio on the selectivity to MA (same 
symbols as in Fig. 9). 

pletely amorphous supported VP with a P/V = 1 does not 
lead to MA. Maleic anhydride was formed only when the 
supported VP's were impregnated with a metal sulfate. The 
promotional effect of a series of elements on the selectivity 
to MA was investigated by Brutovsky and Gerej (31) and 
Brutovsky et al. (32) in the case of (VO)2P207, the benefi- 
cial effect being in the following sequence: Mn > Co .= Sn 
> Fe > Cu > Li > Zn > Ce > Ni. Patent literature men- 
tions catalysts containing promoters such as alkalis or alka- 
line earths (33) and Zn (34), which appear to prolong the life 
of the catalysts by diminishing the loss of phosphorus. 

In our catalytic systems prepared by impregnation with 
metal sulfates, the improvement of the selectivity to MA was 
in the following order: ~ e , '  > co2' > ~ n ~ '  > cr3+ > ~ 0 ~ ' .  
It was established for the Fe2' -impregnated VP/TiO, that the 
best selectivities to MA were obtained when the V/Fe atomic 
ratio was 3. If this sequence is different from the one pre- 
viously reported, the catalysts are also not similar. These 
different elements do not simply improve the yield of MA, 
but in their absence no MA is formed. Their effect is merely 
to buffer the oxidizing power of VP. Since data on the oxi- 
dation state of V and on a possible change in that of the co- 
metal are not yet available, the way these catalytic systems 
act and favor the formation of MA cannot be discussed in 
more detail, although, as has been seen in the 1R and EPR 
discussion of the Fe2'-impregnated system, the higher value 
for selectivity may be related to the presence in the VP of 
v4+ /v5+ ions. 

The influence of the P/V ratio on the reaction of n-bu- 
tane has also been extensively investigated. If there seems 
to be a general consensus (from literature) that excess P with 
respect to a P/V ratio of 1 improves the selectivity to MA 
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with a parallel decrease in activity ( 3 3 ,  the results reported 
by some authors are, at the very least, somewhat confusing. 
For instance, Van Geem and Nobel (6) observe a decrease 
in activity as the P /V  ratio increases but with a maximum 
selectivity for P /V  ratios between 0.58 and 1.06. These au- 
thors conclude, however, that selectivity to M A  is only de- 
termined by the degree of conversion of the hydrocarbon. 
Nevertheless, it has been shown that low P/V ratios favor 
VPO phases (P-VOPO,) with a vanadium oxidation number 
close to 5+ ,  whereas higher P /V ratios stabilize vanadium 
as V" +, in p or B phases (3), or (VO)2P207 (5, 7, 14, 28, 29, 
36, 37) yielding higher selectivities to M A .  The influence 
of the P/V ratio on the selectivities to M A  obtained for the 
Fe/VP/TiO, with a maximum at a value of 1.2 is hence 
consistent with the results of others. Further investigation is 
needed to characterize the oxidation state of vanadium in 
those systems, with particular attention to the effect of add- 
ing a co-metal on  the oxidation state of vanadium, and to its 
distribution on  the solid surface. 
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Reduction electrochimique de 4H-1,3-thiazines : obtention de 6H-1,3-thiazines et 
(ou) de pyrroles substitues 
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ABDESSELAM ABOUELFIDA, JEAN PAUL PRADERE, MICHEL JUBAULT et ANDRE TALLEC. Can J. Chem. 70, 14 (1992). 
La reduction electrochimique ii potentiel contr6l6, sur cathode de mercure et en milieu protique, des 2-tthoxy- et 2- 

phenyl-4H-1.3-thiazines diversement substitutees en position 4 conduit aux 6H-1,3-thiazines et (ou) aux pyrroles sub- 
stitues. La selectivite observee depend du pH du milieu et de la nature de la substitution : l'orientation de la reduction 
vers la formation de pyrroles est favorisee en milieu acide (H2S04 ii 0,5 mol L-I) et par la presence d'un substituant 
phenyle en position 2 et alkoxycarbonyle en position 4. L'orientation vers la formation de 6H-1,3-thiazines et leurs pro- 
duits de rtduction (thiobenzamides, carbamates et 2-thiazolines substitues) est favorisee par I'utilisation d'un milieu 
faiblement acide (tampon acttique) ou basique (tampon ammoniacal). 

Mots cle's : rtductions electrochimiques, 4H- et 6H-1,3-thiazines, pyrroles, 2-thiazoline, regression cyclique. 

ABDESSELAM ABOUELFIDA, JEAN PAUL P R A D ~ R E ,  MICHEL JUBAULT, and ANDRE TALLEC. Can. J .  Chem. 70, 14 (1992). 
Controlled potential electroreduction (protic medium, mercury cathode) of substituted 2-ethoxy and 2-phenyl-4H- 1,3- 

thiazines leads to 6H-1,3-thiazines and (or) pyrroles. The nature of the isolated products appears strongly dependent on 
pH of the medium and type of substitution: pyrrole formation takes place in acidic medium (0.5 mol L-' H2S0,) and is 
favoured by phenyl and alkoxycarbonyl groups at positions 2 and 4, respectively; formation of 6H-1,3-thiazines and their 
reduction products (substituted thiobenzamides, carbamates and 2-thiazoline) occurs in weakly acidic (acetate buffer) 
or basic (ammoniacal buffer) medium. 

Key words: electrochemical reductions, substituted 4H- and 6H-1,3-thiazines, pyrroles, 2-thiazoline, cyclic regres- 
sion. 

Introduction 

L'interEt d'utiliser les 6H-1,3-thiazines comrne in- 
termkdiaires rkactionnels ou comme prkcurseurs de ckphbrnes 
a 6tC mentionne de nornbreuses fois ces demibres annees 
( 1-6). Cependant, peu de rntthodes perrnettent d'accCder 
directernent aux dtrivCs 6H- 1,3-thiaziniques polyfonction- 
nalisCs A.  En effet, I'introduction de groupernents fonction- 
nels est gCnCralernent rCalisCe par cycloaddition 4+2  en 
utilisant des rnethodes d'activation : catalyse acide (2, 3) ou 
hautes pressions (7). Nous avons envisage d'acckder aux 
cornposCs A par rCduction de 4H-l,3-thiazines substitu6es 
B dont le mode de prkparation a kt6 pric6demment d6crit (8). 
La rCduction chirnique des 4,5,6-alkoxycarbonyl-4H-1,3- 
thiazines B ( l c  et 2c) par l'aluminiurn amalgame, utilisC dans 
le cas des d6rives 1,3-thiaziniques (9, lo), ne perrnet pas 
d'isoler les 6H-1,3-thiazines correspondantes A; l'hy- 
drogenation conduit aux thiobenzarnide (R' = C6H5) et car- 
barnate (R' = C2H50) substitues C rCsultant de l'hy- 
drog6nolyse du cycle thiazinique intermkdiairernent form6.' 
La diversit6 des cornpos6s obtenus par rCduction chirnique 
nous a conduit B mettre en oeuvre une rnCthode a priori plus 

'Auteur ii qui adresser toute correspondance. 
'~bdesselam Abouelfida, these de doctorat de 1'Universite de 

Nantes, juillet 1990. 
printed in Canada 1 lmpnmC au Canada 

s6lective : la reduction 6lectrochirnique a potentiel contr616, 
appliquee prCcCdernrnent au cas des 6H- 1,3-thiazines ( 1 1, 
12). Ce rn6rnoire conceme l'extension de cette rnCthode aux 
4H- 1,3-thiazines substitukes B ( la- lc  et 2a-2c), pour les- 
quelles une sClectivitC satisfaisante a kt6 observee lors des 
premiers essais d'electror6duction (8). Nous dkcrirons d'abord 
le cornporternent polarographique des cornpos6s ttudiCs puis 
nous exposerons successivernent les rCsultats obtenus par 
r6duction des 2-Cthoxy-4H-1,3-thiazines la - lc  et des 2- 
phCnyl-4H- l,3-thiazines 2a-2c substitukes. 
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ABOUELFIDA ET AL 

TABLEAU 1.  Polarographie des 4H- 1,3-thiazines la-lc et 2a-2c. 
Potentiel de demi-vague en V ECS et (nombre d'electrons 

CchangCs) 

Substituants Milieu d'Clectrolyse 

Tampon Tampon 
ComposCs R' R H2S0, acttique ammoniacal 

l a  -0,60 (4) -0,78 (2) 
- 1,02(*) -0,89 (2) 

l b  C2HS0 CH, Instable Instable 

-0,75 (2) 
IC C02C2H5 -0,59 (4) -0,92 (2) 

-1,18 (2) 
2a H -0,45 (4) -0,73 (4) 
26 C6H5 CH, -0,68 (4) -0,88 (4) 

2c -0,42 (4) -0,68 (4) 
C02C2HS -0,58 (2) - 1,06 (2) 
- - - 

(*) Vague catalytique de dtgagement d'hydrogkne. 

Resultats 
Les rksultats des Ctudes polarographiques effectuees sur 

les 4H-1,3-thiazines substituees 1 et 2 ,  rassemblCs dans le 
tableau 1, permettent d'effectuer les remarques suivantes : 

Les 2-Cthoxyl-4H-1,3-thiazines l a - l c  presentent une 
premiere vague de reduction 2 4 Clectrons en milieu tres acide 
alors que cette vague correspond 5 un transfert bielectronique 
dans les autres milieux envisages. 

Les 2-phenyl-4H-l,3-thiazines 20-2c presentent une 
premihe vague a 4 Clectrons, quelle que soit llaciditC du 
milieu. 

La reduction globale des composCs CtudiCs correspond 
gCnCralement a 4 Clectrons; l'exception concerne les sub- 
strats l c  et 2c (R = CO2C2H5) pour lesquels la reduction 
globale est a 6 Clectrons. 

Comportement e'lectrochimique des 2-e'thoxy-4H-1,3- 
thiazines substitue'es Z 

(i) 2-~thoxy-4~-1,3-thiazine l a  (R = H) 
Les Clectrolyses prCparatives ont kt6 rCalisCes a la 

temperature de la glace fondante, compte-tenu de la stabi- 
lit6 limitCe de ce compost5 en milieu protique. En milieu 
tampon ammoniacal, la reduction effectuee au palier de la 
premiere vague polarographique (potentiel de travail ET = 
- 1,l V ECS, figure 1, courbe 3) fournit uniquement la 6H- 
1,3-thiazine 3a (Rdt = 90%). Dans cette rkaction la rkduction 
de la double liaison diactivCe C5=C6 est suivie de 
l'elimination de dimethylamine (mecanisme EC). 
L'Clectrolyse, rCalide directement a potentiel trks nCgatif (ET 
= - 1,6 V ECS) consomme 4 moles d'Clectron et permet 
d'isoler le thiocarbamate insaturC 7a  (Rdt = 60%) (schema 
1). En milieu tampon acCtique, les deux vagues successives 
sont trop peu sCparCes pour que l'on puisse obtenir une 
reduction selective (cf. figure 1, courbe 2). L'Clectrolyse 
rCalisCe au palier de la seconde vague fournit comme 
prCcCdemment le compose 7a  (Rdt = 90%). Nous avons 
verifie que la reduction A - 1, l  V ECS de la 6H-1,3-thia- 
zine 3a, obtenue en tampon ammoniaca1,conduit quantita- 
tivement au produit d'hydrogCnolyse 7a.  En milieu acide 
sulfurique, 1'Clectrolyse effectuee a -0,75 V ECS, corre- 
spondant au palier de la vague de rCduction a 4 Clectrons 
(figure 1, courbe l ) ,  conduit h un melange de carbamate 7a  

FIG. 1. Polmgrarnmes de la  (solution i3 lo-' mol L-I); courbe 
1 : HISO, A 0,s mol L-' + Cthanol (1 : 1); la 2""' vague est une 
vague catalytique de degagement d'hydrogkne; courbe 2 : tampon 
acCtique + Cthanol (1 : 1); courbe 3 : tampon ammoniacal + Cthanol 
(1 : 1). 

(Rdt = 20%) et de pyrrole 5a (Rdt = 40%) (schema 1). Le 
compost 5a rCsulte d'une contraction du cycle thiazinique 
avec Clirnination de sulfure d'hydrogkne. En effet, nous avons 
vCrifiC que ce pyrrole ne provient, ni de 1'Cvolution du car- 
bamate 7a  retrouvC inchange aprks un sCjour de 24 h dans 
le milieu d'Clectrolyse, ni de la rCgression de la 4H-1,3- 
thiazine prCcurseur l a  en milieu acide (1 3). Par ailleurs, il 
ne semble pas que la 6H-1,3-thiazine 3a soit un in- 
termediaire de la transformation de l a  en 5a car nous avons 
constat6 que le compose 3a est instable en milieu acide sul- 
furique dans les conditions de la reduction. 

(ii) 2-~thoxy-4-me'th~l-4~-1,3-thiazine Zb (R = CH,) 
Les Clectrolyses n'ont pu Ctre rCalisCes qu'en milieu tam- 

pon ammoniaca1,compte-tenu de 1'instabilitC de ce substrat 
en milieu acide. A potentiel peu negatif (ET = - 1,l V ECS), 
au palier de la premiere vague, la rCduction de l b  fournit la 
6H-1,3-thiazine 36 (Rdt = 83%); un polarogramme, enre- 
gistre en fin d7Clectrolyse, montre que la  seconde vague de 
rCduction du composC l b  est conservee. A potentiel directe- 
ment tres nkgatif (ET = - 1,4 V ECS), on isole le carba- 
mate 7 b  (Rdt = 44%) (schCma 1). 

(iii) 2-~thox~-4-e'thoxycarbon~l-4~-1,3-thiazine Zc (R = 
C02C,H,) 

En milieu tampon ammoniacal, les trois vagues ob- 
servks (figure 2, courbe 3) ne sont pas suffisamment skparks 
pour obtenir des rkluctions ~Clectives. L'electrolyse, kalis6e 
directement a potentiel trks nCgatif (ET = - 1,2 V ECS), 
consomme entre 5 et 6 moles d'Clectron et fournit un mClange 
de 2-Cthoxypyrrole substituC 5c (Rdt = 50%) et de carba- 
mates diastCr6oisomkres 9c et 9c' (Rdt = 38%). 

En milieu tampon acetique, la skparation des vagues est 
encore insuffisante pour atteindre la sClectivitC (figure 2, 
courbe 2) : A ET = -0,75 V ECS (potentiel correspondant 
au potentiel de demi-vague), la reduction est tres lente. Au 
bout de 48 h, le rCsultat coulomCtrique est de 2,2 moles 
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SCHEMA I. Rtduction Clectrochimique des 2-Cthoxy-4H- 1,3- 
thiazines la-lc. 

d'tlectron alors qu'il reste 20% du substrat l c  non rtduit; le 
traitement de la solution permet d'isoler la 6H-1,3-thiazine 
3c (Rdt = 45%) et le pyrrole 5c (Rdt = 15%) (schtma 1). 
A ET = - 1,O V ECS, les deux premibres vagues de l c  ont 
disparu aprbs passage de 3,8 moles d'tlectron; en outre, il 
apparait une vague de rtduction bitlectronique dont le po- 
tentiel de demi-vague (Ell, = - 1,22 V ECS) est difftrent 
de celui de la troisibme vague de l c  (Ell, = - 1,12 V ECS). 
Le traitement de la solution foumit un mtlange de 6H-1,3- 
thiazine 3c (Rdt = 1 1 %), de pyrrole 5c (Rdt = 18%) et de 
carbamate insaturt 7 c  (Rdt = 52%) auquel on peut attribuer 
la nouvelle vague de rtduction. Enfin, a ET = - 1,35 V ECS 
la rtduction consomme 6 moles d'tlectron et conduit di- 
rectement au mtlange des carbamates diasttrtoisombres 9c 
et 9cf (Rdt = 80%) (schtma 1). 

En milieu acide sulfurique, la rtduction effectute au pal- 
ier de la vague unique (E,  = -0,8 V ECS, figure 2, courbe 
1) permet d'isoler un mtlange de pyrrole 5c (Rdt = 46%) et 
de carbamates 9c, 9cf (Rdt = 40%); la formation de ces 
demiers apparait surprenante puisque la vague polarogra- 

3~'Clectroactivitt du carbamate 7c est liCe a l'activation de la 
double liaison par les deux groupements alcoxycarbonyles par 
comparaison aux carbamates 7a et 76. L'obtention de dia- 
sttrtoisomtres dependant de l'acidite du milieu a deja CtC ob- 
servte lors de la rtduction de diesters tthyltniques (14). 

FIG. 2. Polarogrammes de l c  (solution a mol L-I); courbe 
1 : H2S04 a 0,s mol L-' + tthanol (1 : 1); courbe 2 : tampon 
acCtique + Cthanol (1 : 1); courbe 3 : tampon arnmoniacal + ethanol 
(I : I). 

phique correspond au transfert de 4 tlectrons. Par ailleurs, 
la rtduction, dans ce milieu, de la 6H-1,3-thiazine 3c con- 
duit uniquement au dCrivC insaturt 7c; on peut en dtduire que 
les composts 3c et 7c ne sont pas des intermkdiaires formts 
lors de la rtduction de la 6H- 1,3-thiazine l c  en carbamates 
9. Cette observation permet de supposer que l'tlimination 
de la dimtthylamine a partir des composts de rtduction est 
relativement lente en milieu acide sulfurique. 

Comportement e'lectrochimique des 2-phe'nyl-4H-l,3- 
thiazines substitukes 2 

( i )  2-Phe'nyl-4H-l,3-thiazine 2a (R = H) 
Rappelons que le polarogramme prtsente, quel que soit 

le milieu, une vague de rtduction unique a 4 tlectrons (fig- 
ure 3). En tampon ammoniacal (ET = - 1,O V ECS), la 
rtduction foumit stlectivement le thiobenzamide insaturt 8a 
(Rdt = 89%) (schtma 2). En tampon acttique (ET = 
-0,85 V ECS) on obtient un mtlange de thiobenzamide 
8a (Rdt = 55%) et de pyrrole 6a (Rdt = 35%). En milieu 
acide sulfurique (ET = -0,7 V ECS) on isole le pyrrole 6a 
avec un excellent rendement (88%). La formation du com- 
post 8a (Rdt = 7%) apparait dans ce cas trbs minoritaire. On 
peut observer que dans ces rtactions la 2-phtnyl-4H-1,3- 
thiazine 4a, vraisemblablement prtcurseur du compost 8a, 
n'est jamais isolte contrairement a ses homologues issus 
de la rtduction des 2-Cthoxy-4H-l,3-thiazines ttudiks prkct- 
demment. Par ailleurs, le changement d'aciditC du milieu 
d'tlectrolyse permet d'orienter la rtduction, de faqon quasi- 
stlective, soit vers la formation du thiobenzamide 8a (mi- 
lieu basique) soit vers celle du pyrrole 6a (milieu trbs acide). 

(ii) 4-Mkthyl-2-phknyl-4H-1,3-thiazine 2b 
Les tlectrolyses du compost 2b n'ont t t t  rtalisks que dans 

les deux milieux de pH extreme compte-tenu des rtsultats 
obtenus pour la 4H-1,3-thiazine prtctdente 2a. En tampon 
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FIG. 3. Polarogrammes de 2c (solution 2 mol L - I ) ;  courbe 
1 : H2S0, a 0,5 mol L-' + Cthanol ( 1  : 1); courbe 2 : tampon 
acCtique + Cthanol (1 : 1); courbe 3 : tampon ammoniacal + Cthanol 
(1 : 1). 

ammoniacal (ET = - 1,l V ECS), le resultat coulomCtrique 
est dCficitaire par rapport aux 4 moles d'ilectron attendues. 
On isole, avec des rendements limit&, le pyrrole 6b (Rdt = 
18%) et le thiobenzamide N-substituC 8b (Rdt = 42%). En 
milieu acide sulfurique (ET = -0,7 V ECS), la reduction 
n'est pas sClective, mais conduit majoritairement au pyrrole 
6b (Rdt = 55%). La formation de celui-ci s'accompagne de 
celle du composC 8b (Rdt = 33%) (schCma 2). 

(iii) 4-~thoxycarbon~1-2-~h~n~1-4~-1,3-thiazine 2c 
Pour ce composk 2c, rappelons que la premikre vague a 4 

Clectrons est suivie, a potentiel plus cathodique, d'une vague 
de rCduction biklectronique (figure 3, courbes 2 et 3). En 
tampon ammoniacal, au potentiel de la premikre vague (ET 
= -0,9 V ECS, figure 3, courbe 3) la reduction conduit a 
un mClange de pyrrole 6c (Rdt = 30%) et de 2-thiazoline 11 
(Rdt = 52%). La formation de cette 2-thiazoline rCsulte 
probablement de la cyclisation intramolkculaire du thio- 
amide insaturk 8c, issu lui-meme de l'hydrogknolyse de la 
6H-1,3-thiazine 4c, intermkdiairement formke. En fin 
d'Clectrolyse, on observe, en polarographie, la presence d'une 
vague biklectronique = - l r 2  V ECS) que nous avons 
pu attribuer, par comparaison, a la rkduction de I'hCtCrocycle 
11. Au potentiel de la seconde vague (ET = - 1,3 V ECS), 
1'Clectrolyse permet d'isoler minoritairement le pyrrole 6c 
(15%) et majoritairement les thiobenzamides diastkrko- 
isombres 10c (Rdt = 32%) et 10c' (Rdt = 41%) (schkma 2). 
Ceux-ci peuvent rCsulter soit de la rCduction du composi 
insaturC 8c dont la double liaison diactivke est klectroactive 
au potentiel utilisk, soit de l'hydrogknolyse de la 2-thiazo- 
line 11 intermediairement formCe. 

En milieu tampon acktique, on obtient des rksultats com- 

SCHEMA 2. Reduction Clectrochimique des 2-phenyl-4H-1,3- 
thiazines 2a-2c. 

parables. On isole soit le mClange de pyrrole 6c et de 2- 
thiazoline 11 a potentiel peu nCgatif (ET = - 1,O V ECS, 
figure 3, courbe 2), soit le mklange de pyrrole 6c (Rdt = 
30%) et de thiobenzamides diastkrkoisomkres 10c (Rdt = 
30%) et 10c' (Rdt = 27%) au potentiel ET = - 1,3 V ECS). 
En milieu acide sulfurique la rkduction de la 4H-1,3-thia- 
zine 2c effectuee au potentiel ET = -0,75 V ECS (figure 3, 
courbe 1) conduit la formation du pyrrole 6c (Rdt = 76%) 
(schCma 2). Par comparaison au cas du substrat 2a, on re- 
marquera que l'utilisation d'un milieu trks acide oriente de 
la m&me f a ~ o n  la rCduction vers la formation de dCrivCs 
pyrroliques. 

Discussion 

Les rkductions, effectuks au potentiel de la prernikre vague 
polarographique, conduisent soit a des 6H-1,3-thiazines ou 
a des produits issus de l'hydrogknolyse de ces dernikres, soit 
a des pyrroles rksultant d'une rkgression cyclique. 

(i) La formation de 6H-1,3-thiazines implique une hy- 
drogenation de la double liaison C5=C6, diactivCe par les 
deux groupements alcoxycarbonyles, suivie d'une klirnination 
de dimkthylamine au niveau de la dihydrothiazine in- 
terrnkdiairement form&. La rkduction peut s'arrkter a ce stade 
pour R~ = C2H50. Les 6H-1,3-thiazines obtenues (com- 
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posCs 3) sont rkductibles avec hydrogCnolyse de la liaison 
S-C6. L'affaiblissement de cette liaison serait liC a la 
prCsence d'un substituant Clectroattracteur en position 6 .  Ce 
comportement apparait tout fait diffkrent de celui des 6H- 
1,3-thiazines monoactivCes (R5 attracteur : la rtduction 
bielectronique porte sur la liaison imine) et diactivees (R4 et  
R5 attracteurs : la dihydrogtnation concerne la double liai- 
son C4=C5) precedemment Ctudiees (1 1). I1 faut noter que 
toute modification de la substitution sur le cycle thiazinique 
entraine un changement du site de  reduction. Dans cette 
Ctude, les 6H-1,3-thiazines ne sont pas isolables pour R2 = 
C6H, (composes 4). Leur rkduction, qui s'accompagne de 
I'hydrogCnolyse de la liaison S-C6, s'effectue au mCme 
potentiel que la reduction des 4H-1,3-thiazines prCcurseurs. 
Le groupement phenyle, par rapport au groupement Cthoxy 
en position 2, exerce probablement un effet attracteur qui rend 
plus fragile la liaison S-C6. La reduction s'arrCte a la for- 
mation des carbamates 7 ou thiobenzamides 8 insaturCs 
lorsque R = H ou CH,. Par contre, pour R = C02C2H,, 
1'ClectrorCduction conduit selon la nature du substituant en 
position 2 ,  soit aux carbamates 9c,  9c' ou thiobenzamides 
10c, 10c' satures, soit B la 2-thiazoline 11 par une cyclisa- 
tion intramoleculaire analogue B celle observee lors de  la 
rkgression cyclique de la 4-Cthoxycarbonyl-2-phCnyl-6H-1,3- 
thiazine-6-one (1 5). 

(ii) L'obtention par Clectroreduction de  pyrroles substi- 
tues (composCs 5 et 6) semble liee a l'existence d'une pre- 
mikre vague de reduction a 4 Clectrons; par ailleurs, elle est 
favorisCe par l'utilisation d'un milieu trks acide, la prCsence 
d'un groupement phenyle en position 2 et  d'un substituant 
attracteur ethoxycarbonyle en position 4.  Deux hypothkses 
ont Cte envisagees pour expliquer la formation de  ces pyr- 
roles. En effet, ces composCs pourraient provenir de la 
reduction des 6H-1,3-thiazines (3 ou 4); cette hypothkse ne 
parait pas devoir Ctre retenue puisque, d'une part, ces 
httCrocycles n'ont pas CtC isoles lorsque R2 = C6H,, d'autre 
part, ils apparaissent soit instables (composC 3a) soit 
rCductibles en milieu acide (compost5 3c), dans le cas de  R2 
= C2H,0. Plus vraisemblablement, le cycle pyrrolique rCsulte 
de la reduction de  la forme protonCe de  l'imine (schtma 3); 
un premier transfert bielectronique conduirait a un thiirane, 
lui-mCme rkductible B 2 Clectrons avec Climination de sul- 
fure d'hydrogkne et de dimethylamine. Les effets de la sub- 
stitution interviendraient d'une part sur la basicit6 de  l'azote 
du cycle, d'autre part, sur le caractkre Clectrophile du car- 
bone en position 6. Ce mecanisme de rkgression cyclique est 
B rapprocher de celui mentionnC pour expliquer la forma- 

SCHEMA 3. MCcanisme de formation de pyrroles en milieu acide. 

tion de  pyrroles par reduction de 6H-1,3-thiazines-6-ones 
comportant un substituant Clectroattracteur en position 4 (16, 
17). 

(iii) L'obtention par voie chimique de pyrroles substituks 
peut Ctre rCalisCe a partir des 6H-1,3-thiazines issues des 
ClectrorCductions. Ainsi la transformation de 3c  en 5c peut 
Ctre effectuke avec 87% de rendement en traitant la 4- 
Cthoxycarbonyl-6H-l,3-thiazine 3c par la trikthylamine (8). 
Le mCcanisme de cette rCaction est a rapprocher de ceux 
prCcCdemrnent mentionnes pour la kgression cyclique de 6H- 
1,3-thiazines en milieu fortement basique (18, 19). Dans 
notre cas, la presence d'un groupement alcoxycarbonyl& en 
position 4 sur les dCrivCs thiaziniques permet d'effectuer la 
regression cyclique dans des conditions plus douces (20). 

Conclusion 
La rCduction Clectrochimique potentiel contr616, sur 

cathode de mercure et en milieu protique, des 4H-1,3-thia- 
zines substitukes permet dlaccCder aux pyrroles et (ou) aux 
6H-1,3-thiazines substitukes ainsi qu'8 leurs produits d'hy- 
drogenolyse. La formation stlective de pyrroles peut Ctre 
rCalisCe, soit directement par voie Clectrochimique, soit in- 
directement par traitement basique de 6H-1,3-thiazines 
prCparCes par ClectrorCduction. La  rCgression cyclique ap- 
parait alors comme une methode de choix pour accCder aux 
pyrroles substitues, si l'on se refere 21 la diversit6 des dCrivCs 
thiaziniques fonctiomalisCs mentiomks dans la littkrature (2). 

Partie experimentale 
Les spectres de RMN 'H et I3c ont CtC enregistrks au moyen d'un 

spectromktre Jeol JNM FX90 respectivement a 90 MHz et 20 115 
MHz. Les dCplacements chimiques 6 sont exprimCs en ppm/TMS 
et les constantes de couplage J en hertz. Les spectres ont CtC ob- 
tenus a partir de solutions dans CDCI,. Un specbophotomktre i 
transformke de Fourier Bruker IFS 85 est utilisC pour les 
dkterminations infrarouges; les frkquences de vibration car- 
actkristiques sont exprimCes en cm-'. Les spectres de masse sont 
enregistrks a l'aide d'un appareil Varian MAT 112 (Cnergie de 
faisceau Clectronique : 70 eV; intensit6 dans le filament : 1,5 mA). 
Les produits rCactionnels ont CtC purifies par chromatographie sur 
gel de silice (Merck Kieselgel 60, 70-230 ASTM). Les points de 
fusion ont CtC dCterminCs a I'aide d'un microscope RCH (C. 
Reichert) i platine chauffante Kofler. Les analyses centksimales ont 
CtC effectuCes par les services de microanalyse du C.N.R.S. de 
Vernaison (France). 

Re'duction par I'aluminium amalgame' (Al/Hg) 
L'aluminium amalgam6 est prCparC en traitant I'aluminium 

finement divisC (6-25 mmol) par une solution aqueuse contenant 
5% de chlorure mercurique. Aprks quelques minutes, I'amalgame 
form6 est lavC successivement par de I'eau (2 x 20 cm3) et de 
1'Cthanol (20 cm3) puis recouvert par une solution Cthanolique 
(20 cm3) de 4H-1,3-thiazine (I mmol). L'agitation magnCtique est 
maintenue 1 h i tempkrature ambiante. L'hydroxyde d'aluminium 
form6 est CliminC par filtration puis lavC par 20 cm3 dlCthanol. Le 
filtrat est concentre et chromatographiC sur gel de silice. 

Polarographie 
Les polarogrammes des composCs la-lc et 2a-2c (tableau 1 et 

figures 1-3) ont CtC emegistrCs i l'aide d'un polarographe Tacussel 
PRG3. Les solutions polarographiques sont constituees d'un 
mClange, volume i volume, d'une solution d'Clectrolyte-support 
et d'une solution 5 2 x rnol L-' du composC dans 1'Cthanol. 
Les trois solutions d'Clectrolyte-support utiliskes ont la composi- 
tion suivante : milieu acide, H,S04 i 0,5 rnol L-I; milieu faible- 
ment acide, tampon acCtique (CH3C02H a 0,5 rnol L-I  + 
CH3C02Na i 0,5 rnol L-I); milieu faiblement basique, tampon 
amrnoniacal (NH4CI a 0,5 rnol L-' + NH, a 0,5 rnol L-'). 
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TABLEAU 2. Milieu d'tlectrolyse, potentiel de travail (V ECS) et produits d'ClectrorCduction (Rdt %) des 4H-1,3-thiazines l a - 2 ~  

ComposCs Milieu sulfurique Tampon acCtique Tampon ammoniacal 

l a  ET = -0,75 5a (40%), 7a (20%) ET = - 1,35 7a (90%) ET= -1,l 3a(90%) 
ET = - 1,6 7a (60%) 

l b  Instable Instable ET = -1,l 36 (83%) 
ET = -1,4 7b (44%) 

IC ET = -0,s 5c (46%), 9c/9c1 (40%) ET = 0,75 3c (45%), 5c (15%) ET = - 1,2 5~ (50%), 9c/9c1 (38%) 
ET = -1,O 5c (IS%), 7c (52%) 
ET = -1,35 9c/9c1 (80%) 

2a ET = -0,7 6a (88%) ET = -0,85 6a (35%), 8a (55%) ET = - 1 ,O 8a (89%) 
26 ET = -0,7 66 (55%), 86 (33%) ET = -1,l 66 (IS%), 86 (42%) 
2c ET = -0,75 6c (76%) ET=-1,O 6cet11 ET = -0,9 6c (30%), 11 (52%) 

ET = -1,3 6c (30%), 1 0 ~ / 1 0 ~ '  (57%) ET = -1,3 6c (15%), 1 0 ~ / 1 0 ~ '  (73%) 

Lj'lectrorPductions prPparatives 
Elles ont toutes CtC rCalisCes, a potentiel controlC, sur cathode 

de mercure, dans la cellule d'electrolyse a Cpuisement prC- 
cCdemment dCcrite (21). Le potentiel de la cathode est maintenu 
constant a l'aide d'un potentiostat Tacussel PRT et la quantite 
d'electricitC consommCe est mesurCe a l'aide d'un coulombtre IG5. 
Le dkroulement d'une expCrience-type d'ClectrorCduction est le 
suivant : On introduit, dans la cellule dlClectrolyse eventuellement 
refroidie a 2"C, 130 cm3 d'un melange Clectrolyte-support + Cthanol 
(identique a celui utilisC en polarographie). Aprbs dCsaCration a 
l'aide d'azote et pretlectrolyse de la solution, le composC Clectroactif 
((1-2) X lo-, mol), dissous dans 20 cm3 d'Cthano1, est ajoutk dans 
la cellule. L'Clectrolyse est alors effectuCe sous courant continu 
d'azote. Des polarogrammes, enregistCs sur des prClbvements de 
la solution d'Clectrolyse effectuks en cours de rkduction, permet- 
tent de contr6ler l'avancement de la rkaction et de dCtecter la for- 
mation Cventuelle d'intermediaires ou de produits d'tvolution 
tlectroactifs. Aprbs Clectrolyse complbte, le mercure est dCcantC 
puis 1'Cthanol est CvaporC sous vide partiel et la solution aqueuse 
neutraliske par du bicarbonate de sodium. Aprbs extraction au 
dichloromCthane, la solution organique est sCchCe sur sulfate de 
magnesium puis concentrke. Le mClange rkactionnel est ensuite 
chromatographiC sur gel de silice (Cluant : hexane/Cther 
diethylique). Les rksultats des ClectrorCductions preparatives sont 
rassemblCs dans le tableau 2. 

4H-1.3-Thiazines substituies la-c et 2a-c 
L'acCtylbne dicarboxylate de methyle (5 mmol) est additionnC, 

a tempkrature ambiante, 2 une solution de 3-aza-4-dimCthyl- 
amino-1-thiabutadibne substituC (5 mmol) (22) dans 20 cm3 de 
dichloromCthane. L'Cvolution de la rkaction est suivie par chro- 
matographie sur couche mince jusqu'a disparition de 1'hCtCrodikne 
correspondant. Aprbs evaporation du solvant, le melange rkactionnel 
est chromatographiC sur gel de silice. (Elution : Cther de pCtrole/ 
acetate d'Cthyle 50 : 50.) Les 4H-1,3-thiazines purifiCes sont cri- 
stallisCes dans 1'Cther diCthylique. Les constantes physiques et les 
analyses spectroscopiques sont en accord avec les donnCes de la 
1ittCrature (8). 
2-~thoxy-5,6-bis(me'thoxycarbon~l)-6~-l,3-thiazine 3a : F = 

36°C (Cther de pLtrole); IR v,,, (KBr) : 1740 et 1707 (C02CH3) 
cm-I; RMN 'H 6 : 1.35 (3H, t, CH,), 3.73 et 3.79 (6H, 2s, 
2CH30), 4.44 (2H, q, CH,), 4.75 (lH, s ,  H6), 7.82 (lH, s, H4); 
RMN I3c 6 : 14.0 (CH,), 39.4 (C6 Jc-, = 143.6 Hz), 52.0 et 53.0 
(2CH30), 65.8 (CH,), 104.6 (C5). 146.9 (C4, Jc-, = 182.2 Hz), 
164.2, 166.0 et 169.8 (C2 et CO). Anal. calc. pour CIOHI3NO5S : 
C46.32, H 5.05, S 12.36; tr. : C 46.32, H 5.26, S 11.95. 

2- ~thoxy- 5,6-bis(mPthoxycarbony1)- 4-mPthyl- 6H-1,3-thiazine 
3b : huile; IR v, (CCh) : 1747 et 1721 (C02CH3) cm-'; RMN I H  

6 : 1.35 (3H, t, CH,), 2.4 (3H, s, CH,), 3.70 et 3.76 (6H, 2s, 
2CH30), 4.44 (2H, q, CH,), 4.79 (lH, s, H6); RMN I3c 6 : 14.0 
(CH,), 23.9 (a3-C=);  41.4 (C6, Jc-, = 143.6 Hz), 51.6 et 52.7 
(2CH30), 65.1 (CH,), 101.4 (C5), 157.6, 160.7, 166.2 et 169.8 

(C4, C2 et CO). Anal. calc. pour CIIHlsNOSS : C 48.34, H 5.53, 
S 1 1 . 7 3 ; ~ .  : C48.68, H5.56, S 11.65. 

2- ~thoxy4-Pthoxycarbon~l-5,6-bis(m~thoxycarbon~l- 6H-1,3- 
thiazine 3c : F = 81°C (tther diethylique); IR v,, (KBr) : 1740 et 
1700 (C02CH3 et C02C2HS) cm-I; RMN I H  6 : 1.36 (6H, 2t, 
2CH3), 3.74 et 3.79 (6H, 2s, 2CH30), 4.43 (4H, m, CH,), 4.85 
(lH, S, H6); RMN I3c 6 : 13.9 (CH3), 40.3 (C6, JC-H = 145.1 HZ), 
52.4 et 53.3 (2CH30), 61.8 et 66.5 (CHI), 101.9 (C5), 149.7 (C4), 
164.6, 165.4, 165.9 et 169.1 (C2 et CO). Anal. calc. pour 
CI3Hl7NO7S : C 47.12, H 5.17, S 9.68; tr. : C 47.12, H 5.12, S 
9.58. 
2-~thoxy-3,4-bis(m~thoxycarbon~l)-~~rrole 5a : F = 96°C (Cther 

diethylique); IR v,,, (KBr) : 3255 (NH), 1722 (CO,CH,) cm-I; 
RMN I H  6 : 1.30 (3H, t, CH3), 3.77 et 3.8 1 (6H, 2s, 2CH30), 4.16 
(2H, q, CH,), 6.92 (lH, d, H5, J,, = 3 Hz), 9.76 (lH, se, NH); 
RMN I3C 6 : 15.1 (CH3), 5 1.6 (2CH30), 70.7 (CH,), 97.9, 114.1, 
117.9, 149.7 (C2-C5), 164.9 (CO). Anal. calc. pour 
CloH13N05 : C 52.85, H 5.76, N 6.16; tr. : C 52.69, H 5.90, N 
6.08. 

2- ~thoxy-5- Pthoxycarbonyl-3.4- bis(mPthoxycarbony1)- pyrrole 
5c : F = 128°C (Cther dikthylique); IR v,, (KBr) : 3276 (NH), 
1744, 1700 et 1680 (C02CH3 et C02C2H5) cm-'; RMN 'H 6 : 1.31 
et 1.42 (6H, 2t, 2CH3), 3.78 et 3.91 (6H, 2s, 2CH30), 4.26 (4H, 
m, 2CH2), 9.64 ( lH,  se, NH); RMN "C 6 : 14.0 et 14.9 (2CH3), 
51.4 et 52.5 (2CH30), 61.3 et 70.0 (2CH2), 98.9, 11 1.5, 123.8 et 
150.8 (C2-C5), 159.9, 162.9 et 165.9 (CO). Anal. calc. pour 
CI3Hl7NO7: C 52.16, H5.72, N4.68; tr. : C 51.93, H5.56, N 
4.66. 

3,4-Bis(mPthoxycarbony1)-2-phPnyl-pyrrole 6a : F = 96°C (Cther 
dikthylique); IR v,, (KBr) : 3306 (NH), 1733 et 1685 (C02CH3) 
cm-I; RMN 'H 6 : 3.66 et 3.68 (6H, 2s, 2CH30), 7.11-7.30 (6H, 
m, C6H5 et H5), 10.4 ( lH,  se, NH); RMN I3c 6 : 51.0 et 51.8 
(2CH3O),ll3.O,ll5.3,l24.6,l27.O,l27.8,l28.2,l3O.6etl34.l 
(C2-C5 et C6Hs), 164.3 et 165.3 (CO). Anal. calc. pour 
Cl4HI3NO4 : C 64.85, H 5.05, N 5.40; tr. : C 64.50, H 5.06, N 
5.39. 
3,4-Bis(mPthoxycarbonyl)-5-mPthyl-2-phPnyl-pyrrole 6b : huile; 

IR v,, (CCh) : 3302 (NH), 1712 (C02CH3) cm-I; RMN 'H 6 : 2.4 
(3H, s, CH3), 3.76 (6H, s, 2CH30), 7.17-7.55 (5H, m, C6Hs), 8.9 
(lH, se, NH); RMN I3C 6 : 12.5 (CH3) 51.0 et 51.9 (2CH30), 
111.8, 114.0, 126.9, 127.6, 128.4, 130.9, 131.0et 135.6(C2-C5 
et C6Hs), 165.0 et 167.8 (CO). 

5- ~thoxycarbon~l- 3.4- bis(mPthoxycarbony1)- 2-phinyl-pyrrole 
6c : F = 106°C (Cther dikthylique); IR v,, (KBr) : 3310 (NH), 
1739, 1727 et 1718 (C02CH3 et C02C2H5) cm-I; RMN 'H 6 : 1.3 
(3H, t, CH,), 3.70 et 3.90 (6H, 2s, 2CH30), 4.14 (2H, q, CH,), 
7.35-8.20 (5H, m, C6Hs) 9.99 (lH, se, NH); RMN " C 6 : 14.1 
(CH,), 51.6 et 52.6 (2CH30), 61.5 (CH,), 112.2, 119.9, 124.9, 
128.2, 129.6, 130.3, 131.6et 140.3(C2-C5etC,Hs), 160.1, 163.4 
et 166.1 (CO). Anal. calc. pour CI7Hl7NO6 : C 61.62, H 5.17, N 
4.23;tr. :C61.27,H5.14,N4.20. 
5-Aza-6-Pthoxy-3-mPthoxycarbonyl-6-thioxo-hex-3-tnoate de 
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On the role of the parent cation in the dynamics of formation of laser-induced 
hydrated electrons 

Grorcpe d ~ i  Conseil de recherc.hes mtdicales dzc Canada en sciences des radiations, Dkpartement de tntdecine 
nucleaire et de radiobiologie, Facultt de tntdecirle, Universirt de Sherbrooke, Sherbrooke (Que'bec), 

Canada J l  H 5N4 

Received June 5 ,  1991 

ERNO KESZEI and JEAN-PAUL JAY-GERIN. Can. J. Chem. 70, 21 (1992). 
A short account is given of the continuum and molecular descriptions of the formation of hydrated electrons. Starting 

with a scheme of hydration dynamics of laser-induced electrons that accounts for the formation of hydrated electrons 
without invoking the "direct" ionization of water, a new model explaining the dynamics of electron hydration in terms 
of a molecular description is proposed. According to this model, the parent cation plays an active role in the trapping of 
electrons, deepening electron traps that preexist in the liquid before excitation. Consequences of this description to the 
transient absorption spectra are briefly discussed. 

Key words: laser-induced electron - cation pairs, hydrated electron formation, liquid water. 

I ERNO KESZEI et JEAN-PAUL JAY-GERIN. Can J .  Chem. 70, 21 (1992). 
On presente un court rapport sur les descriptions continue et molCculaire de la formation des electrons hydrates. Util- 

isant comme point de depart un schema de la dynamique d'hydratation d'electrons induits par un laser qui tient compte 
de la formation d'electrons hydrates sans impliquer I'ionisation ndirecte), de l'eau, on propose un nouveau modkle qui 
explique la dynamique de l'hydratation des electrons en fonction d'une description molkculaire. D'aprks ce modkle, le 
cation parent joue un r61e actif dans le pitgeage des electrons en abaissant les pikges d'electrons qui existent deja dans 
le liquide avant l'excitation. On discute brikvement des consequences de cette description sur les spectres d'absorption 
des espkces transitoires. 

Mots clts : photolyse laser femtoseconde, piegeage et hydratation de l'electron, eau liquide. 
[Traduit par la rkdaction] 

Since the discovery and identification of the hydrated 
electron (1-3), many models have been proposed for the 
structure of this species as well as for the mechanism and 
dynamics of its formation. Recent experimental results (4- 
11) using ultrafast laser spectroscopy techniques have re- 
vealed new evidence, which has given rise to new hy- 
potheses for the dynamics of electron trapping and for the 
subsequent early events in water.2 

Referring to a recent critical review summarizing current 
theories of the dynamics of solvation in dipolar liquids (13), 
continuum models are based on a frequency-dependent di- 
electric continuum picture of the solvent, where the solute 
is replaced by a cavity containing the charge. Molecular 
theories represent a different approach which is promising, 
but a consistent treatment of solvent structure should be in- 
cluded along with a nonlinear theory of polar solvent dy- 
namics in order to get reliable theoretical results. In a recent 
paper, Long et al. (1 1) also conclude that the dielectric-re- 
laxation picture of solvation is fundamentally inconsistent 
with their experimental results on  electron hydration in pure 
water. The important role of molecular interactions in sol- 
vation dynamics is also supported from studies of femtosec- 
ond laser fluorescence spectroscopy of electronically ex- 
cited molecules ( 14), and of femtosecond, laser-driven 
nonlinear optical responses of liquids (1 5) .  

Beside theoretical models, computer simulations (16-20) 
also provide an insight into the details of electron hydration 
dynamics, with the great advantage that they treat water as 

'Permanent address: Department of Physical Chemistry, L. 
Eotvos University, Budapest 112, P.O. Box 32, H-1088, Hun- 
g"?. 

For a review of experimental and theoretical studies on the for- 
mation of laser-induced solvated electrons, see ref. 12. 

consisting of individual molecules. These simulations use a 
quantum-mechanical representation of the electron (through, 
for example, the Feynman path-integral technique), but a 
classical representation of water molecules and a pseudo- 
potential approach for describing the electron-water inter- 
action. The simulation results largely support an important 
role of molecular and structural effects of the solvent, but, 
while there is good qualitative agreement with experiment, 
quantitative discrepancies are still serious (17; for a review, 
see ref. 176). 

None of the current theories or simulations can explain the 
dynamical characteristics of electron hydration. ~ a s e d  on the 
most recent experimental and simulation results, we pro- 
pose here a model of the dynamics of formation of laser-in- 
duced hydrated electrons that differs from the mechanism of 
hydrated electron formation via high-energy ionizing radia- 
tions. W e  think that a major shortcoming of current theories 
is that they do not take into account the active role of the 
positive parent ion in the early events during which local- 
ization of laser-induced electrons occurs. 

Let us consider the following schematic representation of 
electron hydration: 

+ H20 
-+ 

H20* H,O+ + OH' 

e + e,,- ("hydrated" electron) 
7 2  

In this scheme, excitation of a water molecule can be re- 
garded as instantaneous. Electron trapping is a complex 
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event, where a transient absorption, attributed to the water 
cation H,Of, appears and disappears within 50 fs (i.e., within 
the time resolution of the femtosecond laser apparatus), 
during the formation of the ei,- species. The characteristic 
time 7, for the formation of the latter species has been found 
to vary from -1 10 fs (5) to -180 fs (1 1). 

As indicated in the above scheme, we think that the pre- 
cursor of the ei,- species is not a "dry" or quasi-free elec- 
tron, but rather the excited water molecule itself. The ener- 
getics of photoionization of water, recently reviewed by 
Goulet et al. (21), suggests that the energy band gap of liq- 
uid water is 8.9 * 0.2 eV. This is the minimum energy nec- 
essary to produce a "dry" electron, or, in other words, to 
promote an electron into the conduction band of liquid water, 
while the threshold energy to produce a fully relaxed hy- 
drated electron (along with H30,', and OH,,) is found to be 
6.5 -+ 0.5 eV from both single (22-24) and two-photon (25) 
ionization experiments.  NO^, the usual excitation energy, 
supposing a two-photon ionization process, is about 8 eV in 
all published femtosecond electron hydration experiments (4- 
11). This energy is sufficient to allow a valence electron to 
be promoted into one of the localized states of the Urbach 
tail: which lies below the conduction-band edge of water (21, 
26). This obviously means that the actual production of laser- 
induced hydrated electrons does not proceed via the initial 
formation of quasi-free (dry) electrons, but that electrons get 
trapped directly from excitonic states of the liquid. (An in- 
teresting and inspiring continuum-model treatment of this 
process was recently proposed by Schiller (27).) 

According to our proposition, these (Mott-Wannier-type) 
excitonic states can be viewed as Rydberg states with a 
largely extended outer electron and a localized positively 
charged core at the center. As the region over which this outer 
electron extends comprises many water molecules, the elec- 
tronic charge density at the site of the parent ion is likely to 
be very small. (It is hard to give an estimate of the spatial 
range of this exciton; as a reasonable approximation, its ra- 
dius can be estimated from the initial separation of e,,- and 
its parent cation (H,O+) after the formation of the e,,- spe- 
cies, which is about 1 nm (8, 28). Thus, the exciton'would 
extend over a distance of some six water molecules, that is, 
over a hundred water molecules within a spherical range.) 
Consequently, the water molecules surrounding the parent 
ion site experience mainly the Coulombic field of this cen- 
tral (localized) positive charge, and, immediately after ex- 
citation, they begin to orientate and be polarized according 
to this field. The development of such a first hydration shell 
around the cation has important consequences. In fact, the 
potential of the central positive core at distances where the 
charge density of the outer electron is concentrated will be 
weakened as a result of this "screening." At the same time, 
the preexisting trap states (of the ~ r b a c h  tail) that are lo- 
cated in the outer regions of the exciton and are coupled to 
the excitonic state will be deepened, due to the orientation 
of the positive poles of the aligned water dipoles towards 
these outer regions. Now, the screening by the water mole- 
cules will tend to diminish the interactions between the outer 
electron and the parent ion, while the trapping probability of 
the electron increases with the deepening of the available 
electron traps. Thus, the presence of the localized positive 
core of the initial exciton largely facilitates electron trap- 
ping in its immediate neighborhood. Once localized in one 

of these traps, the electron also begins to form its own hy- 
dration shell, and the ei,- species is formed, with a more or 
less relaxed microenvironment, with a characteristic time 7,. 

During this formation time, irrespective of the degree of 
polarization of the surrounding water molecules, the central 
H20f can react with H20,  with a high proton transfer rate, 
to give rise to H30f and OH' (28, 29). This very fast event 
correlates with the rise and decay of an ultrashort transient 
absorbance at 625 nm (1 1). Once the ei,- species has been 
formed, it then transforms, with a characteristic time T,, into 
the fully relaxed e,,- state. ('r2 has been found to vary from 
-240 fs (5) to -540 fs (1 l) .)  The resulting charged species 
H,O&.and e , ,  can be considered as a kind of solvent-sepa- 
rated ion pair (30). Due to this close proximity, e,,- can re- 
combine easily with H,Of and OH'. Indeed, it has been found 
that about 50% of the initially formed hydrated electrons 
undergo recombination within the first 100 ps, and the re- 
maining e,,- population stabilizes after this time (6, 8 ,  3 1). 
This is in contrast with pulse radiolysis results where the es- 
timated total ionization yield in water, G,,,, is about 6 mol- 
ecules/100 eV (32-34), which stabilizes at about 4.8 mol- 
ecules/100 eV after 30- 100 ps (35, 36), i.e., only some 25% 
of the initially formed e,,- recombine. To our opinion, this 
difference is the direct consequence of the formation of quasi- 
free (or dry) electrons with large excess kinetic energy in the 
case of pulse radiolysis. 

Summing up the proposed model for laser-induced elec- 
tron trapping in liquid water, we suggest that the localized 
central positive core of the Rydberg-like excitonic state, 
formed upon photoexcitation, polarizes its environment, thus 
"deepening" preexisting electron traps (of the Urbach con- 
duction-band tail) in the range of the exciton, largely facil- 
itating the trapping of the extended outer electron. Dipolar 
relaxation around the positive parent site and the trapped 
electron takes up the excess energy of the exciton, thus giv- 
ing rise to the formation of the reactive species H,OG, e,,-, 
and OH,, within a 1-nm radius (8, 28), and the subsequent 
recombination products. It is clear from the proposed model 
that an ultrafast initial Stokes shift should precede the build- 
up of the characteristic infrared band of the eir- species. 
However, this Stokes shift should be located in the far in- 
frared region from wavelengths of a few microns down to 
about 1 km, the location of the ei,- infrared band. The large 
wavelength and the short time scale (probably less than -100 
fs) make the detection of this blue shift very difficult. 

The proposed localization dynamics supposes ultrafast 
solvent relaxation times. The detection of a -30-fs early 
configurational relaxation in computer simulations (20) 
provides support for this interpretation. Moreover, we think 
that, in water, proton jumps play an important role even in 
the orientation of the water molecules via an exchange of 
protons shared in hydrogen bonds. In our opinion, satisfac- 
tory simulation results could be obtained only with water 
molecules whose protons are considered as quantum parti- 
cles, taking properly into account the role of the (classical) 
parent cation in the trapping of an electron. 
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~ t u d e  thermodynamique de l'acridone et de la thioxanthone 

RAPHAEL SABBAH ET LAHCEN EL WATIK 
Centre de thermodynamique et de microcalorime'trie du Centre national de la recherche scientifique, 

26, rue du 14 IPme RIA, 13003 Marseille, France 

Resu le 2 aoDt 199 1 

RAPHAEL SABBAH et LAHCEN EL WATIK. Can. J .  Chem. 70, 24 (1992). 
Dans le present travail, nous avons CtudiC l'acridone et la thioxanthone par calorimetric de combustion de faibles quantitts 

de substance, de sublimation, par analyse thermique differentielle et par mesures de capacites calorifiques. Les fonc- 
tions thermodynamiques obtenues sont les suivantes : Pour l'acridone : AS,&,(298, 15 K) = (1 36,15 ? 0,45) kJ mol-I , 

298,15 K) = -(6300,3 ? 2,5) kJ mol-l, Af@,,(s, 298,15 K) = -(101,6 2,6) kJ mol-I, A ~ H ~ ( ~ ,  298,15 K) 
= (34,6 2 2,6) kJ mol-I. Pour la thioxanthone : AS,@,(298, 15 K) = (1 14,81 * 0,41) kJ mol-I, AHm(s, 298,15 K) = 
-(6840,5 ? 3 3 )  kJ mol-l, 298,15 K) = -(20,5 ? 3,6) kJ mol-I, A&,(g, 298,15 K) = (94,3 ? 3,6) kJ mol-I, 
A,,H, = (35,50 ? 0,28) kJ mol-I, T,, = (487,88 ? 0,02) K. Elles nous ont permis de determiner l'energie de conju- 
gaison experimentale des deux moltcules qui nous interessent et de les comparer aux valeurs theoriques. La molecule 
d'acridone &ant plane, cette comparaison est tout a fait satisfaisante. La difference observCe entre la valeur thtorique et 
experimentale dans le cas de la thioxanthone confirme les resultats expkrimentaux sur la structure non plane de cette 
molecule. A partir de l'enthalpie d'atomisation exptrimentale de l'acridone, nous avons pu dtterminer une valeur en- 
thalpique la liaison C,-N; Enfin, en utilisant les contributions enthalpiques prtctdemment determinees au labora- 
toire, nous avons pu retrouver par le calcul l'enthalpie d'atomisation de la moltcule de thioxanthone. 

Mots cle's : thermodynamique; calorimttrie; analyse therrnique differentielle; acridone; thioxanthone; enthalpies de 
combustion, de sublimation, de fusion; energie de conjugaison; enthalpies d'atomisation, de liaisons intramoltculaires; 
temperature du point triple. 

RAPHAEL SABBAH and LAHCEN EL WATIK. Can. J .  Chem. 70, 24 (1992). 
In the present work we studied acridone and thioxanthone by combustion calorimetry of small amounts of substance, 

by sublimation calorimetry, by differential thermal analysis, and by heat capacity measurements. The thermodynamic 
quantities derived are as follows: For acridone: A,,@,(298.15 K) = (1 36.15 * 0.45) kJ mol-I , AHm(s, 298.15 K) = 
-(6300.3 * 2.5) kJ mol-', Ai&(s, 298.15 K) = -(101.6 * 2.6) kJ mol-I, 298.15 K) = (34.6 * 2.6) kJ mol-I. 
For thioxanthone: ASu@,(298. 15 K) = (1 14.8 1 * 0.41) kJ mol-I, AHm(s, 298.15 K) = -(6840.5 * 3.5) kJ mol-I, 
A i e ( s ,  298.15 K) = -(20.5 & 3.6) kJ mol-I, Af@,,(g, 298.15 K) = (94.3 * 3.6) kJ mol-I, Aiuflm = (35.50 ? 0.28) 
kJ mol-I, T,, = (487.88 ? 0.02) K. The experimental results permitted us to determine for each molecule its resonance 
energy and to compare it with the theoretical value. This comparison fits well for acridone, which is planar. The differ- 
ence observed in the case of thioxanthone shows that this molecule is not planar, in accord with literature structural re- 
sults. From the experimental enthalpy of atomization of acridone, we determined an enthalpy value for the Cb-N bond. 
Using the enthalpy contributions previously determined in our laboratory, we found a value for the enthalpy of atomi- 
zation of thioxanthone in accord with the experimental result. 

Key words: thermodynamics; calorimetry; differential thermal analysis; acridone; thioxanthone; enthalpies of com- 
bustion, of sublimation, of fusion; resonance energy; enthalpies of atomization, of intramolecular bonds; triple point 
temperature. 

Introduction 
Dans le cadre de 1'Ctude thermodynarnique des httCrocycles 

se trouvant dans les coupes lourdes du pttrole ou dans les 
produits issus de la pyrolyse du charbon, entreprise au la- 
boratoire depuis quelques anntes, nous nous sommes 
inttressts aux deux moltcules d'acridone et de thioxan- 
thone. 

Comrne on le sait, diverses actions programmtes depuis 
plus de dix ans ont eu pour but la valorisation de ces 
mattriaux. Parmi elles, il faut citer les deux optrations 
d'hydrodtsulfuration et de dtsazotation. Leur but est de 
convertir les molCcules renfermant du soufre ou de l'azote 
en hydrocarbures afin d'obtenir des combustibles non pol- 
luants. La difficult6 de pouvoir dtterminer directement les 
enthalpies des difftrentes rCactions likes 2 ces opCrations 
ntcessite le recours 2 des valeurs prCcises des enthalpies de 
formation des rCactifs et produits. Malheureusement, pour 
ces deux substances, il n'existe aucune grandeur thermo- 
dynamique dans la litttrature. 

Posstdant au laboratoire les moyens de dtterminer avec 
une exactitude suffisarnment bonne, tout en n'utilisant que 

peu de substance (une ttude complkte nCcessite 200 mg en- 
viron de substance pure), certaines grandeurs thermodyna- 
miques : enthalpie de formation aux Ctats condenst et ga- 
zeux 2 partir des enthalpies de combustion et de sublimation, 
enthalpie de fusion, temperature du point triple . . . (1-3), 
nous les avons utilises pour Ctudier les deux moltcules 
d'acridone et de thioxanthone. 

Partie experimentale 
I .  Produits 

L'acridone est un produit Fluka (pururn, purete initiale >99%) 
et la thioxanthone est un produit Aldrich, purett initiale 98%. Nous 
les avons repurifiks par recristallisation, le premier dans 1'Cthanol 
absolu et le second dans le tetrachlorure de carbone, puis sub- 
limes sous une pression rksiduelle de lo-' Torr ti 180°C dans le cas 
de I'acridone et i 120°C dans celui de la thioxanthone (1 Torr = 
133,322 Pa). 

I1 ne nous a pas kt& possible de determiner par ATD le degrk de 
purett de I'acridone car cette substance se dtcompose 2 la fusion. 
Par contre, dans le cas de la thioxanthone, nos exptriences d'ATD 
nous ont perrnis de dtterminer le degre de purett de I'tchantillon 
repunfit; celui-ci est Cgal 2 (99,94 + 0,Ol) mol%. 

Rinted in Canada 1 lmprim.5 au Canada 
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SABBAH ET EL-WATIK 

TABLEAU 1. Grandeurs physiques des molCcules CtudiCes 2.298,15 K 

Substance Formule M/g mol-la p/g cm-3 -(GU/SP),/J g-' atm-Ib 

"Calculte 2 partir du tableau des masses atomiques de 1987 (22). 
* l  atm = 101,325 kPa. 
Les valeurs plactes entre parentheses ont CtC estimtes. 

2 .  Appareillage, techniques et  mode ope'ratoire 
Pour mener 2. bien cette Ctude, nous avons utilisC la calo- 

rimCtrie de combustion de faibles quantitCs de substance, la calo- 
rimCtrie de sublimation, l'analyse thermique diffkrentielle et la 
mesure des capacitCs calorifiques. 

2 .l. Calorime'trie de combustion 
Pour rCaliser les expkiences par calorimttrie de combustion, nous 

avons utilisC l'appareillage dtcrit dans la rCfCrence 4a.  PrCcisons 
ici que dans le cas de l'acridone, la microbombe qui lui est asso- 
ciCe a CtC dCcrite dans un precedent memoire (5). Avec la thio- 
xanthone, nous avons utilisC une microbombe a revetement de 
platine dCcrite dans la rCfCrence 4a. La sensibilitC de la pile du ca- 
lorimbtre CRMT est de 62,4 pV mW-' a 298,15 K; celle de l'am- 
plificateur est de 30 mV. L'oxygbne N45, utilisC dans nos 
expkiences, provient de 1'Au Liquide; son degrC de puretC est $gal 
a 99,995%. 

2.2. Calorime'trie de sublimation 
Pour mesurer diretement la quantitC de chaleur mise en jeu par 

la sublimation des substances CtudiCes, nous avons utilisC un ca- 
lorimbtre Tian-Calvet, dont la sensibilitC de la pile est de 16,87 pV 
mW-' a 380 K et de 13,81 pV mw- '  2 432 K ,  associC 2. une cel- 
lule d'effusion de Knudsen. L'appareillage et le mode operatoire 
ont Cte dCcrits dans la rCfCrence 2. Toutefois, il y a lieu de prtciser 
ici que le signal issu du calorimbtre est amplifiC par un nono- 
voltmbtre Keithley modble 147 (sensibilitk utilisCe : 30  pV (acri- 
done) et 100 pV (thioxanthone)), puis digitalis6 2 l'aide d'un 
voltmktre numkrique Keithley modble 175. L'acquisition et le 
traitement des domkes ont Ctt rkalids a l'aide d'un programme Ccrit 
par nos soins et trait6 par un ordinateur Zenith modble 159. 

La trbs faible pression de vapeur saturante des deux substances 
CtudiCes ne nous a pas permis de les sublimer 2 298,15 K. En 
consCquence, la thioxanthone a CtC CtudiCe 2. 380 K et l'acridone a 
432 K en utilisant un trou d'effusion respectivement de 1,5 et de 
2 mrn. 

2.3. Analyse thermique dwrentielle 
En utilisant l'appareillage et le mode opkratoire dCcrits dans la 

r6fCrence 3, cette technique nous a permis de mesurer la temp5rature 
du point triple ainsi que l'enthalpie de fusion de la thioxanthone. 

Resultats 
Nous avons consign6 dans le tableau 1 les grandeurs phy- 

siques a 298,15 K concemant les substances CtudiCes qui 
interviennent dans les calculs menant aux rksultats ex- 
pkrimentaux. 

1. Calorime'trie de combustion 
L'Cquivalent tnergktique du calorimktre (Ucal0,) a CtC ob- 

tenu i partir d'une sCrie de combustions d'acide benzoique, 
Cchantillon 39i du NBS, pour lequel AcuO (s, 298,15 K) = 
-(26 414 k 3) J g-'. Dans ces expkriences, nous avons 
utilisC environ 5 mg d'acide et 0,2 mg de coton (dont l'tnergie 
de combustion, prtalablement dCterminCe au laboratoire, a 
pour valeur Acuo(s, 298,15 K) = -(I6399 k 23) J g-' (6)). 
Nous trouvons our UcdO,(298, 15 K) la valeur (16,025 k P .  0,007) J V-' s- (acridone) et (15,957 k 0,009) J V-' s-' 
(thioxanthone) . 

Les rCsultats expCrimentaux obtenus par calorimCtrie de 
combustion sont consignCs dans les tableaux 2 et 3. 
2.  Calorime'trie de sublimation 

L'ttalonnage de notre systkme calorirnCtrique a CtC kalisC 
par,effet Joule avant et aprks les experiences. 

A cause de la trks faible pression de vapeur saturante des 
substances CtudiCes, nous avons admis l'identitt A,,,,H,(T) 
= A,,flm(T). Par ailleurs , pour calculer A,,flm(298, 15 K) a 
partir de A,,fl,(T K) (T = 432 K (acridone) et 380 K 
(thioxanthone)), nous avons utilist la relation suivante : 

aprks nous &tre assurks par ATD que la substance ne prCsente 
aucun changement de hase entre 298,15 et T K. En ce qui 
conceme 13intCgrale ~ ~ $ ' ~ ~ [ q , , ( s ) ] d T ,  elle a CtC obtenue par 
la mCthode de chute en utilisant un calorimktre Tian-Calvet 
et un four maintenus respectivement a 298,15 et T K. Quant 
a I'intCgrale J~$~KB''~~[C~,,(~)]~T, elle a kt15 determink a l'aide 
d'une mCthode de contributions de groupes (7). 

Nous avons consign6 dans les tableaux 4 et 5 les rksultats 
expkrimentaux obtenus par calorimCtrie de sublimation. 
3.  Enthalpie deformation de l'acridone et de la 

thioxanthone a l'e'tat gazeux 
I1 est possible, a partir des resultats consignes dans les ta- 

bleaux 2-5, de dCterminer l'enthalpie de formation des 
substances ttudiees a 1'Ctat gazeux et a 298,15 K. Celle-ci 
est Cgale a (34,6 k 2,6) kJ mol-I dans le cas de l'acridone 
et a (94,3 k 3,6) kJ mol-I dans celui de la thioxanthone. 
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TABLEAU 2. Combustion de I'acridone a 298,15 K 

m(substance)/mg m(coton)/rng S/V s -AU/J -w,/J w2/J -A,E(s ,  298,15 K ) / ~ J  mol-' 

4,1289 0,2055 8,541480 136,872 3,370 0,145 6305,3 1 
6,0728 0,0755 12,313974 197,325 1,238 0,211 6296,75 
4,8258 0,1652 9,883074 158,371 2,710 0,169 6290,2 1 
6,7290 0,2054 13,772877 220,703 3,369 0,237 6298,38 
6,1269 0,1312 12,473550 199,882 2,152 0,214 6293,42 
4,7939 0,1880 9,864318 158,070 3,083 0,168 6304,63 
5,1650 0,1991 10,624596 170,253 3,266 0,182 6304,75 
6,5998 0,1618 13,435989 215,304 2,654 0,23 1 6283,3 1 
5,5837 0,1841 11,441220 183,339 3,020 0,196 6297,59 

A,Pm(s, 298,15 K) = -(6297,2 2 2,s) kJ mol-I 
Aflm(s, 298,15 K) = -(6300,3 k 2,s) kJ mol-' 
A,@,,(s, 298,15 K) = -(101,6 ? 2,6) kJ mol-I 

Ces resultats corrspondent a la reaction suivante : 
C13H90N (s) + 59/40? (g) + 13C02 (g) + 9/2H,O (1) + 1/2N2 (g) 

S = aire des thermogrammes; AU = variation de I'Cnergie interne de la bombe et de son contenu; w, = Cnergie de combustion 
du coton; w, = corrections pour passer i I'Ctat standard. 

TABLEAU 3. Combustion de la thioxanthone a 298,15 K 

m(substance)/mg m(coton)/mg S/V s -AU/J -wl/J w,/J -Ac@(s, 298,15 K)/kJ mol-' 

5,0149 0,1341 10,282158 164,073 2,199 0,311 6838,64 
5,7210 0,1216 11,655741 185,991 1,994 0,345 6814,20 
5,1760 0,1230 10,599366 169,134 2,017 0,319 6840,52 
5,6892 0,1442 11,635941 185,675 2,365 0,344 6826,7 1 
5,7484 0,1789 11,810700 188,464 2,934 0,348 6838,24 
5,8164 0,1081 11,866640 189,356 1,773 0,349 6833,18 
6,5254 0,1262 13,334600 212,781 2,070 0,383 6841,98 
6,056 1 0,1382 12,350709 197,081 2,267 0,361 6815,74 
6,4263 0,1262 13,143486 209,731 2,070 0,378 6846,91 
6,2312 0,1066 12,704631 202,728 1,748 0,369 6834,Ol 

A,@~(S, 298,15 K) = -(6833,0 k 3,s) kJ mol-I 
Apm(s,  298,15 K) = -(6840,5 2 3,s) kJ mol-' 
A,g(s,  298,15 K) = -(20,5 * 3,6) kJ mol-I 

Ces resultats correspondent a la reaction suivante : 
C13H80S (s) + 160, (g) + 112 H20 (1) 4 1 3C02 (g) + H2SO4. 1 15H20 (1) 

S = aire des thermogrammes; AU = variation de I'Cnergie interne de la bombe et de son contenu; w, = Cnergie de combustion 
du coton; w, = corrections pour passer i 1'Ctat standard. 

4. Pression de vapeur saturante de l'acridone et de la la tempt5rature du point triple de la thioxanthone. Nous avons 
thioxanthone trouvC A h a m  = (35,50 + 0,28) kJ mol-' et T,, = (487,88 

Comme indiquC dans les rCfCrences 8 et 9, il nous est + 0,02) K (dCfinie par rapport ii 1'EIPT-68). 
possible, ii partir de nos essais, d'Cvaluer la pression de va- Le manque de valeurs thermodynamiques consignCes dans 
peur saturante des substances Ctudiees en utilisant la rela- la littkrature pour les deux molCcules qui nous intCressent ne 
tion suivante : nous a pas permis de les comparer ii nos rCsultats ex- 

P(Q -- AP = d m / d t ( 2 ~ ~ ~ / ~ ) " ~ 1  /UF 
pkrimentaux. 

L'incertitude qui accompagne nos rCsultats expt5rimentaux 
dans laquelle AP est la pression de part et d'autre du trou represente 1'Ccax-t moYen, urn, et tient ComPte des erreU1-5 sur 
d'effusion; P(Q, la pression mesurCe par effusion la les termes et facteurs de l'expression conduisant au calcul de 
tempCrature T; dm/dt, la masse effusCe par unit6 de temps; CeS rksultats. 
R, la constante des gaz parfaits; M, la masse molaire de la 
substance; F ,  le facteur de Clausing et a ,  l'aire de l'orifice Discussion 

- 

d'effusion. L'ensemble des fonctions thermodynarniques obtenues et 
I 
I Nous trouvons respectivement 4 x et 2 x Torr consignCes dans la partie RCsultats permet la dktermination 

comme pression de vapeur saturante de l'acridone ii 432 K de plusieurs grandeurs CnergCtiques likes a la structure des 
et de la thioxanthone ii 380 K. molCcules CtudiCes. 

5. Enthalpie de fusion et tempe'rature du point triple 1. Energie de conjugaison 
Comme prCcisC dans le paragraphe 2.3, il nous a ttC pos- Cornrne on le sait, cette grandeur renseigne sur la stabi- 

sible de dCterminer par ATD l'enthalpie de fusion ainsi que lit6 d'une molCcule et est Ctroitement like ii sa structure. 
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SABBAH ET EL-WATIK 27 

TABLEAU 4. Sublimation de l'acridone 2 432 K 

~,,&,~(432 K) = (121,95 ? 0,38) kJ mol-I 
P,,,(432 K) = 4 X Torr 

432 K 

[ G,,(S)~T = (38.1 * 0,2) kJ mol-' 

S = aire des therrnograrnrnes 

TABLEAU 5. Sublimation de la thioxanthone i 380 K 

m(substance)/mg S/V s A,,,,Hm(380 K)/kJ mol-I 

~,,&,~(380 K) = (108,45 ? 0,3 1) kJ mol-' 
P,,,(380 K) =' 2 x 10 -3 Torr 

380 K 

/ G,.(s)dT = (20,3 k 0,3) kJ mol-' 

S = aire des thermogrammes. 

Construite B partir des modkles molCculaires, la molCcule 
d'acridone est plane. Malheureusement nous n'avons trouvC 
dans la littkrature aucune Ctude sur la structure cristalline ou 
(et) gazeuse de cette molkule pennettant de confi ier  cette 
observation. I1 n'en est pas de meme pour la thioxanthone 
qui prCsente un dCfaut de planCitC confirm6 par une Ctude 
structurale rCalisCe par diffraction Clectronique en phase ga- 
zeuse (10). 

Dans l'une de nos prCcCdentes publications ( l l ) ,  nous 
avions indiquC le procCdC utilisC pour dCterminer 1'Cnergie 
de conjugaison expkrimentale et thCorique d'une molCcule. 
Sur le plan pratique, on dCtermine la valeur expCrimentale a 
partir des enthalpies dk combustion B 1'Ctat gazeux de la 
molCcule rCelle et de la molCcule fictive non conjuguCe. La 
premikre de ces deux grandeurs s'obtient exp6rimentalement. 
Quant 2 la seconde, elle nCcessite le recours aux sys- 

tkmatiques. Pour notre part, nous avons utilisC celle de Klages 
qui est consignCe par Wheland dans la rCfCrence 12. 

En ce qui concerne la molCcule d'acridone, compte tenu 
de sa structure plane, 1'Cnergie de conjugaison expkrimentale 
est Cgale a 390,l kJ mol-I et est tout a fait compatible avec 
la valeur thCorique 386,7 W mol-I obtenue en utilisant les 
paramktres suivants : 

Pour la liaison Cb=O : 

Pour la liaison Cb-N : 

La valeur de P(C-N) a CtC ajustCe sur la molCcule de pyr- 
role et a dCja CtC utilisCe dans le calcul de 1'Cnergie de con- 
jugaison thCorique de la molCcule de carbazole (4a). Po - - 

reprCsente, dans tous les calculs effectuCs dans la prCsente 
Ctude, I'intCgrale de recouvrement dans la molCcule de ben- 
zkne et a pour valeur absolue 13 1,7 kJ mol-' . 

En ce qui concerne la molCcule de thioxanthone, 1'Cnergie 
de conjugaison expkrimentale est Cgale 2 353,2 kJ mol-'. A 
partir des paramktres ci-dessus indiquCs pour la liaison Cb=O 
et du meme jeu de paramktres prCcCdemment utilisCs dans 
le cas du thiophkne-et de quelques-uns de ses dCrivCs (13) 
pour la liaison Cb-S (a(C) = a ,  a(S) = a + 2,000Po et 
P(C-S) = 1, 100Po), nous avons pu determiner 1'Cnergie de 
conjugaison thCorique; celle-ci est Cgale i 409,5 kJ mol-I. 
~ t a n t  supkrieure A la valeur ex@rimentale, elle con f i i e  bien 
le dCfaut de plankit6 de la molCcule de thioxanthone. 

Dans leur ~ublication sur 1'Ctude structurale de la molkule 
de thioxanthone en phase gazeuse, Iijima et al. (10) con- 
cluent a partir de leurs rksultats et ceux de Gallaher et Bauer 
sur la molCcule de thianthrkne (14) que l'angle dikdre form6 
par les deux noyaux benzCniques est plus important dans le 
cas de la thioxanthone, ce qui voudrait dire que cette molCcule 
serait plus plane que la molkule de thianthrkne. Comme cette 
molCcule a CtC prCcCdement CtudiCe au laboratoire (15), 
pour confirmer ce rCsultat, il suffisait de comparer la 
diffkrence A entre les valeurs thCorique et expkrimentale de 
1'Cnergie de conjugaison pour chacune des deux molCcules 
qui nous intkressent. Dans le cas prCsent, cette diffkrence doit 
$tre plus grande dans le cas de la molCcule de thianthrkne. 
En utilisant le jeu de paramktres signal6 ci-dessus, nous avons 
pu calculer lavaleur thCorique de 1'Cnergie de conjugaison 
du thianthrkne, ce qui nous a permis, connaissant Econj,exp = 
364 W mol-' (15), de dkterminer A. Nous trouvons A = 72,7 
W mol-' dans le cas du thianthrkne et 59,3 W mol-' dans 
celui de la thioxanthone. Le mCme raisonnement peut Ctre 
appliquC pour montrer que la molCcule de xanthone, 
prCcCdemment CtudiCe au laboratoire (I),  est plus plane que 
celle de thioxanthone, confirmant ainsi les rCsultats 
exp61imentaux dlCtudes sur la structure de ces deux molCcules 
(10, 16, 17) (A = 24,3 W mol-' dans le cas de la molCcule 
de xanthone) . 

Comme nous l'avons dit dans l'introduction, nous nous 
sommes intCressCs B l'acridone et 2 la thioxanthone dans un 
cadre plus gCnCral visant 1'Ctude de molCcules polycy- 
cliques. De ce fait, il nous a paru intkressant de comparer 
entre elles les valeurs thkoriques de 1'Cnergie de conjugai- 
son consignCes dans le tableau 6. On constate que ces va- 
leurs vont en ordre dCcroissant en passant de la molCcule de 
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TABLEAU 6. ~ n e r ~ i e  de conjugaison expkrimentale et thCorique 

MolCcule Econj,cxp/kJ mol-I Econj.lheor./kJ m01-I 

Thioxanthone 350,2 409,s 
Xanthone 345,8 (1) 370,l (1) 
Acridone 390,l 386,7 
Anthrone 325,6 (23) 336,7 

FIG. 1. Indices de liaison dans la mol&cule d'acridone. 

thioxanthone, 2i celle d'acridone, h celle de xanthone. Ceci 
peut s'expliquer puisque la dClocalisation, fonction de 
l'ClectronCgativitC, est plus grande dans le cas de la molCcule 
de la thioxanthone qu'elle ne l'est dans les deux autres cas 
et dans l'ordre indiquC. Nous rejoignons ici la mCme con- 
clusion tirCe au moment de 1'Ctude des molCcules de diben- 
zothiophkne, de carbazole et de dibenzofuranne (4). Quant 
a l'anthrone dont 1'Cnergie de conjugaison thCorique est Cgale 
2i celle de la molCcule de benzophknone (18), la valeur de 
celle-ci est infkrieure aux trois autres car la conjugaison est 
incomplkte (existence d'un chsnon -CH,-). Par ailleurs, tout 
ce qui vient d'Ctre dit trouve sa confirmation en comparant 
aussi entre elles les valeurs expkrimentales de 1'Cnergie de 
conjugaison. En effet, seule la molCcule d'acridone est plane 
et sa conjugaison complkte, ce qui explique la valeur ClevCe 
de 1'Cnergie correspondante comparCe i?i toutes les autres. 
L'hergie de conjugaison de la moltkule de thioxanthone est 
plus ClevCe que celle de xanthone. Elle le serait encore plus 
si la molCcule de thioxanthone Ctait plane. Enfin, la faible 
valeur trouvk pour la molCcule d'anthrone s'explique du fait 
que la conjugaison dans cette molCcule est incomplkte. 

2. Enthalpie d'atomisation 
L'enthalpie d'atomisation est like 2i la transformation 

suivante : molCcule (considCrCe c o m e  gaz idCal, Ctat fon- 
damental, T)  + atomes (chacun d'eux considCrC c o m e  gaz 
idCal, Ctat fondamental, T). 

A partir de l'enthalpie de formation d'une molkule 2i 1'Ctat 
gazeux et de celle des diffkrents constituants C,H,O,N et S 
que l'on emprunte aux tables (19) et dont les valeurs sont 
respectivement Cgales 9 : (716,67 + 0,44), (217,997 + 
0,006), (249,17 + 0,10), (472,68 -+ 0,40) et (276,98 -+ 0,25) 
kJ mol-I, il est possible de calculer son enthalpie d'atomi- 
sation expkrimentale. Nous trouvons pour les molCcules 
d'acridone et de la thioxanthone respectivement les 
valeurs : (11965,9 -+ 3,9) et (11492,5 + 4,6) kJ mol-'. 

Cornme l'enthalpie d'atomisation est Cgale la s o m e  des 
enthalpies des liaisons intramolCculaires, compte tenu des 
facteurs de stabilisation et destabilisation, il nous a CtC pos- 
sible de dkterminer l'enthalpie de la liaison Cb-N dans le 
cas de la molCcule d'acridone. Cela revient a retrancher de 
A,,,,&Z(298,15 K) la part enthalpique de toutes les autres li- 
aisons intramolCculaires. Pour determiner les contributions 

enthalpiques relatives aux differentes liaisons carbone-car- 
bone, nous avons utilisC le procCdC de calcul consigne dans 
la rCfCrence 4a. Celui-ci fait intervenir un paramktre lit la 
gComCtrie de la molCcule (l'indice de liaison I,, entre deux 
atomes directement liCs r et s), obtenu a partir du calcul 
thCorique de 1'Cnergie de conjugaison (cf. fig. 1). La rela- 
tion reliant H, A 1, s'Ccrit H,/kJ mol-I = 246,O 1, + 342,6. 

Quant aux enthalpies des liaisons Cb-H, Cb=O et N-H, 
nous avons respectivement utilisC les valeurs 41 5 $8 758,19 
(20) et 384,72 kJ mol-' (21). 

Nous trouvons H(Cb-N) = 224,7 kJ mol-I pour une 
distance interatomique de 1,391 A. Ce rksultat est tout a fait 
compatible avec le couple de valeurs H(Cb-N) = 348,3 kJ 
mol-' et d(Cb-N) = 1,389 A trouvte prtcCdemment dans 
le cas de la molCcule de carbazole (4a). 

En ce qui concerne la molCcule de thioxanthone, en uti- 
lisant les valeurs enthalpiques des diffkrentes liaisons 
prkckdemment dCterminCes (1 5, 18), nous avons pu retrou- 
ver son enthalpie d'atomisation expkrimentale 2i 2,4% prks. 
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Reactions of dimethyl polysulfides' with organomagnesium reagents 
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PETER D. CLARK, RUSSELL S. MANN, and KEVIN L. LESAGE. Can. J. Chem. 70, 29 (1992). 
Reactions of a mixture of dimethyl polysulfides (DMPS, CH3S,CH3, x = 3  - 8) with methyl- and phenylmagnesium 

halides are described. The type of product obtained was dependent on the molar ratio of DMPS to Grignard reagent. 
When a 6 :  1 methyl-Grignard to DMPS ratio was used, methanethiol and dimethyl sulfide were the major products ob- 
tained after acidification of the reaction mixture. Lesser quantities of methyl-Grignard favored the formation of di- 
methyl sulfide, dimethyl disulfide, and H2S. Experiments with a 6 :  1 phenylmagnesium bromide to DMPS ratio pro- 
duced benzenethiol and phenylmethyl sulfide as major products after acidification. No methanethiol was observed in these 
experiments. Mixtures of phenylmethyl mono-, di-, and trisulfides and H2S were obtained with a 3 :  1 Grignard/DMPS 
molar ratio. From a mechanistic viewpoint, product distributions obtained from reaction of Grignard reagents with DMPS 
can be explained by the formation of magnesium thiolates that are most readily stabilized by adjacent structures. Ex- 
periments using phenyl Grignard reagent in limited supply suggested that the internal sulfur atoms of the polysulfide chains 
were most reactive. 

Key words: organic polysulfides, Grignard reagents. 

PETER D. CLARK, RUSSELL S. MANN et KEVIN L. LESAGE. Can. J .  Chem. 70, 29 (1992). 
On decrit les rkactions d'un mklange de polysulfures de dimkthyle (PSDM, CH3S,CH3, x = 3  - 8) avec les halo- 

gknures de mkthyl- et de phknylmagnesium. Le type de produit obtenu depend du rapport molaire entre le PSDM et le 
reactif de Grignard. Lorsqu'on a utilisk un rapport de 6 : 1 entre l'halogknure de mkthyle magnesium et le PSDM, l'ex- 
traction du mklange rkactionnel obtenu apres acidification fournit du methanethiol et du sulfure de dimkthyle comme 
produits principaux. Lorsqu'on utilise des rapports plus faibles de ces rkactifs, la formation de sulfure de dimkthyle, de 
disulfure de dimkthyle et de H2S est favoriske. Des experiences avec un rapport de 6 : 1 entre le bromure de 
phCnylmagnksium et le PSDM a conduit, aprks acidification, la formation du benzknethiol et du sulfure de phknyle et 
de mkthyle comme produits principaux. On n'a pas observk la formation de mkthanethiol dans ces expkriences. On a 
obtenu des mklanges de mono-, di- et trisulfures de phknyle et de mkthyle et H2S lorsqu'on a utilisk un rapport molaire 
de 3  : 1 de Grignard/PSDM. D'un point de vue mkcanistique, les distributions de produits obtenus par rkactions des 
rkactifs de Grignard avec le PSDM peuvent &tre expliqukes par la formation de thiolates de magnksium qui sont facile- 
ment stabiliskes par des structures adjacentes. Des experiences realiskes avec des quantitiks limitkes de reactif de Grignard 
suggkrent que les atomes internes de soufre des chaines polysulfurkes sont les plus rkactives. 

Mots clPs : polysulfures organiques, rkactifs de Grignard. 
[Traduit par la rkdaction] 

Introduction 
Under the influence of basic catalysis, sulfur reacts with 

organic disulfides to form mixtures of organic polysulfides 
(for a review of polysulfide chemistry, see ref. 1). One in- 
dustrial use of such chemistry is to inject suitably catalysed 
dimethyl disulfide into the tubulars of sour gas wells to re- 
move deposited elemental sulfur (2-5): 

Base 

The value of x depends on the amount of sulfur available and 
the temperature of reaction but, at 2VC, averages 5 when an 
amount of sulfur equal to the weight of disulfide is used (5). 
Organic polysulfides are unstable due to weak S-S bonds 
(6-12) but they can be shown to be present using NMR 
spectroscopy (1 3, 14) (for up to x = 6) and by reverse phase 
HPLC (see ref. 3 for general method) (for up to x = 17). In 
general, it is difficult to isolate organic polysulfides with x 
> 3 since they readily undergo equilibration to smaller 
polysulfides and sulfur. 

Our interest stems from the industrial desire to convert 

'According to IUPAC nomenclature rules, organic polysulfides 
are named as polysulfanes. Polysulfides are used throughout this 
article in keeping with common usage and to be consistent with the 
or anic sulfides described herein. 

'Author to whom correspondence may be addressed. 

organic polysulfides back to the disulfides and sulfur or to 
useful sulfur chemicals. This report describes the chemistry 
that occurs when methyl- and phenylmagnesium halides are 
contacted with dimethyl polysulfides (DMPS). To our 
knowledge, no studies on this type of chemistry have been 
reported. However, it is known that organic disulfides react 
with organomagnesium compounds to yield sulfides and 
magnesium thiolates (15- 18): 

R'MgX + RSSR + RSR' + RSMgX 

In similar chemistry, it was reported that organolithium and 
Grignard reagents cleave the S-S bond of p,-dithiobis- 
(tricarbony1)iron (19). Consequently, it was expected that 
organomagnesium compounds would react readily with 
DMPS to yield mixtures of sulfides and disulfides and metal 
thiolates and that the amount of each product type should be 
dependent on relative reagent stoichiometries. 

Experimental 

Reagents 
With the exception of sulfur, chemicals and solvents were ob- 

tained from the Aldrich Chemical Co. Sulfur was obtained from the 
Shell Canada Ltd. Jumping Pound, Alberta sour gas processing 
facility and had a purity >99.9%. Tetrahydrofuran (THF) was dried 
over LiAlH, and was distilled prior to use. 
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TABLE 1. Reaction of methylmagnesium iodide with dimethylpolysulfides 

CH3MgI/CH3S,CH3 molar ratio 

Products 

H2S 
CH3SH 
CH3SCH3 
CH3SSCH3 
CH3SSSCH3 
% Sulfur recovery 

Moles Mol%" 

0.0495 28.5 
0.0222 12.8 
0.0392 22.7 
0.0410 23.7 
0.0213 12.3 

93.8 

Moles Mol%" 

0.0246 16.3 
0.0549 36.4 
0.0360 23.9 
0.0290 19.2 
0.0063 4.2 

93.8 

Moles Mol%" 

0.0139 11.6 
0.0664 55.1 
0.0362 30.0 
0.00394 3.3 

ND ND 
90.1 

"As percentage of total number of moles of products 
ND: not detected. 

Dimethyl polysulfide preparation 
Sulfur (100 g, 0.39 1 mol) was added to dimethyl disulfide (100 

g ,  1.042 mol) containing a trace of triethylamine and which had 
been saturated with H,S. The mixture was stirred for 1 h or until 
all of the sulfur had dissolved. By calculation, this procedure gives 
a mixture of DMPS with an average value of approximately x = 
5. HPLC analysis (see ref. 3) reveals a mixture of polysulfides with 
x = 3 - 8 as principal components and with x = 5 as the most 
abundant species. 

Reactions with methylmagnesium iodide 
All operations were conducted under a nitrogen atmosphere. A 

solution of DMPS (10.4 g, 0.0556 mol) in THF (50 mL) was added 
dropwise to a stirred s;lution of methylmagnesium iodide (pre- 
pared from iodomethane (24.1 g, 0.169 mol) and magnesium 
(4.0 g, 0.164 mol) in the usual way) in THF (200 mL) at 20°C. The 
mixture was stirred for 2 h and was acidified by dropwise addition 
of 6 M aqueous HCl. Evolved gases were collected in a calibrated 
gas syringe and were analysed for H,S and methanethiol using 
standard gas chromatographic techniques (see below). Organic 
products were isolated by extraction with m-xylene (4 X 50 mL) 
and the organic extracts were dried (MgS04) and filtered. m-Xy- 
lene was chosen to simplify analysis of the volatile products formed 
in these reactions. Standard analytical transfer techniques were used 
to ensure that loss of solution was minimized and the final filtrate 
was diluted with m-xylene to a total volume of 250 mL. This so- 
lution was analysed for dimethyl sulfide and dimethyl di- and tri- 
sulfides (see below). 

Reactions with phenylmagnesiurn bromide 
These experiments were conducted using procedures very sim- 

ilar to those described for methylmagnesium iodide. Four experi- 
ments (performed in triplicate each using 0.0556, 0.0417, 0.0278, 
and 0.0927 mol of DMPS) were canied out. Organic products were 
extracted into dichloromethane instead of m-xylene and were ana- 
lysed for dimethyl di- and trisulfide, benzenethiol, methylphenyl 
sulfide, diphenyl sulfide, methylphenyl disulfide, diphenyl disul- 
fide, and methylphenyl trisulfide. The average data of these ex- 
periments are compiled in Table 2. One series of experiments was 
performed in which the Grignard was added to the polysulfide 
(Table 2). 

Results and discussion 
Reactions of DMPS with methyl magnesium iodide 

Planning and interpretation of experiments involving the 
reaction of DMPS with Grignard reagents is complicated by 
the fact that DMPS containing over three sulfur atoms can 
be used only as a mixture of compounds. The DMPS used 
in this study has the average formula CH3S,CH3, although, 
as pointed out in the experimental section, it consists mostly 
of a range of compounds with three to eight sulfur atoms. It 
is probable that sulfur atoms other than those bonded to car- 
bon will be the sites of reaction with Grignard reagents. Thus, 
a 3 mole excess of Grignard reagent should be sufficient to 
react with the three internal sulfur atoms in a DMPS mix- 

Gas analysis ture of average composition CH3S,CH3, and produce di- 

Gases evolved during the acidification procedure were quanti- methyl disulfide as the predominant product. Experiments 
fied using a HP 5890a gas chromatograph equipped with a 3.3 m with Grignard to DMPS ratios greater than 3 : 1 should pro- 
Poropak N column linked in to a 3 m porooak QS column mote further reaction with the disulfide to produce smaller . - 
and a thermal conductivity detector. Analyses were carried out compounds. 
isothermally at 80°C. Data from the reaction of DMPS with methylmagnesium 

Solution analyses 
Xylene solutions were analysed using a HP 5890 gas chroma- 

tograph fitted with a Supelco SPB-5 fused silica capillary column 
and linked to an HP 5970 mass detector. The initial column tem- 
perature was 50°C; this was increased to 250°C at 10°C/min and 
was held at 250°C for 20 min. Compounds of interest elute before 
m-xylene. Analyses of solutions obtained from experiments with 
phenylmagnesium bromide (see below) required that the column 
temperature be raised to a final value of 300°C. 

Compound response factors were obtained for both gas and so- 
lution analyses by calibration with pure compounds. Results of the 
analyses for the above experiment and experiments using 0.0417 
and 0.0278 mol of DMPS (other reagent quantities were kept con- 
stant) are summarized in Table 1. These data are the average re- 
sults of three experiments conducted for each of the initial quan- 
tities of DMPS; variations of *5 mol% were observed for the data 
quoted in Tables 1 and 2. 

iodide at the 3 : 1 ratio (Table 1) show that after acidifica- 
tion of the reaction mixture H2S, dimethyl sulfide, and di- 
methyl disulfide are the major products, along with lesser 
amounts of methanethiol and the trisulfide. When the rela- 
tive amo6nt of Grignard reagent was increased (the 4: 1 and 
6: 1 data in Table l), the quantities of H2S and dimethyl di- 
sulfide formed decreased and methanethiol and dimethyl 
sulfide became the major products. No dimethyl trisulfide 
was observed in the 6: 1 ratio experiments. These results can 
be explained by examination of the possible reactions out- 
lined in Scheme 1. 

Because DMPS exists as a mixture of compounds, the 
number of possible reactions is quite large. Scheme 1 only 
considers reactions up to and with the pentasulfide; reac- 
tions with larger polysulfides should follow similar path- 
ways but need not be considered to explain the observations 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CLARK ET AL. 3 1 

TABLE 2. Reaction of phenylmagnesium bromide with dimethylpolysulfides 

C6H5MgBr/CH3S,CH3 molar ratio 

Products Moles Mol%" Moles Mol%" Moles Mol%" Moles Mol%" 

H2S 
CH3S2CH3 
CH,S3CH3 
C6H5SH 
C6H5SCH3 
C6H5SC6H5 
C6HSSSCH3 
C6H5SSC6H5 
C6H5SSSCH3 
% Sulfur recovery 

"As percentage of total number of moles of products. 
'This experiment was conducted by adding the Grignard solution to the polysulfide. 
'Includes CH,S,CH,. This compound was not detected in the other experiments. 
dDoes not include S,, which could not be measured accurately. 
ND: not detected. 

Primarv reactions 

Secondary reactions 

[5] CH3S4MgI + CH3MgI ---+ CH3S4-,CH3 + (MgGS, 

(x  ' 1 - 3) 

[6] CH3S3MgI + CH3MgI ----t CH3S3-,CH3 + (MgI)2Sx 

(x = 1 - 2) 

[7] CH3S2MgI + CH3MgI 6 CH3SCH3 + (MgD2S 

SCHEME 1. Possible reactions of methylmagnesium iodide with 
dimethylpolysulfides. 

presented in Table 1. Three basic reactions with the penta- 
sulfide are possible (eq. [ l ]  in Scheme 1). Attack of the 
Grignard reagent at the sulfur adjacent to carbon would lead 
to dimethyl sulfide and a tetrathiolate. Attack at the next 
sulfur atom can lead to either a di- or a tetrasulfide and mono- 
or trithiolates depending on which S-S bond is cleaved. 
Attack at the central sulfur atom of the pentasulfide leads to 
the trisulfide and a dithiolate. Similar series of eqs. [2]-[4] 
can be written for reaction with the tetra-, tri-, and disul- 
fides. Besides these primary reactions, secondary reactions 
between the produced thiolates and methylmagnesium io- 
dide may occur (eq. [5]-[7] in Scheme 1). In writing these 
equations, the assumption was made that electron density in 
the Mg--S bond is polarized to the sulfur atom, thus pro- 
moting further reaction of the Grignard reagent with the other 

sulfur atoms of the thi~lates.~ As can be seen, reactions [5]- 
[7] produce magnesium sulfides, which on contact with acid 
would yield HIS. In addition, these secondary reactions are 
likely to produce dimethyl sulfide as a final product when 
excess Grignard reagent is present. 

In the initial phases of reaction of methylmagnesium io- 
dide with DMPS, most reaction should be with larger poly- 
sulfides (e.g., the pentasulfide) simply because these spe- 
cies are present in the largest concentration. However, based 
on analysis of final products, it is difficult to decide which 
sulfur atom of the polysulfides is most susceptible to attack 
by the Grignard reagent. Regardless of this consideration, 
all reactions lead to smaller polysulfides, and, if enough 
Grignard reagent is present, continued reaction should lead 
to methanethiol (initially as a magnesium thiolate before 
acidification) and dimethyl sulfide as the major products. In 
general, this suggestion was confirmed by the observation 
of increased methanethiol production when high ratios of 
Grignard reagent to DMPS were used. 

Overall, reactions detailed in Scheme 1 explain the type 
of products observed and the effect of varying the reactant 
molar ratios. It should be noted that only 90-94% of the 
sulfur in the reagents could be accounted fbr in the products 
(Table 1). Not all of this loss can be accounted for by ex- 
perimental losses and errors since visual inspection of a 
typical experiment showed that some elemental sulfur was 
formed during the acidification stage. Although it was not 
possible to quantify this elemental sulfur (mostly because of 
difficulties in recovering it), its formation can be explained 
by acidification of (MgI),S, (x > 1) type species. 
Reactions of DMPS with excess phenylmagnesium bromide 

Table 2 summarizes the results of experiments in which 
DMPS was reacted with excess amounts of phenylmag- 
nesium bromide. Other experiments using a deficit of 
the Grignard and reverse order of reagent addition are 
described in the following section. A 3 :  1 molar ratio of 
Grignard reagent to DMPS gave, after acidification of the 

3 ~ t  is assumed that the Mg-S bonds in these compounds are 
predominantly covalent as is the case for MgS and related com- 
pounds. 
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Primary reactions 

Secondary reactions 

[12] C&15S4CH3 + C6%MgBr + C&S & H 5  + CH3S4-,MgBr 
(x= l -3 )  

SCHEME 2. Possible reactions of phenylmagnesium bromide with 
dimethylpolysulfides. 

reaction mixture, phenylmethyl sulfide as the major product 
along with phenylmethyl di- and trisulfides, benzenethiol, 
and H2S in lesser quantities. Smaller amounts of diphenyl 
disulfide, phenylmethyl disulfide, and dimethyl di- and tri- 
sulfide were also detected. Higher ratios of Grignard re- 
agent to DMPS (4: 1 and 6 :  1) resulted in benzenethiol and 
phenylmethyl sulfide as the major products (50.7 and 
40.5 mol% respectively). Other products such as H2S were 
observed only in minor quantities when a 6 :  1 Grignard/ 
DMPS ratio was used. As in reactions between DMPS and 
methylmagnesium iodide, small amounts of elemental sul- 
fur were detected but we could not quantify this product ac- 
curately. However, since most of the sulfur added as DMPS 

I 
I was recovered in the organic products (88-93%, see Table 

2), it is clear that elemental sulfur was a minor product. In- 
terestingly, no methanethiol was produced in the reactions 
of DMPS with phenylrnagnesium bromide. 

Scheme 2 summarizes the possible reactions of phenyl- 
magnesium bromide with polysulfides containing up to five 
sulfur atoms. Again, it should be remembered that the DMPS 
mixtures used in these experiments contained polysulfides 
with more than five sulfur atoms, but their reactions are not 
considered in detail because they should lead to the same 
products as the smaller polysulfides. As was the case in re- 

actions with methylmagnesium iodide, it is conceivable that 
phenylrnagnesium bromide may react with the pentasulfide 
at three different sulfur atoms (reaction [8] in Scheme 2) and 
that one of these reactions could yield phenylmethyl di- or 
tetrasulfide depending on which S-S bond is cleaved. 
However, since methanethiol was not observed in any of the 
reactions with phenylmagnesium bromide, it can be argued 
that reaction at the second sulfur atom always results in 
cleavage of the internal S-S bond to yield phenylmethyl 
disulfide and a methyl trithiolate species. It is not certain why 
internal S-S bond cleavage is favored although the disul- 
fide formed in this reaction should be more stable than the 
tetrasulfide that would be formed from cleavage of the other 
S-S bond. One possibility is that methanethiolate product 
is formed but is consumed in subsequent reactions. Al- 
though this possibility cannot be discounted for reactions 
using a 3 : 1 Grignard to DMPS ratio, it seems probable that 
some methanethiol should have been formed in experiments 
using greater quantities of Grignard reagent. However, this 
was not the case. 

Other primary reactions with smaller polysulfides, [9]- 
[ l  11 , should follow similar pathways (Scheme 2). How- 
ever, once again it can be argued that reactions that would 
produce methanethiolate product did not occur because 
methanethiol was not observed on acidification of the reac- 
tion mixtures. In addition, reaction [ l  11 is unlikely because 
only a trace of the disulfide was present in the initial DMPS 
mixture. Overall, reactions that produced phenylmethyl 
sulfide must have predominated as this was the major prod- 
uct observed at all Grignard to DMPS ratios (Table 2). 

Because the primary reactions produce phenylmethyl 
polysulfides, more secondary processes (see Scheme 2) are 
possible with the phenyl-Grignard than was possible with the 
methyl-Grignard. Each of the sulfur atoms in these mixed 
polysulfides is chemically distinct. Thus, phenylmethyl tet- 
rasulfide can react with phenylrnagnesium bromide in six 
reactions, summarized by [12] and [13], which can yield 
different products depending on which S--S bond is bro- 
ken. Similar reactions, [14]-[17], for the phenylmethyl tri- 
and disulfide can be written (Scheme 2), and explain the array 
of products noted in these reactions. As before, reactions 
leading to magnesium methylthiolate and hence methane- 
thiol likely do not occur. Another series of secondary reac- 
tions with magnesium methyl polythiolates, CH,S,MgBr (x  
= 2 - 4), are also possible ([18]-[20] in Scheme 2). These 
reactions produce sulfides, which on acidification yield H2S. 
Other reactions, not shown in Scheme 2, involving magne- 
sium phenyl polythiolates formed in the secondary reac- 
tions of phenylmethyl polysulfides, are also possible. 

Some of the secondary reactions can be used to explain 
why benzenethiol becomes a major product when excess 
phenylmagnesium bromide is present. In this regard, reac- 
tions [16] and [17] are of particular interest although related 
reactions occur in the series of reactions represented by [13] 
and [15]. Reaction [16] results in the formation of magne- 
sium methylthiolate and reaction [17] produces magnesium 
phenylthiolate (which yields benzenethiol on acidification). 
The fact that benzenethiol was the predominant product 
suggests that the phenylthiolate species is more stable than 
the methyl counterpart. Presumably, this stabilization is based 
on the ability of the aromatic ring to delocalize electron 
density. The same arguments can be applied to the series 
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of reactions [13] and [15] and explain why phenylmethyl 
sulfide is formed in much greater amounts than diphenyl 
sulfide. In general, it is probable that attack of a phenyl 
Grignard reagent on a polysulfide will occur to produce the 
thiolates that can be stabilized by the aromatic ring. 

Reactions of DMPS with a limited supply of 
phenylmagnesiurn bromide4 

Experiments described above were designed to consume 
all of the polysulfide sulfur and so produce small organo- 
sulfur compounds. However, by using a limited amount of 
Grignard reagent, it should be possible to determine which 
sulfur atoms of the polysulfides are most reactive. Conse- 
quently, some experiments were conducted using a 1 : 1 molar 
ratio of DMPS to phenylmagnesium bromide (Table 2). Thus, 
remembering that the DMPS used in this study has the av- 
erage molecular formula CH,S,CH, and that the three inter- 
nal sulfur atoms are likely to be the most reactive, the ac- 
tual ratio of 'reactive sulfurn to Grignard is 3 : 1. In addition, 
the Grignard reagent was added dropwise to the polysulfide 
to ensure that it was present as the limiting reagent. 

Data from these experiments show (Table 2) that meth- 
ylphenyl di- and trisulfide were the major products (formed 
in almost equimolar amounts), along with lesser quantities 
of methylphenyl sulfide and benzenethiol. Unchanged DMPS 
was also detected in the reaction products. If we consider 
reaction of the phenyl Grignard with dimethyl pentasulfide 
(reaction [8] in Scheme 2) from a purely statistical view- 
point, twice as much phenylmethyl sulfide and disulfide 
should be produced in comparison to the trisulfide. Conse- 
quently, the data obtained infer that the central sulfur atom 
of the pentasulfide is the most reactive towards phenylmag- 
nesium bromide and that the two sulfur atoms adjacent to the 
central one are the next most reactive. Clearly, attack of the 
sulfur atoms bonded to carbon is least favored. The obser- 
vation of some benzenethiol and HZS indicates that reac- 
tions were not limited entirely to primary reactions. In ad- 
dition, reactions of type [21] could alter the distribution of 
the products observed. Overall, it is difficult to make a de- 
finitive statement on the relative reactivity of the polysul- 
fide sulfur atoms, but the results obtained do suggest that the 
central and internal sulfur atoms are most reactive towards 
Grignard reagents. 

Lastly, it should be noted that in the reaction of DMPS 
with either methyl- or phenyl-Grignard reagents, no evi- 

4 ~ e  are indebted to a reviewer for suggesting these experi- 
ments. 

dence for attack of the Grignard at the carbon atoms of 
polysulfides or product organic sulfides was found. This in 
accord with other work that has shown that aliphatic sul- 
fides are inert to Grignard reagents (20). The only excep- 
tion to these findings appears to be the production of allyl- 
benzene and phenylthiomagnesium bromide from the reaction 
of phenylallyl sulfide with phenylmagnesium bromide (2 1). 
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Molecular dynamics simulation of interhalogen compounds. 1. Liquid chlorine 
trifluoride (CIF,): structure and thermodynamics 
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RAMESH K.  WADI and VIVEK SAXENA. Can. J. Chem. 70, 34 (1992). 
The results of a molecular dynamics (MD) simulation study of liquid chlorine trifluoride (CIF,) at 217, 260, and 

287 K are reported. The cubic simulation cell consists of 108 ClF, molecules assumed to be interacting via site-site 
Lennard-Jones 12-6 pair potential. The parameters for F-F and Cl-Cl interaction are the same as used for the simu- 
lation of F2 and C12, respectively, and those for the C1-F cross interaction are calculated using Lorentz-Berthelot rules. 
These results are then used to calculate various radial distribution functions characteristic of the liquid structure. 
Thermodynamic properties, namely, configurational energy, constant volume specific heat, and internal pressure are also 
reported. The time-dependent properties, mean square force and torque, self diffusion coefficient, and the quantum cor- 
rections to the free energy, were also obtained. The dimer configuration drawn based on the observed contact distances 
was found to be in good agreement with the results of matrix isolation infrared and laser Raman spectroscopic studies. 

Key words: MD simulation, interhalogens, liquid structure, thermodynamic properties. 

RAMESH K. WADI et VIVEK SAXENA. Can. J. Chem. 70, 34 (1992). 
On a effectue une simulation par dynamique molCculaire du trifluorure de chlore liquide (ClF,) 21 217, 260 et 287 K. 

La cellule cubique de simulation comporte 108 molCcules de CIF, qui interagiraient par potentiel de paires site-site 12- 
6 de Lennard-Jones. Les paramktres pour l'interaction F-F et CI-CI sont les mkmes que ceux utilises respectivement 
pour F, et C1, alors que ceux pour l'interaction croiske CI-F a ete calculee B I'aide des rkgles de Lorentz-Berthelot. On 
utilise alors ces rksultats pour calculer diverses fonctions de distributions radiales caracteristiques de la structure liq- 
uide. On rapporte aussi les propriCtCs thermodynamiques, soit l'energie de configuration, la chaleur specifique B vol- 
ume constant et la pression interne. On a aussi determine les proprietes qui varient avec le temps, soit la force et le mo- 
ment de torsion quadratique moyen, le coefficient d'autodiffusion et les corrections quantiques B I'energie libre. On a 
trouve que la configuration du dimkre tracke en se basant sur les distances de contact observees est en bon accord avec 
les rksultats des etudes par spectroscopie infrarouge et Raman realisees avec des matrices isolees. 

Mots clPs : simulation par dynamique moleculaire, interhalogknes, structure liquide, propriktks thermodynamiques. 
[Traduit par la redaction] 

Introduction 
The list of molecular liquids studied by molecular dy- 

namics (MD) computer simulation is fairly large (1). The 
major aim of such studies has been to test the adequacy of 
the proposed potentials and (or) the algorithms used and to 
obtain the thermodynamic and time-dependent properties, 
which may be experimentally determinable or even inacces- 
sible. The studies have contributed significantly to the de- 
velopment of the theories of molecular interaction in the 
condensed state. MD simulations of the relatively simple 
liquid halogens have been reported by Singer et al. (2) using 
a "2-Lennard-Jones centers" pair potential and were found 
to reproduce their thermodynamic properties quite well. 
Further, Rodger, Stone, and Tildesley (3,  4) suggested an 
anisotropic atom-atom pair potential for molecular chlorine 
and studied its predictions for a wide range of properties of 
the crystalline and liquid states. Simulation of liquid hydro- 
gen chloride, quite a complicated system due to H-bonding, 
required modifications of the usual Lennard-Jones 12-6 
parameters. Interhalogens (viz., ClF, CLF,, C K ,  BrF,, BrF,, 
etc.) also form an interesting class of compounds as these are 
not as simple as halogens and not as complex as hydrogen 
chloride. The price to be paid to simulate with more sophis- 
ticated models is heavy computational cost. It is therefore 
natural that simple models should be fully exploited before 
they are abandoned in favour of more complicated ones. As 
most of these compounds are very reactive, hence difficult 
to purify and manipulate in the pure state, few experimental 

' ~ u t h o r  to whom correspondence may be addressed. 

data are available for comparison purposes. We have started 
a systematic computer simulation study of the interhalogens 
with two aims: (i) to determine whether the potentials used 
for the simulation of halogens in the liquid state can also be 
used for the simulation of the interhalogens and (ii) to mo- 
tivate experimentalists to further study this important class 
of liquids to determine their diffraction properties, equation 
of state, self-diffusion coefficients, etc. 

In this paper we report the results of MD simulation of 
liquid ClF, at three average temperatures, 217 K,  260 K, and 
287 K,  so as to have an idea about the temperature variation 
of its properties in the liquid state. Gas phase microwave (5) 
and solid state X-ray diffraction studies (6) show that the CLF, 
molecule has a planar distorted "T" structure of C,, sym- 
metry, with the bond lengths and angles depicted in Fig. 1. 
On the basis of the results from the laser Raman spectro- 
scopic study of ClF,, Drifford et al. (7) suggested the pres- 
ence of dimers in the liquid state. Evidence of dimers exist- 
ing in the liquid state has also come from the IR spectra of 
ClF, in argon matrix (8). Though among the theoretical 
studies, quantum mechanical calculations have been re- 
ported for some of the interhalogens, the present work ap- 
pears to be the first report of their computer simulation study. 

Method 

All calculations were carried out using the MDPOLY (9) 
program developed by Thompson, for a microcanonical en- 
semble of a system of 108 ClF, molecules in a cubic box 
satisfying the densities p given in Table 1 and using peri- 
odic boundary conditions to avoid surface effects. These 
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WADI AND SAXENA 

TABLE 1. Average thermodynamic properties of liquid chlorine trifluoride 

T P U v c,. Y 
(K) (g cm-') (kJ mol-') (kJ mol-') P / p  KT (J mol-' K-I) (bar K-I)" 

"1 bar = 100 kPa 

FIG. 1. Chlorine trifluoride molecule; sites 1 ,  2 ,  and 3 repre- 
sent fluorine; 4 ,  chlorine, and 5 ,  the centre of mass. Various dis- 
tanceso and angles are rz4 = r34 = 1.698 A,  r14 = 1.598 A,  r45 = 
0.36 A.  and L 142 = L 143 = 87" 28'. 

molecules were assumed to interact via a Lemard-Jones 12- 
6 site-site pair potential. The structure of the ClF, mole- 
cule as given in Fig. 1 was used and kept rigid during the 
simulation. The equations of motion were integrated by the 
predictor-corrector scheme of the second order; orienta- 
tions of the molecules were expressed in terms of quater- 
nions. At least 1000- 1500 time steps, each corresponding 
to 7.5 fs, were required for the equilibration until the fluc- 
tuations in the total energy were reduced to about 0.001%. 
The statistics were then collected over 4000 steps of the 
production phase. The algorithm of the simulation has been 
well described by Allen and Tildesley (10). 

The potential energy U of the system, assumed to be the 
sum of the pairwise interactions ~ ~ ~ ( r ~ ~ )  from the site a in 
molecule i at position r, and the site b in the molecule j at 
the position rjb, can be represented as 

[lb] = 0 for rob > rc 

where r, is the potential truncation distance and, in the pres- 
ent case, half of the box length, 

and 

a, and E, are obtained according to Lorentz-Berthelot rules: 
crab = (aaa + abb)/2 and cab = G b .  The Lennard-Jones 

site-site pot~ntial parameters used in the $mulation are 
U F - ~  = 2.83 A, E F - ~  = 52.8 K, ucl-cl = 3.35 A, and E ~ ~ - ~ ~  = 
173.5 K (2). 

The long-range corrections made to the virial sum v and 
the potential energy U assuming g(r) = 1 for rob > r, are 

[2] T, = -(2/3)7rN d 

and 

[3] T,, = 27rN d [ r2u(r) dr 

where d is the number density, N is the number of mole- 
cules in the system, and v(r) is the virial function. 

The schemes for the calculation of thermodynamic and 
other properties are described elsewhere (10). The self- 
diffusion coefficient D is calculated from the mean square 
displacement MSD(t), as it is linearly related to the diffu- 
sion coefficient by the corresponding Einstein equation 

valid at sufficiently long times. D is then calculated as 1/6th 
of the slope of the MSD(t) line. 

Results and discussion 
The molecular trajectories obtained during the simulation 

run were simultaneously used to calculate the com-com 
(center of mass) and the various site-site radial distribution 
functions (rdf's) describing the gross structural features of 
liquid chlorine trifluoride at the three temperatures studied 
(Fig. 2). With rise in temperature the heights of these peaks 
can in general be seen to be reduced, and at longer r values 
the curves tend to flatten to g(r) = 1. The coordination 
number no of the first shell around a moiety (a molecule or 
a site) was obtained by integration of the function r2g(r) up 
to the first minimum in the g(r). The position r,, of the fust 
maximum in the g(r) was taken to be the most probable dis- 
tance between the two moieties. These r,, and no are col- 
lected in Table 2. Further examination of these rdf curves 
reveals the closest contact distances. The distance of closest 
approach of the sites is obtained as the intercept on the ab- 
cissa. These distances were 2.5 and 2.8 A for F-F and C1- 
F as compared to 2.8 and 3.06 A, respectively, found in the 
crystals (6). Using these distances it is possible to visualize 
geometrically the positions in which a pair of molecules is 
likely to be found. Two such dimer configurations are shown 
in Fig. 3. The configuration of Fig. 3(a) matches well with 
the one derived from the IR spectral study of ClF, in argon 
matrix (6). In these dimers the molecules are assumed to lie 
in the molecular plane. As derived in the microwave study 
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FIG. 2. Radial distribution function: (- ) 217 K,  (-.-.-) 260 K, (........) 287 K. (a) 5-5; (b) 1-1; (c) 1-2; (d) 1-4; (e) 2-2; 
(0 2-4; (g) 4-4. These numbers denote the sites as marked in Fig. 1. 
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TABLE 2. Position r,,, of the first maximum in the g(r) and the 
coordination number no of the first shell around the moiety for 

liquid chlorine trifluoride at different temperatures 

217.0 K 259.7 K 286.6 K 

d r ) "  rmax (A) no rmar (A) 110 m 110 

5-5 4.3 13.19 4.4 12.68 4.5 13.31 
1-1 3.0 1.92 3.1 1.56 3.1 1.36 
1-2 3.0 2.46 3.1 1.93 3.1 1.49 
1-4 4.2 5.83 4.2 4.48 4.2 4.76 
2-2 3.0 2.22 3.0 2.12 3.1 2.80 
2-4 3.8 7.56 4.3 9.02 4.3 10.27 
4-4 4.5 12.74 4.6 12.70 4.7 11.86 

"The numbers denote the sites as in Fig. 1 

TABLE 3. Time-dependent properties of liquid chlorine 
trifluoride 

T (F (ri) Qc D 
(K) (lo-" (J/m)') J') (K) (lo-' cm2 s- ' )  

FIG. 3. Two possibilities of the closest approach of a pair 
molecules derived from the rdf curves. 

(3), the two lone pairs of electrons in the ClF, molecule lie strong exchange interaction, anomalously shortened contact 
above and below the plane of the molecule, thus reducing the distances have been observed (1 I ) ,  indicating the existence 
chances of association from the two sides of the molecular of specific molecular interactions. The specific interaction 
plane in order to have the least interaction between the lone described above results in shortened closest contact rg be- 
pairs. tween the atoms of different molecules if rC < (Ri + Rj - 6) 

Due to the fact that the nonbonded interactions among the or rg < 2 - - 6, where Ri are the van der Waals radii 
halogens, except fluorine, show a characteristic feature of and 6 is the overlap of these spheres of atoms i and j. For a 
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normal contact 6 is 0.15 A for contacts between nonhydro- 
gen atoms and 0.30 A where one OF the two atoms isohydro- 
gen (11). Considering R, = 1.35 A aad Rc, = 1.8 A ,  R, + 
r, - 6 values are 2.55, 3.45, and 3.0 A for F-F, CI-Cl, and 
Cl-F, respectiyely. The corresponding r,,(obs) values are 2.4, 
3.2, and 2.8 A,  well in agreement with the above results. 

The thermodynamic averages of the configurational en- 
ergy U ,  the virial v ,  the compressibilities P/p KT, constant 
volume specific heat C,, and the thermal pressure coeffi- 
cient y ,  calculated over 4000 time steps for three average 
temperatures 217 K,  260 K, and 287 K,  are listed in 
Table 1. Values for the mean squared force (F') and torque 
(r,) about the axis i, quantum corrections Q, to the Helmholtz 
free energy, and the self-diffusion coefficients D are sum- 
marized in Table 3. The experimental data are unfortu- 
nately not available for comparison. 
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Kinetics of electron-transfer reactions of the Co(bpy02), 2+/3+ couple in acetonitrile 
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DONAL H. MACARTNEY and SAMUEL MAK. Can. J. Chem. 70, 39 (1992). 
The kinetics of the outer-sphere electron transfer reactions of tris(l,l f-dioxo-2,2'-bipyridine)cobalt(II) and (111) with 

a series of nickel polyaza macrocycles, F~L,"' and OSL,'+ complexes (L is 2,2'-bipyridine or 1 ,lo-phenanthroline, and 
substituted derivatives), and R ~ ~ ( O ~ C C H , ) , ( C H , C N ) ~ ~  have been investigated in acetonitrile at 25.0°C. An application 
of the Marcus theory relationship to the cross-reaction rate constants yielded apparent self-exchange 
rate constants of 10' M-' s-' from the nickel macrocycle cross-reactions and lo-' M-' s- '  from the cross-reactions with 
the metal polypyridine complexes. The latter cross-reactions are considered to be non-adiabatic due to a mismatch in 
the donor/acceptor orbital symmetries. The electron exchange rate constant is compared with the exchange rate con- 
stants for other Co(II)/Co(III) complex couples and M ( ~ ~ ~ O ~ ) , ' + / ' ~  couples of other first-row transition metals, and 
discussed in terms of inner-sphere and solvent reorganization barriers. 

Key words: electron transfer, Marcus theory relationship, cobalt(II)/(III) couples, 1,l'-dioxo-2,2'-bipyridine. 

DONAL H. MACARTNEY et SAMUEL MAK. Can. J .  Chem. 70, 39 (1992) 
OpCrant en solution dans I'acetonitrile, 21 une temperature de 25"C, on a CtudiC la cinCtique des rCactions de transferts 

d'tlectrons de la sphere exterieure des tris(1 ,l f-dioxo-2,2'-biypridine)cobalt(II) ou (111) avec une sCrie de macrocycles 
polyazotCs de nickel, de complexes FeL,"+ et OSL," (L = 2,2'-bipyridine ou 1 ,lo-phknanthroline ainsi que leurs dCrivCs 
substituks) et du Rh(02CCH,),(~H3CN)2+. Une application de la relation de la thCorie de Marcus aux sections efficaces 
des constantes de vitesse a permis d'kvaluer les constantes de vitesse d'auto-Cchange apparentes du ~ o ( b ~ ~ 0 , ) , ' + / ~ + .  , en 
se basant sur les sections efficaces du nickel impliquC avec le macrocycle, cette valeur est Cgale a 10' M-I s-' alors qu'elle 
serait Cgale 2 10' M - I  s-I sur la base des sections efficaces des complexes mCtalliques de la polypyridine. On considkre 

- - 

que ces dernieres sections efficaces sont non-adiabatiques a cause du manque de similitude entre les symCtries des or- 
bitales donneur/accepteur. On a compare la constante de vitesse de la reaction d'echange d'Clectrons avec celles d'autres 
couples de complexes Co(II)/Co(III) et d'autres couples M ( ~ ~ ~ o ~ ) ~ + / "  d1autres metaux de transition de la premiere 
rangte et on en discute en fonction de la couche interne et des barrikres a la reorganisation du solvant. 

Mots clis : transfert d'Clectron, relation de la thtorie de Marcus, couples cobalt (II)/cobalt (111), l ,I1-dioxo-2,2'- 
bipyridine. 

[Traduit par la rCdaction] 

Introduction 

The relationship between the bimolecular electron self- 
exchange rate constants (k , , )  for transition metal complex 
couples and the nature of the donor-acceptor orbitals (dn or 
du*) has been demonstrated through both experimental and 
theoretical investigations (1, 2). Relatively slow electron 
exchange rate constants are found for couples in which the 
transferring electron resides in an antibonding d u ' v e ,  in 
octahedral symmetry), and substantial reorganization 
of the metal-ligand bond distances is required prior to 
electron exchange. Electron exchange in the majority of 
Co(II)/Co(III) complex couples involves a transfer of an 
electron between a high-spin 2,: e,*' Co(I1) state and a low- 
spin t2,6 eg*O Co(II1) state (3). The self-exchange rate con- 
stants for the couples CO(NH, )~~+ /~+ ,  C ~ ( e n ) ~ ~ + / , +  (en = 1,2- 
diaminoethane), ~ o ( s e ~ ) ~ + / ~ +  (sep = 1,3,6,8,10,13,16,19- 
octaazabicyclo[6.6.6]eicosane), ~ o ( ~ h e n ) , ' + / ~ +  (phen = 
1,lO-phenanthroline) are 2 M-' s-' (25°C) (4), 7.7 x 

(25"C, I = 0.98 M) ( 3 ,  5.0 (25.0°C, I = 0.2 M) (6), 
and 12 M-' s-' (25"C, I = 0.10 M) (7), respectively. 

With strong-field cyclic polythiaether ligands the co- 
balt(I1) center is found in a low-spin t2,6 eg*' electronic con- 
figuration and the reduction in the inner-sphere reorganiza- 
tion barrier results in a more rapid electron exchange. The 
electron self-exchange rate constant for the ~0 ( [9 ]ane~ , )Z+ /~+  
couple ([9]aneS3 = 1,4,7-trithiacyclononane), for example, 
is 9.5 x lo4 M-' s-' (25.0°C, I = 0.1 M )  ( 3 ,  while for the 

' ~ u t h o r  to whom correspondence may be addressed. 

analogous ~ 0 ( [ 9 ] a n e ~ , ) , ~ + / ~ +  couple ([9]aneN3 = 1,4,7- 
triazacyclononane), involving a high-spin C0([9]ane~,);+ 
species, k , ,  = 8 x lo-, M-' s-' (25.0°C, I = 1.0 M) (8). 
Self-exchange rate constants in the range of 45-640 M-' s-' 
have also been determined for a series of low-spin 
~ o { ( d i o x i m e ) , ( ~ ~ ) , ) ~ ~ +  couples in acetonitrile (9). 

The ligand 1, l  '-dioxo-2,2'-bipyridine (bpyO,) com- 
plexes a variety of transition metal ions (10-14), including 
cobalt(I1) and cobalt(II1) (10, 11, 13). This bidentate oxy- 
gen donor ligand forms a puckered seven-membered ring 
when coordinated to metal ion. 

For the past several years, investigations concerning the ki- 
netics of electron transfer reactions of M(bpy02)32+/3+ com- 
plex couples of cobalt, nickel, manganese, and iron have been 
carried out in our laboratory (1 5, 16). One aim of this work 
has been to compare the electron transfer behaviour of these 
complexes with that the analogous tris(2,2'-bipyridine) 
couples of these first-row transition metals. The N-oxida- 
tion of the 2,2'-bipyridine ligand results in a change of the 
donor atom, a weakening of the ligand field, and changes in 
the ligand n*-metal t,, overlap interactions. 
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In this paper we report the results of a kinetic study of the 
electron transfer reactions of ~ o ( b ~ ~ 0 , ) , 2 +  and ~ o ( b p y O ~ ) ~ ~ +  
with a series of well-characterized nickel(II1) polyaza mac- 
rocyclic complexes, FeL,"' and OSL," complexes (L is 2,2'- 
bipyridine or 1 , 10-phenanthroline, or substituted deriva- 
tives), and Rh,(O,CCH,),(CH,CN),+, in acetonitrile con- 
taining 0.10 M tetraethylammonium perchlorate. The cross- 
reaction kinetic data are correlated in terms of 
the relationship from the Marcus theory (17), and the ap- 
parent self-exchange rate constant for the C0(bpy0,),2+/~+ 
couple in this medium has been estimated. The electron ex- 
change rate constant for this couple is compared with those 
of other Co(II)/Co(III) complex couples and analogous 

7+/3+ 
M(bpyO,),- couples, and discussed in terms of the inner- 
and outer-sphere barriers to electron exchange. 

Experimental 
Materials 

Acetonitrile (BDH, OrnniSolv) was used as received or dried with 
anhydrous sodium sulphate, filtered, and distilled from calcium 
hydride. The ligand 1,l'-dioxo-2,2'-bipyridine (bpyO,) was pre- 
pared by a published method (1 1). 'H NMR (CD3CN) 6: 7.66 (d 
of d ,  2H, H6), 7.02 (d of d, 2H, H3), 6.88 (t of d, 2H, H4), 6.85 
(t of d ,  2H, H5) with J3,4 = 6.9 Hz, J,,, = 2.8 Hz, J3,, = 0 .8  HZ, 
J4,, = 7.7 Hz, J,,, = 1.7 Hz, and J5,, = 5.9 Hz. Tris(1,l '-dioxo- 
2,2'-bipyridine)cobalt(II) perchlorate, [C~(bpyO~)~l (ClO, )~ .  2H20, 
was prepared from C O ( C ~ O ~ ) ~ .  6H20 (Alfa) and bpyO, in hot 
aqueous solution (1 1) and recrystallized from water. Anal. calcd. 
for C O C ~ ~ H ~ ~ N ~ ~ ~ ~ C ~ ~ .  2H20: C 41.97, H 3.28, N 9.79; found: C 
42.42, H 3.06, N 9.82. 

The [Co(bpy02),](C104), complex was prepared by the electro- 
chemical oxidation of Co(bPY02)32+ in acetonitrile (containing 0.10 
M tetraethylammonium perchlorate) at O°C. The electrolysis was 
carried out in a ~ - s h a ~ e d  three-compartment cell containing plat- 
inum electrodes. A green solid, precipitated by concentration of 
acetonitrile solution, was washed with cold acetonitrile and dried 
under vacuum. Anal. calcd. for CoC30H,N6018C13: C 39.09, H 
2.62, N 9.19; found: C 37.68, H 2.83, N 8.58. Elemental anal- 
yses were performed by Canadian Microanalytical Service, Delta, 
B.C. Caution: Perchlorate salts of metal complexes with or- 
ganic ligands are potentially explosive and should be prepared 
in small quantities and handled with care. 

The nickel(II) polyaza macrocycles: ~ i ( [ l 4 ] a n e ~ , ) ~ +  ([14]aneN4 
= 1,4,8,11-tetraazacyclotetradecane) (18), ~ i ( r a c - ~ e ~ [ l 4 ] a n e ~ ~ ) ' +  
(rac-Me6[14]aneN4 = rac-5,7,7,12,12,14-hexamethyl-1,4,8,11- 
tetraazacyclotetradecane) (19), Ni(Me,[l4]diene~,)~+ (Me6[14]- 
dieneN, = 5,7,7,12,14,14-hexamethyl-1,4,8,1 l-tetraazacyclo- 
tetradeca-4,ll-diene) (20), and ~ i ( [9]ane~ , ) ;+  ([9]aneN3 = 
1,4,7-triazacyclononane) (21) were prepared as perchlorate salts 
as described previously. The F~L:+ and OSL:+ (L is 2,2'-bipyr- 
idine or 1,lO-phenanthroline, or substituted derivatives) com- 
plexes were prepared by reported synthetic procedures (22) and 
isolated as perchlorate salts. The analogous iron(LU) complexes were 
prepared by an electrochemical oxidation of corresponding iron(II) 
species in acetonitrile as described above for ~ o ( b ~ ~ O , ) , ~ + .  Di- 
rhodium(I1) tetraacetate was prepared by a reported method (23). 

Tetraethylammonium perchlorate (TEAP) was prepared by the 
metathesis of the tetraethylammonium bromide (BDH) with per- 
chloric acid, recrystallized from water several times, and dried at 
100°C for 24 h. Tetraethylammonium tetrafluoroborate was pre- 
pared and purified in a similar manner, using fluoroboric acid. 
Tetraethylammonium p-toluenesulphonate (Aldrich) was recrys- 
tallized twice from ethyl acetate and dried. 

Kinetic experiments 
The kinetic measurements were made using a TDI model IIA 

stopped-flow apparatus (Cantech Scientific) and data acquisition 
system interfaced to a Zenith ZF- 15 1 microcomputer. Pseudo-fmt- 

order conditions of excess Co(bpyO2):+ reductant or oxidant were 
employed and plots of ln(A, - A,) or ln(A, - A,) against time were 
linear for at least 3 half-lives. The first-order rate constants were 
determined from the aveSage of four to six replicate experiments 
(Supplementary Material-). The reactions were conducted in ace- 
tonitrile, usually containing 0.10 M TEAP, at a temperature 
maintained at 25.0 2 O.l0C by means of an external circulating 
water bath. 

Physical and spectroscopic measurements 
The cyclic voltammetric measurements were carried out in ace- 

tonitrile (0.10 M TEAP) with a BAS CV-IB cyclic voltammo- 
graph (Bioanalytical Systems) attached to a Houston Instruments 
100 X-Y recorder. The working (Pt button) and auxilliary (Pt wire) 
electrodes in the sample solution were separated from the refer- 
ence electrode (Ag/A C1) by a glass frit. The ferricinium/ferro- 
cene couple, Fe(Cp),"~, (+0.400 V vs. NHE 24)) was used as an 
internal reference. UV-visible spectra were measured on a Hewlett- 
Packard 8452A diode-array spectrophotometer. The 'H NMR 
spectra were recorded on a Bruker AM-400 instrument operating 
at 400 MHz, and 'H-'H COSY spectra were obtained using Bruker 
software. 

Results 

'H NMR and electronic spectra 
The trischelate complex ~ o ( b ~ ~ 0 , ) , 3 +  would theoreti- 

cally exist in four diastereomers, each of which has a pair of 
enantiomers: A(666) (= A(AAA)), A(66A) (= A(AA6)), A(6AA) 
(= A(A66)), and A(AAA) (= A(668)). An examination of 
space-filling models of each of the diastereomers (consid- 
ering only the A isomers) reveals that from a consideration 
of non-bonding interactions a stability order of A(666) > 
A(66A) >> A(6AA) >> A(AAA) would be expected. The re- 
pulsive interactions that emerge upon conversions of 6 to A 
bpy02 ligand skew conformations take the form of a H6 
proton on one bpy02 ligand interacting with the plane of a 
pyridine on another bpyO, ligand. 

The 'H NMR spectrum of the ~ o ( b ~ ~ 0 , ) , 3 '  ion in CD,CN 
revealed the presence of two of the four potential stereoiso- 
mers, which have been identified as A(666) and A(66A) 
(along with the corresponding enantiomorphs) from one-di- 
mensional 'H and two-dimensional 'H-'H COSY NMR ex- 
periments (Fig. 1). The integration of the assigned peaks 
indicates that the A(66A) isomer is found in a slightly greater 
amount than the A(66S) isomer in acetonitrile at 25°C. A 
statistical entropy factor would favour the formation of 
A(66A) over A(66S) and this likely compensates for the 
greater steric instability of the A(6SA) isomer (25). 

In the A(6SS) isomer the respective protons on the three 
bpyO, rings are equivalent, while on the A(66A) isomer there 
are three different pyridine ring types. The first set of pro- 
tons (H') are found on the unique A bpyO, ligand. By con- 
verting a bpyO, ring from the 6 to A skew, the H6' protons 
on the A ligand are now placed over one of the pyridine rings 
on each of the other two 6 bpyO, ligands, which form the 
second set (HI'). The protons on the other pyridine ring on 
the 6 bpyO, ligands form the third set (H"'). The H6' and H5' 
proton resonances are found at 6.48 and 7.67 ppm, respec- 
tively, shifted considerably upfield from H6 (9.40) and H5 
(8.07) in the A(666) isomer, due to the shielding of the ar- 
omatic ring (26). The shifts calculated by using the Johnson- 

, ~ a b l e s  of kinetic data may be purchased from: The Depository 
of Unpublished Data, Document Delivery, CISTI, National Re- 
search Council Canada, Ottawa, Canada K I A  0S2. 
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MACARTNEY AND MAK 41 

FIG. 1 .  'H-'H COSY NMR spectrum of Co(bpy~,),~+ in 
CD,CN. The connections between protons are indicated below the 
diagonal for the H (-) and H" (- - -) protons and above the di- 
agonal for the H' (-) and H"' (- - -) protons. 

Bovey equation (26, 27) for the H5' (z = 3.50 and p = 0.8) 
and H6' (z = 1.75 and p = 0.0) protons on the basis of 
shielding contributions from the aromatic ring currents, by 
using the positions of the protons in the space-filling models, 
are in excellent agreement with the observed values. 

The visible spectra of the C O ( ~ ~ ~ O , ) , ' +  and 
ions in acetonitrile are presented in Fig. 2. For the 
co(bpyO,),'+ the maxima are found at 509 nm (e = 140 M-' 
cm- ) and 552 nm (E = 200 M-' cm-I), similar to the spec- 
trum reported for the ion in nitromethane (12). The bands 
have been assigned to 4~lg(F)  + 4 ~ 2 g ( ~ )  and 'Tlg(F) + 'T,,(P? 
transitions, respectively, and a D, value of 1004 cm- 
has been reported (14). For the ~ o ( b ~ ~ 0 , ) , ~ +  ion the visible 
maxima are found at 498 nm (E = 225 M-' cm-') and 
676 nm (E = 230 M-' cm-I, shoulder at 740 nm) and have 
been assigned to 'A,, + IT,, and 'A,, + IT,, transitions, re- 
spectively. From the asymmetric shapes of the peaks it is 
likely that the spectrum contains transitions for both the 666 
and 66h isomers. A similar spectrum has been reported for 
the co(bpy0,),3+ ion in aqueous media, with maxima at 466 
and 67 1 nm, and D,  calculated to be 1560 cm-' (13). 

400 500 600 700 800 
A ,  nm 

FIG. 2. Visible spectra of the (a) Co(bpy02),'+ and (b) 
~ o ( b p y ~ , ) ~ +  complexes in acetonitrile. 

The reduction potential of the C O ( ~ ~ ~ O , ) ~ ~ + / C O ( ~ ~ ~ O ~ ) ~ ~ +  
couple in acetonitrile containing 0.10 M TEAP was deter- 
mined by cyclic voltammetry measurements. A quasi-re- 
versible couple (AE, = 80 mV) was observed with E l l ,  = 
0.53 V vs. the FeCp+/FeCp internal reference. The reduc- 
tion potentials of the cross-reactants used in this study were 
measured in the same medium and were found to be in good 
agreement with previously reported values in acetonitrile and 
(or) aqueous solution (28-3 1). 

Kinetics studies 
The electron transfer cross-reactions of co(bpy0,),2' and 

C~(bpyO,),~+ were carried out at 25 .O°C in acetonitrile con- 
taining 0.10 M tetraethylammonium perchlorate (TEAP). 

kl2 

[ l ]  ~ o ( b ~ ~ 0 , ) , ~ +  + oxidant ~ o ( b ~ ~ 0 , ) , ~ +  + reductant 

The kinetics of the oxidations of the C O ( ~ ~ ~ O , ) , ' +  ion with 
a series of FeL,,' complexes (L = 2,2'-bipyridine or 1,lO- 
phenanthroline or substituted derivatives) were monitored at 
the visible maximum of the FeL,'+ species in the range of 
510-530 nm. Using a pseudo-first-order excess of the re- 
ductant ((1-10) X lo-' M) the kinetics followed the 
expression in eq. [2], 

where kobs = k12[~o(bPY0,),'+]. Likewise for the reductions 
of ~ o ( b ~ ~ 0 , ) , ~ +  by FeL3,+ and 0sL3'+, first-order depen- 
dences of kob, on the pseudo-first-order excess concentra- 
tions of the ~ o ( b ~ ~ 0 , ) , ~ +  were found. The reactions be- 
tween Co(bpyO,),'+ and the nickel(1II) polyaza macrocycles 
were followed by monitoring the disappearance of the oxi- 
dant at its maximum in the region of 300-400 nm, employ- 
ing pseudo-first-order excess concentrations of the reduc- 
tant. The kinetics of the oxidation of Co(bpyO,)," by 
Rh,(O,CCH,),(CH,CN),+ were carried out under pseudo- 
first-order conditions of excess concentrations of the dirho- 
dium cation, following the disappearance of the reductant at 
410 nm. First-order plots for representatives of each group 
of cross-reaction are presented in Fig. 3. The second-order 
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FIG. 3. Dependences of k,,, on [~o(bpy~, ) , "+]  for the oxida- 
tions of C~(bpyO,),~+ by Fe(C1-phen)33' (e), ~ e ( b p y ) ~ ~ '  (H), 
Fe(5,6-~e,phen),3+ ( A  Ni(Me6[ 14]diene~,),+ ( and 
Rh2(O,CCH3),(CH3CN)2f (V, abscissa is 104[~h2+]),  and the re- 
ductions of ~ o ( b p y 0 ~ ) ~ ~ +  by O~(5-Clphen)~~' (0), 0s(phen):+ (O), 
and Fe(4,4'-Me2bpy):+ (0) in acetonitrile (0.10 M TEAP) at 
25.OoC. 

rate constants, k,,, for the cross-reactions in this study at 
25 .O°C are presented in Table 1. 

For the ~ o ( b ~ ~ 0 , ) ~ ~ + / ~ e ( ~ h e n ) , 3 +  cross-reaction, deter- 
minations of the rate constant as a function of electrolyte 
concentration and the nature of the anion, using tetraethyl- 
ammonium salts of C10,-, BF4-, and p-tosylate (TEAX) as 
the electrolyte, were undertaken (Supplementary  ater rial'). 
The rate constant increased with increasing concentration of 
electrolyte, with curvature towards a limiting value above 
0.05 M TEAX. The rate constants at 0.01 and 0.10 M TEAX 
were 1.2 x lo4 and 1.7 x lo4 M-' s-I for X- = C10,-, 0.65 
X lo4 and 2.3 x lo4 M-' s-' for X- = BF4-, and 1.8 X 10' 
and 3.5 x 10' M-' s-' for X- = p-tosylate, respectively. 

An attempt was made to measure the electron self-ex- 
2+/3+ change rate constant kll for the Co(bpyO,), by using 'H 

NMR line-broadening experiments. 

The addition of the paramagnetic Co(bpy0,),2+ ion (=I  x 
M, limited by its solubility) to a solution of the dia- 

magnetic ~ o ( b p y 0 , ) ~ ~ ~  ion in CD3CN at 25°C resulted in no 

discernible increase in the linewidths of the proton reso- 
nances. Using the equation for electron exchange in the slow- 
exchange domain (33): kll[Co(II)l = r(WDP - W,), where 
WDp - WD is the difference in the linewidths of the diamag- 
netic resonances in the presence and the absence of the 
paramagnetic species, an upper limit of kl l  < 600 M-' s-I 
is estimated, using WDp - WD < 0.2 Hz. 

Discussion 
The electron self-exchange rate constant for the 

C O ( ~ ~ ~ O , ) , ~ + / ~ +  couple in acetonitrile is anticipated to be 
moderately small because the transfer involves changes in 
the population of the antibonding eg* orbitals and a change 
in the spin configuration from high-spin Co(I1) (t,,' eg*,) to 
low-spin Co(II1) (t,,6 e,*O). The electron self-exchange rate 
constants for a number of transition metal complex couples 
have been predicted with reasonable success by using the 
semiclassical model for bimolecular electron exchange (I) .  
The rate constant k,, may be expressed as the product of a 
preequilibrium constant K,, an effective nuclear frequency 
v,, and electronic factor K,,, and a nuclear factor that con- 
tains terms for both inner-sphere (AGZ) and solvent reor- 
ganizations (AGZ,) as well as an inner-sphere nuclear tun- 
neling factor I?,: 

The inner-sphere term, AGZ, corresponds to the reorga- 
nization of bond distances and angles required prior to elec- 
tron transfer, and the outer-sphere term, AG,*,,, is the en- 
ergy needed to change the orientations of the solvent 
molecules surrounding the reactants. The AGg may be cal- 
culated with a knowledge of the bond distances and angles 
and vibrational frequencies and force constants for the two 
redox partners: 

While crystal structure determinations have not been re- 
ported for complexes containing either the ~ o ( b ~ ~ 0 , ) , ~ +  or 
~o(bpy0,),3+ ion, the difference in the Co-0 bond lengths 
between the two oxidation states is likely to fall in the range 
of 0.17-0.21 A observed for other high-spin Co(LI)/low-spin 
Co(II1) complex couples, such as those mentioned in the In- 
troduction. If it is assumed that f; (34)3 and Ado for the 
Co(bpyO2)3 

2+/3+ couple are similar to those for the 
2+/3+ 

Co(bpy), couple (Ado = 0.19 A (2)), the difference in 
the electron exchange rate constants between the two cou- 
ples would primarily reside in AG&, and K,. With these two 
terms, it is calculated that the self-exchange rate constant 
for the ~ o ( b ~ ~ 0 , ) , 2 + / ~ +  couple in acetonitrile would be about 
two or three times greater that the value for the ~ o ( b ~ ~ ) , 2 + / ~ +  
exchange (20 M-' s-I (I = 0.1 M) (35)) in aqueous solu- 
tion. 

The cross-reaction kinetic data from this study may be 
correlated in terms of the Marcus equation (17), which re- 
lates the rate constant for a cross-reaction, k,,, to the rate 
constants for the component self-exchange reactions, k,, and 

'A value off, = 169-176 N m-I has been calculated for the 
~ o ( b p y ) , ~ + / ~ +  couple (2, 34a (footnote 50)), and a value of 180 N 
m-' is estimated for the ~o(bpy0,) ,~+'~+ couple on the basis of 
Co-0 stretching frequency for ~o(pyr0)~"  (34b). 
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MACARTNEY AND MAK 

TABLE 1. Rate constants for the cross-reactions of C O ( ~ ~ ~ O , ) , ' ~  and ~ o ( b p y 0 ~ ) ~ ' ~  in acetonitrile at 25.0°C, 
I = 0.10 M (TEAP) 

m0 k12 kz: k l ib  
No. Reductant Oxidant (v) (M-I s-I) (M-I s-I) (M-I s-I) 

1 Co(bpy02),'+ Fe(phen),'+ 0.15 1.65 X lo4 1.2 X lo7' 8 x lo-' 
2 C O ( ~ ~ ~ O , ) , ' +  Fe(5-Mephen),'+ 0.10 1.13 X lo4 2.0 X lo7' 1 X lo-' 
3 ~ o ( b p y 0 ~ ) , ' +  F e ( 5 , 6 - ~ e ~ p h e n ) ~ ~ +  0.09 9.81 X lo3 2.0 X lo7' 2 x lo-' 
4 ~ o ( b ~ y 0 , ) , ' +  Fe(5-Clphen);' 0.26 1.74 X lo5 1.5 X lo7' 2 X lo- '  
5 Co(bpyo2),2+ Fe(bpy);+ 0.13 1.35 x 1 o b . 5  x lo6' 4 x lo-' 
6 ~ o ( b p y 0 ~ ) ~ ' +  Fe(4,4'-~h,bpy):+ 0.07 6.11 X lo3 2.0 x lo7' 1 x lo-' 
7 ~o (bpy0~) , '+  ~i([l4]aneN,)'+ 0.06 5.12 X 10' 3.3 X 1 0 ' ~  6 x 10, 
8 C O ( ~ ~ ~ O ~ ) ~ ' +  ~i([9]aneN~), '+ 0.03 3.0 x 10' 6.0 X 10'" 10' 
9 ~ o ( b p y 0 ~ ) ~ ' +  Ni(rac-Me6[14]aneN4)'+ 0.31 8.71 X lo' 9.4' 9 X lo1 

10 ~o (bpy0~) ;+  Ni(~e,[14]dieneN,)~+ 0.40 1.02 X lo4 1.1' 5 X 10' 
11 R~, (o~ccH~)~(cH~cN),+  0.23 5.33 x lo' 5.4 x lo4" 4 
12 Fe(4,4'-Me2bpy);+ Co(bpy02),'+ -0.01 1.37 x lo3 2.0 x lo7' 1 x lo-'  
13 Fe(4,7-Me,phen),'+ Co(bpy02),'+ 0.00 2.58 X lo3 2.7 x lo7' 3 x lo- '  
14 os(5-Clphen),'+ ~o(bpy0~), : :  0.00 8.78 x 10' 3.8 x lo7' 2 
15 Os(phen),'+ Co(bpyOz), 0.12 2.73 x lo4 3.8 x lo7' 2 x lo-' 

"The self-exchange rate constant for the cross-reactant. 
'The self-exchange rate constant calculated for the couple. 
'Extrapolated from data in ref. 32. 
*References 16 and 3 1. 
'Reference 3 1.  

k,,, and the equilibrium constant for the cross reaction KI7 
by eq. [61 (la),  

[61 k12 = (kllk22~12fl2)~/~~12 

where 

In the above expressions wij is the work required to bring 
ions i and j (charges zi and zj) to the separation distance u, 
(taken equal to the sum of the radii of the ions), D, is the static 
dielectric constant of the medium, P = ( ~ I T N ~ ~ / ~ ~ O O D , ~ T ) ' ~ ' ,  
and Aii = (41~~u,~v,(6r)/1000),, ,  where 6r is the thickness 
of the reaction shell (= 0.8 A). The values of D, and P are 
37.5 and 0.476 M-I" k' , respectively, for acetonitrile at 
25°C. In the calculat~ons of the work terms, radii of 8 A for 
C O ( ~ ~ ~ O , ) , " + ,  7-8 A for the iron and osmiup complexes, 
5.5 A for Rh,(O,CCH,),(CH,CN),+, and 5-7 A for the nickel 
polyaza macrocycles, were employed. 

The self-exchange rate constants of the nickel polyaaza 
macrocycle complexes used in the cross-reactions were de- 
termined by an application of the Marcus relationship to the 
kinetic data from reactions with other nickel complexes and 
iron or ruthenium tris(po1ypyridine) complexes in a pre- 
vious study (16, 31). The self-exchange rate constants for the 
remainder of cross-reactants (in acetonitrile) were also de- 
termined previously from direct measurements or by the ap- 
plication of the Marcus relationship (3 1, 32). 

From the results of several recent kinetic investigations of 
electron-exchange (9, 3 1, 36-40) and electron-transfer re- 

actions of metal complexes in acetonitrile, it is becoming 
evident that ion pairing (and perhaps ion triplets) plays a 
major role in the rates of outer-sphere processes and their 
dependence on ionic strength in this medium. At an ionic 
strength of 0.10 M, ion pairing of the ClO,- ion with the 
cationic metal complexes used in this study is expected to be 
extensive. Conductivity measurements on the ion pairing 
between the ClO,- ion and ML,,+, ML,,+ (L = polypyri- 
dine ligand) (40), and Ni([14]aneN4)'+ (41), in acetonitrile 
have yielded ion- air association constants of < 100, 170- P 900, and 190 M- , respectively. The observed dependence 
of k,, on the ionic strength and the nature of the anion in the 
reaction of ~ o ( b ~ ~ 0 , ) , ~ +  with ~e(~hen) , ,+  is consistent with 
previous kinetic studies of electron transfer reactions be- 
tween cationic complexes in acetonitrile (31, 32, 37). The 
analysis of these electrolyte dependences in terms of defin- 
itive ion-pair association constants and specific rate con- 
stants for free and ion-paired species is not simple (38, 40), 
and is beyond the scope of the present study. For the pur- 
poses of calculating the work-term parameters the trivalent 
metal oxidants are considered to be fully ion-paired (e.g., 
{ML,,c~o,)'+). With the majority of the cross-reactions in- 
volving formally 2+/"2+ " charge types, the terms w, in eq. 
[8] tend to cancel each other, such that W,2 is not far from 
unity. 

The electron transfer kinetic data in Table 1 have been 
correlated with the thermodynamic driving forces for the 
cross-reactions and presented in Fig. 4 as a plot of 
~ n ( k ~ ~ / k ~ ~ ' ~ ' ~ , , )  against ln(K,, f,2)1/2. From eq. [6], the slope 
and intercept of the plot are expected to be unity and 
I 
5 ln(k,,), respectively. The points in Fig. 4 fall primarily on 
two lines, with the cross-reactions involving the nickel ma- 
crocycles forming one group and the remainder of the cross- 
reactants, primarily tris(po1ypyridine)metal complexes, the 
other group. The k,, values obtained from the cross-reac- 
tions involving the nickel macrocycles have a mean value of 
about lo2 M-' s-I, while kll calculated from the metal 
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FIG. 4. Marcus correlation of ~ n [ k , ~ / ( k , ~ ) ' / ' ~ ~ ~ ]  against 
I ~ ( K , ,  f,,)"' for the cross-reactions of the C O ( ~ ~ ~ O ~ ) , ' + / ~ +  couple 
in acetonitrile (I = 0.10 M). The reactions are numbered as in Table 
1. The upper line corresponds to a value of k,, for the 
C O ( ~ ~ ~ O ~ ) , - + / ~ +  couple of 10' M - I  s-I, while the lower line cor- 
responds to k, ,  = lo- '  M-' s-I. 

tris(po1ypyridine) cross-reaction data are close to 10-I M - I  

s-I. The k,, value obtained from the reaction with 
Rh2(02CCH3),(CH3CN),+, 4 M-I  s-I, falls between these two 
groups. The 'H NMR line-broadening experiment places k, , 
at less than 600 M-' s-'. 

It has recently been suggested that cross-reactions of 
tris(po1ypyridine) complexes of Co(1II) with Ru(I1) amines 
are non-adiabatic (42), while those with tris(po1ypyr- 
idine)chromium(II) complexes are marginally non-adiabatic 
(43). From the present study it appears that the cross-reac- 
tions of the ~ o ( b ~ ~ 0 , ) , 2 + / ~ +  couple with the tris(po1ypyridine) 
complexes of iron and osmium are non-adiabatic. We pre- 
viously observed that significantly lower self-exchange rate 
constants are derived for high-spin Mn(II)/Mn(III) com- 
plex couples when metal tris(po1ypyridine) cross-reactants 
are employed, compared to the values obtained from reac- 
tions with the nickel macrocycles. These couples have 
included M ~ ( H , O ) ~ + / ~ +  (44) and ~ n ( e d t a ) ~ - / -  (edta4- = 
ethylenediaminetetraacetate) (45) in aqueous solution and 
Mn(urea)2+l3+ (46) in acetonitrile. The electron exchange 
pathway in the ~ ( b ~ ~ ) , ' + / ~ +  complexes of Fe, Ru, and 
0 s  involves the t2, orbitals and overlap with the n* ligand 
orbitals. The exchange pathway of the Mn(II)/Mn(III), 
Co(II)/Co(III), and Ni(II)/Ni(III) couples involves the an- 
tibonding eg* orbitals. The incompatibility of the donor and 
acceptor orbital symmetries in the Co(bpyO,),/M(bpy), cross- 

reactions may account for the lower self-exchange rate con- 
stants derived for the C O ( ~ ~ Y O ~ ) ~ ~ + / ~ +  couple from these 
cross-reactions rather than from the reactions involving the 
nickel(I1) macrocycles. Electron exchange and electron 
transfer reactions of the R ~ ~ ( O , C C H ~ ) ~ ( C H ~ C N ) , ~ / +  couple 
involve a weakly antibonding Rh-Rh n" orbital and ex- 
hibit similar cross-reaction behaviour towards both nickel 
macrocycles and metal polypyridine complexes (31). It is 
perhaps not surprising, therefore, that the cross-reaction with 
~ o ( b ~ ~ O , ) , ~ '  yields a kl ,  value between those of the other 
two sets of reactants. 

The self-exchange rate constant derived in this study 
for the ~ o ( b ~ ~ 0 ~ ) ~ ~ + / ~ o ( b ~ y 0 ~ ) ~ ~ +  couple may be com- 
pared with the value of 10' M-' s-' determined for the 
~ n ( b ~ ~ ~ , ) ~ + / ~ n ( b ~ ~ ~ ~ ) ~ ~ +  couple in acetonitrile (ref. 15, 
manuscript in preparation). The exchange process for this 
high-spin d5/d4 couple also involves the transfer of an an- 
tibonding eg* electron, as does exchange in the d8/d7 
N i ( b ~ ~ 0 , ) , ~ + / ~ +  couple, for which an estimate of k,,  = 
lo3 M-' s-I (16) has been made from cross-reactions with 
tris(polypyridine)nickel(III) complexes in acetonitrile (16). 
Kinetic studies of the cross-reactions of the high-spin d6/d5 
~ e ( b ~ ~ 0 , ) , ' + / ~ '  couple with tris(polypyridine)cobalt(LI) and 
(111) complexes in acetonitrile are in progress and prelimi- 
nary results (16) suggest an exchange rate constant of lo6- 
lo7 M-' s-', consistent with the lower inner-sphere reor- 
ganization barrier associated with the transfer of a non- 
bonding t,, electron. 
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The ligand mediated pseudohypersensitivity of the 3 ~ 4  + 3 ~ 2 ,  3 ~ 4  + 3 ~ , ,  3 ~ 4  + 3 ~ 0 ,  

and 3 ~ 4  + 1 ~ 2  transitions of praseodymium(111) complexes in solution media 
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SUDHINDRA N.  MISRA and SHAUN 0. SOMMEKER, Can. J. Chem. 70, 46 (1992). 
The absorption difference, comparative absorption spectrophotometry, and quantitative analysis of 4f-4f spectra of 

praseodymium(II1) complexes with ligands possessing varying structural features and binding capabilities have clearly 
indicated that the 'H ,  + 3 ~ 2 ,  3H4 + 3 ~ 1 ,  3 ~ J  + 3 ~ 0 ,  and 3 ~ ,  + transitions exhibit substantial intensification as well 
as a wide variation of oscillator strength. Since these transitions do not follow the selection rules they cannot be consid- 
ered hypersensitive. Ligands such as P-diketones, Schiff bases, amino acids, diols, nucleic bases, nucleosides, nucleo- 
tides, alkoxides, and haloacetates with widely differing binding features in terms of coordinating ability, denticity, and 
normalized bite appear to induce, to varying degrees, high sensitivity in these non-hypersensitive transitions. The pres- 
ent article reports the high sensitivity of the ' H ,  + ' P 2 ,  ' P I ,  ' P O ,  and ID2 transitions of Pr(II1) by considering the solu- 
tion spectra of 173 species. This unique sensitivity is termed Ligand Mediated Pseudohypersensitivity. 

Key words: praseodymium(III), 4f-4f transitions, hypersensitive transitions. 

SUDHINDRA N.  MISRA et SHAUN 0. SOMMERER. Can. J .  Chem. 70, 46 (1992). 
Les diffkrences d'absorption, la spectrometrie d'absorption comparative et des analyses quantitatives des spectres 4f- 

4f de complexes du praskodyme(II1) avec des ligands posskdant diverses caractkristiques spectrales et diverses capacites 
de liaison indiquent clairement que les transitions ' H ,  + 3 ~ 2 ,  3 ~ 4  + 3 ~ 1 ,  3 ~ 4  + 'PO et ' H ,  + I D ?  prksentent une inten- 
sification importante ainsi que de grandes variations de la force de leur oscillateur. Puisque ces transitions ne suivent 
pas les rkgles de selection, on ne peut les considerer comme hypersensibles. Des coordinats, comme des P-dicktones, 
des bases de Schiff, des acides aminks, des diols, des bases nucleiques, des nucleosides, des nuclCotides, des alcoolates 
et des halogknoacetates qui possitdent des caractkristiques de liaison trits differentes en termes de facilitk de coordina- 
tion, de <<denticiten et de ~pr i sex  normalisee, semblent induire des sensibilites variables dans ces transitions non-hyper- 
tensives. Dans le present travail, on a examine la grande sensibilite des transitions ' H ,  + ' P z ,  3 ~ 1 ,  3 ~ 0  et I D ?  du Pr(II1) 
en considerant les spectres en solution de 173 especes. Cette sensibilite unique est appelke gpseudohypersensibilitk ob- 
tenue par l'intermediaire des coordinats,,. 

Mors clks : prasCodyme(IIl), transitions 4f-4f, transitions hypersensibles. 
[Traduit par la redaction] 

Introduction bands as  marker  bands has increased the importance of  so- 

T h e  intensity of  hypersensitive transitions (1-3) has been 
used extensively to distinguish between outer and inner sphere 
coordination, in identifying the coordinating sites of  ligands 
(4), in determining the immediate coordination environ- 
ment ,  and in predicting the coordination number of  lantha- 
nides (5- 10). Hypersensitivity has attracted much  attention 
even though theories proposed to explain the phenomenon 
are far  f rom quantitative. T h e  majority of  the quantitative 
work on  these intensities has been done in the solid state (1 1- 
16) though a few of the studies have involved solution spectra 
(5- 10). D u e  to phenomenon such a s  isomerization, disso- 
ciation, association, solvolysis, etc., the solution spectra can 
become quite complex,  which in turn causes the data to  be- 
c o m e  only approximate and the reproducibility of  the ex- 
periment to  become questionable. A new dimension to lan- 
thanide coordination chemistry in  solution has come of a g e  
with the increased use of  lanthanides a s  probes in the explo- 
ration of the structural functions of biomolecular reactions 
(17-20). Moreover, the use of  lanthanide hypersensitive 

' ~ u t h o r  to whom correspondence may be addressed. 
'~evis ion received August 2 1 , 199 1. 

Printed in Canada I lmpnrnb au Canada 

lution spectra. 
T h e  quantitative analysis of the spectral data  for Pr(II1) 

complexes with a wide variety of  ligands has clearly shown 
that hypersensitivity cannot be restricted to specific transi- 
tions only,  but may under certain chemical conditions be  
extended to non-hypersensitive transitions as  well.  O n  the 
basis of  173 spectra of  Pr(II1) complexes, the high sensitiv- 
ity of  the 3 ~ 4  - 'P2 ,  3 ~ 4  + ' P , ,  3 ~ 4  + 3 ~ 0 ,  and 'H ,  + ' D ~  
transitions (all pseudohypersensitive (21)) is reported and 
termed Ligand Mediated Pseudohypersensitivity . 

Experimental 
The spectral absorption studies were recorded on Shimadzu 

260FS and Perkin Elmer Lambda-2 spectrophotometers. The re- 
gions of the pseudohypersensitive transitions were resolved and 
recorded in an expanded scale mode. All solutions were prepared 
from reagent grade materials. 

The linear curve analysis of the absorption spectra followed by 
a Gaussian curve analysis of the individual bands led to the com- 
putation of the absorption spectral parameters: Slater-Condon F, 
- Racah EL Coulombic interaction, Lande's (4f spin-orbit in- 
teraction, nephelauxetic P bonding ( b ) ,  and covalency parame- 
ters. The intensity parameter P (oscillator strength) and the Judd- 
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Ofelt T,  parameters were computed by partial and multiple 
regression methods on a HP-1000/45 computer (17, 21). 

Results and discussion 

Pr(II1) (f 2, is the simplest tervalent lanthanide ion, yet it 
has not been extensively investigated when compared to 
Nd(II1) (f 3, and Eu(II1) (f 6). One possible reason may be 
that Judd-Ofelt (22, 23) theory does not work very well for 
Pr(II1) nor does the calculation of oscillator strengths evi- 
denced by the high RMS deviations. The 3 ~ 2  + 3 ~ 4  transi- 
tion of Pr(III) is hypersensitive, occurring at 5200 cm-I, and 
is not generally studied in solution spectral investigations. 
Peacock (24) found that the 3 ~ ,  t 3 ~ 4  and ID, + 3 ~ 2  tran- 
sitions of Pr(II1) showed significant sensitivity and referred 
to them as pseudohypersensitive transitions. Siddall and 
Stewart (25) reported the hypersensitivity of the 'I, + 3 ~ 4  

transition, which was contested by Peacock (24). To ex- 
plain the anomalous behavior of Pr(III), Carnal1 et a l .  (26) 
together with Weber (27) put forward a theory in which cer- 
tain assumptions made in Judd-Ofelt theory were consid- 
ered to be invalid, in particular the assumption that the per- 
turbation configurations are degenerate and lie at a higher 
energy level than 4f - 4f transitions. They also found that 
inclusion of the odd parts of the intensity expression im- 
proves the interpretation of Pr(II1) absorption spectral inten- 
sities slightly. Using this method one finds that the 3 ~ 2 , 1 , 0  t 

3 ~ 4  multiplets have A = 5 reduced matrix values of 0.283, 
0.502, and 0.0 respectively. If this is correct, the discrep- 
ancies in the oscillator strength would be more pronounced 
in the + 3 ~ 4  transition as the reduced matrix element has 
a higher value than that for 3 ~ 2  + 3 ~ 4 .  Since this is not ob- 
served, the hypersensitivity of the 3 ~ 2  + 3 ~ 4  transition ob- 
served by Peacock (24) cannot be explained by this argu- 
ment. 

The T2 parameter, which is considered to be extremely 
sensitive towards even minor changes in the immediate co- 
ordination environment, is found generally to be negative in 
value (17, 21, 24). This is reasonable as only the 3 ~ 2  t 3 ~ 4  

transition has a significant U (2) matrix element but this has 
not been included in the data set of any of the compounds 
studied in solution (28, 29, 31). In Pr(LTI) the variation of the 
T6 parameter appears to be related to changes in the imme- 
diate coordination sphere around Pr (Table 1). 

There has been some difficulty in obtaining a good fit be- 
tween the observed and calculated oscillator strength of the 
f-f transitions. Our method, however, of using partial and 
multiple regression has yielded quite satisfactory results for 
the 3 ~ ,  t ,H4 and ID2 + 3 ~ 4  transitions while it marginally 
overestimates values for 3 ~ 1  t 3 ~ 4  and underestimates the 
values for 3 ~ o  t 3 ~ 4  transitions (17, 21, 33). The RMS de- 
viations in the oscillator strength values computed by our 
method were much smaller than those observed by Peacock 
(24). 

An examination of Carnall's coefficients for U (2) shows 
that these are nearly the same for the 3 ~ o  and 3 ~ 1  bands; 
consequently these bands should show the same strengths. 
One observes, however, that the intensity of the 3 ~ 1  band is 
higher than that of 'Po. There are two ossible ways of P making the oscillator strengths of and PI equal; the first 
is to use a positive correction factor by setting T7 = ( 3 ~ 1  - 
3 ~ o )  and the second is to use a negative correction factor T, 
= ( 3 ~ o  - 3 ~ 1 ) .  At present it is not clear which one of these 

approaches is the correct one. As expected, however, the 
introduction of these correction factors does eliminate some 
of the discrepancy in the oscillator strengths of Pr(II1). We 
are currently working on the detail and feasibility of these 
correction parameters (17, 21). 

Values of the TA parameters consist of both vibronic and 
static components. The variation of TA with changes in the 
chemical environment can be determined by crystal field 
parameters A,,, which depend upon the position (angular and 
radial) and the charges of the surrounding ligands. In lan- 
thanide species other than Pr(UI), T2 varies significantly with 
minor changes in the immediate coordination sphere around 
the ion while T4 and T6 are relatively insensitive. This makes 
the intensities of non-hypersensitive transitions of little use 
in solving structural problems. In practice both the oscilla- 
tor strengths of the transitions and the TA parameters have 
provided significant structural information about lanthanide 
coordination, especially in solution. In complexes of suffi- 
ciently low symmetry the oscillator strength of the hyper- 
sensitive transitions is of such magnitude that their des&ip- 
tion in terms of a forced electric dipole mechanism becomes 
meaningless. 

The f-f transitions are weakly allowed if the energy of the 
excited state is lowered due to some mixing of the excited 
states with opposite parity into the ground state as a result 
of configuration interaction. Substantial intensification of the 
hypersensitive transitions may be gained by the mixing of 
metal 4f and ligand wave functions due to the increased 
probability of orbital overlap. With the introduction of 
covalency in the metal-ligand bond the possibility for a 
mixing of states with opposite parity improves and re- 
laxes the rules for 4f-4f transitions leading to the intensifi- 
cation of the f-f bands. Iftikar et a l .  (3 1 )  have observed re- 
markably high intensification of the hypersensitive bands of 
Nd(II1) and Er(III), which they ascribed to eigen perturba- 
tion. 

During the course of our work with Pr(m) complexes (21) 
we noted that none of the observed transitions in the 350- 
1100 nm range (i.e., 3 ~ 2 ,  3 ~ 1 ,  ,PO, and ID, t 3 ~ 4 )  can be 
considered hypersensitive in an orthodox sense. However, 
these transitions exhibit very high intensification and a wide 
variation of their oscillator strengths. The complexes inves- 
tigated contain ligands with quite different binding features 
(e.g., haloacetate, amino acid derivatives, mixed ligand, diols 
(forming chelate rings of varying sizes 5-9-membered), 0- 
diketonates, phenanthroline, nucleic bases, nucleosides, 
nucleotides, fluorinated nucleic bases, fluorinated nucleo- 
sides, Schiff bases, and alkoxides). These complexes have 
been well characterized by elemental analysis, IR spectros- 
copy, molecular weight determination, magnetic suscepti- 
bilities, conductivities, and thermal analysis. 

Complexes with similar types of ligands have been tabu- 
lated together with the data on oscillator strengths and TA 
parameters and can be found in Table 1. 

Pr(III) alkoxides 
The alkoxides of Pr(II1) of the general formula Pr(OR), 

and Pr[Al(OR),], where R = c ,H~~ ,  C4Hgn, C4H95, C4H:, 
C5Hlln, CSHllneO, C5Hllr gave strong 4f-4f bands with very 
high oscillator strengths. These compounds also exhibit 
substantially high nephelauxetic, bonding, and covalency 
parameters, which is supported by their solubility in non- 
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TABLE 1. Observed oscillator strength (P) of 3 ~ 4  + 3 ~ 2 ,  3 ~ 1 ,  3 ~ 0 ,  and ID, transitions and Judd-Ofelt (T,) parameters computed from 
the spectra of Pr(II1) complexes with different ligands 

Complexes P ( ~ H ~  + 3 ~ 2 )  P('H4+ 3 ~ 1 )  P ( ~ H ~  + 3 ~ 0 )  P ( ~ H ~  + ID2) T2 T4 T6 

1 2 3 4 5 6 7 8 

Complexes I: Alkoxides 

Pr(OC,H;)3 28.53 
Pr(OC4H& 16.44 
Pr(OC4H',)3 20.19 
Pr(OC4H6)3 34.45 
Pr(OC,H;,)3 27.84 
Pr(OC,H;;"), 34.04 
Pr(OC,H; ,)3 34.88 
Pr[Al(OC3H,)4]3 40.68 
Pr[Al(OC4H5)412 50.45 
Complexes 11: P-diketonates 
Pr(a~ac)(H,O)~, pH 2, EtOH 5.206 
Pr(acac)(H,O),, pH 5,  EtOH 6.647 
Pr(a~ac)(H~O)~,  pH 2, DMF 8.432 
Pr(aca~)(H~O)~,  pH 5,  DMF 9.502 
Pr-butanediol(1: 1), pH 2.0 (H,O) 5.509 
Pr-butanediol (1 : l ) ,  pH 2 (H20) 5.251 
Pr-butyne-l,4-diol(1: I), pH 2 (H20) 5.533 
Pr-butane-1,4-diol (1 : l ) ,  pH 5.0 (H20) 5.951 
Pr-butene-1,4-diol (1: l ) ,  pH 5.0 (H20) 6.533 
Pr-butyne-1 $dl01 (1 : l ) ,  pH 5.0 (H20) 7.134 
Pr-butane-1,4-diol (1 : l ) ,  pH 2, 80% 

DMF-20% H20 6.386 
Pr-butene-1,4-diol (1 : l ) ,  pH 2, 80% 

DMF-20% H20 9.164 
Pr-butyne-1,4-diol (1: l ) ,  pH 2, 80% 

DMF-20% H20 9.180 
Pr-butane-1,4-diol (1:2), pH - 2 9.485 
Pr-butene-1,4-diol (1 :2), pH - 2 10.140 
Pr-butyne-1,4-diol (1 :2), pH - 2 12.088 
Class 111: Complexes with nucleic bases. nucleosides, 

3.694 
5.111 
4.682 
6.516 

and nucleotides 
Solvent: water-DMSO 50: 50 

Pr-adenine (1 : 2), pH - 2 (H20) 
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MISRA AND SOMMERER 

TABLE 1 (continued) 

3 4 

Pr-cytosine (1 :4), pH - 4.5 
Pr-cytosine (1 : 6), pH - 4.5 
Pr-uridine (1 : 1), pH - 4.5 
Pr-uridine (1 : 2), pH - 4.5 
Pr-uridine (1 : 3), pH - 4.5 
Pr-thymidine (1 : 1), pH - 4.5 
Pr-thymidine (1 : 2), pH - 4.5 
Pr-thymidine (1 : 3), pH - 4.5 
Pr-cytidine (1 : l) ,  pH - 4.5 
Pr-cytidine (1 : 2), pH - 4.5 
Pr-cytidine (1 : 3), pH - 4.5 
Pr-fluoroadenine (1 :2), pH - 4.5 
Pr-fluoroadenine (1 :4), pH - 4.5 
Pr-fluoroadenine (1 : 6), pH - 4.5 
Pr-fluorocytosine (1 : 2), pH - 4.5 
Pr-fluorocytosine (1 :4), pH - 4.5 
Pr-fluorocytosine (1 :6), pH - 4.5 
Pr-fluorothymine (1 : 2), pH - 4.5 
Pr-fluorothymine (1 :4), pH - 4.5 
Pr-fluoroadenosine (1 : I), pH - 4.5 
Pr-fluoroadenosine (1 : 2), pH - 4.5 
Pr-fluoroadenosine (1 :3), pH - 4.5 
Pr-fluorouridine (1 : l ) ,  pH - 4.5 
Pr-fluorouridine (1 :2), pH - 4.5 
Pr-fluorouridine (1 : 3), pH - 4.5 
Pr-fluorocytidine (1 : 1), pH - 4.5 
Pr-fluorocytidine (1 : 2), pH - 4.5 
Pr-fluorocytidine (1 : 3), pH - 4.5 
Pr-fluorothymidine (1 : I), pH - 4.5 
Pr-fluorothymidine (1 : 2), pH - 4.5 
Pr-fluorothymidine (1 : 3) 

(Solvent: water) 
Pr-AMP (1: I), pH - 3.0 
Pr-AMP (1 : 2), pH - 3.0 
Pr-AMP (1 : 3), pH - 3.0 
Pr-ADP (1 : l), pH - 3.0 
Pr-ADP (1 :2), pH - 3.0 
Pr-ADP (1 :3), pH - 3.0 
Pr-ATP (1 : I), pH - 3.0 
Pr-ATP (1:2), pH - 3.0 
Pr-ATP (1:3), pH - 3.0 
Pr-UMP (1 : l) ,  pH - 3.0 
Pr-UMP (1 :2), pH - 3.0 
Pr-UMP (1 :3), pH - 3.0 
Pr-CMP (1 : I), pH - 3.0 
Pr-CMP (1 : 2), pH - 3.0 
Pr-CMP (1 :3), pH - 3.0 

Solvent: DMSO-water 80:20, pH 3.0 
Pr-AMP (1 : 1) 
Pr-AMP (1 : 2) 
Pr-GMP (1 : 1) 
Pr-GMP (1 : 2) 
Pr-CMP (1 : 1) 
Pr-CMP ( 1 : 2) 
Pr-IMP (1 : 1) 
Pr-IMP (1 : 2) 
Pr-UMP (1 : 1) 
Pr-UMP (1 : 2) 
PI-ATP (1 : 1) 
Pr- ATP ( 1 : 2) 

Haloacetates 
Pr(MFA)3 
Pr(TFA), 
h(MC 1 A)3 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



50 CAN. J.  CHEM. VOL. 70, 1992 

TABLE 1 (concluded) 

1 2 3 4 

Pr(DC 1A), 11.6 4.7 3.4 
Pr(TC 1 A), 12.4 3.1 2.6 
Pr(MBrA), 15.8 7.1 2.7 
Pr(DBrA), 10.9 4.10 2.0 
Pr(TBrA), 10.7 3.5 1.8 
Pr(HIA), 11.6 4.2 2.0 
Pr(MFA), in MeOH 17.187 3.317 0.880 
Pr(MFA), in DMF 17.58 5.619 0.596 
Pr(MFA), in DMSO 16.439 4.738 1.059 
Pr(MFA), in DMF + MeOH 16.837 4.530 2.810 
Pr(MFA), in DMSO + MeOH 17.971 3.898 1.378 
Pr(MFA), in DMF + DMSO 18.507 3.663 2.079 
Pr(MC 1 A), in MeOH 14.48 15.21 8.51 
Pr(MC 1 A), in DMF 28.53 10.88 3.06 
Pr(MC 1 A), in DMSO 27.38 8.95 5.14 
Pr(MC 1 A), in MeOH + DMF 16.59 2.68 3.53 
Pr(MC 1 A), ~n MeOH + DMSO 16.16 9.48 9.48 
Pr(MC 1 A), in DMF + DMSO 16.32 5.89 3.76 
Pr(MBrA), in MeOH 13.46 7.12 5.99 
Pr(MBrA), in DMF 30.72 11.57 3.48 
Pr(MBrA), in DMSO 30.43 14.78 8.96 
Pr(MBrA), in MeOH + DMF 16.81 5.62 2.70 
Pr(MBrA), in MeOH + DMSO 16.88 8.99 3.24 
Pr(MBrA), in DMF + DMSO 17.69 8.63 6.22 
Pr(MIA), in MeOH 34.45 20.26 9.18 
Pr(MIA), in DMF 52.48 30.40 8.61 
Pr(MIA), ~n MeOH + DMF 27.89 22.90 22.7 1 
Pr(MIA), in MeOH + DMSO 20.47 16.91 14.84 
Pr(M1Ah DMF + DMSO 66.29 45.37 12.53 . > 

Class V: Mixed lieand com~lexes:  aminoacid and diol as lipand - - 
Solvent: water 

Pr(cysteine)(ethanediol) (H20)7 13.3010 3.662 2.475 

I Pr(cysteine),(ethanediol) (H20), 

Pr(cysteine),(propanediol) (H,O), 
Pr(cysteine),(butenediol) (H20), 
Pr(cysteine)(hexanediol) (H20), 
Pr(cysteine)(ethanediol) (H,O), 
Pr(cysteine)(propanediol) (H,O), 
Pr(cysteine)(butenediol) (H,O), 
Pr(cysteine)(hexanediol) (H20), 
Pr(histidine)(propanediol) (H,O), 
Pr(histidine)(propanediol) (H20), 
Pr(histidine)(butanediol) (H,O), 
Pr(histidine)(butenediol) (H,O), 
Pr(histidine)(pentanediol) (H,O), 
Pr(histidine)(hexanediol) (H,O), 
Pr(histidine)(ethanediol), (H,O), 
Pr(histidine)(butenediol), (H,O), 
Pr(histidine)(pentanediol), (H2OI3 
Pr(histidine)(hexanediol), (H,O), 
Class VI: Schiff base derivatives 

Solvent: ethanol 
Pr(VPDA)Cl(H,O), 
Pr(VtZCZ)Cl(H,O), 
Pr(V-PhDA)Cl(H,0)3 
Pr(V-NA)2Cl(H20)3 
Pr(V-DTA)Cl(H,O), 
Pr(V-o-phenet)Cl(H,O), 
Pr(V-p-phenet)Cl(H,O), 
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MISRA AND 1 SOMMERER 

polar organic solvents and the volatility of the tert-butox- 
ide, neopentyl oxide, and tert-pentyl oxides. The bimetallic 
alkoxides are much more volatile as evidenced by the easy 
ability to either distil or sublime the compounds. These 
characteristics suggest that these compounds contain a sub- 
stantial amount of covalency in hitherto predominantly ionic 
Pr-ligand bonds. The oscillator strengths (P) of the four 
pseudohypersensitive transitions are as follows: 

The variation of oscillator strength is up to 600% though 
none of these transitions follow the selection rules for quad- 
rapole transitions and thus cannot be considered to be hy- 
persensitive. We regard these transitions as pseudohyper- 
sensitive in nature. 

@-Diketonates and diol derivatives 
Comprising bifunctional bidentate ligands such as acetyl- 

acetone, butane- 1,4-, butene- 1,4-, and butyne- 1, 4-diols, 
these complexes were investigated at pH = 2.0 and 5.0 in 
water and DMF by following absorption difference and 
comparative absorption spectrophotometry. All show a sig- 
nificant variation of intensities for the pseudohypersensitive 
transitions. The diols are all related, differing only in the bond 
order (1-3) between the 2nd and 3rd carbon atoms of the diol 
function. Table 1 shows that the oscillator strength of the 
transition increases in the order: butane-1,4 < butene- 1,4 < 
butyne-1,4. This ordering suggests that the n-electron den- 
sity of the butene-1,4 and butyne-1,4 is having some effect 
of the Pr(II1) diol binding. 

The high sensitivity of these nonhypersensitive transitions 
is evidenced by the 350% variation in oscillator strengths. 

Complexes of nucleic bases, nucleosides, and nucleotides 
includingf7uorinated nucleic bases and fluorinated 
nucleosides 

The nucleic bases and nucleosides including their fluori- 
nated analogues possess several potential donor sites yet these 
ligands form predominantly outer sphere complexes in 
aqueous medium. The complexes with nucleotides, on the 
contrary, are essentially ionic and show strong complexa- 
tion in the solid state with an octa-coordinated environment 
around the Pr cation. These nucleic bases, nucleosides, and 
their fluorinated analogues behave differently in aqueous and 
semi-nonaqueous (equimolar mixture of DMSO and water) 
media. In water these biomolecules become highly hy- 
drated by weakening the water structure while in semi-non- 
aqueous media they appear to strengthen the three-dimen- 
sional water structure and thus are less hydrated, behaving 
as better ligands. The presence of an electron-withdrawing 
fluorine on the biomolecules appears to make them a better 
ligand, as indicated by the higher oscillator strengths of the 
pseudohypersensitive transitions. 

The variation in oscillator strengths observed here is up to 
750%. Again all transitions are non-hypersensitive. 

Haloacetates 
These compounds are highly ionic in nature and soluble 

in water, ethanol, and polar organic solvents. They behave 
as 1 : 2 electrolytes and produce highly conducting aqueous 
solutions. In the solid state bidentate and dimeric haloace- 
tate attachment is observed, which provides a noncoordi- 
nated Pr(II1) with three additional water molecules of coor- 
dination. These compounds show small magnitudes for the 
nephelauxetic, covalency, and bonding parameters as well 
as weak 4f-4f bands 

The variation of the observed oscillator strengths for the 
pseudohypersensitive transitions is of a much smaller mag- 
nitude, which is understandable in view of the highly ionic 
nature of these compounds. However, when the haloace- 
tates are dissolved in methanol, DMF, DMSO, and equi- 
molar binary mixtures the oscillator strengths of the pseu- 
dohypersensitive transitions show wide variations. This is 
most probably the result of a change in the immediate co- 
ordination environment around the Pr(II1) cation when the 
coordinated solvent molecule changes from water (32) to 
polar nonaqueous (30). 

The extremely wide range of oscillator strengths of the 
pseudohypersensitive transitions appears to be abnormally 
high. This evidence suggests that the immediate Pr(II1)- 
haloacetate coordination environment normally consisting 
of three bidentate haloacetates and three water molecules 
changes to an environment consisting of eight DMF, DMSO, 
or MeOH molecules in some combination. This brings about 
a drastic change in the immediate coordination sphere of the 
Pr cation when contrasted to the other studies where only 
partial changes in the immediate coordination sphere were 
observed. 

Mixed ligand complexes 
These complexes comprise an aminoacid cysteine/histi- 

dine as the primary ligand (A) and various diols as second- 
ary ligands (B) and are of the type MAB, MAB,, and MA2B. 
The size of the ring formed by the arninoacid is fixed but the 
diols form chelate rings numbering 5,  6, 7, and 8 members 
and in consequence have varying stability (as shown by the 
stability constants of the different complexes (33)). 
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UI 
400 420  4 4 0  460  480  5 0 0  520  5 4 0  5 6 0  

wavelength (nrn) 

FIG. 1. Comparative absorption spectra of Pr(III)-uridine/thymidine/fluorouridine/fluorothymidine. 

- Pr (Ill)-aquo 

+- Pr-GMP (in water) 

+ Pr-GMP (50:50) 

0 '  
4 0 0  4 5 0  5 0 0 5 5 0  6 0 0  6 5 0  

wavelength (nm) 

1 1 +- Pr-LIMP in water 

- .- 
4 0 0  4 5 0  5 0 0  5 5 0  6 0 0  6 5 0 

wavelength (nrn) 

FIG. 2. (a) Comparative absorption spectra of [Pr(aquo),13', [Pr(GMP)H20),]- in aqueous and DMSO-H20 (50:50) media. (b) Com- 
parative absorption spectra of Pr-UMP (1 : 1 molar ratio) in H20 and DMSO-H20 (50:50). 
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4 5 4  4 5 6  4 5 8  4 6 0  4 6 2  4 6 4  4 6 6  4 6 8  4 7 0  
wavelength (nm) 

wavelength (nm) 

FIG. 3 (a) The pseudohypersensitive 3 ~ 4 +  3 ~ 2  transition of Pr-GMP/IMP in H 2 0  and DMF. (b) The pseudohypersensitive 3 ~ 4  + 3 ~ 2  

transition of Pr(II1) with various nucleotides. 

The values of the oscillator strengths are much lower than 
expected for such complexes with significant inner sphere 
complexation. The presence of the oxygen donor diol li- 
gand enhances the overall stability of the complex and will 
naturally induce some intensification of the bands. The plots 
of the stability constants versus oscillator strengths of these 
pseudohypersensitive transitions, especially 3 ~ ,  t 3 ~ 4  and 
I D ,  t 3 ~ 4 ,  give a linear correlation with a positive slope, 
which indicates that the stability of the species contributed 
towards the intensification of the 4f-4f bands (33). At the 
same time the nephelauxetic effect brings the metal closer 
to the ligand and thus enhances the probability of orbital 
overlap. The increased stability of the complexes appears to 
be due to the better participation of the metal 4f orbitals in 
bonding with the ligands (33). 

Schiff base complexes 
The Schiff bases derived from vanillin and propylene 

diamine, o-phenylene diamine, oc-naphthylamine, o-phe- 
netidine, p-phenetidine, and thiosemicarbazide offer coor- 
dinating centers such as 0, N, and S and can be either bi- 
dentate or tetradentate, which provides several different 
coordinating environments for Pr(II1). These complexes are 
predominantly inner sphere complexes and have one chlo- 
rine and three water molecules in the inner sphere of coor- 
dination yielding an octacoordinated Pr(II1) (34). 

The comparatively low magnitude of the oscillator strengths 
for these pseudohypersensitive transitions in spite of the at- 
tached Schiff base is most probably due to the presence of a 
chloride anion in the inner sphere, which induces sufficient 
ionicity in these chelates to lower the observed intensities. 
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Comparative absorption spectral  studies 
T h e  comparative absorption spectra of  Pr-uridine, -thy- 

mine, -fluorouridine, and -fluorothymidine are shown in Fig. 
1. T h e  spectra show clearly that all four nonhypersensitive 
bands are varying in shape, energy, and oscillator strengths. 
These ligands coordinate t o  Pr(II1) through the ribose hy- 
droxyl group with weak participation of  the carbonyl oxy- 
gen. Thus ,  nearly identical immediate coordination spheres 
are  present around the Pr(II1); however, the presence of  flu- 
orine in the fluorinated nucleosides induced substantial in- 
tensification of  the pseudohypersensitive transitions. 

Figures 2(a) and 2(b) show that even when Pr(II1) is co-  
ordinated with the same ligand, changes in the solvent sig- 
nificantly influence the oscillator strengths of the 4f-4f bands. 

Figure 3 shows the different affinities of  various nucleo- 
tides towards Pr(II1). Even though each of  the nucleotides 
binds predominantly through the phosphate oxygen,  clear 
differences in the band shape, energy, and oscillator strength 
are evident, which suggests that there is also involvement of 
the nucleic base. 

These spectra taken together clearly show that minor 
changes in the immediate coordination environment of  Pr(III) 
indeed cause significant intensification of  these pseudohy- 
persensitive bands. 

Conclusion 
Since the values of  the T2 parameters in most  of  the com- 

plexes are  negative it becomes meaningless. T h e  T6 param- 
eter,  however, appears t o  show a definite trend with the 
changes in  the coordination environment. T h e  wide varia- 
tion of  oscillator strengths for  the 4f-4f transitions in  all the 
complexes described in the work are as  follows: 

In summary, one observes that the percentage variation in 
the oscillator strength of  these pseudohypersensitive transi- 
tions is very high and they appear t o  behave much  like hy- 
persensitive transitions. T h e  binding characteristics of  the 
ligand, geometry of  the complex formed, and the introduc- 
tion of some covalency appear to  relax the selection rules by 
lowering the energy of  the excited state of  these transitions. 
Other  factors may  also contribute to  the enhancement  and 
sensitivity of  these transitions: 

(i) The  second-order interactions, which are two orders of  
magnitude less than the coulombic interactions (generally 
ignored), may become prominent by  the ligating character- 
istics of  the coordinating molecule. This  may lower the ex- 
cited state of  these pseudohypersensitive transitions and in 
consequence their transition probability is enhanced.  

(ii) T h e  nephelauxetic effect m a y  induce s o m e  broaden- 
ing of  the bands and hence m a y  contribute t o  the intensifi- 
cation o f  the bands. 

(iii) These transitions may be  borrowing intensities f rom 
neighboring transitions. 
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Partial molar volumes of acidic gases in physical solvents and prediction of 
solubilities at high pressures 
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YUMING XU, LILI Li, and LOREN G. HEPLER. Can. J .  Chem. 70, 55 (1992). 
Partial molar volumes at infinite dilution for three acidic gases (carbon dioxide, hydrogen sulfide, and sulfur dioxide) 

in four physical solvents (propylene carbonate, methyl cyanoacetate, N-formyl morpholine, and Selexol) have been ob- 
tained using our new dilatometer. These partial molar volumes, in combination with the Henry's law constants obtained 
previously, have been used in the Krichevsky-Kasarnovsky equation for predicting the solubilities of acidic gases in 
physical solvents at high pressures. 

Key words: partial molar volume, solubility, physical solvents. 

YUMING XU, LILI LI et LOREN G. HEPLER. Can. J .  Chem. 70, 55 (1992). 
Utilisant un nouveau dilatometre, on a determink les volumes molaires partiels 2 dilution infinie de trois gaz acides 

(dioxyde de carbone, sulfure d'hydrogene et dioxyde de soufre) dans quatre solvants physiques (carbonate de pro- 
pylene, cyanoacetate de mCthyle, N-formyl morpholine et SClCxol). Dans le but de prCdire les solubilitCs de ces gaz acides 
dans des solvants physiques a des pressions Clevees, on a introduit ces volumes molaires partiels ainsi que les con- 
stantes de la loi de Henry obtenues anttrieurement dans 1'Cquation de Krichevsky-Kasamovsky. 

Mots clPs : volume molaire partiel, solubilitC, solvants physiques. 
[Traduit par la redaction] 

Introduction 
We have made measurements leading to the partial molar 

volumes of acidic gases (SO,, H,S, and CO,) in "physical" 
solvents for two reasons. (1) One specific reason for mak- 
ing these measurements has been our interest in the use of 
physical solvents (called "physical" because there is no clear 
chemical reaction of acid-base type between solvent and 
solute) for the removal of acidic gases from industrial gas 
streams. (2) In addition to the specific reason mentioned 
above, we have a general interest in the use of results of low 
pressure measurements (partial molar volumes and Henry's 
law constants) for predicting the solubilities of gases at high 
pressures. 

The simplest relationship between the pressure of a gas and 
its equilibrium solubility in a liquid solvent is Henry's law 
that we write as 

in which f, and P, refer to the fugacity and pressure of the 
gas, and X, is the equilibrium mole fraction of the dissolved 
gas in the liquid phase. Because Henry's law is applicable 
only at low pressures, f, - P,, it is proper to use either ver- 
sion of eq. [ I ] .  

Long ago Krichevsky and Kasamovsky (1) considered the 
effects of high pressure on the solubilities of slightly solu- 
ble gases and derived the equation that is now known by their 
names: 

Symbols in this equation have the following meanings: f2 is 
the fugacity of the gas at some specified total pressure P ,  X, 
is the equilibrium mole fraction of dissolved gas, KH is the 
Henry's law constant, v: is the low concentration partial 
molar volume of the dissolved gas, and P; is the equilib- 
rium vapour pressure of the solvent at the specified temper- 

' ~ u t h o r  to whom correspondence may be addressed. 

ature T. Prausnitz et al. (2) have provided a contemporary 
review of the thermodynamic basis of the Krichevsky- 
Kasarnovsky equation. 

The Krichevsky-Kasamovsky equation has been used most 
often as the basis of a method for convenient graphical pre- 
sentation of gas solubility data and sometimes also as a 
method for screening such data for likely errors. Many of 
these applications refer to systems in which the vapour 
pressure of the pure solvent (P:) is much smaller than the 
applied pressure so that eq. [2] can be simplified to 

in which the total pressure and the partial pressure of gas are 
nearly identical as indicated by the use of P,. In these com- 
mon applications of the Krichevsky-Kasarnovsky equation 
[2] or [3], the fugacities are calculated for each pressure from 
the equation of state for the gas and then values of In ( f2/X2) 
are plotted against P,, with the expectation of observing a 
(nearly) straight line. Points that fall far from an average 
smooth or straight line are often considered to be in error and 
are excluded from further consideration. One useful exam- 
ple of this kind of application has been provided recently by 
Lu et al. (3), who have screened reported solubilities of gases 
in bitumen. 

Our principal interest has been in using the Krichevsky- 
Kasarnovsky equation in a different way; that is, we use 
values of KH and V :  obtained from results of measurements 
at low pressures in eqs. [2] or [3] for prediction of the gas 
solubilities (X,) at high pressures (P or P,) and correspond- 
ing fugacities (f,). 

Because the Krichevsky-Kasarnovsky equation was de- 
rived specifically for gases that are very slightly soluble (such 
as Hz in water), there has been considerable interest in 
modifying the original equation to allow for the kind of non- 
ideal solution effects that occur in less dilute solutions and 
that are represented by non-unity activity coefficients. The 
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most commonly used equation of this type is the Krichevsky- 
Ilinskaya (4) equation that we write as 

in which A is known as the Margules parameter and XI rep- 
resents the equilibrium mole fraction of solvent in the solu- 
tion that is saturated at pressure P,. For slightly soluble gases 
(X2 is very small and XI = l) ,  the middle term on the right 
side is negligible, and eq. [4] reduces to eq. [3]. 

There are several excellent reviews (5-8) of methods for 
measuring the partial molar volumes of gases in liquids. Most 
of these earlier methods are modifications of the method 
developed by Horiuti (9). Although these methods work well, 
we have chosen to use a simpler dilatometric and direct 
weighing method (10, 11) that is well suited to the present 
investigation of gases that are moderately soluble at ordi- 
nary atmospheric pressure. 

Experimental 

Our dilatometer consists of a Pyrex glass bulb (68 cm3), fitted 
with a calibrated straight capillary tube (3 mm bore). To serve as 
a reference mark, a thin copper wire was attached halfway up the 
100 rnm long capillary. The open end of the capillary can be closed 
with a Nylon cap. 

The solvent to be used is degassed with a vacuum pump and then 
loaded into the dilatometer with a hypodermic syringe until the 
solvent meniscus is about 10 mm up the capillary tube. The dila- 
tometer is then closed with the Nylon cap and allowed to equili- 
brate in a constant temperature (*0.005 K) water bath. After ther- 
mal equilibrium has been achieved, the height (relative to the 
reference mark) of the meniscus is measured to k0 .2  mm with a 
cathetometer. The dilatometer is then removed from the water bath, 
dried, and weighed to *0.0002 g. 

The solute gas is introduced to the dilatometer under pressure 
slightly above atmospheric pressure, by way of Tygon tubing con- 
necting the top of the capillary to a gas cylinder. The bulb is then 
placed in ice-water, causing the solvent to contract and a gas space 
of = 1 cm3 to be formed. This space is large enough to permit good 
mixing as a result of gentle shaking and rocking of the dilatome- 
ter. The intention is not necessarily to reach saturation as in most 
other methods, but merely to dissolve enough gas to permit deter- 
mination of the amount of dissolved gas by accurate weighing. 

The dilatometer is disconnected from the Tygon tubing, closed 
with the Nylon stopper, returned to the constant temperature bath, 
and left to equilibrate for 20-30 min. The final level of the menis- 
cus (relative to the reference mark) and the final mass of the dila- 
tometer plus contents are then measured. 

The difference between the initial and final heights of the me- 
niscus is combined with the cross-sectional area of the capillary to 
obtain the volume increase accompanying solution of the gas. Di- 
vision of this volume by the number of moles of gas dissolved 
(calculated from masses) yields the apparent molar volume of the 
dissolved gas. 

More information about construction and operation of the dila- 
tometer is presented elsewhere (10, 1 1). 

Propylene carbonate (99.0%) and methyl cyanoacetate (99.0%) 
were from Aldrich Chemicals. N-Formyl morpholine (99.0%) was 
from BASF. Selexol (a dimethyl ether of polyethylene glycol) from 
Harrisons and Crosfield Ltd. was examined in the Microanalytical 
Laboratory of the Department of Chemishy, University of Alberta, 
and found to contain 0.87% water and to have average molecular 
weight equal to 266 g/mol. High purity solute gases were from 
Matheson Gas Products Canada. 

TABLE 1. Partial molar volumes (cm3 mol-I)" of acidic 
gases in physical solvents at 25°C 

Solvent CO2 H2S so2 

Propylene carbonate 42.2 40.4 43.7 
Methyl cyanoacetate 39.6 40.6 44.1 
Selexol 42.2 38.5 39.8 
N-Formyl morpholine 33.5 37.Sb 33.1 

"The standard deviations are all about 0.3 cm3 mol-I and to- 
tal uncertainties are estimated to be 20.5  cm3 mol-'. 

b ~ h e  color of the solvent N-formyl morpholine changed from 
nearly colorless to light green to dark green as hydrogen sulfide 
dissolved. 

Results 
The apparent molar volumes (V+,,) of solute gases that we 

have obtained directly from our measurements of volumes 
and masses are defined by 

in which V is the total volume of solution, n,v? is the total 
volume of the pure solvent, and n, is the number of moles 
of dissolved gas. The partial molar volume (V,)  of the dis- 
solved gas is defined by 

Combination of eqs. [5] and [6] leads to 

For sufficiently dilute solutions, the second term on the right 
of eq. [7] is negligible and we have the limiting equation 

Typical mole fractions of dissolved gas in our experiments 
were in the range from 0.005 to 0.04. For these dilute so- 
lutions, as in previous investigations (10, l l), the second term 
on the right of eq. [7] is negligible so that eq. [8] permits 
evaluation of the desired limiting partial molar volumes from 
our experimental results, as summarized in Table 1. As dis- 
cussed previously (10, 1 l) ,  these partial molar volumes are 
accurate to about + 1 % (= k0.5 cm3 mol-'). 

We do not know of any volumetric measurements lead- 
ing to partial molar volumes of CO,, H2S, or SO, in the sol- 
vents that we have investigated, so we are unable to make 
any direct comparisons of our results with those of prior in- 
vestigations. We can, however, relate our present results to 
those from some other investigations as follows. 

Previous investigations (7, 11) have shown that the par- 
tial molar volumes of SO, in "inert" solvents are all close to 
55 cm3 mol-I, while volumes of SO, in other solvents in 
which complexes are known or expected to form are dis- 
tinctly smaller than 55 cm3 mol-'. Although the "physical" 
solvents that we have investigated are not strongly basic (as 
are arnines), it is still reasonable to expect that they are good 
solvents for acidic gases because of solvent-acidic gas in- 
teractions, which might be described as complex formation. 
Our partial molar volumes for SO, are all in the <55 cm3 
mol-' range that has been identified (1 1) as characteristic of 
complex formation. Similar comparisons (7, 8) can be made 
for partial molar volumes of CO, in various solvents, again 
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with the conclusion that there are specific interactions be- 
tween C 0 2  and the solvents that we have investigated. 

Jou et al. (12) have measured solubilities of CO, and H2S 
in N-formyl morpholine and have analyzed their experi- 
mental results in terms of the Krichevsky-Ilinskaya equa- 
tion [4] and thence calculated V i  = 35.6 cm3 mol-' for CO, 
and V :  = 35.1 cm3 mol-' for H,S in this solvent. Consid- 
ering the uncertainties in our experimental values (33.5 and 
37.8 cm3 mol-', respectively) for these same gases in the 
same solvent and the uncertainties that result from calculat- 
ing (12) values of three parameters (KH, A, and V $  from one 
set of experimental results, the agreement is satisfactory. 

1 Because of our interest in using information (KH and 
V 4  obtained from results of measurements made conve- 
niently at low pressures for calculations of solubilities at 
higher pressures, we now proceed to use the Krichevsky- 
Kasarnovsky equation [3] as follows. Fugacities of CO, at 
several pressures have been calculated from the virial coef- 
ficients (13). These fugacities and corresponding pressures 
have been combined with our previous values2 for Henry's 
law constants (obtained by low-pressure GLC measure- 
ments) and the present partial molar volumes to calculate 
equilibrium solubilities of CO, in N-formyl morpholine and 
in propylene carbonate. Results can be summarized and 
compared with experimental solubilities as follows. 

For C 0 2  in N-formyl morpholine at T = 298.15 K, we 
calculate (as described above) that X2 = 0.37 at P2 = 
2950 kPa, as compared to the directly measured (12) X2 = 
0.34. Agreement of calculated with experimental solubili- 
ties is better at lower pressures, worse at higher pressures. 
In similar fashion we have calculated that X2 = 0.23 for C02  
in propylene carbonate at P, = 2104 kPa, as compared to the 
directly measured (14) X, = 0.21 at this same pressure. 

It is possible to obtain better agreement between calcu- 
lated and experimental solubilities, especially at higher 
pressures, by using the Krichevsky-Ilinskaya equation [4]. 
Such improvement, however, is less likely to be useful for 
predictive purposes because the only reliable method at 
present for obtaining the needed values of the Margules pa- 
rameter (A) is from additional solubility data. 

Still another approach to solubilities of acidic gases in 
physical solvents where it is probable that moderately stable 

'Y. XU and L. G. Hepler. To be published. 

complexes are formed can involve explicit recognition of the 
complex by way of an appropriate equilibrium constant, as 
done previously for volumes of SO, in various solvents (1 1) 
and for solubilities of NH3 in HCC1, (15). 
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BOUALEM OUSSAID, MOHAMED AYAD, BERNARD GARRIGUES, JEAN-PIERRE FAYET et LE TRANG TRAN. Can. J .  Chem. 
70, 58 (1992). 

La conformation de 2-iminomethylthioph&nes et du 2,5-bis(methy1iminomCthyl)thioph~ne a ete etudiee i partir de calculs 
theoriques, de mesures de moments dipolaires, de l'utilisation du couplage sterCosp6cifique a travers cinq liaisons et des 
experiences d'effets Overhauser. Une seule conformation a etC mise en evidence : (2c trans) pour les 2-imino- 
mCthylthiophknes et (2c 5c trans) pour le 2,-5-bis(methyliminomCthy1)thiophene. 

Mots clPs : thiophene, imine, conformation. 

BOUALEM OUSSAID, MOHAMED AYAD, BERNARD GARRIGUES, JEAN PIERRE FAYET, and LE TRANG TRAN. Can. J .  Chem. 
70, 58 (1992). 

Conformation of 2-iminomethylthiophenes and of the 2,5-bis(methy1iminomethyl)thiophene has been elucidated from 
theoretical investigations, dipole moment measurements, use of stereospecific coupling through five bonds, as well as 
Overhauser effect experiments. Only one conformation has been found: (2c trans) for the 2-irninomethyl thiophenes and 
(2c 5c trans) for the 2,5-bis(methyliminomethy1)thiophene. 

Key words: thiophene, imine, conformation. 

Introduction 
Dans la mesure ou les repulsions d'origine stkrique le 

permettent, l'effet de conjugaison des cycles thiopheniques 
avec le groupement carbonyle tend 2 imposer aux molCcules 
une structure plane susceptible de presenter les conforma- 
tions 2c ou 2t. Si la planeite des systemes conjugues est ad- 
mise, la nature de la conformation privilCgiCe fait I'objet 
d'une controverse entre diffkrents auteurs (1-3). Des etudes 
spectrographiques par absorption dans l'infrarouge lointain 
et micro-ondes concluent a une prCponderance de la struc- 
ture 0-S trans (2t) pour les 2-formyl thiophenes (4). 

Par contre, l'exarnen des moments dipolaires indique dans 
de nombreux systemes thiCnyle-carbonyle une structure es- 
sentiellement 0-S cis (2c), et il en est de mCme des me- 
sures de 1'intensitC de la bande de vibration de valence du 
carbonyle (5-7). La sterkosp6cificite des couplages a longue 
distance est en faveur de la structure 2c (8, 9). 

Le dkdoublement des bandes d'absorption v(C=O) et 
v(CH) des 2,5-diformylthiophene est expliquk par l'exis- 
tence de deux conformeres 2c 5c et 2c 5t en Cquilibre 5 
temperature ordinaire. On estime l'abondance relative de la 
forme 2c 5t a 40% (10). Des mesures de moments dipo- 

' ~ u t e u r  i qui adresser toute correspondance. 
Pnnted in Canada I Imprime au Canada 

laires concluent a l'existence d'un melange de 74% de forme 
2c 5c (7). Enfin, des etudes par RMN 'H concluent a la 
presence des conformations 2c 5c et 2c 5t dans des pour- 
centages respectifs de 70-80% et 20-30% (1 1). 

Nous nous proposons pour la premiere fois d'ktudier la 
conformation de 2-iminomethylthiophene et du 2,5-bis- 
(methyliminomCthy1)thiophene par calcul, mesure du mo- 
ment dipolaire, utilisation du couplage stkreosp6cifique Zig- 
Zag (12) et effet Overhauser. 

Partie experimentale 
GPnPralitPs 

Points de fusion, non comgks, en capillaires (appareil Tottoli, 
Biichi). Spectres IR : en suspension dans le Nujol ou sous forme 
de film, entre lames CaF,, enregistrks sur un spectrometre Perkin- 
Elmer 257. Spectres de RMN 'H : dkplacements chirniques en ppm 
par rapport au TMS; constantes de couplage en Hz; appareil Bru- 
ker AC 250. 

Les spectres 'H ont CtC enregistrCs avec une rCsolution digitale 
de 0,15 Hz/point. Celle des spectres 13C est de 0,46 Hzlpoint. 

Les expkriences 2D-NOESY ont CtC rCalisCes dans des condi- 
tions tout B fait classiques, avec un temps de mClange t, = T,. I1 
est 2 remarquer que les molCcules CtudiCes prCsentent un temps de 
relaxation assez important Cjusqu'B 16 s pour H5 du produit 2c). 
D'autre part, pour permettre une relaxation optimum, nous avons 
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choisi dans tous les cas un dtlai entre deux accumulations 
legerement supkrieur a 5 X T ,  (ex. : 90 s dans le cas du produit 2c). 

Les analyses tlementaires ont CtC effectuCes par le service 
de rnicroanalyse de I'Ecole Nationale SupCrieure de Chimie de 
Toulouse. En outre, les chromatographies analytiques sont effec- 
tuCes sur plaque de silice Merck rCf. 5549. 

Synthbse des derive's 1, 2, 3, 4 
Seuls les dCrives 1 ,  2, 3 sont signales sans mode opCratoire ni 

parametres de RMN dans un travail precedent (13). 
On mClange ii la tempkrature ordinaire 0,01 mol de 2-formyl- 

thiophkne ou de 2,5-diformylthiophkne (14) et 0,05 mol d'amine 
en solution dans 30 mL de mCthano1. Le milieu reactionnel est laissC 
sous agitation 48 h puis CvaporC a sec. Aprks purification sur co- 
lonne de silice (Cluant acCtate d'Cthyle) ou recristallisation dans le 
pentane on obtient le produit recherchC analytiquement pur. 

2-Me'thyliminome'thyl thiophbne (1) : IR (Nujol) : 1637 (C=N) 
cm-I. Rdt = 75%. RMN I3C (CDCI,) : 155,6 (s, CN), 142,s (s, 
C2), 130,O (s, C3), 128,s (s, C5), 127,3 (s, C4), 47,7 (s, CH,). 

2-lsopropyliminome'thyl thiophbne (2) : IR (Nujol) : 1631 (C=N) 
cm-I. Rdt = 83%. RMN I3C (CDCl,) : 151,s (s, CN), 142,7 (s, 
C2), 129,9 (s, C3), 128,4 (s, C5), 127,2 (s, C4), 6 1,3 (s, CH), 24,l 
(s, (333). 

2-Tertioburyliminome'thyl thiophbne (3) : IR (Nujol) : 1632 
(C=N) cm-I. Rdt = 7 1%. RMN I3C (CDCI,) : 148,7 (s, CN), 
144,l (s, C2), 129,6 (s, C3), 128,l (s, CS), 127,2 (s, C4), 57,3 
(s, C), 29,7 (s, CHd. 
2,5-Bis(methyliminomethy1)thiophbne (4) : IR (KBr) : 1628 

(C=N) cm-'. Rdt = 90%. F = 78°C. RMN I3c (CDCl,) : 155,s 
(s, CH), 144,6 (s, C2), 129,6 (s, C3), 48,O (s, CH3). 

Les moments dipolaires des quatre imines thiophtniques (1, 
2, 3,  4) sont mesures dans le dioxanne a 25°C (tableau 1). La 
formule de Debye est utilisCe ainsi que la methode d'extrapo- 
lation dlHalverstadt et Kumler (15) pour calculer la polarisation 
totale avec u = [d~/dw,]w, -* 0,  P = [du/dw2]w2 -* 0 et 0,001 < 
w2 < 0,05. E est la constante diClectrique, w2 la fraction massique 
de 1'Cchantillon et u le volume massique. Les polarisations 
Clectroniques sont assimilCes aux refractions molCculaires RMD.  

Resultats et discussion 
Nous avons pour notre part CtudiC la conformation des 2- 

iminomCthylthiophknes 1-3 (1 : R = Me, 2 : R = iPr, 3 : 
R = tBu) et du 2,s-bis(mCthyliminomCthyl)thioph&ne 4. 

Nous avons tout d'abord effectue un calcul thkorique 
MNDO (16) pour les quatre conformations planes possibles 
2t cis, 2t trans, 2c trans et 2c cis. Ce calcul montre, quelle 
que soit la nature du substituant R,  que la structure la plus 
stable est la conformation 2c trans : - 1309,713 eV (I), 
- 1621,993 eV (2) et - 1777,946 eV (3) (cf. tableau 2). I1 

TABLEAU 1. Grandeurs intermkdiaires pour la dktermination des 
moments dipolaires expCrimentaux 

TABLEAU 2. Valeur des energies (eV) pour les conformations des 
composCs 1-3 (la conformation 2c cis n'a pas pu &tre calculCe) 

R No 2t cis 2t trans 2c trans 

TABLEAU 3. Moments dipolaires calculCs et mesurCs (D) pour les 
composes 1-3 

R No 2t cis 2t trans 2c trans P a p  

est a noter que la conformation 2c cis n'a pas pu Ctre cal- 
culCe, a cause de l'encombrement stkrique. 

2t  cis 2 t trans 

2c trans 2 c  cis 

Le moment dipolaire thkorique, calculC pour les trois 
conformations 2t cis, 2t trans et 2c trans, a CtC compark 5 la 
mesure du moment dipolaire experimental, effectuC dans le 
dioxanne a 25°C. Les valeurs mesurees sont en faveur 
de la prtponderance de la conformation 2c trans dans le 
dioxanne : 1 : 2,17 (2,19); 2 : 1,96 (2,14); 3 : 2,03 (2,0.5) 
(tableau 3). 

La stCrCospCcificitC des couplages entre protons sCparCs 
par cinq liaisons dans une disposition Zig-Zag coplanaire ou 
trans-trans a CtC clairement Ctablie dans de nombreux ex- 
emples et notarnrnent en sCrie thiophCnique (12, 17, 18). Son 
existence a CtC dCmontrCe par des expCriences d'effets 
Overhauser (19), par rayons X dans des 4-bromo 2-formyl 
thiophknes (9) et enfin par des calculs thCoriques de 
dkplacements chimiques (9). 

Nous avons pour notre part examink les spectres des im- 
inomCthylthiophknes 1-3 (cf. tableau 4). 

Un couplage spkcifique Zig-Zag entre le proton imino et 
le proton H.5 du cycle thiophknique a CtC observC. Sa valeur 
est comprise entre 0,7 et 0,9 Hz suivant la nature du substi- 
tuant sur l'azote et c o n f i e  l'existence de la conformation 
2c trans. Aucun dtdoublement ni Clargissement important 
n'apparaissent pour une solution refroidie dans le chloro- 
forme 5 -60°C. La valeur nulle du couplage stCrCospkifique 
5 J(HCNH,) = 0 (1-3) qui rksulterait des conformations 2t 
trans ou 2t cis permet dYCliminer ces deux dernihes. 
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TABLEAU 4. Deplacements chimiques en ppm et constantes de couplages en Hz de 
2-iminomCthyl thiophkne 1-3 

Enfin, nous avons pu confirmer nos rCsultats par des 
exp6riences d'effets Overhauser. Dans le cas de 2, nous avons 
obsemk une augmentation de l'intensitk du signal du proton 
H3 de 8% lorsque l'on irradie le proton de la fonction imine; 
l'intensitk des autres protons du cycle thiophknique n'est pas 
affect6 par cette irradiation. Le spectre de RMN 2~ NOESY 
montre une trks nette tache de corrClation entre le proton de 
la fonction imine et H3. 

Nous avons CtudiC la conformation du 2,5-bis- 
(mCthyliminomkthyl)thiophkne 4. La simplicit6 du spectre 
de RMN 'H dans un domaine de tempCrature de -60°C B 
+60°C ne peut s'expliquer que par la prksence d'une con- 
formation prksentant un plan de symCtrie qui rend guivalent 
les protons du cycle de la fonction imine et les groupements 
mCthyle. Le composC 4 existe sous l'une des quatre confor- 
mations 2t 5t cis, 2t 5t trans, 2c 5c trans et 2c 5c cis. 

2t 5t cis 2 t  5 t  trans 

2 c 5 c  trans 2 c 5 c c i s  

La conformation 2c 5c cis, trop encombrCe stkriquement, 
n'a pas pu Ctre calculCe. L'examen du calcul des Cnergies 
montre que la conformation 2c 5c trans est la plus basse en 
Cnergie (- 1814,703 eV). 

La mesure du moment dipolaire expkrimental (3,52 D) 

~ est en accord avec cette conformation privilCgike (kc,,, = 

1 3,39 D, cf. tableau 5). Enfin, dans cette conformation 

prCfCrentielle, 2c 5t trans, aucun couplage stCrCospkcifique 
entre le proton de la fonction imine et le cycle ne doit 
exister : c'est ce qui eSt obsemk. 

Conclusion 
Alors que la conformation de formylthiophkne a fait l'objet 

de controverses, les premikres Ctudes que nous avons effec- 
tukes B partir de calculs thCoriques, de mesures de moments 
dipolaires, de l'utilisation du couplage stCrkospCcifique B 
travers cinq liaisons et des expCriences d'effets Overhauser 
montrent une convergence des rksultats. 

Dans le cas des iminomCthyl thiophknes 1-3, une seule 
conformation a CtC mise en Cvidence (2c trans). Le 2,5- 
bis(mCthyliminomCthy1)thiophkne existe, lui, sous la con- 
formation 2c 5c trans. 

La conformation des imines hCtCrocycliques est sous 
la dipendance d'un certain nombre de facteurs : (i) l'attrac- 
tion entre le soufre et l'azote; (ii) la diffkrence de stabilitk 
entre la conformation cis et trans dans l'enchainement 
C=C-C=N, la forme trans Ctant thermodynamiquement 
la plus stable. 

Nous remarquons que ces deux facteurs jouent dans le 
mCme sens pour conduire B une conformation trans de la 
fonction imine cornme cela a dkjh kt6 obsemk pour les ben- 
zylidbnes anilines (20). 
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Intramolecular nucleophilic participation by the thiol group during amide 
hydrolysis. Part 2. The imidazole catalysis dilemma1 
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ROBERT S. MCDONALD, PATRICIA PATTERSON, JUNE RODWELL, and ANN WHALLEY. Can J .  Chem. 70, 62 (1992). 
Catalysis by imidazole and N-methylimidazole buffers of the intramolecular thiolysis of N-n-propyl 2-mercaptometh- 

ylbenzamide (forming 2-thiophthalide) has been studied in aqueous solution at 40.0°C, p = 1 .O. Unlike other buffers 
previously studied, imidazole and N-methylimidazole are able to catalyze, by a general base route, formation of neutral 
tetrahedral intermediate; this pathway is rate limiting at pH 5 7 .5 .  At higher pH, the previously reported general acid- 
catalyzed breakdown of this intermediate is rate limiting. The relevance of these observations to the currently accepted 
pathway for the acylation of papain by amide substrates is discussed. 

Key words: amide hydrolysis, intramolecular, thiol participation, imidazole, papain model. 

ROBERT S. MCDONALD, PATRICIA PATTERSON, JUNE RODWELL et ANN WHALLEY. Can. J. Chem. 70, 62 (1992). 
OpCrant 2 40.0°C, dans des solutions aqueuses a p = 1,0, on a CtudiC l'effet de la catalyse par des tampons d'imida- 

zole et de N-mCthylimidazole sur la thiolyse intramolCculaire du N-propyl-2-mercaptomCthylbenzamide (conduisant a la 
formation de 2-thiophtalides). Contrairement a ce qui a CtC observe anterieurement avec d'autres tampons, l'imidazole 
et le N-mCthylimidazole peuvent catalyser, par le biais d'une catalyse gCnCrale basique, la formation d'un intermediaire 
tCtraCdrique neutre; cette voie limite la vitesse a un pH 5 7 ,5 .  A des pH plus ClevCs, la dCcomposition de cet in- 
termkdiaire assistee par une catalyse gCnCrale acide est 1'Ctape qui dCtermine la vitesse. On discute de I'importance de 
ces observations pour le mecanisme gCnCralement accepte pour l'acylation de la papaine par des substrats amides. 

Mots clks : hydrolyse d'amides, intramolCculaire, participation d'un thiol, imidazole, modkle de la papa'ine. 
[Traduit par la redaction] 

I 
A thiol group of a cysteine residue (Cys-25) has been been 

I 

I assigned a nucleophilic role in the acylation of papain by 
1 carboxylic ester and amide substrates (1). The acyl en- 

zyme, a thiol ester, has been observed spectroscopically (2) 
and in certain cases can be isolated and its deacylation stud- 
ied independently (3). Located within hydrogen bonding 
distance of the thiol group lies an imidazole residue (of His- 
159) (4), which has been assigned a general acid-base role 
on both acylation and deacylation pathways (1, 5, 6). 

The key steps involving nucleophilic and general acid-base 
assistance on the catalytic pathways of several proteases have 
been modelled in simpler chemical systems that react by an 
intramolecular pathway (7). However, although the intra- 
molecular thiolysis of an ester has been reported (8) and the 
corresponding intermolecular reaction is well known (9), 
there have been few previous reports of nucleophilic in- 
volvement by a thiol group during amide hydrolysis. A 
kinetic study of the reaction of 2-mercaptoethanol with the 
very reactive amide, acetylimidazole, allowed Jencks and 
Caniuolo (1 0) to conclude that the reaction proceeded by way 
of thiolate attack on the N-protonated substrate. Dafforn and 
Koshland (1 1) studied the intramolecular thiolactonization 
of one acyclic and two bicyclic thiol arnides in anhydrous or 

I slightly wet sulfolane solution. Although both an acid-cat- 

I alyzed and a spontaneous pathway were observed, these au- 
I thors proposed the intermediacy of both protonated and di- 

I 
protonated intermediates, which may reflect the particular 
choice of solvent. 

Thus our previous kinetic study (12) of the thiolactoni- 
zation of amide 1 provided the first direct observation of 
nucleophilic thiol group participation in the hydrolysis of an 
unactivated amide in aqueous solution (Scheme 1). 

'For part I ,  see ref. 12. 
2 ~ u t h o r  to whom correspondence may be addressed. 

The pH-rate profile and the influence of buffers on the 
reaction rate allowed the following conclusions to be made 
concerning the reaction pathway. At low pH (52.5)  or high 
buffer concentration, the rate-limiting step is the uncata- 
lyzed formation of neutral tetrahedral intermediate, I, (k, in 
Scheme 1 is 9.8 X s-' at 40.0°C, = 1.0). At higher 
pH, the (apparent) general acid-catalyzed breakdown of I, 
becomes rate limiting. Actually, on the basis of the Bronsted 
catalysis plot, we proposed that the rate-limiting step in- 
volves the kinetically equivalent general base-catalyzed 
breakdown of N-protonated tetrahedral intermediate (I,) to 
form 2. 

Although imidazole was one of the buffers investigated in 
this previous study (12), kinetic results in this buffer were 
significantly different in several respects from those ob- 
served in the other buffers examined over the same pH range 
and were not reported there. Certainly it is most intriguing 
that it is catalysis by imidazole which is anomalous since it 
is catalysis by this buffer of the 1 + 2 transformation that 
provides the closest analogue to the acylation of papain by 
a substrate amide. 

This paper then reports the kinetic results for the cataly- 
sis of the thiolactonization of 1 in a series of imidazole and 
N-methylimidazole buffers over the pH range 6-8 and pro- 
vides a rationale for the "imidazole catalysis dilemma" that 
may be relevant to the mechanism of action of papain. 

Experimental 
General information, purification of materials, substrate prepa- 

ration, product work, and a description of the kinetic methods have 
been previously described (12). Preparation of buffer solutions has 
also been described elsewhere (1 3). 

Results and discussion 
The identification of thiolactone 2 as the product of the 

reaction of 1 in imidazole buffers has been confirmed by uv 
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TABLE 1. Pseudo-first-order rate constants (k,,,) for the thiolactonization of 1 in (a) imidazole and 
(b) N-methylimidazole buffers in aqueous solution, t = 40.0°C, = 1.0 

(a) Imidazole 

lo3.  slope (M-' s-') 0.87 (50.06) 2.35 (50.06) 3.1 1 (5010)  2.99 (k0.05) 1.85 ("00.03) 
lo4.  intercept (s-I) 7.7 (50.4) 6.2 (?0.4) 6.4 ( k  1 .O) 3.0 (50.3) 0.7 (k0.2) 
r 0.993 0.999 0.997 0.999 0.999 

(b) N-Methylirnidazole 

1 0 ~ - s l o ~ e  (M-' s-I) 0.89 (k0.06) 1.88 (kO.ll)  2.79 (k0.07) 2.41 ("00.15) 1 .O1 (k0.04) 
104.intercept (s-') 7.6 (L0.4) 6.3 (50.7) 4.4 ("00.5) 2.5 ( k  1.0) 0.8 ("00.3) 
r 0.994 0.995 0.999 0.994 0.997 

"Quoted k,,, values are the average of at least duplicate runs; agreement between replicate runs was always within 10% 
and normally within 5-6%. 

spectra of the reaction mixtures and by product isolation. In 
each case the final spectrum corresponded to an 80-95% 
yield of 2. Although the oxidation of 1 to disulfide could be 
suppressed, it could not be completely eliminated (see ex- 
perimental section of ref. 12). However, as long as disul- 
fide formation was minimal and it remained in solution, this 
side reaction did not interfere appreciably with the thiolac- 
tonization kinetics. 

Pseudo-first-order rate constants (kobs) for the formation 
of 2 from 1 in a series of imidazole and N-methylimidazole 
buffers over the pH range 6-8.3 at 40.0°C, p = 1.0 (with 
KCl), are collected in Table 1 and those in imidazole buff- 
ers are presented graphically in Figs. 1-3. 

Several features of these data are strikingly different from 
those obtained in other buffers (phosphate, MES, Tris) pre- 

viously reported over this pH range. Two of these are evi- 
dent in Fig. l where the kobs values in irnidazole buffer at pH 
7.11 are compared with those calculated assuming that im- 
idazole conforms to the mechanistic pathway in Scheme 1 
and obeys the Bronsted relationship in ref. 12 (i.e., kHA1 = 
2.51 X M-' s-' and k, = 9.8 X s-'). Clearly im- 
idazole is a much more efficient catalyst than anticipated (in 
2.0 M buffer, kobs is 9-fold larger than predicted) and the 
buffer plot is essentially linear above 0.20 M, there being no 
apparent upper limit to kobs at least up to 2.0 M. Previous 
buffer plots exhibited saturation-type behavior with an up- 
per limit to kobs in the range (0.9-1.6) x s-'. In this 
previous work, linear buffer plots were observed only where 
catalysis was very weak at high pH (see Table 1 and Fig. 2 
of ref. 12). Similar behavior is observed for the other im- 
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FIG. 1 .  Comparison of observed and calculated pseudo-first-or- 
der rate constants for the thiolactonization of 1 in imidazole buffer, 
pH 7.11, t = 40.0°C, p = 1.0. 

FIG. 2. Pseudo-first-order rate constants for the thiolactoniza- 
tion of 1 in irnidazole buffers: pH 5.99, 6.73, and 7.1 1. 

FIG. 3. Pseudo-first-order rate constants for the thiolactoniza- 
tion of 1 in irnidazole buffers: pH 7.11, 7.71, and 8.17. 

FIG. 4. Second-order buffer-catalyzed rate constants for the 
thiolactonization of 1 in irnidazole buffers vs. f,, the fraction of 
irnidazole in its basic (neutral) form. 

idazole buffers at higher and lower pH (although catalysis 
appears to be less efficient; see Figs. 2 and 3) and also for 
the series of N-methylimidazole buffers (not illustrated). The 
slopes, intercepts, and correlation coefficients for the linear 
portions of all these plots (at [Bfl 0.20 M) are also col- 
lected in Table 1. 

The intercepts of these buffer catalysis plots are all larger 
than those that can be calculated from the known rate con- 
stants for the water- and hydronium ion-catalyzed terms (i.e., 
all k, values should be 5 1 . 3  x s-'). Thus, there must 
be curvature in the buffer plots at low concentration, more 
pronounced at lower pH, which we take as evidence that the 
general acid-catalyzed (GAC) breakdown of I, is still oper- 
ative (vide infra). 

Another noteworthy feature of these kinetic results is that 
catalysis is most efficient in the half-neutralized imidazole 
(or N-methylimidazole) buffer. This is illustrated in Fig. 4 
where the apparent imidazole buffer-catalyzed rate con- 
stants (the slopes in Table 1) are plotted vs. the fraction of 
buffer in its basic form. This bell-shaped plot is certainly 
inconsistent with either GA or GBC (or both) on a single re- 
action step. Simultaneous cooperative GA-GBC can also be 
ruled out since this would require termolecular kinetics, 
which are not observed. Plots of k,,, vs. [Im][HIm+] (not il- 
lustrated) are distinctly curved. Further, Breslow and Labelle 
(14) could detect no association between imidazole and its 
conjugate acid up to 1.0 M buffer concentration by nrnr and 
cryoscopic measurements. The fact that N-methylimidazole 
buffers also show these characteristics allows us to elimi- 
nate the possibility of concerted bifunctional acid-base ca- 
talysis although this would be an unprecedented observa- 
tion for this catalyst. It is also clear that our results are 
characteristic of the imidazole buffers and not simply due to 
a change in rate-limiting step of the reaction since other 
buffers over the same pH range exhibit GAC only. 

A plot of the type illustrated in Fig. 4 has been obtained 
by Schmir and Cunningham (15) in the hydrolysis of an im- 
inolactone catalyzed by acetate buffers. However, their 
substrate was undergoing significant changes in its state of 
protonation over the pH range examined. This cannot ac- 
count for our results since we estimate the pK, of the thiol 
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TABLE 2. Optimized rate constants and rate constant ratios for 
the thiolactonization of 1 in imidazole and N-methylimidazole 

buffers (40.0°C, = 1 .O) 

Imidazole N-Methylimidazole 

group of 1 to be 9.0 * 0.2 (12) and, again, other buffers over 
the same pH range do not show this effect. 

One obvious conclusion that can be drawn from the lack 
of an upper limit to k,,, in imidazole buffers is that these 
buffers must also catalyze formation of I, (or provide an al- 
ternate route to 2). Keeping in mind that the half-neutral- 
ized buffer provides the most efficient catalysis and assum- 
ing that breakdown of I, remains subject to GAC only, the 
minimum modification required to the pathway in Scheme 
1 is the addition of a kinetic term involving imidazole for the 
formation of I, from 1 (and the reverse reaction). The re- 
vised pathway is represented in Scheme 2. 

Making the steady-state assumption for I, leads to the 
following expression for k,,,: 

Values of k,, kZ, and the partitioning ratios k-,/k3 and 
k-Z/k3 were adjusted iteratively using the Simplex algo- 
rithm (16) in order to minimize the least-squares difference 
between calculated and experimental kobs values. The opti- 
mized values for these rate constants and rate constant ra- 
tios for imidazole and N-methylimidazole are given in 
Table 2. When these values are inserted into eq.[l], the k,,, 
values can be reproduced with an average deviation of 6-7%. 

Worth noting here is the fact that Breslow and Labelle (14) 
also accounted for the observation of a bell-shaped buffer 
catalysis vs. pH profile in the imidazole-catalyzed hydroly- 
sis of RNA by proposing sequential GA-GBC on succes- 
sive steps of the reaction pathway. 

It is reassuring that the optimized values for k, are in good 
agreement with one another and the value previously re- 
ported ((9.8 & 1.1) X low4 s-') (12). The fact that k2 for N- 
methylimidazole is slightly larger than that for imidazole may 
reflect its slightly greater basicity. 

The question remains as to how imidazole catalyzes the 
cyclization of 1 to I,. We are unable to detect any specific 
interaction between a typical thiol (2-mercaptoethanol) and 
a 0.50 M imidazole buffer (pH 7.1) by uv measurements. 
Imidazole catalyzes the hydrolysis of activated esters and 
thiolesters (17); both nucleophilic and GBC pathways have 
been observed. As a general base, imidazole usually be- 
haves normally, having a catalytic rate constant similar to that 
of hydrogen phosphate dianion, which has similar basicity. 

However, imidazole often exhibits enhanced nucleophilic 
reactivity as it does in the hydrolysis of p-nitrophenylace- 
tate (18) and thiolesters (19). Intramolecular examples of both 
nucleophilic (20) and general base catalysis (21) by imida- 
zole in thiolester hydrolysis have been found. There are, 
however, no reports of the catalysis of the hydrolysis of un- 
activated amides by imidazole buffers and we have been 
unable to detect any catalysis of the hydrolysis of N-n-pro- 
pylbenzamide or the more reactive p-nitroacetanilide in 
1 .O M imidazole (pH 7.1) over a period of 24 h. 

It is interesting to note that the intramolecular thiolysis of 
both carboxylate (8) and carbamate (22) esters is not sub- 
ject to GA-GBC. The sole kinetic pathway involves thiol- 
ate attack on the ester carbonyl. 

Perhaps the closest analogue to our work is the kinetic 
study of acetyl group transfer from acetylimidazole to 
2-mercaptoethanol catalyzed by imidazole carried out by 
Jencks and Caniuolo (10). The kinetic term involving 
[AcIml[RSH][Im] was proposed to correspond to true GBC 
of thiol attack at the amide carbonyl concerted with loss of 
imidazole. We also propose a general base role for imida- 
zole in the ring closure of 1 to form I,. Two kinetically 
equivalent pathways can be envisioned as outlined in 
Scheme 3. 

Either imidazole provides true GB assistance to thiol at- 
tack on the amide carbonyl thus generating I-, which rap- 
idly becomes protonated (path a), or the thermodynamically 
unfavorable proton transfer between thiol group and imida- 

- - 

zole to form-the ion pair is followed by acid-assisted thiol- 
ate attack on the arnide (path b). Analysis of the observed and 
estimated rate and equilibrium constants does not allow us 
to distinguish between these pathways. 

This analysis implies that, in the presence of imidazole 
buffers, the reaction undergoes a change in rate-limiting step 
from the GBC formation of I, at pH 5 7.5 to its GAC 
breakdown at pH 2 7.5. The general base pathway be- 
comes significant only for imidazole buffers for reasons 
which are as vet unclear. 

What is most intriguing is that both pathways in Scheme 
3 are analogous to those proposed for the acylation of pa- 
pain by amide substrates. In his review, Lowe (23) pro- 
posed a mechanistic pathway for acylation analogous to path 
a, i.e., true GBC by imidazole. However, the position of the 
proton in the thiol-imidazole couple in the active enzyme has 
been debated for 20 years. The weight of recent evidence 
from uv (24), solvent isotope effects (25), potentiometric 
titration (26), and nmr (27) techniques reveals that this cou- 
ple is from 50-100% in the form of the zwitterionic pair 
(-S- H1m'-) such that imidazolinium might provide general 
acid assistance to thiolate attack. Unfortunately our results 
do not shine any light on the ambiguity but they do provide 
the first evidence that imidazole can catalyze acyl transfer 
from N to S in an unactivated amide. 

There have been numerous previous attempts to observe 
cooperativity between proximate thiol and imidazole groups 
in a variety of 2- and 4-substituted imidazoles and appropri- 
ately functionalized peptides. Although the substrate cho- 
sen for this work was almost invariably the very reactive 
p-nitrophenyl acetate, only very modest rate enhancements 
(of 2-3 fold) have been observed. Brown and co-workers 
(21b, 30) have reasoned that the lack of success of these 
studies was due to the fact that the imidazole-thiol pair was 
not in the proper protonation state. Through a study of the 
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Path a 

Path b 1 + Im 

catalysis of PNPA hydrolysis by 2-mercaptomethylimida- 
zole and its N-methyl derivative, in which the pKa of the thiol 
group is lower than that of the imidazole group, they were 
able to observe significant attack on the ester carbonyl by the 
thiolate group of the zwitterionic form of the catalyst. 

Turning back to our work, the question arises as to why 
imidazole can catalyze formation of I, but other bases of 
similar or  greater basicity cannot. In our previous work (12) 
we did notice that there was a systematic, if somewhat er- 
ratic, trend in k, from (0.9- 1 .O) x s- (pH 0-6) up to 
1.6 X s-' at pH 7.8. We  ascribed this behavior to a 
modest medium o r p ~  effect but, in retrospect, this may be 
due to a small general base contribution to the formation of 
&. In any case, the contribution of this term by phosphate (pK 
6.48) and Tris (pK 8.25) must be very small since in both of 
these cases the buffer-catalyzed rate constants decrease with 
increasing pH consistent with exclusive GAC. In an attempt 
to determine whether enhanced GBC by imidazole is a pK, 
or a geometric effect, we are planning to study the catalytic 
effect of other substituted imidazoles, some of which have 
quite different pKa and steric effects to those reported here. 
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Charge distributions and chemical effects. XLVII. Density matrix contribution to 
the charge distribution in hydrocarbons, arising from singly excited configurations 

in CI calculations 
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CLAUDE MIJOULE, JEAN-MARIE LECLERCQ, MICHEL COMEAU, SANDOR FLISZAR, and MAUD PICARD. Can. J .  Chem. 70, 
68 (1992). 

The involvement of excited configurations in Mulliken charge analyses is examined for ethylene and acetylene, using 
an optimized 4-31G basis. The net charges of carbon, -346.4 x lo-)  (C2H,) and -335.3 X lo-' e (C2H2) at the SCF 
level, are reduced to -269.9 x and -271.2 X lo-) e ,  respectively. Double excitations appear to contribute little 
to these corrections. In acetylene, three single u + u* type excitations are responsible for -83% of the charge correc- 
tion whereas, as expected, the role of IT + IT* type excitations is small. Similarly, four u + u* configurations account 
for -76% of the correction in ethylene. These effects are particularly important in comparisons with alkanes, whose charges 
are relatively little affected by CI corrections. Theoretical charges obtained from CI calculations appear to converge to- 
ward their empirical counterparts in a generalization of Mulliken's scheme, which allows for an uneven partitioning of 
CH overlap populations. 

Key words: charge density, configuration interaction. 

CLAUDE MIJOULE, JEAN-MARIE LECLERCQ, MICHEL COMEAU, SANDOR FLISZAR et MAUD PICARD. Can. J .  Chem. 7 0 , 6 8  
(1992). 

Utilisant une base 4-3 1G optimisee, on a CtudiC l'implication des configurations excitees dans les analyses de charge 
de Mulliken pour 1'Cthylene et I'acCtylene. Les charges nettes du carbone calcul6es au niveau auto-coherent, -346,4 x 
lo-) (C2H4) et -335,3 x e (C,H2), sont reduites respectivement a -269,9 x (C2H4) et 5 -271,2 x lo-' e 
(C,H2). I1 semble que les doubles excitations n'apportent qu'une faible contribution a ces corrections. Dans I'acCtylene, 
trois mono-excitations u + u* sont responsables d'environ 83% de la correction de la charge alors que, comme on pou- 
vait s'y attendre, le rBle des excitations du type IT + IT* est faible. De la mCme manikre, quatre configurations u + u* 
sont la cause d'environ 76% de la correction dans 1'Cthylkne. Ces effets sont particulierernent irnportants lorsqu'on les 
compare 5 ceux des alcanes pour lesquels les charges ne sont pratiquement pas affectees par des corrections d'IC. Les 
charges theoriques obtenues a l'aide de calculs d'IC sernblent converger vers leurs contreparties empiriques, dans une 
generalisation du schema de Mulliken. 

Mots clks : densite electronique, interaction de configuration. 
[Traduit par la redaction] 

Introduction population analyses that were obtained at the SCF level. Here 

The theoretical energies of ground state molecules are only 
slightly improved by the inclusion of single excitations in 
configuration interaction (CI) calculations. In the case of 
H 2 0 ,  for example, single excitations improve the correla- 
tion energy associated with double excitations (DCI) by only 
0.6%, in a situation where single and double excitations 
(SDCI) account for -92% of the basis set correlation en- 
ergy (full CI) (1). In contrast, the important role of single 
excitations is revealed (2) by the erroneous dipole moment 
predicted for CO when oniy multiple excitations are re- 
tained; inclusion of single excitations restores the correct sign 
and order of magnitude for KCO. 

This study examines the role of single excitations in CI 
calculations, attention being focused on charge distribu- 
tions. Our results thus differ from all the presently known 

'visiting scientists, on temporary leave from the Laboratoire de 
dynamique des interactions molCculaires, Universite Pierre et Marie 
Curie, Campus Jussieu, tour 22, 75252 Paris Cedex 05, France. 

'Author to whom corespondence may be addressed. 
Printed in Canada / Imprim2 au Canada 

we investigate in detail the atomic charges of ground state 
ethylene and acetylene and offer comparisons with methane 
and ethane. With the help of these results, we examine the 
validity of population analyses carried out with CI wave 
functions and learn that the charges obtained in this way do, 
indeed, converge toward those predicted earlier (3) from 
energy formulas featuring atomic charges in an explicit 
manner, in sharp contrast with what can be achieved at the 
SCF level. 

Outline of Calculations 
The SCF reference state 

Using the double-zeta 4-31G basis, all scale factors and 
structural parameters were optimized following Davidson's 
optimally conditioned minimization technique (4) (Tables 
1 and 2). This optimization, resulting in nearly theoretical 
virial ratios (as opposed to results deduced with standard 
exponents, giving V / T  = - 1.98), significantly improves 
the quality of the basis. The calculations of ethylene and 
acetylene were carried out under the appropriate D,, and 
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TABLE 1 Optimized SCF geometries o f  ethylene and acetylene 
from 4-3 1G calculations 

Molecule Parameter Calculated" Experimental" 

Ethylene "cc 1.3162 1.330 2 0.005 
"CH 1.0729 1.076 '- 0.005 
HCH 116.02 116.6 2 0.8 

Acetylene rcc 1.189603 1.203 
"CH 1.051387 1.061 

"Distances in A, angles in degrees. Experimental geometries extracted 
from: (C2H,) K. Kuchitsu (13); (C2H,) M.D. Harmony et al. (14). 

TABLE 2. Optimized scale factors for ethylene and acetylene in 
the 4-3 1G basis 

Molecule Scale factor Standard" Optimized 

Ethylene C(SK)  
C(sL,p') 
C(sZ,pt') 
H(s') 
H (s") 

Acetylene C(SK)  
C(sL,pi) 
C(sZ,p") 
H(s') 
H(sU) 

"Following the original recipe given by R. Ditchfield et al. (15). 

Dm, symmetry constraints, respectively. The corresponding 
ground state electron configurations are 

for the 'A,  state of ethylene and 

la; la; 2a; 2a; 3a; 1 "T: 

for the 'Cgf state of acetylene. 

Configuration interaction 
Improvement of the wave functions was achieved by 

means of SDCI and DCI calculations, the many-electron 
wave functions being expanded as 

where Iq0) stands for the appropriate SCF reference state; 
I*;) represents the single k + v and I*;;) the double k,l 
+ u,t type configurations. The summation indices in eq. 
[ I]  prevent double-counting of excited configurations. The 
19;)'s and I*\I)'s are space- and spin-adapted in a basis of 
eigenfunctions of s2, as described earlier in detail (5a). In- 
clusion of the singly excited configurations is obviously 
needed for a proper description of one-electron properties 
such as charge densities and, hence, for properties that are 
sensitive to this quantity (dipole, quadruple moments, . . .). 
The doubly excited configurations are required for two rea- 
sons. First, they allow us to indirectly introduce the single 
excitations by a coupling with the SCF reference state, the 
direct coupling being forbidden by the Brillouin theorem. 
Second, they can lead to non-negligible contributions to 

charge density corrections through a direct coupling with the 
reference state. 

In the present CI developments, a core of two MO's was 
kept doubly occupied, i.e., the la,, la, orbitals of C2H, and 
the la,, lb,, orbitals of C,H4 corresponding to carbon K 
shells. The remaining 10 or 12 electrons of C2H2 or C2H4, 
respectively, were left available for fractional occupation of 
the corresponding 20 or 24 MO's. 

Charge analysis 
The following theoretical evaluation of atomic charges in 

an N-electron molecule involves the calculation of its charge 
density 

i.e., the mean value of the density operator 

where 6 is the Dirac function. 
Each molecular orbital cp,(r) is developed using the atomic 

basis set x,(r), giving 

In this manner, inserting eqs. [ 11 and [3] into eq. [2], p(r) 
can be expressed as follows: 

where po(r) is the charge density involving the contribution 
of the SCF reference state to p(r): ps(r) is the contribution to 
the density matrix including all non-diagonal elements of P(r) 
between the reference state and the singly excited configu- 
rations, and all diagonal and non-diagonal elements be- 
tween the single excited configurations themselves; psD(r) is 
the contribution to the charge density, which includes atl the 
other terms (not contained in po(r) + ps(r)) coupling single 
with double excitations, and double excitations between 
themselves. 

The appropriate expressions are (we assume real x,(r) and 
dw) 
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Rayleigh-Schrodinger perturbation theory, with the parti- + 2 (- 1);' cr;cr: Pn-d+v(K,K1) tion of the Hamiltonian written as H = H'" + v ,  expansion 
K'E((I /o)~(I /K))  ILV of the wave function up to the second order gives 

x x,(r)xv(r) [7] = I*:)) + I*!)) + l*f)) 

I where the following expressions hold for I*;)) and Iqf)): + 2 c (- 1): c:;c;$ Pl,-d.,v(K,Ktl) x,(r)x,,(r) 
K'E{{~/o)~(I/K)) F V  [8] I*!') = c f '  I*$") with c: = v ~ o  

KZO 
Ef '  - E?' 

with 

The summations on k, 1, and k', l ' ,  K', l", run over the MO's 
occupied in I*o), while the summations on v ,  t, and v ' ,  t ' ,  
v", t", run over the MO's unfilled in I*o). The pair of in- 
dices K, L, with L = K' or K", refer to the configurations IqK) 
and I*L), coupled through fi(r), and which only differ by the 
cp,, and cp,, MO's. (- 1); = -+ 1 following the parity of the 
permutation that locates at the same place the spin-orbitals 
present in K and L. n ~ ,  represents the occupancy (0, 1, or 2) 
of the ath molecular orbital in I*K). The subscript combi- 
nation Ka stands for the absolute index of this molecular or- 
bital (i.e., its index in the set defined by eq. [3]). The sum- 
mation parameter K' E {{1/0) fl {l/K)) (K" E {{(2/0) fl 
{l/K)) stands for the configurations K' (K"), which are, at 
once, a single-excited (double-excited) configuration with 
respect to the reference state and a single-excited con- 
figuration with respect to 

Finally, using the P matrix, defined by 

I Mulliken's net atomic charge q, of atom A is deduced in the 
usual way (6), 

where Z, is the nuclear charge of atom A and S the effec- 
tive overlap matrix of the atomic basis set. Charge normal- 
ization is ensured by E, (PS),, = tr(PS) = N, i.e., E, q, = 
0. In a more general partitioning scheme (3, 7), lifting the 
constraint of halving all overlap population terms, it is 

[6] q, = q ~ u l l i k e n  + P,,S,,(l - A,,) 

The inadequacy of Mulliken's charge analysis at the 
SCF level has been known for some time (8). Here, both 
Mulliken's scheme (A,, = l ) ,  eq. [5], and its generaliza- 
tion, eq. [6], are instrumental in assessments regarding CI 
contributions in charge analyses and the physical validity of 
results deduced in this manner. 

Selection of the relevant configurations 
As we are interested in the mean value of a one-electron 

operator, the contribution of singly excited configurations 
in the full CI wave function requires attention. Using the 

with 

- V~VKO 
(E:) - E P ) ) ~  

where I*!') is the Kth eigenfunction of A'", Eke' = (*$" I 
H"' I *$") is the associated eigenvalue, VKI = (@:) 1 I 
Vjo') for K = 0, 1, . . . and I = 0,  1, . . . (the first term on 
the right-hand side of eq. [8'] has its origin in the normali- 
zation to second order of eq. [7]). 

The first-order correction I*;') allows only the doubly 
excited configurations (hereafter, {2/0)) to mix with the SCF 
reference state I*o), all other excitations making a zero con- 
tribution at this stage because of the Brillouin theorem (as 
concerns single excitations) or the Slater rules otherwise. On 
the other hand, the second-order correction l*f)) allows 
single excitations (hereafter, {1/0}) to mix indirectly with 
through the doubly excited configurations. 

The first-order correction to psc,(r) is 

p(I)(r) = 2 (*ho)(r) 1 P(r) 1 *f)(r) 

(VKo = 0 if K +! {2/0}, while (*r'(r) 1 o(r) 1 *g'(r)) = 0 if 
K e {l/O}). 

The second-order correction to psc,(r) is 
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MIJOULE ET AL. 

TABLE 3. Contributions of excited configurations to the correlation energy, AE,,,, 
and the Mulliken net charge of carbon" 

Level 
Molecule of calculation C: AE,,,,au &,,me qc,me 

Methane SCF 
SDCI 

Ethane SCF 
SDCI 

Ethylene SCF 
DCI 
SDCI 

Single contribution 
Acetylene SCF 

DCI 
SDCI 

Single contribution 

'The results for methane and ethane, deduced from optimized 4-31G calculations, are taken from 
ref. 8. 

where the summation parameter I E {{2/0) n {{l/K) U 
{2/K))) stands for the configurations I that are, at once, a 
double-excited configuration with respect to I!Po), and a sin- 
gle- or a double-excited configuration with respect to )!PK). 

It follows immediately that the contribution of a single 
excitation K = k + v to the second-order correction P'~',, of 
the element P,, of the density matrix is 

To obtain the best possible wave function, eq. [ I ] ,  while 
keeping the required computer space at an acceptable level, 
the configurations were selected (i) by retaining all singly 
excited symmetry- and spin-adapted configurations in the CI 
process and (ii) by picking in order of preference those dou- 
ble excitations that mix more efficiently with single excita- 
tions and the SCF reference state. The latter rule introduces 
a new constraint: one-electron properties are thus expected 
to converge more rapidly than the correlation energy, sub- 
ject only to the constraint embodied in the construction of c,. 
Hence, a selection of configurations that may be appropri- 
ate in charge calculations does not necessarily represent the 
best choice in problems of correlation energies. Briefly, we 
approach convergence of the charge results well before 
achieving that of the energy, as indicated by the results given 
below. Our calculations involve 20 single plus 283 double 
excitations for ethylene and 17 single plus 340 double ex- 
citations for acetylene, a selection that ensures convergence 
of the charge results. 

Results 
The 4-3 1G optimized geometries and scale factors of eth- 

ylene and acetylene are indicated in Tables 1 and 2. The 
structural parameters are in good agreement with their ex- 
perimental counterparts though, as usual, the CC bond 
lengths appear to be somewhat underestimated. Slight un- 
certainties of this sort, however, do not result in significant 
errors in charge calculations. In both ethylene and acety- 
lene, the sL1' and p" outer shells are those that are most per- 
turbed by optimizations of the scale factors. As described 

elsewhere (3, 8), the use of well-adapted optimized basis sets 
is important in calculations of consistent charge distribu- 
tions. 

Table 3 reports the contributions of the excited configu- 
rations to the correlation energies and electronic charges of 
selected hydrocarbons. For ethylene and acetylene, inspec- 
tion of the corrections contributed by the single and double 
excitations clearly indicates that the improvements of the 
energy, on the one hand, and charge distribution, on the 
other, follow distinct patterns. The modest contribution of 
the doubly excited configurations to the charges, in pure DCI 
calculations, suggests that the main correction to p(r) pri- 
marily arises from interaction between single and double 
excitations and between single excitations themselves, which 
reflects in essence the one-electron nature of the operator p(r). 
Hence, the contribution of the single excitations can be 
understood by considering the second-order term l!Pf') of the 
Rayleigh-Schrodinger perturbation development eq. [7], as 
shown in eq. [9]. 

In addition, considering now the contribution, eq. [9], of 
each single excitation to the second-order correction pf'(r) 
of the density matrix, it is clear that the singly excited con- 
figurations do not mix among themselves at this order of the 
perturbation expansion. It is thus straightforward to esti- 
mate the individual contributions of the various single ex- 
citations that are independently involved in the CI wave 
function. This results clearly from our numerical investiga- 
tions (Tables 4 and 5). Indeed, the improvement of the CI 
wave function obtained by adding the single excitations one 
by one does not appreciably contaminate the weight of those 
already included in I+,). The individual contributions of the 
k + v type configurations to the net charge corrections given 
in Tables 4 and 5 for ethylene and acetylene are vividly il- 
lustrated in Figs. l and 2. For acetylene, three singly ex- 
cited configurations lead to -83% of the net charge correc- 
tion and are all of the cr + cr* type, while the T + T* 
excitation contributions are weak. The conclusions for eth- 
ylene are similar: four configurations are responsible for 
-76% of the charge correction and the improvement due to 
T + T* excitations is minor. 

Convergence appears to be reached when all the single 
excitations are included in the configuration interaction and 
when the CI dimension reaches 400 determinants (i.e., nearly 
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TABLE 4 .  Individual contributions to Aq, of the s-s- 
adapted configurations of ethylene 

Configuration i Coefficienta Aq,,me %b 

163" + 2b3, -0.031061 3.5 5 .O 
1 b3, + 2 4  0.019898 23.4 33.5 
3a, + 4ag 0.014950 12.0 17.2 

1 b2, + 2b2, -0.008044 8.6 12.3 
2b1, + 3b1, 0.007 144 9.3 13.3 
I b2, + 3b2, 0.006383 -4.2 -6.0 
1 bZu + 4bz, 0.006038 2.4 3.4 
1 b3g + 3b3g -0.005472 4.2 6.0 
3a, + 5a, -0.005326 - 1.8 -2.6 

2b1u + 5b1u -0.004166 -2.5 -3.6 
2a, + 4a, 0.004038 5.4 7.7 

2bh + 661, 0.0038 10 2.3 3.3 
2b1, + 7b1,  0.003686 2.1 3.0 
3a, + 6a, 0.002973 - 1.7 -2.4 
2ag + 5ag 0.002636 0.4 0.6 
3ag + 7a, 0.002371 0.6 0.9 

2b1" + 4b1, -0.002097 1.8 2.6 
2a, + 7a, 0.002002 1.6 2.3 

1 b3g + 4b3, -0.001856 2.8 4.0 
2a, + 6ag 0.000604 -0.4 -0.6 

"Expansion coefficient of configuration i in the complete CI 
wave function. 

bRelative to the contribution of the singly excited configura- 
tions. 69.8 me. 

TABLE 5. Individual contributions to Aqc of the 
s-s-adapted configurations of acetylene 

Configuration i Coefficienta Aq,,me %b 

2n,  + 4n,  
In, + 3n,  
3u, + 4u, 
In, + 4n ,  
2n,  + 3n,  
2uu + 3u" 
20, + 50, 
20" + 4CT" 
2u, + 60, 
2ug + 40, 
2u, + 70 ,  
3u, + 70 ,  
20, + 6u,  
30, + 5u, 
2uu + 5uu 
2uu + 7uu 
3u, + 60,  

"Expansion coefficient of configuration i in the complete CI 
wave function. 

bRelative to the contribution of the singly excited configura- 
tions. 62.1 me. 

160 spin-adapted cofigurations). Indeed, a treatment of the 
excited states that effectively perturb the k +  v type config- 
urations (i.e., the single and the double excitations with re- 
spect to k  + v that give non-zero CI matrix elements) may 
be regarded satisfactory with the inclusion of less than 300 
spin-adapted configurations in the CI calculation. Present 
results suggest that a good description of charges in highly 
symmetric molecules does not necessarily involve very large 
CI calculations. It is also clear, however, that atomic charges 

Number of single excitations 

FIG. 1. Contribution of single excitations, in decreasing order 
of their weight in the CI wave function, to the carbon net charge 
of ethylene. 

Number of single excitations 

FIG. 2. Contribution of single excitations, in decreasing order 
of their weight in the CI wave function, to the carbon net charge 
of acetylene. 

would be plagued by serious errors if CI corrections were left 
out. 

Charge analyses following eq. [6] have proven most ap- 
propriate in the study of physical properties, namely molec- 
ular energies (3), bond dissociation energies (9), and cor- 
relations with 13c NMR shifts (lo), explicitly involving 
atomic charges. For alkanes, eq. [6] gives (3, 7) 

Mulliken 
[lo1 qc = qc + NCHP 

where p measures, for one CH bond, the departure from 
Mulliken's equipartitioning of overlap populations and NcH 
counts the H atoms attached to C. The key is in the remark- 
able properties associated with a particular p value, that 
rendering all alkane carbons as similar to one another as 
possible, in a picture describing charge variations as events 
occurring most reluctantly. This p value is conveniently 
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deduced3 from Mulliken net charges calculated for the ethane 
and  methane carbons (3 ,  8), i .e . ,  

[ I  I ] p = 3 .41  2 q ~ 1 i k e n ( ~ 2 ~ 6 ) / 3  - 4 . 4 1 2  q y l ' i k e n ( ~ ~ 4 ) / 4  

From our S D C I  charges (Table 3 )  it follows that p = 

138.68 me,  a result which applies both to  sp3 and  sp2 car- 
bons (3).  T h e  carbon net charges given by  e q .  [6] are thus 
3 7 . 8  (C2H6) and  7 .5  m e  (C2H,). These results compare fa- 
vorably with their empirical counterparts (3)  deduced f rom 
energy calculations, i.e., 35.1 (C2H6) (ref. 3 ,  p. 107; ref. 1 1) 
and  7 .7  m e  (C,H,) (ref. 3 ,  p. 145; ref. 12) .  Clearly, realis- 
tic charge analyses require careful consideration of CI cor- 
rections. Configuration interaction removes the major in- 
consistencies plaguing the reference charges o f  ethane and  
ethylene at  the SCF level and  leads to the physically mean- 
ingful results that are suggested by  energy calculations of  
alkanes a n d  alkenes based o n  the electrostatic potentials a t  
the nuclei. 
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A comparative study of the liquid-phase reduction of acrylamide and 
methacrylamide with cyclohexene and with molecular hydrogen over sepiolite- 

supported catalysts 
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M. A. ARAMENDIA, V. BORAU, C.  JIMENEZ, J. M. MARINAS, M. E. SEMPERE, and F. J .  URBANO. Can. J .  Chem. 70, 
74 (1992). 

This paper deals with the optimization of the variables involved in the synthesis of Pd/sepiolite catalysts used in the 
individual and competitive reduction of acrylamide and methacrylamide with molecular hydrogen and by hydrogen transfer 
with cyclohexene as donor. From the reaction profiles of the acrylamide/methacrylamide pair were determined the rel- 
ative reactivities and relative coefficients of adsorption corresponding to the competitive liquid-phase reductions with 
molecular hydrogen obtained for different catalysts, solvents, and temperatures. A similar study on the competitive hy- 
drogen transfer reduction of both amides was rendered unfeasible by the fact that acrylamide was strongly adsorbed on 
the same types of sites as cyclohexene. This completely hindered cyclohexene adsorption and, as a result, inhibited the 
reaction altogether. 

Key words: reduction, acrylamide, methacrylamide, Pd/sepiolite, hydrogen transfer 

M. A. ARAMENDIA, V. BORAU, C. JIMENEZ, J. M. MARINAS, M.  E. SEMPERE et F. J. URBANO. Can. J. Chem. 70, 74 
(1992). 

Dans ce travail on a optimisC les variables impliquCes dans la synthkse de catalyseurs Pd/sCpiolite utilisks dans la 
rCduction individuelle et compCtitive de l'acrylamide et du mkthacrylamide a l'aide d'hydrogkne et par transfert d'hy- 
drogene a partir du cyclohexene agissant comme donneur. Sur la base des profils reactionnels de la paire acrylamide/ 
mkthacrylamide, on a dCterminC les quantitCs relatives et les coefficients relatifs d'adsorption correspondants aux reductions 
compCtitives en phase liquide avec de l'hydrogene molCculaire, obtenues avec divers catalyseurs ou solvants et i di- 
verses temgratures. Une etude semblable sur les rkductions com@titives par transfert d'hydrogkne des deux arnides n'est 
pas possible i cause du fait que l'acrylamide est fortement adsorE sur les mCmes types de sites que le cyclohexene. Cette 
propriCtC a complktement empeche I'adsorption du cyclohexene et en consequence a completement inhibe la rCaction. 

Mots clPs : reduction, acrylamide, mkthacrylamide, Pd/sCpiolite, transfert d'hydrogene. 
[Traduit par la redaction] 

Introduction 

Catalytic hydrogenations by transfer with a variety of hy- 
drogen donors (1, 2) have been widely used in organic 
syntheses in the last few years, so much so that in many cases 
they have become viable alternatives to conventional cata- 
lytic hydrogenations with gaseous hydrogen. 

For a few years now, our research team has investigated 
the application of aluminium orthophosphates and SiOz- 
AlPO, and Al,O,-AlPO, systems as metals supports in the 
preparation of heterogeneous reduction catalysts. By sup- 
porting Pd on such systems we have prepared excellent cat- 
alysts (3-6) suitable for transfer reduction processes in- 
volving organic functions. 

Sepiolites, namely hydrated magnesium silicates struc- 
turally consisting of internal channels capable of accom- 
modating water and other molecules, are highly adsorptive 
to a number of gases and vapors (7-9) and have been used 
in chromatography and as catalysts or catalyst supports. Spain 
abounds with large deposits of this mineral, which is com- 
mercialized by TOLSA S.A., hence the great interest in the 
development of potential applications of this silicate. In this 
respect, our team has used sepiolites both as acid-base cat- 
alysts (10) and as supports for metals such as Pd, Pt, and Ni 
in order to obtain catalysts active in the reduction of aro- 
matic nitro compounds (1 1) and in the deprotection of N- 
protected amino acids (1 2). 

'Author to whom correspondence may be addressed. 
'~evis ion received August 15, 199 1. 

Printed in Canada / lmprim6 au Canada 

This work aims at comparing the catalytic selectivity of 
Pd/sepiolite systems in the competitive hydrogenation of 
acrylamide and methacrylamide, both with molecular hy- 
drogen at a low pressure in a Parr system and by hydrogen 
transfer with cyclohexene as donor. It also studies the effect 
of the introduction of a methyl group into the double bond 
of acrylarnide in both reduction processes. In the light of the 
theory of competitive hydrogenations ( 1  3-15), an explana- 
tion is provided for the hindered reduction of acrylamide, 
which, unlike methacrylamide, does not undergo hydrogen 
transfer with cyclohexene as donor. 

Experimental 
Supports 

The Pd supports used were a sepiolite of the Pansil variety (PS) 
supplied by TOLSA S.A. and extracted from their ores in Valle- 
cas (Spain), and a mixed Si0,-A1P04 system named P2, gelled in 
propylene oxide, and prepared in our laboratory as described else- 
where (16). 

The textural properties of both supports, determined by nitro- 
gen adsorption at liquid-nitrogen temperature, were as follows: 
surface area (determined by the BET method), 410 and 280 m2 g-l; 
porevolume, 0.54 and 0.48 mL g-'; average pore diameter, 35 and 
35 A for support P2 and the sepiolite calcined at 673 K ,  respec- 
tively. 

Supported palladium systems 
Supported Pd catalysts were prepared by impregnation of the 

support with an aqueous solution of Na2PdC14 (A), (NH3),PdC12 (B), 
or Pd(N03)*. 2H20 (C) by the incipient wetness technique. 

The sluny was stirred for 24 h, after which the water was evap- 
orated on a rotary vacuum evaporator and dried at 393 K for 24 h, 
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followed by calcination (by increasing the temperature up to 
493 K at a rate of 1 K min-I) and subsequent reduction in a hy- 
drogen stream (99.999% H2, H20 < 3 ppm) flowing at a rate of 
60 mL min-I and under the same thermal regime followed in the 
calcination. 

One of the catalysts was doped with NaOH. It was labelled Pd3- 
PS-A(4), the subscript denoting the Pd content (3%), PS the type 
of support, A the precursor salt used (Na2PdCI4), and (4) that the 
catalyst was doped with sodium hydroxide at a mole ratio of Na' 
to Pd of 4: 1. 

Chemicals 
The Pd salts, hydrogen donor, acrylamide, methacrylanlide, and 

solvents were commercially available reagents purchased from 
Merck and Fluka. 

Product analysis 
The reaction products were analysed by gas chromatography by 

using high-purity standards. Analyses were carried out on a 
Hewlett-Packard 5790A gas chromatograph fitted with an HP 
18850GC terminal and furnished with a column packed with 10% 
diethyleneglycol succinate in Chromosorb PAW-60/80 mesh. 

Experimental setup and conditions 

Hydrogen transfer reductions 
Hydrogen transfer reductions were carried out in a Berghof Heiz 

reactor by using 5 x rnol of the substrate to be reduced, 
0.05 g of Pd catalyst (3% by weight), 5.9 x mol of hydro- 
gen donor (cyclohexene), and enough solvent to make up a vol- 
ume of 6 mL. The reaction temperature varied from experiment to 
experiment as indicated below. The shaking rate was 1700 rpm, at 
which external diffusion was under control. 

Reductions with gaseous hydrogen 
According to a procedure described elsewhere (14), individual 

and competitive hydrogenation runs were carried out under vig- 
orous shaking in a conventional low-pressure hydrogenator (Pam 
Instruments Co., model 391 1) furnished with a manometer that 
continuously monitored the hydrogen pressure within the isolated 
reaction vessel (capacity, 500 mL). The reaction temperature was 
controlled by pumping water from a thermostatic bath through the 
vessel jacket, with an accuracy of &0.5 K. 

Individual reactions were carried out under essentially con- 
stant-volume conditions in 20 mL of a 0.5 M methanol solution of 
the substrate, under an initial hydrogen pressure of 0.276- 
0.414 MPa and at temperatures between 293 and 308 K.  The ap- 
parent activation energies were calculated over the range 293- 
318 K .  The amount of catalyst employed throughout was 0.045 g 
(3% Pd by weight). 

The initial reaction rates for the individual hydrogenations were 
obtained from the variation of the hydrogen uptake (calculated from 
the decrease in the hydrogen pressure at the manometer) as a 
function of time. As the plots of the decrease in the hydrogen 
pressure with time were always linear up to 90% conversion, the 
determination of the initial slope was straightforward and repro- 
ducible to within about 6%. 

As to the competitive hydrogenations, 20 mL of equimolar 
mixtures of acrylamide (AC) and methacrylamide (MAC), 
0.25 M of each, in methanol were hydrogenated under experi- 
mental conditions identical to those used in the individual hydro- 
genations. The reactions were followed by GLC by analysing the 
reaction mixtures at appropriate intervals of hydrogen uptake. 

Results and discussion 
Individual hydrogenations 

Hydrogen diffusion control in the reactions was exam- 
ined. The effect of external diffusion was checked by de- 
creasing the shaking rate from 300 to 100 strokes rnin-I. The 
reaction rates were found to be independent of the shaking 
rate above 200 strokes min-'. Internal diffusion was ex- 

TABLE 1. Application of the Koros-Nowak criterion 

Turnover frequency (s-') 
Surface" 

Catalyst ( m  ) 293 K 300 K 308 K 323 K 

Reaction conditions: 20 mL of 0 .5  M methacrylamide in 20 mL of 
MeOH. Initial Hz pressure: 0.414 MPa. Reaction T: 300 K. Amount of 
catalyst: just as much as required to obtain 1.359 mg of Pd. 

"The metal surface area was calculated from S = 6/pd, where p is the 
metal density and d is the average particle diameter, calculated by trans- 
mission electron microscopy (TEM) on a Phillips EM-300 instrument 
working at 100 kV and an IBAS I1 KONTRON image analyser, by count- 
ing between 600 and 900 particles per sample. 

cluded by using catalysts with a grain diameter less than 
0.149 mm. 

In addition, the hydrogen uptake, r ,  was found to vary 
linearly with the weight of catalyst, w. The plot of l / r  ver- 
sus l / w  was also linear, and from the reciprocal of the in- 
tercept (17), a hydrogen transfer rate of 0.26 x mol s-' 
was obtained. As the hydrogen uptake rate of the fastest re- 
action was 9.13 x mol s-' ,  the kinetic data obtained 
must be free from any influence of transport phenomena 
throughout the variable operational ranges used. The ab- 
sence of both internal and external heat and mass transfer 
constraints is apparent from the turnover frequencies listed 
in Table 1 .  Also, the absence of any significant changes in 
turnover between two catalysts that differed in their metal 
loading by a factor of 2.5 but had similar dispersion con- 
firms that the reaction rates were correctly measured (18). 

Table 2 reflects the influence of the type of precursor salt, 
doping with NaOH, type of support (sepiolite, PS, or mixed 
Si0,-A1P04 system, P2), and calcination temperature of the 
support in the case of sepiolite, on the catalyst activity in the 
liquid-phase reduction of the double bond in acrylamide with 
molecular hydrogen. The reactivity per square meter of Pd 
of the catalysts supported on sepiolite is not significantly 
influenced by the calcination temperature. Yet, the doping 
with NaOH modifies the catalyst specific activity, which is 
maximum for an Na+/Pd ratio of 4 :  1. The type of precur- 
sor salt and the solvent in which this is used significantly 
influence the catalyst specific activity of the resultant sys- 
tem, the best results being obtained with Na,PdC14 in water. 

The hydrogenation rate for all substrates, namely acryl- 
amide (AC), methacrylamide (MAC), and cyclohexene 
(CHE), was zero order in the substrate concentration (0.25- 
2 M), while the order in the hydrogen pressure (0.414- 
0.551 MPa) was 0.5. 

According to Horiuti-Polanyi (24), the addition of hy- 
drogen to an olefin takes place via the following elementary 
process: 

k3 

[3] *R* + H* = RH* + 2* 
k-3 

4 
[4] RH* + H* -, RH2 + 2* 
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TABLE 2. Influence of the calcination temperature of the support, precursor salt, 
and addition of NaOH on the catalyst activity 

NaOH added r, x 10' d S 
Catalyst (Naf /Pd ratio) (mmol s-I m-*) ( A )  (rn2 g-') 

Pd3-PS-B 
Pd3-PS3rn-B 
Pd3-PSm-B 
Pd,-PSSw-B 
Pd3-PSm-B 
Pd3-PSm-A (DMF) 
Pd3-PSm-C (DMF) 
Pd3-PSm-A (H20) 
Pd3-PSm-A (H20) 
Pd3-PSm-A (H20) 
Pd3-PSm-A (H20) 

Amount of catalyst: 0.0453 g. Total volume: 20 rnL. T: 300 K. Initial pressure: 0.414 MPa. 
Substrate: AC in 0.5 M MeOH. 

"Average metal particle diameter as calculated by TEM. 

We shall now assume that the chemisorption of hydrogen 
(step [2]) is in equilibrium, with a constant k,, and that the 
most abundant surface intermediate is the semihydrogen- 
ated state, RH*, covering almost entirely the available sur- 
face; both assumptions are compatible with a zero reaction 
order in the hydrocarbon. We shall also assume that chem- 
isorbed hydrogen covers only a small fraction of the free sites. 
Thus: 

[L] = [RH*] 

[RH*] >> [*I >> [H*] 

where [L] is the number of active sites per unit metal area, 
and [RH*], [*I, and [H*] are the concentrations of the serni- 
hydrogenated state, free active sites, and adsorbed atomic 
hydrogen, respectively. 

Under these conditions, the overall reaction rate will be 
given by that of step [4], namely: 

which is consistent with the kinetic results. 
On the other hand, when the hydrogenation of AC or MAC 

was carried out to completion, the plot of the converted 
fraction of MAC or AC as a function of time deviated from 
linearity at a given conversion. This phenomenon cannot be 
attributed to catalyst poisoning and deactivation because a 
second introduction of reactant after the first sample had been 
completely converted gave the same reaction rate obtained 
for the first AC (or MAC) sample. This behavior is consis- 
tent with that found in the liquid-phase hydrogenation of 
1-hexene, styrene, a-methylstyrene, acrolein, and methyl 
vinyl ketone on Ni/A1P04 catalysts (19-22) and in the liq- 
uid-phase hydrogenation of cyclohexene on Pt/Alz03 and 
Pt/SiO, (23), where the reaction order in the olefin changes 
from zero to unity as a result of the catalyst "starvation" of 
olefm molecules at very low concentrations. Thus, our work 
was only concerned with the linear portion of the plot of the 
decrease in the hydrogen pressure as a function of the reac- 
tion time, where the reaction rate was zero order in AC, 

highest reaction rates. We tried to correlate (Table 3) the 
logarithm of the hydrogenation rate of acrylamide in differ- 
ent solvents (log r) with typical parameters of some of their 
properties (25), according to the generic equation [6] 

[6] log r = A. + A,X 

As can be seen, all the parameters for which the regression 
coefficient (r,) was equal to or greater than 0.94 were a 
function of the dielectric constant, so the solvent probably 
influences the bond energies of the activated complex through 
dielectric properties during the surface reaction. 

On the other hand, we applied the multiple regression 
method to the Taft equation (26): 

[7] log r = A0 + AIII* + A2P + A3a 

It is obviously correct to say that, with the inclusion of each 
new adjustable parameter (exploratory variable), the good- 
ness of the fit, as judged by the multiple correlation con- 
stant, must either improve o r  at least remain the same. There 
are statistical procedures based either on the t test or on F 
statistics to demonstrate whether or not the inclusion of a new 
exploratory variable is statistically justified and, where ap- 
propriate, we applied such statistical tests. We found a cor- 
relation coefficient of 0.99 for a confidence limit of 98% by 
excluding the II* term; such a limit dropped to 87% if this 
term was included. This seems to indicate that the acid-base 
character of the solvents, like their dielectric constant, plays 
a major role in the hydrogenation of AC. 

The rates of reduction of MAC and AC at the same tem- 
perature and hydrogen pressure were rather different (7.5 and 
32.7 mmol s-' g,-,', respectively, at 308 K). This can be as- 
cribed to steric hindrance in the adsorption of methacrylam- 
ide and (or) to the variation of the electron density of the 
double bond by the +I effect of the methyl group. 

On the other hand, the apparent activation energies for AC 
and MAC were 29.8 t 1.4 and 29.6 t 0.8 kJ mol-', re- 
spectively, between 293 and 318 K. 

MAC, and CHE. Competitive hydrogenation 
The hydrogenation rate is affected by the solvent. The best Figures l a ,  b, and c show the distribution of reactants 

solvent was found to be methanol, which resulted in the and products as a function of the extent of simultaneous hy- 
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TABLE 3. Influence of the solvent on the initial reduction rate of acrylamide. Regression coefficient ( rxy )  and percent significance 
(P(%)) of the fitting of each parameter to the dependent variable (log r )  

Methanol Ethanol Propanol Butanol Dloxane ~ X Y  p(%) 

32.63 24.30 20.10 17.10 2.20 0.94 98.2 
1 /en 0.031 0.041 0.049 0.057 0.453 0.98 99.7 
kb 1.70 1.69 1.68 1.66 0.00 0.97 99.5 
T~ 0.000 0.194 -0.160 -0.162 - 1.567 0.99 99.9 
H~ 0.202 0.220 0.234 0.241 0.153 0.78 88.5 
J e  0.914 0.887 0.866 0.846 0.287 0.98 99.8 
A' 0.447 0.470 0.464 0.458 0.223 0.96 99.2 
M8 0.168 0.180 0.189 0.194 0.202 0.80 89.8 
N" 0.71 1 0.667 0.632 0.605 0.034 0.99 99.9 
ET' 50.8 46.9 45.6 45.0 34.2 0.97 99.5 
8' 14.45 12.90 12.00 10.70 9.73 0.81 90.8 
a~~ 0.087 0.073 0.069 0.063 0.051 0.85 93.6 
IT' 0.60 0.54 0.52 0.47 0.55 0.04 6.0 
P" 0.62 0.77 0.81 0.88 0.37 0.76 86.0 
a" 0.93 0.83 0.78 0.79 0.00 0.98 99.85 
log," 1.4928 1.4857 1.3729 1.3365 0.7993 Depend. variab. 

Reaction conditions: 0.0453 g Pd,PS,,-B, 20 mL of 0.5 M AC, 300 K,  0.414 MPa. 
"Dielectric constant. 
bDipole moment. 
'Parameter of the Drougard-Decroq equation 

I donsager function, H = (n2 - l)/(n2 + 2) (n = refractive index). 
1 'Davis and Hallam function, J = (E - I)/(€ - 2) 

kirkwood funct~on, K = ( E  - 1 ) / ( 2 ~  + 1) ' RMcRae function, M = (n' - 1)(2n2 + 1). 

I *McRae function, N = ((E - I)/(€ + 2)) - ((n2 - l)/(n2 + 2) 
'Dirmoth solvent polarity parameter. 

I 'Hildebrand solubility parameter. 
/ Qunsen hydrogen adsorption coefficient. 

'Taft polanty polarizability parameter. 
I "Taft solvent basicity parameter. 
I "Taft solvent acidity parameter. 
I "Logarithm of the hydrogenation rate of acrylamide. 

drogenation for the couples MAC/AC, AC/CHE, and 
MAC/CHE, respectively. 

The theory of competitive reactions on solid catalysts (13) 
states that the simultaneous reaction of two reducible mol- 
ecules, l and 2, is a competitive process when the plot of log 
(c,'/C,) vs. log (cBO/CB) is linear. (C? is the initial con- 
centration and C denotes the concentration at time t . )  In our 
case, such a plot (Fig. 2) is linear for the couples AC/MAC 
(Fig. 2a) and MAC/CHE (Fig. 2c), so we can state that the 
simultaneous hydrogenation of A and B for these couples is 
a competitive process. 

The slope of the plot provided the relative reactivity of A 
to B (R,,,). We also calculated the relative equilibrium ad- 
sorption constant (DASB) from the expression 

where rA and rB are the individual reaction rates of A and B, 
respectively. This is only valid provided that the concentra- 
tions of A and B are high enough for rA and rB to be inde- 
pendent of the concentrations as previously confirmed. 

On the other hand, as regards the couple AC/CHE (Fig. 
2b), the double bond of cyclohexene is not reduced at AC 
concentrations above 0.025 M because both substrates are 
adsorbed on the same type of site and AC is retained much 
more strongly, which hinders cyclohexene adsorption and 
hence its reactivity. A comparison between the relative ad- 
sorption coefficients of the MAC/CHE and AC/CHE pairs 
(Table 4) reveals that the latter is about 15 times larger than 

the former, and that the incorporation of CH3 (MAC) sub- 
stantially modifies the adsorption. 

We studied the variation of RAcVMAc, DAc,MAc, and the se- 
lectivities ( S ) ,  defined as the ratio between reduced AC and 
reduced AC plus reduced MAC at half the hydrogen uptake 
required for the complete reduction of the double bond in both 
compounds, with the type of catalyst, solvent, and temper- 
ature used in the reaction (Table 5). 

As can be seen for catalyst Pd3-PS,-A(4), the relative 
reactivity (RASB) is independent of the reaction temperature, 
which, according to Marinas and co-workers (27), by ap- 
plying the equation 

where E, is the apparent activation energy, W the adsorp- 
tion heat, and AE,, the real activation energy, reveals that 
the real activation energies of the two compounds are iden- 
tical ((hE,e)Ac~MAc = 0). Since, as noted earlier, the appar- 
ent activation energies are also identical, the adsorption heats 
(W) will also be identical. 

Since the rates of reduction of acrylamide and methacryl- 
amide are different, there must be a difference in their acti- 
vation entropies insofar as 

where AS' is the entropy increment and E,' the activation 
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MMOLES SUST. 
5 

0 
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MMOLES H 

MMOLES SUST. 
( b l  

0 1 2 3 4 5 6  

MMOLES Hz 

MMOLES SUST. 
( c )  

0 1 2 3 4 5 6  

MMOLES Hz 

energy (equal for the two substrates), k Boltzman's con- 
stant, and h Planck's constant. 

Insofar as the entropy factor can be ascribed to the steric 
hindrance of the adsorption, the decreased rate of reduction 
of methacrylamide must be attributed to a more negative 
value of the activation entropy of this process compared to 
the reduction of acrylamide. We can thus state that the steric 
effect of the methyl group plays a major role in the process. 

On the other hand, Marinas and co-workers (27) derived 
the following equation: 

As shown above, AWAc,MAc = 0. Therefore: 

In these cases, the relative adsorption coefficient can be 
exclusively determined by the entropy factor, which, as stated 
above, can be ascribed to steric effects on the adsorption. 

The inductive effects of the substituents, reflected in 
changes in the strength of adsorption on the catalyst surface 
(by alteration of the electron density of the double bond), are 
directly related to the differential adsorption heat; as this last 
was virtually zero in our case, the inductive effects in- 
volved were clearly negligible. 

On analysing the influence of the solvents used (tetrahy- 
drofuran, ethyl acetate, dioxane, and methanol), methanol 
was found to yield the highest reaction rates and lowest se- 
lectivities and relative reactivities in the competitive hydro- 
genations. The selectivity order found was: 

THF > dioxane > ethyl acetate > methanol 

Regarding the influence of the catalyst, the order found 
for the relative reactivities was as follows: Pd3-PSS,-B = Pd3- 
PSm-B > Pd3-PSm-C > Pd3-PSW-B = Pd/A1203 > Pd3-P2- 
A > Pd/C > Pd3-PS4,-A(4). 

We should emphasize the major role played by the pre- 
cursor Pd salt for a given support. In the case of sepiolite, 
the greatest selectivity is achieved by using (NH3),PdC12 and 
calcining the support at 773 or 873 K prior to the impreg- 
nation. This catalyst is much more selective than the Pd/C 
(Merck) and Pd/A1203(Fluka) catalysts. 

As can be seen, the selectivities are rather high: up to 93% 
under the optimum conditions, namely by using Na2PdC14 
doped with NaOH (Na'/Pd = 4) as precursor, THF as sol- 
vent, and a temperature of 293 K. 

In view of the above results (Table 4), those obtained in 
the hydrogen transfer reduction of acrylamide and methac- 
rylamide with the same catalysts are quite logical. Only 
methacrylamide reduction is feasible under these condi- 
tions, as those of acrylamide reduction and cyclohexene 
disproportionation are inhibited. This shows the signifi- 

FIG. 1. (a)  Distribution of reactants and products as a function 
of the extent of simultaneous hydrogenation of AC/MAC: ( 0 )  
acrylamide; ( 0 )  propanamide; (0) methacrylamide; (m) methyl- 
propanamide. (b) Distribution of reactants and products as a func- 
tion of the extent of simultaneous hydrogenation of AC/CHE: ( 0 )  
acrylamide; ( 0 )  propanamide; (0) cyclohexene; (W) cyclohex- 
ane. (c) Distribution of reactants and products as a function of the 
extent of simultaneous hydrogenation of MAC/CHE: ( 0 )  meth- 
acrylamide; (e) methylpropanamide; (0) cyclohexene; (W) cy- 
clohexane. 
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TABLE 4. Ratios between the rate constants 
(obtained individually), reactivities, and 

relative adsorption coefficients of the pairs 
AC/CHE, MAC/CHE, and MAC/AC 

Pair k A / k ~  R ~ . 8  D ~ . 8  

Reaction conditions: MeOH solution of the 
substrate; 0.5 M for the individual reactions and 
0.25 M in each substrate in competitive reac- 
tions; total volume, 20 mL; 0.045 g of catalyst 
Pd,-PS,,-A(4); 293 K; 0.414 MPa. 

TABLE 5. Relative reactivities (RAC,MAC) and relative coefficients 
of adsorption (DACBMAc) of acrylamide and methacrylamide for 

different temperatures, catalysts, and solvents 

Catalyst solvent T(K) RAc.MAc DAC.MAC S 

MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
Dioxane 
EtAcO 
THF 

0 0.075 0.1 5 

LOG(C; /C , ) 
FIG. 2. (a) Logarithmic plot of the rate of disappearance of 

AC(A) vs. MAC(B). (b) Logarithmic plot of the rate of disap- 
pearance of AC(A) vs. CHE(B). (c)  Logarithmic plot of the rate 
of disappearance of MAC(A) vs. CHE(B). 

cance of the adsorption coefficients of the substrate and the 
donor in hydrogen transfer reactions, as well as the influ- 
ence of small structural modifications (presence of a methyl 
group or a proton) in the substrate to be adsorbed on such 
coefficients. On the other hand, the competitive reduction 
of AC and MAC by hydrogen transfer with cyclohexene as 
donor is also unfeasible as the latter cannot be adsorbed on 
the support to be converted to benzene and release the hy- 
drogen required for the reduction of AC and (or) MAC. Both 
results confirm that cyclohexene, acrylamide, and methac- 
rylamide are adsorbed on the same type of site, while hy- 
drogen is adsorbed on different free sites, and that the type 
of donor used plays a significant role in hydrogen transfer 
processes. 

Experiments under way are aimed at comparing the in- 
fluence of the introduction of a methyl group in the double 
bond of acrolein, methyl acrylate, and styrene on both types 
of reduction process: with molecular hydrogen and by hy- 
drogen transfer with cyclohexene as donor. 
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Pressure dependences of the electrode potentials of some iron(III/II) 
and cobalt(III/II) couples in aqueous solution 
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HIDEO DOINE, TODD W. WHITCOMBE, and THOMAS W. SWADDLE. Can. J .  Chem. 70, 81 (1992). 
The dependences of the electrode potentials E of aqueous Fe(H20);+/'+, ~e(~hen) ,)+/ '+,  F~(cN)~)-/"-, and ~ o ( s e ~ ) ' + / ' +  

upon pressure P (up to ca. 200 MPa) have been measured at 25.0°C relative to an AgCl/Ag(satd. KCI) electrode by 
cyclic voltammetry. For ~ o ( s e ~ ) ~ + / ' +  at ionic strength I = 0.28 and 1.00 rnol kg-', (dE/dP), is independent of P as 
well as I, giving a volume of reaction AV = + 13.7 ? 0.4 cm3 mol-' relative to AgCl/Ag; similarly, for F ~ ( H ~ o ) ; + / ~ +  
at I = 0.28 rnol kg-' (CF3S03H), AV = +5.0 * 0.3 cm3 mol-'. For F~(cN);-/~- in KC1 media, (dE/dP), is indepen- 
dent of P and I at I = 0.28 and 0.51 rnol kg-', giving AV = -36.1 ? 1.0 cm3 mol-', but shows some slight depen- 
dence on P at I = 1.00 rnol kg-' (low-pressure limit AVO = -38 * 1 cm3 mol-'; (dAV/dP), = +0.030 cm3 mol-' MP~-I ) .  
For ~ e ( ~ h e n ) ~ ~ + / ' + ,  (dE/dP), is markedly pressure and medium dependent, with AVO = +14.2 ? 0.5 and +6.2 ? 
0.5 cm3 mol-' in KNO, media at I = 0.25 and 1 .OO rnol kg-', respectively. The peak-to-peak separation of the cyclic 
voltammograms increases with increasing P for Fe(cN)$-I4-, but decreases slightly for the cationic couples; these trends 
can be accounted for in terms of the volumes of activation for the corresponding self-exchange reactions. 

Key words: high pressures, electrode potentials, volume of reaction, iron complexes, cobalt complexes. 

HIDEO DOINE, TODD W. WHITCOMBE et THOMAS W. SWADDLE. Can. J .  Chem. 70, 81 (1992). 
Utilisant la voltampCromCtrie cyclique et operant a 25"C, on a determine la relation entre la pression P Cjusqu'h 

200 MPa) et les potentiels a l'electrode E ,  mesures par rapport a une electrode de AgCl/Ag (sature en KCl), de solu- 
tions aqueuses de Fe(H10);+/'+, ~e(~hen) , )+ /"+ ,  F~(cN),'-"- et de ~ o ( s e ~ ) ~ + " + .  Pour le ~ o ( s e ~ ) ~ + / ' + ,  ?I des forces 
ioniques I = 0,28 et 1,00 rnol kg-', (dE/dP), est independant de la P ainsi que de 1, conduisant B un volume de reaction 
AV = +13,7 ? 0,4 cm3 mol-' relatif B AgCl/Ag; de la m&me manikre, pour le Fe(H20);+I2+ B I = 0,28 rnol kg-' 
(CF3S03H), AV = +5,0 ? 0,3 cm3 mol-I. Pour le F ~ ( c N ) ~ ) - / '  dans un milieu de KCl, alors que I = 0,28 et 
0,51 rnol kg-', (aE/aP),est independant de la P et de I, donnant AV = -36,l ? 1,O cm3 mol-' qui est toutefois lkgkrement 
dependant de P lorsque I = 1,00 rnol kg-' (la limite B basse pression est AVO = -38 ? 1 cm3 mol-'; (dAV/dP), = 
0,30 cm3 mol-' MP~-I) .  Pour le ~e(~hen) ,3+/ '+,  la valeur du (dE/dP), varie beaucoup avec la pression et le milieu; AVO 
= + 1,42 ? 0,5 et +6,2 ? 0,5 cm3 mol--' respectivement dans un milieu de KNO, avec I = 0,25 et l ,00 mol kg-'. 
Avec le Fe(cN);-I4-, la separation entre les pics des voltampCrogrammes cycliques augmente avec un accroissement 
de la P ,  mais elle diminue 1Cgkrement pour les couples cationiques; on peut expliquer ces tendances en fonction des vo- 
lumes d'activation des reactions correspondantes d'auto-Cchanges. 

Mots cl2s : haute pression, potentiels a l'electrode, volume de reaction, complexes de fer, complexes de cobalt. 
[Traduit par la redaction] 

Introduction relation" (7) at high pressure will be described in a forth- 

In connection with our continuing studies of the effects 
of pressure on the kinetics of electron transfer reactions 
in the context of Marcus-Hush theory (1-4), we have mea- 
sured the pressure dependence of the electrode potentials 
of some typical metal complex couples in aqueous so- 

3+/2+ lution, viz., F~(H,o),~+/'+, Fe(phen), , F~(cN) ,~- /~- ,  
and ~ o ( s e ~ ) ~ + / ~ +  (phen = 1,lO-phenanthroline; sep = sep- 
ulchrate (1,3,6,8,10,13,16,19-octaazabicyclo[6.6.6]eico- 
sane)). The iron couples were chosen with the expectation 
that they would yield information on the influence of ionic 
size, charge, and spin state on the pressure response of 
the electrode potentials, while the cobalt(III/II) sepulchrate 
couple was included as an ideal example of an obligate outer- 
sphere low-spin/high-spin electrode transfer system, since 
neither the cobalt(II1) nor the normally labile cobalt(I1) ion 
can escape from the robust encapsulating ligand. For our 
present purposes, however, the most important consider- 
ation is that the pressure dependences of the kinetics of the 
self-exchange reactions of all four couples have been re- 
ported (1-6) and the use of those data together with the 
present results in testing the applicability of the Marcus "cross 

'To whom all correspondence should be addressed 

coming article. 
A variety of approaches to measurements of electrode 

phenomena at high pressures have been reported (5, 6, 8- 15). 
We have found cyclic voltammetry to be well suited for the 
measurement of electrode potentials Ep as functions of the 
pressure P (12, 13); however, our attempts to obtain kinetic 
information from a combination of cyclic and AC voltam- 
metry (16) gave inconsistent results under pressure, and are 
reported only in outline here. 

Our potential measurements were made with reference to 
an AgCl/Ag electrode in saturated KC1 solution. The stan- 
dard free energy change AGO for a half-cell with a standard 
electrode potential EO is -~FE', where n is the number of 
(moles of) electrons transferred and F is the Faraday con- 
stant, and the associated standard volume change AV" is given 
by ( ~ A G ~ / ~ P ) , .  Thus, the pressure dependence of the po- 
tentials E of the single-electron redox half-cells relative to 
AgCl/Ag can be expressed as a reaction volume AV: 

There is no reason to suppose, however, that AV is nec- 
essarily constant over pressure ranges of several hundred 
MPa. Theoretical analysis of the kinetics of electron trans- 
fer (1) suggests that volumes of activation for homogeneous 
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FIG. 1. Pressure vessel. A: Teflon cell containing sample and 
electrodes (see Fig. 3). B: Threaded Teflon plug through which 
electrode connections pass (see Fig. 3). C: Free piston (Teflon). D: 
Teflon plug sealing filling port. E: Threaded cell support (steel). 
F: Main sealing surface of pressure vessel cap (39" cone). G: Main 
sealing surface of pressure vessel body (40" cone). H: Standard 
quarter-inch high pressure connection (in plane in front of cell 
supports). I: High pressure electrical lead-through (in plane in front 
of cell supports E; two more are located in the corresponding plane 
behind cell supports; detailed structure shown in Fig. 2). J: Neo- 
prene O-rings. K: Grade 8 hexhead bolts (0.625 in. NC, 2.25 in. 
long; eight of these, symmetrically placed around pressure vessel 
cap). 

self-exchange reactions might be markedly pressure depen- 
dent; thus, since the equilibrium electrode processes to which 
AV refers are dynamic, some pressure dependence of AV 
might also be anticipated. In any event, any significant dif- 
ferences between the partial molar compressibilities of the 
oxidized and reduced species would lead to a pressure-de- 
pendent AV. Accordingly, a further objective of this study 
was to assess the constancy of AV for some representative 
electrode reactions over a commonly used range of pres- 
sures (200 MPa). Finally, in view of the fact that substan- 
tial concentrations of inert electrolyte (at least 0.2 mol kg-') 
were necessary to obtain cyclic voltammograms of good 
quality, the effects of ionic strength I on AV were also in- 
vestigated; however, most of the measurements were made 
at I = 0.28 mol kg-', to correspond with kinetic studies to 
be reported later. 

Experimental 

Equipment 
The pressure vessel (13.0 rnm o.d., 4.4 mm i.d.) shown in Fig. 

1 was machined from 17-4PH stainless steel, and heat-treated at 
480°C for 1 h followed by air cooling (Rockwell hardness C44). 

FIG. 2. High pressure electrical lead-through. L: Brass electri- 
cal connector. M: Vespel (Du Pont polyimide resin) insulating 
sleeve. N: Vespel pressure sealing sleeve. 0: Thrust bolt, thread- 
ing into bottom of pressure vessel cap. 

The calculated ceiling pressure was 5 15 MPa (safety factor of 2), 
although the vessel was not tested or used beyond 300 MPa be- 
cause the electrical lead-throughs (Fig. 2) may not be reliable be- 
yond this pressure. The sample cell (Figs. 1 and 3; 3.85 mm o.d., 
2.4 mm minimum i.d.) was machined from virgin Teflon. The 
electrode tips protruding from the sample cell cap were soldered 
to the electrical lead-through terminals as required. The helical 
counter electrode and straight working electrode were of Pt wire; 
trials with electrodes of other material (e.g., gold) or geometries 
gave results indistinguishable from those reported below. The ref- 
erence electrode consisted of a silver rod, diameter 2 mrn, en- 
closed in a 4 mm i.d. heat-shrink Teflon tube which was shrink- 
fitted at the top over a leak-tight adapter fitting into the cell gap and 
at the bottom over a 4 mm diameter Vycor porous plug (E. G.  & 
G.  Instruments Division, Markham, Ontario). The tube was filled 
with saturated KC1 solution, and that part of the electrode that was 
exposed to this solution was coated beforehand with AgC1. 

Materials 
Potassium hexacyanoferrate(III) (BDH Analar reagent) was used 

as received. Iron(II1) perchlorate hydrate (Aldrich, low chloride) 
was converted to the tfluoromethanesulfonate salt in aqueous 
CF3S03H by addition of CF3S0,K to precipitate KC10,; the iron 
concentration was determined spectrophotometrically with 1,lO- 
phenanthroline after reduction to iron(II) with hydroxylamine, and 
the hydrogen ion concentration by titration with alkali. Cobalt(II1) 
sepulchrate chloride monohydrate and tris(1,lO-phenanthro1ine)- 
iron(I1) sulfate 9-hydrate were made and checked for purity as de- 
scribed elsewhere (2, 4). All other reagents were of analytical re- 
agent quality, and distilled water was passed through a Barnstead 
NANOpure purification train before use. 

Measurements 
Solutions were prepared by weight, deoxygenated with a nitro- 

gen stream for at least 1 h, brought to 25"C, and injected with a 
syringe into the sample cell through the filling port in the free pis- 
ton, leaving no air bubbles inside the cell. The filling port was then 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DOINE ET AL. 

FIG. 3.  Electrode assembly. P: Reference electrode (silver rod, 
2.0 mm diameter, with AgCl coating over bottom 2 cm). Q: Heat- 
shrink Teflon tubing. R: Saturated KC1 solution. S: Vycor porous 
disk. T: Working electrode (Pt wire). U: Helical counter-electrode 
(Pt wire). V: Neoprene O-rings. 

sealed with a small O-ring and the threaded plug, and the assem- 
bly was lowered into the previously thermostated pressure vessel, 
which contained pure hexanes as the pressurizing fluid; excess fluid 
escaped through a weep hole in the pressure vessel at the level of 
the top of the conical surface (not shown in Fig. 1) or through the 
high pressure connection in the pressure vessel cap. The vessel was 
pressurized with a hand-pump and intensifier (capacity: 400 MPa); 
the hydraulic oil was prevented from mixing with the pressurizing 
hexanes by use of a large cylindrical separator with a free piston. 
The pressure was measured with a Heise Bourdon gauge, cali- 
brated against a Pressurements T3800/4 deadweight pressure bal- 
ance. 

Since the assembly was to be operated close to room tempera- 
ture, and because the number of high-pressure electrical leads had 
to be kept to a minimum, no provision was made to monitor the 
temperature of the sample cell internally during the electrochemi- 
cal measurements. Rather, it was established, in a series of exper- 
iments in which the Pt electrodes were replaced with a Pt resis- 
tance sensor, that any temperature perturbation produced within the 
sample by (de)pressurization, 0-300 MPa, decayed to within 0.05"C 
of the temperature (25.0 2 O.l°C) of the thermostat bath sur- 
rounding the pressure vessel within 50 min at worst, and that the 
temperature of the thermally equilibrated sample was within 0.05"C 
of that of the bath. 

In the electrochemical experiments, measurements were made 
with a Princeton Applied Research Corporation model 173 
potentiostat/galvanostat, model 178 electrometer, model 175 uni- 
versal programmer, model 117 differential preamplifier, and model 
RE0074 X-Y recorder. The scan rate u was 50 mV s-' except as 
noted below, and the scan ranges relative to the AgCl/Ag(satd. 
KCl) reference electrode were -750 to -200 mV for ~ o ( s e ~ ) ~ + / ' + ,  
0 (or, in a few cases, - 100) to 600 mV for F~(CN);-/~-, 250 to 
850 mV for F ~ ( H ~ o ) Q + ~ + ,  and 500 to 1100 mV for ~e(~hen)?+/ '+.  
Prior to making a measurement, a period of 90 min was allowed 

FIG. 4. Effect of pressure on the cyclic voltammogram of 
F~(CN):-/~- ([Fe] = 1.46 mmol kg-') in aqueous KC1 (0.498 mol 
kg-') at 25.0°C. Cycle A: 4.6 MPa. Cycle B: 204.4 MPa. 

for complete thermal re-equilibration following set-up or pressure 
change. 

Results 

Figure 4 illustrates the typical effects of pressure on 
the cyclic voltammograms - in this case, two cycles 
for F~(cN);-/~- at ionic strength I = 0.5 mol kgp1, taken 
200 MPa apart. The average of the potentials E,, and E,, 
corresponding to the peak oxidative and reductive currents, 
respectively, was identified with the reversible electrode 
potential E relative to that of the AgCl/Ag reference elec- 
trode at the prevailing pressure and ionic strength. The peak- 
to-peak potential separation 8E = (E,, - E,,) in this ex- 
ample varied monotonically with rising P from 80 mV at 
4 MPa to 105 mV at 204 MPa; as explained below, this can 
be accounted for accurately in terms of the effect of pres- 
sure on the heterogeneous self-exchange rate constant k" for 
F~(cN);-/~-. 

Complete listings of E and 6E values as functions of P and 
I are given in the supplementary tables.' Here, values Ep of 
E for representative systems are presented as graphs (Figs. 
5-11) which incorporate normalization of the results of 
replicate experiments to a common zero-pressure value E,,. 
This normalization was necessary because, although E val- 
ues were reproducibly measurable to k0.8 mV, drifts of some 
5 mV in E typically developed from one day to the next for 
a given solution in situ, while still larger discrepancies could 
occur between experiments some days apart with different 
samples. Within a 6-8 h series of measurements on a given 
day, however, drift was negligible; this was demonstrated 
for each system by comparing series of measurements taken 
with rising pressure with ones taken with decreasing pres- 

'Supplementary tables S1-S4 may be purchased from the De- 
pository of Unpublished Data, Document Delivery, CISTI, Na- 
tional Research Council of Canada, Ottawa, Ont., Canada K I A  
os2. 
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FIG. 5. Pressure dependence of E for [Co(sep)]C13 (2.04 mmol 
kg-') in aqueous KC1 solution (I = 1.02 mol kg-') at 25OC. Filled 
triangles: measurements with increasing pressure. Open triangles: 
measurements taken 1 day later with decreasing P and drift cor- 
rection of 5.0 mV. Error bars are k0.8 mV. Solid line: linear 
regression of all data. 

FIG. 6. Pressure dependence of E for [Co(sep)]Cl, (5.01 mmol 
kg-') in aqueous KC1 (I = 0.26 mol kg-') at 25.0°C. Circles and 
triangles: pressure was first increased, then decreased. Squares: 
pressure decreasing from an initial 200 MPa. 

sure - in every case, the superposed plots of (Ep - Eo) vs. 
P coincided within the experimental uncertainty. In other 
words, the absolute value of E at a given P could vary by 
several mV from one series of measurements to another, but 
the value of (dE/dP), was typically reproducible to k 6  FV 
MP~- ' ,  corresponding to an uncertainty of k0.6 cm3 mol-' 
in AV. For example, Fig. 5 shows that the slope of (Ep - Eo) 
vs. P plots for a particular ~ o ( s e ~ ) ~ +  solution at I = 1.0 mol 
kg-', taken with ascending pressure on one day and with 

FIG. 7. Pressure dependence of E for K3[Fe(CN),] (4.78 mmol 
kg-') in aqueous KC1 (I = 0.989 mol kg-') at 25.0°C. Up trian- 
gles: increasing pressure. Down triangles: decreasing pressure 
(separate experiment). Solid line: quadratic regression. Dotted line: 
linear regression. 

FIG. 8. Pressure dependence of E for K3[Fe(cN),] (1.46 mmol 
kg-') in aqueous KC1 (I = 0.507 mol kg-') at 25.0°C. Up trian- 
gles: increasing pressure. Down triangles: decreasing pressure 
(separate experiment). Solid line: linear regression. 

descending pressure the next, are indistinguishable within the 
natural scatter of the data, following application of a mea- 
sured drift correction of -5.0 mV to the latter data set. 

Drift in E seemed to be associated with the reference 
electrode. After several cycles, the Vycor porous plug tended 
to crack, leading to voltage changes of up to 30 mV, greater 
peak-to-peak separations, and the appearance of anomalous 
"spikes" in the CVs. The plug was therefore replaced pe- 
riodically. No correction for the effect of pressure on junc- 
tion potentials was applied; since the ultimate objective of 
this work was to evaluate the pressure effects on homoge- 
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FIG. 9. Pressure dependence of E for K3[Fe(CN)6] (4.80 mmol 
kg-') in aqueous KC1 (I = 0.279 rnol kg-') at 25.0°C. Circles and 
squares denote different experiments. Solid line: linear regres- 
sion. 

FIG. 10. Pressure dependence of E for [Fe(H20)6](CF3S03)3 
(5.00 mmol k - I )  in aqueous CF3S03H (0.250 rnol kg-'; I = -8 0.280 rnol kg ) at 25OC. Different symbols indicate independent 
experiments. Solid line: linear regression. 

FIG. 11. Pressure dependence of E for [Fe(phen),]SO, in var- 
ious aqueous media at 25OC. Curved lines are quadratic least-squares 
regressions; different symbols indicate independent experiments. 
Open squares and dashed curve: [Fe] = 2.53 mmol kg-', [H2S04] 
= 0.0506 rnol kg-', [Na2S04] = 0.0739 rnol kg-', [phenJfre, = 
8.9 mmol kg-', I = 0.272 rnol kg-'. Filled circles: [Fe] = 
0.946 mmol kg-', [KNO,] = 0.251 rnol kg-' [phenIfrec 
= 0.020 rnol kg-', I = 0.254 rnol kg-'. Filled squares: [Fe] 
= 0.959 mmol kg-', [KNO,] = 0.249 rnol kg-', no added phen, 
I = 0.253 rnol kg-'. Solid curve: I = 0.25 mol kg-' (KNO,). Tri- 
angles and dotted curve: [Fe] = 0.979 mmol kg-', [KNO,] = 
1.001 rnol kg-', no added phen, I = 1.005 rnol kg-'. 

E was a quadratic function of pressure, i.e., that (dAV/aP), 
was sensibly constant over the experimental pressure range: 

where A = - AVo/F and B = - (dAV/dP),/2F. In practice, 
eq. [2] was adopted whenever nonlinear least-squares 
regression according to eq. [3j gave a standard error in B that 
was larger than B itself; interestingly, in all such cases, eq. 
[3] also gave a poorer fit of the data (larger mean square error) 
than did the simple linear eq. [2j despite the flexibility af- 
forded by the additional parameter, since the quadratic 
regressions created outliers with relatively large residuals. 
Replicate data sets were normalized by calculating Eo for each 
set according to the appropriate equation ([2j or [3]) and then 
combining values of (Ep - Eo) to form a single data set for 
the particular couple and medium composition (Figs. 5-1 1, 
in each of which the various symbols indicate different data 

1 neous redox equilibria from E values for the corresponding sets). The values of AV or AV, derived from the combined 

j half-cells relative to the AgCl/Ag electrode, junction po- data sets, as explained below, are collected in Table l .  The 

/ tential effects could be ignored. sign of AV is correct for redox couples written in the stan- 

I Equation [ l ]  implies that E will be a linear function of P dard IUPAC convention, i.e., as reduction potentials, but are 
I if AV is constant, within the limits of detection, over the relative to the AgCl/Ag(satd. KCl) electrode at ionic strength 

I operational pressure range: I rather than to the standard hydrogen electrode at infinite 
dilution. 

[2] Ep = Eo - PAV/F For all but the F~(cN) ,~ - '~ -  couple, values of the peak- 
to-peak separation 6E were typically 65-80 mV, and thus 

In certain of the cases described below, however, plots of E close to the "reversible" range (ref. 16, pp. 230, 231), but 
, vs. P were distinctly curved. In the absence of a theoretical occasionally larger values were recorded. Increasing pres- 
, framework to account for this curvature, it was assumed that sure appeared to cause a slight decrease in 6E for the cat- 
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TABLE 1. Volumes of reaction AV for reduction half-cells at a Pt 
electrode relative to AgCl/Ag(satd. KCl), and volumes of 

activation AV,,* for the corresponding self-exchange reactions in 
aqueous solution at 25 .O°C. 

I AV or AVO Avcx* 
Couple /mol kg-' /cm3 mol-' /cm3 mol-' 

~ o ( s e ~ ) ~ + / ' +  1 .OO (KCl) 
0.28 (KCl) 

F ~ ( c N ) ~ ~ - / ~ -  1 .oo (KCl) 
0.51 (KCl) 
0.28 (KC1) 
0.28 (LiCl) 
0.28 (K2SO4) 

F ~ ( H ~ o ) ~ )  'I2+ 0.28 (CF3S03H) 
Fe(phen)33t/2+ 1 .OO (KNO,) 

0.25 (KNO,) 
0.27 (NaHSO,) 

"Reference 2. 
bFor homogeneous self-exchange. 
'Zero-pressure limiting value, AVO. 
dFor the electrode reaction; ref. 6. 
'Reference 3.  
'keference 4. 

ionic couples, but the 6E values were insufficiently accu- 
rately reproducible from one run to the next to warrant 
detailed consideration (see supplementary tables).' For the 
F~(cN);-',- couple, 6E was relatively large (80 mV and 
more) and clearly increased with increasing pressure (cf. Fig. 
4), but again reproducibility between runs was poor - gen- 
erally, 6E became large (up to 230 mV) after several re- 
peated pressure cycles, possibly because of degradation of 
the Vycor porous plug in the reference electrode. 
Cobalt(III/ZI) sepulchrate 

The voltammograms exhibited good reversibility (6E 
typically 68-70 mV), with Eo = -540 mV vs. AgCl/Ag. 
The plots of Ep vs. P were accurately linear for I = 1.0 
and 0.28 rnol kg-' (Figs. 5 and 6) and gave AV = + 13.5 + 
0.4 cm3 mol-' and +13.9 + 0.4 cm3 mol-I, respectively. 
Hexacyanoferrate(III/II) 

The peak-to-peak separations 6E in KC1 media were typ- 
ically 80-1 10 mV and increased with increasing pressure; 
thus, they departed further from the reversible range (18) 
than did 6E for the other couples considered here. For 
I = 1.0 rnol kg-' (KCl), a slight curvature of the E vs. 
P plots was clearly discernable in two independent sets 
of data (Fig. 7) and was accurately represented by the qua- 
dratic eq. [3]. The combined data of Fig. 9 give AVO 
= -38.3 + 1.0 cm3 mol-' and (dAV/dP), = 0.030 + 
0.008 cm3 mol-' MP~- ' ;  E, = +270 mV. Linear regression 
gave AV = -34.8 + 0.4 cm3 mol-I, but with a 2.4-fold 
increase in the mean standard error. For experiments in 
aqueous KC1 with I = 0.51 (Fig. 8) and 0.28 rnol kg-' 
(Fig. 9), however, the data were statistically better repre- 
sented by a linear regression (eq. [2]), giving AV = -36.6 
+ 0.7 and -36.2 + 0.8 cm3 mol-' with Eo -- 235 and 
243 mV, respectively. Cyclic voltammograms obtained at I 
= 0.10 rnol kg-' (KC1) were poorly reproducible, with 
anomalously large 6E values, but gave an average AV of -34 
+ 3 cm3 mol-I. 

An experiment with LiCl rather than KC1 as the support- 
ing electrolyte (I = 0.28 rnol kg-') gave a linear Ep vs. P plot 

with AV = -37.1 + 1.3 cm3 mol-', which is similar to the 
value obtained for the comparable KC1 solutions, but the 
relatively large uncertainty in AV, a low E, (+214 mV), and 
a very large 6E (194-227 mV) imply the need for caution in 
making this comparison. In another experiment, K2S04 rather 
than KC1 was used to bring the ionic strength to 0.28 mol 
kg-', so that the K+ ion concentration was reduced from 
0.264 to 0.181 rnol kg-' at constant I; E, (+233 mV), 6E 
(83-141 mV) and AV (-34.4 + 0.6 cm3 mol-I) were suf- 
ficiently close to the analogous data for the KC1 medium to 
imply that changing the K+ concentration or the nature of the 
supporting anion has no significant effect in this concentra- 
tion regime. 

Hexaaquairon(III/II) 
It was necessary to maintain strongly acidic conditions 

([CF3S03H] = 0.25 rnol kg-') to suppress hydrolysis of 
F~(H~O);+. Trifluoromethanesulfonate was chosen as the 
non-complexing anion because perchlorate, the logical 
choice, would have caused precipitation of KClO, in the 
reference electrode. The cyclic voltammograms came close 
to reversible behavior (6E = 71-79 mV) at a scan rate v = 
20 mV s-I. The results of three independent experiments are 
shown in Fig. 10; the vertical scale is expanded, relative to 
Figs. 6-9, because the pressure effect was small, so that the 
apparent scatter in the data is no worse than for the other 
couples. At I = 0.28 rnol kg-', Eo - +490 mV, and linear 
regression of the combined Ep data gave AV = +5.0 + 
0.3 cm3 mol-I. 

Tris(1 ,lo-phenanthroline)iron(III/II) 
Because of the insolubility of (for example) the perchlo- 

rate salt in perchlorate media, the sulfate salt of ~ e ( ~ h e n ) , ~ +  
was used in KNO, or NaHSO, media. Experience with 
~e(~hen):+ in solution (4) suggested a need to maintain high 
acidity and free phen (added as a 0.3% aqueous solution or 
as a 5% solution in ethanol), but, because the iron(II1) com- 
plex is present only transiently in the course of a voltam- 
metric cycle, these turned out to be unnecessary precau- 
tions (cf. filled squares and circles in Fig. 11). The salient 
features shown in Fig. 11 are (i) that Ep is clearly a nonlin- 
ear function of P ,  but is well represented by a quadratic 
regression (eq. [3]), and (ii) that Ep is very sensitive to me- 
dium effects. 

In 1.0 rnol kg-' KNO,, the voltammograms showed ex- 
cellent reversibility (6E = 61-70 mV), with E, = +830 mV, 
AVO = +6.2 + 0.5 cm3 mol-', and (aAV/aP), = -0.022 
+ 0.003 cm3 mol-' M P ~ - ' .  At I = 0.254 rnol kg-' 
(KNO,), 6E = 65-76 mV, E, = +890 mV, AVO = 
+14.2 + 0.5 cm3 mol-', and (aAV/aP), = -0.049 + 
0.005 cm3 mol-' MPa-'. For the NaHSO, medium at I = 
0.272 rnol kg-', 6E = 73-83 mV, E, - +910 mV, AVO = 
+16.3 + 2.0 cm3 mol-I, and (aAV/aP), = -0.057 + 
0.024 cm3 mol-' M P ~ - ' .  

Discussion 

The most obvious feature of Table 1 is that AV is a mod- 
erately positive number for the three cationic couples, but 
strongly negative for F~(cN);-'~-, relative to AgCl/Ag. This 
phenomenon might be attributed, at least in part, to the in- 
crease in solvent electrostriction (17) expected for the ef- 
fective net reaction [4] 
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as compared with the decrease in electrostriction expected 
for the charge-dissipating reaction [5]. 

This argument alone cannot, however, explain the fact that 
AV values for the corresponding electrode reactions of the 
larger (and so presumably less electrostrictive) ~ e ( ~ h e n ) , ~ +  
and ~ o ( s e ~ ) ~ +  ions are more positive than for reaction [5] at 
I = 0.28 rnol kg-'. The picture is further complicated by the 
marked pressure dependence of AV for the Fe(~hen),~+/ '+ 
case; this is not due to some phenomenon involving ligand 
dissociation, since added phen had no effect, but the sensi- 
tivity of the pressure effect to the nature and concentration 
of the supporting electrolyte (Fig. 11) suggests the involve- 
ment of ion association or other medium effect. 

Absolute molar volumes are available, or can be calcu- 
lated, for all the reactants and products of reactions [4] and 
[5] (17-19),~ so that the corresponding volumes of reaction 
AVO at infinite dilution, 25.0°C, and 0.1 MPa can 
be derived: AVO = -49.1 cm3 mol-' for reaction [4] and 
+ 12.8 cm3 mol-' for reaction [5]. An approximate correc- 
tion of these to ionic strength 0.28 rnol kg-' can be made as 
described elsewhere (19), but the results (AV = -47.1 cm3 
mol-' for F ~ ( c N ) , ~ - / ~ - - A ~ / A ~ c ~ ,  and + 10.1 cm3 mol-I for 
F~ (H ,o ) ,~+ / '+ -A~/A~c~)  are in only slightly better agree- 
ment with the electrochemically measured values (-36.2 and 
+5.0 cm3 mol-', respectively). It should be borne in mind 
that the values of AV measured electrochemically are in ef- 
fect averages over the pressure range taken, so that, if an 
assumed linear dependence of E,  on P conceals a nonlin- 
earity such as is observed for reaction [4] at I = 1.0 rnol kg-', 
AV at 0. I MPa could be numerically larger than the high 
pressure value, but no statistically significant nonlinearity 
could be detected for the cases in point, and besides the re- 
sults for reaction [4] at I = 1.0 rnol kg-' indicate that no more 
than about 2-3 cm3 mol-' could be accounted for in this way. 

As with the anomalous behavior of ~ e ( ~ h e n ) , ~ + / ' +  noted 
above, it is likely that a medium effect such as ion asso- 
ciation is responsible (but in a different manner) for these 
discrepancies between calculation and experiment for reac- 
tions [4] and [5] - certainly, both the electrochemistry (20- 
23) and the high-pressure solution chemistry (6) of the highly 
charged cyanoferrates are well known to be sensitive to 
counterion effects, while Fe(H20)63+ and ~ o ( s e p ) ~ +  can be 
expected to be more prone to association with anions than is 
the larger ~ e ( ~ h e n ) , ~ + .  One may surmise that 1 : 1 ion asso- 
ciation may be largely complete in the cyanoferrate systems 
at I = 0.2-0.5 rnol kg-', so that the electrochemical mea- 
surements refer to species such as {Fe(CN)d-,K+) rather than 
the free ions to which the infinite-dilution molar volumes 
apply. Ion pairs are broken up by increasing pressure, which 
may explain the curved Ep vs. P plots for the ~e(~hen)?+/"  
case, but such breakup effects will be negligible if pairing 
is virtually complete at 0. I MPa, so that the linearity of the 
Ep vs. P plots for the hexacyanoferrate system (except at the 
higher electrolyte concentrations, where ion triples could 
form) could be explained. Such speculation apart, it is re- 
assuring that the signs and orders of magnitude of AV val- 
ues calculated from molar volume data for reactions [4] and 

3~ollowing Millero (17), absolute molar volumes of aqueous ions 
may be calculated on the basis that the corresponding quantity for 
H+(aq) is -5.4 cm3 mol-'. 

[5] are in qualitative agreement with the electrochemical 
observations. Molar volumes are not available for Fe(~hen),~+ 
or co(sep)'+, but the fact that AV is some 9 cm3 mol-I more 
positive for ~ o ( s e ~ ) ~ + / ' +  than for Fe(H20)63+I2+, despite 
expectations of similar contributions from electrostriction, 
may be qualitatively attributed to reorganization (expan- 
sion) associated with the spin change on going from Co"' to 
co". 

As noted above, AC and cyclic voltammetry gave insuf- 
ficiently accurately reproducible kinetic information to war- 
rant detailed discussion. It is worth noting, however, that the 
response of the peak-to-peak separation SE to increasing 
pressure (a marked increase for F~(cN);-/~-, slight de- 
creases for the other couples) is in accordance with the 
measured volumes of activation AV& for the corresponding 
self-exchange reactions (Table 1). The electrochemical ki- 
netic parameter JI (16) can be defined in terms of the stan- 
dard heterogeneous electrochemical rate constant k"', the 
diffusion coefficient D (assumed here to be the same for both 
the oxidized and the reduced species), and the scan rate v :  

and 4 in turn can be correlated with SE (ref. 16, pp. 230, 
231). Thus, the shift ASE,, in SE on going from atmo- 
spheric ("zeron) pressure to 200 MPa can be estimated if we 
know the relative values of ke' and D at 0 and 200 MPa - 
it is not necessary to know their absolute values. Further- 
more, application of Walden's rule allows use of the sol- 
vent viscosity q rather than D: 

For water at 25"C, q200/q0 is only 1.0406 (24), and for the 
F ~ ( c N ) , ~ - / ~ -  electrode reaction AV,*, is + 13 cm3 mol-I in 
1.0 rnol kg-' KC1 (6), so that k&/k; = 0.350 and 4200/40 
= 0.357. This means that, if SE = 80 mV at atmospheric 
pressure, SE at 200 MPa can be predicted to be about 
105 mV - and this is exactly what was found in typical 
hexacyanoferrate experiments in aqueous KC1 (see, for ex- 
ample, Fig. 4). Consideration of eq. [6] also explains the 
large (194 mV, rising to 227 mV at 194 MPa) SE values 
found for LiCl solutions, since kc' for F~(CN):-/~- in such 
solutions is only one-tenth that in aqueous KC1 (20). 

For the three cationic couples of Table 1, the AV,*, values 
refer to electron exchange in homogeneous solution (rate 
constants kex); adapting the theory of Marcus (25, 26), we can 
write 

whence 4, /$o = 1.38, 1.67, and 1.16 for ~ o ( s e ~ ) ~ ' / ' + ,  "P Fe(H20);+ '+, and ~e (~hen )?+ / '+ ,  respectively. Taking 
typical observed atmospheric-pressure SE  value^,^ these 
calculations predict that, on going to 200 MPa, SE will de- 
crease from 70 to 67 mV for ~ o ( s e ~ ) ~ + / ' + ,  from 79 to 
72 mV for F~(H,o);+/'+, and from 65 to 64 mV for 

3+/2+ 
Fe(phen), . In short, negative activation volumes for the 
electrode reaction or for the corresponding homogeneous self- 

4The experimental 6E values at 0.1 MPa for the cationic cou- 
ples correlate with the square roots of the corresponding ky (2-4) 
in the manner predicted by eq. [6] and Marcus' theory of elec- 
trode kinetics (25, 26). 
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exchange mean that the cyclic voltammogram becomes "more 
nearly reversible" as the pressure is increased, but the lim- 
ited accuracy of 6E measurements at high pressures mili- 
tates against extracting reliable volumes of activation from 
cyclic voltammograms. 
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DENISE MATTE, BERNARD SOLASTIOUK, ANDRE MERLIN et XAVIER DEGLISE. Can. J.  Chem. 70, 89 (1992). 
Nous prCsentons une ttude des mCcanismes de la N-chloration de la succinimide en phase aqueuse en milieu acide 

(pH < 5) et en milieu basique (pH > 9). Nous avons determine les constantes de vitesse et les Cnergies d'activation des 
processus mis en cause. Les cinCtiques rapides ont CtC CtudiCes par spectrophotomCtrie a Ccoulement bloqut. En ab- 

I sence d'ions chlorures et dans les domaines de pH etudiks, nos resultats sont en accord avec un modble cinCtique com- 
prenant la contribution de deux processus indlscernables : 

k2 
SH + ClO- + produits 

ro 
S- + HOCl + produits 

Les valeurs limites des constantes de vitesse dans le cas ou un seul des processus participe a la cinktique de chloration 
ont CtC CvaluCes : ki  = 1,6 x lo5 M-' s- '  B 293 K; k! = 2,2 X lo7 M-' s-' a 293 K.  

En presence d'ions chlorures et en milieu acide, l'attaque nuclCophile de S-  sur le chlore moleculaire C1, s'ajoute a 
ces deux processus indiscernables. 

Mots cle's : cinktique, N-chloration, succinimide, phase aqueuse, spectrophotomCtrie a Ccoulement bloquC. 

DENISE MATTE, BERNARD SOLASTIOUK, ANDRE MERLIN, and XAVIER DEGLISE. Can. J.  Chem. 70, 89 (1992). 
A kinetic study of the N-chlorination, in aqueous medium, of succinimide (SH) at low pH (<5) and at high pH (>9) 

is presented. We have derived the rate constants and activation energies of the processes involved. A stopped-flow 
spectrophotometric technique was used to study the kinetics. Without chloride ions, our experimental results can be in- 
terpreted by two kinetically indistinguishable mechanisms: 

kz 
SH + C10- + products 

k3 
S- + HClO + products 

The limiting values of the rate constants for the case in which only one process is involved in the kinetics of chlori- 
nation were evaluated: k; = 1.6 x lo5 M s-' at 293 K; k: = 2.2 X lo7 M-' s-' at 293 K. 

In acid medium, in the presence of chloride ions, we observe a nucleophilic attack of the S- ion on molecular chlo- 
rine C1,. This process is added to the two former processes. 

Key words: kinetics, N-chlorination, succinimide, aqueous medium, stopped flow. 

Introduction 

En solution aqueuse, la succinimide rCagit avec l'hy- 
pochlorite de sodium pour former la N-chlorosuccinimide. 
La succinimide est un acide faible; la forme acide notCe SH 
et sa base conjugute S- peuvent exister sous diffkrentes 
formes tautomkres (figure 1). 

La cinktique de cette reaction de N-chloration a MC Ctudite 
par Hussain et Higuchi (1) dans un domaine Ctroit de pH al- 
lant de 2 a 5 et en absence d'ions chlomres. 

Dans ces conditions experimentales, la rCaction est assez 
lente pour Ctre suivie par des techniques spectroscopiques 
classiques. Grice la spectroscopie a Ccoulement bloquC, 
nous avons pu Ctendre cette Ctude a toute la gamme de pH 
couverte par les solutions aqueuses et dkterminer l'influ- 
ence de la temperature et des ions chlomres sur la cinCtique 
de cette rCaction de chloration. 

Techniques experimentales 
Les parambtres cinCtiques de cette rkaction de N-chloration ont 

CtC dCterminCs par spectrophotomCtrie a Ccoulement bloque sur un 
appareil Applied Photophysics modble 1705 couplC B un microor- 

' ~ u t e u r  a qui adresser toute correspondance. 
2 ~ ~ v i s i o n  r e y e  le 18 septembre 1991. 

dinateur. Cet appareillage est adapt6 B 1'Ctude des cinCtiques rap- 
ides en phase liquide & condition que l'on puisse dCtecter par ab- 
sorption ultraviolette ou visible l'un des produits formCs ou 
consommCs durant la reaction (2). 

En milieu basique (pH > 8), le chlore en solution existe prin- 
cipalement sous forme d'ions hypochlorites C10- (figure 2). Le 
maximum d'absorption de C10- se situant 2 290 nm et la succi- 
nimide et son dCrivC N-chlorC absorbant & des longueurs d'onde plus 
faibles (figure 3), nous avons suivi la disparition de C10- 2 cette 
longueur d'onde. En operant en large excks de succinimide par 
rapport au chlore, nous nous sommes places dans les conditions 
d'une reaction du pseudo-premier ordre. Nous avons pu mesurer 
une constante de vitesse expkrimentale du pseudo-prerni~r ordre kob, 
pente de la droite ln(A - A,) en fonction du temps, A Ctant laden- 
sit6 optique de la solution a 290 nm B un instant donne et A, la 
densite optique B cette m&me longueur d'onde de la solution aprbs 
reaction. La determination exptrimentale de cette constante de vi- 
tesse kob, est dCtaillCe dans l'annexe 1. 

En milieu acide, le chlore est presque exclusivement sous forme 
d'acide hypochloreux HOCl (figure 2). I1 n'est pas possible de 
suivre directement la disparition de ce compost a 235 nm, lon- 
gueur d'onde de son maximum d'absorption, car la N-chlorosuc- 
cinimide absorbe tgalement dans cette zone spectrale (figure 4). 
Toutefois, a cette longueur d'onde, le coefficient d'extinction mo- 
laire de la N-chlorosuccinimide Ctant beaucoup plus important que 
celui de la succinimide, nous pouvons Ctudier la cinetique de la N- 
chloration de la succinimide en suivant 5 235 nm la formation de 

h n k d  In Canada 1 Impnm.5 au Canada 
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-, 
H2C - C H2C - C H2C - C + - \ - + 

N - H  - N - H  c I , N - H  1 :  1 4  
H2C - C H2C - C H2C - C 

\\ 
\ 

0 0 - + o  

FIG. 1. Structures moleculaires de la succinimide SH et de sa base conjuguke S-. 

CIO - 

FIG. 2. Zone de prkdominance des derives du chlore en solu- 
tion aqueuse; [Cl], = lo-' M; [Cl-] = 0 , l  M. 

la N-chlorosuccinimide au cours du temps. Dans le cas ou la con- 
centration initiale de succinimide est supkrieure B la concentration 
initiale de chlore, la vitesse initiale de rkaction vo est donnee par 
la relation : 

A(0) et A, sont respectivement les densites optiques de la solution 
B 235 nm B l'instant initial et aprks rkaction. (dA/df),,, est la pente 
B l'instant initial de la courbe donnant la variation de la densite 
optique de la solution avec le temps. [Cl], reprksente la concen- 
tration totale de chlore. L'etablissement de la relation [ l ]  est dome 
en annexe 1. 

La succinimide, de marque Fluka et de qualitk Purum, contient 
moins de 2% d'impuretes. Les sels utilisks pour la fabrication des 
solutions tampon sont des produits Prolabo de qualitk Normapur. 
Les solutions d'acide hypochloreux sont obtenues en faisant bar- 
boter du chlore gazeux dans de l'eau distillke. La solution et en- 
suite laissee pendant une journee en presence d'oxyde de mercure 

puis distillee sous pression reduite avant d'Ctre titree par du thio- 
sulfate de sodium. 

Rbultats experimentaux 
Dans un premier temps, nous avons vCrifiC que les rksultats 

experimentaux, obtenus en milieu basique avec un exces de 
succinimide, ttaient correctement reprbentes par un modele 
d'une cinttique du pseudo-premier ordre. La reaction liant 
ln(A - A,) avec le temps Ctant linCaire, la rCaction est du 
premier ordre par rapport a la concentration en chlore cclibre,, 
total [Cl], (on appelle chlore cclibren le chlore non liC un 
atome d'azote) . 

La vitesse globale de rCaction en milieu basique s'ex- 
prime donc par la relation : 

A pH constant, nous avons observt que la constante kob, 
en milieu basique et la vitesse initiale v, en milieu acide sont 
proportionnelles a la concentration totale de succinimide 
(figure 5). La rCaction est donc globalement du second ordre 
et d'ordre 1 par rapport a chacun des deux rCactifs : 

avec kc,, : constante de vitesse globale du second ordre; 
[Cl], : concentration en chlore libre total; [S], : concentra- 
tion totale de succinimide chlork ou non (la succinimide Ctant 
en excks par rapport au chlore, sa concentration peut &re 
considCree constante au cours de la rtaction). 

L'influence du pH sur la constante de vitesse kc,, a kt6 
CtudiCe a 293 K en milieu acide (pH < 5) et en milieu ba- 
sique (pH > 9) (tableau 1 et figure 9). Nous avons aussi suivi 
l'influence de la temp6ratw-e sur ce pararnktre pH f a6  (pH 
= 9,25 dans le cas de la figure 6). La pente de la droite In 
(kc,,) en fonction de 1/T permet de calculer l'tnergie d'ac- 
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I 

350 320 280 240 200 

LONGUEUR D'ONDE I LONGUEUR D'ONDE 

FIG. 3. Spectres d'absorption dans l'ultraviolet de la succini- 
mide et de son dCrivC N-chlorC en milieu basique. DO : densit6 
optique. 

1 :NaOCl  8 X 1 0 - ~ M p H = 9 , 2 ;  
2 : Succinimide 2 x M pH = 9,2; 
3 : NaOC1 8 x M 

+ aprks reaction 
succinimide 2 x M 
pH = 9,2 

FIG. 4. Spectres d'absorption dans l'ultraviolet de la succini- 
mide et de son dCrivC N-chlorC en milieu acide. DO : densit6 op- 
tique. 

1 : HOCl 1,25 x M pH = 4,45 
2 : Succinimide 2 x M pH = 4,45 
3 : HOCl 1,25 X M 

+ 1 aprks rCaction 
succinimide 2 x M 
pH = 4,45 

[IIJ] C1, + H20  S HOCl + H+ + C1- tivation globale avec une prCcision de l'ordre de 20% : E = 
48,8 kJ mol-I. 

En milieu acide (pH = 3), nous avons CtudiC l'augmen- 
tation de la vitesse de reaction avec la concentration en ions 
chlomres. On observe un accroissement 1inCaire de la con- 
stante de vitesse k,,, (figure 7) dans le domaine de concen- 
tration en ions chlomres CtudiC (lo-' M a 4 X lo-' M). 

[IV] C12 + C1- * C13- 

Ces Cquilibres sont rapides devant la cinCtique de la reaction 
de chloration et compte tenu de la mise en evidence 
exp6rirnentale d'un ordre 1 par rapport 5 chacun des rkactifs, 
nous pouvons envisager huit processus ClCmentaires diffCrents 
de formation de SCl susceptibles de limiter la vitesse glo- 
bale de rkaction : 

I 
Interpretation 

I 
Une solution aqueuse de succinimide contient les deux 

espkces SH et S- en Cquilibre : 

I [I] S H S S - + H +  p K l = 9 , 7 1 a 2 9 3 K  (3) 
I (P,) SH + H O C l 2  SCl + H20 

En milieu acide ou neutre (pH < 8), la succinimide existe 
presque uniquement sous la forme SH. En milieu basique (pH 
> 1 l) ,  l'ion S- est prCpondCrant (figure 8). De meme, le 
chlore en solution aqueuse peut exister sous quatre formes 
en Cquilibre dans des proportions qui dCpendent du pH (fig- 
ure 2). 

(P2) SH + C10- 2 SCl + OH- 

(P3) S- + HOCl: SCl + OH- 

(P,) S- + C10- + H20 3 SCl + 20H- 

(P,) SH + ~1,: SC1 + H+ + C1- I [11] HOCl* C10- + H' 
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92 CAN. J .  CHEM. VOL. 70, 1992 

FIG. 5. Influence de la concentration de succinirnide; (0) T = 
293 K, pH = 9,25, [Cl], = 3,35 X M; (a) T = 293 K ,  pH 
= 4,45, [Cl], = 6 x M. 

TABLEAU 1. Influence du pH sur les constantes de 
vitesse k,,, 

kcxp 
pH (lo3 M s )  Conditions operatoires 

T = 293 K 
[S], = 2,5 X 10-3 M 

= 3,35 x M 
X,,,,,, = 290 nrn 

T = 293 K 
IS], = M 
[CI], = 6 X M 
XmdY, = 235 nrn 

(P,) s- + Cl, 2 SCl + c1- 

Chloration en absence d'ions chlorures 
Seuls les Cquilibres [I] et []:I:] et les processus (P,), (P,), 

(P,), (P,) qui ne font pas intervenir d'ions chlorures sont 2 
considkrer. Les concentrations courantes globales des rkactifs 
sont donc donnCes par les relations : 

FIG. 6. Influence de la temperature : variation de ln(k,,,) en 
fonction de l/T, pH = 9,25; [S], = 2,5 X 10-3 M; [Cl], = 3,35 x 

M .  

FIG. 7. Influence de la concentration en ions chlomres; T = 
293 K; pH = 3,O; [S], = M; [Cl], = 6 X M. 

[S], = [SH] + [S-] + [SCl] 

Dans les conditions exp6rimentales du pseudo-premier ordre 
ou nous nous sommes placCs, la succinimide est en large 
excbs par rapport au chlore et nous pouvons donc nCgliger 
la concentration en N-chlorosuccinimide [SCl] devant la 
concentration en succinimide totale : 

[51 P I ,  = [SHI + [S-I 

Les concentrations de ces diffkrentes espbces peuvent &re 
exprimCes en fonction des constantes dlCquilibre K,  et K,, 
de leur coefficient dYactivitC y,, du pH, de [Cl], et [S],. 
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MATTE ET AL 

Ys-Yc10- 
v(P4) = k: - [S-][ClO-] 

Y4' 

SH 
Soit en rempla~ant les concentrations des espkces rkagissantes 
par les expressions donnees par les relations [6]-[9] : -- s- ky 
[ I l l  v(P,) = - (Hf)W[C1ll[S1, 

Y1+ 

k; 
[ 121 = - K,,w[c~ll[Sl, 

Y2+ 

ki 
[ 131 = - K,W[C~ll[Sll 

Y3+ 

k: KlKll 
I [ 141 UP,) = - - W[C~I,[SI, 
5 10 Y4* (H+) 

PH avec 

FIG. 8. Pourcentage molaire de succinimide sous forme de SH Ys-YCIO-YSHYHOCI 
et S- en fonction du pH i 293 K .  W =  

d93 
(H+) 

Ys-(Hf) 
[6] [SH] = - 

d 
[SI, 

Yclo-(H+) 
[8] [HOCI] = 

93 
[Cll, 

avec d = Y~-(H+)  + K,ysH et 93 = y c l o - ( ~ + )  + K,,yHoc,. Le 
dktail du calcul qui conduit aux relations [6]-[9] est donne 
en annexe 2. 

Si v(P,) est la participation de chacun des processus PI-P4 
8 la cinktique globale de la reaction de N-chloration, la vi- 
tesse peut s'exprimer par la relation : 

Pour un processus bimolCculaire en solution reelle (A + 
B % C' + C) ou C' est le complexe active du processus : 

YAYB 
v(Pi) = ky - [A:I [B] 

Ycf 

avec ky : constante de vitesse 8 dilution infinie. 
Nous obtenons alors pour chacun des processus : 

YSHYHOCI 
v(Pl) = ky - [SH] [HOCI] 

Y I +  

En admettant une forme approchee par la loi de Debye- 
Hiickel pour les coefficients des especes ioniques, W prend 
la forme : 

(avec ysH = YH0cl = 1 et y = ys- = yclo- = ~ o - o . ~ ~ ) ,  I etant 
la force ionique du milieu. 

En milieu acide (pH < 5), K, et K,, sont negligeables de- 
vant (H+) et l'expression de W se simplifie : W = 1 / ( ~ + ) .  
La vitesse globale de la rkaction s'exprime sous la forme : 

soit, d'aprks la relation [3] : 

Dans cette expression, nous avons regroup6 les termes cor- 
respondants aux processus en fonction de leur dependanc: 
vis-8-vis de l'activite du proton hydrate : PI; (P2,P3); P,. A 
l'interieur du couple (P2,P3), les deux complexes actives ont 
mCme charge et m2me composition, leurs coefficients d'ac- 
tivitk y,+ et y3+ varient donc de f a ~ o n  identique avec la force 
ionique. Comme le pH influence de la mCme maniere leur 
contribution 8 la vitesse globale de reaction, ces deux pro- 
cessus sont indiscernables. Nous avons dej8 rencontrk ce 
phenomkne d'indiscernabilite des processus pour la N- 
chloration d'amines secondaires (7) et de l'acide cyanurique 
(8). 

En milieu basique (pH > 1 I), (H+) devient negligeable 
devant les constantes K,, et K, et W prend la forme : 
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F I G .  9. Influence du pH sur k,,,; T = 293 K; pH < 5 : [S], = 
M, [Cl], = 6 x M; pH > 8 : [S], = 2,5 x M, [Cll, 

= 3,35 x M. 

Nous obtenons la m&me partition des processus PI;  (P2,P3); 
P4 vis-a-vis de l'influence de 1'activitC du proton hydrate 
qu'en milieu acide et l'indiscernabilitk des processus P2, P, ~ est conservte. ~ En Ctudiant la variation de la constante de vitesse kc,, 
determinee a partir des points expCrimentaux (tableau 1) en 
fonction du pH, nous observons, pour les pH inferieurs a 5 
et supCrieurs a 10, une variation linCaire de log(k,,,) avec le 
pH avec une pente voisine de + 1 (20 , l )  en milieu acide et 
de - 1 ('0,l) en milieu basique (figure 9). 

Ce rCsultat indique, d'aprks les relations [16] et [17], que 
seuls les processus P, ou P, interviennent dans la chloration 
de la succinimide en absence d'ions chlorures : 

P2 SH + C10- -+ SCl + OH- 

P3 S- + HOCl -+ SCl + OH- 

D'aprks les relations 11 21 et [ 131, la vitesse globale de la 
rtaction est alors donnCe par la relation : 

Les deux complexes actives ayant une charge globale de - 1, 
les coefficients dlactivitC y2+ et y,+ sont tgaux a y et 
l'expression de k,,, se simplifie : 

FIG.  10. kc,, en fonction de W'. 

W' = 
r(H+) 

[KI + ~(H+)I[KII  + y(H+)I 

avec 

La pente de la droite obtenue en portant les valeurs 
expCrimentales des constantes de vitesse kexp en fonction de 
W' (figure 10) nous permet de calculer, dans le cas lirnite ou 
l'un des processus devient prkpondkrant, la valeur thiorique 
maximale des constantes de vitesse ki et k: : si k i ~ , ,  > 
k : ~ , ,  ki = (1,6 2 0,3) X lo5 M-I s-I a 293 K; si k : ~ , ,  < 
k : ~ , ,  k: = (2,2 0,4) x lo7 M-I s-I a 293 K. Cette valeur 
de la constante de vitesse de la chloration de S- par HOCl 
est en accord avec celle dCterminCe en milieu acide par 
Hussain et Higuchi : k = 2,14 x lo7 M-' s-I ?I 298 K (1). 

La dktermination des constantes de vitesse expkrimentales 
obtenues ?I pH constant (pH = 9,25) a diffkrentes tem- 
pCratures (figure 6) a permis 1'Ctude de l'influence de ce 
paramCtre sur les constantes de vitesse k: et k: des deux pro- 
cessus P2 et P,. Le calcul du coefficient W dans la gamme 
de tempkrature CtudiCe a CtC fait en utilisant pour expression 
des constantes dlCquilibre K ,  et K,, les relations : 

Le logarithme des constantes de vitesse k: et k: en fonction 
de 1 /T est port6 par des droites (figure 11) dont les pentes 
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M A T E  ET AL. 

TABLEAU 2. Constante de vitesse, Cnergie d'activation, A H f  et A s f  des 
processus de chloration de la succinimide 

k:,,, E+ AH+ AS+ 
Processus ( M  s )  (kJ mol-I) (kl mol-I) (J K-' mol-I) 

FIG. 11. Influence de la tempkrature; (0) In k: en fonction de 
1 /T;  (0) In k: en fonction de 1 /T .  

doment les Cnergies d'activation des processus P, et P3 avec 
une precision de l'ordre de 20% : 

Le tableau 2 rksume les rCsultats obtenus pour les deux pro- 
cessus possibles de la N-chloration de la succinimide en ab- 
sence d'ions chlorures. Les valeurs des enthalpies et des en- 
tropies d'activation des deux processus ont CtC calcultes B 
partir des constantes de vitesse et des Cnergies d'activation 
dCterminCes prCcCdemrnent . 
Chloration en milieu acide en presence d'ions chlorures 

En milieu acide et en presence d'ions chlorures, les con- 
centrations en ions trichlorures C13- et surtout en chlore 
molCculaire C1, ne sont plus nkgligeables (figure 2). En plus 
des processus P, et P, indiscemables qui limitent la vitesse 
de rCaction globale en absence d'ions chlorures, nous de- 
vons considCrer les quatre processus P,-P, qui font inter- 
venir les espbces C13- et Cl,. 

Les Cquilibres [I]-[IV] nous permettent d'exprimer la 
concentration de chaque espbce rkagissante en fonction de 
la concentration en chlomre [Cl-1, des concentrations to- 
tales en succinimide [S], et en chlore libre [CI],, du pH et du 
coefficient d'activite y d'un ion de charge + 1. 

En tenant compte des approximations possibles en milieu 
acide (K, et K,, nCgligeables devant y(H+)), nous obtenons : 

[19] [SH] = [Sit = [Sit 
K1 + Y(H+) 

avec 9 = K,,, + y(H+)[Cl-1. Le dCtail du calcul conduisant 
B ces expressions des concentrations est donnC en annexe 3. 

A partir des relations [19]-[24] et en utilisant la loi limite 
de Debye-Hiickel pour expliciter les coefficients d'activitC, 
nous pouvons exprimer la participation de chacun des pro- 
cessus P,, P, et p,-P, i la cinCtique globale de la rCaction : 

YSHYCIO- 
v(P2) = k: ---- [SH] [ClO-] 

Y2+ 
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L'expression de la vitesse globale en prCsence d'ions chlo- 
mres devient alors : 

avec 

Soit d'apres la relation [3] 

Si nous nous pla~ons dans le cas ou le processus P3 est 
prCpondCrant devant P, (ce choix arbitraire ne limite pas la 
generalit6 du rCsultat puisque nous n'avons pu &valuer que 
la valeur thCorique maximale des constantes de vitesse @ et 
k; dans le cas ou le processus P, ou P3 est exclusif), nous 
aurons k! K, >> k: K, et k! KIKm vaut alors 1,44 X M' 
s-I. 

La rCaction [25] peut s'Ccrire : 

[26] Y - 1,44 x = k:y2(~+)2[~1-] 

avec Y = k,,,'?by(H+). Cette quantitC Y peut etre calculCe a 
partir des points exptrimentaux obtenus a pH constant (pH 
= 3) et pour des concentrations en chlomre variables. Nous 
constatons (figure 12) que c'est la proportionnalitC qui rend 
le mieux compte des variations de (Y - 1,44 x avec 
y[C1-] ou y2[~1-] ce qui Climine les processus P6 ou Pa. Ceci 
est d'autant plus vrai que [Cl-] est grand. 

La variation linCaire de Y en fonction de ~ ( H + ) [ c l - ]  (fi- 
gure 13) montre qu'en milieu acide et en prksence d'ions 
chlomres, le processus P, semble prCpondCrant et intervient 
parallklement au couple de processus (P,, P3) indiscerna- 
bles. Le processus P, correspond la chloration par le chlore 
molCculaire C12 de l'ion S- qui se trouve en tres faible 
quantitC dans ces conditions de pH. En admettant une vari- 
ation linCaire de Y en fonction de ~ (H+) [c l - ] ,  nous pou- 
vons estimer la valeur de la constante de vitesse k: du pro- 
cessus P, : k: = 1, l  x lo9 M-' s-' 21 293 K. 

Nous notons Cgalement que l'ordonnk a l'origine de cette 
droite qui reprCsente la quantitC ~~K,,K, ,  conduit a une val- 

FIG. 12. Variation de Y - ~;K,K,,, en fonction de y[Cl-] (0) et 
y2[C1-] (a); pH = 3,O; T = 293 K. 

FIG. 13. Variation de Y en fonction de y(H')[Cl-1. Ces rect- 
angles d'erreur sont calculCs en ne tenant compte que de l'incer- 
titude sur le pH (20,025). 

eur expkrimentale voisine de la valeur calculee a partir de la 
constante de vitesse k: dCterminCe par 1'Ctude en absence 
d'ions chlomres et justifie I'interprCtation de la courbe de la 
figure 13. 

Conclusion 

Cette Ctude par spectrophotomCtrie a tcoulement bloquC 
nous a permis de mettre en Cvidence que, en milieu acide 
c o m e  en milieu basique, la succinimide pouvait etre chlork 
soit sous sa forme acide SH par l'ion hypochlorite C10- soit 
sous sa forme basique S- par l'acide hypochloreux HOC1. 

C o m e  aucun paramktre cinCtique ne permet de distin- 
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MATTE ET AL. 97 

guer ces deux processus, la chloration de S- par HOCl 
pourrait Ctre la plus probable en supposant une attaque nu- 
clCophile de S- sur HOCl en tout point semblable au 
mecanisme cinttiquernent dCmontre en milieu acide : la 
chloration de S- par C12 : 

S- + HOCl+ SCl + OH- 

s- + Cl-Cl' SCl + c1- 

Le facteur 50 entre les valeurs de ky et k; laisse penser que 
la cinttique de chloration par HOCl n'est pas totalernent 
lirnitke par la diffusion. Les valeurs proches des coeffi- 
cients de diffusion de HOCl et C1, dans l'eau (Dcl, = 1,83 
m2 s-' et D , , ,  = 1,28 m2 s-' 298 K (8)) ne permettent pas 
d'expliquer 1'Ccart entre les constantes de vitesse dans l'hy- 
pothese de cinktiques limitCes uniquement par la diffusion. 
La mCme observation a CtC faite pour la N-chloration des 
amines en phase aqueuse (9). 
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Annexe 1 : Spectrophotometrie a ecoulement bloque. 
Exploitation des courbes cinetiques 

La cinttique de la N-chloration de la succinimide en phase 
aqueuse peut Ctre suivie en temps rCel par spectropho- 
tomCtrie Ccoulement bloquC en mesurant, en fonction du 
temps, la tension V sortant du photomultiplicateur, qui est 
directement proportionnelle a I'intensitC I de la lumikre 
transmise par la solution. La densit6 optique A est obtenue 
en utilisant la loi de Beer-Lambert : A = log I,/I, soit A = 
log V,/V, I, et V, ttant respectivement l'intensitt de la lu- 
mibre transmise et la tension 21 la sortie du photomultiplica- 
teur . 

I" cas : Re'action du pseudo-premier ordre. On suit au 
cours du temps la concentration de l'ion C10- 

Soit la rkaction de chloration d'un substrat S par l'ion C10- 
d'ordre 1 par rapport a C10- et d'ordre a par rapport a S : 

L'ion hypochlorite est de plus en Cquilibre avec l'acide hy- 
pochloreux HOCl % C10- + H+ avec la constante 
d'tquilibre K = [ClO-](H+)/[HCIO]. Cet tquilibre est trks 
rapide devant la rCaction de chloration de telle sorte que les 
espbces HOCl et C10- restent toujours en tquilibre entre 
elles. Si, a la longueur d'onde d'analyse, seules les espkces 
C10- et P absorbent la lurnibre, la densit6 optique est domke 
par la relation ; A = E, [ClO-] + e2 [PI, et E, Ctant re- 
spectivement les coefficients molaires d'extinction a cette 
longueur d'onde de C10- et de P. 

En designant par [Cl], la concentration en chlore libre to- 
tal (chlore non liC a un atome d'azote), [Cl], = [HOCl] + 
[ClO-] = [ClO-I(K + (H+))/K), la concentration totale de 
chlore [CI], devient : 

La densit6 optique de la solution prend alors la forme : 

E = - e2 - e2(H+)/K reste constant au cours de la kaction, 
les solutions ttant tamponnees. 

La concentration du rtactif S Ctant en large excks par rap- 
port a l'hypochlorite, ce dernier sera entikrement con- 
sommC a la fin de la rCaction et la densite optique la 
longueur d'onde d'analyse de la solution aprks rCaction 
devient : 

La rCaction Ctant d'ordre 1 par rapport a [ClO-1 et le rCactif 
S Ctant en large excbs par rapport 2 l'hypochlorite, on ob- 
tient - d[C10-]/dt = k[C10-1 avec k constante de vitesse 
du pseudo-premier ordre exprimCe en s-'. On en dtduit 
donc : 

- d(A - A,) - d[C10-] 
- -E - = k(A - A,) 

dt dt 

soit, aprks intkgration : 

Ainsi, si la concentration de depart du rtactif S est en large 
excbs par rapport a la concentration d'hypochlorite et que les 
rCsultats expCrimentaux vCrifient la relation In (A - A,) = 
kt + constante, on peut en dduire que la rCaction Ctudik est 
du pseudo-premier ordre et determiner la constante de vi- 
tesse apparente k. 

2' case : Re'action du deuxidme ordre. On suit au cours 
du temps l'apparition du produit forme' 

Dans ce cas, on fixe la longyeur d'onde de dttection au 
maximum d'absorption de P. A cette longueur d'onde, les 
espbces HOC1, ClO-, S ainsi que la solution tampon ab- 
sorbent partiellement. La densit6 optique s'exprirne alors par 
la relation : 

et e3 sont respectivement les coefficients d'extinction 
molaire de P et S a la longueur d'onde d'analyse, E, est un 
coefficient d'extinction molaire qui dCpend du pH et A, la 
densit6 optique due a la solution tampon. Ces deux derniers 
parambtres restent constants au cours de l'exfirience. Comme 
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[CI], = [CI], + [PI et [S], = TS] + [PI, [S], Ctant la concen- 
tration totale du reactif chlore ou non, on en deduit : 

La densite optique a l'instant initial est donnCe par : 

4 0 )  = €2[CllT + ~3[Sll + At 

Dans le cas ou la concentration initiale de rCactif [S], est 
superieure a la concentration initiale de chlore [Cl],, la den- 
sit6 optique de la solution a la fin de la rCaction A, est donnCe 
par la relation : 

Am = (€1 - E~)[C~]T + ~ ~ [ S I I  + A1 

et 

Am - A(0) = (€1 - €2 - E~)[CIIT 

donc 

dA - [A, - A(0)] dP 
- -  - 
dt [ClIT dt 

(dA /dl),=, (:),=, = [A, - A(0) [ClIT 

Pre'cision des re'sultats 
Pour les rCactions du pseudo-premier ordre, les cons- 

tantes de vitesse sont dCterminCes en mesurant la pente de 
la droite ln(A - A,) en fonction du temps par la mCthode des 
moindres cam&. On peut estirner l'incertitude relative sur la 
constante de vitesse a environ 10%. 

Pour les rCactions du deuxikme ordre, la constante de vi- 
tesse est calculCe a partir de la pente dA/dt au dCbut de la 
rCaction et des densitCs optiques A(0) et A, au dCbut et a la 
fin de la rkaction. La prCcision sur les constantes de vitesse 
ainsi dCterminCe est d'environ 20%. 

Annexe 2 
Les expressions des concentrations des diffkrentes e s e e s  

rkagissantes sont ttablies a partir d'une part des bilans en 
succinimide et en chlore libre total : 

[A 11 [Cl], = [ClO-1 + [HOCl] 

[A21 [Sll = is-I + [SHI 

et d'autre part des constantes des Cquilibres [I] et [11] : 

(H+)(ClO-) (H+)[ClO-l Yc,o- 
[A41 K11 = 

- - 
(HOCl) [HOCll YHW, 

Ces deux relations [A21 et [A31 foment un systkme de deux 
Cquations a deux inconnues [SH] et [S-] qui peut Etre rCsolu 
par exemple en exprimant [S-] en fonction de [SH] a partir 
de la relation [A3]. 

En remplasant [S-] par cette expression dans l'equation [A2], 
nous obtenons directement les relations [6] et [7]. De la m&me 
fason, les deux relations [8] et [9] sont deduites du systeme 
des deux Cquations [All et [A41 avec comme inconnues 
[ClO-] et [HOCl] . 

Annexe 3 
En presence d'ions chlorures et dans les conditions d'une 

cinCtique du pseudo-premier ordre (succinimide en large 
exces par rapport au chlore), les bilans en succinimide et en 
chlore libre total deviennent : 

1'451 [Sit = [SHI + is-I 

[A61 [Cl], = [ClO-I + [HOCI] + [Cl,] + [Cl,-] 

Ces concentrations sont likes entre elles par les lois d'action 
de masse des Cquilibres [I:]-[IV] : 

[A71 KI = 
(H+)[S-l 

y avec pK, = 9,7 1 a 293 K 
[SHI 

(H+)[C10-] 
[A81 KII = y avec pK,, = 7,58 a 293 K 

[HOCl] 

(H+)[Cl-] [HOCl] 
[A91 KIII = Y 

[Clzl 

avec pK,, = 3,48 2 293 K 

[A101 Klv = 
[C1,-I 

y avec pK,, = 0,74 a 298 K 
[Cl21 [cl-I 

Les deux Cquations [A51 et [A71 permettent facilement 
d'exprimer [SH] et [S-I en fonction de [S],. D'aprks [A51 : 
[S-] = [S], - [SH-] . En reportant cette expression dans [A7], 
nous obtenons : 

[SH] = 
y(H+) 

K, + ?(H+) IS], 

En milieu acide (pH < 3), K, devient nCgligeable devant 
y(H+) et [SHI = [Sit, [S-I == K1/y(H+)[Slt. 

A partir des trois lois d'action de masse [A8], [A9], [A101 
correspondant aux Cquilibres [III-[IV], nous pouvons ob- 
tenir par substitutions successives l'expression des concen- 
trations des especes chlorCes en fonction de [HOCl] : 
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MATTE ET AL 

Le bilan en chlore libre total [A61 s'Ccrit alors : tion en ions chlorures Ctudie, [KII/y(Hf)] et (KIv/KIII)y- 
(H+)[cI-]~ sont negligeables devant 1 + y(Hf)[C1-]/K,,,. 

[Cllt = [HOCl] 
K1v I + - y ( ~ + ) [ ~ l - ] '  
KIII En posant '3 = KIII + y(Hf)[C1-1, nous retrouvons l'kquation 

En milieu acide pH < 3 et dans le domaine de concentra- [2 11 et par dCductions successives, les relations [22]-[24]. 
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The role of coupling in intramolecular proton transfer reactions. The hydrogen 
oxalate anion as an example 

ENRIC BOSCH, MIQUEL MORENO, AND JOSE M A R ~ A  LLUCH' 

Departamerlt de Quimica, Univrr-sitat Autdnotna de Barcelona, 08193 Belloterra, Barcelona, Spain 
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ENRIC BOSCH, MIQUEL MORENO, and JOSE M A R ~ A  LLUCH. Can. J. Chem. 70, 100 (1992). 
Coupling between the proton motion and the internal degrees of freedom for intramolecular proton transfer in the hy- 

drogen oxalate anion has been studied. A normal mode analysis at a sequence of points along the Intrinsic Reaction Co- 
ordinate (IRC) has been performed and the coupling functions B,,, have been obtained. It is shown that, although for 
the reactant the IRC direction essentially consists of the motion of oxygen atoms, the coupling changes this IRC direc- 
tion towards the motion corresponding to proton transfer itself. From a quantum point of view, the curvature that ap- 
pears as a consequence allows comer-cutting tunneling. Finally, the effect of isotope substitution is considered. 

Key words: intramolecular proton transfer, coupling functions, IRC curvature, tunneling splitting, isotope substitu- 
tion. 

ENRIC BOSCH, MIQUEL MORENO et JOSE MAR~A LLUCH. Can. J.  Chem. 70, 100 (1992). 
On a CtudiC le couplage entre le mouvement du proton et les degres de IibertC interne du transfert protonique intra- 

molCculaire dans l'anion hydrogenoxalate. On a fait un analyse des modes propres de vibration sur une sequence de points 
de la coordonnCe rCactionnelle (CRI) et on a pu en tirt les fonctions de couplage B,,, . On a dCmontrC que, bien que la 
direction de la CRI dans le rCactif peut &tre dCcrite principalement par le mouvement des atomes d'oxygkne, le couplage 
change cette direction de la CRI vers le mouvement correspondant au transfert protonique lui-mCme. D'un point de vue 
quantique, la courbure qui apparait rend possible un effet tunnel qui coupe les coins. Enfin, on a considere I'effet de la 
substitution isotopique. 

Mots clPs : transfert protonique intramoleculaire, fonctions de couplage, courbure de la CRI, dedoublement provoquC 
par I'effet tunnel, substitution isotopique. 

[Traduit par la rCdaction] 

Introduction 

It is generally accepted that proton transfer reactions are 
among the simplest and most common reactions in chemis- 
try (1,2). Given that these processes primarily involve the 
motion of the transfemng hydrogen, some calculations have 
frozen the other geometrical parameters (3, 4). In other 
studies this important restriction has been partially lifted so 
that the distance between H-donor and H-acceptor atoms is 
fixed, all other geometrical parameters being fully opti- 
mized at each stage of the proton transfer (5-7). 

Over the past few years several authors have claimed that 
the proton motion is strongly coupled to intramolecular vi- 
brational modes in the reaction system (8-18). In particu- 
lar, we have shown that to have a reliable evaluation of the 
tunneling dynamics for intramolecular proton transfer in the 
hydrogen oxalate anion (HX), a bidimensional surface that 
takes into account the coupling between the proton transfer 
motion and the vibrations of the heavy atoms through a 
quadratic term must be considered. This quadratic term acts 
as a bath, which averages the effect of all the vibrational 
modes coupled to the system (proton transfer) motion (18). 

The purpose of the present paper is to take the intra- 
molecular proton transfer of HX as an example for discuss- 
ing the importance and the nature of the coupling between 
the proton motion and the internal degrees of freedom. To 
this aim we will perform a quantitative analysis of the cou- 

- 

c-c - C - C  
4 \\ 

0 0 0 4 No 

Methodology 
Ab initio self-consistent field (SCF) calculations were 

carried out with the Gaussian 86 series of programs (19), 
using the triply split valence basis set 3-21 + G (20, 21), 
which contains a diffuse sp shell on atoms other than hydro- 
gen. 

All geometrical parameters were completely optimized. 
Geometry optimization and direct location of minima and the 
transition state were carried out with the Schlegel gradient 
optimization algorithm (22). 

We have constructed the Intrinsic Reaction Coordinate 
(IRC) (23-25). The IRC is a line in mass-weighted config- 
uration space whose coordinates x are given parametrically 
in terms of the arc length s defined by 

/ 3 N  \ I / ?  

pling that explicitly characterizes the interaction between the 
where x is a column vector whose components are the 3N proton transfer motion and each of the vibrational modes. 
mass-weighted Cartesian coordinates. The IRC is the solu- 

This study will be done in the full potential hypersurface by tion of the differential equation: 
calculating the coupling functions Bk,F.  

dr - vv 
[2] - - - - 

'Author to whom correspondence may be addressed. ds IVV~ 
Rinled in Canada 1 lmprime au Canada 
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BOSCH ET AL 

where V is the N-dimensional gradient operator in mass- 
weighted coordinates and V is the Born-Oppenheimer po- 
tential energy. 

A normal mode analysis at a sequence of points along the 
IRC has been performed. Second energy derivatives with 
respect to the Cartesian coordinates were computed analyt- 
ically (26). At a given point of the reaction coordinate we 
evaluate: 

where K is the 3N x 3N Hessian matrix and P is a projec- 
tor, a 3N x 3N matrix, whose elements are given by 

3N 

[41 P i . y , i , . y , =  C Li,y.~.Li..y'.i  

k = 3 N - 6  

Here i = 1, . . . N labels the atoms and y = x, y ,  z the 
Cartesian coordinates. The quantities {Li,y,k);  k = 3N - 6,  
. . ., 3N - 1 are the six 3N-dimensional unit vectors that 
correspond to infinitesimal rotation and translations of the 
N-atom system, and L,,y,3N is the unit vector along the reac- 
tion coordinate defined in eq. [2]. Thus, not only the direc- 
tion of the reaction path but the direction corresponding to 
infinitesimal rotations and translations is projected out. An 
explicit expression of the L vectors has been given by Miller 
et al. (27). 

Diagonalization of the projected Hessian matrix K" was 
finally done in order to obtain the normal modes along the 
IRC. Note that for stationary points projections are not re- 
quired. 

In symmetrical double-well potentials the stationary states 
with energies less than the barrier height occur in nearly de- 
generate pairs consisting of a symmetric state and a higher 
energy antisymmetric state. The tunneling rate k is directly 
related to the energy splitting hE by (28) 

For a unidimensional path this tunneling splitting is given in 
the semiclassical WKB (29) approximation by 

where v is the vibrational frequency in the well and 0 is the 
classical action integral through the barrier defined by 

where s< and s> are the initial and end points of the tun- 
neling path. We note that since we use mass-weighted 
Cartesian coordinates, the mass rn in eq. [ l ]  must be a unit 
mass. To  evaluate the tunneling feasibility the 0 values at 
selected points along the IRC have been calculated using eq. 
171. 

Finally the isotope effect coming from the substitution of 
the transfemng proton by a deuterium has been studied using 
a basis set method (30). In particular we have taken a basis 
set xi where the basis functions xi are localized Gaussian 
functions: 

FIG. 1. Normal mode v ,  of A '  symmetry at the hydrogen oxa- 
late minimum in mass-weighted Cartesian coordinates. 

FIG. 2. Normal mode v, of A'  symmetry at the hydrogen oxa- 
late minimum in mass-weighted Cartesian coordinates. 

where a is an adjustable parameter and si values are equally 
spaced points along the s coordinate. A variational calcula- 
tion using n localized Gaussian functions provides the low- 
est n eigenvalues and eigenfunctions of the one-dimensional 
system. The tunneling splitting hE can thereby be obtained. 
The adjustable parameter a is chosen to provide a balance 
of linear independence and completeness of the basis set. We 
have used 41 Gaussian functions for all the calculations. 

Results and discussion 

A chemical reaction involves a nuclear reorganization in 
going from reactants to products. In fact, only motions that 
strictly come from the geometric difference between reac- 
tant and product should be required. These motions would 
lead from reactants to products through the shortest path, a 
straight path known as the Linear Reaction Path (LRP) (1 1). 
For the proton transfer reaction in HX, the dominant com- 
ponent of this coordinate is the displacement of the transfer- 
ring H. 

A normal mode analysis of the reactant (HX) shows that 
the LRP arises mainly from the superposition of two modes 
displayed in Figs. 1 and 2. Note that the arrows indicate the 
direction of the atomic motion in mass-weighted Cartesian 
coordinates. Taking into account only the normal modes 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



102 CAN. J.  CHEM. VOL. 70, 1992 

corresponding to the C, symmetry we can classify these 
modes in decreasing order of frequencies as the first and 
fourth. 

Nevertheless the high values of the frequencies associ- 
ated with these two modes v, = 3639 and v, = 1418 cm-I 
suggest that motion along the LRP should require passage 
over a sizeable barrier. In fact an ab initio calculation pro- 
vides a value of 21.24 kcal mol-' for this barrier. 

Therefore from a classical point of view it is clear that the 
reaction cannot proceed along the LRP. Instead, a structure 
of lower energy has to exist that fulfills the four conditions 
of a transition state as stated by McIver and Komornicki (31). 
In fact, when this transition state is located it is seen that an 
energy barrier of only 8.34 kcal mol-I is imposed (17). From 
this transition state the IRC can be built as the steepest de- 
scent path that can go either way, to reactants or products. 
Its initial direction at the transition state is given by the nor- 
mal mode of the imaginary frequency. Assuming the har- 
monic approximation, we choose the initial step size As 
that produces the appropriate energy lowering k ( A ~ ) ~ / 2 ,  
where k is the negative force constant associated with the 
imaginary frequency. Then the IRC is followed, taking very 
small steps in-the direction of the negative gradient, which 
is equivalent to the Euler method. An initial energy lower- 
ing of 0.00050 hartrees and successive steps of As = 

0.0265 amulI2 A have been used (17). The IRC ends up at 
the normal mode of the lower frequency (of the appropriate 
symmetry) (32). 

Therefore, in contrast with the LRP, going from reac- 
tants to products through the transition state by following the 
IRC implies a distortion of the geometry of the reactant so 
that an approach to the geometry of the product is not ini- 
tially provided, but a path with the lowest energy barrier is 
allowed. 

Figure 3 shows the IRC direction for selected pointsoalong 
the IRC. In the reactant well (s = -1.08 amulI2 A) the 
IRC follows the direction of the lowest normal mode at 
the geometry of the minimum whose frequency is v,, = 
320 cm-I. This low value clearly indicates a slow energy 
climbing. At this point the IRC essentially consists of the 
motion of oxygen atoms, the transferring hydrogen remain- 
ing attached to the donor oxygen. 

In Fig. 4 we display the direction of the straight paths that 
depart from selected points along the IRC. Each straight path 
joins two points of the IRC with arc length values of -s and 
+ s  respectively. The path is defined by linear interpolation 
between both extremes in mass-weighted Cartesian coordi- 
nates. That is: 

where: 

where y-, and y, are the 3N mass-weighted Cartesian coor- 
dinates of the atoms for the geometries corresponding to -s 
and + s  values of the IRC respectively, v is the distance along 
the straight path, and y(v) the corresponding Cartesian co- 
ordinates along this path. Note that v varies from -Av/2 to 
+Av/2. When the straight path links reactant and product 
the LRP is obtained. 

IRC 

FIG. 3. Snapshots showing the direction in mass-weighted 
Cartesian coordinates of the IRC for hydrogen oxalate proton 
transfer at selected points. 

To fulfill the requirement that any straight path have no 
linear nor angular momentum, the following conditions along 
this path Ri are imposed: 

where the prime denotes (d/dv). The first condition is sat- 
isfied by imposing the condition that the center of mass is 
always at the origin. The condition that angular momentum 
remain zero is satisfied by orienting the product axis system 
in precisely the correct way with respect to that of the reac- 
tant. 
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BOSCH ET AL 

STRAIGHT PATHS 

FIG. 5.  Absolute value of coupling functions Bl,, (solid line) and 
Bj,, (dashed line) along the IRC. 

where L,,, and L,,, are, respectively, the ith Cartesian com- 
ponent of the kth eigenvector of the projected force constant 
matrix and that of the reaction coordinate direction as a 
function of s.  In practice the coupling elements are obtained 
via a finite difference approximation: 

I 

FIG. 4. Snapshots showing the direction in mass-weighted 
Cartesian coordinates of the straight paths that depart from se- 

1 lected points of the IRC. 
I 

In Fig. 4 it is shown that, as the reaction proceeds, the 
direction of the IRC changes, so that it progressively be- 
comes the direction corresponding to the straight path. This 
point becomes clear when the snapshots depicted in Figs. 3 
and 4 are compared. This way the transition vector entirely 

, corresponds to the proton transfer, the other atoms remain- 
1 ing fixed. 
I The evolution of the IRC direction is the result of the 
I coupling with the rest of the normal modes and, in particu- 

lar, with modes 1 and 4. Quantitatively this coupling can be 
analyzed using the coupling functions B,, that characterize 
the interaction between the kth vibrational generalized nor- 
mal mode and the reaction coordinate F. The BkXF terms are 
given by 

The coupling functions B,, and B,,, are shown in 
Fig. 5. Both display two significant peaks at about s = 
k0 .25  amu112 A. The variation of the adiabatic projected 
harmonic frequencies corresponding to the A' symmetry along 
the IRC is shown in Fig. 6. The important change of the 1 
and 4 frequencies around s = k0.25 amu112 A reflects the 
significant coupling of the corresponding modes with the 
reaction path. 

This coupling is required to cause deviation of the IRC 
direction towards the motion corresponding to proton trans- 
fer itself. An important curvature appears as a conse- 
quence. This curvature of the reaction path is defined as 

and has been represented by a solid line in Fig. 7. 
It can be observed that two sharp peaks symmetrically 

appear, one before and one after the saddle point (s  = 
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FIG. 6. Projected harmonic frequencies (in cm-I) of the A '  
symmetry along the IRC. 

0 amu"' A). These peaks are mostly due to the contribution 
of the coupling with modes 1 and 4. 

From a quantum point of view the IRC curvature has the 

FIG. 7. Total curvature ~ ( s )  for hydrogen oxalate HX (solid line) 
and deuterated hydrogen oxalate DX (dashed line) anions along the 
IRC. 

TABLE 1. Parameters that control the 
tunneling at selected points of the IRC 

(see text for details) 

"In amu'I2 A.  
degrees. 

'In kcal mol-I. 

effect of allowing comer-cutting tunneling, thereby increas- 
ing the probability of tunneling. If only the height of the 
barrier is considered, the more appropriate tunneling path 
would be the IRC as this path implies the lowest value for 
such a barrier. However, when the curvature is large a straight 
line involves a shorter path that can compensate for the en- 
ergy factor. To analyze this point, we have calculated sev- 
eral parameters at selected points along the IRC. We pres- 
ent these parameters in Table 1. 

In this table a stands for the angle obtained from the sca- 
lar product between the unitary vectors that define the IRC 
and the straight paths, respectively. As the IRC deviates more 
with respect to the straight paths, a higher value of a is ob- 
tained. A1 measures at each point the length difference be- 
tween the IRC and its corresponding straight path. AB ac- 
counts for the difference of energy barriers between both 
paths. Finally, following eq. [7], these last two factors de- 
termine the value of AB, the difference between the classi- 
cal action integral through the baniers. 
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TABLE 2. Tunneling 
splittings" along the IRC 
and LRP for HX and DX 

Path hED 

IRC HX 2.72(-3) 
DX 2.75(-4) 

LRP HX 7.27(-3) 
DX 2.58(-4) 

"Power of 10 in parentheses 
''In cm-'. 

In going from the transition state down to reactants the - - 

curvature tends to increase the value of the angle a. Then as 
the IRC deviates from the straight path, its length becomes 
progressively longer than the corresponding straight path. 
Table 1 shows that this last factor favors the tunneling through 
the straight path more and more, in spite of the fact that the 
barrier differences AB evolve unfavorably. Therefore, the 
LRP is a more feasible wav to reach the ~ roduc t  than the LRC 
when the quantum tunneling effect is accounted for. 

The above-mentioned considerations can be useful in 
interpreting certain chemical phenomena. In particular it 
seems that in enzyme catalysis and protein chemistry the re- 
duction of the distance between the proton-donor and the 
proton-acceptor atoms facilitates the proton transfer (33, 34). 
In fact, the effect of this "close packing" is equivalent to 
pushing the reactant system along the initial stage of the R C ,  
which. as mentioned above. essentiallv consists of the mo- 
tion of the donor and acceptor atoms. Therefore from a 
classical point of view the energy barrier is lowered. In ad- 
dition, from a quantum point of view the lengths of both the 
IRC and the straight paths are shortened in such a way that 
the proton tunneling is favored. 

Another interesting problem is the isotope effect. When 
the transfening proton is substituted by a deuterium the R C  
curvature is noticeably reduced as shown in the dashed curve 
in Fig. 7. This effect is reflected in Table 2 where the tun- 
neling splittings for HX and DX (deuterated hydrogen oxa- 
late anion) along the IRC and the LRP are shown. 

A clear difference comes to light when looking at Table 
2: whereas in the H X  the splitting is clearly higher along the 
LRP (18), in the DX both paths lead to almost the same 
splitting values. On the other hand it is interesting to note that 
this unidimensional approach, although it underestimates the 
splitting, already shows that the tunneling frequency for HX 
is an order of magnitude greater than for DX. 

Concluding remarks 

From the results obtained in this work the following pic- 
ture can be developed for intramolecular proton transfer in 
the hydrogen oxalate anion. 

T o  achieve the minimum energy path the IRC is initiated 
with a direction in which the contribution of the hydrogen 
motion is very small. The coupling between the reaction path 
and the normal modes orthogonal to this path produces a 
progressive change in the direction of the IRC, the proton 
transfer itself taking place at the end of this path. This cou- 
pling leads to a curvature, so that from a quantum point of 
view the tunneling dynamics do not follow the IRC, allow- 

ing the tunneling path to cut the comer. When the transfer- 
ring hydrogen is substituted by deuterium the curvature de- 
creases so that this corner-cutting effect is diminished. 

A final remark is that any feasible tunneling path not only 
involves the proton motion but other atom motions that come 
from the geometric difference of reactant and product. As a 
consequence the path in mass-weighted Cartesian coordi- 
nates becomes longer and the tunneling rate decreases. 

W e  believe these features are general for a wide range of 
intramolecular proton transfers in chemical and biochemi- 
cal systems. 
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Copper(1)-catalyzed cross-dehydrocoupling reactions of silanes and amines 
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H. Q. LIU and J. F. HARROD. Can. J. Chem. 70, 107 (1992). 
In the presence of cuprous chloride, hydrosilanes and primary amines react to give silazanes. Methylphenylsilane reacts 

with (R)-(+)-a-methylbenzylamine to give the two diastereomeric monosilazanes as the only products. Aniline and 
benzylamine react with methylphenyl- and diphenylsilanes to give primarily the monosilazane, disilazane, or diazasi- 
lane as the main product, depending on the reactant ratios. Phenylsilane gives higher oligomers with aniline, mainly the 
trisilatriazane and trisiladiazanes, but no high molecular weight material. 

Key words: silanes, amines, silazanes, cuprous chloride, dehydrocoupling, catalysis. 

H. Q. Lru et J. F. HARROD. Can. J. Chem. 70, 107 (1992). 
En presence de chlorure cuivreux, les hydrosilanes et les amines primaires reagissent pour donner des silazanes. Le 

methylphknylsilane rkagit avec la (R)-(+)-a-mtthylbenzylarnine pour donner uniquement les deux monosilazanes 
diastkrkoisomkres. L'aniline et la benzylamine rkagissent avec les mkthylphknyl- et diphknylsilanes et, suivant les rap- 
port des rkactifs, il se forme surtout des monosilazanes, des disilazanes ou des diazasilanes comme produits principaux. 
La rkaction du phknylsilane avec l'aniline conduit a la formation d'oligomkres, principalement le trisilatriazane et les 
trisiladiazanes; toutefois, i l  ne se forme pas de produits de poids moltculaires ClevCs. 

Mots cle's : silanes, amines, silazanes, chlorure cuivreux, couplage dkshydrogknant, catalyse. 
[Traduit par la redaction] 

Introduction amine and leads to the formation of HPhMeSiNHBz, 3, 

The potential use of polysilazanes as precursors to Si,N, 
has stimulated the search for new methods for their synthe- 
sis (for general reviews, see ref. 1). Dehydrocoupling of 
silanes with amines is an attractive reaction, producing a 
relatively benign and light by-product, hydrogen. In gen- 
eral, the uncatalyzed reaction is too slow to be useful under 
any reasonable reaction conditions and hence requires catal- 
ysis. Strong bases are effective catalysts in certain cases (2, 
3). In addition, a few transition metal catalysts have been 
found to work for the catalytic dehydrocoupling of silanes 
and primary or secondary amines. The most reactive cata- 
lysts are Ru,(CO),,, developed by Laine and co-workers (4- 
8), and PdCl,, studied by Kinsley (9). 

During our investigation of the dehydrocoupling reaction 
between silanes and acetylenic compounds, in the presence 
of an amine/copper(I) chloride catalyst ( lo) ,  it was found 
that, besides the dehydrocoupling reaction of the silane with 
the acetylene, a dehydrocoupling reaction between silane and 
amine could also take place. This was particularly apparent 
when we tried to influence the stereochemical outcome of 
certain acetylene reactions through the use of a chiral sec- 
ondary amine. We report here our ensuing investigation of 
copper(1) as a catalyst for the coupling of a variety of or- 
ganosilanes and amines. 

Results and discussion 

In the presence of copper(1) chloride, the reaction of 
phenylmethylsilane and (R)-(+)-a-methylbenzylamine leads 
to the formation of the silazane in very good yield. In a typ- 
ical reaction (mole ratio of silane : amine : CuC1 = 1 : 1 : 0.067) 
after 2 1 h at 100°C an 84% conversion to a mixture of the 
two diastereoisomers, 1 and 2 was obtained (roughly 1 : 1 ratio 
by NMR integration of Si-H resonances at 8 = 4.96 and 
5.01). In the absence of catalyst, there was no detectable 
reaction under these conditions. 

The reaction of phenylmethylsilane with benzylamine 
proceeds in essentially the same way as a-methylbenzyl- 

PhMeHSiN(Bz)SiHPhMe, 4, and BzNHSi(PhMe)NHBz, 5, 
in ratios depending on the initial molar ratio of silane to 
arnine. With an equimolar ratio, the major product is 3; with 
a molar ratio of 2 :  1 ,  after extended reaction time, 4 is the 
only product, and with a molar ratio 1 : 2, and long reaction 
time, 5 is obtained in high yield (Table 1). The results from 
the reactions of equimolar amine and silane clearly show that 
the residual NH of 3 has a higher reactivity with methylphe- 
nylsilane than does the residual SiH of 3 with benzylamine. 
This effect allows the production of 4 in near quantitative 
yields if the reaction is run in the presence of a considerable 
excess of silane. On the other hand, the low reactivity of the 
residual SiH of 3 allows the clear demonstration of a step- 
wise passage from silazane to diazasilane when the reaction 
is run in the presence of excess amine. Again, there is es- 
sentially no reaction in the absence of catalyst. 

From Table 1, for the reactions with equirnolar silane and 
amine, changes in reaction temperature or catalyst ratio do 
not have a significant effect on the formation of 5 .  In addi- 
tion, with a molar ratio of silane to amine of 1 :2 ,  the reac- 
tion took 3 days for complete conversion to 5,  while under 
otherwise similar conditions, the 2 :  1 molar ratio reaction, 
which yields mostly 4, was complete in 21 h. It thus ap- 
pears that the very low reactivity of the trisubstituted SiH 
intermediate with another NH bond is the major rate limit- 
ing factor, and the one which accounts for the failure of this 
combination of reactants to give polymers, or higher oligo- 
mers. 

The reaction of diphenylsilane and benzylamine is simi- 
lar to that of phenylmethylsilane and benzylamine. In tol- 
uene at reflux, the product is mainly Ph,HSiNHBz, 6 ,  in the 
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TABLE 1 .  Dehydrocoupling reactions of phenylmethylsilane and benzylamine 

Main productsb 
[Amine]" 

M 

- 

0.26 
(TMEDA) 

1.75 
(BuJ'U 

0.33 
(Bu,N) 

"Tertiary amine added as cocatalyst had little or no effect. 
T h e  percentages are based on the conversion of phenylmethylsilane. The difference from 100% 

is due to unreacted silane. 
'After 21 h, 4 is the only coupling product. 

TABLE 2. Evolution of the coupling reaction 
between diphenylsilane and benzylamine" 

The reaction mechanism 
The most probable mechanism for the CuC1-catalyzed 

cross-coupling of Si-H and N-H is a u-bond metathesis in- 
volving a four center intermediate of the type: Composition of 

product (M%) 
Conversion of 

t (h) Ph,SiH,(M%) 6 7 8 

5 60 94 3 3 
17 83 71 18 11 
24 86 59 26 15 

"[Ph,SiH,] = [PhCH,NHZ] = 1.94 M; [CuCl] = 
[TMEDA] = 0.43 M; solvent: toluene; T: reflux. 

This type of intermediate is highly congested and analogous 
cr-bond metatheses also exhibit the kind of sensitivity to steric 
effects manifest in the present reactions (1 1). Although the 
above reaction is believed to be the productive step in de- 
hydrocoupling, a number of other metatheses are probably 
occurring in the system as well, those shown in reactions [I]- 
[4] being of some possible importance. fmt stage. Subsequently, the remaining monomers react with 

6 to form Ph,HSiN(Bz)SiHPh,, 7, and BzHNSiPh2NHBz, 
8, (see Table 2). From the evolution of these reactions, it is 
again evident that the secondary silanes are much more re- 
active than the tertiary ones resulting from the coupling re- 
action, and the reactant primary amine is more reactive than 
the secondary one produced by the coupling reaction. 

The above results indicate that high coupling reactivity 
requires a minimum of substitution on both the silane and the 
amine. This expectation is to some degree borne out by the 
results for reactions of phenylsilane with benzylamine and 
aniline. These reactions lead, in addition to the silazanes and 
disilazanes, to oligomers of somewhat higher molecular 
weight than are achievable with the secondary silanes. As is 
evident from the results listed in Table 3, the trisilatriazane, 
9, and trisiladiazane, 10, can be the major products under 

[I] R,R,R,SiH + CuCl+RlR2R,SiC1 + CuH 

[2] RNH, + CuH + RNHCu + H, 

[3] RIR2R,SiH + CuH + RlR2R3SiCu + H, 

[4] R,R,R,SiCu + RNH, + CuH + R,R,R,SiNHR 

Reaction [I.] is known (12). We have established that pre- 
prepared CuH functions identically to CuCl as a catalyst and 
liberates hydrogen when heated with amines. We presently 
prefer [2] as the Hz-releasing step, although [3] cannot be 
excluded on the basis of presently available data. Silyl 
complexes of Cu(1) are known ( 13), but thermodynamics 
would appear to favour [2] over [4]. 

appropriate reaction conditions. It should be noted, how- 
ever, that very high CuCl concentrations are needed to pro- 
duce higher oligomers. Using an equimolar mixture of 
reactants at 1 10°C, a near quantitative conversion of phe- 
nylsilane and aniline to 1,2-diphenylsilazane was achieved 
in 1 h, a rate that is not significantly different from the rates 
of silazane formation from the secondary silanes. One can 
therefore conclude that there is not a significant difference 
in reactivity between primary and secondary silanes, with 
respect to formation of the first SiN bond (see Table 4). 
However, the RSiH,-N species retain sufficient reactivity to 
couple further with arnine, while the R,SiH-N species do not. 

Conclusions 

The CuC1-catalyzed coupling of silanes and amines pro- 
vides a useful new route to the formation of Si-N bonds. 
Although this method works well for the synthesis of sim- 
ple molecules, the activity is not high enough to permit the 
synthesis of high molecular weight polysilazanes. Given the 
reactivity patterns observed in the present study, it seems 
unlikely that copper-based catalysts will prove useful for 
polymer synthesis. However, the cost factor, relative to noble 
metal catalysts, certainly favours their use for the synthesis 
of simple silazanes. 
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TABLE 3. Dehydrocoupling polymerization of phenylsilane with anilinea 

[PhSiH3] [PhNH,] [Bu3N] CuCl T~ t 
(M) (M) (M) (M) Solvent ("C) (h) Product (mw') 

4.6 4.6 - 0.29 - 110 1 Silazane 
1.4 1.4 - 0.7 Bu3N 110 5 

150 15 Oligomer (395, 473)d 
1.9 1.9 0.48 0.48 Xylene 100 18 

145 7 Oligomer (248) 
1.2 1.2 0.6 0.6 Xylene 145 17 Oligomer (393)' 

"The conversions, based on silane consumption, for these polymerizations were in the range of 70-90%. 
bWhere two temperatures are cited, the reaction was run in two stages, for the times and temperatures 

indicated. 
'Molecular weights determined by GPC against polystyrene standards. 

this case, the reaction product separated into two liquid phases on cooling to room temperature. The 
denser, more viscous phase gave a molecular weight of 473 by GPC analysis and the second phase, after 
evaporating the volatiles, gave a molecular weight of 395. 

'The oligomers obtained from this reaction were analyzed by MS and the results indicate the presence 
of the following ions: m/z  (abundance): 592(28) for [H(PhSiHNPh),]', 577(100) for [H(PhSiHNPh),SiPh,]', 
and 501(25) for [H(PhSiHNPh),SiPhH]'. 

TABLE 4. Comparison study of the coupling reaction of of polymers were measured on a Varian 5000 gel permeation 
phenylsilane and phenylmethylsilane with benzylamine or aniline chromatograph, equipped with a Waters Ultrastyragel 1000 A col- 

( t  = 1 h) umn at 35°C. The carrier solvent was chloroform for the oligo- 
mers of phenylsilane with aniline, or benzylamine, and tetrahy- 

CuCl T Conversion" drofuran for the products of the diphenyl- and phenylmethylsilane 
Silane (M) Amine (M) (M) ("C) (%) reactions. Polystyrene standards were used for calibration. 

PhSiH,(4.3) BzNH2(4.3) 0.27 110 68 
PhSiH,(4.6) PhNH2(4.6) 0.29 110 90 
PhMeSiH2(4.0) BzNH2(4.0) 0.26 105 100 
PhMeSiH,(4.4) PhNH,(4.4) 0.28 105 100 

80 55 
50 29 

"Based on silanes. 

Experimental 
Materials and analytical methods 

Phenylsilane, phenylmethylsilane, and diphenylsilane were 
prepared using a literature method (14). Benzylamine, aniline, 
butylamine, TMED, tributylamine, and (R)-(+)-a-methylbenzyl- 
amine (Aldrich Chemical Co.) were distilled from dry NaOH pel- 
lets immediately prior to use. CuCl (Anachemia) was used as 
received. CuH was prepared using a literature method (15). Tetra- 
hydrofuran, toluene, and xylene were distilled from sodium. 

'H NMR spectra were recorded on a Varian XL-200m spec- 
trometer. Mass spectra were measured on a HP-5980A mass spec- 
trometer using chemical ionization (NH,). The molecular weights 

Reactions of diphenyl- and phenylrnethylsilane with (R)-(+)-a- 
methylbenzylarnine, aniline, and benzylarnine 

The reactions reported in Tables 1 and 2 were run by mixing 
reactants, catalyst, and (in the case of Table 2) solvent in a round 
bottomed flask and heating for the required length of time under 
an atmosphere of argon. On completion of the reactions, catalyst 
was removed by precipitation on cooling to room temperature, 
followed by filtration. Volatiles were removed by pumping and the 
residues were analyzed by a combination of GC/MS, 'H NMR, and 
GPC. The products 4 and 5 were separated by vacuum distillation 
(135-140°C and 155- 160°C at 0.01 Tom (133.3 Pa)). Some NMR 
and MS data for the products are listed in Table 5.  

Copolymerization of phenylsilane and aniline 
Phenylsilane (1 mL), aniline (0.73 mL), CuCl (400 mg), and 

xylene (4 mL) were introduced into an evacuated flask, equipped 
with a condenser and a gas inlet. The mixture was heated at reflux 
under nitrogen for 20 h. After cooling to room temperature to pre- 
cipitate the catalyst, the liquid layer was decanted into a Schlenk 
tube and the volatiles were distilled off under vacuum at 100°C to 
give a very viscous yellow-orange gum (1.2 g, yield: 70%). The 
progress of the reaction was monitored by periodic sampling and 

TABLE 5. 'H NMR and MS data of selected coupling productsa 

Compounds GSi-H GSi-CH, GCHz FN-H M'(abundance) 

"s: singlet; d: doublet; t: triplet; q: quartet; m: multiplet. 
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following the disappearance of the Si-H resonance at 4.6 ppm by 
'H NMR. 
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A MNDO study of planar thioacyl-substituted carbocations 
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(1992). 

Relative gas phase stabilities of pairs of planar regioisomeric thioacyl-substituted carbocations have been calculated 
using the MNDO method. These systems are stabilized by good T donors. The role of S T-electron population as a gauge 
of substituent effects is examined. Similar results were obtained using isodesmic reactions to gauge substituent effects. 
Results of this and earlier studies are consistent with the resonance saturation effect. 

Key words: semiempirical calculations, carbonium ions. 

JACK LEON GINSBURG, RICHARD FRANCIS LANGLER, RAJ KUMAR RAHEJA et LAURA PRECEDO. Can. J .  Chem. 70, 11 1 
(1992). 

Utilisant la mCthode MNDO, on a calcule les stabilitks relatives en phase gazeuse de paires de carbocations thio- 
acyles substituks, rkgio-isomeres et plans. Ces systkmes sont stabilisks par de bons donneurs d'klectrons T. On a kvaluk 
le r61e de la population S d'klectrons T comme mesure des effets de substituants. On a obtenu des rksultats semblables 
lorsqu'on a utilisk des rkactions isodesmiques comme mesure des effets de substituants. Ces rksultats et ceux obtenus 
au cours d'ktudes antCrieures sont en accord avec un effet de saturation par rksonance. 

Mots clPs : calculs semi-empiriques, carbocations. 
[Traduit par la rkdaction] 

Introduction 
The last decade has seen a burgeoning interest in the 

structures of carbocations which have strongly electron- 
withdrawing groups directly attached to the cationic center 
(la-f) (e.g., NO,, CF3, CN, and CO). Of course, stabi- 
lized carbocations have also been examined in detail (lg-0). 

We have undertaken a computational study of thioacyl- 
substituted carbonium ions 1 (Z = H) in order to (i) explore 
the relationship between the carbonyl and thiocarbonyl sys- 
tems and (ii) to examine substituent effects in structures which 
are related to the thionium ions we have described previ- 
ously (2). 

' ~ u t h o r  to whom correspondence may be addressed. 
'~evis ion received August 23, 1991. 
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While this study was in progress, Lien and Hopkinson (3) 
reported computational studies that included thioacyl-sub- 
stituted carbonium ions 2 (W = H or NH,). 

Their results permitted a convenient comparison of our 
MNDO results with high level ab initio calculations (6-3 lG*) 
and induced us to focus more on our second objective to 
avoid redundancy. 

An examination of the isodesmic reaction [ l ]  by MNDO 
furnished a AmH, of 21 kcal/mol, indicating more facile 
formation of the thioaldehyde cation. 
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Lien and Hopkinson (3) found a A M ,  of 26 kcal/mol at the 
6-3 lG* level. 

Furthermore, the MNDO description of the oxycation 3 
shows it to have a modest negative charge on oxygen, sug- 
gesting that 4 is not a significant resonance contributor. 

+ 

However, the MNDO picture of 2 (W = H) indicates sub- 
stantial positive charge on sulfur, suggesting that 5 is an 
important contributor for 2 (W = H). 

+ 
: s: 
I - 

MNDO calculated CC bond lengths and T bond orders are 
in accord with these conclusions. Given the agreement be- 
tween our MNDO results and the ab initio results on these 
acyl and thioacyl systems, we concluded that MNDO com- 
putations would be useful for a study of thioacyl-substituted 
carbocations 1. 

Lien and Hopkinson (3) have considered the question of 
open versus bridged cations, viz: 3 vs. 6 and 2 (W = H) 
vs. 7. 

+ + 

They conclude that sulfur bridges more readily than oxygen 
and that more heavily substituted structures tend to remain 
open. Examples of both structural types are known (3) for 
oxygen and sulfur systems. To confirm that planar thioacyl 
carbocations are local energy minima, we have examined the 
energy profile of the unsubstituted cation 2 (W = CH,), for 
rotation of the thioacetyl group as depicted in reaction [2]. 

Results for the structure that has the geometry restricted to 
be planar at C+ demonstrate that the eclipsed planar cation 
is at a minimum. Lifting the planarity restriction furnished 
the results presented in Table 1,  which support the same 
conclusion. Consequently, we have examined acyclic thio- 
carbonyl-substituted carbocations using the MNDO method. 

Method 
MNDO computations were done on structures 1 using the 

improved set of S parameters (4). For each cation studied, 
the WXCCSC framework was constrained to be planar and 
all other geometric parameters were fully optimized. To 
permit a direct comparison with our earlier studies, calcu- 

TABLE 1. Energy profile for change in 
XC,C,S (structure 1) dihedral angle (4) 

4 (deg) AH, (kcal/mol) <CIC2S (deg) 

TABLE 2. Calculated relative stabilities of 
regioisomeric thioacyl-substituted 

carbocations 

Thioacyl AAHP 
carbocation (kcal/mol) (kcal/mol) 

la NH2 
l b  206.0 -41 (-46) 

247.2 

lc OH Id  172.0 -29 (-32) 
200.7 

le CH=CH2 
If 

238.6 -25 (-30) 
263.4 

lg SH 
l h  230.1 -22 (-20) 

252.2 
1 i 
1.i 

BH2 241'2 - 10 (-14) 25 1.4 

lk  F 
11 

193'9 - 12 (- 14) 
205.8 

lm 
CH3 

230.1 
In 239.4 -9 (- 10) 

lo C1 239.4 
IP 241.8 

-2 (-4) 

lq  CN 283.6 
l r  285.9 -2 (-3) 

Is CHO I t  
220.4 +2 (+2) 
218.2 

1 u 
l v  C02CH3 173.0 +3 (+4) 169.7 
lw  
lx CF3 

18'8 + 12 (+ 13) 
106.9 

1~ H 245.1 - 

"Numbers in parentheses are AAH, values ob- 
tained using the original set of S parameters (see 
Methods section). 

lations on 1 were also done using the original MNDO S pa- 
rameters ( 5 ) .  

As can be seen from Table 2, results obtained using the 
improved parameters are not significantly different from those 
obtained by using the original set. The same conclusion was 
reached for our recent study of S-substituted carbon radi- 
cals (6). 

Results and Discussion 

Relative regioisomeric stabilities 
Table 2 presents relative gas phase stabilities, Amf, of 

regioisomeric pairs of thioacyl-substituted carbocations. Amf 
is a measure of the stabilizing ability of a substituent rela- 
tive to that of H. As is the case for thionium ions (2) and for 
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TABLE 3. Pertinent r-bond orders for thioacyl- 
substituted carbocations 

T-Bond orders 
Ion 

ClC2 C2S CIX/C,W 

NH2 

OH 

CH=CH2 

SH 

BH2 

F 

CH3 

C1 

CN 

CHO 

C02CH3 

CF3 

H 

carbocations (7), there is no correlation between A M ,  val- 
ues and substituent electronegativities. 

Examination of Table 3 indicates that stabilization is 
strongly related to the substituent's n-bonding ability as de- 
termined by substituent-C1 n bond orders and by the dif- 
ferences between regioisomeric C ,-C2 n bond orders. Thus, 
NH,, the most strongly stabilizing substituent, has the larg- 
est substituent-Cl n-bond order and the greatest weaken- 
ing effect on the CI-C2 bond as measured by the differ- 
ence between C,-C2 n-bond orders in the regioisomers. In 
general, the more strongly stabilizing substituents have rel- 
atively large substituent-C, n-bond orders while the de- 
stabilizing substituents have negligible substituent-C, n -  
bond orders. Also, stabilizing substituents weaken the C,-C2 
n bond but destabilizing substituents have the opposite ef- 
fect. There is a good inverse correlation between the stabi- 
lizing ability of the substituent and the weakening of the 
C,-C, n bond. These results are consistent with those ob- 
tained for thionium ions (2) and carbocations (7). 

Also consistent with thionium ion results is the fact that 
the n-electron population at S in the sp2-substituted regio- 
isomer is a much better indicator of the order and relative 
magnitudes of the A M ,  values than is the n-electron pop- 
ulation at C ,  (see Table 4). 
Substituent stabilization of thioacyl carbocations 

In order to verify our premise that A M ,  is a measure of 
the stabilizing ability of a substituent, we have computed 
substituent stabilization effects directly by means of the fol- 
lowing reaction. 

[3] XCH2C(S)CH3 + +CH,C(S)CH, 

++CHXC(S)CH3 + CH3C(S)CH3 

TABLE 4. Selected T-electron 
populations for thioacyl 

substituted carbocations 1 

T-Electron 

Ion population 

CH=CH2 

SH 

BH2 

F 

CH3 

C1 

CN 

CHO 

C02CH3 

CF3 

H 

TABLE 5. Substituent stabilization of thioacyl- 
substituted carbocations obtained using 

thioketone heats of formation 

9.2 H - 
15.5 NH2 -45 

-32.5 OH - 37 
29.3 C2H3 - 27 
16.6 SH - 22 
16.0 BH2 - 11 

-33.7 F -8 
4.6 CH3 - 10 
1.9 C1 +2 

44.9 CN +3  
- 17.9 CHO + 2 
-67.6 C02CH3 +5 
- 13.4 CF3 + 18 

"XCH,C(S)CH, + 'CHZC(S)CH3 - 
'XCHC(S)CH, + CH3C(S)CH3 

Results are given in Table 5. These results are in good 
agreement with the corresponding A M f ' s ,  Table 2. 

Sulfur T-electron population as a gauge of substituent 
stabilization effects 

The planar thioacyl-substituted carbocation structures 1 
may be described by a modest set of resonance contribu- 
tors. 
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TABLE 6. Ionic bond orders for destabilizing substituents 

C, ionic bond orders" Sum of C, 
ionic bond 

Ion CIX CIH ClC2 orders (au) 

IS CHO -0.024 -0.019 -0.042 -0.001 
It CHO -0.025 -0.023 +0.063 +0.015 
l u  C02CH3 -0.042 -0.020 +0.005 -0.007 
l v  C02CH3 -0.023 -0.024 +0.063 f0.016 
1 w CF3 -0.060 -0.022 +0.042 -0.040 
Lr ' 3 3  -0.026 -0.024 +0.070 +0.020 

"Ionic bond orders are defined (8, 9) as pi ,  = -q,q,/R,,  where q ,  
= atomic charge on A, q ,  = atomic charge on B, and R,, = AB bond 
length. 

As X becomes a better a donor, the relative importance of 
10 is diminished leading to reduced charge on sulfur. For very 
poor T donors, X,  contributor 10 becomes important and 9 
is deemphasized. Thus the a-electron population at S is a 
useful measure of the stabilizing ability of X. It has the not 
inconsiderable advantage that it does not require a quanti- 
tative assessment of the significance of 2p-3p T bonding 
(e.g., C1-C,) versus 2p-2p T bonding (e.g., NH,-Cl) in 
order to gauge substituent effects. Such an assessment would 
be required, for example, were one to attempt to use Cl-X 
T-bond orders to anticipate substituent stabilization effects 
(see Table 3). 

Polarization destabilization 
In accordance with our earlier carbocation study (7), we 

fmd that the destabilizing effects of CHO, C02CH3, and CF, 
are not related to inductive effects. When positioned at 
C, ,  CHO, C02CH3, and CF, donate 0.18, 0.08, and 0.07 net 
electrons, respectively, to the CSC' moiety. Neither are their 
destabilizing effects related to the T-electron population at 
C, .  Each of the destabilizing substituents leads to a-elec- 
tron populations at C, similar to those for CH, and BH, (see 
Table 4). 

Our study of S-substituted radicals (6) led to the conclu- 
sion that the CF, group is a polarization stabilizer when at- 
tached to radical carbon but a polarization destabilizer when 
attached to positively charged carbon. CF3 was also found 
to be a polarization destabilizer for carbocations (7). 

Table 6 presents ionic bond orders (8, 9a), involving C,  
for the destabilizing substituents. A consideration of the 
differences in total ionic bond order at C,  for pairs of re- 
gioisomers e.g., lw, lx indicates that polarization effects are 
dominant in the absence of strong T-bonding effects. 

Hyperconjugation in l m  and l i  
As expected, hyperconjugation is an important stabiliz- 

ing mechanism for the CH, group. The optimized geometry 
for l i  has the BH, unit perpendicular to the plane contain- 
ing the BC,C2 unit. This geometry is calculated to be 15 kcal/ 
mol more stable than the geometry having the BH2 unit co- 
planar with the BC,C, unit. We conclude that the BH, group 

stabilizes the thioacyl-substituted cations by a hyperconju- 
gative effect. This is in accord with the ab initio results on 
simpler systems (9b). Comparison of AAH,'s, a-bond or- 
ders, and a-electron populations at S leads to the conclu- 
sion that the hyperconjugative effects of BH2 and CH, have 
the same order of magnitude. 
Substituent effects it1 propyl carbocations (7). thionium 

ions (2), and thioacyl carbocations 
Comparison of A M ,  values and other relevant parame- 

ters for common sets of substituents shows that substituent 
effects are qualitatively similar for all three systems. For 
example, NH, is by far the best stabilizer of the thioacyl 
carbocations and of the propyl carbocation systems and is also 
the best a bonder in each system. CF, is the most destabi- 
lizing substituent in all three systems. The regioisomer in 
which CF, is positioned at the sp2 carbon has the most neg- 
ative T-bond order at that carbon. In general, the order of 
A M ,  values and a-bonding parameters is similar for those 
substituents which are common to all three of our studies. 

We can now present an overview of our MNDO studies 
on carbocations. For good T bonders there is a decrease in 
their stabilizing abilities as one goes from propyl carbocat- 
ions 11 to thioacyl carbocations 8 to thionium ions 12. 

For example, AAH, for OH increases from -37 kcal/mol to 
- 32 kcal/mol to -20 kcal/mol., In terms of the isodesmic 
reaction shown in reaction' [4] (Ri = C2H5 or C(S)CH, or 
SCH3) 

the stabilizing ability of X decreases as the stabilizing abil- 
ity of Ri increases. This trend exemplifies the resonance 
saturation effect (10). 
Frontier orbital analysis 

The present study has created an opportunity to explore 
the possibility that some thioacyl carbocations might be ex- 
pected to develop significant electrophilicity at sulfur. Such 
cations might serve as precursors in new preparations of vinyl 
sulfides. Both this novel potential behaviour and the "usualn 
expected outcome for thioacyl-substituted carbocations re- 
acting with nucleophiles are shown below: 

XYHC-C-CH:, + XHC = C C H ~  

In order to explore the balance expected for these pro- 
cesses, we have calculated population numbers for the cat- 
ion LUMO's, which are presented in Table 7. These popu- 
lation numbers indicate the preferred site for nucleophilic 
attack in accord with frontier orbital arguments (1 1). 

The results in Table 7 permit two generalizations: (i) in- 
troduction of good electron donors (W or X in I),  e.g., OH 

3~hese  numbers were obtained with the original S parameters. 
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TABLE 7 .  LUMO population numbers" 
for ions 1 

Additional 
x CI  C2 S3 atom 

H 0.47 0.02 0.50 
Cl 0.49 0.01 0.43 C1 (0.06) 
OH 0.47 0.05 0.34 0 (0.13) 
SH 0.47 0.02 0.30 S (0.21) 
F 0.50 0.02 0.40 F (0.08) 

NC 0.48 0.01 0.43 N (0.08) 
CH3C02 0.47 0.00 0.48 0' (0.03) 

CHO 0.48 0.02 0.49 
C2H3 0.43 0.01 0.25 cb (0.30) 
CF3 0.45 0.01 0.54 
CH3 0.50 0.02 0.43 
NH2 0.38 0.09 0.34 N (0.18) 
BH2 0.50 0.02 0.43 

"Only the larger population numbers are included 
for each Ion 1. 

bTermlnal methylene of the vlnyl group. 
'0 doubly bonded to C,. 

I and NH,, suppresses electrophilicity at sulfur and (ii) strong 
I electron withdrawers (W or X in I), e.g., C02CH3 and CF,, 
I maintain pronounced electrophilicity at sulfur. 

i Conclusions 
i 

1 . Thioacyl-substituted carbocations are stabilized by good 
.rr donors. 

2. Substituent stabilizing ability correlates well with 
electron population at S. Resonance contributor 10 is espe- 
cially important for thioacyl systems in which the C +  bears 
a poor .rr donor. 

3. Inductive effects do not correlate with the destabili- 
zation of carbocationic species in which the C +  bears -CHO 
or -C02CH3 or CF,. In these cases polarization effects dom- 
inate. 

4. Both -BH, and -CH3 stabilize carbocations through a 
hyperconjugative effect. 

5. There is pronounced electrophilicity at thiocarbonyl 

sulfur in those cations in which the C' bears a strongly 
electron-withdrawing group. 
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Electron paramagnetic resonance study of the reactions of the spin trap 
2,4,6-tribromonitrosobenzene in benzene solutions 

PETER SMITH,' KIRK RANDALL MAPLES, AND RAMONA LILLIAN LAU 
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PETER SMITH, KIRK RANDALL MAPLES, and RAMONA LILLIAN LAU. Can. J. Chem. 70, 1 16 (1 992). 
By means of static-sample studies involving the thermal decomposition of symmetric azo compounds and the oxida- 

tion of substrates with nickel peroxide, we have characterized by electron paramagnetic resonance 12 spin adducts of 
2,4,6-tribromonitrosobenzene, 1 ,  in benzene at 25°C. In addition, we have used electron paramagnetic resonance spec- 
troscopy to investigate benzene solutions of 1 both by itself and in the presence of olefins, and both in the presence and 
absence of light. Although 1 by itself did not give evidence for any free radical formation, when 1 was mixed with any 
one of the 11 olefins tested we could detect nitroxide formation. The presence of light did not affect our results. These 
observations support the "ene" reaction mechanism of nitroxide formation. 

Key words: 2,4,6-tribromonitrosobenzene, spin trapping, nickel peroxide. 

PETER SMITH, KIRK RANDALL MAPLES et RAMONA LILLIAN LAU. Can. J. Chem. 70, 116 (1992). 
Faisant appel a des etudes de resonance paramagnktique Clectronique (rpe) sur des Cchantillons statiques impliquant 

la decomposition thermique des composes azo symetriques et l'oxydation de substrats avec le peroxyde de nickel, on a 
caractCrisC 12 adduits de spin du 2,4,6-tribromonitrobenzkne, 1 ,  dans le benzkne, B 25°C. De plus, on a utilise la rpe 
pour Ctudier des solutions benzCniques du composC 1 soit seul ou en presence d'olefines, tant en prCsence qu'en ab- 
sence de lumikre. M&me si le compose 1 seul ne semble pas donner naissance a la formation de radicaux libres, on a pu 
dktecter la presence de nitroxydes a chaque fois que le compose 1 a CtC mClangC avec l'une des 11 olefines Ctudiees. La 
presence de lumikre ne modifie pas nos resultats. Ces resultats sont en accord avec un mecanisme de rkaction cckne,, pour 
la formation du nitroxyde. 

Mots cle's : 2,4,6-tribromonitrobenzkne, piegeage de radicaux, peroxyde de nickel. 
[Traduit par la redaction] 

Introduction 
The electron paramagnetic resonance, epr, technique of 

spin trapping has become a useful tool for studying a highly 
reactive radical, R', in solution where the steady-state con- 
centration is below the usual epr detection limit (1-6). This 
technique involves including in the reaction system a low 
concentration of a diamagnetic substance (the spin trap, ST) 
that reacts readily with R' to form R(ST)', the spin adduct, 

The spin adduct must be an especially persistent (7) radical 
so that its concentration builds to a readily detectable value. 

The most frequently used spin traps have been either ni- 
trones or nitroso compounds, the latter generally providing 
more informative spin-adduct epr spectra than the former. 
Also, it is well known (1-5) to be advantageous to employ 
more than one spin trap to attempt to trap a radical of inter- 
est. This conclusion follows from the minimal variation of 
epr splitting constants for adducts of any one spin trap 
whereas there is greater variation of these constants for ad- 
ducts of a particular radical with different spin traps. Thus, 
the introduction of new spin traps whose characteristics will 
aid in identifying which radical was indeed trapped pro- 
vides a broader foundation for this technique. T o  that end, 
we have investigated the easily synthesized, inexpensive ni- 
troso compound 2,4,6-tribromonitrosobenzene, Br,CJI,NO 
(which we denote as Z-N=O or I ) ,  in two reaction systems 
to discover its utility as a spin trap, 

Employment of this compound as a spin trap has received 
relatively little attention in the literature (8-lo), yet, based 

' ~ u t h o r  to whom correspondence may be addressed. 
Printed in Canada / lmprimC au Canada 

on its structure, 1 seems potentially useful. As 1 proved in- 
sufficiently soluble in aqueous solution for our use, we have 
generated radicals in the presence of 1 in benzene and char- 
acterized the resultant spin adducts by epr at 25OC. These 
studies involved using two radical sources, the oxidation of 
substrates by nickel peroxide (1 1, 12), and the thermal de- 
composition of symmetric aliphatic azo compounds (1 3- 15). 
Also, we studied the reaction of 1 with several olefins. Our 
results show 1 forms very persistent (7) spin adducts and 
displays a quite useful variation of epr splitting constants with 
respect to the radicals trapped. However, 1 ,  like many ni- 
troso compounds (16-26), reacts on contact with many ole- 
fins both in the light and in the dark to yield persistent rad- 
icals that could interfere with the analysis of spin adducts. 

Experimental 
The epr spectrometer, its accessories, and the general experi- 

mental arrangements and procedures were essentially as before (27, 
28). However, in contrast to the earlier work (27, 28), we exam- 
ined all solutions at 25.0 & 1 .O°C as static samples. If nonaque- 
ous, these were contained in thin-walled 4 mm i.d. cylindrical Pyrex 
tubes, whereas, for aqueous solutions, we employed a Varian 
V-4548 aqueous-solution sample cell. All spectra were recorded 
as the first derivative with a field-modulation amplitude of 2 .0 X 

lo-' G. Unless specified otherwise, all water used was deionized 
tap water (27). 

We synthesized 2,4,6-tribromonitrosobenzene, 1 ,  from 2,4,6- 
tribromoaniline (Aldrich, used as received) by a standard proce- 
dure (29), recrystallized the crystals so prepared from acetone (Re- 
agent, ACS)/doubly distilled water (27) mixtures, mp 122- 124°C 
(lit. (29b) mp 122- 123"C), and stored the final product in the dark 
at room temperature until used. Benzene (Fisher, Certified ACS) was 
purified using H2S0, (Reagent, ACS) by a standard method (30) and 
then distilled. Nickel peroxide, NiO,, prepared by standard tech- 
niques (11, 12) from nickel sulfate (Mallinckrodt, ACS), con- 
tained 4.4, X g-atoms of available oxygen per gram of NiO,. 
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TABLE 2. Electron paramagnetic resonance data for Z-~(0)-CH~-c(R')=cH(R) radicalsa-' 

Splitting constants (G) 

Substrated Radical -R' -R" a-N P-H(CH) Age 

"See footnote a, Table 1. 
" ~ t  25.0 -t 1 .O°C; AH,,, ca. 2.0 G; half-life, ca. 1 .O-8.0 h. 
''See footnote c, Table 1. 
%ee footnote d, Table 1. 
'See footnote e ,  Table 1.  
'The more likely structure for this radical is that of the tautomer Z-~(0)-CH2-CH,-CH(O) (37). 

strate. We reasonably attributed the spectra obtained to the 
1 spin adducts of the radicals that might be produced from 
NiO, oxidation of 2-6 via hydrogen-atom abstraction (1 1, 
12). 

Of the 1 spin adducts characterized in our Ni02-based 
work, 28 is the only one previously reported in the litera- 
ture (8, 9). The earlier reported a-values, from studies of the 
photolysis of anthraquinone at 25OC in ethylbenzene in the 
presence of 1 (8, 9), and our present results are in good 
agreement. 
Azo-compound thermal decomposition studies 

The azo compounds decomposed in the presence of 1 to 
yield the expected radical spin adducts (14). The only cor- 
responding literature report available for 1 spin adducts ob- 
sewed in this section of our studies is for 30 (10) at room 
temperature in benzene as solvent. The literature value for 
a,, 12.28 G (lo), is appreciably larger than our result, 
12.12 G, and does not fit the trend in a ,  with respect to the 
size of the alkyl groups of the trapped dialkylcyanomethyl 
radicals shown by our results; i.e., comparison of the epr data 
for 30-33 suggests that larger alkyl groups induce a larger 
a ,  value for the 1 spin adduct and an a ,  value of 12.28 G 
seems too large for 30. We are unable to account for this 
discrepancy. 

We obtained no evidence for the formation and trapping 
of > C e N  radicals in the >C=C=N' form (33-35). A 
similar failure to trap 1-cyano radicals in the keten.kine form 
has been noted before (15, 26) and is perhaps not surprising 
as spin traps have not been routinely successful at trapping 
nitrogen-centered radicals (4). 

Direct reaction of Z with olefins 
Previous work has shown that 1 reacted directly with un- 

substituted long-chain alkenes in benzene at room tempera- 
ture to produce persistent nitroxide radicals (36). In accor- 
dance with this report, we found that 1 reacted directly with 
all the substituted-ethylene substrates studied, 14-24, to yield 
persistent radicals either in the presence or absence of light, 
their epr spectra consisting of a (1 : 1 : 1) triplet of (1 : 2: 1) 

triplets, the characteristics of which were independent of 
room lighting conditions. For reactions of 1 with allyl com- 
pounds of structure CH2=C(Rr)CH2R", e.g., 14-24, these 
radicals probably arise from the "ene" reaction sequence 

These reactions are analogous to those established (16-26) 
for the reaction of other nitroso spin traps with similar ole- 
fins. To detect a radical from a given allyl compound/l 
mixture, time delays varying from 1 to 30 min between 
mixing and epr examination were required. In addition, 
raising the concentration of both reactants above those usu- 
ally employed produced a more intense epr signal in less 
time. All olefins examined gave evidence for reaction with 
1 ,  and Table 2 lists the epr spectroscopic data for all radi- 
cals obtained. 

Photolysis studies 
We found no epr-detectable spin adducts in l/benzene 

solutions that were photolysed by either normal laboratory 
lights, a tungsten filament lamp, or a sun lamp. 

Discussion 
Although it has been stated that the reactivity of arylni- 

troso spin traps with olefins is probably not important for the 
hindered aliphatic and aromatic C-nitroso spin traps usually 
employed (3), our results show that 1 reacted with many al- 
kenes to produce persistent radicals that could easily inter- 
fere with the detection and characterization of concurrently 
generated spin adducts. This radical formation, coupled with 
the relative insolubility of 1 in aqueous systems, tends to limit 
the usefulness of 1 as a spin trap. 

However, for studies in nonaqueous solutions, 1 ,  like other 
arylnitroso spin traps (1-5, 12, 26), shows nice variation 
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in splitting constants with respect to the radical trapped. 
For instance, the results given in Table 1 show that the a, 
values .for the spin adducts from radicals of structure 
R1(R")CCN, e .g . ,  27 and 30, were consistently smaller than 
those for the analogous R'(R")~cH, spin-adduct radicals, 28 
and 35,  respective!^. In addition, the a, values for the spin 
adducts of R1(R")CCN radicals where R' and R" are rela- 
tively small alkyl groups, 30-33, showed noticeable in- 
creases upon extension of the alkyl chains, indicating that the 
epr spectroscopic data for 1 spin adducts appeared to be quite 
sensitive to the structure of the radical trapped. These phe- 
nomena are a reflection of how readily the nitroxide func- 
tion responds to the substituents on the nitrogen (38), as il- 
lustrated by resonance structures 

z z 
\N-0. - 

R/ 
48 

R/+ 
49 

where structure 48 is favored when the R group is electron 
withdrawing, either -M or -I  (39) and will have a lower a, 
value than structure 49, which is favored when the R group 
is electron donating, +M or +I.  Thus, the differences be- 
tween the a, values in the spin adducts 27 and 30 and those 
in 28 and 35, respectively, arise because the -CN group is 
electron withdrawing whereas the -CH3 group is electron 
donating; and the a, values for the spin adducts 30-33 vary 
as a consequence of the expected increase in the electron- 
donating power of the alkyl chains with increase in exten- 
sion. In addition to the observed dependence of a, values of 
Z-N(0')-R radicals on the electrical properties of the R group, 
simple steric considerations predict that the up-,(CH) values 
tend to decrease as the bulkiness of the R group increases 
(40). All the up-,(CH) data in Table 1, i.e., for the addition 
radicals 25-29, appear to follow this trend. 

The radicals in Table 2 consist of two types, namely, 37- 
44, for which -R' varies with -R" remaining the same, and 
45-47, for which the reverse holds. In the case of 37-44, 
a, is approximately constant except for 37 and 43, in which 
the a, values are noticeably larger than for the others. This 
fits in with the fact that, in all these radicals, -R1 is attached 
to the y-C and so might not be expected to strongly affect a ~ ,  
in general. This follows because, although the -R' groups are 
fairly strongly electron withdrawing (39, 41, 42), their 
electrical effects on the nitroxide group would be attenuated 
by the intervening P-CH2 group. The two exceptions to this 
conclusion, 37 and 43, have the only -R' groups that might 
interact via intramolecular hydrogen bonding with the ni- 
troxide group, thereby causing both a, and ap-,(CH) to in- 
crease (43). Inspection of the data shows that the U ~ - ~ ( C H )  
values for 37 and 43 are indeed relatively large. Simple steric 
considerations appear to be sufficient to account for the 
variation in the other ap-,(CH) values, e.g., the fact that the 
ap-,(CH) values for 42 and 44 are larger than those of 37 and 
43, and the variation of the ap-,(CH) values in the series 37- 
41. We would expect the results for 45-47 to be simply re- 
latable to those for 37-44 as in each radical -R" is attached 
to the 6-C and so should not have much influence on a,. 
Accordingly, as -R' in 45-47 is -H, which is much less 
electron withdrawing and bulky than the -Rf groups in 37- 
41, it is not surprising that, in general, the a, and ap-,(CH) 
values in 45-47 are noticeably larger than those in 37-44. 
It should be noted that 46 is not of the same structural type 

as the other radicals in Table 2, this doubtless being the rea- 
son its a values are somewhat out of line with those of 45 and 
47. 

Chatgilialoglu and Ingold (44) have cautioned that reac- 
tions between nitroso compounds and olefins could appear 
to be spontaneous, when in fact they are photolytic in na- 
ture. In their reaction sequence, the aromatic nitroso spin trap, 
ArNO, is photolysed to yield aryl radicals, which then at- 
tack the solvent, benzene, to yield addition radicals, which 
finally react with the spin trap to give the detected spin ad- 
duct 

[ 5 ]  ArNO + visible light + Ar' + NO 

[6] Ar' + C6H6 

This spin-adduct epr spectrum would be characterized as 
a (1 : 1 : 1) triplet of (1 : 1) doublets. Our ability to detect ni- 
troxide formation from mixtures of l with alkenes under 
darkroom conditions suggests that the reactions involved in 
this study are not photolytic, but are due to the "ene" addi- 
tion reaction. This point is buttressed by our finding no spin 
adducts in l/benzene solutions that were directly photo- 
lysed. In addition, our 1 spin adducts generated using the 
alkenes all exhibited epr spectra characterized as a (1 : 1 : 1) 
triplet of (1 : 2: 1) triplets, which is a different spin adduct epr 
pattern than that predicted via the photolytic reaction se- 
quence. 

In summary, 1 appears not to be light sensitive, can be 
synthesized easily and inexpensively, and demonstrates a 
quite useful variation in the spin-adduct splitting constants 
with respect to the radical trapped. However, in any reac- 
tion system that includes alkenes, 1 may react via the "ene" 
addition reaction to yield nitroxides that could interfere with 
the interpretation of the resultant epr spectra. Thus, 1 would 
seem to be an acceptable spin trap for selected systems. 
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Substituent and charge distribution effects on the redox potentials of radicals. 
Thermodynamics for homolytic versus heterolytic cleavage in the 

1-naphthylmethyl system1 
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PAUL H. MILNE, DANIAL D. M. WAYNER, DAYAL P. DECOSTA, and JAMES A. PINCOCK. Can. J. Chem. 70, 121 (1992). 
The electrochemical oxidation and reduction potentials of a number of substituted 1-methylnaphthalenes (la-1) and 1- 

naphthylmethyl radicals (2a-1') as well as 2-methylnaphthalene (3) and the 2-naphthylmethyl radical (4') have been 
measured by cyclic voltammetry and photomodulation voltammetry. The oxidation potentials correlate with a+ (p+ = 
-7.1 and -8.4 for 1 and 2' respectively) while the reduction potentials correlate with a (p- = 10.1 and 13.0 for 1 and 
2' respectively). The relative magnitude of the p values can be rationalized when the charge density distribution in these 
systems is considered. This leads to the interesting conclusion that even though a full charge is placed in the IT-system 
of 1 when it is oxidized or reduced, the fraction of the charge that accumulates at C, is actually less than in 2+ or 2- 
where only 50-70% of the charge is delocalized into the ring. A correlation between p for the redox reactions of 1 ,  2', 
benzyl, diphenylmethyl, and cumyl and the calculated (AMI) charge density at C, is established, implying that the sen- 
sitivity of the corresponding ions to substituent effects increases as the fraction of charge at that site increases. The redox 
data have been used in thermochemical cycles in order to estimate the substituent effect on the homolytic, mesolytic, 
and heterolytic cleavage reactions of 1 and its corresponding radical ions. The implication of these results on the C-C 
cleavage versus deprotonation of radical cations and on the photochemical homolysis versus heterolysis of naphthyl- 
methyl halides and-acetates is discussed. 

Key words: electrochemistry, homolysis, heterolysis, naphthylmethyl, substituent effect 

PAUL H. MILNE, DANIAL D. M. WAYNER, DAYAL P. DECOSTA et JAMES A. PINCOCK. Can. J. Chem. 70, 121 (1992). 
Faisant appel a la voltampCromCtrie cyclique et i la voltamperomttrie de photomodulation, on a mesure les potentiels 

d'oxydation et de reduction Clectrochimique d'un certain nombre de 1-mCthylnaphtalknes substitues (la-I) et de radi- 
caux I-naphtylmethyles (2a-1') ainsi que du 2-methylnaphtalbne (3) et du radical 2-naphtylmethyle (4'). On peut etablir 
une correlation entre les potentiels d'oxydation et les a' (p' = -7, l  et -8,4 respectivement pour 1 et 2'). On peut ra- 
tionaliser l'amplitude relative des valeurs de p en considerant la distribution de la densite de charge dans ces systemes. 
Ceci conduit B la conclusion interessante que, meme si une charge complete est placee dans le systeme IT du compose 
1 (qu'il soit oxyde ou rkduit), la fraction de la charge qui s'accumule en C, est en fait moindre que dans les entitCs 2 +  
et 2' dans lesquelles seulement 50-70% de la charge est dClocalisCe dans le cycle. On a Ctabli une correlation entre les 
valeurs de p des reactions rCdox des entitCs 1 ,  2', benzyle, diphenylmethyle et cumyle et la densite de charge calculte 
(AM I) pour la position C,; elle implique que la sensibilite des ions corespondants aux effets des substituants croit avec 
une augmentation de la fraction de la charge dans cette position. Les donnees redox ont CtC utilistes dans des cycles 
thermodynamiques dans le but d1Cvaluer I'effet de substituant sur les reactions de clivage homolytique, mesolytique et 
hCtCrolytique du compose 1 et des ions radicaux correspondants. On discute de l'implication de ces rksultats sur le cli- 
vage des liaisons C-C versus la deprotonation des cations radicaux et sur I'homolyse photochirnique versus I'heterolyse 
des halogenures et des acetates de naphtylmethyle. 

Mots clks : electrochimie, homolyse, heterolyse, naphtylmethyle, effet de substituant. 
[Traduit par la redaction ] 

Introduction surements were made in solutions of very long-lived mole- 

There has been continually growing interest in the use 
of electrochemical data in thermochemical cycles since 
Breslow and co-workers used this method to estimate the pK, 
of a number of weak carbon acids (1 -5). Recently, Arnold 
and co-workers (6-8) and Bordwell et al. (9- 12) used this 
approach for the determination of pK,'s of radical cations and 
(or) the energies for the homolytic cleavage of C-H bonds. 
More recently, Arnett et al. (1 3- 15) combined calorimetric 
and electrochemical measurements to obtain data for the 
heterolytic C-C cleavage reactions. 

In essentially all of these cases the electrochemical mea- 

'NRCC No. 3327 l .  
2 ~ u t h o r s  to whom correspondence may be addressed. 

cules or ions. We have shown that reliable electrochemical 
measurements can actually be made in solutions of transient 
radicals using the photomodulation voltammetry technique 
(16). We also have recently pointed out that all of the ther- 
mochemical cycles describing the homolytic and heterolytic 
cleavage reactions of molecules and their radical ions can be 
conveniently represented in a thermochemical mnemonic 
(Scheme 1, eqs. 111-[7]) (17). In this mnemonic the verti- 
cal arrows represent the loss of R' as a radical (i.e., the 
homolytic bond dissociation energy). The horizontal arrows 
represent the addition or removal of an electron while the 
diagonal arrows represent the loss of R'+ (up to the right) or 
R1- (up to the left). For the case where R' = H, the reac- 
tions along the diagonals are representations of more famil- 
iar thermodynamic parameters; reactions [9] and [ l  I] are 
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deprotonation reactions (pKals) while reactions [lo] and [12] 
are hydride affinities. The latter two reactions are of partic- 
ular importance to the chemistry of NADH/NAD' and its 
analogs (1 8-20). 

The thermochemistry for all of the possible homolytic and 
heterolytic cleavage reactions can then be written simply as 
the sum of the homolytic bond dissociation energy (eq. [I]) 
with the difference between two potentials (eqs. [2]-[7]). It 
is important to keep in mind that an entropy correction must 
be applied to the bond dissociation enthalpies that are usu- 
ally reported in the literature since the redox potentials are 
actually free energy differences. For R' = H, this correc- 
tion is ca. -8 kcal mol-I (16). These free energy relation- 
ships are given in eqs. [8]-[13]. 

We have now applied this thermochemical approach to the 
naphthylmethyl system. This system has an advantage over 
the benzyl system that has been reported (21), as the rela- 
tive ease of oxidation and reduction makes the electrochem- 

ical characterization of the parent methylnaphthalenes more 
straightforward than it is for the toluenes. Recent results on 
the photochemical bond cleavage reactions of I-naphthyl- 
methyl derivatives (N-CH2-X where N is a substituted 
naphthalene ring) (22-24) have indicated the importance of 
the 1-naphthylmethyl radical as an intermediate. Moreover, 
the rate of oxidation of this radical to the corresponding 1- 
naphthylmethyl cation seems to be critical in controlling the 
final product composition of these photoreactions (22). To 
understand these results in a quantitative sense, values for 
the oxidation potentials of the 1-naphthylmethyl radicals are 
needed. In this paper we report redox potential measure- 
ments for 12 substituted 1-methylnaphthalenes (la-1) and the 
corresponding 1-naphthylmethyl radicals (2a-1') as well as 
similar values for 2-methylnaphthalene (3) and the 2-naph- 
thylmethyl radical (4'). The implication of these results on 
the thermodynamic parameters in Scheme 1 and on the pho- 
tochemistry of the 1-naphthylmethyl derivatives will be dis- 
cussed. 

CH3 CH2* 
I I 

la, X " 4-C02CH2CH3 2' 
lb,  X - 3-CN 
lc, X - 4-CN 
Id, X " 3-0CH3 
le,  X ' H 
If, X " 4-F 
lg, X ' 4-CH3 
l h ,  X - 2-0CH3 
li. X ' 4-OCH3 
lj, X 4,s-di-0CH3 
l k ,  X " 4,s-di-0CH3 
11, X 4.7-di-0CH3 

Results and discussion 
Substituent effects on redox properties 

The oxidation and reduction potentials of the substituted 
1 (measured by cyclic voltarnmetry) and the 2' (measured by 
photomodulation voltammetry) are given in Table 1. Not 
surprisingly the series follow the trends expected; electron- 
donating groups make the oxidation of either 1 or 2' easier 
and electron-withdrawing groups make the reduction of either 
easier. This can be put on a more quantitative basis by using 
Hammett correlations. Only data for the 4-substituted de- 
rivatives of 1 and the 3- and 4-substituted derivatives of 2 
were included in this analysis to avoid the complication of 
adding a values for the disubstituted cases. The usual ben- 
zene ring a+ and a- values were used since only a limited 
number of these parameters are available for naphthalene 
rings (25). The Harnrnett plots for oxidation of 1 (p+ = -8.4 
* 0.9) and 2' (p+ = -7.1 ? 0.7) are shown in Fig. 1 and 
for the reduction of 1 (p- = 13.0 * 1.2) and 2' (p- = 10.1 
+ 0.9) in Figure 2. Good fits (r > 0.95) were obtained in 
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TABLE I .  Oxidation and reduction potentials of compounds 1-4 

E,/?OX E ,  /?led 
(V vs. SCE) (V vs. SCE) 

Compound Substituent la 2'h 1' 2'b 

n 4-C02CH,CH, 1.81 0.81 -2.00 -0.71 
b 3-CN 1.93 0.79 -2.04 -0.87 
c 4-CN 1.99 0.72 -1.96 -0.55 
d 3-0CH3 1.30 0.52 -2.63 d 

e H 1.59 0.47 -2.55 - 1.27 
f 4-F 1.75 0.46 -2.50 - 1.33 
g 4-CH3 1.57 0.35 -2.62 -1.35 
h 2-OCH~ 1.30 0.13 -2.62 -1.36 
I 4-0CH3 1.34 0.04 -2.61 -1.55 
j 4,8-Di-0CH3 1.09' -0.05 -2.80' " 
k 4,5-Di-0CH3 1.09' -0.05 -2.78' 
1 4,7-Di-OCH, 1.19' -0.06 -2.68 - 1.55 

3a, 1.64 -2.58' 
4' 0.61 -1.25 

"Measured by cyclic voltammetry at a glassy carbon electrode in ace- 
tonitrile with 0.1 M TBAP as supporting electrolyte at a scan rate of 
200 mV/s. All potentials are irreversible and potentials are reported as E, 
- 30 mV. 

'Measured by photomodulation voltammetry at a gold minigrid in ace- 
tonitrileldi-tert-butyl peroxide (9: 1 v/v) with 0.1 M TBAP as supporting 
electrolyte. 

'Measured by cyclic voltammetry at a glassy carbon electrode in ace- 
tonitrile with 0.1 M TBAP as supporting electrolyte at a scan rate of 
200 mV/s. All potentials are reversible and potentials are reported as the 
mid-point between the cathodic and anodic peak. 

dThe reduction wave was not observed due to high background. 
'Quasireversible wave. 
%eversible wave. 

FIG. 1. Hammett plot for the oxidation of 1 (0, p+ = -7.1, r 
= 0.95) and 2' (m, p' = -8.4, r = 0.97). 

all cases. While most of these redox reactions are irrevers- 
ible (Table l) ,  Bordwell et al. (9-12) have shown that for a 
series of structurally related species, the changes in redox 
properties closely approximate thermodynamic changes; i. e., 
AE, from cyclic voltammetry = AEO, the thermodynami- 
cally significant potential. The oxidation and reduction po- 
tentials of the radicals (measured by photomodulation vol- 

FIG. 2. Hammett plot for the reduction of 1 (0, p- = 10.1, r = 
0.97) and 2' (m, p- = 13.0, r = 0.98). 

tammetry) also have been shown to be close to E O  (16, 17, 
21). 

It is interesting to note that for both the oxidations and the 
reductions, the Hammett p value was larger for the redox 
reaction of the radical than it was for the methylnaphthalene 
derivative (although the uncertainties in the p+ are large 
enough that the difference between these values may not be 
significant). Intuitively one might expect this order to be re- 
versed since a full charge is delocalized in the naphthalene 
ring in the radical ions (I+ '  and I-') whereas only a fraction 
(ca. 0.5) of the charge is expected to be delocalized into the 
ring for the naphthylmethyl ions (2+ and 2 7 .  It seemed rea- 
sonable to expect the sensitivity to substituent effects to be 
related to the extent of charge delocalization into the ring 
system. 

To investigate this possibility, the charge distributions in 
these ions were calculated using the AM1 molecular orbital 
theory (26). The 2pZ charge densities for the parent ions le+', 
le-', 2e+, and 2e-' as well as the related benzyl ions are 
shown in Fig. 3 (the total atomic charges give an essentially 
identical distribution when the charge on the neighboring 
hydrogens is included). These data show some interesting 
parallels with the experimental results. Firstly, the charge 
distribution in the benzyl and the 1-naphthylmethyl systems 
is similar. This fits with the observation that the Hammett p 
values for the redox potentials of these systems also are the 
same within the experimental error (27). Secondly, the dif- 
ference between the 1-naphthylmethyl and the l-methyl- 
naphthalene systems becomes clear. Because of the odd al- 
ternate nature of the arylmethyl ions (2+ or 2 7 ,  more of the 
charge density accumulates at C ,  and C, while very little 
accumulates at C, or in the fused benzo ring. For the even 
alternate radical ions (I+ '  or I-') the charge is distributed 
more evenly since there are no nodes in the SOMO. 

This result leads to the interesting conclusion that even 
though essentially a full charge is placed in the n-system of 
the naphthalene ring in the radical ions, the amount of that 
charge that ends up near the substituent is actually less than 
in those systems where only 50-70% of the charge in 
delocalized. This effect of charge distribution is clearly 
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benzy 1 
anion 

benzy l 
cation 

FIG. 3. Calculated (AMI) 2p, charge densities for the cations and anions generated by the one-electron oxidation or reduction of the 
benzyl radical, 2' and le.  

-10.0 
0.15 0.20 0.25 0.30 0.35 

2p, Charge on C4 

6.0 
-0.35 -0.30 -0.25 -0.20 -0.15 

2p, Charge on C4 

FIG. 4. Plot of p+ for the oxidation of 1, 2', benzyl, diphenyl- FIG. 5. Plot of p- for the reduction of 1, 2', benzyl, diphenyl- 
methyl, and cumyl versus the calculated (AM1) 2p, charge den- methyl, and cumyl versus the calculated (AM1) 2p, charge den- 
sity at C4 in the parent ion. sity at C4 in the parent ion. 

seen when the Hammett p values for the oxidation and re- 
duction of substituted benzyl, diphenylmethyl, and cumyl 
(27) radicals along with those for 1 and 2' are plotted ver- 
sus the calculated (AM1) 2p, charge density at C4 (Figs. 4, 
5) .  Although there is some scatter in the plot (which con- 
tains electrochemical data for about 40 radicals), the trend 
is clear. 

These observations are important inasmuch as they rein- 
force the idea that substituent effects in ionic species should 
not be additive. This issue has been addressed in detail by 
Dubois and co-workers (28, 29) and is supported by work 

on substituent effects on the redox properties of a,p-disub- 
stituted benzyl radicals (30). In the latter work it was con- 
cluded that the effect of two "destabilizing" substituents on 
an ion is additive while the effect of two "stabilizing" sub- 
stituents should be less than additive. The lack of additivity 
is usually rationalized as a saturation effect. However, it is 
equally well understood in terms of the effect that one sub- 
stituent will have on the charge density at the site of the 
second. It is interesting to note that, in this case, the effect 
of two methoxy substituents on the redox potentials of 1 is 
essentially additive while the effect on 2 is less than addi- 
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TABLE 2. Heterolytic and mesolytic bond energies (kcal mol-I) for some 
naphthylmethyl systems from thermochemical cycles" 

Compound Substituent AGO8 ACo9 ACoIo ACol,  AGO^^ ACo13 

l a  4-C02Et 54.9 -6.9 104.9 51.2 107.7 40.1 
b 3-CN 51.7 -9.7 104.5 54.9 104.9 39.2 
c 4-CN 48.7 -11.1 102.8 47.5 110.5 41.0 
d 3-OCH3 60.0 4.8 98.2 " 25.6 
e H 52.1 -1.8 97.1 64.1 107.5 27.4 
f 4-F 48.2 -5.5 98.9 65.5 104.9 28.6 
g 4-CH3 49.8 -1.4 94.3 66.0 107.2 25.8 
h 2-OCH, 51.0 4.8 89.2 66.2 107.0 25.8 
i 4-OCH3 48.0 3.9 87.2 70.6 102.4 26.1 
j 4,8-Di-OCH, 51.7 9.7 85.1 I, 21.7 
k 4,5-Di-OCH, 51.7 9.7 85.1 22.1 
1 4,7-Di-OCH, 49.4 7.4 85.1 70.6 104.0 24.4 

3 54.2 -3.0 100.3 65.6 108.6 26.8 

"See text for equations. 
'Insufficient data to complete the cycle. 

tive. The configuration of the SOMO in the even alternate 
and odd alternate ions is consistent with this effect (Fig. 3). 
Substituent effects on derived thermochemical parameters 

The substituent effects on the C-H cleavage reactions of 
1-methylnaphthalene and its radical ions (eqs. [8]-[13]) are 
given in Table 2. We have assumed that the bond energy for ' 1-methylnaphthalene derivatives is not dependent on ring ' substitution (AH0, = 85 kcal mol-'; AGO, = 77 kcal mol-I 

i (31)). This assumption seems reasonable since there ap- 
pears to be little effect of substitution on the C-H bond 
energy in toluenes (32, 33). The values of AGO6 and AGO, 
have been estimated as - 1.87 V and -0.36 V vs. SCE, re- 

I spectively (17). 
'The substituent effect on AGO, to AGO,, depends only on 

the redox properties of one of the substituted species. For 
example, changes in AGO, are determined only by changes 
in AGO,. Similarly AGOlo is determined by AGO,, AGO,, by 
AGO,, and AGO,, by AGOs. On the other hand, AGOs is deter- 
mined by the difference between the oxidation potential of 
the naphthylmethyl radical (AGO,) and the oxidation poten- 
tial of the methylnaphthalene (AGO,). In this case, since the 
Harnmett slopes for these two processes are similar, the 
substituent effects partially cancel so the net effect is quite 
small. Although this cleavage reaction is not considered to 
be an important pathway for the substituted naphthalenes (I), 
the result has some important implications. 

Arnold and co-workers (7, 8) and Maslak et al. (34, 35) 
have studied the C-C cleavage reactions of radical cations 
in solution. Maslak has suggested that the term "rnesolytic" 
cleavage (34) be used to distinguish these reactions, which 
involve the cleavage of a formal one-electron bond, from 
those reactions that are truly hornolytic or heterolytic. For 
reactions of symmetrical 1,2-diarylethanes the loss of pro- 
ton (R' = H, AGO,; eq. [14]) is expected to have a strong 
substituent effect while the competing pathway, C-C 
cleavage (R' = R, AGO8; eq. [15]), will have a significantly 
smaller effect. Although Arnold et al. (36) and Tolbert et al. 
(37) have pointed out that kinetics of these competing path- 
ways is strongly influenced by stereoelectronic factors, the 
relative thermochemistry for these pathways will have a 
significant impact on the interpretation of these data. Proton 

loss is usually more exoergonic than C-C cleavage. How- 
ever, it may be possible to design a reaction, by using the 
appropriate substitution, in which the thermochemistry of 
these two pathways is reversed. 

Photoinduced homolytic and heterolytic cleavage reactions 
The photocleavage of benzylic substrates with leaving 

groups (Ar-LG) is well known to give products that arise from 
both arylmethyl cations and radicals (38). However, the 
pathway for the formation of these critical intermediates is 
not well understood so that reliable predictions about prod- 
uct yields are still impossible. Early mechanisms proposed 
that the relative yield of cation and radical was controlled by 
the initial cleavage of the excited state and that the substitu- 
ents on the aromatic ring could alter the ratio; i.e., the meta 
effect (39, 40). More recently, it has become obvious that 
electron transfer, converting the initially formed radical pair 
(Ars/LG') to an ion pair (Ar+/LG-), will be an important 
factor in determining these yields. Obviously, the data in 
Table 1 for the oxidation potentials of the substituted naph- 
thylmethyl radicals as well as previous data for the substi- 
tuted benzyl, cumyl, and diphenylmethyl radicals (16) are 
critical for understanding this electron transfer process. To 
this end, we have determined the free energy change (in 
acetonitrile) for the conversion of the radical pair NpCH,'/ 
LG') to the ion pair (N~CH,+/LG-) for LG = C1 (S), Br (6), 
I (7), and MeC(0)O (8) (Table 3). 
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TABLE 3. Homolytic and heterolytic bond energies for 1 and 5-8" 

NpCH2LG (AGO,),  (AGOIO)g (AGOIO)MeCN (AGOET)gb (AGOET)MeCNC 

le (HI 85.9 234.5 105.1 148.6 19.2 
5 (c1) 67.8 151.0 30.3 83.2 -37.5 
6 (Br) 52.8 141.6 24.5 138.8 -28.3 
7 (1) 40.0 136.1 23.2 96.1 - 16.8 
8 (OAc) 68.2 163.8 43.3 95.6 -24.9 

"Subscript refers to the gas phase (g) or acetonitrile solution (MeCN). Values in kcal mol-'. 
"Free energy change for the conversion of a radical pair into an ion pair: NpCH,' + LG' 

-+ NpCH,' + LG-. (AGoET), = (AG",,), -(AG"),. 
'Free energy change for the conversion of a radical pair into an ion pair: NpCH?' + LG' 

-+ NpCH2' + LG-. (AGoET)M,cN = (AG"o)M,cN - (AG"), 

The redox data for C1' Br', I., and MeC(O)OS in aceto- 
nitrile are easily derived from thermodynamic data in the 
literature (41). For acetate, a thermochemical cycle was used 
(based on eq. [ l  11) assuming a bond dissociation enthalpy 
(0-H) of 105 kcal mol-' (30) and literature values for the 
free energy change associated with the transfer of the rele- 
vant ions from water into acetonitrile (42). The values in 
Table 3 are only for the unsubstituted naphthalene ring. 
Changes in these values for the substituted cases will par- 
allel the oxidation potential of the 1-naphthylmethyl radi- 
cals (Scheme 1) so they have been omitted. Note also, that 
now LG refers to R' in Scheme 1. 

It is interesting to point out that (except for H,  which is 
not photochemically labile) the ion pair is always more sta- 
ble than the radical pair in solution. This is in contrast to the 
relative stability in the gas phase where the ions are not sol- 
vated (Table 3), clearly demonstrating that solvation of the 
product ions is the driving force for all of these reactions. The 
reasonable assumption that (AGO,), =  AGO^)^,,, is being 
used. The exoergonicity of these reactions spans a very wide 
range, from -9 kcal mo1-I for the reaction of 4-carbo- 
ethoxy-1-naphthylmethyl iodide to -50 kcal mol-' for 4- 
methoxy-1-naphthylmethyl chloride. Because of this fact, it 
is perhaps intitially surprising that products derived from the 
radical pair are ever observed. However, the Marcus theory 
of electron transfer (43) gives an explanation, since an ac- 
tivation banier is provided by the reorganization energy that 
is necessary to convert the radical pair to an ion pair. These 
ideas have been confirmed (22) by results for the photolysis 
of 1-naphthylmethyl esters (NpCH2-02CR). The product 
analysis leads to the conclusion that the excited state cleaves 
exclusively to the radical pair (NpCH2'/'02CR) and the 
radical pair partitions between electron transfer (to form the 
ion pair) and decarboxylation of the acyloxy radical. The rates 
of the electron transfer process were shown to be rational- 
ized by the Marcus equation even into the inverted region. 
A reorganization energy of ca. 9 kcal mol-I was estimated. 
Obviously application of these ideas to other cleavage re- 
actions must be considered. 

Conclusions 
The sensitivity of oxidation and reduction potentials of 

arylmethyl radicals to ring substitution is related not only to 
the extent of delocalization of the charge in the correspond- 
ing ions, but also to the charge distribution. Thus p+ and p- 
for the oxidation and reduction of 1-naphthylmethyl radi- 
cals are greater than those for the oxidation and reduction of 
the 1-methylnaphthalenes since the odd alternate nature of 

the former allows a greater fraction of the charge in the ions 
to accumulate at C2 and C, even though only 50-70% of the 
charge is in the aryl ring (as calculated by AM1 molecular 
orbital theory).The SOMO of even alternate l-methylnaph- 
thalene radical ions leads to a more even distribution of the 
charge density at all of the sites. A correlation between the 
experimental p value and the fraction of charge in the 2p, 
orbital at C, has been established. 

The redox data lead to estimates of differences in bond 
energies for homolysis versus heterolysis of l-naphthyl- 
methyl halides and acetates. In all cases the heterolysis is the 
energetically favourable process. The electrochemical data 
complement observed photochemistry of these compounds 
in which electron transfer of an initially formed radical pair 
(to generate an ion pair) is found to compete with the inter- 
system crossing process. 

Experimental 
Methylnaphthalenes 

1-Methyl, 2-methyl, and 1,4-dimethylnaphthalene were pur- 
chased from the Aldrich Chemical Company and purified by bulb- 
to-bulb distillation before use. 3-Cyano and 4-cyanomethyl naph- 
thalene were prepared previously in our laboratory (23). All 
others were prepared as described below. 

3-Methoxy-I-methylnaphthalene: prepared by the method of 
Bartoli and co-workers (44) and recrystallized from ethanol to give 
colourless crystals: mp 47-48°C (lit. (44) mp 48-49°C). 

4.8-Dimethoxy-I-methylnaphthalene: prepared by the method of 
Buu-Hoi and Lavit (45). Recrystallization from ethanol gave col- 
ourless plates: mp 104-105°C (lit. (45) mp 105°C); 'H nmr (CDCI,) 
6:8.0(d, I H , J =  8.5Hz),7.4(t, 1 H , J =  7.8Hz),7.15 (d, lH, 
J = 8.2 Hz), 6.8 (d, lH, J = 8.0 Hz), 6.6 (d, lH, J = 8.0 Hz), 
3.9(~,3H),3.8(~,3H),2.8(~,3H). 

4.7-Dimethoxy-I-methylnaphthalene: prepared by the method of 
Buu-Hoi and Lavit (46). Recrystallization from ethanol gave col- 
ourless plates: mp 54-55°C (lit. (46) mp 54°C); 'H nmr (CDCI,) 
6: 8.2 (d, lH, J = 8.5 Hz), 7.2-7.0 (m, 3H), 6.7 (d, lH, J = 
8.0 Hz), 3.95 (s, 3H), 3.9 (s, 3H), 3.9 (s, 3H), 2.7 (s, 3H). 

4.5-Dimethoxy-I-methylnaphthalene: prepared by the method of 
Buu-Hoi and Lavit (47). Recrystallization from ethanol gave col- 
ourless plates: mp 64-65°C (lit (47) mp 65°C); 'H nmr (CDC13) 6: 
7.44-7.2 (m, 2H), 7.1 (d, lH, J = 8.0Hz), 6.8 (d, lH, J = 
8.0 Hz), 6.7 (d, lH, J = 8.0 Hz), 3.9 (s, 3H), 3.85 (s, 3H), 2.6 
(s, 3H). 

4-fluoro-I-methylnaphthalene: prepared by the method of Sauer 
et al. (48): bp 64-66°C at 1 Torr (133.3 Pa) (lit. (48) bp 107.5- 
109.5"C at 12 Torr). 

2-Methoxy-I-methylnaphthalene: prepared by the method of 
Buu-Hoi and Lavit (49). Recrystallization from ethanol gave col- 
ourless plates: mp 41-42°C (lit. (50) mp 39°C); 'H nmr (CDC13) 
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8: 8.1-7.5 (m, 3H), 7.4-7.2 (m, 2H), 7.1 (d, lH,  J = 8.0 Hz), 
3.9 (s, 3H), 2.6 (s, 3H). 

4-Carbomethoq-I-methylnaphthalene: prepared by esterifica- 
tion of the acid with methanol: bp 80-82°C at 0.05 Torr. Crystal- 
lization from hexane gave colourless plates: mp 30-3 1°C (lit. (51) 
bp 192-194°C at 12 Torr); 'H nmr (CDC1,); 8: 9.1-8.9 (m, lH),  
8.0 (d, lH,  J = 8.0 Hz), 7.9-7.8 (m, lH),  7.60 (t, lH,  J = 
8.0 Hz), 7.50 (t, lH,  J = 8.0 Hz), 7.22 (d, lH,  J = 8.0 Hz), 3.91 
(s, 3H), 2.60 (s, 3H). 

The acid, 4-methylnaphthoic acid, was prepared by hydrolysis 
of 4-cyano-1-methylnaphthalene (23) with sodium hydroxide in 
ethanol/water. Recrystallization of the crude acid from ethanol- 
water gave colourless needles: mp 178-179°C (lit. (52) mp 180°C). 

Electrochemical measurements 
Solvents and electrolyte were purified as described previously 

(16). Radicals for photomodulation voltammetric measurements 
were generated by photolysis of a solution of acetonitrileldi-tert- 
butyl peroxide (9: 1 v/v; 0.1 M tetrabutylammonium perchlorate 
as the supporting electrolyte) in the presence of the appropriate 
methylnaphthalene using a 1000-W Hg/Xe arc lamp (Oriel Corp). 
The output of the lamp was modulated as a sine wave with a me- 
chanical light chopper that operated at frequencies between 20 and 
250 Hz. The reference signal for the lock-in amplifier (PAR model 
124A) was taken from the output of the light chopper. In electro- 
chemical experiments the ac component of the electrolysis current 
was demodulated with the lock-in amplifier (Ithaco model 391A) 
interfaced to a microcomputer. The electrochemical cell was con- 
structed from Teflon@ and had a volume of 0.5 mL. The elec- 
trode, a gold minigrid (1000 wires/in.; Buckbee-Mears) was placed 
in the cell so that the exposed surface area was a circle with a ra- 
dius of 2.5 mm. Currents in the range of 0-500 nA were mea- 
sured with a PAR model 174A polarograph. 

Cyclic voltammetric measurements were performed in acetoni- 
trile/O. 1 M tetrabutylammonium perchlorate at a glassy carbon 
electrode using an EG&G model 173 potentiostat and an EG&G 
model 175 universal cell programmer. All potentials are reported 
with respect to the saturated calomel electrode (SCE). 
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Synthetic applications of glycidic thiolesters. Regioselective reduction to 1,3-diols 
and 2,3-epoxy alcohols 
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HSING-JANG LIU and WEIDE LUO. Can. J. Chem. 70, 128 (1992). 
Glycidic thiolesters were shown to undergo regioselective reduction with Raney nickel to give 1,3-diols. With so- 

dium borohydride at room temperature and lithium aluminum hydride at -78"C, the reduction of glycidic thiolesters was 
found to proceed chemoselectively to furnish 2,3-epoxy alcohols. 

Key words: glycidic thiolesters, reduction, 1,3-diols, 2,3-epoxy alcohols. 

HSING-JANG LIU et WEIDE LUO. Can. J. Chem. 70, 128 (1992). 
On montre que, en presence de nickel de Raney, les thiolesters glycidiques subissent une rkduction regiosClective 

conduisant aux 1,3-diols. Avec le borohydrure de sodium a la temperature ambiante et avec l'hydrure double de lithium 
et d'aluminium 2 -78"C, la reduction de ces esters se produit d'une f a ~ o n  chimiosClective pour fournir des 2.3-Cpoxy 
alcools. 

Mots clts : thiolesters glycidiques, reduction, 1,3-diols, 2,3-epoxy alcools. 
[Traduit par la redaction] 

Introduction 
It is well known that simple thiolesters are reduced to pri- 

mary alcohols by Raney nickel (1-3). However, under the 
influence of other functionalities present in the molecule, the 

I thiolester group may exert some unusual chemical proper- 

i ties. For example, P-keto thiolesters (4, 5) and derivatives 
of S,S1-diethyl dithiomalonate (6, 7) have been shown to 
undergo fragmentation reaction upon treatment with Raney 

I 
I nickel. In light of these previous findings in our laborato- 

ries, it became of interest to investigate the course of reduc- 
tion of glycidic thiolesters with Raney nickel. Herein we wish 
to report the experimental results of this investigation as well 
as those obtained from the reduction of glycidic thiolesters 

I with sodium borohydride and lithium aluminum hydride. 
Thiolesters have been shown to be more susceptible to re- 
duction with metal hydride reducing agents than the corre- 

I sponding oxygen analogues and could be reduced to the al- 
l 

coho1 level under mild conditions with sodium borohydride 
in protic solvents (8) and tetrabutylammonium borohydride 
in aprotic solvents (9). It has also been shown that a clear 
differentiation of the thiolester group from other frequently 
encountered acid derivatives, namely ester, amide, and ni- 
trile, could be achieved using sodium borohydride (8). The 
study on metal hydride reduction of glycidic thiolesters was 
undertaken in order to examine the viability of selectively 
reducing the thiolester group, with the intention of devel- 
oping a new procedure for the preparation of 2,3-epoxy al- 
cohols. 

Results and Discussion 
Synthesis of glycidic thiolesters 

Glycidic thiolesters were first prepared by Wemple and 
co-workers from a-halo thiolesters and carbonyl com- 
pounds (10, 11) using a variant of Darzens condensation (12). 
In Darzens synthesis of glycidic esters, an alkoxide or so- 
dium amide is generally used as a base. However, it is 
deemed necessary to use a non-nucleophilic base in the syn- 
thesis of glycidic thiolesters in order to avoid nucleophilic 

' ~ u t h o r  to whom correspondence may be addressed. 

attack on the thiolester carbonyl group by the reagent. It has 
also been shown (1 1) that a-bromo thiolesters possessing a 
tertiary S-alkyl group are preferred over those with a pri- 
mary or secondary S-alkyl group. One reason could be that 
the primary and secondary alkyl groups may undergo de- 
protonation under strongly basic conditions, as the hydro- 
gen atom adjacent to the sulfur atom is quite acidic (13). 
Another possible reason is that a thiolester derived from a 
tertiary mercaptan is less prone to elimination reaction lead- 
ing to ketene formation (14). In Wemple's synthesis (10, 1 I), 
lithium bis(trimethylsily1)amide and sodium hydride were 
used as the base, and S-tert-butyl a-bromothiolesters were 
used as the main starting substrate. For our investigation, a 
number of glycidic thiolesters were prepared from S-tert-butyl 
2-bromoethanethiolate (1) using lithium diisopropylamide as 
a base. This base was found to be more convenient to use and 
the results were more reproducible. In an early experiment, 
compound 1 was deprotonated with 1 equivalent of lithium 
diisopropylamide in tetrahydrofuran at -78°C. After addi- 
tion of 1 equivalent of dihydrocinnamaldehyde, the reaction 
solution was stirred at -78°C for 2 h and then warmed up 
to room temperature. Under these conditions, a diastereo- 
meric mixture of glycidic thiolesters 2 (1 : 1) was obtained in 
25% yield. 

To  improve the yield, several runs of the reaction were 
carried out using increasing amounts of thiolester 1 and 
lithium diisopropylamide. With 2.5 equivalents each of 1 and 
the base, a 62% yield (based on the aldehyde) of glycidic 
thiolesters 2 was obtained. This yield could not be further 
improved by the use of an even greater amount of thioles- 
ter 1. 

It appears that the excess amount of thiolester 1 was re- 
quired in order to cover its rapid consumption due to  side 
reactions such as self-condensation. In a control experi- 
ment, thiolester 1 was treated with lithium diisopropylam- 
ide ( 1 equivalent) at -78°C in tetrahydrofuran for 2 h. The 
mixture was then allowed to warm up to room temperature 
(ca. 0.5 h). A substantial loss of material occurred and less 
than 60% of the starting thiolester 1 was recovered. 

In the subsequent preparation of glycidic thiolesters, the 
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LIU AND LUO 

TABLE 1 .  Preparation of glycidic thiolesters 

S-t-CqHg 1. LDA (1 equiv.), THF, -78OC, 10 rnin * R% S-t-C4Hg 
2. RR'C=O (0.4 equiv.), -78OC, 2 h 

0 3. -78 to 20°C, 0.5 h 0 
1 

Glycidic 
thiolester(s) 

% 
Yield 

Glycidic 
thiolester(s) 

% 
Yield 

"The stereochemistry of these isomers follows from the subsequent reduction with Raney nickel (see Table 2). The terms cis and 
trans denote the relationship between the tert-butyl group and the oxygen atom of the epoxy ring. 

b~ single stereoisomer was obtained. Its stereochemistry remains to be determined. 

following standard procedure was adopted. The enolate ion 
of thiolester 1 was preformed by treatment with lithium di- 
isopropylamide (1 equivalent) in tetrahydrofuran at -78°C 
for 10 min. The carbonyl compound (0.4 equivalent) was 
then introduced. After 2 h at -7g°C, the reaction mixture was 
warmed to room temperature (ca. 0.5 h). Under these con- 
ditions, several glycidic thiolesters were prepared in repro- 
ducible yields of 62-85%. The results are summarized in 
Table 1. 

Similar to Darzens synthesis of glycidic esters, the for- 
mation of glycidic thiolesters is expected to proceed via the 
following three steps: deprotonation of an a-halo thiolester, 
nucleophilic addition of the enolate ion thus formed to a 
carbonyl compound, and cyclization to form the oxirane ring 
(Scheme 1). It was observed during the preparation of com- 
pound 2 that an intermediate was produced immediately 
following the addition of dihydrocinnamaldehyde at -78°C. 
This intermediate was slowly (ca. 5 h) converted to the de- 
sired product at low temperature (-78°C). This observation 
also indicated that the final cyclization was much slower than 

, the addition of the enolate anion to the carbonyl compound. 
I We have also examined the condensation of S-tert-butyl 

2-chloroethanethioate with carbonyl compounds. This re- 
agent was found to be inferior to the corresponding bromo 

compound 1. At -78°C over a period of 5 h, the reaction of 
its enolate ion with cyclohexanone gave rise to chloro al- 
cohol 9 as the only product in 8 l % yield. When the reaction 
was carried out by slowly warming the reaction mixture to 
room temperature over a 2.5 h period, the desired product 4 
was formed but only in poor yield (19%). Similarly, the 
condensation of S-tert-butyl 2-chloroethanethioate with di- 
hydrocinnamaldehyde at -78°C gave chloro alcohol 10 as 
the only product (38% yield). In this case, the formation of 
the desired product 2 was not detected even after the reac- 
tion temperature was raised to 20°C. 
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1 I RCOR' 

:% s-t-c 4 H 9+- R' 
S-t-C4Hg 

OLi 0 

Treatment of compounds 9 or 10 with a base such as so- 
dium hydride in tetrahydrofuran or l ,2-dimethoxyethane at 
room temperature did not yield any detectable amount of the 
desired glycidic thiolester. Instead, complete decomposi- 
tion to give the original components, a-chloro thiolester and 
the carbonyl compound, occurred. 

The above results clearly indicate that a-chloro thiolester 
is not an adequate reagent for the preparation of glycidic 
thiolesters via Darzens condensation. This is in agreement 
with the previous findings made by Wemple and co-work- 
ers (1 1). The isolation of intermediate chloro alcohols 9 and 
10 and the observed reverse reaction of these intermediates 
lend support to the proposed mechanistic pathway depicted 
in Scheme 1. 
Reduction of glycidic thiolesters with Raney nickel 

Glycidic thiolester cis-2 was treated with W-2 Raney nickel 
in 95% ethanol at room temperature for 1 h. After filtration 
and concentration of the filtrate, diol 11 (15) was obtained. 
The mass spectrum revealed its molecular formula of 
CllHI6O2. The ir spectrum indicated the presence of a hy- 
droxy group showing a strong absorption at 3343 cm-'. This 
was also confirmed by the signal at 6 2.3 for two D20  ex- 
changeable hydrogens in the 'H nmr spectrum. However, at 
this stage the relationship (i.e., 1,2- or 1,3-) of the two hy- 
droxy groups could not be determined by the 'H nmr spec- 
trum due to the complexity of the signals at 6 3.8-4.0 for the 
three hydrogens adjacent to the hydroxy groups. 

To solve this problem, the diol was converted to the cor- 
responding diacetate by treatment with excess acetic anhy- 
dride and pyridine in methylene chloride. The 'H nmr spec- 
trum clearly indicated that the product was a 1,3-diacetate 
derived from 1,3-diol 11, displaying two low-field signals, 
a triplet at 6 4.10 (J  = 6.5 Hz) for two hydrogen atoms, and 
a triplet of triplets at 6 5.04 (J = 7, 5.5 Hz) integrating to 
one hydrogen. 

Similar treatment of glycidic thiolesters 3 ,  4 ,  7, and 8 with 
Raney nickel gave rise to 1,3-diols 12 (16), 13 (17), 14 (18), 
and 15, respectively. An examination of the results com- 
piled in Table 2 reveals that the reduction in each case pro- 
ceeded in a completely regioselective manner with prefer- 
ential cleavage of the carbon-oxygen bond neighboring the 
thiolester group. As such, this bond is expected to be acti- 
vated by the thiolester group. Furthermore, in compounds 
4 ,  7, and 8 ,  this bond happens also to be sterically less con- 
gested than the other carbon-oxygen bond of the oxirane 

ring. Most likely, it is the combination of these electronic and 
steric effects that induced the observed high degree of re- 
gioselectivity . 

Reduction of glycidic thiolesters with sodium borohydride 
and lithium aluminum hydride 

In this part of the study, several glycidic thiolesters were 
subjected to sodium borohydride reduction in order to in- 
vestigate the feasibility of reducing the thiolester group se- 
lectively without affecting the adjacent epoxy ring. Thus, 
compound 4 was treated with 4 molar equivalents of so- 
dium borohydride in 98% ethanol at 20°C. The reduction was 
found to be completed within 5 h, giving rise to epoxy al- 
cohol 16 (19) in 82% yield. 

This procedure is apparently general for the selective re- 
duction of glycidic thiolesters. Under similar conditions, 
compounds cis-2, trans-2, cis-3, and 8 were also smoothly 
reduced to their corresponding epoxy alcohols in good yields 
(80-95%). Results are compiled in Table 3. 

It should be noted that up to 4 molar equivalents of the 
reducing agent were required for completion of the reac- 
tion, presumably because of partial consumption of the re- 
agent by the solvent. The amount could be reduced to 2.5 
molar equivalents by addition of the reagent in portions (0.5 
molar equivalent over every 0.5 h period) during the reac- 
tion. 

The formation of epoxy alcohols from glycidic thioles- 
ters can also be achieved by the use of lithium aluminum 
hydride at low temperature. For example, when trans-3 was 
treated with 3 molar equivalents of the reducing agent in ether 
at -78°C for 1 h, epoxy alcohol trans-18 (16) was obtained 
in 89% yield. 

The reduction was also attempted using 1 molar equiva- 
lent of lithium aluminum hydride. At -78"C, the reaction 
was found to be slow and incomplete after a long time of 
reaction (>5 h): When the reaction was carried out at room 
temperature, a complex mixture was produced, from which 
hydroxy aldehyde 21 was isolated in 5% yield. This com- 
pound was obviously produced as a result of the epoxy ring 
opening with tert-butyl mercaptide generated during the re- 
duction. 

Several other glycidic thiolesters were subjected to re- 
duction with a large excess (3 molar equivalents) of lithium 
aluminum hydride at low temperature (-78°C). As indi- 
cated by the results outlined in Table 3, these conditions are 
generally effective for the selective reduction of the thioles- 
ter group. 

Conclusion 
Several new synthetic aspects of glycidic thiolesters, 

readily prepared by an a-bromo thiolester version of the 
Darzens condensation, were successfully explored. Reduc- 
tion of glycidic thiolesters with Raney nickel was shown to 
give consistently the corresponding 1,3-diols as a result of 
the completely regioselective cleavage of the epoxy ring. On 
the other hand, with sodium borohydride at room tempera- 
ture or lithium aluminum hydride at -78"C, glycidic 
thiolesters were readily reduced to give 2,3-epoxy alcohols 
resulting from the chemoselective reduction of the thioles- 
ter moiety. In conjunction with the Darzens glycidic thiolester 
condensation, these facile and apparently general reduc- 
tions provide convenient access to 1,3-diols and 2,3-epoxy 
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LIU AND LUO 

TABLE 2. Reduction of glycidic thiolesters with Raney nickel 

Ra-Ni (W-2) 
S-t-C4H9 

95% EtOH, 1 h, RT 
CH2CH20H 

R' R' 

0 

Thiolester(s) Product(s) % Yield 

cis-2 80 

11 (15) 

12 (16) 

13 (17) 

~ 
I 

I 
j 
I 

j t-C4Hg 
i 14 (18) 

I (cis:trans = 1 : 2)" 

! 
I 
i 
! 

15* 

"The stereochemistry of these isomers was tentatively assigned on the basis of the rela- 
tive polarities (18) of the corresponding monoacetates (see Experimental). By inference the 
stereochemistry of the starting glycidic thiolesters 7 was deduced. 

'The stereochemistry of this compound remains to be determined. 

alcohols2 that cannot b e  effectively prepared by  similar nuclear magnetic resonance (I3c nmr) spectra were recorded on a 
transformations involving glycidic esters. Bruker WH-300 (75 MHz) spectrometer. The multiplicity of I3c 

nmr signals was derived from off-resonance or Carr-Purcel- 
Experimental Meiboom-Gill spin echo J-modulated experiments (APT or At- 

General tached Proton Test). Peaks in antiphase (a) with deuteriochloro- 
Melting points (rnp) were determined on a KGfler hot stage ap- form were assigned as methyls or methines, while ~ e a k s  in ~ h a s e  

paratus and are uncorrected. Elemental analyses were performed (P) cOrres~Ond Or quarternary High reso- 
by the microanalytical laboratory of this department. Infrared (ir) lution mass spectra (HRMS) were recorded using a Kratos A.E.1. 
spectra were recorded on a perkin-~lmer model 457 or ~ i ~ ~ l ~ ~  model MS50 high-resolution mass spectrometer. Chemical ion- 
7-199 FT-IR spectrophotometer. Unless otherwise stated, ir Sam- ization mass spectra (CIMS) were obtained using an A.E.I. ~ ~ 1 2  
ples were run as thin films. Proton nuclear magnetic resonance (IH mass spectrometer, with ammonia as the reagent gas. ~oncent ra -  
nmr) spectra were recorded on a Bruker WH-200 spectrometer and, fions systems used for column are given 

except where otherwise stated, were obtained on solutions in deu- by 
terochloroform with tetramethylsilane as internal reference. The Materials 
following abbreviations are used: s = singlet, d = doublet, t = 5'-tert-Butyl 2-bromoethanethioate (1) was prepared by trap- 
triplet, q = quartet, m = mult i~let ,  and br = broad. Girbon-13 ping, with tert-butyl mercaptan, of a-bromoacetyl bromide pre- 

pared by the Hell-Volhard-Zelinsky reaction (21). Methylene 
 or a review on the chemistry of 2,3-epoxy alcohols, see ref. chloride was distilled from anhydrous magnesium sulfate. Ether, 

20. 1,2-dimethoxyethane, and tetrahydrofuran were distilled from so- 

3 
(isomeric mixture) 
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TABLE 3. Reduction of glycidic thiolesters with sodium borohydride and lithium 
aluminum hydride 

NaBH4 (4 mol equiv.)," '*( S-t-C4H9 
98% EtOH, 4-8 h, RT 

R' 
ether, -78OC. 1 h * RACH20H or LiAlH4(3 mol equiv.), RJ 

0 

% Yield % Yield 
Thiolester(s) Product(s) with NaBH, with LiAlH, 

"The stereochemistry of this compound remains to be determined. 

dium metal and benzophenone under an argon atmosphere. Ethyl 
acetate, hexane, ether, and methylene chloride used for chroma- 
tography and extraction were purified by distillation. Argon was 
passed through a purification train of Fieser's solution, concen- 
trated sulfuric acid, and potassium hydroxide pellets. Silica gel, 
230-400 mesh ASTM, was used as absorbent for flash chroma- 
tography. Thin-layer chromatography was carried out using Merck 
TLC aluminum sheets silica gel 60 F,,,. Unless otherwise stated, 
anhydrous magnesium sulfate was used for drying organic solu- 
tions. 

Preparation of glycidic thiolesters 
A number of glycidic thiolesters were synthesized from a-bromo 

thiolester 1 and the carbonyl compounds. A typical experimental 

procedure is given below with compounds 2. Yields of products are 
shown in Table 1. 

S-tert-Bucyl3-(2-phenylethyl)oxirane-2-carbothioates (2) 
Under an argon atmosphere, diisopropylamine (1.11 g ,  11.0 

mmol) and tetrahydrofuran (30 mL) were placed in a flask and 
cooled to -78°C by a Dry Ice - acetone bath. A 2.0 M butyllith- 
ium solution in hexane (5.0 mL, 10.0 mmol) was slowly added with 
a syringe. After stirring for 10 min, a solution of compound 1 
(2.1 1 g, 10.0 mmol) in tetrahydrofuran (5 mL) was added drop- 
wise over a period of 10 min. Then a solution of dihydrocinna- 
maldehyde (0.536 g ,  4.00 mmol) in tetrahydrofuran (5 mL) was 
added dropwise. The resulting mixture was stirred at -78°C for 
2 h and the cooling bath was removed. After the mixture was 
warmed up to room temperature, it was poured into an aqueous 
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saturated ammonium chloride solution and extracted with ether (3 
X 20 mL). The extracts were washed with aqueous saturated so- 
dium chloride solution. combined, dried, filtered, and concen- 
trated to give a brown oil. Flash chromatography (2-8% ether in 
hexane) gave cis-2 (0.345 g, 1.3 1 mmol) and trans-2 (0.3 10 g, 
1.17 mmol). cis-2: 'H nmr 6: 1.50 (s, 9H, -C(CH3),), 2.00 (m, 2H, 
-CH2CH,Ph), 2.74 (dt, 1 H, J = 13, 8 Hz, -CHHPh), 2.83 (dt, 1 H, 
J = 13, 6 HZ, -CHHPh), 3.21 (dt, IH, J = 5, 6 HZ, -CH,CH-), 
3.58 (d, lH,  J = 5 Hz, -CHCO-), and 7.30 (complex, 5H, ArH). 
trctns-2: ir: 1670 (C=O) cm-'; 'H nmr 6: 1.50 (s, 9H, -C(CH3),), 
1.92 (m, 2H, -CH2CH2Ph), 2.77 (ddd, lH,  J = 13, 9,  4 Hz, 
-CHHPh), 2.80 (ddd, 1 H, J = 13, 8 .5 ,4  HZ, -CHHPh), 3.19 (ddd, 
1 H, J = 6.5 ,6 ,2  HZ, -CH,CH-), 3.26 (d, 1 H, J = 2 HZ, -CHCO-), 
and 7.23 (complex, 5H, ArH); CLMS (M + NH,)': 282 (calcd. for 
C 15H24NOZS: 282). 

S-tert-Bury1 3-cyclohexylo.rirane-2-carbothioates (3) rrarls-3: 'H 
nrnr 6: 1.48 (s, 9H, -C(CH3)3), 1.1 - 1.95 (complex, 1 1 H), 2.98 (dd, 
lH, J = 6.5, 2 Hz, -CHCHCO-), and 3.33 (d, lH,  J = 2 Hz, 
-CHCO-). cis-3: 'H nmr 6: 1.51 (s, 9H, -C(CH,),), 1.1-1.9 
(complex, 1 1 H), 2.95 (dd, 1 H, J = 9, 4.5 Hz, -CH-), and 3.61 (d, 
lH, J = 4.5 Hz, -CHCO-); HRMS M': 242.1327 (calcd. for 
CI3HZZO2S: 242.1340). 

S-tea-Butyl 1 -oxaspiro[2.5]octane-2-carbothioate (4): ir: 1695 
and 1667 (C=O) cm- '; 'H nrnr 6: 1.50 (s, 9H, -C(CH3),), 1.5- 
1.8 (complex, lOH), and 3.36 (s, IH, -CHCO-); HRMS M': 
228.1 183 (calcd. for C12H2002S: 228.1 184). 

S-tert-Butyl 1-oxaspiro[2.4]heptar~e-2-carbothioate (5): ir: 1693 
and 1668 (C=O) cm-'; 'H nrnr 6: 1.50 (s, 9H, -C(CH3),), 1.6- 
2.1 (complex, 8H), and 3.57 (s, IH, -CHCO-); HRMS M': 
214.1022 (calcd. for CllHlnO,S: 214.1027). 

S-tert-Butyl3,3-diethyloxirane-2-carbothioate (6): ir: 1695 and 
1668 (C=O) cm-'; 'H nrnr 6: 0.95 (t, 3H, J = 8 Hz, -CH2CH3), 
0.99 (t, 3H, J = 8 HZ, -CH2CH3), 1.52 (s, 9H, -C(CH3),), 1.68 
(q, 2H, J = 8 HZ, -CH2CH3), 1.70 (q, 2H, J = 8 HZ, -CHICH3), 
and 3.42 (s, lH, -CH-); HRMS M': 216.1178 (calcd. for CllHzo- 

i 0 ,s :  216.1184). 
/ S-tert-Butyl 6-tert-butyl-1 -oxaspiro[2 .5]octane-2-cnrborhiontes 
/ (7) trans-7: ir: 1695 and 1669 (C=O) cm-'; 'H nmr 6: 0.87 (s, 9H, 

-C(CH,),), 1.50 (s, 9H, -SC(CH3),), 1 .O-2. I (complex, 9H), and 
3.36 (s, 1 H, -CHCO-). cis-7: 'H nrnr 6: 0.88 (s, 9H, -C(CH,),), 
1.40 (s, 9H, -SC(CH3),), 1 .O-2.1 (complex, 9H), and 3.38 (s, lH, 
-CHCO-); HRMS M+: 284.1810 (calcd. for C16H2802S: 284.1809). 

S-tert-Butyl4-cyclohexyl-1 -oxaspiro[2.5]ocrane-2-carbothioate 
(8): mp 91-93°C; ir: 1653 (C=O) cm-'; 'H nmr 6: 0.8-2.05 
(complex, 20H), 1.49 (s, 9H, -C(CH,),), and 3.23 (s, 1 H, -CH- 
CO-); ')c nrnr (CDCl,) 6: 196.7 (p), 69.3 (p), 64.1 (a), 48.5 (a), 
35.9 (a), 3 1.4 (p), 30.7 (p), 29.8 (a), 27.6 (p), 26.5 (p), 26.4 (p), 
25.7 (p), 25.3 (p), and 20.6 (p); HRMS M+: 3 10.1969 (calcd. for 
CI8H3,OIS: 3 10.1966). Anal. calcd. for ClnH300,S: C 69.63, H 
9.74, S 10.33; found: C 69.67, H 9.96, S 10.36. 

Reduction of glycidic rhiolesrers with Raney nickel 
The reactions were carried out using the general procedure de- 

scribed below. Yields of products are shown in Table 2. 
To Raney nickel (W-2, ca. 4 g/mmol of substrate, 50% slurry 

in water), in a flask, was added water (5 mL). After stirring for 
0.5 min, the liquid was carefully removed with a pipet. The resi- 
due was washed three times with 95% ethanol (5 mL each). Then 
a solution of glycidic thiolester (0.5-1.0 mrnol) in 5 mL of 95% 
ethanol was added. After stirring at room temperature for 1 h, the 
reaction mixture was filtered through a layer of Celite 545. The 
residue was washed with 30 mL of ethanol. The filtrates were 
combined and concentrated to give the crude product, which was 
subjected to either flash chromatography (3% methanol and 30% 
ether in hexane) giving a pure diol, or direct acetylation as fol- 
lows. 

poured into an ice-cold aqueous 1 N sodium hydroxide solution and 
extracted with methylene chloride. The extracts were washed with 
1 N hydrochloric acid and aqueous saturated sodium chloride so- 
lution, combined, dried, filtered, and concentrated. The residue was 
chromatographed (10-40% ethyl acetate in hexane) to give mono- 
and (or) diacetate in good yield. 

The diols and their corresponding mono- and (or) diacetates were 
shown to have the following spectral data. 

5-Pherlyl-1,3-pentarzediol (11): ir: 3343 (br, -OH) cm-'; 'H 
nrnr 6: 1.7- 1.8 (complex, 4H), 2.3 (br s, 2H, D20 exchangeable, 
-OH), 2.74 (ddd, I H, J = 14, 7.5, 8.5 Hz, -CHHPh), 2.82 (ddd, 
1 H, J = 14, 7,  9 Hz, -CHHPh), 3.8-4.0 (complex, 3H, -CHOH- 
CHICH20H), and 7.2-7.4 (complex, 5H, ArH); CIMS (M + 
NH4)+: 198 (calcd. for C1,H,,NO,: 198). Diacetate of 11: ir: 1730 
(C=O), 1500 and 1450 (Ph) cm-'; 'H nrnr 6: 1.8-2.0 (complex, 
4H), 2.05 (s, 6H, -COCH,), 2.64 (td, 2H, J = 7, 2 Hz, -CHIPh), 
4.10 (t, 2H, J = 6.5 Hz, -CH,OAc), 5.04 (tt, lH, J = 7, 5.5 Hz, 
-CH(OAc)-), and 7.15-7.40 (complex, 5H, ArH); HRMS m/z: 
204.1 148 (M+ - CH3C02H, calcd. for C13H1602: 204.1 150). 

1-Cyclohexyl-1,3-propanediol (12): ir: 3342 (OH) cm-'; 'H nmr 
6: 0.9- 1.5 (complex, 6H), 1.5-2.0 (complex, 7H), 2.30 (br s, 1 H, 
D,O exchangeable, -OH), 2.46 (br s, lH,  D20 exchangeable, 
-OH), 3.68 (dt, 1 H, J = 7.5, 5.5 HZ, -CH(OH)-), 3.90 (dt, IH, J 
= 11, 5.5 Hz, -CHHOH), and 3.95 (dt, lH,  J = 11, 5 Hz, 
-CHHOH); CIMS (M + NH4)': 176 (calcd. for C,HIIN03: 176). 
Diacetate of 12: 'H nrnr 6: 0.9- 1.9 (complex, 13H), 2.06 (s, 3H, 
-COCH,), 2.08 (s, 3H, -COCH3), 4.12 (t, 2H, J = 7 Hz, -CHI- 
OAc), and 4.90 (ddd, lH,  J = 9,  6,  4 Hz, -CH(OAc)-). 

1-(2-Hydroxyethy1)cyclohexanole (13): 'H nmr 6: 1.3-1.8 (com- 
plex, 1 OH), 1.76 (dd, 2H, J = 6,  5 Hz, -CH2CH20H), 2.35 (br s, 
lH, D20  exchangeable, -OH), 2.80 (br s, lH,  D,O exchange- 
able, -OH), and 3.90 (ddd, 2H, J = 6, 5 ,  4.5 Hz, -CH,CH,OH; 
after addition of D20,  dd 2H, J = 6, 5 Hz). Monoacetate of 13: ir: 
3450 (OH), 1716 (C=O) cm-'; 'H nmr 6: 1.2-1.8 (complex, 1 lH), 
1.82 (t, 2H, J = 8 Hz, -CH,CH2 Ac), 2.06 (s, 3H, -COCH,), and 
4.27 (t, 2H, J = 8 Hz, -CH2CHIOAc); HRMS m/z: 169.1227 (M+ 
- OH, calcd. for C,,H,,O,: 169.1228). Diacetate of 13: ir: 1725 
(C=O) cm-'; 'H nrnr 6: 1.2-1.6 (complex, 8H), 2.03 (s, 3H, 
-COCH,), 2.06 (s, 3H, -COCH,), 2.2 (complex, 2H), 2.25 (t, 2H, 
J = 8 Hz, -CH2CH20Ac), and 4.13 (t, 2H, J = 8 Hz, -CH2CHz- 
OAc); HRMS m/z: 169.1226 (M' - OCOCH,, calcd. for 
CloH1702: 169.1228). 

4-tert-Butyl-1-(2-hydroxyethyl)cyclohexanols (14): ir: 3356 (OH) 
cm-'; HRMS M+: 200.1776 (calcd. for ClIH140,: 200.1776). trans- 
14: 'H nmr 6: 0.86 (s, 9H, -C(CH3),), 1.2-2.2 (complex, 9H), 1.84 
(t, H, J = 5.5 Hz, -CH2CH,0H), 2.68 (br s, lH,  -OH), 2.23 (br 
s, IH, -OH), and 3.92 (t, 2H, J = 5.5 Hz, -CH,OH). cis-14: 'H 
nmr 6: 0.88 (s, 9H, -C(CH,),), 1.2-2.2 (complex, 9H), 1.73 (t, 
2H, J = 5.5 Hz, -CHICH20H), 2.68 (br s, 1 H, -OH), 2.23 (br s, 
lH,  -OH), and 3.95 (t, 2H, J = 5.5 Hz, -CH,CH,OH). Monoace- 
tate of trans-14: 'H nrnr 6: 0.86 (s, 9H, -c(cH~)~), 1 .O-2.0 (corn- 
plex, ]OH), 1.88 (t, 2H, J = 7 Hz, -CH,CH,OAc), 2.06 (s, 3H, 
-COCH3), and 4.26 (t, 2H, J = 7 Hz, -CHIOAc). Monoacetate of 
cis-14: 'H nmr 8: 0.86 (s, 9H, -C(CH3)3), 1.2-1.8 (complex, ]OH), 
1.78 (t, 2H, J = 7 HZ, -CH,CH20Ac), 2.05 (s, 3H, -COCH3), and 
4.27 (t, 2H, J = 7 Hz, -CH,OAc). 

2-Cyclohexyl-1-(2-hydroxyethyl)cyclohexanol (15) mp 104- 
107°C; ir 3362 (OH) and 3357 (OH) cm-'; 'H nmr 6: 1.0-2.1 
(complex, 22H), 2.28 (ddd, IH, J = 14, 10, 6 Hz, -CHHCH,OH), 
2.46 (br s, lH,  D 2 0  exchangeable, -OH), 3.80 (ddd, lH, J = 10, 
6, 4.5 Hz, -CHHOH), and 4.01 (ddd, lH, J = 10, 10, 4 Hz, 
-CHHOH); HRMS M': 226.1929 (calcd. for C14H1601: 226.1933). 
Monoacetate of 15: 'H nmr 6: 1 .O-1.9 (complex, 21H), 1.97 (t, 
2H, J = 7 HZ, -CH,CH,OAc), 2.10 (s, 3H, -COCH3), and 4.23 
(t, 2H, J = 7 HZ, -CH,OAc). 

I A pure or crude diol yielded from the reduction reaction was Reduction of glycidic thiolesters with sodium borohydride 
stirred with excess acetic anhydride and pyridine in methylene The reactions were carried out using the general procedure de- 
chloride at room temperature overnight. Then the mixture was scribed below. Yields of products are shown in Table 3. 
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To a solution of a glycidic thiolester (0.5-1.0 mmol) in 98% 
ethanol (1-2 mL) cooled by an ice bath, was added sodium bo- 
rohydride (4.0 molar equivalents) with stirring. After 10 min, the 
ice bath was removed and the reaction mixture was stirred at room 
temperature for 4-8 h. After the glycidic thiolester was com- 
pletely consumed as shown by thin-layer chromatography, 1 N 
hydrochloric acid (5 mL) was carefully added to the mixture. The 
resulting mixture was poured into 1 N aqueous sodium hydrox- 
ide solution (50 mL) and extracted with methylene chloride (3 X 

15 mL). The extracts were washed with aqueous saturated sodium 
chloride solution, combined, dried, filtered, and concentrated. The 
residue was chromatographed (30-60% ethyl acetate in hexane) to 
afford the epoxy alcohol. 

I 

Reduction of glycidic thiolesters with lithium aluminum hydride 
The reactions were carried out using the general procedure de- 

scribed below. Yields of products are shown in Table 3. 
At -78"C, to a solution of a glycidic thiolester (0.5-1.0 mmol) 

in ether (3-6 mL) under an atmosphere of argon was carefully added 
lithium aluminum hydride (3.0 molar equivalents). The reaction 
mixture was stirred at -78°C for 1 h, then quenched by addition 
of water (1 mL). The resulting mixture was acidified with 1 N hy- 
drochloric acid and extracted with methylene chloride (3 X 10 mL). 
The extracts were washed with aqueous saturated sodium chloride 
solution, combined, dried, filtered, and concentrated. The residue 
was chromatographed (30-60% ethyl acetate in hexane) to give the 
corresponding epoxy alcohol. 

The epoxy alcohols obtained from metal hydride reduction of 
glycidic thiolesters showed the following spectral data. 

I 2-Hydroxymethyl-I-oxaspiro[2.5]octane (16): ir: 3400 (OH) 
I cm-'; 'H nmr 6: 1.4-1.9 (complex, l lH),  3.00 (dd, lH, J = 7, ~ 4.5 Hz, -CHCH20H), 3.70 (ddd, lH, J = 12, 7, 4.5 Hz, 

-CHHOH), and 3.81 (ddd, 1 H, J = 12, 8, 4.5 Hz, -CHHOH); 
CIMS (M + NH4)+: 160 (calcd. for C8HI8No2: 160). Anal. calcd. 
for C8HI4o2: C 67.57, H 9.92, found: C 67.57, H 10.11. 

2-Hydroxymethyl-3-(2-phenylethy1)oxiranes (17): 
cis-17: ir: 3417 and 3409 (OH) cm-I; 'H nmr 6: 1.57 (br s, 1 H, 

D20 exchangeable, -OH), 1.81 (dddd, lH, J = 14, 8.5, 8, 6 Hz, 
-CH2CHH-), 1.95 (dddd, lH, J = 14, 9, 8, 6.5 HZ, -CH2CHH-), 
2.78 (dt, lH, J = 13, 8 Hz, PhCHH-), 2.91 (ddd, lH, J = 13, 9, 
6. HZ, PhCHH-), 3.12 (ddd, lH, J = 8.5, 6.5, 4 HZ, -CH2CH-), 
3.15 (dt, lH, J = 4, 5 Hz, -CHCH20H), 3.62 (d, 2H, J = 5 Hz, 
-CH20H), and 7.25-7.45 (complex, 5H, ArH); HRMS M': 
178.0988 (calcd. for CI ,HI4O2: 178.0994). Acetate of cis-17: 'H 
nmr 6: 1.94 (dt, 2H, J = 6, 8 Hz, -CH2CH2-), 2.12 (s, 3H, 
-COCH3), 2.80 (dt, 1 H, J = 14, 8 HZ, PhCHH-), 2.84 (dt, 1 H, J 
= 14, 8 Hz, PhCHH-), 2.95 (ddd and dt, 2H, J = 6, 6, 3 and 6, 
6 HZ, -CH2CHOCHCH20Ac), 3.90 (dd, lH, J = 12, 6 Hz, 
-CHHOAc), 4.34 (dd, lH, J = 12, 3 Hz, -CHHOAc), and 7.25- 
7.45 (complex, 5H, ArH). trans-17: u 3417 and 3409 (OH) cm-'; 
'H nmr 6: 1.58 (br s, lH, D20 exchangeable, -OH), 1.90 (ddd, 1 H, 
J = 8.5, 8, 6 HZ, -CH2CHH-), 1.94 (ddd, lH, J = 8, 6.5, 6 HZ, 
-CH2CHH-), 2.80 (ddd, lH, J = 14, 8, 8 HZ, PhCHH-), 2.85 (ddd, 
lH, J = 14, 8.5, 6.5 HZ, PhCHH-), 2.88 (ddd, lH, J = 4.5, 2.5, 
2 HZ, -CH2CH-), 3.03 (dt, lH, J = 2, 6 HZ, -CHCH20H), 3.62 
(dd, lH, J = 12, 4.5 Hz, -CHHOH), 3.88 (dd, lH, J = 12.5, 
2.5 Hz, -CHHOH), and 7.25-7.45 (complex, 5H, ArH). 

2-Hydroxymethyl-3-cyclohexyloxiranes (18) I cis-18: u 341 8 (OH) cm-'; 'H nrnr 6: 1 .O- 1.9 (complex, 1 lH), 
2.02 (br s, 1 H, -OH), 2.80 (dd, lH, J = 8, 4 Hz, -CHCH-), 3.22 

(ddd, lH, J = 7 , 4 , 4  Hz, -CHCH2-), 3.76 (dd, lH, J = 12,7 Hz, 
-CHHOH), and 3.93 (dd, lH, J = 12 ,4  Hz, -CHHOH); trans-18: 
ir: 3418 (OH) cm-'; 'H nmr 6: 1 .O-2.0 (complex, 12H), 2.80 (dd, 
lH, J = 7, 2.5 HZ, -CHCH-), 3.03 (ddd, lH, J =  4, 2.5, 2.5 HZ, 
-CHCH2-), 3.67 (ddd, lH, J = 1 2 , 7 , 4  Hz, -CHHOH), and 3.95 
(ddd, lH, J = 12, 8, 2.5 Hz, -CHHOH); CIMS (M + NH,)': 174 
(calcd. for C9H2$\JO2: 174). 

cis- 6-tert-Butyl- 2-hydroxymethyl-I -oxaspiro[ 2.5loctane (19): 
ir: 3400 (OH) cm-I; 'H nmr 6: 0.90 (s, 9H, -C(CH,),), 1.0-2.0 
(complex, lOH), 3.05 (dd, lH, J = 7,4 .5  Hz, -CHCH20H), 3.76 
(ddd, lH, J = 12, 7, 4 Hz, -CHHOH), and 3.87 (ddd, lH, J = 
12, 7, 4.5 Hz, -CHHOH); HRMS M': 198.1629 (calcd. for 
C12H2202: 198.1620). 

4-Cyclohexyl-2-hydroxymethyl-I -oxaspiro[2.5]octane (20): ir: 
3420 (OH) cm-'; 'H nmr 6: 0.9-2.1 (complex, 21H), 2.85 (dd, lH, 
J = 5, 7 Hz, -CHCH20H), 3.70 (ddd, lH, J = 12, 7, 5 Hz, 
-CHHOH), and 3.90 (ddd, lH, J = 12, 5, 7.5 Hz, -CHHOH); 
HRMS M+: 224.1778 (calcd. for C14H2402: 224.1776). Anal. calcd. 
for C,4H2402: C 74.95, H 10.78; found: C 74.82, H 10.45. 
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Kinetics of the photochemical reactions of the croconate dianion in aqueous solution 
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B. ZHAO and M. H. BACK. Can. J .  Chem. 70, 135 (1992). 
The kinetics of the photochemical reactions of the dianion of croconic acid (1,2-dihydroxycyclopentenetrione) have 

been studied in aqueous solution in the presence of electron acceptors. In neutral solutions the quantum yield for dis- 
appearance of croconate dianion was small (< but was substantially increased in basic solution and in the presence 
of electron acceptors. At pH 12 in the presence of 4-nitrobenzylbromide and biacetyl a quantum yield of 1 was ob- 
tained. The kinetics of the rate of disappearance of croconate dianion as a functlon of pH and concentration of acceptor 
showed that the excited dianion is oxidized by acceptors and reacts with hydroxyl ion. A mechanism is proposed that, 
by assuming reasonable values for the rate constants involved, is shown to be consistent with the results. 

Key words: photolysis, kinetics, croconate dianion, electron transfer. 

B. ZHAO et M. H. BACK. Can J .  Chem. 70, 135 (1992). 
Operant en solution aqueuse, en presence d'accepteurs d'electrons, on a CtudiC la cinktique des reactions photochi- 

miques du dianion de l'acide croconique (1,2-dihydroxycyclopent&netrione). Dans des solutions neutres, le rendement 
quantique pour la disparition du dianion croconate est faible (< w 3 ) ;  toutefois, il augmente considerablement en solu- 
tion basique et en presence d'accepteurs d'Clectrons. A un pH de 12, en presence de bromure de 4-nitrobenzyle et de 
biacgtyl, on a obtenu un rendement quantique de 1. La cinetique de la vitesse de disparition du dianion croconate en 
fonction du pH et de la concentration d'accepteur montre que le dianion excite est oxydC par les accepteurs et qu'il rkagit 
avec l'ion hydroxyle. On propose un mecanisme qui, en utilisant des valeurs raisonnables pour les constantes de vi- 
tesses impliquees, est en accord avec les rksultats. 

Mors cle's : photolyse, cinetique, dianion croconate, transfert d'klectrons. 
[Traduit par la redaction] 

The cyclic dibasic acids, squaric, croconic, and rhodi- 
zonic, form symmetrical, resonance-stabilized structures 
when completely ionized. 

r o 12- 

Squarate Croconate Rhodizonate 

These dianions were named "oxocarbons" by West and 
Powell (1) and were recognized as members of an aromatic 
series containing only carbon and oxygen atoms (2, 3). These 
symmetrical structures have intrigued theoretical chemists 
who have discussed the structure and bonding, the proper- 
ties of the molecular orbitals, and the excited electronic states 
(4-6). The dianions all show strong absorption in the first 
IT+IT* electronic transition. The maximum in the absorp- 
tion shifts from the visible, 483 nm (3.3 x lo4 L mol-I 
cm-I), for rhodizonate to the near ultraviolet, 363 nm (3.9 
x lo4 L mol-I cm-I), for croconate, to the ultraviolet, 
268 nm (2.4 x lo4 L mol-I cm-'), for squarate. This prop- 
erty has led to several useful applications. Rhodizonic acid 
is an analytical reagent for metal ions, especially iron, lead, 
and barium (7-9). Squaric acid and croconic acid form 
condensation products with aminophenols and various types 
of pyrroles; these are intensely coloured and have found ex- 
tensive use as photoreceptors in laser recording materials and 
other photoresponsive devices (10, 11). In spite of the im- 
portance of these anions and their derivatives, little is known 
about the chemical reactions occurring following absorp- 
tion of light. Rhodizonic acid was known to be unstable when 
exposed to visible light but no study of the effect has been 

reported and no mechanism for the reaction proposed. We 
therefore began a systematic study of the kinetics of the 
photochemic~l reactions of these dianions, beginning with 
rhodizonate (1 2, 13). 

The photochemical reaction of the rhodizonate dianion was 
shown to be inefficient, with quantum yields <lo-' in neu- 
tral or weakly basic solutions (13). The rate of disappear- 
ance was significantly increased in the presence of electron 
acceptors, and quantum yields up to about 0.04 were ob- 
tained. The results were interpreted in terms of an initial 
electron transfer from the excited dianion to the acceptor, but 
a rapid reversal to ground state species prevented an effi- 
cient photodissociation. A similar mechanism was sug- 
gested to account for the slow thermal reaction. 

In the present paper these studies have been extended to 
the croconate dianion in which the increased energy of the 
absorbed photon leads to a more efficient photodissociation 
process. Quantum yields of 1 have been observed in basic 
solution in the presence of certain additives. Two types of 
additives have been used to detect intermediates in the re- 
action: electron acceptors to oxidize the excited dianion of 
croconic acid, and diphenylpicrylhydrazyl (DPPH) and 
acrylamide to trap radicals that escaped from the solvent cage. 
A mechanism is proposed in which the excited dianion 
undergoes electron transfer to an acceptor molecule as well 
as direct reaction with hydroxyl ions. 

Experimental 
Disodium croconate, Na2C5O5, was prepared by the thermal 

oxidation of sodium rhodizonate with hydrogen peroxide in basic 
solution, according to the procedure described by Schwartz, Gelb, 
and Yardley (14). The precipitate of sodium croconate was re- 
crystallized from ethanol-water solution and dried at 120°C for 
90 min. The I3c NMR spectrum showed only one peak at 188 ppm 
and the extinction coefficient at the maximum of the strong T + 
T* absorption, 363 nm, was 3.9 x lo4 M-' cm-', assuming the 
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salt was the monohydrate. Neutral solutions of sodium croconate 
were stable for several months when kept in the dark. Solutions for 
reaction were prepared daily from the stock solution using dis- 
tilled and deionized water. 

The light source was a medium-pressure mercury arc (Hanovia 
S-500) used with a Coming filter no. 7-37, which has a maximum 
transmission at 360 nm and a band Dass of 35 nm. Thus the irra- 
diating light was only the group of mercury emission lines in the 
range 365.0-366.3 nm (15). The intensity of light incident on the 
reaction cell was measured using a uranyl oxalate actinometer (16). 
During most of the experiments the incident intensity was in the 
neighbourhood of 1.1 X 1015 quanta cm-' s-I. 

Solutions were irradiated in a spectrophotometer cell (1 cm x 
1 cm) that was connected to a reservoir where solutions of crocon- 
ate dianion and of additives were degassed, using five freeze- 
pump-thaw cycles, followed by mixing of the solutions in the 
spectrophotometer cell while under vacuum. The pH of the solu- 
tions ranged from 6 to 12, where the acid is fully ionized (pK, = 
0.80; pKZ = 2.25 (ref. 3, Chap 3)). The absorption spectra of the 
solutions were recorded using a Unicam SP- 1800 spectrophotom- 
eter equipped with a thermostatted cell holder. The rate of disap- 
pearance of croconate was monitored at the maximum of its ab- 
sorption, 363 nm. In all cases the initial rate was well defined and 
reproducible, with an uncertainty less than 25%. Any effect of the 
presence of buffers was checked by irradiation at pH 12 using a 
trisodiumphosphate buffer or 0.01 M sodium hydroxide. Rates were 
the same in both solutions, showing that the ions associated with 
the buffer had no effect on the reaction. In the presence of acryl- 
amide polymerization was measured by precipitating the polymer 
in methanol, followed by drying to constant weight at 60°C. 

The additives used as electron acceptors were potassium ferri- 
cyanide, methyl viologen, 4-nitrobenzylbromide, and biacetyl. They 
were chosen to represent a range of compounds that easily accept 
electrons, subject to the restrictions imposed by solubility in water 
and little absorbance at 366 nm. Except for ferricyanide, where 
corrections for absorbance were made, the absorbance of the ac- 
ceptors at 366 nm was <O. 1% of that of croconate. The additive 
least soluble in water was 4-nitrobenzylbromide. Nevertheless at 
the highest concentration of this additive, 5 X M, the absor- 
bance was still linear with concentration. Hydrolysis of 4-nitro- 
benzylbromide is slow compared to the rate of disappearance of 
croconate even in strongly basic solutions. The absorption spec- 
trum was unchanged in solutions of pH 12 for more than one-half 
hour. 

All chemicals were reagent grade. Potassium ferricyanide was 

recrystallized from water-ethanol solutions and 4-nitrobenzyl 
bromide and acrylamide were recrystallized from methanol-water 
solution. 

Results 
Under all conditions croconic acid was more stable ther- 

mally than rhodizonic acid. The rhodizonate dianion was 
oxidized in the dark in aerated solutions, the rate increasing 
with increasing pH of the solution, and becoming too fast to 
allow photochemical measurements. Croconate dianion was 
stable in aerated neutral solutions for several months but the 
same trend of increasing instability in basic solution was 
observed. At pH 12, however, solutions of croconate were 
still stable for several hours. Photolysis in neutral or weakly 
basic aerated solutions was inefficient because of rapid 
quenching of the excited dianion by oxygen, but the rate of 
photolysis increased in basic solution. At pH 12 croconate 
dianion was converted to the squarate dianion, identified by 
the A,,, of its absorption spectrum, which showed the dou- 
ble maximum characteristic of all the oxocarbon dianions 
(Fig. 1). In degassed solutions about 30% of the croconate 
dianion was converted to squarate while in the presence of 
oxygen the conversion was 100%. Squarate dianion was the 
only product of the photolysis of croconate dianion identi- 
fied by absorption over the wavelength range 200-700 nm, 
although minor absorption by other products at lower wave- 
length was observed in degassed solutions. Similar obser- 
vations were made in the photolysis of rhodizonate dianion 
where croconate dianion was the only product that absorbed 
in the visible or the ultraviolet regions. Products that have 
lost the pseudo-aromatic structure of the oxocarbons would 
be too weakly absorbing to be detected at the concentra- 
tions used in the present experiments. The quantities pro- 
duced were too small to be easily measured by other meth- 
ods. 

The conversion of croconate to squarate probably pro- 
ceeds by an a-0x0 alcohol rearrangement, by analogy with 
the mechanism discussed by West (3) for the conversion of 
rhodizonate to croconate, which occurs in the dark in basic 
solution in the presence of oxygen and some other oxidiz- 
ing agents. 

-o*; -..-a:- + 
0 C-OH 

O 0 
d 0 

S o  efficient is this conversion that no other method has 
been developed for preparation of croconic acid. Formation 
of squarate from croconate has not previously been reported 
and it appears that photolysis under these conditions could 
provide a useful method for preparation of squaric acid. 

In the presence of additives the characteristic spectrum of 
squarate was not as clear, since all of the additives them- 
selves absorb in the neighbourhood of 270 nm. With fer- 
ricyanide a product was formed with A,,, 268 nm but the 
double maximum of squarate was obscured by the absorp- 

tion due to ferrocyanide formed during the reaction. The 
product, if squarate, accounted for not more than 50% of the 
initial concentration of croconate and was observed both in 
the presence and absence of oxygen. The additive methyl 
viologen appeared not to be consumed in the reaction and 
when an equal concentration was used as reference the 
characteristic absorption spectrum of squarate was clearly 
seen. The amount corresponded to about 60% conversion of 
croconate. The absorption spectrum of 4-nitrobenzylbro- 
mide has a narrow band with a maximum at 280 nm. In 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



138 CAN. J.  CHEM. \ 

FIG. 2. The quantum yield for disappearance of croconate as a 
function of pH in the presence and absence of acceptors. The con- 
centration of acceptor is given in Table 1. [c,o,'-] = 2.3 X 10, 
M. 0: no acceptor; 0 :  ferricyanide; H: rnethylviologen; A: 4-ni- 
trobenzylbrornide; 0: biacetyl. 

FIG. 3. The quantum yield for disappearance of croconate as a 
function of the concentration of 4-nitrobenzylbromide. The solid 
lines are calculated values (see text). [c,o,'-] = 2.3 X lo-, M. 
0: pH 9; 0 :  pH 12. 

3 as a function of the concentration of 4-nitrobenzylbro- 
mide at pH 9 and 12. The quantum yields as a function of 
concentration of each additive are given in Table 2. The de- 
pendence of the quantum yield on the concentration of cro- 
conate was measured with croconate alone at pH 12 and in 
the presence of 4-nitrobenzylbromide at pH 9. In both cases 
the quantum yield was independent of the concentration of 
croconate over the range (1.3-3.3) X lop5 M. 
Photolysis in the presence of radical traps 

Photolyses in the presence of DPPH were performed in 
methanol solutions degassed under vacuum in the usual way. 
The spectrum and absorption maximum of croconate were 

not changed in methanol solution. Photolysis of mixtures of 
croconate and DPPH caused a loss of DPPH as measured by 
the absorbance of DPPH at 540 nm. Although DPPH has a 
strong absorbance at 366 nm, no measurable loss of DPPH 
occurred on photolysis in the absence of croconate. The rate 
of loss of DPPH was increased when biacetyl, 4-nitroben- 
zylbromide, and methyl viologen were added to the system 
but was not affected by the presence of potassium fem- 
cyanide. The relative loss of DPPH as a function of time in 
the presence and absence of additives is shown in Fig. 4. The 
quantum yield for loss of DPPH, with respect to photons 
absorbed by croconate only at 366 nm, is given in Table 3. 

Polymerization of acrylamide was observed on photo- 
lysis of croconate alone in aqueous solution and the rate was 
greatly increased in the presence of 4-nitrobenzylbromide and 
biacetyl. No increase in rate was observed with the addi- 
tives ferricyanide or methyl viologen. The initial quantum 
yield for polymerization in aqueous solution at an initial pH 
of 4.1 is shown in Fig. 5 as a function of concentration of 
the additive 4-nitrobenzylbromide. Further measurements in 
buffered solutions showed that the quantum yield for poly- 
merization increased to a maximum value of 2 x lo3 at pH 
8 and then declined in more basic solution. One experiment 
using an incident light intensity 14% of the original inten- 
sity showed that the rate was proportional to the square 
root of the light intensity. The results are summarized in 
Table 4. 

The results of a more detailed study of the photopolymer- 
ization of acrylamide sensitized by croconate will be re- 
ported separately; the present limited results suggest that the 
photopolymerization follows the general mechanism in- 
volving mutual termination of radicals. The rate of poly- 
merization may therefore be expressed by the general equa- 
tion 

where k, and k, are the rate constants for propagation and 
termination, respectively, for the acrylamide polymeriza- 
tion, [MI is the concentration of monomer, QZ., is the quan- 
tum yield for production of radicals, and I,,, is the intensity 
of light absorbed by the initiator. Using the value for 4/k1I2 
of 4.2 M - ' / ~  s-'j2 measured by Dainton and Tordoff (17), 
the quantum yield for production of radicals in the photo- 
lysis of croconate was obtained and is given in Table 4.  

Discussion 
The effect of all four additives on the quantum yield for 

reaction of croconate dianion is convincing evidence that 
an initial electron transfer occurs from the excited dianion. 
The fact that radical reactions (disappearance of DPPH and 
polymerization of acrylamide) are observed following pho- 
tolysis indicates that the radical, or radicals, formed as a re- 
sult of the electron transfer have sufficient lifetime to undergo 
reactions in the bulk solution. The increase in quantum yield 
observed in basic solutions (in the presence or absence of 
additive) suggests that the hydroxyl ion reacts directly with 
the excited croconate dianion. Excitation provides the en- 
ergy required for this addition, which does not occur ther- 
mally at room temperature. By comparison, reaction of 
hydroxyl ion with rhodizonate dianion was observed in ba- 
sic solution without photoexcitation. 

A further interesting observation is an apparently syner- 
gistic effect of the additive and hydroxyl ions. For exam- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ZHAO AND BACK 

TABLE 1. Quantum yield for disappearance of ~ ~ 0 , ~ -  
[ C ~ O ~ - ]  = 2.3 x lo-' M 

F ~ ( c N ) ~ ~ -  MV'+ BrCH2C6H4NO2 Biacetyl 
pH No additive (5 x M) (1 x M) (1 x M) (1 x 10-a M) 

TABLE 2. Quantum yield for disappearance of ~ ~ 0 , ' -  at pH 9 and 12 
[C5OS2-] = 2.3 X lo-' M 

Additive BrCH2C6H4NO2 
concentration F ~ ( c N ) ~ ~ -  M V ~ +  Biacetyl 

(M) p H =  12 p H =  12 p H =  12 p H = 9  p H =  12 

6.0 x 0.62 
1.5 x lo-6 0.57 
5.0 x 0.7 1 0.68 
1.0 x lo-' 0.76 0.5 
2.0 x lo-' 0.44 0.72 0.87 0.080 0.60 
3.8 X lo-' 0.73 

I 
5.0 x lo-' 0.57 0.73 0.97 0.11 0.81 

I 8.0 x lo-' 0.14 0.95 
I 1.0 x lo-4 0.54 0 74 0.98 0.17 0.98 ~ 1.5 x 1 0 - ~  0.7 1 1 .o 0.21 1 .o 

I 2.0 x lo-4 0.53 0.23 
3.0 X 0.67 

I 
1 

5.0 x 10-4 0.52 0.33 

1 ple, the increase in quantum yield observed on addition of , 4-nitrobenzylbromide depends greatly on the pH of the so- 
lution. This is illustrated in Fig. 3 where the change in 
quantum yield is shown as a function of concentration of 4- 
nitrobenzylbromide at pH 9 and 12. If the effects of both 
reactants, hydroxyl ion and acceptor, were additive the rate 
of change of quantum yield with concentration of acceptor 
would not change with pH; only the quantum yield without 
additive would change. The limiting quantum yield at high 
concentration of additive is also quite different at pH 9 and 
pH 12. Such an effect requires an interaction of one of the 
reactants with an intermediate formed by the other reactant. 

A mechanism for the reaction incorporating these fea- 
tures and allowing for deactivation of the excited state by both 
acceptor and hydroxyl ion is summarized below (Scheme l), 
where A is an acceptor molecule and (C,O,~-. . .Ap) and 
( ~ ~ 0 ~ ' ~ .  . .OHp)* represent the transient intermediates formed 
between the excited state of the dianion and the reactant, 
which in each case may re-form the ground state reactants, 
proceed to products, or react with the other reactant. 

Assuming a steady-state concentration of all intermedi- 
ates the quantum yield may be expressed as 

Photolysis in the absence of acceptors 
In the absence of acceptor, eq. [2] may be simplified as 

follows: 

A plot of Q,-' against [OH-]-' is shown in Fig. 6. Values of 
k8/(k7 + k,) and kD/k6 obtained from the intercept and slope 
are given in Table 5a .  Efficient reaction at these concentra- 
tions of reactant and hydroxyl ion requires a lifetime for the 
excited croconate in the microsecond range and preliminary 
measurements of the time constant for re-formation of the 
ground state croconate dianion following flash photolysis (18) 
indicated a value for k, of 1.3 X lo4 s-I. The excited state 
of the dianion is undoubtedly the triplet. With this value for 
k,, k6 = 10' M - I  s-I. The fact that the ratio k8/(k7 + k,) is 
smaller than 1 indicates that deactivation by the hydroxyl ion 
occurs concurrently with reaction. 

Photolysis in the presence of acceptors 
The addition of electron acceptors in every case in- 

creased the quantum yield of disappearance of croconate 
dianion. Thus energy transfer quenching of the excited cro- 
conate dianion by the additives appears of little importance, 
particularly in basic solution where the quantum yield was 
high and with biacetyl and 4-nitrobenzylbromide reached a 
value of 1. It follows that the quantum yield for intersystem 
crossing is unity and for these additives energy transfer 
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FIG. 5 .  The quantum yield for polymerization as a function of 
the concentration of 4-nitrobenzylbromide in aqueous solution. 
[C50:-] = 2.3 X M; [acrylamide] = 1.0 M. 

TABLE 4.  Rate and quantum yields of polymerization using 4- 
nitrobenzyl bromide 

[BrCH2C6H4N02] = 6.4 x M ,  [Monomer] = 1.0 M 

Poly merisation Rate 
PH (%) M s 1 O 3 )  @, @, @3 

FIG. 4. The percentage loss of DPPH as a function of time. 
[C50;-] = 2.3 X M; [DPPH] = 3.1 X M. a: biacetyl 
+ DPPH; A: DPPH + C5052-; 0: DPPH + ~ ~ 0 , ' -  + methyl 
viologen, 6.4 X M; 0: DPPH + ~ ~ 0 ~ ~ -  + 4-nitrobenzyl- 
bromide, 6.4 X M; A: DPPH + ~~0:- + biacetyl, 3 .2 X 

10-5 M 

TABLE 3. Quantum yield for disappearance of DPPH 

Additive 

No additive 
Biacetyl 
Biacetyl 
Biacetyl 
Biacetyl 
Biacetyl 
Biacetyl 
BrCH2C6H4N02 
Mv" 

[Additive] 
( M / ~ o - ~ )  

[DPPH] 
( M / ~ o - ~ )  

quenching must be negligible. For the additives where the 
quantum yield was less than unity, energy transfer quench- 
ing cannot be unequivocally ruled out, although the lower 
quantum yields can be accounted for by other reactions, as 
will be shown later. 

At lower pH where the reaction with hydroxyl ion be- 
comes negligible, eq. [2] may be written as 

[Iabsl 

[Dl 

1. 

2. 

3. 

4. 

5.  

6. 

7. 

8. 

9. 

c5oS2- + hu + c50s2-* 

c5oS2-*  ~ 5 0 5 2 -  

C5052-* + A -+ (C5O5.-. . .A-) 

(C5O5'-. . .A-) + C5052- + A 

(C505'-. . .A-) + C50S'- + A- 

(C5O5'-. . .A-) + OH- + products 

C50,'- + products 

c50:-* + OH- + (C505'-. . .OH-)* 

(C505'-. . .OH-)* + ~ ~ 0 5 2 -  + OH- 

(C505'-. . .OH-)* + products 

( c ~ o ~ ~ - .  . .OH-)* + A + products 

Plots of @-I  as a function of [A]-' for the additive 4-nitro- 
benzylbromide at pH 8 and 9 are shown in Fig. 7 and the 
values of kD/kl and the ratio (k, + k4[OH-])/(k2 + k, + 
k,[OH-1) obtained from these results are given in Table 56. 
If an upper limit of lo9 M-' s-I is assumed for k,, then the 
corresponding upper limits for k3 and k2 + k3 are 10, and 4 
x 10, s-', respectively. 
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ZHAO AND BACK 141 

FIG. 6. @ - I  for disappearance of croconate as a function of 
[OH-]-' in the absence of acceptors. [ C , O ~ ~ - ]  = 2.3 X lo-' M. 

TABLE 5 .  Ratios of rate constants obtained 
from Figs. 5 and 6; kD = 1.3 X lo4 

( a )  

kn k~ - 
k7 + kn k6 

0.40 1.3 x 

01 I I 
I I 

0.5 1 0  1.5 2 0 

4-N~lrobenlzylbrom~de lo4 M-' 

FIG. 7. @-I for disappearance of croconate as a function of [4- 
nitrobenzylbrornide]-I. [C5052-] = 2.3 X lo-' M. a: pH 8; 0: 
pH 9. 

TABLE 6. Values for the rate constants in eq. [2] 

k, (4-Nitrobenzylbromide) 8 x 10, M - I  s-I 
k, (Biacetyl) 8 X 10' M-' s-' 
k, + k3 4 x lo4 S-' 

k3 I x lo4 s-, 
k4 1 x lo9 M-I s-, 
k6 1 x 10' M-' s-I 
k7 + kn 3.3 x lo3 S-I  

kn 1.3 x lo3 S - I  
kg (4-Nitrobenzylbromide) 1 X lo9 M - I  s-I 
k9 (Biacetyl) 1 x lo8 M - I  s-I 
k~ 1.3 x lo4 S-I  

Evaluation of eq.  [2] 
With these guides to the values of the rate constants the 

quantum yield may be calculated from eq. [2] as a function 
of concentration of additive and of hydroxyl ion. If the rate 
constants for reactions 1 and 6 (Scheme 1) are similar, the 
fraction k6[OHp]/(kD + k,[A] + k6[OH-I) will be practi- 
cally unity at pH 12 where [OH-] + [A], the fraction k,[A]/ 
(k, + k,[A] + k6[OHP]) will be negligible, and the increase 
in quantum yield as the concentration of additive increases 
to M must be caused by the increasing contribution of 
reaction 9 through the fraction (k, + k9[A])/k7 + k, + h[A]). 
Both reactions 4 and 9 may also be diffusion controlled with 
rate constants close to lo9 M-' s-'.  At a concentration of 4- 
nitrobenzylbromide of 1 X M, k9[A] must be much 
greater than k, + k, and therefore the maximum value for k, 
+ k, will be approximately 1 X lo3. 

Minor modifications to these rate constants were made to 
maximize the agreement of the calculated quantum yields 
with the experimental measurements for the additive 4-ni- 
trobenzylbromide at both pH 12 and pH 9. The final values 
for the rate constants are given in Table 6 and the calculated 
values for the quantum yield are shown as the solid lines in 
Fig. 3. At pH 12, as predicted, the first term in eq. [2] con- 
tributes a maximum of 1% to the quantum yield even at the 
highest concentration of 4-nitrobenzylbromide. At pH 9 both 
terms contribute to the reaction at lower concentrations of 
additive but at high concentrations the first term predomi- 
nates. Examples of the values for the fractions in eq. [2] are 
given in Table 7. 

With the additive biacetyl the approach of the quantum 
yield to the limiting value of 1 at pH 12 was slower over a 
comparable range of concentration, suggesting that reaction 
9 was substantially slower than the corresponding reaction 
with 4-nitrobenzylbromide. The best a reement was ob- # - - 1  tained with kg = 10, M-' s-' and k, = 10' M ' s , the other 
constants remaining the same. The results for the measure- 
ments at pH 12 and pH 11 are shown in Fig. 8. Agreement 
is only qualitative, suggesting that additional reactions with 
this additive may be important, but the general pattern of the 
reaction and the change of quantum yield with pH are con- 
sistent with the mechanism. 

The quantum yield in the presence of potassium feni- 
cyanide and methyl viologen reached a limiting value less 
than 1 at pH 12, which suggests deactivation by the addi- 
tive. To be effective at pH 12, deactivation must take place 
at the (C,O,~-. . .OH-)* complex rather than at the excited 
croconic dianion. 
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TABLE 7. Values of the ratios in eq. [2] with 4-nitrobenzylbromide as additive 

FIG. 8. The quantum yield for disappearance of croconate as a 
function of the concentration of biacetyl. [ ~ , 0 , ~ - ]  = 2.3 X lo-' 
M. The solid lines are calculated values (see text). 0: pH 12; A: 
pH 11. 

The fraction (k, + b[A])/(k7 + k8 + kg[A]) in the second term 
in eq. [2] becomes (k8 + kg[A])/(k7 + k, + kg[A] + klo[A]) 
and approaches the limit kg/(kg + k,,) as the concentration 
of additive increases. The limit for potassium ferricyanide 
was 0.56 and was obtained at a concentration of 5 X 

M-' S - I .  For this additive the rate of reaction 9 is 
therefore slightly greater than for 4-nitrobenzylbromide. With 
methyl viologen the limiting quantum yield was observed at 
a concentration 10 times lower, 5 x M, and the rate 
constant for reaction 9 would therefore be of the order of 5 
x 10'' M - I  s-'. Reaction 1 would likely be very fast as well 
but still would not make a significant contribution at pH 12. 
Such a large value for k, (or k,) is reasonable considering the 
attraction of the positive ion towards the excited dianion and 
the excited hydroxyl ion complex. 

The structure of the hydroxyl ion complex and the type of 
interaction involved in its formation are, of course, quite 
unknown. The spectrum of the dianion showed no change 
in basic solution, and interaction of the dianion and the hy- 
droxyl ion in the ground state is probably unimportant. From 
studies of NMR spectra it was shown that the dianion was 
not hydrated in aqueous solution; only the undissociated acid 
gave evidence of hydration (19). The kinetic evidence clearly 

indicates reaction 6 is important but identification of the in- 
termediate will require time-resolved experiments. 

Further adjustment of rate constants or addition of new 
reactions to the mechanism was not attempted at this stage. 
The test of eq. [2] is sufficient to show that the mechanism, 
although oversin~plified, gives a consistent picture of the type 
of reactions occurring on photolysis. 

Polymerization of acrylamide 
The rate of initiation of the polymerization of acrylamide 

is a measure of the rate of production of radicals in the so- 
lution. Polymerization occurred in slightly acid solutions and 
even in an aqueous solution of the monomer (pH 4.1) where 
the quantum yield for disappearance of croconate was not 
measurable, even in the presence of 4-nitrobenzylbromide. 
Polymerization is thus a very sensitive test for the presence 
of radicals. The rate of polymerization increased with in- 
creasing pH, achieved a maximum rate at pH 8, and then 
decreased in more basic solution. It may be concluded that 
reactions of the hydroxyl ion with the excited dianion or the 
intermediate complex do not lead to the formation of radi- 
cals. Reaction of the dianion with the additive, on the other 
hand, should produce radicals through electron transfer, re- 
action 3 ,  and the quantum yield for this reaction is given by 
the following expression: 

The product of these ratios, calculated using the rate con- 
stants in Table 6, is given in the last column in Table 4 ,  where 
it may be compared with the quantum yield for initiation of 
radicals calculated from the quantum yield for polymeriza- 
tion and the rate constants for propagation and termination 
for the acrylamide pclymerization. Taking into account the 
uncertainties in both calculation and measurement, the 
agreement between these two rates of initiation of radicals 
is reasonable and is convincing evidence that the electron 
transfer reaction produces radicals that have sufficient life- 
time to diffuse into the solution. It is worth noting that one 
half of the value for the rate of formation of radicals by re- 
action 3 is very close to the initiation rate obtained for the 
rate of polymerization, particularly in the range of pH 7-10, 
suggesting that only one radical produced in reaction 3 may 
initiate polymerization. If only the radical formed by elec- 
tron transfer to the acceptor, and not the croconate monoan- 
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ion, were effective in polymerization, the lack of initiation 
of polymerization in the presence of ferricyanide and methyl 
viologen would be more readily explained. 

Comparison with the photochemical reaction of 
rhodizonate dianion 

Several similarities and differences are evident in the 
photochemical behaviour of these two oxocarbon anions. 
Both excited dianions undergo oxidation by electron trans- 
fer to a suitable acceptor. The efficiency of the process ap- 
pears much larger for croconate where-a prima;y quantum 
yield of 1 for disappearance of the dianion was obtained for 
certain additives, whereas the quantum yield for disappear- 
ance of rhodizonate in the presence of additives did not ex- 
ceed 4 x lo-'. The large quantum yield for loss of crocon- 
ate, however, was observed only in basic solution and was 
the result of the synergistic effect of the additive and the hy- 
droxyl ion. The photochemical reaction of rhodizonate was 
measured only in neutral solution because the thermal re- 
action in basic solution was too fast to allow concurrent 
photochemical measurements. The similarity in these ob- 
servations is the loss of the dianion through reactions with 
hydroxyl ion. In the case of rhodizonate the reaction occurs 
in the dark, whereas with croconate photochemical excita- 
tion of the dianion is required to induce reaction. 

The product of the thermal reaction of rhodizonate di- 
I anion in basic solution in the presence of oxygen was cro- 

conate dianion. Conversion of croconate to squarate oc- 
curred photochemically in strongly basic solution in the 
presence of oxygen. This reaction is a possible easy route to 
the formation of squaric acid. 

I Summary and conclusions 

The main conclusions from the results of this kinetic study 
of the photochemical reactions of croconate dianion are (1) 
both electron acceptors and hydroxyl ion react directly with 
the excited croconate dianion; (2) both electron acceptors and 
hydroxyl ion react further with the intermediates formed in 
the primary interaction of each reactant; (3) radicals are 
produced and diffuse into the solution following the elec- 

tron transfer and not following the reactions with hydroxyl 
ion. 
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Open-chain nitrogen compounds. Part XIV.' Synthesis of l-aryl-3-aryloxymethyl-3- 
methyltriazenes and 1-aryl-3-(hydroxyary1)methyl-3-methyltriazenes 
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M. P. MERRIN, D. L. HOOPER. R. J. LAFRANCE, R. SNOOKS, and K. VAUGHAN. Can. J.  Chem. 70, 144 (1992) 
The synthesis of a new series of I-aryl-3-aryloxymethyl-3-methyltriazenes (2) has been achieved by the reaction of 

the acetoxymethyltriazene (Ar-N=N-NMe-CH,OAc) with the appropriate phenol in dry chloroform solution. Tn-  
azenes of type 2 are also formed by reaction of the acetoxymethyltriazene with the sodium phenolate, generated by re- 
action of the phenol with sodium hydride in dry chloroform, but under these conditions a second product is formed, which 
has been identified as an isomer of 2. The structure of the second product has been elucidated by spectroscopic analysis 
to be the I-aryl-3-(hydroxyaql)methyl-3-methyltriazene (3). The formation of these two isomeric products is ac- 
counted for by the ambident nature of the nucleophilic phenolate ion in the displacement of the acetoxy leaving group. 
The mass spectra of all the triazenes of type 2 exhibit a fairly intense peak at M - 102, which is suggested to arise from 
a novel intramolecular rearrangement. Two examples of the triazenes of type 2 have been tested for antitumour activity 
on the NCI tumour panel and have shown statistically significant differential sensitivity in several cell lines. Prelimi- 
nary investigation of the stability of these triazenes in physiological-pH buffer suggests that they may have the appro- 
priate chemical stability for pro-drug application in therapy. 

Key words: triazene, synthesis, antitumour, phenol, spectroscopy, aryloxymethyltriazene, prodrugs. 

M. P. MERRIN, D. L. HOOPER, R. J. LAFRANCE, R. SNOOKS et K. VAUGHAN. Can. J. Chem. 70, 144 (1992). 
On a effectuC la synthkse d'une nouvelle sCrie de 1-aryl-3-aryloxymCthy1-3-mCthyltriaz6nes (2) par la reaction, en so- 

lution dans du chloroforme sec, de l'acCtoxymCthyltriazi3ne (Ar-N=N-NMe-CH,OAc) avec le phenol approprie. Le rkaction 
de I'acCtoxymCthyltriazkne avec le phenolate de sodium, genere par une reaction du phenol avec l'hydrure de sodium 
dans du chloroforme sec, conduit aussi a la formation des triazttnes du type 2; toutefois, dans ces conditions, il y a for- 
mation concomitante d'un autre produit que l'on a identifie comme un isomere du produit 2. Sur la base d'analyse spec- 
troscopiques, on a Ctabli que le second produit est le I-aryl-3-(hydroxyaryl)mCthyl-3-mCthyltriazene (3). On explique la 
formation de ces deux produits isom2riques par la nature ambidente de l'ion phCnolate nucleophile dans la reaction de 
substitution du groupement acktoxyle nuclCofuge. Les spectres de masse des triazenes de type 2 prksentent tous un pic 
assez intense M - 102 qui proviendrait d'un nouvel exemple de rearrangement intramolCculaire. On a Cvalu6 deux 
des triazenes de type 2 pour leur activitk antitumorale sur un ensemble de tumeurs NCI; ces produits prksentent des sen- 
sibilites diffkrentielles statistiquement significatives dans plusieurs lignCes de cellules. Une Ctude prCliminaire de la sta- 
bilite de ces triazknes dans des tampons a pH physiologique suggere qu'ils ont peut-Ctre la stabilitk chimique approprike 
pour &tre utilisCs cornrne prC-mCdicaments. 

Mots clks : triazene, synthkse, antitumorale, phenol, spectroscopie, aryloxymCthyltriaz&ne, pr6-medicament. 
[Traduit par la rCdaction] 

Introduction 

1-Aryl-3,3-dimethyltriazenes ( la)  are an important class 
of antitumour agents (I), which have been shown to undergo 
metabolic activation to the short-lived 3-hydroxymethyltri- 
azene (lb) (2). Although the hydroxymethyltriazene (HMT) 

la  Z - H  
b Z - O H  
c Z = OAc 
d Z = OMe 
e Z - N3 
f Z-S-Ar 

 or part XI11 in this series see ref. 7. 
' ~ u t h o r  to whom correspondence may be addressed. 

is inherently unstable under physiological conditions, it has 
been suggested (3) that a stable derivative of the HMT might 
be a suitable pro-drug for the active metabolite of the di- 
methyltriazene, the monomethyltriazene (Ar-N=N-NHMe), 
formed by loss of formaldehyde from lb .  Several deriva- 
tives of the HMT have been reported and some do indeed C
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TABLE 1. Physical data for I-aryl-3-aryloxymethyl-3-methyltriazenes (2) 

Melting 
Compound Yield point uv ~ , , ,  

no. Y Method (%) ("c) Solvent (nm) 

Infrared 
(cm- I) 

Ether 
Hexane/ether 
Hexane/ether 

Ether 
Hexane/ether 

Ether/CHCI3 
Hexane/ether 
Ether/CHCI, 

1600 (R. st) 
1600 (R. st) 
1590 (R. st) 

1600 (R. st) 
1600 (R. st) 

1600 (R. st) 
2225 (C=N) 
1605 (R. st) 

R. st = Aromatic ring stretch. 

TABLE 2. Physical data for 1-aryl-3-(hydroxyary1)methyl-3-methyltriazenes (3) 

Melting 
Compound Yield point uv L,lax 

no. Y Method (%) ("c) Solvent (nm) 

Infrared 
(cm- I) 

3a H B 22 102-104 Hexane/Ether - 1720 (C=O) 3400 (OH) 
3b CH3 B 1 1  84-86 Ether - 17 10 (C=O) 3400 (OH) 
3c Br B 5 1 18-1 19 Ether/Hexane 344 1705 (C=O) 3410 (OH) 

TABLE 3. 'H NMR data for 1-aryl-3-aryloxymethyl-3-methyltriazenes (2) 
in CDCL, at 20°C 

Compound Arom. A 
no. CH30 (AA'BB') NCH, NCH2 Arom. B Y 

TABLE 4. 'H NMR data for I-aryl-3-(hydroxyary1)methyl-3-methyltriazees (3) 
in CDCI, at 20°C 

Compound Arom. A 
no. C H 3 0  AA'BB' NCH, NCH2 Ar0m.B.  Y OH 

3a 3.92 8.06-7.52 3.68 4.83 7.27-6.87 10.2 (br) 
3b 3.91 8.05-7.50 3.67 4.78 7.23-6.63 2.28 (CH,) 9.95 (br) 
3c 3.91 8.05-7.50 3.68 4.75 7.36-6.82 10.3 (br) 

have antitumour activity in animal models. Examples of such 
derivatives are the chemically reactive 3-acetoxymethyltri- 
azenes (lc; "acetates") and the relatively inert 3-methoxy- 

, methyltriazenes ( Id)  (4). 
, The chemical reactivity of the acetates ( lc)  has been em- 

ployed in the synthesis of a variety of other derivatives. The 
acetates react smoothly with methanol to afford the meth- 
oxymethyltriazenes ( Id)  (5) and with azide ion in aqueous 
acetone to afford the 3-azidomethyltriazenes ( le)  (6). Al- 

though the acetates do not react with neat thiols ( 3 ,  we have 
recently shown that they react with a sodium thiophenolate 
in anhydrous dimethylforrnamide to afford a series of l-aryl- 
3-arylthiomethyl-3-methyltriazenes (If) (7). In this paper we 
report an extension of this synthetic approach to the oxygen 
analogues, the 3-aryloxymethyltriazenes (2), which may 
represent a significant development in the search for a suit- 
able pro-drug for the active metabolite of the anti-tumour 
dimethyltriazene. 
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TABLE 5. I3c NMR data for 1-aryl-3-aryloxymethyl-3-methyltriazenes (2) in CDC1, at 
20°C 

Arom. A 
Compound 

no. CH30 C=O C, C?.6 C3.5 C4 NCH, NCH2 

2a 52.00 166.90 
26 51.92 166.89 
2c 52.02 166.90 
2d 52.05 166.83 
2e 52.07 166.84 
2f 51.96 166.82 
28 52.01 166.82 
2h 52.01 166.72 

Arom. B 

TABLE 6. I3c NMR data for 1-aryl-3-arylmethyl-3-methyltriazenes (3) in CDCL3 at 20°C 

Arom. A 
Compound 

no. CH30 C=O C, C?.6 C3.5 C4 NCH, NCH2 

3a 52.01 166.81 130.62 130.78 119.78 152.10 42.22 50.02 
36 52.00 166.77 129.14 130.79 119.81 153.44 42.37 50.00 
3c 52.05 166.74 127.60 130.82 119.80 151.76 42.34 49.52 

Arom. B 

Experimental 

All solvents were purchased from BDH Chemicals Ltd. and were 
dried over molecular sieves type 4A except for acetone, which was 
dried over anhydrous sodium sulphate. In some instances the sol- 
vents were distilled prior to use. For some reactions chloroform was 
washed repeatedly with distilled water, dried overnight over an- 
hydrous sodium sulphate, distilled, and stored in the dark. 

Melting points were determined using a Reichert hot-stage mi- 
croscope and are uncorrected. 

Infrared spectra were obtained using a Perkin-Elmer 299 in- 
frared spectrophotometer, calibrated against polystyrene film. 
Samples were prepared in CHCl, solution and the IR's run using 
matched KBr cells (Perkin-Elmer) with a CHC1, reference. 

UV maxima were determined in a 2: 1 mixture of 0.1 M phos- 
phate buffer (pH 7.5) and isopropanol. 

I3c (at 90 MHz) and 'H NMR (at 361 MHz) spectra were ac- 
quired on the Nicolet 360 NB spectrometer of the Atlantic Region 
Magnetic Resonance Centre at Dalhousie University. Sweep widths 
for I3C were 20 000 Hz and, for 'H, 4000 Hz. The spectra were 

obtained at 20°C in deuterochloroform. Chemical shifts in ppm were 
measured relative to tetramethylsilane (1% internal standard). 

Positive ion mass spectra were obtained from the MS service 
facility of Dalhousie University using a Consolidated Electrody- 
namics Corporation CEC 21-104 mass spectrometer. The operat- 
ing parameters were as follows: source temperature 130-145°C; 
direct probe temperature 75-130°C; accelerating voltage 800 V; 
ionization voltage 70 eV; scan rate 6 dec s-I. 

Method A 
The appropriate 1-aryl-3-acetoxymethyl-3-methyltriazene (lc) 

(1.3 mmol) prepared by the method of Hemens et al. (4) was dis- 
solved in dry chloroform (10 mL). A 50% excess of the phenol 
(1.9 mmol) was added and the mixture refluxed for 2-18 h de- 
pending on the desired product. With phenol itself, the mixture was 
not heated, but stirred for 24 h. The chloroform was removed under 
vacuum and the resulting oil washed with anhydrous ether. This 
usually resulted in the precipitation of the product, which was fil- 
tered off, dried, and recrystallized from a suitable solvent. Where 
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TABLE 7. Mass spectral intensities for the l-aryl-3-aryloxymethyl-3- 
methyltriazenes (2) 

Y 

Ion 0 C H 3  CH3 Br C02CH3 CN No2 

[MIt 1.28 1.45 
[M - CH30]' 2.44 3.1 1 
[M - CH302C]+ 11.88 10.82 
[M - 102]+" 4.01 21.60 
L A W +  55.30 57.16 
[ArH]+ 11.59 10.44 
[ArI' 100.00 100.00 
[02CC6H41+ 10.26 10.60 
[ Y - C 6 H 4 - 0 C H 2 ] +  1.51 4.52 
[Y - C6H4 - OH]+ 24.26 14.63 
[Y - C6H4 - 0 ] +  37.94 14.10 
[Y - C6H41+ 2.59 8.16 
[Y - CsH41+ 9.39 7.43 
[C7H71+ 1.25 -d 

"See Discussion. 
hCoincident with [ArH]' (m/e 136). 
'Coincident with [Ar]' (m/e 135). 
dCoincident with [Y - C6H,] (m/e 91). 

TABLE 8. Mass spectral intensities for the l-aryl-3- 
(hydroxyary1)methyl-3-methyltriazenes (3) 

Rel. Rel. 
Unit m/e int. (%) m/e int. (%) 

TABLE 9. Elemental analyses for some l-aryl-3-aryloxymethyl-3- 
methyltriazenes 

Compound 
no. C H N 0 "  Br 

2a Calcd. 62.0 5.8 12.7 19.4 - 
Found 61.95 5.6 12.7 19.7 - 

2e Calcd. 50.8 4.3 11.1 12.7 21.1 
Found 51.0 4.4 11.2 12.3 21.05 

2h Calcd. 55.8 4.7 16.3 23.2 - 
Found 55.7 4.8 16.2 23.3 - 

"Calculated by difference 

tion. The resulting sodium phenolate solution was filtered to 
remove unreacted sodium hydride and acfded to the acetoxy meth- 
yltriazene solution and refluxed for 2-25 h. Subsequent work-up 
was the same as for method A. Column chromatography of the re- 
action products of method B yielded a second product, identified 
as 3a-c, in addition to the main product (2c, b, and e). 

92 10 92 27 
84 7 
77 24 77 37 

Ar = MeOOC.C6H,-; Ar' = Y-C6H, (OH)-. 
/ 

H 3 C 0 2 C e  N=N-N 
\ OH 

the product was an oil, it was chromatographed on silica gel with 
hexane/ether prior to recrystallization. 

Method B 
As in method A the 1-aryl-3-acetoxymethyl-3-methyltriazene was 

dissolved in chloroform. Sodium hydride 60% oily suspension 
(0.08 g) was placed in a round-bottomed flask fitted with a rubber 
septum and washed with dry petroleum ether (3 X 10 mL) to re- 
move the oil, affording clean sodium hydride (2.0 mmol). The 
appropriate phenol (1.9 mmol) was dissolved in anhydrous chlo- 
roform and added carefully to the sodium hydride, provision being 
made for the safe egress of the hydrogen generated by the reac- 

3a Y - H  
3 b  cH3 
3c Br 

In both methods the progress of the reaction was followed by 
TLC using 3 : 3 : 1 petroleum ether/ether/chloroform as solvent. 

The physical data and yields for the compounds 2a-h are shown 
in Table 1, and those for compounds 3a-c in Table 2 . " ~  and 'H 
NMR shifts are presented in Tables 3-6. The relative intensities 
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of the mass spectral peaks for compounds 2a-h are shown in Table 
7, and for compounds 3a and 3c in Table 8. 

Elemental analyses were performed on three of the aryloxy- 
methyltriazenes by Canadian Microanalytical Service Ltd., Delta, 
British Columbia, and these assays are shown in Table 9. 

Results and discussion 

After the successful synthesis of the 3-arylthiomethyltri- 
azenes (If) (7), it was regarded as important to prepare the 
0-aryl analogues (2 ) ,  the objective being to develop a tri- 

azene pro-drug with the therapeutic advantages of the hy- 
droxymethyltriazene but with a more useful half-life. The 
S-aryl derivatives (If) were found to be less reactive than 
the hydroxymethyltriazenes (lb) under similar conditions. If 
the stability of these compounds depended to some extent on 
the leaving-group ability of -S-Ar, then comparison of the 
pKa's of substituted phenols (pKa = 7.15 for p-NO,, 10.21 
for p-OMe, and 9.98 for phenol itself) and thiophenol (7.8) 
suggests that an -0-Ar substituent should afford triazenes with 
hydrolysis profiles ranging from slightly faster to substan- 
tially slower than that of the S-aryl compounds. The appro- 
priate substituted phenols are more readily available than the 
corresponding thiophenols, enabling us to examine a wider 
range of compounds to determine how leaving-group ability 
affects the hydrolysis rates. A further consideration was to 
eliminate the unpleasantness of the thiophenol, both as a re- 
agent for synthesis and as a possible by-product of clinical 
treatment. 

Simple replacement of a thiophenol with a phenol, using 
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the methodology outlined in our previous report (7), was 
unsuccessful, the desired product being undetectable in the 
reaction mixtures. It turned out that a change of solvent was 
required to effect the desired substitution and, in some cases, 
the initial generation of a phenolate ion with sodium hy- 
dride was found to be unnecessary. 

Using chloroform as solvent instead of dimethyl form- 
i amide enabled us to prepare the desired compounds in yields 

ranging from 8.5 to 78%. In two cases the generation of the 
phenolate ion with sodium hydride prior to reaction with the 
acetoxymethyltriazene (lc) gave the best yields of the l-aryl- 
3-aryloxymethyl-3-methyltriazenes (2b and 2h). 

It is noteworthy that in the reactions using sodium hy- 
dride, where the reaction time was extended from 2 to 
18 h, a second product, the I-aryl-3-(hydroxyaryl)methyl-3- 
methyltriazene (3a-c), was formed. The low yields ob- 
tained by this method may be due to the formation of di- 
chlorocarbene generated by refluxing chloroform in the 
presence of the base phenoxide ion, but there is no direct 
evidence to support this hypothesis. 

The formation of 3 under these conditions could be due 
to a rearrangement of 2 ,  but so far we have been unable to 
produce 3 from pure 2 under the conditions of the reac- 
tion. A more likely explanation for the formation of the 
isomers 2 and 3 is as follows: The formation of the 3-aryl- 
oxymethyltriazenes (2) by method A is presumed to arise 
by an SN1 mechanism as set out in Scheme 1. The initial 

I 

step (a), in which the iminium ion (4) arises by dissocia- 
I tion of the acetate, is analogous to previously reported re- 

actions (5, 6) and is more likely to occur in reaction with 
the neutral nucleophile, the phenol itself. Reaction of the 
phenol with the irninium ion and loss of a proton affords the 
product 2. 

However, in method B, the phenolate ion is generated prior 
to reaction with the acetate and it is possible that the alter- 
native SN2 pathway, Scheme 2, is preferred in this case. The 
formation of the 3-(hydroxyary1)methyltriazenes (3), the 
isomers of 2 ,  lends support to this hypothesis and follows 
logically from the ambident nature of the nucleophilic 
phenolate ion. A suggested mechanism for the formation of 
3 is shown in Scheme 3. 

The identification of the 3-aryloxymethyltriazenes 2 and 
the isomeric 3-(hydroxyary1)methyltriazenes 3 is based on 

elemental analyses, mass spectra, and IR and NMR spec- 
troscopic data. The IR spectra of the ethers 2 show that the 
ester group attached to ring A is retained in the product; those 
of the isomers 3 also show the OH band at ca. 3400 cm-' due 
to the phenolic substituent. In the NMR spectra, the tri- 
azene N-methyl resonance exhibits slightly different shifts 
for 2 (at ca. 3.30 ppm) than for 3 (at ca. 3.68 pprn). The 
N-CH2 signals are distinctly different at ca. 4.80 pprn in 3 
and in the range 5.66-5.84 pprn in 2; the downfield shift is 
consistent with the deshielding effect of the 0 atom adja- 
cent to the N-CH2 group in 2. Other features of the 'H NMR 
spectra are entirely unpredictable. 

The structures of 2 and 3 are also supported by the I3c 
NMR data in Tables 5 and 6 .  The most significant differ- 
ence is in the N-CH2 signal at ca. 83 pprn in 2 and ca. 50 pprn 
in 3. The "C aromatic peaks were assigned by consider- 
ation of their coupled multiplicities, peak heights, and ad- 
ditive substituent shift correlation calculations (8). 

The mass spectra of all the I-aryl-3-aryloxymethyl-3- 
methyltriazenes (2) exhibited a fairly intense peak at M - 
102, which caused some puzzlement. Comparison with the 
mass spectra of the S-aryl analogues (If) indicated that the 
structural requirement for this feature was an ester function 
on the I-aryl end of the molecule. Re-examination of the 
accurate-mass measurements for the S-aryl analogues showed 
that the mass lost in this reaction was 102.0668, corre- 
sponding to the empirical formula C,H,N,O for the methyl 
ester, and 116.0825 corresponding to C,H,fl,O for the ethyl 
ester. These cannot be lost as single fragments, and the re- 
maining charged species must arise from some kind of in- 
tramolecular rearrangement. One possibility is shown in 
Scheme 4.  

Conclusions 
Any further development of these new aryloxymethyltri- 

azenes 2 as potential antitumour agents depends on two fac- 
tors: (a) the antitumour activity; and (b) appropriate chemi- 
cal stability. Two compounds of this series 2e and 2h have 
been subjected to screening on the investigational in vitro 
disease-oriented primary antitumour screen of the National 
Cancer Institute, Bethesda, Maryland. This screen consists 
of over 60 tumour cultures and each tumour type is tested 
with five tenfold dilutions of the drug candidate. Both com- 
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pounds tested have shown statistically significant differen- 
tial sensitivity in  the  following cell lines: leukemia sub-  
panel, renal subpanels, colon subpanels, and non-small lung 
panel. These  results will b e  reported in more detail in a n  
appropriate journal a t  a later date. 

T h e  3-aryloxymethyltriazenes show a wide range of  
chemical stability depending o n  the nature of  the substituent 
Y in the aryloxy moiety. The  p-nitrophenyloxymethyltri- 
azene (2h) decomposed rapidly in  phosphate buffer solution 
at  p H  7.5. Measurement of  the rate of  this relatively fast re- 
action was  made  possible by  following the growth of  the 
absorbance a t  400 n m  in the UV spectrum arising from the 
p-nitrophenolate ion leaving group released into the buffer,  
to  give a half-life of ca. 1 min  for  the initial decomposition 
t o  the hydroxymethyltriazene. In  contrast, the  p-bromo- 
phenyloxymethyltriazene (2e) appeared not to  decompose at  
all under identical conditions, but instead this triazene pre- 
cipitated ou t  of  solution before any decomposition oc- 
curred. A more detailed study of  the  pH-dependent hydro- 

lysis of  these 3-aryloxymethyltriazenes ( 2 )  in  various buffer 
media will  b e  described in the  next  paper in  this series. 
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Charge transfer and electron transfer processes in biologically significant systems. 1. 
Charge transfer complex formation between 1,3,5-trinitrobenzene and 

N,N-dimethyl-3,4-di-0-methyldopamine, a dopamine analogue 

JULIAN M. DUST 
Department of Chemistry, Sir Wilfred Grenfell College, Corner Brook, NfZd., Canada A2H 6P9 

Received June 20. 199 1 

JULIAN M. DUST. Can. J. Chem. 70, 151 (1992). 
The interactions of N,N-dimethyl-3,4-di-0-methyldopamine, 1 ,  a structural analogue of the important neurochemi- 

cal, dopamine, with 1,3,5-trinitrobenzene (TNB) were studied primarily by 'H nuclear magnetic resonance (nmr). The 
dopamine analogue, a donor, forms a charge transfer complex with TNB, a model acceptor, in CDCl, and CD,CN. 
Equilibrium constants were determined from the 'H nmr charge transfer induced chemical shift changes. The results are 
discussed in terms of the probable type of donation from the amine, 1 ,  to TNB (n + T* versus T + T*), comparison 
with dopamine, and with regard to possible charge transfer interactions in molecular receptors. 

Key words: N,N-dimethyl-3,4-di-0-methyldopamine, charge transfer complex, equilibrium constant. 

JULIAN M. DUST. Can. J .  Chem. 70, 151 (1992). 
Utilisant principalement la RMN du 'H, on a CtudiC les interactions entre le 1,3,5-trinitrobenzkne (TNB) et la N,N- 

dimCthy1-3,4-di-0-mCthyldopamine (I),  un analogue de la dopamine, un produit neurochimique important. En solution 
dans le CDCI, et dans le CD,CN, l'analogue de la dopamine, un donneur, forme un complexe de transfert de charge 
avec le TNB, un accepteur modele. On a dCterminC les constantes d'kquilibre a partir des changements dans les 
dCplacements chimiques induits par le transfert de charge. On discute des rksultats en termes du type probable de don 
d'electrons de l'amine 1 vers le TNB (n + T* vs. T - T*), par comparaison avec la dopamine et en fonction des in- 
teractions possibles de transfert de charge dans les rkcepteurs molkculaires. 

Mots cle's : N,N-dimkthyl-3,4-di-0-mCthyldopamine, complexe de transfert de charge, constante d'kquilibre. 
[Traduit par la rCdaction] 

Introduction 
A unifying concept in pharmacological studies is that of 

the receptor (I) ,  a site on a muscle, nerve-ending, etc. at 
which specific bioactive agents can bind. If the bioactive 
agent or drug initiates a physiological response, such as the 
contraction of a muscle, either directly or via a transducer 
molecule (2), then the original bioactive agent is termed an 
agonist, whereas an antagonist binds with the receptor (or 
with an adjacent site that affects the conformation of the re- 
ceptor) without producing the biological response. 

Overall, the process can be visualized as an equilibrium 
(eq. [I]) between the agonist/antagonist (A) and the recep- 
tor site (R) to produce an equilibrium concentration of the 
bound bioactive agent (R-A): 

The equilibrium may then be characterized by a binding 
constant, Kbinding. Considerable progress has been made in 
quantifying the number, locations, and kinds of different 
receptors through binding constant measurements (3-5). 

More importantly, the specific interactions involved in the 
binding of a given bioactive agent with a receptor have not 
always been fully elucidated. One approach to the problem 
has been that of "mapping" the receptor site, through the 
combination of coniputer modelling and series of binding 
studies using bioactive agents of similar structure, notably 
those that contain the functions associated with biological 
activity and, so, constitute the pharmacophore. These re- 
ceptor mapping studies have emphasized the importance of 
the steric fit of the bioactive compound into the receptor site 
(6). 

A somewhat different approach has come from the corre- 
lation of the bioactivity with the structure of series of struc- 
turally related drugs, using extended Hammett (Hansch) 

treatments (7, 8). Ariens (9), among others, has generalized 
such quantitative structure-activity relationships (QSAR's) 
as follows: 

[2] log(biologica1 response) = a + b + c + d + constant 

where a is a lipophilic (hydrophobic) parameter, b is an 
electronic (substituent) parameter, c is a steric parameter, and 
d is a term that encompasses any other physically meaning- 
ful parameter, such as the ability to form hydrogen bonds 
(10). The most commonly used parameters for a ,  b, and c 
are log P,,, a ( a f  ,a-), and E,, respectively. P,, is the par- 
tition constant between octanol and water for each member 
of the series of structurally related drugs (i.e., members of 
the pharmacophoric constellation). To give only a few ex- 
amples of the efficacy of the approach, the binding of 
bioactive compounds with proteins (1 1) and cells (12) has 
been correlated and correlations between biological re- 
sponse and these parameters for antimalaria drugs (1 3) and 
anaesthetics (14) have been demonstrated. 

Interestingly, among the interactions possible between the 
pharmacophore and the receptor, charge transfer (CT) com- 
plexation (15) has received relatively little attention (16). This 
is all the more striking in that CT complexation has been a 
well-known interaction since the early discoveries of Benesi 
and Hildebrand (15a), through the pioneering work of 
Briegleb (15b), and the valence-bond and molecular orbital 
descriptions of Mulliken (15c) and Dewar and Lepley (15d), 
respectively. For a pharmacophore that has begun the pro- 
cess of "docking" at the receptor site, CT complexation may 
represent an important binding interaction, a possible d-term 
interaction (eq. [2]). 

The importance of CT interactions to biological systems 
has been reviewed recently (17). Among the recent litera- 
ture, however, can be found examples that illustrate the 
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range and significance of CT complex (CTC) formation, 
including the correlation of carcinogenicity of 5-methyl- 
chrysene (as compared to isomeric methylchrysenes) with 
the disorder in the stacking of the 5-methylchrysene-l,3,5- 
trinitrobenzene (TNB) complexes, as shown by X-ray 
crystallography and molecular orbital (MO) calculations 
(18). CT complexation provides the basis for spectropho- 
tometric assays for a variety of penicillins (19) and other 
drugs (20). CT complexation has also been found for amino 
acids and dimethoxybenzenes interacting with a highly 
electron-deficient synthetic molecular receptor (21). Evi- 
dence has recently been reported for the CT complexation 
of indoles with the acceptor 1-(2,4,6-trinitropheny1)propan- 
2-one (22). 

,CH3 

In the present article, we present evidence for the forma- 
tion of CTC between N,N-dimethyl-3,4-di-0-methyldopa- 
mine (N,N-dimethyl-3,4-dimethoxyphenylethylamine, I) ,  a 
dopamine analogue, and TNB, as a biophysical probe. Do- 
pamine, 2, is an important neurochemical, a precursor of 
noradrenaline; its absence in the neurosystem is implicated 

in Parkinson's disease (23) and cocaine addiction (23~) .  The 
information derived from the present in vitro study will be 
discussed in terms of the probable type of donation that oc- 
curs from donor, 1 ,  to acceptor, TNB (n -+ n *  versus n -+ 
n*), the possible bearing the results have on drug-receptor 
interactions, and, particularly, the extension of the conclu- 
sions to dopamine, itself. 

Results 
' H  nuclear magnetic resonance (nmr) studies 

The three equivalent aromatic protons of TNB appear as 
a singlet at ca. 9 ppm in CDCl,, CD3CN, or (CD,)2S0. 
Addition of an excess of the amine, 1 ,  to a solution of TNB 
(in CDCl, or CD,CN) causes the TNB singlet to shift to 
higher field. In (CD,),SO no detectable change in peak 
position or line shape could be seen. No new peaks are 
observed. The 8.6-5.0 ppm region of the spectra, where 
the protons of a trinitrocyclohexadienate moiety of anionic 
u-adducts (Meisenheimer adducts) typically resonate (24), 
is clear of signals. Further, the TNB singlet is relatively 
sharp, as are the upfield peaks assignable to 1 (even in 
(CD,),SO), indicating that electron transfer, to yield para- 
magnetic species like radical anions and cations, has not 
occurred (Fig. 1). 

The change in chemical shift of the TNB singlet may be 
defined as A ,  that is, the difference in chemical shift be- 
tween free TNB (?jTNB-,) and the averaged shift of free and 
complexed TNB (6TNB-av). Hence, 

The chemical shift averaging is a result of a fast equilibrium 

FIG. 1. Typical 'H nmr spectra (CDCI, solvent). The region from 10.5 to ca. 7 ppm was scanned at a higher amplitude (factor of 100 
greater) than that used for the upfield region. The lower spectrum shows the signals for TNB (T), CHCl,(C), and tetramethylsilane (TMS). 
The top spectrum is that recorded after the addition of a 60-fold excess of 1. The signals for 1 are labelled as follows: ring H's (R), 3,4- 
CH30's (D), -CH2CH2- (S), and -N(CH,), (A). 
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TABLE 1 .a The 'H nmr spectral data arranged for eq. [5] ([TNB], 
= 4.5 x M); CDCl, solvent 

TABLE 3. The IH nmr spectral data arranged for eq. [5] ([TNB], 
= 9.0 X lo-, M); CDC1, solvent 

"The data from Table 1 are plotted on the graph, Flg. I .  
bDefined by eq. [3]. 
'The regression equation for the line is A/[l], = -0.937 A + 0.643; K, 

= 0.937 L mol-l, A, = 0.686 ppm. r = 0.991. 

"Defined by eq. [3]. 
bThe regression equation for the line is A/[]], = - 1.06A + 0.524; K, 

= 1.06 L mol-', A, = 0.494 ppm. r = 0.938. 

TABLE 4.' The 'H nrnr spectral data arranged for eq. [5] ([TNB], 
= 4.5 X lo-, M); CD3CN solvent 

TABLE 2. The IH nmr spectral data arranged for eq. [5] ([TNB], 
= 9.0 x lo-, M); CDCl, solvent [~IO/[TNBIO [I10 (mol L-I) A (ppWb A/[IIo ( P P ~  L mol-I) 

[llo/[TNBl~ [I], (mol L-I) A (pprn)" A/[llo (ppm L mol-') 

120: lb  1.080 0.267 0.247 
100: 1 0.900 0.250 0.278 
60: 1 0.540 0.183 0.339 
50: 1 0.450 0.167 0.371 
30: 1 0.270 0.117 0.433 
25: 1 0.225 0.100 0.444 

"Defined by eq. [3]. 
bThe regression equation for the line 1s A/[l], = - 1.18 A + 0.564; K, 

= 1.18 L mol-', A, = 0.480 ppm. r = 0.996. 

(on the nrnr time scale) between the free TNB and that bound 
in the CTC: 

[4] 1 + TNB 1-TNB 

"The data from Table 4 are plotted on the graph, Fig. I .  
bDefined by eq. [3]. 
'The regression equation for the line is A/[l], = -0.987A + 0.318; K, 

= 0.987 L mol-', A, = 0.322 ppm. r = 0.997. 

TABLE 5. The I H  nmr spectral data arranged for eq. 5 [TNB], = 
9.0 x M); CD3CN solvent 

[~lo/[TNBlo [llo (mol L-I) A ( P P ~ ) "  A/[l10 ( P P ~  L mol-I) 

80: 1 0.720 0.083 0.116 
Consequently, the upfield shift of the TNB singlet upon in- 50: 1 0.450 0.060 0.133 
troduction of 1 into the system is diagnostic of formation of 40: 1 0.360 0.050 0.139 
a CTC in which TNB acceDts electron densitv from 1 (ea. . . 
[4]). In this context, the lack of detectable change in peak :Defined by eq. [31. 

position with increasing concentration ratio of 1 to TNB in 
= o ~ ~ ~ f ~ ~ ! ~  Zi:;y' ~ ~ ~ , " ~ , " $ ~ ~  = -0.M6A + 0.158; K= 

(CD3),S0 (DMSO) as solvent suggests that the CTC, if 
formed, is formed in a concentration lower than the detec- 
tion limit imposed by the nmr study. An alternative possi- 
bility is that either donor or acceptor or both interact more 
strongly with DMSO than with one another; this specific in- 
teraction (vide infra) may obscure any CTC formation be- 
tween 1 and TNB in DMSO. 

The change in chemical shift, as a function of the con- 
centration of added 1 (Tables 1-6), was plotted according 
to the Scatchard equation for nmr data (25): 

TABLE 6. The IH nmr spectral data arranged for eq. [5] ([TNB], 
= 9.0 X ~ o - ~ M ) ;  CD3CN solvent. 

[llo/[TNBlo [I10 (mol L-I) A (ppm)" A/[l10 (ppm L mol-I) 

160: lb  1.440 0.150 0.104 
80: 1 0.720 0.090 0.125 
50: 1 0.450 0.067 0.148 
40: 1 0.360 0.057 0.158 

where A refers to the change in chemical shift in the probe 
molecule, TNB, as defined above, [I], is the initial added 
concentration of N,N-dimethyl-3,4-di-0-methyldopamine, 
which is always present in excess, and K ,  is the equilib- 
rium constant for CTC formation. A, represents the chemi- 
cal shift change for the TNB probe at that point at which TNB 
is totally complexed. 

A representative plot of the data for each solvent, CDCl, 
and CD3CN, is shown in Fig. 2. All plots gave linear 
regression lines with satisfactory to good correlation coef- 
ficients (0.94-0.99). The regression equation for each 

"Defined by eq. [3]. 
bThe regression equation for the line is A/[l], = -0.553A + 0.184; K, 

= 0.553 L mol-l, A, = 0.333 ppm. r = 0.965. 

separate experiment is given along with each table of data 
(Tables 1-6). The mean values for K, obtained from the 
Km values determined in the individual experiments are 
1.06 + 0.1 L mol-' in CDCl, and 0.66 "- 0.24 L mol-' in 
CD3CN. 

Solvents may interact preferentially with either the donor 
or the acceptor (26). No attempt has been made in the pres- 
ent study to correct for specific interactions between the 
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FIG. 2. Representative Scatchard plots (eq. 5), using the data 
from Table 1 (filled circles, CDCI, solvent) and from Table 4 
(hollow circles, CD,CN solvent). Regression analysis for the lines 
is given with the respective tables. 

solvent and either of the interactants. It should be recog- 
nized, however, that such specific interactions have previ- 
ously made comparison of gas-phase and solution data on 
CTC difficult (27). Consequently, the equilibrium con- 
stants measured in this study, K,, should be viewed as ap- 
parent equilibrium constants. 

Ultraviolent-visible (uv-vis) spectroscopic study 
When the 'H nrnr sample that contained the highest con- 

centration ratio of 1 to TNB (200: 1) was transferred, with- 
out dilution, to a semi-micro 0.1-cm-pathlength cuvette and 
the uv-vis spectrum was obtained (in either solvent) the 
orange-yellow solution did not contain the characteristic two- 
band spectrum found for anionic (1 : 1) Meisenheimer ad- 
ducts of TNB (24). Instead the spectrum consisted of a 
single diffuse absorbance at 350-400 nrn in CDC1, and 370- 
420 nm in CD,CN. Such broad spectral bands, which are not 
attributable to either separate interactant, are consistent with 
CTC formation (eq. [4]) (15, 17). 

Discussion 
I.  The nature of the interaction 

(a) Nucleophilic versus CT behaviour 
Charge transfer complexes occupy one extreme in a con- 

tinuum of interactions that may occur between electron-rich 
species and electron-poor aromatic and heteroaromatic sys- 
tems, exemplified by TNB. In charge transfer complexes, 
partial electron density is transferred from the HOMO of the 
donor to the LUMO of the acceptor. If a full electron is 
transferred, discrete species, namely the radical (D-) or the 
radical cation of the donor (Dt) and the radical anion of the 
acceptor (TNB;), may form, giving rise to a radical ion pair. 
Transfer of a pair of electrons, however, with concomitant 
bonding of the donor to the acceptor produces an anionic 
Meisenheimer complex (24). 

Interestingly, recent molecular orbital calculations 
(MNDO) have suggested that CT complexation precedes 
Meisenheimer adduct formation in nucleophilic aromatic 
substitution (S,Ar) reactions (28), in agreement with ki- 
netic results involving nitrogen-centred nucleophiles in 
nonpolar solvents (29). Extensive work has also been done 

on polynitroaromatic systems with OH- ion (30) in which 
CTC, radical anion - radical pairs, and Meisenheimer com- 
plexes have all been invoked as necessary intermediates. 
A previous study of the interactions of doparnine and 3,4-di- 
0-methyldopamine, 3, with TNB in dimethyl sulfoxide 
(DMSO) demonstrated the presence of Meisenheimer com- 
plexes in these related reaction systems (vide infra) (31). 
Finally, Forlani and Cimarelli reported the observation and 
isolation of a zwitterionic adduct, 4, formed in the reaction 
of the tertiary amine, 1,8-diazabicyclo[5 .4.0]undec-7-ene 
(DBU), with TNB in toluene (32). 

Clearly, in the present system only a CTC forms. There 
is no evidence from either the 'H nmr or uv-vis spectro- 
scopic studies for formation of radical ions or of a 
Meisenheimer adduct from 1 and TNB. The difference in 
reactivity between simple, tertiary amines like triethyl- 
amine (33) or 1 in contrast to DBU appears to lie, at least 
partially, in the ability of the DBU moiety of 4 to delocal- 
ize the positive charge of the ammonium ion centre, just as 
the trinitrocyclohexadienate portion of the complex delo- 
calizes the negative charge. Steric hindrance to bond for- 
mation between 1 and TNB (as compared to DBU and 
TNB) may also account for the difference in reactivity be- 
tween these two systems. 

(b) Stoichiometry of the CTC 
In the present study the Scatchard plots (eq. [5], Fig. 2) 

were found to be linear over the range of concentration ra- 
tios studied (200: 1-25: 1). Linearity of such plots has been 
taken as indicative of the presence of 1 : 1 CTC alone (34). 
Concave (upwards) plots have been found in some systems 
and these results were attributed either to the presence of CTC 
of higher stoichiometry (2: 1, 3 :  1 etc.) (34) or to an Addi- 
tional Unspecified Shielding (AUS) effect on the 'H nmr 
spectra (35). The latter interpretation presumes that the 
chemical shift of free acceptor (TNB) and of totally com- 
plexed acceptor (1-TNB) could be different in the presence 
of donor, 1,  as compared to pure solvent, i.e., A would be 
incorrectly represented in the plot. 

Further, in a recent article, Foster and co-workers dem- 
onstrated a Scatchard plot that increased to a maximum 
and then levelled off (22). This anomalous behaviour was 
attributed to self-association of the indoles used in that 
study. 

It should be emphasized that for those plots that demon- 
strated only satisfactory correlation coefficients (r ca. 0.94), 
the points showed only scatter and no regular curvature could 
be seen. On these grounds, the CTC formed between 1 and 
TNB appears to have a 1 : 1 stoichiometry and the interac- 
tion is free from termolecular complexation or self-associa- 
tion of the donor, 1.  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DUST 155 

(c) Classification of the zype of partial electron donation ground state and are, therefore, stabilized in nonpolar sol- 
N,N-Dimethyl-3,4-di-0-methyldopamine can act as a vents (IS) or microenvironments. . . 

partial electrondonor in two ways: as an n + n* donor via 
the amine function and as a n + n* donor via the aromatic 
ring. This distinction between types of interaction in CT 
complexation was advanced previously (36), although as- 
signment of one particular mode of donation from a given 
donor species has been problematic (37). 

It should be noted that KcT for N,N-dimethylaniline in 
chloroform (19.7"C) was ascribed a value of 1.3 L mol-' 
(36), which is in reasonable agreement with the value found 
for the complex formed by 1 and TNB, i.e., 1-TNB. There 
is a declining trend in the values of equilibrium constants 
for CT complexation between TNB and the following ani- 
lines: N,N-dimethyl-2,6-dimethylaniline, N,N-dimethylan- 
iline, and N,N-dimethyl-2-methylaniline. The trend was 
explained on the basis of the varying ability of the aro- 
matic ring to transfer electron density to TNB. Thus, the 
equilibrium constants decrease in magnitude in going from 
N,N-dimethylaniline to N,N-dimethyl-2-methylaniline, as 
would be anticipated if the introduction of the ortho methyl 
group leads to steric inhibition of delocalization of elec- 
tron density from the amino nitrogen into the aniline ring 
and, thence, to the TNB ring in the complex. However, the 
steric inhibition of delocalization that would also be ex- 
pected to apply to N,N-dimethyl-2,6-dimethylaniline is 
overwhelmed by the methyl inductive effect on the donor 
ability of the aromatic ring. Consequently, the equilibrium 
constant associated with CT complexation of N,N-di- 
methyl-2,6-dimethylaniline is larger than that found for N,N- 
dimethylaniline and larger still than that found for N,N-di- 
methyl-2-methylaniline (36). Consistent with the similar- 
ity in the magnitude of K ,  for N,N-dimethylaniline and 1 
in complexation with TNB, the interaction of 1 with TNB 
may be T + n*, as found for N,N-dimethylaniline. 

Some further support for this analysis can be found in the 
comparison of the magnitude of K ,  for 1-TNB with the 
equilibrium constants for the complexation of TNB with a 
series of methyl-substituted benzenes, namely, mesitylene, 
durene, and pentamethylbenzene. In CCl, at 33.S°C the 
values of KcT were determined to be 0.797 (mesitylene- 
TNB), 1.32 ( d u r e n ~ T N B ) ,  and 1.93 (pentamethylben- 
zene-TNB) L mol-'. The values of K,, for these aromatic 
donors which are clearly unable to act in the n + n* fash- 
ion, are again notably similar to that found for K ,  for CTC 
formation with 1 in CDCl, at 33.S°C (i.e., 1.06 L mol-I) 
(25c). It should be noted that K,  values are generally larger 
in CCl, than in CDC13 (1 5, 37). 

Based upon these comparisons, the CT interaction be- 
tween 1 and TNB is tentatively assigned as n + n*. How- 
ever, we cannot rule out the possibility that both forms of 
interaction (i.e., n + n* and n + n*) are operating in con- 
cert. Further evidence, including solid state nmr studies of 
the isolated complex and enthalpies and entropies of CTC 
formation, would be required for a more definitive assess- 
ment to be made. 

A comment should be made concerning the trend found 
for the various solvents. The magnitude of K,  declined from 
CDCl, to CD,CN and, finally, to (CD,),SO where K, could 
not be measured, possibly due to specific interactions with 
the solvent. These results are in qualitative agreement with 
the generalization that CTC are essentially nonpolar in the 

2. Comparison with dopamine 
The interactions of dopamine with TNB in DMSO solu- 

tion were reported previously (31). Depending upon the 
degree of ionization of the hydroxyl groups (as a function 
of concentration and type of added base) a variety of 
Meisenheimer adducts were observed. In sequence, a nitro- 
gen-bonded adduct was the first to be seen, followed by 
formation of a carbon-centred adduct, via attack of a ring 
carbon on TNB. Transient oxygen-centered adducts were 
postulated, but not observed. 

Importantly, no CTC were found in the dopamine-TNB 
system in DMSO. This is in accord with the present study, 
where the CT interaction between the dopamine analogue, 
1,  and TNB may be overwhelmed by specific interactions of 
the components with the (CD,),SO solvent. 

However, the microenvironment of the receptor site may 
be relatively nonpolar. Hydrophobic interactions between 
a bioactive compound and the aqueous biological solution 
could force the bioactive compound into closer contact with 
a more nonpolar receptor site. In such a case, dopamine and 
other members of the series would be expected to bind to 
acceptor portions of the receptor much as 1 complexes with 
TNB . 

We clearly recognize the importance of other interactions 
for dopamine, as compared to 1 ,  including hydrogen bond- 
ing of the phenolic OH groups of 2 with the receptor. In fact, 
3,4-di-0-methyldopamine, 3, which lacks these OH groups, 
is biologically active, although it does not affect the central 
nervous system as dopamine does (38). Nevertheless, CT 
complexation could be a general binding interaction for 2 and 
3, as well as 1 ,  and a suitable d-term in eq. [2]. 

In summary, NA-dimethyl-3,4-di-0-methyldopamine, 1, 
forms CTC with TNB, as a probe of biophysical interac- 
tion, in CDCl, and CD3CN with KcT values of 1.06 and 
0.66 L mol-I, respectively. Based upon comparison of the 
Kc, values with those found in related systems, the CT 
complexation is probably n + n* in nature. Cooperative n 
+ n* and n + n* interactions cannot be ruled out, how- 
ever. The amine does not apparently form a CTC with TNB 
in (CD,),SO. However, it is reasonable to conclude that do- 
pamine, as well as 1 ,  could form CTC with suitable elec- 
tron-deficient molecules (or moieties), particularly in low 
polarity solvents (or low polarity microenvironments, which 
may include receptor sites). 

Experimental 

General 
3,4-Di-0-methyldopamine (3,4-dimethoxyphenylethylamine, 

Aldrich) was distilled; the fraction that boiled at 150-151°C at 
9.0 Torr (1 Torr = 133.3 Pa) was collected and stored under N2 at 
10°C. N,N-Dimethyl-3,4-di-0-methyldopamine, 1, was prepared 
by the Eschweiler-Clarke method (39). The purified yield was 46%; 
bp 120-130°C at 2.3-3.0 Torr (lit. (40)bp 85-90°C at 0.05 Torr). 
The colourless product, 1, was stored under N2 over 4A molecular 
sieves at 10°C. In general, it was found necessary to redistill 1 im- 
mediately prior to use to obtain consistent results. 1,3,5-Trinitro- 
benzene (TNB, Eastman) was recrystallized thrice from benzene 
and once from ethanol, mp 124.5-125°C. CDCI,, CD,CN, and 
(CD,),SO (MSD) were allowed to stand over 4A molecular sieves 
for 24 h and then used without further purification. The 'H nrnr 
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spectra were measured using a Varian EM-360 spectrometer op- 
erating at 60  MHz with a probe temperature of 33.5"C. Standard 
Wilmad PP-507 nmr tubes were used for all nmr experiments. The 
uv-vis spectra were recorded on a Beckman DU-8 spectropho- 
tometer at ambient temperature (24 ? 3°C). Melting points were 
determined with a Fisher-Johns hotstage and the values reported are 
uncorrected. 

The ' H  nmr experiments: preparation of sol~ttions 
Stock solutions of 1 in all solvents were prepared from weighed 

quantities of 1 in 1 mL volumetrics. Typically, 1 (376 mg, 
1.80 mmol) was placed in a 1 mL volumetric flask and the flask 
then septum-capped, followed by flushing with dry N,. Addition 
of CDC1, to the mark, via syringe, gave an initial stock solu- 

- - 

tion (1.80 mol L-I). A second stock solution was similarly pre- 
pared from 1 (451 mg, 2.16 mmol, 2.16 mol L-I). Sequential 
dilution of the stock solution (0.5 mL in 1 mL volumetrics) gave 
concentration ratios of 1:TNB ranging from 25 : 1 to 120: 1. 
The same procedure was followed for CD,CN and (CD,),SO. The 
TNB stock solution (1.80 x lo-' mol L-I) consisted of TNB 
(19.2 mg, 4.50 x lo-' mol) dissolved in N,-purged solvent 
(5 mL). 

A representative experiment 
A sample tube contained 0.3 mL of the standard TNB solution 

in CDC1, and a drop of tetramethylsilane (TMS) as the internal shift 
standard. The initial spectrum of free TNB was recorded (O- 
10 ppm) and the chemical shift of the TNB singlet relative to TMS 
noted. A small quantity of the appropriate solution of 1 (0.3 mL) 
was injected into the septum-capped nmr tube via syringe and the 
spectrum rerecorded. The chemical shift of the averaged signal for 
free and complexed TNB were measured relative to TMS (8TNB.av) 
(Fig. 1). The experimental data were plotted (Fig. 2) according to 
the Scatchard equation (25) (eq. [5]) to give the results reported 
above. 
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Chem. 70, 158 (1992). 

In an analogous fashion to the preparation of ergosterol peroxide from singlet oxygen, the preparation of its sulfur 
analog was attempted via the Diels-Alder addition of diatomic sulfur to ergosterol. Two of the recently reported meth- 
ods for generating and trapping diatomic sulfur were employed as well as "activated" sulfur. Although the desired tar- 
get was not obtained, several interesting steroidal products were isolated including 3,5-cyclo-6,8(14),22-ergostatriene 
(12), ergosta-5,7,22-trien-3-thiol (13), and ergosta-4,6,8( 14) ,22-tetraen-3-one (16). Mechanistic aspects are discussed. 

Key words: diatomic sulfur, ergosterol, sulfur analog of ergosterol peroxide, ergosta-6,22-dien-5a,8a-epidisulfide-3- 
01, ergosterol peroxide, 3,5-cyclo-6,8(14),22-ergostatriene, ergosta-5,7,22-trien-3-thiol, ergosta-4,6,8(14),22-tetraen- 
3-one. 

YOULA S .  TSANTRIZOS, PATRICIA L. FOLKINS, JAMES F. BRITTEN, DAVID N. HARPP et KELVIN K. OGILVIE. Can. J. Chem. 
70, 158 (1992). 

Faisant appel ii une rnCthode similaire a celle utilisCe pour la preparation du peroxyde de I'ergostCrol a partir de l'oxygkne 
singulet, on a essay6 de prCparer l'analogue sulfur6 via une addition de Diels-Alder du soufre diatomique sur I'er- 
gosterol. On a utilisC du soufre ccactivC,, ainsi que deux des mCthodes dCcrites recemment pour gCnCrer et pour piCger le 
soufre diatornique. M&me si I'on n'a pas obtenu la molCcule dCsirCe, on a pu isoler de nombreux produits stCroi'daux 
interessants, dont du 3,5-cyclo-ergosta-6,8(14),24-trikne (12), de l'ergosta-5,7,22-trikne-3-thiol (13) et de l'ergosta- 
4,6,8(14),22-tetraen-3-one (16). On discute des aspects rn6canistique.s. 

Mots clPs : soufre diatomique, ergostCrol, analogue sulfur6 du peroxyde de I'ergostCrol, ergosta-6,22-dikne-5a,8a- 
Cpidisulfure-3-01, peroxyde de I'ergostCrol, 3,5-cyclo-ergosta-6,8(14),22-trikne, ergosta-5,7,22-tyriene-3-thiol, er- 
gosta-4,6,8(14) ,22-tetraen-3-one. 

[Traduit par la rCdaction] 

Introduction 

Ergosta-6,22-dien-5a,8a-epidioxy-3-01 (I) ,  better known 
as ergosterol peroxide, was first isolated from the myce- 
lium of Aspergillus fumigatus ( I) and since then it has been 
found in several other fungi (2), lichens (3), and marine or- 
ganisms (4). It exhibits a variety of biological effects in- 
cluding platelet aggregation (2d) and toxicity to plant tis- 
sues (5). 

Recently, ergosterol peroxide was isolated from the liq- 
uid culture of Phomopsis convolvulus (6), a host-specific 
pathogen of the perennial plant Convolvulus arvensis (field 
bindweed) (7). This weed is classified as one of the most 
serious agricultural pests worldwide (8) that is hard to con- 
trol at the present time. Ergosterol peroxide is a weakly 
phytotoxic compound that was found to be involved in the 
disease symptoms induced by P .  convolvulus on field bind- 
weed (6). 

Sulfur analogs of biomolecules have been shown in the past 
to often mimic or even enhance the physiological effects of 
natural products. Most noteworthy are the examples of 
prostaglandin (9-1 1) and leukotriene (12) analogs, al- 
though several other sulfur derivatives of biologically im- 
portant metabolites have been investigated (13). Hence, in 
hope of enhancing the herbicidal activity of ergosterol per- 
oxide against field bindweed, studies towards the synthesis 
of ergosta-6,22-dien-5a,8a-epidisulfide-3-01 (2) were initi- 
ated. 

' ~ u t h o r s  to whom correspondence may be addressed. 
'~evision received September 4, 199 1. 

Ergosterol peroxide (1) has been synthesized from ergos- 
terol (3a) both enzymatically (2c, 14) and chemically (15). 
The Diels-Alder addition of singlet O?('A,) to the ergos- 
terol diene is believed to be involved in the photochemical 
synthesis of the peroxide (15a, 16). Hence, it was consid- 
ered appropriate to attempt the same reaction with diatomic 
sulfur precursors in an effort to synthesize its sulfur analog 
(2). 

3 a R = H  

36 R = -Si (C6HS)2 tert - butyl 
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Results and discussion 

A number of synthetically useful reagents for the gener- 
ation of S, have been reported by Steliou et al. (17), Schmidt 
and Gorl (18), and Harpp and MacDonald (19). In 1984, 
Steliou found that, in the presence of triphenyldibromo- 
phosphorane, organometallic trisulfides of general structure 
4 deliver diatomic sulfur to a diene. The reaction mecha- 
nism could involve intermediate 5 or the formation of the 
four-membered ring intermediate 6, analogous to that pro- 
posed in the phosphite-ozone generation of singlet oxygen 
(20). In 1987, the thermal rearrangement of the aromatic 
thioketone 7 was shown by Steliou et al. (17b) to generate 
S,, which could be trapped by a number of dienes in high 
yield. Thioketone 7 is formed in situ from 2,2'-dibenzoyl- 
biphenyl 8 (21), thiane 9, and BC13. It has been proposed that 
a rearrangement takes place via intermediate 10, which de- 
livers S2 to dienes (Scheme 1) ( l ~ b ) . ~  

When the synthesis of the thioketone (7) was carried out 
in the presence of ergosterol (3a) the main compounds iso- 

3 ~ .  Steliou, Universite de Montrkal, Montreal, QuCbec. Per- 
sonal communication. 

lated were 3,s-cyclo-6,8 (14),22-ergostatriene (12) and 
ergosta-5,7,22-trien-3-thiol (13) (in 4 1 and 19% yield re- 
spectively). 

It was evident that these compounds were formed via OH 
elimination assisted by the Lewis acid even though the diene 
was not added until after the sulfurating agent was formed 
(as monitored by TLC) and conditions were kept such that 
the sulfurating reagent was the limiting reagent. When thi- 
ane 9 was added to ergosterol (3a), a rapid silylation oc- 
curred to form the derivatives depicted in Scheme 2. In 
support of the proposed reactions, nearly 85% of unreacted 
2,2'-dibenzoylbiphenyl was recovered. In addition, reac- 
tion of ergosterol with BC13 and 9 alone led to the isolation 
of the same two products (12, 13) where omission of BCl, 
gave silylated ergosterol. 

Structure determination for compound 12 was achieved by 
the combined NMR data from 'H, I3c, COSY, DEFT, APT, 
and HETCOR experiments. A literature search of the pro- 
posed structure revealed it to be a known compound (22); its 
UV and mp characteristics were in agreement with those 
reviously reported (22). Compound 13 has nearly identical 

'C and 'H NMR spectra to those of ergosterol (3a) with ap- 
propriate deviations consistent with an -SH group at C-3. 
Further, an X-ray structure determination was carried out; 
the ORTEP diagram is shown in Fig. 1. The stereochemis- 
try of the -SH group is identical to that of the -OH function- 
ality in ergosterol (3a), thus the mechanism of formation 
likely involves the attack of H2S on the P face of the A ring 
of 12 (Scheme 2). 

To inhibit the elimination reaction initiated by BC13 
(Scheme 2), ergosterol (3) was protected with a tert-butyl 
diphenylsilyl group (3b) and added to the reaction mixture 
long after it was estimated that thioketone 7 had formed in 
significant amounts while all of the BC13 had been con- 
sumed. However, even after refluxing in toluene for 72 h, 
there was no major product formed and most (70%) of the 
starting diene was recovered. Although 57% of starting dione 
8 was also recovered, proof that some of the diatomic sulfur C
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FIG. 1. ORTEP drawing of compound 13. 

precursor had actually been produced was evidenced by the 
formation of 2 1 % of 9,lO-diphenyl phenanthrene (11). 

More recently, Harpp and MacDonald (19) reported the 
generation of diatomic sulfur from organometallic pentasul- 
fides of titanium and zirconium complexes 14. These re- 
agents are analogous to the organometallic trisulfides 4 in that 
they undergo S2 extrusion in the presence of triphenyldi- 
bromophosphorane. 

Several attempts to induce a Diels-Alder reaction be- 
tween S2 and ergosterol (3a) using Ph3PBr2 and bis(n-cyclo- 
pentadienyl)titana(IV)cyclohexasulfane ( 1 4 ~ ) ~  produced el- 
emental sulfur (S,); in addition, two minor products were 
isolated in low yield.5 

I 4 ~ e  are grateful to C. R. Williams for the preparation of this 
reagent. It was first prepared by McCall and Shaver (23). 

5 ~ h e  'H NMR spectrum of the main steroidal product showed 
loss of the C-7 proton and a downfield shift of both the 18- and 19- 
CH, signals. The ',c NMR spectrum showed a peak (170.74 ppm) 
at the characteristic shift of quaternary sp2 carbons attached to sul- 
fur, a downfield shift of the C-5 signal (139.78 to 150.85 pprn), 
and upfield shift of the C-8 signal (141.38 to 123.14 pprn). The 'H 
NMR spectrum of the minor product showed a loss of the C-6 
proton signal and a downfield shift of the C-3 proton signal to 
3.90 pprn (from 3.63 pprn in ergosterol (3a)) and the 19-CH3 sig- 
nal to 1.11 pprn (from 0.93 pprn in 3a). These data suggest that the 
major compound isolated was the C-7 mercapto ergosterol (er- 
gosta-5,7,22-trien-7-mercapto-3-01, 156) and the minor, the C-6 
mercaptan (ergosta-5,7,22-trien-6-mercapto-3-01, 15a). These 
compounds do not give a parent ion in the ammonia CI mass spec- 
trum and, due to their low yields, there was an insufficient amount 
of pure material available for elemental analysis. However, this 
class of compound is not unusual (24). 

In an attempt to understand the suggested addition of sul- 
fur to ergosterol (compounds 15a, 15b) in the absence of any 
detectable Diels-Alder products, the behavior of ergosterol 
in the presence of elemental sulfur (S,) (25)6 was further 
investigated. S, alone failed to react with ergosterol in re- 
fluxing toluene over a period of several hours, thus an "ac- 
tivated" form of sulfur was employed. Triethylamine, which 
is widely used as an activating agent in reactions of elemen- 
tal sulfur with organic compounds (25,26), was added to the 
reaction mixture. However, this combination of reagents gave 
several products, only one of which could be separated and 
identified. The unidentified products were the likely vic- 
tims of aromatization as evidenced by the isolation of ele- 
mental sulfur (S8) during flash column chromatography (27).7 

The main product, isolated from the reaction of "acti- 
vated" elemental sulfur with ergosterol, showed a down- 
field shift of the H6 and H7 olefinic protons and loss of the 
long-range coupling observed in the starting material and thus 
appeared consistent with anticipated structure 2 inasmuch as 
the spectrum closely resembled that of the ergosterol per- 
oxide (1). However, the APT and DEPT NMR spectra and 
MS and IR data indicated that ergosta-4,6,8(14),22-tetraen- 
3-one (16) was in fact the correct structure. In addition, the 
mp and UV were consistent with earlier reports on this 
compound (28). The details of its structure were obtained by 
an X-ray structure analysis. The ORTEP diagram is dis- 
played in Fig. 2. Compound 16 is an interesting fungal me- 
tabolite of Penicillium rubrum (29) and has been shown to 
be an important biosynthetic intermediate in the metabolism 
of ergosterol (29). 

The mechanism (Scheme 3) that we believe led to the 
formation of 16 involves first the oxidation of the C-3 OH, 
by participation of the sulfur (26), followed by a temporary 
nucleophilic addition of the sulfur to the C-4 carbon and 
elimination of H-14 to give a conjugated carbonyl deriva- 
tive. 

Attempts to minimize side products of the above reaction 
by first converting the C-3 OH to its acetate were unsuc- 
cessful, leading to an even greater amount of unidentifiable 
products. 

61t has been widely observed that sulfur reacts with olefinic car- 
bons in ionic or radical type mechanisms (25). 

7 ~ h e  formation of aromatic compounds produced by dehydra- 
tion and dehydrogenation of six-membered ring secondary alco- 
hols was observed previously in similar reactions of elemental sulfur 
under even milder experimental conditions (27). 
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FIG. 2. ORTEP drawing of compound 16. 

The fact that the main products isolated in the reaction of 
ergosterol and activated sulfur were not at all similar to those 
isolated in the reaction of ergosterol with bis(n-cyclopenta- 
dienyl)titana(IV)cyclohexasulfane (14a) indicates that these 
two reactions must proceed by different routes. The prod- 
ucts isolated from the reaction of ergosterol with 14a can be 
rationalized by insertion of diatomic sulfur into the double 
bonds of 3a; however, several closely related schemes can 
be envisaged which cannot be differentiated at this time. 

Experimental 
General methods 

Nuclear Magnetic Resonance spectra were obtained at 20-22'C 
using Varian XL-200 and XL-300 MHz instruments. 'H and 13c 

NMR chemical shifts are quoted in ppm and are referenced to the 
internd deuterated solvent downfield from tetramethylsilane (TMS). 
Chemical shift assignments of all steroid products were based on 
the HETCOR and COSY NMR data of each compound and the 
literature chemical shifts of equivalent carbons in ergosterol and 
ergosterol peroxide (6). All mass spectra were measured at the 
Biomedical Mass Spectrometry Unit, McGill University, unless 
otherwise indicated. The low resolution chemical ionization (NH3) 
spectra were obtained using a HP 5980A spectrometer. FAB and 
high resolution chemical ionization spectra (NH3) were obtained 
using a ZAB 2F HS instrument. Ultraviolet spectra were recorded 
on a Hewlett Packard 8451A diode array spectrophotometer. In- 
frared spectra were recorded on an Analect ASQ-18 FTIR spec- 
trophotometer calibrated to the 1602 cm-' line of polystyrene. 
Sulfur analyses were performed on an Antek 771 pyroreactor and 
714 sulfur detector system. Melting points were measured using a 
Gallenkamp capillary apparatus and are uncorrected. 
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Commercially available compounds were obtained from Aldrich 
Chemical Co. (Milwaukee, Wis.). Silica gel chromatography was 
performed on Merck Kieselgel 60 (230-400 mesh, no. 9385) using 
flash chromatography (30). Chromatographic solvents were frac- 
tionally distilled prior to use. All reactions were monitored by thin- 
layer chromatography carried out on 0.25 mm Merck silica gel 
plates (60F-254) using UV light and a 10% sulfurlc acid ethano- 
lic solution of ammonium molybdate-cerium sulfate developing dip. 

Preparation of 2,2'-dibenzoylbiphenyl(8) 
Prepared via oxidation of 2,2'-di(1-phenylmethano1)biphenyl. 

o-Dibromobenzene (4.00 g, 16.9 mmol) was dissolved in dry THF 
(100 mL) and cooled to -78°C under an atmosphere of nitrogen. 
n-Butyllithium (17 mL of a 2.5 M solution in hexanes, 42.4 mmol) 
was added (dropw~se) and the mixture was allowed to stir at -78OC 
for 4 h and at room temperature for an additional 0.5 h. A solu- 
tion of benzaldehyde (5.306 g, 50 mmol) in THF (25 mL) was 
added subsequently (dropwise) and the reaction was allowed to 
proceed for another 0.5 h before it was quenched with water 
(200 mL). The organic layer was then separated, washed with brine 
(2 x 200 mL), dried over MgSO,, and evaporated under reduced 
pressure to a yellow oil. The excess benzaldehyde was removed by 
Kugelrohr distill'ation, and the remaining oil was allowed to crys- 
tallize from hexanes (in a freezer) to give 0.8785 g (28%) of 2,2'- 
di(1-phenylmethanol)biphenyl, mp 186-192°C. IR (KBr): 3500 
(OH) cm-'. 'H NMR (200 MHz, CDCI,) 6: 2.1 (s, 2H, 2 x 
CHOH), 2.6 (s, 20H),  and 7.1-7.6 (m, 18H, aromatic protons) 
ppm. I3C NMR (300 MHz, CDCI,) 6: 71.7 (2 x COH), 126.1, 
126.9, 127.4, 128.1, 128.2, 128.3, 129.5, 140,0, 142.4 and 

i 143.2 ppm. 
Aqueous CrO, (0.25 g in 20 mL H,O) was added dropwise to 

an acidic solution of 2,2'-di(1-phenylmethano1)biphenyl (0.217 g, 
I 0.594 mmol, In 10 mL glacial acetic acid) at 65OC. The reaction 

I was allowed to stir at 65°C for 0.5 h, then cooled to room temper- 
ature, neutralized with a saturated solution of Na,CO,, and ex- 
tracted with ether (3 x 100 mL). The ether layer was dried over 
MgSO,, evaporated to dryness, and recrystallized from ethanol to 
obtain 0.157 g (74% yield) of pure crystalline product (8). TLC: 
hexane/ethyl acetate (9: I), Rf 0.21; mp decomposes above 150°C. 
IR (KBr): 1654 (C=O) cm-I. 'H NMR (200 MHz, CDCI,) 6: 
7.20-7.40 (m, 14H) and 7.67-7.71 (m, 4H) ppm. I3C NMR 
(300 MHz, CDC1,) 6: 126.7 (C4 and C4'), 127.9 (C6 and C6'), 
129.3 (CY, C3"'), 130.1 (C3 and C3'), 130.3 (Cl ' ,  Cl"'), 131.4 
(C4" and C4"'), 132.7 (C5 and C5'), 137.3 (C2 and C2'), 138.2 (C8 
and C8'), 140.2 (C1 and C1 '), and 197.5 (C=O) ppm. 

The formation of 3,5-cyclo-6,8(14),22-ergostatriene (12) and 
ergosta-5.7.22-trien-3-thi01(13)~ 

To a solutlon of 2,2'-dibenzoylbiphenyl(0.169 g, 0.467 mmol) 
and ergosterol (0.185 g, 0.467 mmol) in dry toluene (30 mL), 
1,1,1,3,3,3-hexamethyldisilylathiane (0.166 g, 0.933 mmol) was 
added via a syringe under an atmosphere of nitrogen. The result- 
ing mixture was cooled to O°C and boron trichloride (0.623 mL of 
a 1 M solution in CH,Cl,, 0.623 mmol) was added slowly via a 
syringe. The reaction was warmed to room temperature and then 
allowed to reflux for 9.5 h. Evaporation of the solvent, followed 
by flash column chromatography of the resulting crude with pe- 
troleum ether, led to the isolation of two compounds, 3,5-cyclo- 
6,8(14),22-ergostatriene (12) (fractions 3-6, 72.3 mg, 41% yield) 
and the ergosterol thiol 13 (fractions 8-13, 36.8 mg, 19% yield). 
Further elution with petroleum ether/ethyl acetate (3 : 1) led to the 

I recovery of unreacted 2,2'dibenzoylbiphenyI ( 140 mg, 83%). 

I 
3,5-Cyclo-6,8(14),22-ergostatriene (12): TLC: Petroleum ether, 

'x-ray data for compounds 13 (22 pages) and 16 (10 pages), 
listing of structure factors for 13 (28 pages) and 16 (22 pages), and 
spectral data for compounds 36, 13, 15a, 156 have been depos- 
ited as supplementary material and may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA OS2. 

Rf 0.57; mp 98.5-100°C (lit. (22) mp 102- 102.5"C). IR (CDCl,): 
1458, 1600 (C=C), 2869 and 2961 (C-C) cm-'. UV (EtOH): max 
262 nm. 'H NMR (200 MHz, CDC1,) 6: 0.46 (dd, J = 5.0 and 
8.2 HZ, lH,  H3), 0.76 (s, 3H, 18-CH3), 0.79-0.84 (2d, J = 
6.8 Hz, 6H, 26-CH, and 27-CH,), 0.90 (s, 3H, 19-CH,), 0.9 1 (d, 
J = 6.8 Hz, 3H, 28-CH,), 1.02 (d, J = 6.7 Hz, 3H, 21-CH,), 1.2- 
2.4 (m, 19H, steroid skeleton), 5.2 (m, 3H, H6, H22 and H23), 
and 6.19 (d, J = 9.5 Hz, IH, H7) ppm. I3C NMR (300 MHz, 
CDCl,) 6: 15.56, 17.02, 17.65, 19.30, 19.65, 19.99, 20.39, 21.22, 
25.18, 25.33, 26.52, 27.98, 30.79, 33.10, 37.37, 37.58, 39.44, 
40.83, 42.86, 43.52, 43.86, 56.14, 124.06, 124.63, 130.57, 
132.02, 135.49, and 147.04 ppm. APT (D2 = 4 ms) NMR 
(300 MHz, CDCI,) 6: 37.58 (ClO), 43.52 and 43.86 (C5 and C13), 
124.63 (C14), and 147.04 (C8) ppm. DEPT NMR (300 MHz, 
CDC1,) 6: 6CH3 (17.02 and 19.30 (C18 and C19), 17.66 (C28), 
19.65 (C26), 19.99 (C27) and 21.22(C2) ppm); 7CH2 (15.56 (C4), 
20.39 (C1 l ) ,  25.18 and 25.33 (C2 and C15), 27.98 (C16), 30.79 
(Cl) and 37.37 (C12) ppm); lOCH (26.52 (C3), 33.10 (C25), 39.44 
(C9), 40.83 (C20), 42.86 (C24), 56.14 (C17), 124.06 (C7), 130.57 
(C6), 132.02 (C23) and 135.49 C22 pprn). MS (E.I., direct inlet, 
65"C), m/z (% relative intensity, assignment): 378 (16, M'). 
Ergosta-5,7,22-trien-3-thiol(13): TLC: petroleum ether, Rf 0.42; 

mp 121.5-123°C. [a]: - 150 (c 0.02, CH2C12). IR (CDCl,): 1458 
(C=C), 2873 and 2960 (C-C) cm-I. UV (EtOH): max 274, 284; 
min 296 nm. 'H NMR (200 MHz, CDC1,) 6: 0.61 (s, 3H, 18-CH,), 
0.79-0.83 (2d, J = 6.8 Hz, 6H, 26-CH, and 27-CH3), 0.90 (d, J 
= 6.8 Hz, 3H, 28-CH,), 0.94 (s, 3H, 19-CH,), 1.02 (d, J = 
6.6 Hz, 3H, 21-CH,), 1.22-2.08 (m, 19H, steroid skeleton), 2.59- 
2.63 (m, 2H, 2 x H4), 3.80-3.86 (m, lH, H3), 5.15-5.20 (m, 
2H, H22 and H23), 5.37 (dd, 1 H, H7), and 5.55 (bd, J = 5.62 Hz, 
IH, H6) ppm. I3c NMR (300 MHz, CDC1,) 6: 12.06 (C18), 16.15 
(C19), 17.60 (C28), 19.64 (C26), 19.95 (C27), 20.98 (Cll) ,  21.10 
(C21), 22.96 (C15), 28.26 (C16), 33.07 (C25), 33.63 (C2), 36.76 
(ClO), 38.98 (C12), 40.02 (Cl), 40.41 (C20), 41.92 (C4), 42.82 
(C13 and C24), 46.19 (C9), 54.55 (C14), 55.70 (C17), 59.09 (C3), 
116.14 (C7), 119.84 (C6), 132.01 (C23), 135.50 (C22), 139.24 
(C5), and 141.94 (C8) ppm. Chemical shift assignments were 
consistent with DEPT, APT, and COSY NMR experiments. MS 
(E.I., direct inlet, 95°C) m / z  (% relative intensity, assignment): 378 
(M' - H2S). Sample analysis using the Antek analyzer confirmed 
the presence of sulfur in this compound. In addition, a nitroprus- 
side (31) test for thiol was positive. 

Protection of ergosterol with tert-bu~lchlorodiphenylsilane (3b) 
Ergosterol (1.00 g, 2.50 mmol) and imidazole (0.85 g, 

12.5 mmol) were dissolved in dry DMF (50 mL) under nitrogen and 
tert-butylchlorodiphenylsilane (1.39 g, 5.00 mmol) was added via 
syringe. The white precipitate formed was allowed to stir for 12 h 
at room temperature. The mixture was then extracted with ethyl 
acetate, the organic layer was washed with 1 M HC1 (3 X 50 mL) 
and water (3 x 50 mL), dried over MgSO,, and evaporated to 
dryness. The desired product (0.6824 g, 57% yield) and unreacted 
starting material were purified via flash column chromatography 
(24 : 1 hexanes : ethyl acetate). TLC: hexanes/ethyl acetate (4 : l),  
Rf 0.55. 'H NMR (200 MHz, CDCl,) 6: 0.59 (s, 3H, Si-CH,), 
0.79-0.84 (2d, J = 6.7 Hz, 6H, 26-CH, and 27-CH,), 0.88-0.91 
(m, 6H), 1.02-1.05 (m, 12H), 1.2-1.9 (m, 18H, steroid skele- 
ton), 2.31 (m, 2H, 2H4), 3.6 (m, IH, H3), 5.15-5.20 (dd, 2H, 
H22 and H23), 5.29-5.34 (m, IH, H7), and 5.36-5.43 (bd, J = 
5.7 Hz, lH,  H6), 7.34-7.40 and 7.64-7.69 (2m, 6H and 4H re- 
spectively, phenyl) ppm. MS (C.I.(NH,), direct inlet, 99°C) m/z 
(% relative intensity, assignment): 635 (5 M' + l),  379 (100, M' 
+ 1 - SiPh,(C4H,)). 

Reaction of ergosterol with bis(n-cyclopentadieny1)titana- 
(1V)cyclohexasulfane (15a,b) 

A solution of Br, (50 mL, 1.0 mmol) in dry CH2C12 (5.0 mL) 
was added dropwise to a solution of triphenylphosphine (275 mg, 
-1.1 mmol in 5.0 mL dry CH,Cl,) at 0°C. The suspension of 
triphenyldibromophosphorane formed was allowed to warm up 
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to room temperature and then it was added, dropwise, to a solu- 
tion of ergosterol (800 mg, 1.0 mmol) and bis(n-cyclopenta- 
dienyl)titana(IV)cyclohexasulfane (340 mg, 1.0 mmol) in 15 mL 
dry CH,Cl,. The reaction mixture was stirred at room temperature 
for 4 h, evaporated to dryness, and purified by chromatography. 
Flash column chromatography of the crude mixture, using CHzClz 
as the eluting solvent, led to separation of the isomeric mixture of 
thiols 15a and 156 from the remaining crude. Further thin-layer 
chromatography was carried out on preparative silica gel plates 
developed five times with petroleum ether/ethyl acetate (5 : 1) in 
order to achieve partial separation of the two compounds. The major 
product 15b was isolated in - 15% yield (-250 mg) and the minor 
product 15a in -5% yield (-20 mg). 

Ergosta-5,7,22 trien-6-mercapto-3-01 (15a): TLC: CH2Cl,/ethyl 
acetate (2: I), Rf 0.59. 'H NMR (200 MHz, CDCl,) 6: 0.80-0.85 
(2d, J = 6.8 Hz, 6H, 26-CH, and 27-CH,), 0.84 (s, 3H, 18-CH,), 
0.92 (d, J = 6.8 Hz, 3H, 28-CH,), 1.03 (d, J = 6.6 Hz, 3H, 21- 
CH,), 1.11 (s, 3H, 19-CH,), 1.2-2.3 (m, 21H, steroid skeleton), 
3.90 (m, IH, H3), 5.20-5.25 (m, 2H, H22 and H23), and 5.36 (m, 
IH, H7) ppm. There was a positive nitroprusside test indicating a 
thiol (3 1). 
Ergosta-5,7,22-trien-7-mercapt0-3-01 (15b): TLC: CH2C12/ethyl 

acetate (2: I), Rf 0.59; mp 133.5-135°C. 'H NMR (200 MHz, 
CDCl,) 6: 0.80-0.85 (2d, J = 6.8 Hz, 6H, 26-CH3 and 27-CH,), 
0.82 (s, 3H, 18-CH,), 0.92 (d, J = 6.8 Hz, 3H, 28-CH,), 0.98 (s, 
3H, 19-CH,), 1.03 (d, J = 6.5 Hz), 1.2-2.4 (rn, 21H, steroid 
skeleton), 3.63 (m, IH, H3), 5.20-5.25 (m, 2H, H22 and H23), 
and 5.33 (m, lH, H6) ppm. I3c NMR (300 MHz, CDCl,) 6: 15.83, 
17.67. 18.39, 19.65, 19.98, 21.00, 21.87, 25.31, 26.60, 31.72, 
33.10, 35.35, 36.57, 36.69, 36.95, 38.33, 38.91, 40.96, 42.83, 
44.82, 57.10, 71.01, 117.79, 123.14, 132.07, 135.52, 140.74, and 
150.85 ppm. MS (C.I. (NH,), direct inlet, 250°C), m/z (% rela- 
tive intensity, assignment): 397 (61, M+ + 1 - S), 270 (17, Mf 
- S - 125), 125 (100, side chain). Sample analysis using a "Sul- 
fur analyzer" instrument confirmed the presence of sulfur in this 
compound; a nitroprusside (31) test was also positive. 

Reaction of ergosterol with elemental sulfur (16) 
Ergosterol (5.0 g, 12.6 mmol) and S, (3.00 g, 11.7 mrnol = -4 

equiv. of S,) were refluxed in dry toluene (-200 mL) in the pres- 
ence of I equivalent of triethylamine (1.5 mL, - 12 mrnol). After 
a period of 24 h the crude mixture was filtered, washed with water 
(3 X 100 rnL), and evaporated to dryness. Flash column chroma- 
tography (2x)  of the product mixture with petroleum ether/ethyl 
acetate (4: 1) (2nd chromatography was performed on fractions 13- 
17 of the 1st column) led to the isolation of compound 16 (er- 
gosta-4,6,8(14),22-tetraen-3-one) as an orange-yellow solid. Pre- 
parative thin-layer chromatography on silica gel plates, developed 
twice with hexane/ethyl acetate (9: l ) ,  followed by recrystalliza- 
tion from ethanol, gave crystalline compound 16 in approximately 
5% yield (30 mg). TLC: pet. ether/ethyl acetate (3 : l),  Rf 0.45 
(fluorescent spot under UV); rnp 112.5-1 13°C (lit. (29) mp 114- 
115°C). IR (CDCI,): 1646 (C=O), 1636, 1584 (C=C) cm-I . UV 
(CH3CH20H, nm): max 350. 'H NMR (200 MHz, CDCl,) 6: 0.78- 
0.83 (2d, J = 6.7 Hz, 6H, 26-CH, and 27-CH,), 0.90 (d, J = 
6.8 Hz, 3H, 28-CH,), 0.93 and 0.96 (2s, 2 x 3H, 18-CH, and 
19-CH,), 1.03 (d, J = 6.7 Hz, 3H, 21-CH,), 1.15-2.55 (m, 18H, 
steroid skeleton), 5.17-5.22 (m, 2H, H22 and H23), 5.70 (s, lH,  
H2), 6.00 (d, J = 9.5 Hz, lH, H6), and 6.57 (d, J = 9.5 Hz, lH,  
H7) ppm. I3c NMR (300 MHz, CDCI,) 6: 16.62 (C18), 17.61 
(C28), 2 x 18.95 (C19 and C2), 19.63 (C26), 19.96 (C27), 21.19 
(C21), 25.33 (Cll) ,  27.69 (C16), 33.05 (C25), 2 x  34.09 (C1 and 
C12), 35.55 (CIS), 36.71 (ClO), 39.25 (C20), 42.83 (C24), 43.95 
(C13), 44.28 (C9), 55.66 (C17), 122.95 (C4), 124.38 (C6), 124.42 
(C8), 132.49 (C23), 133.97 (C7), 134.96 (C22), 156.04 (C14), 
164.32 (CS), and 199.43 (C3) pprn. APT (D2 = 4 rns) NMR 
(300 MHz, CDC13) 6: 36.75 (ClO), 43.96 (C13), 124.26 (C8), 
155.89 (C9), 164.17 (CS), and 199.20 (C3) pprn. DEPT NMR 
(300 MHz, CDCI,) 6: 6CH3 (16.61, 17.61, 18.95, 19.63, 19.96, 

21.19 ppm), 6CHz (18.95, 25.33, 27.69, 2 X 34.09, 35.55 pprn), 
lOCH (33.05, 39.25,42.83,44.28,55.66, 122.95, 124.42, 132.49, 
133.97, 134.96 pprn). MS (C.I. (NH,), direct inlet, 150°C), m/z 
(% relative intensity, assignment): 394 (31, M+ + l ) ,  393 (100, 
Mf).  
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An investigation of the rotational isomers of N-acetyl-2,2-dimethyloxazolidine 
and related compounds by nuclear magnetic resonance spectroscopy 

and molecular mechanics1 
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WESLEY G. TAYLOR, TSE WAI HALL, and CARL E. SCHRECK. Can. J. Chem. 70, 165 (1992). 
The 15 2,2-dimethyloxazolidines described here were found to exist in solution predominantly as a single rotational 

isomer, unlike N-acetyloxazolidine (I),  N-acetyl-2-methyloxazolidine (2), N-acetyl-2-(n-octyl)oxazolidine (3), and other 
known 2-substituted N-acyloxazolidines. Using ')c NMR spectroscopy, activation energies for interconversion of the E 
(minor) and Z (major) rotational isomers of 1-3 were determined from coalescence temperature measurements in pyri- 
dine-d,. A sample of N-acetyl-2,2-dimethyloxazolidine (4) was isolated for comparison. The rotational isomer of 4 was 
found by two-dimensional nuclear Overhauser effect spectroscopy (NOESY) to possess the Z (or trans) stereochemis- 
try. Molecular mechanics (MMX) calculations on the E and Z isomers of 1-4 helped to account for these findings. The 
conformation of the energy-minimized structures resembled a C-5 envelope. Samples of N-aroyl-2,2-dimethyloxazoli- 
dines (5a-5n) were isolated and the rotational isomers were assigned the Z stereochemistry by NOESY and ')c NMR 
experiments. Most of these 2,2-dimethyloxazolidines were ineffective in a bioassay for mosquito repellent activity. 

i Key words: N-acyloxazolidines, N-aroyloxazolidines, NMR spectroscopy, rotational isomerism, molecular mechan- 
1 ics. 
I 

i WESLEY G. TAYLOR, TSE WAI HALL et CARL E.  SCHRECK. Can. J. Chem. 70, 165 (1992). 
On a trouvC que, en solution, les 15 2,2-dimCthyloxazolidines dCcrites dans ce travail existent principalement sous la 

forme d'un seul isombre rotationnel; ce comportement differe de celui des N-acktyl- (I),  N-acktyl-2-mkthyl- (2), N-acetyl- 
2-octyl- (3) oxazolidines et d'autres N-acCtyloxazolidines substitukes en position 2. Faisant appel a la RMN du ')c et se 
basant sur des mesures des tempkratures de coalescence dans la pyridine-d,, on a dktermink les Cnergies d'activation 
d'interconversion des isombres rotationnels E (mineur) et Z (majeur) des composCs 1-3. Pour fins de comparison, on a 
is016 un kchantillon de la N-acktyl-2,2-dimkthyloxazolidine (4). En se basant sur l'effet Overhauser nuclkaire bidimen- 
sionnel (NEOSY), on a dtmontrt que l'isombre rotationnel du composC 4 possede la stkrCochimie Z (ou trans). Des cal- 
culs de mkcanique molCculaire (MMX) sur les isombres E et Z des composks 1-4 ont permis d'expliquer ces rksultats. 
Les conformations des structures dont l'energie a Ctk minimiske ressemblent ii une enveloppe C-5. On a isolk des 
Cchantillons des N-aroyl-2,2-dimkthyloxazolidines (5a-5n) et, sur la base d'expkriences de RMN du I3c et de NEOSY, 
on a attribuC la sttrCochimie Z a leurs isombres rotationnels. La plupart de ces 2,2-dimCthyloxazolidines ne se sont pas 
avkrkes efficaces lors d'essais biologiques destinCs a mesurer leur activitk comme agent de rCpulsion des moustiques. 

Mots cle's : N-acetyloxazolidines, N-aroyloxazolidines, spectroscopie RMN, isomkrie rotationnelle, mkcanique 
molCculaire. 

[Traduit par la rkdaction] 

Introduction 

During studies on the insect repellent properties of oxa- 
zolidine heterocycles (1-3), various N-acetyl and N-alkyl- 
carbonyl derivatives with alkyl or alkenyl groups at C-2 were 
found to exist in deuterochloroform solution as binary mix- 
tures of rotational isomers (Fig. 1). The Z (or trans) rota- 
tional isomer was usually found in slight excess over the E 
(or cis) isomer. Rotational isomerism in five-membered cyclic 
nitrosamines, including N-nitrosooxazolidine and 2-methyl- 
N-nitrosooxazolidine, also has been studied by 13c NMR 
spectroscopy (4). 

The promising mosquito repellent activity of some of the 
N-acetyloxazolidines prompted us to investigate the rota- 
tional isomers of these and related compounds in detail, 
using high resolution NMR and computational chemistry 
techniques. We rationalized that comparative information on 

'LRS contribution No. 38791 13. 
' ~ u t h o r  to whom correspondence may be addressed. 

FIG. 1. Rotational isomers of 2-substituted N-acetyl- and N-al- 
kylcarbonyloxazolidines. In refs. 1-3, these isomers were desig- 
nated by cis and trans nomenclature, indicating relative orienta- 
tion of the R and R' groups. E and Z are used here, which means 
that the cis isomers of our earlier work are equivalent to E isomers 
and trans is equivalent to Z. 

the conformational preferences of these highly mobile mol- 
ecules might help in the design of better insect repellents. 
Thus, N-acetyloxazolidine (I), N-acetyl-2-methyloxazoli- 
dine (2), and N-acetyl-2-(n-octyl)oxazolidine (3) were se- 
lected as representative examples from our previous work (3) 
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TABLE 1 .  Coalescence temperatures (K) and activation energies (kcal mol-I) for the rotamers 
of 1-3 in pyridine-d, 

13 C site 
AG& AG& 

Oxazolidine 2 4 5 6 7 9 (Mean k SD) (Mean k SD) 

"This carbon had the same chemical shift for both rotamers. 
bA side-chain signal caused interference. 
'Signals from the methylene carbons of the side chain were not assigned 

i s  I t I 1 . .  ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ I ~  
168 120 80 4 0 

PPH 

FIG. 2. Proton-decoupled I3c NMR spectrum of a purified sample of 4 in 2.0 M CDC1, solution at 298 K.  

for comparison here with N-acetyl-2,2-dimethyloxazolidine 
(4). The synthesis, I3c NMR spectra, and mosquito repel- 
lent properties of 14 novel N-aroyl-2,2-dimethyloxazoli- 
dines (S), isolated as single rotational isomers, are also re- 
ported. 

Results and discussion 
N-Acetyloxazolidines 1-4 

Rotational isomers of tertiary amides are capable of ex- 
isting in solution as equilibrium mixtures because of the en- 
ergy bamer to rotation about the N-CO bond. This bamer 
or free energy of activation is relatively high compared with 

other dynamic processes and has been estimated at 17.4 kcal 
mol-' for 1 (5). 

At room temperature, interconversion of the rotational 
isomers of N-acetyl and N-alkylcarbonyloxazolidines was 
sufficiently slow on the NMR time scale to allow the detec- 
tion of the E and Z isomers by 13c NMR spectroscopy (1- 
3). The major isomers were assigned the Z stereochemistry 
on the basis of I3c chemical shift comparisons with the other 
isomer in the mixture. 

The occurrence of unequal equilibrium isomer popula- 
tions suggests that a higher free energy of activation is re- 
quired for the Z to E conversion than that from E to Z. Ac- 
tivation energies were determined for 1-3 by measuring the 
coalescence temperatures of I3c signals from isomeric mix- 
tures of these representative N-acetyloxazolidines over a 
temperature range of 298-363 K in pyridine-d, (Table 1). 
Free energies of activation were calculated with the equa- 
tions from Shanan-Atidi and Bar-Eli (6), which take into 
account the effect of unequal isomer populations and of 
course the frequency difference between the resolved sig- 
nals. The same approach was used by Haky et al. (4) in their 
NMR study of rotational isomerism of N-nitrosooxazoli- 
dines in DMSO-d,. 

At 298 K,  the Z isomer of 1 represented about 60% of the 
mixture, and the thermodynamic equations (6) confl~~ned that 
the activation energy for Z to E conversion (17.4 kcal mol-') 
was slightly greater than for the reverse process. This dif- 
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I i I ' I i I " ' I ' I ~ I ' l ' l i l '  
4 U 3 6 3 2 2 8 2 4 2 0 1 6  

P P H  

FIG. 3. Contour plot from a NOESY experiment on 4 recorded in CDCI, at 298 K. A conventional proton spectrum (1.47-4.12 ppm) 
is shown at the top. The signal at 2.42 ppm is due to folding of the TMS signal. 

ference (0.3 kcal mol-I) increased to about I kcal mol-' for 
2 and 3, in accord with an increase to 80-85% in the Z iso- 
mer population. It seemed that unfavorable steric interac- 
tions between the C-2 alkyl and C-7 methyl groups in the E 
isomers of 2 and 3 were responsible for the shift in isomer 
populations. Equilibrium isomer populations of N-nitro- 
sooxazolidines also were influenced by the steric crowding 
effect of a 2-methyl group. 

The I3c NMR spectra of 4 showed that one rotational iso- 
mer predominated in deuterochloroform and pyridine-d, so- 

, lutions. In fact, the presence of any of the other rotational 
isomer could not be determined with certainty, implying that 
C-2 dimethyl substitution created an even greater difference 
in activation energies than was determined for 2 and 3. In 4, 

1 minor signals resonating upfield from the main signals for 
C-2, C-4, and C-5 were apparent (Fig. 2). Their chemical 
shifts were consistent with those expected from C-2, C-4, and 
C-5 of E 4 since, in the E isomers of 1-3, the correspond- 
ing carbons resonated upfield compared to the signals of the 
Z isomers. Thus, I3c chemical shift arguments as well as 
steric considerations suggested that Z 4 predominated but 

experimental evidence to confirm this assignment was sought. 
To study the stereochemistry of the major component, 

proton-proton nuclear Overhauser enhancement (NOE) ex- 
periments were attempted on 4 using the two-dimensional 
NOESY pulse sequence (7). The recent literature illustrates 
several applications of these techniques to small organic 
molecules (8-1 I) ,  sometimes in the phase-sensitive mode to 
distinguish NOE from intramolecular chemical exchange. 

On the assumption that the main isomer of 4 had a favor- 
able rotational correlation time, a potential dipolar interac- 
tion leading to an NOE cross-peak should occur between the 
protons at C-4 and C-7 in the Z isomer. Greater C-4 to C-7 
interproton distances in the E isomer would result in a weaker 
cross-peak, or none at all, whereas the shorter distance be- 
tween the methyl protons at C-7 and C-9,10 would be ex- 
pected to give a stronger cross-peak. The contour plot (Fig. 
3) showed a relatively intense cross-peak for the protons at 
C-4 and C-7 plus a relatively weak cross-peak for the methyl 
proton (C-7 and C-9,lO) interactions. This indicated the Z 
stereochemistry. Although not of value for the stereochem- 
ical assignment, a relatively strong cross-peak also was ob- 
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TABLE 2. Relative steric energies from molecular mechanics calculations and equilibrium 
percentages (theoretical vs. experimental) of the rotamers of 1-4 

Z Isomer E Isomer 

Population (%) Population (%) 
Relative energy Relative energy 

Oxazolidine (kcal mol-l) Theorya I3c N M R ~  (kcal mol-I) Theory" I3c NMR' 

"Calculated by In (E isomer population/Z isomer population) = -E/RT where the sum of the populations = 1 
and T = 298 K. 

"n pyridine-d, at 298 K. Values in parentheses are populations found in CDC1, at 298 K and, except for 4, are 
taken from ref. 3.  

TABLE 3. Selected torsional angles (degrees) from energy-minimized structures of the rotamers of 1-4 

Angle 

0 (  1 )-C(2)-N(3)-C(4) 
C(2)-N(3)-C(4)-C(5) 
N(3)-C(4)-C(5)-0( 1) 
C(4)-C(5)-0( 1)-C(2) 
C(5)-0( 1 )-C(2)-N(3) 
C(6)-N(3)-C(2)-0( 1) 
C(6)-N(3)-C(4)-C(5) 
C(7)-C(6)-N(3)-C(2) 
C(7)-C(6)-N(3)-C(4) 
0(8)-C(6)-N(3)-C(2) 
0(8)-C(6)-N(3)-C(4) 
C(9)-C(2)-N(3)-C(6) 
(39)-C(2)-O( 1)-C(5) 
C(9)-C(2)-N(3)-C(4) 
C( 1 O)-C(2)-N(3)-C(6) 
c (  10)-C(2)-O(1)-C(5) 
C( lo)-C(2)-N(3)-C(4) 

"R enantiomer. 

served for the C-5 methylene to C-9,10 methyl proton inter- 
actions. The cross-peak for the C-4,5 methylene proton 
interaction may be due to a combination of dipolar and sca- 
lar coupling effects. 

It was of interest to attempt to account for the rotameric 
preferences of 1-4 by molecular mechanics, so the relative 
steric energies of the E and Z isomers of 1-4 were deter- 
mined with the MMX force field of PCMODEL (see ex- 
perimental section). During energy minimizations, the ox- 
azolidine ring adopted a favorable conformation (vide infra) 
while retaining the essentially planar E or Z geometry of the 
acetamide group. 

Equilibrium isomer populations derived from 13c NMR 
spectroscopy showed that the Z isomer populations in- 
creased in a logical manner (4 > 3 = 2 > I) ,  paralleling the 
steric bulk at C-2. Molecular mechanics calculations Dre- 
dicted that the Z isomers of these four oxazolidines also were 
preferred (Table 2). Differences in ground state steric ener- 
gies of the minimized structures for the isomers of 1 were 

small (c0.5 kcal mol-') and may not be significant, but this 
increased to 2.5 kcal mol-' on comparing the isomers of 4. 
Quantitatively, the molecular mechanics calculations pre- 
dicted more of the Z isomer than was found experimentally, 
especially for 3. 

It should be emphasized that the molecular mechanics 
calculations, furnishing total steric energies of isolated mol- 
ecules in the gas phase, need not agree with the equilibrium 
populations found in solution. Indeed, solvent effects were 
evident as illustrated by the higher Z isomer populations in 
pyridine-d, than in deuterochloroform. Furthermore, some 
of the force field parameters for N-acetyloxazolidines have 
not been finalized. Despite these precautions, the agree- 
ment between experimental and theoretical results seen in this 
work was interesting. In a recent study on 2-ethynyl-N-ace- 
tylpyrrolidine (12),-molecular mechanics calcula~ons also 
predicted that the Z isomer would prevail, in agreement with 
the NMR data. 

Minimum energy conformations from molecular me- 
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were very similar (Table 5), which indicated the same ge- 

FIG. 4. The lowest energy conformation of the Z isomer of 4 
found by molecular mechanics calculations and selected interpro- 
ton distances. 

chanics calculations gave ring-puckered structures resem- 
bling a C-5 envelope. This geometry has been reported be- 
fore in molecular mechanics calculations on substituted 
oxazolidines (13) and was indicated here, for example, by 
the relatively large endocyclic torsional angles (-39 to -42') 

I for C(4) - C(5) - O(1) - C(2) and relatively small angles 
(-5 to - 15") for O( 1) - C(2) - N(3) - C(4). Comparison 
of several torsional angles in Z 1-4 and in E 1-4 indicated 
only small differences in the conformations of the energy- 
minimized structures (Table 3). 

I The lowest energy conformation found for the Z isomer 
i of 4 was of interest (Fig. 04). The interproton distances of 
1 2.33 A (C-5,lO) and 2.46 A (C-4,7) were consistent with the 
i strong cross-peaks of the NOESY experiment. In fact, the 

weak NOE cross-peaks observed for C-4 methylene and C-7 
methyl interactions to the C-9 methyl protons could be r!- 
tionalized because the spatial proximity was less than 5 A,  
which is approximately the maximum distance for which to 
expect a response in NOESY experiments (14). 
N-Aroyloxazolidines 5a-5n 

These oxazolidines 5a-5n (Table 4) were synthesized by 
reacting acetone with ethanolamine followed by acylation 
with various benzoyl chlorides. 

The I3c NMR spectra of 5a-5n gave single resonances for 
each carbon of the oxazolidine ring. Chemical shift assi n 
ments to the unsubstituted 5a  were made by reference to a; 
chemical shifts of 4 and of Nfl-dimethylbenzamide. The I3c 
signals for 5b-5n could be assigned completely (Table 5) by 
spectral editing with DEPT and by use of substituent incre- 
ments for monosubstituted benzenes (15) in conjunction with 
chemical shifts of the aromatic carbons from 5a .  In the flu- 
oro-substituted compounds 5h-5k, I3c-'% couplings helped 
to confirm the assignments. 

In the I3c NMR spectrum of the ortho-trifluoromethyl 
compound 5j, the methyl carbons of the gem-dimethyl group 
were nonequivalent, appearing as two broad signals at 
298 K. This observation might be related to slow rotation 
around the CO-aryl bond, as demonstrated with ortho- 
monosubstituted Nfl-dialkylbenzarnides (16). However, the 
ortho-methyl (5d) and ortho-methoxy (5g) compounds gave 
a sharp signal for the gem-dimethyl carbons. 

The I3C chemical shifts of C-2, C-4, and C-5 in 5a-5n 

ometry about the amide bond. It was likely Z because the 
phenyl group would be expected to sterically favor that iso- 
mer, probably to even a greater extent than with the C-7 
methyl group of 4. T o  discount the possibility that the co- 
alescence temperatures were less than ambient, the I3c NMR 
spectrum of 5b was obtained at 218 K. That spectrum gave 
the same signals as those recorded at 298 K.  

T o  assign the stereochemistry of 5a-Sn, it was antici- 
pated that an NOE should be observed between a C-4 meth- 
ylene proton and an ortho proton of the phenyl ring. This was 
demonstrated by a NOESY experiment on a sample of the 
4'-methyl compound 5b. The 'H NMR spectrum of 5b gave 
well-resolved doublets for the ortho (2') and meta (3') pro- 
tons, and their chemical shifts were first assigned by a 'H/I3c 
shift correlation experiment. The contour plot (Fig. 5) showed 
the anticipated cross-peak between the protons at C-2' and 
C-4, which confirmed the Z stereochemistry. A strong NOE 
cross-peak was also observed for the meta protons and the 
protons of the 4'-methyl group. 

Mosquito bioassays 
Samples of 4 and 5a-5n were applied to cloth and eval- 

uated as potential insect repellents using two species of lab- 
oratory-reared mosquitoes and a published bioassay proce- 
dure (1 7). Against Anopheles albimanus Wiedeman, the 
compounds offered less than 1 day of protection from three 
or more mosquitoes biting through the cloth. With Aedes 
aegypti (Linn.), 5 a  and 5c  showed repellency (6 days of 
protection) greater than that of the standard N,N-diethyl-m- 
toluamide (2-3 days) but less than that of other oxazolidine 
chemicals (2, 3). 

Since marked differences in the bioactivity of rotational 
isomers of amides have recently been indicated, for exam- 
ple with antihypertensive dipeptides (18), it is possible that 
the relatively weak repellent activity of these 2,2-dimethyl- 
oxazolidines is related to an unfavorable Z stereochemis- 
try. This hypothesis could be examined by studying confor- 
mationally restricted analogues that exist predominantly or 
exclusively as the E isomer. Further work in this direction 
is in progress. 

Experimental 
The acid chlorides were purchased from Aldrich Chemical 

Company (Milwaukee, Wis.) or from Pfaltz and Bauer (Stamford, 
Conn.), except for m-chlorobenzoyl chloride, which was prepared 
from m-chlorobenzoic acid using thionyl chloride. Ethanolamine 
and triethylamine were obtained from Aldrich. HPLC was per- 
formed with a Waters Prep LC/System 500 A instrument equipped 
with Prep PAK Silica cartridges (Waters Associates, Inc.) and a 
refractive index detector. GC was performed on a Hewlett-Packard 
5838A instrument using a fused silica capillary column (30 m X 

0.26 mm i.d.) of DB-1 (J and W Scientific) and splitless injec- 
tions. A Hewlett-Packard 5985B mass spectrometer equipped with 
a capillary GC column of DB-1 or CP-Wax 57 CB (Chrompack) 
was used for GC-MS. Infrared spectra were recorded as liquid films 
on a Perkin-Elmer 137 instrument. Melting points, taken on a 
Fisher hot-stage or Biichi 530 apparatus, and boiling points, re- 
corded during vacuum distillations, are uncorrected. Elemental 
analyses were obtained from C. Daessle, Montrkal, Quebec. 

Synthesis 
The preparation and characterization of 1-3 have been de- 

scribed (3). The sample of 4 was prepared from acetone (0.2 mol), 
ethanolamine (0.44 mol), and acetic anhydride (0.44 mol) by 
method B (19) and isolated in 21% yield as a colorless oil by HPLC 
with methylene chloride - ethyl acetate (3: 1 v/v) followed by 
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TABLE 4. Analytical samples of N-aroyl-2,2-dimethyloxazolidines 5 

Ar 
No. substituent 

Formula Boiling Melting 
(molecular point point 
weight)" "C (Tom) ("c) 

Yield 
(%) 

Analyses (%) 

Found (calculated) 

54-56 
(from hexane) 

59-60 
(from hexane 

and methyl 
t-butyl ether) 

"M + I ions (100% relative abundance) were observed for each compound during CI-MS analysis with isobutane as the reagent gas. 

TABLE 5. I3C NMR chemical shifts of N-aroyl-2,2-dimethyloxazolidines 5 in deuterochloroform solutiona 

Ar Oxazolidine moiety 

No. C=O 1 ' 2' 3' 4' 5' 6' Substituents 2 5 4 2-(CH3)? 

137.84 
135.00 
138.24 
138.18 
130.14 
139.09 
128.05 
141.14 

138.50 

136.48 

139.76 
(6.4 Hz) 
139.43 
139.29 
139.19 

126.47 
126.61 
127.10 
133.23 
128.60 
11 1.92 
154.96 
126.89 

123.63 
(3 Hz) 
126.11 
(32 Hz) 
113.87 

(22.7 Hz) 
126.78 
129.23~ 
121.77 

128.37 
128.94 
137.87 
128.83 
113.53 
159.58 
11 1.21 
125.58 

(3.2 H Z ) ~  
131.02 
(33 Hz) 
126.74 

(4.4 Hz) 
162.48 

(248 Hz) 
134.50 
122.11 
148.03 

129.76 
139.91 
130.43 
130.52 
160.77 
115.69 
130.35 
131.76 
(33 Hz) 
126.55 
(3.2 Hz) 
129.10 

116.83 
(21.1 Hz) 
129.92' 
132.42 
124.62 

128.37 
128.94 
128.22 
124.98 
113.53 
129.50 
120.99 
125.58 
(3.2 Hz) 
129.08 

132.36 

130.24 
(7.9 Hz) 
129.85' 
129.75~ 
129.80 

- 
21.39 
21.35 
18.62 
55.34 
55.39 
55.74 

123.72 
(272 Hz) 
123.71 

(272 Hz) 
123.75 

(274 Hz) 
- 

- 
- 

- 

"In ppm from TMS. Precision 20.02 ppm. 
bThe values in parentheses are "C-I9F coupling constants. 
' "~hese  assignments may be reversed. 
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I ~ " 7 1 " " 1 ' ~ ~ 1 1 1 1 1 ~ 1 1 1 1 1 1 1 ~ ~ ~ I ~ ~ b b , ~ ~ 1 1 1 1 ' ~ b 1 1 1 1 1 1 1 b ~ ~ I ' " ' I  
7 . 5  6.5 5.5 4 . 5  3.5 2.5 1.5 

PPH 

I FIG. 5. Contour plot from a NOESY experiment on 2,2-dimethyl-N-(4'-methylbenzoyl)oxazolidine (5b) recorded in CDCl, at 298 K. 
A conventional proton spectrum (1.47-7.63 ppm) is shown at the top. 

distillation: bp 50-53°C (0.05 Torr; 1 Torr = 133.3 Pa) (lit. (20) 
bp 89-90°C (6 Torr)); IR: 1650 cm-I (C=O); NMR (see Figs. 2 
and 3); EI-MS (70 eV) m/z (% relative abundance): 143 (M+, O), 
128 (N), 86 (100), 44  (31), 43 (27); CI-MS (isobutane): 144 (MH+, 
100). Anal. calcd. for C,H,,NO,: C 58.72, H 9.15, N 9.78; found: 
C 58.96, H 9.24, N 9.79. 

Samples of 5a-5n were prepared from acetone (0.1 mol), eth- 
anolamine (0.22 mol), and a benzoyl chloride (0.1 mol) essen- 
tially following method B of ref. 19 except that triethylamine 
(0.11 mol) was added to the ice-cold reaction mixture prior to the 
dropwise addition of the acid chloride. The reaction solvent was 
dry benzene or toluene. After washing with brine (adjusted to pH 
6), the organic layer was dried (MgSO,) and concentrated on a ro- 

I tary evaporator. Pure samples of 5a-5h and 5j-5k were obtained 
by distillation. Crude samples of 5i and 51 were purified by HPLC 
with methylene chloride - ethyl acetate - methanol (97: 2.5: 
0.5 v/v/v) before distillation. The remaining samples were puri- 
fied by silica gel (silicAR cc-7) column chromatography (5m) and 
HPLC (5n) before recrystallization. These samples were of high 
purity by capillary GC and silica gel TLC (methylene chloride - 
ethyl acetate, 1 : 1 v/v). IR spectra showed the amide carbonyl ab- 
sorption at 1630-1650 cm-I . 

NMR spectroscopy 
All NMR spectra were acquired in the Fourier transform mode 

with a Bruker AM-400 spectrometer and Bruker Aspect 3000 
software. The 'H (400.1 MHz) and ',c (100.6 MHz) spectra and 
the 'H / '~c  chemical shift correlated two-dimensional spectra (XH- 
DEFT) were obtained in CDC1, (0.2 M sample concentrations un- 
less otherwise specified) at 298 K essentially as described before 
(2). 

Coalescence temperatures were determined on 2.0 M solutions 
of 1-3 in pyridine-d, (MSD Isotopes, Dorval, QuCbec) by vari- 
able temperature I3C NMR spectroscopy with a Bruker BVT-1000 
temperature control unit. Rotamer populations were derived from 
peak heights of the paired signals at 298 K., 

NOESY spectra were obtained in CDCl, at 298 K by the stan- 
dard pulse sequence (recycle delay - 90" - t, - 90" - 7 - 90" - ac- 
quisition) using a 5-mm selective probe with a 'H 90" pulse length 

 he following data (one table) may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2: I3c 
chemical shifts recorded in pyridine-d, at 298 K for the rotational 
isomers of 1-4. 
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of 4.9 ps. There were 256 values o f t ,  with 16 scans per t ,  Incre- 
ment. These spectra were weighted with a standard sine bell func- 
tion and zero-filled to 1K X 1K prior to transformation. The con- 
tour plots were displayed symmetrized with respect to the diagonal. 
Mixing times (7) were chosen that corresponded to the longest spin- 
lattice relaxation time (TI) for the protons of interest (8). This cor- 
responded to 3.05 s for the C-7 methyl (acetyl) protons of 4 and to 
4.29 s for the ortho protons at C-2',6' of 5b. The TI values were 

~ measured by the inversion-recovery method with standard Bruker 
software using NMR solutions previously bubbled with argon for 
10 min. To suppress cross-peaks from scalar coupled protons in 
NOESY experiments (7), random variations to the mixing times 
were set at 10% of the mixing time. 

Molecular mechanics 
The molecular mechanics calculations were canied out using the 

MMX force field of the molecular modelling program PCMODEL 
(version 3.2), obtained from Serena Software (Bloomington, Ind.). 
This force field, purchased without the 7~ routines, is similar to the 
Allinger force field of MM2 (QCPE-395). The program used gen- 
eralized force field parameters for 0-C-N-C (MM2 atom types 6- 
1-9- l ) ,  0-C-C-N (6- 1-1 -9), N-C-0-C (9- 1-6- I), N-C-0-lone pair 
(9-3-7-20), and C-N-C-C (1-9-3-1). The starting geometry of the 
oxazolidine ring was flat and separate energy minimizations were 
performed with torsional angles of 0" and 180" for the C-C-N-C 
atoms of the acetamide group and C-2 or C-4. Use of the dihedral 
driver did not uncover more stable conformations than those re- 
ported. calculations were performed using Coulombic (charge- 
charge) interactions and a value of 1.5 was chosen for the dielec- 
tric constant. 

Acknowledgments 
i We thank J .  Elder, A. Hewitt, and D. Vedres for techni- 
i cal assistance. We also thank K. Posey and D. Smith for their 

help in performing the mosquito bioassays. W.G.T. thanks 
the staff at the Queensland Medical Magnetic Resonance 
Research Center and Dr. D. J .  Brecknell (Department of 
Chemistry, University of Queensland, Brisbane, Australia) 
for useful discussions during a transfer of work. 

1. W. G. Taylor and T. T. Nakashima. Can. J. Chem. 62, 96 
(1984). 

2. W. G. Taylor and C. E. Schreck. J .  Pharm. Sci. 75, 109 
(1989). 

3. W. G. Taylor and C. E. Schreck. Pesticide Sci. 33, 1 (1991). 
4. J .  E. Haky, J .  E. Saavedra, and B. D. Hilton. Org. Magn. 

Reson. 21, 79 (1983). 
5. J .  B. Lambert and S. M. Wharry. J .  Org. Chem. 47, 3890 

(1982). 
6. H. ~ h a n a n - ~ t i d i  and K. H. Bar-Eli. J. Phys. Chem. 74, 961 

(1970). 
7. D. Neuhaus and M. P. Williamson. The nuclear Overhauser 

effect in structural and conformational analysis. VCH 
Publishers, Inc., New York. 1989. Chap. 8. 

8. D. J. Meyerhoff, R. Nunlist, and J. F. O'Connell. Magn. 
Reson. Chem. 25, 843 (1987). 

9. V. V. Krishnamurthy, J. E. Casida, and L. 0 .  Ruzo. J. Agric. 
Food Chem. 35, 504 (1987). 

10. S. W. Fesik and E. T .  Olejniczak. Magn. Reson. Chem. 25, 
1046 (1987). 

11. N. H. Andersen, H. L. Eaton, and X. Lai. Magn. Reson. 
Chem. 27, 515 (1989). 

12. J. R. M. Lunkvist, H. M. Vargas, P. Caldirola, B. Ringdahl, 
and U. Hacksell. J. Med. Chem. 33, 3182 (1990). 

13. A. Bernardi, M. G. Beretta, V. Malatesta, and C. Tosi. Chem. 
Phys. Lett. 133,496 (1987). 

14. B. A. Borgias and T. L. James. J. Magn. Reson. 79, 493 
(1988). 

15. E. Breitmaier and W. Voelter. Carbon-13 NMR spectros- 
copy: high-resolution methods and applications in organic 
chemistry and biochemistry. 3rd ed. VCH Publishers, Inc., 
New York. 1987. pp. 319-320. 

16. W. B. Jennings and M. S. Tolley. Tetrahedron Lett. 695 
(1976). 

17. W. G. Taylor and C. E. Schreck. J. P h m .  Sci. 74, 534 
(1985). 

18. C. Bennion, R. C. Brown, A. R. Cook, C. N. Manners, D. 
W. Payling, and D. H. Robinson. J .  Med. Chem. 34, 439 
(1991). 

19. W. G. Taylor. J.  Agric. Food. Chem. 30, 409 (1982). 
20. L. B. Dashkevich and F. G. Shepel. Khim. Geterotsikl. 

Soedin. Akad. Nauk Latv. SSR, 654 (1965); Chem. Abstr. 64, 
97008 (1966). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The reduction of a-bromocamphor by tertiary aminesl 
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JIAN JEFFREY CHEN and DENNIS D. TANNER. Can. J. Chern. 70, 173 (1992). 
The reduction of a-brornocarnphor to camphor by N,N-dirnethylaniline (DMA) at high temperatures (>200°C) pro- 

ceeds via a free radical chain sequence. The reduction can be effected with DMA or triethylarnine (TEA) in acetonitrile 
at much lower temperatures in the presence of di-tert-butylperoxide. The chain termination step is the dirnerization of 
the camphor radical. These reductions presumably constitute an example of an electron transfer chain mechanism in- 
volving a tertiary arnine as the chain propagating species. 

Key words: reduction, tertiary arnines, a-brornocarnphor, chain reaction. 

JIAN JEFFREY CHEN et DENNIS D. TANNER. Can. J. Chern. 70, 173 (1992). 
La reduction de l'a-brornocarnphre en carnphre par la N,N-dimethylaniline (DMA), a des tern@ratures ClevCes (>200°C), 

se produit par un mecanisme radicalaire en chaine. En presence de peroxyde de di-tert-butyle, la rkduction par de la DMA 
ou de la triethylarnine (TEA) dans de llacCtonitrile peut &tre realisCe 5 des temperatures beaucoup plus basses. L'Ctape 
de terminaison de la chaine est la dirnerisation du radical carnphre. Ces reductions constituent probablernent un autre 
exernple d'un mecanisme en chaine de transfert d'blectron irnpliquant une arnine tertiaire cornrne espkce propageant la 
chaine. 

Mots clis : reduction, arnines tertiaires, a-brornocarnphre, reaction en chafne. 
[Traduit par la redaction] 

The reduction of a-bromocamphor (eq. [I]) has been re- 
ported to yield camphor (eq. [2]) in the presence of N,N-di- 
methylaniline (DMA) at 200°C (2). Scheme 1 was sug- 
gested as the mechanism for reductive debromination. The 
mechanism assumes that in a primary step the thermal 
cleavage of the carbon-bromine bond occurs readily at 200°C 
(eq. [I]). Since the bond dissociation energy (BDE) for the 
carbon-bromine bond in 1 is expected to be approximately 
64 kcal/mol (the carbon-bromine bond dissociation energy 
for a-bromoacetone) (3), it does not appear to be reason- 
able,3 even at these high temperatures, that a nonchain 

mechanism involving homolytic cleavage of the C-Br bond 
will lead to an efficient reductive debromination. In accord 
with this conclusion, the thermal decomposition of 1, itself, 
at 200°C yields only a small amount of camphor and no other 
detectable products (2). The pathway leading to the oxida- 
tion product of DMA (eq. [4]) is likewise not clearly de- 
fined (2). Utilizing the thermolysis of 1 as an initiation step 
(eq. [I],  Scheme 1) a chain sequence can be proposed that 
involves a halophilic abstraction of a bromine atom from 1 
(eq. [6], Scheme 2). No direct evidence for this pathway is 
available, with the exception that the dehalogenation pro- 
ceeds bv a chain reaction. 

I ~ i n c i  the dehalogenation of a number of a-haloketones by 
'Taken in part from ref. 1. 
2Killarn predoctoral fellow. University of Alberta. 1987- 1990. 1,3-dimethyl-2-phenylbenzimidazoline (DMBI) ( 5 )  and N- 

' ~ f  the preexponential constant reported for the hornolysis of benzyl-l,4-dihydronicotinamide (BNAH) (6) proceeds via an 
several alkyl bromides (A = 2 x 1013) (4) and a BDE of 64 kcal/ electron transfer hydrogen abstraction chain sequence (scheme 
rnol is used for the calculation of the rate constant for the homo- 3), a more likely mechanistic rationalization for the reported 
lysis of a-brornocamphor (1) at 200°C (eq. [I]), a value of 1.3 x debromination of 1, in the presence of an amine, is a similar 
10-l6 s-I was obtained fork, .  The half-life for 1 is 6 x 10'' days. chain sequence where ZH is N,N-dimethylaniline (DMA). 

PI ____) + Br' 

[3] PhNMe2 + Br' - PhNMeCH; + HBr 

+ 
[4] 2 PhNMeCH2' + HBr - PhNMe2 + PhNMe = CH2 
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[6] PhNMe2CH2*+ I - (i) + PhNHMeCH2Br 

[7] PhNMe2CH2Br + HBr --------t PhNHMeCH2Br 
+ + 

[8] PhNHMeCH2Br - PhN= CH2Me + HBr 
A 

191 R C O C R ~ R ~ X  + ZH RCOCR~RZXS. + zH: 

Initiator + In* 
[lo] or 1 
[ I l l  In' + ZH ---f InH + Z' 

[12] RCOCR~R~'  + ZH + RCOCR~R~H + Z* 

[ l i ]  ( RCOCR~R'X + Z* - RCOCR~R'X~ + Z+ 

1141 R C O C R ~ R ~ X ~  + RCOCR~R~'  + X- 

W = DMBI, BNAH, DMA 

Initiation 

Br 
1 

Propagation 

~r Br 
Termination 

Amine radicals as chain camers have previously been pro- 
posed (7). 

By analogy to the mechanism established for the reduc- 
tion of a-haloketones by DMBI (5) and BNAH (6), the re- 
duction a-3-bromocamphor by DMA is likely to follow the 
radical chain process depicted in Scheme 4. 

Initiation of the chain reaction is either thermal (200°C, 
reaction 1, Table l ) ,  or peroxide initiated at a lower tem- 
perature (120°C, di-tert-butyl peroxide (BPO), reaction 4, 

Table 1). The chain was inhibited by the addition of p-dini- 
trobenzene (DMP), reaction 2, Table 1. When triethyl arnine 
(TEA) was used as the reducing agent at the lower temper- 
ature (120°C) initiation by BPO is observed, see Table 1. The 
ability of amines to act as electron donors is well docu- 
mented. The EPR spectra of quinone radical anions are ob- 
served in the reaction of amines with quinones at room tem- 
perature (8). EPR spectra were also recorded in the reaction 
of methylglyoxal with several amines (9). The observation 
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CHEN AND TANNER 

TABLE 1. The reduction of a-bromocamphor (1) to camphor (2) by N,N- 
dimethylaniline (DMA) and triethylamine (TEA) 

Product Yield (%) 

Reaction Amine Conditions 

1 DMA 
2 
3 
4 
5 TEA 
6 
7 
8 

Neat," 200°C, 47 h 
Neat," 200°C, 47 h, 4% DNB 
 AN,^ 12ooc, 47 h 
AN,' 120°C, 47 h, 9% BPO 
AN," 120°c, 47 h 
 AN,^ 120°C, 47 h, 11% BPO 
Neat," 120°C, 49 h 
Neat," 120°C, 49 h, 9% BPO 

"[I] = 0.2 M. 
b[ l ]  = 0.1 M, [amine] = 1.0 M 

of the EPR spectra is attributed to direct electron transfer from 
the amine to the carbonyl compound. In the BPO-initiated 
reaction the tert-butoxy radical reacts quite efficiently with 
an amine bearing an a-hydrogen to produce an cr-aminoal- 
kyl radical (eq. [20]) ( 10). The a-arninoakyl radical has been 
proposed as an intermediate whose function is to act as an 
electron transfer agent in a radical chain reaction (7, 11). 

In further support of this proposal, the reduction of 1 by TEA 
proceeds more slowly in the less polar solvent, neat TEA 
(reactions 5-8, Table I) (dielectric constant, E:  TEA, 2.42; 
AN, 37.5) (12). Although this observation may be equivo- 
cal, it is consistent with a mechanism that involves an elec- 
tron transfer process. 

A termination step in the initiated free radical chain re- 
duction of a-bromocamphor by amines is the dimerization 
of the camphor radical (eq. [19], Scheme 4). Three iso- 
meric dimers of the camphor radical (4, approximately 0.02% 
of the starting 1) were observed in the reaction of 1 with 
TEA. When the initiated reaction with TEA was carried out 
in CD,CN, the product, camphor, was found to have a very 
low deuterium content (2.8%). The majority of the hydro- 
gen transfer by the camphor radical takes place with TEA. 

The reductive debromination of a-bromocamphor by ter- 
tiary amines proceeds via a free radical chain mechanism, 
Scheme 2 or 4. Although no definitive choice can be made 
between the two mechanisms, reduction by electron trans- 
fer - hydrogen atom abstraction appears to be the most at- 
tractive pathway, Scheme 4. This mechanistic scheme is also 
no doubt involved in the dehalogenation of other a-haloke- 
tones by DMA at high temperatures (13). 

Experimental 

Materials 
The purification of (+)-a-bromocamphor, camphor, p-dinitro- 

benzene, p-di-tert-butylbenzene, and acetonitrile (AN) has been 
previously described (6). Di-tert-butylperoxide (BPO) (Aldrich, 
98%) was used as supplied. Triethylarnine (TEA) was distilled from 
calcium hydride before use. N,N-Dimethylaniline (DMA) (Fisher 
Scientific, reagent grade) was distilled from a small amount of acetic 
anhydride (14). 

General procedure 
An aliquot sample of a stock solution of a-bromocamphor 

(0.1 M or 0.2 M), p-di-tert-butylbenzene (0.05 M), and the addi- 
tive in either neat amine or in AN containing the amine was placed 
in a reaction ampule. The ampule was degassed, sealed, and ther- 
mostated at the desired temperature (200°C or 120°C) for the time 
specified (see Table 1). After the reaction, the ampule was cooled, 
opened, and analyzed by GC ( 4 3 )  using a stainless steel column 
(20 ft X 1 /8 in.) packed with 5% SE-30 on Chromo WAW DMCS 
80/100 mesh. Products were identified by a comparison of their 
GC retention times, GC/IR spectra (using a 50 m Ultra-2 capil- 
lary column), and GC/MS spectra (using a 25-m DB-5 capillary 
column) with those of authentic samples. All reactions were car- 
ried out in duplicate. 

The three dimers of camphor were detected by GC/MS in the 
reactions of 1 with TEA. The MS spectra of the three dimers were 
nearly identical; m/e: 302 (M+), 287,274,259,246,203, 193, 177, 
151, 121, 108, 95, 83, 81, 79, 55, and 41. Their GC/IR spectra 
were similar to that of camphor. The total yield of the dimers was 
estimated using their IR intensities relative to camphor. In the re- 
action of 1 with TEA the yield of the dimers accounted for 0.02% 
of the starting ketobromide, 1. 

Although no authentic samples of the dimers of camphor were 
available for comparison, the assignment of the dimers was sup- 
ported by an indirect observation. A degassed hexane solution of 
1 and hexaphenylditin (Ph3SnSnPh3) was irradiated with a 275-W 
sunlamp for 17 h. The product mixture was analyzed by GC/IR 
under the same conditions used for the analysis of the reduction 
mixture of 1 .  Three compounds were detected that had the same 
GC retention times and GC/MS (m/e, 302, M+) and G C / R  spectra 
as those observed in the reduction of 1. These compounds were 
assigned the structures of the three dimers of camphor. 

When the reactions were carried out in CD3CN the same pro- 
cedure was followed. The deuterium content of camphor (MW 152) 
was estimated from the GC/MS measurement of the reaction 
mixture. The ratio of the intensities of the camphor-d, molecular 
ion (m/e, 153, M+) and camphor-& molecular ion (m/e, 152, M+) 
was used to determine the deuterium content of camphor. 

1. J .  J. Chen. Ph.D. thesis, University of Alberta. 1990. 
2. A. G.  Giumanini and M. M. Musiani. Z. Naturforsch. 32B, 

1314 (1977). 
3. K.  W.  Egger and A. T.  Cocks. The chemistry of the carbon- 

halogen bond. Part 11. Edited by S. Patai. John Wiley & Sons, 
New York. 1973. 

4. H. E. O'Neal and S. W.  Benson. Free radicals. Vol. 11. Ed- 
ited by  J. K. Kochi. John Wiley & Sons, New York. 1973. p. 
295. 

5. D. D. Tanner and J. J. Chen. J. Org. Chem. 54, 3842 (1989). 
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Binding of water in aqua 18-crown-6 dichloropicric acid complexes in the solid state 
and its reversible thermal removal 

Department of Chemistry, University of Minnesota, Minneapolis, MN 55455-0431, U.S.A. 

Received April 8, 199 1 

IZAAK M. KOLTHOFF and MIRAN K. CHANTOONI, JR. Can. J. Chem. 70, 177 (1992). 
Thermogravimetry, differential scanning calorimetry, and FT-IR vibrational spectral studies on the 1 : 1 : 1 18-crown- 

6:dichloropicric acid:water complex reveal that it remains unaltered when heated to melting. On the other hand, one 
molecule of water is expelled from the 1 : 2 : 2  complex by heating prior to melting. This results in an ionic microcrys- 
talline product of undetermined crystal structure, in which the conformation of the crown is lower than D,, in symme- 
try. The enthalpy accompanying this process, which involves rupturing of two water-crown hydrogen bonds, is -44 to 
-55 kJ mol-I. The original 1 : 2 : 2  complex is regenerated by exposure of the heated adduct to water vapor. It was found 
that H,O in the structure of the solid 1 : 2:  2 adduct was partially replaced by D,O at room temperature upon exposure to 
D 2 0  vapor. The crown-H,O OH stretch in the IR exhibits a small or negligible positive isotope effect on deuteration. 

Key words: crown ether, hydrogen bonding, water, dichloropicric acid. 

IZAAK M. KOLTHOFF et MIRAN K. CHANTOONI, JR. Can. J. Chem. 70, 177 (1992). 
Des etudes de thermogravimCtrie, de calorimetric ?i balayage differentiel et de spectroscopie vibrationelle IR par TF, 

effectukes sur le complexe 1 : 1 : 1 18-couronne-6 : acide dichloropicrique : eau, revklent que ce complexe n'est pas 
modifiC lorsqu'on le chauffe jusqu'i son point de fusion. Par ailleurs, lorsque le complexe 1 : 2 : 2 est soumis B I'action 
de la chaleur, une molCcule d'eau est expulsCe avant la fusion. Cette expulsion conduit B la formation d'un produit io- 
nique microcristallin de structure cristalline indeterminee, dans lequel la symCtrie de la conformation de la couronne est 
infkrieure B D 3 ,  L'enthalpie qui accompagne ce processus, qui implique le bris de deux liaisons hydrogknes reliant I'eau 
et ]'ether couronne, se situe entre -44 et -55 kJ mol-'. Lorsqu'on soumet le produit obtenu par chauffage 2 I'action 
de la vapeur d'eau, le complexe original 1 : 2 : 2 est rCgCnCrC. On a trouvC que le H,O present dans la structure de I'ad- 
duit 1 : 2 : 2 solide est partiellement remplacC par du D,O lorsqu'on le laisse en presence de D,O, a la tempCrature am- 
biante. Dans I'IR, la bande d'elongation OH de la couronne-H,O prksente un effet isotopique faiblement positif ou 
nCgligeable. 

Mots clPs : ether couronne, liaison hydrogkne, eau, acide dichloropicrique. 
[Traduit par la rCdaction] 

Introduction 

The ability of the macrocyclic pol yether (-CH2CH20-)6, 
denoted as 18-cr-6, to form crystalline binary 1 : 1 and 1 : 2  
host:guest complexes with a large number of neutral or- 
ganic guest molecules possessing -NH, -NH2, or "acidic" 
-CH hydrogen bond donating groups has been well docu- 
mented (1, 2). Water, acting in a dual role as hydrogen bond 
acceptor to the acidic functional group of the guest mole- 
cule, HX, and hydrogen bond donor to the crown hetero- 
atoms, tends to bridge the crown (in its D,, conformation) 
and monoprotic acid in the uncharged ternary complex 18- 
cr-6 (HX . H20), (2). The stereochemistry of the two inver- 
sion-related water molecules in this complex is 1.4 in the 
classification scheme of Jeffrey and Maluszynska (3). An 
attempt to isolate the crystalline binary complex 18-cr-6.33- 
dichlorophenol in the absence of water has not been suc- 
cessful (4). 

A number of crystalline 1:1:1, 1:1:2, and 1:2:2 18-cr- 
6:phenol:water adducts (2, 5-10) have been precipitated 
from organic solvents of intermediate or low polarity (e.g., 
ethyl acetate, toluene) and their crystal structures deter- 
mined by X-ray diffraction. To our knowledge, the only 
neutral aqua 18-cr-6-phenol adduct crystallized from water 
is that of dichloropicric acid, 18-cr-6 (HPiCl, . H,O), (2 in 
Scheme 1). Crystal structures of both of the polymorphs have 
been determined (1 1). Dichloropicric acid, HPiCl,, by far 
the most acidic of the phenols taken (pK = -0.7 in water 

' ~ u t h o r  to whom correspondence may be addressed. 

(12)) participates in a very stroag hydrogen bond to water in 
2 ( 0  . . . 0 distance = 2.462 A). 

Ph Ph - OH 111111 OPh 

Rinted in Canada / lrnprimd au Canada 
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Thermal studies on the crown-acid-water adducts, which 
can yield information on the strength of binding of the water 
molecule(s), have not been reported in the literature, largely 
because of the low melting points of these adducts. In the 
present paper, results of a thermal analysis of 2 are pre- 
sented. When heated, 2 is transforn~ed without melting into 
3, which subsequently melts at 123OC (Scheme 1). The 
following techniques were employed: thermogravimetry 

(TGA), differential scanning c a l o r i m e ~  (DSC), FT-IR, and 
assay of the unheated and heated adduct. T o  establish that 
changes occur in the crystal structure of 2 upon heating, 
X-ray powder patterns were run. Using the above tech- 
niques, it has been demonstrated that 3 can be reversibly 
rehydrated on exposure to water vapor at 25°C (Results). 
Scheme 1 relates the various adducts composed of 18-cr-6, 
HPiCl2, and water (or D,O). At present, we are not able to 

D20 Vapor - 

D20 Vapor 
L 

H20 Vapor 
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KOLTHOFF AND CHANTOONI 179 

decide unambiguously whether 3 has a phenoxide-hydroni- 
um (3a) or a phenol-phenoxide-hydronium structure (3b). 
Although depicted in Scheme 1 as unionized, 1 may in fact 
be 18-cr-6 (H,O+ . PiC1,-). 

T o  gain insight into the nature of the potential well of the 
hydrogen bond of the crown oxygens to water, the O D  and 
OH stretching frequencies were compared in the IR spec- 
trum of 2D. In addition, semiquantitative deuterium isotope 
exchange studies, which probe the labile character of H 2 0  
in 2, were 

carried out at 25°C. Finally, the uptakes of D 2 0  and H,O 
vapor by 3 have been compared (Scheme 1). 

Experimental 

Chemicals 
Dichloropicric acid, 18-crown-6, and pentaethyleneglycol di- 

methylether, GLYME-6, were products used previously (13), while 
4,4'-biphenol, 3,5-dichlorophenol, 3-nitrophenol, and 2,4-dini- 
trophenol (Aldrich Chemical Co.) were used as received. Prepa- 
ration and purification of the 1 : 1 : 1, 1 : 1 : 2, and 1 : 2: 2 adducts of 
the phenols, excepting that of HPiCl,, were carried out by reflux- 
ing stoichiometric amounts in toluene and evaporating to crystal- 
lization (4). Adduct 1 was prepared by a phase transfer technique, 
in which 1.32 g (5.0 mmol) 18-cr-6 in 50 mL CH2ClCH2CI (DCE) 
and 0.30 g (1.0 mmol) HPiCI, in 50 mL H20 were stirred for 
0.5 h. The organic phase was separated and slowly evaporated at 
atmospheric pressure (1.0 x 10' Pa) until crystallization. The 
crystals were washed with 1 mL DCE. Assay: 1 :0.95 :0.81 (18-cr- 
~ : H P ~ C ~ , : H , O ) , ~  mp 97.6-99.3"C. The 1 :2: 1 adduct, 3, pre- 
pared by reacting 1 with HPiCl, (Results, Scheme 1) softened at 
116°C. Its mp, 121 .O-122.O0C, was slightly lower than that of 2 
when heated, 123-124°C (Table 1). Polymorph I1 of 2 was pre- 
cipitated from H20 at 25°C (1 1) by slowly adding 0.02 M 18-cr-6 
to an equal volume of 0.04 M HPiC1, and stimng for 10 h. It was 
recrystallized at 25°C from H20 by slow evaporation, without 
stirring, or from CHC13, DCE, DCE saturated with H20, or from 
DCE: cyclohexane 1 : 7 (also from the latter at 65°C and cooling). 
A layering technique between DCE and cyclohexane was also em- 
ployed for crystallization. Assay: 1 : 1.96: 1.71 from H20 and 
1 : (1.975 ? 0.020) : (2.035 ? 0.0125) from the organic solvents. 
Crystals of polymorph I of 2 were separated by hand under a mi- 
croscope from a mixture of the two polymorphs (1 l). 

The open-chain polyether adduct, GLYME-6 (HPiCI, . H,O),, 
was prepared in the same way as polymorph I1 of 2 and was re- 
crystallized from H,O at 25OC (mixture of polymorphs). Assay of 
mixture: 1 : 2.14: 2.28, mp 66.0-67.O0C (square plates), 62.7- 
63.7"C (needles). All adducts were dried at 25OC over dry N, (or 
over P205 at 1.3 X lo4 Pa pressure for 2 days in the case of 
GLYME-6 (HPiC1, . H20),). Adducts 2 and GLYME-6 (HPiC1, 

H20), were not hygroscopic, while 3, 1 ,  and 2D were. Almost 
completely deuterated 18-cr-6 (DPiCl, . D,O), was prepared as 
described for 2 by precipitating and recrystallizing from D,O. 

Assay procedures 
Dichloropicrate in the adducts was determined spectrophoto- 

metrically in aqueous 0.001 M NaOH at A,,, 380 nm (E 4.18 x 
lo3). This was checked by atkalimetric titration in H,O using a glass 
electrode and was found to agree to within 0.91% of the spectro- 
photometric value. 

'A detailed summary of the assays of the various adducts has been 
deposited as supplementary material and may be purchased from: 
The Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada, KIA 052. 

18-Crown-6 was determined by first neutralizing HPiC1, in the 
adduct in H20  with KOH and then extracted exhaustively with 
0.01 M KPiC1, (instead of picrate (14)) into CH,Cl, as 18-cr-6 
KPiC1,. The latter was found spectrophotometrically at A,,, 
398 nm (E = (5.44-5.00) X lo3, the concentration range being (0- 
1.5) x M). A calibration curve was run with known amounts 
of KPiC1, ((0-1) X lo-' M) in presence of 0.005 M 18-cr-6. In the 
case of GLYME-6 (HPiCI,. H,O),, which is poorly extracted 
into CH,Cl, by the above procedure, the ligand (0.05 M), was 
determined by 'H NMR in CDCl,, using 0.264 M n-decane as 
external proton concentration standard. The integrated signals per 
mol H of 11-decane (6 0.879, 1.264 pprn vs. TMS) were averaged 
and then compared with the integral per mol H of GLYME-6 from 
the following groups: terminal CH30- (6 3.374 ppm), -CH,- 
adjacent to CH30- (4 3.553, 3.561, 3.571 pprn), and -CH,- 
(CH2CH20)30CH2- (16 3.653, 3.658 pprn). This yielded 1.037, 
1.005, and 1.070 mmol GLYME-6/mg adduct, respectively. 

The water content of all adducts was estimated from the inte- 
gral of the 'H NMR H+,  H,O signal at 6 7.87-9.68 pprn for 1, 2, 
3 and 6.597 pprn for GLYME-6 (HPiCl, . H,O)?. The contribution 
of H+ was taken equal to the dichloropicrate content. Assays of the 
partially or totally deuterated adducts were not performed in this 
study. 

Instrumentation 
Photomicrographs using either transmitted or reflected light were 

produced with a Nikon SMZ-10 stereomicroscope equipped with 
a photographic attachment. DSC scans were performed with a 
Mettler FP84TA microscopy cell in conjunction with a Mettler 
FD80 central processor. Aluminum sample cups were used. TGA 
consisted simply of keeping the sample in a stoppered weighing 
bottle at a given temperature for 20 min in a mineral oil bath (to 
constant weight), cooling in a desiccator, and weighing. Caution: 
Although no detonation occurred in any of the experiments in which 
dichloropicric acid adducts were heated in I g quantities, care must 
be exercised. X-ray powder patterns were scanned with a Siemens- 
D-500 automated diffractometer with CuKa radiation. The pow- 
der pattern of 3 exhibited peaks at 28 = 21.35,23.30, 19.70,25.40, 
and 21.35", in order of decreasing intensity, as compared to those 
of 2 at 8.50, 22.95, 21.40, 19.15, 11.40, and 29.40". When 3 was 
exposed to H20 vapor for 12 days at 25"C, peaks were found at 28 
= 23.00, 19.20, 29.50, 28.10, 8.60, 21.40, 23.75, 25.40, and 
29.85". Second harmonic generation capability of the adducts was 
probed using a homemade Kurtz and Dougherty device (15). 
Samples were dispersed with Flurolube on a glass slide. Melting 
points (corrected) were determined with a Thomas Hoover capil- 
lary device. UV-VIS absorbances at a single wavelength were taken 
on a GCA McPherson EU-700 spectrophotometer using 10 mm 
stoppered silica cells. 'H NMR one-pulse sequence spectra were 
scanned by a Nicolet X-300 spectrometer. IR spectra were scanned 
by means of a Nicolet 5 DXB FT-IR spectrometer and were plot- 
ted by an HP 74470A plotter. NaCl discs were used for all Sam- 
ples. All experiments excepting those of DSC and TGA were per- 
formed at 20-25°C. 

Results 
Crystal morphology and X-ray powder pattern of adducts 

Photomicrographs of the light yellow monoclinic crystals 
of polymorphs I and I1 of 18-cr-6 (HPiCl,. H,O), are pre- 
sented in Fig. 1. 

These crystals become opaque, turn golden yellow, and 
soften when heated to -75°C and -87"C, respectively, 
presumably as a result of microcrystal formation (16). When 
cooled to 25OC in a dry atmosphere, they remain golden 
yellow, but again turn light yellow when exposed to water 
or D,O vapor. It appears therefore, that 3 is ionic in char- 
acter, as deduced from its IR spectrum (vide infra). Also in 
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FIG. 1. Photomicrographs of unheated 18-crown-6 (HPiCl, . H20)2r  2, and GLYME-6(HPiC12. H20),. A .  Polymorph I of 2. B. Poly- 
morph I1 of 2 from layering of 2 dissolved in 1,2-dichloroethane with cyclohexane. C. Polymorph I1 of 2 from water by slow evaporation 
at 25°C. D. GLYME-6 (HPiCl,. H,O), recrystallized in same way as C. 

Fig. 1 is a photomicrograph of the very light yellow tri- 
clinic rectangular plates of a polymorph of GLYME-6 
(HPiCl, . H,o),.~ The other polymorph, as needles, is not 
shown. 

The X-ray powder patterns of unheated 2 (polymorph 11) 
and 3 (polymorph I1 of 2 heated to 113OC and cooled) are 
compared in Fig. 2. It is evident that 2 and 3 have different 

3 ~ .  Britton, J. M. Kolthoff, and M. K. Chantooni, Jr.; crystal 
structure determination to be published. 

crystal structures. Not shown is that of 3 exposed to water 
vapor, which resembles that of 2 (Experimental). 

D~fferential scanning calorimetry (DSC) and 
thermogravimetry (TGA) of dichloropicric acid 
adducts 

A DSC scan of 1 (not shown) consists of only the base- 
line up to 80°C and a small endotherm (-4 kJ mol-') that 
merges into that of fusion at -97OC. This indicates no sig- 
nificant phase change until fusion. A gradual loss in weight, 
-2%, from 80 to 100°C is attributed. to volatilization of 1 and 
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KOLTHOFF AND CHANTOONI 181 

FIG. 2. X-ray powder patterns of unheated and heated 2, poly- 
morph 11: (- ) unheated; (---) heated to 113'C and cooled. 
Values of 20 from 5.0 to 44.0'. A = 1.541 A. 

MOL H,O LOST/MOL SAMPLE 

FIG. 3. Thermal studies on 18-crown-6 (HPiC12. H20)2r poly- 
morph II. A. TGA on 1618.3 mg 18-cr-6. 1.96 HPiCl,. 1.71 H20, 
lO0/min; B. DSC on 5.4 mg 18-cr-6.2.00 HPiC12.2.23 H20, 
3"/min. Vertical dashed lines indicates limits of endotherms. 

(or) free HPiC12. A glass wool plug placed over the bottle 
containing the sample turned yellow. This does not occur 
when 2 is heated to 113°C. Both the TGA and D S C ~  of 2, 
recrystallized from H20 at 25"C, are presented in Fig. 3. The 
onset of loss of weight occurs at -6fj°C, some 7°C lower than 
that of the beginning of the DSC endotherm. This currently 
is not explained. At higher temperatures a gradual increase 
in the endotherm is observed, followed by a maximum and 

subsequent steep decline. Uncertainty in AH due to uncer- 
tainty in locating the hi h temperature limit of the endo- -? - them is -1.5 kJ mol . Constant weight is attained at 
-1 10°C. The loss in weight is linearly correlated with the 
DSC enthalpy change when the entire DSC is shifted to lower 
temperatures by 7"c.' DSC data of the various adducts are 
summarized in Table 1. 

The loss in weight of 2 at 1 13OC corresponds to 0.96 mol 
H20/mol adduct, which is confirmed by assay of 3, 
1 : 2 : 00 : 1.16. When 3 is exposed to water vapor for 3 days 
at 25"C, constant weight is attained, to within 0.04% that of 
the original unheated sample, 2. A DSC scan of the rehy- 
drated adduct resembles that of 2 in Fig. 3. It consists of an 
endothem at 95°C with LW = -51.8 kJ mol-I H 2 0  and a 
fusion endotherm of -60.1 kJ mol-I. However, when 3 is 
rescanned without rehydration, only the baseline is ob- 
tained until fusion. 

It may be added that exposure of 3 to MeOH vapor re- 
sults in its superficial uptake, which is lost upon standing for 
4 h a t  25°C. 

Nonlinear harmonic generation in adducts 
Considering the dipolar nature of 3a or 3b and possible 

acentricity in the crystal structure, the second harmonic 
generation of 3 was probed, but not found. As expected 
GLYME-6 (HPiCl, . H20), (space group P I ) ,  and 2 (space 
group C2/c) lacked this capability. 

IR spectra of adducts 
In Table 2, frequencies of v(0H) stretching vibrations of 

water to crown ether oxygens (3350-3550 cm-I) and water 
to acid (1700-3200 cm-I) in adducts (17-19) of 18-cr-6, 
water, and various phenols or aliphatic carboxylic acids are 
entered along with 0 . . . 0 distances, d ( 0  . . . O), and 
0 . . . H - 0  bond angles from X-ray diffraction data. In 
this study, FT-IR spectra of GLYME-6 (HPiCl, . H20), 
and aqua complexes of 18-cr-6 with 4,4'-biphenol, 3,5-di- 
chlorophenol, 3-nitrophenol, 2,4-dintrophenol, and HPiCl, 
were run, since those of the first five are not available in 
the literature. FT-IR spectra of 2 and 2D in the region 
1700-3700 cm-' are presented in Fig. 4. The spectrum of 1 
(not shown) resembles that of 2, with the exception of lack 
of absorption from 2100 to 2600 cm-I. Fermi resonance (19) 
gives rise to a weak, but persistent, absorption at 1968, 1982, 
and 1982 cm-' in spectra of unheated 1 , 2 ,  and 2D, respec- 
tively (Fig. 4). When the crown possesses D,,, or approxi- 
mately D,,, symmetry, as in unheated 1 : 1 : 1 and 1 : 2: 2 aqua 
complexes of 18-cr-6 with phenols or carboxylic acids, the 
C-0-C, C-C stretching, and CH2-CH, rocking mode bands 
occurring at -1 110, -835, and -960 cm-I are not, or only 
slightly, split (19-21). This is found with adducts 1, 2, and 
2D in this study (Table 3). On the other hand, these bands 
are split extensively in the spectrum of unheated GLYME-6 
(HPiCl, - H,O), (not shown) as a result of the low symmetry 
of the polyether., 

The effects on their IR spectra of heating adducts 1 and 2 
at 1.0 X 10' Pa pressure are described next. The entire 
spectrum of 1 from 400 to 4000 cm-' is practically un- 
changed when heated to 103°C (Table 3), which is in ac- 

4 ~ n  some cases two distinct endotherms have been observed prior 
to fusion (Table 1). The sum of the AH values is the same as that 
when a single endotherm is encountered. The transition tempera- 
ture of the first endotherm is not reproducible. 

5~ table of weight loss as AH has been deposited as supplemen- 
tary material in the Depository of Unpublished Data, CISTI, Na- 
tional Research Council of Canada (see footnote 2). The slope of 
the linear plot is -53.0 kJ mol-'. 
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TABLE 1. DSC results of 18-crown-6-dichloropicric acid-water adducts 

~[r:tnsi[ior! - m t r a n s i [ i o n S  Melting point 
Adduct composition" ("c) (kJ/mol sample) (kJ/mol) ("c) 

"I  8-cr-6: HPiCI?: HzO : D,O. 
"~ol~morph  I from hot water. 
'Polymorph I1 from water at 25°C. 
"~ol~morph  I1 from DCE:cyclohexane 1 :7 at 65°C. 
"Accompanies release of DzO (see text). 
'Temperature at maximum of endothem. 
Sum of M of transitions excluding fusion. 
"Includes endothem from 80 to 94"C, associated with volatilization of adduct 

TABLE 2. X-ray crystallographic 0 . . . 0 distances, (3-H . . . 0 angles (in brackets), and IR OH stretching frequencies of adducts" 

0 . . . H - 0 distance (A) IR OH stretch (cm-I) 

No. Adduct Acid-H20 Crown-H,O Reference Acid-H20 Crown-H,O Reference 

L(HPiC1, . H20)> 
(polymorph 11) 

L . HPiC12. H 2 0  
L . HPiC12. H 2 0  (to 106OC) 
GLYME-6 (HPiC12. H20), 

This work 

This work 

19 

This work 

18 

This work 

17 

This work 
This work 
This work 

This work 

"L = 18-crown-6, GLYME-6 = pentaethyleneglycol dimethyl ether. 
"0 . . . H 4  distance estimated from eq. [2]. using experimental value of v(0H). 
'0 . . . H 4  distance estimated from the solid curve in Fig. 4 using experimental value of v(0H). 

cord with DSC results. When 2 is heated to 113°C and cooled 
in a dry atmosphere, however, the water-crown and water- 
phenol stretching bands at 3379/3445 and 1771 cm-' dis- 
appear, as well as the Fermi-resonance absorption at 
1982 cm-I, even though only one water molecule is ex- 
pelled. These bands are replaced by a broad, moderately 
strong vl/v, absorption of 3 in Fig. 4 (dashed line) from 
2400 to 3100 cm-I (centered at -2650 cm-'), which re- 
sembles that of H30+ in 18-cr-6 H30+ . BF4- (22) or in cis- 
syn-cis-dicyclohexano- 18-cr-6 H30+ . C104- (23). The pseudo 
hydronium ion in 3a is essentially that found in dicyclohex- 
ano- 18-cr-6 (H,O+ . PiC1,-), by Peiju et al. (24) from X-ray 
diffraction. 

In addition, the 2v2 symmetrical OH bending and v4(OH) 
asymmetrical bending modes characteristic of H30+ (23) are 
observed at 2193 and -1701 cm-', respectively, in the 

spectrum of 3 .  Moreover, the symmetry of 18-cr-6 has been 
lowered from practically D,, in 1 and 2 to possibly Ci in 3 ,  
as extensive splitting is found in the C-0-C, C-C stretch- 
ing, and CH2CH2 rocking modes.6 Results are in Table 3. The 
presence of a strong absorption from <600 to 1000 cm-' in 
the IR spectrum of 3 could be ascribed to either PiC1,- . . . 
H+OH2 in 3a or to H(PiCl,),- in 3b. A spectrum similar to 
that of 3 (produced when 2 is heated) is obtained when 1 mol 
HPiCl, is dissolved in 1 mol melted 1 at 98°C and the solid- 
ified mass, which forms after 3 min, remelted at 124°C and 
cooled (Fig. 4, open circles). This suggests that a mixed ad- 
duct, 18-cr-6 . HPiCl, - HA (H20), (HA possibly being 2,4- 
dinitrophenol) could be prepared by reacting HA with melted 
1 and hydrating over H,O vapor. 

%T-IR spectra of 2 and 3 in the region 500-1700 cm-' have also 
been deposited as supplementary material. See footnote 2. 
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FREQUENCY, cm-I 
FIG. 4. IT-IR spectra of unheated and heated 18-crown-6 (HPiCl2.H,O), in the region 1700-3700 cm-I: (-) unheated 2; 

I (---A- --A- -) unheated 2D (3 over D 2 0  vapor); (- - -0---0- - -) reaction product between 1 and HPiCI, at 124°C; (-- - -  --)2 heated to 
I 113°C; all with Nujol (-..--..) and (. . . . .) first and fourth entries, respectively, with Flurolube in the region 2850-3210 cm-'. 

1 TABLE 3. IR absorbance peaks of 18-cr-6 or GLYME-6 in 
1 dichloropicric acid adducts in the region 800-1200 cm-' at 25OC 

Ligand IR frequency (cm-') ~ C-0-C -CH2-CH2- -C-C- 
Adduct stretch rocking stretch 

I 

1 1144.7 vw 954.3 s 844.4 w 
11 12.0 s 830.9 s 

I 1" 1143.4 vw 953.4 s 844.3 m 
1100.7 s 830.8 s 

3b 1142.7 m 966.7 sh 843.3 m 
1093.3 s 948.7 m 826.1 m 

3' 1142.9 w 950.1 m 842.9 m 
1096.7 s 829.5 m 

to 117°C) was kept over D 2 0  for 11 days in a sealed 
container, 2D was produced (Scheme 1 ,  Table 3). The 
D20-crown and H20-crown doublets at 2502/2573 and 
3395/3458 cm-I, respectively, in Fig. 4 are about the 
same in intensity; the ratio of their integrated areas, A(OD)/ 
A(OH), being 0.92. Exposing 2D or 3 to H20  vapor for 
4 days resulted in almost complete reversion to 2.  Incom- 
plete exchange (A(OD)/A(OH) = 0.42) occurred when 2 
was exposed to D20  for 12 days (Scheme 1). Under these 
conditions equilibrium [l],  the constant of which had not 
been determined, is displaced to the right. Incorporation 
of HDO into these adducts, is negligible, as the equilib- 
rium 

2 1136.5 vw 960.9 m 840.1 vs [2] H20(g) + D20(g) & 2 HDO(g) 
1113.6 vs 950.0 w 

2Dd 1136.4 vw 956.9 m 
11 13.4 vs 946.1 w 

839.7 vs must lie far to the left. From the above it is surmised that the 

3 - HDO 1138.5 vw 960.7 s 839.9 vs 0-H . . . 0 water-crown hydrogen bond is somewhat 

11 13.9 vs 950.4 w stronger than that of the deuterium analogue, even though a 
GLYME-6 1140.1 m 950.1 s 860.5 small positive isotope effect was deduced from the infrared 

(HPiCl, . H20)2 1 104.2 s 835.9 rn (Discussion). 

"Heated to 103°C and cooled. 
! b2 heated to 113'C and cooled. 

'I: I mixture of 1 and HPiCI, heated to 124°C and cooled (see text) 
I dMade by heating 2 to 117"C, coollng, and keeping over D,O vapor. 

I Isotopic deuterium-hydrogen exchange study 
I In all experiments below the phenol in adducts 3, 2, 2D, 

and 18-cr-6 (HPiCl,), H20  . HDO (3 - HDO) was in the OH 
form. These adducts were kept at -25OC and 1.0 X lo5 Pa 
pressure over nitrogen saturated with either H20  or D20,  
or both, and their IR spectra recorded. When 3 (2 heated 

When 2D was heated to 117"C, cooled, and exposed to 
D20 vapor as above, and the procedure repeated three times, 
the IR spectrum of 2D was observed (A(OD)/A(OH) = 0.73). 
From this it is inferred that one molecule of D20 is lost when 
2D is heated and that H,O+ or possibly pseudohydronium ion 
(17) is favored in the structure of 3 over that of D,OH+ in 
the analogous D,OH+ compound. The high C,, symmetry of 
H,O+ in 36 could be a factor. Replacing one H20 molecule 
in 2 by HDO apparently is effected by keeping 3 over both 
H,O and D20  for 10 days. A single OD stretching band oc- 
curs at 2503 cm-'. The ratio A(OH)/A(OH) was found equal 
to 0.270, as compared to 0.306 expected for 3. HDO. 
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FIG. 5. Relation between 0-H . . . 0 distance and OH stretch- 
ing frequency of molecular adducts of 18-crown-6 (L) or GLYME- 
6, with carboxylic acids (or phenols) and water. 1. L .4,4'-bi- 
phenol - 2H20. 2. L(3-nitrophenol. H20)2. 5. L (-COOH)2(H20)2. 
6. L (dichloropicric acid. H20),. 8. GLYME-6 (dichloropicric 
acid - H20),. Dashed curve is from ref. 25. 

2.40- 
I 
0 

Discussion 

8 6 

+ACI D-H~O' CCROWN-H~O 

I I I I I I I I I I I I I I I I I I I  L 

Correlation between 0 . . . 0 distance and IR OH 
stretching frequency in adducts. Deuterium isotope 

I effects 

1 A plot of the 0 . . - 0 distances, d ( 0  . . . 0 ) ,  in various 
18-crown-6 aqua complexes vs. OH stretching frequency, ~ v(OH), in Fig. 5 has been constructed from the data in Table 

I 
2. Entries in which the 0 . . . H - 0  angle is r 160" were ex- 
cluded. 

1 The water-to-crown points, which exhibit a weak depen- 
dence of v(0H) on the acid in the adduct, lie slightly above 

I a similar plot by Novack (25) (dashed line) of O - H  . . . 0 
hydrogen-bonded systems not containing crown ethers. 
ChCnevert et al. (17) reported v(0H) to be practically in- 
dependent of d ( 0  . . . 0 ) .  It has been suggested (18) that 
poorly resolved v(0H) doublets in this high-frequency range 
could be ascribed to the small difference in water-crown 0 
- . . 0 distance, Ad(0 . . . 0 ) .  Approximate values of Ad(0 

- . 0 )  read off the d (0  . . . 0 )  vs. v(0H) plot of Novak using 
experimeatal values of v(0H) in Table 2 are -0.041 and 
-0.036 A for the 4,4'-biphenol and 3-nitroph5nol adducts, 
respectively, as compared to 0.045 and 0.038 A from X-ray 
diffraction studies (Table 2). The presence of a D20-crown 
doublet in addition to a H20-crown doublet in the IR spec- 
trum of 2D in Fig. 4 stipulates that each water molecule 
in 2 has two different O - H  - .  . 0 (crown) distances as 
required by symmetry. Corresponding values of the ratio 
v(OH)/v(OD) equal to 1.344, 1.354 in the aqua dichloro- 
picric acid 18-cr-6 complex and 1.35 reported in the aqua 
oxalic acid 18-cr-6 complex (18) characterize a small or 
negligible positive isotope effect. This is indicative of a sin- 
gle minimum potential well (25) with the proton situated near 
to the water oxygen. 

For the phenolic or carboxylic acid-OH . . . OH, stretch- 
ing band in the above adducts, the plot in Fig. 5 is linear from 
1650 to 2700 cm-', conforming to the relation 

2000 3000 

FREQUENCY, cm-I 

The slope is somewhat greater than that of the linear portion 

of the plot by Novak, 0.8 x (dashed line in Fig. 5). The 
phenolic v(0D) band in the spectrum of the fully deuterated 
adduct, 18-cr-6 (DPiC1,-D,O), (not shown) occurs at 
5 1600 cm-' (v(OH)/v(OD) 2 1.2), as expected for d (0  . . . 
0 )  = 2.46 A (25). 

Thermal study on the 1 : 2 : 2 18-cr-6 aqua-dichloropicric 
acid adduct. Postulated mechanism of release of 
water 

From comparison of the DSC and TGA plots of 2 in 
Fig. 3 it is evident that there is no enthalpy change prior to 
liberation of water. It is found from a single crystal X-ray 
diffraction study of 2 at 25°C (1 1) that there are large ther- 
mal vibrations of the pro!on in the (phenol) OH . . . OH, hy- 
drogen bond (Be, = 11 A,, isotropically refined) and in the 
H20  to crown ether hydrogen bonds (Be, 9, 16, A2). For 
comparison, the average value of B, of the methylene crown 
ring protons is 6.8 ? 1.3 A2. Apparently, the two hydrogen 
bonds of one H20  molecule to the crown ether in 2 break 
upon heating, releasing HPiCl, . H,O, which is unstable 
(HPiCl, kept over H,O vapor was found in this work to be 
HPiCl, .0.071 HzO). Picric acid is known not to form a hy- 
drate (26). It is presumed that the remaining water molecule 
in structures 3a or 36 meanwhile becomes polarized, as a 
result of at least a partial proton transfer to it from the phenol. 
Polarizable hydrogen bonds are encountered in ionization and 
dissociation of strong acids in water (pK, = 0-4) as de- 

scribed by Leuchs and Zundel (27). In solution, the critical 
0 . - . 0 distance for proton transfer to occur is -2.50 A (28). 
This is slightly greater than d ( 0  . . . 0 )  of the 1 : 2 : 2 adduct. 
In this region the shallow double minimum potential well is 
very sensitive to the environment of the hydrogen-bonded 
system. The latter can readily be altered thermally. 
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R. A. BELL, R. FAGGIANI, H .  N. HUNTER, and C. J .  L. LOCK. Can. J.  Chem. 70, 186 (1992). 
The synthesis and structure determination of N6,N9-octamethylenepurine cyclophane by single crystal X-ray diffrac- 

tion is reported. The cyclophane was prepared from 6-chloropurine a id  8-aminooctanoic acid as starting materials. The 
aminooctyl fragment was first attached to N9 of 6-chloropurine by means of the Mitsunobu reaction and cyclization to 
the cyclophane effected by nucleophilic attack of the amino group at the C6 position and displacement of chloride ion. 
Reversing the reaction strategy did not result in formation o[ the cyclophane. Crystals of the cyclophane were mono- 
clinic, P2, /n,  a = 9.620(3), b = 12.266(3), c = 1 1.994(2), A, P = 1 1 1.25(2)", Z = 4. Intensities were measured with 
a Nicolet P3 diffractometer and MoKa radiation at room temperature. The structure was solved by direct methods and 
refined to R = 0.0683, R,,. = 0.0493 based on 1730 reflections. The molecule shows some strain, but bond lengths and 
angles are normal. Attempts to relieve the strain are made by a small distortion of tbe purine rings and bending of the 
N6 and C8' atoms out of the planes to which they are attached (0.314(4), 0.459(5) A). Further, the N6,H6,Clf group 
is twisted by 30" from the pyrimidine plane and the torsion angles in the aliphatic chain are distorted from the idealized 
60, 120, 180" (average, 13.6"; range 5.1-24.9"). These distortions result in some weakening of the T-bonding in the 
adenine moiety. 

Key words: purinophane synthesis, nucleophilic aromatic substitution, conformational analysis, crystal structure. 
- 

R. A. BELL, R. FAGGIANI, H. N. HUNTER et C. J .  L. LOCK. Can. J.  Chem. 70, 186 (1992). 
On a rkalise la synthkse du cyclophane N6,N9-octamCthylene purine et on dttern~inC sa structure par diffraction des 

rayons-X par un cristal unique. On a prepare ce cyclophane en utilisant la 6-chloropurine et I'acide 8-amino-octanoi'que 
comme produits de depart. On a d'abord relie la fragment amino-octyle a I'azote N9 de la 6-chloropurine 2 l'aide de la 
rCaction de Mitsunobu et on a ensuite effectuk la cyclisation en cyclophane en faisant appel a une attaque nuclCophile 
du groupe amin6 sur la position C6 qui provoque un dCplacement de I'ion chlorure. Lorsque la strategie des reactions 
est inversCe, il n'y a pas de formation de cy~lophane. Les cristaux du cyclophane sont monocliniques, P2 , /n ,  avec LZ = 
9,620(3), b = 12,266(3) et c = 11.994(2) A, P = 1 1  1,25(2)" et Z = 4. On a mesurC les intensit6 a l'aide d'un diffrac- 
tomktre P3 de Nicolet et en utilisant la radiation MoKa, la temperature ambiante. On a rksolu la structure par des mCthodes 
directes et on l'a affinCe jusqu'i des valeurs de R = 0,683 et R,,. = 0,0493 pour 1730 reflexions. La molCcule presente 
des tensions, toutefois les longeurs des liaisons et les angles sont normaux. Une partie de la tension est CliminCe par une 
faible distorsion des n9yaux purines et un dCplacement des atomes N6 et C8' hbrs des plans auxquels ils sont attaches 
(0,314(4) et 0,459(5) A respectivement). De plus, le groupe N6,H6,C11 fait un angle de 30" avec le plan de la pyrimi- 
dine et les angles de torsions dans la chaine aliphatique sont dCformes par rapport aux valeurs idkales de 60, 120 et 180' 
(moyenne de 13,6" et Ccarts allant de 5,1, 24,9"). Ces distorsions provoquent une diminution de la force de la liaison 
T dans la portion adenine. 

Mots cle'.~ : synthkse du purinophane, substitution nuclCophile aromatique, analyse conformationnelle, structure de 
cristaux. 

[Traduit par la rCdaction] 

Introduction 

Accounting for the chemical effects of the aromatic pu- 
rine and pyrimidine rings found in ribo- and deoxyribonu- 
cleic acids has been the subject of intense study for some time 
(I). '  The sequence-dependent arrangement of single (2) and 
double (3) stranded polynucleotides results in a variety of 
chemical shift values for neighbouring exchangeable and 
nonexchangeable heterobase protons. The ability to prede- 
termine the diamagnetic shielding about these aromatic sys- 
tems would be beneficial for the study of detailed confor- 
mational information for a specific sequence. 

The two general methods of determining the anisotropy 
of the molecular diamagnetic susceptibility have involved the 
use of semi-empirical and quantum mechanics procedures. 
Originally, the semi-empirical investigations concentrated 
on calculating the contributions from ring currents (4), local 

' ~ u t h o r s  to whom correspondence may be addressed. 
2Revision received September 18, 1991. 
3 ~ o r  applications of heterobase anisotropy to N-H chemical shifts 

see ref. 1 b. 

atomic magnetic anisotropy ( 5 ) ,  and polarization effects 
caused by protonation or hydrogen bonding (6). More re- 
cently, modifications have come by the comparison of ring 
current and 'H shifts through correlation with crystal struc- 
ture coordinates (7). A slightly different approach, which 
showed good agreement between theoretical and experi- 
mental results, was provided through a quantum mechanics 
study of the total shielding (8). 

Despite the level of refinement obtained from the two 
theoretical approaches, a method of experimentally deter- 
mining the diamagnetic shielding anisotropy is needed. A 
previous method of complementing and assessing the 
shielding anisotropy calculations for benzene involved the 
examination of the proton chemical shifts of a cyclophane 
molecule ([lo]-paracyclophane) (9). The methylene proton 
chemical shifts furnished values for the spatial definition of 
the diamagnetic susceptibility anisotropy around the XO- 
matic system and supplied a viable means of appraising the 
theoretical calculations. 

In the work described here, the synthesis and crystal 
structure of a purine cyclophane (10) potentially suitable for 
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the study of the diamagnetic shielding anisotropy about ad- 
enine is reported. Our approach to the shielding study ne- 
cessitated the complete assignment of the 'H NMR spec- 
trum of the purine cyclophane 1 accompanied by the spatial 
location of the methylene protons relative to the purine sys- 
tem. Also described are the syntheses of two alkylated ad- 
enine derivatives used for comparison with the nuclear 
magnetic resonance (NMR) and ultraviolet (UV)  spectro- 
scopic properties of the cyclophane. 

Considerations that must be taken into account when de- 
signing a cyclophane molecule derived from adenine are the 
location of the fusion sites on adenine and the length of the 
methylene chain. The methylene chain should be linked at 
opposite sides of adenine to enable the bridge to cross di- 
rectly over the center of the aromatic plane. Purine reactiv- 
ity and molecular models indicated that favourable fusion 
sites would be N6 and N9. The resulting methylene proton 
chemical shifts should provide a variety of shielding values 
representative of the different regions around the aromatic 
system. In considering the length of the methylene chain, the 
number of methylene units must be sufficient so that distor- 
tion of the aromatic plane resulting from strain imposed by 
the bridge is minimized. On the other hand, the chain should 
be relatively taut in order to restrict the movement of the 
rnethylene protons relative to the plane of the purine sys- 
tem. Again, inspection of molecular models revealed that an 
eight-carbon chain best satisfied these requirements. 

Discussion and results 
Synthesis 

The route chosen for the synthesis of N6,N9-octamethyl- 
enepurine cyclophane, 1, is shown in Scheme 1 and is the 
combination of two fragments, a purine ring system and a 
C8-methylene chain. The synthons were selected so that the 
purine ring was nucleophilic at N9 and electrophilic at C6 
and the C8-methylene chain contained the nitrogen atom that 
was to become N6 in 1. 6-Chloropurine, 10, satisfied the first 
requirement and 8-aminooctanol, 5, the second, with the 
hydroxyl group in the presence of the Mitsunobu reagent 
(1 la)  generating the electrophilic site.4 

The initial synthetic work was directed towards develop- 
ing a method of converting 8-aminooctanoic acid, 2, into 8- 
aminooctanol. Although 2 is available commercially, it was 
convenient in the present instance to prepare the amino acid 
from cyclooctanone via the Beckmann rearrangement by 
standard procedures (12). Purification of 2 was achieved by 
adsorption on an ion exchange resin (13). 

Initial attempts to reduce amino acid 2 to the amino al- 
cohol with lithium aluminum hydride (LAH) proved fruit- 
less because of the insolubility of the amino acid in suitable 
aprotic solvents. To overcome this problem, 2 was con- 
verted to the methyl ester, 3, by use of thionyl chloride in 
methanol (14) and, although the ester could be isolated, it 
was prone to polyamide formation and difficult to handle. 
Reduction of freshly prepared samples of 3 with LAH, 
however, gave very poor yields (<lo%) of 8-aminooctanol 
5, presumably because of the formation of insoluble poly(N- 
alkyliminoalane) complexes (15) that were immune to re- 
duction by excess LAH. Reduction with the borane-methyl 
sulphide reagent (16) likewise led to poor yields of the amino 

4 ~ o r  an example of the use of this reaction using 6-chloropurine 
see ref. l l b .  

alcohol, even where the potassium salt/l8-crown-6 ether 
modification of Yoon and Cho (17) was used. During these 
trial reductions the remarkably stable borane-8-aminooc- 
tanol adduct was isolated and characterized (18). Fair yields 
(ca. 30%) of 5 could be obtained by reduction of the ethyl 
ester by use of the Bouvealt-Blanc procedure with excess 
sodium in ethanol (19). The ethyl ester 4 was synthesized in 
order to reduce the rate of polymerization and improve han- 
dling characteristics and, in the event, the ethyl group did 
prove to be of sufficient steric bulk to allow isolation of the 
amino ethyl ester 4 for brief periods at room temperature. 

Since the synthetic scheme required a protected nitrogen 
atom for the Mitsunobu reaction (1 l ) ,  it was practical to 
improve the reduction procedure by first blocking the ni- 
trogen atom of amino acid 2 (20). Two blocking groups 
were tried, the triphenylmethyl (trityl, Tr) group and the 
monomethoxytriphenylmethyl (methoxytrityl, MTr) group. 
Szammer (2 1) has reported the conversion of a-amino acids 
to the corresponding amino alcohol by reduction of the N- 
trityl ester. Thus, starting with the amino acid ethyl ester 4, 
the trityl ester 6 was formed as shown in Scheme 1. The re- 
action product was confirmed by the change in chemical shift 
of the methylene protons adjacent to the amine (from 1.53 
to 2.15 ppm) together with the appearance of the expected 
aromatic protons at 7-7.4 ppm. Electron impact mass spec- 
trometry failed to provide satisfactory molecular ion peaks 
for 6, presumably because of thermal decomposition of the 
sample before ionization. Lithium aluminum hydride re- 
duction of the N-trityl ester 6 then resulted in the formation 
of the N-trityl amino alcohol 8 in 87% yield. The 'H NMR 
spectrum of this compound indicated the loss of ethoxy pro- 
tons as well as the appearance of a triplet at 3.52 ppm for the 
methylene protons adjacent to the hydroxyl group. Prelimi- 
nary trials were carried out on 8 to develop conditions for 
removal of the trityl group that would not affect the 6-chlo- 
ropurine moiety. Reductive cleavage under mild conditions 
with Pd/C in ethyl acetate or ethanol proved unsatisfactory 
and, as more acidic conditions will remove the chlorine atom 
from 6-chloropurine, this avenue was not further explored. 
The trityl group could be successfully removed by acid hy- 
drolysis (HC1-methanol), but these conditions again re- 
sulted in the solvolytic loss of the chlorine from 6-chloro- 
purine, and it was concluded that the trityl group alone was 
not a useful protecting unit. Clearly a group with slightly 
greater acid lability, but similar steric bulk was required. 
Smith et al. (22) had suggested that the lability of the trityl 
group should increase as the number of p-methoxy substitu- 
ents increased. With this in mind, the N-methoxytrityl ester 
7 was prepared and reduced to the N-methoxytrityl amino 
alcohol 9 with LAH in greater than 9770 yield from amino 
acid 2. The C-13 NMR spectra for both the methoxytrityl 
ester and the methoxytrityl amino alcohol could be assigned 
by comparison with C- 13 chemical shifts recorded for n-oc- 
tanol, n-octylamine, ethyl octanoate, p-methoxybenzyl- 
amine, and triphenylcarbinol (23). Trial hydrolyses of com- 
pound 9 indicated that trifluoroacetic acid in methylene 
chloride followed by a methanol quench successfully cleaved 
the methoxytrityl group (24), and similar exposure of 6- 
chloropurine, 10, to these mild reaction conditions showed 
that 10 was recovered completely unchanged. 

Reaction of N-methoxytrityl amino alcohol 9 with 6- 
chloropurine, 10, with use of the method of Mitsunobu (1 la), 
afforded the N9-alkylated adduct 11 in 56% isolated yield. 
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0 )  (ii) 
H~N'-(cH~)~co~- - H2N(CH2)7C02R ------f H2N(CH2),0H 

2 3 R = C H 3  5 
4 R = a  

1 (iii) 
8 R' = Trityl 6 R' = Trityl, R = C2H5 

(vi) 
v 

\ 
(CH2)*NH-MTr (vii) 

I 

J l2 

(CH2)8NH3+CI- 

11 

H, 
N- 

Reagents: (i) SOC12, MeOH or EtOH, 0°C. (ii) Sodium, ethanol, reflux. 
(iii) TrCl or MTrCl, Fy, 0°C. (iv) LiAlH4, ether, reflux. (v) 
DEAD, triphenylphosphine, THF, RT, 8 h. (vi) TFA, MeOH, 1 h. 
(vii) Acetonitrile, -20°C, 2 h; reflux, 24 h. 

The proton NMR spectrum of 11 showed purine H-8 and H-2 
absorptions at 8.74 and 8.08 ppm and the appearance of a 
triplet at 4.26 ppm arising from the methylene protons ad- 
jacent to N9 of the purine. The I3c NMR spectrum was 
readily assigned by comparison with chemical shift data re- 
corded for 6-chloropurine, n-octylamine, triphenylcarbinol, 
and p-methoxybenzyl-amine (23). Removal of the meth- 
oxytrityl group by the trifluoroacetic acid/methylene chlo- 
ride/methanol procedure noted above yielded compound 12, 
which was isolated as the hydrochloride salt and character- 
ized by its proton NMR spectrum. Compound 12 appeared 
stable when stored as the hydrochloride salt. 

The C8 methylene chain was chosen because, from the 
inspection of molecular models, it was expected to be rea- 
sonably taut across the purine ring, but not so strained as to 
cause extensive distortion of the purine. Intramolecular ring 
closure at the C6 site was expected to be less influenced by 
steric strain because of the geometry of nucleophilic attack 
at the C-6 site of a purine. Figure 1 shows the probable steps 

involved in the conversion of a substituted 6-chloropurine into 
an adenine cyclophane. The tetrahedral intermediate, 16, 
arises from attack of the primary arnine nitrogen of 12 on the 
p orbital at C6 (i.e., perpendicular to the plane of the pu- 
rine). Thus, during the formation of 16, there would be only 
a small constraint placed upon the conformation of the alkyl 
chain in order to allow the intermediate to be formed. The 
main imposition of the strain on the alkyl chain would be 
encountered in the subsequent collapse of the tetrahedral in- 
termediate, when loss of chloride occurs causing the N6 ni- 
trogen to move into the plane of the purine system and thus 
allows the C6 carbon to again become sp2 hybridized. 

The final ring closure was accomplished by taking into 
account observations from model experiments (see Scheme 
2). These had indicated that primary amines reacted quickly 
with 6-chloropurine in polar, aprotic solvents such as di- 
methyl sulphoxide (DMSO), but it was undesirable to use 
DMSO in the large volumes required to ensure proper sol- 
ute dilution for intramolecular reaction. Therefore, aceto- 
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FIG. 1 .  Diagramatic view of the attack of the NH, nucleophile 
on the site of the 6-chlorine atom proceeding to the tetrahedral 
transition state 16. 

I (ii) 

Reagents: (i) n-Octanol, triphenylphosphine, DEAD, THF, RT, 
8 h; (ii) n-Octylamine, acetonitrile, 60°C, 24 h; (iii) n-Octylamine, 
acetonitrile, 60" C, 24 h. 

nitrile was chosen as the solvent since it possessed similar 
solvent characteristics to DMSO (25) but was easier to re- 
move upon completion of the reaction. The free amine was 
best generated from the hydrochloride salt 12 in situ and this 
was accomplished by combining the hindered non-nucleo- 
philic base N,N-diisopropylethylamine with the 12 at low 
temperature (-23°C) and in relative1 hi h concentration. Y g .  The mixture was then diluted to 10- M with dry acetoni- 
trile and heated. These reaction conditions gave the octa- 
methylenepurine cyclophane l in 30% yield after chromato- 
graphic purification. The proton NMR spectrum of 1 was 

remarkable in showing all 16 methylene protons as dia- 
stereotopic and ranging in chemical shift from -0.6 to 4.8 
ppm. Assignments were made initially from a two-dimen- 
sional COSY spectrum in conjunction with energy-mini- 
mized, computer-generated molecular models (26). Further 
confirmation came from two-dimensional "c-'H heteronu- 
clear shift correlated spectra together with the solid state 
conformation of the molecule demonstrated by the X-ray 
crystallographic study reported herein. 

N6-Octylpurine, 14, N9-octylpurine, 13, and N6,N9- 
dioctylpurine, 15, were prepared in model experiments (see 
Scheme 2) to assist in refining experimental conditions for 
the preparation of 1 and also to act as models for the NMR 
and UV spectrum of 1. The dialkyl compound 15 showed a 
UV maximum at A 268 nm and 1 showed a maximum at A 
278 nm, indicating that some distortion of the purine ring has 
occurred (see discussion below). 

It is of interest to note that during the synthetic work an 
attempt was made to prepare 1 by first forming the C6-N6 
bond and then using the Mitsunobu reaction to carry out the 
intramolecular cyclization. 6-Chloropurine was readily N- 
alkylated at C6 with amino alcohol 5 by use of the method 
of Sutherland and Christensen (27), yielding 85% of 17. The 
N-alkylation was confirmed by high resolution mass spec- 
tral data and comparison of the methylene CH,NH chemical 
shift differences in the proton spectra of the product 17 (3.35 
ppm) and amino alcohol 5 (1.53 ppm). In the final cycliza- 
tion the electrostatic attraction within the intermediate 18 was 
expected to assist the ring closure (28). However, after pro- 
longed reaction times and under a variety of reaction con- 
ditions, the cyclophane failed to form in detectable yields. 
This result could have arisen from two possible sources: (i) 
The Mitsunobu reaction proceeds by a number of bimolec- 
ular steps but, because intermolecular reaction must be 
minimized, the starting reactants are present at low concen- 
tration. Thus, the rate of these intermediate bimolecular steps 
would be extremely slow and other reaction pathways may 
occur before the Mitsunobu zwitterion could form. (ii) If the 
intermediate 18 was formed, reaction may not have taken 
place if the electron density in the highest occupied molec- 
ular orbital (HOMO) on N9 was not correctly oriented. If the 
HOMO at N9 is perpendicular to the ring then there will be 
minimal steric strain in the approach of the end CH,OP'(P~), 
unit, and an SN2 transition state should be attainable with a 
normal activation barrier. If, however, the HOMO at N9 is 
in the plane of the purine ring, then to attain an SN2 transi- 
tion state would require severe stretching of the end meth- 
ylene beyond N9 and in the plane of the ring. Molecular 
models suggest that such a transition state would be very 
difficult to attain without excessive strain on the alkyl chain 
and bending of the purine, and therefore make the intramo- 
lecular reaction inaccessible. Unfortunately our experi- 
ments did not distinguish between these two possibilities. It 
was noted that for prolonged reaction times there was in- 
complete recovery of 17. 
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FIG. 2. The molecule of 1 showing the atom numbering. Hy- 
drogen atoms are labelled by affix only in smaller print. 

Diffraction studies and conformational analysis 
The molecule is shown in Fig. 2 and bond lengths and 

angles are given in Table 3. One assumes that the structure 
has at least a small amount of strain present since there are 
a number of non-bonding distances that are shorte~ than the 
accepted vap der Waals distyces of 2.90-3.10 A, C..  . H; 
2.75-3.00 A, N.. .H; 3.30 A, C..  .C; 3.20-3.25 A, C..  .N 
(29). These are C7'. ..C4, 3.154(4); C6'.. .N9, 2.941(4); 
H6r.. .C8, 2.72; H5s.. .C4, 1.94; H5s.. .N3, 2.66; H5s.. .C5, 
2.44; H4s ... N7, 2.52; H4s ... C5, 2.80; H4s ... C8, 2.84; 
C3'. . .C6, 3.134(4); H3r.. .C6, 2.57; H 1s.. .C5, 2.64; 
Hls  ... C6, 2.63 (all in A). Therefore, one looks for distor- 
tions in the structure that might indicate attempts to relieve 
the strain. 

One can get an impression of the magnitude of the strain 
energies, which we pointed out above should be relatively 
small, from the nature of the distortions of the structure. Bond 
lengthening or shortening is energetically difficult and it is 
not surprising that the bond lengths within the adenine moiety 
agree very well with average values published previously 
(30). All values for the bond lengths lie within 0.5 l a  (a = 
(a: + a;)"2) of the average values, except C2-N3, which 
differs by 1 . 9 0 ~ .  Similar agreement is obtained between the 
C-C and C-N distances in the aliphatic chain and pub- 
lished average values (3 1). 

Angular distortions are energetically easier, but although 
variation is somewhat larger, all angles in the adenine moiety, 
except C8-N9-C8' ( 2 . 8 6 ~ )  lie within 2a  of the average 
values. Similarly C-C-C angles in the aliphatic chain 
(average value 115. lo ,  see Table 3) agree well with average 
values found in long-chain structures in which strain should 
be absent (1 14.9" (32), 114.3", 114.6" (33), 114.9" (34)). 

Twisting motions are energetically easiest and are ob- 
served. The adenine moiety shows small but significant dis- 
tortions from planarity, whether one considers the molecule 
as a whole or the separate pyrimidine and imidazole rings. 
The dihedral angle between the pyrimidine and imidazole 
rings is 5.45(9)", which is not excessive, but at the higher 
end of the normal range (30), and is not derived from bend- 
ing about the C4-C5 bond like the pages of a book, but 
twisting of the imidazole ring relative to the pyrimidine ring 
about the C8-(centre of C4,C5) axis. The pyrimidine ring can 

be considered as a distorted boat with C2 and C5 forming the 
bow and stem. Both these distortions are to allow N6 and C8' 
to move towards the aliphatic chain. This is reinforced by 
both N6 and C8' being out of the planes of the rings to which 
they are attached (N6, 0.314(4) A, CX', 0.459(5) A), again 
in the direction of the aliphatic chain. Further strain relief is 
achieved by the twist of the N6,H6,Cl1 group from the py- 
rimidine plane by about 30" (C 1 '-N6-C6-C5, 30.6(3)"; 
C 1 '-N6-C6-N 1, 147.4(3)"). All these distortions will 
tend to weaken the r-bonding within the adenine moiety, 
as can be seen in the bathochromic shift of the long 
wavelength UV absorption noted for 1 above. Further 
small distortions occur in the aliphatic chain. The chain 
is trying to lie as close as possible to the adenine ring sys- 
tem and this causes deviation of the N-C-C-C and 
C-C-C-C torsional angles from the idealized 60, 120, 
180" values (average, 13.6"; range 5.1-24.9"). In particu- 
lar the C2'-C3'-C4'-C5', C3'-C4'-C5'-C6', and 
C4'-C5'-C6'-C7' angles (- 158 .O, 169.1, 139.0") dif- 
fer from the 180" found in unstrained aliphatic chains (32- 
34). 

The packing is shown in Fig. 3. The molecules are ar- 
ranged so that they lie in a layer centred on the 1 0 1 planes. 
The diagram shows the view normal to these planes. Sur- 
prisingly, the molecules are arranged so that there can be none 
of the expected r-r interaction between adenine moieties 
in adjacent molecules, perhaps also suggesting some weak- 
ening of the r-bonding. Thus both between layers and within 
layers only intermolecular van der Waals forces are pres- 
ent. 

Experimental methods 
Melting points were recorded on a Gallencamp capillary tube 

melting point apparatus and are uncorrected. Proton magnetic res- 
onance ('H NMR) spectra were recorded on a Varian EM-390 or 
Bruker WM-250 and AM-500 spectrometers with chloroform-d as 
the solvent unless otherwise noted. Unless specified, the usual in- 
ternal references were tetramethylsilane (TMS) or chloroform. The 
abbreviations s = singlet, d = doublet, t = triplet, q = quartet, and 
m = multipet are used in the description of the spin-spin splitting 
pattern present in the spectra. The natural abundance carbon-13 
magnetic resonances ("c NMR) were recorded on Bruker WP-80 
(at 20.1 15 MHz), WM-250 (at 62.896 MHz), and AM-500 (at 
125.776 MHz) instruments using chloroform-d as the solvent and 
internal reference unless otherwise noted. All '.'c spectra were broad 
band decoupled. The "C NMR assignments based upon the liter- 
ature were obtained from the following sources: n-octanol from the 
Bruker "C Data Bank (23); triphenylcarbinol from Olah el al. (35); 
6-chloropurine from Szarek el al. (36); and n-octylamine and p- 
methoxybenzylamine from Sadtler Standard I3C NMR spectra (23). 
Low resolution mass spectra (MS) and high resolution mass spec- 
tra (HRMS) were obtained at 70 eV on a VG Micromass 7070F 
double focussing mass spectrometer with the samples being intro- 
duced through a direct inlet system. Mass spectra obtained by the 
Fast Atom Bombardment (FAB) technique were recorded on a VG 
ZAB-E mass spectrometer. Infrared spectra (IR) were recorded on 
a Perkin Elmer 283 spectrometer. IR samples were run as neat liq- 
uids. The symbols s = strong, m = medium, w = weak, and sh 
= shoulder were used in the recording of the IR data to indicate the 
intensity of the recorded bands. 

Dry ethanol was obtained by the method of Smith (37). n-Bu- 
tanol, triethylamine, and pyridine were distilled over calcium 
hydride and stored over 4 A molecular sieves until needed. Tetra- 
hydrofuran (THF) was dried by refluxing and distilling from SO- 
dium and benzophenone under dry nitrogen. THF was collected 
from the distillation apparatus as required. Methanol was dried by 
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FIG. 3. The packing of the molecules within the 

refluxing over magnesium, distilled, and stored over molecular 
sieves. NMR solvents chloroform-d, methylene chloride-d,, and 
dimethyl sulphoxide-d6 were stored over molecular sieves before 
use. 

Unless alternately specified, column chromatography was per- 
formed by the "flash" method of Still, Kahn, and Mitra (38). The 
silica gel used for column chromatography (5.0% of 100 mesh up, 
47.6% of 100-200 mesh, and 47.4% of 200 mesh down) was pur- 
chased from Terochem. Silica gel 60 F254 (E. Merck Co.) plates 
of 0 .2 rnm thickness were used for analytical thin-layer chroma- 
tography. Reversed phase Sep-Pak C18 cartridges were obtained 
from Waters Associates. Reversed phase KC18F glass-backed thin- 
layer analytical plates (layer thickness 0.2 mm) were purchased 

, from Whatman Co. 

I Cyclooctanone oxime 
1 The procedure used was similar to the method of Coffman et ul. 

(12). To a stirred solution of cyclooctanone (10 g ,  0.079 rnol) in 
dry absolute ethanol (50 mL), was added hydroxylamine hydro- 

, chloride (8.81 g, 0.127 mol). An aqueous solution of 50 mL of 
1.3 M potassium carbonate was added dropwise and the solution 
was warmed to 50°C for 2 h. The ethanol solvent was evaporated 
under reduced pressure in a rotary evaporator and the remaining 
aqueous solution was extracted three times with 50-mL portions of 
chloroform. The chloroform extracts were combined, dried over 
anhydrous sodium sulphate, and the chloroform evaporated under 
reduced pressure in a rotary evaporator. This yielded 9.4 g (84%) 
cyclooctanone oxime (bp 87-88°C at 2.5 Torr (lit. (12) bp 123- 
124°C at 14 Torr; 1 Torr = 133.3 Pa). The oxime showed IR, v,,: 
1655 (m)(C=N) cm-'. 'H NMR (EM 390) 6: 1.47 (s, 6H, car- 
bons 4,5,6 CH,), 1.73 (s, 4H, carbons 3,7 CH,), 2.40 (m, 4H, 
carbons 2.8 CH,), 10.13 (s, IH, OH). MS, m/z (RI%): 141 (21) 
[Mf] ,  124 (12) [Mf - OH], 113 (loo), 98 (32) [Mf - CHNO], 
73 (82), 55(50). HRMS, for C,H,,NO, calcd.: 141.1154; found: 
141.1 130. 

Cyclooctanone isooxime (2-azacyclononanone) 
The procedure followed was similar to the method of Coffman 

et a l .  (12). To a stirred solution of sulphuric acid (4 mL of 96%) 
with distilled water (0.1 mL) at 110°C was added cyclooctanone 
oxime (951 mg, 6.74 mmol) dropwise. The solution was cooled to 
room temperature, poured onto ice (90 g), and neutralized with 
small portions of solid sodium hydroxide. The solution was ex- 
tracted three times with 100-mL portions of chloroform. The 
combined extracts were dried over sodium sulphate (anhydrous) and 
evaporated under reduced pressure in a rotary evaporator, yield- 
ing 666.6 (70.0%) of a light brown solid, (mp 74.5-76.5"C (lit. 
(12) mp 77-79°C). The isooxime showed IR, v,,,: 3300 (s)[N-HI, 
and 1650 (s)[CO] cm-I. 'H NMR (EM 390) 6: 1.6 (m, 10H, car- 
bons 4,5,6,7,8 CH,), 2.45 (t, J = 6 Hz, 2H, CH,-CO), 3.35 (m, 

unit cell. The view is roughly along [I 0 11. 

2H, N-CH,), 6.33 (br s,  IH, N-H). MS, m/z (RI%); 141 (35) [Mf], 
124 (88) [Mf - OH], 1 12 (24), 98 (62) [Mf - CHNO], 56 (100). 
HRMS, for C8HI6NO [M + l I f ,  calcd.: 142.1232; found: 
142.1243. 

8-Atninooctanoic acid, 2 
The method used was similar to that of Eck (39) or Takagi 

and Hayashi (13). To a stirred solution of 2-azacyclononanone 
(0.54 g, 3.8 mmol) dissolved in 5.2 mL of distilled water was added 
1.5 mL of concentrated hydrochloric acid and the solution heated 
to reflux for 2 h. Amberlite IF-120 resin (40 mL) was washed three 
times with 20-mL portions of methanol and then washed five times 
with 20-mL portions of distilled water followed by 5 mL of 
0.25 M hydrochloric acid. After cooling to room temperature, the 
hydrolysis solution was added to the resin and allowed to stir for 
12 h. The solution was decanted and the resin was washed with 
distilled water until the washings were neutral. Distilled water 
(15 mL) and 1 M ammonium hydroxide were added to the resin 
until the solution was pH 9 and this mixture was stirred for 1 h. 
After decanting, more distilled water and ammonium hydride were 
added and the cycle repeated until four decantations were per- 
formed. These four solutions were combined and evaporated by use 
of a rotary evaporator under high vacuum. At the conclusion, 
benzene was used to form an azeotrope and remove remaining traces 
of water. Compound 2 was isolated as a cream-coloured solid 
(0.554 g ,  98%) and it showed 'H NMR (EM 390) D 2 0  solvent, 
6: 1.37 (m, 10H, carbons 3,4,5,6,7 CH,), 2.17 (t, J = 6 Hz, 2H, 
CH2COO), and 2.97 (t, J = 6 Hz, 2H, CH2NH2). 

Ethyl 8-aminooctanoate, 4 
The procedure described was similar to that of Huber and Brenner 

(14). To obtain the methyl ester, the same procedure was fol- 
lowed with methanol as the solvent. To  10 mL of ethanol stirred 
under nitrogen atmosphere at -5°C (ice/acetone bath) was added 
thionyl chloride (0.50 mL, 6.9 mmol) dropwise. After 5 min, 8- 
aminooctanoic acid, 2 (1.0 g, 6 .3 mmol), was added and the so- 
lution stirred for l h at -5°C followed by 2 h at 40°C. The solvent 
was then evaporated under reduced pressure in a rotary evaporator 
and the residue was redissolved in 25 mL chloroform. Distilled 
water (25 mL) was added and the aqueous layer was adjusted 
to pH 8-9 with 1 M sodium hydroxide. The chloroform layer 
was removed and the aqueous layer was extracted twice with 
25-mL portions of chloroform. The chloroform extracts were 
combined, dried over anhydrous sodium sulphate, and evaporated 
under reduced pressure in a rotary evaporator yielding 1.117 g 
(95%) ethyl 8-aminooctanoate which showed IR, v,,,: 3400 
(m)[NH,] and 1735 (s)[C=O] cm-I. 'H NMR (EM 390) 6: 1.23 
(m, 15H, NH, and carbons 3,4,5,6,7 CH, and CH,), 2.18 (t, J = 
6 Hz, 2H, CH,CO), 2.58 (t, J = 6 Hz, 2H, CH,N), and 4.03 (q, 
J = 6 Hz, 2H, OCH,). "C NMR (WP 80) 6: 173.6 (s, IC, COO), 
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60 (s, 1 C ,  0CH2),  41.9 (s, lC,NCH,), 34.2 (s, lC,CH,CO), 
33.2(s,lC,C7), 28.9 (s,2C,C4 and C5), 26.5 (s,lC,C6), 24.8 
(s, lC,C3), and 14.1 (s, lC,CH3). (Assignments based upon val- 
ues for ethyl octanoate and n-octylamine (23).) HRMS, for 
CIOHIIN02 (M + I ) + ,  calcd.: 187.1572; found: 187.1540. MS, tn/z 
(RI%); 188 (33)[M + l I f  , 158 ( 2 ) [ ~ +  - CH2CH3], 142 ( 6 3 ) [ ~ +  
- 0CH2CH3], 114 (4)[M+ - COOCH,CH3], and 100 (100)[M+ 
- CH2COOCH2CH3]. 

8-Atnitzoocratzol, 5 
The procedure used was similar to that of Manske (19). Ethyl 8- 

aminooctanoate, 4 (97.5 mg, 0.518 mmol) was dissolved in an- 
hydrous ethanol (5 mL). Without heating or stining, sodium metal 
(145 mg, 6.3 mmol) was added as one piece. After the reaction was 
complete, distilled water (5 mL) was added dropwise. The ethanol 
was evaporated under reduced pressure in a rotary evaporator and 
the remaining aqueous solution was extracted three times with 10-ml 
portions of chloroform. The chloroform was evaporated under 
reduced pressure leaving the amino alcohol (22.5 mg, 30%) as a 
white solid. The aqueous extracts contained amino acid and 
were recovered for reuse. Amino alcohol 5 showed: 'H NMR (EM 
390) 6: 1.27 (s, 12H,carbons 2,3,4,5,6,7 CH,), 1.53 (s,3H,OH 
and NH2), 2.60 (t, J = 6 Hz,2H,CH2N), and 3.53 (t, J = 
6 Hz,2H,CH20). "C NMR (WP 80) 6: 62.22(s,lC,HOCH2), 42.0 
(s,lC,CH,N), 33.5 (s,lC,C7), 32.7 (s,lC,C2), 29.2 (s,2C,C4 and 
C5), 26.6 (s, 1C,C3), and 25.6 (s, lC,C6). (Assignments based upon 
values for n-octanol and 11-octylamine (23).) MS, rn/z (RI%): 144 
(9)[M+ - 11, 128 (8)[M+ - NHI], 115 (40)[M+ - CH2NH2], and 
55 (100). HRMS, for C,H,,NO (M+ - l ) ,  calcd.: 144.1388; found: 
144.1343. 

I 
1 6-(8'-Hydroxy)octylarninop~~rine, 16 
I 
I The procedure used was similar to that of Sutherland and 

: Christensen (27). 9-Aminooctanol, 5 (45 mg, 0.3098 mmol) was 
dissolved in 2 mL of n-butanol. The solution was stirred at 

i 80°C under nitrogen atmosphere and 6-chloropurine (43.2 mg, 

I 0.28 mmol) was added. The solution was then heated to 1 10°C and 
stirred for 1.25 h. Potassium carbonate (23 mg, 0.166 mmol) was 

I added and the solution stirred for 0.5 h. The solution was then 

! evaporated under reduced pressure in a rotary evaporator. The crude 
product was recrystallized from hot water yielding 62.5 mg (85%). 

I Compound 16 showed mp 164-166°C (dec.); 'H NMR (WM- 
250) DMSO-d, solvent, 6: 1.256 (m, 10H, carbons 3',4',5',6',7' 

I CH2), 1.390 (m, 2H, CHI), 3.355 (t, 2H, CHI), 3.432 (t, 2H, 
CHI), 7.495 (s, lH,  C2H), and 7.884 (s, lH,  C8H). MS, rn/z 
(RI%): 263 (12)[M+], 246 (5)[M+ - OH], 232 (5)[M+ - CH20H], 
218 (7)[M+ - (CH2),0H], 204 (1 1)[M+ - (CH2),0H], 190 

. . (17)[M+ - (CH2),0H], 176 (13)[M+ - (CH2),0H], 162 (39)[M+ 
- (CH2)@H], and 148 (100)[M+ - (CH2),0H]. HRMS, for 
CI,H2,N,O, calcd.: 263.1745; found: 263.1741. 

N-Trityl erhyl 8-arninoocranoare, 6 
The method used was a modified version of the method de- 

scribed by Zervas and Theodoropoulos (40). To  a stirred solu- 
tion of ethyl 8-aminooctanoate (190.9 mg, 1.02 mmol) dissolved 
in 5 mL of chloroform were added triethylamine (103.7 mg, 
1.02 mmol) and trityl chloride (1.05 equiv.). After 12 h, the so- 
lution was washed three times with 25-mL portions of distilled 
water. The organic phase was dried over anhydrous sodium sul- 
phate and then evaporated under reduced pressure in a rotary 
evaporator. The yield of the trityl derivative 6 was 75%. The 
methoxy derivative was synthesized (by use of p-anisylchlorodi- 
phenylmethane (4-methoxytrityl chloride)) under the same condi- 
tions yielding 7 in 95%. Compound 6 showed IH NMR (EM 390) 
6: 1.39 (m, 13H, (CHI), and CH,), 2.15 (m, 4H, CHIN and 
CH2CO), 4.02 (m, 2H, CHI ethyl), and 7.25 (m, 15H, aromatic). 
Compound 7 showed: 'H NMR (AM 500) 6: 1253 (m, 9H, (CH2)3 
and CH,), 1.455 (m, 2H, CHI-C-N), 1.584 (m, 2H, CH2-C-COO), 
2.107 (t, 2H, CHIN), 2.258 (t, 2H, CHICOO), 3.766 (s, 3H, 
OCH,), 4.109 (m, 2H, OCHI), and 7.448 (m, 14H, aromatic). "C 
NMR (AM500) 6: 14.25 (s, lC ,  ethoxy CH,), 24.92 (s, IC, C3), 

27.17 (s, IC, C6), 29.07 (s, IC, C4), 29.23 (s, IC, C5), 30.81 (s, 
I c ,  c 7 ) ,  34.35 (s, IC,  c 2 ) ,  43.73 (s,  IC, CC8), 55.15 (s, IC, 
CH30), 60.12 (s, IC, CHzO), 70.26 (s, 1 C ,  Tr-C-N), 1 13.00 
(s, 2C, rrzetcr-anisyl), 126.04 (s, aromatic), 126.65 (s, aromatic), 
127.84 (s, aromatic), 128.38 (s, aromatic), 128.56 (s, aromatic), 
129.78 (s, aromatic), 130.52 (s, aromatic), 138.8 (s, lC,  ipso-an- 
isyl), 146.74 (s, 2C, ipso-phenyl), 157.77 (s, lC, par-cl-anisyl) and 
174.04 (s, l C ,  COO). Assignments based upon values for ethyl 
octanoate, 11-octylamine, triphenylcarbinol, and p-methoxyben- 
zylamine (23).) 

N-Trir?,larecl erhyl 8-utninoocranols. 8,  9 
The method used was similar to that used by Szammer (21). 

Lithium aluminum hydride (108 mg, 2.5 equiv.) was added to 
stirred anhydrous diethyl ether (8 mL) at O°C under nitrogen at- 
mosphere. To this solution was added an ethereal solution of N-trityl 
ethyl 8-aminooctanoate, 6 (1.09 mmol in 2 mL ether). The mix- 
ture was stirred at O°C for 1 h and at reflux for 2 h. 'The reaction 
was quenched with 2 mL of methanol followed by 2 mL of dis- 
tilled water. The mixture was filtered and the precipitate washed 
with 50 mL of ether and 25 mL of chloroform. The filtrate was 
concentrated (by rotary evaporation under reduced pressure) until 
only the water was remaining. This aqueous solution was ex- 
tracted three times with 10-mL portions of chloroform. The com- 
bined chloroform extracts were dried over anhydrous sodium sul- 
phate and evaporated under reduced pressure in a rotary evaporator. 
The yield of the trityl derivative 8 was 87%. The methoxytrityl 
compound was synthesized under the same conditions yielding 97% 
of the alcohol 9. Compound 8 showed: ' H  NMR (EM 390) 6: 1.22 
(m, 12H, (CH?),), 2.10 (t, 2H, CH2N), 3.52 (t, 2H, CH20),  and 
7.30 (m, 15H, aromatic). Compound 9 showed 'H NMR (AM 500) 
6: 1.274 (m, 8H, (CH2),), 1.459 (m, 2H, CHI-C-N), 1.529 (m, 2H, 
CH,COH), 2.109 (m, 2H, CH,N), 3.603 (t, 2H, CH,O), 3.760 (s, 
3H, CH30),  and 7.230 (m, 15H, aromatic). '.'c NMR (WP 80) 6: 
25.6 (s, lC ,  C6), 27.2 (s, lC,  C3), 29.3 (s, lC,  C4), 29.4 (s, lC,  
C5), 30.8 (s, lC ,  C7), 32.7 (s, lC ,  C2), 43.5 (s, lC ,  C8), 55.0 
(s, 1 C ,  CH30), 62.8 (s, 1 C,  CHIOH), 70.3 (s, 1 C, Tr-C-N), 1 13.0 
(s, 2C, tnera-anisyl), 126.0 (s, aromatic), 127.6 (s, aromatic), 128.5 
(s, aromatic), 129.8 (s, aromatic), 138.5 (s, lC,  ipso-anisyl), 146.6 
(s, 2C, ipso-phenyl), and 157.8 (s, lC ,  pura-anisyl). (Assign- 
ments based upon values for n-octanol, n-octylamine, triphenyl- 
carbinol and p-methoxybenzylamine (23).) MS, rn/z (RI%): 340 
(5)[M+ - C,H,], 318 (12), 288 (2)[M+ - (CH,),OH], and 273 
(100)[M+ - NH(CH2)80H]. 

6-Chloro,9-(8'-N-rnerhoxyrritylarninooctyl)purine, 11 
The procedure used was similar to that of Mitsunobu (1 la) ,  or 

Iwakawa er a / .  (1 1 b). N-Methoxytrityl-8-aminooctanol (500 mg, 
1.197 mmol) was dissolved in 5 mL of THF. To this stirred solu- 
tion (under nitrogen atmosphere) was added a solution of triphe- 
nylphosphine (316 mg, 1.20 mmol) dissolved in 3 mL of THF. A 
solution of 6-chloropurine (185 mg, 1.197 mmol) together with 
diethyl azodicarboxylate (208.5 mg, 1.197 mmol) in 2 rnL of THF 
was then added all at once. The mixture was stirred for 72 h at room 
temperature and the solvent then evaporated under reduced pres- 
sure in a rotary evaporator. The residue was washed three times with 
10-mL portions of a solution consisting of 20% chloroform in 
hexanes. The combined washings were rotary evaporated under 
reduced pressure and redissolved in a volume of 40% acetonitrile 
in distilled water that was sufficient to effect dissolution (30- 
40 mL). A 2-mL portion of this solution was applied to a reversed 
phase Sep-Pak. The Sep-Pak was washed with 5 mL of fresh ace- 
tonitrile/water solution (40:60), followed by elution with 10 mL 
of acetonitrile. The Sep-Pak was then regenerated by washing with 
5 mL of methanol followed by 5 mL of distilled water and the 
separation procedure was repeated with a fresh aliquot of the crude 
reaction product. The combined acetonitrile eluates were col- 
lected and evaporated under reduced pressure in a rotary evapo- 
rator. The yield of the partially purified product was 56% as indi- 
cated by 'H NMR. TLC of 11 with acetonitrile on RP KC18F TLC 
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TABLE 1 .  Crystal data 

Formula C13H19N5 
Formula wt. 245.33 
Crystal size (mm) 0.21 X 0.25 X 0.45 
Systematic absences 1/01, 11 + I = 211 + 1, OkO, k = 211 + 1 
Space group P2 ,  / ~ i '  
Unit cell parameters n = 9.620(3) 

(A and ") 1, = 12.266(3) P = 1 1 1.25(2) 
c = 1 1.944(2) 

volume (A3) 1313.7(5) 
z 4 
p .  linear absorp. coeff. (cm-') 0.86 

absorp. coeff. factor. A,  range 
Uc:,lc, U,,b, (g ~ 1 1 7 ~ ~ )  
Max 20, reflections meas. 
Standard reflections (esd. %) 
Temperature ("C) 
Total number of reflections measured 
Number of independent reflections 
No. with I > 0 (used) 
R,"," 
Final R,' R," 
Final shift/error max. (ave.) 
Final difference map; max, min e A-3 
Weighting 
Secondary extinction coefficient, s 
F(000) 
Number of variables 
Error in obs. of unit wt. 

"This cell can be converted to the conventional P 2 , / c  cell; a = 9.620(3), h = 12.266(3), c = 
12.325(2) A. P = 114.52(2)" by the matrix ( - I  0 1/0 - I  0/1 0 1). 

"R,,,, = (Z(NZ(,v((F)-F)'))/Z(N - I)CIVF')'I'. 
' R  = CIIF<,I - I~~l l l~ l~ . .  
"R, = (Z,v(lF<,I - lFLI)'/CwF<:)'l'. 

plates gave Rf 0.51. Compound 11 showed 'H NMR (WM 250) 
6:1.283 (m, 8H, (CH?),), 1.457 (m, 2H, NCCH?), 1.921 (m, 2H. 
N9CCH2), 2.102 (t, 2H, CH2NH), 3.771 (s, 3H, 0CH3), 4.264 (t, 
2H, N9CH2), 6.810 (m, 4H, H20H2), 7.252 (m, 14H, Ph), 8.083 
(s, 1 H, C2H), 8.738 (s. IH, C8H). I3c NMR (WP 80) 6: 26.5 (s, 
IC, C6'), 27.1 (s, lC,  C3'), 28.8 (s, lC,  C2'), 29.2 (s, lC ,  C4'), 
29.7 (s, lC ,  C5'), 30.7 (s, lC ,  C7'). 43.4 (s, lC ,  C8'), 44.2 (s, 
IC, Cl ' ) ,  55.1 (s, IC, CH30), 70.3 (s, lC, Tr-C-N), 113.0 (s, 2C, 
meta-anisyl), 126.0 (s, aromatic), 127.6 (s, aromatic), 128.5 (s, 
aromatic), 129.8 (s, aromatic), 13 1.8 (s, 1 C, C5), 138.5 (s, lC ,  
ipso-anisyl), 145.0 (s, 1C. C8), 146.6 (s, 2C, ipso-phenyl), 151.1 
(s, lC,  C2), 15 1.9 (s, 2C, C4 and C6), and 157.8 (s. IC, parcz- 
anisyl). (Assignments based upon values for 11-octylamine, tri- 
phenylcarbinol, p-methoxybenzylamine, and 6-chloropurine (23).) 

6-Chloro,9-(8'-aminoocty1)purirze hydrochloride, 12 
6-Chloro-9-(8'-N-methoxy trity1aminooctyl)purine (46 mg, 0.083 

mmol) was dissolved in 2 mnL of methylene chloride. To this stirred 
solution was added 12 pL of trifluoroacetic acid and 20 pL of 
methanol. After 0.5 h more methanol (0.1 mL) and 8 mL of meth- 
ylene chloride were added. The solution was extracted with twice 
with 10-mL portions of 0.01 M hydrochloric acid. 'The combined 
aqueous layers were evaporated under high vacuum in a rotary 
evaporator to dryness yielding 12 mg (50%) of 12 as a green solid. 
Compound 12 (HCI salt) showed 'H NMR (EM 390) D 2 0  sol- 
vent, 6: 1.35 (m, 12H, (CH2)6), 3.07 (t, 2H, CH2-N+), 4.43 (m,  
2H, CH,-N9), and 8.86 (s, IH, C2H). The free amine, isolated by 
methylene chloride extraction of a basic solution of the hydro- 
chloride salt in water, was stable and showed 'H NMR (EM 390) 
6: 1.33 (br m, 12H, CH2 on carbons 2',3',4',5',6',7'), 3.63 (m, 
2H, CH2NH2), 4.18 (t, J = 6 HZ, 2H, CH2N9), 5.95 (s, 2H, NH2), 

7.77 (s, l H ,  C2H), and 8.43 (s, 1 H, C8H). MS, m/z (RI%): 28 1 
(3)[M+], 279 (14). 167 (32)[M+ - C,NH2], 149 (84), and 92 (100). 

N6,N9-0ctametlzylerzepuri11e cyclophane, 1 
6-Chloro-9-(8'-aminoocty1)purine hydrochloride ( 12 mg, 0.0378 

mmol) was added to 1 mL of acetonitrile. The mixture was cooled 
to 0°C and N,N-diisopropylethylamine (10 mg, 0.080 mmol) was 
added dropwise. After 0 .5 h, the mixture was added to 50 mL of 
acetonitrile. The solution was stirred at 60°C for 24 h followed by 
evaporation under reduced pressure in a rotary evaporator. The 
residue was redissolved in 10 mL of chloroform and extracted three 
times with 10-mL portions of 0.01 M hydrochloric acid. The or- 
ganic layer was dried over anhydrous sodium sulphate and evap- 
orated under reduced pressure in a rotary evaporator to dryness 
yielding 2.8 mg (0.0114 mmol, 30.2%) of crude 1. The cyclo- 
phane was purified by medium pressure chromatography on sili- 
ca gel using a Lobar column and elution with 1% methanol 
in chloroform. TLC with 5% methanol in chloroform gave Rf 
0.198. The purified cyclophane showed: UV: A,,,,, 278 nm (E 

= 10 557, ethanol). 'H NMR (AM500) 6: -0.0636 (C5'R), 
0.18 (C4'S), 0.18 (C3'S), 0.517 (C6'S), 0.606 (C4'R), 0.892 
(C5'S), 1.030 (C3'R), 1.259 (C6'R), 1.377 (C2'S), 1.470 (C2'R), 
1.644 (C7'S), 1.797 (C7'R), 3.350 (CI'R), 3.920 (C8'S), 4.546 
(C8'R), 4.687 (CI'S). I3C NMR (AM 500) 6: 23.146 (s, IC, 
C6'), 25.213 (s, lC,  C3'), 26.128 (s, lC ,  C4'), 28.722 (s, 
IC, C7'),  30.924(s, l C ,  C2'),31.322(s, l C , C 5 ' ) , 4 3 . 0 3 0 ( ~ ,  IC, 
Cl ' ) ,  45.032 (s, IC, C8'), 121.313 (s, l C ,  C5), 143.106 (s, 
IC, C8), 152.417 (s, IC, C4), 154.141 (s, l C ,  C2), and 159.937 
(s, IC, C6). MS, m/z (RI%); 245 (79)[Mf], 216 (15)[M+ - 
NHCHJ, 202 (19)[Mf - NH(CH,),], 188 (21)[M+ - NH(CH2h1, 
174 (21)[M+ - NH(CH2),], 160 (18)[Mf - NH(CH2),1, 134 
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TABLE 2. Atomic positional parameters ( x  10') 
and temperature factors (A' x lo3) 

Atom s Y z U ~ ,  

N1 3392(2) 9609(2) 5456(2) 42 
C2 1957(3) 9409(2) 5270(3) 43 
N3 1358(2) 8714(2) 5825(2) 39 
C4 2446(3) 8260(2) 6763(2) 32 
C5 3953(3) 8462(2) 7146(2) 33 
C6 4438(3) 9078(2) 6369(2) 37 
N7 4719(2) 7887(2) 8193(2) 39 
C8 3677(3) 7324(2) 8376(2) 40 
N9 2271(2) 7492(2) 7539(2) 37 
N6 5868(2) 9157(2) 6446(2) 47 
C 1 ' 6930(3) 8256(3) 69 13(3) 50 
C2' 6864(3) 7408(3) 5956(2) 58 
C3' 5335(3) 6902(3) 5276(3) 51 
C4' 4749(3) 6 144(2) 6020(3) 46 
C5' 3067(3) 6007(3) 5498(3) 45 
C6' 2352(3) 5436(2) 6298(3) 46 
C7' 887(3) 5955(2) 6262(3) 47 
C8' 101 2(3) 6735(4) 7285(2) 46 

u,,=f(u,,+uz,+u33+2u,,cosP). 

(11)[M+ - (CH2),CH], 148 (51), 83 (90), and 55 (100). HRMS, 
for Cl3HIyN5, calcd.: 245.1640; found: 245.1669. 

6-Chloro-9-octylpurine, 13 
The same procedure was followed as for the synthesis of 6- 

chloro-9-(8'-N-methoxytritylaminooctyl)purine. The compound was 
purified by column chromatography with silica gel (5% methanol 
in chloroform) yielding 79% of 13. Compound 13 showed 'H NMR 
(EM 390) 6: 0.080 (m, 3H, CH3), 1.23 (m, 10H, (CH,),), 1.90 (m, 
2H, CH,-C-N), 4.27 (t, 2H, CH,N), 8.10 (s, 1 H, C2H) and 8.77 
(s, lH,  C8H). I3c NMR (AM 500) 6: 14.130 (s, lC,  
CH,), 22.466 (s, lC,  C7'), 26.520 (s, IC, C3'), 28.833 (s, lC,  
C5'), 28.919 (s, lC,  C4'), 29.774 (s, lC, C6'), 31.574 (s, 
lC,  C2'), 44.477 (s, lC,  Cl ' ) ,  131.550 (s, lC,  C5), 145.114 (s, 
lC,  C8), 150.934 (s, lC,  C2), and 15 1.815 (s, 2C, C4 and C6) 
(assigned by comparison with n-octylamine (23)). MS, m/z (RI%): 
266 (lO)[M+], 237 (3)[M+ - CH2CH3], 223 (4)[M+ - (CH2)2CH3], 
209 (lO)[M+ - (CH2)3CY3], 195 (7)[M+ - (CH2),CH3], 181 
(6)[M+ - (CH2),CH3], 167 (1 1)[M+ - (CH2)6CH3], 104 (82), 

and 59 (100). HRMS, for Cl3HlyN,C1, calcd.: 266.1298; found: 
266.1285. 

6-Amirzooctylpurine and 6-amii1ooctyl-9-octyIpurine, 14, 15 
6-Chloropurine or 6-chloro-9-octylpurine was dissolved in 

2.6 mL of acetonitrile. To this stirred solution were added octyl- 
amine (68 FL, 0.41 mmol) and N, N-diisopropylethylamine (7 1 p,L, 
0.41 mmol). After 24 h at 65OC, the solution was evaporated to 
dryness under reduced pressure in a rotary evaporator. The crude 
product was purified by column chromatography using 5% meth- 
anol in chloroform. The yield of the 6-amino compound 14 was 
73%. The yield of the 6,9-dialkyl compound 15 was 50%. Com- 
pound 14 showed mp 169-170°C (lit.(41) mp 165-167°C). ' H  
NMR (AM 500) 6: 0.855 (t, 3H, CH,), 1.25 (m, 8H, (CH,),), 1.4 16 
(m, 2H, N-C-C-CH,), 1.693 (m, 2H, N-C-CH2), 3.600 (m, 2H, 
CH'N), 6.068 (br s, lH,  NH), 7.240 (s, lH,  C2H), and 7.962 
(s, IH, C8H). I3C NMR (AM 500) 6: 14.052 (s, lC,  CH3), 22.614 
(s, IC, C7'), 26.937 (s, lC,  C3'), 29.208 (s, lC,  C5'), 29.321 (s, 
lC,  C4'), 29.723 (s, lC,  C6'), 3 1.779 (s, lC ,  C2'), and 40.7 19 
(s, IC, Cl ' )  (assigned by comparison with n-octylamine (23)). 
MS, m / z  (RI%): 247 (10)[M+], 204 (8)[M+ - (CH1)2CH3], 190 
(14)[MC - (CH2)3CH3], 176 (6)[M+ - (CH2)4CH3], 162 (25)[M+ 
- (CH,),CH3], 148 (100)[M+ - (CH2)6CH3], and 1 19 (7 l)[M+ - 
NH(CH,),CH3]. HRMS, for C13HZIN5, calcd.: 247.1797; found: 
247.1784. 

Compound 15 showed: UV: A,,, 268 (E = I 1  779, ethanol). 'H 
NMR (EM 390) 6: 0.88 (m, 6H, 2CH3), 1.28 (m, 20H, 2(CH2),), 
1.70 (m, 4H, 2CH2-C-N), 3.68 (m, 2H, CH,N6), 4.17 (t, 2H, 
CH,N9), 5.90 (br s, 1 H, NH), 7.74 (s, I H, C2H), and 8.45 (s, 1 H, 
C8H). MS, m/z (RI%): 359 ( 4 1 ) [ ~ + ] ,  343 (37), 330 (23)[M+ - 
CH,CH3], 302 (57)[M+ - (CH1)3], 288 (23)[M+ - (CH2)4CH3Ir 
260 ( 9 2 ) [ ~ +  - (CHJ6CH3], 247 (37)[M+ - CH(CH2)7CH3], 
204 (23)[M+ - (CH2)8CH3], 176 (34)[M+ - (CH2)10CHj], 148 
( 1 0 0 ) [ ~ +  - (CH,),,CH,], 104 (73), and 59(80). HRMS, for 
C21H37N5r calcd.: 359.3049; found: 359.3036. 

X-ray studies 
A crystal of 1, suitable for X-ray studies, was chosen after ex- 

amination with a polarizing microscope. The acicular crystal was 
sealed in a Lindemann capillary and the space group determined 
with precession photographs. The cell parameters were deter- 
mined by a least-squares refinement of the angular parameters of 
15 automatically centred reflections in the range 19.1" < 20 < 
26.5". Intensities were measured at 22" on a Nicolet P3 diffrac- 
tometer yith use of graphite-monochromated MoKa radiation (A 
0.71069 A) and the 0(crystal)-20(counter) scan mode. Crystal data 

TABLE 3. Selected interatomic distances (A) and angles (") 

N 1 -C2 1.339(4) C2-N3 1.332(4) N3-C4 1.346(3) 
C4-C5 1.375(3) C5-C6 1.40 l(4) C6-N I 1.353(3) 
C5-N7 1.392(3) N7-C8 1.299(4) C8-N9 1.375(3) 
N9-C4 1.374(3) C6-N6 1 .349(4) N6-C 1 ' 1.47 l(4) 
C 1 '-C2' 1.530(5) C2'-C3' 1.53 l(4) C3'<4' 1.528(5) 
C4'-C5' 1.518(4) C5'-C6' 1.534(5) C6'-C7' 1.533(5) 
C7'-C8' 1.522(4) C8'-N9 1.468(4) 
C6-N 1 -C2 1 17.8(2) N 1 -C2-N3 129.8(2) C2-N3-C4 109.4(2) 
N3-C4-C5 127.6(2) C4-C5<6 1 16.1(2) C5-C6-N 1 1 17.7(2) 
N3-C4-N9 126.6(2) C5-C4-N9 105.7(2) C4-N9-C8 105.3(2) 
N9-C8-N7 1 14.4(2) C8-N7-C5 103.4(2) N7-C5-C6 132.3(2) 
N7-C5-C4 1 1 1.0(2) C5-C6-N6 124.7(2) N1-C6-N6 1 17.6(3) 
C6-N6-Cl' 121.5(3) N6-C1'-C2' 1 13.1(2) C1'-C2'-C3' 116.4(3) 
C2'-C3'-C4' 1 15.1(3) C3'-C4'-C5' 1 13.0(2) C4'-C5'-C6' 1 16.5(2) 
C5'-C6'-C7' 114.1(2) C6'-C7'-C8' 1 15.7(2) C7'-C8'-N9 112.5(3) 
C8'-N9-C4 126.0(2) C8'-N9-C8 125.2(2) 
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and other numbers related to data collection are given in Table 1. 
Corrections were made for Lorentz polarization effects but not for 
absorption. This will introduce a maximum error in F, of <0.3%. 
The structure was solved by direct methods. The phases were de- 
termined with the use of 321 reflections with E > 1.2 and 12 sets 
of starting phases. All non-hydrogen atoms were found in the sub- 
sequent E map. Hydrogen atoms were found from subsequent dif- 
ference maps and the coordinates of all atoms (C and N with an- 
isotropic temperature factors) were then refined, with minimization 
of the function Zrv(l~,,I - IF&' until the final shift/error was less 
than 0.1. Reflections with 3u,  > 1 > 3ul  were treated by the method 
of French and Wilson (42). Scattering factors were those of Cromer 
and Waber (43). Secondary extinction was made by the method of 
SHELX ( u ) . ~  Atomic positional parameters and U,, for non-hy- 
drogen atoms are given in Table 2.6 
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T. BRUCE GRINDLEY, RASIAH THANGARASA, PRADIP K.  BAKSHI, and T.  STANLEY CAMERON. Can. J. Chem. 70, 197 
( 1 992). 

Crystals of 2,2-dibutylil,3,2-dioxastannane ( I )  are orthorhombic, of space group Pnma, with a = 7.663(3), b = 
18.437(2), c = 9.277(4) A,  Z = 4, R = 0.0568 (R,,. = 0.0551) for 1183 independent reflections with I > 3u(I). Com- 
pound 1 is a polymer in which each monomer unit i: joined to the next by a four-membered (SnOI? ring. The Sn-0 
bond lengths inside the monomer units average 2.04 A while those between monomers average 2.57 A.  The mirror plane 
of the crystal contains the atoms in the four-membered rings and the other oxygen atoms. Two of the three remaining 
carbon atoms in the six-membered rings of the monomer units are close to the mirror plane. The other carbon atom is 
disordered above and below the plane. It was shown by "'Sn NMR spectroscopy that solutions of 1 contain mixtures of 
oligomers that consist mainly of dimers, trimers, and tetramers in chloroform-d. AGO values for dimer-trimer equilibria 
and dimer-tetramer equilibria of -2.5 and - 1.5 kcal mol-' were obtained from integration of low temperature " 9 ~ n  
NMR spectra. These values favour the higher oligomers slightly less than those for 2,2-dibutyl-1,3,2-dioxastannolane. 

Key words: 1,3,2-dioxastannanes, stannylene acetals, X-ray crystallography, 'I9sn NMR spectroscopy. 

T. BRUCE GRINDLEY, RASIAH THANGARASA, PRADIP K.  BAKSHI et T. STANLEY CAMERON. Can. J. Chem. 70, 197 (1992). 
Les cristaux de 2,2-dibutyl-!,3,2-dioxastannane ( I )  sont orthorhombiques, groupe d'espace Pnma, avec a = 7,663(3), 

b = 18,437(2), c = 9,277(4) A,  Z = 4 et R = 0,056 (R,,, = 0,0551) pour 1183 reflexions independantes avec I ?  3u(I). 
Le compose 1 est un polymkre dans lequel chaque unit6 de monomere est like a la suivante par un cycle aoquatre chainons 
(SnO),. La longueur moyenne des liaisons Sn-0 a l'intkrieur des unites de monomkre est tgale a 2,04 A alors que celle 
observke entre les monomkres est de 2,57 A.  Le plan miroir du cristal contient les atomes des cycles a quatre chainons 
ainsi que les autres atomes d'oxygtne. Deux des trois autres atomes de carbone des cycles a six chainons des unites de 
monom6re se trouvent pres du plan miroir. L'autre atome de carbone est dCsordonnC au-dessus et au-dessous du plan. 

I On a montre par RMN du I i9sn que des solutions du composk 1 dans le chloroforme-d contiennent des melanges d'o- 

1 ligomkres formes principalement de dimkres, de trimkres et de tktramkres. En se basant sur une integration des spectres 
1 RMN du " 9 ~ n  mesures a basse temperature, on a pu determiner que les valeurs de AGO des tquilibres dimkre/trimkre 
1 
I et dimkre/tetramkre sont respectivement -2,5 et - 1,5 kcal mol-I. Ces valeurs sont un peu moins favorables aux oli- 
! gomeres plus eleves que celles mesurkes pour le 2,2-dibutyl-1,3,2-dioxastannolane. 

Mots cl ts  : 1,3,2-dioxastannanes, acCtals de stannyltne, cristallographie par rayons-)<, spectroscopie RMN du 'I9sn. 
[Traduit par la redaction] 

I Introduction The structure of 2,2-dibutyl-l,3,2-dioxastannane (1) has 

1 The reactions of 1.2-diols and 1.3-diols with dialkyltin 
oxides under conditions where water is removed azeotropi- 
cally yield 1,3,2-dioxastannolanes and 1,3,2-dioxastan- 
nanes, respectively. These compounds, often termed stan- 
nylene acetals, have become widely used as intermediates 
for the regioselective monosubstitution of diols (1-3). Most 
of the reactions studied have involved 1,3,2-dioxastanno- 
lanes but those in which 1,3,2-dioxastannanes are interme- 
diates also work efficiently (4, 5). 

Structures of 1,3,2-dioxastannolanes in the solid state as 
determined by X-ray crystallography have ranged from di- 
mers (6, 7), to a pentamer (8), to polymers (9). Derivatives 
with a few non-bulky substituents, e.g., 2,2-dibutyl-1,3,2- 
dioxastannolane (9, lo), or 2,2-dibutyl-4-methyl-1,3,2- 
dioxastannolane ( lo) ,  are polymers in the solid. In solution, 
these compounds are less associated and the species present 
at concentrations observable by Il9sn nrnr spectroscopy range 
from dimers to mixtures of oligomers up to the pentarner ( 1  1). 
1,3,2-Dioxastannolanes having large substituents on tin, e.g., 
tert-butyl groups (7), or many small substituents (1 1, 12) 
can exist solely as dimers both in solution and in the solid 

I state. We have recently shown that highly substituted 1,3,2- 
I dioxastannolanes, such as the 2,2-di-tert-butyl-4,4,5,5-te- 

tramethyl derivative, exist as the monomer or as dimer- 
monomer mixtures ( 13). 

'TO whom correspondence should be addressed. 

attracted considerable attention. A preliminary X-ray dif- 
fraction study published in 1973 suggested that solid 1 was 
a polymer but no details other than the Sn-0 bond lengths 
were supplied (14). Recently, " 9 ~ n  nmr spectra of 1 in the 
solid state have been measured and the results support the 
assignment of the structure of 1 as a polymer (10). Molec- 
ular weight measurements in pyridine by boiling point ele- 
vation gave values of 333 (14) and, for a higher concentra- 
tion (4.2%), 550 (15). The molecular weight of the monomer 
is 307. 

The most reliable technique for obtaining information 
about the structures of tin-containing compounds in solu- 
tion is lI9sn nmr spectroscopy ( 16). Smith et al. (17) and 
Kennedy (1 8) demonstrated that for dialkoxydialky ltin 
derivatives, tetracoordinate tin nuclei absorb between 0 and 
-40 ppm while pentacoordinate tin nuclei absorb between 
- 150 and - 170 ppm. Tetracoordinate tin atoms are present 
only in monomers. A dimer contains only pentacoordinate 
tin while higher oligomers contain both pentacoordinate and 
hexacoordinate tin atoms. 

The '19sn nnlr chemical shifts of cyclic derivatives are 
somewhat different. For 2,2-dibutyl- 1,3,2-dioxastannolane 
(2) in solution, pentacoordinate tin nuclei in dimers and 
oligomers absorb between - 126 and - 132 ppm while 
hexacoordinate tin nuclei absorb between -260 and 
-285 ppm in trimers, tetramers, and pentamers (1 1). We 
have recently shown that tetracoordinate tin nuclei in mo- 
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nomeric 2,2-dibutyl-l,3,2-dioxastannolanes absorb at about 
+ 8 0  ppm (13). 

n 

Smith et al. observed " ' ~ n  nrnr chemical shifts for 1 of 
-228 and -288 ppm in saturated chloroform-d solution at 
room temperature and neat at 96OC, respectively. These 
workers concluded that 1 was probably present in solution 
as mixtures of oligomers based on their measurement of the 
chemical shift for-a saturated solution of 2 in chloroform-d 
at room temperature of - 189 ppm (17). Compound 2 was 
considered to be a dimer (17) although it has since been 
shown that a mixture of oligomers was present (1 1). 

In this publication, we report an X-ray diffraction study 
of 1 at low temperature and variable temperature 'I9sn and 
13 C nmr studies of 1 in solution in order to fully define the 
species present in both phases. These results will provide a 
basis for interpreting the spectra and reactions of substituted 
1,3,2-dioxastannanes. 

Experimental 
Sommercial 1,3-propanediol was dried over molecular sieves 

(4 A) and converted to 2,2-dibutyl-1,3,2-dioxastannane (1) by re- 
fluxing with an equivalent amount of dibutyltin oxide in benzene 
in an apparatus for the azeotropic removal of water. Evaporation 
of the solvent on a vacuum line yielded a white powder. Distilla- 
tion of dried hexane and toluene onto the sample, followed by 
heating and cooling cycles conducted in a vacuum, gave colour- 
less crystals suitable for study by X-ray diffraction. The crystals 
were transferred into capillaries in a dry box and the capillaries were 
sealed. Crystal data and other experimental details are summa- 
rized in Table 1. The data were collected on an Enraf-Nonius CAD4 
diffractomet~r using graphite monochromated MoK, radiation (A 
= 0.70926 A) at 203 K. Cell dimensions were calculated from 25 
reflections with 20 angles in the range 26-30', No correction was 
made for extinction but an absorption correction was applied (20). 
Atomic scattering factors and corrections for anomalous disper- 
sion for Sn, C, 0, and H were taken from the International tables 
for X-ray crystallography, Vol. IV (21).2 

The structure was solved by the direct (SHELXS) method (19). 
All non-hydrogen atoms were refined with anisotropic thermal pa- 
rameters. Hydrogen atoms were placed geometrically and refined 
riding on the attached carbon atoms with individual isotropic ther- 
mal parameters. C(5) and its attached hydrogens were found to be 
disordered above and below the mirror plane. C(4) and C(6) were 
also found to be slightly disordered (see Discussion). 

Carbon-13 and tin-1 19 nrnr spectra were measured on a Nicolet 
NT-360 NB spectrometer at 90.8 and 134.6 MHz, respectively. 
Chemical shifts are reported with respect to internal tetramethyl- 
silane and external neat tetramethyltin at 20°C, respectively. The 
samples studied were prepared and sealed under vacuum as pre- 
viously (1 1). 

ClOD ClOB 
C l O F  

C9F 
C9D C9B 

FIG. 1. A segment of the structure of polymeric 2Jdibutyl- 
1,3,2-dioxastannane (1). The relationships between the labels here 
and the symmetry labels used in Table 3 and in the table of tor- 
sional angles (supplementary Table 4) are as follows: B = iii = x 
+ 0 . 5 ,  - y  + 0.5, -z + 0 . 5 ; C  = i v = x + O . 5 , y ,  - z +  0.5;D 
= i i = x - 0 . 5 , - y + 0 . 5 , - z + 0 . 5 ; E = v = x - 0 . 5 , y , - z +  
0.5; F = i = x, -y + 0.5, z. Note that C(5), the atom between C(4) 
and C(6) in the figure, and also C(4) and C(6) have 1 : I disorders 
above and below the plane defined by 0(3), Sn, O(1) and only one 
of the two locations for each are shown for each monomer unit. 

Results and discussion 
X-ray crystallography 

The structure and numbering of the compound is shown 
in Fig. 1; the crystal data, atomic coordinates, bond lengths, 
and interbond angles are listed in Tables 1-3. 

The individual 2,2-dibutyl-1,3,2-dioxastannane units 
are linked together through planar four-membered 
Sn-0-Sn-0 rings to form an infinite ribbon polymer. 
The tin and oxygen atoms are all located on the mirror plane 
of space group Pnma. In initial refinements, the carbon atoms 
that are bonded to the oxygen atoms, C(4) and C(6), were 
also found to lie on the mirror plane but the third carbon 
atom, C(5): was disordered, occupying equally populated 
sites 0.52 A above and below the plane. The thermal pa- 
rameters for C(4) and C(6), particularly U22,  were found to 
be significantly larger than those of the other atoms. It ap- 
peared that C(4) and C(6) were slightly disordered as well, 
lying above the mirror plane when C(5) is below and vice 
versa. T o  define the extent of this disorder, several refine- 
ments were performed where C(4) and C(6) were fixed at 
varying distances away from the mirror plane. U2,  was plot- 
ted against the distance away from the plane (see Fig. 2). The 
final distance away from the plane was that which mini- 
mized U2> The two butyl groups are related by the mirror 
plane. Because the plane of the four-membered ring is the 

2~upplementary tables containing more experimental details, mirror plane of the crystal, all four-membered rings in a 

anisotropic thermal parameters, hydrogen atom positions, tor- particular polymer lie in this plane. The conformation of each 
sional angles, and observed and calculated structure factors may 173.2-dioxastannane ring is close to a half-chair with five 
be purchased from the Depository of Unpublished Data, CISTI, atoms lying close to the plane defined by the two fused planar 
National Research Council of Canada, Ottawa, Ont., Canada K2A four-membered rings. All torsional angles involving O ( l ) ,  
OS2. Sn,  O(3) and their symmetry-related atoms have values 
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TABLE 1. Crystal data for 2,2-dibutyl-l,3,2-dioxastannane (I)  

Formula (CI ,H2&hSn),, 
FW(monomer) 306.91 
Crystal system Orthorhombic 
Space group Pnma 
a (4) 7.663(3) 
b (e) 18.437(2) 
c (A) 9.277(4) 
v (A') 1311(2) 
z 4 
Dcalcd (g cm..') 1.555 
T 203 K 
k(MoKa) (cm-') 19.3283 
F(000) 624 
Crystal dimensions (mm) 0.15 x 0.15 x 0.35 
Scan type o/20 
o scan width (deg) 1.0 + 0.35 tan 0 
0 range (deg) 3-25 
Range of h ,  k ,  1 (deg) 0-9,O-11,O-21 
Measured reflections 1363 
Unique reflections 1183 
Observed reflections 

11 > 3ucn1 867 
Parameters refined 104 
Final R ,  R,,, indices" 0.0568, 0.0551 
Weighting scheme w = ~.OOO/[U'F + 0.000181~'] 
S" 3.719 
Highest peak (e A-') 3.38 
Lowest peak (e A-') -2.73 

"R = [XIIFoI - IF~II/XIF<,I; R .  = (CMI(IF~I - IF.I)~/XWF.')'I: 
"S = (Xw(lF.1 - IF,l)'/(m - n)'"; m = no. of reflections, n = no. of 

variables. 

TABLE 2. Fractional atomic coordinates (X 10') with their 
estimated standard variations in parentheses 

Atom x/a y/b Z/C U(mod) 

TABLE 3. Selected bond lengths (A) and bond angles (deg), with 
estimated standard deviations in parentheses" 

Bond 

Sn-C(7) 
Sn-O(1) 
Sn-O(3) 
C(7)-C(8) 
C(9)-C( 10) 
O( 1)-C(6)' 
C(6)-C(5)' 
C(5)-~(4)' 
O(3)-C(4)' 

Length 

2.139(8) 
2.043(6) 
2.028(6) 
1.519(14) 
1.5 16(15) 
1.435(11) 
1.35(2) 
1.38(2) 
1.462(11) 

Bond 

Sn-C(7)'.. 
Sn-O( 1)" 
~n-0(3)'ji 
C(8)-C(9) 
O( 1 )-C(6) 
C(6)-C(5) 
C(5)-C(4) 
0(3)-C(4) 

Length 

Bonds Angle Bonds Angle 

- 

"Atoms labelled with superscripts are related to the nonsuperscripted 
atoms by the following translational symmetry: i: .r + 0.000, -y + 0.500, 
z + 0.000; ii: x - 0.500, -y + 0.500, -z + 0.500; iii: x + 0.500, -y + 
0.500, - z  + 0.500. 

gles and bond lengths is shown in Table 4. Because the R 
value for methyl 4,6-0-benzylidene-2,3-0-dibutylstannyl- 
ene-a-D-glucopyranoside (4) was rather large (10.9%) and 
some carbon atoms in the butyl groups were not located (6a), 
we have recently reexamined this molecule by X-ray dif- 
fraction at low temperature and the data in Table 4 for 4 are 
from our study (6b). 

"Fixed. 
"Fixed by a procedure outlined in the text. 

of 0 or 180" (supplementary Table 4). The torsional angles 
0-Sn-0-C have absolute values of 12.1(6)" with signs 
depending on the orientation of C(5). 

The 0-Sn-0 bond angle inside the 1,3,2-dioxastan- 
nane ring is 93.2(2)" while the two 0-Sn-0 bond angles 
about a particular tin atom in its two attached four-mem- 
bered rings are 65.7(2) and 67.3(2)". The trans-0-Sn-0 
angles are 159.5(2) and 157.9(2)". The exocyclic C-Sn-C 
bond angle is 138.4(3)". Thus, the overall structure about tin 
is a severely distorted octahedron. 

It is interesting to compare the structural features of 1 in 
the crystal with those of the 1,3,2-dioxastannolanes studied 
by X-ray crystallography (6-9). A comparison of bond an- 

Polymeric molecules in which all tin atoms are hexacoor- 
dinate will be compared first. The bond angles and lengths 
for compound 1 do not differ significantly from those of its 
five-membered ring analogue, polymeric 2,2-dibutyl-1,3,2- 
dioxastannolane (2) (9), except that the intramonomer 
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FIG 2. Plots of U22 versus the distance from the mirror plane (y ,  A) for C(4) and C(6). 

TABLE 4. Comparison of bond lengths and angles around tin in 1,3,2-dioxastannolanes and 1,3,2-dioxastannanes" 

Bond length (A) on bond angle (deg) 

Coordinate Polymers Pentamer Dimers 
number of 

Parameter tin 1 2" 3' 4" 5' 

Intramonomer 
0-Sn-0 
Intermonomer 
0-Sn-0 
(inside 4-membered 

ring) 
Intercyclic 
0-Sn-0 
Exocyclic 
C-Sn-C 
Intramonomer 
Sn-0 
Intermonomer 
Sn-0 
Exocyclic 
Sn-C 

"Where values reported are averages, the uncertainty reported is an average of the reported uncertainties. 
"eference 9. 
'Reference 8. 
"Reference 66. 
'Reference 21. 

I 

0-Sn-0 bond angle in the six-membered ring is 14.2" 
I larger and, as a result, the trans-0-Sn-0 bond angle is 
I also larger by 9.7". These differences in the W S n - 0  bond 
1 angles in the two rings arise from the constraints imposed by 

closure of rings containing two long Sn-0 bonds. 
More extensive differences can be noted between the bond 

angles and lengths for five-coordinate tin centres when 
compared with those of six-coordinate centres. The magni- 
tudes of exocyclic C-Sn-C bond angles at pentacoordi- 

10" smaller than those at hexacoordinate tin centres, which 
range from 134.7 to 142.7" (7, 8). This difference reflects 
the fact that the butyl groups are equatorial in the distorted 
trigonal bipyramid of five-coordinate tin and should be sep- 
arated by 120" whereas the ideal separation for six-coordi- 
nate tin is 180". The other major difference l i ~ s  in the in- 
termonomer Sn-0 bond lengths, 2.22-2.27 A for penta- 
coordinate tin (6, 8, 9) and 2.43-2.60 A for hexacoordinate 
tin (7, 8). The larger bond lengths for hexacoordinate tin may 

nate tin centres in more highly substituted 1,3,2-dioxastan- be a response to the greater crowding about the more sub- 
nolanes, ranging from 124.2 to 133.1" (6, 8, 9), are about stituted centre. 
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TABLE 5. Chemical shifts for 1 (ppm) 

I 3C 

Conditions "'Sn Butyl carbons 
T 

Phase Solvent ("C) Dimer Tri~ner C-4 C-5 C-a C-p C-y Me 

Solution CDCI, 20 - 193.5 66.7 36.9 21.9 27.0 27.5 13.7 
Solution CDCI, -65 -187.8 -195.1 -346.1 66.7, 36.5, 26.7, 27.4 27.6 13.9 

66.3 36.0, 20.2 
35.4 

Solution CDCI,:CD,CI? 
2: 1 20 - 191.6 66.5 36.7 21.8" 26.9 27.4 13.5 

Solution CDC1,:CD2CI2 
2: 1 -85 -186.6 -194.2 -344.7" 66.5, 36.1, 27.0, 27.3 27.5 13.8 

65.8 34.7 19.8" 
Solution Toluene-d8 20 -234.1 66.7 37.0 21.8 27.0 27.5 13.6 
Solid -279.5, -281.8" 

"'J,,,, = 64 1 Hz. 
" ~ l s o  present in this spectrum were signals of the tetramer at -200.9 and -333.1 ppm. 
"J,,, = 61 3 Hz. 
"Polymer. 

Solution nuclear magnetic resonance spectral results 
The 134.6 MHz " ' ~ n  nmr spectra of 1 at 20°C consisted 

of one broad peak with a chemical shlft of - 193.5 pprn for 
a 0.41 M solution in chloroform-d and -234.1 pprn for a 
0.38 M solution in toluene-d,. The peak had a half-helght 

1 linewidth of 1340 Hz in the chloroform-d solution at 20°C 
and it gradually narrowed to 810 Hz as the temperature was 
raised to 80°C but did not change position much 
(- 199.4 pprn at 80°C). The peak in the spectrum from the 
toluene-d, solution shifted to -214.8 pprn on warming to 
80°C and also narrowed (1200 to 375 Hz). When the tem- 
perature was lowered to about 10°C, the single peak in the 
chloroform-d spectrum divided into two, one with a shift 
close to the 20°C chemical shift and a second near 
-340 pprn that was smaller and broader. Further decrease 
in temperature caused the small peak to sharpen but the larger 
peak split again at about -45°C into two peaks having un- 
equal intensities, with the less intense one being less shielded. 
The low temperature shifts are listed in Table 5. All three 
peaks sharpened as the temperature was lowered further 
but the smallest peak, at - 187.8 ppm, remained broad, 
with a linewidth of 630 Hz and at a temperature of -6S°C, 
at which the adjacent peak, at - 195.1 ppm, had a linewidth 
of 72 Hz. Integrations of the two major peaks at - 195 and 
-346 pprn at temperatures below -55°C where both were 
reasonably sharp showed that the intensity of the former was 
twice that of the latter (k 10%). Of possible species, only a 
trimer contains two pentacoordinate tin atoms related by C2 
symmetry and one hexacoordinate tin atom. Therefore, it was 
concluded that the major species present at low temperature 
was a trimer. 

The broad peak at - 187.8 pprn lies in the region of the 
119 Sn nrnr spectrum where pentacoordinate tin atoms absorb 
and it can be assigned to a dimer. The dimer peak is broad 
at -65°C mainly because the dimer is still exchanging with 
a third species at this temperature as discussed below. 

A 0.3 M sample of 1 in a 2: 1 mixture of chloroform-d and 
dichloromethane-d, was re xed ,  to extend the study to 
lower temperatures. The '19SPn spectra of this sample were 
very similar to those of the chloroform-d solutions at tem- 
peratures from 20 to -65°C (see Fig. 3). In spectra re- 

corded at -75 to -9S°C, the peak assigned to the dimer was 
sharper and two additional equal intensity peaks appeared at 
-200.9 and -333.1 pprn (chemical shifts at -85°C). A te- 
tramer of 1 has C2 symmetry and would give a I f 9 ~ n  nmr 
spectrum having this combination of two equal intensity 
peaks with the chemical shifts observed. Therefore, it is 
concluded that the tetramer is the species whose signals ap- 
pear at temperatures lower than -65°C and exchange of a low 
concentration of the tetramer with the dimer causes the dimer 
signal to be broad at the lowest temperature accessible for 
chloroform-d solutions of 1 (see Fig. 4). 

The "C nmr spectra of 1 are consistent with the conclu- 
sions drawn above. The spectra at room temperature and 
above are simple, having the number of signals expected for 
a monomer. Three signals show marked changes with vari- 
ation in temperature which are similar in both chloroform-d 
and the mixed solvent system. The butyl C-CY signal at 
21.8 pprn in the mixed solvent spectra broadened as the 
temperature was lowered and split at about -20°C into two 
peaks, one at 19.8 pprn at -8S°C, the other obscured by the 
butyl C-P and C-y signals between 26.6 and 27.7 ppm. The 
average signal from the spectrum at 20°C had a ' J ~ , , ~  value 
of 641 Hz and the signal at 19.8 pprn at -85°C had a 
value of 613 Hz. The magnitude of has been related to 
the size of the C-Sn-C bond angle, increasing with in- 
creasing angle size for both butyltin(1V) (23) and methyl- 
tin(1V) derivatives (24). C-Sn-C bond angles are larger 
about hexacoordinate tin than pentacoordinate tin in crystal 
structures containing dialkoxydialkyltin derivatives (6-9). 
Because the 'J,,, value for the room temperature peak, which 
is an average of values for pentacoordinate and hexacoor- 
dinate tin nuclei, was larger than the value for the peak at 
19.8 pprn at -8S°C, the peak at 19.8 pprn can be assigned 
to C-CY for butyl groups on pentacoordinate tin. 

The relationship obtained for butyltin(1V) derivatives, 'J,,,~ 
= 9.990 - 746 Hz, was derived from a relatively small 
number of points (23). For a J value of 613 Hz, it gives a 
value of the C-Sn-C bond angle of 136.0". The relation- 
ship obtained for methyltin(1V) derivatives, 'J,,,~ = 10.70 
- 778 Hz, was derived from an extensive set of data (24). 
It yields a value for the C-Sn-C bond angle of 130.4". The 
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- P " ' l ' " ' I " " l  
- 1 0 0  -200 -300 -L iOO ppm 

FIG 3. ""n nmr spectra (134.6 MHz) of a 0.30 M solution of 
2,2-dibutyl-l,3,2-dioxastannane (1) in a 2 :  1 mixture of chloro- 
form-d and dichloromethane-dz at various temperatures. Labels: D, 
dimer peak; T, trimer peak; Tet, tetramer peak. 

Dimer Trimer 

Tet ramer 

FIG. 4. Structures of those oligomeric species of 2,2-dibutyl- 
1,3,2-dioxastannane (1) observed in solution 

X-ray C-Sn-C bond angle for 1 in which the tin atom is 
hexacoordinate in a polymer is 138.3(3)", close to the av- 
erage of C-Sn-C bond angles at hexacoordinate tin atoms 
in 1,3,2-dioxastannolanes ( 138.1 k 3.0") (7, 8). The aver- 
age of C-Sn-C bond angles at pentacoordinate tin atoms 
in 1,3,2-dioxastannolanes is 127.8 2 5. 1" (66, 8,  9). All 
structural features of analogous polymeric 1,3,2-dioxastan- 
nolanes and 1,3,2-dioxastannanes, i.e., 2 and I ,  are almost 
identical except for 0-Sn-0 bond angles in the five- and 
six-membered rings and directly related angles. Thus, the 
magnitude of the C-Sn-C bond angle for pentacoordi- 
nate tin atoms in the trimer of 1 is probably close to that of 
the same angle in the 1,3,2-dioxastannolanes, 127.8". The 
relationship between 'J,,., and C-Sn-C bond angle de- 
rived for methyltin(1V) derivatives (24) appears to give an 
answer for I closer to this value than does the equation de- 
rived from a limited number of butyltin derivatives (23), 
suggesting that these relationships are independent of the 
nature of the alkyl group. 

The peak at 36.7 ppm at 20°C in the mixed solvent splits 
at about -50°C into two major peaks at 36.1 and 34.7 pprn 
at -85°C with intensities in the ratio of about 2 :  1, respec- 
tively. Similarly, the peak at 66.5 pprn from the spectrum 
from the mixed solvent solution at 20°C splits at about -57°C 
into two peaks with chemical shifts of 66.5 and 65.8 pprn at 
-85°C having intensity ratios of about 2: 1.  It was con- 
cluded from the " 9 ~ n  nmr spectra that the trimer was the 
major species present in solution at -85°C. The observa- 
tion of two sets of signals present in 2 :  1 intensity ratios is 
consistent with a trimer, which consists of a central mono- 
mer unit containing hexacoordinate tin flanked by two 
equivalent monomer units containing pentacoordinate tin. 

The coalescence temperatures for the signals at 36.7 pprn 
and 66.5 pprn at -50 f 5°C and -57 * 5°C and chemical 
shift differences of 56.1 and 126.9 Hz, respectively, were 
used to calculate rate constants at coalescence of 191.1 and 
84.5 s-I, respectively, by means of the method of Shanan- 
Atidi and Bar-Eli for unequally populated sites (25). Frac- 
tional populations for the two sites of 0.67 and 0.33 were 
used. Free energies of activation of 10.6 +- 0.2 and 10.6 t 
0.3 kcal mol-I were obtained for coalescence at the two sites. 
The coalescence at 10 +- 5°C of the trimer hexacoordinate 
peak and its pentacoordinate peak, which have shifts of 
-344.0 and -194.6 pprn at -20°C, respectively, can be 
calculated in exactly the same way to have an activation en- 
ergy of 10.8 +- 0.3 kcal mol-'. These activation energies are 
slightly smaller than the comparable values of 12.1 5 
0.1 kcal mol-I obtained for the dimer a trimer barrier for 
the 2,2-dibutyl- 1,3,2-dioxastannolane derivative obtained 
from (S,S)- I ,2-cyclohexanediol, ( lS,6S)-8,8-dibutyl-7,9,8- 
dioxastannabicyclo[4.3 .O]nonane (6) (1 1). 

The activation barrier for the dimer tetramer inter- 
change appears to be considerably smaller for 1 than for the 
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1,3,2-dioxastannolanes, such as 2, where coalescence for this 
process occurs simultaneously with that for the dimer $ tri- 
mer process. The rate constant for a particular process is di- 
rectly related to the chemical shift difference between the 
exchanging sites. Therefore, a rough estimate of the acti- 
vation barrier for the dimer $ tetramer interchange for 1 
can be made from the ratio of the coalescence temperatures 
for the two processes occurring for 1 since the chemical 
shift differences are about the same for both. A value of 
7.7 kcal mol-' is obtained. 

Integration of the trimer and dimer signals in the ""n nmr 
spectra in chloroform-d allowed evaluation of the free en- 
ergy difference for the dimer $ trimer equilibrium. An 
equilibrium constant K = [trimer]"[dimer]3 can be defined 
for the following equilibrium: 

Integrations of the spectra were performed at 208 and 
213 K.  The equilibrium constants, K = [trimer]'/[dimer13, 
of 3 10 and 485, gave values of A G O  of -2.4 and -2.6 kcal 
mol-I, respectively, which yielded an average value of A G O  

of -2.5 5 0.2 kcal mol-' at 210 K.  'This value is somewhat 
smaller than that obtained for the same equilibrium for the 
dimers and trimers of 2, -3.3 5 0.1 kcal mol-I at 200 K,  
obtained by the integration of spectra from a wide range of 
temperatures ( I  1) for a 0.072 M solution in a 3 .2  mixture 
of chloroform-d and dichlorofluoromethane. If the entropy 
term is the same as obtained earlier ( I  1) for 2, -27.6 cal 
mol-I deg-I, A@ for the equilibrium for 1 is -8.3 kcal 
mol-I, very similar to the value of -8.8 * 1.8 kcal mol-' 
obtained for 2. 

The same procedure was performed on the mixed solvent 
spectra at 198 and 188 K,  except that two equilibria could 
now be evaluated: 

[2] 2Dimer $ Tetramer 

For equilibria [ I  ] and [2], AGO values at 193 K obtained by 
averaging the values at 198 and 188 K were -2.4 and 
- 1.5 kcal mol-I, respectively. For compounds 2 and 6, the 
AGO values for equilibrium [2] at 200 K were 0.8 and 
0.6 kcal mol-', respectively, algebraically greater than that 
measured for equilibrium [ I ]  but similar to the difference in 
values for the two equilibria measured for 1 here. 

The average chemical shifts observed by Smith et al. in a 
saturated chloroform-d solution at room temperature and neat 
at 96°C of -228 and -288 ppm, respectively, suggest that 
extensive oligomerization occurs under these conditions (17). 
If the chemical shifts from -65°C are used and it is as- 
sumed that only dimer and trimer are present, i t  can be cal- 
culated that the mole fraction of trimer is 0.70 for the chlo- 
roform-d solution. Probably the mixture present contained 
significant amounts of tetramer and perhaps higher oligo- 
mers. The chemical shift of -234 pprn observed for a 
0.38 M solution of 1 at 20°C in toluene-d, here suggests more 
extensive oligomerization. The tendency of 1,3,2-dioxa- 
stannolanes to favour higher oligomers in less polar sol- 
vents had been noted previously (12). The shift to a less 
shielded position on heating is due to the expected ( 1  1) shift 
in the equilibria towards lower oligomers. 

The mixture of species present in the neat liquid at 96°C 
(17) probably includes still higher oligomers. The average 

C h e m i c a l  S h i f t  (ppml 

FIG. 5 .  Expansion of the isotropic peaks in the 74.6 MHz 
CP/MAS ' " ~ n  nmr spectrum of solid, 2,2-dibutyl-l,3,2-dioxas- 
tannane ( I )  spun at 4 kHz. 

chemical shifts for the trimer and tetramer are -244.4 and 
-267.0 pprn from the mixed solvent data, both consider- 
ably less shielded than the signal from the neat liquid at 
-288 ppm. In the solid state, the average chemical shift for 
the polymer is -280 ppm and solution and solid-state Il9sn 
chemical shifts are normally very similar ( 2 5  ppm) (10, 26). 
Large variations in ' " ~ n  nmr chemical shifts with tempera- 
ture preclude precise definition of the species present but 
average values more negative than -280 pprn would be ex- 
pected for higher oligomers than the pentamer. 

The "'sn nmr chemical shifts of 1 are 60-70 pprn more 
shielded than those for comparable species of its five-mem- 
bered ring analogue, 2 (1 1) and 20-30 pprn more shielded 
than those for acyclic dibutyltin dialkoxide derivatives ( 17). 
Similar trends have been observed for tetraalkyltin and lead 
derivatives (1 6d). 

N~tclear rnagrzetic resonance spectral results for the solid 
Static and CP/MAS"'S~ nrnr spectra of crystalline 1 were 

measured (10). An expansion of the region of the CP/MAS 
spectrum containing the isotropic peaks is shown in Fig. 5. 
Two isotropic peaks were observed close together at -279.5 
and -281.8 ppm. These chemical shifts are in the region of 
the Il9sn chemical shift range expected for hexacoordinate 
tin but are considerably less shielded than the hexacoordi- 
nate tin nuclei of 1 in trimers or tetramers in solution. Sim- 
ilar deshielding of hexacoordinate tin nuclei on moving from 
low oligomers to higher oligomers and polymers have been 
noted for tin atoms in 1,3,2-dioxastannolanes ( 10). 

The observation of two peaks is probably due to the 1 : 1 
disorder of C-5 in the crystal. Slightly different environ- 
ments for tin atoms will arise depending on the orientations 
of the C-5 atoms in the neighbouring rings. If a particular tin 
nucleus in a 1,3,2-dioxastannane ring is considered, the C-5 
atoms in adjacent rings can both be above the mirror plane 
of the molecule, both below, or one above and one below in 
a statistical ratio of 1: 1 :2 ,  respectively. Three peaks are 
predicted with intensities in that ratio. The observation of only 
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two peaks indicates that the magnitude of  the effect is small 
probably because the structural differences are  five atoms 
away from the affected tin atom. 

Conclusions 
2,2-Dibutyl-1,3,2-dioxastannane ( I )  exists in the crystal 

a s  a polymer in which the individual monomer units are  
joined together by Sn-0 bonds which are about 25% longer 
than those inside the monomer units. T h e  tin atoms are  
present in highly distorted octahedral coordination. In liq- 
uid phases, compound 1 is  present a s  mixtures of oligomers 
ranging from the dimer to  high oligomers with composi- 
tions that vary widely depending o n  temperature and con-  
centration. T h e  tendency to form oligomers containing 
hexacoordinate tin for 1 is slightly less than that for  2,2-di- 
butyl-1,3,2-dioxastannolane (2) probably because the 
Sn-0-Sn bond angle inside the monomer ring for  1 is 
93.2", whereas that for 2 is 79.0". T h e  " ' ~ n  nmr  chemical 
shifts of 1 are about 60-70 ppm more shielded than the five- 
membered ring analogue 27 and 20-30 ppm more shielded 
than acyclic derivatives. 
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Tin-119 NMR of 1,3,2-dioxastannolanes and a 1,3,2-dioxastannane in the solid state 
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T .  BRUCE GRINDLEY, RODERICK E. WASYLISHEN, RASIAH THANGARASA, WILLIAM P. POWER, and RONALD D. CURTIS. 
Can J .  Chem. 70, 205 (1992). 

The cross-polarized static and high-resolution magic angle spinning ""n NMR spectra of a number of 2,2-dialkyl- 
1,3,2-dioxastannolanes and one 1,3,2-dioxastannane have been measured in the solid state. For the four compounds on 
which X-ray studies had been performed, the numbers and positions of the isotropic peaks in the high-resolution spectra 
were related to the number of tin sites present and the state of oligomerization of the compounds. The chemical shifts 
of hexacoordinate Sn nuclei are 35-80 pprn larger in polymeric solids than for the same compounds in solution where 
the compounds exist as trimers and tetramers. States of oligomerization for solids that had not been previously studied 
by X-ray crystallography were determined using CP/MAS 'I9Sn NMR spectroscopy. The principal components of the 
119 Sn chemical shift tensors were obtained from the static spectra and used to calculate chemical shift anisotropies and 
asymmetry parameters. The values of the chemical shift anisotropies ranged from 600 to 800 pprn for 1,3,2-dioxastan- 
nolanes but the value for a 1,3,2-dioxastannane was larger, 919 ppm. The chemical shift anisotropies measured directly 
from the solid-state powder patterns are in excellent agreement with the values derived from previous variable temper- 
ature spin-lattice relaxation measurements in solution when the same oligomer was present in both states. Our results 
support our previous conclusion that the antisymmetric terms of the chemical shift tensor make a small or negligible 
contribution to the rate of '19sn spin-lattice relaxation in these compounds. 

Key words: 1,3,2-dioxastannolanes, stannylene acetals, 'I9Sn NMR, '"Sn NMR of solids, '"Sn chemical shift an- 
isotropy. 

T. BRUCE GRINDLEY, RODERICK E. WASYLISHEN, RASIAH THANGARASA, WILLIAM P. POWER et RONALD D. CURTIS. Can 
J. Chem. 70, 205 (1992). 

Opkrant 1'Ctat solide, on a mesure les spectres RMN du " 9 ~ n ,  statiques avec polarisation croisCe et tournant, a haute 
rCsolution, a I'angle magique, d'un certain nombre de 2,2-dialkyl-1,3,2-dioxastannolanes et d'un 1,3,2-dioxastannane. 
Pour les quatre composCs pour lesquels on a determint des structures par diffraction des rayons-X, on a pu relie les nombres 
et les positions des pics isotropes dans les spectres haute resolution avec le nombre des sites d'Ctain presents et 1'Ctat 
d'oligomerisation des composCs. Les dCplacements chimiques des noyaux de Sn hexacoordonnCs sont de 35 80 pprn 
plus grands dans les polymkres solides que dans les m&mes composCs en solution alors que les composes existent sous 
la forme de trimkres ou de tktramkres. Faisant appel a la RMN du 'I9sn par CP/MAS, on a determink les Ctats d'oli- 
gomkrisation des solides que I'on n'avait pas CtudiCs anterieurement par diffraction des rayons-X. En se basant sur les 
spectres statiques, on a obtenu les principales composantes des tenseurs des deplacements chimiques du 'I9Sn et on les 
a utilisees pour calculer les anisotropies des dCplacements chimiques et les parametres dlasymCtrie. Pour les 1,3,2-di- 
oxastannolanes, les valeurs des anisotropies des deplacements chimiques varient de 600 a 800 ppm; toutefois, pour un 
1,3,2-dioxastannane, cette anisotropie est plus ClevCe, soit 919 ppm. Lorsque le m&me oligomere est present dans les 
deux Ctats, les anisotropies des deplacements chimiques mesures directement a partir des patrons de poudres a 1'Ctat so- 
lide sont en tres bon accord avec les valeurs obtenues a partir de mesures antCrieures de relaxation spin-reseau B tem@ratures 
variables, en solution. Nos resultats supportent notre conclusion antCrieure 5 l'effet que les contributions des termes an- 
tisymetriques du tenseur du dCplacement chimique a la vitesse de relaxation spin-rCseau du " ' ~ n  dans ces composes ne 
sont que faibles ou negligeables. 

Mots clPs : 1,3,2-dioxastannolanes, acttals de stannylene, RMN du 'I9sn, RMN du 'I9sn dans des solides, anisotro- 
pie du dCplacement chimique du ' I 9  Sn. 

[Traduit par la redaction] 

Introduction surements, even though it is possible to obtain the three 

Tin-1 19 N M R  spectroscopy has become established as a 
standard technique for evaluating the structures, reactions, 
and bonding of tin-containing compounds (1). There is now 
increasing interest in solid-state ' I9sn N M R  spectroscopy to 
evaluate bonding at tin and also to provide a bridge between 
X-ray crystallographic results and solution N M R  studies (2- 
10). A variety of compounds have been examined, includ- 
ing inorganic tin compounds (2), tetraalkyl or aryl tin com- 
pounds (3-S), organotin halides (3-6), organotin oxides, 
hydroxides, and sulfides (3, 4, 7), esters (3, 4, 8), and oth- 
ers (9, 10). Most investigators have only reported the iso- 
tropic chemical shift, a,,,, obtained from C P / M A S  mea- 

' ~ u t h o r s  to whom correspondence may be addressed. 

principal components of the ch;fical shift tensor from solid- 
state N M R  studies. 

The compounds examined in this publication are 1,3,2- 
dioxastannolanes and 1,3,2-dioxastannanes, typical exam- 
ples of the tin-containing intermediates employed in the 
widely used stannylene reaction (1 1). We have shown that 
these compounds are present in solution as dimers and (or) 
higher oligomers in which the tin atoms are pentacoordinate 
or hexacoordinate (12, 13). Tin-1 19 chemical shift ranges 
have been established for tin nuclei in 2,2-dibutyl-1,3,2- 
dioxastannolanes; pentacoordinate tin nuclei absorb in the 
region from - 100 to - 150 pprn with respect to tetrameth- 
yltin, while hexacoordinate tin nuclei absorb between -230 
and -300 pprn in solution (12, 13). 

We recently measured the ' l9sn N M R  spin-lattice relax- 
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ation rates in solution for a number of 1,3,2-dioxastanno- 
lanes in which the tin atoms were in either pentacoordinate 
or hexacoordinate environments (14). The relaxation times 
in these compounds were short and the major mechanism 
of spin-lattice relaxation at 8.48 T was due to chemical 
shift anisotropy. The magnitudes of the chemical shift ani- 
sotropies were obtained from variable temperature solution 
spin-lattice relaxation data at 4.70 and 8.48 T .  For one 
compound, methyl 4,6-0-benzylidene-2,3-0-dibutylstannyl- 
ene-a-D-glucopyranoside (I) ,  the principal components of 
the 'I9sn chemical shift tensor for the pentacoordinate site 
in its dimeric structure were determined directly from the 
static "'sn NMR spectrum of a powdered sample. The 
chemical shift anisotropy (CSA) determined from the solid- 
state experiments, 7 4 8  % 20 ppm, was in good agreement 
with the value obtained from the solution TI  data, 720 2 50 
ppm. This result is significant in that it suggests that the an- 
tisymmetric components of the Il9sn chemical shielding 
tensor of 1 make a small or negligible contribution to the rate 
of spin-lattice relaxation. For compounds containing both 

entacoordinate and hexacoordinate tin atoms, the solution P, 9 Sn s~in-lattice relaxation data indicate that the tin chem- 
ical shift anisotropies for the hexacoordinate sites are ap- 
proximately 1.5 times those of the pentacoordinate sites. This 
was a rather surprising result in view of the fact that the 
pseudo-octahedral environment of a hexacoordinate tin site 
has potentially high local symmetry. We decided to exam- 
ine the solid-state Il9sn NMR spectra of a number of other 
compounds containing five- or six-coordinate tin atoms in 
order to test the generality of the above conclusion. Fur- 
thermore, we were interested in comparing the H 9 ~ n  chem- 
ical shift anisotropies measured directly in the solid state with 
those determined from earlier solution spin-lattice relaxa- 
tion measurements. If these values are similar, the antisym- 
metric elements of the chemical shift tensors are probably 
insignificant 

Theory 
The complete magnetic shielding tensor in the principal 

axis system (PAS) can be expressed as a sum of symmetric 
and antisymmetric tensors (15): 

NMR measurements of a static powder sample in the solid 
state yield information concerning the principal compo- 
nents of the chemical shielding tensor (uii, i = 1-3). To  first 
order the antisymmetric tensor does not contribute to the 
NMR lineshape (16, 17). Any contribution that the anti- 
symmetric terms make to the overall lineshape is expected 
to be small and would probably escape detection except 
possibly in careful single-crystal NMR studies of heavy nu- 
clei that have enormous chemical shift ranges (17). The 
reader is referred to a recent paper by Ding and Ye for a 
complete discussion (1 8). 

The contribution that the antisyrnmetric terms make to the 

rate of CSA relaxation in solution NMR studies is expected 
to be more profound. Blicharski (19) and other workers (17, 
20) have shown that for relaxation by the CSA mechanism 

and 

where 

A' = (uifZ)' + (uY3)' + (d3) '  and 

Here, Au = ( u , ,  + u12)/2 - u3, and rl = (u2' - ul l ) / (u33 
- uiso), where uiso = ( u l 1  + u2' + ~ ~ ~ ) / 3 .  

For molecules that undergo small-step isotropic rota- 
tional diffusion, 7,  = 3 T,, and eqs. [ 11 and [2] become 

The first point of interest is that eqs. [3] and [4] predict that 
T, can exceed TI .  In fact, in the limit where the antisym- 
metric terms dominate, T, = 2T1. In contrast, if the anti- 
symmetric terms do not contribute to CSA relaxation, then 
eqs. [3] and [4] indicate that T, = (6/7)T,. 

In 5 y ~ o  NMR studies of a series of pseudo-octahedral 
Co(II1) complexes, Eaton and co-workers found that T2 > 
(6/7)T, and implicated the antisymmetric terms as being re- 
s onsible (21). More recently, Anet et al. (22) found that the 
1P C T, value in tetrachlorocyclopropene is greater than TI  and 
argued that the antisymmetric terms of u must be responsi- 
ble. The importance of the antisymmetric terms in this 
compound was predicted by ab initio IGLO calculations (23). 

First, we would like to point out that compounds 1 ,  2, and 
5 are excellent candidates to use to evaluate the importance 
of the antisymmetric terms. The mechanism for relaxation 
is the CSA mechanism (14) and the tin sites in these com- 
pounds lack any symmetry. Note that if a site has symmetry 
greater than C,,, the antisymmetric terms disappear (24). 
Very similar chemical shifts in solution and from the solid 
state suggest that the structures of compounds 1, 2, and 5 are 
similar in both media. 

The approach that we have taken here is to first assume 
that the antisymmetric terms do not contribute to T,, i.e., 

and evaluate S' from the TI  minimum (14). We then com- 
pare this Au (or s') with that measured directly in the solid 
state. If the two values are the same within experimental 
error, we suggest that the antisymmetric terms make a neg- 
ligible contribution to the rate of relaxation. Note that on the 
basis of eq. [3], the antisymmetric term is much more heav- 
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ily weighted than the symmetric term (a factor of 15 under 
conditions of extreme narrowing). 

Experimental 
Solution " ' ~ n  and I3c NMR spectra were recorded on a Nicolet 

NT-360 NB NMR spectrometer at 8.48 T (134.62 MHz). Solu- 
tion data were referenced with respect to external tetramethyltin or 
tetramethy lsilane, respectively. The 1,3,2-dioxastannolanes were 
prepared from the appropriate diols and a dialkyltin oxide as de- 
scribed previously (12, 13). The diols used for preparation of 
the 2,2-dibutyl-1,3,2-dioxastannolane derivatives were prepared 
as described elsewhere (diols for compounds 1-5, refs. 12, 13, 
and 25) or were commercial compounds (diols for compounds 
6-9). 

Crystalline samples of compounds 2-5 and 8 and 9 were ob- 
tained by recrystallization of samples prepared on a vacuum line 
as outlined elsewhere (12, 13). Sufficiently crystalline samples of 
6 and 7 were obtained by evaporation of benzene solutions on the 
vacuum line. Recrystallization was also performed on the vacuum 
line so that the samples were never exposed to the atmosphere. The 
process started with the distillation of anhydrous solvents through 
the vacuum line onto the solid samples. Closed containers were 
taken off the vacuum line for cooling and heating during recrys- 
tallization and for transfer of crystals to a dry box where the Sam- 
ples were ground and packed in MAS rotors. The rotors were sealed 
with press-fitting caps, which limited exposure to atmospheric 
moisture sufficiently that these moisture-sensitive compounds 
showed no signs of hydrolysis after exposure of the spinners to the 
atmosphere for up to 2 weeks. 

Solid-state MAS I l 9 ~ n  NMR spectra were recorded on a Bmker 

MSL-200 NMR spectrometer using a standard Bmker double air- 
bearing MAS probe. The rotors (7 mm 0.d.) were spun at rates of 
2.5-4.5 kHz. Conditions for the Hartmann-Hahn match were 
optimized using a sample of tetracyclohexyltin (26). All spectra 
were acquired with high-power proton decoupling and 90" pulse 
lengths of 3-4 ps. Contact times of 1.5-3 ms and recycle times 
of 5-10 s were used. Some of the static " ' ~ n  NMR spectra were 
acquired with the addition of a tin 180' pulse after the cross-polar- 
ization period in order to generate a Hahn echo before acquisition 
(27). This pulse sequence was found to be helpful in minimizing 
the spectral distortion present in experimental static spectra. Solid- 
state NMR spectra were referenced with respect to tetramethyltin 
at 0.0 p m using as a secondary reference tetracyclohexyltin, which 
has a "'Sn chemical shift of -97.35 ppm (26). The chemical shift 
of -97.35 ppm was erroneously identified as that of hexamethyl- 
ditin in our previous paper (14). However, all chemical shifts in our 
previous study have correct values with respect to tetramethyltin. 

Results and discussion 

The molecules chosen for study were benzyl 4,6-0- 
benzylidene- 2 ,3  -0-dibutylstannylene-P-D-glucopyranoside 
(2), methyl 4,6-0-benzylidene-2,3-0-dibutylstannylene- 
cr-D-mannopyranoside (3), methyl 4,6-0-benzylidene-2,3- 
0-di- tert -butylstannylene- cr - D - mannopyranoside (4), benzyl 
4,6 -0-benzylidene- 2 , 3  -0-dibutylstannylene- P - D  -galactopy- 
ranoside (5), 2,2-dibutyl- 1,3,2-dioxastannolane (6), (4R, 
5R)-2,2-dibutyl-4,5-dimethyl-1,3,2-dioxastannolane (7), 2,2- 
di-tert-butyl- 1,3,2-dioxastannolane (a), and 2,2-dibutyl- 
1,3,2-dioxastannane (9). Compounds 3, 6,  8 ,  and 9 were 
chosen because information was available about their solid- 
state structures from X-ray crystallography. The other com- 
pounds provided complementary information about a range 
of environments for tin. Tin-119 CP/MAS NMR spec- 
tra of compounds 2-9 were obtained at various spinning 
rates and the static spectra of all compounds except 3 were 
also obtained. Typical CP NMR spectra are shown in Figs. 
2-7. 

Comparison of CP/MAS spectra at two or more spin rates 
yields values for the isotropic chemical shift, uiso The iso- 
tropic chemical shift is (S,, + 62, + S3,)/3, where S,, (i = 1- 
3) are the three principal components of the chemical shift 
tensor. We use the convention S,, r S2, 2 633, i.e., S,, is 
the principal component of the chemical shift tensor with 
the smallest chemical shift (i.e., the most shielded compo- 
nent). Tin-1 19 cross-polarized NMR spectra of static samples 
allow direct and unambiguous measurement of the principal 
components of the chemical shift tensor when the signal- 
to-noise ratios are sufficient. Principal components were 
measured directly from the static spectra for all compounds 
except 3. The magnitude of the chemical shift anisotropy, 
A6, is defined according to the convention of Haeberlen 
(17): 

The asymmetry parameter, -q, is defined by eq. [7]: 

as, in all cases, - Sisal > 16,, - Sisal. The experimental 
chemical shift parameters are summarized in Table 1. 

In the carbohydrate derivatives 1-5, the oxygen atoms are 
diastereotopic; hence, three dimers are possible for each of 
these compounds. The different dimers will be designated 
using conventional carbohydrate nomenclature by means of 
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TABLE 1. Solid-state " ' ~ n  NMR data (all chemical shifts are in ppm)" 

State of 
Compound oligomer 6 1 ,  622 633 6,,, A6 -q Reference 

Dimer 
Dimer 
pentamer" 

Dimer" 

Dimer 
Polymer 
Polymer 
Mixture of 

dimers 
Polymer 
Polymer 

1 4  
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 

This work 
2 

"Uncertainties unless otherwise indicated are +20 ppm in 6,,, +28 ppm in A6, and for 7,  range from 0.08 for 1, 2, and 5 
to 0.12 for 7. 

"The 6 , , ,  622, and 6,, values for 3 were estimated from the spinning side-band patterns. Uncertainties are +30 ppm for 6 , ,  
and 6,,, and +50 ppm for 6,,. The uncertainty in A6 is +58 ppm. The uncertainties for 7 values are k0.30 for the penta- 
coordinate sites and k0.21 for the hexacoordinate sites. 

'Uncertainties in 6,, values from Herzfeld-Berger analysis, +30 ppm; uncertainties in A6 values, +43 ppm. 
dCalculated from static spectrum. 

393 
FIG. 1. Dimer structures possible for compound 2. 

the numbers of the two oxygen atoms that are tricoordinate A. Comparison of " ' ~ n  NMR spectra from the solid state 
(see Fig. 1). The formation of a dimer from two monomer and solution 
molecules requires that one oxygen atom from each mono- In the discussion that follows, the 'I9sn NMR spectral data 
mer becomes tricoordinate and that the two tin atoms be- from solid-state (Table 1) and solution spectra (Table 2 )  will 
come pentacoordinate. be compared and discussed in relation to what is known or 
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TABLE 2. '19sn NMR data from solution (all chemical shifts are in ppm) 

Trimer Tetramer Pentamer 

Compound Dimer Pentanier Hexamer Pentamer Hexamer Pentamer Hexamer 

- 125" 
Major - 132.6" 

Minor - 132.8,- 133.0 
- 120.8" - 116.0,- 119.4 -286.2" 
- 120.6 - 120.6 -280.8" 

- 120.6 - 267.8" -122.5 -245.9" - 125.5 -213.5,-236.6" 
-217.7' 
- 143.8" 
- 138.4' -122.0,-133.6 -287.1' 
- 126.8' - 126.8 -283.0" - 131.4 -266.1" - 134 -259,-261" 
- 132.0" - 132.0 -284.9' - 138.1 -266.05 
- 225" 
- 188.2' - 195.1 -346.1' 

"Recorded for CDCI, solutions, ref. 13. 
"For a 0.23 M solution in CDCI, at -60°C. 
'For a 0.18 M solution in toluene-(1, at -20°C. 
"For the 0.18 M solution in toluene-I& at -60°C. 
"For a 0.16 M solution in CDCI,. 
'For a toluene-d, solution at 25'C. ref. 13. 
.'For CDCI, solutions, ref. 12. 
"For a CDCI, solution, ref. 25. 
'For a 0.41 M solution in CDCI, at -65°C. 

I can be deduced about the structures of the com~ounds and 
the nature of the species present in the different phases. 

The principal components of the chemical shift tensor for 
methyl 4,6-0-benzylidene-2,3-O-dibutylsta~ylene-a-~-glu- 
copyranoside (1) are included for comparison purposes (14). 
Compound 1 has been studied by X-ray crystallography (28). 
Because of the large R-factor previously obtained (10.8%) 

1 and because some carbon atoms were not located, the solid- 
state structure was recently reevaluated from low tempera- ' ture X-ray data (29). It is present as a 3,3-dimer in the solid 

; state and in solution in chloroform-d, benzene-d6, and tol- 

l l 
uene-d, (1 3, 28-30). 

Compound 2 is a mixture of two dimers in solution (13); 
of the two dimers, the symmetrical 3,3-dimer constitutes the 
majority of the mixture in chloroform-d, benzene-d6, and 
toluene-d,. The sample studied here was recrystallized from 
a mixture of anhydrous toluene and anhydrous hexane. It 
gave a CP/MAS spectrum containing a single isotropic peak 
at - 128 ppm, consistent with the symmetrical 3,3-dimer 
(Fig. 2). However, in solution, the chemical shifts of all three 
peaks, the major one from the 3,3-dimer and the two minor 
peaks from the unsymmetrical 2,3-dimer, were close to- 
gether; the largest differences ranged from 0.4 ppm in chlo- 
roform-d to 4.2 ppm in toluene-d,. Close inspection of peaks 
of 2 indicated that the major peak was accompanied by at 
least two other peaks present at low intensity and at slightly 
larger frequencies thanthat of the major peak, consistent with 
the presence of a small amount of the unsymmetrical dimer. 
Apparently, the crystalline material studied was a mixture 
inwhich the major 3,3-dimer was accompanied by a small 
proportion of the 2,3-dimer. 

The principal components of the chemical shift tensor for 
tin in 2 are almost identical to those for 1 ,  suggesting that the 
bonding environment at tin is similar for these two com- 
pounds. In both, the tin atoms are in 1,3,2-dioxastannolane 
rings trans-fused to pyranose rings. It is therefore likely that 

the different regiochemistry observed in reactions of 1 and 
2 (13) arises from factors other than the bonding of the tin 
atoms. The chemical shift anisotropy of the tin nuclei in the 
3,3-dimer of 2, obtained from spin-lattice relaxation mea- 
surements in a toluene-d, solution, was 8 10 * 60 ppm ( 14), 
identical within experimental error to that measured here in 
the solid state. 

Compound 3 is present as complicated mixtures in solu- 
tion. The composition of the mixtures present depends on 
solvent and temperature. In chloroform-d, dimers and tri- 
mers are dominant; in toluene-d,, the species observable 
by Il9sn NMR includes tetramers and pentamers and their 
populations increase as the temperature is lowered. Below 
-50°c, the latter species are the major species present in 
toluene-d, (25). For the a-benzyl analog of 3 (3b), oligo- 
merization in toluene-d, only proceeds as far as the tetramer 
that becomes dominant below -40°C. Chemical shifts for a 
0.22 M solution of 3b in toluene-d, at -40°C were as fol- 
lows: trimer (-lo%), -117.1, -124.1, and -291.2 ppm, 
and tetramer, - 124.1 and -243.4 ppm. 

Crystals of 3 obtained from hexane were found to be pen- 
tameric by X-ray crystallography (31). The solid-state 'I9sn 
NMR spectra were obtained on crystals also recrystallized 
from hexane. Tin-1 19 CP/MAS NMR spectra were ob- 
tained at three different spin rates, 2500, 3200, and 3730 Hz, 
to make the assignments of the isotropic peaks certain. De- 
spite extensive overlap in the NMR spectra of 3 ,  it was pos- 
sible to confirm the presence of two isotropic peaks in the 
hexacoordinate region and two in the pentacoordinate re- 
gion. This observation is consistent with a pentameric 
structure in the solid state if one of the peaks assigned to 
hexacoordinate tin corresponds to two tin sites. As in the 
spectra of the solid sample, the spectra of the pentamer in 
toluene-d, solution also contained only four signals, two in- 
stead of the three expected in the hexacoordinate region of 
the spectra. There is no ambiguity in assignment of solution 
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FIG.  2. Tin-1 19 solid-state CP/MAS NMR spectrum with magic angle spinning at 4.00 kHz for compound 2. 

spectra because the peaks due to trimers, tetramers, and 
pentamers are all present with relative intensities that vary 
in a predictable manner with temperature, concentration, and 
solvent. The relative intensities of the four peaks in the 
CP /MAS spectra were considerably different; also, there was 
some evidence for an additional small peak present at 
-270 ppm, perhaps due to the hexacoordinate site of a tri- 
mer contaminant in the sample studied. The relative inten- 
sity of the isotropic peak at - 119 pprn was greater than those 
of the other peaks in all solid-state CP/MAS spectra of 3 .  

The isotropic chemical shifts of hexacoordinate tin nuclei 
move to considerably higher frequencies as the size of the 
oligomer increases (12- 14). For 3 ,  the isotropic 'I9sn chem- 
ical shifts obtained for hexacoordinate tin nuclei from solu- 
tion spectra are -267.8 pprn for the trimer, -245.9 pprn for 
the tetramer, and -213.5 and -236.6 pprn for the penta- 
mer. The corresponding solid-state shifts are -223 and 
-234 pprn for the pentamer. Differences between solution and 
solid-state chemical shifts for all compounds are given in 
Table 3. 

The complex spectra of 3  precluded calculation of chem- 
ical shift tensor elements by graphical (32) or computer 
simulation methods (33). The S,,, 622, and S,, values for 3  
given in Table 1 were estimated very approximately by ex- 
amining the variation in intensity with frequency for the 
spinning side bands in the CP/MAS spectra and selecting 
shifts at positions in the spinning side-band patterns that 
matched those in other 1,3,2-dioxastannolane spectra that 
could be calibrated against static spectra. Although uncer- 
tainties in these S,, values may be as large as *50 ppm, it is 
clear that the chemical shift anisotropies for the pentacoor- 
dinate sites are less than those in the hexacoordinate sites. 
The values of the chemical shift anisotropies measured here 
for the pentacoordinate sites in the solid-state pentamer are 

almost identical to those obtained for the two different pen- 
tacoordinate sites in the trimer of 3b from TI minima in so- 
lution, 658 * 33 pprn and 686 + 34 pprn (14). The chemi- 
cal shifts for these sites are also very similar and the total 
range in chemical shifts for pentacoordinate tin nuclei in 3  
and 3b is <10 ppm. 

In marked contrast, the value of the chemical shift an- 
isotropy for the hexacoordinate site in the trimer of 3b in 
solution, 1080 * 55 pprn (14), is significantly larger than the 
values obtained for the hexacoordinate sites in the solid-state 
pentamer of 3 ,  806 + 60 and 864 + 60 ppm. As noted above, 
there are also significant chemical shift differences between 
the hexacoordinate sites of the trimer and tetramer in solu- 
tion and those of the pentamer in the solid state or solution 
(see Table 3). These results suggest that both the chemical 
shifts and the chemical shift anisotropies reflect differences 
in bonding between the hexacoordinate tin nuclei in trimers 
and tetramers and those in pentamers and polymers. The 
principal components of the chemical shift tensor show much 
more variation with structure than do the isotropic aver- 
ages. Unfortunately, no 1,3,2-dioxastannolane that has been 
studied by X-ray crystallography exists as either a trimer or 
tetramer. 

Compound 4, the first 2,2-di-tert-butyl-l,3,2-dioxastan- 
nolane derivative to be discussed here, is considered to be a 
single dimer in solution because the single peak observed in 
the IL9sn NMR spectrum has a chemical shift of -217.7 ppm, 
similar to the chemical shifts observed for the parent di-tert- 
butyl derivative 8 from both solution and CP/MAS NMR 
spectra (34). Compound 8 was shown to be dimeric by X-ray 
crystallography (ref. 34 and discussion to follow). The 
CP/MAS lI9Sn NMR spectra of 4 contain two isotropic peaks 
at -2 13.0 and -225.7 ppm, chemical shifts consistent with 
pentacoordinate tin sites in dimeric structures (see Fig. 3). 
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TABLE 3. Comparison of 'I9sn NMR chemical shifts from solution and the solid state (all chemical shifts are in ppm) 

8, s~~lulion - 8, solid 
I S 0  110 

Hexacoordinate sites 
Pentacoordinate sites 

Trimer-pentamer Tetramer-pentamer 
Compound Dimer-Dimer Trimer-pentamer Tetramer-pentamer or polymer or polymer 

"With respect to pentamer. 
bWith respect to polymer. 

1 . . . . , . . . .  I . . . .  o . . . .  I . . . . , . . . .  I . . . . , . . . .  I . . . . . . .  I . . . . . . . .  I . . . . . .  I . . . . , . . .  I . . . . , . . . .  I 
0 -300 -600 PPM 

F I G .  3. Tin-1 19 solid-state CP/MAS NMR spectrum with magic angle spinning at 4.00 kHz for compound 4. 

The peak doubling observed in the solid-state spectra but not 
in those from solution could be caused by either one of two 
effects. The species present in the solid state could be one 
of the C,-symmetric dimers whose intramolecular symme- 
try is lost due to crystal forces. Compound 1 was observed 
to deviate slightly from C2 symmetry in the solid-state by 
X-ray diffraction (28, 29) and two peaks separated by 
2.2 ppm were observed in its CP/MAS spectra (14). The two 
sites could also arise because symmetric dimers are present 
at two locations in the unit cell that are not related by sym- 
metry as for 8 (ref. 34 and vide infra). Other possible ex- 
planations for the peak doubling could invoke dimers that are 
not populated in solution. However, there is no reason to 
expect that these species would form on crystallization. 

The intensities and positions of the peaks in the spinning 
side-band pattern of the CP/MAS " 9 ~ n  spectrum of 4 were 
analysed by an iterative version of the Herzfeld-Berger ap- 
proach (32) to yield magnitudes of the principal compo- 
nents of the two chemical shift tensors. These values are listed 
in Table 1. The static spectrum of 4 gave averaged values of 
these components that, in each case, were intermediate be- 
tween the values obtained by simulation of the CP/MAS 
NMR spectra. 

The sample of compound 5 was obtained by recrystalli- 
zation from a mixture of toluene and hexane. The isotropic 
chemical shift observed for 5 in the CP/MAS spectrum was 
- 141 ppm, similar to the values obtained for the dimer of 5 
in solutions in chloroform-d and toluene-d8, -143.8 and 
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- 138.4 ppm, respectively (Fig. 4). Thus, compound 5 was 
present as a dimer in the solid. The "'sn nuclei of 5 are about 
13 pprn more shielded than those of the other two carbohy- 
drate dibutylstannylene derivates that exist as dimers, com- 
pounds 1 and 2. All three principal components of the 
chemical shift tensor contribute significantly to the differ- 
ence, with s,, showing the largest difference. 

The chemical shift anisotropy calculated from solution T, 
data in chloroform-d at both 134.62 and 74.62 MHz for 5 was 
773 pprn (14), almost identical to the value of 776 pprn ob- 
tained from the static spectrum. In calculating the solution 
value, it was necessary to assume a value for the asymme- 
try parameter, q. It was assumed that q had the same value 
as that for compound 1, 0.49 (14). Substituting the value for 
-q obtained from the static spectrum of the solid, 0.54, 
changes the solution chemical shift anisotropy slightly to 
767 ppm, still very similar to the value from the solid. 

Compound 6 has been shown by X-ray crystallography to 
exist as an infinite ribbon polymer in the crystalline state (35). 
The sample studied here was obtained by evaporation of a 
benzene solution. The observed S,,, value, -23 1 ppm, is 
somewhat to higher frequency of those of the hexacoordi- 
nate tin nuclei of the trimers to pentamers present in solu- 
tion (ref. 12, see Table 3). This result is consistent with a 
hexacoordinate tin atom in a highly oligomeric species, such 
as a polymer. The absence of isotropic peaks in the penta- 
coordinate region of the CP/MAS "'sn NMR spectrum 
confirms that the sample studied here was a polymer (see Fig. 
5) .  

The individual principal components of the chemical shift 
tensor of 6 are all 100 + 20 pprn more shielded than those 
of the pentacoordinate tin sites in the dimers of 1 and 2. 

However, both the chemical shift anisotropies and asym- 
metry parameters for 6 are similar to those of 1 and 2. 

The crystalline sample of compound 7 was obtained by 
evaporation of a benzene solution. The only possible inter- 
pretation of its '"sn NMR spectra in the solid state is that 7 
is an infinite ribbon polymer as observed for 6 although, as 
for 6,  it was present as a mixture of oligomers 
in solution (12). The isotropic chemical shifts in the solid- 
state spectrum were 80 and 61 pprn to higher frequency of 
those observed for hexacoordinate tin nuclei in spectra from 
solution, where 7 is present in the trimer and tetramer, re- 
spectively. These differences are of the same order of mag- 
nitude as noted above but are the largest observed. The 
actual chemical shift for 7 in the solid state, -205 ppm, is 
almost the same as that observed for the dimer of 9 in so- 
lution, -195 ppm. It is clear that caution must be used 
in deducing the coordination status of tin from '"sn NMR 
chemical shifts of this class of compound, particularly if shifts 
from compounds having different ring sizes are compared. 

Compound 8 was considered to be a single dimer in the 
solid state based on X-ray crystallography and solid-state 
NMR spectroscopy (34). The solid powder sample exam- 
ined here was prepared from large colourless cubically shaped 
crystals that were obtained by recrystallization from anhy- 
drous toluene, the same solvent previously employed (34). 
Our high-resolution CP/MAS spectra indicate that the iso- 
tropic peak of 8, earlier observed to be a singlet (34), ac- 
tually contained four closely spaced peaks, three of which 
were intense and one that was small but reproducible (see Fig. 
6). A single crystal of 8 was assigned to the space group 
Pbam and the unit cell contained two independent but 
chemically equivalent molecules. Although the structures of 

FIG. 4. Tin-1 19 solid-state CP/MAS NMR spectrum with magic angle spinning at 4.03 kHz for compound 5. 
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I I , \  I 1  1 . 1  1 . 1  
0 -300 -600 PPM 

I , . I .  . I  , . I . , , , l . . . , I . . . . I , , . , l . .  . I . . . . ~ . . . . ~ . , .  , , 
0 -300 8 0 0  PPM 

FIG. 5. Tin-1 19 solid-state NMR spectra for compound 6; top, CP/MAS spectrum with magic angle spinning at 4.36 kHz; bottom, 
static spectrum. 

the two independent molecules were nearly identical, small 
differences were observed; two of the 10 bond lengths in- 
volving heavy atoms and 8 of the 19 bond angles differed by 
more than the standard deviations in their respective values. 
The largest difference was 3.4 times the standard deviation. 
The X-ray crystallographic study (34) also indicated that the 
carbon atoms in the two 1,3,2-dioxastannolane rings in the 
dimeric structure were disordered. Each five-membered ring 
adopted twist conformations with the OSnO atoms in the 
mirror plane of the molecule. Each carbon atom in a 1,3,2- 
dioxastannolane ring was 50% disordered above and below 
the mirror plane containing the two oxygen atoms. In any one 
ring, one carbon atom is above the mirror plane and the other 
below. The crystal structure also had a C ,  axis through the 
centre of the four-membered SnOSnO ring (34). 

If any motion in the 1,3,2-dioxastannolane rings occurs 

at a rate slower than the NMR chemical-shift time scale for 
this experiment (i.e., static disorder), two conformers that 
have C2 and S, symmetry are possible, assuming that the four 
tert-butyl groups in each conformer assume static or aver- 
aged positions consistent with the symmetry. For discus- 
sion, the carbon atoms attached to the 0 atoms in the 
central SnOSnO ring will be designated a and a' atoms. In 
the C2 conformer, the a and a' atoms are syn relative to the 
plane defined by the SnOSnO ring, while in the S2 con- 
former they are anti. Each conformer should give rise to one 
119 Sn NMR peak for a total of two peaks. Four peaks arise 
because each of the two independent molecules in the unit 
cell can be present as C2 or S, conformers. 

The principal components of the " ' ~ n  NMR chemical shift 
tensor reported earlier for 8 (34) are very different than those 
measured here directly from the static spectrum, presum- 
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l . . . . . . . . . 1 . . . . . . . . . I . . . . , . . . . I . . . . , . . . . I  . . . , . . . .  I .  . .  3 . . .  l . . . . * . . . . I . . . . .  . .  I 
0 -300 -600 PPM 

FIG. 6. Tin-1 19 solid-state NMR spectrum for compound 8 obtained with magic angle sample spinning at 3.99 kHz. The inset shows 
an expansion of the part of the spectrum containing the isotropic signals. 

ably because of the difficulty of estimating these values from 
slow-spinning CP/MAS spectra. 

A preliminary crystal structure of compound 9 has been 
published in which it was suggested that the structure con- 
tained monomer units linked together by long S n 4  bonds 
(36), which has been interpreted as 9 being a polymer ( I  I). 
Since no details were published, it was not possible to com- 
pare conditions for recrystallization. The sample studied here 
consisted of needles that were obtained by rkxystallization 
from hexane and toluene. A crystal from the same recrys- 
tallization has also been examined by X-ray crystallography 
(37). The CP/MAS Il9sn NMR spectra of 9 contained two 
isotropic peaks at -278.5 and -281.6 pprn (Fig. 7). These 
peaks are on average 66 pprn less shielded than the peak as- 
signed to the hexacoordinate tin atom in a trimer, consistent 
with the differences in shifts between polymers and trimers 
observed for 6 and 7 (see Table 3). Thus, these results sup- 
port the earlier assignment of a polymeric structure to the 
crystals of 9 (1 1, 36). The new crystal structure confirmed 
the assignment of a polymeric structure to solid 9 (37). 

Average bond angles at the six pentacoordinate (28-3 1, 
34) and four hexacoordinate (3 1,35) tin sites in 1,3,2-dioxa- 
stannolanes whose geometries are available from X-ray 
studies are shown in Fig. 8. An idealized octahedral envi- 
ronment at a dialkyltetraalkoxytin(1V) nucleus might be 
expected to be more symmetric than a pentacoordinate en- 
vironment at a dialkyltrialkoxytin(1V) nucleus. However, it 
can be seen from Fig. 8 that the geometries are far from ideal 
and, thus, it is not surprising that large chemical shift ani- 

sotropies are observed for tin nuclei occupying six-coordi- 
nate sites. Where the distortions from octahedral geometry 
are much smaller, the chemical shift anisotropy is relatively 
small. For instance, Sn02, cassiterite, crystallizes with the 
rutile structure in which each tin atom is surrounded bv six 
oxygen atoms at equal distances, but with & ~ n &  an- 
gles of 78, 102, and 90" (38). The Il9sn chemical shift an- 
isotropy for SnO,, calculated from the data in ref. 2, is 
125 ppm, much less than the values observed in the 1,3,2- 
dioxastannolanes investigated here. 

B. General observations 
The total range in chemical shift anisotropy for the nine 

compounds studied here was 600-920 ppm, and some trends 
were observed within this range. The chemical shift aniso- 
tropy for 2,2-dibutyl- 1,3,2-dioxastannolanes in pentacoor- 
diiate sites varied by over 120 ppm, much more than the 
range in isotropic chemical shifts (10 pprn). 

Replacement of the n-butyl groups by tert-butyl groups, 
present in compounds 4 and 8, results in marked decreases 
in the isotropic chemical shifts, -98 and -97 pprn for the 
changes from the dimer of 6 to that of 8 in solution and for 
the dimer of 3 to that of 4, respectively. Direct comparisons 
of A6 values of n-butyl and tert-butyl derivatives are not as 
readily made because values for comparable compounds in 
the same oligomeric form are not available. However, the 
A6 values of 4, which is dimeric, and those of the penta- 
coordinate sites of the pentamer 3 are almost identical. Each 
of the three 6,, values of 4 are about 100 pprn smaller than 
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1 ~ l ~ l ~ l ~ l ~ l ~ l ~ l ~ l . ~ ~ ~ ~ ~ -  
0 -300 -600 -900 PPM 

/ . I  1 . 1 . 1 . 1 . 1 . 1 . 1 . ~ .  1 
0 -300 -600 -900 PPM 

FIG. 7. Tin-1 19 solid state NMR spectra for compound 9; top, CP/MAS spectrum with magic angle spinning at 4.00 kHz; bottom, 
static spectrum. 

TABLE 4. Comparison of ' " ~ n  NMR chemical shift anisotropies and isotropic chemical 
shifts from solution and solid-state data 

Chemical shift anisotropies Isotropic chemical shifts 
Oligomer 

Compound present Solution (14) Solid state Solution (13) Solid state 

1 Dimer 762 4 50" 7 4 8 4 3 0  -125,"-132~ -127,-128 
2 Dimer 810 ? 60' 743 ? 30 - 133,"- 1 3 2 ~  -128 
5 Dimer 767 ? 40°.' 776 ? 30 - 144,"- 13gb - 141 

"In chloroform-d. 
"In toluene-d,. 
'The value from ref. 14 (773 ppm) was modified because the -q value assumed (0.49) for its cal- 

culation was slightly different than that measured here (0.54) for solid 5 .  
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FIG. 8. Average bond angles around tin atoms in 1,3,2-dioxa- 
stannolanes obtained from X-ray crystallographic results where the 
tin atoms are in (a) pentacoordinate sites (28-3 1 ,  34) and (b) hex- 
acoordinate sites (3 1 ,  35). 

those of the pentacoordinate sites of 3 ,  resulting in the change 
in zisO observed. 

The different bonding arrangements in the 1,3,2-dioxa- 
stannane 9 have a marked effect on the chemical shift an- 
isotropy, which increases by 157 ppm with respect to that for 
2,2-dibutyl-l,3,2-dioxastannolane 6 .  The major cause of this 
marked increase in A6 is the change in the 6,, value by 
- 154 ppm. In view of the differences in 6,, between 9 and 
6 ,  it is not surprising that the ll9sn isotropic peaks of 9 are 
considerably more shielded (by about 50  ppm) than that of 
6 .  The asymmetry parameter is also considerably different 
for 9 compared to those of all sites in all 2,2-dibutyl-1,3,2- 
dioxastannolanes. 

It was previously concluded from TI measurements in 
solution on compounds that were present as mixtures of 
oligomers, mainly trimers and tetramers, that A6 values 
for hexacoordinate tin sites were approximately 1.5 times 
those from pentacoordinate sites (14). The A6 values from 
l I9 Sn NMR spectra of solids for hexacoordinate sites in poly- 
mers (compounds 6 and 7) are about the same as those for 
pentacoordinate sites (compounds 1, 2, and 5). Only one 
compound (3) is present in the solid in an oligomeric 
form that contains both hexacoordinate and pentacoordinate 
sites, a pentamer. For compound 3 ,  the ratios A6, ,,,,, ",,, / 
A6 ,,,,,,, ,,,, were 1.29 and 1.38 for the two hexacoordi- 
nate sites. Thus, the previous conclusion appears to apply to 
hexacoordinate sites in trimers and, perhaps, tetramers only. 
As the state of oligomerization increases, both the isotropic 
chemical shifts and the A6 values for hexacoordinate sites 
decrease in absolute magnitude and, for the latter, the lim- 
iting value for the polymer appears to be of about the same 
size as those for pentacoordinate sites. Too few X-ray stud- 
ies are available as yet to identify the factors causing these 
changes. 

C .  Do the antisymmetric terms of the shielding tensor 
contribute to the chemical shift anisotropy of tin in 
1,3,2-dioxastannolanes? 

Our results for the three compounds for which both so- 
lution (14) and solid-state data are available are summa- 
rized in Table 4. The similarity in the A6 values derived from 

solution TI results and measured directly from the solid-state 
NMR powder spectra imply that the antisymmetric terms do 
not make a significant contribution to the rate of spin-lattice 
relaxation (eq. 131). One could, of course, argue that there 
is no reason why the shielding tensors in solution and in the 
solid state should be identical. However, on the basis of the 
similar isotropic chemical shifts measured in solution and in 
the solid state, it is reasonable to assume similar values for 
the principal components in the two different phases. Also, 
given the extreme sensitivity of " ' ~ n  chemical shifts to subtle 
changes in molecular structure, this assumption is probably 
valid. 

Conclusions 
The 'I9sn isotropic chemical shifts of 1,3,2-dioxastanno- 

lanes from solid-state spectra and solution spectra are iden- 
tical (f 10 ppm) provided that the same oligomeric species 
is present in both media. Similarly, chemical shift anisotro- 
pies from solution TI measurements (14) are identical within 
experimental error to those from sites of the same species in 
the static solid-state spectra. This observation supports the 

revious conclusion (14) that the antisymmetric terms in the 
PI 9 Sn chemical shift tensor have negligible effects on spin- 
lattice relaxation rates in these compounds. 

The marked and distinctive differences in isotropic 
chemical shifts of pentacoordinate and hexacoordinate tin 
sites are not mirrored by distinctive differences in the 
chemical shift anisotropies. It appears that other factors, such 
as bond angle variation, type of substituents, and local 
symmetry, have effects that are of a similar magnitude to that 
of coordination state on the chemical shift anisotropies and 
the latter factor is no longer dominant. One trend that is re- 
flected in both the isotropic chemical shifts and the chemi- 
cal shift anisotropies occurs for hexacoordinate tin sites for 
compounds for which data can be obtained for trimers, tet- 
ramers, pentamers, and polymers; as oligomerization pro- 
ceeds to higher oligomers, the isotropic chemical shift is 
deshielded and the chemical shift anisotropy decreases. These 
changes probably are caused by subtle differences in ge- 
ometry about the tin atoms. 
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Antigenic and structural relationships within group 19 Streptococcus pneumoniae: 
chemical characterization of the specific capsular polysaccharides 

of types 19B and 19C' 
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LINDA M. BEYNON, JAMES C. RICHARDS, MALCOLM B. PERRY, and PETER J. KNISKERN. Can. J. Chem. 70, 2 18 (1992). 
The specific capsular polysaccharides of Streptococcus prleurnoniae types 19B and 19C (American types 58 and 59) 

were investigated by a combination of 'H, I3c, and 3 1 ~  nuclear magnetic resonance spectroscopy and analytical meth- 
ods based on mass spectrometry. The two polysaccharides were found to be high molecular weight polymers composed 
of L-rhamnose, 2-amino-2-deoxy-D-mannose, D-ribose, D-glucose, and phosphate. Homo- and heteronuclear chemical 
shift correlation techniques and nuclear Overhauser enhancement experiments led to the unambiguous assignment of the 
'H and I3c resonances from the glycose residues and established their sequence within repeating oligosaccharide units. 
The oligosaccharide units are polymerized through phosphate diester linkages. 

R 
1 0 
6 I I 

-+4)-p-~-Man,NAc-(1+4)-p-~-Glc~-(l+ 4)-p-D-ManpNAc-(l+ 4)-a-L-Rhap-(1+ 0-P-O+ 
3 I 

19B polysaccharide R = H  
19C polysaccharide R = p-D-Glcp-(1+ 

Both polysaccharides share a common hexasaccharide structural unit and they differ only in the degree of substitution 
at the branched 2-acetamido-2-deoxy-P-D-mannopyranosyl residue: the 19C polysaccharide is 0 - 6  linked by P-D-glu- 
copyranosyl end groups to form a heptasaccharide repeating unit, while the 19B polysaccharide is unsubstituted at that 
position. The serologic cross-reactivity between S.  pneurnoniae serotypes 19B and 19C can now be related to the struc- 
tural similarity of the antigenic capsular polysaccharides. 

Key words: Streptococcus pneurnoniae, capsular polysaccharide, immuno chemistry. 

LINDA M. BEYNON, JAMES C.  RICHARDS, MALCOLM B. PERRY et PETER J. KNISKERN. Can. J. Chem. 70, 218 (1992). 
Faisant appel a une combinaison de spectroscopie en resonance magnetique nuclCaire du 'H, du 13C et du 3'P et de 

methodes analytiques basees sur la spectrornetrie de masse, on a etudie les polysaccharides capsulaires specifiques du 
Streptococcuspneun~ot~iae des types 19B et 19C (types americains 58 et 59). On a trouve que les deux polysaccharides 
sont des polymkres de poids molCculaires tleves, composes de L-rhamnose, de 2-amino-2-dksoxy-D-mannone, de D-ri- 
bose, de D-glucose et de phosphate. Les techniques de correlations de deplacements chimiques homo- et hCtCronuclCaires 
et d'experiences d'effet Overhauser nuclkaire ont permis de faire une attribution non-ambigiie des resonances 'H et I3c 
des rksidus de sucre et d'ktablir leur sequence dans les unites d'oligosaccharides qui se repktent. Les unites d'oligosac- 
charides sont polymCris&es par des liaisons diesters de l'acide phosphorique. 

polysaccharide 19B R = H  
polysaccharide 19C R = p-~-Glc,-(l+ 

Les deux polysaccharides se partagent une unite structurale hexasaccharidique et ils ne diffkrent que par le degrC de 
substitution au niveau de la ramification du residu 2-acktamido-2-dksoxy-P-D-mannopyranosyle : le polysaccharide 19C 
est lie par I'oxyghe 6 aux groupes terminaux P-D-glucopyransoyle pour former une unite heptasaccharidique qui se repkte 

'NRCC No. 3 1992. 
2 ~ u t h o r  to whom correspondence may be addressed. 
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BEYNON ET AL. 219 

alors que le polysaccharide 19B n'est pas substituC dans cette position. On peut maintenant Ctablir une corrklation entre 
I'activitC serologique croisCe des S. pneumoniae des sCrotypes 19B et 19C et la similarit6 structurelle des polysaccha- 
rides capsulaires antigkniques. 

Mors clPs : Streptococcus pneurnoniae, polysaccharide capsulaire, ~mmunochimie. 
[Traduit par la rCdaction] 

Introduction 

Streptococcus pneumoniae are gram-positive bacteria that 
are associated with lower respiratory tract infections in adults (B, 
and otitis media (middle ear infections) in children (1). In 

loo 
I 

addition to a common group antigen (C-substance) (2), 85 
type-specific capsular pneumococcal polysaccharide anti- 
gens are recognized that show serologic reactivity (3). The 
Danish serotyping system (4) places the cross-reactive types 
within groups designated by a number and a capital letter. 
The origin of serological cross-reactivity can be related to 

11 b~\ld?j, ,~J!JJJ, ud i_____ 

structural homologies among the pneumococcal polysac- 
charides within a group (3). 

( A )  
Group 19 S. pneumoniae is composed of four cross-re- 

acting serotypes; 19A, 19F, 19B, and 19C. The chemical 
structures of the 19A and 19F specific capsular polysaccha- 
rides have been reported by Jennings and co-workers (5,6) 
and Ohno et al. (7). These polymers are composed of sim- 
ilar trisaccharide units, 

IIL 
+4)-P-D-Man,NAc-(1+4)-a-D-Glc,-( 1+3/2)-a-L-Rha,-(1+ . - 

polymerized through phosphate diester groups, and only 
differ in the position of the linkage to the a-L-Rha, residue. 
Both the 19A and 19F polysaccharides are included in the 
23-valent pneumococcal vaccine currently in use in North 
America. To establish the molecular basis for the immuno- 
biological activities and serological cross-reactivities among 
the group 19 pneumococci, we now report the results of the 
structural analysis of the serotypes 19B and 19C capsular 
polysaccharides. 

Results 

Type-specific capsular polysaccharide was obtained from 
the spent growth medium of S. pneumoniae serotype 19B and 
serotype 19C (8). The two polysaccharides eluted as the void 
volume fractions on a Sephadex G-50 gel filtration system, 
indicating each to be a high molecular weight polymer. These 
materials were further purified by DEAE-Sephacel ion ex- 
change chromatography where the respective polysaccha- 
rides eluted as discrete homogeneous fractions in a sodium 
chloride salt gradient. The 19B and 19C polysaccharides so 
obtained had [a], -54.1 (c 1.7, water) and [a] -37.1 (c 1.4, 
water), respectively, and were homogeneous for neutral 
glycoses, arninodeoxy glycoses, and phosphate. Anal. found 
for 19B: C 37.7, H 5.4, N 3.1, and ash 15.5%, and for 19C: 
C 37.3, H 5.6, N 2.7, and ash 11.5%. The phosphate con- 
tent of the 19B and 19C polymers was determined colori- 
metrically (9) to be 7.7 and 6.6% (PO,), respectively. 

Complete acid hydrolysis of 19B and 19C polysaccha- 
rides and GLC-MS of the derived alditol acetates showed 
both samples to contain L-Rha, D-Glc, D-ManN, and D-Rib. 
The relative increase in the amount of glucose released from 
the 19C polysaccharide after hydrolysis (Glc: Rha, 1 .O: 1.0), 
in comparison with that released from the 19B polysaccha- 
ride (Glc : Rha, 0.5 : 1.0), suggested that this polysaccharide 
contained an additional glucose residue. The absolute con- 
figurations of the residues were established by GLC of the 

FIG. 1 .  Proton NMR spectra of the S. pneurnoniae capsular 
polysaccharides recorded at 320 K; (A) serotype 19B, (B) sero- 
type 19C. 

corresponding (R)-2-octyl glycosides (10) and the identity 
of the D-ManN residues was confirmed by analysis of the 
nitrous acid-deaminated, reduced (NaBH,), and acetylated 
products of hydrolysis (1 1). 

The 'H NMR spectra of the 19B and 19C polysaccha- 
rides were very similar (Fig. 1). Both spectra contained high- 
field doublets (J -6 Hz) at 1.32 and 1.28 ppm for the methyl 
groups of two 6-deoxyhexoses and a pair of singlets of equal 
signal area at 2.10 and 2.07 ppm, which could be attributed 
to the methyl groups of two N-acetyl substituents. These 
findings, in conjunction with the analytical data, would 
suggest that the two polymers contain L-Rha and D-ManNAc 
in equal molar amounts. In the I3C NMR spectra (Fig. 2), 
characteristic resonances at 18.2 and 17.9 ppm were indic- 
ative of the C-6 from two 6-deoxyhexoses, while the sig- 
nals at 54.1 and 50.8 ppm were diagnostic of the C-2 from 
the 2-acetamido-2-deoxyhexopyranose residues. Reso- 
nances at 176.3, 176.0 ppm (C=O) and 23.6 and 22.9 ppm 
(CH,) could be attributed to the two acetamido functions. A 
minor resonance at 55.2 ppm, together with the corre- 
sponding 'H resonance at 3.22 ppm, could be attributed to 
the choline methyl groups from the pneumococcal group 
antigen, C-substance (2), which is often found as a contam- 
inant of the specific capsular polysaccharide preparations. 
These resonances were absent from the spectra of the poly- 
saccharides purified by ion exchange chromatography on 
DEAE-Sephacel. 

The "C NMR spectrum of the 19B polysaccharide (Fig. 
2A) exhibited six discrete anomeric carbon resonances at 
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FIG 2. Partial 13c NMR spectra of the S. przeumoniae capsular 
polysaccharides recorded at 310 K; (A) serotype 19B, (B) sero- 
type 19C. 

I 
109.4, 102.5, 100.8, 100.5, 97.7, and 97.3 ppm, indicat- 

I ing the polymer to be composed of regular hexasaccharide 
repeating units. An additional resonance for an anomeric 
carbon was observed at 103.4 pprn in the I3c NMR spec- 
trum of the 19C polysaccharide (Fig. 2B) suggesting it to be 
composed of heptasaccharide units. The presence of an 
anomeric signal at 109.4 pprn in both spectra indicates that 
the polymers each contain residues having the p-furano- 
sidic ring form (12). 

Methylation analysis of the 19B and 19C polysaccharides 
gave the results recorded in Table 1. The data were consis- 
tent with the two polysaccharides being composed of 
branched repeating oligosaccharide units containing termi- 
nal  rib^, 4-linked L-Rha,, and 4-linked D-Glc, residues. The 
occurrence of the 6-0-methyl derivative of N-methyl-D- 
ManpN in the acid hydrolysis products of the 19B polysac- 
charide indicated that one of the amino sugars was present 
as a di-0-substituted branch point linked through 0 -3  and 0 -4  
(Table 1, column I). Although the corresponding partially 
methylated derivative was not detectable in the acid hydro- 
lysate of the 19C polysaccharide, (Table 1, column VI), the 
presence of 2,3,4,6-tetra-0-methyl-D-glucose in addition to 
the 2,3,5-tri-0-methyl-D-ribose suggested that the repeating 
unit of this polymer contained two branch points. Aqueous 
hydrofluoric acid treatment of the 19C polysaccharide fol- 
lowed by methylation of the dephosphorylated product and 
hydrolysis gave approximately equal amounts of N-methyl- 

D-Man> and N-methyl-3,4,6-tri-0-methyl-D-ManN,, (Table 
1, column VII), indicating the presence of a tri-o-substi- 
tuted 2-acetamido-2-deoxy-sugar residue in the repeating unit. 
The highly branched nature of the ManNAc residues may 
account for the low yield or absence of the corresponding 
derivatives obtained from the methylation analysis proce- 
dure. 

The structures of the 19B and 19C polysaccharides were 
determined from an analysis of the fully assigned 'H and I3c 
NMR spectra by employing a combination of homo- and 
heteronuclear chemical shift correlation techniques and nu- 
clear Overhauser enhancement experiments. 

Examination of the J-connectivities observed in the 2D 
homonuclear chemical shift correlation (COSY) and re- 
layed coherence transfer (relayed COSY) spectra led to the 
identification of the coupled spin networks that were repre- 
sentative of the individual glycose residues in the respective 
oligosaccharide repeating units. The 'H chemical shift data 
and ' H - I H  coupling constants, determined from the appro- 
priate cross-peaks in these spectra, are recorded in Table 2. 
Assignments of the 13c resonances were then made by di- 
rect correlation with the assigned 'H resonances by hetero- 
nuclear I3c-lH chemical shift correlation (via 'J,,,) and by 
comparison with I3c data from the literature (13) (Table 3). 

The COSY spectrum of the ring proton region of the 19C 
polysaccharide is shown in Fig. 3. In the low-field region of 
this spectrum (5.4-4.5 ppm), seven resonances for ano- 
meric protons were readily identified from their single vici- 
nal proton couplings. These resonances provided the start- 
ing point for spectral analysis and were labelled H-la to H-lg 
according to their decreasing chemical shift values. Delin- 
eation of the connectivity pathways defined by the cross- 
peaks led to the identification of the subspectra associated 
with each of the component monosaccharide residues (a-g). 

Subspectra corresponding to four of the component 
monosaccharide residues (a, c, d,  and e) could readily be 
attributed to pyranosyl units having the manno configura- 
tion from the observed small magnitude ( 5 3  Hz) of the vic- 
inal couplings JI,, and J2,, (14). Residues a and d were 
identified as the L-Rha, residues since the two high-field 
methyl doublets at 1.32 (55.6 5.7 Hz) and 1.29 pprn (J5.6 
5.6 Hz) could be mapped into the respective connectivity 
pathways via cross-peaks to H-5a (3.91 ppm) and H-5d 
(4.29 ppm) in the full-scale COSY, and to H-4a (3.70 ppm) 
and H-4d (3.5 1 ppm) in the relayed COSY. The resonances 
for H-2 of residues c and e occurred at relatively low field 
(4.5-4.7 pprn). Direct correlation of these resonances to 
the corresponding I3c resonances for C-2 at 50.8 and 
54.1 ppm, respectively, permitted the two residues to be 
identified as the D-M~~,NAc  indicated by chemical analy- 
sis. The resonance for H-4e (4.07 ppm) showed additional 
heteronuclear coupling (J  9.8 Hz), which was apparent from 
the COSY cross-peak 3,4e indicating C-4 as the site of 
phosphate substitution. Phosphorus-3 1 coupling to the cor- 
responding I3c resonance, C-4e ( 2 ~ c , p  5.6 Hz), and the ad- 
jacent carbon, C-3e (3~c .p  6.7 HZ), is consistent with phos- 
phate substitution at C-4 of the D-M~~,NAc  residue. The 
presence of phosphate at the 0 - 4  position of one of the D- 

Man,NAc residues may account for the low amount of the 
ManNAc derivatives detected by glycose and methylation 
analysis due to incomplete cleavage of the phosphate esters 
under the hydrolysis conditions employed. It is noteworthy 
that the COSY cross-peaks relating H-4 and H-5 of this D- 
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BEYNON ET AL 

TABLE 1. Methylation analysis data from S. pneunzor~iae serotypes 19B and 19C 
capsular polysaccharides 

Molar ratiosb 
Methylated sugar" 
(as alditol acetate) TMGC I I1 111 IV V VI VII VIII IX 

1,2,3,5-Rha 0.42 0.4 0.3 0.4 0.4 tr" 0.2 
2,3,5-Rib 0.62 0.8 1 .O 
2,3,4-Rha 0.57 0.1 0.8 1.0 0.5 
2,3-Rha 0.89 1.7 I .O 
2,3,4,6-Glc 1 .O 1.0 1.0 1.0 1.0 1.0 1.0 
2,3,6-Glc 1.40 1.0 1.0 1.0 0.3 1.2 
1,2,3,5-ManNAc 2.12 0.2 
2,3,4,6-ManNAc 2.5 1 0.3 0.3 0.4 
2,3,6-ManNAc 2.92 tr" 0.2 0.3 
2,6-ManNAc 3.32 0.5 tr" 0.4 0.1 
2.3-ManNAc 3.47 0.2 
2-ManNAc 3.73 0.3 

"2,3,4,6-Glc represents 1,5-di-0-acetyl-2,3,4,6-tetra-O-methyl-D-gluctol, etc. 
'I, 19B polysaccharide; 11, 19B HF product 1; 111, 19B H F  product 2; IV, 19B partial hydrolysis prod- 

uct 4; V, 19B partial hydrolysis product 3; VI, 19C polysaccharide; VII, 19C HF product 5; VIII, 19C 
partial hydrolysis product 6; IX. 19C partial hydrolysis product 7 .  Values are not corrected for differ- 
ences in detector response factors. 

'Retention times relative to that of 1,5-di-0-acetyl-2,3,4,6-tetra-O-methyl-D-glucit0l. 
"Trace amounts present. 

TABLE 2. Proton chemical shifts and coupling constants for the S. pneumonlue type 19C 
and 19B polysaccharides" 

H- 1 H-2 H-3 H-4 H-6 H-6' 
I Glycose unit (JI 2) (J2 3) (J3 4) (54 5) H-5 (Js 6) (Js 6',J6.6') 
1 

I a-L-Rha, 5.37 3.99 3.94 3.70 3.9 1 1.32 
a (1.3) (3.3) (10.0) (9 5) (5.7) 

I 

i (7.3)' 
P - D - R I ~ ~  5.29 4.10 4.12 4.02 3.83/3.69" 

I b 
I (s) (4.9) (7.0) (4.1) 

P-D-M~~,NAc' 5.03 4.71 3.99[3.97] 3.93[3.90] 3.63[3.51] 4.33[3.96] 4.04[3.69] 
I C (s) (2.7) (9.5) (- 10) (- 1) (-4, I 1.2) 
I a-L-Rha,, 4.97 [4.94] 3.76 3.92 3.51 4.29 [4.24] 1.29 

d (s) (3.7) (9.1) (10.0) (5.6) 
P-D-M~~,NAc 4.83 4.57 3.98 4.07 3.56 3.94 3.83 

e (s) (3.8) (9.6) (9.7) (-2) (4.8, 11.2) 
(9.8)' 

6-D-Glc, 4.58 [4.48] 3.20 3.67 3.35 3.52 3.89 3.69 
f (7.5) (9.8) (101 .O) (9.8) (-1) (7.5, 11.3) 

P-D-Glc,' 4.52 3.34 3.53 3.39 3.47 3.93 3.73 
tZ (8.2) (9.8) (10.0) (9.7) (-2) (6.2, 11.5) 

"Observed first-order chemical shifts and coupling constants ( k 0 . 5  Hz). 
'Data are for the native 19C polysaccharide in D,O at 3 10 K. Chemical shift values in square brackets are for proton resonances 

shifted (>+0.01 ppm) in the spectrum of the 19B polysaccharide. 
c 3  J,,, value (Hz). 
"-5' value; J4.s = 7.2 HZ, Js , s ,  = 12.0 HZ. 
'The P-D-ManpNAc residues c are not substituted by P-D-Glc, end groups g at the 0 - 6  position in the 19B polysaccharide. 

ManPAc residue (4,5e) were of relatively low intensity,(Fig. 
3). A proton NOE experiment provided unambiguous as- 
signment of the H-5e resonance. 

Due to the axial disposition of the hydroxyl group at C-2 
of the mannop yranos y 1 residues, the anomeric configura- 
tions were not evident from the J1,2 values ( 5 3  Hz) (14). 
However, the configurations could be determined from the 
corresponding one-bond I3c-l~ coupling constants ( 15). 
Values for 'J,,, of ca. 173 Hz indicated the a-configuration 
for the two L-Rha, residues (a and d), while 'J,., values of 

162-165 Hz were consistent with the P-configuration for the 
two D-Man,NAc residues (c  and e). The latter assignments 
were confirmed by intraresidue 'H-'H NOE experiments. 

A 'H-I3c connectivity between the H- 1 b resonance 
(5.29 ppm) and the anomeric carbon at lowest field 
(109.4 ppm) identified residue b as a P-furanoside moiety. 
The 'H subspectrum corresponding to residue b comprised 
six 'H resonances, for which the chemical shifts and 'J-val- 
ues (Table 2) were consistent with the residue being a P-D- 
Ribf (16). In addition, the residue b ''c chemical shifts (Table 
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TABLE 3. Carbon-13 chemical shifts for the S. pneurnoniae types 19C and 19B polysaccharides"~" 

Glycose unit C-l  C-2 C-3 C-4 C-5 C-6 C=O CH, 

a-L-Rha, 97.3" 72.1" [72.3] 70.7 [71.5] 80.6 69.4 18.2 
a (173)' 

P-D-Rib, 109.4 76.2 72.3 83.7 64.2 
b (177)' 

P-D-Man,NAcC 100.8 50.8 75.1 72.1 [71.9] 75.6 [76.11'] 68.4 [60.7] 176.3' 23.0' 
c (165)' 

a-L-Rha, 97.7 71.5 7 1.6 80.6 68.1 17.9 
d (172)' 

P-D-Man,NAc 100.5 54.1 7 1.9 73.3 76.8" 61.6 176.0' 22.9' 
e (1 62)' (6.7)/ (5.6)* 

P-D-Glc, 102.5 74.7 75.0 81.3 75.9 [76.8"] 62.5 
f (162)' 

P-D-Glc,' 103.4 74.1 77.1 70.9 77.1 62.2 
g ( 162)' 

"Data are for the native 19C polysaccharide at 310 K in DzO. Chemical shift values in square brackets are for "C resonances shifted 
(>?0.01 ppm) in the spectrum of the 19B polysaccharide. 

b~ssignments were made by 'H-"C chemical shift correlation. 
'The P - D - M ~ ~ , N A c  residues c are not substituted by P-D-Glc, end groups g at the 0 -6  position in the 19B polysaccharide. 
"J,,, unresolved. 
' 'JC.H (HZ). 
"Jc.r (Hz). 
gZJC,p (HZ). 
"-'Assignments may be reversed. 

FIG. 3. The COSY contour plot of the ring proton region (5.45- 
3.15 ppm) of the S. pneurnoniue serotype 19C capsular polysac- 
charide recorded at 310 K. Cross-peaks in the low-field region of 
the spectrum and from the residue c spin system are indicated. 

3) were similar to those reported (17) for methyl P-D-ribo- 
furanoside, indicating the residue to be present as a nonre- 
ducing end group. 

Residues f and g each gave spin-systems comprising seven 
'H resonances. Based on the chemical shift data and the ob- 
served large values (8- 10 Hz) for the ring proton coupling 
constants (Table 2), both residues could be identified as P- 
D-gluco yranose units (1 8). P, The C-decoupled 'H-detected heteronuclear multiple 
quantum coherence spectrum (Fig. 4) of the 19C polysac- 
charide shows well-resolved cross-peaks for most of the I3c- 
'H single bond connectivities. Cross-peaks relating reso- 
nances at the 5-position of the P-pyranosyl residues e, f, and 
g, as well as the H-3g/C-3g contour, showed considerable 
overlapping, but a distinction between these residues could 
be made by comparison with data from the 19B polysaccha- 
ride in which the latter residue (g) is absent. The 'H and I3c 
NMR spectra of the 19B polysaccharide (Figs. IB and 2B) 
were assigned similarly using COSY, relayed COSY, and 
13c-'~ correlation (CHORTLE) techniques (Tables 2 and 
3). 

For the 19C polysaccharide, the methylene carbon reso- 
nance at 68.4 ppm (identified by a DEPT experiment) was 
mapped into the residue c 'H spin-system from connectivi- 
ties to the proton resonances at 4.33 (H-6c) and 4.04 (H-6'c) 
ppm (Fig. 4), the downfield position of C-6c being indica- 
tive (19) of substitution at the corresponding position. This 
resonance is significantly upfield shifted in the spectrum of 
the 19B polysaccharide. The relatively deshielded values for 
C-3 (75.1 ppm) and C-4 (ca. 72.0 ppm) of this residue in the 
spectra of both the 19C and the 19B polysaccharides (Table 
3) indicate c to be the branching D-Man,NAc residue iden- 
tified by methylation analysis. Indeed, from a comparison 
of the chemical shift data (Tables 2 and 3), it would appear 
that the only difference between the two serologically re- 
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FIG. 4.  The "c-decoupled 'H-detected heteronuclear multiple 
quantum coherence spectrum of the ring proton region (5.45- 
3.15 ppm) of the S. pneumoniae serotype 19C capsular polysac- 
charide recorded at 310 K. The contour indicated by "X" is due to 
the choline methyl resonances from the pneumococcal C-sub- 
stance. 

FIG. 5.  Contour plot of the 'H spectral region (5.45-3.15 ppm) 
of the NOESY spectrum for the S. pneumoniae serotype 19C cap- 
sular polysaccharide recorded at 310 K .  Cross-peaks arising from 
NOE involving the anomeric protons are indicated. 

TABLE 4 .  Proton NOE data for the S. pneumoniae types 
19B and 19C polysaccharidesa 

Observed proton 
-- - 

Anomeric Intraresidue Transglycosidic Partial 
proton NOE NOE sequence 

The sequences of the glycoses within the repeating units 
of the 19B and 19C polysaccharides were determined from 
NOE measurements that served to establish connectivities 
between the anomeric and aglyconic protons on adjacent 
glycosyl residues (Table 4). Two-dimensional experiments 
(NOESY) were employed and a contour plot of the spec- 
trum obtained on the 19C polysaccharide is shown in 
Fig. 5 .  

Nuclear Overhauser effects relating the anomeric proton 
resonances with other protons within the same ring system 
provided confirmation of the configurations at the anomeric 
centres of the glycopyranosyl residues. The occurrence of 
intraresidue NOE between H-1 and H-3 and between H-1 and 
H-5 was diagnostic of the P-linked D-Man$JAc (c and e) and 
D-Glc, (f and g) residues, while intraresidue effects were 
observed between only H- 1 and H-2 of the L-Rha, residues 
(a and d) indicating the assigned a-configurations. 

Transglycosidic NOE were observed between H-le/H-4f, 
H-lf/H-4c, and H- lc/H-4a, which established the linear 
partial sequence, e-+f+ma. The anomeric proton reso- 

"Measured from 2D NOESY spectra of the native polysaccha- 
rides at 310 K in DzO. 

bNo detectable NOE. 
'NOE of low intensity. 

lated polysaccharides is the presence or absence of the P-D- 
Glc, end groups g at the 0 - 6  position of the P-D-M~~,NAc 
residues c. 

The resonance for H-la (J,,, -1 Hz)) showed additional 
splitting (-7 Hz), which could be attributed to phosphorus- 
31 coupling, indicating that this a-L-Rha, residue (residue 
a) is glycosidically linked to phosphate. This linkage was 
confirmed by 3 1 ~ - ' ~  chemical shift correlation, which es- 
tablished a connectivity (via 3 ~ H , p )  between the phosphorus 
(tip -2.1 ppm) and proton (6,5.37 ppm) resonances. In ad- 
dition, the occurrence of a connectivity between the 3 1 ~  nu- 
cleus and H-4e (4.07 ppm) unequivocally established the 
position of the phosphate diester between residues a and e: 
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nance of the a-L-Rha, residue a showed a strong NOE within cordance with the residue a being glycosidically linked to the 
the pyranosyl ring system to H-2a but none to adjacent gly- phosphate moiety. It follows that the main chain of the 
cosy1 residues. The lack of any interresidue NOE is in ac- polymer is composed of the repeating tetrasaccharide unit, 

in which the P-D-M~~,NAc c provides the point for further 
substitution. 

The occurrence of a transglycosidic NOE between H-lb 
and H-4d identifies the disaccharide side chain, b d ,  which 
is in turn 1,3-linked to the branching P-D-M~~,NAc residue 
c, as evidenced from interresidue effects between H-ld and 
H-3c/H-2c. These effects were observed in the NOESY 
spectra of both the 19C and the 19B polysaccharides (Table 
4), and thereby established the arrangement of the residues 
within the hexasaccharide unit of the 19B polymer (Fig. 6). 

A transglycosidic connectivity between H-lg and the 
methylene proton pair (H-6c and H-6'c) in the NOESY 
of the 19C polysaccharide allows the terminal P-D-Glc, 
end group g to be positioned at 0 - 6  of the trisubstituted 
P-D-M~~,NAc residue in the heptasaccharide unit. This is 
in accord with the conclusions arrived at from considera- 
tion of the "C chemical shift data. The accumulated evi- 
dence therefore establishes that the 19C S .  pneumoniae 
capsular polysaccharide is composed of the heptasaccharide 
units, 

polymerized through phosphate diester groups. The repeat- 
ing unit of the 19B polysaccharide has the same structure but 
lacks the P-D-Glc, end groups. 

The positions of the glycosyl linkages and the sequence 
of the residues within the repeating units were confirmed by 
NMR and MS-based analyses of the oligosaccharide frag- 
ments obtained by partial acid hydrolysis of the 19B and 19C 
polysaccharides (Scheme 1). 

Depolymerization of the 19B polysaccharide with 48% 

aqueous hydrofluoric acid, followed by fractionation of the 
products on Bio-gel P2, afforded two major phosphate-free 
products: a tetrasaccharide 1 (K,, 0.55,) and a pentasac- 
charide 2 (K,, 0.48). 

The low-field region of the 'H NMR spectrum of reduced 
1 contained two singlets at 4.92 and 4.87 ppm for the ano- 
meric protons of two P-D-M~~,NAc residues, two doublets 
( J  -4.6 Hz) at 4.62 and 4.55 ppm for their corresponding 
H-2 resonances, and a doublet (JI,, 8.4 Hz) at 4.52 ppm for 

FIG. 6. Structure of the hexasacchaxide repeating unit of S. pneumoniae serotype 19B capsular polysacchaxide (R = H) showing through 
space connectivities identified by 'H-'H NOE analysis. For the heptasaccharide unit of the serotype 19C polysaccharide R = p-D-Glc,. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BEYNON ET AL 

I Partial hydrolysis 

r 48% aqueous HF 

19B polysaccharide R = H 
19C polysaccharide R = P-D-GlcB-(1- 

1 
P-2-Ribf-(1-4)-a-&-%aB - 

48% aqueous HF Partial hydrolysis 

SCHEME 1. Oligosaccharides obtained fr.om the capsular polysaccharides of S. prieurnoniae types 19B and 19C. 

the anomeric proton of a P-D-Glc, residue (Table 5). Other 
characteristic signals were observed at 2.06 (s, 3H) and 2.08 
(s, 3H) pprn and at 1.26 (d, 3H, J, , ,  7.5 Hz) pprn for the 
methyl protons of two acetamido functions and a L-rhamni- 
to1 residue, respectively. 

The 13c NMR spectrum contained three signals in the 
anomeric region (Table 5), signals at 54.1 and 53.8 pprn 
for the C-2 resonances of the 2-amino-2-deoxyhexose 
residues, and one resonance at 19.2 pprn for the methyl 
carbon of a reduced rhamnose residue. A resonance at 
63.7 pprn was assigned to C-1 of the reducing end residue 
of 1. 

The FAB mass spectrum of reduced, methylated 1 showed 
molecular ions at m/z 953 and 931, which correspond to 
[M+Na] + and [M+ H] + , respectively. The EI mass spec- 
trum showed A-series fragment ions (20) at m/z 709, 464, 
and 260 produced by sequential cleavage of the glycosidic 
linkages from the reducing end of the tetrasaccharide, and a 

fragment ion at m/z 205 that was indicative of the terminal 
6-deoxy-hexitol moiety (Fig. 7). 

The downfield region of the 'H NMR spectrum of re- 
duced pentasaccharide 2 was similar to that of 1 (Table 5) 
except for the presence of an additional singlet at 4.96 ppm 
for the anomeric proton of an a-L-Rha, residue. Corre- 
spondingly, the I3c NMR spectrum showed four signals in 
the anomeric carbon region (Table 5) and the presence of 
signals at 17.2 and 19.3 pprn indicated the presence of L-Rha, 
and reduced L-Rha residues, respectively. 

The FAB mass spectrum of reduced, methylated 2 showed 
molecular ions at m/z 1 105 [M+ HI + and 1 127 [M+Na] +. 
Abundant fragment ions derived from the protonated mo- 
lecular ion (m/z 1105) were observed at m/z 883, 677, and 
196 in the collision-induced dissociation (CID) FAB mass 
spectrum obtained using linked scans at constant B/E (Fig. 
8). The fragment ion at m/z 883 arises from a characteristic 
A-type cleavage (20), and subsequent loss of the terminal 
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TABLE 5 .  NMR data for the oligosaccharides derived from the S. pneumoniae 19B and 
19C capsular polysaccharides" 

'H  NMR data I3C NMR data 

6 J 6 
Oligosaccharides (ppm) (Hz) ~ s s i ~ n m e n t '  (ppm) Assignment' 

P-D-ManNAc 
P-D-ManNAc 
H-2 of ManNAc 
H-2 of ManNAc 
P-D-Glc 
a-L-Rha 
P-D-ManNAc 
P-D-ManNAc 
H-2 of ManNAc 
H-2 of ManNAc 
P-D-Glc 
P-D-ManNAc 
H-2 of ManNAc 
P-D-Glc 
a-L-Rha 
P-D-ManNAc 
H-2 of ManNAc 
P-D-Glc 
P-D-ManNAc 
a-L-Rha 
P-D-ManNAc 
H-2 of ManNAc 
P-D-Glc 
H-2 of ManNAc 
P-D-Glc 

"Measured in ppm from acetone as an internal standard (6 ,  2.225 ppm; Sc 31.07 ppm) 
bFor example, P-D-G~c refers to the anomeric proton of a P-D-glucopyranosyl residue unless oth- 

erwise specified. 
'As for b, but for the anomeric "C nuclei. 

L-Rha, residue results in the formation of a fragment ion at 
m / z  677 having the possible structure 

In conjunction with the data from methylation analysis 
(Table 1) of the two oligosaccharides, the foregoing results 
establish that the pentasaccharide 2 is representative of the 
19B oligosaccharide repeating unit minus the terminal P-D- 
RibJ residue, and that the oligosaccharide 1 depicts the lin- 
ear tetrasaccharide backbone (Scheme 1). 

Partial hydrolysis of the 19B polysaccharide using 0.05 M 
trifluoroacetic acid (lOO°C, 3 h) afforded as the major prod- 
ucts analogues of oligosaccharide 1 and 2 that were lacking 
the terminal nonreducing P-D-M~~,NAc residue. Gel filtra- 
tion on Bio-gel P2 gave the trisaccharide 3 (K,, 0.57) and the 
tetrasaccharide 4 (K,, 0.47). 

Reduced 3 showed 'H NMR resonances at 4.90 (s) and 
4.60 (d, Jl,2 1-2 HZ) pprn for H-1 and H-2, respectively, of 
a P-D-ManPAc residue, and at 4.5 1 (d, J,.;, 8.4 Hz) pprn for 
H-1 of a P-D-Glc, residue (Table 5). A singlet at 2.10 (3H) 
pprn and a doublet (3H, J,,, 7.5 Hz) at 1.27 pprn were in- 

dicative of the presence of a single acetamido function and 
an L-Rha residue, respectively. The I3c NMR data (Table 5) 
showed two signals in the anomeric region, at 103.5 and 
100.5 ppm, indicating 3 to be a trisaccharide. Resonances 
at 53.7 and 19.2 pprn confirmed the presence of a single 
amino sugar and a reduced L-Rha residue, respectively. 

GLC-EI-MS analysis of reduced, methylated 3 gave a 
single peak (RT 13.0 min, program D) that showed charac- 
teristic fragment ions at m / z  187, 205, 2 19, and 265. Iden- 
tification of the partially methylated alditol acetates derived 
after hydrolysis of the reduced, methylated 3 allowed the 
trisaccharide to be characterized as P-~-Glc,-(1+4)-p-~- 
Man,NAc-( 1+4)-L-Rha. 

Examination of the 'H and I3c NMR data from 4 (Table 
5) indicated it to be a tetrasaccharide (Scheme 1). Thus, the 
I3c NMR spectrum of the reduced tetrasaccharide showed 
three signals in the anomeric region at 102.9, 100.5, and 
97.8 ppm, while a single resonance at 50.5 pprn and two 
resonances at 19.2 and 17.1 pprn indicated the presence of 
one amino sugar, one reduced L-Rha, and one L-Rha,, re- 
spectively. 

The FAB mass spectrum of reduced, methylated 4 showed 
a molecular ion at m / z  860 [M+H]+ and EI analysis gave 
fragment ions at m / z  189, 205, 219, 654, and 624 (Fig. 9). 
That the tetrasaccharide was branched at the D-M~~ ,NAc  
residue was verified by methylation analysis (Table 1,  col- 
umn IV). 
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FIG. 7. EI-MS fragment ions of reduced, methylated oligosaccharide I .  

FIG. 8. FAB-MS fragment ions of reduced, methylated oligosaccharide 2. 

Depolymerization of 19C polysaccharide with 48% 
aqueous hydrofluoric acid, followed by fractionation of the 
products on Bio-gel P2, afforded a single major product, the 
phosphate-free hexasaccharide 5 (K,, 0.40). 

The anomeric region of the 'H NMR spectrum of re- 
duced 5 showed two singlets (4.95 and 4.86 ppm) and two 
doublets (J -1-2 Hz, 4.78 and 4.54 ppm) for the respec- 
tive H-1 and H-2 resonances of two P-D-M~~,NAc resi- 
dues, a singlet (4.92 ppm) from H-1 of an a-L-Rha, resi- 
due, and a pair of doublets (J,,2 -8 Hz, 4.56 and 4.53 ppm) 
from the H- 1 resonances of two P-D-Glc, residues. The up- 
field region of the spectrum contained a singlet at 2.07 pprn 
(6H) and two doublets (J,,, 6.8 Hz) at 1.24 and 1.27 pprn 

from the methyl protons of two acetarnido functions and two 
rhamnose residues, respectively. 

The I3c NMR spectrum of reduced 5 contained five sig- 
nals in the anomeric region (Table 5), and several high-field 
resonances that confirmed the presence of the two 2-aceta- 
mido-2-deoxy sugars and L-Rha, residues. 

The FAB mass spectrum of reduced, methylated 5 showed 
molecular ions at m/z 1347 [M + K]+ , 133 1 [M+Na]+ , and 
1309 [M+H]+, and a major fragment ion at m/z 1087. The 
sequence of the glycoses was indicated from the FAB-MS 
by CID of the protonated molecular ion (m/z 1309) by linked 
scanning, and from the fragmentation pattern produced in the 
EI mass spectrum. In the EI mass spectrum characteristic A- 
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O M e  O M e  

1 FIG. 9. EI-MS fragment ions of reduced, methylated oligosaccharide 4. 

type fragments at m / e  260, 219, 189, and 205 were indic- 
ative of ManNAc, Glc, and Rha nonreducing end groups and 
a terminal rhamnitol residue, respectively. A significant 
fragment ion at m / z  464 established the partial sequence 
ManNAc-0-Glc, while the ions at m / z  1087 and 828 in the 
CID-FAB-MS defined the position of the branching tri-0- 
substituted ManNAc residue (Fig. 10). Analysis by GLC-MS 
of hydrolysed, reduced, methylated 5, after conversion of the 
partially methylated glycoses to their alditol acetates, iden- 
tified the linkage positions (Table 1, column VII). 

Treatment of the hexasaccharide 5 with trifluoracetic acid 
(0.5 M, 100°C, 1 h) and fractionation of the hydrolysis 
products on Bio-gel P2 afforded two oligosaccharides, 6 (K,, 
0.34) and 7 (K,, 0.55). 

The CI mass spectrum of methylated, reduced (NaBH,) 6 
showed a [M+NH,]+ ion at m / z  907, a [M+H]+ ion at m / z  
890, and fragment ions at m / z  654, 205, 187, and 155 (Fig. 
1 l), which were indicative of a branched tetrasaccharide. On 
the other hand, the CI mass spectrum of the methylated de- 
rivative of reduced 7 contained molecular ions at m / z  733 
[M+NH,]+ and 716 [M+H]+, indicating it to be a related 
trisaccharide that was lacking the reducing L-Rha residue. The 
GLC-EI mass spectrum (RT 13.6 min, program D) of 7 had 
fragment ions at m / z  2 19, 187, 174, 155, and 130. Hydro- 
lysis of reduced, methylated 7 and analysis by GLC-MS of 
the partially methylated glycoses as their alditol acetates gave 
the results shown in Table 1, column VIII. 

Thus the above results identify 5 as a P-D-Glc,-contain- 
ing analogue of 1, which corresponds to the oligosaccharide 
repeating unit of the 19C polysaccharide minus the P-D-Rib, 
end group (Scheme 1). 

Comparison of the methylation analysis data for the 19B 
and 19C polysaccharides with those of the derived oligo- 

saccharides (Table 1) confirmed the positions of the glyco- 
syl linkages and the location of the side chains in the native 
polysaccharides. 

Discussion 

The structures of the S. pneumoniae group 19 capsular 
antigens are shown in Table 6. A number of common fea- 
tures can be identified that may be responsible for cross- 
serological activity within the group: (1) the trisaccharide 
units of the types 19A and 19F have almost identical struc- 
tures, differing only in the substitution site of the a-L-Rha, 
residues; (2) the 19C and 19B polysaccharides share a com- 
mon hexasaccharide unit. However, the only common 
structural feature shared by all the four types is the region 
about the phosphate diester bridge, i.e., the trisaccharide 
fragment 

These structural aspects concur with serologically deter- 
mined antigenic similarities. 

Seven antigenic factors have been identified (21) within 
the group 19 of S. pneumoniae by the use of factor antisera 
(Table 6). The 19F and 19A pneumococcal types have two 
antigenic components in common (19a and 19d). In addi- 
tion, the type 19A expresses an antigenic determinant, 19c, 
which, along with the 19a determinant, is also a component 
of type 19B and 19C polysaccharides. The antigenic factor, 
19b, is unique to type 19F pneumococci and this factor may 
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FIG. 10. EI-, CID-FAB-MS fragment ions of reduced, methylated oligosaccharide 5. 

FIG. 11.  CI-MS fragment ions of reduced, methylated oligosaccharide 6 .  
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TABLE 6. Structures" and antigenic formulae" of the group 19 S. ptleumoniae specific capsular plolysaccharides 

Serotype Repeating unit Antigenic factors 

"Structures of the 19F and 19A polysaccharides are from refs. 5-7 
bAntigenic factors are from ref. 21. 

reflect the difference between the linkage to the a-L-Rha, 
residues in the type 19F and 19A specific polysaccharides. 
Streptococcus pneumoniae types 19B and 19C have three 
antigenic factors in common, 19a, 19c, and 7h; the latter 
determinant, which most probably resides in the P-D-Ribf- 
(1b4)-a-L-Rha,-(lb disaccharide side chains, is also a 
component of the pneumococcal type 7B and 7C polysac- 
charides. Expression of the antigenic determinants 19f and 
19e can be correlated to the presence or absence of the P-D- 
Glc, end groups in the type 19C and 19B polysaccharides, 
respectively. 

Rabbit antisera to either the 19F or 19A polysaccharide 
(22) react strongly with the heterologous polysaccharide, but 
only poorly with the 19B and 19C polysaccharides. On the 
other hand, the 19B and 19C polysaccharides and their anti- 
sera cross-react extensively with each other (22). It is note- 
worthy in this context that results in humans indicated much 
less cross-reactivity between types 19F and 19A and, as a 
consequence, both polysaccharide antigens are included in 
a 23-valent vaccine. 

Experimental 

Streptococcus pneumoniae type 19B and 19C polysaccharides 
Types 19B and 19C polysaccharides were obtained from the re- 

spective bacterial growth media after digestion with trypsin, ri- 
bonuclease, and deoxyribonuclease by fractional precipitation with 
2-propanol with serological probing (8). The polysaccharides were 
each eluted as single discrete peaks in a k 1  M NaCl gradient on 
DEAE-Sephacel. 

Analytical methods 
Ion exchange chromatography on DEAE-Sephacel was carried 

out as described previously (23). Quantitative colorimetric meth- 
ods used were (i) phenol - sulphuric acid for neutral glycoses (24), 
(ii) the method of Chen et al. for phosphate (9), and (iii) the mod- 
ified Elson-Morgan for aminoglycoses (25). 

Analytical GLC-MS was done with a Hewlett-Packard 5885B 
system and an OV-17 fused silica column (Quadrex Corp.) using 
an ionization potential of 70 eV (EI) or with ammonia as reagent 
gas (CI). The following programs were employed: A (for alditol 
acetates), 180°C for 2 min then 4"C/min to 240°C; B (for partially 
methylated alditol acetates), 180°C for 2 min then 2"C/min to 
240°C; C (for acetylated (R)-2-octyl glycoside derivatives), 180°C 
for 2 min then 6"C/min to 240°C; D (for methylated oligosaccha- 
ride alditols), 180°C for 2 min then 10°C/min to 350°C. 

For analysis of constituent sugars, samples (1 mg) of polysac- 
charide were hydrolysed with 4 M trifluoroacetic acid for 1 h at 
125"C, and the excess acid was removed by evaporation under a 
stream of nitrogen gas. Glycoses were determined by GLC-MS of 
their derived alditol acetates (26). 

Methylation of samples (1-2 mg) was carried out using a mod- 
ification of the method of Hakomori (27,28) and the products 
isolated by partition between dichloromethane and water. Meth- 
ylated oligosaccharides were analysed directly by FAB- and (or) 
CI- and EI-MS. The methylated products were subsequently hy- 
drolysed as above and, after conversion of the partially methyl- 
ated glycoses to their alditol acetates, analysed by GLC-EI-MS. 

FAB-MS analyses were carried out in the positive ion mode 
using a JEOL AX505H or a VG 70-VS (VG Analytical Ltd., 
Manchester U.K.) mass spectrometer. An accelerating voltage of 
3 kV and a mass resolution of 1500 was employed with the JEOL 
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AX505H instrument. Samples were dissolved in methylene chlo- 
ride and dried onto the stainless steel probe tip. m-Nitrobenzyl al- 
cohol was applied to the probe tip prior to FAB analysis, and a Xe 
atom beam of 6 kV was used to sputter and ionize the sample. 
Spectra were calibrated with Ultramark 1621. CID FAB-MS/MS 
experiments on M + H  ions were performed using helium as the 
collision gas. Linked scans at constant B/E were generated by a 
JEOL DA-50,000 data system. 

TLC was performed on silica gel (Merck) with 6 : 3 : 1 (v/v) n- 
propanol-conc. NH,-water. 

NMR spectroscopy 
All measurements were made on solutions in D 2 0  using a Bruker 

AM-500 or AMX-500 spectrometer. 
Proton spectra recorded at 500 MHz were obtained using a 

spectral width of 2.6 kHz, a 16-K data block, and a 90" pulse. 
chemical shifts are expressed relative to internal acetone (SH, 
2.225 ppm). 

Broad-band proton decoupled 13c NMR spectra were obtained 
at 125 MHz using a spectral width of 25 kHz, a 32-K data block, 
and a 90" pulse employing WALTZ decoupling (29). Heteronu- 
clear 'J~,, values were measured using gated decoupling and DEPT 
spectra (30) were obtained with broad-band decoupling, a 135" 
proton pulse, and a 3.3-ms delay between pulses. Chemical shifts 
are referenced to internal acetone (Sc, 3 1.07 ppm). 

Two-dimensional homonuclear COSY, relayed COSY, and 
NOESY experiments were carried out as previously described (3 1) 
for sweep widths of 2600 or 1250 Hz, and the data were pro- 
cessed to give either magnitude (32) or phase-sensitive (33, 34) 
spectra. 

Heteronuclear '"-'H chemical shift correlations were mea- 
sured using the CHORTLE pulse sequence (35), or in the 'H-de- 
tected mode via multiple quantum coherence ( 'H{'3C)H~QC) with 
a Bruker 5-mm inverse broad-band probe using reverse electron- 
ics. The HMQC experiment employed the pulse sequence de- 
scribed by Bax et al.  (36, 37), and I3c decoupling during 'H 
acquisition was achieved using the CARP-1 composite pulse se- 
quence (38). A data matrix of (t, x t2) 256 x 1024 complex points 
was employed over the full I3C and 'H spectral regions and 32 scans 
were acquired for each t, value. A squared sine-bell window func- 
tion shifted over 60" was applied in both dimensions and the data 
are presented in the absorption mode in f, ('"1 and the absolute 
value mode in f2 ('H). 

Phosphorus-3 1 spectra were recorded at 202 MHz by employ- 
ing a spectral width of 10 kHz, a 16-K data set, and a 90" pulse. 
Chemical shifts are referenced to that of an external sample of 
aqueous 25% phosphoric acid (S,, 0.0 ppm). Two-dimensional 3 1 ~ -  

'H chemical shift correlations were made by 'H-detected multiple 
quantum coherence ('H{"P)HMQC) (36) for a 64 X 1024 data 
matrix, 64 scans per t, value and a 60-ms delay. 

Dephosphorylation of the polysaccharides 19B and 19C 
The 19B polysaccharide (42 mg) was dissolved in 48% aqueous 

hydrofluoric acid (2 mL) and kept at 4°C for 24 h. The reaction was 
quenched by pouring the mixture into a slurry of solid C02-cal- 
cium carbonate-dichloromethane (39) and the precipitate and di- 
chloromethane were removed by centrifugation. The hydrolysis 
products were chromatographed on a column (1.5 X 95 cm) of Bio- 
Gel P2 with water as the eluant to give the phosphate-free prod- 
ucts 1 (K,, 0.55, 9.7 mg) and 2 (K,, 0.48, 1.4 mg), which were pure 
by TLC (R, 0.24 and 0.26, respectively). The oligosaccharides in 
water (0.5 mL) were each treated with NaBH, (-30 mg) at 20°C 
for 3 h, followed by decomposition of excess borohydride with 
acetic acid and repeated concentration of the solutions from meth- 
anol (5 X 1 m ~ ) . -  A sample of each reduced oligosaccharide was 
methylated, analysed by FAB- and EI-MS, hydrolysed, and the 
partially methylated glycoses analysed as their alditol acetates by 
GLC-EI-MS. 

The 19C polysaccharide (20 mg) was dissolved in 48% aqueous 
hydrofluoric acid (1 mL) and kept at 4'C for 22 h. The reaction 

mixture was worked up as above to afford a single phosphate-free 
product 5 (Kay 0.40, R, 0.1 l ) ,  which was reduced, methylated, and 
analysed as previously described for oligosaccharides 1 and 2. 

A sample of oligosaccharide 5 (10 mg) was treated with 0.5 M 
trifluoroacetic acid for 1 h at 100°C. The excess acid was re- 
moved by rotary evaporation and the remaining traces were neu- 
tralized with 5% NH,OH. Separation of the products on Bio-gel P2 
gave a tetrasaccharide 6 (K,, 0.34, R, 0.12) and a trisaccharide 7 
(K,, 0.55, R, 0.08), which were reduced, methylated, analysed by 
CI- and EI-MS, and, following hydrolysis, the derived alditol 
acetates were analysed by GLC-MS. 

Partial acid hydrolysis of 19B polysaccharide 
The 19B polysaccharide (70 mg) dissolved in 0.05 M trifluo- 

roacetic acid was heated on a boiling water bath for 3 h. The ex- 
cess acid was removed by rotary evaporation and the remaining 
traces of acid neutralized with 5% NH,OH. Separation of the 
products on Bio-gel P2 gave a trisaccharide 3 (K,, 0.57, R, 0.30, 
yield 2.9 mg) and a tetrasaccharide 4 (K,, 0.47, R, 0.27, yield 
8.7 mg), which were reduced, methylated, and analysed by FAB- 
and EI-MS (4) or GLC-EI-MS (3). Each reduced, methylated oli- 
gosaccharide was then hydrolysed and analysed as described above. 

General methods 
Concentrations were made under reduced pressure at <40"C and 

optical rotations measure at 20°C in 10-cm microtubes, using a 
Perkin Elmer 243 polarimeter. 
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Molecular recognition IX.' The synthesis of the H-type 2 human blood 
group determinant and congeners modified at the 6-position of the 

N-acetylglucosamine unit 
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I EVA PETRAKOVA, ULRIKE SPOHR, and RAYMOND U. LEMIEUX. Can. J. Chem. 70, 233 (1992) 
The synthesis of the methyl glycosides of the H-type 2 human blood group determinant (a-L-Fuc-(lc -, 2b)-P-D-Gal- 

(I b -, 4a)-P-~-GlcNAc-oMe) and its 6a-deoxy, 6a-0-methyl, 6a-chloro-6a-deoxy, 6a-deoxy-6a-fluoro, 6a-ammo-6a- 
deoxy, 6a-acetamido-6a-deoxy, and 6a-deoxy-6a-pivalamido congeners is reported. The compounds were prepared to 
test the hypothesis that the binding of the H-type 2 trisaccharide by the lectin I of Ulex europaeus requires OH-6a to 
become intramolecularly hydrogen bonded to the neighboring 0-5a  ring atom. The results obtalned in the binding stud- 

, ies are reported in an accompanying publication (Spohr, Paszkiewicz-Hnatiw, Morishima, and Lemieux) where it is 
demonstrated that the formation of the intramolecular hydrogen bond is not required for effective binding. In vlew of 
the results reported in another accompanying paper (Nlkrad, Be~erbeck, and Lemieux), OH-6a most likely remains in 
contact with the aqueous phase near the periphery of the combining site. 

Key words: N-acetylglucosamine derivatives, H-type 2 blood group determinant and congeners, oligosaccharide syn- 
thesis. 

. . EVA PETRAKOVA, ULRIKE SPOHR et RAYMOND U. LEMIEUX. Can. J. Chem. 70, 233 (1992). 
. . .  On a rCalisC les syntheses des glycosides de mCthyle du determinant du groupe sanguin humain H de type 2 (a-L-Fuc- 

( Ic  -, 2b)-P-D-Gal-(I b -, 4a)-P-~-GlcNAc-oMe) et de ses congenkres 6a-desoxy, 6a-0-methyl, 6a-chloro-6a-dtsoxy, 
6a-dCsoxy-6a-fluoro, 6a-amino-6a-dCsoxy, 6a-acetamido-6a-dCsoxy et 6a-dCsoxy-6a-pivalamido. On a prepare ces 
composCs pour verifier que l'hypothkse selon laquelle il est necessaire, pour que la liaison du trisaccharide du H de type 

! 2 par la lectine I de 1'Ulex europaeus puisse se produire, que le groupe OH en 6a soit implique dans une liaison hy- 
drogkne intramoleculaire avec I'atome d'oxygene en 5a du cycle voisin. Les rCsultats obtenus lors des etudes de liaisons 

I 

font l'objet d'une publication parallkle (Spohr, Paszkiewicz-Hnatiw, Morishima et Lemieux) dans laquelle il est demonme 

I que la formation d'une liaison hydrogene intramoltculaire n'est pas nCcessaire pour conduire i une liaison efficace. A 
la lumikre des rCsultats rapportes dans une autre publication parallele (Nikrad, Beierbeck et Lemieux), il semble que le 
groupe OH en 6a demeure en contact avec la phase aqueuse prks de la pCriphCrie du site qui se combine. 

Mors clPs : derives du N-acetylglucosamine, dkterminant du groupe sanguin H de type 2 et ses congtneres, synthese 
d'oligosaccharides. 

i [Traduit par la redaction] 

Introduction 
T h e  X-ray crystal structure of the complex formed be- 

tween the lectin IV of Griffonia simplicifolia (GS-IV) and 
the Lewis b tetrasaccharide (a-L-Fuc-(1 + 2)-P-~-Gal-( l  + 
3)-[a-L-Fuc-(1 + 4)]-P-D-GlcNAc-OMe) (Leb- OM^) has 
revealed that 6 of the 10  hydroxyl groups of the tetrasac- 
charide reside near or  at the periphery of the combining site 
(1 ,  2). Chemical modifications of the parent Lewis b-OMe 
compound have shown that 5 of these 6 hydroxyl groups may 
be  replaced, one  a t  a time, by hydrogen, halogen, o r  meth- 
oxy with only a small effect o n  the stability (AGO) of the 
complex. Evidently, these interactions at the periphery of the 
combining site are weak and in competition with the solva- 
tion of the interacting groupings by water. 

A similar situation appears t o  exist for the binding of the 
H-type 2 trisaccharide in the form of its P-methyl glycoside 
(H-type 2-OMe),  namely, a-L-Fuc-(lc + 2b)-P-D-Gal-(1 b 
+ 4a)-P-D-GlcNAc-OMe (23), by the lectin I of U l e ~ e u -  
ropaeus in that the 2a-acetamido, OH-3a,  OH-6a, and OH-  
6 b  proved not essential for productive binding (3-5). 
Therefore, these substituents appear to reside in the com- 
plex at the edge of  the combining site and accessible for in- 

teraction with the bulk water. It was of particular interest to  
further examine the involvement of the OH-6a group since 
deoxygenation at this position increased the stability of  the 
complex by near 0 . 5  kcal/mol. This  paper reports the syn- 
thesis of compounds required for a study (5) of the effect o n  
binding of  substituting the OH-6a group by smaller, larger, 
more hydrophobic, and more hydrophilic groups. 

Discussion 

T h e  synthesis of the 6a-deoxy-6a-fluoro H-type 2 trisac- 
charide 13 (Scheme 1) started f rom the N-acetylglucos- 
arnine derivative 1 (6), which was hydrolyzed in 80% acetic 
acid to give d i o l 2  (6). T h e  primary position of 2 was selec- 
tively mesylated a t  -20°C to  provide the mesylate 3 (77% 
yield). Replacement of the mesyloxy group of 3 by fluorine 
was achieved with tetraethylammonium fluoride in reflux- 
ing acetonitrile. Crystalline 4 was isolated in 6 2 %  yield. 
Galactosylation of 4 with bromide 5 (3) was  promoted with 
silver trifluoromethanesulfonate and provided the P-linked 
disaccharide 8 in 6 5 %  yield. Compound 9 was  obtained by 
Zemplen debenzoylation of 8 (98%) and was reacted with 
fucosyl bromide 10 (7) under halide-ion catalyzed condi- 

' I The previous publication in this series is ref. 14. tions (8) t o  give trisaccharide 12 (82%). T h e  benzyl groups 
2~nivers i ty  of Alberta Postdoctoral Fellow, 1984-1985. of 1 2  were removed by hydrogenolysis t o  provide the tri- 
3~esearch  Associate, 1984- 1988, 199 1-present. saccharide 13 (93%).  T h e  1 9 ~  nmr data supported the posi- 
4Author to whom correspondence may be addressed. tion of  the F-atom. T h e  'H and I3c nmr da ta  are reported in  
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ph50* BnO OMe i: gel H$no 

NHAc NHAc 

OMe a O M e  m t d _  'go 
NHAc 

2 R - H  
3 R-OMS 

+ BnO BnO BnO% 0 Ac Hg(cNh d 
NHAc Br OR' 

7 R-OMS, R ' = H  
8 R-F ,  
9 R-F,  

BnO 
+ NEt4Br 

w 
Me R'O 

11 R -  OMS, R' =Bn 
12 R = F, 
13 R = F, R ' -H  

Tables 1 and 2 and confirmed the purity and structural as- 
signment. 

The blocked 6a-0-mesyl derivative 11 (Scheme 1) was 
prepared analogously. Coupling of galactosyl bromide 5 with 
alcohol 3 under Helferich conditions (9) furnished the P- 
linked disaccharide 6 (74%), which was debenzoylated with 
sodium methoxide to give 7 (75%). Reaction of 7 with the 
fucosyl bromide 10 in the presence of bromide ion then led 
to trisaccharide 11, which was used as the intermediate for 
the preparation of the H-type 2 derivatives 23-29 (Scheme 
2). 

Mesylate 11 was converted into the benzoyl derivative 14 
(84% yield) by replacement of the mesyloxy group by ben- 
zoate in N, N-dimethylformamide at 100°C. Debenzoylation 
then provided 15  in 98% yield. Hydrogenolysis of 15 in the 
presence of 5% palladium-on-carbon led to the H-type 2-OMe 
trisaccharide (23), which was to be used as the reference in- 
hibitor. 

Methylation of OH-6a of 15  (Scheme 2) using methyl io- 
dide in the presence of barium oxide/barium hydroxide to 
avoid N-methylation of the acetamido group provided the 
methyl ether 16 in 79% yield. Debenzylation of 16 by cat- 
alytic hydrogenolysis then produced the desired 6a-0-methyl- 
H type 2-OMe (24). 

Reduction of the 6a-mesylate (11) (Scheme 1) with so- 

dium borohydride in dimethyl sulfoxide (10) provided the 6a- 
deoxy derivative 17 in 87% yield. Debenzylation then pro- 
duced the desired 6a-deoxy H-type 2-OMe (25). 

The blocked 6a-chloro-6a-deoxy compound 18  (Scheme 
2) was prepared in 90% yield by treating the mesyl com- 
pound 11 with tetra-n-butylammonium chloride in benzene. 
Hydrogenolysis over palladium then provided 25 in 96% 
yield. 

Reaction of the mesylate 11 with azide ion produced the 
6a-azido-6a-deoxy compound (19), which was then re- 
duced with zinc in acetic acid to form the arnine 20 (Scheme 
2) in 53% yield. Debenzylation by catalytic hydrogenolysis 
in acetic acid provided the desired 6a-amino-6a-deoxy H-type 
2-OMe as its acetate salt (27). On the other hand, reduction 
of 19 in the presence of acetic anhydride produced the 
N-acetyl derivative 21 in 60% yield, which, in turn, was 
deblocked to produce the desired 6a-acetamido-6a-deoxy H- 
type 2-OMe (28). The amine (20) was treated with pivaloyl 
chloride in the presence of pyridine to form 22 in 84% yield. 
Hydrogenolysis then produced the desired 6a-deoxy-6a-pi- 
valamido H-type 2-OMe (29) in 98% yield. 

The 'H and 13c nmr data for H-type 2-OMe (23) and 6a- 
substituted derivatives reported in Tables 1 and 2 are seen 
to be in agreement with the structural assignments. The 
characteristic interunit deshielding of H-lc and H-5c of 
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TABLE 1. Comparison of 'H nmr chemical shifts (ppm) and coupling constants (Hz) for the H-type 2 blood group determinant (23) and 
related structures" 

Derivatives of H-type 2-OMe (23) 

PoGlcNAc a-unit 

6a-Deoxy 6a-Chloro-6a- 6a-Deoxy-6a- 6a-Amino-6a-deoxy 6a-Acetamido- 6a-Deoxy-6a- 
(25) deoxy (26) tluoro (13) acetate (27)d 6a-deoxy (28)'' pivalamido (29)' 

PoGal b-unit 

H-1 (J,,z) 
H-2 (Jz.3) 
H-3 (J3.4) 
H-4 
H-5 
H-6 
H-6' 
c r~Fuc  c-unit 

H-1 (Jl.2) 
H-2 
H-3 
H-4 (J4.4 
H-5 (Js.6) 
CH,-6 

"Measured at 360 MHz and 295 K using 0.04 M solutions in D 2 0  with acetone at 2.225 ppm as internal reference. The assignments were based on 
homonuclear shift-correlated 2-D experiments (COSY) and expected to be within k 0 . 0 1  ppm except for those marked with g ,  which are within k0.03 
PPZ". 

CH,O, 6 = 3.43 ppm. 
3F.6 = 47.5 Hz, J,,,. = 46.5 Hz. 
'CH,COOH, 6 = 1.91 ppm. 
"6a-CH,CONH, 6 = 2.04 ppm. 
'(CH,),C, 6 = 1.20 ppm. 
"xpected to be within k0 .03  ppm. 
*Could not be assigned. 

the fucose unit in the 'H nmr spectrum of 23 by 0.54 and 
0.19 ppm relative to a-L-Fuc-OMe (1 1) is similarly ob- 
served for the other derivatives. Since these deshieldings are 
interpreted as originating from the proximity of H-lc to 0-3b 
of the P-D-Gal unit and H-5c to 0-4a of the P-D-GlcNAc unit, 
the interglycosidic conformational preferences are not af- 
fected by changes in the 6a-substituent. 

The immunochemical data are reported in an accompa- 
ny ing paper (5). 

Experimental 
General methods 

The 'H nmr spectra were measured at 360 and 400 MHz (Bruker 
WM 360 and WH 400) with tetramethylsilane as intemal standard 
for CDC1, solutions. Reference standard for D,O solutions was 
acetone (2.225 ppm). The "C nmr spectra were recorded at 100 and 
75 MHz (Bruker WH 400 and AM 300) using D,O as solvent and 
1 ,4-dioxane (67.4 ppm) as intemal standard. Optical rotations were 
measured at room temperature (23 * 1°C) in a 1-dm cell on a 

Perkin-Elmer 241 polarimeter. Thin-layer chromatograms were 
performed on precoated plates of silica gel (60-F 254, E. Merck, 
Darmstadt) and visualized by spraying with 10% sulfuric acid in 
ethanol followed by heating. For column chromatography, silica 
gel 60 (230-400 mesh, E. Merck, Darmstadt) and distilled sol- 
vents were used. Solvents and reagents were purified and dried 
according to standard procedures. Melting points are uncorrected. 

Methyl 2-acetamido-3-O-benzyl-4,6-O-benzylidene-2-deoq-P-~- 
glucopyranoside ( I )  

Methyl 2-acetamido-4,6-O-benzylidene-2-deoxy-~-~-glucopy- 
ranoside (12) (30 g, 0.09 mol), barium oxide (42 g, 0.27 mol), 
barium hydroxide octahydrate (12 g, 0.04 mol), and benzyl bro- 
mide (15.3 mL, 0.13 mol) in N,N-dimethylfomamide (360 mL) 
were stirred for 2 h. The reaction mixture was diluted with dichlo- 
romethane, filtered through a pad of Celite, and washed with cold 
aqueous 1 N hydrochloric acid, saturated aqueous sodium hydro- 
gen carbonate, and water. The solution was concentrated, f01- 
lowed by the addition of diethyl ether. The precipitate was filtered 
to provide compound 1 (31.4 g, 82%). The analytical sample was 
recrystallized from ethanol, mp > 300"C, [a], -59.4 (c 0.8, di- 
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TABLE 2. Comparison of ',c nmr chemical shifts (ppm) for the H-type 2 blood group determinant (23) and related structures" 

Derivatives of H-type 2-OMe (23) 

H-type2-OMe 6a-OMe 6a-Deoxy 6a-Chloro-6a- 6a-Deoxy-6a- 6a-Amino-6a-deoxy 6a-Acetamido- 6a-Deoxy-6a- 
(23) (24Ih (25) deoxy (26) fluoro (13) acetate (27) 6a-deoxy (28)' pivalamido (29)" 

BoGlcNAc a-unit 

BoGal b-unit 

C- 1 
C-2 
C-3 
C-4 
C-5 
C-6 
a ~ F u c  c-unit 

C- 1 
C-2 
C-3 
C-4 
C-5 
C-6 

"0.05 M solutions in D 2 0  with dioxane as internal standard at 67.4 ppm were measured at 100 and 75 MHz at 295 K.  The assignments were made by 
inspection. 

hCH30, S = 55.90 ppm. 
'CH,CO, S = 22.52 ppm, CH,CO, 6 = 175.0 ppm. 
"NHCOC(CH,),, 6 = 27.43 ppm, NHCOC(CH,),, S = 39.38 ppm, NHCOC(CH,),, S = 183.1 I ppm. 
 he corresponding assignments of the chemical shifts are tentative and may be reversed. 
YJ6,F = 168 HZ, Js,F = 18 Hz. 

methyl sulfoxide) (lit. (6) [ajD20 -58.2 (c 0.5, dimethyl sulfox- 
ide)); 'H  nmr (CDCl,) 6: 7.55-7.25 (m, 10H, 2Ph), 5.59 (s, lH ,  
C m h ) ,  5.48 (d, 1H, J N H , 2  7.5 HZ, NH), 4.89 (d, overlapped by 
CH,Ph, J,., 7.5 Hz, H- 1), 4.90 and 4.64 (ABq, 2H, J 1 1.5 Hz, 
CH2Ph), 4.36 (dd, lH,  J6eq.6ax 10.5 HZ, H-6eq), 4.27 (t, IH, J2,, 
- J3,4 - 9.5 Hz, H-3), 3.80 (t, 1 H, J6ar,5 10.0 HZ, H-6ax), 3.68 
(t, lH,  J4,5 9.0 HZ, H-4), 3.53 (dt, lH,  H-5), 3.50 (s, 3H, CH30), 
1.90 (s, 3H, CH3CO). Anal. calcd. for C23H27N06: C 66.81, H 
6.58,N3.39;found:C66.19, H6.30 ,  N3.31.  

Methyl 2-acetamido-3-O-benzyl-2-deo~y-~-~-glucopyra1oside (2)  
Compound 1 (2.0 g, 4.8 mmol) was heated in 80% acetic acid 

(60 mL) for 15 min at 80°C. The acid was removed by evapora- 
tion followed by co-distillation with water and ethanol to provide 
the title compound as a white solid (1.5 g, 96%). The analytical 
sample was recrystallized from ethanol, mp 214-215°C (lit. (6) mp 
2 12-214°C (methanol-acetone-ether)), [a], -8.5 (c l .O, di- 
methyl sulfoxide) (lit. (6) [a]$0- 16, methanol)); 'H nmr (D,O) 6: 
7.55-7.35 (m, 5H, Ph), 4.88 and 4.69 (ABq, 2H, J 12.0 Hz, 
CH2Ph), 4.45 (d, lH,  J 1 , 2  8.5 HZ, H-I),  3.97 (dd, IH, 56.6, 
12.0 HZ, 55.6 2.5 HZ, H-6), 3.78 (dd, lH,  55.6' 6.0 HZ, H-6'), 3.75 
(m, IH, H-2), 3.59 (m, 2H, H-3, H-4), 3.51 (s, 3H, CH,O), 3.49 
(m, overlapped by CH30, H-5), 1.90 (s, 3H, CH,CO). Anal. calcd. 
for C16H2,N06: C 59.07, H 7.13, N 4.31; found: C 58.74, H 7.01, 
N 4.33. 

Methyl 2-acetamido-3-O-benzyl-2-deoq-6-O-metha1zesu~onyl-~- 
D-glucopyranoside (3) 

Methanesulfonyl chloride (4 rnL, 5 1.6 mmol) was added in three 
portions to a stirred solution of diol 2 (1 1 g, 33.8 mmol) in dry 
pyridine (240 mL) at -20°C. After 70 min, the reaction mixture 
was poured into aqueous sodium hydrogen carbonate and ex- 
tracted with dichloromethane. The organic layer was washed twice 
with water, dried with sodium sulfate, and evaporated. The crude 
product was applied to a column of silica gel and eluted with di- 
chloromethane-methanol (15 : 1) to give mesylate 3 (10.5 g, 77%). 
The analytical sample was obtained by recrystallization from 
ethanol, mp 164- 165"C, [aID - 14.2 (c 1 .O, dichloromethane); 'H 
nmr (CDC1,) 6: 7.4-7.25 (m, 5H, Ph), 5.60 (d, lH,  J z , N H  8.0 Hz, 
NH), 4.83 (d, lH,  J1,> 8.0 Hz, H-1), 4.75 and 4.72 (ABq, 2H, J 
12.0 Hz, CH2Ph), 4.49 (d, 2H, J5,6 3.0 HZ, Hz-6), 4.07 (m, lH,  
J2., 10.5 Hz, J,,, 8.0 Hz, H-3), 3.58 (m, 2H, H-4, H-5), 3.48 (s, 
3H, CH30), 3.25 (ddd, lH,  H-2), 3.06 (s, 3H, CH,SO,), 2.47 (d, 
IH, JoH., 3.0 Hz, OH), 1.95 (s, 3H, CH,CO). Anal. calcd. for 
C,7H25N0,S: C 50.61, H 6.25, N 3.47, S 7.95; found: C 50.84, 
H 6.38, N 3.45, S 7.89. 

Methyl 2-acetamido-3-O-benzyl-2,6-dideoq-6-fluoro-~-~- 
glucopyranoside (4) 

To  a solution of mesylate 3 (2.5 g, 6.2 mmol) in acetonitrile 
(12 mL) was added a solution of tetraethylammonium fluoride 
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HO 

H2 , PdIC 
11 - BnO - H ~ ~ ~ ~ % " ~ M ~  

O OH 
R 

O OBn 

OBn bi OH OH 

14 R = OBz 
15 R = O H  a 
16 R = 0 M e d  
17 R = H  
18 R = Cl 
19 R = N 3  

22 R = NHCOC(CH,), 

23 R = O H  
24 R = OMe 
25 R = H  
26 R = Cl 
27 R = NH2 .CH3COOH 
28 R = NHAc 
29 R = NHCOC(CH3h 

trihydrate (7 g, 34.4 mmol) in acetonitrile (1 2 mL) and the mix- 3H, H-5b, H,-6b), 3.14 (s, 3H, CH30), 2.75 (s, 3H, CH,SO,), 2.03 
ture was heated under reflux for 3 h. After evaporation of the sol- (s, 3H, CH,CO). Anal. calcd. for C51H57N014S: C 65.16, H 6.11, 
vent, the residue was applied to a column of silica gel (dichloro- N 1.49, S 3.41; found: C 65.36, H 6.12, N 1.45, S 3.53. 
methane-methanol 30:-1) and the resulting material crystallized 
from methanol-ether to provide 3 (1.25 g,  62%), mp 245-246"C, 
[a] ,  - 15.5 (c 0.6, methanol); 'H nmr (CDCl,) 6: 7.45-7.28 (m, 
5H, Ph), 5.62 (d, lH, JNH,, 7.5 HZ, NH), 4.87 (d, lH,  J1,, 8.5 HZ, 
H- 1), 4.78 and 4.67 (ABq, 2H, J 1 1.5 Hz, CH,Ph), 4.68 and 4.62 
(m, 2H, J6.* 10.5 HZ, 55.6 2.5 HZ, J5.# 4.5 HZ, J 6 . ~  = J 6 ' . ~  47 Hz, 
H-6, H-6'), 4.13 (m, lH, J?,, 10.0 Hz, J3,4 8.5 Hz, H-3), 3.58 
(overlapped by H-5, lH,  H-4), 3.54 (m, overlapped by H-4 and 
CH30, H-5), 3.50 (s, 3H, CH30), 3.21 (dt, lH, H-2), 1.98 (s, 3H, 
CH,CO); I3c nmr (CD,CN, CD3CN set at 118.9) 8: 171.35 
(CH3CO), 129.82, 129.47, 129.06 (Ph), 103.72(C-I), 84.11 (C-3), 
84.07 (d, JC6,~ 169.8 HZ, C-6), 76.19 (d, JC5,, 17.4 HZ, C-5), 75.64 
(CH2Ph), 70.97 (d, JC4,F 7.6 HZ, C-4), 57.54, 56.02 (CH30, C-2), 
24.03 (CH,CO); ' 9 ~  nmr (376 MHz, CDCl,, external standard C6F6 
set at 8 0) 8: -72.31 (dt, J F , ~ 6  = J F , ~ 6 ,  = 47 HZ, J F , H S  22.5 HZ, F- 
6). Anal. calcd. for CI6H2,FNO5: C 58.7 1, H 6.77, N 4.28; found: 
C 58.62, H 6.75, N 4.10. 

Methyl 2-acetamido-4-O-(2-O-benzoyl-3,4,6-tri-O-benzyl-~-~- 
galacropyranosy1)-3-0-benzyl-2-deoxy-6-0- 
methanesulfonyl-P-D-gl~icopyranoside (6) 

A solution of 2-0-benzoyl-3,4,6-tri-0-benzyl-a-D-galactopy- 
ranosyl bromide (5, 15 mmol) (4) in toluene (25 mL) was added 
during a period of 1 h to a stirred solution of the alcohol 3 (4.0 g, 
9.9 mmol) in nitromethane-toluene 1 : 1 (80 mL) containing mer- 
curic cyanide (4.4 g, 17.4 mmol) at 40°C. After stirring for 1 h at 
40°C, the solvent was evaporated, and the mixture was diluted with 
dichloromethane and washed successively with aqueous sodium 
hydrogen carbonate and water. The syrup obtained on evaporation 
was chromatographed on a column of silica gel (toluene - ethyl 
acetate 1 : 1, dichloromethane -ethyl acetate 2: 1). The main com- 
ponent 6 was obtained as a foam in a yield of 74% (6.9 g), mp 68- 
69"C, [a], -4.5 (c 1 .O, dichloromethane); 'H nmr (CDCI,) 8: 8.05- 
7.15 (m, 25H, 5Ph), 6.24 (d, lH,  JNH.2U 9.0 HZ, NH), 5.62 (dd, 
lH,  Jlb,2b 7.5 HZ, J2b.3b 10.0 HZ, H-2b), 4.54 (d, lH,  H-lb), 4.43 
(dd, overlapped by CH,Ph, lH, JSa.& 4.5 Hz, H-6a), 4.33 (dd, lH, 
J6a.6af 1 1.0 HZ, J5a,6a* 5.5 HZ, H-6a1), 4.26 (d, lH,  JI,,,, 5.5 HZ, 
H-la), 4.05 (m, lH, J,,,,, 4.5 Hz, H-2a), 4.02 (d, lH, J,,.,, 
2.5 Hz, H-4b), 3.90 (t, lH,  J3u.4u - J4a.5a - 4.5 Hz, H-4a), 3.80 
(t, lH, H-3a), 3.75 (m, H-5a), 3.7 1 (dd, lH, H-3b), 3.66-3.50 (m, 

Methyl 2-acetamido-3-O-benzyl-2-deoxy-6-O-methanesulfonyl-4- 
0-(3,4,6-tri-0-benzy~-~-galactopyranosyl)-P-~- 
glucopyranoside (7) 

Compound 6 (3.0 g, 3.2 mmol) was treated with methanolic 0.22 
N sodium methoxide solution (35 mL) until 0-debenzoylation was 
complete. The solution was made neutral with ion exchange resin 
Amberlite IR 120 H+ and evaporated to a syrupy residue that was 
purified on a column of silica gel (carbon tetrachloride - methanol 
15: 1). Evaporation of the major fraction left a syrup that was 
crystallized from ethanol (2.0 g, 75%), mp 68-69"C, [a] ,  f5 .5  
(c 1.0, dichloromethane); 'H nmr (CDCI,) 6: 7.5-7.2 (m, 20H, 
4Ph), 5.71 (d, lH,  JNH,,= 8.3 Hz, NH), 4.86, 4.81, 4.72, 4.60, 
4.55, 4.54 (3ABq, 6H, J 11.5 Hz, 3CH,Ph), 4.71 (d, lH,  over- 
lapped by CH,Ph, Jla,2a 7.0 Hz, H-la), 4.65 (dd, lH ,  overlapped 
by CH2Ph, JS,,6, 2.0 HZ, J6a,6u* 13.0 HZ, H-6a), 4.45 (d, IH, J l b , a b  

7.5 Hz, H-lb), 4.38 and4.32 (ABq, 2H, J 11.5 Hz, CH2Ph), 4.02 
(m, lH,  H-3a), 3.96 (d, 1 H, J3b,4b 2.5 Hz, H-4b), 3.91 (dd, lH,  
Jib 9.5 Hz, H-2b), -3.81 (m, 2H, H-4a, H-5a), 3.57 (m, over- 
lapped, H-2a), 3.46 (s, 3H, CH30), 3.40 (dd, overlapped, H-3b), 
2.96 (s, 3H, CH3S02), 1.85 (s, 3H, CH,CO). Anal. calcd. for 
CJ4H53N013S: C 63.22, H 6.39, N 1.68, S 3.84; found: C 62.81, 
H 6.39, N 1.67, S 3.85. 

Methyl 2-acetamido-4-0-(2-0-benzoyl-3,4,6-~ri-0-benzyl-~-~- 
galactopyranosy1)-3-0-benzyl-2 ,6-dideoxy-6-fluoro-P-D- 
glucopyranoside (8) 

A mixture of the alcohol 4 (0.5 g, 1.5 mmol), silver trifluo- 
romethanesulfonate (1 g, 3.89 mmol), sym-collidine (0.2 mL, 
1.5 mmol), and 4 molecular sieves (1 g) in dichloromethane 
(15 mL) was stirred at -30°C. A solution of bromide 5 (2 mmol) 
in dichloromethane (12 mL) was then added dropwise within 
20 min. After 45 min at -30°C, tlc (ethyl acetate - methanol 
10: 1) indicated almost complete reaction. More sym-collidine 
(0.15 mL, 1.1 mmol) was added and after 15 min the reaction 
mixture was diluted with dichloromethane and filtered. The fil- 
trate was washed with 3% hydrochloric acid, saturated sodium 
hydrogen carbonate, and water. The organic solution was dried and 
evaporated and the crude product purified on a column of silica gel 
(toluene - ethyl acetate 1 : 1, dichloromethane - ethyl acetate 2: 1) 
to provide the title compound as a solid (0.85 g, 65%). The ana- 
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lytical sample was recrystallized from ethyl acetate - ether, mp 137- 
137S°C, [a], - 16.2 (c 0.6, chloroform); 'H nmr (CDC1,) 6: 8.05- 
7.1 (m, 25H, 5Ph), 6.07 (d, 1 H, JNH,Za 8.5 Hz, NH), 5.64 (dd, 1 H, 
Jlb.Zb 7.5 HZ, JZb,,b 10.0 HZ, H-2b), 4.53 (d, l H ,  H-lb), 4.39 (d, 
overlapped by CH,Ph, H-la), 4.04 (d, lH,  J3b,4b 2.5 Hz, H-4b), 
3.83 (m, H-2a), 3.65 (dd, lH,  H-3b), 3.21 (s, 3H, CH,O), 1.97 
(s, 3H, CH3CO). 

Methyl 2-acetamido-3-O-benzyl-2,6-dideoxy-6-j7uoro-4-0- 
(3,4,6-tri-0-benzy1-P-~-ga1actopyranosy1)-~-~- 
glucopyranoside (9) 

Compound 8 (0.3 g, 0.34 mmol) was debenzoylated in metha- 
nolic 0.5 N sod~um methoxide solut~on (20 mL) at room temper- 
ature for 20 h. Deionization with Amberlite IR 120 Hf followed 
by column chromatography on silica gel (dichloromethane-meth- 
an01 30:  1) of the resulting material provided the title compound 9 
(0.26 g,  98%). The analytical sample was obtained by recrystal- 
l ~ z a t ~ o n  from ethyl acetate - ether, mp 157-158"C, [a], +7 (c 0.4 
chloroform); 'H nmr (CDC1,) 6: 7.4-7.15 (m, 20H, 4Ph), 5.80 (d, 
IH, JNH.2a 8.0 HZ, NH), 4.88,4.84,4.72, 4 .59,4.56 (3ABq, 6H, 
J 1 1.5 HZ, 3CH2Ph), 4.87 (ddd, lH,  J5a,ha 3.5 HZ, Jba,haa 10.5 HZ, 
J h , F  46 Hz, H-6a), 4.75 (d, overlapped by CH,Ph, H- 1 a), 4.7 1 (dd, 
overlapped by CH2Ph, J53,6a' 2.5 Hz, J h d ' , ~  47 Hz, H-6af), 4.43 (d, 
l H ,  Jlb2, 7.5 Hz, H-lb), 4.38 and 4.31 (ABq, 2H, J 11.5 Hz, 
CH,Ph), 4.08 (t, 1 H, J2d,3a - J33.4a - 8.5 Hz, H-3a), 3.97 (d, 1 H, 
J3b,4b 2.5 HZ, H-4b), 3.94 (dd, I H, JZb,3, 9.5 HZ, H-2b), 3.88 (t, 
IH, J40,50 7.5 HZ, H-4a), 3.68 (m, IH, JlaF 26.5 Hz, H-5a), -3.51 
(H-2a), 3.47 (s, CH,O), 3.40 (dd, overlapped, H-3b), 1.85 (s, 3H, 
CH3CO). Anal. calcd. for C43H5&N0,0: C 67.96, H 6.63, N 1.84; 
found: C 68.02, H 6.63, N 1.90. 

Methyl 2-acetamido-3-O-benzyl-2-deoxy-6-O-methanesuIf01z~~l-4- 
0-[3,4,6-tri-O-benzy1-2-0-(2,3,4-tri-O-benzyl-a-~- 
fucopyranosy~)-~-~-ga~actopyranosy~]-~-~-g~ucopyra~zoside 
(11) 

A solution of 2,3,4-tri-0-benzyl-a-L-fucopyranosyl bromide (10, 
2 mmol) (7) in dichloromethane (1 mL) was added to a mixture of 
compound 7 (0.6 g, 0.71 ~ m o l ) ,  tetraethylammonium bromide 
(0.38 g, 1.8 mmol), and 4 A molecular sieves (4.5 g) in N,N-di- 
methylformamide (0.5 mL) and dichloromethane (2 mL). After 
stirring for 20 h at room temperature, methanol (0.5 mL) was added 
and stining continued for 2 h. The mixture was diluted with di- 
chloromethane and filtered through Celite. The filtrate was ex- 
tracted with saturated aqueous sodium hydrogen carbonate and 
water, followed by drying and evaporation. The residual solid was 
crystallized from hexane - ethyl acetate to give 11 (0.4 g, 45%). 
The mother liquor was evaporated and chromatographed on a col- 
umn of silica gel with hexane -ethyl acetate 2:  1 and then carbon 
tetrachloride - ethyl acetate 1 : 1 as eluent to provide an additional 
amount of compound 11 (0.40 g, total yield 90%), mp 68-69"C, 
[a], -60.8 (c 1 .O, dichloromethane); 'H nmr (CDC1,) 6: 7.45-7.05 
(m, 35H, 7Ph), 6.12 (d, lH, JZ1,NH 8.5 Hz, NH), 5.70 (d, lH,  JI,,, 
3.5 HZ, H-lc), 4.52 (d, lH, J lb ,2b7.5 HZ, H-lb), 4.26 (q, lH,  J,.,. 
6.5 HZ, H3-6c), 4.16 (dd, lH,  J,,,,, 9.5 HZ, H-2b), 4.03 (dd, lH,  
J2c.3c 10.0 HZ, H-2c), 3.94 (d, lH,  J3b,4b 2.5 HZ, H-4b), 3.71 (dd, 
1 H, H-3b), 3.47 (s, 3H, CH,O), 2.84 (s, 3H, CH,S02), 1.78 (s, 
3H, CH3CO), 1.19 (d, 3H, H3-6c). Anal. calcd. for C7,H8,NO,,S: 
C 68.09, H 6.52, N 1.12, S 2.56; found: C 68.01, H 6.42, N 1.10, 
S 2.58. 

Methyl 2-acetamido-3-0-benzyl-2,6-dideoxy-6-j7uoro-4-0- 
[3,4,6-tri-0-benzyl-2-0-(2,3,4-tri-0-benzyl-a-L- 
fucopyranosy~)-~-~-ga~actopyranosy~]-~-~-g~ucopyranoside 
(12) 

A solution of fucosyl bromide 10 (0.40 mmol) in dichlorometh- 
ane (2 mL) was added to a stining mixture of the alcohol 9 
(0.16 g ,  0.21 mmol) and tetraethylammonium bromide (0.084 g, 
0.4 mmol) in dry dichloromethape (2 mL) and N,N-dimethyl- 
formarnide (0.5 mL) containing 4 A molecular sieves (1.2 g). After 
20 h at room temperature, methanol (2 mL) was added and the 
mixture was stirred for 2 h. The reaction mixture was worked up 
in the usual manner and purified on a column of silica gel (hexane 

- ethyl acetate 2 :  1, carbon tetrachloride - ethyl acetate 1 : 1) to 
provide compound 12 (0.204 g,  82%), [a], -46.4 (c 0.3, chlo- 
roform); 'H nmr (CDCl,) 6: 7.40-7.00 (m, 35H, 7Ph), 5.89 (d, l H, 
JNH,Za 8.0 HZ, NH), 5.71 (d, lH,  Jl,,z, 3.5 HZ, H-lc),  4.74 (d, 
overlapped by CH,Ph, Jln,Za 7.5 Hz, H-la),  4.47 (d, IH, 
7.5 HZ, H-lb), 4.28 (q, IH, J5c,6c 6.5 HZ, H - 5 ~ I ~ 4 . 2 1  (dd, IH, JlbSjb 

9.0 Hz, H-2b), 4.03 (dd, 1 H, J2,,3, 10.0 Hz, H-2c), 4.02 (t, over- 
lapped by H-3c, J2,,,, - J3,,,, - 7.5 HZ, H-3a), 3.99 (d, IH, J3b,4b 
2.5 Hz, H-4b), 3.83 (dd, IH, J,,,, 3.0 HZ, H-3c), 3.78 (t, IH, J,,,,, 
7.0 Hz, H4a) ,  3.71 (dd, lH,  H-3b), 3.69 (d, overlapped by H-3b, 
H-4c), 3.60-3.39 (m, 7H, H-5a, H-5b, H-6b, H-6b' and CH,O at 
3.47), 1.83 (s, 3H, CH3CO), 1.21 (d, 3H, H3-6c). Anal. calcd. for 
C70H78FN014: C 7 1.47, H 6.68, N 1.19; found: C 7 1.23, H 6.43, 
N 1.30. 

Methyl 2-ace tamido -2 ,6 -d ideoxy -6 - j7uo l -o -4 -0 -~ -~ -  
fucopyrarzosy~)-~-~-ga~actopyranosy~]-~-~-g~ucopyranoside 
(13) 

A mixture of compound 12 (0.058 g ,  0.049 mmol) and 5% pal- 
ladium-on-carbon (0.058 g) in 95% ethanol (2 mL) was hydro- 
genated at 100 psi (1 psi = 6.89 kPa) for 24 h. The catalyst was 
removed by filtration, the solvent evaporated, and the resulting 
material passed through a column of Sephadex LH 20 using 
ethanol-water 1 : I as eluant. Freeze-drying an aqueous solution 
provided compound 13 (0.025 g, 93%) as a light white powder; [a], 
-103.5 (c 0.5, water). The 'H and I3c nrnr data are presented 
in Tables 1 and 2; 1 9 ~  nmr (376.5 MHz, D,O, CFCl, as exter- 
nal standard set at 0) 6: -232.4 (dt, J F , h a  = JF.ha. = 47.0 Hz, JFs5, 

26.4 Hz, F-6a). 

Methyl 2-acetamido-6-0-benzoy1-3-0-benzy1-2-deo.~-4-0- 
[3,4,6-tri-0-benzyl-2-0-(2,3,4-tri-O-benzyl-ci-~- 
fucopyranosy~)-~-~-ga~actopyranosy~]-~-~-g~ucopyranoside 
(14) 

A mixture of mesylate 11 (0.5 g, 0.4 mmol) and sodium ben- 
zoate (0.3 g, 2.1 mmol) in N,N-dimethylformamide (5 mL) was 
heated for 4.5 h at 100°C with stirring. The reaction mixture was 
diluted with dichloromethane and washed twice with water, dried 
with sodium sulfate, and evaporated. After purification of the crude 
product on a column of silica gel (ethyl acetate -carbon tetrachlo- 
ride 2 :  I), the main fraction left, on evaporation, the benzoate 14 
(0.43 g ,  84%), [a], -38.7 (c 0.6, dichloromethane); 'H nmr 
(CDCI,) 6: 8.05-6.95 (m, 40H, 8Ph), 5.89 (d, I H, JZo.NH 8.0 HZ, 
NH), 5.68 (d, 1H, J,,,,, 3.5 Hz, H-lc), 4.22 (dd, IH, J,,,,, 8.0 Hz, 
J2b,3b 9.5 HZ, H-2b), 3.42 (s, 3H, CH,O), 1.84 (s, 3H, CH3CO), 
1.24 (d, 3H, J5c,6c 6.0 HZ, H,-6c). Anal. calcd. for C77H83N016: C 
72.34, H 6.54, N 1.10; found: C 71.96, H 6.52, N 1.14. 

Methyl 2-aceramido-3-0-benzyl-2-deoxy-4-0-[3,4,6-tri-0- 
benzyl-2-0-(2 ,3,4-rri-0-benzyl-a-L-fucopyranosy1)-P-D- 
galacropyranosyl]-P-D-glucopyranoside (15) 

Compound 14 (0.15 g ,  0.12 mmol) was debenzoylated in meth- 
anolic 0.5 M sodium methoxide (2 mL) for 20 h at room temper- 
ature. The product was isolated in the usual manner, purified on a 
column of silica gel (ethyl acetate -carbon tetrachloride 2 :  l ) ,  and 
obtained as a white foam (0.135 g, 98%), [a], -55 (c 0.5, di- 
chloromethane); 'H nmr (CDC1,) 6: 7.4-7.0 (m, 35H, 7Ph), 5.69 
(d, lH,  Jlc,, 3.5 HZ, H-lc), 5.59 (d, lH,  JNH,, 8.0 HZ, NH), 4.79 
(d, overlapped by CH2Ph, Jla,= 7.5 Hz, H-la), 4.22 (dd, lH, Jlb,zb 
7.5 HZ, JZb , ,b  9.5 Hz, H-2b), 4.03 (dd, lH,  J,,.,, 10.0 HZ, H-2c), 
3.48 (s, 3H, CH,O), 1.90 (s, 3H, CH3CO), 1.22 (d, 3H, J5c,6c  

6.5 Hz, H,-6c). Anal. calcd. for C70H79N015: C 7 1.59, H 6.78, N 
1.19; found: C 71.87, H 6.79, N 1.14. 

Methyl 2-acetamido-3-O-benzyl-2-deoxy-6-O-methy1-4-0-[3,4,6- 
tri-O-benzyl-2-0-(2,3,4-tri-O-benzyl-a-~7fucopyranosyl)-P- 
D-galactopyranosyl]-P-D-glucopyranoside (16) 

A solution of methyl iodide (0.06 mL, 0.96 mmol) in N,N-di- 
methylformamide (3 mL) was added to a mixture of compound 15 
(0. I g,  0.085 mmol), barium oxide (0.08 g, 0.52 mmol), and bar- 
ium hydroxide octahydrate (0.08 g, 0.25 mmol) in N,N-dimethyl- 
formamide (I .O mL). After stirring for 20 h at room temperature, 
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the mixture was diluted with dichloromethane, filtered, and the 
filtrate washed with 3% hydrochloric acid, aqueous saturated so- 
dium hydrogen carbonate, and water. Evaporation of the solvent, 
followed by column chromatography (ethyl acetate - dichloro- 
methane 2: 1) of the crude product provided 16 (0.08 g, 79%) as a 
white foam, [a], -59.3 (c 1.0, dichloromethane); 'H nmr (CDCl,) 
6: 7.4-7.0 (m, 35H, 7Ph), 5.79 (d, 1 H, JNH,?, 8.0 Hz, NH), 5.72 
(d, lH,  Jlc.2c 3.5 Hz, H-lc), 4.72 (d, lH,  J,,,, 7.0 Hz, H-la), 4.20 
(t, 1 H, J,,,,, 7.5 Hz, J,,,,, 9.5 Hz, H-2b), 3.45, 3.33 (2s, each 3H, 
2CH30), 1.84 (s, 3H, CH3CO), 1.22 (s, 3H, J5c,bc 6.5 HZ, H3-6~).  
Anal. calcd. for C7,H8,N0,,: C 7 1.76, H 6.87, N 1.18; found: C 
71.66, H 6.79, N 1.19. 

Methyl 2-acetamido-3-O-benzyl-2,6-dideoxy-4-0-[3,4,6-tri-O- 
benzyl-2-0-(2 ,3,4-tri-0-benzyl-a-~lfucopyranosy1)-P-D- 
galactopyranosyll-P-D-glucopyranoside (1 7) 

A mixture of 11 (0.5 g, 0.40 mmol), sodium borohydride 
(0.06 g, 1.6 mmol), and dimethyl sulfoxide (2 mL) was heated with 
stirring for 12 h at 85' C in an atmosphere of nitrogen. After cool- 
ing, the reaction mixture was poured into ice water, and the pre- 
cipitate was filtered off and dissolved in dichloromethane. The 
solution was extracted twice with water, dried, and evaporated. 
After purification of the crude product by column chromatogra- 
phy on silica gel (carbon tetrachloride - ethyl acetate 1 : 1) pure 17 
(0.4 g, 87%) was obtained as a syrup. Recrystallization from hex- 
ane - ethyl acetate 2: 1 provided the analytical sample as white 
needles, mp 1 18-1 19"C, [a], -60.8 (c 1 .O, dichloromethane); 'H 
nmr (CDCl,) 6: 7.40-7.00 (m, 35H, 7Ph), 5.69 (d, lH,  Jlc,2c 3.5 
Hz, H-lc), 5.54 (d, lH, J,,,,, 7.5 Hz, NH), 4.75 (d, overlapped 
by CH2Ph, 1 H, J ,,., 8.0 Hz, H-la), 4.58 (d, overlapped by CH2Ph, 
lH, Jib,,, 7.5 HZ, H-1 b), 4.35 (q, overlapped by CH2Ph, H - k ) ,  
4.24 (dd, lH, JZb.,, 10.0 HZ, H-2b), 4.02 (dd, lH,  Jz,.,, 10.0 HZ, 
H-2c), 4.00 (d, lH, 2.5 HZ, H-4b), 3.92 (t, lH, J,,,, - J,,,,, 
- 9.0 Hz, H-3a), 3.87 (dd, 1 H, J,., 2.5 Hz, H-3c), 3.71 (dd, 1 H, 
H-3b), 3.66 (d, lH,  H k ) ,  -3.5 (H4a), 3.48 (s, 3H, CH30), 3.29 
(m, H-5a), 3.20 (m, H-2a), 1.80 (s, 3H, CH,CO), 1.32 (d, 3H, 
J5=,& 6.5 Hz, H,-6a), 1.22 (d, 3H, J,., 6.5 Hz, H3-6c). Anal. calcd. 
for C7a79N014: C 72.58, H 6.87, N 1.21; found: C 72.47, H 6.88, 
N 1.19. 

Methyl 2-acetarnido-3-O-benzyl-6-chloro-2,6-dideoxy-4-0- 
[3,4,6-tri-0-benzyl-2-0-(2,3,4-tri-0-benzyl-a-~- 
fucopyranosy~)-~-~-ga~actopyranosy~]-~-~-g~ucopyranoside 
(18) 

A solution of 11 (0.5 g, 0.40 mmol) and tetra-n-butylammoni- 
um chloride (0.15 g, 0.54 mmol) in dry benzene (10 mL) was 
heated at 70°C for 20 h. After evaporation, the crude product was 
chromatographed on a column of silica gel (dichlorornethane - ethyl 
acetate 2: 1) to provide compound 18 (0.43 g, 90%) as a solid. 
Recrystallization from ethanol provided the analytical sample, mp 
123-124"C, [a], - 56 (c 1.0, dichloromethane); 'H nmr (CDCI,) 
6: 7.45-7.00 (m, 35H, 7Ph), 5.95 (d, lH, JNH,, 8.5 Hz, NH), 5.70 
(d, lH, Jlc.2c 3.5 Hz, H-lc), 4.70 (d, overlapped by CH,Ph, lH, 
Jla.,= 7.5 Hz, H-la), 4.50 (d, overlapped by CH2Ph, lH, J,,.,, 
7.5 Hz, H- 1 b), 4.29 (q, overlapped by CH2Ph, 1 H, J5c,6c 6.5 Hz, 
H-5c), 4.18 (dd, 1 H, JZb,,, 9.5 HZ, H-2b), 4.02 (dd, 1 H, J,,,,, 
10.0 Hz, H-2c), -3.98 (H4a), 3.96 (d, J,,,, 2.5 Hz, H-4b), 3.89 
(dd, lH, J,,,,, 2.5 HZ, H-3c), 3.82 (t, lH, J2,.,, - J,,.,, - 6.5 Hz, 
H-3a), 3.73 ( H k ) ,  3.70 (dd, overlapped, H-3b), 3.60 (m, H-2a), 
3.47 (s, 3H, CH30), 1.80 (s, 3H, CH3CO), 1.20 (d, 3H, H3-6~).  
Anal. calcd. for C7a78C1N014: C 70.49, H 6.59, C1 2.97, N 1.17; 
found: C 70.34, H 6.5 1, C1 3.24, N 1.20. 

Methyl 2-acetamido-6-azido-3-0-benzyl-2,6-dideoxy-4-0-[3,4,6- 
tri-0-benzyl-2-0-(2 ,3,4-tri-0-benzyl-a-L-fucopyranosy1)-P- 
D-galactopyranosyl]-P-D-glucopyranoside (19) 

A mixture of 11 (0.8 g, 0.64 mmol) and sodium azide (0.24 g, 
3.7 mmol) in N,N-dimethylformamide (9 mL) was heated with 
stining for 4 h at 70°C. It was diluted with dichlorornethane, washed 
with water, and followed by drying and evaporation. The result- 
ing product was purified on a column of silica gel (ethyl acetate - 
carbon tetrachloride 2: 1) to give the title compound 19 (0.70 g, 

91%) as a foam; [a], -62.7 (c 1.0, dichloromethane); IR (CHC1,) 
v: 3280 (NH), 2098 (N,) cm-I; 'H nmr (CDCI,) 6: 7.40-7.00 (m, 
35H, 7Ph), 5.70 (d, lH,  overlapped by NH, Jlc,2c 3.5 Hz, H-lc), 
5.68 (d, overlapped by H-lc, NH), 4.79 (d, overlapped by CH2Ph, 
J,,,,, 7.5 Hz, H-la), 4.42 (d, overlapped by CH2Ph, Jib.,, 8.0 HZ, 
H-lb), 4.22 (q, overlapped by H-2b, H - k ) ,  4.21 (dd, JZb,,, 
9.5 Hz, H-2b), 4.03 (dd, overlapped, H-2c), 4.00 (overlapped, 
H-3a), 3.99 (overlapped, H-4b), 3.81 (dd, lH,  J,,,, 10.0 Hz, J,,,, 
2.8 HZ, H-3c), 3.75 (d, H-4c), 3.71 (dd, lH, J3,,,, 2.5 HZ, H-3b), 
3.49 (overlapped, CH30), 3.36 (dt, H-2a), 1.85 (s, 3H, CH,CO), 
1.23 (d, 3H, J ,,,,, 6.5 Hz, H,-6c). Anal. calcd. for C7,H7,N4014: 
C 70.10, H 6.56, N 4.67; found: C 70.26, H 6.54, N 4.67. 

Methyl 2-acetamido-6-amino-3-0-benzyl-2,6-dideoxy-4-0- 
D,4,6-tri-0-benzyl-2-0-(2,3,4-tri-0-benzyl-a-L- 
fucopyranosy1)- P- D - g a l a c t o p y r a n o s y l l - P - D  
(20) 

Zinc dust (0.40 g) and activated zinc-copper couple (0.20 g) (13) 
were added to a solution of azido compound 19 (0.40 g, 
0.33 mrnol) in glacial acetic acid (2 mL) with stining at 18°C. After 
1 h, the mixture was filtered, and the filtrate evaporated and co- 
evaporated three times with toluene. The resulting syrup was dis- 
solved in dichlorornethane and the solution washed with water, 
sodium hydrogen carbonate, and water. Purification of the crude 
product by column chromatography (silica gel, dichloromethane- 
methanol 30: 1) provided 20 as a foam (0.206 g, 53%), [a], -31.5 
(C 0.6, dichloromethane); IR (CHC1,) v: 3280 (NH,) cm-'; 'H nmr 
(CDC1,) 6: 7.40-7.00 (m, 35H, 7Ph), 5.69 (d, 1 H, Jlc,2c 3.5 Hz, 
H-lc), 5.55 (d, lH,  JNH.?, 7.5 Hz, NH), 4.75 (d, overlapped by 
CH,Ph, H- 1 a), 4.54 (d, overlapped by CH2Ph, J,,,,, 7.5 Hz, H- lb), 
4.34 (q, overlapped by CH2Ph, H - k ) ,  4.24 (dd, lH, J2b.3b 
9.5 HZ, H-2b), 4.03 (dd, lH, J2,,,, 10.0 HZ, H-2c), 4.00 (d, lH, 
J,,,,, 2.5 Hz, H-4b), 3.93 (t, lH,  J,,.,, - J,,.,, - 9.0 Hz, H-3a), 
3.87 (dd, lH,  J3c,4c 2.5 HZ, H-3c), 3.78 (d, lH, H-4c), 3.76 
(overlapped by H-4c and H-3b, H-4a), 3.72 (dd, lH, H-3b), 3.60- 
3.43 (m, 6H, H-5b, H-6b, H-6b1, and CH30 at 3.48), -3.3 1 (m, 
2H, H-2a, H-5a), 3.08 (dd, lH, J,.,. 12.0 Hz, J5=,& 2.5 Hz, H-6a), 
2.91 (dd, 1 H, J5a.6u' 6.5 Hz, H-6a1), 1.89 (s, 3H, CH,CO), 1.25 
(d, 3H, J,,,,, 6.5 Hz, H3-6c). Anal. calcd. for C70H80NZ014: C 
71.65, H 6.87, N 2.38; found: C 70.88, H 6.67, N 2.32. 

Methyl 2,6-diacetamido-3-O-benzyl-2,6-dideoxy-4-0-[3,4,6-tri- 
O-benzyl-2-0-(2,3,4-tri-O-benql-a-~~ucopyranosyl)-~-~- 
galactopyranosyll-P-D-gllrcopyranoside (21) 

To a solution of azido compound 19 (0.20 g, 0.17 mmol) in 
glacial acetic acid (2 mL) and acetic anhydride (0.5 mL) were added 
zinc dust (200 mg) and activated zinc-copper (100 mg) couple. The 
mixture was stirred for 45 min at 18OC, filtered, evaporated, and 
coevaporated with toluene. The resulting syrup was dissolved in 
dichlorornethane and the solution was washed with water, satu- 
rated sodium hydrogen carbonate, and water, followed by drying 
and evaporation. Column chromatography on silica gel (dichloro- 
methane-methanol 30: 1) provided in the main fraction com- 
pound 21 (0.124 g, 60%) as a foam, [a], -47 (c 0.5, dichloro- 
methane); 'H nmr (CDCI,) 6: 7.40-7.00 (m, 35H, 7Ph), 5.83 (t, 
1H, JNH.,= -JNH,6a' - 5.0 HZ, NH-6a), 5.70 (d, lH,  JNH,,, 8.5 HZ, 
NH-2a), 5.62 (d, lH, J,,,,, 3.0 Hz, H-lc), 4.59 (d, overlapped by 
CH2Ph, Jla,= - Jlb.2b 7.5 Hz, H-la, H-lb), 4.34 (q, overlapped by 
CH,Ph, H-5c), 4.16 (dd, 1 H, J2,.,, 9.5 Hz, H-2b), 4.02 (s and 
d, 2H, H-2c, H-3c), 3.92 (d, overlapped by H-3a, J,,.,, 2.5 Hz, 
H-4b), 3.91 (t, lH,  overlapped by H-4b, H-3a), 3.85 (s, lH, H ~ c ) ,  
3.71 (2H, H-4a and H-3b), 3.62 (2H, H-2a and H-6a), 3.45 (s, 
overlapped, CH30), 1.82 (s, 3H, CH,CO), 1.21 (s, 3H, H3-6c). 
Anal. calcd. for C7,H82N,015: C 71.15, H 6.80, N 2.30; found: C 
70.90, H 6.74, N 2.25 

Methyl 2-acetamido-3-O-benzyl-2,6-dideoxy-6-pivalamido-4-0- 
D,4,6-tri-0-benzyl-2-0-(2,3,4-tri-0-benzyl-a-L- 
fucopyranosy~)-~-~-ga~actopyranos~l]-~-~-g~ucopyranoside 
(22) 

To a solution of 20 (0.15 g, 0.13 mmol) in dichlorornethane 
(5 mL) were added dry pyridine (0.04 mL) and, dropwise, pival- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



240 CAN. J .  CHEM. VOL. 70. 1992 

oyl chloride (0.03 mL, 0.24 mmol). After stirring at room tem- 
perature for 30 min, the reaction mixture was worked up conven- 
tionally and the product purified on a column of silica gel 
(dichloromethane-methanol 25: 1). The main fraction gave 22 as 
a foam (0.143 g, 89%), [a], -39 (c 1.8, dichloromethane); 'H nmr 
(CDCI,) 6: 7.45-7.00 (m, 35H, 7Ph), 5.99 (6, 1H, JNH.O - JNH.h;l' 

- 5 Hz, NH-6a), 5.65 (d, lH,  J,,,,, 3.5 Hz, H-lc),  5.60 (d, lH,  
JNH.2a 8.0 HZ, NH-2a), 4.65 (d, overlapped by CH2Ph, J1,,,:, 
7.5 Hz, H-la), 4.56 (d, overlapped by CH,Ph, H-lb), 4.40 (q, 
overlapped by CH,Ph, H-5c), 4.20 (dd, overlapped by H-2b, H-3c), 
4.19 (dd, overlapped by H-3c, J2b,3b 9.5 Hz, H-2b). 4.02 (dd, 
overlapped by H-4c, H-2c), 4.00 (d, overlapped by H-2c, H-4c), 
3.95 (d, overlapped by H-3a, H-4b), 3.93 (t, IH, JZa.3a - J3a.4a - 
7.5 Hz, H-3a), 3.85 (m, IH, J,,,,,, 13.5 Hz, J6a,5s 2.5 Hz, H-6a), 
3.74 (dd, lH,  3.0 HZ, H-3b), 3.64 (t, lH, Jj,,s;, 7.5 HZ, H-4a), 
3.59-3.39 (m, 8H, H-5a, H-5b, H-6b, H-6b1, H-2a, and C H 3 0  at 
3.46), 3.20 (m, 1 H, H-6a1), 1.85 (s, 3H, CH3CO), 1.22 (d, 3H, 
J5c.6c 6.5 Hz, H3-6c), 1.14 (s, 9H, (CH3),C). Anal. calcd. for 
C75H88NZ015: C 71.63, H 7.05, N 2.23; found: C 71.86, H 7.06, 
N 2.20 

Methyl 2-acetamido-2-deoq-4-0-~-O-(a-~7fucopyranosy1)-~-~- 
galactopyranosy/]-P-D-glucopyranoside (23) 

Compound 15 (0.05 g, 0.04 mmol) in 95% ethanol (2 mL) was 
hydrogenated over 5% palladium-on-carbon (0.1 g) for 24 h at 
100 psi. Subsequent gel filtration of the hydrogenation product on 
a column of Bio-Gel P-2 (10% ethanol) followed by freeze-drying 
an aqueous solution provided compound 23 (0.022 g,  95%) as a 
light white powder, [a], -94.8 (c 0.4, water). The 'H and 13c nmr 
data are presented in Tables 1 and 2. 

i Methyl 2-acetamido-2-deoq-4-0-[2-0-(a-~-ficcopyrat1osy1)-~-~- 
I gnlactopyrat1osyl]-6-O-methyl-P-~-glucopyranoside (24) 
! A solution of 16 (0.1 g, 0.084 mmol) in 95% ethanol (2 mL) 
I containing 5% palladium-on-carbon (0.2 g) was hydrogenated for 

1 24 h at 100 psi. Chromatography on a column of Bio-Gel P-2 (10% 
ethanol) provided 24 (45 mg, 96%) after lyophilization as a light 

1 white powder, [ a ] ~  -62.5 (c 1.0, water). The 'H and I3c nmr data 
! are reported in Tables 1 and 2. 

Methyl 2-acetamido-2,6-dideoq-4-0-[2-O-(a-~-fucopyranosy1)- 
P-D-galactopyranosyl]-P-D-glucopyrat~oside (25) 

Compound 17  (0.1 g, 0.086 mmol) in 95% ethanol (2 mL) was 
hydrogenated over 5% palladium-on-carbon (0.1 g) for 20 h at 
100 psi. After purification of the hydrogenation product on a col- 
umn of Bio-Gel P-2 (10% ethanol) and lyophilization of an aqueous 
solution, 25 (0.044 g, 96%) was obtained as a light white powder, 
[a], -78.5 (c 1 .O, water). The 'H and I3c nmr data are reported 
in Tables 1 and 2. 

Methyl 2-acetamido-6-chloro-2,6-dideoq-4-0-[2-O-(a-~- 
fucopyranosy~)-~-~-ga~actopyranosy~]-~-~-g~ucopyranoside 
(26) 

Compound 18 (0.068 g, 0.057 rnrnol) was hydrogenated and the 
hydrogenation product purified as described for the preparation of 
25 to provide trisaccharide 26 (0.03 g, 95%), [a], -57.5 (c 1.0, 
water). The 'H and I3c nmr data are reported in Tables 1 and 2. 

Methyl 2-acetamido-6-amino-2,6-dideoq-4-0-[2-0-(a-~- 
fucopyranosy~)-~-~-ga~actopyranosy~]-~-~-g~uocpyrat~oside 
acetate (27) 

Compound 20 (0.06 g,  0.05 1 mmol) and 5% palladium-on-car- 
bon (0.06 g) were hydrogenated in glacial acetic acid (1 mL) at 

20 psi. After 20 h, the mixture was filtered and evaporated at room 
temperature to provide, after freeze-drying an aqueous solution, 
compound 27 (0.027 g,  88%) as a white powder, [a], -56.5 (c 
1.0, water). The 'H and I3c nmr data are reported in Tables 1 
and 2. 

Methyl 2,6-diacetamid0-2,6-dideo.ry-4-0-[2-O-(a-~- 
fucopyratzosy1)-P-D-galactopyranosyl]--noside 
(28) 

Compound 21 (0.1 g, 0.082 mmol) was hydrogenated over 5% 
palladium-on-carbon as described for the preparation of 25 with 
subsequent gel filtration to provide 28 (0.047 g, 97%), [a], -77.5 
(C 1 .O, water). The 'H and I3c nmr data are reported in Tables 1 
and 2. 

Methyl 2-acetarnido-2,6-dideoxy-4-0-~-O-(a-~~ucopyranosyl)- 
~-~-ga~actopyratzosy~]-6-piva~amido-~-~-g~ucopyranoside 
(29) 

Compound 22 (0.130 g, 0.1 mmol) was hydrogenated in the 
presence of 5% palladium-on-carbon (0.13 g) as usual and the re- 
sulting product purified on a column of Bio-Gel P-2 (10% ethanol) 
to provide the title compound 29 (0.064 g, 98%), [a], -83.8 
(C 1 .O, water). The 'H and 13C nmr data are reported in Tables 1 
and 2. 
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Molecular recognition X. A novel procedure for the detection of the intermolecular 
hydrogen bonds present in a protein.oligosaccharide complex1 
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P. V. NIKRAD, H. BEIERBECK, and R.  U. LEMIEUX. Can. J .  Chem. 70, 241 (1992). 
The relative potencies of both the monodeoxy and mono-0-methyl derivatives of the Leb- OM^ tetrasaccharide (a-L- 

Fuc-(1 + 2)-P-D-Gal-(1 + 3)-[a-L-Fuc-(I + 4)]-P-D-GlcNAc-OMe) as inhibitors of the complexation of a Leb artifi; 
cia1 antigen by the lectin IV of Gr~ffonia sirnplicifolia are interpreted in terms of the X-ray crystal structure at 2.5 A 
resolution of the GS-IV . L , e b - O ~ e  complex. Both kinds of derivatives maintain high potencies when the hydroxyl groups 
involved appear, in the crystal structure, to be in contact with the aqueous phase. Hydroxyl groups situated at the pe- 
riphery of the combining site and hydrogen bonded to the protein can also be deoxygenated without important loss in 
potency. However, their methylation leads to a strong decrease in the stability of the complex, because the steric bulk 
of the introduced methyl group causes loss of complementarity. In contrast, the hydroxyl groups that form hydrogen bonds 
with the protein along the base of the shallow amphiphilic cleft of the combining site can neither be deoxygenated nor 
methylated without virtually complete loss of binding activity. Thus, the procedure can provide an appreciation of the 
various kinds of hydrogen bonds that are present in a protein. oligosaccharide complex. Hard-sphere calculations sup- 
ported these contentions since an energetically favorable orientation was indicated for a methoxy group at any one of 
the five positions that were expected to remain in contact with the aqueous phase. However, the calculations, as ex- 
pected, showed the introduction of strong destabilizing nonbonded interactions when the methylation involved hydroxyl 
groups that are hydrogen bonded to the protein in the complex. The results are in accord with the previously made ra- 
tionalization of the near linear enthalpy-entropy compensation found for the active deoxy congeners. 

Key words: molecular recognition, lectin IV of Griffonia simplicifolia, 0-methyl derivatives of the Lewis b-OMe te- 
trasaccharide, detection of intermolecular hydrogen bonds, hard-sphere calculations. 

P. V. NIKRAD, H. BEIERBECK et R. U. LEMIEUX. Can. J. Chem. 70, 241 (1992). 
On a determine les efficacitks relatives des dCrivCs monodksoxy- et mono-0-mCthyle du tetrasaccharide Leb- OM^ (a-  

L-Fuc-(1 + 2)-P-~-Gal-(l  + 3)-[a-L-Fuc-(1 + ~)]-P-D-GICNAC-OM~) comme inhibiteurs de la complexation d'un an- 
tigene artificiel du Leb par la lectine IV du Grlffonia simnplicifolia; on interprete les rCsultats en fonction de la structure 
cristalline d'un complexe GS-IV . Leb- OM^, dCterminCe par diffraction des rayons-X, ti une rCsolution de 2,5 A. Les 
deux types de dCrivks maintiennent des efficacitks ClevCes lorsqu'il semble que, dans la structure cristalline, les groupes 
hydroxyles sont en contact avec la phase aqueuse. Lorsqu'on dksoxygkne les groupes hydroxyles qui sont situCs 2 la 
pCriphCrie du site qui se combine et qui sont lies a la protCine par des liaisons hydrogknes, il n'y a pas de perte impor- 
tante de I'efficacitC. Toutefois, leur mkthylation conduit a une perte de complCmentaritC et a une baisse importante de 
la stabilitC du complexe qui sont le rCsultat de I'encombrement stCrique introduit par les groupes mCthyles. Par ailleurs, 
pour ce qui est des groupes hydroxyles qui forment des liaisons hydrogknes avec la protCine le long de la base de l'in- 
terstice amphiphile peu profond du site de combinaison, on ne peut ni les dCoxygkner ni les mCthyler sans perdre pres- 
que complktement 1'activitC de liaison. Cette prockdure permet donc d'apprkcier les divers types de liaisons hydrogknes 
qui sont presents dans un complexe protCine oligosaccharide. Des calculs de spheres dures corroborent ces conclu- 
sions; en effet, les calculs indiquent que les groupements mCthoxyles presents dans les cinq positions qui devraient res- 
ter en contact avec la phase aqueuse seraient tous dans une orientation qui serait favorable d'un point de vue CnergCtique. 
Toutefois, les calculs ont dCmontrC, comme on pouvait s'y attendre, qu'il y a introduction de fortes interactions 
dkstabilisantes et non-likes lorsqu'on effectue la mkthylation des groupes hydroxyles qui sont reliks 2 la proteine du 
complexe par des liaisons hydrogenes. Les resultats sont en accord avec la rationalisation faite antkrieurement au sujet 
de la compensation pratiquement IinCaire enthalpie-entropie dCtectCe avec des congknkres actifs dCoxygCnCs. 

Mots elks : reconnaissance molCculaire, lectins IV du Grrffotlia simplicifolia, dCrivCs 0-methyles du tetrasaccharide 
Leb- OM^, detection des liaisons hydrogenes intermolCculaires, calculs de spheres dures. 

[Traduit par la redaction] 

Introduction 
The thermodynamic parameters for the association of the 

methyl glycoside (1) of the tetrasaccharide, known as the 
Lewis b human blood group determinant, with the lectin IV 
of Grlffonia simplicifolia established the reaction to be en- 

'presented at the 201st National Meeting of the American 
Chemical Society, Atlanta, Georgia, April 14-19, 1991. 

2~esearch  Associate, 1983-1990. Present address: Alberta Re- 
search Council, P.O. Box 8330, Station F, Edmonton, Alta., 
Canada T6H 5x2 .  

3~esearch  Associate, 1985-present. 
4 ~ u t h o r  to whom correspondence may be addressed. 

thalpy driven with an association constant of 4.4 x lo4 
[L /~~ .mol ]  at 298 K (1). The thermodynamic studies were 
extended to include all 1 0  monodeoxy derivatives of 1 (2). 
The results, reported in Table 1 ,  showed that three hy- 
droxyl groups provide key polar interactions with the pro- 
tein since their replacement by hydrogen provided virtually 
inactive structures. The seven other monodeoxy-leb-OMe 
were active inhibitors and, as previously commented upon 
(2), changes in the thermodynamic parameters showed vir- 
tual linear enthalpy-entropy co~pensa t ion .  Subsequently, 
the X-ray crystal structure at 2.5 A resolutionS indicated that, 

5 ~ .  T. J. Delbaere, M. Vandonselaar, L. Prasad, and J. W. 
Quail. Private communication. 
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TABLE 1 .  Comparison of the effects of deoxygenation with those 
of 0-methylation at the various hydroxyl positions of L ~ ~ - o M ~  

on the binding by the lectin GS-IV 

Thermodynamic 
parameters at 298 K for the 

Relative potencies as binding of the monodeoxy 
inhibitors derivatives, kcal/mol (2) 

Position 
substituted 0-Me Deoxy(2) AAGO AN' A(TAs') 

- 

95 
Inactive 
Inactive 

9 1 
30 
26 

Inactive 
30 
3 8 

115 

"For Leb-OMe, AGO = -6.3, AH0 = -13.3", TASO = -7.0 kcal/mol 
and setting its potency at 100. 

'Inhibition provided by the 6a-0-mesyl derivative ( I ) .  
'Not determined since expected to be inactive. 
d ~ e e  Table 2. 

except for the OH-6a group of the P-D-GlcNAc unit, which 
is remote from the combining site, the six other non-key 
hydroxyl groups all reside at or near the periphery of the 
combining site (see Fig. 1). Indeed, four of these hydroxyl 
groups, namely those at positions 6b, 2c, 3d, and 4d, ap- 
pear to remain in contact with the aqueous phase. The three- 
dimensional geometry of the complex appeared acceptable 
for favorable hydrogen bonding of 0-3c with proton dona- 
tion from Arg 48 and of 0-2d with proton donation from Asp 
135, as projected in Fig. 1. The crystal structure at 2.5 A 
resolution was not favorable for hydrogen bonding of OH-3d, 
either as a proton donor or acceptor, with His 114. 

HO 

HO 

Discussion of results 
Binding studies 

In view of the above-mentioned indications for hydrogen 
bond formation, it became of interest to examine the effect 
on binding of introducing a methyl group at each of the hy- 
droxyl positions of 1. It was expected that the substitution 
of any one of the three key hydroxyl groups at positions 3b, 
4b, and 4c would lead to loss of stereoelectronic comple- 

His 114 'b 

. Asn 135 

HO/ HO' 

Arg 48 HN 

Fic. 1 .  Fragment of the X-ray crystal structure at 2.5 A reso- 
lution of the complex formed by L ~ ~ - o M ~  (1) and the lectin IV of 
Grlffonia simplicifolia to show the intermolecular hydrogen bonds. 
The + / c p  torsion angles about the three intersugar glycosidic bonds 
are 46.3"/31.1° for a-L-Fuc-(lc + 4a), 55.7"/12.7" for p - ~ - G a l -  
( l b  + 3a), and 45.6"/15.0° for a-L-Fuc-(ld + 2b), in good 
agreement with those estimated by HSEA calculation; namely, 
55"/25", 55"/10°, and 45"/15", respectively. The OH-3b, OH-4b, 
and OH-4c groups provide the key polar interaction by donating 
protons to accepting groups located toward the bottom of the cleft 
that forms the combining site. The OH-3c and OH-2d groups act 
as proton acceptors from amino acids at the periphery of the com- 
bining site to form hydrogen bonds that are not essential to the 
stability of the complex. Although OH-6b, OH-2c, OH-3d, and 
OH-4d reside near the periphery of the combining site, these, to- 
gether with OH-6a, remain in hydrogen bonding interactions with 
water molecules (see Fig. 3). 

mentarity. Consequently, the 0-methyl derivatives at these 
positions were not prepared. Monomethyl derivatives of 1 
were synthesized by substitutions at OH-6b, OH-2c, OH-2d, 
and OH-4d. In the case of OH-6a, it was to be expected that 
the substitution would not result in significant change in ac- 
tivity since the replacement of this hydroxyl group either by 
an iodine atom or 0-mesylation, as previously reported (I) ,  
had no appreciable effect on the potency as an inhibitor of 
the binding of a ~ e ~ - a c t i v e  artificial antigen in a competi- 
tive solid-phase radioimmunoassay. Consequently, the 6a-0- 
methyl derivative of 1 was not prepared. Instead, the ther- 
modynamic parameters of the 6a-0-mesyl derivative of 1, 
reported in Table 2, are accepted as representative of those 
for the 6a-0-methyl congener of 1. Neither the 3c- nor 
the 3d-0-methyl derivatives of 1 were prepared since 
the potencies of these structures could be surmised from 
the potencies of the more readily synthesized 2c,3c- and 
2d ,3d-di-0-methyl derivatives. That is, since the 2c-0- 
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NIKRAD ET AL. 243 

TABLE 2. The relative potencies of 0-methyl 
derivatives of L ~ ~ - o M ~  as inhibitors of the lectin IV 

of Grrffonia sirnplicifolia 

Compound Positions substituted Relative potencyo 

1 None 100 
6a 1 lob 

43 6b 250 
37 2c 77 
- [3c < L]' 
40 2d 2.2 
- [3d - loo]" 
- 4d 130' 
38 2c,3c < 1 
39 3c,4c Inactive 
42 2d,3d 2.3 
41 3d,4d 110 
44 6b,2c,3d,4d 230 

"Calculated from the micromolar concentrations that provide 
50% inhibition of the binding of an lZJI-labelled Leb-BSA arti- 
ficial antigen by the lectin GS-IV using a previously described 
(3) competitive, solid-phase radioimmunoassay. 

?he value for the 6a-0-methanesulfonyl derivative. 
'In view of the low potency of the 2c,3c-di-0-methyl deriv- 

ative. 
view of the high potencies of the 3d,4d-di-0-methyl and 

the 6b,2~,3d,4d-tetra-O-methyl derivatives. 
'Unpublished. 

methyl congener is highly potent but the 2c,3c-di-0-methyl 
derivative is not, evidently methylation at the 3c position 
strongly hinders complex formation. Also, since the 2d- 
mono-0-methyl and 2d,3d-di-0-methyl derivatives of 1 
both had almost equally poor potencies, the indication 
was that methylation at the 3d position is compatible with 
complex formation. This conclusion was confirmed by 
preparation of the 6b,2c ,3d,4d-tetra-0-methyl derivative, 
which proved to be, as expected, a highly active inhibitor 
(Table 2). 

Semi-empirical energy calculations support the data pre- 
sented in Table 2. These were accomplished by calculating 
the energy barriers to rotation about the C-OMe bond of the 
various GS-IV . mono-0-methyl-Leb- OM^ complexes in order 
to test whether or not there exists an orientation of the methyl 
group wherein no appreciable nonbonded interaction, either 
intra- or intermolecular, is present. These assessments were 
made using the same Kitaygorodsky expression for hard- 
sphere calculations that is employed in the HSEA method for 
estimating the conformational preferences about glycosidic 
linkages (4). In the present situation, coordinates were gen- 
erated for the six mono-0-methyl derivatives of L ~ ~ - o M ~  
noncovalently bound to GS-IV that are presented in Table 
1. The energy of interaction of the methyl group with the rest 
of the L ~ ~ - o M ~  structure, as well as those with the amino 
acid residues of the combining site, were then calculated as 
a function of the Me/C, torsion angle defined by the CH,-0 
bond and the vicinal C-C bond of the lowest numbered car- 
bon atom of the pyranose ring and always proceeding 
clockwise for the rotation. These interaction energies were 
then added to provide the total energy changes with changes 
in torsion angle displayed in Fig. 2. Thus, with reference to 
the 6b-methoxy group, the energy of interaction over the 
range of torsion angles of near 180" to 270" is near zero or 
slightly negative and, therefore, the 0-methylation was ex- 

pected to have no adverse effect on complex formation, as 
was indeed observed. Similarly for the 2c, 3d, and 4d-0- 
methyl compounds, an orientation exists in which the methyl 
group has virtually no repulsive interaction, either intramo- 

@;*oB' 

BnO OMe 

OR NHAc 
22, R = Ac 

BnO 0 OMe 

OR NHAc 

R30 

BnO 0 OMe 

R' R2 R3 R4 R5 R6 
31 Me Bn Bn Bn Bn Bn 

32 Me Me Bn Bn Bn Bn 

33 Bn Me Me Bn Bn Bn 

34 Bn Bn Bn Me Bn Bn 

35 Bn Bn Bn Bn Me Me 

36 Bn Bn Bn Me Me Bn 

lecularly or with the protein. Indeed, in accord with these 
observations, the inhibition data show that the addition of a 
methyl group at these positions does not interfere with com- 
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Torsion angle (Me/Cy) 

FIG. 2. Potential energy plots provided by hard-sphere calculation of the barriers to rotation about the C-OMe bond to assess whether 
or not 0-methylation of hydroxyl groups of L ~ ~ - O M ~  complexed with GS-IV is compatible with the structure of the complex. The heavy 
solid plot represents the total of the interaction of the methoxy group within the tetrasaccharide (light solid plot) and the interaction with 
the protein (dotted plot). Orientations that produce no repulsive interactions are possible only when a methyl group is introduced at either 
the 6b, 2c, 3d, or 4d positions since, as seen in Table 1, these congeners are highly active whereas the others are not. 

plex formation. This is particularly interesting in the case of 
I 

the 3d-0-methyl derivative since it requires that only a weak, 
if any, hydrogen bond exists between OH-3d and the imid- 
azole group of His 114. It was to be expected, however, that 
0-methylation at either position 3c or 2d would lead to an 
inactive compound since the crystal structure, as displayed 
in Fig. 1, is in accord with hydrogen bond formation be- 
tween the hydroxyl groups at these positions and the pro- 
tein, and important loss in stereoelectronic complementarity 
would result. The calculations fully substantiated these ex- 
pectations. However, the calculations did not anticipate the 
residual activities for compounds 38 and 42 (Table 2). It is 
apparent that these situations involve flexible peripheral 
groups that can offer some adjustment to steric demands for 
complexation, which our rigid hard-sphere model does not 
take into account. 

It is of interest to note that the 0-methylation at either 
I position 6b or 4d causes an enhancement of the binding and 
1 that these results may be related to the fact that the methyl 
I groups come into contact with hydrophobic residues at the 

periphery of the combining site: the indolyl group of Trp- 133 
in the case of CH30-6b and both Phe-108 and His 114 in the 
case of CH30-4d. In contrast, CH30-2c comes into contact 
with the strongly hydrophilic guanidine group of Arg 48 and 
the substitution causes a 23% loss in potency. These stereo- 
chemical relationships can be appreciated by examination of 
the partial CPK model for the complex formed between 

HO OMe 

4 0 H H  H M e H H  H 
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NIKRAD ET AL 

FIG. 3. CPK molecular model of the 6a,6b,2~,3d,4d-penta-O-methyl derivative of L ~ ~ - o M ~  occupying the combining site of the lec- 
tin GS-IV, which is represented by the 62 amino acid residues that provide the combining site and the structure about its periphery. Note 
that both the methyl aglycon and the 6a-methyl groups are both well removed from the combining site. The methyl groups at positions 
6b, 2c, 3d, and 4d are in favored orientations according to calculations reported in Fig. 2. 

GS-IV and Leb-OMe, which has positions 6a, 6b, 2c, 3d and 
4d 0-methylated with the methyl groups placed in the fa- 
vorable orientations identified by the hard-sphere calcula- 
tions and presented in Fig. 3. 

The results achieved in this study thoroughly confirm the 
indications as to the disposition of the 10 hydroxyl groups 
present in Leb- OM^ after association with the lectin GS-IV. 
They also support our proposal (2) that the near-linear en- 
thalpy-entropy compensation that is observed for the bind- 
ing of Leb- OM^ congeners results from changes in water 
structure about both the position of structural change prior 
to complexation and about this position in close proximity 
to the periphery of the combining site in the complex. 
An important new insight gained from this research is the 
recognition that hydroxyl groups of an oligosaccharide that 
do not come into a hydrogen bonding interaction with 
the receptor site, but which come into close proximity to 
amino acid residues at the periphery of the site, may be 
substituted with little effect on the stability of the com- 
plex. In fact, substantial stability may be gained when the 
substitution leads to new energetically favorable interac- 
tions. 

In conclusion, it is to be noted that a comparison of the 
activities of the monodeoxy derivatives of an oligosaccha- 
ride with those of the mono-0-methyl derivatives provides 

a powerful novel method for the probing of receptor sites that 
can yield information that, otherwise, can only be achieved 
in special cases by high-resolution X-ray crystallography. 
Thus, such findings may prove useful in efforts aimed at re- 
ducing the toxicities of medicinals where it is required to 
maintain strong recognition by the receptor sites of interest 
while depressing the interactions responsible for the unde- 
sirable side effects. 

Chemical synthesis 
The procedures used to synthesize the partially O-meth- 

ylated derivatives of Leb- OM^ (37-44) followed closely those 
previously employed (U. Spohr and R. U. Lemieux, un- 
published) to synthesize 4d-0-methyl-L~~-oM~ and to de- 
termine the potency reported in Tables 1 and 2. 

The synthesis of the various 0-alkylated derivatives of ~ e ~ -  
OMe (37-44) required in the first instance the preparation 
of the substituted fucosyl bromides 15, 17, 19, and 21 
(Scheme 1) and the galactosyl bromide 47 (Scheme 2). In 
the case of the fucosyl bromides, the reactions used and 
outlined in Scheme 1 are all well-established procedures 
except for the opening of the stannylene ring (5) of com- 
pounds 8 and 9 using fluoride ion. David et al. (6) recom- 
mended iodide ion for this purpose. However, under the 
aprotic conditions, the much more strongly nucleophilic 
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'1 hOR R20 

OR 

OMe OMe OMe 

R R R R' R2 R R' R2 R3 
b g 

2, Me 4, Me - 6, Me Bn Bn * 14, Me Bn Bn OH 

181 10, Me Me H 18, Me Me Bn OH 

OMe Ib 
11, Me Me Bn 19, Me Me Bn Br 

R 

SCHEME 1. Preparation of 0-alkylated fucosyl bromides. a: H,O, AcOH; b: BnBr, NaH, DMF; c: MeI, NaH, DMF; d: C6H6, ( n - B ~ ) ~ S n o ;  
e: MeI, (~-BU),N+F-, C6H6; f: BnBr, (?I-BU),N'F-, C6H6; g: HC1, AcOH, H20;  h: (BrCO)?, DMF, CH2C12. 

2,3,4-Tri-0-benzyl-a-L-fucopyranosyl bromide (55) was prepared according to ref. 1. 

fluoride ion could be expected to greatly accelerate the overall 
reaction. Indeed, a reaction that requires refluxing in ben- 
zene for up  to 24  h using iodide was found to be finished 
within minutes with the yield of 12 increasing from 10 to 75% 
(R. U. Lemieux and N.  Morishima, unpublished data). 

The  preparation of the appropriately protected core disac- 
charides 22 and 49 followed well-established procedures (7) 
and does not warrant comment further than reported in 
Scheme 2.  The  fucosylations of these compounds all re- 
sulted in good to excellent yield under the condiiions for  
bromide-ion catalysis (8), which simply employ 4 A molec- 
ular sieve (9) to absorb the liberated hydrogen bromide and 
N,N-dimethylformamide (DMF) in the dichloromethane 
solvent to  accelerate, if need be, the reaction (10). 

The  various partially 0-methylated derivatives of Leb- OM^ 
(37-44) are well characterized by the high resolution nmr  
spectral data reported in Tables 3 and 4 .  The  'H nmr data 
presented in Table 3 confirm the structures and indicate that 
the introduction of the 0-methyl groups causes little, if any, 
change in the conformational preference. These conclu- 
sions are further supported by the I3c nmr data presented in 
Table 4 .  It is t o  be  noted that the chemical shift assignments 
are based only o n  a comparison with those previously as- 
signed to L ~ ~ - o M ~  (1) and are strictly provisional. 

Experimental 

(2.225 ppm). The I3c nmr spectra were recorded at 75 MHz (Bruker 
AM 300 spectrometer), using D 2 0  as solvent and 1,4-dioxane 
(67.4 ppm) as internal standard. Optical rotations were measured 
at room temperature (23 ? 1°C) in a I -dm cell with a Perkin-Elmer 
241 polarimeter. Thin-layer chromatography was performed on a 
precoated plate of Silica Gel 60 F,,, (Merck) with detection by 
spraying with 10% sulfuric acid in ethanol followed by heating. For 
column chromatography, Silica Gel 60 (230-400 mesh, Merck) and 
distilled solvents were used. Solvents and reagents were purified 
and dried according to standard procedures (I  I). Melting points are 
uncorrected. 

The inhibition studies employed the previously reported com- 
petitive solid-phase radioimmunoassay (3) and the relative poten- 
cies were calculated from the relative molar amounts that pro- 
vided 50% inhibition. 

0-Benzylarions 
The benzylations of compounds 4 and 10 of Scheme 1 were 

performed essentially as follows. The alcohol (20 mmol) was dis- 
solved in DMF (50 mL) and the solution cooled to O°C. Sodium 
hydride (100 mmol) was added slowly and the mixture was stirred 
under nitrogen until the evolution of gas had stopped (about 1 h at 
0°C). Benzyl bromide (85 mmol) was then added dropwise with 
efficient stirring. The mixture was allowed to reach room tem- 
perature while stirring for 16 h. The excess sodium hydride 
was decomposed with methanol (10 mL), and dichloromethane 
(200 mL) was added. The solids were removed by filtration and 
the filtrate was evaporated in vacuo to a syrup that was chroma- 
tographed on a silica gel column using toluene/ethyl acetate as 
eluent. 

General methods 0-Merhylarions 
The 'H nmr spectra were recorded at 300 MHz (Bruker AM 300 These were conducted under essentially the same conditions as 

spectrometer) with tetrarnethylsilane as internal standard for CDCI, described above for the benzylations except that methyl iodide was 
solutions. The reference standard for D,O solutions was acetone substituted for the benzyl bromide. 
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-ACO - BnO 

Br 
45 h0 

Br 

OMe 47 

BnO OMe 

OR NHAc OAc NHAc 
48 

HO 

OMe 

43 

HO 

HO OMe 
BnO OMe - 44 0 

OH NHAc 
53 

SCHEME 2. Preparation of 0-methylated derivatives of k b - O ~ e .  a: EtN'Br-, MeOH, s-collidine; b: NaOMe, MeOH; c: BnBr, NaH, 
: DMF; d: AcBr, Et4N+Br-; e: methyl 2-acetamido-4,6-0-benzylidene-2-deoxy-~-~-glucopyranoside, Hg(CN),; f: NaBH3CN, HC1, THF; 

g: 55, Et4N+Br-, CH2C12, DMF; h: Pd, H2, EtOH; i: 15, Et4N+Br-, CH2CI2, DMF; j: 17, Et4NfBr-, CH2Cl,, DMF. 

TABLE 3. The 'H nrnr chemical shifts," pprn (coupling constant, Hz), of 0-methyl derivatives of L ~ ~ - o M ~  (I) 

Compound 

Hydrogen atom 1 37 38 39 40 41  42 43 44 

P-D-GlcNAc a-unit 

H-1 (51.2) 4.32 (8.3) 4.32 (8.3) 4.33 (8.3) 
H-3 (J3.4) 4.12 (9.3) 4.09 (9.3) 4.12 (9.3) 
CH30 3.48 3.47 3.45 
CH3C0 2.07 2.06 2.05 
 gal b-unit 

H-1 (J1.2) 4.64 (7.8) 4.64 (7.8) 4.65 (7.8) 
CH30 - - - 
a-L-FUC c-unit 

H-1 (51.2) 5.01 (3.8) 5.14 (3.8) 5.14 (3.5) 
H-5 (J5.6) 4.84 (6.5) 4.82 (6.5) 4.80 (6.5) 
CH3-6 1.27 1.25 1.27 
CH30 - 3.54 3.47, 3.51 
a-L-Fuc d-unit 

H-1 (J1.2) 5.14 (3.8) 5.17 (3.5) 5.16 (4.0) 
H-5 (J5,d 4.34 (6.5) 4.32 (6.5) 4.33 (6.5) 
CH3-6 1.27 1.25 1.25 
CH30 - - - 

"See General methods. 
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TABLE 4. The '" nmr chemical shifts" of 0-methyl derivatives of Leb-OMe (1) 

Compound 
1 37 38 39 40 4 1 42 43 44 

Carbon atom 6, ppm A s ,  ppmh 

P-D-GlcNAc a-unit 
1 103.52 0.06 0.00 -0.02 0.07 0.12 0.17 0.02 0.14 
2 56.35 0.02 0.05 0.03 -0.03 -0.17 -0.17 0.04 -0.06 
3 75.63 0.06 0.10 0.02 -0.18 -0.07 -0.25 0.07 0.16 
4 73.12 0.26 -0.06 0.17 1.32 0.81 1.22 0.04 0.48 
5 76.33 -0.16 -0.17 -0.14 -0.10 -0.88 -0.15 -0.1 1 -0.16 
6 60.60 -0.14 -0.22 -0.26 -0.20 -0.23 -0.26 -0.18 -0.19 
CH3C0 23.07 -0.05 -0.04 -0.03 0.21 0.19 0.22 -0.03 0.24 
CH3C0 147.45 0.11 0.08 -0.41 0.17 -0.12 -0.07 0.12 -0.12 
CH30- 1 58.02 0.05 0.05 0.04 0.07 -0.02 -0.01 0.04 0.03 
B-D-Gal b-unit 
1 
2 
3 
4 
5 
6 
CH30c 
a-L-Fuc c-unit 
1 
2 
3 
4 
5 
6 
CH30c 

a-L-Fuc d-unit 

"See General methods. The chemical shifts for 1 are those previously reported (1, 7). 
bProvisional assignments based on a comparison of the spectra with the spectrum of 1,  A6 = 6 - 6,. 
TRelative to the chemical shift of CH,O-la of 1. 

Methyl 3,4-di-0-benzyl-2-0-methyl-a-~-fucopyranoside (6) 
The syrupy product of the benzylation of 4 (Scheme 1) with [a], 

-90 (c I. I, chloroform) was obtained in 79% yield; 'H nmr data 
(CDCI,) 6: 7.43-7.21 (m, IOH, 2Ph), 4.92 (d, lH, J 12.0 Hz, 
CH2Ph), 4.87 (d, lH, J,,, 3.0 Hz, H-1, partly overlapped by 
CH2Ph), 4.84 (d, IH, J 12.0 HZ, CH2Ph), 4.7 (d, IH, J 12.0 HZ, 
CH2Ph), 4.65 (d, lH, J 12.0 Hz, CH2Ph), 3.88-3.78 (m, 3H, H-5 
overlapped by H-2 and H-3), 3.62 (dd, lH, J3,, 2.5 Hz, J,,, 
1.0 Hz, H-4), 3.57 (s, 3H, CH30), 3.39 (s, 3H, CH30), 1.15 (d, 
3H, 55.6 6.5 Hz, 3H-6). Anal. calcd. for C22H2805: C 70.94, H 7.58; 
found: C 70.15. H 7.51. 

Methyl 2-0-benzyl-3,4-di-0-methyl-a-L-fucopyranoside (7) 
The syrupy product of the methylation of 5 (Scheme 1) with [a], 

-72 (c 0.34, chloroform) was obtained in 89% yield; 'H nmr data 
(CDCI,) 6: 7.22-7.45 (m, 5H, Ph), 4.55 (d, lH, J1,2 3.5 Hz, H-I), 
4.3 and 4.1 (2d, 2H, J 12.0 Hz, CH2Ph), 3.86 (m, 1 H, H-5), 3.82 
(dd, IH, J2,3 9.0 HZ, H-2), 3.62 (dd, 1 H, J3,.4 3.0 HZ, H-3), 3.59 
and 3.55 (s, 3H, 2CH30), 3.43 (dd, IH, J,,, 1 .O Hz, H-4), 3.34 
(s, 3H, CH30), 1.24 (d, 3H, 55,6 6.5 Hz, 3H-6). Anal. calcd. for 
CL6HZ4o5: C 64.84, H 8.16; found: C 64.22, H 7.94. 

Methyl 2,3-di-0-methyl-a-L-fucopyranoside (10) 
Compound 4 (5.16 g, 26.84 mmol) was dissolved in benzene 

(250 mL) and di-n-butyl tin oxide (7.1 g, 28.5 mmol) was added. 
The mixture was refluxed for 16 h with azeotropic removal of water 
formed during stannylation. After 16 h it was concentrated to 
100 mL for addition of tetrabuty!ammonium fluoride (10 g, 
38.24 mmol), molecular sieves 4 A (25 g), and methyl iodide 
(10 mL, 160.5 mmol). The mixture was stirred at room tempera- 
ture under nitrogen overnight. The progress of the reaction was 
monitored by tlc (methanol/dichloromethane 1 :9). The solids were 
removed by filtration and the filtrate was concentrated to a syrup 
that was chromatographed on a silica gel column (methanol/di- 
chloromethane, 1 : 19) to provide a highly volatile oily product 
(5.15 g, 79%) with [a], -110 (c 3.0, chloroform); 'H nmr data 
(CDC13) 6: 4.75 (d, IH, J1,2 3.0 HZ, H-l), 3.9 (m, 2H, H-5 ov- 
erlapped by H-4), 3.55 (dd, 2H, H-2 overlapped by H-3 and CH@), 
3.49 (s, 6H, 2CH30), 3.4 (s, 3H, CH30), 2.38 (d, IH, OH-4, D2O 
exchanged), 1.32 (d, 3H, J,,, 6.5 Hz, 3H-6). 

Methyl 4-0-benzyl-2,3-di-0-methyl-a-~-fucopyranoside (11) 
The syrupy product of the benzylation of 10 (Scheme 1) with [a], 

-41 (c 1. I ,  chloroform) was obtained in 88% yield; 'H nmr data 
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(CDCl,) 6: 7.42-7.25 (m, 5H, Ph), 4.95 (d, 1 H, J 11.5 HZ, 
CH2Ph), 4.87 (d, 1 H, J1,2 3.5 HZ, H-1), 4.63 (d, 1 H, J 11.5 Hz, 
CH,Ph), 3.85 (m, 1 H, H-5), 3.75 (dd, 1 H, J2,, 10.0 Hz, H-2). 3.69 
(dd, l H ,  J3,, 2.5 HZ, J4,, 1.0 HZ, H-4), 3.57 (dd, lH,  H-3), 3.52, 
3.5 1, 3.40 (3s, each 3H, 3CH30), 1.19 (d, 3H, J5,, 6.5 Hz, 3H-6). 
Anal. calcd. for Cl6HZ4o5: C 64.84, H 8.16; found: C 64.88, H 
8.44. 

Methyl 2,3-di-0-benzyl-a-L-ficcopyranoside (12) 
As already stated, this compound was prepared from 5 (Scheme 

1) in a separate project under conditions similar to those described 
above for the synthesis of 10 except that benzyl bromide was used 
as the alkylating agent. 

Methyl 2,3-di-0-benzyl-4-0-methyl-a-~-fiicopyranoside (13) 
As mentioned above, this compound was prepared in a separate 

project under conditions similar to those used for 4-10 by way of 
8 (Scheme 1). 

Hydrolysis of the substituted methyl fucosides 
The compound, either 6,  7 ,  or 11 (Scheme 1) (15 mmol), was 

dissolved in a mixture of acetic acid (100 mL) and 6 N hydrochlo- 
ric acid (3 mL) and the solution heated at 65°C. The course of the 
reaction could be monitored by tlc (ethyl acetate-toluene) and found 
to be complete within 1 h. The mixture was concentrated in vacuo 
and coevaporated with toluene (200 mL x 5). The residue was 
chromatographed on silica gel with the solvent mixture used for the 
tlc. Compound 20 was prepared under similar conditions. 
3.4-Di-O-benzyl-2-O-methyl-a/~-~-fucopyranose (14) 
The syrupy product from the hydrolysis of 6 (Scheme 1) (86% 

yield) with [a], -100 (c 2.6, chloroform) was a 61 :39 mixture 
of the a and p anomers; 'H nmr data (CDCI,), a isomer, 6: 7.5- 
7.15 (m, 10H, 2Ph), 5.4 (dd, J , ,  3.0 Hz, J,,, 2.0 Hz, H-1), 4.57 
(d, lH,  J 11.5Hz,CH2Ph),4.71 (d, 1 H , J  11.5Hz,CH2Ph),4.1 
(m, lH, H-5), 3.8 1 (m, 2H, H-2a overlapped by H-3P), 3.65 (m, 
IH, H-4), 3.55 (s, 3H, CH,O), 3.46 (dd, IH, J,., 9.5 Hz, 
J3.4 3.0 HZ, H-3 overlapped by H-4P), 2.86 (d, IH, J,.,, 2.0 Hz, 
OH-1, D,O exchanged), 1.13 (d, 3H, J,,, 6.5 Hz, 3H-6). P-Iso- 
mer, 6: 7.5-7.15 (m, 10H, 2Ph), 4.79 (d, lH, J 12.0 Hz, CH2Ph), 
4.67 (d, lH,  J 12.0 Hz, CH,Ph), 4.67 (t, lH,  J1.2 7.5 Hz, J,,,, 
7.0 Hz, H-1), 4.10 (m, lH,  H-5), 3.81 (m, 2H, H-3P over- 
lapped by H-2a), 3.69 (s, 3H, CH30), 3.51 (dd, 1 H, J,,, 9.0 Hz, 
H-2), 3.46 (dd, lH,  J 3 , 4  3.0 HZ, J4,, 1.0 HZ, H-4), 3.1 (d, lH,  
J1,,, 7.0 Hz, OH, D,O exchanged), 1.18 (d, lH,  J5,, 6.0 HZ, 
3H-6). Anal. calcd. for C2,H2,05: C 70.37, H 7.3; found: C 69.4, 
H 7.24. 

2-O-Benzyl-3,4-di-O-methyl-a/~-~-fi~cofuranose (16) 
The syrupy product from the hydrolysis of 7 (Scheme 1) (89% 

yield) with [a], -31 (c 0.51, chloroform) was a 64: 36 mixture 
of the a and p anomers; 'H nmr (CDCI,), a-isomer, 6: 7.45-7.25 
(m, 5H, Ph), 5.2 (dd, lH,  J,,? 3.5 Hz, J,.,, 2.0 Hz, H-1), 4.85 
(d, lH, J 1 1.5 Hz, CH,Ph, overlapped by CH, P signal), 4.66 (d, 
lH,  J 11.5 Hz, CH,Ph), 4.12 (m, lH,  H-5), 3.83 (dd, IH, J2,, 
9.5 Hz, H-2), 3.61 (2s, 6H, 2CH30), 3.55 (s, 3H, CH,O), 3 .6 
(dd, lH,  H-3 overlapped by CH30 signal), 3.48 (dd, H-1, J,,, 
3.0 Hz, J,,, 1.0 Hz, H-4), 2.885 (d, lH,  J , ,  2.0 Hz, OH-a, D,O 
exchanged), 1.27 (d, 3H, J5,, 6.5 Hz, 3H-6). p-Isomer, 6: 7.45- 
7.25 (m, 5H, Ph), 4.89 (d, lH,  J 11.5 Hz, CH,Ph), 4.6 (d, lH,  
J 11.5 HZ, CH2Ph), 4.60 (dd, lH, JI,, 7.5 HZ, 7.0 HZ, H-1), 
4.12 (m, 1 H, H-5), 3.61 (2s, 6H, 2CH30), 3.55 (dd, 1 H, H-2 
overlapped by CH30 signal), 3.415 (dd, lH,  J,., 3.0 Hz, J4.5 
1.0 HZ, H-4), 3.28 (dd, lH,  J2,, 9.5 HZ, H-31, 2.96 (d, lH,  JI.OH 
7.0 Hz, OH-1, exchanged with D,O), 1.34 (d, 3H, J5,, 6.0 HZ, 
3H-6). Anal. calcd. for C15H2205: C 63.81, H 7.85; found: C 
64.12, H 7.69. 

4-0-Benzyl-2.3-di-0-methyl-alp-~-fucopyranose (18) 
The syrupy product from the hydrolysis of 11 (Scheme 1) (89% 

yield) with [a], -39 (c 0.63, chloroform) was a 59:41 mixture of 
the a and p anomers; 'H nmr data (CDCI,), a-isomer, 6: 7.4-7.15 
( m , 5 H , P h ) , 5 . 4 ( d d ,  1H , J , , , 3 .5Hz , J l , oH2 .0Hz ,H- l a ) , 4 .94  
(d, l H ,  J 11.5 HZ, CH2Ph),4.64(d, lH,  J 11.5 Hz,CH,Ph), 4.1 

(m, lH,  H-5), 3.72 (dd, 2H, Jz,, 10.0 Hz, H-3 partly ovcrlappcd 
by H-4a), 3.51, 3.53 (2s, each 3H, 2CH30), 2.95 (d, 1 H, J,,,, 
2.0 Hz, OH-a,  D,O exchanged), 1.17 (d, 3H, J5,, 6.5 Hz, 3H-6). 
p-isomer, 6: 7.4-7.15 (m, 5H, Ph), 4.94 (d, 1 H, J 11.5 Hz, 
CH2Ph), 4.66 (d, lH,  J 11.5 HZ, CH?Ph), 4.53 (t, lH, J1.2 7.5 HZ, 
JI,,, 7.0 Hz, H- 1), 4.1 (m, 1 H, H-5), 3.62 (dd, lH,  J,,, 3.0 Hz, 
J4,5 1.5 HZ, H-4), 3.53, 3.5 1 (2s, each 3H, 2CH30), 3.25 (d, lH,  
J,,,, 7.0 Hz, OH-P, D 2 0  exchanged), 1.21 (d, lH,  J5,, 6.0 Hz, 
3H-6). Anal. calcd. for C15H2205: C 63.81, H 7.85; found: C 63.91, 
H 7.70. 

Substituted ~-fiicopyranosyl brotnirles 
The compounds 15, 17, and 19 were prepared under the fol- 

lowing conditions from compounds 14, 16, and 18 (Scheme 1). 
Compound 21 was prepared from 20 in a separate project under 
similar conditions. A solution of oxalyl bromide (8 mmol) 
in dichloromethane (5 mL) was added to the protected fucose 
(5 mmol) in a mixture of dichloromethane (5 mL) and DMF 
(0.5 mL). After stirring at room temperature for 30 min, the mix- 
ture was poured into ice-water. The organic layer was twice washed 
with cold water, and dried over sodium sulfate and 3 A molecu- 
lar sieves prior to concentration to a syrup that was used directly 
in the halide-ion catalyzed fucosylation reactions to be described 
below. 

Bromide-ion catalyzed fucosylations 
The protected fucopyranosyl bromide (15, 17, 19, or 55) 

(5 mmol) in dichloromethane (4 mL) was added to a stirred so- 
lution of the alcohol (1 mmol), tetraethylammonium bromide 
(3 mmol), dichloromethane (8.5 mL), DMF (3.3 mL), and 4 
molecular sieves under scrupulously anhydrous conditions. After 
stirring under nitrogen for 2 days, methanol (1.4 mL) was added 
and the stirring continued for a further 2 h. The mixture was freed 
of solids by filtration and washing with methylene chloride. After 
washing with aqueous sodium bicarbonate and water, the solution 
was dried over sodium sulfate and the solvent then removed in 
vacuo. 

Methyl 2-acetamido-3-O-(2-0-acetyl-3,4,6-tri-O-benzyl-~-o- 
galactopyranosyl)-6-0-benzyl-2-deo.ry-~-~-glucopyranoside 
(22) 

This compound was prepared following the procedure previ- 
ously described by Spohr and Lemieux (1). 

Methyl 2-acetamido-3-O-(2-0-aceQl-3,4,6-tri-O-benzyl-P-~- 
galactopyranosyl)-6-0-benzyl-2-deoxy-4-0-(3,4-di-0- 
benzyl-2-O-methyl-a-~-fucopyranosyl)-~-~-glucopyrnnoside 
(23) 

~ l c o h o l  22 was reacted with bromide 15 under the conditions for 
bromide-ion catalyzed glycosylation. The product was chromato- 
graphed on a column of silica gel (ethyl acetate/toluene, 4 :  1) to 
provide a 79% yield of a white solid, [a], -66.3 (c 0.37, chlo- 
roform); 'H nmr data (CDCI,) 6: 7.4-7.2 (m, 30H, 6 Ph), 6.43 (d, 
lH, JNH,, 8.0 HZ, NH), 5.31 (dd, lH, Jib,, 8.0 HZ, J2,.,, 10.0 HZ, 
H-2b), 5.12 (d, lH, Jl,,z, 3.5 HZ, H-lc), 4.91 (d, lH,  JA,, 11.5 HZ, 
CH2Ph), 4.38 (s, 2H, CH2Ph), 4.3 1 (d, lH,  JA,, 11.5 HZ, CH2Ph), 
3.73 (dd, l H ,  J2c,3c 10.0 HZ, H-2c), 3.50 (dd, IH, J3c,2c 10.0 HZ, 
Jk,4c 3.0 HZ, H-3c), 3.43, 3.4 1 (2s, each 3H, 2CH30), 2.05 (s, 3H, 
CH3COO), 1.93 (s, 3H, NHCOCH,), 1.09 (d, 3H, J5c.6c 6.5 Hz, 
3 H - 6 ~ ) .  Anal. calcd. for C66H77N016: C 69.52, H 6.81, N 1.23; 
found: C 69.09, H 6.85, N 1.25. 

Methyl 2-acetamido-3-0-(2-0-aceQl-3.4,6-tri-O-benzyl-P-~- 
galactopyranosyl)-6-O-benzyl-4-0-(2-0-benzyl-3,4-di-0- 
methyl-a-~-fucop~~ranosyl)-2-deoxy-~-o-glucopyranoside 
(24) 

Alcohol 22 was reacted with bromide 17 under the conditions for 
bromide-ion catalyzed glycosylation. Chromatographic purifica- 
tion as described for the isolation of 23 provided a white foam (82% 
yield), [a], -61 (c 0.5, chloroform); 'H nmr data (CDCl,) 6: 7.4- 
7.15 (m, 25H, 5Ph), 6.48 (d, l H ,  JNH,,, 8.0 Hz, NH), 5.31 (dd, 
lH,  J l b , 2 ,  8.0 HZ, J2b,3b 10.0 HZ, H-2b), 5.15 (d, lH,  Jlc,lc 
3.5 HZ, H-lc),  4.95 (d, lH,  JA,, 1 1.5 HZ, CH2Ph), 4.69 (t, 2H, 
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J A , B  11.5 HZ for both, CHzPh), 3.82 (dd, lH,  JI,,?, 3.5 Hz, Jzc,,, 
10.0 Hz, H-2c overlapped by H-Sc), 3.52 (dd, 1 H, J3,,1, 3.0 Hz, 
H-3c), 3.42, 3.41, and 3.37 (3s, each 3H, 3CH,O), 2.03 (s, 3H, 
CH3COO), 1.17 (s, 3H, NHCOCH,), 1.09 (d, 1 H, J5c.6c 6.5 HZ, 
3H-6c). Anal. calcd. for C60H73NO16: C 67.7 1, H 6.9 1, N 1.32; 
found: C 67.36, H 6.94, N 1.29. 

Methyl 2-acetamido-3-0-(2-0-acet$-3,4,6-tri-O-benzyl-p-~- 
galactopyranosyl)-6-O-benzyl-4-O-(4-O-benzyl-2,3-di-0- 
methyl-a-~-fucopyranosyl)-2-deoxy-~-~-glucopyranoside 
(2.5) 

Compound 22 was reacted with bromide 19 under the condi- 
tions for bromide-ion catalyzed glycosylation. Chromatographic 
purification as described for the isolation of 23 provided a white 
foam (78% yield), [a], -59 (c 0.3, chloroform); 'H nmr data 
(CDCI,) 6: 7.4 1-7.25 (m, 25H, 5Ph) 6.49 (d, 1 H, JNH,2a 8.0 HZ, 
NH), 5.30 (dd, I H, Jlb,2b 8.0 HZ, J,b,)b 10.0 HZ, H-2b), 5.1 1 (d, 
IH, J l c , 2 c  3.5 HZ, H-Ic), 4.92 (d, IH, JA,B 1 1.5 HZ, CH2Ph), 4.69 
(2d, 2H, J A , B  1 1.5 HZ, CH2Ph), 4.44 (ABq, 2H, J A , B  1 1.5 HZ and 
J A , B '  11.5 HZ, CHlPh), 4.28 (d, IH, J A , B  11.5 HZ, CH2Ph), 3.91 
(m, H-5c overlapped), 3.5 (dd, lH,  J3=,,= 10.0 HZ, J3c,4c 3.0 Hz, 
H-3c), 3.41 (2s, 6H, 2CH30), 3.34 (s, 3H, CH,O), 2.1 (s, 3H, 
CH3COO), 1.9 (s, 3H, NHCOCH,), 1.06 (d, 3H, J5c,6c 6.5 HZ, 
3H-6c). Anal. calcd. for C60H73NO16: C 67.7 1, H 6.91, N 1.32; 
found: C 67.07, H 6.94, N 1.33. 

Methyl 2-acetamido-3-0-(2-0-acetyl-3,4,6-tri-O-benzyl-~-~- 
galactopyranosyl)-6-O-benzyl-2-deoxy4-0-(2,3,4-tri-O- 
benzyl-a-~-fucopyranosyl)-w-glucopyranosid (26) 

The previously described (1) tri-0-benzyl-a-L-fucopyranosyl 
bromide (55, Scheme 1) was reacted with 22 under the conditions 
for bromide-ion catalyzed focusylation and provided crystalline 
white needles from ethyl acetate (90% yield) with mp 148-149"C, 
[a], -66.4 (c 0.81, chloroform); 'H nmr data (CDCI,) 6: 7.4-7.10 
(m, 35H, 7Ph), 6.57 (d, IH, JNH,2a 8.0 HZ, NH), 5.2 (dd, IH, Jlb,zb 
8.0 HZ, J2,,,, 10.0 HZ, H-2b), 5.18 (d, lH,  Jlc,2c 4.0 HZ, H-lc), 
4.92(d,  IH, JA.6 11.5 HZ, CH2Ph),4.79 (d, IH, J A , B  11.5 HZ, 
CH,Ph), 4.05 (dd, overlapped, Jk,,, 10.0 Hz, H-2c), 3.72 (dd, lH, 
Jk,, 3.0 HZ, H-3~) ,  3.42 (s, 3H, CH30), 2.05 (s, 3H, CH3CONH), 
1.57 (s, 3H, CH3COO), 1.07 (d, 3H, J5C,6c 6.5 Hz, 3H-6c). Anal. 
calcd. for C7,H8,NOI6: C 7 1.1 1, H 6.67, N 1.15; found: C 70.02, 
H 6.59, N 1.15. 

Methyl 2-acetamido-6-0-benzyl-2-deoxy-4-0-(3,4-di-0- 
benzyl-2-O-methyl-a-~-fucopyranosyl)-3-0-(3.4,6-tri-O- 
benzyl- P-D-galactopyranosy1)-w-gluocopyratosid (27) 

Compound 23 (500 mg, 0.44 mmol) was dissolved in metha- 
nolic 0.2 M sodium methoxide and kept overnight at room tem- 
perature. After neutralization with Amberlite IRC-50 (H+) resin, 
the solution was evaporated to a white solid (405 mg, 85%), mp 
90°C, -64.4 (c 0.263, chloroform); 'H nmr data (CDCl,) 6: 
7.45-7.2 (m, 30H, 6Ph), 7.03 (d, 1H, JNH,2a 8.0 HZ, NH), 5.14 
(d, lH,  J,,,,, 3.5 HZ, H-lc), 4.9 (H-2b overlapped by CH,Ph sig- 
nals), 4.54 (s, 2H, CH2Ph), 4.41 (s, 2H, CH,Ph), 4.38 (d, lH, JlbSZb 
7.5 Hz, H-lb), 4.25 (bm, lH, OH-2b), 4.18 (m, lH, H-5c), 4.39, 
3.45 (2s, each 3H, 20CH3), 1.83 (s, 3H, NHCOCH,), 1.10 (d, 3H, 
J5c,6c 6.5 Hz, 3H-6c). Anal. calcd. for C64H75N015: C 69.99, H 
6.88, N 1.28; found: C 69.74, H 6.87, N 1.28. 

Methyl 2-acetamido-6-O-benzyl-4-0-(2-0-benzyl-3,4-di-O- 
methyl-a-~-fucopyranosyl)-2-deoxy-3-0-(3,4,6-tri-O-benz~l- 
P-D-galactopyranosyl)-m-glucopyranosid (28) 

Compound 24 was de-0-acetylated as described above for 23 to 
yield a white powder (9 1 % yield), mp 87"C, [aID - 63.2 (c 0.43, 
chloroform); 'H nrnr data (CDCI,) 6: 7.45-7.2 (m, 25H, SPh), 7.04 
(d, IH, J z a , ~ ~  8.0 HZ, NH), 5.14 (d, 1H, Jlc,2c 3.5 HZ, H-Ic), 4.9 
(dd, 3H, H-2b overlapped by CH2Ph), 4.44 (s, 2H, CH,Ph), 4.39 
(d, 1H, Jlb.2, 8.0 HZ, H-lb), 3.52, 3.5, 3.48 (3S, each 3H, 3CH30 
overlapped), 3.26 (dd, 1 H, J3c,k 2.5 HZ, J,,5c 1.0 Hz, H-4c), 1.53 
(s, 3H, NHCOCHJ, 1.16 (d, 3H, JsCla, 6.5 Hz, 3H-6c). Anal. 
calcd. for C5,H7,NOI5: C 68.15, H 7.00, N 1.37; found: C 67.95, 
H 7.04, N 1.39. 

Methyl 2-acetarnido-6-O-benzyl-4-0-(4-0-benzyl-2,3-di-O- 
methyl-a-~-fucopyranosyl)-2-deoxy-3-O-(3,4,6-tri-O-bet~zyl- 
P-D-galactopyranosy1)-b-glucopyranoside (29) 

Compound 25 was de-0-acetylated as described above for 23 to 
yield a white powder (93% yield), [a], -66.2 (c 0.22, chloro- 
form); 'H nmr data (CDC1,) 6: 7.5-7.2 (m, 25H, SPh), 7.05 (d, 
IH, J2a,NH 8.0 HZ, NH), 5.14 (d, IH, J1,,2, 3.5 HZ, H-lc), 4.92 (d, 
lH,  J A , B  11.5 HZ, CHzPh), 4.62 (d, lH, J A , B  11.5 HZ, CH2Ph), 4.54 
(s, 2H, CH2Ph), 4.43 (S, 2H, CH2Ph), 4.39 (d, 1H, J l b , z b  8.0 HZ, 
H-lb), 4.23 (bm, lH, OH-2b), 4.17 (m, IH, H-5c), 3.69 (dd, IH, 
Jl,,zc 3.5 HZ, J?,.,, 10.0 HZ, H-2c), 3.49 (s, 3H, CH30), 3.43 (s, 
6H, 2CH30), 1.88 (s, 3H, NHCOCH,), 1.10 (d, 3H, JSc,& 6.5 HZ, 
3H-6c). Anal. calcd. for C58H71N015: C 68.15, H 7.00, N 1.37; 
found: C 67.97, H 7.00, N 1.39. 

Methyl 2-acetamido-6-O-benzy1-2-cleoxy-4-0-(2,3,4-tri-0- 
benzyl-a-~-fucopyranosyl)-3-0-(3 ,4.6-tri-0-benzyl-P-D- 
galactopyranosyl)-P-D-gl~lcopyrarloside (30) 

Compound 26 was de-0-acetylated as described for the prepa- 
ration of 27. The yield was 92% of crystalline product, which was 
recrystallized from methanol and had mp 140- 142"C, [a], -68.4 
(C 0.6, chloroform); 'H nmr data (CDCI,) 6: 7.45-7.2 (m, 35H, 
7Ph), 7.04 (d, lH,  J>&,NH 6.5 HZ, NH), 5.2 (d, 1H, JIc,2,4.0 HZ, 
H-lc), 4.9 (dd, 3H, H-2b overlapped by CH,Ph), 4.21 (bm, lH, 
OH-2b exchanged with DzO), 4.05 (dd, 2H, J,,,?, 10.0 Hz, H-2c 
overlapped by H-5c), 3.79 (dd, IH, J3,,4, 3.0 Hz, H-3c over- 
lapped by H-4c), 3.52 (s, 3H, CH,O), 1.5 (s, 3H, CH,CONH), 
1.09 (d, 3H, J5c,6c 6.5 Hz, 3H-6c). Anal. calcd. for C70H79NOlS: 
C 71.6, H 6.75, N 1.19; found: C 71.40, H 6.59, N 1.33. 

Methyl 2-acetamido-6-0-benzy1-2-deoxy4-0-(3,4-di-O- 
benzyl-2-O-methyl-a-~-fucopyranosyl)-3-0-[3,4.6-tri-O- 
benzyl-2-0-(2,3,4-tri-O-benzyl-a-~fucopyranosyI)-~-~- 
galactopyranosyl]-P-D-glucopyranoside (31) 

Alcohol 27 was reacted with the bromide 55 (Scheme 1) under 
the conditions for bromide-ion catalyzed glycosylation. The prod- 
uct was purified by chromatography as described for 23 to pro- 
vide a white foam (81% yield) with [aID -81 (c 0.43, chloro- 
form); 'H nmr data (CDCl,) 6: 7.4-7.0 (m, 45H, 9Ph), 5.7 (d, 1 H, 
Jld,= 3.5 HZ, H-ld), 5.66 (d, lH,  JZa,NH 8.0 HZ, NH), 4.99 (d, lH,  
JIc,2c3.5 HZ, H-lc) ,4.92(d,  lH,  JA,, 11.5 Hz,CH2Ph),4.11 (m, 
IH, H-5d overlapped by H-2c), 3.41, 3.36 (2s, each 3H, 2CH30), 
3.2 (dd, lH,  J3,.,, 3.0 HZ, J4,,5, 1.0 HZ, H-4c), 1.78 (s, 3H, 
NHCOCH,), 1.2, 1.117 (2S, each 3H, JSc,6c = J5dV6d = 6.5 HZ, 
3H-6c, 3H-6d). Anal. calcd. for C91Hlo3N019: C 72.15 H 6.85, N 
0.93; found: C 71.66, H 6.99, N 1.01. 

Methyl 2-acetamido-6-O-benzyI4-0-(4-0-benzyl-2,3-di-0- 
methyl-a-~-fucopyranosyl)-2-de0xy-3-0-[3,4,6-tri-O-benz~l- 
2-0-(2,3,4-tri-0-benzyl-a-~fucopyranosy~)-p-~- 
galactopyranosyl]-P-D-glucopyranoside (32) 

Alcohol 29 was reacted with the bromide 55 (Scheme 1) under 
the conditions for bromide-ion catalyzed glycosylation. Purifica- 
tion of the product as described for 23 provided a white solid (70% 
yield) with [aID -67.3 (c 0.32, chloroform); 'H nmr data (CDCI,) 
6: 7.4-7.0 (m, 40H, 8Ph), 5.69 (2d, 2H, J2a.NH 8.0 HZ, J ldSZd  

3.5 Hz, NH partly overlapped by H-ld), 4.96 (d, lH,  Jlc,2c 

3.5 Hz, H-lc overlapped by CH2Ph signal), 3.38, 3.34, 3.25 (3s, 
each 3H, 3CH,O), 3.11 (dd, lH,  J,,,, 3.0 Hz, J,,,, 1.0 Hz, H-4c), 
1.90 (s, 3H, NHCOCH,), 1.18, 1.07 (2d, each 3H, J5=,& = JSd,6d 
= 6.5 Hz, 3H-6c, 3H-6d). Anal. calcd. for C85H99NO19: C 70.96, 
H 6.94, N 0.97; found: C 70.70, H 6.93, N 0.97. 

Methyl 2-acetamido-6-O-benzyl-2-deoxy4-0-(2-O-benzyl-3,4- 
di-O-methyl-a-~-fucopyranosyl)-3-0-[3,4,6-tri-O-benzyl-2 - 
0-(2,3,4-tri-0-benzy~-a-~-fucopyranosyl)-~-~- 
galactopyranosylf-P-D-glucopyranoside (33) 

Alcohol 28 was reacted with the bromide 55 (Scheme 1) under 
the conditions for bromide-ion catalyzed glycosylation. The prod- 
uct was purified by chromatography as described for 23 to pro- 
vide a white powder (74.4% yield) with [aID -62 (c 0.3, chloro- 
form); 'H n& data (CDCl,) 6: 7.45-7.05 (m, 40H, 8Ph), 5.71 (d, 
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lH,  Jz,.,, 8.5 HZ, NH), 5.7 (d, lH,  Jld.?* 3.7 HZ, H-ld), 4.93 (d, 
i lH,  J,,,, 3.5 Hz, H-lc overlapped by CHzPh signal), 4.67 (d, lH,  
: J l b , 2 b  8.0 HZ, H-1 b), 3.76 (dd, lH,  Jz,,3, 10.0 HZ, H-2c), 3.44 (dd, 

lH,  J3c,4c 3.0 HZ, H-3c), 3.32, 3.29, and 3.15 (3s, each 3H, 
3CH30), 2.88 (dd, lH,  J4c,5c 1.0 HZ, H-4c), 1.85 (s, 3H, 

I NHCOCH,), 1.17, 1.04 (2d, each 3H, J5,,,, = J,,,,, = 6.5 Hz, 
I 3H-6c, 3H-6d). Anal. calcd. for C85H99N019: C 70.96, H 6.94, N 

0.97;found:C70.49,H7.01,N1.01.  
Methyl 2-acetamido-6-0-benzyl-2-deoxy-3-0-[3,4,6-tri-0- 

benzyl-2-0-(3,4-di-0-benzyl-2-0-methyl-a-L- 
fucopyranosy1)-P-D-galactopyranosyll-4-0-(2 ,3,4-fri-0- 
benzyl-a-L-fucopyranosy1)-w-glucopyranoside (34) 

1 Reaction of the bromide (15) (Scheme 1) with the alcohol 30 
under the conditions for bromide-ion catalysis provided, after the 
chromatographic purification, a white foam (77.6% yield) with [a], 
- 130.0 (c 0.32, chloroform); 'H nmr data (CDCl,) 6: 7.45-7.12 
(m, 45H, 9Ph), 5.68 (d, lH,  JNH,=8.0Hz, NH), 5.62(d, lH,  Jld,2d 
3.5 HZ, H-ld), 4.97 (d, lH, JI,,, 3.5 HZ, H-lc), 4.92 (d, lH,  JA,, 
11.5 HZ, CH2Ph), 4.67 (d, lH,  J l b , ? b  7.5 HZ, H-lb), 3.56, 3.3 ( 2 ~ ,  
each 3H, 2CH30), 1.88 (s, 3H, NHCOCH,), 1.18, 1.12 (2d, each 
3H, J5c,6c = JSd,,* = 6.5 HZ, 3H-6c, 3H-6d). Anal. calcd. for 
C91H103N019: C 72.15, H 6.85, N 0.93; found: C 71.64, H 6.83, 
N 0.91. 

Methyl 2-acetamido-6-0-benzyl-2-deoxy-4-0-(2,3,4-tri-0- 
benzyl-a-~-fucopyranosyl)-3-0-[3,4,6-tri-O-benzyl-2-0-(2- 
0-benzyl-3,4-di-0-methyl-a-L-fucopyranosy1)-P-D- 
galactopyranosyll-P-D-glucopyranoside (35) 

Reaction of the alcohol 30 with the bromide 17 (Scheme 1) under 
the conditions for bromide-ion catalyzed glycosylation, followed 
by purification of the product by chromatography, provided a white 
solid (84% yield), [a], -78.6 (c 0.4 1, chloroform); 'H nmr data 
(CDCI,) 6: 7.4-7.05 (m, 40H, 8Ph), 5.8 1 (d, 1 H, J k , N H  8.5 Hz, 

1 NH), 5.65 (d, lH,  Jld,?* 3.5 Hz, H-ld), 5.03 (d, lH,  Jl,,z, 3.5 Hz, I H-lc), 3.57, 3.54 (2s, each 3H, 2CH30 overlapped ), 3.41 (s, 3H, 1 CH,O), 1.89 (s, 3H, NHCOCH,), 1.28, 1.13 (2d, each 3H, J5,,, 
- - JSd,,* = 6.5 HZ, 3H-6c, 3H-6d). Anal. calcd. for C85H99N019: 
C 70.96, H 6.94, N 0.97; found: C 70.74, H 6.92, N 0.95. 

Methyl 2-acetamido-6-0-benzyl-2-deoxy-3-0-[3,4,6-tri-0- 
benzyl-2-0-(4-0-benzyl-2,3-di-0-methyl-a-L- 
fucopyranosyl)-P-~-galactopyranosyl]-4-0-(2,3,4-tri-O- 
benzyl-a-~-fucopyranosyl)-m-glucopyranoside (36) 

The alcohol 30 was reacted with the bromide 19 (Scheme 1) 
under the conditions for bromide-ion catalyzed glycosylation, fol- 
lowed by purification of the product by chromatography, and pro- 
vided a white foam (79% yield) with [a], - 145 (c 0.32, chloro- 
form); 'H nmr data (CDCI,) 6: 7.45-7.25 (m, 40H, 8Ph), 5.83 (d, 
lH, J2a,NH 8.0 HZ, NH), 5.60 (d, IH, Jld,2d 3.5 HZ, H-Id), 5.01 (d, 
lH, JI,.?, 3.5 Hz, H-lc), 3.5 (s, 3H, CH30), 3.343, 3.306 (2s, each 
3H, 2CH30), 1.91 (s, 3H, NHCOCH,), 1.18, 1.12 (2d, each 3H, 
JSc.,, = J5d.6d = 6.5 HZ, 3H-6c, 3H-6d). Anal. calcd. for 
C85H99N019: C 70.96, H 6.94, N 0.97; found: C 70.33, H 6.96, N 
0.96. 

Deblocking by hydrogenolysis to remove the 0-benzyl groups 
Typical experiments involved dissolving the compound (31-36) 

(100 mg) in 95% ethanol (4.5 mL) and stirring the solution effi- 
ciently over the palladium-on-charcoal catalyst for 16 h under hy- 
drogen at atmospheric pressure. After catalyst removal, the solu- 
tion was taken to dryness and the resulting residue dissolved in 10% 
ethanol for passing through a column of Biogel-P2. The appropri- 
ate fraction was taken to dryness and then dissolved in water for 
freeze-drying. 

Methyl 2-acetamido-2 -deoxy-3-0-Q-0-(a-~-fucopyranosyl)- P- 
~-galactopyranosyl~-(2-O-methyl-a-~-fucopyranosyl)-P- 
D-glucopyranoside (37) 

The hydrogenolysis of 31 produced a white ppwder, in 89% 
yield, [a], -102.2 (c 0.78, water). The  and C nmrdataare 
reported in Tables 3 and 4. 

Methyl 2-acetamido-2-deoxy-4-0-(2,3-di-0-methyl-a-L- 
fucopyranosy1)-3-0-m-(a-L-fucopyranosy1)-P-D- 
galactopyranosyl]- P-D-glucopyranoside (38) 

The hydrogenolysis of 32 provided a white powder in 74% yield, 
[a], -90 (c 0.72, water). The 'H and ',c nmr data are reported in 
Tables 3 and 4. 

Methyl 2-acetamido-2-deoxy-4-0-(3,4-di-0-methyl-a-L- 
fucopyranosy1)-3-0-Q-0-(a-L-fucopyranosy1)-P-D- 
galactopyranosyl]-m-glucopyranoside (39) 

The hydrogenolysis of 33 provided a white powder in 73% yield, 
[a], -69.4 (c 0.8, water). The 'H and I3C nmr data are reported 
in Tables 3 and 4.. 

Methyl 2-acetamido-2-deoxy-4-O-(a-~-fucopyranosyl)-3-O-Q- 
O-(2-O-methyl-a-~-fucopyranosyl)-~-galactopyranosyl]-~- 
D-glucopyranoside (40) 

The hydrogenolysis of 34 led to a white powder in 83% yield, 
[a], - 127 (c 0.7, water). The 'H and I3c nmr data are reported in 
Tables 3 and 4. 

Methyl 2-acetamido-2-deoxy-4-O-(a-~-fucopyranosyl)-3-O-Q- 
0-(3,4-di-0-methyl-a-L-fucopyranosy1)-P-D- 
galactopyranosyll-P-D-glucopyranoside (41) 

The hydrogenolysis of 35 provided a white powder in 89% yield, 
[a], - 134.5 (c 0.73, water). The 'H and I3C nmr data are re- 
ported in Tables 3 and 4. 

Methyl 2-acetamido-2-deoxy-4-O-(a-~-fucopyranosyl)-3-0-Q- 
0-(2,3-di-0-methyl-a-~,fucopyranosyl)-m- 
galactopyranosyll-P-D-glucopyranoside (42) 

The hydrogenolysis of 36 provided a white powder in 76% yield, 
[a], -98.5 (c 0.63, water). The 'H and ',c nmr data are reported 
in Tables 3 and 4. 
3,4-Di-0-acetyl-1,2-0-(I -inethoxyethylidene)-6-0-methyl-a-D- 

galactopyranose (45) 
The known 6-0-methyl-a/P-D-galactopyranose (12) (7.8 g, 

21.5 mmol) was acetylated for conversion to the acetobromo de- 
rivative in the usual manner using hydrogen bromide in acetic acid. 
The syrupy product was dissolved in sym-collidine (40 mL) and 
tetraethylammonium bromide. Methanol (10 mL) was then added 
and the mixture was heated at 60°C for 24 h. The product was iso- 
lated in the usual manner (13) and purified by chromatography on 
a silica gel column (58% yield); 'H nmr data (CDCl,), exo and endo 
isomers 6: 5.82 (d, lH,  J1,2 5.0 HZ, H- 1). 5.43 (m, 2H, H-4 over- 
lapped by H-6a), 5.05 (dd, lH, J2,, 7.0 HZ, J3,4 4.5 Hz, H-3), 4.36- 
4.1 (m, 3H, H-2, H-5, and H-6b), 3.38 and 3.35 (2s, each 3H, 
2Me0), 2.12 (s, 6H, 20Ac), 1.68 (s, 3H, CH,). 
3,4-Di-0-benzyl-1,2-0-(I -methoxyethylidene)-6-0-methyl-a- 

D-galactopyranose (46) 
The orthoester (45) (4.0 g, 12 mmol) was deacetylated in the 

usual manner using sodium methoxide in methanol and, without 
purification, was subjected to 0-benzylation under the standard 
conditions described above. Chromatography on silica gel pro- 
vided a syrupy product (3.3 g, 65% yield), [a], + 1 11 (c 0.46, 
chloroform); 'H nmr data (CDCl,), exo and endo isomers, 6: 7.5- 
7.2 (m, 10H, 2Ph), 5.75 (d, lH, J1,2 4.5 Hz, H-1), 4.93 and 4.64 
(ABq, 2H, JA,, 1 1.5 HZ, CH2Ph), 4.8 1 and 4.68 (ABq, 2H, J,., 
12 HZ, CH2Ph), 4.49 (dd, lH, J1.2 4.5 HZ, J2,, 7 HZ, H-2), 4.09- 
3.95 (m, 2H, H-6a and H-4), 3.65 (dd, lH, J3,4 2.5 Hz, H-3), 3.57- 
3.48 (m, 2H, H-5 and H-6b), 3.31 and 3.28 (2s, each 3H, 2Me0), 
1.58 (s, 3H, CH,). Anal. calcd. for C2,H3,0,: C 66.96, H 7.02; 
found: C 66.32, H 6.95. 

2 - 0 - A c e t y l - 3 , 4 - d i - O - b e n z y 1 - 6 - O - m e t h y l - ~ l  
bromide (47) 

Acetyl bromide (0.9 mL, 12.2 mmol) was added to a stirred 
mixture of 46 (2.5 g, 5.8 mmol), tetraethylammonium bromide 
(0.62 g, 3 mmol), 4 A molecular sieves (1.0 g), and dichloro- 
methane (23 mL). After 1 h, the solids were removed and the so- 
lution poured into a stirred mixture of aqueous sodium bicarbon- 
ate and ice. Work-up in the usual manner (1) provided a syrup 
(2.2 g, 79% yield). 
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Methyl 2-acetatnido-3-0-(2-O-aceryl-3,4-di-O-benzyl-6-0- 
methy~-P-~-galactopyranosyl)-4,6-O-benzylidet~e-2-deoxy- 
P-D-glucopyranoside (48) 

A mixture of methyl 2-acetamido-4,6-benzylidene-2-deoxy-P-D- 
glucopyranoside (7, 14) (1.16 g, 3.6 mmol), mercuric cyanide 
( 1.86 g, 7.4 mmol), powdered calcium sulfate (1.16 g), and 4 A 
molecular sieves (2 g) in toluene/nitromethane (1 : 1, 116 mL) was 
stirred under nitrogen and the bromide (47) (2.1 g, 4 .4 mmol) in 
toluene/nitromethane (14 mL) was added over a 20 min period at 
room temperature. After 2 h, the solids were removed by filtra- 
tion and the solution poured into a mixture of aqueous sodium bi- 
carbonate and dichloromethane. The organic layer was washed with 
water, dried, and evaporated to leave a solid residue. The yield was 
1.94 g (76%) of a crystalline solid, which was recrystallized from 
methanol, mp 145"C, [a], -44 (c 0.6, chloroform); 'H nmr data 
(CDCl,) 6: 7.5-7.2 (m, 15H, 3Ph), 5.76 (d, l H ,  JNH,Za 6.5 Hz, 
NH), 5.50 (s, l H ,  CHPh), 5.26 (dd, lH,  J l b , Z b  8.0 HZ, Jlb.3b 

10.0 Hz, H-2b), 5.16 (d, lH,  Jla,2a 8.0 HZ, H-la), 4.88 and 4.42 
(ABq, 2H, J,,, 12.0 Hz, CHZPh), 4.61 (m, 3H, CHZPh over- 
lapped by H-lb), 4.32 (dd, lH,  J6A,,6B, 10.0 HZ, J,,,,,, 5.0 HZ, 
H-6Aa), 3.84 (d, l H ,  J,,,,, 2.5 Hz, H-4b), 3.76 (t, l H ,  J,,,,,, 
10.0 Hz, H-6Ba), 3.67 (t, l H ,  J, ,,,, 9.0 Hz, H-4a), 3.50 (s, 3H, 
MeO), 3.41 (dd, 1 H, H-3b), 3.20 (bt, l H ,  J5b,6Ab 5.5 HZ, Jsh,6Bh 

7.0 Hz, H-5b), 3.10 (s, 3H, OMe), 2.96 (m, 1 H, H-2a), 1.96 and 
1.98 (s, 3H each, NHAc and OAc). Anal. calcd. for C3,H4,NOI2: 
C 64.89, H 6.56, N 1.94; found: C 64.82, H 6.36, N 1.89. 

Methyl 2-acetamido-3-0-(2-O-aceryl-3,4-di-O-benzyl-6-0- 
tnethyl-P-~-galactopyranosyl)-6-0-benzyl-2-deoxy-P-~- 
glucopyranoside (49) 

Compound 48 (1.8 g,  2.5 mmol) was reduced with sodium cy- 
anoborohydride (3.3 g) under the conditions described for the 
preparation of 22 (1). The yield was 1.3 g (72%) of a solid, which 
was recrystallized from methanol, mp 222"C, [a], + 16.9 (c 0.64, 
chloroform); 'H nmr data (CDCl,) 6: 7.4-7.2 (m, 15H, 3Ph), 5.66 
(d, l H ,  JNH,2, 7.0 Hz, NH), 5.34 (dd, l H ,  J,,.,, 8 .0  Hz, J,,,,, 
10.0 Hz, H-2b), 4.92 and 4.61 (ABq, 2H, JAB 12 Hz, CH,Ph), 4.90 
(d, lH,  J ,,,, 8.0 Hz, H-la), 4.69 and 4.5 (ABq, 2H, CH,Ph), 4.60 
(s, 2H, CH2Ph), 4.41 (d, lH,  H-l b), 4.33 (dd, lH,  J2a,3a 14.0 HZ, 
J,,,,, 8.0 Hz, H-3a), 4.26 (bs, lH,  OH exchanged with D20), 3.86 
(d, overlapped, lH,  J,,,,, 2.5 Hz, H-4b), 3.54 (dd, overlapped; 
H-3b), 3.49 (s, 3H, OMe) 3.46 (t, overlapped; J,,,,, 9.5 Hz, H-4a), 
3.28 (s, 3H, OMe), 2.94 (m, 1 H, H-2a), 2.05 and 1.98 (s, 3H each, 
NHAc and OAc). Anal. calcd. for C3,H4,NOI2: C 64.72, H 6.82, 
N 1.94; found: C 64.26, H 6.76, N 2.02. 

Methyl 2-acetamido-3-0-(3,4-di-O-benzyl-6-O-meth~~l-~-~- 
galactopyranosy1)-6-0-benzyl-2 -deoxy-P-D-glucopyranoside 
(50) 

Compound 49 was de-0-acetylated under the standard condi- 
tions to provide a crystalline product, in 97% yield, which de- 
composed at >235"C; [a], -2.1 (c 0.7, chloroform); 'H nmr data 
(CDCL,) 6: 7.4-7.2 (m, 15H, 3Ph), 6.20 (d, 1 H, NH), 4.87 and 
4.55 (ABq, 2H, JA., 12.0 HZ, CHZPh), 4.76 (d, lH,  JI,,Z, 8.5 HZ, 
H- la), 4.60 and 4.70 (ABq, 2H, JA,, 12.0 Hz, CH,Ph), 4.59 (s, 
2H, CH2Ph), 4.26 (bs, 1 H, OH), 4.23 (d, lH,  JIhJb 8.0 Hz, H-l b), 
4.16 (dd, l H ,  J2,,,, 10.0 Hz, J,,,,, 8.0 Hz, H-3a), 3.96 (dd, l H ,  
J2b,3b, 9.5 HZ, H-2b), 3.80 (d, 1 H, J3b,4b 2.0 HZ, H-4b), 3.50 (S, 
3H, MeO), 3.39 (dd, 1 H, H-3b), 3.26 (s, 3H, MeO), 3.2 (bs, 1 H, 
OH), 3.26 (m, 1H overlapped by M e 0  signal H-2a), 1.96 (s, 3H, 
NHAc). Anal. calcd. for C32H47NOll: C 65.18, H 6.95, N 2.05; 
found: C 64.91, H 6.84, N 2.02. 

Methyl 2-acetamido-6-0-benzyl-2-deoxy-4-0-(2,3,4-tri-0- 
benzyl-a-~-fucopyranosyl-3-0-[3,4-di-O-benzyl-6-O-methyl- 
2-0-(2,3,4-tri-O-benzy1-a-~-fucopyranosy1)-P-~- 
galactopyranosyl]-p-glucopyranoside (51) 

Reaction of 50  (230 mg, 0.34 mmol) with the fucosyl bromide 
(55) (2.42 mmol) under the conditions for bromide-ion catalyzed 
glycosylation, followed by purification of the product by chro- 
matography over silica gel, provided a white powder (325 mg, 65% 

yield), mp 84"C, [a], -67.0 (c 0.5, chloroform); 'H nmr data 
(CDCL3) 6: 7.4-7.0 (m, 45H, 9Ph), 5.72 (d, lH,  J2a,NH 8.5 HZ, 
NH), 5 .7 (d, lH,  Jld,Zd 3.8 HZ, H-ld), 4.98 (d, lH,  Jl, ,2,4.0 HZ, 
H-lc) ,  3.31 and 3.26 (2s, each 3H, 2CH,O), 1.85 (s, 3H, 
NHCOCH,), 1.19, 1.13 (2d, each 3H, Jsc.oc = JSd.od = 6.5 HZ, 
3H-6c, 3H-6d). Anal. calcd. for C 9 1 H l ~ 3 N 0 1 9 :  C 72.15, H 6.86, 
N 0.93; found: C 71.59, H 6.76, N 0.99. 

Methyl 2-acetamido-2-deoxy-4-O-(a-~-fucopyrat~os~~l)-3-0-[6- 
O - t n e t h y l - 2 - O - ( a - ~ - f u c o p y r a n o s y l ) - ~ - g a l a c t o p y r l ] - ~ -  
D-glucopyranoside (43) 

Hydrogenolysis of compound 5 1  and purification under the 
standard conditions described above provided a white amorphous 
solid (82 mg, 86% yield), [a], - 104 (c 0.26, water). The 'H and 
13 C nmr data are reported in Tables 3 and 4.  

Methyl 2-acetamido-6-0-benzyl-2-deoxy-4-0-(3,4-di-0- 
benzyl-2-O-tnethyl-a-~-fucopyranosyl)-3-0-(2-O-aceryl-3,4- 
di-O-benzyl-6-O-met/zyl-P-~-galactopyranosyl)-P-~- 
glucopyranoside (52) 

Alcohol 49 (500 mg, 0.69 mmol) was reacted with the fucosyl 
bromide (15) (2 mmol) under the conditions for halide-ion cata- 
lyzed glycosylation. Purification of the product on a column of silica 
gel (ethyl acetate/methanol, 96:4) gave a white solid (529 mg, 72% 
yield), mp 177"C, [a], -64.0 (c 0.38, chloroform); ' H  nmr data 
(CDCI,) 6: 7.4-7.2 (m, 25H, 5Ph), 6.38 (d, lH,  JNH,2a 8.0 HZ, 
NH), 5.3 (dd, lH,  J l b , Z b  8.0 HZ, J2b,3b 10.0 HZ, H-2b), 5.14 (d, lH, 
Jlc,2c 3.8 Hz, H-lc), 4.91 and 4.34 (ABq, 2H, J,,, 11.5 Hz, 
CH,Ph), 3.45, 3.41, and 3.23 (3s, each 3H, 3Me0), 2.05 and 1.91 
(2s, each 3H, NHCOCH, and OAc), 1.14 (d, 3H, J,,,6, 6.5 Hz, 
3H-6c). Anal. calcd. for C60H73N016: C 67.71, H 6.91, N 1.32; 
found: C 67.61, H 6.80, N 1.20. 

Methyl 2-acetatnido-6-0-benzyl-2-deoxy-4-0-(3,4-di-0- 
benzyl-2-O-tnetlzyl-a-~-fucopyranosyl)-3-0-(3.4-di-O- 
benzyl-6-0-methyl-w-galactopyranosy1)-P-D- 
glucopyranoside (53) 

Compound 52 (450 mg, 0.45 mmol) was de-0-acetylated to 
produce a white solid (378 mg, 86% yield), mp 92"C, [a], -60.5 
(C 0.4, chloroform); 'H nmr data (CDCI,) 6: 7.45-7.2 (m, 25H, 
5Ph), 7.02 (d, lH,  JN,,,, 8.0 HZ, NH), 5.15 (d, 1 H, Jlc,2c 3.0 HZ, 
H-lc), 4.9 (H-2b overlapped by CHZPh signal), 4.55 (s, 2H, 
CH?Ph), 4.37 (d, 1 H, Jlb,2b 7.5 HZ, H- 1 b), 4 .2 (bs, 1 H, OH-2b), 
4.18 (m, 1 H, H-5c), 3.48, 3.46 (2s, each 3H, 2Me0), 3.26 (s, 3H, 
MeO), 1.93 (s, 3H, NHAc), 1.12 (d, 3H, J5c,6c 6.5 Hz, 3H-6c). 
Anal. calcd. for C58H71N015: C 68.15, H 7.0, N 1.37; found: C 
68.0, H 7.02, N 1.3 1. 

Methyl 2-acetatnido-6-0-benzyl-2-deoxy-4-0-(3,4-di-0- 
benzyl-2-O-tnethyl-a-~-fucopyrat1osyl)-3-0-[3,4-di-O- 
benzyl-6-O-tnethyl-2-0-(2-O-benzyl-3,4-di-O-methyl-a-~- 
fucopyranosyl)-P-D-galactopyranosyl]- P-D-glucopyranoside 
(54) 

Compound 53 (300 mg, 0.3 mmol) was reacted with the fuco- 
syl bromide (17) (2.10 mmol) under the conditions for halide-ion 
catalyzed glycosylation. Chromatographic purification of the 
product on a column of silica gel (ethyl acetate/methanol96:4) gave 
54 as a white foam (311 mg, 81%), mp 96"C, [a], -73.1 (c0.35,  
chloroform); 'H nmr data (CDCl,) 6: 7.4-7.0 (m, 30H, 6Ph), 5.79 
(d, lH,  J h , N H  8.5 HZ, NH), 5.65 (d, lH,  JId,, 4.0 HZ, H-ld), 5.15 
(d, l H ,  Jlc,Zc 3.5 HZ, H-lc), 3.82 (dd, lH,  J2c,3c 10.0 HZ, H-2c), 
3.58, 3.55, 3.45, 3.40, and 3.25 (5s, each 3H, 5Me0),  1.97 (s, 
3H, NHAc), 1.31 and 1.17 (2d, each 3H, J5,,, = J5d,6d = 6.5 HZ, 
3H-6c, 3H-6d). Anal. calcd. for C73H91N019: C 68.15, H 7.13, N 
1.1; found: C 68.44, H 6.94, N 1.08. 

Methyl 2-acetatnido-2-deoxy-4-0-(2-0-tnetIzyl-a-~- 
fucopyranosyl)-3-O-[6-0-methyl-2-0-(3,4-di-O-tnetlz~~l-~-~- 
f u c o p y r a n o s y 1 ) - P - D - g a l a c t o p y r a n o s y l ] - P - o  
(44) 

Hydrogenolysis of 54  and purification of the product by passing 
it twice through a Biogel-P-2 column gave a white powder 
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TABLE 5. The ro values" used in 
the hard-sphere calculations 

H C N O  

Or,, = 1.11 X (the sum of the van der 
Waals radii). 

(32 mg, 65% yield), [a], -1 10 (c 0.14, water). The 'H and 13C 
nmr data are reported in Table 3 and 4.  

Hard-sphere calc~ilariot~s 
Using the X-ray diffraction-derived coordinates for the GS-IV 

L ~ ~ - o M ~  complex at 2.5 A r e s ~ l u t i o n , ~  methyl groups were sub- 
stituted for the hydroxyl hydrogens at positions 6a, 6b, 2c, 2d, 3c, 
3d, and 4d. In each case, a valency angle of 11:" was adopted for 
CH,-0-C, with a CH,-0, bond length of 1.43 A. The orientation 
of a methyl group (as CH,, not as a pseudo atom), relative to the 
sugar unit to which it is attached, is described by the torsion angle 
defined by the CH, group and the lower-numbered vicinal carbon 
atom, Cy, of a Me-0,-Cp-C, fragment of the sugar unit. Thus, in 
Fig. 2, the zero torsion angles refer to the eclipsed conformations 
for Me/C-5b, Me/C-lc, Me/C-2c, Me/ ld ,  Me/C-2d, and Me/ 
C-3d, respectively. 

The resuIts reported in Fig. 2 were obtained using mono-0- 
methyl derivatives of Leb- OM^ only. Starting with the eclipsed 
conformation described above, the methoxy group was rotated 
through 360" in 5" steps. After each rotational step, the energy of 
the interaction of the methyl group with the rest of the L ~ ~ - o M ~  
molecule (except for the adjacent 0, and Cp atoms) was calcu- 
lated and the results presented in Fig. 2 by the light solid line plot. 
At each step, the energy of interaction of the CH3 group with all 
the amino acid atoms of the receptor GS-IV within 10 A of the 
methoxy group oxygen (0,) was calculated. The plots of these in- 
teraction energies versus torsion angles are presented as broken lines 
in Fig. 2. The heavy solid lines in Fig. 2 represent the sum of the 
two interaction energies. These nonbonded, hard-sphere interac- 
tions were calculated using the Kitaygorodsky expression that we 
have em loyed in HSEA calculations (4), namely, E = 0 . 1 4 ~ - ~  + 
e i O  31226-?3: , when z = r,)/r0 and for which r ,  = internuclear dis- 
tance and ro, which is known as the equilibrium atomic radius, 
depends on the atoms involved in the interaction. The values used 

are reported in Table 5. The orientations displayed in Fig. 3 cor- 
respond to the methoxy group torsion angles at the midpoints of the 
energy minima in Fig. 2. 
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Molecular recognition XI. The synthesis of extensively deoxygenated derivatives of 
the H-type 2 human blood group determinant and their binding by an anti-H-type 2 

monoclonal antibody and the lectin 1 of U b x  europaeusl 
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ULRIKE SPOHR, EUGENIA PASZKIEWICZ-HNATIW, NAOHIKO MORISHIMA, and RAYMOND U. LEMIEUX. Can. J .  Chem. 70, 
254 (1992). 

The relative potencies of a wide variety of deoxygenated derivatives of the methyl glycoside of a-L-Fuc-(1 -+ 2)-P- 
D-Gal-(1 -+ 4)-p-~-GlcNAc (the H-type 2 human blood group related trisaccharide) for the inhibition of the binding of 
an artificial H-type 2 antigen by the lectin I of Ulex europaeus confirmed the previous evidence that the key and pro- 
ductive interaction involves only the three hydroxyl groups of the a-L-fucose unit, the hydroxyl at the 3-position of the 
P-D-galactose residue, and the nonpolar groups in their immediate environment. Except for the acetamido group and the 
hydroxymethyl of the P - D - G ~ ~  unit, which stay in the aqueous phase, on complex formation the remaining three hy- 
droxyl groups appear to come to reside at or near the periphery of the combining site since their replacement by hydro- 
gen causes relatively small changes (<* 1 kcal/mol) in the stability of the complex (AGO). Relatively much larger but 
compensating changes occur for the enthalpy and entropy terms, and these may arise primarily from the differences in 
the water structure about the periphery of the combining site and the oligosaccharide both prior to and after complexa- 
tion. It is proposed that steric constraints lead to an ordered state of the water molecules hydrogen-bonded to the polar 
groups within the cleft formed by the key region of the amphiphilic combining site. Their release to form less ordered 
clusters of more strongly hydrogen-bonded water molecules in bulk solution would contribute importantly to the driving 
force for complexation. It is demonstrated that the surface used for the binding of H-type 2-OMe by a monoclonal anti- 
H antibody is virtually identical to that used by the Ulex lectin. 

Key words: molecular recognition, H-type 2 blood group determinant and deoxygenated derivatives, lectin I of Ulex 
europaeus, anti-H-type 2 monoclonal antibody, enthalpy-entropy compensation. 

ULRIKE SPOHR, EUGENIA PASZKIEWICZ-HNATIW, NAOHIKO MORISHIMA et RAYMOND U. LEMIEUX. Can. J. Chem. 70, 254 
(1992). 

Les efficacitCs relatives d'un grand nombre de dCrivCs dCsoxygCnCs du glycoside de mCthyle de l'a-L-Fuc-(I -+ 2)- 
P-D-Gal-(I -+ 4)-P-D-GlcNAc (trisaccharide reliC au groupe sanguin H de type 2 de l'homme) comme inhibiteurs de la 
fixation d'un antigkne artificiel du H de type 2 par la lectine I de 1'Ule.x europaeus ont confirmi les donnCes antCrieures 
suggCrant que cette interaction importante et productive n'implique que les trois groupes hydroxyles de I'unitC a-L-fu- 
cose, le groupe hydroxyle.en position 3 du rCsidu P-D-galactose et les groupes non-polaires qui se trouvent dans leur 
environnement immCdiat. A l'exception du groupe acetamido et de I'hydroxymCthyle de I'unitC P-D-Gal qui restent dans 
la phase aqueuse lors de la formation du complexe, il semble que les trois autres groupes hydroxyles se retrouvent a ,  ou 
pres de, la pCriphCrie du site qui effectue la combinaison; en effet, leur remplacement par de l'hydrogkne ne provoque 
que de faibles changements (<* 1 kcal/mol) dans la stabilitk du complexe (AGO). Des changements relativement plus 
importants se font sentir dans les termes enthalpiques et entropiques; toutefois, ces demiers se compensent et il est pos- 
sible qu'ils soient principalement le resultat de differences dans la structure de I'eau autour de la pCripherie de I'oligo- 
saccharide et du site qui se combine, tant avant qu'aprks la complexation. On suggkre que des contraintes stCriques 
conduisent a un &tat ordonnC des molCcules d'eau rCunies par des liaisons hydrogenes aux groupes polaires contenues 
dans I'interstice form6 par la region clC du site amphiphile qui se combine. Leur libCration, conduisant h la formation 
dlagrCgats moins ordonnCs de molCcules d'eau rCunies par des liaisons hydrogenes plus fortes dans la masse de la so- 
lution, pourrait contribuer d'une fason importante h la force aidant a la complexation. 

Mots cle's : reconnaissance moleculaire, dkterminant du groupe sanguin H de type 2 et dCrivCs dCsoxygCnCs, lectine I 
de I'Ulex europaeus, anticorps monoclonal d'anti-H de type 2, compensation enthalpie-entropie. 

[Traduit par la rCdaction] 

Introduction slightly chemically alter the natural oligosaccharide sub- 

T h e  specific, non-covalent binding of oligosaccharides by 
acceptor proteins has received much attention during the last 
decade.  This  laboratory has studied the combining sites of  
various monoclonal antibodies and lectins that specifically 
bind blood group determinants (1). T h e  strategy was  to  

strate mainly by replacing hydroxyl, hydroxymethylene, 
methyl,  and N-acetyl groups by hydrogen, o n e  group a t  a 
time, and t o  study the effect o n  the binding. T h e  relative 
potencies of  the modified haptens, a s  inhibitors of  artificial 
125 I-labelled antigens, were determined using a solid-phase 
radioimmunoassay (2). Also,  the changes in ultraviolet ab- 
sorption accompanying complex formations were used to 

'presented at the Fuji '90 Post-Symposium, The Fuji Training determine association constants a t  various temperatures in  
Institute, Susono City, Shizuoka, Japan. August 18-21, 1990. order to derive the changes in enthalpy and entropy (2). The 

'~esearch Associate, 1984- 1988; 1991 -present. 
'university of Alberta Postdoctoral Fellow, 1987-1989. striking finding o f  these binding studies was  that only one 

4 ~ l b e r t a  Heritage Foundation for Medical Research postdoc- to  four, but mostly t w o  to three, of  the hydroxyl groups of 
toral Fellow, 1983-1985. a di-,  tri-, o r  tetrasaccharide were indispensable for  corn- 

'Author to whom correspondence may be addressed. plex formation. Replacement of  only one of these "essen- 
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tial" hydroxyl groups virtually abolished complex forma- 
tion. Usually, these hydroxyl groups, termed the "key polar 
grouping," occur as a tight cluster flanked by lipophilic sur- 
faces of the oligosaccharide (3) and normally originate from 
different sugar units of the oligosaccharide. Less often ob- 
served, the key hydroxyl groups are provided by only one 
sugar unit. 

The previous binding studies have shown that a particular 
~l i~osaccharide may be recognized differently b y  different 
acceptor proteins, though the general features recognized are 
similar in kind. For example, lectin 1V of Grlflonia simpli- 
cifolia recognizes a different topography of the Lewis btet- 
rasaccharide (2) than does a monoclonal anti-Lewis b anti- 
body (4), and two monoclonal anti-Lewis a antibodies have 
different ways to accommodate the Lewis a trisaccharide (5). 
In contrast, two monoclonal anti-B antibodies appear to form 
very similar complexes with the B-trisaccharide (6). In this 
study, the binding of a monoclonal anti-H type 2 antibody 
is compared to that of the H-type 2-specific lectin I of Ule-Y 
europaeus. 

That key polar groupings become involved in hydrogen- 
bond networks with polar groups of the acceptor protein, 
some of which may be negatively charged, was confirmed 
by the X-ray crystal structure of the complex formed by the 
lectin IV of Griflonia simj>licifolia (GS-IV) and the Lewis b 
tetrasaccharide (a-L-Fuc-(1 + 2)-P-~-Gal-(l + 3)-[a-L-Fuc- 
(1 + 4)]-P-D-GlcNAcOMe) (7, 8). The combining site 
proved to be a rather small shallow depression at the sur- 
face of the protein. The key polar interaction between pro- 
tein and ligand occurs at the bottom of the cleft where con- 
formational rigidity of the polypeptide chain is greatest. These 
polar groups are surrounded by aromatic amino acid side 
chains that may contribute to the stability of the complex by 
the exclusion of water molecules. 

Whereas the hydroxyl groups of a key polar grouping are 
indispensable to complex formation, the replacement of other 
hydroxyl groups by hydrogen, halogen, amino, or methoxy 
groups has a relatively minor effect on the binding. The re- 
sult may be either an increase or a decrease in the activity 
normally involving a differential change in free energy of less 
than 1 kcal/mol. In the case of the lectin GS-IV, these "non- 
essential" hydroxyl groups were found (8, 9) to be involved 
in interactions at or near the periphery of the combining site 
where the protein structure may be conformationally more 
flexible and interaction with water is more readily possible. 
Although the replacement of a "nonessential" peripheral 
hydroxyl group by hydrogen does not importantly affect the 
change in free energy, the structural change causes a sub- 
stantial change in the thermodynamic parameters, which takes 
the form of a linear enthalpy-entropy compensation (9, 10). 

Probing of the combining site of the H-type 2 (a-L-Fuc- 
( l c  + 2b)-P-D-Gal-(1 b + 4a)-P-D-GlcNAc, 1) specific lec- 

tin I of Ulex europaeus revealed the key polar grouping to 
comprise OH-2c, OH-3c, and OH-4c of the a-L-Fuc unit and 
OH-3b of the P-D-Gal unit (1 1, 12). Although all four 
hydroxyl groups provide important polar interactions, the 
effect on the stability of the complex of replacing either 
OH-2c or OH-3b by hydrogen was substantially less than for 
OH-3c and OH-4c. These four hydroxyl groups provide a 
cluster that is flanked by lipophilic regions of the P-side of 
the GlcNAc unit, and the a-sides of the Gal and Fuc units, 
thereby presenting the assortment of amphiphilic surfaces 
displayed in Fig. 1 (center). The inhibition data (12) indi- 
cated that the CH,O- l a, NHAc-2a, OH-3a, and CH,OH-6b 
groups remain in contact with the aqueous phase. As is in- 
dicated in the side projections of Fig. I, OH-3a, OH-6a, and 
OH-4b are now considered to also interact with the lectin at 
or near the periphery of its combining site. 

In view of the slightly higher activity of the 6a-deoxy 
H-type 2 congener ( 1  1 ,  12), the OH-6a group appeared to 
become involved in an interaction within a hydrophobic en- 
vironment. For this reason, it was suggested that this hy- 
droxyl group may be accepted into the complex by forming 
an intramolecular bond with 0-5a ( 1  1, 12). However, this 
view must now be modified since the X-ray crystal struc- 
ture of the complex formed by the Lewis b tetrasaccharide 
and the lectin GS-IV has shown (8), in a very similar situ- 
ation, that, although the hydroxymethyl group of the P-D-Gal 
unit is near the indolyl group of a tryptophane unit, the hy- 
droxyl group remains in the aqueous phase (9). In the case 
of the Ulex lectin, the steric complementarity provided for 
the CH,-6c and H-5c atoms of the fucose unit contributes 
importantly to the stability of the complex (12) and infers an 
important hydrophobic component to the binding reaction. 

We now wish to report that these conclusions, largely 
drawn from the immunochemical properties of monodeoxy 
derivatives of 1 ,  are supported by the inhibition data pro- 
vided by polydeoxygenated congeners. The syntheses of 
several 6a-substituted derivatives of 1 are reported in a sep- 
arate communication (13). It is demonstrated that major 
changes in the structural features that are not directly in- 
volved in the binding reaction may be made without caus- 
ing substantial change in the thermodynamic stability of the 
complex although major but compensating changes occur for 
the changes in enthalpy and entropy. 

Discussion 
A. Synlhesis 

Scheme 1 outlines the synthesis leading to the H-type 2 
derivative (13) that has the NHAc-2a, OH-3a, OH-6a, and 
CH,OH-6b groups of the H-type 2 trisaccharide (1) re- 
placed by hydrogen. To synthesize the starting alcohol (6), 
the enopyranoside (2) (14, 15) was hydrogenated in the 
presence of 5% palladium-on-carbon and triethylamine (16) 
to crystalline dideoxypyranoside (3) (17) in 94% yield. Ox- 
idative cleavage of the benzylidene ring of 3 with N-bro- 
mosuccinimide (18) provided the 6-bromo compound 4 in 
99% yield. Catalytic reduction of 4 to give 5 (98% yield) 
followed by debenzoylation with sodium methoxide pro- 
vided the previously reported (19) trideoxy compound (6) as 
an oil in 86% yield. Glycosylation of 6 with acetobromo- 
arabinose (7) (20, 21) in boiling toluene was promoted with 
mercuric cyanide under the conditions developed by Tanaka 
and co-workers (22) to provide, after deacetylation, the di- 
saccharide (9) in 43% isolated yield. Protection of the 3b- 
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AcNH 

FIG. 1. CPK molecular model for H-type 2-OMe (a-L-Fuc(1c + 2b)-P-D-Gal(] b --, 4a)-P-D-GlcNAc-OMe, 1). Hydroxyl groups in 
the region for productive binding with the Ulex lectin are designated by dark red oxygen and green hydrogen atoms. The aliphatic hy- 
drogen atoms are yellow. Oxygen atoms that come to reside in the complex at or near the periphery of the combining site are presented 
in light pink. Those groups which come into contact with the aqueous phase near the periphery of the combining site are presented in 
grey. The rest of the molecule, which is depicted in an off-white and which is derived from the GlcNAc residue, remains in the aqueous 
phase. The various projections allow an appreciation of the "polyamphiphilic" surface that becomes bound within the stereoelectroni- 
cally complementary cleft that forms the combining site. 

phT's OMe Ha PcI/C,+ OMe NBS/BaC03 R1O 
_____) 

Et3N CC1, 

a OMe 

2 

AcO 

4 R = Br, R' = Bz 
5 R - H ,  R ~ = B Z  I 
6 R - H ,  R 1 - H  4 

1. Hg(CN12 
+ A c o q  - RO+o*e PhCH(OCH3)2, 

AcO 2. KOH RO 
Br Me 

(8 R - Ac) 
9 R - H  

HO 

H2, p q c  - 
OBn OH 
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SPOHR ET AL. 257 

TABLE 1. I H  nmr chemical shifts (ppm) and some coupling constants (Hz) for the H-type 2 blood group determinant 
(a-L-Fuc-(1 + z)-P-~-Gal-(l + 4)-P-D-GlcNAcOMe) (1) and related structures" 

Derivatives of H-type 2-OMe 
H-type 2-OMe 

(1) 13 20 30 3 1 50 51 

a-unit - 
H-1 (J~.?ax) 4.44 (8.3) 4.54 (9.2) 3.44 (8.9)" 4.58 (9 .O) 4.56 (9.0) 3.40 3.35 
H-2ax (Jz ,,, 3,,) 3.73 1.50 1.52 (12.0) 1.51 (13.0) 1.25 1.24 
H-2eq(Jl.?eq) - 1.94 (2.1) 1.80-1.51 1.94 (2.0) 1.93 (2.0) 2.10 2.09" 
H-3ax (J,:,,,,) * 1.64 (10.5) 1.69 (9.5) 1.62 (9.8) 1.47 (10.5) 1.41 (10.5) 
H-3eq (Jj;Bs,3cq) - 2.13 (13.0) 2.14 2.22 (13.0) 2.18 (13.0) 2.16 2.1 I' 
H-4 (54.5) 3.76 3.43 (9.9) 3.39 (9.2) 3.69 (8.5) 3.52 3.68 (6.5)' 3.41 (10.5) 
H-5 (55.6) 3.47 (1.8) 3.54 (6.2) 3.41 (5.7) 3.49 (2.5) 3.52 (5.5) 1.62 1.52 
H-6 (J6.6.) 4.00 (1 1.5) 1.33 1.3 1 3.93 ( 1  1.5) 1.35 H-7 3.81' 1.07 
H-6' (Js.6.) 3.79 - - 3.73 (8.5) - H-7' 3.61' - 

H-6ax 1.13 1.02 
H-6eq 2.20 2.06' 

CH3O 3.51 3.49 - 3.50 3.48 3.37 3.35 
B-D-Gal or a-L-Ara b-unit 

H-3 (J3.4) 3.88 (3.5) 3.90 3.91 3.85 3.85 3.85 3.85 
H-4 3.89 3.94 3.95 3.89 3.89 3.89 3.89 

. . H-Sax 3.65 3.63 3.65 3.66 3.67 3.65 3.65 
H-5eq - 3.88 3.90 - - - 
H-6 3.76' - - 3.76 3.76 3.77 3.77 

' H-6' 3.75' - - 3.75 3.75 3.74 3.73 
/ a-L-FUC c-unit 
I 

H-1 (J1.z) 5.31 (2.5) 5.26 5.26 5.31 5.30 5.31 5.30 
H-2 3.78 3.79 3.80 3.81 3.80 3.79 3.79 
H-3 3.80 3.84 3.85 3.81 3.83 3.81 3.86 

: H-4 (54.5) 3.79 (< I )  3.81 3.82 3.81 3.82 3.81 3.79 
1 H-5 (Js.6) 4.23 (6.5) 4.26 4.28 4.26 4.30 4.3 1 4.41 
1 H-6 1.23 1.21 1.22 1.23 1.22 1.22 1.21 
I 
I "Measured at 400 or 300 MHz using 0.04 M solutions in D,O with acetone at 2.225 ppm as internal reference. The assignments are expected to be 

! within 20 .01  ppm except for those marked with ' which are within *0.03 ppm. 
"H-leq 3.88 ppm. 
'Expected to be within 20 .03  ppm. 
*Could not be assigned. 

and 4b-positions of 9 was then achieved by benzylidenation 
with a,a-dimethoxytoluene in the presence of p-toluenesul- 
fonic acid (23). The crystalline alcohol (10) was obtained in 
63% yield and reacted, under halide-ion catalyzed condi- 
tions (24), with tri-0-benzyl-L-fucosyl bromide (11) pre- 
pared as previously reported (25). The trisaccharide deriv- 
ative (12) was isolated in 81% yield and hydrogenolyzed over 
5% palladium-on-carbon to provide crystalline 13 in 87% 
yield. The identities and high purities of the above products 
were all confirmed by appropriate nmr studies. The 'H and 
13 C nmr data for the H-type 2 related compounds are re- 
ported in Tables 1 and 2. 

To examine the involvement of the aglyconic MeO-la 
group in the binding of 13, structure 20 was synthesized as 
described in Scheme 2. The starting alcohol (14) was pre- 
pared as previously reported (26). Glycosylation of 14 with 
acetobromoarabinose (7) under Helferich conditions pro- 
duced 15, which on deacetylation provided the p-linked di- 
saccharide (16) in 54% yield. Reaction of 16 with 2,2-di- 
methoxypropane in the presence of p-toluenesulfonic acid led 
to the alcohol (17) (91% yield), which in turn was reacted 
with 11 under halide-ion catalyzed conditions. Chromato- 
graphic separation of the reaction products provided, be- 

sides the fully protected trisaccharide 18 (44% yield), the de- 
0-isopropylidinated derivative (19) (43% yield). Mild acid 
hydrolysis of 18 in aqueous acetic acid yielded 19, which was 
hydrogenolyzed to the crystalline trisaccharide (20) in near 
quantitative yield. 

The syntheses of the polydeoxygenated H-type 2 deriva- 
tives (30 and 31) (outlined in Scheme 3) started from the 
enopyranoside (2) (Scheme I). Hydrogenation over 20% 
palladium hydroxide-on-carbon provided the known highly 
acid-labile product (21) (19), which had to be isolated in the 
presence of pyridine. The primary hydroxyl group of 21 was 
preferentially tosylated to form 22 (19) in 54% crystalline 
yield. The ditosylate 22a (19) (10%) was also isolated. 
Reaction of 22 with the galactosyl bromide (23) (27) under 
Helferich conditions provided the p-linked disaccharide (24) 
in 6 1 % yield. Zemplen deacetylation of 24 furnished the al- 
cohol (25) (90% yield) from which the trisaccharide (26) was 
prepared by using 11 under halide-ion catalysis (65% yield). 
Compound 26 was converted into the benzoate (27) by re- 
placement of the tosylate group (68% yield). Debenzoyla- 
tion with sodium methoxide then provided the alcohol (28) 
(89% yield). The tosylate (26) was also used to prepare the 
6a-deoxy compound (29) (75% yield) by reduction with 
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TABLE 2. The "C nmr chemical shifts (ppm) for the H-type 2 blood group determinant (a-~-Fuc-(1-+2)-P-~-Gal-(l-+4)-P-~- 
GlcNAcOMe) (1) and related structuresa 

Derivatives of H-type 2-OMe 
H-type 2-OMe 

(1) 1 3  20 30 3 1 50 51 

a-unlt - 
C- 1 102.73 103.29 67.81 103.21 103.29 79.08 79.23 
C-2 56.03 30.30" 25.48 29.91b 30.27" 30.03~ 30.26~ 
C-3 73.23 29.27b 31.27 28.97b 29.23b 3 1 .70b 3 1 .94b 
C-4 77.26 79.48 80.19 74.03 79.13 78.82 84.3 1 
C-5 76.14 75.42 77.78 79.59 75.47 44.46 37.5 1 
C-6 61.10 18.21 18.14 62.01 18.27 33.41 38.80 
C-7 - - - - - 62.91 18.69 
CH30 57.90 56.94 - 57.03 56.96 56.02 55.93 
P - D - G ~ ~  or a-L-Ara b-unit 
C- 1 101.19 102.49 102.49 102.19 102.36 102.58 102.88 
C-2 77.32 77.13 77.11 76.87 77.03 77.27 77.3 1 
C-3 74.43 73.23 73.25 74.57 74.60 74.62 74.7 1 
C-4 69.97 68.80 68.82 69.85 69.88 69.91 69.96 
C-5 76.09 65.76 65.76 75.86 75.81 75.74 75.65 
C-6 61.87 - - 61.65 61.66 61.64 61.66 
a-L-Fuc c-unit 
C- 1 100.26 100.15 100.14 100.03 100.09 100.12 100.12 
C-2 69.13 69.07 69.06 69.04 69.07 69.08 69.09 
C-3 70.54 70.43 70.42 70.42 70.43 70.43 70.42 
C-4 72.56 72.62 72.62 72.59 72.62 72.50 72.61 
C-5 67.74 67.70 67.71 67.66 67.62 67.69 67.58 
C-6 16.14 16.10 16.10 16.15 16.11 16.14 16.12 

"0.05 M solutions In D,O with dloxane as ~ntemal reference at 67.4 ppm were measured at 100 or 75 MHz at 295 K. The assignments were made by 1 inspection (1 1). 
1 bThe corresponding assignments of the chemical shlfts are tentative and may be reversed. 

RO 
1. Hg(CN)2 

2. KOH 
RO Me' 

(15 R = Ac) 
16 R = H  

- M; I 
OBn (19 R = H ) ~  
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SPOHR ET AL. 

1. H2, Pd/C + 
2 - 

2. TsCl 

21 R - H, R' - H 
22 R - Ts, R' - H 
220 R -Ts, R' -TS 

BnC) v OBn 

24 R - A c  
25 R - H  

BnO y OBn 

- 

I OBn 

WoBn 
Me OBn 

30 R = O H  
31 R-H 

I 

I lithium aluminium hydride in refluxing tetrahydrofuran (28). 
1 Hydrogenolysis of 28 and 29 to remove the benzyl grou s P then furnished the trisaccharides 30 and 31. The 'H and ' C 

nmr spectra are in complete agreement with the structural 
assignments (Tables 1 and 2). 

The pseudo-trisaccharides 50 and 51 (Scheme 5) were 
prepared starting with racemic (1,5/4)- 1 -0-methyl-5-C-h~- 
droxymethyl- l,4-cyclohexanediol (37) (Scheme 4), which 
was synthesized as follows. The known bicyclo carboxylic 
acid (32) (29) was obtained by catalytic hydrogenation of the 
Diels-Alder adduct of furan and acrylic acid (30). Acetoly- 

sis (31) of 32 occurred with about 80% regioselectivity at the 
4-position to produce the all-equatorial cyclohexane deriv- 
ative 33. However, 33 was isolated by crystallization in only 
35% yield. The structural assignment followed from the 
downfield shifts of the H-2 and H-5 signals and the large 
coupling constants for J,.,, J2.,,,, Js ,,,,, and Js ,,,. Reduction 
with diborane-tetrahydrofuran complex (32) provided the 
trio1 (34), which was converted directly into the crystalline 
benzylidene derivative 35 (85%) with a,@-dimethoxytolu- 
ene in the presence of p-toluenesulfonic acid. The 0-methyl 
derivative (36) (84% yield) was hydrogenolyzed to the diol 

COOH 

BH3 
OAc - 

37 R - H ,  R 1 = H  
38 R - Ts, R1 = H 
38a R - Ts, R1 - Ts 

SCHEME 4 (Only one enantiomer of DL mixture displayed) 
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BnO OBn BnO OBn 

BnO -!&&OF OTs 
+ BnO -$$'-OMe 

/ OAC 

OAc 

39 40 

NaOMe 

J 
BnO BnO 

OR NaOBz R 
41 R-Ts, R ' -H  P 
42 R - Me, R' = H LiAIH, 43 R = OBz 
42a R = Me, R' = AC 44 R = H  

11, NEt4Br 

R 

0 ___) 

I 

50 R = O H  
51 R - H  

(37) (99% yield). Monotosylation of 37 provided both the 
I mono- and ditosylates (38 and 38a, respectively) in 72 and 
I 16% yields, respectively. 

As outlined in Scheme 5 ,  the racemic tosylate (38) was 
coupled with galactosyl bromide (23) under Helferich con- 
ditions at room temperature. The two diastereoisomeric di- 
saccharides (39 and 40) were separated by chromatography 
in yields of 22 and 18%, respectively. Their absolute con- 
figurations were anticipated from their optical rotations. The 
aglycon assigned to 39 is expected to reside largely in the 
conformation depicted by 39a wherein the tosyloxy group 
defines a positive screw pattern of asymmetry with CH2-6 
and, similarly, CH,-7 with 0-4.  For the diastereoisomer 40, 
these torsion angles are negative, as displayed in 40a. 
Therefore, following the notions introduced by Whiffen (33) 
and elaborated by Brewster (34) it could be expected that the 
aglycon of 39 would make a positive contribution to its mo- 
lecular rotation ([MI, = + 162") and that the molecular ro- 
tation would be more negative for 40, that is, the isomer with 
[MI, = +63". Consequently, 39 was chosen for the prepa- 
ration of the H-type 2 congeners 50 and 51. Indeed, these 
products possessed activities for the inhibition of the bind- 
ing of the H-type 2 trisaccharide compatible with expecta- 
tion (Table 3). 

R O ~ O M ~  OTs R ° F O M e  

OTs 

Deacetylation of 39 with sodium methoxide provided the 
alcohol (41) in 62% yield. Some replacement of the tosyl 
group by methoxide occurred and gave rise to the 7a-0-  
methyl compound (42) (15%), which was also character- 
ized as its 2-0-acetate (42a). This replacement was not ob- 
served when the 0 - 5 a  analog (24) (Scheme 3), which has a 
more electronegative neighboring group, was deacetylated 
under similar conditions. 

Reaction of 4 1  with 11 in the presence of bromide ion 
provided the trisaccharide (45) in only 20% yield. The main 
reaction product (52% yield) was identified as the 7a-bromo- 
7a-deoxy substitution product (46). Its structural assign- 
ment followed from the upfield shift of C-7a in the I3c nmr 
spectrum. In contrast, the similar fucosylation of the 0 -5a  
analog 25 produced only -4% yield of the bromo substitu- 
tion product. The tosylate (45) was reduced with lithium al- 
uminium hydride to produce the 7a-deoxy derivative 49 in 
53% yield. The 6-0-benzoate (47) was obtained in 66% yield 
by reaction of the bromide (46) with sodium benzoate. De- 
0-benzoylation then provided the alcohol 48. An alternate 
route to 48 involved replacing the tosyloxy group of 4 1  by 
benzoate to form 4 3  in 65% yield. Compound 4 3  was used 
to prepare the trisaccharide (47) (64% yield) in the usual way. 
Reduction of 4 1  with lithium aluminium hydride provided 
the 7a-deoxy compound 44, which was converted to the tri- 
saccharide (49) (65% yield). Hydrogenolysis of 48 and 49 
provided the target compounds 50 and 51.  

B. Structural and conformational assignments 
The 'H and I3c n m  parameters for H-type 2-OMe (1) and 

the various modified structures are reported in Tables 1 and 
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SPOHR ET AL. 26 1 

TABLE 3. Inhibition data for the binding of the H-type 2-OMe trisaccharide ( I )  and congeners by the lectin I of Ulex eeuropaeus 

OH 

Structure 
Compound Relative 

R' R3 
AAGO 

(reference) R R' X R4 R' potency kcal/mole 

1. Reference inhibitor 
1 (13) OCH, NHAc OH OH 0 OH CH,OH 1 0 0  0 

2. Changes involving NHAc-2a, OH-3a and OH-6a 
52 (12) OCH, NHAc H OH 0 OH CHzOH 46" 0.46' 
53 (13) 0CH3 NHAc OH H 0 OH CH,OH 250 -0.55 
30 OCH, H H OH 0 OH CH'OH 25 0.83 
3 1 0CH3 H H H 0 OH CHzOH 67 0.24 

3. Changes involving 0-5a and OH-6a 
50 0CH3 H H OH CH2 OH CH20H 22 0.91 
5 1 0CH3 H H H CH2 OH CHzOH 55 0.36 

4. Changes involving OH-6a 
54 (13) OCH, NHAc OH F 0 OH CH20H 450 -0.90 
55 (13) 0CH3 NHAc OH C1 0 OH CH,OH 350 -0.75 

i 
j 

56 (13) OCH, NHAc OH OMe 0 OH CH20H 150 -0.24 

i 57 (13) 0CH3 NHAc OH NH, 0 OH CH,OH 17 (pH 9. I )  1.1 
58 (13) OCH, NHAc OH NH, 0 OH CHIOH 1.7 (pH 5.3) 2.4 
59 (13) 0CH3 NHAc OH NHAc 0 OH CH,OH 40 0.55 
60 (13) 0CH3 NHAc OH NHPiv 0 OH CH,OH 5 1.8 

5. Changes involving OH-4b and OH-6b 
61 (') 0CH3 NHAc OH OH 0 H CHzOH 37 0.60 
62 (12) 0CH3 NHAc OH OH 0 OH CH3 60 0.31 

6. Changes involving CH,O-la, NHAc-2a, OH-3a, and OH-6b 
63 (12) 0(CH2)8C02Me NHAc OH OH 0 OH CH,OH 150 -0.24 
13 OCH, H H H 0 OH H 66 0.25 
20 H H H H 0 OH H 28 0.76 

"50% inhibition was provided by 150 +niol/L. 
*~st irnated from the potency of the 3a-deoxy derivative when R = 0(CH,)8C0,Me (12). 
"R. Crorner, U. Spohr, D. P. Khare, .I. LePendu, and R .  U. Lernieux. Can. .I. Chern. Accepted. 

2. These are considered to be in full agreement with the 
structural assignments. 

The conformational preference with minimum energy at 
+/+ = 50°/15", and 55"/0° about the glycosidic linkages a -  
L-Fuc(1 + 2) and P-D-Gal(1 + 4) of the H-type 2 trisac- 
charide, provided by HSEA calculations (35) is supported 
by 'H and 13c nmr data (1 1). The minimum energy con- 
former places H-lc of the a-L-FUC C-unit in near van der 
Waals contact with 0 -3b  of the P-D-Gal b-unit, and this 
conformational preference is supported by the interunit de- 
shielding of H-lc by 0.54 ppm (Table 1) relative to a-L-FUC- 
OMe (35). Examination of the chemical shifts reported in 
Table 1 for H- 1 c of the various derivatives of 1 shows that 
this interunit deshielding occurs for compounds 30, 31, 50, 
and 51 and is only slightly less for the L-arabino derivatives 
13 and 20. Therefore, the orientation of the a-L-Fuc c-unit 
with respect to the P-D-Gal b-unit appears to be essentially 
the same for all these H-type 2 congeners. The H-5c of 1 is 
deshielded 0.19 ppm relative to H-5 of a-L-Fuc-OMe and this 
has been attributed to its proximity to 0 -4a  (35). This inter- 
unit deshieldiig is slightly higher for derivatives 13, 20, 30, 

31, and 50  and even higher (0.37 ppm) for pseudo oligosac- 
charide 51. Therefore, it appears that the conformational 
preferences about the interglycosidic linkages of H-type 2- 
OMe (1) are essentially preserved and the immunochemical 
data will be interpreted accordingly. 

C.  lmmunochemical studies 
The inhibitions by the H-type 2-OMe compound and the 

various congeners of the binding of a 125~-labelled H-type 2- 
bovine-serum-albumin artifical antigen by either the lectin 
or the antibody were determined using a solid phase, com- 
petitive radioimmunoassay, which has been reported in de- 
tail (2). Whenever possible, 50% inhibitions were deter- 
mined in order to establish the relative potencies. Although 
the discussion of the results will be in terms of the effects of 
structural changes on relative potency, the differential 
changes in free energy, calculated from the relative poten- 
cies, are included in Table 3 to indicate the change in the 
strength of the driving force for the complexation relative to 
that of the reference inhibitor (1). 

It is known that the binding of the H-type 2 structure by 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



262 CAN.  J .  CHEM. VOL. 70. 1992 

the Ulex lectin is unaffected by replacement of the acet- 
amido group (R' in Table 3) either by a hydroxyl or an amino 
group (1 1). As seen in Table 3, replacement of OH-3a of 1 
by hydrogen to provide 52 leads to a 54% loss in potency. 
Therefore, the low potency of 25 found for compound 30 can 
be attributed, in large part, to the deoxygenation at position 
3a. 

The 6a-deoxy derivative of 1 (53) was found to be 2.5 
times more potent than 1. Therefore, it may have been ex- 
pected that the 6a-deoxy derivative of 30 (31) would be about 
2.5 times more potent an inhibitor than 30. Indeed, 31 was 
found to be 2.7 times more potent than 30. Remarkably, the 
6a-deoxy derivative of 50 (51), wherein the a-unit is a 
pseudo-sugar, is also 2.5 times more potent than 50. That 
changes at the 2a and 3a positions do not influence the ef- 
fect of changes at the 6a position is not necessarily surpris- 
ing since these reside on opposite sides of the pyranose ring. 

It was suggested (1 1 ,  12) that the increase in the strength 
of the binding of about 0.5 kcal/mol, which results from the 
deoxygenation of position 6a of 1 ,  is related to a require- 
ment for the CH20H-6a group to penetrate a hydrophobic 
region of the combining site for the complex to form. On this 
basis, it seemed reasonable to expect that OH-6a would be- 
come intramolecularly hydrogen-bonded to the vicinal 0-5a. 
A very similar situation was discovered for the CH20H-6b 
group of the Leb- OM^ tetrasaccharide when bound by the 
lectin IV of GrifSonia simplicifolia (GS-IV) (2). In this case, 
deoxygenation led to a slight (31%) decrease in potency. 
However, the 6b-chloro-6b-deoxv-~e~-0~e was 1.9 times 
more potent (36), thereby sugges;ing that, on being bound, 
the CH20H-6b group penetrates a hydrophobic region. In- 
deed, the X-ray crystal structure has now shown the CH,OH- 
6b to be in van der Waals contact with the indolyl group of 
the tryptophane- 133 unit (9). An accompanying publication 
(37) provides unequivocal evidence that, in fact, OH-6b 
remains in contact with the aqueous phase on complex for- 
mation. Nevertheless, it is important to note that, as previ- 
ously pointed out (36), improved binding resulting from the 
deoxygenation of a hydroxyl group is observed only when 
the hydroxyl group is sterically well disposed for intramo- 
lecular hydrogen bonding with a nearby proton-accepting 
atom. It seems likely, therefore, as was found for the GS-IV 
complex, that these hydroxyl groups occur near hydropho- 
bic groups of the protein. Thus, under thermal agitation, the 
formation of the intramolecular bond may lead to as favor- 
able a contribution to the stability of the complex as when 
the interaction is with a water molecule. Presumably, the 
intramolecular hydrogen bonding effect would be most ex- 
tensively imposed when the hydroxyl group must become 
engulfed within the combining site. 

The data presented in Table 3 show that, in fact, intra- 
molecular hydrogen bonding is not required for the binding 
of the CH,OH-6a group of 1 by the Ulex lectin. First of all, 
replacement of the ring oxygen (0-5a) of 30 by a methylene 
group to provide 50 has negligible effect on the potency. 
Therefore, 0-5a of 1 does not participate directly in the 
binding reaction with the Ulex lectin and, certainly, the in- 
tramolecular hydrogen-bond hypothesis does not apply. That 
OH-6a remains in the aqueous phase is further indicated by 
the high potency of the 6a-0-methyl derivative 56 (37). On 
the other hand, the replacement of OH-6a by groups such as 
amino (57), ammonium (58), and acetamido (59), which 
strongly interact with water, importantly reduced the po- 

tency. These results indicate that, in the complex, although 
the OH-6a group remains hydrogen-bonded to water, it 
resides near protein structure. This latter conclusion is 
supported by the low potency of the pivalamide (60) as 
compared to the acetamide (59). In the case of L,eb- OM^, the 
~ ~ , 1 6 b  group interacts with the indolyl group of a trypto- 
phane unit of the Grlflonia lectin and proved essential to 
binding (36). Likely, therefore, the Ulex lectin comes into 
nonbonded nonpolar interaction with the CH,-6a group of the 
P-D-GlcNAc unit. This conclusion is supported by the in- 
hibition data observed for compounds 53-55 since, as seen 
in Table 3, the replacement of the OH-6a of 1 by either a 
fluorine or a chlorine atom importantly enhances the stabil- 
ity of the complex (0.90 and 0.75 kcal/mol, respectively). 

It was previously established (12) that OH-3b provides part 
of the key polar interaction for the binding of 1 by the [jlex 
lectin. Therefore, in the complex, the neighboring cis-OH-4b 
must be in close proximity to the combining site if not ac- 
tually in a direct interaction with the protein at the periph- 
ery of the combining site. Indeed, substitution of OH-4b by 
hydrogen to yield 61 reduced the potency to 37% of that of 
1. In the event that the involvement of OH-4b is at or near 
the periphery, CH,OH-6b would not likely be importantly 
involved since i t  is even more remote from the combining 
site. The replacement of OH-6b by hydrogen to form 62 in 
fact causedonly a weak loss in Also, the replace- 
ment of the CH,OH-6b group of 31 by hydrogen to form 13 
had no significant effect on potency. 

As mentioned above, the CH20H-6a group of 1 must be 
at the periphery of the combining site. Therefore, the pro- 
tein structure on complex formation comes close to the 
aglyconic R group (Table 3). This is consistent with the ob- 
servation that 63 is more potent than 1 and that 13 is more 
potent than 20. 

How structure 1 is bound by the Ulex lectin is depicted in 
Fig. 1. Since peripheral interactions are relatively weak, it 
was possible to establish the effects of some of the struc- 
tural changes in this region on the thermodynamic parame- 
ters. These are presented in Fig. 2 where it is seen that, as 
found for the binding of Leb- OM^ by GS-IV (2, 9), struc- 
tural changes near the periphery of the combining site have 
only a minor effect on the change in free energy as com- 
pared to the major but near-compensating changes in the 
enthalpy and entropy. This enthalpy-entropy compensation 
phenomenon appears related to changes in the structure of 
the water about the periphery of the combining site (9). It is 
especially remarkable that the compensation extended to in- 
clude compound 13. 

The same conclusion was reached by Belleau and Lavoie 
(38, 39) over 20 years ago in a study of the thermodynamic 
parameters for the binding of acetylcholine by acetylcholin- 
esterase. A wide range of congeners were prepared, vary- 
ing only in the structure of the 2-acetoxyethyl group of 
acetylcholine. As presently found for congeners of H-type 
2-OMe and previously reported for derivatives of Leb- OM^ 
(9), the various structural analogs of acetylcholine that re- 
mained productive as inhibitors were bound with little dif- 
ferential change in free energy but with a high degree of 
compensation for the relatively high changes in enthalpy and 
entropy. It was concluded (38) that in all cases the binding 
was essentially restricted to the recognition of the trimethyl- 
ammonium group and that the driving force was derived from 

- - 

the disordering (melting) of water molecules within the 
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FIG. 2. The effect on the thermodynamic parameters at 298 K 
for the binding of H-type 2-OMe (I) by the lectin I of Ulex euro- 
paeus of changing the substituent at the 6a-position of the P-D- 
GlcNAc unit from OH (1) to H (53), to F (54), and to C1 (55). The 
data presented by a square are those for compound 13, a structure 
that corresponds to 53 with the NHAc-2a, OH-3a, and CH,OH-6b 
groups replaced by hydrogen atoms. The slope of 1 provided by the 
plot demonstrates the enthalpy-entropy compensation. 

combining site. Since stereoelectronic complementarity was 
found to be the controlling parameter, it was further con- 
cluded that productive bindings depend uniquely on spe- 
cific interactions within the combining site. On this basis, 
the enthalpy-entropy compensation phenomenon was at- 
tributed to changes in the peripheral involvements of water 
molecules. 

The inhibition data presented in Table 3 show that wide 
variations in the structural features of H-type 2-OMe can be 
made without causing differential changes in free energy 
(LAG@) that are greater than 1 kcal/mol. This has been found 
only when the changes do not involve the key polar group- 
ing and its immediate surrounding. In view of data pre- 
sented in Fig. 2, these small changes likely result from rel- 
atively large but compensating changes in enthalpy and 
entropy. 

In contrast to the positively charged trimethylammonium 
ion of acetylcholine, the productive surface presented by 
H-type 2-OMe, as can be appreciated from Fig. 1 (center), 
is "polyamphiphilic" in the sense that it is made up of a va- 
riety of small amphiphilic parts. This surface, together with 
the stereoelectronically complementary combining site of the 
lectin, is hydrated prior to complex formation and these water 
molecules become replaced by the complementary ligand- 
protein structures, whereas the water molecules at the pe- 
riphery achieve different states of organization (9). Thus, 
whereas the latter condition, being related to water only, can 
be expected to provide an enthalpy-entropy compensation, 

the productive binding within the combining site is ex- 
pected to lead to a one-way release of water molecules to 
bulk. 

In an attempt to assess the role of water in these binding 
reactions, Monte Carlo simulations were made of the hy- 
dration of the amphiphilic Leb-OMe tetrasaccharide (40). It 
was concluded that the hydration of a polyamphiphilic sur- 
face leads to a host of water molecules-that are less ordered 
and less strongly bound than in bulk water. In contrast, the 
steric constraints for binding water molecules to strongly 
polar groups within the potential combining site may im- 
mobilize water molecules to a greater extent than is present 
in the bulk condition. If so, the increase in entropy that would 
result from their release to bulk would contribute to the 
driving force for complexation. Indeed, Delbaere and Brayer 
(41) were able to locate water molecules within the active site 
of native Streptomyces griseus protease A.  It was noted that 
this network of "immobilized" solvent molecules resembles 
the placement of the inhibitor in the complex with chymo- 
statin. The proposed increase in entropy from the release to 
bulk of strongly bound water molecules from within the 
combining site would provide compensation for the de- 
mands in entropy required for specific organization and im- 
mobilization of the reacting species. Monte Carlo simula- 
tions of the hydration of the combining site of GS-IV and of 
its complex with L e b - O ~ e  may provide a useful test of this 
proposal and are being pursued. 

In the course of this investigation, a monoclonal anti 
H-type 2 antibody became available and the relative poten- 
cies for its binding of H-type 2-OMe (1) and several of its 
congeners are reported in Table 4 where a comparison is 
made with those found for the Ulex lectin. It is readily ap- 
preciated that the two proteins recognize very similar re- 
gions of the trisaccharide and, therefore, regions about the 
key polar grouping presented in Fig. 1. It is seen that the 2c- 
deoxy derivative 66 (R7 = H) is slightly more strongly bound 
by the lectin but that the reverse is strongly the case for the 
4c-deoxy 68 (R9 = H) compound. The high relative po- 
tency of this compound in inhibiting the antibody indicates 
that OH-4c is not part of the key polar grouping. The low 
potencies found for 3b-deoxy 65 (R4 = H) are very similar 
and suggest involvement in both cases of OH-3b in a rela- 
tively strong polar interaction. The only other significant 
difference in the affinities is for the Y tetrasaccharide (64). 
In the case of the lectin, the introduction of the fucose'un'it 
at the 3a-position of 1 caused a slight decrease in potency 
relative to the 3a-deoxy compound (52, Table 3) (26 vs. 46). 
On the other hand, the introduction of the second fucose unit 
provided superior binding by the antibody. This result may 
arise from this fucose residue providing some additional at- 
tractive interactions at the of the antibody com- 
bining site. The higher potencies displayed by 63 (R = 
(CH,),CO,Me) likely have a similar origin. The results pre- 
sented in Table 4 indicate that the key polar grouping fo; the 
binding of the H-type 2 determinant by the Ulex lectin was 
the immunodominant surface of this antigenic determinant 
in the immune response that led to the production of the 
monoclonal antibody 

Experimental 

Methods 
The radioimmunoassays were performed following the proce- 

dure recently described (2) using an 12'1-labelled [a-L-Fuc-(l+ 
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TABLE 4.  Compar~son of the lnh~blt~on of the blndlng of an H-type 2 ar t~fic~al  antlgen by a monoclonal anti-H-type 2 ant~body and the 
lectln I of Ulex europaeus 

R5 ~6 

R4 !&& 0 .+OR 

h . 8  

R3 

Rl0 ~9 

Relatlve potencies 

Compound R R' R' R3 R' Rr R6 R7 RX R9 R"' X Antibody Lect~n 

1 Me NHAc OH OH OH OH CHzOH OH OH OH Me 0 100 100 
63 (CH2)8C02Me NHAc OH OH OH OH CH,OH OH OH OH Me 0 135 1 SO* 
64 Me NHAc a-L-FucO OH OH OH CH'OH OH OH OH Me 0 130 26 
53 Me NHAc OH H OH OH CHzOH OH OH OH Me 0 142 250' 
65 Me NHAc OH OH H OH CHzOH OH OH OH Me 0 3 2.5' 
6 1 Me NHAc OH OH OH H CHzOH OH OH OH Me 0 43 37 
62 Me NHAc OH OH OH OH Me OH OH OH Me 0 45 60' 
66 Me NHAc OH OH OH OH CHzOH H OH OH Me 0 Inact~ve 0.63' 
67 Me NHAc OH OH OH OH CHzOH OH H OH Me 0 Inact~ve 0.06' 
68 Me NHAc OH OH OH OH CH,OH OH OH H Me 0 45 Inactivec 
69 (CH2)8C0,Me NHAc OH OH OH OH CHzOH OH OH OH H 0 8.5" 3.8' 
31 Me H H H OH OH CH,OH OH OH OH Me 0 60 67 
13 Me H H H OH OH H OH OH OH Me 0 42 66 
51 Me H H H OH OH CH,OH OH OH OH Me CH, 48 55 
50 Me H H OH OH OH CH20H OH OH OH Me CH2 33 22 

"Estimated from the value when (CH,),C02Me was aglycon 
"Reference 11  
'Reference 12 

~)-P-D-G~~-(I~~)-P-D-G~cNAcO-(CH,)~CONH]~~-BSA antigen 
provided by Chembiomed Ltd., Edmonton, Alberta. The solution 
provided near 290 000 cpm/100 p,L. In the absence of inhibitor, 
the coated tubes acquired about 40-50% of these counts in the case 
of the antibody and about 63-78% in the case of the lectin. The 
monoclonal anti-H-type 2 antibody (IgM, clone 92 FR A2) was 
available from Chembiomed Ltd. The lectin 1 of Ulex europaeus 
was purchased from Sigma Chemical Company. 

The thermodynamic parameters presented in Fig. 2 were deter- 
mined by difference ultraviolet absorption spectroscopy as previ- 
ously described (2). 

The ' H  nmr spectra were measured at 300, 360, and 400 MHz 
(Bruker AM300, WM360, and WH400) with tetramethylsilane as 
internal standard for CDCI, solutions. The reference standard for 
D 2 0  solutioins was acetone (2.225 ppm). The ',c nmr spectra were 
recorded at 100 and 75 MHz using as a solvent either CDC1, 
(77.06 ppm) or D 2 0  with 1,4-dioxane (67.4 ppm) as internal 
standard. Optical rotations were measured at room temperature 
(23 ? 1°C) in a 1-dm cell on a Perkin-Elmer 241 polarimeter. 
Thin-layer chromatograms were performed on precoated plates of 
silica gel (60F254, E. Merck, Darmstadt) and visualized by spraying 
with 10% sulfuric acid in ethanol followed by heating. For col- 
umn chromatography, silica gel 60 (230-400 mesh, E. Merck, 
Darmstadt) and distilled solvents were used. Solvents and re- 
agents were purified and dried according to standard procedures. 
Melting points are uncorrected. 

17 mL of triethylamine at 50  psi (1 psi = 6.89 kPa). Filtration and 
evaporation left a syrup, which was partitioned between benzene 
and water. The benzene layer was dried and evaporated to give 
crystalline 3 (1.59 g ,  94%); mp 104-10S°C, [a], -57 (c 0.6, 
chloroform) (lit. (14) mp 106-107°C; [a], -58.8 (c 2.55, chlo- 
roform)); 'H nmr (CDCI,) 6: 7.51-7.33 (m, SH,Ph), 5.56 (s, lH,  
PhCH), 4.51 (dd, lH,  J1.2= 9.5 HZ, J1.zeq 2.4 HZ, H-1), 4.30 (dd, 
lH,  J5,&, 5.0 HZ, J6ax.&q 10.4 HZ, H-6eq), 3.80 (t, lH ,  J5.6ax 
10.0 Hz, H-6ax), 3.57 (ddd, lH,  J,,,,, 10.8 Hz, J,,,., 4.5 Hz, J,,, 
9.2 Hz, H-4), 3.53 (s, 3H, OCH,), 3.45 (ddd, 1 H,  H-5), 2.15 (dt, 
lH,  Jh.3q 4.2 HZ, Jm.% < 1.0 HZ, J3ax,3cq 12.0 HZ, H-3eq), 2.02 
(ddd, lH, Jk.% 12.6 Hz, Jm.,, 3.5 Hz, H-2eq), 1.76 (dddd, lH, 
J2ar.3ax 13.1 HZ, H-3ax), 1.68 (dddd, 1 H, H-2ax). Anal. calcd. for 
C14H1804:C67.18,  H7.25;found:C66.71,  H6.99 .  

Methyl 4-0-benzoyl-6-bromo-2,3, 6-trideoxy-P-D-ery thro- 
hexopyranoside (4) 

A mixture of compound 3 (1.59 g, 6.36 mmol), N-bromosuc- 
cinimide (1.38 g ,  7.63 mmol), and barium carbonate (1.90 g, 
9.54 mmol) in carbon tetrachloride (48 mL) (18) was boiled under 
reflux for 30 min. The solvent was evaporated and the remainder 
dissolved in dichloromethane (200 mL). The solution was washed 
with aqueous sodium bicarbonate and water, followed by drying 
and evaporation, to leave a crystalline residue (2.08 g, 99%) that 
was crystallized from a small quantity of methanol to yield pure 4; 
mp 107- 108"C, [a], + 12 (c 0.8, chloroform); 'H nmr (CDCI,) 6: 
8.05-7.44 (m, 5H , Ph), 4.92 (ddd, 1 H, J3,., 9.7 Hz, Jh,, 4.8 HZ, 

Methyl 4,6-0-benzylidene-2 ,3-dideoxy-P-D-erythro- J4,5 8.7 Hz, H-4), 4.54 (dd, l H ,  J,.,, 8.4 Hz, J1.2eq 2.4 HZ, H-l),  
hexopyranoside (3) 3.87 (ddd, 1 H, J5.6,&. 3.2 Hz, 7.8 Hz, H-5), 3.63 (dd, 1 H, J ~ A . ~ B  

Methyl 4,6-O-benzylidene-P-~-erythro-hex-2-enopyranoside 2 10.8, H-6A), 3.57 (s, 3H, OCH,), 3 .50 (dd, 1 H, H-6B), 2.37 
(14) (1.68 g, 6.77 mmol) was hydrogenated in the presence of 5% (dddd, lH,  J2,,.,,, 1 .O Hz, J2ax,3eq 3.4 Hz, J,,.,,, 11.6 Hz, H-3eq), 
palladium-on-carbon (0.85 g) in methanol (85 mL) containing 2.01 (dddd, lH,  J,,,, 12.0 Hz, Jm,,, 3.9 Hz, H-2eq), 1.76 (dddd, 
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Jz,,,3:,, 12.8 Hz, H-2ax), 1.70 (dddd, IH, H-3ax). Anal. calcd. for 
CI4HI7BrO4: C 51.08, H 5.21, Br 24.27; found: C 51.23, H 5.15, 
Br 24.62. 

Methyl 4-0-bet~zoyl-2,3,6-trideo,ry-P-~-erythro-hexopyranoside 
(5) 

The bromo compound 4 (1.35 g, 4.10 mmol) was hydrogenated 
in the presence of 5% palladium-on-carbon (0.70 g) in methanol 
(100 mL) containing triethylamine (0.70 mL, 4.92 mmol) at 
80 psi for 8 h. Filtration and evaporation left a syrup, which was 
dissolved in dichloromethane (50 mL). Washing with water and 
evaporation gave a syrupy product 5 (1.0 1 g, 98%); [a], +7 (c 0.8, 
chloroform); 'H nmr (CDCI,) 6: 8.04-7.44 (m, 5H, Ph), 4.72 (ddd, 
IH,  J3sx.4 10.3 HZ, J3,,,4 4.9 HZ, J4,, 9.0 HZ, H-4), 4.47 (dd, lH,  
Jl,z, 8.8 Hz, J,,?,, 2.2 Hz, H-I), 3.71 (dq, IH, J,., 6.3 Hz, H-5), 
3.53 (s, 3H, OCH,), 2.32 (dddd, 1 H, J,,,, 4.0 Hz, J%,,, 1.5 Hz, 
J ,,,, ,,, 12.5 Hz, H-3eq), 1.98 (dddd, lH,  J2eq,3ax 3.9 Hz, J2ar.2eq 

12.4 Hz, H-2eq), 1.74 (dddd, 1 H, J2ax.3nx 13.1 Hz, H-Zax), 1.64 
(dddd, IH, H-3ax), 1.3 1 (d, 3H, 3H-6). Anal. calcd. for CI4H,,O4: 
C67 .18 ,  H7.25;found: C67.13,  H7.23.  

Methyl 2,3,6-trideoxy-P-D-erythro-hexopyranoside (6 )  
Compound 6 (1.0 g, 4.0 mmol) was debenzoylated in the usual 

manner using methanolic sodium methoxide. After evaporation, the 
crude material was purified by chromatography on a column of 
silica gel (dichloromethane-10% methanol) to provide 6 (0.52 g, 
89%) as an oil; [a], -50 (c 0.5, water) (lit. (19) [a], -21.9 (c 
0.82, chloroform)); 'H nmr (CDCI,) 6: 4.38 (dd, IH, J,,, 9.2 Hz, 
J I , ~  2.2 Hz, H- I), 3.52 (s, 3H, OCH,), 3.32 (dq, 1 H, J,,, 8.5 Hz, 
J,., 6.1 HZ, H-5), 3.29 (ddd, IH, J3,,, 10.6 HZ, J-,, 3.7 HZ, H-4), 
2.08 (dddd, 1 H,  J2nx,3eq 4.1 HZ, JZeq,3eq 2.0 HZ, J3ax,3eq 12.3 HZ, 
H-3eq), 1.90 (dddd, 1 H, J2ar,2rq 12.9 Hz, Jzcq,3dx 4.0 HZ, H-2eq), 
-1.60 (br, lH,  OH), 1.59 (dddd, IH, J,,,, 13.3 Hz, H-2ax), 1.49 
(dddd, 1 H, H-3ax), 1.36 (d, 3H, 3H-6). 

Methyl 4-O-(a-~-arabinopyranosyl)-2,3,6-trideoxy-P-~-erythro- 
hexopyranoside (9) 

A mixture of 6 (185 mg, 1.26 mmol), mercuric cyanide 
(446 mg, 1.76 mmol) and 2,3,4-tri-0-acetyl-P-L-arabinopyrano- 
syl bromide (1.76 mmol) (20, 21) in dry toluene (18 mL) was kept 
under reflux for 2 h. Filtration and evaporation left a syrup, which 
was deacetylated with 5% potassium hydroxide in methanol 
(13 mL) for 30 min at room temperature. The precipitate was fil- 
tered off and the filtrate was treated with Amberlite MB-3, fol- 
lowed by filtration and evaporation of the solvent. Column chro- 
matography on silica gel eluting with a gradient solvent system of 
dichloromethane and methanol gave syrupy 9 (151 mg, 43%); [a], 
+7  (c 1 '0, water); 'H nmr (D20) 6: 4.56 (dd, 1 H,  J,,,,,,, 9.2 Hz, 
J,,,,, 2.2 Hz, H-la), 4.44 (d, IH, J,,,, 7.5 Hz, H-lb), 3.94 (ddd, 
1H, J3b.4b 3.7 HZ, JJb,5bar 1.2 HZ, J4b,5beq 2.1 HZ, H-4b), 3.89 (dd, 
1 H,  J5bu,Sbeq 13.1 HZ, H-Sbeq), 3.65 (dd, 1 H, H-Sbax), 3.65 (dd, 
l H ,  H-3b), 3.59 (dq, IH, J,,,,, 9.0 Hz, J5,,,, 6 .3  Hz, H-5a), 3.51 
(dd, IH, J,,,, 9.6 Hz, H-2b), 3.48 (s, 3H, 0CH3), 3.40 (ddd, 1 H, 
J3um.43 10.2 HZ, J3ncq.4a 3.8 Hz, H-4a), 2.20 (dddd, IH, J2aax.3aeq 

4.0 Hz, J2,,,,,,,, 3.3 Hz, J3aa,,3,,q 12.6 Hz, H-3aeq), 1.93 (dddd, 
IH, J2 ,,,, ,,,, 12.8 Hz, J2,,,,,,,, 3.8 Hz, H-2aeq), 1.63 (dddd, IH, 
Jh,3, 13.1 Hz, H-3aax), 1.50 (dddd, IH, H-2aax), 1.33 (d, 3H, 
3H-6a); I3c nmr (DzO) 6: 104.95 (C-lb), 103.29 (C-la), 81.17 
(C-4a), 75.22 (C-5a), 73.08 (C-3b), 7 1.76 (C-2b), 69.01 (C-4b), 
66.84 (C-5b), 56.93 (CH,O), 30.37, 29.47 (C-2a, C-3a), 18.02 
(C-6a). Anal. calcd. for CI2H2,O7: C 51.79, H 7.97; found: C 
51.09, H 7.87. 

Methyl 4-0-(3,4-O-benzylidene-a-~-arabinopyranosyl)-2,3,6- 
trideoxy-P-D-erythro-hexopyranoside (10) 

A mixture of 9 (136 mg, 0.49 mmol), a,a-dimethoxytoluene 
(0.38 mL), p-toluenesulfonic acid monohydrate (5 mg), and N,N- 
dimethylformamide (1.1 mL) was heated at 50°C for 20 min. 
Neutralization with sodium methoxide, followed by evaporation, 
left a syrup, which was chromatographed on a column of silica gel 
(dichloromethane-ethyl acetate, 7: 1) to give crystalline 10 

( 1  13 mg, 63%); mp 128-129"C, [a], -4  (c 0.5, chloroform); 'H 
nmr (CDCI,) 6: 7.56-7.38 (m, 5H, Ph), 5.97 (s, 1 H, CHPh), 4.39 
(d, 1H, Jlb.zb 7.5 HZ, H-lb), 4.38 (dd, 1H, Jla.zaax 8.9 HZ, J l a . Z a c q  

2.3 Hz, H- 1 a), 4.34 (dt, 1 H, J,,,,, 6.3 Hz, J,,,,, = J,,.,,, 3.6 Hz, 
H-4b), 4.29 (dd, IH, JSbax.,,, 13.2 Hz, H-Seq), 4.23 (dd, IH, J,,,,, 
7.5 HZ, H-3b), 3.90 (dd, IH, H-Sbax), 3.72 (dt, 1 H, J?,,,, 2.2 HZ, 
H-2b), 3.51 (s, 3H, OCH,), 3.46 (dq, IH, J4 ,,,, 8.9 Hz, J,,.,, 
6.2 Hz, H-5a), 3.26 (ddd, IH, J, ,,,, ,, 10.4 Hz, J, ,,,, ,, 4.5 Hz, 
H-4a), 2.36 (d, IH, OH), 2.22 (m, IH, H-3aeq), 1.9 1 (m, IH, 
H-2aeq), 1.69-1.54 (m,  2H, H-2aax and H-3aax), 1.36 (d, 3H, 
3H-6a). Anal. calcd. for C19H2607: C 62.28, H 7.15; found: C 
61.52, H7.11.  

Methyl 4-0-[3,4-O-benzylidene-2-0-(2,3,4-tri-O-benzyl-a-~- 
fucopyranosy1)-a-L-arabinopyranosyll-2 ,3,6-trideoxy-P-u- 
erythro-hexopyranoside (12) 

A solution of bromide 11 (0.44 mmol) in dichloromethane 
(0.4 mL) was added to a mixture of 1 0  (64 mg, 0.17 mmol), tet- 
raethylammonium bromide (55 mg, 0.26 mpol) ,  diisopropyl- 
ethylamine (76 pL,  0.44 mmol), powdered 4 A molecular sieves 
(300 mg), N,N-dimethylformamide (0.15 mL), and dichlorometh- 
ane (0.40 mL). After stirring for 20 h at room temperature, the 
mixture was diluted with dichloromethane and filtered through 
Celite. The filtrate was washed with aqueous sodium bicarbonate 
and water, followed by drying and evaporation. Column chroma- 
tography of the crude product on silica gel (toluene-ethyl acetate, 
50: 1 to 3 :  1, gradient) provided syrupy 12  (109 mg, 8 I%), [a], 
-53" (c 0.5, chloroform); 'H nmr (CDCI,) 6: 7.53-7.24 (m, 20H, 
4Ph), 5.88 (s, IH, CHPh), 5.50 (d, IH, J,,.,, 3.7 Hz, H-lc),  4.98 
and 4.68 (AB, 2H, J,., 1 1.2 Hz, CH,Ph), 4.88 and 4.73 (AB, 2H, 
JAB 1 1.7 Hz, CH2Ph), 4.79 and 4.75 (AB, 2H, JAB 13.0 Hz, 
CH2Ph), 4.58 (d, 1 H, Jib.,, 6.8 Hz, H- lb), 4.38 (t, 1H, J2,,,, = J3,,4, 

6.8 HZ, H-3b), 4.33 (ddd, 1 H,  J,,,, 4.6 HZ, J,,,,, 4.2 HZ, H-4b), 
4.30 (dd, IH, J ,,,, 8.9 Hz, J,,.,, 2.1 Hz, H-I), 4.11 (q, lH,  J,,,, 
< 1.0 HZ, J,,,, 6.3 HZ, H-5c), 4.09 (dd, 1H, J5b,r,5,q 13.0 HZ, 
H-Sbeq), 4.05 (dd, IH, J2,,,, 10.3 Hz, H-2c), 3.93 (t, IH, H-2b), 
3.91 (dd, J,,,, 2.5 Hz, H-3c), 3.84 (dd, lH,  H-Sbax), 3.62 (d, IH, 
H-4c), 3.47 (s, 3H, OCH,), 3.28 (dq, lH,  J4,,,, 8.9 HZ, J5a.6a 
6.1 Hz, H-5a), 3.20 (ddd, IH, J3,,4a 10.0 HZ, J3w,4, 4.5 Hz, H-4), 
2.12 (m, IH, H-3aeq), 1.85 (m, IH, H-2aeq), 1.58-1.45 (m, 2H, 
H-Zaax, H-3aax), 1.22 (d, 3H, 3H-6a), 1.10 (d, 3H, 3H-6c). Anal. 
calcd. for CJ6H,,OI ,: C 70.57, H 6.95; found: C 7 1.03, H 7.04. 

Methyl 2.3.6-trideoxy-4-0-p-0-(a-~rfucopyranosy1)-a-L- 
arabinopyranosyll-6-D-erythro-hexopyranoide (13) 

Compound 12  (51 mg, 0.065 mmol) was hydrogenated in the 
presence of 5% palladium-on-carbon (25 mg) in 95% ethanol 
(2.5 mL) at 125 psi for 5 h. Filtration and evaporation left a crys- 
talline residue that was purified by column chromatography on silica 
gel (dichloromethane-methanol, 5 : 1). Evaporation of chromato- 
graphically pure fractions gave 13 (24 mg, 87%), which was crys- 
tallized from methanol-ethyl acetate; mp 230-232"C, [a], - 106 
(C 0.5, water). The 'H and I3c nmr data are reported in Tables 1 
and 2. Anal. calcd, for C,,H3,0, ,: C 50.94, H 7.60; found: C 50.43, 
H 7.64. 

4-0-(a-L-Arabinopyranosy1)-l ,2 ,3,6-tetradeoxy-D-erythro- 
hexopyranose (16) 

A mixture of 1 ,2,3,6-tetradeoxy-D-erythro-hexopyranose (14, 
232 mg, 2.0 mmol) (26), 2,3,4-tri-0-acetyl-P-L-arabinopyrano- 
syl bromide (7, 2.8 mmol), and mercuric cyanide (700 mg, 
2.8 mmol) in dry toluene (23 mL) was boiled under reflux for 2 h. 
After filtration and evaporation, the residue was treated with 
methanolic 5% potassium hydroxide (21 mL) for 30 min. Filtra- 
tion, neutralization with acetic acid, and evaporation followed by 
column chromatography on silica gel (dichloromethane-metha- 
nol, gradient) provided crystalline 16 (266 mg, 54%) as the main 
product; mp 145.5- 146"C, [a], +63 (c 0.7, water); 'H nmr (D20) 
6: 4.43 (d, IH, J,,.,, 7 .6  HZ, H-lb), 3.93 (ddd, IH, J3,.,, 3.7 HZ, 
J4b.5bar 1.3 Hz, J4b.5beq 2.2 Hz, H-4b)7 3.90 (dd, 1H, J~bu. , ixq  

12.8 Hz, H-Sbeq), 3.86 (m, IH, H-laeq), 3.65 (dd, lH,  H-Sbax), 
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3.65 (dd, 1 H, J2b,3b 9.6 HZ, H-3b), 3.5 1 (dd, 1 H, H-2b), 3.43 (ddd, 
lH,  JI,,,,I,,~ 11.4 Hz, J1aax,2aax 8.7 Hz, Jlaar.2aeq 5.8 HZ, H-laax), 
3.43 (dq, 1 H, J4a,5a 9.0 HZ, 6.1 HZ, H-5a), 3.48 (ddd, 1 H, 
J3aw,4a 10.0 HZ, J3iq,4u 4.1 HZ, H-4a), 2.21 (m, 1 H, H-3aeq), 1.78- 
1.48 (m, 3H, H-2aax, H-2aeq, and H-3aax), 1.29 (d, 3H, 3H-6a); 
I3c nmr (D,O) 6: 104.9 1 (C- 1 b), 8 1.89 (C-4a), 77.57 (C-5a), 73.15 
(C-3b), 71.86 (C-2b), 69.05 (C-4b), 67.96 (C-la), 66.85 (C-Sb), 
3 1.44 (C-3a), 25.49 (C-2a), 18.15 (C-6a). Anal. calcd. for 
ClIH2006: C 53.22, H 8.12; found: C 53.19, H 8.02. 

1.2 ,3,6-Tetradeoxy-4-0-(3.4-0-isopropylidene-a-L- 
arabinopyranosy1)-D-erythro-hexopyranose (17) 

To a solution of 16 (191 mg, 0.77 mmol) in 2,2-dimethoxypro- 
pane (0.4 mL, 3.0 mmol) and N,N-dimethylformamid (1.9 mL), 
5% trifluoromethanesulfonic acid in N,N-dimethylformamide 
(50 pL) was added. After stirring for 20 min at room temperature, 
the solution was neutralized with sodium methoxide and evapo- 
rated to leave a syrup. Chromatography on a column of silica gel 
(dichloromethane-ethyl acetate, 3: 1) afforded compound 17 
(200 mg, 91%) as a syrup, [a], +53 (c 1.2, chloroform); 'H nmr 
(CDCl,) 6: 4.27 (d, 1 H, J l b , , b  6.8 HZ, H-1 b), 4.23 (ddd, 1 H, J3b,4b 
5.8 HZ, JdbVSbax 3.3 HZ, J4b,5bal 2.8 HZ, H-4b), 4.17 (dd, lH, J5,,5,, 
13.2 Hz, H-Sbeq), 4.06 (dd, 1 H, J,,,, 7.6 Hz, H-3b), 3.86 (m, 1 H, 
Jl ,,,, 11.3 Hz, H-laeq), 3.78 (dd, 1 H, H-Sbax), 3.60 (dt, lH, 
J2b.o~ 2.8 Hz, H-zb), 3.35 (m, 1H, J ~ a a r , ~ u u x  10.0 HZ, J~aar.~ucq 
4.8 Hz, H- 1 aax), 3.28 (dq, 1 H, J4a,5a 9.0 HZ, 6.1 HZ, H-Sa), 
3.20 (ddd, lH, J3aw.4a 10.8 HZ, J3ueq.4a4.7 Hz, H-4a), 2.37 (d, lH, 
OH), 2.22 (m, lH, H-3aeq), 1.75-1.64 (m, 2H, H-2aax and 
H-2aeq), 1.55 and 1.38 (2s, each 3H, Me$), 1.53 (m, lH, 
H-3aax), 1.28 (d, 3H, 3H-6a). Anal. calcd. for CI4Hz4O6: C 58.32, 
H 8.39; found: C 58.23, H 8.38. 

1,2,3,6-Tetradeoxy-4-O-[3,4-O-isopropylidene-2-0-(2,3,4-tri-O- 
benzyl-a-~-fucopyranosyl)-a-~-arabinopyranosyl]-~-erythro- 
hexopyranose (18) 

A solution of freshly prepared 2,3,4-tri-0-benzyl-a-L-fucopy- 
ranosyl bromide 11 (1.73 mmol) in dichloromethane (1 mL) was 
added to a mixture of 17 (200 mg, 0.69 mmol), tetra~thylammo- 
nium bromide (292 mg, 1.39 mmol), powdered 4 A molecular 
sieves (2.4 g), dichloromethane (1.6 mL), and N,N-dimethyl- 
formamide (0.6 mL). After stimng for 6 h at room temperature, 
the mixture was diluted with dichloromethane, filtered through 
Celite, and washed with aqueous sodium bicarbonate and water 
successively, followed by drying and evaporation. Chromatogra- 
phy on a column of silica gel (benzene-ethyl acetate, 50: 1 to 3: 1, 
gradient) afforded two major fractions. Evaporation of the first 
fraction left a syrup (215 mg, 44%) that was identified as the fully 
protected trisaccharide 18, [a], -34 (c 1, chloroform); 'H nmr 
(CDCl,) 6: 7.44-7.25 (m, 15H, 3Ph), 5.52 (d, lH, Jle,2c 3.8 Hz, 
H- lc), 5.00 and 4.68 (AB, 2H, J,,, 11.5 Hz, CH,Ph), 4.88 and 
4.74 (AB, 2H, JAB 12.0 HZ, CH2Ph), 4.79 (s, 2H, CH2Ph), 4.47 
(d, lH,  Jlb,2b 7.0 HZ, H-lb), 4.29 (dd, lH,  J2b,3b 7.0 HZ, 6.5 
HZ, H-3b), 4.25 (ddd, IH, JdbVSbax 3.8 HZ, J4,,,,, 3.3 HZ, H-4b), 
4.13 (q, lH, Jk,,, < 1 Hz, J5c,6F 6.8 Hz, H-Sc), 4.07 (dd, lH, J,,, 
10.2 Hz, H-2c), 4.06 (dd, 1 H, J5bax,5beq 12.8 Hz, H-Sbeq), 3.88 (dd, 
1 H, Jk,& 2.8 Hz, H-3c), 3.85 (m, 1 H, H-1 aeq), 3.80 (t, 1 H, H-2b), 
3.75 (dd, lH, H-Sbax), 3.60 (d, 1 H, H-4~) ,  3.29 (ddd, lH,  Jl,,l, 
11.3 Hz, J ,,,.,,, 10.0 Hz, J ,,,,,,, , 4 .8  Hz, H-laax), 3.15 (ddd, 
1 H, J3aax,4a 10.5 HZ, J3ueq,4a 4.8 Hz, J4=,,= 9.0 HZ, H-4a), 3.07 (dq, 
1 H, J5,,& 6.0 Hz, H-Sa), 2.16 (m, 1 H, H-3aeq), 1.70- 1.60 (m, 2H, 
H-2aax, H-2aeq), 1.46 (m, lH, H-3aax), 1.49 and 1.36 (2s, each 
3H, Me,C), 1.15 (d, 3H, 3H-6a), 1.08 (d, 3H, 3H-6c). Anal. calcd. 
for C41H5,010: C 69.87, H 7.44; found: C 69.97, H 7.38. 

The IH nmr spectrum of the product (199 mg, 43%) of the sec- 
ond fraction was superimposable with that of 1,2,3,6-tetradeoxy- 
4 -0- [2 -0- (2 ,3 ,4  -tri-0-benzyl-a-L-fucopyranosyl) -a-L-arabino- 
pyranosyll-D-erythro-hexopyranose (19) formed by heating of 18 
in aqueous acetic acid. 

1.2,3,6-Tetradeoxy-4-0-[2-O-(a-~-fucopyranosyl)-a-~- 
arabinopyranosyll-D-erythro-hexopyranose (20) 

A solution of 18 (55 mg, 0.078 mmol) in 80% aqueous acetic 
acid (0.6 mL) was heated at 65OC for 2.5 h. Evaporation and co- 
evaporation with toluene left a syrup, which was hydrogenated in 
95% ethanol (2.5 mL) in the presence of 5% palladium-on-carbon 
(20 mg) at 128 psi for 7 h, when tlc (2-propanol/water, 9 :  1) in- 
dicated completion of the reaction. Filtration and evaporation left 
a clear syrup of 20 (3 1 mg, loo%), which was crystallized from 
ethyl acetate; mp 181-182"C, [a], -92 (c 0.7, water). The 'H and 
13 C nmr data are presented in Tables 1 and 2. Anal. calcd. for 
C17H30010: C 51.77, H 7.67; found: C 51.3 1, H 7.70. 

Methyl 2 ,3-dideoxy-P-D-ery thro-hexopyranoside (21) (ref. 19) 
Compound 2 (35 mg, 0.14 mmol) (15) was hydrogenated over 

20% palladium hydroxide-on-carbon (9 mg) in ethanol (3.5 mL) 
for 6 h at 20 psi. After removal of the catalyst and evaporation, pure 
diol 21 (18.5 mg, 81%) was obtained as a colourless syrup; 'H nmr 
(CDCl,) 6: 4.42 (dd, 1 H, Jl,2cq 2.0 HZ, Jl,lax 9.0 HZ, H-l), 3.87 
(dd, 1 H, J 5 , 6 ~  4.0 HZ, 1 1.5 HZ, H-6A), 3.85 (dd, 1 H, J 5 , 6 B  

4.5 Hz, H-6B), 3.64 (m, 1 H, H-4), 3.49 (s, 3H, OCH,), 3.32 (m, 
1 H, J4,, 9.0 HZ, H-5), 2.32 (bs, 2H, 20H),  2.10 (m, 1 H, H-3eq), 
1.90 (m, 1 H, H-2eq), 1.62- 1.47 (m, 2H, H-2ax, H-3ax); I3c nmr 
(CDC13) 6: 102.93 (C-1), 78.99 (C-4), 66.35 (C-5), 63.25 (C-6), 
56.54 (OCH,), 30.68, 30.2 1 (C-2, C-3). 

For larger scale preparations, after removal of the catalyst, the 
solution was treated with pyridine prior to evaporation to dryness. 

Methyl 2.3-dideoxy-6-0-p-toluenesulfonyl-P-D-erythro- 
hexopyranoside (22) 

Compound 21 (1.242 g, 5 mmol) was hydrogenated over 20% 
palladium hydroxide-on-carbon (31 1 mg) in ethanol (90 mL) at 
20 psi for 3 h. The catalyst was removed by filtration and pyridine 
(10 mL) was added to the solution. It was evaporated to dryness. 
The residue was left overnight in an oil pump vacuum. The oily 
product (0.821 g) was dissolved in dry pyridine (12.5 mL), cooled 
to O°C, and p-toluenesulfonyl chloride (1.012 g, 5.3 mmol) was 
added. The mixture was stirred at O°C for 1 h, then more chloride 
(0.482 g, 2.5 mmol) was added. After 2.5 h, water (1 mL) was 
added and the mixture was kept stirring for 2 h at room tempera- 
ture, then poured into ice-water. A precipitate was filtered off and 
the filtrate was extracted with chloroform. The combined extracts 
were washed with water, dried, and evaporated to provide com- 
pound 22 as a crystallizing syrup (0.72 g, 46%). The precipitate, 
which was a mixture of two compounds, was chromatographed on 
a column of silica gel (chloroform-ethyl acetate, 4:  1) to provide 
crystalline methyl 2,3-dideoxy-4,6-di-0-p-toluenesulfonyl-~-~- 
erythro-hexopyranoside (22a, 0.222 g, 10%) and compound 22 
0.6 g, 38%). Both samples of compound 22 were combined and 
recrystallized from ether-hexane (0.857 g, 54%); mp 87.5-88.S°C, 
[a], -53.5 (c 0.5, chloroform) (lit. (19) mp 95-96°C (chloro- 
form-petroleum ether), [a], -43.8 (c 1.1, chloroform)); 'H nmr 
(CDC13) 6: 7.82 and 7.35 (2d, 4H, C6H4), 4.38-4.32 (2dd over- 
lapped, 2H, JI.,", ^- 2.5 HZ, JI,,,,8.5Hz, H-l,J5,6A4.5 H z , J ~ A . ~ B  
1 1 .O Hz, H-6A), 4.25 (dd, 1 H, J5,6B 2.5 Hz, H-6B), 3.60 (m, lH, 
H-4), 3.42 (s and m, 3H, OCH, and lH, J4., 9.5 Hz, H-5), 2.47 
(s, 3H, CH3 of Ts), 2.10 (m, 1 H, H-3eq), 2.05 (d, 1 H, J4,0H 
5.5 Hz, OH), 1.88 (m, 1 H, H-2eq), 1.62-1.44 (m, 2H, H-3ax, 
H-2ax); I3C nmr (CDC13) 6: 144.98, 132.66, 129.68, 128.01 
(CJ14), 102.67 (C-1), 77.48 (C-4), 69.60 (C-6), 65.48 (C-5), 56.36 
(OCH,), 30.36, 29.94 (C-2, C-3), 21.66 (CH, of Ts). Anal. calcd. 
for C14H,o06S: C 53.15, H 6.37, S 10.13; found: C 53.32, H 6.41, 
S 10.12. 

Ditosylate 22a melted at 124-12S°C (ethyl acetate-hexane); [a], 
-9 (C 0.53, chloroform) (Lit. (19) mp 136-138°C (chloroform/ 
petroleum ether)); I H  nmr (CDCl,) 6: 7.80-7.32 (m, 8H, 2C6H4), 
4.33 (dd, lH, J1,2eq 2.0 HZ, J1,2ax 8.0 HZ, H-l), 4.25 (ddd, lH, J3eq,4 

4.5 HZ, J4,, 8.0 HZ, J3,.4 9.5 HZ, H-4), 4.07 (dd, lH,  J 5 , 6 A  

3.5 HZ, J6,,,, 1 1.0 HZ, H-6A), 3.83 (dd, 1 H, J5,6B 6.0 HZ, H-6B), 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SPOHR ET AL. 267 

3.60 (m, 1 H, H-5), 3.34 (s, 3H, OCH,), 2.48 and 2.45 (2s, each 
3H, 2CH3 of Ts), 2.14 (m, IH, H-3eq), 1.87 (m, IH, H-2eq), 1.68 
(m, IH, H-3ax), 1.50 (m, 1H, H-2ax). Anal. calcd. for C21H2608S2: 
C 53.60, H 5.57, S 13.63; found: C 53.65, H 5.61, S 13.41. 

Methyl 4-0-(2-0-acetyl-3,4,6- tr i -0-benzyl-m- 
galactopyranosyl)-2,3-dideoxy-6-O-p-toluenesu~onyl-~-~- 
erythro-hexopyranoside (24) 

A mixture of compound 22 (0.19 g, 0.6 mmol), mercuric cya- 
niie (0.304 g ,  1.2 mmol), powdered calcium sulfate (0.1 g), and 
4 A molecular sieves (0.2 g) in toluene-nitromethane (1 : l , 4  mL) 
was stirred under nitrogen for 1 h. Then a solution of bromide 23 
(0.487 g, 0.887 mmol) in nitromethane-toluene (1 : 1, 2 mL) was 
added dropwise within 15 min. After stirring at room temperature 
for 1.5 h, the reaction mixture was filtered and poured into a mix- 
ture of aqueous sodium bicarbonate and dichloromethane. The or- 
ganic solution was washed with water, dried, and evaporated. The 
crude product was chromatographed on a column of silica gel 
(toluene-ethyl acetate, 4:  1) to provide pure disaccharide 24 as a 
white foam (0.289 g, 61%) and 20 mg (1 1%) of starting alcohol 
22. The analytical sample of compound 24 was recrystallized from 
ether-hexane and had mp 1 10- 1 1 l0C, [a], + 1.5 (c 0.6, chloro- 
form); 'H nmr (CDCI,) 6: 7.80 (d, 2H) and 7.37-7.23 (m, 17H, 
3Ph, C6H4), 5.3 I (dd, lH, Jlb.2, 8.0 HZ, J2b,3b 10.0 HZ, H-2b), 4.91 
and 4.59 (AB, 2H, JA.B 1 1.5 HZ, CH2Ph), 4.66 and 4.5 1 (AB, 2H, 
J A , B  12.0 HZ, CHrPh), 4.41 (s, 2H, CH2Ph), 4.36 (d, 1 H, H-1 b), 
4.22 (dd, lH,  J,,,2,,q 2.0 Hz, J1,,2,,x 9.0 Hz, H-la), 4.17 (dd, IH, 
J6aA,6aB 1 1.0 HZ, J5a.6aA 2.0 HZ, H-6aA), 4.15 (dd, 1 H, J5e,6aB 
3.5 Hz, H-6&), 3.91 (d, 1 H, J3,,ab 2.7 Hz, H-4b), 3.58-3.53 (m, 
3H, H-5b, 2H-6b), 3.49 (dd, lH, H-3b), 3.46-3.33 (m, 2H, H-4a, 
H-5a), 3.30 (s, 3H, OCH,), 2.42 (s, 3H, CH, of Ts), 2.19 (m, lH, 
H-3aeq), 2.08 (s, 3H, CH,CO), 1.77 (m, lH, H-2aeq), 1.57 (m, 
IH, H-3aax), 1.40 (m, lH, H-2aax). Anal. calcd. for C4,H5,Ol2S: 
C 65.30, H 6.37, S 4.04; found: C 65.68, H 6.50, S 3.90. 

Methyl 2,3-dideoxy-6-O-p-toluenesulfonyl-4-0-(3,4,6-tri-0- 
benzyl-P-~-galactopyranosyl)-P-~-erythro-hexopyranoside 
(25) 

A solltion of acetate 24 (82 mg, 0.104 mmol) in methanolic 
0.1 M sodium methoxide (4.4 mL) and dichloromethane (0.7 mL) 
was kept overnight at room temperature. It was neutralized with 
Amberlite IRC-50 (Hf) and evaporated. The crude product was 
purified on a column of silica gel (toluene-ethyl acetate, 4:  1) to 
provide pure alcohol 25 (70 mg, 90%) as a white foam; [a], - 14 
(C 0.5, chloroform); 'H nmr (CDCL,) 6: 7.80 (d, 2H) and 7.36- 
7.24 (m, 17H, 3Ph, C6H,), 4.87 and 4.62 (AB, 2H, J,,, 1 1.5 Hz, 
CH2Ph), 4.72 and 4.69 (AB, 2H, J,,, 1 1.5 Hz, CH2Ph), 4.43 (s, 
2H, CH2Ph), 4.37 (dd, J5a,6aA 4.0 HZ, J6aA.6aB 10.5 HZ, H-6aA), 
4.3 1-4.26 (2dd, d, 3H, J5=.- 2.0 HZ, H-6&, Jla,% 2.0 HZ, J,,,, 
7.0 Hz, H- 1 a, J,,,,, 7.5 Hz, H- 1 b), 3.88 (d overlapped by ddd, 2H, 
J3b.4b 2.5 HZ, H-4b, J2b,3b 10.0 HZ, J2b.0H 3.0 HZ, H-2b), 3.57 (bs, 
3H, H-5b, 2H-6b), 3.52 (m, IH, H-5a), 3.50 (m, lH, H-4a), 3.40 
(dd, IH, H-3b), 3.39 (s, 3H, OCH,), 2.67 (d, IH, OH), 2.42 (s, 
3H, CH, of Ts), 2.22 (m, IH, H-3aeq), 1.8 1 (m, IH, H-2aeq), 
1.69- 1.57 (m, IH, H-3aax), 1.46 (m, lH, H-2aax). Anal. calcd. 
for C,,H,,O, ,S: C 65.76, H 6.46, S 4.28; found: C 65.55, H 6.59, 
S 4.33. 

Methyl 2,3-dideoxy-6-0-p-toluenesu~onyl-4-0-[3,4,6-tri-O- 
benzyl-2-0-(2,3,4-tri-O-benzyl-a-~-fucopyranosyl)-~-~- 
galactopyranosyl]-P-D-erythro-hexopyranoside (26) 

A solution of bromide 11 (0.981 mmol) in dichloromethane 
(1 mL) was added to a stirred mixture of alcohol 25 0.245 g, 
0.327 mmol), tetraethylammonium bromide (0.069 g, 0.327 rnrnol), 
dichloromethane (1 mL), N,N-dimethylformamide (0.4 mL), and 
4A molecular sieves (I g, powdered). Stirring under nitrogen was 
continued for 27 h. Then methanol (1 mL) was added and the 
mixture was stirred for another 2 h. It was diluted with dichloro- 
methane, filtered through Celite, washed with aqueous sodium bi- 
carbonate, water, then dried and evaporated. The residue was 

chromatographed on a column of silica gel (hexane-ethyl acetate, 
3:  1, 3:2) to provide in the main fraction pure compound 26 
(0.248 g, 65%) as a white foam; [a], -34.5 (c 0.5, chloroform); 
'H nmr (CDCl,) 6: 7.78 (d, 2H) and 7.36-7.00 (m, 32H, 6Ph, 
C6H,), 5.69 (d, 1H, Jlc,2c 3.5 Hz, H-lc), 4.95-4.42 (m, 12H, 
6CH,Ph), 4.39 (d, 1H, Jlb.Zb 7.5 Hz, H-lb), 4.33 (dd, 1H, J5a,68A 
3.5 Hz, JM,- 10.0 HZ, H-6aA), 4.30 (q, IH, J5,,& 6.5 Hz, H-5c), 
4.28 (dd, IH, Jla,2acq 2.0 HZ, Jla,2aux 7.0 HZ, H-la), 4.17 (dd, lH, 
JZb,,b 10.0 HZ, H-2b), 4.1 1 (dd, 1H, J5a.6uB 6.5 HZ, H-6aB), 4.01 
(dd, IH, JzC.,, 10.0 HZ, H-2c), 3.97 (dd, 1 H, J3c.4c 2.0 HZ, H-3c), 
3.88 (d, lH,  J3b,4b 2.5 HZ, H-4b), 3.81 (d, IH, H-4c), 3.67 (dd, 
IH, H-3b), 3.62-3.50 (m, 4H, H-5a, H-5b, 2H-6b), 3.42 (m, IH, 
H-4a), 3.31 (s, 3H, OCH,), 2.37 (s, 3H, CH, of Ts), 2.12 (m, lH, 
H-3aeq), 1.84 (m, IH, H-2aeq), 1.62 (m, IH, H-3aax), 1.44 (m, 
IH, H-2aax). 1.13 (d, 3H, 3H-6c). Anal. calcd. for C68H760,5S: 
C 70.08, H 6.57, S 2.75; found: C 69.94, H 6.77, S 2.81. 

From the minor fractions starting alcohol 25 (15 mg, 6%) was 
isolated, as well as methyl 6-bromo-2,3,6-trideoxy-4-0-[3,4,6-tri- 
0-benzyl-2-0-(2,3,4-tri-O-benzyl-a-~-fucopyranosyl)-~-~-galac- 
topyranosyll-P-D-erythro-hexopyranoside (15 mg, 4%); 'H nmr 
(CDCI,) 6: 7.35-6.95 (m, 30H, 6Ph), 5.17 (d, lH,  Jlc.2c 3.5 Hz, 
H- lc), 4.96-4.42 (m, 13H, 6CH2Ph, at 4.45 d, 1 H, J,,,,, 8.0 Hz, 
H-lb), 4.37 (dd, IH, Jla.% 2.0 HZ, Jla,Zaax 8.0 HZ, H-la), 4.26 (q, 
IH, JSc,6c 6.5 HZ, H-5c), 4.21 (dd, IH, J2b.3b 9.5 HZ, H-2b), 4.03 
(dd, 1 H, J2=,,= 10.0 HZ, H-2c), 3.95 (dd, 1 H, J3c.4c 2.5 HZ, H-3c), 
3.9 1 (d, 1 H, J3,,,, 2.8 HZ, H-4b), 3.86 (d, 1 H, H-4c), 3.73 (dd, 
1H, J6uA.6uB 9.5 HZ, J5a,6aA 2.0 HZ, H-6aA), 3.70 (dd, I H, H-3b), 
3.60-3.52 (m, 3H, H-5b, 2H-6b), 3.50 (s, 3H, OCH,), 3.47-3.36 
(m, 3H, H-6aB, H-5a, H-4a), 2.21 (m, IH, H-3aeq), 1.87 (m, IH, 
H-2aeq), 1.69-1.49 (m, 2H, H-3aax, H-2aax), 1.16 (d, 3H, 
3H-6~) .  

Methyl 6-O-benzoyl-2,3-dideoxy-4-0-[3,4,6-tri-O-benzyl-2-0- 
(2,3,4-tri-0-benzyl-a-~-fucopyranosyl)-P-~- 
galactopyranosyl]- P-D-ery thro-hexopyranoside (2 7) 

A mixture of tosylate 26 (0.175 g, 0.15 mmol), sodium ben- 
zoate (0.108 g, 0.75 mmol), and N,N-dimethylformamid (2 mL) 
was heated at 100°C with stirring for 4.5 h. After cooling, it was 
diluted with dichloromethane, the solution was washed twice with 
water, dried, and evaporated. The crude product was chromato- 
graphed on a column of silica gel (hexane-ethyl acetate, 3: 1) to 
provide pure 27 (0.1 12 g, 68%) as a white foam; [a], -49 (c 0.5, 
chloroform); 'H nmr (CDCI,) 6: 8.02-6.96 (m, 35H, 7Ph), 5.70 
(d, lH,  Jlc,2c 2.5 Hz, H-lc), 4.85-4.43 (m, 12H, 6CH2Ph), 4.69 
(dd, IH, JM,- I I .O HZ, J6aA,5u 3.0 HZ, H-6aA), 4.5 I (d, IH, Jib.,, 
7.5 Hz, H-1 b), 4.41 (q, lH, overlapped, J5,.& 6.0 HZ, H-5c), 4.36 
(dd, lH,  overlapped, J5a,6aB 7.5 Hz, H-6aB), 4.40 (dd, lH, over- 
lapped, Jla.2,,, - 7.0 Hz, JI,.,,,, - 2.5 Hz, H-la), 4.22 (dd, Jz,,,, 
9.5 Hz, H-2b), 4.02-3.95 (m, 2H, H-2c, H-3c), 3.90 (d, 1H, 
2.5 Hz, H-4b), 3.74 (dt, J5a.6aA - J4a,5a - 7.5 Hz, H-5a), 3.7 1 (d, 
IH, J,,,, 1.5 Hz, H-4c), 3.69 (dd, IH, H-3b), 3.61-3.52 (m, 4H, 
H-4a, H-5b, 2H-6b), 3.43 (s, 3H, OCH,), 2.28 (m, IH, H-3aeq), 
1.89 (m, IH, H-2aeq), 1.69 (m, IH, H-3aax), - 1.55 (m, lH, 
H-2aax), 1.15 (d, 3H, 3H-6c). Anal. calcd. for CaH7,OI,: C 73.23, 
H 6.69; found: 72.97, H 6.81. 

Methyl 2,3-dideoxy4-0-[3,4,6-tri-O-benzyl-2-0-(2,3,4-tri-O- 
benzyl-a-~-fucopyranosy~)-~-galactopyranosyl]-~-~- 
erythro-hexopyranoside (28) 

Compound 27 (75 mg, 0.067 mmol) was debenzoylated in 
methanolic 0.5 M sodium methoxide (1.3 mL) at room tempera- 
ture for 21 h. Then it was diluted with methanol, neutralized with 
Arnberlite IRC-50 (Hf), filtered, and evaporated. Purification was 
achieved by column chromatography on silica gel (hexane-ethyl 
acetate, 3 : 2) to afford pure 28 (60 mg, 89%) as a colourless syrup; 
[a], -50 (c 0.5, chloroform); 'H nmr (CDCI,) 6: 7.38-6.99 (m, 
30H, 6Ph), 5.70 (d, IH, Jl,,zc 3.5 Hz, H-lc), 4.97-4.43 (m, 12H, 
6CH2Ph, 4.45 (d, lH,  JlbqZb 7.5 HZ, H-lb), 4.37 (dd, 1H, Jla,zaax 

8.0 Hz, Jl,,2,,q 2.0 Hz, H-la), 4.29 (q, IH, J5c,6c 6.5 Hz, H-5c), 
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4.19 (dd, lH, J2b,3b 9.5 HZ, H-2b), 4.01 (dd, IH, J2,3 10.0 HZ, 
H-2c), 3.92 (dd, IH, J3,,4, 2.5 HZ, H-3c), 3.91 (d, lH,  J3b.4h 
3.5 HZ, H-4b), 3.76 (m, 1H, Jh; ,A,6a~ 11.0 HZ, J6aA,0H 6.0 HZ, 
H-6aA), 3.72-3.64 (m, 3H. H-4c, H-6aB, H-3b), 3.59-3.49 (m, 
4H, H-5b, 2H-6b, H-4a), 3.48 (s, 3H, OCH,), 3.28 (ddd, IH, J, ,,,, 
9.0 Hz, J5a,6.1A 2.5 Hz, J5,,(,,, 4.0 Hz, H-Sa), 2.22 (m, lH, H-3eq), 
1.97 (dd, 1 H, Ja.oH - J6nB,0H 6.0 HZ, OH), 1.85 (m, 1 H, H-2aeq), 
1.67-1.43 (m, 2H, H-3aax, H-2aax), 1.15 (d, 3H, 3H-6c). 

Methyl 2,3,6-trideoxy-4-0-[3,4,6-tri-O-be11zyl-2-0-(2,3,4-tri-O- 
benry~-a-~-fucopyranosy~)-~-~-ga~actopyranosy~]-~-~- 
erythro-hexopyranoside (29) 

A mixture of tosylate 26 (122 mg, 0.105 mmol), lithium alu- 
. . . .  

. . . . .  minium hydride (10 rng, 0.26 mmol), and tetrahydrofuran 
. .  . (1.2 mL) was boiled under reflux for 2 h. After cooling, ethyl 

acetate (0.5 mL) was added and the mixture was poured into ice- 
water. The precipitate formed was filtered off and dissolved in di- 
chloromethane. The organic solution was washed twice with water, 
dried, and evaporated. The crude product was purified on a col- 
umn of silica gel (hexane-ethyl acetate, 3:  1) to provide pure 29 
(78 mg, 75%) as a white foam; [a], -60 (c 0.5, chloroform); IH 

. .  . nmr (CDCI,) 6: 7.36-7.00 (rn, 30H, 6Ph), 5.72 (d, lH,  Jlc,2c 

3.5 Hz, H- lc), 4.97-4.41 (m, 12H, 6CH2Ph), 4.49 (d, lH,  Jlb,2b 
7.5 HZ, H-lb), 4.34 (q, lH,  J5c,6c 6.5 HZ, H-SC), 4.29 (dd, lH,  
J1,,2,,q 2.0 Hz, Jla.2aax 8.0 HZ, H-la), 4.20 (dd, lH,  J,,,,, 9.5 Hz, 

. . H-2b), 4.0 1 (dd, I H, JZc,3c 10.0 HZ, H-2c), 3.73 (dd, d, 2H, J3u,Jc 
2.5 Hz, H-3c, overlapped by d, 2.5 Hz, H-4b), 3.70 (dd, 1 H, 
H-3b), 3.62 (d, 1 H, H-4c), 3.61-3.43 (m, 3H, H-5b, 2H-6b), 3.46 
(s, 3H, OCH,), 3.28-3.17 (m, 2H, H-4a, H-Sa), 2.18 (m, IH, 
H-3aeq), 1.83 (m, lH, H-2aeq), 1.52 (m, 2H, H-3aax, H-2aax), 
1.24 (d, 3H, JSa,6= 5.5 Hz, 3H-6a), 1.12 (d, 3H, 3H-6c). Anal. 
calcd. for C61H70012: C 73.62, H 7.09; found: C 73.43, H 7.31. 

Methyl 2,3-dideoq-4-0-@-0-(a-~-fucopyranosyl)-p-D- 
1 galactopyranosyl]-P-D-erythro-hexopyranoside (30) 

1 Compound 28 (102 mg, -0.1 mmol) was hydrogenated in 
I ethanol (6 mL) over 5% palladium-on-carbon (102 mg) at 20 psi 
I for 3 h. The catalyst was removed by filtration. A drop of triethyl- 

arnine was added to the filtrate and the solvent was evaporated. The 
product was applied to a column of Bio-Gel P-2 and eluted with 
10% ethanol in water. Freeze-drying an aqueous solution pro- 
vided pure 30 (42 m , 88%) as a white powder; [a], -82.5 (c 0.6, W water). The I H  and C nmr data are reported in Tables 1 and 2. 

Methyl 2,3,6-trideoq-4-0-12-0-(a-~-fucopyranosyl)-p-D- 
galactopyranosyl]-m-erythro-hexopyranoside (31) 

Compound 29 (97 mg, 0.097 mmol) was hydrogenated in ethanol 
. . 

. . 
(5.2 mL) over 5% palladium-on-carbon (97 mg) and then purified 
as described for the preparation of 30. Pure 31 was obtained as a 
white powder (33 mg, 75%) after freeze-drying an aqueous solu- 
tion; [a], -96.5 (c 0.5, water). The I H  and "C nmr data are re- 
ported in Tables 1 and 2. 

DL-(] ,5/2)-2,5-Diacetoqcyclohexane carboqlic acid (33) 
( 2 )  endo-7-Oxabicyclo[2,2,1]-heptane-2-carboxylic acid (32, 

13.6 g, 0.1 mol) (29) was heated in a mixture of 85% acetic acid 
(225 mL), acetic anhydride (1 13 mL), and sulfuric acid (9 mL) for 
20 h at 80°C (28). Then sodium acetate trihydrate (18 g) was added 
and the slightly brown mixture was evaporated. The remainder was 
taken up in dichloromethane, the mixture washed with water, and 
the organic solution evaporated to leave a crystalline residue. The 
material was treated with charcoal in ethanol, followed by filtra- 
tion, evaporation, and recrystallization from dichloromethane/ether 
to provide pure 33 (8.2 g, 35%), mp 154-155°C; I H  nmr (CDCI,) 
6: 5.03 (dt, lH,  J1,, 10.0 HZ, J2,JU 10.0 HZ, J2,3cq 4.5 HZ, H-2), 
4.79 (m, IH, H-5), 2.68 (ddd, lH,  J1.6ax 11.5 HZ, J1.6eq 4.5 Hz, 
H-1), 2.28 (m, lH, JSeq,& 13.5 Hz, H-6eq), 2.18 (m, IH, H-3eq), 
2.04, 2.03 (2s, each 3H, 2CH3CO), -2.01 (overlapped, H4eq),  
1.81 (q, 1H,J6ax,5 l l .OHz, H-6ax), 1.56(m, lH, J,,,,,-11 Hz, 
H-4ax), 1.47 (m, lH, H-3a).  Anal. d c d .  for CllHl6O6: C 54.09, 
H 6.60; found: C 53.76, H 6.59. 

DL-(] ,5/4)-4,7-0-Benzylidene-5-C-hydro.rymethy1-l,4- 
cyclohexanediol (35) 

A 1 M borane solution in tetrahydrofuran (65 mL, 65 mmol) was 
added to a stirring solution of the diacetate 33 (4.9 g, 20.1 mmol) 
in tetrahydrofuran (15 mL) under argon at ice-bath temperature. 
After the gas evolution ceased, the mixture was kept at room tem- 
perature for 48 h. Then methanol (5 mL) was added, followed by 
evaporation and codistillation with methanol-acetic acid 1 : 1. The 
resibue, diol34, was dried for 2 h at 70°C in an oil pump vacuum 
and was then taken up in acetonitrile (I20 mL). p-Toluenesulfonic 
acid (700 mg) and a,a-dimethoxytoluene (3.8 mL, 25.3 mmol) 
were added to the turbid suspension. After 15 min, it was neutral- 
ized with triethylamine, evaporated, and the residue dissolved in 
dichloromethane. Washing with water, evaporation of the organic 
solution, and co-distillation with water and ethanol left a white solid, 
which was recrystallized from dichloromethane-ether-hexane to 
provide pure 35 (4.0 g, 85%), mp 126-126.S°C; 'H nmr (CDCl,) 
6: 7.5-7.3 (m, 5H, Ph), 5.54 (s, IH, CHPh), 4.08 (dd, lH, J,,,, 
1 1 .O Hz, J7eq,5 4.3 Hz, H-7eq), 3.77 (tt, IH, J l . zax  - J1,6ax - 1 1.5 
HZ, J1,2,, - Jl.6eq - 4.5 HZ, H-1), 3.62 (t, IH, J7ax,5 11.0 HZ, H- 
7ax), 3.47 (dt, IH, J, ,,,, - J,., - 11 Hz, J,,,,,4.0 Hz, H-4), 2.09 
(m, lH, overlapped by H-3eq, H-2eq), 2.04 (m, IH, H-3eq), 1.82 
(m, 2H, H-5, H-kq) ,  1.58 (m, 2H, H-3ax, OH), 1.41 (m, IH, H- 
2ax), 1.04 (q, 1 H, Jbx,6eq - J6ax,5 - Jbax,l - 12 HZ, H-6ax). Anal. 
calcd. for Cl,Hl,O,: C 7 1.77, H 7.74; found: C 7 1.39, H 7.78. 

DL-(] ,5/4)-4,7-O-Be11zylidene-l-O-methyl-5-C-hydroqmethyl- 
1.4-cyclohexa~~ediol (36) 

Sodium hydride (1.5 g, -50% oily suspension, 3 1.3 mmol) was 
added to a stining solution of compound 35 (4.7 g, 20.1 mmol) in 
N,N-dimethylformamide (40 mL) at 0°C. After 30 min, methylio- 
dide (2 mL, 32.1 mmol) was added and stirring continued for 1 h. 
After the addition of methanol (1 mL), the mixture was evapo- 
rated, the residue taken up in dichloromethane, and the solution 
washed with water and evaporated. The crystalline material was 
filtered through a column of silica gel (hexane-ethyl acetate, 3 :  1) 
to provide pure 36 (4.2 g, 84%). The analytical sample was re- 
crystallized from ether-hexane, mp 63.S°C; 'H nmr (CDC13) 6: 
7.53-7.30 (m, 5H, Ph), 5.56 (s, lH, CHPh), 4.12 (dd, lH, J,,,,, 
1 1.3 Hz, J,,,, 4.5 Hz, H-7eq), 3.63 (t, 1 H, J,.,, 1 1.3 Hz, H-7ax), 
3.47 (dt, lH,  J,,, - J3ax,4 - 11 HZ, J3cq.4 4.3 HZ, H-4), 3.36 (s, 
3H, OCH,), 3.28 (tt, 1H, J1.2ax - J1.6ax - 1 1 HZ, J1,zcq - J1.6eq - 
4.3 Hz, H-1), 2.19 (m, 1 H, Jw,, 13.0 Hz, H-2eq), 2.06 (ddd, 1 H, 
J3cq.3ax 12.5 Hz, J,,,.,,, 7.5 HZ, H-3eq), 1.92 (m, Jkq.6ax 12.0 HZ, 
H-kq),  1.77 (m, IH, H-5), 1.56 (ddd, 1 H, J3m.hx - 12 HZ, J3x,?cq 
3.8 Hz, H-3ax), 1.32 (ddd, lH,  H-2ax), 0.94 (q, lH,  J6,,,, - 
1 1.5 Hz, H-6ax). Anal. calcd. for C1,H2,03: C 72.55, H 8.12; 
found: C 72.37, H 8.23. 

DL-(I ,5/4)-I-0-Methyl-5-C-hydroxymethyl-l,4-cyclohexanediol 
(3 7) 

A mixture of compound 36 (3.83 g, 15.4 mmol) and 20% pal- 
ladium-on-carbon (0195 g) in 95% ethanol (100 mL) was hydro- 
genated in the hydrogen stream at 15 psi for 4 h. The catalyst was 
removed by filtration and the solvent evaporated to provide pure 
diol 37 (2.45 g, 99%) as a colourless syrup; 'H nmr (CDCI,) 6: 4.35 
(bs, IH, OH), 4.13 (bs, lH,  OH), 3.72 (dd, lH ,  J7cq,7ax 11.0 HZ, 
J5.7,4.3 Hz, H-7eq), 3.67 (t, lH,  J7,,5 10.0 HZ, H-7ax), 3.55 (dt, 
lH,  J3ax.4 11.0 HZ, J4., 11.0 HZ, J3cq,4 4.5 HZ, H-4), 3.34 (s, 3H, 
OCH,), 3.22 (tt, lH,  J1.2ax - J l . 6 a x  - 11 Hz, J1,zcq - J1.6eq - 
4.3 Hz, H-I), 2.08 (m, lH, Jh,, 12.5 Hz, H-2eq), 1.99 (m, lH, 
overlapped by H-6eq, H-3eq), 1.92 (m, 1 H, H-6eq), 1.38 (ddd, lH,  
J3,.% - 13 HZ, J,,3nx - 1 1.5 HZ, H-3ax), 1.20 (ddd, 1 H, H-2ax), 
0.92 (q, 1H, J6ar,6eq - J6ax,5 - 12 HZ, H-6ax). Anal. calcd. for 
Cl8HI6o3: C 59.98, H 10.07; found: C 59.98, H 10.1 1. 

DL-(] ,5 /4)-1 -0-Methyl-5-C-(p-toiuenesulfonyloq)methyl-1 ,4- 
cyclohexanediol(38) 

p-Toluenesulfonyl chloride (1.221 g, 6.4 mmol) was added to a 
solution of diol37 (0.933 g, 5.82 mmol) in dry pyridine (12 mL) 
at 0°C. The mixture was stirred at 0°C for 1.5 h. Then more chlo- 
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ride (0.6 g, 3.15 mmol) was added and stirring continued for 2 h .  
The reaction was quenched by the addition o f  water ( 1  mL) .  After 
2.5 h at room temperature, it was poured into ice-water. The pre- 
cipitate was filtered o f f  and washed with water. The filtrate was 
extracted with chloroform and the combined extracts were washed 
with water, dried, and evaporated to leave pure 38 (1.29 g, 70%) 
as a colourless syrup. The precipitate was chromatographed on a 
column o f  silica gel (chloroform-ethyl acetate, 4 :  1 )  to provide 
0.42 g (16%) o f  D L - ( 1  ,5/4)-1-0-methyl-4-0-p-toluenesulfonyl- 
5-C-(p-toluenesulfonyloxy)methyl- 1,4-cyclohexanediol (38a) and 
25 mg o f  38 (total yield 72%). The analytical sample o f  38 was 
recrystallized from ether-hexane, mp 82-83°C; ' H  nmr (CDCl,) 
6: 7.79 and 7.36 (2d, 4H, C6HJ), 4.23 (dd, 1 H, J7A.7B 10.0 HZ, J7,,, 
5.0 HZ, H-7A), 4.06 (dd,  1 H, J7,,, 3.5 HZ, H-7B), 3.47 (dt,  1 H, 
J4,% 4.0 HZ, J4,,= - J4,, 10.0 HZ, H-4), 3.32 ( s ,  3H, OCH,), 3.16 
(tt ,  1H, Jl,zax - JI,,,, - 1 1 HZ, JI,,,, - J1.6eq - 4 HZ, H-I) ,  2.46 
( s ,  3H, CH3 o f  T s ) ,  2.08-1.97 ( m ,  3H, H-2eq, H-3eq, H-6eq), 1.86 
( s ,  1 H, OH), 1.62 ( m ,  1 H, H-5), 1.41- 1.10 ( m ,  3H, H-2ax, H-6ax, 
H-3ax); I3c nmr (CDCl,) 6: 144.91, 132.69, 129.61, 127.92 
(C6H4), 77.81 (C-4), 71.49 (C-7), 69.56 (C-1), 56.03 (CH30) ,  
42.75 (C-5), 32.62, 32.58, 29.79 (C-2, C-3, C-6) ,  2 1.66 (CH3 o f  
Ts) .  Anal. calcd. for Cl,H2,0,S: C 57.31, H 7.05, S 10.20; found: 
C 57.33, H 6.93, S 10.29. 

The ditosyl derivative 380 was recrystallized from ether-ethyl 
acetate; mp 81-82°C; ' H  nmr (CDCl,) 6: 7.76 and 7.34 (4d,  8H, 
2C6H4), 4.30 (dt, lH,  J4,, - J4.,= - 10 HZ, J4,3y 4.5 Hz, H-4), 3.95 
(dd, l H ,  J,,,, 4 .0 Hz, J,,,,, 10.0 Hz, H-7A), 3.74 (dd, 1 H, J,,,, 
6.5 Hz, H-7B), 3.27 ( s ,  3H, OCH,), 3.12 ( m ,  1 H, H- 1 ) ,  2.47 and 
2.46 (2s,  6H, 2CH, o f  T s ) ,  2.1 1-1.82 ( m ,  4H, H-2eq, H-3eq, 
H-6eq, H-5), 1.49 ( m ,  1 H, H-3ax), 1.26 ( m ,  1 H, H-2ax), 1.12 ( m ,  
lH,  H-6ax). Anal. calcd. for Cz2Hz8O,S2: C 56.39, H 6.02, S 13.68; 
found: C 57.02, H 6.27, S 13.03. 

( I  S,4S,5R)-I -Methoxy-5-C-(p-toluenesulfonyloxy)methylcyclo- 
hex-4-yl- and (lR,4R,SS)-I -methoxy-5-C-(p-toluene- 
sulfonyloxy)methylcyclohex-4-yl2-O-aceryl-3,4,6-tri-O- 
benzyl-P-D-gnlactopyranoside (39 and 40)  

A mixture o f  alcohol 38 (0.218 g, 0.69 mmol), mercuric cya- 
nide (0.354 g, 1.4 mmol), powdered calcium sulfate (0.16 g) ,  and 
4 A molecular sieves (0.32 g) in nitromethane-toluene ( 1  : 1, 
4.5 mL)  was stirred under nitrogen for 1 h. Then a solution o f  
bromide 23 (0.719 g, 1.29 mmol) in nitromethane-toluene ( 1  : 1, 
4 mL)  was added dropwise within 20 min. After 2 h ,  the reaction 
mixture was filtered and poured into a stirred mixture o f  aqueous 
sodium bicarbonate and dichloromethane. The organic solution was 
washed with water, dried, and evaporated. The resulting material 
was chromatographed on a column o f  silica gel (toluene-ethyl 
acetate, 4 :  1 )  to provide two pure compounds: 39 (0.121 g, 22%; 
Rf  0.34, toluene-ethyl acetate, 4 :  1 )  and 40 (0.096 g, 18%; Rf  0.29) 
as white foams, and a mixture o f  both (0.039 g). The analytical 
sample o f  compound 39 was recrystallized from ether-hexane to 
provide white needles, mp 97-98"C, [a], +20.5 ( c  0.6,  chloro- 
form); 'H-nmr (CDC1,) 6: 7.78-7.22 ( m ,  19H, 3Ph, C,H4), 5.31 
(dd,  1H, J1b.2~ 8.0 HZ,  JZb.,b 10.0 HZ, H-2b), 4.91 and 4.59 ( A B ,  
2H, JA.B 11.5 HZ,  CH2Ph), 4.66 and 4.51 ( A B ,  2H, JA., 12.0 Hz, 
CHZPh), 4.42 ( s ,  2H, CH2Ph), 4.35 ( d ,  1 H, H- 1 b ) ,  4.10 (dd,  1 H, 
J7A.7, 9.5 HZ, J5a,7A 5.5 HZ, H-7aA), 3.98 (dd, 1 H, J,,,,, 3.0 HZ, 
H-7aB), 3.91 (d ,  l H ,  J,,.,, 2.7 Hz, H-4b), 3.60-3.51 ( m ,  3H, 
H-5b, 2H-6b), 3.48 (dd, 1 H, H-3b), 3.3 1 (dt, 1 H, overlapped, J4a,5a 
- J4,.,,,, - 9.5 Hz, J4,,,,,, 4.5 Hz, H-4a), 3.26 ( s ,  3H, over- 
lapped, OCH,), 3.03 ( m ,  1 H, H- 1 a), 2.42 ( s ,  3H, CH, o f  Ts) ,  2.17 
( m ,  l H ,  H-3aeq), 2.08-1.83 ( m ,  2H, H-6aeq, H-2aeq overlapped 
by s ,  3H at 2.05, CH,CO), 1.70 ( m ,  l H ,  H-5a), 1.38 ( m ,  l H ,  
H-3aax), 1.19-0.98 ( m ,  2H, H-2aax, H-6aax). Anal. calcd. for 
C44H52OI1S: C 66.99, H 6.64, S 4.06; found: C 67.23, H 6.50, S 
4.21. 

Compound 40 had [a], +8 ( c  0.78, chloroform); I H  nmr (CDC1,) 
6: 7.74-7.17 ( m ,  19H, 3Ph, C6H4), 5.18 (dd, l H ,  J,,,,, 8.0 Hz, 
J~b,,b 10.0 HZ,  H-2b), 4.92 and 4.60 ( A B ,  2H, JA3, 11.5 Hz, 

CH2Ph), 4.65 and 4.48 ( A B ,  2H, JA,, 12.0 Hz, CH2Ph), 4.5 1 and 
4.45 ( A B ,  2H, JA,, 1 2 . 0 H ~ ,  CH2Ph), 4.29 (d ,  lH,  H-lb), 4.13 (dd, 
1H, J7,,A.7,1B 9.5 Hz, J5a.7aA 3.5 Hz, H-7aA), 4.03 (dd,  1H, J,,,,,, 
6.5 Hz, H-7aB), 3.97 (d ,  1 H, J,,,,, 2.7 Hz, H-4b), 3.70 (dd,  1 H, 
J 6 b ~ . 6 b ~  - J6b~.5b 8.5 Hz, H-6bA), 3.65 (dd,  1H, J h b ~ , 5 b  5.0 H Z ,  
H-6bB), 3.53 ( m ,  l H ,  H-5b), 3.48 (dd,  l H ,  H-3b), 3.38 (dt,  l H ,  
J4,,,,,, - 4.0 Hz, J4,,,, - J,,.,;,;,, - 10 Hz, H-44 ,  3.28 ( s ,  3H, 
OCH,), 3.08 ( m ,  l H ,  H-la), 2.31 ( s ,  3H, CH, o f T s ) ,  2.12-1.89 
( m ,  3H, H-3aeq, H-2aeq, H-6aeq, overlapped by s, 3H at 1.98, 
CH3CO), 1.65 ( m ,  1 H, H-5a), 1.20- 1.02 ( m ,  3H, H-2aax, H-3aax, 
H-6aax). 

( I S  ,4S,5R)-I -Methoxy-5-C-(p-toluetzesulfotzyloxy)methylcyclo- 
hex-4-yl3,4,6-tri-0-benzyl-m-galactopyrnnoside (41) 

Acetate 39 (137 mg,  0.174 mmol) was deacetylated in metha- 
nolic 0.1 1 M sodium methoxide (4.5 mL)  at room temperature for 
26 h. The solution was neutralized with Amberlite IRC-50 ( H f ) ,  
filtered, and evaporated. The resulting material was chromato- 
graphed on a column o f  silica gel (toluene-ethyl acetate, 4 :  1 )  to 
provide pure 41 as a white foam (80 mg,  62%); [a], + 1 ( c  0,5 
chloroform); ' H  nmr (CDCl,) 6: 7.78 ( d ,  2H) and 7.39-7.22 ( m ,  
17H, 3Ph and C6H4), 4.87 and 4.6 1 ( A B  ,2H, JA,, 1 1.5 Hz, CH,Ph), 
4.73 and 4.69 ( A B ,  2H, JA,, 1 1.5 HZ, CH2Ph), 4.43 ( s ,  2H, 
CH?Ph), 4.41 (dd, 1 H, J7aA,5a 5.0 HZ, J7aA,7, 9.5 Hz, H-7aA), 4.27 
(d ,  lH ,  J,,,,, 8.0 Hz, H-lb), 3.97 (dd, lH,  J,,,,, 3.0 Hz, H-7aB), 
3.98 (ddd overlapped by d ,  2H, JZh,OH 3.0 HZ,  9.5 Hz, H-2b, 
J3b.4b 3.0 HZ, H-4b), 3.57 (bs,  3H, H-5b, 2H-6b), 3.45 (dt,  lH ,  
J4a.5a - J4a,3;w; 10.0 HZ, J4a,3aeq 4.0 HZ, H-4a), 3.40 (dd, lH,  H-3b), 
3.29 ( s ,  3H, OCH,), 3.10 ( m ,  1 H, H- la) ,  2.63 (d ,  1 H, OH) ,  2.42 
( s ,  3H, CH, o f  T s ) ,  2.19 ( m ,  1 H, H-2aeq), 2.04- 1.94 ( m ,  2H, 
H-2aeq, H-6aeq), 1.78 ( m ,  l H ,  H-5a), 1.41 ( m ,  l H ,  H-3aax), 
1.27-1.08 ( m ,  2H, H-2aax, H-6aax). Anal. calcd. for C42H,oOloS: 
C 67.54, H 6.75, S 4.29; found: C 67.28, H 6.96, S 4.21. 

A minor compound eluted from the column after 41 was found 
to be (lS,4S,5R)- 1 -methoxy-5-C-methoxymethylcyclohex-4-yl 
3,4,6-tri-0-benzyl-P-D-galactopyranoside (42, 16 mg, 15%). It had 
[a], -7.5 ( c  0.35, chloroform); ' H  nmr (CDC1,) 6: 7.42-7.22 ( m ,  
15H, 3Ph), 4.88 and 4.60 ( A B ,  2H, J,,, 12.0 Hz, CH2Ph), 4.76 
and 4.72 (AB  , 2H, JA,, 12.0 HZ, CHzPh), 4.45 and 4.43 (AB  , 2H, 
JA,B 12.0 HZ, CH2Ph), 4.25 (d ,  1 H, Jlb,2b 7.5 HZ, H- 1 b ) ,  3.93 (ddd, 
1H, J~b .3~  10.0 HZ, J2,,oH 1.0 HZ, H-2b), 3.88 (d ,  lH ,  J3b,4b 3.0 H Z ,  
H-4b), 3.63 ( d ,  l H ,  OH) ,  3.59 (bs,  3H, H-5b, 2H-6b), 3.52 (dd,  
l H ,  J7aA,7aB 10.0 HZ,  J7aA,55 4.0 HZ,  H-7aA), 3.44 (2dd, over- 
lapped, J, ,,,, 5.0 Hz, H-7aB and H-3b), 3.40 (dt, overlapped, J4a,,a 
- J4a.3aax 10.5 HZ,  J4a.3aeq 4.0 HZ,  H-4a), 3.34 and 3.33 (2s,  each 
3H, CH,O and CH20CH,), 3.61 ( m ,  l H ,  H- la ) ,  2.20 ( m ,  l H ,  
H-3aeq), 2.19 ( m ,  2H, H-2aeq, H-6aeq), 1.80 ( m ,  1 H, H-5a), 1.45 
( m ,  1 H, H-3aax), 1.22- 1.03 ( m ,  2H, H-2aax, H-6aax). The com- 
pound was acetylated (pyridine, acetic anhydride) and then re- 
crystallized from ether-hexane. 42a had mp 91-92"C, [a], +22 
(C 0.5, chloroform); IH nmr (CDCl,) 6: 7.37-7.23 ( m ,  15H, 3Ph), 
5.35 (dd,  l H ,  Jlb,2, 7 .8 HZ, JZb,,, 10.0 HZ,  H-2b), 4.91 and 4.60 
( A B ,  2H, J,., 11.5 HZ,  CH2Ph), 4.66 and 4.49 ( A B ,  2H, JA,, 
12.0 HZ,  CH2Ph), 4.43 ( s ,  2H, CH2Ph), 4.35 ( d ,  l H ,  H- 1 b ) ,  3.92 
(d ,  1 H, J3b,4b 2.5 Hz, H4b) ,  3.6 1-3.52 ( m ,  3H, H-5b, 2H-6b), 3.48 
(dd,  l H ,  H-3b), 3.39 (dd,  l H ,  J5a,7aA 6.0 HZ,  J7aA,7aB 9.0 HZ, H- 
7aA) ,  3.31 and 3.29 (2s,  each 3H, 2OCH,, overlapped by H-7aB 
and H-4a), 3.1 1 ( m ,  1 H, H- 1 a) ,  2.20- 1.93 ( m ,  6H,  H-2aeq, H- 
3aeq, H-6aeq, and COCH, at 2.04), 1.64 ( m ,  1 H, H-5a), 1.42 (m ,  
1 H, H-3aax), 1.23- 1.09 ( m ,  2H, H-2aax, H-6aax). Anal. calcd. 
for C38H4809: C 70.35, H 7.46; found: C 69.91, H 7.42. 

( I  S,4S,SR)-5-C-Benzoyloxymethyl-I -methoxycyclohex-4-yl 
3,4,6-tri-0-benzyl-m-galactopyranoside (43) 

A mixture o f  tosylate 41 (100 mg,  0.134 mmol) and sodium 
benzoate (100 mg,  0.694 mmol) in N,N-dimethylformamide 
(1.5 mL)  was stirred at 80°C for 4 h .  Then the mixture was diluted 
with dichloromethane, and the organic solution washed twice with 
water, dried, and evaporated. Chromatographic purification on a 
column o f  silica gel (hexane-ethyl acetate, 3 : 2) afforded pure 43 
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(61 mg, 65%) as a white foam. It had [a] ,  +8 (c 0.5, chloro- 
form); 'H nmr (CDC13) 6: 8.10-7.20 (m, 20H, 4Ph), 4.87 and 4.60 
(AB, 2H, JA.B 11.5 HZ, CH2Ph), 4.71 (s, overlapped by dd, 3H, 
J A , B  10.5 HZ, CH2Ph, J5a,7aA 4.5 Hz, J7aA,7aB 1 1.0 HZ, H-7aA), 4.43 
and 4.42 (AB, 2H, J A , B  12.0 HZ, CH2Ph), 4.37 (dd, lH,  J5a.7aB 
2.5 Hz, H-7aB), 4.28 (d, IH, Jlb,2b 7.5 Hz, H- 1 b), 3.97 (ddd, 1 H, 
JZb , ,b  10.0 HZ, JZb,oH 2.0 HZ, H-2b), 3.86 (d, lH, J3b,4b 3.0 HZ, 
H-4b), 3.62-3.51 (m, 3H, H-5b, 2H-6b), 3.45 (dt, IH, J4a.3acq 
4.0 Hz, J48,333X - J4a,5n 10.0 HZ, H-4a), 3.40 (dd, lH, H-3b), 3.35 
(s, 3H, OCH,), 3.20 (m, lH, H-la), 2.91 (d, IH, OH), 2.29-2.17 
(m, 2H, H-3aeq, H-6aeq), 2.06 (m, lH, H-2aeq), 1.93 (m, IH, 
H-5a), 1.49 (m, 1 H, H-3aax), 1.39- 1.15 (m, 2H, H-2aax, H-6aax). 

(IS,4SP5S)-I -Methoxy-5-C-methylcyclohex-4-yl3,4,6-tri-O- 
benzyl-P-D-galactopyrarioside (44) 

A mixture of tosylate 41 (67 mg, 0.09 mmol) and lithium alu- 
minium hydride (10 mg, 0.27 rnmol) in tetrahydrofuran (1.3 mL) 
was stirred under nitrogen at room temperature for 2 h. Then it was 
poured into ice-water and extracted with chloroform. The organic 
solution was washed twice with water, dried, and evaporated. 
Chromatography of the residue on a column of silica gel (hexane- 
ethyl acetate, 3 : 2) gave pure 44 (34 mg, 66%) as a colourless syrup; 
[a], +7 (C 0.5 chlorofom); 'H nmr (CDCI,) 6: 7.38-7.24 (m, 15H, 
3Ph), 4.88 and4.61 (AB, 2H, J,,, 11.5 Hz, CH2Ph), 4.72and4.67 
(AB, 2H, J,., 1 1.5 HZ, CH2Ph), 4.45 (s, 2H, CH2Ph), 4.29 (d, 1 H, 
Jlb,2b 7.5 Hz, H-lb), 3.95 (ddd, lH,  JZb,,, 10.0 HZ, J2b,oH 2.0 HZ, 
H-2b), 3.90 (d, lH, J3b,4b 2.5 Hz, H-4b), 3.62-3.54 (m, 3H, H-5b, 
2H-6b), 3.43 (dd, lH,  H-3b), 3.32 (s, 3H, OCH,), 3.13 (m, 1H, 
overlapped, H-la), 3.09 (dt, lH, overlapped, J4a.5a - J4a.3aax - 
10.5 Hz, J,,.,,,, 4.5 Hz, H-4a), 2.34 (d, IH, OH), 2.17 (m, lH,  
H-3aeq), 2.07-1.97 (m, 2H, H-Saeq, H-6aeq), 1.59 (m, lH, H-5a), 
1.40 (m, lH,  H-3aax), 1.17 (m, lH,  H-2aax), 1.05 (d, 3H, J5,,, 
6.5 Hz, 3H-7), 0.98 (q, 1H, J5,,6aax - J6aax.6ueq - J6aax.1a - 
12.0 Hz, H-6aax). 

( IS  ,4S-5R)-l -Methoxy-5-C-(p-toluenesu(fonyloxy)methylcyclo- 
hex-4-yl- and (IS,4S,5S)-5-C-brornomethyl-l-methoxy- 
cyclohex-4-yl3,4,6-tri-0-benzyl-2-0-(2,3,4-tri-0-benzyl-a- 
L-fucopyranosy1)-P-D-galactopyranoside (45 and 46) 

A solution of freshly prepared bromide 11 (0.38 mmol) in di- 
chloromethane (0.5 mL) was added to a stirred mixture of alcohol 
41 (79 mg, 0.106 mmol), tetraethylammonium bromide (23 mg, 
0.109 mrnol), dichloromethane (0.3 mL), N,N-dimethylform- 
amide (0.12 mL), and powdered 4 A molecular sieves. Stirring 
under nitrogen was continued for 21 h. Then methanol (0.5 mL) 
was added. After 2.5 h, the mixture was diluted with dichloro- 
methane and filtered through a pad of Celite. The filtrate was 
washed with saturated aqueous sodium bicarbonate and water, 
dried, and evaporated. Subsequent chromatography on a column 
of silica gel (hexane-ethyl acetate, 3: 1) afforded in the first main 
fraction compound 46 (59 mg, 52%) as a white foam; [a],  -31.5 
(C 0.6, chloroform); 'H nmr (CDCI,) 6: 7.37-6.94 (m, 30H, 6Ph), 
5.7 1 (d, IH, Jlc,2c 3.5 Hz, H-lc), 4.96-4.41 (m, 13H, 6CH2Ph, 
at 4.47 d, lH,  JlbVab 7.5 HZ, H-lb), 4.30 (q, lH,  J5,,, 6.5 HZ, 
H-5c), 4.22 (dd, lH,  JZb,,, 10.5 HZ, H-2b), 4.03 (dd, 1H, J2e.3c 
10.5 HZ, H-2c), 3.95 (dd, 1 H, J3c.4c 2.5 HZ, H-3c), 3.90 (d, 1 H, 
J3b,4b 2.5 HZ, H-4b), 3.83 (d, lH,  H-4c), 3.70 (2dd, 2H, H-3b, 
J5a.7aA 3.0 HZ, J7aA,7nB 9.5 Hz, H-7aA), 3.60-3.5 1 (m, 3H, H-5b, 
2H-6b), 3.35 (s, 3H, OCH,), 3.29 (dt, lH,  J4,,5, - J,,, 10.0 Hz, 
J4a,3aeq 4.0 HZ, H-4a), 3.22 (dd, lH,  J5a,7aB 7.0 HZ, H-7aB), 3.15 
(m, IH, H-la), 2.36 (rn, lH, H-3aeq), 2.20 (m, lH, H-6aeq), 2.06 
(m, 1 H, H-2aeq), 1.62 (m, 1 H, H-5a), 1.40 (m, 1 H, H-3aax), 1.21 
(m, lH, H-2aax), 1.14 (d, 3H, 3H-6c), 1.04 (m, lH, H-6aax); ',c 
nmr (CDCI,) 6: 102.92 (C-lb), 97.74 (C-lc), 69.13 (C-6b), 56.1 1 
(CH,O), 44.92 (C-5a), 36.67, 34.88, 31.59, 29.98 (C-2a, C-3a, 
C-6a, C-7a), 16.56 (CH3-6c). Anal. calcd. for C62H71BroII: C 
69.20, H 7.02; found: C 69.69, H 6.82. 

Continued elution provided compound 45 (24 mg, 20%) as a 
coIourIess syrup; [a],  -33 (c 0.45, chloroform); 'H nmr (CDCI,) 
6: 7.77-7.03 (rn, 34H, 6Ph and C6H4), 5.70 (d, lH,  Jlc,2c 3.5 Hz, 
H- lc), 4.97-4.42 (m, 12H, 6CH2Ph), 4.30 (d, 1H, Jlb.2b 7.5 Hz, 
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H- l b), 4.28 (q, 1 H, J5c,6c 6.5 HZ, H-5c), 4.18 (dd, I H, J7aA,5a 
3.5 HZ, J 7 a ~ , 7 a B  9.5 HZ, H-7aA), 4.14 (dd, lH,  J2,,,, 10.0 HZ, 
H-2b), 4.08 (dd, IH, J5a,7aB 6.5 Hz, H-7aB), 4.03 (dd, IH, J2,,,, 
10.0 HZ, H-2c), 3.96 (dd, 1 H, J3,,4, 2.5 Hz, H-3c), 3.88 (d, IH, 
J3b,4b 2.5 HZ, H-4b), 3.77 (d, 1 H, H-4c), 3.60 (dd, IH, H-3b), 
3.56-3.44 (m, 3H, H-5b, 2H-6b), 3.38 (dt, lH,  J,,,,, 4.5 Hz, J4a,9a 
- JJa,333x - 9.0 HZ, H-4a), 3.25 (s, 3H, OCH,), 3.06 (rn, lH,  
H- la), 2.34 (s, 3H, CH, of Ts), 2.07 (m, IH, H-3aeq). 1.99-1.86 
(m, 2H, H-2aeq, H-6aeq), 1.68 (m, IH, H-5a), 1.37 (rn, lH,  
H-3aax), 1.25-1.11 (m, 4H, H-2aax, overlapped by d at 1.12, 
3H-6c), 1.01 (q, J5a.6aan - Jbaeq.baax - J6aax,la 12.0 HZ, H-6aax); 13c 
nmr(CDC1,)S: 102.13 (C-lb), 97.65 (C-lc), 71.37, 71.19(CH2Ph, 
C-7a), 69.02 (C-6b), 55.96 (CH30), 41.45 (C-5a), 32.24, 30.3 1, 
29.06 (C-2a, C-3a, C-6a), 21.62 (CH, of Ts), 16.62 (CH3-6c). 

( I  S,4S,5R)-5-C-Benzoyloxymethyl-1 -methoxycyclohex-4-y1 
3,4,6-tri-0-benzyl-2-0-(2,3,4-tri-0-benzyl-a-L- 
fucopyranosyl)-P-D-galactopyranoside (47) 

(a) By fucosylation of compound 43 
A solution of bromide 11 (0.297 rnmol) in dichloromethane 

(0.4 mL) was added to a stirred mixture of alcohol 43 (62 mg, 
0.089 rnmol), tetraethylarnmonium bromide (1 9 mg, 0.09 mmol), 
dichlorometh~e (0.3 mL), N,N-dimethylformamide (0.1 mL), and 
powdered 4 A molecular sieves (0.4 g). Stining under nitrogen was 
continued for 24 h. Then methanol (0.1 mL) was added to the re- 
action mixture and after 2 h it was worked up as described for the 
preparation of 45. Chromatographic purification on a column of 
silica gel (hexane-ethyl acetate, 3:  1). provided 47 (63 mg, 64%) 
as a white foam, [a],  -36.5 (c 0.5, chloroform); 'H nmr (CDCl,) 
6: 8.01-6.94 (m, 35H, 7Ph), 5.70 (d, lH,  Jlc,2c 3.5 Hz, H-lc), 
4.86-4.42 (m, 15H, 6CH2Ph, at 4.66, dd, lH,  J,,,,,,, 11 .O Hz, 
J7uA.5u 4.0 Hz, H-7A, at 4.53, d ,  IH, Jib,,, 7.5 Hz, H-lb, -4.44, 
m, H-5c, overlapped), 4.22 (dd, lH,  J2b.3b 10.5 HZ, H-2b), 4.19 
(dd, IH, J5a,7aB 8.0 HZ, H-7aB), 4.00 (dd, lH,  J2,., 10.5 Hz, H-2c), 
3.98 (dd, 1 H, J3c,4c 2.0 HZ, H-3c), 3.89 (d, IH, J3b.4b 2.5 HZ, H-4b), 
3.73 (d, lH, H-4c), 3.69 (dd, lH,  H-3b), 3.63-3.52 (m, 3H, H-5b, 
2H-6b), 3.47 (dt, IH, J4a,5a - J&,,, 9.5 Hz, J,,,,, 4.5 Hz, H-4a), 
3.32 (s, 3H, OCH,), 3.17 (m, lH,  H-la), 2.26 (m, lH, H-3aeq), 
2.19 (m, lH, H-6aeq), 2.05 (m, lH, H-2aeq), 1.90 (rn, lH, H-5a), 
1.46 (m, 1 H, H-3aax), 1.28-1.10 (rn, 5H, H-2aax, H-6aax, over- 
lapped by d at 1.15, J5c.6c 6.5 Hz, 3H-6c). 

(6) By benzoate substitution of compound 46 
A mixture of compound 46 (35 rng, 0.033 mmol) and sodium 

benzoate (23 mg, 0.162 mrnol) in N,N-dirnethylformarnide 
(0.5 rnL) was heated at 120°C for 4.5 h with stirring. Then it was 
diluted with dichloromethane, washed twice with water, dried, and 
evaporated. Purification was achieved by column chromatography 
on silica gel (hexane-ethyl acetate, 3: 1) to provide the pure title 
compound 47 (24 mg, 66%). 

(lS,4S,SR)-5-C-Hydroxymerhyl-1 -methoxycyclohex-4-yl3,4,6- 
tri-0-benzyl-2-0-(2,3,4-tri-O-benzyl-a-~-fucopyranosyl)-~- 
D-galactopyranoside (48) 

Compound 47 (63 mg, 0.057 mmol) was debenzoylated in 
methanolic 0.5 M sodium rnethoxide (1.1 rnL) at room ternpera- 
ture for 24 h. The reaction mixture was evaporated to dryness and 
the remainder was taken up in chloroform. The solution was washed 
twice with water, dried, and evaporated. The crude product was 
purified on a column of silica gel (hexane-ethyl acetate, 3: 1) to 
provide the pure title compound 48 (43 rng, 76%) as a colourless 
Syrup; [a], -43.5 (C 0.5, chloroform); 'H nmr (CDCl,) 6:7.38-7.01 
(m, 30H, 6Ph), 5.68 (d, lH ,  Jlc,2c 3.5 Hz, H-lc), 4.97-4.44 (m, 
13H, 6CH2Ph, at 4.45 d, lH ,  J,,,,, 7.5 Hz, H-lb), 4.32 (q, lH,  
J5+ 6.5 Hz, H-5c), 4.20 (dd, lH ,  J,,.,, 9.5 Hz, H-2b), 4.02 (dd, 
1 H, J3c.2c 10.5 HZ, H-2c), 3.94 (dd, 1 H, J3c.4c 2.5 HZ, H-3c), 3.90 
(d, lH,  J3b,Jb 2.5 Hz, H-4b), 3.67 (dd, lH,  H-3b), 3.64 (d, lH,  
H-4c), 3.64-3.47 (m, 5H, H-5b, 2H-6b, 2H-7a), 3.40 (ddd, IH, 
J4a,5;1 - J,,,- 10.0 HZ, J,,3aeq 4.0 HZ, H-4a), 3.33 (s, 3H, CH30), 
3.14 (rn, IH, H-la), 2.19-1.95 (m, 3H, H-2aeq, H-3aeq, H-6aeq), 
1.77 (t, lH,  OH), 1.53-1.33 (m, 2H, H-5a, H-3aax), 1.28-1.02 
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SPOHR ET AL. 27 1 

(m, 4H, H-2aax, overlapped by d at 1.13, 3H-6c), 1.08 (q, J5,,6,, 
- J6aan.6neq - J6nax.1a - 12 HZ, H-6aax). 

( I  S,4S,SS)-I -Methoxy-5-C-methylcyclohex-4-yl3,4,6-rri-0- 
benzyl-2-0-(2,3,4-rri-O-benzyl-a-~-fucopyranosyl)-~- 
galacropyranoside (49) 

(a) By fucosylation of compound 44 
A solution of freshly prepared bromide 11 (0.266 mmol) in di- 

chloromethane (0.2 mL) was added to a stirred mixture of alcohol 
44 (43 mg, 0.075 mmol), tetraethylammonium bromide (16 mg, 
0.076 mmol), dichloromethane 10.3 mL), N,N-dimethylform- 
amide (0.1 mL), and powdered 4 A molecular sieves (0.4 g). After 
stirring for 24 h, the mixture was processed conventionally and 
separated on a column of silica gel (hexane-ethyl acetate, 3 :  1) to 
provide pure 49 (48 mg, 65%) as a colourless syrup; [a], -50.5 
(C 0.5, chloroform); 'H nmr (CDCI,) 6: 7.35-6.95 (m, 30H, 6Ph), 
5.69 (d, l H ,  Jlc.?= 3.5 Hz, H-lc), 4.96-4.40 (m, 14H, 6CH2Ph, 
at 4.50 d ,  lH,  Jib,?, 7.5 Hz, H-lb, at 4.46 q, lH,  J5c.bc 6.5 Hz, 
H-5c), 4.22 (dd, lH,  J2b.3b 9.5 HZ, H-2b), 4.02 (dd, lH,  JZc,3c 
10.0 HZ, H-2c), 3.95 (dd, 1 H, J3c,4c 2.0 Hz, H-3c), 3.92 (d, 1 H, 

2.5 HZ, H-4b), 3.70 (dd, lH,  H-3b), 3.61 (d, IH, H-4c), 
3.59-3.52 (m, 3H, H-5b, 2H-6b), 3.32 (s, 3H, 0CH3), 3.10 (m, 
2H, H-la ,  H-4a), 2.15 (m, 1 H, H-3aeq), 2.00 (m, 2H, H-2aeq, 
H-6aeq), 1.39- 1.24 (m, 2H, H-5a, H-3aax), 1.23- 1.09 (m, 4H, 
H-2aax, overlapped by d at 1.12, 3H-6c), 0.98 (d, 3H, J,,,,, 
6.5 Hz, 3H-7a), 0.95 (q, overlapped, 1 H, JSa.& = = J6;bw.la 
12.0 Hz, H-6aax). 

5 .  R .  U. Lemieux, 0 .  Hindsgaul, P. Bird, S. Narasimhan, and 
W.  W.  Young, Jr. Carbohydr. Res. 178, 293 (1988). 

6 .  R. U. Lemieux, A. P. Venot, U .  Spohr, P. Bird, G. Mandal, 
N. Morishima, 0 .  Hindsgaul, and D. R. Bundle. Can. J. 
Chem. 63, 2664 (1985). 

7. M. Vandonselaar, L. T .  J. Delbaere, U .  Spohr, and R. U. 
Lemieux. J. Biol. Chem. 262, 10848 (1987). 

8. L. T .  J. Delbaere, M. Vandonselaar, L. Prasad, J. W.  Quail, 
P. V. Nikrad, J. R. Pearlstone, M. R. Carpenter, L. B. Smillie, 
U. Spohr, and R. U. Lemieux. Can. J. Chem. 68, 1 1 16 (1990). 

9. R. U. Lemieux, L. T .  J. Delbaere, H. Beierbeck, and U. 
Spohr. Ciba Found. Symp. 158, 23 1 ( 1990). 

10. R. Lumry and S .  Rajender. Biopolymers, 9, 1 125 (1970). 
11. 0 .  Hindsgaul, T.  Norberg, J. LePendu, and R. U. Lemieux. 

Carbohydr. Res. 109, 109 (1982). 
12. 0 .  Hindsgaul, D. P. Khare, M. Bach, and R. U .  Lemieux. 

Can. J. Chem. 63, 2653 (1985). 
13. E. Petrakova, U .  Spohr, and R. U. Lemieux. Can. J. Chem. 

70, 233 (1992). 
14. R. U. Lemieux, E. Fraga, and K. A. Watanabe. Can. J. Chem. 

46, 61 (1968). 
15. T.  Yamazaki, H. Sugiyama, N. Yamaoka, K. Matsuda, and 

S .  Seto. Carbohydr. Res. 50, 279 (1976). 
16. R. U .  Lemieux, A. A. Pavia, J. C. Martin, and K. A. 

Watanabe. Can. J. Chem. 47, 4427 (1969). 
17. E. J. Hedgley, W. G. Overend, and R. A. C. Rennie. J. Chem. 

SOC. 4701 (1963). 

(b) By reduction of tosylate 4 5  18. S .  ~ a n e s s i a n .  c&bohydr. Res. 2, 86 (1966). 

Lithium aluminium hydride (5 mg, 0 ,  13 mmol) was added to a 19. E. H. Williams, W.  A. Szarek, and J. K. N. Jones. Carbo- 

solution of compound 45 (20 mg, 0.017 mmol) in tetrahydrofuran hydr. Res. 20, 49 (1971). 

(0.3 mL). After stirring for 1 h at room temperature, the mixture 20. J. Meisenheimer and H. Jung. Ber. Dtsch. Ges. 6 0 ~  

was poured into ice-water and extracted with chloroform. The or- 1462 (1927). 

ganic solution was washed with water, dried, and evaporated. The 21. M.  Gehrke and F. X. Aichner. Ber. Dtsch. Ges. 6 0 ~  

crude product was purified on a column of silica gel (hexane-ethyl 918 (1927). 

acetate, 3 :  1) to provide pure 49 (9 mg, 53%). 22. K. Mizutani, A. Hayashi, R. Kasai, 0 .  Tanaka, N. Yoshida, 
and T.  Nakaiima. Carbohydr. Res. 126, 177 (1984). 

(IS,4S,SR)-5-C-Hydroxymethyl-I -methoxycyclohex-4-yl2-0- 
(a-L-fucopyranosy1)-w-galactopyranoside (50) 

Compound 48 (58 mg, 0.058 mmol) was hydrogenated in ethanol 
(3.7 mL) over 5% palladium-on-carbon (58 mg) for 2.5 h at 
20 psi. After removal of the catalyst, the solution was evaporated 
to dryness. The residue was applied to a column of Bio-Gel P-2 
(10% ethanol-water) to provide pure 50 (22 mg, 82%) as a white 
powder after freeze-drying an aqueous solution; [a], -85 (c 0.55, 
water). The 'H and I3C nrnr data are reported in Tables 1 and 2. 

(IS,4S,SS)-I -Methoxy-5-C-methylcyclohex-4-yl 2-0-(a-L- 
fucopyranosyl)-P-D-galactopyranoside (51) 

Compound 49 (52 mg, 0.052 mmol) in ethanol (3.3 mL) was 
hydrogenated and purified as described for the preparation of 50. 
Freeze-drying an aqueous solution provided pure 51 (18 mg, 76%) 
as a white powder; [a], -90 (c 0.53, water). The 'H and I3c nmr 
data are reported in Tables 1 and 2. 
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The importance of conformation in the reactivity of radical cations. Changing 
configuration at saturated carbon centres1 
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ALLYSON L. PERROTT. and DONALD R.  ARNOLD. Can. J .  Chem. 70, 272 ( 1992). 
Irradiation of an acetonitrile solution of cis 1-methyl-2-phenylcyclopentane ( l b  cis); 1,4-dicyanobenzene (2), an electron- 

accepting photosensitizer; and 2,4,6-collidine (3), a nonnucleophilic base, leads to configurational isomerization of the 
cyclopentane; the photostationary state lies >99% in favour of the trans isomer. The mechanism proposed for this re- 
action involves formation of the radical cation of l b  cis by photoinduced electron transfer to the singlet excited state of 
2, deprotonation of the radical cation assisted by the base 3, reduction of the resulting benzylic radical by the radical 
anion 2;, and reprotonation of the benzylic anion to give both the cis and the tratls isomers of lb .  The photostationary 
state is controlled by the relative rates of deprotonation of the radical cations of l b  cis and trans; these rates are depen- 
dent upon the extent of overlap of the SOMO of the radical cation, which is largely associated with the phenyl ring, and 
the benzylic carbon-hydrogen bond. Molecular mechanics calculations (MM3 and MMP2) are used to calculate the 
preferred conformations of the isomers. The required orbital overlap is 3 1 % effective with the global minimum confor- 
mation of the cis isomer and essentially ineffective for the low-lying conformations of the trcrns isomer. This proposed 
mechanism is supported by Stern-Volmer quenching studies, which indicate that both isomers quench the singlet ex- 
cited state of 2 at the diffusion-controlled rate, and by deuterium incorporation studies. When irradiation of the cis iso- 
mer is carried out in acetonitrile-methanol-0-d as solvent, isomerization is accompanied by deuterium exchange at the 
benzylic position; the trat~s isomer is stable under these conditions. 

Key words: photosensitized electron transfer, radical cation, deprotonation, configurational isomerization, confor- 
mation, molecular mechanics (MM3). 

ALLYSON L. PERROTT. et DONALD R. ARNOLD. Can. J .  Chem. 70, 272 (1992). 
L'irradiation d'un melange de cis-1-methyl-2-phCnylcyclopentane ( l b  cis), de 1,4-dicyanobenzene (2, un sensibilisa- 

teur accepteur d'klectrons) et de 2,4,6-collidine (3, une base qui n'est pas nucleophile) en solution dans l'acktonitrile 
conduit a une isomerisation configurationnelle du cyclopentane; 1'Ctat photostationnaire favorise I'isorqere trans i plus 
de 99%. Le mecanisme propose pour cette reaction implique la formation du cation radicalaire du produit l b  cis par le 
biais d'un transfert d'electron photo-induit vers 1'Ctat excite singulet du produit 2, une deprotonation du cation radica- 
laire assistee par la base 3 ,  la reduction, par I'anion radicalaire 2;; du radical benzylique qui en resulte et un reprotona- 
tion de l'anion benzylique qui fournit les isomeres cis et trans du produit l b .  L'etat photostationnaire est contr61C par 
les vitesses relatives de deprotonation des cations radicalaires des produits l b  cis et trans; ces vitesses dependent du degre 
de recouvrement de la liaison carbone-hydrogene benzylique et des orbitales molCculaires SO du cation radicalaire qui 
sont trks associkes au noyau phknyle. On a fait appel a des calculs de mkcanique molCculaire (MM3 et MMP2) pour 
calculer les conformations privilCgiCs des isomkres. Le recouvrement orbitalaire requis est efficace a 3 1% dans la con- 
formation globale minimale de I'isomkre cis et est essentiellement inefficace pour les conformkres les plus stables de 
I'isomere trans. Le mecanisme propose est en accord avec les rksultats d'etudes d'incorporation de deuterium et d'etudes 
de desactivation de Stern-Volmer qui indiquent que les deux isomeres desactivent 1'Ctat excite singulet du produit 2 a 
une vitesse contrBl6e par la diffusion. Lorsqu'on effectue l'irradiation de I'isomere cis dans un melange d'acetonitrile et 
de methanol-0-d, l'isomerisation s'accompagne d'un Cchange de deuterium dans la position benzylique; dans ces con- 
ditions, l'isomkre trans est stable. 

Mots elks : transfert d'electrons photosensibilite, cation radicalaire, deprotonation, isomerisation configurationnelle, 
conformation, mkcanique molCculaire (MM3). 

[Traduit par la redaction] 

Introduction 

Removal of an electron from a neutral molecule weakens 
bonding interactions, making cleavage more likely. There 
are several recent reports of photosensitized (electron trans- 
fer) carbon-carbon bond cleavage and deprotonation from 
radical cations generated in this way, and progress has been 
made toward an understanding of the scope and mechanism 
of these reactions (1-4). Particularly relevant to this study 
is the report of contrasting behaviour of the radical cations 
of trans and cis methyl 2-phenylcyclopentyl ethers ( l a )  (2). 
Irradiation of an acetonitrile-methanol (3: 1) solution of trans 
methyl 2-phenylcyclopentyl ether ( l a  trans) and 1,4-dicy- 

'This is part 30 of the series Radical Ions in Photochemistry. The 
preceding publication in this series is ref. la .  

' ~ u t h o r  to whom correspondence may be addressed. 

anobenzene (2), an electron-accepting photosensitizer, leads 
to formation of the radical cation l a  trans:, which under- 
goes carbon-carbon bond cleavage and ultimately forms 
acyclic products, mainly 5-phenylpentanal dimethyl acetal 
(4) (reaction [ I ] ) .  In marked contrast, the radical cation of 
the cis isomer ( l a  cis:) does not undergo carbon-carbon 
bond cleavage; deprotonation resulting ultimately in for- 
mation of the trans isomer occurs instead (reaction [2]). 
Evidence for the deprotonation mechanism was provided by 
the observation that deuterium was incorporated at the ben- 
zylic position when the irradiation was carried out in ace- 
tonitrile-methanol-0-d. The mechanisms for the carbon- 
carbon bond cleavage and the deprotonation reactions are 
summarized in Scheme 1. 

The key step in the mechanism leading to carbon-carbon 
bond cleavage (step 7) requires that the dissociation energy 
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1. A -*A* the SOMO favourably orientated for overlap with the ben- 

B 

D cis 
R 

- QPh R + '"+ 
B 

4b. flP - No deprotonation 

D trans R 

l a ,  R = 0CH3 
l b ,  R = CH3 

of the vulnerable bond of the radical cation be less than ca. 
55 kJ mol-', that the conformation of the methoxy group 
allow interaction of a nonbonding electron pair on the oxy- 
gen with the u* orbital of the vulnerable bond, and that the 
singly occupied molecular orbital (SOMO) of the radical 
cation overlap with this bond (2, 3a). These requirements are 
obviously met in the radical cation la  transt; cleavage oc- 
curs. The lack of carbon-carbon bond cleavage of the rad- 
ical cation l a  cis: was explained on the basis of an unfa- 
vourable conformation of the radical cation: insufficient 
overlap of a nonbonding pair of electrons on the oxygen with 
the a* orbital of the vulnerable benzylic carbon-carbon bond. 
The preferred conformation of l a  cist does, however, have 

zylic carbon-hydrogen bond and deprotonation occurs (step 
40) (2). 

Reaction [I] (ref. 2) 

hv, A - PhCH2(CH2)3CH(OCH3)2 

CH3CN 
-0CH3 CH30H 
l a  trans 

Reaction [2] (ref. 2) 

l a  cis l a  trans 

It is well established that the thermodynamic acidity of 
radical cations is greatly increased relative to the neutral 
molecules (5). The pK, of the benzylic hydrogen of the rad- 
ical cation of toluene has been estimated to be in the range 
- 1 1 to - 13 (5a). This large increase in acidity is realized 
only when the SOMO and the benzylic carbon-hydrogen 
bond overlap. The interaction falls off in a cos2 relationship 
with this dihedral angle. Molecular mechanics calculations 
(MMP2) identify global minimum conformations of l a  trans 
and la  cis that are consistent with this explanation for the 
difference in reactivity of these radical cations. Similar de- 
pendence of the rate of deprotonation on dihedral angle has 
been reported for other systems (4b, 6). 

This study focuses on the configurational isomerization 
reaction exemplified by the conversion of la cis to l a  trans. 
The behaviour of the radical cations of the analogous I -  
methyl-2-phenylcyclopentane isomers, l b  cis and 1b trans, 
has been studied. These compounds were chosen because the 
benzylic carbon-hydrogen bond of these radical cations 
should be acidic enough for the deprotonation reaction, but 
the carbon-carbon bond dissociation energy should be above 
the threshold for cleavage. Therefore, cis-trans isomeriza- 
tion should occur without competition from carbon-carbon 
bond cleavage. 

This isomerization reaction involves changing the con- 
figuration at a saturated carbon. Such a procedure for the 
interconversion of diastereomers could prove to be of con- 
siderable synthetic utility.3 

Results 

Both cis and trans 1-methyl-2-phenylcyclopentane ( lb  cis, 
trans) are known compounds (7). The stereospecific syn- 
thesis of the cis isomer began with a Grignard reaction, 
adding phenylmagnesium bromide to 2-methylcyclopenta- 
none. The resulting alcohol was dehydrated with acid, and 
- - 

3 ~ h e  diastereomeric relationship could also result from interac- 
tion of a racemic substrate (radical cation) with a chiral base. Dif- 
ferences in the rate of deprotonation of the diastereomeric pairs 
would then provide a new mechanism for chiral induction. 
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the conjugated alkene was reduced by catalytic hydrogena- 
tion. The trans isomer was synthesized via a two-step pro- 
cedure. First, 6-phenyl-1-hexene was prepared by coupling 
3-phenylpropylmagnesium bromide and ally1 bromide. Then 
the 6-phenyl-1-hexene was cyclized to a mixture of the iso- 
mers, trans predominating (85%), by treatment with potas- 
sium. Pure trans isomer was isolated by preparative gas 
chromatography (gc). 

The irradiation procedure was similar to that used in ear- 
lier studies (2). Solutions of the l-methyl-2-phenylcyclo- 
pentane (lb); 1,4-dicyanobenzene (2), an electron-accept- 
ing photosensitizer; and 2,4,6-collidine (3), a nonnucleophilic 
base, in acetonitrile or in a mixture of acetonitrile-metha- 
nol-0-d (3: l) ,  were degassed by nitrogen ebullition and then 
irradiated through a Pyrex filter using a medium-pressure 
mercury vapour lamp. Progress of the reaction was fol- 
lowed by capillary column gas chromatography with a flame 
ionization detector (gc/fid). The results of the irradiations 
are illustrated in reactions [3]-[6]. 

Reaction [3] 

H Ph 

DL hv. A.B AFT 

l b  cis l b  trans 

Reaction [4] 

hv, A, B 
) No reaction 

l b  trans 

Reaction [5] 

Ph D 

ph hv, A," Q D + Q ph Q CH3 CH3CNw CH,OD CH3 CH3 
- -- 

l b  cis l b  trans 1  b  cis 

Reaction [q 

) No reaction 

CH3CN 
CH3 CH30D 

l b  trans 

Irradiation of the cis isomer resulted in isomerization to 
the trans isomer (reaction [3]). Starting with pure cis iso- 
mer, the ratio of cis: trans isomers was 79:21 after 4 days 
irradiation; continued progress of the reaction was impeded, 

presumably as a result of competitive light absorption by side 
products. When the irradiation was begun on a mixture of 
cis and trans isomers (14:86), the ratio of cis to trans iso- 
mers decreased further (3:97). When the irradiation was 
begun on the pure trans isomer (>99%), no cis isomer was 
detected (reaction [4]). A side product, formed after pro- 
longed irradiation starting with the cis isomer, has been iso- 
lated and identified: 1 -(4-cyanopheny1)-2-methyl- 1 -phenyl- 
cyclopentane (4). Only one of the diastereomers was detected 
(gc/fid, gc/ms). The stereochemical assi nment (4-cyano- F phenyl- and methyl- trans) is based upon H nmr evidence. 
This product was not detected when solutions of the trans 
isomer were similarly irradiated. 

The deuterium incorporation studies involved similar ir- 
radiations of solutions of the cyclopentane ( lb) ,  photosen- 
sitizer (2), and base (3) in acetonitrile-methanol-0-d (3: 1). 
The extent of isomerization and deuterium incorporation was 
determined by capillary column gas chromatography cou- 
pled to a mass selective detector (gc/ms). Analysis of the 
photolysate following irradiation of the cis isomer indicated 
that all of the trans isomer formed had incorporated one atom 
of deuterium. Prolonged irradiation led to detectable amounts 
of deuterium incorporated in the cis isomer as well (reac- 
tion 151). Analysis (IH and 2~ nmr) of the resulting mixture 
of cis and trans isomers confirmed that deuterium was in- 
corporated at the benzylic positions. Irradiation of the trans 
isomer in the acetonitrile-methanol-0-d solvent mixture did 
not produce the cis isomer and, furthermore, no deuterium 
was incorporated in the recovered trans isomer (reaction 161). 

Oxidation potentials of cis and trans 1-methyl-2-phenyl- 
cyclopentane ( l b  cis and trans), required for the discussion 
of the initial electron transfer step, were determined by cyclic 
voltammetry. The voltammograms were typical of irrevers- 
ible oxidation; the oxidation potentials were taken as 0.03 V 
preceding the anodic peak potentials (8). These values are 
summarized in Table 1. 

Fluorescence quenching studies were carried out to con- 
firm the initial electron transfer from the l-methyl-2- 
phenylcyclopentanes ( lb  cis and trans) to the singlet excited 
state of 1,4-dicyanobenzene (2). Stem-Volmer analysis of 
the fluorescence intensity from 2 as a function of concentra- 
tion of l b  cis and trans confirms that both isomers quench 
the fluorescence of 2 with a rate constant 2.8 X 10" M-I  s-I: 
electron transfer takes place at the diffusion-controlled rate 
(Fig. I ) . ~  

Molecular mechanics calculations can provide an accu- 
rate description of molecular structure (9). Since the intro- 
duction of the MMP2 program, additional experimental data 
have become available. Furthermore, some users have 
pointed out systematic errors in this program (9d): MMP2 
underestimates the length of eclipsed single bonds. This is a 
particularly important deficiency in the case of cyclopen- 
tane derivatives. The development of the MM3 program (9c) 
has alleviated this problem by including a torsion-stretch in- 
teraction in the force field, and by giving cyclopentane rings 
distinct parameters, different from open-chain alkanes. Both 
MM3 and MMP2 molecular mechanics calculations were 
used to describe the conformers of cis and trans l-methyl- 
2-phenylcyclopentane ( l b  cis and l b  trans). The search for 

?he slopes of the Stern-Volmer plots (Fig. 1) were k , ~  = 249.9 
for l b  trans and 245.4 for l b  cis. The measured fluorescence life- 
time of 1,4-dicyanobenzene (2) in acetonitrile is 8.8 X lo-' s (10). 
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TABLE 1 .  Oxidation potentials of some of the compounds 
of interest 

EP EPl? 
(V)" (mV) 

cis Methyl 2-phenylcyclopentyl ether ( la  cis) 2.05' 117 
trans Methyl 2-phenylcyclopentyl ether ( la  trans) 2.05" 162 
cis 1-Methyl-2-phenylcyclopentane ( lb  cis) 2.30 197 
trans 1-Methyl-2-phenylcyclopentane ( lb  trans) 2.35 228 

"Anodic peak potentla1 taken from the cyclic voltammogram at a 100 mV/ 
z zweep rate The reference electrode was saturated calomel (sce). The 
oxidation potential can be est~mated from the peak potentlal by subtrac- 
tlon 0.028 V (ref. 8). 

'Reference 2 

conformers began with all permutations of structures hav- 
ing the phenyl or the methyl group on either side of the flap 
of the envelope cyclopentane structure. Four energy min- 
ima were identified for each isomer. These results are sum- 
marized in Table 2. The global minimum conformations of 
16  cis and l b  trans are illustrated in Figs. 2 and 3. 

Discussion 

The first three steps in the proposed mechanism for both 
the carbon-carbon bond cleavage and the deprotonation re- 
actions (Scheme 1) are the same. The first step involves ex- 
citation of the photosensitizer, 1,4-dicyanobenzene (2). The 
ultraviolet absorption spectrum of 2 extends out to 290 nm, 
beyond the short wavelength cutoff of the Pyrex filter. The 
other components of the irradiation mixture are transparent 
in this region. 

The singlet excited state of 2 can accept an electron from 
either l b  cis or trans. The free-energy change (AG,,) asso- 
ciated with this electron transfer can be calculated from the 
oxidation potential of the donor, the reduction potential of 
the acceptor, and the singlet excited state energy by using the 
Weller equation (eq. [7]) (1 1). For both cis and trans l b ,  

quenching rate constants, ca. 2.8 x 10" M-' s-'  for both 
isomers, are in agreement. 

[71 AG,, = F[E:;, (D) - EY/"~ (A) - e /~cr l  - E,, (A) 

The third step in the mechanism is back electron transfer, 
an energy-wasting step that regenerates the ground state 
starting materials. Back electron transfer, following pho- 
toinduced electron transfer, is always exergonic (eq. [8]). 
However, when the process is as favourable as it is in this 
case, AG-,, = -4 eV, the rate falls within the Marcus in- 
verted region and the process becomes relatively slow (12). 
Estimates based upon study of similar systems place the rate 
of back electron transfer within the radical ion pair in the 
range lo6- 10' s-' ( 12b). That is, back electron transfer is 
slow enough to allow a rapid bimolecular reaction of the 
radical cation within the radical ion pair. 

Rapid deprotonation (step 4) requires overlap of the SOMO 
with the benzylic carbon-hydrogen bond. Maximum inter- 
action occurs when the SOMO and the benzylic bond are at 
an angle of 0"; there will be no increase in acidity when the 
benzylic hydrogen is in the same plane as the phenyl ring. 
The magnitude of the interaction follows a cos2 relationship 
with the angle between the SOMO and the benzylic bond 
( 1 3) .5  Molecular mechanics calculations, both MM3 and 
MMP2, indicate that the angle (0) between the plane of the 
phenyl ring and the benzylic carbon-hydrogen bond is ca. 
1" in the global minimum conformation of l b  trans (Fig. 3). 
Furthermore, there is no reactive conformer readily acces- 
sible by thermal equilibration. The only potentially reactive 
conformer (0 = 32.5") is 15 kJ mol-I above the global min- 
imum (Table 2). It is therefore not surprising that the radi- 
cal cation of this isomer is stable under these conditions. In 
marked contrast, this angle is 34" (3 1% effective overlap) 
according to the MM3 calculations (51°, or 60% maximum 
overlap according to the MMP2 calculations) in the global 
minimum of the cis isomer (Fig. 2). While this interaction 

electron tiansfer is exergonic by at least 30 kJ mol-I. Under 'since the molecular mechanics calculations provide an angle (0) 
these conditions electron transfer is expected to Occur at the between the plane of the phenyl ring and the benzylic bond, the 
diffusion-controlled rate and the observed fluorescence orbital overlap is assessed with the 1-cos'e relationship. 

TABLE 2. Conformers of cis and trans 1-methyl-2-phenylcyclopentane ( lb  cis, trans) 

Energy above the global minimum 
Initial conformation" ~ n ~ l e ~  (kJ/mol) 

l b  cis 
Phenyl (flap-eq), methyl (ax) 
Methyl (flap-eq), phenyl (ax) 
Phenyl (flap-ax), methyl (eq) 
Methyl (flap-ax), phenyl (eq) 

l b  trans 
Phenyl (flap-eq), methyl (eq) 
Methyl (flap-eq), phenyl (eq) 
Phenyl (flap-ax), methyl (ax) 
Methyl (flap-ax), phenyl (ax) 

1" (1") 
d (9.3") 
32.5" (27.9") 
4. lo  (d) 

Global minimum (Global minimum) 
c (1.6) 
0.5 (2.3) 
d (6.5) 

Global minimum (Global minimum) 
d (1.4) 
14.9 (10.0) 
21.1 (d) 

"The initial structure, all combinations of the phenyl and the methyl group on both sides of the flap. 
"he dihedral angle between the plane of the phenyl ring and the benzylic hydrogen. The values in 

parentheses are from the MMP2 program. 
Talculation converged to the same conformer obtained with the initial structure phenyl (flap-ax), methyl 

(eq). 
dCalculation converged to the global minimum. 
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I '  -___-_-LI 
0 1 

[a] x lo2 ( M I  

FIG. 1. Stem-Volmer plots of the fluorescence Intensity from 
1.4-dicyanobenzene (2) as a function of the concentration of cis and 
trarzs 1-methyl-2-phenylcyclopentane ( l b  cis and l b  trans). 

FIG. 2. The global minimum conformer (MM3) of cis l-methyl- 
2-phenylcyclopentane ( l b  cis): (a) looking down the plane of the 
phenyl ring, (b) with the plane of the phenyl ring nearly in the x,y- 
plane. 

is less than optimal, the radical cation of 16 cis does depro- 
tonate: exchange of deuterium for hydrogen at the benzylic 
position and isomerization to the trans isomer are observed. 

Two obvious assumptions must be justified: the molecu- 
lar mechanics calculations were performed on the neutral 
molecules while the reactive species are the radical cations, 

FIG. 3. The global minimum conformer (MM3) of trans I- 
methyl-2-phenylcyclopentane ( l b  trans): (a) looking down the plane 
of the phenyl ring, (b) with the plane of the phenyl ring nearly in 
the x,y-plane. 

and even though the global minimum conformation does not 
have favourable orbital overlap, other conformers with the 
required overlap may be accessible by thermal equilibra- 
tion. With these hydrocarbons, it is likely that the SOMO is 
largely associated with the phenyl ring, the preferred con- 
formation of the neutral molecule and the radical cation will 
be similar, and the molecular mechanics calculations car- 
ried out on the neutral molecules can be extended to the 
radical cations. The lifetime of the radical cation is short, and 
competitive deactivation by back electron transfer is rapid; 
therefore, deprotonation will be inefficient if the global 
minimum conformer does not have favourable overlap. 

The acidity of the benzylic hydrogen of the radical cat- 
ions 16 cis' and 16 trans', estimated from a thermochemi- 
cal cycle (eq. [9] (5a)) ,  is pK, = - 1 5 . ~  This high 

?he acidity of the benzylic hydrogen of the radical cation l b  
trans? can be estimated from the bond dissociation free-energy 
(AGiDE(,,,, using cumene as a model) and the standard oxidation 
potential (E:,) using Method I (eq. [ 9 ] )  described in ref. 5a.  The 
required data are AHBDE(,,, = 353 k 6 kJ mol-I (14a); hSBDE[RH) 
= 110 ? 4 J mol-I (14b); so, AG&RH, = 322 * 25 kJ mol-I; 
E:;, ( l b  trans?) = 2.32 V (vs. sce) (Table l),  accepting this value 
as an estimate of the standard oxidation potential, E:, = 2.56 V 
(vs. standard hydrogen electrode); AGE(H+)~,,~N = 46.0 kJ mol-' 
(14c); AG;,, = 203.2 kJ mol- ' (14d). The pK, ( l b  transt) = - 15. 
The K, (toluene?) = - 13 by this method. 
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thermodynamic acidity of the radical cation means that even 
the solvent, i.e., acetonitrile, might serve as the base. 

However, the reaction is significantly more efficient when 
the stronger base, 2,4,6-collidine (3), has been added. The 
effect of added base, assisting in the deprotonation of strongly 
acidic radical cations, has been observed before (15). 

The final steps in the mechanism for isomerization 
(Scheme 1, steps 5 and 6), reduction of the radical by the 
radical anion of the photosensitizer followed by protonation 
(deuteration), are well understood. The reduction potential 
of the benzylic radical will be similar to that of the cumyl 
radical (- 1.73 V vs. sce (16)), which is close to that of 1,4- 
dicyanobenzene (2) (- 1.66 V). Equilibrium electron trans- 
fer is possible and protonation of the carbanion will be rapid. 
Competitive formation of the 1 : 1 adduct (I-(4-cyano- 
pheny1)-2-methyl- 1 -phenylcyclopentane (4) results from 
coupling of the benzylic radical, on the least hindered side, 
and the radical anion of 1,4-dicyanobenzene, at the ipso po- 
sition, followed by rearomatization of the resulting cyclo- 
hexadienyl anion by loss of cyanide ion. 

We found no evidence, in any case, for carbon-carbon 
bond cleavage of either 16 cis or 16 trans. The global min- 
imum conformer of 16 trans has the required overlap of the 
SOMO with the vulnerable bond; the angle between the plane 
of the phenyl ring and the benzylic carbon-carbon bond is 
57" (70% effective overlap). Nevertheless, cleavage does not 
occur. This lack of reactivity is readily explained on ener- 
getic grounds. Thermochemical cycles used for estimating 
the bond dissociation energy of the vulnerable benzylic car- 
bon-carbon bond of the radical cations (Scheme 1, step 7) 

are shown in Fig. 4,' Cleavage of the radical cation to the 
distonic radical cation is well below the threshold energy (ca. 
55 kJ mol-I (30)) for the ethers ( la )  but is significantly above 
the maximum for the hydrocarbons (16). The major differ- 
ence in the two systems is the lower oxidation potential of 
the a-oxy radical, relative to that of a secondary benzylic 
radical (16). 

The photostationary state lies well in favour (>99%) of 
the trnns isomer (reaction 3). This observation is consistent 
with the fact that no deuterium was incorporated in l b  trans, 
even after prolonged irradiation is acetonitrile-methanol-0-d 
(3: 1) (reaction 6). The reported synthesis of 16 by the al- 
kali metal catalyzed cyclization of 6-phenyl-l-hexene in 
refluxing butylcyclohexane gave a mixture of isomers, 
trans:cis = 5: 1, which was presumed to be a thermody- 
namic equilibrium corresponding to a difference in energy 
AG = 6 kJ mol-' at 185" (7). We repeated this synthesis, 
using decalin as solvent, and an 8 :  1 ratio of isomers (AG = 
8 kJ mol-' at 190°C) was obtained. The difference in the 
heat of formation of the isomers calculated with MM3 is 
11 kJ mol-I (5 kJ mol-' by MMP2). Despite the lack of 
quantitative agreement among these estimates, it is evident 
that the photostationary state lies further in favour of the trans 
isomer than would be obtained at thermodynamic equilib- 
rium. 

In this case both the photostationary state and the ther- 
modynamic equilibrium favour the trans isomer. In gen- 
eral, the conformational criterion controlling the photosta- 
tionary state is unrelated to thermodynamic considerations. 
It will be possible to use this photosensitized (electron 
transfer) isomerization reaction to convert a more stable 
isomer to the less stable isomer. The ability to change con- 
figuration at a saturated carbon should prove to have signif- 

 h he data for Fig. 4 were taken from refs. 14a, b, 16, and 17. 

268 k J  mol -' 

l a  trans 

260 k J  mol - 

Q~; 0 C H 3  
1 b  trans 

FIG. 4. Thermochemical cycles used for the estimation of the bond dissociation energy of the vulnerable benzylic carbon-carbon bond 
of the radical cations of the ether l a  and the hydrocarbon l b .  

"Value calculated by completing the cycle. 
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icant synthetic utility; our  efforts to define the scope of  the 
reaction and to improve the efficiency continue. 

Experimental 

General inforrrzatior~ 
'The 'H and ')c nmr spectra were recorded on a Nicolet Instru- 

ments Corp. narrow bore 360-MHz spectrometer and are reported 
in parts per million relative to tetramethylsilane. Infrared spectra 
were recorded on a Perkin-Elmer 180 spectrometer. Frequen- 
cies are reported in wavenumbers, relative to polystyrene film 
(1601.8 cm-I). Gas chromatography with mass selective detec- 
tion (gc/ms) was carried out on a Hewlett-Packard 5890 gc/5970 
mass selective detector interfaced with a Hewlett-Packard 9816 
microcomputer. The column used was 25 m x 0.2 mm 5% phenyl 
methyl silicone on fused silica with a film thickness of 0.25 pm. 
Gas chromatography with flame ionization detection (gc/fid) was 
carried out on a Hewlett-Packard 5890. The column used was 
25 m x 0.25 mm OV-1701 fused silica. Preparative gas chroma- 
tography was carried out on an Aerograph A-700 gc fitted with a 
thermal conductivity detector, using a 6 ft x $ in. 20% SE-30 on 
Chromosorb 60/80 W column. 

Electrochetnical tneasuretnetzts 
Oxidation potentials were obtained by cyclic voltammetry using 

a three-electrode cell, which has been described previously ( 18). 
The working electrode was a platinum sphere (1 mm diameter) and 
the counter electrode was a platinum wire. The reference elec- 
trode was saturated calomel (sce). The electrolyte was 0.1 M tet- 
raethylammonium perchlorate (TEAP) in acetonitrile. Substrate 
concentrations were approximately 1 mM. 

The peak potentials were measured with a 100 mV/s sweep rate. 
No cathodic wave was detected following the anodic sweep. The 
half-wave potentials were taken as 0.03 V before the anodic peak 
potentials (8). 

Irradiations 
Irradiations were carried out in Pyrex tubes using a Canadian 

General Electric Co. 1-kW medium-pressure mercury vapour lamp 
with a Pyrex cooling jacket immersed in a constant temperature bath 
held at 10°C. Samples were degassed by nitrogen ebullition for 
5 min prior to irradiation. 

Fluorescence quenching studies 
Fluorescence quenching experiments were performed by using 

a Perkin-Elmer MPF-66 fluorescence spectrophotometer with a 
Perkin-Elmer MPF-66 xenon lamp power supply interfaced to 
a Perkin-Elmer 7500 computer. Solutions were 0.01 M in 1,4- 
dicyanobenzene (2). The quencher concentrations ranged from 
0.01 to 0.03 M. Solutions were degassed on a vacuum line by 
three freeze-pump-thaw cycles. The excitation wavelength was 
293 nm; the emission was monitored at 309.4 nm. From the pre- 
viously measured singlet lifetime of 2, 8.8 x s ( lo) ,  both 
isomers quench the fluorescence with a rate constant of 2.8 x 
1o1O s-I. 

Calculations 
Molecular mechanics calculations were carried out on a VAX 

8800 mainframe computer. The 1989 force field of MM3 and the 
1987 force field of MMP2 were used. The dihedral driver option 
was used to rotate the phenyl group. 

Materials 
Solvents were distilled prior to use. Acetonitrile and 1,4-dicy- 

anobenzene (2) (Aldrich Chem. Co.) were purified as previously 
described (19). Bromobenzene, 2-methy lcyclopentanone, and 1- 
bromo-3-phenylpropane were obtained from the Aldrich Chemi- 
cal Company. Decalin and 2,4,6-collidine were obtained from 
BDH, o-chlorotoluene was obtained from Matheson Coleman and 
Bell, ally1 bromide was obtained from Fisher, and cyclododecane 
was obtained from K & K Laboratories. 

Preparation of compounds 
Preparation of cis 1 -methyl-2-phenykyclopentarle ( I b  cis) 
2-Methyl-1-phenylcyclopentanol was prepared by a Grignard 

reaction (7a). Bromobenzene (43 mL, 64 g ,  0.41 mol) was added 
to magnesium turnings (10 g, 0.41 mol) in anhydrous diethyl ether. 
When reaction was complete, the flask was cooled in ice, and 2- 
methylcyclopentanone (15 mL, 14 g,  0.14 mol) was added drop- 
wise. The reaction mixture was poured into a mixture of concen- 
trated HCI and ice, and then extracted with ether. The combined 
organic layer was washed with 5% NaHCO, and with distilled 
water. Finally, the organic layer was dried over MgSO, and the 
solvent was evaporated. 

The alcohol was refluxed with p-toluenesulfonic acid in ben- 
zene. Water was removed by using a Dean-Stark trap. The crude 
1-methyl-2-phenylcyclopentene was chromatographed with hex- 
anes on silica gel. 

The cyclopentene was hydrogenated over 10% Pd on carbon in 
ethanol. Chromatography of the product on silica gel with hex- 
anes gave I-methyl-2-phenylcyclopentane in 88% purity, 30% 
yield. Preparative gas chromatography was used to prepare sam- 
ples of 99% purity; 'H nmr (360 MHz) in CDCI,: 7.1-7.3 (m, 5H), 
3.1 (m, lH) ,  2.3 (m, lH),  1.8-2.0(m,4H), 1 .7(m, lH), 1 .4 (m,  
lH), 0 .6 (d, 3H, J = 7.1 Hz). 

Preparation of trans I -methyl-2-phen~~lcyclopetztatze ( Ib  trans) 
The synthesis of the trans isomer followed the procedure of Pines 

and co-workers (70, c). The first step involves the synthesis of 
6-phenyl- 1 -hexene. I -Bromo-3-phenylpropane (24 mL, 3 1 g, 
0.16 mol) was added to magnesium turnings (3.8 g ,  0.16 mol) in 
anhydrous diethyl ether. When reaction was complete, ally1 bro- 
mide (14 mL, 20 g ,  0.16 mol) was added dropwise. After the ad- 
dition was complete, the reaction mixture was refluxed for 16 h. 
The mixture was cooled and poured into a slurry of concentrated 
HCI and ice. The aqueous layer was extracted with ether, and the 
combined organic extracts were washed with 5% NaHC03 and then 
with distilled water. The organic extract was dried over MgSO, and 
the solvent was evaporated. The crude product was chromato- 
graphed on silica gel with hexanes. 6-Phenyl-1-hexene was ob- 
tained in 68% yield. 

Potassium (0.94 g ,  0.024 mol) and o-chlorotoluene (0.40 mL, 
0.43 g ,  0.0034 mol) were refluxed in decalin (25 mL) for 15 min. 
6-Phenyl-1-hexene (7.43 g, 0.046 mol) was added dropwise, and 
the mixture was refluxed for 25.5 h. The black, sludgy reaction 
mixture was chilled in ice, and isopropanol was added to decom- 
pose any remaining potassium. The mixture was diluted with hex- 
anes (100 mL) and filtered to remove the sediment. The filtrate was 
washed with distilled water until neutral. The organic layer was 
dried over CaCl,, and the hexanes were evaporated. The remain- 
ing solution was distilled under reduced pressure to remove most 
of the decalin. The residue was chromatographed on silica gel with 
hexanes as the eluent to give 85% pure trans in 34% yield from 6- 
phenyl-1-hexene. Small quantities of pure trans were obtained by 
preparative gas chromatography; 'H nmr (360 MHz) in CDC13: 7.1- 
7.3 (m, 5H), 2.4 (m, lH), 1.9-2.1 (m, 3H), 1.7-1.8 (m, 3H), 1.3 
(m, l H ) , 0 . 9 ( d , 3 H , J =  6.4Hz).  

Irradiatiotzs 

Irradiations of cis 1 -methyl-2-phenylcyclopentane ( I b  cis) 
A solution of 99% pure cis isomer (14 mg, 8.7 X lo-' rnol), 1,4- 

dicyanobenzene (2) (7.2 mg, 5.6 x lo-' rnol), 2,4,6-collidine 
(3) (17 mg, 1.4 X rnol), and cyclododecane (5.2 mg, 3.1 x 
lo-' mol) in acetonitrile (3 mL) was irradiated for 4 days. Prog- 
ress of the reaction was followed by gc/fid, using the peak due to 
cyclododecane as an internal standard. The yield of trans isomer 
was 24% at 50% conversion. 

A solution of 99% pure cis isomer (15 mg, 9.5 X lo-' rnol), (2) 
(8.8 mg, 6.9 x lo-' rnol), (3) (20 mg, 1.6 x rnol), and cy- 
clododecane (6.3 mg, 3.7 X lo-' mol) was irradiated in acetoni- 
trile-methanol-0-d (3 mL, 3: 1) for 4 days. The trarzs isomer was 
formed in 17% yield at 46% conversion (gc/fid). Some of the cis 
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isomer and all of the trarls isomer had incorporated one atom deu- 
terium (gc/ms). Analysis of the 'H and 'H nrnr spectra indicate 
exchange occurred at the benzylic position. 

A solution of 95% pure cis isomer (9.2 Ing, 5.7 X lo-' mol), 
(2) (6.4 mg, 5.0 X lo-' rnol), and cyclododecane (4.4 mg, 2.6 X 

lo-' mol) in acetonitrile (2 mL) was irradiated for 1 day. At 74% 
conversion, the yield of the trans isomer was 7% (gc/fid). 

A stirred solution of 99% pure cis isomer (0.18 g,  1 . 1  x 
10-"ol), (2) (0.56 g, 4.4 X 1 0 - h o l ) ,  and (3) (0.28 g ,  2.3 x 
lo-) mol) in acetonitrile (60 mL) was irradiated for I day. The 
photolysate was chromatographed on silica gel using 1 : 1 hexanes- 
CH,Cl, as the eluent. 1-(4-Cyanopheny1)-2-methyl-1-phenylcy- 
clopentane (4) was isolated in 36% yield (72 % conversion); ir: 3065 
(w), 3040 (w), 3010 (w), 2940 (s), 2860 (s), 2215 (s), 1730 (w), 
1600 (s), 1500 (m), 1490 (s), 1455 (m), 1445 (m), 1400 (w), 1375 
(w), 1015 (w), 885 (w), 815 (s), 740 (m), 715 (m), 685 (s). 'H nmr 
(360 MHz) in CDCI,: 7 .O-7.5 (m, 9H), 2.8 (m, 1 H), 2.6 (m, l H), 
1.8-2.1 (m, 3H), 1.6 (m, 1 H), 1.4 (m, 1 H), 0.8 (d, 3H); "C nmr 
(90 MHz) in CDCI,: 155.4 (s), 145.0 (s), 131.8 (d), 128.8 (d), 
128.0 (d), 127.8 (dl, 126.0 (dl, 119.1 (s), 109 (s), 58.8 (s), 39.3 
(d), 38.8 (t), 32.1 (t), 21.4 (t), 17.6 (q). Exact Mass calcd. for 
CI9Hl9N: 261.1517; found: 261.1517. 

lrrndiations of trans I -methyl-2-phenylcyclopenrane ( l b  trans) 
A solution of a mixture of isomers, 86% rratls: 14% cis (12 mg, 

7.8 x lo-' rnol), 1,4-dicyanobenzene (2) (1 1 mg, 8.7 x lo-' rnol), 
and 2,4,6-collidine (3) (15 mg, 1.2 X lo-'' mol) in acetonitrile 
(3 mL) was irradiated for 7 days. The ratio of isomers in the irra- 
diated mixture was 97 : 3 trarzs: cis. 

A solution of 99% pure trans isomer (10 mg, 6.2 x lo-' rnol), 
(2) (6.1 mg, 4.8 X lo-' rnol), (3) (14 mg, 1.2 X rnol), and 
cyclododecane (4.3 mg, 2.6 x lo-' mol) in acetonitrile (3 mL) was 
irradiated for 6 days. No volatile products were detected by gc/fid. 

A solution of 99% pure rratls isomer (10 mg, 6.5 x lo-' rnol), 
(2) (5.4 mg, 4.2 X lo-' rnol), (3) (14 mg, 1.2 X rnol), and 
cyclododecane (4.2 mg, 2.5 X lo-' mol) in acetonitrile-metha- 
nol-0-d (3 mL, 3 :  1) was irradiated for 6 days. No volatile prod- 
ucts were detected by gc/fid. No deuterium incorporation was 
detected in the trans isomer (gc/ms). 
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Characterization of the triplet excited state of the phenylxanthenium carbocation' 

L. J. JOHN ST ON^ AND D.  F. WONG 
Steacie Institrcte for Molecular Sciences, National Research Council Canada. Ottawa, Ont.,  Canada KIA OR6 

Received August 16, 199 1 

L. J. JOHNSTON and D. F. WONG. Can. J. Chem. 70, 280 (1992). 
The triplet excited state of the 9-phenylxanthenium cation has been observed directly by both luminescence and tran- 

sient absorption techniques. The triplet-triplet absorption shows A,,, 5 300 nm and decays over a period of several mi- 
croseconds in the absence of easily oxidized donors. The triplet cation reacts with 9-phenylxanthydrol and biphenyl via 
electron transfer to give the corresponding radical and radical cation and also reacts rapidly with both oxygen and 1,3- 
cyclohexadiene. 

Key words: carbocations, triplets, electron transfer, laser flash photolysis. 

L. J. JOHNSTON et D. F. WONG. Can. J. Chem. 70, 280 (1992). 
Utilisant des techniques de luminescence et d'absorption d'espttces transitoires, on a observe I'Ctat excite triplet du 

cation 9-phCnylxanthCnium directement. L'absorption triplet-triplet presente un A,,, a 5300 nm et, en l'absence de 
donneurs facilement oxydables, elle dkcroit sur une periode de plusieurs microsecondes. Le cation triplet reagit avec le 
9-phCnylxanthydro1 et le biphenyle par le biais d'un transfert d'electrons qui conduit au radical et au cation radical cor- 
respondant et il reagit aussi rapidement avec I'oxygkne ainsi que le cyclohexa-l,3-dittne. 

Mots clPs : carbocations, triplets, transfert d'electrons, photolyse eclair au laser. 
[Traduit par la redaction] 

Despite the large volume of data on the reactivities of 
photogenerated ground state carbocations (I) ,  there have been 
relatively few investigations of the excited state behavior of 
these intermediates (2-12). Most of the available informa- 
tion deals with intramolecular rearrangements such as the 
photo-cyclization of the triphenylmethyl cation (2) and va- 
lence isomerizations of protonated unsaturated carbonyl 
compounds (3, 5,  6) and a variety of aromatics (7). Until 
recently the excited states involved in these reactions were 
not characterized. We recently reported a detailed study of 
the fluorescent properties of a variety of arylmethyl carbo- 
cations and demonstrated that excited singlet xanthenyl and 
dibenzosuberenyl carbocations undergo efficient intermo- 
lecular reaction with aromatic donors via an electron trans- 
fer mechanism (8). Similar results have also been reported 
by Das and co-workers for the 9-phenylxanthenium system 
(9, 10). Further, reaction of triplet 1-methoxynaphthalene 
with bis(4-methoxypheny1)methyl cation results in products 
derived from electron transfer (13). Herein we describe the 
first direct observation of the excited triplet state of the 9- 
phenylxanthenium carbocation using both transient absorp- 
tion and luminescence techniques. 

Stable solutions of the 9-phenylxanthenium carbocation 
(1) can be readily generated by protonation and subsequent 
dehydration of the parent alcohol (9-phenylxanthydrol, 2) 
using moderate concentrations (1-10 mM) of trifluoroacetic 
acid in 2,2,2-trifluoroethanol (TFE). Laser excitation of 1 
in TFE' using the third harmonic (355 nm) from a Nd:YAG 
laser results in a complex transient absorption spectrum (Fig. 

cursor alcohol. Spectrum A in Fig. 1 shows both bleaching 
of the cation absorption in the 350-450 nm region and a 
transient (X) at shorter wavelengths (A,,, .< 300 nm). This 
spectrum was recorded 0.5 ps after the laser pulse for a lo-" 
M solution of 2. At later times transient X has almost com- 
pletely decayed, some of the initial cation bleaching has re- 
covered, and an additional long-lived species is observed at 
340 nm. These changes are more apparent at higher initial 
concentrations of alcohol 2, as shown in Fig. 1, spectrum B; 
note that the same cation concentration was obtained for both 
alcohol concentrations by adjusting the amount of acid to give 
matched optical densities at 355 nm. The long-lived signal 
at 340 nm can be readily assigned to the 9-phenylxanthenyl 
radical (3) based on its similarity to the known spectrum for 
this species (9). Radical 3 has a lifetime in excess of 0.5 ms 
under our experimental conditions. Examination of kinetic 
traces at 300 and 340 nm on several different time scales 
demonstrates that X decays within 5-10 p s  at low concen- 
trations of alcohol 2 and that its lifetime decreases with in- 
creasing concentrations of 2. The 340 nm signal assigned to 
the phenylxanthenyl radical shows a growth that is concom- 
itant with the decay at 300 nm, as shown in Fig. 1, and its 
yield increases with increasing alcohol concentrations. At low 
alcohol concentrations very little radical is produced and most 
of the cation bleaching recovers, with kinetics that are iden- 
tical to the decay of X at 300 nm. Under conditions where 
the lifetime of X has been shortened by the addition of 2 only 
a small amount of the cation bleaching recovers on the 
maximum time scale that we have examined (400 FS). 

1) that changes with both time and concentration of the pre- Ph Ph 

'Issued as NRCC No. 33253. 
'Author to whom correspondence may be addressed. 
3 ~ 1 1  experiments were done using flow samples to eliminate 

problems associated with sample depletion and product buildup. 1 2 
Samples were deaerated by nitrogen purging unless otherwise noted. 

3 

The laser flash photolysis setup has been described elsewhere (14). The above observations are consistent with transient X 
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COMMUNICATIONS 

Wavelength, nm 
FIG. I .  Transient absorption spectra produced by 355 nm excitation of cation 1 in TFE/H+: A,  0.13 rnM 2 , 0 . 5  ps delay; B, 0.63 mM 

2, 5 ps delay. Insert: Decay and growth of the transient absorptions at 300 and 340 nm, respectively, following 355 nm excitation of 
cation 1 in TFE with 0.1 mM initial concentration of alcohol 2. 

I reacting with alcohol 2 to generate radical 3. The rate con- 
stants for decay of X at several alcohol concentrations (after 

i correction for the amount of alcohol converted to cation) can 
be used to calculate an approximate rate constant of 5 x 1 o9 
M - I  s-' for this reaction. Several additional experiments were 
carried out in an attempt to identify X. Firstly, the lifetime 
of X decreased in the presence of air or oxygen (k,  (02) - 
8 x lo9 M-' s-I); samples deaerated with oxygen showed 
no evidence for either X or radical 3. This is not due to re- 
action of the singlet cation with oxygen since it was previ- 
ously demonstrated that the fluorescence lifetime of 1 is the 
same within experimental error in either oxygen or nitro- 
gen-purged TFE (8). However, addition of sufficient aro- 
matic donor (e.g., anisole) to quench >90% of the excited 
singlet cations does prevent the formation of both species X 
and the radical. Secondly, the lifetime of X decreased in the 
presence of 1,3-cyclohexadiene, with kq = 3.5 X lo9 M-' 
s-I. In this case radical 3 was still formed, again with ki- 
netics that agreed with the decay of the 300 nm transient. 
Thirdly, excitation of cation 1 in TFE or in ethanol/H+ 
glasses at 77 K in a fluorimeter gave weak phosphorescence 
at 600 nm; the excitation spectrum matched the ground state 
spectrum of the cation, indicating that the parent alcohol is 
not the emitting species. 

These results suggest that transient X is the triplet excited 
state of cation 3. In the absence of quenchers this species 
decays back to ground state cation with a rate constant that 
under our conditions is probably limited by traces of oxy- 
gen in the sample. The observed oxygen quenching and 
phosphorescence are consistent with the triplet assignment. 
The phosphorescence spectrum indicates a triplet energy of 
approximately 48 kcal, which is reasonable based on the 
singlet energy of 57 kcal. The triplet reacts with excess al- 
cohol 2 to yield radical 3, presumably via electron transfer 

as shown in reaction [I]. Based on the triplet energy and the 
redox potentials of 0.02 and 0.9 V for radical 3 (15) and al- 

[ I ]  l* + 2 + 3 + 2" 

coho1 2 (9), respectively, calculation using the Rehm-Weller 
equation indicates that reaction [I] is exothermic by -28 kcal 
( 1  6). Radical cations in xanthenyl systems have strong ab- 
sorptions at long wavelength (X,,, 900 nm) with a weaker 
band between 330 and 380 nm (17). The latter would not be 
readily detectable in our experiments due to overlap with the 
strong radical signal and cation bleaching. However, there 
are small differences between the spectrum of 1 and the 
bleaching observed in the transient experiment, which may 
indicate some additional absorption in the 350-450 nm re- 
gion. Further, triplet 2 can be ruled out as a possible can- 
didate for transient X since the latter is not formed by exci- 
tation of 2 alone and since the triplet-triplet absorption of 2 
has been observed at 440 nm (9). 

The triplet energy calculated from the phosphorescence 
spectrum suggests that energy transfer from triplet 1 to 1,3- 
cyclohexadiene is endothermic by 5-6 kcal/mol. This and 
the fact that radical 3 is formed efficiently when triplet 1 
reacts with diene indicates that this reaction also occurs via 
electron transfer, which is exothermic by -7 kcal in this case. 
The fact that triplet 1 undergoes an efficient electron trans- 
fer reaction is confirmed by its rapid reaction with electron 
donors such as biphenyl. In this case, triplet 1 is quenched 
with a rate constant of 4.0 x lo9 M-' s-I, with the concom- 
itant production of radical 3 and the biphenyl radical cation 
with its characteristic absorption at 650 nm (17). The effi- 
cient electron transfer quenching of triplet 1 is in good 
agreement with recent reports of efficient electron transfer 
reactions (kq - 5 X lo9 M - I  s-I) of singlet excited xan- 
thenyl (8, 10) and dibenzosuberenyl (8) cations. 
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In conclusion, the present results provide direct lumines- 
cence and transient absorption evidence for the first excited 
triplet state of the phenylxanthenium carbocation. The trip- 
let is formed by intersystem crossing from the first excited 
singlet state,4 and has a lifetime on the order of 5-10 k s  in 
TFE in the absence of easily oxidized additives. In accord 
with our earlier results on the behavior of singlet excited 
diarylmethyl cations, the triplet excited cation readily 
undergoes electron transfer reactions with various donors. 
To  our knowledge, this represents the first direct observa- 
tion and characterization of a triplet excited state arylmeth- 
yl carbocation, although protonated triplet benzophenones 
and xanthones have been reported (18) and triplet ground state 
aryl cations have been observed in glasses at 77 K (1 1, 12). 
In this regard it should also be noted that a triplet state has 
been postulated as an intermediate in some of the photo- 
chemistry of the triphenylmethyl cation, although this was 
not based on any direct spectroscopic evidence (2, 7). Work 
aimed at generating other diarylmethyl cations by either di- 
rect excitation or  sensitization and examining their reactiv- 
ity is currently in progress. 
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Correlation of the effects of alkyl substituents on the basicities of indoles 

PETER A. COHEN AND LOUIS A. COHEN' 
Laboratory of Bioorganic Chemistry, National Institute of Diabetes and Digestive and Kidney Diseases, 

National Institutes of Health, Bethesda, MD 20892, U.S.A. 
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PETER A. COHEN and LOUIS A. COHEN. Can. J. Chem. 70, 282 (1992). 
Alkyl groups at C-2 of indole increase basicity at the site of protonation, C-3, while alkyl groups at C-3 decrease ba- 

sicity. These opposing effects can be incorporated, for both the isomeric mono- and 2,3-dialkylindoles, into a single linear 
free energy correlation, pK, = - 1 0 . 0 5 2 ~  - 3.94, in which Xu = u;(C-2) + 0.60[u:(C-3) + 0.080, - 0.0841 and D, 
is the double bond stabilization parameter at C-3. An analogous correlation for N-methylindoles, pK, = - 8 . 6 4 2 ~  - 2.80, 
reveals that the effect of N-alkylation on basicity is predictable but not additive. 

Key words: alkylindoles, carbon basicity, free energy correlation, substituent effects, N-alkyl effect. 

PETER A. COMEN et LOUIS A. COHEN. Can. J. Chem. 70, 282 (1992). 
Alors que la presence de groupes alkyles en C-2 des indoles augmente leur basicitC, celle de groupes alkyles en C-3 

provoque une diminution de cette basicitk. I1 est possible d'incorporer ces effets opposCs, tant pour des derives mono- 
ou 2,3-dialkylindoles, dans une seule corrClation IinCaire d'Cnergie libre, pK, = - 1 0 , 0 5 2 ~  - 3,94, dans laquelle Xu = 
u,'(C-2) + 0,60[u:(C-3) + 0,080, - 0,0841 et D, est le paramktre de stabilisation de la liaison double en C-3. Une 
corrClation analogue pour les N-mCthylindoles, pK, = - 8 , 6 4 2 ~  - 2,80, rCvkle qu'il est possible de prtdire I'effet de 
la N-alkylation sur la basicitC, mais que cet effet n'est pas additif. 

Mots clPs : alkylindoles, la basicit6 de carbone, corrClation d'Cnergie libre, effets de substituant, effet de la N-alkyl- 
ation. 

[Traduit par la redaction] 

Our continuing studies on the chemistry of indoles and bioindoles (1) have sometimes required estimates of basic- 
ity at the normal site of protonation, C-3 (2). Since such 

' ~ u t h o r  to whom correspondence may be addressed. estimates depend on extrapolation from linear free energy 
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In conclusion, the present results provide direct lumines- 
cence and transient absorption evidence for the first excited 
triplet state of the phenylxanthenium carbocation. The trip- 
let is formed by intersystem crossing from the first excited 
singlet state,4 and has a lifetime on the order of 5-10 k s  in 
TFE in the absence of easily oxidized additives. In accord 
with our earlier results on the behavior of singlet excited 
diarylmethyl cations, the triplet excited cation readily 
undergoes electron transfer reactions with various donors. 
To  our knowledge, this represents the first direct observa- 
tion and characterization of a triplet excited state arylmeth- 
yl carbocation, although protonated triplet benzophenones 
and xanthones have been reported (18) and triplet ground state 
aryl cations have been observed in glasses at 77 K (1 1, 12). 
In this regard it should also be noted that a triplet state has 
been postulated as an intermediate in some of the photo- 
chemistry of the triphenylmethyl cation, although this was 
not based on any direct spectroscopic evidence (2, 7). Work 
aimed at generating other diarylmethyl cations by either di- 
rect excitation or  sensitization and examining their reactiv- 
ity is currently in progress. 
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?he strong fluorescence (7 = 36 ns) (8) from 1 makes it diffi- 
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Correlation of the effects of alkyl substituents on the basicities of indoles 
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PETER A. COHEN and LOUIS A. COHEN. Can. J. Chem. 70, 282 (1992). 
Alkyl groups at C-2 of indole increase basicity at the site of protonation, C-3, while alkyl groups at C-3 decrease ba- 

sicity. These opposing effects can be incorporated, for both the isomeric mono- and 2,3-dialkylindoles, into a single linear 
free energy correlation, pK, = - 1 0 . 0 5 2 ~  - 3.94, in which Xu = u;(C-2) + 0.60[u:(C-3) + 0.080, - 0.0841 and D, 
is the double bond stabilization parameter at C-3. An analogous correlation for N-methylindoles, pK, = - 8 . 6 4 2 ~  - 2.80, 
reveals that the effect of N-alkylation on basicity is predictable but not additive. 

Key words: alkylindoles, carbon basicity, free energy correlation, substituent effects, N-alkyl effect. 

PETER A. COMEN et LOUIS A. COHEN. Can. J. Chem. 70, 282 (1992). 
Alors que la presence de groupes alkyles en C-2 des indoles augmente leur basicitC, celle de groupes alkyles en C-3 

provoque une diminution de cette basicitk. I1 est possible d'incorporer ces effets opposCs, tant pour des derives mono- 
ou 2,3-dialkylindoles, dans une seule corrClation IinCaire d'Cnergie libre, pK, = - 1 0 , 0 5 2 ~  - 3,94, dans laquelle Xu = 
u,'(C-2) + 0,60[u:(C-3) + 0,080, - 0,0841 et D, est le paramktre de stabilisation de la liaison double en C-3. Une 
corrClation analogue pour les N-mCthylindoles, pK, = - 8 , 6 4 2 ~  - 2,80, rCvkle qu'il est possible de prtdire I'effet de 
la N-alkylation sur la basicitC, mais que cet effet n'est pas additif. 

Mots clPs : alkylindoles, la basicit6 de carbone, corrClation d'Cnergie libre, effets de substituant, effet de la N-alkyl- 
ation. 

[Traduit par la redaction] 

Our continuing studies on the chemistry of indoles and bioindoles (1) have sometimes required estimates of basic- 
ity at the normal site of protonation, C-3 (2). Since such 

' ~ u t h o r  to whom correspondence may be addressed. estimates depend on extrapolation from linear free energy 
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COMMUNICATIONS 

TABLE 1 .  Values of pK,, a', and Xu for alkylindoles 

a(NH) b(NMe) + b  + b  

Compound C-2(a) c-3(P) PK; pK," u,,, D," Xud 

"Data from ref. 3 .  
bData from ref. 5 .  
'In the absence of D, values for specific substituents (except methyl), the values used are estimates based on 

Table 2 in ref. 6 .  
dCalculated from eq. [ I ] .  
'Not included in statistical analysis. 
'The value of u: was taken as the approximate equivalent of u:,. 

relationships, we have attempted to establish such relation- 
ships based on the series of pKa values determined by Hinman 
and Lang (3) for alkylindoles. These investigators discov- 
ered an unexpected property of the pyrrole ring of indole: 
while an alkyl group at C-2 increases basicity at C-3, an alkyl 
group at C-3 decreases basicity. Quite appropriately, Hin- 
man and Lang argued that an electron-releasing group at C-3 
should stabilize the neutral indole (A in Scheme 1) at the 
expense of its protonated form (B); conversely, the same 
group at C-2 should stabilize D more effectively than C. 

A useful but limited analogy is encountered in the acid- 
catalyzed hydration of substituted alkenes (4): while pro- 
tonation of the alkene is consistently the rate-determining step 
in the hydration process (Scheme 2), we have found (1) that 
C-3 protonation of indoles is rate determining under condi- 

tions of intramolecular proton transfer, but is a rapid equi- 
librium process in the presence of stronger external acid. For 
the protonation of alkenes, Knittel and Tidwell (4) achieved 
a linear correlation of log k with a complex parameter, eq. 
[I.], in which u; is the electrophilic substituent constant (5) 

for the group (R, in Scheme 2) at the olefinic carbon which 
becomes the carbocation, u: is the analogous constant for 
the substituent (Rp) on the adjacent carbon, and D, is the 
double bond stabilization parameter (6) for the P substi- 
tuent. Since there is a degree of parallelism between the 
electronic effects expected of substituents on the protona- 
tion of alkenes (Scheme 2) and of alkylindoles (Scheme l), 
we applied Tidwell's analysis to the indole series (Table l), 
taking C-2 as the a carbon and C-3 as P. We were indeed 
gratified to observe the correlations shown in Fig. 1 and 
summarized in eqs. [2] and [3]. The only deviant member 

of the set is 3-tert-butylindole (6a), which is almost one pK 
unit more basic than predicted. Indeed, space-filling models 
reveal that steric crowding between the tert-butyl group and 
H-4 in the neutral indole is markedly relieved by conver- 
sion of C-3 to a tetrahedral carbon, as would occur in pro- 
tonation. 

Of course, it would be desirable to test the validity of eqs. 
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FIG. 1. Plots of the dependence of observed pK, values for in- 
doles (open circles) and for N-methylindoles (closed circles) on Zu 
(see eq. [ I ]  and Table 1); regression lines and correlation coeffi- 
cients are given in eqs. [2] and [3], respectively. 

Figure 1 also reveals that the effect of N-methylation on 
pK,, is not constant, a phenomenon we have already ob- 
served in the imidazole series (9). While N-methylation 
generally increases basicity at C-3 (Table l ) ,  extrapolation 
of the slopes of Fig. 1 beyond the point of intersection re- 
quires a reversal in order, in that N-methylation should re- 
sult in a decrease in basicity for indoles containing stronger 
electron-releasing groups at C-2. 

Even within the limited range of alkyl substituents, our 
method of correlation is probably not applicable to pyr- 
roles, for which a-protonation is preferred but is often re- 
directed by other substituents (10). On the other hand, there 
may be additional indole-like heterocyclic systems (e.g., 
carbolines) for which this treatment of substituent effects is 
applicable. 

1. R .  S. Phillips and L. A. Cohen. Tetrahedron Lett. 24, 5555 
(1983); J .  Am. Chem. Soc. 108, 2023 (1986). 

2. R .  L. Hinman and E. B. Whipple. J .  Am. Chem. Soc. 84, 
2534 (1962). 

3. R. L. Hinman and J .  Lang. J .  Am. Chem. Soc. 86, 3796 
(1964). 

4. P. Knittel and T. T. Tidwell. J. Am. Chem. Soc. 99, 3408 
(1977). 

5. 0 .  Exner. In Correlation analysis in chemistry. Edited by N. 
B. Chapman and J. Shorter. Plenum Press, New York. 1978. 
p. 439. 

6. J .  Hine and N. W. Flachskam, J. Am. Chem. Soc. 95, 1179 
(1973). 

[2] and [3] with other sub~tituents. While 2-.and 3-alkylin- 7. L. A. Cohenl J. Dalyl H. K ~ Y ,  and B. Witkop. J. Am. Chem. 

doles exist overwhelmingly as their indole tautomers (7 ) ,  SOC. 82, 2184 (1960). 
8. T.  Hino, M. Nakagawa, T. Hashizume, N. Yamagi, and Y. 

indoles with stronger electron-releasing groups at C-2 may Miwa. Tetrahedron, 27, 775 (1971); J .  Harley-Mason and T. 
have to be excluded from analysis because of their partial or J .  Leeney. Proc. Chem. Soc. 369 (1964); J .  Kebrle and K. 
total preference for the indolenine tautomer (8). Further- Hoffmann. Helv. Chim. Acta, 39, 1 16 (1956). 
more, strong electron-withdrawing groups should reduce 9. Y. Takeuchi, K. L. Kirk, and L. A. Cohen. J .  Org. Chem. 43, 
indole basicity to a level at which measurement of protona- 3570 (1978). 
tion equilibria would become difficult. For example, pK, 10. Y. Chiang and E. B.  Whipple. J. Am. Chem. Soc. 85, 2763 
values of -8.9 for 3-nitroindole and - 12.8 for 2-nitroin- (1963); J. Catalan and M. Yanez. J. Am. Chem. Soc. 106,421 
dole are predicted from eq. [2]. (1984). 
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Molecular orbital calculation using spectral representation technique 

SHINICHI KATSUKI 
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SHINICHI KATSUKI. Can. J .  Chem. 70, 285 (1992). 
The spectral representation technique as a tool for molecular orbital calculation is introduced. The procedure for get- 

ting a potential in spectral representation is simple and straightforward. The technique is also shown to be versatile to 
apply to the so-called effective core-potential case, to the relativistic case, to the non-spherical frozen-area case, to the 
case of approximate estimation of the electronic structures of molecules without the self-consistent-field process, and to 
the case of incorporating external effect into the cluster by environment potential. 

Key words: spectral representation, molecular orbital calculation, electronic structure, relativistic potential, environ- 
ment potential. 

SHINICHI KATSUKI. Can. J. Chem. 70, 285 (1992). 
On introduit la technique de la representation spectrale comme outil pour calculer des orbitales rnolCculaires. La methode 

permettant d'obtenir un potentiel dans la representation spectrale est simple et directe. On a aussi demontre que la rnCthode 
est versatile et qu'on peut l'appliquer au soit-disant cas du potentiel efficace du noyau, au cas relativiste, au cas de la 
surface definie non-spherique, au cas de I'Cvaluation approximative des structures Clectroniques de molCcules sans pro- 
cessus de champ auto-coherent et au cas de l'incorporation, grace au potentiel de I'environnernent, de l'effet externe 
dans I'agglomtration. 

Mots cle's : representation spectrale, calculs d'orbitales moleculaires, structure electronique, potentiel relativiste, po- 
tentiel de I'environnement. 

[Traduit par la rkdaction] 

Introduction 
Recently an ab initio effective Hamiltonian method was 

introduced for valence-electron molecular calculations (1, 2). 
In this method the mathematical technique of spectral rep- 
resentation was used to replace the core-valence interac- 
tions with a so-called effective core potential. The method 
has some characteristic features. First, once the reference all- 
electron Hartree-Fock-Roothaan calculations for constitu- 
ent atoms are done, a practical effective Hamiltonian for 
active electrons of a molecule is obtained in a straightfor- 
ward manner without any parameter fitting or adjustment 
procedure. Second, the relativistic effects can be included 
properly in the effective Hamiltonian (3, 4). Third, the 
method can handle cases in which the frozen area has a non- 
spherical shape. 

The natural extension of the effective Hamiltonian for- 
malism leads to the linear combination of atomic operator 
(LCAOP) method or the ab initio Huckel (abiHuck) method 
( 3 ,  where the potential due not only to the core electrons but 
all electrons is expressed in the spectral representation. 

The effective Hamiltonian method will be briefly re- 
viewed with some newly obtained results in the next section 
and a description of the LCAOP method will follow. The last 
section summarizes our approach. 

with the Fock operator F (in the case of closed-shell elec- 
tron configuration) 

1 z A 
n 

[3] F = - - A  - C - + C (u, - K,) 
2 A TA j 

where 

We may rewrite the Fock operator, by introducing a com- 
plete set {x,) which is not necessarily an orthogonal set, as 

Effective Hamiltonian method and some applications 
The molecular orbital theory within the Hartree-Fock where 

approximation has been well established. According to the 
theory, the energy and many properties of a stationary state 
of a molecule can be obtained by solving the Schrijdinger 171 0 = C x.) (s-')ab (x~I  
equation ( I  b 

[ I ]  H'P = E?P I81 Sab = (~~1x6)  
where the eigenfunction 'P is expressed in terms of molec- 
ular orbitals 4, that satisfy the Hartree-Fock equation 

~ 9 1  C Z :  = 2m 
P I  F*, = E,*, A 

Rioted in Canada 
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The operator a2 
[I61 v;,,= -T(E ' -  V)' 

is called a spectral representation of an operator 0. The po- 
tential operator in the rewritten Fock operator (eq. [6]) is 
expressed partially in spectral representation. The division 
of 2n electrons into 2m and 2(n - m) electrons is optional 
as long as the self-consistent-field (SCF) is guaranteed. Z: 
is a number of electrons which are assumed to belong to the 
nucleus A among 2m electrons. The total energy ET is cal- 
culated as 

(a) Spectral representation of the potential due to core 
electrons 

Core electrons of atoms remain nearly frozen in forming 
molecules. If a potential due to core electrons (V,,,,) is ex- 
pressed in the spectral representation in eq. [6], it will change 
little in the SCF process of a molecular orbital calculation. 
We may consider only the active valence electrons on the 
stage, leaving the dormant core electrons behind the scenes. 
In this case V,,,, may be expressed as a linear combination 
of atomic core potentials 

The operator PA, which is called the energy shift operator, 
is included in eq. [I31 for the sake of the lowest valence or- 
bital energy (not the lowest core orbital energy) being ob- 
tained as the lowest eigenvalue of the Fock operator. In eq. 
[ l  11, in this case, -ZA/rA and ZAZB/RAB should be replaced 
by -(ZA - z;)lrA + Vtore and (ZA - z;)(zB - z;)lRAB, 
respectively, and Xi should run over just the valence orbit- 
als. A practical choice of the representation basis function 
set {xo) is the atomic basis set used in the reference Hartree- 
Fock-Roothaan calculation, decontracted to the primitive 
form. The results of the preliminary applications to N2, PZ, 
and As2 show the usefulness of this method (2). 

(6) Spectral representation of relativistic effects 
The present approach based on the spectral representa- 

tion of operator is very suitable to incorporate the relativis- 
tic effects in the Fock operator. The mass-velocity term V,, 
and the Darwin term V, in the Cowan-Griffin (6) - Wood- 
Boring (7) formalism are expressed in the spectral repre- 
sentation 

where E' and G' are the eigenvalue and the large component 
radial function of 1 symmetry (I = s ,  p, . . .), respectively. 
V' is the potential acting on G' and a = 1 / 137.037. We note 
that no more than one valence orbital for each symmetry 1 
should be included, because the relativistic effects are or- 
bital index dependent. The method has been shown to work 
well at the level of one-component approximation (4); it may 
also work at the level of two- and four-component approxi- 
mation (15). 

(c) Spectral representation of non-spherical frozen area 
The idea of active and dormant electrons in atoms can be 

extended to electrons in molecules. For instance, consider 
the NH, + H+ interaction. Among the molecular orbitals of 
NH,, l a , ,  le,r, and ley will not interact with the 1s orbital of 
H+ when H+ approaches along the z axis. The effect of the 
six electrons occupying l a , ,  le.,, and ley may be replaced 
with a static potential. Our approach is flexible to construct 
the static potential in spectral representation, 

where A = N,  H , ,  Hz, H,; i = l a , ,  le,, ley. The expansion 
basis set for R are the primitive-Gaussian-type orbitals 
(PGTO) recovered by decontracting the atomic basis func- 
tions of N and H, and the spectral representation is a four- 
center representation. z","ay be calculated as 

where c$ is the renormalized coefficient for the jth atomic 
orbital +; of the ith molecular orbital $i to satisfy 
2A2jk~;~i(+;  ( +;) = 1 (8). Equation [19] is not unique to 
calculate Z',", because there is no definite way to calculate 
occupation numbers from the molecular orbitals that are not 
spherically symmetric. The molecular orbital 3a, calculated 
by this method is listed in Table 1 along with those obtained 
by the ordinary Hartree-Fock SCF method and the effec- 
tive Hamiltonian method with the N l s  core potential. The 
results may be improved by using more sophisticated zZf 
values. 

Linear combination of atomic operator method 
and some applications 

If an intuitive "chemical building block" picture for a 
molecular structure is accepted, the potential field in the Fock 
operator for the molecule may be approximated by a linear 
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KATSUKI 287 

TABLE 1. Molecular orbital 3a, and its orbital energy in 
NH,Hf (C,,.) ((721/61)CGTO basis set for N and 

(5 1 )CGTO for H, R(N-Hf ) = 2.0 au) 

Effective Hamiltonian 
method 

Orbital 
energy ( l a , ,  1 e,, 1 e?) (N 1s core) Ordinary SCF 

(au) -1.0745813 -1.0113908 -1.0113675 

N 5 -0.0015903 -0.0100632 -0.0099367 
s 0.0056831 0.0184932 0.0184671 
s 0.0357491 0.0484529 0.0485777 
z 0.7 11 1865 0.6769529 0.676971 7 
z -0.0509031 -0.0218615 -0.0218490 

H 5 -0.1574238 -0.1622899 -0.1622976 
s 0.0137643 0.0193287 0.0193291 

H s -0.1574238 -0.1622899 -0.1622976 
s 0.0137643 0.0193287 0.0193291 

H s -0.1574238 -0.1622899 -0.1622976 
s 0.0137643 0.0193287 0.0193291 

H s 0.4542041 0.4747341 0.4747325 
s -0.0418995 -0.056421 1 -0.0565674 

combination of potential fields of the constituent atoms (in 
I 
I the spectral representation in our case). 

The approach, thus, might be termed as the linear combi- 
nation of atomic operator (LCAOP) method (5). We can shift 
up some of the orbitals $! in energy, when we are not inter- 

! ested in these orbital states, by adding to eq. [21] the en- 
, ergy shift operator PA (eq. [14]) which includes the ' corresponding orbitals ~1;. 

In this method molecular orbitals and orbital energies are 
obtained by non-iterative diagonalization of the one-elec- 
tron operator (eq. [20]), just as is done in the Huckel method. 
This method might therefore be called the ab initio Huckel 
(abiHiick) method (5, 9). 

We introduced the parameter A in eq. [21] to avoid a 
complication in the restricted Hartree-Fock formalism for 
the open-shell electron configuration (many atoms have the 
open-shell electron configuration) and to prepare a single 
Fock operator for all the orbitals (closed-shell and open-shell). 
A naive choice of the parameter is A = 1/2 for each occu- 
pation number n,. This choice was supported by calcula- 
tions for Li, and F, molecules with several A values. 

Some of the results of test calculations by the abiHuck 
method, such as those for H,, Li2, NZ, F,, CH4, were more 
or less acceptable but some other results, such as those for 
CO,  LiF, H,O, were not acceptable (5). A linear H,O was 
obtained probably due to the neglect of multicenter energy 
integrals. An acceptable result for C O  was obtained (Table 
2) when one iteration was done, namely, the density matrix 
in the abiHiick method was recalculated from the molecular 
orbitals that were the eigenfunctions of eq. [20]. 

Although the method is surely a crude approximation to 
the electronic structure calculation from the viewpoint of the 
sophisticated theory of modem quantum chemistry, the re- 

TABLE 2. CO total energy and orbital energies 
at several Ro distances ((72 1 /6 1 )CGTO for C 

and 0) 

LCAOP Ordinary SCF 
RCO (au) El. (au) ET (au) 

TABLE 3. Electronic energy convergence for F2 in SCF calcula- 
tions 

Ordinary GAMESS (au) 
Cycle abiHiick+GAMESS (au) (H,,,, initial guess) 

sults obtained so far suggest several interesting applica- 
tions. 

(a )  Starting potential field for the standard SCF process 
The results introduced above suggest that the linear com- 

bination of potential fields of the constituent atoms is a good 
starting potential field for a molecular orbital SCF calcula- 
tion. As shown in Table 3, our approach stabilized the SCF 
process for F, with use of the (32 1 1 1 1 /2 1 1 1 1) basis set. The 
exponents of the additional three diffuse functions for s and 
p orbitals are (0.18, 0.09, 0.045) and (0.24, 0.12.0.06), re- 
spectively, and the other CGTO are taken from the (33/3) 
basis set of Huzinaga et al. (1 0). 

(b )  Environment potential 
The potential in the spectral representation generated from 

the electron distribution in an atom (or a molecule) may serve 
as an environment potential. The environment potential is 
necessary to get reliable results for the electronic structure 
of the cluster which simulates a part of crystal (1 1, 12). 
Ficticious surface atoms which appear as a result of cutting 
out the cluster from the crystal undergo a significantly dif- 
ferent field from that in the bulk of the material. Even in the 
center region of the cluster the potential field may be differ- 
ent from that in the original crystal, owing to the limitation 
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FIG. 1- Geometry of (NH,), + (NH,), + (NH,), (R(N-H) = 
1.0124 A and L HNH = 106.67" are fixed for all ammonia mol- 
ecules) 

TABLE 4. Total energy and equilibrium distance 
R(N,--N,) ((33/3)CGTO for N and (3)CGTO 

for H) 

EP method Full SCF 
R (4 ET (au) ET (au) 

of the size of the cluster. The environment potential could 
remedy the situation. 

In the environment potential, the shift operator (eq. [14]) 
including all the occupied orbitals should be added to eq. [21] 
to prevent the molecular orbitals of the cluster from collaps- 
ing into the environment region. 

We apply this approach to the interaction between three 
ammonia molecules (NH3)A + (NH3), + (NH3)c (cf. Fig. l) ,  
replacing (NH,), with the environment potential. A similar 
arrangement was used by Ohta et al. (13). The environment 
potential embodying the effect of (NH,), is obtained by eq. 
[18], but this time Ci runs over all the occupied molecular 
orbitals, l a , ,  2a,, le,y, le,, and 3a l .  zaff is estimated by eq. 
[19]. We used this model because we can check the useful- 
ness of the idea of the environment potential by comparing 
the result obtained by the environment potential (EP) method 
with that of the full SCF molecular orbital calculation. The 
agreement of the two results is quite good as shown in Table 
4, indicating that the environment potential approach is very 
promising. 

TABLE 5. Exponents 5 ,  and coefficients c, of the 
second CGTO for the s orbital and the CGTO for 

the p orbital of carbon 

<, c, for PA0 c, for MA0 

s orbital 
5.1547389 
0.475 14660 
0.14935199 

[I orbital 
33.635525 
7.6995768 
2.3051616 
0.793 17404 
0.28343850 
0.0996 1 177 

TABLE 6. Internuclear distance R(C-H) and total 
energy E.I. for methane calculated using MAO, 

PAO, and SV basis sets 

Basis set R(C-H) (au) ET (au) 

MA0 2.1164 -40.10876 
PA0 2.2307 -40.07340 
SV 2.0819 -40.14340 

(c) Modqied atotnic orbital 
Atomic orbitals used as basis functions for molecular or- 

bital calculation are necessarily modified (or polarized) in a 
molecule. To cope with the modification, the split-valence 
(SV) basis set is usually used. If we prepare modified atomic 
orbitals in advance of the calculation, we can get results at 
the desired level of accuracy for a smaller size of the basis 
set (14). As a preliminary test of the idea, a carbon atom in 
CH, is chosen as a working example. The pure atomic or- 
bital (PAO) basis set used for carbon is a (73/6) basis set of 
Huzinaga et al.  ( lo) ,  and a (721/5 1) SV basis set $; is gen- 
erated from the (73/6) basis set by decontracting the most 
diffuse PGTO. Wave functions $i which are composed of the 
SV basis set and satisfy the following equation 

are modified by the environment potential of hydrogen atoms 
v:, placed at R: = (1.2, 1.2, 1.2), (1.2, -1.2, -1.2), 
(- 1.2, 1.2, - 1.2), and (- 1.2, - 1.2, 1.2). Contracting the 
most diffuse PGTO again we get the modified atomic orbit- 
als (MAO) for carbon. The contraction coefficients for M A 0  
are given in Table 5 and the results are listed in Table 6. 
Better values are obtained by M A 0  than by PAO. 

Summary 

The spectral representation technique as a tool for the 
molecular orbital calculation is introduced. The process to 
get the potential operator in the spectral representation is 
simple and straightforward. No special skill is needed. One 
should only calculate one- and two-electron integrals, which 
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are at most two-center integrals and familiar to users of the 
Hartree-Fock-Roothaan method. Once the potentials in the 
spectral representation are calculated and stored in a f ~ l e  of 
a computer, one can incorporate them into calculations only 
by reading them from the file and evaluating them through 
overlap integrals. The spectral representation technique thus 
reduces computation cost by changing multicenter energy 
integral computations to the simple evaluation of one- and 
two-center overlap integrals. 

This technique is versatile enough to apply to many inter- 
esting cases. Although the spectral representation technique 
as a tool for molecular orbital calculation is just underway 
and there is room for further improvement, such as a proper 
simulation of non-spherical distribution of frozen electrons, 
we hope it is established as one of the useful methods for the 
quantum mechanical calculations of electronic structures. 
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S. WILSON. Can. J.  Chem. 70, 290 (1992). 
Sequences of even-tempered basis sets of atom-centered Gaussian-type functions are employed to explore the accu- 

racy that can be achieved for the ground state energies of the H," and H:' species in calculations using finite basis 
sets. These systems are considered as prototypes for the treatment of polyatomic molecules of arbitrary symmetry within 
the algebraic approximation. 

Key words: algebraic approximation, basis sets, even-tempered, universal. 

S. WILSON. Can. J. Chem. 70, 290 (1992). 
On utilise des skquences d'ensembles de base CquilibrCs de fonctions gaussiennes centrCes sur les atomes pour ex- 

aminer la prkcision que I'on peut atteindre lors du calcul des Cnergies de 1'Ctat fondamental des espkces H,'+ et H ~ ~ + ,  
en utilisant des ensembles de base finis. On considere ces systkmes cornrne des prototypes pour le traitement de molCcules 
polyatomiques de symCtrie arbitraire dans l'approximation algkbrique. 

Mots cle's : approximation algibrique, ensembles de base, CquilibrCs, universal. 
[Traduit par la rCdaction] 

1. Introduction 
Huzinaga (1) has emphasized the "quasi-empirical" na- 

ture of the vast majority of contemporary ab initio elec- 
tronic structure calculations associated with the error arising 
from basis set truncation. A similar point of view has been 
expressed in a review by Davidson and Feller (2) who com- 
ment that "the smaller the basis the more ab initio calcula- 
tions assume an empirical flavor." Clementi and co-workers 
(3) observe that, because of the failure to address the prob- 
lem of basis set construction in the 1970s, "the chemical lit- 
erature . . . was flooded with computations which essentially 
compared experiments with basis set superposition error 
data." Even today, basis set truncation errors are a major and 
frequently dominant source of error in molecular electronic 
structure calculations. However, as long ago as 1963, 
Schwartz (4) emphasized the need to devise systematic 
schemes for extending basis sets employed in atomic and 
molecular electronic structure calculations and developing 
"an orderly plan of attack" which "is . . . essential for any 
mathematical analysis of the convergence rate. The old habit 
of picking the "best" (chosen by art) choice of a fixed num- 
ber of terms is to be discarded if one wants to see how the 
problem converges." In more recent years, this point of view 
has been underlined by Ruedenberg and co-workers and by 
Wilson and co-workers. Following early work by Reeves (5), 
Ruedenberg and his colleagues (6-1 2) introduced the even- 
tempered basis sets that virtually eliminated at a stroke the 
tedious exponent optimization that had been the most time- 
consuming ingredient of many of the pioneering electronic 
structure calculations carried out in the 1960s. With the in- 
troduction of the algebraic approximation into powerful 
techniques based on many-body perturbation theory (13, 14) 
for handling the electron correlation problem in atoms and 
molecules, the basis set truncation error was seen to be the 
major source of error (15). (A similar conclusion has been 
reached from more recently reported full configuration in- 
teraction calculations (16).) The need to use a large flexible 
basis set in order to obtain high accuracy became apparent 

and the concept of the universal basis set was introduced (17- 
22). These large and flexible basis sets are not only capable 
of yielding high accuracy but are also transferable from sys- 
tem to  system without regard to the nuclear charges or mo- 
lecular environment involved. The investigation of the 
convergence of calculated properties of atoms and mole- 
cules with increasing size of basis set was realized in prac- 
tice in the work of Feller and Ruedenberg (23) and Schmidt 
and Ruedenberg (24), and ultimately led to the concept of a 
universal systematic sequence of even-tempered basis sets (25, 
26). Clementi et al. (27, 28) emphasized the simplifications 
that arise in evaluation of the two-electron integrals when 
universal even-tempered (or geometric) basis sets are em- 
ployed. Wilson (29) presented a scheme based on the 
Cholesky decomposition of the two-electron integral matrix 
that allows the effective generation, storage, and processing 
of the integrals associated with a universal even-tempered 
basis set. The scheme becomes increasingly efficient as the 
size of the basis set is increased. Huzinaga (1) has stated that 
"these remarkable universal geometric basis sets . . . will 
certainly usher us to a new plateau of computational chem- 
istry." More detailed reviews have been provided by the 
present author (30-32). 

There appears to be a widely held belief (see, for exam- 
ple, Schaefer (33)) that finite difference approximations to 
atomic and molecular wave functions are superior to their 
finite basis set counterparts. Finite difference methods have, 
until recently, been the method of choice in atomic struc- 
ture calculations (34, 35). Furthermore, the finite differ- 
ence approach has been applied to  a range of diatomic 
molecules containing light atoms (36-40). Numerical 
Hartree-Fock calculations for atoms and for diatomic mol- 
ecules have been shown to afford a sub-~har t r ee  level of 
accuracy for total electronic energies. Over the past decade, 
it has also been demonstrated that finite basis set expan- 
sions can provide equivalent or  superior approximations for 
Hartree-Fock wave functions for atoms and diatomic mol- 
ecules. By using systematic sequences of even-tempered basis 
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sets of either Gaussian-type functions (23, 24) or exponen- 
tial-type functions (41-43), atomic self-consistent field 
energies, that are, in fact, often more accurate than those 
obtained by finite difference techniques can be obtained. For 
diatomic molecules, the accuracy achieved in fully numeri- 
cal self-consistent field calculations can be matched by cal- 
culations performed within the algebraic approximation when 
elliptical basis functions are employed (44-46). Basis set 
expansions provide a compact representation of self-consis- 
tent field wave functions. Quiney et al. (47) point out that 
"The underlying reason for the success of the finite differ- 
ence methods lies in the choice of coordinate system for the 
special cases in which they have found favour." 

Systematically constructed sequences of basis sets can also 
be employed with advantage in studies of the effects of 
electron correlation in atomic and molecular systems. Use 
of basis sets yields a square-integrable representation of the 
complete spectrum and affords an effective quadrature over 
the continuum. Studies of a simple model problem (a hy- 
drogenic atom perturbed by increasing the nuclear charge) 
using the techniques of many-body perturbation theory have 
established that integration over the continuum states can be 
carried out more accurately using systematically extended 
basis sets than by the numerical approach traditionally em- 
ployed in atomic structure calculations (48). In relativistic 
electronic structure studies the use of the algebraic approx- 
imation has not only opened up the possibility of applica- 
tions to molecules but has also provided representation of the 
negative energy branch of the spectrum, which is required 
if one is to go beyond the so-called "no virtual pair" ap- 
proximation that has been employed even in atomic struc- 
ture calculations carried out by employing finite differences 
(49). Finally, the computational advantages of the algebraic 
approximation should be emphasized since it leads to algo- 
rithms with basic linear algebra kernels, which can be exe- 
cuted with great efficiency on vector processing machines 
and parallel processing computers (50). 

For molecular systems without special symmetry proper- 
ties, the use of atomic basis functions transfers a local co- 
ordinate system to the region where the wave function is most 
rapidly changing, whereas the finite difference approach 
must, in practice, employ a Cartesian grid, which is a man- 
ifestly unsuitable coordinate system especially in the region 
of the nuclei. However, there appears to have been little 
systematic study of the accuracy that can be achieved in 
electronic structure studies of very simple polyatomic sys- 
tems. In this work, we investigate the convergence of the total 
energies of the simplest polyatomic one-electron systems, 
H," and Hd3+, obtained when a systematic sequence of even- 
tempered basis sets of Gaussian-type functions with s sym- 
metry are employed. The convergence is compared with that 
observed for the H atom and the H2 molecule. In Sect. 2, a 
brief description of systematic sequences of even-tempered 
basis sets, their completeness properties, and applications is 
given. The results of calculations on the H," and H,,+ sys- 
tems are presented in Sect. 3 and discussed in Sect. 4 where 
conclusions are also given. 

2. Systematic sequences of even-tempered basis sets 
The orbital exponents, Ck(N) in an even-tempered basis set 

are taken to form a geometric progression, thus 

where both a(N) and P(N) depend on N, the number of 

functions in the basis set, as, therefore, do the orbital ex- 
ponents. For the basis set to approach completeness as N -, 
X, a and P must be functions of N such that 

Ruedenberg and co-workers (23, 24) suggested empirical 
functional forms that ensure that these limits are satisfied. 
In particular, they suggested the forms 

and 

where a,, a , ,  b,, and b ,  are constant for a given sequence. 
Basis sets generated according to eqs. [ I  1, [3], and [4] are 
termed systematic sequences of even-tempered basis sets. 
Ruedenberg and co-workers take these constants to be dif- 
ferent for different atomic species. If, however, they are taken 
to be independent of the particular system then this is termed 
a universal systematic sequence of even-tempered basis sets 
(26). 

The set of Gaussian-type basis functions exp(-Ck(~)r2) 
generated in this fashion can be shown to be asymptotically 
total in L'(R') in the limit of large N since the generalized 
Muntz-Szasz theorem (5 1) 

holds. Note that for fixed a and P, the series of partial sums 

converge to a finite limit. 
Schmidt and Ruedenberg (24) demonstrated that by em- 

ploying a systematic sequence of even-tempered basis sets 
of Gaussian-type functions for the ground state of the hy- 
drogen atom, the calculated energy is found to smoothly 
approach the exact energy as the basis set is extended. The 
convergence of the energies obtained by Schmidt and 
Ruedenberg, using a sequence containing 3, 4 ,  5, . . ., 10 
Gaussian-type functions of s symmetry, is displayed in Fig. 
1, where the change in the energies hE(N) = E(N) - E(N 
- 1) (E(N) denoting the energy resulting from a calculation 
using N basis functions) is shown as a function of the size 
of the basis set. Results obtained by optimizing the orbital 
exponents for each basis set (designated "optimal") are 
compared with those obtained by using the relations [I], [3], 
and [4], which, following Schmidt and Ruedenberg, are 
designated "regular." It should be noted that although the 
variation principle ensures that hE(N) is negative for the 
"optimal" basis sets this is not necessarily the case for 
the "regular" basis sets. However, for the hydrogen atom 
ground state hE(N) < 0 and IhE(N)I decreases monotoni- 
cally as N is increased. 

Wells and Wilson (52) demonstrated that sub-phartree 
accuracy could be achieved in Hartree-Fock calculations for 
small diatomic molecules by using systematically con- 
structed basis sets of atom-centered Gaussian-type func- 
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FIG. 1 .  Convergence of the ground state energy of the hydro- 
gen atom using a sequence of optimized even-tempered basis sets 
of Gaussian-type functions and a systematic sequence of even- 
tempered basis sets of Gaussian-type functions (based on the work 
of Schmidt and Ruedenberg (24)). 

Nuniber of basis functions 

FIG. 2. Convergence of the ground state energy of the H, mol- 
ecule using a systematic sequence of even-tempered basis sets of 
Gaussian-type functions of s symmetry (based on the work of Wells 
and Wilson (52)). 

TABLE 1. Convergence of the ground state 
energy of the H, molecule with an intemu- 
clear separation of 1.4 bohr obtained by 
employing a systematic sequence of even- 
tempered basis sets of Gaussian-type func- 
tions of s symmetry centred on the two 
nuclei. See text for details. Energies are 

given in hartree units 

Basis set Energy 

tions. Using a basis set consisting of 23s, 9p,  4d,  4 f ,  22g, and 
l h  Gaussian-type functions on each atom, these authors ob- 
tain a total ground state energy for the HI molecule with an 
internuclear separation of 1.400 bohr of - 1 133629.366 
phartree, which differs by only 0.21 phartree from the en- 
ergy obtained by employing basis sets of elliptical functions 
(44) ,  - 1133629.57 phartree, and that obtained in fully 
numerical Hartree-Fock calculations (38) ,  - 1 133629.57 
phartree. 

The convergence of calculations of the ground state energy 
of H? obtained from a sequence of atom-centred even-tem- 
pered basis sets of Gaussian-type functions of s symmetry 
is displayed in Fig. 2 ,  where the change in the calculated 
energy values on extending the basis set by two additional 
basis functions is displayed as a function of the number of 
basis functions. The intemuclear distance is again 1.400 bohr. 
Satisfactory convergence of the calculated energy values with 
increasing size of basis set of functions with s symmetry is, 
of course, a necessary first step in any accurate calculation. 
The orbital exponents were generated from eqs. [ I ] ,  [ 3 ] ,  and 
[4] using the parameters given by Schmidt and Ruedenberg 
for the H atom. The energies obtained for basis sets con- 
taining 10, 12, 14, . . ., 20 are given in ref. 52. The ener- 
gies resulting from calculations employing 22, 24,  26,  . . . 
36 basis functions are displayed in Table 1 .  It can be seen 
that the convergence pattern shows some oscillation but that 
sub-phartree accuracy can be achieved by employing a suf- 
ficiently extended basis set. Obviously, these oscillations 
could be removed by optimizing the exponents for each of 
the basis sets in the sequence since this would ensure that the 
energy would decrease monotonically. However, such an 
optimization of the exponents is not usually practiced in 
molecular calculations. For the basis set of 26 s functions the 
smallest eigenvalue of the overlap matrix, a measure of 
computational linear dependence, was found to be 0.0000285 
whilst for the largest basis set considered, the set of 36 s 
functions, this was found to decrease to 0.0000033. 

3. Results of calculations for H:+ and H:+ 
Calculations were camed out to investigate the conver- 

gence of the ground state electronic energy of the prototype 
triatomic system, the H," molecular ion, in an equilateral 
triangle configuration and internuclear separation R.  Two 
internuclear separations were considered: R = 1.0 bohr and 
R = 2.0 bohr. A systematic sequence of even-tempered 
basis sets of Gaussian-type functions of s symmetry centred 
on each of the three nuclei was employed. The parameters 
given by Schmidt and Ruedenberg for the H atom and em- 
ployed by Wells and Wilson (52)  in their study of the Hz 
ground state were again used. 

The calculated electronic energies for the H," molecular 
ion are given in Table 2 for R = 1 .O and R = 2.0 bohr for a 
sequence of even-tempered basis sets containing 10, 1 1 ,  12, 
. . ., 32 functions. For each basis set, the smallest eigen- 
value of the overlap matrix, E,, is given for the R = 1 .O bohr 
configuration. This provides a measure of computational 
linear dependence in the basis set. Values of E, for the R = 
2.0 bohr configuration were found to be greater than or equal 
to those for R = 1.0 bohr. 

For the H," ion the energy difference AE(N)  = E ( N )  - 
E(N - I ) ,  where E ( N )  denotes the energy obtained by using 
a basis set of N functions, is displayed in Figs. 3 and 4 for 
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TABLE 2. Convergence of the ground state electronic energy of the 
I E  - 5  

H," molecular ion with an equilateral triangle configuration and , . . . .- 

internuclear separation R in bohr obtained by employing a system- 
, 

atic sequence of even-tempered basis sets of Gaussian-type func- 
tions of s symmetry centred on the three nuclei. See text for details. 

i -i-4, - 1  \\ 

Energies are given in hartree units. Distances are given in bohr. E, 
i c i i ~  \i 

is the smallest eigenvalue of the overlap matrix and provides a i I \, 

measure of computational linear dependence - 
T - 

Electronic energy 
Basis E, 

R = 1.0 R = 2 0  R = l O  set 

Number  of basis f~~r !c : ions 

FIG. 4. Convergence of the ground state energy of the H," ion 
in an equilateral triangle configuration with an internuclear dis- 
tance of 2.0 atomic units using a systematic sequence of even- 
tempered basis sets of Gaussian-type functions of s symmetry. 

TABLE 3. Convergence of the ground state electronic 
energy of the H ~ , '  molecular ion, in a square planar 
configuration with side 1.0 bohr, obtained by em- 
ploying a systematic sequence of even-tempered ba- 
sis sets of Gaussian-type functions of s symmetry 
centred on the three nuclei. See text for details. Ener- 
gies are given in hartree units. E, is the smallest ei- 
genvalue of the overlap matrix and provides a measure 

of computational linear dependence 

Basis set Electronic energy ES 

FIG. 3. Convergence of the ground state energy of the H," ion 30s -3.362 283 5 0.000 004 8 
in an equilateral triangle configuration with an internuclear dis- 31s -3.362 320 4 0.000 004 0 
tance of 1.0 atomic units using a systematic sequence of even- 32s -3.362 343 0 0.000 000 4 
tempered basis sets of Gaussian-type functions of s symmetry. 

the R = 1.0 bohr and R = 2.0 bohr equilateral triangle con- 
figurations, respectively. 

Calculations were also performed for the ground state 
electronic energy of the prototype tetra-atomic system, the 
H , ~ +  ion, for a square planar arrangement of the nuclei with 
side 1.0 bohr. Again, a systematic sequence of even-tem- 
pered basis sets of Gaussian-type functions of s symmetry 
centred on each of the nuclei was employed together with the 

parameters given by Schmidt and Ruedenberg for the H atom. 
The results are displayed in Table 3. For each basis set in the 
sequence 10, 1 1, 12, . . . , 32 s functions we give the elec- 
tronic energy together with the smallest eigenvalue of the 
overlap matrix, E,. 

The energy difference @ ( N )  observed for the H , ~ +  ion is 
plotted in Fig. 5 as a function of the number of basis func- 
tions. 
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Number. of basis functions 

FIG. 5. Convergence of the ground state energy of the H,)' ion 
in a square planar configuration with side of 1.0 atomic units using 
a systematic sequence of even-tempered basis sets of Gaussian-type 
functions of s symmetry. 

4. Discussion 
The one-electron ions H," and Hd3+ afford the simplest 

prototypes for the study of the accuracy that can be achieved 
in electronic structure calculations for polyatomic mole- 
cules when systematically constructed sequences of even- 
tempered basis sets are employed. The results can be 
compared with previous studies of simple atomic and dia- 
tomic systems. In the present study, attention has been 
focused on the convergence patterns observed when 
Gaussian-type functions of s symmetry are centred on each 
of the nuclei in the system, which is, of course, a necessary 
first step in any accurate calculation. 

Whilst smooth convergence of the calculated energies is 
observed for the hydrogen atom ground state shown in Fig. 
1, there is some oscillation in the convergence pattern for the 
hydrogen molecule displayed in Fig. 2. For the hydrogen 
molecule the oscillations are of the order of 5 phartrees. 
Convergence to sub-phartree accuracy is ultimately achieved 
with a sufficiently large basis set. 

For the prototype triatomic system, H,", the conver- 
gence with increasing size of basis set is also oscillatory. The 
oscillations are more pronounced than those observed for the 
Hz ground state, being of the order of 200 phartree in the R 
= 1.0 bohr case for the smaller basis sets considered dimin- 
ishing, to about 5 phartree for the larger sets employed. 
somewhat improved convergence characteristics &e- ob- 
served for the R = 2.0  bohr geometry. It should be noted 
again that these oscillations could obviously be removed by 
optimization of the exponents for each of the basis sets in a 
sequence but in this work we have followed the usual prac- 
tice of employing basis sets designed for atomic systems in 
a molecular environment. From the calculations reported in 
Table 2 it must be concluded that, as the basis set is system- 
atically extended, sub-phartree accuracy cannot be achieved 
before computational linear dependence renders the calcu- 
lations unreliable. It would appear that an absolute accu- 
racy of -10 phartree can be achieved for the ground state 
electronic energy of the H,~ '  ion at the nuclear geometries 
considered. 

The convergence with increasing size of basis set is also 
oscillatory for the prototype tetra-atomic system, the H," ion. 
The oscillations are more pronounced than those observed 
for both the Hz ground state and the H," ion, being of the 
order of 400 phartree for the smaller basis sets considered, 

diminishing to about 40  phartree for the larger sets. Again 
we have followed the usual practice of using atomic basis sets 
in a molecular system. From the calculations reported in 
Table 3 it must be concluded that, again, as the basis set is 
systematically extended, sub-phartree accuracy cannot be 
achieved before computational linear dependence renders the 
calculations unreliable. An absolute accuracy of -50 phar- 
tree can be achieved for the ground state electronic energy 
of the H,,+ ion at the nuclear geometry considered. 

In the present study, we have restricted our attention to 
one-electron systems using basis functions of s symmetry. 
Certainly, functions of p, d, f, . . . and higher symmetries 
will be required to approach the exact electronic energies. It 
is also possible that for many-electron systems there could 
be some degree of cancellation of errors in the one- and two- 
electron components of the electronic energy. However, the 
accurate description of polyatomic, one-electron systems 
using basis sets of s symmetry must be regarded as a nec- 
essary first step in any high-precision treatment of poly- 
atomic molecules. 

In conclusion, it is useful to recall some empirical advice 
given by Schwartz (4) in 1963: "it seems quite general, 
working with computing machines of finite numerical ac- 
curacy, a poor choice of basis functions (implying a slow 
convergence rate) will be signaled by large and rapidly 
growing roundoff errors. The best cure for this disease will 
lie not in any improvement in the numerical capability of the 
machine, but requires the selection of a basis more appro- 
priate to the problem in hand. Thus it appears that the two 
problems of getting an accurate (numerical) answer at each 
step, and having these successive answers converge rap- 
idly, are strongly interwoven." 
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SUSUMU NARITA and TAI-ICHI SHIBUYA. Can. J. Chem. 70, 296 (1992). 
A new method is proposed for obtaining a few eigenvalues and eigenvectors of a large-scale RPA-type equation. Some 

numerical tests are carried out to study the convergence behaviors of this method. It is found that the convergence rate 
is very fast and quite satisfactory. It depends strongly on the way of estimating the deviation vectors. Our proposed scheme 
gives a better estimation for the deviation vectors than Davidson's scheme. 'This scheme is applicable to the eigenvalue 
problems of nondiagonally dominant matrices as well. 

Key words: large-scale eigenvalue problem, RPA-type equation, fast convergence. 

SUSUMU NARITA et TAI-[CHI SHIBUYA. Can. J. Chem. 70, 296 (1992). 
On propose une nouvelle mCthode d'obtention des valeurs propres et des vecteurs propres d'une equation importante 

de type RPA. On a effectuC quelques evaluations numCriques dans le but de determiner les comportements de conver- 
gence de cette mtthode. On a trouvC que la vitesse de convergence est trks rapide et assez satisfaisante. La vitesse de 
convergence dCpend beaucoup de la fafon d'evaluer les vecteurs de deviation. Notre mCthode donne une meilleure 
Cvaluation des vecteurs de deviation que celle de Davidson. On peut aussi appliquer cette mCthode aux problkmes de 
valeurs propres de matrices principalement non-diagonales. 

Mors LIPS : problkme de valeurs propres, Cquation de type RPA, convergence rapide. 
[Traduit par la redaction] 

1. Introduction 
In computing quantities such as the transition energies and 

the transition properties related to electronic states of atoms 
and molecules, the equations-of-motion (EOM) method has 
various advantages over the traditional configuration inter- 
action (CI) method. The EOM is set up directly for the 
electronic transition, taking into account the electron corre- 
lation at various levels of approximation, while the CI method 
deals with the ground and the excited states, separately. The 
first-level approximation to the EOM is known to be the 
random phase approximation (RPA), which is equivalent to 
the time-dependent Hartree-Fock method. At higher levels 
of approximation such as the highei RPA ( I )  and the sec- 
ond higher RPA (2), one often ends up with similar RPA-type 
equations. 

The RPA-type equation is written 

where A and B are symmetric N x N square matrices as- 
sumed to be real, Y(k) and Z(k) column vectors with N 
components, and w, the transition energy to the kth state. 
Because of the special structure of the RPA-type matrix, its 
eigenvectors show various interesting properties. Some of 
them were discussed in the monograph by Thouless (3). 
Mathematical solutions for negative w are easily obtained 
from the solutions for positive w (3). If 

is the eigenvector associated with the positive eigenvalue o,, 
then 

is the eigenvector associated with the negative eigenvalue w-, 
- - - -w,. 

Equation [ l ]  may be solved by the direct diagonalization 
of the 2N x 2N unsymmetric matrix unless N gets large. For 
large N, however, the direct diagonalization becomes for- 
midable. Usually one is only interested in a few solutions of 
the lowest transition energies. Various iterative algorithms 
have been developed for this purpose (4-6). Although these 
methods are applicable to the RPA-type equations, they d o  
not take advantage of the special paired structure of the RPA- 
type matrix. Recently, Olsen et nl .  (7) proposed iterative 
algorithms that utilize this structure. In their algorithms, 
however, computations with 2N-component vectors are in- 
volved. 

Alternatively, eq. [ l ]  may be equivalently written as 

and the subtraction and addition of these equations give 

where 

[4] P(k) = Y(k) + Z(k) 

Q(k) = Y(k) - Z(k) 

The multiplication of eq. [3a] by (A - B )  and eq.  [3b] by 
(A + B) ,  from the left on both sides, gives 

where 
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and 

The associated eigenvectors P(k)  and Q ( m )  must satisfy the 
orthonormality condition 

Many years ago, Tamura and Udagawa (8) proposed to 
solve eqs. [5a] or [5b] instead of solving eq. [ I]  directly. 
They proposed to obtain W, and its associated eigenvector 
P(k)  or Q ( k )  and then to obtain the other as a solution of the 
simultaneous equation. To obtain the properly normalized 
eigenvectors, however, one needs careful treatment of these 
equations.' In the following sections, we will propose a new 
scheme to solve the Tamura-Udagawa equations, eqs. [5a] 
and [5b] or eqs. [3a] and [3b], of large-N components, and 
will discuss its efficiency in actual applications. 

2. Algorithms 
2.1. The Newton-Raphson equatiorz 

First we define the Rayleigh quotient f ( P , Q )  as 

where P and Q are column vectors of N components and G 
is given by eq. [6]. The differentiation of eq. [9] with re- 
spect to the kth components P, and Q ,  gives 

and 

It is then clear from eqs. [IOU] and [lob] that the extremum 
conditions for f readily give eqs. [5b] and [5a], respec- 
tively. 

The second derivatives off are obtained by differentiat- 
ing eqs. [lOa] and [lob] with respect to the mth compo- 
nents P,,, and Q,,,: 

The higher order derivatives off can be obtained similarly. 
Then, using eqs. [10a]-[l Id], we obtain the Taylor expan- 
sion of eq. [9]: 

's. Narita, S. Kumei, and T. Shibuya. Unpublished results. 

where f o  is equal to f (P,,,Q,). The derivative coefficients with 
superscript 0 are all evaluated at Po and Q,,. 

The deviation vectors 6P and SQ can be estimated from 
the Newton-Raphson equation 

where subscripts P and Q denote the differentiation and, for 
instance, 

and 

The kth components of the first derivative coefficient vec- 
tors, f and f :  can be evaluated from eqs. [IOa] and 
[lob], respectively. Similarly, the (tn,k) components of the 
Hessians, f :,,, f t,, f &,  and f :,, can be evaluated from eqs. 
[I la]-[] Id],  respectively. 

In the vicinity of the extremum, the first-order derivative 
coefficients ( f  :), and ( f  t) ,  in eqs. [I la]-[1 l d ]  become 
negligible, and eq. [I 31 becomes 

[14a] ( G - f n 1 ) 6 p =  - f i  

[14b] ( H - f 0 1 ) 6 Q = - f :  

Note that the matrix size here is reduced to N X N from 2N 
X 2N. When the f o  value approaches the extremum, the 
Hessian matrices of eqs. [14a] and [14b] become nearly 
singular. However, the deviation vectors SP and SQ would 
then contain the dominant components of the eigenvectors 
whose eigenvalues are near to the f n  value. This is the rea- 
son why the Newton-Raphson method shows fast conver- 
gence when the initial guess is close to the final solution. 

Note that if all the off-diagonal elements of the Hessian 
matrices are ignored in eqs. [ 14a] and [ 1461, then we have 

r 1 

which are the approximations employed in the Davidson al- 
gorithm (10). These approximations may be good when the 
matrix G is diagonally dominant (i.e., e' << 1, where e' = 
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(G,~/(G,, - GJJ)I) ( 1  1 ) .  If G is not diagonally dominant, 
however, they will give only poor deviation vectors. 

2.2. The shifted inverse-power method 
Now, let us consider the properties of x"' which is the so- 

lution of the equation 

f being a scalar and b an arbitrary column vector with a 
constant norm other than zero. This equation looks very much 
like eqs. (141. If all the eigenvalues W,'s and associated ei- 
genvectors P,'s and Q,'s of the matrix G are known, then the 
vector x'" of eq. [I61 can be written as 

Note in this equation that Q; b(W, - f ) - '  is a coefficient of 
vector Pi. When f is close to an eigenvalue, say W,, the ab- 
solute value of the corresponding coefficient becomes very 
large compared with the rest, and then xu' becomes a very 
good approximation to the exact eigenvector Pi as all other 
terms in eq. ( 1  71 become negligible compared with this par- 
ticular term of Pi. 

We obtain a more accurate vector x"' by replacing a vec- 
tor b in eq. [I71 by the vector x'": 

Note that the magnitude of the corresponding coefficient of 
Pi in eq. [18] becomes much larger than that in eq. [17]. In 
general, the result in the kth step of the iteration, x'", is re- 
lated to that in the previous step, x'"-", as 

The vector x'" approaches the exact eigenvector as k in- 
creases. We call this the inverse iteration effect. By repeat- 
ing the above procedure we can improve an arbitrary vector 
b so as to give the exact eigenvalues around the value off 
and their associated eigenvectors. This iterative method is 
well known as the shifted inverse-power method (9). 

For small N, it is easy to solve eq. [16] and obtain the 
vector x"'. For large N, however, it becomes formidable to 
handle the inverse matrix (G - f 1 ) - I .  This is the major 
drawback of the shifted inverse-power method. However it 
gives a more accurate estimation for the deviation vectors 
than the Davidson algorithm, and therefore is free from the 
problem of diagonal dominance. With this method, the 
convergence rate is also drastically improved. 

2.3. A compromised method 
The method we propose here is a compromise of the 

Newton-Raphson method, the shifted inverse-power method, 
and the variational method. Although x'"' in the previous 
section may be a good approximation to the eigenvector, we 
can construct an even better vector by taking a linear com- 
bination of x'", x"', . . ., xO". Let {x'~'} be the set of the re- 
sults obtained in sequence by eq. [19] and {y'"} be a set of 
vectors that satisfy the orthonormality conditions 

n being the number of vectors in each set, and the dimen- 
sion of vector x"' is N. The set {Y'~'} may f o m ~  an N x n 
matrix 

where 

and 

The coefficients of the linear combination of x '~ '  may be 
determined so as to give the minimum value o f f  by the 
variational method. Given the basis sets X and Y, approxi- 
mate eigenvectors P' and Q' are represented as 

where the coefficient vectors p and q consist of n elements. 
Then, eqs. [20] and [9] give 

where the matrix elements of the n x n matrix g are given 
by 

The differentiation of eq. [22] with respect to the kth com- 
ponent q,, together with the extremum conditions, give 

This equation can easily be solved by diagonalizing the ma- 
trix g giving n solutions. Using the ith eigenvectors p, in eq. 
[24] and the basis-set x""s, we can compute the corre- 
sponding approximate eigenvectors P,' of G as 

where (p,), is the jth component of the eigenvector p,. 
Suppose that we are looking for the lowest eigenvalue f, 

and its associated eigenvector P,. Let x'"' be an approximate 
eigenvector obtained by the shifted inverse-power method, 
and PIr  be the approximate vector constructed by x'"'s and 
coefficient vector p , ,  which belon s to the lowest eigen- 
value in eq. [24]. As PI1 contains 3'' as a basis, the f value 
corresponding to the vector PI' becomes always less than or 
equal to that of x'"' itself by virtue of the variational princi- 
ple. Therefore PI' becomes a more accurate eigenvector than 
x'"' itself. 

In calculating the basis set X, we adopted -f: instead of 
b in eq. [16] as in eq. [14a]. The first result is then the same 
as 6P, the solution of the Newton-Raphson equation [14a]. 
After having obtained two sets {x'"} and {Y'~'}, we solve the 
variational equation [24]. 

We now summarize our computational scheme. Here for 
simplicity, we look for the solution of the lowest excitation 
energy only. The extension to obtaining a few eigenvalues 
and eigenvectors is quite straightforward. 

2.3.1. Initialization 
Select a set of trial vectors P and Q, which satisfy pTQ = 

1. As an initial guess, we choose Pi = Qi = 1 and all the other 
elements of these vectors are set to be O's, where i is the 
number corresponding to the smallest diagonal element in the 
matrix G.  Probably this choice of the initial guess is the 
simplest one. 

2.3.2. Iteration 
(i) Calculate f by eq. [9], the first derivative vector fa by 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NARITA AND SHIBUYA 299 

TABLE 1. Convergence rate in computing the transition energies to I ' B ,  state of decapentaene and dodeca- 
he~aene" .~  

Decapentaene Dodecahexaene 

Iteration 
number 

Transition energy 
(a.u.) 

0.422 718 6 7 ~ + 0 0 "  
0.388 150 64D+00 
0.3 14 586 94D+00 
0.275 961 33D+00 
0.175 994 64D+00 
0.156 830 60D+00 
0.156 784 95D+00 

Residual' norm 

0.195 195 52D+00 
0.187 130 23D+00 
0.109 577 30D+00 
0.757 197 95D-01 
0.135 190 64D-01 
0.348 439 53D-02 
0.100 399 17D-05 

Transition energy 
(a.u.) Residual' norm 

0.169 118 73D+00 
0.108 606 67D+00 
0.840 052 49D-01 
0.100 849 06D-01 
0.643 174 63D704 
0.141 550 75D-13 

"The molecular geometries and parameters are given in  ref. 12. 
"The matrix sizes for decapenraene and dodecahexaene are 169 and 342, respectively 
' A  tolerance value for convergence is N X lo-'. 
'ID-02, for instance, denotes x lo-'. 

TABLE 2. Convergence rate in computing the transition energies to 2 ' ~ ,  state of decapentaene and dodeca- 
hexaene".' 

Decapentaene Dodecahexaene 

Iteration Transition energy Transition energy 
number (a.u.) Residual' norm (a.u.) Residual" norm 

"The molecular geometries and parameters are given in ref. 12. 
"The matrix sizes for decapentaene and dodecahexaene are 18 1 and 360, respectively. 
'A tolerance value for convergence is N X lo-'. 

eq. [lob], and the approximated Hessian matrix (G - f 1) by 
eq. [14a]. 

(ii) Compute the residual norm of fQ. 
If it becomes smaller than &(a tolerance value for conver- 

- gence), stop the calculation. Then the computed value off  
in step (i) is the eigenvalue to be obtained. 

(iii) If the norm is greater than E ,  then obtain a sequence 
of x"" in the shifted inverse iteration by eqs. [14a] and [19] 
to construct matrix X, which consists of n column vectors. 
In our test calculations shown below, n will be 3. The larger 
n becomes, the faster is the convergence rate. There is-no 
general rule for the determination of n and it should be cho- 
sen case by case. 

If the Hessian matrix becomes singular, add a small 
number to all the diagonal elements and recalculate X. Ob- 
tain Y from eq. [20]. After having obtained the basis sets X 
and Y, calculate the matrix g in eq. [23]. 

(iv) Solve eq. [24] and choose the lowest eigenvalue f, and 
its associated eigenvector p,. 

(v) Obtain a renewed trial vector P by eq. [25]. Compute 
the corresponding vector Q by eq. [3a] for the proper nor- 
malization, and normalize them by using eq.  [8]. Note that 
o, is equal to the square root off , .  Jump back to step (i). 

Needless to say, this scheme is also applicable to the ei- 
genvalue problems of symmetric matrices. 

3. Results and discussion 
T o  illustrate the efficiency of the proposed a1 orithms we H calculate the transition energies to l ' ~ ,  and 2 A, states of 

decapentaene and dodecahexaene by the parametrized EOM 
method at the ( lp-  1 h) + (2p-2h) level (12). These results 
are shown in Tables 1-3. In these test calculations, the a + 

a* mixings are omitted for simplicity. 
As is seen in these tables, the convergence rates are very 
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TABLE 3. Improvement of the convergence rate for the 2 ' ~ ,  state 
of dodecahexaene"." by setting r~ to be 6 

Dodecahexaene 

Iteration 
number 

1 
2 
3 
4 
5 
6 
7 

Transition energy 
(a.u.) 

0.382 377 85D+00 
0.314 817 41D+00 
0.244 844 27D+00 
0.262 105 82D+00 
0.149 355 78D+00 
0.126 944 08D+00 
0.126 944 08D+00 

Residual' norm 

0.189 892 28D+00 
0.118 202 24D+00 
0.655 926 70D-01 
0.198 492 55D+00 
0.449 902 01D-01 
0.119 220 30D-04 
0.619471 40D-13 

"The geometries and parameters are shown in ref. 12 
"The matrix sizes is 360. 
'A  tolerance value for convergence is N X lo-'. 

FIG. 1. The geometries of highly fused ring system Cg6H2,. The 
bond angles (LC<-<) are all 120" and atomic distances be- 
tween C - C  are all 1.39 A. 

TABLE 4. The convergence rate for the lowest singlet excitation 
energy of the highly fused ring setting n to be 3. 

C 9 6 H ~ 4  

Iteration Transition energy 
number (a.u.) Residualc norm 

"The geometry is shown in Fig. 1 .  
hThe matrix size is 2304. 
' A  tolerance value for convergence is N X lo-'. 

extracted vectors so as to give the optimum energy. To ac- 
celerate the convergence rate, the deviation vector must be 
properly evaluated. The numerical examples presented here 
indicate that the shifted inverse-power method is quite ef- 
fective in evaluating these deviation vectors. It does not make 
any crude approximation in evaluating the deviation vectors 
as does the Davidson algorithm, so that it is applicable to the 
eigenvalue problems of nondiagonally dominant matrices. 

It is well known that the Newton-Raphson method be- 
comes very poor when the initial guess is far from the exact 
solution. However, the inverse sequence, x'" in eq. [19], 
obtained by the Newton-Raphson-type equation, provides 
a good approximation for the exact eigenvector. The reason 
is quite natural because of the inverse iteration effect dis- 
cussed in Sect. 2.2.  It is very interesting that the matrix in 
the shifted inverse-power method just corresponds to the 
Hessian matrix. 

By virtue of the shifted inverse-power method, the set {P,} 
obtained from eq. [25] contains not only the component of 
the wanted eigenvector but also those of the other eigenvec- 
tors whose eigenvalues are near to f. Therefore, once one 
solution is obtained, we have a good starting vector for the 
next solution. 

Although the present method has good characteristics as  
mentioned above, the computation of the inverse matrix (G 
- f 1)-' is a time-memory~consuming job particularly when 
N becomes large. As the matrices in our test calculations, 
which are shown in Tables 1-3, are not very large, we were 
able to calculate the inverse matrices of the Hessian and ob- 
tain the sequence {x'"} without any difficulty. If the se- 
quence { x ' ~ ' }  is obtained directly without calculating the 
inverse matrix, then the eigenvalue problems for larger-scale 
matrices can be solved without consuming computer mem- 
ory. To  confirm this idea, we performed a "direct RPA" 
calculation on the highly fused ring system as shown in Fig. 
1 .  In this calculation, we obtained the MO's by the PPP 
(Pariser-Pam-Pople) method and the sequence {x"'} by the 
Lanczos method (13). As we did not distinguish the sym- 
metries, the RPA matrix size became 2304. The result is 
shown in Table 4. As expected from the previous results, the 
convergence rate is quite satisfactory. The fast convergence 
shows the efficiency of extracting the dominant terms of the 
eigenvectors whose eigenvalues are close to f. 

I. ( a )  T. Shibuya and V.  McKoy. Phys. Rev. A, 2, 2208 (1970); 
(b) T. Shibuya, J. Rose, and V .  McKoy. J. Chem. Phys. 58, 
500 ( 1  970). 

2. T. Shibuya, T. Funada, and H. Gotoh. Bull. Chem. Soc. Jpn. 
61, 1103 (1988). 

3 .  D. T. Thouless. Nucl. Phys. 22, 78 (1961). 
4. J. P. Flament and H. P. Gervais. lnt. J. Quantum Chem. 16, 

1347 ( 1979). 
5. S. Rettrup. J. Comput. Phys. 45, 100 (1982). 
6. K. ~ i r aognd  H. ~&atsuji.-J. Comput. Phys. 45, 246 (1982). 

fast and quite except for the case of the 21A, 'late 7,  J ,  Olsen, H, J A, Jensen, and P, JOrgenwn. J Cornput. Phys. 
of dodecahexaene in Table 2. It appears that the conver- 74, 265 (1988). 
gence rate does On the matrix size. For the 2'A, 8,  T,  Tamura and T ,  Udagawa, Nucl, Phys, 53, 33 (1964). 
state of dodecahexaene, a drastic improvement is attained 9. G,  Strang. Linear algebra and its applications. Academic Press 
when we set rz to be 6, as is shown in Table 3. Inc., New York. 1976. 

The rapid convergence demonstrated in these examples is 10, E. Davidson. J .  comput. phys. 17, 87 (1975). 
all due to the combined use of the shifted inverse power I 1 ,  E, Davidson, J .  phys. A: Math. Gen. 13, L170 (1980). 
method and the variational method. The former extracts the 12. T. Shibuya, T. Funada, and S. Narita. Bull. Chem. Soc. Jpn. 
dominant terms of the eigenvectors whose eigenvalues are 62, 701 (1988). 
close to f, and the latter determines the step length of the 13. Y. Saad. SIAM J. Numer. Anal. 19, 485 (1982). 
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Orbital reorganization and its energies in the interaction of CO with Sc, Fe, and Cu 

K ~ z u o  HIRAI A N D  NOBUHIRO KOSUGI' 
Divisiotl of Molec~tlnr Etlgitleerir~g, Kyoro Utli\,ersir>. Yoshirlrr, Kyoro 606, Jrzpntl 
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This 1xzlwr isderliccrred to Profr~.ssor Siger~t Hltzitlcrgn 011 rIze OCC~IJI 'OII  of his 65rh birrl~drr? 

K ~ z u o  HIRAI and NOBUHIRO KOSUGI. Can. J .  Chem. 70, 301 (1992). 
The interaction of CO with transition metals (M = Cu, Fe. and Sc) is analyzed using a newly developed method within 

the framework of the Hartree-Fock approximation. This method reveals reorganization of each orbital by the interac- 
tion and its energy contribution. To avoid the basis-set dependence in the energy partitioning, the orbital reorganization 
energy includes both polarization and charge-transfer effects; however, these effects are clearly distinguished by using 
orbital contours. The interaction in M-CO is discussed not only in terms of widely accepted components, such as metal 
4s-4pa polarization, CO 5a - metal 3du donation, and metal 3rl-n - CO 2-n.backdonation, but also by using newly 
found components, metal 3tla-4s and 4s-3du polarization. CO 5u - metal 4pu donation, metal 3du - CO 6u:"ack- 
donation, and CO 1-n - 2-n* polarization. 

Key words: metal carbonyl. interaction energy, orbital reorganization. 

K ~ z u o  HIRAI et NOBUHIRO KOSUCI. Can. J. Chem. 70, 301 (1992). 
On a analysC l'interaction du CO avec les m6taux de transition (M = Cu, Fe et Sc) en utilisant une mkthode dtveloppke 

rkcemment dans le cadre de l'approximation de Hartree-Fock. Cette mCthode revkle la rCorganisation de chaque orbi- 
tale sous ['influence de I'interaction ainsi que sa contribution a I'tnergie. Afin d'eviter le problkme d'une dependance 
sur I'ensemble de base dans la repartition de I'energie, I'Cnergie de reorganisation orbitalaire inclut les effets de polari- 
sation ainsi que ceux du transfert de charge; toutefois, on fait une distinction claire entre ces effets en utilisant des con- 
tours orbitalaires. On ne discute pas de ['interaction M-CO seulement en fonction de composantes bien acceptkes comme 
la polarisation mttallique 4s-4pa, la donation CO 5u - metal 3du et la retrodonation mCtal 3d-n - CO 2 7 ~ ' ~ .  mais aussi 
en utilisant les quatre nouvelles composantes suivantes : polarisation metal 3da-4s et 4s-3du, la donation CO 5u - metal 
4pu, la rktrodonation metal 3rIu - CO 6u" et la polarisation CO 17r-2~*. 

Mors cl&s : metal carbonyle. energie d'interaction, reorganisation orbitalaire. 
[Traduit par la rCdaction] 

Introduction interaction energies for the 'Il, %, 'C', 4C- states of ScCO 

In classical physics the molecular interaction is discussed 
in terms of the electrostatic forces among dipoles and in- 
duced dipoles. These correspond to the e~lectrostatic (ES), 
polarization (PL), and dispersion terms. In quantum me- 
chanics the exchange (EX) term is taken into account to sat- 
isfy the Pauli exclusion principle, and the charge-transfer 
(CT) term is very important. Several approaches to divide 
molecular interaction into the ES, EX, PL, and CT terms are 
proposed within the Hartree-Fock approximation and are 
applied to various interacting systems. 

The interaction of CO with metals in adsorbed surfaces and 
in carbonyl compounds is an interesting issue for both ex- 
perimental and theoretical chemists (1-9). It is widely ac- 
cepted ( 1 )  that the interaction can be described as two major 
C T  interactions: u donation from C O  5 u  to metal 3du and n 
backdonation from metal 3d-rr to C O  2-rr*, where the dona- 
tion leads to a concentration of electron densitv on the metal 
and the backdonation reduces this charge. Some experi- 
ments indicated that the increase of d-rr backdonation makes 
the M--C bond stronger and the C--0 bond weaker (1). 
However, Bagus and co-workers (2, 4, 5) showed, in var- 
ious systems involving CO and transition metals, that metal 
polarization (PL) and d-rr backdonation are much more im- 
portant than u donation. In their theoretical work, they used 
the constrained space orbital variation (CSOV) method ( 6 )  
to sequentially partition the interaction energy into contri- 
butions from intra-unit (PL) and inter-unit (CT) charge re- 

by modifying the Kitaura-Morokuma (KM) analysis (10). 
They pointed out that the definition of polarization by Kitaura 
and Morokuma does not satisfy the Pauli exclusion princi- 
ple. The concepts of PL and C T  begin to lose their mean- 
ings as the distance between the fragments decreases or as 
the basis set becomes rather complete. Even if not com- 
plete, the distinction between PL and C T  would depend on 
the basis set used. Furthermore, the concepts of ES and EX 
lose their meanings in strong interaction regions. T o  over- 
come these problems Frey and Davidson (3) redefined the 
polarization energy including the exchange repulsion, and 
showed that after the modification the results became rea- 
sonable even when the distance between the fragments was 
short or extended basis sets were used. 

In the present work, based on a newly developed method, 
the features of u donation, d n  backdonation, and metal po- 
larization and other components are systematically clarified 
in the interaction of CO with different transition metals (M 
= Fe, Cu,  and Sc). The total interaction energy is parti- 
tioned into the electrostatic plus exchange (ES + EX) term 
and the polarization plus charge transfer (PL + CT) term. The 
orbital reorganization through the PL + C T  interaction is 
described as the change of the occupied orbital space from 
an isolated system to a combined system, and the PL + C T  
interaction energy is divided into each orbital reorganiza- 
tion. Orbital contours are used to see whether the interac- 
tion is PL, CT,  or their mixture. - 

distribution. Method and computation 
Recently, Frey and Davidson (3) investigated the SCF 

In the present work, the interaction is divided into two 
steps. In the first step, infinitely isolated fragments ap- 

' ~ u t h o r  to whom correspondence may be addressed. proach each other with no change in their wavefunctions. TO 
Printed in Canada 
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satisfy the Pauli exclusion principle, the total wave function 
@(P) should be constructed by orthogonalization (or anti- 
symmetrization, A) between the fragment wavefunctions, 
@(PA) and @(P,), as follows: 

where P ,  and PA and P,, are the occupied orbital spaces for 
the total and fragment systems, respectively. The first-step 
interaction arises from the interaction within the occupied 
orbital spaces of the fragments and includes only ES and EX 
terms. The ES + EX interaction energy EES+,, is obtained 
as the difference between the energy of the infinitely iso- 
lated system and the energy using the orbitals orthogonal- 
ized among all the occupied fragment orbitals. In the second 
step, the total wave function is reorganized from P to Q to 
satisfy the Hartree-Fock (HF) self-consistent field of the 
combined system, where Q denotes the HF occupied orbital 
space. The second-step interaction arises from stabilization 
through mixing with the vacant orbital space (1 - P)  and 
includes only PL and CT terms. The PL + CT interaction 
energy EpL+, is obtained by the difference between the 
energies for P and Q. 

In addition to partitioning of the interaction energy, we 
have tried to see the change from P to Q by reorganization 
of each orbital. The first-step interaction is not to be di- 
vided into orbital components, but the second-step interac- 
tion within the HF approximation can be divided into orbital 
components as follows: 

whereP = {+,.,/i = 1, 2, ..., N)andQ = {$,,,/i= 1 , 2 ,  ..., 
N} are the total occupied orbital spaces spanned by ortho- 
normalized spin orbitals, 4,., and I),.,, respectively, and q 
denotes the HF wave function after the second-step inter- 
action. The total vacant orbital space after the first-step in- 
teraction is 1 - P = {4,,j( j = 1, 2, . . . , M), where (40,il+v,j) 
= 0. Then, $,,, can be uniquely described by mixing +,,, with 
+,,, as follows: 

where 

We can determine these spin orbitals by unitary transfor- 
mation for the a-spin occupied orbitals and for the P-spin 
occupied orbitals of @(P) and q (Q)  so that the overlap ma- 
trix between and IJJ,,~ is diagonalized as given by eq. [6] 
and the total energies remain unchanged. Such unitary 
transformation is achieved by the corresponding orbital 
transformation (1 1). Using the resulting relation [6], we ob- 
tain 4,,, by normalizing the difference, $,,, - ~, ,~4 , , , .  The 
orthogonal relation [7] ($o,il+,,j) = 0 (i f j) is derived from 
the relations ($,,,($,,,) = 0 and ($,,i140,j) = 0. When M > N, 
the orbitals +,., (i = 1, 2, . . ., N) are uniquely defined to 
satisfy eqs. [5] and [7] but the remainder (i = N + 1, . . ., 
M) is not defied. When M < N, $,,, = 4,., (i = M + 1, . . ., 
N). Thus, the change of 4,,,(P) to I),,~(Q) by the inclusion of 

TABLE 1.  Interaction energies in Fe-CO and Cu-CO 

FeCO CuCO 
'2-(3du13d.rr43d6'4s1) '2 '(3d~'3d.rr'3d6~4s') 

ci I3 Total ci p Total 

"The values are given in eV, and positive value means stabilization. The 
SCF energies of CuCO and FeCO are - 1751.1699 and - 1374.6876 au, 
respectively. 

some part of 4,,,(l - P) is uniquely described by the mix- 
ture of the particular pair of orbitals. 

Next, let us divide the second-step interaction energy 
EPL+, into each spin orbital component E, as follows: 

[8] E, = (Ea, + Eb,)/2 

where the fust term in Ea, is the energy when only the ith spin 
orbital $,,, of Q is substituted by the ith spin orbital 4,,; of 
P ,  that is, $,,, + +,,; in Q; the second term in Eb, is the en- 
ergy when only the ith spin orbital of P is substituted by the 
ith spin orbital of Q, that is, 4,,i + $,,, in P .  Then, the total 
stabilization energy in the second-step interaction EPLtCT. is 
equal to a sum of contributions for each spin orbital. Let us 
call Ei the orbital reorganization energy. 

The Cu, Fe, and Sc primitive functions used in the pres- 
ent work were taken from (53331.5315) contracted Gaussian- 
type functions of Huzinaga et al. (12), and were augmented 
with three p functions: [,(Cu) = 0.3 18, 0.142, 0.044, [,(Fe) 
= 0.255, 0.1 18, 0.038, (,(Sc) = 0.073, 0.042, 0.024, to 
describe the 4p orbital, and with a diffuse d function: [,(Cu) 
= 0.15, [AFe) = 0.1 1, and (ASc) = 0.05, according to Hay's 
suggestion (1 3). The contraction scheme used was (532 12 1 / 
521 11 1/31 11). The C and 0 basis sets for CuCO and FeCO 
were of double [ quality (621/311) from (63/5) of Huzin- 
aga et al. (12). The C and 0 basis sets for ScCO were (73/ 
7) augmented with polarization functions: [AC) = 0.600 and 
cd(0) = 1 ,154, resulting in (72 11.5 1 1 / 1). The bond lengths 
R(M<) and R(C--0) were 1.98 and 1.14 A for CuCO (2), 
1.84 and 1.15 .& for FeCO (2), and 2.12 and 1.183 .& for 
ScCO (3), respectively. The electronic states calculated were 
'C+(3du'3d1~~3&~4s') for CuCO, 5~-(3du13d.rr43&24s') for 
FeCO, and 'n(3d.rr'4s2) and 4C-(3d.rr24s') for ScCO. The 
counterpoise method (14) was applied to the isolated sys- 
tems. The correction energies were very small as follows: 
0.0220 eV for ~ u ( d l ~ s ' )  and 0.08 10 eV for CO; 0.0153 eV 
for ~ e ( d , 2 ~ d ~ ~ d ~ ~ d ~ ~ d ~ ~ 2 ~ ~ 2 I 4 s ' )  and 0.1023 eV for CO; 
0.0075 eV for ~c(d~,~4s ' ) ,  0.0063 eV for ~ c ( d ~ , ~ d , ~ ' 4 s ' ) ,  and 
0.0432 eV for CO, where the single-configuration atomic 
SCF calculations were performed for Cu, Fe, and sc(drZJ 
dYz14s1) in the C,, symmetry and for ~c(d.,~'4s') in the C2, 
symmetry. The program GSCF3 (15, 16) was used for SCF 
calculations. All the computations were performed on the 
workstations DG AViiON 3 10 and SONY PWS 1550. 
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HlKAl AND KOSUGI 

TABLE 2. The orbital reorganization energies (in eV) in the interaction between Fe 
and CO in FeCO 5X-(3do'3d~J3d6?4s') 

- 

E, Figure Characterization 

a l(o)  0.824 Fig. la Fe 4s-4pa polarization 

CO 27rTT:(: backdonation 

P3(u) 0.25 1 Fig. Ic CO 50 - Fe 3du donation 
a4(a) 0.086 Fig. Id CO 5u - Fe 4pv donation 

0.055 Fig. le Fe 3do - CO 6u* backdonation 

Others -0.020 
S ~ ~ ( E P L  2.369 

TABLE 3. The orbital reorganization energies (in eV) in the interaction between Cu 
and CO in CuCO %C+(3du23d7r43d6J4s') 

E, Figure Characterization 
- - -  - - 

a l ( u )  0.581 (Fig. la) Cu 4s-4po polarization 

P 1 , 2 ( ~ )  0135} (Fig. lb) Cu 3d-m - CO 27r8 backdonation 
a 2 , 3 ( ~ )  0.123 

P3(4  0.136 Fig. 2a Cu 3do-4s polarization 

a4(o) 0.098 Fig. 2b 
P4(u) 0.097 (Fig. 2b) CO 50 - Cu 4po donation 
Others -0.001 
S U ~ ( E P L + C T )  1.169 

Results and discussion 
F ~ c o ( ~ ~ - )  and CuCO ('2') 

Table 1 shows the first-step and second-step energies, 
EES+,, and EPL+CT, in the interaction of CO with Fe and Cu 
in the 5Z-(3du13d.rr43dS24s') FeCO and 2Z'(3du23d~43d644s') 
CuCO states, respectively. The positive value means stabi- 
lization. EES+,, for FeCO and CuCO are both negative, in- 
dicating repulsive interaction. The absolute values of E,+,, 
and EPL+,, for FeCO are larger than for CuCO; the interac- 
tion between Fe and CO is stronger than between Cu and CO. 
This is because the metal-CO djstance for FeCO (1.85 A) 
is smaller than for CuCO (1.98 A) and is partly because the 
4s and 3d orbitals of Fe have larger radial extent than those 
of Cu (2). 

Tables 2 and 3 show results of the orbital reorganization 
energies in the second-step interaction. Figures 1 and 2 show 
contour maps of the orbitals, @ ,,,, @ ,.,, and +,,, together with 
c,., and c,,,. Figure l a  shows the most contributive u orbital 
reorganization in Fe-CO ( a l ,  35% of EPL+,,, see Table 2). 
This reorganization demonstrates reduction of the repulsive 
ES + EX interaction between Fe and CO, which is achieved 
mainly by the Fe 4s orbital polarizing away from CO through 
4s-4pu hybridization and slightly by CO reorganization. 
The Cu a l (u )  reorganization in Cu-CO shows very similar 
4s-4pu polarization away from CO, which is the most con- 
tributive of EPL+,, (50%, see Table 3). Figure 2a shows the 
P3 orbital reorganization in the 22'(3du23d-rr43du44sl) CuCO 
state (0.136 eV, 12% of EPL+,), which corresponds to 
Cu u polarization from 3du to 4s due to repulsive interac- 
tion between the doubly occupied CO 5 0  and Cu 3du orbit- 
als. This type of polarization is not found in the 52-(3du13d-rr4 
3dS24s') FeCO state. 

Figure Ib shows contour maps of .rr orbital reorganiza- 
tion in Fe-CO. The orbitals for a and (3 spins are exactly the 
same, because the restricted SCF wavefunctions are used and 
the a-spin and P-spin -rr electrons occupy the same orbitals. 
Figure I b shows that the Fe 3d-rr electron moves towards the 
CO 2.rr" orbital; that is, the P 1,2 and a2,3 reorganization of 
FeCO is typical  IT backdonation. The P1,2 and a2,3 or- 
bital contours of CuCO are nearly the same as those of FeCO. 
The sums of energy contributions from the .rr orbital reor- 
ganization p 1,2 and a2,3 are 50 and 22% of EPL+, in FeCO 
and CuCO, respectively. 

Figures lc and Id show the P3 and a 4  orbital reorgani- 
zation in the 5Z-(3du'3d.rr43dS24sI) FeCO state, respec- 
tively, both of which correspond to CO 5u donation to Fe. 
The P3 reorganization shown in Fig. Ic is typical u dona- 
tion from CO 5u to Fe 3du. On the other hand, the a 4  re- 
organization shown in Fig. Id corresponds to u donation from 
CO 5u to Fe 4pu (4spu hybrid directed to CO). Figure 2b 
shows the a 4  orbital reorganization in CuCO, and the P4 
orbital reorganization in CuCO is almost the same as a 4  in 
Fig. 2b. The a 4  and P4 reorganization is u donation from CO 
5u to Cu 4pu (4spu hybrid directed to CO), which is simi- 
lar to a 4  of Fe-CO but is more contributive in energy (17% 
of EPL+,) than FeCO a 4  (4% of EPL+,). In the 2Z'(3du2 
3d-rr43dS44s') CuCO state, there is no u donation from CO 
5u to Cu 3du, because the 3du orbital is doubly occupied. 

Figure le shows the a 5  orbital reorganization in FeCO. 
Interestingly, this clearly indicates u backdonation from Fe 
3du to CO 6u*. Other orbital reorganizations in FeCO and 
CuCO are complicated, but are energetically unimportant. 

Bauschlicher et al. investigated the same systems based on 
the CSOV method (2). The FO interaction energies, which 
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CAN. J .  CHEM. VOL. 70. I992 

FIG. I . Contour maps of the orbitals, + ,.,, +,.;, and +,,; together with c,,; and c,.;, where c , , ; + ~ , ~  + c,,,;4,,; = $,.;, for the '2- FeCO state. 
(a) al(u),  (b) PI ,2(7~) and a2,3(.rr), (c) P3(u), (d) a4(u), and (e) a5(u). 

are defined with the frozen-orbital (FO) wavefunctions formed 
by superimposing (and antisymmetrizing) the wavefunc- 
tions of the isolated fragments, are -2.80 and - 1.82 eV for 
FeCO and CuCO, respectively, and are nearly the same as the 
present results (EES+,, = -2.8 11 and - 1.755 eV as shown 
in Table l), though the basis functions used are different (but 
of the same quality) and in the present work the counter- 
poise method (14) is used. The PL + CT energies evaluated 
as the difference between their FO and SCF energies are 2.43 
and 1.27 eV for FeCO and CuCO, respectively (2). Those are 
slightly larger than the present results (EPL+, = 2.369 and 
1 .I69 eV). The CSOV stabilization energies within the n 

orbital space evaluated as [V(M;full basis) - V(M;full a ba- 
sis)] + [V(CO;full basis) - V(C0;full u basis)] are 0.93 and 
0.22 eV for FeCO and CuCO, respectively (2). Those are 
smaller than the present results for the sum of p 1,2 and a2,3 
(1.173 and 0.258 eV). The present result shown in Fig. lb 
demonstrates only dn backdonation but no polarization at all; 
therefore, it is probable that the CSOV result underesti- 
mates the n orbital stabilization energies. The deficiency may 
be recovered by taking into account the unidentified (resid- 
ual) interaction energies in the CSOV analysis, 0.21 and 0.05 
eV for FeCO and CuCO, respectively (2). The sums of the 
metal and CO polarization energies of CSOV, V(M;M) and 
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HIRAl AND KOSUGI 

FIG 2. Contour maps of the orbitals, 4, ,, 4, ,, and J I ,  , together with c,, and c, ,, where c, ,+, , + c, ,+, , = J I ,  ,, for the 'X' CuCO state. 
(a) P3(u) and (b) a4(u). 

TABLE 4. Interaction energies in Sc-CO 

ScCO 'II (3d.rr14s') ScCO 4X-(3d~'4s1) 

0: p Total 01 p Total 

"The values are given in eV, and positive value means stabilization. The 
SCF energies of 'n and ' 2  of ScCO are -872.2384 and -872.2570 a u ,  
respectively. 

V(CO;CO), are 1.15 and 0.86 eV in FeCO and CuCO, re- 
spectively. The polarization energy coming from the a l  or- 
bital reorganization in FeCO reaches 72% (0.824 eV) of the 
CSOV polarization energy, and the polarization energy from 
a 1  and P3 in CuCO reaches 83% (0.717 eV). 
S C C O ( ~ ~ ,  4C-) 

Table 4 shows the first-step and second-step energies, 
EES+,, and EpL+rnr of the interaction between Sc and CO in 
the "(3d.ir'4s2) and 4X-(3d.rr'4s') states of ScCO. E,+,, for 
both the 'II and 4C- states are negative, indicating repulsive 
interaction. EES+,, for the 'lI(3d.rr14s') state is much larger 
than that of the 4C-(3d.ir24s') state. This is consistent with 
the expectation that the repulsive interaction arjses between 
the CO 5u and Sc 4s electrons. The "C (3d.ir-4s') state is 
more favorable than the 'II(3d.ir'4s2) state, and the EPL+, 
value for 4X- is larger than that for 'n. 

Tables 5 and 6 show results of the orbital reorganization 
energies in the second-step interaction. The orbital reorgan- 
ization of the doubly occupied orbitals a1  and (31 for the 
211(3d.ir'4s2) state (62% of EPL+,,) seems to be large Sc po- 
larization from 4s to 3du, or from d's' to d's', with small 
contribution of CO reorganization, resulting in reduction of 
the axial repulsive interaction, as is shown in Fig. 3a. This 
type of polarization is very unique. On the other hand, for 
the 4C-(3d.ir24si) state, the singly occupied a 3  orbital reor- 
ganization (19% of EPL+,) shown in Fig. 4b corresponds 
mainly to Sc u polarization through 4s-4pu hybridization, 

which resembles the singly occupied a l orbital reorganiza- 
tion of FeCO (Fig. la) and CuCO. 

Figure 4a shows very large orbital reorganization of half- 
occupied a 1,2 of the 4C-(3cl.rr'4s') state (65% of EPL+,,) 
which corresponds to d.ir backdonation. This is similar to d.ir 
backdonation of FeCO (Fig. Ib) and CuCO, but shows an 
increase of the density between Sc and C. This is consistent 
with the fact that the Sc 3 d r  orbital has a relatively large ra- 
dial extent. The orbital reorganization for quarterly occu- 
pied 012 in the "(3d.ir14s') state (20% of EpL+,.) corresponds 
to very similar d.ir backdonation to a1,2 of the "C-(3d.ir24s') 
state. 

The a 4  and Pl orbital reorganization of the 4C-(3d.ir'4s') 
state corresponds to u donation from CO 5u to Sc 3du, which 
is very similar to the P3 orbital reorganization in the 
5C-(3dui3d.rr43d8'4s') FeCO state (Fig. I c) . Figure 3b 
shows P2 and a 3  of the 'II(3d.ir'4s2) state (14% of EPL+rn) 
and is similar to Fig. 2b showing a 4  and P4 of the 
'C'(3d~~3d.ir~3d6~4s') CuCO state; contribution of CO 5u 
donation to Sc 4pu (not to 3du) is dominant. This is be- 
cause the 4s orbital is doubly occupied in the 'II(3d.ir'4s2) 
state and the Sc 4s-3du polarization is very contributive, as 
is shown in Fig. 3a. 

Figure 3c shows the a 4  and P3 orbital reorganization of 
the 'II(3d.ir14s2) state. This reorganization contributes little 
in energy, but shows CO 11-r- IT* polarization with very 
small .ir donation from CO In to Sc 3d7-r. It is interesting that 
this type of polarization is clearly found to be independent 
of the d.rr backdonation a2 .  

Frey and Davidson (3) investigated the same states of 
ScCO based on the original and modified Kitaura-Morokuma 
(KM) methods. Their ES + EX energies (E,, + E,,) based 
on the original KM method are 2.95 and 1.73 eV for the 'II 
and 4C- states, respectively. These are comparable with the 
present results (E,,, = 3.096 and 1.765 eV). On the other 
hand, their total PL + CT energies evaluated as Eint - Eel - 
E,, with the original KM method, which they call the dis- 
tortion term, are 1.74 and 2.30 eV for the 211 and 4C- states, 
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TABLE 5. The orbital reorganization energies (in eV) in the interaction between Sc 
and CO in ScCO 'n(3dn'24s2) 

E, Figure Characterization 

Fig. 3a Sc 4s-3du polarization 
0.616 

a2(71) 0.409- (Fig. 4a) Sc 3dn - CO 2n* backdonation 
0.145 Fig. 3b CO 5u - Sc 4pu donation 
0.138 

0.036 Fig. 3c CO 171- IT* polarization 
0.033 (Fig. 3c) 

Others 0.017 
Sum(EpL+,) 2.024 

FIG. 3. Contour maps of the orbitals, $,.;, $,,i, and IJJOli together with c,,~ and c,,;, where c,,~$,.~ + c,,~$,,; = IJJOsi, for the 'n ScCO state. 
(a) Pl(u) and a l (u) ,  (b) P2(u) and a3(u), and (c) a4(71). 

respectively, and those evaluated as Epl,,,(S~) + Eplc,,(CO) 
with the modified KM method, which should be equal to the 
distortion term, are 1.73 and 2.09 eV, respectively. These 
discrepancies are attributed to coupling terms (3). The pres- 
ent results (EpL+, = 2.024 and 2.450 eV) are larger than 
their results. These discrepancies may arise from differ- 
ences in the basis functions used, their basis functions for Sc 
seem to be better than the present ones, lowering the ener- 
gies of the isolated systems. Furthermore, they divided the 
PL + CT energies EPIC,, into the u and .rr parts. The u PL + 
CT energies Ep,c,(u) are 1.28 and 0.76 eV and the .rr PL+CT 
energies EpIc,(.rr) are 0.33 and 1.10 eV for the 'II and 4C- 
states, respectively. The present results (EPL+,(u) = 1.614 

and 0.867 eV, EpL+,(n) = 0.410 and 1.583 eV, respec- 
tively) are in qualitative agreement with those. 

Conclusions 
The present method is able to uniquely partition the inter- 

action into the orbital reorganization. To avoid the basis-set 
dependence in the energy partitioning, the polarization and 
charge transfer are not separated within the algorithm; how- 
ever, the orbital contours make it cleW,whether the reorgan- 
ization is polarization or charge transfer in most cases. 
Centers of gravity of the reorganization orbitals may also be 
useful for the distinction. Even if polarization and charge 
transfer appear in the same orbital reorganization, it only 
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HIRAI AND KOSUGI 

TABLE 6. The orbital reorganization energies (in eV) in the interaction between Sc 
and CO in ScCO '2-(3dn24s') 

E; Figure Characterization 
- 

a1 1.583 Fig. 4a Sc 3dn - CO 2n* backdonation 
axu )  0.470 Fig. 4b Sc 4s-4pu polarization 

(Fig. Ic) CO 5u - Sc 3du donation 
0.172 

Others 0.035 
S U I I ~ ( E ~ ~ + ~ ~ )  2.450 

! FIG. 4. Contour maps of the orbitals, c+, ,~,  C+ ,,,, and +,,, together with c , , ~  and c ,,,, where c,.,+,,~ + c,.,+,,~ = +,,i, for the 42- SCCO state. 
I (a) al,2(n) and (b) a3(u). 

suggests that the reorganization cannot be divided definitely 
I 

into polarization and charge transfer. If we wish to develop 
a method to distinguish between polarization and charge 
transfer, it will fall into basis-set dependence. Although the 
present method is defined within the HF level, it may be 
extended beyond the HF level by using {+,,,} and {+,,,) de- 
fined within the HF level. 

The interaction of CO with transition metals was ana- 
lyzed in the high-spin states of the linear model carbonyls, 
FeCO, CuCO, and ScCO. The orbital reorganization con- 
tours were consistent with the conventional concepts of 
donation, backdonation, and polarization, though the po- 
larization and charge transfer effects cannot be methodo- 
logicall? distinguished. For the ' ~ - ( 3 d ~ ~ 3 d a ~ 3 & ~ 4 s ~ )  FeCO 
and 'C (3d~r'3da~3d6~4sl) CuCO states, the metal 4s-4pu 
polarization and the metal 3da - CO 2a* backdonation were 
dominant, where EpL(4s-4pu) - 35 and 50%, and E,(3da- 
2a*) - 50 and 22% of EpL+,, respectively. For the 
211(3da'4s2) and 4C-(3da24s1) states of ScCO, the metal 
polarization and the metal 3da - CO 2a* backdonation were 
dominant, where EpL(metal) - 62 and 19%, and E,(3da- 
2a*) - 20 and 65% of EPL+,, respectively. The reorgan- 
ization orbital contours for the d a  backdonation (Figs. Ib 
and 4a) were almost independent of the metals and the 
electronic configurations, but the energy contributions were 
dependent on the number of d a  electrons and the radial 
extent of d a  orbitals. On the other hand, the orbital re- 

organization by the metal polarization was dependent on the 
~lectronic configurations. In the 5C-(3du'4sl) FeCO, 
'C+(3du24sl) CuCO, and 4C-(3du04s') ScCO states, the 
dominant metal polarization corresponded to the 4s-4pu 
rehybridization away from CO to reduce the repulsive in- 
teraction with CO (Figs. l a  and 4b). In the 211(3du04s2) 
ScCO state, there was no 4s-4pu polarization but the metal 
polarization corresponded to the de-excitation from 4s to 
3du, or from d's2 to d'sl, to reduce the axially repulsive 
interaction with CO (Fig. 3a). 

Other polarization and backdonation effects were found. 
In the 2C+(3du24sl) CuCO state the metal 3du-4s polariza- 
tion was contributive (12% of EPL+,), indicating the rehy- 
bridization between du2s' and du's2 to reduce the axially 
repulsive interaction with CO 5u (Fig. 2a). The CO la-2a* 
polarization (Fig. 3c) and Fe 3do - CO 6u* backdonation 
(Fig. le) were clearly found in the 211(3da04s2) ScCO and 
5C-(3du'4sl) FeCO states, respectively, though less contri- 
butive (3.4 and 2.3% of EPL+,,). 

The CO 5u donation to the metals was more compli- 
cated. There were two types of donation found in the 
'2-(3du'4s1) FeCO state: the donations to Fe 3du and to Fe 
4pu (4sp hybrid directed to CO). The former corresponded 
to the well-accepted donation (Fig. lc) and was more con- 
tributive (1 1% of EPL+,,) than the latter (Fig. Id, 3.6% of 
EPL+,). In the 21;'(3du24sl) CuCO and 211(3du04s2) ScCO 
states with the 3du and 4s orbitals doubly occupied, respec- 
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308 CAN. J .  CHEM. VOL. 70, 1992 

tively, only the latter type of donation was contributive (17% 
of EPL+,, Fig. 2b; 14% of EpL+,, Fig. 3b). In the 'C-(3dw0 
4s ' )  ScCO state with the 3 d u  orbital unoccupied, only the 
former type of donation was contributive (15% of EPL+,,). 
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YOSHIKO SAKAI,  EISAKU MIYOSHI, and TOSINOBU ANNO. Can. J .  Chem. 70, 309 (1992). 
Multireference singly and doubly excited CI (MRSDCI) calculations are performed on the NaI rnolecule by using a 

model potential method. The potential energy curves of the ground and first excited 'C+ states are generated over a wide 
range of internuclear distance R.  The curves yield the avoided crossing, which is expected to arise by the mixing of the 
ionic and covalent configurations, and thus the curve of the first excited state shows a shallow minimum. The geomet- 
rical parameters, dipole moment. and dissociation energy are calculated. The agreement of those with the experimental 
results is satisfactory. 

Key words: NaI, MRSDCI calculation, model potential method, potential curve, excited state. 

YOSHIKO SAKAI, EISAKU MIYOSHI et TOSINOBU ANNO. Can. J .  Chem. 70, 309 (1992). 
Utilisant une rnethode avec potentiel modkle, on a effect& des calculs d'IC avec multi-refkrences simplement ou 

doublement excitCes (MRSDCI) sur la molCcule de Nal. On a ginCrC les courbes d'knergie potentielle de I'etat fonda- 
mental et du premier Ctat excite 'C+ pour un grand ensemble de distances internuclCalres R. Les courbes conduisent au 
croisement CvitC qui devralt augrnenter par le mklange des configurations ionique et covalente; la courbe du premier Ctat 
excitC prksente donc un minimum peu profond. On a calcule les paramktres gkomktriques, le moment dipolaire et I'Cnegie 
de dissociation. L'accord entre ces valeurs et les rCsultats expkrimentaux est correct. 

Mors clPs : NaI. calculs MRSDCI, mCthode du potentiel modkle, courbe de potentiel, Ctat excitC. 
[Traduit par la rCdaction] 

Introduction 
Over the last six decades, a number of spectroscopic 

studies have been done on diatomic alkali halides (1, 2). 
Although the ground state of these molecules has been well 
established, only a little knowledge has been gained for the 
excited states. The alkali halide dissociation reaction is in- 
fluenced by the interaction between the ionic ground state and 
the lowest excited covalent state. The crossing (or avoided 
crossing) of the potential surfaces of these two states arises 
from the fact that the energy required to separate into ions 
(M' + X-) is larger than the energy required to separate into 
neutral atoms (M + X), where M and X represent the alkali 
metal and halogen, respectively. This characteristic of al- 
kali halides leads to interesting effects in the dynamics. 

Schaefer et al. (3, 4) were the first to provide an analysis 
of the discrete ultraviolet (UV) spectrum obtained for NaI, 
and deduced the molecular parameters for the first excited 
state as well as for the ground state. Bluhm et al.  (5) and 
Bower et al. (6) found a new bound state that leads to one 
of the Na(3p) asymptotes. Rose et al. (7, 8) performed fem- 
tosecond transition state spectra (FTS) measurements on the 
reaction of NaI, LiI, and NaBr. Their work focused partic- 
ularly on NaI. The data showed that some NaI molecules 
were being trapped in a well formed by the avoided cross- 
ing of the covalent and ionic potential energy surfaces, in- 
dicating the presence of the excited bound state. Grice and 
Herschbach (9) calculated the splitting AV(R,) between the 
pair of adiabatic potential energy curves that arise from 
pseudo-crossing of ionic and covalent states, where R, is the 
crossing point of the diabatic potential curves. They pointed 
out that only when R, < 15 au is AV(R,) large enough to en- 
able the adiabatic potential curves to govern the nuclear 
motion; otherwise the dissociation proceeds nonadiabati- 

' ~ u t h o r  to whom correspondence may be addressed. 
Pnnted In Canada 

cally, as if there were no mixing of the ionic and covalent 
configurations. The FTS measurements by Rose et al. (8) 
indicated that the fragments from the LiI dissociation were 
trapped similarly to the case of NaI, but then the dissocia- 
tion of NaBr did not exhibit strong trapping. (R, = 11.9 au 
for LiI, 13.3 au for NaI, and 15.4 au for NaBr (9).) 

It is interesting to represent the potential energy curves of 
the alkali halides by theoretical calculations using the ap- 
proach based on first principles. In the present work, we 
examine the potential energy curves of the ground state 
( ~ ' 2 ' )  and the first excited state ( ~ ' 2 ' )  of the NaI mole- 
cule over a wide range of internuclear distance R. Careful 
configuration interaction (CI) calculations are required to 
describe properly the intermediate part of the potential curves, 
where the avoided crossing is expected to arise by the mix- 
ing of the ionic and covalent configurations. Multireference 
singly and doubly excited CI (MRSDCI) calculations are 
performed with extended Gaussian-type basis sets. The core 
electrons of the atoms are replaced by the model potentials 
(10-17). Our results include the potential energy curves, 
dipole moment curves, geometrical parameters, dissocia- 
tion energy, and the values of R, and AV(R,). 

Details of calculation 

Basis sets and the scheme of calculation 
Hartree-Fock-Roothaan (HFR) and MRSDCI calcula- 

tions were performed on the ground and first excited '2' 
states of the NaI molecule by using a model potential method 
(10-17). Nine electrons ( 2 ~ ~ 2 ~ ~ 3 s )  for the Na atom and seven 
electrons ( 5 s ' ~ ~ ~ )  for the I atom were treated explicitly and 
the remaining (core) electrons were replaced by the model 
potentials. Model potential parameters and basis sets were 
determined in the same way as in previous work (15). Major 
relativistic effects (mass-velocity and Darwin terms) were 
incorporated for the model potential of the I atom at the level 
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TABLE 1 .  Gaussian-type basis sets for Na and I" 

Type Exponent Coefficient Type Exponent Coefficient 

"The basis sets were contracted as (21111/21111/111) for Naand (31111/21111/111) 
for I .  

of Cowan and Griffin's quasirelativistic HF method ( 13, 18). 
The valence basis set consists of six s- and four p-type 
Gaussian-type functions (GTF's) (6s/4p) for Na, and of 
(6s/5p) for I. In the molecular calculations, these basis sets 
were increased by one or two diffuse s- and p-type GTF's and 
three d-type GTF's, as shown in Table 1, in order to de- 
scribe the Na+ and I- characters in the NaI molecule prop- 
erly, and they were contracted as (2 1 1 1 1 /2 1 1 1 1 / 1 1 1)  for Na 
and (31111/21111/111) for I. 

Following the SCF calculations, the MRSDCI calcula- 
tions were performed to obtain the potential energy curves 
for the ground and first excited 'C' states. The calculations 
were done at 18 different distances of R = 4.0-20.0 au and 
at the dissociation limit (R = 10' au). 

Computer programs JAMOL4 (19) and  MICA^' were used 
for the SCF and MRSDCI calculations, respectively. A de- 
tailed description of the MRSDCI procedure will be given 
in the following section. 

MRSDCI calculations 
At the SCF-MO calculation, the configuration of the ionic 

state is (4at), which is an abbreviation of (laf2a: 
3a f lb~2b~ lb~2b~4a : )  in C,, symmetry, and it turns into 
(50:) at the dissociation limit. The highest occupied MO in 
the ionic state is of the I(6p) character. The configuration of 
the covalent state is (4a15a,), in which the 4al and 5a, MO's 
are of the I(6p) and Na(3s) characters, respectively. We chose 
three configurations, ( 4 ~ 3 ,  (4a15al), and (5af), as the ref- 
erences in the MRSDCI calculations. All single and double 
excitations from these three reference configurations were 
considered without any orbital being kept frozen. To save 
configurational space, the configuration state functions 
(CSF's) were limited to fust-order interaction space (20). The 
number of CSF's thus obtained is 89 252. Because the SCF- 
MO's of the ionic state are significantly different from those 
of the covalent state, the choice of the MO's in the CI is 

'A program package for CI calculations written by A.  Murakami, 
H. Iwaki, H. Terashima, T. Kawaguchi, and T. Noro. 

critical. We, therefore, adopted the procedure that consists 
of the following two steps. 

1. The MRSDCI calculations with a small dimension were 
performed first, in which the SCF-MO's up to 10al, lal, 5b,, 
and 5bz in each representation were considered. Here, the 
SCF-MO's for the ionic state were used. The CI dimension 
was 3929. 

2. Next, the MRSDCI calculations with full space were 
performed for the ionic and covalent states separately, using 
the natural orbitals for each of the states obtained by the above 
calculation. The dimension of CI was reduced to 3000-6000 
(the smaller number of CSF's for the larger R values) by the 
second-order perturbation selection (21, 22) with an energy 
threshold of 5 khartree. Weights of the reference space in the 
calculated ground and first excited states were 92-93% for 
all distances. The results of the CI calculations were modi- 
fied by adding the energy lowering from the rejected CSF's, 
estimated by a second-order perturbation technique (21, 22), 
and also by a Davidson-like correction for multireference 
(23). 

Results and discussion 

The potential energy curves for the lowest two 'Z+ states 
obtained by the MRSDCI calculations are shown in Fig. 1. 
The ionic state produces an avoided crossing with the dis- 
sociation asymptote to the neutral atoms, and the curve of 
the excited state has a shallow minimum. Geometrical pa- 
rameters (equilibrium Na-I distance R,, vibrational con- 
stant w,, rotational constant B,, and force constant k,) were 
obtained by a third-degree polynomial fit to the total ener- 
gies around the minimum shown in Table 2. 

We shall discuss the properties of the ground state first. 
The results are given in Table 3 with the results of SCF cal- 
culation and the experimental data (24). The SCF values 
agree well with the experimental ones. The MRSDCI cal- 
culation improves the results further. The difference in <e 

between the MRSDCI and experimental values is 0.02 A 
(0.7%). Agreement of the calculated w, (256 cm-') and Be 
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- 0 , 3  1 . " ' 1 " " 1 " " l " ' . l . . " l " " l " " l " " l " " l " . ' I  

2 .  0 8. D 14. 0 2 0 .  0 

Na-I Dis tance  ( a u )  

FIG. 1. Potential energy curves of the ground state (X'C') and 
the first excited state ( A ' Z ; + )  obtained by the MRSDCI calcula- 
tions as a function of the Na-I distance. 

TABLE 2. Total energies around the energy minimum 
of the ground and excited states, and at the separation 

limit 

Total energy + 59 au 

R(au) SCF MRSDCI 

Ground state 
5.0 
5.1 
5.15 
5. 165(RC,MRSDC1) 
5.188(RC,SCF) 
5.2 
5.4 

1O4(Na + I) 
First excited state 

7.5 
10.0 
11.5 
12.5 
13.5 
15.0 
104(Na' + I-) 

(0.116 cm-I) with the experimental values, 258 and 
0.1 178 cm-I, respectively, is excellent. 

To calculate the dissociation energy (D,) of NaI, two 
methods were examined, the formulas of which are given as 
follows: 

and 

TABLE 3. Results for the ground '2' state of NaI 

SCF MRSDCI Exptl. 

R,(& 2.745 2.733 2.71 1145" 
w,(cm- ') 252 256 258" 
B,(cni  I )  0 .115 0.116 0.1 178" 
k,(dyne/cm) 7.30 x 10' 7 .50 x 10" 
~ J d e b y e )  9.4 1 9.21" 
Do(eV) 2.98' 3.07' 3.00" 

3.13 + 0 .1 '  
3.15 ? 0.05l." 
3.18 2 0.01" 
3.26 C 0.03' 

- 
"See ref. 24. 
"See ref. 38. 
'A zero point correction of one-half o, was done on the calculated D,. 
"~hotoionization, in ref. 29. 
"Flame photometry. in ref. 33 .  
'Therrnocheniical, in ref. 32. 
"Atomic fluorescence, in ref. 34. 
"Photo-fragmentation. in ref. 30. 
'Band convergence, in ref. 3 1 .  

where IP(Na) and EA(1) are the experimental ionization po- 
tential for Na and electron affinity for I, respectively. It has 
been confirmed that formula [I] gives more accurate D,'s than 
formula [2] for diatomic alkali halides (MX) (25), because 
the electronic structure of MX in the ionic ground '2' state 
resembles that of the ion pair (M' + X-) (25-28). When D, 
is calculated by formula [I],  most of the differential corre- 
lation and relativistic effects between MX and M + X are 
embedded in the experimental IP and EA (25-28). In the 
present work, the experimental values of IP(Na) = 
5.138 eV and EA(1) = 3.063 eV (9) were used, and the total 
energy of the (Na'I-) system calculated at R = lo4 au, given 
in Table 2, was used instead of the sum of the energy of the 
separated ions. By the use of formula [ I ] ,  the MRSDCI and 
SCF calculations yielded D,'s of 3.09 and 3 .OO eV, respec- 
tively. A number of experimental studies on the dissocia- 
tion energy of the NaI molecule have been reported (29-34). 
As shown in Table 3, the experimental values of Do are in 
the range 3.00-3.26 eV. After a zero point correction of one- 
half w, on the calculated D,'s, we obtained Do = 3.07 and 
2.98 eV for the MRSDCI and SCF calculations, respec- 
tively. The Do's thus obtained are included in Table 3. 
Agreement of the MRSDCI Do value with the experimental 
values is satisfactory. 

We also examined formula [2] to obtain D,. D,'s of 3.08 
and 2.50 eV were obtained for the MRSDCI and SCF cal- 
culations using the total energies given in Table 2. These 
D,'s, however, cannot be compared directly with the ex- 
perimental values. The NaI molecule dissociates into the 
neutral N~('s,/,) and I('P,/,) atoms. Because of neglect of 
the spin-orbit interactions (13), our calculations yield the 
weighted average of the N~('s,/,) + I('P,/~) and N~(,s'/,) + 
I('P,/,) asymptotes. The energy difference between the two 
atomic states, I('P,/,) and I('P,/,), is 0.94 eV, which is not 
negligible. Since the averaged energy of I( ,P,~v) is higher 
by 0.31 eV than the energy of I('P,,,), the total energy of the 
supermolecule (Na + I) shown in Table 3 should be cor- 
rected by this amount. After this correction, formula [2] 
yielded D,'s of 2.77 and 2.19 eV for the MRSDCI and SCF 
calculations. These results are worse than those obtained by 
formula 111. The difference in MRSDCI D,'s obtained by the 
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TABLE 4. Results for the first 
excited 'Z'. state of NaI 

MRSDCI 

two methods is 0.32 eV. Bauschlicher et al. (28) have per- 
formed ab initio CI calculations on MgO (a711) and its com- 
ponent atoms and ions, and discussed which of the two 
methods gives a more accurate D, value. They concluded that 
formula [ l ]  gives a more accurate D, than formula 121 and 
that the difference in the D,'s obtained by these two meth- 
ods is very nearly the sum of errors in the calculated IP and 
EA. Their CI calculation has given an error of 0.21 eV for 
the IP(Mg) - EA(0) using large S T 0  and GTO basis sets. 
The same is true of the present case. The experimental value 
for IP(Na) - EA(1) is 2.08 eV (9). After correcting the value 
of AE(~( 'P ,~v)  - I('P,/,)) by the amount 0.31 eV, the dif- 
ference in the total energies of the systems, Na + I and Na' 
+ I-, calculated at R = 10' au is 2.40 eV, which corre- 
sponds to the calculated value of the IP(Na) - EA(1). Thus, 
the error of IP(Na) - EA(1) amounts to 0.32 eV. This is 
mainly caused by the difficulty in evaluating electron affin- 
ities of atoms (35, 36). 

The true potential curves should provide their total en- 
ergy difference at R = m, being equal to the experimental 
value of IP(Na) - EA(1). From this point of view, it is re- 
quired that the N~( ' s , /~)  + I('P,/,) asymptote lies lower, by 
2.08 eV, than that of Naf('So) + I-('So). Our potential curves 
shown in Fig. 1 yield an energy separation of 2.09 eV at R 
= lo4 au. This agreement is a result of cancellation of the 
error caused by omitting the spin-orbit interaction and the 
above-mentioned error in IP(Na) - EA(1). The spin-orbit 
interaction will have little effect on the ionic system of 
N~'('s") + I-('So) character over the whole range of R. The 
interaction affects significantly the covalent system of 
N~( 's , /~)  + I( 'P,~~) character, as discussed above. The ef- 
fect will remain, however, nearly constant for a wide range 
of R, because the electronic structure of the covalent system 
changes little. Under these assumptions, we consider that the 
potential curves shown in Fig. 1 should be close to the true 
curves for the adiabatic ground (xO+) and first excited (AO+) 
states. We calculated the geometrical parameters for the first 
excited state by fitting a third-degree polynomial to the total 
energies around the minimum shown in Table 2. oThe re- 
sults, which are given in Table 4, are Re = 6.49 A, w, = 
39 cm-I, and Be = 0.0206 cm-'. Schaefer et al. (3, 4) de- 
rived the potential curve of the first excited 'Cf state ( ~ 0 ' )  
of NaI, as well as the ground state, by analyzing the UV ab- 
sorption spectrum. However, the intermediate part of the 
curve of the excited state is still unclear because of the as- 
sumption made to obtain the absolute v' numbering (4). They 
reported in their first paper (3) that vibrational spacing w = 
39.3 cm-I, averaged rotations! constant B = 744 MHz 
(=0.0248 cm-'), and R = 5.90 A for the adiabatic AO' state. 
These values agree qualitatively with our results. In the re- 
fined paper (4), however, they gave the values of Y,, (=w) 
= 27.3 cm-I and Yo, (=B)  = 0.0482 cm-I fpr the adiabatic 
state (AO'). This B value yields R = 4.24 A, which is too 

Na-I Distance (au) 

FIG. 2. Dipole moment curves of the ground state (XIZ;+) and 
the first excited state (A'Z~') obtained by the MRSDCI calcula- 
tions as a function of the Na-I distance. 

short compared to our R, of 6.49 A.  From the experimental 
potential curves of the excited state, we could not obtain 
quantitative geometrical parameters, because the interme- 
diate part of the potential curve derived from an extrapola- 
tion is still questionable (4). 

The crossing point of the daabatic potential curves, R,, is 
estimated to be 13.3 au (7.04 A) by a simple formula, IP(Na) 
- EA(1) = 1/R, + cw.12~; (9), where cw. is the sum of the 
polarizabilities of the positive and negative ions. From our 
adiabatic potential curves in Fig. 1, R, is likely to be 
13.5 au (7.14 A),  which is close to the estimated R, value. 
The R, given in Table 4 is shorter than the R,, by 0.65 A. 
We obtained a value of 0.13 eV for the energy splitting 
AV(R,) between the adiabatic potential curves at the cross- 
ing point (R, = 13.5 au), which is in good agreement with 
the result (0.10 + 0.02 eV) derived from the chemical ion- 
ization process Na + I + Nai + I- given by Los and co- 
workers (37). Grice and Herschbach have also obtained a 
splitting of 0.1 eV by semiempirical calculation (9). These 
facts give additional support to the reliability of the poten- 
tial curve of the excited state in Fig. 1. 

In Fig. 2 the dipole moment curves given by the MRSDCI 
calculation are plotted against R. The electronic structures 
of the two states change dramatically around R,. The curve 
of the ground state goes down to zero at R = 15 au. The gross 
populations on the atoms are 8.42 (Na) and 7.58 (I) at R,, 
and 7.93 (Na) and 8.07 (I) at 12.5 au. They turn to 9.00 (Na) 
and 8.00 (I) for R > 16 au. On the contrary, the curve of the 
excited state goes up to the dissociation asymptote for the Na+ 
and I- ions at R = 16 au. For R < 8 au, dipole moments are 
of ~ a " 1 ~ "  character. For example, the gross populations are 
9.16 (Na) and 6.83 (I) at 5.0 au. The polarity changes into 
~ a "  I" at R = 8 au. The gross populations are 8.00 for both 
atoms, ( N ~ + I - ) ,  for R > 16 au. The dipole moment calcu- 
lated at R, is given in Table 3. The value of 9.41 debye agrees 
very well with the experimental value of 9.21 debye (38). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



S A K A l  ET AL. 313 

Acknowledgements 

This paper is dedicated t o  Professor Sigeru Huzinaga o n  
the occasion of his 65th birthday. The  authors would like to 
thank Professor Huzinaga for his kind guidance in their re- 
search activities over many years. One of the authors (Y.S.)  
also would like to thank Professor Keiji Morokuma for  his 
helpful suggestions for the present work. The  calculations 
were done at the computer center of the Institute for  Molec- 
ular Science. 

I. R. S. Berry. It1 Alkali halide vapors. Edited by P. Davidovits 
and D. L. McFadden. Academic Press, New York, N.Y. 1979. 

2. F. J. Lovas and E. Tiernann. J. Phys. Chern. Ref. Data, 3, 609 
(1974). 

3. S .  H. Schaefer, D. Bender, and E. Tieniann. Chem. Phys. 
Lett. 92, 273 (1982). 

4 .  S .  H. Schaefer, D. Bender, and E. Tiemann. Cheni. Phys. 89, 
65 (1984). 

5 .  H.  Bluhrn, J .  Lindner, and E. Tiernann. J .  Cheni. Phys. 93, 
4556 ( 1990). 

6. R. D. Bower, P. Chevrier, P. Das, H. J .  Foth, J. C .  Polanyi, 
M. G.  Prisant, and J. P. Viscot. J. Chem. Phys. 89, 4478 
(1988). 

7. T. S. Rose, M. J .  Rosker, and A. H. Zewail. J. Chem. Phys. 
88, 6672 (1988). 

8. T .  S. Rose, M. J .  Rosker, and A. H.  Zewail. J .  Chem. Phys. 
91, 7415 (1989). 

9 .  R. Griceand D. R. Herschbach. Mol. Phys. 27, 159(1974). 
10. Y. Sakai. J. Chern. Phys. 75, 1303 (1981). 
I 1. Y. Sakai and S. Huzinaga. J .  Chern. Phys. 76, 2537 (1982). 
12. Y. Sakai and S .  Huzinaga. J.  Chern. Phys. 76, 2552 (1982). 
13. M. Klobukowski. J. Cornput. Chem. 4 ,  350 (1983). 
14. S .  Huzinaga, M. Klobukowski, and Y. Sakai. J. Phys. Chern. 

88, 4880 (1984). 
15. Y. Sakai, E. Miyoshi, M. Klobukowski, and S. Huzinaga. J. 

Cornput. Chern. 8, 226 (1987). 
16. Y. Sakai, E. Miyoshi, M. Klobukowski, and S. Huzinaga. J. 

Cornput. Chern. 8, 256 (1987). 

17. E. Miyoshi and Y .  Sakai. J .  Cornput. Chern. 9, 719 (1988). 
18. R. D. Cowan and D.  C. Griffin. J. Opt. Soc. Am. 66, 1010 

(1976). 
19. H. Kashiwagi, S .  Obara, T.  Takada, F. Sasaki. and E. 

Miyoshi. Annu. Rev. Inst. Mol. Sci. (Japan), (1979). 121. 
20. A. D. McLean and B.  Liu. J. Chern. Phys. 63, 980 (1975). 
21. R. J.  Buenker and S. D. Peyerirnhoff. Theor. Chirn. Acta. 35. 

33 (1974). 
22. Z.  Gershgorn and I .  Shavitt. Int. J. Quantum Chen~.  2, 751 

(1968). 
23. E. R. Davidson. J. Coniput. Phys. 17, 87 (1975). P. E. M. 

Siegbahn. Chern. Phys. Lett. 55, 386(1978). 
24. K. P. Huber and G.  Herzberg. It1 Constants of diatomic rnol- 

ecules, molecular spectra and molecular structure IV. 
Van Nostrand Reinhold Company, New York, N.Y. 1979. 

25. S .  R. Langhoff, C .  W .  Bauschlicher, Jr. ,  and H. Partridge. 
J. Chern. Phys. 84, 1687 (1986). 

26. B. Liu, R. E. Olson, and R. P. Saxon. J. Chern. Phys. 74, 
4216 (1981). 

27. P. Rosrnus and W .  Meyer. J.  Chern. Phys. 74, 4217 (1981). 
28. C. W. Bauschlicher, Jr.. B. H. Lengsfield 111, and B. Liu. J. 

Chern. Phys. 77, 4084 (1982). 
29. J. Berkowitz and W. A. Chupka. J .  Chem. Phys. 45. 1287 

( 1966). 
30. N. J.  A. van Veen, M. S. de Vries, and A. E. de Vries. Chern. 

Phys. Lett. 64, 213 (1979). 
31. R. A. Berg and G. W .  Skewes. J .  Chern. Phys. 51, 5430 

(1 969). 
32. L.  Brewer and E. Bracket. Phys. Rev. 61, 425 (1961). 
33. T. M. Sugden. Trans. Faraday Soc. 57, 68 1 (1961 ). 
34. H. Beutler and H. Levi. Z. Phys. Chern. Abt. B: 24, 263 

(1934). 
35. F. Sasaki and M. Yoshirnine. Phys. Rev. A, 9, 17, 26 (1974). 
36. D. Feller and E. R. Davidson. J. Chern. Phys. 90, 1024 (1989). 
37. A. P. M. Baede and J.  Los. Physica, 52, 422 (1971); A. M. 

C.  Moutinho, J .  A.  Aten, and J. Los. Physica, 53, 471 (1971); 
G. A. L.  Delvigne and J .  Los. Physica, 59, 61 (1972). 

38. A. J .  Hebert, F. J. Lovas, C .  A. Melenders, C .  D. IIollowell, 
T.  L .  Story, Jr., and K .  Street, Jr. J. Chem. Phys. 48, 2824 
(1968). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Ab initio study on radical anions of nitro compounds 

FABIO RAMONDO 
Dipartitnento di Chitnira, Universita degli Studi di Roma. P.le A. Moro 5 ,  00185 Roma, Italy 

Received June 10, 1991 

This paper is dedirnted to Professor Sigeru Huzinaga on the occasion of his 65th birthday 

FABIO RAMONDO. Can. J. Chem. 70, 3 14 (1992). 
The results of ab itritio molecular orbital calculations on some nitro compounds, RN02 (R = CH,, CF,, CH,F, BH,, 

BF,, BHF, C6H5) and on the corresponding radical anions are reported. The geometries of the neutral and charged spe- 
cies were optimized at the SCF and MP2 levels of theory employing the 6-31G* and the 6-3 1 +G* basis sets. The ro- 
tation about the CN and BN bonds reveals distinct conformations for each molecule and vibrational frequencies were 
determined for such structures. All the employed levels of theory predict structural differences between neutral and charged 
molecules. The major geometrical changes occurring by electron adding to RN02 consist in the lengthening of the NO 
bonds and in the shortening of the CN and BN bonds. The radical anions are calculated to be pyramidal at nitrogen in 
the stable conformers of CH,NO,-, CF3N02-, CH,FNO,-, while, for the T-electron-accepting substituents (BH,, BHF, 
BF,, C6H5), the anion is planar. Electron correlation energy corrections in the framework of Moiler-Plesset perturba- 
tion theory were included to determine relative stabilities between different conformations. At the MP4/6-3 1G*//MP2/ 
6-31G* level, an easy rotation of the NO, group is predicted for all the radical anions and neutral molecules with the 
exception of BH?NO,-, BF2N02-, and BHFN0,-, which show high torsional barriers about the BN bond. 

Key words: nitro compounds, radical anions, ab initio calculations, molecular structure 

FABIO RAMONDO. Can. J. Chem. 70, 3 14 (1992). 
On a effect& des calculs d'orbitales molCculaires ab initio sur quelques composCs nitres, RNO, (R = CH,, CF,, CH,F, 

BH,, BF,, BHF et C,H,) et sur les anions radicaux correspondants. On a optimisC les g6omCtries des espkces neutres et 
chargees aux niveaux auto-coherent et MP2 de la theorie, en employant des ensembles de base 6-3 lG* et 6-3 1 +G*.  La 
rotation autour des liaisons CN et BN indique I'existence de conformations distinctes pour chaque molCcule et on a 
determine les frkquences de vibration de chaque structure. Tous les niveaux de la thkorie qui ont 6te utilisks permettent 
de predire des differences stmcturales entre les molCcules neutres et chargees. Les changements principaux de gCom6trie 
se produisent par l'addition d'un electron au RNO, et ils consistent en un allongement des liaisons NO et un raccour- 
cissement des liaisons CN et BN. On a calcule que, dans les conformt3res stables du CH,NO,-, CF,NO,- et CH2FN0,-, 
les anions radicaux sont pyramidaux au niveau de l'azote alors que, avec des substituants qui acceptent les electrons .rr 
(BH,, BHF, BF, et C6H5), I'anion est plan. Afin de determiner les stabilites relatives des diverses conformations, on a 
introduit des corrections pour l'energie de correlation tlectronique dans le contexte de la thCorie des perturbations de 
Moiler-Plesset. Aux niveaux MP4/6-3 1G*//MP2/6-3 IG*, on prCdit l'existence d'une rotation facile du groupe NO, 
pour tous les anions radicaux et les mol6cules neutres, B l'exception des anions BH,NO,-, BF,NO,- et BHFNOZ- pour 
lesquels il existerait des barrikres torsionnelles ClevCes autour de la liaison BN. 

Mots cfPs : composes nitrCs, anions radicaux, calculs nb initio, structure molCculaire. 
[Traduit par la redaction] 

Introduction 
Molecules containing the nitro group are involved in many 

electron-transfer processes both in the gas phase and in so- 
lution. Ion-molecule equilibria measurements in the gas 
phase were applied to determine electron affinities and ion 
thermochemical data (1, 2). Electron affinities were ob- 
tained for a wide variety of organic molecules and have been 
summarized in a recent review (3). Because of the high 
electron affinity of the NO, group, the formation of stable 
radical anions via electron attachment occurs easily. The 
lowest unoccupied molecular (n*) orbital (LUMO) accepts 
an extra electron to become a singly occupied molecular or- 
bital (SOMO) of the radical anion. The possibility of con- 
jugation between NO2 and other groups of the molecule and 
the presence of electronegative atoms or electron-withdraw- 
ing groups leads to the lowering of the LUMO energy and 
thus to higher electron affinities and to higher stability of the 
resulting radical anions. Accurate electron affinities were 
alternatively determined by photodetachment studies (4) but, 
when polyatomic molecules are investigated, knowledge of 
the geometry for both the neutral molecule and the anion is 
required to resolve the photoelectron spectrum. Geometri- 
cal changes and normal modes displacements are predicted 

as a consequence of electron attachment. However, any ac- 
curate experimental determination of the geometry and vi- 
brational spectra of stable gas-phase radical anions represents 
a particularly difficult target. A general structural feature of 
nitro radical anions can be obtained from electron spin res- 
onance investigations providing information about confor- 
mational preference of the nitro group in different organic 
radical anions (5). On the basis of 1 4 ~  anisotropic hyperfine 
splittings (5) and from experimental and theoretical studies 
of splitting constants (6), aliphatic anions show a tendency 
for pyramidal nitrogen, while nitroaromatic anions appear 
to be planaiat nitrogen. Likewise, structural changes due to 
the negative charge are suggested by entropy variations de- 
rived from electron attachment measurements in the gas phase 
(1 ,  2). Negative entropy changes were determined for the 
nitrobenzene radical anion and substituted derivatives and this 
indicates a stiffening of the internal rotation of the NO, group 
moving from neutral to charged species (7, 8). 

Detailed structures, relative energies between different 
isomers, and vibrational spectra of radical anions may be 
determined by ab irlitio molecular orbital calculations (9, 10). 
In general, it is desirable to employ extended basis sets in- 
cluding diffuse atomic orbitals for obtaining a correct de- 
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scription of diffuse charge densities. Self-consistent field 
(SCF) calculations frequently suffice for the determination 
of geometries and vibrational frequencies of anions and 
neutral precursors, and reproduce structural reorganization 
reliably upon electron attachment; this is valuable when 
molecular size renders post-SCF treatments non-feasible. The 
main aim of this work is to determine and compare struc- 
tural features and stabilities of some radical anions contain- 
ing the nitro group bonded to substituents with different 
electron properties, using uniform levels of a b  initio theory. 
In particular, a comparative study of molecular parameters 
calculated for neutral and negatively charged species might 
provide indications about the change in molecular geometry 
upon adding an extra electron to the neutral compound and 
on the character of the molecular orbitals involved. The 
mutual influence between NO, and the substituent bonded 
to the nitro group can rationalize different conformational 
behaviours observed moving from a neutral molecule to an 
anion. The effect of the substituent on the geometry of nitro 
radical anions and the rotational barriers of the NO, frame- 
work are investigated with an aliphatic group, such as methyl, 
and with a n-electron-accepting group, such as BH,. The 
influence of electronegative groups on such parameters is 
investigated by substitution of fluorine atoms in the CH, and 
BH, groups. An example of expansion of n conjugation, the 
radical anion of nitrobenzene, C6H,N0,-, is also included. 

Method 
Geometry optimizations of neutral and negatively charged mol- 

ecules were accomplished at the SCF level of theory by analytical 
gradient-based techniques ( 1  I). Split-valence basis sets including 
polarization, 6-3 IG*(6D) (12), and (or) diffuse functions, 6-31 +G* 
(12), were employed. The spin-unrestricted Hartree-Fock (?UHF) 
formalism was used for the radical anions and calculated (S-) val- 
ues are 0.75 for open-shell systems with the exception of the planar 
structure of C,H,NOZ-, which gives (s') values indicating con- 
tamination from higher spin states. Vibrational frequencies were 
calculated at the 6-31G* basis set level to characterize each sta- 
tionary point on the corresponding potential energy surface and to 
determine the zero-point corrections (ZPE) to the total energies of 
the stable structures. 

With the exceptions of CF,NO, and C6H,N02, for which the sizes 
of the molecules render post-SCF calculations prohibitively ex- 
pensive, geometries were optimized with the second-order Moiler- 
Plesset theory (13) with all orbitals active, using the 6-31G* basis 
set. The geometries obtained in this way are indicated as MP2/6- 
3 1 G ' t  Single-point calculations were carried out using the frozen 
core approximation (fc), with the M~ller-Plesset perturbation theory 
up to the fourth order, by including single, double, triple, and 
quadruple excitations. The designation of these calculations is 
MP4(SDTQ)(fc)/6-31G*//MP2/6-3 IG* where // means "at the 
geometry of." Henceforth the term SDTQ(fc) will be omitted. All 
the energy differences between the different conformations are 
calculated as AHF, AMP2, and AMP4 for the neutral molecules or 
as AUHF, APMP2, and APMP4 for the radical anions where "Pn 
indicates that the largest spin contamination has been projected out 
of the UHF correlation energies and will be generically repre- 
sented by AMP2 and AMP4. All calculations were carried out using 
the IBM-VM/CMS version of the GAUSSIAN-88 (14) program 
on an IBM 3090-6003 computer at the University of Rome. 

Tables I and 2 show the total energies of the most stable mole- 
cules calculated at various levels of theory, the ZPE corrections, 
and the energy differences between conformers. Optimized ge- 
ometries and vibrational frequencies of the less stable structures as 
well as the results of additional computations are available from the 
author upon request. 

Results and discussion 
Molecular structures 

The geometry of the NO, group was determined by gas- 
phase electron diffraction and microwave spectroscopy 
starting from the simplest aliphatic compound, CH3N02 (15, 
16). Both techniques indicate that CH3N02  has staggered 
conformation. Previous a b  initio calculations on the stag- 
gered and eclipsed conformers of nitromethane were carried 
out at the SCF level (17, 18) and a slight preference (lower 
than 0.1 kJ/mol) was found for the staggered orientation at 
the MP2/6-3 lG*//HF/6-3 lG* level (1 8). To  recalculate 
the equilibrium geometry of CH,NO,, the eclipsed and 
staggered conformations were optimized at the HF/6-31G** 
and MP2/6-3 lG*  levels. The effect of electron correlation 
was estimated for both conformers with single point MP4/ 
6-3 lG*//MP2/6-31G* calculations. The total energies in- 
dicate that the staggered conformer is more stable than the 
eclipsed one but the energy difference between them is ex- 
tremely small, about 0.04 kJ/mol (MP4/6-31G*//MP2/6- 
3 1 G*). HF/6-3 1 G* frequency calculations indicate that the 
eclipsed conformation is a rotational transition state, as sug- 
gested by the imaginary frequency (53i cm-I). The height 
of the rotational barrier is comparable to the small value, 
0.025 kJ/mol, determined from microwave spectroscopy 
(19). Most of the geometrical parameters determined by HF/ 
6-31G** calculations (Fig. 1) agree with the experimental 
ones, with the exception of the NO bond length, usually 
underestimated at this level of theory (20). The inclusion of 
electron correlation provides a better description of the mo- 
lecular geometry. The bond angles are quite independent of 
the level of theory adopted but, as expected, the MP2 opti- 
mized bond lengths are longer than those obtained from the 
HF/6-31G** level and this effect is more considerable for 
the NO bond distances (see Fig. 1). The MP2 optimized 
geometry of the -CNO, moiety (r,, = 1.485 A; rNo = 
1.240 A; L O N 0  = 125.7") agrees with the experimental rr 
geometry (16) (r,, = 1.488 + 0.005 A; rNo = 1.230 + 
0.004 A; L O N 0  = 124.9 + 0.5"). Based on these consid- 
erations and on previous calculations (1 8),  a single electron 
configuration with inclusion of electron correlation by per- 
turbation theory appears sufficient to predict satisfactorily the 
geometry of CH,NO,. 

CF,NO,, as ascertained from gas-phase electron diffrac- 
tion (21), has a staggered ethane-type conformation with one 
position missing and the -CNO, group is found to prefer a 
nonplanar arrangement. On the contrary, a planar confor- 
mation of the -CNO, moiety seems to be preferred at the HF/ 
6-3 1 G* level. In particular, the C, eclipsed form of CF3N0, 
with the 0 ,  C ,  N ,  and F atoms lying in the same plane and 
shown in Fig. 1 was calculated to be a minimum on the HF/ 
6-31G* potential energy surface. Vibrational frequencies 
show that the C, staggered conformation is a first-order sad- 
dle point with imaginary vibrational frequency of 31 cm-'. 
The relative normal coordinate corresponds to the torsion 
mode about the C N  bond. As a matter of fact, a small vari- 
ation from planarity of the -CNO, group is observed in the 
staggered form of CF,NO, but relaxation of the planarity 
constraint results in a very small stabilization (0.3 kJ/mol). 
The negligible energy change and the value of the dihedral 
angle between the C N  bond and the NO, plane (177.3") 
suggest that the -CNO, moiety is nearly planar at the HF/6- 
31G* level. By including these deviations from planarity, the 
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TABLE I .  Total energies (hartree) for stable conformations of CH,NO,, CH,NO,, CF,NO,, CF,NO,-. CH2FNOL, and CH,FNO,-; ZpE 
corrections (hartree): and rotational barriers (AE) (kJ/mol)" 

CH,NO? CH3N02- CF3N0, CF3N02- CH2FN02 CH2FN02- 

" I  hartree = 2625.5 kJ/rnol. 
"RHF for the neutral niolecules and UHF for the radical anions. 
'Reference 18. 
"MP2 and MP4 for the neutral molecules and PMP2 and PMP4 for the radical anions. 
"MP2(fc)/6-3 IG:*//Hf/6-3 IG*. 
'Short for MP4(SDTQ)(fc)/6-3 lG"//MP2/6-3 IG". 

TABLE 2. Total energies (hartree) for stable conformations of BH2N02, BH2N0,-, BF,N02, BF2N0,-, BHFNO,, and BHFN0,- ; ZPE 
corrections (hartree); and energy differences (AE) (kJ/mol)" between the planar and orthogonal structures. 

BHzNOz BH2N0,- BF,N02 BF2N02 - BHFNO? BHFNOz- 

H F / ~ - 3  -229.88688 -229.90567 -427.74467 -427.76685 -328.81515 -328.83294 
ZPE//HF/6-3 1 ~ " ~  0.03506 0.03299 0.02404 0.02168 0.02987 0.02799 
A E  HF/6-3 1 ~ " "  25.0 92.5 5.1 40.9 8.6 56.7 
UHF/6-3 1 +G" -229.92838 -427.80286 -328.86401 
A E  UHF/6-3 I +G* 71.7 36.2 46.5 
MP2/6-3 1G:';" -230.5 1205 -230.53298 -428.7 1957 -428.72527 -329.61640 -329.62486 
A E  MP2/6-3 lG*' 21.9 128.6 6.2 73.9 
MP4/6-3 lG*'." -230.53958 -230.55768 -428.73005 -428.74124 -329.64155 -329.64812 
A E  MP4/6-31G*'." 26.8 118.6 6.0 50.4 8.8 67.8 

"I hartree = 2625.5 kJ/mol. 
"RHF for the neutral niolecules and UHF for the radical anions. 
' MP2 and MP4 for the neutral molecules and PMP2 and PMP4 for the radical anions. 
"Short for MP4(SDTQ)(fc)/6-3lG"//MP2/6-31G:* for BHINO,, BHzN02-.  BHFN02, m d  BHFNO,  and MP4(SDTQ)(fc)/6-3lG*//HF/6-31G" for 

BF,NO, and BF,NOz.  

barrier separating the staggered and eclipsed conformations 
of CF3N0, is extremely small (0.4 kJ/mol) at the HF/6-31GZk 
and MP2/6-3 1 G*//HF/6-3 1 G* levels. Based upon these 
results, the rotation about the CN bond in CF3N0, as well 
as in CH3N0, is virtually free. More accurate previsions of 
the torsional barrier of CF3N02 might be provided by higher 
levels of theory but this would increase computational time 
prohibitively. The CH2FNOz molecule is more suitable than 
the trifluorine derivative to investigate the effects of elec- 
tron correlation at higher levels on the height of the rota- 
tional barrier of the nitro group. Geometry optimizations were 
carried out at the SCF and MP2 levels for two distinct ori- 
entations of the CH,F group with respect to the NO, frame- 
work within the C, symmetry constraint. The conformation 
where the CF bond is perpendicular to the NOz plane is des- 
ignated as staggered and that where the fluorine atom is lying 
on the ONC plane and shown in Fig. 1 is indicated as 
eclipsed. Due to the asymmetry of the CHzF group, inter- 
mediate orientations of the CF bond with respect to the NO, 
framework might correspond to other critical points. The SCF 
and MP2 results are consistent with those predicted for 
CF3N0,. In fact, the eclipsed conformer of CH,FNO, is a 
minimum structure on the HF/6-31GY energy surface, while 

the staggered form corresponds to a first-order saddle point 
with CN torsional frequency of 82i cm-I. Likewise, a slight 
nonplanarity of the -CNO, group is inferred from the HF/6- 
3 1G" (178.5") and MP2/6-3 lG* (176.7") optimized ge- 
ometries of staggered CH,FNO,. The eclipsed structure is 
more stable than the staggered conformer at both MP2/ 
6-3 IG* (10.6 kJ/mol) and MP4/6-31G:v//MP2/6-3 lG* 
(12.0 kJ/mol) levels. 

The most noticeable differences between the theoretical 
and experimental geometry of CF3N02 (16, 21) are in the 
CN and NO bond lengths. The HF/6-31G* level predicts the 
CN bond distance (1.50! A) shorter than the electron dif- 
fractioc (1.56 ? 0.02 A) (21) and microwave (1.534 f 
0.005 A) (16) values. The r, structure (16) shows the NO and 
CF bovd distances equal to 1.217 ? 0.004 and 1.314 ? 
0.003 A, respectively, while the HF/6-31G" mean value for 
the NO bond length in both conformations of CF3N0, is 
1.184 A and that for the CF bond is 1.295 A. It is clear that 
the SCF method is not suitable to determine very accurately 
the molecular geometry of CF3NOz. However, as shown by 
the geometry optimizations of CHzFNO, carried out at the 
MP2/6-31G* level (Fig. I ) ,  the inclusion of electron cor- 
relation appreciably lengthens the CF and NO bonds with 
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FIG. 1 .  HF geometries of the staggered CH3N02 (a) (6-3 1G**) and eclipsed conformers of CF3N0, (b) (6-3 IG*) and CH2FNOI (c) 
! (6-31G"). UHF/6-31 +G* geometries of the staggered CH3N02- (d), CF3N02 (e), and CH2FNOz (0. The MP2/6-31G:Qarameters : are in parentheses (bond lengths in P\ and bond angles in deg). 

respect to the HF/6-3 1G4 values but has a negligible effect 
on the CN bond. Indeed, it is known that for compounds 
containing the nitrosyl and nitro groups, such as CH,NO and 
CH3N0, (22, 23), the -rr -+ -rr* configuration contributes 
significantly to the ground state wave function, but the mo- 
lecular geometry is well described also by a single-deter- 
minant wave function. Instead, a previous MCSCF study on 
CF,NO (24) showed that the largest contributions to the 
ground state wave function, other than the SCF and -rr -+ -rr* 
configurations, come from the ucN -+ ucN* and uN0 -+ uN0:" 
configurations, and that the CN bond length can be satisfac- 
torily reproduced by theoretical calculations by employing 
only a two-configuration (TCSCF) wave function by pair- 
ing the bonding and the antibonding CN orbitals (ucN -+ 

ucN*). Based on these results, a better description of the CN 
bond length in CF3N02 would probably require a multi- 
determinant wave function including the UCN -+ uCN* con- 
figuration as a starting point. The radical anions CH3N02-, 
CH,FN02-, and CF3N02- were studied at the UHF level 
employing the 6-31G'l' basis set. For a more reliable de- 
scription of charge density, diffuse functions were added to 
the heavy atoms and the UHF/6-3 1 +G* optimized geome- 
tries of staggered conformers are shown in Fig. 1 .  By anal- 
ogy with the neutral molecule, CH2FN02- was investigated 
assuming the C, staggered and eclipsed conformers de- 
scribed above. Mulliken population analysis reveals that the 
-rr* molecular orbital of the NO, fragment accepts the extra 

electron becoming the single occupied molecular orbital 
(SOMO) of the radical anion. It has a significant coefficient 
on nitrogen and, at the SCF level, this suggests that the un- 
paired electron is delocalized onto each atom of the NO2 
group but with a prevalent contribution at nitrogen. The 
highest values of atomic spin density were calculated on ni- 
trogen for all the radical anions. The staggered conforma- 
tions of the three anions are energy minima at the UHF/ 
6-31GZk level. Frequency calculations show that the eclipsed 
forms of CH3N02-, CH,FNO,-, and CF3NO2- correspond 
to first-order saddle points. Geometry optimizations at the 
MP2/6-31G* level were performed for both conformers 
of CH3N02- and CH2FN02- and molecular parameters of 
the staggered conformation are reported in parentheses in 
Fig. 1. An MP2/6-3 lG*//UHF/6-3 lG* energy calcula- 
tion predicts that staggered CF3N02- is 9.5 kJ/mol lower than 
the eclipsed ion. Higher barriers are calculated at the MP4/ 
6-3 lG*//MP2/6-3 1 G* level for CH,NO,- (16.7 kJ/mol) 
and CH,FNO,- (24.2 kJ/mol). 

Comparisons of the optimized geometries for the stable 
conformation of each neutral and negatively charged mole- 
cule reveal substantial structural differences at all levels 
employed. Addition of an electron into the -rr-antibonding 
orbital weakens and lengthens the NO bond. The lengthen- 
ing is in fact 0.075 A (MP2/6-31G*) for nitromethane, 
0.078 (MP2/6-31G*) for CH2FN02-, and 0.092 A (HF/ 
6-31G*) for CF3N0,-. Simultaneously, the CN bond short- 
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ens in these radical anions. The HF/6-3 1G:"evel predict; 
the CN bond length to be 1.478 A for CHINO,, 1.508 A 
for CF,N0,2 and 1.489 A for CH,FNO, while 1.446, 1.430, 
and 1.4 16 A are the predicted values for the corresponding 
anions. The increment in overlap population between the 
carbon and nitrogen atoms occurring upon electron attach- 
ment rationalizes this observation. As a consequence of the 
weakening of the NO bond, the O N 0  angle narrows in the 
radical anions by 4.5" in CH,NO, and 3.0" in CF,N02-. 
These remarkable differences in the NO and CN bond lengths 
are followed by appreciable changes in the geometry of the 
substituent bonded to NO,. The CH and CF bond lengths of 
the charged molecules are longer than in the neutr~l sys- 
tems and the lengthening is larger for the CF (0.03 A) than 
for the CH bond distances (0.01 A). 

Different conformational aspects are found for the radical 
anions with respect to their neutral precursors. From the 
previous arguments it emerges that the calculations repro- 
duce the experimental geometries of CH,NO, and CF,NO, 
with different accuracy. However, it is known that the dif- 
ferences in length between similar bonds in different con- 
formations of the same molecule are reliable (25). For 
instance, the variation of geometry of the neutral molecules 
associated with a change in conformation might reveal con- 
formationally dependent interactions between the substitu- 
ent and the NO, group. A previous study on nitromethane 
(1 8) showed that geometric variations from the staggered to 
the eclipsed conformer could be rationalized by HOMO- 
LUMO interactions. In particular, the occupied orbital of the 
methyl group is expected to interact with the unoccupied 
orbital on the nitrogen of the NO, fragment. It was sug- 
gested that CH, donation into the vacant nitrogen orbital in 
the LUMO causes a methyl group tilt with respect to NO,. 
Indicating H' as the unique hydrogen and H as one of the two 
equivalent hydrogen atoms, the tilt angle of CH, with re- 
spect to the CN bond (Act), defined as the difference be- 
tween the H'CN and HCN bond angles, is negative in the 
staggered conformer and positive in the eclipsed structure. 
In addition, the CH bonds involved in the donation into the 
LUMO are longer than those that cannot interact. These ef- 
fects of hyperconjugation, previously shown at the HF/6- 
3 lG* level (1 8), are confirmed at the HF/6-3 1G** and MP2/ 
6-3 lG* levels. A similar hyperconjugative interaction also 
can be predicted for the trifluorine derivative. Small geo- 
metric changes of the CF, group are observed in the rota- 
tion about the CN bond. The HF/6-3 lG* value of the CF' 
bond distance perpendicular to NO, is 0.007 A longer than 
that of the two equivalent CF bonds in the staggered con- 
former. The CF' bond lying inbhe same plane of NO, in the 
eclipsed arrangement is 0.006, A shorter than the out-of-plane 
CF bond. Moreover, a reversed tilt of the CF, group with 
respect to the CN bond in the two conformations appears. 
From the value of the difference (Ap) between the F'CN and 
FCN bond angles there emerges a trifluoromethyl tilt away 
from the nitro group (Ap = 2.0") in the eclipsed conformer 
while CF, is tilted towards the NO, group (Ap = -2.2") in 
the staggered arrangement. Except for these small geomet- 
ric variations of the methyl and trifluoromethyl groups, the 
structural parameters of CH,NO2 and CF,NO, do not change 
significantly during this internal motion. 

On the contrary, more appreciable variations in the ge- 
ometry of each charged molecule are observed upon torsion 
about the CN bond. The eclipsed conformations of CH,NO,-, 

CF,NO,-, and CH,FNO, have a nearly planar configura- 
tion at nitrogen. UHF/6-3 1G:Vrequency calculations indi- 
cate that these structures are transition states with imaginary 
vibrational frequencies of 3391 (CH,NO,-), 2 16i (CF3N02-), 
and 381i (CH,FNO,-) cm-'. An analysis of the compo- 
nents of the eigenvector reveals that the rotation of the R 
group relative to NO, is accompanied by a simultaneous de- 
parture from planarity of the nitrogen. As evidence of this 
tendency, the minimum structure is calculated to be pyra- 
midal at nitrogen and to prefer a conformation in which the 
NO bonds are placed on the same side of the orthogonal CH 
and CF bonds, as shown in Fig. 1 .  

Based on these results, the -CNO, group is markedly 
nonplanar in the staggered form of the radical anions and the 
dihedral angle between the CN bond and the NO, plane is 
148.5" for CH,NO,-, 147.8" for CF3N0,-, and 161.6" for 
CH,FNO, (UHF/6-3 1 SG*:). The tendency towards non- 
planarity at nitrogen is also confirmed from the MP2 opti- 
mized structures of CH,NO,- and CH,FN02- with dihedral 
angles equal to 139. 1" and 154.9", respectively. Additional 
information on the nonplanar character of the -CNO, moiety 
was obtained by forcing the radical anions into an artifi- 
cially constrained geometry. UHF/6-3 1 G'" geometry opti- 
mizations were performed on CH,NO,- and CF3N02- 
assuming the -CNO, group to be planar. Such calculations 
show that both these structures are about 9 kJ/mol above the 
respective stable isomer. The optimized molecular parame- 
ters are comparable with those calculated for the -CNO, 
nonplanar isomer with the exception of the CN bond lengths, 
which are close to the optimized values for the eclipsed 
conformer at the same computational level (1.437 A for 
CH,NO,- and 1.4 17 A for CF,NO,-). Furthermore, inver- 
sion at nitrogen in the staggered CH,NO,- was studied at 
the UHF/6-31G* level. This stationary point was charac- 
terized as a second-order saddle point through its vibra- 
tional frequencies. The imaginary frequencies, 196i cm-I and 
188i cm-I, can be assigned to the inversion motion of the 
NO, group through a plane containing the CN bond and to 
the rotation of CH, relative to the NO, framework. These 
observations suggest that the rotation about the CN bond is 
associated with the simultaneous flattening of nitrogen and 
this internal motion can be regarded as a rotation-inversion 
process. 

Pyramidal nitrogen also is predicted for the simple radi- 
cal species HN0,-. A nonplanar C, structure and a C,, planar 
arrangement were studied at different levels of theory. The 
optimized geometries of the two conformations are reported 
in Table 3. The C,, structure lies about 1 1.1 kJ/mol (MP4/ 
6-3 I G*//MP2/6-3 1 G*) above the C, structure. Frequency 
calculations indicate that the C, structure is a minimum on 
the UHF/6-3 1 G* and MP2/6-3 1 G* potential energy sur- 
faces while the C2, isomer corresponds to a transition state 
connecting two equivalent C, structures with pyramidal ni- 
trogen. From the comparison between the energies of oc- 
cupied molecular orbitals it emerges that the stabilization of 
the nonplanar form is substantially the result of the lower- 
ing of the SOMO energy on moving from a CI, to a C, 
structure. Additional s-character of nitrogen in the SOMO 
is observed in the C, conformation with respect to the pure 
T character of this orbital in the planar molecule. As a con- 
sequence, increments of 1.9" (LTHF/6-3 1 +G**) and 3.3" 
(MP2/6-3 1 +G**) are calculated for the O N 0  bond angle 
in going from the C, to planar C,, symmetry structure. 
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TABLE 3. Optimized geometries" and vibrational frequencies (cm-I) of the C, radical anion H N O ? - ~  

Geometrical parameter UHF/6-3 1G" UHF/6-3 1 +G** MP2/6-3 1G:* MP2/6-3 1 +G** 

Vibrational frequencies 
A'  NHstretching 
(A, )  
A' NOz stretching 
(A  ,) 
A" NOz stretching 
(B?) 
A '  NOZ bending 
( A , )  
A" HNO bending 
(B?) 
A'  HNO? deformation 
(A?) 

"Bond distances in A and bond angles in degrees. 
'Geometry and vibrational frequencies of the Cz, planar isomer are reported in parentheses 
'Dihedral angle between the NH bond and the NO1 plane. 

HN0,- provides further evidence that R-NO2- is apprecia- 
bly nonplanar at nitrogen if the R substituent is a weak n-- 
electron donor. 

An examination of the optimized geometries of the radi- 
cal anions reveals that conformational changes cause appre- 
ciable variations in other geometrical parameters. As 
observed for the neutral molecules, the orthogonal CH and 
CF bond 1engt)s of each staggered conformer are calculated 
to be 0.007 A longer than the other two equivalent dis- 
tances, also for the radical anions. Likewise, in the eclipsed 
conformation, the CH and CF bonds lying in the NO2 plane 
are shorter than the nonplanar CH and CF bonds by 0.008 
A (CH) and by 0.014 A (CF). Moreover, the changes are 
greater than those predicted for the neutral molecules. The 
structural features calculated for the radical anions contain- 
ing the nitro group are similar to those obtained in a series 
of theoretical studies on CH,CH2-, CF,CH,-, and CH,FCH,- 
carbanions (26). These substituted ethyl anions provided the 
prototype systems for the theoretical investigation of the 
negative hyperconjugation. On the basis of computational 
results on CH2NO2-, CF,NO,-, and CH,FNO,- that predict 
appreciable electron density on the whole NO, fragment, it 
seems reasonable to attribute the conformational prefer- 
ence, as well as the lengthening of the CH and CF orthog- 
onal distances, to negative hyperconjugation. In fact, a weak 
and stabilizing interaction between the n-* SOMO on nitro- 
gen and the orbitals of the CH,, CF,, and CH,F groups might 
rationalize the small energetic preference for the staggered 
conformers of all radical anions studied. To investigate hy- 
perconjugation, the CH,F group represents a model system 
both for the neutral molecule and the radical anion. The CF 
bond of CH,FN02- oriented fcr hyperconjugative interac- 
tion is calculated to be 0.024 A (HF/6-3 l+G*) and 0.036 
A (MP2/6-31G*) longer than the eclipsed CF one. A less 

marked lengthening of the CF bond distance (0.010 A) is 
observed at the HF/6-31G* and MP2/6-31G* levels on 
moving from the eclipsed to staggered conformation of the 
neutral molecule. Likewise, the MP2/6-31G* shortening of 
the CN bond length associated with the rotation of CH2F from 
tpe eclipsed to the stagger5d conformer of CHzFN02- (0.024 
A) and CH2FN0, (0.010 A) is in accord with computational 
results on CH,FCH,- (26). Moreover, the UHF/6-3 1 +G* 
spin population shows a small increase of fluorine spin den- 
sity on moving from the eclipsed to the orthogonal con- 
former. Thus CH,F in the staggered orientation acts as a weak 
n--electron acceptor and the decrease in the pyramidaliza- 
tion angle with respect to CH,NO,- and CF,NO,- can be 
thought of as a structural consequence of hyperconjugation. 

The influence of different substituents on the geometry and 
stability of the anions is indicated, for example, by the val- 
ues of some molecular parameters. The HOMO/LUMO 
energy difference, calculated at the HF/6-31G* level, 
decreases on going from CH,N02 (15.48 eV) to CF,NO, 
(15.35 eV). Based on these values, the replacement of 
CH, with an electron-withdrawing group tends to lower the 
LUMO energy with a subsequent stabilization of the radi- 
cal anion. Thus a small increase of electron affinity is ex- 
pected going from nitromethane to trifluoronitromethane. 
Unfortunately, experimental values of electron affinity are 
available only for CH,NO, from electron-transfer equilibria 
measurement (0.48 eV) (7) and from the electron-capture 
detector (0.45 2 0.09 eV) (27). On the other hand, calcu- 
lations of accurate electron affinities have proved to be a very 
delicate problem (9). Very recently, a general computa- 
tional procedure to give accurate total energies was devel- 
oped (28), but its application to moderately large molecules 
is a prohibitive task. The electron affinity of CH,NO, was 
estimated by single point Moller-Plesset calculations up to 
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the fourth order employing the 6-3 1 +G": basis set and in- 
cluding the zero-point contribution. but it was found that 
CH,NO,- lies energetically below the parent neutral mole- 
cule only at the UHF and MP3 levels. T o  observe a quali- 
tative trend, electron affinities of CH,NO,, CH,FNO,, and 
CF,NO, were calculated as the difference between the UHF/ 
6-3 1 +G*//UHF/6-3 lG:!: total energy of the radical anion 
and that of the neutral molecule including the zero-point 
contribution. These calculations indicate that the stability of 
the radical anion with respect to the neutral precursor in- 
creases in the series CH,NO, (0.01 eV), CH,FNO, (0.5 eV), 
and CF,NO, (1.3 eV). Based on these qualitative results, the 
CH,F and CF, groups should stabilize an adjacent NO,-, 
partly delocalizing the unpaired electron from the NO, 
framework. In both cases there is a hyperconjugative com- 
ponent to the stabilization. The smaller hyperconjugative 
effect of the CF, substituent is fully compensated for by a 
larger inductive effect. Such a stabilizing interaction should 
be more noticeable with strong n-electron acceptor substi- 
tuents. As expected, their ability to accept p-electrons al- 
lows the unpaired electron of the anion to delocalize partially 
onto the R group, lowering the LUMO energy and chang- 
ing the NO, geometry with respect to that of the unconju- 
gated radical anions. T o  investigate in detail the effects of 
these substituents on the properties of the NO, group, theo- 
retical calculations were carried out on some systems R-NO,/ 
R-NO,-. The nitroborane BH2N0,/BH,N0,- pair was 
chosen as a simple example where the BH, substituent has 
a very strong tendency to accept n-type electrons as a result 
of its low-lying empty orbital. The substitution of hydrogen 
with a-inductive electron acceptor atoms such as fluorine 
should further stabilize the anion with respect to the neutral 
molecule, as predicted for the fluorine derivatives of nitro- 
methane. On the other hand, the n-electron donor property 
of the fluorine atom should decrease the tendency to delo- 
calize the unpaired electron from NO, to the boron atom. 
Therefore, substituents such as BH,, BHF, and BF, show 
decreasing n-electron acceptor properties. 

BH,NO,, BHFNO,, and BF,NO, and their respective 
radical anions were optimized at the HF and UHF levels 
employing the 6-31Gq: and the 6-31+G* basis sets. The 
optimized geometries of the stable conformations of each 
molecule are reproduced in Fig. 2. Electron correlation ef- 
fects on the geometry were estimated at the MP2/6-3 lG:i: 
level. The neutral compounds were studied assuming a planar 
structure and an orthogonal arrangement with BH,, BF,, and 
BHF groups perpendicular to NO,. Both the conformers are 
stationary points and all levels of calculation indicate the 
orthogonal structure (Fig. 2) as the most stable isomer. 
Vibrational frequencies were calculated at the HF/6-3 IG* 
level and show that this conformer is a minimum on the 
potential energy surface, while the planar one is a first-order 
saddle point. It corresponds to the rotational transition state 
connecting two equivalent orthogonal conformations. Small 
energy barriers separate the planar and orthogonal struc- 
tures: the MP4/6-3 IG* values of the torsional barrier are 
26.8 kJ/mol (BH,NO,), 8.8 kJ/mol (BHFNO?), and 
6.0 kJ/mol (BF,NO,). The geometry of the radical anions 
was optimized at the UHF and MP2 levels assuming a planar 
structure (Fig. 2). The predicted geometry changes upon 
electron attachment are consistent with those calculated for 
CH,NO,, CH,FNO,, and CF,NO,. The NO bond lengths are 
significantly increased while the O N 0  bond angles de- 

crease and the BN bond lengths shorten. The NO, group was 
allowed to become nonplanar, but a preference for the planar 
arrangement was found. The positive values of the vibra- 
tional frequencies reveal that the planar isomers are minima 
and, in addition, the values of the A? torsional frequency in- 
dicate a greater rigidity of these systems with respect to the 
neutral precursors. The torsional barriers were investigated 
by geometry optimizations of structures with BH,, BF,, and 
BHF groups perpendicular to the NO, fragment, including 
the possibility of deviations from planarity at nitrogen within 
the C,  symmetry constraint. 

According to frequency calculations, these stationary points 
were characterized as second-order saddle points. With 
regard to BHFN0,-, the asymmetry of the BHF group 
permits two C, orthogonal conformations. The structure in 
which the NO bonds are placed on the side of hydrogen is 
found to be 4.0 kJ/mol (UHF/6-3 lG:!:) lower than the iso- 
mer with the opposite configuration at nitrogen. As a gen- 
eral trend, the UHF/6-31GZi' energy difference between 
the C," planar conformer and the C, nonplanar structure is 
higher than the small rotational barriers of the neutral mol- 
ecule; it decreases from BH,NO, (92.5 kJ/mol), to BHFNO, 
(56.7 kJ/mol) and BF,NO, (40.9 kJ/mol). The inclusion 
of electron correlation at the MP4/6-3 1G:Vevel provides 
a similar order of stability: 118.6 kJ/mol for BHINO,, 
67.8 kJ/mol for BHFNO,, and 50.4 kJ/mol for BF,NO,. By 
imposing the constraint of planarity of the -BNO, moiety in 
the orthogonal conformer of BH,NO,- and BF,NO,-, an- 
other C,, critical point was obtained; it was characterized by 
vibrational analysis as a third-order saddle point. The ge- 
ometries of both the C ,  and C,, oqhogonal conformers dif- 
fer by a few thousandths of an A and the UHF/6-31G'" 
stability difference between them is about 2.0 kJ/mol for 
BH,NO,  and 0 .5  kJ/mol for BF,NO,-. These values are 
sufficiently small to allow free inversion of nitrogen when 
it is not involved in n-interaction with boron. 

The electronic state of the planar structures of BH,NO,- 
and BF,NO, is 'B, and that of BHFN0,- is 'A". An anal- 
ysis of atomic spin density population predicts decreasing 
values on boron moving from BH,NO,- to BF,NO,- and, 
simultaneously, spin density increases on the nitrogen atom. 
On the contrary, negligible values on boron are calculated 
for the C, orthogonal structures that show the nitrogen spin 
density as constant for all the substituents. Mulliken popu- 
lation analysis indicates that the negative charge on the ox- 
ygen atoms is nearly independent of the nature and orientation 
of the substituent while the distribution of atomic charge in 
the remaining portion of the molecule is strongly altered with 
the rotation of the NO, group. An appreciable charge trans- 
fer from boron to nitrogen is observed on moving from planar 
to orthogonal anions. Looking at the energy and population 
data, the torsional barrier is sensitive to the amount of n -  
delocalization of the unpaired electron from nitrogen to bo- 
ron. Such a n-interaction is improved by the flattening of the 
NO, pyramid, which should increase the p-character of the 
SOMO, making nitrogen a better donor and allowing more 
complete spin delocalization onto the boron atom. 

The calculation of HOMO/LUMO energy differences 
predicts noticeably smaller values than those reported for 
nitromethane and its fluorine derivatives. Moreover, an in- 
crease in the HF/6-3 IG* value is observed on moving from 
BH,NO, (12.50 eV) to BHFNO, (13.34 eV) and to BF2NOz 
(1 3.90 eV). These progressively increasing values are in 
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FIG. 3. UHF/6-31G* geometries of the C,, plan?r (a), C, (b), and CZv orthogonal (c) structures of C,H,NO,-. The UHF/6-31 SG* 
geometry is in square parentheses (bond lengths in A and bond angles in deg). 

bital is the singly occupied molecular orbital and the elec- 
tronic state of the radical anion is ,B,, but this conformer 
suffers spin contamination from higher energy quartet states 
((s2) = 0.99) and this is a frequent problem with UHF wave 
functions when low-lying states of higher spin multiplicity 
exist (32). However, the quartet state 'B, is estimated to be 
about 3.7 eV above the ,B, ground state by UHF/6-31G* 
single point calculation at the-geometry of the doublet state. 
In addition, an analysis of atomic spin density for the ,B, state 
predicts a spin population on nitrogen and on the C,, C,, and 
C, atoms (Fig. 3) in agreement with the electron spin reso- 
nance results (33). Additional geometry optimizations car- 
ried out in the ROHF formalism provide an unreliable spin 
density population on the whole molecule, predicting a high 
value on nitrogen, but a negligible spin density on the ben- 
zene ring. Based on these considerations and notwithstand- 
ing the high spin contamination emerging from the UHF 
results, the optimized geometry at this computational level 
can be discussed. 

The geometry of the NO, group of C,H,NO,- reveals a 

remarkaFle increase in the value of the NO bond length 
(0.080 A) and decrease in the O N 0  bond angle (2.5") with 
respect to the calculated values for the neutral precursor (29). 
A more marked change is calculated for the CN bond length, 
which is 0.091 A shorter in the molecular anion. With re- 
gard to the ring geometry, a general lengthening of the CC 
bond lengths is p~edicted but the amoupt is more relevant for 
the C,C, (0.034A) and C3C4 (0.016 A) bonds than for the 
C2C3 (0.007 A) bond. While the differences in the theoreti- 
cal lengths of the ring CC bonds of the neutral molecule are 
equal to a few thousands of an angstrom, a noticeable alter- 
nation of long/short/long nonequivalent distances is pre- 
dicted for the radical anion. By employing the 6-3 1 +S* basis 
set, the C,C, bond length is calculated to be 0.g24 A longer 
than the C2C3 distance while the latter is 0.01 1 A shorter than 
C,C,. Concerning the bond angles of the ring, electron 
charging of nitrobenzene causes decreases of the C,ClC2 
(3.5") and C,C,C, (1.4") bond angles. The remaining ring 
angles, CIC2C3 and CZC3C4, increase by about 1.7" and 0.8", 
respectively. 
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Such a comparison shows that the addition of an electron 
into the 6,  T* molecular orbital of nitrobenzene simulta- 
neously gives rise both to the expected geometry variations 
of the nitro group and to marked changes in the ring geom- 
etry. According to the Jahn-Teller theorem, the addition 
of an extra electron to benzene lowers the D,, symmetry 
of the neutral molecule to D,,. In fact, the ,E,, electronic 
state is split into 'A, and 'B,, components. The molecular 
geometries of each state were previously calculated at the 
UHF/STO-3G level (34). Both structures show comparable 
stability but their optimized geometries are very different. 
In addition, previous STO-3G calculations performed for a 
set of singly substituted benzene radical anions (35) reveal 
that the 'kstate is favoured by T-electron donor substitu- 
ents while the 'B state is preferred by T-electron acceptor 
groups. The expansion of T conjugation or the introduction 
of electron-withdrawing substituents stabilizes the radical 
anion, extending the T*-type SOMO electron density over 
the aromatic ring and over the substituent. Based upon these 
arguments, the calculated differences for the ring geometry 
in going from neutral nitrobenzene to the radical anion should 
be strongly affected by the degree of conjugation between 
the aromatic ring and the substituent. In particular, indica- 
tions of interactions between the nitro group and the ring in 
the radical anion are suggested by changes in the ring ge- 
ometry calculated on going from the C6H6- to C6H5NO2-. 
Geometry optimizations have been carried out on the radi- 
cal anion of benzene at the same level of theory employed 
for the nitro-substituted derivative. The 2 ~ u  and 'B,, elec- 
tronic states were studied at the UHF level employing the 
6-3 lG* basis set and each electronic state is predicted to have 
the optimized geometry reported in Fig. 4. The ring bonds 
and angles of the radical anion of nitrobenzene are close to 
those calculated for the ,B,, structure of C6H6-. However, 
the shortening of the C,C2 and C3C4 distances and the in- 
crease of the C2C3 bond length observed in C6H5N0,- sug- 
gest that the unpaired electron is partly shared between the 
ring and the substituent. Further evidence of this sharing is 
given by the values of the ring angles ranging between those 
of neutral C6H,N02 and those calculated for the 'B,, state of 
C6H6-. 

The degree of conjugation between the substituent and the 
aromatic ring can be alternatively investigated by rotating the 

nitro group out of the plane of the ring and observing the 
change in the molecular geometry. By forcing the NO, group 
into an orthogonal conformation, two stationary points are 
found at the UHF/6-31G* level, as shown in Fig. 3, and the 
relative (s2) values are 0.75. The C, structure with pyrami- 
dal nitrogen ('A') is calculated to be more stable than the CzV 
orthogonal isomer ('B,) by about 6.6 kJ/mol. The degree of 
nonplanarity at nitrogen is indicated by the value of the di- 
hedral angle between the ON0 plane and the CN bond 
(146.5"). In addition, a tilt of the CN bond away from the 
C,C4 axis is predicted for the C, structure and the difference 
between the NC,C, and NC,C6 angles is 1". An electron spin 
resonance study of di-ortho-alkylnitrobenzene radical an- 
ions (36), in which the NO, group is forced out of the aro- 
matic ring, shows a reduction in the spin delocalization from 
the nitro group into the ring, and a pyramidal nitrogen was 
proposed as the possible conformation of the NO, group. As 
a matter of fact, the differences in total atomic charges in 
going from the planar to the orthogonal structures reveal that 
the NO, group gains electronic charge, 0.026 on each oxy- 
gen and 0.041 on nitrogen. The largest variation in the ring 
atomic charge occurs for the C, atom, which loses 0.100, 
while the remaining carbon atoms undergo smaller changes. 
Simultaneously the atomic spin density on carbon ring atoms 
decreases down to negligible values in the orthogonal struc- 
tures. 

The reduction of spin density on the ring is reflected sig- 
nificantly in the values of certain parameters. The largest 
change in the geometry of the anion on going from planar to 
orthogonal arrangements occurs in the CN bond length, wbich 
increases by 0.052 A in the C2, structure and by 0.064 A in 
the C, conformer. This variation is accompanied>y the si- 
multaneous lengthening of the NO bond (0.012 A) and in- 
crease in the ON0 angle by 2.2" (CZv) and 1.6" (C,). The 
calculated value of the NO bond length (1.285 A) is close 
to the value for NO, bonded to groups having yeak T-elec- 
tron-donating properties, such as CH, (1.286 A). The con- 
siderable short/long/short alternation of the values of the CC 
ring distances calculated for the planar structure becomes less 
marked in the orthogonal structures. In particular, the C2, 
isomer shows C,C,, C,C30, and C3C4 bond lengths equal to 
1.388, 1.385, and 1.387 A, respectively, indicating that the 
ring geometry is similar to that of the neutral molecule. 

FIG. 4. UHF/6-3 lG* geometries of the 'A, (a) and 'B,, (b) electronic states of C6H6- (bond lengths in A and bond angles in deg). 
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TABLE 4. H F / ~ - 3  lG* vibrational frequencies" (cm-I) of CH,NO,, CF3N02, and CH,FN02 and UHF/6-3 lG'"alues for CH3N02-, 
CF3N02-, and CH2FN02- radical anions 

CH,NO; CH,NO,- CF,NO, CF,NO;- CH,FNO, CH,FNO,- 
Staggered (C,) Staggered (C,) Eclipsed (C,) Staggered (C,) Eclipsed (C,) Staggered (C,7) 

CH, stretch 
CH, stretch 
CH, stretch 
NO, stretch 
NO, stretch 
CH, deformation 
CH, defonnation 
CH, deformation 
CH, rock 
CH, rock 
CN stretch 
NO, scissor 
NO, wag 
NO, rock 
CN torsion 

NO, stretch 
NO, stretch 
CF, stretch 
CF, stretch 
CF, stretch 
NO, scissor 
NO, wag 
CN stretch 
NO, rock 
CF, deformation 
CF, deformation 
CF, deformation 
CF, rock 
CF, rock 
CN torsion 

CH, stretch 
CH, stretch 
NO, stretch 
NO, stretch 
CH, scissor 
CH, rock 
CH, twist 
CF stretch 
CH, rock 
CN stretch 
NO, scissor 
NO, wag 
NO, rock 
CH,F deformation 
CN torsion 

"The description of the modes is approximate and it has been done by analogy with CH,NO,. 
"Assignments by ref. 18. 

TABLE 5 .  HF/6-31G* vibrational frequencies" (cm-I) of orthogonal BH2N02,  BF2N0,, and BHFNOz and UHF/6-31G* values for the 
planar BH2N0,-, BF2NO2-, and BHFN0,- radical anions 

BH2NQ (Cz,) BHINOZ- (C,,) BF,N02 (CZv) BF2N02-(C,,) BHFNO, (C,) BHFN0,- (C,) 

BH, stretch 
BH, stretch 
NO, stretch 
NO, stretch 
BH, scissor 
BH, wag 
BH, rock 
NO, scissor 
BN stretch 
NO, wag 
BN torsion 
NO, rock 

NO, stretch 
NO, stretch 
BF, stretch 
BF, stretch 
NO, scissor 
NO, + BFZ rock 
BF, wag 
BN stretch 
BF, scissor 
BF, + NO, rock 
NO, wag 
BN torsion 

BH stretch 
NO, stretch 
NO, stretch 
BF stretch 
BHF scissor 
NO, scissor 
BHF wag 
BHF rock 
BN stretch 
NO, wag 
NO, rock 
BN torsion 

T h e  description of the modes is approximate. 

Vibrational frequencies 
The calculated vibrational frequencies of neutral and 

negatively charged species are reported in Tables 4 and 5 .  
The comparison between assigned vibrational modes re- 
veals variations that reflect the structural reorganization oc- 
cuning upon electron attachment. The IR spectrum of the 
anion NO1- produced in low temperature matrix by electron 
transfer processes (37), shows that the v3 stretching mode 
(1240 cm-I) is appreciably shifted with respect to the fre- 
quency of the neutral NO? (1617 cm-') (38). Likewise, the 
NO2- vibrational data gathered from condensed phase stud- 
ies of nitrite ions (39, 40) (v, = 1332, v, = 821, and v3 = 
1240 cm-I) are different from the NO2 vibrational modes (v, 
= 1320, v, = 750, and v3 = 1617 cm-I) (38). A lowering 
of the NO stretchings as a consequence of the weakening of 
the NO bond upon electron charging is therefore expected. 
The values of the NO stretchings for CH3N0, (A" 1880 cm-I 
and A' 1688 cm-I) decrease to 1440 cm-' (A") and 1428 cm-' 
(A') for CH3N02-; similar decreases are observed passing 

from CF3N0, (A' 1927 and A' 1639 cm-I) to CF3N0,- (A' 
1533 and A" 1372 cm-I) and from CH,FNO, (A' 1908 and 
A' 1687 cm-') to CH,FNO,- (A" 1505 and A' 1491 cm-I). 
Comparable lowerings of the NO stretching frequencies are 
predicted in the anions with NO, bonded to boron. The fun- 
damental modes B, and A, of the orthogonal minimum 
structure of BH,NO, are calculated to occur at 1818 and 
1721 cm-I and those of BF,NO, are at 1833 and 1746 cm-I. 
The planar structure of the respective radical anions shows 
the NO stretching modes equal to 1467 and 1366 cm-I in 
BH2NO2- and 1686 and 1310 cm-' in BF,NO,-. 

The change in conformation of the neutral molecules does 
not cause appreciable variations in the vibrational frequen- 
cies of the NO, group. On the contrary, small variations (ca. 
50 cm-I) of the NO stretching modes are calculated upon 
torsion about the CN bond for the radical anions: the eclipsed 
conformations have NO stretchings equal to 1478 and 
1440 cm-' (CH3NO2-), 1577 and 1419 cm-I (CF3N0,-). 
Small changes are also calculated for BH,NO,- and 
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BF,NO,-: the NO stretching frequencies of the C, confor- 
mations are at 1536 (A') and 1308 (A") cm-' for BHINO,- 
and at 1634 (A') and 1283 (A") cm-' for BF,NO,-. 

The minor geometry variations of the groups bonded to 
NOz calculated upon electron adding are reflected in small 
changes in the vibrational modes of these groups. In partic- 
ular, the CF, CH, BH, and BF stretching modes for the rad- 
ical anions are calculated as lowered by about 100 cm-I, with 
the exception of the CF stretching of CH2FNOI, which moves 
from 1307 cm-' for the neutral molecule to 1091 cm-' for 
the radical anion. The shortening of the CN and BN bonds 
occurring by addition of an extra electron is not followed by 
displacements of the relative stretching modes, which show 
small lowerings. 

As far as the torsional frequency about the CN and BN 
bonds is concerned, the highest value is calculated for 
BH,NO,- (394 cm-'), and this is consistent with the high 
torsional barrier predicted for this anion. A general increase 
of rigidity of the NO, group upon electron attachment is 
suggested by the values of the NO, wagging and rocking 
modes, which increase for the boron-containing species. This 
is consistent with the results obtained from measurements of 
electron-attachment equilibria for the nitrobenzene radical 
anion and substituted derivatives (7, 8), which predict a 
stiffening of the NO, internal rotation on moving from neu- 
tral molecules to radical anions. 

Conclusions 

The equilibrium geometries and the vibrational frequen- 
cies of some radical anions and of the parent neutral mole- 
cules containing the nitro group have been studied by ub initio 
molecular orbital calculations at the SCF and MP2 levels. As 
a general trend, the -CNO, moiety is characterized by an 
appreciable structural reorganization upon electron attach- 
ment as a consequence of the IT* character of the SOMO. 
This work shows that both at the SCF and MP2 levels, the 
-CNO, framework undergoes major geometry variations in 
the NO bond, ON0 bond angle, and in the CN bond. In fact, 
the NO and CN bond distances of the radical anions are found 
to lengthen and shorten, respectively, and the ON0 bond 
angles to decrease. The conjugation between the nitro group 
and the substituent bonded to NO, can delocalize the un- 
paired electron from the NO, onto the remaining atoms of the 
molecules, influencing thus the structure and the geometry 
of the NOI group.   he nonplanar character at nitrogen has 
been determined for the following substituents: H, CH,, 
CH,F, and CF,. Planar structures at nitrogen have been pre- 
dicted for radical anions with strong p-electron acceptors such 
as BH,, BHF, and BF,. Nonplanar geometries at nitrogen 
have been found for the lattersubstituents oriented perpen- 
dicularly with respect to the NO, plane. The orthogonal ori- 
entation prevents IT interactions between the nitrogen and 
boron atoms of BH2N02-, BHFN02-, and BF2N0,-, in- 
creasing the electron density in the IT* orbital of the NO2 
fragment. The results accomplished from the UHF geome- 
try optimizations of C,H,NO,- are consistent with those 
predicted for the boron-containing radical anions. 

Barriers to internal rotation of the NO, group have been 
calculated at various levels including M~ller-Plesset per- 
turbation theory up to the fourth order, and the banier heights 
are consistent with the degree of IT conjugation between-the 
NO, and the substituent. The rotation about the CN bond is 
almost free, both for the neutral molecules and for the rad- 

ical anions of the series CH,NO, and CF,NO,; on the con- 
trary, high torsional baniers about the BN bond are calculated 
for BH,NO,-, BHFNOI-, and BFzNOI- radical anions, and 
the values of the related torsional frequencies reflect this 
trend. 
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Electron thermalization distance distributions and thermal electron mobilities 
in dense liquid isobutane 
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TAKEHISA YOSHINARI, NORMAN GEE, and GORDON R. FREEMAN. Can. J. Chem. 70, 327 (1992). 
Free ion yields G: were measured at electric field strengths E up to 6.7 MV m-' in liquid isobutane at 556 5 d /kg  

m-' 5 739 (294.4-1 14.6 K). The yields decreased with decreasing temperature and increasing density up to 677 kg m-'; 
further increases in density led to little change in G:. The thermalization distance distribution F(y)  was estimated by 
fitting the field dependence of G: using the extended Onsager model. At lower densities F(y)  = YGP (three-dimen- 
sional Gaussian body with power tail) provided an adequate fit to the results, while at higher densities F (y )  = YE (one- 
dimensional exponential distribution) was better. Thus the electron-scattering properties of liquid isobutane change 
somewhat with density. The thermalizing ability of liquid isobutane increased with increasing density up to -660 kg 
m-), then decreased at densities >690 kg m-? By comparison, the Arrhenius temperature coefficient of mobility of thermal 
electrons changed in the same density region: E ,  = 7 kJ mol-' at d < 660 kg m-', and = I 6  kJ mol-' at d > 690 kg 

-3 

Key words: isobutane, electron thermalization distance, free ion yield, liquid, electron mobility, radiolysis. 

TAKEHISA YOSHINARI, NORMAN GEE et GORDON R .  FREEMAN. Can. J. Chem. 70, 327 (1992) 
Operant dans de I'isobutane liquide a 556 5 d/kg m-' 5 739 (de 294.4 K a 114.6 K), on a mesure les rendements 

en ions libres G: a des forces de champ Clectrique E allant jusqu'a 6.7 MV m-' .  Les rendements diminuent lorsque la 
temptrature diminue et lorsque la densit6 augmente jusqu'a 677 kg une augmentation plus poussCe de la densitt 
affecte tres Itgkrement la valeur du G:. On a CvaluC la distribution de la distance de thermalisation F(y)  en ajustant I'in- 
fluence du champ sur la valeur du G: en faisant appel au modele Ctendu de Onsager. Pour des densites plus faibles, 
]'equation F(y)  = YGP (corps gaussien tridimensionnel et queue avec des puissances) permet d'obtenir une concor- 
dance adequate avec les resultats; par ailleurs, pour des densites plus ClevCes, I'Cquation F (y )  = YE (distribution ex- 
ponentielle unidimensionnelle) est meilleure. Les propriCtCs de dispersion des klectrons par I'isobutane liquide varient 
donc un peu avec la densitC. Lorsque la densite augmente jusqu'a environ 660 kg m-3, la capacitC de thermalisation de 
I'isobutane liquide augmente d'une fason parallkle; ?I des densites >690 kg m-" cette capacite commence B diminuer. 
Par comparaison, le coefficient de temperature d'ArrhCnius pour la mobilite des Clectrons thermiques change aussi dans 
cette mCme region de densite : E,  = 7 kJ mol-' ?I d < 660 kg m-', et E, = 16 kJ mol-' d > 690 kg/m3. 

Mots clPs : isobutane, distance de thermalisation de I'Clectron, rendement en ion libre, liquide, Clectron mobilite, ra- 
diolyse. 

[Traduit par la redaction] 

Introduction 

When ionizing radiation interacts with a fluid, electrons 
are ejected from molecules to form ion-electron pairs (1 6) .  
The ejected electron possesses excess kinetic energy, which 
it loses by inelastic collisions with molecules as  it moves 
away from its sibling cation. The electron reaches thermal 
energy at some distance y, which is usually sufficiently small 
that there is Coulombic attraction between the sibling elec- 
tron-ion pair that is significant in comparison with the ran- 
dom thermal energy k,T. The creation of the electron ion pair 
is represented as 

where the square brackets around the charged entities rep- 
resent the significant electrostatic attraction between them. 
A competition (2) then takes place between recombination 
of the electron and ion (geminate neutralization), 

[2] [M' + e - ]  -. M 

and diffusion apart of the ion and electron until their mutual 

'permanent address: Physics Department, Yamagata Un~ver- 
sity, 4-12, I-chome, Koshirakawa-Machi, Yamagata, Japan. 

' ~ u t h o r  to whom correspondence may be addressed. 

Coulombic attraction becomes negligible compared to kBT 
(free ion formation), 

[3] [M' + e - ]  i. M' + e -  

The free ions ultimately encounter other free ions at ran- 
dom and can neutralize each other (random neutralization), 

[4] M' + e - - .  M 

or they can be attracted to electrodes by a sufficiently large 
applied electric field E, collected, and measured, 

e  -. anode 
151 { - M' cathode 

The number of free ion pairs formed per 100 eV (16 aT) of 
energy absorbed by the fluid, denoted G:, is determined by 
the magnitudes of the thermalization distance y ,  the dielec- 
tric relative permittivity E of the fluid, the temperature T, 
and E. 

The rate at which GE increases with E is strongly affected 
by the shape of the thermalization distance distribution 
function F (y )  ( lc) .  In turn the shape of F(y)  and the mean 
value of y reflect the strength of the electron-molecule in- 
teractions in the liquid, mainly for electrons of energies be- 
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tween about 1 eV (-200 zJ) and 1.5 k,T (-5 zJ); z = zepto 
- 3 - 

For most liquids, as the temperature is decreased G: de- 
creases (3, 4). The F(y) distribution function that fits the (E, 
G:) data in the widest range of systems ( I d )  has a Gaussian 
body and a power tail, and is designated YGP ( l c ,  4). The 
Gaussian shape is attributed to randomness of the scattering 
( l a ) .  The yields in liquid carbon disulfide behaved differ- 
ently (5); as the temperature was decreased from 460 to 
168 K (and density increased concomitantly from 1000 to 
1444 kg m-') Gz increased. Furthermore, the (E, G:) data 
could not be fitted by F(y)  = YGP. A distribution with an 
exponential body and a power tail, designated YEP, pro- 
vided a better fit but was also inadequate at the lowest tem- 
peratures (densities >I350 kg m-'1. At these highest densities 
a simple power function designated YP ( l c )  gave satisfac- 
tory fits (5). These distribution functions indicate a lack of 
randomness in the scattering. 

The behavior in dense liquid CS, brought to mind earlier 
studies of G: in isobutane (2-methylbutane) (6, 7). As the 
liquid was cooled from 296 to 169 K,  with concomitant in- 
crease of density from 553 to 688 kg m3, G: decreased and 
the variation of G: with E could be fitted by using YGP. 
However, on further cooling to 148 K (709 kg m-3) the yields 
stayed about constant and their field dependence was con- 
sistent with YP (6). 

In the present work G: was measured in isobutane from 
294.4 to 1 14.6 K (556 to 739 kg m-'1. Particular attention 
was given to the behavior at T < 180 K,  d > 677 kg m-'. 
The effects of increasing density on F(y)  and on the mean 
thermalization distance ( y) were examined by fitting the (E, 
G:) data. 

The mobilities CL of thermal electrons were also measured 
to check the purity of the liquid and to extend the earlier range 
of measurements. The Arrhenius temperature dependence of 
CL changes in the same density region as does F(y) .  

Experimental 
Materials 

Matheson research grade isobutane (>99.96 mol%) was further 
purified in a grease-free vacuum line, by the method used for 11- 

butane described in ref. 4. 

Apparatus 
Low-pressure liquid conductance cells (8) with electrode sepa- 

rations l of 2.51 and 3.26 mm were used. The electron conduc- 
tance amplifier, charge integrator, voltage supplies, and dosimetry 
are described or referenced in ref. 4. Temperature control and 
measurement are described in ref. 9. 

The densities are dielectric permittivities were taken from ref. 
10. 

Results and discussion 
Electron mobility 

At all temperatures except the lowest ( 1  14.6 K ,  which is 
0.9 K above the freezing point) the electron conductance 
signal decayed linearly, or nearly so (1 l ) ,  with time. This 
indicated that the liquid was sufficiently free of electron-at- 
taching impurities. The applied field strengths were in the 
range 0.3-5 MV m-', and the measured electron drift times 

3 ~ .  Preston-Thomas, private communication. The following 
prefixes were accepted by the Comitt International des Poids et 
Mesures in Oct./90 to be put forward to the ConfCrence GtnCrale 
des Poids et Mesures for adoption in Oct./91: 10-'I, zepto, z; lo", 
zetta, Z; yocto, y; lo'', yotta, Y. 

1000/T (K) 
FIG. 1. Arrhenius plot of electron mobility p in liquid isobu- 

tane. 0, present work; V, ref. 7; A ,  ref. 12. The full curve was 
calculated from eqs. 181-1131, using the parameter values given in 
the text. 

t ,  were in the range 2-700 p.s. The conductance signal at 
114.6 K was convex toward the time axis and had a long tail, 
so was not used. 

The electron mobilities were calculated from eq. [6], 

where 1 is the distance between the parallel electrodes and V 
is the applied voltage. For the conditions of this work the 
diffusion correction (1 1) was negligible. At each tempera- 
ture at least eight measurements, half obtained with positive 
and half with negative applied voltage, were averaged to give 
the results in Fig. 1 and Table 1. The present mobilities agree 
with earlier reports at the higher temperatures (7, 12), but are 
somewhat higher than those reported for the lower temper- 
atures (12). 

The variation of CL with liquid temperature T and density 
d is interpreted by a two-state model (12), which is sum- 
marized as follows. The electrons are in equilibrium be- 
tween quasifree (qf) and localized (loc) states: 

[7] e,f + medium e,, 

A fraction x of the electrons is in the quasifree state: 

181 x = L N ( E ) [ l  + e x p ~ ~ l k . ~ ) l ~  
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TABLE 1. Thermal electron mobilities in iso- 
butane 1.6 - 

T (K) d (kg ni-') m2 V- '  s-I) 2 
130.5 725 0.026 1.2 9 
146.6 710 0.143 --. 
161.1 696 0.424 2 .- 
182.2 676 1 .OO m 

a 0.8 
201.5 656 1.72 c 
229.4 627 3 .OO 

0 .- - 
261.5 594 4.76 LUZ 

294.5 555 6.5 1 (J 0.4 

294.8 555 6.37 

0 
0 2 4 6 

where N(E)dE is the fraction of localized states that lie at E(MV/m) 
energies between E and E + dE from the quasifree state, and 
kn is Boltzmann's constant. FIG. 2. Electric field strength dependence of free ion yields in 

The distribution function N(E) is taken to be a Gaussian liquid isobutane at T = 294.4 K (@), 261.9 K (O), 229.4 K (A), 
about a mean value E, with a dispersion u ,  200.5 K (A), and 180.6 K (V). The curves were calculated from 

eqs. [14]-[I81 and F ( y )  = YP (Table 3). 
[9] N(E) = n-'"u-l exp[-(E - E,)'/u'] 

The parameters Eo and u vary with temperature, 

[ l o ]  E, = E(0) - a T  

[ l l ]  u = u ( O ) + b ~ ' ~ '  

In previous work the power of T in eq. [ 1 11 was taken as 1 .O, - 
but that value did not provide enough curvature for the data 
in Fig. 1 . 

The observed mobility is the sum of the contributions of 
e; of mobility pq, and eb,: 0.6 

[ 121 p = XPqr + ( 1 - x)pP,, ~ X P (  -E,oc/knT) 

where p;, and El,,, are respectively the preexponential fac- 0.4 
tor and activation energy of e,, mobility. The value of pqr is 
density and temperature dependent, taken as 

[ 131 psr = P, ,x~ , ,~ /~ ) ' (T~ , /T)  0.2 

where p,,, is the mobility at the reference density d,,, and 
temperature T,,,. 

Previously selected values of the parameters for isobu- 0 
tane (12) were used as far as ossible: E(0) = 32 zJ entity-' 0 1 2 3 4 5 

(0.20 eV ent-I), u(0) = 0 ,  p[, = 1 x lo-' m' V- '  s- ' ,  E,., E(MV/ rn) 
= 11 ZJ ent-I (0.07 eV ent-'), p,,, = 3 X 

m' V - I  S - I  
FIG. 3. Field strength dependence of free ion yields in liquid 

at T,,, = 295 K and d,,, = 555 kg mp'. The new values a = isobutane at (a) T = 180.6 K (V), 169.7 K (A), 149.6 K (A), 
43  yJ ent-I K-' (0.27 meV ent-' K-') and b = 7.2  yJ ent-' 130.9 K (O), and (b) 1 14.6 K (a). Lines calculated as in Fig. 2. 
K - I . '  (0.0448 meV entC1 K - ' . ~ )  provided the full curve in The . . . line in (a) is the line from (b),  to show the cross-over. 
Fig. 1. The contribution of e,, is negligible (1 % at the low- 
est T, and less at higher T's), so eq. [12] reduces to [12'] in 
this case: ature was decreased further to 130 K (density increased to 

. . . . .  725 kg m-7 :  see Figs. 2 and 3 .  At 114.6 K (740 kg m3), 
. .  .. . 

[ I 2 7  P = X p q ~  which is 0.9 K above the freezing point, the G; curve lies 
below that for 130.9 K at low fields and above it at high fields 

While we d o  not treat mobilities in low density liquids (Fig. 3). 
here, to fit  data at d/dc < 2.5 using eq. [l11, the vari- The free ion yield at a given set of conditions can be cal- 
ation of pqr with density in the low density liquid regime culated from ( l c)  
would have to change to pqr d-4. Furthermore, near the 
critical region quasilocalization of the electrons lowers the G: = 4; GI,, 
measured p ( 1 2). where G,,, is the total yield (ion pairs per 16 aJ) of reaction 
Free-ion yields and  thermalization distance distributions [I] ,  which is measured chemically by electron capture in the 

. .  . The yields decreased relatively rapidly as the temperature liquid phase, or electrically in the gas phase. The probabil- 
was decreased from 294 to 180 K (density increased from 555 ity 4: that an initial ion pair will become a free-ion pair is 
to 677 kg ~ r - ~ ) ,  then decreased more slowly as the temper- calculated from 
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FIG. 4. Free ion yields at 294.4 K (0) compared to those 
calculated by eqs. [14]-[18] using GI,, = 4.2 and F(y)  = YGP 
(----I, YG (---), YEP (-.-.), and YE (. . .), with parameter 
values from Table 2. 

FIG. 6. Experimental free ion yields as in Fig. 2. Curves cal- 
culated using F(y) = YGP and parameter values from Table 3. 

FIG. 5 .  Free ion yields at 114.6 K (0). Lines calculated as in 
Fig. 4. 

FIG. 7. Experimental free ion yields as in Fig. 3. Curves cal- 
culated using F(y) = YE and parameter values from Table 3. TABLE 2. Parameter values for curves in Figs. 4 and 5" 

294.4 K 114.6 K 

Distribution G: b (nm) G: b (nm) 

time when the electron reaches thermal energy, F(y)  is the 
distribution function, and 

[I61 G ( y )  = 4%y)[ l  + f(E,&,T,Y)l 

The probability at zero field is (2) 
YG 0.373 11.4 0.025 9.7 
YGP 0.392 10.7 0.040 8.7 
 YE^ 0.459 12.7 0.046 8.3 
Y E P ~  0.474 11.6 0.059 7.2 

"Free ion yields in liquid isobutane. Assumed G,,,, = 4.2. The 
equations for the distribution functions YG, YGP, YE, and YEP 
are given in refs. lc and 13. 

= I nm. 

where -[ is the electron charge, E, is the permittivity of 
vacuum, E is the relative permittivity of the medium be- 
tween the electron and cation, and r, is the distance at which 
the coulombic attraction energy between the electron and ion 
equals kBT. The field enhancement term in eq. [ I  61 is (lc) 

where P(m-I) = T;E/2kBT = 5800 E/T, where E is in V m-'. where y is the distance between the electron and ion at the 
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YOSHINARI ET AL 

TABLE 3. Parameter values to fit field dependence of free ion yields" 

T (K) d (kg m-')\' G: bCP or bE (nm)" (y ) (nm) GO" n ymin (nm)" ( Y )  (nmld 

"Assumed G,,, = 4.2. 
bMass density, ref. 10. Freezing point 113.7 K. Critical point 408.1 K; d, = 221 kg 
'Relative dielectric permittivity, ref. 10. 
"P parameters with x = 2.05; Figs. 2 and 3. 
'YGP parameters; ( y )  = 1.29 b,, (wrongly given as 1.34 b,, in ref. 5 ) ;  Fig. 6 .  
'YE parameters; ( y )  = bE + y,; Fig. 7. 

FIG. 8. Therrnalizing ability plotted against density; (y) ob- 
tained using F ( y )  = YP. 

One may obtain information about F (y )  by fitting eqs. 
[14]-[18] to yields measured under a wide range of condi- 
tions. Many forms of F(y) have been considered ( l c ,  13-17). 
The most common are based on Gaussian or exponential 
forms. A Gaussian-type distribution can arise from nearly 
random scattering of the thermalizing electrons by the fluid 
molecules, while an exponential-type might arise from a 
greater contribution of forward scattering in the more or- 
dered, denser fluid (lc). Four example distributions (13) are 
a three-dimensional Gaussian designated YG, a one-dimen- 
sional exponential designated YE, and each with the addi- 
tion of a Y-3 power tail for a few percent of the pairs that have 
the largest y values, and therefore designated YGP and YEP, 
respectively. The power tail at large y values is an artifact 
of the model, in which it is assumed that there is only one 
ionization event per microzone, and is due to the rapid 
combination of the ions and electrons nearest the center of 
the few microzones that contain more than one ion-elec- 
tron pair (lc). The explicit forms of these functions are given 
in refs. l c  and 13. In Figs. 4 and 5 yields calculated from 
these four distributions, with best-fit parameter values given 

in Table 2 ,  are compared to the measured values at 294.4 K 
(555 kg m-3) and 114.6 K (740 kg m-3). In the former the 
best fit was obtained with YGP, while in the latter it was 
obtained with YE. This unusual change of the distribution 
function indicates that the scattering properties of the liquid 
are somewhat different at the lowest and highest densities. 

Figure 6 shows that yields calculated with YGP are not 
unreasonable at densities up to 677 kg m-3 (temperatures 
down to 180.6 K). This is why measurements in isobutane 
at d < 555 kg m-3 could be fitted with YGP (18). Figure 7 
shows that yields calculated with YE are not unreasonable 
at densities down to 725 kg m-3 (temperatures up to 
130.9 K). The parameter values used to obtain the curves in 
Figs. 6 and 7 are listed in Table 3.  

Less than 40% of the initial ionizations produce free ions 
at the highest field and temperature used in the present work. 
Therefore the low y value half of the F(y) distribution makes 
a negligible contribution to the yields displayed in Figs. 6 and 
7.  W e  can therefore neglect the shape of the main body of 
the distribution and focus on the shape of the tail. For that 
purpose we use a simple power function, designated YP ( l c ,  
7) : 

1191 F(Y)  = {O 
Y < Ymin 

XY;,inY-(~+ I )  Y > Ymin 

where x and y,,,, are adjustable parameters. A reasonable fit 
to the yields at all temperatures and densities (Figs. 2 and 3) 
was obtained with x = 2.05, although the curvature of the 
lines is a bit too small. Parameter values for the curves in 
Figs. 2 and 3 are listed in Table 3. This compromise func- 
tion varies as y-3.05, compared to the y-3 tails in YGP and 
YEP. The mean values of y ,  ( y), in YP  are similar to those 
in YGP over the range of density and temperature where the 
latter is an adequate distribution (Table 3). However, the 
values of (y) in YE are significantly smaller than those in YP 
because the former has an unrealistically large number of 
pairs at the lowest y values. 

The values of G: obtained by extrapolation with YP are 
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slightly higher than those obtained with YGP or YE (Table 
3 ) .  The preferred values would be the averages of those in 
the two columns of the table, but we do not list them be- 
cause they d o  not have an associated distribution function. 
Electron therrnnlizing a b i l i ~  of tlze liquid 

The inverse of the average thermalization distance, nor- 
malized for the density of the liquid, ((y)d)- ' ,  is a measure 
of the inherent ability of the liquid to remove excess kinetic 
energy from hot electrons. This quantity is plotted against 
isobutane density in Fig. 8. The plot has a slightly positive 
slope for densities up to about 660 kg m-j,  and a negative 
slope for densities above about 690 kg m-! In this same 
density region, 660-690 kg m-3, the temperature depen- 
dence of the electron mobility undergoes a significant change 
(Fig. 1 ) .  In the lower density region, d < 660 kg m-3, the 
Arrhenius temperature coefficient is E, = 7 kJ mol-I, 
whereas at d > 690 kg m-' it is E, = 16 kJ mol-' .  These 
changes in behavior are attributed to an undetermined change 
in liquid structure, or molecular packing. Values of the vis- 
cosity of the liquid in this low-temperature region are not 
available in the literature. A large program of studying liq- 
uids for their own sake is badly needed to assist programs in 
many other fields, such as the behavior of electrons in fluids. 
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A theoretical study on the activation of hydrogen-hydrogen and hydrogen-alkyl 
bonds by electron-poor early transition metals 
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E. FOLGA and T .  ZIEGLER. Can. J .  Chem. 70, 333 (1992). 
A theoretical study has been carried out on four u-bond metathesis reactions mediated by the electron-poor lutetium 

metal centre. The four processes include hydrogen exchange, X2Lu-H + D2 + X2Lu-D + HD ( I ) .  and hydrogenolysis 
X,Lu-CH, + H, + CI,Lu-H + CH, (2), in which a H-H bond is activated, as well as methane exchange, X,Lu-CH, 
+ CH4 + X2Lu-CH, + CH, (3), and methylation, CI2Lu-H + CH, -+ X2Lu-CH, + H, (4), in which a C-H bond is 
activated. The CptLu fragment en~ployed in a number of experimental studies was modelled by CI?Lu and all calcula- 
tions were based on approxilnate Density Functional Theory (DFT). The study combined methods from quantum me- 
chanics and statistical mechanics to obtain enthalpies and entropies of activation as well as transition state structures. 
All four processes were found to have an ordered four-centre transition state with negative entropies of activation given 
by A S  = - 109 (I) ,  - 124 (2), - 13 1 (3), and - 134 (4) J mol-' K- '  at T = 298.15 K. The Gibb's free energies of ac- 
tivation, AG(=AH+ - TAs~) were calculated as AG'=8 1.6 ( I ) ,  126.0 (2), 136.7 (3). and 130.6 (4) kJ mol-I at T = 
298.15 K .  The calculated trends in AGf are consistent with the observed order of reactivity for a-bond metathesis re- 
actions between R-H and M-R' bonds: R = R' = H >> R = H, R' = CH, > R = R'  = CH,. The decrease in the 
reaction rate is related to the diffferent abilities of the Is hydrogen orbital and the u,,,, methyl orbital to stabilize the 
four-centre transition state. Thus, the spherical Is hydrogen orbital is better able to overlap fully with orbitals on adja- 
cent centres than the directional UCH, orbital. As a consequence, the electronic barrier is seen to increase from the hy- 
drogen exchange reaction towards the hydrogenolysis and methane exchange processes as one or two hydrogens, 
respectively, are replaced by methyl groups in the four-centre transition state. 

Key worcls: Density Functional Theory, C-H activation, metathesis, hydrogenolysis, H-H activation. 

E. FOLGA et T .  ZIEGLER. Can. J .  Chem. 70, 333 (1992). 
On a effectue une etude theorique sur des reactions de metathese impliquant quatre liaisons-u et l'entremise du IutCcium 

comme centre metallique pauvre en Clectrons. Les quatre processus comprennent : 1 'Cchange d'hydrogkne, X,Lu-H + 
D, + X,Lu-D + HG (I),  l'hydrogenolyse, X,Lu-CH, + H, + CI2Lu-H + CHJ (2) dans laquelle une liaison H-H est 
activte. 1'Cchange de methane, X,Lu-CH, + CH, -+ X2Lu-CH, + CH, (3) et la mCthylation, C12Lu-H + CH4 -+ X2Lu- 
CH, + H, (4) dans laquelle il y a activation d'une liaison C-H. On a utilist le CI,Lu comme modele du fragment Cp*?Lu 
qui a CtC souvent employe dans un certain nombre d'Ctudes expCrimentales et tous les calculs sont bases sur la thCorie 
de la densite fonctionnelle (TDF) approximative. L'Ctude a combine des mCthodes de la niecanique quantique et de la 
mkcanique statistique pour obtenir les enthalpies et les entropies d'activation ainsi que les structures des Ctats de tran- 
sition. On a trouvt que les quatre processus posskdent un etat de transition ordonne a quatre centres avec des entropies 
d'activation calculCes qui sont negatives : AS' = - 109 (1). - 124 (2), - 131 (3) et - 134 (4) J mol-' K- ' ,  a 298,15 K. 
Les enthalpies libres d'activation, AG" (=AH' - TAS'), calculCes sont egales ?I 8 1,6 (1), 126,0 (2), 136.7 (3) et 130,4 
(4) kJ mol-I, a 298,15 K. Les tendances calculees pour les AG' sont en accord avec I'ordre de rCactivitC observe pour 
les reactions de metatheses des liaisons-u entre des liaisons R-H et M-R' : R = R' - H >> R = H, R' - CH3 > R 
- R' = CH,. L'abaissement de la vitesse de la reaction est relie aux pouvoirs diffkrents de I'orbitale Is de I'hydrogene 
et de I'orbitale urn, du mtthyle de stabiliser 1'Ctat de transition quatre centres. L'orbitale Is sphkrique de I'hydrogkne 
donne donc lieu a un plus grand recouvrement des orbitales des centres adjacents que l'orbitale ao,, orientee. En 
consequence, alors qu'on remplace respectivement un ou deux hydrogknes par des groupes mCthyles dans I'Ctat de tran- 
sition quatre centres, on voit un accroissement de la barrikre Clectronique lorsqu'on passe de la rtaction d'kchange 
d'hydrogene vers les processus d'hydrogtnolyse et d'echange de mtthane. 

Mots clPs : thCorie de la densitt fonctionelle, activation d'une liaison C-H, rnetathkse, hydrogenolyse, activation d'une 
liaison H-H. 

[Traduit par la redaction] 

Introduction The process in eq. [I] is facile and proceeds through a three- 

~h~ activation (breaking) of H-H and C-H bonds by centre transition state (1, 5) in a concerted manner. Elec- 

transition metal centres has been studied extensively over the metal centres can also activate a k ~ l i c  C-H 

last decade by experimental (1-4) as well as theoretical (5, (2, 5i-k, 6a-c) by a concerted oxidative addition 

6-9, 12) techniques. Electron-rich middle to late transition 
metal complexes are known ( 1 ,  5) to add H1 oxidatively to [2] ML, + H - C H ,  + [L,,M :-- -. :CH3] I + L,,M(H)(CHI) 
form dihydride complexes. 

2 

[ I ]  ML. + H, + [L.M :::-I:] + L..M(H)? 
.I 

1 

' ~ u t h o r  to whom correspondence may be addressed. 

The reaction is not as facile as H-H addition and has only 
been realized (2) in a limited number of cases. The H-H and 
C-H bonds are of roughly the same strength. However, 
H-H activation is thermodynamically more favourable since 
M-H bonds of middle to late transition metals are stronger 
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(2g, 6d-e, 12) than the corresponding M-alkyl bonds. Thus, 
oxidative addition of Hz in eq. [ I ]  is in general exothermic 
(5i-I, 6c) whereas the C-H addition of eq. [2], with some 
important exceptions (2), is endothermic (5i-1, 6c). The 
H-H addition is further kinetically more facile since the 
spherical Is, orbital (5i-I) is better able to stabilize the three- 
centre transition state, 1, than the more directional cr,,, or- 
bital in 2. 

Early transition metals are in general too electron poor to 
activate H-H and C-H bonds by oxidative addition. They 
are, nevertheless, able to activate H-H and C-H bonds in 
the recently discovered cr-bond metathesis reaction (3): 

[3] L,,M-R + H-R* + L,,M-R* + H-R 

(M = do, f I4do; R, R* = H, alkyl) 

The general formulation of the cr-bond metathesis reaction 
in eq. [3] includes hydrogen exchange, eq. [4a], methane 
exchange, eq. [4b], and hydrogenolysis of metal alkyls, eq. 
[4cI. 

(M = Lu, Sc; L = Cp*;n = 2) 

The a-bond metatheses by organo-lutetium and organo- 
scandium methyl complexes were studied experimentally by 
Watson (3c-e) and Bercaw and co-workers (3a-b) in con- 
nection with the Ziegler-Natta polymerization process. Both 
complexes were reported to readily undergo hydrogeno- 
lysis, eq. [4c], giving up metal hydrides that then rapidly 
underwent H/D exchange, eq. [4a]. Methane exchange, eq. 
[4b], was observed in several instances and kinetic studies 
were carried out for M = Sc (3a,b), Y, and Lu (3c-e). Hy- 
drogenolysis of metal alkyls, eq. [4c], is postulated to take 
place during the chain-termination step in Ziegler-Natta 
polymerization (3). Electron-poor early fblock elements are 
also known (3 f,g) to activate H-H and C-H bonds ac- 
cording to the reaction given in eq. [3]. 

The activation of the H-H bond by electron-poor metal 
centres in the cr-bond metathesis reactions of eqs. [4a] and 
[4c] has been postulated (3) to proceed via a four-centre 
transition state 3a. 

L M----- R 
151 L.M-R + H-H + [ I ] 

H -----H 

+ L,M-H + R-H 

A similar four-centre transition state 36 

has been inferred for the activation of the C-H bond in the 
two reactions of eqs. [4b] and [4d]. Activation of H-H 
bonds via the four-centre transition state, 3a, might also occur 
in complexes of middle to late transition metals (9). 

Up-to-date theoretical investigations on a-bond metathe- 

sis include a GVB (Generalized Valence Bond) study of the 
reaction in eq. [4a] (M = Sc, Ti; L = C1) by Steigerwald and 
Goddard (7n) and EHA (Extended Hiickel Approximation) 
calculations of the reactions in eqs. [4a] and [4b] (M = Lu, 
L = Cp:" by Hoffmann and co-workers (7c). Recently, 
RappC (76) discussed cr-bond metathesis between C-H 
bonds of olefins or acetylenes and the Sc-R (R = H, CH,) 
linkage. We (7d) have also reported preliminary calcula- 
tions on the reaction in eq. [4a] with ML,, = LuCl,. 

The present investigation is concerned with a comparison 
between the activation of the H-H bond in eqs. [4n] and 
[4c], and the activation of the C-H bond in eqs. [4b] and 
[4d]. In particular, we shall contrast the degree to which the 
frontier orbitals on H and CH, are able to stabilize the four- 
centre transition states 3a and 36 and its implication (3a,b, 
7a,b) for the activation energies of the processes in eqs. [4a]- 
[4d]. We have chosen C1,Lu to model the Cp,*Lu fragment 
employed by Watson (3c-e). The activation of H-H, eq. 
[I],  and C-H bonds, eq. [2], by electron-rich metal centres 
has been studied previously in our group (6c). 

Our calculations are based on Approximate Density 
Functional Theory ( lo) ,  which over the past decade has 
emerged as a tangible and versatile computational method. 
It has been employed successfully to obtain thermochemi- 
cal data (1 1, 12), molecular structures (13, 14), force fields 
and frequencies (15), assignments of NMR (16, 17), pho- 
toelectron (18), ESR (19), and UV spectra (15), and tran- 
sition state structures as well as activation barriers (20), dipole 
moments (2 1 ) , and other one-electron properties. Thus, ap- 
proximate DFT is now applied to many problems previ- 
ously covered exclusively by ab initio Hartree-Fock (HF) 
and post-HF methods. The recently acquired popularity of 
approximate DFT stems in large measure from its compu- 
tational expedience, which makes it amenable even to large- 
size molecules at a fraction of the time required for HF or 
post-HF calculations. More important, perhaps, is the fact 
that expectation values derived from approximate DFT in 
most cases are better in line with experiment than results 
obtained from HF calculations. This ii in  articular the case 
for systems involving transition metals. An analysis of why 
approximate DFT affords more reliable results than HF has 
recently been published by Cook and Karplus (22) as well 
as by Tschinke and Ziegler (23). 

Computational details 
The reported calculations were all carried out by utilizing the 

HFS-LCAO program system developed by Baerends et al. (24, 25) 
and vectorized by Ravenek (25b). The numerical integration pro- 
cedure applied for the calculations was developed by Becke (26). 
All molecular structures were optimized on the singlet energy sur- 
face within the C, symmetry group. The geometry optimization 
procedure was based on the method developed by Versluis and 
Ziegler (13). Vibrational frequencies were evaluated from force 
constants calculated by numerical differentiation of the energy 
gradients (15). The transition states were optimized according to 
the method due to Simons et al. (27) in the implementation by Baker 
(28) that has been adopted to the HFS-LCAO program system by 
Fan et al. (15). The electronic configurations of the molecular 
systems were described by an uncontracted triple-l; ST0 basis set 
(29) on lutetium for 5d, 6s, and 6p as well as a double-l; ST0 
basis set (22) on chlorine (3s,3p) and hydrogen (ls,2p). The 
ls~2s'2p63s'3p63d'04s'4p64 f l45s25p6 configuration on Lu and the 
l s - 2 ~ ~ 2 ~ ~  configuration on C1 were assigned to the core and treated 
by the frozen-core approximation (24). A set of auxiliary (30) s, 
p, d, f, and g ST0 functions, centred on all nuclei, was used to fit 
the molecular density and present Coulomb and exchange poten- 
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tials accurately in each SCF cycle. Relativistic effects were taken 
into account according to the approach by Snijders et a / .  (3 1) in its 
quasi-relativistic implenlentation (32). 

Energy differences were calculated by including the local cor- 
relation potential by Stoll et ul. (33n) and Becke's (336) non-local 
exchange corrections. Calculations on metal carbonyls (34), bi- 
nuclear metal complexes (35), alkyl and hydride complexes (6c- 
f, 36). as well as complexes containing M-L bonds.for a number 
of different ligands (12, 37). have shown that the Approximate 
Density Functional method enlployed here affords metal-ligand and 
metal-metal bond energies of nearly chemical accuracy ( 2 5  kcal 
mol-'). More than 50 nlolecular structures optimized by Approx- 
imate Density Functional Theory have been compared with exper- 
iment (13). The agreement between experiment and theory is in 
most cases excellent. The application of Approximate Density 
Functional Theory to organometallic chemistry has recently been 
reviewed (36, 38). 

H-H bond activation 
Transitiotz state structure for the hydrogen exchange 

reaction: C1,Lu-H + H, + CI,Lu-H + Hz 
A schematic energy profile for the hydrogen exchange 

reaction of eq. [4a] is given in Fig. 1 .  Our calculations in- 
dicate that a weak adduct, 4a, is formed in the early stages 
of the process. The formation energy for 4a was calculated 
to be only 4.9 kJ mol-I. The equilibrium structure 4a, op- 
timized under C, symmetry constraints, ceveals only a slight 
elongation of the H-H bond (by 0.002 A) and a rather long 
distance of 3.724 P\ from the midpoint of the H-H bond to 
the lutetium centre. 

1.925 

& \  
0.774 

4a 46 4c 

The C1,Lu-H framework in 4a resembles the optimized 
structure of free Cl,LuH, 46, which was found to have a non- 
planar geometry with the hydride bent 40" out of the C1,Lu 
coordination plane. The banier of inversion for free C1,LuH 
was calculated to be 8.7 kJ mol-'. 

There are two electron pairs involved in bond breaking and 
bond making during the exchange reaction in eq. [4a].  The 
two orbitals holding the electron pairs in the early stages of 
the reaction are shown to the left of the correlation diagram 
in Fig. 2. Of lowest energy is 2a1,  which is made up of the 
ug orbital on the incoming H, molecule. This orbital de- 
scribes the intact H-H bond. The 6a' orbital of higher en- 
ergy represents the Lu-H linkage. The bonding interaction 
in 6a' is between a well-directed hybrid on lutetium (0.58 
6s - 0.43 d,;-; + 0.43 d,z + 0.50 d,:) and IsK. 

The optimized transition state for the reaction in eq. [4a] 
was found to have a planar structure of C,, symmetry, 4c. 
The two Lu-H distances of 2.064 and 2.026 A are only 
slightly longer than the Lu-H hydride bond in 46 of 
1.941 A. The symmetrical H-H bond distances of 1.05 1 P\ 
are substantially longer than the calculated H-H bond in free 
H, at 0.772 A. The Lu-HrHb-H, ring structure in 4c 

Reaction coordinate 

FIG. 1 .  Profile for the hydrogen exchange reaction Cl,LuH, f 
HrH, -, Cl,LuH, f H,,-H,. The energies are relative to the 
reactants (products). 

FIG. 2. Correlation diagram for the passage 4a + 4c. 

clearly has the characteristics of a four-centre transition state 
with substantial bonding interaction between the adjacent 
atoms in the ring. In addition, there is some stabilizing in- 
teraction between Lu and Hb across the ring. 

The two occupied orbitals responsible for the stabilizing 
interaction within the ring structure are shown to the right in 
Fig. 2. The 2a' orbital represents a four-centre bonding in- 
teraction between the metal-based rl,z-,,z orbital on Cl,Lu+ and 
three in-phase 1s hydrogen orbitals on H3-. The 6a' orbital 
of higher energy represents a three-centre bonding interac- 
tion involving the d,; orbital on lutetium and an out-of-phase 
combination of 1s orbitals on the two equivalent hydrogen 
atoms. 
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The two electron pairs involved in the bond making and 
bond breaking through the passage frorn 4a to 4c, Fig. 2, 
remain in orbitals, 2a' and 6a' ,  with strong stabilizing in- 
teractions. The electron pair of lowest energy is situated in 
an orbital k', localized largely on the hydrogen atoms. This 
orbital will experience a loss in the bonding interaction be- 
tween H;, and H, as the HcHh bond is stretched in the pro- 
cess 4a + 4c. The loss is, however, compensated for by an 
increase in the stabilizing interaction between Hb and H,. 

The electron pair of higher energy remains in a Lu-H 
bonding orbital, 6 ~ ' .  The metal hybrid in 6a' is able to change 
its nodal characteristics and directionality during the transit 
4n 4 4c, from a hybrid (0.58 6s - 0.43 d,:~,.: + 0.43 d , ~  + 
0.50 d,.:) pointing towards H, in 4 ,  to a pure d,., orbital in 4,.. 
This is made possible by drawing on the pool of empty or- 
bitals in the 5d, 6s, and 6p shells (7, 8). It should be noted 
that the stretch of the incoming HrHb bond frorn 0.77 A 
in 4,, to 1.05 A in 4,. adds 85.7 kJ mol-' to the calculated 
electronic barrier. This destabilization is only partially 
compensated for by the stabilizing interactions in k' and 6a' 
of 4c, Fig. 2. 

The nodal flexibility distinguishes electron-poor early 
transition metals and f-block elements frorn hydrogen or al- 
kylic carbon atoms. Thus in a-bond metathesis involving 
H-H or C-H bonds neither the hydrogen nor the alkylic 
carbon have any empty orbitals of the same nodal charac- 
teristics as d,., in 4,. As a consequence, the electron pair of 
highest energy will reside in a two-centre nonbonding or- 
bital rather than in the three-centre bonding orbital, 6a1, 
shown to the right in Fig. 2. The lack of stabilization for the 
upper electron pair in a-bond metathesis involving H-H or 
alkylic C-H bonds will result in high barriers for this type 
of process. In fact, they are [2s + 2s] symmetry forbidden 
reactions. Our explanation for the reason that [2, + 2,] ex- 
change reactions between H-H and Lu-H bonds are al- 
lowed is based on simple molecular orbital arguments. 
Similar explanations have been put forward by Steigerwald 
and Goddard (7a), Rap* (76), as well as Jolly and Marynick 
(8). 

The transition state structure 4c has a single negative force 
constant. The corresponding normal mode, 5, represents the 
reaction coordinate that, as one might expect, primarily 
constitutes an asymmetric H-H-H stretch. 

Using the GVB gradient program, Steigerwald and 
Goddard (7a) obtained a barrier of 17 kcal mol-I (71.1 kJ 
mol-I) for a similar isomerization process involving scan- 
dium rather than lutetium. The Sc-Ha bond distance in the 
transition state was optimized to be 1.887 A, i.e., 0.213 A 
shorter than the L v H ,  bond distance calculated in this work. 
It is an acceptable difference if one takes into accountothe size 
of the ionic radii (Rs,l+ = 0.89 A, RL,,+ = 1.00 A) (39). 
Goddard calculated the Ha-Hb distance as 1.0 14 A and the 

Reaction coordinate 

FIG;. 3. Profile for the reaction C1,LuCH3 + H, -+ CI,LuH + 
CH,. The energies are relative to the reactants. 

Hz,--Lu-H, angle as 65", compared to 1.057 and 59" re- 
ported here. As for the geometry of the scandium hydride, 
it was assumed to be planar an{ optimized as such with the 
Sc-H bond distance of 1.780 A. 

Trarzsition state structure.for the hydrogenolysis reaction: 
C1,Lu<H3 + Hz 4 CIZLu-H + CH, 

We have discussed the hydrogen exchange reaction in the 
previous sections. In the following, we shall examine the 
related hydrogenolysis reaction of eq. [4c]. The results from 
our theoretical study are summarized in Fig. 3 where we 
present an energy profile for the process. It can be seen from 
Fig. 3 that the electronic energy of the products (C1,LuH and 
CH,) is lower than the corresponding energy of the reac- 
tants (CI,LuCH, and Hz) by 16.9 kJ mol-I. It is in fact ob- 
served experimentally (3a, 3c) that the equilibrium in eq. [4c] 
is shifted to the right. The reaction is further seen to have a 
substantial electronic barrier, Mzi,,, of 82.2 kJ mol-I, 
Fig. 3. 

We have optimized the geometry of the reactant Cl,LuCH3. 
The methyl complex has a structure, 6, with the methyl group 
bent out of the C1,Lu coordination plane. Interestingly, the 
crystal structure of the related CpfScCH, complex has a 
planar geometry (36). We have calculated the barrier of in- 
version for the lutetium methyl to be 13.7 kJ mol-'. In ad- 
dition, we note that the methyl group can rotate freely about 
its C3 axis. 

The incoming H2 molecule forms a weak adduct, 7 a ,  with 
C12LuCH3, 6, in the early stages of the hydrogenolysis re- 
action. The adduct is similar to that, 4,, found for the hy- 
drogen exchange process. It has a moderately stretched 
H,-H, bond and the adduct stabilization energy is only 
1.6 kJ mol-I. 
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The transition state, 7b, was optimized without any sym- 
metry constraints. The transition state comprises four centres: 
Lu, C,  H,, and H,, arranged in a nearly planar geometry. The 
structure 71, represents an early, reactant-like transition state 
where the Ha-H, bond of the dihydrogen is still intact, al- 
though stretched from 0.773 to 0.915 A.  On the other hand, 
the emerging C-H, bond at 1.723 A is still mych longer than 
an ordinary aliphatic C-H bond of 1.10 A.  The methyl 
group in 7b can rotate almost freely around its C, axis with 
a relatively modest barrier of 18.2 kJ mol-I. 

FIG. 4. Defornlation of C12LuCH, fragment in transition state 
I 72; 7b. 

The product of the hydrogenolysis reaction is a weak 
methane adduct, 8. The Lu-H, bond distance in 8 is com- 
parable to that of free C12LuH and the methane fragment is 
only slightly distorted compared to that of free CH,. The total 
adduct stabilization for 8 is calculated to be 8.2 kJ mol-I. 

There are two substantial contributions to the calculated 
electronic activation barrier of AH:,, = 82.2 kJ mol-I. They 
come from the energy required to deform the two frag- 
ments, Ha-H, and C1,Lu-CH,, to the shapes they take up in 
the transition state, 7b. The energy needed to stretch a hy- 
drogen molecule to coincide with the Ha-Hb fragment of 7b 
is found to be 49.8 kJ mol-I. Clearly, the Hz molecule 
undergoes a smaller degree of stretching than in the case of 
the hydrogen exchange (85.2 kJ mol-I). The energy re- 
quired to deform the C12LuCH, molecule, 6 ,  to the geome- 
try taken up by the ClLLu-CH3 framework in 7b is calculated 
to be 35.6 kJ mol-'. The deformation involves an increase 
in the angle, a, between the C3 axis of the methyl group and 
the Lu--CH3 bond vector by about 40°, Fig. 4. The defor- 
mation shown in Fig. 4 redirects the a-orbital on CH, to- 
wards the incoming H, atom at the expense of losing some 
of the bonding interaction with the d, orbital on lutetium. 

A schematic correlation diagram for the process 7a -+ 76 
4 8 is presented in Fig. 5 .  The diagram in Fig. 5 correlates 

FIG. 5 .  Correlation diagram for the process C12LuCH3(H2) -+ 
Cl,LuH(CH,). Chlorine and methyl hydrogen atoms are not in- 
cluded. 

the two occupied orbitals 3a' and 8a' (HOMO) as well as the 
9a' (LUMO) from reactants, 7a, to products, 8. The orbit- 
als 3a' and 8a' hold the two electron pairs involved in bond 
breaking and bond making during the hydrogenolysis reac- 
tion. 

The 3a' orbital on the reactants' side represents the HrHb 
a-bond of the incoming hydrogen molecule. It correlates 
smoothly with the C-H, bond at the product side, 8, via the 
virtually ligand-only orbital of the transition state 7b. The 3u' 
orbital is considerably destabilized in the transition state, as 
the Ha-H, bond is stretched without any significant bond- 
ing interaction between H, and the methyl carbon. This is in 
contrast to the previously discussed hydrogen exchange re- 
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TABLE 1. Contributions to the enthalpies of activation" for reactions in eq. [4] 

Hydrogen Methane 
exchange Hydrogenolysis exchange Methylation 
Eq. [4alh Eq. [4c]' Eq. [4bld Eq. [4d]' 

"All energies in kJ mol-I, T = 298.15 K.  
"C1,Lu-H + Hz + CIZLu-H + Hz. 
'CIzLu<H, + H, + CI,Lu-H + CH,. 
"CI,LU<H, + *CH, + CI~LU-*CH, + ( 
'CIZLu-H + CH, + CI,Lu<H, + HZ. 
' AGL, = AH' - TAS' . 

action of eq. [4a] where the corresponding 2a' orbital in the 
transition state 4c, see Fig. 2, is characterized by a substan- 
tial interaction between Hb and H,. In that case, the electron 
pair is residing in a truly three-centre orbital. As already 
mentioned, i t  is the lack of a strong three-centre stabiliza- 
tion in 3a' of 7b that is primarily responsible for the larger 
electronic barrier in the hydrogenation reaction compared to 
the hydrogen exchange process. 

The HOMO of the reactant 7a, representing the Lu--CH, 
bond, is made up of a 5dzz/5d,,~-,~/5d.ry/6s hybrid on the lu- 
tetium centre and am, The HOMO of the product 8,  which 
represents the Lu-H bond, on the other hand comprises 
another hybrid of different directionality on lutetium, and the 
1s orbital on the lateral hydrogen atom, Ha. These two 
HOMOS correlate via the HOMO of the transition state, Xu' 
(in the middle of Fig. 5). 

The presence of several empty orbitals in the 5d, 6s, and 
6p shells of lutetium is essential for the change in direction- 
ality of the hybrid on the metal. This change is required in 
order to maintain an optimal overlap with the adjacent li- 
gand orbitals throughout the reaction. As one can easily see 
from Fig. 5, the 5d, orbital plays an appreciative role in the 
stabilization of Xu' in the transition state. 

Entropies and enthalpies of activation 
We have calculated the enthalpies and entropies of acti- 

vation for the reactions in eqs. [4a] and [4c]. The kinetic 
parameters were evaluated in the harmonic oscillator and rigid 
rotor approximation with the use of standard formulas of 
statistical mechanics (40). The calculated parameters for the 
reaction ineqs.  [4a] and [4c] are presented in Tables 1 
and 2. 

It is clear that AHf is dominated by the electronic energy 
bamer, AHe,,,,, of Figs. 1 and 3. The rotational and trans- 
lational contributions to AHf are negative, as one might 
expect from reactions with a highly ordered transition state, 
4c and 7b. The negative contributions from AH;, and 

are simply a consequence of the fact that the reac- 
tants have six degrees of translational freedom and five de- 
grees of rotational freedom, whereas the transition states have 
three of each. It is also consistent with an ordered transition 
state that the contribution to AHf from AH:, is positive. As 

the transition state is formed from the two reactants, three 
degrees of translational freedom and two degrees of rota- 
tional freedom are transformed into five degrees of vibra- 
tional freedom. The additional vibrational degrees of freedom 
will increase AHvib in the transition state. 

The vibrational zero-point energy has a positive contri- 
bution, AH:, to AHi. This contribution is given by 

In the two reactions of eqs. [4a] and [4c] AH: is positive, 
Table 2, since 

There are two reasons for this. The first has to do with the 
fact that the vibrational degrees of freedom in the transition 
state, N(transt.), exceed the number of vibrational degrees 
of freedom among the reactants, N(reactant.), by five. The 
second factor stems from the fact that the weakening of the 
incoming Ha-Hb bond in the transition states 4c and 7b is 
counteracted by the formation of the Lu--Hb bond across the 
four-centre ring system. We have in addition for 4c the for- 
mation of an Hc-Hb bond. A transition state for which eq. 
[8] holds and AH: is positive could appropriately be termed 
a bond-making transition state. The total enthalpy of acti- 
vation at 298.15 K was calculated to be 49.0 kJ mol-', which 
is only 4.5 kJ mol-I higher than the calculated electronic 
barrier, AH:,,. Thus, the negative contributions from 
AH;, and AHzans are seen to nearly cancel AH:, and AH:. 

The entropies of activation at 298.15 K were calculated 
to be - 109 and - 124 J mol-' for the hydrogen exchange and 
hydrogenolysis reaction respectively. It follows from Table 
2 that the negative values for ASi are primarily determined 
by the large negative translational contribution, ASzans, and 
to a lesser extent by the rotational component, AS;,. The vi- 
brational term, AS:,, is on the other hand positive. The 
negative values of AS:,, and AS;, stem from the decrease in 
the number of the translational (three) and rotational (two) 
degrees of freedom of the transition state whereas the posi- 
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FOLGA AND ZIEGLER 

TABLE 2. Contributions to  the entropies of activation'' for reactions in eq .  [4] 

Hydrogen Methane 
exchange Hydrogenolysis exchange Methylation 
Eq. [4a]" Eq. [4cIc Eq. [4b]" Eq. [4d]' 

"All entropies in J r n o l  ' K-I .  T = 298.15 K .  
hC1,Lu-H + H, + C1,Lu-H + H,. 
'CI,Lu<H, + Hz + C1,Lu-H + CH,. 
'%I,Lu<H, + *CH, + CI,Lu-*CH, + CH, 
'C1,Lu-H + CH, + CI,Lu<H, + HZ. 

tive value of AS;, comes from the increase in the number of 
the vibrational degrees of freedom (five) in the transition A H e ~ e c t  

state. The relatively large negative entropy of activation once ( k ~  mol-') A 
again underlines the highly ordered nature of the transition 
state. It should be noted that the methyl group in the hydro- 
genolysis reaction of eq. [4c] maintains its free rotation 
around the C3 axis from reactant, 7a,  to the transition state, 
7b. Thus this degree of freedom does not contribute to either 
AHZ or AS'. 

H---C activation 
Transitiotz state structures for the methane exchange 

reaction: C12Lu<H3 + *CH4 + C12Lu-*CH3 + 
CH4 

The methane exchange process in eq. [4b] has been stud- 
ied experimentally for a number of metal centres, including 
lutetium (3c-e), yttrium (3c-e), and scandium (3a,b).  The 
pioneering steps in this field were taken by Patricia Watson 
(3c) ,  who discovered the methane exchange reaction of eq. 
[4b]. Her discovery was made during an investigation of the 
reaction between C p T L u x H ,  and benzene. Her studies 
demonstrated that the reaction in eq. [4b] has a rate of ap- 
proximately 4.6 x M-I s-I at 343 K in the case of 
CpTLu. 'The reaction is enhanced by the more electrophilic 
yttrium (k  = 2.6 x M - I  s-I at 343 K)  and inhibited in 
the case of the more nucleophilic scandium (k = 1 x 
M-' s-' at 353 K) .  

The results from our calculations are summarized in the 
reaction profile in Fig. 6 .  We have located a methane ad- 
duct, 9a, at the early stages of the methane reaction. The 
formation enthalpy for 9a was calculated to be 19.4 kJ mol- I, 
which makes 9a less stable then the reactants Cl,LuCH, and 
CH,. 

The methane exchange reaction has a substantial elec- 
tronic barrier of 108.6 kJ mol-I, Fig. 6 .  The associative 
transition state, 9b, is of C,, symmetry. It follows from the 
optimized transition state structure that the C,-H, bond of 
the incoming methane has been stretched almostato the 
breaking point with a C,-H, bond distance of 1.56 A. This 
stretch requires 150.3 kJ mol-I and is thus a major contrib- 
utor to the sizable electronic barrier of AH:,, = 108.6 kJ 
mol-I. Each of the methyl groups in 9b has a tilting angle, 
a ,  of 38", which is quite similar to that of 41" calculated for 
the methyl group in 7b.  The tilting angle adopted in 9b is a 
compromise between a value of a - 5" for the optimal in- 
teraction between lutetium and the two methyl groups and a 
value of a - 55" for the optimal interaction between Ha and 

I 
I I I 

90 9b 90 

Reaction coordinate 

FIG. 6. Profile for the reaction Cl2LuCH3 + "CH, - C12Lu*CH, 
+ CH,. The energies are relative to the reactants (products). 

the same two methyl groups. This compromise ensures the 
best simultaneous overlap between the highly directional 
u,,, orbitals on the methyl groups and orbitals on the adja- 
cent lutetium and H, centres. The price paid for this com- 
promise is a considerable elongation of the L u x  and C-Ha 
links in the four-centrc transition state, 9b. Thus, the L u x  
distance in 9b is 0.1 A longer than the regular L u x  bong 
in 6,  whereas the C-H, distances in 9b are nearly 0.4 A 
longer than a normal C-H bond. It should also be noted that 
the two CH, groups in 9b can rotate freely around their C, 
axis. The central H, atom has a rather short distance to lu- 
tetium of 1.920 A. The short distance, in conjunction with 
the spherical nature of the 1s orbital on H,, facilitates a sub- 
stantial Lu-H interaction in addition to the C-H, bonds. 

Both C-Ha distances are somewhat shorter than the cor- 
responding C-H, distance of 7b  (1.723 A).  The CI-Ha<, 
angle is 167" in 9b and differs from the C-Hb-H, angle 
of 155" in 7 b  and from the HrHb-H, angle of 154" in 4c. 
The across-the-ring Lu-H, dist!nce of 1.92 A is slightly 
shorter than the calculated 1.96 A in 7 b  and the correspond- 
ing Lu-Hb separation of 2.03 A in 4c. These trends are fa- 
cilitated by the wider C , - L u x ,  angle of 84" in 9b 
compared to the C-Lu-H, angle of 75" in 7b  and the 59" 
Ha-Lu-H, angle in 4c. A Hiickel calculation (5 )  per- 
formed on a comparable transition state with the C p  rings in 
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FIG. 7. Correlation diagram for the process CI2Lu--CH, + "CH, 
+ C1,LuCH3(+CH,). Chlorine atoms are not included. 

place of chlorine atoms revealed a structure quite similar to 
9b. The tilting angle a between the C3 axis of each of the 
equivalent methyl groups and the corresponding L I P €  bond 
was calculated to be 43.0". However, the Hiickel calcula- 
tion found a substantially higher electronic barrier, AHL<,,,, 
of about 190 kJ mol-l. 

Figure 7 represents a correlation diagram for the passage 
from 9a to 9b. The occupied 4a' and 10a' (HOMO) orbitals 
are shown because of their role in bond breaking and bond 
formation during the methane exchange reaction. On the 
reactants' side, the 4a' orbital represents the C,-H, a-bond 
of the methane molecule. It is composed of a,,, on C,  and 
the Is  orbital on H,. In the transition state, the 4a' orbital is 
a three-centre bonding orbital comprising the two a,,, hy- 
brids on the methyl groups and the Is orbital on H,. The 
orientation of the a,,, hybrids is clearly not optimal for the 
Cl-Ha-<, interaction. An optimal interaction would have 
required a tilting angle of ci = 55". 

The highest occupied molecular orbital on the reactants' 
side corresponds to the LIP€ a-bond of the lutetium methyl 
molecule. It is made up of a 5d.q/5d,2/5d,+,2/6s hybrid on 
the metal centre and a aCH, orbital on the C2 atom. It corre- 

lates with a three-centre HOMO in the transition state, rep- 
resenting a bonding interaction between the d,, orbital on 
lutetium and an out-of-phase combination between the a,,, 
orbitals on the two equivalent methyl groups. During the 
course of the reaction, the metal d component in 10a' 
undergoes a rehybridization, analogous to that seen in the 
hydrogen exchange or the hydrogenolysis processes. The 
presence of the empty cl orbitals, in particular 4,. and 
d,2-?2, on the metal fragment, makes such a rehybridization 
possible. We note that the orientation of the a,,? lobes is less 
than optimal for the interaction between a,,, and d,,.. An 
optimal interaction would have required a tilting angle of a 
= 5". 

It follows from our analysis that two main factors con- 
tribute to the substantial electronic activation barrier of 
108.6 kJ m o l l  for the methane exchange reaction. The first 
is related to the stretch of the C,-H, bond in the incoming 
methane, which amounts to 152 kJ mol-I. The second stems 
from the inability of the directional a,,, orbital to attain at 
the same time optimal stability in the 4a' and 10a' orbitals 
of the transition state 9b for any orientation of the methyl 
groups. 

Transition state structures for the methylation reaction: 
C1,Lu-H + CH, + C1,Lu--CH, + H, 

Entropies and enthalpies of activation 
We have calculated the contributions to AHZ and AS" for 

the two C-H activating processes in eqs. [4b] and [W. The 
results are compared in Tables 1 and 2 to similar calcula- 
tions involving the two H-H activating processes of eqs. 
[4a] and [4c]. It is interesting to note that AH:, from the 
zero-point correction of eq. [7], is the only contribution to 
AHZ that differs qualitatively between the two types of re- 
actions. Thus AH: is positive for the H-H activating pro- 
cesses and negative for the C-H activating processes, Table 
2. Both types of reactions have, as already discussed pre- 
viously, four-centre transition states encompassing ele- 
ments of bond making and bond breaking. However, the 
C-H activating processes involve a transition state in which 
a C-H bond has been stretched to the brealung point so that: 

N(l r~n5r  ) N(reacvsn1.) 

As a consequence, the contribution to AHZ from the zero 
point energy, AH,', is negative. The H-H bonds of the in- 
coming hydrogen molecules in the transition states of the 
H-H activating processes are not stretched to the same ex- 
tent, with the result that eq. [8] applies and AH: is posi- 
tive. One might say, based on the different signs for AH:, 
that the C--;H activating reactions approach the transition 
state in a process that is net bond brealung whereas the H-H 
activating reactions approach the transition state in a pro- 
cess that is net bond making. 

The entropies of activation at 298.15 K were calculated 
to be - 131.1 and - 134.7 J mol-I for the methane ex- 
change and methylation reaction, respectively. Thus AsZ is 
somewhat more negative for the C-H activating processes 
compared to the reactions involving H-H activation, Table 
2. The negative activation entropy is largely determined by 
the loss of three translational degrees of freedom as the in- 
coming H2 or CH4 molecules are incorporated into the four- 
centre transition state. However, the decrease in entropy is 
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somewhat more pronounced for CH, due to its larger mass 
(40). 

Concluding remarks 
We have investigated four a-bond metathesis reactions 

mediated by the electron-poor lutetium metal centre. The four 
processes include hydrogen exchange, eq. [4a], and hydro- 
genolysis, in which an H-H bond is activated, as well as 
methane exchange, eq. [4b], and methylation, eq. [4d], in 
which a C-H bond is activated. We find all processes to 
have a highly ordered transit~on state with a negative en- 
tropy of activation (- 100 J mol-' K- ') .  

The calculated Gibb's free energy of activation, AGi 
(=AHf - TAs') increases from 8 1 . 6  kJ mol-I for the hy- 
drogen exchange reaction to 126.0 kJ mol-' for the hydro- 
genolysis process and 136.7 kJ mol-' for the methane 
exchange reaction, Table 2 .  This trend is a result of an in- 
creasing electronic barrier, which plays a dominating role in 
the determination of the activation enthalpy. Also, the en- 
tropy of activation contributes to this trend by adopting an 
increasingly negative value. The calculated trends in AGf 
are consistent with the trend observed by Bercaw and co- 
workers (3) for the organo-scandium species and indicate the 
following decrease in the reactivity of the R-H bonds with 
various M-R' linkages: R = R' = H >> R = H, R' = CH, 
> R = R' = CH,. The decrease in the reaction rate is re- 

I lated to the different abilities of the Is hydrogen orbital and 
the a,,, methyl orbital to stabilize the four-centre transition 
state. Thus, the spherical 1s  hydrogen orbital is better able 
to overlap fully with orbitals on adjacent centres than the 
directional acH, orbital. As a consequence, the electronic 
barrier is seen to increase, Table 2 ,  from the hydrogen ex- 
change reaction towards the hydrogenolysis and methane 
exchange processes as one or two hydrogens, respectively, 
are replaced by methyl groups in the four-centre transition 
state. 

The hydrogen exchange process as well as the hydrogen- 
olysis reaction is characterized by a positive zero-point en- 
ergy correction, AH:, to the total activation, see Table 2 .  
This is understandable since the weakening of the H-H bond 
in the transition state for the two processes (4c and 76, re- 
spectively) is more than compensated for by the formation 
of strong Lu-H and H-H (4c) bonding interactions. The 
result is a net bond formation. The methane exchange re- 
action has, on the other hand, a negative contribution from 
AH:, Table 2. This can be attributed to the "classical" 
character of the transition state, 96, for this reaction. Thus, 
in 96 a C-H bond (C,-Ha) of an incoming methane mol- 
ecule has been broken, and this bond breaking has not yet 
been compensated for by the formation of a new C-H bond 
(C2-Ha) or a full Lu-C (Lu-C,) interaction. 
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On the allowed symmetries of all distorted forms of conformers, molecules, 
and transition structures 
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PAUL G. MEZEY. Can. J.  Chem. 70. 343 (1992). 
Based on the catchment region point symmetry theorem, a general framework and some new results are presented on 

symmetry constraints of deformations preserving chemical identity. The point symmetries of the unique critical point 
(equilibrium) nuclear arrangement corresponding to a conformer, molecule, or a transition structure and those of a fam- 
ily of nuclear arrangements with an arbitrarily small limit on the allowed distortions provide a complete symmetry char- 
acterization of the entire potential surface catchment region of the chemical species. Consequently, the point symmetries 
of all distorted molecular forms that preserve chemical identity can be deduced by testing symmetry conditions only within 
an arbitrarily small domain of the potential surface, in the vicinity of the equilibrium arrangement. Additional con- 
straints are deduced on the point symmetries of transition structures obtained directly from the given conformer. 

Kej~ n,or.ds: molecular distortions, symmetry, catchment regions, new symmetry theorems, framework groups, point 
groups. 

PAUL. G. MEZEY. Can. J.  Chem. 70, 343 (1992). 
En se basant sur le theorkme de la symetrie du point dans la region de captation, on prtsente un cadre general et quel- 

ques nouveaux resultats relatifs j. la symCtrie des contraintes de deformation qui preservent I'identite chimique. Les 
symetries de point du point critique unique (Cquilibre) de I'arrangement nucleaire correspondant 5 un conformere, la 
molCcule ou la structure de transition et celles d'une famille d'arrangements nucleaires, avec une faible tolerance arbi- 
traire pour les distorsions permises, fournissent une caracterisation complkte de la symCtrie de toute la surface de poten- 
tie1 de la region de captation des espkces chimiques. En vkrifiant les conditions de symetrie uniquement a l'intkrieur du 
faible dornaine arbitraire de la surface de potentiel au voisinage de I'arrangement B I'Cquilibre, on peut alors deduire les 
symetries de point de toutes les formes molCculaires dCformCes qui preservent I'identitC chirnique. On deduit des con- 
traintes additionnelles sur les symetries de point des structures de transition obtenues directement a' partir du con- 
formkre donne. 

Mors c l b  : distorsions molCculaires, symetrie, regions de captation, nouveaux thkorkmes de la symttrie, cadre general, 
groupes de point. 

[Traduit par la rtdaction] 

Introduction stoichiometry, even if the given stoichiometric family of 

Point symmetries of equilibrium nuclear arrangements, of 
stable configurations and transition structures, have been 
recognized as important tools for the analysis of molecular 
properties and reaction processes (e.g., refs. 1-9). Whereas 
the early studies focussed on individual nuclear configura- 
tions or on specific reaction paths, in a recent study some new 
results have been derived using a global approach and a 
symmetry domain partitioning of the nuclear configuration 
space (10). In this note we shall extend this approach in order 
to derive some new results on the available symmetries of 
distorted nuclear configurations that preserve the chemical 
identity of the molecular species. 

The range and type of distortions that preserve the chem- 
ical identity of molecular conformations, individual mole- 
cules, or transition structures are dependent on the potential 
energy hypersurface belonging to the given stoichiometry 
(and to the given electronic state, usually the electronic 
ground state). Even small distortions may lead to changes in 
conformational classification, and if the disortions are large 
enough then a molecule cannot preserve its identity; a 
chemical reaction occurs. Some of these distortions may 
preserve the point symmetry of nuclear configurations while 
some others do not, and, in fact, these distortions may lead 
to major symmetry changes. However, not all point sym- 
metries are available for each chemical species of the given 

- 
nuclei does have possible arrangements with these symme- 
tries. For example, any planar arrangement of an NH, sys- 
tem (of no coincident nuclei) belongs to the transition 
structure catchment region of the pyramidal inversion pro- 
cess of ammonia, or to the catchment region of another non- 
ammonia species, and no planar symmetry may occur within 
the family of distorted ammonia configurations that pre- 
serve chemical identity. Fortunately, the deformations lead- 
ing to specified symmetry changes and those leading to 
chemical identity changes are interrelated. These interrela- 
tions can be studied by taking a global configuration space 
approach (1 1). A recent result on the global symmetry anal- 
ysis of nuclear configuration spaces is the catchment region 
point symmetry theorem ( 10): within each catchment region 
the critical point nuclear configuration has the highest point 
symmetry. In addition, point symmetry groups occurring 
within a catchment region of a stable conformer or a mole- 
cule have an algebraic structure: they form an algebraic lat- 
tice (12). Although this result provides some constraints on 
the point symmetry groups, by itself it is insufficient to de- 
cide which actual point symmetry groups are available for 
distorted configurations. Based on these results, we shall 
provide here a general framework and a new rule for the study 
of symmetries of chemical identity preserving deforma- 
tions. 

We shall use the terminology and basic concepts re- 
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viewed recently in ref. 10; further background and more de- 
tail on the global properties of potential energy hypersurfaces 
may be found in ref. 11. Here only a brief summary of the 
background will be given. 

A stoickiornetricfirmilv of chemical species is defined by 
specifying N nuclei as well as an overall charge and elec- 
tronic state. The stoichiometric family includes all con- 
formers and isomers of all stable molecules, transition 
structures, reaction intermediates, decomposition products, 
as well as all their distorted conformations that have the given 
overall atomic composition. All possible internal (relative) 
nuclear arrangements (nuclear configurations) for N 2 3 
nuclei can be described by 3N - 6 internal coordinates; the 
collection of all possible nuclear arrangements forms a (3N 
- 6)-dimensional n~rclear cot~figirrutiotz spczce. This space 
may be chosen as a metric space M with a global metric ( I  I), 
that is, with a global distance function, where the distance 
between any two points K and Kt of M is a measure of dis- 
similarity between the corresponding two nuclear configu- 
rations. For a given electronic state a potential energy value 
can be assigned to each configuration K; this assignment 
generates a potenticil energy hypersurface E(K) over M. At 
each critical poitzt of a potential energy surface the energy 
gradient vanishes. The second energy derivatives are the 
elements of the Hessian matrix of the critical point. For an 
ordinary (non-degenerate) energy minimum, all eigenval- 
ues of the Hessian matrix are positive; for a simple saddle 
point of a transition structure, precisely one eigenvalue is 
negative. The itldex A of the critical point K(A,i) is the num- 
ber of negative eigenvalues of the Hessian matrix H(K(A,i)) 
and i is a serial index. If the local internal coordinates are 
derived from the mass-weighted Cartesian coordinates of the 
nuclei, then a steepest descent path represents a formal, in- 
finitely slow relaxation of nuclear configurations. A catch- 
ment region is a subset of M, representing the range of 
deformations that preserve chemical identity of a chemical 
species of a given electronic state. By an equivalent defini- 
tion, a catchment region C(A,i) of a potential energy hyper- 
surface is that subset of nuclear configurations from where 
the relaxation paths lead to a common critical point K(A,i) 
of the potential energy hypersurface. The catchment region 
C(0,i) of the minimum point K(0,i) represents the ith stable 
molecular species (conformer or molecule) of the given 
stoichiometry and the electronic state of the given potential 
energy hypersurface E(K); the steepest descent paths from 
all points K of the catchment region C(0,i) lead to the min- 
imum point K(0,i). The dimension of C(0,i) is (almost al- 
ways) 3N - 6. A transition structure is (almost always) 
represented by a (3N - 7)-dimensional catchment region 
C(1, j )  of a saddle point K(1, j) of critical point index A = 
1. For sake of simplicity in the terminology, the less impor- 
tant catchment regions of higher critical point indices are also 
referred to as formal chemical species. 

We shall use the following terminology: an n-dimen- 
sional hypersurface C,, within a nuclear configuration space 
M is a relaxed cross section of M with respect to a given 
potential energy hypersurface E(K) if at every point K of C,, 
the energy gradient is tangential to C, (10). (Note that alter- 
native definitions are also known; however, as it has been 
pointed out in ref. 10, these alternative definitions do not 
always satisfy some coordinate-invariance requirements.) 
Relaxed cross sections are of importance in potential sur- 
face analysis; for example, a typical catchment region of a 
transition structure is a (3N - 7)-dimensional subset of a re- 

laxed cross section C,, of M, with tz = (3N - 7). Since nei- 
ther steepest descent nor steepest ascent paths may leave such 
a hypersurface C,,, relaxed cross sections have many prop- 
erties analogous to properties of the complete nuclear con- 
figuration space M, even if the dimension t7 is much lower 
than the dimension 3N - 6 of M. In particular, the follow- 
ing catchment region point symmetry theorem is equally 
applicable within the configuration space M and within its 
relaxed cross sections C,, (10): 

Within each ccztchment region C(A.i), the trucleclr config- 
~lratiotz corresponding to the critical point K(A,i) Izcrs the 
highest poitzt symmetry (a proof is give17 in ref. 10). 

The expression "highest point symmetryn refers to group- 
subgroup relations: within a catchment region C(A,i), the 
point symmetry group of the critical point K(A,i) contains as 
subgroups all other point symmetry groups occurring in 
C(A,i), where each point symmetry group is considered to 
be one of its own subgroups. The critical point K(A,i) is not 
necessarily the only point within the catchment region C(A,i) 
that has the highest point symmetry. For example, all points 
of the catchment region C(A,i) may have the same (and by 
default, the highest) point symmetry. 

The simplest proof of this result is based on an earlier re- 
sult of Pechukas (6): if mass-weighted coordinates are used, 
then all point symmetry (and all framework group) ele- 
ments of nuclear configurations are preserved along seg- 
ments of steepest descent paths between critical point. By 
limit arguments, the group element occurring along the path 
must also be present at the critical point at the end of the path, 
and additional elements may appear only at the critical points. 

The catchment region point symmetry theorem provides 
a link between the point symmetry of the nuclear arrange- 
ment (a purely geometrical property) and molecular stabil- 
ity (an energy-dependent property). The theorem is applicable 
for the potential energy surfaces and catchment regions of 
all electronic states of all neutral and ionic species of the 
given stoichiometric family (10). 

In what follows below, we shall apply a similar approach 
for deriving symmetry conditions on all chemical identity 
preserving deformations of molecules, testing only an arbi- 
trarily small neighborhood of the critical points of catch- 
ment regions. 

A symmetry theorem on neighborhoods 
of critical points 

We shall consider a small limit r for distortions of an 
equilibrium nuclear configuration K(A,i). This limit r is given 
in terms of the configuration space distance function (met- 
ric) d(K,K1), expressing the dissimilarity of two nuclear 
configurations K and Kt.  

Take an n-dimensional catchment region C(A,i) of the 
nuclear configuration space M, where n = 3N - 6 - A, the 
typical case. (Note that for a minimum point K(A,i) the index 
A = 0 and the dimension of the corresponding catchment 
region C(A,i) is usually n = 3N - 6, whereas for saddle 
points of transition structures the typical case corresponds to 
A = 1 and n = 3N - 7.) The catchment region C(A,i) is a 
subset of an n-dimensional relaxed cross section C,, of the 
nuclear configuration space M. Consider a radius r > 0, and 
the n-dimensional ball B(C(A,i), r) containing all those points 
K of the relaxed cross section C, that are at distance r or less 
from the critical point K(A,i), 

[ l ]  B(C(A,i), r)  = {K : K E C,,, d(K(A,i), K)  5 r) 
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The ( n  - I)-dimensional boundary sphere of this ball 
B(C(h,i), r )  is denoted by S(C(h,i), r ) ,  

121 S(C(h,i), r )  = {K : K E C,,, d(K(X,i), K )  = r) 

If this radius r is a small enough positive value then the ball 
B(C(h,i), r) and, hence, its boundary sphere S(C(X,i), r) fall 
within the catchment region C(h,i): 

and 

Choose any configuration K from catchment region C(h,i), 
different from the critical point K(h,i), 

If K is not within B(C(h,i), r) ,  that is, if 

then the steepest descent path from K must pass through 
S(C(h.i), r) at some point K' as it leads to K(h,i). Note that 
C(h,i) and B(C(h,i), r) are within the same relaxed cross 
section C,, of the nuclear configuration space M. Conse- 
quently, a path of steepest descent from K must stay within 
C,,, and hence it cannot avoid passing through the sphere 
S(C(h,i), r) .  Also note that, due to condition [4] and to the 
positivity of r ,  point K' of the boundary sphere S(C(h,i), r )  
cannot be a critical point. Consequently, by the preserva- 
tion of point symmetry elements along steepest descent paths, 
sphere S(C(h,i), r) must have a point K' with precisely the 
same point symmetry elements as K. 

Alternatively, if K is within B(C(h,i), r) ,  

then the steepest ascent path from K must contain a point K' 
common with sphere S(C(h,i), r) .  Consequently, by the 
preservation of point symmetry elements along steepest as- 
cent paths, sphere S(C(X,i), r )  must have a point K' with 
precisely the same point symmetry elements as K. This 
proves the following theorem. 

Theorem 1 
Each point symmetry group g(K) present for any dis- 

torted nuclear configuration K of a (3N - 6 - h)-dimen- 
sional catchment region C(h,i) is also present at some 
configuration K' on a (3N - 6 - h - I)-dimensional sphere 
S(C(h,i), r) of center K(h,i) and of an arbitrarily small pos- 
itive radius r ,  where r is small enough so that S(C(h,i), r) falls 
within the catchment region C(h,i). 

Comment 1: Distortions are considered with reference 
to the equilibrium (critical point) nuclear configuration K(h,i), 
which is not regarded distorted. Of course, the point sym- 
metry group g(K(h,i)) (the group of highest symmetry within 
C(h,i)) does not have to occur along the sphere S(C(A,i), r) ,  
but it does occur if for some other point K, g(K) = g(K(h,i)) 
holds. 

Comment 2: It is computationally much simpler to find 
a critical point on a potential surface than to find the bound- 
aries of its catchment region. The above theorem allows one 
to obtain information on the extent of a catchment region by 
finding out all point symmetry groups that occur within the 
catchment region. This can be accomplished by testing the 

point symmetries only along a small sphere of distorted 
configurations around the critical point. 

Cotnment 3: The above theorem provides more infor- 
mation than the catchment region point symmetry theorem. 
By knowing the point symmetry group g(K(h,i)), and 
knowing that it is the largest point symmetry group within 
the catchment region C(h,i), there is often ambiguity con- 
cerning the actual point symmetry groups occurring within 
C(h,i). Note that it is not necessary for a catchment region 
to contain configurations having point symmetries corre- 
sponding to each subgroup of g(K(h,i)). The same group 
g(K(h,i)) may be obtained as a result of combining a differ- 
ent collection of its subgroups. A trivial example is the case 
where all configurations K of C(h,i) have the same point 
symmetry group g(K(h,i)) and no configuration K of C(h,i) 
has any one of the nontrivial subgroups g of g(K(h,i)) as its 
point symmetry group. 

Spherical maps of point symmetries of catchment 
regions and their boundaries 

We shall use the above theorem to compare point sym- 
metry groups of a catchment region C(h,i) with those oc- 
curring on its boundary B(X,i). We have seen above that the 
point symmetry group g(K) of any (non-critical) point K of 
a catchment region C(X,i) is present at some point K' of a 
small sphere S(C(h,i), r) around the critical point K(X,i). This 
generates a symmetry-preserving K 4 K' assignment of all 
points of C(h,i)W(h,i) to points of the sphere S(C(h,i), r ) .  

Let us denote by Gi the collection of all those points K' of 
the sphere S(C(h,i), r )  where the three-dimensional point 
symmetry group of nuclear configurations is gi: 

[9] Gi = {K': K' E S(C(h,i), r ) ,  g(K1) = g,) 

Each set Gi may be disconnected and we shall consider their 
maximum connected components Gik. 

These sets G, provide a symmetry-domain partitioning of 
the sphere S(C(h,i), r )  that reflects all possible point sym- 
metries of distorted configurations of C(h,i). The pattern and 
neighbor relations of these symmetry domains G, on the 
sphere S(C(h,i), r )  provide a detailed symmetry character- 
ization of the catchment region. 

Consider now another map on the sphere S(C(h,i), r) that 
describes the point symmetry groups occurring along the 
boundary B(h,i) of the catchment region C(X,i). If the 
catchment region C(h,i) is that of an energy minimum, h = 

0, then most of the nuclear configurations along the bound- 
ary B(h,i) are those of transition structure catchment re- 
gions. Hence, the results we shall describe below are of 
relevance to transition structures, which are the easiest to 
visualize in the two-dimensional case. However, we shall not 
rely on (often misleading) visualization and the derivation 
will be general for the multidimensional case of any catch- 
ment region C(A,i) of arbitrary index A .  

The (3N - 6 - h - 1)-dimensional boundary B(h,i) di- 
vides the relaxed cross section C,, into two subsets: to the 
catchment region C(h,i) and the remainder C,,\C(X,i) of the 
cross section C,, (we regard B(h,i) as a part of this second 
subset). 

Each point K of the boundary B(A,i) has some point sym- 
metry g(K). In addition, to each point K of B(h,i) we assign 
a point symmetry gl (K) ,  which is one of point symmetries 
occurring within the catchment region C(h,i). To generate 
this assignment, we first note that the boundary surface B(h,i) 
is topologically equivalent to a (3N - 6 - h - 1)-dimen- 
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sional smooth surface S(h,i ,w) placed within C(h , i ) ,  where 
the homeomorphism 

[lo]  h ( K )  = K", K E B(h, i ) ,  K" E S(h,i ,w) 

establishing the topological equivalence between B(A,i) and 
S(X,i ,w) is chosen so that 

for some small positive value w. As w + 0, K" + K fol- 
lows. By limit arguments, for an infinitesimal w ,  all the point 
symmetry elements of K" must also be present for configu- 
ration K at the boundary B(h,i): 

However, K is not on any steepest descent path leading to 
the critical point K(h,i)  of the catchment region C(A,i);  con- 
sequently, the group g ( K )  at point K may have some addi- 
tional point symmetry elements besides those present in 
g ( K U ) .  Hence the two groups, g ( K )  and g l ( K )  = g(K") are 
not necessarily the same. 

By the composition of the above K -, K" assignment and 
the K" + K' assignment generated by the paths of steepest 
descent from each point K" of the S(h,i,w) surface to a point 
K' on the sphere S(C(h, i ) ,  r ) ,  one obtains a K -, K' assign- 
ment of the boundary points K of B(h, i )  to points Kt on the 
sphere S(C(h, i ) ,  r) .  Take now the point symmetry g ( K )  and 
assign it to the corresponding point Kt on the sphere S(C(h,i), 
r ) .  This assignment is denoted by 

generating a new point symmetry map on sphere S(C(A,i) ,  
r ) ,  

The range of the K + K' assignment is denoted by 
S1(C(h , i ) ,  r ) .  If the boundary surface B(h, i )  is closed, then 
the K + K' assignment is onto S1(C(X, i ) ,  r )  = S(C(h , i ) ,  r ) ,  
hence the new symmetry map of the g,(K1) point symmetry 
groups covers the entire sphere S(C(A,i) ,  r ) .  Otherwise we 
obtain a new symmetry map only on a subset S1(C(h , i ) ,  r )  
of the sphere S(C(h, i ) ,  r ) ,  S1(C(h, i ) ,  r )  # S(C(h, i ) ,  r ) .  This 
map represents the g ( K )  point symmetry group distribution 
along the boundary B(A,i) of catchment region C(h, i ) .  

Let us denote by G t j  the collection of all those points Kt  
of the sphere S(C(h, i ) ,  r )  where the assigned three-dimen- 
sional point symmetry group g,(K1) is g',: 

[I41 G';  = {K':  K t  E S(C(h, i ) ,  r ) ,  g,(K1) = g;} 

As in the case of the previous partitioning, each set G ' ;  may 
be disconnected and we shall consider their maximum con- 
nected components G',. 

The symmetry domains G ' ,  generate a partitioning of the 
sphere S(C(h, i ) ,  r )  reflecting all the point symmetries of 
configurations along the boundary B(h, i )  of catchment re- 
gion C(h, i ) .  These are the configurations that are distorted 
to a critical extent, sufficient to change their chemical iden- 
tity, as compared to the chemical species represented by the 
catchment region C(h, i ) .  The pattern and neighbor relations 
of the symmetry domains GIjk on the sphere S(C(h, i ) ,  r )  
provide a detailed symmetry characterization of the bound- 
ary B(h, i )  of the catchment region C(h, i ) .  

The two maps on sphere S(C(h, i ) ,  r )  are not independent. 
By taking into account the range of assignment K + K t ,  a 

simple substitution of eq. [13] into relation [I21 proves the 
following theorem. 

Tlzeorern 2 
For any point K' E S f ( C ( h , i ) ,  I - ) ,  the actual point sym- 

metry group g(K1)  is a subgroup of the corresponding 
boundary point symmetry group g,,(K1): 

Comment 1:  This result can be rephrased as follows. 
Consider the pattern of point symmetry group distribution 
along the boundary B(A,i)  of a catchment region C(X, i ) ,  and 
the pattern of point symmetry groups along a sphere around 
the critical point K(h,i) .  These patterns can be interrelated 
so that the boundary pattern is "superior" to the pattern 
present along the sphere, where term "superior" indicates a 
pointwise group/subgroup relation. 

Commerzt 2:  Combining this result with the catchment 
region point symmetry theorem leads to an interesting ob- 
servation. Ordinary points K' of a catchment region C(h , i )  
are "symmetry-dominated from both inside and outside" of 
the catchment region: both the critical point K(X,i) (domi- 
nance from the "inside") and the corresponding boundary 
point K (dominance from the "outside") have point sym- 
metry groups that are never proper subgroups, but are pos- 
sibly supergroups of the point symmetry group of K':  

Symmetry-wise, ordinary points K' of a catchment region are 
"squeezed" in between the critical point K(h, i )  and the 
boundary B(h , i )  of the catchment region C(h, i ) .  

Two generalizations 

For each symmetry operator R of a nuclear configuration 
K ,  one may assign a permutation operator P by the follow- 
ing rule: the rearrangement of identical nuclei caused by the 
symmetry operator R is undone by the permutation P of 
identical nuclei. For two different nuclear configurations, K,  
and K2 of the same set of nuclei, both having a given sym- 
metry operator R ,  the assigned permutation operators P ,  and 
Pz may be different. That is, the point symmetry operator R 
does not determine the permutation operator P in general. For 
each configuration K the pairs (R ,P)  of associated operators 
form a group, often referred to as the framework group of 
configuration K. Framework groups provide more informa- 
tion than point symmetry groups. 

As a consequence of framework group invariance along 
noncritical segments of steepest descent paths ( 6 )  and the 
catchment region framework group theorem (lo) ,  all results 
of this study remain valid if one replaces point symmetry 
groups and their elements with framework groups and their 
elements, respectively. This generalizes the two theorems of 
this study to framework groups and their maps. 

Another generalization is provided by noting that point 
symmetry and framework group conservation are equally 
valid along steepest descent and steepest ascent paths. Hence 
the results derived in this study are also valid for the "up- 
side down" energy hypersurface -E(K) .  Note that the 
catchment regions of E ( K )  and the formal catchment re- 
gions of - E ( K )  are in general different, hence applying the 
theorems to - E ( K )  does provide new information. 
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Conclusions 
All the point symmetries available to the distorted nu- 

clear configurations of a conformer, molecule, or transition 
structure can be accounted for by considering a small fam- 
ily of nuclear configurations along a sphere of arbitrarily 
small positive radius, centered on the equilibrium configu- 
ration of the species. The distortions are restricted to those 
preserving the chemical identity of the species, that is, to 
configurations within a catchment region. Distances (ex- 
pressing dissimilarity of configurations), radii, and the cor- 
responding spheres are taken within a metric configuration 
space M. By testing point symmetries within a small sphere 
around the equilibrium configuration, these results allow 
one to calculate and account for all possible symmetries 
actually present within the entire catchment region even 
if the extent and shape of the catchment region is not 
known. The pattern of point symmetry group distribution 
along the sphere shows an interesting relation with the pat- 
tern of point symmetry groups along the boundary of the 
catchment region, that is, along the hypersurface of config- 
urations representing borderline distortions with respect to 
the preservation of chemical identity. An assignment be- 
tween configurations of the sphere and those of the bound- 
ary surface implies a "symmetry dominancen of the ordinary 
interior configurations of the catchment region by the 
boundary configurations. Hence, ordinary configurations are 
symmetry-dominated both from the "inside," by the critical 
point, and from the "outside," by the boundary of the 
catchment region. 

Analogous results are valid for framework groups and for 
the catchment regions of "upside down" energy hypersur- 
faces - E ( K ) .  
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Structure and bonding in square-planar chalcogen rings 
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LEIF J.  SAETHRE and ODD GROI>EN. Can. J .  Chern. 70, 348 ( 1992). 
The molecular structures of square-planar x,"., X,', and X, (X = S ,  Se, Te) have been calculated using the effec- 

tive core potential model. For x," the agreement between experimental and calculated valucs is excellent provided that 
d orbitals are included in the basis set. For the hypothetical niolecules X,' and X, the bond lengths are found to increase 
dramatically as one and, subsequently, two electrons are added to the systems. Extensive population analysis shows that 
this increase is almost exclusively due to loss of bonding in the .rr system, whereas the bonding in the a system remains 
relatively unaltered. These results make i t  possible to predict covalent single bond radii for S ,  Se, and Te for which the 
influence of .rr repulsion is removed. From the calculated variation of bond lengths with atomic charge, bond lengths are 
predicted for a series of planar disulphide rings. 

Key wortls: structure, bonding, chalcogen, theoretical, ECP. 

LEIF J .  SAETHKE et ODD GKOPEN. Can. J .  C h e ~ n .  70,  348 ( 1992). 
Utilisant le mod6le du potentiel de coeur effectif, on a calcule les structures moleculaircs des ions plans carrks X,", 

X,' et X, (X = S, Se et Te). Pour le x,". B la condition d'y inclure les orbitales cl dans la base, l'accord est excellent 
entre les valeurs calculCes et experimentales. On a trouvC que, pour les molCcules hypothetiques X,' et X,, les lon- 
gueurs des liaisons augmentent d'une f a ~ o n  dramatique lorsqu'on ajoute un, puis un deuxieme, electron aux syst6mes. 
Une analyse extensive de la population montre que cette augmentation est pratiquement compl6tement due B une perte 
de liaison dans le systeme .rr alors que la liaison par le systeme a demeure pratiquement inchangee. Griice a ces rCsultats, 
il e'st possible de predire les rayons des liaisons covalentes simples du S ,  du Se et du Te desquelles on a CliminC la repulsion 
r .  En se basant sur la variation des longueurs de liaisons avec les charges atomiques, on peut predire les longueurs de 
liaison d'une sCrie de cycles disulfures plans. 

Mots clPs : structure, liaison, chalcogkne, theorique, ECP. 
[Traduit par la redaction] 

Introduction 
'The molecular structures of s,'+, ~e, '+,  and ~ e , ' -  have 

been determined by X-ray crystallography and found to po- 
sess square-planar symmetry (D,,) or very nearly so ( 1-6). 
The slight variation in symmetry and bond lengths is attrib- 
uted to the nature of the counterions and to differences in the 
crystallographic packing (5-7). The average S-S, Se-Se, 
and Te-Te bond lengths are found to be 2.00, 2.27, and 
2.68 A, respectively (5, 6). These bonds are all shorter than 
the corresponding single bonds (8), and the stability has been 
explained as due to an aromatic 6~-electron system. 

Figure 1 shows a schematic drawing of the valence mo- 
lecular orbitals of T symmetry. These orbitals represent the 
highest occupied and the lowest unoccupied orbitals for these 
systems. The six electrons occupy one bonding and two de- 
generate, essentially non-bonding, molecular orbitals. Ac- 
cording to simple Hiickel theory this results in a cyclic 
2-electron 4-center bond with a T-bond order of 0.5, which 
accounts for the observed bond lengths. As can be seen from 
the figure, additional electrons are forced to enter into the 
antibonding b2" orbital if the molecular symmetry is kept the 
same. This would remove the T stabilization and with two 
electrons in the b2, orbital one would, to a first approxima- 
tion, expect the bond lengths to be close to pure single bonds. 
The purpose of this investigation is to calculate the bond 
length increase and describe the bonding properties as one 
and, subsequently, two electrons are added to the molecular 
systems (scheme 1). 

The hypothetical neutral molecules may in fact serve as 
models for the study of structure and bonding in cis-planar 

'Authors to whom correspondence may be addressed. 
Rinled in Canada 

FIG. I .  Schematic representation of the valence molecular or- 
bitals of r symmetry. 

X-X X-X X-X 101 -"- 101 -"- I I 
X-X X-X X-X 

X = S, Se, Te 

SCHEME 1 

dichalcogen molecules. For example, from a survey of ex- 
perimental S-S bond lengths between divalent sulphur 
atoms, Hordvik proposed that the bond length varies with the 
dihedral angle, being smallest (about 2.03 A) at 90" and in- 
creasing to a maximum value (about 2.10 A) for the cis- 
planar structure (9): 
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-S ' cis-planar 

This relationship has been verified both experimentally and 
theoretically, and is believed to be due to the p, lone-pair 
repulsion at O0 dihedral angle, and to T bonding, which is 
most pronounced at 90°(1 0). 

In other classes of compounds the S-S bond is part of 
planar five-member rings of different T-electron popula- 
tion. For the dithiolium cation (Scheme 2) the ring is stabi- 
lized by a 6~-electron system (I I). This results in a relatively 
short S-S bond of about 2.01 A (12), which is close to the 
S-S bonds in s,". For the next two rings in Scheme 2 it is 
assumed that the positive charge is shared between two ( 1  3) 
and four (14) disulphide rings, respectively. The last com- 
pound represents a neutral cis-planar disulphide (9). 

@ r @ 1  
S-S S-S S-s s-S 

From the above it seems that the bonding in disulphides 
and related molecules is closely connected to the population 
of the T orbitals. In the present study we will therefore focus 
on the relationship between bond distances and the T-elec- 
tron population of the bond. We believe that the square-planar 
chalcogens are ideally suited model compounds for this 
purpose, since the structures are homo-atomic, with bond- 
ing angles of 90°, and have no additional substituents or di- 
hedral angles to complicate the analysis. 

As expected for such an interesting class of compounds, 
several theoretical investigations have been performed. These 
include both ab initio (S,'+, S,, S4'-) (1 5-1 7), effective core 
potential (~e:+, Te,) (18), and semiempirical methods (s,'+, 
~e ," ,  and ~e:+) (19, 20). We earlier carried out prelimi- 
nary calculations on x ,~+ and X, (X = S ,  Se, Te) using ef- 
fective core potentials (21). In that paper "technical" details 
on basis sets, choice of parameters, as well as comparison 
with full ab itlitio calculations on s,'+ and S, are discussed. 
In the present work we will emphasize the chemical bond- 
ing in these compounds and have for this reason also in- 
cluded results for the x,+ cations, which were not discussed 
earlier. 

Method and computational details 
The possibility of dividing the electrons into subshells and 

treating the valence electrons in the frozen sea of the core 
electrons was first proposed by Fock, Vesselow, and 
Petraschen (22). Today several groups have developed dif- 
ferent schemes for simulating the valence-core interaction by 
Effective Core Potentials, ECP (23). Most of the schemes 
are the same, based on a projection operator and a local po- 
tential, but differing in the way the parameters are deter- 
mined. There have been, basically, two different approaches. 
One was suggested by Goddard and Melius (24), who used 
an angular dependent projection operator. The other ap- 
proach was suggested by Bonifacic and Huzinaga (25), who 
expressed the projection operator explicitly through the core 
orbitals. This latter approach has successfully been pursued 

by Huzinaga and co-workers (26). We have in our labora- 
tory (27) developed an ECP scheme based on the ideas put 
forward by Huzinaga et al. This scheme, without the frozen 
orbitals, is applied in the present calculations. The one- 
electron operator then takes the following form: 

Here the first and the last terms are the well-known one- 
electron operator with reduced nuclear charge and the va- 
lence Coulomb and exchange operators. The second term is 
the projection operator where B,"s are taken equal to the core 
orbital energies with opposite sign. The third term is the local 
potential, which corrects for the incomplete screening, ex- 
change interactions between core and valence, and effects 
of basis set reduction through the ECP operator. The pa- 
rameters A, and a, are optimized so that the orbital energies 
of a selected atomic state are reproduced. 

The ab irzitio reference calculations were carried out with 
double-2; quality basis sets for S,  Se, and Te, respectively 
(28). In the ECP calculations these were truncated to six s 
and five p functions and augmented with one d function with 
exponent values equal to 0.48, 0.33, and 0.22 respectively 
for S ,  Se, and Te. For further details see ref. 2 1 .  

Results and discussion 

Bond lengths 
The optimized bond lengths of square-planar x,'+, X4+, 

and X, are shown in Table 1. Also shown is the calculated 
bond length increase for X,+ and X, relative to those in x,'+. 
The calculations were performed both with and without va- 
lence d-orbitals. We will first focus on the results for x,'+ 
where experimental results are available. 

Table 1 shows that the agreement between experimental 
and calculated values is excellent when d-orbitals are in- 
cluded in the basis set. The calculations give bond lengths 
well within the range of the experimental values. Electron 
correlation was not included in these calculations. Such a 
correction would probably lead to an elongation of the bonds 
(17). On the other hand, a more complete basis set, such as 
inclusion of a second set of d-orbitals, would probably have 
decreased the bonds (17). It seems that in this study the ef- 
fects of electron correlation and a somewhat limited basis set 
are mutually cancelling, and that the chosen basis set is able 
to reproduce the experimental values satisfactorily at the HF 
level. As mentioned in the introduction, the main object of 
the calculations is to calculate the relative increase in bond 
length as 7~ electrons are added to the systems. The good 
agreement for the dications gives confidence that the pre- 
dicted bond lengths for the monocations and neutral mole- 
cules are reasonably accurate. 

When valence d-orbitals are excluded from the basis set, 
the calculated bond lengths are systematically overesti- 
mated. For s,'+ they are about 1 I%, and for ~e:+ and ~e , '+  
about 7% too long. This d-orbital effect was noted earlier, 
and is well known for sulphur compounds (21, 29). The ef- 
fect has generally been attributed to the ability of the d 
functions to act as polarization functions. In this study they 
are also active participants in the bonding by virtue of their 
symmetry, as will be shown below. 

The calculated increase in bond lengths as additional 
electrons are added to the molecules is quite drarnatjc. When 
d-orbitals are included the increase is about 0.05 A for one 
electron and about 0.12 A when the b2, orbital is com- 
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TABLE 1 .  Bond lengths in square-planar x,", x,', and X, 

x,'+ x,? + x,' (X,' - x,'+)" x, (X, - x,'+)' 
Basis" X Calcd. ~ x ~ t . "  Calcd. Calcd. Calcd. Calcd. 

WOD S 2.221 1.988-2.014 2.255 0.034 2.3 10 0.089 
Se 2.425 2.247-2.288 2.464 0.039 2.524 0.099 
Te 2.863 2.660-2.699 2.894 0.03 1 2.947 0.084 

"Huzinaga basis (refs. 21, 28) with (WD) and without (WOD) inclusion of d-orbitals. 
"Calculated bond length increase for X,' relative to X," . 
'Calculated bond length increase for X, relative to X," . 
"Range of experimental values. 

TABLE 2. Calculated orbital and overlap populations without cf-orbitals in x,", X,', and X, 
(X = S, Se, Te). The populations are calculated at the minimum energy geometry 

Orbital populations Overlap populations 

Molecule s P.T PI S-s s-PI P,-P, (7 T Total 

s," 2.00 1.00 1.50 -0.07 -0.09 0.44 0.28 0.10 0.38 
Se4'+ 2.01 1.00 1.50 -0.07 -0.10 0.44 0.27 0.10 0.37 
~ e , ' +  2.00 1.00 1.50 -0.06 -0.08 0.46 0.32 0.09 0.42 

TABLE 3. Calculated orbital populations with d-orbitals in x,", 
X,+, and X, (X = S, Se, Te). The populations are calculated at the 

minimum energy geometry" 

Molecule s P..; Pr d r 2 - \ . 2  drl 

"Contributions from d,? and d, are small and are not included 

set dependent, and should be used with caution (30). In this 
study, however, the analysis is simplified by the homoge- 
neity of the rings, and the use of similar valence basis sets 
for all molecules. The populations are calculated for bond 
lengths corresponding to the optimized geometries in Table 
1, and are shown in Tables 2,  3, and 4. In each case the 
X-X bond is along the Cartesian x-axis with the z-axis per- 
pendicular to the molecular plane. 

We will first discuss the results in the simple case when 
d-orbitals are omitted. Table 2 shows the orbital and over- 
lap populations for the three sets of molecules, x:+, x,', 
and X,. The table reveals a number of interesting features. 
We see first that the orbital s and p, populations are remark- 
ably constant both for all sets and for each chalcogen within 
the set. In all cases the molecules use p ,  for bonding, leav- 
ing the s electrons essentially as s lone pairs. This is clearly 
seen from the overlap populations where the s-s and s-p, 
interactions are antibonding and the p,-p, the strongest 
bonding. Second, the pi (or n )  populations and also the n 

pletely "'led. lengthening is constant for bonding are essentially within each set of mole- 
chalcogens, even though the atomic radii increase appreci- 

cules, but as the n population increases to 1.75 the n bond- 
ably down the periodic table. The results when d-orbitals are ing becomes vely small When the system incorporates all 
omitted are essentially the same, although the increase is 

8 electrons, i.e., when p, lone pairs are formed, the n in- 
less' Both sets of may be understood from teraction becomes antibonding. Thus, it is the n-population 

an increase in the p, repulsion, which is less dramatic as the which is responsible for the variation in bonding properties; 
atomic separation becomes larger. 

the a-bonding remains constants. 
Electron population Turning now to the results when d-orbitals are included 

Extensive Mulliken population analyses have been per- in the basis set, Tables 3 and 4 show that the general fea- 
formed for all molecules, both with and without valence tures of the electron population are much the same as for the 
d-orbitals. It is well known that this type of analysis is basis- simple case without d-orbitals. Table 3 shows that the pop- 
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SAETHRE AND GROPEN 35 1 

TABLE 4. Calculated overlap populations with d-orbitals in x,'+, X,+, and X, (X = S ,  Se ,  Te).  The populations are calculated at the 
minimum energy geometry" 

Molecule S-s S-P, P.,-P,. 5 - 4 ,  p , -d , ,  P:-PZ P , - c~ ,  u a Total 

s,+ 
Se4+ 
Te,' 

"Overlap populations from d-d interactions are s~nall and are not included 

S-S distance 
FIG. 2. Variation of a, a, and total overlap population with S-S 

bond length in s,", S,', and S,. S-S distance 
FIG. 3 .  Atomic charge on sulphur as a function of S-S bond 

length in S,", S,', and S,. ulations of the most important d-orbitals are quite modest and 
that charge density is transferred from the s and p, orbitals 
to the d,z-,.z and d,, orbitals, respectively. This polarization 
leads to a significant increase in both the u(s-do and p,-dm) 
and the IT (p,-d,,) bonding. The increase in IT bonding is 
relatively large and may be explained from the fact that the 
d,,: (or d,) orbital has the proper symmetry to bind to a 
neighbouring p, orbital in the molecular orbital of e, sym- 
metry (see Fig. 1). For further discussion on the importance 
of adding d-orbitals to syrnrnetq-deficient basis sets, see ref. 
3 1. In the present case, the shorter bond len ths obtained with F+ d-orbitals lead to stronger IT bonds for X,- and more anti- 
bonding IT bonds for X,. 

Table 4 also shows the a, IT, and total overlap popula- 
tion. It is seen that for each chalcogen the total population 
decreases as more electrons are added to the molecular sys- 
tem. However, as found without d-orbitals, but even more 
pronounced here, the variation is almost exclusively due to 
the increase in IT bonding. This remarkable result is illus- 
trated for sulphur in Fig. 2, where the overlap population is 

plotted as a function of calculated bond lengths. Similar 
figures may be drawn for Se and Te. 
Prediction of single bond radii for S, Se, and Te 

The variation of X-X bond lengths with overlap popu- 
lation, such as depicted for S-S in Fig. 2, enables us to es- 
timate the bond lengths for which the IT population is zero. 
These distances should then correspond to pure covalent 
single bonds. Table 4 shows that this occurs for bond lengths 
slightly longer than those calculated for X,'. Simple inter- 
polation on a smooth curve through the three points as shown 
in Fig. 2 gives the following bond distances: S-S = 

2.06 A, Se-Se = 2.32 A,  and Te-Te = 2.76 A. T h e y  
correspond to single bond radii of 1.03, 1.16, and 1.38 A 
respectively for S, Se, and Te, which are vey  close to those 
proposed by Pauling, 1.04, 1.17, and 1.37 A, re:pectively 
(8). As mentioned above, Hordvik arrived at 2.10 A for S-S 
bonds in cis-planar disulphides, which corresponds to a sin- 
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gle bond radius of 1.05 A (9). The two systems are of course 
not directly comparable, but it appears from this study that 
appreciable T-T repulsion is present in both conipounds. 

Vnriafion of hotzd letlgrhs ~ ~ i f l l  ~lfornic charge 
Figure 3 shows how the calculated S-S bond lengths vary 

with the atom charge on sulphur. For simplicity the best 
straight line is drawn through the three points. This depen- 
dence is of course directly related to the overlap population 
in Fig. 2.  As mentioned in the introduction, there seems to 
be a relationship between the S-S bond lengths and the ring 
charge (13). If we assume that the charge is mainly located 
on the sulphur atoms, we may use Fig. 3 to predict S-S bond 
lengths in these planar systems. We have already men- 
tioned :he resemblance between the S-S bonds i a  s," 
(2.00 A) and those in the dithiolium cations (2.01 A) for 
which a sulphur charge of 0.50 may be assumed. Similarly, 
S-S bond lengths of 2.05 and 2.09 A are predicted for the 
charges 0.25 and 0.125. The latter value is obtained from 
interpolation, as shown in Fig. 3 .  Both of these S-S bonds 
correspond exactly to those found  experimental:^ ( 13, 14). 
On the other hand, the predicted value of 2.12 A for a neu- 
tral planar system is somewhat longer than the 2.10 A value 
suggested by Hordvik. 
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A 0  integral evaluation using Cartesian exponential type orbitals (CETOS)' 
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RAMON CARBO and EMILI BESALU. Can J .  Chem. 70, 353 (1992). 
CETO functions and their properties are defined and described, to provide a nieans of obtaining general expressions 

for many-center many-electron integral formulae. Compact integral expressions are written by means of nested sum- 
mation symbols, a new concept developed in this paper. Integrals over CETO functions are computed by means of a set 
of several auxiliary integral forms. No transformations other than frame rotations are needed to compute the usual in- 
tegral terms. The formulae obtained are imrncdiately programmable in any high lcvcl language and the parallclizable 
terms are obtained with a simple rule. Results can be considered an encouraging alternative way to solve the S T 0  in- 
tegral problem. 

Key words: many-center A 0  integrals, molecular basis sets, ETO, STO, CETO. 

RAMON CARBO et EMILI BESALU. Can. J .  Chem. 70, 353 (1992) 
On dtfinit et dtcrit des fonctions d'orbitales de type carttsien exponentiel (CETO) et leurs proprittks; ces fonctions 

pourraient ouvrir la voie pour obtenir des expressions gentrales pour des formules d'inttgrales plusieurs electrons et 
B plusieurs centres. On dtrive des expressions inttgrales compactes en utilisant des symboles desommation emboitts 
les uns dans les autres, un nouveau concept dtvelopfi dans ce travail. Pour calculer les inttgrales sur les CETO, on utilise 
un ensemble de quelques formes d'integrales auxiliaires. I1 n'est pas ntcessaire de faire appel ii d'autres transformations 
que des rotations du repkre de rtftrence pour calculer les termes des inttgrales usuelles. Les formules qui sont obtenues 
peuvent immtdiatement &tre programmtes dans n'importe lequel language de haut niveau et on obtient des termes pa- 
rallelisables avec une rkgle simple. On peut considtrer que les rtsultats sont une alternative encourageante pour la so- 
lution du problkme des integrales du type de Slater. 

Mors clPs : inttgrales d'orbitales atomiques a plusieurs centres, bases moltculaires, orbitales de type exponentiel, or- 
bitales de type Slater, orbitales de type carttsien exponentiel. 

[Traduit par la redaction] 

I 

I Introduction 1. CETO 
I 

Although defined in 1960 by Boys and Cook ( I ) ,  Carte- Definition I :  CETofunctions 

sian Exponential Type Orbital (CETO) functions did not at- Let US define a real Cartesian Type 
tract notice until a GTO integral review made by Saunders Orbital (CETO) with the screening parameter a and cen- 
(2), where they were cautiously manipulated as a subprod- tered at the point A as 

uct. 
As integrals over Exponential Type Orbitals (ETO) are 

raising interest among various research groups (3-8), we tried 
to open anew the CETO functions study as a way to ap- 
proach the ETO integral problem from another point of view. 

This paper approaches the computation of CETO inte- 
grals by using a notation where all the necessary elements, 
integrals plus coordinate transformations, are compactly 
expressed. We prove in this way how CETO integrals are 
expressible in terms of accessible concepts and auxiliary 
functions well known in the literature. Care has been taken 
to provide the simplest formulation possible, suited to easy 
translation to any high level programming language and well 
adapted to parallelization. 

To fulfill this primary goal, the present paper will be 
roughly divided into four parts. The first one will introduce 
the concepts of CETO functions and their transformation 
properties. The second discusses one- and two-center one- 
electron integrals. The third is devoted to obtaining two- 
center Coulomb repulsion integrals and in the fourth part 
many-center integrals are analyzed. 

'A contribution of the Grup de Qimica Quantica del Institut 
d'Estudis Catalans. 

2 ~ u t h o r  to whom correspondence may be addressed. 

where the following conditions hold: 
1 a = ( a ,  ,a,,a3), ai  integer 2 0  V i  
2 tz integer 2 0  
3 a real >O 
4 rA = Ir - Al,  r  = (x,,x2,x3), A = (Al,A2,A3) 

and where one can distinguish the following terms: 

( i )  T h e  tzormalization factor 

with a = Z , a ,  a n d p  = IIi(2a; - I)!!. 

( i i )  T h e  angular part 

where a is defined in eq. [1.2]. 

( i i i )  T h e  radial part 

In some cases condition 2 above can be relaxed, allowing 
negative values, and condition 3 may be extended with a = 

Printed in Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



354 CAN. J .  CHEM. VOL. 70. I992 

1.2.  Relationship of CETO with ST0 functions 
Slater Type Orbital (STO) (2, 9a) functions have been well 

known since their description by Slater ca. 60 years ago (10). 
S T 0  have been massively studied and used as atomic basis 
sets (1 1). In the convenient definition by Wahl et a / .  (12), 
normalized S T 0  are constructed over spherical coordinates. 
After some elementary manipulations one can see that it is 
possible to write any S T 0  in terms of CETO functions (9, 
1 3a). 

The interesting pattern here is the appearance of the 
structure of Cartesian S T 0  functions, expressible as finite 
linear combinations of CETO functions. This property can 
be also used in similar contexts where spherical harmonic 
functions are present. Take also as an example the atomic 
spinor functions, see ref. 13. It will be easy to design rela- 
tivistic one-electron orbitals as formed by four-dimensional 
vectors whose components are CETO linear combinations. 
CETO functions can be considered the building blocks of 
Cartesian STO. In this sense, solving the integral evalua- 
tion problem over CETO functions will be the same as solv- 
ing the integral S T 0  problem. 

1.3.  Practical details on CETO products 
As is well known, basis functions when used in a LCAO 

framework appear in product pairs at the moment of com- 
puting molecular integrals. Analysis of the structure of these 
CETO products will permit easy definition of canonical in- 
tegral forms. 

1.3.1 Orientation of CETOs over the line joining a pair 
of centers 

(i) To be useful for integral computation a product of two 
CETO functions must be well-oriented, in such a way that 
the x3-axis (z-axis) coincides with the line joining the two 
centers involved. 

(ii) Here we analyze how to perform an effective rota- 
tion over the coordinates x0 = ( x ~ , x ~ , x ~ )  using the Eulerian 
angles w = (cp,8,6) and the rotation matrix R(w) (14). The 
rotation R(w) is chosen in order to express the coordinates 
x0 in terms of the coordinate system x = (x, ,x2,x3) having the 
same origin as xO, say A,,and which is well oriented with 
respect to another center, B .  

(iii) Thus, the rotations in the present paper will be used 
to orient well two CETO functions, centered at different sites. 
The rotation angles involved for this kind of manipulation 
will be constructed by the vector: w, = (cp,O,O). This is be- 
cause of the cylindrical symmetry that the prolate spherical 
coordinates system (see Definition A1 in Appendix A) pos- 
sesses with respect to a rotation around the axis line joining 
both centers. 

(iv) Cartesian coordinate power products such as those 
forming the CETO angular part, H:(A,~), are of special in- 
terest when dealing with this kind of A 0  functions. 

Using the result of the rotation matrix product over co- 
ordinate vectors, the following relationship can be found: 

[1.5] H ; ( ~ , a ) = C ( i = o , a )  

Z ( j  = 0,i) M(i, j,aY(i,j,a,cp,e> H,(A,g) 

where a = C,g, = Ciai. Certain definitions should be taken 
into account in order to interpet eq. [ I S ] .  They are written 
as follows: 

1. We will call C(i = O,a), C( j = 0,i) nested summation 
symbols. A general description of these is given in Appen- 
dix A, Definition A2. 

2. The M coefficients correspond to the binomial coeffi- 
cient product: 

3. The f function is defined as 

[ 1.71 f (i, j,a,cp,O) = (sin 8)"l (cos 8)" (sin cp)"' (cos cplb4 

where the four-dimensional vector b is built up in terms of 
vectors a ,  i, and j elements using the rules: 

[1.8] b = b ( a , i , j ) = ( i , + i , + i , - ( j l + j , ) ,  

a, + j, + j, - i3, a ,  + i2 - i , ,  a2 + i l  - i,) 

4. The three-dimensional vector g components are con- 
structed by the rules: 

[1.9] g = g(a , i , j )  = ( j ,  + j2 + i3, 

a ,  + a, - (i, + i,), a, + i, + i2 - gl )  

5. In the present framework the index j3 must be consid- 
ered constant and equal to zero. 

1.3.2 General CETO products arid their properties 
(i) Using CETO Definition 1 one can easily find that if 

two CETO functions share the same center, that is, if A = 
B and R = 0,  their product is but a new CETO within the 
same center, or: 

= x(A,a  + a ' ,  n + n ' , a  + a ' )  

(ii) The product of two CETO functions placed at cen- 
ters A and B respectively, separated by a distance R, giving 
a charge distribution a),, when rotated, can be written as 

where the f and M coefficients and the g and g' vectors arise 
from the rotations that put each CETO in a well-oriented form 
with respect to the other. The W functions are a particular 
form of CETO functions, which are defined below in the next 
section. 

1.3.3. Well-oriented CETO form 
When observing eq. [1.5] it is easy to consider how the 

general CETO structure changes. The CETO functions, once 
transformed, become linear combinations of unnormalized 
Well-Oriented CETO (WO-CETO) functions, which can be 
defined as follows: 

Definition 2:  WO-CETO functions 
Using the conventions: 
1. n = (n,,n,,n,> 
2. m~{0,1) 
3. a r 0 and real 
4. R r 0 and real 
5. s€{-l,O,+l) 
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6 .  Z ( S )  = sR/2 
7 .  r(s) = (sy + x; + (s, - ~(s))')"' 

an unnormalized WO-CETO function is written as 

One can represent unnormalized WO-CETO functions as 
a product of the following terms, when the convention z(s) 
= (O,O,z(s)) and the definitions [ 1.31 and [ 1.41 apply: 

(i) An atzgular part: 

where tz = &ni. 
( i i )  A rndinl part: 

[ 1.141 P,,,(z(s),a) = r-(s)"' exp{-ar(s)} 

In this way r, = r(-  l ) ,  so one can also use the symbol 
W(A,n ,m,a)  for W(z( - l ) ,n ,m,a) ;  moreover, one can 
write r, = r ( + l )  and, consequently, W(B,n,nz,a) = 
W(z(+ l),n,rn,a).m 

A still simpler expression, having the form of some sort 
of elementary CETO building block, can be also described: 

Definition 3: E-CETO functions 
Taking into account the same conventions as in Defini- 

tion 2 ,  an Elementary CETO (E-CETO) function is: 

1.3.4. WO-CETO products. Cartesian form in terms of 
E-CETOS 

The product of two WO-CETO functions can be written 
in terms of the third axis components, so: 

with 

The two-dimensional vectorp is defined as (a,,b,) and 

2. Integrals over one-electron operators 

Although already described by Saunders (2), overlap and 
kinetic energy integrals over a CETO framework will be 
briefly discussed for the sake of completeness. One- and two- 
center nuclear attraction integrals will also be studied here. 

The notation presented previously in the above discus- 
sion is used in all integral cases, leading in this way to a 
compact description of every integral form, usually needed 
in quantum chemical problems. 

All one-electron integrals studied here can be written in 
terms of overlap integrals. 

2.1 . Overlap integrals 
(i) One center 
The one-center overlap integrals can be easily obtained 

considering the structure of eq. [ l  .lo]: 

where a = a' + a", tz = n' + tz", a = a' + a", and 

= 6(A,(a ,  = 2 ) )  F , (a ,  + a,  + l,a,) 

- F2(nZ ,~z I )  t !  a-(l+l' 

with t = 2 + n + Cial.  
The integral [2.2] vanishes unless ai = 2 ,  V i ,  as signaled 

by the logical Kronecker delta function, described in Ap- 
pendix A,  Definition A3, appearing as a first factor. The 
functions F,, coming from the integration of the angular part 
of the CETO function, are defined in Appendix B ,  Defini- 
tion B5. 

(i i)  Two center 
Taking into account the rotations outlined in section 1.3.1, 

the two-center overlap integral can be expressed as 

where it is necessary to compute overlap integrals over 
WO-CETO functions, as 

F,(n2 + bl ,  a ,  + 6 , )  

C(r  = 0 , t )  T(r ,c)  A,, (a) Br2 (7) 

with t = ( t , t ) ,  t = 2 + m + tz + Ci(ai + b,) ,  and having a = 
R(a + P)/2 and T = R(a - P)/2. The coefficients T(r,c) arise 
from the development of the prolate coordinates function 
P(c,u,v),  with the definition of the six-dimensional vector c 
= (tz + 1, rn + 1, a,, b,, k ,  k ) ,  as explained in Appendix A, 
Definition A4. The Ak(x) and B,(x) integrals are defined in 
Appendix B ,  Definitions B 1 and B2. 

The sum a ,  + b ,  + a2 + 6 ,  is even for nonvanishing in- 
tegrals, due to the properties of the F, functions, defined in 
Appendix B ,  Definition B5. Thus, the index k = ( a ,  + 6 ,  + 
a,  + b 2 ) / 2 ,  appearing in the expression of the vector c ,  has 
always an integer value. 
2.2. Kinetic energy itztegrals 

Kinetic energy integrals may be computed using overlap 
integrals and the symmetric form of the associated kinetic 
energy operator derived from Green's first identity (15): 

12.51 TAB = ( & I -  1 /2  V'IXB) = 1/2 ( V % I V X )  
Furthermore, one obtains: 

+ n W ( A , a  + e,, n - 2,  a )  
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where {e,} are the rows of the (3 x 3) unit matrix. 
The fact must be noted here that if a, or n is zero in the 

original WO-CETO, the first or the second term on the right 
side of eq. [2.6] will vanish. 

Once the rotations described in paragraph 1.3.1 are per- 
formed over the CETO functions appearing in eq. [2.5], this 
integral can be expressed as a sum involving overlap inte- 
grals of type [2.4] as 

employing the auxiliary definition: 

[2.8] K,(s,p) = b, (W(A, a + se,, n - p ,  a )  

+ m(W(A, a + se,, n - p ,  a) 

- P (W(A, a + se,, tz - p ,  a )  

where SE{- 1, + 1) is a sign and p ~ ( 0 ,  1,2) an integer, one ob- 
tains: 

In one-center kinetic energy integrals, the term [2.9] can 
be written using the following combination: 

then: 

where the symbol (U,,) stands for an integral like the one- 
center overlap including all the CETO functions present in 
eq. [2.10]. 

2.3. Nuclear attraction integrals 
(i) One-center integrals of the form (AA:A) 
This type of integral can be computed by integrating within 

a spherical coordinates framework. They can be associated 
with a one-center overlap integral [2.2] as follows: 

[2.12] (AA1:A) = J" x(A,a,n,a) r i '  x(A,a1,n',a') dV 
= ( x ( A , a  + a ' ,  n + n' - 1 , a  + a ' ) )  

(ii) Two-center integrals of the form (AA:B) 
This type of integral, and the following case, can be ob- 

tained by integrating in a prolate spherical coordinates 
framework. 

One can see that the nuclear attraction integral is a linear 
combination of two-center overlap integrals: 

where a = a' + a", tz = n' + nu, and a = a' + a". The M 
and f coefficients and the vectors g = g(a,i ,  j ) ,  constructed 
as in eq. [I  .9], arise from the rotations transforming the 
CETO centered at A into a well-oriented form with respect 
to the CETO centered at B .  

Also the term r j '  = x(B,O,-1,O) = W(B,O,-1,O) can 
be expressed either as a CETO or a WO-CETO, relaxing 
conditions 2 and 3 of CETO Definition 1. 

The overlap-like integrals appearing in eq. [2.13], which 
involve the operator W(B ,0 ,  - 1,0), can be taken as a partic- 
ular case of the two-center overlap integrals described in eq. 
[2.4]. 

(iii) Two-center integrals of the form (AB:A) or (AB:B) 
In this case, one has 

Thus, a finite linear combination of WO-CETO overlap 
integrals suffices to compute the two-center (AB:A) inte- 
grals. 

3. Coulomb repulsion integrals 
Coulomb repulsion integrals over CETO functions, con- 

serving the important role already obtained in GTO and ST0  
choices, are discussed here. 

The one- and two-center Coulomb integral computation 
is set as was done in earlier classical work, see for example 
refs. 12 and 16. We use the structure of the nuclear attrac- 
tion monoelectronic integrals to solve the integration over the 
coordinates of the first electron for the one-center problem, 
in the same way as Wahl et a/. (12) proposed when dealing 
with S T 0  functions in general. However, we reverse this 
integration scheme for the two-center case, as did 0-ohata 
and Ruedenberg, also within the S T 0  functions framework, 
in an interesting paper published in 1966 (16). 

This twofold integration scheme was adopted after real- 
izing that, when considering the two-center case, the poten- 
tial first integration drives towards a second integration step 
with plenty of difficulties, if general analytical formulae are 
sought. In fact, Wahl et al. (12) proposed to perform the 
second integration numerically. The integral analytical 
evaluation over the coordinates of the second electron, in the 
two-center CETO function case, corresponds to a calcula- 
tion of integrals, involving in the worst situation an infinite 
series if the 0-ohata and Ruedenberg (16) scheme is used. 

It must be said now, taking into account the property out- 
lined in eq. [ l  . lo],  that all the Coulomb repulsion integrals 
will transform into integral forms, which we have called re- 
duced Coulomb integrals. For example, a Coulomb integral 
written schematically in the form ( A A l r z l ~ ~ )  will be re- 
duced to ( ~ l r z l ~ ) .  Only this kind of integral is discussed 
in the present paper, due to the fact that the coordinate 
rotations and the use of property [1.10] will transform 
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Coulomb integrals into this last form, I A )  and IB) being 
WO-CETO functions. Moreover, as will be shown in Sect. 
4 ,  when following the approach outlined there, the many- 
center integrals require only reduced Coulomb integrals in 
order to be evaluated. Two kinds of reduced Coulomb in- 
tegrals over WO-CETO functions will be studied here: one- 
and two-center. 

3.1. Potetztial ,functions 
The general integration structure adopted in order to ob- 

tain analytical formulae in the one-center case is based on the 
first integration, associated with a nuclear attraction inte- 
gral like those appearing in eq. [2.141. In fact, writing the 
following general reduced Coulomb integral: 

integration with respect to the electron (2)  is equivalent to 
computing a nuclear attraction integral such as: 

which in turn is a function of electron ( 1 )  coordinates. Thus, 
in general, a reduced repulsion integral may be written: 

P.31 R,,, = S [W(A,a,tz,a){l)l dV, 
The integration over the coordinates of the electron num- 

ber (2 )  must be done over a prolate spherical coordinate 
system {rB,,rI2,r,,) defined in Appendix A, Definition A l ,  
and the obtained analytic expression of the nuclear attrac- 
tion integral shown in eq. [3.2]. The intercenter distance, r,,, 
will act here as a variable and it has to be integrated when 
considering the electron ( 1  ) coordinates. To have electron (2)  
in a well-oriented system with respect to electron ( 1 1 ,  i t  is 
necessary to perform a rotation, for each position of elec- 
tron (11, from the original system to the prolate spherical 
system. 

Let the WO-CETO attached to electron (2)  coordinates be 
symbolized by W(B,b,m,P). 

Electrons ( 1 )  and (2)  are described by means of typical 
spherical coordinate systems {rA,,O,,cpl) and (rB2,02,cp2), re- 
spectively. 

After performing the needed rotations outlined in Sect. 
1.3.1, one can express the 6(1) potential function [3.2] as 

where C(i = 0,b)  and C ( j  = 0,i) are nested summation symbols and the coefficients M(i, j,b) andf(i, j,b,cpl,O,,) are defined 
in Sect. 1.3.1. Note that the angle O,, is measured from the center B. The W({1),0,- 1,O) notation stands for a WO-CETO 
centered on the position of the electron (1).  

The vector g ,  according to eq. [1.9], is defined here as g(b,i ,  j ) .  
Using eq. [2.4] ,  eq. [3.4] can be written: 

where: 
( i )  T ,  = m + C,b, 

( i i )  The function N is defined by 

(iii) The coefficients A are constructed by means of 

where r appears as in eq. [2.4] with t = (p , ,pZ) .  The A coefficient is defined as A ( p )  = (p , !p l ! ) / ( p3 !p , ! )  and s = p, + p2 
- ( ~ 3  + PA). 

(iv) The six components of the vector h are 

with k = ( g ,  + g2)/2.  
( v )  Finally, 

Although the previous scheme seems very promising for both one- and two-center cases, we faced the same difficulties 
as Wahl et al. (12)  have surely met, when integration over the second electron was to be performed. In consequence, we 
use this approach only for the one-center integrals, discussed next. 

3.2. One-center reduced Coulomb integrals 
Let be W ( l )  = W(A,a,n,a) and W(2)  = W(B,b,m,P) two WO-CETOs centered at the origin, that is, A = B = 0 .  
One can define the following quantities: 
( i )  T, = n + Ciai and T, = m + Cib, as the total order of each WO-CETO. 
( i i )  T = T, + T, as the total order of the integral. 
The integral to be calculated is 

which can be written using the potential integral described in eq. [3.2]. 
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One can obtain the expression for 6(1) using eq. [3.5] where the prolate spherical system needed is configured by means 
of the parameters {r2,rI2,r1).  

Integration over the electron (1) is carried out in a spherical coordinates framework {r ,  ,0, , c p , )  and leads to the final result: 

[3.11] RAA = S(A,(a, + b, = 2)) N(T, - 1 , P )  C(i = 0,b)  X( j  = O,i)C(i,a,b) C ( p  = 0,q)  A(p,h,P)  D(p,n,a,P)  

where the following definitions hold. 
( i )  The C coefficients are defined as 

with the B coefficients being defined in turn by means of 

[3.13] B(i,a,b) = M(i,j ,b) F,(b, + b2 - ( i ,  + i2) , j l  + j2 + i3)F,(a, + b,  - i ,  + &,a,  + b~ + i l  - i,) 

where M(i, j,b) are the transformation coefficients constructed as in eq. [ 1.61. 
( i i )  N and A are the same as the coefficients defined in eqs. [3.6] and [3.7] respectively, and the functions F, are de- 

scribed in Appendix B, Definition BS. 
(iii) The six components of the vector h are the same as these defined in eq. [3.8], with the same definition of index g,. 
(iv) The vector q has its components constructed as: (T, + 1,  T, + 1, p, ,  p,). 
( v )  The coefficients D are defined as: 

[3.14] D(p,n,a,P)  = ( t  - l)! {(- 1)'' a-' - ( a  + P)-') 

with t = 3 + n - ( p ,  + p,) + p3 + p4. 
(vi)  From the parity restrictjons associated with the F, functions, it is easy to determine that the following conditions nec- 

essarily hold: {A;(a; + b; = 2)) ,  in order to have non-vanishing integrals. This generates the logical Kronecker delta ap- 
pearing in eq. [3.11]. 

(vii) To avoid integration divergence when obtaining 6 ( 1 ) ,  before carrying out any calculation as described in this sec- 
tion, it is necessary to ensure that T, 2 T,. 

3.3 Two-center reduced Coulomb integrals 
Let W,, W, be two WO-CETO functions placed at the centers A and B respectively, with A f B and R being the inter- 

center distance. 
Due to the problems discussed at the end of Sect. 3.1, the integration in the two-center case has been done using 

the methodology outlined by 0-ohata and Ruedenberg (16). The integral to be computed now is a reduced Coulomb integral 
written as 

[3.15] RAE = J J WA(rI - r,,) Ir, - r , l - '~ , ( r ,  - r,) dr, dr, 

Making a change of variable: 

one must evaluate integral [3.15] in the form: 

T o  obtain this final result an overlap integral has to be calculated between the CETO functions h, xc, resulting from the 
translation of W,, W, to the new frame defined in eq. [3.16]: 

[3.18] S(rc - r,,) = J xA(rI - r,) xc(r, - rC) dr, = C(i = 0,a) C ( j  = 0, i)  C(il = 0,b) C( j '  = 0, i ' )  

- M(i, j,a> M(i1,j',b)f(i,j,a,cp,,0,)f(i',f,b,cpA,0~)(W(~,g,n,a)lW(C,g',m,P)) 

with g = g(a,i, j )  and g' = g(b, i l ,  j ' )  following the convention outlined in eq. [1.9]. 
Using the expression [3.18] in eq. [3.17] and the Laplace expansion of IrC - r,l-I, one arrives at the final result: 

[3.19] R,, = &(a, + b ,  = 2 A a, + b, = 2 ) ~ '  ( ~ / 2 ) ' + '  C(i = 0,a) C ( j  = 0, i )  C(il  = 0,b) C ( f  = O,il) 

where: 
( i )  The c and c' vectors are defined by means of the general vector structure: 

[3.20] c = c ( a , i , j ) = ( a , - i , + i z , a 2 + i l - i z , i , + i 2 + i 3 - ( j l + j 2 ) , a 3 + j l + j ~ - i 3 )  

c' = c(b, i l ,  j ' )  being defined in a similar manner. 
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( i i )  The function P is 

[3 .21 ]  P(k ,m,n)  = P,(cos 0)(sin 0)"' (cos 0)" d0 

V- 1)' (2(k - p) ) !  
= 2- ,  F , ( m ,  k  + n - 2p) 

,=o P !  (k - p) !  (k - 2p)!  

where q = [k /2 ]  is the largest integer in the quotient k / 2 ,  the 
function F ,  is defined in Appendix B ,  Definition B5,  and 
P,(x) are Legendre polynomials of order k.  

[3 .22 ]  ( i i i )  J(u ,u ,T)  = K(u,u,T) + L(u,u,T) 

where u = ( r , s , t ) ,  r  = ( r ,  ,r2) ,  and 
r" 

One can use a product A,(x)B,(y) expansion form avoid- 
ing negative powers of x in the expression of L(u,u,T). In this 
manner, the K and L integrals lead to computing the C, (x )  
and D,(x) auxiliary functions, defined in Appendix B ,  Def- 
initions B3 and B4. 

( i v )  In this formulation t = ( t , t ) ,  t  = 2 + m + n + C(a,  + 
b , ) ,  the vector d = (n  + 1 ,  m + 1 ,  g,, g;, h ,  h)  with h = ( g ,  
+ g; + g, + g;)/2,  as well as the parameters u and T ,  which 
are defined as in eq. [ 2 . 4 ] .  

(v i )  The parity restrictions associated with the F, func- 
tions have their origin in the logical Kronecker delta ap- 
pearing in eq. [ 3 . 1 9 ] .  

4. Many-center integrals 
To compute many-center integrals, two choices can be 

proposed in a first instance. 
The first is based on optimally expressing a two-center 

CETO product in terms of a linear combination of CETOs, 
centered at each of the sites belonging to the product func- 
tions. This approach will be discussed here and then used to 
describe in the following sections how to compute three- and 
four-center integrals. More details will be given elsewhere. 

The second option can be based on trivially expressing the 
1s exponential part of the CETO functions in terms of a lin- 
ear combination of primitive GTO, as did FernAndez Rico 
(4e )  when dealing with STO. This approach, which pos- 
sesses an extreme simplicity and is well adapted to the same 
form as the Cartesian angular part of the CETO and GTO 
functions, seems very promising because the exponential part 
of the CETO functions only has to be expanded. 

In fact, when using a Gaussian expansion, a unique fixed 
primitive GTO linear combination is needed, as a conse- 
quence of the scaling theorem demonstrated by 0-ohata, 
Taketa, and Huzinaga (17 )  when dealing with a similar 
problem. In this easy numerical environment, integrals over 
CETO functions become transformations of primitive carte- 
sian GTO integrals. This second approach will be studied in 
depth elsewhere. 

4.1. Two-center expansion of a CETO 
function product 

Let there be two CETO functions centered at points {A ,B)  
at a distance R: {xA,xB). In the present approach the product 

of both functions RAE will be expanded, using a more gen- 
eral structure than the one proposed by Ruedenberg ( 1 8 ) ,  
consisting of the sum of two bilinear forms: 

But, as has been shown before in eq. [ l .  101, the CETO 
products i2,,. and Rep. can be substituted by unique CETO 
functions X ,  and x,, respectively. Thus the product RAB can 
also be expressed in terms of WO-CETO functions 
{Yt,Yi) centered separately on A and B .  Connecting the 
present approach with earlier ideas of Harris and Rein (19a),  
Newton (19b) ,  and Okninski (19c ) ,  one can also write eq. 
[ 4 . 1 ]  as 

In fact, after obtaining this simplified result, it is crucial 
to prove the product RA8 can be expanded at the centers A 
and B with sufficient accuracy. A general theoretical dis- 
cussion on the way these linear combinations can be calcu- 
lated follows. 

Optimal linear coefficients can be computed using the 
compact matrix form of eq. [4 .2 ] ,  supposing both sides equal: 

[ 4 . 3 ]  RAE = q A c A  + q B c B  

then { c A , c B ) ,  the column vectors of the expansion coeffi- 
cients, can be obtained by multiplying equation [ 4 . 3 ]  on the 
left by the WO-CETO basis set column vectors (qA)+ and 
(qB)+ where both basis sets are stored respectively, and in- 
tegrating. The following linear system can be built up: 

[ 4 . 4 ]  sA = Sm c A  + SAB c B  

s, = S ,  c A  + SBB c B  

where s ,  = (*"IRA,) and S,, = (qAIqA) is the metric ma- 
trix of the WO-CETO basis set centered on A .  The same 
definitions apply but with respect to center B for sB and SBB. 

Collecting {sA,sB) and the other matrices in [4 .4 ]  in a hy- 
permatrix system one can easily write: 

with obvious definitions for the organization of the matrices 
in eq. [4 .4 ]  as hypermatrices in eq. [ 4 . 5 ] .  As S is the metric 
matrix of the union of the basis sets {qA,qB), and conse- 
quently S > 0 ,  then an inverse will always exist: S - ' ,  which 
can be used to solve eq. [ 4 . 5 ] .  

After some tests, we recommend Cholesky's decompo- 
sition (20 )  in order to compute S - I ,  due to the numerical 
stability of the method and to the possibility of performing 
iterative computations when new functions are added to the 
linear combination [ 4 . 3 ] .  When adding functions to the ex- 
pansion [4 .3]  it is mandatory to choose them so as to achieve 
a good fitting between the expansion [ 4 . 3 ]  and RAE. The pa- 
rameter taken as an indicator of the degree of fitting is the 
norm: 

[ 4 . 6 ]  q(" = IRA, - ( q A c A  + qBcB)12 

Supposing all the involved functions are normalized, then 
the measure: 

[4 .7 ]  5 = S RAE ( q A c A  + q B c B )  dV 
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is nothing more than the degree of fitting of the linear com- 
bination [ 4 . 3 ]  of the WO-CETO charge distribution a,,: as 
E; - 1,  IR, is better covered by the two-center expansion and 
q'2' + 0 .  Numerical experience shows how the measure E; 
tends to one with sufficient accuracy ( - lo - ' )  using a rea- 
sonable number of terms ( ~ 2 0 )  in the combination [ 4 . 2 ] .  

4 . 2 .  Reduction of three- and four-center integrals to tnorzo 
and bicentric terms 

Using the CETO expansion method outlined in the pre- 
ceding section, it can be seen that molecular integrals may 
be constructed as linear combinations of other integrals within 
a reduced number of centers. Three important cases can be 
considered: 

( i )  Three-center nuclear attraction integrals (AB:C) will 
reduce to an expression involving two-center integrals of the 
(AA:C) and (BB:C) type. Here, the expansion expressed in 
eq. [4 .2]  is used in order to compute the (AB:C) integral, and 
one can write: 

( i i )  In general, it can be considered as the evaluation of a 
two-electron four-center integral of any kind: (ABJTJCD). 
Expanding both charge distributions involved as described 
in expression [ 4 . 2 ] ,  the integral will be a sum of four bilin- 
ear  terms that will depend on the four kinds of integral 
{(AITIc), (AITID), (BITIC), (BITID)}, reduced to bicentric 
forms: 

Thus,  three- and four-center Coulomb integrals will be 
expressed in terms of the reduced Coulomb integrals as de- 
fined in eq.  [ 3 .  l l .  

( i i i )  An interesting situation, which can easily be solved 
within the present approach, corresponds to two-center in- 
tegrals of the "exchange" type: (ABITIAB), which have not 
been previously discussed. It is well known that in the S T 0  
framework and with the Coulomb operator substituting the 
operator T ,  they are not so trivially computed as the two- 
center "Coulomb" type integrals: (AAJTIBB), as the papers 
by Ruedenberg (21) or Wahl et al. (12) prove. But, using eq. 
[ 4 . 9 ] ,  they are simply expressed in terms of one-center 
(AITb'), (BITIB'), and two-center (AITIB) integrals. The same 
can be said for the "hybrid" type integrals (AAITIAB). 

Conclusions 
A general but simple framework has been described in 

order to compute integrals over CETO functions. The  pro- 
posed formulation has been written in such a way as to 
permit: (a )  construction of a procedure to compute basic two- 

center and many-center integrals; ( b )  easy buildup of a pro- 
gram structure in any high level language for any integral; 
( c )  parallelization of the terms lying inside nested summa- 
tion symbols. 
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Appendix A: Definitions 
Definition A l :  Prolate spherical system 

When we refer to the prolate spherical parameter- system 
{rA,rB,R) we mean to use the coordinates: 

the volume element being dV = ( R / ~ ) ~ ( u '  - v7) du dv dq and 
the integration limits: u ~ { l  ,x), U E { -  1, + I) ,  ( P E { ~ , ~ T T } . .  

Definition A2: Nested sumtnation symbols 
Let us use a tzested summation symbol as a general 

expression like C(k  = r,s) describing a sequence of sum- 
mation symbols. 

The meaning of such a convention corresponds to per- 
forming all the sums involved in the generation of all pos- 
sible forms of vector k ,  whose elements are defined by the 
limits k, = r,,s,;Vi. 

Nested summation symbolism is very convenient be- 
cause successive generation of k vector elements can be 
programmed in a general way under any high level lan- 
guage, using a unique do or for loop irrespective of the 
number of sums involved. These symbols are well suited for 
programming in a parallel hardware environment. Inside a 
nested sum, all operations attached to each vector k can be 
run into a separate CPU. More details about nested sum- 
mation symbology can be found in ref. 22. 

Definition A3: Logical Krotzecker delta 
A logical Kronecker delta, S({L)), is a symbolic factor that 

is unity when the logical expression {L)  is true and zero oth- 
erwise.. 

An initial and crude form of this symbol was given some 
years ago by one of us within the context of the develop- 
ment of a MCSCF (23) .  More details concerning Logical 
Kronecker and related topics can be found in ref. 22. 

Definition A4: P(a,u,v) function and T(r,a) coeflcients 
For some of the integrals appearing in this paper, it is 

helpful to obtain an expression for the expansion of the bi- 
nomial products, which can be written as 

[A.2] P(a,u,v) = (u + 71)"' (u - v)"' ( 1  + uv)"" 

One can easily deduce the equivalent compact form: 

where p = ( t  + 2a5, t + 2a6) with t = a ,  + a? + a3 + a,. 
The coefficients in eq. [A.3] are defined as 

[A.4] T(r,a) = C(k = 0,a)  S(k, + k, + k3 + k, + 2k5 = r,)S(a, + a, - ( k ,  + kZ) + k3 + k4 + 2k6 = rr)  C(k,a)  

where 
6 / \  

with the index definition: t = a, + a, + k, + k, + k5 + k6. 

Appendix B: Auxiliary integrals 
Definition B l :  A,(x) integrals 

[B.1] A,(x)= 

Definition B2: Bk(x) integrals 

[B .2] B,(x) = dt.. 

Definition B3: C,(X) integrals 
r m  

[B .3] Ck(x) = J, t-ke-x' 
dt.. 

Definition B4: D,(x) integrals 
r l  

The evaluation and extensive computational proper- 
ties of these integrals can be found in the handbook of 
Abramowitz and Stegun (24).  

Definition B.5: F,(m,n) functions 

[B .5] F,(m,n) = (sin x)"' (cos x)" dx 

with k~{1 ,2) ,  p = ( m  + 1)/2, q = (n + 1)/2, and T(x) is the 
gamma function.. 

Partial information on this definition can be found in ref. 
25. 
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TOSHIKATSU KOGA and AJIT J .  THAKKAR. Can. J .  Chem. 70, 362 (1992). 
It is suggested that atomic orbitals with improved long-range behavior can be obtained by using energy-optimized 

Gaussian basis sets to which Gaussians have been added to satisfy a subset of some recently derived constraints that must 
be satisfied by the exact Hartree-Fock orbitals. This procedure is demonstrated by illustrative calculations for helium. 
'This method is found to be superior to the ad hoc method of adding diffuse Gaussians in an even-tempered fashion. 

Key words: Gaussian basis sets, long-range behavior, asymptotic constraints. 

TOSHIKATSU KOGA et AJIT J.  THAKKAR. Can. J .  Chem. 70, 362 (1992). 
On suggkre que I'on peut obtenir des orbitales atomiques avec un meilleur comporternent a longue distance en utili- 

sant des bases gaussiennes optimisCes pour 1'Cnergie auxquelles on a ajoutC des gaussiennes dans le but de satisfaire un 
sous-ensemble de contraintes dCrivCes rCcemment et qui doivent &tre satisfaites par des orbitales de Hartree-Fock exactes. 
On fait une demonstration de cette procedure par des calculs de I'hClium. On a trouvC que cette mCthode est supCrieure 
h la mCthode ad hoe impliquant I'addition bien tempCrCe de gaussiennes diffuses. 

Mots el& : bases gausiennes, comportement h longue distance, contraintes asymptotiques. 
[Traduit par la rCdaction] 

Introduction sets supplemented by GTF chosen to ensure that the SCF 
orbitals satisfy some of the linearly averaged position mo- 

The long-range behavior of atomic orbitals is important 
in the calculation of many physically important properties. 

ment (LAPM) constraints that we recently derived (20). 

Examples of such properties include electric properties such The LAPM constraints 
as multipole moments, polarizabilities, and hyperpolariza- 
bilities (1, 21, and momentum space properties such as the The LAPM relationships (20) that must be satisfied by the 

compton profile peak height (3-5), standard variationally exact solutions of the closed shell Hartree-Fock equations 

optimized basis sets (for reviews, see refs. 6-10) are usu- are given by 

ally not sufficiently flexible at long range unless they are very 
large. Hence, it is common practice to augment standard basis 
sets with diffuse basis functions whenever properties such 
as those discussed above are to be computed. 

There is no single standard method for choosing diffuse 
basis functions. If the basis set consists of Slater-type func- 
tions (STF), then the known asymptotic behavior of Hartree- 
Fock atomic orbitals (1 1-13) can be used to add diffuse STF 
whose exponents match the asymptotic behavior (4, 13). If 
the basis set consists of Gaussian-type functions (GTF), then 
one may add diffuse GTF with exponents chosen such that 
the augmented basis set produces a good fit to the asymp- 
totic behavior in the physically important region (14). A 
common a d  hoc prescription, followed in refs. 15-19 and 
in many other papers, is to choose diffuse GTF with expo- 
nents that form a geometric sequence with the exponents of 
the two most diffuse GTF in the variationally optimal basis 
set. We shall refer to the diffuse functions chosen by this a d  
hoc procedure as even-tempered diffuse functions. 

The purpose of this paper is to demonstrate that self-con- 
sistent-field (SCF) orbitals with improved long-range be- 
havior can be obtained by using energy-optimized GTF basis 

[ I ]  ei(K,L,M) = ei 

in which ei is the orbital energy corresponding to the ith or- 
bital $; and 

[21 e,(K,L,M) = el,i(K,L,M) + e,,;(K,L,M) 

The one-electron component in eq. [2] is given by 

P I  el,i(K,L,M) = {-K(2K + 2L + I ) [ ~ ' ~ + ~ - ' Y * ~ ~ ( O ) ] ;  

+ [r'K+Lu(r)~*LM(0)]i}/[r2K+L~*LM(fl) li 
and the two-electron component by 

N 

[41 e,,;(K,L,M) = {2[r'K+Lw,(r)Y*LM(fl)li 
j= l 

- [r 'K+L~ji(r) ~*~~(O)],)/[r'~+~~*~~(fl)]~ 

In the above equations, u(r) is the one-electron potential, 

[5] wij(r) = S [$;*(r1)$,(r')] (r - r'l-I dr '  

Y,, are spherical harmonics, and square brackets are used to 
denote linear averages as follows: 

[61 [f(r)li = Sf(r)$i(r) d r  

in which $i is a Hartree-Fock orbital. Equation [ I ]  is valid 
' ~ u t h o r  to whom correspondence may be addressed. for all K 2 0 ,  but, in atoms, only for some L and M deter- 

Rimed in Canada 
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mined by the angular momentum symmetry of +,. The ac- 
ronym LAPM for the set of relationships embodied in eq. [ I ]  
arises from the occurrence of linear averages over position 
moments (20-23). The special case K = L = M = 0 is the 
Hartree-Fock counterpart of the original zero-momentum 
energy expression (24-26), and the full set of LAPM equa- 
tions is a Hartree-Fock analog of the modified zero-mo- 
mentum expression (27). 

Since the LAPM relationships place emphasis on the outer 
reaches of the electron density (20), it is plausible that they 
can somehow be used to determine diffuse basis functions. 
We found that attempting to satisfy a subset of the LAPM 
equations by modifying exponents of basis functions that are 
present in variationally optimized basis sets does not work 
well. A more suitable procedure is to begin with a varia- 
tionally optimized basis set, add m basis functions to it, and 
vary the exponents of the added functions until the aug- 
mented basis set satisfies m constraints given by the LAPM 
eq. [ l ] .  Note that this requires an additional layer of itera- 
tions to ensure that the orbital energies used in the con- 
straints coincide with those obtained from the SCF procedure 
in that basis set. 

Results for atomic helium 
A large number of calculations based on the above pro- 

cedure were performed for the helium atom. In this case, 
symmetry dictates that L = M = 0 in eq. [ I ] .  To construct 
GTF basis sets of dimension N, we began with variationally 
optimal basis sets containing (N - m) GTF, added m GTF, 
and varied the exponents of the m added functions to ensure 
that self-consistent-field (SCF) solutions of the Hartree-Fock 
(HF) equations in the full N-GTF basis set satisfied the LAPM 
eq. [ l ]  with L = M = 0 and 0 5 K 5 m - 1. This was done 
with N = 4, 6, 8, 10, 12, 14 and with m = 0,  1, 2. In some 
cases no satisfactory solutions were obtained for m = 2. The 
variationally optimal basis sets with 6 GTF or less were re- 
fined versions of the basis sets of van Duijneveldt (28), and 
those with 7 or more GTF were taken from the work of 
Partridge (29). For the sake of comparison, N-GTF basis sets 
constructed by the a d  hoc addition of an even-tempered dif- 
fuse GTF to a variationally optimal basis set with N - 1 GTF 
were also considered. 

A summary of the results is presented in Table 1, which 
lists the total and orbital energies, and the average percent 
error A in the moments (rh) (-2 5 k 5 10 excluding k = 0) 
with respect to the numerically determined Hartree-Fock 
values (13, 30). The standard energy-optimal basis sets ap- 
pear as the m = 0 cases, the basis sets constructed by the a d  
hoc procedure are denoted by a d after the number of con- 
straints, and those constructed via the LAPM constraints are 
denoted by an L after the number of constraints. 

We found that it is not always possible to apply two or 
more LAPM constraints. No solutions were found for N = 
10, 12, 14 with m = 2L. Moreover, in the N = 4 and 6 cases, 
the m = 2L solutions are not satisfactory because the expo- 
nent of one of the two added GTF is larger than an expo- 
nent in the underlying (N - 2) GTF energy-optimal basis set. 
We think the constraint procedure must be considered un- 
successful for atomic helium if it does not produce diffuse 
functions. Furthermore, in the N = 8, m = 2L case, even 
though the two added GTF are more diffuse than any func- 
tions in the substrate, their exponents (0.1 1 and 0.16) are 
rather close to each other and this leads to near-linear de- 

TABLE 1 .  Overall performance of Gaussian basis sets for helium. 
N is the number of basis functions. rn is the number of constraints; 
d indicates that the geometric sequence method is used for the dif- 
fuse functions whereas L indicates that LAPM constraints (see text) 
have been used. E and E are the total and orbital energies respec- 
tively. A is the mean percent error for the moments ( r ' )  with k = 

-2, - 1 ,  1 ,  . . ., 10 

12 0 -2.861679 -0.917955 0.59 
12 1 d -2.861677 -0.917955 0.58 
12 1 L -2.861677 -0.917955 0.06 
14 0 -2.861680 -0.917955 0.22 
14 1 d -2.861680 -0.917955 0.22 
14 1 L -2.861680 -0.917955 0.02 

Hartree-Fock limit -2.861680 -0.917956 0 

pendence. In view of the above results, we believe that the 
LAPM procedure should be restricted to one constraint per 
orbital. 

Next, we turn to a comparison of standard basis sets (m 
= 0),  one-LAPM constraint basis sets (m = lL), and basis 
sets containing one diffuse function added in an even-tem- 
pered fashion (m = Id). Table 1 shows clearly that, for a 
fixed basis set size N, the m = 1L sets yield a substantially 
lower A than either the m = 0 or m = Id sets. It is rather 
surprising that the a d  hoc tn = Id sets do not have a smaller 
A than the tn = 0 sets except for N = 6, 8. Table 2 contains 
a detailed comparison of the moments for N = 8. Evi- 
dently, the m = l L set has a much smaller A because i t  pro- 
duces high moments ( rk )  (k 2 5 )  that are in much better 
agreement with the HF limit values than the m = 0 and m = 
Id sets. Since the high moments weight the outer reaches of 
the electron density, we can conclude that the SCF orbital 
in the m = 1L basis set has much more accurate long-range 
behavior than the SCF orbitals in the m = 0 and tn = Id basis 
sets. 

Moreover, Table 1 shows that the m = 1L sets lead to 
better orbital energies than the m = Id and m = 0 sets, ex- 
cept for N = 4. The relatively poor behavior of the N = 4, 
m = 1L basis set leads us to suggest that the LAPM con- 
straints are not suitable for very small basis sets. Table 2 
shows that the price for the better long-range behavior and 
orbital energies of the m = IL set is a slightly worse dis- 
agreement with the HF limit values of the lower moments. 
Not unexpectedly, the m = 1L sets predict a somewhat worse 
energy than the energy-optimized m = 0 basis sets. How- 
ever, the m = 1L energies are generally better than the m = 
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TABLE 2.  Conlparison of moments ( r k )  for some basis sets. N and r n  are defined in Table 1 .  
Quantities in parentheses are percent errors relative to the Hartree-Fock (HF) limit" 

k N = 8 , t n = O  N = 8 , m =  Id N = 8 , m =  1L HF limit " 

- 2 5.991 12 (-0.07)  5.98552 (-0.17) 5.98546 (-0.17) 5.99550 
- 1 1.68726 (-0.00)  1.68710 (-0.01)  1.68708 (-0.01)  1.68728 

1 0.927204 (-0.01)  0.92745 1 (0.02) 0.927493 (0.02) 0.927273 
2 1.18435 (-0.04)  1.18557 (0.06) 1.18582 (0.08) 1.18483 
3 1.93773 (-0.15) 1.94274 (0.1 1 )  1.94410 (0.18) 1 ,94064 
4 3.87067 (-0.44) 3.88971 (0.05) 3.89759 (0.25) 3.88795 
5 9.11806 (-1.12)  9.18792 (-0.36) 9.23591 (0.16) 9.22 120 
6 24.6589 (-2.45) 24.9139 (-1.44)  25.2229 (-0.22)  25.2784 
7 74.9061 (-4.76) 75.8696 (-3.54)  77.9817 (-0.85) 78.6525 
8 250.983 (-8.35) 255.005 (-6.88)  270.345 (- 1.28) 273.845 
9 913.67 (-13.4) 933.63 ( -  11.5) 1051.84 (-0.28) 1054.83 

10 3568.98 (-19.9) 3689.83 ( -  17.2) 4652.95 (4.48) 4453.56 

"( r - ' )  is from ref. 30 and the remaining nlonlents are the results of C. Froese-Fischer as tabulated in ref. 13. 

 TABLE^. GTF basissets for He withN = 4 ,  6 ,  8 ,  10, 12, 14 and 
m =  1L 

a C a C 

Id ones. In fact, the m = IL sets are better than the m = Id 
sets on almost all counts. The exponents ci and the linear 
coefficients c for the m = 1L basis sets for helium are listed 
in Table 3. 

Conclusions 

We have demonstrated that, for atomic helium, basis sets 
with improved asymptotic behavior can be obtained from 

standard energy-optimized GTF basis sets by adding one GTF 
with an exponent chosen such that the augmented basis set 
satisfies one LAPM constraint. The resulting basis sets are 
superior to those produced by the commonly used ad hoc 
procedure of adding a diffuse GTF in an even-tempered 
fashion. We are performing tests to see whether the LAPM 
basis sets in Table 3 lead to less basis set superposition error 
in interatomic potential energy calculations, and whether they 
offer any advantages in polarizability calculations. 

It remains to be seen whether this procedure can be suc- 
cessfully used for heavier atoms, and whether it can be ex- 
tended to open-shell atoms. Such extensions are being 
explored in our laboratories. If both of these objectives can 
be met, then the LAPM procedure will become a generally 
useful method for adding a diffuse function to a GTF basis 
set. 
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HARTMUT BUECKERT, STUART M. ROTHSTEIN, and JAN VRBIK. Can. J. Chem. 70, 366 (1992). 
We show how to optimize many-parameter wavefunctions for use in quantum Monte Carlo by deriving and utilizing 

formulas for analytical rather than numerical evaluation of the required derivatives. We present these in a form which 
is easily vectorizable for use on a supercomputer. We also discuss several technical issues of variational Monte Carlo 
to ensure both an unbiased and efficient optimization. Finally, we illustrate our optimization scheme's numerical per- 
formance by optimizing ground-state wavefunctions for LiH and HzO, each with more than 100 variational parameters. 

Key words: quantum Monte Carlo, optimization, electron correlation, LiH, H20.  

HARTMUT BUECKERT, STUART M. ROTHSTEIN et JAN VKBIK. Can J .  Chem. 70, 366 (1992) 
On dkmontre comment optimiser des fonctions d'onde 2 plusieurs parametres, utilisables en mecanique quantique se- 

Ion Monte Carlo; pour realiser cette optimisation, on met au point et on utilise des formules permettant de faire une 
evaluation analytique plutBt que numerique des derivees requises. On les presente sous une forme que I'on peut facile- 
ment vectoriser en vue d'une utilisation a I'aide d'un super-ordinateur. On discute aussi de plusieurs points techniques 
de la methode de Monte Carlo variationnelle qui perrnettent d'effectuer une optimisation 5 la fois impartiale et efficace. 
Enfin, on donne une demonstration de la performance de notre schema d'optimisation i I'aide des fonctions d'onde de 
I'etat fondamental du LiH et du HzO qui contiennent chacun plus de 100 paramktres variationnels. 

Mots clPs : mkcanique quantique de Monte Carlo, optimisation, correlation electronique, LiH, HzO. 
[Traduit par la redaction] 

Introduction 

Our objective is to optimize wavefunctions for use in 
quantum Monte Carlo which involve a large number of 
variational parameters. Our optimization scheme shares 
features of that reported by Umrigar, Wilson, and Wilkins 
(1) (U. W.  W .), who propose minimizing the variance of the 
local energy, and that of Huang, Sun, and Lester, Jr. (2) 
(H.S.L.), who update the parameters stochastically to avoid 
ensemble dependency (unlike U.W.W. who use a fixed 
Monte Carlo sample). Another related paper is Schmidt and 
Moskowitz (3). They did optimization using analytical de- 
rivatives only for the electron correlation parameters. Our 
emphasis will be on optimizing all the remaining, yet pri- 
mary parameters (basis set orbital exponents and the molec- 
ular orbital coefficients). (Others may also have used 
analytical derivatives, but even in that event, the relevant 
formulas are lacking.) 

It is absolutely essential for efficient optimization of a large 
number of parameters to use analytical (as opposed to nu- 
merical) evaluation of the required derivatives. The im- 
provement in efficiency (over numerical differentiation) is 
proportional to the number of parameters to be optimized, 
and can thus easily reach a factor of 100 or more. (Numer- 
ical differentiation takes two extra evaluations of the local 
energy for each variational parameter, whereas our tech- 
nique does all these derivatives as a byproduct of a single 
evaluation, with only a small extra cost.) 

We will present the relevant formulas, which are in a form 
readily vectorizable for use on supercomputers. We also 

 his work is suported in part by grants from the Natural Sci- 
ences and Engineering Research Council of Canada. 

discuss several technical issues to ensure both an unbiased 
and efficient optimization. We then illustrate our optimiza- 
tion scheme's numerical performance with applications to the 
ground states of LiH and H,O molecules, using wavefunc- 
tions having more than 100 variational parameters. 

Quantum Monte Carlo has virtually unlimited flexibility 
in its choice of atomic orbitals and correlation functions; the 
optimization technique represented here provides a useful tool 
for an in-depth study of the efficiency (in terms of speed of 
convergence to a complete set) of these. Work in this direc- 
tion is reported here with the ultimate objective to design a 
procedure capable of reducing (almost arbitrarily, we hope) 
the trial function's error for any given molecule. 

Analytical derivatives 
In this section we report the formulas for the first and 

second derivatives of the wavefunction ($) and the corre- 
sponding local energy (EL), with respect to the parameters 
of $. We assume a trial function of the form $ $i$c, where 
$?  is a Slater determinant of molecular orbitals (LCAO in 
our case) for the spin up electrons, $' the analog for spin 
down electrons, and $' is the correlation function. Exten- 
sion to linear combinations of such functions, as in multi- 
configuration Hartree-Fock, is straightforward. 

The local energy is conveniently computed as follows: 

 where^,= H $ / $ , ~ ~  = V , ' $ t / $ t , ~ , f  = ~ ~ $ ~ / $ ~ , e t c ,  
and U is the potential energy function. Also, Vi is the 3-di- 
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mensional gradient operator corresponding to the ith elec- 
tron, and V, is its 3N-dimensional analog, where N is the 
number of spin up ( ) or down ( 4 ) electrons. (In general 
N'  # N '  , but we omit the superscript on N.) Here, and 
throughout this paper, two or more repeated Greek indices 
a,  p, . . . imply summation over all the N electrons. Re- 
peated Roman do not imply summation. 

I t  is now necessary to introduce some additional nota- 
tion. Let A '  be the J x N matrix of values of J atomic or- 
bitals, each evaluated N times. corresponding to the location 
of the individual electrons. Each atomic orbital is a function 
of an electron's location r,  and a single orbital exponent <. 
Extension to two or more non-linear parameters is possible. 

Let B ' and D 'I be the matrix of the corresponding gra- 
dients and V,' values of the atomic orbitals, respectively. (B 
has three components for each entry; i.e., it is a J x N x 3 
matrix.) Let A ' "e the matrix of elements of A f ,  differ- 
entiated with respect to the individual (one for each row) 
orbital exponents 5 .  We stress this non-standard definition 
of a matrix of derivatives by using a matrix with superscript 
5 rather than with a simple prime. Similarly for B '' and DTi.  
Finally, let C be the N x J matrix of MO coefficients. Thus 
C A T  is the Slater matrix of N molecular orbitals evaluated 
at each electron's position, and $' = det (cA'). The pa- 
rameters of $' are the t ' s  and the elements of C .  

One can easily compute the quantities appearing in eq. [ l ]  
by calculating the inverse of the Slater matrix (CAT)- ' ,  and 
some simple matrix algebra (4). In particular, 

and 

Here we again stress that B has the extra dimension of 3, 
corresponding to the x ,  y,  z components of the gradient. Thus, 
in effect we are taking the ith diagonal component (3 di- 
mensional) from each of three N x N matrices. 

We can also show that 

and 

where i = 1 ,  . . . , N, and j = 1 ,  . . ., J .  
Similarly, for the drift contribution to EL: 

we obtain 

where the scalar product (the standard 3-component opera- 
tion) is between F,'? and the extra third dimension of B r .  

Now let us turn to the derivatives with respect to <,, the 
orbital exponents: 

and 

Derivatives of g" and of F; . F',' with respect to the pa- 
rameters appearing in * are also required. For our applica- 
tions we chose the usual Jastrow factor which contains two 
parameters. (The same function for all electron pairs was used 
in our trial functions.) In this case the derivative formulas are 
too straightforward to be presented here. 

Design of the computer program 

Following the approach of U.W.W., we seek the param- 
eters of $ which minimize the variance of the local energy: 

Here w(i) = ($(i)/$"(i))', where $, is the trial function 
computed with the "current" values of the optimized pa- 
rameters, and $ reflects any possible change of these. Now 
E, is an estimate of the energy of the state of interest; our 
optimization proved fairly robust to the actual choice of E,, 
and will perform well given just about any reasonable esti- 
mate. The sum is taken over a large number (a "block") of 
configurations drawn from $:. (To use weights in this 
manner is the only proper way to estimate the variance, and 
to ignore them may (in our experience) adversely affect the 
performance of the algorithm.) 

When attempting td optimize V with a fixed collection of 
configurations one immediately encounters a very serious 
obstacle: as the nodes of $ change, it is very common for only 
a few (often just one) configurations to acquire an enor- 
mous weight w(i), effectively disabling the other configu- 
rations and rendering the results of any further optimization 
of V virtuallv useless. We follow H.S.L.'s recommenda- 
tions for dealing with this: $: is reset and a new block of 
configurations generated correspondingly after each update 
of the parameters, where the previous block averages of the 
analytical derivatives of V with respect to the individual 
variational parameters are used for this update. (A block is 
typically 20 Metropolis-sampling type of iterations (5) of a 
few hundred configurations (an ensemble).) However, we 
do not necessarily accept each such parameter update, as 
some moves may lead to variance deoptimization (back- 
tracking being a standard feature of almost all optimiza- 
tions). Our criteria for accepting/rejecting an update are 
described below. 

We now discuss some important features of the proce- 
dure in detail: 
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Equilibratiorz 
The parameters in + are modified at the end of each block 

of Monte Carlo iterations. At that point the ensemble is dis- 
tributed according to the previous *,. Then we want to sim- 
ulate a new block according to the updated + (to be called 
+, now), but we know that it will take several iterations just 
to re-equilibrate the ensemble. To do so, special care must 
be taken to remove the "locked-in" configurations which, 
under Metropolis sampling, would effectively never move 
(or only after extremely many attempts). They arise be- 
cause the probability of moving a configuration goes to zero 
when a node of the new (updated) + gets into its immediate 
vicinity (6). Each such configuration is a remnant of +, and 
not at all representative of the current +. Keeping it and its 
likes would significantly bias the averaging process. (This 
problem, even though not well publicized, applies to any 
quantum Monte Carlo algorithm which employs an accep- 
tance/rejection step.) 

We deal with this problem by monitoring the "staleness" 
of each configuration - the number of times its move has 
been consecutively rejected. (A configuration which moves 
is assigned a staleness of zero.) When the staleness reaches 
a fixed value (such as 8), the corresponding configuration is 
replaced by another one, randomly selected from those whose 
staleness is zero. With this feature near-equilibration is 
achieved relatively quickly; we usually discard the first 2-8 
iterations of each block to allow the ensemble to adjust to the 
new values of the parameters. Thereafter we start averag- 
ing: the local energies, their derivatives with respect to in- 
dividual variational parameters, the derivatives of +, and the 
values of (EL - E,)' (whose average defines the block vari- 
ance). 

The variance 
Since the block variance is subject to statistical fluctua- 

tion (unlike in standard optimization), it is important not to 
reject all changes which result in its increase.- or this pur- 
pose we use the following scheme: 

The average block variance is computed as follows: 
M 

[12] M ' (EL(i) - E,)' - (EL(i) - E,)~ 
i=  l 

(This is effectively a double summation, where the implied 
sum is over all configurations of the contributing part of the 
block. Thus, M equals the number of configurations times 
the number of contributing iterations.) 

If the current block variance is higher than 1.5 times the 
"best" variance, the move is rejected - the procedure 
backtracks to the "best" results (wavefunction and ensem- 
ble) so far. At the same time the value of the "best" vari- 
ance is increased by a factor of 1.5 to prevent the procedure 
from being "cornered" by statistical fluctuations. (These 
factors were determined empirically.) Also, the value of the 
optimization parameter A (to be described shortly) is dou- 
bled, which results in a more conservative parameter "moven 
for the next block. Otherwise, the parameter update is ac- 
cepted. But should the current variance actually be smaller 
than the "best" variance, this too is updated, and the value 
of A modified to d ( 5 ~ )  (so that the next move can be more 
"daring"). 

To estimate the derivatives of the variance [ l l ] ,  it is im- 
portant to realize that both + and EL will vary with the 
parameters, but +o is fixed (defining the distribution of con- 
figurations in the current block). Then the first derivative of 

the variance with respect to a variational parameter (say, pi) 
is obtained from the first derivatives of EL and + as follows: 

For the second derivative, to a good approximation: 

+ 2(EL - E,) - - - + ap, 

This approximation is standard with least-squares fits used 
by statisticians and applies equally well here (7). 

Updating quantities 
Using the variance derivatives eq. [13] the variational 

parameters are updated by the steepest-descent technique: 

apJ  
[15] pi+ pJ - 7 .  A - I  

a -v  

Typically A assumes values between 5 and 10, starting with 
an initial value of 10. 

Estimatirzg the variational parameters 
This procedure will optimize + even from very rough ini- 

tial estimates of the variational parameters and a randomly 
generated ensemble. However, scores of blocks are re- 
quired to reach a good variance minimum (to achieve "sta- 
bilization"), so for increased efficiency this is done in two 
stages: 

First we perform a coarse optimization with a very small 
block size (we used 5 iterations) with only one or two iter- 
ations discarded to allow for equilibration within a block. The 
parameters very quickly assume quite reasonable values, and 
these are then used as improved initial values to perform one 
or more fine optimizations. This consists of several much 
larger blocks (we used 20 iterations) and more allowance 
made for equilibration (8 iterations were discarded). Upon 
stabilization one can still observe small changes in the vari- 
ational parameters (essentially random fluctuations), and we 
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TABLE 1. Optimized variance and corresponding ground-state energy for various LiH and H20 
wavefunctions at the experimental geometry" 

Verification Optimization 

Wavefunction Variance Energy Variance Energy 

Li H 
Single configuration".' 

Li: ls*2.s2/13s3p3d; H: ls:Q2sp 0.092 l(7) -8.051 5(4) 0.087 -8.054 
Many configurations"~" 
Li: Is*ls'ls"2s2p2p'; H: Is'Yls'2s2p 0.092 7(3) -8.045 7(4) 0.089 -8.048 
Li: l s*2s'*2p3s3p3d; H: l s2s217 0.062 8(2) -8.048 4(5) 0.063 -8.049 
Li: ls*'2s2p3s3p3d; H: Is2s2p:': 0.067(2) -8.050 2(6) 0.060 -8.05 1 
Li: l s*2s2p*3s3p3d; H: ls2s2/7 0.056 3(8) -8.055 8(5) 0.054 -8.058 

H,OhJ 
0 :  l.s2.~2/>3~3p3~14.s4/14~I4fi H: ls2s2p 2.08(2) -76.227(6) 2.07 -76.233 

"The -dominantn orbitals are marked with asterisks. 
"Cartesian-like S T 0  basis set. eq.  [ 171. 
'"Exact" non-relativistic energy is -8.0700 au (ref. 10). 
""Exact" hydrogen-like orbital basis set. eq. (191. 
'The first line corresponds to a single configuration. The second line corresponds to a linear combi- 

nation of the first two configurations, etc. 
'Estimated *exactm non-relativistic energy is -76.438(2) au (ref. 1 I ) :  full CI calculation yields -76.257 

805 au (ref. 12). 

TABLE 2. Variance optimized single configuration wavefunction 
for LiH ground state at R = 3.015 bohr" 

Orbital 

I s(Li) 
2s(Li) 
2p(Li) 
3s(Li) 
3p(Li) 
3d(Li) 
Is(H) 
2s(H) 
2p(H) 

MO Coefficients 

"Jastrow parameters (eq. [16]): a = 0.487 45; b = 0.710 50. 
"Equation [I71 with b = c = 0 .  

choose to simply average these over several dozen extra 
blocks. 

It is important to stress that some components of our 
sampling technique will bias the variance estimate: random 
replacement of stale configurations; use of a relatively small 
number of iterations to near-equilibrate within each block; 
rejection of blocks with large variances; etc. All this will 
usually slightly exaggerate the quality of the achieved re- 
sults, both in terms of the variance and ground-state en- 
ergy. (See Table 1 .) This will be more pronounced in the 
coarse optimizations, but still visible in fine-tuning runs as 
well. Thus it is necessary to subsequently perform a stan- 
dard Metropolis-sampling verification to get proper esti- 
mates of these quantities.For this purpose we significantly 
increase the ensemble size as well. 

Applications 

We apply our scheme to optimize wavefunctions for the 
ground state of the LiH and H 2 0  molecules, taken at the ex- 
perimental geometry. Initially we consider wavefunctions as 

expressed as a single product of two determinants (one for 
each spin possibility) multiplied by a Jastrow-type electron 
correlation function: 

For the sake of programming convenience the basis set was 
created from Cartesian-like STO's: 

where tn = a + . . . + d + 3. (The non-standard "normali- 
zation" constant was intentional.) 

For the ci matrix we start with an N x N unit matrix for 
the anticipated "dominant" N basis functions, and zero oth- 
erwise. (Without any loss of generality, for our choice of 
wavefunction the unit matrix can and should be kept fixed 
throughout the optimization.) For LiH the initial 5's for all 
orbitals were equal to the corresponding atomic number. The 
initial (200) configurations were distributed randomly. The 
Metropolis iterations were done using a time-step value of 
0.05 au. For the "fine" optimizations we used 500 blocks, 
discarding 300 to allow for stabilization. For the verifica- 
tion of our results, we used 1000 configurations; after equi- 
libration we averaged the energy and variance over 10 blocks 
of 500 iterations each. 

For H 2 0  the oxygen 1s orbital exponent was initially set 
at 8; for the second shell orbitals we used the value of 3. The 
initial random ensemble was distributed randomly as well. 
The Metropolis time-step was 0.005 au. The optimization was 
done in stages: first using only a few orbitals ( lo) ,  then 
reoptimizing with more oxygen orbitals (initial orbital ex- 
ponent equal to 6.) 

The verified energy and variance, and the corresponding 
optimized parameters for both molecules appear in Tables 
1-3, respectively. 

It is obvious that our trial function is not general enough 
to give us the exact answer even in the limit of using infi- 
nitely many atomic orbitals. In fact, we reach this limit with 
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TABLE 3. Variance optimized single configuration wavefunction for H,O ground state"." 

MO coefficients 

Orbital [u,b,c,dIc 5 (au) $ 1  $2 $3 $4 $5 

"Geometry (bohr); 0(0,0,0); H,(1.4315,0,- 1.1094); H,(- 1.4315,0,- 1.1094). 
"Jastrow parameters (eq. [16]): a = 0.487; b = 1.971. 
"Cartesian-like ST0 basis set (eq. [17]). 

9 orbitals for LiH and 42 for H20. For LiH the single con- 
figuration wavefunction recovers roughly 77% of the cor- 
relation energy, for H20 it is 46%. 

Our initial choices of t (described above) were purposely 
made rather arbitrarily. In practice one may elect to use 
known well-studied basis sets originally designed for Hartree- 
Fock calculations to speed up the optimization. 

The derivatives of the wavefunction and of the local en- 
ergy of a single-product trial function can be easily ex- 
tended to a multiconfiguration wavefunction augmented by 
the electron-correlation Jastrow (8): 

where the $,'s are several different Slater determinants, and 
the C's are additional optimization parameters. Here the 
leading term corresponds to the already optimized single- 
configuration wavefunction, so only the c,,'s, t 's ,  and the C's 
of the additional components need be optimized. We sug- 
gest doing this in stages: first o timize C,  and $, (') ,  then 
C2 and I J J , ~ " )  (with fixed C, and $, '"'), etc. 

To illustrate that this is indeed easily done, we optimized 
trial function [18] with up to four configurations for the case 
of LiH. Also, primarily for the sake of curiosity, we changed 
the basis set to one of "exact" hydrogen-like orbitals: 
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TABLE 4. Variance optimized multiconfiguration wavefunction for 
LiH ground state at R = 3.015 bohr" 

MO coefficients 

orbital" 5 (au) 41 42 

0.682 9 
-0.159 0 

7.238 OE- 

stage, with the net improvement of about 40%. The energy 
improved in tandem with the variance. Our optimized four- 
component wavefunction (Table 4) recovered roughly 85% 
of the correlation energy. (In our final optimization stage we 
kept fixed only the parameters for dominant (first) configu- 
ration.) 

In our applications to LiH and HzO we used the common 
choice of both the electron correlation function and the mo- 
lecular orbitals. Our derivative formulas will also apply (with 
only minor changes) to other choices, such as the one made 
by Sun et nl .  (9), who allow the basis function orbital ex- 
ponents to be different for each molecular orbital. For the 
sake of curiosity, we extended their wavefunction to 42 or- 
bitals, but this resulted in no significant improvement over 
the 42 orbital wavefunction we reported above. 

Our paper has focused on the technicalities of wavefunc- 
tion optimization by the Monte Carlo technique. Having 
concentrated on the technical aspects, we tried to identify the 
basic ingredients needed for any successful future develop- 
ment, the use of analytical derivatives in particular. We hope 
to have provided a valuable tool for further research into the 
electron correlation problem. 
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where p = <r,P is the standard Legendre polynomial, and L 
is a Laguerre polynomial, scaled such that the constant term 
is equal to one: 

The energy and variance results for each of four stages of 
optimization are shown in Table 1.  (Note that the single- 
configuration result was not an improvement over the pre- 
vious one using the Cartesian Slater orbital basis.) As we 
continued the optimization, the variance improved at each 

1. C .  J. Umrigar, K. G. Wilson, and J. W. Wilkins. Phys. Rev. 
Lett. 60, 1719 (1988); In Computer simulation studies in 
condensed matter physics: recent developments. Edired by D. 
P. Landau, K. K. Mon, and H. B. Schutter. Springer-Verlag, 
New York. 1988. pp. 185-194; C. J. Umrigar. Int. J. Quan- 
tum Chem. Symp. 18, 217 (1989). 

2. S. Huang, Z. Sun, and W.  A. Lester, Jr. J. Chem. Phys. 92, 
597 (1990). 

3. K. E. Schmidt and J. W.  Moskowitz. J. Chem. Phys. 93,4172 
( 1 990). 

4. D. M. Ceperley, G .  V. Chester, and M. H. Kalos. Phys. Rev. 
B16, 3081 (1977); B. H. Wells. I n  Methods in computational 
physics. Vol. 1. Edired by S. Wilson. Plenum Press, New 
York. 1987. pp. 31 1-350. 

5 .  P. J. Reynolds, D. M. Ceperley, B. J. Alder, and W. A. 
Lester, Jr. J. Chem. Phys. 77, 5593 (1982). 

6 .  A .  L. L. East. Unpublished results. 
7. W.  H. Press. B. P. Flannery, S .  A .  Teukolsky, and W. T. 

Vetterling. Numerical recipes. Cambridge University Press, 
Cambridge. 1986. pp. 522-523. 

8. R.  J. Harrison and N. C .  Handy. Chem. Phys. Lett. 113,257 
(1985). 

9. Z. Sun, S.-y. Huang, R. N. Barnett, and W.  A.  Lester, Jr. J. 
Chem. Phys. 93, 3326 (1990). 

10. M. F. DePasquale, S .  M. Rothstein, and J. Vrbik. J. Chem. 
Phys. 89,  3629 (1988). 

11. B. J. Rosenberg and I. Shavitt. J. Chem. Phys. 63, 2162 
(1975). 

12. C. W. Bauschlicher, Jr. and P. R. Taylor. J. Chem. Phys. 85, 
2779 ( 1986). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Polarizabilities of trans and cis polyacetylene and interactions among chains in 
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ZHONGHAO HUANG, DANIEL A. JELSKI, RONGSHUN WANG, DEMIN XIE. CHENDA ZHAO, XINFU XIA, and THOMAS F. 
GEORGE. Can. J .  Chem. 70, 372 (1992). 

In this paper, we use the semi-empirical Hartree-Fock method introduced within the finite electric field perturbation 
approach, to calculate the molecular and T-system polarizabilities of trans and cis polyene H(-CH=CH-),,H (11 = 3, 4, 
5 ,  . . ., 18). The result is that for a given tz, the order of both molecular and T-system polarizabilities of polyene is tratrs 
> (.is. This result is consistent with the order of experimental values of tratzs and cis hexatriene. When the n increases 
from 3 to 18, the contribution of T-system polarizability to the molecular polarizability increases from 45 to 70%. Using 
these results, we have extrapolated the polarizabilities of both trutzs and cis polyacetylene. The order is trans > cis. These 
results and crystal parameters lead to an estimate of the dispersion energies among polyacetylene chains. The result is 
also Edisp(trans) > E,,,,(cis). 

Key words: polarizability, polyacetylene, cis/tratzs, CNDO, dispersion energy. 

ZHONGHAO HUANG, DANIEL A. JELSKI, RONGSHUN WANG, DEM~N XIE, CHENDA ZHAO, XINFU XIA et THOMAS F. GEORGE. 
Can. J. Chem. 70, 372 (1992). 

Dans ce travail, on utilise la mkthode semi-empirique de Hartree-Fock introduite dans une approche de perturbation 
d'un champ tlectrique defini pour calculer les polarisabilitCs molCculaires et des systtmes-T des polyknes cis et trans 
H(-CH=CH-),,H (11 = 3, 4, 5 ,  . . ., 18). Le rtsultat est que, pour une valeur donnte de tz, I'ordre des polarisabilites 
molCculaires et des systtmes-T du polytne est trrrns > cis. Ce rCsultat est en accord avec les valeurs experimentales de 
l'ordre des trans- et cis-hexatritnes. Lorsque la valeur de 12 augmente de 3 ?I 18, la contribution de la polarisabilite du 
systtme-T la polarisabilitt molCculaire augmente de 45 a 70%. Utilisant ces rCsultats, on a extrapolt les polarisabi- 
lit& des cis- et tratzs-polyacCtyltnes. L'ordre est rratzs > cis. Ces rCsultats et les parametres cristallins conduisent 2 une 
tvaluation des energies de dispersion entre les chaines de polyacetylkne. On en dtduit que E,,,,(trans) > E,,,,(cis). 

Mots cles : polarisabilitt, polyacttyltne, cis/tratzs, CNDO, Cnergie de dispersion. 
. [Traduit par la rtdaction] 

Introduction mental difficulties have so far precluded the measurement of 

Polyacetylene (PA) is an important conductive polymer 
that has two isomers, trans and cis (see Fig. 1). Since PA was 
synthesized (1,2) and it was found that the conductivity of 
doped PA rapidly increases from (R cm)-I to as high 
as 10' (R cm)-I with increasing dopant concentration (3), 
much experimental and theoretical research (4,5) has been 
reported, including differences between trans and cis PA (6- 
8). Polarizability is an important property of a material and 
closely related to interactions among molecules and the di- 
electric coefficient of the material. Because PA is relatively 
insoluble and decomposes before melting (9), these experi- 

'part of this research was performed while visiting at SUNY- 
Fredonia. 

' ~ u t h o r  to whom correspondence may be addressed. 
Printed in Canada 

the polarizability of either trajis or cis PA. 
Davies (10) studied the a-system polarizabilities of the 

trans polyene series, using the perturbed HMO method. He 
found that the a:, which is the component of a-system po- 
larizability along the carbon chain, is proportional to L', 
where L is the length of carbon chain. Recently, Hurst et al. 
(1 1) calculated the polarizabilities of trans polyene series, 
H(-CH=CH-),,H ( n  = 2, 3, . . ., 1 I), using the ab initio 
coupled-perturbed Hartree-Fock method, and the extrapo- 
lated polarizability of trans PA is 60.3 au/CzH,. To our 
knowledge, no study of the polarizability of cis PA and the 
contribution of the a-system polarizability to molecular po- 
larizability has yet been reported. It is therefore interesting 
to calculate and compare the a system and the molecular 
polarizabilities of both cis and trans PA, and to discuss their 
differences, which is the purpose of this article. 
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ET AL. 373 

FIG. I. Diagram of the geometry of rrans (a) and cis (b )  poly- 
acetylene. The polyacetylene unit cell is indicated by the dashed 
lines. The coordinates used in this calculation are illustrated, with 
the z-axis taken as perpendicular to the page. The origin is chosen 
as the center of mass for each member of the polyene series. 

Method 
Because PA can be considered an infinite polyene, and 

given the difficulty of directly calculating the polarizability 
of an infinite polymer, the best method available is to cal- 
culate the polarizabilities of a series of polyenes with finite 
chain length, and then extrapolate to the infinite limit, i.e., 
PA. Hence the longer the polyene chain, the more reliable 
the extrapolated result for PA may be expected to be. We 
therefore choose a method for which chain length is not a 
severe limitation. 

Zyss et al. ( 12,13) calculated the polarizabilities of many 
conjugated molecules using the semi-empirical Hartree-Fock 
method introducing a finite electric field perturbation, and 
obtaining good results. This method can be briefly described 
as follows. If H, is the single-electron Hamiltonian operator 
of an unperturbed system and F is a finite external electric 
field, the single-electron Hamiltonian of the perturbed sys- 
tem is 

where r is the coordinate vector of the electron, and where 
we have used F = lo-' au (13). Substituting eq. [ l ]  into the 
Hamiltonian operator in the Roothaan equations (14), one 
obtains the molecular polarizability as 

where pi is the component of the molecular dipole moment 
alone. the i-axis. 

~ r v e n  the desirability of performing the calculation on as 
large a polyene molecule as possible, we choose a semi- 
empirical method (CND0/2) (15) instead of an ab initio 
technique. Considering the importance of the n system in 

TABLE 1 .  Polarizabilities (au) of rrarzs and cis hexatriene 

Experimental data (ref. 16) 

Present work a Refractivity (g/cm3) Density 
CX 

rrcrrzs 73.1920 1.5135 0.7369 87.4565 
cis 71.1604 1.4577 0.7175 8 1.4466 

polyene and PA, we are especially interested in the contri- 
butions of the 2p, (n)  electron to the molecular polarizabil- 
ity, and these are reported separately as a". 

In Table 1, we list the relative experimental values (16) 
and our calculated results for the polarizabilities of trans and 
cis hexatriene. The structure parameters of hexatriene come 
from experimental values (17,18). Our results are consis- 
tent with experiment and demonstrate the reliability of this 
method. 

Only a few structure parameters of polyene molecules have 
been determined, ando these all approachathe standard val- 
ues: L(C=C) = 1.35 A ,  L(C--€) = 1.45 A ,  QCCC = 120°, 
the same as the case for the determined and optimized PA 
parameters (19,20). Therefore we take the standard param- 
eters as the structure parameters of both trnns and cis poly- 
ene. The coordinate system is as shown in Fig. 1. It is 
possible to distinguish between trans and cis forms only for 
n r 3, and hence our calculation starts with n = 3. 

Results 

In Table 2 we list n-system and molecular polarizabili- 
ties and the contributions of the n system to molecular po- 
larizability. Some of these data are illustrated in Fig. 2. From 
these results, we derive the following conclusions: 

1 .  When n is the same, the order of both molecular and 
n-system polarizabilities of trans and cis polyene is trnns > 
cis, also shown in Fig. 2. This order is consistent with the 
order of experimental polarizabilities of trans and cis hexa- 
triene. 

2. The molecular polarizability of polyene mainly comes 
from the contribution of the n system. The longer the car- 
bon chain, the larger the contribution of the n system. When 
n increases from 3 to 18, the contribution of the n system 
increases from 45 to 70%. 

3. A value for au/n = a/rz - an/n is easily calculated. 
This difference is nearly constant over the entire range of n, 
as shown in Fig. 2. This means that the polarizability of the 
a system in a -CH=CH- unit for various polyenes is the 
same, which obviously differs from the n system. 'The a 
polarizability is essentially independent of chain length. This 
differs from the n polarizability because of the delocalized 
nature of the n system. 

To generalize the polyene results to PA, we require a 
function that accounts for the fact that d(a/n)/dn 0 for 
large n. The proposed function (1 1) is 

This implies that lim,,, a /n  = 10" for PA. Our values and 
Hurst's are compared in Table 3. The relative polarizabili- 
ties of the cis and trans PA are in the same order as for the 
polyene series. However, the n-electron contribution for PA 
is larger than for polyene, as shown in Table 3. 
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TABLE 2. Polarizabilities (au) of rrtr11.s and cis polyene H(-CH=CH-),,H 

rr~rt1.s' cis 

11 a ii ~1 a7 /a(%)  a ii a aii/a(%) 

TABLE 3.  Polarizabilities (au) per -C?HZ- of rrat~s and cis PA 

n am N b c ~1 aii/a(%) 

Present work 
trans PA 1.6903 49.012 1.7782 -2.0830 2.7304 60.007 81.67 
cis PA 1.5710 37.239 1.6918 -1.6389 2.0907 49.181 75.72 

Ab itlitio (6-3 1G) (ref. I I )  
trcrlls PA 1.7803 - 1.8398 1.8920 60.298 

1 + CNDO lrons + Hursl Irons % CNDO Irons sigmo + CNDO cis 

FIG. 2. Polarizability of polyene as a function of chain length. 
comparing the Irons and cis isomers. Also shown are the ab inilio 
( I  I )  results and the a-electron polarizability for the trans species. 
The u-electron polarizability for the cis isomer is almost identical. 

Discussion 

We begin by considering the reasons why the trarzs iso- 
mer polarizability is larger than the cis. First are geometric 
considerations. If L is the length of the carbon chain, L = n 
x 1, then I is the length of the projection of a unit cell 
(-CH=CH-) (including both a C=C and a C--C bond) on 

the x-a5is. In our calculation, I is equal to 2.425 A and 
2.125 A for trans and cis polyene, respectively. The pro- 
jection of trans is larger than cis by 0.3 A. This makes the 
conjugation length of the trans p9lyene 7~ system longer than 
that of cis polyene by n x 0.3 A, when tz is the same. This 
is the main reason that both T-system and molecular polar- 
izabilities of trans polyene are larger than those of cis 
polyene. 

Besides the difference in x-axis projection length be- 
tween the trans and cis unit structures, we consider another 
factor affecting polarizability magnitude. The unit cell of 
trans PA consists only of one -CH=CH- segment, whereas 
a unit cell of cis PA consists of two -CH=CH- segments, 
as shown in Fig. 1. This demonstrates that the translational 
symmetry of trans PA is higher than that of cis PA. Clearly, 
the higher the translational symmetry, the larger the delo- 
calizability, and the larger the polarizability. Thus one would 
expect the trarzs and cis isomers to differ in subtle chemical 
respects in addition to geometrical effects. We expect sim- 
ilar effects for finite polyenes as well. 

Two functional forms to describe the polarizability of trans 
polyene have been given in the literature. Hurst et al. (1 1) 
suggest that a - W ,  where they find y - 1.6 for small 
polymers. However, if the delocalization length is finite, then 
y must also be a function of n and must eventually tend to- 
ward 1, i.e., the polarizability is proportional to n .  We 
specify the proportionality constant as 

where two parameters, C and y ,  are to be fitted to the data. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1 + Trons + Cis 1 

FIG. 3. Parameter y versus polyene length. 

Equation [5] will provide some significant physical insight 
in what follows. 

Hurst et al. (1 1) have proposed yet another function, given 
by eq. [4]. Parameter a has clear physical significance, al- 
ready mentioned. Parameters b and c only influence the be- 
havior at small n ,  and from physical arguments (i.e., a less 
conjugated system), we know that b < 0. We have fitted our 
data to the Hurst function for trans PA, with the results shown 
in Table 3. It is seen that our value for a corresponds very 
closely with that of Hurst, and thus our value for the PA po- 
larizability is close to that obtained by Hurst. This implies 
that as the chain becomes longer, the values obtained for the 
polarizability will more closely match the ab initio results. 
Since Hurst used polyenes with n = 2, 3 ,  . . ., 11, and we 
use n = 3, 4 ,  . . ., 18 from which to extrapolate the polar- 
izability of PA, this implies that the semi-empirical method 
with minimal Slater type basis can closely match the ab in- 
itio result. However, parameters b and c ,  which affect short- 
chain behavior, are less reliable. 

The physical significance of the power law (eq. [5]) de- 
pends on how C is defined. If C is defined as C,, the limit- 
ing value of a / n  as n + m, then C, = loa, identical to the 
limiting value in eq. [4], and eq. [5] is valid for large n when 
y = 1. On the other hand, if C is defined as C,, the polar- 
izability of the -C2H2-, i.e., a for n = 1, the form can be fit- 
ted to small n but will be incorrect in the large n limit if y is 
assumed to be constant. Further, in this case it is apparent 
that y cannot converge to unity since then the polarizability 
of the infinite chain would equal that for n = 1. Finally, C, 
must be equal for both cis and trans polymers, and there- 
fore has a very definite physical meaning. It is clear that y 
has a different physical interpretation depending on how C 
is chosen. 

A least-squares fit to determine C, in the trans and cis cases 
reveals 17 au + 1 au. Given Co = 17, it is then possible to 
plot the necessary value of y from the CNDO and Hurst data. 
This is shown in Fig. 3, and several points can be made. 
First, we note that values for y are larger in the trans case 
than in the cis. This is consistent with the value of a ,  and with 
the notion that the trans form has a larger polarizability. 
Secondly, it is apparent that y goes through a maximum at 
approximately n = 9 for the cis isomer, and n = 10-1 1 for 

FIG. 4. a,/n and a,Tr/n2 for trans-polyene. 

FIG. 5. The (001)-plane for the crystal unit cell of trans and cis 
polyacetylene. 

the trans isomer. This probably reflects a distance related to 
the delocalization effect in polyene, indicating that elec- 
trons are delocalized over a larger region in the trans iso- 
mer than in the cis. 

Figure 4 illustrates the ax",/n and the a:x/n2 for trans 
polyene. Using HMO theory (infinite delocalization length), 
Davies (10) showed that this ratio should increase propor- 
tionally to n2 for trans PA. If the delocalization length were 
infinite, then one would expect the HMO theory to be ac- 
curate, but Fig. 4 indicates that it is not valid. Therefore, the 
existence of a typical delocalization length is further indi- 
cated. 

The dispersion energy of crystalline PA 

The crystal structure parameters of both trans and cis PA 
have been determined (20,21) and are similar to each other 
(see Fig. 5 and Table 4). Because PA is a nonpolar mate- 
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TABLE 4. The Ed,,, among chains and relevant parameters of trans 
and cis PA 

trans PA cis PA 

Cell parameter (refs. 20, 2 1) 
A (+) 
B (A) 
c" (A) 
a (deg) 
P (deg) 
Y (deg) 

Ionization energy (au) 
Ed,,,(kcallrnol) 

7.61 
4.39 
4.47 

90. 
90. 
90. 
0.246 (ref. 22) 
5.194 
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"The C-axis is along the carbon chain, and the repeat unit along the C- 
axis is -CZH2- for frntls PA and -C,H,- for cis PA. 

rial, we can estimate the dispersion energy among PA chains 
in crystals as 

where I is the ionization energy of PA (22), and R is the 
distance between centers of two chains. The calculated re- 
sults and relevant parameters are listed in Table 4, and Edirp 
is the sum of the dispersion energies between chain 1 and 
chains 2, 3, 4, 5, 6 ,  7 ,  8 ,  and 9 ,  respectively. We use the 
extrapolated a /n  for PA, as calculated above, and all the 
centers of nine PA units are on the same plane. Consistent 
with our previous results, Ed,, for the hans PA is larger than 
for the cis. These are shown in Table 4. 

Conclusion 

I W e  have calculated.the polarizability of a series of trans 
and cis polyene molecules. Our results compare favorably 

I with those of Hurst (10). The data have been fitted to an ap- 
propriate function, and it is found that our data and Hurst's 
have the same limiting behavior. We therefore conclude that 
the polyene data may be extrapolated to provide informa- 
tion about polyacetylene. 

Further, we have considered the relative polarizability of 
trans and cis polyene, and we show that trans has a larger 
polarizability than cis. An inquiry into the reasons for this 
phenomenon indicates that it is a function of geometry and 
of symmetry. 

Finally, we have presented data on the crystal dispersion 
energy. We find dramatic differences between the trans and 
cis forms, which should in principle be measurable, thereby 
allowing experimental confirmation of our results. 
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Ab initio calculations and the chemical reaction molecular dynamics simulation 

MASATAKA NAGAOKA, '  YOSH~SH~GE OKUNO,'" TOKIO YAMABE,' AND KENICHI F U K U ~  
Institute for F~cr~dtrrnental Chemistr-y, 34-4, Ttikarlo-Nisllihiraki-cIlo, Sakyo-kir. Kyoto 606 Japnrz 

Received July 5 ,  (99 1 

This paper is dedicated to Professor Sigeru Husirlclgcr or1 the occasiorl of his 65th birthda\l 

MASATAKA NAGAOKA, YOSHISHIGE OKUNO, TOKIO YAMABE, and KENICHI FUKUI.  Can. J .  Chem. 70, 377 (1992). 
To clarify the mechanism of chemical reactions in solution, each solvent molecule was classified as either a reactive- 

solvent molecule or a medium-solvent molecule in accordance with its role in the reaction. The proton transfer reaction 
of formamidine in water was treated as a model reaction. Ab irlitio molecular orbital calculations were performed for the 
complex made up of a formamidine, a reactive-water molecule, and a medium-water molecule. The optimized geonie- 
tries and the solvation energies were obtained and the orbital interaction analysis carried out along the intrinsic reaction 
coordinate (1RC). It was found that the medium-water molecule influences the reaction dynamically rather than ener- 
getically. There was no energy change in the potential barrier under the influence of the medium-water molecule, in contrast 
to the remarkable barrier-reducing effect of the reactive-water molecule. The situation is different from that in chemical 
reactions involving ionic states. Chemical reaction molecular dynamics (CRMD) simulation for this system was per- 
formed in order to investigate the energy relaxation mechanism. It was found that just after the reaction finishes, a rel- 
ative translational motion is first induced between the supermolecule, which consists of a formamidine and a reactive- 
water molecule, and the medium-water molecule, and is then followed by a rotational motion of the medium-water 
molecule. 

Key words: formamidine, chemical reaction molecular dynamics method, reactive-solvent molecule, medium-sol- 
vent molecule, energy relaxation mechanism. 

MASATAKA NAGAOKA, YOSHISHIGE OKUNO, TOKIO YAMABE et KENICHI FUKUI.  Can. J. Chem. 70, 377 (1992). 
Dans le but de clarifier les mkcanismes de reactions chimiques en solution, on a classifik chaque molkcule de solvant, 

suivant son r81e dans la reaction, soit comme une molecule de solvant reactive soit comme une molkcule de solvant agissant 
comme milieu reactionnel. On a utilise la rkaction de transfert de proton de la formamidine dans l'eau comme modele. 
On a effectue des calculs d'orbitales molCculaires ub ir~itio sur le complexe formk d'une formamidine, d'une molecule 
d'eau reactive et d'une molkcule d'eau agissant comme milieu reactionnel. On a obtenu les gComktries optimisees et les 
energies de solvatation et on a realis6 une analyse des interactions orbitalaires le long des coordonnkes intrinseques de 
la rkactions (ClR). On a trouve que l'eau agissant comme milieu rkactionnel n'a pas d'influence sur I'energie de la reaction; 
elle agit toutefois sur la dynamique de la rkaction. Sous l'influence de la molecule d'eau agissant comme milieu rkactionnel, 
il n'y a pas de changement d'knergie dans la barrikre de potentiel; ce comportement diffkre d'une f a ~ o n  notable avec 
I'effet remarquable de reduction de la baniere de la molCcule d'eau reactive. La situation est diffkrente de celle qui prevaut 
dans les rkactions chimiques impliquant des ktats ioniques. Afin d'Cvaluer le mecanisme de relaxation molCculaire, on 
a effectuk une simulation de la dynamique moleculaire de la rkaction chimique (DMRC). On a trouvk que, immkdiatement 
aprks la fin de la rkaction, i l  se produit d'abord un mouvement relatif de translation entre la supermolkcule, qui consist 
d'une formamidine et d'une molCcule d'eau reactive, et la molCcule d'eau agissant comme milieu rkactionnel qui est 
suivi d'un mouvement de rotation de la molkcule d'eau agissant comme milieu rkactionnel. 

Mots clis : formamidine, methode de la dynamique molCculaire de la reaction chimique, molCcule de solvant reactive, 
molecule de solvant agissant comme milieu rkactionnel, mkcanisme de relaxation d'knergie. 

[Traduit par la redaction] 

Introduction 

Based on extensive gas phase research using molecular 
orbital (MO) theories, theoretical chemists have recently been 
challenged to resolve problems in solution chemistry in terms 
of molecular language (1-4). It is true that most treatments 
were developed in combination with techniques that were 
originally invented in the field of condensed phase physics. 
Hence the chemical and physical quantities of their concern 
are closely related to equilibrium properties of solution and 
ensemble-averaged properties. However, as far as solvent 
effects are concerned, not only long-range interactions but 
also short-range interactions should be taken into consid- 
eration. In particular, a chemical reaction in solution, with 
accompanying recombination and reorientation of constitu- 

ent atoms, is essentially a nonequilibrium process, with both 
energy concentration and dissipation. Thus, we must inev- 
itably deal with such short-range interactions as exchange- 
exclusion and electron transfer interactions between a sol- 
ute molecule and certain solvent molecules, in addition to 
long-range interactions, i.e., electrostatic, polarization, and 
dispersion interactions. 

Under the circumstances, one can be led naturally to the 
notion that solvent molecules in solution should be classi- 
fied in two categories; the reactive-solvent molecule and the 
medium-solvent molecule. The former is defined as a sol- 
vent molecule that interacts with a solute molecule through 
short-range interaction, while the latter interacts through long- 
range interaction. A reactive-solvent molecule might be in- 
cluded in a reactant in addition to the solute molecules 

' ~ u t h o r  to whom correspondence may be addressed. themselves, if the short-range interaction were regarded as 

'Also associated with the D~~~~~~~~ of Hydrocarbon Chemis- part of the chemical bonding interaction. Although the sim- 
try, Faculty of Engineering, Kyoto University, Kyoto 606, Japan. ulation that deals with both a solute and a number of me- 

'permanent address: Daicel Chemical Industries, Ltd., 1239, dium-solvent molecules at the same time must represent a 
Shinzaike, Aboshi-ku, Himeji, Hyogo 671-12, Japan. good approach to the study of the medium-solvent effect, it 
Printed in Canada 
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FIG. 1 .  Intrasupermolecular proton transfer scheme of the formamidine-water system. 

cannot be denied that the reactive-solvent effect might play 
a dominant role in solving the mechanism of chemical re- 
action dynamics in solution. 

We have therefore investigated the proton transfer reac- 
tion of formamidine in water as one model of chemical re- 
actions in solution (5, 6). The proton transfer reaction is 
worthwhile investigating because its study contributes in 
general to a deeper understanding of chemical reactivity, and 
is of special importance to biochemical systems. In fact, 
extensive theoretical studies for solvation in biological sys- 
tems have been examined by several researchers (7). More- 
over, much attention has been paid to studies of formamidine 
on the relation between molecular conformation and biolog- 
ical activity (8-1 1). 

Previously, we determined that the potential energy bar- 
rier, 59.11 kcal/mol, of the intramolecular proton transfer 
process of formamidine is reduced to 21.56 kcal/mol, with 
the assistance of only a water molecule, which corresponds 
to the energy difference between the stable state (I) and the 
transition state (11) for the intrasupermolecular proton trans- 
fer reaction process of the formamidine-water (FW) system 

I 
(Fig. 1) (5, 6). On the other hand, the potential energy bar- 
rier calculated recently by MP4/6-31 lG(d,p) wave func- 
tions was reported by Truhlar and co-workers (12) to be 
24.6 kcal/mol for the FW system. Although it was also re- 
ported that the potential energy barrier is 6.8 kcal/mol and 
is significantly lower than the value 21.56 kcal/mol, Truhlar 
and co-workers must have misunderstood the definition of 
the "potential energy barrier" adopted in ref. 6. Therefore, 
the value that should have been compared with 21.56 kcal/ 
mol is 24.6 kcal/mol for the reaction E + F in their Table 
II(B). The difference between their value (24.6 kcal/mol) 
and ours is just 3.0 kcal/mol and, moreover, no striking 
difference in the geometries can be recognized. Hence, it is 
expected that the energetics for the proton transfer reaction 
process of the FW system can be described sufficiently by 
the basis set used in our study. 

On the basis of these static studies for the proton transfer 
reaction of formamidine in water, the dynamic investiga- 
tion for the FW system was performed by chemical reaction 
molecular dynamics (CRMD) simulation and the existence 
of the dynamic transition state (DTS) was postulated (13, 14). 
The water molecule in the FW system can be recognized as 
a reactive-water molecule because it plays a central role in 
proton rearrangement. However, after taking the reactive 
solvent effect into consideration, the next step for under- 
standing solution chemistry is to clarify the role of the me- 
dium-solvent molecule in the chemical reaction mechanism. 

The aim in the present article, therefore, is to show the 

medium-solvent effect not only from the static, but also from 
the dynamic, viewpoint. For the purpose, another water 
molecule (i.e., a medium-solvent molecule) is added to the 
original FW system and the static medium-solvent effect is 
investigated first by an ab initio MO method. On the basis 
of the supermolecular treatment of the formarnidine-water- 
water (FWW) complex, ab initio MO calculations are per- 
formed and then the transition state (TS) obtained as a sad- 
dle point on the potential energy surface is compared with 
that of the FW system. The interaction between the FW 
svstem and the medium-water molecule is certified to be the 
long-range interaction, by analysis of optimized geome- 
tries, solvation energies, and orbital interactions. The in- 
trinsic reaction coordinate (IRC) is carefully traced and then 
the potential energy barrier is estimated. It is clear that the 
medium-water molecule does not influence both the origi- 
nal FW geometry and then the potential energy barrier and, 
as a result, the solvation energy is small, as well as the or- 
bital interaction between the FW system and the medium- 
water molecule. 

After constructing the intermolecular potential function 
between the FW system and a medium-water molecule, the 
CRMD simulation for the FWW complex is performed in the 
constant-temperature scheme (CTS) (13) and hence the en- 
ergy relaxation mechanism can be investigated precisely. 
(The CRMD studies in the constant-energy scheme (CES) 
will be discussed in another publication (15).) It is under- 
stood that the medium-solvent effect in the energy relaxa- 
tion/supply is observed after/before the reaction finishes/ 
starts. The relative translational kinetic energy between the 
FW system and the medium-water molecule first increases. 
Then it transfers to the rotational kinetic energy of the me- 
dium-water molecule. 

In the following section, the method utilized in the pres- 
ent article is explained and, in the Results and dis- 
cussion, the calculational results are presented, with 
discussion in terms of ab initio MO theory and CRMD 
treatment. Finally, a concise summary is drawn in the Con- 
clusions. 

Method 
Ab initio MO calculations and IRC analysis 

Ab initio MO calculations (16) were carried out by using 
the GAUSSIAN86 program (17) with the minimal STO-3G 
basis set (18) at the Hartree-Fock level of theory (19). All 
the geometries of the complexes were optimized with the 
analytical energy gradient method (20). All optimizations 
were accomplished under the tight convergence criterion. 
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, FIG. 2. Optimized geometries of the FW(TS)-W(SS) complex. 

In the supermolecular treatment where another water 
molecule (i.e., a medium-solvent molecule) is added to the 
FW system, the geometry optimization of TS should be 
performed straightforwardly for the total FWW complex and 
may then be denoted as FWW(TS). It is, however, easily 
understood that the direct optimization of FWW(TS) should 
be difficult because of its high dimensionality. Therefore, the 
TS-optimization was first executed for the complex that 
consists of the TS structure of the FW system (i.e., FW(TS)) 
and the stable state (SS) structure of a water molecule (i.e., 
W(SS)), namely, for the FW(TS)-W(SS) complex. From the 
viewpoint of chemical reaction dynamics, it is expected that, 
for the reaction to occur, the medium-water molecule should 
take the favorable position and orientation to the TS geom- 
etry of FW, and the optimized geometry of the FW(TS)- 
W(SS) complex cannot be very different from the opti- 
mized geometry of the FWW(TS) complex. 

As a matter of fact, such a large complex as the FW(TS)- 
W(SS) system can possess several stable structures. Thus, 
before the optimization calculation, we examine some pos- 
sibilities by canying out orbital interaction analysis for MOs 
of each isolated molecule and can select certain orientations 
as candidates for stable structures. After obtaining opti- 
mized stable geometries, for the sake of completeness we 
execute the random search procedure for other possible sta- 
ble geometries that might exist, by choosing 2000 orienta- 
tions between the FW(TS) and W(SS) systems within the 
cubic box (22 each side). The total energies for these ori- 

TABLE 1. Total potential energy of the op- 
timized geometries 

Total energy (hartree) 

entations can be used later for the fitting of the intermolec- 
ular potential function between them, which is employed for 
the CRMD studies of the FWW complex together with the 
previous intrasupermolecular potential function of the FW 
supermolecule (1 3, 2 1). 

To obtain the FWW(TS) structures and information about 
their electronic states, full optimization is also performed on 
the basis of those optimized geometries obtained above for 
the FW(TS)-W(SS) complex. The solvation energy of a 
medium-water molecule is estimated from the difference 
between an optimized total energy of FWW(TS) and the sum 
of the energies of two isolated systems, FW(TS) and W(SS). 
The IRC of the FWW complex is analyzed by using the 
GAUSSIAN86 program equipped with the IRC algorithm 
(22) and comparing with that of the FW system (6, 13, 14). 
To explain the medium-solvent effect in terms of MO lan- 
guage, Mulliken population analysis (23) is utilized as a 
supplement for the FW(TS) system, the SS of the FW sys- 
tem (i.e., FW(SS)), W(SS), and the SS of formamidine (i.e., 
F(SS)). Hence, the energetics for a chemical reaction in so- 
lution can be analyzed, and how many varieties of approach 
a medium-solvent takes can also be understood. 

Potential function 
Intramolecular motions, i.e., vibrations and librations, are 

usually related to much higher frequencies than intermolec- 
ular motions. This fact allows us to utilize the rigid-body 
approximation of the medium-water molecule. Thus, dur- 
ing the CRMD simulation for the FWW complex, three in- 
ternal degrees of freedom of a medium-water molecule are 
restricted to correspond to the SS structure. Other degrees 
of freedom, which correspond to the translation and the ro- 
tation at a distance, are included in order to express the in- 
termolecular potential energy surface. 

The intrasupermolecular potential function for the FW 
system: 

was fitted to reproduce the potential energy surface along the 
IRC by our newly developed heuristic potential function 
(HPF) method (21, 24). On the contrary, the intermolecular 
potential energy function between the FW system and a me- 
dium-water molecule was constructed similarly by the least- 
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1.098 i'" 

FIG. 3. Bond distances and bond angles in the optimized structure A of the FW(TS)-W(SS) co~nplex (shown in Fig. 2). Numerical 
values are given in angstrom for bond length and in degrees for bond angle. 

FIG. 4. Bond distances and bond angles in the optimized structure of the FWW(TS) co~nplex. Numerical values are given in angstrom 
for bond length and in degrees for bond angle. 

mean-squares method (25). Although the intermolecular 
potential function for the CRMD simulation should be fitted 
in the neighborhood of the true IRC of the FWW complex, 
the present potential energy function was prepared to repro- 
duce relative energies of various orientations between the 
FW(TS) system and the W(SS) molecule. The functional 
form is assumed to be as follows: 

where 

Although 2000 randomly selected configurations within the 
cubic box explained previously were used for the electronic 
energy calculation and were stored as the data base for fit- 
ting to the above potential functional form, those configu- 

rations with energies higher than the energy threshold of the 
sum of the isolated FW(TS) and W(SS) energies plus 2 kcal/ 
mol were excluded from the first because the preferential 
sampling by the bath mode partition function (21) gives them 
small weightings. Finally, including 5 optimized stable ge- 
ometries, 19 12 configurations between the FW(TS) system 
and the W(SS) as a whole form the data base. The parame- 
ter optimization of eq.  [2] was performed by the modified 
Levenberg-Marquardt method (26-28). Optimized param- 
eters were checked by another test data base than the above 
initial data base and were found to represent the potential 
energy surface. 

CRMD simulation 
The Hamiltonian equations of motion for the atoms in the 

FWW complex were solved numerically by using the Verlet 
algorithm (29). For the sake of comparing the dynamical 
difference between the FW system and the FWW complex, 
the constant-temperature scheme (CTS) simulation was re- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NAGAOKA ET AL 

FIG. 5 .  Bond distances and bond angles in the optimized structure of the FWW(SS) complex. Numerical values are given in angstrom 
for bond length and in degrees for bond angle. 

Intrinsic Reaction Coordinate ((amu) ' I 2  Sbohr) 

FIG. 6. Potential energy profiles along the intrinsic reaction co- 
ordinate (IRC) of the FW system (thin solid line) and the FW-W 
system (thick solid line). 

alized for the FW part of the FWW complex in the CRMD 
simulation (13), where each atom in the FW part of the FWW 
complex was assigned the same initial configuration and 
velocity as those in the CRMD simulation for the isolated FW 
system. In other words, those trajectories were initiated at 
the saddle-point (i.e., TS) geometry of the isolated FW sys- 
tem with initial internal temperature To = 1 K; 

where mi and vi denote the mass and the velocity of the ith 
atom in the FW system, respectively, and N is the total 
number of atoms. 

Two initial conditions were employed: the randomly di- 

rected initial velocity (R-D IV) condition and the IRC-di- 
rected initial velocity (IRC-D IV) condition. So that the 
velocity distribution can reproduce the Maxwell-Boltzmann 
distribution at a given initial internal temperature To, a ran- 
dom number generator was used for determining a set of R- 
D IVs. Using an optimized conformation for the total of the 
FW(TS) and W(SS) systems, after 10 ps equilibration with 
the FW(TS) geometry fixed (i.e., the dynamic equilibra- 
tion), the CRMD simulation was started for the FWW com- 
plex as a whole. As explained before, the two 0-H bond 
lengths and the angle between them of the medium-water 
molecule are constrained to hold the SS geometry during the 
whole simulation. This constrained dynamics was realized 
by using a set of Lagrangian multipliers, which adjust the 
magnitudes of the forces of constraint involving two hydro- 
gen and one oxygen atoms (29, 30). This treatment is called 
the SHAKE algorithm. 

Results and discussion 
TS-optimization of the FW(TS)-W(SS) complex 

Five optimized geometries (A-E in Fig. 2) were found by 
geometry optimization of the complex that consists of the 
FW(TS) supermolecule and the W(SS) molecule. Those 
potential energies calculated for them can be compared with 
the sum of energies for the isolated FW(TS) and W(SS) 
(Table 1). As explained in the Introduction, since our pres- 
ent attention is being paid to chemical reaction dynamics in 
solution, it is necessary to select the most influential me- 
dium-water molecule for the reaction, and to investigate the 
effect of the medium-water molecule on the original FW re- 
action system. The optimized geometry A is, for that rea- 
son, chosen because it is the most energetically stable among 
these optimized geometries (Table l ) ,  and the distance be- 
tween the transfemng proton, the H4 atom or the H5 atom, 
and the medium-water molecule, is the shortest among them 
(Fig. 2). Still more important is that the medium-water 
molecule of geometry A is supposed to play an effective role 
for energy relaxation because its orientation is the most fa- 
vorable for energy transfer from the vibrational energy 
between the transferring proton and the 0 2  atom to the ro- 
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-0.30838 harlree 0.32459 harlree 

-0.24245 harlree 0.57998 hartree 

FIG. 7. Molecular orbitals and total atomic charges of the FW(TS) system. Orbital energies are also given in hartree. 

HOMO-1 LUMO 

4 17 LUMO 

10 I S  

-0.45973 hartree 0.58179 hartree 

HOMO 

4(C)H 

-0.39262 hartree 0.69268 harlree 

FIG. 8. Molecular orbitals and total atomic charges of the W(SS). Orbital energies are also given in hartree. 

tational kinetic energy of the medium-water molecule (31). 
This conjecture is also supported by the remarkable H3 mo- 
tion in the CRMD simulation in the previous studies (13). 
Thus, we recognize the character of the optimized geome- 
try A and, hereafter, denote it solely as that of the FW(TS)- 
W(SS) system. The bond distances and bond angles of the 
optimized FW(TS)-W(SS) geometry are shown in Fig. 3. 
This optimized geometry is also classified as the C, sym- 
metry group. 
Full TS-optimization of the FWW complex 

Full TS-optimization of the FWW(TS) complex was car- 
ried out on the basis of the optimized FW(TS)-W(SS) ge- 
ometry and the vibrational analysis confirmed that the 
geometry obtained corresponds to the TS structure of FWW. 

It can be recognized that there is no striking geometric dif- 
ference between the FWW(TS) complex and the FW(TS)- 
W(SS) one, although the distance of the hydrogen bond r,, 
and the r,, and r,, of the FWW(TS) system is a little shorter 
and the bond length of r2, and r,, is a little longer (Fig. 4). 
Thus it is concluded that the geometric effect of the me- 
dium-water molecule on the original FW(TS) supermole- 
cule is almost negligible. The energy of the FWW(TS) 
complex is - 297.08503 hartree and the energy difference 
from the FW(TS)-W(SS) complex is just 0.5 kcal/mol 
(Table 1). Consequently, the fully optimized geometry, i .e., 
the FWW(TS) complex, can be approximated sufficiently by 
the optimized geometry between the original FW(TS) sys- 
tem and the W(SS). 
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LUMO 

-0.34557 harlree 0.31 120 hartree 

HOMO LUMOcl 

.._ 

.................. . 
-0.28868 hartree 0.57196 hartree 

FIG. 9. Molecular orbitals and total atomic charges of the FW(SS) system. Orbital energies are also given in hartree. 

HOMO-2 LUMO 

....... 
Q+o  I8 " @ 

N - o  33  -0.45260 harlree 0.31027 harlree 

HOMO-1 LUMO+l 

HOMO 

B\ 

0 
"J" 

"'o,,,, 
">., 

6 
NO 0.57028 harlree 

......... 

0.61 634 harlree 

FIG. 10. Molecular orbitals and total atomic charges of the formamidine. Orbital energies are also given in hartree. 

The solvation energies of the medium-water and the re- 
active-water molecule are 6.95 and 58.23 kcal/mol, re- 
spectively. The solvation energy of the medium-water 
molecule is almost one eighth that of the reactive-water 
molecule and it confirms that the medium-water molecule 
should be distinguished from the reactive-water one. 
IRC analysis of the FWW complex and the stable states 

The IRC analysis was performed for the supermolecular 
model of the total FWW complex and compared with that of 

the FW system. The SS of the FWW complex (i.e., 
FWW(SS)) can be found by IRC analysis (Fig. 5) and it was 
observed that the optimized SS geometry is not influenced 
by a water molecule so much as the previously optimized 
geometry of the FW(SS) system (6). The medium-water 
solvation energy, 6.91 kcal/mol, was almost the same as that 
in the FW(TS) system. This is clearly in contrast to the fact 
that the reactive-water solvation energy of the SS, 9.32 kcal/ 
mol, was much less than that of the TS, 58.23 kcal/mol, 
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TABLE 2. Optimized values for the disposable parameters in the 
intermolecular potential function between the FW(TS) system and 

the W(SS) 

Optimized parameters 
Atom pair 

b~,, bd,, b12,, 
I j (A3 . hartree) (A6. hartree) (A" . hartree) 

which was attributed to the potential energy reducing effect 
through the short-range interactions. 

The potential energy profile along the IRC shows that the 
potential energy barrier of the FWW complex, 15.65 kcal/ 
mol (Fig. 6), is almost the same as that of the FW system, 
15.69 kcal/mol (13). This is also because a medium-water 
molecule solvates energetically both the FW(SS) and the 
FW(TS) system to the same extent. 

Molecular orbital analysis 
The schematic picture of the frontier orbitals and the total 

atomic charges for the FW(TS) system and the W(SS) mol- 
ecule are shown in Figs. 7 and 8, respectively. There exist 
two kinds of electron lone pair, one in the FW system and 
the other in the W molecule. As explained later, the orbital 
interaction between FW and W is found less charge-trans- 
fer-interactive. However, if we use a term, the donor and 
acceptor interaction, the HOMO-LUMO interaction may 
be explained by the interaction between a lone pair orbital 
of W/FW and an unoccupied orbital of FW/W. Taking the 
second-order perturbation theory into consideration, the larger 
the magnitude of overlapping and the smaller the energy 
difference between the orbitals involved, the larger is the 
stabilization energy associated with the interaction between 
them. Accordingly, it can be found that the following or- 

I 
0 0 0 2 0 2 0 6 0 8 1 0  

Time (ps) 

FIG. 1 1 .  Potential energy curve of the CRMD simulation in the 
case of IRC-directed initial velocity for (a) the FW system and (b) 
the FW-W system. 

bital combinations are important for the effective orbital in- 
teraction for each structure of the FW(TS)-W(SS) complex. 

FW(TS) W(SS) 

A HOMO- 1 + LUMO 

B LUMO+ 1 + HOMO 

C LUMO+ 1 + HOMO 

D HOMO- 1 + LUMO 

E LUMO+ 1 + HOMO 

As is easily understood from Table 1, the solvation en- 
ergy for each orientation is equal to -6.0 kcal/mol and is 
known as the stabilization energy of hydrogen bonding. Ac- 
cording to the energy decomposition analysis developed by 
Yamabe and Morokuma (32, 33), it is concluded that the 
stabilization energy of a hydrogen bond originates mainly 
from the electrostatic energy. Although it was reported also 
that the contribution of the charge transfer energy turns out 
to be equally large by using the minimal STO-3G basis set, 
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" """"'I 

Time (ps) Time (ps) 

FIG. 12. Energy flows for the FW-W system in the case of IRC- FIG. 13. Potential energy curve of the CRMD simulation in the 
directed initla1 velocity: (a) the rotational kinetic energy of W (thin case of randomly directed initial velocity for (a) the FW system and 
solid line) and the relative translational one between FW and W (b) the FW-W system. 
(thick solid line), and ib) the potential energy between FW and W. 

it is due to the superposition error of the basis set. The pres- 
ent calculation has been executed by the minimal STO-3G 
basis set and, therefore, the present stabilization energy, i.e., 
the solvation energy by hydrogen bond creation, arises mainly 
by the electrostatic interaction between the FW system and 
the W molecule. 

The energetic order and phases of the orbitals for the 
FW(SS) system (Fig. 9) are similar to those of the FW(TS) 
system (Fig. 7). Furthermore, no striking differences are 
observed with respect to the charge distribution between the 
FW(TS) and FW(SS) systems. These facts suggest that not 
only the orbital symmetry but also electrostatic interaction 
does not change along the IRC in the present reaction sys- 
tem. The barrier-reducing effect of a medium-water mole- 
cule does not appear because nearly the same stabilization 
is accomplished for TS and SS, respectively. Thus the cir- 
cumstances contrast with chemical reactions involving ionic 
states. For example, Bohme and Mackay reported that the 
hydration in SN2 reactions in solution gives rise to smaller 
rate constants than those in the gas phase (34). Several the- 

oretical studies have concluded that the energy barrier in- 
creases with the assistance of water (2, 35-37). On the other 
hand, Warshel reported that in a heterolytic bond cleavage 
reaction, the specific orientation of surrounding solvent 
molecules or a protein cage reduces the energy barrier on the 
free energy surface (38). These results are attributed to the 
fact that the electrostatic coupling between the solute charge . - 

distribution and that of the solvent determines the energet- 
ics of chemical reaction systems (36, 39, 40). It is true that 
the entropy factor also depends on the long-range interac- 
tion between the solute and solvent. However. it is ex- 
pected that its contribution to the factor is equivalent for both 
FW(TS) and FW(SS) and, therefore, the dynamic effect 
caused by the medium-water should become more impor- 
tant for understanding the proton transfer reaction in the FW 
system. 

On the contrary, the situation is in clear contrast to that of 
a formamidine and a water molecule (i.e., a reactive-sol- 
vent molecule), where "stabilization" of a few hundred kcall 
mol is observed and the orbital symmetry between the SS and 
TS structures is quite different. This is why the water mol- 
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Time (ps) 

FIG. 14. Energy flows for the FW-W system in the case of 
randomly directed initial velocity: (a) the rotational kinetic energy 
of W (thin solid line) and the relative translational one between FW 
and W (thick solid line), and (b) the potential energy between FW 
and W.  

ecule should be treated as a reactive-solvent molecule in this 
article. While electrostatic interaction can be also expected 
between the N6 and the H4 and between the H5 and the 0 2  
(see, Figs. 8 and lo), the charge transfer interaction, which 
may be considered as one of the donor-acceptor interac- 
tions between the HOMO - 1 of the formamidine and the 
LUMO of the W(SS) and that between the LUMO + 2 of 
the formamidine and the HOMO of the W(SS), should play 
the more dominant role in this system. 
Intermolecular potential function 

The intermolecular potential function between the FW 
system and the W molecule was fitted by using the config- 
urations and their total energies between the FW(TS) and the 
W(SS) structures. Although the fitted potential function was 
approximated for the FW(TS)-W(SS) intermolecular po- 
tential energies in the neighborhood of the IRC on the po- 
tential energy surface, this approximation can be allowed 
because interaction energies between FW(TS) and W(SS) 

are found to be small. The fitting of parameters, shown in 
Table 2, was accomplished with a standard deviation of 1.40 
X hartrees. Further, the standard deviation, 2.03 X 

hartrees, for the test data base suggests that the present fit- 
ting is satisfactory enough to be in good agreement with ab 
initio MO energies. 

CRMD simulation and the energy relaxation mechanism 
In simulations with IRC-D IV, except for the slight oscil- 

lation in the SS region for the FW system in the time-de- 
pendent potential energy profile, there is little difference 
between the FW system and the FW part of the FWW sys- 
tem (Fig. 11). As shown in Fig. 12, the change in internal 
vibrational kinetic energy shows that the medium-water 
molecule has little movement with respect to the FW super- 
molecule around the saddle-point region. The relative trans- 
lational kinetic energy between the FW system and the W 
molecule increases at the entrance of the SS region, fol- 
lowed by the increase of the rotational kinetic energy of the 
W molecule. 

In simulations with R-D IV, the slow decrease of the po- 
tential energy over the starting 0.2 ps for the FW system 
disappears for the case of the FWW system as shown in Fig. 
13. This fact can be observed for each of the 10 trajectories 
calculated and is considered the most important result brought 
about by the participation of the medium-water molecule. It 
is explained by the IRC stabilization effect, which can re- 
sult in the rate constant increase (14). On the other hand, the 
kinetic energy flow is similar to that in the IRC-D IV case 
(Fig. 14); that is, the internal vibrational kinetic energy of 
FW transfers, by way of relative translational kinetic en- 
ergy, to the rotational kinetic energy of W. Since the 10 tra- 
jectories show also the same characteristic, it can be 
concluded that there is a temporal order in the energy relax- 
ation mechanism for the FWW(TS) complex. 

Conclusion 

The solvent effect for chemical reactions in solution was 
investigated by classifying solvent molecules as reactive- 
solvent or medium-solvent. The proton transfer reaction of 
formamidine in the solvent water was treated in this study 
as a model for the biological system. The FW(TS) system 
can be largely stabilized in comparison to the TS structure 
of isolated formamidine and the corresponding stabilization 
between the SS structures is not found. This phenomenon 
explains the remarkable potential energy barrier-reducing 
effect of the reactive-water molecule. On the other hand, the 
solvation energy of a medium-water molecule for the FW 
supermolecule is quite small. Therefore, the potential en- 
ergy barrier does not change in the presence of a medium- 
water molecule in comparison with reactions involving ionic 
states. The solvation energy of the medium-water molecule 
in the FWW complex consists mainly of the electrostatic in- 
teraction and was discussed by a b  initio MO analysis ac- 
cording to frontier orbital theory based on second-order 
perturbation theory. 

The energy relaxation mechanism was clarified by the 
CRMD simulation. The averaged position of the center of 
mass of the medium-water molecule does not change dur- 
ing the reaction process. After the decrease of the internal 
vibrational kinetic energy occurs, the relative translational 
kinetic energy between the FW system and the medium-water 
molecule first increases and is then followed by the increase 
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of the rotational kinetic energy of the medium-water mole- 
cule. The IRC stabilization effect was found by comparing 
the CRMD simulations for the F W  and the F W W  systems. 
This effect is important and will be discussed in detail in a 
future publication (15). 
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OSAMU MATSUOKA. Can. J .  Chem. 70, 388 (1992). 
Molecular integrals are formulated over the Laguerre Gaussian-type functions (LGTF) of real spherical harmonics. 

They include the overlap integrals and the energy integrals of kinetic, nuclear attraction, and electron repulsion. For the 
nuclear-attraction integrals the formulations based on the point as well as the Gaussian nuclear charge distribution models 
are presented. Integral formulas over the LGTFs of real spherical harmonics are found a little more complicated than 
those of the LGTFs of complex spherical harmonics due to the summations over magnetic quantum numbers. 

Key words: molecular integral, Gaussian-type function, spherical harmonic, solid harmonic, Sonine polynomial. 

OSAMU MATSUOKA. Can. J.  Chem. 70, 388 (1992) 
On formule des integrales moleculaires pour les fonctions de Laguerre de type gaussien (FLTG) des harmoniques 

spheriques re'elles. Elles comprennent les inttgrales de recouvrement et les integrales d'energie cinetique, d'attraction 
nucleaire et de repulsion Clectronique. Pour les integrales d'attraction nucleaire on presente les formulations basees sur 
des modeles de distributions de charges ponctuelles ainsi que gaussiennes. On a trouve que, a cause des sommations sur 
les nombres quantiques magnetiques, les formules integrales pour les FLTG des harmoniques sphkriques re'elles sont un 
peu plus compliquees que les FLTG des harmoniques spheriques complexes. 

Mots cle's : integrale moleculaire, fonction de type gaussien, harmonique spherique, harmonique solide, polyn8me de 
Sonine. 

[Traduit par la redaction] 

1. Introduction 
The Laguerre Gaussian-type function (LGTF) is a spher- 

ical harmonic Gaussian and is defined as 

L!(+ '/"(ar2) exp ( - ar')rl Y1,,,(O ,+) 

where L!("/" is the generalized Laguerre (or Sonine) poly- 
nomial, Y,,,, is the spherical harmonic, a is the exponent pa- 
rameter, n, l,  and m are quantum numbers, and (r,0,+) 
denotes the spherical coordinates. The LGTF shares with 
other spherical harmonic Gaussians a common desirable 
feature that all members with the same angular quantum 
number 1 but with different magnetic quantum numbers m = 
-1, . . ., +1 are independent of each other in contrast to those 
of the Cartesian Gaussians of higher angular quantum num- 
bers than of d types. Furthermore, the molecular integral of 
electron repulsion over the LGTFs is of particularly simple 
form to facilitate fast computation. 

In a previous paper (1) (which will be referred to as I 
hereafter) by the present author, Fieck's (2) analysis of mo- 
lecular integrals over the LGTFs was reformulated so that it 
is suitable for computation and his analysis was generalized 
to include such various kinds of molecular properties as the 
multipole moments and transitions, the electric field and 
gradient, the quasi-relativistic interactions, etc. Recently, it 
was further generalized (3) to include the molecular inte- 
grals of Breit interaction for relativistic calculation. 

In previous works (1-3), the formulations were done over 
the LGTFs of complex spherical harmonics (CSH) (or the 
complex LGTFs). The complex LGTFs could be appropri- 
ately adopted for linear molecules. However, for general 
polyatomic molecules the LGTFs of real spherical harmon- 
ics (RSH) (or the real LGTFs) are more suitable. Thus, in 
the present paper the real LGTFs have been employed for the 
analysis. The formulas of molecular integrals over the real 
LGTFs have been found a little more complicated than those 

over the complex LGTFs but their analysis has been done 
almost parallel to the one on the complex LGTFs. In I, the 
analysis was done on various molecular properties and the 
formulas of the energy integrals (i.e., the overlap, the ki- 
netic energy, the nuclear attraction, and the electron-repul- 
sion integrals) were derived indirectly as special cases of 
integral formulas of more general properties. In the present 
paper, analysis has been limited to the one on the energy in- 
tegrals but their formulas have been derived directly through 
the definitions and properties of the real LGTFs so  that their 
derivations might be more transparent. For nuclear-attrac- 
tion integrals the formulas based on the point as well as the 
Gaussian nuclear charge distribution models are presented. 

In Sect. 2 the real LGTFs are defined and the Talmi 
transformation among them is described. In Sect. 3 the for- 
mulas of the energy integrals are derived directly using the 
definitions and the properties of the real LGTFs. Section 4 
gives some concluding remarks. In the appendices some of 
the formulas and properties used in Sects. 2 and 3 are de- 
rived and discussed. 

2. Laguerre Gaussian-type functions 
and Talmi transformation 

2.1. Laguerre Gaussian-type functions 
The unnormalized LGTF of real spherical harmonic is 

defined by 

12.11 xaN(r) = (- l)'PN(V) exp (-ar2),  

where N is a set of integers (quantum numbers): 

[2.2] N = (n, 1, m) 

n and 1 being nonnegative and Iml 5 1. The operator PN(v> 
is obtained by substituting the differential operators d/ax, 
d/dy, and d/dz into the Cartesian coordinates x, y,  and z in 
the homogeneous solid harmonic Yn,(r) = r2""~,,(0,+). In 

Rinted in Canada 
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MATSUOKA 389 

the present paper the RSHs Y,,,(0,+) are defined through the pressed in terms of the Moshinsky-Smirnov coefficients (5,  
CSHs Y/,,,(@,+) of Condon-Shortley as: 6)  and Niukkanen coefficients (7) (see also [2.16] and [2.24] 

Y1.- ,,,,, (0,+) = (i/V2)[Yl.-,,,,,(e,+) 

- ( - 1 )"'rl.,,,,,(e,+)l 

where i is the imaginary unit. The real LGTF defined by 12.11 
is written explicitly as 

l2.41 xahi (r) = ~,,,~L;f+""(ar') exp (-ar2)yOl,,,(r) 

where 

and the generalized Laguerre (or Sonine) polynomial is de- 
fined by 

T(x) being the Gamma function. A derivation of [2.4] is given 
in Appendix 1 .  

The real LGTF located at position A is thus written as 

[2.71 X ~ , ~ N ~ ( ~ M )  = f N A ( v A )  ~ X P  (-a,&) 

where r,, = r, - A ,  r, being position of the electron p, and 
V,  is the differential operator with respect to the position 
vector A. Here we have used the fact that ? N , , ( ~ M )  = 
(- l)lf'?N,,(~,) when operating on a function of argument rv. 

For analysis of nuclear-attraction and electron-repulsion 
integrals, it is convenient to generalize the definition of the 
real LGTF, [2.1], to include the case when n = - 1 :  

l2.81 X U ( -  1)1,,,(r) = -@a)'- ' ~ 1  (ar2)y01,,,(r) 

where the incomplete Gamma function is defined by 

,-I 

l2.91 F,(t) = duu" exp (- tu2) J o  
2.2. Talmi transformation 

A product of two real LGTFs x,,,,(r,) and xaZNz(r2) can be 
written as a finite sum over the products of two real LGTFs 
xalNJ(r3) and xaANA(r4) of coordinates r3 = r ,  - r, and r, = 
(a , r ,  + a,rz)/(a,  + a*) with a,  = a,a , / (a ,  + a,) and a,  = 
a ,  + a?: 

of 1). 
Using 12.101 a product of two real LGTFs located at A and 

B with exponent parameters a, and a,  respectively, can be 
expressed again in terms of real LGTFs located at P = (a,A 
+ a6B) / (aA  + a,): 

where 

In [2.12] and [2.13] a ,  = a, + a,, aR = aAa,/(aA + a,), 
and BA = B - A and the indices Np and NR have to satisfy 
the relation 

3. Molecular integrals 
In this section the formulas of the energy integrals are de- 

rived. For the analysis an operator identity will be used: 

Here the summations over n and 1 are done under the re- 
striction 

and m takes two values m+ and m- given by ( 8 ,  9)  

[3.3] m, = sign ( m , )  sign (m,) I (Im11 * Imzl) I 
where 

[3.4] sign (x)  = + 1 for x 2 0 

and sign (x)  = - 1 for x < 0 

In Appendix 2 the Gaunt coefficients Z of RSHs are related 
to those of CSHs. 

3.1. Overlap integral 
Using [2.12] the overlap integral is reduced to 

Using the orthogonality properties of the Sonine polynomi- 
als and the RSHs the basic integral in [3.5] reads 

where The indices N, ,  N,, N,, and N, have to satisfy the relation 

[2.11] 2n, + 1, + 2n2 + 12= 2n3 + I ,  + 2n, + 1, [3.7] u ( a )  = 1 ~ / 2 a " ~  

Relation among magnetic quantum numbers m,,  m,, m3, and Hence the overlap integral, [3.5], is further reduced to 
m, is a little more complicated than the one for the complex [3.8] (a,NA I a,N,) = a ( a p ) ~ ( O O O ;  a , ~ A ,  a , ~ ,  I BA) 
LGTFs ([2.14] of I) and is discussed in Appendix 2. The 
relation [2.10] is known as Talrni transformation (4)  and the The formula [3.8] can be adopted in practice for the com- 
coefficients T are called Talmi coefficients which are ex- putation. However, using a formula of the Talmi coeffi- 
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MATSUOKA 39 1 

where a, = ~ i p ~ i ~ / ( a p  + a,). As [3.26] shows the integral 
in [3.25] depends on QP = Q - P so that PNQ(vQ) in [3.25] 
can be re~laced by (- l)'"PNQ(~p). Then using [3.1] for the 
product Y ~ , ( V ~ ) P ~ ~ ( V ~ )  and noting 

we obtain for the basic integral of [3.25] 

where (T is defined by [3.7] and the summations over NT = 
(n,, l,, m,) are done under the restrictions 

and 

A derivation of [3.27] is given in Appendix 1 

4. Concluding remarks 
In previous works (1-3), the formulations of molecular 

integrals were done over the complex LGTFs so that they are 
suitable for the calculations of linear molecules. In the present 
work the formulation has been done over the real LGTFs so 
that it is expected to be useful for general polyatomic mol- 
ecules. 

The formulas of molecular integrals over the real LGTFs 
are a little more complicated than those over the complex 

I LGTFs. The complications in the case of real LGTFs are due 
1 to two reasons: ( I )  The total magnetic quantum number m 
I in the Gaunt coefficient defined for the RSHs takes two 
I values, [3.3], while the corresponding quantum number for 

the CSHs takes only one value such that m = m, + m2 ([3.3] 
of I). (2) In the Talmi coefficients f defined for the com- 
plex LGTFs there is a simple relation [A2.6], while in the T 
for the real LGTFs the relation among the magnetic quan- 
tum numbers is a little more complicated. Thus except for 
these complications the formulas over the real LGTFs are 
almost the same as those over the complex LGTFs. 

In nonrelativistic calculations the LGTFs, [2.1], with 
quantum number n = 0 are usually employed and in relativ- 
istic calculations the LGTFs with quantum number n = 0 and 
1 are needed. Thus if we restrict ourselves to adopt only the 
LGTFs with quantum number n = 0 (and l),  we should get 
some simplifications for the integral formulas. 
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Appendix 1. Explicit expressions of Laguerre Gaussian- 
type function and of basic integrals for nuclear- 

attraction and electron-repulsion integrals. 
Fieck (2) suggested a derivation of the expression [2.4] via 

recursion formula and sketched the proof of the expression 
[3.20] and [3.27] via Poisson equation. In this appendix other 
direct derivations of these expressions will be presented using 
a generalized gradient formula (3). 

Fujimura and Matsuoka (3) generalized Bayman's gra- 
dient formula (12) of solid harmonic to include the homo- 
geneous solid harmonic. For an arbitrary radial function f(r) 
the generalized gradient formula (3) reads 

= z z(lm I 11m1, ~2m2)g2rI,+/l,/2./(r)Y,(8, 4)  
In, 

where the summation over 1 extends from 11, - 12( to 1, + l2 
in step of 2, z is the Gaunt coefficient defined by [3.1], and 

the summation over k being done in the range [0, (2n, + 1, 
+ 12 - 4/21, 

Using [A1 . l ]  for exp (-ar2) and noting the definition of 
Sonine polynomial, [2.6], it is straightforward to get an ex- 
plicit expression of the real LGTF: 

If one notes that 

and using [A1 . l ]  for F0(ar2) it is also straightforward to de- 
rive 

where on the second line the generalized definition of the 
LGTF, [2.8], has been used. 

In order to prove [3.20] and [3.27] for n = 1, 2, 3, . . . , 
we use [Al.  11 for F0(ar2) and also use the recursion rela- 
tion: 

[A1.6] (2m + l)Fm(t) - 2tF,,,+ ,(t) = exp (-t) 

Then we get 

[A 1.71 Pl,(~)F0(ar2) = -2a exp ( -a r2) / (4~) ' / '  

If we note that 

[Al .  81 Pnlm(v) = f n -  l,ltn(v)fl,(v)/y,(e, 4 )  

and use [A. 131 in this equality, then we get 

lA1.91 f,,im(v)~o(ar2) = - 2 4 -  1)/xa("- l)lm(r) 
( n =  1 , 2 , 3 ,  ...) 

Equations [A1.5] and [A 1.91 prove [3.20] and. [3.27]. 
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Appendix 2. Talmi and Gaunt coefficients of real 
spherical harmonics 

The RSHs Y,,,,(0, +) are obtained from the CSHs ~/,,,(0, +) 
by a unitary transformation: 

From [2.3] it is seen that only the following elements of the 
unitary matrix U are nonvanishing: 

[A2.2] U W = 1  

Thus the inverse transformation is written as 

Hence, using [A2.1]-[A2.3], all the quantities defined for 
the CSHs in I can be transformed to those for the RSHs. 

The Talmi transformation for the complex LGTFs %,(r) 
is defined as (eqs. [2.12]-[2.14] of I) 

Using [A2.1] and [A2.3] in [A2.4] the Talmi coefficients T 

of real LGTFs, eq. [2.10], are written by those of the CSHs, 
7, as 

= C T(a3n313p.3, ~4n4l4p.4 I ~ I ~ I ~ , P I ,  a~n2lZp.~  
PIP2CLIPJ 

x ~ : l ~ l ~ : 4 P 4 ~ , , l , ~ ,  u,,,2P? 
Among the indices the relations [2.11] and 

hold. Among the indices m,, m2, m,, and m4, relations like 
[A2.6] hold but their explicit expressions would not be nec- 
essary for writing the computer program for the coeffi- 
cients. It should be noted that the coefficients T as well as T 
are real. 

The Gaunt coefficients for complex homogeneous solid 
harmonics ~,,,,,,(r) are defined by (eq. [3.1] of I) 

[A2.71 ~ ~ , ( r ) ~ ~ = ( r )  = x ~ ~ ( r ) s ( l m  1 l lml,  12m2) 
N 

where relations [3.2] and 

hold. Thus, using [A2.1] and [A2.3] in [A2.7], the Gaunt 
coefficients E for real homogeneous solid harmonics are 
written as 

where p. = p., + p.2 and index m takes two values given by 
[3.3]. 0-ohata and Ruedenberg (8, 9) give more explicit 
expressions for [A2.9]. It should be noted that the coeffi- 
cients E as well as 5 are real. 
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Electronic structure of lower singlet states of binuclear copper acetate monohydrate 
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KATSUYUKI OGASAWARA, YUJI MOCHIZUKI, TAKESHI NORO, and KIYOSHI TANAKA. Can. J .  Chem. 70, 393 (1992). 
The electronic structures of the ground state and the excited states due to the 3d-3d transition of copper acetate 

. , 
monohydrate are investigated by ab  irzitio calculations. No direct bond is obtained between the two Cu ions, but they 

. . 
I 

, . ,  
are bonded by bridges of the four acetates. The excited states represented by the one-electron excitation of an occupied 

. . .  . 3d electron to an unoccupied 3d orbital in either of the two Cu's are located around 1.6- 1.8 eV, which corresponds to 
the energy region of band I. Those of the simultaneous one-electron 3d-3cl excitation in both Cu's (i.e., two-electron 
excitation) are located around 3.2-3.4 eV. They correspond to the energy region of band 11. 

Key words: copper acetate monohydrate, binuclear compound, bridged bond, 3d - 3d excited states. 

KATSUYUKI OGASAWARA, YUJI MOCHIZUKI, TAKESHI NORO et KIYOSHI TANAKA. Can. J. Chem. 70, 393 (1992). 
Faisant appel 8 des calculs ab  initio, on a CtudiC la structure Clectronique de I'etat fondamental et des etats excites 

resultant de la transition 3d-3d du monohydrate de l'acetate de cuivre On n'a pas observe de liaison directe entre les 
deux ions de Cu; ils sont toutefols rel~es aux quatre acetates par des ponts. Les &tats exc~tks, reprksentes par l'excitation 
d'un electron de l'orbitale 3d occupee vers l'orbitale 3d inoccupee de I'un ou l'autre des deux Cu, sont situes autour de 
1,6-I ,8 eV et ceci correspond la region d'energie de la bande I. Ceux de l'excitation simultanee d'un electron 3d-3d 
des deux Cu (c'est-&dire une excitation 8 deux electrons) sont situes autour de 3,2-3,4 eV. Ils correspondent 8 la rCgion 
d'energie de la bande 11. 

Mots elks : monohydrate de l'acetate de cuivre, compose binucleaire, liaison pontke, Ctats excites 3d- 3d. 
[Traduit par la redaction] 

1. Introduction 
1 Many dimeric copper(I1) compounds exhibit subnormal 

magnetic moments and have long been studied extensively 
(1). Binuclear copper acetate monohydrate is a typical ex- 
ample of this type and has been investigated by experiments 
on its geometrical structure, magnetic properties, and elec- 
tronic spectra (2). The two copper ions are bridged sym- 
metrically by four acetates, and two waters coordinate aloqg 
the Cu-Cu axis (3, 4). The Cu-Cu distance is about 2.62 oA, 
which is a little larger than that in the Cu metal (2.56 A). 
There is some controversy on the bonding character (&bond 
(5) or cr-bond (6))  between the Cu unpaired 3d electrons, and 
no direct bond between two Cu's (1, 2). 

Measurements of the magnetic succeptibility of the sys- 
tem indicated that the ground state of the complex is singlet 
(1, 2); the magnetic moment of this system is lower than the 
values usually found for copper(I1) compounds and the 
magnetic susceptibility decreases as the temperature de- 
clines. 

Copper acetate monohydrate is known to have three broad- 
band systems in its electronic transition spectra: band I (1.6- 
1.8 eV), band I1 (3.2-3.4 eV), and band I11 (3.7-6.2 eV). 
Since the experimental work by Tsuchida et al. (7), the or- 
igin of these bands has been a topic of great discussion (26). 
The bands that correspond energetically to bands I and 111 
have been observed in mononuclear Cu complexes such as 
CuS0,(OH2), (1). The assignment of band I has been estab- 
lished to be 3d-3d single-electron excitation in a Cu ion (8) 

'present address: Software Development Department, Personal 
System Division, Fujitsu Limited, 101 5, Kamikodanaka, Nakahara- 
ku, Kawasaki 21 1 ,  Japan. 

'present address: Department of Exploratory Research, NEC 
Tsukuba Research Laboratory, Miyukigaoka 34, Tsukuba 305, 
Japan. 

' ~ u t h o r  to whom correspondence may be addressed. 
Printed in Canada 

and band I11 has been assigned as a ligands-to-metal charge 
transfer (CT) band (9). Band I1 is a weak shoulder on band 
111, which is much broader and stronger. The origin of band 
I1 has not yet been established. It has been tentatively as- 
signed by various researchers: single 3d electron excitation 
(9, lo), double excitation of 3d electrons (1 I), and CT tran- 
sition from ligands to copper (12, 13). Recently, Ross et al. 
(14) performed a detailed investigation of band I by the use 
of magnetic circular dichroism (MCD) and considered the 
spin-spin coupling between the two coppers in the excited 
states making up band I. They also discussed the assign- 
ment of band I1 (they called it the dimer band) and tenta- 
tively concluded that the band is due to CT from the ligands 
to the copper ion. 

Several simple theoretical studies (9- 1 1, 13, 15, 16) were 
carried out on the spin coupling between the coppers and the 
electronic structure of the ground and excited states. Oth- 
erwise, only one ab  initio calculation has been carried out, 
by de Loth et al. (17). They used a split valence basis set and 
calculated the energy separation between the lowest singlet 
and triplet states. They discussed the exchange mechanism 
of the two Cu's in the ground state. 

In this work, we cany out ab  initio calculations on this 
system and discuss the electronic structure of the ground state 
and the lower singlet excited states. We focus our attention 
especially on the character of bonding between the two Cu's 
and the classification of the excited states corresponding to 
bands I and 11. 

2. Method of calculation 
The geometrical structure of a copper acetate monohy- 

drate is shown in Fig. 1. The molecular plane of the two 
waters (axial ligands) is assumed to bisect the two bridging 
acetate planes. The CH, group in each acetate ion is re- 
placed by a hydrogen. This may help to reduce computing 
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FIG. 1 .  Schematic geometrical structure of copper acetate 
monohydrate. 

effort without sacrificing the reliability of the calculated re- 
sults. The structure belongs to the DZh symmetry point group. 
The geometrical parameters are taken from the neutron dif- 
fraction data obtained by Brown and Chidambaram (3) and 
they are shown as follows: 

The basis set used is composed of the MIDI4, split va- 
lence type, given by Huzinaga and Tatewaki (1 8), (3,3,3,2, 
1/3,3/4,1) for Cu, (4,2,1/3,1) for 0 and C,  and (3 , l )  for 
H. A diffuse p-type primitive Gaussian function (exponent 
= 0.117) is augmented to the Cu basis set. The total num- 
ber of basic orbitals is 190. In calculating molecular inte- 
grals, we employ the integral approximation based on the 
semi-orthogonalized orbitals by Osanai and Kashiwagi (19). 

We carry out a self-consistent field (SCF) calculation on 
the lowest 3 ~ , ,  state. The wave function may be represented 
by the use of a component of 3d, (3dJ as follows 

[ l ]  (Closed shell structure)[3d,,(8b1,)13d,(6a,)'] 

where 3d, is directed toward the four oxygens of the equi- 
lateral ligands around each copper and the MO's 3d,r,(8b1,) 
and 3d,.(6au) are primarily represented by bonding and anti- 
bonding of the two 3d,'s, respectively. The closed-shell part 
of the wave function is expressed by the following elec- 
tronic configuration 

This wave function ensures possible diradical form where two 
parallel spins are localized primarily on the 3d, atomic 
orbitals (AO's) of the two coppers. Starting from the mo- 
lecular orbitals (MO's) thus obtained, we carry out a two- 

configuration self-consistent field (TCSCF) calculation where 
the two configurations are as follows: 

[3] (Closed shell structure)[3d,(8bl,)'] 

[4] (Closed shell stru~ture)[3d,,(6a,)~] 

The mixing of these two configurations is also possible, to 
describe the diradical form of the singlet coupling of the two 
unpaired electrons localized on 3d,.. AO's of the two cop- 
pers. 

FVCI (full valence configuration interaction) calculations 
for the singlet ground state and excited states are carried out 
by the use of the resultant TCSCF MO's. As the predomi- 
nant configurations are not well known for the lower ex- 
cited states, especially for the doubly excited states, the FVCI 
scheme may help to avoid generating an inappropriate set of 
configuration state functions (CSF). In the FVCI calcula- 
tion, the following orbitals are taken as frozen core orbitals: 

They are mainly composed of the core orbitals of Cu(ls, 2s, 
3s, 2p, and 3p), the occupied orbitals of C and H, and the 
occupied orbitals of 0 except for the 2p, orbitals, which be- 
long to the equilateral oxygen ligands. In generating CSF's, 
we take all possible distributions of the 34 valence electrons 
on the 20 valence orbitals, which are mainly represented by 
3d, 4s orbitals of the coppers and oxygen 2p, orbitals of acetic 
acids. These 2p, orbitals are directed toward the copper. 
Those orbitals are shown in Table 1 in connection with the 
irreducible representations. As the resulting occupied MO's 
of the TCSCF wave function are not eigenfunctions of a 
Fock-like operator, it is easy to partition those MO's of the 
closed-shell part into core orbitals and valence orbitals. This 
is because any unitary transformation among the closed-shell 
MO's does not change the total wave function. The valence 
MO's, mostly representing 3d and 2pu, are projected out from 
the TCSCF wave function by the corresponding orbital 
technique (20). In projecting out the valence MO's, we pre- 
pare the MO's of the SCF wave functions on the fragments, 
(cu2+), and (HCOO-),(H,O),, separately. By the use of the 
3d dominant MO's of the (cu2+), triplet wavefunction of the 
configuration 

[5] (Closed shell structure)[3dqg13dxyu1I 

the 3d type valence MO's are projected out from the occu- 
pied orbitals of the TCSCF wave function of the complex. 
The 2pu(0) MO's of the ground state SCF wavefunction of 
(HCOO-),(H,O), are used to project out those 2p,-type va- 
lence MO's of the compound system. The unoccupied 4s-type 
MO's are projected out from the unoccupied orbital space so 
as to maximize the overlap with the 4s dominant MO's of 
(cu2+), obtained from the SCF MO's of the septed wave- 
function of 

161 (Closed shell structure)[3d,~13d,~u13d,g13dx~,14s,14s,1] 

The number of CSF's of the FVCI are of the order of 
47 300-47 900 for the states under consideration ('A,, 'B,,, 
I I 
B2,, B3,, 'Au, 'BI,, 'BZu, and IB,,). 
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OGASAWARA ET AL 

TABLE 1 .  The valence MO's in the FVCI 

Symmetry Orbital number Assignment 

15a,- 18a, 0 2pu Cu 3dZ2 Cu 3d,2-,. Cu 4s 
7blg-8bl, 0 2 p ~  CU 3d,, 
862,-962, 0 2 p ~  CU 3d,, 
8hg-9b3, 0 2pu Cu 3dY, 
5a,-6a, 0 2pu Cu 34, 

136,"-166," 0 2pu Cu 3d,2 Cu 3d,z-,2 Cu 4s 
1 Obz,- 1 1 bzu 0 2pu Cu 3d,, 
1 0b3,- 1 1 b3, 0 2po Cu 3d,, 

TABLE 2. Mulliken population analysis of the 'A,, 3 ~ 1 ,  states by the use of the 
(TC)SCF wave function" 

P d 

Atom s u 7~ u 7~ 6 Total 

"The numbers for population are the same within the given digits for the two states: TCSCF 
for 'A,, and SCF for 'B, . .  

bBelonging to the acetic acid. 
'Belonging to water. 

3. Results and discussion 
3.1. (TC)SCF results: character of the lowest 'A, 

and 'B,,, states 
The TCSCF energy of the lowest 'A, state is -4169.11 130 

hartree. This is slightly lower than the SCF energy of the low- 
est 3 ~ , u  state by about 0.0005 eV. By experiment, the ground 
state of the system is singlet and its energy is lower than the 
lowest triplet state by about 0.035 eV (2 ) .  The energetical 
order of the two states is in accord with experiment, but this 
energy separation is very small. As was pointed out by de 
Loth et al. (17), we should employ a much more extensive 
computational method than the TCSCF or SCF scheme to 
obtain energy separation comparable to experiment. 

The Mulliken-type population analysis is performed for 
the 'A, and 3 ~ l u  states by the use of the (TC)SCF wave 
functions. The results are summarized in Table 2. In both 
states, each Cu is populated by about 28 electrons, i.e., Cu+ 
rather than c u 2 + .  If one sees the results in more detail, one 
notes that the 3d shell is occupied by about 9 electrons and 
the electron population of the 4s  and 4p shell is about 0.8.  
The population of the 3d8 orbitals in the two states is about 
3 for each copper. The two unpaired electrons are localized 
on the 3d, of the coppers. All oxygens are occupied by about 
8.6-8.7 electrons, which means that oxygens are nearly 0-. 
The overlap population between the two coppers is about 
-0.02, whereas that of Cu-0 (acetic acid) is about 0.29.4 

I 1 I I I / - dipole I. 

2 el. excitation { 
I 1 k a .  

/-I \ I 1 I Z'BZU Z'B~U l 1 ~ l U  3'BZu 3 ' ~ ) ~  

1 el. excitation { I dipole I. 

1 t----- dipole a. 
i-\ 

1 ' ~ ~ ~  1 ' ~ ~ ~  

FIG. 2. Calculated vertical excitation energies in comparison with 
bands I and 11. Note: The term "dipole f." means dipole-forbid- 
den transition and "dipole a." represents dipole-allowed transi- 
tion. 

?he overlap population of Cu-O(water) is 0.17. 
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This indicates that the two coppers are not bonded directly 
but bridged by the four acetic acids. 
3.2 The FVCI results: the d-d singlet excited states 

Using the results of the FVCI, we are going to discuss the 
lower excited states. The total energy of the ground state ('A,) 

I 
is -4 169.46775 hartree. The calculated excitation energies 

I are also compared with the observed excitation spectra in Fig. 
2. Table 3 shows excitation energies, leading configura- 
tions, and their coefficients for the excited states below 4 eV 
relative to the ground state. The configurations A and B that 
are shown in the table correspond to those given by eqs. [3] 
and [4], respectively. They contribute primarily to the ground 
state wave functions. The lower 3d to 3d excited states are 
described by excitation to the 3d,,(au) MO, which is empty 
in configuration A, or by excitation to an empty MO of 
3d,,(bl,) in configuration B. 

The wave function of the ground state is expressed by the 
out-of-phase combination of the two configurations with 

almost the same weight. This may be schematically ex- 
pressed by 

where 3d,.(l) is an A 0  of a copper and 3dJ2) is that of an- 
other copper and [3d,.(l)'3~1~,,.(2)1]"' represents the singlet 
coupling of two electrons occupying the two AO's. 

Every excited state given in the table is also expressed by 
two primary configurations and they mix with almost equal 
weight. The excited states are described as essentially intra- 
3d excitations. All the excited states that lie below 2.0 eV 
are represented mainly by single electron excitations from 
A or B. They are primarily described as 3d to 3d single 
electron excitation in either of the two coppers. As an ex- 
ample, we show a schematic form of the wave function of 
the 1 'BIu state in terms of AO's in a form similar to eq. [6]: 

This wave function represents the single electron excita- 
tion (3d,, + 3dV) in either of the Cu's. 

Our interest has been drawn to the ordering of the 3d lev- 
els. By the present calculation, the first two excited states are 
3d,:-,.2(db1) to 3d,..(d,) excitation and the excitation energy is 
about 1.4 eV. The lobe of 3d,2_,,r bisects the 0-Cu-0 
angle where the 0 ' s  are equilateral ligands. The next four 
levels are d, (3d,, and 3d,,) to 3d,,, excited levels. They are 
located around 1'.6 e ~ :  The 3d:z (d,) level is the most stable 
and 3d,2 to 3d,, excitation is found at about 1.9 eV. It is in- 
teresting to compare the excitation energies of these excited 
states with band I. Dipole-allowed transitions of the 1 'B,, and 
11B2, states (1.58 and 1.61 eV) are in especially good 
agreement with the center of the peak of band I (1.8 eV). The 

present results indicate that band I is composed of 3d to 3d 
single electron excitation in either of the two coppers. All 3d 
to 3d singly excited states lie below 2 eV and the assign- 
ment of 3d to 3d single electron excitation (9, 10) to band I1 
is not supported. 

The excited states higher than 2.7 eV are led by doubly 
excited configurations, double electron excitation to the 
empty 3d,v,.(au) MO in configuration A or, in other words, 
excitation to the empty 3d,.(b,,) MO in configuration B. They 
are essentially described.as simultaneous single electron 3d- 
3d excitation in both coppers. As an example, the wave 
function of the l ' ~ , ,  state is given in terms of AO's as fol- 
lows: 

This wave function represents two-electron excitation 
(3d,2-,? -+ 3d,, in one Cu and 3d,2 + 3d,, in another Cu). 

Although the transition probability to these doubly ex- 
cited states should be small even in the dipole-allowed 'B,,, 
'B~, ,  and 'B,, states, it is interesting to note that the five di- 
pole-allowed excited states, IB?, (2.96 eV, 3.52 eV), 'B,, 
(2.99 eV, 3.55 eV), and 'B,, (3.30 eV), are located at com- 
parable transition energies of band 11, which is centered 
around 3.3 eV. As band I1 is a very weak shoulder of band 
111, it is highly possible that band I1 originated from one- 
electron 3d to 3d transitions in both coppers simulta- 
neously. Hansen and Ballhausen (1 1) assigned band I1 as 
doubly excited ((d,)' to (d,)') transition. This excited state 
is the 6'A, state by the present calculation. This state is rep- 

resented by singlet coupling of the unpaired d, electrons in 
both Cu's and is unstable relative to the ground state by about 
3.9 eV. 

Apart from these states, we also calculated the energies 
of the CT states. The excitation energies for the CT states are 
about 10 eV or more. They are much higher than those for 
the broad peak of band 111, which are supposed to have 
originated from CT excitation. The variational space se- 
lected in this calculation is limited to the one that is appro- 
priate to describe only d-d transitions, and CT states would 
not be predicted well by the present calculation. In this con- 
text, possible contribution of CT to band I1 (12-14) is not 
denied by the present calculation. More extensive calcula- 
tion is desired for this purpose. 
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TABLE 3. Excitation energies (eV) and a rough description of the wave functions of the ground state 
and the lower singly excited states 

Symmetry Excitation Type of 
representation energy (eV) configuration Transition" Coefficient 

"Transition relative to the type of configuration (A or B) described by the primary character of the MO's 
"Dipole allowed relative to the ground state. 
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4. Summary 3. G. M. Brown and R. Chidambaram. Acta Crystallogr. Sect. 

By using a split valence basis set and employing the lim- 
ited FVCI scheme, we have investigated the electronic 
structure of the ground and lower Cu 3d-3d excited states 
of the binuclear copper acetate monohydrate. Each copper 
has almost nine 3d electrons, but it is formally not CU'+ but 
Cu'. About 0.8 electron is back-donated to 4s and 4p shells. 

The excited states due to 3d to 3d single electron transi- 
tion in either Cu contributes to band I, as is well estab- 
lished. The excited states distributed between 3.0 and 3.6 eV 
are primarily led by 3d to 3d single electron excitation in both 
coppers simultaneously. The present result suggests that these 
states contribute to band 11, which is a weak shoulder of the 
strong absorption band 111. 
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YASUYUKI ISHIKAWA. Can. J. Chem. 70, 399 (1992). 
Relativistic many-body perturbation theory calculations on Xe have been performed with basis sets of well-tempered 

Gaussian-type functions of Huzinaga and Klobukowski. The well-tempered Gaussian-type functions were used in both 
contracted and uncontracted form. The contracted Gaussian basis sets used in the relativistic many-body study are de- 
signed to retain flexibility for correlated calculations both in the core and the valence region. They reproduce second- 
order energy corrections computed with uncontracted Gaussian basis sets to an accuracy of greater than 99%. A 
compact representation of the relativistic wave functions in terms of contracted well-tempered Gaussian functions used 
in the present study provides a useful means of curtailing integral storage requirements and the time needed for corre- 
lated calculations, while still retaining high accuracy in relativistic electron correlation effects. 

Key words: Dirac-Fock, relativistic many-body perturbation theory, well-tempered Gaussian basis, xenon. 

YASUYUKI ISHIKAWA. Can. J.  Chem. 70, 399 (1992). 
Utilisant des ensembles de base de fonctions gaussiennes de Huzinaga et Klobukowski bien aplanies, on a effect& 

des calculs relativistes de la thCorie perturbationnelle i plusieurs centres sur le Xe. On a utilisk les formes tant con- 
tractCe que non-contractCe de ces fonctions de type gaussien. Les ensembles gaussiens de type contract6 sont utilisCs dans 
1'Ctude relativiste i plusieurs centres afin de conserver une certaine flexibilitk dans les calculs comportant une corrClation 
dans les rCgions tant du coeur que de valence. 11s permettent de reproduire, avec une prCcision de plus de 99%, les cor- 
rections d'Cnergie du deuxikme ordre calculkes avec des ensembles de base gaussiens non-contractks. Une reprksentation 
compacte des fonctions d'onde relativistes en termes de fonctions gaussiennes bien aplanies contractkes utiliskes dans 
la prksente Ctude fournit un moyen utile de rCduire les besoins d'emmagasinage intCgral et le temps nkcessaire pour ef- 
fectuer des calculs corrClCs, tout en maintenant une grande prkcision dans les effets relativistes de codlation Clectronique. 

Mots cle's : Dirac-Fock, thCorie perturbationnelle relativiste a plusieurs centres, ensemble de base gaussien bien aplani, 
xCnon. 

[Traduit par la rkdaction] 

Introduction 
Many-body perturbation theory (MBPT) has been recog- 

nized as a powerful approach to the non-relativistic corre- 
lation problem for atoms and molecules (1). In the last few 
years, a relativistic version of the many-body theory, which 
accounts for both relativistic and electron correlation ef- 
fects, was developed by a number of groups by using ana- 
lytic basis functions (2-1 l). The relativistic MBPT algorithm, 
based on an expansion in analytic basis functions (2-1 I), has 
the advantage that it provides the compact representation of 
the complete Dirac spectrum, and greatly facilitates the 
evaluation of the many-body diagrams using finite summa- 
tions (2, 6). 

The technique of basis set contraction has not been widely 
employed in atomic calculations. In view of the computa- 
tional difficulties in many-body calculations on heavy-atom 
systems, a basis set contraction that does not affect the ac- 
curacy in electron correlation energy would be especially 
useful in applications to heavier atoms. The approach to 
contraction in molecular calculations has been articulated by 
Dunning (1 2), Huzinaga (1 3), Pople and co-workers (14), 
and Wilson (15). In this approach, Gaussian-type functions 
(GTF) that represent the core region are extensively con- 
tracted, while valence functions are left uncontracted to 
provide flexibility in describing bond formation. The con- 
tracted basis sets reproduce the relativistic corrections well 
at the Duac-Fock (DF) SCF level (16). However, they give 
relatively poor values for second- and thud-order MBPT 
Rinted ~n Canada 

energy corrections (16). These basis sets have been derived 
to reproduce valence, but not core or  core-valence interac- 
tions. 

Atomic calculations, which aim at much higher accu- 
racy, must employ the largest practical basis sets. Provided 
that the error introduced by basis set contraction is a frac- 
tion of the absolute error in an atomic calculation, con- 
tracted basis sets should provide a useful means of curtailing 
computation time as well as integral storage in relativistic 
MBPT calculations on heavier atoms. In a previous study 
(17), we explored a way to reduce the computational bur- 
den in relativistic MBPT calculations on Kr by using con- 
tracted and uncontracted GTF basis sets. In the present study, 
the feasibility of a practical relativistic MBPT on heavy atoms 
is examined by electronic structure calculations of the ground 
state X e  atom by using contracted well-tempered GTF. The 
Xe atom possesses 54  electrons, and is one of the heaviest 
atoms to which non-relativistic and relativistic MBPT em- 
ploying analytic basis functions have ever been applied. 

Methods 
In c-number theory, the approximate N-electron 

Hamiltonian for our development of relativistic MBPT cal- 
culations is the so-called relativistic "no-pair" Dirac-Cou- 
lomb (DC) Hamiltonian (18, 19), 
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where 2,  = L + ( l )  .L+(2)  . . . L+(N),  and L , ( i )  is the pro- 
jection operator onto the space spanned by the positive-en- 
ergy eigenfunctions, {+,TJ of the radial Dirac-Fock operator, 
F ,  (19 ,  20).  

where 

and 

The radial functions P,,,(r) and Q,,,(r) are referred to as the 
large and small components, respectively. P,,,(r) and Q,,,(r) 
may be expanded in sets of basis functions. 

In the second-quantized, particle-hole formalism, the "no- 
pair" DC Hamiltonian may be expressed in terms of nor- 
mally ordered products of the spinor operators, [ r ' s ]  and 
[I. b . ~ + ~ t ] ,  

Here f,, and (rslltu) are, respectively, one-electron DF and 
antisymmetrized two-electron Coulomb interaction matri- 
ces over the DF four-component spinors, r ,  s ,  t ,  and u .  
Normal ordering implies that, in the vacuum state, annihi- 
lation operators are moved to the right of creation operators 
as if all anticommutators vanish. The Fermi level is shifted 
to the highest occupied,positive energy state. The creation 
operator then appears to the right of a normally ordered set 
when i t  refers to an occupied positive energy state, while the 
annihilation operator remains on the right for a positive en- 
ergy virtual state. In this form, the no-pair Hamiltonian is 
restricted to contributions from the positive energy branch 
of the spectrum. 

In a series of studies ( 9 ,  21) ,  we have performed DF 
Gaussian basis expansion calculations on one- and many- 
electron systems with a finite nucleus model. In these studies, 
we have emphasized alteration of the boundary conditions 
such that GTF become the best form for basis functions. 
Representing the nucleus as a finite body of uniform proton 
charge accomplishes that feat. With this representation of the 
potential, for example, the exact s,,? solutions of the Dirac 
equation near the origin are 

so that, for a arbitrary parameters 

Thus, in the finite nuclear model, the GTF of an integer 
power of r are appropriate basis functions because imposi- 
tion of the finite nuclear boundary results in a solution that 
is Gaussian at the origin. In a previous study, we have shown 
that the failure to satisfy the proper boundary conditions near 
the origin may lead to a spurious solution (21) .  

The GTF basis functions that satisfy the boundary con- 
ditions associated with the finite nucleus autornaticaily sat- 
isfy the condition of the so-called "kinetic balance" for a 
finite value of c. The kinetically balanced GTF basis func- 
tions are precisely the form given in eqs. [ 8 ]  and [ 9 ] .  This 
is a consequence of the fact that the exponent of r in the GTF 
basis functions does not depend on the speed of light. In this 
sense, the GTF are chosen to satisfy the condition of kinetic 
balance and relativistic boundary conditions associated with 
a finite nucleus. 

The expansion scheme is applied to basis sets of con- 
tracted functions in a direct extknsion of its application to 
uncontracted functions. Large-component radial functions, 
P,,,(r), are expanded in a basis of contracted functions, 
{x,;(r)) with expansion coefficients {C,,,,") as (16)  

where 

Here the {d,,) are the contraction coefficients. The { f ,k (r ) )  
are the primitive GTFs. The small-component radial func- 
tion, Q,,,(I.) are expanded in a basis of {x,?(r)), 

To insure proper balance, x,?(r) is related to xKiL(r)  as 

We performed DF and MBPT calculations on ground state 
xenon with the well-tempered GTF basis sets of Huzinaga 
and Klobukowski (22)  in a contracted and an uncontracted 
form. The well-tempered GTF basis sets have proven very 
useful in accurate DF SCF (23)  and relativistic MBPT cal- 
culations ( 9 ) .  The Xe nucleus was represented as a sphere 
of uniform proton charge distribution. The atomic mass used 
in the calculations was 131.30 amu. The speed of light used 
was 137.0370 au. To simulate the non-relativistic limit, a 
value of c of lo4  was used. 

'The virtual orbitals used in the study were calculated in 
the field of the nucleus and of all the electrons (V ,  poten- 
tial). Goldstone diagrams have been summed to compute 
Dirac-Coulomb correlation corrections to second order. 
Diagrammatic summation was done within the subspace of 
the positive energy branch, i.e., in the no-pair approxima- 
tion (18 ,  19). 

The DC Hamiltonian used in the present study is approx- 
imate. In the DC Hamiltonian, one-electron interactions 
are treated relativistically as a sum of Dirac one-electron 
Hamiltonians, whereas the two-electron interaction is treated 
non-relativistically as the instantaneous Coulomb repulsion. 
However, the energy shift induced by the low-frequency Breit 
interaction in the SCF and correlated calculations is known 
to be significant for inner-shell orbitals of heavy systems (24). 
In the present study, we have neglected the Breit interaction 
along with the radiative corrections, mass polarization, and 
reduced mass effects. 
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TABLE 1. Basis-set composition of the 21s17p 12r17f6g5h primitive set for rela- 
tivistic DF and MBPT calculations on the Xe atom 

Exponent S 1 / 2  PI/?.?/? d3/?.~/? J 5 / 2 . 7 / ?  Y ~ / ~ . c I / ?  ~ o / ? . I  

X 
X X 
X X 
X X X 
X X X X 
X X X X 
X X X X 
X X X X 
X X X X 
X X X X 
X X X X 
X X X 
X X X 
X X X 
X X X 
X X (XI" 
X X 
x (X)" 
x (X)" 
X 
X 
X 

"Included in the DF calculations using a 21s19~113d basis 

Results and discussion 
We performed DF and MBPT calculations on the Xe atom 

by systematically enlarging the order of partial wave expan- 
sion, i.e., L,,,,. Throughout this work, the non-relativisti- 
cally optimized well-tempered basis set of Huzinaga and 
Klobukowski (22) was used in a contracted and an uncon- 
tracted form. Table 1 contains the uncontracted well-tem- 
pered GTF exponents for Xe. Exponents of higher angular 
momentum functions used to generate the vlrtual orbitals are 
also tabulated in the table for the 2 1 s 17p 12d7f6g5h primi- 
tive GTF basis set. Basis functions in the 21s, 17p, and 12d 
primitive sets in Table 1 were contracted to generate the 
[14s13plOd] contracted set. The contracted basis set was 
derived by grouping the functions of highest exponents. Table 
2 displays the contraction coefficients for the contracted 
[14s13plOd] set. The contraction coefficients were taken 
from the results of the Hartree-Fock calculations obtained 
by Huzinaga and Klobukowski (22). 

Table 3 displays the total DF energies, EDF computed 
by using contracted and uncontracted GTF basis sets. In 
the table, the 21s17p12d primitive functions are those of 
non-relativistically optimized well-tempered Gaussians. The 
2 1s 19p 13d primitive set was constructed by augmenting the 
21s17p12d basis with two 2p and one 3d Gaussian func- 
tions whose exponents are the next highest in Table 1 .  The 
results reveal that contracting basis functions of high expo- 
nents raises the total DF energy markedly. The DF energy 
is sensitive to the type of contraction used in the present 
study. This is understandable because relativistic dynamics 
near the origin are described by the GTF of high exponents, 
and contracting these functions affects the accuracy of the 
relativistic energies. 

Table 4 displays the second-order (Ez) correlation energy 

corrections computed with a partial-wave expansion up to 
L,,,,, = 5. The reductions in the second-order energies, AEl, 
caused by basis set contraction, are given in the third col- 
umn of the table. The results show that such a contraction 
scarcely affects the computed correlation energy correc- 
tions. Comparison of the second-order energy obtained by 
using an uncontracted 21s17p12d basis with that obtained by 
using a contracted 14s13plOd basis set shows that the re- 
duction of the second-order correlation energy due to the basis 
set contraction is only 0.0168 au. The overall reduction 
amounts to 1.7% of the second-order energies obtained by 
using a 2 1s 17p 12d primitive GTF basis set. This is in con- 
trast to the DF SCF calculations in which contracting basis 
functions of high exponents noticeably affects the total DF 
SCF energy. The error in E, is primarily due to the reduc- 
tion of the virtual space in size caused by the basis set con- 
traction in s,/, and 131/2,3,? symmetries. Consequently, this 
error in the second-order energy remains constant even when 
the virtual space is enlarged by including the partial wave 
expansion up to L,,,,, = 3: Use of a 14s13plOd7f contracted 
basis gives the error of 0.01695 au, which accounts for 0.76% 
of the second-order energy, -2.2297 au, obtained by using 
the 14s14p 10d7f contracted basis set. 

The basis set with the highest L,,,, used in the present 
study is the contracted 14s13plOd7f 6g5h set. The second- 
order many-body energy obtained by using this basis is 
-2.74029 au. The experimental estimate of the correlation 
energy in Xe is not known. Using a density functional ap- 
proximation for the correlation energy of the inhomoge- 
neous electron gas, Perdew estimated theoretically the 
non-relativistic correlation energy of Xe to be -3.31 au (25). 

For neutral atoms, the error in the computed correlation 
correction, caused by the truncation of the partial wave ex- 
pansion for L,,,,, r 6,  varies between 1 and 3% depending 
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TABLE 2. Contraction coefficients of the [14s13pIOd] contracted GTF basis sets 

Contraction coefficient 

Exponent 

0.049856 
0.124201 
0.267022 
0.525944 
1.235243 
2.634090 
5.546456 

1 1.720477 
24.524048 
52.022218 
110.24499 
237.19332 
522.83644 
1201.3225 
295 1.2282 
7854.5129 
22818.101 
71055.064 
230587.85 
79209 1.87 
301 1538.7 
17406192.0 

TABLE 3. Dirac-Fock energies of Xe 
computed in contracted and uncon- 

tracted basis sets (in au) 

Basis set EDF 

Numerical limit" -7446.9010 

"Computed by using finite difference DF 
program (ref. 26). 

TABLE 4. Second-order many-body energies of 
Xe computed in contracted and uncontracted 

basis sets (in au) 

Basis set EZ mz 

on the system (9). Thus, the error caused by the basis set 
contraction is less than the error in the correlation correc- 
tion caused by the truncation of the partial wave expansion. 

We have computed the non-relativistic limit of E, by tak- 
ing c = lo4 in our relativistic DF and MBPT calculations. 
This gave -2.7077 au. The results give an estimate of the 
nonadditive contribution due to the interference between 
relativity and Coulomb correlation to be 0.0326 au, which 
is twice as large as that of the Kr atom (17). 

Conclusion 

The present study reveals that the DF energy is sensitive 
to the contraction of GTF of high exponents because of the 
importance of the relativistic dynamics near the origin, while 
electron correlation is insensitive to such a contraction. This 
fact makes it possible to contract the GTF of high expo- 
nents without sacrificing the accuracy in correlated calcu- 
lations. Relativistic atomic structure calculations, which aim 
at high accuracy, must employ uncontracted Gaussian basis 
sets at the SCF level, while contraction can be employed at 
the correlated level. 

The contraction scheme discussed in the present study 
works well for heavy systems because there are a number of 
primitive GTF of high exponents used to represent the core 
region of high Z nucleus, and they may be contracted with- 
out significantly affecting the accuracy of the computed 
correlation energy. The contracted basis sets are kept flexi- 
ble both in the core and the valence region to enable us to 
recover accurate correlation energies both in the core and the 
valence region. The results obtained in the present study in- 
dicate that it is possible to contract the Xe primitive basis to 
a size comparable to those used in MBPT calculations on the 
neon atom (9), while maintaining the accuracy in the cor- 
relation energy. Contracting the 2 1s 17p 12d primitive set into 
14s13plOd reduces both the storage of integrals and the 
computation time by more than 30%. We believe that this 
type of contraction would be very useful for accurate rela- 
tivistic many-body calculations on heavy systems because 
the contraction considerably curtails integral storage re- 
quirements and the time needed for correlated calculations. 
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Dipped adcluster model study for the end-on chemisorption of 0, on an Ag surface 
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HIROSHI NAKATSUJI and HIROMI NAKAI. Can. J .  Chem. 70, 404 (1992). 
Theoretical study for the end-on adsorption of an 0, molecule on an Ag surface is carried out with the use of the dipped 

adcluster model (DAM). The adcluster of Agol is taken and the highest spin coupling model is employed. Electron transfer 
from the bulk metal to the adcluster considered by DAM is important for the occurrence of the chemisorption, and this 
cannot be described by the small-size cluster model. Electron correlations are also quite important and are described by 
the SD-CI method based on the corresponding parent configurations. In the end-on geometry, the superoxide species is 
the ground state, and there are no peroxide species in the lower energy region. The calculated adsorption energy com- 
pares reasonably with the experimental value. The 0-0 axis of the superoxide is inclined by 70"-80" from the surface 
normal. The outside oxygen atom of the adsorbed species seems to be more reactive than the inside one, while the net 
charge on the former is smaller than that on the latter. 

Key words: DAM (dipped adcluster model), silver, superoxide, chemisorption. 

HIROSHI NAKATSUJI et HIROMI NAKAI. Can. J. Chem. 70, 404 (1992). 
Utilisant le modkle de l'<<adagrtgat>> plongC (DAM), on a effectue une etude theorique de l'adsorption par le bout de 

la molecule d'oxygkne sur une surface. On a pris l'<<adagregat>> du Ago, et on a utilise le modkle du couplage des spin 
les plus ClevCs. Sur la base du DAM, le transfer? d'Clectron de I'ensemble du metal vers I'<<adagrCgat>> semble une con- 
dition importante pour que la chemisorption puisse se produire; cette importance ne peut pas &tre dCcrite par le modkle 
des petits agregats. Les correlations d'electrons sont aussi trks importantes et elles peuvent &tre decrites par la mCthode 
SD-CI bake sur les configurations des parents correspondants. Dans le gComCtrie d'addition par le bout, I'espkce su- 
peroxyde est dans I'Ctat fondamental et il n'y a pas d'espkce peroxyde dans la rCgion d'knergies plus faibles. L'energie 
d'adsorption calculCe se compare raisonnablement bien avec la valeur experimentale. L'axe 0-0 du superoxyde est 
incline de 70" a 80" par rapport a la surface normale. L'atome d'oxygkne qui se trouve a I'extCrieur de l'espkce adsorbCe 
semble plus rCactif que celui qui se trouve B I'intCrieur alors que la charge nette du premier est plus faible que celle du 
dernier. 

Mots clts : DAM (modkle de l'<<adagrCgat,, plongC), argent, superoxyde, chemisorption. 
[Traduit par la redaction] 

Introduction 
An oxygen molecule adsorbed on a silver surface can 

undergo several important catalytic reactions. In particular, 
the partial oxidation of ethylene (1) is a very useful reaction 
in chemical industry. Several studies for clarifying the na- 
ture of the adsorbed oxygen have been performed in order 
to understand the mechanism of this reaction (2-4). How- 
ever, there still remain many questions about the structure 
and electronic states of the adsorbed oxygen species in- 
volved in the epoxidation. 

Two different observations have been made about the 
structure of the adsorbed oxygen. The NEXAFS study of 
O,/Ag(llO) shows that the 0-0 axis is parallel to the sur- 
face along the [1 i0]  azimuthal axis with the 0-0 distance 
of 1.47 k 0.05 A (5). The ESDIAD experiment of 0,/ 
Ag( l l0 )  indicates that O2 is bonded end-on to a single Ag 
atom, slightly inclined away from the surface normal along 
the [OOl] azimuth (6). 

In our previous study (7), we examined a side-on adsorp- 
tion of 0, onto an Ag surface by using the dipped adcluster 
model (DAM) (8, 9) combined with the SAC (symmetry 
adapted cluster)/SAC-CI method (10, 11). It has been shown 
that two superoxide (02- )  and one peroxide (0,'-) species 
exist in that geometry, while the latter is 13 kcal/mol more 
stable than the former. The peroxide species leads to disso- 
ciative adsorption with further stabilization. It was con- 

' ~ u t h o r  to whom correspondence may be addressed. 
Printed in Canada 

cluded that electron correlations in low-lying surface states 
and electron transfer from bulk metal to the adcluster are 
important for the oxygen chemisorption. The heats of mo- 
lecular and dissociative chemisorptions and the 0-0 vi- 
brational frequencies agreed well with the experimental 
values. In addition to other theoretical studies (12-16) on the 
side-on adsorptions of 0, onto the silver surface, which use 
the cluster model, the structures and electronic states of the 
side-on oxygen species are considerably clarified. 

In this study, we investigate the end-on adsorption of an 
OZ molecule on an Ag surface with the use of DAM. Elec- 
tron correlation is described by the SD-CI method based on 
the respective parent configurations. On the other hand, 
cluster-model SCF calculations for Ago,  were carried out 
by Broomfield and Lambert (17). They showed the exis- 
tence of two superoxide species in the end-on geometry with 
inclined 0-0 axis, but no stabilization energies were pre- 
sented. 

Dipped adcluster model 

The dipped adcluster model was proposed as a theoreti- 
cal model for studying chemisorptions and surface reactions 
involving electron transfers between admolecules and sur- 
faces (8,  9). The "adcluster," a combined system of an ad- 
molecule and a cluster, is dipped onto the electron "bath" of 
a solid metal and an equilibrium is established for electron 
and (or) spin transfers between them. The equilibrium con- 
dition is described by using the chemical potentials of the 
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adcluster and the solid surface. Namely, at equilibrium, the 
adcluster is at the min[E(n)] in the range, 

where E(n) is the energy of the adcluster, with n being the 
number of electrons transferred from the bulk metal to the 
adcluster and p the chemical potential of the electrons of 
the metal surface. While all the electrons transferred into the 
admolecule must be supplied by the cluster alone in the 
conventional cluster model, some of the electrons are sup- 
plied from the electron bath of the bulk metal in DAM. The 
admolecule charged by this electron transfer induces an 
electrostatic polarization on the metal surface and receives 
an electrostatic attractive force. In DAM, the energy of the 
adcluster is given by 

where E'" is the electronic energy of the adcluster alone and 
E"' the energy of the electrostatic interaction between the 
adcluster and the bulk metal. For E'", the molecular orbital 
model of the dipped adcluster was proposed (8) and, for E"', 
estimation by the method of image force was suggested (9). 
The energy E of the system is calculated as a function of n. 

In the present study, a linear Ag-0,-0, system is taken 
as an adcluster. At infinite separation, the 0, molecule is in 
the 3C,- state and the Ag atom in the 'S (dlOs') state. The 
highest (or parallel) spin coupling model is adopted, since it 
gives a continuous picture leading to the correct separation 
limit. In the linear Ago, system, the frontier MOs are mainly 
composed of the degenerate n* MOs of 0,. Since the n* 
orbitals of 0, are already singly occupied by two a-spin 
electrons, an n/2  P-spin electron is added to each of the de- 
generate n* orbitals. 

The DAM calculations have been performed with the 
ab initio RHF SCF MO program. The Gaussian basis set for 
the silver atom is (3~3p4d) / [3~2p2d]  and the Kr core is re- 
placed by the relativistic effective core potential (18). For 
oxygen, we use the (9s5p)/[4s2p] set of Huzinaga-Dunning 
(19) augmented by the diffuse s ,p  functions of cr = 0.059 as 
anion bases (20) and the polarization d function of cr = 0.30. 

Figure 1 is a display of the E(n) curves, energy as a funs- 
tion of n.  This figure is for the Ag-0, distance at 2.20 A,  
which is almost the most stableo distance. The 0-0 dis- 
tance is changed from 1.20741 A, which is an equilibrium 
length of 0, (21), to 1.35 A, which is an equilibrium length 
for 0,- (22). The curves are upper convex and the curva- 
ture is discontinuoys at n = 0.0 and n = 1.0. At n = 0.0, 
R,-, 1.20741 A is more stable, but at n = 1 .O, Ro-, = 
1.35 A is more stable. The tangents of the curves coincide 
with the experimental chemical potential - p of the solid 
silver metal (4.52 eV) (23) at n = 0.7.  Therefore, as judged 
from the equilibrium condition of eq. [ l ]  , one electron flows 
from the bulk metal into the adcluster after a certain barrier. 

0, approaching process 
We next investigate the end-on approach of the 0, mole- 

cule to the silver surface. Electron correlations in the low- 
lying states of the adcluster are calculated by including all 
the single and double (SD) excitation configurations rela- 
tive to the corresponding parent configurations. Zero- and 

n ( e l e c t r o n )  

FIG. 1 .  E(t1) curve for the Ag-OrO, system in the highest spjn 
coupling model with the 0',-O,, distance of 1.20741 and 1.35 A, 
and the Ag-0, distance of 2.20 A. 

one-electron transferred states are calculated in relation to 
the results of Fig. 1. The active space in the SD-CI calcu- 
lations consists of 11 higher occupied orbitals and 16 lower 
unoccupied orbitals calculated by the H F  method. The 11 
occupied orbitals are mainly made up from the 4d and 5s 
atomic orbitals of Ag and the 2p atomic orbitals of 0. The 
CI calculations are carried out with the use of the program 
GAMESS (24). 

Figure 2 shows the potential energy curves for the ap- 
proaching process. The ground state of the separated sys- 
tem, Ag plus 0 2 ,  corresponds to the 4C+ state. The energy 
of the separated system is estimated to be -187.089988 
hartree by SD-CI calculation of the supermolecule. On the 
other hand, it is estimated to be -187.108991 hartree by 
SD-CI calculation of the free Ag plus 0, system, of which 
the active spaces are [6 X 71 and [5 X 91, respectively. The 
energy scale on the right-hand side in Fig. 2 is  in kcal/mol 
relative to the free system. 'The energy difference between 
the two estimations is due to the truncated nature of the CI  
method, which causes an unsatisfactory size consistency, as 
is well known. Therefore, the adsorption energy calculated 
from the CI of the separated free system is always smaller 
than that obtained from the CI for the su~ermolecule.  

The 4C+ state does not involve electron transfer between 
the bulk metal and the adcluster. The potential energy curve 
of the 4C+ state rises monotonously as 0, approaches and 
shows that 0, is not adsorbed on the silver surface along this 
state. While the curve of the 4C+ state is calculated for 
R,-, fixed at 1.20741 A, a similar repulsive curve is also 
obtained for Ro-, fixed at 1.35 A and lies at higher energy 
than the curve shown in Fig. 2 

On the other hand, the g o u n d  state of the adsorbed sys- 
tem is the 311 state and involves one-electron transfer from 
the bulk metal. The potential energy curve of the 311 state is 
attractive and has a minimum at the Ag-0 distance of 
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Ag-0 distance (A) 
FIG. 2. Potential energy curves for the end-on approach of the 

O2 molecule onto silver, calculated by the SD-CI method. Th? 
0-0 length is fixed at 1.20741 A for the 42' state and at 1.35 A 
for the and 3n states. n denotes the number of electrons trans- 
ferred into the adcluster from the bulk metal. The energy scale on 
the right-hand side is in kcal/mol relative to the free Ag plus 0, 
system. 

2.2 A. The 311 state corresponds to the superoxide species 
0,- ,  since the degenerate T* orbitals of 0, are formally oc- 
cupied by three electrons. The adsorption energy of the su- 
peroxide is calculated to be 19.4 kcal/mol relative to the 
energy of the supermolecule, and to be 7.5 kcal/mol rela- 
tive to the energy of the free system. These calculated ad- 
sorption energies are positive in both cases and comparable 
with the experimental value of 9.2 kcal/mol (25). 

The *II state is an electron-transferred state from Ag to O,, 
but no electron is supplied from the bulk metal. The poten- 
tial energy curve of the ,II state has a minimum at the Ag-0 
distance of 2.0 A, but the energy is always higher than that 
of the separated system (negative adsorption energy). 'This 
state corresponds to the superoxide species obtained by the 
conventional cluster model, though the present potential en- 
ergy contains the electrostatic energy correction E"'. This 
result shows that the electron m s f e r   from the bulk metal to 
the adcluster considered by DAM is important, though this 
cannot be dealt with by the conventional cluster model. 

Table 1 shows Mulliken's atomic charges of the Ago, 
adcluster with RAg-O = 2.20 A and R0-, = 1.35 A. In the 
4Z+ state, which does not involve electron transfer from the 
bulk metal, as mentioned above, the charge of 0, is small. 
The large negative charge -0.75 of O2 in the 211 state is 
transferred from the Ag atom alone, since no electron is 
supplied from the bulk metal. This electron transfer is un- 
favorable in energy as seen in Fig. 2. On the other hand, in 

TABLE 1 .  Mulliken's atomic charges for the Ag-OcOb 
adcluster" 

Mulliken's atomic charge 

State n Ag 0, 0, 0, + 0, 

"Ag-0 and 0-0 lengths are at 2.20 and 1.35 A,  respec- 
tively. 

"Linear Ag-0-0 adcluster. 
'Declining angle 0 of 70". 

0 20 40 60 80 100 

Angle (degree) 
FIG. 3. Potential energy curve for the ground state of the Ago, 

adcluster calculated by the SD-CI method for the O2 declining 
process. The declining angle 0 is defined in the figure. The Ag-0, 
and OsOb lengths are fixed at 2.20 and 1.35 A, respectively. The 
energy scale on the right-hand side is in kcal/mol relative to the 
free Ag plus 0, system. 

the 311 state all the electrons transferred to 0, are supplied 
from the bulk metal. Note that the charge distribution of 0, 
in the 311 state, the superoxide described by the DAM, is 
similar to that in the 211 state, the superoxide in the cluster 
model. The negative charge on the Ag atom seems to re- 
flect the smallness of the size of the adcluster. It also seems 
to be due to the use of the highest spin coupling model, which 
is an extreme model. Actually, in the calculation of the Pd02 
adcluster based on the paired spin coupling model, the Pd 
atom has positive charge (9). 

0, declining process 

We examine the 0-0 axis declining on the silver sur- 
face. While the T* MOs of 0 2 ,  which have three electrons 
for the superoxide species, are degenerate in the linear SYS- 
tem, they are separated into a' MO (in-plane) and a" MO 
(out-of-plane) in the declining process. The 3 ~ "  state, in 
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NAKATSUJI AND NAKAI 

FIG. 4. Contour maps ofJhe frontier orbital of the superoxide on silver calculated from the Ago, adcluster with Ag-0, and OrOb 
distances of 2.20 and 1.35 A, respectively, and the declining angle 0 of 70"; (a) and (6 )  are the maps on the planes including the Ag-0, 
and OrOb bonds, respectively. Solid and broken lines correspond to plus and minus signs in the MO. Double dotted line shows the 
node of the MO. The numbers 1-5 on the contours correspond to the values 0.01, 0.03, 0.10, 0.30, 1.00, respectively. 

which the T* MOs are splitting into doubly occu ied a '  and P singly occupied a" MOs, is more stable than the A '  state, in 
which the occupations in the T* MOs are reversed. Figure 
3 shows the potential energy curve of the 3 ~ "  state for the 
declining angle from the linear system. It is calculated by the 
SD-CI method with the Ag-0 and 0-0 distances fixed 
at 2.20 and 1.35 A, respectively. We find a minimum at the 
declining angle of 70-80°, which is similar to the result 
of Broomfield and Lambert (17). The energy at the mini- 
mum is more stable by 10.4 kcal/mol than that of the linear 
system. The adsorption energy is calculated to be 18.0 and 
29.8 kcal/mol, relative to the energies of the separated sys- 
tem calculated for free molecules and supermolecule, re- 
spectively. The experimental value is 9.2 kcal/mol (25). The 
calculated state corresponds to the superoxide species, and 
no peroxide species is found in the lower energy region. 

At the potential minimum, the net charges on 0, and 0, 
are calculated to be -0.50 and -0.32, respectively, as shown 
in Table 1 .  Namely, the negative charge on the inside 0, 
atom is larger than that on the outside 0, atom, which seems 
to be opposite to the charge distribution expected from the 
covalent Ag-0-0- system. 

Reactivity of superoxide 
The frontier orbital of the superoxide species is the out-of- 

plane T* MO, which is the singly occupied (SO) MO, while 
the in-plane T* MO is doubly occupied as mentioned above. 
Figure 4 illustrates the frontier orbital map, which is related 
to the reactivity of the adsorbed oxygen species. Figures 4(a) 
and (6) correspond to the maps on the planes including the 
Ag-0, and 0,,-Ob bonds, respectively. These figures show 
much contribution of the T* orbital of O,, but little of the 4d,Z 
orbital of Ag. Furthermore, in contrast to the charge distri- 
bution, the frontier orbital is larger at 0, than at 0 , ,  which 
indicates that the former is more reactive than the latter. 

Finally, we summarize the properties of the superoxide in 
the end-on form in contrast to the side-on dioxygen species 
studied in the previous work (7). 

I .  The 0-0 bond of the superoxide is moderately re- 
laxed: Since the T* orbitals of the species are formally oc- 

cupied by three electrons, the 0-0 bond is weaker than the 
neutral species, but stronger than the peroxide species. As 
shown in the previous paper (7), the peroxide species leads 
to the dissociative oxygen on an Ag surface. 

2. In the end-on geometry, the superoxide is not liable to 
become the peroxide: The present study shows that in the 
end-on geometry the superoxide is the ground state and no 
peroxide state exists in the lower energy region. On the 
contrary, the superoxide in the side-on form seems to be 
easily transformed into the peroxide, since the peroxide is 
more stable than the superoxide (7). 

3.  The outside oxygen of the superoxide is more reactive 
than the inside oxygen: The amplitude of the frontier orbital 
is larger at the outside oxygen than at the inside one, in 
contrast to the charge distribution. Furthermore, since the 
frontier orbital, which is SOMO, is mainly composed of the 
T* MO of 0,. one-electron flow into this orbital causes a 
breaking of the 0-0 bond. 

4 .  The charge distribution of the end-on superoxide is fa- 
vorable for the approach of electron-rich molecules: By the 
above reasoning, the electron-rich molecule may attack the 
outside oxygen of the end-on superoxide. The electrostatic 
repulsion in this attacking process is reduced, since the neg- 
ative charge on the outside oxygen atom is smaller than that 
on the inside one. On the other hand, in the side-on form 
there is no charge polarization between the two oxygen 
atoms. 
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The ab initio model method. Cowan-Griffin relativistic core potentials and 
valence basis sets from Li (2 = 3) to La (2 = 57) 
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ZOILA BARANDIAKAN and Lurs SEIJO. Can. J. Chem. 70, 409 (1992). 
A comprehensive tabulation of Cowan-Griffin relativistic n b  irzitio core model potentials and valence basis sets cor- 

responding to the Cowan-Griffin ab itzitio model potential method is presented. It includes those for the elements from 
Li (Z = 3) to La (Z  = 57), the alkaline M' and alkaline earth M" cations, and for the halogen X -  anions. Molecular 
results are presented in order to test the potentials and basis sets and to estimatc the extent of the mass-velocity and Darwin 
relativistic effects considered within thc method, which lie within thc cxpectcd margins. 

Key wot-cls: relativistic, model potential, effective core potential, basis sets, ab it~itio.  

ZOIL.A BARANDIARAN et Lurs SEIJO. Can. J .  Chem. 70, 409 (1992). 
On prCsente un tableau exhaustif des bases de valence et des potentiels de polarisation interne du modCle relativiste 

ab it~itio interne de Cowan-Griffin corrcspondant a la niCthode CG-AIMP. I1 comporte les donnCes relatives aux ClC~nents 
allant du Li (Z  = 3) au La (Z  = 57), aux cations alcalins M ', aux cations des mCtaux alcalino-terreux M'+ et aux anions 
des halogknes X-. Afin de vCrifier les potentiels et les bases ainsi que pour Cvaluer l'importance des effets de masse- 
vClocitC et les effets relativistes de Darwin considCrCs dans cette mCthode, on prCsente des rCsultats molCculaires qui tombent 
a l'intkrieur des marges attcndues. 

Mots c/&s : relativiste, potentiel modkle, potentiel interne, bases, a b  initio. 
[Traduit par la redaction] 

1. Introduction Numerical experimentation at the Hartree-Fock level has 

The ab initio model potential method (AIMP) for va- 
lence-electron molecular calculations has been presented in 
previous papers (1-3). It shows the following characteris- 
tics. 

(i) It makes use of valence orbitals with the correct nodal 
structure. 

(ii) The atomic core model potentials are obtained di- 
rectly from the operators they represent, without resorting 
to any parametrization procedure making use of valence 
reference orbitals. This characteristic is peculiar to the 
method. As a consequence of it, the AIMP can also be used 
to obtain complete-ion potentials (both cations and anions), 
becoming a useful tool to represent crystal lattices in solid 
state calculations (4). 

(iii) The model potentials result from the addition of ex- 
plicit representations of the core Coulomb exchange and 
projection operators, as well as the mass-velocity and Darwin 
operators that appear if the relativistic effects are handled 
within the Cowan-Griffin (CG) approximation (3, 5, 6). This 
gives the opportunity to analyze the physical effects asso- 
ciated with each operator 

(iv) The atomic valence basis sets are optimized accord- 
.. . ing to the variational principle; their design and optimiza- 

, . . tion is a replica of the procedure followed for all-electron 
basis sets. 

Systematic studies on atomic and molecular calculations 
have been conducted, with the objective of reproducing, 
within an acceptable margin of error, the corresponding 
all-electron results if the same kind of wave function and 
valence basis set is used. As a consequence of them, non- 
relativistic core model potentials and valence basis sets from 
Li to Xe have already been proposed (1-3), as well as 
Cowan-Griffin relativistic ones for the second series tran- 
sition metal elements (3). 

shown that nonrelativistic all-electron (AE) results are ac- 
ceptably reproduced at a fraction of the cost. Furthermore, 
the effects of changes in the valence part of molecular basis 
sets run parallel in the AE and AIMP calculations. This is 
particularly important, since it means that the experience 
already gathered in the design of AE molecular basis sets 
from atomic basis sets (splitting of outermost contracted 
GTF's, addition of polarization functions, . . .) can safely 
be used for model potential calculations. Also, the high 
quality of the core operators used and, hence, the close re- 
production of the AE basis set dependencies point out sub- 
tle effects on the molecular results, leading to the conclusion 
that, if there are symmetry blocks having core orbitals but 
lacking inner components in the molecular basis set, they 
must be supplied with ortkogonalization functions in order 
to provide the ability to reach sufficient orthogonality be- 
tween the core orbitals and the molecular valence orbitals. 
Finally, the Cowan-Griffin relativistic version of the AIMP 
method reproduces fairly well not only the absolute value of 
the equilibrium distance of AgH calculated by Lee and 
McLean (7) at the AE Dirac-Fock level, but also its relativ- 
istic contraction (3). The result of this test may be taken only 
as an additional support for the use and expected quality of 
the CG-AIMP method in molecules where relativistic effects 
other than mass-velocity and Darwin (such as spin-orbit) are 
not very significant, since a systematic comparison of re- 
sults with AE Dirac-Fock (DF) calculations is not possible 
for molecules containing atoms up to La: All-electron DF 
calculations are available for molecules containing heavier 
atoms (8), where the inclusion of spin-orbit effects is com- 
pulsory. 

In addition to the Cowan-Griffin relativistic core model 
potentials and valence basis sets already published for the 
second series transition metal elements, those for Sr, Ba, Br, 
and I have been obtained prior to conducting theoretical 
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TABLE 1. Sizes of the core orbitals, local core Coulomb model potentials, and valence basis sets 

Orbitals Core orbital size Valence basis set 
Coulomb MP 

Core Valence s p d size Pattern Structure 

Li,Be 

B - N ~ , N ~ + , M ~ ~ + , F -  

Na.Mg 

Al-Ar,Kf ,Ca2+,C1- 

K,Ca 

Sc-Zn 

Ga-Kr,Rb+,SrZ+,Br- 

Rb,Sr 

Y-Cd" 

I n - ~ e , ~ s + , ~ a ' +  ,I- 

Cs,Ba 

La 

"From ref. 3.  

studies of the equilibrium geometry of alkaline earth diha- 
lides (9). The latter are presented in this paper together 
with those of their respective periods, in order to facilitate 
the systematic performance of CG-AIMP molecular calcu- 
lations. We have also obtained relativistic potentials and basis 
sets for the lighter elements, for completeness, even though 
the relativistic effects are known to be almost negligible for 
them (10). Finally, we include here the relativistic model 
potentials and basis sets for ~ a ( 6 s ~ 5 d ' - - ~ ~ )  as well as for 
the alkaline and alkaline earth cations and halogen anions. 
The results of molecular calculations performed in order to 

test the potentials and basis sets and to assess the extent 
of the mass-velocity and Darwin relativistic effects are pre- 
sented. 

2. Method 
The nonrelativistic and Cowan-Griffin relativistic ver- 

sions of the AIMP method, as applied to the valence elec- 
trons of a molecule, have already been described in refs. 1- 
3 and are simply summarized here. The one-electron con- 
tribution to the AIMP Hamiltonian for the valence electrons 
of a molecule is 

[ I ]  h(i) = - 

where I runs over the nuclei. The atomic core model potential components are as follows. 
(i) 'The Coulomb core model potential, 

where the parameters {A:, a:) are determined through least-squares fitting to the genuine core Coulomb operator (including 
-zLOre /rIi). 

(ii) The core exchange potential plus the relativistic mass-velocity and Darwin model potentials, which are the spectral 
representations of the genuine operators on the subset of the molecular primitive basis set that is centered on each nuclei: 

+I 

[3] v::,P(i) + vh",'(i) + V$y(i) = C C C a l m ; ~ )  A;;Y (blm;Il 
I ,"=-I 0.6 

the {lalm;I)) are the spherical primitive Gaussian-type func- [4] = (S~)- IV '~~~(S~)- I  
tions in the molecular basis set centered on I ,  and the coef- 
ficients A:;,M,P are the elements of the matrix where 9 and v',,, are, respectively, the overlap matrix and 
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TABLE 2. Valence energy, orbital energies, and radial expectation values for the IA-IIA main group elements, corre- 
sponding to the Cowan-Griffin relativistic ns-valence and (n - l)p,ns-valence calculations. The all-electron results (last 

entry) correspond to numerical Cowan-Griffin-Hartree-Fock calculations. All numbers in atomic units 

ns (n - I)P 

E(va1) -0) - 4 ~ )  ( l / r )  (r) (r') ( 1  /r) (r) (r') 

Li 2s'-'S -0.195515 0.1955 0.342 3.889 17.875 
0.1963 0.345 3.874 17.738 

Be 2s'-IS -0.958 888 0.3083 0.518 2.656 8.460 
0.3093 0.523 2.649 8.424 

Na 3s'-'S -0.181 767 0.1818 - 0.300 4.216 20.759 - - - 

2p63s'-'S -27.782634 0.1814 1.5141 0.299 4.222 20.826 1.698 0.796 0.814 
0.1823 1.5174 0.302 4.204 20.656 1.698 0.798 0.822 

Mg 3s'-IS -0.784 231 0.2528 - 0.397 3.254 12.412 - - - 

2p63s'-'S -38.395385 0.2524 2.2794 0.397 3.258 12.439 1.953 0.683 0.593 
0.2534 2.2812 0.400 3.248 12.384 1.953 0.685 0.597 

K 4s'-'S -0.147 539 0.1475 - 0.236 5.240 31.486 - - - 

3p6 4s'-'S - 16.260 555 0.1478 0.9522 0.237 5.232 3 3 9  0.937 1.437 2.442 
0.1480 0.9534 0.237 5.225 31.324 0.940 1.436 2.437 

Ca 4s'-IS -0.606 406 0.1958 - 0.299 4.21 1 20.375 - - - 

3p6 4s'-'S -22.138 283 0.1960 1.338 1 0.300 4.208 20.345 1.057 1.275 1.909 
0.1963 1.3392 0.301 4.202 20.303 1.060 1.273 1.905 

Rb 5s'-'S -0.139 325 0.1393 - 0.220 5.571 35.41 1 - - - 

4p6 5s'-'S - 13.736 977 0.1396 0.8079 0.220 5.562 35.294 0.755 1.728 3.451 
0.1400 0.8083 0.222 5.546 35.123 0.756 1.727 3.449 

Sr 5s'-IS -0.558 514 0.1806 - 0.271 4.580 23.939 - - - 

4p6 5s'-'S - 18.369 409 0.1808 1.0958 0.272 4.576 23.896 0.833 1.57 1 2.834 
0.1812 1.0955 0.274 4.564 23.801 0.834 1.570 2.832 

Cs 6s'-'S -0.127 463 0.1275 - 0.198 6.122 42.462 - - - 
5p66s'-'S -11.520385 0.1274 0.6811 0.198 6.121 42.451 0.614 2.089 4.966 

0.1282 0.681 1 0.200 6.087 42.015 0.614 2.089 4.967 

Ba 6s'-'S -0.500 503 0.1620 - 0.240 5.1 19 29.676 - - - 
5p6 6s'-'S - 15.262 623 0.1624 0.9015 0.240 5.119 29.675 0.670 1.924 4.191 

0.1631 0.8998 0.243 5.084 29.312 0.669 1.924 4.191 

the matrix of the genuine core exchange, mass-velocity, and 
Darwin operators on the basis set {lalm;l)). 

(iii)   he core projection operator, 

core-1 

where EL and +: are the core orbital energies and functions 
of atom I. 

The necessary atomic core orbitals, as well as the genu- 
ine (numerical) mass-velocity and Darwin relativistic 
operators, are obtained in an atomic AE numerical Cowan- 
Griffin-Hartree-Fock calculation. The numerical core or- 
bitals are represented by linear combinations of primitive 
GTF's (using a maximum overlap criterium (1 1)) to facili- 
tate integral calculations. Once the atomic core operators are 
well defined, none of them needs to be parametrized in an 
atomic valence-electron calculation. The atomic valence basis 
set is obtained by minimization of the valence energy fol- 
lowing standard all-electron methods (1  2). 

The Cowan-Griffin relativistic AIMP method, as it has 
been summarized, does not take into account spin-orbit in- 
teractions. A procedure to also include these effects in mo- 
lecular calculations has already been proposed (5, 13). 

3. Model potentials, basis sets, and atomic results 

We present in this section Cowan-Griffin relativistic core 
model potentials and valence basis sets for the elements from 
Li (Z = 3) to La (Z = 57), except those for the second se- 
ries transition metal elements, which have already been 
presented in ref. 3. We also include model potentials and 
basis sets for alkaline cations M+, alkaline earth cations M*+, 
and halogen anions X-. 

We use the experience already gathered with the nonrela- 
tivistic atoms in order to establish the size of the model po- 
tentials and the basis set patterns as those which led to 
optimum results for the nonrelativistic elements. They are 
described in Table 1, where, together with the size of the 
expansions of the core orbitals in terms of primitive GTF's 
g d  of the Coulomb model potentials, eq. [2], the pattern and 
structure of the valence basis sets are also shown. The no- 
tation of ref. 12 is followed for the basis set pattern, which 
is accompanied by the structure of the basis set, that is, the 
number of primitive GTF's used to represent the inner parts 
of the valence orbitals and, thus, to provide a high degree of 
core-valence orthogonality. Let us take In-Xe as an exam- 
ple: The actual minimal basis set is (1 1/10), meaning that 
an 1 1-GTF expansion is used for the 5s orbital and a 10-GTF 
expansion for the 5p orbital; its structure is (32222/3223), 
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TABLE 3. Valence energy. orbital energies, and radial expectation values for the IIIA-VIIIA main group elements, cor- 
responding to the Cowan-Griffin relativistic r~s,rlp-valence calculations. The all-electron results (second entry) corre- 

spond to numerical Cowan-Griffin-Hartree-Fock calculations. All numbers in atomic units 

I1 S tl[> 

E(va1) -E(J) - 4 p )  ( 1 / r )  (1.) ( r 2 )  (I r )  ( r )  ( r2 )  

B 2s' 2p1-'P -2.537 816 0.4924 0.3107 0.707 1.982 4.727 0.606 2.196 6.075 
0.4949 0.3098 0.713 1.976 4.706 0.605 2.205 6.147 

C 2s'2p2-'P -5.320 301 0.7020 0.4338 0.889 1.593 3.062 0.784 1.709 3.706 
0.7061 0.4332 0.897 1.589 3.049 0.784 1.715 3.747 

N 2 ~ ' 2 p ~ - ~ S  -9.655 884 0.9401 0.5675 1.070 1.335 2.155 0.959 1.405 2.520 
0.9463 0.5674 1.079 1.331 2.146 0.958 1.410 2.548 

0 2 ~ ' 2 p ~ - ~ p  -15.687946 1.2372 0.6307 1.256 1.144 1.584 1.112 1.228 1.948 
1.2463 0.6316 1.267 1.141 1.584 1.112 1.228 1.948 

F 2s'2p5-? -23.912 868 1.5635 0.7275 1.440 1.003 1.218 1.273 1.080 1.520 
1.5759 0.7297 1.452 1.000 1.213 1.272 1.085 1.543 

Ne 2s' 2pC1S -34.678 133 1.9195 0.8464 1.622 0.893 0.967 1.437 0.961 1.208 
1.9357 0.8500 1.636 0.891 0.964 1.436 0.965 1.228 

A1 3s'3p1-'P -1.876 640 0.3935 0.2091 0.504 2.600 7.885 0.377 3.444 14.079 
0.3944 0.2096 0.508 2.594 7.861 0.379 3.436 14.026 

Si 3s' ~ P ' - ~ P  -3.674 534 0.5404 0.2962 0.601 2.206 5.666 0.476 2.758 9.016 
0.5417 0.2967 0.605 2.202 5.650 0.477 2.753 8.987 

P 3s' 3p3-4~ -6.352 763 0.6977 0.3907 0.692 1.931 4.335 0.568 2.326 6.407 
0.6994 0.3912 0.697 1.927 4.324 0.570 2.323 6.391 

S 3~'3p'-~P -9.949 044 0.8817 0.4364 0.783 1.719 3.431 0.648 2.063 5.074 
0.8841 0.4369 0.789 1.715 3.422 0.650 2.061 5.065 

CI 3s' 3p5-'P - 14.734 551 1.0764 0.5053 0.873 1.553 2.801 0.730 1.844 4.063 
1.0795 0.5058 0.879 1.550 2.793 0.732 1.842 4.058 

Ar 3s2 3p6-'S -20.878 788 1.2826 0.5900 0.960 1.419 2.339 0.813 1.664 3.312 
1.2865 0.5904 0.967 1.416 2.331 0.815 1.662 3.308 
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BARANDIARAN AND SEllO 413 

TABLE 4.  Valence energy, orbital energies, and radial expectation values for the first-series transition metal elements, corresponding to 
the Cowan-Griffin relativistic 3p.4s,3d-valence calculations, and for lanthanum. The  all-electron results (second entry) correspond to 

numerical Cowan-Griffin-Hartree-Fock calculations. All numbers in atomic units 

3~ 4s  3 d  

E(val) -e(3p) - E ( ~ s )  - ~ ( 3 d )  ( I / r )  (r) ( r )  (1 r )  (r) (r') ( I / r )  (r) (r') 

that is, the three innermost GTF s provide the ability to reach 
1s-5s orthogonality, the following two GTF s are used for 
2s-5s orthogonality, etc. 

The core orbitals, Coulomb model potentials, and va- 
lence basis sets are all tabulated and deposited as supple- 
mentary material.' A list of libraries containing these tables 
as well as the numerical mass-velocity and Darwin poten- 
tials are available from the authors upon request. These are 
all the data necessary to perform molecular CG-AIMP cal- 
culations. The fact that the coefficients of the nonlocal 
spectral representation, eq. [3], depend on the actual mo- 
lecular basis set (they vary with the addition of diffuse 
functions, etc.) makes a tabulation of them impractical: al- 
ternatively, they can be actually computed, eq. [4], along the 
input processing part of the molecular calculation, since their 
evaluation is not time consuming. 

The molecular basis set for an AIMP calculation can be 
built up from the atomic valence basis sets in the very same 
manner as the AE molecular basis sets are obtained from the 
atomic AE minimal segmented basis sets of ref. 12: the 
splitting of the contracted functions (note that here we only 

I ~ h e  set of Tables 7-24 may be purchased from: The Deposi- 
tory of Unpublished Data, Document Delivery, C lST1 ,  National 
Research Council Canada, Ottawa, Canada K1A OS2. 

have one per symmetry) is used to increase the flexibility of 
the basis set, and the addition of extra functions available in 
the literature provides specific abilities to the molecular basis 
set. For instance, polarization functions are available in ref. 
12. Dlffuse functions for Rydberg states and for anions can 
be taken from ref. 14, and, for those not available, the same 
obtention procedure can be followed, i.e., p-type GTF with 
exponents 0.043 and 0.039 for Br and I provide an excel- 
lent agreement with the numerical HF atomic electron af- 
finities and they can be used as diffuse functions for anions 
(9). Dzffuse d-functions able to provide a balanced descrip- 
tion of s'd", sld"+ I, and sodnf2 configurations of first-row and 
second-row transition metal elements are available in refs. 
15 and 16, respectively. Extra d-functions for alkaline earth 
elements that allow for the participation on the bonding of 
the unoccupied (in the atom) (n - 1)d orbitals, are available 
in ref. 17 for Ca. We tabulated1 these d functions for Sr and 
Ba, which correspond to the valence (n - l )d  orbital opti- 
mized along atomic calculations on sr+(4d1-'D) and 
~ a +  (5d1-ID), and used them in molecular calculations in ref. 
9. W e  include the functions for Rb and Cs optimized in the 
corresponding ~ b ( 4 d ' - ~ D )  and C S ( ~ ~ ' - ~ D )  atomic calcula- 
tions. As we comment in the Introduction, in cases where 
atomic symmetry blocks having core orbitals lack inner 
components in the basis set, orthogonalization functions have 
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TABLE 5 .  Valence energy, orbital energies, and radial expectation values for the alkaline and alkaline-earth 
cations and for the halogen anions corresponding to the Cowan-Griffin relativistic ns,np-valence calcula- 
tions. The all-electron results (second entry) correspond to numerical Cowan-Griffin-Hartree-Fock calcu- 

lations. All numbers in atomic units 

ns "P 

E(va1) -E(s) -E(P) ( l / r )  ( 4  (r2) (1 /r) ( 4  (r2) 

been found necessary in molecular model potenial calcula- 
tions, to provide sufficient core-valence orthogonality ( 1-3). 
The following cases appear in the set of atoms covered here. 

(i) Alkaline and alkaline earth elements. In ns-valence 
calculations, a p  orthogonalization function is needed, start- 
ing on Na, to provide orthogonality between the atomic core 
p orbitals and the molecular valence orbitals: a contracted 
function corresponding to the outermost lobe of the (n - l)p 
orbital in the tabulated (n - l)p,ns-valence basis set may be 
used as orthogonalization function. In addition, starting on 
Rb, a d orthogonalization function is needed as well to pro- 
vide high orthogonality with the d core orbitals. In these 
cases, if the extra (n - l)d functions are used, their inner 
lobes provide the desired ability and no additional function 
is needed. If, on the contrary, they are not used, their inner 
lobes may be taken as orthogonality functions. 

(ii) IIIA to VIIA main group elements from Ga to Kr and 

I In to Xe. Analogously, these elements demand a d orthogo- 
nalization function. We have tabulated (see footnote 2) 
3-GTF contracted d functions for Ga-Kr, which maximize 
the overlap with the Cowan-Griffin relativistic numerical 
orbitals; for In-Xe, the 3-GTF contracted functions corre- 
sponding to the three outermost components of the tabu- 
lated GTF expansion of the relativistic 4d core orbitals are 
valid orthogonalization functions. 

In Tables 2-5 the orbital energies and radial expectation 

values of the CG-AIMP atomic valence orbitals can be 
compared with those corresponding to the numerical Cowan- 
Griffin calculation. The discrepancies are comparable with 
the ones obtained for nonrelativistic AIMP versus numeri- 
cal HF calculations. It should be noted that, for the nonrela- 
tivistic atomic tests, the deviations of the AIMP results from 
the AE numerical HF results are very similar to those of the 
AE calculations with limited basis sets having a valence part 
of the same size, the AIMP results being slightly better (1- 
3). 

4. Molecular calculations 
The ability of the method to reproduce the results of AE 

molecular calculations if the same kind of wave function and 
valence basis set is used has already been shown (1-3), as 
well as its ability to represent genuine mass-velocity and 
Darwin relativistic effects in molecules containing second- 
row transition metal elements (3), where the spin-orbit ef- 
fects are not expected to be very significant. The size of the 
relativistic effects on equilibrium distances and angles, vi- 
brational frequencies, and bending barriers of alkaline earth 
dihalides, as calculated by means of the potentials and basis 
sets for Sr, Ba, Br, and I presented here, have been ana- 
lyzed in ref. 9. We present here results of CG-AIMP re- 
stricted HF calculations on molecules of main group elements 
and first series transition metal elements. The results are 
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TABLE 6 .  Nonrelativistic (refs. 1-3) and Cowan-Griffin relativ- tials and basis sets on restricted Hartree-Fock molecular 
istic (this work) RHF results of the equilibrium distances and vi- calculations are presented, which complete those previ- 

brational frequencies for the ground states of some molecules ously performed with second-row transition metal elements 
(3), and alkaline earth dihalides (9). The relativistic effects 

Cores and basis sets 
Core Valence basis set along the periodic table, as estimated by the CG-AIMP 

method, lie within the expected margins ( 10). 
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The use of special coordinate axes in direct and semi-direct implementations 
of second-order perturbation theory, including the derivation 

of a horizontal recurrence relation 
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TRACY P. HAMILTON and HENRY F. SCHAEFER 111. Can. J. Chem. 70, 416 (1992). 
A horizontal recurrence relation (HRR) is derived which may be used in the generation of two-electron repulsion in- 

tegrals (ERIs). Also, special Cartesian coordinate axes may be used to reduce the number of intermediate terms. Here- 
tofore, the use of local axis systems entailed rotations every time a shell quadruple of ERIs was computed. Recently, 
we pointed out the possibility of postponing the transformation using choices of Cartesian reference frames based on nuclear 
positions. In our pilot implementation of direct and semi-direct M~ller-Plesset second-order perturbation theory (MP2) 
we construct the integrals in local coordinate systems and perform the back-transformation in the middle of the A 0  to 
M O  integral transformation, rather than rotating the ERIs after the computation of each shell quadruple. The efficacy of 
this approach depends on whether the gains in ERI computation are greater than the losses incurred in transformation. 
Preliminary CPU profiles indicate that the increased time spent in rotating axes is quite small. 

Key words: horizontal recurrence relation, second-order perturbation theory. 

TRACY P. HAMILTON et HENRY F. SCHAEFER 111. Can. J .  Chem. 70. 416 (1992). 
On a developpe une relation de recurrence horizontale (RRH) qui peut &tre utilisee dans la generation d'integrales de 

repulsion de deux electrons (IRE). On peut aussi utiliser des axes de coordonnees cartesiennes pour rCduire le nombre 
des termes intermediaires. Jusqu'a maintenant, I'utilisation de systkmes d'axes locaux impliquait des rotations chaque 
fois que l'on calculait une couche quadruple d'IRE. Recemn~ent, on a dCmontr6 la possibilitie de retarder la transfor- 
mation en utilisant des ensembles de references cartesiens bases sur les positions nucleaires. Dans nos essais pilotes de 
la thkorie de perturbation du deuxi2me ordre de M~ller-Plesset directe ou semi-directe (MP2), on a construit des orbit- 
ales dans des systkmes de coordonnCes locales et, au lieu de faire subir une rotation aux IRE aprks la calcul de chaque 
couche quadruple, on a effectue la retro-transformation au milieu de la transformation de I'integrale d'OA a OM. L'ef- 
ficacite de cette approche suppose que le gains dans le calcul de I'IRE sont plus grands que les pertes encourues dans la 
transformation. Des profils preliminaires de CPU indiquent que le temps supplCmentaire necessaire pour la rotation des 
axes est trks petit. 

Mots clPs : relation de recurrence horizontale, theorie de perturbation du deuxikme ordre. 
[Traduit par la redaction] 

Introduction 

With the development of direct SCF (1) and direct Moller- 
Plesset second-order perturbation theory (MP2) (2, 3), in 
which ERIs are recomputed many times rather than stored 
because of disk access limitations, interest in efficient ERI 
evaluation has increased. The 1986 paper of Obara and Saika 
(4) (0s) derived a recursion relation that has prompted re- 
cent, intense activity in this field. This relation was implicit 
in earlier work on integral derivatives by Schlegel (5). A 1988 
Head-Gordon and Pople paper (6) (HGP) presented another 
recursion relation, which they used in conjunction with that 
of OS to compute ERIs. Again, the recurrence formula given 
by HGP was previously used as the "transfer" equations in 
the Rys polynomial procedure (7). Recently, another recur- 
rence relation was derived for ERIs over Cartesian Gaussians 
that moved powers of coordinates from electron one to 
electron two (8, 9). An alternative derivation to the one given 
in ref. 8 is reported in this paper. Considering the inter- 
twined relationships between the use of these recurrence 
equations in ERI and ERI derivatives, new formulas using 
the rotational invariance conditions may be possible. Using 
recursion relations involving Hermite Gaussians as well, Gill, 
Head-Gordon, and Pople (10-12) (GHP) are investigating 
various integral and integral derivative algorithms. 

' ~ u t h o r  to whom correspondence may be addressed. 
Rinted in Canada 

Many of the intermediate terms involved in ERI compu- 
tation become zero in special Cartesian coordinate systems; 
this is a main feature of the original Pople-Hehre (13) (PH) 
algorithm. We recently pointed out the possibility of mov- 
ing the back-transformation (rotation) from the level of the 
ERIs to the level where the quantities to be transformed are 
smaller in number, enabling the rotation of axes to be done 
less frequently. To achieve this, the special axis systems 
cannot depend on orbital exponents. In the present paper, we 
use this idea in a preliminary implementation of direct and 
semi-direct second-order perturbation theory (MP2) to gauge 
the CPU requirements for the transformations needed. 

Recurrence relations among Cartesian Gaussian ERIs 

We shall only consider Cartesian Gaussian functions in this 
paper, and will use the notation of HGP (6): 

[ 11 +ol(r) = (X - A,)"'( Y - A,)'" 

x ( Z  - A,)": exp (-a,(r - A)') 

The centers of the basis functions are denoted by A ,  B ,  C ,  
D where A = (A,, A,, A;), etc. The angular momentum of 
the Gaussian on  center^ is a = (a,, a,, a,) where a, + a, + 
a, is the total angular momentum.   he exponents are given 
by the Greek letters a ,  P, y, and 6. The product of the 
Gaussian centered on A and the Gaussian on B is a charge 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HAMILTON AND SCHAEFER 

FLOP Core 
Loop over i batches 

Loop over atoms A ,B 
Choose local coordinate system 
Make transformation matrices 
Transform C a * n , * ( ~ ~ ~ ) ' * ~ '  N' 
Transform P II,*(NPRIM)'*(NAT)?*~ 1 /4 (NPRIM)' 
Loop over shells on A,B 

Loop over atoms C,D 
Loop over shells on C,D 

Make (pulpv) :kkk"N" ~IZ'N' 

End shells on C,D 
End atoms C,D 
Accumulate (pulku) for in one shell, 
v in one shell, and pu for all p > u 
Make (pilpv) and (uiIp,v) ON"  IN 
Make (ia(p,v) OvN3 m'1V 
Transform (ailp,v) to original axes, 2 " a : ~ ~ ~ N 2  
making p,, v run fast 
Make (jp,lia) and (jvlia) 0 'vN2 mlOV 
Transform and v to symmetry orbitals, O'VN' IOVN 
to reduce storage 

End shells on A,B 
End atoms A ,B 
Make (jblia) O2v'N 

02v' 
v' 

Compute pair energy 
End i batch 

FIG. 1. Loop structure for direct MP2 energy evaluation. The maximum number of basis functions in a shell is m. 

, distribution on point P with exponent 1; = a + P where P is tributions centered at P and Q ,  we obtain a Gaussian of ex- 
I given by ponent 1; + with a center 

Similarly, a function with exponent -q = y + 6 centered at The OS approach (4)  for ERI calculation was based on their 
Q results from the product of the functions centered at C and recurrence relation for incrementing angular momentum, 
D .  Repeating this process for the product of the charge dis- which HGP (6 )  call the vertical recurrence relation (VRR): 

rl 
[4]  [(a + l,)blcd]'"" = (Pi - ~,)[ablcd]'"" + (W,  - ~,)[ablcd]'""'~ + [ (a  - l,)b)cd]""' - - [ (a  - l , )b l~d]("~+')  

1; + T 

where 1, = (6,, 6, , ,  6,:). Square brackets represent primitive integrals, whereas rounded ones (parentheses) denote ERIs over 
contracted Gaussians. They recursively generate ERIs using eq. [ 4 ] ,  starting from the [0$)(00]'~' to [00(00]'"" auxiliary inte- 
grals generated by a F,,, ( T )  subroutine, where 

3 

For integrals of low total angular momentum, F,,,(T) can be one of the more computation-intensive steps. The superscript m 
denotes whether the integral is a true ERI (m = 0 )  or an intermediate (m # 0 )  that can be used in the assembly of true ERIs. 
Similar equations may be written to increment the angular momenta of b,  c ,  and d .  

HGP noted that subtracting the VRR for [a(b + l,)lcd]'"" from [ (a  + l,)b(cd]'"') yields 

[6]  [a(b + l,(cd]'"" = [ (a  + l,)blcd]'"" + (Ai - ~,)[ab(cd]"'" 

Since eq. [6] does not involve exponents or different values of m, it may be applied to true contracted ERIs: 

[7]  (a(b + 1,)lcd) = ( (a  + 1,)blcd) + (A ,  - B,)(ablcd) 
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HGP (6 )  construct integrals of the form ( e  01 f 0 )  using the VRR, with e ranging from a to a + b and f ranging from c to c 
+ d. They then use eq. [7] ,  which they called the horizontal recurrence relation (HRR). The advantages are threefold: there 
are fewer (eOlfl) integrals to construct inside loops over contractions, there are a maximum of five non-zero terms in the 
VRR instead of eight, and eq. [9] is used after all contractions have been done. 

Recently, a new horizontal recurrence relation was derived (8 )  by considering ERI derivatives. However, an alternative 
is to consider the OS relation for [abl(c + l,)d]'"': 

5 Qi 
[ablc(d - l,)]'"" - - [ablc(d - l,)]'"" " [ (a  - ~,)bIcd]("~+')  

5 + "l 

The ( m  + 1 )  terms can be eliminated by adding ( / q  [ (a  + l,)blcd]'"" to [abl(c + li)d]'"" to get 

5 
[9] - [ (a  + l,)blcd]'"" + [abl(c + li)d]'"" = (Wi - Pi) + (W,  - Qi) 

"l 

ai bi ci di + - [(a - l,)blcd]'"" + - [a(b - li)lcd]'"" + - [abl(c - li)d]'"" + - [ablc(d - l,)]'"' 
2"l 2"l 2"l 2"l 

The prefactor of the remaining (m + 1 )  term is identically zero. Solving for [abl(c + li)d]'"" and dropping the superscript 
(m)  gives 

1 
[ l o ]  [ab((c + l,)d] = {-2(a + P)[a + 1,)blcdI - [2P(A, - B,) + 26(Ci - D,):l[ablcd] 

(2y + 26) 

+ ai[(a - li)blcd] + bi[a(b - l ,)(cd] + c,[ab((c - l i )d]  + d,[ablc(d - l , )])  

TABLE 1. Theoretical FLOP counts and number of  ERIs for ChH6 
with DZP and TZ2P basis sets (no symmetry) 

DZP 

N 126 
0 16 
V 98 
NPRIM 120 
a 5.3 
n, 1 
N4/8 3 1 500 000 
~,*NPRIM'*NAT'* 1 1 /4 5 700 000 
~ * ~ , * N A T ' * N ~ / ~  12 100 000 
~ * O V N ~  66 000 000 

Inspection of eq. [10] shows that it can be used to move 
powers of coordinates from center A to center C ,  and so can 
be used as a second type of HRR in ERI algorithms. Equa- 
tion [ l o ]  can be used to modify the HGP method (6 )  in a 
straightforward way. Instead of creating [eOl f 0 ]  using the 
VRR, we can make [(e + f )0100] using the VRR, and then 
use eq. [ l o ]  to shift coordinate dependence from A to C to 
form [e01 f 01. The remaining part of the HGP scheme is un- 
altered. Equation [ l o ]  has an exponent dependence that in- 
cludes a ,  P ,  y ,  and 6 ,  so that in this form it must be applied 
inside all of the loops over contractions. Included in our im- 
plementation of this algorithm will be the computation of the 
ERIs in coordinate axes specified by prescriptions based on 
atom positions. In local coordinate axes, some of the terms 
in the recurrence equations discussed above become zero. 

Research on the optimal computational implementation of 
this algorithm is in progress in our group. Therefore, the MP2 
programs discussed in the next section used integrals com- 
puted by our Rys polynomial code to gauge the extra effort 
induced by the transformations to and from local Cartesian 
reference frames. Other improvements to the HGP method 
may be possible using different techniques to generate the 
[eO( f 0 ]  integrals that are required (9 ,  10). 

Direct and semi-direct MP2 energy evaluation 
Figure 1 shows a scheme for the direct MP2 energy method 

that uses local Cartesian coordinate axes. The axes are cho- 
sen such that A is at the origin, B is on the z-axis, and the 
other two axes are arbitrary. This is essentially a modifica- 
tion of the program structure outlined in ref. 2. A check is 
made at the level of loops over atoms using 

with 

and the upper bound of (14, 15): 

If QAB*Qm is lower than a certain threshold, then all of the 
integrals on the center combinations ABCD are neglected. 

The local axis transformation steps scale as 2*a*ni* 
(NAT)'*N'/~ and a*0vN2,  where ni is the number of passes 
through the integral list, NAT is the number of atoms, N is 
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HAMILTON AND SCHAEFER 

FLOP Core 
Loop over i batches 

Loop over atoms A,B 
Choose local coordinate system 
Make transformation matrices 
Transform C 
Transform P 
Loop over shells on A,B  

Loop over atoms C,D 
Loop over shells on C,D 

Make (po lpv)  
End shells on C,D 

End atoms C,D 
Accumulate (pv lpu)  for p in one shell, 

v in one shell, and p o  for all p > a 
Make (pi lpv)  and (o i lpv)  
Make (ailFv) 
Transform (ai lpv)  to original axes 
Write (ai lpv)  to disk 

End shells on A,B 
End atoms A ,B 
Sort to (pvlai)  with p ,  v running fast 
Read (pvlai)  for all p ,  v ,  a 
Make (pJ1ai) and (vjlai) 
Make (bjlai) 
Compute pair energy 

End i batch 

FIG. 2. Loop structure for semi-direct MP2 energy evaluation. The maximum number of basis functions in a shell is m. 

the number of basis functions, 0 is the number of occupied For the 1296 integrals in the larger (ddldd) block, the 
orbitals, V is the number of virtual orbitals, and a is the av- FLOP count expressions are 
erage number of FLOPs needed to rotate a basis function (21 
- 1 FLOPS for a basis function with angular momentum 1). 13 900K4 + 30K2 + 11 300 

P and Q cannot be precomputed any longer, so they need to 

1 be reconstnicted at an ultimate cost of ~,*(NPRIM)-(NAT)~* 
I 1 1 /4. NPRIM is the number of primitive exponents, not the 

number of primitive basis functions. Table 1 contains some 
of these quantities for C6H6 with DZP and TZ2P basis sets 
(six frozen cores and virtuals, no symmetry). The number 
of FLOPs for ERI evaluation is kN4/8, where k is usually a 
large number (-100). The Ak needed for breakeven with 
respect to an algorithm that does not use special Cartesian 
axes is obtained by dividing the number of integrals (N4/8) 
by the sum of the last three terms. Ak is 2.6 for the DZP ba- 
sis set and 1.5 for the TZ2P basis set in this example. For 
larger values of n,, Ak is even smaller, with limiting values 
of 0.57 and 0.15. 

In a somewhat more formal manner, we may consider the 
number of FLOPs required for the computation of impor- 
tant blocks of integrals. For the 81 electron repulsion inte- 
grals in a (pplpp) block the FLOP count is 

for the HS algorithm (8), where K is the contraction length, 
i.e., the number of primitive Gaussians in the contracted 
function. In the present local axes scheme (C, - D, # 0) the 
FLOP count is 

For the case K = 4 (found in the standard double zeta 9s5p/ 
4s2p basis sets for C, N, and O), the number of FLOPs is 
215 000 for the earlier scheme (8) and 190 000 for the pres- 
ent local axes algorithm. 

for our earlier method (8) and 

with the present scheme. For the common, uncontracted K 
= 1 case the FLOP counts are 25 200 and 19 500 for the two 
methods. One concludes from this analysis that there should 
be an advantage to the new algorithm. 

Profiling of our pilot direct MP2 program for DZ, C,, 
showed that the time spent in axis transformation was only 
0.29%. Given that the transformation time is less than 0.5%, 
a well-designed integral algorithm should recover the min- 
iscule effort involved. Figure 2 shows a modification of Fig. 
1 in ref. 16 that gives our current algorithm for semi-direct 
MP2 energy computation using local axes. The largest MP2 
energy evaluation done with the semi-direct program to date 
is C,H6 with a DZ + d basis set (C2, sy~nrnetry with 132 basis 
functions). The integrals evaluation for SCF took 2048 s on 
the IBM 3090-400E computer, and the semi-direct MP2 en- 
ergy required 2201 s. The program that computes the ERIs 
only in symmetry orbitals has a more stringent threshold for 
computation, thus accounting for some of the "speedup" in 
the MP2 program. 

Concluding remarks 
We have introduced a new recursion relation that may be 

useful in reducing the CPU time required to evaluate ERIs. 
Because eq. [lo] is exponent dependent, the reduction in 
work is inside the loops over primitives. Direct MP2 may 
benefit from calculating ERIs in a special Cartesian axis 
system that depends only on nuclear positions, because the 
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extra work introduced appears to be insignificant. The semi- 
direct algorithm modifications are the same as  in the direct 
MP2 program, since the (p,vlia) integrals are  already rotated 
t o  the original coordinate system specified by the user. T h e  
IBM Almaden group (9) has derived eq .  [ l o ]  independently 
and  has written a computer program using a n  algorithm like 
the o n e  outlined here, without the use of local axis systems,  
however. 
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Introduction 

Ab initio relativistic molecular orbital self-consistent field calculations for the 
thorium-platinum diatomic 

G. L. MALL] 
Department of Chernistty, Sittlon Fraser Universiry, Burnaby, B.C., Cnnadn V5A IS6 
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This paper is dedicated to Professor S .  Huzinngn on the occasion of his 65th birthdny 

G. L. MALLI. Can. J.  Chem. 70, 421 (1992). 
Ab initio relativistic as well as the corresponding non-relativistic limit (NRL) MO calculations are reported for the ground 

state (a = 0) of the closed-shell diatomic ThPt. It is found th!t relativistic effects lead to a very pronounced bond short- 
ening of ca 1.68 bohr. The predicted bond !ength of 2.7398 A with the relativistic molecular orbital (RMO) wavefunc- 
tion (WF) for the diatomic ThPt is ca. 0.25 A shorter than the T k P t  distance reported in a recently synthesized complex 
with a thorium-platinum bond as well as the shortest Th-Pt bond distance reported for the Th-Pt alloy. The calculated 
relativistic total molecular energy and the force constant at the predicted bond distance of 5.1774 bohr are -44 963.5050 
hartree and 0.34650 hartree/(~)' ,  where!s the corresponding predicted non-relativistic values are 6.824 bohr, -41 
690.6970 hartree, and 0.08388 hartree/(~) ' ,  respectively. The vibrational frequencies predicted by the RMO and the 
non-relativistic limit MO SCF wavefunctions are 155.4 cm-' and 76.46 cm- ' ,  respectively. The relativistic effects are 
very pronounced for ThPt and lead to a very sigrzificaa bond contraction, an almost fourfold increase in the force con- 
stant, and doubling of the vibrational frequency. 

Key words: relativistic effects, ThPt, RMO, bond contraction, DF SCF. 

G. L. MALLI. Can. J .  Chem. 70,421 (1992). 
On a effectuC des calculs d'OM ab initio relativistes ainsi que les calculs correspondants de limites non-relativistes 

(LNR) pour l'ttat fondamental ( a  = 0)  de la couche fermCe diatomique ThPt. On a observe que les e f f ~ t s  relativistes 
conduisent a un raccourcissement important de la liaison d'environ 1,68 bohr. La longueur de 2,7398 A prCdite pour 
la liai!on ThPt diatomique i l'aide d'une fonction d'onde (FO) de l'orbitale molCculaire relativiste (OMR) est environ 
0,25 A plus courte que la distance rapportCe pour une liaison thorium-platine d'un complexe synthCtisC rkcemment ainsi 
que la plus courte liaison Th-Pt observee dans un alliage de Th-Pt. L'Cnergie molCculaire totale et la constante de 
force calculCes d'une faqon relativiste a le longueur de liaison prCdite de 5,1774 bohr sont respectivement -44963,5050 
hartree et 0,34650 hartree/(~) '  alors que les valeurs correspondantes c~lculCes par des methodes non-relativistes sont 
respectivement 6,8624 bohr, -41690,6970 hartree et 0,08388 harrree/(~)" Les frtquences de vibration predites par les 
orbitales molCculaires relativistes et les fonctions d'onde d'orbitales moCculaires auto-coherentes limites non-relati- 
vistes sont respectivement 155,4 cm-' et 76,46 cm-I. Les effets relativistes sont trks prononcCs pour le ThPt et ils con- 
duisent a un important raccourcissement de liaison alors que la constante de force est pratiquement quadruplee et que la 
frtquence vibrationnelle est doublee. 

Mots clks : effets relativistes, ThPt, OMR, raccourcissement de liaison, DF SCF. 
[Traduit par la redaction] 

The theoretical aspects of the chemistry of heavy ele- 
ments with 5d, 5f, 6d, and 7s valence electrons present a 
formidable challenge to computational quantum chemists 
because both the relativistic and the electron correlation ef- 
fects are expected to be very significant for systems involv- 
ing atoms of these heavy elements. 

We recently discussed in detail the methodology for per- 
forming ab initio all-electron Dirac-Fock (DF) self-consis- 
tent-field (SCF) and relativistic configuration interaction 
(RCI) calculations with all single and pair-type double ex- 
citations (RCISPD) taking the DF SCF wavefunction as the 
reference (1, 2). 

We have reported ab initio DF SCF and the RCISPD cal- 
culations for AuH and have discussed in detail the effects of 
relativity and electron correlation in bonding, spectroscopic 
properties, dipole moment, etc., for diatomics of heavy ele- 
ments ( 1, 3, 4). In addition, we have reported ab initio fully 
relativistic RMO SCF calculations for the diatornics UO and 
T h o  and have shown that the relativistic (and the correla- 
tion) effects are very pronounced for the systems involving 
atoms of heavy third-row transition elements and actinides 
( 1-5). Recently Dyall et al. (6) reported Dirac-Hartree-Fock 
calculations for the tetrahydrides of the group IV elements 

and discussed the relativistic effects for the ground states of 
these systems. 

In this paper, we report the RMO SCF calculations for the 
closed-shell ground state of the diatomic ThPt, a hetero 
bimetallic species involving atoms of an actinide and a third- 
row transition element. Our objective in this study is two- 
fold, viz., firstly to assess the relativistic effects in this 
species and secondly to understand the nature of the metal- 
metal bond involving an actinide and a third-row transition 
element; we will ignore the electron correlation effects at 
present, however. It is well established (7) that all metallic 
elements participate in metal-metal bonding and that bonds 
between elements with d orbitals (valence) are especially 
strong. Examples of the metal-metal bonds are also well 
known for the lightest metal Li in [LiCH,], and the heaviest 
metal U in U,O,(OH),(SO,),. 

Gingerich (8) used an empirical valence bond approach 
for calculating bond energies of diatomic intermetallic com- 
pounds of platinum and compared these with the experi- 
mental bond energies obtained using Knudsen-cell mass 
spectroscopy. Recently, Hay et al. (9) used their effec- 
tive-core-potential (ECP) scheme for calculations on C,,Th- 
(P-PH~)~P~(PH,) ,  using the Th-Pt distance reported in the 
recently synthesized Cp*,Th(p-PPh,),(Pt(PMe,) complex. 
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However, ab initio all-electron RMO SCF calculations for 
the diatomic ThPt have not been reported and we present such 
calculations and discuss the relativistic effects in this spe- 
cies, since such a hetero bimetallic system is of great inter- 
est to both experimental and theoretical chemists. 

Methodology 
Our DF SCF methodology has been delineated in detail 

elsewhere (1-5) and only a brief summary of the salient 
features relevant to relativistic diatomic calculations is pre- 
sented here. 

The basic idea behind the Relativistic Integral Program 
(RIP) (10, 11) used in our calculations is to express the 
wavefunction for the diatomic molecule in terms of the 
Dirac-Fock atomic orbitals (DFAO) of the constituent atoms. 
The DFAOs for the atoms can be easily calculated using the 
Dirac-Fock programmes (1 2). In addition, since the inner- 
most electrons of the heavy atoms (with Z > 75) are hardly 
expected to be affected by the formation of the molecule, a 
frozen core approximation is used in which the wavefunc- 
tion q ( r , ,  . . . , r,) for the closed-shell N-electron diatomic 
molecule system is written as: 

where in eq. [ l ]  S is a normalization constant. The I@,,) and 
I@,,) in eq. [ l ]  are wavefunctions for the cores containing n,, 
and ncb electrons of the atoms "a" and "b" of the diatomic 
and these core wavefunctions are taken to be single deter- 
minants (SD) of the DFAOs of the isolated atoms, viz., 

In eqs. [2] and [3:) IU, ,~)  is the ith core orbital for atom b, r,., 
is the position vector of the ith electron with respect to the 
nucleus b, and A is the antisymmetrizer, while in eq. [ l ]  A' 
is the partial antisymmetrizer, which contains, besides the 
identity, only permutations interchanging coordinates be- 
longing to one of the set (r, ,  . . . , rnCn), (r +, , . . . , r,=+,,), 
and (rmC3+,,+ , , . . . , rN) with those belonging to a different set. 
The I@, (rnCa+,,+,, . . ., r,)) appearing in eq. [ l ]  is an anti- 
symmetric wavefunction for the (N - nca - ncb) valence 
electrons, which is built from those DFAOs of the isolated 
atoms not appearing in the core wavefunctions @,, and @,, 
defined in eqs. [2] and [3]. 

Each of the DFAO in eqs. [2] and [3] is taken to be of the 
standard central field form with respect to the nucleus on 
which it is centred and therefore carries the additional la- 
bels K and m (13), so that 

where PB(r,) and QB(r,) are the large and small radial func- 
tions, respectively centered on nucleus p. The (2j + 1) or- 
bitals differing only in the rnj quantum number are said to 
constitute a subshell (14) denoted by B, and are taken to have 

the same radial functions. The label b in eq. [4] defines the 
orbital uniquely after specification of the centre p, thus de- 
fining the K and rn quantum numbers, which may both carry 
the additional subscript b. The x,,,,, is a vector-coupled two- 
component spinor eigenfunction of the operators j2 and jz 
corresponding to the total and z-component of the angular 
momentum ( j  = I + s) of an electron with eigenvalues j ( j  
+ 1) and rn respectively, so that rn is the rn, quantum num- 
ber. These functions can be written as 

where in eq. [5] the Y ,,,,,-,, are the normalised spherical 
harmonics and 1; m,) is a two-component spin function: 

The quantum number K defines both the total angular mo- 
mentum ( j )  and the orbital angular momentum (0 as fol- 
lows: 

It should be borne in mind that only completely filled sub- 
shells (B), namely those in which each of the (2jB + 1) 
orbitals contains one electron, can be included in the core 
wavefunction in order to ensure both that the core has no net 
angular momentum, and that it is symmetric under the 
symmetry operators of the (double) symmetry group of the 
diatomic molecule (15, 16). 

The valence wavefunction I@,(r +,,cb+ , , , ,  r,)) is con- 
structed from a set of relativistic orbitals, each member of 
which is orthogonal to all the orbitals entering the core 
functions of the two atoms given by eqs. [2] and [3]. The 
number of electrons to be included in the valence wave- 
function depends upon the accuracy required; however, the 
electrons in the open shells of the isolated atoms of the di- 
atomic must be included in @,, which can be enlarged to 
include those outermost orbitals of the isolated atoms that are 
expected to be significantly affected by the formation of the 
molecule, e.g., 5d* and 5d DFAO in the gold atom in AuH. 

The valence wavefunction I@,) for most diatomic calcu- 
lations is taken to be a single Slater determinant (SD) or an- 
tisymmetrized product (AP) of valence relativistic molecular 
orbitals (RMO), which are taken as eigenfunctions of the 
operator jZ with eigenvalue rn. In this case the N-electron 
wavefunction becomes a molecular relativistic self-consis- 
tent-field (SCF) wavefunction and the SCF valence wave- 
function QVSCF can be written as: 

where Nvm is the number of valence RMO's occumng in eq. 
[7] that have rnj = rn. 
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The wavefunction is an eigenfunction of the z- 
component of the total angular momentum JzT with zero ei- 
genvalue and furthermore it is symmetric under both the 
N-electron relativistic operators HXT and Hu, i.e., for re- 
flections in the YZ and XZ planes (1 5 ,  16). Moreover, it can 
be shown either by double group arguments (15) or by using 
the properties of the H,. operator (16) that the pair of orbit- 
als & m) occurring in QVSCF of eq. [7] is degenerate and 
constitutes a closed shell. 

The Dirac-Fock atomic orbitals used to construct the core 
wavefunctions given in eqs. [2] and [3] describe automati- 
cally the behaviour of electrons and not positrons. Further- 
more, all the orbitals used in the construction of the valence 
wavefunction I@,) have the form given in eq. [4] and are 
constructed to maintain the appropriate relation between 
the large and small components (17), and therefore lie within 
the subspace of the electron-like solutions of some single 
particle Dirac-Fock hamiltonian. The energy E(R) of the 
wavefunction given in eq. [I] ,  which depends on the inter- 
nuclear separation (R), can therefore be calculated as 

i.e., as the expectation value of the N-electron relativistic 
hamiltonian H ,  without the need to introduce any projection 
operators (1 8) where 

- I  . 
In eq. [9] r,, is the Coulomb repulsion between electrons 
p. and v and HD(p.) is the Dirac Hamiltonian for the p.th 
electron in the potential of all the nuclei of the molecular 
system. In eq. [lo],  c is the velocity of light (c = 137.037 
in a.u.), Z,  is the nuclear charge on the ath nucleus, r,, is 
the distance between the ath nucleus and the p.th electron, 
and the sum over "an runs over all the "n" nuclei. The a and 
p are well-known 4 x 4 matrices defined below, and I, is the 
4 X 4 unit matrix: 

In eq. 1101, the rest mass energy of an electron has been 
subtracted in order to obtain its binding energy, and H of eq. 
[9] is the so-called Dirac-Coulomb Hamiltonian for mole- 
cules. The I in the definition of P is the 2 x 2 unit matrix. 

Moreover, the strong orthogonality between the core and 
valence wavefunctions ensured by the orthogonality be- 
tween the core and valence orbitals enables eq. [8] to be de- 
composed into core and valence contributions (19) as follows, 

[l 11 E(R) = E',:' + E',:' + AEZr, (R) + Ev(R) 

where in eqs. [ l l ]  E',:' and E',:' are the energies of the core 
functions given in eqs. [2] and [3], respectively, and hE2r, 
(R), which includes the nuclear-nuclear repulsion, is the 
difference between the energy of this core in the molecule 
and that of the same core in the isolated atoms. The Ev(R) 
is the energy of the valence electrons and it contains both the 
direct and exchange interactions between the core and the 
valence electrons. 

The dissociation energy (D,) defined as positive (1) for a 
bound molecule, equals the negative of the interaction en- 
ergy AE,,,(R) at the predicted equilibrium internuclear sep- 
aration (R,) and AEi,,(R) is given by the expression: 

where E,, the total energy of the isolated atom p., is given 
by 

where in eq. [13] E,, and E,, are energies of the core and 
valence electrons, respectively, in the isolated atom p.. It 
should be borne in mind that the E,, only equals the energy 
E,,'~' in the molecule if the same set of core orbitals is used 
both in the free p.th atom wavefunction and in the molecu- 
lar core function given in eqs. [ l ]  and [2], and in this case 
AEi,,(R) simplifies to 

Calculations and results 

Ab initio RMO SCF calculations were performed for the 
ground state (a = 0) of the closed-shell ThPt molecule, as- 
suming point nucleii at four internuclear distances, viz., 4.50, 
5.50, 6.00, and 6.50 bohr. 

The Oxford MCDF program of Grant et al. ( 1  2) was used 
to generate a nine-configuration state function (CSF) WF and 
the corresponding NRL WF for the neutral Th atom with the 
ground state electronic configuration [Rn] 6d27s', where [Rn] 
stands for the ground state electronic configuration of the 
radon atom (Z = 86). Similarly, wavefunctions were gen- 
erated for the ground J = 3 state of the Pt atom with the 
configuration 1s' . . . 5d*, 5d5 6s, where the 5d* stands for 
the ( 5 4  A 0  with j = 3/2. In these calculations, the inner 86 
electrons of the Th atom and the 68 electrons of the Pt atom 
were treated as "core" and the 6d, 7s Dirac-Fock atomic 
orbitals (DFAO) of Th and the 5d, 6s DFAOs of Pt were in- 
cluded in the valence RMO SCF WF of ThPt. It should be 
pointed out that although the core orbitals are taken to be 
unchanged from the isolated atoms, the following three im- 
portant effects of the core on the valence wavefunctions are 
exactly calculated and therefore taken explicitly into ac- 
count (1): (i) A direct Coulombic potential is generated by 
the core and is easily calculated by the Relativistic Integral 
Program (RIP) (10, 1 1). (ii) Core-valence exchange, whose 
exact computation by RIP or any other program requires 
explicitly the presence of the core orbitals in the total wave- 
function, which is written as an antisymmetrized product of 
the core and valence wavefunctions (see ref. 1 for details). 
(iii) The strong orthogonality between the core and valence 
wavefunctions, which is ensured in the RIP program by 
construction of the valence wavefunction from the orbital set, 
which is orthogonal to the core orbitals. 

Our approach, therefore, is to be clearly distinguished from 
the effective-core-potential (ECP) and the so-called relativ- 
istic pseudo-potential schemes, which do not explicitly in- 
corporate the core orbitals and thus introduce approximations 
to the effects (ii) and (iii) of the core. 

Moreover, the inclusion of inner-shell orbitals in the core 
wavefunction is for the sake of computational cost consid- 
erations, since it is not mandatory to do so, and we have re- 
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TABLE I. Calculated total molecular relativistic MO (RMO) SCF 
energies (E,,]) for ThPt in hartree (1 hartree = 27.21 1 eV) atovar- 

ious internuclear distances R in bohr (I  bohr = 0.529177 A) 

R (bohr) -ERcl (hartree) Rm,n,Rcl(b~hr)" k,,: ~ , , ~ ( c m ' ) "  

TABLE 2. Calculated total molecular non-relativistic limit MO SCF 
energies (EN,) for ThPt in hartree (1 hartree = 27.21 1 eV) at-var- 

ious internuclear distances R in bohr (1 bohr = 0.529177 A) 

R (bohr) -EN, (hartree) Rm,n.NR(b~hr)"  k ~ , "  ~ ~ ~ ( c m - ' ) ' '  

"The values of R ,,,, ,,,, the force constant k ,,,, and C,,, ( c m ' ) ,  the vibra- 
tional frequency. are obtained by fitting the results of RMO SCF calcula- 
tions for ThPt at four points to a cubic polynomial. 

cently performed all-electron calculations for CdH', in,which 
all the 24 RMOs were expressed as linear combination of 
DFAOs of Cd' and H; however, such calculations even for 
this 48-electron system are prohibitively expensive at pres- 
ent, even using supercomputers.' Moreover, it was found' 
that the first 23 RMOs consist of pure atomic DFAOs for this 
species. In the near future, we plan to perform similar cal- 
culations for non-hydride diatomics but, until then, we will 
content ourselves with calculations on ThPt with the core and 
valence wavefunctions described above, since even such 
calculations are very expensive for ThPt at our IBM 308 1G 
mainframe computer. 

We are aware of the limitations of our calculations; how- 
ever, even such calculations are nonexistent for the di- 
atomic ThPt, with 168 electrons. A full DF SCF calculation 
using about 100 DFAOs as valence basis set would require 
hundreds of CPU hours for RMO SCF calculations even with 
the CRAY XMP28 supercomputer. We believe that we can 
obtain fairly reliable understanding of the effects of relativ- 
ity in bonding of the diatomics involving atoms of actinide 
and thud-row transition elements even using the type of WF's 
we are reporting here for ThPt. 

The seven doubly occupied valence relativistic molecular 
orbitals or molecular spinors (MS) were constructed as lin- 
ear combinations of the (numerical) relativistic atomic or- 
bitals or atomic spinors (AS), whereas the core wavefunction 
for ThPt was taken as the appropriate antisymmetrized 
products (AP) of the "cores" of the Th and Pt atoms as de- 
tailed elsewhere ( 1-5). 

A cubic polynomial fit of the calculated total RMO SCF 
molecular energies at various internuclear separations was 
employed to predict R,,,, total molecular energy energy at 
R,,, force constant k,,,, and vibrational frequency (G,,,) and 
the results are collected in Table 1. 

It should be pointed out, however, that the RMO SCF 
calculations predict the ThPt diatomic to be unbound only 
by 0.05075 hartree (1.38 eV) at R,,,. Therefore, an RCI 
treatment taking the DF SCF WF with a very extended basis 
as the reference will be mandatory to obtain the dissociation 
energy of 109 kcal mol-I, predicted (8) from the empirical 
valence-bond approach, and the experimental dissociation 
energy of 130.7 kcal mol-I for ThPt reported by Gingerich 
(20) from a mass spectrometric study. However, such cal- 
culations will entail very enormous computational costs and 
can only be performed using dedicated state-of-the-art su- 
percomputer technology, and are not feasible at present. 

An RMO SCF calculation was also performed at the pre- 

'G. L. Malli, A .  J. Stacey, and N. C .  Pyper. Unpublished. 

"The values of R,,,,,,,, the force constant k,,, and C,, (cm-I), the vibra- 
tional frequency, are obtained by fitting the non-relativistic limit MO SCF 
calculations for ThPt at four points to a cubic polynomial. 

dicted R,,i, for ThPt and the calculated seven RMO energy 
eigenvalues are -0.3459, -0.3297, -0.2872, -0.2829, 
-0.2713, -0.2121, and -0.1817 hartree. 

The non-relativistic limit (NRL) MO SCF calculations 
were performed for ThPt at four intemuclear separations of 
4.5, 5.5, 6.5, and 7.5 bohr. The NRL wavefunctions for the 
atoms Th and Pt were also generated using the Oxford MCDF 
program (12), and the calculations were performed in a 
similar manner to those of the RMO SCF calculations as 
discussed above. A cubic polynomial fit of the calculated total 
molecular energies using the NRL MO SCF wavefunctions 
for ThPt at various intemuclear separations was performed 
to predict R,,,, total molecular energy (at R,,,,), force con- 
stant (kNR), and vibrational frequency ($,,) and the results 
are given in Table 2. 

It should be pointed out that the NRL MO SCF wave- 
function predicts the ThPt molecule to be almost bound at 
R,,, (predicted binding energy of 0.000453 hartree, i.e., 
0.0123 eV). However, this should not be construed to con- 
clude that the NRL MO SCF WF is better for ThPt than the 
RMO SCF WF, since the calculated relativistic total molec- 
ular energy at the relativistically predicted R,, (5.1774 bohr) 
is lower by about 3273 hartree, i.e., 89 062 eV, than the NRL 
total molecular energy at the NRL predicted R,, (6.8624 
bohr). 

An NRL MO SCF calculation was also performed at the 
internuclear separation of 6.8624 bohr and the calculated 
seven orbital eigenvalues are found to be -0.2401, -0.2389, 
-0.2339, -0.2338, -0.2332, -0.2006, and -0.1534 har- 
tree. 

The RMO and the NRL MO SCF wavefunctions (at the 
respective predicted R,,,) using Koopman's theorem predict 
ionization potentials (IP) of 4.944 and 4.174 eV, respec- 
tively; however, both predicted values of IP differ signifi- 
cantly from the value reported by Gingerich (20) for the 
appearance potential of 8 2 2 eV for ThPt. It should also be 
mentioned that Gingerich (20) estimated molecular param- 
eters for ThPt by means of standard statistical therrnody- 
namic relations, and his estimat~s for bond distance and 
vibrational frequency are 2.54 A and 221 cm-', respec- 
tively, which are in better agreement with the R,,,, and 
vibrational frequency ($) predicted with our RMO SCF 
wavefunctions, viz., 2.7398 A and 155.4 cm-I, than the 
values predicted by the NRL MO SCF wavefunctions, viz., 
3.6314 A and 74.46 cm-I, respectively. 

To discuss bonding in ThPt, it is instructive to use the four- 
component functions defined through equations (3.5aH3.54 
of Malli and Pyper (I) ,  to express the calculated valence 
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RMOs in terms of the large components of the le,m,) func- 
tions, where Ismms), Jpmm,), Idmms) functions have s, p ,  d-like 
angular functions with mc quantum number m and m, = ? 1 /2 
(the z-component of the spin angular momentum corre- 
sponds to the two-component spin functions la) and IP)). 
Therefore, the valence RMOs (and the NRL MOs) can be 
expressed in terms of Ipua), Ip.rrP), )dm) ,  Id-@), I fua), I fop) 
functions, etc., which can give insight into the bonding 
characteristics of the valence RMOs and the NRL MOs of 
the molecular species under study. The valence relativistic 
HOMO (RHOMO) of ThPt designated as )7e3/2) using the 
double group theoretical notation for the extra or additional 
irreducible representations of heteronuclear diatomics (at R 
= 5.1744 bohr) has the following form: 

It consists of almost pure 16d6P) on the Th atom (plus a 
small contribution of 16d.rra) on Th) with very small contri- 
butions from the 15d6P) and 15d.rra) orbitals on Pt. 

The valence RMO 16e1/2), lying just below the RHOMO, 
however, is found to consist of a bonding combination of a 
7su-6du hybrid on Th with a 6su-5du hybrid on Pt, but the 
dominating contributions are from the bonding arising from 
the interaction of the 7s DFAO on Th with the 6s DFAO of 
Pt: 

The next five calculated valence RMOs (lying below the 
16e 1 /2) RMO) are of the following form: 

It can be seen that except for the (5e5/2) valence RMO 
(VRMO), the VRMOs lying below the RHOMO involve 
bonding mostly due to the interaction of the 5d DFAOs of 
Pt with the 6d DFAOs of Th or a hybrid of the 6d DFAO with 
small amounts of the 7s DFAO on Th. This is easily under- 
stood, since whereas the 7s DFAO is stabilized (i.e., low- 
ered in energy) due to the direct relativistic effect, the 6d 
DFAOs of Th are destabilized due to the indirect relativistic 
effect, i.e., pushed up in energy, and thus the 7s DFAO of 
Th is involved in bonding (as can be seen from the VRMO 
(6e1/2)) due to its interaction with the 6s DFAO of Pt, which 
is also lowered in energy due to the direct relativistic effect. 
The contribution of the 6d DFAOs of Th in lower lying 

VRMOs is fairly small; however, the destabilized 6d DFAOs 
of Th contribute significantly to the RHOMO. 

The calculated NRL valence HOMO (at Rmin,,R = 6.8624 
bohr) of ThPt has the following form: 

It consists of a 7s-6d hybrid on Th in a bonding interac- 
tion with a 5d-6s hybrid containing very small amounts of 
the 5d and 6s DFAOs of Pt. This is in contrast to the cal- 
culated RHOMO for ThPt, which, as discussed above, con- 
tains very substantial contributions from the 6d DFAOs of 
the Th atom, but very small contributions from the 5d DFAO 
of Pt, again due to the indirect relativistic effect on the 6d 
DFAO of Th. However, the next six lower lying valence 
nonrelativistic limit (NRL) MOs, with the exception of the 
61e3/2) NRL MO, are calculated to consist almost of the pure 
5d NRL AOs of Pt with very small contributions from the 
6d NRL AOs of Th and almost negligible amounts of the 7s 
NRL A 0  of Th. The calculated NRL MO, )6e3/2),,, has the 
following form: 

Thus the RHOMO is )7e3/2) and the VRMO lying below 
it is (6e1/2); however, the NRL calculations predict rever- 
sal of the symmetries, since the NR HOMO is 17e1/2) and 
the NR VMO lying below is )6e3/2). 

We conclude, therefore, that the main features of bond- 
ing characteristics, the calculated valence RMOs and the NRL 
MOs of ThPt, can be understood due to the interplay of both 
the direct and indirect effects of relativity, as discussed here, 
and that the relativistic effects are very pronounced in 
bonding, bond length contraction, force constant, and vi- 
brational frequency for ThPt. 
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AKITOMO TACHIBANA, SHIGERU ISHIKAWA, WATARU SAHARA, and TOKIO YAMABE. Can. J. Chem. 70, 427 (1992). 
The extended local vibronic constant (ELVC) is introduced for the study of the strength of local electron pairing for 

superconductivity based on vibronic interaction using a model of an oxygen-containing organic polymer. The ELVC 
consists of the electrostatic part and the two-electron part, which originates in the response of the electron density to the 
nuclear vibration. It is found that the two-electron part has opposite sign to, and almost the same magnitude as, that of 
the electrostatic part The difference between the ELVC and the Fock matrix derivative, which is related to the deriva- 
tive of the Huckel parameters used as the electron-phonon coupling constant, is discussed. The vibronic interaction in 
the in-plane orbitals, which is characteristic of the interaction in a two-dimensional conductor, is also discussed. 

Key words: vibronic interaction, superconductivity, local electron pairing, extended local vibronic constant, ab initio 
1 calculation. 

AKITOMO TACHIBANA, SHIGERU ISHIKAWA, WATARU SAHARA et T o ~ r o  YAMABE. Can. J. Chem. 70,427 (1992). 
Utilisant comme modkle un polymere organique contenant de I'oxygkne, on fait appel a la constante vibronique lo- 

cale etendue (CVLE) pour Ctudier la force du couplage Clectronique local dans la supraconductivitC causCe par l'inter- 
action vibronique. La CVLE est formee de la partie Clectrostatique et de la partie a deux electrons qui trouve son origine 
dans la rCponse a la densite electronique par rapport a la vibration nuclCaire. On a trouve que la partie a deux Clectrons 
est d'une amplitude Cgale, mais de signe opposC, a la partie Clectrostatique. On discute de la difference entre la CVLE 
et la dCrivCe de la matrice de Fock qui est relike a la derivee des paramktres de Huckel utilises comme constante de cou- 
plage Clectron-phonon. On discute aussi de I'interaction vibronique dans les orbitales dans le plan qui est carac- 
tkristique de I'interaction dans un conducteur bidimensionnel. 

Mots clPs : interaction vibronique, supraconductivitC, couplage Clectronique local, constante vibronique locale Ctendue, 
calculs ab initio. 

[Traduit par la rCdaction] 

Introduction 

The discovery of high-T, copper-oxide superconductors 
(1) has renewed interest in the search for the origin of the 
attractive interaction between a Cooper pair of supercon- 
ducting electrons. In this connection, various mechanisms 
of superconductivity, such as bipolaron (2, 3),  exciton (4), 
plasmon ( 3 ,  spin-polaron (6), and resonating valence bond 
(RVB) (7), have been proposed in addition to the conven- 
tional electron-phonon coupling mechanism (8-10). We have 
proposed a vibronic electron pairing mechanism (1 l ) ,  which 
is based on a specific vibronic interaction in molecules. 

Vibronic interaction in molecules has been one of the pri- 
mary subjects in molecular spectroscopy. Various theories 
for determining the vibronic coupling constants have been 
proposed (12-14). However, these theories are not specific 
to the attractive interaction for superconductivity. 

Our vibronic attractive interaction originates from non- 
adiabatic coupling, and is obtained in closed form using 

' ~ u t h o r  to whom correspondence may be addressed. 
* ~ l s o  associated with the Institute for Fundamental Chemistry, 

34-4 Nishihiraki-cho, Takano, Sakyo-ku, Kyoto 606, Japan. 

normal coordinates Q, of molecular vibration as parame- 
ters, in contrast with the use of the diabatic perturbation 
series for the attractive interaction in the conventional elec- 
tron-phonon coupling mechanism (8- 10). The vibronic at- 
tractive interaction is instantaneous with respect to the 
electronic interaction because it is caused by nuclear vibra- 
tional momentum -ia/aQ, acting on the electronic wave- 
function, while the conventional electron-phonon coupling 
is delayed because it is caused by small but finite displace- 
ment of Q,,. The vibronic attractive interaction is negative 
definite, while conventional electron-phonon coupling 
contains repulsive interaction. Calculation of the attractive 
interaction of arbitrary chemical species can be done using 
ab initio molecular orbital methods, which enables us to de- 
sign novel vibronic processes for superconductivity. Orbital 
and vibrational mode-specific characterization of the vi- 
bronic attractive interaction can be done using the extended 
orbital vibronic constant (EOVC) (15), which is related to 
the orbital vibronic constant (OVC) in Bersuker's study of 
the Jahn-Teller effect (14). 

The EOVC is a measure of the vibronic interaction for the 
electronic stationary state. We may now ask the following 

Printed in Canada 
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question: how does the molecular vibration give rise to the 
local polarization of the electrostatic field and of the elec- 
tron density? This will be represented by the extended local 
vibronic constant (ELVC) defined by eq. [3] in this paper. 
The ELVC gives a measure of the favorable atomic site and 
the interaction range for vibronic electron pairing. 

We have calculated the vibronic interaction for supercon- 
ductivity in heteroatom-substituted polyacetylene such as 
(CHO),,, and found that the polar bond between oxygen and 
carbon is interesting for local electron pairing ( 16- 19). Hence 
we shall examine in this paper the ELVC of (CHO),, using a 
structural model molecule (CH,),O. The difference be- 
tween the ELVC and the Fock matrix derivative, which is 
often used as the electron-phonon coupling constant, will 
be discussed. Another interesting aspect of this molecule is 
the vibronic interaction for the in-plane orbitals, which is 
characteristic of the interaction in a two-dimensional con- 
ductor. We have found that large vibronic attractive inter- 
action is obtained in the in-plane orbitals centered at the 
oxygen atom (17). Hence, we shall examine the ELVC for 
the in-plane atomic orbitals. 

Theory 
The vibronic interaction for supercondztctivity 

The effective interaction energy V:ff of a Cooper pair or a 
time-reversal pair of electrons associated with the vibronic 

I scattering process in between the ith molecular orbital $, and 
I 
I the jth one is given as ( 1 1, 15- 19) 

[ la1 V:ff = v:,,, - A,, 

where V:,,,, A,], and Q, denote the Coulombic repulsion en- 
ergy, the vibronic attraction energy, and the nth normal 
vibrational coordinate, respectively. A,, represents the non- 
adiabatic coupling between a pair of different electronic states 
$, and 4). V:,uI is positive and is normally larger than A,]. A,] 
is positive definite and reduces the magnitude of V:,,,, act- 
ing as the attractive force. The alternative form of A ,  is 
written as 

where f t, ei, and f denote the extended orbital vibronic con- 
stant (EOVC), the ith orbital energy, and the dynamic Fock 
operator that determines {$,} and {E;) incorporating the vi- 
bronic interaction. The EOVC characterizes the selection rule 
and the strength of the vibronic interaction (15). If the EOVC 
is nonzero, a small orbital energy difference brings about a 
large vibronic attraction energy. 

As the size of the system becomes large, ~ g , , ,  decreases 
to zero in proportion to the volume of the system, whereas 
A,, grows to infinity for a one-dimensional system, con- 

I verges to a finite value for a two-dimensional system, and 
decreases to zero for a three-dimensional system if only the 
longitudinal vibrational modes are used for simple Hiickel 
molecular orbitals (19). Even for a three-dimensional sys- 
tem, A,  decreases much more slowly than does V:,,, (19). 

This shows that a net attractive interaction responsible for 
superconductivity emerges if the system becomes large 
enough. 

Definition of' the ELVC 
To elucidate the attractive interaction for local electron 

pairing, atomic orbital-wise characterization of the EOVC 
is required. Adopting the linear combination of the atomic 
orbital (LCAO) approximation for $;, we get the expression 
for the EOVC in the atomic orbital basis {x,) 

P a l  f :: = (~~(af/aQ,,lx.~) 

Moreover, since Q,, is given by a linear combination of 
atomic cartesian coordinates, we have more basic represen- 
tation of the EOVC as follows: 

where ti, denotes the Cartesian coordinates x,, y,, or z, of atom 
a. We call f and f the extended local vibronic constant 
(ELVC) with respect to Q,, and t,, respectively. Differen- 
tiating f with respect to t,, we get 

where V,,, G,  and A denote the nuclear attraction potential, 
the two-electron operator, which consists of the Coulombic 
repulsion and the exchange interaction operators, and the 
vibronic interaction operator, respectively. The first and 
second terms in eq. [4], respectively, represent the instan- 
taneous polarization of the electrostatic field and of the 
electron density brought about by the nuclear momentum. 
In Hartree-Fock theory, we may write dG/dt, in the func- 
tional form 

where r and p denote the electron coordinate and the elec- 
tron density, respectively. The third term in eq. [4] is ne- 
glected in this paper, because the A itself is negligible for 
small molecules like the one treated here. 

The ELVC is different from the Fock matrix derivative 
simply because the ELVC does not have the atomic orbital 
derivative. The Fock matrix derivative is related to the de- 
rivative of the atomic a and resonance p integrals in the 
Hiickel treatment, which are often used to study the elec- 
tron-phonon coupling in the frame of a tight-binding ap- 
proximation such as the Su-Schrieffer-Heeger (SSH) model 
(20). 

Method of calculation 
Ab initio calculations were performed with a 3-21G basis 

set by the GAUSSIAN80 and GAUSSIAN82 programs (21), 
incorporating new subroutines to calculate the vibronic in- 
teraction. Because we neglected the vibronic coupling term 
in eq. [4], the adiabatic Fock operator was used for the dy- 
namic Fock operator. The EOVC was obtained using the 
relation 

[61 ($,laf/aQ,II$l) = ( E ,  - &,)(a$,/aQ,,l$,) + a&,/aQlls, 
The ELVC was calculated by transforming the EOVC from 
the molecular orbital basis to the atomic orbital basis: 

Results and discussion 
The out-oflplane ELVC 

A possible structure of the model polymer is shown in Fig. 
l(a). The polymer is formally metallic; however, it may be 
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FIG. 1. (a )  A possible structure of the oxygen-containing model 
organic polymer (CHO),,. ( b )  Optimized Czv geometry of the 
structural unit molecule (CH,),O. The molecule is lying in the y - z  
plane. Units of bond lengths and angles are A and degrees, re- 
spectively. The Cartesian coordinate of atom a is denoted as 
(xm ?ye , z A .  

TABLE I .  The Fock matrix for the out-of-plane p or- 
bitals of (CH,),O. Only outer orbitals are shown. Units 

are au 

0, c2 c3 

p.v(o) P.,(o) p.,(o) 

unstable with respect to generation of the spin density wave 
(SDW) or the charge density wave (CDW), which are char- 
acteristic of low-dimensional conductors. To suppress the 
generation of the insulating phase, two- or three-dimen- 
sional contact between polymer chains and doping of con- 
ducting camers should be necessary as in the case of known 
organic superconductors. In Fig. I(b), the optimized ge- 
ometry of the structural unit molecule (CH2)?0 is shown. The 
molecule has C," symmetry, and is lying in the y-z plane. 
The diradical character of this molecule has been reported 
(22). 

In Table 1. the Fock matrix elements for the out-of- lane 
p orbitals are shown. Since we are interested in the aitrac- 
tive interaction for the Cooper pair, we consider only outer 
atomic orbitals of the split-valence basis set because the outer 
atomic orbitals are thought to play a major role in electron 
conduction. The diagonal elements correspond to the Hiickel 
a parameters and the nearest-neighbor elements to the Hiickel 
B parameters. In Table 2, the Fock matrix derivatives with , . 
respect to the in-plane vibration of the oxygen and carbon 
atoms are shown. The nearest-neighbor vibrations, such as 
[a = y I  for the O,<,,, elements and 5, = y, and z, for the 
O,--C, element, have large values. The sign is positive 
(negative) if the bond length increases (decreases). As dis- 
tinct from the derivative of the Hiickel parameters, the Fock 

TABLE 2. The Fock matrix derivative for the out-of-plane p orbit- 
als of (CHz),O with respect to the in-plane motions of oxygen and 
carbon atoms. Units are au. The Cartesian coordinates of atom a 

are denoted as (x,,,y,,,z,) 

0, p.,(o) C ? P . ~ ( ~ )  c3 ~ ~ ( 0 )  

matrix derivative originates not only from the nearest- 
neighbor vibration, but also the non-nearest-neighbor one. 
Moreover, the diagonal Fock matrix element derivative ex- 
ists, which is conventionally set equal to zero in the Hiickel 
framework. A large diagonal element is found in the 0, site 
for <a = z , ,  Yr, and z,. The diagonal elements of 0, for 5, = 
y2 and z, are larger than the O,<, element. The nearest- 
neighbor elements with respect to remote atom vibration, 
such as the 0,--C3 elements for 5, = y2 and zZ, are found to 
be small. The non-nearest-neighbor elements, such as the 
C 2 x 3  element for 5, = z, ,  y2, and z,, are not negligible. 

Various modes of the Fock matrix element derivatives 
appear according to the motion of the nuclei. The magni- 
tude of the Fock matrix element derivative does not neces- 
sarily reflect that of the corresponding Fock matrix element 
shown in Table I .  

In Table 3, the ELVC's for the out-of-plane p orbitals are 
shown (bold-face type) with separation into the electrostatic 
contribution (upper parentheses) and the two-electron con- 
tribution (lower parentheses). The ELVC can be classified 
into three types: the on-site type, the nearest-neighbor type, 
and the non-nearest-neighbor or long-range type. This is the 
same as the Fock matrix element derivative. Indeed, the 
ELVC originating from remote atom vibration coincides with 
the corresponding Fock matrix element derivative. On the 
other hand, the ELVC originating from the local atom vi- 
bration shows d~fferent sign and magnitude froin the Fock 
matrix element derivative. This is simply because the Fock 
matrix element derivative includes the derivative of the 
atomic orbital that is attached to the local atom vibration. For 
instance, the diagonal element of 0, for 5, = z, is positive 
although the corresponding Fock matrix element is nega- 
tive. As the interaction energy for the Cooper pair is related 
to the product of the ELVC, the sign and magnitiude of the 
E L V C ~ ~ ~  important in determining favourable site and in- 
teraction range for the electron pairing. 

As shown in Table 3, the two-electron contribution has 
opposite sign to, and almost the same magnitude as, that of 
the electrostatic contribution. Therefore, the two-electron 
contribution cancels the electrostatic contribution and makes 
the ELVC small. 
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TABLE 3. The ELVC for the out-of-plane p orbitals of (CH2)?0. 
Units are au. The electrostatic and two-electron contributions are 

shown in the upper and lower parentheses, respectively 

01 p,(o) CZ PJO) C? P ~ O )  

S a  = YI 01 Pdo) 0.0 
(0.0) 
(0.0) 

CZ pr(o) -0.1040 -0.0529 
(-0.2759) (-0.561 2) 

(0.1719) (0.5083) 
C3 pr(o) 0.1040 0.0 0.0529 

(0.2759) (0.0) (0.5612) 
(-0.1719) (0.0) (-0.5083) 

For [a = y, ,  the diagonal element of 0, and the non-near- 
est-neighbor elements of C,<, vanish because of the 
symmetry. The nearest-neighbor elements of O I X 2 . ,  are 
the largest in magnitude. The electrostatic contribution to the 
01X2 element is negative, -0.2759, because the bond 
length between 0, and C, decreases as 0, moves in the +y, 
direction. On the contrary, the two-electron contribution is 
positive, 0.1719, so that it cancels the electrostatic contri- 
bution. The magnitude of the electrostatic contribution is 1.6 
times that of the two-electron contribution. The magnitude 

I of the diagonal element of C, is smaller than that of the 
I O , X ,  element although the magnitude of the electrostatic 

and two-electron contributions to it are larger than those of 
the OI<, element. Since the magnitude of the electro- 
static contribution is 1.1 times that of the two-electron con- 
tribution, they cancel each other and make the ELVC small. 

For [a = z, ,  the diagonal element of 0, is the largest in 
magnitude. This element may bring about the on-site pair- 
ing of electrons on the oxygen site. As the electrostatic 
contribution vanishes because of the symmetry, only the 

two-electron contribution remains. This element is positive 
although the corresponding element of the Fock matrix de- 
rivative is negative. 'The magnitude of the non-nearest- 
neighbor element for C 2 X 3  is comparable to the other 
elements. 

For [a = Yr, the 01X2 element is the largest in magni- 
tude. The magnitude of the electrostatic contribution to it 
is 2.9 times that of the two-electron contribution. The di- 
agonal element of 0, is smaller than the 01X2 element due 
to the cancellation between electrostatic and two-electron 
contributions, although their magnitude is large. On the 
contrary, for the Fock matrix element derivative, the 0, 
element is larger than the O 1 X z  element. The non-near- 
est-neighbor C 2 X 3  element is comparable to the on-site C, 
element. 

For [a = z2, the O,<, element is the largest in magni- 
tude. The magnitude of the electrostatic contribution to it is 
3.5 times that of the two-electron contribution. The diago- 
nal element of 0, is smaller than the 0 ,X,  element due to 
the cancellation between two contributions. 

The ELVC's originating from the vibration of hydrogen 
atoms are smaller than those for heavy atoms. However, if 
we substitute a polarizable side chain for a hydrogen atom, 
a large ELVC is brought about by the vibration of the side 
chain. The vibronic interaction produced by a polarizable side 
chain is interesting in connection with Little's model of an 
organic superconductor (23). 

The out-of-plane ELVC with respect to the normal 
vibrational coordinate 

We have shown that the ELVC with respect to the Carte- 
sian coordinate can be characterized by three types: the on-site 
type, the nearest-neighbor type, and the non-nearest-neigh- 
bor type. We shall examine now the ELVC with respect to 
the normal vibrational coordinate. The normal coordinates 
adopted in this paper are depicted in Fig. 2. In Table 4, the 
ELVC with respect to these normal coordinates are shown. 

For n = 1, the magnitude of the diagonal element of 0, 
is the largest. The magnitude of the nearest-neighbor ele- 
ments and the diagonal element of C2 are about 0.3 times that 
of the 0, element. Hence this mode, n = 1 ,  is characterized 
by the on-site type of the ELVC. 

For n = 9, the elements largest in magnitude are the 
nearest-neighbor elements of O , X , , , .  The diagonal ele- 
ment of C, is smaller by about one order of magnitude than 
the nearest-neighbor element. Hence this mode, n = 9, is 
characterized by the nearest-neighbor type of the ELVC. 

For n = 9, the diagonal element of 0, and the non-near- 
est-neighbor element of C 2 X 3  vanish because of the sym- 
metry. In an actual organic polymer, these elements do not 
necessarily vanish because the dispersion of the lattice vi- 
bration gives different motions to Cr and C,. 

For comparison, we also calculated the Fock matrix de- 
rivatives. The Fock matrix derivative with respect to the 
normal coordinate n = 1 was not the on-site type, while the 
other was the nearest-neighbor type. 

The in-plane ELVC 
The vibronic interactions among the in-plane orbitals are 

thought to be characteristic of two-dimensional conductors. 
In our previous study, a large vibronic attractive interaction 
is found in the in-plane orbitals in (CH,),O with respect to 
the transverse vibration of the spine (17). In this connec- 
tion, we calculated the ELVC for the in-plane atomic orbit- 
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n=9 1383 crn-' 

FIG. 2. Normal vibrational coordinates of n = 1 and 9 

TABLE 4. The ELVC for the out-of-planep orbitals of (CH2),0 with 
respect to normal vibrational coordinates. Units are au 

01 pdo) C2 ~ ~ ( 0 )  C3 ~ ~ ( 0 )  

n = 1 0, p,(o) -5.1107 
C2 pr(o) - 1.1694 1.1264 
C3 pr(o) - 1.1694 -0.3073 1.1264 

als as shown in Table 5 .  In some elements, the magnitude 
of the electrostatic and two-electron contributions is larger 
than that for the out-of-plane atomic orbitals. However, as 
is similar to the ELVC for the out-of-plane p orbitals, the two- 
electron contribution is of opposite sign to the electrostatic 
contribution, and they cancel each other. 

As 0, moves in the z direction, the change of hybridiza- 
tion between s and p, orbitals of 0, gives a large on-site 
ELVC between them. The magnitude of this ELVC is larger 
by about one order of magnitude than that ELVC for the out- 
of-plane atomic orbitals. The sign of the electrostatic con- 
tribution is opposite that of the two-electron contribution. The 
magnitude of the electrostatic contribution is 2.5 times that 
of the two-electron contribution. 

A large element is also found in between the p, orbital of 
0, and the p, orbital of C,. This coupling is interesting from 

TABLE 5. The ELVC for the in-plane orbitals of the C2, form of 
(CH2)?0. Units are au 

the point of view of two-dimensional coupling (17, 18). The 
sign of the electrostatic contribution is opposite to that of the 
two-electron contribution. The magnitude of the electro- 
static contribution is 2.2 times that of the two-electron con- 
tribution. 

There is no extremely large value for the on-site elements 
in C, and for the non-nearest-neighbor elements in C,--C,. 

To see the two-dimensional character of the vibronic in- 
teraction in the in-plane atomic orbitals, we calculated the 
ELVC for the D,, form of (CH,),O. The optimized struc- 
ture of the D,, form is shown in Fig. 3 ,  where the molecular 
axis is set to the y axis. The ELVC for the D,, form is shown 
in Table 6. As 0, moves in the z direction, a large element 
also appears in between the s and p, orbital of 0, due to the 
instantaneous hybridization between them. The sign of the 
electrostatic contribution is opposite that of the two-elec- 
tron contribution. The magnitude of the electrostatic contri- 
bution is 2.5 times that of the two-electron contribution. 
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FIG. 3. Optimized Qlh structure of (CH2)20. Units of bond 
lengths and angles are A and degrees, respectively. 

TABLE 6. The ELVC for the in-plane orbitals of the D2h form of 
(CH2),0. Units are au 

The ELVC between the p= orbital of 0, and the p ,  orbital 
of C, is also large. This coupling has two-dimensional char- 
acter since these orbitals have no overlaps between them. The 
sign of the electrostatic contribution is opposite to that of the 
two-electron contribution. The magnitude of the electro- 

static contribution is 2.3 times that of the two-electron con- 
tribution. This large ELVC represents the instantaneous 
electronic polarization due to the-sudden overlap of the non- 
overlapping atomic orbitals. 

We also calculated the Fock matrix element derivatives for 
the in-plane atomic orbitals. It is found that the Fock matrix 
element derivatives between the s and p, orbitals of 0,, and 
between the p, orbital of 0, and the p ,  orbital of C- , are not 
the largest for both C2" and DZh f o r m s . ~ o r  the DZh form, the 
values of the Fock matrix element derivatives between the s 
and p, orbitals of O , ,  and between the p, orbital of 0, and 
the p,. orbital of C,, are 0.2290 and -0.1926, respectively. 
~ h e s e  values are smaller in magnitude than those of the cor- 
responding ELVC's. 

Conclusion 
We have applied the ELVC using a model molecule to 

evaluate the strength of the vibronic attractive interaction for 
the local electron pairing of superconducting electrons. The 
ELVC is brought about by the Fock operator derivative, 
which represents the instantaneous electronic polarization due 
to the presence of the nuclear momentum as well as the po- 
larization of the electrostatic field. However, the Fock ma- 
trix derivative cannot represent the instantaneous electronic 
polarization correctly because it is concomitant with the 
atomic orbital derivative, which represents the motion of the 
atomic orbital following local nuclear motion. The ELVC 
consists of electrostatic and two-electron contributions. The 
two-electron contribution originates in the response of the 
electron density to the nuclear vibration. This has an oppo- 
site sign to that of the electrostatic contribution and often 
cancels the electrostatic contribution. The vibronic interac- 
tion can be characterized by three types of the ELVC: the on- 
site type, the nearest-neighbor type, and the long-range type. 
This sheds new light on the electron-phonon coupling con- 
stant of the tight-binding approximation, where the on-site 
and the long-range interactions are neglected and only the 
nearest-neighbor interaction remains. Indeed, we have found 
that a large ELVC out-of-plane element with respect to a 
certain normal coordinate appears locally on the oxygen site. 
The long-range type may play an important role if the nu- 
clear vibrational mode has a large dispersion as the system 
becomes large. 

The ELVC's with respect to the vibration of the hydro- 
gen atoms are found to be small. However, if we substitute 
a polarizable side chain for a hydrogen atom, a large ELVC 
is expected with respect to the vibration of the side chain. 

A large in-plane ELVC appears locally on the oxygen site 
because of the change of hybridization between s and p, 
orbitals as 0, moves transversally. A large ELVC also ap- 
pears in between the p, orbital of 0, and the p, of C,, 
which represents the two-dimensional vibronic coupling. The 
magnitude of these in-plane ELVC's is larger than that of the 
largest out-of-plane ELVC. 

The vibronic interactions that we calculated may be too 
small to create a Cooper pair in the model molecule; how- 
ever, if the system becomes large enough, a large vibronic 
attraction would be expected, because the energy gap be- 
tween a pair of the electronic states becomes small and then 
the vibronic attraction becomes large. To generate a super- 
conducting phase in the (CHO),, polymer, the instability 
characteristic of low-dimensional conductors such as SDW 
or CDW should be suppressed. This would be done by 
two- or three-dimensional contact between polymer chains, 
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which would also serve to generate long-range order in the 
superconducting phase. Vibronic coupling between in-plane 
orbitals is considered to be important in designing two-di- 
mensional superconductors. 
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K. HIRAO. Can. J. Chem. 70, 434 (1992). 
General formulae for the second, third, and fourth derivatives of the energy with respect to the nuclear coordinates 

of a molecule are derived from the Hellmann-Feynman theorem. Hurley's condition is used to obtain approximations 
to the first-order wavefunction, from which the second, third, and fourth energies can be obtained, leading to quadratic, 
cubic, and quartic force constants. The procedure is equivalent to minimizing the derivative energy by perturbed vari- 
ation techniques. The expressions for these higher energy derivatives are much simpler than those of the direct analytic 
derivative method. The electrostatic calculation involves only one-electron integrals. The coupled Hartree-Fock equa- 
tions to obtain the wavefunction derivatives become much simpler. The present theory provides a great conceptual sim- 
plification. However, the theory is correct only if the basis set is complete or basis functions are independent of the 
perturbation. 

Key words: analytic derivative theory, Hellmann-Feynman theorem, force constants, the curvature theorem. 

K. HIRAO. Can. J. Chem. 70, 434 (1992). 
En utilisant le thCorkme de Hellmann-Feynman, on a dCrivC des formules gCnCrales pour les deuxihme, troisikme et 

quatrikme dCrivCes de 1'Cnergie par rapport aux coordonnCes nuclkaires d'une molCcule. On a utilisC la condition de Hurley 
pour obtenir des approximations de la fonction d'onde du premier ordre, a partir de laquelle on a obtenu les deuxikme, 
troisikme et quatrikme energies, qui ont conduit aux constantes de force quadratique, cubique et quartique. La prockdure 
Cquivaut a minimiser l'energie dCrivCe a l'aide des techniques de la variation perturbCe. Les expressions de ces dCrivCes 
ClevCes de 1'Cnergie sont beaucoup plus simples que celles obtenues g r k e  a la mCthode de la derivCe analytique directe. 
Le calcul Clectrostatique n'implique que les intkgrales d'un seul electron. Les Cquations couplkes de Hartree-Fock 
nCcessaires pour obtenir les dCrivCes de la fonction d'onde deviennent beaucoup plus simples. La prksente thCorie prCsente 
une grande simplification conceptuelle. Toutefois, la thCorie n'est correcte que si la base est complkte ou si les fonc- 
tions de base sont indkpendantes de la perturbation. 

Mots clds : theorie de la dCrivCe analytique, thkorhme de Hellmann-Feynman, constantes de force, thkorkme de courbure. 
[Traduit par la rCdaction] 

1. Introduction of eiaenfunction eauation or a simultaneous system of lin- 

Many important molecular properties are directly defined 
as the derivatives of an electronic energy. Electric moments 
and polarizabilities are property defined as the derivatives of 
the energy with respect to the applied electric fields. Mag- 
netic properties such as diamagnetic susceptibilities and nu- 
clear magnetic resonance chemical shifts are related to energy 
derivatives with respect to external and nuclear magnetic 
fields. Differentiation of the energy with respect to nuclear 
coordinates corresponds to the calculation of forces and force 
constants. These nuclear displacement energy derivatives are 
very important in the exploration of potential surfaces. 

The first derivatives of the energy with respect to nuclear 
coordinates give the force acting on the nucleus and are used 
to find the stationary points such as equilibrium structures 
and transition structures. The second derivatives are related 
to the harmonic force constants as well as to the nature of the 
stationary point. The third and fourth derivatives are related 
to the cubic and quartic force constants, respectively. The 
knowledge of these derivatives yields anharmonic spectro- 
scopic constants. 

There are two general approaches to the calculation of 
analytic energy derivatives. The first method is the direct 
analytic differentiation of the expectation value of the 
Hamiltonian. The procedure has been the most commonly 
used and has been the focus of many investigations in re- 
cent years. The idea underlying the direct analytical deriv- 
ative method is to rigorously differentiate the true quantum 
mechanical energy. Generally this involves solving a type 
Printcd in Canada 

- 
ear equations. Consequently n differentiations are neces- 
sary to reach nth energy derivatives. 

Direct analytic first derivatives of the SCF energy were first 
derived by Pulay (1). It is now relatively straightforward to 
calculate the first derivatives with respect to nuclear coor- 
dinates for any method. Pople et al. (2) presented the ana- 
lytical method for the evaluation of SCF second derivatives. 
To obtain second derivatives it is necessary to solve the 
coupled perturbed Hartree-Fock equations of Gerratt and 
Mills (3). The most severe bottleneck in this approach is the 
drastic increase in the number of basis molecular integrals 
to be computed. In spite of this, such a second derivative 
approach is used rather routinely for SCF and some MC-SCF 
schemes. The formulations of SCF third- derivatives were first 
given by Gaw, Yamaguchi, and Schaefer (4). Some simpli- 
fications in the formula were given by Gaw and Handy (5). 
The fourth derivatives have been presented by Handy and co- 
workers.' This requires the solution of the second-order 
coupled perturbed Hartree-Fock equations. However, the 
scheme becomes more time consuming and complicated as 
the order of the energy derivatives increases. This is mainly 
due to the error terms, which vanish when the wavefunc- 
tions obeying the Hellmann-Feynman theorem are used. 
Nothing will be gained if we evaluate the unphysical error 
terms. 

An alternative method is possible, based on the use of the 

IS. M. Colwell, D. Jayatilaka, P. E,  Maslen, R. D. Amos, and 
N. Handy, private communication. 
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Hellmann-Feynman theorem (6, 7). The Hellmann- 
Feynman theorem gives the first derivatives of the energy 
with respect to the nuclear coordinates as a simple expecta- 
tion value. Consequently, n - 1 differentiations are re- 
quired to reach the nth derivatives of the energy. In addition 
we have the so-called Hurley's condition (8) for the optimal 
variational wavefunction, which serves as an auxiliary con- 
dition. Thus, the Hellmann-Feynman approach seems to be 
much superior to the direct differentiation method. How- 
ever, although there have been isolated successes of the 
Hellmann-Feynman approach (9),2 thus far there is no gen- 
eral theoretical understanding of the situation. This is mainly 
due to the unreliability of the Hellmann-Feynman method 
for evaluating forces on nuclei. Although the Hellmann- 
Feynman theorem is valid for true Hartree-Fock wavefunc- 
tions, it is found to be of little value for the finite basis sets 
typically used in molecular calculations. Thus, the error in 
the Hellmann-Feynman theorem arises essentially from basis 
set inadequacies in the underlying calculations. 

The Hellmann-Feynman theorem provides a great con- 
ceptual simplification and may lead to practical advantages. 
We will develop here the analytic derivative theory based on 
the Hellmann-Feynman theorem. In Sect. 2, the second, 
third, and fourth energy derivatives for a diatomic molecule 
will be derived from the Hellmann-Feynman theorem. In 
Sect. 3, general analytic expressions for these higher en- 
ergy derivatives will be given. Results will be discussed in 
the final section. 

2. Analytic derivative theory for diatomic molecules 

Let 9 be a normalized optimal variational wavefunction 
and E the corresponding energy 

By differentiating eq. [ l ]  with respect to a nuclear coordi- 
nate A we obtain 

Here we used the notation 

and analogous notation for 9'' and En. The variational con- 
dition ensures that 

whence we have the Hellmann-Feynman theorem 

The negative energy gradient is called the Hellmann- 
Feynman force. Such a condition as eq. [3] was first given 
by Hurley (8) and is known as Hurley's condition. True 
Hartree-Fock approximations (as distinct from the SCF ap- 
proximations), be they restricted, unrestricted, open-shell, 
closed-shell, multi-configurational, or whatever, satisfy the 
Hellmann-Feynman theorem. 

For simplicity, in this paper we will consider 2n electron 

2 ~ t h e r  formulations are possible based on the use of the virial 
theorem to define dE/dh, see for example, ref. 10. 

closed-shell systems. The wavefunction is expressed as a 
Slater determinant 

The Hartree-Fock orbitals cp, . . . cp,, are eigenfunctions of 
the Fock operator, the corresponding eigenvalues being 
E l  . . .  &,, 

Orbital labels i ,  j, k . . . denote occupied orbitals, a ,  b, c . . . 
denote virtual orbitals, and p, q,  r . . . denote general orbit- 
als. The Hellmann-Feynman theorem is satisfied if Hurley's 
condition, eq. [3], is fulfilled. The wavefunction derivative 
is given by 

Taking account of the one-electron property of H I ,  we as- 
sume that the derivative of the orbital is expressed as a lin- 
ear combination of the other orbitals 

where p = i is excluded from the orthogonality condition of 
orbitals. We used Einstein summation notation for repeated 
indices. Substituting eq. [8] into eq. [7], we have 

with 

The Y,; are singly excited configurations. Thus Hurley's 
condition of eq. [3] is equivalent to the Brillouin theorem 

As well known, the Hellmann-Feynman theorem is satis- 
fied for the optimal wavefunction as a consequence of the 
variational principle. 

The differentiation of the Fock equations ( c p j l ~  - ~ ~ l c p ~ )  = 
0 leads to 

In the case of i = j we have the Hellmann-Feynman theo- 
rem with respect to the orbital energy 

Now let us derive the second, third, and fourth energy 
derivatives based on the Hellmann-Feynman theorem. For 
the sake of formal simplicity, we will consider the 2n-elec- 
tron closed-shell SCF wavefunction for a diatomic mole- 
cule. The electron energy is given by eq. [I]. The nuclear 
coordinates are understood to have been written in terms of 
the internuclear distance R.  Thus only R appears as a pa- 
rameter. Differentiation of eq. [ l ]  results in the Hellmann- 
Feynman theorem if Hurley's condition is fulfilled. We 
observe that R is real so that the derivative wavefunctions are 
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The U(" can also be obtained from the second-order nor- 
malization condition 

assumed to be real. This is not a serious restriction. The 
normalization condition of the wavefunction requires 

Returning to eq. [15], we observe that the last term requires 
only the knowledge of the doubly excited configurations of 
P 2 .  Using the relation given by eq. [23c], we can rewrite eq. 
[15] as 

(i) Second derivative 
Differentiation of the Hellmann-Feynman theorem with 

respect to R yields 

The second derivative of the energy requires knowledge of 
the first derivative of the wavefunction. The essential diffi- 
culty in calculating higher energy derivatives lies in finding 
a good approximation to the first derivative of the wave- 
function. By differentiating Hurley's condition we have the 
first-order Hurley's condition 

These are a set of linear equations, which are sufficient for 
finding u:)'. We only need solutions of eq. [25] to obtain *I. 

There is no iteration involved. From a practical point of view, 
the iterative scheme is preferred simply because it is less 
expensive. Equations [25] are known as the coupled per- 
turbed Hartree-Fock equations, as discussed by Stevens et 
al. (12). Note here that once the fist-order wavefunction has 
been determined, the second-order wavefunction Y2 can be 
obtained, except for u!:'. ZJ:' requires knowledge of 
~ 6 2  and u:!', which cannot be fixed from the first-order 
wavefunction. 

Finally, the second energy derivative can be written in 
terms of the excitation operators as 

Equation [15] is the equation to determine the first deriva- 
tive of the wavefunction. As shown later, finding 9' based 
on the use of eq. 1151 is equivalent to finding the optimal 
by the perturbation variation method (1 1). We assume that 
9' can be expanded in terms of the singly excited configu- 
rations 

Here u:.' are expansion coefficients, namely the first-order 
variational parameters, and S: are the single excitation op- 
erators defined by 

Equation 1261 can be formulated in another way. Let us 
consider the general expression of E' obtained by double 
differentiation of eq. [ 11 

The a; and a, are the creation and destruction operators that 
satisfy the Fermion anticommutation relation. From the or- 
thogonality relations of orbitals, we have 

It can be shown (13) for any approximate * I ,  say q ' ,  that 

The S: generates a singlet, singly excited, configuration when 
operating on * Thus we may choose an arbitrary trial function with vari- 

able parameters and optimize it by -minimizing E'. If q' 
contains only linear parameters and *- can be written as in 
eq. [21], it is easy to show that the optimized trial function 
*Ap, satisfies 

Equation [15] involves the second derivative of the wave- 
function q2. So  we must eliminate q 2 .  q2 can be written in 
general in terms of the excitation operators as 

[20] q2 = u"'u~:'s,+,s,:~) P4 

The orbital pairs pq, rs run over all orbitals. Thus Y 2  con- 
sists of the ground, singly, and doubly excited configura- 
tions 

This implies that PAp, satisfies eq. [15] derived from Hurley's 
condition. Also we have the expression of E' for the opti- 
mal *Apl 
[30] E2 = ( ~ I H ~ I * )  + 2(*Ap1lH'1*) 

The ground state component comes from the excitations 
SLS;~) and singly excited configurations arise from S,+bsLl) 
and S;S;l). *\I/" can be expressed in terms of the first-order 
parameters as 

which takes the same form as given in eq. [14]. Thus, find- 
ing approximate *' from the Hurley's condition of eq. [15] 
is equivalent to optimizing q' using the perturbation varia- 
tion technique (1 1). 

That is, the analytic energy derivative derived from the 
Hellmann-Feynman theorem is the optimal function deter- 
mined by the variation perturbation method. It must be em- 
phasized that the variational perturbation method will lead 
to successful results only for the wavefunction obeying the 
Hellmann-Feynman theorem. 

Equation [25] can be expressed in a simple matrix form 

Comparing eqs. [21] and [22] we have 

[23a] u ' ~ ' =  -IUb;)l2 
+ u;,"ub:) [23bl u;:'= Ui2ULi 

[23c] uZ!,,= U b f . ' ~ ~ ~  
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HIRAO 437 

The b and U are column vectors of (IS,,,HII) and first-order 
variational parameters U!ll', respectively. The A and B ma- 
trices are defined by 

Since we are dealing with closed-shell systems, all the in- 
tegrals can be chosen as real. So the A and B matrices are 
symmetric. Now let us consider the unitary transformation 
among singly excited configurations, which diagonalizes the 
( A  + B )  matrix 

Here 0 is the unitary matrix and d is a diagonal matrix. If 
we further define the unitary transformed excitation opera- 
tors by 

[34al R: = S$obj.nr 

together with 

then we have 

and 

with 
I 

Finally, the second energy derivative can be written as 

Equation [38] is derived without any approximation in spite 
of its simplicity. Namely, by choosing 0 as diagonalizing 
the matrix ( A  + B ) ,  the second energy derivative can be ex- 
pressed in a form similar to a simple sum-over-state pertur- 
bation method (14).  A similar procedure has been used to 
analyze the second-order perturbation energy of the coupled 
Hartree-Fock theory and the unlinked terms of the SCF ef- 
fect of orbitals (15).  Note here that AE,; is not really the ex- 
citation energy; it includes the additional term originated from 
the B matrix. It is called the generalized exchange integral 
(15) since (IS,J,,Hl) equals the usual exchange integral 
((P,(P~~(P,(P,).  The generalized exchange integral represents the 
higher order effect of the change in the orbitals due to the 
displacement of the internuclear distance. 

The first term of the right-hand side of eq. [38] is the 
classical formula for the force constant and corresponds to 
moving the nuclei while holding the electrons fixed. It is 
positive. The second terms are often referred to as relaxa- 
tion terms since they represent the effect of the changes in 
charge distribution due to the movement of the nuclei. From 
eq. [38] ,  we have 

This is an alternative proof of the upper bound relation of 
second derivatives of the energy (the curvature theorem) (16). 

Equation [40] is the stability condition for the optimized 
variational wavefunction (17) .  The stability condition en- 
sures that the wavefunction represents a true minimum of the 
energy. Thus, the upper bound condition is equivalent to the 
stability condition and provides an additional criterion to that 
of the variational principle for judging the quality and sta- 
bility of an approximate wavefunction. 
(ii) Third derivative 

The third energy derivative is obtained by further differ- 
entiating eq. [14] with respect to R: 

This expression of the third energy derivative contains the 
second derivative of the wavefunction 'P2. The unknown 
quantities of 'P' are the parameters ZJE' for the singly ex- 
cited configurations. So it is necessary to look at the sec- 
ond-order Hurley's condition obtained by differentiating eq. 
[I51 

However, eq. [42] includes the third derivative of the 
wavefunction, 'P3. Therefore, we shall try to eliminate the 
third-order wavefunction. This is possible. The general form 
of 'P3 is 

However, we can express u:', u:!~,, and uL~!~,.,, in terms 
of the lower order parameters by analyzing the excitations, 

The relation of eq. [44a] can be derived directly from the 
third-order normalization condition of the wavefunction 

Note here that only the doubly excited configurations of 'P3 
can contribute to the first term of eq. [42] .  Thus, eq. [42] 
contains only unknown parameters U$' if Us'  are known. 
Expressing eq. [42] in terms of u$' and u::), we have the 
following relations 

[46] u $'((sniH1I) = u :~'[((s ,~H ' I )  

Thus, the ZJ:' can be expressed explicitly in terms of the frst- 
order parameters. The third energy derivative is now re- 
written as 

[47] E3 = (IH31) + 6 ~ : ) ( l S , ~ ~ ~ 1 )  + 6U:~'Ub:.)(ISni(H' 
- E])SGI)  + 6U !Ju ~J 'u  ~ ~ ' ( I s , ; s ~ ~ H s ~ ~ ~ )  

The formula is much simpler than that of the direct analytic 
derivative method. Note here that the final expression of E3 
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contains only the first-order variational parameters. Explicit knowledge of 9' is not necessary. This point will be discussed 
later. 
If we use the unitary transformed excitation operators, the above expression can be expressed in the form of the sum-over- 

state perturbation method 

[481 E3 = (IH31) - 6 ( I ~ ' ~ c ; t ( ) ( I ~ , i ~ ~ I ) / m o i  + 6(Iff 'R;()(IRa,(H1 - E1)~LI)(I~bj~'()/(@,;mbj) 

- ~(IH'R:I)(IH'R&I)(IR~,R~~HR,',I)(IR,,H' I ) /  ( ~ o ; m b j m c k )  

This equation is also exact. There is no approximation employed. 
Now let us consider the general analytic expression of E3 derived by successive differentiation of eq. [ l ]  

[49]  E3 = ( q \ H 3 1 q )  + 6 ( q ' I H 2  - E ~ I ~ )  + 6 ( q 1 ( H '  - Ell*') + 6(q21H' - Ell*) + 6(q21H - El?€'') + 2(q31H - El*) 

Expanding the wavefunction derivatives in terms of the excitation operators as before and minimizing E3 with respect to the 
unknown parameter UZ' ,  we have 

Equation [50] holds automatically if 9' is chosen optimal, that is, if Ub;' satisfies eq. [25] .  The E3 expression for the opti- 
mal q2 takes the same form as given by eq. [41] .  Thus, the first-order wavefunction suffices to determine the third energy 
derivatives. This property is also utilized to derive the third energy derivatives of the direct analytic method ( 4 ) .  
(iii) Fourth derivative 

The fourth derivative is obtained by differentiating eq. [41] again with respect to R:  

[51] E 4  = (q lH41q)  + 6(q ' lH31q)  + 6 ( q 2 ( H 2  - ~'19) + 6(q '1H2  - E'IT') + 6(q21H' - ~ ' ( q ' )  + 2(q31H1 - Ell*) 

The last term on the right-hand side of eq. [5 11 involves the third derivative of the wavefunction. We need the singly excited 
components of q3 to evaluate this term due to the one-electron property of H I .  To determine the unknown quantities, we 
start with the third-order Hurley's condition 

[52] ( q 4 ( H  - El*) + 3('P31H' - ~'1'4') + 4('P31H - ~1'4") + 3('P21HZ - E21'P) + 9 ( q 2 ( H '  - ~'1'4") 
+ 3(q21H - El*') + ( q ' l H 3 ( q )  + 3(q ' IH2  - E21q') = 0 

Again, the above condition contains the fourth derivative of the wavefunction. However, the quantities required to evaluate 
the first term of eq. [52] are the doubly excited configurations of q 4 .  From analysis of the excitation operators, we observe 
that 

[53] uI;J!,,s,: S,: = (4u:'ub;' + 3u$'ug')s:  s; 
Thus we can find the unknown parameters u:' from eq. [52] .  The final expression of u:' becomes 

[54] U : ' ( I S , H ' J )  = U2'[(lSaiH31) + 3(ISai(H2 - E ~ ) s ; I ) u ~ ; '  + ~ ( I s , ~ s ~ ~ H ' s ~ + , ~ ) u ~ ; ' u ~ ~ '  + {3(ISaiSbj(H - E)S;Sd:I) 

+ ~ ( I S , ~ S ~ , S , ~ H S ~ I ) ) U ~ ~ '  U Y ' U ~ ~ ' ]  + ~ u ' ~ ' u : ' ( I s , ; H ' ( )  + ~ U ~ ' [ ( I S , ~ H ' I ) +  3(IS,,(H1 - E ' ) s ~ I ) u ~ ; '  
+ { ( I s , ~ ( H  - E ) S J )  + (ISaiShHI))~b:'+ 2{2(ISaiSb,HS,',I) + (I~,s,~s:l))ub;'uI-'iI 

Note here that it is not necessary to solve the second-order coupled perturbed Hartree-Fock equations for the calculation of 
the third-order parameters. It is also possible to represent u:' in terms of the first-order parameters u:).' if we utilize the re- 
lations given by eq. [46] .  

The fourth energy derivative can be expressed in terms of the excitation operators: 

Utilizing the relations given in eq. [54] we can eliminate u:;' and have 

[56] E 4  = ((H41) + 8U;'(lSaiH3() + I ~ u ~ ) . ' u ~ J ' ( I s , ; ( H ~  - E2)s;() + ~ ~ u $ ' u ~ ~ ' u ~ ~ ( I s , ; s ~ ~ H ' s : I )  
+ ~ u ~ ; ' u ~ J ' u ~ ~ ' u ~ ' ( I s , ~ s ~ ~ ( H  - E ) S ; S ~ : ~ )  + ~ U ~ ~ ' U ~ ~ ' U ~ ~ U ~ ' ( I S , ~ S ~ ~ S ~ ~ H  $ 1 )  + ~ U ~ ' U ~ ) { ( J S , ; ( H  - E)S;I) 

+ (Is,,s~~HI))~~uZ'[(IS,~H'I) + ~ U ~ ; ' ( I S , ; ( H '  - E')s;() + {2(1S,;Sb,HS:kI) + ((S,~HS;S:~I)}U',:.'U',~I 
since, according to the relations of eq. [ 4 6 ] ,  the last four terms on the right-hand side of the above equation are 

[571 12u$'[(lSaiH2() + 2ub;'(ISa;(H1 - E1)S;I) + {~(IS,;S~,HS:~.) + ( ( S , ; H S ; S : ~ I ) } U ~ ~ ' U ~ ~ ' ]  = ~ ~ ( U ~ ' ~ ~ ( I S , ; H ' I ) / U ~ '  
provided that u:' # 0 .  If we further use the relations given by eq. [46] we can express E 4  only in terms of the first-order 
parameters u::'. Although the formula looks complicated, it consists only of straightforward combinations of known quan- 
tities. There are no algebraic problems. 

The fourth energy derivatives can be expressed in terms of the unitary transformed excitation operators as 
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Here, T>,:' are the transformed second-order parameters 

Equation [59] is also an exact equation. 
Let us again consider the general formula for E 4  obtained by successive differentiations of eq. [ I ] :  

Taking account of eq. [53] ,  we minimize ~ " i t h  respect to As shown in the previous section, qA may be expanded in 
u:'. This yields terms of the singly excited configurations 

[68] qA = U ~ ; S ~ ~ )  

Then qAp can be expressed as 

This is also satisfied if 9' is chosen optimal and the E.' for Equation with = gives 
the optimal q3 becomes identical to that in eq. [5 I]. Thus, [70] ( I s , , H " )  + [(s,,(H - E)S;J) + ( ~ S , , S ~ ~ H J ) ] U ~ ~  = o 
the optimal q1 is sufficient to evaluate the derivatives of the 
energy up to fourth order. Analogous results for E5, I?', . . . By solving a set of linear equations we can obtain qA and then 

may be derived. The only difficulty is that these lower-order EXP, 

wavefunctions must be known exactly. [7 11 EA' = (lHAp1) + ~u;,((s,, H 

3. General formulae for the second, third, The third energy derivatives are derived by further differ- 
and fourth energy derivatives entiating eq. [65] with respect to v.  It is not symmetrized with 

respect to A, p ,  v .  It can be recast in a symmetrical form. The 
In this section we shall give the general formulae for the third energy derivatives are given by 

second. third. and fourth energy derivatives based on the 
Hellmann-Feynman theorem. We will start with the energy 4  
expression given by eq. [ I ] .  By differentiating eq. [ I ]  with [72] E*" = (qHAV"(Yr)  + P?' ( q A ( H v U  - Epv1q) 

respect to a nuclear coordinate A, we obtain the Hellmann- 
Feynman theorem 2  + - Pi3) (qApIHV - ~ " ( ' 4 ' )  

[62] EA = (qlHA1q) 
3  

2  
and the Hurley's condition + - PY)  (qAIHP - E P p J V )  

3  

[63] (qA1H - El*) + (q lH - El*') = 0  The notation PY',  Pi3', P:~)  means the permutation of the su- 
perscripts 

We assume the wavefunction is normalized to unity and have 

[64] (*'I*) + (q1qA) = 0  
p':' = (A) (pv)  + (p ) (vA)  + ( ~ ) ( X P )  

p:3' = (Ap) (v )  + (pv ) (A)  + (vA)(p)  
Second energy derivatives can be obtained by differentiat- 

. . . . . .  . ing eq. [62] with respect to p  
. . .  

pi3' = (A) (p ) (v )  + (p ) (v ) (A)  + ( v ) ( A ) ( p )  
. ., . . .  . . . 

. . .  . This implies there are three forms from each P'~ ' .  The third 
' [65] EA' = (qlHAp1q)  + 2(qAlHp1q)  energy derivatives require the second-order parameters, 

Here, assuming that all the functions are real, we used the u,"" The second-order Hurley's condition is given by 

relations 

[66] (qAlHp1Y) = (qplHA1q)  

The second derivatives require the first derivative wave- 
1 + PY)  (.\IJA'IH - EI.\IJU) + - pi3) ('PAlHpU - EpU('P) 

functions qA. By differentiating eq. [63] with respect to p  3  
we have the first-order Hurley's condition 2  + - P$~'('P~IH' - ~ ~ 1 ' 4 ' " )  = 0  
[67] ( ' P A ~ ~ p ~ ' P )  + (qA1H - ~1'4") + (qA'1H - El*) = 0  3  
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Using the relations 

[74] u::;, = p:3'u,1:u;, 
we can express U;,Yin terms of u:; from eq. [73] as 

In the case of A = p = v,  eqs. [75] are reduced to 

Also we have the following relations by putting A = v in eq. [75] 

So once U;"ave been determined from eq. [75], the remaining U;"an be obtained from eq. [77]. Now the third energy 
derivatives given in eq. 1721 can be rewritten in terms of the excitation operators as 

Thus, we only need solutions of linear equations of eq. [70] to evaluate the third energy derivatives. 
The fourth energy derivatives are given in a symmetrical expression by 

with 

pl"' = (A)(CLI.'K) + (P)(I.'KA) + (I.')(KAP) + (K)(ACLV) 

p?' = (ACL)(I.'K) + ( c L v ) ( K ~ )  + ( v K ) ( ~ c L )  + (KA)(cLV) + ( p ~ ) ( A v )  + (AV)(CLK) 

The above expression includes third derivatives of the wavefunction, which requires knowledge of the singly excited con- 
figurations of **'". The variational parameters u:" of **"" can be determined by the third-order Hurley's conditions ob- 
tained by differentiating eq. [73] and the relations 

with 

p!" = (ACLI.')(K) + ( C L V K ) ( ~ )  + ( V K ~ ) ( C L )  + ( K ~ C L ) ( V )  

Then we have the following relations 

In the case of A = p = v = K ,  the above equations are reduced to eq. [54]. Once u:?* have been determined, u;?' can be 
obtained by putting A = v = K in eq. [8 11. Finally we can determine the remaining u:" using the known u:?* and u;?'. 
Now the fourth derivatives can be evaluated in terms of known quantities. Although the equations are rather complicated, 
there are no algebraic problems. Finally, the fourth energy derivatives can be written as 
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Of course we can express E""" in terms of the first-order 
parameters by eliminating u;,! with the help of eq. [77]. 

4. Discussion 
We have derived equations that provide the second, third, 

and fourth derivatives of the energy of a molecule based on 
the Hellmann-Feynman theorem. Hurley's condition can be 
used to obtain approximations to the first-order wavefunc- 
tion, from which the second, third, and fourth energies can 
be obtained. 

The present theory is correct if the basis set is complete 
or basis functions are independent of the perturbation. Thus 
the derived formulae can be applicable to any real one-elec- 
tron perturbation such as electric properties if the basis 
functions are independent of the perturbation. It is easy to 
modify the formulae for the purely imaginary perturbed 
wavefunctions in the case of magnetic properties. If the spin- 
dependent perturbations are considered, the singlet excita- 
tion operators defined in eq. [16] should be replaced by the 
triplet excitation operators 

We have also derived these higher derivatives in a form 
similar to the sum-over-state perturbation method. These 
expressions will help us to understand the physical meaning 
associated with each energy derivative. 

Let us now consider the derivatives of the energy with re- 
spect to nuclear coordinates in the SCF approximation. The 
molecular orbitals are defined in terms of the finite basis 
functions X ,  . . . x,,, 

The X and C, are the row and column vectors of X, and C,,, 
respectively. The derivative of cp, with respect to A is given 
by 

[85] cpf = x l C ,  + XC,' 

in a matrix representation. The first term on the right-hand 
side of eq. [85] arises from the fact that the basis functions 
will generally be defined in such a way that they move with 
the nucleus. The second term arises from the fact that the 
coefficients may also depend on A. Hurley's condition is 
satisfied if 

[86a] FC, = E,SC, 

and 

where 

Equations [86a] are the Fock equations and hold for any SCF 

orbitals. However, eqs. [86b] are not fulfilled in general. 
Thus the Hellmann-Feynman theorem is not necessarily 
satisfied for SCF wavefunctions with finite basis set. 

There are two approaches to obtaining the wavefunction 
obeying the Hellmann-Feynman theorem. One way is to 
employ floating functions (8). In floating functions the in- 
dividual orbitals are not fixed a priori on the nuclei. Rather, 
the centers are allowed to float, the variational method then 
determining the optimal centering. Floating functions obey 
the Hellmann-Feynman theorem and therefore both eqs. 
[86a] and [86b] are satisfied. However, it does not mean that 
the basis functions are independent of the perturbation in the 
first order. The fact that a wavefunction constructed from 
floating functions satisfies the Hellmann-Feynman theo- 
rem is only due to the fact that the energy is stationary with 
respect to variation of the centers of the floating functions. 
If each Ai in eq. [86b] is forced to be zero, then the en- 
larged basis functions composed of X and X' become inde- 
pendent of the nuclear coordinates. 

Alternatively, one may leave the basis set fixed at the nu- 
clei but basis sets X = {x, x2, . . .) are employed, where 
xrl denotes the nth derivative of X .  It is necessary to include 
the derivative basis functions for every basis function. Then 
eq. [86b] is fulfilled and the SCF wavefunction obeys the 
Hellmann-Feynman theorem (18). If these basis sets are 
used, the space spanned by derivatives of the basis func- 
tions is included in the original basis function space. Thus 
we can expand the derivatives of the basis functions X I  in 
terms of the original basis functions. However, from a 
practical point of view, we must truncate X" at some low 
order. 

In both cases we should introduce the approximation to 
apply the present theory. Practical applications are now being 
investigated in order to check a theoretical and numerical 
justification. 
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JERZY CIOSLOWSKI and STACEY T.  MIXON. Can. J. Chem. 7 0 , 4 4 3  (1992). 
Nonbonding repulsive interactions between hydrogen atoms, separated by less than ca. 2.18 A and connected to two 

carbon atoms in the 1,4-positions, are associated with additional pairs of bond and ring critical points in the electron 
density, p(r), and the corresponding attractor interaction lines. Such topological features of p(r) are present In some planar 
benzenoid hydrocarbons, including chrysene, benzanthracene, and phenanthrene. They also appear in conformations of 
the biphenyl molecule with the torsional angles between the benzene rings lying within the range of 0"-27". Properties 
such as the bond point - ring point distance, the difference in p(r) at the bond point and the ring point, and the bond 
ellipticity are found to follow universal functional dependencies with the hydrogen-hydrogen distance as the control- 
ling variable. The same is true about the corresponding difference in the second derivatives of p(r) in the direction of 
the vector connecting the bond and ring points. 

Key words: atoms in molecules, electron density, attractor interaction lines, steric repulsions. 

JERZY CIOSLOWSKI et STACEY T .  MIXON. Can. J. Chem. 70 ,  443 (1992). 
Les interactions rCpulsives non-liees entre des atornes d'hydrogkne sCparCs par moins de 2.18 A et lies a deux atornes 

de carbone situes dans les positions 1 et 4 sont associkes aux paires de liaisons additionnelles, aux points critiques de 
cycles dans la densite Clectronique, p(r), et aux lignes d'interactions attractives correspondantes. Des telles carac- 
teristiques topologiques du p(r) sont aussi presentes dans les hydrocarbures benzenoldes plans, y compris dans le chrysene, 
le benzanthrackne et le phknanthrkne. Elles apparaissent aussi dans les conformations de la molCcule du biphCnyle alors 
que les angles de torsion entre les noyaux benzkniques se situent entre 0" et 27'. On a trouve que les proprietks telles 
que la distance entre le point de la liaison et le point du cycle, la difference dans les p(r) au point de liaison et au point 
du cycle et l'ellipticitk suivent des relations fonctionnelles universelles dans lesquelles la distance hydrogene-hy- 
drogkne est la variable qui agit cornme contr6le. Ceci est aussi vrai pour la difference correspondante dans les deuxiemes 
dCrivCes de p(r) dans la direction du vecteur qui relie les points de la liaison et du cycle. 

Mots clis : atomes dans les rnolCcules, densite Clectronique, lignes d'interactions attractives, repulsions steriques. 
[Traduit par la redaction] 

Introduction 
It is well known that analysis of the topological proper- 

ties of the electron density, p(r), provides a comprehensive 
description of electronic structures of chemical systems (1). 
Identification of the critical (extremal or stationary) points 
in Cartesian space, at which the gradient of electron density 
disappears 

constitutes the first step in such an analysis. Depending on 
the number of negative eigenvalues of the corresponding 
Hessian matrix, 

the critical points are classified as belonging to one of the four 
categories: attractors, bond points, ring points, or cage points. 
The unions of two gradient paths (the lines of steepest as- 
cent in p(r)) originating at the bond points and terminating 
at the corresponding attractors are known as the attractor in- 
teraction lines. 

The second step of the topological analysis is based upon 
the empirical observation that, in most chemical systems, the 
only attractors are nuclei. The existence of a bond point be- 

' ~ u t h o r  to whom correspondence may be addressed. 
Pnnled in Canada 

tween a pair of attractors was originally thought to be the 
necessary and sufficient condition for the existence of a 
chemical bond between the nuclei [2], justifying the name 
bond paths for the attractor interaction lines in chemical 
systems at equilibrium geometries. Indeed, in his compre- 
hensive monograph on the topological theory of atoms in 
molecules [I], Bader states that "the presence of a bond path 
linking a pair of nuclei implies that the corresponding atoms 
are bonded to one anothern (ref. 1, p. 33). Although such an 
identification is supported by the "strong" bonds, which are 
characterized by large values of the corresponding p(rc,,), the 
recent findings about "weakn bonds (3) cast doubts about its 
validity. 

The unexpected bond points, found in several chemical 
systems, fall into two categories (3). In charge-transfer 
complexes, ionic pairs, and other systems with weak inter- 
actions, the Hopf-Poincart theorem (4) dictates the pres- 
ence of at least one bond point corresponding to the bond path 
linking the interacting moieties. The resulting paths can 
usually be interpreted as those describing delocalized bond- 
ing interactions, although the coordination numbers of some 
atoms involved in such bonding turn out to be unexpectedly 
high (such as 30 for the Ne atom in the C,, . Ne complex (3, 
5). The additional bond atoms are characterized by low val- 
ues of the electron density and large ellipticities with the 
major axes pointing in a direction (almost) parallel to the 
respective ring surfaces, if any ring points are present. One 
should note that these bond points are persistent in the sense 
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within a given chemical system. Such a change would make 
it consistent with the notion that the molecular graph "iso- 
lates the painvise interactions present in an assembly of atoms 

CHRYSENE BENZANTHRACENE 

PHENANTHRENE 
FIG. I .  ( a )  Molecular skeleton of the kekulene molecule. The 

sterically interacting hydrogen atoms are displayed. (b) Molecular 
skeletons of the chrysene, benzanthracene, and phenanthrene 
molecules. The sterically interacting hydrogen atoms, as well as 
the corresponding tetrads of carbon atoms are displayed. 

that they do not vanish even at very large separations be- 
tween the moieties. Typical examples of systems exhibiting 
such topological features of p(r) are (3), to name a few, the 
benzene-tetracyanoethylene complex, the C(NHJ3' C(CN),- 
ionic pair, and the C,, . Ne endohedral complex (5). 

The second category encompasses molecules and ions in 
which the presence of additional bond points indicates sig- 
nificant nonbonding repulsive interactions. The case of the 
kekulene molecule (Fig. la)  is a typical example of such 
a situation (6). In this molecule, the sixo inner hydrogen 
atoms, which are separated by ca. 1.85 A, are linked by 
highly curved interaction lines forming an inner hexagonal 
ring. Another example is provided by the C(NOZ),- ion, in 
which the steric interactions between the oxygen atoms give 
rise to three unexpected pairs of bond and ring points (7). 
These bond points again correspond to low electron densi- 
ties; however, their ellipticities are much smaller than those 
of the bond points belonging to the aforementioned first 
category. More importantly, the major axes of their elliptic- 
ities lie in the directions perpendicular to the ring surfaces 
(3). 

The existence of the second class of weak bonds hints that 
one should abandon the current interpretation of interaction 
lines in favor of a new one stating that interaction lines de- 
lineate major (not necessarily bonding!) interactions present 

which dominate and characterize the properties of the sys- 
tem" (ref. I , p. 33). The term bond path should be reserved 
for the interaction lines describing ordinary strong bonds. 

Thus far, the major emphasis of research on the proper- 
ties of p(r) reported in the chemical literature has been di- 
rected toward bond paths (1, 2, 8). Therefore, in this paper 
we attempt to elaborate on the properties of interaction lines 
describing steric repulsive interactions. The particular ex- 
ample of the interaction lines linking the hydrogens con- 
nected to 1,4-carbon atoms is used for this purpose. 

Topological features of electron density associated 
with interactions between hydrogens connected 

to 1,4-carbon atoms 
In the following discussion, the characteristics of elec- 

tron densities obtained from the HF/6-3 1G** calculations, 
pertinent to molecular geometries optimized at the same level, 
are used. Taking into account the results of numerical ex- 
periments with different theoretical levels, we do not ex- 
pect the described topological properties of p(r) to change 
qualitatively upon replacing the present wave functions by 
more accurate ones. We also believe that the corresponding 
quantitative changes should be rather small. 

As mentioned in the introduction, in the kekulene mole- 
cule, the unique arrangement of six hydrogen atoms inside 
the inner molecular cavity leads to a quite unusual pattern of 
six highly curved H-H interaction lines forming a hexago- 
nal ring. However, isolated H-H interaction lines indicat- 
ing significant steric repulsions between pairs of hydrogen 
atoms occur in many other systems. In particular, spatial 
arrangements of two hydrogen atoms that result in short 
H-H distances are present in molecules in which the two 
hydrogens in question are bonded to a pair of 1,4-carbon 
atoms in the Z(cis) configuration. Such a bonding situation 
exists, for example, in all benzenoid hydrocarbons possess- 
ing the phenanthrene fragment. 

Analysis of the topological properties of p(r) in three such 
hydrocarbons with planar geometries, namely chrysene, 
benzanthracene, and phenanthrene (Fig. Ib), confirms these 
expectations. In benzanthracene and phenanthrene, one finds, 
in addition to "ordinary" critical points, a single bond point 
- ring point pair originating from the H-H repulsive inter- 
actions. In chrysene, two such pairs exist owing to molec- 
ular symmetry. In all three cases, the respective electron 
densities at the bond and ring points (p, i n d  p,, respec- 
tively, Table 1) assume low values. The same is true about 
the corresponding Laplacians, VZp, and VZpR. In accor- 
dance with our previous observations (3), the bond elliptic- 
ities ( E )  are quite small, with the major axes directed 
perpendicularly to the vector connecting the corresponding 
bond and ring points. The H-H interaction lines are highly 
curved, as reflected in the large differences (Al) between their 
lengths and the H-H internuclear separations (RHH). The 
curvatures generally increase with increasing R,,, whereas 
the bond point - ring point distances (z,,) follow the oppo- 
site trend. 

To gain a deeper insight into the properties of these crit- 
ical points and the corresponding interaction lines, one needs 
a simple molecular system in which the H-H distance can 
be continuously varied and the accompanying variations in 
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TABLE 1. Topological properties of the electron density associated with the H-H bond points 
in benzenoid hydrocarbons 

RHH ZBR A1 PB PR v ' ~ ~  v ' ~ ~  E 

Molecule (au) (au) (au) (au) (au) (au) (au) (au) 

Chrysene 3.736 0.914 0.309 0.0127 0.01 11 0.0548 0.0662 0.401 
Benzanthracene 3.830 0.816 0.330 0.0116 0.0105 0.0505 0.0617 0.460 
Phenanthrene 3.834 0.826 0.331 0.01 15 0.0104 0.0503 0.0608 0.465 

FIG. 2. The molecular skeleton of the biphenyl molecule with 
the sterically interacting hydrogen atoms displayed. The torsional 
angle (9) is defined as the dihedral angle between the atoms 1-2- 
3-4 (or equivalently 1-2-3-4'). Note the coordinate axes. 

the topological properties of the electron density can be 
monitored and, even more importantly, analyzed. The bi- 
phenyl molecule, with a variable torsional angle between the 
benzene rings and all other geometrical parameters fully 
optimized, affords such a system 

The fold catastrophe in the electron density 
of the biphenyl molecule 

Optimization of the molecular geometry of biphenyl 
(Fig. 2) at the HF/6-31G** level yields the value of 45.5" 
for the torsional angle (9). This is in excellent agreement with 
both the experimental data (cp = 44.4" k 1 .T) (9) and pre- 
vious ab initio calculations (HF/6-31G: cp = 44.7") (10). 
Although the biphenyl molecule possesses two pairs of hy- 
drogen atoms linked to (Z)-1,4-carbon atoms, at the equi- 
librium geometry the H-H distances are large enough to 
prevent the appearance of the H-H interaction lines. On the 
other hand, in the planar structure (cp = O"), which is a tran- 
sition state separating two identical minima, two H-H in- 
teraction lines with the corresponding four (two bond and two 
ring) critical points located along the z axis (Fig. 2) are 
present. These interaction lines persist up to the critical tor- 
sional angle cp, = 27.2". At th!t geometry, in which the H- 
H distance equals R, = 2.178 A (4.1 18 au, Fig. 3), the bond 
and ring critical points merge, annihilating each other through 
a fold catastrophe (4, 1 I ) .  

The above observations are nicely illustrated by Figs. 4- 
6, in which the dependencies of the positions of the critical 
points, the corresponding electron densities, and the 
Laplacians on the torsional angle displayed. As cp, is ap- 
proached, the properties of the bond and ring points be- 
come indistinguishable. The data displayed in these and other 
figures are based upon the HF/6-31G** calculations car- 

<P 
FIG. 3. The H-H separation vs. the torsional angle. 

FIG. 4. The z coordinates of the critical points relevant to the 
H-H steric interactions vs. the torsional angle. 
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FIG. 5. The electron densities at the bond and ring critical points 
vs. the torsional angle. 

FIG. 6. The electron density Laplacians at the bond and ring 
critical points vs. the torsional angle. 

ried out for the following values of cp: O.OO, 5.0°, 10.OO, 15.0°, 
20.0°, 21.0°, 22.0°, 23.0°, 24.0°, 25.0°, 26.0°, 26.8", 26.9", 
27.0°, 27. lo, and 27.2". 

The calculated properties of p(r) can be accounted for with 
the help of catastrophe theory (1, 4, 11, 12). In the partic- 
ular case of the biphenyl molecule, the one-dimensional 
control and behavior spaces (1 1, 12) consist of the H-H 
distance (RHH) and the distance along the z axis (z, Fig. 2), 
respectively. In the vicinity of the catastrophe point, the 
electron density is described by the unfolding (1 1) 

where A < 0, and B(R,) is positive for R, smaller than the 

critical H-H distance (R,), while B(R,,,) < 0 for RHH > R,. 
For RHH < R,, the first derivative 

has two zeros corresponding to one bond and one ring point, 
yielding 

for the bond point - ring point distance. The corresponding 
difference in the electron densities equals 

Finally, for the difference between the second derivatives of 
p(r) along the direction of the vector connecting the corre- 
sponding bond and ring points, one obtains 

Since, in the vicinity of R,, B(RHH) changes linearly with 
RHH, one expects the following critical behavior: 

as RHH approaches R, from below. An asymptotic analo- 
gous to [8c] is also expected for the difference between the 
electron density Laplacians, 

Plots of the appropriate powers of z,,, Ap, Ah, and d(V2p) 
vs. RHH (Fig. 7-10) indeed reveal such behavior. However, 
the domains of validity of eqs. [8a] and [8b] are much broader 
than expected. Thus, the plot of zkR vs. RHH (Fig. 7) shows 
a very small deviation from linearity throughout the entire 
range of RHH. The same is true, although to a lesser extent, 
about the plot of A ~ ~ / ~  VS. RHH (Fig. 8). On the other hand, 
the relationships between ~ h '  and RHH (Fig. 9) and between 
A(V2p) and RHH (Fig. 10) are markedly nonlinear for larger 
differences between Ro and RHH. 

An equation relating the values of zBR, Ap, and Ah can be 
derived by combining eqs . @a]-[8c]. The characteristic ratio 
is given by 

This relationship is satisfied to a high degree of accuracy for 
the entire range of RHH, as the plot of -Ah ziR vs. bp 
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RHH [aul 

FIG. 7. The critical behavior of z,,. +, chrysene; *, benzan- 
thracene; o, phenanthrene. 

FIG. 8. The critical behavior of Ap. +, chrysene; *, benzan- 
thracene; o, phenanthrene. 

(Fig. 11) is indistinguishable from a straight line with a slope 
of 12. The singularity of the bond ellipticity (E)  (1, 2, 8) at 
RHH = R, (Fig. 12) is also easily understood from eq. [8c]: 
As the critical value of RHH is approached, one of the eigen- 
values of the Hessian matrix becomes vanishingly small re- 
sulting in the singularity of E. On the other hand, we are 
unable to explain the observed dependence of A1 on R, (Fig. 
13). 

Universality among the topological properties of 
electron density associated with the hydrogen- 

hydrogen nonbonding interactions 
Inspection of Figs. 7-13 reveals that some of the afore- 

mentioned properties follow universal functional depend- 

FIG. 9. The critical behavior of Ah. +, chrysene; *, benzan- 
thracene; o, phenanthrene. 

FIG. 10. The critical behavior of A(V2p). +, chrysene; *, benz- 
anthracene; o, phenanthrene. 

encies on the distance between the hydrogen atoms involved 
in the repulsive interactions. Such universality, which is ex- 
hibited by the values of z,, (Fig. 7), Ap (Fig. 8), Ah 
(Fig. 9), K (Fig. 1 l), and E (Fig. 12) is quite unexpected. One 
should note that, in planar benezoid hydrocarbons, the four 
carbon atoms and the two hydrogen atoms linked by a six- 
membered ring of interaction lines are coplanar. On the other 
hand, in the twisted biphenyl molecule, this coplanarity is 
nonexistent. This difference in the arrangement of the rele- 
vant nuclei is the probable cause of deviations present in the 
plots of a(VZp) vs. RHH (Fig. 10) and A1 vs. RHH (Fig. 13). 
Indeed, inspection of the eigenvalues of the Hessian matrix 
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FIG. 1 1. Constancy of the characteristic ratio. + , chrysene; *, 
benzanthracene; o, phenanthrene. 

FIG. 12. The bond ellipticity vs. the torsional angle. +, chry- 
sene; *, benzanthracene; o, phenanthrene. 

makes it possible to conclude that most of the observed de- 
viations in A(V2p) come from the component of V2pB per- 
pendicular to the interaction line. 

The remarkable accuracy to which the universal relation- 
ships are satisfied is particularly apparent from the values of 
the characteristic ratio (K), eq. [9], computed for the ben- 
zenoid hydrocarbons. The values listed in Table 2 deviate 
from 12 by less than 0.5%! The projected Hessians, used in 
eq. [9] and in Fig. 9, are calculated by contracting the 
Hessian matrices, eq. [2], with the components of the vec- 
tor (r,,) connecting the respective bond and ring points and 
applying the appropriate normalization; z,, is the length of 
~ B R .  

FIG. 13. The difference between the interaction line length and 
the H-H distance vs. the torsional angle. +, chrysene, *, benz- 
anthracene; o, phenanthrene. 

TABLE 2. Differences in the electron densities and the 
corresponding projected Hessians at the H-H bond and 

ring points in benzenoid hydrocarbons 

AP Ah K 

Molecule (au) (au) (au) 

Chrysene 0.001 654 -0.023 63 11.94 
Benzanthracene 0.001 1 1 1 -0.020 02 12.00 
Phenanthrene 0.001 127 -0.019 79 11.98 

Finally, one should note that the low values of bond el- 
lipticities found in the aforementioned benzenoid hydrocar- 
bons (including kekulene, see Table 1 and ref. 6 )  are a 
consequence of the universality of E, as displayed in Fig. 12, 
and the fact that the relevant H-H distances are quite small 
in these molecules. 

Conclusions 

The calculated properties of p(r) in some benzenoid sys- 
tems lead us to the following conclusions: 

1 .  The existence of an attractor interaction line between 
a pair of nuclei does not necessarily imply the presence of 
bonding between those nuclei. Instead, the attractor inter- 
action lines should be interpreted as those delineating major 
(either bonding or nonbonding, attractive or repulsive) in- 
teractions in a given molecular system. 

2. In organic molecules in which two hydrogen atoms 
attached to carbon atoms separated by three carbon-ar- 
bon bonds (1,4-carbon atoms) are present, there is a possi- 
bility of the existence of H-H interaction lines. If present, 
such interaction lines result in an additional pair of bond and 
ring critical points. 

3. The hydrogen-hydrogen distance (R,,) appears to be 
the controlling variable that not only determines whether the 
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H-H interaction lines are present, but also controls the val- 
ues of several properties of p(r) pertinent to the critical points 
associated with such interaction lines. 

4.  One should expect the H-H interaction lines to be 
present if RHH is less than ca. 2.18 A. Therefore, the H-H 
interaction lines are present in the kekulene, chrysene, benz- 
anthracene, and phenanthrene molecules, but are absent in 
the biphenyl molecule at its equilibrium geometry. For the 
same reason, the molecular graph of the planar transition state 
of (2)-butadiene is devoid of the H-H interaction lines, be- 
cause the relevant H-H distance equals 2.335 A (at the 
HF/6-31G*+ level). The value of 2.18 A can be therefore 
regarded as the contact interatomic separation (CIS) (13) for 
the H-H pair. This should be compared with double the van 
der Waals radius of the hydrogen atom, which equals ca. 
2.4 A (14). The values of CIS for other pairs of atoms or 
functional groups can be defined in a similar fashion (13). 

5. The CIS values are expected to depend not only on the 
pair of atoms involved, but also on the manner in which they 
are bonded. For this reason, the H-H interaction lines are 
absent in C,H,, although the H-H separation (2.0 A at the 
HF/6-31G** level (15) in this molecule is less than CIS for 
the pair of hydrogens bonded to 1,4-carbon atoms. How- 
ever, in the C6,H6, molecule, the two hydrogen atoms in 
question are bonded in a highly unusual manner to two ad- 
jacent carbon atoms through two almost parallel bonds. 

We  believe that the present work will contribute to a bet- 
ter understanding of the attractor interaction lines. The in- 
teraction lines associated with nonbonding steric repulsions 
certainly deserve no less attention than the more common 
bond paths. 
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ZHENG SHI and RUSSELL J. BOYD. Can. J .  Chem. 70, 450 (1992). 
Ab ir~ifio calculations including electron correlation are used to study rate-equilibrium relationships in gas-phase SN2 

reactions. The difference between the "intrinsic" a and "group" a is emphasized. In general, the "group" a cannot be 
used as a measure of the transition state structure. The relationships between the "intrinsic" a and other properties, such 
as reaction endothermicity, geometry change, and the charge transfer, are discussed. A geometry change parameter R,, 
defined by analogy with the definition of the "intrinsicn a, is shown to be linearly related to the "intrinsicn a. The charge 
transfer at the transition state is related not only to energy changes but also to the electronegativities of the entering nu- 
cleophile and leaving group in the product and reactant, respectively, and to the electronic structures at the transition 
state. Thus, the charge transfer parameter Q,, unlike the "intrinsic" a and R,, is affected by the electronegativities of 
the groups involved in the reaction. The systems studied are SN2 reactions of the type N- + CH3X + CH3N + X-,  where 
X = H, NH,, OH, OOH, F, CCH, CN, NC, PH,, SH, and C1 when N = H, and where X = H, NH,, OH, F, CN, NC, 
PH,, SH, and C1 when N = F. 

Key words: SN2 reactions, rate-equilibrium relationships, transition state properties. 

ZHENG SHI et RUSSELL J .  BOYD. Can. J .  Chem. 70, 450 (1992). 
On a utilisC les calculs ah initio incluant la corrClation d'Clectrons pour Ctudier la relation existant entre la vitesse et 

I'Cquilibre des rtactions SN2. On a mis l'accent sur la relation entre le a <<intrinseque>> et le groupe a. En gCnCral on ne 
peut pas utiliser le groupe a comme mesure de la structure de I'Ctat de transition. On discute de la relation entre le a 
<<intrinskque>> et les autres proprittCs tels le caractere endothermique de la rCaction, le changement de gComCtrie et le 
transfert de charge. On dCmontre que le paramktre de changement de gComCtrie R,, dCfini par analogie avec la dCfinition 
de a <cintrinskque~, est relie de f a ~ o n  linCaire au a ccintrinskquen. Le transfert de charge au niveau de I'etat de transition 
est reliC non seulement aux changements d'knergie mais Cgalement a 1'ClectronCgativitt du nuclCophile attaquant et du 
groupe labile dans le produit et dans le reactif respectivement et a la structure Clectronique de l'Ctat de transition. Ainsi, 
le paramktre de transfert de charge Q,, contrairement au a <<intrinskque,, et au R,, est affect6 par 1'ClectronCgativitC des 
groupes impliquCs dans la reaction. Les systemes CtudiCs sont des reactions SN2 du type N- + CH3X + CH3N + X- 
ou X = H, NHZ, OH, OOH, F, CCH, CN, NC, pHz. SH et C1 lorsque N = H, et ou X = H, NH,, OH, F, CN, NC, 
PH,, SH et C1 lorsque N = F. 

Mots cl&s : reactions SN2, relations vitesse-Cquilibre, propriCtCs de 1'Ctat de transition. 
[Traduit par la redaction] 

Introduction 
Rate-equilibrium relationships have enjoyed widespread 

usage and success for many years. They have been used not 
only to predict reaction rates and equilibrium constants but 
also to discover under what conditions a change in mecha- 
nism occurs ( 1 ) .  Furthermore, the a coefficient of rate- 
equilibrium relationships is used to measure the position of 
the transition state (TS) along the reaction coordinate. This 
is based on the Leffler-Hammond postulate ( 2 ) ,  according 
to which the transition state properties are intermediate be- 
tween reactant and product. A more exothermic reaction has 
a small (Y. and the TS resembles the reactant more than the 
product. Moreover, a should have a value between zero and 
one. However, anomalous values (a < 0 and (Y. > 1) have 
been observed (3) and questions about the validity of using 
(Y. as an indicator of TS structure have been raised (4). Thus, 
further studies on the subject are needed, especially with re- 
spect to geometry changes and charge transfer at the transi- 
tion state. Such properties cannot be obtained directly from 
experiments and much remains to be done (5 ) .  

In this paper, we present an ab  initio study of gas-phase 
S,2 reactions at the second-order Moller-Plesset perturba- 
tion level. The study is done within the framework of the 
Marcus equation. The intention is to provide a better under- 

standing of rate-equilibrium relationships and to see whether 
or not there is a relationship between (Y. and transition state 
properties, especially the geometry change and charge 
transfer. 

The Marcus equation ( 6 )  has been applied to a wide range 
of reactions including electron transfer, proton transfer, and 
methyl transfer reactions (5b ,  7). According to the Marcus 
equation, the free energy of activation (AG*) is related (eq. 
[I])  not only to the free energy of a reaction ( A G O )  but also 
to the intrinsic barrier (AG:) 

or in the potential energy form (6b)  

Thus, when AE: is a constant, 

a m *  
[3]  (Y. = 7 = 0.5 ( 1  + x)  

am 
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SHI AND BOYD 45 1 

FIG. I .  illustration of AE* versus AEO (eq. [2]). In curve a ,  
AE: = 30 kJ/mol and in curve b,  AE,' = 100 kJ/mol. 

whereas if AE: is not a constant 

where x = AE0/4AE:. Equations [3] and [4] were origi- 
nally given by Marcus (6c). 

I .  For any reaction, a can be calculated from eq. [3] pro- 
f vided the AEO and hE: values are known, and also a can be 
1 calculated according to eq. [4] if dAE:/aAEO is known. 
I Thus, at least two possible a values can be calculated for each 
I 

reaction (by putting different reactions into one group, i.e., 
by changing aAE:/aAEO, different a values can be ob- 
tained from eq. [4]). The mathematical and physical differ- 
ences between a 's  obtained from eqs. [3] and [4] should be 
understood and stressed as they often cause misinterpreta- 
tions and confusion. The a obtained from eq. [3] is the de- 
rivative of the energy bamer with respect to the reaction 
energy in the absence of any variation in the intrinsic bar- 
rier. This a ,  which we call the "intrinsic" a ,  is characteris- 
tic of each reaction. On the other hand, the a obtained from 
eq. [4] includes the variation of intrinsic barriers; it in- 
volves information about other reactions (aAE:/aAEO). 
Thus, the a obtained from eq. [4] is characteristic of each 
group and is referred to as the "group" a .  Figure 1 illus- 
trates the difference between the "intrinsicn a and the "groupn 
a .  In this simplified example, we have two reactions; one 
(reaction [I]) has an intrinsic barrier AE: = 30 kJ/mol and 
AEO = -70 kJ/mol and the other reaction (reaction [11]) has 
an intrinsic barrier AE: = 100 kJ/mol and AEO = - 10 kJ/ 
mol. Using the Marcus equation (eq. [2]), when AE: = 
30 kJ/mol, we obtain curve a and when AE: = 100 kJ/mol, 
we obtain curve b (see Fig. 1). The tangent of curve a at AEO 
= -70 kJ/mol (a') corresponds to the intrinsic a for reac- 
tion [I]. Similarly, the tangent of curve b at AEO = - 10 kJ/ 
mol (b') corresponds to the intrinsic bamer for reaction [II], 
whereas the slope of line mn corresponds to the group a of 
the two reactions. 

Marcus indicated that only the intrinsic a ,  which has a 
normal range between zero and one (6c), can be used as a 
TS index. Lewis noted that the group a does not reflect 
product-like character as it is related to dAE:/aAEO (5d). 
Other people (4d, e) also pointed out that the group a is not 
a reliable measure of the TS structure. At best, if the last term 
in eq. [4] is small, the group a is close to the average of the 
intrinsic a 's.  

In this paper, we present studies of the gas-phase SN2 re- 
actions N- + CH,X + CH,N + X-, where X = H, NH,, 
OH, OOH, F, CCH, CN, NC, PH,, SH, and C1 when N = 
H, and where X = H, NH,, OH, F, CN, NC, pH2, SH, and 
C1 when N = F. The emphasis is on energy changes, ge- 
ometry changes, and charge transfer at the TS and their re- 
lationship with a .  

Computational methods 
In earlier papers of our series on gas-phase S,2 reactions 

(8a-d) we described the computational methods and re- 
sults obtained at three levels of sophistication (8b, c). In 
this paper, the method denoted by MP2' in previous 
papers is used (8a-d), unless stated otherwise. That is, 
the geometries were optimized at the Hartree-Fock level 
using the analytic gradient method and energies were cal- 
culated by use of second-order Moller-Plesset perturbation 
theory. Details about optimized geometries and energies can 
be found elsewhere (8b, c). The 6-31G basis set supple- 
mented with diffuse and polarization functions (standard 
notation 6-31 + +G**) was used for all atoms except the three 
methyl hydrogens for which the 6-3 1G basis set was used. 
The justification for using single point Moller-Plesset cal- 
culations carried out at the geometries optimized at the 
Hartree-Fock level has been discussed in previous papers 
(8b-d). It has been shown that for those properties which 
involve at least two states, for example, energy differences 
and configuration contribution analysis of the TS, the MP2' 
method gives results which are consistent with the full MP2 
treatment (second-order Moller-Plesset perturbation calcu- 
lations carried out at the geometries optimized at the same 
level). 

The calculations were done by using the GAUSSIAN 80 
and GAUSSIAN 86 programs (9) and the topological prop- 
erties were calculated using the PROAIM and modified 
PROAIM packages (10). 

Results and discussion 
To repeat our earlier discussion, the intrinsic a is char- 

acteristic of each reaction, whereas the group a is a group 
property. In the following discussion, the intrinsic a 's  are 
used and the elementary step of converting the reactant ion- 
molecule complex (N-. . .RX) to the product ion-molecule 
complex (NR. . ex-) is considered unless stated otherwise. 

Values of the a coefficients calculated from eqs. [3] and 
[4] and from linear plots of AE* versus AEO (8b, e) are listed 
in Table 1. For exothermic reactions, the intrinsic a ' s  are 
<0.5 (the second column), whereas the group a 's  (the third 
column) are usually B0.5. This is a direct result of the large 
gradient aAE:/aAEO for these groups of reactions (8b, e). 
For the group of reactions in which X = CCH, CN, and NC 
the gradients (ahEz/aAEO) are 0.27 and 0.18 when N = H 
and F, respectively; for the group of reactions in which X = 
PH,, SH, and C1 the gradients are 0.30 and 0.23 when N = 
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FIG. 3. A plot of a versus R, for the reactions H + CH,X + 
CH, + X at the MP2 level, where X = CCH, CN, NC, SH, CI, 
NH,, OH, and F. 

transition state structure changes exists, although it is often 
assumed to exist. Furthermore, there is a lack of an unam- 
biguous definition of geometry changes. For the latter prob- 
lem, we may follow the example of the intrinsic a. According 
to eq. [ lo ]  the index for the energy change is related to the 
ratio of the forward and the sum of the forward and reverse 
activation energies. Similarly, an index for the geometry 
change (R,) can be defined as the ratio of the forward and 
the sum of the forward and reverse geometry changes at the 
TS. Thus, we define 

I 
In principle, f, and fr should be defined such that they mea- 
sure the major geometry change of the reaction (for exam- 
ple, the breaking and forming of bonds). For the SN2 
reactions we have studied,& andf, are defined as 

and 

where Rc-,(TS) is the bond length between C and A in the 
transition state and RCpA(R) and RCpA(P) are the bond lengths 
between C and A in the reactant and product, respectively. 
Hence, if the TS resembles the reactant more than the prod- 
uct, f, <f, and R, < 0.5.  Otherwise, R, > 0.5. A plot of R, 
versus intrinsic a is shown in Fig. 3 in which the ground state 
is taken to be the ion-molecule complex and the reactions 

. have the same nucleophile, N = H. The results are obtained 
at the MP2 level (i.e., the geometries are optimized at the 
MP2 level). 

It is interesting to note that even though a simple rela- 
tionship between intrinsic a and AEO (see Fig. 2) only exits 
within each group, a simple relationship between intrinsic a 
and R, can exist between members of more than one group. 
The rationalization is that the intrinsic a is related to the 

3 BOYD 453 

TABLE 2. Calculated Q, and AEo (W/mol) at the MP2 
level" 

CCH 0.38 -145.90 
CN 0.34 -251.55 0.74 33.31 
NC 0.07 -361.34 
S H 0.41 -296.02 0.80 - 11.20 
C1 0.27 -399.08 0.65 - 1  14.22 
NH2 0.29 -91.44 0.80 193.42 
OH 0.15 -186.42 0.66 98.44 
F 0.09 -284.86 0.50 0.00 

" N -  + C H , X  and C H , N  + X  are taken as the reactant and 
product, respectively,  for convenience. AE" = E ( C H , N  + 
X - )  - E ( N -  + C H , X ) .  

forward and reverse activation energies (eq. [ lo])  while the 
geometry change measured by f, is related to the forward 
activation energy and that o f f ,  is related to the reverse ac- 
tivation energy. Therefore, R, (eq. [ l  11) which is related to 
f, andf, is related to the forward and reverse activation ener- 
gies as well. Thus, the relationship between a and R, is not 
surprising. Furthermore, we can expect to observe a similar 
relationship between R, and AEO as between a and AEO, that 
is the linear relationship between R, and AEO only exists 
within each reaction group. 

a and charge transfer at the transition state 
The extent of charge transfer at the transition state is dif- 

ficult to measure. Thus, in experiments, substituent or sol- 
vent effects are used as a means to measure the relative charge 
transfer at the T S  (5). The study of charge transfer at the TS  
is also not trivial for theoretical calculations. It involves a 
proper definition of atoms in molecules and a proper parti- 
tion of the charge distribution among atoms. 

In this work, we used the charge partition scheme due to 
Bader and co-workers, according to which an atom in a 
molecule is defined as a real space surrounded by a zero-flux 
surface (a closed surface which is not traversed by any tra- 
jectories of Vp) (14). The charge on an atom is obtained by 
subtracting the total number of electrons over the atomic basin 
from its nuclear charge. 

By analogy with a and R,, we can define a charge trans- 
fer index Q, by 

where 

and 

Q,(B) is the integrated charge on A in wavefunction B. For 
example, Qx(TS) is the integrated charge on X in the TS. 
Calculated Q, values for reactions with N = H and N = F 
are listed in Table 2. Unlike intrinsic a and R,, which have 
values <0.5 when AEO < 0 and > 0.5 when AEO > 0 ,  Q, 
can be >0.5 even when AEO < 0 (for example, see Table 2 
when N = F and X = Cl). The special behaviour of Q, can 
be rationalized in terms of the factors discussed elsewhere 
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(86, d ) .  In previous papers, we have shown that the charge 
on atom A at the TS can be approximated as (8b, d )  

where a2, b', c2, and d' are the contributions of the reac- 
tant, product, and valence bond configurations JI, and JI, to 
the TS, respectively (see eq. VI). Q A ( ~ R ) ,  QA(Vp), QA(J13), 
and Q,(JI,) are the charges on A in the reactant, product, and 
valence bond configurations JI, and JI,, respectively. 

From eq. [17], the charge at the TS is related to the charges 
of A in various states (QA('PR), QA(Vp), etc.). The charge on 
A in the reactant (QA('PR) is A = X) and the charge on A in 
the product (QA(Vp) if A = N) are related to the electroneg- 
ativity of A in the reactant and product, respectively. For 
example, a more electronegative A will attract more elec- 
trons, and hence a large negative value of QA('PR) (when A 
= X). Therefore, the charge development at the TS is re- 
lated to the electronegativity of A in the reactant and prod- 
uct. Furthermore, it is related to the contribution of various 
configurations to the TS (i.e., a', b2, c2, and d'). All other 
things being equal, a large c2 (i.e., large contribution of 
configuration N-:R+:X-, in addition to its contribution to 
reactant and product, to the TS) tends to make the charge on 
A (A = N or X) at the transition state more negative. More- 
over, as shown in previous papers (8b, d) ,  if the reactions 
have similar electronic structures at the TS (i.e., similar 
values of c or d in eq. [7]), the ratio b2/a2 (product to reac- 
tant contribution to the TS) is related to the reaction ener- 
gies. The smaller b2/a2 is, the more exothermic the reaction 
(8a, b, d).  To sum up, the factors which affect charge transfer 
on A at the TS are the electronegativity of A, the electronic 
Structure at the TS (i.e., whether there is a significant con- 
tribution of N-:R+:X-, in addition to its contribution to the 
reactant and product, to the TS) and the reaction energy. 

As we discussed above, only when the other two factors 
(electronic structure at the TS and electronegativities of N 
and X) are similar or at least change linearly with hEO will 
the simple relationship between q, (and q,) and hEO exist (see 
Figs. 1 to 4 in ref. 8d). Similarly, for a series of reactions, 
the simple relationship between Q, and AEO will exist only 
when the reactions have similar TS electronic structures and 
the electronegativities of the X's are similar (or change lin- 
early with hEO). 

It should be noted that the requirement for a simple rela- 
tionship between Q, and AEO discussed above is not suffi- 
cient to guarantee that Q, < 0.5 when hEO < 0 or Q, > 0.5 
when hEO > 0. For that to be true, the electronegativity of 
the entering nucleophile N must be similar to that of the 
leaving group X. The relative charge transfer qf and q, is re- 
lated to the relative electronegativities of N and X (8b, d) .  
If N has a smaller electronegativity than X (for example N 
= H), qf < q, and Q, will tend to be smaller than when the 
electronegativities of N and X are similar. On the other hand, 
if N has a larger electronegativity than X (for example, N = 
F), qf will be larger than q, and Q, would tend to be larger 
than when the electronegativities of N and X are similar. 

The relationship between Q, and AEO is illustrated in Fig. 
4. For those X's which have similar electronic structures at 
the TS and electronegativities (for example, X = H and SH; 
X = CCH, CN, and C1; X = OH, F, and NC; see refs. 8b, 
d ) ,  a simple relationship between Q, and AEO is observed. 

X = CCH, CN. C1 ( x )  

X = OH. F. NC ( I )  

FIG. 4. Plot of Q, versus AE' for the reactions H + CH,X * 
CH? + X- at the MP2 level. 

Summary 
The group a and the intrinsic a are different concepts. The 

a obtained experimentally is usually the group a. As noted 
by other workers (4d, e ,  5d, 6c) and confirmed herein, the 
group a cannot be used as a measure of the TS structure in 
general. The intrinsic a is characteristic of each reaction. In 
this paper, we have discussed the relationships between the 
intrinsic a and other properties. 

For gas-phase S,2 reactions, the rate-equilibrium rela- 
tionship is governed by the TS electronic structure and hy- 
bridization of the leaving group. Those reactions which have 
the same TS electronic structure and hybridization of the 
leaving group have a linear relationship between the intrin- 
sic a and hEO. In this case, a smaller intrinsic a indicates a 
more exothermic reaction. 

An appropriate definition of the geometry change param- 
eter is required in order to relate changes in geometry to the 
intrinsic a. R, is proposed as the normalized TS geometry 
change. It measures the major geometry change of the for- 
ward reaction at the TS as compared to that of the sum of the 
forward and reverse reactions. A linear relationship be- 
tween a and R, is observed and explained by the fact that both 
a and R, measure the forward activation energy as com- 
pared to the sum of the forward and reverse activation ener- 
gies. Based on the relationships between R, and a ,  and 
between a and hEO, a linear relationship between R, and AEO 
within each reaction group is expected. 

The extent of charge transfer at the TS is related not only 
to energy changes but also to the electronegativities of the 
reactant and product and to the electronic structures at the TS. 
The explicit dependence of Q, on electronegativity makes 
Q, different from a and R,. In order to observe a linear re- 
lationship between Q, and AEO, the electronegativities of X 
within the group must be similar. 
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The calculation of atomic oscillator strengths: the lithium atom revisited 
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A. W. WEISS. Can. J .  Chem. 70, 456 (1992). 
Extensive configuration interaction calculations have been done for the ground and first excited states of neutral lith- 

ium and singly ionized beryllium. While the calculations reproduce the ionization and excitation energies to within 
3 cm-I for Li and 10 cm-I for ~ e ' ,  the main purpose of this work is the accurate evaluation of the 2s-2p resonance line 
oscillator strength. The calculated value of 0.7478 agrees to within less than 1% with the very accurate laser excitation 
lifetime measurement of 0.7416 * 0.0012. However, internal consistency checks of the accuracy of these calculations 
suggest that more precise calculations are unlikely to reduce this discrepancy significantly. Furthermore, when placed 
together with other independent calculations that should be of comparable, if not better, accuracy, all theoretical pre- 
dictions strongly indicate an f-value of 0.7475 * 0.0010, which differs from the experiment by 4 experimental standard 
deviations. 

Key words: configuration interaction, correlation, oscillator strength. 

A. W. W~rss.  Can. J .  Chem. 70, 456 (1992). 
On a effectut des calculs Ctendus d'interactions de configuration de I'ttat fondamental et du premier Ctat excite du 

lithium neutre et du beryllium mono-ionisC. Alors que les calculs permettent de reproduire les energies d'ionisation et 
d'excitation a moins de 3 cm-' pour le Li et a moins de 10 cm-' pour le Be+, le but principal de ce travail est d7Cvaluer 
d'une faqon precise la force de l'oscillateur de la raie de resonance 2s-2p. La valeur calculee, 0,7478, est a moins de 
1% de la valeur tres precise, 0,7416 * 0,0012, obtenue par des mesures de temps de vie d'excitation au laser. Toute- 
fois, des evaluations d'auto-coherence de la precision de ces calculs laissent croire que des calculs plus precis ne reduiraient 
pas cette difference d'une faqon significative. De plus, lorsqu'on utilise cette valeur avec celles obtenues par d'autres 
calculs independants d'une precision au moins semblable, si non meilleure, on en deduit que toutes les predictions 
thkoriques indiquent fortement que la valeur de f est Cgale a 0,7475 2 0,0010 qui differe de la valeur experimentale par 
4 kcarts types expkrimentaux. 

Mots cle's : interaction de configuration, correlation, force de l'oscillateur. 
[Traduit par la redaction] 

Introduction is on the ab initio determination of the spectroscopic prop- 

The accurate calculation of atomic structures over the past 
30 years has been driven primarily by the steady develop- 
ment of greater and greater computing power. The most ac- 
curate calculations have been, and continue to be, those on 
the bound states of the helium atom and its isoelectronic ions 
(1-4). For the two-electron atom, it is possible to carry out 
exhaustive variational calculations using trial functions that 
explicitly incorporate the interelectronic coordinate, r , , .  

The next atom in complexity after helium is lithium, 
which, with a single electron outside a closed shell 1s core, 
remains a very simple system. Nevertheless, calculations of 
the energy of the atom comparable in precision to those on 
helium have not generally been possible, and the best cal- 
culations that have been done, although quite precise for a 
greater-than-two electron atom, have been of substantially 
lower accuracy (5). It is only recently that variational r ,  cal- 
culations have been reported which approach the precision 
of the two-electron calculations (6). Lithium has therefore 
been the beginning proving ground of truly many-electron 
methodologies, such as many-body perturbation theory (7) 
(MBPT) and the various versions of configuration interac- 
tion (8, 9). 

For the most part these calculations, as well as many of 
those on more complex atoms and molecules, have concen- 
trated on accurate determinations of the total energy of the 
system. This paper too reports variational configuration in- 
teraction (CI) or superposition of configurations (SOC) cal- 
culations of total energies and wave functions for lithium and 
singly ionized beryllium. However, the main emphasis here 
Printed in Canada 

- - -  

erties of the atom, in particular energy differences, i .e . ,  
ionization and transition energies, and especially the tran- 
sition oscillator strength, or f-value. Special attention will 
therefore be given to the contribution to the f-value and 
transition energies of the various classes of correlation con- 
figurations, as well as the convergence of these properties 
with respect to the CI partial wave expansion. All calcula- 
tions begin with the Hartree-Fock approximation and are 
based on expansions in a basis set of Slater type orbital 
functions (STO). As it happens, the initial round of these 
wave function calculations had already been done in con- 
nection with a model study of transition moment bounding 
theorems ( 10). 

Lithium is also of special interest in that the 2s-2p reso- 
nance line f-value is among the most accurately yet mea- 
sured experimentally. Laser excitation lifetime measurements 
on Li and other alkali atoms have been reported (1 1) with an 
uncertainty of +-0.15%, a truly remarkable achievement, 
considering the longstanding extreme difficulty of measur- 
ing this property with a precision better than ~ 5 % .  Unfor- 
tunately, the present calculations are unable to predict an 
f-value within these error limits, irrespective of the expan- 
sion lengths, the class of pair correlations, and the extent of 
the partial wave expansion included in the CI wave func- 
tion. A comparison with all the other theoretical calcula- 
tions that account for correlation at a comparable level of 
sophistication supports a predicted value that differs from the 
experimental one by more than 3 times the experimental 
uncertainty. 

The next section will describe the details of the wave 
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function calculations, the systematics of incorporating the 
various aspects of correlation into the trial functions, and the 
method of choosing the basis sets. This section will also in- 
clude a summary of the results on correlation energies and 
an analysis of the various correlation contributions to the 
ionization and excitation energies, as well as the total en- 
ergy. The following section will present the results for the 
resonance transition oscillator strengths, with a parallel 
analysis of the various correlation components of the cal- 
culations. Comparisons with other comparable calculations 
and with the experimental results will also be given and dis- 
cussed. 

Description of calculations and energy results 
For an atom of this simplicity, one should expect pair 

correlation corrections to the Hartree-Fock to provide the 
overwhelmingly dominant correlation effect. The trial wave 
function, therefore, was initially taken to be a singleldou- 
ble (SD) substitution CI function. For the ground state this 
has the form 

and for the 2p excited state, 

where all summations are assumed to run over some set of 
correlation orbitals, which will be described later on. 

The first double sum in both cases represents the KL in- 
tershell correlation, since one valence and one core orbital 
are replaced by a correlation orbital. The single sum terms 
belong naturally to this class of correlation, since one of the 
1s functions is left undisturbed. These single replacement 
terms also include the semi-internal (12) configurations such 
as 

ls2s2, ls2sns 2~ and ls2s2p, Is2pns ' P  

The second double sum, of course, represents the K-shell core 
correlation corrections, and it too includes semi-internal, or 
configuration interference (8), terms that contribute differ- 
ently to the correlation energies of the two states, as well as 
the ion limit. These are terms like 

2s2ns, 2p22s, and (2pnp IS) 2s 

for the ground state, and 

2 s 2 2 ~ ,  (2stzs IS) 2p, 2p3, and 2 p 2 ( 3 ~ ,  ' D  ,IS) np 

for the 2p state. As will be discussed shortly, the CI wave 
function expansions [I]  and [2] were also augmented be- 
yond the SD scheme in a very selective way so as to include 
the largest of the triple substitution configurations, i.e., 
configurations where all three H-F orbitals have been re- 
placed by correlation functions. 

The starting point for these calculations, for each state, was 
the expansion method Hartree-Fock approximation, based 
on the usual normalized Slater type orbitals (STO), 

The Hartree-Fock basis was augmented by a set of func- 
tions designed to represent the intershell correlation and an 
additionalset to represent the K-shell core correlation. The 
set of correlation orbitals of eqs. [ I]  and [2] was then gen- 
erated by sequential Schmidt orthogonalization of this full 
S T 0  basis. 

Since the core correlation is expected to be very similar 
for the atom and the helium-like ion limit, the additional 
K-shell correlation basis set was determined by independent 
configuration interaction calculations on the ground states of 
the helium-like ions, ~ i +  and ~ e " .  The partial wave ex- 
pansion here was carried through i-orbitals, i.e., 1 = 6, and 
all exponential parameters were determined by minimizing 
the ground state energy for these ions. After some numeri- 
cal experimentation, a double [ set was decided on for each 
symmetry, with principal quantum numbers for each [ run- 
ning up to some maximum, much like the bases recently used 
for helium r,, calculations (2, 3) and those used in some of 
the earliest of the CI calculations (13). These calculations 
recover better than 99% of the correlation energy of the 
ground state of the helium-like ions, which should be ade- 
quate to represent core correlation contributions to the three- 
electron atom ionization and excitation energies. This Slater 
basis is included in the basis set tabulation given in the ap- 
pendix. 

Even tempered basis sets, defined as a set of STO's all with 
the same principal quantum number, but with the zetas de- 
fined by the geometric sequence (14) 

were also examined and, upon optimizing a. and P, were 
found to give approximately the same improvement in en- 
ergy as the double [ set of the same number of basis func- 
tions. The double [ set was chosen here, however, since the 
comparable, variationally optimized even-tempered set ap- 
peared to show a somewhat greater degree of linear depen- 
dence, as measured by the magnitude of the expansion 
coefficients in a Schmidt orthogonalized set of functions. 

With the K-shell S T 0  correlation basis established, a 
natural orbital transformation (15) was carried out for the 
helium-like ion wave functions in order to provide an or- 
thonormal basis in which the correlation information was 
condensed, as much as possible, in the first few orbitals. This 
made it possible to slough off, without degrading the cor- 
relation calculations, the last natural orbital of some of the 
lower 1-value symmetries where there was a suggestion of 
linear dependency. The total number of correlation orbitals 
was therefore smaller than the number of basis functions. This 
set of K-shell correlation functions was added to the Hartree- 
Fock function for each state, and then augmented further by 
a set of functions designed specifically to account for the 
intershell correlation. 

The approach followed for the intershell correlation set was 
more direct, adding to the core correlation set a sequentially 
Schmidt orthogonalized group of STO's variationally opti- 
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TABLE 1 .  Energies for Li and Li+ with basis set A (9-s, lO-p,8-d,6$,6-g,S-h,3-i}. The highest orbital angular 
symmetry included is indicated in parentheses 

Excitation 
Total energy (au) Ionization energy ( c m ' )  energy 

Level o f  ( c m - ' )  
approximation 122s 'S  2 ~ ~ 2 ~  ' P  Is+ IS 1 s22s ' S  1 ~ ~ 2 ~  ' P  2s-2p 

H-F -7.43273 -7.36507 
KL(d)  -7.43520 -7.36666 
K U f )  -7.43522 -7.36672 
KL(g)  -7.43523 -7.36674 
KL(h) -7.43523 -7.36674 
KL(i) -7.43524 -7.36674 
KL(i) + U P )  -7.47393 -7.40603 
KL(i) + K ( d )  -7.47668 -7.40879 
KL(i) + K ( f )  -7.47738 -7.40948 
KL(i) + K(g)  -7.47762 -7.40973 
KL(i) + K(h) -7.47772 -7.40983 
KL(i) + K(i) -7.47777 -7.40987 
KL + K + trip(d) -7.47781 -7.40990 
KL + K + trip(g) -7.47781 -7.40990 
Pauli AE ( H F )  -7.47849 -7.41057 
Experiment" 

"Johansson, ref. 16. 

mized on the intershell correlation only. That is, for pur- 
poses of variationally determining the S T 0  exponential 
parameters, the core correlation configurations, i.e., the last 
double summations of eqs. [ l ]  and [2], were omitted from 
the calculations. The K-shell basis set was included in these 
intershell calculations, but K-shell correlation configura- 
tions were not. The point of this exercise was to circumvent 
the distortion imposed on the variational problem by the much 
larger core correlation energy, which would otherwise 
dominate the 5 optimization procedure. 

Here too, orbitals with angular symmetry through I = 6 
were included in the calculations, with basis functions added 
within each symmetry until the energy appeared stable to - lop5 au. These basis sets for both the 2s and 2p states are 
included in the tabulation in the Appendix. It soon became 
clear that, except for s-functions, the same basis set could 
be used for both the ground and excited state. Repeated at- 
tempts to optimize parameters independently led to so small 
an energy improvement as to make it not worthwhile to pur- 

. . sue this approach. 

The calculations included all possible configurations in [ l ]  
and [2] that could be constructed from this set of correlation 
orbitals. The total energies (in atomic units) calculated with 
this basis set, and labeled set A, are given in Table 1 for 
neutral lithium and in Table 2 for Be+ and compared with 
experiment (16, 17). The number of basis functions for each 
symmetry is also shown in each case. The tables display the 
sequence of total energies (in au) obtained with the addition 
of successively higher angular momentum configurations 
representing the intershell correlation, followed by a similar 
sequence for core correlation. The corresponding computed 
energy differences, ionization and excitation energies (in 
cm-I), are also given. In every case, the binding energies are 
computed relative to the energy of the helium-like ion at ex- 
actly the same level of approximation. All the KL intershell 
correlation calculations are, of course, referred to the ls2 
Hartree-Fock approximation of the ion limit. 

An additional set of calculations including selected triple 

excitation configurations was also performed, based on the 
dominant double replacement core configurations, 

s:2s + p:2s 'S  and s:2p + pf2p 2~ 

Here s,  and p ,  are the first natural correlation orbitals of s- 
and p-symmetry for the He-like core. For these calculations 
all possible single and double and substitution configura- 
tions referred to these configurations, but distinct from those 
already used, were added to the SD configuration interac- 
tion wave function. The improvements so obtained are in- 
dicated by the entries labeled "triples. " This procedure 
generated a total of 1044 symmetry-adapted configuration 
state functions (CSF) for the ground state and 1773 for the 
2p excited state. Relativistic energy shifts were estimated 
from Hartree-Fock calculations of the lowest order, single- 
particle Pauli approximation, and these corrections were 
added to the finalcalculated total energies. 

Finally, for the case of neutral lithium, the entire set of 
calculations was repeated utilizing a larger set of STO's for 
the core and intershell correlatio& herelabeled basis set B. 
An enhanced basis set was optimized for the Li+ ground state, 
the helium-like natural orbitals were obtained, and this set 
was added to the neutral atom H-F and an augmented inter- 
shell basis, generating 1695 CSF's for the ground state and 
2895 for the 2p state. This basis is also given in the Appen- 
dix, and the energy results so obtained are shown in Table 
3 in exactly the same way as Table 1.  

Several conclusions stand out from these numerical re- 
sults. Firstly, convergence of the total intershell correlation 
energy with respect to the partial wave expansion has been 
achieved to within - au. Results obtained with the larger 
basis, set B, are similar. The additional SD calculations of 
the core correlation also show that, for purposes of comput- 
ing total energies, convergence with respect to this I-series 
has reached the regime of maddeningly slow convergence so 
common for helium and its isoelectronic ions. Furthermore, 
the absolute total energy corrections are quite large. No at- 
tempt has been made here to extrapolate the 1-series; all 
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TABLE 2. Energies for Be+ and Be2+ with basis set A {9-s,lO-p,8-d,6$,6-g,5-h,3-i). The highest orbital an- 
gular symmetry included is indicated in parentheses 

Excitation 
Total energy (au) Ionization energy (cm-I) energy 

Level o f  (cm- l )  

approximation ls22s 2~ ls22p ?P lsC 'S ls22s 2~ 1 s22p ' P  2s-2p 

H-F 
KL(d) 
K U f )  
KL(g) 
KL(h) 
KL(i) 
KL(i) + K(P)  
KL(i) + K(d )  
KL(i) + K ( f )  
KL(i) + K(g) 
KL(i) + K(h) 
KL(i) + K(i) 
KL + K + trip(d) 
KL + K + trip(g) 
Pauli AE (HF) 
Experiment" 

"Johansson, ref. 17. 

TABLE 3. Energies for Li and Li+ with basis set B {12-s,12-p,l l-d,8$,7-g,5-h,3-i}. The highest orbital an- 
gular symmetry included is indicated in parentheses 

Level o f  
approximation 

H-F 
KL(d)  
K U f )  
KL(g) 
KL(h) 
KL(i) 
KL(i) + K ( p )  
KL(i) + K(d )  
KUi)  + K ( f )  
KL(d + K(g) 
KL(i) + K(h) 
KL(i) + K(i) 
KL + K + trip(d) 
KL + K + trip(g) 
Pauli AE (HF) 
Experimenta 

Total energy (au) Ionization energy (cm- ' )  

ls22s 2s ls22p 2~ IS+ 'S ls22s 2s ls22p ?P 

-7.43273 -7.36507 -7.23641 -43082 - 28234 
-7.43521 -7.36666 -43627 -28584 
-7.43524 -7.36673 -43633 - 28599 
-7.43525 -7.36675 -43635 -28602 
-7.43525 -7.36675 -43636 -28603 
-7.43525 -7.36675 -43636 - 28604 
-7.47397 -7.40608 -7.27588 -43473 - 28573 
-7.47674 -7.40885 -7.27865 -43474 -28573 
-7.47745 -7.40955 -7.27935 -43474 -28573 
-7.47770 -7.40980 -7.27960 -43474 -28574 
-7.47780 -7.40990 -7.27970 -43475 -28574 
-7.47784 -7.40994 -7.27974 -43475 - 28574 
-7.47788 -7.40997 -43483 - 28580 
-7.47788 -7.40997 -43484 -28580 
-7.47856 -7.41064 -7.28040 -43487 -28580 

-43487.15 -28583.27 

Excitation 
energy 
(cm- l )  

2s-2p 

14848 
15043 
15034 
15033 
15033 
15032 
14900 
14901 
14901 
14900 
14901 
1490 1 
14903 
14904 
14907 
14903.88 

"Johansson, ref. 16. 

numbers are exactly as calculated. Comparison of results for 
basis sets A and B also indicate slow convergence with re- 
spect to radial basis functions. 

However, it is also clear that, for purposes of predicting 
energy differences for valence shell spectroscopy, all cor- 
relations of the core involving d-orbitals or higher are very 
nearly irrelevant, at least to within 1-2 cm-I. The total 
energies, of course, show much larger changes with these 
core correlations. However, the shifts are all virtually the 
same for both the ground and 2p states as well as the is2 of 
the helium-like ion. This is not so for the correlations ls2 + . 

metries in the reference state wave functions. Higher sym- 
metry triple substitution terms are likewise of little 
consequence, once the occupied symmetries have been in- 
cluded. Even the intershell contributions to ionization and 
excitation energies stabilize with respect to the 1-series after 
the addition off - or g-type orbitals. It is now of interest to 
pursue the effects of these various correlation contributions 
on the transition oscillator strengths. 

Oscillator strength results 

s2 and ls2 + p2, where differential correlation shifts are The oscillator strength, or f -value, for an electric dipole 
produced because of the occupancy status of s- and p-sym- transition is given, in the length gauge, by 
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where hE is the transition energy in au, gi is the statistical 
weight of the initial state, and the squared transition mo- 
ment, the multiplet strength, is presumed summed over all 
degeneracies in both initial and final states, i and f. One can 
also compute f -values using the formally equivalent veloc- 
ity form of the transition moment, 

If the exact bound state wave functions are used to calculate 
the f-value, the length and velocity forms must agree ex- 
actly. With approximate wave functions, they need not, and 
frequently do not, agree, and it is common practice to com- 
pute both forms, taking the agreement as some measure of 
the accuracy of the calculation. Unfortunately, it is not at all 
clear how well this agreement or disagreement measures the 
accuracy. Length-velocity agreement is a necessary, not 
sufficient, condition of the correctness of the prediction. It 
can easily happen that both values agree quite well and both 
are wrong. Nevertheless, it is frequently a useful extra han- 
dle on one's calculations, albeit a potentially embarassing 
one. While the question of which form is to be preferred has 
been discussed at some length throughout the literature (18 ,  
19), there is no hard and fast rule. It has been the author's 
experience that the length form seems to be preferable more 
often than not, but this is little better than a rough rule of 
thumb. 

All CI contributions to the lithium transition moment were 
computed exactly, with no numerical approximations such 
as assuming orbital orthogonality for the two states. In prin- 
ciple, there is no reason for the orbitals used in the ground 
state to be orthogonal to those used in the 2p state calcula- 
tions, and all requisite determinants of overlap integrals were 
dutifully computed here. In this case, because of the choice 
of a uniform correlation basis for 1 > 0 ,  this is a minor point. 
Furthermore, since the K-shell electrons are so tightly bound, 
moving a single outer electron around among different va- 
lence orbitals, or removing it entirely, should cause negli- 
gible core relaxation. It is important to note, however, that 
this unimportance of the non-orthogonality problem is al- 
most certainly peculiar to this particular application. In larger 
atoms, with larger and more polarizable cores, relaxation 
effects may well be substantially more important. Also, in 
atoms with more than one valence electron, term-dependent 
orbital relaxation can be, and often is, very significant. In 
such cases, orbital non-orthogonality must be incorporated 
into the calculations, either by direct calculation or indi- 
rectly, simulating this orbital relaxation by the appropriate 
configuration interaction. In the latter case, of course, care 
must be taken to include all the pertinent simulation config- 
urations in the calculation. 

The results of the oscillator strength calculations, using the 
sequences of wave functions indicated in Tables 1-3, are 
summarized in Table 4 and compared with the relevant ex- 
perimental measurements (1  1 ,  20). In each case, the wave 
functions of both states of the transition have been trun- 
cated in exactly the same way. Thus, for example, KL(i )  
means the CI wave function using all intershell correlation 
configurations through i-orbitals, and was used for both the 

2s and 2p states. Several selected intermediate calculations 
in the sequences shown in Tables 1-3 have been omitted, 
since it is clear that they would add little to any conclusions 
one might derive from the results. In every case, the ex- 
perimental transition energies were used to compute the os- 
cillator strengths, since this throws the burden of any 
discrepancies or trends unambiguously onto the transition 
moment calculation itself. 

Within each class of correlation configurations - inter- 
shell, core, and triple substitutions - we see that the higher 
angular momentum terms, as with the transition energy cal- 
culations, have virtually no effect on the oscillator strength. 
Adding intershell correlations through d-orbitals makes a 
significant change in the f -value compared with the Hartree- 
Fock and brings the length and velocity forms into much 
better agreement. However, adding f - and g-orbitals to the 
intershell correlation terms has only a marginal effect on the 
results, and adding h- and i-orbitals has none at all. Similar 
comments apply for the core correlation and triple substitu- 
tion configurations, even though the former have a large ef- 
fect on the total energy. The net effect for lithium of adding 
core and triple replacement terms to the wave function is to 
change the length and velocity f-values by 0.8% and 0.3% 
respectively from the intershell calculation. 

It should be noted, of course, that these effects are all quite 
small. The Hartree-Fock values differ by only 3-4% from 
the final calculated numbers, a result that is already as good 
as, or better than, most current experimental measure- 
ments, and which is probably as accurate as needed for most 
applications. This, of course, is the point of the strategy 
followed in most current correlated calculations o f f  -val- 
ues. By correlating only the valence electrons sufficiently, 
one hopes to bring the f-value calculations to the level of 
accuracy of the Hartree-Fock approximation for the corre- 
sponding alkali atom. For example, for carbon the proce- 
dure is to correlate the outer electrons only, which would then 
be expected to produce f -values of the precision of the Li 
Hartree-Fock. T o  go beyond this requires the inclusion of 
intershell and selected core correlation corrections, as has 
been done here. 

The lithium results are somewhat disappointing in not 
being any more stable with respect to expansion lengths or 
categories of correlation configurations. It would also be nice 
to have seen better agreement of the length and velocity 
forms. The trends in the calculated values, however, strongly 
suggest that the f-value is unlikely to come down much closer 
to the experimental value than it already has. It is conceiv- 
able that a still more exhaustive correlation basis set would 
do the trick, but the very near equality of the two sets of 
calculated values produced by basis sets A and B suggests 
otherwise. It is possible that the addition of still more triple 
substitution configurations will depress the f -value still fur- 
ther. However, the set of triples that have been included al- 
ready brings the ionization energy to within 3 cm-l of the 
experiment, and it is difficult to see how the omitted re- 
mainder could make a change in the f-value three times larger 
than that due to the triple replacement terms already pres- 
ent. The calculations for ~ e +  appear to be in much better 
shape than lithium, which is not surprising since isoelec- 
tronic ions generally tend to become rapidly less sensitive to 
correlation than the neutral atom. Also, the ~ e +  experimen- 
tal data are not claimed to be nearly as accurate as for lith- 
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TABLE 4. Summary of oscillator strength calculations for the 2s-2p resonance transition in Li and 
Bei (A = 6709 A, 3131 A respectively) 

Li, basis set A Li, basis set B B e f ,  basis set A 
Level of 

approximation len vel len vel len vel 

H-F 
KL(d) 
KL(g) 
KL(i) 
KUi) + K(p) 
KL(i) + K(f 
KL(i) + K(h) 
KL(i) + K(i) 
KL + K + trip(d) 
KL + K + trip(g) 
Experiment 

"Gaupp er a/., ref. 11. 
"Bromander, ref. 20. 

TABLE 5. Comparison of theoretical and experimental resonance transition oscillator strengths and 
ionization potentials 

Var." opacityb MCHF' 
(rn) project + CI MBPT" Present Expt.' 

"Sims er a/. (1976). ref. 21. 
hPeach er (11. (1988), ref. 22. 
'Froese-Fischer (1988). ref. 23. 
"Blundell era/. (1989). ref. 7. 
'Gaupp er a/. (1982). ref. 1 1. 

ium, although here too there appears to be reason to question The opacity calculation (22) is part of a recent large-scale 
the precision of the measurement. project to generate atomic data needed for modelling stellar 

One caveat would seem to be in order with regard to opacities. The wave function calculations are all done within 
truncating a sequence of calculated f-values as given for a uniform framework for treating both radiative and colli- 
lithium in Table 4. Had the calculations been stopped at only sional processes in both the discrete and continuous spec- 
the level of intershell correlation, the length form would have trum. For bound state calculations this methodology is 
been in virtually exact agreement with the cited experimen- 
tal value. While this would have given the appearance of an 
extremely accurate calculation, it would clearly have been 
quite misleading. On the other hand if one had stopped the 
calculations at the intershell correlation but used the theo- 
retical transition energy, which is 100 cm-I too large, the 
length and velocity values would have been 0.7465 and 
0.7469 respectively. As it happens, this beautiful, but for- 
tuitous, agreement is not even far from the length value fi- 
nally obtained with the fully correlated wave functions. 

The bothersome situation for neutral lithium becomes yet 
more puzzling when placed in the context of all the other 
published calculations designed to fully account for corre- 
lation (7, 21-23). This is illustrated in Table 5, which com- 
pares all these values with the experiment and with each 
other. The table also includes the ionization energies pre- 
dicted for both states by each calculation. Except for the 
MBPT calculation, which is relativistic, these ionization 
energies have been adjusted by adding the Hartree-Fock 
relativistic shifts computed here. 

equivalent to a configuration interaction calculation. The MC 
+ CI calculation (23) is a calculation using numerical multi- 
configuration Hartree-Fock orbitals in a follow-on full-scale 
CI. Both of these calculations are therefore similar to the 
present ones. The calculation labeled r,, is a variational cal- 
culation that selectively includes the interelectronic coordi- 
nate in the wave function, by allowing only one r0 factor per 
term (21). Although this represents a real restriction, for this 
kind of system it can be argued that it should not be a se- 
vere one. The MBPT result (7) has been obtained by a rela- 
tivistic many-body perturbation calculation applied directly 
to the ionization energy. The calculation therefore assumes 
no orbital relaxation in going from Li to Li+, simulating this 
effect by higher order perturbative corrections, which as 
discussed above should be easily done for this system. For 
neutral lithium, the fact that the calculations are relativistic 
is of little importance. 

The consistently close agreement of the f -values, partic- 
ularly for the dipole length form, is striking. An oscillator 
strength of 0.7474 + 0.0007 encompasses all of the length 
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values, and 0.7482 k 0.0016 would include all the calcu- 
lated f -values, both length and velocity. The fact that these 
are all entirely independent calculations, each one designed 
to fully account for correlation, makes this consistency still 
more persuasive. Since the smallest of these theoretical pre- 
dictions differs from the experimental value by more than 4 
standard deviations, it would appear that either a new mea- 
surement or a careful reevaluation of the old one would be 
called for. 

Conclusions 
This paper has reported extensive configuration interac- 

tion calculations of correlated wave functions at the level of 
single and double substitution configurations plus selected 
triples for the ground and first excited states of lithium and 
singly ionized beryllium. The calculations were based en- 
tirely on a Slater function basis, with the K-shell correlation 
basis determined by variational calculations on the helium- 
like ions, followed by a natural orbital transformation to 
compress the correlation information into a rapidly con- 
verging set of core correlation orbitals. These calculations 
generated a sequence of CI wave functions, which were then 
used to calculate a sequence of putatively more accurate os- 
cillator strengths for the resonance transition. 

The results clearly show that core correlation configura- 
tions are necessary in addition to intershell ones. While core 
correlation energies are large, only the s- and p-wave con- 
tributions make a significant contribution to the ionization 
and excitation energies. Similarly, only the lowest orbital 
angular momentum triple replacement terms are needed for 
the final 10 cm-'  accuracy for energy differences. Similar 
conclusions hold for the oscillator strength calculations. Here, 
however, only the lowest angular terms (through d-orbitals) 
in the intershell correlation as well are important. 

Although the computedf-value for lithium agrees to within 
1 % with the most accurate measurement, which in turn car- 
ries a stated uncertainty of +0.15%, analysis of the calcu- 
lations suggests that the agreement should be better. When 
juxtaposed with a broad variety of other independent ab in- 
itio calculations, all of which agree closely with one an- 
other, there is a strong indication that this discrepancy is real, 
and that the experiment should be reevaluated. Another more 
recent laser excitation experiment, using delayed coinci- 
dence, has produced (24) an f -value of 0.7435, but with an 
uncertainty of k0.0055. While this would tend to support the 
measurement of Gaupp et al. (1 l ) ,  the error bars are large 
enough to encompass all the values quoted here. 

On the other hand, very accurate variational wave func- 
tion calculations on lithium, involving extensive use of the 
interelectronic coordinates, are currently being reported in 
the literature (6,25). It would be of considerable interest 
therefore to apply them to the calculation of the resonance 
line oscillator strength to attempt to resolve this discrep- 
ancy. 

I .  C. L. Pekeris. Phys. Rev. 126, 1470 (1962); B. Schiff, C. L. 
Pekeris, and Y. Accad. Phys. Rev. A, 4 ,  885 (1971). 

2 .  A. Kono and S. Hattori. Phys. Rev. A, 29, 2981 (1984). 
3 .  G .  W. F. Drake. Nucl. Instrum. Methods Phys. Res. Sect. B: 

B31, 7 (1988). 
4 .  D. E .  Freund, B. D. Huxtable, and J. D. Morgan 111. Phys. 

Rev. A, 29,  980 (1984). 
5 .  J .S .  SimsandS.A.Hagstrom.Phys.Rev.A, 11,418(1975). 
6 .  F. W. King. Phys. Rev. A, 40,  1735 (1989). 

7 .  S. A. Blundell, W. R. Johnson, Z. W. Liu, and J .  Sapirstein. 
Phys. Rev. A, 40,  2233 (1989). 

8 .  C. Froese-Fischer. Phys. Rev. A, 41,  3481 (1990). 
9 .  D. Sundholm and J. Olsen. Phys. Rev. A, 42,  2614 (1990). 

10. D. Roginsky and A. W. Weiss. Phys. Rev. A, 38, 1760 
(1988). 

1 1 .  A. Gaupp, P. Kuske, and H. J. Andra. Phys. Rev. A, 26, 3351 
(1982). 

12. 0. Sinanoglu. Advances in chemical physics. Vol. 14. Inter- 
science, New York. 1969. p. 237. 

13. A. W. Weiss. Phys. Rev. 122, 1826 (1961). 
14. R. D. Bardo and K. Ruedenberg. J .  Chem. Phys. 60,  918 

( 1974). 
15. P. 0 .  Lowdin and H. Shull. Phys. Rev. 101, 1730 (1956). 
16. I. Johansson. Ark. Fys. 15, 169 (1959). 
17. I .  Johansson. Ark. Fys. 20,489  (1961). 
18. R. Crossley. Phys. Scr. T, T 8 ,  1 17 (1984). 
19. M. T .  Andersen and F. Weinhold. Phys. Rev. A, 10, 1457 

(1974). 
20. J. Bromander. Phys. Scr. 4 , 6 1  (1971). 
21. J. S. Sims, S. A. Hagstrom, and J. R. Rumble. Phys. Rev. 

A, 13, 242 (1976). 
22. G. Peach, H. E. Saraph, and M. J .  Seaton. J. Phys. B: At. 

Mol. Opt. Phys. 21, 3669 (1988). 
23. C. Froese-Fischer. Nucl. Instrum. Methods Phys. Res. Sect. 

B: B31, 265 (1988). 
24. J .  Carlsson and L. Sturesson. Z. Phys. D: At. Mol. Clusters, 

14, 281 (1989). 
25. D. K. McKenzie and G. W. F. Drake. Bull. Am. Phys. Soc. 

35, 1176 (1990). 

Appendix 

Tables A1 and A2 display the S T 0  parameters for the two 
Slater basis sets labeled A and B respectively. The param- 
eters are the principal quantum number, p ,  and the value 
of 5 ,  defined by eq.  [3] in the main text. The basis sets are 
divided into two groups, the first referring to the Hartree- 
Fock and intershell bases, and the second the pure K-shell 
basis. In the latter case, e.g. ,  the notation such as 2p-6p 
denotes a set of five p-type STOs all with the same value 
of 5 ,  but with principal quantum numbers, p ,  ranging from 
2 through 6. 

TABLE A l .  Slater type orbitals for basis set A 

Li Be' 

ls22s ls22p ls22s ls22p 

H-F + KL basis 
1 s 
1 s 
2s 
2s 
2s 
3s 
2P 
2P 
2P 
2P 
3P 
3d 
3d 
3d 
4 f  
4 f  
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TABLE A 1 .  (concluded) 

K-shell basis 
2s 

TABLE A2. Slater type orbitals for basis set B 

Li 

1 s22s 1 s22p 

H-F + KL basis 
1s 2.468 2.478 
1s 4.680 4.700 
2s 1.760 1.680 
2s 1.130 1.130 
2s 0.665 0.665 
3s 0.600 0.600 
3s 1.720 1.720 

TABLE A2. (concluded) 

K-shell basis 
2s 
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The infrared spectrum of 2-methylaziridine from scaled ab initio force fields 

ARVI RAUK,'  T .  EGGIMANN, H. WIESER, AND DANYA YANG 
Departtnerzt of Chemistry, The Universio of Calgary, Calgary, Alm., Canada T2N IN4 

Received July 29, 1991 

This paper is dedicated to Professor Sigeru Huzinaga on the occasion of his 65th birthday 

ARVI RAUK, T.  EGGIMANN, H. WIESER, and DANYA YANG. Can. J .  Chem. 70, 464 (1992). 
The structures of the cis and trans invertomers of 2-methylazirdine were optimized at the RHF/6-3 lG'"'O1' level of 

theory and the composition of the equilibrium mixture was determined to be translcis = 0.7 1 :0.29, in good agreement 
with the experimental value, 0.66:0.35. The a b  initio force field was scaled and a complete assignment of the vibra- 
tional spectra of the two conformers is presented. The IR spectrum of 2-methylazirdine was recorded in the vapor phase 
and in solution (cyclohexane and CCl,). The predicted IR spectrum of the equilibrium mixture agrees very well with the 
experimental spectrum. The 6 - 3 1 ~ " "  I' basis set is found to provide better geometries and more uniformly scalable force 
fields than the conventional 6-3 IG* basis set. 

Key words: a b  initio force fields, 2-methylaziridine 

ARVI RAUK, T .  EGGIMANN, H. WIESER et DANYA YANG. Can. J .  Chem. 70, 464 (1992). 
On a optimisC les structures des invertomeres cis et trans de la 2-methylaziridine au niveau R H F / ~ - 3  1 ~ " "  I' de la 

thCorie et on a CvaluC que 1'Cquilibre de mtlange devrait se situer ti tratzslcis = 0,71 : 0,29, en bon accord avec la va- 
leur expkrimentale de 0,66 : 0.34. On a attribuC une Cchelle au champ de force a b  initio et on prCsente une attribution 
complete du spectre de vibration des deux conformeres. On a enregistre le spectre IR de la 2-mkthylaziridine tant en 
phase vapeur qu'en solution (cyclohexane et CCI,). Le spectre IR prCdit pour le mClange a 1'Cquilibre est en bon accord 
avec le spectre expkrimental. On a trouve que, compare a I'ensernble de base conventionnel 6-31G*, I'ensemble de base 
6-31G*'0.1' fournit de meilleures gkometries et des champs de force que I'on peut fixer d'une f a ~ o n  plus uniforme sur 
une Cchelle. 

Mots clPs : champs de force a b  initio, 2-methylaziridine. 
[Traduit par la rCdaction] 

Introduction 
The explicit connection between the infrared (IR) spec- 

trum of a substance and its molecular structure began to be 
elucidated in the last decade with the increasing avail- 
ability of reliable ab 'initio force fields and atomic polar 
tensors (APT) for intensity calculations. The coincident 
introduction of chiroptical techniques in the form of vi- 
brational circular dichroism (VCD) spectroscopy and the 
Raman equivalent has promised further insights. Extrac- 
tion of the inherent information from the latter techniques 
(and to some extent the former) has been hampered by 
theoretical difficulties that have largely been overcome with 
the introduction of practical nonempirical formalisms by 
Nafie and Freedman (I) ,  Stephens (2), and Buckingham, 
Fowler, and Galwas (3) and their computer implementa- 
tions by Stephens and co-workers (4), Morokuma and 
Sugeta (5), and Dutler and Rauk (6). The structural rigid- 
ity and relatively small size of three-membered ring com- 
pounds makes them ideal platforms for the assessment of 
both experimental and theoretical procedures. The parent 
achiral compounds can be rendered optically active by 
isotopic substitution. Investigations have been reported on 
1,2-dideuterio- (4) and 1,2-dicyanocyclopropane (7), the 
deuterated oxiranes (6, 8, 9) and their methyl (10- 12) and 
dimethyl (12) derivatives, and on methyl- (13, 14) and di- 
methylthiirane (14). The analogous nitrogen heterocycle has 
escaped attention, perhaps since it lacks the conforma- 
tional rigidity of the carbon, oxygen and sulfur analogues. 
2-Methylaziridine exists as an equilibrium mixture of trans 
and cis diastereoisomeric forms whose composition has been 
determined by nuclear magnetic resonance (15) and IR (16) 

' ~ u t h o r  to whom correspondence may be addressed. 

FIG. 1 . 'The RHF//6-3 I G * ' ~ . ~ '  geometries of (1R,2R)-2-meth- 
ylaziridine (trans) and (lS,2R)-2-methylaziridine (cis). See Table 
1 for numerical details. 

measurements. The present compound as well as numer- 
ous other mines  have been the subject of exhaustive IR and 
Raman spectroscopic studies by Lattes and co-workers (16, 
17). A partial assignment of the observed IR and Raman 
frequencies in the frequency range 100-4000 cm-' was 
carried out by Durig et al. (18) and repeated in the region 
above 400 cm-' by Razumova and Kostyanovsky (19). Both 
groups concentrated on the dominant trans isomer. The two 
sets of assignments were in agreement except in the posi- 
tion of the lower frequency N-H bending mode. A num- 
ber of absorptions due to the cis invertomer could clearly 
be assigned (for a discussion, see ref. 20). In the present 
work, the gas phase and solution IR spectra are remea- 
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RAUK ET AL 

TABLE 1. 6-3 IG:"~-') and 6-3 1 ~ " ' ~ ' - ~ '  geometries of trans-2-methylaziridine, and 
cis-2-methylaziridine 

trans-2-Methylaziridine cis-2-Methy laziridine 

a 
b 
C 

d 
e 
f 

g 
h 
I 

j 
k 
ab 
ac 
ad 
af 
a g 
ah 
bc 
bd 
be 
bf 
ce 
c g 
ch 
df 
di 
dj 
dk 
g h 
ad i 
adj 
adk 

"See Fig. 1 for a definition of the parameters: the letters denote bonds, e.g., a is the length 
in A,  ab is the bond angle ("), and abc is the dihedral angle ("). 

"Reference 3 1 .  
'Assumed from aziridine. 

TABLE 2. Energies of trans-2-methylaziridine, and cis-2-methylaziridine 

trans-2-Methylaziridine cis-2-Methylaziridine 
Method" energy (hartrees) energy (hartrees) E,,, - E ,,,,,, (kJ/mol) 

R H F / ~ - 3  lG*" "//6-3 IG*" " - 172.078952 - 172.077982 2.55 
R H F / ~ - 3  lG*" "//6-3 1 G*" " - 172 036213 - 172.035814 1.05 
RHF/6-3 lG**//6-3 lG*(O " -172 091571 - 172.090546 2.69 
MP2/6-3 1G**//6-3 1 G*" " - 172 69024 1 - 172.689510 1.92 
ZPVE(RHF/~-3 lG*" "//6-3 1 G*" ") 273.1 70' 273.442' 0.25' 

"The notatlon XXX/YYY//ZZZ means that the theoret~cal method XXX was used w ~ t h  the b a s ~ s  set YYY at a geometry optl- 
m ~ z e d  at the RHF level of theory wlth bas~s  set ZZZ 

kJ/mol 
'X 0.912. 

sured in the range 400-4000 cm-I and the relative fre- that the conventional 6-31G* basis set does not yield as 
quencies and intensities are determined. On the basis of the satisfactory a geometry for a heteroatom containing three- 
present study, many of the previous assignments must be membered rings as for less strained syst5ms. Typically, the 
revised. C-X bond is too short by about 0.04 A. While it is pos- 

Use of scaled ab initio force fields is fraught with sev- sible to transfer the ab initio field from the equilibrium 
eral difficulties, not the least of which is the unfortunate fact geometry to the experimental geometry, there remains the 
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1500 1400 1300 1200 1100 1000 900 800 700 600 500 400 

Frequency (cm-') 

FIG. 2. Experimental IR spectrum of 2-methylaziridine (for experimental conditions, see text), 400-1500 cm-': ( a )  CCI, solution; (b) 
gas phase, 50 Torr. 

suspicion that deficiencies in the structure are due to un- 
derlying deficiencies in the force field itself. It is well 
known that Hartree-Fock force fields are subject to a sys- 
tematic, nearly constant, error (21), a theoretical rational- 
ization of which has recently been presented (22). They are 
also subject to structure-related nonsystematic errors, which 
arise in part from deficiencies in the theoretical model (e.g., 
lack of electron correlation) but primarily from deficien- 
cies in the basis set. Scaling of the force field attempts to 
correct for these deficiencies. Uniform scaling by a factor 
of 0.8 (21) largely compensates for systematic overesti- 
mation of force constants at the HF level and does not 

modify the normal mode descriptions from which inten- 
sity data may be derived. Nonuniform scaling to match 
specific assigned frequencies is necessary to correct for basis 
set deficiencies. The success of nonuniform scaling pro- 
cedures is contingent upon correct assignments being made 
in the first instance. Use of multiple scale factors also al- 
ters the normal mode descriptions and therefore the de- 
rived intensities. Ideally, the scaling should be as uniform 
as possible to avoid the latter difficulties. The recently in- 
troduced 6-3 1 G*"." basis set (1 2) yields geometries and 
"raw" a6 initio force fields that appear to be superior to 
those derived using the standard 6-31G* (hereafter re- 
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RAUK ET AL 

Frequency (cm-') 

FIG. 3. Experimental IR spectrum of 2-methylaziridine (for experimental conditions, see text) 2800-3500 cm-': (a) CC1, solution; (b) 
gas phase, 50  Tom. 

ferred to as 6-31G*'08') basis set for first row atoms. We 
report herein scaled ab initio 6-31G*'03' force fields for the 
two invertomers of 2-methylaziridine, and compare the 
calculated IR spectra with the spectrum simulated for the 
equilibrium mixture. In a following paper we report on a 
theoretical investigation of the vibrational circular dichro- 
ism spectra of the individual invertomers and of the equi- 
librium mixture (23). 

Computational details 
The geometries of trans- and cis-2-methylaziridine were 

determined by complete optimization at the restricted 

Hartree-Fock level of theory using the analytical proce- 
dures of the GAUSSIAN 82 (24) or GAUSSIAN 86 (25) 
systems of programs and the internal 6-3 1~* ' ' .~ '  (12, 26) basis 
set and the modified 6 - 3 1 ~ * " . ~ '  (12) basis set. We distin- 
guish the original and modified 6-31G* basis sets by indi- 
cating explicitly the value of the d exponent. Thus 6-31~*".~ '  
is equivalent to the original 6-31G* basis set for C ,  N, and 
0 (26). Since bond lengths are calculated to be a little longer 
by the 6 -31~*" .~ '  basis set, an effect also observed with op- 
timization at the MP2 level of theory, an improved estimate 
of the relative energies of the two isomers was obtained by 
single point recalculation of the energies at the MP2 level of 
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TABLE 3. Observed vibrational frequencies and absorption intensities for 2-methylaziridine 

Positions Positions Dipole Positions Dipole 
vapor solutionb strength' Positions vapor solution" strengthc 

No." (cm-') (cm-I) (esu' cm') No." (cm- I) (cm-I) (esu' cm') 

m 
(CY) w,dcn 
(CY) w,dcn 
(CY) w,sh,dcn 
(CY) s 
W 

W 

w ,dcn 
S 1412.2 

Series of bands 
1463.6 

Series of bands 
1474.8 
1480.8 
1496.3 
2812.0 

w,dcn 
w,dcn 
w,dcn 
w ,dcn 
m 
m,sh,dcn 
m,dcn 
m,sh,dcn 
s,dcn 
m,dcn 
m,dcn 
m,sh,dcn 
m,dcn 

w,dcn 
w, broad ,dcn 
w,sh,dcn 
m 

m,dcn 
m,sh,dcn 
S 

S 

S 

m 

very broad 
W 

W 

T h e  numbers correspond to peak positions numerically identified in Figs. 2 and 3 .  
bMeasured in CCI, except marked CY (cyclohexane), w = weak, m = medium, s = strong, sh = shoulder, dcn = position measured after Fourier self- 

deconvolution. 
<X 

theory using the internal 6-31G** basis set at the 6 -31~* '~ . "  
geometry, i.e., ~ ~ 2 / 6 - 3  1 ~ * * / / 6 - 3  IG*".~) in the accepted 
notation. Normal coordinate analysis at the 6 - 3 1 ~ * " - ~ '  
equilibrium geometry was carried out by analytical second 
differentiation of the Born-Oppenheimer RHF energy (27). 
IR intensities were accomplished by the program system 
Freq85 (6), which implements the vibronic coupling theory 
(VCT) of Nafie and Freedman (1) at the ab initio level, and 
permits recalculation for arbitrary isotopic substitutions. For 
IR intensities, VCT is identical to the atomic polar tensor 
(APT) theory that is implemented in GAUSSIAN 86 and 
subsequent versions of the GAUSSIAN system of quantum 
chemistry codes. For improved agreement with experiment, 
frequencies were either uniformly scaled (28), or selec- 
tively scaled according to the procedure of Pulay et al. (29, 
30). The VCT intensity evaluations were computed using the 
6-3 1 ~ * " . ~ '  basis set (vcT/~-3 IG* '~ .~ ' ) .  Simulated IR spec- 
tra were obtained assuming a Lorentzian lineshape of width 
at half height 10 cm-'. 

Geometries 
Neither complete experimental nor theoretical structures 

of the 2-methylaziridines have previously been reported. The 
RHF/6-3 1 ~ * " . ~ ' / / 6 - 3  ~G*(O.~) geometries of trans- and cis- 
2-methylaziridine are shown in Fig. 1. Complete details of 
the structures in terms of parameters defined in Fi . 1 are 
shown in Table 1. The RHF/6-3 1G*(0,~'//6-3 lG*'"' struc- 
tural parameters are also listed in Table 1. Partial experi- 
mental data deduced from MW studies (31) are compared to 
the calculated values. With the 6-3 ~G*'O.~' basis set, the C-C 
and C-N bonds of the ring are very similar ic length, the 
C-N bonds being calculated to be about 0.025 A longer than 
with the 6-3 1G*(0.8) basis set. Examination of the structures 
of Fig. 1 reveals a tipping of the external H-C*-Me plane 
(the plane of the bonds d and f )  away from the N-H bond 
(or toward the N lone pair) in each isomer. Although not 
apparent from the figure, examination of the data of Table 1 
reveals a similar effect of the N configuration on the tilt of 
the CH, plane. The influence of the N lone pair, n ~ ,  is 
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RAUK ET AL. 

TABLE 4. Definitions of local symmetry coordinates (LSC) for cis- and trans-2- 
methylaziridine 

LSC type" ~ e f i n i t i o n ~  

C-N stretch 
C-N stretch 
C-C stretch 
C-C stretch 
N-H stretch 
C-H stretch 
C-H stretch 
C-H stretch 
C-H stretch 
C-H stretch 
C-H stretch 
N-H lbend 
N-H 1 1  bend 
C-H l bend 
C-H 1 1  bend 
CH, scissor 
CH, rock 
CH, wag 
CH, twist 
CH3 lbend 
CH3 11 bend 
CH, sym. deform. 
CH, asym. deform. 
CH, asym. deform. 
CH3 l rock  
CH3 1 1  rock 
CH, torsion 

"I = perpendicular to df or gh plane or equivalent at N (Fig. I), 1 1  = parallel to df or gh. 
bLetters refer to bonds as defined in Fig. 1, a are angles, T are dihedral angles. 

TABLE 5 .  Force field scale factors 

2-methylaziridine refinementsb 

Mode 

a C-H stretch 
N-H stretch 
C-C stretch 
C-N stretch 
CH, 11 , l defs. 
Restc 
No. of assigned bands 
Average error (cm-') 

Uniform scaling Azetidinea 

"6-3 lG*" force field, see ref. 34.  
b6-3 IG*" " force field, see text. 
'Includes all CH,, CH, and NH deformations, all CH, deformations, rocks, and torsion, and the other tabulated modes 

for which a scale factor is not explicitly listed. 

probably electronic rather than simply steric, and may be 
rationalized in terms of perturbative MO theory as causing 
a distortion so as to improve the energetically favorable 
n,-a* interaction, where a* is the out-of-phase combina- 
tion of the antibonding orbitals of the d, f ,  and (or) g, h 
bonds. 

Relative energies 
2-Methylaziridine exists as an equilibrium mixture of the 

trans- and cis- isomeric forms. Both 'H NMR (15) and IR 
(16) data indicate that the trans form is favored by about 

(AGO =) 1.6- 1.7 kJ/mol in dilute solution, corresponding 
to a trans/cis ratio of 0.66:0.35 at ambient temperature. 
Total energies and relative energies of the two isomers 
computed by several methods are shown in Table 2. As dis- 
cussed in the Computational Details section, the most ac- 
curate practical estimate of the relative energies of the Born- 
Oppenheimer minima should be obtained by single point 
MP2 calculation using the 6-31G** basis set at the 6-31~*".~ '  
geometry ( ~ ~ 2 / 6 - 3  1G**//6-3 ~G*'O.~' in Table 2). The zero 
point vibrational energy (ZPVE) is found to be slightly higher 
for the cis form. Correction for the change in ZPVE yields 
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TABLE 6.  6-3 I G * ' ~ . ~ '  frequencies and electric dipole strengths of (1R,2R)-2-methylaziridine (trans) 

Freouencies (cm- ' )  
No. 
v Calcd. ~ a l c d . "  Calcd.' Obsd.' D"." Do,' ~ s s i ~ n m e n t s "  

CH, torsion 
I C H ,  
II CH, 

asym ring def 
asym ring def 
CH, rock + I C H  
CH2 rock + I N H  
C-CH, str + ring def 

1 1  NH + I C H  
CH, rock + I h h  + I C H  
CH2 wag 
I C H  + CH, twist 

1 1  CH + I N H  
I NH + CH2 rock 

1 1  NH + CH, rock 
CH, umb 
CHl scis + CH, umb 
asym CH, def 
asym CH3 def 
CH2 scis 
CH, sym str 
CH, asym str 
CH, asym str + CH str 
CH, sym str 
CH str 
CH2 asym str 
NH str 

"In esu' cm' ( x  
hUniformly scaled force field, X0.832. 
'Optimally scaled force field (see text); average error 4.6 cm-' (0.41%). 
"Symbols and abbreviations: I = perpendicular to df or gh plane or equivalent at N (Fig. I ) ,  1 1  = parallel to df or gh, 

str = stretch, def = deformation, umb = umbrella motion, scis = scissor. 
'Numbers in parentheses are tentative assignments and were not included in the refinement. 
'Below instrument cutoff. 
EReference 18. 
hBond h (see Fig. 1). 
'Position measured from solution spectrum. 
'Unassigned peaks, see Table 3 .  

an estimate of AH0 = 2.17 kJ/mol for the gas phase differ- trum. These band positions were then used for the determination 
ence. Assuming that AS - 0, a translcis mixture of of the intensities, some of which could not be measured precisely 
0.706:0.294 at 298 K is predicted. Since it is quite close to due to severe overlapping. A list of the observed frequencies and 
the experimental estimates and the effects of differential intensities may be found in Table 3. The intensities of bands 66 and 
solvation are unknown. the theoretical ratio is used in the 35-38 are concentration dependent, likely caused by hydrogen 

of the IR shown in ~ i ~ ~ .  4 and 5 ,  and bonding. The intensities were measured with a sample concentra- 

discussed below. tion of 0.8 mol/L. 
A number of vapor phase bands exhibit two distinct Q-branches 

Experimental methods 
The racemic 2-methylaziridine was purchased from Aldrich 

(90%) and purified by distillation in a vacuum line before use. The 
solution absorption spectra (Figs. 2 and 3) were recorded at var- 
ious concentrations in the solvents cyclohexane (700-850 cm-I) 
and CCI, (rest of the spectral range) using a Nicolet 8000 FT-IR 
interferometer running at 1 cm-I resolution (1000 scans). For the 
vapor phase absorption spectra (400-4000 cm-I, see Figs. 2 and 
3), 300 scans were collected with a resolution of 0.12 cm-I in a 
10 cm cell with KBr windows, at pressures of 50 and 70 Torr 
(1 Torr = 133.3 Pa). 

In spite of the initial daunting appearance, the IR spectrum of the 
2-methylaziridine yielded to modem techniques. Fourier self-de- 
convolution (32) provided exact frequency measurements for many 
of the overlapping bands that dominate the condensed phase spec- 

clearly arising from the two conformers (e.g., nos. 9/10, 13/14, 
and 39/40). Some regions of the spectrum are so complex as to 
prevent firm identification of the fundamental transitions on the 
basis of the vapor phase spectrum alone. 

Force field refinements and assignments 

The ab initio Cartesian force constants for both confom- 
ers were transferred to a nonredundant set of local symme- 
try coordinates (Table 4), chosen in accordance to the 
recommendations of Pulay et al. (29). The scaling of the local 
symmetry force constants, K,, was achieved by the method, 
F,, = (c;c~)"~K,, where Fij are the scaled force constants and 
c; and cj are the scale factors associated with the local modes 
i and j ,  respectively (30). Our scaling and refining proce- 
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RAUK ET AL 

TABLE 7. 6-3 1 ~ " "  frequencies and electric dipole strengths of (IS,2R)-2-methylaziridine (cis) 

Frequencies (cm-') 
No. 
v Calcd. ~ a l c d . "  Calcd.' Obsd." Do.' ~ s s i ~ n m e n t s "  D"." 

27 232 212 210 213j.g 4.8 4.9 CH, torsion 
26 38 1 347 374 f 17.9 15.8 ICH,  
25 416 379 408 40 1 26.5 23.8 11 CH, 
24 826 754 754 756 44.2 42.8 asym ring def 
23 899 82 1 818 818 28 1.5 286.6 asym ring def 
22 97 3 888 882 89 1 2.4 3.9 C H 2 r o c k + I C H  
2 1 1024 934 927 926 43.7 44.2 C H 2 r o c k + I N H  
20 1043 95 1 950 949 94.3 92.8 C-CH, str + ring def 
19 1104 1007 1002 1007 95.1 101.5 1 )  NH + I C H  
18 1199 1094 1090 1080 7.0 7.1 CHI wag + hh wag 
17 1231 1123 1121 1114 9.4 13.4 I h h w a g  
16 1268 1157 1151 1146 12.1 13.8 I C H  
15 1336 1219 1218 (1218) 39.7 27.3 1 1  CH + I N H  
14 1364 1245 1240 (1237) 33.5 34.5 I N H  + CH? rock 
13 1398 1275 1276 1268 24.1 22.7 ( 1  NH + CH? rock 
12 1514 1381 1370 1373 20.0 19.0 CH, umb + I( CH 
11 1555 1419 1412 1400 30.9 3 1.4 CH? scis + CH, umb 
10 1615 1473 1461 (1464) 8.8 8.9 asym CH, def 
9 1625 1483 1471 (1475) 20.9 21.0 asym CH, def 
8 1640 1496 1487 (1481) 4.4 5.7 CH, scis 
7 3130 2855 2875 2878 35.5 35.3 CH, sym str 
6 3208 2926 2947 I 26.9 26.7 CH, asym str 
5 32 12 2930 295 1 I 36.6 36.3 CH, asym str + CH str 
4 3236 2952 2973 I 42.5 42.1 CH,symstr 
3 3269 2982 3003 3007 40.9 40.8 CH str 
2 3337 3044 3066 3066 28.7 28.6 CH2asymstr 
1 3679 3356 3324 3320 3.1 3.1 NH str 

"In esu' cm' ( x  lo-")). 
" ~ n i f o r m l ~  scaled force field, X0.832. 
'Optimally scaled force field (see text); average error 3.8 cm-'  (0.32%). 
"Symbols and abbreviations: I = perpendicular to df or gh plane or equivalent at N (Fig. I) ,  1 1  = parallel to df or gh, 

str = stretch, def = deformation, umb = umbrella motion, scis = scissor. 
'Numbers in parentheses are tentative assignments and were not included in the refinement. 
'Below instrument cutoff. 
"Reference 18. 
"Bond h (see Fig. I). 
'Unassigned peaks, see Table 3. 

dures have been described in more detail in earlier publica- 
tions (33). 

Great caution was mandatory for the refinements of the 
6-3 lG*" force fields since no scale factors have been de- 
veloped to date for this basis set. The favorable reference 
point for the refinement of the Zmethylaziridine force fields 
appears to be the 6-3 lG*" 8' scale factors for azetidine (34). 
However, a direct transfer of the parameters is not advis- 
able because the differences between the force fields of the 
two basis sets are not known. Therefore, the force fields were 
initially scaled uniformly with a factor (f = 0.81 3) that is the 
average of the six optimized azetidine 6-3 1 G*" " parame- 
ters. With the resulting frequency predictions, 25 of the 54 
fundamental transitions for both conformers including the 
N-H stretches (v,) and C-H stretches (v2) were assigned 
unambiguously. The uniform scale factor was then divided 
up into three separate factors, one each for N-H stretch- 
ing, C-H stretching, and the remaining modes, respec- 
tively. The optimized values after the first refinement run 
are given in Table 5 (column 3sf). Most frequencies below 
1500 cm-' were calculated high while the vibration, v2,, 
which is an almost pure methyl out-of-plane bend, was pre- 

dicted 22 cm-' low for both conformers. This coordinate has 
been shown to require an unusually high scale factor for the 
3-21G force field of methyloxetane (33c). It seemed justi- 
fied and appropriate therefore to allow a separate scale fac- 
tor just for this mode. With this modification, the previous 
refinement was repeated with a much improved frequency 
fit (column 4sf, Table 5). 

It was now possible to assign with confidence another five 
fundamentals and to define two separate scale factors for the 
C-C stretch and C-N stretch. Starting with the preopti- 
mized factors, all six parameters were allowed to vary in- 
dependently in another refinement (6sf- 1, Table 5). Column 
6sf-2 in Table 5 contains the results from the final optimi- 
zation including a total of 33 firmly assigned transitions, 
showing that all parameters remain constant and are well 
defined within this refinement. The average deviation ex- 
periment of the calculated frequencies is 4.2 cm-' (0.37%). 
The absolute numbers of these new 6 - 3 1 ~ * " . ~ '  force field 
scale factors are similar to previously optimized factors for 
other basis sets. The parameter for the CH, out-of-plane de- 
formation is again found to be much larger than the others. 
All the factors except for the C-C stretch are higher than 
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I I 6 scale factors 

1500 1400 1300 1200 1100 1000 900 800  700  600  500  400 
- 

Frequency v (cm-l) 

FIG. 4. Simulated IR spectra by V C T / ~ - ~ ~ G * " . ~ '  theory in the region 350-1500 cm-' for the individual invertomers of Z-methylazir- 
idine, and of the theoretical equilibrium mixture at 298 K compared with the experimental spectrum in CC14 (bottom spectrum); the line- 
width for simulations is 8 cm-': (a) scaled with six scale factors; (b) uniformly scaled. 

the corresponding 6-3 lG*" '' values for azetidine. The pa- 
rameters for C-C and C-H stretching remarkably resem- 
ble the corresponding 6-31G** scale factors of oxirane (9). 
Finally, the 6-3 lG*" ,' factors are considerably more 
uniform than for the 6-31G*" " or any smaller basis sets, 
indicating a more balanced treatment of the various intra- 
molecular motions by the original ab initio 6-3 lG*" force 
field. 

The refinements were also carried out with the 6-3 lG*" " 
force constants for 2-methylaziridine. Although it was pos- 
sible here to transfer directly the scale factors from azeti- 
dine, the spectral assignments were more tedious because of 
inferior frequency predictions compared to the 6-3 lG*" " 

basis set. The final spectral assignment was essentially the 
same as above, included 33 bands as well, but required eight 
scale factors to reproduce the frequencies with an average 
error of 6.2 cm-' (0.56%). The additional parameters had 
to be employed for the C-CH, stretch and for the methyl 
C-H stretches in order to achieve a reasonable fit. The op- 
timized values are similar to the azetidine factors but gen- 
erally lower. 

Thus the resent experience indicates that the errors of B1 the 6-31G*' " force constants for 2-methylaziridine are 
smaller and more uniform than for the conventional 6- 
3 1 ~ * ' ~ . "  basis set. The 6-3 IG*'~.') force constants there- 
fore lie closer to the Hartree-Fock limit values. It would be 
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necessary now to test the performance of this basis set with 
other molecules. 

Results and discussion 
The experimental solution and vapor phase spectra of 

2-methylaziridine are shown in Fig. 2 (400-1500 cm-I) and 
Fig. 3 (2800-3500 cm-I). The numbering on the bands 
corresponds to the listing of observed bands in Table 3. A 
number of the bands cannot be assigned to fundamental 
transitions. Most of them are probably overtone or combi- 
nation bands. However, there are relatively strong bands in 
the solution spectra (in both CCl, and cyclohexane) that are 
not observed in the gas phase. Examples are the signals be- 

tween 420 and 520 cm-' and the four bands, nos. 35-38, that 
we believe arise from N-H bending modes (v,,, v,,) of hy- 
drogen-bonded molecules. The corresponding modes for v,, 
and v,,, which also involve the N-H deformations, should 
then be shifted up into the region 980-1050 cm-'. Indeed, 
two unassigned bands are observed in or nearby this region 
(nos. 15, 16). The broad feature in the solution spectrum 
around 3260 cm-' (no. 66) clearly corresponds to the N-H 
stretch involved in hydrogen bonding. One of the two vapor 
phase bands near 3180 cm-', no. 65 (3172.6 cm-I), has been 
observed by Durig et al.  (1 8) and assigned to a combination 
band due to the methyl torsion and an asymmetric stretch of 
the methyl group of the trans isomer, v, f v,, = 3161 cm-' 
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6 scale factor 

C Mixture 
0.706 trans 
0.294 cis A 

L 

I l l l l l l l l l l l l l l l l l l l I I I l I l I l 1  
3500 3400 3300 3200 31 00 3000 2900 2800 

- 
Frequency v (crn-l) 

FIG. 5. Simulated IR spectra by V C T / ~ - ~ ~ G * ' ~ . ~ '  theory in the region 2800-3500 cm-I for the individual invertomers of 2-methyl- 
aziridine, and of the theoretical equilibrium mixture at 298 K compared with the experimental spectrum in CCl, (bottom spectrum); the 
linewidth for simulations is 18 cm-I: (a) scaled with six scale factors; (b) uniformly scaled. 

(calcd.). Band 65 (3155.1 cm-I) may originate from a sec- 
ond combination of the same kind, namely v, + v2, = 3 147 
cm-' (calcd.) since the calculated separation of the two 
asymmetric stretches (assumed to be degenerate by Durig et 
al.) is similar to the observed separation of bands 64 and 65. 

Frequencies calculated by RHF/6-3 1 ~ * " . ~ ' / / 6 - 3  I G * ' ~ . ~ )  
for the trans and cis isomer of 2-methylaziridine are listed 
in Tables 6 and 7, respectively. Also listed are the uni- 
formly scaled frequencies, the optimally scaled values (six 
scale factors), and the corresponding observed bands. Di- 
pole strengths were calculated from the uniformly and op- 
timally scaled force fields by v C T / 6 - 3 1 ~ * ' ~ . ~ '  ( = APT), and 
descriptions of the normal modes. The descriptions of the 
bands are assigned on the basis of visualizations of the ani- 

mated normal modes and inspection of the normal modes in 
displacement vector representation (see Fig. 6,  discussed 
below). The subsequent discussion is based on the opti- 
mally scaled results, which are very similar to the uni- 
formly scaled values. 
Vibrational frequencies and assignments 

Some substantial differences are predicted in the frequen- 
cies of equivalent vibrational modes of the two isomers. 
Normal modes, v,, and v,,, primarily rocking and wagging 
motions of the CH, group, are predicted to occur 20 and 
19 cm-' to lower frequency in trans-2-methylaziridine than 
in the cis diastereomer. On the other hand, v,, a mixed mode 
consisting of C-CH, stretch and ring distortion, is pre- 
dicted to be at higher frequency by 15 cm-'. Lesser pertur- 
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- 
Frequency v (cm-l) 

1.2 

x 1 02 

0.8 

E 

0.4 

0.0 

FIG. 5 (concluded) 

bations to lower (vZ7, VI8, V16, vI5, v,,, and v,) and higher (v,,, 
v , ,  , v,, and v,) frequencies in the trans compared to the cis 
conformer are easily resolved experimentally and therefore 
are significant for the scaling of the force fields and the 
interpretation of the IR spectra of the equilibrium mixture. 
The nature of the vibrations is particularly complex in the 
range 800-1400 cm-I. In the assignments listed in Tables 6 
and 7, only the major group motions are identified, in de- 
creasing order of their apparent involvement. The modes are 
discussed further in their connection to the predicted IR in- 
tensities. 

Comparison of the uniformly scaled and optimally scaled 
frequencies (columns 3 and 4 in Tables 6 and 7) reveals that 
the two sets are very similar, the greatest deviations occur- 
ring in the N-H and C-H stretching regions where the 
uniformly scaled values differ by +3  1 cm-I (N-H) and 
-21 cm-I (C-H) from the optimally scaled values. In the 

3500 3400 3300 3200 31 00 3000 2900 2800 

Mixture 
- 0.706 trans 

0.294 cis 

uniformly scaled 

- 

exp experimental 
I' 

- 

mid-IR region, most of the uniformly scaled values are too 
high, the maximum difference being 13 cm-I. 

I l l l l l l l l l l  I I I I I I I I I  

The IR spectrum of 2-methylaziridine 
The calculated electric dipole strengths are listed in Ta- 

bles 6 and 7. Very little difference is found between the 
values obtained from the nonunifody scaled force field and 
the uniformly scaled values. 

On the basis of previous studies with the 6-3 IG*" ,' basis 
set (12, 14), most of the calculated dipole strengths are ex- 
pected to be within a factor of two of the most accurate re- 
sults achievable with the present level of theory and with 
experiment. The most prominent feature, near 820 cm-' in 
both isomers, is due to vZ3 (a deformation of the three-mem- 
bered ring). The observed intensity of this mode (268 x 
esu2 cm2) is very close to the calculated values. For the ma- 
jority of the modes, it is difficult to compare observed in- 
tensities with the predicted values. The simulated IR spectra 

I I I I I  
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FIG. 6. Cartesian displacement vector representation of some of the normal modes between 800 and 1100 cm-' of cis- and trans-2- 
methylaziridine. The bold-face numbers are the calculated dipole strengths in units of esu' cm' ( x  lo4'). The numbering is consistent 
with Tables 6 and 7. 

of trans- and cis-2-methylaziridine, and of the calculated 
equilibrium mixture at room temperature (298 K), are com- 
pared to the experimental spectra in Figs. 4 and 5. In the re- 
gion 400-1500 cm-', the majority of the line widths are in 
the range 5-12 cm-I. The single major exception is the strong 
band at 820 cm-I, which has a measured width of 19 cm-I. 
In the simulations (Fig. 4), a constant linewidth of 8 cm-I 
has been employed. As a consequence, the appearance of the 
820 cm-' feature is misleading. The remaining bands have 
about the correct overall intensity. The most obvious error 
occurs for the band at 1250 cm-I in the spectrum of the trans 
isomer. This band is predicted to be much too intense, a sit- 
uation exacerbated somewhat by the nonuniform scaling 
procedure. The associated normal mode, v,,, involves mo- 
tion of the N-H bond along the coordinate for pyramidal 

inversion (Fig. 6). Two other bands of the trans isomer are 
calculated to be anomalously intense, namely v,, and v,,, and 
one, v,,, appears to be too weak, although the predicted in- 
tensity is only about a factor of two too low. The first of 
these, v2,, (and also v,,) is predicted to be even more intense 
in the cis invertomer, while the second, v,,, is a factor of six 
weaker. 

Initial experience with the 6-3 ~G*'O.~' basis set, based on 
comparison with calculations employing a much larger basis 
set, has suggested that the performance of this basis set with 
respect to the prediction of intensities in the C-H stretch- 
ing region would be inferior to its performance in the mid-IR 
(12). The simulated spectra of the two isomers, the pre- 
dicted equilibrium spectrum, and the experimental solution 
spectrum in the C-H and N-H stretching region are com- 
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pared in Fig. 5. The  observed lines in this region are sub- 
stantially broader than in the mid-IR. A width of 18 cm- '  
(approximately the average of the observed values) has been 
used in the simulation. It is apparent that the predicted in- 
tensities are in the correct range and the simulated spectrum 
is ,  in fact,  in reasonable agreement with the observed spec- 
trum. It appears that with a few notable exceptions, the 
6-3 IG*" " basis set,  originally developed to facilitate cal- 
culation of vibrational circular dichroism intensities, pro- 
vides an  economical means to obtain reasonable predictions 
of molecular geometries, force fields, and IR intensities. 

Acknowledgements 
T h e  financial support of the Natural Sciences and Engi- 

neering Research Council of Canada is gratefully acknowl- 
edged. W e  also thank Supercomputer Services of the 
University of Calgary for generous allocations of CPU time 
o n  the C D C  Cyber 205. 

1. L. A. Nafie and T. B. Freedman. J. Chem. Phys. 78, 7108 
(1983). 

2. P. J .  Stephens. J .  Phys. Chem. 89, 748 (1985). 
3. A. D. Buckingham, P. W. Fowler, and P. A. Galwas. Chem. 

Phys. 112, 1 (1987). 
4. M. A. Lowe, G.  A. Segal, and P. J .  Stephens. J. Am. Chem. 

SOC. 108, 248 (1986). 
5 .  K. Morokuma and H. Sugeta. Chem. Phys. Lett. 134, 23 

(1987). 
6. R. Dutler. Ph.D. Dissertation, The University of Calgary. 

(1988). 
7. K. J Jalkanen, P. J. Stephens, R. D. Amos, and N. C. Handy. 

J. Am. Chem. Soc. 109, 7193 (1987). 
8. (a) K. J. Jalkanen, P. J. Stephens, R. D. Amos, and N. C.  

Handy. J .  Am. Chem. Soc. 110, 2012 (1988); (6) J. Am. 
Chem. Soc. 110, 5598 (1988). 

9. R. Dutler and A. Rauk. J. Chem. Soc. 111, 6957 (1989). 
10. M. A. Lowe, P. J. Stephens, and G.  A. Segal. Chem. Phys. 

Lett. 123, 108 (1986). 
11. R. W. Kawiecki, F. Devlin, P. J. Stephens, R. D. Amos, and 

N. C. Handy. Chem. Phys. Lett. 145,411 (1988). 
12. A. Rauk and D. Yang. J. Phys. Chern. 96, 437 (1992). 
13. H. Dothe, M. A.  Lowe, and J. S. Alper. J.  Phys. Chem. 92, 

6246 (1988). 
14. P. L. Polavarapu, S. T. Pickard, H. E. Smith, T.  M. Black, 

A. Rauk, and D. Yang. J. Am. Chem. Soc. 113, 9747 (1991). 
15. A. Lopez, M. M. Gauthier, R. Martino, and A. Lattes. Org. 

Magn. Reson. 12, 418 (1979). 
16. R. Martlno, A. Lattes, F. Imberlin, and R. Mathis. C. R. 

Acad. Sci. Ser. C: 274, 156 (1972). 

17. (c i )  R. Martino, A. Lopez, R. Mathis, and A. Lattes. Bull. Soc. 
Chim. Fr. 1849 (1976); (6) R. Martino, R. Mathis, F. Imberlin, 
and A. Lattes. Spectrochim. Acta, Part A,  30A, 741 (1974); 
(c) R. Mathis, R. Martino, and A. Lattes. Spectrochim. Acta, 
Part A, 30A, 713 (1974); (d)  R. Mathis-Noel, R. Martino, A. 
Secches, and A. Lattes. C .  R. Acad. Sci. Ser. A: 266, 926 
(1968). 

18. J. R. Durig, S.  F. Bush, and W. C.  Harris. J. Chern. Phys. 
50, 2851 (1969). 

19. E. R. Razumova and R. G .  Kostyanovskii. Izv. Akad. Nauk 
SSSR Ser. Khim. 9 ,  2003 (1974). 

20. W. C. Wurrey and A. B. Nease. In Vibrational spectra and 
structure. Edited by J. R. Durig. Elsevier Scientific Publish- 
ing Co., Amsterdam. 1978. pp. 181-185. 

21. W. J. Hehre, L. Radom, P. v. R. Schleyer, and J. A. Pople. 
Ab initio molecular orbital theory. John Wiley and Sons, New 
York. 1987. pp. 226-25 1. 

22. V. I. Pupyshev, Y. N. Panchencko, C.  W. Bock, and G. 
Pangor. J.  Chem. Phys. 94, 1247 (1991). 

23. A. Rauk, T .  Eggimann, H. Wieser, and D. Yang. To  be pub- 
lished. 

24. (a) J .  S. Binkley, M. J. Frisch, D. J. Defrees et al. Depart- 
ment of Chemistry, Camegie-Mellon University, Pittsburgh, 
Pa; (b) A. Rauk and R. Dutler. J .  Comput. Chem. 8 ,  324 
(1987). 

25. M. J. Frisch, J. S.  Binkley, H. 8 .  Schlegel et al. Carnegie- 
Mellon Publishing Unit, Pittsburgh, Pa. 1984. 

26. (a) W. J. Hehre, R. Ditchfield, and J. A. Pople. J. Chem. 
Phys. 56, 2257 (1972); (b) M. M. Francl, W. J. Pietro, W. J. 
Hehre, J .  S.  Binkley er al. J. Chem. Phys. 77, 3654 (1982). 

27. P. Pulay. In Modem theoretical chemistry. Vol. 3. Methods 
of electronic structure theory. Edited by H. F. Schaefer 111. 
Plenum, New York. 1977. 

28. J .  A.  Pople, H. B. Schlegel, R. Krishnan et al. Int. J. Quan- 
tum Chem. Symp. 15, 269 (1981). 

29. P. Pulay, G.  Fogarasi, F. Pang, and J. E. Boggs. J. Am. 
Chem. Soc. 101, 2550 (1979). 

30. P. Pulay. In Modem theoretical chemistry. Vol. 4. Edited by 
H. F. Schaefer 111. Plenum, New York. (1977); pp. 153-185. 

31. Y. S. Li, M. D. Harmony, D. Hayes, and E. L. Beeson, Jr. 
J .  Chem. Phys. 47,4514 (1967). 

32. J. K. Kauppinen, D. J. Moffatt, H. H. Mantsch, and D. G.  
Cameron. Appl. Spectrosc. 35, 271 (1981). 

33. (a) R. A. Shaw, C. Ursenbach, A. Rauk, and H. Wieser. Can. 
J. Chem. 66, 1318 (1988); (b) R. A.  Shaw, C.  Castro, R. 
Dutler, A.  Rauk and H. Wieser. J. Chem. Phys. 89, 716 
(1988); ( c )  R. A. Shaw, N. Ibrahim, and H. Wieser. J. Phys. 
Chem. 93, 3920 (1989); (d )  R. A. Shaw, N. Ibrahim, and H. 
Wieser. Can. J .  Chem. 68, 90 (1990). 

34. R. Dutler, A. Rauk, and R. A. Shaw. J. Phys. Chem. 94, 118 
( 1990). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Statistical theory of electron densities at nonzero temperatures 

GARY G. HOFFMAN 
Department of Chemistry, Florida Internatiot~c~l University, Miami, FL 33199, U.S.A.  

ROBERT A. HARRIS 
Departr~zerrt of Chemistry, University of Cal(fornia, Berkeley, C A  94720, U.S.A. 

AND 

LAWRENCE R. PRATT' 

Chemical and Laser Scietrces Division. Los Alarnos Natiotlcr/ Laboratory, Los Alamos. NM 87545, U.S.A. 

Received August 13, 199 1 

This paper is dedicated to Professor Sigeru Huzinaga on the occnsion qf his 65th birthday 

GARY G. HOFFMAN, ROBERT A. HARRIS, and LAWRENCE R. PRAIT. Can. J .  Chem. 70,478 (1992). 
This paper derives the finite temperature opfimized Thomas-Fermi theory applicable to the electronic structure of atoms, 

molecules, and ions under conditions where both the bulk electron density and the electron temperature are substantial. 
The derivation provides a simple rule for transcribing the finite temperature case from the previous ground-state statis- 
tical electron-density functional theories. 

Key words: plasma simulation, plasma chemistry, statistical theory of electron densities, Thomas-Fermi theory, op- 
timized Thomas-Fermi theory. 

GARY G. HOFFMAN, ROBERT A. HARRIS et LAWRENCE R. PRATT. Can. J .  Chem. 70,478 (1992). 
Dans ce travail, on a derive la theorie de Thomas-Fermi optimise'e pour une tempkrature finie qui pourrait s'appli- 

quer 2 la structure atomique d'atomes, de molCcules et d'ions dans des conditions sous lesquelles la densite Clectronique 
globale ainsi que la temperature Clectronique sont importantes. Cette derivation fournit une rkgle simple pour transcrire 
le cas de la temperature finie a partir des thCories fonctionnelles de densite Clectronique statistique de I'Ctat fondamen- 
tal. 

Mots cle's : simulation de plasmas, chimie des plasmas, thCorie statistique des densitCs Clectroniques, thCorie de Thomas- 
Fermi, theorie optimisCe de Thomas-Fermi. 

Introduction rately achieve thermal equilibrium, at least approximately, 

Interesting current research has focused on the ability to 
carry out numerical simulations of plasmas while explicitly 
treating electronic degrees of freedom (1). Such an ability 
is expected to further the understanding of a wide spectrum 
of problems (2, 3) including advanced methods for synthe- 
sis, processing, and characterization of exotic materials. The 
chemistry that takes place in laboratory plasmas is clearly 
important in plasma polymerization or plasma-assisted 
chemical vapor deposition (4-7), and in many analytical 
chemical methods (8), including methods involving laser 
ablation of surfaces. 

Theoretical descriptions of plasmas of chemical interest 
typically focus first on identification of chemical species and 
of elementary chemical processes. These data are then often 
used as building blocks in modelling the dynamics of the 
plasma. The identification of chemical species usually be- 
gins with the Saha equation and the description of the ionic 
composition under equilibrium conditions at a temperature 
T (9). The primitive Saha treatment is physically sound for 
plasmas in the limit of low densities. But it will incur errors 
for higher densities because the electronic structures of the 
chemical constituents are not treated self-consistently with 
the electronic milieu. Going beyond the conditions of the 
primitive Saha treatment (lo),  there is special interest in 
circumstances where the electronic degrees of freedom 
equilibrate at a temperature T = T,,,,,,n on a time scale that 
is short compared with the time required for equilibration of 
the nuclear translations. If the nuclear translations sepa- 

'Author to whom correspondence may be addressed. 
Printed in Canada 

at a different temperature, the system would be regarded as 
a "two-temperature plasma." But if the nuclei are consid- 
ered motionless on the electronic time scale this is just the 
familiar Born-Oppenheimer approximation (1 1). 

The determination of the electron density as a function of 
nuclear coordinates is a first step towards a broader theory. 
In addition, it is just the information required by recent sim- 
ulation calculations (1). The electron-density theory derived 
below starts from the assumption of the Born-Oppenheimer 
approximation and determines the electron densities self- 
consistently. No assumption of the equilibrium of the nu- 
clear degrees of freedom is required. It will be clear that the 
present treatment is most natural when the electron density 
in the plasma is not too low. The present treatment is, there- 
fore, complementary to the more traditional theoretical ap- 
proaches that are correct at low density (9). 

These developments build from recent work on statistical 
theories of electron densities in extended systems (12- 17). 
The principal objective here is to work out the finite tem- 
perature version of the optimized Thomas-Fermi theory (14- 
17). The new result is indeed presented below. However, the 
finite temperature results can be directly transcribed from the 
previous ground state electron-density theory. This can be 
established by a simple, general, and physically transparent 
argument that is also given below. Some formal aspects of 
the finite temperature extension of our ground state ap- 
proach have been derived previously (18). However, the 
present general derivation is important because of its sim- 
plicity in comparison with the previous derivation. 

The corresponding spin density functional theory is for- 
mally a straightforward extension of these statistical meth- 
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ods (18, 19). Such an extension should be important in 
practical applications. However, since the consideration of 
spin densities is entirely independent of the issue of finite 
temperature, we ignore that extension here. 

Statistical formulation of finite temperature electron 
density theory 

Our previous developments studied the ground state 
electron density given by filling all levels below the Fermi 
energy p: 

where q(z) is the Heaviside function and &(r) and E< are, 
respectively, eigenfunctions and eigenvalues of the density- 
dependent, single-particle Hamiltonian 

It is known as a matter of principle that a u(r;p) exists, which 
produces the exact density (20-22). Furthermore, approxi- 
mate u(r;p) are available, which produce reasonable densi- 
ties (23). Double occupancy has been assumed in [ l ]  and this 
accounts for the factor of 2. 

The density theories we will construct here are based upon 
the fact that, at a nonzero temperature T = P-' ,  the density 
can be obtained from thermal population of the self-consis- 
tent eigenstates of a thermal H(P): 

Here 4 ~ ~ ( r , P )  and E<(P) are eigenfunctions and eigenvalues 
of the Hamiltonian H(P): 

The structure of this theory is analogous to the thermal 
Hartree or Hartree-Fock theories (24). However, it is clear 
that a functional u(r;P,p) exists that would produce the exact 
thermal density (25). The dependence of the u(r;P,p) on P 
has been made explicit in [2b]. Although the P dependence, 
beyond the functional dependence on the density, should be 
assumed throughout, we subsequently drop this explicit no- 
tation. 

The density matrix associated with this theory is just 

We next focus on expressing [4] so that it provides a natural 
description of the electron densities in disordered, extended 
materials where the manipulation of the orbitals $<(r) is likely 
to be awkward. To  this end, the density matrix [4] is writ- 
ten as 

An integration-by-parts yields 

This extremely simple formula allows us to transcribe cor- 
responding finite+ theories from all the previous ground state 
results. Note that sech2(2a) is a simple probability density 
on the interval (-m,m). Therefore, [6] shows that the finite 
/3 result corresponds to an averaging of ground state densi- 
ties according to a distribution of Fermi energies. Because 
of this, the Monte-Carlo methods devised elsewhere (13, 15, 
16) to implement the ground state theory are directly appli- 
cable to the finite temperature theory as well. In particular, 
the thermal result can be implemented by considering cyclic 
paths {r,r,, . . ., rp-,,r) and evaluating the integrals 

with the definitions: 

The p + m limit identifies the exact density. Reference 15 
can be consulted for further discussion of these formulae. - 

2 P-1 

= d- x (rj - r)  sin(?) Finite temperature optimized Thomas-Fermi theory 
P j = I  If the potential was weakly varying over lengths compa- 
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rable with the Fermi wavelength ( 8 ~ r / 3 ~ ) " ~  then the Thomas- 
Fermi approximation for the ground state density, 

would be appropriate (14-17, 26). When P is finite the fa- 
miliar thermal Thomas-Fermi approximation obtains 

The functional relation between the density and the poten- 
tial depends on P. 

The optimized Thomas-Fermi approximation is moti- 
vated by the view that it is rather draconian to evaluate the 
potential z~(r;p) only at the point where the density is sought. 
More physically, the density depends on the potential in the 
neighborhood of the point in question. In the interest of 
simplicity, we can agree to retain the simple form, [9], but 
we can make it more accurate by replacing z~(r;p) with a pa- 
rameter u, chosen so  as to make the first-order corrections 
to [9] vanish (14-17). Using [6] together with the results of 
ref. 14 or 17, we can express the finite temperature opti- 
mized Thomas-Fermi theory as the two equations: 

and 

j,(z) is the spherical Bessel function of order v = 1. Equa- 
tion [ I  l ] ,  although implicit and nonlinear, operationally de- 
termines the u, that is required in [lo]. The functional relation 
between density and u, depends on P in just the same way 
as the thermal Thomas-Fermi theory. But the effective po- 
tential ur acquires additional temperature dependence. 

Discussion 
Several aspects of this theory deserve further discussion. 

Firstly, the electron density provided by the Thomas-Fermi 
theory becomes infinitely large near an atomic nucleus. There 
is a long history of concern with just this behavior. The op- 
timized Thomas-Fermi theory removes this divergence and 
this advantage is inherited by the finite temperature opti- 
mized Thomas-Fermi theory. Alternatively, the use of ef- 
fective core potentials can lead to improvements in the theory. 
This procedure accurately reflects the finite temperature 
quantum behavior of electrons near an atomic nucleus (1, 27). 
Incorporation of such an effective potential in the present 
theory could lead to a concomitant, self-consistent im- 
provement of the theoretical description. 

Secondly, these methods can be further extended to es- 

tablish the equilibrium concentrations of ions of various 
types, as the Saha equation does in its regime of validity. The 
spectroscopy of the plasma (3) can also be treated by simi- 
lar methods. The connection is that all these quantities in- 
trinsically depend, as does the electronic correlation energy 
(28), upon the density of states defined by 

Since this density of states can be expressed by the statisti- 
cal methods utilized here, the physical quantities mentioned 
above also can be worked-out within the present approach. 

Finally, it deserves to be emphasized that statistical 
methods are especially natural for extended systems with- 
out explicit simplifying symmetries associated with nuclear 
positions. The computational study of irregular many atom 
systems is no more difficult than that of a single atom. 
Therefore, we expect that these results should help in un- 
derstanding chemistry that can occur in laboratory plasmas. 
We hope to return to those problems with more applied re- 
sults in the future. 
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W. G. LAIDLAW, W. G. WILSON, and DENNIS A. COOMBE. Can. J .  Chem. 70, 482 (1992). 
We introduce two simple foam blockage rules and examine their effect on sweep efficiency through a porous me- 

dium. Applying a random walk simulation method, it is found that an efficient sweep can be performed by a blockage 
mechanism where every invaded throat is blocked upon invasion. The blocking foam lamella must also have a large, 
but not necessarily infinite, decay time. This result is interpreted as a reduction in the interface speed. 

Key words: porous media, viscous fingering, foam flow. 

W. G.  LAIDLAW, W. G. WILSON et DENNIS A. COOMBE. Can. J. Chem. 70,482 (1992). 
On presente plusieurs regles relatives au blocage de mousses simples et on examine leur effet sur l'efficacite de 

deplacement a travers un milieu poreux. Lorsqu'on applique une methode de simulation aleatoire, on trouve qu'un 
deplacement efficace nkcessite un mecanisme de blocage par lequel chaque gorge doit &tre bloquke lorsqu'elle est en- 
vahie. Le temps de degradation de la lamelle de mousse qui assure le blocage doit &tre assez grand, sans &tre necessairement 
Cgal a l'infini. On interprkte ce resultat en fonction d'une suppression des longueurs d'onde instables d'un point de vue 
de la diffusion; normalement cette suppression conduirait la croissance de doigts du liquide qui envahit et un encer- 
clement du fluide qui assure la defense. 

Mots cle's : milieux poreux, doigts du liquide visqueux, Ccoulenlent de mousses. 
[Traduit par la redaction] 

Introduction 

Foam has been introduced into the invading phase of a 
flood of an oil-saturated porous medium in an attempt to re- 
duce the residual oil saturation (1). The expectation is that 
local regions of high permeability (invader-saturated re- 
gions) will become blocked, forcing the invader fluid into 
regions of lower permeability (oil-saturated regions). Net- 
work simulations of the effect of foam on the mobility of two- 
phase displacements in porous media have been suggested 
by a number of authors (2). Of particular interest is the pore- 
scale percolation-like treatment of Rossen, who suggested 
that the presence of blocking "foam lamella" could be ac- 
commodated by a rescaling of percolation results (2a). We 
have extended this idea to a number of foam-blockage sce- 
narios (3). Unfortunately percolation treatments do not pro- 
vide any dynamic information and so preclude an 
investigation of the effect of foam on phenomena such as 
viscous fingering. Methods of generating structures dynam- 
ically using systems of "random walkers" have been devel- 
oped and applied to a variety of problems from simple 
invasion (4a) to local representations of rate processes (46). 
In previous work we applied these concepts to pore-scale 
simulation of an immiscible displacement process in porous 
media and discussed in some detail a computer simulation 
based on the use of two armies of random walkers, the in- 
vaders and the defenders (5) .  Since a random walker method 
is essentially a diffusion process we were able to assess dy- 
namic effects such as viscous fingering in two-phase flow. 

In this report we apply our random walk pore-scale sim- 
ulations in an attempt to understand foam effects on flow 

' ~ u t h o r  to whom correspondence may be addressed. 

through porous media. The "foam rules" that we have im- 
plemented in the following work have sufficient complexity 
to produce the qualitative features expected with blockage 
by foam lamella under a variety of viscosity ratio values. 

Incorporating the effects of foam at the microscopic scale 
involves knowledge of the precise mechanisms operating at 
that scale. However, most of the known results come from 
either the core scale or the field scale (1). In our simula- 
tions we would ideally utilize qualitative results, if not 
quantitative results, from pore-scale micromodels as the input 
to our simulations. The input would be framed as a rule or 
set of rules governing lamella creation, motion, and de- 
struction while in the network. Although there is some in- 
formation available to stipulate microscopic rules (6) we will 
consider a variety of plausible mechanisms. Simple rules can 
be incorporated within the two-species simulation, implic- 
itly assuming that the foam has some statistical behavior that 
can be "integratedn out of the problem. More complex rules 
may require the introduction of a third "species" of random 
walker in the simulation. 

Simple foam rules 

Although we have examined only two of the potential 
simple rules, let us discuss several. The first, and trivial, case 
is to consider simple entrainment of lamella. As long as no 
other properties of foam are added, such as hanging up in 
small throats, this amounts to a simple change in the viscos- 
ity of the invading phase. The effects of viscosity on the in- 
vaded network are known (7) and range from the viscous 
fingering situation (low viscosity invader phase) to the sta- 
ble displacement situation (highly viscous invader). In the 
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LAIDLAW ET AL. 

FIG. 1 .  The effect of static foam blockage on a viscous fingering displacement process with a viscosity ratio p, = 0.1 and blockage 
probabilities (a)  p, = 0.05, (b) p, = 0.25, and (c )  p, = 0.5. Very little effect on the invader saturation is observed. 

FIG. 2. The effect of static foarn blockage on a displacement process with a viscosity ratio p, = 1.0 and blockage probabilities (a)  pb 
= 0.05, (0) pb = 0.25, and (c) p, = 0.5. As in Fig. 1 ,  very little effect on the invader saturat~on is observed. In ( c ) ,  the invasion process 
has been halted by complete front blockage. 

"entrained lamella interpretation," the viscous fingering 
would give way to stable displacement, to some extent, when 
lamella are included. In this case, the question becomes how 
lamella density changes the invader viscosity ( l a ,  8). But this 
viscosity change also depends on how easily the lamella are 
pushed through the network, which must depend on local 
conditions such as throat size. However, this is more of a 
hydrodynamic problem than a network problem and will not 
be treated in our simulations at this time.' 

Static foam blockage 
A nontrivial incorporation of lamella (at the macroscopic 

scale) is to allow lamella to block throats through the net- 
work. Two levels of complexity can be included. The most 
difficult scenario is to follow the lamella's movement 
throughout the network; then, via some microscopic rules, 
let it stop and permanently block a throat. These rules could 
be arbitrarily complex, depending on such things as throat 
size, local pressure gradients, and so on. However, this 

 he effect of throat and pore size on the conductivity of a net- 
work was investigated extensively in earlier work; see ref. 9, es- 
pecially sections 4B and 4C using the method of Kirkpatrick to 
calculate the conductivity of small networks. 

complexity adds to the simulation time. We instead make an 
appeal to statistical arguments. 

As shown in our earlier work (9), no significant qualita- 
tive change is observed in the invaded structure when de- 
tails such as individual throat sizes are included in the 
simulation. The exact configuration of randomly positioned 
throats is of no consequence to the global displacement pro- 
cess. Hence, to increase speed, we have chosen to perform 
simulations on networks with throats of a single size. Given 
this consideration, we can assume that a single simulation 
represents a possible outcome from an ensemble of differ- 
ent specific configurations of throat sizes. From some pre- 
sumed understanding of lamella blocking behavior with 
respect to throat size, we could calculate the probability that 
a randomly chosen throat is blocked. It is this probability that 
we incorporate in our algorithm. Consider blocking at the 
invader front: all that is needed is to block a newly invaded 
throat with the chosen probability. Once blocked, no more 
of the invader phase is allowed to pass through that partic- 
ular throat. This process is simple to add to the algorithm. 
A set of bits (one per throat) is distributed with one's and 
zero's according to the blockage probability. A second set 
of bits representing throat states (0 = flowing, 1 = blocked) 
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FIG. 3.  The effect of dynamic foam blockage on a displacement process with a viscosity ratio k, = 1 .O, blockage probability pb = 1 .O, 
and unblockage probabilities (a) p, = 0.1, (b) p, = 0.01, (c)  p, = 0.005, (d) p, = 0.0025, and ( e )  p, = 0.001. A large effect on the 
invader saturation is observed. 

is also included. At every simulation step the probability bits 
are randomly shuffled, and if the invasion of a throat takes 
place when its "blockage probability bit " is one, the throat 
is not invaded, but rather blocked by setting its state to one. 

Figures 1 and 2 show results for such a blocking mecha- 
nism under a variety of conditions. In each pattern the dark 
regions represent invader fluid and the light parts the de- 
fender fluid. These simulations have been performed on a 
square lattice with a width of 128 and length of 200 sites. The 
runs in Fig. 1 represent a viscous fingering situation with an 
invader-to-defender viscosity ratio, denoted by p, = 0.1, and 
with throat blockage probabilities, denoted by p,, of (a) 0.05, 
(6) 0.25, and (c) 0.5. Figure l(a) is essentially identical to 
a no-blockage scenario. It is obvious that this specific form 
of the foam mechanism is of no help in enhancing the re- 
moval of the defender phase. In fact, for any blockage 
probabilities greater than one-half, the two-dimensional bond- 
percolation threshold fraction, the invasion process must stop 
due to blockage of all throats along the invader front. The 
runs in Fig. 2 have identical blockage probabilities, but rep- 
resent the case when the two phases have identical viscosi- 
ties. It may appear that a blockage probability of 0.25 
increased the invader saturation, but this is a statistically 
unsound conclusion from comparing just- this one run. 

However, at 0.5, the front has completely stopped due to 
complete blockage at the front. Clearly, more structure must 
be included in the foam model. 

The runs in Figs. 1 and 2 represent only one of three pos- 
sible blocking mechanisms, blockage that occurs in throats 
as the invading phase sweeps through the throat for the first 
time. Another scenario would permit blockage to occur at any 
time and at any place within the invader-saturated region. 
This latter mechanism is called "behind-the-front" block- 
age, while what we have treated is "at-the-front" blockage. 
Behind-the-front blockage likewise suffers from the perco- 
lation threshold problem. A final scenario is the "leave-be- 
hind" blockage, which is the blockage of throats whose 
attached pores have been invaded, but the throat itself has 
not been invaded. This mechanism may result in an aniso- 
tropic percolation problem, meaning the percolation thresh- 
old problem may not have a significant effect. 

Dynamic foam blockage 
The treatment discussed in the previous section assumed 

that the lifetime of a blocking lamella is infinite. Thus, once 
a throat is blocked, it is forever blocked, leading to the front 
stoppage shown in Fig. 2(c). It is well known that lamella 
are not infinitely long-lived; thin film drainage is a major 
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FIG. 4. The effect of dynamic foam blockage on a displacement process with a viscosity ratio k, = 0.1. blockage probability p, = 1 .O, 
and unblockage probabilities ( a )  p, = 0. I ,  (b) p, = 0.01, (c) p, = 0.001, (d) p, = 0.0005, and ( e )  p, = 0.0001. As in Fig. 3, a large 
effect on the invader saturation is observed, but at smaller unblockage probabilities. 

problem in stability of foams (6, 8, 10). We have made an 
attempt to incorporate this feature by adding a half-life to the 
lamella. This is accomplished by giving each "living" la- 
mella blockage some probability to "die" every simulation 
step and subsequently unblock the throat. Again, this is in- 
cluded within simple foam constructs since no additional 
walker species are needed in order to perform the simula- 
tion. What is required, however, is an additional set of bits 
distributed according to the "unblockage probability per 
simulation step. " 

Figure 3 displays the results for a viscosity ratio of k, = 
1.0 for the two phases, with various lamella half-lives 'r,/> 
In all of the following simulations, blockage occurs in every 
invaded throat, i.e., p, = 1 .O. This could not be allowed in 
the static blockage scenario, as discussed above, since a 

. blockage probability greater than one half results in a fully 
plugged network. We anticipate that lower blockage prob- 
abilities would show the same relative shifts with sweeps of 
lower efficiency. Figures 3(a)-(e) show the final configu- 
rations for the unblocking probabilities, denoted p,, of 0 .  I ,  
0.01, 0.005, 0.0025, and 0.0010, respectively. These prob- 
abilities correspond to lamella half-lives of roughly 7, 69, 
140, 280, and 690 timesteps, respectively. As can be seen, 
the effect is to increase the invader saturation to nearly 100% 
for the large half-life case. This is the same effect as is seen 
by changing the viscosity ratio to ever increasing values: the 

invader phase becomes effectively more viscous, resulting 
in a much more stable displacement. 

Figure 4 presents the corresponding pictures for a viscos- 
ity ratio of 0.1, where the defender phase is an order of 
magnitude more viscous than the invader phase. Given in 
Figs. 4(a)-(e) are the final configurations for lamella un- 
blockage probabilities of 0.1, 0.0 1, 0.00 1, 0.0005, and 
0.0001, respectively. The smallest unblockage probability 
corresponds to a lamella half-life of approximately 6 900 
simulation steps. Again, one can see the increasing invader 
saturation for increasing lamella half-life. 

The effect of keeping the lamella half-life constant at p, 
= 0.001 while changing the viscosity ratio is shown in Figs. 
5(a)-(d) for the viscosity ratios 1 .O, 0.5, 0.25, and 0.  I .  It 
is apparent that the stability of the foam need not be as great 
for the higher viscosity ratios in order to obtain a complete 
sweep of the network, but the same foam has little effect on 
viscous fingering situations. 

These pictorial representations of dynamic foam block- 
age are given a more quantitative representation in Fig. 6. 
Each simulation for a given viscosity ratio and chosen decay 
rate was repeated five times to obtain an average value of the 
invader saturation in a central portion of the lattice. For an 
adverse viscosity ratio (k, = 0.125) and a very unstable foam 
(p, = 0.01) the invader saturation is quite low, typical of a 
viscous fingering displacement process. However, for this 
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FIG. 5. The effect of dynamic foam blockage on a displacement process with a blockage probability p, = 1 .O, unblockage probability 
p, = 0.001, and viscosity ratios (a) k, = 1 .O, (6 )  k, = 0.5, (c) k, = 0.25, and (d) pr = 0.125. 

same viscosity ratio but a more stable foam (p, = 0.0001) 
the invader saturation rises dramatically to about 90%. 

0.8 

saturation 

0.7 

unblocking probability pu 

FIG. 6. The effect of dynamic foam blockage on the invader 
phase saturation as a function of the unblockage probability for 
various viscosity ratios. The lower right region represents viscous 
fingering while the upper left region represents stable displace- 
ments. 

Discussion 

Inefficient sweeps occur, in part, because of an instabil- 
ity present in the coupled equations governing fluid flow 
through porous media, as discussed by Saffman and Taylor 
(7a). For a viscosity ratio k, < 1, the growth of these insta- 
bilities is proportional to the speed of the interface between 
the two fluids. Without the dynamic foam blockage pre- 
sented here, advance occurs randomly in throats all along the 
surface of the front, the front velocity is high, and viscous 
fingering erupts. There are two approaches to remove the 
instability, one involving a bulk mechanism, and the other 
involving a surface mechanism. For the bulk mechanism the 
approach would be to reduce the viscosity of the invader fluid 
phase. We  have not considered this mechanism in this paper. 
The other approach is to reduce the velocity of the inter- 
face. This is exactly what is accomplished by the foam 
blockage we have presented. While a throat is blocked, ad- 
vance of the front at that location cannot occur and, for a long 
lamella half-life, this is the case for most of the throats. Thus 
advance is occurring, on average, only in widely separated 
throats, and the interface speed is very low. As shown in our 
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results, this lowered interface speed is sufficient to supress 
the fingering instabilities. 

In summary, we have examined two foam blockage sce- 
narios for their effect on enhanced sweeps of porous media. 
Limited foam blockage by infinitely stable lamella does not 
result in greater sweep efficiency. Very high blockage is re- 
quired, and even then one must have lamella that decay with 
a half-life appropriate for the invasion-to-defender viscosity 
ratio. 

Clearly, there are practical difficulties with such a block- 
ing process. The lamella that are introduced to the medium 
at the source must be completely stable against decay while 
moving to the front. Once a lamella has reached the front, it 
must then decay with the appropriate half-life. 

Acknowledgements 
It is a pleasure to acknowledge the support of AOSTRA 

grant no. 795, the award of a University of Calgary Fellow- 
ship to W.G.W., and the NSERC operating grant of W.G.L. 

1. (a) G. Kular, K. Lowe, and D. A. Coombe. Foam applica- 
tion in an oil sands steam flood process. Paper SPE 19690 
Annu. Tech. Meet. SPE. San Antonio, Tex. Oct. 8, 1989; (b) 
S. S. Mohammadi, D. C. van Slyke, and B. Ganong. Steam- 
foam pilot project in Dome-Tumbador, Midway Sunset Field. 
Paper SPE 16736. 1987 Annu. Tech. Conf. SPE. Dallas, Tex. 
Sept., 1987; (c )  J. Chad, P. Matsalla, and J. J. Novosad. Foam 
forming surfactants in Pembina/Ostracod G. Pool. Paper 88- 
39-40. 39th Annu. Tech. Meet. CIM. Calgary, Alta. June 12, 
1988; (d) D. G. Huh and L. L. Handy. SPE Reservoir Eng. 
4, 77 (1989); ( e )  F. Friedmann, W. M. Chen, and P. A. 
Gauglitz. Experimental and simulation study of high-temper- 
ature foam displacement in porous media. Paper SPE/DOE 

17357. SPE/DOE Enhanced Oil Recovery Symp. Tulsa, Okla. 
April 12, 1988. 

2. (a) W. R. Rossen, and P. A. Gauglitz. AIChE. J. 36, 1176 
(1990); W. R. Rossen. Theories of foam mobilization pres- 
sure gradient. Paper SPE/DOE 17358. SPE/DOE Enhanced 
Oil Recovery Symp. Tulsa, Okla. April 12, 1988; (b) S. I. 
Chou. Percolation theory of foam in porous media. SPE/DOE 
20239. 7th Symp. Enhanced Oil Recovery. Tulsa, Okla. April 
1990; ( c )  F. Friedmann, W. M. Chen, and P. A. Gauglitz. 
Experimental and simulation study of high-temperature foam 
displacement in porous media. Paper SPE/DOE 17357. SPE/ 
DOE Enhanced Oil Recovery Symp. Tulsa, Okla. April 12, 
1988. 

3. W. G. Laidlaw, W. G. Wilson, and D. A. Coombe. Transp. 
Porous Media. In press. 

4. (a) L. P. Kadanoff. J. Stat. Phys. 39,267 (1985); (b) J. Hoshen 
and R. Kopelman. J .  Chem. Phys. 65, 2817 (1976). 

5. W. G. Wilson and W. G. Laidlaw. J. Stat. Phys. 66, 1129 
(1991). 

6. (a) 0 .  S. Owete and W. E. Brigham. SPE Reservoir Eng. 2, 
3 15 ( 1987); (b) F. Friedmann and J. A. Jensen. Some param- 
eters influencing the formation and propagation of foams in 
porous media. Paper SPE 15087. 56th California Regional 
Meeting SPE. Oakland, Calif. April 1986; (c) G. J. Hirasaki 
and J. B. Lawson. SPEJ, Soc. Pet. Eng. J. 26, 176 (1985). 

7. (a) P. G. Saffman and G. Taylor. Proc. R. Soc. London, A: 
245, 213 (1958); (b) L. Patterson. Phys. Rev. Lett. 52, 1621 
(1984). 

8. A. H. Falls, J. J. Musters, and J. Ratulowski. SPE Reservoir 
Eng. 4,  155 (1989). 

9. W. G. Laidlaw, W. G. Wilson, and D. A. Coombe. AOSTRA 
Contract no. 795 Report. 

10. A. J. DeVries. Rubber Chem. Technol. Vol. 1. 36th ed. 1958. 
p. 1142. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Dynamical barriers to transport in pulsed spin systems: quantum-classical 
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J. L. BOORSTEIN and T. UZER. Can. J .  Chem. 70,488 (1992). 
Classical phase space is not homogeneous, but contains barriers (such as KAM tori) that, whether intact or broken, 

affect the temporal evolution of dynamical systems. In this article, we study the quanta1 manifestations of these classi- 
cal-mechanical structures. Here, the particular system is the kicked top, which consists of an angular momentum vector 
precessing about one direction and experiencing periodic sudden kicks around another direction. We find that a suitably 
defined probability distribution function (constructed from the time-dependent state vector) shows transitions from clas- 
sically allowed regions to inaccessible regions at the locations where the classical dynamics places the KAM tori. 

Key words: bottlenecks, phase space, transport, spin systems, Correspondence Principle. 

J .  L. BOORSTEIN et T.  UZER. Can. J .  Chem. 70,488 (1992). 
L'espace d'une phase classique n'est pas homogkne, mais comporte des barrieres (telles que des tores de KAM) qui, 

intactes ou brisees, affectent 1'Cvolution temporale des systkmes dynamiques. Dans cet article, on Ctudie les manifes- 
tations en termes quantiques de ces structures de la mecanique classique. Ici, le systkme particulier est le <<kicked top,, 
qui consiste en un vecteur de moment angulaire effectuant une prCcession dans une direction et Cprouvant d'une f a ~ o n  
pt5riodique des sauts soudains dans une autre direction. On a observe qu'une fonction de distribution de probabilitks dkfinie 
adequatement (construite B partir d'un vecteur d'etat dependant du temps) montre que les transitions entre les regions 
perr&ses d'une f a ~ o n  classique et les rCgions inaccessibles sont situees li oh la dynamique classique place les tores de 
KAM. 

Mots c f i s  : goulots, espace d'une phase, transport, systkmes de spin, principe de correspondance. 
[Traduit par la redaction] 

Introduction 

The two key assumptions of the Rice-Ramsperger- 
Kassel-Marcus (RRKM) theory of unimolecular reactions 
are that intramolecular energy redistribution is complete and 
fast compared with the time scale for unimolecular disso- 
ciation (1, 2). Notwithstanding the widespread success of this 
theory, even early on it was recognized that its hypotheses 
did not seem to apply to some chemical reactions (such as 
chemical activation experiments (1)). Another particularly 
severe breakdown was seen in the predissociation of ex- 
cited van der Waals molecules like HeI', where the mole- 
cule has more than enough energy to dissociate, but lives for 
a very long time because the dissociation energy has great 
difficulty reaching the reactive mode (3). 

With the application of classical mechanics to molecular 
systems through classical trajectories (4) it became possible 
to gain insight into the microscopic dynamical processes that 
are subsumed by statistical theories. These and related ap- 
plications of nonlinear dynamics (5) have demonstrated that 
phase space is not homogeneous, but contains barriers that 
can steer the dynamics away from some energetically al- 
lowed regions. For example, when the mode energies of the 
molecule OCS were explored by classical trajectories (6), it 
was found that they did not decay or increase monotoni- 
cally to their statistical limits. Instead, trajectories were 
sometimes trapped behind intramolecular bottlenecks for 
many vibrational periods, resulting in nonstatistical relaxa- 
tion (7). Clearly, the dissociation behavior of such molecu- 

'present address: Department of Physics, University of Chi- 
ca o ,  Chicago, Ill. 60637, U.S.A. 

'Author to whom correspondence may be addressed. 
Printed in Canada 

lar systems can also be expected to be nonstatistical and 
nonrandom. 

These chemical observations are among the many mani- 
festations of how dynamical phase-space barriers affect 
transport phenomena. Their identification in widely differ- 
ing physical systems attests to their universality (for a re- 
view, see ref. 8). According to the Kolmogorov-Arnol'd- 
Moser (KAM) theorem (9), these barriers must exist in 
generic nearly integrable systems, and are therefore re- 
ferred to as KAM tori. As some nonlinearity parameter is 
varied, however, these impenetrable barriers gradually break 
up, giving rise to partially penetrable barriers called "can- 
tori" (10). The latter structures may still act as obstacles to 
phase-space flow, and determine the transport properties of 
mechanical systems. 

Based on earlier work on the transition to global stochas- 
ticity (5), MacKay et al. (1 1) and Bensimon and Kadanoff 
(12) developed a quantitative approach to transport that pre- 
dicts relaxation rates even when nonstatistical correlations 
persist (13). Davis (7) undertook the application of these ideas 
to intramolecular energy transfer (for a recent review, see ref. 
14), and coined the term "intramolecular bottleneck" to de- 
scribe cantori. This terminology emphasizes the connection 
of this recent work with earlier statistical theories. 

Since molecular systems are subject to the laws of quan- 
tum rather than classical mechanics, it is necessary to ques- 
tion whether or not these phase-space barriers are relevant 
for the quantum mechanical regime. The answer turns out 
to be affirmative and, perhaps surprisingly, these barriers 
assert their existence and significance even away from the 
Correspondence Principle limit (8, 15). Furthermore, while 
one usually associates confinement (of particles) with clas- 
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sical mechanics and spreading (of wavepackets) with quan- 
tum mechanics, many times these barriers are found (8, 15) 
to be more confining in quantum mechanics than in classi- 
cal mechanics! 

A thorough investigation of these barriers in realistic 
quantum mechanical systems is a difficult task. The diffi- 
culties are both technical (a large parameter space, compli- 
cated classical behavior, corresponding quantum mechanics 
being further complicated by the very large number of states 
involved) as well as conceptual (the need to use subtle forms 
of the quantum-classical correspondence to mimic classical 
phase space). These barriers have now been seen in the 
quantal multiphoton dissociation calculations of HF (1 6), in 
the comparison of quantal and classical dynamics for OCS 
(17, 18), and in the microwave ionization of hydrogen atoms 
(for reviews, see ref. 19). 

While such efforts are continuing, most salient features of 
the quantum-classical correspondence at these barriers can 
be readily researched on relatively simple systems. Since 
these structures are generic and universal, understanding them 
in a particular model can (and does) provide understanding 
for a very broad class of related problems. This approach is 
very much in keeping with the great success and decisive 
impact that simple, generic models such as the Standard Map 
(5) and kicked rotator (5, 20, 21) have had in chaos re- 
search. The Standard Map has been the proving ground for 
chaos in classical mechanics (thus the name), while much of 
our understanding of the quantal manifestations of chaos is 
derived from research on the kicked rotor (or pendulum). In 
fact, a most illuminating study on the effects of KAM bar- 
riers on quantum dynamics was recently performed on the 
kicked rotor (8, 15). 

Because of our interest in the classical-quanta1 corre- 
spondence for rotating systems (22), we investigated the ef- 
fect of KAM barriers on quantum-mechanical probability 
flow when rotations (rather than only translations, as in the 
kicked rotor) are involved. As our model, we have chosen 
the paradigm for chaotic rotations, namely the kicked top 
(23-26). The kicked top is a spin system in which an an- 
gular momentum vector J (of fixed magnitude j ( j  + 1)) 
undergoes a linear precessional motion about one direction, 
and receives impulsive nonlinear kicks about an orthogonal 
direction. The classical dynamics of this system shows both 
regular and chaotic motion. Quantum mechanically, the 
system can be described in terms of a finite dimensional 
Hilbert space of dimension 2 j  + 1, and therefore no artifi- 
cial truncation in the number of states needs to be imposed. 
This, in addition to the generic nature, is one of the most 
desirable aspects of the model. In this article, we show that 
the KAM barriers and cantori can hinder probability flow in 
rotational systems, and that tunneling allows probability to 
penetrate into classically forbidden regions, as was ob- 
served in the kicked rotor. 

The model 
Consider a compass needle in a oscillating magnetic field 

(27). The quantum-mechanical generalization of that clas- 
sical system is governed by the Hamiltonian 

where is the magnetic moment of the quantum-mechani- 
cal particle with spin S ,  A is the anisotropy in an easy plane 

of magnetization (28), and B(t) is the external time-varying 
magnetic field. When B has the form B = B, cos wt i ,  cha- 
otic trajectories are observed (27) for any B,, and the sys- 
tem becomes completely stochastic at a critical field strength. 
The semiclassical dynamics of Hamiltonian [ l ]  was studied 
by Frahm and Mikeska (29). 

The kicked top is obtained from eq. [ l ]  by replacing the 
continuous action of the magnetic field by a periodic train 
of impulsive kicks, i.e., 

where j is the angular momentum quantum number, 7 is the 
duration between kicks, and k and p are related respectively 
to A and pB in eq. [ I ] .  Here, the system is characterized by 
an angular momentum vector fiJ = fi(J,, J,., Jz), where the 
components of the angular momentum satisfy the usual 
commutation relation [JP, J,] = ifieklm J,,,. 

One of the technical advantages of this system is the re- 
sulting "stroboscopic" view of the dynamics, which then can 
be easily converted to a map. Quantum mechanically this is 
achieved by constructing a relatively simple time evolution 
operator U which takes the system from kick to kick. This 
way, Nakamura et al. (23) studied the changes in the wave 
function structure of the system as a function of external pa- 
rameters. They showed how KAM tori, dominant in the 
weak-field regime, gradually collapse with increasing field. 
A number of experimental realizations of kicked systems have 
been suggested (30). Haake et al. (24, 31) have proposed two 
such scenarios for the kicked top. For example, in magne- 
tized solids, crystal anisotropies allowing for an easy plane 
of magnetization can be represented as in the first term in the 
Hamiltonian, and a temporally periodic sequence of very 
short pulses could be imposed to generate the dynamics of 
the kicked top (24). They have also shown (31) how the dy- 
namics of two laser modes in a medium with quartic nonlin- 
earities corresponds to the kicked top. 

Our Hamiltonian H, defined by 

has been shown (25) to be equivalent to the Hamiltonian in 
eq. [2], and was originally used by Haake et al. (24). This 
Hamiltonian represents the dynamics of the system as a 
function of time with the first term representing the preces- 
sion around the y axis with the angular frequency p/7 and the 
second term accounting for the train of periodic nonlinear 
kicks experienced by the system. These kicks can be thought 
of as an impulsive rotation around the z axis by an angle 
proportional to J,. 

In a classical-mechanical treatment, symmetries (such as 
invariance of the classical map under rotation around the 
precession axis by IT and invariance of the composition of the 
classical map with itself around the x axis by IT) may be in- 
troduced into this model by the appropriate selection of the 
strength of the magnetic field (which is related top)  and the 
kick strength. These special cases aid greatly in the study of 
critical points and periodic orbits. Under these symmetries 
Haake et al. (24) have studied the expectation value of the 
y component of the angular momentum of an initial state 
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chosen to be localized in the vicinity of a fixed point. They 
showed that the expectation value of this state initially ex- 
hibits damped oscillations and that for short time the quan- 
tum and classical distributions are indistinguishable. 
However, for long times the quantal expectation value ex- 
hibits periodic recurrences of the initial value while the 
classical mean has died off. Initial states in the chaotic re- 
gion exhibit recurrence in the expectation value of the y 
component of the angular momentum; however, these re- 
currences occur irregularly. 

Our aim is to study the quantum mechanical effects of 
KAM barriers (which characterize the dynamics for the 
kicked rotator) in the kicked top model. Since the introduc- 
tion of symmetries used by other authors constrains the dy- 
namics of the kicked top, it is found to be expedient to move 
away from these symmetries in order to find dynamics that 
is more suitable for comparison to the kicked rotator. 

The Standard Map (5, 21) 

14, P , ,+ ,=P , ,+Ks in0 , ,+1  

0,,+, = [O,, + P,,] modulo 27r 

describes how a kicked rotor with the Hamiltonian 

evolves from the rlth to the (n + 1)st kick. Here, K = eOT. 
In the Standard Map there exist barriers (KAM-tori) (20) 

that wrap around the map parallel to the angle coordinate and 
that act to separate the dynamics into bounded regions. As 
the strength of the nonlinearity, K, is varied, these barriers 
begin to break down, with the last one being a torus that is 
formed when the ratio of the relevant local frequencies, a, 
is related to the Golden .Mean y ( 3 ,  viz. 

The break-up of the "Golden Torus" has attracted the atten- 
tion of researchers searching for a transition to global sto- 
chasticity (5). Simply put, the Golden Mean is the irrational 
number that is the hardest to approximate by rationals (5). 
Intuitively, the Golden Torus as the last obstacle to unre- 
stricted transport in phase space is appealing, because it is 
found in phase-space regions where the coupled oscillators 
have the greatest difficulty driving each other resonantly (7). 
When propagated, the quantum-mechanical system exhibits 
only limited expansion into classically prohibited areas in the 
form of an exponential drop-off at these barriers. 

The symmetric cases studied earlier (e.g., ref. 24) do not 
readily exhibit this bounding of the probability distribution 
for initial states that are eigenstates of the z component of the 
angular momentum. To produce barriers that limit the 
spreading of such an initial state it is convenient to break these 
symmetries. Allowing p to vary as well as k gives a doubly 
rich system of dynamics from which to study the correspon- 
dence between the classical and quantum models of the 
kicked top. For appropriate levels of precession rate and kick 
strength we encounter dynamics that qualitatively resem- 
bles the Standard Map. These regimes are shown to be more 
suitable for the investigation of structures in the phase space 
and the correspondence between the classical chaos and its 
quantal manifestations. 

For the kicked top, both Hamiltonians (eqs. [2], 131) can 

be studied with the help of a unitary operator that acts to 
propagate the state vector from kick to kick in time steps of 
length T .  This time evolution operator can be written in the 
form3 

We will choose to interpret U in terms of the second 
Hamiltonian (eq. [3]) with the precession around the y axis 
and the nonlinear kick around the z axis. The unitary oper- 
ator develops the initial state It = 0) with tz applications of 
U over a period of time n7 into the state It = t z~)  = U"lt = 

0). 
Since the commutation relations 

hold for the kicked top, it is apparent that the magnitude of 
the angular momentum is a conserved quantity. We will 
therefore define our system on a (2j + 1)-dimensional Hilbert 
space spanned by the usual eigenvectors of J ,  and J' with 

We will see later that this is also an appropriate selection of 
eigenfunctions because the horizontal barriers that charac- 
terize the system limit the spreading of state vectors formed 
by composition of these eigenvectors. Furthermore, whereas 
the kicked rotator calls for a truncation scheme because the 
dynamics takes place in an infinite dimensional space, we 
are able to represent the dynamics from kick to kick in an 
exact matrix representation of the unitary operator ex- 
panded in this finite basis. Actual computational problems 
occur only for very large j. For our dynamical studies, we 
have chosen j's that do not exceed 60. 

In the classical limit, the dynamics can also be repre- 
sented by a recursive map (24). From the Heisenberg pic- 
ture one can generate the discrete time evolution sequence 
of operators 

The corresponding Heisenberg equations take the form of 
nonlinear recursion relations, which in the classical limit as 
j + reduce to the following map: 

Z' = -X sin p + Z cos p 

where the rescaled quantities X = J/j have been intro- 
duced. As one immediately notices, this map reduces con- 
siderably with the selection of p = ~ i / 2  to 

Z cos kX + Y sin kX 
[12] X 1 = F ( X ) =  -Zs inkX+YcoskX 

-X I 
This map possesses various symmetries (24) that allow for 

"his particularly simple form of the time evolution operator re- 
sults from the presence of a 6-function, which simplifies the time- 
ordered expression. The derivation follows the argument outlined 
in eqs. [7.1]-[7.3]. of ref. 32. 
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a systematic study of the fixed points and periodic orbits of 
the system. In particular Haake et al. (24) have shown that 

[13] FR, = R,FR,,; FR,. = R,.F 

where R, and R,, define rotations of n radians around the x 
and y axes, respectively. Similarly the unitary operator U with 
p =  IT/^ exhibits these symmetries with R, and R,, replaced 
by unitary operators defining rotations of n around' the x and 
y axes. 

To better understand the map [ l  I] we define a coordinate 
system on the unit sphere given by 

x = sin 0 cos + 

z = cos 0 

which are the natural coordinates for the model because the 
magnitude of the angular momentum is conserved. This co- 
ordinate system is in turn projected onto the x-z plane with 
both hemispheres visible. Other useful coordinate systems 
are the flat local coordinates of Zhang et al. (33), which were 
used to  study the effect of quantum fluctuations in the sys- 
tem. 

In Fig. 1 we show a series of classical maps with p rang- 
ing from n / 2  to 0.1, which exhibit a wide range of dynam- 
ics as k is varied. Though Figs. la-d exhibit periodic orbits 
and regions of bound motion, we notice that the dynamics 
on the sphere are not localized vertically, i.e., orbits are al- 
lowed to range widely in the z component as they are prop- 
agated in time. Immediately noticeable, however, is the 

I breakdown of symmetry between the hemispheres as p is 

1 varied away from n / 2  Figure i d  shows a mostly chaotic 
scenario. As p is decreased further away from ~ / 2 ,  trajec- 
tories begin to align themselves with the equator as ex- 
pected; however, eventually all chaotic motion is suppressed 

1 with p close to zero. In Fig. l e  we notice the dynamics has 
I resolved into periodic orbits parallel to the x-y plane, which 

suggests that in the limit, as p becomes small compared to 
k, the dynamics should separate into periodic orbits perpen- 
dicular to the z axis. These orbits correspond to barriers that 
limit the spreading in the z component of the angular mo- 
mentum in the classical as well as the quantum regime. 

Selection of parameters 
For the kicked rotator, where only the kick strength may 

be varied. there is a critical value K = K, which corre- 
sponds to the destruction of the last invariant nonresonant 
curve. This critical value has been found (34) to be Kc = 
0.9716. Similarly for the kicked top there exists a family of 
critical k's each corresponding to a specific set value of p. 
For p = 0.1 we find kc = 9.716 (see Fig. If ), and f o r p  = 
0.2  we obtain kc = 4.858. We  also note that there exists a 
critical value for k only in the range that p is small, hence 
confirming the idea that the kicked top system can be stud- 
ied as a kicked rotator for p far from n/2 .  Indeed, the kicked 

. rotor is a limiting case of the kicked top (35). This connec- 
tion can be readily explained by taking a closer look at the 
classical dynamics of the Hamiltonian [3] when the initial z 
component of the angular momentum is approximately zero. 
In terms of the conjugate variables (36, 37) 

[151 
J, = (J' - J:)"' cos + 
J, = ( J ~  - J:)'/' sin + 

where + is the angle conjugate to J r .  If p is small, the sec- 
ond term in the Hamiltonian of eq. [3] will not change J2 
much, so that J, is approximately constant. The Hamiltonian 
can then be approximated by 

This classical dynamics obeys the following Hamilton's 
equations: 

,. 
aH 

J - = - - = h  ' . PJ sln + x ~ ( t  - n ~ )  
a* , I=-m 

Integrating these equations over one kick gives the recur- 
sion relations: 

which may be normalized by setting (hk/j) J, -+ J,. The re- 
sult is the map 

which is equivalent to the Standard Map for the kicked ro- 
tator where the kick strength of the kicked rotator is K = 
h$k. 

Measurements on the quantum system 

Having determined appropriate combinations of the rate 
of precession and the nonlinear kick strength that give rise 
to vertical separation of the dynamics on the spherical pro- 
jection of the classical map, we expect to be able to deter- 
mine similar structures in the quantum phase space that also 
act to isolate the dynamics. If the state vector is described 
as an ensemble of eigenvectors of the z component of the 
angular momentum, then the propagation from kick to kick 
can readily be determined in the matrix representation of the 
unitary operator U .  Furthermore, in the quantum regime, the 
dynamics is represented in the development of the coeffi- 
cients of the expansion of the state vector. 

For this reason we choose to study the asymptotic aver- 
age of the projection of the angular momentum, which has 
been studied by Geisel er al. (15) for the kicked rotator. This 
value ~ (mlm, )  is simply the time-averaged probability of 
finding the system in the state I jm) if the system is initially 
prepared in the state I jm,). For the most readily evaluated 
distribution we choose the initial state to consist of a single 
eigenvector of J z ,  namely I jm,) = I jO). The choice of /this 
state as the initial state also makes sense in light of the fact 
that for m approximately zero the system behaves locally as 
the kicked rotator. This quantity is defined for each eigen- 
vector of the z component of the angular momentum as 

1 
P(mm,) = lim - x ( j r n l ~ " 1  jm0)l2 

N-+a N n= 1 
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FIG.  1 .  (a)-( f )  Classical maps on the unit sphere showing trajectories of selected points for up to 5000 iterations. ( a )  p  = a / 2 ,  k  = 
2 . 5 ; ( b ) p  = 0.9, k =  2 . 5 ; ( c ) p  = 1.54, k =  2 . 5 ; ( d ) p  = ~ / 2 ,  k =  3 . 3 ; ( e ) p  = 0 .1 ,  k  = 2 . 5 ; ( f ) p  = 0.1,  k =  9.716. 
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which can be expressed analytically for the kicked top in 
terms of the Wigner function (38) for rotation around the y 
axis as 

A linear plot of this distribution reveals that the system 
remains within the region bounded by the KAM torus (mostly 
within the band on the equator of Fig. If ). However, there 
exist slight populations in the states outside the barriers, 
which in classical mechanics would prevent any diffusion. 
To  see the effects of barriers in the quantum regime the nat- 
ural logarithm of the asymptotic distribution among the ei- 
genvectors of J2 is displayed. Figure 2 shows the convergence 
of this distribution as a function of the number of iterations. 
In this case we exhibit the critical case for p = 0.1 ,  which 
shows a large amount of variation even over J ,  even for j = 

20. In principle an infinite number of iterations would be 
necessary to define this distribution; however, in practice after 
50 iterations the distribution is approximately stable. Hence 

we are able to derive information of a particular system 
without lengthy computations (on the order of an hour) even 
on an Apple Macintosh using the symbolic manipulation 
software Mathematica. 

In Fig. 3 we take j = 20 and k = 2.5 while p is varied from 
7r/2 to 0.25. Initially with p = 7r/2 the distribution shows 
approximately equal population of the even states while there 
is virtually no population in the odd states. This can be ex- 
plained by the high level of symmetry in this case along with 
the absence of horizontal barriers, which allows the state to 
spread freely in the z direction. As p is varied we see the 
immediate breakdown of the even-odd state populations 
corresponding to the break in symmetry. A s p  moves into a 
system showing horizontal barriers in the classical map the 
distribution conforms in such a way as to follow these bar- 
riers as they narrow. In other words, a s p  moves away from 
7r/2 the nonlinear kick around the z axis begins to dominate 
the dynamics, causing flattened trajectories on the sphere. 
This corresponds to confining the wave packet in phase space 
and a localization of the probability flow. In Fig. 3 a s p  ap- 
proaches 0 . 5  the confinement is more precisely defined and 

'I" -10 -0 -10 

. . . . . . . . 

FIG. 2. The asymptotic distributions for the kicked top with k = 9.716 and p = 0.1 is shown to reach an approximately stable value 
after only 50 iterations. Each figure is shown at 10 iterations after the preceding figure with (a) shown after only one iteration of the ini- 
tial state. The vertical axis denotes In P (see eq. [20]), the horizontal axis is m. 
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FIG. 3 .  Asymptotic distributions plotted on a logarithmic scale for a fixed k = 2.5. The precession angle p is varied from a / 2  to 0.25 
showing the effect of the cantori on confinement of the distribution. (a) p = a / 2 ;  (b)  p = 1.5; (c) p = 1.0; ( d )  p = 0.75; (e) p = 0.5; 
(f) p = 0.25. The axes are the same as in Fig. 2. 

the distribution outside the baniers decays exponentially away 
from the classically allowed regions. 

In the kicked rotator model the critical value of the kick 
strength corresponds to a boundary between regular and 
chaotic motion in the dynamics. Hence any K > Kc will allow 
trajectories to move more readily into classically forbidden 
regions. Similarly, for K < Kc trajectories will be more 
strongly bound, providing less information to the structure 
of the phase space outside the baniers. The dynamics of the 
kicked top also exhibits this loss of information for kick 
strengths above and below kc.  In Fig. 4 we set p = 0.1 and 
j = 20, allowing k to vary around the critical nonlinear value 
kc = 9.716 (for which we obtain KAM-tori in the classical 
map, see Fig. If). As expected, the distribution has diffi- 
culty sampling structures outside the barriers as k is de- 
creased below kc, whereas when k is increased above kc the 
distribution reveals the breaking down of the tori, which al- 
lows the probability to flow more easily into classically in- 

accessible regions. However, as with the kicked rotator, the 
quantum phase-space structures work to greatly inhibit this 
probability flow as the asymptotic distributions still show 
exponential decay. 

We also investigated the effect of increasing the size of j 
in order to study the distribution with more resolution. Fig- 
ure 5 shows a series of distributions with p = 0.1 and k = 
kc = 9.716. The actual shape of the distribution appears to 
be suppressed for very low values of j .  However, the distri- 
bution takes on a distinctive shape with increasing j by re- 
vealing plateaus that mark other barriers on the sphere outside 
the initial bounded region. 

Concluding remarks 
In this article, we studied the quantum mechanics of the 

kicked top by constructing its time-dependent state and in- 
terrogating it for manifestations of KAM tori. The effect of 
these tori was revealed through the examination of a suita- 
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-25 t . . . . 

FIG. 4. The asymptotic distribution for p = 0.1 and (a) k = 

8.216; (b )  k = 9.716; and ( c )  k = 11.216. Below the crltical value 
of k the cantori overly constrain the system, whlle above the crit- 
ical value the distribution spreads more freely into classically in- 
accessible regions. The axes are the same as in Fig. 2. 

bly defined distribution function, and by moving away from 
special sets of parameters used by previous researchers. The 
connection between the kicked rotator and the kicked top was 
very useful to our investigation. We found a close corre- 
spondence between the locations of KAM tori as revealed by 
classical maps and by shoulders or kinks in the distribution 
functions, showing that for appropriate combinations of 
system parameters, probability flow in rotational systems is 
strongly affected by these phase-space structures. 

In some recent research, the kicked rotator has been used 
as a testing ground for a number of interrelated speculations 
concerning the effect of measurements (39, 40), the dy- 
namics of pure-state density matrices (39), localization (34), 
coherent quantum tunneling (25), as well as the effect of 
small variations in the parameters on the quantum dynamics 

FIG. 5 .  The asymptotic distributions for the critical case k = 
9.7 16 and p = 0.1. Here the magnitude of J is increased showing 
greater detail in the distribution outside the KAM-tori. All figures 
were obtained after 50 iterations, and j increases according to the 
sequence j = 20, 30, and 40. The axes are the same as in Fig. 2. 

(26). However, all these studies were restricted to the highly 
symmetric case p = ~ / 2 ,  which, as we have shown in this 
article, eliminates some very interesting dynamics. An 
analogous series of investigations, but performed in param- 
eter ranges where the KAM barriers restrict probability flow, 
are expected to contribute to our understanding of the phe- 
nomenon of quantum state localization in rotational sys- 
tems. Such work is currently in progress. 
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J. D. DOLL, STEVEN W. RICK, and DAVID L. FREEMAN. Can. J .  Chem. 70, 497 (1992). 
As summarized by Hamming's motto, "the purpose of computing is insight, not numbers." In the spirit of this dic- 

tum, we describe here recent algorithmic developments in the theory of quantum dynamics. Through the use of the 
somewhat unIikely combination of modem numerical simulations and a visualization device borrowed from 19th cen- 
tury optics, the present efforts suggest the existence of an important, underlying structure in the general problem. This 
structure, verified for a relatively simple class of model problems, provides broad guidelines for the formulation and 
treatment of the general quantum dynamical problem. 

Key words: Monte Carlo, stationary phase, quantum dynamics. 

J .  D. DOLL, STEVEN W. RICK et DAVID L. FREEMAN. Can. J .  Chem. 70, 497 (1992). 
Comme I'a resum6 la devise de Hamming, d e  but des calculs par ordinateur n'est pas les valeurs numeriques obte- 

nues, mais l'aperqu general qu'on peut en dkgager,). Dans l'esprit de ce dicton, on decrit des dCveloppements recents 
d'algorithmes dans la theorie de la dynamique quantique. Par le biais de l'usage d'une combinaison saugrenue de simu- 
lations numeriques modernes et d'un appareil de visualisation emprunte h l'optique du 19' sikcIe, nos efforts suggkrent 
l'existence d'une structure sous-jacente importante dans le problkme general. Cette structure, verifiee par une classe 
relativement simple de probl6mes modkles, fournit des lignes directrices importantes pour la formulation et le traite- 
ment du prob16me de la dynamique quantique. 

Mots cle's : Monte Carlo, phase stationnaire, dynamique quantique. 
[Traduit par la redaction] 

1. Introduction 

In his autobiography Stan Ulam ( I ) ,  one of the pioneers 
of modem computational science, made a series of surpris- 
ingly accurate observations concerning the likely future im- 
pact of numerical simulation methods in science. He correctly 
anticipated that the greatest significance of such methods was 
their ability to liberate one's thinking concerning the proper 
formulation and treatment of physical phenomena from the 
limitations imposed by purely analytic methods of analysis. 
These general numerical methods allow one to examine broad 
problem areas, to identify particular topics whose phenom- 
enology warrants further investigation, and, most impor- 
tantly, to produce the insight necessary to produce a unified, 
conceptual theory from the particular results so obtained. In 
this process, computational machines become significantly 
more than merely devices for producing answers to partic- 
ular problems of the moment. Rather, they become the cen- 
tral enabling technology, the very engines that drive the 
analysis of complex physical phenomena. 

The extent to which Ulam's program can be imple- 
mented is, of course, governed by the power of the com- 
putational machines that are available. Starting with postwar 
machines of relatively limited capabilities, these devices have 
undergone a dramatic evolution. In this relatively brief pe- 
riod, they have reached the stage where it is now possible to 
probe important classes of physically significant questions 
concerning the behavior of systems of realistic complexity. 
It is likely, moreover, that this rapid expansion of compu- 

' ~ u t h o r  to whom correspondence may be addressed 

tational capability will accelerate, thus significantly extend- 
ing the class and scale of problems that can be considered. 

Broadly speaking, computational problems in finite tem- 
perature condensed matter theory can be broken into cate- 
gories depending on whether they are essentially classical 
(e.g., Newtonian) or quantum mechanical in character and 
depending on whether they involve the study of equilibrium 
or time-dependent properties. This division is summarized 
by the simple "computational matrix," depicted in Fig. 1. 
This matrix serves to highlight the comments made by Ulam 
discussed above and to set the stage for the present discus- 
sion. 

The computational machines available in the two decades 
following WWII, although primitive by current standards, 
were adequate to begin the study of equilibrium and dy- 
namical properties of classical systems. A number of par- 
ticular results from these calculations, such as the hard sphere 
freezing transition (2, 3) and the discovery of the long-time 
tails for the velocity autocorrelation functions for dense fluids 
(4), were of special interest. The lasting importance of these 
studies, however, did not reside in the particulars of these 
problems. Rather, the greater significance of these investi- 
gations was that they led to the development of general pur- 
pose tools for the analysis of many-body classical systems. 
As envisioned by Ulam, the resulting Monte Carlo (see, for 
example, ref. 5) and molecular dynamics methods (ref. 6 for 
a general review) freed investigators from the limitations 
imposed by uncontrolled numerical approximations typical 
of prior work and ultimately provided them with insight 
necessary to develop intelligent, physically well-founded 
theories of classical many-body systems. 
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Classical Quantum-mechanical 

c 
Equilibrium 

FIG. 1. The computational "matrix" indicating the broad categories of current physical computations and the principal algorithms uti- 
lized within each. 

Dy namical 

Over the past decade, the statistically based, Monte Carlo brief summary of the physical context of the present discus- 
methods designed for the classical equilibrium studies de- sion and identifies the primary computational objects under 
scribed above have been extended to treat corresponding consideration. The central result required for subsequent 
quantum mechanical problems (7). The basic conceptual discussion is contained in eq. [12] and the associated dis- 
development involved was the realization that the quantum cussion. The physical applications and associated conclu- 
mechanical problem could be recast as a related classical sions are contained in Sects. 4 and 5, respectively. 
problem in a higher-dimensional space. Since Monte Carlo 
methods are relatively insensitive to dimensionality, this 2. Cornu analysis 

Monte Carlo 

formulation of the equilibrium problem proves a practical 
one. Current applications of the resulting "Quantum Monte 
Carlo" methods encompass a diverse range of problems in 
physics, chemistry, and biology and represent many of the 
largest computational problems yet undertaken (see ref. 8 for 
a cross section of recent activity .) 

Anticipating the continued rapid expansion in computa- 
tional capabilities, attention has now turned to the remain- 
ing entry in the computational matrix of Fig. 1, the study of 
general, time-dependent quantum mechanical methods. While 
lying at the outer edges of current algorithmic and compu- 
tational capabilities, such problems are at the center of broad 
areas of chemistry and physics. Our particular interest in such 
developments will be their application to the areas of spec- 
troscopy (the response of physical systems to time-depen- 
dent perturbations) and kinetics (the rates of chemical and 
physical processes). The time-dependent problem is for- 
mally similar in nature to its equilibrium counterpart. How- 
ever, the time-dependent problem is substantially more 
"complex," both technically and in practical terms, than the 
equilibrium situation. Mathematically, these technical dif- 
ficulties are related to the appearance of highly oscillatory 
quantities in the result. The treatment of these difficulties has 
prompted the search for new classes of more suitable Monte 
Carlo methods (9, 10) and the present efforts are a part of that 
search. 

We describe here an observation concerning the compo- 
sition of the general quantum dynamics problem. Exploit- 
ing a combination of numerical and graphical methods, we 
find indications that the principal quantum mechanical ob- 
ject of interest has an appreciably simpler theoretical struc- 
ture than has heretofore been appreciated. This insight, gained 
through a series of particular model investigations, offers a 
number of general, and hopefully significant, suggestions for 
the formulation of the quantum dynamical problem. 

Much of the present work is directed at extracting infor- 
mation concerning general theoretical structure that under- 
lies objects obtained from numerical procedures. Section 2 
describes and illustrates a visual device that we have found 
to be particularly useful in this regard. Section 3 presents a 

Quantum Monte Carlo 

Molecular dynamics 

In the theory of optics, a convenient visual device was 
developed for the analysis of certain classes of problems re- 
lating to diffraction (1 1). This device utilizes an elegant 
geometrical representation introduced by Cornu (12). Be- 
sides being rather pleasing aesthetically, we have found this 
instrument to be quite useful in the present work. This tech- 
nique proves particularly valuable for revealing structure 
otherwise hidden within purely numerical procedures. 

To appreciate the character of the Cornu analysis, con- 
sider a complex integral of the form 

Present work 

As indicated above, integrals of this type arise naturally in 
the theory of optics. We will see in the following section that 
similar integrals also arise in the treatment of the dynamics 
of quantum mechanical systems. In the present illustra- 
tions, the functions p(x) and f(x) are specified. This generic 
integral is an example of what is typically termed the "sta- 
tionary phase" problem (13). That is, if the parameter t is 
large, then the integral I(t) will generally be dominated by 
those regions of x for which the phase of the complex ex- 
ponential is "stationary" (i.e., locally constant). Within 
nonstationary phase regions, the complex exponential will 
oscillate rapidly for a small variation in the position x, thus 
effectively cancelling the region's contribution to the final 
integral. If f(x) is known, then such stationary phase behav- 
ior can be readily anticipated. If, however, the integrand of 
eq. [ l ]  is produced numerically, then such behavior is typ- 
ically far from obvious. 

In numerical applications, integrals of the type in eq. [I] 
are often approximated by quadrature. If these are written as 
an ordinary Reimann sum, the result becomes 

where the summation is over the numerical grid points, {x,}, 
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n = 1, 2, . . . N, that cover the integration interval and Ax,, 
is the spacing between successive quadrature points. 

We now consider the sequence of partial sums that make 
up eq. P I ,  

M 

[?I lM(t) = C Ax,,p(x,,)ei"'"" 
n= I 

The partial sums defined by eq. [3] are the accumulation of 
M successive vectors, whose individual lengths and orien- 
tations are governed by the magnitudes and phases of the 
corresponding complex numbers in the original sum. The 
Cornu construction consists of following the real and imagi- 
nary parts of the sequence of partial sums defined in eq. [3] 
parametrically as a function of the index M. For M = 1 ,  the 
partial sum consists of a single vector pointing from the or- 
igin to the fust complex number in the summation of eq. 121. 
With increasing values of M, successive complex vectors 
corresponding to the terms in eq. [2] are added sequentially 
to the preceding partial sum. The sequence of partial sums 
so produced thus begins at the origin in the complex plane 
and traces out a contour that provides a graphical represen- 
tation of the original integral. So written, the integral is 
analogous to a many jointed, folding "carpenter's rule." In 
this representation, the integral's numerical value is given 
by the single, complex vector that corresponds to the ruler's 
end-to-end distance. What makes this construction conve- 
nient is that it provides a ready visual indication of those in- 
tegration regions that contribute strongly to the overall result. 
Specifically, in regions where the phase function varies 
rapidly, the contributions from successive terms in the sum- 
mation are tightly "knotted" and thus contribute little to the 
integral. Conversely, regions where the phase function is 
relatively constant tend to add coherently and thus to dom- 
inate. The geometry of the resulting construction is thus a 
convenient way of revealing the underlying structure of the 
original integral. 

To illustrate these ideas, we examine the integral 

Easil evaluated by analytic means, this integral is equal to 
1 / /- (1 - 2it). The corresponding Cornu analysis is shown 
in Fig. 2 for the particular case of t = 10. In this case the 
integral was approximated by a simple trapezoidal quadra- 
ture with a numerical mesh of a sufficiently fine scale that 
the resulting Cornu plot in Fig. 2 appears continuous. This 
analysis vividly reveals the stationary phase character that 
underlies this integral, a character not immediately apparent 
if one considers merely the integral's exact numerical value. 
As anticipated, the bulk of the integration region from minus 
infinity up to zero forms a tightly knotted spiral centered at 
the origin of the complex plane (the lower left hand comer) 
in Fig. 2. As the integration variable nears the stationary 
phase point at zero, however, the Comu spiral begins to open. 
Once past this region, the phase oscillations again become 
severe and the spiral collapses to a new accumulation point. 
The numerical value of the integral is given by the complex 
vector connecting the ends of the Cornu spiral. Changing the 
value of the parameter t in eq. [4] changes the orientation and 
absolute scale of the associated spiral, but the characteristic 
sigmoidal structure is a reflection of the stationary phase 

FIG. 2. Cornu analysis of the integral 

I= &. e - t 2 / 2  

I ( [ )= 7z -= 

where f(x) = x' and t = 10. The plot displays the real and imagi- 
nary parts of the integral from -so up to a pointy parametrically 
as a function of the variable y over the range -m < y < 33. The plot 
begins at the origin (the lower left-hand spiral) and proceeds to the 
upper right. The value of the integral is thus the vector connecting 
the ends of the curve. In this case the integral has the value 
I / V ' m .  Note the characteristic spiral corresponding to the 
single stationary phase point (the region near y = 0). 

FIG. 3. As in Fig. 2, except that f(x) = (x2 - 2)' and t = 2. Here 
the Cornu spiral reflects three stationary phase regions (corre- 
sponding toy  = 0 and y = 2fi). The value of the integral is 0.231 
+ 0.300 i. 

structure of the original integral and remains qualitatively 
undisturbed. 

Shown in Figs. 3-5 are examples of the Cornu analysis 
of more elaborate integrals. In Fig. 3 and 4 we display the 
results for the integral 
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FIG. 4. AS in Fig. 3 with t = 5.  With the larger r value, the sta- 
tionary phase structure in the Cornu spirals is more highly devel- 
oped. The value of the integral for this value of r is 0.203 + 
0.117 i. 

FIG. 5. Cornu analysis of the integral r e-.r2/8 efl(.r) 

= z -= 

where f(x) = sin(x2) and r = 10. The intricate structure arises from 
the multiple stationary phase regions (f '(x) = 0). 'The value of the 
integral is -0.1085 + 0.0969 i. This corresponds to the complex 
vector that connects the lower right to upper left ends of the fig- 
ure. 

2. This composite nature reflects the contributions from the 
three stationary phase points of the original integrand, lo- 
cated at x = 0 and x = tfi, respectively. The existence and 
relative magnitudes of these stationary phase regions are 
easily visible in Figs. 3 and 4. Examination of the sequence 
of partial sums in the Cornu analysis reveals that the central 
portion of the figures corresponds to the contributions from 
the stationary phase region near x = 0.  As the parameter t 
increases, the various portions of the Cornu construction pivot 
about in the complex plane, a "dynamics" that introduces 
additional "windings" into its spiral structure. Conse- 
quently, the central portion of Fig. 4 where t = 5 is more 
strongly developed than that of Fig. 3 where t = 2. We note 
in passing that the asymmetry in the outer spirals in Figs. 3 
and 4 reflects the symmetry of the Gaussian term about the 
outer (+fi) stationary phase regions. 

Shown in Fig. 5 is our final example. We hope that the 
reader will agree that Fig. 5 is one of the more lovely ways 
to write the integral 

This majestic beast, resplendent in its myriad of stationary 
phase accoutrements, has a "dynamics" that is equally 
flamboyant! 

The Cornu analysis described above represents an algo- 
rithm for the construction of an analog device that corre- 
sponds to our original mathematical problem. This device, 
is, in effect, a "clock" whose ornate hands pinwheel about 
in the complex plane chronicling not the passage of time but 
rather the "temporal" evolution of the particular object under 
study. The significance of this result for the present discus- 
sion is that it is possible to design such "timepieces" so that 
they follow the quantum dynamics of physical systems. The 
following section briefly summarizes the tools necessary for 
such developments. 

3. Time-dependent quantum mechanics 

Classically, physical systems and their time evolution are 
characterized by the positions and momenta of their constit- 
uents and their associated equations of motion. Once the in- 
teractions between the various constituents are specified, 
these well-known classical (Newtonian) equations of mo- 
tion provide a complete description of the time develop- 
ment of the physical systems. 

Quantum mechanically, this simple picture is valid only 
as an asymptotic, limiting case of a more general theory. 
Rather than simple, sharply defined classical variables, the 
objects of interest become various complex valued ampli- 
tudes whose functional form and time dependence are gov- 
erned by the equations of wave mechanics. 

To be concrete, let us consider a simple one-dimensional 
system characterized by a position variable, x, a mass m ,  a 
momentum p ,  and a potential energy function, V(x). Clas- 
sically, we proceed by constructing the Hamiltonian of the 
system, H(p,x), given by 

PI We see that the Cornu spirals in this case are effectively a [71 H ( ~ , ~ )  = - + v ( ~ )  
composite of three separate spirals of the type shown in Fig. 2m 
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The time dependence of the system is governed by the clas- 
sical equations of motion, 

where t is the physical time. Once the initial positions and 
momenta are specified, eq. [8] permits us to determine the 
classical trajectory (the subsequent positions and momenta 
as functions of time) for all time. 

Quantum mechanically, the problem is formulated rather 
differently. For example, the quantum mechanical general- 
ization of the classical Hamiltonian turns out to be an "op- 
erator," H. The explicit forms for such operators, the rules 
for their manipulation, and their mathematical properties are 
well known (14) and need not concern us further. We sim- . , 

ply summarize here the basic results necessary for the pres- 
ent discussion. In terms of the quantum mechanical 
Hamiltonian, the time dependence of the physical system is 
governed by the related "time development operator," 
exp(- i t~ /h) ,  where h is Planck's constant, a fundamental 
constant of nature. Here the exponential operator is under- 
stood in terms of the actions of its formal power series ex- 
pansion. The second basic result that we will require is that 
the motion of a system from a position x at t = 0 to a posi- 
tion x' at a subsequent time t is governed py the quantum 
mechanical "matrix element," (xllexp(-itH/h)lx), a quan- 
tity that depends on the time development operator and on 
the coordinate labels, x and x'. Finally, we utilize the fact 
that the thermodynamic properties of a quantum mechanical 
system maintained at a finite temperature, T,* are deter- 
mined by matrix elements of the type (xllexp(-pmlx), where 
p = l/(kBT) and where kB is another fundamental natural 
constant, Boltzmann's constant. 

We note in passing that Newtonian physics is recovered 
from the above results in the limit that Planck's constant tends 
to zero. As will be discussed below, we can anticipate that 
this limit will be rather subtle since it is the reciprocal of 
Planck's constant that appears in the exponential of the time 
development operator. A large body of previous work (15) 
indicates that this "semiclassicaln regime is an important and 
interesting one for chemistry and physics. 

The above discussion reveals that the temDerature and time 
dependence of a quantum mechanical system are intimately 
related. The reader will thus perhaps not be too surprised 
when we state the basic result we require for the present de- 
velopments, that the complete time dependence of a finite 
temperature quantum mechanical system can be deduced 
from the kpowledge of matrix elements of the type 
(xllexp(-pJl)lx). Here the complex temperature has a real 
(imaginary) part related to the physical temperature (time) 
in the problem. For completeness, the parameter PC is de- 
fined by 

where the factor of two is included in the definition as a 
matter of convention. 

Except for a relatively restricted set of model systems, the 
requisite quantum mechanical objects described above are 

not available analytically. Consequently, general equilib- 
rium and dynamical quantum mechanical studies must ulti- 
mately make use of numerical methods of some type to 
produce the required results. The numerical approach adopted 
depends intimately on the scale of the problem under study. 
For problems where there are relatively few quantum me- 
chanical variables (e.g., three or less), a number of effi- 
cient numerical methods are available. These include direct 
numerical solutions of the basic partial differential equa- 
tions of wave mechanics, fast Fourier transform based 
methods, and approaches based on the exact diagonaliza- 
tion of a suitable matrix representation of the quantum me- 
chanical Hamiltonian. Unfortunately, these more direct 
methods are of intrinsically limited utility in the treatment 
of larger scale quantum mechanical problems. 

For larger scale applications, we must adopt methods 
whose inherent difficulty is only weakly related to the di- 
mensionality of the problem. Much recent progress in the 
formulation of such methods (7, 9, 10) for larger systems is 
based on the use of Feynman's path integral formulation of 
quantum mechanics (14). In this approach the necessary 
quantum mechanical density matrix elements are written in 
the form of a formal sum over alternative ways for the 
quantum mechanical system to travel from one point to an- 
other. Numerical applications proceed by introducing a la- 
beling procedure to enumerate the various alternatives in this 
sum, thereby recasting the formal path integral results in a 
form amenable to practical numerical calculation. 

For the case of quantum dynamics, the path integral rep- 
resentation of the relevant matrix element is given symbol- 
ically as 

[lo] (xl(exp(-it~/h:~lx) = exp 
paths 

where the sum is over all possible paths, x(t), that connect 
the position x at time zero with position x' at the time t. The 
amplitude for the contribution of each path depends on that 
particular path through a known function, S. As exploited by 
Feynman and Hibbs (14), eq. [ lo]  constitutes the gateway 
between the classical and quantum mechanical worlds. The 
particular result that makes this connection possible is that 
the function S that appears in eq. [lo] is a classical mechan- 
ical object. In particular, S([x(t)]) turns out to be the clas- 
sical "action," the time integral along the path x(t) of a known 
and relatively simple classical mechanical function. In the 
limit that Planck's constant tends to zero, only those paths 
in eq. [lo] for which the variation in this action vanishes will 
contribute to the final result. That is, unless the variation in 
the action vanishes, the contributions of a particular path will 
be obliterated by neighboring paths, a cancellation induced 
by the rapid phase oscillations of the complex exponential 
in eq. [lo].  As is well known from classical physics, the re- 
quirement that the variation of the action vanish is precisely 
the condition that the path be a classical trajectory, that is, 
a solution of eq. [8]. Thus, in the limit that Planck's con- 
stant tends to zero, the "stationary phase" character of eq. 
[lo] reduces the summation over all paths to a summation 
over classical paths. Moreover, past experience indicates (15) 
that the contributions from these classical path regions fre- 
quently prove dominant in the actual quantum mechanical 
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problem. In general, for fixed values of .r and x', the num- 
ber of such paths is an increasing function of time. 

The path integral formulation of the equilibrium problem 
is constructed similarly. For this problem, the correspond- 
ing matrix element is 

[ l  I ]  (xx'lexp(-p~)lx) = exp 
paths 

where $ is also a related and known function of the path. The 
positive, exponential weight associated with each path from 
x to x' makes it a relatively simple matter to accumulate the 
various contributions. As Planck's constant tends to zero, the 
paths that minimize $ tend to dominate the result. 

Statistical methods have proved of use in equilibrium 
problems and numerous examples of the application of such 
formulations have appeared in the literature. The essential 
result behind such applications is that the importance of a 
particular path in the equilibrium problem can be consid- 
ered in isolation, independently from the contribution of its 
neighbors. The significance of a particular path can be judged 
by an examination of the exponential weight associated with 
the path in question. By contrast, however, in the dynamics 
problem the significance of a particular path tends to be 
judged only retroactively, through an analysis of its inter- 
action and possible phase cancellation with neighboring 
paths. This difference prevents the trivial extension of equi- 
librium statistical methods to the dynamical problem. 

With the above discussion as background, we now con- 
sider the principal quantum mechanical objecLs in the pres- 
ent study, the matrix elements (x' lexp(- ~ 3 l . r ) .  Using a 
primary result of matrix mechanics (the matrix element of a 
product of operators is the matrix product of the corre- 
sponding elements of the individual operators), we can write 
an integral representation of our matrix elements as 

The familiar matrix multiplication formula appears here with 
a continuous integration rather than the usual discrete sum- 
mation since the relevant coordinate labels are themselves 
continuous. This integral is generically similar in form to 
those considered in Sect. 2 (cf. eq. [I]) and proves useful in 
the discussion of the properties of the quantum mechanical 
matrix elements. 

Equation [12] is not for the faint of heart! Taken superfi- 
cially, it suggests that the matrix elements we desire are a 
continuous superposition of what are individually quite 
complicated objects. Even in the classical limit, where the 
matrix elements on the right-hand side are in some sense 
relatively simple, the outlook is not promising. In particu- 
lar, it would appear at minimum that the calculation of a 
particular complex temperature density matrix element for 
specified value of x' in the classical limit will require us to 
include the contributions from all classical paths of tem- 
poral duration t that connect a continuously varying posi- 
tion, y, and our desired position, x'. Since the number of such 
paths grows with time in a generally unlimited fashion, 
finding and including the contributions arising from this 
multiply infinite set of trajectories would appear to be a rather 
hopeless endeavor. 

The principal result of the present work is the suggestion 
that this rather bleak conclusion may be premature. To see 
how this may be the case, let us consider the case where the 
dynamical term in eq. [12] is given by its classical limiting 
expression (eq. [ lo]  with only classical paths contributing). 
In this limit, the same stationary phase argument that was 
used to suggest the classical limit of eq. [lo] implies that not 
all integration regions will contribute to the final result. In 
particular, the only regions that will contribute strongly to 
eq. [12] will be those for which the variation in the classical 
object S with respect to y vanishes. However, from classi- 
cal physics, the y-variation of S corresponds to the initial 
momentum of the classical trajectory that begins at the point 
y and travels to the point x' in a time t .  The requirement that 
the variation of S vanish implies that a particular region will 
contribute to the final result only if there exists a classical 
trajectory that begins with zero momentum at that point and 
travels to the point x' in a time t .  The number of such clas- 
sical trajectories for given values of y, x', and t is typically 
zero and rigoroilsly never more than one. We thus obtain the 
rather startling suggestion that the matrix elements we re- 
quire are not hopelessly complicated, but instead have a rather 
simple structure. 

To investigate this suggestion further, we analyze the in- 
tegral in eq. [12] for suitable model systems by means of a 
Cornu analysis. The objective will be to see if such an anal- 
ysis confirms the existence of the underlying structure sug- 
gested above. If the presence of such a structure is 
demonstrated, it may provide a valuable focal point for the 
organization of the general quantum dynamical problem. 

4. Results 
As a model system, we consider a specific one-dimen- 

sional problem, that of a simple harmonic oscillator per- 
turbed by an interaction term that varies as the fourth power 
of the oscillator displacement. The quantum mechanical 
Hamiltonian for the perturbed system can be written as 

where A is a dimensionless constant. The conventional har- 
monic oscillator is recovered in the limit that A is set to zero. 
We are using units in which the natural unit of energy is the 
spacing between successive energy levels of the conven- 
tional oscillator and the natural unit of distance is the square 
root of the ratio of Planck's constant to the product of the 
oscillator mass and unperturbed frequency. 

We solve this quantum mechanical problem numerically 
by means of established matrix techniques. Specifically, we 
construct a matrix representation of the Hamiltonian opera- 
tor in eq. [13] using information contained in the problem's 
unperturbed (A = 0) solutions. As the number of such un- 
perturbed solutions included in the treatment tends to infin- 
ity, the resulting matrix eigenvalues and vectors yield the 
exact energy levels and quantum mechanical wavefunctions 
of the problem. After they were so obtained, the energy levels 
and wavefunctions for the problem were utilized to con- 
struct the various matrix elements appearing in eq. [12] and 
to perform the associated Cornu decomposition of the final 
results. 

We begin with a simple problem, the case of the simple 
harmonic oscillator (i.e., A = 0). For this situation, all the 
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FIG. 6. Cornu analysis (eq. [12]) of the quantum mechanical 
amplitude (xflexp(-p,Jf)x) for the harmonic oscillator. The result 
shown corresponds to x' = x = 0 and reduced values of P and t of 
1 and 0.1, respectively. As expected, the analysis reveals that a 
single stationary phase point is present. For scale, the numerical 
value of the matrix element (the complex vector from the left to 
right-hand ends of the figure) is equal to 0.545 - 0.058 i.  

necessary quantities are known exactly, and the various nu- 
merical pieces can thus be checked against their analytic 
countemarts. Furthermore. the various matrix elements in- 
volved for the oscillator contain a very simple coordinate 
dependence that leads to a simple, single stationary phase 
point behavior. Displayed in Fig. 6 is the Cornu analysis of 
a particular complex temperature density matrix element for 
the oscillator. As anticipated, the results indicate the pres- 
ence of a single stationary phase point (cf. Fig. 2). More- 
over, the particular results displayed in Fig. 6 agree with the 
corresponding analytic values. 

As the parameter t advances, the spiral in Fig. 6 pivots 
about, coiling and uncoiling as illustrated in Fig. 7. For the 
oscillator, the locus of points traced out by the tip of the spiral 
forms a closed figure (Fig. 7), a figure whose overall phys- 
ical extension varies with temperature (Fig. 8). The quan- 
tum dynamics of the physical system are thus monitored by 
the dynamics of its associated Cornu clock, which, perhaps 
cognizant of its role, even runs in a "clockwise" fashion! 
Although not explicitly of concern here, the precession of this 
clock reflects the details of the energy levels of the quantum 
mechanical system. 

For a nonzero perturbation, the simple results of Figs. 6- 
8 are modified. As illustrated in Fig. 9, small perturbations 
introduce a slight dephasing into the dynamics and the locus 
of points traced out by the Cornu spiral no longer forms a 
simple closed curve. Although significant remnants of the 
original harmonic structure are evident for this case of A = 
0.001, we also see evidence of a modest precession in the 
dynamics. 

The modifications of the harmonic results become more 
pronounced as the strength of the perturbation is increased. 
Relatively little of the original harmonic structure remains 
as A is increased to a value of 0.05 (Fig. 10). In addition to 
the time development of the overall locus of points for the 

FIG. 7. The quantum mechanical oscillator matrix element of Fig. 
6 is plotted in the complex plane parametrically as a function of time 
over the range 0 < t < 47r. The resulting clover-leaf pattern rep- 
resents the time-dependent locus of points that is swept out by the 
moving tip of the Cornu spiral in Fig. 6 as t advances over this in- 
terval. Superimposed on the figure are the Cornu spirals (cf. Fig. 
6 and eq. [12]) for t = .01, n - 0.1, n + 0.1, and 2n  - 0.1. These 
results proceed from the t = 0.1 result (roughly in the three o'clock 
position) around the figure in a clockwise order. As expected, be- 
havior corresponding to a single stationary phase point is seen for 
all times. 

FIG. 8. Parametric time (cf. Fig. 7) plots of the complex tem- 
perature matrix elements for the harmonic oscillator described in 
Fig. 7 for temperatures corresponding to P = 4.0, 2.0, 1.0, and 0.5. 
The temperature dependence is monotonic with the outer (inner) 
curve corresponding to P = 0.5 (4.0). 

Comu decompositions of the system, we also display in Fig. 
10 specific constructions for various intermediate times. At 
the relatively short time of 0.1, the result is virtually iden- 
tical to that of the corresponding harmonic system dis- 
played in Fig. 7, indicating that the results are dominated by 
single stationary point phase behavior (cf. Figs. 2 and 6). This 
is consistent with the fact that with a zero initial momen- 
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FIG. 9. The efect of a small anharmonic perturbation on the time 
dependence of the complex temperature density matrix element 
displayed in Fig. 7. The perturbation (0.001 x4) introduces a mod- 
est dephasing into the problem, as is evidenced by the slight 
precession evident in the figure. The time here ranges up to t = 40a.  

FIG. 10. The effect of a large anharmonic perturbation on the 
time dependence of the complex temperature density matrix ele- 
ment described in Fig. 7. The outer spiral follows the time depen- 
dence of the anharmonic (A = 0.05) density matrix element 
parametrically in the complex plane as a function o f t  over the range 
0 < t < 22. The outer spiral begins at the three o'clock position at 
r = 0 at the value of 0.544 - 0.059 i ,  a value only slightly differ- 
ent from the analogous harmonic result shown in Fig. 6. Super- 
imposed on this figure clockwise from the three o'clock position 
are three Cornu constructions (eq. [12]) of the matrix element for 
three values of r (0.1, 4.0, and 20.0). At short times, the Cornu 
analysis reveals single stationary phase point behavior. At longer 
times, however, multiple stationary phase points are indicated. As 
confirmed in Figs. 11 and 12, the location and nature of these 
stationary phase points are correctly predicted by the analysis of 
Sect. 4. 

tum, the only particles that can reach the desired final po- 
sition (x' = 0)  in such a brief period are those that start at 
the origin. At longer times zero momentum trajectories can 
reach the origin from a variety of other positions, as illus- 

- A ~ ' l ' l ' l ' l ' l l l ' l ' ~  
- 4  -3 -2  -1 0 1 2 3 4 

INITIAL POSITION 

FIG. 11. Shown are the final positions of a classical particle that 
begins at various initial positions and proceeds forward 20 units of 
time on the anharmonic potential, V(x) = .x2/2 + )ur4, where A = 
0.05. The initial positions that would lead to a final position of x' 
= 0 are thus the intersections of the curve plotted with a horizon- 
tal line at x' = 0. For example, the region -0.3 < .x < 0.3 con- 
tains one such solution, the region - 1.2 < x < 1.2 contains three 
and so on. 

FIG. 12. A decomposition of the Cornu construction of the r = 
20 result of Fig. 10 (cf. eq. [12]). 'The darkest portion corre- 
sponds to contributions that arise from the region (-0.3,0.3), the 
next darkest portion from the region (- 1.2,1.2), and so on. 'This 
result combined with Fig. 11 confirms that the matrix element in 
question is dominated by the zero momentum stationary phase re- 
gions described in Sect. 4 .  

trated in Fig. 11. However, from eq. [12] we see that each 
of the contributions from the various starting positions will 
be weighted by its associated equilibrium factor. Thus PO- 
sitions that are thermally inaccessible will effectively be 
eliminated from the problem. This important fact means that 
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the number of stationary phase regions contributing to the 
final result will ultimately saturate with time. The Cornu 
decomposition at t = 20 displayed in Fig. 12 exhibits mul- 
tiple stationary phase character. As indicated in the figure, 
a careful analysis of the various contributions to the result 
reveals that the stationary phase regions involved are pre- 
cisely the ones that would be predicted by the zero momen- 
tum classical analysis shown in Fig. 11. Although not 
explicitly shown here, a similar conclusion also holds for the 
t = 4.0 result shown in Fig. 10. Figure 12 is this a visual 
confirmation of the underlying structure in the quantum 
mechanical objects of interest. 

5. Summary /Conclusions 
The present work has considered a variety of topics of 

relevance in the development of quantum dynamical algo- 
rithms. Using a combination of numerical and graphical 
techniques, we have examined the principal computational 
objects of interest for a series of model problems. This 
analysis has revealed the presence of a significant underly- 
ing structure in the dynamical problem, a structure that we 
feel is rather general and that likely extends well beyond the 
particular model problems considered here. The signifi- 
cance of this structure is twofold. First, i t  demonstrates that 
the general quantum dynamical problem may be apprecia- 
bly simpler than has previously been feared. Second, it pro- 
vides a specific identification of the dominant contributions 
in the dynamical problem. In the spirit of Hamming's max- 
imum (16) cited at the outset, we are hopeful that the in- 
sight gained in the present study will prove valuable in the 
ongoing efforts directed at the development of general, sta- 
tistically based dynamical algorithms. 
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An investigation of atomic structure in position and momentum space by means 
of "ideal shells" 
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HARTMUT SCHMIDER, ROBIN P. SAGAR, and VEDENE H. SMITH, JR.  Can. J .  Chem. 70,506 (1992). 
For atomic systems, the boundaries in position and momentum space that enclose the exact electron number given by 

the aufbau principle have been numerically calculated. Their relatively irregular behavior as a function of the atomic 
number Z is demonstrated and explained in terms of corresponding irregularities of the aufbau principle. Direct com- 
parisons of these radii with those derived from density functionals that are known to exhibit atomic shell structure are 
shown to be useful in judging the ability of the latter to define "physicaln shells compatible with the aufbau principle. 

Key words: atomic radii, shell structure, aufbau principle, charge density, momentum density. 

HARTMUT SCHMIDER, R O B ~ N  P. SAGAR et VEDENE H. SMITH, JR. Can. J.  Chem. 70, 506 (1992). 
Pour des systkmes atomiques, on a calculC les limites de la position et du moment spatial qui delimitent le nombre 

klectronique exact donn6es par le principe d'aufbau. On dCmontre que leur comportement en fonction du nombre ato- 
mique Z est relativement irrCgulier et on l'explique en fonction des irrCgularitCs correspondantes du principe d'aufbau. 
On montre qu'une comparaison directe de ces rayons avec ceux que I'on peut obtenir partir de densites fonctionnelles 
connues pour pr6senter une structure de la couche atomique est utile pour juger de l'habilitt de cette dernikre h dkfinir 
les couches <<physiques>> compatibles avec le principe d'aufbau. 

Mots clPs : rayons atomiques, structure de la couche, principe d'aufbau, densit6 de charge, densit6 de vitesse ac- 
quise. 

[Traduit par la rkdaction] 

Introduction the aufbau principle of the periodic table. For this, "ideal- 
Ln recent years, there have been several investigations into radii have to be - 

the ability of various functionals of the position density (1- 
9) p(r) and the momentum (10-12) density n ( p )  of atomic 
systems to represent the atomic shell structure as suggested 
by the aufbau principle of the periodic table. That this 
structural feature could be exhibited by the charge or mo- 
mentum densities themselves is excluded by the finding that 
the former is a monotonically decaying function (2, 13- 15) 
of r,  whereas the latter shows a maximum at p > 0 (10, 16- 
18) for some atomic svstems. It has been shown that some 
of the above-mentioneh functionals show a relatively large 
number of critical radii (roots and extrema) that can be 
meaningfully assigned to particular shell contributions. 

On the other hand, the ability of these radii to define 
physical regions corresponding to an atomic shell with the 
"correct" number of electrons is much less pronounced. 
Partitioning schemes analogous to the so-called Politzer-Parr 
partitioning (19) show somewhat limited success for some 
(1 9, 20) and practically none for other (2 1) functionals. 

Though most of these critical-point analyses fail to ex- 
hibit all shells for all atoms, the behavior of the resulting radii 
as a function of the atomic number Z shows remarkable reg- 
ularities in many cases. For D(r) = 4-rrrzp(r) and v2p(r) as 
quantities defined in position space, the inverse of the crit- 
ical radii is proportional to Z (2, 4, 5 )  according to Bohr 
theory, whereas the corresponding radii p (or k) in the mo- 
mentum (or reciprocal) space quantities I(p) = 4-rrp211(p), 
V211(p), and V 2 ~ ( k )  show direct linear behavior as a func- 
tion of the atomic number (9, 11, 12). 

One of the goals of this paper is to investigate if this kind 
of simple regular behavior is compatible with the notion of 
a given number of electrons in fixed shells as suggested by 

' ~ u t h o r  to whom correspondence may be addressed. 

"Ideal-shell" radii for the neutral atoms 
To judge if a given partitioning scheme, based for ex- 

ample on the critical radii of a density functional, is suitable 
for the definition of shell boundaries that comply with the 
aufbau principle, one has to check if the integral 

yields approximately the number of electrons, NY, that oc- 
cupy orbitals with the corresponding principal quantum 
number rz in the Hartree-Fock description of the atom. In eq. 
[ la ]  r, denotes the radius that has been assigned to the 
boundary between the nth and the (n + 1)st shell, with r, = 
0 by definition. The analogous expression in a momentum 
space description of the system is 

P.- 1 

[lb] N,,=4-rr 

Note that in position space r,, > r,,-, , whereas in momentum 
space p, < p ,,-,, since the K shell (i.e., n = 1) is the inner- 
most shell in position, but the most diffuse one in momen- 
tum space. Analogously, high principal quantum numbers 
correspond to electrons that are far from the nucleus but rel- 
atively slow. Note that p, = co by definition. 

The extent to which these "shell occupations" agree with 
the expected values gives a measure of how strongly the 
corresponding region of space is dominated by a particular 
shell. To construct radii that fulfill the above condition per- 
fectly, one has to solve the integral equations 

[2] NY = N,, 
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in position and momentum space for r,, and p,,-,, respec- 
tively. Note that in this labeling scheme r,,,,,,,x and po lie at in- 
finity in the corresponding space, n,,, denoting the maximum 
principal quantum number of the atom. The equations have 
to be solved recursively by starting at ro = 0 in position and 
at p ,,,ndx = 0 in momentum space, respectively. 

This can be done with small computational expense by a 
Newton algorithm, noting that the first derivatives of the in- 
tegrals on the right-hand side of eq. [2] with respect to r and 
p are just the integrands, i.e., the radial position and mo- 
mentum densities D(r) and I (p) .  The resulting iterative 
equations are 

r!;' / D(r)dr - N:' 

and 

Here the superscript (i) denotes the result of the ith itera- 
tion. With a reasonable initial guess (e.g., from a binary 
search), these equations show quadratic convergence. 

It is interesting to note that constraints similar to the ones 
in eq. [2] have been employed in density functional schemes 
where the density was represented by piecewise-exponen- 
tially decaying functions (22). The resulting values of r,, 
naturally deviate from the ones obtained here, since the un- 
derlying functions are of entirely different origin. As we will 
see later, the differences are not extreme. 

Values of ideal-shell radii obtained from eqs. [3a] and [3b] 
can be used as a reference to judge how closely a given set 
of radii produces shells corresponding to the aufbau princi- 
ple, from which they were derived. They have, however, no 
direct counterpart in any of the above-mentioned density 
functionals, but are a quite arbitrary partitioning scheme 
based on the (uncorrelated) orbital description in the frame- 
work of the independent-particle model. The assumption is 
made that the electrons of an atomic shell are confined ex- 
clusively to a well-defined region of space, whereas in real- 
ity each shell extends over all space. Note that it is only in 
the independent-particle model that the notion of atomic shells 
has any clear-cut meaning. As we will see in the following, 
it is also the aufbau principle that is responsible for the rel- 
atively spiky behavior of the "idealn shells of the ground state 
atoms in the Hartree-Fock picture. 

Results and discussion 
Since most of the calculations on atomic shell structure and 

its expression in topographical features of density function- 
als have been based on the nonrelativistic Hartree-Fock 
calculations of Clementi and Roetti (23) and McLean and 
McLean (24), we have computed the ideal-shell radii for the 
neutral atoms (3 5 Z 5 92) in their ground states from the 
corresponding densities. Note that the Hartree-Fock ground 
state configurations were used, which do not in all cases co- 
incide with the experimental ones. The necessary numerical 
integrations have been performed using a 50-point FejCr- 
quadrature and were checked with a 100-point quadrature of 

the same kind. The above algorithm was employed until a 
given accuracy of the resulting electron numbers was reached 
(lo-''). The starting values were chosen by a binary search 
with a small step size (0.02). Since the wave functions are 
given with an accuracy of five significant figures, and the 
algorithm works from the origin outwards, the number of 
electrons in the outermost shell (in the respective space) de- 
viates somewhat from the expected integer value, i.e., the 
limited accuracy of normalization is entirely concentrated on 
these shells. 

Tables 1 and 2 give the radii for the atoms with 3 5 Z 5 
92 in position and momentum space, respectively. The gen- 
eral trend of an inverse behavior in position space and a lin- 
ear behavior in momentum space with respect to the atomic 
number Z is already visible from these values. 

This trend can also be seen in Figs. 1 and 2, where the 
inverse radii r,:' (position space) and the radii p, (momen- 
tum space) are plotted against the atomic number. The points 
have been connected to avoid confusion. As can be seen from 
Figs. l b  and 2b this general trend is frequently interrupted 
by spikes and jumps. For the boundaries between higher 
shells (M/N upwards), this becomes so prevalent that it is 
difficult to speak of a linear behavior at all. The linearity 
holds obviously only "piecewise." Note also that the fig- 
ures for position and momentum space bear an amazing 
similarity. 

This kind of behavior is rooted in the nature of the aufbau 
principle itself. As an example, consider the sudden jump in 
the radius r5 corresponding to the O/P  boundary after Z = 
79 (gold). Up to Z = 78 (platinum), the 5d subshell has been 
gradually filled, whereas the P shell consists of a doubly 
occupied 6s. For Pt, however, the configuration ( ~ e ) 5 d ' ~ 6 s ~  
becomes energetically favorable, and the corresponding ideal- 
shell boundary vanishes altogether. This phenomena occurs 
also for element 46 (palladium). With the following ele- 
ments the P shell (n = 6) gets gradually filled and the shell 
boundary returns, but moves inward much faster. The rea- 
son for this is clear: the contractive effect of the growing 
nuclear charge is no longer counterbalanced by the increas- 
ing electron numbers in the 0 shell, since all "new" elec- 
trons are now filled into the outer, the P shell. The stronger 
movement of the radii inward results in a larger slope of the 
corresponding r-'-z plot. 

As for the spikes, they may be explained on a similar basis 
of the filling of subshells. We take the example of Z = 43 
(technetium). The (smaller) slope before this element cor- 
responds to the filling of the 4d  subshell. With Mo, this is 
half filled and the 43rd electron goes rather into the 5s or- 
bital, which was only half occupied in the few preceding 
elements. Ru, however, shows again a singly occupied 5s 
and goes on with the population of 4d  orbitals. The filling 
of the higher, rather than the lower, shell of a given bound- 
ary always has the effect of moving the shell boundary in- 
ward faster, which leads to higher slopes in the graphs or, 
in case only one element is affected, to spikes. The oppo- 
site scheme of filling inner shells may counterbalance the 
contractive increase in Z so strongly that the shell boundary 
moves outward, rather than inward. This leads to negative 
slopes in the graphs. Analogous, although less pictorial, ar- 
guments can be made in momentum space. 

With the exception of the K/L and the L/M boundaries, 
which are naturally not much affected by irregularities in the 
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TABLE 1 .  Radii r, in position space of boundaries between atomic shells that contain the 
exact number of electrons as given by the aufbau principle. The numbering of r corre- 

sponds to r, = 0 and the last shell extends to infinity. 
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TABLE 2. Radii p, in momentum space of boundaries between atomic shells that contain 
the exact number of electrons as given by the aufbau principle. The numbering of p cor- 
responds to the innermost shell (K) extending to infinity, i.e., p ,  is the K/L  boundary and 

the highest occupied shell starts at P , , " , ~ ~  = 0 

PI P2 P3 PJ PS P6 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 70, 1992 

aufbau principle, these effects lead to a relatively poor de- 
scription of the r,'/~ (pi/Z) relation by a linear least-squares 
fit. Resulting slopes and y intercepts, together with R~ coef- 
ficients, are collected in Tables 3 and 4 to underline this 
point. The comparison of the correlation coefficients with 
those in the corresponding fits for radii derived from den- 
sity functionals (2, 4, 6, 9) makes it quite clear that one side 
effect of the general deviation of the latter from the "cor- 

rect" shell-occupation numbers is a much smoother behav- 
ior as a function of Z. The ideal (inverse) linearity of the radii 
in Z would not be compatible with the aufbau principle. 

It is finally interesting to compare our results with the ones 
obtained for the r,, by Wang (22) in his density functional 
calculations that employ eq. [2] as a constraint for the first- 
row atoms. Table 5 contains a compilation of his results and 
ours. Taking into account the entirely different premises, the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SCHMIDER ET AL. 511 

FIG. 1. (a) Inverse of the radii r,, in position space of bound- 
aries between atomic shells that contain the exact number of elec- 
trons as given by the aufbau principle as a function of the atomic 
number Z. The numbering is the same as in Table 1. The r-I range 
is chosen to depict the values for all elements with 3 5 Z 5 92. 
(b) Inverse of the radii r,, in position space as in Fig. l a .  A sub- 
range of r- '  was chosen to make details in the valence shells vis- 
ible. 

values are surprisingly similar. Calculations analogous to 
Wang's with radii fixed to the HF values would perhaps yield 
reasonable results. How far the values of r enclosing fixed 
electron numbers coincide with areas of approximately 
piecewise-exponential decay would have to be investigated 
by studying the logarithm of p or connected density func- 
t ional~. 

Conclusions 
Since any atomic partitioning scheme based on function- 

als of the position or momentum density has to be judged on 
its ability to reproduce the aufbau principle in terms of the 
number of electrons enclosed by its shell regions, we have 
in this study computed the radii, for which this criterion is 
met exactly. We have done this for the neutral atoms in their 
ground states with 3 5 Z 5 92, employing HF-SCF wave- 
functions (23, 24). 

These values should serve as a quick reference as to the 
extent with which a certain partitioning scheme is compati- 
ble with the underlying aufbau principle. They may as well 
be used to define radii of "inner parts" of atoms, e.g. ,  core 
regions, if one wishes to represent these by "hard spheres" 
based solely on the density normalization. Their "spiky" 

FIG. 2. (a) Radii p,, in momentum space of boundaries between 
atomic shells that contain the exact number of electrons as given 
by the aufbau principle as a function of the atomic number Z. The 
numbering is the same as in Table 2. The p range is chosen to de- 
pict the values for all elements with 3 5 Z 5 92. (b) Radii p ,  in 
momentum space as in Fig. 2a. A subrange of p was chosen to make 
details in the valence shells visible. 

TABLE 3. Radii r,,(a,) in position space of boundaries between 
atomic shells that contain the exact number of electrons as given 
by the aufbau principle. Slopes, y intercepts, and squares of cor- 
relation coefficients for a linear least-squares fit of r,:' as a func- 

tion of Z (see Fig. I) 

Slope y-intercept Number 
n ( 6  I) (a;') R' of points 

behavior as a function of the atomic number Z shows their 
sensitivity towards irregularities in the filling of shells in the 
periodic table. They provide a quite pictorial map of these 
"ups and downs." This is not surprising, since the radii have 
been calculated with the ad hoe knowledge of the electron 
configuration. 

From these relatively strong deviations from an (inverse) 
linear behavior of the resulting radii in Z, it can be inferred 
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TABLE 4. Radii p,,(fini1) in momentum space of boundaries be- the atomic charge density, seem not too different from the 
tween atomic shells that contam the exact number of electrons as ones in the paper, given the different nature of the underly- 
given by the aufbau principle. Slopes, y intercepts, and squares of ing densities, 
correlation coefficients for a linear least-squares fit of p,, as a 

function of Z (see Fig. 2) Acknowledgments 
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Slope y-intercept 
11 (fia,') (her, I) R" of points 
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A GTO basis set calculation of properties of the continuum. Photoionization 
and resonances of He 
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ROBEK~O MOCCIA and PIETRO SPIZZO. Can. J. Chem. 70, 5 13 (1992). 
By using the K-matrix technique for the continuum states that was previously employed with particularly diffuse L' 

basis sets, it is shown that GTO bases are also capable of yielding accurate values for the properties belonging to the 
electronic continuum. The method has been tested for helium and proved of satisfactory accuracy also for the analysis 
of the autoionizing states. The results include the phase shifts of the continuum states of the IS' and 'Po manifolds, the 
properties of the lowest resonances of these symmetries, the ground state photoionization cross section, and the S con- 
tribution to the ls2p 'P" photoionization cross section. The results obtained suggest that the proposed technique should 
be useful for computing molecular differential photoionization cross sections by exploiting the widely used codes that 
employ GTO bases. 

Ke-Y words: photoionization, Gaussian basis sets, helium, autoionizing states. 

ROBERTO MOCCIA et PIETRO SPIZZO. Can. J. Chetn. 70, 5 13 (1992). 
Utilisant la technique de la matrice K pour le continuum des etats qui a CtC employCe antkrieurement avec des ensem- 

bles de base L2 particulierement diffus, on a montre que les bases GTO peuvent aussi fournir des valeurs prCcises pour 
les propriCtCs appartenant au continuum Clectronique. On a vCrifiC la methode avec l'hClium et on a prouve que sa precision 
est aussi satisfaisante pour l'analyse d'Ctats auto-ionisants. Les rksultats incluent les dkplacements de phase du conti- 
nuum des ttats de multiplicitCs 'S' et 'P", les propriCtCs des rCsonances les plus basses de ces symCtries, la section ef- 
ficace de la photo-ionisation de 1'Ctat fondamental et la contribution S a la section efficace de la photo-ionisation de 1'Ctat 
'P" ls2p. Les resultats obtenus suggkrent que, en exploitant des codes frkquemment utilists qui utilisent des bases GTO, 
la technique proposCe pourrait Ctre utile pour calculer les sections efficaces de la photo-ionisation difftrentielle molCculaire. 

Mots cIPs : photo-ionisation, ensembles de base gaussiens, hClium, Ctats auto-ionisants. 
[Traduit par la rCdaction] 

Introduction 

Electron emission is one of the most efficient decay 
mechanisms for atoms and molecules excited above the first 
ionization threshold. This makes a knowledge of reliable 
photoionization cross sections very valuable in a variety of 
fields. Their importance has also grown due to the devel- 
opment of laser sources and of synchrotron radiation, which 
have greatly extended both the range of photon energies and 
the number of photons involved in the experiments. In the 
numerical evaluation of photoionization cross sections, a 
pivotal role is played by the transition matrix elements in- 
volving states of the electronic continuum. It should be 
stressed that the differential cross section, in contrast to the 
integral, requires a more detailed knowledge of the states 
lying in the continuum, such as the individual phase shifts 
of their degenerate partial wave components. 

The calculation of the matrix elements involving the con- 
tinuum may be accomplished by several techniques charac- 
terized either by the use of purely L' basis sets or by the 
utilization of truly continuum orbitals. These latter tech- 
niques, derived from the calculations of scattering cross 
sections and known as scattering methods, should afford, in 
principle, a more accurate evaluation of the properties per- 
taining to the continuum; on the other hand, the former 
methods appear to have some decisive computational ad- 

'Author to whom correspondence may be addressed. 
Printed In Canada 

vantages. In fact, the ~ b l ~ o r i t h m s  may be reduced to a se- 
quence of matrix operations that can be efficiently 
implemented on modem computers. In addition, the L2 
methods may exploit the well-established computer codes 
available to compute the electronic bound states of mole- 
cules employing L' bases, generally of the GTO type. 

The lack of spherical symmetry in molecules curtails the 
possibility of directly applying the methods developed and 
extensively used to study the photoionization of atoms, such 
as the Close-Coupling (1) or many-body methods (2, 3). 
Specific approaches were thus developed for the molecular 
cases. Among those which truly determine continuum or- 
bitals by solving differential or integral equations, the most 
extensively used are the Iterative Schwinger Variational 
method (4), the Multiple Scattering Xa method ( 5 ) ,  and the 
Linear Algebraic method (6). The most widely applied L' 
methods are the Complex Basis method (7), the Reaction K- 
matrix method (8, 9), and the Stieltjes Moment Theory 
method (10). This last one may be employed usefully only 
to calculate integral cross sections. 

To use L2 methods for computing the differential cross 
sections, particular basis functions and numerical tech- 
niques were employed to obtain the partial wave phase shifts 
(1 1). These techniques rely upon a correct behavior of the 
more extended part of the wavefunction in order to inter- 
polate it by an adequately phase-shifted Coulomb wave. 
These methods cannot be applied with the GTO bases since, 
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at large distance from their origin, the GTO cannot give a 
reliable description of a Coulomb wave. 

In this paper it is shown how, exploiting the reaction K- 
matrix technique, this shortcoming may be overcome. Thus 
the possibility of obtaining useful knowledge about the 
electronic continuum may be added to the many services al- 
ready supplied by the GTO. Section 2 describes the method, 
while Sect. 3 reports some preliminary calculations, which, 
although made for the simple atomic system He, represent a 
stringent test of the methods due to the accuracy required by 
the quantities evaluated. 

2. Method of calculation 
The theory of the K-matrix technique and its implemen- 

tation upon L' bases to represent the properties belonging to 
the continuum have been thoroughly described elsewhere. 
Here only a brief outline is given and the reader is referred 
to a previous paper (9) for details. This work will therefore 
focus on the differences needed to employ short-range basis 
orbitals like the Gaussian instead of the more suitable 
STOCOS functions ( 1  1) employed in our previous K-ma- 
trix calculations (8. 9. 12). ~, 

The present approach is an extension of the K-matrix 
method, in which all orthogonality constraints have been 
removed to achieve the fastest convergence of the varia- 

u 

tional expansion with the basis size. The method, as pi- 
oneered by Fano (13), is essentially a configuration 
interaction (CI) in the continuum. carried out for a fixed en- > ,  

ergy, and allows us (at a formal level) to expand the varia- 
tional solution upon continuous basis sets. It turns the 
Schrodinger equation into a system of integral equations for 
the K-matrix elements, which is then transformed into a lin- 
ear system by a quadrature upon a finite L2 basis set. The 
formal basis employed to expand the continuum states in- 
cludes a discrete subset of localized functions, which more 
efficiently represent the autoionizing states and the correla- 
tion effects. in addition to the relevant ~art ial  wave channel 
(pwc) subspaces. In the atomic case, these are defined by the 
ion level I and the I value of the electron partial wave. In the 
following the subspaces will be indexed with greek letters; 
a subspace index a will designate explicitly an open pwc 
subspac~, while an index P designates an arbitrary sub- 
space; Qp will denote the projector inside the subspace. 

In the present calculation, the formal basis functions loPE) 
= (@:xtl) of the pwc subsets are the eigenfunctions of the 
channel Hamiltonian HB = Q,HQ,. They are therefore (an- 
tisymmetrized spin- and symmetry-adapted) products of the 
ion states /Oh,,,) and of the partial I-waves Ix,~,,,,,) that di- 
agonalize the effective channel Hamiltonian for the outer 
electron. These waves behave asymptotically as standing 
shifted Coulomb waves and the pwc basis functions may be 

I 
indexed by the corresponding energy E = E: + E. To allow 
a safe representation upon a discrete basis, it is required that I these states possess properties (phase shifts, off-diagonal 
overlap, and Hamiltonian matrix elements) weakly depen- 
dent upon the energy indexes. 

In the case of helium, the effective channel Hamiltonians 
Hp do not support shape resonances, so these conditions are 
satisfied. If narrow shape resonances occur, as is often the 
case in molecular systems, Hp  may be properly redefined to 
avoid this occurrence, while localized representations of these 
states must be included in the localized correlating sub- 

The calculation of the differential cross sections requires 
the phase shifts of the pwc basis functions loeE), which in 
the present approach are obtained via K-matrix calculations 
performed inside the separate channels. In fact, according 
to the formula given in the next subsection, these phase shifts 
are immediately obtained when the K-matrix technique is 
employed to diagonalize the channel Hamiltonians in bases 
of zero phase shift; i.e., those obtained by coupling hydro- 
genic eigenfunctions IX$') to the ion levels. In the present L' 
approach, the IXky') are conveniently represented by diago- 
nalizing the Coulomb Hamiltonian upon the same bases 
employed for the IX,,); we stress that this procedure yields the 
phase shifts of the pwc basis functions even if the L' repre- 
sentations actually employed do not have a correct long-range 
behavior. It is also worth noting that the basis functions 
l o g )  = are not necessarily orthonormal nor do they 
diagonalize any model Hamiltonian. This preliminary step, 
hereafter referred to as the SC-KM (Separate Channel K- 
Matrix) step, yields the phase shifts of the basis functions 
10,) employed to calculate the correlated eigenfunctions in 
the subsequent step, referred to as the IC-KM (Interacting 
Channel KM) steD. , . 

The present approach may be considered equivalent to a 
Close-Coupling calculation with the same open and closed 
channels plus a large number of pseudostates for the cor- 
relation effects. It should be clear, however, that the 
K-matrix method is much more suitable for a molecular 
calculation: it may be directly linked to the L' methods 
employed in molecular structure and may more easily 
handle the large number of channels that are needed in a 
molecular calculation. 

The K-matrix method 
The method will be outlined employing the notation proper 

of the IC-KM step, but the equations for the SC-KM step may 
be immediately derived from them. In this last case, of 
course, H stands for the channel Hamiltonian. For ease of 
writing, the same notation will be employed for dis- 
crete and continuous eigenfunctions, normalized to unity and 
6(E - E') respectively. 

Corresponding to the n channels that are open at energy 
E (at the energies investigated in the present work the only 
open channel is that corresponding to the ion ground level), 
one may define n linearly independent trial functions I*,) 
= (I'P,,) . . . ('P,,J) of the form 

where P denotes the principal part of the integral and for each 
subset $ denotes the summation over its discrete part and the 
integration over the continuous one. The expansion coeffi- 
cients are determined by imposing ( Q P t E . I ~  - EI'Pd) = 0 and 
this leads to the system of coupled integral equations 

- (E' - E)6Prv6(E' - E") 

In the present calculations, in the IC-KM step the matrix 
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ENERGY (au) ENERGY (au) 

FIG. 1. Phase shifts of the IS' states. Full line: K-matrix calcu- FIG. 2. Phase shifts of the 'P" states. Full line: K-matrix cal- 
lation with extended bases. Broken line: K-matrix calculation with culation with extended bases. Broken line: K-matrix calculation with 
GTO bases. +: wave analysis in the range 5-20 au, GTO basis. GTO bases. +: wave analysis in the range 5-20 au, GTO basis. 
X: wave analysis in the range 10-20 au, GTO basis. 0: wave x :  wave analysis in the range 10-20 au, GTO basis. 0: wave 
analysis in the range 20-30 au, GTO basis. analysis in the range 20-30 au, GTO basis. 

TABLE 1. Parameters of the autoionizing states: position E (au), width r (au), Fano pa- 
rameter q, absorption maximum a,,, (Megabarn). a(b) means a x 10" 

Extended 
GTO basis basis A' B ' 

GTO basis 
Extended 

basis 

"From ls2p ' P o .  
'From 1s' 'S'. 
'A: ref. 17, scattering variational calculation; B: ref. 16, 14 states close-coupling; C: ref. 3,  nine- 

channel K-matrix calculation. 
*Computed from the data in Tables 111 and V of A.  

elements VPE,,PEr*(E) inside a channel are identically zero, Moreover, when only one open channel is present (e.g., in 
since the pwc bases are the eigenfunctions of the projected the SC-KM step), the solution IYaE) is a standing wave with 
Hamiltonian Q & Q ~ .  phase shift 

For real energies the K-matrix on the energy shell K(E), 
defined by K,,,(E) = K,,,,aE, is a real symmetric matrix. As 

6,(E) = 6,,(E) - tan-'[.rr~,,(~)] 

discussed in ref. 9, it is related to the scattering matrix and where 6,,(E) is the phase shift of the pwc basis function. In 
contains the quantities needed to analyze the resonances. the SC-KM step, this basis satisfies 6a0(E) = 0 and this makes 
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-2.0 -1.5 -1 .O -0.5 
ENERGY (au) ENERGY (au) 

FIG. 3. Ground state photoionization cross section. Upper fig- FIG. 4. Ground state photoionization cross section across the 
ure: GTO basis; lower figure: extended basis. LG and VG results 2s2p 'P" resonance. Upper figure: GTO basis; lower figure: ex- 
are indistinguishable on this scale. tended basis. Full line: LG results; broken line: VG results. 

it possible to obtain the phase shifts of the pwc basis for the 
IC-KM step. 

The variational wavefunctions so  obtained satisfy 

(.\Ir,.l~ - EUI.\IrE) = (E - EV)[1 + T~'K(E)']S(E - E')  

and two sets of complex orthonormal eigenfunctions may be 
obtained by: 

l.\IrF1) = . . . IpP$))) 

= ( Iq lE)  . . . lqtZE))[l ? ~T~K(E)]-'A("(E) 

where A~;(E) = Sm,.e'iS" and t,, is the total phase shift of 
I@,), inclusive of -~rl,/2 (i.e., the i' factor). The states 
192')  contain an outgoing Coulomb wave (with zero phase 
shift) only in the channel cr and are therefore suitable for 
photoionization calculations. 

The L' representation of the part ial  wave channels 
The present work is concerned with the 's' and 'P" con- 

tinua from the ionization threshold at -2 au up to about 
-0.59 au; beyond this energy the GTO bases employed in 
the present work are unable to represent the higher reso- 
nances. All the calculations performed upon Gaussian bases 
have been checked, employing also extended bases that in- 
clude, beside Slater and Hydrogenic orbitals, a large num- 
ber of STOCOS functions 

These are probably the most efficient L' bases for calcula- 
tions in the electronic continua; previous work has dis- 

cussed in great detail their capabilities (1 1) and applications 
(9, 12, 14, 15). 

The L' sets employed to represent the pwc subspaces in 
the IC-KM step were obtained by diagonalizing the 
Hamiltonian upon (spin- and symmetry-adapted) configu- 
rations of the form 1s tzl, where 1s is the exact (extended basis 
case) or an approximate (GTO case) ground state of He+, 
while tzl are diffuse orbitals for representing the electron 
wave. With both bases, the variational states I+pj) obtained 
in this way include accurate representations for the lowest 
bound states of the channel Hamiltonian, a few wavepack- 
ets in the higher Rydberg region, a number of narrow wave- 
packets in the lowest continuum, and broad wavepackets at 
higher energy. The narrow wavepackets are those varia- 
tional states whose waves resemble closely (apart from an 
energy-normalization constant Cpj) the true waves of the same 
energy inside a sufficiently large portion of space. The ad- 
vantage of the present method is that this portion must in- 
clude only the rather limited region where the potential 
deviates from - l / r ,  i .e.,  the "molecular region." The L' 
basis for the discretized K-matrix calculations is formed by 
the states lqpj), defined by qpj) = Cpjl$pj) for the narrow 
wavepackets and by Iqpj) = for all the other states. 

The K-matrix calculations may obviously be performed 
only at energies inside the range covered by the narrow 
wavepackets, which should allow interpolation of the ma- 
trix elements and the phase shifts of the channel basis func- 
tions. The contributions to the integrals in eqs. [ l ]  and [2] 
from the high-energy regions, which should be small and 
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ENERGY (au) 

ENERGY (au) 

FIG. 5. Ground state photoionization cross section across the 
2s3p-2p3s 'Po resonance. Upper figure: GTO basis; lower figure: 
extended basis. Full line: LG results, broken line: VG results. 

weakly energy dependent, are instead approximated by 
summing the contributions of the broad wavepackets. 

The GTO are poorly suited to represent the short-period 
oscillatory behavior of the high-energy continuum states; 
instead it appears that they are able to describe the long os- 
cillations of the higher Rydberg and of the lower contin- 
uum. In this energy region, GTO and extended bases yield 
about the same number of states, while at higher energies the 
GTO variational states are much more spaced. With the GTO 
bases described in the next subsection, the variational waves 
propagate up to about 70 au, but they are reasonably close 
to the true waves of the same energy only in a more limited 
region, whose radius is about 20 au for the lowest states and 
shrinks for the higher ones. In the present case, the ion is very 
compact and the potential may be considered Coulombic al- 
ready at 5 au from the nucleus, so the analysis of the waves 
in the range 5-20 au yields the normalization and the phase 
shift of the lowest variational states with good accuracy. 
However, this procedure is clearly inapplicable to larger 
atoms or molecular systems, and therefore a method inde- 
pendent of the wave analysis in a Coulombic region, like that 
proposed here, is in general required. The energy-normal- 
ization constants may be fairly well approximated from the 
energy spacings, c:, - 2/(Ep,j+, - EP,,-'), while the phase 
shifts may be obtained by the SC-KM step described above. 

The discretized (on the first energy index) representation 
K : ? ~  of the K-matrix on the variational basis is solution of 

FIG. 6. ls2p 'P" photoionization cross section. Upper figure: 
GTO basis; lower figure: extended basis. LG and VG results are 
indistinguishable on this scale. 'St' contribution. 

where the superscript "int" denotes interpolated matrix ele- 
ments and P(E) is an almost diagonal matrix that represents 
the principal part of the integration and whose structure has 
been discussed elsewhere (9). 
The GTO basis set 

The Is orbital of He+ has been approximated by a linear 
combination of 6 GTO with n = 1 and orbital exponents 205, 
31.5, 7.41, 2.241, 0.799, 0.306, and 0.1933. The ground 
state He' energy with this orbital is - 1.999701 au. 

The GTO basis for the localized I S '  configurations in- 
cluded all the configurations arising from the following or- 
bitals: 14 s (with n = 1 and orbital exponents Z ranging from 
87.36 to 0.01), 1 1 p (with n = 2 and Z from 8 to 0.005), 11 
d (with n = 3 and Z from 8 to 0.01), and 8 f (with n = 4 and 
Z from 8 to 0.08). 

The s-wave basis set includes the Is ion orbital plus 63 
GTO with n = 3 and orbital exponents in geometric pro- 
gression of ratio 0.81 and first term 250. This basis yields 
13 narrow wavepackets with energies between -2 and 
0 au. 

The GTO bases for the localized 'P" configurations in- 
cluded all the configurations arising from the following or- 
bitals: 13 s (with n = 1 and orbital exponents Z ranging from 
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9 

ENERGY (au) 

FIG. 7. 1s2p ' P o  photoionization cross section across the 2s' + 
2p2 ISe resonance. Upper figure: GTO basis; lower figure: ex- 
tended basis. LG and VG results are indistinguishable on this scale. 
' S e  contribution. 

87.36 to 0.01), l o p  (with n = 2 and Z from 8 to 0.01), 10 
d (with n = 3 and Z from 8 to 0.02), and 9 f (with n = 4 and 
Z from 8 to 0.08). The p-wave basis set includes 44 GTO 
with n = 2; the first three of them have orbital exponents 8, 
4, and 2; the other 41 of them have exponents in geometri- 
cal progression of ratio 0.77 and fust term 1. This basis yields 
12 narrow wavepackets with energies between -2 and 
0 au. 

3. Results 

The calculated helium ground state energy was -2.903592 
au in the ST0 basis and -2.900315 au in the GTO basis. For 
the ls2p ' P O  state, the calculated energies were respectively 
-2.123812 and -1.121688 au. 

The 's' and ' P O  phase shifts calculated with the GTO and 
the extended bases are plotted in Figs. 1 and 2. Since in this 
case there is only one open channel, a variational represen- 
tation of the continuum may also be obtained by diagonal- 
izing the whole variational space (i.e., the localized 
correlating and the pwc subsets lswl). The phase shifts and 
the normalization constants may then be extracted by inter- 
polating their long-range behavior with shifted Coulomb 
waves. With the extended basis, this calculation yields re- 
sults practically coincident with the K-matrix ones. On the 
contrary, this procedure proved quite unreliable with the GTO 
basis, since these waves do not extend sufficiently outside 
the region where the correlation effects are important, i.e., 
where the localized states of the correlating subset have sig- 
nificant amplitudes. For the GTO basis, a few phase shifts 

VOL. 70, 1992 

-0.622 -0.621 -0.620 -0.619 

ENERGY (au) 

FIG. 8. ls2p ' P O  photoionization cross section across the 2s?2p2 
'S' resonance. Upper figure: GTO basis; lower figure: extended 
basis. Full line: LG results; broken line: VG results. ' S e  contribu- 
tion. 

computed in this way in various ranges of r are also shown 
in these figures. 

The lowest resonances of the two mainfolds were ana- 
lyzed by the methods described in ref. 9 and the S-matrix 
results are listed in Table 1 together with a few data re- 
ported in the literature (3, 16, 17). Many classification 
schemes are currently in use for these resonances. Here they 
are labelled in the Fano notation (18), which employs the 
dominant configurations. The correspondence between the 
various notations may be found in ref. 16. Our present ex- 
tended-basis results update those reported in our previous 
work (14). The analysis of Table 1 shows that the GTO bases 
reproduce quite well the widths of the autoionizing states, 
while the positions are slightly too high. 

The ground state photoionization cross section is re- 
ported in Fig. 3 and its details around the two lowest 'Po 
resonances are expanded in Figs. 4 and 5. The ISe contri- 
bution to the cross section of the 1s2p ' P O  level is plotted in 
Fig. 6 and its details around the two lowest resonances are 
expanded in Figs. 7 and 8. In all cases the calculations were 
performed in both the Length Gauge (LG) and in the Veloc- 
ity Gauge (VG); the gauge agreement is very satisfactory with 
the extended basis and only slightly inferior with the GTO 
basis. The greatest differences are found for the second ' P O  

resonance, which projects mainly on the 2s3p and 2p3s 
configurations, since the GTO localized basis set does not 
reproduce the 3s and 3p orbitals very accurately. 

The cross sections at these resonances were fitted to a Fano 
profile; the positions and the widths so obtained were prac- 
tically coincident with the S-matrix results. The q values for 
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shapes like those of the 's' resonances have hardly a defi- (1976); A. Gorling and N. Rosch. J .  Chem. Phys. 93, 5563 
nite meaning; indeed our values differ greatly from those (1990); W. Thiel. Chem. Phys. 57, 227 (1981); J .  D. Bozek, 
which may be computed from the data of Cordes and Altick G.  M. Bancroft, J .  N. Cutler, K. H.  Tan, B. W .  Yates, and 

(17), although our absorption maxima are in good agree- J.  S .  Tse. Chem. Phys. 132, 257 (1989); J .  S.  Tse. Chem. 

ment with theirs. Phys. Lett. 163, 392 (1989). 
6. B.  I. Schneider and L. A. Collins. Comput. Phys. Rep. 10, 

4. Conclusions 
The present results strongly suggest that, if properly han- 

dled, the GTO basis sets may yield accurate values for sev- 
eral properties of the states lying in the continuum. This 
increases still more the importance of the GTO's, whose 
usefulness was recognized long ago by Huzinaga, who in 
several papers has shown how to use them effectively. In our 
opinion, several of the rather sophisticated codes available 
to compute the lower-lying electronic states of molecular 
systems should be amenable for adaptation to the method 
proposed here. This should extend their capabilities to the 
calculation of accurate differential photoionization cross 
sections. 

To test this contention, work is in progress here to cal- 
culate the differential ionization cross section of some sim- 
ple polyatomic molecules using GTO bases and different 
levels of approximation. 
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approximation by the finite Hilbert transform via fast Fourier transforms 
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JOHN E. BERTIE and SHULIANG L. ZHANC. Can. J .  Chem. 70, 520 (1992). 
It is well known that the infinite Kramers-Kronig transform is equivalent to the infinite Hilbert transform, which is 

equivalent to the allied Fourier integrals. The Hilbert transform can thus be implemented using fast Fourier transform 
routines. Such implemcntation is usually some 60 times faster than the Kramers-Kronig transform for a data file con- 
taining about 7 points. This paper reports that, for transformations between the real and imaginary refractive indices, 
n(C) and k(C) in A = n(S) + ik(5) ,  the FFT-based Hilbert transform can be much less accurate than, or as accurate as, 
the Kramers-Kronig transform, depending on the algorithm used. The Kramers-Kronig transform, incorporating 
Mclaurin's formula for finding the principal value of the integral, transforms k(G) spectra into n ( 5 )  spectra that are ac- 
curate to about 0.05%. Some Hilbert transform algorithms in the literature yield only about 470 accuracy. The BZ al- 
gorithm for the Hilbert transform is presented, for use on a laboratory computer running under DOS, that yields n(C) 
spectra accurate to 0.05%. For the transform from n(C) to k ( + ) ,  the BZ algorithm gives k(5)  accurate to about -0.2% of 
the largest k value in the spectrum. This compares with an accuracy of 0.5% for the Kramers-Kronig transform. In cases 
where the k(D) spectrum is truncated at low wavenumbers, a simple method is presented that improves by a factor of 
-10 the accuracy at low wavenumber of the n(G) spectrum obtained by Hilbert or Kramers-Kronig transforms of the 
k(G) spectrum. 

Key words: infrared intensities, complex refractive indices, Kramers-Kronig transform, Hilbert transform, optical 
constants. 

JOHN E. BEKTIE et SHULIANG L. ZHANG. Can. J .  Chem. 70, ( 1992). 
Il est bien connu que la transformation infinie de Kramers-Kronig est 1'Cquivalent d'une transformation infinie de Hilbert 

qui est elle-m&me 1'Cquivalent des intCgrales allied Fourier. On peut donc rkaliser une transformation de Hilbert en utili- 
sant des routines rapides de transformation de Fourier. Pour une base de donnees contenant 7000 points, une telle realisation 
est generalement 60 fois plus rapide qu'une transformation de Kramers-Kronig. Dans ce travail, on montre que, pour 
des transformations entre des indices de rkfraction reels et imaginaires, IT ( : )  et k(:) dans A = n(5)  + ik(G), la transfor- 
mation de Hilbert basCe sur FFT est beaucoup moins ou aussi prCcise que la transformation de Kramers-Kronig suivant 
I'algorithme utilise. La transformation de Kramers-Kronig, incorporant les formules de McLaurin pour trouver la va- 
leur principale de I'integrale, transforme des spectres k(5)  en spectres n(:) qui sont prCcis environ 0,05%. Quelques 
algorithmes rapportts dans la litterature pour la transformation de Hilbert ne conduisent qu ' i  une precision de 4%. On 
prCsente I'algorithme BZ qui peut &tre utilise sur un ordinateur de laboratoire, operant sous DOS, qui permet d'effectuer 
la transformation de Hilbert et qui donne des spectres n(:) precis h 0,05%. Pour la transformation n(C) en k(ij), I'algo- 
rithme BZ conduit i une precision d'environ -0,2% pour la valeur la plus importante du spectre. Cette valeur se com- 
pare h une prkcision de 0,5% pour la transformation de Kramers-Kronig. Pour les cas ou le spectre k(S)  est tronquC aux 
faibles valeurs des nombres d'onde, on presente une methode simple qui amCliore la prCcision par un facteur d'environ 
10 aux faibles valeurs des nombres d'onde de spectres n(S) obtenus par des transformations de Hilbert ou Kramers-Kronig 
de spectres k(:). 

Mots clCs : intensites infrarouges, indices de refraction complexes, transformation de Kramers-Kronig, transforma- 
tion de Hilbert, constantes optiques. 

[Traduit par la redaction] 

Introduction The Kramers-Kronig transform between them (6) is ob- - 
Equations [ la ]  and [ lb]  give the Kramers-Kronig trans- by replacing n and k by E' and E" in eqs. [:I.]. ~ i m i -  

form (1, 2) between the optical constants (3-5), which are lar1y3 the Kramers-Kronig transform between the 

the real and imaginary components of the complex refrac- R(+), and the phase, $(+), of reflection (4, 7 ,  8) can be 
tive index, A(5) = n(5) + ik(5). written b 2'- substitution. The complex reflection is F(5) = 

r(5) X ei ("'. and the reflectance. R(5). is F(+) X P ( 5 )  = , , 

lF(5)l2. since In F(5) = In r(+) + i$(i)'and ln'25) = 1'/2 In 
R(5), the Kramers-Kronig transform is obtained by substi- 
tuting (1 /2 In R) for n and $ for k in eqs. [ I 1. 

  he Kramers-Kronig transform has been used by several 
authors in recent years to aid the determination of the opti- 
cal constants or dielectric constants from infrared transmis- 
sion (9, lo), reflection (7, 1 1), or multiple attenuated total 

The real and imaginary components of the complex di- reflection (12, 13) spectra. 
electric constant (6), i(5) = ~'(1.') + i~"(5), are usually called It is well known (6, 14-18) that the infinite Kramers- 
the dielectric constant and the dielectric loss, respectively. Kronig transform is equivalent to two successive Fourier 
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BERTIE AND ZHANG 52 1 

transforms, usually called the allied Fourier integrals. Stated 
more fully, the Kramers-Kronig transform is equivalent to 
the infinite Hilbert transform, provided that the real vari- 
able is an even function of wavenumber and the imaginary 
variable is an odd function of wavenumber, i.e., n(5) = 
+IT(-5) and k(5) = -k(-5). Further, the Hilbert transform 
is equivalent to the allied Fourier integrals (6, 14-18). The 
Hilbert transform between the optical constants is shown in 
eqs. [2a] and [2b], and in eqs. [3a] and [3b] in its Fourier 
transform representation. 

dt cos(2~rc5t) k(5) sin(2~cGt) d5 I-. 

For the remainder of this paper we will use the term Hilbert 
transform to mean the use of eqs. [3] to perform a Hilbert 
transform via fast Fourier transform routines. We have not 
used eqs. [2] at all. 

The Kramers-Kronig transform is slow on most labora- 
tory computers. For example, a fairly efficient program 
written in Microsoft Fortran version 5.0 and running under 
Microsoft DOS on a 16 MHz laboratory computer with an 
Intel 28386 cpu chip requires 13 rnin for the Kramers-Kronig 
transform of a spectrum containing 8192 data points. In 
contrast, fast Fourier transform (FFT) routines are avail- 
able, which transform a data file of this length in seconds. 
The routines used by most FT-IR spectrometer systems to 
transform the interferogram into the spectrum are fast and can 
sometimes be used in application programs written by the 
user. Thus authors have described the use of FFT routines 
supplied by the instrument manufacturers to accomplish the 
Hilbert transform (19, 20). Other authors have described the 
use of FFT routines to Hilbert transform largely specular re- 
flection data (1 6- 18). 

We have recently developed computer programs that run 
under Microsoft DOS to permit more efficient computation 
of our spectral data than on the Aspect 2000 computer of our 
(1982) Bruker IFS 113V FT-IR spectrometer. To check our 
programs, we have used the classical damped harmonic os- 
cillator model (21-23) to synthesize real and imaginary re- 
fractive index spectra. This model calculates, for dielectric 
loss bands that are essentially Lorentzian in shape, the cor- 
rect real refractive index spectrum to accompany the calcu- 
lated imaginary refractive index spectrum. 

This work began when we compared these correct real 
refractive index spectra with those obtained by Hilbert 
transformation of the imaginary refractive index spectra using 
our original algorithm (20). Unless all of the bands are very 
sharp, which is frequently not the case for liquids, the Hilbert 

n(5), i.e., the n(5) spectrum obtained by Hilbert transform, 
deviates by several percent from the correct result. 

We have also obtained the n(5) spectra by Kramers-Kronig 
(KK) transformation of the imaginary refractive index spec- 
tra. The KK n(5) spectra differ significantly from the Hilbert 
n(5) spectra, but are, however, in excellent agreement with 
the correct ones. Exceptions occur if the imaginary refrac- 
tive index is not near zero at the low-wavenumber limit of 
the spectrum. 

At about the time that we discovered the discrepancies 
between the Hilbert and KK transforms empirically, 
Bracewell (24) reported that discrepancies are to be ex- 
pected, but he gave no details of their magnitude. Thus, the 
appealing very fast method of Hilbert transform gave re- 
sults that are in considerable error, while the slow Krarners- 
Kronig transform gave correct answers. It was clearly 
worthwhile to explore whether the accuracy of the fast Hilbert 
transform method could be improved. Most previous au- 
thors considered the accuracy of the transform qualita- 
tively. Only Ohta and Ishida (25) have addressed the accuracy 
of the Hilbert transform at this level. 

In this paper we present the results of our exploration of 
the magnitude of the discrepancies between the correct n(5) 
spectra, the KK n(5) spectra, and the Hilbert n(5) spectra. 
We explore different literature algorithms for the Hilbert 
transform to determine the important parameters for accu- 
racy. We present an algorithm that yields 0.05% agreement 
with the correct n(5) spectrum. In 1988 Ohta and Ishida (25) 
reported in less detail a similar study, which we have found 
very helpful. The algorithm we recommend from this work 
is similar to theirs, but uses symmetry to reduce the size of 
the transforms by a factor of two, and real variables rather 
than complex ones to speed computation. 

The Hilbert transform also converts n(5) spectra to k(5) 
spectra, although we use this less frequently. For this Hilbert 
transform, we give an algorithm that yields very good 
agreement with the correct k(5) spectrum. 

We also discuss procedures to follow when the experi- 
mental data are available over most of the fingerprint re- 
gion, but do not extend to the very low wavenumbers where 
the imaginary refractive index often returns to near zero. This 
situation is common due to experimental limitations and 
difficulties. When the k(5) spectrum terminates at low 
wavenumber on a peak, rather than at k(5) values near zero, 
the real refractive index spectrum calculated by either the 
Kramers-Kronig transform or the Hilbert transform is seri- 
ously in error over the last several hundred wavenumbers. 
A method is presented that allows very good results to be 
obtained in those cases in which the entire k(5) spectrum is 
known. In such cases the n(5) spectrum can be calculated 
from the full k(5) as well as from the truncated version of it, 
so the accuracy of our method of treating the truncated 
spectrum can be evaluated. We believe this method also gives 
the best result available when the full k(5) spectrum is not 
known. But we cannot be sure of its accuracy in such cases 
until the influence of the missing part of the k(5) spectrum 
is known. 

General methods 
The Classical Damped Harmonic Oscillator model (21-23) 

gives eqs. [4a] and [4b] for the real and imaginary parts of 
the dielectric constant in terms of the wavenumbers, C,, the 
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522 CAN. J .  CHEM. VOL. 70. 1992 

intensities, S,, and the damping constants y,, of the oscilla- 
tors. 

The optical constants n(+)  and k(5)  are calculated from these 
dielectric constants by eqs. [ 5 ]  

In these equations, the intensity parameter S, is related to 
the molecular dipole moment derivative, dp./dQ,, in the ap- 
proximation of mechanical and electrical harmonicity by S, 
= { ~ / 3 ~ r c ' ) ( d ~ / d ~ , ) '  F;. Here N is the number of mole- 
cules in unit volume, c is the velocity of light in vacuum, and 
F,' is the local field correction for a molecule in a liquid. In 
general theory, S, is related to the sum of the squares of the 
molecular transition moments that contribute to the band, 
IR";,~,~~ by 

i where one must sum over all v," states that are significantly 
populated. 

Equations [ 4 ]  and [ 5 ]  were used to calculate correspond- 
ing pairs of k(+)  and n ( 5 )  spectra through the Fortran pro- 
gram FHARM. The program reads ASCII input and produces 
spectral files in the &PC format of Galactic Industries 
Spectracalc program. 

In the first half of this work, the k(5)  spectrum so calcu- 
lated was entered into the Hilbert transform program under 
consideration, with the appropriate value for n(m) ,  and the 
n,(D) spectrum was calculated. The k(5)  spectrum was also 
entered into the Kramers-Kronig transform program, and the 
nK(+)  spectrum was calculated. 

We are interested in obtaining values of r z ( G )  to suitable 
accuracy, approximately 0.1 % being all that our experi- 
mental absorption data can justify. Accordingly, we have 
chosen to show in most of our figures the percentage devia- 
tion of the Hilbert n(+)  spectrum from the correct n ( 5 )  spec- 
trum at each wavenumber, 100{nH(5)  - n(G)) /n(G).  For the 
n ( 5 )  spectrum calculated via the Kramers-Kronig trans- 
form, we show 100{nK(+)  - n ( + ) ) / n ( + )  to illustrate the ac- 
curacy. 

For the purpose of demonstrating the actual error in the 
Hilbert transform routines it would be better to subtract the 
value of n(m) ,  and to compare AnH(5)  = n H ( 5 )  - n(m) or 
AnK(+) = n K ( 5 )  - n(m) with An = n ( 5 )  - n(m) ,  because the 
transforms calculate these differences, which are converted 
to the nH(5)  and nK(5)  spectra simply by adding n(m).  We give 
this comparison for our initial and final Hilbert transform 
algorithms. 

In the second half of this work, the n ( 5 )  spectra are en- 
tered into the Kramers-Kronig or Hilbert transform after 
subtracting n(m) from each value, and the kK(5)  or k H ( 5 )  

TABLE 1. Parameters used for spectra" 
calculated from the classical damped har- 

monic oscillator model 

Single band spectrumb 
1 1600 4 

"Methanol" spectrum 
1 3346 25 0 
2 2945 100 
3 2833 5 0 
4 1450 100 
5 11 15 30 
6 1030 22 
7 657 200 
8 370 300 

"Acetic acid" spectrum 
1 3543 100 
2 3487 50 
3 3416 200 
4 3326 50 
5 3248 140 
6 3171 50 
7 3 139 200 
8 3037 180 
9 2937 50 

10 2870 100 
11 2794 100 
12 2759 100 
13 2622 150 
14 1719 5 5 
15 1634 100 
16 1396 60 
17 1280 80 
18 1054 20 
19 1014 30 
20 925 250 
2 1 887 30 
22 723 250 

"The spectra were calculated between 7800 
and 50 cm-I, data points are 0.964 cm-'  apart, 
and r ~ ( m )  = 1.325. 

= 50 cm-' was also used with S, = 
180 000 and 5, = 1600 cm-'. 

spectra are calculated. In these cases the deviation of the 
calculated k from the correct one is calculated as a percent- 
age of the largest k value in the spectrum to illustrate the ac- 
curacy of the transform. 

The correct spectra 
Three different types of spectra have been calculated via 

the classical damped harmonic oscillator model for this 
work. The frst consists of a single band at 1 6 0  cm-' with 
a full width at half height (FWHH) ranging from 4 cm-I 
up to 5 0  cm-I. The second is a complex spectrum based 
on that of pure liquid methanol, and the third is a com- 
plex spectrum based on liquid acetic acid. The classical 
damped harmonic oscillator parameters used for these 
spectra are tabulated in Table 1 .  The k(5)  and n(+)  spec- 
tra are shown in Figs. 1-3. It should be noted that each 
k(5)  spectrum is complete, i.e., contains completed bands. 
Thus, the k values at the highest and lowest wavenum- 
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BERTIE A N D  ZHANG 523 

ber points were about lo-' of the peak value for the 
single band spectra and about one thousandth of the max- 
imum peak height for the methanol and acetic acid simu- 
lations. 
The Kramers-Kronig transform 

A Fortran program, KKTRANS, for this transform was 
based on that included in program 46 of the National Re- 
search Council of Canada's Bulletins of Computer Pro- 
grams for Infrared Spectroscopy (26). Several changes were 
made to improve the speed of the program on the labora- 
tory computer by a factor of about eight, and a further 
factor of two was obtained by incorporating Ohta and 
Ishida's (25) Maclaurin formula method of calculating the 
principal value of the integral. This latter feature also con- 
siderably improved the accuracy of the transform near the 
intense peaks. Program KKTRANS takes 13 min to trans- 
form a file containing 8192 REAL (4 byte) data points on 
our 16 MHz 386SX computer with a 387 math coproces- 
sor. It reads and writes files in the .SPC format of Spec- 
tracalc. 

X 

v C - 
2 0.5 - .- + 

e 
LC 
P) 
CL - 
0 

CL 

0 -  , 

Hilbert transforms 
The Hilbert transform via two successive fast Fourier 

transforms (FFTs), following eqs. [3], consists of the fol- 
lowing five steps. 

Step 1. Arranging the input spectral data into the appro- 
priate form 

1.6- 

X 

v C - 
P) 

31 .4 -  

LC e 
0) 
Ci - 
0 

$1.2- 

1 ,  

Step 2. The first FFT 
Step 3. Arranging the output of the first FFT into the ap- 

propriate form 
Step 4. The second FFT 
Step 5. Obtaining the desired spectrum from the output 

of the second FFT. 
The details of the first, third, and fifth step depend on the 

algorithm used for the Hilbert transform, and depend on 
whether the transform is from k(G) to n(G) or vice versa. These 
features will be discussed in the Results sections. 

The FFT is common to all algorithms, but may be used to 
transform real data or complex data. The output is complex 
in both cases, but is written into two arrays of real vari- 
ables. To improve execution speed, complex variables are 
not used. 

We tested four FFT subroutines by ensuring that they give 
the transform of a Gaussian peak of unit height correct (15, 
27) to six decimal places. All subroutines gave correct 
transforms, and we chose to use the fastest subroutine, the 
Fortran subroutine described by Ng and Horlick (28). This 
subroutine is based on the algorithm first suggested by 
Gentleman and Sande (in ref. 29), and its listing is in the 
Ph.D. thesis of Ng (30). It is also given in the appendix to 
this paper, because there is a version of it in circulation that 
contains incorrect signs. 

The subroutine is written with real variables to find the 

2000 1500 1000 7800 6000 4000 2000 50 
Wavenurnber/crn-1 Wavenurnber/crn-1 

FIG. 1 .  Refractive index spectra calculated with the classical FIG. 2 .  Refractive index spectra calculated with the classical 
damped harmonic oscillator model. Single band spectra with FWHH damped harmonic oscillator model. Simulated spectra of liquid 
4 cm-I and 50 cm-I (Table 1). methanol (Table 1). 
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FIG. 3 .  Refractive index spectra calculated with the classical 
damped harmonic oscillator model. Simulated spectra of liquid 
acetic acid (Table 1). 

complex Fourier transform of a real function. It consists of 
three phases. (a) The "shuffle" of the real input array into 
half-sized real and imaginary input arrays to a complex FFT. 
(b) The complex FFT of real and imaginary input arrays to 
real and imaginary output arrays. (c) The "post-processing" 
phase to reconstruct the complex FFT of the original real 
input array. The shuffle consists of placing the odd- and even- 
indexed points of the real input array into the real and imag- 
inary, respectively, arrays input to the complex FFT. The 
post-processing phase is that described by Zachor in an ad- 
vertisement (3 1). 

As noted above, this subroutine can be used in its REAL 
mode to obtain the complex transform of real data, or in its 
COMPLEX mode to obtain the transform of complex data. 
The REAL mode uses all three phases of the subroutine, 
while the COMPLEX mode uses only the middle phase. 
We have found the diagrams shown in Fig. 4 to be help- 
ful illustrations of these two modes. In Fie. 4, RI, 10. etc. 
stand for Real Input, Imaginary Output, efc., and W ,  LIO, 
etc. stand for Intermediate Real Input, Intermediate Ima- 
ginary Output, etc. Figure 4 also notes that a Real Input 
array of size 2 X 2M in REAL mode yields all other ar- 
rays of size 2M. In COMPLEX mode all arrays have the 
same size. 

The details of the use of this subroutine in the different 
Hilbert transform algorithms is given in the Results sec- 
tions. All of our programs that use this subroutine read and 
write spectral files in the .SPC format of Spectracalc. 

P T-PROC 7-7 
FIG. 4. Schematic representation of the fast Fourier transform 

subroutine used in this work. (a) The COMPLEX data mode; (b) 
The REAL data mode. 

Results: transforms from k(5) to n(5) 
for complete k(5) spectra 

We present first the results for those cases in which the k(5) 
spectrum is complete. Results for cases in which the k(5) 
spectrum contains incompleted bands at the lowest wave- 
numbers will be discussed later. It should be noted that all 
of our spectral files start at high wavenumber and run to low 
wavenumber. 

Kratners-Kronig transforms 
Figure 5 shows the percent deviation of the n,(5) values 

calculated via KKTRANS from the k(5) spectra of Figs. 1- 
3. The greatest deviation of the n, values from the correct 
ones is 0.07% for the single band of 4 cm-' FWHH, 0.004% 
for the single band of 50 cm-' FWHH, and 0.05% for the 
complex spectra. Thus, to the accuracy of our experimental 
data, program KKTRANS gives the correct n(5) spectrum, 
provided the k(5) spectrum is complete. 

Hilbert transforms 
Our original Hilbert transform algorithm 
This has been described only in general terms (20). It uses 

the FFT subroutine in REAL mode (Fig. 4). 
Consider a k(5) spectrum that contains NP data points. Step 

1 of the Hilbert transform consists of three actions. First, 
adding zeros to the (low-wavenumber) end of the spectral data 
to make the number of points a power of 2, 2M, as required 
by the FFT subroutine. Second, adding a zero point. Third, 
folding the file about that zero point to create a symmetrical 
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BERTIE AND ZHANG 

FIG. 5 .  Percent dev~ations from the corrcct spcctra of n(C) spectra 
calculated by Kramers-Kronig transformation of k(C) .  Curve (a),  
Single band k(i), FWHH = 4 cm-'; curve (b), simulated metha- 
nol spectrum; curve (c), simulated acetic acid spectrum. 

I 
array centered on the added zero. In fact the array is not quite 
symmetrical, because the first data point in the file must be 
omitted from its folded position at the end of the file to keep 
the number of points equal to a power of 2 (2 x 2M). Figure 
6, curve A, shows the resulting real input array schemati- 
cally. This array is then input to step 2,  the FFT in REAL 
mode. 

The FFT of this real array consists of a zero imaginary 
transform array and a nonzero real transform array, both of 
size 2M. Step 3 of this algorithm consists of 2 actions, re- 
placing the second half of the real transform array by zeros 
and adding an additional 2" zeros to restore the file to the full 
length of the real input to step 2. The resulting file is put into 
step 4 ,  the FFT in REAL mode. 

Step 5 of this algorithm is to obtain the NP values of 
-AII,(:) = n(m) - n(6) from the first NP points in the 
imaginary transform array, with wavenumber decreasing with 
increasing point index, and to subtract them from n(m)  to 
obtain the desired n(C) in the same wavenumber sequence as 
in the original k(C) array with NP points. 

This algorithm programmed in Fortran takes 14 s to Hilbert 
transform an 8 192-point k(6) spectrum. 

This Hilbert transform program was checked in 1983 be- 
fore it was used. However, the check was made using the 
single-band k(5) spectrum shown in Fig. 1 ,  with a 4 cm-' 
FWHH, by comparing the correct and Hilbert n(5) spectra 

FIG. 6. Schematic representation of the input arrays to step 2 of 
the Hilbert transform algorithms. Curve A ,  Our original algo- 
rithm; curve B ,  Marshall's algorithm; curve C ,  Ohta and Ishida's 
algorithm; curve D, the BZ algorithm, our preferred algorithm. 1 
indicates a zero value at 0 cm-I; 2 indicates an additional zero value 
added as a folding or inverting centre. 

(curves (a) and (b) of Fig. 7, lower box). The agreement 
appears very good. If the percent deviation is compared 
(curve (B) of Fig. 7, upper box) the agreement appears less 
good. As the FWHH of the single band is increased, prob- 
lems become evident, as curve (C) of Fig. 7 upper shows for 
a single band of FWHH 50 cm-I. If a more complex spec- 
trum is used, the magnitude of the problem that initiated this 
work is seen. Curves (a) and (b) of Fig. 8 lower show the 
correct n(5) spectrum for the simulated methanol k(C) spec- 
trum of Fig. 2 and that calculated from this Hilbert trans- 
form program. Curve (B) of Fig. 8 upper shows the percent 
deviation. Recall that the KK transform gave exact results 
for this spectrum (Curve (C) of Fig. 8). Clearly this Hilbert 
transform program yields an error in n(5) that increases in 
magnitude with decreasing wavenumber, from +0.3% to 
-4%. The error in the quantity actually calculated by the 
Hilbert transform, AnH(5) = n(5) - n(m), reaches 80% at the 
lowest wavenumber. 

Marshall's Hilbert transform algorithm 
We turned next to an algorithm presented by Marshall and 

co-workers (32, 33). This was presented for the transfor- 
mation of electron spin resonance absorption spectra to dis- 
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5 26 CAN. J.  CHEM. VOL. 70, 1992 

FIG. 7. Results for our original Hilbert transform algorithm. 
Lower box: curve (a), correct n(C) spectrum, single band, FWHH 
= 4 cm-' (Fig. 1, Table 1); curve (b), nH(i) calculated by Hilbert 
transformation of the corresponding k(C) spectrum. Curves (a) and 
(b) are indistinguishable on this scale. Upper box: percent devia- 
tion of the Hilbert transformed nH(C) from the correct n(i) for: curve 
(B), single band spectrum, FWHH = 4 cm-'; curve (C), single band 
spectrum, FWHH = 50 cm-'.  

persion spectra, but the theoretical considerations are identical 
(33) to those for optical absorption and dispersion. 

This algorithm uses the FFT in its COMPLEX mode. Step 
1 is to add zeros to increase the number of data points to 2M 
from the NP k(+) values. These zeros are added symmetri- 
cally, i.e., half at the beginning of the array and half at the 
end. The resulting array is shown schematically in Fig. 6 
curve B. This array is input as the real array to step 2 ,  the 
FFT in COMPLEX mode, and an array of zeros is input as 
the imaginary array. The FFT of this complex input is com- 
plex, with nonzero real and imaginary transform arrays. Step 
3 of this algorithm is to negate the second half of the real and 
imaginary transform arrays. These arrays are then input to 
the complex FFT in step 4. The An(+) values are found in the 
imaginary transform array output from step 4. The An(+) 
value for the highest wavenumber is at point index {2M+Z - 
0.5 (2M+Z - 2M) + l), where Z is the level of zero-filling used 
(see below), and they run to lower point indices with de- 
creasing wavenumber. 

This algorithm takes about the same time as the previous 
one. The result for the simulated methanol spectrum (Fig. 
2) is shown as curve (a) in Fig. 9. The percent deviations 
cover a 4% range, as for the previous algorithm, but range 

FIG. 8. Results for the simulated methanol spectrum (Fig. 2). 
Lower box: (a) correct n(C) and (b) our original Hilbert trans- 
formed nH(C) spectra. Upper box: percent deviations from the co- 
rect tz(C) spectrum of Kramers-Kronig transformed nK(C) spectrum 
(curve (C)) and our original Hilbert transformed nH(C) spectrum 
(curve (B)). 

FIG. 9. Results for Marshall's Hilbert transform algorithm ap- 
plied to the simulated methanol spectrum (Fig. 2). Percent devia- 
tions from the correct n(C) spectrum of the Hilbert nH(C) spectrum 
transformed with no zero-filling (curve (a)), one level of zero-fill- 
ing (curve (b)), and two levels of zero-filling (curve (c)). 
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from +2% to -2%. The agreement can be improved to some 
extent by additional zero-filling. To use one level of zero- 
fillin you add, in step 1 of the algorithm, 2M zero points to i&, . the 2 points described above. These points are added sym- 
metrically, half at the beginning and half at the end of the 
array, leaving the rest of the algorithm as described. The re- 
sult for one level of zero-filling-is shown as curve (b) of Fig. 
9. One level of zero-filling considerably improves the ac- 
curacy at the high-wavenumber end of the spectrum-, reduc- 
ing the percent deviation to about -O.l%, but does little to 
improve the low-wavenumber end of the n(G) spectrum. A 
second level of zero-filling1 (curve (c) of Fig. 9) makes lit- 
tle improvement. The errors involved in both of these al- 
gorithms are too large to allow them to be used with current 
experimental data. 

Oh ta and Ishida's Hilbert transform algorithm 
At this stage of our study we became aware of the recent 

paper by Ohta and Ishida (25) who carried out a similar study. 
We programmed the algorithm they concluded was the most 
accurate. They emphasized the importance of continuing the 
data set to 0 cm-I, and of folding the data to simulate k(-G) 
= -k(G). The latter is in keeping with the condition under 
which the Hilbert transform 1s ecluivalent to the Kramers- 
Kronig transform, while the former ensures that the correct 
phase relationship is maintained between the data for G and 
that for -G. 

Ohta and Ishida's algorithm uses the FFT in its COMPLEX 
mode. In step 1 of the algorithm, the k(G) spectrum, which 
consists of NP data points extending from XSP to XEP cm-I, 
is extended to 0 cm-I by adding N, zeros, and is then in- 
verted in the zero wavenumber point to yield an array of 2(NP 
+ N,) -1 points, which is antisymmetric about the 0 cm-I 
point. 2N2 + 1 zero points are then added to the end of the 
array to make the array contain 2 X 2M points. The result- 
ing array is shown schematically as curve C in Fig. 6. This 
array forms the real input array to the FFT of step 2, with an 
array of zeros as the imaginary input array. 

The FFT of this complex input consists of nonzero real and 
imaginary transform arrays, each containing 2 X 2M points. 
In step 3 of this algorithm, the second half of each trans- 
form array is replaced with zeros. The resulting real and 
imaginary arrays form the real and imaginary, respectively, 
inputs to step 4. In step 5,  the values of AnH(+) = nH(G) - 
n(m) are obtained from the imaginary array. However, we 
found that they are not in the first 2M points of the imagi- 
nary output as stated in Ohta and Ishida's paper, but they start 
at point 2N2 + 3 for the highest wavenumber and proceed 
to increasing index for decreasing wavenumber. 

This algorithm uses arrays that are twice as long as those 
of previous algorithms, so it takes twice as long to execute. 
The result for the simulated methanol spectrum is shown in 
Fig. 10, curve (a). The percent deviations are now -0.4% 
at the high-wavenumber end and reduce to -0.2% at the low- 
wavenumber end of the spectrum. If one level of zero-fill- 
ing is used, by simply adding a further 2 x 2M zero points 
to the end of the array in step 1, the agreement is improved 
to about 0.07% (curve (b) of Fig. lo), but the program then 
takes twice as long to execute, about 70 s for a spectrum 
containing between 4096 and 8192 data points. The same 

 h he second Ievel of zero-filling consists of adding 2M zero points 
to each end of the data set used for one level of zero-filling. 

FIG. 10. Results for the simulated methanol spectrum (Fig. 2). 
Curves (a) and (b): percent deviations from the correct n(C) of Ohta 
and Ishida's Hilbert transformed nH(G), calculated with no zero- 
filling (curve (a)) and one level of zero-filling (curve (b)). Identi- 
cal results were obtained from the BZ algorithm, our preferred al- 
gorithm. Curve (c), percent deviation from the correct n(C) of n,(C) 
calculated by the BZ algorithm with two levels of zero-filling. 

result was found for the simulated acetic acid spectrum (Fig. 
2 )  
-'I. 

The BZ algorithm: our preferred algorithm 
We have built on the indication from Ohta and Ishida's 

work that it is important to extend the data to 0 cm-I, thus 
maintaining the correct phase difference between k(-G) and 
k(G), and to ensure that k(-G) = -k(G). In fact eqs. [2] and 
[3] suggest that the equivalence of the Hilbert and Kramers- 
Kronig transforms hinges on these two points, in spite of their 
omission from some current algorithms. 

Accordingly, step 1 of this algorithm consists of extend- 
ing the k(G) spectrum, which contains NP points between XSP 
and XEP cm-I, to 0 cm-I by adding zeros, adding an extra 
zero, inverting the array in this added zero point to generate 
an antisymmetric array, then adding N2 zero points to the 
beginning of the file and N2 - 1 zero points to the end of the 
file, to generate an antisymmetric array of length 2 x 2M. 
This array is shown schematically in Fig. 6 as curve D. 

This algorithm uses the FFT in its REAL mode, and the 
array is input as the real input to the FFT in step 2. The 
transform consists of a zero real transform array and a non- 
zero imaginary transform array, each of length 2M. In step 3 
of the algorithm, the second half of the imaginary transform 
array is zeroed, and a further 2M zeros are added to the end 
of the array. The resulting array is the real input to the FFT 
in step 4. Step 5 of the algorithm is to obtain the AnH(G) = 
nH(G) - n(m) values from the real transform array from step 
4, starting at the N2 + 1 point for the highest wavenumber 
and running to increasing index for decreasing wavenum- 
ber. This algorithm uses arrays half as large as those of Ohta 
and Ishida's method, but gives identical results to those 
shown in Fig. 10. We show as curve (c) of Fig. 10 the re- 
sult with this, our preferred, algorithm, which was obtained 
with two levels of zero-filling. This level of zero-filling is 
not possible with Ohta and Ishida's algorithm under the 
memory limitations of Microsoft DOS, because of their 
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double length arrays. The percent deviation with two levels 
of zero-filing is up to 0.05%, which is the same as the per- 
cent deviation from the Kramers-Kronig transform. The same 
result was found for the simulated acetic acid spectrum. For 
single band spectra, the maximum percent deviation using 
two levels of zero-filling was 0.15% for 4 cm-' FWHH and 
0.007% for 50 cm-I FWHH. 

It is not immediately obvious why the BZ algorithm and 
that of Ohta and Ishida give identical results. In fact the 
identity stems from the FFT routines. To the FFT, Ohta's 
input array is identical to ours except that it is phase-shifted 
by a constant amount for each point. Thus neither the real 
nor the imaginary transform arrays from step 2 of Ohta and 
Ishida's algorithm is zero while the real one is zero in our 
algorithm. Provided both of the transform arrays are used in 
step 4 ,  Ohta and Ishida's method allows correctly for their 
asymmetrical input, but at the expense of using larger arrays. 

Summary 
The FFT-based Hilbert transform of k(C) to n ( 5 )  can be as 

accurate as the Krarners-Kronig transform, provided the k(5)  
spectrum is extended with zeros to 0 cm- ' ,  and provided it 
is then inverted to yield an antisymmetric array to input to 
the FFT. The percent deviation of the calculated n ( 5 )  from 
the correct values is up to 0.05% for complex spectra. 

It has been noted that this percent deviation is 100{nH(5)  
- n(+) ) /n(C) ,  which overestimates the accuracy of the com- 
putation of the Hilbert transform that actually calculates 
AnH(+) = q 4 ( C )  - n(m) .  A percent deviation of 0.05% in nH 
corresponds to a percent deviation of about 1% in AnH(+).  
The accuracy appears to be limited by the resolution with 
which the first Fourier transforms are defined. Zero-filling 
increases this resolution, and leads to a more accurate result 
for An,(C) from the second transform. 

In passing it should be noted that the addition of an extra 
zero point after the 0 cm-' point in some of the algorithms 
is not essential. For the BZ algorithm, omission of this extra 
zero causes the AnH(:) output to start at point N, + 2 in- 
stead of at N2 + 1, and for Ohta's algorithm its inclusion 
causes the AnH(+) output to start at point 2N, + 1 instead of 
2N2 + 3. 

We have tested the effect of relaxing the requirements of 
extending the data to zero and making the k(C) spectrum an- 
tisymmetric. We have used the BZ algorithm, but ( a )  with- 
out extending the k(5)  spectrum to 0 cm-', and ( b )  extending 
it to 0 cm-' but folding the array to make a symmetrical array 
instead of inverting it to make an antisymmetrical array. In 
case ( b )  the accuracy of the results was as poor as that in our 
original method and Marshall's method. In case ( a ) ,  the ac- 
curacy at high wavenumber was essentially the same as for 
the BZ algorithm, but deteriorated at low wavenumbers. The 
deterioration was to 0.4% and 1% when the lowest wave- 
numbers in the k(C) spectrum were 50 and 250 cm-', re- 
spectively. Thus both requirements are necessary for results 
accurate to 0.05 to 0.1%. 

Results: transform from n(G) to k(C) 

We have based an algorithm for Hilbert transformation 
from n ( 5 )  to k(5)  on the BZ algorithm for k(5)  to n ( 5 ) ,  with 
the necessary logical changes. First n(5-) is subtracted from 
the n ( 5 )  to give An(+). The An(5) spectrum is then extended 
to 0 cm-' by adding the value of An(5)  at the lowest wave- 
number instead of by adding zeros. The extra point below 
0 cm-' is added, not as a zero but as the value of An(5) at 

FIG. 1 1. Results of Kramers-Kronig and Hilbert transforms from 
tz(V) to k(V). Lower box, the correct k(6) (curve (a)) and those cal- 
culated by KK (curve (b)) and Hilbert (curve (c)) transformation 
of the simulated n(6) spectrum of methanol. The three are indis- 
tinguishable on this scale. Upper box, deviations of the trans- 
formed k ( i )  from the correct k(6) as a percentage of the largest k 
value in the spectrum (Fig. 2) for the KK transform (curve (b)) and 
the BZ Hilbert transform (curve (c)). 

the lowest wavenumber, and the array is then folded about 
this point to create an array that is symmetrical. N2 zero points 
are then added to the beginning of the array and N, - 1 are 
added to the end, to create a symmetric array of length 2 X 

2M. 
If the An(5)  spectrum is extended to 0 cm-' with zeros, 

the calculated k(5)  decreases steadily with decreasing wave- 
number to a value - 10% of the highest peak. If the extra 
point is zero instead of the constant value, the discontinuity 
on the input to the FFT causes ripples on the transform. 

This array is the real input to the FFT in REAL mode in 
step 2 of the Hilbert transform algorithm. The Fourier 
transform consists of a zero imaginary array and a nonzero 
real array, both of size 2M. In step 3 of the algorithm, the 
second half of the real transform is zeroed. and a further 2M 
zero points are added to the end of the array. The resulting 
array is input to the FFT in step 4 and in step 5 the k(5)  
spectrum is obtained from the imaginary transform array from 
step 4 ,  starting at the N2 + 1 point for the highest wave- 
number and running to increasing index with decreasing 
wavenumber. 

Figure 11 shows the results obtained for the simulated 
methanol spectrum of Fig. 2. The lower box contains the 
correct k(+) spectrum (curve (a)), that calculated by Kramers- 
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FIG. 12. k(S) to n(S) transform of truncated k(S) files. Lower box: 
curve (a), the complete k(S) spectrum; curve (b), the k(S) spec- 
trum truncated at 700 cm-'; curve (c), curve (b) extended linearly 
to 0 at 0 cm-'; curves (b) and (c) are offset for clarity. Upper box: 
curve A, the correct n(S) spectrum; curves BK and CK, nK(S) ob- 
tained by KK transformation of curves (b) and (c) of the lower box; 
curves BH and CH, nH(S) obtained by BZ Hilbert transformation 
of curves (b) and (c) of the lower box. 

Kronig transform (curve (b)), and that calculated by this BZ 
Hilbert transform (curve (c)). The KK transform is slightly 
higher than the other two at high wavenumbers. The upper 
box shows the deviation of the calculated and correct k val- 
ues as a percentage of the largest k value in the spectrum for 
the Kramers-Kronig transform (curve B) and for the BZ 
Hilbert transform (curve C). The maximum deviation is about 
-0.2% of the largest k value for the Hilbert transform and 
about +0.5% for the Kramers-Kronig transform. The same 
result was obtained for acetic acid. For single band spectra 
(Fig. 1) deviations were smaller; the greatest deviation for 
the BZ Hilbert transform was 0.06% for FWHH = 4 cm-' 
and -0.04% for FWHH = 50 cm-', and for the KK trans- 
form 0.07% for 4 cm-' FWHH and +0.1% for 50 cm-'. For 
4 cm-I FWHH the deviations were on the sides of the peak 
while for 50 cm-I FWHH and the complex spectra they were 
as shown in Fig. 11, upper. Zero-filling does not improve 
the accuracy of our n(5) to k(5) Hilbert transforms. 

Results: transforms from k(S) to n(S) 
for truncated k(S) spectra 

It frequently happens that experimental k(5) spectra are 
incomplete and end halfway up an absorption band rather than 
in the baseline. In such cases neither Kramers-Kronig nor 

Hilbert transforms can be expected to give correct results, 
indeed the correct results are unknown. Sometimes, how- 
ever, the complete spectrum is known, but it is necessary to 
refine a partial spectrum on its own before merging it with 
previously recorded spectra to cover a broader wavenumber 
range. Thus it is of interest to explore whether modifica- 
tions can be made to a k(5) spectrum that terminates above 
the baseline, in order to improve the tz(5) spectrum calcu- 
lated from it. 

We have found that a simple procedure similar to trian- 
gular apodisation usually improves the transformed result. 
Figure 12 shows in the lower box the full k(5) spectrum 
simulated for methanol (curve (a)), offset from the k(5) 
spectrum truncated at 700 cm-I (curve (b)), which in turn is 
offset from the k(c) spectrum truncated at 700 cm-' and lin- 
early extended from the last point to k = 0 at 0 cm-I (curve 
(c)). The upper box shows the correct n(5) spectrum (curve 
A) and those obtained by KK transformation (curves BK and 
CK) and by BZ Hilbert transformation (curves BH and CH). 
The n(5) spectra obtained by KK transformation are indis- 
tinguishable from those obtained by BZ Hilbert transfor- 
mation in the figure. Comparison of curves BK and CK (or 
BH and CH) shows that the linear extension to low wave- 
number improves the transform of the truncated file. Quan- 
titatively, the percent deviations from the correct n(5) are 
reduced from about 10% to about 1%. 

This method of extending the k(5) spectrum to zero at 
0 cm-I has been applied to acetic acid, and to many other test 
systems with and without peaks below the truncation point. 
It leads to an improvement in the deviations at low wave- 
numbers by a factor of about 10 in all cases. 
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Appendix 
C SUBROUTINE FFT(HLBT,N ,N2POW ,X,Y) 
C X - REAL ARRAY, Y - IMAGINARY ARRAY 
C 2N - NUMBER OF POINTS IN ARRAY X ON 
C ENTERING SUBROUTINE FOR FFT OF REAL 
C DATA. 
C N - NUMBER OF POINTS TO BE TRANS- 

FORMED IN EACH ARRAY, X,Y; N = 2N2P0W 
C HLBT=O - COMPLEX FFT, OTHERWISE, REAL 
C FFT 

SUBROUTINE FFT(HLBT, N, N2POW, X, Y) 
REAL I, 11, 12, 13, I4 
INTEGER HLBT, PASS, SEQLOC, L(15) 
DIMENSION X(1), Y(l) 
EQUIVALENCE (L13,L(1)), (L12,L(2)), (L11 ,L(3)), 
(LlO,L(4)), (L9,L(5)), (L8 ,L(6)), (L7 ,L(7)), 

+ (L6,L(8)), (L5,L(9)), (L4,L(10)), (L3,L(1 I)), 
+ (L2,L(12)), (L1 ,L(13)), (LO,L( 1411, (LA,L( 15)) 

C SHUFFLING DATA FOR REAL FFT 
IF(HLBT.EQ.0) GOT0 102 
DO 101 K= l,N 
K2=K*2 
X(K)=X(K2- 1) 

101 Y(K)=X(K2) 

C FFT; COOLEY-TUKEY ALGORITHM 
102 NTHPOW =2**N2POW 

N4POW =N2POW/2 
IF(N4POW. EQ. 0) GOT0 3 
DO 2 PASS= 1 ,N4POW 
NXTLTH=2**(N2POW-2*PASS) 
LENGTH=4*NXTLTH 

SCALE= 6.283 185307/LENGTH 
DO 2 J= 1 ,NXTLTH 
ARG=(J- 1)"SCALE 
C 1 =COS(ARG) 
S 1 = SIN(ARG) 
C2=C1"C1-S1"S1 
S2=C 1 "S l"2 
C3=Cl*C2-Sl"S2 
S3=C2"Sl +S2*C1 
DO 2 SEQLOC=LENGTH,NTHPOW,LENGTH 
J l=SEQLOC-LENGTH+ J 
52 = J 1 + NXTLTH 
J3= J2+NXTLTH 
54 = 53 + NXTLTH 
R1 =X(J 1)+X(J3) 
R2=X(J1)-X(J3) 
R3 = X(J2) + X(J4) 
R4=X(J2) - X(J4) 
11 =Y(Jl)+Y(J3) 
12=Y(Jl)-Y(J3) 
13=Y(J2)+Y(J4) 
14=Y(J2) - Y(J4) 
X(Jl)=Rl +R3 
Y(J1)=11+13 
IF(J .EQ. 1) GOT0 1 
X(J3)=Cl*(R2+14)+Sl*(I2-R4) 
Y(J3)=-Sl"(R2+14)+Cl*(I2-R4) 
X(J2)=C2*(Rl -R3)+S2"(11-13) 
Y(J2)=-S2"(Rl-R3)+C2*(11-13) 
X(J4)=C3*(R2-14)+S3*(12+R4) 
Y(J4)=-S3*(R2-14)+C3*(12+R4) 
GOT0 2 

1 X(J3)=R2+14 
Y(J3)=12-R4 
X(J2)=Rl -R3 
Y(J2)=11-I3 
X(J4) = R2 - I4 
Y(J4)=12+R4 

2 CONTINUE 
3 IF(N2POW .EQ.2*N4POW) GOT0 5 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BERTIE AND ZHANG 

DO 7 J1 l=JlO,Lll ,LlO 
DO 7 J12=Jll,L12,L11 
DO 7 JI=J12,L13,L12 
IF(IJ.GE. JI) GOT0 7 
R= X(1J) 
X(1J) =X(JI) 
X(J1) = R 
I=Y(IJ) 
Y (IJ) = Y (JI) 
Y(JI)=I 

7 IJ=IJ+l  

C POST-PROCESSING FOR REAL FFT 
IF (HLBT . EQ. 0) RETURN 
ARG = 3.14 15927 /FLOAT(N) 
C1 =COS(ARG) 
S 1 = - SIN(ARG) 
C l J X = l .  
SlJX=O. 
N2=N/2 
N2P1 =N2+ 1 

DO 20 J=2,N2P1 
NP2MJ=N+2-J 
SORR 1 =X(J) + X(NP2MJ) 
SORI 1 =Y(J)-Y(NP2MJ) 
R=ClJX 
ClJX=ClJX"Cl-SlJX"S1 
SlJX=R"Sl+SlJX*Cl 
SORR2=X(J) - X(NP2MJ) 
SORI2 = Y(J) + Y(NP2MJ) 
SORR3=C 1 JX"SORR2-S 1 JX"SORI2 
SORI3 =C 1 JX*SORI2+ S 1 JX*SORR2 
Y(J)=0.5"(SORI 1 -SORR3) 
X(J) =0.5*(SORR 1 + SORI3) 
IF(J .EQ.N2P1) GOT0 20 
Y(NP2MJ)= -0.5"(SORIl +SORR3) 
X(NP2MJ)=0.5*(SORRl -SORI3) 

20 CONTINUE 
X( l )=X( l )+Y( l )  
Y(l)=O. 
RETURN 
END 
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A test of composite natural orbitals for benzene 
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YUICHI YAMAMOTO, TAKESHI NORO, and KIM10 01-INO. Can. J. Chem. 70, 532 ( 1992). 
Approximate natural orbitals (NO's) of a larger system can be constructed from the NO'S of smaller fragment sys- 

tems. These orbitals, called composite NO's (CNO's) are expected to be useful in configuration interaction (CI) calcu- 
lations. The effectiveness of these NO's is shown for the benzene molecule. This molecule is considered a combination 
of three ethylenes. The CI calculations were carried out for the S ,  - S, and T I  - T ,  states. We take into account single 
and double excitations from a and a electrons in the CI calculations. The calculated excitation energies are in good 
agreement with the experimental values. 

Key words: benzene, a-a* excited state, composite natural orbital, ionic and covalent, SDCI. 

YUICHI YAMAMOTO, TAKESHI NORO et KIMIO OHNO. Can. J .  Chem. 70, 532 (1992). 
On peut construire des orbitales naturelles (ON) approximatives de systkmes plus grands partir d'ON de systkmes 

formks de fragments plus petits. On s'attend a ce que ces orbitales, que l'on appelle orbitales naturelles composites (ONC), 
soient utiles dans les calculs d'interactions de configuration (IC). On a dCmontrC l'efficacitk de ces ON avec la molCcule 
de benzkne. On considkre la moltcule comme une combinaison de trois molkcules d'kthylkne. On a effectuk des calculs 
d'IC sur les Ctats S ,  - S, et T I  - T,. Dans les calculs d'IC, on tient compte des excitations simples et doubles a partir des 
Clectrons a et a. Les energies d'excitation calculkes sont en bon accord avec les valeurs e~~kr imenta les .  

Mots cle's : benzkne, Ctat excitt a-a*, orbitale naturelle composite, ionique et covalent, ICSD. 
[Traduit par la rkdaction] 

1. Introduction ~ 
In quantum-chemical calculations beyond the Hartree- 

Fock level, CI is widely used for obtaining electronic states 
of molecules because of its simple concept and highly de- 
veloped codes available for many types of computers. But 
CI has a serious defect in that the number of configuration 
state functions (CSF's) increases rapidly as the used or- 
bital basis set becomes larger. For most molecules, there- 
fore, a full CI calculation is almost impossible to carry out 
without the truncation of its expansion. It is well known that 
the convergence of CI expansion depends on the choice 
of the orbital set. Self-consistent field molecular orbitals 
(SCFMO's) commonly used in CI are not adequate for de- 
scribing electron correlation. The canonical SCF virtual 
MO's are determined under the influence of N + 1 elec- 
tron potential, so that they have only small amplitudes in 
the region of space covered by the occupied orbitals and 
thus are not suitable in describing electronic correlation. It 
was proved that NO's give the fastest convergence in two- 
electron systems. It is generally believed that NO's give the 
fastest convergence in CI expansion. A drawback about 
NO's is that they cannot be obtained before a CI calcula- 
tion. 

There are several attempts (1-4) to obtain approximate 
NO's without actually carrying out the CI calculation of a 
target system. These approximate NO's show definitely better 
convergence than the ordinary canonical SCFMO's. We have 
proposed another way of preparing approximate NO's. A 
molecule can usually be regarded as consisting of frag- 
ments. Composite natural orbitals (CNO's) are constructed 
from NO's of fragments. These orbitals gave excellent con- 

'present address: Center for Information Processing Education, 
Hokkaido University, Sapporo 060, Japan. 

'present address: National Center for Science Information Sys- 
tems, Otsuka 3-29-1, Bunkyo-ku, Tokyo 1 12, Japan. 

vergence in the calculation of excitation energies of C4H6 (5) 
and bipyrrole (6). Its effectiveness has also been shown in a 
CI calculation of free base porphine (7). The aim of this work 
is to investigate convergence of the CNO that is constructed 
from C2H4 as a fragment of benzene. 

The benzene molecule is a typical aromatic molecule. 
The T-electron theory of Hiickel (8) and the resonance 
theory of Pauling and Wheland (9) were formulated using 
benzene as an example. The first ab-initio SCF calcula- 
tion was carried out by Schulman and Moskowitz (10). A 
large SCF calculation for the ground state by Almlof and 
Faegri yielded SCF energy within 0.03 hartree of the es- 
timated Hartree-Fock limit (1 1). The first CI calculation 
was carried out by Buenker, Whitten, and Petke (12). An 
extensive CI study of the excited states was carried out by 
Hay and Shavitt using a double zeta basis set and included 
single, double, and triple excitations of T electrons (13). 
The excitation energies of S , ,  TI,  and Tz were in agree- 
ment with experiment. However, for S2, S3, and T3 the 
excitation energies were still higher than the experimental 
result by 1.0 eV. Matos, Roos, and Malmqvist performed 
CASSCF (14-18) contracted CI (CCI) (17) calculations 
using a double zeta basis set augmented with a 3d-type 
polarization function and diffuse p-type functions on car- 
bon (18). They included correlation effects of a electrons 
that reduced the errors in the S,, S3, and T3 states to less 
than 0.6 eV. Kitao and Nakatsuji carried out the SAC-CI 
(19, 20) calculation on valence and Rydberg excited states 
and ionized states of benzene using a double zeta basis set 
plus a 3d,-type polarization function and diffuse functions 
on carbon (21). They also considered the a correlation ef- 
fects and some higher excitations. The calculated excita- 
tion energies agreed with the experimental values to within 
0.5 eV except T,. 

The second purpose of this work is to find out how close 
the present calculations using CNO's compare with the pre- 
vious CI calculations of benzene (1 8, 2 1). 

Rinted in Canada 
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The method of calculation is described in Sect. 2, results 
and discussion in Sect. 3,  followed by concluding remarks. 

2. Method 
2.1 Basis set and molecular structure 

Split-valence basis sets of Tatewaki and Huzinaga (22) 
were employed. Two diffuse p functions were added on the 
carbon atoms. The exponents are 0.03477 and 0.01074 as 
recommended by Hay and Shavitt ( 1  3). The total number of 
contracted Gaussian-type orbitals (CGTO's) is 102. How- 
ever, the set has near linear dependence. To remove numer- 
ical difficulty, the basis set was reduced by projecting out the 
lowest two eigenvectors of the overlap matrix. The elimi- 
nated orbitals were both a type. 

For benzene, we tookothe bond lengths of C< and C-H 
to be 1.397 and 1.084 A as determined by Raman spectros- 
copy (23). 
2.2 Computational procedures 

The procedure of the calculation was as follows: ( I)  A SCF 
calculation was carried out on the ground state. (2) Prelim- 
inary CI calculations were performed to identify the main 
configurations of S,  - S,, T I  - T, states by using the canon- 
ical ground state SCF orbital. These CI's included all single 
excitations from the ground state configuration except the Is 
orbitals of carbon. A few main configurations were selected 
as a reference function (cf. Table 3). (3) SCF or single ex- 
citation CI(SC1) calculation from the reference functions 
mentioned above was performed for each state to prepare the 
occupied MO's. (4) A SDCI calculation was carried out on 
the ground state of ethylene to obtain the natural orbitals 
(NO's). (5) By merging the occupied MO's with the ap- 
proximate NO's constructed from the fragment systems, a 
CNO set was prepared for each state (5). (6) The following 
three different levels of CI calculations were carried out us- 
ing the CNO sets. (a)  In the first level of CI, referred to nCI, 
single and double excitations of n electrons from the refer- 
ence configurations were taken into account. (b) In the sec- 
ond level of CI, referred to anCI1, we included single and 
double excitations of a and n electrons from the reference 
configurations except simultaneous double excitations of a 
electrons. By this CI, electronic correlations between a and 
n electrons are considered but those among a electrons are 
not. (c) In the third and most extensive CI in our treatment, 
referred to unCI2, all single and double excitations of u and 
n electrons from the reference configurations were taken into 
account. 

Since the number of configuration state functions (CSF's) 
was too large, we used the second order perturbation theory 
to select the more important CSF's from the set of produced 
CSF's. The selection threshold of -50 pHartree was used. 
The effect of the rejected configurations on the energy, AE, 
was estimated by 

where a and c spaces were spanned by the reference func- 
tions and the rejected CSF's, respectively, and Ck and EcI are 
the eigenvector and eigenvalue of the Harniltonian within the 
selected space (24). When all virtual orbitals are used as 
correlating orbitals, the eigenvalue should not depend on the 
orbital set by which excitations are represented. However, 
when we select more important CSF's, the resultant energy 

TABLE 1 .  SCF results for the 
ground state 

Orbital Orbital energy (au) 

TABLE 2. Total energies" (au) 

K N ~  MRMc This work 

SCF -230.660466 -230.7282 -230.35476 

ITCI -230.74818 -230.43452 
(2.39eV) (2.17eVI 

ulTCI2 -230.8581 1 -231.1131 -230.84359 
(5.38eV) (10.47eV) (13.30eV) 

"Correlation energies in parentheses. 
*Reference 2 1 .  
'Reference 18. 

EcI + AE depends on the choice of orbital set. The CNO set 
is expected to give a more accurate estimated energy than the 
SCFMO set. 

3. Results and discussion 
3.1 Total energies resulting from SCF and CI calculations 

The SCF orbital energy is shown in Table 1. Table 2 gives 
the total energies and the correlation energies of the ground 
state obtained by the SCF and CI calculations compared with 
the previous calculations. 

The correlation energy of anCI2 is - 13.30 eV, which is 
more than twice that of unSACCI (21). Kitao and Nakatsuji 
truncated 35% of u orbitals and selected the important op- 
erators by a perturbation selection technique to decrease the 
size of calculations. The SCFMO's of the ground state were 
used to represent the reference configurations and the exci- 
tation operator. As shown in the following section, trunca- 
tion of orbitals causes serious loss of correlation energies 
when the SCFMO's are employed. This is probably the rea- 
son they obtained only 40% of the correlation energy in the 
present calculation in spite of the inclusion of a polarization 
function and higher excitations. Thus, their good agreement 
on excitation energies might be a result of fortuitous can- 
cellation of errors. Although Matos et al. obtained the low- 
est total energy published so far, their correlation energy of 
10.47 eV is still smaller than ours. They employed a larger 
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TABLE 3. Reference configurations and weights in unCI2 

State Configuration No. of CSF Weight 

TABLE 4. Excitation energies 

State MRM KN" nCI unCI1 unCI2 Expt. 

"Reference 18. 
'Reference 2 1 .  
"Reference 26. 
dReference 27. 

basis set than ours and they also took into account the dou- 
ble excitations of u electrons with the CCI approach. In the 
CCI, doubly excited configurations are contracted into pair 
functions whose coefficients are obtained through second 
order perturbation theory. This contraction might explain 
some of the loss of the correlation energy. 

Table 3 gives the reference configurations and the weight 
of reference functions c:',',Ic,I', which is expected to be a 
good index to measure the accuracy of a CI wavefunction 
(25). Since the weight of the each level was the same for all 
states of interest, our CI calculations seem to be impartial for 
all states. 

3.2 Excited states 
In Table 4 and Fig. 1, we show the calculated excitation 

energies of CI calculations with the experimental results for 
S, - S,, T ,  - T,. The aCI calculation yielded good results for 
S,  , T I ,  and T2.  But the excitation energies for S?, S,, and T,  
are 1 eV higher than experiments. 

Inclusion of correlation effects of a and u electrons 
(uaCI1) caused the lowering of 0.7 eV for S2, S, and T,; 
however, it raised the excitation energies thus increasing 
discrepancies with experiment for S , ,  T,, and T,. Inclusion 
of u-u correlation effects (uaCI2) gave considerable low- 
ering in all excitation energies. For S, and triplet states, we 
obtained excellent agreement with experiment. For S2 and 
S,, we still had a small discrepancy of 0.25-0.30 eV that 
would be reduced by using the larger basis sets. 

From the valence bond theory, these valence excited states 
can be classified in ionic and covalent states. The covalent 
states include S2, T , ,  and T2.  The ionic states are SZ, S3, and 
T,. The importance of u-a and u-u correlation effects has 
been stressed for the ionic states (28-32). The results of 

FIG. 1. Comparison of the theoretical and observed excitation 
energy of S l  - S3,  T I  - T 3  states. 

5.0 

4.5 

4.0 

3.5 

uaCI1 and uaCI2 show that they also exert a significant ef- 
fect to the covalent states. 

Matos et al. (18) included u-u correlation effects; how- 
ever, they could not obtain good excitation energies. They 
selected the reference configurations having the largest weight 
in the CASSCF wavefunction. The weight of reference space 
varied from 80% to 95% for different excited states. They 
mentioned that this imbalance might explain some of the re- 
maining errors even if this part of the error is rather small. 
However, the present result shows that a well-balanced 
treatment for all states is extremely important to obtain more 
reliable results. 

.:<::--. ..__ 
..__ 

5, 
-. ..__ 

T, 

- T I  

nCI  a n C l l  anCl2 obr. 

3.3 Convergetzce of CNO 
To demonstrate the effectiveness of CNO, a series of 

truncated CI calculations were performed for uaCI2. First, 
we tested the convergence for the truncation of u correlat- 
ing orbitals. The number of u correlating orbitals was re- 
duced from 58 to 52,44, 36, 32, 28,24, 20, 16, and 12 and 
all a correlating orbitals was kept. To show the kind of cal- 
culations, we used (N,/N,) as symbols, where N, and N, 
mean the number of correlating orbitals used for us and a 
orbitals, respectively. The calculation (58/21) corresponds 
to the untruncated CI. 

The result is shown in Fig. 2. The CI calculations using 
CNO's give a rapid convergence in comparison with 
SCFMO's. In (24/21), the correlation energy of about 90% 
is obtained with CNO but only about 20% with SCFMO. 
In the calculation of Kitao and Nakatsuji, 35% of the u 
SCFMO's (15 MO'S) were truncated to reduce the size of 
calculation. From Fig. 2, the truncation of 35% of u 
SCFMO's would cause a loss of 55% of the total correla- 
tion energy. 

Second, we tested the convergence for the truncation of 
a correlating orbitals. The number of a correlating orbitals 
was reduced from 21 to 17, 13 and 9 while keeping the 
number of u correlating orbitals to be 36. 

The results are shown in Figs. 3 and 4. For the ground 
state, S states and T states, the total energies for (36/9) 
went up only about 0.5 eV in comparison with (58/21). In 
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_ _ - - -  
SCFMO 

FIG. 2. Convergence of total energies of the 'A,  state for the 
truncation of u correlating orbitals. The lines show the correlation 
energies. 

FIG. 3. Convergence of total energies of S ,  - S3 states for the 
truncation of T correlating orbitals. Nu is kept at 36. The lines show 
the energy differences, (36/N,) - (36/21) ('A,). 

Table 5,  we show the calculated excitation energies of trun- 
cated CI calculations for S ,  - S,, TI - T,. The excitation 
energies have changed only about 0.2 eV between (58/21) 
and (36/9). This means that the truncated CI for the ground 
state and excited states using CNO produces the results close 
to the untruncated CI values. 

4. Concluding remarks 

The present CI calculations used CNO, which yields ex- 
cellent convergence of the CI expansion for the ground state 
and excited states. For the ground state, the correlation en- 
ergy of 90% can be obtained when we truncate the a corre- 
lation orbitals from 50 to 24. The error in excitation energies 
caused by the truncation of .rr orbitals from 21 to 9 is only 
0.2 eV. Thus, the CNO's are expected to be quite useful for 

FIG. 4. Convergence of total energies of T I  - T3 states for the 
truncation of T correlating orbitals. Nu is kept at 36. The lines show 
the energy differences, (36/N,) - (36/21) ('A,). 

TABLE 5 .  Excitation energies by truncated CI 

State (58/21) (36/17) (36/13) ( 36 /9 )  Expt. 

"Reference 26. 
b~eference 27. 

CI calculations of a larger system including a cyclic sys- 
tem, where orbital truncation is necessary. 

The CI calculation gave better results for excitation ener- 
gies compared with the previous calculations. For SI and 
triple states, we obtained excellent agreement with experi- 
ment. For S ,  and S,, we still have a small discrepancy of 
0.25-0.30 eV that will be reduced by using a much larger 
basis set. Inclusion of correlation effect of a electrons is 
important in both the so-called covalent and ionic states. 
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kindness. Professor Huzinaga has always been sincere, 
gentle, nice, and good to his friends all these years. 
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S. FLISZAR, N. DESMARAIS, and G. DANCAUSSE. Can. J.  Chem. 70, 537 (1992). 
The subdivision of an atom into an inner core and an outer valence region reveals an interesting statistical aspect about 

the Hartree-Fock (HF) eigenvalues, E;, and the electron populations in the valence region, N:, namely C,N:ej = T v  + 
Vi, + V:,' + 2Vl,', where T v  and Vi, are, respectively, the kinetic energy and the nuclear-electronic potential energy of 
the C,NY valence electrons, V,': the interelectronic repulsion confined within the valence region, while V:,' is the repul- 
sion between the core electrons and those of the valence region. This relationship (and a similar one for the core region) 
holds for any number of electrons arbitrarily assigned to the core, but is accurate only for HF (or near-HF) wave func- 
tions. This leads to a definition of the valence region energy, CiNyei - V,',' = T v  + V:, + Ve: + V::, which, however, 
cannot be compared to the energy actually required for the removal of the outer electrons, because relaxation is not ac- 
counted for. An accurate energy expression has also been derived, E v  = f (V:, + V:: + C,NYe,), which measures the 
actual withdrawal of the valence electrons. The latter expression requires the use of discrete values of Nc, the number 
of electrons assigned to the core, namely N' = 2 for the first-row and Nc  = 10 e for the second-row elements. 

Key words: atoms, core-valence separation. 

S. FLISZAR, N.  DESMARAIS et G.  DANCAUSSE. Can. J. Chem. 70, 537 (1992). 
Le dCcoupage d'un atome en une rCgion interne et une rCgion de valence externe conduit a une relation exacte impli- 

quant les populations Clectroniques de valence, Ny, et les valeurs propres de Hartree-Fock, ej, soit CiNYej = T v  + V:C 
+ Vzi + 2V::, ou T v  and V:, sont, respectivement, I'Cnergie cinCtique et I'Cnergie potentielle noyau-Clectron des Clectrons 
de valence, V,': est la rCpulsion interklectronique dans cette rCgion et VE,' est la rkpulsion entre les Clectrons internes et 
ceux de valence. Cette relation (ainsi qu'une expression similaire pour la rCgion interne) s'applique quelque soit le nombre 
d'klectrons, N', associCs a la rCgion interne. Elle conduit a une Cnergie de la couche de valence, CiNYei - V,',' = T v  + 
Vi, + V:: + Vl,', qui traduit un Ctat de fait mais ne correspond pas a une ionisation physique. Cette dernikre est bien 
dCcrite par I'Cnergie de valence E v  = f (V:, + V:,' + C,NYei), qui n'est valable que pour des valeurs discretes de Nc, 
soit N' = 2 pour les ClCments de la premiere rangCe et NC = 10 e pour ceux de la deuxieme. 

Mots cle's : atomes, Cnergie de valence. 

1. Introduction 
The idea of subdividing an atom into an inner core and an 

outer valence region is not a new one. Though intuitively 
appealing - "much of the chemistry resides in the valence 
region" - such a core-valence separation is by no means 
obvious. Indeed, no electron can be assigned to any region 
in particular, because each individual electron occupies the 
entire atom. In turn, we can construct arguments rooted in 
the notion of electron density, p(r), building on the fact that 
the exact nonrelativistic ground-state energy of an atom, E, 
can be expressed in terms of the electrostatic potential at its 
nucleus (1) or, more generally (2), because E is a functional 
of p(r). 

Along these lines, Politzer and Pan (3) offered an ap- 
proximation for the valence region energy, E v ,  

-m 

3 
[ l ]  E v  = -- (Z - Nc) 4nrp(r)dr 

7 J r b  

in which Nc is the number of electrons in the core region of 
an atom with nuclear charge Z and r, defines the boundary 
separating the core from the valence region. The factor 3/7 
is brought in by the Thomas-Fermi theory (4) involved in 

4nrzp(r). It is certainly reassuring to find a recognizable 
feature suggesting a justification for the selection of a 
boundary surface. But it remains that, in the last resort, any 
selection is largely arbitrary. Here we reformulate the ques- 
tion by asking about the energy of the outer electrons, which 
could be measured by the energy required to remove them. 
This implies the notion of integral numbers of electrons in 
the core and valence regions. Specifically, we consider here 
first-row elements with two core electrons, and second-row 
elements with 10 core electrons. Inroads will also be dis- 
cussed, however, taking r, at the minimum of the radial 
distribution function, as well as other possible definitions of 
the core region. 

Sharply contrasting with approaches rooted in the Thomas- 
Fermi model, we tackle the problem within the framework 
of Hartree-Fock theory. The familiar Hartree-Fock orbital 
energies are part of our description and we take full advan- 
tage of these eigenvalues. A core-valence separation is de- 
scribed, new energy formulas are given, but, at the end, all 
this will bring us back to an expression resembling eq. [I], 
assessing its true merits. 

2. Methodology 
the eq. [I]. A number studies ( 5 )  have ex- Consider a sphere of radius r, centered at the nucleus. The 
plaited this Thomas-Fermi-like and have electron populations N,,, N,,, . . . , contained in this sphere 
mately led to an approximate but accurate description of are 
molecules (6). 

The Politzer-Pan partitioning defines the boundary sur- 
face separating the core and valence regions at the mini- 121 N,(r) = v, 1 &rr2)+,(r)12dr 
mum of the radial distribution function, R(r) = R(r) = 
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where the +,'s are normalized Hartree-Fock orbitals occu- 
pied by v, electrons. The total core population, Nc, is then 

where r = rb defines the boundary surface separating the core 
and valence regions. Similarly, the valence populations are 

The Is, 2s, . . . , electrons are well entangled in the inner re- 
gion and, of course, also in the outer valence region. Briefly, 
in examining the energy associated with the "valence elec- 
trons" we must deal with a mix-up of electrons assigned to 
different Hartree-Fock orbitals +,, each one with its own 
eigenvalue E,. 

These Hartree-Fock energies are reasonably good ap- 
proximations to the orbital energies of an atom, as deter- 
mined by X-ray and optical spectroscopy term values. We 
take them at their face value, in their integrality, as the 
energies of the individual electrons, knowing, of course, that 
each of these orbital energies is computed over the entire atom 
and that no localization of the individual electrons in certain 
regions of space should be attempted. Under these circum- 
stances, all we can do is to evaluate the amount of energy 
statistically accumulated in a given region, using the densi- 
ties of the electrons assigned to the various orbitals +,,, &,, 
. . ., with orbital energies El,, E ~ ~ ,  . . ., respectively. Hence 
we associate the electronic energies 

and 

p(r> 
V :  = Z 1: - dr  = nuclear-electronic potential 

r energy of the valence 
electrons (outside the 
boundary rb), 

Tc = kinetic energy of the core electrons, 

Tv = kinetic energy of the valence electrons, 

V:: = repulsion between the (Z - Nc) valence 
and the Nc core electrons, 

V:,' = electron-electron repulsion involving only 
the electrons of the valence region, 

V',: = electron-electron repulsion between 
core electrons. 

The nuclear-electronic potential energies are readily ob- 
tained from 

and the use of the appropriate limits of integration. Simi- 
larly, itA is easy to separate the kinetic energy, T = 
zivil+TT+idr, into a core contribution and a part associated 
with the valence region by using the appropriate limits of 
integration. 

The separation of the V::,  V::,  and V:: parts of the total 
interelectronic repulsion V,, also follows from appropriate 
selections of the integration limits. The Coulomb integrals 

with the core and valence regions, respectively. Our objec- 
tive is to find the relationship between ~ , N : E ,  and the en- and the integrals 
ergy of the valence region. The precise definition of the latter 
is momentarily postponed. 

Now we switch to something else and pay attention to the 
I 

individual kinetic and potential energy components of inter- r12 
est, namely 

were deduced with the help of the standard expansion of 
d r  = nuclear-electronic potential l / r I 2  in terms of spherical harmonics (7). The integration 

energy involving only the goes over the spatial coordinates of electrons 1 and 2, with 
core electrons (inside the d ~ ,  = r~sinOldOldqldrl and a similar expression for d~~ Let 
boundary rb) , us write these integrals in shorthand notation: 

Representing the angular part by A ,  

we rewrite I as follows: 
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FLISZAR ET AL. 

The Coulomb and exchange integrals are thus conveniently 
separated into three contributions, namely 

Icc = rr . . . d ~ ~ d r -  

for the calculation of the V::, V::, and V:: repulsion ener- 
gies, respectively. 

This completes the breakdown of the kinetic and poten- 
tial energies into core and valence contributions, for future 
use. We now proceed with the theory. 

3. Theory. The "unperturbed" atom 
Let us begin with a simple energy balance involving or- 

bital energies. The potential energy part of e, includes, in an 
average way, the repulsion energy between electron i and all 
the other electrons of the atom. The sum of orbital energies, 
C,v,e ,  = C,Nye,  + C,N;e , ,  thus counts each interelectronic 
repulsion twice. And the Hartree-Fock energy of an atom 
is 

where Vee is the interelectronic repulsion energy including 
exchange. This means that C,NYe, includes some double- 
counting of interelectronic repulsions, say Vee(valence). So 
does C,N;e , ,  with Vee(core). On these grounds we define 

So far, we are deliberately vague as regards the energies, but 
this is just a temporary situation. Let us proceed with our 
energy balance. CiNYei also includes V::, the repulsion be- 
tween the valence and the core electrons. So does CiN;e i .  But 
the double-counting of V:: only occurs when we form the 
sum C,Nye,  + CNre, ,  which includes twice 

[9] Vee = V:: + Vee(valence) + Vee(core) 

Finally, we obtain from eqs. [6]-[9] that 

We now use eq. [71 for the description of El, , , ,  the va- 

lence energy of an unperturbed ground-state atom, meaning 
that there is no intent on our side of stripping it of its elec- 
trons. We observe this atom "as it is," after our mental sub- 
division into a core and a valence region. The interelectronic 
repulsion energy involving only the electrons associated with 
the valence region is V::, which is unambiguously given by 
applications of standard formulas for Coulomb and ex- 
change integrals. This V:: is used in eq. [7], which be- 
comes 

The validity of this equation rests entirely with the validity 
of our description, C,Nye, ,  of the electronic energy statisti- 
cally accumulated in the valence region. 

On the other hand, we can also express the total energy 
found in the valence region in a more conventional way, 
namely as the sum of the kinetic and potential energies as- 
sociated with the valence electrons, i.e., 

Thus we obtain that 

and its companion 

(The latter follows immediately because the individual core 
and valence terms add up correctly to give the correspond- 
ing totals for the entire atom, e.g., T'"'"~ = T v  + TC.) This 
result is exact and holds for any arbitrarily selected value of 
Nc, as illustrated by the numerical examples presented and 
discussed in Sect. 5 .  The statistical concept embodied in 
CiNYe, is now clearly identified, eq. [13], in terms of the fa- 
miliar kinetic and potential energies that can be associated 
with the valence region. It follows from the definition of these 
energy components and integration of the Hartree-Fock 
equations, F+, = E,+ , ,  i.e., after multiplication by $7 ,  in- 
tegration from r,, to m, and sum over i. 

Up to this point we have described an atom left alone. Its 
valence energy corresponds to a hypothetical ionization in 
which the valence electrons would be simply skimmed off 
as they are in the unperturbed atom, with no relaxation of the 
core. This does not occur, of course. But this atom offers a 
convenient term of reference. 
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4. Theory. Valence energy including relaxation 

Now we look for a valence-region energy, E v ,  which is 
not any longer subject to the constraints having led to 
E:,,,. We hope to achieve this by examining the general 
properties of an atom in which the core and valence elec- 
trons are interdependent. This amounts to considering im- 
plicitly a relaxation energy term from which one region would 
benefit at the expense of the other in the event of an actual 
ionization. But this E v  and its core counterpart Ec  are still tied 
by the general energy balance given in eq. [lo]. Thus we 
write 

Consider first the electronic energy of a ground-state atom 
with nuclear charge Z, E = ( + ~ H ~ I J J ) ,  and apply the Hellmann- 
Feynman theorem taking Z as parameter. This gives, in 
conventional notation, 

where the sum over i runs over all electrons. The well-known 
result is 

On the other hand, the virial theorem, 2E = V,, + V,,, and 
the Hartree-Fock formula, eq. [6], combine to give 

This result and eq. [I61 lead to 

Now we define 

and rewrite eq. [18] as follows 

Moreover, it follows from eqs. [16] and [19] that 

Equations [20] and [21] represent an identity in Hartree-Fock 
theory. The particular interest offered by eq. [21] lies in the 
fact that y = 7/3 appears to be the characteristic homoge- 
neity of both Thomas-Fermi (8) and local density func- 
tional theory (9), in which case eq. [20] gives the Ruedenberg 
approximation (lo),  E = (3/2) Civiei, while eq. [21] gives 
the Politzer formula (1 l), E = (3/7) V,,, contained in eq. [I]. 
Equations [15], [20], and [21] are our working formulas. 

We pick up things where we left them with eq. [15] and 
write 

This expression is more general than what would follow from 
a simple multiplication by y. It is noncommittal as to whether 
the atomic y suits the individual core and valence parts: in 
writing eq. [22], y is taken as the average of yv (with a weight 
of E v )  and y' (weighted by E' - V::), i.e., 

Next we consider V,, = V:, + Vi,, which we write 

v,,, = (v:, + v::) + (Vi, - v::) 

The reason for this association of terms is physical: in a 
central force problem, V:, and Vz,' play roles that are simi- 
lar in nature. V:, measures the attraction of the valence 
electrons by the nucleus and V:: the accompanying repul- 
sion by the core electrons. With eq. [2 I] in mind we now 
write 

In this case l / y  is the weighted average of l /yv (with a 
weight of V:, + V::) and of l/yc (with a weight of Vz, - 
v::). 

At this point we use eqs. [22] and [23] and solve for yv. 
After some algebra one obtains (yV)' + byv + c = 0 with b 
= -[(Vie + V::)/Ev + y] and b2 - 4c = [(V:, + V::)/Ev 
- y12. The trivial root is yv = y. The other root gives 

So far we have exploited eq. [21]. We have one more step 
to go. Using eqs. [15] and [22] we write 

and compare this expression with Civisi = CiNYei + 
CiN;s,. Equation [20] tells us that 

This equation achieves a core-valence separation. The terms 
in brackets are certainly individually zero at the limits Nc = 
0 and Nv = 0, but this does not warrant that these terms are 
individually zero for any value of Nc, i.e., that any Nc sat- 
isfies a meaningful core-valence separation. We shall ten- 
tatively proceed with 

and examine which, if any, Nc values are acceptable. Equa- 
tion [25] defines E v .  It is the "valence counterpart" of eq. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 1 .  Electron populations, nuclear-electronic and core-valence interelectronic potential energies of first-row 
atoms and ions, calculated for N c  = 2 e (au) 

[20]. Comparison with eq. [24] yields the new energy for- 
mula 

which is visibly the "valence counterpart" of eq. [17]. Ex- 
tensive numerical verifications are presented in Sect. 5 in 
order to assess the range of validity of eq. [25]. E v  ex- 
presses a valence region energy that takes the relaxation of 
the core into proper account. It corresponds to the appropri- 
ate sum of ionization potentials. 

In closing, let us compare this physically observable E v  
with E:,,, which reflects the description of the electrons as 
they are found in the valence region of an unperturbed atom. 
We eliminate V:: from eq. [12] with the help of eq. [ l  11 and 
compare the result with eq. [26]. This gives 

Surely, E v  # E:,,,. Equation [27] indicates that the virial 
theorem, - T v  = Ev ,  and thus -Tv  = E,",,,, is not obeyed in 
the valence region. 

5. Numerical verifications 
All our calculations are based on normalized wave func- 

tions 

constructed from normalized Slater basis functions 

Unless stated otherwise, we have used the near-Hartree- 

Fock wave functions of Clementi and Roetti (12) as well as 
the corresponding orbital energies E,,, sZs, . . . . Correlation 
and relativistic effects are not included in these calcula- 
tions. The core and valence electron populations were cal- 
culated from eqs. [2] and [3], respectively. The boundary 
surfaces (i.e., r,) are those that collect exactly N c  = 2 or N c  
= 10 e in the core regions of the first- and second-row atoms 
and ions, respectively. The core results are given in Tables 
1 and 2. The corresponding valence populations are readily 
deduced by difference. 'These populations are instrumental 
in the evaluation of C i N r e i .  Table 3 reports the breakdown 
of V,, and T for the atoms Li-Ar. This concludes the pre- 
sentation of the input data required for our intended verifi- 
cations of the new energy formulas. 

Let us begin with eq. [26], using the data collected in Ta- 
bles 1 and 2. The orbital energies were taken from the lit- 
erature (1 2) and the ionization potentials used for comparisons 
are those given by Moore (1 3). The results presented in Table 
4 for the first-row atoms and ions are self-explanatory. Those 
given for the second-row elements (Table 5) reveal discrep- 
ancies between calculated and observed quantities, particu- 
larly for the larger atoms. Now, the present results were 
entirely obtained from Hartree-Fock wave functions, which, 
of course, do not reproduce the experimental energies of the 
atoms. So it is only natural that non-inclusion of correlation 
and relativistic effects will show up in our comparisons. 
Taking these limitations into account, it seems fair to con- 
clude that our verification of eq. [26] is acceptable both for 
the neutral atoms and their ions. 

The following verification is instructive. When we sub- 
tract the calculated Ev's from the total Hartree-Fock ener- 
gies of the corresponding atoms or ions, we obtain, eq. [ 151, 

This is what we did in Table 6, using the Hartree-Fock 
energies of ref. 12. Our results for E c  - V:: are compared 
with independent calculations (12) of the helium isoelec- 
tronic series (for the first-row elements) and with the neon 
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TABLE 2. Electron populations and nuclear-electronic potential energies of second-row atoms and ions, calculated for N c  = 10 e (au) 

Atom/ion r b  NC, N ;, N;,  GP N S,> Kc v :c v:: 

Na 
Na- 
Mgt 

3 
A1 
Al- 
Si+ 
S i 
Si- 
p+ 
P 
P- 
S+ 
S 
s- 
C1+ 
C1 
c1- 
Ar+ 
Ar 

TABLE 3. Breakdown of V,, and T for first-row atoms, with NC = 
2, and second-row atoms, with N c  = 10 e (au) 

Atom v:: v :: v:: T v  

Li 1.69504 0.00825 0.57772 0.03838 
Be 2.40265 0.36076 1.72566 0.24186 
B 3.14506 1.27739 3.41673 0.91948 
C 3.92512 3.10261 5.73185 2.31472 
N 4.73588 6.14383 8.66583 4.7 1403 
0 5.56818 10.76072 12.12703 8.20375 
F 6.42460 17.20917 16.21466 13.23734 
Ne 7.30271 25.801 18 20.93433 20.11724 
Na 63.38257 0.01726 2.61764 -0.00460 
Mg 72.71274 0.31442 6.79125 0.06959 
A1 82.05247 0.93367 11.76158 0.35877 
Si 91.48340 2.07175 18.15187 0.90781 
P 101.02263 3.86961 25.89257 1.77654 
S 1 1  1.14501 6.64012 35.09536 2.94699 
C1 120.39047 10.13171 44.86058 4.56885 
Ar 130.25206 14.82953 56.33979 6.70032 

isoelectronic series (for the second row). Moreover, a com- 
parison is offered with the corresponding sums of ionization 
potentials. The overall agreement is generally satisfactory. 
Finally, we show the deviations between our results and their 
experimental counterparts. The sum of these "core" and 
"valencen deviations equals, of course, the true error intro- 
duced by the neglect of correlation and relativistic effects. 
This analysis permits an estimate regarding the distribution 
of errors in the core and valence regions. 

Additional tests were performed in order to learn about the 
selection of Nc. Calculations made for the series Na-Ar, 
assuming now a core Nc = 2, gave valence region energies 
that, on the whole, are of the same quality as those deduced 
for Nc  = 10. Interestingly, this also holds true for the re- 
sults obtained with NC = 12. It should not be inferred, how- 
ever, that the appropriate selection of Nc is not important. 

TABLE 4. The calculation of valence region energies of first-row 
atoms and ions (au) 

Atom/ion V:. + V:: 2,NYEi Ev -C IP 

Li -0.3266 -0.2719 -0.199 -0.198 
Be+ - 1.0502 -0.8861 -0.645 -0.669 
Be - 1.8485 -0.8852 -0.91 1 - 1.012 
B + -3.9546 -2.3090 -2.088 -2.318 
B -5.4643 - 1.9901 -2.485 -2.623 
B- -6.2856 - 1.2302 -2.505 -2.634 
C+ -9.8639 -4.5032 -4.789 -5.026 
C -12.1982 -3.6788 -5.292 -5.440 
C - -13.6919 -2.3800 -5.357 -5.486 
N + - 19.6881 -7.4748 -9.054 -9.276 
N -23.0208 -6.0148 -9.679 -9.810 
N - -24.9552 -3.9412 -9.632 -9.805 
0' -34.4029 -1 1.2814 -15.228 - 15.416 
0 -38.5065 -8.7778 - 15.761 - 15.916 
0- -41.3413 -6.0181 -15.786 -15.970 
F+ -54.5590 - 15.5717 -23.377 -23.572 
F -59.9162 -12.2559 -24.057 -24.212 
F- -63.8081 -8.6761 -24.161 -24.339 
Ne + -81.4482 -20.7634 -34.071 -34.252 
Ne -88.2235 - 16.4997 -34.908 -35.045 

For boron we used the electron affinity (0.3 eV) calculated by Clernenti 
and McLean (14). 

Calculations made for the series B-Ne with Nc = 4, for ex- 
ample, reveal major discrepancies, up to -3.4 au for Ne. 
This Nc is definitely a bad choice. Core populations be- 
tween 1.8 and 2.2 e were also examined for the first-row 
atoms, using experimental estimates along the lines given in 
ref. 3 for comparisons with eq. [26]. For carbon, the devia- 
tions are 1.607 (Nc = 1.8), 0.928 (Nc = 1.9), 0.148 (Nc = 
2), 0.450 (Nc = 2.1), and 0.639 au (Nc = 2.2 e). Nc = 2 is 
the obvious choice for the first-row elements. Our results 
concur with the general idea (3) that the minima of the ra- 
dial distribution function represent physically meaningful 
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TABLE 5. Valence region energies of second-row atoms and Ions, tomatic, however: it reflects a property of Hartree-Fock (or 
for Nc = 10 e (au) near Hartree-Fock) spin orbitals. This point is revealed by 

an analysis of the numerical differences between C,N,"E, and 
Atom/ion + V:: C,N:E, Ev -2 IP" (Tv + Vl, + V:: + 2 V 3 .  They were calculated using Nc = 

1, 2, . . . , N - 1 for each individual atom, from Li through 
Na -0.321 1 -0.2909 -0.204 -0.189 
Na- -0.4642 -0.1336 -0.199 -0.218 Ar, by means of the single-t;, double-t;, and near-HF basis 

Mg+ -0,550 -0,553 Sets of ref. 12. The selection of results offered in Table 8 

Mg - 1.5121 -0,8128 -0,775 -0,834 vividly illustrates that C,NYE, and (Tv + Vi, + V:: + 2V,":) 
~ l +  -2.8818 - 1.8535 - 1.578 - 1.737 converge as we approach the Hartree-Fock limit. 
A1 -3.7834 - 1.5565 - 1.780 - 1.957 
A1 - -4.3554 - 1.0048 - 1.788 - 1.976 
Si+ -6.2523 -3.1726 -3.142 -3.490 
S i -7.6493 -2.5985 -3.416 -3.790 
SI- -8.6748 -1.6993 -3.458 -3.841 
P+ - 11.6578 -4.9103 -5.523 -6.112 
P -13.5044 -3.9887 -5.831 -6.497 
P- - 14.8851 -2.5922 -5.826 -6.526 
S + -19.0820 -7.1071 -8.730 -9.783 
S -21.8531 -5.7216 -9.192 -10.163 
S- -23.5378 -3.7605 -9.099 -10.239 
CI+ -29.1644 -9.5514 -12.905 -14.550 
C1 -32.3899 -7.5676 -13.319 -15.026 
C1- -35.0160 -5.2338 - 13.417 - 15.159 
~ r +  -42.2796 -12.5041 - 18.261 -20.653 
Ar -46.3263 -9.9664 -18.764 -21.232 

"For Na, Al, Si, and P we used the electron affinities computed by Cle- 
menti, McLean, R a ~ m o n d ~ ,  and Y o s h ~ m ~ n e  (15), using correlat~on plus 
relativistic corrections obtained from lonlzatlon processes. 

core-valence boundary surfaces, but also suggest that this 
should not be taken too literally with Hartree-Fock wave 
functions. The latter reproduce quite accurately the elec- 
tronic shell structure, as revealed by electron diffraction data 
(16), but small differences evidently persist. A final assess- 
ment on this matter is left to future studies, at a post Hartree- 
Fock level. 

We now examine eq. [ 131, using the data collected in Ta- 
bles 1-3 and the E ~ ' S  of Clementi and Roetti (12). The ex- 
ample presented for argon (Table 7) illustrates that eq. [I31 
holds for any arbitrarily selected Nc. This result is not au- 

Finally, we examine the valence energy E:,,, using eqs. 
[ l  I ] and [12] (Table 9) and consider, in an approximate way, 
the correlation and relativistic corrections suggested by the 
deviations reported in Table 6. We also indicate the results 
deduced from eq. [27], using "experimental" Ev's  (as given 
by the appropriate sums of ionization potentials) and the 
calculated values of Tv (Table 3). The latter are only a minor 
part of the corresponding total kinetic energies. Hence, we 
can reasonably anticipate that no serious bias is introduced 
by their use. As a consequence, the results thus obtained for 
E:,,, should represent the closest possible approximation to 
their "true" values. Surely, these valence energies are for 
valence regions containing fractional electron populations, 
those given by eq. [3]. For comparison, we offer the sum of 
ionization potentials accounting for the fractional popula- 
tions by linear interpolation. This, of course, represents only 
a rough estimate, to be taken with a grain of salt, but gives 
a physical feeling for the energy accumulated in the valence 
region of an unperturbed atom. The last three entries of Table 
9 reveal the general agreement between these different es- 
timates of E:,,, and support the basic tenets underlying their 
derivation. 

Turning now to the Thomas-Fermi-like description of 
valence energy, eq. [I], we inquire whether it resembles E v  
or Ei",.. 

6. Alternate energy formulas. Approximations 
Consider fust eq. [24] and examine the physical nature of 

its V:," part. This potential energy describes the repulsion 
between an outer electron cloud (the valence electrons) and 
the Nc core electrons. Gauss' theorem tells us that the VE," 

TABLE 6. Core region energies and distribution of errors, au 

Deviation 
Isolated core 

Atom energya Ec - V:: -CCOKIP Core Valence 

"Computed energy (12) of the He isoelectronic series for Li-Ne, and of the Ne isoelec- 
tronic series for Na-Ar. 
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TABLE 7. Argon. Calculation of 
Z,NYE; 

Nc Calcd." ~a lcd ."  

"Using valence populations, N y ,  de- 
duced from eq. [3] and the orbital ener- 
gies of Clementi and Roetti. 

"Using T' + V:,  + V:: + 2V:l,  for ar- 
bitrary selections of N c  (au). 

TABLE 8. Basis set effects: the differences be- 
tween Z,NYE, and ( T v  + Vi, + Vzr + 2Vzl). 
expressed as root-mean-square (RMS) devia- 
tions of the results obtained with NC = 1 ,  2, . . . , 

N - 1 electron 

RMS deviation, au 

Atom Single-6 Double-6 Near HF 

potential is just as though all the core electron charge were 
lumped at the nuclear position. Hence, the S t  [p(t-)/r]dr in- 
tegrals being the same in the evaluation of Vz: and V:,, and 
taking into account that the nuclear charge Z has been re- 
placed by Nc, it follows that v',: = - (Nc/Z)Vie. It is readily 
seen that, in this approximation, 

is the nuclear-electronic potential energy of the outer elec- 
trons in the field of an expanded "effective nucleus" (Z - 
NC). 

This is an approximation, of course, because it does not 
consider the spin of the core electrons. We evaluated V:: 
energies by means of Gauss' theorem (using the Vie results 
of Tables 1 and 2) and subtracted the appropriate exchange 
integrals, Zc:, involving the core and valence electrons. In 
this approximation we considered that for Nc = 2 the core 
consisted only of 1s electrons and computed all the ls2s and 

I 
I ls2p exchange integrals occumng in fust-row atoms. For the 

second row we proceeded similarly, assuming a Nc = 10 core 
consisting only of Is, 2s, and 2p electrons, and calculated 
all the relevant integrals with 3s and 3p electrons. The re- 
sults obtained in this approximation are compared in Table 
10 with their genuine counterparts, i.e., those that corre- 
spond to SCF calculations. The spin part is relatively small 
(e.g., -0.499 au for Ne and -0.765 au for Ar) but not neg- 

ligible. These results are in general agreement with those of 
Politzer and Daiker (17). In short, eq. [28] is not bad, but is 
approximate. 

On the other hand, this approximation is valuable for the 
physical picture it conveys, that of a valence electron cloud 
in the field of a nucleus partially screened by its core elec- 
trons. Using it in eq. [24] we get 

which is visibly the counterpart of eq. [I].  The Vi, + V:: and 
E v  results (Tables 4 and 5) and eq. 1241 reveal that, except 
for Li, Be, Na, and Mg, yv is of the order of 7/3. For the 
neutral atoms Be-Ne it appears that, in this approximation, 
yv = 7/3 works best under the conditions explored by Politzer 
and Parr (3). The point is that the straightforward use of 
Gauss' theorem for the evaluation of V::, i.e., the simple 
approximation V:, + V:: = (Z - NC)V:,/Z, introduces no 
major bias in applications of eq. [26]: the root-mean-square 
deviation between the calculated and experimental results has 
risen to 0.31 au for the first-row atoms and ions, from 
0.16 au in calculations not involving this approximation. 

Finally, there is one additional relevant point deserving 
attention. Equation [29] represents a valence energy in 
which relaxation effects are included. It was derived from 
eq. [24]. It cannot be mistaken for El,,.. This particular as- 
pect was not recognizable in earlier derivations (3, 18) of 
energy formulas like eq. [29]. It holds true for eq. [ 1.1. 

In the light of these results we can now substantiate two 
important aspects regarding the appropriateness of the 
Politzer-Pam-like core-valence separation that was de- 
scribed earlier (6, 18) for molecules. This separation pos- 
tulated, in a generalization including internuclear repulsions, 
the approximate validity of eq. [29]. This generalization and 
the energy formulas that were thus derived for the mole- 
cules involved the systematic use of Gauss' theorem: this 
approximation is now clearly justified. More importantly, it 
also appears that this generalization, which was entirely de- 
rived from a consideration of the valence electrons on the 
basis of eq. [29], does, indeed, include core relaxation ef- 
fects as well, although originally the latter had not been 
contemplated in an explicit manner in the description of 
molecular systems. We thus retrace a posteriori at least part 
of the possible reasons explaining the accuracy of molecu- 
lar energy formulas rooted in the core-valence separation 
approximated by eq. [29], as revealed by extensive numer- 
ical applications (6, 18) pertaining to the calculation of 
atomization energies and bond dissociation energies. 

7. Conclusions 

The mental subdivision of a Hartree-Fock atom into an 
inner core and an outer valence region leads to an amaz- 
ingly simple statistics involving the eigenvalues, E ~ ,  of the 
spin orbitals. The electronic energies statistically accumu- 
lated in the core and valence regions are adequately de- 
scribed by C.,N:E~ and C.,NYe,, respectively, where N: and 
NY are the corresponding electron populations. The result 
ZiNY&, = T V  + Vi, + Vz: + 2V:l for the valence region (with 
a similar equation for the core) does not depend on the 
number of electrons assigned to the core. This result is exact. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 9. Valence region energies of "unperturbed" atoms, with NC = 2 for Li- 
Ne, and N' = 10 for Na-Ar (au) 

Cnp. 

The ionization potentials were taken from ref. 13. For the interpolations using fractional 
electron populations, we included the second-last IP with the Is population in the valence 
region. Similarly, we subtracted the 2s and 2p contributions from the valence region by in- 
cluding the corresponding fractions of the larger IP's in the core. The same approximation 
was used for 3s and 3p electrons. 

TABLE 10. Vz: results obtained from an 
application of Gauss' theorem and from 

SCF calculations 

V" au 
ec r 

Atom Gauss' theorem" SCF 

by that of its spin orbital in its integrality, and, finally, with 
the usual concepts embodied in that of electron density. 

This novel assignation of orbital energies to the core and 
valence regions of an atom and the notion of repulsion be- 
tween these regions, V::, are instrumental in the derivation 
of Ev, the energy that mirrors the actual removal of elec- 
trons from the valence shell. The key is in the use of Hartree- 
Fock identities describing the relationships between the total 
energy of the atom and the sum of occupied orbital ener- 
gies, on one hand, and the nuclear-electronic potential en- 
ergy, on the other. A combination of these relationships leads 
to a simple formula for Ev and establishes a clear relation- 
ship between E v  and E:,,. But, unlike the latter energy, 
which is meaningful for any arbitrary choice of N c ,  E v  is 
meaningful only for discrete values of N c ,  namely integer core 
populations confined within boundaries lying in the vicinity 
of the minima of the radial distribution function. This result 
casts light on the physical involvement of the electronic shell 
structure in a meaningful separation of an atom into core and 
valence regions. 
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KENRO HASHIMOTO and YOSHIHIRO OSAMURA. Can. J .  Chem. 70, 547 (1992). 
We have applied the analytical energy gradient method with respect to the orbital exponents for molecular self-con- 

sistent-field wave functions including the polarization functions. The gradients for Gaussian-type functions in Huzinaga- 
Dunning's double zeta basis set with and without polarization functions were compared for some hydrides of the first- 
row elements. The changes in the gradients caused by the polarization functions were observed. It was found that the 
polarization functions on hydrogen play a role in reducing the gradients produced in the absence of these functions. Al- 

. . 
though optimization of the exponents gives results depending on the molecules, the total energies as well as the dipole 

. . moments are insensitive to the exponent values. We could c o n f m  that the exponents for Gaussian functions in the standard 

. . double zeta plus polarization basis set work adequately by coupling with the variational parameters for the simple hy- 
drides even if they have gradients in the molecules. 

Key words: orbital exponent, Gaussian-type functions, analytical energy gradient, molecular SCF wave function, po- 
larization function. 

KENRO HASHIMOTO et YOSHIHIRO OSAMURA. Can. J. Chem. 70, 547 (1992). 
On a applique la mCthode du gradient de I'energie analytique aux exposants orbitalaires des fonctions d'onde moleculaires 

en champ auto-coherent, y compris aux fonctions de polarisation. Pour quelques hydrures des ClCments de la premiere 
rangCe, on a compare les gradients des fonctions de type gaussien de bases double zeta de Huzinaga-Dunning avec et 
sans fonctions de polarisation. On a observe les changements dans les gradients, causes par les fonctions de polarisa- 
tion. On a trouvC que les fonctions de polarisation affectent l'hydrogkne en rkduisant les gradients produits en l'absence 
de ces fonctions. MCme I'optimisation des exposants donne des rCsultats qui dependant des molecules; les energies to- 
tales ainsi que les moments dipolaires ne sont pas sensibles aux valeurs des exposants. On a pu confirmer que les ex- 
posants des fonctions gaussiennes, dans la base standard de polarisation double zeta plus, donne des resultats adCquats 
en se couplant h des paramktres variationnels pour les hydrures simples, m&me s'ils posskdent des gradients dans les 
moltcules. 

Mots cle's : exposant orbitalaire, fonctions de type gaussian, gradient de I'tnergie analytique, fonction d'onde molCculaire 
en SCF, fonction de polarisation. 

[Traduit par la rCdaction] 

Introduction 

Since Gaussian-type functions (GTF's) were introduced 
as basis sets for ab itzitio molecular orbital (MO) methods, 
many were made to obtain adequate GTF exponents in the 
basis functions for the precise description of the electronic 
wave function. The energy gradient method as well as vari- 
ational and numerical optimization has often been utilized 
in determining the orbital exponent of the GTF's. Kari et al. 
first introduced the gradient method to develop a basis set that 
has uniform quality for various atoms (I). Partridge re- 
ported many basis functions using this gradient method (2). 
He carefully assessed the quality of the basis set by varying 
the number of GTF's. Faegri and Almlof continued the re- 
search by examining the efficiency of the analytical Hes- 
sian in optimization (3). 

Orbital exponents for GTF's in currently available basis 
sets were determined to be optimum for atoms (4-6), based 

'Special Researcher, Basic Science Program, RIKEN. Present 
address: Institute for Molecular Science, Myodaiji, Okazaki 444, 
Japan. 
Pnnled In Canada 

on the concept and methodology of the Linear Combination 
of Atomic Orbitals (LCAO-MO) scheme. Thus, the com- 
putation for molecules could sometimes be biased, depend- 
ing on the molecules and on how the basis set was constructed 
(7).  

It would be desirable to optimize all parameters to de- 
scribe the electronic wave function in each particular sys- 
tem. Some attempts have been made for variational 
parameters, e.g., orbital exponents, not only in atoms but also 
in molecules (8, 9). Such an approach to obtaining the mo- 
lecular basis set would be feasible if an analytical gradient 
were available. However, the difficulty in evaluating multi- 
center integrals for the products of GTF's with high angular 
quantum numbers has obstructed the extension of the gra- 
dient method from atoms to molecules. 

The recent development of the energy gradient technique 
for molecular wave functions enables us to examine the ex- 
tent to which gradients for atomic exponents emerge in mo- 
lecular wave functions. Tonachini and Schlegel (10) first 
overcame the difficulty in computing the integrals by using 
Rys polynomials (1 1 ). In this pioneering work (lo),  the au- 
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TABLE 1. Energy gradients for the standard exponents of GTF's in the DZ+P basis set together with 
optimized exponents and scale factors in the BH, molecule" 

Standard GTF dE/d In a a ~ / a  In a Optimized Scale 
exponentsh in atom' in BH,' exponents" factor' 

B 9s GTF's 

2788.41 
419.039 

96.4683 
28.0694 
9.37597 
3.40623 
1.30566 
0.32448 
0.102190 

B 5p GTF's 

11.3413 
2.43599 
0.683580 
0.2 13360 
0.0701 14 

B Id GTF 

H 4s GTF's 

19.2406 
2.89915 
0.653410 
0.177576 

H lp GTF 

1 .o 

E = -26.397 147 hartree E = -26.398731 hartree 
(AE = 0.99 kcal/mol) 

"Bond distance of BH, is 1.1098 A,  which is optimized by the SCF method with the DZ basis set. 
'Exponents of Huzinaga's 9s5p GTF's for the B atom and 4s GTF's with a scale factor of 1.2 for the H atom. 

Exponents of polarization functions are taken from the values by Dunning and Hay (ref. 21). 
'Values in parentheses are obtained without polarization functions (ref. 15). 
"Optimization criterion is max ldE/d In a1 5 0.0001 in atomic units. 
'Square root of {(optimized exponent for molecule)/(standard exponent)}. 

. .  . . . . . . .  . . 

. . . .  . . .  . . . 

thors showed the variation in energy gradients with respect Method 
the orbital GTF's On the The analytical energy gradient method with respect to the 

and H S - y  and H3S+ orbital exponent is applied to GTF sets including a single 
demonstrated that the exponents of d functions de- polarization function for each atom. Details of the method 
pending On the geometries during the course the for calculating the gradients were described in our previous 
reaction pathway (12). In their approach, however, they limit paper (15). 
the optimization to polarization exponents only. The molecules investigated are BH,, CH,, NH,, H20,  and 

In Our Own (I3), we use the McMurchie- HF. The molecular structures of BH, were optimized with 
Davidson formulas (14) for derivative integral evaluation. the double zeta (DZ) basis set (16) and those for the other 
By optimizing all of the orbital exponents using this tech- molecules were taken from the literature (16-19). For com- 
nique, we can investigate whether or not the atomic expo- parison, these structures are the same as those used in the case 
nents work adequately in the molecular calculations. We can without polarization functions (15). 
also study the deviation of the orbital exponents for mole- The size of the GTF sets is (gs5pld) for the first-row ele- 
cules from those for atoms, caused by chemical bond for- ments and (4slp) for hydrogen. We did not contract the 
mation. In the present study, we focus on the effect of the GTF's but employed the primitive functions. The initial ex- 
polarization function, whose exponent can only be deter- ponents of (9s5p) functions for the first-row elements are 
mined by molecular calculations. We also discuss the effect taken from Huzinaga (20). Huzinaga's exponents of (4s) 
of optimization of the exponents upon the value of the di- functions for the hydrogen atom (20) with a molecular scale 
pole moment, which is one of the important one-electron factor (1.2) are also used as initial exponents. The initial 
properties of a molecule. exponent of the d-type polarization function on heavy at- 
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TABLE 2. Energy gradients for the standard exponents of GTF's in the DZ+P basis set together with 
optimized exponents and scale factors in the CH, molecule" 

Standard GTF aE/a In a a ~ / a  In a Optimized Scale 
exponentsb in atom' in CH,' exponentsd factor' 

C 9s GTF's 

4232.61 
634.882 
146.097 
42.4974 
14.1982 
5.14773 
1.96655 
0.496240 
0.153310 

C 5p GTF's 

18.1557 
3.98640 
1.14293 
0.359450 
0.114600 

C Id GTF 

0.75 -0.0001 

H 4s GTF's 

H lp  GTF 

E = -40.208591 hartree E = -40.210371 hartree 
(AE = 1.12 kcal/mol) 

"CH bond distance is 1.094 A (ref. 17). 
"Exponents of Huzinaga's 9s5p GTF's for the C atom and 4s GTF's with a scale factor of 1.2 for the H atom. 

Exponents of polarization functions are taken from the values by Dunning and Hay (ref. 21). 
'Values in parentheses are obtained without polarization functions (ref. 15). 
"Optimized criterion is max ldE/d In a1 5 0.0001 in atomic units. 
"Square root of {(optimized exponent for molecule)/(standard exponent)}. 

oms and that of the p-type polarization function on hydro- 
gen are values reported by Dunning and Hay (21). Six d 
functions (d,, dYY, dz,, d.?, dYZ, and d,,) are included in a set 
of d-type polarization functions. This initial set of GTF's is 
one of the most frequently used basis-function sets in the 
double zeta plus polarization basis (DZ+P) with a contrac- 
tion. 

Energy gradients are calculated with respect to the natu- 
ral logarithm of the orbital exponents, instead of the genu- 
ine exponents, as shown in our previous papers (13, 15). 
The modified quasi Newton-Raphson method proposed by 
Schlegel (22) is employed in optimization of the exponents. 

Numerical computations were carried out with a Fujitsu 
FACOM M-780 computer at the computation center in the 
Institute of Physical and Chemical Research (RIKEN). 

Results and discussion 

Tables 1-5 summarize the results of the exponent opti- 
mization for BH,, CH,, NH,, H20,  and HF molecules, re- 
spectively. Each of the tables contains the gradients for atoms 
and molecule, optimized exponents, and their molecular scale 

factors relative to the standard exponents. We tabulated the 
results for each molecule because the correspondence be- 
tween the standard exponents and the molecular exponents 
is important. However, we had better look at the items in the 
tables comparing the molecules to make the discussion clear 
and to understand the molecular characteristics. We will first 
pay attention to the gradients in the atoms. 

Atornic gradients for GTF's on heavy atoms 
The gradients for the standard exponents in the atoms are 

given in the second left column of the tables. Since we used 
six d functions as a set of polarization functions on heavy 
atoms, the gradients in the atom are affected by the addi- 
tional s-type function due to the contribution from the sum 
of d,,, d,.,,, and dr= functions. As pointed out in the previous 
paper (15), the standard exponents without the d-type po- 
larization function are shown to be well optimized for B and 
C atoms, while not so much for N, 0 ,  and F atoms. Addi- 
tion of the d-type function generally allows the gradients for 
the s-type functions to increase in all of the first-row atoms 
we examined. This increment in the gradients for s-type 
functions in atoms can be seen not only in the exponents of 
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TABLE 3. Energy gradients for the standard exponents of GTF's in the DZ+P basis set together with 
optimized exponents and scale factors in the NH, molecule" 

Standard GTF aE/a In a aE/a In a Optimized Scale 
exponentsb in atom' in NH,' exponentsd factore 

N 9s GTF's 

5909.44 0.0000 (0.0000) 0.0000 (0.0000) 10103.4 1.308 
887.451 -0,0001 (0.0000) -0.0001 (-0.0001) 1553.72 1.323 
204.749 -0.0007 (-0.0015) -0.0006 (-0.0007) 361.881 1.329 
59.8376 -0.0019 (-0.0003) -0.0022 (-0.0020) 104.458 1.321 
19.9981 0.0033 (0.0010) 0.0040 (0.0035) 34.4499 1.313 
7.19274 -0.0019 (0.0008) -0.0033 (-0.0031) 12.3638 1.311 
2.68598 -0.0004 (.-0.0014) -0.0002 (-0.0003) 4.62808 1.313 
0.700040 0.0021 (-0.0001) 0.0013 (0.0080) 0.532921 0.873 
0.213290 -0.0021 (-0.0006) -0.0020 (-0.0043) 0.191697 0.948 

N 5r, GTF's 

N Id GTF 

0.8 -0.0002 -0.0004 

H 4s GTF's 

H l~ GTF 

E = -56.210611 hartree E = -56.213509 hartree 
(AE = 1.82 kcal/mol) 

"NH bond distance is 1.0123 A and LHNH angle is 106.7" (ref. 18). 
%xponents of Huzinaga's 9s5p GTF's for the N atom and 4s GTF's with a scale factor of 1.2 for the H atom. 

Exponents of polarization functions are taken from the values by Dunning and Hay (ref. 21). 
'Values in parentheses are obtained without polarization functions (ref. 15). 
dOptimized criterion is max (dE/d In a1 5 0.0001 in atomic units. 
'Square root of {(optimized exponent for molecule)/(standard exponent)}. 

diffuse s-type functions but also in those of some s-type 
functions with a middle range of exponent values for C ,  N, 
0 ,  and F atoms. On the other hand, the gradients for p-type 
functions in the atom do not change much in the presence of 
the d-type polarization function, irrespective of the kind of 
atom. The atomic gradient of the d-type function itself is 
generally small in all these atoms. 

Gradients in hydride molecules 
~ r a d i e n t s  for the standard exponent in the hydride mole- 

cules are shown in the third column of Tables 1-5. The gra- 
dients in the molecule depend not only on the molecule itself 
but also on each exponent value of the GTF's. It is conve- 
nient for our discussion to divide the s-type GTF's into three 
groups according to their exponent values. One is the inner 
group of three GTF's with large exponents, another is the 
middle group of three GTF's with middle values of expo- 
nents, and the rest belong to the outer group of three GTF's 
whose exponents are small. Almost all of the gradients for 
the outer group functions are found to be reduced or kept 
small by adding the d-type polarization function in all mol- 
ecules. Because adding the d-type polarization function does 
not reduce the gradients for the middle group functions so  

much as for the outer group functions, we observe a large 
gradient for the middle group GTF's instead of for the outer 
ones, in the presence of the polarization function. The mo- 
lecular gradients for the inner group functions with large 
exponents are small with and without the d-type function. 

The gradient values of p-type functions are calculated to 
be fairly large in a molecule without a polarization func- 
tion. We found that the large gradients of the p-type func- 
tions decreased by adding the d-type function in BH, and CH, 
molecules. In NH,, the molecular gradients for only two 
diffuse p-type functions become small with the d-type func- 
tion. In H 2 0  and H F  molecules, the absolute value of the 
gradients for p-type functions becomes greater with the d-type 
function than for those without the ~olarization function. The 
gradients for the d-type function increase from atomic gra- 
dients in CH,, H 2 0 ,  and HF molecules. They are, however, 
still small compared to other large gradients i n  s and p func- 
tions. 

The gradients for four s-type functions on hydrogen are 
larger in NH,, H,O, and HF molecules than in BH, and CH4 
when the p-type polarization function is not included on the 
H atom. The p-type polarization function plays a role in 
conspicuously reducing the gradients for s-type functions on 
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TABLE 4 .  Energy gradients for the standard exponents of GTF's in the DZ+P basis set together with 
the optimized exponents and scale factors in the HZO molecule" 

Standard GTF aE/d In a 
exponentsb in atom' 

dE/d In a Optimized Scale 
in HZOC exponentsd factore 

0 9s GTF's 

7816.54 
1175.82 
273.188 

81.1696 
27.1836 

9.53223 
3.41364 
0.939780 
0.284610 

0 5p GTF's 

35.1832 
7.90403 
2.30512 
0.717060 
0.2 13730 

0 Id GTF 

0.85 

H 4s GTF's 

H lp  GTF 

E = -76.048160 hartree E = -76.052462 hartree 
(AE = 2.70 kcal/mol) 

"OH bond distance is 0.9584 A and LHOH angle is 104.5" (ref. 16). 
"Exponents of Huzinaga's 9s5p GTF's for the 0 atom and 4s GTF's with a scale factor of 1.2 for the H atom. 

Exponents of polarization functions are taken from the values by Dunning and Hay (ref. 21). 
'Values in parentheses are obtained without polarization functions (ref. 15). 
dOptimized criterion is max l a ~ / a  In a( 5 0.0001 in atomic units. 
'Square root of {(optimized exponent for molecule)/(standard exponent)}. 

hydrogen in all of the molecules we studied, although the 
gradient for the p-type polarization function itself is small 
throughout these hydrides. 

Optimized exponents in molecules and their scale factors 
The optimized exponents in hydrides and their scale fac- 

tors relative to the standard exponents are presented in the 
two right columns of Tables 1-5. The scale factor is de- 
fined as the square root of the ratio of the molecular expo- 
nent over the standard exponent. It is convenient for us to use 
scale factors rather than the molecular exponents them- 
selves in order to see the change in the exponent values from 
atom to molecule. A scale factor greater than 1.0 means that 
the GTF shrinks compared to the standard function, while 
the GTF with a scale factor less than 1.0 diffuses as a result 
of the optimization in the molecule. 

Throughout Tables 1-5, we note a general trend for the 
scale factors of s-type functions on heavy atoms. The scale 
factor of s-type functions whose exponents are smaller than 
that of the added d-type function becomes less than 1 .O. 
When the exponent values of the s-type functions are larger 
than that of the d-type function, the scale factors for s-type 
functions turn out to be greater than 1.0 by the optimiza- 

tion. This result clearly indicates that the interaction be- 
tween the normal s-type function and the extra s-type function 
involved in the six d-function sets is important in determin- 
ing optimum values of the orbital exponents. 

The scale factors of the p-type functions depend on the 
molecules much more than those of the s-type functions on 
heavy atoms. All p-type functions on the B atom tend to 
shrink in the BH, molecule. 'The deviation of orbital expo- 
nents of the p-type functions from the standard values is not 
so large after optimization in the BH, molecule. 

The p-type functions on C, N, 0 ,  and F tend to diffuse in 
the order CH,, NH,, H,O, and HF molecules. The largest 
change in orbital exponents of the p-type function is ob- 
served in the case of NH,. The most diffuse function tends 
to diffuse more than the other four p-type functions except 
in the BH, molecule. 

The optimized values of the orbital exponents of the d-type 
polarization functions on heavy atoms are 0.5799, 0.8435, 
0.7992, 1.0477, and 1.17 10 for BH,, CH,, NH,, H,O, and 
HF, respectively. 

The scale factors obtained for the s-type functions on hy- 
drogen are greater than 1.0 by optimization in all the hy- 
drides. The shrinkage is larger in NH,, H,O, and HF 
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TABLE 5 .  Energy gradients for the standard exponents of GTF's in the DZ+P basis set togcther with 
optimized exponents and scale factors in the H F  molecule'' 

Standard G T F  dE/d In cr dE/d In cr Optimized Scale 
exponentsb in atom" in H F  exponentsd fac tof  

F 9s GTF's  

F 5p GTF's  

44.3555 
10.0820 
2.99586 
0.938260 
0.273290 

H 4 s  GTF's 

19.2406 
2.89915 
0.653410 
0.177576 

H Ip G T F  

1 .o 0.0007 

E = 100.050209 hartree E = - 100.055069 hartree 
(hE = 3.05 kcal/mol) 

"FH bond distance is 0.9171 A (ref. 19). 
bExponents of Huzinaga's 9s5p GTF's for the F atom and 4s GTF's with a scale factor of 1.2 for the H atom. 

Exponents of polarization functions are taken from the values by Dunning and Hay (ref. 21). 
'Values in parentheses are obtained without polarization functions (ref. 15). 
"Optimization criterion for is max ldE/J In a1 5 0.0001 in atomic units. 
"Square root of ((optimized exponent for molecule)/(standard exponent)}. 

molecules than in BH, and CH, molecules. The optimized 
exponents of p-type polarization functions on hydrogkn atoms 
are 1.0193, 1.2224, 1.0916, 0.6673, and 0.7661 for BH,, 
CH,, NH,, H20, and HF, respectively. These results clearly 
indicate that the orbital shape of the hydrogen atom strongly 
depends on each molecular environment. 
General discussion on exoonent ootimization 

Here, we will discuss some other features commonly seen 
in the molecules examined. 

Firstly, the total energy is not very sensitive to the ex- 
ponent optimization. Energy lowering by exponent opti- 
mization without the polarization function is calculated to 

I be 1.00, 1.28, 1.78, 1.38, and 1.25 kcal/mol for the BH,, 
CH,, NH,, HzO, and HF molecules, respectively (15). 
When the polarization function is included in the optimi- 
zation, the largest improvement in energy (3.05 kcal/mol) 
is obtained in the case of the HF molecule. The small im- 
provement in the energy might be because the GTF's used 
are uncontracted. 

Secondly, the shrinking and diffusing of the GTF's by 
molecular optimization cannot be predicted by the sign of 
their initial gradients, as is also true for the case without po- 
larization function (15). Moreover, the largest deviation from 
1.0 in the scale factors shown in Tables 1-5 is not always 
found for the exponent whose initial gradient is largest. This 
means that the exponents are strongly coupled in the opti- 
mization procedure. 

Effect of exponent optimization on dipole moment 
To see how much the electron distribution or density is 

improved by exponent optimization, we calculated the di- 
pole moments for NH,, H,O, and HF molecules with stan- 
dard and molecular optimized basis functions. The dipole 
moments are evaluated both with the optimized geometries 
and with the experimental structures. The results are sum- 
marized in Tables 6-8. The values obtained with the DZ and 
DZ+P contracted basis functions are also presented. 

The dipole moments at the experimental geometries cal- 
culated without polarization functions deviate greatly from 
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TABLE 6. Effect of exponent optimization and geometry optimization on the dipole moment" of the NH, molecule cal- 
culated by using [9s5p(N) and 4s(H)] and [9s5pld(N) and 4slp(H)] GTF's 

Experimental geometry" Optimized geometry 

Energy Dipole moment Energy Dipole moment ~ N H  LHNH 
Basis set (hartree) (deb ye) (hartree) (debye) (A) (degree) 

[9s5p(N) and 4s(H)] 
Contracted as DZ -56.175954 2.3466 -56.180541 1.3618 0.9944 116.28 
Standard exponent -56.179356 2.2868 -56.182810 1.5242 0.9961 114.95 
Optimized exponent -56.181746 2.2882 -56.185308 1.5257 0.9954 114.93 

[9s5p ld(N) and 4slp(H)] 
Contracted as DZ+ P -56.209297 1.8974 -56.209685 1.8054 1.0010 108.19 
Standard exponent -56.21061 1 1.8907 -56.21 1030 1.8017 1.0003 108.15 
Optimized exponent -56.213509 1.9350 -56.214084 1 ,8044 0.9989 108.64 

"Expenmental dipole moment of NH, IS 1.472 debye (ref 26) 
%rH = 1 0123 A,  LHNH = 106 7' (ref. 18). 

TABLE 7. Effect of exponent optimization and geometry optimization on the dipole moment" of the H20 molecule cal- 
culated by using [9s5p(0) and 4s(H)] and [9s5p ld(0) and 4slp(H)] GTF's 

Experimental geometryb Optimized geometry 

Energy Dipole moment Energy Dipole moment r o H  LHOH 
Basis set (hartree) (deb ye) (hartree) (debye) (A) (degree) 

[9s5p(0) and 4s(H)] 
Contracted as DZ -76.009253 2.6837 -76.01 1000 2.5295 0.9513 112.52 
Standard exponent -76.013438 2.6498 -76.014897 2.51 16 0.9524 11 1.79 
Optimized exponent -76.015634 2.6808 -76.017265 2.5315 0.9513 112.13 

[9s5p 1 d(0) and 4slp(H)] 
Contracted as DZ+ P -76.046436 2.2308 -76.046948 2.1799 0.9441 106.60 
Standard exponent -76.048160 2.2258 -76.048683 2.177 1 0.9437 106.57 
Optimized exponent -76.052462 2.1863 -76.052950 2.1436 0.9437 105.97 

"Experimental dipole moment of H 2 0  is 1.855 debye (ref. 27) 
broH = 0.9584 A ,  LHOH = 104.5" (ref. 16). 

TABLE 8. Effect of exponent optimization and geometry optimization on the dipole moment" of the HF mol- 
ecule calculated by using [9s5p(F) and 4s(H)] and [9s5pld(F) and 4slp(H)] GTF's 

Experimental geometryb Optimized geometry 

Dipole Dipole 
Energy moment Energy moment r g H  

Basis set (hartree) (deb ye) (hartree) (deb ye) (A) 

[9s5p(F) and 4s(H)] 
Contracted as DZ - 100.021972 2.3791 - 100.021980 2.3828 0.9196 
Standard exponent - 100.026148 2.3520 - 100.026150 2.3537 0.9184 
Optimized exponent - 100.028 143 2.3804 - 100.028143 2.3806 0.9173 

[9s5p ld(F) and 4s lp(H)] 
Contracted as DZ+P - 100.047686 2.0465 - 100.047932 2.0196 0.9033 
Standard exponent - 100.050209 2.0407 - 100.05047 1 2.0141 0.9027 
Optimized exponent - 100.055069 2.0392 - 100.055376 2.0067 0.9015 

"Experimental dipole moment of HF is 1.797 debye (ref. 28). 
br, = 0.9171 A (ref. 19). 

the experimental values (23-25) for all three molecules. They the polarization functions without optimizing the expo- 
moved closer to the experimental values, by about 0.31-0.45 nents. We can also see that the polarization function is in- 
debye, by adding the polarization functions. It is very inter- dispensable for geometry optimization, while the structures 
esting that the change in dipole moments by exponent opti- are rather insensitive to the exponent optimization when a 
mization is one order smaller than that obtained by adding high enough number of atomic optimized GTF's are uti- 
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lized. 'This result indicates that the wave function is greatly 
improved by the augmentation of polarization functions rather 
than the electron redistribution being optimized by the or- 
bital exponents. Furthermore, it is important that our results 
show the standard exponents in the DZ+P basis set work 
adequately, without exponent optimization in molecules, to 
obtain the property as well as the electronic energy within 
this size of the basis functions. 

Concluding remarks 
We have applied the analytic energy gradient method with 

respect to the orbital exponent of GTF's for molecular SCF 
wavefunctions. In the present study, we have focused on the 
effect of polarization functions in order to see how the en- 
ergy gradients change from those without polarization func- 
tions. We have observed that the gradients vary not only for 
small exponents but also for medium and large exponents 
when the polarization functions are included. The change in 
gradient values by adding the polarization function depends 
on the molecules. The coupling between the six d-type 
functions and the s-type functions plays a role in changing 
the gradients for both s-type and p-type functions. On the 
other hand, the p-type polarization function on the hydro- 
gen atom tends to reduce the gradients for the original s-type 
GTF's. 

The interaction between the six d-type functions and the 
s-type functions is found to be important in determining the 
optimum orbital exponents for molecules. Scale factors in- 
dicate how the exponents change from the atomic expo- 
nents. The scale factors for s-type functions on hydrogen 
indicate that the optimum orbital exponents depend on the 
molecular environment of the hydrogen atom. However, it 
is very interesting that the molecular energies as well as the 
dipole moments are confirmed to be quite insensitive to ex- 
ponent optimization. The effect of the polarization func- 
tions is very important in describing the optimum electron 
distribution in the molecule so that the expectation values of 
the wave functions are much improved. Consequently, our 
present results support the suitability of the exponents in the 
Huzinaga-Dunning double zeta plus polarization basis set 
for simple hydride molecules with stable structures. 

It is also important to know whether the basis functions 
work properly for any molecular structure. Sola et al. dem- 
onstrated recently, by optimizing only the exponents of the 
polarization functions (12), how the exponents of the polar- 
ization functions change at the transition state of the isom- 
erization reaction of H,SO and CH,SH. Although it may be 
costly to optimize all the exponents, it is effective to use the 
gradient method to investigate how they couple with each 
other depending on structural changes in the molecules and 
whether their deficiency is acceptable even for unusual 
structures. 

The effect of multiple-polarization functions for various 
molecules is more interesting and its importance will grow, 
since multiple polarization functions have been increasingly 
utilized for s i m ~ l e  molecules in recent ab  initio MO calcu- 
lations. A study designed to give the optimum exponents of 
double polarization functions is now in progress and the re- 
sults will be presented in a separate paper. 
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ANDRE D. BANDRAUK and HAI SHEN. Can J. Chem. 70, 555 (1992). 
A new method of splitting exponential operators is proposed for the exponential form of the operator solution to the 

time-dependent Schrodinger equation. The method is shown to hold for any desired accuracy in the time increment. A 
comparison of different algorithms is made as a function of accuracy and computation time. 

Key words: splitting operator, Fast Fourier Transform (FFT), Schrodinger equations. 

ANDRE D. BANDRAUK et  HA^ SHEN. Can. J .  Chem. 70, 555 (1992). 
On propose une nouvelle mCthode pour diviser les operateurs exponentiels de la forme exponentielle de la solution 

basCe sur I'opCrateur de I'Cquation de Schrodinger. On demontre que la mCthode possbde la prkcision dCsirCe lors de 
l'augmentation du temps. On prCsente une comparaison des divers algorithmes en fonction de leur prkcision et de leur 
temps de calcul. 

Mots clks : mkthode pour diviser les opkrateurs, FFT, equations de Schrodinger. 
[Traduit par la rCdaction] 

I.  Introduction extend here our previous work in refs. 5 and 6. The new 

Recent developments in laser physics and laser chemistry can give any desired order of accuracy. A 

have pointed out the need for efficient algorithms to solve will be made of the the accuracy ver- 

the time-dependent Schrijdinger equation (1-4). In general, sus time (CPU), 
in describing molecular multiphoton transition, we have re- 2. Symmetric formulas for splitting exponential 

I course to a linear parabolic partial differential equation, which 
I can be written as operators exp[A(A + B)] 

The most general method of splitting exponential opera- 
acpl,(R ,t) h2 a2cpn(R,t) tors is based on the Trotter product form for the operator 

111 ih-=-- 
at 2m a~~ + V,,,,(R)cp,,(R ,t) exp[A(A + B)] (10-15), 

In the above, V,,,(R) is the time-independent field free mo- 
lecular (electronic) potential and Vnn.(R,t) is the time-de- 
pendent electromagnetic-molecule interaction, 

R is a molecular coordinate whereas r is the electromag- 
netic pulse coordinate, and pnn.(R) is a transition moment 
representing transitions between different electronic states 
of quantum number n. 

In refs. 5 and 6, we developed a fourth order accurate 
formula for splitting the exponential operator exp[A(A + B)] 
and used it to solve the time-dependent Schrodinger equa- 
tion. The comparison of this new method and the standard 
second order accurate method (7-9) showed the new method 
to be more accurate and more efficient. 

In the present note we wish to present an improved scheme 
for solving numerically the linear parabolic equation [I]  to 
high order by the splitting exponential operator method. We 

' ~ u t h o r  to whom correspondence may be addressed. 

[3] eh(A+B) = lim(eu/n: eXB/~n)" 
))l--tc= 

From this follows the most currently used standard second 
order accurate formula (7-9), 

[41 eh(A+B) = s 2( ) + c3k3 + 0(k4) 

where 

h4/2 MI h4 /2  [5] &(A) = e e e 

and C, is some remnant combination of commutators of A 
and B (5, 6). 

We showed previously that eq. [4] can be expressed as 

[6] eh(A+B) = eA.7(A+B) h ( l  - 2s)(A+B) hs(A+B) e e 

so that higher order accuracy is obtained, i.e., by substitut- 
ing eq. [5] in eq. [6], 

[7] eA'A+B' = S2(sA)S2((1 - 2s)A)S2(sA) 

+ c3x3(h3  + (1 - 2 ~ ) )  + 0(x4) 

To get third order accuracy, the leading error term 0(A3) must 
vanish, i.e., 
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Thus, if s is a root of eq. [8], we can obtain 

[9] eX'A+B' = &(A) + C4h4 + 0(h5) 

where we have now defined 

[ 101 S3(h) = S,(sh)S2(( 1 - 2s)h)Sz(~h) 

Equation [ lo]  gives therefore a third order accurate formula 
for the exponential operator [3]. By iterating [7] further, we 
can obtain the general iteration: 

11 11 eX'"'"' = S,,-,(sX) + C,,hn + o(A"+" 

from which follows, by one more iteration, that 

1121 e"A+B'= S,,(sh) + O(hn+') 

where now 

1131 S,l(h) = S,,-,(sh)S,,-,(( 1 - 2s)X)S,,-,(sh) 

and s is a root of the more general equation 

In ref. 5, we pointed out that if eq. [14] does not have real 
roots, the formula S,,(h) will not preserve unity since h = iAt, 
a complex number. This will create divergent exponentials 
in any iteration with concomitant loss of accuracy. One can 
shown that eq. [14] always has a real root when n is odd, i.e., 
for such cases, the symmetric expansion [13] for S,, is al- 
ways unitary. 

In summary, we have developed the iterations, 

[15] eA(A+B' = Sr,,-l(h) + ~(h'""),  n = 2,3, . . . 

and s is the real root of equation 

2~2"- 1 + (1  - 2s)2"- 1 = 0 

The symmetric decomposition of the general exponential 
operator [13] by the above algorithm furnishes, by con- 
struct, unitary approximations to propagator e-fl'l to any 
order of accuracy, 0(h2"+'), in the time increment At when 
we choose h = iAt, as shown in the next section. 

3. Formal solution of TDSE and 
higher order propagation 

We consider the Schrodinger equation 

dcp(x,t) 
[16] ih- = 

at 
Hcp(x,t) 

If we choose a time-independent Hamiltonian, 

then the formal solution of eq. 1161 is 

[I81 cp(x,t + At) = e-iA'H/fi cp(x,t) 

We can therefore apply eq. [15] to solve 1161 with [17] nu- 
merically with any desired accuracy in the time increment 
At. 

On the other hand if one is dealing with a time-dependent 
problem, 

h' d2 
[19] H =  --,+ V(x,t) 

2m ax- 

the formal solution of eq. [16] become more complicated. 
The general time-dependent solution can now be written (16), 

[20] cp(x,t + At) = U(t + At,t)cp(x,t) 

where 

[21] U(t + At,t) = Texp [ - - i i A I H d t ]  

and T is the time ordering operator. One can truncate eq. [20] 
and obtain 

[ ;[AIHdt] [22] U(t + At,t) = exp - - 

Since U(t + At,t) is unitary, we have at all time 

[ i l"' H dl] + ~ ~ ( t ) ( s A t ) ~  + .(At)- [25] U(t + sAt,t) = exp - - 

Since the operator exp[- i/h J ~ ~ + ~ ~  H dt] is also unitary, then 
by comparing the two unitarity conditions, one finds .that any 
approximation to U(t + At,t) has always odd order in the 
leading error, i.e., 

[ ;[AIHdt] [24] U(t + At,t) = exp - - 

Clearly, by using S2, eq. [4], to approximate U(t + At,t), 
we will obtain only a second order accurate propagation 
scheme. 

We will now develop a propagation technique based on 
the group property of the operator U(t + At,t) and eq. [ 151 
to solve the Schrodinger equation for time-dependent po- 
tentials, in order to obtain high order accurate algorithms. 

We divide [t,t + At] into three subintervals [t,t + sAt], [t 
+ sAt, t + (1 - s)At], and [t + (1 - s)At, t + At]. On each 
subinterval, we use eqs. [22] and [4]. Thus for the first in- 
terval we obtain 

where 
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B A N D R A U K A N D S H E N  

For the second interval, one has 

[27] U(t + ( 1  - s)At, t + sAt) = exp + D,(t)((l - 2s)At13 + 0(At)' 

where 

Finally for the last interval one obtains the equation, 

[28] U(t + (1 - s)At, t + At) = exp 

where 

By the group property of U(t + At,t) we have We solved this problem numerically using the various 
exponential splitting schemes presented in Sect. 2, using Fast 

[29] U(t + At,t) = U(t + sAt,t)U(t + (1 - s)At, t Fourier Transform techniques (FFT) for the exponential of 
+ sAt)U(t + At, t + (1 - s)At) the Laplacian. All reported calculations were performed in 

and substituting eqs. [25], [27], and [28] into eq. 1291, we an IBM RISC 6000/530 workstation (10 megaflop perfor- 

I obtain mance). In Fig. 1 a detailed comparison is presented of the 
L' errors (defined as: L' error = (Ax  C e.')"'. e. = Isn - s'l . ,  . , , 1 [30] U,(t + At,t) = S2(sAt,t)Sz((l - 2s)At, t where s n  is a numerical solution and s '  is an exact solution) 
of the amplitudes of wavefunctions as a function of CPU + ( A  t + (1 - + o(A~') time (seconds). 

where s is the real root of eq. [8]. 
The above procedure gives a fourth order accurate algo- 

rithm to calculate the evolution operator U for the time-de- 
pendent Schrijdinger equation, using products of these second 
order accurate propagators. The results holds for both time- 
dependent and time-independent Harniltonians. Iterating eq. 
[30] according to the scheme explicited in eq. [15] will gen- 
erate schemes of any desired accuracy in the time increment 
At. 

4. Numerical comparison 
We previously compared the second and fourth order ac- 

curate splitting operators [26] and [30]. The latter is always 
more accurate (5, 6). In the preceding two sections we ob- 
tained higher order accurate formulas. Now we try to find 
the optimum algorithm with respect to maximum accuracy 
and minimum computation time (CPU). First, we note that 
the second order formula, S2 in eq. [5], has three exponen- 
tial operators; the fourth order one, S, in eq. [lo],  has seven 
exponential operators; the sixth order one, S,, has 19 expo- 
nential operators, and the eighth order one, S,, has 55 ex- 
ponential operators. Thus from the eighth order formula, one 
does not seem to have practical algorithms due to the grow- 
ing number of exponential operators. 

We consider eq. [18] (we set m = f i  = 1) with V(x) = x' 
as a test. This time-independent harmonic oscillator model 
has an exact ground state solution, 

fi 'I4 -(x' + it) 
[ i l l  v(x.0 = [--I exp[ fi ] 

w e  see directly that the second order accurate formula S2 
(3rd order error) takes much CPU time for high accuracy. The 
eighth order accurate expansion S, is also not efficient be- 
cause of too many exponential operators. So we focus on the 
fourth (S,) and sixth (S,) order accurate formulas. In the high 
accurate range (about lo-,), the sixth order formula S, is 
better than the fourth one S,. In view of the numerical re- 
sults of Fig. 1, in general, the sixth order formula S, seems 
to be the optimum method, i.e., with minimum CPU sec- 
onds one obtains the highest accuracy. In practice, if a 
problem does not require high accuracy, the fourth order 
accuracy formula S, seems to be preferred to the sixth order 
one (seventh order error), S,. 

We next solve eq. [20] (m = f i  = 1) with V(x,t) = x2 + x 
* sin(t), i.e., the forced harmonic oscillator, using 2nd, 4th, 
6th order accurate formulas S1, S,, S,. We compare with these 
numerical results, the exact solution to eqs. [16] and [19] for 
an initial vibrational ground state (17), 

where 

e(t) = fi [sin(fit) - v? sin(t)]/2 

and 
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- 2nd order accurate  S2 
A - 4th  order accurate  53 

- 6th  order accurate  55 
* - 8 t h  order accurate  57 

FIG. 1. Log of L' error of the amplitude of the time-dependent wavefunction (eq. [31]) as a function of CPU computation time on an 
IBM RISC 6000-530 workstation for different splitting operators, S2, S,, S,, and S,. 

TABLE 1. The second order accurate splitting operator 
Sz for time-dependent potential V(x,r) = x2 + x sin(t). 
-3.57~ 5 x 5 3.57~, Ax = 77~1128, t = 600 

(- 100 cycles) 

TABLE 2. The fourth order accurate splitting operator 
S, for time-dependent potential V(x,t) = .r2 + x sin@). 
-3.57~ 5 x 5 3.5.rr, Ax = 77~1128, t = 600 

(-100 cycles) 

Amplitude 
Time error Phase error CPU(s) 

Amplitude 
Time error Phase error CPU(s) 

L is the Lagrangian of the classical forced harmonic oscil- 
lator. This 'time-dependent problem was solved numerically 
in Sect. 3 using the exponential splitting scheme for the 
propagator U .  

In Tables 1-3 we present, for various orders of accuracy 
in the time increments, the L~ errors for the amplitude and 
the phase of the numerical time-dependent wavefunctions as 
a function of the computation time in CPU seconds. These 
tables show that the sixth order accurate formula S,  requires 
fewer CPU seconds and gives the best results. For instance, 
when the errors of the amplitude and phase are about 
and l o - ,  respectively, the second order formula S,  requires 
739 CPU seconds (Table I ) ,  the fourth order one S,  re- 

TABLE 3. The sixth order accurate splitting operator 
S, for time-dependent potential V(x,r) = x2 + x sin(t). 
-3 .57~ 5 x 5 3.5.rr, Ax = 77~1128, t = 600 

(- 100 cycles) 

Amplitude 
Time error Phase error CPU(s) 
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BANDRAUK AND SHEN 559 

TABLE 4. The second order accurate splitting operator 
Sz for time-dependent potential V(x,t) = x' + x sin(t). 
- 3 . 5 ~  5 x 5 3 . 5 ~ ,  fLr = 7 ~ / 1 2 8 ,  t = 1200 (-200 

cycles) 

Amplitude 
Time error Phase error CPU(s) 

TABLE 5. The fourth order accurate splitting operator 
S ,  for tlme-dependent potential V(x,t) = x2 + x sin(t). 
- 3 . 5 ~  5 x 3 . 5 ~ ,  hx = 7 ~ / 1 2 8 ,  t = 1200 

(=200 cycles) 

Amplitude 
Time error Phase error CPU(s) 

TABLE 6. The sixth order accurate splitting operator Ss 
for time-dependent potential V(x,t) = x2 + x sin(t). 
- 3 . 5 ~  5 x 5 3 . 5 ~ ,  hx = 7 ~ / 1 2 8 ,  t = 1200 

(=200 cycles) 

Amplitude 
Time error Phase error CPU(s) 

quires 322 s (Table 2), and the sixth, S5, gives 0.85* in 
amplitude and 0.5*10-~ in phase using only 235 s (Table 3). 

When we double the time interval from [0,600] to 
[0,1200], the results for 2nd, 4th, and 6th order accurate 
formulas in Tables 4-6 show that accumulations of the error 
in the sixth order formula are fewer than those of the other 
two lower order schemes. Therefore in long time propaga- 
tion the sixth order formula offers the best possible algo- 
rithm in terms of maximum accuracy in amplitude and phase 
for the least CPU time. 

In conclusion, we have shown that the sixth order accu- 
rate formula S5 as given by eq. [14] allows explicit expo- 
nential numerical integration of parabolic partial differential 
equations, such as the time-dependent Schrodinger equa- 
tion, with sixth order accuracy, i.e., errors depend on (At)'. 
This method is shown to be superior in accuracy over the 
second and fourth order accurate methods. The second order 
scheme is the most frequently used method in current time- 
dependent problems (7-9). For high order accuracy (= 
the sixth order operator, S5,  is optimum. For low order ac- 
curacy (- lo-'), the fourth order accurate operator S3, pre- 
viously proposed by us ( 5 ,  6), seems to be a more useful 
algorithm (see Fig. 1). Both methods are always superior to 
the standard second order accurate methods based on S2 (7- 
9). We are currently examining the efficiency of these al- 
gorithms for coupled equations, as occur in multiphoton 
electronic transitions (1). Of note is that the present algo- 
rithms are always unitary as compared to other efficient 
propagation schemes that are not unitary, such as Chebyshev 
polynomial expansions (1 8). 
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NATHALIE GODBOUT, DENNIS R. SALAHUB, JAN ANDZELM, and ERICH WIMMER. Can J. Chem. 70, 560 (1992). 
Gaussian-type orbital and auxiliary basis sets have been optimized for local spin density functional calculations. This 

first paper deals with the atoms boron through neon. Subsequent papers will provide a list through xenon. The basis sets 
have been tested for their ability to give equilibrium geometries, bond dissociation energies, hydrogenation energies, 
and dipole moments. These results indicate that the present optimization technique yields reliable basis sets for molec- 
ular calculations. 

Key words: Gaussian basis sets, density functional theory, boron-neon, geometries, energies of reactions. 

NATHALIE GODBOUT, DENNIS R. SALAHUB, JAN ANDZELM et ERICH WIMMER. Can. J .  Chem. 70,560 (1992). 
Des bases orbitalaires et auxiliaires de type gaussienne ont kt6 optimiskes pour des calculs de la fonctionelle de la densite 

de spin locale. Ce premier article Ctudie les atomes de bore jusqu'au neon. Des articles subsequents fourniront des bases 
pour tous les atomes jusqu'au xenon. Les bases ont kte verifikes pour leurs capacitks a reproduire des gkomktries d'equilibre, 
knergies de dissociation de liaison, energies d'hydrogknation et moments dipolaires. Ces rksultats indiquent que la prksente 
technique d'optimisation produit des bases fiables pour les calculs molCculaires. 

Mots cle's : Bases orbitalaires gaussienne, thkorie de la fonctionnelle de la densitk, bore-neon, geometries, energies 
de rkactions. 

1. Introduction 

1 .I General considerations 
Ever since their introduction, orbital basis sets have been 

the subject of extensive efforts and discussions. Because of 
their critical role in determining the accuracy and because of 
computational cost, the subject of basis sets in molecular 
calculations continues to be of great interest. All computa- 
tional approaches that solve the Schrodinger equation with 
the expansion method express the molecular wave functions 
in terms of a basis set that contains a finite number of basis 
functions. As mentioned in a review by Huzinaga (1), "it is 
this finiteness that is the cause of all the frustrations and 
fascinations about the basis set." 

A number of reviews about basis sets have been pub- 
lished (2-7). The fact that there has been many a review ar- 
ticle about the subject serves to show that the field is 
important and very much alive. There exists no one finite 
basis set for each element that is small enough to be used in 
molecular calculations with today's computers, yet is flexi- 
ble enough to universally describe all properties. In fact, re- 
sults of various degrees of accuracy are obtained depending 
on the choice of the basis set. The choice of the basis set is 
critical. 

1.2 Basis set functions 
Several types of functions have been proposed. The two 

more commonly used are the Slater-type functions (STF), 
introduced by Slater (8) in 1930, and the Gaussian-type 
functions (GTF) proposed by Boys (9) in 1950. The STO's 
are functions that represent the main features of the radial part 

' ~ u t h o r  to whom correspondence may be addressed. 
'present address: Biosym Technologies, 10065 Barnes Canyon 

Road, San Diego Calif. 92121, U.S.A. 

of an atomic orbital. The problem in using these functions 
comes from the difficulty in calculating the integrals. 

Boys showed that by taking GTF, complete systems of 
functions can be constructed appropriate to any molecule, and 
that the necessary integrals can be evaluated explicitly. Al- 
though they do not describe the atom as well as does the STF 
(a linear combination has to be used in order to represent an 
STO), they retain the advantage that the molecular integral 
formulas are straightforward to derive and to code. 

The usefulness of GTF as basis functions for large-scale 
molecular calculations was put forward by Huzinaga (10) in 
1965. He concluded that even if the number of GTF needed 
in the analytical Hartree-Fock expansion calculation would 
be larger than if STF were used, the number of GTF would 
not be prohibitively large. Currently, most molecular cal- 
culations are done using CGTF (Contracted Gaussian-Type 
Functions). 

1.3 Basis sets of GTF 
Various methods to obtain expansions of S T 0  in terms of 

GTO have already been proposed. A variational method (1 1) 
was developed but it suffered from the difficulty of achiev- 
ing true minimization because of the multiple minima prob- 
lem which grew rapidly with the number of variational 
parameters. A least-squares method had also been pro- 
posed, Boys and Shavitt (12), but it also had the problem of 
multiple minima. Huzinaga ( lo ,  13) proposed a method based 
on a least-squares-fit procedure that could avoid such a 
problem. In parallel, Pople and co-workers proposed the 
STO-nG method (14- 18). 

A method based on least-squares fitting and atomic OP- 
timisation was proposed by Tavouktsoglou and Huzinaga 
(19). The emphasis was put on bonding valence orbitals in 
order to achieve accurate molecular results. In this method, 
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GODBOUT ET AL. 56 1 

the orbital exponents are optimized together with the con- 
traction coefficients. While they remain at the 3G level (3 
Gaussians to represent 1 STF), this was a new approach to 
their formation. This technique yielded very good molecu- 
lar results for main group elements and succeeded with third 
row elements where the STO-3G basis sets had failed. This 
was mainly due to the fact that no least-squares fi t  to the ST0 
was done and therefore the basis set did not inherit the de- 
fects of the STO. A similar contraction scheme had been 
proposed by Clementi and co-workers (20) but was limited 
to the contraction coefficients. 

This method was further improved by Tatewaki and 
Huzinaga (21) and applied to third row transition metals. The 
main problem with the Tavouktsoglou and Huzinaga method 
(19) was that, with the limited number of Gaussian func- 
tions used, primitive Gaussians were overspent in the inner 
core region of the atom. Pople's method was a success in that 
sense since it considered the electronic distribution through- 
out the atom. Huzinaga's new scheme was able to achieve a 
proper electron distribution. Valence shell orbital energies 
that were quite close to those of double-zeta quality were 
obtained using a minimal basis set with a modest represen- 
tation of the core orbitals. The authors concluded that basis 
sets constructed in that manner should provide good molec- 
ular results. 

These minimal basis sets could be improved further for 
molecular calculations by splitting the valence shell orbitals 
into two parts in order to better describe a molecular envi- 

I ronment, as suggested by the work of Pople and co-workers 
(22) and Hehre and Latham (23) with the 4-31G basis sets. 1 The success of the method intitiated a series of articles by 
Huzinaga and co-workers in which basis sets were system- 
atically prepared for the atoms helium through cadmium (24- 
29). A monograph by Huzinaga et al .  (30) contains various 
basis sets developed in this method for all atoms of the pe- 
riodic table. 

1.4 Basis sets in density functional theory 
'The major drawback of the Hartree-Fock theory (HFT) 

is that it neglects electron correlation, which is known to be 
important for many systems including transition metal com- 
plexes, organometallic compounds, and even relatively small 
highly correlated molecules like FOOF (3 1, 32), C2F2 (34), 
and CH3N0, and CH3NH2 (33). The HFT formally scales as 
N', N being the number of primitive basis functions, al- 
though some programs can perform as N3 or N2 due to the 
Gaussian-type decay of the localized basis sets and (or) the 
use of pseudospectral techniques (35, 36). When electron 
correlation is included, the scaling factor grows rapidly, 
making calculations on large molecular systems impossible 
unless some approximations are made to the integrals. There 
is growing evidence (33, 37-40) that density functional 
theory (DFT) (41-44) is a promising alternative to the 
Hartree-Fock approach (33). The DFT includes electron 
correlation and it scales formally as N3. With increasing 
system size, the computational effort scales between N2 and 
N3, while correlated Hartree-Fock based methods giving 
results of similar quality scale at least with the fifth power 
of N. It is believed (33) that these features of molecular DTF 
open opportunities for the study of large and complex mo- 
lecular systems that are out of reach for other ab initio mo- 
lecular orbital methods. 

Various techniques are used to solve the Kohn-Sham 
equations. Those techniques can use various types of func- 

tions. There have been implementations using Slater-type 
functions (45, 46), numerical functions (47-49), numerical 
functions generated from a muffin-tin potential (50, 51) 
plane-waves (52, 53), augmented plane-waves (54, 56), and 
Gaussian-type functions (57, 58). Basis set free solutions 
have also been introduced (59). The reason for using GTF 
in DFT, apart from the straight-forwardness of the integral 
evaluations, is that one can benefit from extensive Hartree- 
Fock experience. 

The Gaussian-based implementation of the DFT equa- 
tions relies on a variational, analytical approximation to the 
density. To achieve a variational fit to the density, the 
Coulomb energy term arising from the difference between 
the exact and the fitted density is minimized. This proce- 
dure was proposed by Dunlap et a l .  (58). It leads to an an- 
alytical expression for the fitting coefficients involving 
Coulomb-type three-index two-electron integrals. It may be 
noted that, with Gaussians, the Coulomb terms may be 
evaluated exactly, if desired, by the usual methods involv- 
ing N~ integrals. 

The first implementation of DFT that used Gaussian 
functions (LCGTO-LSD, Linear Combination of Gaussian- 
Type Orbitals-Local Spin Density) employed extended 
uncontracted Hartree-Fock Gaussian basis sets, which 
inevitably limited the size of the systems that could be stud- 
ied. Contracted basis sets were optimized in the LSD ap- 
proximation for a series of transition metal atoms by 
Andzelm, Radzio, and Salahub (60) using Huzinaga's method 
(19, 21). It was actually found (60) that using contracted HF 
optimized basis sets in LSD calculations might not be ap- 
propriate since there are quite pronounced differences in the 
valence region between LSD and HF atoms that could in- 
fluence the molecular results. Furthermore, it was shown that 
Hartree-Fock optimized basis sets used in DFT calcula- 
tions would likely create basis set superposition errors 
(BSSE). Hartree-Fock optimized basis sets such as 6-3 lG* 
(61, 62) can be used in DFT calculations to give good 
geometries, but accurate, and economical, predictions of 
reaction energies require the use of DFT optimized Gaussian- 
type basis sets (33). 

1.5 Overview of the present paper 
In this first paper of a series, LSD optimized Cartesian 

Gaussian basis sets for boron to neon are reported and their 
performance in molecular calculations is discussed. For that 
purpose, we have used a recent implementation of the den- 
sity functional Gaussian-type orbital approach, DGauss (for 
Density-Gaussian) (33, 34). Subsequent papers will include 
basis sets for atoms through xenon. Equilibrium geome- 
tries, bond dissociation and hydrogenation energies, and 
electric dipole moment results obtained with the proposed 
basis sets will be presented and compared with experimen- 
tal and ab initio results. It seems that the present technique 
of optimizing LSD basis sets yields high quality double-zeta- 
split-valence + polarization (DZVP) basis sets. 

2. Theory 

2 .I Atomic numerical calculation 
The optimization scheme of the contracted LSD-VWN 

(Vosko, Wilk, and Nusair (63)) basis sets, based on the 
Huzinaga method (21) as implemented by Andzelm, has been 
described elsewhere (60). Only an abbreviated version will 
be given here. The atomic numerical calculations were done 
as a first iteration because they provide an exact solution to 
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the LSD equations and therefore a reference for the atomic 
calculation with an orbital basis set. The radial Schrodinger 
equation can be written in the following way: 

where E, is the orbital energy, R,,,(r) is the radial function, and 
V,(r) is the total potential. There is one radial function at- 
tributed for each sub-shell. For example, for carbon, there 
are three radial functions: Rls(r), R2s(r), and R,,,(r) and they 
are obtained by solving [I].  

2.2 Atomic calculation with an orbital basis set 
In the analytical SCF (Self-consistent Field) method, the 

radial functions are approximated by a linear combination of 
basis functions denoted by s,(r),s,(r),. . .,sM,(r);p,(r),p,(r), 
. . . ,p (r);d,(r),d,(r),. . . ,dMd(r) for s,  p ,  and d symmetry re- 

Mp 
spectlvely. 

The radial functions can then be written in the following 
way: 

M, 

[21 Rm(r) -. C cns.,~,(r) 
, = I  

MP 

[31 Rnp(r) = cnP,,~,(r) 
, = I  

Md 

[41 RAr) = cnd.,dl(r) 
1 , = I  
1 

These radial functions can approach those obtained nu- 
merically if the basis functions and the length of the expan- 
sions M,, M,, and M, are well chosen. Theoretically there is 
an optimal form for these basis functions. It can be obtained 
by expressing it as a linear combination of simple func- 
tions, the primitives. The primitives chosen for this work, 
as mentioned in the introduction, are GTF, 

The CGTF are then defined as 
K,, 

[&I s,(r) = C d,~.k~gr(ar~.k;r) 
I= 1 

KP' 

P I  p,(r) = dp,,kgp(ap,,k;r) 
k =  1 

Kd, 

[ 101 = C dd,,~d(ad,,,;r) 
k =  1 

where K,,, d,,,,, and a,,, are the parameters to be varied. For 

I example, substituting the s basis function in eq. [8], the ra- 

I dial s function in eq. [2] becomes 

where R,(r) are the approximate functions. Once the size of 
the K,, expansions has been chosen, the optimization of the 
atomic orbital basis set is done by optimization of the ex- 
ponents and linear coefficients so as to minimize the total 
atomic energy. 

For example, the procedure to optimize an orbital basis set 

TABLE 1 .  Coefficients and ex- 
ponents for (41 / I* )  orbital ba- 

sis sets of hydrogen 

Hydrogen 

for carbon can be described as follows. If the K2s(2)2p(2) 
electronic configuration is approximated using a (63/3) basis 
set, there are 6, 3, and 3 GTO used to represent the s , ,  s2, 
and p ,  CGTO (Contracted Gaussian-Type Orbital) of car- 
bon respectively. First, the s,(r) basis function is varied so 
as to minimize the energy while keeping the s,(r) and p,(r) 
frozen, that is, the exponents and coefficients are not var- 
ied. The s,(r) function is then varied while the others are kept 
frozen. This process is repeated until consecutive calcula- 
tions do not produce any improvement in the total energy 
within lo-' a.u. Most of the computing time was spent on 
the core orbitals as this is where most of the energy resides. 
The Hartree-Fock optimized basis sets (30) were used as the 
starting basis sets. 

In ref. 60, a (4333/43/41+) expansion pattern was cho- 
sen for all the first row transition metal atoms. This choice 
was based on the orbital energies and molecular calcula- 
tions as it fulfilled reasonable requirements of accuracy and 
economy. In the present work, three expansion patterns, 
which differ in the number of primitives used for the core 
orbitals, were optimized: (63/5) for boron through neon, (731 
6) for boron through fluorine, and (83/7) for carbon and 
fluorine. The augmented number of primitive functions for 
the core orbitals is expected to reduce the BSSE. The or- 
bital basis for hydrogen (Table 1) was derived from a least- 
squares fit to numerical LSD results followed by scaling by 
the usual factor (1.44, which corresponds to 1.2 for a hy- 
drogenic orbital (64)). 

The basis sets are optimized as minimal basis sets but they 
are decontracted for molecular calculations. For example, the 
(63/5) set was split to a (621/41) set. To further improve the 
molecular results, a d polarization function was added and 
the basis set would become a (62 1 /4 1 / 1 *) set. The polar- 
ization functions were chosen from the previous experience 
in LCGTO-LSD calculations and from Pople's 6-31G* basis 
sets. This brings the basis sets to the quality of DZVP for the 
valence electrons. 

3. Results and discussion 
3.1 Basis sets and orbital energies 

The LSD-VWN optimized orbital basis sets are shown in 
Tables 1-4. The basis sets found in these tables are as they 
were optimized, except for the d polarization functions, which 
was not optimized, and the hydrogen basis set that was de- 
contracted as it was used. The electronic configurations of 
the atoms are ~ 2 ~ ~ 2 ~ "  where n takes the value 1-6 when 
going from boron to neon. 

The orbital energies as a function of the expansion pat- 
tern are shown in Table 5. The orbital energies calculated 
with the (63/5) basis sets are in very good agreement with 
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GODBOUT ET AL 

TABLE 2. Coefficients and exponents for (63/5/1*) orbital basis sets for boron through neon 

Boron Carbon Nitrogen 

0.4000000 1 .OOOOOOOO 0.6000000 1 .OOOOOOOO 0.7000000 1 .OOOOOOOO 

Oxygen Fluorine Neon 

the ones calculated numerically and the ones with the (731 
6) are in even better agreement. They are all calculated higher 
in energy than the numerical ones. This is also the case for 
the (73/6) set with the exception of the 1s & orbitals for 
boron, carbon, nitrogen, and fluorine, which are lower in 
energy. The average difference between the orbital energies 
calculated with an expansion and numerically (2) along with 
the standard deviations are shown in Table 5. The errors in 
the orbital energies for the (63/5) set are in the tenth of an 
eV range for both valence and core levels. We would there- 
fore expect a good valence representation for most pur- 
poses, and also a small BSSE. The errors are even smaller 
for the (73/6) set. The (83/7) set, for fluorine, leads to some 
further improvement but probably not enough to justify the 
additional expense. Finally, the total energy of the system 
decreases with the size of the expansion as a better descrip- 
tion of the atoms is provided. With these results in mind, we 
expect that these basis sets will perform well in molecular 
calculations. 

3.2 Auxiliary sets 
Besides the orbital basis sets, fitting basis sets have to be 

introduced to approximate the electron density and the ex- 
change-correlation potential and energy. Sambe and Felton 
(57) first proposed fitting the electron density and the ex- 

change-correlation potential, thereby obtaining a method that 
scaled as N~ rather than M. The fit to the electron density was 
later made variational by the work of Dunlap et al. (58). The 
electron density and exchange-correlation potential are ex- 
panded in auxiliary sets of Gaussian-type basis functions. The 
expansion of the s-, p-, and d-type uncontracted Gaussians 
provides a flexible enough representation of the atomic 
density provided the variational method of fitting is chosen. 
As for the exchange-correlation terms, the determination of 
the expansion coefficients has to be carried out numerically 
using a grid. The fit to the electron density is done analyti- 
cally. 

These auxiliary sets are derived from the orbital basis sets, 
according to a procedure similar to that developed by Dunlap. 
The smallest exponent of the orbital set is used to start the 
expansion for the electron density set. Since the charge 
density is the sum of the squares of the molecular orbitals, 
this small exponent is multiplied by two. It was found that 
an economical expansion could be built, to represent the 
density well, by using an even-tempered expansion for the 
lowest rz - 1 exponents, and then breaking the even-tem- 
pered sequence for the tightest exponent. The auxiliary set 
is built using s-type functions and blocks of s-type, p-type, 
and d-type functions with shared exponents. This facilitates 
the calculation of molecular integrals. For carbon-like atoms, 
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the use of three s-type and three p-type functions having the 
same exponents in addition to four s-type functions was found 
to work well. In our notation, this corresponds to a (4,3;4,3) 
auxiliary set where the semi-colon separates the charge 
density from the exchange correlation. The resulting set is 
shown in Table 6.  The same pattern is used for the ex- 
change-correlation set. It is built from the electron density 
set by dividing the exponents by 3 since the exchange cor- 
relation goes essentially as (58). 

The auxiliary sets shown in Tables 6 and 7 were made to 
be used with the (63/5) and the (73/6) orbital sets respec- 
tively. Each of the sets in Table 7 have one more p- and 
d-type function. Typically, the calculations were performed 
with triple-zeta p- and d-type fitting sets, i.e., (4,3;4,3). It 
was found (Dixon in ref. 33) that quadruple-zeta sets do not 
change molecular results significantly. 
3.3 Equilibrium geometries 

The LSD optimized basis sets presented in this paper have 
already been successfully used in LSD (and NLSD, Non- 
LSD) calculations by several authors to study fluorinated 
methanes (Dixon et al. in ref. 33), a methylamine complex 
(Hill et al. in ref. 33), nitro compounds (Redington and 
Andzelm in ref. 33), organic molecules (Andzelm in ref. 33), 
and many small organic compounds (34) as a part of the 
validation of the DGauss code to study various properties 
such as equilibrium geometries, vibrational frequencies, 
energetics of different types of reactions, and electric di- 
pole moments. For completeness, some of these results will 
also be shown in the present paper. 

The (63/5) basis set pattern was chosen for the present 
calculations as we initially hoped it would become the de- 
fault pattern for DGauss. From other studies, this basis set 
seemed, at least on paper, to be a good compromise be- 
tween economy and quality. In ref. 33, Dixon et al. tested 
these LSD basis sets as a function of the number of primi- 
tive functions for the core orbitals and the expansion pattern 
(DG- 1 to DG-9 in their notation) for the study of isodesmic 
reactions for fluoromethanes. Hartree-Fock optimized 
6-31G** and 6-31 1G** basis sets were also included in the 
study. Their finding was that all the levels predict about the 
same bond distances but that the LSD bonds calculated with 
the Hartree-Fock basis sets come out shorter, but still they 
are respectable. This is in agreement with the statement by 
Andzelm (in ref. 33) that Hartree-Fock basis sets used in 
DFT calculations lead to accurate molecular geometries for 
this class of molecules (see Redington in ref. 33). 

Andzelm and Wimmer (34) used the CH3NH, molecule 
to study the sensitivity of calculated geometric, vibrational, 
and energetic properties on the computational level. They 
found that the calculated bond lengths differ by 0.004 A or 
less when the different levels are compared. The largest 
variation in bond angles is 1.4" (for HCN). Overall they 
concluded that there is relatively little sensitivity of the geo- 
metric variables on the choice of the computational levels. 
For small molecules and fragments containing C,  N, 0 ,  and 
F atoms with the (621/41/1*) orbital basis sets and (41/1*) 
set for hydrogen, they found that the C-C single bond 
lengths are typically 0.01 -0.02 A too short whereas the C-C 
double bond and c-C aromatic bond are within a few 
thousandths of an A of experiment. As for the C-H bond 
length, it is usually too long by about 0.01-0.02 A and this 
trend is even more pronounced for the G H ,  N-H, and 
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GODBOUT ET AL 

TABLE 4. Coefficients and exponents for (83/7/1*) orbital basis sets for carbon 
and fluorine 

Carbon Fluorine 

TABLE 5. Total energy (hartree) and orbital energies (eV) for atoms boron through xenon as a function of the number of primitives in the 
expansion pattern 

Atom Basis -TE - € I S  T - € I S  4 - E ~ S  T - E ~ S  J - 2 ~  T - ~ 2 p  J 

Boron (63/5) 
(73/6) 
Nurn." 

Carbon (63/5) 
(73/6) 
Num. 

Nitrogen (63/5) 
(73/6) 
Num. 

Oxygen (63/5) 
(73/6) 
Nurn. 

Fluorine (63/5) 
(73/6) 
(83/7) 
Num. 

Neon (63/5) 
Num. 

1 u (63/5) 
(73/6) 

"Num. refers to the numerical calculation. 

H-F distances. For C-0, C-N, C-F, N-0, and N-F 
bonds, they find agreement within 0.02 A or less. The bond 
angles deviate from experiment by less than lo. The homo- 
nuclear diatomics are fairly well described. 

The orbital basis set effect, i.e., the effect of the number 
of primitive basis functions and decontraction pattern, on the 
geometrical parameters can be seen in Tables 8 and 1 1. The 
basis set notation is given at the end of Table 8. The orbital 
basis sets are given on the left side of the semi-colon and the 
auxiliary sets on the right side. The notation used in ref. 34 

is also indicated. From Table 8, we conclude that the C-H 
bond distance in CH, and in the CH, radical does not vary 
significantly with the basis sets. The standard deviation is 
0.002 A for both systems. In the case of the C-C, C-N, 
and C-0 bonds, the addition of a d polarization function 
affects the bond lengths more than in the case of the C-H 
bond. The average bond lengths and the standard deviations 
when considering the results from the five basis sets studied 
for the C-C, C-N, and C-0 bond lengths respectivdy 
are 1.518 + 0.005, 1.450 + 0.003, and 1.418 * 0.016 A. 
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TABLE 6. Exponents for the (4,3;4,3) auxiliary sets for boron through neon, for use 
with the (63/5) orbital set 

Boron Carbon Nitrogen Oxygen Fluorine Neon 

TABLE 7. Exponents for the (4,4;4,4) auxiliary sets for boron through neon, for use 
with the (73/6) orbital set 

Boron Carbon Nitrogen Oxygen Fluorine Neon 

If we exclude the results obtained with the basis set without 
the polarization function, on the ground that polarization 
functions are necessary, these results bccome 1.5 17 t 0.005, 
1.45 1 + 0.002, and 1.41 1 + 0.002 A and all the standard 
deviations are in the thousandths of an A. These results 
reinforce the previous conclusion that the geometrical pa- 
rameters are not significantly affected by the orbital and 
auxiliary basis sets chosen for this study. 

The equilibrium geometries for a series of compounds 
containing first-row atoms are shown in Tables 9 and 10. 
These geometries were obtained using the LSD (621 /41/ 1 *) 
orbital basis sets for carbon-like atoms and (41) orbital basis 
set for hydrogen. The triple-zeta auxiliary sets were built as 
previously described. The equilibrium geometries for ethane, 
ethene, and ethyne are shown in Table 9. The results show 
that this bond is very well described using our basis sets. The 
differences with the experimental values are of 0.014, 0.003, 
and 0.014 A for the triple, double, and single bonds respec- 
tively. The carbon-hydrogen bond is well reproduced, being 
too long by 0.01-0.02 A. 

Table 10 shows the calculated equilibrium geometries for 
first-row heteroatom compounds. Again, we find our re- 
sults to be in excellent agreement with the experimental data. 
With the somewhat limited number of compounds studied, 
we have derived some statistics using the average differ- 
ence between the calculated and experimental bond lengths 
and angles (z). For the C-F(1), C-N(2), C-0(3), 
C-H(8), N-H(2), and 0-H(l) bond types we find the 
values of ( G )  of 0.005, 0.010, 0.009, 0.011, 0.013, and 
0.01 1 A respectively, the numbers in parentheses being the 
number of values from which the values of ( Z )  were tabu- 
lated. p n  average, all the bond lengths are calculated within 
0.02 A and in many cases within 0.01 A of experiment, 
which is respectable. The highest deviation for the bond an- 
gles is 2.3" but most (six out of ten) are predicted within 1" 
of experiment. The average deviation regardless of the types 
of angles is 1". These values are in agreement with the pre- 
vious statement that LSD can predict bond angl~s within 2.0" 
of experiment and bond lengths within 0.02 A. Out of the 
11 angles calculated, four are calculated higher than the ex- 
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GODBOUT ET AL. 567 

TABLE 8. C-X(X = C,N,O) bond lengths as 
a function of the basis set 

Basis CH3-CH3 CH3-NH2 CH3-OH 

The following notation reads as: orbital set for 
C-like atoms, orbital set for H; auxiliary set for C-like 
atoms, auxiliary set for H 

A: (621/41),(41);(4,3;4,3),(4;4) or DZV" 
B: (621/41/1*),(41); (4,3;4,3),(4;4) or DZVP" 
C: (621/41/1*),(41/1); (4,3;4,3),(3,1;3,1) or 

DZVPP" 
D: (721/51/1*),(41/1); (4,4;4,4),(3,1;3,1) or 

DZVPT 
E: (71 11/4I1/l*).(41/1); (4,4;4,4),(3,1;3,1) or 

TZVY 
"Notation of ref. 34. 

TABLE 9. Calculated and experimental equilibrium geometries for 
a series of organic molecules using the (62 1 /4 1 / 1 *) orbital basis 

set for carbon and (4 1 / 1 *) for hydrogen 

Point Geometrical 
Molecule group parameter Explt. 

perimental value, six are smaller, and one is exact. As for 
the calculated bond distances, most overestimate the corre- 
sponding experimental value. In conclusion, the equilib- 
rium geometries that we showed, calculated using the 
proposed LSD basis sets, provide structures that compare 
favorably with MP2 results, obtained with 6-31G* basis sets, 
and experiment. 

3.4 Bond dissociation energies 
The bond dissociation energies, and the hydrogenation 

energies, are calculated by subtracting the sum of the ener- 
gies of the reactants from those of the products. Fully opti- 
mized geometries were used. The non-local corrections to 
the energy are calculated as a perturbation at the end of the 
LSD calculation using the functional forms proposed by 
Becke for exchange (65) and Perdew for correlation (66) and 
using the LSD equilibrium geometries. 

The results from the study of the CH, -+ CH,' + H' re- 
action are in Table 1 1 .  At the MP4(6-31G**//6-31G*) level, 
a 6-3 1G** MP4 single-point calculation using a Hartree-Fock 
6-31G* equilibrium geometry, a 3 kcal/mol difference with 
experiment still remains. Increasing the size of the basis set 
(6-31 lG**) at the same level of theory does not change the 
accuracy. The LSD(VWN) results overestimated the disso- 
ciation energy by an average of 11.9 kcal/mol. This result 
is not suprising since it is known that the binding energy is 
overestimated in the LSD approximation. The use of non- 
local corrections, Becke-Perdew potential, greatly im- 

TABLE 10. Equilibrium geometries for a series of organic mole- 
cules using the (62 1 /4 1 / 1 *) orbital basis set for carbon-like atoms 

and the (41/1*) set for hydrogen 

Geometrical 
Molecule parameter LSD 

1.175 
1.378 
1.106 

109.5 
1.274 
1.035 
1.110 
1.106 

125.4 
118.2 
11 1.0 

1.212 
1.123 

115.9 
1.45 1 
1.114 
1.105 
1.025 

107.1 
116.2 
106.2 

1.410 
0.974 
1.103 
1.110 

106.8 
108.4 
108.6 

Exptl 

TABLE 11. Calculated and experimental" CH bond length (A) and 
dissociation energy, D, (kcal/mol), of methane 

Basis De RC-H ZPE 
sets/ 

method VWN BP CH, CH, CH, CH, 

A 
B 
C 
D 
E 
H F ~  
M P ~ ~  
M P ~ ~  
M P ~ ~  
MP4' 
GVB 
CCCI 
Exptl. 

"Hartree-Fock, non-DFT, and experimental values from ref. 61 
b6-3 1G**//6-31G*. 
'6-3 1 lG**. 

proves the D,, which is then only overestimated by 
0.9 kcal/mol. This conclusion has been drawn by other au- 
thors (33). The D, is basis set independent as is the geome- 
try and the zero point energy. For the D,, this can be seen 
by the small value of 0.2  kcal/mol of the standard devia- 
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TABLE 12. Bond dissociation energies (kcal/mol) for the dissociation of a series 
of molecules 

CH,-CH, CH3-NH? CH,-OH 
Basis sets/ 

method LSD NLSD LSD NLSD LSD NLSD 

A 
B 
C 
D 
E 
HF'  
M P ~ "  
M P ~ "  
Expt. 

"Orbital basis set: 6-3 1G**//6-3 IG*. 
"Orbital basis set: 6-31G**//6-3lG*. 

tion at the LSD and NLSD level. Since the decontraction 
pattern and the number of core primitive functions does not 
affect the D, significantly, it is not certain that larger or more 
decontracted basis sets may improve the results. 

Andzelm and Wimmer (34) computed the bond energies 
for the successive removal of H atoms from methane with a 
(62 1 /21/ 1 *) orbital basis set for carbon and (4 1 / 1 *) set for 
hydrogen. They found that the CH-H bond is overesti- 
mated at the LSD level by as much as 15 kcal/mol. The 
NLSD calculations bring results to within 2 kcal/mol of ex- 
periment. The C-C bond dissociation energies were also 
studied and the same conclusions as for the C-H bond were 
obtained in terms of the need to include non-local correc- 
tions to the energy. None of the correlated Hartree-Fock 
based methods came as close to experiment as the NLSD 
approach. 

The bond dissociation energies involving the atoms C, N, 
0 ,  and F in a reaction of the type A-B -+ A + B represent 
a difficult problem for the ab itzitio approach. The Hartree- 
Fock approach gives poor agreement with experiment 
whereas MP2 often brings agreement within a few kilocalo- 
ries per mole. Table 12 shows the dissociation energies for 
the C-C, C-N, and C-0 bonds for the CH,-CH,, CH3- 
NH,, and CH3-OH molecules as a function of the basis sets 
at the LSD and NLSD levels. The average D, and the stan- 
dard deviations for these bonds in the order given above are 
115.8 2 0.8, 114.2 ? 1.1, and 121.3 ? 3.7 kcal/mol. At 
the NLSD level, these values are 94.8 + 0.9, 90.4 + 0.6, 
and 96.5 + 3.4 kcal/mol. The deviations are larger than in 
the case of the C-H bonds, the highest being for the dis- 
sociation of the C-0 bond. The NLSD level is necessary 
to bring agreement to within 3 kcal/mol of experiment. 

These results are preliminary and it would be dangerous 
to draw too general conclusions from them, but they are very 
encouraging since reasonable D,, within 1-2 kcal/mol of the 
experimental results, could be obtained and this at a lesser 
cost than that of perturbation theory. Certainly, more re- 
sults are needed to complement the present ones but one 
conclusion that seems unavoidable is that non-local correc- 
tions are needed if a close agreement with experiment is to 
be expected. 

3.5 Hydrogenation reactions 
The LSD and NLSD hydrogenation energies for a series 

of reactions are found in Table 13 along with the Hartree- 

Fock and Moller-Plesset results as compiled by Hehre et al. 
(61). In ref. 61 it is said that, at the Hartree-Fock level, the 
6-3 lG* and 6-3 1G** sets are needed to bring the agreement 
to within 3-5 kcal/mol of experiment. 

The calculation of energies of hydrogenation is quite new 
in D R .  When looking at the LSD and NLSD results in Table 
13, what is first surprising is that the inclusion of a d polar- 
ization function to the DZV (double-zeta-split-valence) basis 
set slightly deteriorates the agreement with experiment. In 
general, a polarization function improves the results. The 
average energies of hydrogenation and the standard devia- 
tions for the CH3-CH,, CH3-NH,, and CH3-OH molecules 
at the LSD level are respectively 17.8 ? 0.7, 24.7 + 1.4, 
and 27.5 2 1.7. At the NLSD level, these values are 18.9 
+ 0.6, 25.7 2 1.2, and 27.7 2 1.8. The standard devia- 
tions indicate a basis set sensitivity of 1-2 kcal/mol. Even 
if the basis sets cause fluctuations in the energies, the extent 
of this behavior is restrained to within 2 kcal/mol, which is 
reasonable. Further, no large discrepancies with experiment 
are found. At the LSD level, the agreement with experi- 
ments is on average within 1-3 kcal/mol. The non-local 
corrections to the density bring the agreement to within 
2 kcal/mol or less. The correction is not as large as was the 
case with dissociation energies. With a few exceptions, the 
energies are underestimated. 

Again, the present LSD optimized basis sets provide 
quality results. In their study Andzelm and Wimmer (34) 
found that there were some serious deficiencies for reac- 
tions involving triple bonds while the hydrogenation of the 
single bonds is fairly well described at the LSD level. The 
NLSD level performs as well as the MP2 with 6-31G**// 
6-3 lG* orbital basis sets and is closer to the MP4 approach 
with the same basis sets. They also found that the agree- 
ment between NLSD and the experimental values corrected 
for zero-point energies is quite reasonable for many of the 
reactions but significant discrepancies of up to about 10% do 
exist. 

3.6 Electric dipole moments 
The calculation of the electric dipole moments provides 

an insight into the overall distribution of charge, which may 
be important to know when structures and reactivities of 
molecules are to be evaluated. This one-electron property can 
be measured experimentally so that comparisons with the- 
ory can be made. Generally, this comparison is limited to the 
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GODBOUT ET AL 

TABLE 13. Calculated and experimental energies of hydrogenation reactions (kcal/mol)" 

CH3CH3 + Hz CH,NH2 + Hz CH30H + Hz 
Method Basis set -+ 2CH, -+ CH, + NH, -+ CH., + HzO 

MP2 
MP3 
MP4SDQ 
MP4 
LDS 

NLSD 

Expt. 

"All expt., Hartree-Fock, and Moller-Plesset results as compiled by W. Hehre in ref. 61. 

magnitude of the vector as a lot of uncertainties often exist 
in the experimental directions. The dipole moments were 
calculated by computing the expectation value of the dipole 
moment operator, p. 

Again we turn to the Hartree-Fock experience to give us 
an idea of the basis set effect (61) on the electric dipole mo- 
ments. For diatomic and small polyatomic molecules, the 
6-3 lG* model is the most successful of the theoretical models 
as it provides a reasonable description of the magnitude of 
the dipoles for a variety of different compounds. In going 
from STO-3G to 6-31G*, the mean absolute deviation dif- 
ference is 0.35 D and from 3-21G* to 6-31G* it is 0.04 D. 
From this we may conclude that once a somewhat high 
quality of basis set is reached, the calculated dipole mo- 
ment is not affected as much by the choice of the basis set. 
This conclusion can also be applied to compounds contain- 
ing heteroatoms. Still, significant errors remain if we con- 
sider that the typical range of values for dipole moments is 
0 to about 5 D. Near the Hartree-Fock limit, the magni- 
tudes of the electric dipole moments are frequently in error 
by a few tenths of a debye. From this comparative study, we 
expect that our basis sets will provide at least as good di- 
pole moments as does the 6-3 lG* level. 

The LSD dipole moments of two compounds as a func- 
tion of the basis sets are shown in Table 14 along with the 
Hartree-Fock values. They were calculated with the equi- 
librium geometry as calculated by each of the basis sets. We 
do not feel that this will prevent us from having a discus- 
sion in terms of the basis set pattern as no major differences 
are found between the geometries. Looking at the LSD re- 
sults as a function of the basis set, it is apparent that it is 
necessary to include a d polarization function to get agree- 
ment with experiment within 0.2 D or less. Disregarding the 
results without the d function, the highest deviation from 
experiment is of 0.193 D (CH3NH2) and the lowest one is of 
0.046 D (CH30H). The best agreement is found with the 
basis set C. In all cases the dipole moments are overesti- 
mated. On average, the dipole moments for CH3NH2 and 

TABLE 14. Dipole moments (debye) for heteratom-containing 
compounds 

Method Basis set CH,-NH? CH,-OH 

HF STO-3G//STO-3G 
3-2 lG//STO-3G 
3-2 lG*//STO-3G 
6-3 lG*//STO-3G 

LSD A 
B 
C 
D 
E 

Expt . 

CH30H, when considering all the basis sets studied, are 1.34 
+ 0.26 and 1.89 t 0.2 D respectively. If we neglect the re- 
sults obtained with basis set A from our statistics, these val- 
ues become 1.46 + 0.04 and 1.80 2 0.04 D. The important 
conclusion is that the deviations become smaller. 

The effect of electron correlation can be tentatively ac- 
counted for as our basis sets are of similar size as the 6-3 lG* 
Hartree-Fock set. If that comparison can be made, the cor- 
relation has lowered the dipole moment by 0.2 D. The NLSD 
dipole moments are not shown here but other preliminary 
results tend to show that the correction should not be large 
(0.1-0.2 D) (67). In conclusion, for the two systems stud- 
ied, the basis sets provide reasonable results but a more 
lengthy study is needed to determine trends and account for 
the 0.2 D (or less) difference with experiment that remains. 
3.7 Final conclusions 

We have proposed all-electron LSD optimized Gaussian 
basis sets for the atoms boron through neon. The optimiza- 
tion procedure used, based on the Tatewaki and Huzinaga 
method, provides high quality valence orbitals as judged by 
comparison with the energies and orbitals obtained by the 
numerical solution of the Kohn-Sham equations. We be- 
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lieve that these sets will cause only small BSSE since they 
have a good representation of the core orbitals. 

The equilibrium geometries, bond dissociation and hy- 
drogenation energies, and electric dipole moments have been 
calculated with the newly optimized basis sets. The results 
that we have shown make us believe that we have basis sets 
that can provide information with a reliable accuracy. The 
equilikrium geomem parameters are predicted at least within 
0.02 A and l o  of experiment. 

The bond dissociation energies for one homolytic disso- 
ciation process could be predicted within 1 kcal/mol of ex- 
periment and other results obtained using the proposed basis 
sets are quite encouraging. They are as good as the MP2 and 
MP4 results, with the 6-31G**//6-31G* orbital basis sets, 
in reproducing the experimental values. Such an agreement 
is obtained, though, only if non-local corrections to the 
energies are included. The hydrogenation energies can be 
calculated within 1-3 kcal/mol and 2 kcal/mol of experi- 
ment at the LSD and NLSD levels respectively using the 
proposed basis sets. The electric dipole moments were cal- 
culated within 0 .2  D of the experimental values. These con- 
clusions are based on very preliminary studies. At first 
glance, the basis sets that we have proposed give results that 
are as good as those of calculations with other correlated 
methods and this can be an indication that they are ade- 
quate. 

These basis sets were also used in other studies to calcu- 
late harmonic vibrational frequencies and energies of iso- 
desmic reactions. Dixon (in ref. 33) found a much better 
agreement with experiment when using LSD optimized basis 
sets in LSD calculations than when using Hartree-Fock op- 
timized basis sets for isodesmic reactions. He studied sev- 
eral patterns and sizes and concluded that the results are 
sensitive to the number of contracted functions in the core 
orbitals. The basis set with six primitives for the 1s orbital 
gives an error of about 4 kcaljmol whereas an improved 
treatment of the core by just one additional function de- 
creases this error by more than 1 kcal/mol. 

The vibrational frequencies in DFT are currently calcu- 
lated with the second derivatives being obtained by numer- 
ical differentiation of the gradient at the equilibrium 
geometries, since the analytical second derivatives are not 
available yet. Andzelm (in ref. 33) calculated the vibra- 
tional frequencies, using the basis sets proposed in this paper, 
for a series of simple organic molecules containing C,  N, 0, 
H,  and F using the basis sets found in this paper. He  found 
.a good agreement between the LSD and experimental data. 
Typically, the high energy frequencies are overestimated 
while the low frequencies are smaller than the correspond- 
ing experimental frequencies. The average percentage de- 
viations in the calculated frequencies from the measured 
harmonic values are 4.5% at the DZVPP/LSD level. 
Andzelm and Wimmer (34), again using the present basis 
sets, calculated vibrational frequencies consistently closer to 
experiment than those obtained with the Hartree-Fock the- 
ory. The LSD results were at least as close to experiment as 
those obtained from the MP2 theory with similar size and 
quality of orbital basis sets. 
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ROBERTA P. SAXON and MEGUMU YOSHIMINE. Can. J .  Chem. 70, 572 (1992). 
Calculations designed to characterize the transition state and determine the barrier height for rearrangement of nitro- 

methane to methyl nitrite are reported. Structures of CH,NO,, C H 3 0 N 0 ,  dissociation products, CH3 + NOz and CH,O 
+ NO, and the transition state for nitro-nitrite rearrangement have been optimized at the MCSCF/4-31G level. The ge- 
ometry of the transition state may be approximately described as separated CH3 and NO, species with extremely long 
C-N and C 4  bond lengths, 3.396 and 3.654 A, respectively. Energies have been obtained by large-scale multirefer- 
ence single- and double-excitation CI calculations (6-3 lG:+ basis). The transition state is calculated to lie 56.7 kcal/mol 
above nitromethane (with zero-point energy). A C-N bond dissociation energy of 51.7 kcal/mol is obtained. Results 
are compared with the infrared multiphoton dissociation experiment of Wodtke, Hintsa, and Lee. 

Key words: nitromethane, ab initio calculations, transition state, rearrangement, dissociation. 

ROBERTA P. SAXON et MEGUMU YOSHIMINE. Can. J .  Chem. 70, 572 (1992). 
On rapporte les rtsultats de calculs effectuks dans le but de caracteriser I'etat de transition et de determiner la hauteur 

de la barriere au rearrangement du nitromethane en nitrite de mtthyle. Optrant au niveau MCSCF/4-31G, on a opti- 
mise les structures du CH3NOz, du C H 3 0 N 0 ,  des produits de dissociation, CH, + NO2 et C H 3 0  + NO, et de I'ttat de 
transition du rtarrangement nitro-nitrite. La gtometrie de l'etat de transition ressemble approximativement aux espkces 
CH, et NO, sCpart5s dans lesquelles les liaisons C-N et C 4  sont extremement allongees, a des distances respectives 
de 3,396 et 3,654 A. On a obtenu les energies A l'aide de calculs d'IC (base 6-31G*) avec multi-references simplement 
ou doublement excittes. On a calcult que 1'Ctat de transition se trouve A 56,7 kcal/mol au-dessus du nitromethane (avec 
energie du point ztro). On obtient une Cnergie de dissociation de la liaison C-N de 57,l kcal/mol. On a compart les 
resultats avec ceux d'experiences de dissociation par infrarouge multiphotonique de Wodtke, Hintsa et Lee. 

Mots clks : nitromethane, calculs ab initio, Ctat de transition, rtarrangement, dissociation. 
[Traduit par la redaction] 

Introduction ization channel. Finally, evidence of the rearrangement in 

The decomposition kinetics of nitro compounds is com- 
plicated by the competition between different mechanisms, 
e.g., simple bond cleavage, concerted molecular dissocia- 
tion, and rearrangement or elimination through cyclic tran- 
sition states. The high energy content of such molecules both 
provides alternative decomposition pathways and makes them 
attractive as prototype energetic materials. 

Experimental evidence for unimolecular nitro-nitrite 
rearrangement, R-NO, + R 4 N 0 ,  as an initial step in 
thermal decomposition has been reported in several sys- 
tems. Wodtke, Hintsa, and Lee ( I ) ,  using a molecular beam, 
infrared multiphoton dissociation technique, and an analy- 
sis based on RRKM theory to relate their results to pyroly- 
sis experiments, observed isomerization of nitromethane, 
CH3N0,, to methyl nitrite, CH30N0, by detecting the CH30 
and NO products from dissociation of the nitrite. 

In a study (2) of the kinetics of thermal decomposition of 
dimethylnitramine, (CH3),NN0,, numerical modeling sat- 
isfactorily reproduces the observed temperature and product 
formation only when rearrangement to the nitrite is in- 
cluded as a competitive process. Another experiment (3) on 
the same compound, which mass spectrometrically sampled 
the initial products, reported observation of NO and frag- 
ment ions of the nitroxyl radical (CH3),N0, presumably 
formed from the nitrite. However, a recent IRMPD study (4) 
of dimethylnitramine reported no evidence of the isomer- 
h n c d  In Canada 

nitrobenzene, detection of C,H,OH in the presence of radi- 
cal scavenger, has also been reported (5). 

Because of the great interest in the chemistry of nitro 
compounds, theoretical studies have been carried out over 
many years (6-8), although the multiconfigurational meth- 
ods needed to describe open shell transition states and even 
the ground states of the stable isomers have only recently been 
applied to mechanistic studies (9-1 1). 

In an effort to understand the mechanism of nitro-nitrite 
rearrangement in N-NO, compounds, we recently re- 
ported (9) MCSCF/CI calculations of stable isomers and the 
rearrangement transition state of NH,NO,, the unsubsti- 
tuted analog of dimethylnitrarnine. Optimized at the MCSCF/ 
4-3 1G level, the geometry of the transition state may be ap- 
proximately described as separated NH, and NO, species with 
an N-N bond length of 2.8 A. The wavefunction of the 
transition state is characterized by two singly occupied or- 
bitals. At the CI level, the energy of the transition state is 
within 1 kcal/mol of the NH, + NO, asymptote. From these 
results, isomerization is expected to be competitive with 
N-NO2 bond scission, as observed experimentally. 

A similar computational approach was used in a careful 
study (10) by Mowrey et al. to determine the 5-membered 
ring transition state for elimination of HONO from 
CH,NNO,, which was predicted to have an activation en- 
ergy below the N-NO, bond dissociation energy, consis- 
tent with indirect evidence from molecular beam experiments. 
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The nitromethane system has been studied theoretically by 
various techniques. However, a consistent mechanism for 
nitro-nitrite rearrangement in CH,NO, has yet to emerge. 
The possibility of decomposition of nitro compounds by 
isomerization to nitrites was suggested by ~ e w a r  et al. (6). 
Rice and Thompson (12) recently reported a classical tra- 
jectory study of the rearrangement process, using three dif- 
ferent- model potential energy surfaces. They found best 
agreement with the reported branching ratio of isomeriza- 
tion vs. C-NO, dissociation for the model surface with a 
barrier 7.5 kcal/mol below the dissociation energy. This 
surface goes through what may be termed a tight transition 
state, C-N and C - 0  bond lengths on the order of 2 A. A 
tight transition state with similar bond lengths, optimized at 
the SCF level, with an energy significantly above the C-N 
bond energy was reported by McKee (8). He indicated, 
however, that the result was likely to be an artifact of the SCF 
computational model. In a subsequent paper (I I), McKee 
found a loose transition state, bond lengths > 3.6 A, in a 
small active space MCSCF optimization. However, at the 
highest level CI calculation reported, the energy remained 
10 kcal/mol above the C-N bond energy. The N - 0  bond 
lengths at the transition state geometry were quite uneven, 
indicative of an NO, radical in an energetically unfavorable 
conformation, in contrast to the situation found (9) for 
NH,NO,. 

In this paper, we apply the MCSCF/CI computational 
model used to determine the nitro-nitrite rearrangement 
transition state in NH,NO, to isomerization of nitrometh- 
ane. Structures of the stable isomers as well as that of the 
transition state have been optimized as the MCSCF level by 
the gradient technique. Large-scale configuration interac- 
tion (CI) calculations were performed at the optimized ge- 
ometries for determinations of energy differences. In the next 
section, the design of appropriate MCSCF and subsequent 
CI calculation is described. Results and discussion, includ- 
ing comparison with previous determinations and with the 
nitramine transition state, are presented in the following 
section. 

Calculations 
Geometries of the stable isomers, the rearrangement tran- 

sition state, and the dissociation products were optimized at 
the MCSCF level with a standard 4-3 1G Gaussian basis set 
using analytic second derivatives at each step to facilitate the 
optimization. Calculations for the asymptotes were carried 
out on the supermolecule. The choice of the active space of 
the MCSCF calculation is crucial. Following the procedure 
described for NH,NO,, the active space should consist of 
seven orbitals: a complete valence space of 19 orbitals less 
the two 0 2s orbitals, two N - 0  bonds, two N - 0  anti- 
bonds, three C-H bonds, and three C-H antibonds. This 
would provide, in principle, one orbital of C character and 
six orbitals of N - 0  character. In practice, at the equilib- 
rium geometry, all seven orbitals in the active space de- 
scribe the NO, (using u and n to describe the NO, plane): 
two N - 0  u bonds, one 0 u lone pair, one 0 n lone pair, 
one N - 0  n bond, and N - 0  n* and u* correlating orbit- 
als. At the transition state, one N - 0  u bonding orbital and 
the N - 0  u* orbital become the singly occupied orbitals on 
carbon and nitrogen. 

Energies were determined by multireference single- and 
double-excitation CI calculations with the standard 6-3 lG* 

basis set using MCSCF molecular orbitals. In constructing 
the CI expansions, the orbitals were divided into four spaces: 
frozen; inactive, composed of 10 orbitals; active, composed 
of four orbitals; and external, composed of the remaining 48 
orbitals. The four lowest occupied orbitals, corresponding 
to the C,  N, and 0 Is were kept doubly occupied. The con- 
figuration list included all single and double excitations from 
the inactive and active spaces with at most one electron in 
the external space and all double excitations from the inac- 
tive and active spaces to the external space, which differed 
by no more than two electrons from a set of reference con- 
figurations. Interacting space restrictions on the coupling were 
imposed for double excitations from the inactive space. 

A four-orbital active space was used to construct the CI 
expansions, in contrast to-the seven-orbital active space used 
in the MCSCF optimization calculations, in order to pro- 
vide a more compact CI expansion. MCSCF orbitals deter- 
mined with the four-orbital-active space were used in these 
CI calculations. CI calculations were also performed for the 
isomers and the CH,O + NO asymptote with the seven-or- 
bital active space. The weight of the reference configura- 
tions in the CI wavefunctions was approximately 0.87 for all 
calculations. This resulted in CI expansions of up to 400 000 
configurations with the four-orbital active space in C, sym- 
metry (900 000 with the seven-orbital active space) and 
700 000 (four-orbital active space) in C, symmetry. Prelim- 
inary geometry optimizations were carried out with the 
GAMESS program ( 13); final geometry determinations ( 14) 
and all other calculations used the ALCHEMY I1 program 
system (15). 

Results and discussion 
Structures of stable isomers 

Geometrical parameters for CH,NO,, CH,ONO, and the 
dissociation products optimized at the MCSCF level are given 
in Tables 1-3. Experimentally obtained geometries and re- 
sults of previous calculations, with which reasonable agree- 
ment is noted, are also given. The numbering of the atoms 
is illustrated in Fig. 1. In nitromethane, the four heavy atoms 
are predicted to be nearly coplanar. The angle between the 
CN bond and the NO2 plane is 1 .go. Results are presented for 
the cis staggered isomer of methyl nitrite, which has been 
shown by experiment (16) and calculations (8) to be the 
lowest energy form. In this form, the four heavy atoms and 
the hydrogen labeled H1 are strictly coplanar. The cis 
eclipsed form with the in-plane H on the opposite side of the 
C - 0  bond was found to be a transition state for methyl 
group rotation. 

Comparison with structural parameters obtained from 
microwave spectra shows excellent agreement for most bond 
lengths and all bond angles. For methyl nitrite, the analysis 
has been done with and without a small tilt of the methyl 
group off the C - 0  axis. Other parameters are insensitive to 
this assumption. The greatest discrepancy between the cal- 
culated and experimental geometries is found for the N - 0  
bond length in CH,NO, and the terminal N-02  bond length 
in CH20N0, which are calculated to be longer by 0.02 and 
0.06 A, respectively, than the experimental determinations. 
In both cases, the dominant correlation in the MCSCF 
wavefunction is excitation to N - 0  antibonding orbitals. As 
discussed previously for NH,NO,, it is possible that the length 
of these bonds is overestimated by the 4-31G basis set as well 
as by the present MCSCF model, which does not correlate 
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TABLE 1. Optimized geometrical parameters for CH3N0, (in angstroms and de- 
grees) 

C-N 
N-0 '  
C-H 1 
C-H2' 
L O - N - 0  
LC-N-0 
L H 1 4 - N  
L H 2 4 - N  
(NO,)(CH)" 
LH24-N-  

"Present work, MCn denotes MCSCF with II  orbital active space. 
hMcKee, ref.8 
'McKee, ref. 1 1. 
"Cox and Waring, ref. 16. Isomer with one H in plane of NO,. 
'0 atoms are equivalent. 
'C-H distance assumed. 
fiH2 and H3 are equivalent. 
h ~ n g l e  between NO, plane and CN bond. 
'Torsion angle. 

TABLE 2. Optimized geometrical parameters for CH30N0 cis staggered (in angstroms and degrees) 

Experiment 
MC7/" SCF/* MC2/' 
4-31G 6-3 1 G* 6-3 lG* Ref. 1 7 ~  Ref. 18' 

C-01 1.451 1.421 1.417 1.437 1.437 1.436 
0 1-N 1.373 1.326 1.339 1.398 1.420 1.418 
N - 0 2  1.246 1.162 1.179 1.182 1.179 1.181 
C-H 1 1.073 1.078 1.078 (1.09)~ 1.090 1.089 
C-H2" 1.077 1.080 1.08 1 1.102 1.090 1.094 
LN- 119.5 117.6 117.8 114.7 114.2 114.5 
L O - N - 0  113.7 115.2 114.5 114.8 114.5 114.3 
L H 1 4 - 0  103.8 104.4 101.8 102.4 102.6 
L H 2 4 - 0  110.5 110.8 109.9 112.7 110.4 
~ ~ 2 4 - 0  1-N" 61 .O 

"Present work, MCn denotes MCSCF with n orbital active space. 
bMcKee, ref. 8. 
'McKee, ref. I I. 
"Turner, Corkill, and Cox, ref. 17. 
'van der Veken et al.. ref. 18. 
IC-H distance assumed. 
*H2 and H3 are equivalent. 
hTorsion angle. 

all bonds to the same extent. These bond lengths appear to 
be underestimated, however, by the RHF model. The cor- 

I relation included in the two electron in two orbital MCSCF 
calculations reported previously (1 1) had a modest effect on 

I optimized geometries. 

I Vibrational frequencies for CH,N02, CH30N0,  and the 
dissociation products are reported in Table 4. Those modes 
that were identified as corresponding to pure motions of 
portions of the molecules in the experimental analysis are 
indicated in the table. They also correspond to pure motions 
in the calculated normal modes except for the a" NO2 stretch 
in CH3N02 for which some mixing was found. For the methyl 
stretches and bends noted, the calculated frequencies are 

larger than the observed values by an average of 12%. The 
calculated NO2 or NO frequencies are smaller than experi- 
mental values by 2- 19% (26-260 cm-'). Similar compari- 
sons are noted for the CH, modes of the dissociation products 
except for the low-frequency mode of the methyl radical, 
which is calculated to be anomalously low. The calculated 
NO and NO2 frequencies in the isolated molecules are in 
excellent agreement with experiment. Summing the fre- 
quencies, the calculated zero point energies are in good 
agreement with experimental values. For CH,N02 a value 
of 32.2 kcal/mol is predicted vs. 30.2 kcal/mol from the 
experimental frequencies. For CH,ONO , the calculated zero 
point energy is 32.0 kcal/mol, vs. 29.0 from experiment. 
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SAXON AND YOSHIMINE 

TABLE 3. Optimized geometrical parameters for dissociation products 
(in angstroms and degrees) 

CH,: NO2: 

MC7/ MC7/ 
4-3 1G Experimenta 4-31G Experimenta 

C-H 1.069 1.079 N 4  1.211 1.193 
LHCH 120. L S N 4  133.0 134.1 

CH30: NO: 

"Herzberg, ref. 19. 
hColwell, Amos, and Handy, ref. 20. 
'Huber and Herzberg, ref. 21. 

. . 

FIG. 1. MCSCF/4-3 1G optiinized equilibrium geometry of ( a )  
CH3N02 and (6) CH30N0, cis staggered isomer. In (b), H1 and 
the heavy atoms are strictly coplanar and H2 and H3 are equiva- 
lent. 

Transition state 
The geometry of the transition state for rearrangement of 

CH,NO, to CH30N0 is illustrated in Fig. 2. Optimized 
geometrical parameters and calculated harmonic frequen- 
cies are given in Table 5. The transition state has one small 
imaginary frequency. The geometry may be approximately 

described as separated CHd and NO, species. The C-N bond 
is extremely long, 3.396 A. The distance between C and 0 1, 
the atom with which the carbon will become bonded in 
CH,ONO, is, however, slightly shorter at !he transition state, 
3.654 A, than the C-02  distance, 3.668 A. All of the C-H 
and N - 0  parameters have very nearly the same values given 
for the isolated species at the same level of calculation in 
Table 3. The C-N bond makes an angle of 83" with the 
plane of the NO,. The average plane of the nearly planar 
methyl radical fragment is virtually parallel to the NO, plane. 
Looking along the N 4  bond, the oxygens and hydrogens 
are staggered, as shown in Fig. 2b. The MCSCF wavefunc- 
tion at the transition state is characterized by two singly oc- 
cupied orbitals, singlet coupled, as expected for this loose 
combination of radical species. 

All of the significant frequencies for the transition state in 
Table 5 readily can be identified with frequencies of the 
fragments. They differ by less than 10 cm-I from the fre- 
quencies of the separated species, calculated at the same 
level, except for the low methyl bend. The frequencies below 
100 cm-' correspond to motions connecting the two frag- 
ments. 

The energy profile along an approximate reaction path 
shown in Fig. 3 demonstrates that the transition state that has 
been located does in fact smoothly connect nitromethane and 
methyl nitrite, as claimed. In constructing this plot, the C-N 
bond distance was taken as the reaction coordinate for the 
path between CH3N02 and the transition state. Fixing the 
C-N distance at the plotted values, the remaining coordi- 
nates were optimized at the MCSCF/4-31G level. Relative 
energies obtained by MCSCF calculations with the 6-3 lG* 
basis are plotted in Fig. 3. The C-01  bond distance was 
used as the reaction coordinate for the path between the 
transition state and CH,ONO. For the first two poitts to the 
right of the transition state, C -01  = 3.0 and 2.5 A, it was 
necessary to fix the C-01-N internal angle at interpo- 
lated values of 95 and 105.9", respectively. The reaction path 
shown leads to the cis, staggered methyl nitrite, the lowest 
isomer. 
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TABLE 4. Calculated frequencies (cm-') (MC7/4-3lG) for CH,N02, CH,ONO, and dissociation products 

CH,NOZ CH,ONO 

Calcd. Experiment" Calcd. Experiment" 

a'  598 607 355 346 
665 655 775 624 
918 9 17 888 838 

1275 1103 1111 995 
1376 NO? strctch 1402 1299 1239 
1603 1379 1359 N=O 1620 
1642 CH, 1426 1615 1409 
3254 CH, strctch 2967 1659 CH, 1458 
335 1 CH, stretch 3065 3240 CH, stretch 2891 ' 

3367 CH, stretch 3032 
19 216 150 

507 480 289 256 
1007 1103 1275 988 
1360" NOz stretch 1561 1652 CH, 1441 
1646 CH, 1426 3327 CH, stretch 3015 
3381 CH, stretch 3045 

Calcd. Experiment' Calcd. ~ x ~ e r i m e n t '  

750 bend 
1320 sym 
1618 asym 

Calcd. " ~ x ~ e r i m e n t "  Calcd. Experiment' 

"Trinquecoste, M. Rey-Lafon, and Forel, ref. 22 
hRook and Jacox, ref. 23. 
"From fit to spectrum. 
"Some mixing with CH, motion. 
"Jacox, ref. 24. 
'Herzberg, ref. 19. 
'C ,  symmetry. 
"C,, symmetry, Jacox, ref. 24. 
'Huber and Herzberg, ref. 2 1 .  

Energies 
Total energies for all calculations carried out in this study, 

as well as relative energies with respect to CH3N0, and cal- 
culated zero point energies, are given in Table 6. As men- 
tioned above, CI calculations based on the same seven-orbital 
active space used for the MCSCF optimizations were per- 
formed for CH,NO,, CH,ONO, and the CH30 + NO 
asymptote, taking advantage of C, symmetry, in order to test 
the four active orbital CI model. Relative energies for the 
nitrite and the asymptote from the two CI calculations are in 

good agreement, within 1.0 kcal/mol. Including the multi- 
reference Davidson correction for quadruple excitations, i.e., 
comparing the calculations labeled CI7D and C14D in Table 
6, the relative energies agree to within 0.1 kcal/mol. Note 
that the energy predictions with the small active space 
MCSCF calculations are not reliable. However, the struc- 
ture of the MCSCF wavefunction and the molecular orbitals 
from the two MCSCF calculations are very similar. 

Final results of this study are given by the quadruple cor- 
rected CI calculations, CI4D, with calculated zero point 
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SAXON AND YOSHIMINE 577 

FIG. 2. MCSCF/4-31G optimized structure of the transition state 
for rearrangement of CH,N02 to CH30NO: (a) viewed from above 
the C-N-01 plane, (b)  viewed along the N k C  bond. 

energies. These numbers correspond to energies at temper- 
atures of 0°C. Nitromethane and methyl nitrite are calcu- 
lated to be essentially isoenergetic. The transition state is 
predicted to lie 56.7 kcal/mol above nitromethane and 

0.4 kcal/mol below the CH, + NOz asymptote. The energy 
to break the CH,&NO bond from these calculations is 
34.5 kcal/mol . 

Experimental energies given for comparison in Table 6 
have been obtained from room temperature heats of forma- 
tion extrapolated to 0°C assuming a rigid rotator, harmonic 
oscillator approximation. ' The nitromethane, methyl nitrite 
energy difference, and C-NO, bond dissociation energy are 
in excellent agreement with experimental energies. The cal- 
culated energy of the CH,O + NO asymptote lies almost 
6 kcal/mol below the value from experimental heats of for- 
mation. 

Discussiorz 
The goal of this work was to theoretically determine the 

mechanism for the rearrangement of nitromethane to methyl 
nitrite. These calculations predict an energy barrier to rear- 
rangement of 56.7 kcal/mol, via a loose transition state. This 
barrier is very close in magnitude to the calculated energy 
to break the C-NO2 bond, 57.1 kcal/mol. Furthermore, the 
preexponential Arrhenius A factors calculated from the vi- 
brational frequencies in an RRKM treatment should be sim- 
ilar for isomerization and bond dissociation, leading to the 
prediction of comparable rates for isomerization and disso- 
ciation. This prediction should be compared with the results 
of the IRMPD experiment of Wodtke, Hinsta, and Lee (1) 
(WHL). Comparable reaction rates are consistent with the 

'Heats of formation at 298 K of - 17.76 kcal/mol for CH3N02 
and of - 15.85 kcal/mol for C H 3 0 N 0  were taken from ref. 25a. 
For CH,O, the value 3.99 kcal/mol from ref. 25b was used. Ref- 
erence 25c was used for NO2 and NO. Experimental structures and 
frequencies were used in the rigid rotator, harmonic oscillator ex- 
trapolation to 0°C except for CH,O for which the calculated struc- 
ture was adopted. 

TABLE 5 .  Optimized geometrical parameters (in angstroms and degrees) and fre- 
quencies (cm-') for the CH3N0, + C H 3 0 N 0  transition state 

Geometry 

MC7 /" SCF/' MC4/' 
4-31'3 6-3 1G" 66-3 lG* Frequencies 

c-0 
C-N 
N - 0 1  
N - 0 2  
C-H" 
L w N - 0  
L H  I<-H2 
LHlkC-H3 
LH2kC-H3 
L H l k C - 0 1  
L H 2 k C - 0  1 
L H 3 4 - 0 1  
L02-N-O 1- 

"Present work, MCn denotes MCSCF with n orbital active space. 
bMcKee, ref. 8. 
'McKee, ref. 1 1 .  
"All C-H bond lengths equal. 
'Torsion angle. 
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' 1  kG , c H 3 ; ~  1 
0 
1 .o 

C-N (A) 3.0 2.0 

FIG. 3. Energy (kcal/mol) with respect to CH3N02 (MC7/ 
6-3 IG*) for the path connecting CH,NO2, the transition state, and 
CH30N0. Left side: reaction coordinate is C-N bond length. Right 
side: reaction coordinate is C--01 bond length. See text. 

branching ratio of isomerization to dissociation (0.6) in- 
ferred from the experimental observations. 

The calculated barrier height is compared in Table 6 with 
the bamer height reported by WHL. This value is not ob- 
served directly in these experiments but emerges from an 
RRKM analysis with stated assumptions. The most critical 
of these, as discussed previously by McKee (1 l ) ,  may be the 
assumed A factor for the isomerization channel. WHL 
adopted the value reported by Dewar et al. (6) from the tight 

transition state indicated by semiempirical MIND0/3 cal- 
culations. This A factor is two orders of magnitude smaller 
than that taken for bond dissociation, which should be sim- 
ilar to the A factor from the loose transition state reported 
here. WHL estimated the uncertainty in the barrier height 
from a factor of three variation in the assumed A factor. 

We may also note that while none of the model potential 
surfaces used by Rice and Thompson (12) in their classical 
trajectory study corresponds to a loose transition state, their 
results raise the possibility that trajectories that sample the 
rearrangement transition state may dissociate to CH, + NO,, 
presumably via another transition state, rather than rear- 
range to the methyl nitrite. This introduces a subtlety that 
needs to be considered in rigorous calculations of reaction 
rates. 

The structure of the transition state is compared in Table 
5 with previously reported determinations. The C-N and 
C - 0  bond distances from the four electron in four orbital 
MCSCF optimization of McKee (1 1) are similar to the pres- 
ent results. The main differences in geometry are that the 
transition state has equal N - 0  bond lengths in the present 
work, while the previous MCSCF study reported one long 
and one short N - 0  bond, i.e., the present results corre- 
spond to the NO, radical portion of the loose transition state 
at its ground state equilibrium geometry while the previous 
work (1 1) describes the NO, fragment at the transition state 
as promoted to the 0-N=O electronic configuration. In an 
attempt to explain these results, we investigated whether there 
are metastable states of the NO, radical at asymmetric ge- 
ometries similar to that reported at the transition state. Using 
a nine electron in six orbital MCSCF with a 6-31G* basis, 
a rniniqum of ,A" symmetry with bond lengths of 1.318 and 
1.212 A and an O N 0  bond angle of 109" was obtained. We 
may speculate that the transition state reported in ref. 11 
corresponds to reaction on an excited electronic surface. 

The transition state geometry obtained from SCF optimi- 

TABLE 6. Calculated total energies (hartrees), zero-point-energies (kcal-mol), and relative energies (kcal/mol) with respect to CH3N02 
(6-31G* basis, MC7/4-3 1G geometries) 

Total energiesa 
Zero pt. 

M C ~  CI7 ' CI7D" M C ~  CI4' C I ~ D "  energy 

CH3N02 -0.752935 - 1.272106 - 1.343826 -0.707666 -1.263188 - 1.337278 32.3 
CH30N0 -0.753136 - 1.271839 - 1.343300 -0.725977 - 1.264320 - 1.336653 32.0 
Transition state -0.652370 -0.602348 - 1.159629 - 1.236039 25.5 
CH, + NO, -0.651532 -0.601387 - 1.158259 - 1.234397 24.8 
CH,O + NO -0.719342 - 1.218253 - 1.281653 -0.691812 - 1.208345 - 1.275050 27.8 

Relative energies 
- - - 

MC7 C17 CI7D MC4 C14 CI4D CI4D/ZP Expt. 

CH30N0 -0.1 0.2 0.3 - 11.5 -0.7 0.4 0.1 1.5' 
 rans sit ion state 63.1 66.1 65.0 63.5 56.7 5 5 . 9  
CH3 + NO2 63.7 66.7 565.9 64.6 57.1 58.6' 
CH30 + NO 21.1 33.8 39.0 10.0 34.4 39.1 34.6 40.2" 

"With respect to -243.0 hartrees. 
b~efined in Table 1. 
'CIn denotes CI with n orbital active space. 
"InD denotes CIn with Davidson correction for quadruple excitations. 
'Extrapolated to O0C, see footnote 1 .  
'Deduced from IRMPD experiment, Wodtke, Hintsa, Lee, ref. 1. 
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SAXON AND YOSHIMINE 579 

zation (8) is also listed in Table 5. The determination of much 
longer C-N and C - 0  bond distances by MCSCF optimi- 
zation than those predicted by the closed shell SCF model is 
expected. The SCF transition state is reported (8) to be sig- 
nificantly higher in energy than the C-N bond dissociation 
energy. While the energetics from semiempirical calcula- 
tions should be interpr~ted with caution, the tight transition 
state, Cn-N = 1.5 16 A, C - 0 1  = 1.584 A, and N - 0 1  = 
1.299 A, from the MIND0/3  study of nitro-nitrite rear- 
rangement (6) have been widely quoted (1, 12). We  there- 
fore investigated both of the tight transition states reported 
previously (6, 8) using the current MCSCF model to make 
sure that they do not correspond to another stationary point 
on the potential energy surface. In both cases, the structure 
of the MCSCF wavefunction is indeed closed shell. The 
gradients of the energy were far from zero; in particular, the 
gradients with respect to the C-N bond distance were quite 
large. At the MCSCF level, the energies were very high, 
>40 kcal/mol above the CH, + NO, asymptote. While it is 
not possible to prove that a tight transition state does not exist, 
our results suggest the tight transition states reported previ- 
ously (6, 8) are artifacts of the approximate computational 
methods employed and do not represent stationary points on 
the potential energy surface of nitromethane. 

In summary, the results reported here for nitro-nitrite 
rearrangement of nitromethane are very similar to those ob- 
tained previously (9) for rearrangement of NH,N02 with a 
comparable MCSCF/CI computational model. The transi- 
tion state in both cases can be characterized as a loose com- 
bination of radical species, CH, and NO, for nitromethane, 
and the energy of the transition state is within 1 kcal/mol of 
that of the separated fragments. The rate of unimolecular 
dissociation of CH3N02 to CH, + NO, can be estimated using 
the hindered rotational Gorin model (26) while RRKM the- 
ory can be used to estimate the rate of the unimolecular iso- 
merization reaction to CH,ONO. The predicted loose 
transition state configuration will give an entropy contribu- 
tion in the RRKM calculation very similar to the entropy 
contribution of the Gorin transition state and the activation 
energies are also calculated to be quite similar, leading to the 
prediction that the rate of isomerization to the nitrite is 
comparable to the rate of bond dissociation, consistent with 
experiment. The MCSCF approach is essential to determin- 
ing the open shell transition state for nitro-nitrite rearrange- 
ment. Application of this model to other reactions should lead 
to improved understanding of detailed reaction mecha- 
nisms. 
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R. CUSTODIO, J. D. GODDARD, M. GIORDAN, and N. H. MORGON. Can. J .  Chem. 70, 580 (1992). 
The Simplex method was used to define atomic and universal meshes using the integral discretization technique for 

the Griffin-Hill-Wheeler-Hartree-Fock equations. This technique represents a basis set as an exponential set of the 
form: 

ai(k) = exp[AR,(k) + (i - l)AR(k)], i = 1, . . ., N 
For atoms, the minimum total energy criterion was employed. For the universal basis, three different procedures were 
tested: (a) defining the universal basis using information on the isolated atoms, (b) determining the universal R,(k) through 
atomic calculations and reoptimizing the AR(k) for different symmetries employing simultaneously a single atomic cal- 
culation as a reference point, and (c) optimizing the universal mesh using a statistical criterion such as the squares of 
the deviations of the total energy. The meshes obtained by the minimum total energy criterion or the squares of devia- 
tions of the total energy for the universal basis are accurate for the total energy but the weight functions are deficient in 
the valence region. Shifting the optimized R,(k) to RA(k) = R,(k) - AR(k), fixing Rh(k), and reoptimizing AR(k) for 
each symmetry species produces a better description of weight functions at the expense of a less accurate total energy. 
In general, no significant statistical difference was observed for the various universal bases generated by procedures (a) 
and (b) or by (c) provided the shift correction was made to the latter. Application of these bases to diatomic molecules 
(N,, CO, PI, CS) showed that the universal bases are as accurate as those optimized for atomic systems. If the bases are 
transferred from atoms to molecules, the shift corrections to the weight functions of the atoms are not useful in molec- 
ular calculations. The almost equivalent molecular properties and the good total energies show that the best basis for 
molecular calculations is that optimized by procedure (c). 

Key words: universal basis sets, integral discretization technique. 

R. CUSTODIO, J.  D. GODDARD, M. GIORDAN et N. H. MORGON. Can. J .  Chem. 70, 580 (1992) 
On a fait appel a la mkthode Simplex utilisant la technique de la discretisation intdgrale des equations de Griffin-Hill- 

Wheeler-Hartree-Fock pour dtfinir des mailles atomiques et universelles. Cette technique reprksente un ensemble de 
base sous la forme d'un ensemble exponentiel de la forme : 

a,(k) = exp[AR(k) + (i - l)AR(k)], i = I ,  . . ., N 
Pour les atomes, on a employe le critere de I'energie totale minimale. Pour les bases universelles, on a vkrifie trois mkthodes 
diffkrentes : (a) en definissant la base universelle a I'aide d'information sur des atomes isoles; (0)  en determinant un R,(k) 
universe1 a I'aide de calculs atomiques et en reoptimisant le AR(k) pour diverses symktries en employant simultanement 
un calcul atomique unique comme point de reference et (c) en optimisant la maille universelle l'aide d'un critere sta- 
tistique comme les carres des deviations de 1'Cnergie totale. Les mailles obtenues par le critkre de I'energie totale min- 
imale ou par les carrks des deviations de I'Cnergie totale pour les bases universelles sont prkcises pour l'energie totale; 
les fonctions ponderales presentent toutefois des deficiences dans la region de valence. En rempla~ant Ro(k) par R,'(k) 
= Ro(k) - AR(k), puis en fixant Rol(k) et en rtoptimisant AR(k) pour chaque espece de symetrie, on obtient une meil- 
leure description des fonctions ponderales au depens d'une Cnergie totale moins precise. En general, on n'a observe au- 
cune difference statistique importante pour les diverses bases universelles gknerees par les methodes (a) et (b); c'est aussi 
le cas avec la methode (c) a condition de faire une correction pour le dkplacement. L'application de ces bases a des 
molCcules diatomiques (N,, CO, P, et CS) a permis de montrer que les bases universelles sont aussi precises que celles 
qui sont optimisees pour des systemes atomiques. Lorsqu'on transfere des bases d'atomes a des molCcules, les correc- 
tions de deplacement aux fonctions ponderales des atomes ne sont pas utiles dans les calculs mol~culaires. Les pro- 
prietes moleculaires pratiquement Cquivalentes et les bonnes energies totales montrent que le meilleur ensemble pour des 
calculs moleculaires est optimist par la methode (c). 
Mots c l b  : bases universelles, technique de la discretisation integrale. 

[Traduit par la redaction] 

1. Introduction 
'Permanent address: Instituto de Quimica, Departamento de 

Fisico-Quimica, Universidade Estadual de Campinas, Barso- The possibility of creating universal bases for atomic 
Geraldo, 1308 1 -Campinas, SBo Paulo, Brazil. systems (1-3) is an interesting development in basis set de- 

'Author to whom correspondence may be addressed. sign. In addition, the universal basis for different atoms has 
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CUSTODIO ET AL. 581 

some practical advantages with respect to conventional basis 
sets (4). The most important advantage is the transferability 
with little loss of accuracy of one- and two-electron inte- 
grals among different molecules with the same internuclear 
distances. 

Two methods have been employed to create the universal 
basis: the even-tempered (ET) technique (1-5), and integral 
discretization (ID) of the Griffin-Hill-Wheeler-Hartree- 
Fock (GHWHF) equations (6, 7). These methods employ 
three parameters to define the universal basis for each sym- 
metry function. The general form is 

where N is the number of primitives in the mesh. For the ET 
method -7 = 1. For the ID technique x = exp(R,.A) and y"-".Z 
- - e [ ( i - l ) . A f l . A ]  . N, R,, AR, and A are referred to as the dis- 
cretization parameters. The parameter "x" defines the first 
element of the mesh and "y" or "z" the distances among ex- 
ponents. Both methods require that the parameter "x" must 
be small to ensure a wide range of exponents, while the pa- 
rameter "y" (ET bases) or "z" (ID technique) must be suf- 
ficiently large to avoid linear dependencies. N must represent 
an almost complete set. The choice of these parameters in 
the ET method has been somewhat arbitrary (1-3). The ID 
technique employs an additional criterion through the 
GHWHF equations. These are a set of integral equations of 
the form: 

where F(a,P)  and S(a,P) are the Fock and overlap kernels, 
respectively. They are obtained by use of the one-electron 
functions as an integral transform: 

where +i andf, are the generator and weight functions, re- 
spectively, and a the generator coordinate. The ID tech- 
;ique solves eq. [2] numerically employing the mesh defined 
by eq. [ I ] .  This procedure searches for universal parame- 
ters through analysis of the weight functions by probe cal- 
culations (8-1 l ) .  With N constant, the Hartree-Fock method 
is applied to different atoms to find the extreme cut-off points 
of the basis set. N and the value of AR are then varied with 
these extreme exponents held constant to obtain a desired 
precision in the energy. AR and N are considered interde- 
pendent. 

In a recent paper (12), we adjusted the ID parameters for 
an s generator function for atomic systems containing two 
or four electrons and the H, molecule employing an opti- 
mization technique. The application of an optimization pro- 
cedure systematizes the search for the discretization 

Our earlier application of the optimization pro- 
cedure led us to test this technique for obtaining universal 
bases (12). The objective of this work is to test the appli- 
cability of an optimization technique to define the meshes 
with s and p generator functions for neutral, ground state 
atoms from He to Ar using the ID method. Analysis of the 
optimized meshes should establish systematic ways to search 
for atomic universal bases for the elements of the first and 
second period. An analysis of the transferability of the op- 
timized meshes as well as the universal ones from atomic to 
diatomic calculations also is evaluated. 

2. Computational methods 
Optimization of the meshes was performed both for sin- 

gle atoms and for the universal basis for the neutral, ground 
state atoms He to Ar. s and p Gaussian generator functions 
were employed in these calculations. The ID definition of the 
mesh (eq. [ l ] )  was applied in this work (6, 7). As discussed 
above, the original ID technique relabels the generator co- 
ordinate space a according to: 

A previously was set to 6 (8-1 1). This parameter contracts 
the relabelled space and facilitates the detection of the cut- 
off points of the weight functions. Optinlization eliminates 
the necessity of defining the A parameter. In this work, A = 
1 was employed. 

The individual bases or the universal ones were evalu- 
ated maintaining the number of s and p type functions con- 
stant at (16slOp). The choice of (16slOp) is based on the 
existence of a universal basis with this same number of 
Gaussians (9). The values of R,(s), AR(s), R,(p), and AR(p) 
were optimized simultaneously. For individual atoms, the 
minimum total energy criterion was adopted to define the best 
meshes. The optimum universal parameters were chosen to 
minimize the squares of the deviations of the calculated total 
energies with respect to the optimized (16s10p) basis sets of 
this work. 

The SIMPLEX method of Nelder and Mead (13) was 
chosen as the optimization procedure. The algorithm in ref. 
14 was used to optimize R,(k) and AR(k). As in our pre- 
vious work (12), different values of the starting simplex were 
tested. The initial values of R,(k) and AR(k) multiplied by 
0.05 were adequate simplex parameters. Truncation of the 
overlap matrix (S) was employed to eliminate problems with 
linear dependence ( 15, 16). A cut-off value of the eigenval- 
ues of S was kept at 

The SIMPLEX program requires that the decrease in the 
function value being minimized in the terminating step be 
fractionally smaller than a certain tolerance. Optimizing the 
basis sets for the individual atoms, the tolerance was set at 
10-"10-' to achieve accurate results. The definition of this 
parameter for the universal bases is more difficult to estab- 
lish since the mimimum in the squares of the deviations of 
the total energies depends on the limiting energy values. One 
way to define the tolerance is to set it at a relatively high value 
(10-~-10-~)),  and then restart the calculation with the opti- 
mized simplex employing a smaller tolerance (0.1 or 0.01 
of the previous parameter). The Hartree-Fock convergence 
criterion was maintained at lo-' au. 

3. Optimization for the atoms 
The development of universal bases depends on the reg- 

ularity of basis sets and presupposes a good knowledge of 
the meshes employed for the atoms. To obtain additional 
information on the individual atoms, this work initially 
analyses the applicability of the SIMPLEX method to de- 
fine meshes using the ID technique. The characteristics of 
the optimized (16s10p) basis set and their influence on atomic 
properties also are examined. 

Table 1 shows the optimized data for the (16s10p) meshes. 
The use of the optimized integral discretization technique 
(OD) provides very good energies when compared with the 
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TABLE 1. Optimized total energies and discretization parameters obtained employing the 
integral discretization (OID) technique for a (16s10p) Gaussian basis set. Energies are in 

atomic units 

Atom Asz 

-2.21 11(s) 
- 3.7066(s) 
- 3.1704(s) 
- 2.7043 ( s )  
-2.9989(p) 
-2.4227(s) 
-2.6691(p) 
- 2.1277(s) 
-2.3681(p) 
- 1.7781(s) 
-2.2682(p) 
- 1.4827(s) 
-2.0593(p) 
- 1.2673(s) 
- 1.8392(p) 
-3.5342(s) 
- 1.4105(p) 
-3.1715(s) 
-1.5041(p) 
-2.71 13(s) 
-2.9449(s) 
-2.4125(s) 
- 2.6499(p) 
-2.1816(s) 
-2.3937(p) 
- 1.9608(s) 
-2.2892(p) 
- 1 .7644(s) 
-2.1133(p) 
- 1.5904(s) 
- 1.9392(p) 

"The calculated total energies minus the total energies from ref. 17 
as (a) substituting Ro(k)  by R i ( k )  = R o ( k )  - AR(k) .  

accurate results of Clementi and Roetti (17). The fifth col- 
umn in Table 1 shows that the error in the total energy for 
the first row elements is between 4 x lo-' and 1.8 x 
au and for the second row between 1.14 X lop3 and 6.34 x 

au. This is the greatest accuracy that can be obtained 
with a (16s10p) universal basis using the OID method. Ob- 
viously, to increase the precision of this universal basis a 
larger number of primitives as well as polarization func- 
tions are required. The possibility of the optimized bases 
being trapped in local minima has been examined. Indepen- 
dent of reasonable initial values of the discretization param- 
eters, trapping in local minima can occur and some care is 
required to find the absolute minima. 

The optimized discretization parameters depend strongly 
on the atomic species (see the third and fourth columns in 
Table 1). The plots of Ro(s) and AQ(s) vs. atomic number 
in Figs. l (a)  and l(b) show that the discretization parame- 
ters depend on the occupation of the s and p sub-shells. In 
Fig. l (a)  the presence of one electron in the 2s orbital of Li 
drastically changes the value of Ro(s) with respect to the He 
parameter. The necessity of more diffuse primitives to de- 
scribe adequately the 2s orbitals shifts the Ro(s) of Li to more 
negative values relative to He. On the other hand, Fig l(b) 
shows AR(s) increasing in magnitude to maintain a reason- 

able description of the inner shell of Li. Further changes in 
the nuclear charge and in the occupation of the p orbitals 
provide constant increments to Ro(s) up to Ne (Fig. l(a)). 
The almost constant values of AR(s) for these elements (Fig. 
l(b)) show that the meshes are being shifted in the direc- 
tion of the nucleus. Adding one electron to the 3s orbital 
diminishes Ro(s) (Fig. l(a)) and the magnitude of AR(s) in- 
creases (Fig. l(b)). These two effects maintain an "equilib- 
rium" between an adequate description of the 3s orbital and 
the inner shells. 

Nevertheless, Fig. l(a) shows nearly equivalent values of 
Ro(s) for different elements with the same valence elec- 
tronic combination. Thus the same Ro(s) may be used for 
elements with the same electronic configuration. However, 
the AR for the second row elements are very different from 
those for the first period. This difference in the AR param- 
eter governs the spacing between the exponents. Due to the 
number of inner orbitals and the greater nuclear charge for 
the second row elements, the meshes are more widely spaced 
than for the first row elements (Fig. l(a)). Thus reasonable 
descriptions of the inner shells of the second row elements 
are retained. The differences between the calculated ener- 
gies and Clementi and Roetti's values (17) in the fifth col- 
umn of Table 1 indicate the need for larger bases for the 
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FIG. 1 .  Dependence of ( a )  a,(s) and ( 6 )  AR(s) with atomic FIG. 2. The (a )  s and (b)  p weight functions for Ar obtained with 
number for the optimized (16s10p) basis sets. the optimized ( 1 6 . ~ 1 0 ~ )  basis set. 
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second row elements to reach a better precision in the total 
energy using OID. All these observations also hold for the 
p type functions. 

The necessity of a good description of the weight func- 
tion was stressed previously (6- 1 1). Figures 2(a) and 2(b) 
show examples of the weight functions for the s and p atomic 
orbitals of Ar. The minimum energy criterion emphasizes the 
innermost region (more positive ln(a)). The primitives with 
small weight functions are more important in the minimi- 
zation of the total energy than the outer Gaussians. All the 
inner orbitals in Ar have well-described weight functions in 
the sense that their coefficients are almost zero in that re- 
gion. The outer functions require improvement for the 3s and 
2p functions (Figs. 2(a) and 2(b)) since these outer orbitals 
do not have weight functions close to zero for the most neg- 
ative value of ln(a). All the optimized meshes for the other 
atoms present the same behaviour. Figures 2(a) and 2(b) 
show that the description of the outer region can be im- 
proved after optimization if R,(k) is changed by q ( k )  = R,(k) 
- AR(k). Thus a better representation of the outer s and p 
type functions is obtained. However, the total energies in- 
crease, as shown in the sixth column in Table 1. The AE are 
a factor of 3.91 to 2.5 times larger. An improvement is pos- 

0 5 10 15 20 -5 00 0 00 5 00 10 00 15 00 
A t o m ~ c  N u m b e r  I n ( a  ) 

~ . ~ m . c a c ~ c ~ ~ m ~ m ~ . m ~ r t ~ m r ~ ~ . ~ ~ ~ ~ ~ r ~ r ~ m r r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

0.60 

I 0.40 * 
* 

* 
* * 0.20 

-0.00 

sible if, after shifting R;(k), this parameter is maintained 
constant and AR(k) is reoptimized. In this way, a more rea- 
sonable balance between the cutoff of the weight functions 
and the minimum energy criterion is obtained. Table 2 shows 
the improvement in the total energies after shifting the mesh 
and the reoptimized AR(k). The ratios of the AE values of 
Table 2 to those of Table 1 on an atom by atom basis are now 
between 2.54 and 1.76. 

Are the meshes adjusted by the last procedure improving 
other atomic properties? For Table 3, the orbital energies E;, 

(p"), and (r"), where n = -2, - 1, 1, 2, 3, and 4, for the Ar 
atom were calculated. In the second column (SLT) are the 
results obtained with Clementi's accurate Slater basis func- 
tions (17), in the third column (AT1) the optimized (16s10p) 
Gaussian mesh data, and in the last column the results fix- 
ing RA(k) and reoptimizing AR(k)(AT2). The orbital ener- 
gies and the (r") properties of the last column show a better 
correlation with Clementi's results (17) than those obtained 
with the optimized meshes. The opposite is concluded for 
(pn). The sensitivity of (p") to small changes near the nuclei 
and the fixing of Rh(k) far from the nucleus explains this 
trend. More detailed analysis shows that even the (p") prop- 
erties calculated by the translated meshes and reoptimiza- 
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TABLE 2. Total energies and discretization parameters obtained by the substitu- 
tion of Ro(k)  by fZ;(k) = Slo(k) - ASl(k), fixing Sl;(k) and reoptimizing AR'(k)  for 

a (16s10p) Gaussian basis set. Energies are in atomic units 

Atom E a; AR' AE" 

0.8436(s) 
0.9 169(s) 
0.9196(s) 
0.9192(s) 
0.9029(p) 
0.9212(s) 
0.9139(p)  
0.9173(s) 
0.9192(p)  
0.9158(s) 
0.935 1 ( p )  
0.9 142(s) 
0.9404(p)  
0.9 129(s) 
0.9409(p)  
1 .O 107(s) 
0.9228(p)  
1.0067(s) 
0.9097(p) 
0.9885(s) 
1.0497(p) 
0.9782(s) 
1.0354(p) 
0.971 1(s) 
1.0243(p) 
0.9640(s) 
1.021 1 (p )  
0.9602(s) 
1.0152(p) 
0.9550(s) 
1.0088(p) 

" l l ; ( k )  = &(k) - A R ( k ) ,  where n , , ( k )  and A n ( k )  are the optimized parameters of 
Table 1. 

"The calculated total energies minus the total energies from ref. 17. 

tion of AR(k) are in general closer to Clementi's results than 
those obtained with the optimized meshes. 

Since atomic properties have significant differences in 
magnitude, some preprocessing of the data is needed before 
any general analysis. The atomic properties are renormal- 
ized with respect to Clementi's results (17). The sum of the 
squares of the deviations of the renormalized properties with 
respect to Clementi's data are taken as measures of the cor- 
relation between the models. Table 4 shows a generally bet- 
ter description of the electronic structure when the meshes 
are shifted to RA(k) and the AR(k) are reoptimized. The (p") 
also show an improvement employing this method. The loss 

1 
in accuracy in the total energy due to the shift of RA(k) and 

I reoptimization of AR(k) is compensated for by this im- 
provement in other properties. 

4. The universal bases 
Three procedures were studied to obtain the universal bases 

I 

I (UBn): (i) the use of the optimized atomic meshes, (ii) the 
I choice of selected parameters from these meshes (1) with 

reoptimization of the universal mesh employing a single atom 
as reference, or (iii) determining a mesh for a set of atoms 
simultaneously. With procedures (i) and (ii), the discussion 
above shows that there are two adequate meshes. The first 

is optimized based on the minimum energy criterion (Table 
1) and the second involves substitution of the previously 
optimized Ro(k) for the s and p symmetry functions by G(k)  
= Ro(k) - AR(k), then fixing RA(k) and reoptimizing the 
AR(k) parameter for each symmetry species simultaneously 
(Table 2). 

The universal Ro(k) and AR(k) must adequately cover the 
space of the generator functions for all atoms. In this sense, 
Ro(k) can easily be chosen as the most negative parameter 
in either Table 1 or Table 2. For the atoms studied the best 
choices for Ro(s) and R,(p) are the values for Li and B that 
possess the most diffuse basis functions. The choice of AR(k) 
for the s and p meshes requires knowledge of the magnitude 
of the largest exponent among all the atoms. Employing the 
equation, %(k) = Ro(k) + (N, - 1) . AR(k), the largest s and 
p exponents of the atoms can be evaluated. In either Table 
1 or Table 2 the Ar atom can be used for the s and p type 
functions. The most negative Ro(k) and the greatest Rf(k) 
provide an adequate representation of the weight functions 
for the atoms covered by this universal basis. The universal 
AR for each symmetry species can be obtained through: 
A R ( ~ )  = (~/max.(k) - a,"Ln.(k)) /(N, - 1 ). 

The second (UBl) and third (UB2) columns of Table 5 
show the universal parameters using the data from Tables 1 
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TABLE 3. Ar ('S) atomic properties calculated using accurate Sla- 
ter basis functions (SLT), the optimized (16s10p) Gaussian mesh 
(ATl), and the (16slOp) Gaussian mesh using lZb(k) and reoptim- 

izing A n ( k )  (AT2). Data are in atomic units 

SLY AT 1 AT2 

Orbital energies 

"Calculated with the Slater basis set of ref. 17 

and 2,  respectively, and the statistical data for the atomic 
properties. The universal basis obtained using the data from 
Table 2 (UB2) produces a reasonable improvement in (r")  
at the expense of all other properties. The mesh that repre- 
sents correctly the initial and final cutoffs of the weight 
functions for all the atoms is basis UB2. Table 5 shows that 

TABLE 4. Averages of the squares of the devia- 
tions of the normalized atomic properties with the 
results of Clementi and Roetti (17) for He to Ar 
using the ( 1 6 ~ 1 0 ~ )  optimized Gaussian meshcs 
(ATl), and fixing nl(k) and reoptimizing An(k )  

(AT2). Data are in atornic units 

AT 1 AT2 

E: 5.661 X lo-' 9.680 X lo-' 
(p")" 5.425 X 4.609 X lo-' 

11)b 1.385 X lo-'' 1.781 X 

E' 3.969 X 1.013 X 

"Orbital energy. 
'n = -2, - 1 ,  I ,  2, 3,  4. 
rTotal energy. 

Further attempts to improve these universal meshes through 
optimization were made. The simplest possibility is to fix the 
R,(k) parameters of UB 1 and UB2 and to reoptimize AR(k) 
to look for the most contracted Gaussians. For these most 
contracted primitives it is possible to use one atom that pro- 
vides a good description of these Gaussians. Thus, it is pos- 
sible to define the universal basis applying the optimization 
procedure to a single atom. That possibility was tested us- 
ing the R,(k) from UB 1 and UB2 with Ar as the reference. 
The fourth (UB3) and fifth (UB4) columns in Table 5 pres- 
ent the meshes obtained and the statistical results for the 
properties for all the atoms with these meshes. The use of the 
minimum energy criterion has improved the total energy as 
well as the (r")  properties for UB3 and LIB4 by decreasing 
the range of the meshes (Table 5) when compared with UB1 
and UB2, respectively. Because this decrease in the range 
of the meshes was at the expense of the large exponents, the 
quality of the (p")  properties diminished. Thus, the optimi- 
zation procedure with reference to only one atom can yield 
bases similar in quality to those determined using all atoms 
as UB 1 and UB2 universal basis set. 

the UB1 mesh with a smaller AR(k) produces a more rea- A more general procedure to optimize universal bases in- 
sonable description of the orbital energies E ~ ,  ( p " ) ,  and total volves minimization of a statistical property for a set of the 
energies. However, the inadequate representation of the atoms as suggested by Mezey (5). This possibility was ver- 
weight functions for some atoms causes the inferior statis- ified by minimizing the sum of the squares of the deviations 
tics for (r")  with UB 1 .  of the total energy. The optimized energies for the atoms from 

TABLE 5. ( 1 6 ~ 1 0 ~ )  universal bases (UBn) and the averages of the squares of the 
deviations of the normalized atomic properties with the results of Clementi and 

Roetti (17) for He to Ar. Data are in atomic units 

UB 1" U B ~ ~  UB3" U B ~ "  

"Obtained using the optimized meshes in Table 1. 
"Obtained using the meshes of Table 2. 
"Same as (a ) ,  fixing R,(k) and reoptimizing Afl(k) using Ar as a reference. 
"Same as (b), fixing flo(k) and reoptimizing Afl(k) using Ar as a reference. 
'Orbital energy. 
'n = -2, -1 ,  I ,  2, 3 , 4 .  
RTotal energy. 
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TABLE 6 .  (16s10p) universal bases (UBn)  and the average of the squares of the 
deviations of the normalized atomic properties with respect to the results of Cle- 

menti and Roetti (17) for He to Ar. Data are in atomic units 

"Optimized minimizing the sum of the squares of the deviations of the total energy of all 
the atoms. 

"Universal basis from ref. 9. 
'Same as ( ( I ) ,  fixing Cl,(k) and reoptimizing ACl(k). 
%ame as (c) using the {Li,B,Ne,Na,AI,Ar) reference set. 
"Orbital energy. 
'n = - -2, -1, I ,  2, 3 ,  4. 
Tota l  energy. 

this work (Table 1) were taken as references. The second 
column in Table 6 represents the ( 1 6 ~ 1 0 ~ )  optimized uni- 
versal basis (UB5) as well as the statistical information. There 
is a considerable difference in these discretization parame- 
ters from those presented in Table 5 .  The statistical infor- 
mation for UB5 in Table 6 shows a considerable improvement 
in the total energy. The total energy of Ar is the poorest and 
is 0.00721 au higher than the optimized value in Table 1. 
However, using the minimum of the squares of the devia- 
tions of the total energy as a criterion, the range for the 
meshes decreases, thus producing a poorer description of 
other atomic properties. The discretization parameters of this 
UB5 are very similar to those of the (16 .~10~)  universal basis 
of da Costa, Trsic, and Mohallem (9) (CTMUB). Results 
with this basis are given in the third column of Table 6. Al- 
though the discretization parameters are almost identical for 
both methods, the optimized universal parameters of this 
work produce slightly better statistical results. The differ- 
ences between the normalized total energies employing UB5 
from this work and CTMUB of da Costa et al. are on the 
order of lo-' hartree. 

UB5 in Table 6 was obtained looking for the best total 
energies by minimizing the squares of the deviations of the 
total energy with respect to the optimized energy (Table 1). 
The small values of Ro(k) when compared with those of Table 
5 suggest that this mesh can be improved for other proper- 
ties using the technique discussed previously: change Ro(k) 
by RA(k) = Ro(k) - AR(k), then fix RA(k) and reoptimize 
AR(k). This universal basis (UB6) and the statistical results 
are given in the fourth column of Table 6. Comparing with 
the results of UB5, a significant improvement in the atomic 
properties was obtained without a great loss in total energy. 
UB6 in Table 6 provides the smallest sum of the squares of 
the deviations of the orbital energies and (r") of all the bases 
studied. The magnitude of the Ro(k) parameters for UB6 is 
close to reasonable cutoffs of the weight functions, as can 
be seen by comparing Table 6 with Tables 2 or 5.  The ac- 
curacy of the total energies for this universal basis is poorer 
only in comparison with UB3 (Table 5) and UB5 and 
CTMUB (Table 6). 

Although all atoms were used to define the sum of the 

squares of the deviations, a smaller set could be employed. 
A reasonable choice uses the atoms that have the most dif- 
fuse Gaussians as well as the most contracted ones for each 
period. For the set of atoms studied, the family 
{Li,B,Ne,Na,Al,Ar} yields the following mesh: 

which is close to the values of the optimized universal basis 
(UB5 in Table 6). This mesh does not provide good atomic 
properties overall, and, thus, the Ro(k) were shifted by q ( k )  
= Ro(k) - Aa(k), &(k) fixed, and the AR(k) reoptirnized. 
The fifth column (UB7) in Table 6 shows that this mesh is 
almost equivalent to that obtained including all atoms. 

Three different procedures were applied to generate uni- 
versal bases in atomic systems. Eight universal bases were 
generated for the atoms He to Ar. The choice of the best 
method can be done statistically, for example, using the 
Manhattan (city block) distance (18, 19) with respect to the 
Clementi-Roetti results (17). Taking all the properties cal- 
culated for all the atoms with all the bases in Tables 5 and 
6 ,  employing an autoscaling to remove the weighting that 
arises due to different units, and measuring the Manhattan 
distance from the Clementi-Roetti results indicates that the 
best bases are UB3, U B l ,  and UB6. However, the infor- 
mation in Tables 5 and 6 shows that there are no large sta- 
tistical differences, except for UB5 and CTMUB, which were 
optimized considering exclusively the minimum energy cri- 
terion. The UB5 energy-optimized set could be modified by 
the inclusion of other atomic properties in the least-squares 
procedure, thus increasing the similarity of this basis to the 
others. 

5. Applications to molecular systems 
The bases discussed above attempt to improve the wave- 

function such that good total energies and other atomic 
properties can be obtained simultaneously. A natural exten- 
sion of this work is to evaluate the effect of these correc- 
tions in molecular systems. Calculations for N,, CO, PZ, and 
CS were performed with two atom-optimized bases (AT1 and 
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CUSTODIO ET AL 

TABLE 7. Molecular properties calculated with different (16s10p) bases for N', P', CO, and CS 
at the equilibrium geometry. Data in atomic units 

Hartree-Fock 
AT 1 AT2 UB5 UB6 accurate 

Total energy 
Nz - 108.9101 - 108.9095 - 108.9083 - 108.9082 - 108.9939" 
p' -681.4080 -681.4003 -681.4047 -681.3914 -681.5004" 
CO - 112.7169 - 112.7167 - 112.7155 - 112.7154 - 112.7910" 
CS -435.2844 -435.2778 -435.2806 -435.2689 -435.7949" 

Bond length 
N? 2.0458 2.0477 2.0492 2.0509 2.068" 
p2 3.6663 3.6653 3.6697 3.6706 3.497" 
CO 2.1197 2.1208 2.1237 2.1239 2.132" 
CS 2.9523 2.9570 2.9478 2.9548 2.906' 

Dipole moment 
CO -0.1982 -0.1992 -0.2013 -0.2020 -0.104" 
CS 0.3621 0.3515 0.3624 0.3547 0.902" 

Second moment 
N': (x') -10.27804 -10.29750 -10.29964 -10.30894 
N2: (z') - 12.66858 - 12.67186 - 12.67123 - 12.66625 
P2: (x') -26.71693 -27.03795 -26.97925 -27.04992 
P?: (2') -29.38439 -29.66829 -29.51028 -29.66180 
CO: (x2) -10.16617 - 10.17710 -10.18096 -10.18705 
CO: (z2) -13.16742 -13.16330 -13.16538 -13.15905 
CS : (.r2) -18.67595 -18.75038 -18.71621 -18.74954 - 18.25879" 
CS: (z') -22.09739 -22.14284 -22.13654 -22.15637 -2 1.02941' 

Electric field 
N': E N  0.14872 0.14884 0.14904 0.1471 1 
Pz: EP  0.05944 0.05861 0.05856 0.05850 
CO: Ec  -0.09357 -0.09284 -0.09308 -0.09188 
CO: Eo 0.17687 0.17733 0.17677 0.17559 
CS: Ec  -0.07649 -0.07632 -0.07722 -0.07783 
CS: Es 0.07649 0.06617 0.06630 0.06805 

Potential 
N :  ( 1  -18.24958 -18.24864 -18.24796 -18.24738 
p2: (1 /r)p -54.11066 -54.10501 -54.10662 -54.10352 
0 r c  - 14.61680 -14.61631 -14.61520 -14.61527 
CO: (1 /r)o -22.22985 -22.22958 -22.22924 -22.22899 
C :  r c  - 14.61063 - 14.60908 - 14.61047 - 14.60882 - 14.70994' 
CS: (1 /r)s -59.16101 -59.15745 -59.15949 -59.15570 -59.17182" 

"Reference 20. Experimental equilibrium geometry. 
*Reference 21. Theoretical equilibrium geometry. 
'Calculated at the 6-31 1G (2df) MP2 level with Gaussian 90 (22). Theoretical equilibrium geometry. 

AT2 of Tables 1 and 2) and with two universal ones (UB5 
and UB6 of Table 6). The choice of these two universal bases 
was made considering that UB5 presents the worst results for 
atomic properties and good total energies, while UB6 was 
corrected to improve the atomic properties and to provide 
reasonable total energies. No contraction of the bases was 
employed to preserve the character of the numerical inte- 
gration of eq. [2]. Table 7 presents the results of some mo- 
lecular properties. 

There is great similarity among the results obtained with 
the four bases. The universal bases provide results that are 
as accurate as the optimized ones independent of the prop- 
erty being analyzed. The correction of the weight functions 
for atomic systems does not produce significant changes in 
the molecular systems using either the optimized bases or the 
universal ones. Figure 3 shows that, in a molecule, bases 
optimized with respect to the total energy are deficient in their 
description of the weight function in the diffuse region. 

However, the nearly equivalent molecular properties calcu- 
lated with different bases show that the best set for molec- 
ular calculations is UB5, which also gives the best energy. 

The relatively large size of the bases may be responsible 
for the nearly equivalent results in Table 7. The incorrect 
magnitudes of the electric fields at the nuclei suggest that the 
deficiencies in the bases probably are due to the absence of 
polarization functions. 

6. Conclusions 
The SIMPLEX method defined the meshes of the s and p  

generator functions for the discretized version of the Grif- 
fin-Hill-Wheeler-Hartree-Fock equations. Analysis of the 
optimized basis sets showed that the meshes obtained through 
the minimum total energy criterion are accurate with re- 
spect to the total energy but deficient in the valence region. 
This deficiency leads to a poor description of other atomic 
properties such as orbital energies, (r") and (p") .  Changing 
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FIG. 3. The s weight function (dashed line) and the p weight 
function of the 30, orbital for one nitrogen atom in the N, mole- 
cule obtained with the AT1 basis at the theoretical equilibrium bond 
length (continuous line). 

the parameters Ro(k) to  G ( k )  = Ro(k) - AR(k), fixing !&(k), 
and reoptimizing AR(k) for  each symmetry species simul- 
taneously produces a better general description of the atomic 
properties at the expense of  a somewhat  poorer energy. 
Methods that maintain a good  description of  the weight 
function in both the outer and inner regions are  needed. 

Three different procedures were explored to obtain uni- 
versal bases: (a) defining the universal basis using infor- 
mation from the isolated atoms,  (b) defining the universal 
Ro(k) through atomic calculations and reoptimizing the AR(k) 
fo r  the different symmetries simultaneously with a single 
atom calculation as  a reference, and (c) optimizing the uni- 
versal mesh using statistical criteria such as  the s u m  of  the 
squares of  the deviations of  the total energy. 

T h e  universal bases generated by these procedures are  al- 
most equivalent statistically except for  the basis obtained 
employing method (c). If the universal mesh is optimized 
with respect t o  the minimum deviation in the total energies, 
the mesh will yield a poor description of  the weight func- 
tion for a set of  atoms. Changing R,(k) to  Rh(k) = Ro(k) - 
Afl(k) and further reoptimization of Afl(k) improves the mesh 
and produces results statistically close to  the other bases. 

Applications of  the atom-optimized and  universal bases 
to  diatomic molecules (N,, C O ,  P,, C S )  show that the uni- 
versal bases are  a s  accurate a s  the atom-optimized ones.  
Bases AT1 and UB5 are deficient in the descriptions of  the  
weight functions in the  valence region. However ,  the shift 
corrections in the weight functions that improve the atomic 
properties are  not useful in the molecular calculations when 
the bases are transferred f rom the atoms to a molecule. T h e  
bases yield nearly equivalent molecular properties. T h e  im- 
portant requirement of  good total energies shows that the best 
basis for  molecular calculations is that optimized by proce- 
dure (c),  that is UB5.  
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MARIUSZ KLOBUKOWSKI. Can. J.  Chem. 70, 589 (1992). 
SCF and Moiler-Plesset calculations were done for the hydrated alkaline-earth ions in the gas phase. The systems studied 

were M2+(H20),,, where M = Mg, Ca, and Sr, and rz = 1 ,  2, 3 ,  4 ,  and 6. The successive ion-water bond energies were 
in the range anticipated on the basis of extrapolation of results from experimental studies on larger hydrates. 

Key words: hydrates, alkaline-earth cations, quantum-chemical calculations. 

MARIUSZ KLOBUKOWSKI. Can. J. Chem. 70, 589 (1992). 
On a effectue des calculs SCF et des calculs de Moiler-Plesset sur les ions hydrates de mktaux alcalino-terreux en 

phase gazeuse. On a etudie les systkmes M2+(H20),,, dans lesquels M = Mg. Ca et Sr et t~ = 1 , 2 ,  3 , 4  et 6. Les valeurs 
des energies de liaison ion-eau successives sont dans l'ordre des valeurs attendues sur la base de l'extrapolation de rksultats 
obtenus avec des hydrates plus importants. 

Mots clgs : hydrates, cations de metaux alcaline-terreux, calculs de la chimie quantique. 
[Traduit par la redaction] 

Introduction 
Recently, an experimental breakthrough achieved by 

Kebarle and co-workers (1) allowed for experimental stud- 
ies in the gas phase of the equilibria involving water mole- 
cules and bivalent ions of the alkaline-earth elements: 

The electrospray technique used in the experiments pro- 
vides accurate data on the ion-ligand bond energies for larger 
coordination numbers; in the case of divalent alkaline-earth 
ions the smallest clusters for which reliable data were re- 
ported contained as many as seven to eight water mole- 
cules. However, the interactions in the inner hydration shell 
involving a doubly charged metal ion and one to six water 
molecules and leading to binding energies in the 40- 
80 kcal/mol range, while interesting from a chemical view- 
point, are beyond the range of the present experimental 
apparatus (1). 

Fortunately, the small-cluster range is amenable to com- 
putational studies, especially when the interacting systems 
possess high charges and closed electronic shells. The pres- 
ent work was conceived as a preliminary study in the com- 
putational continuation of the experimental investigation of 
the metal-ion-water clusters. To gain insight into the im- 
portance of basis set composition and the role played by the 
electron correlation, various large basis sets were used in SCF 
and post-SCF calculations. Furthermore, the accuracy of 
valence-electron representation in such studies, important for 
studies involving heavier atoms, was also investigated. Full 
geometry optimization of all species involved was done, thus 
furnishing not only the required energy data (which could be 
easily obtained from a refined experiment) but also the 
structural information (which is more difficult to acquire by 
experimental techniques). 

In experiment, the successive ligands adapt the geomet- 
ric arrangement corresponding to the lowest total energy. In 
computations, the imposed symmetry of the ligand arrange- 
ment can be utilized to reduce the computational effort. To 
establish the ligand conformation that is most favorable en- 

ergetically, in the present work various possible symmetries 
were considered. 

Calculations, results, and discussion 

Basis sets 
Basis sets of triple-zeta quality in the valence region were 

used in the present study. For hydrogen, Huzinaga's (5s) 
basis (2) was contracted to (3s). For oxygen, Huzinaga's 
(10s6p) basis (2) was used, contracted to (5s3p) following 
Dunning (3) and augmented with a diffuse p-type function 
(5/, = 0.059) (4). For magnesium, the McLean-Chandler 
(12s9p) basis, contracted to (6s5p), was used (5). Calcium 
was represented in the all-electron calculations by the (8s4p) 
basis obtained from the uncontracted (14s9p) set of Wachters 
(6). In the valence-electron calculations, the (5s5p) basis set, 
corresponding to the effective core potential including outer 
core electrons as developed by Hay and Wadt (7), was used 
in the contraction (5s4p) (with the two innermost p-type 
primitives contracted). In the valence-electron calculations 
on Sr2'(~,O),,, the strontium (5s5p) basis of Hay and Wadt 
(7) was contracted as for calcium. 

The exponents of the polarization functions were devel- 
oped for all systems by optimization in the Mprller-Plesset 
calculations (8) on the monohydrates (at geometries close to 
the optimum, with both the core orbitals and their counter- 
parts among the virtual space removed from the active space). 
The polarization functions for hydrogen and oxygen were 
determined in the calculations on M~'+(H,O) and used for 
all the complexes. 

The values of the exponents in the basis sets with single 
polarization functions (denoted here TZIP) were: I$' = 
1.2976, 5; = 0.9399, 5yE = 0.2218, 5: = 1.1419, and 5:' 
= 0.699. The exponents of the polarization functions in the 
TZ2P basis were: 5; = {2.3803,0.6844). $ = 
{1.4647,0.4261), 5y" i0.4131 ,O. 15801, and cd = 
{1.7336,0.5576). 

The optimization of exponents was done with the HONDO 
7.0 program (9); the code was modified in this laboratory to 
allow for the geometry optimization in the Mprller-Plesset 
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TABLE 1. Energy and structure of isolated water" ties. The best SCF values differ by 3, 15, 29, and 21 % for 
p*.,, a,,, a,,, and aZL, respectively (the corresponding errors 

Method  asi is" ET OH HOH in the MP2 values are 1 1. 15. 33. and 21 %). 

SCF AElP 0.941 
The results for the complexes of ~ g " ,  c;'+, and Sr2+ are 

-76.05685 
SCF VElP - 16.86446 0.946 

lo6" presented in Table 3. Coordination of water by metal ions 106.4 
SCF AE2P -76.06177 0.940 106,3 results in the lengthening of the OH bond (by 0.02 A for the 

MP2 AElP -76.27615 0.960 104.2 magnesium complex and 0.01 A for calcium and stron- 
MP2 AE2P -76.30201 0.960 103.9 tium); the bond angle in the coordinated water becomes 

smaller, by 1"-2", than that in free water (the only excep- 
"Energ~es In atomlc unlts, bond lengths In angstrOms, angles In de- tion is found in the magnesium complex treated at the Mp 

grees 
' A E ~ P  = all-electron calculat~ons w ~ t h  TZnP bass ,  VEnP = valence- 

level). The metal-oxygei bond length increases with the size 

electron calculat~ons w ~ t h  TZnP bas~s.  of the metal ion while the total hydration energy AE de- 
creases. For the magnesium and calcium hydrates, the MOH 

calculations via the conjugate gradient method of Powell (10). 
For all systems studied, the complete optimization of ge- 
ometry using gradient techniques was done using the 
GAMESS program (1 1). For the evaluation of electric mo- 
ments and polarizabilities HONDO 8.1 code was used (12). 

All calculations were done on a SUN SPARCstation 
4/370. 

Monohydrates 
The data on energy and structure of the isolated water are 

collected in Table 1. The calculated geometries, both on the 
SCF and MP level, are almost independent of the polariza- 
tion space. The valence-electron results are satisfactorily close 
to the corresponding all-electron values. On the SCF level, 
the geometric parameters of water are quite close to the near 
Hartree-Fock results (13) (especially when two polariza- 
tion exponents are employed). Corrections for the electron 
correlation bring the computed geom$try close to the ex- 
perimental structure with OH = 0.957 A and HOH = 104.5" 
(14). 

To gain insight into the quality of the various basis 
sets used, dipole and quadrupole moments are tabulated in 
Table 2 together with the values of static dipole polarizabil- 
ities. The results are compared with recent accurate values 
of Szcz~sniak and Scheiner (15), who used very large basis 
sets (for oxygen, (15slOp3d) was contracted to (7s6p3d); for 
hydrogen, (10s3p) basis was contracted to (5s3p); the ex- 
ponents of the polarization functions were optimized in mo- 
lecular Moller-Plesset and polarizability calculations). 
Expansion of the polarization space brings about reduced 
dipole and quadrupole moments and increased polarizabili- 

bond angle changes only slightly with the change in the 
composition of the polarization space; small changes (less 
than 1") are induced by the use of the MP method. The length 
of the metal-oxygen bond responds in expected fashion when 
the polarization set is expanded or correction for the elec- 
tron correlation is added. 

The total hydration energies are relatively stable with re- 
spect to both the size of the polarization space and the treat- 
ment of electron correlation. The largest absolute changes 
are seen in the magnesium complex, where they are about 
1-2 kcal/mol. The valence-electron results (for the calcium 
hydrate) are very close to the corresponding all-electron 
values; it may be expected that the results for the strontium 
hy<rate are equally accurate. 

Agren and co-workers (16) studied the M ~ ~ + ( H , o )  com- 
plex using fairly large basis sets in SCF and CASSCF cal- 
culations aiming at the evaluation of infrared intensities. 
However, only the geometry of water was optimize<, while 
the M g 4  distance was kept fixed at 2.05 and 2.10 A (these 
distances bracket the interval of ion-water distances found 
in various M ~ ' +  crystalline compounds (17)).oTheir com- 
puted OH bond lengths were 0.959 and 0.979 A at the SCF 
and CASSCF levels, respectively; these values are very close 
to the ones obtained in the present work. 

Calcium dication hydrates were recently studied by Castro 
and co-workers (18), who used a variety of basis sets for the 
monohydrate. However, only one basis set used in that work 
gives the total energy comparable to the ones shown in Table 
3; the remaining six lead to total energies differing by 1- 
3 E, from the present values. Davy and Hall (19) also used 
a rather small basis set (of about STO-3G quality for the core 
orbitals and DZlP for the valence ones) in SCF calcula- 

TABLE 2. Components of dipole moment (k), quadrupole moment (8), and static dipole polariz- 
ability (a) of watera 

Property 

Method Basisb Pi @.,, om 8:: ~ . L Y  aZ: 

SCF AElP 0.8874 1.985 -1.774 -0.211 7.209 4.488 5.611 
SCF VElP 0.8979 1.960 -1.766 -0.193 7.407 4.274 5.654 
SCF AE2P 0.8026 1.940 -1.770 -0.169 7.807 5.592 6.712 
SCF AESSc 0.7800 9.163 7.898 8.478 
MP2 . AElP 0.8867 7.721 5.273 6.404 
MP2 AE2P 0.7900 8.470 6.402 7.618 
MP2 AESSc 0.7077 9.998 9.559 9.689 

"All values (in atomic units) were calculated at the center of mass for the equilibrium geometry (cf. Table 1). 
The molecule was located in the OX2 plane, with the oxygen atom below the hydrogens. 

bAEnP = all-electron calculations with TZnP basis, VEnP = valence-electron calculations with TZnP basis. 
'See ref. 15. 
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KLOBUKOWSKI 

TABLE 3. Energy and structure of monohydrates in Cz,. symmetry" 

Metal Model  asi is" Ec -AEd MO MOH OH HOH 

Mg SCF AElP 
AE2P 

MP2 AElP 
AE2P 

Ca SCF AElP 
VElP 
AE2P 

MP2 AElP 
AE2P 

Sr SCF VElP 

"Energies (E) in atomic units, stabilization energies (AE) in kcal/mol, bond lengths (MO and OH) in angstr~ms, 
and bond angles (MOH and HOH) in degrees. 

"AEnP = all-electron calculations with TZnP basis, VEnP = valence-electron calculations with TZnP basis. 
'The total energies shifted by 275, 752, 52, and 46 atomic units for the Mg, Ca(AE), Ca(VE), and Sr(VE) 

complexes, respectively. 
"AE = E[M3(HZO)] - {E[MZ+] + E[H20]}. 

tions, obtaining the geometry of the monohydrate similar to 
the ones reported in the present work, despite a rather large 
difference in the total energy (about 6 E,). 

All three monohydrates were the subject of a computa- 
tional study by Zahradnilz and co-workers (20) who used very 
small MINI-1 basis sets of Huzinaga and co-workers (21) 
without polarization functions (to minimize the basis set 
superposition errors). The metal-oxygen distances, af- 
fected by BSSE, were significantly shorter than the present 
ones; the interaction energies computed with the MINI-1 basis 
sets and corrected for BSSE were fairly close to the present 
values for the three systems studied. However, the (BSSE 
corrected) energies obtained with the more flexible MIDI 
basis sets were about 10 kcal/mol larger than the ones ob- 
tained with the large basis sets in the present work. 

Dihydrates 
Table 4 shows the results of calculations for the ions co- 

ordinated by two water molecules. The calculations were 
done for two symmetries of the complex, D2), and D2d. 

As seen in the previous section, coordination lengthens the 
OH bond and decreases the bond angle in water (again, the 
exception is found in the magnesium complex treated on 
the M P  level). Extension of the polarization space reduces 
the total hydration energies by about 2-3 kcal/mol; the 
changes brought about by the electron correlation effects are 
smaller. Again, the valence-electron description of the cal- 
cium dihydrate is adequately close to the all-electron pic- 
ture, reinforcing confidence in the quality of the results for 
the strontium complex. 

The two structures, D2,, and D2d, lead to almost equal hy- 

TABLE 4. Energy and structure of dihydrates" 

Metal Symmetry Model 

M g D211 SCF 

M P2 

D2d SCF 

MP2 

Ca D?h SCF 

MP2 

D2d SCF 

Sr D2h SCF 
D2d SCF 

Basis MOH HOH 

AE 1 P 
AE2P 
AElP 
AE2P 
AElP 
AE2P 
AElP 
AE2P 
AElP 
VElP 
AE2P 
AElP 
AE2P 
AElP 
VElP 
AE2P 
AElP 
AE2P 
VElP 
VElP 

"See footnotes to Table 3. 
bThe total energies were shifted by 351, 828, 69, and 63 atomic units for Mg, Ca(AE), Ca(VE), and Sr(VE), respectively 
'AE = E[M2+(H2O),] - {E[M'+] + 2E[H20]}. 
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TABLE 5. Energy and structure of trihydrates from SCF calculations" 

Metal symmetryb Basis E" - @I MO MOH OH HOH 

Mg D .in AE 1 P 
AE2P 

D !h AElP 
AE2P 

c3 AElP 
AE2P 

Ca D .kg AElP 
AE2P 

D ! I ~  AElP 
AE2P 

c3 AElP 
VElP  
AE2P 

Sr c3 VElP 

"See footnotes to Table 3 .  
'ln D;, symmetry the hydrogen atoms are perpendicular to the plane of heavy atoms; in D!, symmetry they 

are located in the plane. 
'The total energies were shifted by 427, 904, 86, and 80 atomic units for Mg, Ca(AE), Ca(VE), and Sr(VE), 

respectively. 
"AE = E[M"(H~O),J - {E[M2' J + 3E[H20]). 

dration energies, with the D,, structure being infinitesi- 
mally more stable. 

Castro and co-workers (18) in the studies on ca2+ dihy- 
drate with small basis sets obtained poorer energies (by about 
2 Eh) and shorter metal-oxygen distance. 

Trihydrates 
In view of the great similarity in the interaction energies 

obtained with and without the corrections due to the elec- 
tron correlation, only the SCF calculations were performed 
for trihydrates (and all larger complexes). The results, for the 
three geometric configurations of the complex, are shown in 
Table 5. 

The water molecules respond to coordination in the man- 
ner seen in the smaller complexes, by increasing the bond 
length and reducing the bond angle. The angle between 
metal, oxygen, and hydrogen is quite similar to those found 
in the mono- and dihydrates (about 127"). The larger size of 
the central ion correlates with the longer metal-oxygen bond 
distance and smaller interaction energies. The larger polar- 
ization set reduces the hydration energies by 2-5 kcal/mol. 

The interaction energies increase slightly in the series 
Dh,, D!,, and Cj corresponding to a decreased repulsive 
contact between the lone electron pairs in water molecules. 
This change is accompanied by a diminutive lengthening of 
the metal-oxygen bond. 

The total energies by Castro and co-workers (18) are again 
more than 2 Eh above the present values and their C a 4  
bond lengths shorter. 

Tetrahydrates 
The larger size of these complexes, and the correspond- 

ingly larger basis sets, allowed for the use of the extended 
polarization space only for the tetrahydrates of magnesium 
in the highest symmetry kh. 

The complexes with the "tetrahedral" S2 symmetry have 
the largest binding energies (see Table 6). It is interesting to 
note, though, that as the size of the central ion increases, the 
difference between the hydration energies in C4 and S- , con- 
formations becomes smaller. This is consistent with the re- 

cent experimental study on the structure of the Sr" ion in 
aqueous solution, which demonstrated lack of orientational 
order in the hydration shell (22). The reaction of water to 
coordination is similar to that seen in the smaller hydrates. 
The distances between the oxygen atoms in S2 symmetry are 
fairly large, hence the metal-oxygen bond length is only 
slightly larger than in trihydrates. 

The C 4  bond lengths from the study by Castro and co- 
workers (18) are smaller (by about 0.7 A for their best basis 
used). 

Hexahydrates 
For reasons of computational economy only the smallest, 

TZIP, basis sets were used in T ,  symmetry (see Table 7). The 
deviation of the geometric structure of the coordinated water 
from that of the free water is smaller in hexahydrates than 
in all other hydrates. The water molecules are found at rel- 
atively large distances from the metal ion. For the alkaline 
earth ions studied here, six water molecules are usually found 
in the first hydratjon shell. The S r 4  di2tance was found 
to be about 2.65 A in solution (22), 2.61 A in crystal (23). 

In a recent theoretical study of hydrated ~ e ' +  ions (24) it 
was found that two of the water molecules in the hexacoor- 
dinated ion form the second hydration shell, connecting with 
the first hydration shell via hydrogen bonds. The ions stud- 
ied here are much larger than ~ e "  and the first hydration 
shell could easily accommodate six water molecules. To 
check the relative stabilities of the two possible distribu- 
tions of the six water molecules around the central ion, full 
geometry optimization was done for the magnesium ion 
hexahydrate in T ,  and C, symmetries (the latter structure 
could be best written as [M~'+(H,O),](H~O),); following 
lwata and co-workers (24), the 3-21G* basis set was used. 
The M 8 - 0  distance in the Ti, structure was found to be 
2.075 A, shorter than the value obtained with the TZlP basis 
set, and the total hydration energy was 408 kcal/mol. The 
geometry of the C, structure is defined in Fig. 1 and in Table 
8, and the corresponding interaction energy is only 
385 kcal/mol, more than 20 kcal/mol smaller than in the Ti, 
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KLOBUKOWSKI 

TABLE 6.  SCF cncrgy and structure of tctrahydratcs" 

Mctal ~ ~ r n r n e t r ~ "  Basis E' -AE" MO MOH OH HOH 

Mg D ~ I ,  AE 1 P 
AE2P 

D !I, AE 1 P 
AE2P 

c4 AE 1 P 
sz AE l P 

Ca CL AElP 
s:! AE 1 P 

VE 1 P 
Sr s2 VclP 

"See footnotes to Table 3. 
''In D , ,  symmetry the hydrogen atoms are perpendicular to the plane of heavy atoms; in D!,, symmetry they 

are located in the plane. 
'The total energies were shifted by 503, 980, 103, and 97 atomic units for Mg, Ca(AE), Ca(VE), and Sr(VE), 

respectively. 
"AE = E[M'+(H,O).,I - {E[M"] + 4E[H,O]}. 

TABLE 7. SCF encrgy and structure of hexahydrates" 

Mctal Symmetry Basis E" - MO MOH OH HOH 

Mg TI, AElP -0.68501 326.8 2.102 126.3 0.947 107.3 
Ca TI, AElP -0.85722 241.7 2.443 127.0 0.947 106.0 

VElP -0.18729 243.8 2.445 127.1 0.951 105.8 
Sr TI, VElP -0.07307 215.5 2.616 127.2 0.951 105.5 

"See footnotes to Table 3. 
hThe total energies were shifted by 655, 1132, 137, and 131 atomic units for Mg, Ca(AE), Ca(VE), and Sr(VE), 

respectively. 
'AE  = E[M"(H,O)~] - {E[M'&] + 6E[H20]}. 

FIG. 1. Geometry of the [ M ~ " ( H ~ o ) ~ ] ( H ~ ~ ) ~  ion in C,  sym- 
metry. 

complex. Even though both the geometries and the inter- 
action energies are affected by the basis set superposition 
errors, unavoidable with the small 3-21G* basis set, the 
energy difference is probably large enough to allow for 
concluding that the first hydration shell of the divalent al- 
kaline earth atoms consists of six molecules. For the Sr2+ 
hexahydrate, Castro and co-workers (18) used only the 
MINI-3 basis of Huzinaga and co-workers (21). The result- 
ing geometry in T,, symmetry, with the S r - 0  bond length 

TABLE 8. Selected geometrical parameters of 
[Mg' '(H20),](H20)," 

Label Value Label Value 

"Distances in angstroms, angles in degrees. 
bSee Fig. 1 for notation. 

0 .3  A shorter than the present value, indicates considerable 
effects of the BSSE. 

Conclusions 

The energy changes obtained in the present study can be 
recast in the format that gives more information about the 
hydration process. The total energy change, hE(n) ,  for the 
reaction: 
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n 

FIG 2. The total hydration energy. 

(3-+-a M g  SCF A E 1  
B--B--u M g  SCF A E 2  
~ - - A - - A  M g  M P 2  A E 1  
4 - - + - 4  M g  M P 2  A E 2  
0----0----a C a  SCF A E 1  
+----+----+ Ca  SCF V E  1 
0 ----a ----  Ca  SCF A E 2  
&---"----A Ca M P 2  A E  1 
V----0----0 Ca M P 2  A E 2  

S r  SCF V E 1  

is shown in Fig. 2. The average metal-water bond ener- 
gies, 

Wn) , ,  = hE(n)/n 

are depicted in Fig. 3. Finally, the successive metal-water 
bond energies that are closest to the quantities measured ex- 
perimentally (1) in the reaction 

M"(H~o),-~ + H 2 0  = M ~ + ( H ~ O ) ,  

and which are defined as 

M,- I,, = E[M2+(H2O),1 - {E[M~+(H~o),- , I  + E[H2Ol), 
forn = 1, ..., 4 

and 

W-I,, = (E~M~+(HZO),I - {E~M~+(H~o),-zI 

+ 2E[H20]))/2, for n = 6 

are presented in Fig. 4. Only the data for the symmetries with 
the lowest total energies are shown in the figures.) 

It is interesting to note the behavior of hE,-,,, for the 
magnesium hydrates: considering that the AH:., values for 
the three ions are in the 14.9-15.1 kcal/mol range (I),  the 
rapid decrease of the calculated values may indicate that the 
structure of the hydration shell for n > 6 (and possibly even 
for n = 6) in the magnesium complex differs from the 
structure of the corresponding complexes with calcium and 
strontium ions. Clearly, the extension of the computational 
studies to the higher hydrates is needed. 

The binding energies of all the hydrates studied decrease 
FIG. 3. The average metal-water bond energy (see the legend 

in Fig. 2 for explanation of symbols). 
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KLOBUKOWSKI 595 

FIG. 4 .  The successive metal-water bond energy (see the leg- 
end in Fig. 2 for explanation of symbols). 

when the basis set is increased. Considering that the bond- 
ing in the complexes is mainly electrostatic, the possible 
cause of the decreased interaction energies is the decrease of 
the dipole and quadrupole moments and increase of the di- 
pole polarizability of the water molecule (cf. Table 2) upon 
extension of the basis set. 

The present results indicate that neither extended (and 
expensive) polarization space nor electron correlation ef- 
fects have to be necessarily considered in the studies on the 
hydrates involving the divalent alkaline earth atoms. 
Furthermore, the effective core potential method used with 
the basis set equipped with a small polarization space was 
found to be an adequate, and economical, computational 
approach to such calculations. The computational savings will 
be substantial especially in the studies on the harmonic vi- 
brational frequencies. 

The successive metal-water bond energies fall within the 
range of values predicted by Kebarle in the experimental 
studies (40-80 kcal/mol) ( 1 ). The agreement may be even 
better if the zero-point-energy corrections are added to the 
present values. 
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Low-energy conformational domains of polypeptides, characterized 
by a random-search and minimization procedure 

ANDRE G. MICHEL,' CHAKIB AMEZIANE-HASSANI, AND NATHALIE BREDIN 
Lnborntoir-e de rhirnie .strrcrturcrle, De'partement de chinlie, Urzil~ersite' cle Sherbrooke, 

Sherbrooke (Que'ber), Cnrzncln JIK 2Rl 

Received September 2,  199 1 

This paper is declicntecl t o  Professor Sigeru Huzinaga on the occnsion ($his 65th birthdcly 

ANDRE G. MICHEL, CHAKIB AMELIANE-HASSANI, and NATHALIE BREDIN. Can. J.  Chenl. 70, 596 (1992). 
In the framework of molecular mechanics conformational energy calculations, a random-search and minimization 

procedure is presented to characterize low-energy domains of polypeptidic structures. Rather than striving for global 
minima, populations of conformers are randomly generated, and their energy is minimized in order to study their intrin- 
sic properties. The application to the opioid peptide Met-Enkephalin allowed the identification of low-energy domains 
that are compared with previous results of conformational studies on this molecule. Our method gives a complete over- 
view of the conformational behaviour of the polypeptide under study, including previously reported structures as deter- 
mined from experimental and theoretical studies. To illustrate the usefulness of this method to determine bioactive peptidic 
structures and their active conformers, the application to geometrically constrained chemotactic tripeptides is presented. 

Key words: peptides, conformation, theoretical prediction. 

ANDRT. G. MICHEL, CHAKIB AMEZIANE-HASSANI et NATHALIE BREDIN. Can. J.  Chem. 70, 596 (1992). 
Une mCthode thCorique de caractCrisation des domaines conformationnels des molCcules polypeptidiques est presentee. 

Les calculs d'Cnergie conformationnelle sont effectuCs dans le cadre empirique de la mCcanique molCculaire. PlutBt que 
chercher B localiser le minimum global d'une hypersurface CnergCtique, des populations de conform6res sont gCnCrees 
en vue d'en Ctudier les propriCtCs intrinskques. L'application au peptide opiact Met-Enktphaline a permis d'identifier 
des domaines dans la population gCnerCe et de comparer ces rCsultats des Ctudes conformationnelles antkrieures. On 
dCmontre que cette approche fournit une vue complkte du comportement conformationnel du polypeptide, incluant les 
structures proposkes par des travaux thCoriques ou expCrimentaux. Afin d'illustrer I'applicabilitC de la mCthode pour 
I'identification de conformation d'intCr&t biologique, une Ctude a kt6 menCe sur des tripeptides chimiotactiques a gCometrie 
restreinte. 

Mots rle's : peptides, conformation, prCdictions theoriques. 

Introduction Such a procedure allows us to generate a sample of con- 

In the past decade, much effort has been made to identify 
absolute minimum energy structures for peptidic mole- 
cules. In such investigations, thousands of energy-mini- 
mized molecular conformations have been thrown away, 
retaining only a few lowest energy structures. Nevertheless, 
such generated structures constitute an ensemble wherein 
classes or groups of organisations are expected. In fact, ex- 
perimental evidence suggests that polypeptides as short as 
four or five residues can adopt nonrandom conformations in 
aqueous solutions (1). Strategies based on energy minimi- 
zation, dynamics, and Monte-Carlo simulations have been 
used in various studies (2, 3) to simulate the conformational 
space. The determination of minimum energy conforma- 
tions of polypeptides by dynamic programming was also re- 
cently presented (4). A comparative study of the different 
methods has been published recently (5). 

Here we describe an approach based on energy minimi- 
zation after random generation of initial conformations. Our 
purpose is to generate the population of conformations 
characterizing a particular peptidic sequence. Subsequent 
analysis of this ensemble of conformers is expected to re- 
veal the intrinsic organization in conformational space. The 

formers representative of the confo-rmational behaviour of the 
peptide of interest. The empirical conformational energy 
program for peptides (ECEPP) force field (6-8) appeared to 
be very well suited for such applications, as the use of a rigid 
geometry reduces the number of variables to only torsional 
angles. Actually, this force field has proven to be well 
adapted for applications of molecular mechanics to peptidic 
structure. Particularly, the procedure of Scheraga, called the 
'Build-Upn method, allowed reasonable predictions of global 
minima for small and medium peptides to be made (9). The 
same energy function was recently applied by Wiithrich and 
co-workers (10). A population of conformers for Enkepha- 
lin was generated, using a systematic search procedure. 

During the past decade, the conformation of the endoge- 
nous opioid pentapeptide Tyr-Gly-Gly-Phe-Leu-Met ~ - ~ n k '  
has been extensively investigated. Studies to identify local 
minima, using theoretical simulations, have proposed con- 
formations that can be classified in four main categories. The 
first class of structures adopts a p-turn involving residues ~l~~ 
and phe4. Such structures are generated by the existence qf 
a (5 + 2) intramolecular hydrogen bond involving CO(G1y-) 
and N H ( M ~ ~ ~ ) .  Both theoretical results (10-20) and NMR 

largest part of the conformational space is sampled by gen- , 
erating a large number of initial random conformations. -Abbreviations used: 

subsequently, the conformational energies of the resulting fMLP formyl-Methionine-Leucine-Phenylalanine (this is not in 

structures are minimized, using the conjugate gradient tech- accordance with the usual code but is universally used in the field 
of chemotactic peptides) nique, to the nearest local minimum into the torsional space. fMAP formyl-Methionine-aAminoisobutyric acid-Phenylala- 
nine 

' ~ u t h o r  to whom correspondence may be addressed. M-Enk Tyr-Gly-Gly-Phe-Leu-Met (Met5 enkephaline) 
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FIG. 1 .  Flowchart of the PEPSEA program 

studies (21-24) have supported this conformation. The ap- 
plication of recent multi-spin methods has confirmed these 
results (25, 26). Another group of structures involves p-turns 
including residues Gly2 and Gly3, generated by the exis- 
tence of a (4 1) intramolecular hydrogen bond between 
C O ( T ~ ~ ' )  and the terminal ~ ~ ( p h e ~ ) ) .  Pioneering investiga- 
tions of DeCoen et al. first mentioned this possibility (19), 
which was also suggested by C.P.K. model studies (27) and 
confirmed by a systematic conformational search (10). Ex- 
clusively extended structures were determined by X-ray dif- 
fraction studies (28-30). However, a folded p-turn structure 
was observed by X-ray diffraction studies of Leu-Enkepha- 
lin (31). Finally, a y-turn involving the three residues GlY2- 
Gly3-phe4 was predicted by Scheraga, from simulations based 
on a statistical mechanical algorithm (32). Our purpose in this 
study has been to generate a population of conformers for 
M-Enk, and to evaluate its representation of the full con- 
formational space by comparison with previous results. 

The investigation of chemotactic peptides has also proven 
to be very challenging, the most potent agent being the tri- 
peptide formyl-Met-Leu-Phe-OH: fMLP.- Structure-activ- 
ity relationships were established, trying to identify the active 
conformer. In a recent publication, we formulated a hy- 
pothesis about the structural requirements for chemotactic 
activity (33). Although more rigid than fMLP, the peptide 
P MAP,^ where the Leu residue has been substituted by 
the residue Aib (a-aminoisobutyric acid), retains the che- 
motactic activity (34-36). Structural studies by 'H and I3c 
NMR (34,37) and infrared spectroscopy (37) inferred that 
the presence of intramolecular hydrogen bonds suggests 
a structure involving a (3- or y-turn, with CO(Met) and 
NH(Phe). To corroborate our model of the active con- 
former for a chemotactic tripeptide, we have investigated the 
conformational properties of fMAP. 

Method 

Our method of population generation of conformations, 
based on random search and energy minimization, has been 
implemented as an interactive molecular modeling pack- 
age. 

Description of the PEPSEA" program 
The scheme of the program is shown in Fig. 1. The MAIN 

module assumes the control and data file management, 
routing the execution following the options chosen by the 
user. PEPSEA can be used in two different modes. The in- 

3~~~~~~ is an abbreviation for Peptidic Search. 

teractive mode is suitable for data preparation and for single 
conformation calculations. The remote mode is used for 
multiple conformation applications and to submit applica- 
tions to local or remote computers. In its present version, the 
interactive mode is interfaced with the KGNGRAF molec- 
ular modeling package (38). Interactive tools have been im- 
plemented to build up specific sequences, using the ECEPP 
amino-acid library (6-8). 

As indicated by the numbers in Fig. 1 ,  the program of- 
fers four different options. Option 1 allows us to perform a 
single ECEPP energy calculation. Route 2 allows us to gen- 
erate a population of conformers. Random values are as- 
signed to torsional angles and the corresponding energy 
minimized. This process is repeated a number of times cor- 
responding to the number of conformers one wishes to study. 
Route 3 allows the minimization of predefined conformers, 
while option 4 computes the Hessian matrices in order to 
estimate free energies. 

The ENERGY module is similar to the energy function of 
the ECEPP/2 program (39). It reproduces, exactly, ECEPP 
calculations for the residues included in the amino-acid li- 
brary (6-8). The RANDOM module returns a random 
number between 0 and I based on a subtractive method (40). ~, 

These numbers are converted to values between - 180 and 
1 80°, to be assigned to the variable torsional angles as spec- 
ified by the user. The MINIMIZE module is used to find the 
minima of the energy function. It uses the conjugate gra- 
dient algorithm (41). A subroutine has been implemented to 
estimate the first derivatives by finite differences. Based on 
comparative studies described~by Fletcher (42), the method 
of the central derivative was used, and moved to be well 
adapted for the polynomial function of thi energy. The con- 
vergence criterion was set to lo-" terminating the calcula- 
tion when the module of the vector constituted by the first 
derivatives becomes less than that value. Step sizes of 0.001 
degree are used. The module does not impose any restric- 
tions on the number of iterations. The HESSIAN module 
calculates the determinant of the Hessian matrix, consti- 
tuted by the second derivatives of the energy function at the 
minimum under investigation. This is done for a predefined 
set of low energy conformers. 

The subroutine used to compute second derivatives is 
similar to the one used for first derivatives. Nevertheless, 
optimal values for the step size have to be determined by the 
user. In its present version, the ANALYZE module esti- 
mates partition functions and free energy values following 
well-established methods (43). This program can also sort 
and manipulate the main data file. 

Experimental procedure 
In practice, the user needs to decide about the sequence 

of residues, making sure that the residues are included-in the 
library. Secondly, variable angles must be specified before 
submitting the process. 

For M-Enk, the peptidic sequence has been built using the 
standard residue library of ECEPP (6-8) with the end groups 
uncharged, -NH2 and -COOH. A dielectric constant of 2 was 
used in the energy calculations. A total number of 3000 
conformers was randomly generated and energy-minimized 
to the closest minimum, using all 13 possible 4, ?, ~1 an- 
gles as variables. The resulting population of conformers was 
sorted by increasing values of the conformational energies. 
Subsequently, the first 100 conformers of lower energies have 
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Class 1 Class 2 Class 3 

Tyrl Tyrl ~ y r l  Cly2 Gly2 Gly' Phe4 Me? 
OH OH OH NH NH NH NH OH 

AE AG C'O C'O C'O C'O C'O C'O C'O C'O 
No. Code Type N kcal/mol Gly3 Phe4 ~ e t '  Mets p h e Y y r 1  Gly2 Tyrl 

Class 1 
1 GA*C*AE 
2 FCC*AF 
3 FDC*AC 
4 FDC*AG 
5 F*DC*AG 
9 FAD*AE 

10 FDC*BG 
17 FHAAG 
18 FDC*EF* 

Class 2 
6 FDC*EC 

Class 3 
12 BC*DAE 

FIG. 2. Classes of conforrners of M-Enk. No.: Ranking order by increasing AE. Code: Conformational code (43). Type: Type of turn. 
N: Frequency of occurrence. hE: Relative conformational energy. AG: Relative conformational free energy. *: Presence of hydrogen bonds. 
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MICHEL ET AL 

FIG. 3. Stereographic superpositions of conformers of M-Enk. ( a )  class 1; (b) class 2; ( c )  class 3. 

been submitted to energy minimization, allowing all rotat- 
able bonds to be modified. 

For MAP,  the peptidic sequences were built from the 
standard library of ECEPP (6-8) updated for the a-amino- 
isobutyric acid residue Aib. Atomic partial charges for this 
particular residue were computed by CND0/2 calculations 
(44). Fifteen hundred starting conformers were randomly 
generated and energy-minimized to the closest minima. 
Again, a dielectric constant of 2 was used in the energy cal- 
culations. For this generating process, all torsional angles 4, 
q and xl ' s  were allowed to vary. The first 100 conformers 
of lower energies were submitted to a further energy mini- 
mization, allowing all rotatable bonds to be modified. The 
resulting population of conformers was sorted by increasing 
values of the conformational energies. 

The calculations were performed on IBM RISC/6000 
model 520 workstations (Laboratoire de modClisation 
molCculaire, UniversitC de Sherbrooke), and on an IBM 

4381, VM/CMS operating system (Centre de l'informa- 
tique, UniversitC de Sherbrooke). The SYBYL molecular 
modeling system was used for displaying, plotting, and fit- 
ting of the molecular structures (45). Dihedral angles are la- 
belled according to the IUPAC-IUB Commission on 
Biochemical Nomenclature (46). 

Results and discussion 
Conformational domains of Met-Enkephalin 

The corresponding conformations have been identified in 
accordance with the conventional letter-coded partition of the 
[+,'PI maps (43). The most stable conformers appeared to 
be distributed into three major classes presented in Fig. 2. 
For each structure, one finds an identification number (no.), 
the ranking order by increasing energy, the conformational 
code, the type of turn, (N) the frequency of occurrence, (AE) 
the relative conformational energy, (AG) the relative con- 
formational free energy computed at 300 K,  and finally the 
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Class I Class 2 Class 3 

No. Code N AE No. Code N AE No. Code N AE 

AAD 
AAE 
AAE 
AAE 
AAE 
AAE 
AAE 
AAE 
AAE 
AAD 
AAF 

CAE 
CFE 
CAE 
CAE 
CAE 
CAE 
FAE 
FAF 
C AF 
FA E 
FAE 
CFE 

E AE 
EAE 
EAF 
EAE 
EAE 
EAE 
AA*E 
E AE 
DAE 
DAE 
E AE 
DAE 
E AF 

FIG. 4.  Classes of conformers of PMAP. No.: Ranking order by increasing AE. Code: Conformational code (43). Type: Type of turn. 
N: Frequency of occurrence. AE: Relative conformational energy. 

presence and nature of possible hydrogen bonds. The dif- 
ferent possible hydrogen bonds are also indicated, the thick 
line indicating the main hydrogen bond, which character- 
izes the type of structure for a particular class of structures. 

The first class is the most populated (14 structures over 
30). It is characterized by a @-turn involving residues 
Gly3 and phe4, with the existence of an (5 + 2) intramolec- 
ular hydrogen bond involving c0(Gly2) and NH(M~?) .  
The global minima no. 1, coded GA*C*AE (E = 

- 14.20 kcal/mol), and no. 3, coded FDC*AC (AG = 
-0.98 kcal/mol), identical to the global minimum pro- 
posed by Wiithrich (10) and similar to the second minimum 
of Scheraga (9), belong to this group. Interestingly, a fre- 
quency of occurrence of 4 was obtained for this most prob- 
able structure no. 3. It is important to mention the 
contribution of the Tyrl OH" in the stabilisation of folded 
structures. Most theoretical (10-20) and experimental (21- 
26) studies have proposed such conformations. Figure 3a 
gives the superposition of the structures belonging to this 
group. Another kind of Gly3-phe4 type 11' p-turn was re- 
ported by Moskowitz and co-workers (13, 47). In this par- 
ticular structure, the w angle of ~ e t ~  differed by 180"; 
nevertheless, after minimization by PEPSEA, this structure 
converged exactly to our conformer no. 3 coded and 
FDC*AC. 

tures belonging to this group. More flexibility is allowed by 
this class of conformers, especially for the Tyr and Phe side 
chains. Recent theoretical studies have also mentioned the 
probable existence of these structures (32). Again in this 
group the Tyr' OH" contributes to hydrogen bonding in seven 
cases. 

The third class is characterized by the presence of a p-turn 
with the central residues Gly2-Gly3 generated by a (4 + 1) 
intramolecular hydrogen bond between CO(Tyrl) and the 
terminal O H ( P ~ ~ ~ ) .  Interestingly, the similarities between this 
type of structure and potent rigid opioid compounds le! 
Momany (48) and other groups (49, 50) to suggest a Gly-- 
Gly3 type 11' p-turn as the bioactive conformation for rec- 
ognition at the opioid receptor. Figure 3c shows that the 
structures differ only by the orientation of the methionine 
residue, the rest of the molecule adopting a globular shape 
of structure similar to rigid opioids. 

These three groups of structures obtained for M-Enk in- 
clude most of the structures previously reported. Some par- 
ticular structures are interesting to examine. Structures similar 
to the extended X-ray structures were found with AE higher 
than 20 kcal/mol. Also the folded structure observed for Leu- 
Enk (31) converged, after energy minimization, to a mini- 
mum with a AE = 17 kcal/mol. 

Class 2 involves similar structures but with a y-turn in- The chemotactic peptide f-Met-Aib-PhemAP 
cluding residue Gly3 generated by the existence of a (4 + 2) Figure 4 presents the first 100 most stable conformers re- 
intramolecular hydrogen bond between c0(Gly2) and the sulting from the minimization of all torsional angles. Con- 
N H ( P ~ ~ ~ ) .  Figure 3b gives the superposition of the struc- formational energies are relative to the global minimum no. 
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MICHEL ET AL 

FIG. 5 .  Stereographic superpositions of conformers of IMAP. (a) class 1 (b) class 2 ( c )  class 3. 

1 (E -2.66 kcal/mol). The table gives the code corre- 
sponding to the conformations. The frequency of occur- 
rence is the number of times the conformer was obtained after 
minimization. Among the 100 conformers, 80 are distrib- 
uted into three classes. The first two classes are composed 
of folded structures and the third one includes extended 
structures. Folded structures can be stabilized by two main 
hydrogen bonds, one between formyl(C0) and Phe(NH), 
giving rise to a C,, p-turn, and the other, between for- 
myl(C0) and Aib(NH), to form a y-turn structure. 

The first class is characterized by the presence of a type 
I11 or 111' P-turn. It includes 20 conformers of relatively low 

energies (less than 2 kcal/mol) and includes the global min- 
imum (no. 1). Figure 5a shows a superposition of these 
structures and demonstrates the similarity of the members of 
the class. The variability is due to the possible rotations of 
the Phe side chain. Previous NMR studies have concluded 
that the presence of an Aib residue favored the formation 
of 3,, helices characterized by type I11 or 111' p-turns (51). 
More specifically, by empirical energy calculations Semus 
reached the conclusion that fMAP adapted a p-turn struc- 
ture (52). 

The second class includes 21 conformers characterized by 
the presence of the y-turn. Superpositions of Fig. 5b show 
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FIG. 6 Superposition of the proposed active conformer of fMLP (33) with fMAP from class 3 (thick lines). 

that the Met is mainly oriented in two different ways, while 
the Phe residue can rotate more freely than in class I .  

The third class is composed of 39 conformers of energies 
lower than 3 kcal/mol. The main structural feature is the 
extended structure, without hydrogen bond. By examining 
the superposition of Fig. 5c, one observes the proximity be- 
tween the Met side chain and the backbone. This interac- 

I tion constitutes the main factor of electrostatic stabilization 

I for this class of compounds. Only 15 among the first 100 
structures do not belong to our classes. 'The structures are 
extended, and the only conformer no. 43 forms a C, hydro- 
gen bond between Met(C0) and Aib(NH) giving rise to a 
y-turn structure, also proposed by Antony Raj and Balaram 
(37) from infrared and 'H NMR studies. 

To verify our hypothesis of active structure for this fam- 
ily of compounds (33), we present in Fig. 6 the superposi- 
tion of our previously proposed active conformer of fMLP 
and fMAP (thick lines) as it appears in the third class of 
structures. It is seen that the only modifications are ob- 
served for the Met side chain, while the backbones are sim- 
ilar. Although not stabilized by hydrogen bonds, this third 
class of peptides appears to be compatible with our hypoth- 
esis of active conformer and includes 50% of the population 
generated. This also indicates that an active chemotactic 
peptide must have the formyl group free of intramolecular 
interaction in order to be available for the formation of the 
complex with the receptor.4 

In conclusion, the strategy based on random generation of 
peptidic structures, followed by energy minimization, has 
been shown to generate relevant populations of conformers. 
The method appears to be an excellent alternative when a 
systematic conformational search of conformations is pro- 
hibitive. The analysis of such populations led to the conilu- 

I sion that the structures are organized into domains. Further 
investigations have already been undertaken in our group to 
develop methods of analysis based on statistical mechanics, 
in order to predict physico-chemical properties of ensem- 

4~upplementary material in the form of tables of torsional angles 
for Met-Enkephalin and for formyl a-arninoisobutyric acid- 
phenylalanine may be purchased from: The Depository of Unpub- 
lished Data, Document Delivery, CISTI, National Research Council 
Canada, Ottawa, Canada KIA 052. 

bles of conformations. Such an approach is expected to give 
a better understanding of the conformational behaviour of 
flexible molecules and particularly of polypeptides. 
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F. GREIN and P. DESLONGCHAMPS. Can. J .  Chem. 70, 604 (1992). 
Using geometry optimizations at the 6-3 IG:" level, energies, bond distances, and charges were obtained for systems 

XH,,-CH,-OH with X = F, 0 ,  N, C,  for various rotational conformers of the OH group. Conformational analysis 
shows that systems with X = F and 0 receive anomeric stabilization due to a partial T-bond forming in the CH2-OH 
fragment of the molecule, amplified or diminished by lone pair repulsion (or dipole) energies. For the systems with N 
and C,  no T-bond stabilization is found. However, the e-NH,-CHI-OH system is still stabilized due to favourable 
lone pair repulsion circumstances. 

Key words: anomeric effect, ab inirio studies, TI-bonding model. 

F. GREIN et P. DESLONGCHAMPS. Can. J .  Chem. 70, 604 (1992). 
Utilisant des optimisations de geometric au niveau 6-31G**, on a determine les energies, les longueurs de liaison et 

les charges de divers conformeres rotationnels du groupe OH des systkmes XH,,-CHI-OH (X = F, 0 ,  N et C). L'analyse 
conformationnelle montre que les systkmes dans lesquels X = F et 0 reqoivent de la stabilisation anomerique qui rCsulte 
de la formation d'une liaison TI partielle dans le fragment CHI-OH de la molCcule, amplifiee ou diminuCe par les energies 
de rCpulsion (ou dipolaire) de la paire d'electrons libre. Pour les systkmes avec N et C ,  on n'a pas observC de stabilisa- 
tion par liaison-n. Toutefois, le systkme e-NH,-CHI-OH est encore stabilise ti cause des circonstances favorables crCCes 

i par la rCpulsion de la paire libre. 
Mors cle's : effet anomerique, Ctudes ab inirio, modkle de liaison-T. 

[Traduit par la redaction] 

Introduction 
Considerable experimental evidence has been found in 

recent years for "stereoelectronic" effects, which relate the 
conformation and reactivity of molecules to the orientation 
of electron pairs in space. Such evidence is summarized 
in books by Deslongchamps (1) and Kirby (2). The term 
"anomeric" effect was introduced in 1958 by Lemieux and 
Chu (3) in connection with the orientation of an alkoxy group 
in the pyranose ring. As a general rule, a lone pair of elec- 
trons (lp) on 0 oriented antiperiplanar (app) to a polar bond 
stabilizes the molecule, leading to a shortening of the C-0 
bond and a lengthening of the polar bond. A simple expla- 
nation is given by the partial donation of a lone pair elec- 
tron into the polar bond resulting in the formation of a partial 
C-0 double bond combined with a lengthening of the po- 
lar bond C-Y due to the negative charge on Y. In molec- 
ular orbital terms, this electronic stabilization is understood 
by delocalization of an n ,  lone pair of 0 into the cr* orbital 
of the adjacent C-Y bond (4, 5). In an earlier interpreta- 
tion (6), the anomeric effect was considered to be destabi- 
lizing due to the electrostatic repulsion of dipoles (or electron 
pairs) (7). 

Molecular orbital studies have been found to reproduce this 
effect quite well. A large number of theoretical papers have 
appeared in the literature, considering many different sys- 
tems and various aspects of the anomeric effect, starting in 
1971 with the ground-breaking work by Wolfe et al. (8). For 
recent work see, for example, Reed and Schleyer (9, lo), as 
well as articles to be cited later on. 

As a simple example, which was discussed in detail by 

gauche 
120" 

Wolfe et al. (8), the lowest energy of fluoromethanol oc- 
curs for OH being gauche to CF, l a ,  which is about 5 kcal/ 
mol more stable than the trans conformer l b .  For the gauche 
conformer, the CO distance is about 0.01 A shorter, and the 
CF distance about 0.015 A longer than for trans. Also the 
OCF angle undergoes change. 

While theoretical results obtained for energy and geome- 
try changes are in good agreement with experimental find- 
ings, it is considerably more difficult to explain the nature 
of the anomeric effect, and in particular to decompose the 
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GREIN A N D  DESLONGCHAMPS 605 

calculated energy differences into components correspond- 
ing to familiar concepts like steric effects, "electronic" ef- 
fects, lone pair repulsions, etc. 

In the following work, systems of type XH,,-CH,-OH 
will be investigated, where in each case the OH hydrogen is 
being rotated about the CO bond. X will be F, 0 ,  and N. For 
reference purposes, C will also be included. While each of 
the above systems individually, or in combination with oth- 
ers, has been studied before (see, for example, Wolfe et 01. 
(1 l ) ,  Smits et a l .  (1 2)), in this work a new analysis of en- 
ergetic and bond distance changes will be presented, allow- 
ing us to classify the systems into various categories 
according to interactions that take place in the course of the 
OH rotation. 

Method 

For each of the systems XH,,-CH2-OH, with X = F, 0 ,  
N, C, geometry optimizations were performed at the 6-3 1G** 
level, using the GAUSSIAN 86 program (13). The 
Z-C-&H dihedral angle (denoted briefly as the OH di- 
hedral angle 4) was varied from 0" (anti), to 60°, to 90°, to 
120" (gauche), to 180" (syn), where Z is defined in l a ,  and 
the notations anti, syn, and gauche refer to the orientation 
of OH relative to the CX bond. Examples are shown in l a  
and lb .  Besides the 60" intervals, 4 = 90" was included due 
to its significance in the Fourier analysis to be discussed later. 
For each choice of OH dihedral angle, a complete geometry 
optimization of all other parameters, bond distances, bond 
angles, and remaining dihedral angles, was carried out. 

For a given series of OH rotations, the dihedral angles of 
the XH,, hydrogens were fixed. For example, in the a- 
OH-CH,-OH series, the dihedral angle of the (left) a-OH 
was kept at 0°, anti, whereas for s-OH-CH2-OH, s-OH 
was kept at 180°, syrz. Table 1 and structures l c ,  2-8 give 
the XH,, dihedral angles of all systems. For XH,, = OH, the 
prefixes a ,  s ,  g refer to anti, syn, and gauche, respectively, 
with respect to CX, whereas for XH,, = NH2 and CH,, the 
prefixes e and s refer to eclipsed and staggered, respec- 
tively, with respect to CH,X. 

Table 1. Choice of dihedral angles for the 
XH,, hydrogens of XH,,-CH2-OH 

"Given arc the dihedral angles 2-C-X-H, 
where Z is defined in l r r .  

Results and Fourier analysis 
In Table 2, the calculated energy differences AE relative 

to + = 0 (OH trans) are given for all geometry-optimized 
structures. It is seen that the first four systems, with X = F 
and 0 ,  all have the energy minimum at 120°, gauche, as one 
would expect, or at 90" for s-OH-CH,-OH. (Actually, if + is optimized, the minimum occurs at 127.77" for a- 
OH-CH,-OH, being 0.06 kcal/mol lower than at 120°, 
and at 95.44" for s-OH-CH,-OH, being 0.04 kcal/mol 
lower than at 90"; and so on for the other systems. For the 
purposes of this work, angles of 90°, 120" will be required.) 
While e-NH,-CH2-OH has its minimum at 180°, the re- 
maining three systems of Table 2 are most stable at 0". They 
are examples of the "gauche effect," as formulated by Wolfe 
et al. (8, 14, 15), whereby conformations with a maximum 
number of gauche interactions between adjacent electron pairs 
or polar bonds are most stable. Wolfe et al. (8) found that 
in the case of the anomeric effect conformations with a polar 
bond between two electron pairs will be destabilized. 
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Table 2. Calculated relative energies hE, in kcal/mol, for the 
systems XH,,-CH2-OH, from 6-3 1G** geometry optimizations 

at OH dihedral angles of 0, 60, 90, 120, and 180" 

Table 3. Fourier constants V,-V3, in kcal/mol, for 
systems XH,,-CH2-OH, obtained from the relative 

energies of Table 2. 

XH,,-CH2-OH 

F-CH2-OH 
Reference 16" 
a-OH-CH,-OH 
Reference 1 7b 
S-OH-CH2-OH 
g-OH-CHI-OH" 
e-NH2-CH2-OH 
s-NH,-CH2-OH 
e-CH3-CH,-OH 
S-CH3-CH2-OH 
Reference 16" 

"V; = - 1.47, V; = 1.10 kcal/mol. 
'Some signs changed due to opposite convention for 0". 

In summary, judging by the $ = 120" conformer being 
more stable than the 0" conformer, the anomeric effect ap- 
plies to all systems with X = F and 0 .  While the above cri- 
terion also applies to e-NH2-CH,-OH, it is noted that for 
this system the 180" conformer is even more stable than the 
120" one. 

In the following, a Fourier analysis of hE will be per- 
formed, according to the method given by Radom and co- 
workers (16, 17). The formula used is 

[:I.] hE($) = (V,/2)(1 - cos +) + (V2/2)(1 - cos 24) 

Additional terms V1,sin $ + V',sin 2 4  will be needed for g- 
OH-CH2-OH, which is not symmetric about 180". Ac- 
cording to the formula, V($) is zero at 0" and 360°, and 
therefore hE(0) was chosen as reference energy in Table 2. 

From hE at 60, 120, and 180°, the Vi values of Table 3 
were obtained. Taking hE(90) instead of hE at 60 or 120" 
leads to nearly identical Vi's. An interpretation of the V, is 
given by Radom et al. (16). However, it is important to re- 
state the important aspects. The V, portion of eq. [ l ]  has 
maxima at 60 and 180°, and is zero at 0" and 120". V3 de- 
scribes the threefold repulsion the rotating OH receives when 
it is eclipsing the two CH bonds at 60" and 3 W ,  and the CX 
bond at 180". V3 is a strictly steric term, and is always 
positive. For the rotation of OH in CH30H, the energy dif- 
ference between the staggered and eclipsed positions is 

1.29 kcal/mol (6-31G*'"), and therefore V, is expected to be 
about 1.3 kcal/mol. Table 3 confirms this. 

The Vz part of eq. [ 11 has a maximum at 90°, and is zero 
at 0" and liSOO. For the X = F, 0 systems, Vz is negative, 
implying (hat the system is more stable at $ = 90 than at $ 
= 0 ,  which checks with Table 2. Small negative values of 
V,, as seen for the s-NH, and the CH, systems, are not con- 
sidered to be significant, as will be explained later. 

The V, portion of eq. [ I  1 has a maximum at 180°, and a 
minimum at 0". Since hE(180) = V, + V,, we can estimate 
V, = hE(180) - 1.3 kcal/mol, or in other words, V, is 
the energy difference between 0 and 180°, corrected for the 
threefold steric repulsion. Essentially V, is negative if the 
conformation with OH at 180" (syn) is more stable than at 
0" (anti), and positive if less stable. Negative and positive 
V, parameters occur in Table 3. The nature of V, and VZ will 
be explained in detail later on. 

Optimized C-0 distances are given in Table 4. C-X 
distances will not be shown, since they depend on the na- 
ture of X and the orientation of the XH,, hydrogens, and are 
therefore not so useful for the comparative studies that fol- 
low. For the X = F and 0 systems, Rco decreases starting 
with the 0" conformer, going through a minimum at 120". For 
the remaining systems, Rco increases between $ = 0 and $ 
= 60°, decreasing thereafter with a minimum again at 120". 
It is known that SCF wavefunctions with polarization func- 
tions, such as 6-31G**, give bond distances significantly 
shorter than experimental values, and that correlated wave- 
functions are required to correct this error. However, for our 
purposes only changes in R values are required, which are 
essentially independent of basis set. 

In Table 5, the Mulliken charges on OH and XH,, are 
given. The charge on CH, can be derived as QcH, = -QoH 
- ex,,. A cursory look at Table 5 shows that for the sys- 
tems with X = F and 0 ,  the negative charge on OH de- 
creases as one goes from 0" to 90°, increasing thereafter. The 
OH charges on the remaining systems change little over the 
range 0-120°, but become more negative at 180". The neg- 
ative XH, charges increase for all systems as one goes from 
0 to 180" (or the positive charges for X = C decrease). 

Discussion 
For a simple definition of the anomeric stabilization, one 

may use the energy difference between the anti and gauche 
conformers, or hE(120) of Table 2. Accordingly, systems 
with X = F and 0, as well as e-NH,, have hE(120) nega- 
tive, and therefore receive anomeric stabilization when OH 
is rotated from $ = 0 to $ = 120". The remaining systems 
are not stabilized. The changes of Rco and of charges men- 
tioned earlier suggest that e-NH2-CH,-OH does not fit the 
same pattern as systems 1-4. This will be discussed in de- 
tail later on. Since hE(120) = 0.75 V, + 0.75 V,, anomeric 
stabilization in terms of the Vi parameters means that V, + 
V, has to be negative. If both V, and V, are negative, such 
is assured (systems with F, a-OH, and g-OH). If V, is pos- 
itive and V, negative, V, has to be more negative than - V1. 
This is the case for s-OH-CH,-OH. At the dihedral an- 
gles $ = 0" and 120°, OH is staggered relative to CH2X, and 
the V, term is zero. Therefore, the anomeric stabilization 
depends only on V, and V,, their signs and relative magni- 
tudes. 

Let us consider V2 in more detail. In all cases of ano- 
meric stabilization (omitting the special case of e-NH,), VZ 
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Table 4. Optimized C-0 distances (in A) for systems XH,,,-CHI-OH, at var- 
ious OH dihedral angles. 6-3 1G** basis set 

XH,,,-CHI-OH 0" 60" 90" 120" 180" 

Table 5 .  Mulliken charges for OH (first line) and XH,, (second line), for opti- 
mized structures of XH,,-CHI-OH. 6-31G** basis set 

XH,,-CHZ-OH 0" 60" 90" 120" 180" 

is negative. (Small negative V,, as obtained for s-NH, and 
the CH, systems, should be ignored. They are artifacts of the 
fitting formula.) A negative V, means that the system is more 
stable at 4 = 90" than at 0". 

Such a negative V, can be explained by considering the "n- 
bonding model." If X in XH,,--CH,-OH is sufficiently 
electronegative, then partial charges XH,,'-', CH,-OH(+) are 
to be expected. CH,-OH'" carries a partial double bond, 
depending on the amount of positive charge. For the ex- 
treme case of a full positive charge, we have the cation 
CH,=OH+ . 

In the following, energies, C-0 bond distances and 
Mulliken charges of CH,=OH+ will be compared with the 
corresponding quantities of the eight systems studied here. 
If the systems under investigation have AE, Rco, and Q,, 
values following the pattern of CH2=OHf values as OH is 
being rotated, we invoke the n-bonding model to be valid for 
the system under consideration. 

First, ab initio geometry optimizations with the 6-31G** 
basis, set were performed on CH,=OH'. At equilibrium, this 
cation is planar, 9a, due to the r-bond. If OH is tilted 90" 
out of this plane, with a dihedral angle between CH and OH 

of 90°, 9b, an energy of 22.95 kcal/mol has to be ex- 
pended. Since for planar CH2=OHf V, and V, are zero, and 
AE(90) = 0.5 V, + V, + 0.5 V, according to eq. [I], one 
finds V, = -22.95 kcal/mol, where 90" corresponds to the 
planar conformation. To mimic the CH,-OH group in 
XH,,--CH,-OH, the CH, group was pyramidalized, with 
dihedral angles fixed at k60° with respect to the plane 
Z-C-0, 10a. OH was rotated about C-0, with 4 = 0 
when OH is in the Z-C-0 plane, lob.  This is equivalent 
to the definition of +I = 0 for the other systems. The AE 
values (relative to +I = 0), C-0 distances, and Mulliken 
charges for OH are given in Table 6. The energy differ- 
ences are very large, which is not surprising since rotations 
occur about a double bond. 

The important point is that for CH2=OH+ AE is negative 
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Table 6.  6-3 IG:!::* results for CH?=OH+ with OH rotating about C-0, and CH2 
held in pyramidal position. For definition of the OH dihedral angle see 10n and 

lob" 

0"" 60" 90"' 120" 180" 

- - 

"For C H Z = O H 1 ,  V, = -12.7, VZ = -27.1, V, = -0.8 kcal/niol. 
"For O", the COH angle was fixed at 120". Without setting this angle, OH would move 

from cis (0") to rrrrr~s ( I  80"). 
'The energy minimum occurs at 97.95" with AE 0.38 kcal/mol lower than at 90". 

at 60°, the energy reaching a minimum at 90" (or actually 
97.95", see Table 6), and is still close to this value at 120°, 
rising significantly at 180°, where, however, AE(180) is still 
negative. 

In a similar manner, systems XH,,-CH,-NH, can be 
compared with CH,=NH,', which is also planar at equilib- 
rium. For F-CH,-NH,, Irwin et al. (18) obtained the 
global minimum for the N lone pair being antiperiplanar to 
C-F, 180°, and a local minimum at 0" (Ip synperiplanar to 
CF). The potential curve has a maximum at 101.5". 

For CH,=OH', the CO distance drops by 0.015 when 
going from 0 to 90°, and is still about 0.01 lower at 180" 
than at 0". This is understandable since the TT-bond is 
strongest at 4 = 90°, and nonexistent at 0 and 180". Also, 
the trails configuration 180" is more stable than cis, 0". The 
OH charges, as given in Table 6, also reflect the TT-stabili- 
zation. Whereas they are close to 0 at 0°, and quite small at 
180°, they reach a maximum of +O. 140 at 90°, implying that 
the electrons are maximally involved in bonding and there- 
fore not available as atomic charges. For CH,=OH+, the AE 
values of Table 6 lead to the Fourier parameters V, = - 12.7, 
V, = -27.1 (V, was -22.9 for the planar cation), and V, = 

-0.8 kcal/mol. Due to the lack of threefold symmetry, V, 
is not meaningful. V, and V2 are both negative, V, reflecting 
the fact that 180" is more stable than 0°, and V,  the fact that 
90" is more stable than 0°, as outlined above. 

The V;, AE, Rco, and Qo, values of CH,=OH' will be 
used for comparison with the corresponding values of the 
systems under investigation. 

The systems F-CH,-OH and a-OH-CH,-OH re- 
semble CH,=OH' in all detail, as far as AE, v,, Rco, and 
QoH values are concerned. For example, AE is negative at 
60", and still negative at 180". The shift of the minimum from 
90" (actually 98") to 120" (or thereabouts) is explained by the 
90" conformer having a contribution from the destabilizing 
V,, and a smaller contribution from V, (but a larger one from 
V,). This is seen by comparing AE(90) = 0.5 V, + V, + 0.5 
V, with AE(120) = 0.75 V, + 0.75 V, + 0 V, (from eq. [I]). 
For both systems, not only is CH, + OH positive, but F is 
more negative than OH, Table 5, a fact one can readily ac- 
cept. For a-OH-CH,-OH, there are oxygens on each side 
of C ,  having the same electronegativity, but Table 5 shows 
that for the various conformers a-OH is more negative than 
the rotating OH, except at 0" where they are the same by 
symmetry. 

For s-OH-CH,-OH the charge on the rotating OH is 
more or less negative than on s-OH, depending on 4. For g- 
OH-CH2-OH, the rotating OH is always more negative 
than g-OH, except at 120" where they are the same by sym- 
metry. This might imply that for these systems C-X is less 

polar than CO and that therefore the TT-bonding model may 
not apply. However, as AE and Rco values show, the TT- 
bonding model is still working well. Slight differences to the 
first two systems are that AE(180) is positive, and Rco(l 80) 
is larger than Rcc1(O). The charges Q,, for both systems are 
least negative at 90°, corresponding to being most positive 
at 90" for CH,=OH'. Also, the CH,-OH fragment over- 
all still has a positive charge. This implies that the s-OH and 
g-OH systems can also be classified as receiving their sta- 
bilization according to the r-bonding model. 

All systems in the TT-bonding category have a sizeable 
negative V,, ranging from - 1.29 to -4.26 kcal/mol. It re- 
sults, as outlined before, from the energy of the system at 90" 
being more stable than at 0". A negative V, is essential for 
the TT-bonding model to hold. 

The remaining systems, with X = N and C, all have 
AE(60) positive. 'The AE values remain positive except for 
e-NH,, for which system they turn increasingly negative, 
having an energy minimum at 180". Looking at AE values 
only, the e-NH, system might still be considered to follow 
the TT-bonding model. However, a glance at Rco and QoH 
values tells otherwise. For this, as well as for the other N and 
C systems, Rco increases when going from 0 to 60°, de- 
creases to 1 20°, and increases again to 180". This pattern is 
opposite to that calculated for CH,=OH' (except 120" + 
180") and corresponds closely to the CO distance changes in 
CH3-OH, where R o  is about 0.004 larger at the eclipsed 
( 4  = 60, 180") positions than at the staggered ones (4 = 0, 
1 20"). 

For both X = N and X = C systems, the OH charges are 
essentially constant, except that they turn considerably more 
negative at 180". For s-NH, and the two CH, systems, this 
is due to the stronger H-H repulsion at 180" than at 60°, re- 
sulting from the proximity of the rotating hydrogen to the NH, 
or CH, hydrogens at 180°, as is also reflected in the higher 
energies at 180" (and positive V,). For e-NH,, the reason is 
not obvious. For comparison, in CH,-OH the OH charges 
at the eclipsed positions (60°, 180") are 0.004 units more 
negative than at the staggered positions (0°, 120°), closely 
resembling the pattern observed for the X = N and C sys- 
tems. 

For both NH, systems, the CH,-OH portion of the mol- 
ecule is still positive, allowing the TT-bonding model to hold 
in principle. However, contrary to the s-OH and g-OH sys- 
tems discussed before, the higher electronegativity of 0 VS. 
N is now so dominant that the CH,-OH fragment of the 
molecule behaves nearly like CH,-OH, and no similarities 
to CH,=OH' can be found. 

For the CH, systems, the combined charge on CH2-OH 
is negative, as is expected. They were included as reference 
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systems for which the anomeric effect is known not to hold. 
They follow closely the pattern of CH,-OH. The system 
with s-NH, will be classified as belonging to the same group. 

The reverse anomeric effect is cited as holding for s- 
NH,-CH,-OH by Krol er al. (19). Using a 4-21G basis 
set, they found s-NH,-CHrOCH3 to be 0.78 kcal/mol 
more stable at 0" than at 120°, in qualitative agreement with 
our result for s-NH,-CH,-OH (0.06 kcal/mol). On the 
other hand, Senderowitz er al. (20) found for s-NH,- 
CH,-OH the 120" conformation to be more stable than 
0" by 1.40 (3-21G), 0.14 (6-31G:+), and 0.31 kcal/mol 
(MP3//6-3 lG* with partial geometry optimization). While 
such small energy differences depend on the details of the 
optimization procedure, the main point made in the present 
study is that C-0 distance changes and charge changes in 
s-NH,-CHI-OH are in contradiction to those pattern es- 
tablished for CH,=OH+. Therefore, it is considered better 
to classify s-NH,-CH2-OH as having no anomeric effect 
rather than invoking the reverse anomeric effect. If the NH2 
and OH dihedral angles of s-NH,-CH,-OH are relaxed, 
not fixed at k 120" as in the present study for reasons of 
Fourier analysis, then the 6-31G;k* basis set predicts the most 
stable conformer of s-NH,-CH,-OH to have + = 110.7" 
and to be 0.17 kcal/mol more stable than the 0" conformer, 
close to 0.14 as obtained in ref. 20. However, the V, param- 
eters, calculated using +(120), stay the same. 

Obviously, despite some similarities, e-NH2-CH,-OH 
is quite different from its s-NH, counterpart. In particular the 

values, although positive at 60°, become negative, and 
are most negative at 180". 

This leads us to a detailed consideration of the remaining 
Fourier parameter V,. Radom et al. ( 1  6) explain V, as re- 
sulting from dipole interactions. Using e-NH,-CH,-OH 
as example, for + = 0 the dipole moments N + lp and 0 + 
lp point in the same direction, l l a ,  and repel each other, 
whereas for + = 180°, they point in opposite directions and 
attract each other, l l b .  An equivalent, but simpler, concept 
is to talk about lone pair (lp) repulsions. (A form of intra- 
molecular hydrogen bonding may also be included, see 
below.) At 0°, the lone pairs of N and 0 repel each other, 
but at 180" there is no such repulsion ( l l a ,  l l b ) .  For the 
systems with e-NH,, as well as for F and a-OH, there is lone 
pair repulsion at 0°, but none at 180". Therefore, these sys- 
tems have negative V,, with values of -3.91 for F, -4.69 
for a-OH and -4.91 kcal/mol for e-NH,. (For g-OH- 
CH,-OH, a V, of -0.48 kcal/mol can be explained on the 
same basis.) Due to the large negative V,, and the small (even 
positive) V,, the energy pattern of e-NH,-CH2-OH is 
governed by the V, term, leading to a large negative energy 
at 180". (Since V, + V, < 0,  there is still anomeric stabili- 
zation at 120°.) As was outlined before, the T-bonding model 
does not apply. 

V, can also arise from the repulsion of the OH hydrogen 
with one of the XH,, hydrogens, in which case it is positive 
under the conventions adopted in this paper. For s- 
OH-CH,-OH, at 0" there is no lp-lp repulsion (12a), but 
at 180" (12b) H-H repulsion is present. For this system, V, 
= 3.82 kcal/mol. The same situation applies also to s-NH, 
and the CH, systems. All have positive, if small, V, param- 
eters. 

In summary, V, can have two contributions, one from lone 
pair repulsions, and one from OH-XH,, H-H repulsion. The 
former may be considered to be electrostatic, the latter is 

e-NH,, 180" 

l l b  

steric. With our conventions, V, is always negative for lp 
repulsions (since they occur for + = O), and always positive 
for H-H repulsions (since they occur for + = 180"). 

Classification of systems 

The systems with X = F and 0 all have sizeable negative 
V, parameters, and follow in all respects the T-bonding 
model. The main mechanism for anomeric stabilization is the 
desire of the CH,--OH portion of the molecule to achieve 
maximal T-bonding character, which is accomplished be- 
tween + = 90 and + = 120". Within this class of T-bonding 
molecules, two subclasses can be distinguished, according 
to whether V, is negative or positive. If V, is negative, then 
the systems (F, a-OH, and g-OH) receive additional ano- 
meric stabilization due to the decreasing lone pair repul- 
sions as the OH group is rotated away from the anti position. 
If V, is positive (s-OH), the relation V, < -V, must be sat- 
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isfied; otherwise there is no more anomeric stabilization. For 
positive V,, there is increasing H-H repulsion as the OH 
group moves towards 180". This energy term opposes the a -  
bonding stabilization. 

The second class consists of molecules for which there is 
no a-electron stabilization (e-NH,, s-NHI, both CH, sys- 
tems). In these cases, V2 is zero or small. Again, there are 
two subclasses. For e-NH2-CH,-OH, V, is negative and 
large. Since at 120" AE (= 0.75 V, + 0.75 V,) is negative, 
there is formally anomeric stabilization, despite the absence 
of a-bonding (or very small amount only). For the remain- 
ing systems, V, is positive and small, and there is no way to 
achieve anomeric stabilization. The CH,-CH2-OH sys- 
tems, as was mentioned earlier, have been included in this 
study as reference systems in order to illustrate just this point. 

Comparison with other energy decomposition schemes 
Earlier, Grein and Deslongchamps (21) proposed a sim- 

ple model for predicting anomeric stabilization energies for 
systems XH,,,-CH2-YH,,, where X, Y = N and 0. This 
energy is decomposed into contributions from an electronic 
effect, operating when a lone pair on X is in antiperiplanar 
position to CY, represented by the energy parameter a ,  lp- 
lp repulsions with energy parameter r,,, 1,3-diaxial H-H 
repulsions r,,, and intramolecular hydrogen bonding due to 
the proximity of a lone pair on X and a hydrogen on Y, with 
parameter h. For example, for a-OH-CH,-OH, at 0" (13a), 
Erel(0) = 2rIp, and at 120" (136) E,,,(120) = r,, + h + a .  So 
the anomeric stabilization energy is Ere,(120) - Er,,(0) = h 
+ a - r,,. Arguments were given for h = -r,, -rHH 
- 1 kcal/mol, and a = -2 kcal/mol for 0 .  Therefore, for 
a-OH-CH,-OH, AE(120) is predicted to be -4 kcal/mol, 
compared with the calculated -4.49 kcal/mol, Table 2. With 
a, = -2 and a N  = -2.5 kcal/mol, all anomeric stabiliza- 
tion energies of the systems XH,,,-CHI-YH,, were pre- 
dicted within 0.5 kcal/mol. The methoxy systems OH- 
CHI-OCH, and OCH,-CH2-OCH, were also included. 

Smits et al. ( 12) considered anti and gauche conformers 
of the same systems as were studied here. A single deter- 

minant of non-orthogonal localized molecular orbitals was 
used. The energy (4-31G) was decomposed into quasiclas- 
sical, interference, and charge transfer terms. Interference 
terms were found to be most important for stabilizing the anti 
conformer. A direct comparison with the present scheme of 
energy decomposition is not possible. 

For dimethoxymethane (DMM), Wiberg and Murcko (22) 
calculated and analyzed a conformational energy map. In- 
teresting for our purposes is the energy decomposition for a- 
OCH,-CH2-OCH, (our notation). The energy difference 
between 4 = 0 and 120" is 3.3 kcal/mol. To estimate the lp- 
lp repulsion in the 4 = 0 conformer, they found the energy 
difference between the two corresponding conformers of 
methyl propyl ether to be 1.4 kcal/mol, with 4 = 0 being 
more stable. From this they obtained the anomeric stabili- 
zation of DMM, corrected for lp-lp repulsion, to be 3.3 + 
1.4 = 4.7 kcal/mol. According to the present analysis, the 
reduction in the lone pair repulsion at 120" is already con- 
tained in AE(120), and therefore the portion remaining for 
the electronic effect is the difference between the 120" sta- 
bilization and the lp repulsions, rather than the sum. 

Summary and conclusion 
The anomeric effect predicts the gauche conformer to be 

more stable than the anti conformer for the systems XH,,- 
CH,-OH studied here, provided the electronegativity of X 
is sufficiently high. Ab initio calculations on conformers with 
OH dihedral angles from 0" (anti) to 180" (syn) showed that 
anomeric stabilization is obtained for XH,, = F, a-OH, g-OH, 
and s-OH. For these systems, energies, C-0 distances and 
charges on OH follow closely the corresponding values of 
CH2=OH+, for which OH is rotated in a similar fashion. 
Anomeric stabilization derives from the tendency to form a 
a-bond in the CHI-OH fragment of the molecule. For XH,, 
= F, a-OH, and g-OH, lone pair repulsions are diminished 
when rotating the OH group from anti to gauche, thereby 
increasing the anomeric stabilization energy. For s- 
OH-CH,-OH, however, the OH hydrogens experience 
increasing repulsion as OH is rotated towards the syn posi- 
tion. Therefore, the a-bonding stabilization is diminished by 
H-H repulsion. 

For the X = N systems, the electronegativity of N is in- 
sufficient to cause a-bonding stabilization. However, the 
e-NH, system is still stabilized by decreasing lp repulsions 
as the dihedral angle of OH moves towards 180". On the other 
hand, for s-NH, there is no such stabilization, and this sys- 
tem behaves in all respects like the reference systems 
CH3-CHI-OH . 

The a-bonding model requires the OH hydrogen of 
XH,,-CH2-OH to be rotated 90 to 120" out of the 
X-C-0 plane (starting at H trans to C-X) for maximal 
a-bonding and energy lowering. The orientation of lone pairs 
on oxygen is of no immediate concern and is incidental only. 
For an angle of 120" (gauche), idealized sp3-type lone pairs 
happen to be antiperiplanar (app) to the C-X bond. The a -  
bonding model puts emphasis on the conformation of the OH 
hydrogen rather than the oxygen lone pairs. The two pic- 
tures are intimately connected. For example, consider the n- 
u* model. Using sp2 + p hybridization on 0 ,  instead of sp3, 
the p-type lone pair on 0 is parallel to, and overlaps best 
with, the u* orbital of the C-X bond when OH has a di- 
hedral angle of 90". Partial a-bonding character in the SN 
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bond of sytz-F--S-NH, (the most stable conformer) has been 
demonstrated by Reed and Schleyer (9). 

In forthcoming papers, conformational analysis will be  
applied to other neutral and to corresponding protonated 
systems.  Also,  a more detailed quantitative treatment of the 
various energetic contributions will be given. 
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WALTER J .  STEVENS, MORRIS KRAUSS, HAROLD BASCH, and PAUL G.  JASIEN. Can. J .  Chem. 70, 6 12 (1992). 
Relativistic compact effective potentials (RCEP), which replace the atomic core electrons in molecular calculations, 

have been derived from numerical Dirac-Fock atomic wavefunctions using shape-consistent valence pseudo-orbitals and 
an optimizing procedure based on an energy-overlap functional. Potentials are presented for the third-, fourth-, and fifth- 
row atoms of the Periodic Table (excluding the lanthanide series). The efficiency of molecular calculations is enhanced 
by using compact Gaussian expansions (no more than three terms) to represent the radial components of the potentials, 
and energy-optimized, shared-exponent, contracted-Gaussian atomic orbital basis sets. Transferability of the potentials 
has been tested by comparing calculated atomic excitation energies and ionization potentials with values obtained from 
numerical relativistic Hartree-Fock calculations. For the alkali and alkaline earth atoms, core polarization potentials (CPP) 
have been derived which may be added to the RCEP to make possible accurate molecular calculations without explicitly 
including core-valence correlating configurations in the wavefunction. 

Key words: model potentials, effective core potentials, transition metals, relativistic calculations. 

WALTER J .  STEVENS, MORRIS KRAUSS, HAROLD BASCH et PAUL G.  JASIEN. Can. J .  Chem. 70, 612 (1992) 
Faisant appel a des fonctions d'onde atomiques Dirac-Fock numkriques et utilisant des pseudo-orbitales de valence 

coherentes avec la forme et une procedure d'optimisation baske sur un recouvrement fonctionnel d'knergie, on a determink 
des potentiels efficaces compacts relativistes (RCEP) qui remplacent les electrons atomiques internes dans les calculs 
molkculaires. On presente les potentiels d'atomes des troisitme, quatritme et cinquitme lignes du tableau periodique 
(excluant la skrie des lanthanides). L'efficacite des calculs moleculaires est rehaussee par l'utilisation d'expansions 
gaussiennes compactes (pas plus de trois termes) pour reprksenter les composantes radiales des potentiels ainsi que par 
I'utilisation d'ensembles de base d'orbitales atomiques gaussiennes contractees, optimisks pour I'energie et a exposant 
partage. On a vkrifie la transfkrabilitk de ces potentiels en comparant les energies dexcitation atomique et les potentiels 
d'ionisation calculks avec les valeurs obtenues par des calculs numkriques relativistes de Hartree-Fock. Pour les atomes 
des metaux alcalins et alcalino-terreux, on a pu dkduire des potentiels de polarisation interne (CPP) qui peuvent &tre ajoutes 
au RCEP pour kventuellement obtenir des calculs molkculaires precis sans inclure d'une f a ~ o n  explicite dans la fonction 
d'onde les corrClations entre les tlectrons internes et ceux de valence. 

Mots cle's : potentiels modeles, potentiels internes efficaces, metaux de transition, calculs relativistes. 
[Traduit par la redaction] 

Introduction two rows (Li-Ar) of the Periodic Table ( 5 ) .  We designated 

The use of atomic effective core potentials (ECP) and 
model potentials (MP) to eliminate chemically inactive atomic 
core electrons from quantum mechanical calculations has 
become routine in the past decade. The development of such 
potentials in the early 1970's and applications through the 
mid- 1980's have been reviewed previously (1). The use of 
such potentials in molecular calculations has gained wide- 
spread acceptance, and sets of effective potentials are in- 
cluded in widely distributed quantum chemistry programs 
such as HONDO ( 2 ) ,  GAMESS (3), and GAUSSIAN (4). 
We previously published accurate compact effective poten- 
tials (CEP) and matching basis sets for the atoms of the first 

' ~ u t h o r  to whom correspondence may be addressed. 
'NRC-NAS Postdoctoral Fellow, NIST, 1984-1986. Current 

address: California State University, San Marcos, CA 92096, 
U.S.A. 
Primed in Canada 

- 
the potentials "compact" because they are represented ana- 
lytically by small Gaussian expansions and, therefore, offer 
significant economy in molecular calculations where the 
computer time required to construct the electronic integrals 
is proportional to the complexity of the potentials. In this 
report, we present effective potentials and basis sets of sim- 
ilar quality for the third, fourth, and fifth rows of the Peri- 
odic Table derived from numerical, relativistic, Dirac-Fock 
atomic wavefunctions. The analytic expansions of these PO- 
tentials are also limited to a few Gaussian terms (three or 
less), so we have designated them as "relativistic compact 
effective potentials" (RCEP). 

Recently, several compilations of model potentials and 
effective core potentials for use in molecular calculations have 
appeared in the literature. For the heavier atoms, relativistic 
effects have been incorporated by deriving the potentials from 
relativistic Hartree-Fock (6) or Dirac-Fock (7) atomic 
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wavefunctions. There are generally two types of potentials 
that have attained widespread use: the model potentials of 
Huzinaga and co-workers (8), which retain the nodal char- 
acteristics of the valence orbitals in the core region, and ef- 
fective core potentials, which result in nodeless valence 
"pseudo-orbitals" (9). The Huzinaga model potentials offer 
the advantage of valence wavefunctions that resemble those 
from all-electron calculations and are therefore optimum for 
calculating valence contributions to molecular properties, but 
they do not offer the economic advantage of reduced basis 
set size that can be achieved with the ECP method and cor- 
responding nodeless pseudo-orbitals. 

ECPs for most of the atoms in the Periodic Table have been 
published by several authors. Bachelet et al. (10) published 
potentials based on the method of Hamann et al. (1 1) for use 
in density functional calculations. Hay and Wadt (12) pub- 
lished a set of ab  initio ECPs derived from numerical, rela- 
tivistic Hartree-Fock (6) calculations. Christiansen and 
co-workers (13) published relativistic potentials derived from 
numerical Dirac-Fock calculations (7). In the latter two cases 
the potentials are generated on a numerical grid by invert- 
ing Fock equations for pseudo-orbitals derived from numer- 
ical atomic wavefunctions. The numerically tabulated 
potentials are then least-squares fit with analytic Gaussian 
expansions. Due to the complex shape, accurate fits for each 
numerical potential can require as many as six or more 
Gaussian functions. The ECP generation method described 
in detail below is similar to tThe Dirac-Fock approach of 
Christiansen and co-workers (13), but offers an alternative 
to least-squares fitting that leads to very compact analytic 
potentials with no loss of accuracy. 

Among other sets of potentials being used extensively in 
molecular calculations, the pseudopotentials reported by 
Preuss and co-workers (14), and by Durand, Barthelat, and 
co-workers (15) are most noteworthy. The Preuss potentials 
have the same form as the ECP, but the parameters in the 
Gaussian expansions are optimized by minimizing the dif- 
ferences between ECP-computed valence energies of sev- 
eral neutral and ionic atomic states and those obtained from 
all-electron Hartree-Fock or quasi-relativistic Hartree-Fock 
calculations. This method makes no explicit use of the all- 
electron atomic orbitals in the pseudo-potential derivation, 
and relies on the spectral fit to produce a pseudo-Hamiltonian 
with the correct properties. The analytic Gaussian expan- 
sions used for these pseudopotentials generally contain a 
small number of terms, due to the limited amount of data 
being fit. The Durand/Barthelat potentials were also opti- 
mized by comparing ECP and all-electron calculations, but 
a unique functional based on orbital overlap and eigenvalue 
differences was used (16). The optimized RCEP parameters 
reported in this paper were determined by the same method. 

Before the RCEPs can be used in molecular calculations, 
atomic orbital basis sets must be specified. In the genera- 
tion of the Gaussian basis sets reported here, we considered 
several things. First, the number of primitive Gaussians re- 
quired to accurately represent the atomic pseudo-orbitals was 
determined for each type of atom. For efficiency in molec- 
ular calculations, the exponents of the s and p primitive 
Gaussians were required to be the same. Also for efficiency 
in molecular calculations, a contraction scheme was devel- 
oped that kept the number of basis functions as small as 

possible while still predicting accurately the low-lying neu- 
tral and ionic states of the atoms. 

Method 
Background 

We briefly review the derivation of relativistic effective 
potentials, following the formalism first introduced by Lee 
et al. ( 17). The effective potentials are constructed to repro- 
duce the valence electron orbital energies and densities ob- 
tained from numerical solutions of the Dirac-Fock equations 
for an appropriate atomic configuration (7). It is assumed that 
the valence electron density is dominated by the large com- 
ponents of the Dirac-Fock spinors and that the small com- 
ponents may be neglected. The Dirac-Fock Hamiltonian for 
the large components has the general form (1 8) 

where H, is the nonrelativistic Hamiltonian, H,,, the mass- 
velocity correction to the kinetic energy, H,  the Darwin term, 
and H,, the spin-orbit coupling. P1,,(r) is a spinor depend- 
ing on the orbital and total angular momentum eigenvalues 
I, j. In the effective potential derivation, the Dirac-Fock 
equation for each angular momentum is replaced by 

where H;' is the nonrelativistic part of the valence Fock 
Hamiltonian, x,, is a nodeless pseudo-spinor constructed from 
the large component Dirac-Fock spinor, and v:,"' is a rela- 
tivistic effective potential (to be determined) that replaces the 
relativistic terms in the valence Hamiltonian as well as the 
core-valence interaction terms. The nonrelativistic part of the 
valence Fock Hamiltonian for angular momentum, I, is given 
by 

1 Zcff 1 ( 1  + 1) [3] H;"I = -- V' - - + + w:k 
2 

val 
r 2r2 

Z,,.,. is the nuclear charge minus the number of core elec- 
trons. v:,"P absorbs the remaining nuclear attraction terms, 
which are canceled by the core-electron coulomb potential 
at long range. The valence coulomb and exchange term, 
W,",,, is constructed from valence pseudo-spinors. This means 
that V Y ~  also contains the difference between the exact va- 
lence coulomb/exchange term, W,,,, and the effective term, 
W$,. This difference is minimized in the valence region 
through the use of "shape-consistent" pseudo-spinors (19) 
as discussed in a subsection below. 

Once the pseudo-spinors and eigenvalues are available, the 
REP may be derived by inverting the atomic valence Fock 
equation: 

Each valence spinor with a given angular momentum gen- 
erates a unique REP. These j-dependent potentials may be 
used directly in molecular calculations (17, 20), but it is more 
common to use averaged relativistic potentials (AREP), as 
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defined by Lee et al. (17), which eliminate the j-depen- 
dence due to spin-orbit coupling 

1 
[S] vYEP (r)  = - 

(21 + 1) 

The total, semi-local, AREP for use at each atomic center 
in molecular calculations is given by 

I 

where the projectors ensure that the potentials operate on the 
proper angular momentum components of the molecular 
wavefunction. 

The sum over angular momentum, 1, in eq. [6] formally 
runs to infinity. For those orbitals that are orthogonal to core 
orbitals of the same angular momentum, the potentials are 
repulsive and have shapes that are unique for each angular 
momentum value. However, for orbitals with angular mo- 
mentum greater than the maximum orbital angular momen- 
tum occurring in the core, there is no orthogonality constraint, 
and the potentials are attractive and represent the unshield- 
ing of the nuclear charge as the core electron density is pen- 
etrated. All such attractive potentials are found to have similar 
shapes, so it is a good approximation to use a finite expan- 
sion for the AREP of the form (17) 

[7] vAREP vAREP 
LMAX 

LMAX-I  I 

AREP LMAXI I lm )( lm I 

where LMAX is one more than the maximum orbital angu- 
lar momentum in the core. It is common to designate the 
AREP for a given angular momentum as a difference poten- 
tial with the notation Vl-,MAx. 

While the AREP potentials defined by eq. [S] do not con- 
tain spin-orbit coupling effects, one can define an effective 
spin-orbit coupling operator in terms of the difference be- 
tween the j = 1 + ; and j = 1 - : potentials. This was first 
proposed by Ermler et al. (21), and used by Stevens and 
Krauss (22) to calculate spin-orbit splittings for several di- 
atomic molecules. The form of the spin-orbit coupling op- 
erator is 

where the difference potential is defined by 

The exact form of the REP, and thus of the effective spin- 
orbit operators, depends on the pseudo-spinors that are used 
to generate the REP. Pacios, Christiansen, and co-workers 
(13) have recently published analytic fits of effective spin- 
orbit operators for the atoms Li-Rn. The operators were 

generated from pseudo-spinors similar to the ones reported 
below, so they should be compatible with the potentials 
presented in this work. Wadt (23) has suggested an alter- 
native method for obtaining molecular spin-orbit coupling 
constants from pseudo-wavefunctions without using effec- 
tive operators. The spin-orbit integrals are calculated in the 
usual way, but a scaling parameter is used which is defined 
by matching calculated atomic spin-orbit coupling con- 
stants to ab  initio, all-electron values. This procedure also 
could be used in conjunction with the effective potentials 
presented here. 
Shape-consistent pseudo-spinors 

The starting point for the REP generation is an atomic 
Dirac-Hartree-Fock (DHF) wavefunction obtained with the 
computer program of Desclaux (7). The atomic spinors from 
such calculations are in numerical form, tabulated on a log- 
arithmic radial grid. The exact DHF atomic configuration and 
the partitioning of the numerical orbitals into core and va- 
lence subgroups are choices that depend on the type of atom 
being considered, as discussed below. 

For all atoms, the large components of the valence j-de- 
pendent DHF spinors were used to construct nodeless pseudo- 
spinors by the shape-consistent procedure of Christiansen et 
al. (19). Shape-consistent construction is not necessary for 
DHF spinors with orbital angular momenta LMAX or greater, 
since they are already nodeless. The idea behind the shape- 
consistent approach is to make the pseudo-spinor match the 
Dirac-Fock atomic spinor as closely as possible, thereby 
minimizing the difference between the all-electron and ECP 
valence interaction terms and maintaining the correct over- 
lap behavior in molecular bond formation. The shape-con- 
sistent pseudo-spinors, xI, j ,  are defined by 

4 

[IOU] ~ ~ , ~ ( r ) = ~ c ~ r ' + ~ ,  r s r ,  
i = O  

where r, is a match point at which a four-term polynomial 
with leading power N is joined smoothly to the DHF spinor 
to produce a normalized pseudo-spinor with no nodes, one 
radial maximum, and two inflection points. The advantage 
of this procedure is that the pseudo-spinor is identical to the 
DHF spinor in the chemically important valence region out- 
side the match point. We have modified the Christiansen 
procedure slightly to simplify the pseudo-spinor generation. 
In the Christiansen procedure, r, is set as small as possible 
while still maintaining the nodeless character and a maxi- 
mum of two inflection points in the pseudo-spinor. In our 
procedure, r, is chosen as close as possible to the outer- 
most radial density maximum of the DHF spinor. We found 
that the pseudo-spinors constructed in this way consistently 
had the desired properties for this choice of r,. Christiansen 
et al. also recommend a leading power of 1 + 2 for the 
polynomial segment (where 1 is the orbital angular momen- 
tum), to satisfy cusp conditions at r = 0. We have used in- 
stead a cubic leading term for s ,  p, and d spinors, and a 
quartic leading term for f spinors. This causes no problems 
for atomic and molecular calculations using basis sets, but 
it could lead to difficulties if the potentials were used in nu- 
merical calculations where proper boundary conditions are 
crucial for numerical integration. Our modified procedure was 
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STEVENS ET AL. 615 

used previously in the successful generation of nonrelativ- 
istic effective potentials for lighter atoms (5). 

Relativistic compact effective potentials 
Once the nodeless pseudo-spinors are defined on the same 

numerical grid as the DHF spinors, numerical REPs are 
generated according to eq. [4]. For orbital angular mo- 
menta greater than zero, AREPs are then obtained by aver- 
aging the two REPs for each 1 to eliminate the j-dependence, 
as shown in eq. [5]. At this point one may obtain an ana- 
lytic representation of the AREP by a least-squares fit to an 
expansion of suitable functions such as Gaussians. This 
procedure has been adopted by Hay and Wadt (12) and by 
Christiansen et al. (13). However, the shape of the REPs is 
often complicated, and a large number of Gaussians (>6) is 
usually required to obtain a reliable fit. An alternative to di- 
rect least-squares fitting is the generation of compact ana- 
lytic expansions by a method similar to the one used by us 
previously (5). These compact expansions improve the ef- 
ficiency of molecular calculations, since the computer time 
required to calculate electronic integrals over the potentials 
is proportional to the length of the analytic expansions. 

In our method, the numerically tabulated AREPs from eq. 
[5] are considered to be "exact." They are then used in atomic 
valence-only Hartree-Fock calculations to generate a set of 
j-independent, "exact" pseudo-orbitals and eigenvalues. This 
may be accomplished either on a numerical grid or with a 
basis set expansion for the orbitals. We chose to use large, 
even-tempered basis sets of Gaussian functions for this pur- 
pose. The resulting analytic pseudo-orbitals and eigenval- 
ues are very similar to those derived by Hay and Wadt (12) 
from j-independent, numerical, relativistic Hartree-Fock 
orbitals (6). Following our previous compact effective po- 
tential procedure [5], analytic, relativistic compact effec- 
tive potentials (RCEP) are generated that reproduce the 
"exact" pseudo-orbitals and eigenvalues as closely as pos- 
sible. The analytic RCEP expansions are written 

where the number of terms in the expansion is no more than 
three. For fixed values of n,,, the parameters AlIk and B,,, are 
directly varied in atomic Hartree-Fock calculations until the 
variationally determined "trial" pseudo-orbitals and eigen- 
values match the "exactn pseudo-orbitals and eigenvalues to 
within a certain tolerance. Barthelat et al. (16) have pro- 
posed a useful criterion for optimization. The parameters are 
varied until the functional llOll is minimized, where 

xI and are the "exact" pseudo-orbital and eigenvalue, and 
and El are calculated by solving the Hartree-Fock equa- 

tions with the trial analytic potential, vfREP, in 

with the valence Coulomb and exchange operators, W$,, 
constructed from the "exact" pseudo-orbitals, and the trial 

pseudo-orbital, ji,, expanded in the same large, even-tem- 
pered basis set of Gaussians as the "exact" pseudo-orbital. 
This procedure converges quite rapidly, and has the advan- 
tage that optimized parameters for one atom can be used as 
initial guesses for the next atom as one moves across rows 
or down columns of the Periodic Table. The parameters, n,,,, 
were not varied exhaustively, but several sets were tried until 
values were found that gave sufficiently accurate potentials 
for each type of atom. For all potentials reported in Ta- 
bles 1-3 the overlap of the "exact" and calculated pseudo- 
orbitals is greater than 0.99999, and the difference be- 
tween the "exact" and calculated eigenvalues is less than 
0.001 hartree. 

Results and discussion 

The relativistic compact effective potentials are pre- 
sented in Tables 1-3. Energy-optimized basis sets with shared 
exponents for the s and p primitives are given in Tables 4- 
6. Enforcing shared exponents in the basis sets could in- 
crease the number of primitive Gaussians required for a given 
level of accuracy, but the speed with which molecular inte- 
grals are calculated is significantly enhanced due to the 
common exponential terms. 

'The exact procedure used for the RCEP and basis set 
generation depends on the type of atom being considered. 
Each unique atom type is discussed separately below. 

Alkali and alkaline earth atoms 
For the alkali and alkaline earth atoms, the core was taken 

as all orbitals up to and including the (n - 1) shell, where n 
is the principal quantum number of the outermost s-electron 
in the ground state. For simplicity, monovalent cations were 
used for the alkaline earth potential generation. s-Orbitals 
were obtained from DHF calculations on the ground states, 
while p-, d-, and f-orbitals were taken from configuration- 
averaged wavefunctions for the lowest excited states of each 
angular momentum with fixed, degeneracy-weighted coef- 
ficients. 

We found that the valence pseudo-orbitals of the alkali and 
alkaline earths could be represented very accurately by four- 
term Gaussian sp expansions. The exponents and s-function 
coefficients were energy-optimized for the ns'  ('s) states of 
the alkalis and the ns2 ( 's) states of the alkaline earths. The 
p-function exponents were set equal to the s values and the 
p coefficients were optimized for the npl ( 2 ~ )  states of 
the alkalis and the ns'npl ( 3 ~ )  states of the alkaline earths. 
Test calculations showed that these basis sets accurately de- 
scribed the lowest S and P states of the neutral atoms and the 
alkaline earth cations. Double-zeta, 3,1 contractions of these 
basis sets are given in the tables. Accurate representation of 
alkali anionic states will require the addition of diffuse s 
Gaussians to the basis sets. 

There are large core-valence correlation effects for these 
atoms that cannot be included explicitly in molecular cal- 
culations if the penultimate shell is absorbed into an effec- 
tive core potential. The importance of such effects on 
molecular structure has been noted by several authors (24- 
26). Core-core correlation can also indirectly affect the va- 
lence electrons (27) and lead to errors in atomic excitation 
energies and ionization potentials. Miiller et al. (28, 29) have 
shown that core-valence and core-core correlation energy 
may be calculated to a high level of accuracy without intro- 
ducing explicit core-valence correlating configurations into 
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TABLE 1. Relativistic compact effective potentials for the third-row 
atoms. The form of the analytic representation is 

r 2 ~ l ( r )  = CAIkrn" e-B"r' Z Atom N,,,, RCEP A lk t l i ~  Bfi 

2 Atom N,,,, RCEP A IL n IL IL 

- 155.08356 
vl, - ,I 4.04433 

53.00048 
10 V'I -3.79146 

Vf-d 3.43258 
178.03957 

- 156.30605 
vp -,I 3.76481 

58.96503 
10 V,I -3.64362 

v.5 - <I 3.59679 
184.07663 

- 161.41996 
Vp-'I 3.68862 

65.48046 
10 Vd -3.85254 

V S - d  3.71264 
181.67442 

- 156.33704 
v,, -<I  4.36804 

75.53242 
I0 V ,  -3.89423 

vd - ( I  3.81706 
172.05349 

- 144.70056 
vp-(I 4.13737 

82.73696 
10 vd - 3.94746 

v,-, 3.07705 
215.48382 

-174.1 1816 
Vp - ' I  3.95321 

90.90043 
10 Vd -3.99337 

V T - ( I  3.42572 
218.54146 

-184.10961 
vl, - d 3.87540 

99.68289 
10 vd -4.00276 

v s - 4  3.32465 
224.32330 
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STEVENS ET AL. 

TABLE 2. Relativistic compact effective potentials for the fourth- 
row atoms. The form of the analytic representation is given in 

Table I 

Z Atom N,,,, RCEP A lh n / h  BIA 

TABLE 2 (continued) 

Z Atom RCEP A, 
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Z Atom N,,,,, RCEP A I, ~ I L  B I P  

the wavefunction. This is accomplished through the use of 
a "core polarization" potential (CPP) that interacts with the 
valence electrons. The CPP recommended by Muller is 
centered on the atomic nucleus and has the form 

where the indices i and j run over all valence electrons, ci is 
the measured or calculated polarizability of the core elec- 
trons, and the electric field is multiplied by a Gaussian cut- 
off that accounts for the penetration of the polarizable core 
by the valence electrons. The cutoff exponent, P, is ad- 
justed empirically by matching the calculated ionization po- 
tential of the single-valence-electron atom to the 
experimentally measured value. 

Muller et al. developed CPP for all-electron alkali and 
alkaline earth atoms (28) and demonstrated their accuracy in 
a series of molecular calculations (29). Christiansen (30), 
Jeung et al. (31), Preuss and co-workers (32), and 
Spiegelman et al. (33) have also made use of CPP in effec- 

TABLE 3. Relativistic compact effective potentials for the fifth-row 
atoms. The form of the analytic representation is given in Table 1 

Z Atom N,,,,, RCEP A I, r11, BIP 
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STEVENS ET AL. 619 

TABLE 3 (confinued) 

Z Atom N,,,, RCEP A 1, " I ,  BIL 

TABLE 3 (concluded) 

Z Atom N,,,, RCEP AIP ~ I P  BI~( 

tive core potential calculations. We have derived CPP sim- 
ilar to Miiller's for use with the alkali and alkaline earth 
RCEP. The parameters and atomic valence energies are re- 
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TABLE 4. Contracted Gaussian valence basis sets for the third-row atoms. Expansion coefficients are for 
normalized basis functions and normalized primitive Gaussians. The d basis sets are taken from Rappe 

et 01.  (37). 
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STEVENS ET AL. 

Ni(28) 

Cu(29) 

Zn(30) 
N,,,,, = 10 

Zn(30) 
N,,, = 28 

Ga(3 1 ) 
N,,, = 10 

Ga(3 1 )  
N,,,, = 28 

G3(32) 

As(33) 

Se(34) 

Br(35) 

Kr(36) 
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TABLE 5. Contracted Gaussian valence basis sets for the fourth-row atoms. Expansion coefficients are 
for normalized basis functions and normalized primitive Gaussians 
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TABLE 5 (concluded) 

Atom(Z) ( Y t ~  c., c~ a d  C,I 
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TABLE 6. Contracted Gaussian valence basis sets for the fifth-row atoms. Expansion coefficients are for 
normalized basis functions and normalized primitive Gaussians 
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STEVENS ET AL. 

Atom(Z) 

2sp 
3sp 
4sp  

Au(79) Isp 

2sp 
Rn(86) Isp 

ported in Table 7. The alkaline earth CPP were derived for 
singly charged cations, but were found to work quite well for 
the two-electron ground states as shown in Table 7. Krauss 
and Stevens have used the alkali RCEP and CPP in studies 
of alkali cluster polarizabilities (34) and calculations of ac- 
curate alkali diatomic potential energy curves (35). In test 
calculations we have found that the CPP perform well for the 
P and D excited states of the alkali atoms, but less accu- 
rately for the excited states of the neutral alkaline earths. 
Improved results could be obtained by introducing a unique 

CPP cutoff exponent for each angular momentum, but this 
seriously complicates the use of the CPP in molecular cal- 
culations and was not done in the work reported here. 

One must use the RCEP for the alkali and alkaline earth 
atoms with caution, especially in strong ionic bonding situ- 
ations or in calculations of ligands bonding to the monova- 
lent alkali cations or the divalent alkaline earth cations. We 
have found that the exchange repulsion interaction between 
the cation core electrons and the ligand electrons is under- 
estimated by the RCEP for small ligand-metal separations. 
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TABLE 7. Core polarizabilities ((bohr)'), Gaussian cutoff exponents, and valence 
energies (hartree) for the Group IA and Group IIA atoms. The energies were cal- 
culated with the uncontracted 4GT0 basis sets given in Tables 4-6 and ref. 5 .  The 
Group IIB energies are taken from full two-electron configuration interaction cal- 
culations. The form of the core polarizability operator is 

E,,, (calcd.) E,,, (calcd.) 
Atom Q I3 no core Q with core Q Eva, (expt.) 

This underestimation will occur for all potentials that do not 
include the penultimate shell in the valence space. Alkali and 
alkaline earth effective potentials with the penultimate shell 
in the valence space have been reported by other authors (12, 
13). 
Transition metal atoms 

Before proceeding with RCEP generation for the transi- 
tion metal atoms, one must decide which orbitals are to be 

: considered part of the core. This choice has been discussed 
and tested by a number of authors (1, 12, 13, 36). Cer- 
tainly, the outermost (n + 1)s orbital (where n is the prin- 
cipal quantum number) and the partially occupied nd orbitals 
are in the valence space. However, the nd orbitals have large 
spatial overlap with the ns and np orbitals. Also, the radial 
dinape of the nd orbitals is sensitive to different d occupation 
numbers in the low-lying excited states and cationic config- 
urations (37). These occupancy-related shape changes can 
result in significant changes in the ns/nd and np/nd Cou- 
lomb and exchange interactions. We have found that plac- 
ing the ns and np orbitals in the core does not give the correct 
energy behavior for atomic states of different d occupancy. 
Other authors have come to similar conclusions (12, 13). 
Hence, to maximize the transferability of the potentials to 
various atomic configurations, the transition metal ns and np 
orbitals are considered to be part of the valence space. 

Another question arises concerning the boundary be- 
tween the transition metals and the main-group elements to 
the right side of the Periodic Table. For the third-row atoms 
(first transition series) trial calculations were made for both 
Zn and Ga with the 3s, 3p, and 3d orbitals in the core. For 
Zn, relatively poor results were obtained, particularly for the 
energies and geometries of ligands interacting with the di- 
cation, ~ n " .  For Ga, the differences between molecular SCF 
calculations (e.g., GaH, and GaF,) with three valence elec- 
trons versus 21 valence electrons on Ga were about the same 
size as the differences between RCEP and all-electron re- 
sults, e.g., -0.02 A in bond lengths and 0.005-0.008 har- 
tree in atomization energies (-2%). Consequently, we 
decided to define Ge, Sn, and Pb as the first group of the 

main-group elements. For completeness, however, we have 
included the tested Zn and Ga potentials with the 3s,3p, and 
3d electrons in the core in Table 3. They should be used only 
with caution. 

For the transition metal VLMAx potentials, the Dirac-Fock 
atomic spinors and eigenvalues were obtained from atomic 
ion configurations with the outer nd and (n + 1)s electrons 
removed to give a ns2np6 configuration plus one electron in 
an orbital with 1 = LMAX (f for 3rd and 4th row atoms, g 
for the 5th row atoms). For the 5th row atoms, this proce- 
dure was also used to generate the Vp, potentials. For all 
transition metals, the V,-,,,, potentials for 1 = 0, 1, and 2 
were generated from ns2np6nd"' 2+ cation states using mul- 
tiplet-averaged relativistic atomic wavefunctions. 

Energy-optimized, double-zeta quality sp basis sets and 
triple-zeta quality d basis sets for the transition metal atoms 
are given in Tables 4-6. The triple-zeta d basis set was found 
to be necessary to describe the orbital shape changes that 
accompany changes in the d occupancy. For the third-row 
atoms, Sc-Cu, Gaussian d basis sets with six primitives were 
already available from the all-electron energy-optimized sets 
reported by Rappe et al.  (37). For consistency we also gen- 
erated six primitive d sets for Zn and Ga. For all other tran- 
sition metals, the d basis sets were energy-optimized along 
with the s and p basis sets according to the following scheme. 

Basis sets consisting of five primitives each for s ,  p ,  and 
d were optimized without the outer s-electrons for the 
ns2np6ndm atomic states with the highest possible spin and 
angular momentum coupling. The s and p functions were 
required to have common sets of exponents. The d occupa- 
tion number, m, was chosen so that neutral atom states were 
,used whenever possible. Since it is not possible to have rn 
b 10, cationic configurations were necessarily used for the 
iightmost atoms in the three series. The five d primitives were 
contracted triple-zeta, 3,1,1 (4,1,1 in the case of the third 
row). This triple-zeta contraction was found to adequately 
handle the change in d-orbital shape that accompanies 
changing occupation number. The tight s and p primitives 
were contracted double-zeta, 4 , l  using the variationally de- 
termined atomic orbital coefficients from the above config- 
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TABLE 8. Calculated energies for the third row atoms using the 
RCEPs and basis sets reported in Tables 1 and 4. The energies are 
taken from spin- and space-restricted SCF calculations using the 
GAMESS code (ref. 3) including six Cartesian components for the 

d basis functions'' 

Valence 
electronic Energy 

Atom(Z) N,,,, configuration State (hartree) 

"There is a large overlap between the spherical component of the d basis 
functions and the s basis functions in some cases. Thus, different com- 
puter programs may produce slightly different energies depending on the 
threshold for linear dependence and the removal of neary linearly depen- 
dent functions. 

uration. Attempts to use minimal basis (single-zeta) 
contractions for these functions resulted in unacceptable en- 
ergetic errors for states with different d occupancies. 

For optimization of the outer shell basis sets, different 
procedures were used depending on the atomic d occu- 
pancy. For atoms with less than full d shells, three s primi- 
tives were added to the basis set and optimized for the 
ns2np6nd'"-'(n + 1)s' state with the highest possible spin and 
angular momentum coupling. Three p primitives were then 
added with exponents set equal to the corresponding s prim- 
itives. For the final basis set, these outer s and p primitives 
were contracted 2,l with the s contraction coefficients taken 
from the above state, and the p contraction coefficients taken 
from the ns2np6nd'"-'(n + l ) p l  state. For Zn, Cd, and Hg, 
with full d shells, the three outermost s andp primitives were 
optimized and contracted for the ns2np6nd10(n + l )s l (n  + 
1)p'  triplet configuration. For Ga, In, and T1 they were op- 
timized and contracted for the ns2np6nd'O(n + l)s2(n + l )p l  
doublet configuration. The final transition metal basis sets 
consist of 34 basis functions (if all six Cartesian d compo- 
nents are retained). Reference energies3 for spin- and space- 
restricted atomic calculations using the transition metal RCEP 
and matching basis sets are given in Tables 8-10. 

The transferability of the transition metal RCEPs and the 
adequacy of the optimized basis sets were tested by calcu- 
lating the relative energies of various atomic and ionic states 
and comparing the results with all-electron numerical, rela- 

3 ~ .  W. Schmidt. Private communication. 

TABLE 9. Calculated energies for the fourth row atoms using the 
RCEPs and basis sets reported in Tables 2 and 5 .  See Table 8 for 

details of the calculations 

Valence 
electronic Energy 

Atom(Z) N,,,,  configuration State (hartree) 

TABLE 10. Calculated energies for the fifth row atoms using the 
RCEPs and basis sets reported in Tables 3 and 6.  See Table 8 for 

details of the calculations 

Valence 
electronic Energy 

Atom(Z) N,.,, configuration State (hartree) 

tivistic Hartree-Fock values (38). The comparisons are pre- 
sented in Table 11. The RCEP results generally agree with 
the corresponding all-electron numerical results to well within 
0.01 hartree. 
Main group atoms 

The valence space of the main group atoms to the right of 
Ga, In, and T1 in the periodic table was taken as the outer- 
most occupied s and p orbitals. The VLMAx qotentials were 
generated from atomic ion configurations with three elec- 
trons outside the core, two in the outermost s orbital, and one 
in an orbital with LMAX angular momentum. The V,-LMAx 
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TABLE 1 1. Comparison of selected RCEP and relativistic Hartree-Fock (RHF, ref. 6) term energies (eV)" for the third, 
fourth, and fifth row transition metals and their positive ions 

Configuration Atom RCEP RHF Atom RCEP RHF Atom RCEP RHF 

dls' ' D  Sc(21) 0.0 0.0 Y(39) 0.0 0.0 La(57) 0.0 0.0 
d3 4~ 4.65 4.65 3.19 3.32 1.08 1.08 
d2(+) 'F  6.32 6.32 5.91 6.02 4.38 4.37 

d'Os2 'S Zn(30) 0.0 0.0 Cd(48) 0.0 0.0 Hg(80) 0.0 0.0 
d9s2(+) 2~ 14.81 14.69 16.53 16.39 14.06 14.00 

"1 hartree = 27.212 eV.  

potentials for 1 > 1 were also generated from three-valence- 
electron atomic ion configurations. The V,_,,,, and 
V,-,,,, potentials were generated from multiplet-averaged 
ns2np'" neutral atom states. The RCEP for the main group 
atoms are given in Tables 1-3. 

The pseudo-orbitals of the main group elements are ac- 
curately represented by shared-exponent, Gaussian sp basis 
sets of five primitives. In the tables, these basis sets are 
contracted to double-zeta, 4 , l .  The exponents and contrac- 
tion coefficients were energy-optimized using the multiplet- 
averaged ns 2np" atomic configurations. Reference energies3 
from spin- and space-restricted SCF calculations using the 
RCEP and matching basis sets are presented in Tables 8-10. 

Molecular calculations 
The RCEPs and basis sets reported here have been used 

in a number of quantum mechanical investigations of mo- 
lecular structures and energetics. The selenium and tellu- 
rium potentials were used by Jasien and Stevens (39) in a 
study of proton affinities of molecules containing Group VIA 

atoms. Basch et a l .  (40) used the tellurium potential and 
multiconfiguration self-consistent-field (MCSCF) methods 
to study the geometry and properties of the low-lying elec- 
tronic states of TeO,. The chromium potential and an en- 
ergy-optimized Slater-type basis set were used by Jasien and 
Stevens (44) to study the potential energy curves and prop- 
erties of low-lying states of CrO and CrOf using MCSCF and 
multireference configuration interaction (MRCI) methods. 
Basch et a l .  used the zinc RCEP along with CEP and basis 
sets previously published for the lighter elements (5) to study 
the effect of cations on imidazole hydrogen bonding (42) and 
on imidazole tautomerism (43). The calcium potential and 
basis set were used by Krauss and Stevens (44) to study metal 
binding selectivity by proteins. Krauss and Stevens have used 
the cesium potential and basis set, along with the core PO- 
larization potential, to study the polarizabilities of alkali 
clusters (34). They also have published very accurate low- 
lying potential energy curves for several alkali diatomic 
molecules using the RCEP, CPP, and corresponding basis 
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sets (35). The Cs  potential was also used to characterize the 
binding of Cs  clusters to GaAs surfaces (45). More re- 
cently, Garmer and Krauss used the zinc RCEP in a study 
of the effect of active site ionicity on the transition states for 
COz hydrolysis by carbonic anhydrase (46), and the cobalt 
RCEP and basis set in a study of the spectroscopy of cobalt- 
substituted carbonic anhydrase (47). Gordon and co-work- 
ers used the RCEP to study Group IV propellanes (48), Group 
IV sulfur and oxygen propellane derivatives (49), and high 
valent transition metal alkylidenes (50) and alkylidene com- 
plexes (5 1). They have also used the RCEP in recent stud- 
ies of hetroatom analogues of benzene (52), olefin metathesis 
catalysts (53), and transition metal - silicon double bonds 
(54). 

Concluding remarks 
The relativistic compact effective potentials and match- 

ing basis sets reported here will improve the efficiency of 
quantum mechanical calculations on molecules containing 
heavy atoms. The small number of terms in the analytic ex- 
pansions of the potentials and the shared-exponent con- 
straint on the basis sets reduce the computer time required 
to calculate molecular electronic integrals. Since the poten- 
tials are generated from Dirac-Fock atomic orbitals and ei- 
genvalues, they account for the effects of relativity on valence 
electron spatial distribution and energetics. While spin-orbit 
dependencies have been averaged out during the generation 
of the potentials, these effects may be reintroduced via ef- 
fective spin-orbit operators (17) or by scaling the usual spin- 
orbit integrals over valence orbitals (21). 
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LELAND C. ALLEN. Can. J. Chem. 70,63 1 (1992). 
Examination of contemporary quantum chemistry literature and texts strongly indicates the need for new interpreta- 

tive measures and indices that have heuristic chemical appeal, but are rigorously defined by physics. A closer look at 
the Periodic Table in search of such measures leads to corlfigurntion energy (CE), the average energy of a valence elec- 
tron, which adds a third intrinsic dimension to the Table itself, and is also strongly correlated with atomic energy level 
spacings. CE can be translated into a quantum mechanical operator whose expectation value in molecules and solids is 
the Energy Index, EI,. Many chemical effects: rotation and inversion barriers, the anomeric and a-effects, hypercon- 
jugation, etc., appear capable of being quantified, unified, and simplified by EI,, but because it is a one-electron entity, 
it does not correlate with binding energies or heats of formation. EI, is in situ electronegativity, and systematic release 
of basis set contraction constraints permits a controlled analysis of bond polarity in terms of radial and angular hybrid- 
ization changes. 

Key bvords: ab irzitio calculations, basis sets, electronegativity, Periodic Table, bond polarity index. 

LELAND C. ALLEN. Can. J .  Chem. 70, 63 1 (1992). 
Un examen de la litterature et des manuels de chimie quantique contemporaine montre la nCcessitC de nouvelles me- 

sures et d'indices interprktatifs qui auraient un caractkre chimique heuristique, mais qui seraient rigoureusement definis 
par la physique. Un examen plus approfondi du tableau periodique pour trouver de telles measures conduit a l'knergie 
de configuration (EC), 1'Cnergie moyenne d'un electron de valence, qui ajoute une troisikme dimension intrinskque au 
tableau lui-m&me et qui est intimement reliC aux espacements des niveaux d'energie. L'EC peut &tre transformee en un 
opCrateur de la mecanique quantique dont la valeur d'expectative dans les molecules et dans les solides est egale 2 I'in- 
dice d'knergie, IE,. I1 semble l'IE, p,uisse aussi permettre de quantifier, d'unifier et de simplifier plusieurs effets chi- 
miques, comme les banieres 2 la rotation et a l'inversion, les effets a et anomCriques, l'hyperconjugaison, etc; toutefois, 
comme il s'agit d'une entitC 2 un Clectron, elle ne permet pas d'etablir de corrClation avec les Cnergies de liaison ou les 
chaleurs de formation. Le fait que I'IE, donne lieu 2 une IibCration in situ systematique de I'electronCgativitC des con- 
traintes des bases de contraction permet de faire une analyse contrblee de la polarit6 des liaisons en fonction des change- 
ments radiaux et des angles d'hybridation. 

Mots clPs : calculs ab initio, ensembles de base, Clectron&gativite, tableau periodique, index de la polarit6 des liai- 
sons. 

[Traduit par la redaction] 

Levels of chemical interpretation 
It is generally acknowledged that present day quantum 

chemistry calculations are broadly divided into two cate- 
gories: (1) ab initio, all-electron, exact Hamiltonian. These 
are identified with small molecule chemical physics, the 
development of new mathematically sophisticated compu- 
tational techniques, and with detailed electronic structure 
investigations of medium sized molecules that illustrate the 
basic physics of a novel or controversial bonding problem. 
(2) One- and two-electron semiempirical models, e.g.,  ex- 
tended Hiickel theory, ZINDO, PM3. These are generally 
applied to large molecules of immediate interest to syn- 
thetic organic and inorganic chemists and focus on chemi- 
cal trends. Although the choice of ab initio or semiempirical 
model is generally attributed to the size of the molecule ad- 
dressed, more fundamentally it is a question of the style and 
nature of the interpretation desired. Two contemporary 
textbooks illustrate these contrasting approaches: Ab itzitio 
molecular orbital theory, (1) '  and Orbital interactiot~s in 
chemistry (2a).' Although both texts are based on molecu- 

 his text is primarily concerned with chemical bonding in me- 
dium sized molecules that are of interest to physical organic 
chemists and to the present article, rather than the high precision 
solutions for many different expectation values in 1-4 atom sys- 
tems that are generally of interest to molecular physicists. 

2 ~ h e  chapter on solids is nicely augmented by ref. 2b. 
Pnnled In Canada 

lar orbital concepts, the explanations and interpretative 
framework of the two are notably different. The application 
sections of the former are filled with diagrams giving de- 
tailed geometries, tables of binding and interaction ener- 
gies, proton affinities, and dipole moments. There are 
numerous three-dimensional molecular orbital plots and the 
applications treated are mostly molecules made from fust-row 
elements with occasional systems involving higher rows and 
a few with first-row transition elements. In contrast, Or- 
bital interactions is based on qualitative/semiquantitative 
perturbation theory and the text is dominated by valence or- 
bital MO energy level diagrams accompanied by qualitative 
AO-based MO schematics and H O M S L U M O  interaction 
arguments. Fragment orbitals and isolobal analogies are 
employed to derive trends in larger and more complex mol- 
ecules. Representative element compounds and transition 
metal complexes from all rows, along with an energy band 
and density of states diagram treatment of solid state chem- 
istry, puts nearly the whole domain of the Periodic Table on 
an equal footing. The simplest possible MO concepts are 
evoked and the patterns characteristic of chemistry are em- 
phasized over the details of the physics, thus making this 
approach by far the most useful to the vast majority of 
practicing chemists. However, this approach sometimes leads 
to oversimplification and explanations are generally more 
qualitative. 
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Even ~f clb itz~tio calculations were easily possible for the 
largest molecules, the physical variables available: total 
energies, binding energies, ionization potentials, molecular 
dipole moments, inner moments such as quadrupole cou- 
pling constants, or even (undecomposed) molecular orbital 
plots, are not often quantities in terms of which chemical 
trends can be easily discerned or rationalized. 

Are there other ab itiitio defined properties that can bridge 
the gap between these two modes of chemical interpreta- 
tion? We have found one, atomic corgigurarion energy and 
its associated molecular property, the Energy Index, ElA, for 
atom A in a molecule. 

A closer look at the Periodic  able' 
It is obvious that the simplest key to chemical inter- 

pretation is the Periodic Table, but it is not clear how to make 
a quantitative connection between it and atoms in molecules 
and solids. None of the parameters describing it are contin- 
uous variables whose values might be able to reflect changes 
undergone by an atom when it forms a molecule or solid. A 
closer look at the Periodic Table also reveals it to be some- 
what misleading and incomplete. These shortcomings can be 
resolved by defining a new variable, configuration energy, 
which we believe to be the Table's intrinsic third dimen- 
sion. Configuration energy, in turn, can be translated into a 
quantum mechanical operator whose expectation value over 

l a molecular wavefunction provides chemically significant 

I information. 
In spite of - or because of - its everyday familiarity, the 

Periodic Table possesses a number of puzzling and infre- 
quently addressed features. (a) What is the origin of its di- 

I agonal line separating metals from nonmetals? (b) It is far 
from periodic: as one descends a group in the p-block the 

I increasing metallic character of the elements has long been 
I recognized. The chemistry of carbon is quite different than 

the chemistry of lead. (c) Why, among all representative 
atoms (excluding the noble gas atoms) are only N, 0, F, C1, 
and Br unable to utilize all their valence electrons in bond- 
ing? (d) It is our principal guide in anticipating which of the 
three types of bonding: covalent, metallic, or ionic, will form 
between atoms. But it provides no definition of these bond 
types nor a way to differentiate between them. (e) It is the 
most powerful instrument for organizing chemical phenom- 
ena but it does not contain any information about the energy 
of atoms, even though everyone knows that energy is the 
central parameter for describing the structure of matter. 

It is clear that something is missing, and this appears to 
be a historical accident dating from the time when Bohr 
provided the physical underpinning of the Periodic Table by 
defining electronic configurations (4). In chemical terms, the 
Periodic Table is a sequence of groups whose atoms have 
common properties and behavior. Physicists, however, see 
it as a collection of valence electron configurations that de- 
pict the properties of atomic shell structure. The quantum 
numbers n and 1 are more than labels for blocks of ele- 

I 
ments, and more than indicators of atomic size and orbital 

~ shape: their primary role is to specify an energy, and the 
obviously relevant quantity is the average energy of a va- 
lence electron configuration. Thus, CE, configuration en- 

'This section summarizes a much fuller account, including graphs 
and data supporting statements, given in ref. 3. 

ergy, is defined as the average one-electron valence shell 
energy of a ground state free atom: 

where a ,  b are occupancies and E,, E,, the s and p ionization 
potentials for spherical atoms of the representative ele- 
ments; for the d-block transition elements, E,, + E,, of the 
tz - 1 shell and b is its valence region occupancy." CE pos- 
sesses another energy level related property that is of al- 
most equal importance to that expressed in eq. [I]:  it is 
strongly correlated with the spacings of the one-electron en- 
ergy levels of the atom in question (3). Large CE goes with 
large energy level separations, thus making a close connec- 
tion between the magnitude of CE and the density of states 
in solids and molecules. This correlation follows immedi- 
ately from the fact that the effective potential seen by an 
electron in an atom is funnel shaped: deeper funnels have 
more widely spaced energy levels (this characteristic is fa- 
miliar from the textbook example of the hydrogen atom). 

CE answers the questions posed earlier. (a) Values gen- 
erated by eq. [ l ] ~ r e c i s e l y  define the metalloid band ( B ,  Si, 
Ge, As, Sb, and Te) associated with the metal/nonmetal 
diagonal line: all elements to the right of the metalloids have 
higher CEs and are nonmetals, all those to the left have lower 
CEs and are metals. The band itself is a region of nearly 
constant CE. (b) Metallization down a group occurs be- 
cause the size of the atoms is increasing, therefore both the 
magnitude of the average valence energy level and the 
spacings of the levels are decreasing. Bonding directional- 
ity is being lost because the s, p, and d levels are becoming 
nearly degenerate, allowing mixing in many combinations. 
These changes are quantified (3) by CE. (c) The oxidation 
state limitations of N, 0, F, C1 and Br are explained by their 
CEs: aside from the noble gas atoms He, Ne, Ar, and Kr, 
these atoms have the highest CEs in the Periodic Table and 
some of their valence electrons are held too tightly to en- 
gage directly in bonding. Because of their high CEs they have 
a correspondingly large energy gap to the first available un- 
occupied level, likewise discouraging bonding. (d) The 
interrelationship between metallic (M), covalent (C), and 
ionic (I) bonding may be visualized as an equilateral trian- 
gle with vertices labeled M, C, and I. The M-C line is a row 
of the Periodic Table and along it CE quantitatively mea- 
sures the relative metallic versus covalent nature of an atom 
in question. The legs M-I and I-C require binary combi- 
nations of atoms (e.g., Na,S, SC1,) and along these legs the 
appropriate measure is ACE. 

Historically, the need for configuration energy has been 
partially met by the concept of electronegativity, originally 
defined by Pauling (5) 10 years after Bohr's contribution. 
This concept has been the subject of much debate over many 
years, but a survey of textbooks and the research literature 
since 1932 shows that only two scales, those of Pauling (5, 
6) and of Allred and Rochow (7), have been extensively used 
by experimental scientists. We previously showed (8) that 
eq. [ l ]  closely matches these two, thus assuring that the in- 
formation content of electronegativity is subsumed in CE. 

'E, and E,, are obtained from the high resolution atomic energy 
level data compiled at the National Bureau of Standards. A list of 
CEs, along with graphs of these numbers as a function of the groups 
of the Periodic Table, are given in ref. 3. 
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TABLE 1.  Rotational barriers (kcal/rnol) 

Molecule AE.,. 3/4A(EI, + EI,) 

In the 1989 article (8) electronegativity was emphasized and 
defined by eq. [ I ] .  The new viewpoint presented here is an 
extension and generalization of that article. 

In summary, a closer look at the Periodic Table leads to 
the definition of a new quantity, configuration energy, that 
adds a new third dimension to the Table, embodies and goes 
beyond the usual concept of electronegativity, and can be 
rigorously defined in atomic physics terms. We now need to 
transform this characteristic atomic quantity into a molecu- 
lar environment. We previously showed how this can be done 
by projecting an atomic orbital on the vector representation 
of an LCAO MO and weighting it by the one-electron en- 
ergy of the MO, thereby obtaining a new one-electron en- 
ergy for an atom, A, in a molecule (the Energy Index, EI,) 
(9): 

Applications of the Energy Index, EI,, and Bond 
Polarity Index, BPI,, 

I Range of applications 
The Energy Index, EIA, and the closely related Bond Po- 

larity Index, BPI,,, defined below, are one-electron mea- 
sures and our experience to date indicates that they may be 
able to quantify and unify the following chemical phenom- 
ena: (a) rotational barriers; (b) inversion barriers; (c) hyper- 
conjugation; (d) Bent's rules; (e) substitution effect on 
primary, secondary, and tertiary carbon centers; (f) the a- 
effect; (g) the anomeric effect; (h) hydrogen bond dimeri- 
zation energies; and (i) group electronegatives. 

Barriers 
In Table 1 we list results for the rotational barriers in four 

classic molecules that have long been employed as tests of 
rotational barrier theories: the large formamide barrier that 
models rotation around the peptiYde bond, and the famous 
ethane, methylamine, and methanol set that approximately 
obey a 3 :2 :  1 rule (10). A chief virtue of the Energy Index 
is that it yields a local energy measure and these barriers may 
be simply described by the change in C,EI, summed over 
those atoms that define the bond around which rotation is 
taking place. In formamide a partial T bond is being broken 
and in CH3CH3, CH3NH2, and CH,OH a partial T anti-bond 
is being broken. The 314 in front of A(E1, + EI,) in Table 
1 is the scale factor required to connect the many-electron 
ET with our one-electron EIA. We also have results for the 
two barriers in fluoromethanol (lo),  FH2C-OH, and again 
the scale factor is 314. This latter molecule is especially 
im~ortant because rationalization of its two barriers is 
tantamount to an explanation of the anomeric effect. The 
inversion barrier in NH, is similarly found to have a 314 scale 
factor. 

The Bond Polarity Index, BPI,,, ( 9 )  
As one would expect, this entity is associated with the 

difierence, EI, - EI,, across a bond, but because any atom 
exists in a molecular environment the concept of polarity must 
be precisely defined and, as originally introduced by Pauling 
(5), this means ionic character, therefore requiring that the 
covalent component be subtracted out: 

For example, for the C-N bond in H,C-NH2 we compute 
(at 6 - 3 IG*) EIc = -0.689 au and EIN = -0.695 au in 
H,C-NH?, EI;," = 0.665 au in H,C-CH,, E I ; ~  = 
-0.710 au in H2N-NH2, and then BPIcN = (-0.689 + 
0.665) - (-0.695 + 0.7 10) = -0.039 au. Other examples 
and properties of BPIAn are given in ref. 9. A particularly 
promising application is to the important, but long dis- 
counted, concept of group electronegativity. In this appli- 
cation (1 1) one chooses a reference system for A (A = CH, 
is the most satisfactory and relevant from a physical organic 
chemistry standpoint) and then B represents the functional 
group of interest (e.g., CH,CH,, CHIOH, CCH, CHO, NH,, 
PH,, OH, CF,, CN, SiH,, etc.). We have studied 25 groups, 
compared them with the six other most cited definitions, and 
also with the three most relevant experimentally determined 
measurements (Swain F and Taft a,, fieldlinductive ef- 
fects, and Siegbahn En, C Is core electron binding ener- 
gies). Our BPI,, derived group electronegativities have 
considerably higher correlation coefficients with the experi- 
mental values than any of the others, thus providing en- 
couragement for this scheme. 

Hydrogen bond dimerization energies 
These have been notoriously difficult to determine, both 

experimentally and computationally, and we recently car- 
ried out an exhaustive ab initio study (12) to ascertain what 
level will reproduce the four dimerization energies that are 
accurately known experimentally (as well as their geome- 
tries and vibrational frequencies). It turns out that calcula- 
tions at the MO SCF level with the 6 - 31 + G* basis are 
quite accurate and significantly better than the many other 
correlated and non-correlated solutions explored. Since this 
computational level is within the Hartree-Fock approxima- 
tion, we are investigating whether BPIAH and EI, - EIN ap- 
plied to the atoms A-H . . . B in the hydrogen bonds studied 
will parallel our ab initio results (EIN is EI for the noble gas 
atom at the end of the row containing B). 

Solid state 
There is a solid state chemistry application that we find 

especially appealing. This is the use of BPIAn as a comple- 
ment to Roald Hoffmann's ingenious invention, the overlap 
population weighted density of states (COOP, Crystal Or- 
bital Overlap Population) (2b). Hoffmann's concept adds 
greatly to chemical interpretability by identifying, as far as 
possible, localizable chemical bonds in solids. In the same 
manner we propose that the polarity of these bonds be ob- 
tained by BPI,,. One can immediately see application to 
contemporary semiconductor research where many current 
efforts are centered on extending the traditional Group IV 
compounds to the 111-V and 11-VI series. 

Advantages of the indices 
Given the results discussed here, it is not entirely unrea- 

sonable to believe that all nine of the characteristically 
chemical phenomena listed above may be quantified by EIA 
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and BPIAB (and maybe even most one-electron representa- 
ble chemical bonding features might be so encompassed). If 
so, what advantages would this type of interpretation offer? 
First, it would accomplish a large measure of unification 
presently missing from chemistry. 'The possibility of unifi- 
cation derives ultimately from the fact that configuration 
energies, EIA, and BPIAB, are obtained directly from ab in- 
itio wavefunctions, thus providing the broadest and deepest 
foundation available for defining such entities. (This con- 
nection with ab initio theory does not, of course, preclude 
obtaining actual EIA and BPIAB values from semiempirical 
wavefunctions.) Second, if it turns out that EIA and BPI,, 
can represent a significant fraction of the one-electron rep- 
resentable chemical bonding rules and concepts, the result- 
ing simplification in interpretation will be substantial. When 
properly referenced (as in the definition of BPIAB), EIA is in 
situ electronegativity, and the various chemical bonding 
phenomena listed and discussed above are a manifestation 
of electronegativity change due to angular and radial hy- 
bridization changes occurring around the bonds in question. 
For chemical phenomena that have a local origin, inter- 
pretation via EI, can be simpler and less ambiguous than use 
of orbitals because of its atomic focus and because it avoids 
selection of orbitals and choice of dominant interactions. It 
may be noted in passing that EI, is the first attempt to de- 
vise a true in situ electronegativity: the frequently discussed 
"equalization of electronegativity" would not lead to A(EIA 
+ EI,) for a rotation barrier such as we obtain, unless some 
entirely new conformation-dependent feature were added to 
current discussions of this hypothesis. 

Litnirarions of the indices 
The fact that configuration energy, EIA, and BPIAB are one- 

electron entities immediately points out their limitation and 
this is most obvious and severe in their inability to correlate 
binding energies and heats of formation. However, it will be 
recalled that Pauling's original definition of electro- 
negativity was expressed as a function of the difference be- 
tween a heteronuclear bond energy and an average of its 
homonuclear values ( 5 ) .  Rationalization of the accuracy of 
Pauling's electronegativity values in the light of his bond 
energy definition was achieved in a recent study (13). 

There have been numerous articles in the J .  Phvs. Chem. 
and the J. Am. Chem. Soc. during the last two years in which 
Y .-R. Luo er al. ( 14) claimed good linear correlations be- 
tween a simple definition of electronegativity, V ,  = n,/r,, 
where n,  = number of valence electrons, r, = a covalent ra- 
dius obtained from several different sources, and differ- 
ences in heats of formation. We have made extensive plots 
of CE, EIA, and BPIAB against the same experimental data 
used by Luo and have been unable to find useful or scientif- 
ically convincing correlations. We have also found some 
inconsistencies in tables of data given by Luo. Recent arti- 
cles by Drago et al. (15) support our belief that Luo's 
electronegativity (or anyone else's definition) does not cor- 
relate with binding energy or heats of formation (or differ- 
ences in heats of formation). Drago has found that at least 
three parameters are required to correlate bond energy data.5 
(It is also important to note here that the hydrogen bond di- 
merization energy problem discussed above is a special case 

5 ~ r a g o  also has a paper in press (J. Phys. Chem.) that specifi- 
I cally illustrates the inadequacies of V,. 

arising because this bond is a small perturbation between two 
closed shell monomers). 

Finally, of course, there are subtle chemical effects, both 
within and outside the Hartree-Fock approximation, which 
cannot be catalogued by EIA or BPIAB. These include ef- 
fects dependent upon multipole moments and polarizabili- 
ties of higher order than dipole. 

Further developments 
The expression for EIA is readily recognized as an energy- 

weighted Mulliken population analysis divided by the pop- 
ulation analysis itself, and L. H. Reed (to be published) has 
proposed a generalization that replaces PS in the Mulliken 
formulation with Saps ' - * .  Exploration of a may provide a 
further reduction in basis set dependence over that already 
achieved by energy weighting. Another possibility for gen- 
eralizing the Mulliken overlap assumption is to employ 
Doggett's formulation (16) of Lowdin's 1953 suggestion (17) 
for preserving the dipole moment of the overlap charge. Since 
bond polarity closely parallels bond dipole, this procedure 
will considerably enlarge the range of BPI,, values and tend 
to reduce basis set sensitivity. 

Basis set contractions as an aid 
to chemical interpretation 

In the sections above we have defined a new ab initio 
index, EI,, that we believe will help unify and simplify the 
one-electron concepts used by chemists to categorize chem- 
ical observations. EI, derives its interpretative capability from 
in situ manifestation of the periodic- able and-it is our hy- 
pothesis that optimum understanding of the structure of matter 
and prediction of new materials can be achieved by detailed 
analysis of how free atoms distort when they form mole- 
cules and solids. To carry out this program we need to view 
basis set choice and contraction in a new light. 

The development of basis sets has been governed by the 
trade-off between size and energy lowering ability. During 
the last 40 years this topic has become a sophisticated and 
complex research field often accompanied by good sum- 
mary reviews, and three excellent recent ones are those of 
Feller and Davidson ( 1  8), Davidson and Feller (19), and 
Huzinaga (20). Our purpose here is to suggest a new way to 
use this large body of existing research knowledge. 

For a representative element, we start with an established 
basis that provides a reasonable representation of the atomic 
Hartree-Fock solution. All linear expansion coefficients used 
to represent this approximate free atom Hartree-Fock 
wavefunction are then frozen and this basis is used to cal- 
culate a molecular wavefunction. The difference between the 
free atom CE and the rigid basis EI, is the "molecular field" 
effect and it can be either stabilizing or destabilizing. In the 
next stage of calculation, a splitting of s valence functions 
only is permitted. Then splitting of the p,, p,, and p,'s is 
separately investigated (with the s functions retbmed to their 
initial frozen set). Splitting of s and p valence bases is then 
allowed simultaneously. Returning to the frozen atom basis, 
we now add a d polarization function (the s orbitals are also 
polarized by p orbitals and the ps by s orbitals, but these 
distortions largely cancel). With d orbitals present, the s and 
p splittings are successively added in, and at each step the 
change in EIA values is recorded. In this process we are cat- 
aloguing the electronegativity changes due to changes in ra- 
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dial and angular hybridization and correlating them with 
molecular geometry. This will provide rules for assigning true 
in situ electronegativities and bond polarities as a function 
of atom type and molecular coordinates - a goal that a very 
great number of papers employing Mulliken valence state 
orbital electronegativity have unsuccessfully attempted for 
over 40 years. The problem has been that valence state or- 
bital electronegativities are given for specified free atom 
hybridizations but no method has been devised to accu- 
rately determine the needed true moleculcir hybridizations. 
The method given here does so because it defines a molec- 
ular expectation value. The price to be paid is availability 
of a molecular wavefunction. 

Finally, a major objective of our chemical interpretation 
scheme is to unify the analysis of molecular and solid state 
electronic structure throughout the Periodic Table, and 
therefore it is to be expected that effective core potential 
(pseudopotential) methods will be employed. Recent re- 
search by Huzinaga on his ab initio model potential (21) and 
effective Hamiltonian (22) methods are important develop- 
ments related to this usage. 
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PAUL C .  REDFERN, JANE S. MURRAY, A N D  PETER POLITZER' 

Depnrttnet~t of Cl~etnis tq~.  Ut~iversiry ofNrtv  Orleatzs, New Orlentrs, LA 70148, U.S.A.  

Receivcd September 19, 199 1 

This paper is dedirrrred to Professor Sigerlr H~rzitlngu otz the occnsion of his 65th Dir.tlzdag 

PAUL C .  REDFERN, JANE S. MURRAY, and PE.II:R POLITZER. Can J. Cheni. 70, 636 (1992). 
The relative stabilities of a group of nitro carbocations (derivatives of the methyl, cyclopropyl. and cyclopropenyl cations) 

are determined by means of trb irziiio SCF/3-2 I G calculations, and compared to the corresponding results for other sub- 
stituent groups, both electron donating and withdrawing. The a-nitro carbocations are generally destabilized relative to 
the parent cation, but often to a lesser extent than anticipated from the strongly electron-withdrawing nature of NOZ. 'The 
optimized structures indicate that this is due to the stabilizing fomiation of an intramolecular ring involving the nitro group; 
however, this requires the proximity of a sufficiently positive carbon. 

Key vi.orris: carbocations, nb irziiio SCF calculations, relative stabilities, nitro derivatives. 

PAUL C. REDFERN, JANE S. MURRAY et PETER POLITZER. Can. J. Chem. 70. 636 ( 1992). 
Utilisant des mkthodes ab iniiio SCF/3-2 1 G ,  on a calculC les stabilitks relatives d'un certain nonibre de carbocations 

de derives nitres (derives des cations mkthyle, cyclopropyle et cyclopropCnyle) et on les a comparCes aux resultats cor- 
respondants obtenus avec d'autres substituants, tant Clectro-attracteurs que electro-donneurs. Les carbocations en a d'un 
nitro sont gCnCralement dCstabilisCs par rapport au cation parent; toutefois, ils le sont souvent nioins que ce qui avait t te  
anticipe sur la base de la nature tres electro-attractive du NO2. Les structures optimisees indiquent que ce resultat est dfi 
a la formation stabilisante d'un cycle intranioleculaire impliquant le groupe nitro; toutefois, ce cycle nkcessite la proxi- 
mite d'un carbone suffisamment positif. 

Mots clPs : carbocations, calculs ab irziiio en champ auto-coherent, stabilites relatives, derives nitres. 
[Traduit par la redaction] 

Introduction 
In recent years, a number of compounds containing ionic or highly polar C+C- linkages have been synthesized (1-6); some 

examples are 1(1), 2(4), and 3(6): 

NHOH 

The carbocations or positive portions of such systems are stabilized by electron-donating a-substituents, which allow the positive 
charge to be delocalized (eq. [I]) ,  while electron-withdrawing groups correspondingly stabilize the carbanions or negative 
portions. These are well-established substituent effects (7-9), fully in agreement with calculations of relative stabilities (10, 
11). 

The same reasoning suggests that electron-withdrawing fect is often much weaker than anticipated, and a variety of 
groups (e.g., CF,, CHO, CN, NO,, etc.) will destabilize carbocations bearing electron-withdrawing a-substituents 
carbocations, and indeed this is generally the case. How- have been prepared or observed (e.g. ,  5 (12, 2 l ) ,  6 (141, 7 
ever, numerous studies, both experimental ( 12-22) and (1 8), and 8 ( 1  9)). 
theoretical (23-28), have shown that this destabilizing ef- In some instances, such as a-cyano and a-keto carbocat- 

ions, this unexpected level of stability can be attributed to 
' ~ u t h o r  to whom correspondence may be addressed. conjugative donation of electronic charge, as shown in eqs. 

Printed in Canada 
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[2] and [31 (10, 16, 23, 24, 26); this can presumably be 
stimulated by the positive center even in groups that are not 
normally resonance donors (29). 

R 

Our objective in this work has accordingly been to deter- 
mine computationally the relative stabilities of a group of 
nitro carbocations. The hydrocarbon parents of these are the 
methyl (9), cyclopropyl (10). and cyclopropenyl (11) cat- 
ions: 

To provide perspective, we shall compare the results for the 
NO1 derivatives to those for several other substituents, both 
electron donating and electron accepting. 

[7] +CXYZ + CH, + H - C X Y Z  + +CH, 

It has been pointed out that a-keto carbocations could also 
be stabilized through the formation of oxiranyl ions (16, 21, 
27): 

However, this is deemed unlikely on the basis of stereo- 
chemical evidence ( 16, 2 1). 

Despite the considerable activity in the area of carbocat- 
ions bearing electron-withdrawing a-substituents, we have 
found relatively little mention of a-nitro carbocations. The 
NO2 group is strongly electron withdrawing, through both 
induction and resonance (29), and the nitrogen bears a for- 
mal positive charge: 

It would therefore be particularly interesting to determine the 
effect of a-NO, upon carbocation stability. Olah et a / .  have 
reported the preparation of the a-nitrodiphenylmethyl and a- 
nitro-p-tolylmethyl cations (7a and 7b)  (18); these can of 
course be expected to benefit from some stabilization through 
electron donation by the phenyl groups: 

etc. 

Methods 
An approach that has been used in the past for determin- 

ing the relative stabilities of carbocations is to compare their 
tendencies to interact with the hydride ion, H-, to form a 
neutral molecule (9, 10). This can be done by means of the 
isodesmic reaction shown as eq. [7]. 

AE for this reaction can be regarded as a measure of the sta- 
bility of the carbocation 'cXYZ relative to that of +CH,; the 
more negative is AE, the less stable is +CXYZ. 

We have accordingly used the GAUSSIAN 88 system of 
programs (30) to compute optimized structures and energies 
at the ab itzitio SCF/3-21G level for the carbocations and for 
the corresponding neutral molecules formed by interacting 
with H-. (In a few instances, including +CH3/CH,, the data 
required were taken from the Carnegie-Mellon Quantum 
Chemistry Archive (31).) For each carbocation, the exis- 
tence of a local energy minimum was confirmed by com- 
puting the vibration frequencies and verifying that there are 
no imaginary values. 

Results 
Our calculated total energies and the resulting AE values 

for eq. [7] are given in Table 1, and some of the optimized 
structural properties of the carbocations are in Table 2. 'The 
data taken from the Archive (31) are indicated. Most of the 
cations are found to be planar, either completely or at least 
in their frameworks (Table 2). The exceptions to this are all 
among the nitro derivatives. 

In Table 1 ,  the carbocations are listed in order of de- 
creasing stability; those with AE > 0 are viewed as being 
more stable than +CH3, and AE < 0 is taken to mean less 
stable than 'CH,. Since the reactants and products in eq. [7] 
differ only by the location of a C-H bond, the A E  values 
can be expected to benefit from some cancellation of error. 
For example, Table 1 shows A E  for the carbocations +C3H5 
and +C3H, to be 21 and 85 kcal/mol, respectively; at the 
SCF/6-31G*//6-31G* level, using energies taken from the 
Archive (31) these are 24 and 93 kcal/mol. Thus, the A E  
values in Table 1 should satisfactorily represent the trend in 
relative stabilities. 

Discussion 
Table 1 shows the well-established stabilization of car- 

bocations by a-NH2 and a-OH (9-1 l) ,  and Table 2 sup- 
ports its interpretation in terms of charge delocalization, as 
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TABLE I .  Calculated 3-2 1 G energies 

Energy Energy hE" 
Molecule (hartrees) Carbocation (hartrees) (kcal/mol) 

"This energy difference is for the reaction given 
"These 3-21C energies were taken from ref. 31. 

in eq. [I]. Thus the calculated C-N and C - 0  bond lengths 
in 'CH2NH2 are, respectively, 0.205 and 0.188 A shorter 
than in CH,NH2 and CH,OH. In +C(NH~),,  the decrease is 
0.139 A for each C-N bond; presumably the carbon can- 
not accept as much electronic charge from each of three NH, 
groups as it can from one alone. 

In the case of +C(CH,),, hyperconjugation can be in- 
voked (9): 

The C--C distances are shortened by 0.066 A in going from 
HC(CH,), to +C(CH,),, and the computed average charges 
on the methyl hydrogens increase from +0.20 to +0.32. 

The rather large stabilization observed for the cyclopro- 
penyl cation, 11, can be attributed, at least in part, to delo- 
calization of its IT electrons (9): 

11 

The calculated C - C  bond length in 11 is 1.361 A, com- 
I 

pared to 1.282 and 1.523 (twice) in cyclopropene. Dewar has 
suggested that (T conjugation also plays a significant role in 
11 (32). 

I Earlier studies of mono-a-cyano carbocations showed that 
I 
I the CN group is indeed destabilizing, but that some of the 

delocalization described by eq. [2] does occur, thereby pre- 
sumably lessening the extent of destabilization (10, 23, 24, 
26). Tables 1 and 2 extend these conclusions to di- and tri- 
a-cyano cations. The shortening of the C - C  bond in going 

in eq. [ 7 ] .  

from the neutral molecule to the cation is 0.103, 0.089, and 
0.079 A for the mono-, di-, and tricyano systems, respec- 
tively; the corresponding lengthening of the C-N bond is 
0.017, 0.012, and 0.010 A. 

Proceeding now to the nitro carbocations, and looking first 
at the simplest member of this group, +CH2N02, it is strik- 
ing that this cation is nearly as stable as +CH, despite the 
presence of the strongly electron-withdrawing nitro group. 
(Appearance potential measurements have also indicated a 
surprising degree of stability for +CH2N02 (7, 33).) Several 
of the nitro carbocations are considerably more stable than 
+CH,, and the P-nitrocyclopropyl ion 12 is even stabilized 
relative to its parent, +C,H5 (10). 

The apparent reason for the unexpected stabilities of the 
NO, carbocations can be seen in the structures given in Table 
2. Starting again with +CH,NO,, it is seen that the NO2 group 
forms a three-membered ring involving the "positive" car- 
bon. Formally, the + 1 charge thereby shifts to the nitrogen. 
It should be noted that the bond lengths in the ring are fairly 
close to their typical values; for example, the 3-21G opti- 
mized C--0 distance in ethylene oxide is 1.470 (17), 
compared to 1.535 A calculated for +CH,NO,. Since this ring 
formation is a significant structural rearrangement, which 
may account for the surprising stability found for this car- 
bocation, we repeated the geometry optimization at the SCF/ 
6-31G* and MP2/6-31G* levels; the latter includes elec- 
tronic correlation effects. The three-membered ring was 
formed in both instances. (The MP2/6-31G* geometry is 
given in Table 2 in parentheses.) It is interesting to note that 
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an analogous cyclic structure was proposed as an interme- trinitro derivatives, 'CH(NO,), and +C(N0J3. The situa- 
diate in a rearrangement undergone by 7a (1 8). tion becomes particularly interesting in the case of the ni- 

Table 2 shows that the ring also occurs in the dinitro and trocyclopropyl cation because of the two possible isomers, 

TABLE 2. Selected 3-21G structural properties of carbocations 

Bond jength Bond angle 
Carbocation" (A)  (degrees) 

C-N: 1.324 N<-N: 120.0 
Planar 
planar" 

C<<: 60.0" 
planarb 

c<<: 120.0 

C-N: 1.267" 
C<: 1.361" 

C-N,: 1.470 
C-Nb: 1.25 1 
N,-0,: 1.223 
N,-0,: 1.246 

Planar 

N X n X b :  149.2 
C a X b X b :  59.2 
Cb<;l<b: 61.5 

Planar 

- - 

+/ 

H7c h- 
C-H 

H h'H 

C-H: 1.078~ 

C-N: 1.451 (1.417)' 
'2-0,: 1.535 (1.577)' 
N-0,: 1.401 (1,300)' 
N-0,: 1.154 (1.188)' 

C - C :  1.353 
C-N: 1.156 

+ / B h  H-C-N 

H'\ / 
0, 

C<-H: 120.0 
C-C-N: 180.0 

Planar 
c<<: 122.1 
C-C-N: 180.0 

Planar 
C-C-C: 120.0 
C<-N: 180.0 

Planar 

C-C: 1.372 
C-N: 1.150 

C<: 1.387 
C-N: 1.147 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN.  J .  CHEM. VOL. 70. 1992 

Bond length Bond angle 
Carbocation" (A) (degrees) 

Yh C-N,,: 1.446 C-N,4 ; , :  63.1 
C 4 ; , :  1.494 C 4 ; , - N :  59.7 
N , 4 , :  1.409 

H\ iN\ 
C-N, ,4 , :  160.9 

N , , 4 , :  1.149 C - N h 4 , :  1 13.8 

NI~-O:, C-N,: 1.468 C-N,,4, :  1 13.8 
0,' \" N b 4 , :  1.223 

0, N h 4 , :  1.239 

Yh C-N,: 1.439 C-N,,4; , :  62.3 
+\, C 4 ; , :  1.477 C 4 : , - N :  59.6 

' \ ~ i 4 , :  1.144 
0-N- i-0. 

/ C-N,: 1.482 

"The carbocations are listed in the same order as in Table I 
" ~ h e s e  structural data were taken from ref. 3 1. 
' MP2/6-3 1G" optimization. 

12 and 13, in which the NO, can be P or a to the positive 
center. Cyclic rearrangement takes place in both cations, but 
in 12 the inclusion of the positive carbon requires that a four- 
membered ring be formed. 12 turns out to be considerably 
more stable than 13, and (as mentioned earlier) even more 
stable than the parent cyclopropyl cation. The latter point is 
especially striking; 12 is the only nitro carbocation in Table 
1 for which this is true, that it shows greater stability than 
its parent hydrocarbon cation. 

One factor that may favor 12 or 13 is a lesser degree of 
strain in the four-membered C - - C - N 4  ring compared to 
the three-membered C - N 4 .  We verified this by com- 
puting the strain energies in 15 and 16 using the isodesmic 
reaction procedure ( l I, 34); at the 3-2 1G level, they are 3 1.0 
and 21.5 kcal/mol, respectively. Furthermore, the strain 
energy in 17 is given as 65 kcal/mol, vs. 57.3 in 18 (35). 
Thus it seems reasonable to infer that roughly 25% of the 

energy difference between 12 and 13 is due to the greater 
degree of strain in the latter. It also appears that there may 
be a greater delocalization of charge in 12 than in 13. This 
is suggested by the distributions of calculated atomic charges 
in the two cases, as given by the GAUSSIAN 88 procedure 
and shown below. 

Since the proximity of a sufficiently positive carbon is 
clearly a key factor in the rearrangement to a ring, the fact 
that this does not occur in the nitrocyclopropenyl cation, 14 
(see Table 2), presumably reflects the fact that the positive 
charge is delocalized through the mechanism shown in eq. 
[9]. To test this interpretation, we examined the cation 
'CHNH,NO,; the presence of the strong electron donor NH, 
should also significantly delocalize the positive charge and 

produce a more negative carbon. Indeed, the NO, again does 
not form a ring (Table 2). Table 1 shows that the NH,, NO, 
combination gives an overall cation stability very similar to 
that of 'CH,OH. 

Summary 

We have found that a-nitro groups do in general destabi- 
lize carbocations relative to the parent cations. However, the 
effect is often much weaker than would be anticipated from 
the strongly electron-withdrawing nature of NOz, due to the 
stabilizing formation of an intramolecular ring involving the 
NO, group. This can occur when the ipso or a neighboring 
carbon is sufficiently positive. 
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HIROSHI TATEWAKI and MUTSUMI TOMONARI. Can. J .  Chem. 70, 642 (1992). 
In this paper we report the energy level distributions for transition metal clusters obtained by symmetry-broken and 

symmetry-constrained SCF methods. Investigated clusters were Fe,, Ni,, Cu,, Zn,, Fe6, Ni,, Cu,, and Zn,. Contracted 
Gaussian-type basis sets of the same size generated by the method of Tatewaki and Huzinaga were used throughout the 
paper. It will be shown that the d-hole localization model as well as the model with a two-electron-like ionization pro- 
cess is essential to discuss the electronic structure of the positive ion states, and the models bring the energy level dis- 
tribution of the clusters rather close to the density of the state of the corresponding metals. The calculated first ionization 
potentials agree quite well with those of experiment. For example, the experimental ionization potential for Fe, is be- 
tween 6.3 and 6.5 eV, while calculated values are 5 .9  and 6.3 eV for the 3d electron ionization (d- ' )  and 4s electron 
ionization (s-I), respectively. If we define the Fermi level of the clusters as the first ionization potential, the Fermi level 
for Fe, is composed of the d-I or d 1  + s-' state. The Fermi level for Ni, is found to be s-I or s-I + d- ' .  Those of Cu, 
and Zn, are definitely of the s- '  state. Further discussion is also presented for larger clusters of M, (M = Fe, Ni, Cu, 
and Zn). 

Key words: transition metal clusters, ionization potential, ab  irzitio SCF calculations, energy level distributions 

HIROSHI TATEWAKI et MATSUMI TOMONARI. Can. J .  Chem. 70, 642 (1992). 
Dans ce travail, on rapporte les distributions des niveaux d'Cnergie d'agrkgats de mCtaux de transition qui ont CtC ob- 

tenues par des methodes de champ auto-cohCrent avec symCtrie brisee et symCtrie contrainte. On a CtudiC les agrCgats 
de Fe,, Ni,, Cu,, Fe,, Ni, et Zn,. Dans tout ce travail, on a utilisC une base restreinte de type gaussien de la mCme di- 
mension que celle gtnCrCe par la mCthode de Tatewaki et Huzinaga. On va dCmontrer que le modkle de localisation du 
trou-d de mCme que le modkle avec un processus d'ionisation ressemblant a deux Clectrons sont essentiels pour discuter 
de la structure Clectronique des Ctats des ions positifs et que les modkles amenent la distribution du niveau d'energie des 
agrCgats relativement pres de la densit6 de l'etat des mCtaux correspondants. Les premiers potentiels d'ionisation cal- 
culCs sont en bon accord avec les valeurs expCrimentales. Par exemple, le potentiel d'ionisation expCrimental du Fe,, se 
situe entre 6,3 et 6,5 eV alors que les valeurs calculCes sont de 5,9 et 6,3 eV respectivement pour I'ionisation de 1'Clectron 
3d (d-I) et l'ionisation de 1'Clectron 4s (s-'). Si l'on fait I'hypothkse que le niveau de Fermi des agrtgats est Cgal au 
potentiel de la premiere ionisation, le niveau de Fermi du Fe, est donc composC de I'ttat d-I ou de 1'Ctat d - '  + sY1, le 
niveau de Fermi du Ni, est Cgal 2i s-I ou s-' + d-I. Ceux du Cu, et du Zn, sont dkfinitivement Cgaux s-I. On presente 
aussi d'autres discussions concernant les agrkgats plus importants M6 (M = Fe, Ni, Cu et Zn). 

Mots clPs : agrCgats de mCtaux de transition, potentiel d'ionisation, calculs SCF a b  initio, distributions des niveaux 
d'Cnergie. 

[Traduit par la redaction] 

Introduction ied transition metal clusters, it was commonly accepted that 

The properties of transition metal clusters and the chemi- 
sorption of gases on them have been experimentally studied 
extensively with the aid of gas matrix techniques (1-7) as 
well as supersonic expansion techniques with laser or oven 
vaporization (8- 14). The experimentalist now seems able to 
produce naked clusters of controlled size. 

In this paper we will discuss the electronic structure of Fe,, 
Ni,, Cu,, Zn,, Fe,, Ni,, Cu6, and Zn,. For clusters includ- 
ing Fe, Ni, and Cu, experimental ionization thresholds have 
been reported (8-10); the uncertainty in the threshold val- 
ues was smaller than 1.5 eV. The positions of the d-band 
relative to the Fermi level were given for Cu and Zn clus- 
ters (6, 7) although precise sizes of the clusters were un- 
known. 

For years we have continuously investigated small tran- 
sition metal clusters with ab  inirio SCF and CI methods (15- 
21). For these, the energy level distributions, namely the band 
structure of the clusters, were investigated. Before we stud- 

the energy level distributions predicted by -ab initio SCF 
calculations were fairly different from the density of the state 
of the corresponding metals. The d-levels for Ni clusters (22) 
predicted by ab  initio SCF calculations began around 5 eV 
below the Fermi level but for the solid the top of the d-band 
is at the Fermi level. The results were more exaggerated in 
Cu clusters (23) where the d-levels began around 10 eV below 
the Fermi level and the corresponding value of the solid CU 
was only 2 eV. Two studies (22, 23) utilized orbital ener- 
gies, and discussions developed there were based on the fact 
that reorganization energies (difference between the abso- 
lute value of the orbital energy and the ionization potential 
calculated by the ASCF method) became smaller as the cluster 
size became greater. Because the positive hole was shared 
equally by the atoms that constituted the clusters, reorgani- 
zation energies should be smaller for larger clusters. They 
(22, 23) actually were able to demonstrate that reorganiza- 
tion energies decreased as the cluster size increased. 
Schmeisser et al. (6), however, using the matrix isolation 
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TATEWAKI AND TOMONARI 643 

technique, showed that the d-band of small Cu clusters began 
3 eV below the Fermi level and had its peak 4 eV below the 
level, which was the same as the solid if we move the peak 
of the cluster contributed from the d electrons I eV shal- 
lower to the Fermi level. A similar relation between the en- 
ergy level distribution of the cluster and that of the solid was 
found for Zn clusters by Schroeder et al. (7). 

Introducing the d-hole localization model that will be de- 
scribed in the present paper, Tatewaki et al. (15) showed that 
the d-level energy distribution of small Cu clusters began ca. 
2 eV below the Ferrni level, which was very close to the value 
of the solid, as well as to that of Schmeisser et al. Many X, 
calculations (24-28) have been performed. In many cases 
they gave parallel results to those of the d-hole localization 
method, but some ambiguity arose, since by this method the 
d-hole localization and d-hole delocalization models gave 
almost the same energy level distributions (28). The X, 
methods should be carefully applied to a system in which 
some types of electrons are strongly localized, when deter- 
mining the physical or chemical characteristics of the sys- 
tem. 

We feel that our interpretation of the energy level distri- 
butions of the transition metal clusters has been verified ex- 
perimentally; the progression of experiments, however, 
provided many excellent data such as those of Powers et al. 
(8) and Rohlfing et al. (9, 10). It is therefore desirable to 
investigate the mechanism of the ionization more thor- 
oughly. In this paper it will be shown that two-electron-pro- 
cess-like ionization of the d electron gives the Fermi level 
for Fe clusters. Together with a d-hole localization model, 
it will be shown that the calculated first ionization poten- 
tials always agree with experiment within an error of 0.5 eV. 

Basis sets 
To clarify the electronic structure of a sequence of simi- 

lar molecules, it is desirable to use basis sets of the same 
quality for the respective molecules, which probably re- 
veals the characteristics of the electronic structure of the se- 
quence and even clarifies the defects or limitations of the 
calculations or the methods themselves. We used con- 
tracted Gaussian type functions (CGTFs) developed by the 
method of Tatewaki and Huzinaga (29-31) and summa- 
rized by Huzinaga et al. in ref. 32. The basis sets modified 
in the present paper are (4333/43/5) (32). Three sets of 
numbers separated by slashes indicate the number of prim- 
itive GTFs in the respective CGTFs of the s ,  p ,  and d sym- 
metries. Dividing the outermost s- and d-type CGTFs into 
two parts, we generated the sets of (43321/43/41) + p.f. 
which were used throughout this work. The p.f. in this 
expression implies a polarization function spanned by two 
p-type GTFs. The exponents and expansion coefficients for 
the polarization functions were determined in the following 
way. As an example, Fe (3d74sl) 5~ was chosen as a parent 
state. By using the CGTFs of (4333/43/5) and adding two 
primitive p-type GTFs, we calculated (3d74p') 5F where 
(43345/43/5) was fixed to that of the parent and only the 
expansion coefficients and the exponents of the augmented 
p-type functions were energetically optimized. The basis set, 
(4333/43/5), p.f. thus determined, total energies, and or- 
bital energies for the parent state are collected in Table 1. For 
Ni the parent state was (3d94s1) and the optimized state 
was (3d94p1) ,Po, and for Cu and Zn the parents were 
(3dI04s1) 'S and (3dI04s') 'S and the optimized states were 
(3d104p1) 'PO and (3d104s'4p1) ,Po, respectively. Results for 
Ni, Cu, and Zn are also collected in Table 1. It is noted that 

the differences in the total and orbital energies between the 
fully contracted basis set of (4333/43/5) and those newly 
generated are, at most, 0.0024 au, indicating that the opti- 
mization of the original CGTFs is almost perfect. 

Electronic structure of Fe,, Ni,, Cu, and Zn, 
(a) Geometry optimization ntzd ground state for Fe4 

The geometry adopted for the M, clusters was D,,. We 
chose Fe, and geometry optimization was performed for this 
cluster, possessing D,, symmetry. 

The electronic configurations considered were generated 
in the following way: 

1. We found that the d electrons avoided the concentrat- 
ing intermolecular region for Fez and Fe, (21). We deter- 
mined that Fe, has 8 vacancies in the eight molecular orbitals 
generated from the atomic d,z,,z and dL, orbitals, which point 
toward the intermolecular region (the molecular axis was z 
and four Fe atoms were placed on the x and y axes); the 
d,2_?2's yielded a,,, b,,, e,, and e,?, and the d,,'s generated 
a,,, bzu, e , ,  and e,.. Furthermore, we generated another four 
d-holes. They were distributed among a :  a,,, b,,, e,, and e,,, 
which were generated from 3d,2; or among P: a,,, b,,, e , ,  
and e,, ,  which were generated from 34.:; or among X: azg, b,,, 
e ,,, and e ,,,, which were generated from 3d ,,,. The number of 
holes generated was 12 and it corresponds to three 3d-holes 
per atom. The states generated from a ,  P, and x had the same 
spatial symmetry, B,,. 

2. We further assumed high spin states. It was found that 
the lowest configuration was always P. The electronic states 
arising from a ,  p, and x are expressed as 

3. To test the adequacy of the high spin states we calcu- 
lated the lower spin state of the "A,, and l3BIu states where 
the electron in the highest two half-filled orbitals was de- 
excited into the lowest half-filled orbital. 

Total energies for @(a;"B,,), @(P;'~B,,), and @(X; ' 5~ l , )  
vs. the internuclear bond distance are shown in Fig. l(a). 
Lower spin states were so high in energy (around 10 eV) that 
they are shown separately in Fig. I(b). We were able to 
conclude that the high spin state is plausible. The lowest state 
takes the minimum at R = 5.43 au. We feel the calculated 
bond distance is too long. 

Transition metal dimers give a considerably shorter bond 
distance than the distance for the bulk metal in almost all 
cases. Walch and Baushlicher (33, 34), Walch et al. ( 3 3 ,  
and Langhoff (36) showed by theoretical calculations that the 
difference in bond length between the dimer and the nearest 
neighbor of the metal is considerable and that the difference 
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TABLE 1. Basis sets, polarization functions, total energies, and orbital energies for 
(a) Fe, (O) Ni, (c) CU, and (d) Zn 

(a) Basis set (4333/43/5) for the parent: Fe (3d74s') 5~ 

Exponent for s-type CGTFs 
s l s2 s3 s4 

Coefficients for s-type GTFs 
0.0 174095 -0.1066641 
0.1219622 0.6356908 
0.44 14856 0.4360698 
0.5528922 

Exponent for p- and d-type CGTFs 
P 1 P2 

Coefficients for p- and d-type CGTFs 
0.0285625 0.24933 1 1 
0.1832498 0.3 144806 
0.5060150 0.5599452 
0.4569957 

Polarization functions (p.f.) 
Selected state 
for optimizing p. f .  Expon. 
(3d74p') 'F' 0.1 1319 

0.02989 

Coeff. 
0.36975 
0.73453 

Total energies and orbital energies for the parent Fe (3d74s') 5~ 

(4333/43/5) (43321 /43/41) + p.f. 
TE -1261.1586 au -1261.1602 au 
e3d -0.3919 -0.3930 
e4.~ -0.2242 -0.2243 

(b) Basis set (4333/43/5) for the parent: Ni (3d94s') 'D 

Exponent for s-type CGTFs 
s l s2 s3 s4 

Coefficients for s-type CGTFs 
0.0172075 -0.1076622 
0.1209250 0.6418763 
0.4402247 0.4301887 
0.5550397 

Exponent for p- and d-type CGTFs 
P 1 P2 
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TABLE 1 (cotztitlued) 

Coefficients for p- and d-type CGTFs 
P 1 192 dl  

Polarization functions (p.f.) 
Selected state 
for optimizing p.f. Expon. 
(3d'4p1) 9' 0.12540 

0.03192 

Coeff. 
0.35608 
0.75042 

Total energies and orbital energies for the parent Ni (3ri"4s1) 3~ 

(4333/43/5) (43321/43/41) + p.f. 
TE - 1505.3975 au - 1505.3991 au 
e3r/ -0.4354 -0.4363 
e ~ ,  -0.2284 -0.2285 

(c) Basis set (4333/43/5) for the parent: Cu (3d"'4s1) 'S  

Exponent for s-type CGTFs 
s 1 s2 s3 s4 

Coefficients for s-type CGTFs 
0.0 17335 1 -0.1082132 0.2248336 -0.0978264 
0.1214047 0.6401603 -0.7214133 0.5200087 
0.440293 1 0.4321033 -0.4124074 0.5616982 
0.55427 14 

Exponent for p- and d-type CGTFs 
P 1 P2 dl  

Coefficients for p- and d-type CGTFs 
0.0282436 0.2498044 
0.1824069 0.3 174630 
0.507295 1 0.5574896 
0.4548585 

Polarization functions (p.f.) 
Selected state 
for optimizing p.f. Expon. 
(3d'04p1) 'PO 0.11348 

0.029 18 

Coeff. 
0.35450 
0.75051 

Total energies and orbital energies for the parent Cu (3d1'4s1) 'S 
(4333/43/5) (43321/43/41) + p.f. 

TE - 1637.4279 au - 1637.4293 au 
e3d -0.4675 -0.4685 
e4s -0.2309 -0.2310 
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TABLE 1 (concluded) 
(d) Basis set (4333/43/5) for the parent: Zn (3dI04s') IS 

Exponent for s-type CGTFs 
s 1 s2 s3 s4 

12854.512 179.2945 1 15.029977 1.1465861 
1941.2826 19.854772 2.4094552 0.13999201 
441.21745 8.2314821 0.94607226 0.0485 1075 
1 19.04900 

Coefficients for s-type CGTFs 
0.0174760 -0.1085663 
0.122060 1 0.6451868 
0.4408879 0.427 1726 
0.5528590 

Exponent for p- and d-type CGTFs 
P 1 P2 

Coefficients for p- and d-type CGTFs 
0.0286683 0.2262452 0.027 1550 
0.1845032 0.3339176 0.1499489 
0.509327 1 0.5617786 0.3727743 
0.4500247 0.4742278 

0.3203486 

Polarization functions (p.f.) 
Selected state 
for optimizing p.f. Expon. Coeff. 
(3d104s'4pl) 3 ~ 0  0.15795 0.49805 

0.04623 0.60480 

Total energies and orbital energies for the parent Zn (3di04s') IS 
(4333/43/5) (43321/43/41) + p.f. 

TE - 1776.2167 au - 1776.2191 au 
e3d -0.7644 -0.7655 
e4r -0.2875 -0.2876 

becomes much smaller for the trimer. For example Re of Sc2 
was 5.27 au whereas Re of the equilateral triangle Sc, was 
5.74 au. The bond distance for the nearest neighbor in the 
solid is 6.25 au. We see an abrupt increase of the distance 
between Sc, and Sc,. Similar results are found for Cu and Ag 
clusters (36). From the values for Sc and other results (33- 
36), a plausible bond length for Fe, is expected to approxi- 
mate the value for the nearest neighbor in the solid. With- 
out confirming the conjecture with configuration interaction 
calculations, we adopted the nearest neighbor value for the 
solid as the bond distance for calculating the ionization po- 
tentials of Fe,. 

We have no doubt that SCF calculations would give a 
longer bond distance for other clusters. Geometry optimi- 
zations were, therefore, not performed for the others and the 
assumed bond distances for Ni,, Cu,, and Zn, were set equal 
to those for the nearest neighbor in the corresponding metal. 

(b) Band structure by Koopmans' theorem 
The ground state of Fe, is "B,, with configuration P, as 

was discussed, and hereafter we simply denote the state as 

' 5 ~ l , .  The total energy, gross atomic orbital populations 
(GAOPs) (37), excitation energies, and ionization poten- 
tials are shown in Table 2. Except for Fe,, excited states were 
not calculated since the ground states are well established. 
The results for Ni4 are collected in Table 3. The ground state 
for Ni, was 'B,, as given in refs. 19 and 22 and the orbitals 
for the open shell, 6al,'8e,26bl,', were mainly composed of 
3d,2-,.2. The corresponding data for Cu,, and Zn, are listed in 
Tables 4 and 5, respectively. 

The ionization potentials calculated by Koopmans' theo- 
rem are shown in the third column of Table 2(b) or in the third 
column of Tables 3, 4, and 5. Results by this theorem are also 
schematically shown in Figs. 2(a) and 2(b) together with 
those of M, clusters. 

We define the Fermi level of the clusters as the first ion- 
ized state. We refer to the s-ionized and d-ionized state as 
s-level and d-level, as in solid state physics. 

Koopmans' theorem showed that the Fermi level of Fe4 is 
the 4s ionized state (hereafter we denote the state by s-I), and 
the 3d ionized state (d-I) lies 3.4 eV below the Fermi level. 
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TATEWAKI AND TOMONARI 647 

lnternuclear distance (au) 

lnternuclear distance (au) 

FIG. I .  (a) Total energies" versus internuclear distance for the 
lower three " B , ,  states of Fe,. (b) Total energies versus internu- 
clear distance for the upper two states " A , ,  and " B , ,  of Fe,. 

"Total energies are in au and +5044.0 au is added to the total 
energies of the respective states. 

In the solid Fe, however, the Fermi level consists of the top 
of the s- and d-bands. From Tables 3 ,  4 ,  and 5 and the fig- 
ures we see that the Fermi level of the other M, clusters also 
consists of the s-' state so far as Koopmans' theorem is 
concerned. Except for Zn,, the Fermi level takes almost the 
same position relative to the vacuum level. If we proceed 
from Fe, to Zn,, the top of the d-band relative to the Fermi 
level becomes deeper; it is situated at 5.1 eV below the Ferrni 
level for Ni,, and at 7.0 and 16.4 eV below the Fermi level 
for Cu, and Zn,. Corresponding values for solid Ni, Cu, and 
Zn are 0.0, 2.1, and 9 .2  eV, respectively. Koopmans' theo- 
rem indicates how the electronic structure of small clusters 
differs from that of the solid. 

(c) Band structure by symmetry-constrained ASCF 
In this subsection, results given by symmetry-con- 

strained SCF calculations for the ground and ionized states 
will be discussed. They are displayed in the fourth column 
of Tables 2(b), 3 ,  4 ,  and 5 for the respective clusters. For Fe, 
we found that the two-electron-process-like d ionized state 
occupied the first ionized state, which lay 4 .0  eV below the 
vacuum level; on the other hand, the first s-'-like state lay 
5.1 eV below the vacuum level. For symmetry-constrained 

ASCF, the Fermi level was spanned by the two-electron- 
process-like d ionized state. 

A similar state was found for Ni,, and was the lowest among 
the d electron ionized states. Contrary to Fe,, the first d - '  for 
Ni, lay 1.5 eV below the Fermi level, namely, the first s-l. 

No such state was found for Cu, and Zn, and the first d-I- 
like state lay considerably below the Fermi level. An anal- 
ysis of the two-electron-process-like state will be given in 
subsection (d) .  

The band structure predicted by the symmetry-con- 
strained ASCF method gave a different form from that of 
Koopmans' theorem for Ni, and especially for Fe,, and 
similar results for Cu, and Zn,. In the fifth column of Ta- 
bles 2(b), 3, 4,  and 5 ,  reorganization energies (RE) are given, 
where it is shown that reorganization energies (4.8-3.9 eV) 
of the top of the d-band for Fe, and Ni, are twice as large 
as those (2.1- 1.8 eV) for Cu, and Zn,. The experimental 
ionization potentials are given in the last column of each 
table and we see the ionization potential calculated for Fe, 
(4.0 eV) is very small compared with the observed threshold 
(6.3-6.5 eV) given by Rohlfing et a l .  (9). This disagree- 
ment requires further investigation. 

(d) Band structure by symmetry-broken ASCF 
Since the assumed bond distances for the clusters are four 

to five times greater than the mean values of r for the 3d 
electron, (3dlr13d), it might be reasonable to assume that 
when the d electron is ionized, the hole created is located at 
one of the atoms that constitute the clusters. (For example 
the bond distance is 4 .69 au for the solid Fe and (3dlr13d) is 
1.17 au for the Fe atom.) Introducing C2, symmetry, we 
calculated the d-hole states. In actual calculations, orbital 
populations with an unequal number of d electrons with re- 
spect to the constituent atoms were prepared for the initial 
data. If the SCF procedure converges and the resulting so- 
lution has a localized d-hole at one of the constituents, we 
succeed in obtaining a localized d-hole state. Results are 
given at the bottom of Tables 2-5 

Hereafter we discuss the case of Fe,. As expected, the state 
with the localized d-hole appeared to give lower ionization 
potentials. The calculated ionization potential was as small 
as 3.53 eV (see the second row from the bottom of Table 2). 
It will be shown that this state includes the Fermi level. The 
calculated ionization potential is too small compared with the 
ex~er imenta l  threshold of 6.3-6.5 eV.  The localization of 
the d-hole implies that the atomic ionization process is im- 
portant in the Fe cluster. If we assume that the relativistic 
energies for the neutral atom and the ion are the same, the 
ionization potential of the system is given by 

= IP(ASCF) + ACE 

where IP(expt1.) is the atomic ionization potential given by 
experiment. The TE (SCF) and CE are the atomic (ionic) SCF 
total and atomic (ionic) correlation energies. IP(ASCF) is the 
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TABLE 2. (a) Excitation energies and (b) ionization potentials of Fe, 
- 

Ground state configuration (4s and 3d electrons); @(P;"B,,) 
6a1,' 3nz,,' Ib,,' 3e,' 8e,'4eg2 3b2,' In,,' 6bl,' 3b2,' 7alg2 9eU4 7bIgz 10e,' 
3n2,' 8a1,'1 leu' "B,, 
Total energy - 5044.63809 au 
GAOPs of SCF wavefunctions; 

s P d Total 
6.7 1 12.36 6.93 26.00 

(a) Excitation energies 

State" Excitation energy(eV) 

@(E; '~BI , , )  11.94 
@(8;I3A1,) 10.43 
@(a;I5Blg) 1.3 1 
@(x;"BIg) 0.44 
@(P; '~BIJ 0.0 

(b) Ionization potentials 

Exptl.' 
State Character - E , ( ~ V )  ASCF(eV) RE(eV) (eV) 

D,, (symmetry constrained) 

C?, or Dl, (symmetry broken) 

( 4 )  A 3d -l(tepl) 
6 b 1  B 3d-'(tepl) 
(16b2-') "B? 3d-'(loc) 
( 1 8 a )  A 3d-'(loc) 

"The electronic configurations for the excited states are expressed as 
@ ( a ; " ~ , , )  = @(P; 7 ~ ) ~ .  7b1,, 9~,,,, 9eu? + lal , ,  lb,,,  3 ~ , , ,  3 c , )  

@ ( x ; ' ~ B , , )  = @(P; 7a2,, 7b2,. 9e,,, 9e,,+ la, , ,  lbl., 3e,, c,,) 
@(6;'hA,,) = @(P; 6b,, + 6a,,) 
@ ( E ; ' ' B , ~ )  = @ ( P ;  l a l u  + 6a1,) 

See also the main text. 
"See ref. 9.  
'The abbreviation tepl means two-electron-process-like 

ionization potential given by the total energy difference be- 
tween the ion and the neutral atom. The atomic correlation 
correction is calculated from the experimental ionization 
potential and that of ASCF. 

141 ACE = IP(expt1) - IP(ASCF) 

ACES are collected in Table 6. For Fe, the atomic correla- 
tion correction for the d ionization is 2.4 eV, leading to 
an ionization potential of 5.9 eV, which is close to the ex- 
perimental ionization threshold of 6.3-6.5 eV given by 
Rohlfing et al. (9). 

For the case of 4s electron ionization we analogously add 
the atomic correlation correction of 1.2 eV, leading to an 
ionization potential of 6.3 eV, which is slightly greater than 
the ionization potential of the d-hole state. One may doubt 
the validity of the use of the atomic correlation correction for 
4s electron ionization. In atomic 4s ionization of Fe, Ni, and 
Cu, ACE arises mainly from the 4s-3d electronic correla- 

tions, which are included in the neutral systems but are not 
in the ions. If one 4s-like electron is shared with n atoms that 
constitute the clusters, then it might be not unreasonable to 
assume that the s-d correlation energy per atom is around 
l / n  of the atomic case. If we deprive the cluster of one 4s- 
like electron we may obtain a more appropriate ionization 
potential by adding the atomic correlation correction to 
IP(ASCF). Since we disregarded the difference in the cor- 
relation energies among the 4s-like valence electrons be- 
tween the ion and the neutral system, the estimated ionization 
potential (6.3 eV for Fe,) might be lower bound. The dif- 
ference in the ionization potentials between the 3d and 4s 
ionizations is fairly small (0.4 eV). Taking account of the 
ambiguity of the correlation correction, we assign the Ferrni 
level of the Fe, clusters as d-'  or as a mixture of the s-' and 
d-I states. 

Results of the symmetry-broken calculations with the 
atomic correlation correction and the experimental ioniza- 
tion threshold are schematically shown in Fig. 3(a) together 
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TATEWAKI AND TOMONARI 

TABLE 3. Ionization potentials of Ni, 

Ground state configuration (4s and 3d electrons) 
6a,,' 8e,' 6bls1 . . . 3azgz gal,' 1 leu2 'B,, 
Total energy -6021.641 89 au 
GAOPs of SCF wavefunctions: 

s P d Total 
6.74 12.32 8.94 28.00 

Exptl." 
State Character -&,(eV) ASCF(eV) RE(eV) (eV) 

D,, (symmetry constrained) 

1 1 E 4s-' 
(8al,-:) ;Bl, 4s-' 
(3az,- ) Bzg 3d-'(tep1)~ 
(7b -I) 'A,, 3d-'(tepl) 
( l a : ~ 1 ) 8 ~ 1 a  3d-'(deloc) 
(6ulEM') 6 ~ 1 ,  3d-'(deloc) 

Cz, or D2, (symmetry broken) 

(16bz-') 'B? 3d-'(loc) 
(6bl,-I) 'B,, 3d-'(tepl) 
(240,-') 'A, 3d-'(tepl) 
( 1 4 ~ ~ - ' )  'A, 3d-'(tepl) 
( 1 8 ~ ~ - ' )  6 ~ 1  3d-'(loc) 

"See ref. 10. 
hThe abbreviation tepl means two-electron-process-like. 

TABLE 4. Ionization potentials of Cu, 

Ground state configuration (4s and 3d electrons) 
3bIg2 . . . 3aZg2 8alE2 1 leu2 ,A2, 
Total energy -6549.75709 au 
GAOPs of SCF wavefunctions: 

s P d 
6.76 12.28 9.96 

Total 
29.00 

Exptl." 
State Character -s,(eV) ASCF(eV) RE(eV) (eV) 

D,,, (symmetry constrained) 

C2, (symmetry broken) 

(16b2-I) ,Al 3d-'(loc) 12.45 6.34 6.11 
( 2 1 ~ ' - ' )  ,B2 3d-'(loc) 12.79 6.32 6.47 
(12b,-I) 4 ~ 1  3d-'(loc) 13.79 6.34 7.45 

"See ref. 8. 

with the results for Ni,, Fe,, and Ni,. We immediately rec- where Ni, and Ni, are on the diagonal line and the same 
ognize the accuracy of the calculations. stands for Ni, and Ni,. (4s4p, Nil)-'., means that the 4s- and 

When we calculated the Ni, cluster with C,, symmetry, 4p-like electrons of Ni, decrease by 0.4 and (4s,~i,)'.' means 
the following ionized state was found. that the 4s-like electrons of Ni, increase by 0.8. This rela- 

tion implies that one of the 1.8 d-like electrons at Ni, and Ni, 
[5] (3d,~i , ) '  9(3d,~i4)0 .9  -+ is ionized and the remaining 0 .8  electrons are excited into 

4s orbitals of Ni, and Ni, and, furthermore, the valence 
( 4 s , ~ i , ) ~ . ' ( 4 s , ~ i ~ ) ' . ~  MI.' electrons distributed around Ni, and Ni, move in order to 
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screen the d-holes. The calculated ionization potential was 
very small and the electronic configuration was D,,-like; we 
performed a Dzh calculation for Ni, to gain confidence and 
got the same solution as for C2". We, therefore, performed 
only D2, calculations for Fe, and obtained ionization poten- 
tials of 2.80 ("A,) and 3.31 eV (l6B1,), which are also shown 
in the bottom part of Table 2. The ionization process for the 
two states was two-electron-like as for Ni, 

(4s,Fe3)(' X(4s ,~e , )0  ' x1 O for 16A, 

and 

(3d,~e,)-"~~(3d,~e,)-'~'(4s4~,~e,)~~~ 

(4s4p , ~ e , ) ' . ~  X I . ( '  for "B,, 

We divide the process into two parts. First, atomic ioniza- 
tion of (3d74s') -. (3d64s1) arises at one of the Fe, and Fe,, 
and atomic de-excitation (3d74s1) -. (3d64s') simulta- 
neously arises at the remaining Fe, or Fe,. Second, to screen 
the positive d-holes, the outer shells are reorganized; the 4s 
and 4p electrons from other atomic sites move in. As atomic 
correlation corrections for the ionization and the de-excita- 

i tion are 2.4 and 0 .9  eV, as shown in Table 6 ,  total ACE is 

1 3.3 e ~ , '  leading to ionization potentials of 6.1 and 6 . 6  eV 
for I6A, and l6BI,, which are slightly higher than that (5.9 eV) 
of the Fermi level (see Table 7) .  If we recall the uncertainty 
in estimating the correlation correction and the smallness of 
the difference in the ionization energy, we cannot say which 
of the two, the d-hole localized state or the two-electron- 

1 ~rocess-l ike ionized state. includes the Fermi level. 
Information on ionization potentials for the other atoms 

is also collected in Table 6 ,  together with the atomic corre- 
lation correction ACE. Ionization potentials for the other 
clusters of Ni,, Cu,, and Zn, calculated with symmetry-bro- 
ken SCF and those with the correlation correction are com- 
pared with experimental values in Table 7. The latter are also 
shown in Figs. 3(a) and (6 ) .  

Let us discuss Ni,, using the results given in the figure and 
the tables. The experimental ionization threshold given by 
Rohlfing et al .  (10) was 5.6-6.4 eV while the s-I level cal- 
culated with the correlation correction gave an ionization 
potential of 6.5 eV.  Agreement is quite good. By the same 
level of  approximation^ we found that the state with the lo- 
calized d-hole lay only 1 eV below the Fermi level of s- ' .  
As the separation of the two levels is fairly small, we assign 
the Fermi level as s-' or a mixture of s-I and d - '  states for 
the cluster. As before, two-electron-like ionization pro- 
cesses were first found for Ni, in both the C2, and D,, sym- 

'one could take another route to obtain ACE for the ionization 
given by relations [6] and [7]. The ionization processes could be 
d~vided into three processes instead of two. Firstly, at Fe, and Fe, 
the atomic de-excitation (3d74s') + (3d4s2) arises; secondly, one- 
electron ionization for the 4s-like electrons proceeds at one of the 
two atoms; and thirdly, reorganization take pIaces with a large 
movement of the 4s and 4p electrons, including the other atomic 
sties. The correlation correction for the first stage might be twice 
that for the de-excitation (1.8 eV). For the second stage we could 
use the correlation correction of 1.5 eV for (3d64s') 4 (3d64s1) 
instead of the ACE of (3d74s') + (3d74s0). Total ACE is 3.3 eV, 
which is just the same as mentioned in the main text. 

TABLE 5. Ionization potentials of Zn, 

Groynd state confi uration (4s and 3d electrons) 
7 5 

3b2,- . . . 3a2,- 8u1,- I lc," 8bl,' 'A,, 
Total energy -7104,79121 au 
GAOPs of SCF wavefunctions: 

s 19 rf Total 
7.72 12.30 9.99 30.00 

State Character - E , ( ~ V )  ASCF(eV) RE(eV) 

D,,, (symmetry constrained) 

(8bl,-') 'B,, 4s-' 
I 7 @al, ) -Al, 4s-I 

(3u2,-') 'Az, 3d-'(deloc) 
(3bz,-') 'B2$ 3d-'(deloc) 

C,, (symmetry broken) 

(16b'-') 'B2 3d-'(loc) 
(3u2-I) 'A, 3d-'(loc) 
(7bl- ' )  'B, 3d-'(loc) 
( 1 8 ' )  A 3d-'(loc) 

metries and the lowest two states obtained with the two 
symmetries were found to be identical (see the bottom part 
of Table 3) .  The magnitude of the correlation correction for 
the state was 4 .2  eV and the state corrected lay 1.6 eV below 
the Fermi level. It is noted that, in Ni, and Fe,, two-elec- 
tron-like ionization processes bring the two d-hole states near 
or very near to the Fermi level. Such a state appears only if 
the atomic (4s23d") state lies near or below the (4s '3dn+ ' )  
state. 

Since the atomic de-excitation energy of (3d"+'4s1) - 
(3d"4s2) is exaggerated in the SCF-level approximation, it 
makes the ionized states of two-electron-like-processes, 
which are expressed by relations [ I ]  and [2], stable even in 
the symmetry-constrained SCF. 

We next discuss the case of Cu,. The calculated ioniza- 
tion potential for Cu, is 6.7 eV while the experimental value 
obtained by Powers et al .  (8) lies between 6.4 and 7 .9  eV. 
The calculated ionization potential is in the region of the 
experimental threshold. For Cu clusters Schmeisser et al. (6) 
found that the top of the cl-band began 3 eV below the Fermi 
level. As discussed in the previous subsection, symmetry- 
constrained ASCF results in the position of the top of the 
d-band relative to the Fermi level having a larger value of 
5.2 eV,  predicting a different electronic structure between 
the solid and the clusters. The symmetry-broken ASCF with 
correlation correction gave the top of the d-band 2.4 eV 
below the Fermi level, which was close to the experimental 
value of 3 eV. It will be shown that the top of the d-band 
becomes 2.7 eV below the Fermi level for Cu,. 

For Zn clusters it was found experimentally (7) that the top 
of the d-band began 10 eV below the Ferrni level and that of 
the solid was 9.2 eV below. The symmetry-constrained ASCF 
gave 14.8 eV (see Table 5)  while symmetry-broken ASCF 
with and without correlation correction gave 9.7 and 9.6 eV 
respectively. In the case of Zn, the effects of the correlation 
correction were small because the corrections for the s-I and 
d - '  states were almost the same. 

The positions of the Fermi level relative to the vacuum 
level and the top of the d-band relative to the Fermi level are 
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TATEWAKI AND TOMONARI 

TABLE 6. Ionization potentials for Fe, Ni, Cu, and Zn atoms 

Correl. 
Atom Character State -e,(eV) ASCF(eV) RE(eV) Exptl."(eV) correct.(eV) 

Fe R.S." 
G.S. 
s- I 

d- '  
d-I 

Ni G.S.' 

Zn G.S.' 
s- '  
d- '  

"See ref. 38. 
"Total energy for the reference state ' F  is - 126 1.1602 au. 
'Total energy for the ground state of '0 is - 1505.3990 au. 
"Total energy for the ground state 'S is - 1637.4293 au. 
'Total energy for the ground state 'S is - 1776.2 191 au. 

thus systematically explained for M, clusters by symmetry- 
broken ASCF. 

Band structure of Fe,, Ni6, and Zn, 
In this section the band structure of Fe,, Ni,, Cu,, and Zn, 

will be discussed. We adopted 0, symmetry and the inter- 
nuclear distances were fixed equal to those of nearest 
neighbors of the corresponding metals as in the case of the 
M4 clusters. We calculated only the candidates for the ground 
state of the respective clusters. To discuss the band struc- 
ture of the M, clusters we decided to modify the orbital 
energies of the candidate states by the following equation. 

[8] IP(M6) = - E ~  - RE + ACE 

where RE is reorganization energy and ACE is the atomic 
correlation correction defined in Eq. [4]. 

In the previous section we saw that the localized d-hole 
state always consists of the top of the d-band, and the state 
resulting from the two-electron-process-like (tepl) ioniza- 
tion keeps the position very near to the Fermi level for Fe,. 
We use the two reorganization energies of M, for the mod- 
ification; we feel that the use of these energies may give 
smaller reorganization energies of ca. 1 eV or less for both 
s- and d- (1 9, 2 1). In Tables 8- 1 1, the total energies, or- 
bital energies, reorganization energies, and ionization po- 
tentials with correlation correction are shown for Fe,, Ni,, 
Cu6, and Zn,, respectively. The information on ionization 
potentials is summarized in Table 12 as well as in Figs. 3(a) 
and (b) where band widths are those of the orbital energy 
level distributions (discussed in the next paragraph). The 
experimental ionization thresholds are 5.8-6.0, 6.4-7.9, and 
6.4-7.9 eV for Fe,, Ni6, and Cu6, while the calculated first 
ionization potentials are 5.7, 6.8, and 6.9 eV for the re- 

spective clusters. We can say that the calculated ionization 
potentials agree well with the experimental values. The top 
of the d-band for Fe,, which arises from the tepl ionization, 
consists only of the Fermi level among the M, clusters and 
that for Ni, lies 1.7 eV below the Fermi level. The value of 
1.7 eV is still small and we leave the assignment of s-' + 
d- '  as the Fermi level with some hesitation. The top of the 
d-band was experimentally found ca. 3 and 10 eV below the 
Fermi level for Cu and Zn clusters. The corresponding cal- 
culated values agree with the experimental values with good 
accuracy (see Table 12). 

We define the s(d)-band width as the difference between 
the orbital energy of the highest occupied s(d)-like orbital 
and that of the lowest occupied s(d)-like orbital. We would 
like to point out the uncertainty in the use of orbital ener- 
gies to discuss the band width. Using the ASCF ionization 
potentials given in ref. 19, one finds that s-band widths pro- 
vided by the orbital energies are 2.72 and 4.76 eV for Ni4 
and Ni,, respectively, and those by ASCF for Ni, and Ni6 are 
1.15 and 4.21 eV; we can, therefore, say that the band width 
estimated with the orbital energies reflects the same trends 
as the band width calculated using ASCF. As shown in Figs. 
2(a) and (b), the s-band width is one-half of the d-band width 
for Fe, and Ni,, which is as wide as that for the correspond- 
ing metals (19, 21). The s-band width increases twice and 
becomes as wide as the d-band width for Fe6 and Ni6. For Cu6 
and Zn, the d-band width is close to that of the solid. The 
s-band width of Cu, is nearly half that of the solid and that 
of Zn, is almost the same as that of solid Zn. The data pre- 
sented indicate rather rapid convergence of the s-band width 
of the clusters to that of the solid. We recall that the top of 
the d-band relative to the Fermi level is close to that of the 
corresponding metals for all the clusters under consider- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



652 CAN. I .  CHEM. VOL. 70. 1992 

( a )  
Orbital energy distribution 

for Fe and Ni clusters (eV) 

- S-band s-band s-band 

- 

- 
d-band 

d-band 

Fe4 Fe6 N i4 Ni6 

( b )  
Orbital energy distribution 

for Cu and Zn Clusters (eV) 
s-band 

- s-band s-band 

d-band 
d-band 

s-band 

- 
d-band 

El§a 
d-band 

Ess 
Zn4 Zn6 

FIG. 2. (a) Orbital energy" distribution for Fe and Ni clusters 
(0)  Orbital energy distribution for Cu and Zn clusters. 

"Orbital energies are in eV. 

( a )  
Energy level distribution 

for Fe and Ni clusters (eV) 

5 1 d-band d-band I I s-band 

I 
10 

I s-band d-band 

I 
Experimental 

ionization 
threshold 

d-band 1 

( b )  
Energy level distribution 

for Cu and Zn clusters (eV) 

s-band s-band s-band s-band 

1 s-band 

Experimental 
ionization 
threshold 

d-band 

R§m 

d- & s-band 

FIG. 3. (a) Energy level" distribution for Fe and Ni clusters. (0)  
Energy level distribution for Cu and Zn clusters. 

"Energy levels are in eV. The widths of the energy level distri- 
bution are those of the orbital energy distributions. The experi- 
mental ionization thresholds for the respective clusters are also 
included. 

ation. We can, therefore, expect that the shape of the en- 
ergy distributions of the clusters will resemble that of the 
metals even at smaller cluster size. Making a strong con- 
trast, reasonable agreement between the first ionization po- 
tential of the clusters and the work function of the solid seems 
to require larger cluster size (8-10); for example, see the 
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TATEWAKI AND TOMONARI 

TABLE 7. Ionization potentials for Fe,, Ni,, Cu,, and Zn, 

Symmetry 
broken Correl. 

ASCF (el-') correct. Estimated IP Exptl. IP 
- E ( ~ V )  (eV) (eV) (eV) (eV) 

Fe,(s- ' ) 
(d- '(loc)) 
(d-'(tepl)) 
(d-'(tepl)) 
~ermi-L"  
cl relative to Fermi-L 

Ni,(s-I) 
(cl- '(loc)) 
(d-'(tepl)) 
Fermi-L 
el relative to Fermi-L 

Cu',(s-I) 
(d- '(loc)) 
Fermi-L 
d relative to Fermi-L 

Zn,(s- I) 
(d-  '(loc)) 
Fermi-L 
d relative to Fermi-L 

1.2 6.3 6.3-6.5" 
2.4 5.9 
3.3 6.1 
3.3 6.6 

el-' or ( e l '  and s ' )  
0.0 

1.4 6.5 
2.9 7 .5  
4.2 8.1 

s '  or (s-I and d-I) 
1.0 or 0.0 

"See ref. 9. 
"Fenni-L means Fenmi level. 
'See ref. 10. 
"See ref. 8. 

TABLE 8. Total energies, orbital energies, and ionization potentials for Fe6 

Ground state configuration (4s and 3d :lectrons) 
{(5eg2 1 la, , '  lb,,' lOe,' 3b2,' 8a,,' 6e,- la , , '  6bl,' 1 leu' 12nIg2 
3b,,' 7blg1 4b2,,' 7e,' 12e: 1 3eU4 8blg2 2bIu2 9nz,' 4bzg2 1 4nIE2 
30,~') "B,, (13alg' 14eU2 1002,') 'A,,} ' I B ~ ,  

Total energy -7566.90302 au 
GAOPs of SCF wavefunctions: 

s P d Total 
Plane 6.51 12.56 6.91 25.98 
TOP 6.83 12.28 6.93 26.03 

- E ,  Estimated Correl. Estimated 
State Character (eV) RE (SB)(eV) correct.(eV) IP(eV) 

0, (symmetry constrained) 

"The reorganization energy is that of the symnietry-broken solution calculated for the two- 
electron-like process (tepl) of Fe,. 

"The reorganization energy is that of the symmetry-broken solution for the d-hole local- 
ized state calculated for Fe,. 
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TABLE 9. Total energies, orbital energies, and ionization potentials for Ni6 

Ground state configuration (4s and 3d electrons) 
{(la,,'3t2,)leu7 6e;3t2: 6aIg2 4t2,6 8t1: 1alg2 9t1: 4t2: 7eg4 3tlg6) 'A,, (7alg2 lot,:) 

3 ~ l g }  9 ~ z "  
Total energy -9032.4589 au 
GAOPs of SCF wavefunctions: 

s P d Total 
Plane 6.60 12.49 8.9 1 28.00 
TOP 6.60 12.49 8.91 28.00 

- E, Estimated Correl. Estimated 
State Character (eV) RE (SB)(eV) correct.(eV) IP(eV) 

Oh (symmetry constrained) 

4s-' 5.73 0.3 1.4 6.8 
(7aI<') 4sY1 10.49 0.3 1.4 11.6 
3 ) 3d- '  11.53 5.9" 2.9 8.5 
3 t I  3d-' 11.53 7 . 0 ~  4.2 8.7 
( l a , )  3d-I 16.10 5.9 2.9 13.1 

"The reorganization energy is that of the symmetry-broken solution for the d-hole local- 
ized state calculated for Ni,. 

hThe reorganization energy is that of the symmetry-broken solution calculated for the two- 
electron-like process (tepl) of Ni,. 

TABLE 10. Total energies, orbital energies, and ionization potentials for Cu6 

Ground state configuration (4s and 3d electrons) 
60,: 3t2,6 8tlu6 laz,' 6e; 3t2: 9tl: 41,: 1e: 7e; 4t2: 3tlg6 
la2: 7alE2 lot,: 'TI, 
Total energy -9824.64520 au 
GAOPs of SCF wavefunctions: 

s P d Total 
Plane 6.71 12.36 9.94 29.00 
TOP 6.71 12.36 9.94 29.00 

- E,  Estimated Correl. Estimated 
State Character (eV) RE (SB)(eV) correct.(eV) IP(eV) 

Oh (symmetry constrained) 

( l 0 t l )  4sY1 5.63 0.2 1.5 6.9 
( 7 a 1 )  4s-I 10.39 0.2 1.5 11.7 

3d-I 12.86 6.1 2.8" 9.6 
(6al,-l) 3d-' 14.78 6.1 2.8" 11.5 

"For 3d ionized states (3d-'(loc)), the reorganization energy is that of the syrnmetry-bro- 
ken solution calculated for Cu,. 

ionization potentials of Fe, and Fe, in Tables 7 and 12 and 
compare them with the work function of 4.5 eV for the solid 
Fe (39). 

I 

Effect of different splitting of basis sets 

We will consider what happens if we further divide the 
d-type CGTFs, taking Fe and Fe, as examples. 

In the atomic case (43321/43/41) + p.f. gave a total en- 
ergy of - 1260.1602 and 1260.9893 au for the ground state 
5 F and the d-electron ionized state 6 ~ ,  yielding an ioniza- 
tion potential of 4.65 eV, while (4332/43 /3 1 1) + p.f. gave 
- 126 1 .I602 and - 1260.9900 au for 5~ and ,D, yielding an 
ionization potential of 4.63 eV, which is very close to the 
result for the smaller splitting set. Since in the localized 

d-hole model the atomic ionization Drocess is dominant. the 
results given above suggest that splitting causes only negli- 
gibly small effects. 

For the tepl ionization, the effect of splitting might be 
larger. With smaller splitting we obtained total energies of 
-5044.63809 and -5044.53528 au for the ground state of 
15 B , ,  and the 14a,-' tepl ionized state, yielding an ioniza- 
tion potential of 2.80 eV, while larger splitting gave total 
energies of -5044.63832 and -5044.53776 au for the 
ground and ionized states respectively, yielding an ioniza- 
tion potential of 2.74 eV. The effects of the splitting are rather 
small for the total energies as well as for the ionization po- 
tentials. Results given in this paper are probably free from 
the problems that could arise from different ways of split- 
ting-the basis sets. 
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TATEWAKI AND TOMONARI 

TABLE 11. Total energies, orbital energies, and ionization potentials for Zn6 

Ground state configuration (4s and 3d electrons) 
6 6 6al ' 3tz,h 811, laz, 3tz,h 6e: 4t2gh 9tlu6 1e: 7e: 412: 1uzg2 

% 3tlg 7a lg28el  10tluz ' A l g  
Total energy - 10657.125 14 au 
GAOPs of SCF wavefunctions: 

s P d Total 
Plane 7.65 12.37 9.98 30.00 
TOP 7.65 12.37 9.98 30.00 

- E, Estimated Correl. Estimated 
State Character (eV) RE (SB)(eV) correct.(eV) IP(eV) 

0, (symmetry constrained) 

( 8  A 4s-I 5.16 0.2 1.9 6.9 
( 7 a I 1 )  T 4s-' 15.68 0.2 1.9 17.4 
3 t 1  T I  3d-I 21.83 6.9" 1.8 16.7 

- I  2 (6a1, ) -Al, 3d-I 22.57 6.9" 1.8 17.5 

"For 3d ionized states (3d-'(loc)), the reorganization energy is that of the symmetry-bro- 
ken solution calculated for Zn,. 

TABLE 12. Ionization potentials for Fe,,Ni6, Cu,, and Zn, 

Symmetry 
broken Correl. 

- E  A s c F ( ~ ' )  correct. Estimated IP Exptl. IP 
(eV) (eV) (ev) (eV) (eV) 

Fe6(s-') 
(d-'(tepl)) 
Fermi-L~ 
d relative to Fermi-L 

NI6(s-I) 
(d - ' (loc)) 
Fermi-L 
d relative to Fermi-L 

CU~(S- ')  
(d - ' (loc)) 
Fermi-L 
d relative to Fermi-L 

Zn,(s- I )  

(d - '(loc)) 
Fermi-L 
d relative to Fermi-L 

1.2 6.7 5.8-6.0" 
3.3 5.7 

d-I or (d-I and s- ') 
0.0 

1.4 6.8 6.4-7.9' 
2.9 8.5 

s '  or (s-' and d-I)? 
1.7 or 0.0 

"See ref. 9. 
bFermi-L means Fermi level. 
'See ref. 10. 
dSee ref. 8. 

Discussion 

We have discussed the electronic structure of Fe,, Ni,, Cu,, 
Zn,, Fe,, Ni,, Cu6, and Zn,. It was found that the experi- 
mental ionization thresholds were well explained by the 
symmetry-broken ASCF method with correlation correc- 
tion. The Fermi level of the clusters consists of d- '  or d- '  
+ s-' for Fe clusters, and of s-' or s-' + d-'  for Ni clus- 
ters, although for Ni, we have hesitated to take the assign- 
ment of s-' + d-'. The Ferrni level of the Cu and Zn clusters 
was definitely the s-' state. 

For all the clusters except for Fe6 the top of the d-band 
holds the localized d-hole at one of the constituent atoms. The 
total wave function for the ion (d-I) has, in essence, the 
following form: 

[9] + = C,J+,(A-'BCD . . .)+,(A-'BCD . . .)/ 

+ c,I+,(AB-~cD . . .)+,(AB-'CD . . .)J 

+ c,/+,(ABc-'D . . .)+,(ABc-'D . . .)J 

+ . . .  
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where +,, and +, symbolically represent all the d and con- 
duction electrons, respectively. The  first line implies that the 
d electron at a tom A is ionized and the conduction electrons 
move  to screen the positive hole at  A.  T h e  other lines have 
a similar meaning (in the ASCF method only one term in eq. 
[9] was employed). This  holds true for  the atom, clusters, 
and the bulk metal and explains why the top of the d-band 
relative to  the Fermi level was  not very different f rom that 
of the atom. Auger spectra (40, 41) observed for bulk C u  and 
Z n  were found to be atomic-like and are  consistent with the 
present arguments. 

In Fe, and (Fe,) w e  found the tepl ionized state consists 
of  the Fermi level and this type of  the ionized state lies near 
the top of  the (1-band in Ni, and Ni,. T h e  wave  function of 
the states may be written as  

A s  in eq .  [9] +, and +, represent all the s and d electrons. 
T h e  first line indicates that the d electron at atomic site A is 
ionized and the d electron at atomic site B is simultaneously 
excited into the valence orbitals and that the conduction 
electrons move t o  screen the resulting positive holes; very 
high reorganization energy is released with a shifting of  the 
valence electrons. This  type of  ionization is especially im- 
portant when the atomic ground state has an electronic con- 
figuration of (s'd") and the average atomic configuration for 
the solid o r  the clusters is (s ld"+') .  

Acknowledgements 
O n e  of  the present authors (H.T.) expresses his sincere 

thanks to Dr.  S .  Huzinaga who suggested investigation of  the 
basis sets.  Without the studies on  the characteristics of  the 
basis sets and without compact basis sets with high accu- 
racy, the present authors could have not performed the in- 
vestigations presented in this paper. 

Computations were carried out on an ACOS 930-10 of the 
Computer  Center of Nagoya City University and on  HITAC 
M680 ' s  of  the Computer  Center of Hokkaido University. 

1. A. B. Callear and J. H. Conner. Chem. Phys. Lett. 13, 245 
(1972). 

2. T.  C. Devore, A. Ewing, H. F. Franzen, and V. Calder. Chem. 
Phys. Lett. 35, 78 (1975). 

3. H. Huber, E. P. Kundig, M. Moskovitz, and G.  A. Ozin. J. 
Am. Chem. Soc. 97, 2097 (1975). 

4. J. E. Hulse and M. Moskovitz. J. Chem. Phys. 66, 3988 
(1977). 

5. G.  A. Ozin, Catal. Rev. 16, 191 (1977); Faraday Symp. Chem. 
SOC. 14, 1 (1980). 

6 .  D. S. Schmeisser, K. Jacobi, and D. M. Kolb. J. Chem. Phys. 
75, 5300 (1981). 

7 .  W.  Schroeder, H. Wiggerhauser, W.  Schrittenlacher, and D. 
M.  Kolb. J. Chem. Phys. 86, 1147 (1987). 

8. D. E. Powers, S .  G. Hansen, M. E. Geusic, D. L. 
Michalopoulos, and R. E. Smalley. J. Chem. Phys. 78, 2866 
(1983). 

9. E.  A. Rohlfing., D. M. Cox, A. Kaldor, and K. H. Johnson. 
J. Chem. Phys. 81, 3846 (1984). 

10. E. A. Rohlfing, D. M. Cox, and A. Kaldor. J. Phys. Chem. 
88, 4497 (1984). 

I I .  M. D. Morse, M. E. Geusic, J. R. Heath, and R. E. Smalley. 
J. Chern. Phys. 83, 2293 (1985). 

12. K. Liu. E. K. Parks, S. C .  Richtsmeier, L. G. Pobo, and S .  
J. Riley. J. Chem. Phys. 83, 2882 (1985). 

13. D. G.  Leopold and W. C.  Lineberger. J. Chcm. Phys. 85, 51 
(1986). 

14. M. D. Morsc. Chem. Rcv. 86, 1049 (1986). 
15. H. Tatewaki. E. Miyoshi, and T.  Nakamura. J. Chem. Phys. 

76, 5073 (1982). 
16. E. Miyoshi, H. Tatewaki, and T.  Nakamura. J .  Chem. Phys. 

78, 815 (1983). 
17. M. Tomonari, H. Tatewaki, and T.  Nakamura. J. Chen~.  Phys. 

80, 344 (1984). 
18. H. Tatewaki, M. Tomonari, and T. Nakamura. J. Chem. Phys. 

82, 5608 (1 985). 
19. M. Tomonari, H. Tatewaki, and T.  Nakamura. J. Chem. Phys. 

85, 2875 (1986). 
20. M. Tomonari and H. Tatewaki. J .  Chem. Phys. 88, 1828 

(1988). 
21. H. Tatewaki, M. Tomonari, and T.  Nakamura. J. Chem. Phys. 

88, 6419 (1988). 
22. H. Basch, M. D. Newton, and J. W. Moskowitz. J. Chem. 

Phys. 73, 4492 (1980). 
23. J. Demuynck, M.-M. Rohmer, A. Strich, and A. Veillard. J. 

Chem. Phys. 75, 3443 (1981). 
24. R. P. Messmer, S .  K. Knudson, K. H. Johnson, J. B. 

Diamond, and C .  Y. Yang. Phys. Rev. B, 13, 1396 (1976). 
25. R. P. Messmer, D. R .  Salahab, K. H. Johnson, and C.  Y. 

Yang. Chem. Phys. Lett. 51, 84 (1977). 
26. C. Y. Yang, K. H. Johnson, D. R. Salahab, J. Kasper, and 

R. P. Messmer. Phys. Rev. B, 24, 5673 (1981). 
27. D. P. Post and E. J. Baerends. Chem. Phys. Lett. 86, 176 

(1982). 
28. R. P. Messmer, T .  C. Caves, and C. M.  Kao. Chem. Phys. 

Lett. 90, 296 (1982). 
29. H. Tatewaki and S .  Huzinaga. J. Chem. Phys. 71, 4339 

(1979); 72, 399 (1980). 
30. H. Tatewaki and S .  Huzinaga. J. Cornput. Chem. 1, 205 

(1980). 
31. Y. Sakai, H. Tatewaki, and S .  Huzinaga. J. Cornput. Chem. 

2, 100 (1981); 2, 109 (1981). 
32. S. Huzinaga, J. Andzelm, M. Klobukowski, E. Radzio- 

Andzelm, Y. Sakai, and H. Tatewaki. Gaussian basis sets for 
molecular calculations. Elsevier, Amsterdam and New York. 
1984. 

33. S .  P. Walch and C.  W. Bauschlicher, Jr. J. Chem. Phys. 79, 
3590 (1983). 

34. S .  P. Walch and C. W. Bauschlicher, Jr. J. Chem. Phys. 83, 
5735 (1985). 

35. S. P. Walch, C .  W. Bauschlicher, Jr., and S. R. Langoff. J. 
Chem. Phys. 85, 5900 (1986). 

36. S .  R. Langoff, C .  W. Bauschlicher, Jr., S .  P. Walch, and B. 
C .  Laskowski. J. Chem. Phys. 85, 721 1 (1986). 

37. R .  S. Mulliken. J. Chem. Phys. 23, 1833 (1955). 
38. C .  E. Moore. Atomic energy levels. Natl. Stand. Data Cir- 

cular 467, U.S. GPO, Washington, D.C. Aug. 15, 1952. 
39. ( a )  R. A. Tawil and J. Callaway. Phys. Rev. B, 7, 1242 

(1973); (b) L.-G. Peterson, R .  M. Melander, D. P. Spears, 
and S. B. M. Hagstrorn. Phys. Rev. B, 14, 4177 (1976). 

40. E. Antonides, E. C. Janse, and A. Sawatzky. Phy. Rev. B, 
15, 1669 (1977). 

41. E. Antonides, E. C .  Janse, and A. Sawatzky. Phy. Rev. B, 
15, 4596 (1977). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Properties of atoms in molecules: structures and reactivities 
of boranes and carboranes 
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R. F. W.  BADER and D. A. LECARE. Can. J .  Cheni. 70, 657 (1992). 
The energies, geometries, and charge distributions of the closo-, tlido-. and arachrro-boranes and closo-carboranes 

are determined in SCF calculations using a contracted (9s,5/2) basis set of Huzinaga, supplemented with polarization 
functions. Good agreement is obtained between the experimental and calculated geometries. Molecular structures are 
assigned on the basis of the bond paths defined by the topology of the charge density using the theory of atoms in mol- 
ecules. This theory is used to characterize the atomic interactions and to account for the stabilities of these electron-de- 
ficient systems. It is shown that their stability is a consequence of the delocalization of charge over the surfaces of the 
three- and four-membered rings of atoms that result from the formation of bonds of reduced order, a delocalization that 
is itself essential to the fonnation of the ring bonds. The Laplacian of the charge density is used to predict the sites of 
nucleophilic and electrophilic attack in these molecules, predictions that are in agreement with known experimental 
findings. 

Key words: boranes, carboranes, charge density, Laplacian of p 

R .  F. W. BADER et D. A. LECARE. Can J .  Cheni. 70, 657 (1992). 
Faisant appel des calculs en champ auto-coherent utilisant I'ensenible de base contract6 (9s,5p) de Huzinaga sup- 

plCmentC de fonctions de polarisation, on a calculC les energies, les gConiCtries et les distributions de charge des closo-, 
nido- et nrocl~r~o-boranes et des closo-carboranes. On a obtenu un bon accord entre les gCom6tries calculCes et 
exptrimentales. On a attribuC les structures molCculaires en se basant sur les voies de liaisons dCfinies par la topologie 
de la densitt de charge, en utilisant la th6orie des atomes dans les molCcules. Cette technique est utilisCe pour carac- 
ttriser les interactions atomiques et pour rendre compte des stabilitCs de ces systkmes Clectro-deficients. On montre que 
leur stabilitC est une cons6quence de la dClocalisation de la charge sur les surfaces des atomes des cycles ii trois et a quatre 
chainons qui est elle-m&me essentielle a la formation de liaisons dans les cycles. On utilise le laplacien de la densit6 de 
charge pour prkdire les sites des attaques nucleophiles et Clectrophiles dans ces niolCcules; ces prtdictions sont en bon 
accord avec les donnCes expCrimentales connues. 

Mots c l b  : boranes, carboranes, densit6 de charge, laplacien de p. 
[Traduit par la rkdaction] 

Introduction model of the chemical bond. The theory of atoms in mole- 

This paper reports the theoretical determination of the 
geometries and molecular graphs for a series of boranes and 
carboranes. In addition to determining their molecular 
structures, the stabilities and reactivities of these structures 
are related to their atomic properties and to the atomic graphs 
of the boron and carbon atoms. The molecular graphs deter- 
mine the atomic connectivities in terms of the topology of 
the charge density, whereas the atomic graphs determine the 
reactivity of a molecule towards nucleophilic and electro- 
philic attack in terms of the topology of the Laplacian of the 
charge density. All of these properties are defined by quan- 
tum mechanics using the theory of atoms in molecules, a 
theory that extends quantum mechanics to an atom in a 
molecule (1, 2). In addition to BH and BH,, the molecules 
considered here are the closo structures (closed structures of 
n atoms in an n-atom polyhedral framework) B,H,'-, B,H,?-, 
B, ,H, ,~- ,  C2B,H5, and C,B,H,; the nido structures (open 
structures of n atoms in an n + 1 atom polyhedral frame- 
work) B2H6, B5H,, and B,H,,; and the single arachno struc- 
ture (open structures of n atoms in an n + 2 atom polyhedral 
framework) B,H,,. The reader is referred to the text by 
Greenwood and Earnshaw (3) for a full discussion of the 
nomenclature and properties of the boranes and carboranes. 

The boranes are of particular interest from the point of view 
of theories of bonding because of their electron-deficient 
nature, as judged on the basis of the Lewis electron pair 

cules leads to an unequivocal assignment of a molecular 
structure and provides a classification of the bonds so de- 
fined ( 1 ,  4). 'This information adds a physical complement 
to the electron counting models of structure as embodied in 
Lipscomb's styx rules (5) and in the molecular orbital based 
rules of Wade (6). 

Computations and comparison of calculated 
and experimental geometries 

The results are obtained from single determinant SCF 
calculations using the program Gaussian 88 (7). The 
[6,1,1,1/4,1] Dunning contraction (8) of the (9s,5p) 
Huzinaga basis (9) was used for boron and carbon, aug- 
mented with a single d basis function. Exploratory calcula- 
tions demonstrated the importance of providing an adequate 
description of the hydrogen atoms, particularly the inclu- 
sion of a diffuse function to describe their hydridic nature. 
The Duijneveldt (10) set of 6s functions contracted to [4,1,1] 
was used, together with a single p function with an opti- 
mized exponent of 1.0725. The energies and optimized ge- 
ometries obtained in these calculations are summarized in the 
Appendix. The numbering of the atoms in each molecule as 
used throughout the paper is also indicated. 

Baudet ( I  I )  has compiled the geometries of the neutral 
boranes based upon experimental data obtained from micro- 
wave, electron diffraction, and X-ray diffraction tech- 
niques. X-ray data are available for salts of the hexa- (12a) 
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and dodecahydroborates (12b). The experimentally deter- 
mined geometrical parameters are compared with the theo- 
retical values in Table 1. The agreement is good, being best 
when the single molecule calculations are compared with gas 
phase microwave data. Both experiment and theory support 
the general observations that B--C distances are shorter than 
B-B distances in the same molecule and that the angle 
subtended at a carbon in a three- or four-membered ringin 
a carborane is larger than 60" or 90" respectively, while the 
corresponding angles subtended at a boron are less than these 
values. 

The orbital energy of triply degenerate HOMO in B,H,'- 
is found to be positive, and equal to +0.0520 au. Fowler (13) 
found an even more positive value (by 0.030 au) for this or- 
bital energy, using the 6-3 1G:"asis set, which yields a mo- 
lecular energy higher by 0.08 au than that obtained here. 
These results suggest that the free anion may be unstable to- 
wards autoionization and is stable only when its negative 
charge is counterbalanced in a crystalline environment. The 
doubly degenerate HOMO and HOMO-1 in B,H,'- also ex- 
hibit positive eigenvalues, 0.017 and 0.013 au, respec- 
tively. The eigenvalues of all of the occupied levels in the 
dodecahydroborate are negative. The fact that the HOMO 
energy in the hexahydroborate decreased significantly with 
an &crease in the size of the basis set showsthat its value is 
not stable towards an expansion of the basis set, as Fowler 
suggests might be the case. A calculation approaching the 
Hartree-Fock limit or one that includes electron correlation 
could predict the anions to be stable entities in the gas phase 

Structure and bonding in the boranes and carboranes 
Molecular structure and molecular graphs 

A (3,- 1) critical point in the electronic charge density p 
is formed between every pair of interacting atoms. Two 
gradient vectors of p originate there and trace out a line, the 
atomic interaction line, linking the two nuclei along which 
the electronic charge density is a maximum with respect to 
any neighbouring line. In an equilibrium geometry such a line 
is called a bond path and the associated critical point the bond 
critical point. The creation of the bond critical point and its 
associated accumulation of electronic charge in the inter- 
nuclear region meet the necessary and sufficient conditions 
for the atoms to be bonded to one another (1, 14). The global 
behaviour of the gradient vector field of the electronic charge 
density is illustrated in Fig. 1 for C,B,H,. It illustrates the 
definition of an atom as the union of an attractor and its basin 
- a region of space bounded by surfaces of zero flux in the 
gradient vector field of the charge density - together with 
the definition of a bond path and an interatomic surface. 

The collection of bond paths defines the molecular graph 
for a given nuclear geometry and all geometries possessing 
equivalent molecular graphs possess the same mokcular 
structure (1, 4). The molecular structures defined by the 
theory of atoms in molecules have been shown to recover 
known chemical structures. In addition, the theory predicts 
changes in structure by giving operational meaning to the 
concepts of the making and breaking of chemical bonds (1 ,  
4). 

The Lewis electron pair model of the chemical bond be- 
tween pairs of atoms does not apply to the skeletal frame- 
works of the boranes and carboranes and one is forced to 
extend the electron pair concept to include three-centre two- 
electron bonds (15), which in the base of the boranes con- 

sist of B-H-B bridges and three-membered boron rings. 
The ability of theory to define the network of bonds inde- 
pendent of any model, by determining which nuclei are linked 
by lines of maximum charge density, is of particular impor- 
tance for these systems. Diborane and pentaborane were used 
in an early application of the theory to demonstrate its abil- 
ity to assign structures in systems with unusual bonding sit- 
uations ( 16). 

The molecular structures determined by theory are shown 
in Fig. 2. The model of the three-centre B-H-B bridging 
bond is recovered in the form of a hydrogen linked by bond 
paths to two borons in the tlido and arachno compounds; 
however, these same structures do not exhibit linked three- 
membered boron rings. Only in B,H,, is there a B-B bond 
path linking two borons that are each linked to two hydro- 
gen bridges. In B,H, and B6Hlo such borons are not linked 
to one another, but are instead linked to the apical boron 
atom. There is, in the latter compound, an additional bond 
path linking borons 9 and 10, those which are linked to only 
a single hydrogen bridge. The styx model (5) represents the 
structure of pentaborane in terms of four equivalent reso- 
nance forms, each of which possesses four hydrogen bridges, 
one three-membered boron ring, and two single B-B bonds 
to the apical boron. This corresponds to assigning two-thirds 
of an electron pair bond to each link with the apical boron 
and one-twelfth of an electron pair to each link between the 
borons involved in hydrogen bridging. In B6H,, there are two 
three-membered boron rings in the styx model, one be- 
tween the apical boron B2 and boron atoms B4 and B9, the 
other between B2, B5, and B10. Thus these B-B bonds to 
the apical boron atom are predicted to be weaker than the two 
full B-B bonds in this molecule. The closo anions, which 
do not possess any hydrogen bridges, exhibit linked three- 
membered rings of boron atoms so that a B-B bond path lies 
along each edge of the corresponding n-vertex polyhedron. 
The structure for the carborane C,B,H, does not exhibit any 
B-B bond paths and an electron pair may be associated with 
each bond path in this structure; it is electron precise. There 
are however, bond paths linking the boron atoms in the 
electron-deficient CZB .,H6. 

At the midpoint between the basal atoms B9 and B10 in 
B6H,, and between the adjacent basal boron atoms in B,H,'- 
there are (3,-3) critical points, i.e., local maxima in p of very 
small magnitude, rather than the anticipated (3,-1) bond 
critical points. These maxima are bounded on either side by 
(3,- 1) critical points that are close to the maxima in posi- 
tion and in value, those in B6Hl,, for example, possessing 
values of p only 0.0004 au smaller than that at the maxi- 
mum and separated from it by 0.38 au. While non-nuclear 
maxima are possible (I),  the use of a larger, more flexible 
basis set in the present systems would likely cause them to 
disappear, with each maximum and its adjacent bond criti- 
cal points being replaced by a single bond critical point, as 
shown in the molecular graphs of Fig. 2. What is important 
is that the charge density along these bond paths is very flat 
in the central region of the bond. 

With the exception of BH,, all of the molecules in Fig. 2 
exhibit bonded rings of atoms. The electronic charge den- 
sity exhibits a critical point in the interior of each ring, a 
(3,+ 1) critical point, which possesses two positive curva- 
tures whose axes define the ring surface and a single nega- 
tive curvature lying along a perpendicular axis, Fig. 1.  The 
charge density attains its minimum value in a ring surface at 
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BADER AND LEGARE 

TABLE 1 .  Comparison of experimental and calculated geometries for boranes and carbo- 
ranes 

Molecule Technique Experimental This work 

B2H6 
Bond or angle 
B 1-B5 
B 1-H3(Terminal) 
B I-H2(Bridging) 

Baudet 
MW 1.743 

1.1841(3) 
1.314(3) 

H3-B I-H4 
HZ-B 1-H8 

B4H10 
Bond or angle 
B 1-B5 
B5-B6 
B 1-B2(B-B bond) 
B 1-H 1 O(Bridging) 
B5-H lO(Bridging) 
B 1-H3(Terminal) 
B5-H 1 1 (Terminal) 
B5-H 13(Terminal) 

Baudet 
1 .845(2) 
2.786 
1.75 
1.21(4) 
1.37(10) 
1.14(4) 
1.14(4) 

B5H9 
Bond or angle 
B 1-BS(Apica1 bond) 
B 1-B2(Equatorial bond) 
B5-H 14(Terminal apical) 
B2-H7(Terminal equatorial) 
B 1-H lO(Bridging) 

Baudet 
1.690(5) 
1.803(5) 
1.181(5) 
1.186(5) 
1.352(5) 

B6H10 
Bond or angle 
B 1-B2 
B2-B4 
B2-B9 
B 1-B4 
B4-B9 
B+B10 
B2-H8 
B 1-H3 
B4-H 1 l 
B+H15 
B 1-H6 
B4-H6 
B4-H 13 
B+H13 

Baudet 
1.774(13) 
1.762(4) 
1.783(11) 
1.818(5) 
1.7 lO(6) 
1.654(3) 
1.25(6) 
1.14(6) 
1.18(4) 
1.28(5) 
1.32(6) 
1.48(5) 
1.31(4) 
1.35(4) 
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TABLE 1 (cotzcluded) 

Molecule Technique Experimental This work 

B 1-B4-B9 MW 
B4-B+B 10 MW 
B 1-B2-H3 XR 
B2-B4-H 1 1 XR 
B2-B+H 15 XR 
Dipole moment (debye) MW 

B6H6(2-) 
Bond or angle 
B 1-B2 
B2-B3 
B 1-H7 

Ref. 120 

B7H7(2-) 
Bond or angle 
B7-H 14(Apical) 
B 1-Hg(Equatoria1) 
B 1-B7(Apical) 
B 1-B2(Equatorial) 

H+B2-B 1-B7 
87-8 1-82-86 
B 1 2H 12(2-) 
Bond or angle 
B1-H13 
B 1-B2 

Ref. 12b 
1.07 
1.77 

C2B3H5 
Bond or angle 
C 1-H6 
B2-H8 
C1-B2 
B 2-B 3 
C 1 x 5  

Baudet 
1.07 l(7) 
1.183(6) 
1.556(2) 
1.853(2) 
2.261(3) 

C2B4H6 
Bond or angle 
B 1 x 6  
B 1-B2 
B 1-B3 
C5<6 
B 1-H7 
C5-H 1 1 

Baudet 
1.633(4) 
1.720(4) 
2.432(6) 
2.179(7) 
1 .244( 12) 
1.104(22) 

the ring critical point. The interiors of the closo molecules 
I are enclosed by ring surfaces and they are cage structures. 

There is a critical point in the interior of each cage structure 
for which all three curvatures are positive, a (3, + 3) or cage 
critical point, Fig. 1 .  The charge density is a local mini- 
mum at such a critical point. The set of critical points as- 
sociated with a molecular charge distribution completely 
determines its chemical topology; N, the number of (pseudo) 

(3,-3)'s equals the number of nuclei; b ,  the number of 
(3,- l)'s, the number of bond paths; r ,  the number of 
(3,+ I)'s, the number of rings; and c,  the number of (3,+3)'s, 
the number of cages. The set of numbers {N,b,r,c}, the 
characteristic set (16), must satisfy the Poincare-Hopf re- 
lationship (1 7) 
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BADER A N D  LEGARE 66 1 

whose trajectories link the nuclei in this plane appear as (2,O) crit- 

FIG. 1 .  Contour maps of ( a )  the electronic charge density p and 
(c) its Laplacian, and (6 )  a display of the gradient vector field of 
p, all for a symmetry plane of C2B,H, containing the nuclei 
H--C-B(-H)--C-H. The contour plots are overlaid with bond 
paths and the atomic boundaries. Bond or (3,- 1) critical points are 
denoted by dots. All of the trajectories of Vp in the vicinity of a 
given nucleus terminate at that nucleus, in all three dimensions, 
thereby defining the basin of the atom. The (3,- 1) critical points 

The characteristic set for C,B,H, for example is {10,11,3,1). 
Equation [ 1 ] is brought into correspondence with Euler's 
expression for a closed polyhedron by associating N with the 
number of vertices V, b with the number of edges E, r with 
the number of faces F, and transposing c = 1 to the RHS to 
yield 

Classification of atomic interactions 

Bond order, putlz, ellipticity, and character 
The theory, in addition to assigning a structure in terms 

of a set of bond paths, affords a description and character- 
ization of how the electronic charge density is distributed in 
each of the atomic interactions sohefined.- his information 
is summarized in terms of the properties of the charge den- 
sity at the bond critical points. 

The value of the charge density at the bond critical point, 
the quantity p,, provides a measure of bond order.  or the 
interaction between a given pair of atoms, its value in- 
creases as the bond length decreases and the strength of the 
interaction increases (1 8, 19). Unlike C< and N-N bonds 
for example, where one can define a bond order-p, rela- 
tionship for orders one to three, the bonds in the molecules 
considered here are all of formal order one or less. To allow 
for a facile comparison of the relative strengths of each type 
of bond, the values of p, listed in Table 2 are referenced to 
the value for one such bond to give a bond order n. The 
B-H, (H, is a terminal hydrogen) and B-H, (H, is a bridg- 
ing hydrogen) bonds in diborane are assigned orders of unity 
in Table 2,  as is the B-B bond in B,H,, and the B< and 
C-H bonds in C,B,H,. Also listed in Table 2 are the val- 
ues of p at the ring (p,) and cage (p,) critical points. 

The distances of the bond critical point from the two nu- 
clei define the associated bonded radii of the atoms, r, and 
r ,  of Table 2. Their relative values reflect the direction of 
interatomic charge transfer (20). The bond paths associated 
with the bridging bonds are noticeably bent and, in such 
cases, the value of the bond path length R, is greater than the 
equilibrium or geometrical path length R,, Table 2. 

The curvature of p at a given point determines whether 
electronic charge is locally depleted (curvature positive) or 
locally concentrated (curvature negative) at that point, in the 
sense that for a positive curvature the value of p at the point 
is less than its value averaged over neighbouring points,-with 
the reverse being true for a negative curvature. The sum of 
the three curvatures defines the Laplacian of the electron 
density, the quantity Vzp. The curvature of p at a bond crit- 
ical point along the bond path is positive. Thus the charge 
density attains its minimum value at the critical point along 

ical points. The two trajectories defining the bond path originate 
at each such point and the two trajectories indicating the intersec- 
tion of the interatomic surface with the plane terminate there. A 
(3,+ 1) or ring critical point appears as a (2,O) denoted by a trian- 
gle, and a central cage or (3,+3) critical point, which appears as 
a (2,+2), is denoted by a star. Solid contours denote negative val- 
ues of the Laplacian, dashed contours positive values. The outer 
contour value for p is 0.001 au and remaining contours increase in 
the order 2 X 1 0 ,  4 X 1 0 ,  and 8 X 10 with n beginning at -3 
and increasing in steps of unity. Plus and minus values of the same 
contour set apply to VZp. See Tables 2 and 6 for values of VIP at 
specific points in this and succeeding diagrams. 
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TABLE 2. Bond properties for the borane series (reference values for pb are starred) 

pr and PC, 

Formula Bond ~ , , a ~  Rb,a, r ~ ~ a a  ~ B , Q O  n PI,, e/au3 V2pb,e/a,5 A , ,  e/a,5 A?, e/a,5 A,, e/aL: E 

B-H, 
B-H, 
B 1-H3, 
B 1-H2b 
B 1-B2 
B 1-H3, 
B S H 1 1 ,  
B5-H 13, 
Bl-HIOb 
B5-HIOb 
B 1-B5 
B 1-H6, 
B5-H14, 
Bl-HIOb 
B 1-B2 
B2-B4 
B2-B9 
B-BlO 
B 1-H3, 
B2-H8, 
B4-H 1 1, 
B-H 15, 
B 1-H6, 
B4-H6b 
B4-H1 3b 
B-Hl3b 
B-B 
B-H, 
B 1-B7 
B 1-B2 
B 1-H8, 
B7-H14, 
B-B 
B-H, 
B - c  
C-H, 
B-H, 
B - c  
B-B 
C-H, 
B-H, 
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TABLE 3. Integrated electron populations, net charges. and energies for atoms in the borane series (atoms by difference are starred) 

Boron atonis Terminal hydrogen atoms Bridging hydrogen atoms 

Forlnula Atom N(B), e d B ) ,  e E(B). evlrr,, Atom N(H,), e q(H,), e E(H,), e2/n,, Atom N(H,), e q(Hh). e E(Hh). e2/a,, 

this path and electronic charge is locally depleted at the crit- 
ical point with respect to neighbouring points along the bond 
path. The two curvatures of p perpendicular to the bond path 
at the bond critical point are negative. Thus p is a local 
maximum in the interatomic surface at the bond critical point 
and electronic charge is locally concentrated there. The for- 

Charge densit?, along the bond paths 
The values of p, and V'p, for the C-H bonds in the car- 

boranes, Table 2, are typical of a shared or covalent inter- 
action, one that is dominated by a contraction of p towards 
the bond path leading to its accumulation in the internuclear 
region. Thus V'p, < 0 and p, is relatively large in value for 
these interactions. The concentration of charge density that 
links the valence shell charge concentrations (VSCC's) of the 
carbon and hydrogen atoms and leads to their binding is 
shown in Fig. I .  The atomic charges are given in Table 3 and 
the small net charge on a hydrogen bonded to carbon in the 
carboranes, 20.02, is indicative of the nearly equal sharing 
of electronic charge between the carbon and hydrogen atoms. 

There is a considerable transfer of electronic charge from 
boron to a terminal or bridging hydrogen atom, q(H) = 
-0.7 e, Table 3, and the values of p, and V2pb for the B-H 
bonds are intermediate in value between those for a shared 
interaction as found in C-H and a closed-shell or ionic in- 
teraction, for which p, is less than 0.1 au and V'p, > 0. The 
values of p, for the B-H bonds lie within the range 0.1-0.2 
and the values of V2pb lie on either side of zero, the point of 
change between the two extremes of bonding. The plots of 
the Laplacian distribution for C2B,H, in Fig. 1 show that, 
unlike the sharing of the charge concentration between the 
two atoms as found in C-H, the regions of charge concen- 
tration for B-H interactions are largely localized within the 
basins of the hydrogen atoms. 

One anticipates that the bonding between B and a termi- 
nal hydrogen will exhibit the least variation throughout the 
series and the data in Table 2 bear this out. The bond lengths 
of the terminal B-H bonds in the nido- and arachno-bor- 
anes and carboranes vary by 0.02 au from the value 
2.23 au. They have bond orders that vary by only 0.02 from 
the standard bond of order one in B,H,, with the sole ex- 
ception of the bond to the apical boron in B,H, for which n 
= 0.96. The values of v2pb are of similar magnitude and are 
less than zero in each case. 'The terminal hydrogens in the 
negatively charged closo compounds bear slightly larger 
negative charges than those in the neutral molecules, an ef- 
fect that is most pronounced in the hexaborane. Because of 

mation of an interatomic surface and a chemical bond is. 
therefore, the result of a competition between the perpen- 
dicular contractions of p, which lead to a concentration or 
contraction of electronic charge towards the bond path, and 
the parallel expansion of p away from the interatomic sur- 
face, which leads to its separate concentration in one or both 
of the atomic basins (1, 14). The sign of V'p,, Table 2, de- 
termines which of the two competing effects dominates a 
given interaction. 

As a consequence of the appearance of V2p in the local 
expression for the virial theorem, it can be shown that the 
potential energy dominates the local energy and is stabiliz- 
ing in those regions of space where the Laplacian is nega- 
tive and electronic charge is concentrated (1). When p, is 
relatively large in value and V", is negative, electronic 
charge is accumulated and concentrated in the binding re- 
gion and the atoms are bound by the charge that is shared 
between the nuclei. When p, is relatively low in value and 
V'p, is positive, electronic charge is separately concentrated 
in the atomic basins and the interaction is typical of that found 
between closed-shell systems, such as found in ionic bonds 
and hydrogen bonds. 

In a bond with cylindrical symmetry such as the C - C  
bond in ethane, the two perpendicular curvatures of p at the 
bond critical point, A, a n d  A,, are of equal magnitude. 
However, if these curvatures are of differing magnitudes, then 
the density falls off less rapidly along the axis of the cur- 
vature with the smaller of the two magnitudes. The result- 
ing elliptical nature of the charge density associated with this 
preferred accumulation of electronic charge in a given plane 
containing the bond path, the plane of the .rr density in eth- 
ene for example, is quantitatively measured by the bond el- 
lipticity E = ((A,/A,) - l ) ,  where A, is the curvature of 
smallest magnitude. 
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BADER AND LEGARE 665 

this shift towards more ionic binding, the bond lengths are 
somewhat longer, the bond orders smaller, and the values of 
V2p, closer to zero for the B-H, bonds in the closo mole- 
cules. 

The bonds to the bridging hydrogens are, in general, longer 
than those to the terminal hydrogens, with an average length 
of 2.55 au. The associated bond paths are strongly curved 
towards the interiors of the rings formed by the bridging hy- 
drogens (see Fig. 2 and the bridging plane of diborane, Fig. 
3). As a consequence, the bond path lengths, R,,  for the 
bridging hydrogens exceed their geometric lengths, R, (Table 
2). The B-H, bonding in the nido- and arachno-boranes is 
characterized by lower values of p, than are found for their 
B-HI bonds, 0.11 compared to 0.18 au, and also by near- 
zero values of V2p,, which in these cases are mostly posi- 
tive. The arachno molecule B,H,, provides an example of a 
case in which the two bonds to a bridging hydrogen atom are 
inequivalent. The values of p, differ from the reference value 
in diborane by *0.02 au, with the critical point linked to the 
boron forming the B-B bond having a large p, value, and 
the other, linked to a boron in a BH2 group, having the 

smaller value. Both have positive values of V",, with the first 
mentioned interaction being slightly more ionic. 

The reference B-B interaction is the central B-B bond 
in B,Hl,. Its p, value is intermediate between those for the 
terminal and bridging B-H interactions. A display of the 
Laplacian distribution for the B-B bond, Fig. 3, shows that 
the valence shell charge concentrations of both atoms are 
joined together to give a contiguous concentration of elec- 
tronic charge that is shared between them, as evidenced by 
a V'p, value of -0.3 1 au. These borons possess 0.6-0.7 more 
electrons than borons B5 and B6, which are each linked to 
four hydrogens. The C-C bond in ethane has a p, value of 
0.25 au and a V2pb value of -0.66 au. Thus the B-B bond 
in these molecules is a relatively weak shared interaction. The 
B-B interactions in B,H, are similar to the standard, but with 
a reduced extent of charge accumulation and charge con- 
centration. 

The B-B interactions between the apical and basal bo- 
rons in B,H,, all have reduced bond orders compared to the 
standard, and exhibit a smaller degree of charge concentra- 
tion in the internuclear region. In agreement with the styx 

FIG. 3 .  Contour maps of the Laplacian distributions for nido-diborane and arachno-tetraborane, the former in the plane of the terminal 
hydrogens ( a ) ,  and the bridging plane (b ) ,  the latter in the plane of the bonded borons and two bridging hydrogens (c) and in the plane 
of one bridging and two neighbouring terminal hydrogens (d). E and N denote predicted sites of electrophilic and nucleophilic attack, 
respectively. Note the presence of two bonded maxima in -V2p along the bond path linking the borons in tetraborane that are absent in 
diborane, which does not possess a B-B bond. 
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model of this molecule outlined above, the weakest of these 
interactions are found between those atoms that, in the model, 
are involved in three-centre boron ring bonds, those linking 
the apical atom to borons 4 and 5 and to borons 9 and 10. 
The interaction between the two basal borons, B9 and B 10, 
which are not linked by a bridging hydrogen, has an order 
equal to 1.23 and the largest degree of charge concentration 
in the internuclear region. 'The B-B interactions in the car- 
borane C2B4H6, which again are predicted by the styx model 
to be involved in three-centre bonding, have bond orders of 
0.94 and a reduced extent of charge concentration com- 
pared to the standard. 

The bond orders of the B-B interactions in the closo-bo- 
ranes become progressively smaller as the size of the cage 
increases, from 0.91 in B,H,~- to 0.86 in B , > H , ~ ~ - .  In the 
heptahydroborate, the bonds to the apical boron have orders 
less than the standard value while those between the five 
equivalent borons have orders in excess of unity, to yield an 
average value of p, that is intermediate between those for the 
other two closo compounds. 

There is considerable transfer of electronic charge from 
boron to carbon in the carboranes, and the C-B bonds, like 
the B-H bonds, are very polar. The p, values for the C-B 
bonds in C2B3H5 are similar to those observed for the B-H, 
bonds, but their values of VZp, lie on the ionic side of the zero 
value. The molecule C,B,H, is electron deficient with re- 
spect to the number of skeletal bond paths it exhibits and, 
correspondingly, the value of p, for the C-B bond de- 
creases from that found in C2B3H,, which is electron pre- 
cise. 

Charge density in the ring sugaces 
Because of their electron-deficient nature, the boranes form 

ring and cage structures to gain maximum stability from a 
minimum amount of electronic glue. They do this through a 
very pronounced delocalization of the charge density over 
the ring surfaces, an effect that is quantitatively character- 
ized by the values of p, and the ellipticities of the ring bonds. 
The three-centre model of the two-electron bond is mir- 
rored in the molecular graphs of theory by the presence of 
four- and five-membered hydrogen-bridged rings and the 
three-membered rings of boron atoms or of a carbon and two 
boron atoms in a carborane. In all of these rings the value of 
p,, the minimum value attained by the charge density in the 
ring surface, is only slightly less than the value of pb, the 
minimum value attained by the charge density in the lines of 
maximum charge density forming the ring's perimeter, Table 
2. Correspondingly, the ring bonds exhibit large ellipticities 
with their major axes oriented in a direction tangent to the 
surface of the molecule, indicating a delocalization of elec- 
tronic charge over the surface of the ring. The same charge 
delocalization is reflected in the Laplacian of the charge 
density. This distribution is negative over each of the ring 
surfaces beyond the boron core distributions, and electronic 
charge is concentrated almost evenly over the entire sur- 
face, see Figs. 3-5. The contraction of p along the axis per- 
pendicular to the ring surface at the ring critical point is so 
large it dominates the two positive curvatures of p in the ring 
surface and the Laplacian is negative even at the ring criti- 
cal points in these systems. That these effects are unique to 
the electron-deficient systems is illustrated by a comparison 
of the properties of the two carboranes. The molecule C2B3H5 
is electron precise. Thus the value of p, for its four-mem- 

FIG. 4. Contour maps of the Laplacian distributions for tlido- 
pentaborane, in a plane containing two basal and the apical boron 
atoms ( a )  and in a plane containing the apical boron, one bridg- 
ing, and one neighbouring terminal hydrogen (b). The same dia- 
grams apply to nido-hexaborane. 

bered rings is considerably less than the values of pb for the 
peripheral bonds, and their ellipticities are less than 0.01. The 
molecule C2B,H6 is electron deficient. In this case, the value 
of p, for the three-membered rings is the same as the value 
of pb for the peripheral B-B bonds to four significant fig- 
ures and they exhibit extreme ellipticities of 58. The B-B 
bond paths are inwardly curved away from the perimeter of 
the ring, another characteristic of the three-centre systems. 

These characteristics of the charge density provide a 
quantitative measure of the extent to which electronic charge 
is delocalized over and concentrated in the ring surface of 
electron-deficient molecules where it serves to bind all of the 
nuclei of the ring. The description of such molecules as 
globally delocalized by King and Rouvray (21) is particu- 
larly apt. The surface delocalization of electronic charge 
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BADER AND LEGARE 667 

FIG. 5 .  Contour map of the Laplacian distribution for closo- 
hexahydrohexaborate, for a plane containing a B-B-B face ( a )  
and for a plane containing a plane of four boron atoms (b).  The same 
diagrams apply to the hepta- and dodecahydroborates. 

demonstrated to be present in the closo molecules is also 
consistent with Stone's (22) description of the bonding in 
polyhedral atomic clusters as a perturbed spherical shell of 
atoms for which the electronic wave functions are the sur- 
face harmonics characterized by the quantum numbers 1 and 
m. 'The effect of this surface delocalization of charge on the 
energy is discussed below. 

Atomic properties 

Table 3 lists the atomic populations, charges, and ener- 
gies, while Table 4 lists the same properties relative to their 
values in diborane. These atomic properties are obtained 
using the programs PROAIM (23) and OMEGA (24). The 
atomic population of atom R ,  N(R), is obtained by an inte- 
gration of p over the basin of the atom. Its net charge q(R) 
= Z ,  - N(R). An atomic energy E(R) is, by the atomic 

statement of the virial theorem, equal to the negative of the 
atomic electronic kinetic energy T(R), as obtained through 
an integration of the kinetic energy density (1, 4). Because 
of the extremely flat nature of the charge density in certain 
of the three-membered ring structures commented on above, 
the program has difficulty following certain of the paths 
traced out by the gradient vectors of p that define the inter- 
atomic surfaces for the boron atoms, and it was not possi- 
ble, in these cases, to integrate the property densities over 
the atomic basins. There is an internal check on the accu- 
racy of an atomic integration provided by the evaluation of 
the integral of the Laplacian of the charge density. The atomic 
value of this integral should vanish, because of the zero flux 
surface condition defining the atomic boundaries. When the 
value of this integral is less than 1 x lo-' au the error in the 
energy of the atom is less than 0.2 kcal mol-I. Table 5 gives 
the sums of the atomic populations and energies for-four 
molecules where all the atoms could be integrated within this 
limit and the integration errors are seen to be 0.006 e or less 
in the total population and 1 kcal mol-I or less in energy. In 
B ~ H ~ ~ - ,  B~ ,H , ,~ - ,  and C,B4H6, all atoms other than the 
equivalent boron atoms could be integrated within the limit 
set on the value of the atomic Laplacian, and the boron re- 
sults were obtained by difference in these cases. In B,H9, 
B6H,,, and B,H,'- the average values of the populations and 
energies of the two borons, which could not be separately 
integrated, are given in Tables 3 and 4. 

The bridging hydrogen atoms possess a negative charge 
equal to -0.71 5 0.01 e except for pentaborane where the 
charge drops to -0.67 e. The bridging hydrogen atom is most 
stable in diborane, being least stable in pentaborane where 
its population is significantly less. The relative stabilities, in 
general, correlate with the bond orders. 

Excluding the negatively charged closo compounds but 
including the carboranes, the negative charge on a terminal 
hydrogen is, in general, somewhat smaller than that on a 
bridging hydrogen and it is less stable, as reflected in the 
values for diborane itself. The terminal atoms most similar 
to the standard are those in the BH, groups in B4Hlo, the other 
terminal hydrogens possessing smaller populations and less 
negative energies. A hydrogen bonded to a boron of a sin- 
gle B-B bond such as H3 in B4Hlo and B6Hl, possesses the 
net charge of smallest magnitude. A hydrogen bonded to an 
apical boron has a net charge of smaller magnitude than one 
bonded to a basal boron. The bridging hydrogens are more 
stable than the terminal hydrogensin the same molecule to 
an extent greater than that anticipated on the basis of a slightly 
greater electron population. One reason for the increased 
stability of the bridging hydrogens is their more contracted 
nature. The volume of a bridging hydrogen atom, measured 
out to its 0.001 au density envelope, is 59.2 a: compared to 
82.8 a; for a terminal hydrogen in diborane. This more con- 
tracted nature of the charge density results in a potential en- 
ergy of interaction of the proton of a bridging hydrogen with 
its own atomic charge distribution that is more negative than 
that for the more diffuse terminal atom by 16 kcal mol-'. 
Another factor contributing to the increase in stability is, as 
discussed in more detail below, the presence of the delocal- 
ized charge over the surface of the hydrogen-bridged rings. 

The terminal hydrogens in the closo-boranes possess the 
largest electron populations of all the hydrogens. These 
populations decrease as the size of the cluster increases. In 
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TABLE 4. Comparison of integrated electron populations and energies for atoms in the borane series (reference atoms are starred) 

Boron atoms Terminal hydrogen a tom Bridg~ng hydrogen atoms 

W B ) ,  AE(H,), W H d ,  
Formula Atom m ( B ) .  e AE(B), e'ltr,, kc~l/mol Atom U ( H , ) ,  e &(H,). e2/n,, kcal/~nol Atom AN(H,,), e AE(H,), e'lrr., kcal/mol 

B H B1 + 1.3342 -0.4825 -302.8 H2 +0.0875 -0.0361 -22.65 
BH, BI -0.0379 -0.0244 -15.31 H2 +0.0156 -0.0053 -3.313 
B,H, BI* 0.0000 0.0000 0.000 H3* 0.0000 0.0000 0.000 H2" 0.0000 0.0000 0 .0000 
B,H,,, BI f0.7331 -0.2785 -174.8 H3 -0.0416 f0.0215 +13.47 H7 f0.0036 f0.0085 +5.328 

B5 +0.1662 -0.1429 -89.67 HI1 -0.0107 -0.0026 -1.619 
HI3 -0.0040 -0.0053 -3.301 

B,H, BI +0.9026 -0.4181 -262.4 H6 -0.0215 f0.0142 f8 .886 HI0 -0.0397 +0.0371 +23.26 
B5 HI4 -0.0250 f0.0349 f21.89 

B,H,,, BI +0.6316 -0.3016 -189.3 H3 -0.0315 +0.0154 f9.657 H6 -0.0125 f0.0176 +I  1.07 
B4 f0.9029 -0.4063 -254.9 H8 -0.0208 f0.0197 f12.37 HI3 +0.0055 f0.0099 +6.212 
B2 -0.5029 -315.6 HI I -0.0157 +0.0038 f2 .359 
B9 

f1.1101 
HI5 -0.0035 +0.0086 f5.409 

B,H,'- B1 f1 .656 -0.6741 -423.0 H7 +0.0965 +0.0349 +21.87 
B7H7'- B1 + -0.6812 -427.5 H8 f0.0641 +0.0402 +25.21 

B7 HI4 f0.0915 f0.0216 +13.53 
B,?H,,'- B1 + 1.551 -0.6898 -432.8 HI3 f0.0351 +0.0177 + 11.1 1 
C2B3Hs B2 -0.0041 f0.0052 +3.263 H8 -0.0010 +0.0123 f7.712 
C,B,H, B1 +0.4326 -0.4474 -280.7 H7 -0.0095 +0.0237 f 14.87 

TABLE 5 .  Comparison of total integrated electron populations and energies with SCF results for molecules in the bo- 
rane series 

(N) = x (E) = 2 E(R) 
R 4 = (N) - N,,,,I~, II E(SCF) AE = (E) - E(SCF) AE 

Molecule e e e2/a, e2/a, e2/a, kcal/mol 

B,H,*- a hydrogen bonded to an apical boron has a larger 
population than one bonded to a basal boron. While the ter- 
minal hydrogens in the closo-boranes possess larger elec- 
tron populations, they are less stable than the terminal 
hydrogens in diborane. The charge distributions of the ter- 
minalhydrogens of the closo-boranes are the most diffuse 
of the atoms in the boranes with atomic volumes equal to 
104.3 a: to give an average density of 0.017 e a i3 .  

Since hydrogen withdraws charge from boron, the stabil- 
ity of a boron atom increases with a decrease in the number 
of bound hydrogen atoms. Thus the least stable boron atoms 
are those in diborane and the corresponding borons of the BH, 
groups in B,H,,. Boron atoms linked to one other boron by 
a bond path possess 0.6-0.9 more electrons than does the 
standard atom in diborane. Boron atoms in the two nido- 
boranes are involved in ring systems over which there is 

I significant charge delocalization and they, like the bridging 
hydrogens that link them, are stabilized relative to the stan- 
dard atoms. For the boron atoms, the stabilization is in ex- 
cess of 200 kcal mol-'. 

The borons in C,B,H,, which are linked by bond paths to 
two carbons and a terminal hydrogen, have populations and 
energies that are nearly identical-to those fo r  the standard 
boron in diborane. In addition, the terminal hydrogen at- 
tached to boron has the same population as the standard H, 

atom in diborane to within 0.001 e. Thus the boron linked 
to two carbons appears to a terminal hydrogen to be nearly 
identical to the standard boron atom in diborane. Each car- 
bon in the dicarbapentaborane has a net charge of 
-2.103 e. This charge decreases slightly to -2.003 e in di- 
carbahexaborane and the terminal hydrogens bonded to the 
borons are again almost unchanged from the standard. Thus 
the two skeletal electrons of the added BH, group are do- 
nated almost entirely to the borons in C2BJH6, and each has 
0.43 more electrons than do those in C,B3H,. As a result, 
there is sufficient electronic charge to form bond paths be- 
tween the borons in dicarbahexaborane, the bond path 
equivalent of three-centre two-electron bonds for a B,C ring 
of atoms. Thus the two skeletal electrons of the added BH, 
group initiate the formation of bond paths between the bo- 
rons that serve to catalyse the delocalization of charge over 
the surfaces of the resulting three-membered rings. The boron 
atoms are significantly stabilized, by =280 kcal mol-' rel- 
ative to the standard or to the borons in dicarbapentaborane. 
The dicarbahexaborane molecule is, therefore, consider- 
ably stabilized by the surface delocalization of charge as- 
sociated with the model of the two-electron three-centre ring 
of atoms. 

The boron atoms in the negatively charged closo-boranes 
have considerably greater electron populations than do the 
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boron atoms in diborane, with AN(B) 1.6 e, Table 4. While 
the terminal hydrogens in the closo molecules are some- 
what less stable than the standard H, in diborane, each boron 
atom is stabilized relative to the standard boron atom by an 
amount in excess of 420 kcal mol-'. The delocalization of 
charge over the surfaces of the three-membered rings in the 
closo compounds leads to a considerable stabilization of these 
molecules, as it does in the case of C2B,H6. 

Reactivity in terms of the Laplacian 
of the charge density 

The Laplacian of the charge density, through its ability to 
define and locate centres of local charge concentrations and 
local charge depletions, provides the physical basis for the 
Lewis concept of the localized electron pair and its associ- 
ated models of molecular geometry and reactivity (1, 25). 
Since electronic charge is concentrated in regions where the 
Laplacian is negative, it is most useful to discuss the topol- 
ogy of the negative of the Laplacian distribution, a maxi- 
mum in -V'p corresponding to a local concentration of 
electronic charge. 

The Laplacian distribution recovers the electronic shell 
model of an atom by exhibiting a corresponding number of 
pairs of shells of charge concentration and charge depletion 
(25-28). For a spherical atom, the outer shell or valence shell 
of charge concentration, the VSCC, contains a sphere over 
whose surface electronic charge is maximally and uni- 
formly concentrated. Upon entering into chemical combi- 
nation, the VSCC is distorted and local maxima, minima, and 
saddles appear on the sphere of maximum charge concen- 
tration. It has been demonstrated in many systems (25, 29, 
30, 31) that the local maxima correspond in number, loca- 
tion, and size to the localized pairs of electrons assumed in 
the Lewis model. All of the properties postulated in the 
VSEPR model of molecular geometry (32) for bonded and 
nonbonded pairs of electrons are recovered by the maxima 
in the VSCC of the central atom (29, 30). 

The Lewis model also encompasses chemical reactivity 
through the concept of a generalized acid-base reaction. 
Complementary to the local maxima in the VSCC for the 
discussion of reactivity are its local minima. A local charge 
concentration is a Lewis base or a nucleophile, while a local 
charge depletion is a Lewis acid or an electrophile. A 
chemical reaction corresponds to the combination of a "lumpn 
in the VSCC of the base with the "hole" in the VSCC of the 
acid (25). It has been demonstrated in many examples that 
this matching of extrema in the Laplacian distributions cor- 
rectly identifies the sites of electrophilic and neucleophilic 
attack, as well as predicting the relative orientation of ap- 
proach of the two reactants (25, 33, 34). In an early study 
of the boranes, using the approximation of partial retention 
of diatomic differential overlap for the calculation of the wave 
function, Dixon et al. (35) predicted the sites of electro- 
philic and nucleophilic attack in terms of Mulliken atomic 
and group charges and the inner shell energy eigenvalues. 
These same papers compared localized molecular orbitals 
obtained in these calculations with topologically allowed 
structures defined by Epstein and Lipscomb (36). 

The topology of the Laplacian in the VSCC determines an 
atom's reactivity and it is summarized in the atomic graph 
(1, 37). The maxima in -V'p are (3,-3) critical points and 
they are connected by pairs of lines originating at interven- 
ing (3,- 1)  critical points. These lines are the analogues of 

the bond paths that link the maxima in p and their network 
produces the atomic graph. For example, in a tetrahedrally 
bonded carbon atom there are four bonded maxima in the 
VSCC that are linked by pairs of lines originating at six in- 
tervening (3,- 1) critical points to generate a tetrahedron with 
curved faces. In the interior of each face or ring is a (3, + 1 )  
or ring critical point. The Laplacian in the VSCC attains its 
most positive values at these ring critical points and they are 
the centres of nucleophilic attack. For example, the mini- 
mum in the face opposite the bonded maximum with F in the 
VSCC of carbon in methylfluoride locates the point of nu- 
cleophilic attack at a saturated carbon leading to inversion. 
The nitrogen in ammonia has a similar atomic graph with one 
bonded maximum being replaced by a nonbonded concen- 
tration of charge.   on bonded charge concentrations gener- 
ally serve as the nucleophiles. In systems where there are no 
nonbonded charge concentrations, that is, no unshared pairs 
of electrons, the (3,- 1 )  critical points serve as the centres 
of electrophilic attack. They denote the highest concentra- 
tions of electronic charge not involved in bonding in the 
VSCC's of such atoms. This is the situation for a carbon atom 
in benzene and substituted benzenes (34), for example, and 
is the situation for the boron and carbon atoms in the bo- 
ranes and carboranes. 

The atomic graphs for boron are unique among those so 
far encountered because of the extreme degree of charge 
transfer to both hydrogen and carbon. Bonding to either of 
these atoms is accompanied by a nearly complete transfer of 
boron's valence shell of charge concentration and the local 
maxima in -V2p are found within the boundaries of the hy- 
drogen and carbon atoms. In the case of hydrogen, this cor- 
responds to the presence of the single maximum in -V2p, 
which occurs at the position of the proton. For this reason 
the (3,* 1)  critical points can occur at distances from the 
boron nucleus greater than the normal shell radius. The boron 
atom in diborane will serve to illustrate these features, Fig. 
3. The atomic graph of boron is a distorted tetrahedron whose 
vertices correspond to the maxima in -VZp found at the po- 
sitions of the protons. The vertices are linked by six inter- 
vening (3,- 1) critical points and there is one (3, + 1) critical 
point in each of the four faces. The coordinates of the (3,k 1) 
critical points, their distances R from the nucleus, and the 
values of the Laplacian are listed in Table 6. The Laplacian 
is most negative at the (3,- 1) critical point linking the two 
bridging hydrogens and this is the predicted position of 
electrophilic attack, Fig. 3. Nucleophilic attack is predicted 
to occur at either of the two (3,+ 1) critical points lying on 
either side of the bonded ring of atoms. that is. in the face 
of the tetrahedron formed byIinking a tkrminal'proton with 
the two bridging protons. 

The atomic graph for boron in BH, is particularly simple. 
The VSCC is reduced to a belt-like distribution lying in the 
plane of the nuclei, with the maxima at the protons linked 
by intervening (3,- 1) critical points. The sphere of charge 
concentration is totallv absent on either side of this  lane and 
a nucleophile has direct access to the core of the boron atom, 
as previously illustrated (1). This molecule is a very strong 
Lewis acid. 

In B,H,,, Fig. 3, boron B 1 has a bonded charge concen- 
tration in its VSCC along the bond path linking it to the other 
bridgehead boron atom, B2. In a shared interaction, each 
atom in general exhibits an associated bonded charge con- 
centration, separated one from the other by an intervening 
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TABLE 6. Atomic graphs: critical points in -V'p for the borane series (site of electro- 
philic and nucleophilic attack are starred) 

Molecule tz x Y z V'p, e / a ,  R 
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(3,- 1) critical point. (One notes that in diborane, where there 
is no B-B bond path, each boron exhibits a (3,- 1) critical 
point at the corresponding position along the internuclear axis 
and they are separated by a (3,+ 1) critical point.) Atom B1 
is also linked to one terminal and two bridging hydrogen 
atoms and their associated maxima, together with the bonded 
maximum to B2, again yield a tetrahedral atomic graph for 
B 1 and its complement B2. Reference to Table 6 shows that 
the most negative set of (3,- 1) critical points in these graphs 
and in those for the other two boron atoms are those that link 
the bonded maximum on boron with the maximum on a 
bridging hydrogen on either B 1 or B2. They are, therefore, 
the predicted sites of electrophilic attack, Fig. 3. They are 
accessible from the back of the molecule, that is, away from 
the open face, access to which is hindered by the two endo 
hydrogens, H 1 1 and H 12. 

The (3,+ 1) critical points with the most positive values 
of the Laplacian are found within the atomic graphs of B1 
and B2, in a face formed by the atoms 2, 7 ,  and 10 for B 1, 
for example. There are four such equivalent positions, each 
lying within the inner or open face of the molecule, and the 
approach of a nucleophile is hindered by the proximity of the 
endo hydrogens H11 and H12. These two borons also have 
(3,+ 1) critical points with V2p values of 0.081 au on the 
opposite side of the molecule, in the faces formed by the 
bonded maximum to the other boron, a terminal hydrogen, 
and a bridging hydrogen: the face formed by the atoms 2, 3, 
and 7 for atom B 1, for example. The (3, + 1) critical points 
on borons B5 and B6 of the BH, groups are smaller by only 
0.007 au, Table 6. Each lies in one of the four faces formed 
by one bridging and two terminal hydrogens. These sites are 
more accessible than those on B1 and B2 and, in addition, 
the positive charges on B5 and B6 are 0.6 e greater than those 
on B 1 and B2. Thus nucleophilic attack is predicted to occur 
at these peripheral borons, Fig. 3. This prediction is in 
agreement with the statement of Muetterties (38) that cleav- 
age of BH by a nucleophile occurs at these atoms. 

There is a single bonded maximum situated between the 
apical boron atom B5 and each of the basal atoms in nido- 
pentaborane; it is 1.2 au from the basal atom and 2.0 au from 
B5. Each of these maxima is linked by a (3,- 1) critical point 
to the hydrogen bonded to B5. The bonded maxima are 
themselves linked by another set of (3,- 1) critical points, 
each of which lies in an exterior face formed by the apical 
and two basal boron atoms, see Fig. 4. Thus the atomic graph 
for the apical boron is a four-sided pyramid topped by a ter- 
minal hydrogen with a (3,+ 1) critical point in the bottom face 
formed by the four bonded maxima. There is a (3,+3) cage 
critical point along the symmetry axis in the interior of the 
molecule. The (3,- 1) critical points that link the bonded 
maxima, each of which is 1.28 au from the apical boron 
atom, represent the largest nonbonded concentrations of 
electronic charge in this molecule and they are the predicted 
sites of electrophilic attack. The (3,+ 1) critical points with 
the most positive values for the Laplacian lie within the in- 
terior of the molecule and are inaccessible to nucleophiles. 
The most positive (3,+ 1) holes on the exterior of the mol- 
ecule lie in a face of the tetrahedral atomic graph for a basal 
boron atom formed by the bonded maximum shared with the 
apical boron and the maxima associated with a bridging and 
a terminal hydrogen, Fig. 4. These predictions are in agree- 
ment with the statement (3) that electrophilic attack occurs 

at borons furthest removed from an open face, and nucleo- 
philic attack occurs at borons involved in bridging. 

The other nido compound studied here, B6Hl,, has a cor- 
responding reaction profile in terms of its atomic graphs. In 
analogy with the atomic graph for the apical boron in B,H,, 
the largest concentrations of nonbonded charge on the ex- 
terior of B6H,, are found at the (3, - 1) critical points link- 
ing the bonded maxima shared by the apical boron with basal 
borons 1, 4, and 5. They are found 1.27 au from the apical 
boron where V2p = -0.13 au, compared to corresponding 
values of 1.28 and -0.14 au for pentaborane. Similarly, 
nucleophilic attack occurs, as in B,H,, at a basal boron, B4 
or B5, in the face critical point formed by the links to the 
apical boron and a terminal and bridging hydrogen. The 
values of R and V'p are 1.54 and +0.073 au compared to 
corresponding values of 1.61 and +0.076 au for pentabo- 
rane. The distributions are so similar for the two nido mol- 
ecules that Fig. 4 serves equally well for either system. 

The atomic graphs for the borons in the closo-boranes are 
similar to those found for the apical boron in the nido-bo- 
ranes. In these molecules there are two bonded charge con- 
centrations along each bond path linking the equivalent 
borons, as found for the B-B bond path in B,H,,. These 
maxima are linked by (3,- 1) critical points, as illustrated for 
a triangular face of the hexaborate in Fig. 5. The bonded 
maxima for a given boron are linked to the maximum charge 
concentration of its terminal hydrogen to yield a four-sided 
pyramid in the case of the hexaborate and a five-sided one 
in the dodecahydrate. There is a (3,+ 1) critical point in each 
of the corresponding faces and a (3,+3) or cage critical point 
at the origin in the interior of the cage, a point shared by the 
bases of all the boron atomic graphs. The forms of the atomic 
graphs and the values of the Laplacian at corresponding 
critical points are similar for all three closo compounds, and 
data are given in Table 6 only for the hexahyroborate. 

Electrophilic attack, as in the nido-boranes, is predicted 
to occur at a concentration of nonbonded charge at a (3, - 1) 
critical point linking the bonded maxima located on two 
different, neighbouring paths in the atomic graph for a given 
boron, Fig. 5. While the value of the Laplacian is more 
negative at the intervening (3,- 1) critical points linking the 
bonded maxima along a given bond path, these are tightly 
bound as they are involved with the distribution of charge 
between the bonded borons. The values of R and ~ ' p  for the 
reactive critical points are very similar for all three of the 
closo molecules. Their values in au for the hexa-, hepta-, and 
dodecaborate are, respectively, 1.25 and -0.14; 1.25 and 
-0.13; 1.26 and -0.15. 

Nucleophilic attack occurs at one of the (3,+ 1) critical 
points, each of which lies in one of the pyramidal faces of 
the atomic graph for a boron atom, Fig. 5. The values (in au) 
of R and V-p at these critical points for the six-, seven-, and 
12-membered systems are, respectively, 1.42, +0.037; 1.71, 
+0.052; 1.40, +0.046. The (3,+ 1) critical point with a more 
positive value for the Laplacian, given in Table 6 for ~ 6 ~ 6 ' - ,  
lies within the interior of the cage and is not accessible to a 
nucleophile. 

In the carboranes there is a single bonded maximum along 
each B - C  bond path within the basin of the carbon atom and 
another associated with its bond to hydrogen. Thus the atomic 
graph of a carbon in C2B,H, is tetrahedral in form and, in 
CZB4H6, a pentagonal pyramid. The (3, - 1) critical points 
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FIG. 6. Contour plots of the Laplacian distributions in a B<-B 
face in C7B3HS ( a )  and in a plane containing the two apical car- 
bons and two of the borons in CzB,H6 (b). 

linking the bonded maxima on two neighbouring C-B bond 
paths represent by far the largest concentrations of charge not 
involved in bonding and they are the predicted sites of elec- 
trophilic attack in both molecules, as illustrated in Fig. 6 for 
C2B,H,. The values of R and V'p for C2B,H6 are quite sim- 
ilar, being 0.99 and -0.37 au, respectively, as is its posi- 
tion relative to the nuclei, illustrated in Fig. 6 .  Nucleophilic 
attack in C,B,H, is predicted to occur at a (3,+ 1) critical point 
close to the centre in a triangular BCB face, 1.92 au from a 
boron and 2.03 au from carbon, where the Laplacian equals 
+0.052 au. In C2B,H6 there are bond paths between the boron 
atoms, and their atomic graphs differ from those in the tri- 
borane molecule. The (3,+1) critical point with the most 
positive value of the Laplacian in this system is located in a 
symmetry plane containing two carbon and two boron nu- 
clei, 1.78 au from a boron where V2p = +0.061 au, Fig. 6. 
This is in agreement with the statement by Onak (39) that 

conversion of closo-dicarbahexaborane to its nido form by 
addition of trimethylamine occurs by nucleophilic attack at 
boron. 

Since the boranes are electron deficient, nucleophilic at- 
tack should be more prevalent than electrophilic attack in 
these molecules. The largest value of V'p for a site of nu- 
cleophilic attack in the boranes studied here is +0.09 au for 
B,H,. Ranking these molecules by their V'p values, one finds 
for susceptibility to nucleophilic attack: 

Similarly, for susceptibility to electrophilic attack: 

In summary, the properties of the Laplacian of the charge 
distributions for the boranes and carboranes lead to the fol- 
lowing points regarding their relative reactivities: (1) B,H,'- 
is more susceptible to nucleophilic attack than either of the 
other two closo-boranes. (2) Among the nido-boranes, larger 
species are less reactive with respect to nucleophilic attack, 
in agreement with observation (3). (3) Electrophilic attack 
does occur preferentially at apical boron atoms, those fur- 
thest removed from an open face, and nucleophilic attack 
does occur most likely at basal boron atoms that are in- 
volved with hydrogen bridging, again in agreement with 
observation (3). (4) In carboranes, electrophilic attack oc- 
curs at carbon, while nucleophilic attack occurs at boron. (5) 
The closo compounds, whether they be boranes or carbo- 
ranes, are as a group less susceptible to nucleophilic attack 
than any of the open clusters, and the cage species are the 
most stable. 

Conclusions 
The theory of atoms in molecules yields a precise defini- 

tion of the molecular structures of the boranes and carbo- 
ranes and a description of the bonded interactions that give 
rise to these structures in terms of characteristic features of 
the charge density and the properties of the atoms. The 
structures demonstrate that the formal electron counting 
scheme, which associates a bond with a pair of electrons, is 
not a necessary requirement for the formation of a bond path 
between a pair of atoms. The lines of maximum charge 
density, which link the atoms in the electron-deficient three- 
membered faces and hydrogen-bridged rings, have reduced 
bond orders compared to the formal electron pair standards. 
The reduction in bond order is, however, considerably less 
than that anticipated by taking the ratio of the number of 
electron pairs to the number of bond paths, a ratio labelled 
by the letters. Thus the values of the bond orders n listed in 
Table 2 are greater than the corresponding s values, as illus- 
trated by the following examples; s = 0.75 and n = 0.98 for 
BsH9, s = 0.58 and n = 0.91 for B,H,'-, s = 0.43 and n = 
0.86 for B,,H,?'-, and s = 0.58 and 11 = 0.90 for C2B4H6, 
the latter being the average of the C-B and B-B bond or- 
ders. Assigning one pair of electrons to each pair of bridged 
hydrogen bond paths yields a value of 0.5 for s for the hy- 
drogen-bridged two-electron three-centre bond. Taking the 
B-H, value of p, as the unit bond order for a B-H interac- 
tion, one obtains n values ranging from 0.62 to 0.65 for the 
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orders of  the bridging hydrogen bond paths. Thus  electronic 
charge is accumulated along the bond paths in the electron- 
deficient systems to yield bond orders in excess of the frac- 
tional orders anticipated on the basis of the model that assigns 
one  electron pair to each chemical bond. 

T h e  analysis of  the charge density in terms of  its critical 
points and  Laplacian distribution has shown that the stabi- 
lization of  these electron-deficient systems is achieved not 
only by the accumulation of  an excess of electronic charge 
along the bond paths, but by a concomitant concentration of  
electronic charge within, and its delocalization over the rings 
of  bonded atoms that result f rom the formation of  the extra 
interatomic linkages. T h u s  the atoms linked by bond paths 
with reduced bond orders are  more stable than correspond- 
ing atoms in the standard linkages, a n  example of  this being 
the dramatic increase in the stability of  the boron atoms in 
the electron-deficient C,_B,H, compared to those in the elec- 
tron-precise CIB,Hs. T h e  stabilization of  a ring system 
through a surface delocalization of  charge has been previ- 
ously discussed and illustrated for  three-membered ring 
systems (14,  4 0 ,  41)  and in the boranes (14,  42) .  
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Appendix: Borane energies, coordinates 
(Energies and atomic coordinates in atomic units) 

T A B L E A ] .  BH 
BH, C," E(RHF) = -25.124157 au 

Atom x Y z 
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Atom x Y z 

TABLE A3. B2H6 
B2H6, Dzh E(RHF) = -52.822442 au 

Atom x Y z 

B 1 - 1.6982 0.0000 0.0000 
H2 0.0000 0.0000 1.8514 
H3 -2.7774 1.9639 0.0000 
H4 -2.7774 - 1.9639 0.0000 
B 5 1.6982 0.0000 0.0000 
H6 2.7774 - 1.9639 0.0000 
H7 2.7774 1.9639 0.0000 
H8 0.0000 0.0000 -1.8514 

TABLE A4. B4H10 
B4H,o, C2, E(RHF) = - 104.477749 au 

Atom x Y z 

TABLE A5. BsH9 
BsH9, C,, E(RHF) = - 128.597863 au 

Atom x Y z 

B 1 0.00000 2.43416 -0.27283 
B2 2.43416 0.00000 -0.27283 
B3 0.00000 -2.43416 -0.27283 
B4 -2.43416 0.00000 -0.27283 
B5 0.00000 0.00000 1.8548 1 
H6 0.00000 4.64360 -0.01215 
H7 4.64360 0.00000 -0.01215 
H8 0.00000 -4.64360 -0.01215 
H9 -4.64360 0.00000 -0.01215 
H10 1.82100 1.82100 -1.96208 
HI1 1.82100 -1.82100 -1.96208 
H12 -1.82100 -1.82100 -1.96208 
H13 -1.82100 1.82100 -1.96208 
H14 0.00000 0.00000 4.07958 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

12
3.

30
.1

83
.1

19
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BADER AND LEGARE 

TABLE A6. B6HI0 
B6Hlo, C5 E(RHF) = - 153.860374 au 

Atom x Y z 

TABLE A7. B ~ H ~ ~ -  
B,H~'-, Oh E(RHF) = - 15 1.466097 au 

Atom x Y z 

TABLE A8. B ~ H ~ ~ -  
B,H,'-, DSh E(RHF) = - 176.759690 au 

Atom x Y z C
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TABLE A9. 
I,, E(RHF) = -303.326804 au 

Atom x Y z 

For H's, add 12 
to B number. 

TABLE A10. CZB,HS 
C2B3HS, D3,, E(RHF) = - 152.708566 au 

Atom x Y z 

C 1 0.00000 0.00000 2.10213 
B2 0.00000 2.06718 0.00000 
B 3 - 1.79023 - 1.03359 0.00000 
B4 1.79023 - 1.03359 0.00000 
C5 0.00000 0.00000 -2.10213 
H6 0.00000 0.00000 4.12036 
H7 0.00000 0.00000 -4.12036 
H8 0.00000 4.29423 0.00000 
H9 -3.71891 -2.1471 1 0.00000 
H10 3.71891 -2.1471 1 0.00000 

TABLE A1 1. CrB4H6 
CZB4H6, D4h E(RHF) = - 177.939490 au 

Atom x Y z 

B 1 -2.29337 0.00000 0.00000 
B2 0.00000 -2.29337 0.00000 
B3 2.29337 0.00000 0.00000 
B4 0.00000 2.29337 0.00000 
C5 0.00000 0.00000 -2.04620 
C6 0.00000 0.00000 2.04620 
H7 -4.50802 0.00000 0.00000 
H8 0.00000 -4.50802 0.00000 
H9 4.50802 0.00000 0.00000 
HI0 0.00000 4.50802 0.00000 
H 1 1  0.00000 0.00000 -4.05779 
H12 0.00000 0.00000 4.05779 
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Diagrammatic analysis of nonlinear response properties in time-dependent 
Hartree-Fock theory 
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HIDEO SEKINO. Can. J .  Chem. 70, 677 (1992). 
Nonlinear response properties in Time-Dependent Hartree-Fock (TDHF) theory are analyzed by diagrammatic tech- 

niques and compared with the expression in propagator theory. The term that ensures that the quadratic response func- 
tion is correct through first order in electron correlation emerges in the coupling term between lower order TDHF amplitudes 
and causes a violation of particle-hole pair conservation. It is shown diagrammatically that the dynamic hyperpolariz- 
abilities can be expressed by lower order solutions in accordance with the 2t1 + I rule. 

Key words: nonlinear response property, TDHF, diagrammatic. 

HIDEO SEKINO. Can. J .  Chem. 70, 677 (1992). 
Utilisant une technique faisant appel a des diagrammes, on a analysC les propriCtCs de rCponse non-lineaires de la thCorie 

de Hartree-Fock dCpendante du temps (TDHF) et on I'a compark avec I'expression de la thCorie du propagateur. Le tenne 
qui assure que la fonction de rCponse quadratique est correcte pour le premier ordre de corr6lation Clectronique emerge 
dans le terme de couplage entre les amplitudes TDHF d'ordre les plus bas et il provoque une violation de la conserva- 
tion de la paire trou-particule. On montre par un diagramme que les hyperpolarisabilitCs dynamiques peuvent Ctre ex- 
primCes par des solutions de plus bas ordre, en accord avec la rkgle 211 + 1. 

Mots c l is  : propriCtC de rCponse non-IinCaire, TDHF, diagrammatique. 
[Traduit par la redaction] 

Introduction 

The theoretical invest~gation of nonlinear optical proper- 
ties of molecules is one of the most challenging subjects in 
quantum chemistry. However, because the properties are 
highly sensitive to the frequency of the applied optical field, 
theories within a framework of stationary states may not be 
able to provide meaningful prediction for the experimental 
situation. High-order Time-Dependent Hartree-Fock (TDHF) 
theory is one of the methods that provide nonlinear dy- 
namic response properties such as frequency-dependent 
hyperpolarizabilities. We have formulated the high-order 
TDHF and implemented it to calculate frequency-depen- 
dent hyperpolarizabilities of general molecules in different 
nonlinear optical processes (1) .  Recently the method was 
reformulated using a molecular orbital (MO) based algo- 
rithm (2). Performance of the computation employing the new 
algorithm was dramatically improved and 1s promising for 
applications to larger systems. The theories for nonlinear 
properties have also been formulated by propagator tech- 
niques (3, 4) and some applications have been made at the 
Hartree-Fock level (5, 6).  But care must be taken to ensure 
that the nonlinear response function is correct through first 
order in electron correlation (3, 5). We present here the 
nonlinear response properties in a TDHF framework using 
diagrammatic techniques and make comparison with the 
expression in propagator theory. 

Diagrammatic representation of nonlinear 
response property 

The space is then spanned by singly excited determinants I+,) 
with respect to the original determinant composed of origi- 
nal nonperturbed orbitals. 

Here, U is an unitary transformation that back-transforms the 
perturbed orbitals to the original orbitals and is called the 
TDHF amplitude. The Lagrangian multiplier c represents 
the Hartree-Fock manifold of the perturbed system and thus 
the dimension of the corresponding matrix is equal to the 
number of the occupied orbitals for all orders. The Fock 
operator includes the time-dependent perturbation, zJEj . 
O,eiiW', caused by an oscillating external electric field of field 
strength (El( and property under consideration 0,. For sim- 
plicity, the perturbations considered from now on are as- 
sumed to be all of the same kind and the applied electric field 
is monochromatic with frequency w. The Fock matrix is ex- 
panded in the power series of E. 

and further decomposed to a pure one-body term 0 and the 
Hartree-Fock effective potential 

The Time-Dependent Hartree-Fock (TDHF) equation is 
obtained by projecting Hartree-~ock (HF) differential where the external perturbation 0 appears only in the first 
equations onto a single determinantal wavefunction I+,) order and the effective potential consists of the two-electron 

composed of perturbed orbitals. integral v and the density matrix d .  

f - i, la) = la). a)  

[4b] g(+w, t w ,  kw,  . . . )  = v.d(+w, +w, +w, . ..) 

Here, "." means a two-index contraction between the anti- 
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symmetrized two-electron integral supermatrix v = ( p q l l ~ s )  and the density matrix d ( * w , + w , f w , .  . .). The E matrix, 

and the amplitudes, 

are also expanded with respect to the field E. In eq. [ 5 ] ,  do' is the diagonal canonical zeroth order Hartree-Fock solution 
and U'O' = 1. 

Backprojecting eq. [ l  ] onto the zeroth order Hartree-Fock space, we have 
[7a] f 'O'u'O' = u'O'~'O' 

All matrices can be divided into several blocks such as occupied-occupied, virtual-occupied, occupied-virtual, and vir- 
tual-virtual blocks. The Hartree-Fock condition is thus 

for all occupied orbitals, i, j,. . . and virtual orbitals, a,b,. . . . 
From the condition [8] and eq. [7] ,  the TDHF amplitude U ( f w ,  t w , + w .  . .) is obtained. For example, from E,-,(?w,+w) 

= 0 in eq. [7c] ,  we have the TDHF equation for the virtual-occupied amplitude U,- , (?w,+ w ) ,  

Here, f"' = E"' is diagonal. As we will see, a part of f,-,(+w,?w) can be expressed by a two-index contraction of U,-,(?w,+w) 
and typical RPA-type two-electron integrals. The other terms are simply products of lower order solutions and contribute as 
constants. Therefore eq. [7c1] is linear in U, - , (+w,+w) .  The density matrix d ( f w , * w , + w , .  . .) 

is then calculated through d ( E )  = u ( E ) u t ( E ) .  As we have 
seen in eq. [4], the density matrix is in turn used to create 
the Fock matrix. Thus the TDHF equation can be solved it- 
eratively. The dynamic nonlinear response properties are 
given as a contraction of the perturbation property a with the 
density matrix which comprises the nonlinear perturbation 
process under consideration. For the Hartree-Fock case, it 
is given as a contraction between the property correspond- 
ing to the perturbation and the one-body density matrix cor- 
responding to the process such as d ( f w , ? w ) ,  d ( o , f w ) ,  
d ( k  w ,  + w ,  * w). . . for Second Harmonic Generation (SHG), 
ElectroOptic Pockels Effect (EOPE), Third Harmonic Gen- 
eration (THG) . . . etc. We now present the TDHF equation 
and the nonlinear response property diagrammatically. Here, 
we define the TDHF amplitudes 

which represent U,-,(+ w),  U,-,(+ w ,  + w), U,-,(+ w ,  + w). . . 
and the amplitudes 

which represent U,-,(- w), U,-,(- w ,  - w), U,,-,(- w ,  -w). . . . 
The direction of the arrow with respect to the time progres- 
sion corresponds to the associated time factors such as 
e + i ( w l + w z + .  . . ) I  or e - ~ ( w , + w 2 + . . . ) ~  

The density matrix of Second Harmonic Generation (SHG) 
d ( - 2 w ;  w , w )  = U ( + w , + w )  + u ( + w ) u t ( - w )  + U ' ( - w ,  
-w) ,  for example, is represented as 

1 
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and 

Here we have chosen the occupied-occupied block of 
U ( k w , ? w , .  . .) to have a symmetric relation U,-,(+w, 
+ w , .  . .) = U,-,(-o,-w,. . .). This, together with the or- 
thogonality condition, ensures 

for the first-order amplitude. The occupied-occupied block 
of the second-order amplitude is determiped through the 
second-order orthogonality condition U',-,(- w,  - w) + 
u t ( -w)u(+w)  + U,-,(+w,+w) = 0 

Now we define the Fock matrices diagrammatically. For 
zeroth order cO' = h"' + g'O' 

where ---x represents the one-electron part h"' and 
---0 represents the effective HF potential caused by the 
two-electron part g"'. For the first order f(?w) = 0 + g(+w) 

and 

where 

and 

The Fock matrices have a one-electron part ---A and the 
effective HF potentials ---@ and ---a are perturbed once 
before and once after the interaction ---- by the TDHF 
amplitudes + and +-. For the second order, the bare one- 
electron part 0 does not contribute to the Fock matrix and 
f ( ? w , ? w )  = g(?w,?w) for the SHG case. The effective 
potential g (?w,  ?w) is now represented as 

and 

Similarly the occupied-occupied blocks of E are represented as follows. For E"', we have the diagrammatic representation 

[D- 101 

and the incoming and outgoing lines have same indices because the matrix is diagonal for the canonical zeroth order H F  or- 
bitals. Since c(I+-w) = f(?w) for the same block, ~ ( t w )  is represented as 

[D- 1 la] 

and 
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[D- 1 1 b] 

CAN. J .  CHEM. VOL. 70. 1992 1-4 + I-@ 
From the condition that the virtual-occupied block of E(?w) in eq. [7b] must be zero, we obtain the linearized (first-order) 

TDHF equations for U(+-w) = U,-,(tw). This is represented diagrammatically as 

and 

Using eqs. [D-go] and [D-861, we can replace the Fock matricesV@andV9by the TDHF amplitudes 1 a n d l  and we ar- 
rive at the coupled equations for U(ko) .  

Here, A and B are ordinary Random Phase Approximation (RPA) matrices. 

[D- 13a] 

and 

[D- 1361 

We can formally solve the equations 

where 

From the condition that the virtual-occupied block of E(+W 2 o) is zero in eq. [7c], the second-order TDHF equations 
are obtained. 

[D- 14aI 
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SEKINO 68 1 

[D- 1401 

Using eqs. [D-901 and [D-9b], we again replace the Fock matrices by the TDHF amplitudes and arrive at the final equations 
for the amplitudes U(+w,  +w) = U,-,(+w, k w )  

where h(+w,+w) are constant terms composed of lower order terms and represented diagrammatically as: 

[D- 15aI =VD-" + .-A + yQ+y 

and 

[D- 1 5b] v-A = b!+o* - b!... + Y--A - yQ + 

Therefore we can solve the TDHF equations for the second-order amplitudes U(+w,+w) in the same way as in the first-or- 
der solutions. 

The P matrix has exactly the same form as in eq. [12] except that the frequency is now replaced by 2w. The form of the 
P matrix is always the same for any order of TDHF equation. Therefore only a single diagonalization of the RPA matrix is 
sufficient to obtain all order solutions. The third-order response property of SHG is provided by contraction between the 
perturbation 0 and the density matrix d(+ w, + w). 

- 
[D- 161 , 8 ( - 2 w ; w , w )  - (1* + o-A+ 4 Q - - A - 0 - - A  
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Inserting the solutions U(+w,+w)  and U(-w , -w)  from eq. [14] for Yand 1, and introducing new amplitudes U(+2w)  = 
jl and U ( - 2 w )  = that satisfy Y 

and diagrammatically 

it becomes 

Therefore, the property is expressed by only first-order solutions. Using eqs. [D-15a] and [D-15b], we finally have 

As we have seen above, the nonlinear property P(-2w;w,w) can be calculated either from the first- and the second-order 
amplitudes U(+ w )  and U(+ w ,  + w )  or only from the first-order amplitudes U ( +  w )  and U(+2w) .  The higher order properties 
such as y can be expressed by the lower order amplitudes in a similar manner. This is of course a consequence of the 2n + 1 
or 212 rule (7). 
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Comparison with the expression in the propagator method 

We now introduce a set of excitation and deexcitation operators {Q',Q,} defined by 

Here M is the size of the basis set and N is the number of the occupied orbitals and {z',,,Y',,} is an RPA solution. 

The U(kw,?w, ?w) = U,-,(?w,?w,. . .) and the constant terms h(+w,Lw,?w. . .) = h,-,(?o,Lw,. . .) may be 

transformed onto the new basis {Q:,Q,}, 

and 

The first-order equations, eq. [lo], become 

Here the Jth element of the vector h(?w) is 

[20] h(?w) = - s~~( J ) ( [K-J ,O] )  

and 

[21a] K j  = Q: 

for J > 0 

[21bl K, = QVI 
for J < 0. D is a diagonal matrix that contains RPA energies {wJ} as its diagonal elements. Thus the first-order amplitudes 
are easily solved as 

The second-order equations, eq. [13], become 

Here, 

1 
[24] h(*w, +w) = - sgn(J ) ( [ [~-~ ,  01, A(w)]) - 5 sgn(J)([[[~-J, ~ ' ~ ' 1 ,  A(w)l, A(w)l) 

and H'" is a non-perturbed Hamiltonian. The second-order amplitudes are thus 

It is easy to see that the new first-order amplitudes U(k2w) introduced in eq. [15] are also expressed on the new basis as 
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The terms 3, 6, 11, and 14 in eq. [D-191 are obtained by a contraction of the first-order solutions U(?w) and U(+2w) with 
the property 0 ,  which is represented on the new basis {QTJ,QJ} as 

[271 0 = ([IK-J,OI,KNI) 

and correspond to 

The terms 17 and 18 correspond to 

and all the rest of the terms arise from a contraction among two first-order amplitudes U(?w) and another first-order ampli- 
tude U(+2w) with unperturbed Hamiltonian H"', which is represented on the new basis as 

[30] H'O' = ((KN,[K-J,H(~'I,KM)) 

and correspond to 

Since three amplitudes, two U(+w) and one U(+2w), must contract to H'", H"' has a super matrix form such as in eq. [30]. 

Discussion 
Higher order TDHF equations and nonlinear response 

properties are presented by diagrammatic techniques. As seen 
above, the third-order property that was originally derived 
using second-order TDHF amplitudes can be expressed with 
only first-order terms. This is a consequence of the 2n + 1 
rule (7) for dynamic properties. Klingbeil et a[ .  proved this 
for fourth-order properties (8). Karna and Dupuis have shown 
it for both third- and fourth-order properties (9). Sekino and 
Bartlett (2) and Karma et al .  (10) used the algorithm for 
calculating dynamic first and second hyperpolarizabilities P 
and y. Rice et al. (1 1) and Parkinson and Oddershede (6) 
employed an equivalent principle for computing the first 
hyperpolarizability. 

To express the Hartree-Fock density matrix in the space 
spanned by M basis functions, we need an operator mani- 
fold of dimension M', but only N(M - N) complex vari- 
ables are necessary to determine the Hartree-Fock energy 
of each order. Thus we need to solve 2N(M - N) real TDHF 
equations for U(+w, tw, .  . .). Using the transformed basis 
{Q:,Q,}, we can conveniently decouple the TDHF equations 
to ~ ( + w , t w , .  . .) and we arrive at the sum-over state rep- 
resentation of the nonlinear response function. This formu- 
lation is conceptually more appealing and the same formalism 
provides other related properties such as two-photon transi- 
tion moments and transition probabilities between excited 
states (5, 6). However, it has~~om~uta t iona l  disadvantages 
for calculating hyperpolarizabilities. An expression in su- 
permatrix form, such as ( (K~, [K~,H( ' ) ]  , K ~ ) ) ,  is not useful in 
real computation where the size of operator space is not small. 
In our formalism, which involves Fock matrix formation, all 
contributions are expressed essentially by one-body terms and 
no supermatrix appears explicitly. The space required for 
mapping (ordered two-electron integrals) from density ma- 
trix to Fock matrix is 2 ~ ' .  The typical integral lists of this 
kind are the P and K lists (15), which are commonly used for 
F matrix formation in A 0  basis. In contrast with the A 0  
based methods (1, 9), the MO based algorithm presented here 

can divide the problem into subblocks: the occupied-occu- 
pied, virtual-occupied, etc. Only the mapping correspond- 
ing to the virtual-occupied block of the density matrix to the 
virtual-occupied block of the Fock matrix is required to ob- 
tain the TDHF amplitude through eqs. [ lo]  and [13]. The 
mapping involving the virtual-virtual block of the density 
matiix to the virtual-occupied block of the Fock matrix is 
required for computation of third-order properties, while 
mapping that involves the virtual-virtual block of the den- 
sity matrix to the virtual-virtual block of the Fock matrix is 
necessary for properties of more than fourth order. How- 
ever, these mappings are required only for formation of the 
constant terms h(+ w, +w) etc., that is, required only once. 
The size of the space for mapping to solve eq. [lo] or eq. [13] 
is only 2N(M - N) and can still be handled in the core 
memory of computers, even in cases with over 100 basis sets. 
Although those equations can be solved in a noniterative 
manner, we chose an iterative solution for the problem since 
the latter is much more efficient for nontrivial systems (2). 
Further, we implemented a reduced linear equation scheme 
(12-14) to accelerate the convergency for solving the equa- 
tions. Performance of the vectorized program for dynamic 
hyperpolarizabilities P and y was dramatic (2), and is 
promising for applications to larger systems. 

It is known that the term shown in eq. [3 1 ] is necessary 
for the response function to be correct through first order in 
electron correlation (3, 5). In the first-order TDHF equa- 
tion, the constant contribution is nothing but the external 
perturbation 0. The second-order energy expression in 
Coupled Perturbed Hartree Fock (CPHF) is characterized by 
particle-hole bubbles. All the particle-hole pairs created at 
one time disappear together at another time (16). This so- 
called particle-hole pair conservation is no longer true in the 
higher order energy diagram as in eq. [D- 191. From the dia- 
grammatic expression [D-14, 151, it is evident that the terms 
that violate the particle-hole pair conservation come from 
the coupling between two first-order terms U(?w) in the 
second-order constant contribution h ( t w ,  ?w) and those are 
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the terms that correspond to eq. [3  1 1.  Since it is a constant 
contribution, the violation happens only once for third-order 
properties. In general, nth order nonlinear response proper- 
ties have terms that violate the particle-hole pair conserva- 
tion n - 2 times. It should be noted, however, that TDHF 
theory is still one-body theory. There is no possibility to 
create real double excitation clusters that have no constraint 
in connecting among each other through two-electron inter- 
actions. 
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OMAR A. SHARAFEDDIN, DONALD J. KOURI, and DAVID K. HOFFMAN. Can. J. Chem. 70, 686 (1992). 
The time-dependent Lippmann-Schwinger equation describing atom-diatom collisions is expressed in terms of a general 

reference Hamiltonian, H,, whose dynamics are easily solved in one representation, and a corresponding disturbance 
Hamiltonian, H,, whose dynamics are easily solved in a different representation. The wavefunction at time t + T is then 
expressed in terms of its value at a previous time r by means of a simple quadrature approximation. The resulting expression 
for +(t + T) has a form similar to that occurring in earlier numerical unitary solutions to the time-dependent Schrodinger 
equation via a Cayley transformation. The structure of the new equations is made explicit for (a) the choice where H ,  is 
taken to be the kinetic energy and H, is the potential energy and (b) the choice where H ,  is taken to be the potential en- 
ergy and H, is the kinetic energy. In addition, we also deal with several alternatives for treating the binding potential of 
the diatom. Several alternatives for choosing representations are then explored for reducing the equations to a form 
amenable to computation. The short time structure of the equations is discussed in terms of a multiple time-scales anal- 
ysis. 

Key words: molecular collisions, multiple time scales, quantum dynamics. 

OMAR A. SHARAFEDDIN, DONALD J. KOURI et DAVID K. HOFFMAN. Can. J. Chem. 70, 686 (1992) 
L'Cquation de Lippmann-Schwinger qui est relite au temps et qui dCcrit les collisions atome-diatome peut &tre ex- 

primCe en termes d'un Hamiltonien de rCfCrence gtntrale, H,, dont les dynamiques peuvent facilement Ctre rCsolues par 
une representation et un Hamiltonien correspondant de perturbation, H,, dont les dynamiques peuvent facilement itre 
rCsolues par une autre reprksentation. On peut alors exprimer la fonction d'onde au temps t + T en termes de sa valeur 
a un temps antCrieur t par le biais d'une approximation quadratique simple. L'expression qui en rtsulte pour +(t + T) a 
une forme semblable a celle que I'on retrouve dans des solutions numCriques unitaires anttrieures de l'kquation de 
Schroedinger reliCe au temps qui sont obtenues par le biais d'une transformation de Cayley. On rend la structure des 
nouvelles Cquations explicite en faisant le choix que (a) H ,  est 1'Cnergie cinCtique et Hd est 1'Cnergie potentiel et (b) H ,  
est I'Cnergie potentiel et H, est l'tnergie cinCtique. De plus, on tient compte des divers cas possibles pour le traitement 
du potentiel de liaison du diatome. On explore alors plusieurs options pour le choix des reprksentations permettant de 
rtduire les Cquations a une forme que I'on peut traiter par un ordinateur. On discute de la structure de faible temps en 
fonction d'une analyse d'tchelles multiples du temps. 

Mots c l b  : collisions moltculaire, Cchelles multiples du temps, dynamiques quantique. 
[Traduit par la rtdaction] 

1. Introduction 

Recently, time-dependent wavepacket methods have 
proved to be very useful in treating molecular collisions (1- 
57).4 In a series of papers (47 (paper l ) ,  49, 50), we initi- 
ated a systematic study of the time-dependent version of the 
Lippmann-Schwinger equation for scattering. Our objec- 
tive is to develop an assortment of efficient methods for 
treating molecular collisions. The philosophy pursued is to 
split the Hamiltonian in an exact fashion into a reference 

'R. A. Welch Predoctoral Fellow under R. A. Welch Founda- 
tion Grant E-608. 

' ~ u ~ ~ o r t e d  in part under National Science Foundation Grant 
CHE89-07429. 

' ~ m e s  Laboratory is operated for the U.S. Department of En- 
ergy by Iowa State University under Contract No. 2-7405-ENG-82. 
This research was supported by the Division of Chemical Sci- 
ences, Office of Basic Energy Sciences. 

?Some recent reviews include ref. l a  for molecule-surface scat- 
tering, ref. Ib for collinear gas phase reactive scattering, and ref. 
lc  for a general review. 

piece, H,, whose dynamics is simple in a certain represen- 
tation, and a concomitant disturbance, H d ,  whose dynamics 
is also simple in some different representation. Then the 
formal solution to the time-dependent Schrodinger equation 
is expressed in terms of the wavepacket at an earlier time 
evolved forward to the current time by an easily calculated 
evolution operator for the reference dynamics, plus an in- 
tegral (over time) term that combines the H ,  and H ,  dynam- 
ics in a sequential fashion. The reference dynamics enters in 
terms of the (infinite order) evolution operator for the ref- 
erence dynamics, while H ,  enters in a linear fashion. There 
are numerous options available for dealing with the integral 
term in order to obtain suitable equations for computations. 
In our earlier work, we explored methods based on the 
wavefunction and the time-dependent amplitude density (47, 
49), and on two different choices for H ,  and Hd:  the stan- 
dard one where H ,  is the kinetic energy and Hd the potential 
(49, 50), and a new one where H ,  is the potential and H ,  is 
the kinetic energy (49). In ref. 50, we also derived a new 
computational approach using the standard splitting of the 
Hamiltonian H  into H ,  and H,, and expressing the current 
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SHARAFEDDIN ET A L  687 

time wavepacket in terms of a modified Cayley transform 
acting on the earlier time wavepacket. This procedure was 
applied successfully to a potential modelling elastic elec- 
tron-atom scattering. 

In this paper, we extend the modified Cayley transform 
equations to the case of atom-diatom scattering, including 
both rotational and vibrational degrees of freedom. We 
present the basic equations for an arbitrary choice of H, and 
H,, and then apply them to four specialized cases: (1) H ,  is 
the complete relative kinetic energy and H, is the complete 
potential energy; (2) H, is the complete relative kinetic en- 
ergy plus the diatom binding potential energy, and H, is the 
remaining potential energy; (3) H, is the complete potential 
energy and H, is the complete relative kinetic energy; and (4) 
H, is the potential energy minus the diatom binding poten- 
tial energy, and H, is the complete relative kinetic energy plus 
the diatom binding potential energy. We explore several 
possible ways to implement these equations, and study par- 
ticularly the roles of representations used and the particle 
masses and range of interactions in the choice of computa- 
tional method. Of special interest is the possibility of time- 
scale separations as a means of simplifying the equations. It 
is also noted that our techniques apply equally well to the 
symmetric split operator approach (1 la)  . 5  

The paper is organized as follows. In Sect. 2 we present 
the derivation of the modified Cayley method for an atom- 
diatom system and a general choice of H, and H,. Then in 
Sects. 3 and 4, we apply the choices of H, and H, to spe- 
cialized cases (1) and (2), and cases (3) and (4), respec- 
tively, and discuss the choice of representations and the role 
of time scales for various motions. Finally, in Sect. 5, we 
indicate some directions for future work. 

2. General referenced modified Cayley method 
We desire to solve the time-dependent Schrodinger equa- 

tion 

where the Hamiltonian H may be expressed as 

Here, H, denotes the so-called reference Hamiltonian, and 
H, is a disturbance Hamiltonian. In general, H, and H, do not 
commute, so that no representation exists in which both are 
diagonal. However, in general, some representation will exist 
in which H, is diagonal, and some different representation 
will exist in which Hd is diagonal. The solution to eq. [ l ]  may 
be expressed as 

-: r1  

We note that eq. [3] is exact, and represents a means of 
splitting H into H, and Hd so that each can be evaluated in 
its eigen-representation. (This is reminiscent of the split op- 
erator approach to time-dependent quantum dynamics. 
However, in eq. [3] the splittirzg erzters without approxima- 
tion. Of course, eventually, some approximations will be 

'see also the symmetric split operator approach of DeVries (1 lb ) .  

introduced in order to carry out calculations to a desired level 
of accuracy. There are many ways to approximate eq. [3] so 
that considerable flexibility is gained, and the approximate 
computational expressions will be chosen such that as T + 
0, the result becomes arbitrarily accurate.) 

To obtain the modified Cayley form, we approximate the 
integral over t' in eq. [3] by the simple trapezoidal rule. This 
yields 

Rearranging and solving for I$(t)) then leads to 

X I*(t - 7)) 

This is the modified Cayley form referenced to H,. By way 
of reminder, the usual Cayley transform (or Crank-Nicholson 
(58) method leads to the expression (8) 

Thus, it requires inverting an operator containing the full 
Hamiltonian, or more efficiently, solving the set of equa- 
tions (8, 58) 

We have previously pointed out (50) that the form eq. [5] can 
be viewed also as being related to the symmetric split op- 
erator (1 1) approach, since for small enough T, 

8 [ 1 + ; H,] 1 /exp(i~H,/.h) 

and 

which leads to 

[ 1 1 1 I$(t)) = e-'H"'2Z" e-fl"lfi e-'H"/22"J$(t - T)) 

However, even though the symmetric split operator expres- 
sion contains (HdT/2h) to infinite order, it is not necessarily 
more accurate than eq. [5]. In fact, as T becomes larger, 
having (Hd?/2h) to infinite order, but not with the correct 
coefficients of the various commutators, may lead to worse 
results. The accuracy of eq. [5] is controlled by the degree 
to which the trapezoidal rule accurately yields the time in- 
tegral in eq. [3] above, while the accuracy of eq. i l l ]  de- 
pends on the size of the commutator, [Hr,Hd]. In fact, 
calculations comparing the two show that for the systems 
studied, the kinetic referenced modified Cayley is more ro- 
bust. We shall focus on the modified Cayley version, eq. [5], 
in this paper, but the same analyses can be made using the 
symmetric split operator equations. In eq. [5], one may carry 
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out the usual procedure of evaluating [ l  + i ~ / 2 h ~ , , ] - I ,  
e - ~ H , ~ / f i  , and [ l  - i~/2hH,] in their respective diagonalizing 
representations, followed by appropriate transformations 
between these two representations. There are, however, other 
interesting options that we shall explore in this paper. 

Finally, we note from the structure of eq. [5] that, in some 
sense, a "natural" representation in which to calculate I$(t)) 
is determined by H,, since the left-most operator in eq. [5] 
is diagonal in this representation, and the first operator act- 
ing on I$(t - T)) is [ l  - i~ /2hH,~] .  The basic procedure then 
would require transforming [ l  - i~/2hH,Jl$(t - T)) from 
the H, to the H, representation, followed by application of 
e-!H,~/fi in the H, representation. Then one would transform 
back to the H, representation for application of [ I  + iT/ 

2 h ~ , ] - I ,  yielding I$(t)) in the H, representation. Alterna- 
tively, one can evaluate exp(-iH,~/k) in the H, representa- 
tion, or [ l  - ip/2hH,] and [ l  + i ~ / 2 h ~ , ] - '  in the H, 
representation, so that the entire calculation could be done 
without changing representations (62-64). Since these op- 
erators depend only on the time step size (65), rather than on 
the time itself, they may be evaluated once and stored, 
thereby saving computational effort if a number of wave- 
packet propagations are to be done. 

3. Kinetic energy referenced modified Cayley method 

In this case, we choose H, to be the total relative kinetic 
energy operator for the atom-diatom collision system, and 
H, is then the full potential energy for the system. The basic 
equation (eq. [5]) then becomes 

where we choose to work initially in the coupled angular 
momentum (65) or Arthurs-Dalgarno representation (de- 

veloped in ref. 59). Then J is the total angular momentum 
quantum number, Mh is the space fixed z-component of to- 
tal angular momentum, t?,, j,, and I ,  are the initial vibra- 
tional, diatom rotational angular momentum, and orbital 
angular momentum quantum numbers, R is the vector from 
the diatom center of mass to the atom, r is the diatom inter- 
nuclear vector, the symbol K represents a kinetic energy 
operator for motion in the coordinate occurring as a sub- 
script, and V denotes the complete potential energy opera- 
tor. It is clear from eq. [12] that a convenient representation 
for ~$JM(t?~,j~ll,l)~t)) will be the coordinate representation, since 
the potential energy V is diagonal in this representation. It 
is also, however, convenient to employ the conservation of 
total angular momentum. We project eq. [12] from the left 
with (Rrl, and insert resolutions of the identity 

and 

x (%i,'M'l(kjl(~ll 

where 

[15] ( R 1 r ' l R r ) = 6 ( R - R f ) 6 ( r - r ' )  

[ 161 (RIK1) = JI(KR) 

[ 171 (r~kj) = j,(kr) 

[ l8]  ( ~ c p ~ @ Y i ~ ' ~ ' )  = (lMr - mjjm,lJ'Mr) 
,,,, 

X YIM,-,,v(~$)~,,,~(x$) 

X, 5 and 0, cp are the polar and azimuthal angles of r and R, 
j,(kr) and jl(KR) are the usual spherical Bessel functions, and 
(IM' - m , j m , ( ~ ' ~ ' )  is a Clebsch-Gordan coefficient (60). 
This yields 

To further simplify, we take advantage of conservation of total angular momentum, and write (for any time t), 

where DilM is a Wigner rotation matrix (60), (C,B,cp) are the Eulerian angles of a body frame whose z-axis is along R ,  and 
oriented so that the diatom is in the (x,z) plane. Then a ,  the angle between r and R, is the polar angle of the diatomic axis 
in the rotating frame. Noting that (61) 

where Pjll(cos a )  is a normalized associated Legendre polynomial, we can project eq. [19] with DKM(~0cp) to obtain 
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SHARAFEDDIN ET AL 

We note that the fact that the potential energy depends only on F .  R rather than on F and R separately has been used in ob- 
taining eq. [22]. This equation can be used to calculate \ ~ r ~ ~ ~ ( ~ r a l n , j ~ l , , ( t )  at time t from its previous values at time t - T. 

If we include the diatomic binding potential in H,, so that 

the result is easily shown to be 

where J,,(r) is the vibrational eigenstate of the vibrating- 
rotating diatom, having energy E,,,, and 

In this case, the summation over the index n replaces the in- 
tegration over k. 

We note that if the symmetric split operator (1 1) were used, 
then exp(-i~V(Rra)/2h) would replace 

i~ 
[ I  + 5 V(Rra)]-I and [ I  - - 2h V(Rra) I 

in eq. [22], and exp(-i~v(Rr-a)/2h) would replace 

i~ 
[ I  5 u(Rra)] and [ I  - - 2h u(Rra) I 

in eq . [24]. 
Equations 1221 and 1241 are the result of using a total an- 

gular momentum (30, 59, 66), rotating body frame (38, 40, 
67), coordinate representation, combined with the KRMC 
equation. We shall use them now to examine the conse- 
quences of time-scale separations for the various motions in 
the atom-diatom system. The natural time scales for each 
degree of freedom can be determined by examination of the 
manner in which the time (65) enters the factors exp[-i(~'.r/ 
IJ, + &/rn)h/2] and [ l  k ( i ~ / 2 h ) ~ ( ~ r a ) ] "  in eq. [22], and 
exp[-i(hK%/21~, + E,,,T/~)] and [ l  k ( i ~ / 2 h ) ~ ( ~ r a ) ] "  in eq. 
[24]. The terms representing kinetic energy are easy to ana- 
lyze, and for eq. [22] the ratios T/IJ, and ~ / m  naturally 
occur (65). There are also natural length scales ro associated 
with the binding potential v(r-), and R, associated with the 
scattering potential u(Rra) (65) (defined by eq. [25]). These 
are essentially range parameters associated with the dis- 

tance over which a potential is significant. Thus it is impor- 
tant to understand that the length scales R, and ro essentially 
contain the qualitative information about (a) whether the 
bound motion in r permits large or small excursions (so if ro 
is small, this corresponds to a tightly bound system, and if 
ro is large, denoting large excursions, one has a loosely bound 
system, such as van der Waals bond); (b) whether the scat- 
tering interaction is long ranged (with R, large) or short 
ranged (with R, small). We define effective times T; and T; 

by (65) 

and 

It is straightforward then to introduce the natural energy units 
h2/2p& and h2/2rnri associated with the R and r degrees of 
freedom respectively. If K and k are measured in units 1 /Ro 
and 1 /ro respectively, then for eq. [22] we will have factors 

and 

and for eq. [24], the factors are 
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and 

Here, all quantities with tildes are dimensionless. 
To consider time-scale separations, it is clear that one must 

consider the relative sizes of the masses p, and m and the 
lengths R, and r,. The basic condition that must be satisfied 
by the physical time step, 7, is that it be short enough to en- 
sure that an accurate description is obtained in the trapezoi- 
dal quadrature evaluation of the time integral in eq. [3]. 
Typically, one expects this to be governed by the rate at 
which the wavepacket is moving and being distorted by the 
potential, and this is strongly influenced by the energies in- 
cluded in the construction of the original packet for relative 
motion, and the initial internal state of the bounded notion. 
For many systems, the rate of motion will be dominated by 
the masses p, and m, so that T must be chosen small enough 
to follow the motion of the light particle. If, for example, this 
is taken to be particle 1, with mass p,, then T must be cho- 
sen small enough that 7; does not result in so large a change 
in the average position of particle 1 that the integrand changes 
too rapidly. We note futher that by construction, 

and by eqs . [26] and [27], 

and 

Thus, the effective time for the r-motion of the more mas- 
sive particle is much shorter than that for the lighter particle 
associated with R-motion. As a result, we expect that for eq. 
[22], the factor exp[-ihk27;/2] should be close to one and 
7;B(r)/2 should be small compared to 713(Rra)/2. To see the 
consequence of this, we can consider the extreme case of mri 
+ m, or 7; -- 0. Then one has that 

[36] 1: dkk' exp(-ihK'r;/2)j,(kr)j,(kr1) 

= [ dkk2 jj(kr)j,(krl) 

IT S(r - r') 
[37] = - 

2 r' 

Next we note that the basic parameter T (or 71) is under our 
control. It can be chosen small enough so that the change in 
R is also not too great. In a recent paper (62), we showed that 
for 7; not too large, a quadrature evaluation of the integral 
over K, 

leads to a strongly peaked function of R and R' .  Here, AK is 
the (fixed) step size in wavenumber, Kmax equals NRAK, and 
trapezoidal weights w ,  (with w ,  = w, = i) are used. In fact, 
G,(R,R'IK,,,,,T;) is very weakly dependent on 1. It is then 
possible to do the sum over 1 in eq.  [22]: 

At this point, the sum over j can then be done: 

[401 x P,,,(cos a) Pjn(cos a ' )  = 8(cos a - cos a ' )  
j 

leading thereby to an equation that is only parametrically 
dependent on r and a. (It is important to note that eq. [40] 
follows because the P,, are normalized associated Legendre 
polynomials.) This is reminiscent of an IOS (69) type re- 
duction to dynamical equations in which the scattering is 
parametrically a function of the orientation of the target dia- 
tom. 

Of course, our principal interest is not in such an extreme 
limit. Instead, one expects that for T such that 71 leads to a 
highly peaked G,(R,R'IK,,,,T;), the corresponding value of 
7; will lead to an even more strongly peaked G,(r,r'lk,,,,~;), 
given by 

with k,,, = N,Ak. This can result in substantial reduction of 
the computational effort in solving eq. [22], since the peak- 
ing property of both G, and G, corresponds to their being 
sparse or banded matrices when R, R' and r ,  r '  are replaced 
by discrete grids. This should result in a dynamical ap- 
proach that goes beyond the IOS, in that the slow degrees of 
freedom a re  permitted to change during the collision. This 
is because one makes use of the banded structure of the 
propagator without going to the extreme Dirac delta func- 
tion limit. 

4. Potential referenced modified Cayley method 

In this instance, we reverse the roles of the relative ki- 
netic energy and potential energy operators (49). Then eq. 
[5] reads 

[42] 11)'~(n, jololt)) = (KR + K,) e-'VT'" 1 

Clearly, it is desirable to utilize the momentum representa- 
tion in this equation due to the appearance of [I  + ( i ~ / 2 h ) ( K ~  
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+ K,)]-' as the left-most operator on the RHS. We project olutions of the identity, and carry through straightforward but 
eq. [22] with (kjl < KlI < Y;~I, again insert appropriate res- tedious manipulations to obtain 

As in the preceding analysis, body frame Euler angles (5,0,(p) were introduced to simplify the equations (taking advantage 
of the Wigner-Eckart theorem (59)). 

Finally, it is straightforward to obtain the resulting equations when the diatomic binding potential u(r) is included in H,. 
By use of eq. [21], we obtain 

This completes the choices for H ,  and H ,  that we wish to 
consider in the present paper. We remark that one might an- 
ticipate that eq. [18] or eq. [20] will be most useful when the 
kinetic energy or internal energy is much larger than the po- 
tential energy. This is reflected in the fact that both eqs. [18] 
and [20] include the kinetic energy to infinite order. By 
contrast, eq. [23] and [24] should be most useful when the 
potential energy is much larger. Of course, we anticipate that 
hybrid algorithms can be devised that utilize the form most 
appropriate (depending on which of the energies is larger). 

5. Conclusions 
We note that the forms eq. [18] and eq. [23] are suitable 

also for treating the possibility of reactive processes since a 
bound state approximation to the motion in r has not been 
made. One possible way to treat reactions is by the use of 
negative imaginary arrangement decoupling potentials (39, 
40, 52). Other ways are also under study. It is also possible 
to formulate the equations using a body frame (38, 67) de- 
scription throughout, or to use hyperspherical coordinates 
(68). One also can use other choices of the reference 
Hamiltonian, H,,  thereby leading to different disturbances, 
H, .  Finally, the present methods are ideally suited to paral- 
lelization, and we anticipate that extremely efficient algo- 
rithms can be devised for solving these equations on parallel 
architecture computers. All these options are currently under 
study. 

1. (a) R. B. Gerber, R. Kosloff, and M. Berman. Comput. Phys. 
Rep. 5,  59 (1986); (b) V. Mohan and N. Sathymurthy. Com- 
put. Phys. Rep. 7,  213 (1988); (c) R. Kosloff. J .  Phys. Chem. 
92, 2087 (1988). 

2. J .  Mazur and R. J .  Rubin. J .  Chem. Phys. 31, 1395 (1959). 
3. E. A. McCullough and R. E. Wyatt. J .  Chem. Phys. 54, 3578 

(1971); 54, 3592 (1971). 
4. Ch. Zubert, T. Kamal, and L. Zulike. Chem. Phys. Lett. 36, 

396 (1975). 
5. E. J .  Heller. J .  Chem. Phys. 62, 1544 (1975); 65,4979 (1976); 

K. C. Kulander and E. J .  Heller. J .  Chem. Phys. 69, 2439 
(1978); G. Drolshagen and E. J .  Heller. J .  Chem. Phys. 79, 
2072 (1983). 

6. A. Askar and A. S. Cakrnak. J. Chem. Phys. 68, 2794 (1978). 
7. K. C. Kulander. J .  Chem. Phys. 69, 5064 (1978); J .  C. Gray, 

G. A. Fraser, D. G. Truhlar, and K. C. Kulander. J .  Chem. 
Phys. 73,5726 (1980); A. E. Ore1 and K. C. Kulander. Chem. 
Phys. Lett. 146, 428 (1988). 

8. C. LeForestier, G. Bergerson, and P. C. Hiberty. Chem. Phys. 
Lett. 84, 385 (1981); C. LeForestier. Chem. Phys. 87, 241 
(1984). 

9. P. M. Agrawal and L. M. Raff. J .  Chem. Phys. 77, 3946 
(1982). 

10. E. J .  Heller, R. L. Sundberg, and D. J .  Tannor. J .  Phys. Chem. 
86, 1822 (1982). 

11. (a) M. D. Feit and J .  A. Fleck. J .  Chem. Phys. 79, 301, 
(1983); 80, 2578 (1984); (b) P. De Vries. NATO AS1 Ser. Ser. 
B: 171, 113 (1988); A. D. Bandrauk and H. Shen. Chem. 
Phys. Lett. 176, 428 (1991). 

12. D. Kosloff and R. Kosloff. J .  Comput. Phys. 52, 35 (1983); 
J .  Chern. Phys. 79, 1823 (1983). 

13. C. LeForestier. Chern. Phys. 87, 241 (1984); In Theory of 
chemical reaction dynamics. Edited by D. C. Clary. Reidel, 
Dordrecht. 1986. p. 235; F. le Quere and C. LeForestier. J. 
Chem. Phys. 92, 247 (1990). 

14. G. Drolshagen and E. J .  Heller. J. Chem. Phys. 79, 2072 
(1983). 

15. H. Tal-Ezer and R. Kosloff. J. Chem. Phys. 81, 3967 (1984). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



692 CAN. J .  CHEM. VOL. 70. 1992 

16. R. Kosloff and C.  Cerjan. J. Chem. Phys. 81, 3722 (1984). 
17. A. T.  Yinnon, R. Kosloff, and R. B. Gerber. Surf. Sci. 148, 

148 (1984); R. B. Gerber, A. T.  Yinnon, and R. Kosloff. 
Chem. Phys. Lett. 105, 523 (1984). 

18. D. lmre, J. Kinsey, A. Sinha, and J. Krenos. J. Phys. Chem. 
88, 3956 (1984). 

19. R. T.  Skodje. Chem. Phys. Lett. 109, 227 (1984). 
20. R. C .  Mowrey and D. J. Kouri. Chem. Phys. Lett. 119, 285 

(1985). 
21. B. Jackson and H. Metiu. J. Chem. Phys. 83, 1952 (1985); 

S .  Sawada, R. Heather, B .  Jackson, and H. Metiu. J. Chem. 
Phys. 83, 3009 (1985). 

22. Z. H. Zhang and D. J. Kouri. Phys. Rev. A, 34, 2687 (1986). 
23. B. Jackson and H. Metiu. J. Chem. Phys. 84, 3535 (1986); 

85,4192 (1986); 86, 1026 (1987). 
24. R. C. Mowrey and D. J. Kouri. J. Chem. Phys. 84, 6466 

(1986). 
25. T .  J. Park and J. C .  Light. J. Chem. Phys. 85, 5870 (1986). 
26. V. Mohan and N. Sathymurthy. Curr. Sci. 55, 115 (1986); S. 

'Thareja and N. Sathymurthy. J. Phys. Chem. 91, 1970 (1987). 
27. R. C .  Mowrey and D. J. Kouri. J. Chem. Phys. 86, 6140 

(1987). 
28. R. Heather and H. Metiu. J. Chem. Phys. 86, 5009 (1987); 

90, 61 16 (1989); 91, 1596 (1989). 
29. D. J. Kouri and R. C .  Mowrey. J. Chem. Phys. 87, 2087 

(1987). 
30. Y. Sun, R. C .  Mowrey, and D. J. Kouri. J. Chem. Phys. 87, 

339 (1987). 
31. R. C. Mowrey, H. F. Bowen, and D. J. Kouri. J. Chem. Phys. 

86, 2441 (1987); R. C. Mowrey, H. F. Bowen, T.  Yinnon, 
and R. B. Gerber. J. Chem. Phys. 89, 3925 (1988). 

32. D. Huber and E. J. Heller. J. Chem. Phys. 87, 5302 (1987); 
89, 4752 (1988); D. Huber, E. J. Heller, and R. G. Littejohn. 
J. Chem. Phys. 87, 5302 (1987); D. Huber, S .  Ling, D. G.  
lmre, and E. J. Heller. J. Chem. Phys. 90, 7317 (1989). 

33. Y. Sun and D. J. Kouri. J. Chem. Phys. 89, 2958 (1988). 
34. B. Jackson. J. Chem. Phys. 88, 1383 (1988); 89, 2473 (1988); 

J. Chem. Phys. In press. 
35. D. Chaseman, D. J. Tannor, and D. G.  lmre. J. Chem. Phys. 

89, 6667 (1988). 
36. S .  0 .  Williams and D. J. lmre. J. Phys. Chem. 92, 6648 

(1988). 
37. D. J. Tannor and S. A. Rice. Adv. Chem. Phys. 70, 441 

(1988). 
38. Y. Sun, R. S .  Judson, and D. J. Kouri. J. Chem. Phys. 90, 

. . 241 (1989). 
39. D. Neuhauser and M. Baer. J. Chem. Phys. 90,4351 (1989); 

J. Phys. Chem. 93, 2872 (1989); J. Chem. Phys. 91, 4651 
(1989). 

40. D. Neuhauser, M. Baer, R. S. Judson, and D. J. Kouri. J. 
Chem. Phys. 90, 5882 (1989); 93, 3 12 (1990); Comput. Phys. 
Commun. 63 ,460  (1991). 

41. X.-P. Jiang, R. Heather, and H. Metiu. J. Chem. Phys. 90, 
2555 (1989). 

42. M. Jacon, 0 .  Atabek, and C. LeForestier. J. Chem. Phys. 91, 
1.585 (1989). 

43. J. Zhang and D. G. Irnre. J. Chem. Phys. 90, 1666 (1989). 
44. R. N. Dixon. Mol. Phys. 68, 263 (1989). 
45. R. S. Judson, D. J. Kouri, D. Neuhauser, and M. Baer. Phys. 

Rev. A, 42, 351 (1990). 
46. J. Z. H. Zhang. Chem. Phys. Lett. 160, 417 (1989); J. Chem. 

Phys. 92, 324 (1990). 

47. D. K. Hoffman, 0 .  Sharafeddin, R. S. Judson, and D. J. 
Kouri. J. Chem. Phys. 92, 4167 (1990). 

48. S .  Das and D. J. Tannor. J. Chem. Phys. 92, 3403 (1990). 
49. 0 .  A. Sharafeddin, D. J. Kouri, R. S. Judson, and D. K. 

Hoffman. J. Chem. Phys. 93, 5580 (1990). 
50. R. S .  Judson, D. B. McGarrah, 0 .  A. Sharafeddin, D. J .  

Kouri, and D. K. Hoffman. J. Chem. Phys. 94, 3577 (1991). 
51. D. Neuhauser and R. S .  Judson. J. Chem. Phys. In press. 
52. D. Neuhauser, R. S .  Judson, R. L. Jaffe, M. Baer, and D. J .  

Kouri. Chem. Phys. Lett. 176, 546 (1991). 
53. 0 .  A. Sharafeddin, H. F.  Bowen, D. J. Kouri, and D. K. 

Hoffman. J. Comput. Phys. (In press). 
54. R. Viswanathan, S .  Shi, E. Villalonga, and H. Rabitz. J. 

Chem. Phys. 91, 2333 (1989). 
55. D. Neuhauser. J. Chem. Phys. In press. 
56. M. Founargiotakis and J. C-. ~ i ~ h t .  J. Chem. Phys. 93, 633 

(1990). 
57. R. N. Dixon, C. C. Marston, and G. G. Balint-Kurti. J. Chem. 

Phys. 93, 6520 (1990). 
58. W. H. Press, B. P. Flannery, S .  A. Teukolsky, and W. T .  

Vetterling. Numerical recipes: the art of scientific comput- 
ing. Cambridge Univ. Press, New York. 1986. 

59. A. M. Arthurs and A. Delgarno. Proc. R. Soc. London A: 256, 
540 ( 1960). 

60. D. M. Brink and G.  R. Satchler. Angular momentum. 
Clarendon Press, Oxford. 1968. 

61. D. J. Kouri, T .  G.  Heil, and Y. Shimoni. J. Chem. Phys. 65, 
226 (1976). 

62. ( a )  0 .  A. Sharafeddin, D. J. Kouri, N. Nayar, and D. K. 
Hoffman. J. Chem. Phys. 95, 3224 (1991); (b) N. Makri. 
Chem. Phys. Lett. 159, 489 (1989). 

63. D. K. Hoffman, N. Nayar, 0 .  A. Sharafeddin, and D. J. 
Kouri. J. Phys. Chem. 95, 8299 (1991). 

64. J. C. Light, 1. P. Hamilton, and J. V. Lill. J. Chem. Phys. 82, 
1400 (1985). 

65. 0. A. Sharafeddin, H. F. Bowen, D. J. Kouri, S. Das, D. J. 
Tannor, and D. K. Hoffman. J. Chem. Phys. 95,4727 (1991). 

66. P. G. Burke and M. J. Seaton. Methods Comput. Phys. 10, 
61 (1971). 

67. J. 0 .  Hirshfelder and E. P. Wigner. Proc. Natl. Acad. Sci. 
(USA) 21, 113 (1935); C .  F. Curtiss, J. 0 .  Hirschfelder, and 
F. T. Adler. J. Chem. Phys. 18, 1638 (1950); C. F. Curtiss. 
J. Chem. Phys. 21, 1199 (1953); D. J. Kouri and C. F. Curtiss. 
J. Chem. Phys. 44,2120 (1966); C. F. Curtiss. J. Chem. Phys. 
48, 1725 (1968); W. R. Thorson. J. Chem. Phys. 42, 3878 
(1965); R. T Pack and J. 0 .  Hirschfelder. J. Chem. Phys. 49, 
4009 (1968); K. P. Lawley and J. Ross. J. Chem. Phys. 43, 
2930 and 2943 (1965); M. Jacob and G. C. Wick. Ann. Phys. 
(NY), 7, 404 (1959); R. T Pack. J. Chem. Phys. 60, 633 
(1974); P. McGuire and D. J. Kouri. J. Chem. Phys. 60, 2499 
(1974); H. Klar. J. Phys. B: At. Mol. Phys. 6, 2139 (1973); 
M. Tamir and M. Shapiro. Chem. Phys. Lett. 31, 166 (1975). 

68. A. Kuppermann and P. G.  Hipes. J. Chem. Phys. 84, 5962 
(1986); R. T Pack and G.  A. Parker. J. Chem. Phys. 87, 3888 
(1987); J. Linderberg, S.  Padjkaer, Y. Ohm, and B. Vessal. 
J. Chem. Phys. 90,6254 (1989); J. M. Launay and B. Lepetit. 
Chem. Phys. Lett. 144, 346 (1988); G.  C .  Schatz. J. Chem. 
Phys. 90, 1237 (1989); and references therein. 

69. R. B. Bemstein. Atom-molecule collision theory. Plenum 
Press, New York. 1979. Chap. 9. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Selenium sulfur dihalides, Ch,X, (n = 1, 2, 3; Ch = Se, S; X = Br, Cl). 
Raman and 7 7 ~ e  NMR spectroscopic characterization 
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This paper is dedicated to the memoly of Professor Thomas Birchall 

JOHN B. MILNE. Can. J. Chem. 70, 693 (1992). 
Solutions of Se,CI, in S2Clz, Se,Br, in S2Cllr Se in S2C12, and S in SezClz have been studied by Raman and 17se NMR 

spectroscopy. Selenium sulfur dihalides, SeSCl,, SeSBr,, and SeSBrC1, formed in these solutions, have been shown by 
Raman and 17se NMR spectroscopy to have chain structures. Solutions of Se,C12 in S2C12, S in Se,CI,, and Se in S2CI2 
have been shown to contain, in addition to Se,Cl,, S2C12, SeSCI,, Se3C1,, and S8, trichalcogen dichlorides Se2SCI2 and 
SeS2C1,. Selenium-77 signals corresponding to all seven chain isomers of the expected Se-containing dichalcogen di- 
halides, SezBr2, SeZC1,, Se,BrCI, SeSC12, SeSBr,, BrSeSCl, and CISeSBr, have been observed in the spectrum of a 1 : 1 
molar mixture of S2C1, and Se,Br,. The disulfur dichloride and dibromide, as well as the bromide chloride, are also present. 
Selenium-bromine and sulfur-chlorine linkages are observed to be preferred over selenium-chlorine and sulfur-bro- 
mine bonding in these mixtures. The 17se chemical shifts correlate well with the electronegativity of the directly bonded 
neighbour but inversely with that of the next-nearest neighbour. 

Key words: selenium halides, sulfur halides, low valent chalcogen halides, 17se NMR, Raman spectroscopy. 

JOHN B. MILNE. Can. J. Chem. 70. 693 (1992) 
Faisant appel a la spectroscopie Raman et a la RMN du 17Se, on a etudiC des solutions de Se,C12 dans le S,Cl,, de 

Se,Br, dans le S2C1,, de Se dans le S,CI, et de S dans le Se,CI,. En se basant sur la spectroscopie Raman et la RMN du 
77 Se, on a montre que les dihalogenures de soufre et de sClCnium qui se foment  dans ces solutions (SeSCI,, SeSBr2 et 
SeSBrCI) posskdent des structures en chaine. On a montre que les solutions de Se,Cl, dans le S2CI2, de S dans le Se,CI, 
et de Se dans le S,CI2 contiennent des dichlorures de chalcogknes (Se,SCl, et SeS2Clz) en plus du Se'Cl,, du S,Cl,, du 
SeSCl,, du Se3C12 et du S,. Dans le spectre d'un melange 1 : 1 molaire du S2Clz et de Se,Br,, on a observe des signaux 
du 17Se correspondant a tous les sept isomkres en chaine attendus pour les dihalogenures de dichalcogknes contenant du 
Se (Se2Br2, Se2C12, Se,BrCl, SeSC12, SeSBr,, BrSeSCl et CISeSBr). Le dichlorure et le dibromure de disoufre ainsi que 
le bromure et le chlorure de disoufre y sont aussi presents. On a observe que, dans ces melanges, les liaisons sC1Cnium- 
brome et soufre-chlore sont referees aux liaisons selenium-chlore et soufre-brome. I1 existe une corrClation entre les 
deplacements chimiques du "Se et les electront5gativites des atomes qui y sont directement attache; cette correlation est 
toutefois inversee avec les atomes qui se trouvent dans la position suivante. 

Mots cle's : halogenures de sClCnium, halogenures de soufre, halogknures de chalcogknes de basse valence, RMN du 
77 Se, spectroscopie Raman. 

[Traduit par la redaction] 

Introduction 

Chloro- and bromosulfanes, S,,X,, have been extensively 
studied (1) and shown to consist of sulfur chains like their 
organic analogues. Recently SezClz and Se,Br, were shown 
to contain equilibrium amounts of Sex,, Se,X,, and Se,X, 
(2). The mixed halogen compounds, Se,,BrCl (n = 1,2) have 
also been reported (2) but mixed chalcogen dihalides have 
received little attention although sulfur selenium chains in 
general are currently of great interest (3). Early work, using 
chemical methods, suggested that SeSCl, has a trigonal py- 
ramidal structure (4). The two possible isomers, with either 
selenium or sulfur terminal, were prepared from mixtures of 
Se in S,CI, and S in Se,CI, respectively. However, other work 
(5) has shown that S,Cl, and Se react quantitatively accord- 
ing to 

with no evidence for SeSC1, formation. 
To clarify the nature of these reactions and characterize 

some of the mixed chalcogen dihalides, a Raman and 7 7 ~ e  
NMR study of mixtures of S,Cl, with Se,Cl,, Se,Br,, and Se, 

'A preliminary report of this work will appear in Chemical 
Communications of the Royal Society of Chemistry. 

and Se,CI, with S was undertaken as part of an ongoing study 
of low-valent Se halide chemistry (2, 6). 

Experimental section 
Disulfur dichloride (BDH), sulfur (MCB), and selenium (Baker 

analyzed) were used directly. Diselenium dichloride was prepared 
from stoichiometric amounts of Se and SeC1, (2) and Se,Br, was 
prepared from HBr (Fisher, 48%), SeO, (Aldrich), and Se (Baker 
analyzed) by the method of Lenher and Kao (5). Moisture sensi- 
tive mixtures were made up by weighing in a dry box at ambient 
temperature. Often 1-3 h of mixing were required to produce ho- 
mogeneous mixtures and, in the case of the S in the Se,Cl, mix- 
ture, heating at 75OC over several minutes was used to achieve 
solution. Mixing of S,C1, with Se,X, (X = Br, C1) was accom- 
panied by marked cooling. 

Raman spectra were measured using a Jobin-Yvon monochro- 
mator with a PAR photon counting system. The spectra were ex- 
cited with the 647.1 nm line of a Spectra Physics Kr ion laser. 

Selenium-77 NMR spectra were measured with a Varian XL300 
spectrometer operating at 57.28 MHz. The probe temperature was 
21°C. The spectra were run with an external D,O lock and refer- 
enced to aqueous saturated H2Se03 (G(Me,Se) = G(H,Se03, satd.) 
+ 1303.7 ppm).2 A pulse angle of 50" and 2 s recycle time were 
usually used and 5 12-1024 transients were collected with a sweep 
width of 30 000 Hz or less. All samples were degassed by six 

'J. Milne, unpublished. 
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freeze-thaw cycles under vacuum before sealing. The signals were 
all relatively broad (>21 Hz) and, for this reason and low isoto- 
pomer concentrations, no Se-Se couplings ( 1  1-65 Hz (7)) were 
observed. 

Results and discussion 
Raman spectroscopy 

The Raman spectrum of a 1 : 1 molar mixture of S,Cl, and 
Se2Cl, is shown in Fig. 1, trace A. The spectrum exhibits 
peaks corresponding to S2C1, (540, 449, 243, 209, and 
105 cm-I (8)) and Se,Cl, (359, 289, 148, 131, and 85 c m '  
(8)). In addition, peaks are observed at 414, 190, and 
170 cm-I. The contributions of S,Cl, and Se,Cl, to this 
spectrum were subtracted by using intensity scaling factors 
for the non-overlapped peaks of S2C1, (540, 243, and 
209 cm-I) and Se,CII (290 cm-') taken from spectra of the 
pure compounds run under identical conditions. The result- 
ant spectrum is given as trace B in Fig. 1 and consists of 
peaks at 441, 414, 369, 190, and 170 cm-I. 'The peak at 
414 cm-I is coincident with v(SeC1) of SeCl, but is 4 times 
stronger than that expected for the equilibrium concentra- 
tion of SeCl, present (2). The observation of both SC1 
(441 cm-I) and SeCl (369 cm-I) stretching bands as well as 
the SeS (414 cm-I) stretching band is consistent with the 
formation of the chain isomer of SeSCl,. In addition, the 
SeSCl deformation modes at 190 and 170 cm-' are nicely 
bracketed by the comparable modes for Se,Cl, and S,Cl2, 
148/131 and 243/209 cm-' and show comparable intensity 
ratios. It should also be noted that no peak corresponding to 
an SeS double bond stretching mode, expected for the py- 
ramidal isomers and estimated to lie near 560 cm-I (mean 
of the Se, and S, diatomic stretching frequencies (9)), is ob- 
served. Apparently mixtures of Se,Cl, and S2C12 are in 
equilibrium with the mixed chalcogen dichloride, 

where, on the basis of peak intensities, the equilibrium lies 
to the reactant side. A complete assignment of the Raman 
spectrum of the SeSCl, molecule is given in Table 1. 

The early claims (4) of the synthesis of the pyramidal 
isomers of SeSCl, called for long periods of reflux of Se and 
S2C12 for the isomer with Se terminal and of S and Se,Cl, for 
that with S terminal. The Raman spectra of these two mix- 
tures (initial dissolution of S in Se2Cl, required a brief pe- 
riod of warming) remained unchanged, regardless of the time 
of heating at 80°C for up to 20 h. The spectrum of a 1 : 1 
molar mixture of Se in S2C12 is shown in Fig. 1 ,  trace C. The 
spectrum is similar to that of the Se2C12/S2C12 mixture, 
showing the presence of the reactants and a small amount of 
the chain isomer of SeSCI,. In addition, however, three peaks 
at 477, 221, and 152 cm-I are observed, which correspond 
to the three strongest bands of elemental sulfur, S,, dis- 
solved in S2C12, (lo),  and as discussed below, in Se,Cl,. 
Thus, Se dissolves readily in S,Cl, according to 

and some SeSCl, is formed by equilibrium [2]). The spec- 
trum of a 1 : 1 molar mixture of S in Se,Cl,, shown in Fig. 
1, trace D, shows the characteristic strong bands of Se2CI, 
(2), the three sharp bands due to S,, and weak peaks due to 
a trace of S2CI2. Because of the very low concentration of 
S2C12 and the fact that equilibrium [2] lies on the reactant side, 

FIG. 1. Raman spectra of selenium sulfur chloride mixtures. 
Trace A: 1 : 1 molar ratio Se2C12/S2C12; trace B: Spectrum of SeSCl, 
determined from trace A by subtraction of Se2C12 and S2C12 bands; 
trace C: 1 : 1 molar ratio Se/S2C12; trace D: 1 : 1 molar ratio S/ 
Se2C12. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE I Vibrational assignment of the Raman spectrum of CI- 
SeSCl 

Frequency (cm-') 
Mode Description 

S2CI; Se2C1T SeSCl, no. of mode 

102 87 - 4 T 

209 131 170 3 S(ChChX) 
243 148 190 6 S1(ChChX) 
449 367 369 2 v(ChX) 
540 289 414 1 v(ChCh) 
436 3 67 44 1 5 vf(ChX) 

"Reference 1 8. 

the SeSCl, formed goes undetected in this spectrum. Ap- 
parently elemental sulfur dissolves in SezClz as S8 rings, in 
the same manner as sulfur does in S,Cl, (lo), and only a small 
amount of oxidation of sulfur occurs to give S2C12. 

The Raman spectrum of a 1 : 1 molar mixture of SezBrz and 
S2CI, was not very informative. Because of the strong light 
absorption by the sample, the spectrum was of poor quality 
and all of the observed peaks were coincident with those of 
the reactants and Se,Cl, and S,Br,. The dominant peaks were 
those corresponding to S d l  and S e B r  stretching modes 
at 309 and 265 cm-I respectively. 
Selenium-77 NMR spectroscopy 

The 7 7 ~ e  NMR spectrum of the 1: 1 molar mixture of 
Se2C1, and S,Cl, is shown in Fig. 2, trace A. The observed 
chemical shifts and integrated intensities are given in Table 
2. The signal due to Se,Cl, is readily identified at 
1285.6 ppm as well as those of SeCl, at 1741.7 pprn and one 
of the two signals of the Se3C1, molecule at 1280.1 pprn (2). 
The half-height linewidth of this latter signal is 21 Hz, 
compared to that for Se2C12 itself (35 Hz), which suggests 
that this peak is due to the central Se (P-Se) of the three-Se 
chain. The second strongest signal in the spectrum at 
1298.4 ppm arises from SeSCl,. On the basis of the inte- 
grated peak intensities listed in Table 2, the value of the 
equilibrium constant for reaction [2] is calculated to be 0.08, 
assuming that [Se,Cl,] = [S2C12]. 

The 7 7 ~ e  NMR spectrum of a 1 : 1 molar mixture of Se and 
S2C12 is shown in trace B of Fig. 2 and chemical shifts and 
integrated intensities are given in Table 2. The same strong 
signals as for the Se,Cl,/S,Cl, mixture are observed, with 
minor changes in intensities, confirming the conclusion of 
the Raman experiment that this mixture results in, effec- 
tively, an equimolar mixture of Se,Cl, and S,Cl, (contain- 
ing some s,), which take part in subsequent equilibria. 
Evaluation of the equilibrium constant for equilibrium [2] 
from the signal intensities gives K(SeSC1,) = 0.07, in good 
agreement with the constant determined from the spectrum 
of the Se,Cl,/S,Cl, mixture. 

The 7 7 ~ e  NMR spectrum of a 1 : 1 molar mixture of S and 
Se,Cl, is shown in trace C of Fig. 2 and the shifts and inten- 
sities are given in Table 2. The signals for the major peaks, 
SeCl,, Se,Cl,, Se3C12, and SeSCl,, are all observed but two 
changes are noteworthy; (a)  the chemical shifts are all 5- 
11 pprn more shielded than those of the Se,Cl,/S,Cl, and Se/ 
S,C1, mixtures and (b) the integrated intensities of the SeCl,, 
Se3Cl,, and SeSC1, peaks are much lower compared to those 
in the other solutions. The chemical shifts are close to those 
reported for pure liquid Se,Cl, (2). Apparently, the pres- 

ence of a small amount of S8 as solute has little effect on the 
chemical shifts in Se2C1,, and the 5-1 1 pprn negative 
chemical shift of the same species in Se,C1,/S2Cl, and Se/ 
S2C12 mixtures results from the presence of SzClz. Using the 
equilibrium constant determined for reaction [2] above, 
K(SeSC1,) = 0.08, and the intensity for Se,Cl, and SeSCl, 
for the S/Se,Cl, solution in Table 2, [S,CI,] (in units of rel- 
ative concentration), is found to be 0.25, which is to be 
compared to 50 (assuming [S2C1,] = [Se,Cl,]) for the other 
mixtures. This low concentration accounts for the failure to 
observe peaks for S,Cl, in the Raman spectrum and indi- 
cates why the chemical shifts for this mixture are different 
from those of the SezCl2/S2C1, and Se/S,Cl, mixtures. 

A number of weak signals, which lie slightly to the less 
shielded side of the SeSC1, signal, appear in the spectra of 
all three mixtures. These must arise from the trichalcogen 
dichlorides, ClSeSSCl, ClSSeSCl, ClSeSSeCl, and CISe- 
SeSC1, for which five signals are expected. These signals are 
very weak and poorly defined but a reasonable assignment 
can be made. If a comparison of the relative intensities of 
these peaks in the Se/S,Cl, and Se,Cl,/S mixtures is made, 
the most shielded signal (1 309.2/ 13 14.8 ppm; peak no. 4, 
Table 2) and the middle two peaks of the four signals that are 
slightly less shielded (1329.4/1334.8 pprn, peak no. 6, and 
1335.3/1340.4 ppm, peak no. 7, Table 2) are of greater in- 
tensity than the remaining weak peaks in the mixtures where 
the selenium content is highest, indicating that these signals 
belong to the Se-rich species, ClSeSSeCl and ClSeSeSCl. 
The broader of the three peaks (1329.4/1334.8 ppm; peak 
no. 6) is assigned to the a-Se in ClSeSeSCl by comparison 
with the assignment of the two signals of differing breadths 
for Se,CI, (2). Of the remaining two strong signals, peak no. 
7 (1335.3/1340.4 ppm, which lies closest to the a-Se sig- 
nal of ClSeSeSCl) is assigned to the P-Se in this molecule 
by analogy with the close proximity of the a -  and P-Se sig- 
nals of Se3Cl, (2), and peak no. 4 (1309.2/ 13 14.8 ppm) is 
assigned to ClSeSSeCl. The remaining weak signals, peak 
nos. 5 (1327.3/1334.8 ppm) and 8 (1345.2/1350.5 ppm) are 
then due to the SeS,Cl, species. On the basis of the 7 7 ~ e  
chemical shifts in SeS rings (3a,d), where isolated Se (SSeS) 
is deshielded relative to Se bound to Se (SeSeS), peak no. 8 
may be assigned to ClSSeSCl relative to the shift of the P-Se 
for ClSeSeSCl (peak no. 7). Only one signal, lying close to 
the shift observed for Se,Cl, (2) and probably due to a four- 
chalcogen species, Se.,S,-,C12 ( x  = 1,2,3), was observed in 
the spectra of the Se/S,Cl, and S/Se,Cl, mixtures. 

The five chemical shifts arising from trichalcogen spe- 
cies are also observed in the spectrum of the Se,Cl,/S,Cl, 
mixture, Fig. 2, trace A. The relative positions of these peaks 
remain the same as for the other mixtures. 

The 7 7 ~ e  NMR spectrum of a 1 : 1 molar mixture of Se,Br, 
and S,C12 consists of eight strong signals (1 l) ,  as shown in 
Fig. 3 and listed in Table 3, along with integrated intensi- 
ties and linewidths at half-height. Weak peaks, due to Se3X, 
and other minor species, accounted for < 1% of the total area 
intensity of the spectrum. The eight signals are divided into 
two groups of four, one group in the region 1223.0- 
1180.6 ppm, consisting of resonances of 7 7 ~ e  bonded to Br, 
and another group in the region 1285.6- 1 3 13.0 ppm for 7 7 ~ e  
bonded to C1. Complete mixing of chalcogens and halogens 
to give chain-type dichalcogen dihalides will yield 10 dif- 
ferent species, seven of which will carry at least one Se atom. 
Eight different 7 7 ~ e  chemical shifts are expected, since the 
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FIG. 2. Selenium-77 NMR spectra of selenium sulfur chloride mixtures. Trace A: 1 : 1 molar mixture Se2Cl1/S2CI2; trace B: 1 : 1 molar 
mixture Se/S2C12; trace C: 1 : 1 molar mixture S/Se2CI2. 

species ClSeSeBr will give two different signals. These 
species are all listed in Table 3. The chemical shifts are as- 

I signed as follows. The two signals expected for ClSeSeBr 
are easily assigned to the peaks of nearly equivalent inte- 
grated intensity in the diselenium dibromide and diselenium 
dichloride parts of the spectrum (2), 129 1 .1 ppm (Se on C1) 
and 1180.6 ppm (Se on Br). The other strong signals neigh- 
bouring these ClSeSeBr peaks are due to the parent dichlor- 
ide (1 285.6 ppm) and dibromide (1 186.9 ppm), which lie 

slightly more shielded than in the pure liquids. The assign- 
ment of these four diselenium dihalide signals parallels that 
observed for mixtures of Se2Cl2/Se,Br2 in CH2C1, (6) and 
suggests that the assignment of the signals for Se attached 
to C1 for ClSeSeCl and ClSeSeBr in the Se2C1,/SezBr2 mix- 
ture (2) may be reversed. From the relative chemical shifts 
of Se2C1, and SeSC1, in the Se2C12/S2C12 mixture, the sig- 
nal at 1298.3 ppm is assigned to SeSCl, and the remaining 
peak in the Se bound to C1 part of the spectrum (1313.0 ppm) 
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TABLE 2. 77Se NMR chemical shifts for selenium sulfur chlori- 
des" 

Peak 
no. 1 : 1 Se2C12/S2C12 1 : 1 Se/S2C12 1 : 1 S/Se2C12 Assignment 

"The chemical shifts are reported relative to 6 = 0 ppm for neat MezSe 
at 21" C. Their precision is estimated to be + 1.5 ppm; Signal intensities are 
in parentheses and are normalized to I(Se,Clz) = 100.0. 

"Not measured. 

must be due to BrSSeCl. Thus, for the six signals assigned 
up to now, the 7 7 ~ e  signal for the dichalcogen dihalide with 
Br attached to the remote chalcogen is deshielded relative to 
the case where C1 is attached to the remote chalcogen 
(G(BrSSe*Cl) > G(ClSSe*Cl); G(BrSeSe*Cl) > G(ClSeSe*- 
Cl); G(BrSeSe*Br) > G(ClSeSe*Br)) and in a parallel fash- 
ion the remaining peaks are assigned G(BrSSeBr) (= 
1223.0 ppm) > G(C1SSeBr) (= 1206.1 ppm). 

From a comparison of the relative intensities of the signal 
of Se attached to Br to those of the Se attached to C1, it is 
apparent that most of the Se is bound to Br and the S to C1. 
On the basis of the known ChX bond dissociation energies 
(12) the opposite combinations would have been expected. 
However, the S e x  bond dissociation energies are derived 
from studies of Sex, and Sex, and not Se,X,, and the work 
on S,Br, is of doubtful accuracy. Moreover, in view of the 

endothermicity of mixing of S2C12 and Se,Br,, entropy is 
obviously playing an important role in these reactions. 

From the integrated intensities of the various species, their 
relative concentrations, c,,,, may be calculated and these are 
listed in Table 4. From the SeSC1, formation constant, cal- 
culated above for equilibrium [2], the relative concentration 
of S,Cl,, c,,, (S,Cl,), may be calculated, assuming that 
K(SeSC1,) is little changed by the presence of dichalcogen 
bromides. Calculation shows that c,,, (S,Cl,) = 110 (rela- 
tive to c,,, (Se,Cl,) = 50). From the bromine and chlorine 
mass balances for the 1 : 1 Se,Br,/S,Cl, stoichiometry, the 
relative concentrations of S,Br, and S,BrCl may also be 
calculated. The relative concentrations of all species are listed 
in Table 4. 

From these relative concentrations, the constant govern- 
ing the halogen mixing disproportionation, 

is found to be 2.8, which is slightly less than that calculated 
for CH,Cl, solutions, 3.0 (6). The diselenium compounds are 
less susceptible to the disproportionation than the disulfur 
species for which the comparable equilibrium constant, 
K(S,BrCl), is 4.5. 

The linewidths at half-height, W,,,, listed in Table 3, are 
three to four times larger for the diselenium dihalides than 
for the selenium sulfur species. In addition, while both types 
of lines broaden with temperature, those of the Se,X, spe- 
cies broaden faster than those of SeSX, species. Increasing 
linewidth at half-height with temperature indicates ex- 
change broadening and this has been confirmed by two-di- 
mensional exchange NMR spectroscopy experiments, which 
indicate a mechanism involving halide exchange (1 3) that is 
at least 10 times more rapid for diselenium than for sele- 
nium sulfur species. Previously the NMR signals of a- and 
P-Se in Se,X, and Se,X, were assigned on the basis of dif- 

FIG. 3. Selenium-77 NMR spectrum of 1 : 1 molar mixture of Se2Br2 and S2C12. 
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TABLE 3. Peak numbers, chemical shifts (6), relative integrated 
intensities (I,,), half-height linewidths (WjI2), and assignments for 
77 Se NMR signals in the spectrum of a 1 : 1 molar mixture of Se,Br, 

and S2C12 

Peak 
no. Assignment 

ClSeSBr 
ClSeSCl 
CISeeSeBr 
ClSeSeCl 
BrSeSBr 
BrSeSCl 
BrSeSeBr 
BrSe*SeCl 

"Reported relative to 6 = 0 for neat MelSe at 21" C; the precision for 
these shifts is estimated to be ? 1.5 ppm. 

bNomalized to I,, = 100 for CISeSeCI. 

TABLE 4. Relative concentra- 
tions of dichalcogen dihalides, 
Ch2X2, species in the 1 : I mo- 
lar mixture of Se,Br, and S2Cl, 

BrSeSeCl 
BrSeSeBr 
BrSeSCl 
BrSeSBr 
ClSeSeCl 
ClSeSCl 
ClSeSBr 
ClSSCl 
BrSSBr 
BrSSCl 

"Units of relative concentration. 

fering signal breadth, which was attributed to the differing 
proximity of the quadrupole relaxed C1 and Br to the Se nu- 
cleus of interest (2). It is now apparent that the greater width 
at half-height of the signal of a-Se, which is directly bound 
to C1 or Br, compared to that of the P-Se, with only Se near 
neighbours, is due to halide exchange. 

The 7 7 ~ e  chemical shift, 6(77~e), correlates in general terms 
with Se oxidation state and electronegativity of the directly 
bonded near-neighbour atoms (14). The decreased shield- 
ing resulting from decreased electron density at the Se nu- 
cleus is usually assumed to be dominated by the paramagnetic 
contribution (14). The chemical shifts of the Se,X, and Sex, 
(X = Br, C1) follow this rule in general (2, 6). For the same 
halogens, the signal of the Se(I1) species is several hundred 
ppm deshielded compared to the Se(1) species (SeCl,: 
1730.7 ppm; Se,Cl,: 1291.3 ppm; SeBr,: 1467.7 ppm; Se,Br,: 
1192.7 ppm; SeBrC1: 1600.7 ppm; mean of Se,BrCl: 
1248.7 ppm). For the Sex, compounds, the more electro- 
negative the halogen, the more deshielded the Se. This ap- 
plies to the Se,X, (mean signal for Se2BrC1) chemical shifts 
as well. For the same halogen or combination of halogens, 
the SeSX, is always deshielded relative to the analogous 
Se,X2 species, reflecting the greater Pauling electronegativ- 
ity, xP, of sulfur (xp = 2.58), compared to selenium (x, = 
2.55). However, the influence of the electronegativity of the 

next-nearest neighbour atom on Se shielding is opposite to 
that for nearest neighbours. Thus, in all cases, when C1 (x, 
= 3.16), as next-nearest neighbour, is replaced by Br (x, = 
2.96), the remote Se is deshielded. This trend has been ob- 
served for perfluorochloromethyl selenides, diselenides, and 
thioselenides (7) and alkyl selenides and diselenides (15). 
Gombler (7) has accounted for the effect using hyperconju- 
gation arguments, which require F - C  multiple bonding and 
greater ionic character in C--€I bonds, compared to C-F 
bonds. This present work shows that this anomalous trend 
occurs even with simple remote atoms (Br and Cl) and not 
just with CF3-,Cl, groups. The trend appears to be related 
to the polarizability of the remote group as was suggested by 
Luthra et al. for the alkyl compounds (15). 

Conclusion 

Both SzFz and Se,F2 exist in trigonal pyramidal and chain 
stereoforms (16). Early dipole moment studies of benzene 
solutions suggested that Se,Cl, may also have a pyramidal 
form (17) but these observations are probably accounted for 
by the presence of equilibrium amounts of SeCl,, Se3Cl,, and 
Se,Cl, in these solutions (6) and all the evidence supports a 
chain structure for this molecule (8, 18). Seleninyl chlo- 
ride, SeOCl,, has a pyramidal form (19) but this work has 
shown that SeSCl,, prepared by equilibration of SzClz and 
Se,Cl, mixtures, has a chain structure. No evidence for the 
pyramidal isomers was found even after long periods of 
heating. While oxygen is often found in terminal positions 
in compounds and ions, sulfur commonly gives catenated 
structures and, due to the similar electronegativity of S and 
Se, SeSC1, adopts the chain structure, ClSeSCl. 

The observation of eight strong signals in the Se(1) part of 
the 7 7 ~ e  NMR spectrum of a 1 : 1 molar mixture of Se,Br, and 
S,Cl, is consistent with the chain structure for all dichalco- 
gen dihalides, Ch,X, (Ch = Se, S; X = C1, Br). The greater 
width at half-height of the diselenium dihalide signals indi- 
cates more rapid halide exchange for these compounds than 
for the selenium sulfur dihalides (13) and, by extension of 
this trend, than for the disulfur dihalides. This is expected, 
as a result of the weaker halogen bonding to Se (D (SeCl) = 
243 kJ mol-') than to S (D(SC1) = 272 kJ mol-I) (20). The 
integrated peak intensities show that the combination of 
Se-Br and S - C l  bonding is favoured over that of S d l  
and S-Br bonding, indicating that for chalcogen-halogen 
bonds, overlap of atomic orbitals of like principal quantum 
number leads to stronger bonding than with unlike principal 
quantum number. 

The 77Se chemical shifts of catenated selenium alkyls (15) 
and perhaloalkyl derivatives (7) have been interpreted in 
terms of changes in shielding due to electronegativity changes 
in the group of atoms bonded to Se (7) and P- and y-effects 
(15). Both electronegativity and P-effects are observed for 
the simple selenium and selenium sulfur dihalides. The 
greater electronegativity of the directly attached atoms leads 
to greater 7 7 ~ e  deshielding while increased polarizability of 
the next nearest neighbour causes increased deshielding of 
Se. 

NOTE ADDED IN PROOF: Since the acceptance of this 
manuscript, a paper dealing with the characterization of 
SeSCl, has come to my attention (Raman, mass and 7 7 ~ e  
NMR spectra of SeSCl, and its reactions with potassium io- 
dide and titanocene pentasulfide to produce cyclic selenium 
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sulfides. R. Steudel, B. Plinke, D. Jensen, and F. Baumgart, 
Polyhedron, 10, 1037 (199 1)). There is good agreement be- 
tween the two reports with respect to the interpretation and 
the actual measured chemical shifts and frequencies. Some 
discrepancies arise, however, in the assignment of the sig- 
nals that appear to the higher chemical shift side of the Se,C12 
signal ( 1305- 1 350 ppm). 
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Long-range shielding and NMR chemical shifts in silicon carbide polytypes 
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DEQI GUO, J. STEPHEN HARTMAN, and MARY FRANCES RICHARDSON. Can. J. Chem. 70, 700 (1992). 
Despite an apparently successful empirical correlation, it is incorrect to ascribe variations in ' 9 ~ i  and "C chemical shifts 

in silicon carbide polytypes to diamagnetic anisotropy effects. 
Key words: silicon carbide, long-range shielding, polytypism, MAS NMR. 

DEQI GUO, J. STEPHEN HARTMAN et MARY FRANCES RICHARDSON. Can. J .  Chem. 70,  700 (1992). 
L'attribution des variations des dkplacements chimiques du " ~ i  et du "C dans les polytypes de carbure de silicium i 

l'effet anisotropique diamagnttique est inexacte en depit du succ&s apparent de la corrClation empirique. 
Mots cle's : carbure de silicium, blindage 21 longue distance, polytypisme, MAS RMN. 

[Traduit par le redaction] 

Silicon carbide, an important industrial material ( l ) ,  is 
known for its remarkable display of polytypism. There are 
more than 200 known polytypes, which are characterized by 
having identical Si-C double layers arranged in different 
stacking sequences (2, 3). Since our initial work on the dis- 
tinctive 2 9 ~ i  and I3c Magic Angle Spinning (MAS) NMR 
spectra of the 6H, 3C, and 15R polytypes (4, 5), NMR has 
become an important characterization tool for silicon car- 
bide (6). All polytypes so far studied other than 3C and 2H, 

I 
1 which have only a single silicon (and carbon) site, show 
I several peaks in their MAS NMR spectra (4, 5,  7-9) de- 

spite the fact that the immediate-neighbour tetrahedron in S ic  
is essentially identical for all sites (10). We (4, 5) and oth- 
ers (7, 11) showed that the number of peaks could be cor- 
related with the number and geometrical arrangement of 
higher neighbours. However, peaks could not be readily as- 
signed to particular atoms in the structures. We undertook 
the present work as a possible approach to S i c  peak assign- 
ments. 

Calculations 
McConnell (12) expressed the relationship between the 

chemical shielding increment Au and the molar diamag- 
netic anisotropy AX of distant (cylindrically symmetrical) 
bonds as: 

where AX is the difference between the susceptibility paral- 
lel to the bond and the susceptibility perpendicular to it, R  
is the distance between the nucleus of interest and the elec- 
trical center of gravity of the distant bond, and 0 is the angle 
between the vector R  and the bond vector (Fig. 1). 

Expansion of eq. [I] to include all contributions within a 
certain distance from a central atom gives the shielding in- 
crement for that atom: 

The chemical shift, in ppm to low field of a reference com- 

' ~ u t h o r s  to whom correspondence may be addressed. 

FIG. 1. Definition of parameters used in the McConnell equa- 
tion for calculating the shielding increment induced by a distant 
bond. 

- pound, is related to the shielding by 6,,,,, = u,, ,,,, urn,,,, 
and can be divided into local and long-range parts, so that 

where 6,,,, is the overall chemical shift of atom X(j) in the 
structure, 6; is the "intrinsic" chemical shift, i.e., the shift 
that atom X would have if it were bonded only to its four 
neighbours, and (Ax)(G,) represents the chemical shift due 
to long-range shielding because of the diamagnetic suscep- 
tibility of chemical bonds. G,, the geometric factor, is a term 
dependent only upon the crystal structure and the location of 
the electrical centre of gravity for the bonds, initially taken 
at the midpoint. The sum is over all bonds n out to a certain 
radius. Equation [4] allows a value of AX to be calculated 
explicitly and compared to experimental values. 

Bonds to nearest neighbours were eliminated from the sum, 
both because the point dipole approximation is not valid at 
such short ranges (12) and because the nearest-neighbour 
effects are assumed to be accounted for in the intrinsic shift 
terms. Each crystallographically independent atom in the 
structure produces an equation. Once the chemical shifts are 
assigned to particular atoms in the structure, it is straight- 
forward to cany out a least-squares fit to a series of equa- 
tions and determine AX and the intrinsic chemical shifts for 
carbon and silicon in these structures (13). 

Results and discussion 
Figure 2 shows typical convergence behaviour for eq. [3] 

as a function of distance from the central ?tom. Conver- 
gence is barely achieved at a distance of 50 A: the slowness 
of convergence is due to the fact that although there is an R - ~  
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20 40 60 80 1 0 0  120 140 160 180 200 

DISTANCE, A 

FIG. 2. Convergence behavior of the geometric factor G, as a 
function of distance from the central atom for the Types A ,  B, and 
C atoms in 6H Sic .  The types (5) correspond to the independent 
atoms. 

dependence for the shielding due to one bond, the number 
of bonds increases as R ~ .  Others (14) have also noted the 
necessity of extending calculations out to at least 50 A in 
McConnell-type calculations. 

The geometric factors for the three independent silicons 
and carbons in 6H S i c  have distinct values (Fig. 2). If these 
are assigned to the three peaks in the 2 9 ~ i  and I3c NMR 
spectra of 6H S i c  in such a way that the chemical shift is to 
low field as G, increases, least-squares solution of eq. [4] 
yields values of 97.8 x m3/bond (7.78 x lo3 ppm A ~ /  
bond) for AX,  and 0.79 and 40.13 ppm for the intrinsic 
chemical shifts of silicon and carbon, respectively. The in- 
trinsic shifts are in reasonable agreement with the 2 9 ~ i  shift 
in tetramethylsilane (0 ppm) and the I3c shift of the central 
carbon in (Me3Si),C (77 ppm relative to TMS) (15). How- 
ever, the value of AX for-an Si-C bond is nearly three or- 
ders of magnitude larger than the usual values for single 
bonds (16). In other words, if AX for an Si-C bond has a 
magnitude similar to those for C-H or C-C bonds, the 
long-range shielding effect should amount to no more than 
a few tenths of a part per million, an amount similar to that 
observed, for example, in aryl ethers (17). Variations in the 
formulation of the long-range shielding (13), e.g., chang- 
ing the peak assignments, moving the electrical centre of 
gravity, and shifting the layers (which changes the bond 
distances), do not alleviate the problem. 

The unreasonable AX value (7.78 X lo3 p p m / ~ 3 )  for the 
Si-C bond shows that long-range diamagnetic shielding 
cannot be the origin of the variation in 19si and I3c chemi- 
cal shifts in S i c  polytypes. Furthermore, our recent work on 
chemical shift tensors for the 6H polytype (18) yielded firm 
peak assignments that are inconsistent with those based on 
long-range diamagnetic shielding. The results of the present 
calculations are consistent with the usual predominance of 
paramagnetic contributions to the shielding, arising from 
nonspherical electron density about an atom and calculated 
from orbital overlaps between a central atom and its succes- 
sive neighbors (16). Diamagnetic shielding effects nor- 
mally are a major factor only in 'H NMR (e.g., ref. 19). 

Sherriff has canied out diamagnetic shielding calcula- 
tions based on the McConnell equation, which have suc- 
cessfully correlated 2 9 ~ i  chemical shifts of a wide range of 
silicate minerals (20). The practical utility of this approach 
to calculating silicate chemical shifts is undeniable, and it can 
be applied to A1,Si order/disorder problems (20) and ex- 

tended from the usual four-coordinate silicon to the rela- 
tively rare six-coordinate silicon in silicates (21). However, 
neighbour anisotropy effects on diamagnetic shielding, which 
are inherently long range in network solids, cannot be the true 
basis of the success of these calculations, which deal with 
atoms only out to the second-neighbour positions. The suc- 
cess may be attributable to an accidental modelling of a 
paramagnetic contribution to chemical shift, with similar 
geometric form but falling off much more rapidly with dis- 
tance. The AX for the S i 4  bond (20) (-701.6 p p m / ~ ~ ,  
orders of magnitude larger than expected for diamagnetic 
shielding) seems consistent with inadvertent modelling of a 
large paramagnetic shielding term. 

NMR is potentially more sensitive than X-ray diffraction 
to local environment (22, 23), and is the analytical tool of 
choice for amorphous or disordered solids. Thus correla- 
tions of the chemical shift with easily calculated structure- 
dependent functions are becoming increasingly important. 
However, the diamagnetic shielding term is not the major 
factor in network solids such as silicon carbide and sili- 
cates. Further work is needed to elucidate the factors affect- 
ing chemical shift in systems such as these. 
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NEIL BURFORD, TRENTON M. PARKS, BRUCE W. ROYAN, JOHN F. RICHARDSON, and PETER S. WHITE. Can. J. Chem. 
70, 703 (1992). 

Tetrachloroaluminate salts of the benzothiazarsolium and toluodithiarsolium heteronaphthalenic cations have been 
prepared from the corresponding chloroarsoles by a routine halide ion abstraction procedure. Characterization data are 
presented, including the X-ray crystal structure of the tbiaza derivative. (Crystal data for C6H5A1AsCI,NS: m~noclinic, 
space group P2 , /c ,  a = 6.4259(5) A, b = 23.654(3) A, c = 8.5859(7) A ,  P = 98.203(6)", V = 1291.7(2) A', Z = 4,  
R = 0.054.) A planar bicyclic cationic unit is observed, typical of other heteronaphthalenic systems. The crystal struc- 
ture of 2-chlorobenzo-1,3,2-thiazarsole has been obtained for direct comparison, and also has a close to planar hetero- 
bicyclic moiety. (Crystal data for C6H5AsClN$: monoclinic, space group P2 , /c ,  a = 8.370(3) A,  b = 10.829(3) A ,  
c = 8.756(2) A, P = 95.99(2)", V = 789.2(3) A ~ ,  Z = 4,  R = 0.025.) The planarity and short heterocyclic bond lengths 
observed in the two compounds imply a significant degree of p-rr bonding, which is unique between sulfur and arsenic. 
In addition, the cation is a rare example of a structurally characterized cationic dicoordinate arsenic, or arsenium, sys- 
tem. 

Key words: arsenic, arsolium, arsenium, p-rr-bonding, sulfur, heteronaphthalenic 

NEIL BURFORD, TRENTON M. PARKS, BRUCE W. ROYAN, JOHN F. RICHARDSON et PETER S. WHITE. Can. J .  Chem. 70, 
703 (1992). 

On a prCparC les tCtrachloroaluminates des cations hCtCronaphtalCniques benzothiazarsolium et toluodithiarsolium en 
faisant appel a une methode de routine pour enlever un ion halogknure des chloroarsoles correspondants. On prksente 
les donnCes ayant servi a leur caractkrisation, y compris la structure cristalline du dCrivC thiaza. (DonnCes cristallogra- 
phiques d; C6H,A1AsCI,NS : monocliniq~e~ groupe d'espace P 2 , / c ,  a = 6,4259(5), b = 23,654(3) et c = 
8,5859(5) A, P = 98,203(6)", V = 1291,7(2) A ~ ,  Z = 4 et R = 0,054.) On a observe la presence d'une unite cationique 
bicyclique plane, typique d'autres systttmes hCtCronaphtalCniques. On a obtenu la structure cristalline du 2-chlorobenzo- 
1,3,2-thiazarsole par une comparaison directe; elle comporte aussi une portion hCtCrobicyclique pratiquement plane. 
(DonnCes cristallographiques du C6H5AsC1NS :~monoclinique, groupe d'espace P2 , /c ,  a = 8,370(3), b = 10,829(3) et 
c = 8,756(2) A, P = 95,99(2)", V = 789,2(3) A ~ ,  Z = 4 et R = 0,025.) Le fait que, dans les deux molCcules, la struc- 
ture est plane et les longueurs des liaisons hCtCrocycliques sont courtes implique l'existence d'une liaison p-rr impor- 
tante, mais unique, entre le soufre et l'arsenic. De plus, le cation est un rare exemple d'un systkme cationique dicoordonnk 
de l'arsenic, ou arsCnium, a &re caractCrisC d'un point de vue structurel. 

Mots clPs : arsenic, arsolium, arsCnium, liaison p-rr, soufre, hCtCronaphtalCnique. 
[Traduit par la redaction] 

Introduction 
Compounds containing multiple bonds between heavier 

non-metal elements are now commonplace. While they rep- 
resent experimentally confirmed contradictions of the 
"Double Bond R ~ l e " , ~  a variety of synthetic innovations are 
responsible for this significant fundamental development, the 
most common being steric shielding (2). Nevertheless, p.rr 
bonding is by no means general throughout the p-block, with 
the restricted valency and coordination of the more elec- 
tron-rich elements requiring alternative structural or elec- 

tronic features to support incorporation into a p.rr-bonded 
system (see, for example, ref. 3). 

We recently introduced the cationic heteronaphthalenic 
framework 1 as a versatile template for the construction of 
new p.rr bonded units involving pnicogens and chalco- 
gens, including systems containing the first examples of 
stable p.rr bonding between phosphorus and sulfur (4-6). 
Compounds of this type apparently benefit from the stabi- 
lization associated with accommodation of a Hiickel num- 
ber of .rr-electrons as well as the molecular positive charge. 
Here we Dresent the 1.3.2-benzothiazarsolium (2) (for a , , > ,  > 

' ~ u t h o r  to whom correspondence may be addressed. preliminary communication of this work, see ref. 7) and 5- 
'present address: Department of Chemistry, University of ~ ~ ~ t h  methyl- 1,3,2-benzodithiar~olium (3) (preliminary commu- 

Carolina at Chapel Hill, Chapel Hill, NC 27514, U.S.A. nication, ref. 8) cations as the first examples of stable 
3" Elements with a principal quantum number greater than 2 are systems containing arsenic-sulfur p.rr bonding. This is il- 

incapable of forrningpv interactions." See, for example, ref. l .  lustrated in the crystal structure of 2AlC1, and by an inter- 
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esting comparison with the structure of  the corresponding 
2-chloroarsole 4. 

Experimental 

General procedures 
All compounds reported here are extremely moisture sensitive 

and are handled under rigorously anaerobic and anhydrous condi- 
tions. AsCl, (AESAR) and Et,N (BDH) were distilled under N, 
before use. AlC1, (Aldrich) was sublimed under vacuum before use. 
3,4-Toluenedithiol (Aldrich) and o-arninothiophenol (Aldrich) were 
used as received. 2-Chloro-5-methyl-l,3,2-benzodithiarsole 5 was 
prepared by the literature procedure (9), with minor modifica- 
tions. CH,Cl, and hexane were dried over P205 and CaH, and stored 
in evacuated bulbs. CDCl, was dried over P205. Solids were ma- 
nipulated in a Vacuum/Atmospheres nitrogen-filled glove box. 
Glass equipment was flame dried before use. Reactions were per- 
formed in an evacuated (lo-' Torr; 1 Torr = 133.3 Pa) dual com- 
partment ~ e s s e l , ~  unless otherwise indicated. Melting points were 
recorded on a Fisher-Johns apparatus and are uncorrected. Ele- 
mental analyses were performed by Beller Laboratories, Gottingen, 
Germany. IR spectra were recorded as Nujol mulls on CsI plates 
using a Perkin-Elmer 283B spectrophotometer. NMR spectra were 
recorded on a Nicolet NT-360 spectrometer in 5 or 10 mm flame- 
sealed Pyrex tubes. Chemical shifts are reported in pprn relative to 
external standards ( [ A I ( H , ~ ) ~ ] ~ +  for 2 7 ~ 1 )  and relative to the inter- 
nal solvent signal for 'H and ',c. Mass spectra were obtained by 
using a CEC model 21-104 mass spectrometer. Crystals suitable 
for crystallography were obtained as described in text for each 
compound, and were selected and mounted in Pyrex capillaries in 
the dry box. 

4~ modification of the H-tube reaction vessel described in ref. 
10. 

Preparation and characterization data 

Ca,SN(H)AsC14 
A solution of AsCl, (1.08 g, 6 .0 mmol) in Et,O (15 mL) was 

added to a stirred mixture of o-aminothiophenol (0.75 g ,  
6.0 rnmol) and Et,N (1.21 g, 12.0 mmol) in Et,O (20 mL), and the 
mixture was stirred at room temperature for 3 h. A yellow solu- 
tion was decanted from the white precipitate and the solvent was 
removed in vacuo to leave a bright yellow solid, which was re- 
crystallized from CH2C12 to give yellow/orange crystals of 2- 
chlorobenzo- 1,3.2-thiazarsole (0.92 g, 3.9 ~nmol,  65%), mp 135- 
137°C. IR: 3290m, 1450s, 1355m, 1300m, 1250m, 1020m, 850m, 
740vs, 580m, 555m, 460m, 420s, 290m, 230vs cm-' . NMR, 'H: 
753-6.99 pprn (ABCD), 6 .6 pprn (NH); I3c: 147, 126, 126, 124, 
121, 115 ppm. Anal. calcd.: C 30.85, H 2.16, N 6.00%; found: C 
30.63, H 2.19, N 5.91%. 

[C~,SN(H)AS] 2 [AICI,] 
A solution of 2-chlorobenzo-l,3,2-thiazarsole (0.332 g, 

1.42 mmol) in CH,Cl, (40 g) was added dropwise to a stirred sus- 
pension of ALCl, (0.193 g, 1.45 mmol) in CH2Clz (40 g) over a 
period of 25 min. A deep yellow solution initially formed and later 
produced a bright yellow microcrystalline precipitate. The solu- 
tion was decanted and the solid was washed by two cold-spot back 
distillations, and characterized as benzo-l,3,2-thiazarsolium tet- 
rachloroaluminate (0.391 g, 1.07 mmol, 75%), mp 135- 137°C. 
Recrystallization from a dilute CH,Cl, solution by slow removal 
of solvent produced small pale yellow crystals suitable for crystal- 
lography. Larger, higher quality crystals were obtained from a 
concentrated reaction mixture by slow removal of solvent. IR: 
3230m, 1555m, 1545m, 1245m, 1220m, 760vs, 720s, 710s, 540m, 
530s, 505vs, 475vs, 450s, 290m cm-'. NMR, 'H: 8.40- 
7.60 pprn (ABCD), 8.4 pprn (NH); "C: 130, 128, 127, 119 pprn 
(quarternary carbons not observed). Anal. calcd. : C 19.64, H 1.38, 
N 3.82, S 8.74%; found: C 19.78, H 1.24, N 3.80, S 8.87%. 

[CH3Ca,S2As] 3 [AICI,] 
5-Methylbenzo- 1,3,2-dithiarsole (0.497 g, 1.88 rnrnol) in CHzClz 

(25 mL) was added dropwise over 3 h to a vigorously stirred sus- 
pension of AICl, (0.250 g, 1.88 mmol) in CH2C12 (25 mL). The 
red/orange reaction mixture was stirred for 14 h and the solvent 
was slowly removed until crystallization began. At this point the 
solid was redissolved and the reaction vessel cooled in an ice water/ 
NaCl bath. A bright orange crystalline solid was isolated and 
characterized as 5-methylbenzo- l,3,2-dithiarsolium tetrachloro- 
aluminate (0.262 g, 0.66 mmol, 35%), mp 121-123°C. IR: 820s, 
540m, 510m, 485vs, 435m cm-'. NMR, 'H: 8.33 (d), 8.26 (s), 
7.75 (d), 2.66 (s) ppm (,J,, = 8.6 Hz); ',c: 153, 150, 142, 131, 
129, 128, 21 ppm. Anal. calcd.: C 21.13, H 1.52, S 16.11, As 
18.83%; found: C 20.97, H 1.78, S 15.82, As 18.50%. 

X-ray data collection, solution, and rejinernent 
All pertinent crystallographic data are summarized in Table 1. 

Data were collected at room temperature on an Enraf-Nonius 
CAD-4 diffractometer (MoK,, A = 0.70930 A, graphite mono- 
chromator) using the 0-20 scan technique. No significant decay 
of three standard reflections was observed during data collection. 
Unit cell parameters were obtained from the setting angles of 25 
accurately centred reflections. The choice of space groups was based 
on systematically absent reflections. Data were corrected for Lorentz 
and polarization effects. Scattering factors were taken from Cromer 
and Waber (1 1) and anomalous dispersion effects were included in 
F ,  (12). An empirical absorption correction was applied for 
C6H4SN(H)AsCl 4 based on a series of psi scans. The structures 
were solved using direct methods (13, 14) to find the heavier ele- 
ments, and the remaining non-hydrogen atoms were located from 
a series of difference Fourier maps. Hydrogen atom positional pa- 
rameters were refined in 4 and included in ideal positions as fixed 
contributions to the structure. In 2AlC1, the thermal parameters for 
hydrogen atoms were not refined (B,, = 1.2 x B of the bonded 
atom). The models were refined using full-matrix least-squares 
techniques based on F, minimizing the function Zw(lF,I - 1 ~ ~ 1 ) ~ ~  
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BURFORD ET AL. 

TABLE 1. Crystallographic data 

Formula C6H5AsC1NS C6H5A1AsC14NS 
fw 233.55 366.89 
Space group P2,/c p21/c 
a ,  A 8.370 (3) 6.4259 (5) 
b, A 10.829 (3) 23.654 (3) 
c, A 8.756 (2) 8.5859 (7) 
I% 95.99 (2) 98.203 (6) 
v, A' 789.2 1291.68 
z 4 4 
F (000) 456 7 12 
Dcalcdr g ~ m - l  1.97 1.887 
Size, mm 0.10 X 0.25 x 0.40 0.69 X 0.35 X 0.35 
k, cm-' 48.1 36.5 
Max 20, " 55 50 
Reflections: 

Measured 2068 2547 
Unique 1832 2264 
Observed 1402 1786 
Parameters 107 128 

R 0.025 0.042 
Rw 0.026 0.054 
GoF 1.07 1.825 

TABLE 2. Fractional atomic coordinates and isotropic thermal pa- 
rameters for compound 4 

Atom x/a ~ / b  Z/C B 

TABLE 3. Fractional atomic coordinates and isotropic thermal pa- 
rameters for 2AlC14 

Atom x/a y/b Z/C B (iso ) 

Starred atoms were refined with fixed isotropic thermal parameters. 
Anisotropically refined atoms are given in the form of the isotropic equiv- 
alent displacement parameter. 

where w = [u(F)' + (0.005~) '  + 0.41-' for compound 4 (15), and 
was derived from counter statistics for 2AlC1,. Positional and iso- 
tropic thermal parameters are given in Tables 2 and 3 and selected 
bond lengths and angles are given in Table 4. Supplementary ma- 

.. . terial (anisotropic thermal parameters and structure factors, 27 
-1 -.  .: pages) is a~a i l ab l e .~  

Results and discussion 
Preparation and characterization of benzothiarsolium 

cations 
The halide ion abstraction reaction is widely used in in- 

organic synthesis and has been exploited in the develop- 

5 ~ h e s e  tables may be purchased from: The Depository of Un- 
published Data, Document Delivery, CISTI, National Research 
Council Canada, Ottawa, Canada KIA 0S2. 

B (iso) is the mean of the principal axes of the thermal ellipsoid. 

ment of non-metal cations. Convenient reagents and high 
yields (essentially quantitative) are the principal advan- 
tages, although the non-metal salts are generally extremely 
reactive. The new arsolium cations are typical examples. The 
haloarsoles 4 and 5 react rapidly with ~ 1 ~ 1 , ~  to give the 
corresponding tetrachloroaluminate salts of 2 and 3. As for 
the phosphorus analogs, good yields and ease of isolation of 
the salts are only possible if the haloarsole is kept at a low 
concentration with respect to the acid during the reaction to 

6~ number of halide ion abstracting agents have been employed 
and found to react; however, the products have proven difficult to 
isolate and characterize. 
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TABLE 4. Selected bond lengths (A) and angles (") 

C6H,AsClNS C6H,AlAsCl,NS 

Intermolecular contacts: 
As--C1(2) 3.399 (2) As--Cll 3.3842 (9) 
As--C1(2)' 3.345 (1) S-C1' 3.436 (1) 
As--C1(4) 3.637 (2) 
As--C1(4)' 3.390 (2) 
S-Cl(4)' 3.583 (2) 
NH--C1(3) 2.389 (2) 
NH--C1(2)' 2.913 (2) 

prevent aromatic substitution of the benzo moiety by the 
solvent (5). 

The new arsolium salts have been characterized by the 
usual techniques and exhibit familiar spectroscopic fea- 
tures. A strong absorption around 485 cm-' is observed in 
the IR spectra and is characteristic of the v, vibration of 
AlC14- (16). The 'H and I3c NMR data show a dramatic de- 
shielding of the nuclei in the benzo unit in the cations 2 and 
3 with respect to those of the precursor arsoles 4 and 5. This 
is consistent with the values obtained for other derivatives 
of 1 (4-6), as well as those reported for benzo-1,3-dithiol- 
ium (17), benzo- 1,3-thiazolium (1 8), and benzo-1,3,2-di- 
thiazolium (19) cations, and can be attributed to effective 
delocalization of the positive charge throughout the bicyclic 
framework. A similar feature is observed for the chemical 
shift of the amine proton of 2 with respect to 4. For the toluo 
derivatives 3 and 5, a larger 3 ~ H H  (ortho) value is observed 
for the cation 3, typical of a naphthalenic system (see, for 
example, ref. 20). 

Structural features of the benzothiazarsolium unit 
(4 and 2AlC1,) 

2-Chloro- 1,3,2-benzothiazarsole 4 exists as dimeric units 
in the solid state, and is isostructural with the phosphoqs 
analog (6). An As,Ci2 parallelogram (As--Cl, 2.293(1) A; 
As--Cll, 3.3842(9) A) links the two molecules, which are 
related by a crystallographic centre of inversion (Fig. 1). The 
heterobicyclic unit is almost planar with the arsenic centre 
only 0.1439(3) A from the C6SN plane, and is essentially 
perpendicular to the As2C12 unit. Similar halogen-bridged 
dimeric arrangements have been reported for a number of 
non-metal halide systems (e.g., PBr4- (21), A ~ ~ I ~ ~ -  (22), 

I ~rSnC1'  (23), Ar,SnCl+ (24)), including the chloroarsines 
('BuN)(Me,Si)('BuN)AsCl (25), and C4H,N,S . AsC1, (26). 
The dimer units of 4 are associated by hydrogen bonding 
between the amino protons and chlorine centres (Fig. 2). 

Interestingly, 5-methyl-2-chloro- l,3,2-benzodithiarsole 
5 (9), which is closely related to 4, adopts a very different 
structure. The molecules are arranged in sheets (Fig. 3) and 
the contact distances between the molecular units (As<lf, 

FIG. 1. ORTEP view of the dimeric unit of compound 4. 

FIG. 2. PLUTO view of the unit cell of compound 4 showing 
intermolecular contacts that are within the sums of the van der 
Waals radii for the atoms involved. 

3.8 1 A; S<lf , 3.69 A) are substantially longer than those 
in the dimer of 4 [As<ll, 3.3842(9) A, S<lf, 
3.436(1) A). Furthermore, the As--Cl bond (2.236(3) A) is 
considerably shorter than the shortest of those in 4 (As--Cl, 
2.293(1) A), and the bicyclic unit is far from planar with the 
arsenic centre displaced from the C6S, plane by 0.58 (cf. 
0.1439(3) A in 4). As such, the molecular structure of 5 re- 
sembles that of the severely folded 5-methyl-2-phenyl-l,3,2- 
benzodithiaphosphole (4, 5). 

1,3,2-Benzothiazarsolium 2 tetrachloroaluminate is iso- 
structural with other structurally characterized derivatives of 
lAlCl, salts (4, 7). While discrete cationic and anionic units 
are evident, there are significant (Table 4) cation-anion in- 
teractions (distances within the sums of the respective van 
der Waals radii: As, 2.0; S ,  1.8; N, 1.5; C1, 1.8 A (values 
from ref. 27)), consistent with the contact array observed for 
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BURFORD ET AL. 707 

FIG. 3. PLUTO view of the molcular packing in compound 5, 
generated from the data provided in ref. 9. 

FIG. 4. ORTEP view of the cation 2 showing the cation-anion 
interactions involving the chlorine atoms of the AlC1,- units. 

the isostructural series, as illustrated for 2AlC1, in Fig. 4. The 
contacts are similar in length and array to those reported for 
many Main Group cations (e.g., ~h:', Ch = S, Se, Te (28), 
which have been investigated theoretically and are envis- 
aged as nucleophilic charge transfer interactions (29)). We 
believe that the magnitude of these interactions is small and 
their effect on the electronic structure of the cation is neg- 
ligible. Identical structural features are observed within the 
cationic units of the tetrachloroaluminate salts of 1,3,2-ben- 
zodithiaphospholium (5) and 5-methyl-1,3,2-benzodithia- 
phospholium (30) despite their very different packing 
arrangements. This is corroborated by the regular tetrahe- 
dral geometry of the anion, which can be severely distorted 
in the presence of transition metal/arene cationic com- 
plexes (see, for example, refs. 24 and 31) and small polar- 
izing cations, such as Li' (32). 

The intermolecular interactions between the monomers in 
compound 4 (and those in the phosphorus analog (6)) can also 
be considered as contacts. Both Pn-Hal bonds are dramati- 
cally longer than standard covalent a-bonds, and the longer 
bond (As--Cll, 3.3842(9) A) is comparable with the cat- 
ion-anion interactions mentioned above. Moreover, each 
chlorine atom of 4 makes a secondary contaFt with the sul- 
fur centre of the other molecule (3.436( 1 )  A), reminiscent 
of the same contact present in the isostructural series of 
IAlC1, (6) (S--C1(4) in Fig. 4). On this basis, compound 
4 may be regarded as partially ionic (6). 

Cation 2 is planar, with a mean deviation of 0.020 A and 
a maximum deviation from the best plane of 0.050(8) A at 
C(4). The bonds within the heterocyclic moiety of the cat- 
ion 2 (As-S, 2.1536(15) A; As-N, 1.776(4) A; C-S, 
1.736(5) A) are significantly shorter than thoseoof com- 
pound 4 (As-S, 2.199 l(8) A; As-N, 1.795(3) A; C-S, 
1.755(3) A) except for the C-N bonds, which are crystal- 
lographically identical. All of the bonds within the bicyclic 
units are shorter than the corresponding single bonds (As-S 
(for compilations of As-S bond lengths see refs. 33, 34): 
(PhS),As, 2.243(1) A (35); cyclo-(MeAsS),,,,: 2.19(2)- 
2.34(2) A (36); As-N: ('BuN)(Me2Si)('BuN)AsC1, 
1.832(3) A (25); C-S: 1.80 A (37); C-N: 1.47 A (38)). 
p.rr Bonding between arsenic and sulfur 

Structural studies on arsenic-sulfur compounds show a 
consistent A s S  bond length (2.19-2.34 (33-36)), which 
is viewed as a single bond. A significantly shorter bond 
(2.173(3) A) was observed in the AS,S,+ cation, and ration- 
alized by means of a valence bond model involving a IT- 
bonded resonance contributor (34). Cation 2 exhibits an even 
shorter As-S bond (2.1536(15) A), and a dramatic short- 
ening with respect to that of the arsine analog 4. This bond 
length comparison is related to the relative planarity of the 
bicyclic unit in each compound (2 and 4), and indicates an 
enhancement of the heterocyclic n-structure in the cation, a 
rationale that is supported by 'H and ',c solution NMR (5, 
6), MCD (39), and solid state NMR (40) spectroscopic re- 
sults. This unique As-S n-interaction effects a similar bond 
shortening to that of the As-N n-interaction and the sys- 
tem shows no indication of As-N n-localization, consistent 
with the phosphorus analogs (6). Therefore, we conclude that 
within the heteronaphthalenic environment 4p-2pn bond- 
ing can coexist with 4p-3pn bonding. 

The formation of the isolated cation 2 is made possible by 
the low basicity of the anion (AlC1,-). Nevertheless, the near 
planarity of the heterobicyclic unit of the neutral chlorothi- 
azarsole 4, the intermediacy of the bond lengths between 
those of the cation and typical single bonds, and the long 
A s 4 1  "covalent" (partially ionic) bond can also be inter- 
preted in terms of a degree of heterocyclic n-bonding. Such 
features are completely consistent with the phosphorus an- 
alog (6) and are likely imposed by the inherent stability as- 
sociated with the heteronaphthalenic (10n) framework, which 
is apparently competitive with the basicity of the chloride 
anion toward the cation 2 (consider the 2C1 as the ionic al- 
ternative, and 4 as the covalent alternative). The dimeric ar- 
rangement is enforced by As-C1 and S-Cl contacts that 
resemble the anion-cation contacts in the salt and further 
validate the partial ionic model for the formally covalent 
chlorothiazarsole. With this in mind, the longer A s S  bonds 
and more severely folded heterocycle observed in the di- 
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thiarsole 5 (9) can be interpeted in terms of a less effective 
S-As-S T-network, in comparison to the N-As-S T- 
network. 

Coordinatively unsaturated arsenic centres 
The development of T-chemistry for the heavier non-metal 

elements requires the consequential discovery of stable co- 
ordinatively unsaturated environments. Di- and mono-co- 
ordination have  become common for phosphorus in recent 
years, and represent one of the most active areas of syn- 
thetic phosphorus chemistry. In contrast, systems contain- 
ing monocoordinate arsenic are extremely rare (41) and 
dicoordinate arsenic environments are comparatively rare. 
Imitation of well-established dicoordinate phosphorus sys- 
tems has provided examples of arsenes (2, 42),  arsaben- 
zenes (43), polyarsenides (44), and planar polyarsa 
homocyclic ligands (45). However, aside from the novel 
complexes (C,Me,),As+ (46) and [C,Me,(CO),Mn=As= 
Mn(CO),C,Me,+ (47), the new cation 2 represents the first 
structural characterization of a system containing a dicoor- 
dinate cationic arsenium environment, a formal analog of the 
carbene unit. Phosphenium cations are well known i d  have 
an  extensive chemistry (see, for example, ref. 48); how- 
ever, structural studies on  the corresponding arsenium sys- 
tems (few examples have been reported, ref. 49) are limited, 
and examples have been shown to adopt dimeric structures, 
which allow for tri-coordination at  arsenic (50). Identifica- 
tion of the novel cationic dicoordinate environment in 2 has 
been made possible by the stabilizing factors associated with 
the heteronaphthalenic framework (5). 
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Sulphur-nitrogen anions: 14N and "N NMR investigations of the deprotonation 
of cyclic sulphur imides and sulphur-ammonia solutions 
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T. CHIVERS and K. J .  SCHMIDT. Can. J .  Chem. 70, 710 (1992) 
The following systems have been investigated by 1 4 ~  and (o r )15~  NMR spectroscopy: (a) the deprotonation of S7NH 

by n-BuLi, (b) solutions of S,, S7NH, 1,3- and 1 ,4-S6(NH),, and K2SNZ in liquid ammonia, (c) the reaction of sodium 
azide with sulphur in hexamethylphosphoramide (HMPA), (4 the reactions of S7NH and S4(NH), with potassium amide 
in liquid ammonia in various molar ratios, and (e) the reaction of (NSCI), with potassium amide ( 1  :6 molar ratio) in 
liquid ammonia. These investigations have provided an NMR characterization of the thermally unstable S7N- ( 6 " ~  ca. 
-324 ppm) and S2N2H- ions ( 6 1 4 ~  +7  and - 149 ppm, 'J('~N-'H) 36 Hz, 'J("N-H) 55 Hz, -J("N-'~N) 2.2 Hz) in liq- 
uid ammonia, demonstrated the existence of S7N-, in addition to SSNSS-, as the major nitrogen-containing ingredient 
of sulphur-ammonia solutions (SAS), and confirmed the formation of the SSNSS-, but not S7N-, from the reaction of 
sodium azide and sulphur in HMPA. Consistent with previous chemical investigations, the NMR data show that the S7N- 
and S,N,H- ions are thermally unstable with respect to the formation of SSNSS- and S,N,-, respectively, in solution. 
Solutions of S4(NH),/4KNHI or (NSC1),/6KNH2 show the same two "N or "N NMR resonances at ca. +97 and 
- 108 ppm as a solution of NSN'- in liquid ammonia. 

Key words: sulphur-nitrogen anions, nitrogen NMR, liquid ammonia. 

T. CHIVERS et K. J .  SCHMIDT. Can. J .  Chem. 70, 7 10 (1992) 
Faisant appel a la RMN du I4N et (ou) "N, on a etudik les systkmes suivants : (a) la dkprotonation du S7NH par le 

n-BuLi, (b) des solutions de S,, de S7NH, des 1,3- et I ,4-(NH),S6 et du KzSN2 dans I'ammoniac liquide, (c) la reaction 
de I'azoture de sodium avec le soufre dans I'hexamCthylphosphoramide (HMPA), (d) les reactions du S7NH et du S,(NH), 
avec I'amidure de sodium, dans l'ammoniac liquide, a divers rapports molaires et (e) la rkaction du (NSCI), avec I'ami- 
dure de potassium (rapport molaire 1 : 6) dans l'ammoniac liquide. Ces ktudes ont permis (a) de caractkriser par RMN 
les anions thermiquement instables S7N- (6" environ -324 ppm) et S,N,H- ( 6 " ~  +7 et - 149 ppm, 'J('%-'H) 36 Hz, 
'J("N-H) 55 Hz, 'J(~'N-"N) 2,2 Hz) dans I'ammoniac liquide; (b) de dkmontrer l'existence de I'ion S7N-, en plus de 
I'ion SSNSS-, comme ingredient majeur contenant de I'azote dans des solutions ammoniacales de soufre (SAS) et (c) 
de confirmer la formation de l'ion SSNSS-, mais pas de l'ion S7N-, lors de la reaction de l'azoture de sodium et du 
soufre dans le HMPA. En accord avec les etudes chimiques antkrieures, les donnkes de la RMN rnontrent que les ions 
S7N- et S,H,H- sont thermiquement instables par rapport a la formation respectivement des ions SSNSS- et S,N3- en 
solution. En RMN du "N ou du "N, Ies solutions de S4(NH),/4KNH2 ou de (NSC1),/6KNH2 prksentent les m&mes 
rksonances, i environ +97 et - 108 ppm, qu'une solution de NSN'- dans I'ammoniac liquide. 

Mots clis : anions soufre-azote, RMN de l'azote, ammoniac liquide. 
[Traduit par la rkdaction] 

Introduction been suggested on the basis of UV-visible (19,20) and 

Investigations of binary sulphur-nitrogen (S-N) anions 
have contributed significantly to the development of S-N 
chemistry (1). The well-characterized examples include cyclic 
anions, S,N,- and S4N5- (2, 3), acyclic catenated anions, 
SSNSS- and SSNS- (4, 5), and the dianion NSN" (6). In 
addition, there are several S-N anions, e.g. ,  SNSNH- and 
SNSN~-,  which are known only as (chelating) ligands in 
metal complexes (7, 8). The formation of these anions in 
solution has been inferred from the preparation of such metal 
complexes by the deprotonation of S,(NH), in the presence 
of a metal halide (9, 10). The thermally unstable anion S7N-, 
generated by the deprotonation of S7NH (1 l ) ,  has also been 
characterized in metal complexes (12, 13) and its existence 
as a free anion in solution has been established by the iso- 
lation of alkyl (14) and trimethylsilyl (15) derivatives. The 
formation of the S7N- ion in sulphur-ammonia solutions 
(SAS) has also been the controversial subject of several re- 
cent investigation~ (16-18). Finally, the possible produc- 
tion of the S2N- ion from the electrochemical reduction (19) 
of SNSS- or the reaction of SNSS- with amide ion (20) has 

' ~ u t h o r  to whom correspondence may be addressed. 

Raman s ~ c t r o s c o p i c  evidence (20). 
Several recent publications have demonstrated the value 

of ',N NMR spectroscopy for monitoring the behavior of 
small S-N molecules or ions in solution (2 1-25). The large 
chemical shift differences (see Table 1) and relatively sharp 
resonances observed for S-N anions (24) provide a method 
of analysis for complex mixtures of these anions that is su- 
perior to alternatives such as UV-visible or Raman spec- 
troscopy. The latter techniques suffer from the disadvantages 
of broad, overlapping absorption bands or ph~toinduced (laser 
light) decomposition of samples, respectively. As well, the 
15 N NMR spectra of "N-enriched samples can provide use- 
ful structural information (through the observation of I 5 ~ - l 5 ~  

coupling) that is not available from the use of other spectro- 
scopic methods (26). 

In this investigation we have, therefore, applied the tech- 
niques of ',N and ' 5 ~  NMR spectroscopy to monitor the 
deprotonation of the cyclic sulphur imides S7NH, 1,3- and 
1,4-S,(NH),, and S,(NH),, and the formation of S-N an- 
ions in SAS. The specific objectives were to (a) provide an 
NMR spectroscopic identification of the S7N-, SNSNH-, 
SNSN~-,  and S2N- ions, (b) identify the major nitrogen- 
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CHIVERS AND SCHMIDT 71 1 

TABLE 1 N~trogen NMR parameters for S-N anlonq" 

An~on Solvent ~ u c l e u s "  6 (ppm)' ~ 1 1 2  (HZ)" 

S7N- NH,(I) 14 - 324 280 
S7N THF' 15 -319 
SINS- NH,(I) 14 -326 (1 N) 1 60 

14 -240 (4 N) 130 
STN3- NH3(1) 14 -230 110 
S,N, CH3CN 14 -230 180 
S,N,H- NH3(l) 14 -149 (1 N)' 80 

+7  ( I  N) 110 
S2N2H- NHl(I) 15 -148 (1 N)" 4 

+9  (1 N)" 4 
SNzH- NH,(I) 14 - 107' 400 
S N ~ '  NH3(1) 14 +98' 200 
S4N- THF 14 + 106 280 
S4N- HMPA 15 + 107 
SIN- CH,CN 14 + 107 148 
S4N- NH3(1) 14 + 107 110 
S,N- NH3(1) 14 + 230 I10 
S3N- CH3CN 14 +235 180 

"All the NMR ddtd llsted In thls table were determ~ned dunng the course 
of t h ~ s  work 

'Nucleus used ("N or "N) 
'Relat~ve to MeNO,(l), pos~tlve sh~fts are to h~gh frequency 
"L~new~dth at half-he~ght 
'At -80°C 
'Doublet, 'J(IJN-'H) = 36 Hz 
PDoublet, 'J(I5N-'H) = 55 Hz 
"Doublet, 'J('JN-'5N) = 2 2 HZ 
'The assignment of thls resonance 1s fentdtlve, see text for discussion 

containing species in S A S ,  and (c) seek evidence for the ex- 
istence o f  novel binary S-N anions that might subsequently 
be  the target of  a synthetic investigation (for preliminary 
communications, see ref. 27) .  A s  a prelude to  our  studies of  
the deprotonation of  cyclic sulphur imides, the IH, 1 4 ~ ,  and 
15 N N M R  chemical shifts and coupling constants ('J("N-'H)) 
of  these ring systems were determined (28). 

Experimental 
Reagents 

The following reagents were prepared by the literature proce- 
dures: S7NH (29), S5(NH), isomers, S6(NH), isomers (30), S,(NH), 
(311, PNP+S4N-(PNP = (Ph3P),N) (321, (NSCI), (33), K,(N,S) (6), 
50% %enriched S7NH (34), and 99% "N-enriched SJNI (35) 
(which was converted to S 4 ( I 5 ~ ~ ) ,  by reduction w ~ t h  SnCI2.2H20 
in 1,2-dichloroethane/methanol) (3 1). 

The following commercial reagents were used as received: n- 
butyllithium in hexanes (2.1 M, Aldrich), potassium arnide (ROC/ 
RIC), sodium azide (95% %enriched in one terminal position) 
and NH,CI (99% "N-enriched) (Stohler Isotopes), PPh, (Fisher), 
and S8 (sublimed, Fisher). Liquid ammonia and hexamethylphos- 
phoric triamide (HMPA) were distilled from sodium before use. 
Acetonitrile and DMF were purified as described previously (24). 

Instrumentation 
NMR spectra were obtained on Bruker AM-400 and AMX-500 

standard-bore spectrometers and on a Bruker AM-400 wide-bore 
instrument. The 1 4 ~  NMR experiments on the 400 MHz spec- 
trometers were carried out at 28.915 MHz using 12-bit digitizers. 
Samples in organic solvents were investigated by using a broad- 
band probe and 10 mm NMR tubes. 

Samples using NH,(l) as a solvent required the use of NMR tubes 
made fro? !hick-walled (1.5 mm) 10 mm 0.d. glass tubing, nar- 
rowing to j-in. standard wall tubing at the open end. The solvents 
were transferred onto samples already in the tubes by using a vac- 

uum line equipped with Teflon J.  Young valves. Connections b7- 
tween the tubes and the vacuum line (which was also fitted with j- 
in. tubing) yere made with valves that used Swagelok connectors 
containing a-ln. Teflon ferrules. When the appropriate amount of 
solvent had been transferred into the tube, the solvents were coole? 
to - 196"C, and the tubes were then flame-sealed (in the upper j- 
in. section) under vacuum. 

Typical acquisition parameters were an acquisition time (AQ) of 
0.07 s,  a pulse length (PW) of 20 ps (ca. 90" pulse), a relaxation 
delay (RD) of zero, a sweep width (SW) of 30 000 Hz, and a data 
collection size (TD) of 4 K (zero-filled to 16 K before transfor- 
mation). In all cases at least 3000 scans were collected, and most 
samples were run unlocked. The signal from dissolved N, gas (6I4N 
-71.5 ppm relative to MeNO,(I) at 0 pprn) (35) was used as an 
internal standard for all 'IN spectra, except for the NH3(1) samples 
for which the ammonia signal was used as an internal reference. 
Care must be taken when using NH3(l) as a reference if large 
amounts of NH,' cations are present, since the rapid H t  exchange 
between NH, and NHJt can significantly alter the '"N chemical shift 
of NH,. In this case, external referencing is preferred. 

The SAS samples were prepared in 10 mm thick-walled tubes, 
as described above, and their 'IN NMR spectra were obtained at 
36.14 MHz on a Bruker AMX-500 spectrometer equipped with a 
16-bit digitizer and a 10 mm broadbaild probe. The acquisition 
parameters were AQ = 0.13 s ,  PW = 40 ks (ca. 90" pulse), RD 
= zero, SW = 30 000 Hz, and TD = 8 K (zero-filled to 64 K be- 
fore transforming). 

The 1 5 ~  NMR spectra were acquired at 40.557 MHz on the 400 
MHz spectrometers. Natural abundance spectra were run on an AM- 
400 wide-bore spectrometer using a 20 mm broadband probe (to- 
tal Sam le volume ca. 12 mL) and acetone-d6 inserts to obtain a P .  lock. ' N-enr~ched samples in NH3(1) were made up as described 
above and were sealed in thick-walled 16 mm tubes, which were 
then mounted coaxially within 20 mm tubes containing D,O to 
provide a lock signal. The AM-400 wide bore spectrometer and the 
20 mm broadband probe were used to obtain these spectra. The 
acquisition parameters for this spectrometer were PW = 40 ps (ca. 
45" pulse), RD = 2.5 s for natural abundance 1 5 ~ ,  or RD = 30 s 
for enriched 15N in NH,(I), SW = 25 000 Hz, TD = 16 K (zero- 
filled to 64 K). 

The "N enriched samples in solvents other than NH3(l) were run 
on the AM-400 standard-bore spectrometer in 10 mm tubes (D,O 
inserts for lock) using a broadband probe and a PW = 16 ks (ca. 
45" pulse), RD = 30 s ,  SW = 35 000 Hz, TD = 16 K (zero-filled 
to 32 K) .  

All 14N and 1 5 ~  NMR chemical shifts are reported with refer- 
ence to MeN02(1) at 0 p m using the downfield positive conven- P tion. The 1 4 ~  and (or) ' N NMR parameters for the S-N anions 
studied in this investigation are summarized in Table 1. 

Results and discussion 

NMR characterization of the S,N- ion 
A variety of bases, including Ph,CNa (36), Na  (14a), NaH 

(14a), LiOH (14a), K O H  (15), n-Bu4NOH (1 l ) ,  EtLi (14a), 
n-BuLi (37), Ph,P=CH2 ( l o ) ,  NaNH, (14a) ,  and liquid 
ammonia (17 ,  20)  have been used for  the deprotonation of  
S7NH. The  available evidence indicates that the yellow S7N- 
ion is thermally stable below -50°C in T H F  (1 l ~ ,  15), but it 
decomposes to  give the blue SSNSS-  ion above this tem- 
perature (1 1 ) .  Consequently, the combination of  a base and 
solvent that remains mobile below -60°C was deemed to be 
necessary for the NMR characterization of S7N-. The use of 
n-BuLi in THF proved t o  b e  suitable fo r  this purpose. T h e  
initial experiments employed 1 5 ~  NMR spectroscopy in order 
t o  obtain narrow resonances. A s  indicated in  Fig. l a ,  the 
natural abundance 1 5 ~  N M R  spectrum o f  a 1 M solution of 
S,NH in THF at  -80°C shows a doublet ( 'J( '~N-'H) 94 Hz) 
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FIG. 1. The "N NMR spectra (natural abundance) of (a) a 1 M 
solution of S7NH in THF at -80°C (2.5 h acquisition); (b) the same 
solution at -80°C after the addition of an equimolar amount of 
Bu"Li in hexane (2 h acquisition). 

at -364 ppm. Upon addition of an equimolar amount of 
BunLi in hexane to this solution at -80°C, this doublet dis- 
appears completely and instead a singlet at -3 18.8 pprn is 
observed (Fig. lb). At this temperature the solution is yel- 
low and there is no evidence for the formation of SSNSS- 
( 6 1 5 ~  +I06 ppm) (24). No other resonances are observed with 
the exception of that of dissolved N, at -71.5 pprn (35). 
Consequently, we assign the resonance at -31 8.8 pprn to the 
S7N- anion. 

We also investigated the deprotonation of S7NH with 
n-BuLi by ' 4 ~  NMR spectroscopy. At -80°C the 1 4 ~  NMR 
resonance for S7N- (generated from S7NH and BunLi) was 
very broad. However, at 25°C a resonance at ca. -327 pprn 
(v,/, - 1000 Hz) was observed in addition to the signal for 
SSNSS- at + 106 ppm. The S7N- ion is unexpectedly stable 
at room temperature in this system. The intensities of the 
NMR signals for S7N- and SSNSS- are approximately equal 
after 1 day and an appreciable amount of S7N- remains after 
1 week. A third weak resonance at - 134 ppm, which does 
not correspond to any known S-N anion (24), was also ob- 
served at 25°C. 
14 N NMR spectra of solutions of S,NH in liquid ammonia 

A solution of S7NH in liquid ammonia exhibits an UV 
absorption band at 256 nm (attributed to S7N-) with a wide 
tail extending to 600 nm (17, 20). After 2 h at -35°C this 
absorption decreases in intensity and bands in the visible re- 
gion attributed to the formation of SSNSS-(A,, 578 nrn) and 

FIG. 2. The '% NMR spectra of (a) a ca. 0.2 M solution of S7NH 
in NH3(l) after 4 h; (b) a ca. 0.2 M solution of 1 ,4-S6(NH)2 in NH3(l) 
after 4 h, (c)  a 0.2 M solution of 1 ,3-S6(NH)2 in NH,(l) after 3 h. 

SSNS- (A,,, 462 nm) are observed (17, 20). The formation 
of SSNSS- was confirmed by Raman spectroscopy (20). On 
the basis of the UV-visible and Raman spectroscopic data, 
Lelieur and co-workers proposed that the disproportiona- 
tion of S7N- generated in this way is complete and pro- 
duces SSNSS- and a neutral sulphur species formulated as 
Sam (am = NH,) (20). 

During the course of this work Woollins and co-workers 
reported that a solution of S7NH in NH3(l) gives rise to L 4 ~  

NMR signals at 104 (vIl2 120 Hz), -232 (vl12 100 Hz), -331 
(v,/, 440 Hz), and -401 pprn (vll, 500 Hz) in the approxi- 
mate percentages (sic) 50 : 20: 20 : 20, which they attribute to 
SSNSS-, S,N,-, S7NH, and an unidentified species, re- 
spectively (25, 38). In the light of our NMR characteriza- 
tion of the S7N- ion, we have investigated the S7NH-NH3(l) 
system by ' 4 ~  NMR spectroscopy in order to monitor the 
formation of S-N anions and identify them. The I4N NMR 
spectrum of a deep blue solution of S7NH in liquid ammo- 
nia after 4 h at 25°C (Fig. 2a) shows a major resonance at- 
tributed to SSNSS- at + lo7  Hz (vl12 110 Hz), a weaker 
resonance at -324 ppm (v,/, 270 Hz), which we assign to 
the S7N- ion rather than S7NH (vide supra), and very weak 
signals at -230 (vll, 100 Hz), -34 (v,/, 60 Hz), and 
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CHIVERS AND SCHMIDT 

+228 pprn (v,,, 110 Hz) attributed to S3N3-, an unidenti- 
fied species, and SNSS-, respectively. The NMR spec- 
trum of this solution showed the same major features after 
30 days and again after 1 year. The narrowness of the un- 
assigned resonance at -34 pprn rules out a species contain- 
ing an N-H group, since one-bond coupling constants 
for S-NH species are 1 3 5  Hz (vide infra). Thus it seems 
likely that this signal belongs to a new binary S-N anion. 
These NMR results are consistent with previous studies of 
the deprotonation of S7NH in which the yellow S7N- has been 
shown to disproportionate to SSNSS- (and sulphur) (1 1, 15). 
' 4 ~  NMR spectra of solutions of 1,3- and 1,4-S,(NH), 

in liquid ammonia 
Tingle and Olson have shown that the deprotonation of 1,4- 

and 1 ,5-S6(NH), with ethyllithium in THF at 0°C followed 
by alkylation with methyl iodide produces the correspond- 
ing N-methyl and N,Nf-dimethyl derivatives, indicating the 
formation of the S 8 , H -  and ~8 ,~ -  ions, respectively (14b). 
By contrast, the isomer 1 ,3-S6(NH), produced S7NMe under 
similar conditions (14b). The solutions of the S6(NH), iso- 
mers in THF are intense blue-green after treatment with 
ethyllithium (14b) and, in an earlier study, we showed by 
UV-visible spectroscopy that a solution of 1 ,4-S6(NH), in 
hexamethylphosphoric triamide (containing dimethyl- 
amine) produces the blue S S N S S  anion (1 1). 

In this investigation the I4N NMR spectra of liquid am- 
monia solutions of 1,3- and 1 ,4-S6(NH), were determined. 
As indicated in Figs. 2b and 2c, the major component of these 
solutions is the SSNSS- ion ( 6 1 4 ~  + 109 ppm) but, in con- 
trast to solutions of S7NH in liquid ammonia, significant 
amounts of s ,N, - (~ '~N -228 ppm) are also present. There 
are also weak resonances at +232 (SSNS-) and -322 ppm. 
The latter signal could be attributed to S7N-, but the possi- 
bility that it is caused by the s,N,,- ion or the deprotonated 
nitrogen atom of S8 ,H-  cannot be ruled out. Indeed, in the 
case of 1 ,3-S6(NH),, another signal at -343 pprn can be 
detected as a weak shoulder on the NH,(l) resonance. This 
signal is in the appropriate region of the NH group of the 
S6N2HP anion. These NMR results are consistent with the 
previously proposed equilibria between cyclic and SSNSS- 
that were invoked to explain the predominant formation of 
S7NH in the synthesis of cyclic sulphur irnides (eq. [I]) (39). 

The formation of S7NMe upon alkylation of deprotonated 
I,3-S6(NH), in THF (14b) is presumably due to the rapid 
transformation of 1 ,~-s,N;- into S7N- in THF solution. 
15 N NMR spectra of the reaction of sodium azide 

with elemental sulphur 
The formation of the S 7 N  and s ~ N ~ ~ -  ions has also been 

proposed to account for the synthesis of S7NH and S6(NH), 
isomers from sodium azide and sulphur in HMPA (39). In 
this investigation the formation of S-N anions in the reac- 
tion of azide ion (90% "N-enriched on one terminal nitro- 
fen atom) with sulphur in (Me,N),PO ( 6 " ~  -357.8 ppm, 
J(~ 'P- '~N) 32 Hz) was monitored by "N NMR spectros- 

copy. As indicated in Fig. 3a, the "N NMR spectrum of the 
dark blue reaction mixture after 2 days revealed the forma- 
tion of SSNSS- and the presence of some unreacted azide 
ion ( 6 " ~  -284.9 ppm). Consequently, an additional quan- 
tity of sulphur was added to the reaction mixture until the total 
amount was three times that usually used in the synthesis of 

HMPA 

300 200 100 0 -100 -200 -300 

FIG. 3. The "N NMR spectra of the reaction of *NNN- (*N = 
90% "N) with S8 in HMPA (a) after 2 days; (b) after 2 weeks and 
the addition of more S8. 

S7NH (29). After 2 weeks the 1 5 ~  NMR spectrum showed 
that all the azide ion had been consumed (Fig. 3b). There is 
only one resonance ( 6 1 5 ~  + lo7  ppm), apart from that of the 
solvent, and this can be attributed to the SSNSS- ion. Sur- 
prisingly, the S7N- ion could not be detected in this solu- 
tion even though the signal/noise ratio was sufficiently low 
to reveal its presence in concentrations smaller by a factor 
of lo-' than that of SSNSS-. We conclude, therefore, that 
the equilibria represented by eq. [ l ]  strongly favour SSNSS- 
in HMPA and only shift to form S7NP (and S,N,~-) upon 
hydrolysis with aqueous hydrochloric acid (29). 
I4 N NMR spectra of sulphur-ammonia solutions (SAS) 

The nature of the species present in dark blue SAS has been 
studied extensively by UV-visible and Raman spectros- 
copy (16-18, 20, 40-45). In 1982 we identified the major 
nitrogen-containing species in these solutions as SSNSS- and 
suggested that it was formed from S7N- (16). Subse- 
quently, two other groups showed that SAS are photosen- 
sitive and contain SSNS- in addition to SSNSS- (40-42), 
but there is disagreement about the presence of S,N- and the 
identity of the precursor of SSNSS- in such solutions. On 
the basis of an initial investigation by UV-visible spectros- 
copy, Prestel and Schindewolf claimed that 36 2 4% of the 
dissolved sulphur in liquid ammonia is present as S7N- (17). 
However, in a subsequent study by the same group using 
anion exchange HPLC a species tentatively identified as 
S4NH,- was observed in addition to SSNSS- and SSNS- (45, 
47). Lelieur and co-workers maintain that S7N- is not pres- 
ent in SAS on the basis of UV-visible and Raman spectro- 
scopic data; they propose the formation of a neutral sulphur 
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100 0 - 100 -200 -300 -400 

FIG. 4. The ' 4 ~  NMR spectrum of a 1 M (S atom) solution of S, in liquid ammonia after 2 h at 25°C (2 h acquisition). 

species tentatively formulated as S,, (am = NH,) (1 8). These 
authors also speculate that the asymmetrical anion SSN-, 
which is unknown, is the precursor of SSNS-, and hence 
SSNSS-, in SAS (18). 

In the light of our 1 4 ~  NMR characterization of S7N-, SAS 
were investigated by 1 4 ~  NMR spectroscopy in an attempt 
to reconcile these observations and conclusions. During the 
course of this work Woollins and co-workers reported res- 
onances at -329 (q12 350), -38 (v,/, loo), +lo5 (vl12 loo), 
and 192 (vl12 100) (ppm (Hz)) in the approximate percent- 
ages 80: 5 : 10 : 5, which they attributed to S,NH, an uniden- 
tified s cies, SSNSS-, and NS'. respectively (25).2.3 In our 
work, 'N NMR spectra were recorded at regular intervals 
over the course of 9 days. A major resonance at -323 and 
a weaker resonance at + 109 pprn attributable to S7N- (rather 
than S7NH) and SSNSS-, respectively, and a very weak 
resonance at +239 pprn assigned to SSNS- were observed 
(Fig. 4) (24). Surprisingly, and in agreement with the re- 
sults of Woollins and co-workers (25), the resonance at 
-323 ppm, which we attribute to S7NP, accounts for ca. 80% 
of the nitrogen-containing species in SAS and this increases 
to 88% after 5 days. During the first 3 days of the experi- 
ment a weak, very narrow (vl12 30 Hz) resonance is ob- 
served at -34 ppm. It is possible that this unidentified species 
is the precursor of SSNSS- in SAS, but the narrow line width 
rules out a species containing an N-H group. There is no 
evidence for the presence of any other nitrogen-containing 
species, e.g., S,NH,- or S2(NH3), in SAS, but the reso- 
nances for such species could be obscured by the broad sig- 
nal for the solvent ammonia. 

'~ i t rogen  NMR chemical shifts (in ppm) are quoted here with 
reference to external MeNO,(l). ' 4 ~  NMR chemical shifts in ref. 
25 were given relative to NH3(l) (6(NH3)(l) = -380 pprn vs. 
MeNO,(l)). 

3 ~ h e  existence of the extremely electrophilic NS' cation in liq- 
uid ammonia solutions is highly unlikely. For example, NS' salts 
react vigorously with alkanes at O°C (46). 

In summary, our 1 4 ~  NMR spectra of SAS (0.2 M) re- 
corded over a period of 9 days show the same major fea- 
tures as those reported by Woollins and co-workers (25) with 
the exception of the weak resonance at 192 ppm, which we 
did not observe. Our interpretation differs from that of 
Woollins (25), in that the strong resonance at ca. 
-325 pprn is assigned to the S7N- ion rather than S7NH. This 
conclusion is consistent with the observation that S7NH is 
readily deprotonated by liquid ammonia (vide supra). The 
lack of evidence for the presence of S7N- in SAS on the basis 
of UV-visible and Raman spectra (18) may be due to the 
lower concentrations of SAS used for these measurements 
and (or) the thermal and photochemical instability of S7N-. 

The 1 4 ~  NMR investigation does not, however, shed any 
light on the mechanism of the formation of S7N- in SAS. 

Attempted characterization of the S,N- ion 
Lelieur and co-workers have shown by UV-visible and 

Raman spectroscopy that the progressive addition of an al- 
kali-metal arnide to SAS results in the conversion of SSNSS- 
to SSNS- and, subsequently, a new S-N anion tentatively 
formulated as the unsymmetrical anion SSN- (20). The 
symmetrical SNS- anion has been proposed to result from 
the thermal decomposition of S3N3- (4) and the electro- 
chemical reduction of SSNS- (19). A symmetrical (C2J ar- 
rangement has been shown by Hartree-Fock-Slater self- 
consistent field calculations to be the most stable form of 
S,N- (47). 

The cleavage of an S-S bond in SSNSS- by triphenyl- 
phosphine produces SSNS- (5) and the conversion of SSNS- 
into SNS- in a similar manner is a reasonable possibility. In 
an attempt to identify the NS2- ion, the reactions of SSNSS- 
and SSNS-((P~,P),N' salts) with Ph,P were monitored by 
14 N NMR spectroscopy. The reactions were carried out in 
both dimethylformamide and acetonitrile, since these sol- 
vents obscure different regions of the 1 4 ~  NMR window. In 
both cases, it was found that the addition of one molar 
equivalent of Ph,P to a solution of SSNSS- ( 6 1 4 ~  
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CHIVERS AND SCHMIDT 715 

FIG. 5. The 1 4 ~  NMR spectra of the reaction of S7NH with KNH2 
in a 1 : 3 molar ratio after (a) 2 h; (b)  10 days in NH,(l) at 25OC. 

+lo7 ppm) produces a new resonance at +235 pprn attrib- 
utable to SSNS- (24). However, the complete conversion of 
SSNSS- into SSNS- required more than one molar equiv- 
alent of Ph3P and the addition of greater than two molar 
equivalents of Ph3P did not produce any new NMR reso- 
nances. Thus there is no evidence for the formation of a sta- 
ble NS,- ion under these conditions. 
Characterization of the S2N2HP ion 

As an alternative source of the NS2- ion the reaction of 
SSNSS- (produced by the deprotonation of S7NH) with po- 
tassium amide in liquid ammonia was also investigated. The 
combination of the low viscosity of liquid ammonia, which 
contributes to the relatively narrow resonances, the good 
solubility and stability of S-N anions in this solvent, and the 
fact that the ',N NMR resonance of liquid ammonia does not 
obscure the region of interest make this an ideal system for 
monitoring the formation of S-N anions. 

The addition of one molar equivalent of KNH, to a solu- 
tion of S7NH in liquid ammonia causes very little change in 
the 1 4 ~  NMR spectrum compared with that of S7NH alone. 
However, the addition of two molar equivalents of potas- 
sium amide produces significant changes. Specifically, the 
relative concentration of S7N- is reduced and the SSNS- 
( 6 1 4 ~  +230 ppm) and S3N3- ions (S',N -230 ppm) are 
readily detected as components of the reaction mixture. The 
addition of a third molar equivalent of potassium amide re- 
sults in a more dramatic change in composition as indicated 
in Fig. 5a. A comparison of this spectrum with the NMR 
spectrum of the same solution obtained after 10 days (Fig. 

5b) indicates that these changes result from the transforma- 
tion of SSNSS- into SSNS-, which in turn is converted to 
a previously unidentified S-N anion with equally intense 
resonances at +7  and - 149 ppm. These resonances are as- 
sociated with the same species since they grow and decay 
together (Fig. 5). The signal at - 149 pprn is a doublet 
('J('~N-'H) 36 Hz) indicating that one of the nitrogen atoms 
is attached to a hydrogen atom. A reasonable candidate for 
this species is the S2N2H- ion, 1, which has previously been 
identified only as a ligand in metal complexes (7, 8). The 
coordinated S2N2H- ligand exhibits ',N NMR signals at ca. 
-20 and - 150 pprn (25).3 

Chemical investigations of the deprotonation of S,(NH), 
indicate that this process also produces the S2N2H- ion (10). 
Consequently, the reaction of S,(NH), with two molar 
equivalents of potassium amide in liquid ammonia was also 
investigated. The ',N NMR spectrum of the red-brown so- 
lution so obtained after l h at 23OC showed two major res- 
onances at +7  and - 148 pprn attributed to the S2N2H- ion 
(vide supra). However, after 24 h this species was partially 
converted to S 3 N 3  (S"N -230 ppm) , 

To obtain "N-'~N (and "N- H) spin coupling informa- 
tion in support of the proposed structure of l ,  the same ex- 
periment was conducted with 99% "N-enriched S,(NH),. The 
5 N NMR spectrum is displayed in Fig. 6a. Two resonances 

were observed at +9  and - 148 pprn ('J("N-'H) 55 Hz) in 
addition to a weak resonance at -230 pprn for S3N3-. The 
ratio 1 ~ ( ' S ~ - ' ~ ) / L ~ ( 1 4 ~ - L ~ )  is 1.53, cf. y ( L 5 ~ ) / y ( ' 4 ~ )  = 1.40 
(where y = magnetogyric ratio). The coupling between the 
inequivalent nitrogen atoms was determined for the reso- 
nance at +9 pprn to be ca. 2.2 Hz by the application of a 
convolution-difference algorithm. The corresponding cou- 
pling constant in neutral S-N rings is 2-3 Hz, while the value 
for the cation S4N3+ is 8.5 Hz (48). These NMR data for the 
product of the deprotonation of s,("NH), with two molar 
equivalents of potassium amide are uniquely consistent with 
a species containing the -NSNH group and, in view of pre- 
vious chemical evidence (lo),  we formulate this product as 
SNSNH-, 1. 

The NMR experiments also demonstrate that the S2N2H- 
ion is partially converted into the S3N3- ion in liquid am- 
monia (Figs. 5a and b). This finding explains the previ- 
ously reported observation that the deprotonation of S,(NH), 
by potassium hydride in THF produces K+S3N3- as the final 
product (49). It is also noted that the explosive product of the 
reaction of S,(NH), with Ph3CNa (1 : 2 molar ratio) was ten- 
tatively identified as Na2N4S4H2 on the basis of analytical data 
(36). It seems likely that this product is Na[S2N2H], but the 
use of large cations, e.g., P ~ , A S +  or (P~,P),N+, will likely 
be necessary to isolate stable crystalline salts (1). 

Attempted characterization of the s ~ N ~ ~ -  ion 
A solution of S,(NH), in the presence of a base, e.g., 

diazabicycloundecane, has been used to prepare metal com- 
plexes of the s,N,~- ion (50). Numerous coordination com- 
pounds of this S-N ligand are known (7, 8), but it has not 
been characterized as the free anion. Consequently, the re- 
action of 99% "N-enriched S,(NH), with KNH2 in liquid 
ammonia in a 1 :4 molar ratio was investigated. As indi- 
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1 FIG. 7. The I4N NMR spectra of (a) a solution of (NSCI), and 
KNH, (1 : 6 molar ratio) after 7 days; (6) K2[NSN] in NH,(l) at 25°C. 

FIG. 6.  The "N NMR spectra of the reaction of 99% %en- 
riched S4(NH), (0.08 M) with KNH, in (a) a 1 : 2  molar ratio; (6) 
a 1 :4 molar ratio in NH,(l) at 25OC. 

cated in Fig. 6b the signals at $9 and - 148 pprn are re- 
placed completely by two much broader resonances at +98 
(vIl2 80 Hz) and - 110 pprn (vl12 300 Hz). The broadness of 
the resonances prevents the detection of 1 5 ~ - 1 5 ~  coupling. 
Consequently, it is not possible to ascertain whether these 
two signals belong to a single anion with inequivalent nitro- 
gen, e.g., s,N,'- ions, or indicate the formation of two dif- 
ferent S-N anions. The latter alternative seems more likely 
since it is reasonable to expect that the linewidths of the res- 
onances for s,N,~- would be comparable to those of S2N2H-. 

The symmetrical NSN'- ion is a possible product of this 
deprotonation reaction, but it has not been characterized by 
NMR spectroscopy (6). Consequently, an I4N NMR spec- 

I trum of K,[NSN] in liquid ammonia was obtained (Fig. 7b). 
This solution exhibits the same two resonances at $98 (vIl2 
200 Hz) and - 107 pprn (vl12 400 Hz) that are observed for 
the 4KNH2/S4(NH), reaction in liquid ammonia. 

The reaction of (NSCI), with potassium amide (1 : 6 molar 
ratio) in liquid ammonia was also monitored by I4N NMR 
spectroscopy, since this system provided the first synthesis 
of K,[NSN] (51). After 30 min the anions S3N3- (6I4N 
-230 ppm) and S4N5- (8I4N -240 and -326 ppm) are 
readily identified, but the major product is an unidentified 

+ 
SSNS- 2 SSNSS- 
(+230) (+107) \ 

I b / 1,3- or l,4-S6(NH)2 + 
25°C SNSNH- - S3N3- /' 

SCHEME 1. Sulphur-nitrogen anions formed in the deprotona- 
tion of cyclic sulphur irnides by potassium amide in liquid am- 
monia; a = NH,(l); b = KNH,. Nitrogen NMR chemical shifts 
(pprn) are given in parentheses (ref. MeNO,(l)). See text for a dis- 
cussion of the identity of X. 

species ( 8 1 4 ~  -4 pprn). During the course of several days 
these signals disappear and are replaced by resonances at +96 
(vl12 1 10 Hz) and - 109 pprn (v,/, 330 Hz) (Fig. 7a). Thus 
the same species are produced in liquid ammonia solutions 
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of either (a) S4(NH),/4KNH,, (b) K21NSN], or (c)  (NSCl),/ 
6KNHz. 

An equilibrium between SN?'- and the NSNH- ion, 
formed by deprotonation of ammonia by the highly basic 
dianion, provides a possible explanation for these observa- 
tions (eq. [2]). 

(21 SN**- + NH, S NSNH- + NH2- 

The relatively sharp resonance at ca. +97 ppm can be at- 
tributed to the SN,'- ion4 and the much broader resonance 
at ca. - 108 ppm may be due to NSNH-, which is undergo- 
ing a rapid 1,3 proton shift between equivalent nitrogen at- 
o m ~ . ~  

Conclusions 
The thermally unstable S7N- ion has been characterized 

by ' 4 ~  and "N NMR spectroscopy. The NMR investiga- 
tions support the conclusion, based upon previous chemical 
and UV-visible spectroscopic evidence, that S7N- decom- 
poses to give SSNSS- and reveal that S7N- is the major ni- 
trogen-containing species in solutions of sulphur in liquid 
ammonia (1 M in S atom). The reaction of SSNSS- with an 
excess of amide ion in liquid ammonia produces SNSS- and, 
subsequently, the novel anion S2N2H-, which decomposes 
to give S,N,- at room temperature. No evidence was ob- 
tained for the formation of S2N- in this system. The depro- 
tonation of S4(NH), by two molar equivalents of potassium 
amide in liquid ammonia also produces SIN2H-. Liquid 
ammonia solutions of S,(NH),/4KNH2 show the same two 
14 N or I5N NMR resonances as are found for K,[NSN] or 
(NSC1),/6KNH2 in liquid ammonia. These resonances are 
tentatively attributed to an equilibrium mixture of the NSN2- 
and NSNH- ions rather than the SNSN'- ion. The results of 
these NMR studies are summarized in Scheme 1. 
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77 Se NMR spectroscopic study of the molecular composition 
of sulfur-selenium melts 
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TRISTRAM CI-IIVERS, RISTO S. LAITINEN, and KENNETIJ J .  SCI-IMIDT. Can. J .  Chem. 70, 7 19 (1992). 
A series of six sulfur-selenium mixtures containing 0.4, 5 ,  15, 25, 35, and 45 mol% of selenium were heated in 

evacuated ampoules at 430°C for 4 h and, keeping the material molten at 135"C, their natural-abundance NMR spectra 
were recorded. The equilibrium melt in each case was found to contain both heterocyclic Se,,S,-,, species and polymeric 
material. The most abundant eight-membered selenium sulfide rings were SeS,, which was the main cyclic component 
in all melts studied in this work, and I ,2-Se2S,, the quantity of which increased with increasing selenium content of the 
melt. In addition the melts contained smaller amounts of 1,3, 1,4, and 1,5 isomers of Se&, 1,2,3, 1,2,4, and 1,2,5 
isomers of Se3Ss, 1,2,3,4, 1,2,3,5. and 1,2,5,6 isomers of Se4S4, 1 ,2,3,4,5-SesS3, I ,2,3,4,5,6-Se,S,, and Se,. The rel- 
ative distribution of the cyclic products as a function of the selenium content in the melt was virtually identical with that 
obtained earlier in the CS, solutions of the quenched melts, implying that the extracted quenched melts actually repre- 
sent the original melt composition as far as the Se,,Sa-,, species are concerned. The resonances due to the polymeric h a -  
terial in the melts could best be interpreted by the statistical random distribution of selenium and sulfur in the polymeric 
chains, the probability of occurrence of the different fragments being governed by the overall composition of the melt. 
As the selenium content increases, the relative amount of selenium bound in the polymer seems to increase at the ex- 
pense of heterocyclic selenium sulfides. 

Key words: selenium sulfides, sulfur-selenium melt, NMR spectroscopy. 

TRISTRAM CI~IVERS,  RISTO S.  LAITINEN et KENNETIJ J .  SCHMIDT. Can. J .  Chem. 70, 719 (1992). 
Une sCrie de six mklanges de soufre-sC1Cnium contenant 0,4,  5 ,  15, 25, 35 et 45 mol% de sClCnium placCs dans des 

ampoules sous vide a CtC chauffC 430°C pendant 4 h et on a alors determink leurs spectres RMN du en abondance 
naturelle, tout en maintenant les produits ii 1'Ctat fondu i 135°C. Dans chacun des cas, on a trouvC que les produits fon- 
dus contiennent des espkces hCtCrocycliques Se,,Sa-, ainsi que des produits polymCriques. Les composCs cycliques les 
plus abondants sont le cycle sulfur6 du sClCnium comportant huit chainons, SeS,, qui est le composant cyclique princi- 
pal dans tous les melanges fondus CtudiCs, et le 1 ,2-Se2S6 dont la quantitC augmente avec une majoration de la quantitk 
de sClCnium dans le produit fondu. On retrouve de plus des quantitiCs plus faibles des isomkres 1,3-, 1,4- et 1 ,5-Se2S6, 
des isomkres I,2,3-, 1,2,4- et 1,2,5-Se,S,, des isomkres 1,2,3,4-, 1,2,3,5- et 1,2,5,6-Se,S,, du 1 ,2,3,4,5-SesS3, du 
1,2,3,4,5,6-Se6S2 et du Se,. La distribution relative des produits cycliques en fonction de la quantitC de sClCnium con- 
tenue dans le produit fondu est pratiquement identique avec celle qui a CtC obsewke anterieurement avec des solutions 
de CS, de produits fondus prkalablement soumis ii une trempe; ce resultat suggkre que, en ce qui a trait aux esp&ces Se,,Sa-,,, 
les extraits des produits fondus soumis ?i la trempe reprksentent en fait la composition originale du produit fondu. On 
peut interpreter les rksonances dues ii des matCriaux polymCriques prCsents dans les produits fondus par une distribution 
statistique du sClCnium et du soufre dans les chaines polymCriques, la probabilitC de rencontrer divers fragments Ctant 
dCfinie par la composition globale du produit fondu. Lorsque la composition en sClCnium augmente, les quantitCs rela- 
tives de sClCnium prksentes dans le polymkre semblent augmenter au dCpens des sulfures de sClCnium hCtCrocycliques. 

Mors cle's : sulfures de sClCnium, melange fondu de soufre-sClCnium, spectroscopie RMN du 
[Traduit par la redaction] 

Introduction 
In the molten state sulfur and selenium have long been 

known to mix in all proportions (1). Ringer (2) recorded the 
phase diagram of the sulfur-selenium binary system as early 
as 1902 and reported a eutectic point at ca. 105°C for the 
selenium content of 40 mol% (2). Boctor and Kullerud (3) 
reinvestigated the phase relations in the Se-S system by using 
modem thermoanalytical methods and, while they found a 
temperature minimum of 102°C at a composition of 
35 mol% selenium, they questioned the existence of this 
eutectoid. On the basis of the phase diagram they explained 
the complete liquid miscibility in the Se-S system in terms 
of the equilibrium copolymerization theory. 

While Ringer's phase diagram gives indications of the 
formation of binary compounds, it was only with the advent 

' ~ u t h o r s  to whom correspondence may be addressed. 
,permanent address: Department of Chemistry, University of 

Oulu, Linnanmaa, SF-90570 Oulu, Finland. 

of modem analytical techniques that the existence of sele- 
nium sulfides could unequivocally be shown. The first reli- 
able evidence that there are binary compounds in molten 
mixtures of sulfur and selenium as well as in the vapour over 
the melt came from vapour pressure measurements (4), even 
though the authors did not discuss the nature and the struc- 
tures of these compounds at the time. Fergusson et al. (5a) 
and Ward (5b) were the first to deduce the existence of het- 
erocyclic Se,S,-, molecules in crystalline phases that had 
been formed by quenching molten mixtures of the elements 
in varying molar ratios. The former based their conclusions 
on X-ray powder diffraction and absorption spectroscopy, 
and the latter on Raman spectroscopy. These conclusions 
were supported by mass and Raman spectroscopic studies as 
well as by crystal structure determinations (for recent re- 
views on the efforts on identification and characterization of 
selenium sulfides, which were prepared from melts or through 
a variety of other synthetic routes, see ref. 6). 

It was soon apparent that the crystalline phases that had 
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been obtained by quenching and recrystallizing sulfur-se- 
lenium melts contained complicated mixtures of several 
molecular species. In fact, only the reactions of titanocene 
compounds of the type [Ti(C,H,),E,] and [Ti(C5H5),(~- 
E,)2Ti(C5H5),] (E = S or Se) with dichlorosulfanes or di- 
chlorodiselane are known to result in the formation of pure 
stoichiometric compounds (7). All crystal structures were 
disordered (6) and therefore only the overall conformation 
of the ring molecules could be deduced. Low-temperature 
Raman spectra indicated the presence of S-S, Se-S, and 
Se-Se bonds in all samples (8), but did not allow the iden- 
tification of actual molecular species. It was only with 7 7 ~ e  
NMR spectroscopy that individual heterocyclic selenium 
sulfides could be identified (9). The NMR spectroscopic 
characterization was based on the comparison of spectra of 
natural-abundance samples with those of the samples with 
corresponding chemical composition, but with selenium en- 
riched in the 77Se- isotope (92% enrichment). 

It is questionable, however, that the CS, solutions and 
crystalline phases prepared from the quenched sulfur-se- 
lenium melt represent the actual melt. The solubility of se- 
lenium sulfides rapidly decreases as the selenium content 
increases. In fact most of the material is insoluble in CS2 and 
apparently contains polymeric species. It has indeed been 
estimated by DSC that the polymerization threshold is low- 
ered with the introduction of selenium in the liquid (3). The 
present study was initiated in order to establish directly the 
equilibrium composition of the sulfur-selenium melt and its 
dependence on the elemental composition. 

Experimental section 

The preparation of the samples 
A series of six samples were prepared by mixing elemen- 

tal sulfur (Fisher) and selenium (Anachemia) together in 
various molar ratios. The mass of the resulting mixtures was 
adjusted to 3.0 g each and they contained 0.4, 5, 15, 25, 35, 
and 45 mol% selenium. Each sample was sealed in an evac- 
uated ampoule with an external diameter of 8 mm and heated 
at ca. 430°C for 4 h. The ampoules were allowed to cool to 
135°C and were subsequently inserted in 10 mm NMR tubes 
containing d5-nitrobenzene (Aldrich) as an external 'H lock 
for the NMR measurements. They were immediately low- 
ered into the NMR probe, which was kept at 135°C 
throughout the acquisition. 

NMR spectroscopy 
The 7 7 ~ e  NMR spectra were recorded with a Bruker 

AM-400 spectrometer operating at 76.31 MHz. The spec- 
tral width was 71.43 kHz and the resolution 4.36 Hz/data 
point. The pulse width was 6.0 FS, corresponding to the 
nuclide tip angle of 45". The pulse delay was 2.8 s. The ac- 
cumulations generally contained 15 000-20 000 transients. 
In the case of the sample containing 25 mol% of selenium 
94 000 transients were acquired in order to maximize the 
signal-to-noise ratio. All spectra were referenced externally 
to a saturated solution of Se02 at room temperature. The 
chemical shifts (ppm) are reported relative to neat Me2Se at 
room temperature (G(Me2Se) = 6(Se02) + 1302.6). 

Results and discussion 

The natural-abundance 7 7 ~ e  NMR spectra of the six sul- 
fur-selenium melts studied in this work are shown in Fig. 

FIG. 1. The natural abundance 77Se NMR spectra of six molten 
mixtures of sulfur and selenium recorded at 135OC. ( a )  0.4 mol% 
Se; (b )  5 mol% Se; (c) 15 mol% Se; (d) 25 mol% Se; ( e )  35 mol% 
Se; ( f )  45 mol% Se. 

1. There are two distinct regions in all spectra: the region at 
750-550 ppm is typical for the eight-membered Se,S8-, ring 
molecules (9), and that at 1050-850 ppm is inferred to con- 
tain resonances from the polymeric material. A more de- 
tailed assignment is presented below, after which the 
composition of the molten mixtures as a function of the se- 
lenium content is discussed. 

Se,S,-,, ring molecules 
All possible Se,S8-, ring molecules formed in the melt are 

shown in Table 1 together with an abbreviated notation used 
in their designation. The main species observed in the CS2 
solutions of the quenched sulfur-selenium melts are listed 
in Table 2 together with their chemical shifts (9b). This in- 
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CHIVERS ET AL. 

TABLE 1 .  The abbreviated notation for all possible Se,,S,-,, ring molecules" 

"Homocyclic Sn and Sen are excluded from the table 

TABLE 2. The chemical shifts (pprn) of Se,,S,-, ring molecules 

Chemical shift 

Species" CS, solutionb Melt' Difference 

"For the abbreviated notation, see Table 1.  
bSee ref. 96. 
'The chemical shifts of the different molecular species are taken from the spectrum of the 

melt with 25 mol% of Se. The values of the chemical shifts in other samples were virtually 
identical. 

formation can be used to assign the resonances observed in 
the actual melts at 750-550 ppm (see Fig. 1). The assign- 
ments are indicated in the NMR spectrum of the melt con- 
taining 25 mol% selenium, the pertinent region of which is 
shown in Fig. 2. 

The most intense resonance in the region of eight-mem- 
bered selenium sulfide rings is found at 705 ppm in all spectra 
(see Figs. 1 and 2). It almost coincides with the room tem- 
perature solution resonance of SeS, (A,), the reported 
chemical shift of which is 699.7 ppm (96). It is reasonable 
to assign the signal at 705 ppm to SeS, since, as the most 
sulfur-rich SenS8-, molecule, it can be expected to be the 

main component in the sulfur-rich melts. Further support is 
found from the NMR spectrum of the melt containing 
0.4 mol% of selenium (see Fig. I), which shows only this 
signal. 

The second most intense resonance in the spectrum of Fig. 
2 is that at 644 ppm. It is assigned to 1 ,2-Se2S6 (A2). This 
chemical shift is also close to the value of the correspond- 
ing species in CS, at 633.9 ppm (9b). This signal first ap- 
pears when the melt contains 5 mol% of selenium. Its relative 
intensity with respect to that of SeS, increases with increas- 
ing selenium content, in agreement with the solution spec- 
tra (96). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 70. 1992 

FIG. 2. An expansion of the 750-500 pprn region of the natural abundance 7 7 ~ e  NMR spectrum of the molten mixture of sulfur and 
selenium containing 25 mol% Se. The assignment of the resonances is indicated in the spectrum. For the notation used in the figure, see 
Table 1.  

Other resonances in the Se,,S,-,, region could be assigned 
by taking into consideration the earlier deductions on the 
trends in the chemical shifts (9b) as well as the relative in- 
tensities of the different signals (see Fig. 2). 

In addition to the signals assigned in Fig. 2 there are some 
very weak resonances that remain unassigned. Those at 780- 
740 pprn probably indicate small concentrations of six- 
membered selenium sulfide ring molecules and those above 
1050 pprn are due to seven-membered Se,S,-,, heterocycles 
(10). 

The comparison between the chemical shifts observed in 
the melts and the corresponding shifts in the solution spec- 
tra at room temperature is shown in Table 2. It is seen that 
all signals in the melts have been shifted downfield from their 
solution counterparts. In the case of isolated selenium atoms 
(structural type -S-Se-S-) the shift is ca. 5 ppm, with one 
sulfur and one selenium neighbour (-Se-Se-S-) it is ca. 
10 ppm, and with two selenium neighbours (-Se-Se-Se-) the 
shift is 15-20 ppm. The temperature and solvent depen- 
dence of the chemical shift seem to correlate inversely with 
the electronegativity difference between adjacent neigh- 
bours. 

Polymeric material 
The three groups of resonances at 1050-850 pprn are 

assigned to the polymeric material in the melt (see Fig. 1). 
Analogously with the trend of the chemical shifts observed 
for the Se,,S,-, rings (9b) it is reasonable to expect that 
isolated selenium atoms (i.e., selenium atoms with two 
sulfur neighbours) appear at the lowest field, with one se- 
lenium and one sulfur neighbour they resonate at higher 
field, and with two selenium neighbours at the highest field. 
Thus the group of signals at 1050-980 pprn implies iso- 
lated selenium atoms in the polymer, that at 970-920 pprn 
implies the structural unit -Se-Se-S-, and the group at 890- 
850 pprn the structural unit -Se-Se-Se-, i.e., three or more 
adjacent selenium atoms. This assignment finds support 
from the relative intensities of these groups as a function of 
selenium content in the melt (see Fig. 1). With 5 mol% 
Se in the melt only structural units -S-Se-S- and -Se-Se-S- 
are found in the melt, with the former more prominent than 
the latter. As the selenium content of the mixtures in- 
creases, the relative abundance of longer selenium frag- 
ments increases, as seen in the strengthening of the signals 
both at 970-920 and 890-850 ppm. Simultaneously the 
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TABLE 4. The relative distribution of Se,,S,-,, species as a function of the melt composition 

Molten mixtures of sulfur and selenium, CS2 solutions of quenched melt," 
selenium content of the melt (%)" selenium content of the melt (%)" 

Species" 0.4 5 15 25 35 10 30 35 40 

A, 
A2 
Bz 
cz 
D2 
A3 
B3 
c3 

A4 
B4 
D4 
G4 
A5 
A6 

Se, 
Total See 

"For the abbreviated notation; see Table 1. 
 h he data for the melt with the selenium content of 45 mol% are missing, because the signal-to-noise 

ratio was not sufficient to warrant even a semi-quantitative determination of the relative distribution of the 
Se,,S,-, rings. 

'See ref. 96. 
d ~ h e  melt composition in this case refers to the composition of the original melt, which was then 

quenched, extracted with CS,, crystallized, and redissolved in CS2. 
'Total amount of selenium bound in Se,,S,_, rings. 

It is seen from Fig. 1 that in the case of the melt with 
5 mol% selenium there is only one major signal in the re- 
gion of isolated selenium atoms (1050-980 ppm) at 
1008 pprn with a few minor resonances. comparison of the 
observed intensities with those expected from the computa- 
tions given in Table 3 indicates that this major resonance 
should be due to a selenium nucleus far se~arated from other 
selenium atoms. This of course is reasonable, since in the 
sulfur-rich melt the frequency of occurrence of selenium in 
the polymeric chain is not expected to be high. The few minor 
signals can be assigned to fragments where the second se- 
lenium atom is separated by one, two, or at most three sul- 
fur atoms. The relative intensities observed in Fig. 1 are in 
good agreement with the computations of Table 3. As the 
selenium content of the melt increases these minor reso- 
nances gain in intensity. Simultaneously new signals due to 
fragments containing more than two selenium atoms in close 
proximity appear in the spectrum. As a consequence, this 
group of resonances becomes more complicated with more 
even distribution of intensities. However, the signal at 
1008 pprn due to the most totally isolated selenium is a major 
resonance in all spectra of Fig. 1. It has the highest inten- 
sity up to the melt composition of 25 mol% Se and it is only 
with higher selenium contents that resonances due to other 
fragments become more significant. These observations are 
also in qualitative agreement with the computations of 
Table 3. 

Similar conclusions can be made for the group of reso- 
nances in the region implying one selenium and one sulfur 
neighbour to the observed nucleus (970-920 ppm). In the 
sulfur-rich melt only one major signal at 943 pprn is ob- 
served. According to Table 3 this indicates Se, fragments far 

removed from each other by chains of sulfur atoms. It is only 
with increasing selenium content in the melt that resonances 
from other fragments become more prominent, and thus the 
group of signals is more complicated. 

The region for selenium with two selenium neighbours 
(890-850 pm) is not so well resolved into discrete compo- 
nents. Theref~re it is not meaningful to discuss the possible 
distribution of the selenium-containing fragments even at the 
approximate level carried out above. The computed inten- 
sities of Table 3 can be used, however, to explain why no 
resonances at 890-850 pprn are observed in the melt con- 
taining 5 mol% Se. The only possibility in this region would 
be Se, fragments far removed from each other by long chains 
of sulfur. At the sulfur-rich end the probability of occur- 
rence of this fragment is very low. 

Composition of the melts 
Since all sulfur-selenium mixtures were heated well above 

the polymerization threshold, they contain significant 
amounts of polymeric material. Steudel et al .  (1 1 )  esti- 
mated that the quantity of polymeric sulfur in the equilib- 
rium sulfur melt is ca. 50%. The amount of polymer in 
sulfur-selenium melts is of similar order of magnitude. With 
increasing selenium content the relative amount of polymer 
seems to grow, and more selenium is involved in the poly- 
mer. Since only selenium is observable with 7 7 ~ e  NMR 
spectroscopy, the increasing selenium content in the poly- 
mer causes a dramatic change in the spectra of Fig. 1,  as 
discussed above. 

The relative distribution of the selenium-containing SenS8-, 
rings as a function of the selenium content in the melt is 
shown in Table 4. The melts also contain homocyclic sulfur 
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molecules, mainly cyclooctasulfur, but it is unobservable in 
the 7 7 ~ e  N M R  spectrum. SeS, (A,) is the main eight-mem- 
bered heterocyclic component in all melts studied in this 
work.  A s  seen in Fig. 1 ,  it is the sole component in the melt 
with 0 . 4  mol% Se.  A s  expected, its content is lowered as the 
selenium content of  the melt increases. 1 ,2-Se2S6 is another 
main component in melts with selenium content above 
5 mol%. Its abundance steadily increases as  the selenium 
content in the melt increases. In addition to  these two main 
components there are several minor components in the melt. 
Generally it can be  said that the ring molecules with higher 
selenium content become more abundant as the selenium 
content of the melt increases. 

It is interesting to  compare the distribution of Se,,S,-,, 
species in the melt to  that observed earlier in CS, solutions 
of the quenched melts (9b). The product distributions in both 
cases  are practically identical and  behave similarly a s  a 
function of total selenium content (see Table 4). T h e  com- 
position of  the quenched melts evidently represents that of  
the melt itself. Upon extracting the quenched amorphous 
material with CS2 the Se,,S8_,, species dissolve totally, leav- 
ing the polymeric material behind as the undissolved resi- 
due .  

Conclusions 

T h e  molecular composition of  molten mixtures of sulfur 
and selenium at  different molar ratios has been studied with 
77 S e  N M R  spectroscopy at 135°C. T h e  melts have been 
shown to consist of  eight-membered heterocyclic selenium 
sulfide rings as well as of polymeric material. SeS, and 1,2- 
Se,S6 are  the main Se,,Ss-,, species over the whole compo- 
sition range studied in this work (up  to 4 5  mol% S e  in the 
melt), with a variety of other molecules as minor  compo-  
nents. T h e  product distribution is practically identical with 
that observed in CS, solutions of  the quenched melts and  
behaves similarly as a function of the composition of the melt. 

T h e  composition of  the polymeric material in the equilib- 
r ium melt is best explained by  the statistical random distri- 
bution of  sulfur and  selenium in the polymeric chains. T h e  
polymer resonances in  the 7 7 ~ e  N M R  spectrum can b e  inter- 
preted in terms of  the probability of  occurrence of  different 
fragments based o n  the total selenium content of  the melts. 
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Preparation and characterization of T1(1,2-C2H,C12)B(OTeF,),: a metal complex 
of a least coordinating solvent and a least coordinating anion 
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PAUL K. HURLBURT, OREN P. ANDERSON, and STEVEN H. STRAUSS. Can. J. Chem. 70, 726 (1992). 
Addition of B(OTeF,), to TIOTeF, in the weakly coordinating solvents dichloromethane, 1,2-dichloroethane, and 1,1,2- 

trichlorotrifluoroethane produces solutions of M(solv).,+B(OTeF,),-. When the solvent was 1,2-dichloroethane, the 
crystalline compound TI( 1 ,2-C2H,Cl2)B(OTeF5), was isolated and studied by X-ray crystallography: triclinic, space group 
p i ,  a = 9.221 (4), b = 11.396 (S), c = 12.538 (4) A, cx = 110.75 (3)", P = 101.72 (3)", y = 99.74(3)" ,Z = 2, T = 
- 116°C. The Tl(1 ,2-C2H,C12)+ cation contains a five-membered chelate ring with T I 4 1  distances of 3.138 (4) and 3.179 
(3) A. The metal ion isoweakly bonded to four B(OTeF,),- counterions, with nine TI-F interactions that range from 
2.950 (5) to 3.981 (8) A. When the solvent is dichloromethane or l,l,2-trichlorotrifluoroethane, only the unsolvated 
solid salt TIB(OTeF,), can be isolated by crystallization. This salt is thermally unstable, slowly forming TIOTeF, and 
volatile B(OTeF,), . 

Key words: noncoordinating anion, noncoordinating solvent, metal ion solvation 

PAUL K.  HURLBURT, OREN P. ANDERSON et STEVEN H. STRAUSS. Can. J .  Chem. 70, 726 (1992). 
Lorsqu'on ajoute du B(OTeFS), a du TlOTeF,, dans des solvants faiblement coordinants comme le dichloromCthane, 

le 1,2-dichloroethane et le 1,1,2-trichlorotrifluoroCthane, on obtient des solutions de M(solv),+B(OTeF,),-. Avec du 1,2,- 
dichloroethane comme solvant, on a isole le compose cristallin Tl(1 ,2-C12C2H4)B(OTeFS), et on I'aoCtudiC par diffrac- 
tion des rayons-X : triclinique, groupe d'espace P 1, a = 9,221(4), b = 11,396(5) et c = 12,538(4) A, cx = 110,75(3)", 
P = 101,72(3)" et y = 99,74", Z = 2, T = 1 16°C. Le cation Tl(1 ,2-C!?CzH4)+ comporte un chelate cyclique i cinq chainons 
dans lequel les distances T I 4 1  sont egales i 3,138(4) et 3,179(3) A. L'ion metallique est faiblemento liC a quatre contre- 
ions B(OTeF,),- dans lesquels neuf interactions TI-F se trouvent entre 2,950(5) 3,981(8) A. Avec le dichlo- 
romkthane ou le 1,1,2-trichlorotrifluoroCthane, la cristallisation ne fournit que le sel solide TIB(OTeF,), non solvatC. 
Ce sel est thermiquement instable; il forme lentement du TIOTeF, et du B(OTeF,), qui est volatil. 

Mots elks : anion non-coordinant, solvant non-coordinant, solvatation des ions mCtaux. 
[Traduit par la redaction] 

Introduction ' k1 -C l -C-C- -d l  chelate ring. Thallium is only the third 
There has been increasing interest in recent years to find metal that has been shown by X-ray crysta]]ography to co- 

new anions that are more weakly coordinating than the das- ordinate to a simple chlorocarbon. Chlorocarbon complexes 
sical "noncoordinating" anions C1O4-, CF3SO3-, BF,-, of Ag (7) and Ru (8) have also been structurally character- 
SbF6-, etc. One term that has been used for such new an- ized. 
ions is "least coordinating" anions (1). Examples include 
B(OTeF& (2), BlICH17-(1, 3), and B k , -  (& = C6H5 (4) 
or 3,5-C6H3(CF3)? (5)). The interest in such species derives 
in part from a desire to study coordinatively unsaturated 
cations such as R3Si+ (6) and Fe(porphyrin)+ (3b), both of 
which have yet to be prepared and isolated in a condensed 
phase, and in part from the desire to prepare more active 
transition metal catalysts (4). Another goal that could be 
achieved if metal ions (Mn+) could be electrostatically de- 
coupled from their counterions (X-) is that compounds such 
as M(L)Xn, where L is an extremely weak Lewis base such 
as a chlorocarbon,' a chlorofluorocarbon, or a hydrocar- 
bon, could be isolated and characterized in the solid state by 
X-ray crystallography. With respect to chlorocarbons, this 
goal has been realized in a limited number of cases. 

In this paper we describe the synthesis and characteriza- 
tion of T1B(OTeF5), and T1( 1 ,2-C2H,Cl2)B(OTeF5),. The 
former compound is soluble in the "least coordinating" sol- 
vents dichloromethane, 1,2-dichloroethane, and 1,1,2- 
trichlorotrifluoroethane. The latter compound contains a 

' ~ u t h o r  to whom correspondence may be addressed. 
'1n this context, a chlorocarbon is defined as a mono- or poly- 

chlorinated aliphatic or aromatic hydrocarbon; it contains no other 
heteroatoms. 
Rinted in Canada 

Experimental 
Dichloromethane, dichloromethane-d2, 1,2-dichloroethane, 1,2- 

dichloroethane-d,, and 1,1,2-trichlorotrifluoroethane were dis- 
tilled from PzO,. The compounds B(OTeF,), (9) and TIOTeF, (26) 
were prepared by literature procedures. These two compounds, as 
well as TlB(OTeF,), and Tl(1 ,2-C2H4CI2)B(OTeFS), (vide irfra), 
are very sensitive to traces of moisture. Therefore, all manipula- 
tions involving them were performed under a purified dinitrogen 
atmosphere using standard techniques (10). 

Spectroscopic measurements 
Samples for IR spectroscopy were Nujol mulls between AgCl 

windows. Spectra were recorded at room temperature on a Perkin- 
Elmer 983 spectrometer. Peak positions are -+ 1 cm-'. Samples of 
TlB(OTeF,), for ' 9 ~  NMR spectroscopy were dichloromethane 
solutions in 5-mm glass tubes. Spectra were recorded at room 
temperature on a Bruker WP-300 spectrometer operating at 
282.4 MHz, after tuning with a separate sample of dichlorometh- 
ane-d2. Chemical shifts (6 scale) are relative to CFCIl. The ' 9 ~  NMR 
spectrum of TlB(OTeF,), was an AB,X pattern shielded relative to 
CFCI, (X = I2 ,~e ,  I = 1/2,7% natural abundance). Chemical shifts 
and JAB were determined by comparing the experimental spectrum 
to a simulated spectrum that was calculated using LAOCOON PC 
(1 1). The value of JBx was measured directly from the experimen- 
tal spectrum. 
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HURLBURT ET AL. 727 

T1B(OTeFS), and TI(] ,2-C2H,C12)B(OTeFS).r7)4 
TlOTeF, (0.40 g, 0.91 mmol) and B(OTeF,), (0.81 g, 

1.1 mmol) were mixed in 1,2-dichloroethane (2 mL). The result- 
ing colorless solution was kept in the freezer (-20°C) for 24 h, at 
which time the crystalline solid Tl(1 ,2-C2H,C12)B(OTeF,), was 
present (stoichiometry established by X-ray diffraction (vide inpa)). 
This compound slowly loses the coordinated 1,2-dichloroethane 
molecule under a dinitrogen atmosphere, making a per cent yield 
determination and elemental analysis problematic. The unsolvated 
compound 1~lB(OTeF5), was prepared by mixing TIOTeF, 
(0.26 g ,  0.60 mmol) and B(OTeF5), (0.43 g, 0.59 mmol) in di- 
chloromethane (3 mL). The mixture (off-white solid in a colorless 
solution) was stirred for 25 min, at which point all volatiles were 
removed under vacuum (-lo-' Torr (1 Torr = 133.3 Pa); 2 h). An 
infrared spectrum (vide infra) revealed that none of the starting 
materials remained. The off-white solid conlpound is thermally 
unstable, eventually (days) forming TIOTeF, and B(OTeF,),. 
' 9 ~  NMR of T1B(OTeF5), (CH,Cl,): 8, -38.5, 6 ,  -45.5, JAB = 
190 HZ, JBx = 3588 HZ. 

X-ray crystallographic stlirly of TI(] ,2-C2H,C1,)B(OTeFS), 
A Nicolet R3m diffractometer equipped with a LT-1 variable- 

temperature accessory was used. Crystals of T1(1,2- 
C2HJCl2)B(0TeF,), were examined under an argon atmosphere at 
<-150°C. A suitable crystal was attached with Dow-Corning 
silicone grease to the end of a glass fiber and quickly placed into 
the cold nitrogen stream (- 116°C) of the LT-I unit. 

Centering on 25 reflections allowed least-squares calculation of 
the cell constants, which are listed, along with other experimental 
paramet_ers, in Table 1. The intensities of control reflections 
(200, 010, and 005), monitored every 97 reflections, showed no 
significant trend during the course of the data collection. An em- 

pirical absorption correction, based on intensity profiles for 16 re- 
flections over a range of setting angles (+) for the diffraction vector, 
were applied to the observed data. The transmission factors ranged 
from 0.205 to 0.436. Although the absolute values of the trans- 
mission factors are high, the improvement in R,,,,,, after the ab- 
sorption correction (0.185 before and 0.053 after) indicates that 
these values are satisfactory. Lorentz and polarization corrections 
were applied to the data. 

The structure was solved using an interpretation of the Patterson 
The refinement involved anisotropic thermal parameters for 

all non-hydrogen atoms. Hydcogen atoms were included in calcu- 
lated positions (C-H = 0.96 A, U(H) = 1.2U,,,(C)). Neutral atom 
scattering factors (including anon~alous scattering) were taken from 
ref. 12. The weighted least-squares refinements converged (weights 
calculated as (u'(F) + Ig l~ , ' ) ' ) ,  with the average shift/esd <0.005 
over the last three refinement cycles. In the final difference Four- 
ier maps, the yaximum and minimum electron densities were 1.43 
and - 1.94 e A - ~ .  Analysis of variance as a function of Bragg angle, 
magnitude of F , ,  reflection indices, etc., showed no significant 
trends. 

Table 2 contains a list of atomic positional and isotropic ther- 
mal parameters for all unique non-hydrogen atoms of T1(1,2- 
C2H,CI?)B(OTeF,),. Table 3 contains a list of selected bond dis- 
tances and angles. Complete lists of bond distances (Table S-l) ,  
bond angles (Table S-2), anisotropic thermal parameters (Table 
S-3), hydrogen atom parameters (Table S-4), and observed and 
calculated structure factors (Table S-5) are available as supple- 
mentary mate ria^.^ 

Results and discussion 
The formation of T1(1,2-C,H,Cl,)B(OTeF,), and TlB- 

(OTeF,), are summarized in the reaction scheme below: 

TlOTeF, + B(OTeF5)3 
solvent 

t Tl(~olvent),~B(OTeF,), 
solvent = CH2C1,, 1 ,2-C2H,C12, or 1,l ,2-C,C13F3 

crystallize _ 
Tl(s~lvent )~B(OTeF~)~ - TI( I ,2-C2H,Cl,)B(OTeF,), 

solvent = 1 ,2-C2H,C12 

I crystallize t TlB(OTeF,), 

solvent = CH,C1, or 1,l ,2-C,Cl3F, 

vacuum (days) 
TIB(OTeF,), * TlOTeF, + B(OTeF,), 

The difference in the stoichiometry of the compound iso- 
lated upon crystallization is almost certainly due to the li- 
gand strength of the three different solvents. That is, the 
Tl-Cl(C) bonds in the presumed T1(CH2C12),+ and Tl(1,1,2- 
C2Cl,F,),' cations are sufficiently weak that the coordi- 
nated solvent molecules are "squeezed out" of the lattice as 
it forms. Structural, conductimetric, and 13c NMR spectro- 
scopic data have left little doubt that 1,2-dichloroethane is a 
stronger ligand for Ag(1) than dichloromethane (7). It is 
sensible that this order would be preserved for Tl(1). It is also 
sensible that 1,1,2-trichlorotrifluoroethane would be the 
weakest donor of all three. In harmony with these expecta- 
tions, we found that the solubility of TlOTeF, in 1,2-di- 
chloroethane, 30.2 mM, is considerably greater than in 
dichloromethane, I. 1 mM. We conclude that this must be 
due to a difference in the coordinating ability of the two sol- 

vents, since the difference in their dielectric constants is small 

'~alculations for diffractometer operations were performed by 
using software supplied with the Nicolet R3n1 diffractometer. All 
structural calculations were performed on the Data General Eclipse 
S/140 computer in the X-ray laboratory at Colorado State Univer- 
sity with the SHELXTL program library written by Professor G. 
M. Sheldrick and supplied by Nicolet XRD Corporation. 

4Supplementary Tables S-1-S-5 and supplementary Fig. S-1 may 
be purchased from the Depository of Unpublished Data, Docu- 
ment Delivery, CISTI, National Reseach Council Canada, Ottawa, 
Canada K 1A OS2. 

Tables S-1, S-2, and S-4 have also been deposited with the 
Cambridge Crystallographic Data Centre, and can be obtained on 
request from The Director, Cambridge Crystallographic Data 
Centre, University Chemical Laboratory, Lensfield Road, 
Cambridge, CB2 IEW, U.K. 
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TABLE 1 .  Details of the X-ray diffraction study of T1(1,2- 
C2H,Cl2)B(OTeFS), 

Compound 
Molecular formula 
Formula wt., g mol-' 
Space group 
Unit cell dimensions: a ,  4 

b, A 
c ,  A 
a, deg 
P. deg 
Y. deg 

Unit cell volume, A3 
z 
Calcd. density, g cm-' 
Crystal dimensions, mm 
Data collectioa temperature, "C 
Radiation ( A ,  A) 
Monochromator 
Absorption coeff., cm-' 
Scan type 
Scan speed, deg min-' 
20 range, deg 
Reflections 
Total no. of reflections measured 
No. of obsd. reflections, 

IFoI > 2 .54F0)  
Data/parameter ratio 
R 
R , v  

GOF 
g (refined) 
Slope of normal probability plot 

Tl(1 ,2-CIH,C1,)B(OTcFS), 
C2H,BCI,F,o0,Te,TI 
12h8.5 
P 1 
9.2210 (39) 
1 1.3963 (52) 
12.5377 (44) 
110.745 (31) 
101.720 (33) 
99.740 (33) 
1 163.84 (85) 
2 
3.62 
0.22 X 0.3 1 X 0.43 
- 116 (1) 
Mo K, (0.7107) 
Graphite 
123.13 
8-28 
Variable (4-30) 
4-50 
* h ,  -k, 51 
5512 

(the dielectric constants for dichloromethane and 1,2-di- 
chloroethane are 9.08 and 10.65, respectively (1 3)). Fur- 
thermore, we found that TlOTeF, is not soluble to any 
detectable extent in 1 ,1,2-trichlorotrifluoroethane. 

The overall structure of T1(1,2-C2H4C12)B(OTeF,), is 
shown in Fig. 1. The thallium coordination sphere and the 

I I 

conformation of the T l - C l - C - C - C l  chelate ring are 
shown in Figs. 2 and 3, respectively. A stereoview of the unit 
cell packing is shown in Fig. S-1, which is available as sup- 
plementary material.' Selected bond distances and angles are 
listed in Table 3. 

Thallium is only the third metal that has been shown con- 
clusively (i.e., by X-ray crystallography) to coordinate to 
extremely weakly basic (14) chlor~carbons.~ Thallium is also 
the first such metal from Period 6 and the first such metal with 
a dl's' electron configuration. Previous structurally char- 
acterized examples are dichloromethane complexes of Ag (7) 
and Ru (8), 1,2-dichloroethane complexes of Ag (7), and a 
1,2,3-trichloropropane complex of ~ g . '  Based on IR and 
NMR spectroscopic data, others have concluded that di- 
chloromethane can coordinate to Mo and W (15) or to Re 
(1 6), respectively. Many examples of M-Cl(C)  linkages 
have been reported in compounds in which the chlorine atom 
is a substituent on a much stronger ligand such as an amine 
or a phenoxide ( 17). 

The thallium-organochlorine bonds and the Tl-Cl-  

'D. M. Van Seggen, 0. P. Anderson, and S. H. Strauss. Sub- 
mitted for publication. 

TABLE 2. Atomic coordinates ( x  loJ) and isotropic thermal pa- 
rameters (A' x lo3) for Tl(1 ,2-C2HJCl2)B(OTeFS), 

Atom x J' 7 U" 

T1 1871(1) 1054(1) 3193(1) 29(1) 
c1( 1) 155(4) 3 183(3) 3089(4) 51(2) 
Cl(2) 4002(3) 3706(3) 3464(3) 40( 1 )  
c(1) 1390( 15) 4370(12) 2825(14) 50(6) 
C(2) 2920( 15) 4882(11) 3659( 14) 5 l(7) 
B 4024( 14) 1681(10) 7903(10) 20(4) 
Te(1) 3102(1) -931(1) 5888(1) 20(1) 
o( 1 )  4246(8) 737(6) 6815(6) 27(3) 
F(1) 2280(8) -454(6) 4699(5) 3 x 3 )  
F(2) 4664(8) - 1272(6) 5228(6) 46(3) 
F(3) 3805(8) - 1593(6) 6950(6) 43(3) 
F(4) 1414(7) -760(5) 6438(5) 29(2) 
F(5) 2006(7) -2580(5) 4879(5) 33(3) 
Te(2) 2524(1) 3399(1) 7025( 1 )  23(1) 
O(2) 2721(8) 2 190(6) 7650(6) 26(3) 
F(6) 1171(8) 21 63(7) 5645(6) 45(3) 
F(7) 958(8) 37 1 l(7) 7655(6) 44(3) 
F(8) 3877(8) 4744(6) 8297(7) 48(3) 
F(9) 4036(8) 3 143(7) 6264(7) 44(3) 
F( 10) 2200( 10) 4554(7) 6366(7) 54(4) 
Te(3) 2663(1) 1130(1) 9733(1) 22(1) 
O(3) 3759(8) 962(6) 867 l(6) 24(3) 
F(11) 828(7) 897(6) 8677(5) 3 x 3 )  
F(12) 2983(8) 2879(5) 10250(5) 34(3) 
F(13) 431 l(8) 1328(7) 1090 1 (6) 4 x 3 )  
F(14) 2191(9) -617(6) 9302(6) 46(3) 
F( 15) 1584(9) 1209(7) 1082 1 (6) 44(3) 
Te(4) 74 19( 1 ) 2862(1) 9020( 1 ) 23(1) 
(34) 5398(8) 2754(6) 8462(7) 27(3) 
F( 16) 7 1437) 1 lOO(5) 8527(6) 3 x 3 )  
F( 17) 7247(9) 2980(7) 1047 l(5) 45(3) 
F(18) 7845(8) 46 14(6) 9507(6) 42(3) 
F( 19) 7756(9) 2721 (8) 7608(7) 53(4) 
F(20) 9449(8) 303 l(7) 9602(8) 58(4) 

"Equ~valent isotropic U defined as one third of the trace of the orthogo- 
nalised U ,  tensor. 

C - C - C l  chelate ring are the most interesting and signifi- 
cant aspects of th? structure. The T l - C l  distances of 3.138 
(4) and 3.179 (3) A are well within the sum of van der Wads 
radii for these atoms, which is probably between 3.75 A (18) 
and 3.80 A (19). For comparison, the T I X I  distances in the 
Rock Salt and CsCl modifications of TlCl are 3.15 (2) and 
3.32 (2) A, respectively (20) .~  Despite the fact that 1,2- 
dichloroethane is extremely weakly coordinated to Tl(1) in 

I I 

this structure, the five-membered T l - C l - C < - C l  che- 
late ring (see Fig. 3) exhibits the same puckered conforma- 
tion seen with more traditional and much stronger bidentate 
ligands such as ethylenediamine (2 1). 

The Tl(1) ion in T1(1,2-C,H4C12)B(OTeF,), is weakly CO- 
ordinated via secondary bonds (22) to up to nine fluorine 
atoms from four different B(OTeF,),- counterions (seeqFig. 
2). The nine T1-F(Te) distances range from 2.950 ( 5 )  A for 
T1-Fl 1" to 3.981 (8) A for T1-F3'. The pext most distant 
fluorine atom is F13"', which is 4.057 (9) A from T1. While 
the sum of van der Waals radii for thallium and fluorine has 
been reported to be either 3.35 or 3.50 A (1 8, 19), we have 

?he stable form of TlCl at 25°C and 1 atrn (101.3 kPa) has the 
CsCl structure, while TlCl grown by vapor deposition onto a KC], 
KBr, or KI substrate has the Rock Salt structure. 
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TABLE 3. Selected bond distances (A) and angles (deg) for Tl(1 ,2-C2H,Cl2)B(OTeFS), 

FIG. 1. Drawing of the TI(1 ,2-C2H4C12)B(OTeF5), asymmetric unit (50% probability ellipsoids). The separation of the Tl(1 ,2-C2&C12)+ 
cation and the B(OTeF,),- anion is to scale. 

include! two fluorine atoms whose TI-F distances are 
>3.50 A in the TI coordination sphere shown in Fig. 2. This 
is because TI-F distances in TlF, which possesses a very 
distorted Rock Salt structure, range all the way from 2.25 (2) 
to 3.90 (2) A (23). Another relevant comparison can be made 
with TI(c,H,,N,)PF~,' in which the Tl(1) ion has a N3F3 donor 
set. In this compound, the T1-F(P) distances are 3.23 ( I ) ,  
3.27 (I) ,  and 3.54 (2) A (24). 

The structure of the bound 1,2-dichloroethane ligand in 
T1(1,2-C,H,Cl,)B(OTeF,), is not significantly perturbed from 
the structure of the free molecule. In solid 1,2-dichloroeth- 
ane at - 140°C, which exists as the anti conformer, the C-Cl  
and C - C  bond distances and the C 1 - C - C  bond angle are 
1.80 (2) A, 1.49 (4) A, and 105.5 (5)", respectively (25). 
Only the C 1 b C - C  bond angle is distinguishable from the 
values found in T1(1,2-C,H,CI,)B(OTeF,),, 113 (1)" and 1 14 
(1)" (see Table 3). A better comparison for our complex 

would be a 1,2-dichloroethane solvate with a gauche con- 
formation; one such example (data obtained at - 160°C) has 
an average C--Cl bond distance, a C--C bond distance, and 
an average Cl--C--C bond angle of 1.798 (5) A, 1.467 
(5) A, and 1 12.6 (4)", respectively (26). This solvate has a 
Cl--C--C--Cl torsional angle of 61.6", while in our com- 
plex this angle is 68.9". In 1,2-dichloroethane complexes of 
Ag(I), the C l - - C - C - C l  torsional angles range from 65 .O0 
to 70.0" (7a).  The increase in the C l - - C - C - C l  torsional 
angle in the complexes relative to the solvate is minor: the 
change of 4"-8" may allow the ligand to achieve a more op- 
timal C1-M-Cl bite angle. 

The structure of the B(OTeF,),- counterion (idealized S, 
symmetry, with the S, axis bisecting the 0 1 - B 4 2  and 
0 3 - B 4 4  angles) is virtually identical with those found 
in Tl(mesitylene),B(OTeF,), (2b), AgB(OTeF,), (2c), and 
Ag(CO)B(OTeFS), (2a).  As was found in these three other 
structures, the bonds between Te atoms and F atoms coor- 
dinated to T1 in Tl(1 ,2-C,H,Cl,)B(OTeF,), are not signifi- 
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chloroethane molecule at 13 14 and 1282 c m  ' (CH, wag) and 
at 878 cm-' (CH, rock) (29). Bands attributable to CCI 
stretching were not observed, presumably because they were 
buried under the intense T d  and T e F  stretching bands.g 
However, the spectrum of the deuterated derivative T1(1,2- 
C2D4C12)B(OTeF5)4 exhibited a band at 610 cm-I, which we 
assign as v(CC1) for the coordinated chlorocarbon ligand since 
the gauche conformer of 1 ,2-dichloroethane-d4 has a CC1 
stretching band at 616 cm-I (7a). Coordination of 1,2-di- 
chloroethane to Tl(1) has lowered v(CC1) by 6 cm-', a smaller 
change than was seen for two 1,2-dichloroethane com- 
plexes of Ag(1) (7a). For these complexes, Av(CC1) was 
16 cm-I. The larger effect on v(CC1) is in harmony with the 
observation that the A g - C l  bonds in Ag(1 ,2-C2H4Cl2)OTeF5 
and Ag,( 1 ,2-C2H4C12)4~d(OTeF,),, which fall in the range 
2.640 (3)-3.000 (3) A (7a), are shorter and presumably 
stronger than the T l - C l  bonds in Tl(1 ,2-C,H4C12)B(OTeF5)4. 

Future reports from this laboratory will detail the further 
use of B(OTeF,),- and related highly fluorinated least co- 
ordinating anions. 
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Structure and magnetic properties of monophenylphosphinate bridged chain 
polymers of manganese(II), [MnL,(HPhPO,),], (where L = HPhPO,H, CH,CONH,, 

H,O, HCONH(CH,), and CsHsN) 
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JING-LONG Du, STEVEN J.  RETTIG, ROBERT C. THOMPSON, JAMES TROTTER, PETER BETZ, and AVI BINO. Can. J. Chem. 
70, 732 (1992). 

Crystals of Mn(CH,CONH2),(HPhP02):, are monoclinic, a = 5.668(2), b = 7.500(2), c = 23.104(2) A, P = 95.52(2)", 
Z = 2, spac: group P2 , /c ,  and those of Mn(HPhP02H)2(HPhP02)z are monoclinic, a = 23.281(1), b = 5.508(2), c = 
20.5489(6) A, P = 90.424(4)", Z = 4 ,  space group C2/c.  The structures were solved by heavy-atom methods and were 
refined by full-matrix least-squares procedures to R = 0.028 and 0.035 for 2081 and 21 17 reflections with I 2 3u(I), 
respectively. Both compounds have structures consisting of polymeric chains propagating along the crystallographic b 
axis; two phosphinate ligands bridge adjacent manganese atoms forming square planar MO, units, and six coordination 
about the metal is achieved by axially 0-bonded neutral ligands. Indirect evidence supports similar structures for the other 
complexes studied here. The complexes are antiferromagnetic and the magnetic susceptibilities have been analyzed ac- 
cording to two Heisenberg models for linear chains. The exchange coupling constants range from -0.30 cm-' for the 
acetamide complex to -0.06 cm-' for the pyridine complex. Magnetostructural correlations involving these complexes 
and the previously studied Mn(HCONH,)2(HPhP02)2, reveal that the magnitude of the magnetic coupling is enhanced 
by symmetrically bridging W P - 0  units and short Mn-0-P-0-Mn pathways for exchange. 

Key words: polymeric manganese monophenylphosphinates, crystal structures, magnetic properties. 

JING-LONG Du, STEVEN J. RETTIG, ROBERT C. THOMPSON, JAMES TROTTER, PETER BETZ et AVI BINO. Can. J. Chem. 
70, 732 (1992). 

Les cristaux de Mn(CH,SONH,),(HPhPO,)2 sont monocliniques, groupe d'espace P 2 , / c ,  avec a = 5,668(2); b = 
7,500(2) et c = 23,104(2) A, P = 95,52(2)" et Z = 4 alors que ceux de Mn(HPbP0,H)2(HPhP0,), sont monocliniques, 
groupe d'espace C2/c,  avec a = 23,281(1); b = 5,508(2) et c = 20,5489(6) A, P = 90,424(2)" et Z = 4.  On a resolu 
les structures par les mkthodes des atomes lourds et on les a affinees par la methode des moindres carres jusqu'a des 
valeurs de R = 0,028 et 0,035, respectivement pour 2081 et 21 17 reflexions avec I ?  3u(1). Les deux composes possedent 
des structures formtes de chaines de polymkres se propageant le long de l'axe cristallographique b; deux coordinats 
phosphinates Ctablissent des ponts avec les atomes de mangankse adjacents et foment  des unites MO, plan carre; 
l'hexacoordination autour du metal est obtenue par des coordinats neutres lies d'une fason axiale par le biais d'oxygknes. 
Des donnees indirectes suggkrent des structures semblables pour les autres complexes CtudiCs ici. Les complexes sont 
antiferromagnktiques et on a analyse les susceptibilites magnktiques selon deux modkles de Heisenberg pour des chaines 
lintaires. Les constantes de couplage d'tchange varient de -0,30 cm-I pour le complexe de l'acktamide a -0,06 cm-I 
pour le complexe de la pyridine. Des correlations magnttostructurales impliquant ces complexes et le 
Mn(HCONH,),(HPhP0z)2 etudit antkrieurement rkvklent que I'amplitude du couplage magnetique est rehausst par la 
presence d'unites 0-P-0 formant des ponts symetriques et par de courts chemins Mn-0-P-0-Mn pour les Cchanges. 

Mots clPs : monophCnylphosphinates de mangankse polymeriques; structures cristallines; proprietts magnetiques. 
[Traduit par la redaction] 

Introduction 

Several single crystal X-ray structure determinations have 
revealed that the structures adopted by binary metal phos- 
phinates, M(R2P02),, involve metal ions linked in chains by 
double phosphinate bridges with MO, chromophores rang- 
ing from square planar (1) through distorted tetrahedral (2- 
5) to close to regular tetrahedral (6, 7) geometries, the par- 
ticular structure adopted depending on both the metal and the 
composition of the phosphinate ligand. Compounds of 
composition ML2(R2P02), in which metal ions are linked in 
chains by double phosphinate bridges forming square planar 
MO, chromophores with axially coordinated L groups are 
also known (8, 9). The three atom 0-P-0 bridges in these 
polymeric materials have been shown to be capable of 

' ~ u t h o r  to whom correspondence should be addressed. 

transmitting magnetic exchange effects and our interest in 
these compounds has been in investigating how both the sign 
(antiferromagnetic or ferromagnetic) and magnitude of the 
exchange is affected by structural changes (10, 11). 

We reported, earlier, studies on the formamide complex 
of manganese(I1) monophenylphosphinate, Mn(HC0N- 
H,),(HPhPO,),, 1 (9). The compound has the double phos- 
phinate bridged chain structure with axially coordinated 
formamide ligands and exhibits antiferromagnetic coupling 
between metal centres. With a view to examining how the 
nature of L, in complexes of the type ML2(HPhP0,)2, af- 
fects the magnetic coupling we have, in the present work, 
synthesized and characterized five related complexes where 
L = CH3CONH2 (2), HPhPOzH (3), HCONH(CH3) (4), HIO 
(S), and C,H,N (6) .  Compounds 2 and 3 were obtained in 
crystalline forms suitable for single crystal X-ray diffrac- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DU ET AL. 733 

tion studies and the results of these are  reported here. Mag- 
netic susceptibility, infrared spectroscopic, and differential 
thermal analysis studies are  reported o n  all five com- 
pounds. 

Experimental 

Pol~~-bis(acerntr~ide)bis(~-tnot1op1zet~~~lplzo~phitlc1fo)1r1~tlg~1- 
tzese(II), M~I(CH.~CONH~)~[H(C,H.~)PO~]~, 2 

Manganese(I1) chloride tetrahydrate (0.501 g) was dissolved in 
40 mL of acetone and the solution was added to a solution pre- 
pared by dissolving acetamide (1.82 g) and monophenylphos- 
phinic acid (0.712 g) in 50 mL of acetone. Colorless crystals were 
collected by filtration, washed with acetone, and air-dried. Anal. 
calcd. for MnC16H2206NzP2: C 42.21, H 4.87, N 6.15; found: C 
42.30, H 4.89, N 6.10. 

Poly-bis(monophet~~~lphosphitzic acid)bis(k-tnotzophet~ylphos- 
phinaro)tnnngatzese(II), 
Mtz[H(C, H 5 ) P 0  H]>[H(C6 Hj)PO>]?, 3 

Monophenylphosphinic acid (3.13 g) was partially neutralized 
with sodium hydroxide (0.179 g) in 70 mL of distilled water. The 
resulting solution was added dropwise to a manganese salt solu- 
tion prepared by dissolving manganese(I1) perchlorate hexahy- 
drate (1.62 g) in 10 mL of distilled water. The resulting solution 
became cloudy after stirring for about 40 min. The stirring of the 
solution was continued for - 18 h. The product was collected by 
filtration, washed with distilled water, and air-dried. Anal. calcd. 
for MnC24H2608P1: C 46.40, H 4.22; found: C 46.48, H 4.25. 
Single crystals suitable for X-ray diffraction studies were obtained 
from the above reaction by slow evaporation of a solution in which 
reagent concentrations were about half those specified above. 

Bis(N-methylformatnide)bis(motzo~~henylphosphir~nro)tt~a~~- 
~~~z~s~(II),M~(HCONHCH.~)~[H(C~H~)PO~]~, 4 

Manganese(I1) monophenylphosphinate (- 1.0 g) prepared as 
described previously (12), was dissolved in 20 mL of N-methyl- 
formamide. A white powder was obtained after the solvent was 
removed under vacuum. The powder was washed with acetone, then 
left to air-dry. Anal. calcd. for MnC16H2206N2P2: C 42.21, H 4.87, 
N6.15;  found: C41.95,  H4.90 ,  N6.05.  

Diaquobis(motzophenylphosphinato)mangatzese(II). 
Mn(H>o)zfH(C, H5)Po>lz, 5 

Monophenylphosphinic acid (2.84 g) was neutralized with po- 
tassium carbonate (1.39 g) in 50 mL of aqueous methanol so- 
lution ( 5 0 5 0  by volume). Manganese(I1) sulfate monohydrate 
(1.69 g) was dissolved in 50 mL distilled water, then added drop- 
wise to the stirring monophenylphosphinate solution. The white 
precipitate that formed was isolated by filtration, washed with 
aqueous methanol, and then air-dried. Anal. calcd. for Mn- 
Cl2HI6o6P2:  C 38.63, H 4.32; found: C 38.55, H 4.30. 

Bis(pyridit~e)bis(mot~ophenylphosp~~~ato)mat~ganese(II), 
Mn(C5H5 N)2fH(C6H5)P0212, 6 

Manganese(I1) monophenylphosphinate (- 1.0 g) was mixed with 
40 mL of pyridine and I0 mL of 2,2-dimethoxypropane The 
mixture was refluxed for 8 h, then a white powder was isolated by 
filtration, washed with a small portion of diethyl ether, and then 
dried under vacuum at room temperature for about 2 h. Anal. calcd. 
for MnC22H1204N2P2: C 53.34, H 4.48, N 5.66; found: C 52.54, 
H 4.42, N 5.31. This compound appears to contaln a small amount 
of lattice water (approximately 0.5 mol) as evidenced by the mi- 
croanalysis and the presence of a weak band centered around 
3300 cm-I in the infrared spectrum. Repeated syntheses always 
gave lattice water and attempts to remove it by heating led to the 
simultaneous dissociation of pyridine. 

Experimental techniques 
Infrared spectra (4000-250 cm-I) were obtained on samples 

mulled in Nujol and pressed between KRS-5 plates (Harshaw 
Chemical Co.) using a Perkin-Elmer model 598 spectrophotome- 

ter. Frequencies are considered accurate to within *3 cm-'. Dif- 
ferential scanning calorimetry (DSC), measurements were made 
with a Mettler DSC 20 cell and a Mettler TC I0 TA processor op- 
erating over the temperature range 35-400°C. Some thermogravi- 
metric analysis information was obtained by weighing the aluminum 
crucible containing the sample prior to and following a thermal 
event (accuracy -*5%). Magnetic susceptibilities from -80 to 
-2 K were measured using a PAR model 155 vibrating sample 
magnetometer as described previously (5). Measurements were 
made at a field of 7501 G.  The diamagnetic corrections used 
were (in cm3 mol-I): Mn", -14; (C,H,)(H)PO,, -78; 
HCONHCH,, -26; CH,CONH2, -26; H 2 0 ,  - 12; CsHsN, -49; 
H(C6Hs)POIH, -78. 

X-ray crysrallographic nnalyses of 
MIZ(CH~CONH,)~[H(C~ H5)P02]2, 2 ,  and 
Mt1fH(C6 H.5)P0,H12fH(C6 H.j)PO>I:, 3 

Crystallographic data for Mn(CH,CONH2)2[H(C6H5)P02]2 and 
Mn[H(C6H5)P02H],[H(C6H5)PoZ]2 appear in Table I .  The final 
unit-cell parameters were obtained by least squares on the setting 
angles for 25 reflections with 29 = 29.6'-39.9" and 99.6"-118.8", 
respectively. The intensities of three standard reflections, mea- 
sured every 200 reflections throughout the data collections, showed 
only small random variations. The data were processed' and cor- 
rected for Lorentz and polarization effects, decay, and absorption 
(empirical, based on azimuthal scans for four reflections). 

The structure analysis of Mn[H(C6H5)P02H]2[H(C6Hs)P02]z was 
initiated in the centrosymmetric space group C2/c  on the basis of 
the E-statistics and the appearance of the Patterson function, this 
choice being confirmed by the subsequent successful solution and 
refinement of the structure. Both structures were solved by heavy- 
atom methods, the coordinates of the Mn and P atoms being de- 
termined from the Patterson functions and those of the remaining 
non-hydrogen atoms from subsequent difference Fourier syntheses. 
All non-hydrogen atoms of both complexes were refined with 
anisotropic thermal parameters. All hydrogen atoms of Mn- 
(CH3CONH2),[H(C6HS)P0& were refined with isotropic thermal 
parameters and for Mn[H(C6Hs)P0,H]2[H(C6H5)P02]2 the phos- 
phorus- and oxygen-bound hydrogen atoms were refined with iso- 
tropic thermal parameters and the remaining hyddogen atoms 
were fixed in idealized positions (C-H = 0.98 A, BH = 1.2 
Bbondeda,o,,,). A correction for secondary extinction was applied for 
h4n[H(C6H5)PO2H],[H(C6H,)PO2],, the final value of the extinc- 
tion coefficient being 1.10 X Neutral atom scattering fac- 
tors and anomalous dispersion corrections for the non-hydrogen 
atoms were taken from the Inrernational Tables for X-Ray Crys- 
tallograpl~y (13). Final atomic coordinates and equivalent isotro- 
pic thermal parameters, selected bond lengths, and selected bond 
angles appear in Tables 2-4, respectively. Hydrogen atom param- 
eters, anisotropic thermal parameters, complete tables of bond 
lengths and bond angles, torsion angles, intermolecular contacts, 
least-squares planes, and measured and calculated structure factor 
amplitudes are included as supplementary material.' 

'TEXSAN/TEXRAY structure analysis package (Molecular Struc- 
ture Corp., 1985), which includes versions of the following: DIRDIF, 

direct methods for difference structures, by P. T. Beurskens; ORFLS, 
full-matrix least-squares, and o m ,  function and errors, by W. R. 
Busing, K. 0 .  Martin, and H. A. Levy; ORTEP 11, illustrations, by 
C.  K. Johnson. 

3~upplementary material mentioned in the text may be pur- 
chased from the Depository of Unpublished Data, Document De- 
livery, CISTI, National Research Council Canada, Ottawa, Canada 
K I A  0S2. 

Tables of hydrogen atom parameters and bond lengths and an- 
gles have also been deposited with the Cambridge Crystallo- 
graphic Data Centre and can be obtained on request from The 
Director, Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, Lensfield Road, Cambridge CB2 IEW, U.K. 
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TABLE 1 .  Crystallographic data* 

Compound 
Formula 
fw 
Color, habit 
Crystal size, mm 
Crystal system 
Space group 
(1, 4 
b ,  A 
c, A 
Po 
v, A3 
z 

~adiat'ion 
k, cm-I 
Transmission factors 
Scan type 
Scan range, deg in w 
Scan rate, deg/min 
Data collected 
20,,,, deg 
Crystal decay 
Total reflections 
Uniaue reflections 
Rmerge 

Reflections with I 2  3u(1) 
No. of variables 
R 
R,,, 
gof 
Max A/u (final c y c l ~ )  
Residual density e / ~ "  

Mn(CH3CONH2)?(HPhP02)?, 2 
C l,H,2MnN206P2 
455.25 
Colorless, prism 
0.08X0.25X0.40 
Monoclinic 
P21/c  
5.668(2) 
7.500(2) 
23.104(2) 
95.52(2) 
977.4(3) 
2 
1.547 
470 
Mo 
8.43 
0.86-1.00 
0-20 
1.21+0.35 tan 0 
3 2 
+h,  +k, -el  
60 
Negligible 
3321 
3043 
0.037 
208 1 
168 
0.028 
0.035 
1.20 
0.02 
-0.27 to +0.29 

- 

Mn(HPhP02H)2(HPhP02)2, 3 
C2,H,6Mn0,P, 
621.30 
Colorless, prism 
0.10XO. 15 X0.20 
Monoclinic 
C2/c 
23.281(1) 
5.508(2) 
20.5489(6) 
90.424(4) 
2635.2(7) 
4 
1.255 
1276 
Cu 
68.51 
0.80-1 .OO 
0-20 
1.10+0.30 tan 0 
16 
+h,  +k, ? I  
155 
Negligible 
3 122 

*Temperature 294 K,  Rigaku AFC6S diffractometer, Mo-K, radiation (A = 0.71069 A) or Cu-K, radiation 
(A = 1.54178 A), graphite monochromator, takeoff angle 6.0°, aperture 6.0 x 6 . 0  mm at a distance of 285 mm 
from the crystal, stationary background counts at each end of the scan (scan/background time ratio 2:  1, up to 
8 rescans), u2(F') = [S2(C + 4B) + (0.03F2)']/Lp' (S = scan rate, C = scan count, B = normalized back- 
ground count), function minimized Cw(lF,I - IF,I)' where nj = 4F,;/u2(~,'), R = CJIF, - F,II/CIF,l, R,, = 

(Bw(lF,I - IF,I)~/C~IF,I~)'", and gof = [Cw(lF,,I - IF, l)'/(m - n ) ] l l ' .  Values given for R ,  R,,, and gof are 
based on those reflections with I 2 3u(I). 

Results and discussion 
Structural studies 

Crystals of the acetarnide complex 2 are isomorphous with 
those of the previously studied (9) formamide derivative 1, 
both belonging to the monoclinic crystal system and space 
group P2,/c.  Crystals of the monophenylphosphinic acid 
complex 3 are also monoclinic, space group C2/c. All three 
compounds have structures consisting of polymeric chains 
propagating along the crystallographic b axis; two phos- 
phinate ligands bridge adjacent manganese atoms forming 
square planar MO, units. Six-coordination about the metal 
is achieved by axially 0-bonded neutral ligands. Figures 1 

I and 2 show the structures of 2 and 3, respectively and give 
the atom numbering schemes. Stereoscopic views of sec- 
tions of the polymeric chains of 2 and 3 are shown in Figs. 
3 and 4. 

Both amide hydrogens in 2 are involved in hydrogen 
bonding. The interchain N-H(2). . .0(1)(1 - x,  -y ,  1 - z) 
interaction gives H(2). : .0(1) and N. . .0(1) distances of 
2.11(3) and 3.074(2) A, respectively, with an N-H(2) 

.0(1) bond angle of 173(2)". The intrachain N-H(3). . . 
0(2)(1 + x ,  y ,  z) hydrogen bond gives H(3). . -0(2) and 

N . .  .0(2) distances of 2.23(2) and 2.982(2) A, respec- 
tively, and an N-H(3). . .0(2) bond angle of 152(2)". Inter- 
and intrachain hydrogen bonding like that described here was 
reported previously for 1 where both N. . .0(1) and N. . -0(2) 
distances are given as -2.9 A (9). There is no interchain 
hydrogen bonding in 3; however, this compound has strong 
intrachain hydrogen bonding involving O(4)-H(3). . .0(2) 
resulting in H(3) . .0(2) and O(4) -0(2) distances of 1.62(5) 
and 2.555(3) A, respectively, and an O(4)-H(3). .0(2) 
bond angle of 175(5)". 

The coordination around manganese in 2 and 3 is approx- 
imately octahedral with 0-Mn-0 bond angles ranging 
from 87.89(5)" to 92.11(5)" in 2 and from 85.67(7)" to 
94.32(7)" in 3. The Mn-O(3) distances involving the ter- 
minal ligands are approximately the same in 2 and 3 (2.182(1) 
and 2.175(2) A) and are significantly shorter than the cor- 
responding distance in 1 (2.241(3) A) (9). As in the case of 
1 (9 ) ,  there are two Mn-0 distances involving the bridg- 
ing phosphinate groups in 2 and 3. The average Mn- 
O(bridgin8) distance is the same in 2 and 3 (2.203(1) and 
2.204(2) A) and is significantly greater ~ h a n  the corre- 
sponding average distance in 1 (2.175(3) A) (9). It would 
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DU ET AL. 735 

TABLE 2.  Final atomic coordinates (fractional) and B,, (A')" 

Atom x y z Bcq 

"B,, = (8/3)~'ZZU,,a,*a,*(a, .  a,) 

appear that the weaker manganese-terminal ligand interac- 
tion in 1 compared with that in 2 and 3 has resulted in 
stronger manganese-bridging phosphinate interactions. This 
has a significant effect on the magnetic properties of these 
compounds as will be described later. 

Consideration of the internal bond parameters of the 
bridging phosphinate groups in 2 and 3 reveals relatively little 
difference in bond angles but significant differences in P-0 
bond distances. While the average P-0 bond distance is the 
same in 2 and 3 (1.5 1 l(1) and 1.5 12(2) A, respe~tively) and 
comparable with that reported for 1 (1.515(4) A ) ~  (9), the 
0-P-0 group is symmetrical in 2 (as is the case for 1) but 
asymmetrical in 3 (A P-0 = 0.024(4) A). This asymmetry 
in the bridging 0-P-0 unit is undoubtedly a conse- 
quence of hydrogen-bonding interactions. In 3, only one of 
the oxygens (O(2)) is involved in hydrogen-bonding inter- 
actions (intrachain). As a result the P-O(2) bond is signif- 
icantly longer than the P-O(1) bond in this compound. In 
both 1 and 2 the two phosphinate oxygens are both involved 
in hydrogen-bonding interactions (O(1) in interchain inter- 

4 ~ o n d  lengths and angles for 1 not reported in ref. 9 are calcu- 
lated using the positional parameters reported earlier (9). 

TABLE 3.  Bond lengths (A) with estimated standard deviations 

Atom Atom Distance Atom Atom Distance 

NOTE: The prime refers to the symmetry operation 1 + x ,  y,  z for 2 and 
x ,  1 + y, z for 3. 

actions and O(2) in intrachain interactions) resulting in 
symmetrical 0-P-0 groups. This, we believe, also has a 
significant effect on the magnetic properties of these com- 
pounds (see below). 

Attempts to obtain 4, 5 and 6 in crystalline form suitable 
for single crystal X-ray diffraction studies were unsuccess- 
ful and hence our conclusions concerning the structures of 
these compounds are based on indirect evidence only. These 
compounds are stoichiometrically equivalent to 1,  2 and 3 
and their properties, to be described-here, are at least con- 
sistent with their having similar structures in which man- 
ganese ions are linked in chains by double phosphinate . - 

bridges and different neutral ligands occupy the axial posi- 
tions. All six of the compounds under consideration here 
dissolve in water (where dipolar and hydrogen bonding in- 
teractions with the solvent likely break up the phosphinate 
bridged chains) but are insoluble in a wide range of organic 
solvents including ethanol, chloroform, benzene, carbon 
tetrachloride, and dichloromethane. Their thermal proper- 
ties are also very similar. Differential scanning calorimetry 
studies show that while 1 exhibits loss of formamide in two 
steps at -140 and 190°C, the other compounds show loss of 
both neutral ligands in a single step at 130°C for 2, 4, and 
5, at 140°C for 3 and at 123°C for 6. Compound 6 contains 
a small amount of lattice water (see experimental section), 
which appears to be removed along with the pyridine li- 
gands at 123°C. No other thermal events are seen for any of 
the compounds up to the onset of exothermic decomposi- 
tion which occurs in the 220-240°C range. 

Selected bands in the infrared spectraare given in Table 
5. Of the six complexes, five show two bands assigned to the 
antisymmetric and symmetric PO, stretching vibrations of a 
bridging phosphinate group. The presence of both neutral 
monophenylphosphinic acid and anionic monophenylphos- 
phinate ligands in 3 accounts for the multiplicity of bands in 
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TABLE 4. Bond angles (deg) with estimated standard deviations" 

Atom Atom Atom Angle Atom Atom Atom Angle 

2 

O(2)' Mn O(2)" 180.00 P O(2) Mn# 135.58(7) 
o(2) '  Mn O(3) 90.35(5) C(7) O(3) Mn 135.4(1) 
o(2) '  Mn 0(3)* 89.65(5) C(6) c (1 )  c (2 )  118.5(2) 
o(2) '  Mn O(1) 92.1 l(5) C(6) c(1) p 121.8(1) 
o(2) '  Mn 0 87.89(5) C(2) c (1)  p 119.7(1) 
o(3) Mn 0(3)* 180.00 (33) c (2)  ( 3 1 )  120.7(2) 
00) Mn O(1) 89.88(5) C(4) (33) c (2)  119.8(2) 
0(3)* Mn O(1) 90.12(5) C(5) (34) (33) 120.2(2) 
o( 1) Mn 0(1)'* 180.00 c (4 )  (35) (36) 120.3(2) 
o(1)  P O(2) 116.47(7) C(5) (36) c( 1) 120.5(2) 
o(1)  P c(1) 109.43(8) O(3) C(7) N 122.2(2) 
o(2) P C(1) 108.74(7) O(3) (37) C(8) 120.3(2) 
P O(1) Mn 121.92(7) N (37) C(8) 117.5(2) 

3 

o(1)  Mn O(1)" 180.00 p(2) O(3) Mn 129.6(1) 
o(1)  Mn O(3) 85.68(7) C(6) (31) c (2)  119.3(2) 
o (1 )  Mn O(3)" 94.32(7) C(6) ( 3 1 )  p(1) 121.5(2) 
o(1)  Mn O(2)' 90.75(7) C(2) (31) p(1) 119.2(2) 
o(1)  Mn 0(2)* 89.25(7) C(3) c (2)  (31) 120.7(3) 
o (3 )  Mn O(3)" 180.00 c (4 )  (33) c (2)  119.7(3) 
o(3)  Mn O(2)' 88.32(7) C(3) (34) c(5) 120.4(3) 
o(3)  Mn 0(2)'"1.68(7) C(4) C(5) C(6) 120.4(3) 
o(2) '  Mn O(2)" 180.00 c (  1) C(6) c(5) 119.5(3) 
o(1)  P(1) O(2) 115.5(1) C(12) C(7) C(8) 1 18.4(3) 
o(1) I-'(]) (31) 109.9(1) C(12) C(7) P(2) 121.5(3) 
o(2)  p( l )  (31) 108.4(1) C(8) (37) p(2) 120.0(3) 
O(3) P(2) O(4) 116.5(1) C(7) C(8) C(9) 119.6(3) 
O(3) p(2) (37) 112.6(1) C(10) C(9) C(8) 12 1.4(4) 
O(4) p(2) (37) 102.7(1) C(9) C(10) C(11) 119.2(3) 
p( l )  O(1) Mn 132.2(1) C(10) C(11) C(12) 120.6(4) 
p( l )  O(2) Mn# 133.0(1) C(7) C(12) C(11) 120.8(4) 

"NOTE: ', ' I ,  *, and # refer to the symmetry operations: 1 + x ,  y ,  z; -x, 1 - y, 1 - z; 1 - .r, I - y ,  
1 - ; ; a n d * -  l ,y ,z;respect ively,  f o r 2 a n d x ,  1 + y , z ;  1/2 - x , 3 / 2  - y ,  1 - z; 1/2 -s, 1/2 - y ,  
1 - z ; a n d . r , y  - l , z f o r 3 .  

the PO, stretching region for this compound. The similarity 
in the PO, stretching frequencies observed for 1 and 2 is 
consistent with the nearly identical PO, bond parameters for 
these two compounds; the corresponding bands are shifted 
to higher frequencies in 4, 5, and 6. It has been suggested 
that the frequency separation between the two PO, stretch- 
ing vibrations in metal phosphinates provides a measure of 
the equivalence of the two P-0 bonds (10). In 1 and 2 the 
structure determinations show the P-0 bonds to be vir- 
tually equivalent and for these compounds the frequency 
separations are 84 and 89 cm-I, respectively. The much 
higher separations of 114 and 122 cm-' observed for 4 and 
6 may reflect the presence of unsymmetrical 0-P-0 
bridging units in these compounds. In the case of 4 this might 
be expected since the HCONHCH, ligand, like the 
H(C,H,)PO,H ligand in 3, should be involved in intrachain 
hydrogen bonding only, resulting in nonequivalent P-0 
bonds as discussed above for 3. Employing this criterion, the 
frequency separation of 84 cm-' in 5 suggests equivalent 
P-0 bonds in this compound. 

All compounds except 3 and 6 exhibit one band over the 
frequency range 2360-2400 cm-' assigned to the P-H 

stretching vibration. The pyridine complex, 6, is somewhat 
unique in this regard in that the P-H band is split and shifted 
to lower frequencies (2310, 2280 cm-I). The band splitting 
may reflect the presence of two structurally inequivalent 
phosphinate groups in this compound while the shift to lower 
frequency may reflect more weakly coordinated phosphi- 
nate ligands. Consistent with the latter suggestion is the 
fact that 6 exhibits the highest frequency antisymmetric 
and symmetric PO, stretching frequencies of the six com- 
pounds under consideration here (Table 5). That pyridine 
is in fact coordinated in 6 is evidenced by the fact that the 
6a and 16b bands (in the notation of Kline and Turkevich 
(14)), which occur at 601 and 403 cm-', respectively, in 
the free base, are seen to exhibit their characteristic shift 
to higher frequencies upon coordination (1 5). The obser- 
vation of two bands in the v(PH) region for 3 is not 
unexpected owing to the presence of both neutral mono- 
phenylphosphinic acid and bridging phosphinate groups. 
Bands in the 3100-3400 cm-' region corresponding to 
v(NH) vibrations for 1, 2, and 4 and v(OH) for 3 and 5 are 
very broad, consistent with the presence of strong hydro- 
gen-bonding interactions. The v(C0) vibrations are at lower 
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FIG. 1. Stereoscopic view of Mn(CH,CONH2)2[H(C6H5)P02]2, 2, showing atom labelling and the coordination about Mn; 50% prob- 
ability thermal ellipsoids are shown for the non-hydrogen atoms. 

FIG. 2. Stereoscopic view of Mn[H(C6H5)P02H]2[H(C6H5)P02]2, 3 showing atom labelling and the coordination about Mn; 5 0 8  prob- 
ability thermal ellipsoids are shown for the non-hydrogen atoms. 

frequencies in 2 and 4 compared with v ( C 0 )  in I and this 
may reflect stronger binding to manganese in 2 and 4. This 
is confirmed by the X-ray diffraction results in the case of 
1 and 2. 

Magnetic studies 
Magnetic susceptibility and magnetic moment data for 

complexes 2 through 6 are deposited. (see footnote 3) Data 
for 1 were given previously (9). Plots of magnetic moment 
versus temperature are given in Fig. 5. The 6 ~ , ,  ground state 
for octahedral manganese(I1) renders a relatively straight- 
forward interpretation of magnetic properties. In the ab- 
sence of magnetic exchange effects the magnetic moment 
should be spin-only (5.92 pB) and temperature independent 

except possibly at very low temperatures where zero-field 
splitting may impart some temperature dependence. All six 
complexes under consideration here exhibit decreasing 
magnetic moments with decreasing temperature (Fig. 5), 
indicative of antiferromagnetic exchange. Exchange is con- 
firmed for complexes 1, 2, and A for which maxima in 
magnetic susceptibility versus temperature plots have been 
observed at 5.8 K for 1 (9) and at -3.5 K for 2 and 4. 

As described previously for 1 (9), we have analyzed the 
magnetic susceptibility data for 2 through 6 according to two 
isotropic Heisenberg models for linear chains, the scaling 
model of Wagner and Friedberg with S = 5/2 (16) and the 
Weng model (17) with coefficients generated by Hdler et al. 
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FIG. 3. Stereoscopic view of a portion of the chain structure of Mn(CH,CONH2)2[H(C6H5)P02]2, 2, showing hydrogen bonding (fine 
bonds). 

FIG. 4. Stereoscopic view of the chain structure of Mn[H(C6H5)P02H]2[H(C6H5)Po2]2, 3, fine bonds represent hydrogen bonds 

(18) for S = 5/2. Within these models the Harniltonian is X A = 2.9167, B = 208.04, 
= -2 JC.?i ij. According to the Wagner and Friedberg model, 1 1 1  

where 

1 2JS(S + 1) 
U = coth K - - and K = 

K kT 

According to the second model, 

Experimental magnetic susceptibility data were analyzed 
using both models with the exchange coupling constant J as 
the only fitting parameter. The absence of orbital angular 
momentum in the ground state of manganese(I1) permits g 
to be fixed at 2.00. Best fits were obtained by minimizing 
the function 

where n is the number of data points. The value of F, then, 
provides a measure of agreement between the experimental 
data and the model. 
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TABLE 5. Selected infrared frcqucncies" for MnL2[H(C6H,)P0,I2 complexes 

Assignment 1 2 3 4 5 6 

V ~ I ,  Po2 1130 vs 1134 vs 1174 vs 
1144 vs 

Vsym Po2 1046 s 1045 s 1023 s 
963 vs 

v CO 1670 s 1653 vs 
1690 m sh 

v PH 2380 rn 2380 m 2390 m 
2408 m 

Other bandsc 3240 m br 3360 rn br 3360 w br 
3120 rn br 3160 m br 3181 w br 

"Frequencies in cm-I; vs = very strong, s = strong, m = medium, sh = shoulder, br = broad. 
"ata from ref. 9. 
'u,, for 1, 2, and 4; v,, for 3 and 5 and 6a and 16b internal vibrations of the pyridine ligand in 6 .  

temperature(K1 
FIG. 5. Plots of magnetic moment versus temperature for compounds 1-6. 
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Temperature (K) 

FIG. 6. Plot of magnetic susceptibility versus temperature for compound 2. The circles are experimental data and the line is calculated 
using the Wagner-Friedberg model as described in the text. 

Figure 6 shows the agreement between experiment and 
theory for the acetamide complex, 2, and the magnetic pa- 
rameters generated for the best fits between experiment and 
theory are given in Table 6. There is good agreement be- 
tween experiment and theory using either model as judged 
by the value of the fitting function F, although the Wagner- 
Friedberg model seems generally to give better agreement 
and it reproduces the temperature of the susceptibility max- 
imum in 1, 2, and 4 better. 

The availability of single crystal X-ray diffraction deter- 
mined bond parameters for 1, 2, and 3 permits a detailed 
examination of magnetostructural correlations in these 
complexes. For these complexes the exchange coupling 
clearly decreases in the order 1 > 2 > 3 (Table 6). This order 
can be understood if it is assumed that the magnetic ex- 
change increases with decreasing length of the Mn-O-P-O- 
Mn pathway for exchange and, moreover, is favored by 
symmetrical 0-P-0 units. The latter would imply good 
IT delocalization over the phosphinate bridge and should re- 
sult in an effective IT-pathway for exchange. It has been 
suggested for some time that the IT-pathway for exchange is 
important in antiferromagnetic coupling between metal 
centres in phosphinate bridged compounds (10). The lengths 
of the Mn-0-P-0-Mn pathways for 1, 2, and 3 are 7.38(1), 

TABLE 6. Magnetic parameters".b for MnL2[H(C6H5)P02]2 com- 
plexes 

Compound L -Jc(cm-I) F~ 

"The data outside the parentheses were obtained using the Wagner- 
Friedberg model (16) and those inside the parentheses using the Weng 
model (17, 18). " was set at 2.00. 

'The estimated uncertainty in J is ?5%.  
"The fitting function F is defined in the text. 
'Data taken from ref. 9. 
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7.43(1), and 7.43(1) A, respectively. The shorter pathway 
in 1 is due largely to shorter Mn-0 distances in this com- 
plex as discussed above. Hence the formamide complex, 1, 
combines the shorter exchange pathway with symmetrical 
0-P-0 bridges to give the largest (Jl of the three com- 
plexes. On the other hand, the monophenylphosphinic acid 
complex, 3, combines the longer exchange pathway with 
unsymmetrical 0-P-0 bridges to give the smallest (JI. The 
intermediate I J J  observed for the acetamide complex, 2, is 
consistent with the combination of an unfavorable path length 
with favorable symmetrically bridging 0-P-0 units. 

An examination of bond angles at the bridging atoms re- 
veals the total variation in 0-P-0 angles over the com- 
pounds is lo with 1 having the intermediate angle (1 16.0(2)"). 
The Mn-0-P angles in 1 (Mn-O( 1 )-P = 129.1(2) and 
Mn-O(2)-P = 129.0(2)") are smaller than those in 3 
(1 32.2(1) and 133.0(1)") while 2 exhibits both the smallest 
(12 1.9(1)") and largest (1 35.6(1)") angle of this type amongst 
the three compounds. The average of the Mn-0-P an- 
gles in 2 is the same as that in 1.  There appears to be no 
simple correlation between the magnitude of the exchange 
in these compounds and the angles at the bridging atoms. 

Detailed magnetostructural correlation studies on 4, 5, and 
6 are not possible owing to the absence of X-ray determined 
structures. The N-methylformamide complex, 4, should ex- 
hibit only intrachain hydrogen bonding that would result in 
unsymmetrical 0-P-0 bridges and this may account for 
the fact that I J I  for this compound is less than that in the 
formamide complex, 1. The value of I J I  for the pyridine 
complex, 6,  is quite small. Indeed, the value given in Table 
6 for this compound should be considered an upper limit since 
in cases such as this, where the exchange is clearly very 
weak, the effect of the zero-field splitting may be contrib- 
uting significantly to the observed magnetic properties. Since 
there is no possibility of hydrogen bonding in 6 we con- 
clude the relatively high basicity of the neutral ligand in this 
case may lead to relatively strong pyridine-manganese in- 
teractions and correspondingly weaker manganese-phos- 
phinate interactions and therefore weaker exchange. As 
discussed above, there is infrared evidence for unsymmetri- 
cal 0-P-0 units in this compound and this too may con- 
tribute to weakening the exchange. The aquo complex, 5, 
should exhibit both intrachain and interchain hydrogen 
bonding as has, in fact, been observed previously for the di- 
methylphosphinate analogue (8). This would be expected to 

give symmetrical 0-P-0 bridges in 5, a result supported 
by the infrared spectral studies described above. The fact that 
I J I  for 5 is approximately the same as the value obtained for 
2 (which has symmetrical 0-P-0 bridges) suggests the M- 
0-P-0-M pathway is about the same length in these two 
conlplexes. 
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R.  J.  GILLESPIE. Can. J .  Chem. 70, 742 (1992). 
This paper reviews the present status of the VSEPR model of molecular geometry in relation to electron densities. 

The discussion is based on the electron pair domain version of this model. The fundamental postulates of the model are 
summarized and illustrated by a discussion of the structures of some n~olecules with five and seven electron pair do- 
mains in the valence shell, including the recently discovered ions X e F ,  and X e O F h .  The total electron density does 
not provide any obvious support for the model and although electron density deformation maps do provide some sup- 
port they are not always reliable. The Laplacian of the electron density, however, shows the presence of valence shell 
charge concentrations that correspond closely in number and properties to the electron pair domains of the VSEPR model. 
This correspondence between electron pair domains and valence shell charge concentrations provides a physical basis 
for a better understanding of the VSEPR model. 

Key rvords: VSEPR model, electron densities, nlolecular geometry, Laplacian of the electron density, electron pair 
domain. 

R. J .  GILLESPIE. Can. J .  Chem. 70, 742 (1992). 
Dans ce travail, on examine la situation actuelle du moditle VSEPR de la gComCtrie moleculaire en regard des den- 

sites Clectroniques. La discussion est basCe sur la version de ce modele like au domaine de la paire d'electrons. On rCsume 
les postulats fondamentaux du modkle et on les illustre par une discussion des structures de quelques rnolCcules com- 
portant des domaines de cinq et sept paires d'electrons dans la couche de valence, y compris les ions XeF,- et XeOF,- 
decouverts recemment. La densite Clectronique totale ne fournit pas un support evident pour le modkle; par ailleurs, les 
cartes de deformation de la densite tlectronique leur foumissent un lCger support, m&me si elles ne sont pas fiables. 
Toutefois. le laplacien de la densit6 Clectronique montre la presence de concentrations de charges de la couche de va- 
lence qui correspondent bien, en nombre et en proprittes, avec les domaines des paires d'klectrons du modkle VSEPR. 
Cette correspondance entre les domaines des paires d'electrons et les concentrations de charges de la couche de valence 
foumit une base physique pour une meilleure comprChension du modkle VSEPR. 

Mots cle's : moditle VSEPR, densites d'electrons, gComCtrie moleculaire, laplacien de la densit6 electronique, do- 
maine de la paire d'electrons. 

[Traduit par la redaction] 

It is now over 30 years since the Valence Shell Electron 
Pair Repulsion (VSEPR) model of molecular geometry was 
first proposed and it continues to be an extremely useful 
model for the prediction and understanding of the geometry 
of covalent molecules. Despite its success it is sometimes 
criticised on the grounds that it is an empirical model that 
does not have a sound theoretical basis. The purpose of this 
paper is to review the present status of the model, particu- 
larly in relation to the detailed information on the electron 
densities of molecules that has become available since the 
VSEPR model was first formulated. We first describe an 
electron pair domain version of the model and illustrate its 
application by some recently determined structures of mol- 
ecules with five or seven valence shell electron pairs. Then 
we discuss the physical basis of the model. In particular, we 
consider to what extent the model can be justified by an ex- 
amination of the electron density and the Laplacian of the 
electron density. Finally we note that the theoretical basis for 
the model provided by the Laplacian of the electron density 
should lead to a better understanding of those molecules that 
appear to be exceptions to the VSEPR model. 

The VSEPR model is a direct development from Lewis's 
idea that the covalent bond can be represented as a shared pair 
of electrons. This brilliant idea, which cleared up enormous 
confusion concerning valence and bonding, and which is still 
used by every chemist today, had no theoretical basis for 
many years. We now understand that the fundamental basis 
of the concept of the electron pair is the Pauli exclusion 

FIG. 1 .  Arrangements of points on the surface of a sphere that 
maximize their distance apart. 

principle. The VSEPR model, which is a natural extension 
of the Lewis model, is similarly based on the Pauli exclu- 
sion principle, which plays a major role in determining the 
electron distribution in molecules (1, 2). 

The electron pair domain version of the VSEPR model 
The primary postulate of the VSEPR model is that the 

electron pairs in the Lewis structure of a molecule are ar- 
ranged as far apart as possible. These electron pair arrange- 
ments are often illustrated by the arrangements of points on 
the surface of a sphere that maximize the least distance be- 
tween any pair of points (Fig. 1). However, electron pairs 
are not very realistically represented by points, so it is pref- 
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FIG. 2. Arrangements of spherical electron pair domains that minimize their distance from the nucleus. 

erable to think of a valence shell electron pair as a charge 
cloud composed of two electrons of opposite spin and which 
occupies as much space as possible while excluding other 
electrons from this space in accordance with the Pauli ex- 
clusion principle. Thus we could consider, as an alternative 
model, the arrangements adopted by different numbers of 
circles of equal radii occupying as large a fraction as possi- 
ble of the surface of a sphere without overlapping. This model 
leads to exactly the same arrangements as the points-on-a- 
sphere model. Another variation of the same basic idea that 
was first proposed by ~ i m b a l l '  and which has been exten- 
sively developed by Bent (3) is to consider each electron pair 
charge cloud as having a spherical shape of the same size. 
Bent called it the tangent-sphere model. I prefer to call it the 
domain model. The spherical electron pair domains are 
packed as closely as possible around the core of the atom and 
again we arrive at the same arrangements (Fig. 2). These 
basic arrangements of two to six electron pairs were first 
proposed by Sidgwick and Powell in 1940 (4). They are 
fundamental to the VSEPR model and they form the basis 
for the prediction of the molecular shapes. 

In our paper in 1957 (5) Nyholm and I went beyond these 
basic electron pair arrangements by pointing out that not all 
the electron pairs in a valence shell should be regarded as 
equivalent. The differences between electron pairs were ex- 
pressed in the form that lone-pair-lone-pair repulsions are 
stronger than lone-pair-bond-pair repulsions, which are 
stronger than bond-pair-bond-pair repulsions. On this basis 
one can account in a qualitative manner for the many small 
deviations of real structures from the "ideal" structures pre- 
dicted on the basis of equivalent electron pairs. However, it 
is simpler, more realistic, and less liable to the misinterpre- 
tation that it is a classical electrostatic model to express the 
VSEPR model in terms of the sizes and shapes of localized 
electron pair domains rather than in terms of electron pair 
repulsions. Indeed there would be some advantage in 
changing the name to the VSEPD model: the Valence Shell 
Electron Pair Domain model. In these terms the three basic 
postulates or rules of the VSEPR (VSEPD) model are as 
follows. 

1. Nonbonding domains are larger than single bond do- 

'G. E. Kimball. References to unpublished work by Kimball and 
his students are given by H. A. Bent (3). 

mains; they are more spread out and occupy more space in 
the valence shell than single bond domains. This is under- 
standable because lone pairs are under the influence of only 
one positive core rather than two. 

2. The size of a single bond domain in the valence shell 
of a central atom decreases with increasing electronegativ- 
ity of the ligand. 

3. Although it is often convenient to think of double and 
triple bonds as composed of a a and one or two T bonds or 
two or three bent single bonds, respectively, it is simpler in 
the electron pair domain model to consider a double bond as 
a two electron pair domain and a triple bond as a three elec- 
tron pair domain in which the individual electron pairs are 
not distinguished. These bond domains increase in size from 
a single to a double to a triple bond. 

Application of the VSEPR model to molecules with five 
or seven valence shell electron pairs 

Trigonal bipyrarnidal AX, molecules and the related AX,E, 
AX,E,, and AX,E3 molecules provide particularly interest- 
ing applications of the VSEPR model because the five ver- 
tices of a trigonal bipyramid are not all equivalent. The axial 
positions of a trigonal bipyramid are more crowded than the 
equatorial positions; they have three neighbors at 90" whereas 
an equatorial position has two neighbors at 90" and two more 
at 120". S o  large domains will prefer the equatorial posi- 
tions, forcing smaller domains into the axial positions. Thus 
lone pair domains, double bond domains, and the domains 
of less electronegative ligands are preferentially found in the 
equatorial positions (Fig. 3). Moreover, because the axial 
domains are in a more crowded position, axial bonds are al- 
ways longer than equivalent equatorial bonds (Fig. 3). No 
other simple model enables one to make these predictions 
about the geometry of molecules with a central atom with five 
valence shell electron pairs. 

The recently prepared XeF,- ion (6) has a unique planar 
pentagonal AX,E2 structure based on a pentagonal bipyra- 
midal arrangement of seven electron pairs with the two lone 
pairs in the axial positions (Fig. 4). In contrast to the tri- 
gonal bipyramid the lone pairs prefer the axial positions, 
which are the least crowded positions with all neighbors at 
90" whereas each equatorial position has two neighbors at 72". 
The prediction of the geometry of molecules in which there 
are seven electron pairs in the valence shell of the central 
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FIG. 3. Molecules with a trigonal bipyramidal arrangement of five electron pair domains in the valence shell of the central atom. (u) 
Lone pair domains always occupy the equatorial positions. (b)  Double bond domains always occupy the equatorial positions. (c) Less 
electronegative ligands preferentially occupy the equatorial positions. 

FIG. 5 .  Possible arrangements for seven points on the surface of 
a sphere. (a) Monocapped octahedron. (b)  Monocapped trigonal 
prism. (c)  Pentagonal bipyramid. 

I 
F 1 .. ever, it is reasonable to assume that the structure will be based 

on the pentagonal bipyramidal arrangement of seven elec- 
FIG. 4. The structure of the planar pentagonal ion XeF,-. tron pair domains that we find in the closely related mole- 

cule IF,. Moreover, we expect a structure based on an 
atom A cannot be made with as much certainty as for mol- arrangement in which two lone pairs can occupy two equiv- 
ecules in which there are six or fewer electron pairs in the alent less crowded positions and this is the pentagonal bi- 
valence shell because there are three electron pair arrange- pyramid with the lone pair domains in the two axial positions. 
ments with very similar interpair distances (Fig. 5). How- The IOF,- ion has recently been shown to have a penta- 
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FIG. 6. The structure of the pentagonal bipyramidal ion IOF,-. 

gonal bipyramid structure in which the doubly bonded ox- 
ygen occupies an axial position (7,8) as expected (Fig. 6). 
Moreover, the I-F bond in the less crowded axial position 
is, as expected, shorter (182.4 pm) than the equatorial bonds 
(187.4 pm). In contrast, in trigonal bipyramidal molecules 
the axial bonds are always longer than the equatorial bonds 
because the axial positions are the most crowded. 

Although we cannot make an absolutely unambiguous 
prediction of the basic geometry of these seven coordinated 
molecules they do have one of the three possible predicted 
geometries. Moreover, the details of their structures are fully 

consistent with the postulates of the VSEPR model. No other 
model gives us a better understanding of the geometry of 
these molecules. 

Electron densities 

Can we legitimately think of electron pairs as essentially 
localized nonoverlapping charge clouds representing bond- 
ing pairs and lone pairs as the VSEPR model assumes? Many 
accurate calculations of electron densities in simple mole- 
cules have been made and in no case are there any features 
in the total electron density that represent localized bonding 
or nonbonding electron pairs. The water molecule provides 
us with a simple example (9). As we see in Fig. 7 there is 
no obvious localization of charge corresponding to lone pairs 
or bonding pairs. A bond is only apparent as a ridge of 
maximum density between the high concentrations of charge 
that surround each nucleus. This ridge has been called a bond 
path (10). 

Total electron densities can also be obtained from accu- 
rate X-ray crystallographic studies. Again they give no evi- 
dence for localized electron pairs, either bonding or 
nonbonding. Nevertheless the usefulness of the Lewis and 
VSEPR models has inspired efforts to examine the total 
electron density in more detail. The total electron density is 
dominated strongly by the high concentration of electron 
density surrounding each nucleus and the changes in the 

FIG. 7. The electron density distribution in the water molecule. (a) Contour plot in the plane of the molecule. (b)  Relief map in the 
plane of the molecule. (c) Relief map in a plane through the oxygen atom and perpendicular to the plane of the molecule. 
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FIG. 8. Electron density difference (deformation) maps for a water molecule in oxalic acid dihydrate, (COOH),.2H20; (a )  in the plane 
of the molecule; (b) in a plane through the oxygen atom perpendicular to the plane of the molecule. Reproduced by permission from Stevens 
and Coppens ( 1  1 ) .  

electron density that accompany molecule formation are 
relatively very small. Various attempts have been made to 
make these small changes in electron density more appar- 
ent. One method is by the calculation of electron density 
difference (deformation) maps, which are obtained by sub- 
tracting from the observed total electron density the densi- 
ties of the isolated spherical atoms. Electron density 
difference maps for the water molecule in oxalic acid dihy- 
drate are shown in Fig. 8 (1 1). There is a significant elec- 
tron density in this difference map corresponding to the bond 
pairs and the lone pairs of the water molecule although the 
two lone pairs are not resolved. However, the problems that 
are sometimes associated with the interpretation of such maps 
are illustrated by the electron density difference map for tet- 
rafluoroterephthalonitrile in Fig. 9, which shows no density 
at all in the C-F bond regions (12). These problems arise 
because the subtraction of the spherical densities of isolated 
atoms, although apparently reasonable, is an arbitrary pro- 
cedure that cannot be theoretically justified. 

The Laplacian of the electron density 
It is only the total electron density that is an unambigu- 

ous experimentally determinable property of a molecule and 
so we must examine the total density and not some arbitrary 
difference or deformation density if we hope to obtain reli- 
able evidence for bond pairs and lone pairs and to better un- 
derstand the VSEPR model. Bader et al. showed that the 
Laplacian of the electron density, that is, the second differ- 
ential of the electron density in three dimensions, provides 

I 
I us with a means of looking at the total electron density in 

some detail in a useful and informative way (9). For sim- 
plicity we first consider the one-dimensional function f (x) 
shown in Fig. 10. This function decreases rapidly with in- 
creasing x and has two weak shoulders but no maxima or 
minima. The electron density in a free atom along any ra- 
dius from the nucleus decreases in a somewhat similar man- 
ner although much more rapidly. The first differential of this 
function is everywhere negative because the slope is contin- 

ually decreasing although not in a uniform manner. The 
second differential f "(x) exhibits a minimum and -f"(x) a 
maximum where the function has a larger value than the av- 
erage of its value at Ithe two neighboring points, in other 
words where f (x), > z[ f (x - dx) + f (x + dx)]. We see that 
the weak shoulder in the f (x) function is a much more ap- 
parent maximum in -f "(x). 

In an atom we have to consider the variation of p in three 
dimensions. Thus we are concerned with the Laplacian of the 
electron density 

Wherever -V2p is positive there is a local concentration of 
charge, that is, the electron density is greater than the av- 
erage density in the immediate neighborhood. Wherever 
-V2p is negative there is an analogous local depletion of 
charge. A plot of -V2p for any plane through a spherical free 
atom shows maxima and minima corresponding to the elec- 
tron shells (Fig. 11). For the argon atom there is an inner 
spike and two concentric shells in which the electron den- 
sity is locally concentrated, separated by regions of electron 
density depletion. We can think of these as regions of lo- 
cally increased and decreased electron density although they 
are not maxima and minima in the electron density. The outer 
shell corresponds to the valence shell. In the valence shell 
there is a spherical surface on which the electronic charge is 
maximally concentrated. This is called the valence shell 
charge concentration (VSCC). In general this surface per- 
sists when an atom forms part of a molecule but the sphere 
is distorted and is no longer one of uniform charge concen- 
tration. 

The Laplacian of the electron density of the water mole- 
cule (9) shows two local charge concentrations in the va- 
lence shell of oxygen corresponding to the two bonds and two 
charge concentrations corresponding to the lone pairs 
(Fig. 12). These four charge concentrations have an ap- 
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GILLESPIE 747 

FIG. 9. Tetrafluoroterephthalonitrile. (a) Structure and geomet- 
rical parameters. (b) Electron density difference (deformation) map. 
This shows bonding density in the CC and CN bonds and lone pair 
density on nitrogen but almost no bonding density in the C F  bond. 
Reproduced by permission from Dunitz et al.  (12). 

proximately tetrahedral arrangement and their properties 
(Table 1) mimic exactly the properties postulated for local- 
ized electron pairs in the VSEPR model. For example, the 
nonbonded charge concentrations are larger and occupy a 
larger area on the valence shell sphere of charge concentra- 
tion than the bonding charge concentrations. The nonbond- 
ing charge concentrations are closer to the nucleus than the 
bonding charge concentrations and the angle between the 
nonbonding charge concentrations is greater than the angle 
between the bonding charge concentrations. 

The Laplacian of the electron density of the ammonia 
molecule shows three bonding charge concentrations and one 
nonbonding charge concentration, which also have relative 
sizes and positions that correspond closely to those postu- 
lated for localized electron pairs in the VSEPR model 
(Table 1). 

In the five electron pair molecule CLF, the Laplacian of the 
electron density has five regions of charge concentration with 
a trigonal bypyramidal arrangement and exactly those prop- 
erties of size and position predicted for the localized elec- 

I F i rst  der ivat ive 

I I 
Second der ivat ive 

FIG. 10. Plot of a monotonically decreasing function f (x) and 
its first and second derivatives. The negative of the second deriv- 
ative is shown here. This hasla maximum at x, where f (x) has a 
shoulder, that is, where f (x) > z [  f (x - dx)  + (x + dr)] or where 
f (x) is locally concentrated. 

tron pair domains of the VSEPR model (Table 2 and 
Fig. 13). For example, the nonbonding charge concentra- 
tions are in the equatorial positions and the axial charge 
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FIG. 11. Relief maps of the charge density and the negative of 
its Laplacian for a plane containing the nucleus of an argon atom. 
Function values above an arbitrary maximum are not shown. 

TABLE 1. Valence shell charge concentrationsa 

H20  

Lonepairs 0.339 4.138 0.50 134.0 104.4 
Bond pairs 0.441 2.057 0.38 104.4 101.0 

NH3 
Lone pair 0.338 2.299 0.83 114.2 
Bond pairs 0.510 1.685 0.71 104.4 

"Abbreviations: r, distance from maximum of charge concentration to 
nucleus; -V2p, value at maximum of charge concentration; area, approx- 
imate area of charge concentration; 1, lone pair; b, bond pair. 

concentrations are smaller and further from the nucleus than 
the equatorial charge concentrations. 

Similar results have been obtained (13, 14) for SF,, SOF,, 
and ClF, (Table 2 and Fig. 14). 

The important and interesting result of the study of the 
Laplacian of the electron density is that although the elec- 
trons are not highly localized into pairs as postulated by the 
VSEPR model there are an equal number of local concen- 
trations of charge (VSCC's) that exhibit all the properties 
ascribed to the electron pair domains of the VSEPR model. 
Although the VSEPR model gives a highly exaggerated 

picture of the extent of localization of electron pairs in a 
molecule, there is nevertheless a very partial localization of 
electrons into pairs that gives rise to the small local concen- 
trations of charge that have exactly the properties postulated 
for the localized electron pairs of the VSEPR model. 

Valence shell charge concentrations and the Pauli 
exclusion principle 

The valence shell charge concentrations result from the 
operation of the Pauli exclusion principle or spin correlation 
but because spin correlation is opposed by the electrostatic 
repulsion between the electrons (charge correlation) it is less 
effective in producing localized pairs than is assumed in the 
VSEPR model. 

Linnett previously discussed the distribution of electrons 
in a molecule, a consequence of spin and charge correlation 
in the context of his double-quartet theory (15). According 
to Linnett we can consider the eight electrons of a neon atom 
or an oxide ion as consisting of one set of four electrons of 
a spin and another set of four of p spin. The most probable 
arrangement in each set as a consequence of both spin and 
charge correlation is at the corners-of a tetrahedron. As a 
consequence of spin correlation the two sets tend to come into 
coincidence but this tendency is opposed by charge corre- 
lation. Linnett assumes that to a first approximation there is, 
as a consequence, little or no correlation between the two 
tetrahedral sets (Fig. 15). The overall electron density of the 
neon atom or the oxide ion is then spherical. We can think 
of forming the water molecule by the addition of two pro- 
tons to an oxide ion. Each proton provides an additional at- 
tractive force tending to pull the two tetrahedral sets of 
electrons more towards coincidence, thus giving a partial 
localization of the electrons into two bonding pairs and two 
nonbonding pairs and the formation therefore of four cor- 
responding local charge concentrations with an approxi- 
mately tetrahedral arrangement (Fig. 15). The lone pair 
electrons are not as localized as the bonding pair electrons 
because they are not subject to the attraction of the protons 
and their localization depends only on spin correlation. 

Summary and future developments 

Although no complete theoretical justification of the 
VSEPR model has yet been given we now have a better un- 
derstanding of its physical basis. Electrons in molecules are 
not as localized into electron pair domains as the VSEPR 
model assumes; nevertheless, there is a partial localization 
of electrons into pairs as a consequence of spin and charge 
correlation that gives rise to small local charge concentra- 
tions that have all the properties ascribed to the localized pairs 
of the VSEPR model. It seems reasonable to assume that an 
examination of the Laplacian of the electron density in those 
molecules that appear to be exceptions to the VSEPR model 
(2) will improve our understanding of the geometry of these 
molecules and also of the VSEPR model and its limitations. 
One such limitation is the assumption that the core of the 
atom underlying the valence shell is spherical. In the case of 
the transition metals and atoms with polarizable cores this 
may not always be the case and a nonspherical shell may have 
an important influence on the geometry of a molecule (2). 
Studies of the Laplacian of the electron density in such mol- 
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FIG. 12. Relief maps of the charge density and the negative of the Laplacian for the two symmetry planes of the water molecule. Lower 
maps are for the molecular plane and the upper maps are for the perpendicular plane. There is a spike-like concentration of charge sur- 
rounding the oxygen nucleus (which is terminated at an arb~trary value) that corresponds to the inner core. The valence shell charge con- 
centration (VSCC) is not uniform but exhibits maxima and saddles in these two-dimensional relief maps. In the p e ~ n d i c u l a r  (nonbonding) 
plane the VSCC of oxygen exhibits two maxima and two saddle points in -V'p. In the plane of the molecule -V-p exhibits two maxima, 
one along each bond path to a proton. What appears to be a third maximum is another view of the two nonbonded maxima appearing in 
the upper diagram. 

TABLE 2. Valence shell charge concentrations" 

r -V2p Area 1Al lAb(eq) b(ax)Ab(eq) 
(A) (au) (A') (deg) (deg) (deg) 

CIF, 

Lone pairs 0.605 1.58 1.52 147.8 
Bond pairs(eq) 0.670 0.595 0.66 96.5 83.6 
Bondpair(ax) 0.687 0.319 0.41 83.6 

SF4 
Lone pair 0.666 0.999 1.90 129.7 
Bond pairs(eq) 0.707 0.342 0.94 129.7 84.5 
Bondpairs(ax) 0.726 0.268 0.49 84.5 

SOF4 

Bond pair(=O) 0.463 1.175 2.06 101.7 
Bond pairs(eq) 0.705 0.38 1 0.89 83.0 
Bondpairs(ax) 0.715 0.381 0.71 83.0 

Lone pair 0.600 1.900 1.35 
Bond pair(ax) 0.653 0.866 0.78 180.0 
Bond pair(ba) 0.662 0.6 19 0.64 97.2 

" r ,  distance of maximum of charge concentration from nucleus; -VZp,  value at maximum 
of charge concentration; area, approximate area of charge concentration; I ,  lone pair; b, bond 
pair. 
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F~G.  13. Relief maps of -VIP for the equatorial (upper) and axial 
(lower) planes of CIF,. The chlorine atom exhibits three shells of 
charge concentration. In the equatorial plane there are two non- 
bonded and one bonded charge concentration in the valence shell. 
In the axial plane there are three bonded charge concentrations in 
the valence shell and a fourth apparent maximum that is another 
view of the saddle between thetwo nonbonded maxima in the 
equatorial plane. Thus the VSCC of the chlorine atom possesses 
two nonbonded and three bonded concentrations of charge. 

ecules should help us to understand the effect of a non- 
spherical core on the geometry of a molecule and enable us 
to extend the VSEPR model to include such molecules. 
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FIG. 15. ( a )  In the oxide ion there are two sets of four electrons 
with the same spin. In each set the most probable arrangement is 
tetrahedral as a consequence of spin and charge correlation. There 
is little correlation between the two sets as a consequence of the 
opposing effects of spin and charge correlation. The overall charge 
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tons to the oxide ion to form the water molecule is to attract the two 
tetrahedra into partial coincidence, thus giving rise to four local 
charge concentrations, two bonding and two nonbonding. 
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Mono- and dinuclear palladium complexes containing 2-pyridylphosphine 
ligands, including X-ray characterization of Pd212(p-PPh2py)2 

and a dimethylacetylenedicarboxylate A-frame complex 
Pd2C12(p-Ppy3)2(p-Me02C - C=C . C02Me); py = 2-pyridyl 
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This paper is declicatecl to the memory of Professor Thomas Birclzall 

YUN XIE, CHUNG-LI LEE, YEPING YANG, STEVEN J .  R E ~ I G ,  and BRIAN R. JAMES. Can. J. Chcm. 70, 751 (1992). 
Dibromo- and diiodo[(2-pyridyl)phosphine]palladium(II) complexes are prepared by metathesis of cis-PdC1,(PPh3-,,py,,), 

species (n = 1-3) using the appropriate sodium halide; py = 2-pyridyl. NMR spectroscopy, particularly ' 3 ~ { 1 ~ } ,  is used 
to distinguish cis and trans isomers. The dinuclear complexes Pd2X2(k-PPh3-,,py,,),, X = halide, are synthesized via a 
conproportionation reaction using PdX,(PPh,-,,py,,), and Pd,(dba),; dba = dibenzylideneacetone. Both Pd211(k-PPh,py), 
and a dimethylacetylenedicarboxylate A-frame complex Pd,Cl2(k-Ppy3),(~-MeO?_C . C=C . C02Me) are characterized 
crystallographically as head-to-tail isomer:. 'The former crystallizes in the monoclinic space group C 2 / c  with a = 
30.992(3), b = 18.764(1), c = 13.100(1) A, P = 100.676(5)", and Z = 8; the dcta were refined to R = 0.035 for 5874 
reflections withal 2 3u(I).  The A-frame compound is triclinic of space group PI with a = 13.545(2), b = 15.064(2), 
c = 11.991(2) A, a = 1 l1.56(1), P = 95.36(1), y = 97.63(1)", and Z = 2; R = 0.033 from 7128 reflections with I ?  
3u(I) .  The Pd,X2(k-PPhpy,)2 complexes exist as a mixture of diastereomers because of chirality induced at the phos- 
phorus atoms. The Pd,X,(k-Ppy,)? complexes in water generate the [ P ~ ~ ( H ~ O ) ~ ( ~ - P P ~ ~ ) $ +  dication, which is isolated 
as various salts. The mononuclear complexes in water generate aquo and hydroxo species. 

Key words: dimethylacetylenedicarboxylate adducts, palladium complexes (dinuclear), pyridylphosphines. 
- - 

YUN XIE, CHUNG-LI LEE, YEPING YANG, STEVEN J .  R E ~ I G  et BRIAN R.  JAMES. Can. J. Chem. 70, 751 (1992). 
On a prepare les complexes dibromo- et diiodo[(2-pyridyl)phosphine]palladium(lI) par mktathkse d'especes cis- 

PdCI,(PPh,+,,py,,), (n = 1-3) en utilisant I'haIogCnure de sodium appropriC; py = 2-pyridyl. On a utilisC la RMN, 
particulikrement celle du I3C{'H), pour distinguer entre les isomeres cis et trans. On a synthCtisC les complexes dinu- 
clCaires PdzX2(k-PPh,-,,py,,),, X = halogenure, par le biais d'une rCaction de conproportionation impl~quant le 
PdX2(PPh3+,,py,,)2 et le Pd(dba),; dba = dibenzylidkne acetone. Faisant appel a la cristallographie, on a pu Ctablir que 
le PdzI,(p-PPh,py), ainsi qu'un complexe en forme de A de l'acCtyl&nedicarboxylate de dimCthyle, Pd,C12(k-Ppy,)2(k- 
Me0,C . C=C . C02Me), sont des isomeres tCte i queue. Le premier cristallise dans le groupe d'espace monoclinique 
C2/c, avec a = 30,992(3), b = 18,764(1) et c = 13,100(1) A, P = 100,676(5)" et Z = 8; on a affink les donnCes jusqu'i 
une valgur de R = 0,035 pour 5874 rCflexions avec I 2 3u(I). Le compose en forme de A est triclinique, groupe d'es- 
pace P 1, avec a = 13,545(2), b = 15,064(2) et c = 11,991(2) A, a = 11 1,56(1), P = 95,36(1) et y = 97,63(1)", Z = 
2 et R = 0,033 pour 7 128 rkflexions avec I r 3u(I). Les complexes Pd2X2(p-PPhpy,), existent sous la forme d'un melange 
de diastkrto-isomkres provoquks par la chiralitk des atomes de phosphore. Dans l'eau, les complexes Pd2X2(p-Ppy,), 
conduisent a la formation du dication [ P ~ ( H ~ O ) ~ ( ~ - P ~ ~ ~ ) ~ ] ~ +  que l'on a isole sous la forme du plusieurs sels. Dans l'eau, 
les complexes mononuclCaires fournissent des espkces aquo et hydroxo. 

Mots cle's : adduits de 1'acCtylknedicarboxylate de dimCthyle, complexes dinucleaires du palladium, pyridylphos- 
phines. 

[Traduit par la rtdaction] 

Introduction 

Our original interest in the well-known complexes of the 
type Pd2X2(dpm), (X = anionic ligand)' arose because of their 
potential use in separation of gaseous components, particu- 
larly CO and Hz, in coal-gas streams (1). This then led to the 
discovery that such complexes readily abstract sulfur from 
H2S to generate Hz and the bridged-sulfide coproduct 
Pd2X2(p-S) (dprn), (2). T o  extend such chemistry into 
aqueous media, we turned our attention to the 2-pyridyl 

'On leave from Anhui University, Hefei, The People's Republic 
of China. 

' ~ u t h o r  to whom correspondence may be addressed. 
3~bbreviations used: dpm = bis(dipheny1phosphino)methane; py 

= 2-pyridyl; dpmMe(monomethylated dpm) = I ,  l-bis(diphen- 
y1phosphino)ethane; the PPh,+,py, (n = 1-3) ligands and dpmMe 
in the dinuclear Pd2(I) species are always bridging, but for con- 
venience the p symbol is omitted; DMAD = dimethylacetylene- 
dicarboxylate; dba = dibenzylideneacetone. 

substituted phosphines PPh,-,,py,,, whose solubility in water 
increases as n increases from 0 (insoluble) to 3 (3). The use 
of such phosphines has also rekindled a long-standing inter- 
est of this group in metal-complex catalyzed hydration of 
olefins (4), a topic that is of current interest and one in which 
both platinum and palladium-phosphine complexes show 
promise (5-7). To these ends, we are developing further the 
chemistry of, and catalysis by, complexes containing 2-pyr- 
idyl(phosphine) ligands, a subject that in itself is accruing 
considerable recent literature (8-13), following its instiga- 
tion in the early 1970s within a PPh,py system (14); this 
mono-pyridyl ligand was used extensively by Balch and co- 
workers (15-17), the studies including a communication on 
PdClz(PPh2py), and Pd,Cl,(PPh,py), (17). Newkome et al .  
(18) reported on cis and trans-PdCl,(PPhpy,),. These Pd 
complexes are, to our knowledge, the only ones reported 
within the complete series of PdX,(PPh,+,,py,), and Pd,- 
X2(PPh,-,,py,), complexes (X = halide). 

This present paper reports on all nine mononuclear and all 
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TABLE 1. Characterization of mono- and dinuclear Pd-pyridylphosphine complexes 

3 1 ~ { 1 ~ } ,  6" 
'lndr nm 

Complex %C (calcd.) %H (calcd.) %N (calcd.) ( E  x lo-' M-' cm-')" cis trotzs 

PdX12(Ppy,)z 
Pd2Br2(Ppy3), 
Pd.?12(P~~3)2 
PdzCl2(PPhpyz), 
Pd2Br2(PPhpy2), 
P ~ ~ I ~ ( P P ~ P Y , ) ~  
Pd2C12(PPhzpy)z 
Pd2Br2(PPhzpy)z 
Pd212(PPh2py)z 
DMAD adducts 

335(12.0), 460(8.43) 
348(11.6), 475(10.3) 
376(9.70), 525(11.7) 
333(10.8), 462(9.47) 
345(15.0), 476(9.90) 
376(15.3), 530(13.7) 
332(7.57), 466(2.87) 
348(13.7), 483(7.92) 
379(13.4), 540(10.8) 

'H. &(Me)/ 

[~dz(HzO)z(~py3)21'+2~-~ 
1Oa A = BF, 37.37 (37.81) 2.90 (2.96) 8.47 (8.82) -21.8 (- 19.4)" 
106 A = P F 6  
1Oc A = BPh, 

"In CH2C1, at -20°C. 
"11 singlets. Data measured at -20°C unless otherwise stated: in  CDzClz at -70°C for la-lc, 26, Zc, 3b, 3c; in CD,CI, for Za, 3a, 4a-4c, 6c; in 

CDCI, for 5a-5c, 6a, 7-9; in CD,CN for 100, lob; in acetone-d, for 10c. 
'Characterized by Newkome er al. ( IS ) ,  including an X-ray structure of the cis isomer. 
"Reported by Maisonnat er al. (17), but with no detail. 
'% CI 16.00; calcd. 15.80. 
'All singlets; in CDCI, at -20°C. 
"R (Nujol), v(HZO) 1627 cm-I. A(MeCN, ohm-' mol-' cm'): 270 (loo), 255 (lob), 190 (10c). UV/vis: in HzO 409 nm (E = 9.3 X lo3 M-' cm-I); 

in MeCN 420 nm (E = 6.1 X 10, M-' cm-I). 
*In H,O at -20°C. 

nine dinuclear complexes; cis and trans formulations within 
the mononuclear species are assigned, and a head-to-tail (HT) 
geometry (implying the two phosphorus atoms are bound 
to different metals) demonstrated crystallographically for 
Pd2I2(PPh2py),, and for the A-frame complex Pd2C12(Ppy3),- 
(p-DMAD). The anticipated chirality at the coordinated 
phosphorus of a bridging PPhpy, ligand is observed; and fi- 
nally the solvolysis of two Ppy, complexes in water is stud- 
ied. 

Experimental section 
The compounds PdCI,(PhCN), (19), Pd2(dba), . CHCI, (20), 

PPh2py (21), and Ppy, (22) were repared by the literature proce- P dures. 31P{'H} (121.4 MHz) and 'c{'H} (75.4 MHz) NMR spec- 
tra were recorded on a Varian XL-300 instrument. "P{'H} NMR 
shifts are given relative to the external 85% HIPOJ, downfield being 
positive; "c{'H) NMR shifts are relative to external TMS. In- 
frared spectra were recorded as Nujol mulls on a Nicolet 5DX FT 
spectrophotometer. Visible absorption spectra were recorded on a 
Perkin-Elmer 552A spectrophotometer. Conductivity measure- 
ments were recorded in aqueous or MeCN solution at lo-' M 

complex concentration in a cell (Fisher Sci. Co.) connected to a 
Beckman Serfass conductance bridge. pH titrations were carried 
out at 2S°C in aqueous media under N, using a Coming 12 pH-meter 
and a combination electrode. 

The PPhpy, Iigand was prepared by a procedure similar to that 
reported for Ppy, (22). "BuLi (50 mL, 1.6 M in hexane) was 
transferred to 50 mL of EtzO at - 10O0C, under N,. 2-Bromopyr- 
idine (80 mmol) was added and the mixture stirred vigorously at 
- 100°C until the colour turned to deep red (-4 h). Liquid PPhC12 
(40 mmol in 10 mL Et20) was then added dropwise via a syringe 
with stirring of the reaction solution; this generates a light brown 
slurry, which is then stirred at -90°C for 2 h. The mixture was then 
extracted at room temperature with degassed H2S0, (2 M, 2 x 
100 mL), and the aqueous layer collected and made alkaline by 
adding (with stirring) saturated NaOH solution. The deposited 
yellow crystals were washed with H20,  and with acetone/HzO 
(1 : I), recrystallized from acetone/petroleum ether (1 : 1), and dried 
in vacuo. Yield 60%; mp 96.7-98.3"C. "P{'H} NMR (CDCI,, 
20°C) 6: - 1.98. Anal. calcd. for C16HllNIP: C 72.7 1, H 4.96, N 
10.60; found: C 72.90, H 4.99, N 10.43. (Despite reported use of 
PPhpy,, we were unable to find details of its synthesis and char- 
acterization; see, for example, ref. 13 .) 
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The various Pd complexes (see Table 1) were synthesized rou- 
tinely under an N, atmosphere, but this is probably not essential. 
Elemental analyses of the complexes (Table 1) were satisfactory 
except for the C analyses of 2b,2c, and 5c, which were low by 1 .O- 
1.5% and could not be improved. The samples were "puren as 

judged by 3 1 ~ { ' ~ )  NMR data; impurities could be the respective 
sodium halides or occluded solvent; both structures determined 
reveal solvate molecules (vide infra). 

PdX2(PPh,-,py,), cornplexes ( la- lc;  2a-2c; 3a-3c) 
The chloro species l a ,  2a, and 3a were prepared by dissolving 

PdCl,(PhCN), (300 mg, 0.78 mmol) in CHzClz (20 mL), and add- 
ing to this reddish-brown solution 2 equivalents of the pyridyl- 
phosphine dissolved in a minimum amount of CH2C12 (-7 mL). 
After the solution was stirred at room temperature for 30 min, a 
yellow solid slowly precipitated; addition of EtZO (40 mL) com- 
pleted the precipitation. The complexes were purified by dissolu- 
tion/reprecipitation twice from CH2Cl2/Et20, and dried in vacuo; 
yields -95%. The syntheses follow that given for 3a in the liter- 
ature, but with no details (17). The bromo ( lb ,  20, 30)  and iodo 
analogues ( lc ,  2c, 3c)  were prepared from l a ,  2a and 3a,  respec- 
t~vely, by addition of 10 equivalents of the appropriate sodium 
halide dissolved in a minimum amount of water to the chloro 
complex (-0.3 mmol) dissolved in CH2C1, (150 mL); MeOH 
(5 mL) was introduced to homogenize the mixture, which was 
stirred for 2 h at room temperature. The solution colour changed 
from yellow to orange (bromo species) or brown (iodo species), and 
crystals of the product formed on reducing the solution volume to 
-20 mL; the complexes were collected, washed with H,O 
(100 mL) and then M ~ O H  (100 mL), and dried in vacuo; yields 85- 
95%. 

Pd2X2(PPh3-,py,)z complexes (4a-4c; 5a-5c; 6a-6c) 
To a suspension of PdX,(PPh3-,,py,,)2 complex (0.42 mmol) in 

CH2Cl, (20 mL) was added slowly Pd2(dba),.CHC13 (0.22 g, 
0.21 mmol) dissolved in CH2C1, (20 mL), and the mixture stirred 
at room temperature for - 1 h until a clear solution resulted. The 
volume was then reduced to 10 mL and Et,O (10 rnL) added to yield 
the desired product; the collected solid was precipitated twice from 
CHzC12 (15 mL) using Et,O (10 mL), and vacuum-dried; yields 2 

80%. 

Pd2Clz(PPh3-,py,),(k-Me02C. C=C. C02Me); n = 3(7), 2 (8). 
and l ( 9 )  

Excess DMAD (0.41 g, 2.8 mmol) was added to a CH,Cl, so- 
lution (50 mL) containing 4a (0.20 g, 0.25 mmol), and the mix- 
ture stirred for 1 h at room temperature. The resulting solution was 
reduced to 30 mL by Rotavap, and EtzO added (50 mL) to precip- 
itate complex 7 in quantitative yield. 8 and 9 were made similarly 
from 5a and 6a ,  respectively. 

2A-; A = BF4 (IOa), PF, ( lob) ,  BPh4 
( 1 0 ~ )  

Complex 4a (15 mg, 19 kmol) was dissolved in H,O (100 mL) 
to form a green solution (- 1 h), and 5 equivalents of the appro- 
priate salt solution (5 mL) added with stirring (NaBF, or KPF6 in 
H20;  NaBPh, in MeOH). The green solid that precipitated over- 
night was collected, redissolved in MeCN and reprecipitated by 
addition of Et,O, and dried in vacuo; yields 80-90%. 

Crystallographic characterization of 6c a s  Pd212(PPh2py)2 
.1/2(acetone), and  7 a s  Pd2Cl2(Ppy3),(p-DMAD) . 2CH2C12 

Crystals were prepared by placing test tubes containing 10 mL 
of a saturated solution of the complex (6c in acetone, 7 in CH2C1,) 
in a closed vessel (300 mL) containing 100 mL Et,O; purple crys- 
tals of 6c  .0 .5  C3H60 and yellow crystals of 7.2CH2C1, were 
formed over 2 days. 

Crystallographic data for both compounds are given in Table 2. 
Final unit-cell parameters were obtained by least squares on 2 sin 
0/A values for 25 reflections (with 20 = 40-60' for 6c and 34-46" 
for 7). The intensities of three check reflections, measured each hour 
of X-ray exposure time throughout the data collections, showed 

small random fluctuations. The data were processed, with absoru- 
tion corrections being applied using the Gaussian integration method 
(23, 24),. 

In each structural determination there was a choice between 
centrosymmetric and noncentrosymmetric space groups, the for- 
mer being suggested by both the E-statistics and the Patterson 
functions. Both structures were solved by conventional heavy-atom 
methods, the coordinates of Pd, P, and metal-coordinated halogen 
atoms being determined from the Patterson functions and those of 
the remaining non-hydrogen atoms from subsequent difference 
maps. 

In both structures there is disordering of solvent molecules. In 
6c, an acetone solvate (0(1), C(35-37)) is disordered 1 : 1 about 
the twofold axis (1/2, y, 1/4). One methyl carbon, C(35), was 
constrained to be on the twofold axis even though it is obvious from 
the resulting geometry th!t this atom must be displaced from the 
twofold axis by about 0.4 A. Unfortunately, attempts to refine C(35) 
in a more realistic position resulted in a singular matrix. The in- 
correct model employed does account for the electron density in the 
region and, in view of the relatively minor importance of the sol- 
vent molecule, no attempts at more sophisticated treatment were 
made. In 7 ,  one of the two independent CH,C12 molecules (Cl(5- 
7), C(38)) was disordered in a way such that the two C1 atoms were 
unequally distributed over three sites. The site occupancies were 
initially estimated from the relative peak heights on a Fourier map 
and were subsequently adjusted to result in nearly equal thermal 
parameters for the three positions. The thermal parameters and 
occupancy factors could not be simultaneously refined due to high 
correlations. The thermal parameters of the carbon atom C(38) are 
indicative of at least twofold disorder of this atom as well, but again 
no attempt was made to resolve this disorder. 

In the final stages of full-matrix least-squares refinement all 
non-hydrogen atoms were refined with anisotropic thermal pa- 
rameters, and hydrogen atoms (except those associated with the 
disordered solvent molecules) were included as fixed atoms in 
calculated positions (methyl H positions based on observed posi- 
tions, c(sp3)-H = 0.98 A, c(sp2)-H = 0.97 A, U, a U ,,,,, ). 
Neutral atom scattering factors and anomalous scattering correc- 
tions (Pd, I,  C1, P) were taken from ref. 24. Final positional and 
equivalent isotropic thermal parameters (U ,, = 1 /3 trace diago- 
nalized U) are given in Table 3. Selected bond lengths, bond an- 
gles, and intra-annular torsion angles appear in Table 4.  Anisotropic 
thermal parameters, calculated hydrogen parameters, complete 
listings of bond lengths, bond angles, torsion angles, and mea- 
sured and calculated structure factor amplitudes have been depos- 
ited (Tables S I - S ~ ) . ~  

Results and discussion 

The PdX2(PPh3-npyn)2 cornplexes 
The four-coordinate, mononuclear complexes all contain 

monodentate pyridylphosphine ligands bound via the phos- 
phorus and were synthesized from PdC12(PhCN), using a 
method published in outline only for 3a, PdC12(PPh2py), (17). 

?he computer programs used include locally written programs 
for data processing and locally modified versions of the follow- 
ing: ORFLS, full-matrix least-squares, and ORFFE, function and 
errors, by W. R. Busing, K. 0 .  Martin and H. A. Levy; FORDAP, 
Patterson and Fourier syntheses, by A. Zalkin; ORTEP 11, illus- 
trations, by C.  K. Johnson. 

 his supplementary material may be purchased from: The De- 
pository of Unpublished Data, Document Delivery, CISTI, Na- 
tional Research Council Canada, Ottawa, Canada K I A  0S2. 

Tables of bond lengths and angles and hydrogen atom parame- 
ters have also been deposited with the Cambridge Crystallo- 
graphic Data Centre and can be obtained on request from The 
Director, Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, Lensfield Road, Cambridge CB2 lEW, U.K. 
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TABLE 2. Crystallographic data" for 6c .  0.5 C3H60 and 7. 2 CHzClz 

Compound PdZ12(PPh2py), .0.5 C3H60 Pd,Cl2(Ppy3),(~-DMAD) . 2  CH2C12 

Formula 
fw 
Crystal system 
Space group 
a ,  4 
b ,  4 
c,  A 
ciO 

Po 
YO 

v, A3 
z 
Pcalcd, g/cm3 
F (000) 
p(Mo-K,), cm-I 
Crystal size, mm 
Transmission factors 
Scan type 
Scan range, deg in w 
Scan speed, deg/min 
Data collected 
28,,,, deg 
Crystal decay 
Unique reflections 
Reflections with I 2  3u(I) 
No. of variables 
R 
R ," 
gof 
Mean A/u (final cycle) 
Max A/u (final cyc l~ )  
Residual density e / ~ ~  

Monoclinic 
C2/c 
30.992(3) 
18.764(1) 
13.100(1) 
90 
100.676(5) 
90 
7486(1) 
8 
1.814 
3920 
26.93 
0.26 X 0.26 X 0.58 
0.438-0.562 
0-28 
0.80 + 0.35 tan 8 
1.68-10.06 
*h ,  + k ,  +I 
5 5 
Negligible 
808 1 
5874 
41 1 
0.035 
0.049 
1.956 
0.04 
0.27 
-2.85 to + 1.12, 

both near I(2) 

C36H30C12N604P2Pd2. 2 CH2C12 
1126.2 
Trjclinic 
P I "  
13.545(2) 
15.064(2) 
11.991(2) 
11 1.56(1) 
95.36(1) 
97.63(1) 

1.679 
1120 
12.75 
0.18 X 0.22 X 0.47 
0.747-0.822 
W-28 
0.65 + 0.35 tan 8 
1.18-10.06 
th, -k, 21 
55 
Negligible 
10217 
7128 
532 
0.033 
0.039 
1.843 
0.05 
0.31 
- 1.92 to +0.855, 

both near 
disordered CH2C12 

"Temperature 294 K,  Emd-Nonius CAD4-F diffractometer, Mo-K, radiation ( M , ,  = 0.70930, M , ,  = 0.71359 
A), graphite monochromator, takeoff angle 2.7", aperture (2 .0  + tan 0) X 4.0 mm at a distance of 173 mm from 
the crystal, scan range extended by 25% on both sides for background measurement, ~ ' ( 1 )  = C + 28 + [p(C - 
B)]' (C = scan count, B = normalized background count, p = 0.04 for 6c .0 .5  C,H,O, 0.035 for 7 . 2  CH2C12), 
function minimized Cw(lF, - IF,I)' where bv = 4F02/u'(Fo2), R = CIIFoI - (F,II/CIF,I, R ,  = (Cw(lFoI - IF,I)2/ 
CwlFOI2)'/', and gof = (C(IF0I - I ~ , l ) ~ / ( r n  - n))'12. Values given for R ,  R,,., and gof are based on those reflections 
with I 2  3u(I). 

bReduced cell, Donnay convention. 

The cis and trans forms of the PdCl,(PPhpp), complex (2a)  
were synthesized previously from PdCl, -, and an X-ray 
structure given for the cis isomer (18); the 3 ' ~ { 1 ~ )  NMR 
signal is a singlet for either the cis or trans isomer, and using 
the structural data Newkome et al. (18) were able to assign 
the lower field signal to the cis isomer (Table 1). We have 
used 1 3 ~ { 1 ~ )  to distinguish the geometric isomers; in the trans 
complex, is usually large (-400 Hz) compared to a value 
of <50 Hz in the cis complex, and hence the C atoms ad- 
jacent to a phosphorus appear as a virtual 1 : 2:  1 triplet (as 
opposed to a doublet in a cis isomer) (25, 26). Table 5 lists 
the I 3 c { l ~ )  data for selected complexes, which show that 
l a  is cis, while the iodo species 2c and 3c are trans. The 
31 P{'H) data for l a  (Table 1) fit well a tentatively suggested 
correlation (18) of a gradual downfield shift with sequen- 
tial replacement of Ph by py in the complexes cis- 
PdCl2(PPh3-,,py,,), as n varies from 0 to 3. The same trend 
holds for the series of cis-dibromo complexes 3b-2b-16; the 
opposite trend holds for the diiodo species 3c-2c-lc, which, 

however, have trans geometry; the data given for trans-2a 
and trans-3a follow the same trend as for the trans-diiodo 
complexes (Table 1). 

The 3 ' ~ { ' ~ )  NMR data (Table 1) refer to the dissolved, 
isolated complexes, but the syntheses of the trans-diiodo 
species by metathesis reactions from the predominantly cis- 
dichloro precursors probably involve an isomerization pro- 
cess. The trans geometry is normally preferred in nonpolar 
solvents, while a r-interaction between pyridyl groups on 
adjacent phosphine ligands (noted in the structure of cis- 
PdClz(PPhpy2),) has been suggested as a possible reason for 
preferred cis geometry (1 8). 

It is worth noting also that, for any given yridyl phos- 
phine ligand within a cis or trans triad, the 'b('H) singlet 
shifts to higher field as C1 is replaced successively by Br and 
then I, consistent with increasing basicity of the halogeno 
ligand. The UV/vis absorption maximum of the complexes 
occurs as a charge transfer band at 337-340 nm for the three 
dichloro species, at 362-363 nm for the dibromo species, and 
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XIE ET AL. 755 

TABLE 3. Final positional (fractional X lo4; I ,  Pd, F,, Cl(l-2) x 
10" and isotropic thermal parameters (U  x 10' A-) with esti- 

mated standard deviations in parentheses Atom 

- - 

"U,, = 1/3 trace U(diag), superscripts 1-4 refer to occupancy factors 
of 0.5, 0.943, 0.825, and 0.232 respectively. 

at 421-428 nm for the diiodo species, without consider- 
ation of the presence of cis and (or) trans forms (Table 1); 
the trend is indicative of a halogen + metal charge transfer, 
being of lowest energy for the diiodo complexes. 

Attempts to find v(Pd-X) and v(Pd-P) stretches in the 
IR, widely used to distinguish cis and trans isomers within 
PdX2(PR,), complexes (26, 27), were unsuccessful because 
of strong absorption by the pyridyl phosphine ligands. 

cl(7)' 3557(14) 2340(11) 8994(15) 196 The Pd2X2(PPh,+,py,)2 complexes 
p( 1) 36743( 7) 24275( 7) 46205( 9) 30 The phosphorus atoms within the dinuclear Pd(1) corn- 
P(2) 
O(1) 

6, 21429( 6, 39597( 27 plexes are equivalent whether a head-to-tail (HT) geometry 1336( 3) 2390( 2) 7654( 3) 55 
exists or an HH arrangement (with the two phosporus atoms 
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TABLE 4. Selected bond lengths (A), bond angles ("), and intra-annular torsion angles ("), with es- 
timated standard deviations in parentheses 

Pd,Il(PPh2py)2 .0.5 C3H60 
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TABLE 5.  "c{'H} NMR data for the PPh3-,,py,, ligands, and trans-PdI,(PPh,py), (3c), trans-PdI,(PPhpy,)z (2c), and cis-PdC1,(Ppy3), ( In ) "  

Compound c (  1) 

PPh,py 136.2(d, 11.6) 
PPhpyz 

Ir 

P P Y ~  - 

3c - 

2c - 

la - 

"In CDCI, at -20°C for the ligands; in CDzClz at -20°C for the complexes; s = singlet, d = doublet, t = triplet, br = broad; coupling constant given 
in parentheses is the l'Jlr + "zJ,,I value in Hz, wherex = 1-3; labelling of C atoms is depicted below. 

"Signal is not detected due to the lack of proton NOE effect. 
'Very low intensity. 

on the same metal). The crystal structure of Pd,I,(PPh,py),, ically stable) isomer gives a 3 1 ~ { 1 ~ )  signal at 6 -5.7, some 
6c, reveals the HT arrangement (Fig. l ) ,  and thus the sin- 15 ppm to higher field than the HH isomer (15). The more 
glet in the 3 1 ~ { 1 ~ )  NMR spectrum (Table 1) is assigned to this labile nature of the Pd-P bond probably allows the ther- 
isomer. Balch and co-workers had assumed that the corre- modynamically more stable HT form to predominate. 
sponding dichloro complex 6a had the HT configuration (17), Within the nine dinuclear complexes, the 3 '~{ 'H}  signals 
based on this geometry being found for other structurally at room temperature are broader for the bis(pyridy1)phosphine 
characterized homo- or hetero-dinuclear analogues, al- species 5a-5c, and this is attributed to the presence of a 
though HH arrangements were later shown to exist (15, 16, mixture of diastereomers because of chirality induced at the 
28). The 3 1 ~ { ' ~ )  data listed in Table 1 suggest strongly that P atoms via bridging coordination of one of the two pyridyl 
all the Pd2X2(PPh3-,,py,,)2 isolated have the HT configura- groups (see structures, following page). 
tion; there are regular trends in the small chemical shift The P nuclei in 5a (R, R )  and 5a (S, S )  are all equivalent 
changes on (a)  changing halogen within any one pyridyl- and should give a singlet in the 3 ' ~ { 1 ~ )  NMR spectrum; the 
phosphine triad, and (b) changing the pyridylphosphine P nuclei within 5a  (S, R) ,  related by an inversion centre lo- 
within a fixed halogen triad. The trends are in the same di- cated at the centre of the Pd-Pd bond, are enantiotopic and 
rections observed within the mononuclear complexes. For should also give rise to a singlet. At -20 to -85"C, two sharp 
the platinum analogue Pt212(PPh,py),, which has been iso- singlets are observed at 6 2.0 and 6.0 in about a 2 :  1 inten- 
lated in both HT and HH forms, the former (thermodynam- sity ratio; the room temperature singlet is an averaged sig- 
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FIG. 1 . Stereoview of Pdz12(PPhzpy)z, 6c,  showing 33% probability thermal ellipsoids. 

nal, the inversion at P presumably taking place via 
dissociation of a pyridyl moiety at a Pd centre, rotation about 
the Pd-P bond at the other Pd, and recoordination of the 
second pyridyl moiety. Direct inversion at a P centre is not 
feasible (29). The 3 ' ~ { ' ~ }  room temperature singlet for 5c, 
the iodo analogue, separates into two broad singlets at -20°C 
(6 + 0.9, -0.2), but the downfield signal then coalesces at 
-40°C before reappearing at -60°C as an AB quartet centred 
at the original 0.9 ppm position (these reversible NMR 

spectral changes are unaffected by addition of NaI in ace- 
tone solution, showing that ionic equilibria via loss of io- 
dide are not involved); the inequivalence of the two, now 
diastereotopic, P atoms of one of the diastereomers (proba- 
bly the S, R isomer, judging by signal intensities) could re- 
sult from a nonplanar ,structure evident at the lower 
temperatures (vide infra, structure of 6c); the Jpp coupling 
(-20 Hz) is characteristic of diagonally positioned P atoms 
in an HT arrangement ( 15). 

Although there are several structures reported with con- 
necting PPh,py ligands between two metals in an HT ar- 
rangement ( 1 1, 15, 2 1, 30) ,6 to our knowledge there are none 
(including the metal-metal bond) containing two four-co- 
ordinate metal centres, as in Pd,I,(PPh,py),, 6c (Fig. 1). The 
structure of 6c, which crystallizes with one disordered ace- 
tone solvate molecule per two molecules of complex, re- 
veals many distortions, however, from square-planar 
geometry at the Pd(1) atoms, while there are no unusual in- 
termolecular contacts. The I-Pd-Pd angles at the metal 
centres are 8-1 1" from linearity, with the iodine atoms ci- 
soid with respect to the Pd-Pd bond. The angles between 
the Pd-ligand bonds vary from 77.5 to 98.5", but the coor- 
dination at the Pd centres is nonplanar (Table 6), and the di- 
hedral angle between the normals to the two mean planes is 

%he ~ e , ~ l , ( ~ ~ h , ~ ~ ) , 2 +  species has at each Re a trans-N and 
trans-P arrangement for the four bridged PPh,py ligands (12). 

41.3". The phenyl rings are planar within experimental er- 
ror, but the pyridyl rings are significantly nonplanar with 
maximum deviations from the mean planes being 0.015(5) 
and 0.023(7) A, respectively, for the N(l)  and N(2) rings. 
The torsion angles (Table 4) show that the five-membered 
rings are very nonplanar, but the relative orientation of the 
two bridging ligands still leaves a pans arrangement of P and 
N at each metal. This is found also in PdCl(PPh,py),- 
RhCl(CO), which is four-coordinate at the Pd and six-co- 
ordinate at the Rh (15), but in PdCl(PPh,py),RuCl(CO),, also 
a four- and six-coordinate system (21), and in PdC1- 
(PPh2py)2(p-CO)M~C1(CO), (1 1) the bridging HT pyridyl- 
phosphines are trans at the Pd and cis at the other metal. 
Within 6c and the Pd-Rh complex, the metal-metal bond 
lengths are 2.597 A (a single bond) and 2.594 A, respec- 
tively, yhile those of the Pd-Ru (2.660 A) and Pd-MO 
(2.817 A) are longer; the accommodation of longer metal- 
metal bonds by connecting PPh,py ligands has been dis- 
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TABLE 6. Deviations (A, A) from mean planes of the ligand 
atoms at palladium centres for Pd,I,(PPh,py),, 6c,  and 
PdzClz(Ppy,),(pDMAD), 7 ,  and at the (=C-C(0)OMe) 

fragments of 7" 

Atom Deviation Atom Deviation 

Pd( 1) -0.0388(3) Pd(2) -0.0136(3) 
C1( 1) <0.001(1) Cl(2) -0.002(1) 
P(2) <0.001(1) P(l) O.OOl(1) 
N(1) <0.001(4) N(2) 0.015(3) 
C(1) <0.001(4) C(2) -0.022(4) 

0 (1 ) ,  0 (2 ) ,  C(1), C(3); X' = 67.7; max. A = 0.028(4) 5 
0(3) ,  0(4) ,  C(2), C(4); X' = 7.8; max. A = 0.010(4) A 

"x' = X(A/o(A))'. 

cussed by Balch's group, the key factor being freedom of 
rotation about the P-C(py) bond (30). The Pd-Pd bond 
length in 6c is sufficiently short so that the two PPh,py li- 
gands can remain trans to ~ a c h  other. The Pd-P (av. 
2.212 A) and Pd-N (2.112 A) distances are close to those 
reported for the Pd-Rh, Pd-Ru, and Pd-Mo complexes. 
The Pd-P distances are significantly shorter than those of 
2.29 A found in the P-P connecting ligand systems 
Pd,Br,(dpm), (31) and Pd,Cl,(dpmMe), (32); a similar 
shortening of the Rh-P bond in the A-frame, HT complex 
Rh,Cl,(PPh,py),(p.-CO) compared to dpm-bridged rhodium 
A-frame complexes has been rationalized in terms of the 
relative trans effects, P 2 N (30). The Pd-I bond lengths 
in 6c (2.696 and 2.695 A) are unusually long for terminal 
Pd-I bonds, but are essentially the same as found in the 
unbridged complex [PdI(MeNC),],, which contains a linear 
I-Pd;Pd-I unit with a metal-metal bond length of 
2.533 A (33), and again the elongation is attributed to the 
trans effect of the Pd-Pd bond. 

The insertion products from 
dimethylacetylenedicarboxylate (DMAD), 
Pd2Cl2(PPh3-,py, )2(p.-Me02CC=CC02Me); 
n = 3(7), 2(8), and 1(9) 

Studies from Balch's group have established that the 
molecules CO, SO,, or MeNC do not insert into the Pd-Pd 
bond of Pd,Cl,(PPh,py),, 6a, although CO or MeNC re- 
acted to give unbridged Pd-Pd products containing these 
reagents as terminal ligands (17). This behaviour contrasts 
with that of Pd,Cl,(dpm),, which gives the familiar A-frame 
products (17, 34), and was attributed to the limited flexibil- 
ity of the PPh,py ligand and the relative lability of the pyr- 
idyl nitrogen (17). 

We find that 6a (and 4a and 5a)  does react readily with 
DMAD to give the "expected" insertion product (Table l), 
a dimetallated olefin, exactly analogous to the Pd,Cl,(dpm), 
system ( 3 3 ,  and we have determined the structure of the 
product 7 from Pd2C1,(Ppy3),, 4a. The coordination at each 
Pd (Fig. 2) approximates to square planar with the trans P 

and N geometry, a terminal chloride, and a carbon of the 
bridging olefin; the geometry of the inserted ligand approx- 
imates that of a dimetallated olefin, originally determined 
crystallographically for a hexafluoro-2-butyne adduct, 
however, and not an isolated DMAD adduct from the dpm 
system (35). Other closely related, crystallographically 
characterized, bridging DMAD adducts include complexes 
such as Rh,C1,(p.-CO)(p.-DMAD)(dpm)2 (36) and Ir2Clr- 
(Co),(p.-DMAD)(dpm>, (37). 

A molecule of 7 crystallizes with two solvate molecules 
of CH,Cl,, one of which is disordered. There are some pos- 
sible interactions between nonbonded atoms (Table 7), but 
these are weak and not significant in determining the basic 
molecular geometry just outlined. A projection of the nearly 
planar Pd,C,Cl, portion of the molecule is shown in Fig. 3. 
Comparison with a corresponding figure for the structure of 
P ~ , C ~ , ( ~ ~ I ~ ) ~ ( ~ . - F , C C = C C F , )  (35) reveals similarities for 
the coordinated olefinic moieties except for a remarkable 
difference in the Pd. . .Pd separation (2.9 10 A for 7 and 
3.492 A for the 2-butyne adduct), while the Cl-Pd-C an- 
gles are also - 10" smaller in the dpm system; the differ- 
ences are "compensated for" by a closing up of each of the 
Pd-c-C bond angles by - lo", and an increase to 45.2" 
of the dihedral angle between normals to mean planes com- 
prising C1(1), P(2), N( l),  C(l) ,  Pd(1) (essentially planar), 
and C1(2), P( l) ,  N(2), C(2), Pd(2) (somewhat nonplanar) 
(Table 6). 

As mentioned above, the PPh,py ligand is considered of 
insufficient bite to accommodate the longer metal-metal 
bonds while maintaining trans disposed PPh,py ligands at 
the two metal sites. Nevertheless in 7, a 2.910 A metal sep- 
aration is maintained without recourse to a change to cis 
orientation of the Ppy, ligands at one metal site. It is un- 
likely that Ppy, is more flexible than PPh,py, and thus ex- 
amples of dinuclear HT species, in which the latter ligand 
accommodates longer metal-metal bonds while remaining 
trans disposed at both metals, will probably be found. Fig- 
ure 4 shows how the larger bite of Ppy, is accomplished by 
an opening up of each of the angles of the chelate ring, par- 
ticularly at the nitrogen atom ( P H - C  is 116.6" in 6c and 
125.9" in 7). As in 6c, the pyridyl rings containing the co- 
ordinating nitrogen atoms in 7 are nonplanar, but somewhat 
less so, the maximum deviations from the mean planes being 
0.01 l(4) and 0.009(4) A, respectively, for the N(l) and N(2) 
rings; of the other four pyridyl rings, three are planar but, 
surprisingly, that with N(4) shows the greatest deviation from 
planarity (0.017(5) A). The (0(3), 0(4),  C(2), C(4)) frag- 
ment at Pd(2) is planar while the corresponding fragment at 
Pd(1) is distinctly nonplanar (Table 6), reflecting further the 
completely unsymmetrical nature of 7; the dihedral angle 
(between normals to the mean planes) is 59.0" and the 
twisting most likely occurs in order to minimize unfavour- 
able nonbonded contacts with the pyridyl groups (e.g., Table 
7, C(6)-H(6b). . .N(3)). The geometry of the dimetal- 
lated olefin moiety resembles closely that found in 
Ir2C12(CO),(p.-DMAD)(dpm),, where again the ester groups 
are twisted with respect to each other (37). In this Ir, com- 
plex, however, there is a shorter metal-metal distance of 
2.779 A (corresponding to a single bond), somewhat longer 
metal-carbon bonds (2.052, 2.133 A), and a decrease in one 
of the two Ir-C-C bond angles (107.0, 1 12.3"), cf. Fig. 
3. In 7, the Ir, species, and related Rh, species (36, 38), 
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FIG. 2. Stereoview of Pd2C12(Ppy3)2(pDMAD), 7,  showing 33% probability thermal ellipsoids. 

TABLE 7. Possible weak interactions between nonbonded atoms in Pd?Cl?(Ppy,),(p 
DMAD) . 2CH2C1T 

- 

D-H. . .A . . A (A) D. . A (A) D-H. . .A (") 

"All the interactions are intermolecular, except the entry beginning C(13); C1(5), C(37), 
and H(37a) refer to the CH'CI, molecules. Superscripts refer to symmetry operations: ' -x, 
- y, I - z; ' -x, - Y , - z ; ' x , Y , z ; " - X , I  - y , 2 - z ; 5 1  - . r , ~  - y , ~  - z .  

FIG. 3. Projection of the nearly planar Pd,C,Cl, portion of 7 (not 
drawn to scale). 

containing a bridging DMAD there is a slight twisting of the 
"parallel" acetylene group with respect to the metal-metal 
axis, which probably minimizes contacts with the pyridyl/ 
phenyl rings. 

Finally, the Pd-N bond lengths in 7 are within -0.02 A 
of those in 6c and the other PPh2py systems mentioned above, 
Pd-Mo (1 l),  Pd-Rh (15), and Pd-Ru (21), but the Pd-P 
bond in 7 is the longest observed (by up to 0.05 A), perhaps 
reflecting a somewhat more electronegative effect for the 
pyridyl (vs. phenyl) substituent. 

There is clearly sufficient flexibility of 7 in solution to 
result in a structure with equivalent P atoms, the 3 1 ~ { ' ~ }  

I\ /I 
C-C 

FIG. 4. Diagram showing geometry within one of the 7-men- 
bered chelate rings of 7 (not drawn to scale). 

signal at -20°C appearing as a singlet. Complex 9, the 
PPh,py analogue, similarly gives a singlet 3 1 ~ { ' ~ }  signal, 
while the chiral PPhpy, system 8 gives rise to four singlets 
(cf. 5a); more detailed studies are required to unravel the 
NMR behaviour. 

Whether the Ppy, ligand is sufficiently flexible to stabi- 
lize an A-frame, single atom, bridged complex remains to 
be established. Complex 4a, Pd2C12(Ppy3),, in CH2C12 does 
react readily with CO at 1 atm (101.3 kPa) even at sub-zero 
temperatures but attempts to work up the product simply re- 
sulted in isolation of only 4a; similar behaviour has been re- 
ported for Pd,Cl,(PPh,py),, where the solution product was 
tentatively suggested to be [PdC1(CO)(PPh2py)],, contain- 
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ing monodentate PPh2py bound via phosphorus and no 
bridging ligands ( 17). 

Other structurally characterized Ppy, species are trans- 
RhCl(CO)(Ppy,),, which contains monodentate P-bound Ppy, 
(9), and R U ( P ~ ~ , ) , ' ~ ~  in which octahedral geometry is real- 
ized via the six pyridyl N-donors (10). 

Aqueous solutiotz chemistiy of PdClz(Ppy3),, l a ,  and 
Pd2C1,(Ppy3l2, 4a 

The interests in the aqueous solution chemistry of pyri- 
dylphosphine complexes were outlined in the Introduction; 
it should be mentioned also that the dpm analogue of the 
F-DMAD species (7-9) is a catalyst for the cyclotrimeri- 
zation of the acetylene to hexamethyl mellitate (39 ,  and the 
pyridylphosphine ligand systems have the potential for such 
catalysis in aqueous media. Qualitatively, the most water- 
soluble of the complexes listed in Table 1 are PdCl,(Ppy,),, 
l a ,  and Pd,Cl,(Ppy,),, 4a, dissolution being accompanied 
by formation of aquo complexes, eq. [ I ] .  

4a (orange) 10 (green) 

Complex 4a dissolves with replacement of the two ter- 
minal chlorides by water, and the bis(aquo) dication has been 
isolated as salts with BF,-, PF6-, and BPh,- as anions, 10a- 
10c (Table 1). A 1627 cm-' IR band (obscured in 10c) of 
coordinated water is seen, and v(0H) bands are absent. Re- 
action [ l ]  is readily reversed by adding LiC1, and an HT 
configuration is assumed for the ionic green species; the 
3 1 ~ { ' ~ )  singlet is some 25-30 ppm upfield from that of the 
dichloro precursor. The complexes 10a-1Oc dissolve in 
MeCN (or acetone) to give perhaps the respective bis(so1vent) 
cations, and conductivity data in MeCN support a 1 : 2 elec- 
trolyte formulation. 

To our knowledge, the only other reported case of a neu- 
tral, dinuclear, bridged phosphine being soluble in water is 
Pd,Cl,(dmpm),, which contains bis(dimethy1phosphino)- 
methane; however, this species dissolves as the neutral 
Pd,(OH),(dmpm), species with liberation of 2 equivalents of 
HC1 (39), implying that the pK, of each coordinated water 
ligand is <<7.0. Aqueous solutions of 4a (present as the 
dication 10) surprisingly show no dissociation of protons even 
at pH 11 .O; this non-acidic character of the coordinated water 
(vs. that of the dmpm system) implies that bridged Ppy, is a 
far more basic ligand to the pdzl unit than is dmpm, and this 
presumably reflects the much stronger basicity generally of 
a pyridine versus phosphine ligand. 

Complex l a ,  cis-PdCl,(Ppy,),, dissolves in water with 
immediate loss of both chloride ligands (as estimated by ti- 
tration with AgNO,); the resulting solution is acidic, how- 
ever, and the immediate molar conductivity (265 ohm-' 
mol-' cm') may include a contribution from the proton(s) of 
coordinated water. Indeed, pH-titration data reveal loss of 
one proton per Pd up to pH 11.00, with 50% titration at pH 
-4.8, but the titration does not give the standard S-shape 
curve; the behaviour is typical of cis-bis(aquo)palladium(II) 
species (40) and is summarized in eq. [2] (L = monoden- 
tate, phosphorus-bonded Ppy,): 

The titration curve results from a combination of the equi- 
librium constants for proton dissociation, and dimerization. 

Acidification of the aqueous solution of l a  to pH 1.5 (using 
dilute HNO,) and addition of a methanol solution of Na- 
BPh, precipitated a yellow powder that is probably mainly 
[Pd(H2O),(PPy,),][BPh4],.(A (MeCN): 220 ohm-' mol-' 
cm'.) Anal. calcd. for C78H72N6BZ0,PZPd: C 7 1.43, H 5.23, 
N 6.41; found: C 70.12, H 5.10, N 6.60. The presence of 
some hydroxy species would account for the low C analy- 
sis. Similar precipitation of a species at pH 5.6 using Na- 
BPh, gave a more orange product that analyzed well for 
[Pd(OH)(H,O)(PPy,), I [BPh,] . (A (MeCN) 180 ohm-' mol-' 
cm2. IR (for the less pure PF6 salt, Nujol): v(OH) 3651, 3595; 
v(H,O) 1628 cm-'.) Anal. calcd. for C,,H,,N6B02P2Pd: C 
65.42, H 4.78, N 8.48; found: C 65.39, H 4.60, N 7.72. 
Salts precipitated out by addition of BPh,- or BF,- to aqueous 
solutions of PdCl,(Ppy,), (e.g., at 3.7 mM, pH = 2.9) ana- 
lyze well for a 66 : 34 mixture of the bis(aquo)/aquo(hydroxo) 
species. The 3 1 ~ { ' ~ )  NMR signal in MeCN at 20°C for all 
the above isolated samples is observed as a singlet around 
33.4 ppm, which could be an averaged signal for bis(aquo)/ 
aquo(hydroxo) species, or more likely results from a single 
species containing coordinated MeCN; the shift is consis- 
tent with monodentate, phosphorus-bonded Ppy, (cf. Table 
1). 

At pH 11 .OO (following titration of the single proton), 
addition of NaBPh, results in precipitation of a purple solid, 
which can be recrystallized from MeCN/EtOH (1: 1) at 
-15°C to give a complex best formulated as [Pd2(p- 
0H)2(Ppy3)z(MeCN)2](BPh4), (cf. eq. [2], in which one Ppy, 
ligand at each Pd(II) centre has been replaced by MeCN). IR 
(CH,C12): v(0H) 3680 cm-'. NMR (CD,CN, 20°C): 3 1 ~ { 1 ~ )  
6 29.1, singlet; 'H 6 2.35, singlet (MeCN). Anal. calcd. for 
C82H7$\J8BZ02P2PdZ: C 65.77, H 4.85, N 7.48, 0 2.14; found: 
C 65.50, H 4.64, N 7.34, 0 2.24. 

The 3 1 ~ { ' ~ )  NMR spectrum of cis-PdCl,(Ppy,), in D,O 
gives two singlets at 27.3 and 21.6 ppm with intensity ratio 
of -2: 1: the former is attributed to the equilibrium mixture 
of the bis(aquo)/aquo(hydroxo) species, and the latter to the 
dinuclear, hydroxo-bridged species; see eq. [2]. 

Concluding remarks 
The paper has described synthesis and characterization of 

nine mononuclear Pd(I1)-, and nine dinuclear Pd,(I)-pyri- 
dylphosphine complexes containing also halide ligands. Some 
comparisons are made to analogous dpm systems and asso- 
ciated A-frame chemistry, but the major raison d'etre for the 
work is to develop the aqueous solution chemistry of palla- 
dium-phosphine complexes with a view to study their ho- 
mogeneous catalytic properties in this medium. Preliminary 
work on some aqueous systems is presented, and a good data- 
base generally has been established for Pd-pyridylphos- 
phine chemistry. 

Although Tom Birchall worked on phenylamines and 
phenylphosphines, he had not to our knowledge probed the 
mysteries of aminophosphines. Thus, the topic of this paper 
is somewhat remote from his major interests as a main-group 
chemist, but nevertheless the dedication is of the utmost 
sincerity toward a most genial friend and colleague within 
the Canadian inorganic chemistry community. 
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physical and structural studies of N-carboxymethyl- and N-(p-methoxypheny1)-3- 
hydroxy-2-methyl-4-pyridinone 
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ZAIHUI ZHANG, STEVEN J. RETTIG, and CHRIS ORVIG. Can. J.  Chem. 70, 763 (1992). 
3-Hydroxy-I-carboxymethyl-2-methyl-4-pyridinone (Hcmp) and 3-hydroxy-I-(p-rnethoxypheny1)-2-methyl-4-pyri- 

dine (Hpap) have been prepared and studie! by single crystal X-ray diffraction. Crystals of Hcmp are monoclinic, a = 
6.340 (2), b = 7.705 (I) ,  c = 16.226 (1 )  A, P = 94.74 (I), Z = 4,  space group P 2 , / n  and those for Hpap are mono- 
clinic, a = 10.8435 (9), b = 16.680 (2), c = 13.5665 (6) A, P = 109.450 (4), Z = 8, space group C 2 / c .  Both struc- 
tures were solved by direct methods and were refined by full-matrix least-squares procedures to R = 0.030 and 0.041 
(R,, = 0.039 and 0.058) for 1642 and 1819 reflections with I 2 3u(I), respectively. Bond lengths and bond angles in 
the two compounds are normal; however, Hcmp forms as a zwitterion in the solld state. The two compounds were also 
studied by mass spectrometry, UV, infrared, proton NMR spectroscopies, and potentiometric equllibnum measure- 
ments. The protonation constants for Hcrnp are log Kl = 9.76 (I), log K2 = 3.43 (I) ,  and log K, = 2.78 (3) and for 
Hpap are log K ;  = 9.42 (4) and log K ;  = 3.16 (8). 

Key words: 3-hydroxy-4-pyridinone, zwitterion, hydrogen bonding, protonation constant, crystallography, solid state. 
ZAIHUI ZHANG, STEVEN J .  RETTIG et CHRIS ORVIG. Can. J.  Chern. 70, 763 (1992). 
On a prepare la 3-hydroxy-I-carboxymethyl-2-methylpyridin-4-one (HCMP) et la 3-hydroxy-I-(p-m6thoxyphenyl)- 

2-mkthylpyridin-4-one (HPAP) et on les a examines par diffraction des rayons 5 par un cristal unique. Les cristaux du 
HCMP sont rnonocliniques, avec a = 6,340(2), b = 7,705(1) et c = 16,226(1) A, P = 94,74(1), Z = 4 et grouee d'es- 
pace P 2 , / n  et ceux du HPAP sont rnonocliniques, avec a = 10.8435(9), b = 16,680(2) et c = 13,5665(6) A, P = 
109,450(4), Z = 8 et groupe d'espace C2/c .  On a rksolu les deux structures par des methodes directes et on les a af- 
finCes par la mtthode des rnoindres carrks (rnatrice complbte) jusqu'a des valeurs de R = 0,030 et 0,041 (R,, = 0,039 et 
0,058), respectivement, pour 1642 et 1819 reflexions avec I r 3u(I). Les longueurs et les angles de liaisons des deux 
composes sont norrnaux; toutefois, le HCMP forme un zwitterion en phase solide. On a etudik les deux cornposCs par 
spectrornttrie de rnasse, par spectroscopies UV, infrarouge et RMN et par des mesures d'equilibres potentiomCtriques. 
Les constantes de protonation du HCMP sont log Kl = 9,76(1), log Kz = 3,43(1) et log K, = 2,78(3) alors que pour la 
HPAP log K ;  = 9,42(4) et log K ;  = 3,16(8). 

Mots clPs : 3-hydroxypyrldin-4-one, zwitterion, liaison hydrogkne, constantes de protonation, cristallographie, etat 
solide. 

[Traduit par la redaction] 

Introduction N-aryl (2) substituted-3-hydroxy-2-methyl-4-pyridinones and 
AS part of our project to examine the coordination them- their metal complexes have been reported (7, 8).  he stud- 

istry and biochemical properties of aluminum, gallium, and ies have shown that these complexes have unique Proper- 
indium complexes, we have been studying tris(ligand) corn- ties: reasonable water solubility, variable lipophilicity, high 
plexes of these metal ions with 3-hydroxy-4-pyrones (1 -3) thermodynamic stability, and interesting biological activity 
and 3-hydroxy-4-pyridinones (4-7) as bidentate ligands. The (7, 9-1 1). 
preparation and characterization of a series of N-alkyl (1) and 

As these ligands have very high affinity for trivalent metal for various metal ions. We have studied the solution chem- 
ions, there is significant interest in using them as chelators istry and the biochemical properties of tris(1igand) com- 

plexes of aluminum(III), gallium(III), and indium(II1) with 
' ~ u t h o r  to whom correspondence may be addressed. these ligands (4-7, 9- 1 1). Kontoghiorghes and co-workers 
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have used 3-hydroxy-l,2-dimethyl-4-pyridinone (Hdpp) for 
iron overload treatment in preliminary clinical trials (1 2- 15). 
Taylor  and ~ o n t o ~ h i o r ~ h e s  also investigated the mobiliza- 
tion of plutonium(1V) and iron(II1) f rom transferrin and fer- 
ritin by hydroxypyridinone chelators (16). T h e  N-aryl 
substituted 3-hydroxy-4-pyridinones were also used as  se-  
lective extractants for various metal ions, e . g . ,  gallium(II1) 
( 1  7 ,  18), iron(II1) (1 9-2 I ) ,  vanadium(V) (22-24), ura- 
nium(V1) (25), thorium(1V) (26), protactinium(V) (26), zir- 
conium(1V) (27), niobium(V) (27), and tantalum(V) (27). 

Tautomerism is o n e  of the imuortant features of hetero- 
cyclic compounds.  For  4-pyridinones, there are  two possi- 
ble tautomers, 4-hydroxypyridine and 4-pyridinone (28). In 
the equilibrium between these two tautomers, the predomi- 
nant fo rm in polar solvents is the pyridinone; however, the 
hydroxypyridine tautomer appears to be  more stable in the 
gas phase (29-3 1). In the crystal structures of  I-alkyl-3-hy- 
droxy-4-pyridinones ( la ,  l b )  reported in the literature (8),  
these compounds exist as the pyridinone forms and the ring 
system of the pyridinones shows some delocalization of  the 
formal double bonds.  T h e  effect of the ring nitrogen substi- 
tuent o n  the delocalization has also been discussed (32). 
Herein w e  report our  studies of  the 3-hydroxy-4-pyridi- 
nones,  Id and 2c, using various physical techniques includ- 
ing single crystal X-ray crystallography, potentiometric 
equilibrium measurements, and UV spectrophotometry. The  
effect o n  the delocalization of  the formal ring double bonds 
is compared among the three groups of  substituents: alkyl,  
aryl,  and carboxyl groups. 

1 Experimental 
~ a f e r i a l s  and rrlethods 

All chemicals were reagent grade and were used as received 
unless specified: maltol (3-hydroxy-2-methyl-4-pyrone, Sigma), 
p-anisidine (Eastman Organic Chemicals), and glycine (Sigma). 
Water was deionized (Barnstead D8902 and D8904 cartridges) and 
distilled (Coming MP-I Megapure still). 

Proton NMR spectra of compounds were recorded in C D C l  or 
D 2 0  with a Varian XL-300 or a Bruker AC-200E spectrometer. 
Mass spectra were obtained with a Kratos MS50 (electron impact 
ionization, El) instrument. Infrared spectra were recorded as KBr 
pellets in the range 4000-200 cm-' with a Perkin-Elmer PE 783 
spectrophotometer and were referenced to polystyrene film. Melt- 
ing points were measured with a Mel-Temp apparatus and are un- 
corrected. Ultraviolet spectra were recorded in the range 350- 
200 nm with a Shimadzu UV-2100 spectrophotometer. Analyses 
for C ,  H,  and N were performed by P. Borda of this department. 
Potentiometric equilibrium measurements were done as previ- 
ously described (9, 10). 

N - C n r b o . r ) l t n e 1 h y l - 3 - h y d r o x y - 2 - m e d z o e  Hcmp 
Maltol (4.95 g,  39.2 mmol) and glycine (5.92 g, 78.8 mmol) 

were dissolved in 100 mL hot distilled water and the pH of the so- 
lution was adjusted to about 9 with 8 N NaOH. The mixture was 

. . 
refluxed for 20 h and then decolorized withactivated charcoal. The 

. . .  .. . volume of the solution was reduced to 50 mL and 6 N HC1 solu- 
tion was added to this solution to lower the pH to around 3; a yel- 

I 
1 

lowish solid precipitated. Recrystallization (twice) of this solid from 
j hot water yielded an off-white crystalline product (3.09 g, 43%); 
i 
I mp 258-260°C. Infrared spectrum (cm-I, KBr disk): 3300-2500 

i 
(b, hydrogen bonded), 1650- 1600 (b, s), 1545, 1520, 1450, 1380- 
1350 (b, s), 1270 (b, s), 1210 (w), 1075, 830, and 810. 'H NMR 
spectrum (DIO, 25°C): 6 2.44 (s, 3H, NC(CH,)), 4.87 (s, 2H, 
NCH2COOH), 7.02 (d, IH,  8.0 Hz, CHC(O)), 7.93 (d, IH, 
8.0 Hz, CHCHN). Mass spectrum (EI): m/e 183 (Mf) ,  165 (Mf  
- HzO). Anal. calcd. for C8H9N04: C 52.46, H 4.95, and N 7.65; 
found: C 52.57, H 4.98, and N 7.63. Single crystals suitable for 

X-ray diffraction were obtained from a saturated solution by slow 
evaporation. 

I -(p-Merho.u?pherz~~l)-3-hydro.rj~-2-rr~erhyl-4-py,-idir~orze, Hpc~l, 
Maltol (4.02 g, 3 1.9 mmol) and p-anisidine (7.93 g, 64.4 n~mol) 

were suspended in 100 mL dilute HCI solution (3 mL concen- 
trated HC1 in 100 mL water). This mixture was refluxed for 72 h 
and then cooled to room temperature. A light grey solid was col- 
lected by filtration. It was recrystallized from hot ethanol (after 
being decolorized with activated charcoal for 30 min) yielding a 
white crystalline solid (4.27 g, 58% yield), mp 249°C. Infrared 
spectrum (an- ' ,  KBr disk): 3 180 (b), 1630 (s), 1578 (s), 1530 (w), 
1510 (s), 1465, 1400 (w), 1380 (w), 1320 (w), 1300 (s), 1250, 
1205, 1 170 (s), 1 105 (w), 1040 (s), 845, 825. 'H NMR spectrum 
(CDCI,, 25°C): 6 2. l l (s, 3H, NC(CH,)), 3.90 (s, 3H, OCH,), 5.66 
(s, IH, b, OH) ,  6.45 (d, IH, 7.8 Hz, CHC(O)), 6.9-7.3 (m, 5H, 
CJf,, and CHCHN). Mass spectrum (EI): nl/e 231 (Mt) ,  215 (Mf 
- CH,), 199 (Mf - OCH,). Anal. calcd for CI,H1,NO3: C 67.52, 
H 5.67, and N 6.06; found: C 67.5 I ,  H 5.7 1, and N 6.13. Single 
crystals obtained from an ethanol solution were used for X-ray 
crystallographic analysis. 
X-rtry crys~crllographic crrlcrlyses 

Crystallographic data for Hcmp and Hpap appear in Table I .  The 
final unit-cell parameters were obtained by least-squares refine- 
ments on the setting angles for 25 reflections with 20 = 42.28"- 
54.80" for Hcmp and 20 = 92.53"- 108.29" for Hpap. The data were 
collected at 21 2 1°C with a Rigaku AFC6S diffractometer. The 
take-off angle was 6.0" and the detector aperture was 6.0 mm in 
both horizontal and vertical directions at a distance of 285 mm from 
the crystal. Reflections with I between 1 u ( I )  and 40  u(I )  were 
rescanned (maximum of 8 scans) and the counts were accumu- 
lated to ensure good counting statistics. Stationary background 
counts were recorded on each side of the reflection. The ratio of 
peak counting time to background counting time was 2:  1 .  The in- 
tensities of three standard reflections, measured every 200 reflec- 
tions for Hcmp and 150 reflections for Hpap throughout the data 
collections, remained essentially constant in each case. The data 
were processed and corrected for Lorentz and polarization effects. 
An empirical absorption correction, based on azimuthal scans of 
several reflections for Hpap and using the program DIFABS (ap- 
plied after isotropic refinement with hydrogen atoms included in 
the model) for Hcmp, was applied. A correction for secondary ex- 
tinction was also applied (coefficient = 1.98 (3) X 10-3 for Hpap. 

Both structures were solved by direct methods (33). The non- 
hydrogen atoms were refined anisotropically and hydrogen atoms 
were refined with isotropic thermal parameters. Neutral atom 
scattering factors were taken from ref. 34. Anomalous dispersion 
effects were included in F,,,, (35); the values for Aj" and Af' were 
chosen from Cromer (36). All calculations were performed using 
the TEXSAN crystallographic software package of Molecular 
Structure Corporation (37). Final atomic coordinates and equiva- 
lent isotropic thermal parameters B,, appear in Table 2 for Hcmp 
and Table 3 for Hpap, respectively. Measured and calculated 
structure factors have been placed in the Depository of Unpub- 
lished ~ a t a . '  Bond lengths and bond angles are listed in Table 4 
and Table 5 ,  respectively. 

Results and discussion 
I-Carboxymethyl-3-hydroxy-2-methyl-4-pyridinone and 

1-(p-methoxyphenyl)-3-hydroxy-2-methyl-4-pyndinone have 

'Tables of structure factors, anisotropic thermal parameters, and 
other material mentioned in the text may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2. 

Tables of hydrogen atom coordinates and intra- and intermolec- 
ular bond distances and angles relating to hydrogen atoms have also 
been deposited with the Cambridge Crystallographic Data Centre 
and can be obtained on request from The Director, Cambridge 
Crystallographic Data Centre, University Chemical Laboratory, 
Lensfield Road, Cambridge CB2 IEW, U.K. 
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ZHANG ET AL 

TABLE 1. Crystallographic data for Hc~np and Hpap" 

Co~npound Hc~np H P ~ P  
Formula C8H,N04 C I ~ H I ~ N O ~  
fw 183.16 23 1.25 
Crystal system Monoclinic Monoclinic 
Spfce group P2,/t1 C 2/c 
N ,  A 6.340(2) 10.8435(9) 
b, A 7.705(1) 16.680(2) 
c ,  A 16.226(1) 13.5665(6) 
Po 94.74(1) 109.450(4) 
v. A3 789.9(3) 2313.7(3) 
z 4 8 
pcnlcr g/cm3 1.540 1.328 
F (000) 384 976 
Radiation Mo Cu 
A ,  A 0.7 1069 1.54178 
p,, c~n-I 1.17 7.43 
Crystal size, mm 0.12 X 0.35 X 0.45 0.25 X 0.25 X 0.40 
Transmission factors 0.93-1.04 0.74- 1 .OO 
Scan type 0-20 w-20 
Scan range, deg in w 1.26 + 0.35 tan 0 0.94 + 0.30 tan 0 
Scan speed, deg/min 32 32 
Data collected + h ,  +k, ?1 + h ,  +k, 21 
20,,,,, deg 60 155 
Crystal decay Negligible Negligible 
Total reflections 2640 2477 
Total unique reflections 2443 2339 
Rnlerge 0.020 0.010 
No. of reflections with ( 2  3 4 0  1642 1819 
No. of variables 154 207 
R 0.030 0.041 
RbV 0.039 0.058 
gof 2.03 2.52 
Max A/u (final cycle) 0.01 0.02 
Residual density e/A7 -0.16 to +0.20 -0.16 to +0.24 

"Temperature 294 K. Rigaku AFC6S diffractometer, graphite monochromator, takeoff angle 
6.0". aperture 6.0 X 6.0 mm at a distance of 285 mm from the crystal, stationary background counts 
at each end of the scan (scan/background time ratio 2 :  1, up to 8 rescans), u'(F') = [S'(C + 4B) 
+ (pFL)']/Lp' (S = scan rate, C = scan count, B = normalized background count, p = 0.02 for 
Hcmp and 0.03 for Hpap), function minimized Cw(lF,I - JF,~)' where HI = ~F,'/u'(F,'), R = CIIFoI 
- (F,II/Z(F,I, R,.. = (Z+LJ(~F,~~ - IF,I)'/ZL\~IF,,I')"', and gof = [Cw((F,I - (F,()'/(rn - n)]"'. Val- 
ues given for R ,  R,,., and gof are based on those reflections with I ? 3u(I). 

TABLE 2. Final atomic coordinates (fractional) and B,, (A2)" for been prepared in fair yields under differing conditions: Hcmp 
Hc~np was obtained by maintaining the pH of the solution around 

9 while Hpap was synthesized in acidic medium. This is ne- 
Atom x Y z Bcq cessitated by the different basicity of the amines. 

0 (1) 0.2550 (1) 0.1339 ( I )  0.55699 (5) 3.3 The structures of Hcmp and Hpap were established by 

O(2)  0.6127(2) 0,2876 0.62640 (5) 3.3 single crystal X-ray diffraction. ORTEP views of the two 
0 (3) 0,6549 (1) -0.0052 ( 1 )  0,28805 (5) 3.5 molecules are shown in Fig. 1. Stereodiagrams of the unit 
0 (4) 0.4348 (2) 0,0517 (1) 0.17817 (5) 3.4 cell packing are shown for Hcmp in Fig. 2 and for Hpap in 
N (1) 0.4990 (1) 0.2696 (1) 0.37577 (5) 2.2 Fig. 3. In Hcmp, the carboxyl group is deprotonated and the 

- , C (1) 0.1619 (2) 0.1120 (2) 0.38538 (8) 2.9 ketone oxygen atom on the pyridinone ring is protonated thus 
C (2) 0.3566 (2) 0.1962 (1) 0.42452 (6) 2.1 forming a zwitterion. There is an extraordinarily strpng 
C (3) 0.3988 (2) 0.2029 (1) 0.50945 (6) 2.2 OTH. . -9 hydrogen bond (O(2)-H(2). . .0(4) (2 + 
C (4) 0.5850 (2) 0.2822 (2) 0.54494 (6) 2.4 5, 5 - y, 2 + z) ,  H. . .O = 1.43 (2) A, 0.. SO = 2.475 (1) 
C (5) 0.7262 (2) 0.3505 (2) 0.49210 (7) 2.8 A, 0-H . .O = 175 (2)") between two molecules. Three- 
C(6) 0.6794(2) 0.3435 (2) 0.40863 (7) 2.7 dimensional networks of Hcmp molecules are formed3by 
C(7) 0.4613(2) 0.2614 (2) 0.28500 (7) 2.5 CTH. hydrogen bonds (C(6)-H(7). . .0(4) (5 - 
C(8) 0.5226(2) 0.0868 (2) 0.24938 (6) 2.4 5, 7 + y ,  2 - z) ,  H. . .O = 2.46 (1) A, C. - .O = 3.333J2) 

"B,,  = (8/3).~r'ZZU,~a, * a, * (a, . aJ ) .  A, I C-H; . .O = 156 (1)" and C(7+H(8)- + .0(3) (2 - 
:, 5 + y ,  2 - z),  H. - -0 = 2.41 (2) A, C. .  +O = 3.322 (2) 
A, C-H . .O = 162(1)") plus an additional 0-H- . -0 
hydrogen bond (O(1)-H(1). . .0(3) ( 1  - x, - y ,  1 - z), 
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TABLE 3. Final atomic coordinates (fractional) and B,, (A')" for 
H P ~ P  

Atom x Y z Bcq 

"B,,  = (8/3)n2XX(ltJa, * a ,  * (a;aJ).  

TABLE 4. Bond lengths (A) with estimated 
standard deviations 

Atoms 

Compound 

Hcmp 

1.351 (1) 
1.320 (1) 
1.230 ( 1 )  

H . .  .O = 1.94 (2) A, 0.. .O = 2.719 (1) A, 0-He. .O = 
152 (2)". The bridging carboxyl groups link Hcmp mole- 
cules together (Fig. 2). The Hpap structure contains cen- 
trosymmetric C-H.. .O hydrogen bonded dimeric units 
(?(8)-H(7). . .0(2) (1 - x, - y, -z), H..  .O = 2.34 (2) 
A, C. .O = 3.279 (2) A, C-H.. .O = 160 (I)"). Each di- 
mer is linked to two others by, 0-He . -0 hydrogen bents 
(O(1)-H(1). .0(2) ~ x ,  y, -; - z),  H. .  -0 = 1.82 (2) A, 
0. . .O = 2.662 (2) A, 0-H- . .O = 152 (2)") to form the 
three-dimensional network (Fig. 3). 

Both structures contain legitimate intermolecular (see 
above) and intramolecular C-Ha . .O hydrogen bonds 

TABLE 5. Bond angles (deg) with estimated standard 
deviations 

Compound 

Atoms Hcmp HPaP 

(C(1)-H(5) . .0(1),  Ha 4 0  = 2.35 (2) A, C. . .O = 2.803 
(2) A, C-H.. .O = 110 (1)O0 in Hcmp and C(1)- 
H(4)- - -0(1), H. . .O = 2.37 (3) A, C. . .O = 2.798 (2) A, 
C-H. .O = 107 (2)" in Hpap). The formation of legiti- 
mate C-H. . 3 0  bonds has not been observed in the struc- 
tures of reported 1-alkyl-3-hydroxy-2-methyl-4-pyridinones, 
l a  and l b  (8). In addition, there is an intramolecular 
0-H. . .O bond obseyed both in Hcmp (O(1)-H(l) . - 
0(2), He . .O = 2.29 (2) A, 0. . .O = 2.719 (2) A, 0-H. . .O 
= 1 i2  (1)") and in Hpap (O(!)-H(1). . .0(2), H. - .O = 2.36 
(2) A ,  0- - -0 = 2.749 (2) A, 0-Ha -0 = 106 (2)") mol- 
ecules. 

The six-membered pyridinone ring systems in both Hpap 
and Hcmp are slightly, but significantly, nonplanar (maxi- 
mum deviations from the meaaplanes being 0.0203 (19) A 
in the former and 0.0099 (13) A in the latter), as noted ear- 
lier for 3-hydroxy-2-methyl-4-pyridinone (Hmpp) and 3- 
hydroxy- l,2-dimethyl-4-pyridinone (Hdpp) (8). The devia- 
tion from planarity is towards a N(1), C(4) boat in both 
molecules. In the Hpag molecule, the phenyl ring is planar 
to within 0.0063 (15) A and is oriented roughly at right an- 
gles to the pyridinone ring (the dihedral angle between the 
two planes is 73.7") to minimize steric interaction with the 
adjacent C(1) methyl group. In Hcmp, the plane formed by 
the carboxymethyl substituent on N(l) is also perpendicular 
to the pyridinone ring (the dihedral angle is 9 1 .OO) and it is 
planar to within 0.0148 (1 1) A. 

The pattern of bond lengths within the pyridinone ring in 
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ZHANG ET AL. 

FIG. 1. ORTEP views of the Hcmp (left) and Hpap (right) molecules; 50% probability thermal ellipsoids are shown. Hydrogen atoms 
have been assigned artificially small thermal parameters for the sake of clarity. 

FIG. 2. ORTEP stereoscopic view of the packing arrangement in Hcrnp. 

Hpap is different from that observed in Hmpp and Hdpp. The C(4)-O(2) bonds, and loner N(1)-C(2) and C(4)-C(5) 
most noticeable feature is the more pronounced localization bonds are observed in Hpap. Also, the C(3)-C(4)-C(5) 
of the formal double bonds in Hpap vs. that in Hmpp and bond angle in Hpap is about 1" smaller than that in Hmpp and 
Hdpp. Shorter C(2)-C(3) ,  C(5)-C(6)  and ketone Hdpp and 4" smaller than in Hcrnp. In Hcmp, a different 
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pattern of bond lengths and bond angles in the pyridinone ring 
is observed. The bond lengths are more averaged than in the 
other pyridinone systems and the intra-annular bond angles 
are all within 1" of 120". A significantly longer ketone 
O(2)-C(4) bond ( 1  .3200A) is also observe{ than in Hpap 
( 1.254 A), Hmpp ( 1.280 A), of Hdpp (1.272 A). These bond 
lengths and angles taken together indicate that a delocalized 
pyridinone ring is obtained in Hcmp and that the positive 
charge of the zwitterion is distributed throughout the ring 
rather than concentrated at the nitrogen. In the pyridinone 
systems, which we have studied crystallographically, the 

extent of the delocalization of the formal double bonds in the 
pyridinone ring follows the order: Hcmp >> Hmpp ;= Hdpp 
> Hpap. We had previously sought to isolate crystals with 
the ring-based cation by acidifying Hdpp (and other noncar- 
boxyl substituted 3-hydroxy-4-pyridinones) to make H,dpp+ 
or analogues without success. 

The protonation constants of Hcmp and Hpap were deter- 
mined by potentiometric equilibrium measurements. The 
results are listed in Table 6. The protonation equilibria for 
the amphoteric ligands are described by eqs. [I]-[3] for 
Hcmp (H,L) and eqs. [4] and [ 5 ]  for Hpap (HL): 

[5] H+ + HL H,L+ K: - 
[H2L'l 

' - [H+] [HL] 

OCH, 

HL 

Log K ,  for Hcmp is close to that for other N-alkyl-3-h~- 
droxy-2-methyl-4-pyridinones (log K l  = 9.76 vs. -9.8) (10). 
This suggests that the deprotonated carboxyl group at the ring 
nitrogen in solution does not affect the electron density of the 
pyridinone ring to any significant extent vs. the N-alkyl 
substituted pyridinones. It is possible for Hcmp to form a 
zwitterion in solution; therefore, an equilibrium would be 
established between the neutral ligand, H,L and the zwitter- 
ion species. The protonation processes of the neutral li- 
gand, H2L, and the zwitterion would then contribute to both 

of the determined protonation constants K2 and K,  for equi- 
libria [2] and [3]. 

The constants for Hpap are similar to those reported for 
3-hydroxy-2-methyl-1-phenyl-4-pyridinone (Hppp) (log K ,  
= 9.42 vs. 9.40, log K,  = 3.16 vs. 3.03) (7) and lower than 
those for the N-alkyl-3-hydroxy-2-methyl-4-pyridinones (log 
K ,  = 9.42 vs. -9.8 and log K2 = 3.16 VS. -3.7). This sug- 
gests that the p-methoxyphenyl group and unsubstituted 
phenyl group have similar electron-withdrawing effects on 
the pyridinone ring. 
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ZHANG ET AL. 

FIG.  3 .  ORTEP stereoscopic view of the packing arrangement in Hpap. 

TABLE 6. Protonation constants 
( K , ,  K2) for Hcmp and Hpap at 

25°C in 0.15 M NaCL" 

Hcmp H P ~ P  

log K,  9.76 (1) 9.42 (4) 
log K, 3.43 (1) 3.16 (8) 
log K3 2.78 (3) 

"Numbers in parentheses represent 
standard deviations between succes- 
sive runs. 

The infrared spectrum of Hpap shows the characteristic 
four-band pattern in the range 1650-1500 cm-I. This is as- 
signed collectively to v,, and v,,,, vibrations, since resolv- 
ing these two highly mixed modes is extremely difficult (8, 
38, 39). The IR spectrum of Hcmp shows a very broad band 
in the range 3300-2500 cm-', a result of the strong inter- 
molecular hydrogen bonding of the carboxyl groups (40). The 
characteristic four-band pattern between 1650-1500 cm-' 
for pyridinone ring stretching is not obvious in Hcmp be- 
cause of the formation of zwitterions and the delocalization 
of the formal ring double bonds. There is a wide strong band 
from 1650 to 1600 cm-' that is assigned to a mixture of 
stretchings of the carboxylate anion and the pyridinone ring. 

The UV spectral data are shown in Table 7. The bands 

TABLE 7. Ultraviolet spectral data"," 
for Hcmp and Hpap 

A (nm) E (M-' cm-I) 

Hcmp 28 1 12 900 
218 .15 100 
207 10 400 

H P ~ P  283 19 700 
225 38 400 (sh) 
207 62 500 

"In HzO, pH = 7.4, 25°C 
"sh = shoulder. 

spectrum of Hcmp shows the characteristic doublet of ring 
proton doublets with a coupling constant of 8 Hz. In the Hpap 
spectrum, only one ring proton doublet with a coupling 
constant of 7 .8  Hz was resolved; the other one appeared in 
the envelope of phenyl protons. 

In conclusion, the structural studies of Hcmp and Hpap 
reveal that there is an extensive hydrogen bond network in 
both structures; hydroxyl and ketone functionalities contrib- 
ute a number of hydrogen-bonding sites to each of the mol- 
ecules. The protonated and delocalized pyridinone ring 
system was finally obtained in the solid state in Hcmp by 
formation of a zwitterion, and it does indeed show highly 
averaged bond distances. 
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ALLEN W. APBLETT, ALISON C. WARREN, and ANDREW R. BARRON. Can. J. Chem. 70, 771 (1992). 
The reaction of AIMe, with three equivalents of HOSiPh, in THF results in the formation of the solvent conlplex 

A1(OSiPh3)3(THF) ( I ) .  Hydrolysis of 1 yields the stable water complex AI(OSiPh,)3(H20)(THF)2 (2) in which the THF 
molecules are hydrogen bonded to the coordinated water ligand. Compounds 1 and 2 have been fully characterized by 
'H ,  l3C, 170, 2 7 ~ 1 ,  and " ~ i  NMR and IR spectroscopy. In addition, variable temperature ' H  NMR of 2 has been em- 
ployed to investigate the steric interactions between the phenyl rings of adjacent siloxide ligands. The molecular struc- 
tures of the solvates l.(THF) and 2,(THF),?, hav? been determined by X-ray crystallography. l.(THF): monoclinic P2,/c, 
a = 10.03 ( l ) ,  b = 23.758 (6), c = 23.294 (7) A, P = 101.13 (6)". Z = 4 ,  R = 0.084, R,,. = 0.094. Z.(THF),,,,: cubic 
~ a 3 ,  a = 23.034 (3) A, Z = 4,  R = 0.093, R,,. = 0.099. 

Key words: aluminium, siloxide, hydrolysis, complex, NMR spectroscopy. 

ALLEN W.  APBLETT, ALISON C .  WARREN et ANDREW R. BARRON. Can. J .  Chem. 70, 771 (1992). 
La reaction du AlMe, avec trois equivalents de HOSiPh, dans du THF conduit a la formation d'un complexe incor- 

porant le solvant, Al(OSiPh,),(THF) (I).  L'hydrolyse du composk 1 fournit le complexe aqueux stable, AI(OSiPh,),- 
(H,O)(THF)> (2) dans lequel les molCcules de THF sont coordonnees a I'eau par des liaisons hydrogenes. On a caractCris6 
completement les molCcules 1 et 2 par la RMN du 'H, du I3C, du 170, du 2 7 ~ 1  et du " ~ i  ainsi que par spectroscopie 
infrarouge. De plus, on a utilis6 la RMN du 'H 2 tempkrature variable pour Ctudier les interactions steriques entre les 
noyaux aromatiques des coordinats siloxydes adjacents. Les structures moleculaires des produits solvates l .(THF) et 
2.(THF),,,, ont etC$tterminCes par diffraction des rayons-X. l.(THF) : monoclinique, P2,/c, a = 10,03(1 j, b = 23,75!(6) 
et c = 23,294(7) A, P = 101,13(6)", Z = 4, R = 0,084, R,,. = 0,094. 2.(THF),,', : cubique, ~ a 3 ,  a = 23,034(3) A,  Z 
= 4 , R  = 0,093,R,,.= 0,099. 

Mots cle's : aluminium, siloxyde, hydrolyse, complexe, RMN. 
[Traduit par la redaction] 

Introduction 
Recent work in our laboratory has been concerned with 

the synthesis and structural characterization of siloxy- 
substituted alumoxanes (1-3). While alumoxanes is a 
term applied to organically substituted aluminium oxygen 
macromolecules in general, we have determined that si- 
loxy-substituted derivatives all have the empirical formula 
[Al(O),(OH),(OSiR,),1,, where 2x + y + z = 3 (3). These 
materials were first synthesized in 1958 by Andrianov and 
Zhadanov via the hydrolysis of trisiloxy compounds of alu- 
minium (eq. [I])  (4). 

Since there are only a limited number of stable trialkylsila- 
nols commercially available for use as precursors to these 
aluminium trisiloxides, we have developed an alternative 
route to siloxy-alumoxanes based on the hydrolysis of di- 
meric dimethylaluminium monosiloxides (2), (eq. [2]), which 
are readily prepared from polydiorganosiloxides (eq. [3]) (5). 

A n 
[3] n AlMe, + (R,SiO),, --+ - [A1Me2(OSiR2Me)], 

2 

While both of the routes outlined in eqs. [ l ]  and [2] lead to 

'Dedicated to the memory of Tom Birchall, for his many con- 
tributions to main group inorganic chemistry. 

' ~ u t h o r  to whom conrespondence may be addressed. 
Pnnted m Canada 

high molecular weight siloxy-alumoxanes, we have been 
unable to isolate any of the proposed intermediates in the 
hydrolysis reactions, for example, low molecularity species 
containing either coordinated water or terminal hydroxide 
groups (eq. [41). 

In an effort to isolate such species we have investigated the 
hydrolysis of the aluminium siloxide compound derived from 
the sterically bulky triphenyl silanol, HOSiPh,. The ration- 
ale for the choice of this ligand is based on the concept that 
sterically demanding ligands preclude oligomerization, and 
thus in the present case the condensation reaction that leads 
to alumoxane formation is prevented. 

Experimental 

General 
Elemental analyses were performed by Oneida Research Ser- 

vices, Whitesboro, N.Y. Melting points and thermogravimetric 
analyses were obtained on a Seiko 200 TG/DTA instrument. IR 
spectra (4000-400 cm- ' )  were recorded on a Nicolet 5ZDX FTIR 
as Nujol or Fluorolube mulls on KBr plates. 'H and 13C NMR 
spectra were obtained on a Bruker AM-500 spectrometer, and 
chemical shifts are reported relative to SiMe, in C6D6 unless oth- 
erwise stated. 'H-'H COSY NMR spectra were collected by use 
of a standard pulse sequence (6, 7) with 45' mixing pulse, a 1-2 s 
relaxation delay, and a resolution of ca. 4 Hz per point. The FID's 
were not weighted before Fourier transformation, and the spectral 
matrix was symmetrized about the diagonal. 'H-'k correlated 2D 
NMR spectra were obtained using a standard pulse sequence (8), 
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TABLE 1. Heteroatom NMR chemical shifts" 

Compound " AI ' 9 ~ i  I7O 

Al(OSiPh,),(THF) 57.5 (3400) -24.6 12.9 (780), THF 
7.2 (730), O S ~ P H , ~  

Al(OSiPh,),(H,0)(THF)2 58.8 (4380) -25.7 17.2 (660), THF 
14.5 (585), H20C 
8.8 (860), O S ~ P ~ , "  

[AIMe,(pOSiPh,)], 57.4 (6440) - 10.8 47.8 (780) 
Al (a~ac) (OSiPh~)~  53.0 (2300)" -24.2' 375.0 (2200), acac 

12.9 (1400), OSiPh, 
HOSiPh, - 12.6 8.9 (414) 

"W,,, values in Hz are given in parentheses. Unless otherwise stated all spectra were ob- 
tained at ambient temperatures. in CH,Cl,:CDCI, (I : I). 

92 .3% 170 enriched OSiPh,. 
'22.3% 170 enriched H,O. 
"Reference 17, C,D,CI,, 120°C. 
"Reference 17, CDCI,. 

spectral widths of 250 and 300 Hz, and 1000 and 256 data points 
in the F2 ("c) and F1 ( 'H) domains, respectively. The latter do- 

. . 
main was zero filled to 512 K and Lorentzian line-broadening 
functions equal to the digital resolution (ca. 4 Hz) were applied to 
each axis. I7O, '7Al, and '9Si NMR spectra (see Table 1) were re- 
corded in a Bruker WM-300 spectrometer and chemical shifts were 
reported versus HzO, [A~(H,O)~]'+, and SiMe,(CDCl,), respec- 
tively. X-ray data were collected on a Nicolet R3m/V four-circle 
diffractometer equipped with a LT-1 low-temperature device. 

I AIMe, as a 2 M solution in hexane (Aldrich), HOSiPh, (Huls), 
and ClSiPh, (Aldrich) were commercial samples and were used I ~ without further purification. Unless otherwise stated all manipu- 
lations were performed under an atmosphere of dry nitrogen. Sol- 
vents were dried, distilled, and degassed before use. Water was 
doubly distilled and deionized. 

Al(OSiPh,),(THF) (1) 
A solution of AIMe, (10.6 mL, 2 M solution in hexane, 

21.2 mmol) in THF (50 mL) was added dropwise to a stirred so- 
lution of HOSiPh, (17.53 g, 63.4 mmol) in THF (50 mL) at O°C. 
After 12 h all gas evolution had ceased and the volatiles were re- 
moved in vacuo, 5O0C, to afford a powdery white solid in quanti- 
tative yield (21.06 g, 99.9%). Crystals of l.(THF) suitable for X-ray 
structural analysis were obtained by cooling a solution of 40 g of 
the crude material in 30 mL THF to -2S°C; mp 353°C (dec. with- 
out melting). IR (Fluorolube and Nujol, cm-'): 3 182 (w), 3083 (w), 
3064 (m), 3047 (m), 3020 (w), 3010 (w), 2975 (s), 2876 (s), 1588 
(w), 1566 (vw), 1428 (s), 1304 (w), 1261 (m), 1187 (w), 11 14 (vs), 
1070 (vs), 1025 (w), 999 (m), 918 (w), 871 (m), 787 (s), 765 (w), 
743 (s), 709 (vs), 701 (vs), 50 1 (vs), 484 (w), 475 (w), 433 (m). 
NMR (CDC1,) 'H: 7.55 (18H, d, J(H-H) = 6.7 Hz, o-CH), 7.32 
(9H, t, J(H-H) = 7.5 p-CH), 7.17 (18H, dd, J(H-H) = 6.7 HZ, 
J(H-H) = 7.5 Hz, m-CH), 3.76 (4H, t, J(H-H) = 6.7 Hz, 
OCH,), 1.52 (4H, t, J(H-H) = 6.7 Hz, 0CH2CH2). "c: 138.4 

. . (Si-C), 135.0 (0-CH), 128.9 (p-CH), 127.5 (m-CH), 70.5 
. . . . .  

, (OCH,), 25.1 (OCH2CH2). Anal. calcd. for C62H61A105Si3: C 
. . . . . . . . 74.66, H 6.16; found: C 74.60, H 5.99. 

Al(OSiPh3)3(H20)(THF)2 (2) 
Degassed water (100 mg, 0.56 mmol) was added to a solution 

of 1 (5.0 g, 5.01 mmol) in THF (30 rnL). The solution was swirled 
momentarily to mix the reagents. Upon sitting, the solution grad- 
ually deposited large, colorless cube-shaped crystals. After 12 h the 

I 

I solution was decanted and the crystals were dried in vacuo. A fur- 
ther crop of crystals of 2.(THF), ,, was obtained upon cooling the 
mother liquor to -30°C. Drying the crystals (50°C) resulted in the 
removal of excess solvated THF and the formation of pure 2. Yield: 
5.02 g ,  98%; mp 182°C (dec.). IR (Fluorolube and Nujol, cm-I): 

3659 (br s,  v 0-H),  3071 (m), 3046 (m), 2948 (m), 2926 (s), 2858 
(s), 1582 (w), 1478 (m), 1451 (m), 1412 (vs), 1304 (m), 1262 (m), 
1186 (m), 1 1  13 (vs), 1071 (vs), 1026 (s), 997 (s), 916 (w), 882 (m), 
743 (s), 708 (vs), 644 (m), 606 (m), 517 (vs). NMR (CDCI,) 'H: 
7.72 (6H, d ,  J(H-H) = 6.7 Hz, o-CH), 7.65"(12H, d ,  J(H-H) = 
6.8 HZ, o-CH), 7.48 (3H, t, J(H-H) = 7.3 Hz, p-CH), 7.43(6H, 
t, J(H-H) = 7.4 Hz, p-CH), 7.36" (6H, dd, J(H-H) = 7.5 HZ, 
m-CH), 7.19" (12H, dd, J(H-H) = 7.6 Hz, m-CH), 3.86 (2H, s,  
OH,), 3.74 [8H, t, J(H-H) = 6.5 HZ, 0CH2) 1.80 (8H, t, 
J(H-H) = 6.5 Hz, 0CH,CH2). "c: 138.6*, 135.5 (Si-C), 135.0*, 
134.9 (0-CH), 129.9, 128.8* (p-CH), 127.8, 127.4* (m-CH), 
68.3 (OCH?), 25.4 (OCH2CH2). Anal. calcd. for C62H63A106Si3: 
C 73.34, H 6.25; found: C 73.42, H 6.28. 

Preparation of ~ " 0 S i ~ h ,  
Water (0.54 g, 40 mmol) enriched in 170 (22.3%) was added 

dropwise via syringe to a stirred solution of ClSiPh, (1 1.79 g, 
40 mmol) in THF (20 mL). After 8 h, the volatiles were stripped 
off, in vacuo, to yield a pale-yellow solid. Crystallization from 
50 mL of 50:50 ether: pentane, at -25'C, yielded colorless crys- 
tals. Isolated yield: 10.17 g, 92%. 

Crystallography 
A crystal data summary is given in Table 2, and fractional atomic 

coordinates for 1 and 2 are listed in Tables 3 and 4 respectively.3 
Crystals of 1 and 3 were mounted directly onto the goniometer with 
silicon grease. Unit-cell parameters and intensity data were ob- 
tained by following previously detailed procedures, using a Nicolet 
R3m/V diffractometer operating in the 8-28 scan mode. Data 
collection was controlled by using the Nicolet P3 program (9). 

The structure of l.(THF) was solved using the direct methods 
program XS (lo),  which revealed the position of most of the heavy 
atoms. Standard difference map techniques were used to find the 
remaining non-hydrogen atoms. The crystallographic identifica- 
tion of the oxygen atom in the uncoordinated THF molecule was 
assigned on the basis of the atom thermal parameters. After all the 
non-hydrogen atoms were located and refined anisotropically, a 

' ~ a b l e s  of all bond lengths and angles, anisotropic displace- 
ment coefficients, hydrogen atom coordinates, and observed and 
calculated structure factor amplitudes may be puchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada K I A  OS2. 

Tables of bond lengths and angles, and hydrogen atom coordi- 
nates, for 1 and 2 have also been deposited with the Cambridge 
Crystallographic Data Centre, and can be obtained on request from 
the Director, Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, Lensfield Road, Cambridge CB2 lEW, U.K. 
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TABLE 2. Crystallographic data for 1 and 3 

Parameter 1. (THF) 2(THF)1 ,25 

Formula 
Crystal system 
Space group 
fl, 4 
b ,  4 
c,  A 

L 

D(calcd.), g/crn3 
Crystal dimens., mm 
Temp, K 
Radiation 
p., mm-I 
20 limits (deg) 
No. of data collected 
No. of unique data 
No. of obsd. data 
R 
RbV 
Final residual, e k3 

C62H61 A10sSi3 
Monoclinic 
P2, /c  
10.03(1) 
23.758(6) 
23.294(7) 
101.13(6) 
5446(6) 
4 
1.216 
0.43 X 0.30 X 0.26 

C70H73A10~.~~Si3 
Cubic 
pa3 
23.034(3) 
23.034(3) 
23.034(3) 

27 3 27 3 
MoK,(A = 0.71073 A, graphite monochromator) 
0.146 0.158 

difference map revealed some but not all of the hydrogen atoms. solvated trisiloxide complex, Al(OSiPh,)(THF), 1,  with the 
Hydrogens were, therefore, included as fixed atom contributors in concomitant liberation of methane (eq. [5]). 
the final cycle, d(C-H) = 0.96 A, U,, = 0.08 A ~ .  Refinement was 
performed to convergence ( ~ / 6 ( m a x j  < 0.001) with this model. 
The weighting scheme was w = [a2(lF,I) + 0.0274(1Fl)']-'. [5] A1Me3(THF) + 3 HOSiPh, - A1(OSiPh3), (THF) 

THF ( I )  
The structure of 2.(THF), ,, was solved by direct methods (XS), 

which revealed the position of the Al, 0 ,  and Si atoms. The atoms + 3 MeH 
Al(1) and O(2) lie on a threefold rotation axis at x ,  y,  z ,  where x 
= y = z; thus their site occupancy factors were fixed at f ,  and their Hydrolysis of a THF solution of 1 does not result in the 
positions were allowed to freely refine along the threefold rotation hydrolytic cleavage of the aluminium-siloxide bonds and the 
axis. Standard difference map techniques were used to find the re- formation of an alumoxane, as is observed for the triethyl- 
maining non-hydrogen atoms, including the presence of a THF siloxide analogue (3), but instead allows for the isolation of 
molecule, the site occupancy of which was freely refined to a value the water complex, AI(OSiPh3)3(H20)(THF)2, 2, (eq. [6]). 
of 0.99 and was, therefore. fixed at 1.0 in the final refinement. 
Attempts to refine the structure with a site occupancy of the THF 
molecules resulted in a significant increase in the R and R,, . After 
all the non-hydrogen atoms were located and refined anisotropi- 
cally, a difference map revealed some but not all of the hydrogen 
atoms. Hydrogens were therefore included as fixed atom contrib- 
utors in the final cycle, d(C-H) = 0.96 A, U,, = 0.08 A3. Since 
the bound H 2 0  ligand can only be hydrogen bonded to two of the 
three symmetry-related THF molecules, it is therefore probably 
disord~red, and the site occupancy factor for H(2B) was therefore 
set at 3.  After the A1(OSiPh3),(H20)(THF), unit was refined a peak 
of significant electron density remained, which generated a highly 
distorted six-membered ring by symmetry. Based on NMR and 
TGA data this is likely a disordered THF molecule. Refinement of 
!his peak as oxygen (site occupancy 6) and carbon (site occupancy 
g with no hydrogens) led to convergence of the entire structure (A/ 
6 (max) < 0.001) and a signiFant lowering of the R factor. The 
weighting scheme was w = [oL(IF,I) + 0.0124 ((FI)']. 

Although both structures refined to a satisfactory level, the 
weighted R factor in each case remained high. However, since the 
bond length and angle esd's are acceptable and atom connectivity 
is entirely consistent with analytical and NMR spectral character- 
ization the solutions are adequate and undoubtedly correct. 

Results and discussion 

The interaction of 3 equivalents of triphenylsilanol with 
trimethylaluminium in THF results in the formation of the 

+ H,O 
161 Al(OSiPh,),(THF) AI(OSiPh3)3(H,0)(THF)2 

THF 

The molecular structure of the THF solvates l.(THF) and 
2.(THF)1.25 have been determined by X-ray crystallography 
and are shown in Figs. 1 and 2 respectively. Selected bond 
lengths and angles are given in Tables 5 and 6. 

The structure of l.(THF) consists of a discrete mono- 
meric Al(OSiPh,),(THF) unit with a second THF present in 
the crystal lattice as a molecule of solvation; this uncom- 
plexed THF is, however, only removed from the crystal lat- 
tice at elevated temperatures, >50°C. The structure of 
2.(THF),.,, consists of an Al(OSiPh,),(H,O) unit situated on 
a threefold rotation axis. There are three symmetry-related 
THF molecules suitably positioned for hydrogen bonding to 
the coordinated water molecule. Since the site occupancy of 
these THF molecules is unity but only two can be hydrogen 
bonded to the H20  at the same time, the H20 hydrogens must 
be disordered over the three symmetry-related sites, and the 
presence of three, rather than two, THF molecules is a 
function of the crystal packing. Thus the structure is best 
considered as consisting of 2 with a molecule of THF pres- 
ent in the crystal lattice. There is no doubt that hydrogen 
bonding is present between the yater and THF molecules, 
since the 0-.-0 distances (2.62 A) are within the expected 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



774 CAN. J .  CHEM. VOL. 70, 1992 

TABLE 3. Fractional coordinates ( x  10') and equivalent isotropic 
thermal parameters (10; X A') of the non-hydrogen atoms in 

l.(THF) 

Atom x Y z U(eq)" 

Al(1) 1783(2) 2713(1) 6394(1) 26( 1) 
o (  1) 26 18(4) 3 1 16(2) 6950(2) 36(1) 
Si(1) 2905(2) 3653(1) 7376(1) 29( 1) 
C( 1 )  2 190(7) 3509(2) 8043(3) 36(2) 
c (2)  1059(7) 3 166(3) 80 1 O(3) 50(3) 
c (3)  460(8) 3060(4) 8502(4) 64(3) 
c (4)  107 1 ( 10) 3286(4) 9024(4) 74(4) 
c (5 )  2200( 1 1 )  3625(3) 9082(3) 69(4) 
C(6) 2783(8) 3730(3) 8588(3) 49(3) 
c (7 )  4792(6) 3770(2) 7586(2) 29(2) 
C(8) 5337(7) 4293(3) 7809(3) 4 1(2) 
c (9)  67 19(7) 4367(3) 7972(3) 44(2) 
o (2 )  1600(4) 2017(2) 6548(2) 34( 1) 
Si(2) 1203(2) 1527(1) 6959(1) 30(1) 
c (  19) 886(6) 858(2) 6529(3) 32(2) 
c(20) 1400(8) 770(3) 6027(3) 47(3) 
c ( 2  1) 1161(8) 267(3) 57 lO(3) 57(3) 

TABLE 3 (concluded) 

Atom x 1' z U(eq)" 

"Equivalent isotropic U defined as one third of the trace of the ortho- 
gonalized U,, tensor. 

TABLE 4. Fractional coordina!es ( x  lo') and equivalent isotropic 
thermal parameters (10; X A ~ )  of the non-hydrogen atoms in 

2.(THF), 25 

Atom x Y z U(eq)" 

"Equivalent isotropic U defined as one third of the trace of the ortho- 
gonalized U,, tensor. 

range (1 1). In addition to the three THF's situated around the 
water, the electron density map and crystal cell packing in- 
dicate the presence of a severely disordered THF molecule 
in the center of the unit cell. Thus, 3~ THF's are required per 
aluminium. The thermogravimetric analysis of a freshly 
crystallized sample of 2 indicates the loss of slightly more 
than 3 equivalents of THF per aluminium consistent with the 
presence of a further molecule of solvation. Therefore, a 
highly disordered THF molecule was included in the final 
refinement (see Experimental). The excess THF molecules 
are removed on prolonged drying in vacuo, leaving the two 
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APBLETT ET AL. 775 

FIG. 1 .  Structure of AI(OSiPh,),(THF) (I) with thermal ellip- 
soids drawn at the 40% level. The THF of solvation and hydrogen 
atoms are omitted for clarity. 

FIG. 2. Structure of A1(OSiPh3)3(H20)(THF)2 (2) with thermal 
ellipsoids drawn at the 40% level. The THF's of solvation and hy- 
drogen atoms not associated with the water ligand are omitted for 
clarity. 

molecules hydrogen bonded to the coordinated water mole- 
cule. Although these hydrogen-bonded THF molecules are, 
in turn, removed upon high temperature thermolysis of 2, the 
water ligand remains complexed. 

As is commonly observed for four-coordinate Lewis acid 
base complexes of aluminium (12, 13) the geometry around 
each aluminium is distorted from tetrahedral, with the an- 
gles associated with the THF (1) and H,O (2) ligands being 
the most acute. The similarity in aluminium coordination 
geometries in these compounds is illustrated by comparing 
the sums of interligand angles associated with the siloxide 
ligands (342.5(2)" (I),  343.2(2)" (2)). This similarity is per- 

haps unsurprising since we previously observed that the ge- 
ometry around aluminum is primarily dependent on the steric 
bulk of substituent ligands (12, 14), and in the case of com- 
pounds 1 and 2 the coordination geometry is dominated by 
the sterically bulky siloxide ligands. 

Whereas the THF (1) and H20  (2) A1-0 bond distances 
are within the range usually observed ( 15- 18), the siloxide 
A 1 4  distances (1.696 (4)-1.709 (4) A) are significantly 
shorter. The latter are, however, close to the values found 
in Al(OSiPh,),(acac) (19). This shortening was previously 
ascribed to a possible T-type interaction between the oxy- 
gen lone pairs and the u* orbitals on aluminum (17, 20). The 
S i 4  bonds in 1 and 2 are also within the range observed 
for some T-type interaction (21). There appears to be no 
correlation, however, between the A l U S i  bond angle and 
either the A 1 4  or S i - 0  bond lengths. A similar lack of 
correlation was observed previously for both main group and 
transition metal alkoxide and aryloxide complexes (1 7, 22). 

The IR spectrum of 2 contains a broad resonance at 
3659 cm-' consistent with a hydrogen-bonded 0-H group. 
This assignment is confirmed by the observation of an iso- 
tope shift for the deuterated analogue of 2, Al(OSiPh,),- 
(D20)(THF), ( ~ ( 0 - D )  = 2447 cm-I). 

In Table 1, the 2 9 ~ i ,  ' 7 ~ 1 ,  and 170 NMR chemical shifts 
of compounds 1 and 2 are compared with each other, those 
of the parent silanol, the dimeric monosiloxide [AlMe2(~-  
OSiPh,)], (23), and the literature values for Al(acac)(OSiPh,), 
(acac = acetylacetonate) (19). The 2 7 ~ 1  NMR resonances for 
1 and 2 are consistent with four-coordinate aluminium com- 
plexes with three alkoxide ligands (9). The 2 9 ~ i  and 170 NMR 
spectra for 1 and 2 (see Table 1) are consistent with termi- 
nal siloxides (19) and are distinct from those observed for the 
bridging siloxides in the dimeric compound (AlMe2(~- 
OSiPh,)], (23). It is also interesting to note that the 170 NMR 
spectral shifts of the terminal siloxides are close to that of the 
free silanol. 

The 'H NMR signals for both 1 and 2 were sufficiently 
resolved at 500 MHz that fully interpretable first-order spectra 
could be obtained. Since the spectra of 2 displayed two sets 
of phenyl groups in a 1 : 2 ratio, due to restricted rotation (vide 
infra), it was necessary in this instance to establish 'H-IH 

connectivity using the standard COSY 2D NMR technique 
(Fig. 3) (6, 7). The assignment of the ortho, meta, and para 
carbons of the phenyl rings was accomplished with the as- 
sistance of a standard heteronuclear-correlated ( 'H-~~C)  ex- 
periment (e.g., Fig. 4) using delay times optimized for direct 
'H-I3C coupling (8). 

Although the four-coordinate geometry about the alumin- 
ium center in l.(THF) observed in the solid state is retained 
in solution, as indicated by 2 7 ~ 1  NMR, there exists only a 
single set of resonances for the THF's, indicating the pres- 
ence of a rapid degenerate exchange between free and co- 
ordinated THF (eq. [7]), which does not cease on cooling 
(-70°C). 

[7 ]  Al(OSiEt,),(THF) + THF* G Al(OSiEt,),(THF*) + THF 

We previously observed that the dissociative ligand ex- 
change for the sterically hindered aryloxide complexes 
AlMe(BHT), (eq. [8]) (2,6-di-tert-butyl-4-methylphenol, 
BHT-H from the trivial name butylated hydroxytoluene) 
readily ceases below O°C, whereas the associative exchange 
for AlMe2(BHT)L (eq. [9]) continues down to -80°C (24). 
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TABLE 5. Selected bond lengths (A)  and angles (") in l.(THF) 

TABLE 6. Selected bond lengths (A) and angles (") in 2.(THF), 25 

A l ( l H ( 1 )  1.708(5) Al(1 H ( 2 )  1.83(1) 
O ( l F S i ( 1 )  1.586(5) Si(l)--C(l) 1.875(7) 
si( 1 )--C(7) 1.871(7) S i ( l K ( 1 3 )  1.889(7) 
0(3)--C( 19) 1.48(1) 0(3-(22) 1.48(2) 

The continued exchange at low temperatures between free 
and coordinated THF in l.(THF) suggests an associative li- 
gand exchange is in effect. The solid state structure lends 
partial credence to this proposal, since the uncomplexed THF 
is positioned for incipient complexation to the metal. The 
exchange of excess THF with those hydrogen bonded to the 
water ligand in a freshly crystallized sample of 2 does not 
cease at low temperatures. This facile exchange is, how- 
ever, consistent with the weak hydrogen bonding as op- 
posed to an associative exchange. 

As can be seen from 'H and I3c NMR data (see Experi- 
mental) there are two distinct environments for the phenyl 
groups in 2, which may be related to the solid state struc- 
ture (Fig. 2) as those positioned equatorial (six phenyl groups, 
marked with an asterisk in the Experimental) and axial (three 
phenyl groups) to the A1(1)-0(2) vector. Thus the pres- 
ence of a distinct phenyl environment indicates that at room 
temperature there is no rotation about the A l U S i  bonds. 
However, the phenyl groups do exhibit free rotation, since 

only a single set of resonances is observed for each of the 
ortho and meta ring protons. 

Heating an NMR sample of 2 results in coalescence of the 
signals for the phenyl rhgs (T,  = 60°C). It is possible that 
this is due to the onset of dissociation of the coordinated water 
molecule, which in turn results in a planar three-coordi- 
nated aluminum, and releases the steric restraint imposed on 
the siloxide groups. However, the activation energy (AG') 
for this exchange is calculated (25) from the NMR data to 
be 16.5(*0.3) kJ mol-', which is inconsistent with ligand 
bond dissociation energies (BDE) previously observed for 
aluminium complexes, 63-115 kJ mol-' (24, 26). A con- 
sideration of the space-filling representation of 2 in Fig. 5 
shows that the THF molecules are sufficiently distant from 
the triphenylsiloxide groups to have no significant steric ef- 
fects, as can be implied from their fluxional nature in solu- 
tion while the siloxides remain rigid. However, the 0SiPh3 
groups are locked together, precluding the rotation around 
the A l U S i  bonds. We propose, therefore, that the mea- 
sured activation barrier is the energy required to overcome 
this sterically induced rigidity. 

If a sample of 2 is cooled below -70°C the 'H NMR 
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J 

1 1 1 ' ' 1 ' 1 ' '  

I - 7 . 4  

7 7  7 6  7 5  7 4  7 3  7 2  PPM 
PPM 

FIG. 4. 'H-I'c correlated 2D NMR spectrum of Al(OSiPh,),- 
FIG. 3 .  'H-'H COSY spectrum of AI(OSIP~,),(H~O)(THF)~ (2). (H,O)(THF), (2). 

FIG. 5 .  Space-filling representation of A1(OSiPh,),(H,O)(THF)z (2), and its equivalent line drawing (inset), viewed perpendicular to 
the A l ( I w ( 2 )  vector, showing the steric hindrance imposed on the triphenylsiloxide groups. 
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Synthesis, multinuclear magnetic resonance spectra, and chemistry of some 
complexes [(~-sR),(Mx)~]~-  (R = alkyl; M = Zn or Cd; X = C1, Br, or I) 
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PHILIP A. W.  DEAN, JAGADESE J. VITTAL, and YUYANG WU. Can. J .  Chem. 70 ,779  (1992). 
The self-assembly method has been used to prepare a wide range of new adamantane-like anions of the type [(k- 

SR),(MX),]'- (M = Zn or Cd; R = alkyl or benzyl; X = C1, Br, or I) as their E~,N' salts. Metal ('I1 Or ' I3cd) NMR data 
have been measured for the cadmium complexes, and also for many of the possible mixed-metal complexes [(k- 
SR),(C~X),,(Z~X),-,,I?-. In the complexes with mixed metals, the effects of Zn substitution on the metal chemical shifts 
are generally larger for the alkyl- and benzyl-thiolate complexes than for related benzenethiolate complexes. However, 
for [(p.-SPr')6(CdX),,(CdX')4-,,]2- (X/X1 = Cl/Br, Cl/I, or Br/I), substituent effects are no larger than found in some 
PhS--bridged complexes. The reaction of [ ( F - ~ P r i ) 6 ( ~ d ~ ) 4 ] ' -  (X = C1, Br, or I) with Elg (El = S or Se) in CH'C1, gives 
[Cd4(k4-E') (p-SPr')12(CdX)4]'- as the major species detectable by metal, 13c, and, where applicable, 7 7 ~ e  NMR. However, 
the reaction does not occur stoichiometrically. The compcmnd (Et4N),[(CL-Srr')6(Cd~r)4] crystallizes in the monoclinic 
space group P 2 , / c  with cell dimensions a = 24.079(3) A, b = 11.365(2) A,  c = 22.561(3) A, P = 113.89(1), and Z 
= 4. The structure was refined to R(R,,.) = 0.0663(0.0703) with the use of 2669 unique data with I > 2.5u(I). The anion 
contains an adamantane-type (k,-S),Cd, cage composed of a nearly regular Cd4 tetrahedron and a distorted S6 octahed- 
ron, the irregularity of which is caused by 1,3-interactions of the substituent groups on the sulfur atoms. The axial or 
equatorial dispositions of the six alkyl groups in the four fused M3S3 rings are [aae, aae, aee, aee]. For the zinc-group 
elements, this is the first example of an adamantane-like (p-Salkyl),M, cage that has been characterized crystallograph- 
ically. 

Key words: cadmium complex, cadmium-1 1111 13 NMR, thiolate complex, X-ray analysis, zinc complex. 

PHILIP A. W. DEAN, JAGADESE J. VITTAL et YUYANG WU. Can. J .  Chem. 70, 779 (1992). 
On a utilisC la mCthode d'auto-assemblage pour prkparer une grande variCtC de nouveaux anions ressemblant l'ada- 

mantane, du type [ ( p - S ~ ) 6 ( ~ X ) 4 ] 2 -  (M = Zn ou Cd; R = alkyle ou benzyle; X = Cl, Br ou I), sous forme de sels du 
E~,N+.  On a rnesurC les spectres RMN des ' I 1  "" ' I 3  Cd des complexes du cadmium ainsi que ceux de tous les composCs 
mCtalliques mixtes possibles [ (p-~~)6(CdX) , ,~nX4- , , ] ' - .  Dans les complexes mCtalliques mixtes, l'effet de la substitu- 
tion du Zn sur les dkplacements chimiques du mCtal sont gCnCralement plus grands avec les complexes alkyl- et benzyl- 
thiolates qu'avec les complexes benzenethiolates apparentCs. Toutefois, avec [(F-~~r')6(~d~),,(CdX')4-,,]'- (X/X1 = 
Cl/Br, Cl/I ou Br/I), les effets de substituants ne sont pas plus importants que ceux observes dans quelques complexes 
comportant un pont PhS-. La reaction du [(p-S~ri)6(~dX)4]'- (X = C1, Br ou I) avec Et8 (E' = S ou Se), dans le CH2C12, 
foumit du [Cd,(k,-E') (CL;~~r ' )12(CdX)4]2 comme principale espece detectable par RMN des mCtaux, du "C et, lors- 
quec'est applicable, du Se. Toutefois, la rCaction n'est pas stoechiomCtrique. Les cristaux du compost5 (Et4N),J(p- 
SPr'),(CdBr),] sont monocliniques, groupe d'espace P2 , /c ,  avec a = 24,079(3), b = 11,365(2) et c = 22,561(3) A, P 
= 113,89(1) et Z = 4. On a affinC la structure jusqu'k des valeurs de R(R,,) = 0,0663(0,0703) a l'aide de 2669 reflexions 
independantes avec I > 2,5u(I). L'anion contient une cage (p?-S),Cd, du type adamantane composCe d'un Cd, tCtraCdrique 
pratiquement rkgulier et d'un S6 octaCdrique dCformC dont llirrCgularitC est causCe par des interactions-1,3 des substi- 
tuants portCs par les atomes de soufre. Les arrangements axiaux et Cquatoriaux des six groupes alkyles dans les quatre 
cycles M3S3 condensCs sont [aae, aae, aee, aee]. Pour les ClCments du groupe du zinc, il s9agit du premier exemple d'une 
cage (p-Salkyl),M, du type adamantane a Ctre caractCrisC par cristallographie. 

Mots clPs : complexe du cadmium, RMN des "1'"3Cd, complexe thiolate, diffraction des rayons X, complexe du zinc. 
[Traduit par la redaction] 

Introduction 
Adamantane-like anions of the general type [(F- 

EP~),(MX),]~- are well established for a variety of divalent 
metal centres, especially for E = S and X = SPh- or halide 
(1-5). Of particular relevance to the present paper, some 
anions of this general type are known for each of the zinc- 
group elements (1-5). The (pSPh),M, cages, where they 
exist for ~n(11)-H~(II),, provide possible models for the 

'Presented in part at the 74th Canadian Chemical Conference, 
Hamilton, Ontario. June 2-6, 1991. 

,NO reprints available. 
3 ~ u t h o r s  to whom correspondence may be addressed. 
 or mercury, the [(~,-EP~),(H~X),]~-  anions appear to exist for 

E = Se or Te, but not for E = S (4). 

cysteinate-bridged tetrametallic cages occurring when some 
forms of the cysteine-rich metal-binding protein metallo- 
thionein are loaded with the divalent dlo metal ions. 

It seems reasonable to suggest that cages involving alkyl 
thiolates might provide a better model for the cysteinyl 
binding sites of metallothionein than cages involving ben- 
zenethiolates. However, remarkably little attention has been 
paid to adamantanoid clusters containing cages of the type 
( C L - ~ ~ l k ) ~ n 4 . 5 . 6  Thus, Hagen and Holm (9) synthesized and 

%Alk- represents alkyl- or benzyl-thiolate. 
,several examples of ( k - ~ ~ l k ) , ~ ' ,  (M = Cu or Ag) have been 

described (6-8), but these are not directly analogous to the com- 
plexes of the divalent metal centres in that they have distorted-planar 
coordination at the metal centres with no terminal ligands X. 
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fully characterized the [(p-SE~),(F~SE~),]'- anion, while in 
very recent work from our  o w n  laboratory w e  synthesized 
(Et,N)2[(p-SPr")6(CdI),] and characterized this and the Zn(I1) 
and Hg(I1) analogues in solution using multinuclear mag- 
netic resonance methods (4). T h e  Zn(I1) and  Cd(I1) com- 
plexes are stable at ambient probe temperature, but the Hg(I1) 
complex appears t o  b e  stable only at reduced temperature. 
T h e  I l3cd N M R  spectra of  the series [(p-SPrn),(CdI),,- 
(z~I),-,,]'- were sufficiently different f rom those reported 
( l o ,  11) for  [(~-sP~),(c~sP~),,(z~sP~),-,,]~- to warrant 
further study of alkylthiolate-bridged Cd,,Zn,_,, cages by  
metal N M R .  

In this paper w e  describe the synthesis of  a much wider  
series of  complexes of  the type [ ( F - ~ ~ l k ) 6 ( ~ ~ ) , ] ' -  ( M  = 
Z n  o r  C d ;  X = C1, B r ,  o r  I). T h e  multinuclear magnetic res- 
onance spectra of  these and related complexes with mixed 
metals o r  mixed terminal halides are  given. A single crystal 
X-ray structural analysis of (Et,N),[(p-SPr'),(CdBr),] has 
been carried out to  characterize a representative ( ~ - s A k ) , C d ,  
cage and to allow comparison with structures containing the 
(p-SPh),Cd, core (3, 9). A s  well,  the reaction of  [ (p -  
S P ~ ' ) ~ ( C ~ X ) , ] ~ -  with elemental sulfur and  selenium is re- 
ported. 

Experimental 

Materials and  general procedure 
All starting materials were from commercial sources and were 

used as received. The compounds M(SR), (M = Zn or Cd; R = Me, 
Et, I-Pr, 2-Pr, 1-Bu, 2-Bu, or benzyl) were prepared by an adap- 
tation of the literature synthesis (12) of Zn(SR),, in which 
Me,CO:H,O (1 :5) was used instead of water and the metal ni- 
trates instead of the sulphates. The salt ( E ~ , N ) , [ ( ~ S F T " ) ~ ( C ~ I ) ~ ]  was 
prepared as reported earlier (4), and a sample of (PrlS)'Se was also 
synthesized by the literature method (13). Red selenium was ob- 
tained by the reduction of Na,SeO, with Na2S204 in strongly acidic 
aqueous solution. The Sea was separated by filtration, washed with 
water, then alcohol, dried in vacuo, and stored in the dark in a re- 
frigerator. 

All solvents used in synthesis or in the preparation of NMR 
samples were dried over 3 A Molecular Sieves and thoroughly 
deoxygenated by sparging with Ar(g). All syntheses and prepara- 
tions of NMR samples were canied out under an atmosphere of Ar 
or N,. 

Synthesis 
The tetranuclear anions were all prepared by the self-assembly 

method and isolated as their Et,N+ salts. Within this general pro- 
cedure there was some variation, as exemplified by the syntheses 
of the salts of [ ( F - ~ ~ r ' ) 6 ( ~ d ~ ~ ) 4 ] 2 -  and [ ( F - ~ ~ t ) 6 ( ~ d ~ r ) 4 ] 2 - .  

(Et4N)2[( p S P r  i ) 6 ( ~ d ~ / ) j  
The synthesis was generally similar to that reported for 

(Et4N)2[(~-SPr")6(CdI)4] (4). A mixture of CdCI, (0.18 g, 
0.98 mmol), EtJNC1.H,O (0.37 g ,  2.0 mmol), and Cd(Sprt), 
(0.87 g, 3.3 mmol) was stirred in CH2Cl2 (20 mL) for 1 h. The 
small amount of insoluble material was removed by filtration. The 
volume of the filtrate was reduced to ca. 4 mL by gentle heating 
under a flow of N,(g), and then Et20 (2 mL) was layered on. The 
mixture was allowed to stand in the refrigerator overnight. The 
white solid so formed was separated by filtration, washed with Et20, 
and dried in vacuo at room temperature. The yield was 1.1 g (84%). 

In the same manner were prepared (E~,N),[(F-SR),(MX)~] for 
the following R/M/X combinations: prt/zn/C1 (8 1 % yield), Br 
(62%), I (74%); Pri/Cd/Br (74%), I(78%); Me/Zn/Br (71%), I 
(61%); Prn/Zn/I (68%); Bu" /Zn/I (45%); Bun/Cd/I (57%). For 
(EbN)2[(k-SEt)6(ZnX)4] (X = Cl, Br), the salts prepared in this way 
gave unsatisfactory elemental analyses, though they appeared pure 

by I H  and 13c NMR.7 For the following R/M/X combinations, the 
initial three-component mixture remained milky, but the proce- 
dure was otherwise the same: Et/Cd/Cl (41 %), Br (29%), I (48%); 
Et/Zn/I (36%). Alternative, higher yield syntheses for R/M/X = 
Et/Cd/Br, I are given below. 

The ether was replaced by pentane to produce the salts with 
R/M/X = benzyl/Zn/Cl (92%), Br (94%), I (84%).  When this 
adapted procedure was used for salts of [(F-Sbenzyl),(Cd~).J (X 
= C1, Br, I), oily white solids were obtained after the mixtures were 
refrigerated. These solids were separated by decantation and washed 
several times with pentane, then dried in vacuo to give white foamy 
solids. Yields for X = C1, Br, I were 54, 84, 75%, respectively. 

(EtJN)2f( ~ - s E t ) ~ ( C d B r ) ~ ]  (Method 2) 
Into a solution of CdBr' (1.1 g, 4.0 mmol) and Et,NBr (0.42 g, 

2.0 mmol) in EtOH (50 mL) at 40°C was stirred EtSH (0.50 g, 
8.1 mmol) followed by Et,N (0.81 g, 8 .0 mmol). A white precip- 
itate formed. This dissolved when MeCN (5 mL) was added to the 
mixture at room temperature. Cooling the resulting solution to 5'C 
overnight gave the product as white crystals. The yield was 1.0 g 
(72%). The analogous iodide can be prepared similarly, in 58% 
yield. 

The salt (Et,N),[(k-SEt)6(ZnBr),], pure by 'H and "C NMR, was 
obtained in a similar manner, but with the addition of Et,O before 
cooling overnight. However, this salt did not give satisfactory el- 
emental analyses. 

Elemental microarzal~~ses 
Analyses for C ,  H, and N were carried out by Guelph Chemical 

Laboratories Ltd. Analytical data for the new compounds are given 
in Table 1. 

Nuclear magnetic resonance spectra 
Proton and "C NMR spectra of (E~,N),[(F-SR)~(MX)~] were 

obtained at ambient probe temperature using a Varian Gemini-200 
spectrometer system, with solutions in standard 5 mm 0.d. NMR 
tubes. These spectra have been deposited. Carbon-13 NMR spec- 
tra of the reaction mixtures of [ ( F - S P ~ ' ) ~ ( C ~ X ) , ] ~ -  with sulfur or 
selenium were measured at ambient probe temperature in 10 mm 
0.d. NMR tubes on a Varian XL-200 spectrometer system oper- 
ating without a 'D field/frequency lock. The CH2C12 signal (8, = 
54.2) was used as an internal reference. 

Natural-abundance " ' / " k d  and 77Se NMR spectra were mea- 
sured with a Varian XL-200 or -300 spectrometer system again 
running without a 'D field-frequency lock; the field drift was 
<1 Hz/day. On both machines interference obscured part of the 
113 Cd region, so many spectra were measured using "'Cd, which 
is almost as sensitive as " ' ~ d  at natural a b ~ n d a n c e . ~  No primary 
isotope effect is expected, i .e. ,  chemical shifts should be the same 
for both "'Cd and lI3cd. External referencing was by sample in- 
terchange, using 0.1 M Cd(ClO,),(aq) for 1"'113~d and pure Me2Se 
for 77Se. On the lower and higher field instruments, the reference 
frequencies were, for Il3cd, 44.37 and 66.53 MHz, respectively; 
for Il1Cd, 42.41 and 63.59 MHz, respectively; for 7 7 ~ e ,  38.15 and 
57.20 MHz, respectively. The negative Overhauser effect is sig- 
nificant for " ' / " k d  in the Cd-Salkyl complexes, therefore in- 
verse gated proton decoupling was used, with the decoupler off for 
at least 80% of each duty cycle. Most of the 1 1 1 / " 3 ~ d  NMR spec- 
tra were measured using an acquisition time of 1 s ,  cycle time of 

7 ~ o p i e s  of these data may be purchased from: The Depository 
of Unpublished Data, Document Delivery, CISTI, National Re- 
search Council Canada, Ottawa, Canada K I A  0S2. 

Table S5, additional bond distances and angles, has also been 
deposited with the Cambridge Crystallographic Data Centre and can 
be obtained on request from The Director, Cambridge Crystallo- 
graphic Data Centre, University Chemical Laboratory, Lensfield 
Road, Cambridge CB2 IEW, U.K. 

 he natural abundances of Il1cd, lI3cd, and 77Se are 12.7:, 
12.26, and 7.58%, respectively; their relative receptivities, D , 
relative to = 1,  are 6.97, 7.67, and 3.01, respectively (14). 
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TABLE 1. Analytical data for (Et,N),[(pSR),(MX)J 

C % H % N % 

R M X Calcd. Found Calcd. Found Calcd. Found 

MC Zn Br 23.50 23.42 5.20 5.08 2.49 2.87 
Mc Zn I 20.14 20.37 4.46 4.33 2.14 2.47 
Et Cd C1 27.60 27.50 5.79 5.57 2.30 2.58 
Et Cd Br 24.08 24.13 5.05 5.00 2.01 1.85 
Et Zn I 24.08 23.72 5.05 4.82 2.01 2.16 
Et Cd I 21.22 20.89 4.45 4.1 1 1.77 1.34 
I -Pr Zn I 27.58 27.28 5.58 5.45 1.89 2.06 
I -Pr Cd 1 24.47 24.19 4.95 4.68 1.68 1.64 
1-Bu Zn I 30.70 30.54 6.06 6.08 1.79 1.79 
1-Bu Cd I 27.41 27.56 5.41 5.52 1.60 1.96 
2-Pr Zn C1 36.63 35.49 7.42 7.47 2.5 1 2.39 
2-Pr Cd C1 31.34 31.60 6.34 6.15 2.15 2.36 
2-Pr Zn Br 31.59 31.35 6.40 6.53 2.17 2.16 
2-Pr Cd Br 27.58 27.09 5.58 5.45 1.89 1.60 
2-Pr Zn I 27.58 27.51 5.58 5.23 1.89 2.04 
2-Pr Cd 1 24.47 24.25 4.95 4.99 1.68 1.61 
2-Bu Zn C1 40.07 39.49 7.90 7.82 2.34 2.26 
2-Bu Cd C1 34.64 34.87 6.83 6.51 2.02 2.18 
2-Bu Zn Br 34.90 34.56 6.88 7.17 2.04 1.92 
2-Bu Cd Br 30.70 30.83 6.06 5.71 1.79 2.08 
2-Bu Zn I 30.70 30.42 6.06 6.34 1.79 1.50 
2-Bu Cd I 27.41 27.28 5.41 5.63 1.60 1.69 
PhCH? Zn C1 49.65 50.02 5.89 5.87 2.00 2.29 
PhCH, Cd C1 43.78 43.44 5.20 4.98 1.76 1.40 
PhCH? Zn Br 44.07 44.86 5.23 5.29 1.77 1.93 
PhCH? Cd Br 39.38 40.02 4.67 4.72 1.58 1.56 
PhCH? Zn 1 39.38 39.56 4.67 4.74 1.58 I .75 
PhCH? Cd I 35.60 35.13 4.22 4.14 1.43 1.40 

TABLE 2. Summary of X-ray structure determination 

Compound C ~ J H ~ ~ N ~ B ~ ~ C ~ ~ S ~  
Formula weight 1480.646 
Crystal system Monoclinic 
Space group P2 , / c  (No. 14) 
Cell dimensions (A) a = 24.079(3) 

b = 11.365(2) 
c = 22.561(3) 
p = 113.89(1) 

Temperature, "C 23 
cell volumc ( A - 7  5645(2) 
z 4 
Density, g ~ m - ~ ,  obsd; calcd. 1.75(5), 1.743 
F (000) 2912 
Diffractometer, filter Enraf-Nonius CAD4F; nickel 
Radiation, wavelength (A) CuKa, 1.5418 
Approx. crystal dimensions (mm) 0.15 X 0.23 X 0.34 _ 
No. of faces, face indices 12, {loo}, (01 I}, {101}, and (110) 
Index - 2 3 < h < O , O < k <  1 1 , - 2 2 < 1 < 2 2  
20 ranges (deg) 0 < 20 < 100 
Absorption coeff. (cm-') 178.5 
Absorption max., min. 0.064, 0.098 
R (F )  for average, before, after 0.030, 0.024 
No. of reflections averaged 173 
No. of reflections rejected for systematic absences 399 
No. of unique data 5797 
No. of observ., variables 2699(1 < 2.5u(I)), 277 
Final model; R, and R, 0.0663, 0.0703 
Extinction parameter 0.00038 l(48) 
Residual electron density range (e A-') 0.613 to -0.740 
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TABLE 3. Atomic positional ( X  10') and thermal ( X  lo3) parameters for (Et,N)?[(p,- 
S ~ r ' ) ~ ( C d ~ r ) , l  

Atom x Y z u (A2)" Occu. 

"Parameters marked with an asterisk were assigned anisotropic thermal parameters given as the 
isotropic equivalent displacement parameter defined as U,, = 1 /32,2, U,, . a*, . a*, . a,. a,. 

5 s, spectral window of 10 kHz, and tip angles of ca. 88" (for spectra 4.6 s; spectral window, 25 kHz; tip angle, 83" (at ambient probe 
at 213 K) and ca. 83" (for spectra at ambient probe temperature). temperature). Selenium-77 NMR spectra were measured using 
For mixtures of [(~,-SP~') , (C~X),]~- and sulfur or selenium, the continuous proton decoupling. For [Cd,(k,-Se) ( ~ , - S P ~ ' ) ~ ~ ( C ~ X ) . ~ I ~ - ,  
conditions were as follows: acquisition time, 0.6 s; cycle time, Tl(77Se) appears to be ca. 20 s. In final spectra, measured using the 
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TABLE 4. Cadmium chemical shifts" of some con~plexes [(K- 
SR)~(C~X) , , (Z~X) , - , , ]~-  in CH,CI$ 

EtC 

2-Pr 

2-BU 

1 -Pr 

1-BU 

PhCH, 

Ph 

Temperature 
(K) 

293" 
233 
292 
293 
25 6 
296 
217" 
294 
214' 
295 
2 18' 
292 
215' 
293 
215' 
292 
215' 
294 
2 13' 
293 
215 
292 
215' 
293 
215' 
293 
215 
260 

"Relative to external 0.1 M Cd(C10,)2 (aq) at 293 + 1 K,  for solutions 
containing 0.05 mol/L of solvent at ambient temperature, except as noted. 
Reproducibility + 1 ppm. 

"Except where noted otherwise. 
'In MeCN. 
"Concentration 0.025 mol/L of solvent. 
'Average position of several closely spaced resonances (see text). 
'Data from ref. 4, for solutions having 0.06 mol/L of solvent. 
'Broad unresolved signals occur in Cd,:Zn, mixtures. 
"Separate signals not resolved. 

XL-300 spectrometer, the following conditions were used to ob- 
tain the 77Se NMR spectra of these species at ambient probe tem- 
perature: acquisition time and cycle time, 1 s; spectral window, 
10 kHz; tip angle, 18". Temperature calibration was made using a 
calibrated thermocouple probe in a stationary dummy sample. 
Cadmium-1 11 / I13 chemical shifts were found to be reproducible 
to I I ppm and 7 7 ~ e  chemical shifts to 0.1 ppm. In a single spec- 
trum, signal separations could usually be measured more pre- 
cisely. 

NMR spectra were simulated as described earlier (15). 

X-ray structure determination 
Single crystals of (Et4N)2[p-SPr')6(CdBr)4] were grown by dif- 

fusing diethyl ether into an acetone solution of the compound at S°C. 
A colorless crystal of suitable quality was mounted in air on a glass 

in 0-20 mode, at variable scan speeds (1.27-2.75 deg min-') and 
scan width of 0.8 + 0.14 tan 0, with a maximum time per datum 
of 60 s .  Background estimates were made_ by extending_the scan 
by 25% on each side. Standard reflections 200,002, and 202 were 
monitored every 180 min of X-ray exposure time and showed 8.2% 
decay over the total period of 110.3 h. In all, 6375 reflections and 
123 standards were recorded. Corrections were made for Lorentz, 
monochromator, and crystal polarization, background radiation 
effects, and decay, using the Structure Determination Package (17) 
running on a PDP11/23+ computer. Numerical absorption cor- 
rection was applied using the program AGNOST (18). The cell 
parameters and the systematic absences (19a) indicated that the 
space group was P2 , /c  and the correctness of the choice of the space 
group was confirmed by successful solution and refinement of the 
structure. 

The structure was readily solved by a combination of MULTAN 
(20) and difference Fourier techniques. Refinement was by full- 
matrix least-squares techniques on F ,  using the SHELX-76 soft- 
ware (21) running on a SUN 3/50 workstation. Scattering factors 
for neutral, non-hydrogen atoms were taken from ref. 19b. Aniso- 
tropic thermal parameters were assigned for all the Cd, Br, and S 
atoms and were refined, while the thermal parameters of all the 
remaining non-hydrogen atoms were refined isotropically. At this 
stage, high thermal motions were found for most of the isopropyl 
methyl carbon atoms, indicating possible disorder. The disorder 
could be successfully resolved for C133, C142, C143, C242, and 
C243 while for C232, C233, C342, and C343 the disorder could 
not be resolved due to smearing of electron density as indicated by 
the electron density maps. The C-C bond distances were, there- 
fore, constrained to 1.542 A.  For the above reasons the hydrogen 
atoms were not included in the structure factor calculations. The 
tetraethylammonium cations also showed the expected high ther- 
mal activity, an artifact of unresolvable disorder. A common tem- 
perature factor was assigned for all the carbon atoms and refined 
in the least-squares refinements. 

With the use of 2669 observations with I > 2.5u(I), and utiliz- 
ing weights of the form w = k/u2 (F,) + g ~ ' ,  where k = 1.8849 
and g = 0.001029, refinement of 277 variables converged at 
agreement factors R = 0.0663, R,, = 0.0703. The top five peaks 
in the final difference Fourier synthesis had electron density in the 
range 0.613-0.535 e A - ~ .  

The experimental details and crystal data, and positional and 
U(equiv) thermal parameters, are given in Tables 2 and 3, respec- 
tively. Tables of anisotropic thermal parameters, root-mean-square 
amplitudes of vibration, and structure amplitudes have been in- 
cluded in the depository materials. 

Results and discussion 
Synthesis 

T h e  self-assembly reaction shown in eq .  [ l a ]  is  a 
straightforward route  to  a wide  range of  new adamantane-like 

[ l a ]  3M(SR), + MX2 + 2X- + [ ( @ - S R ) ~ ( M ~ ) , ] ~ -  

complexes o f  zinc and  cadmium containing bridging alkyl- 
or benzyl-thiolate anions. A n  alternative route to  [(p-SEt), 
(cdx),12- ( X  = B r  o r  I)  is shown in eq .  [ l b ] .  Twenty- 

[ l b ]  4CdX2 + 6EtSH + 6Et,N 

fibre with epoxy cement The crystal density was to be eight analytically pure E~,N' salts have been isolated, in- 
1.75(5) g cm-3 by the neutral buoyancy method using a mixture of 
carbon tetrachloride and hexane. cluding all  members  of  the series where R = 2-Pr, 2-Bu, 

The data collection was canied out on an Enraf-Nonius CAD4F Or b e n z ~ l ,  = Zn Or Cd, and = C1, Br, Or I ,  and, in 
diffractometer using Cu K a  radiation (16) with nickel filter. photo addition, salts with the  following R/M/X combinations: 
and automatic indexing routines, followed by least-squares fits of Me/Zn/Br ,  1; Et/Zn/I; Et /Cd/Cl ,  Br ,  1; l-Pr/Zn/I; 1- 
20 accurately centered reflections (35.5 < 0 < 41.5), gave cell Bu/Zn ,  Cd/I .  Also,  spectroscopically but not analytically 
constants and an orientation matrix. Intensity data were recorded pure materials were  obtained for  R/M/X = Et/Zn/Cl ,  Br. 
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All attempts to isolate complexes where R = Me, M = Cd, 
and X = C1, Br, or I failed. Neither could we obtain any 
evidence for these complexes in in situ NMR experiments. 
Nevertheless, it is evident that the [ (~-sP~") , (MI) , ]~-  (M = 

Zn, Cd) ions, reported earlier (4), are just two members of 
a much wider series of zinc and cadmium complexes of the 
general type [ (~ - sA~~) , (Mx) , ]~ - .  

Previously, the self-assembly method was used to syn- 
thesize [(p-SP~),(F~X),]'- (X = C1 or Br) (22) and [(p- 
EP~)~ (H~x) , ] ' -  (4) as well as [(p-SP~")~(MI),]" ((M = Zn, 
Cd, or Hg) (4). An alternative synthetic method, halogen 
oxidation of the homoleptic parent anions [(p-EPh),- 
(MEP~),]'-, was used for [(p-EP~),(MX),]" (E = S or Se; 
M = Zn or Cd; X = CI, Br, or I) (3). This latter preparative 
route cannot be applied in the present case because parent ions 
of the type [(p-~Alk),(MAlk),]'- have not yet been de- 
scribed. 

Cadmium-Ill /I 13 NMR spectra of complexes with a 
tetranuclear cage 
(i) [( CL-SR)~(C~X)~I~-  

Cadmium- 1 1 1 / 1 13 NMR chemical shift data for the new 
complexes, [(p-SA~~),(C~X),] '- ,  are included in Table 4 
(n = 4). For a given alkyl group, "" ' I3  Cd (hereinafter 
indicated by just Cd) nuclear shielding varies with X in 
the order I > Br > C1. This order, that of Normal Halogen 
Dependence (23), has been observed for [c~x,]'- (24) and 
[(p-EPh),(CdX),12- (E = S or Se) (3). For a constant halo- 
gen, the variation of Cd chemical shift with the substituent 
on sulfur is primary alkyl 2 benzyl > secondary alkyl > 
phenyl.9 The same order was found previously for 
[C~(SR),]'- in water (25). 

The complexes [ ( p - ~ ~ r ' ) , ( ~ d x ) , ] ' -  (X = C1, Br) give 
particularly narrow lines in their Cd NMR spectra at am- 
bient probe temperature and, for these, two-bond lI3cd-s- 
I I I Cd coupling gives rise to clear statellites at this tempera- 
ture. The corresponding iodide and the series [(p-SCH2- 
P~),(c~x),]'- (X = C1, Br, I) give satellites at reduced 
temperature. Values for 'J are included in Table 5.  For 
comparison, 'J is 44 - ca. 56 Hz in species with the (p- 
SPh),Cd, cage (3, 26-28). Only for the iodides does 'J for 
the alkyl- and benzyl-thiolate complexes overlap the range 
of values found for the benzenethiolate complexes. The 
coupling depends on terminal halogen in the order C1 < Br 
< I. Thus the halo en dependence of 'J found previously for K -  
[(p-SePh),(CdX),] (3, 28) is shown to be general. 

In some cases (R = 2-Pr, 2-Bu, or PhCH,; X = C1, Br, 
or I) closely spaced multiple lines are found in the reduced 
temperature Cd NMR spectrum of [(p-SR),(C~X),]'-. For 
example, the spectrum of [(p-SCH,P~),(C~I),]'- in CH,C12 
at 213 K consists of a major signal at 6,, = 575.,, with a 
strong shoulder at 6,, = 575.,. These two lines have iden- 
tical " ' ~ d - " ~ ~ d  satellite splittings. We feel that in these 
cases the multiple signals are observed at too high a tem- 
perature to be due to slowing of inversion at sulfur, and so 
are more likely to result from restricted S-C bond rota- 
tion. We note that the molecular structure of [(p-SPr1),- 
( ~ d ~ r ) , ] ' -  (see below) shows evidence of disorder from 
rotation about most of the S-C bonds. 

As can be seen from 6 c d ( [ ( p - ~ ~ ) , ( ~ d ~ ) , ] ' - )  in Table 4, 
these metal chemical shifts show large temperature depen- 
dences. The changes of -0.14 to -0.25 ppm/K are of 

9~olutions of [(~,-sP~)~(Mx),]'- in acetone at 295 K give 8,-, = 
551, 535, and 501 for X = Cl, Br, and I,  respectively (3). 

TABLE 5. Two-bond l l ' ~ d - l " ~ d  coupling constants" 

' ~ ( " ~ c d - s - " ~ c d )  
Complex (HZ)" 

[(~,-sP~')~(c~cI),] '-  22' 
[(p,-S~r:)~(CdBr),]'- 28d 
[ (p , -S~r~)dcd~)~l ' -  44 
[(p,-SPr')6(CdBr)3(ZnBr)]2- 32 
[(p,-SPr')6(~d~r)z(~n~r)z]2- 36 
[ ( p , - s ~ H ~ ~ h ) ~ ( C d ~ l ) ~ ] ' -  24 
[(p,-~cH~~h)~(CdBr),]'- 32 
[ ( ~ , - S C H ~ P ~ ) ~ ( C ~ I ) , ] " -  44 
[ ( ~ , - s c H ~ P ~ ) ~ ( c ~ c ~ ) ~ ( z ~ c ~ ) ] ' -  26 
[ ( p , - s ~ ~ ~ ~ h ) ~ ( C d C l ) ~ ( Z n C l ) $ -  35 

"For solutions in CHzClz at 215 2 3 K. 
"Estimated error f 1 Hz. 
r Z J = 20 f 1 Hz at 292 K.  
,I 2 J = 26 -t 1 Hz at 293 K. 

comparable size to the -0.2 ppm/K found (26, 29) for [(p- 
S P ~ ) ~ ( C ~ S P ~ ) ~ ] ' - .  

(ii) [( p-SR),(CdX) .(ZnX), - "1'- 
When [(p-SAlk),(CdX),12- and the analogous [(p- 

SA~~),(Z~X),] ' -  are mixed in various ratios, the Cd NMR 
spectra of newly prepared mixtures at, or below, ambient 
probe temperature show a total of four resonances. An ex- 
ample is shown in Fig. 1. These results show 
that redistribution of metals (eq. [2]) is rapid on the prepar- 

(equilibrium mixture) 

ative time scale but not on the NMR time scale. The obser- 
vation of four signals confirms the integrity of both the Cd, 
and Zn, cages in solution. In addition, it is evident from the 
spectra of the mixtures (e.g., Fig. 1) that the redistribution 
occurs close to statistically, unlike the case of [(p-SPh),- 
(~ds~h),]~-:[(p-S~h)~(Zns~h)~]~- mixtures where [(p-SPh),- 
(CdSPh),,(ZnSPh),-,,12- occurs, but only for n = 3 and 4 in 
DMF ( 10) and only for n = 2-4 in acetone ( 1 1). 

Although separate signals are observed at ambient probe 
temperature, sharper lines are observed at reduced tem- 
perature. There is evidently residual exchange at ambient 
temperature. Cadmium NMR chemical shifts for [(p- 
SA~~) , (C~X) , (Z~X) , - ,~ ' -  at ambient and reduced temper- 
ature are given in Table 4.  

As can be seen from the data in Table 4 for the two com- 
plete series [(~-SR),(C~X),(Z~X),-,]~- (R = Pr' or PhCHJ, 
the range A6,,(4, 1) (= &,(n = 4) - scd(n = 1)) varies with 
X in the order I > Br > C1, and increases with decreasing 
temperature. The pattern of chemical shifts for individual 
members of a series shows a nonlinear, second-order de- 
pendence on the number of Zn atoms in the cage. In gen- 
eral, the values of ~6,(4,1) for [(~-SA~~),(C~X),(Z~X)~-~]~- 
have the same sign as, but are significantly larger than, the 
1.5 ppm that can be extrapolated from data for [(p- 
SPh),(CdSPh), (ZnSPh),-,,l2- (10, 1 1). For mixtures of [(p- 
S P ~ ) ~ ( C ~ I ) , ] "  and [ ( ~ - s P ~ ) , ( z ~ I ) , ] ~ - ,  separate signals are 
not observed for different members of the series [(p- 
SP~),(C~I),(Z~I),-,I2- (Table 4). This result makes it clear 
that it is the difference in bridging rather than terminal groups 
that leads to differences in A6,,(4,1) between the alkyl- or 
benzyl-thiolate complexes and the benzenethiolate com- 
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DEAN ET AL. 

Cd,Zn, 

FIG. 1. 44.37 MHz 113-Cd NMR spectrum of a mixture with [(k-S~r')6(~d~r)4]':[(p-~~ri)6(~n~r)4]2 = 1: 1 in CH2C12 at 215 K. 
'kindicates Cd satellite. 

FIG. 2. 42.41 MHz 11 1-Cd NMR spectrum of a mixture with [(p-S~r')6(~d~r)4]2-:[(p-~~r')6(~d~)4]2 = 1 : 1 in CH2C12 at 215 K.  
*indicates Cd satellite. 

plexes. For Cd NMR spectroscopic purposes, at least, it is 
clearly dangerous to assume that benzenethiolate typifies all 
thiolates . 

For RS/X = PrlS/Br and PhCH2S/C1, the reduced tem- 
perature spectra of [(p-SR),(CdX),, ( Z ~ X ) , - , ~ ] ~ -  are suffi- 
ciently sharp to allow observation of the satellites due to 
2 ~ ( " 3 C d - ~ - " 1 ~ d )  that are expected for n = 2-4 (e.g., Fig. 
1) .  These couplings are given in Table 5. For both series it 
is found that the magnitude of '1 varies with n in the order 
2 > 3 > 4 .  

(iii) [( ~-sP~ ' ) , ( c~x)  ,,(c~x'),-,]~- 
In view of the sensitivity of 6,, to zinc substitution in [(p- 

S~llc),(CdX),-,(znx),,l2-, we thought it of interest to study 
the sensitivity of the chemical shifts to the more distant 
changes that occur in series of the type [(p-SAlk)6(CdX),l- 
( ~ d X ' ) , - , l ~ - .  Accordingly, we examined the Cd NMR 
spectra of [(~-sP~'),(c~x),]~-:[oI.-sP~~)~(c~x~)~]~ mix- 
tures (X/X1 = Cl/Br, Cl/I, Br/I). No such complete se- 
ries has been studied previously. 

At ambient probe temperature, the mixtures show just two 
broad lines, one in the region expected for Cd attached di- 
rectly to X, the other in the region expected for Cd attached 

directly to XI. At reduced temperature, however, additional 
fine structure becomes evident. As an example, Fig. 2 shows 
the " ' ~ d  NMR spectrum of a 1 : 1 mixture of [(p-SPri),- 
(cd~r),] ' -  and [ ( ~ - s P ~ ' ) , ( c ~ I ) , ] ~ -  in CH2C12 at 215 K. The 
spectrum clearly does not consist of the superimposed spec- 
tra of the two starting complexes, showing that redistribu- 
tion of the halides has occurred. The region due to " ' ~ d - ~ r  
and that due to " ' ~ d - I  both show four signals. Evidently 6,, 
is also sensitive to the nature of the more distant halogens. 
The individual lines can be assigned using the chemical shifts 
of the starting complexes and the variation of the intensities 
of the signals as the ratio of the two starting complexes is 
changed. Chemical shift assignments for the bromoiodo 
complexes, as well as the bromochloro and chloroiodo 
complexes, which were assigned similarly, are given in Table 
6. It is noteworthy that in the spectrum of Fig. 2, the Cd 
NMR signal intensity distribution is close to 1 : 3 : 3 : 1 in both 
regions of absorption, showing that halide redistribution is 
a close-to-statistical process. This is true for the other bi- 
nary mixtures also. 

From the data in Table 6, it can be seen that if XI- is a 
heavier halide than X-, then substitution of X'- for X- in [(p- 
SP~') , (C~X),]~-  causes shielding of Cd attached to X. Con- 
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TABLE 6. Cadmium chemical shifts of [(k-SPrl),(CdX),,- 
(CdX')4+,,]2-" (X, X' = Cl, Br, I )  

SCdb 

(k-SR)?CdX ( ~ - s R ) ~ C d x '  
X X' Temperature (K) rz kernel kernel 

"Produced iri sir11 in [(p-SPr'),(CdX),]'~:[(p-SPr'),(CdX').l]2 mix- 
tures. [Cd,],,wd, in mol/L of solvent at ambient probe temperature, were 0.1 
for X/X' = CI/Br, and 0.05 for X/X' = CI/I and Br/I. 

"Relative to external 0.1 M Cd(CIO,)Z (aq) at 293 2 I K .  
"Average values; at ambient probe temperature, additional fine struc- 

ture is not well resolved. 
"See text. 
"~(cd-Cd)  = 25 Hz.  
"J(C1-Cd-S-Cd-I) = 25 t I Hz.  
"J(C1-Cci-S-Ccf-I) = 33 Hz. 
1 7  '-J(Br-Cd-S-Cd-I) = 34 t I Hz. 

versely, X'- substitution of [ ( F - ~ ~ r ' ) 6 ( ~ d ~ ) , ] ' -  causes 
deshielding if X'- is lighter than X. The magnitude of the 
effect observed depends on both X and X'. Not unexpect- 
edly, the largest changes per substitution are found in the 
series [ ( C L - ~ ~ r ' ) 6 ( ~ d ~ ~ ) , ,  (cd1),_,,12-, where introduction of 
I causes an average change in G,,(Cd-Cl) of -2.2 ppm/I- 
and introduction of C1- causes an average change in 6,,(Cd- 
I) of 4 ppm/Cl-. 

In contrast to the results found for [(k-SPri),(CdBr),,- 
(CdI),-,,I?-, only two broad signals were observed for the 
series [(p.-SePh)6(CdBr),,(CdI),-,,]'- (3), but the spectra of 
the less soluble PhSe- complexes were measured at 260 K, 
where residual exchange might be a problem. Separate sig- 
nals were observed at 213 K for several complexes of the type 
[(k-EPh),(CdEPh),,(CdNCE'),-,,]'- (E = S or Se, E' = 0 
or S) (28). In the latter case, the effects of substitution at a 
distant terminal site range up to 5 ppm in magnitude, com- 
parable to the largest changes observed for the 2-propyl- 
thiolate complexes. 

Reaction of [ (p -SPr ' ) 6 (~d~)4 ]2  with sulfur and selenium 
Reaction of [ ( F - ~ ~ h ) 6 ( ~ ~ ~ h ) , ] 2  (M = Cd or Zn) with E', 

(E' = S or Se) has been shown to give the decametallic 
complex [M~(~,-E'),(~~-sP~),,(MSP~),]~- according to eq. 
[3] (30). It is not at all obvious from this what the course of 

the reaction with sulfur or selenium might be if the terminal 
positions of the starting tetranuclear cluster are occupied 
by halides instead of chalcogenates. The complexes [(k- 
SP~'),(C~X),] '- ,  which give sharp Cd NMR spectra at 
ambient probe temperature (see above), are ideal starting 
complexes to investigate this problem. 

At room temperature, sulfur or red selenium dissolve 
readily in solutions of [ ( F - ~ ~ r ' ) 6 ( C d ~ ) , ] '  in CH2C12. The 
Cd NMR spectral changes that accompany this dissolution 
are qualitatively similar in each case. As an example, Fig. 
3(cr) shows the " ' ~ d  NMR spectrum of a mixture where 
[(CL-~~r')6(~d~)4]'-:red Se = 1:0.5. The major Cd NMR 
spectral change caused by addition of selenium is the ap- 
pearance of two equally intense new resonances. The one 
significantly less shielded than the line of the starting com- 
plex is arbitrarily assigned to a cadmium Cd,, and the one 
slightly more shielded is assigned to CdB. By comparison 
with, for example, the data in Table 4, it is evident that both 
new signals are due to four-coordinate cadmium. The 
chemical shift of Cd, shows little sensitivity to change of the 
terminal halide, but changes significantly if selenium is re- 
placed by sulfur in the mixture. Conversely, 6,,(CdB) is 
sensitive to change of the terminal halide but relatively 
insensitive to change of the chalcogen. Both resonances show 
satellites. The magnitude of the satellite separation is 
40 Hz. By comparison with the data in Table 5, this is clearly 
a two-bond "'c~-E-"'c~ coupling. Therefore Cd, and CdB 
must be linked by one or more bridging groups. On the basis 
of these findings, the high-frequency signal in Fig. 3(a)  is 
assigned to the kernel ( p - ~ e ) ~ d , ( F - S ~ r i ) ,  while the low- 
frequency signal is assigned to ICdB(k-SPr'),, with corre- 
sponding assignments in the other mixtures. 

77 When the mixtures contain red selenium, a Se reso- 
nance is also found for the new cadmium-containing species. 
A partial 7 7 ~ e  NMR spectrum of the [ ( p - ~ ~ r " ) 6 ( ~ d ~ ) , ] ' : r e d  
Se mixture is shown in Fig. 3(b). (There is an additional 
signal from (Pr1S)'Se; see below.) The position of the sig- 
nal in the region of the "Se NMR spectrum shown in Fig. 
3(b) is not very sensitive to the nature of the terminal hal- 
ide: 6,, = -613.6, -610.6, and -607.4 forX = C1, Br, and 
I, respectively. This signal is in the region expected for se'- 
in various forms, e.g., 6,, = -5 1 1 for 0.5 M (NH,),Se in 
D,O (3 l ) ,  SsC = -490" in hexagonal CdSe(s) (32), SSc = 

-73 1 for [Cd6(~,-Se) , (~-SPh7)71Z(~d~)4]4 in DMF." As ex- 
emplified by Fig. 3(b), the Se signals of the new com- 
plexes have l 1  ' / I  I' Cd satellites. The satellite splittings are 
insensitive to the nature of the halide X: J(ave) = 73 + 1, 
74 2 1, and 73 2 1 Hz for X = C1, Br, and I, respectively. 
The magnitudes of the satellite splittings puts them in the 
range observed for ' J ( " ' / " ' c ~ - ~ ~ s ~ )  in Cd(I1)-PhSe- com- 
plexes (3, 30, 34). The 7 7 ~ e  NMR spectra point to a single 
selenium environment in which the selenium (as selenide) 
is directly attached to cadmium. 

The Cd and 7 7 ~ e  NMR results are consistent with the 
skeleton I ."  A skeleton like I  occurs in [Zn,(k,-C1) (SPh),Z- 

10 The chemicaI shift reported in ref. 32 has been converted to 
Me,Se as reference using SS, (relative to Me&) = 6s, (relative to 
Na?SeO,(aq)) + 1253 (33). 

"~n~ublished results of P. A. W. Dean and V.  Manivannan. 
I ?  Structure I was drawn using the atomic coordinates for 

[C1Zn8(SPh)16]- from ref. 35. 
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DEAN ET AL 

FIG. 3 .  NMR spectra of Cd/Se-containing species in a 1 10.5 mixture of [(p-SPr')6(Cd~),]2- and red Se in CH2C12 at 295 K. ( a )  42.41 
MHz I1 I-Cd NMR spectrum. ( b )  57.20 MHz 77-Se NMR spectrum. 

FIG. 4. Observed and (below) simulated NMR spectra of [(~d,),(p,-s~)(~-sP~'),,(c~,I),]~-. 

(ZnSPh),]- (35). Very lately, while our own study was in BU),,}(CN),,,].'~ In I, magnetically active Cd in the chem- 
progress, the series [C~~(~~-E')(~-EP~),~(C~X)~]~- (E, E' ically different A and B sites can be expected to couple 
= S, Se, Te; X = halide or EPh-) was prepared by the self- 
assembly method and shown to have this structure also (36). "I. G. Dance, R. G. Garbutt, I. Ma, and M. L. Scudder. Un- 
As well, the same structure has been found in A[{sc~~(s-~- published work quoted in ref. 36. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



788 CAN.  1. CHEM. VOL. 70, 1992 

TABLE 7. Cd and 77Se NMR data for [(CdA),(~,-~')(~2-SPr')12(CdB~),]2 in CH2Cl, at 294 ? I K" 

E ' X 6,,(Cd,,)"." 6,,,(Cd,)"." 6Se' 'J (Cd-~d),,,".' 'J (Cd-Se)" 

S Cl' 645 570 3 8 
Br' 645 553 39 
y 642 518 4 1 

Se Cl" 628 556 -613.6 35 73 
Br" 626 539 -610.6 37 74 
I' 62 1 508 -607.4 40 7 3 

"See structure I of text for labelling. 
"Relative to external 0.1 M Cd(ClO,),(aq) at 293 + I K. 
'Relative to external pure Me,Se at 295 + 1 K. 
"Estimated error rt_ I Hz. 
"J(Cd,-S-Cd,) and 'J("'C~,,-S-"'C~,~) were not resolved (see text). 
'In a mixture where [Cd,],,,,,,,, = 0.05 mol/L of solvent and Cd,:S = I : I. 
'In a mixture where [Cd,],,,,,,, = 0.2 mol/L of solvent and Cd,:S = 1 :0.67. 
"In a mixture where [Cd,] ,,,,,,,, = 0.1 mol/L of solvent and Cd,:Se = 1 :0.5.  
'In a mixture where [Cd,],,,,,,,, = 0.2 mol/L of solvent and Cd,:Se = 1 :0.5. 

TABLE 8. "C NMR data for [ ( k - ~ ~ r ' ) 6 ( C d ~ ) 4 ] ' -  
and [(c~~)~(~,-E')(~~-sP~')~~(c~~x)~]~ in CH2C12 

at 294 2 1 K" 

CH, CH 

30.1 34.5 
30.2 34.9 
30.1 35.5 
30.1 34.6 
30.2 34.9 
30.1 35.7 

"The Cd, complex was formed irr siru from the Cd, 
complex and E' (see text). The starting concentration of 
Cd, complex was 0.05-0.1 mol/L of CHZCII. 

"-'J(C-Cd) = 10.0 2 0.2 Hz. 
"J(C-Cd) = 8.0 + 0.2 Hz. 
"3J(C-Cd) = 9.5 + 0.2 Hz. 
'"J(C-Cd) = 7.9 + 0.2 Hz. 
"J(C-Cd) = 7.8 + 0.2 Hz. 

through two bonds. Both Il3cd and "'Cd in site A or B will 
couple to "'Cd in site B or A, but given the linewidths and 
the magnitude of 'J, the separate couplings to 1 1 1 / ' 1 3 ~ d  will 
not be resolved. Also, we can expect that magnetically dif- 
ferent ty es of Cd in site A will couple with each other. 
Finally, '.Se is expected to couple to magnetically actlve 
Cd in site A, but not to that in the more distant site B. Tak- 
ing into account appropriate statistics, the " ' ~ d  and 7 7 ~ e  
NMR spectra of Fig. 3 can be simulated usin structure I with 
1 ~ ( 1 ' 1 ~ d - 7 7 ~ e )  = 73 Hz, 2J(111Cd~or~-SB1'/113cd~or~) = 
*J("~c~,-s-"~c~,)  = 40 Hz, and the empirical matching 
of linewidths. The good match between the observed and 
simulated spectra is shown in Fig. 4. On this basis, we 
conclude that reaction of [ ( C L - ~ ~ r ' ) 6 ( ~ d ~ ) 4 ] 2 - ]  with sulfur 
or selenium does indeed generate [Cd4(~,-E1)(~-SPrf), ,-  
(c~x),]'- of structure I. Cadmium-1 1 1 and .'Se NMR data 
for the various [Cd4(~,-E') (sP~') , , (c~x),]~-  are given in 
Table 7. 

The complex [Cd4(F4-~')(~Pr')l,(~dX)4]2- was the major 
product of these reactions that was detected by Cd NMR. 
However, for E' = S, X = C1, Br, I, colourless, crystalline 
material formed in the mixtures over several hours at am- 
bient probe temperature. When dissolved in CD,CN, these 

FIG. 5. Perspective view of the anion [ ( p ~ ~ r ' ) , ( ~ d ~ r ) , ] ' - .  For 
clarity, the methyl groups of the thiolate have been omitted. 

materials showed only Et4N+ by 'H NMR. For the case of 
E' = S, X = Br, X-ray analysis14 showed the product to be 
(Et4N),[CdBr4]. When E' = Se, no crystalline material 
formed, but at high Se/Cd4 ratios a yellow oil separated that 
again showed only the 'H NMR spectrum of E~,N+. 

Carbon-13 NMR confirms that the Cd4 complexes are 
converted into one major Cd-containing product. The ',c 
NMR data of the cadmium complexes are given in Table 8. 
The I3c NMR spectra also show that when sulfur is used as 
the oxidant, the oxidized isopropylthiolate is converted not 
to PrlSSPr' alone, but to an equilibrium mixture of the di- 
sulfide (6,: 22.3 (CH,), 41.4 (CH)), P~ 'SSSP~'  (6, = 22.2, 
41.8), and P~'SSSSP~'  (6, = 22.4, 42. l) ,  even though [(F- 
S P ~ ' ) ~ ( C ~ X ) , ] ~ -  is still present. 

The I3c NMR data for the new cadmium complexes 
formed on oxidation by selenium are included in Table 8.. In 
this case, the thiolate that is released from [(p--SPr1)6- 
(cdx),12- appears as (PriS),Se (6, = 23.5 (CH,), 41.2 (CH); 

14 P. A. W. Dean, Yuyang Wu, J. J .  Vittal, andN. C. Payne, to 

be submitted for publication. 
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DEAN ET AL. 

TABLE 9. Selected interatomic distances (A) and angles (deg) for [ ( F - ~ ~ r ' ) 6 ( C d ~ r ) 4 ] Z - ,  1 

C d . .  Cd 

4.067(3) Cd(1). . .Cd(3) 
4.058(3) Cd(2). . .Cd(3) 
4.064(3) Cd(3). . .Cd(4) 

Mean 

S. . .S 

4.224(3) S(12). . .S(14) 
4.124(3) S(12). . .S(24) 
4.416(3) S(13). . .S(23) 
4.081(3) S(14). . .S(24) 
4.297(3) S(23). . .S(24) 
4.438(3) S(24). . .S(34) 

Mean 

Cd-Br 

2.593(4) Cd(2)-Br(2) 
2.595(4) aCd(4)-B(4) 

Mean 

Cd-S 

2.525(7) Cd(2)-S(12) 
2.533(8) Cd(3)-S( 13) 
2.555(7) Cd(4)-S ( 14) 
2.528(8) Cd(3)-S(23) 
2.527(9) Cd(4)-S(24) 
2.5 12(7) Cd(4)-S(34) 

Mean 

Br-Cd-S 

11 1.6(2) S(l3)-Cd( 1)-Br(1) 
107.4(2) S( 12)-Cd(2)-Br(2) 
108.2(2) S(24)-Cd(2)-Br(2) 
113.7(2) S(23)-Cd(3)-Br(3) 
1 10.7(2) S(14)-Cd(4)-Br(4) 
114.3(2) S(34)-Cd(4)-Br(4) 

Mean 

S-Cd-S 

113.2(2) S(14)-Cd(1)-S(12) 
120.4(3) S(23)-Cd(2)-S(12) 
1 13.4(3) S(24)-Cd(2)-S(23) 
97.4(3) S(34)-Cd(3)-S( 13) 

123.1(3) S(24)-Cd(4)-S(14) 
116.7(2) S(34)-Cd(4)-S(24) 

Mean 

Cd-S-Cd 

107.0(3) Cd(3)-S( 13)-Cd( 1 ) 
106.1(2) Cd(3)-S(23)-Cd(2) 
107.3(3) Cd(4)-S(34)-Cd(3) 

Mean 

6, = 602), which was identified by comparison of its I3C and 
77Se NMR spectra with those of an authentic sample of the 
Se(I1) dithiolate. The Se(I1) compound reacts only very 
slowly with excess [(p-SPr'),(CdX),12- (days to weeks at the 
concentrations used for I3c NMR (see Table 8)). 

On the basis of the preceding information, the reaction 
stoichiometry is apparently that given in eq. [4j. 

(X = C1, Br, I; E' = S, x -= 1 (ave); E' = Se, x = 1) 

A curious feature of these reactions is that they do not, in 
fact, occur stoichiometrically. The [Cd,(p4-E')(p-SPr')12- 
(cdx),j2- that is initially formed appears to react with 
additional sulfur or selenium in preference to [(p-SPr1)6- 
(cdx),12-, so that the octanuclear complex dies away while 
the starting material still exists. Our attempts to identify the 
new complexes formed from the octanuclear complex have 
so far been unsuccessful. 

Crystal structure of (Et, N),[( p-SPrl),(CdBr),], (Et4 N), 1 
The crystal structure of the salt contains well-separated 

anions and cations. The structure of the Cd4Br4(S-C,)6 
skeleton of the anion 1 is presented in Fig. 5. This is the fust 
example of a (p-SAlk),M4 cage that has been characterized 
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TABLE 10. Correlation of S .  . .S distances and S-Cd-S angles in 1-3 with the 
nature of the 1,3-interaction involved" 

1 2 3 

S, . .S distances 
(A) 

a-a 
Mean: 

a-e 
Mean: 

e-e 
Mean: 

S-Cd-S angles 
(deg) 

a-a 
Mean: 

a-e 
Mean: 

e-e 
Mean: 

"See text 

for Zn(I1)-Hg(I1). Selected interatomic distances and an- 
gles are compiled in Table 9. 

( 0 = sulfur (of thiolate); @ = halide; @ = chalcogenidel 

There is no crystallographically imposed symmetry in 1. 
The four cadmium atoms of the Cd4Br4S6 core are arranged 
at the vertices of a nearly regular inner tetrahedron. Th? range 
of nonbonded Cd. . .Cd distances is 4.054-4.138 A, with 
mean 4.074(32) A, and the range of Cd-Cd-Cd angles is 

I 59.21"-60.0S0, with mean 59.7(4)". The mean Cd. . .Cd 
I distance is slightly smaller than 4.30(10) A found for [(p- 
i S P ~ ) ~ ( C ~ S F ~ ) , ] ~ - ,  2, as the (Et4NC) (Et3N)+ salt (9), or 

4.164(4) A, reported for [ ( p - ~ ~ h ) ~ ( ~ d ~ r ) , ] ~ - ,  3, as the 
Me,N+ salt (3). Each edge of the Cd, tetrahedron is bridged 
by one of the six isopropylthiolate ligands. The six bridging 
sulfur atoms occupy the corners of an octahedron that is 
highly distorted, as indic!ted by the large range of S. . .S 
distances (3.7 1 1-4.416 A). Similar distortions have been 

observed in all other adamantane-like thiolate-bridged struc- 
tures (I) ,  and are a consequence of intramolecular interac- 
tion between the substituents on the bridging sulfur atoms as 
discussed further below. Tetrahedral coordination about each 
Cd is completed by a terminal bromide ligand. The four 
bromines are arranged at the apices of an irregular 9uter tet- 
rahedron. The range of Br. . .Br is 8.128-8.486 A. 

The pean value of the Cd-S bond lengths in 1, 
2.53(1) A, is comparable to the values determined for 2 and 
3, 2.56(2) and 2.545(6) P\, respectively. However, the meap 
Cd-Br bond length at 2.596(8) P\ is larger than 2.564(3) A 
observed for 3. This may be explained in terms of elec- 
tronic perturbation associated with substitution effects on the 
sulfur atoms. The Cd-S-Cd angles in 1 range from 106. 1" 
to 109.4", with a mean of 107.3(12)". This mean value is less 
than the means of 1 13.8(34)" and 109.8(5)" in 2 and 3, re- 
spectively, as expected for a smaller Cd, tetrahedron when 
the Cd-S distances are very similar. A large variation in 
S-Cd-S angles is observed (93.8"- 123. 1" with a mean of 
109.6(88)"), as has been found for 2 (9 1 .So- 1 18.8" (mean 
106.2")) and 3 (104.5"-117. 1" (mean 109. lo)). 

Adamantane-like [(p-SR),M,] can exist as four configu- 
rational isomers, depending on the relative orientations of the 
R substituents at the pyramidal sulfur atoms in the four 
M3(SR), rings (1, 3). Of the four isomers, two have C3 
symmetry and two have C, symmetry. Figure 5 shows that 
the six isopropyl groups in 1 adopt the configuration of Iso- 
mer I11 (C, symmetry). The anion 2 has the same form. In 
contrast, the benzenethiolate analogue, 3, occurs as Isomer 
IV (C3 symmetry). 

In Isomer 111, the orientations of the R substituents (axial 
or equatorial) in the four six-membered M3S3 rings are [aae, 
aae, aee, aee]. (This configuration has two axial-axial in- 
teractions, which is the minimum possible number.) Thus, 
a-a, a-e, and e-e substituent-substituent interactions occur, 
and accordingly both the S. . .S distances and the S-Cd-S 
angles should reflect the nature of the interaction involved 
(1). The S.  . .S distances and the S-Cd-S angles for 1, 
2, and 3 are grouped in Table 10 in terms of 1,3-substituent 
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interactions. Both parameters follow the order a-a > a-e > 15. P. A. W. Dean, J. J. Vittal, and M. H. Trattner. Inorg. Chem. 
e-e, as  expected. It can be seen that the S ,,,, ,. . .S;,,,, dis- 26, 4245 (1987). 

tances and s,,~,,-C~-S,,,,~ angles for 1 are slightly larger 16. Enraf-Nonius: CAD4 Diffractometer Manual. Delft, The 

than those found in 2 and 3. This could be attributed to the Netherlands. 1988. 

bulkiness of the substituent in 1. 17. Enraf-Nonius Structure Determination Package. SDP-PLUS, 
Version 3.0. 1985. 
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Metal-selenolate chemistry: stereochemistry of adamantane-type clusters of formula 
[ ( p - ~ e ~ h ) 6 ( ~ ~ e ~ h ) , 1 2 -  (M = Zn and Cd) 
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JAGADESE J. VITTAL, PHILIP A. W.  DEAN, and NICHOLAS C.  PAYNE. Can. J. Chem. 70, 792 (1992). 
The structures of three tetramethylammonium salts containing anions of formula [ ( p ~ e ~ h ) ( , ( ~ ~ e ~ h ) , 1 ' -  (M = Zn and 

Cd) were determined by single crystal X-ray diffraction techniques. The Zn salt crystallizes in different space groups 
depending upon the solvent combination used in the synthesis. Thus crystals of (MelN),[Zn,(SePh),o], 1 ,  grown from a 
mixture of methanol, acetopitrile, and acetone are triclinic, space group P 1, with cell dimensions cz = 13.214(2), b = 
23.859(2), c = 13.072(1) A, a = 91.134(8), P = 1 13.350(8), y = 79.865(9)", and Z = 2. In the absence of acetone, 
a solvated crystal (Me,N),[Zn,(SePh)lo] . CH,CN,-2, is formed, which belongs to the monoclinic space group P 2 , / n  with 
a = 14.248(1), b = 39.722(2), c = 13.408(1) A, P = 97.132(5)", and Z = 4.  The Cd salt (Me,N)2[Cd,(SePh),o], 3, 
crystallizes in the monoclinic space group P2, /c ,  with a = 20.830(2), b = 14.282(1), c = 25.872(1) A, P = 99.626(6)", 
and Z = 4. These three salts are the first examples of homoleptic, tetranuclear selenolatometal(I1) anions with ( ~ - s e ) ~ M ,  
cages of adamantane-type stereochemistry. In each case the phenyl substituents of the bridging ligands adopt the con- 
figuration [aae, aae, aee, aee], which has the minimum number of two 1,3-axial-axial non-bonding substituent inter- 
actions. 

Key words: selenolate complexes, synthesis, X-ray crystallography, isomerism, adamantane stereochemistry. 

JAGADESE J. VITTAL, PHILIP A. W.  DEAN et NICHOLAS C.  PAYNE. Can. J .  Chem. 70, 792 (1992). 
Utilisant la diffraction des rayons X par un cristal unique, on a dCterminC les structures de trois sels tCtram&thylarnmonium 

contenant des anions [ ( p ~ e ~ h ) ~ ( ~ ~ e ~ h ) , ] ' -  (M = Zn et Cd). Le sel de zinc cristallise dans divers groupes d'espace 
suivant la nature de la cornbinaison de solvants utilisCs au cours de la synthkse. Ainsi, les cristaux de (M~,N),[ZII,(S~P~),~], 
1,-obtenus par cristallisation dans un rnClange de mCthanol, acktonitrile et acCtone sont tricliniques, groupe d'espace 
P 1, avec a = 13,214(2), b = 23,859(2) et c = 13,072(1) A, a = 91,134(8), P = 113,350(8) et y = 79,865(9)" et Z = 
2. En I'absence d'acktone, il se forme un cristal solvat6 de (Me4)l[Zn,(SePh)lo] . CH,CN, 2,  qui est rnonoclinique, groupe 
d'espace P 2 , / n ,  avec a = 14,248(1), b = 39,722(2) et c = 13,408(1) A, P = 97,132(5)" et Z = 4.  Le sel de Cd, 
(Me4N)4[Cd4(SePh)lo], 3, cristallis~ dans le groupe d'espace monoclinique, groupe d'espace P 2 , / c ,  avec a = 20,830(2), 
b = 14,282(1) et c = 25,872(1) A, P = 99,626(6) et Z = 4.  Ces trois sels representent les premiers exernples d'anions 
sCl&nornCtalliques(II) tCtranuclCaires et hornoleptiques cornportant des cages ( ~ - s e ) ~ M ,  avec une stCrCochirnie de type 
adarnantane. Dans chacun des cas, les substituants phCnyles des ligands crCant un pont adoptent la configuration [aae, 
aae, aee, aee] qui cornporte le nornbre minimal de deux interactions 1,3-axiales-axiales non-liantes entre de substi- 
tuants. 

Mots elks : complexes de sClCnolate, synthkse, diffraction des rayons X, isornkrie, stCrCochirnie de l'adarnantane. 
[Traduit par la rkdaction] 

Introduction Experimental 

In the chemistry of metal-thiolates, a frequently encoun- Mflterials and gerzeral rnarzipulative procedures 

tered structural unit is the adamantane-type tetranuclear Starting materials were from commercial sources and were used 

cluster with a (p-SR)6M4 2). To date more than as received. All manipulations were canied out under !n atrno- 
sphere of Ar(g). Before use, solvents were dried over 3 A Molec- 

20 such compounds have been characterized by X-ray ular Sieves and sparged with Ar(g). The salt (Me4N),[Cd4(SePh),o], 
structure analyses (3-20). By contrast, the structural chem- 3, was synthesized as reported earlier (22), 
istry of analogous metal-selenolates is essentially unde- 
veloped. The only well-characterized compound, to our Syntheses of (MeJN)r[Zn4(SePh)lo] 

A synthesis of 1 in analytically pure form was described earlier 
is the Cd (Me4N)2[(~-SePh)6(CdBr)41 (3). It now appears that the formation of 1 by the procedure de- 

(3). We previously (3, 21-27) scribed must have been serendipitous. We report here that the 
[(p-SePh)6(MSePh)4I2- (M = Zn and Cd). To obtain strut- presence of acetone is necessary to obtain the unsolvated zinc 
tural data on the selenolate anions [ ( p - s e P h ) , ( ~ ~ e ~ h ) ~ ] ~ -  
(M = Zn and Cd), and to examine their relationships with 
other adamantane-type cages, we determined the crystal 
structures of (Me4N),[(p-SePh),(CdSePh),] and (Me,N)?[(p- 
SePh),(ZnSePh),] (unsolvated and as an acetonitrile sol- 
vate). We present herein our results, which represent the fist  
reported examples of the homoleptic tetranuclear M(I1) se- 
lenolates of formula M,(s~P~),,]'-. 

' ~ u t h o r  to whom correspondence may be addressed. 

complex. A reproducible synthesis of this material and of the 
analogous acetonitrile solvate is now given. 

( M ~ ~ N ) ~ T Z ~ , ( S ~ P ~ ) ~ O I ,  1 
A solution of sodium benzeneselenolate was prepared by add- 

ing benzeneselenol (2.90 g ,  18.48 rnrnol) to a solution of sodium 
(0.426 g, 18.5 rnrnol) in methanol (10 rnL). Into the solution 
of NaSePh was stirred Zn(N03),.6H,0 (1.839 g, 6.18 rnrnol), 
then, after a wait of 10 min, a solution of Me4NC8 (0.365 g, 
3.33 mrnol) in MeOH (10 mL), which produced a white precipi- 
tate. After addition of acetone (20 rnL) and acetonitrile (10 mL), 
the mixture was warmed to 333 K to give a clear, pale yellow so- 
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TABLE 1. Summary of X-ray structure determinations 

Parameter 1 2 3 

Crvstal data 

Compound 
Formula weight 
Crystal system, space group 
Cell dimensions (A) a = 

b = 

C = 
ci = 

P = 
Y =  

cell volume (A3), z 
Density, g ~ m - ~ ,  obsd. 

calcd. 
F (000) electrons 

Experimental details 

C68H74N2Se l d n 4  

1970.44 
Triclinic, P i 
13.214(2) 
23.859(2) 
13.072 (1) 
91.134(8) 
1 13.350(8) 
79.865(9) 
3719(2), 2 
1.77(5) 
1.77 
1912 

C68H74N2Sel&n4. CH3CN 
201 1.49 
Monoclinic, P 2, /n 
14.248(1) 
39.722(2) 
13.408(1) 
90 
97.132(5) 
90 
7529(2), 4 
1.78(4) 
1.74 
391 1 

C68H74N2SeloCd4 
2158.56 
Monoclinic, P 2 ,  /c 
20.830(2) 
14.282(1) 
25.872(1) 
90 
99.626(6) 
90 
7588(2), 4 
1.91(5) 
1.89 
4111 

Radiation, wavelength (A) 
Filter/monochromator 
Scan width (") 
No. of data, stds collected 
Absorption coeff. (cm-I) 
No. of unique data 
No. of data averaged 
No. of unique data (I > 0) 

Mo(K&), 0.71073 
Graphite 
0.70 + 0.35 tan 0 
3734, 83; 6349, 152 
62.27 
3588, 6086 
182, 252 
9088 

Cu(K&), 1.541 8 
Nickel 
0.75 + 0.14 tan 0 
5055, 112; 5349, 124 
74.90 
4550, 5152 
716, 214 
9580 

Cu(K&), 1.5418 
Nickel 
0.75 + 0.14 tan 0 
8544, 224 
150.7 
7792 
1064 
7792 

Refinement details 

No. of observations (I 3u(I)) 4709 6462 4440 
No. of variables 275 290 272 
Extinction coeff. - 3.7(5) x lo-, 2.5(3) X 

Final model; R, and RZ 0.0628, 0.0650 0.0483, 0.0551 0.050, 0.055 
Residual Fourier peaks (e A - 3  1.530 to -0.926 0.766 to -0.654 0.863 to -0.659 
Max. shift/esd, parameter -0.042, N2 rot x 0 0.018, C342 rot y 

lution. The warm solution was filtered hot and the filtrate was set 
aside for 1 day at 278 K for crystallization to occur. The colour- 
less transparent crystals were separated by decantation, washed with 
a 1 : 1 (v: v) MeOH: H20 mixture, then with MeOH, and finally with 
Et20 before being dried in vacuo. In this way 2.15 g of product were 
obtained. A second crop of 0.50 g resulted from concentration of 
the mother liquor, to give a total yield of 88%. The solubility and 
13 C and 7 7 ~ e  NMR spectra of this product were identical to those 
of the analytically pure material produced previously (3). 

(Me4 N)2/Zn,(SePh),~l. CH.KN, 2 
Omission of the acetone in the procedure described above for 1 

gave a comparable yield of this acetonitrile solvate as light yellow 
plate-like crystals. The solvate is significantly less soluble in MeCN 
or (CH3),C0 than is 1,  e.g., the solubility of 1 in acetonitrile 
at 295 K exceeds 0.05 mol L-I, whereas that of 2 is about 
0.025 mol L-I. Proton NMR ((CD3),C0, 294 K): 2.86 (s, CH3CN), 
3.76 ((CH3),N+), 6.6-7.8 (aromatic H's). I3c NMR ((CD3)2C0, 
294 K): 6.6 (CH3CN), 56.0 ((CH,),N+), 112.2 (CH3CN), 125.5 
(C,), 128.5 (C3,J, 130.2 (C,, bridging), 131.9 (C,, terminal), 135.6 
(C2,6). (Except for the resonances due to MeCN, the I3c NMR 
spectruin is virtually identical to that reported (3) for 1.) Anal. calcd. 
for C70H77N3Se,&ry C 41.79, H 3.86, N 2.09; found: C 42.09 and 
42.12, H 4.06 and 3.95, N 1.88 and 1.64. 

NMR spectroscopy 
NMR spectra were obtained as reported previously (3, 25). The 

reference for 77Se NMR was external pure Me,Se at 295 K. 

X-ray crystallography 
Compounds 1, 2, and 3 were examined by experimental proce- 

dures standard in our laboratory (3). An overview is given below, 
and crystal data are summarized in Table 1. 

Crystals suitable for X-ray diffraction studies were obtained 
directly from the reaction mixtures. They were colorless, trans- 
parent, and fairly stable in air, though on prolonged exposure to 
air and (or) X-radiation the crystals tended to decompose, chang- 
ing color to light yellow and becoming opaque. Precession and 
Weissenberg photographs were taken to establish the space groups 
and to get preliminary cell dimensions. Crystal densities were de- 
termined by the neutral buoyancy method in mixtures of carbon 
tetrachloride and 1,2-dibromoethane. The data collections were 
carried out on an Enraf-Nonius CAD4F diffractometer (28) at 
296 K. Intensitv data were recorded in 0-20 scan mode at vari- 
able scan speeds, so chosen as to optimize counting statistics within 
a maximum time per datum of 60 s. Background estimates were 
made by extending the scan by 25% on each side. Standard reflec- 
tions were monitored every 180 min of X-ray exposure time. For 
the Zn salts 1 and 2 crystal decay was significant, necessitating data 
collection from two crystals in each case. Lorentz, polarization, and 
decay (where applicable) corrections were applied using the 
Structure Determination Package running on a PDP11/23+ com- 
puter (29). A Gaussian absorption correction (30) was made to the 
data for compounds 1 and 2, whereas for 3 an analytical correc- 
tion was applied (31). The data were then merged using scale fac- 
tors calculated from reflections in the region common to both data 
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Atom 

Atomic positional ( x  10" and thermal parameters ( x  lo3) 
for 1 

X 
u?: 

Y z CJcq(A-Y 

TABLE 2 (concluded) 

U or 
Atom x Y z U,,(A~)~ 

"Anisotropic thermal parameters are given in the form of isotropic 
equivalent parameter defined as U,, = 1 /3 C,CJ U ,  . a: . a: . a,. a,. 

sets, and averaged to produce three sets of unique data for struc- 
ture solution and refinement. 

All three structures were solved by a combination of MULTAN 
(32) and difference Fourier syntheses, and refined by full-matrix 
least-squares techniques on F using the SHELX76 software (33) 
running on a SUN 3/50 work-station. Scattering factors for Zn and 
Cd atoms were taken from the International Tables (34). In the re- 
finements, all metal and selenium atoms were assigned aniso- 
tropic thermal parameters. The phenyl ring carbon atoms were 
constrained to regular hexagonal geometry with C-C = 1.392 A 
and were allotted isotropic thermal parameters. All phenyl hydro- 
gen atoms were located successfully by difference Fourier meth- 
ods, placed in calculated positions (C-H = 0.95 A), and included 
in the structure factor calculations. 

Disorder of the tetramethylammonium cations was present in 
every structure; it was modelled by refining rigid groups of T, 
symmetry, N-C = 1.485 A, of varying multiplicities deduced from 
difference Fourier syntheses. The cation hydrogen atoms could not 
be located reliably owing to the disorder, and all were omitted from 
structure factor calculations. In compound 1, both cations have 
disordered carbon atoms; two groups were included in the model 
for each ion, with major components of multiplicities 0.90 and 0.60. 
Individual isotropic thermal parameters were refined for the atoms 
of the major components, whereas overall group thermal parame- 
ters were applied to the minor components. For compound 2, the 
carbon atoms of only one cation were disordered; overall group 
thermal parameters were refined for the two rigid groups of mul- 
tiplicities 0.60 and 0.40. And in crystals of cornpound 3, both ca- 
tions have disordered carbon atoms; two groups were included in 
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Atomic positional (X lo4) and thermal parameters ( x  lo3) 
for 2 

Atom 

U or 
Atom x Y z ucq (A2y 

C(242) 4724(6) 3309(2) 8537(6) 74(4) 
C(243) 4987(6) 3243(2) 9553(6) 90(5) 
C(244) 5587(6) 2975(2) 9844(6) 7 1(4) 
C(245) 5925(6) 2772(2) 9 120(6) 98(5) 
C(246) 5662(6) 2838(2) 8 1 04(6) 86(4) 
C(34 1) 75 1(5) 3368(2) 6540(5) 43(2) 
C(342) 437(5) 3 180(2) 5686(5) 7 l(4) 
C(343) -529(5) 3 135(2) 5402(5) 8 l(4) 
C(344) - 11 79(5) 3278(2) 597 l(5) 74(4) 
C(345) -865(5) 3465(2) 6825(5) 66(3) 
C(346) 1 OO(5) 35 1 O(2) 7 109(5) 53(3) 
N(1) 1296(8) 57 19(3) 5829(9) 75(3) 
c(1) 874(13) 5967(5) 6479(14) 117(6) 
c (2 )  1292(15) 5866(5) 4808(15) 136(8) 
c (3)  750(13) 5392(5) 5744(14) 113(6) 
c (4 )  2282(15) 5652(5) 6258(16) 141 (8) 
N(2) 2938(6) 7745(2) 4822(6) 
c(5) 3221 (6) 7403(2) 5191(6) 129(4) 
C(6) 3593(6) 7997(2) 5343(6) 129(4) 
c(7) 2980(6) 7763(2) 3722(6) 129(4) 
C(8) 1958(6) 7816(2) 503 l(6) 129(4) 
c(5') 189 l(6) 77 13(2) 4685(6) 129(4) 
C(6') 32 lO(6) 8073(2) 5304(6) 129(4) 
C(7') 3292(6) 7727(2) 3828(6) 129(4) 
C(8') 3357(6) 7467(2) 547 l(6) 1 29(4) 
(29) 3530(15) -31(6) 5133(16) 144(8) 
N(3) 3953(16) 391(6) 656 l(18) 1 80(9) 
C(10) 3727(15) 185(6) 5986(17) 116(6) 

"Anisotrop~c thermal parameters are given in the form of the isotropic 
equivalent parameter defined as (I,, = 1 /3 Z,Z, (I,, . a: . a: . a, . a,. 

the model for each, with major component multiplicities of 0.70 
and 0.60. 

The final cycles of refinement were based on those unique data 
with I > 3u(I). Selected experimental details of the analyses are 
given in Table 1, while the remaining data are listed in Table S1. 
Secondary extinction corrections were applied to the data for 2 and 
3. The analyses of variance suggested that the weighting schemes 
were appropriate. Final positional parameters for 1 are given in 
Table 2, for 2 in Table 3, and for 3 in Table 4. Hydrogen atom pa- 
rameters, anisotropic thermal parameters, and root-mean-square 
amplitudes of vibration have been deposited as Tables S2, S3, and 
S4.' 

Results and discussion 
The synthesis of the Cd salt (Me,N),[Cd,(SePh),,,], 3, was 

described previously (22). The preparations of the Zn salts 
1 and 2 involve the use of ZII(NO,)~. 6H20, NaSeC,H,, and 

2 ~ o p i e s  of supplementary experimental details, hydrogen atom 
parameters, anisotropic thermal parameters, root-mean-square 
amplitudes of vibration, supplementary dimensions, selected least- 
squares planes, selected torsion angles, and structure amplitudes 
for 1, 2, and 3 may be purchased from: The Depository of Unpub- 
lished Data, Document Delivery, CISTI, National Research Council 
Canada, Ottawa, Canada KIA 0S2. 

The tables of supplementary experimental details, hydrogen atom 
parameters, and supplementary dimensions have also been depos- 
ited with the Cambridge Crystallographic Data Centre and can be 
obtained on request from The Director, Cambridge Crystallo- 
graphic Data Centre, University Chemical Laboratory, Lensfield 
Road, Cambridge CB2 IEW, U.K. 
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Atomic positional ( X  10') and thermal parameters ( X  10') for 3 

Atom 
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TABLE 4 ( c o I I c I L ~ ~ ~ ~ )  

Atom x .lJ z Ucq (A-)I1 
5': 

C(242) 4007(6) 6958(7) 5909(5) 98(7) 
C(243) 4628(6) 6724(7) 6165(5) 1 lO(7) 
C(244) 496 1 (6) 5978(7) 5987(5) 113(7) 
C(245) 4672(6) 5464(7) 5552(5) 1 18(8) 
C(246) 405 l(6) 5698(7) 5296(5) 88(6) 
C(341) 2236(7) 3341(11) 3934(5) 89(6) 
C(342) 1956(7) 2796( 1 1 )  4283(5) 130(8) 
C(343) 1460(7) 2169(11) 4095(5) 183(12) 
C(344) 1244(7) 2087(11) 3558(5) 156(10) 
C(345) 1524(7) 2633(11) 3209(5) 232(16) 
C(346) 2020(7) 3260( 1 1 ) 3397(5) 171(11) 
N(1) 4040(5) 12759(8) 463(5) 95(5) 
( 3 1 )  4439(5) 13465(8) 794(5) 141(7) 
c (2 )  4024(5) 1 1876(8) 765(5) 141 (7) 
(33) 3367(5) 131 19(8) 307(5) 141(7) 
(34) 4330(5) 12573(8) - 14(5) 141(7) 
c(1 ' )  3412(5) 12870(8) lOO(5) 157(20) 
c(2 ' )  4005(5) 1325 l(8) 963(5) 157(20) 
c(3 ')  4 168(5) 1 1748(8) 569(5) 157(20) 
c(4 ' )  4574(5) 13 165(8) 220(5) 157(20) 
N(2) 1327(12) 10040( 1 8) 22 15(9) 189(10) 
c(5)  913(12) 9701(18) 1727(9) 189( 10) 
C(6) 1930( 1 2) 9471(18) 2323(9) 189(10) 
(37) 1498(12) 11037(18) 2151(9) 189(10) 
C(8) 963(12) 9950( 18) 2660(9) 189(10) 
N(2') 890( 18) 9716(28) 1939(14) 189(15) 
(35') 1499( 18) 9 160(28) 2054( 14) 189(15) 
(36') 1026( 18) 10622(28) 1697(14) 189(15) 
(37') 397(18) 9188(28) 1571(14) 189(15) 
C(8') 637(18) 9895(28) 2434(14) 189(15) 

"Anisotropic thermal parameters are given in the form of the isotropic equivalent param- 
eter defined as U,,, = 1 / 3  C,Cl U,, . a,? . a,C . a,. al. 

FIG. 1. The adamantane-like skeleton of the anions in compounds 1, 2, and 3. Thermal ellipsoids are drawn at the 50% probability 
level. 
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FIG. 2. A stereoview of the anion in 2. 

(a) Isomer l (b) Isomer II 

( c )  Isomer Ill (d) Isomer IV 

FIG. 3. The four possible configurational isomers for a [(F- 
~ e ~ h ) ~ ( M ~ e ~ h ) , l ' -  anion. 

(CH,),NCC in the ratios 2:3-3.5:l under anaerobic condi- 
tions. When the reaction mixture contains only acetonitrile, 
methanol, and water, the solvated crystals 2 are formed. If 
acetone is added to the above mixture, the product crystal- 
lized from solution is 1. The syntheses of 1 and 2 are quite 
reproducible. It is noteworthy that the two products differ 
significantly in solubility in acetone and acetonitrile, 2 being 
less soluble than 1. Also interesting is the finding that 2 gives 
sharper 7 7 ~ e  NMR signals than 1. At 295 K a solution hav- 
ing 0.025 mol of 2 per litre of MeCN has the expected two 
77 Se resonances, at 6,, = 37.2 for terminal ligands (PhSe,) 
and - 10.3 for bridging ligands (PhSe,,), with line widths of 
ca. 33 and 24 Hz, respectively. For 0.05 mol of 1 per litre 
of MeCN, the corresponding values are as, = 38.0 (PhSe,), 

and -8.8 (PhSe,,), with line widths of 75 and 55 Hz, re- 
spectively (23). The most likely explanation for the differ- 
ence is a higher purity of the less soluble compound. 

The crystal structures of the three compounds consist of 
well-separated cations and anions. The closest cation-anion 
and anion-anion distances of approach are given in Table S5. 
Cation and solvate molecule structures are unexceptional and 
will not be discussed further. The cage skeletons of the an- 
ions 1, 2, and 3 are depicted in Fig. 1, while a stereoview 
of the anion in 2 is shown in Fig. 2. The same numbering 
scheme was used consistently for all three anions, and the 
ligand atoms are numbered according to their connectivity; 
thus Se(1) and C(11) through C(16) form the terminal 
phenylselenolato ligand on Zn(l), Se(12) and C(121) through 
C(126) form the ligand bridging Zn(1) and Zn(2), and so 
forth. 

The common structural features in these [ ( ~ - s e P h ) ~ -  
(MsePh),12- anions are now briefly summarized. The metal 
atoms are located at the vertices of a tetrahedron, with se- 
lenolate ligands bridging the six edges. The Se atoms thus 
occupy the comers of a highly distorted octahedron, and each 
metal atom is bonded to one terminal and three bridging SePh 
groups. Each face of the tetrahedron is composed of a six- 
membered M3(p-Se), ring in chair conformation, to give an 
adamantane-like overall stereochemistry. Unlike adaman- 
tane, isomerism occurs in these cluster anions due to the 
difference between the lone pair and phenyl substituents upon 
the selenium atoms. The phenyl groups are positioned either 
axially (a) or equatorially (e) in each ring (1). However, 
where two rings share a common edge formed by a bridging 
selenolate ligand, the adoption of an axial disposition with 
respect to one ring ipso facto defines this group as equato- 
rially disposed with respect to the other; there are thus al- 
ways six axial and six equatorial substituents. 

In all, four geometric isomers of M,(p-Se), are possible, 
I-IV, Fig. 3, which differ in the number of energetically 
disfavored 1,3-axia1,axial phenyl group nonbonded inter- 
actions (3). For example, isomer I has a (3-2-1-0) axial pat- 
tern corresponding to aaa,aae,aee,eee substituent dispositions, 
and point symmetry C,. Similarly isomer I1 has (2-2-24)), 
with higher point symmetry C,. Isomer 111 has (2-2- 1-1 1, 
again point symmetry C , ,  while (3-1-1-I), point symmetry 
C,, may be assigned to Isomer IV. Isomers I and I11 are 
asymmetric, LI and IV are dissymmetric, and all four can exist 
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TABLE 5 .  Selected distances (A)  and angles (deg) 

M-Se, 

M(1)-Se(1) 
M(2)-Se(2) 
M(3)-Se(3) 
M(4)-Se(4) 

Mean 

M-Seb 

M(1)-Se(l2) 
M(2)-Se( 12) 
M(1)-Se(l3) 
M(3)-Se(13) 
M( 1)-Se(l4) 
M(4)-Se(14) 
M(2)-Se(23) 
M(3)-Se(23) 
M(2)-Se(24) 
M(4)-Se(24) 
M(3)-Se(34) 
M(4)-Se(34) 

Se-C 

Se(1)-C(11) 
Se(2)-C(2 1) 
Se(3)-C(3 1) 
Se(4)-C(4 1) 
Se(12)-C(121) 
Se(13)-C(131) 
Se(14)-C(141) 
Se(23)-C(23 1) 
Se(24)-C(24 1 ) 
Se(34)-(C34 1 ) 

Mean 

M. . .M nonbonded 

M(2). . .M( l )  
M(3). . .M(l)  
M(4). . .M(l)  
M(3). . .M(2) 
M(4). . .M(2) 
M(4). . .M(3) 

Se,. . .Seb nonbonded 

a:a Se(14). . .Se(12) 
Se(23). . .Se(13) 

a:e Se(13). . .Se(12) 
Se(23). . .Se(12) 
Se(24). . .Se(12) 
Se(34). . .Se(13) 
Se(24). . .Se(14) 
Se(34). . .Se(14) 
Se(24). . .Se(23) 
Se(34). . .Se(24) 

e:e Se(14). . .Se(13) 
Se(34). . .Se(23) 

M-Seb-M 

M(2)-Se( 12)-M( 1) 
M(3)-Se( 13)-M( 1) 
M(4)-Se( 14)-M( 1 ) 
M(3)-Se(23)-M(2) 
M(4)-Se(24)-M(2) 
M(4)-Se(34)-M(3) 
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in enantiomeric forms. Indeed, a spontaneous resolution of 
one hand has been reported (3) for (Me4N)2[(pEPh)6(CdBr)4] 
(E = S or Se), the only known example of isomer IV. All 
the other reported examples, with the exception of [(p 
T~R),A~,]'- (20), have crystallized in centrosymmetric space 
groups as racemic modifications. Interestingly, in the two 
cases where there is crystallographically imposed symmetry 
(3) or geometric constraints imposed by the backbones of the 
bridging ligands (18, 19), the configurations of isomers I1 

I 
I or IV (with C3 symmetry and three 1,3-axial-axial pairs) are 
I 
1 
1 

observed. The stereochemistry of isomer I (which has the 

I maximum possible of four axial pairs of interactions) is found 
most often in Fe-thiolate cages; why this is so is not clear. 
Although crystallizing in different lattices, the anions in 1, 
2, and 3 all adopt the stereochemistry of isomer 111. This 

I isomer has only two axial-axial pairs of interactions, and 
occurs in 12 of the 21 reported (k-SR)$VI, cages (3-20). For 

I 
I the anions of 1, 2, and 3both enantiomers are present in the 

crystal lattice, since all crystallized in centrosyrnrnetric space 
I groups. 

Selected interatomic distances and angles for 1, 2, and 3 
are given in Table 5.  Compound 1 is isomorphous and iso- 
structural with (Me4N),[M4(SPh),,], where M = Mn (4), Co 
(9), or Zn (14). A comparison of interatomic distances and 
angles with those in the corresponding isomorphous com- 
pounds and their sulfur analogs reveals the trend expected 
for the change in size of metal atoms and E atoms. The ranges 
of nonbonded M. . .M distances of 4.098(3)-4.172(3) in 1, 
4.094(2)-4.173(2) in 2, and 4.347(2)-4.477(2) A for 3 imply 
slightly distorted T,, geometries for the metal atoms. Com- 
pound 3 contains the same ( ~ - s e ) ~ M ,  cage as the only ex- 
ample of isomer IV, though PhSe, ligands have replaced the 
Br atoms, and the Cd. . .Cd distances for 3 are signifi- 
cantly larger than the mean value of 4.251(6) A found in the 
[ C L - ( ~ e ~ h ) 6 ( ~ d ~ r ) 4 ] 2 -  anion (3). 

There is no significant variation in the Zn-Se, distances 
in 1 and 2, though the Cd-Se, distances range from 2.573(2) 
to 2.605(2) A. The M-Se,, distances vary more, from 
2.440(3) to 2.5 1 l(3) in 1, from 2.449(2) to 2.519(2) in 2, 
and from 2.636(2) to 2.693(2) A in 3. A similar degree of 
variation is seen in the M-Se-M angles. It is noteworthy 
that the M-Se,, distances are all significantly longer than 
the M-Se, values in each of the three anions. A mean 
Zn-Set distance of 2.471(13) was found in the anion 

[Zn(Se4),12 (35), and a mean Cd-Se, value of 2.643(9) A 
in the [~d (~e , ) , ] ' -  anion (36). 

There are, however, large differences in SebTM-Se,, 
angles and Se,,. . .Se,, distances. We attribute these varia- 
tions to intramolecular interactions between the axial phenyl 
substituents on the (k-SePh),M, rings. These are also re- 
flected in the Se,;--M-Se,, angles. A correlation between 
painvise substituent orientation for SebTM-Se,, angles and 
Se,,. . .Se,, distances listed in Table 5 can be derived, and 
it is clearly apparent that the skeleton distorts to minimize 
the unfavourable repulsive interactions between axially dis- 
posed substituents. 

Seb,. . .Se,, a Se,,-M-Se,, 
range/values (A) range/values (deg) 

M = Zn (compounds 1 and 2) 

M = Cd (compound 3) 

M = Cd (ref. 3, isomer I V ) ~  

Although all three anions adopt the configuration of iso- 
mer 111, there are differences in the arrangements of the 
phenyl rings on the selenolato ligands. These arise from ro- 
tations about the metal-Se, and the SebTC bonds. Thus the 
dihedral angles between the planes of the phenyl rings with 
1,3-axial-axial interactions are different: 

3 ~ h e  nonbonded Se,,. . .Seb, distances in the anion [ (k-  
~ e ~ h ) , ( ~ d ~ r ) ~ ] ' - ,  compound 2 in ref. 3, were interchanged in Table 
LII; they sbould read E(l) . . . E(2) 4.226(3) A and E(1) . . . E(2)' 
4.108(3) A.  
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Polyhedron, 4, 1263 (1985); (0) Inorg. Nucl. Chern. Lett. 17, 
Dihedral angles (deg) 287 (1981). 

12. I. G .  Dance. Inorg. Chem. 20, 2155 (198 1). 
Compound Phenyl rings: I2 and 14 13 and 23 13. I. G. Dance. J.  Am. Chem. Soc. 102, 3445 (1980). 

14. I. G. Dance, personal communication. 
1 63.8(6) 70.3(4) 15. K. S.  Hagen and R. H. Holm. Inorg. Chem. 22, 3171 (1983). 
2 63.7(3) 79.1(2) 16. I. G. Dance, G .  A. Bowmaker, G.  R. Clark, and J. K. Seadon. 
3 5 4 3 5 )  83.9(4) Polyhedron, 2, 1031 (1983). 

17. D. Coucouvanis, C .  N. Murphy, and S .  K. Kanodia. Inorg. 

However ,  it can  b e  seen from Fig. 1 that the major differ- Chem. 19, 2993 (1980). 

ences are in the relative orientations of  the phenyl rings at- 18. J. R. Nicholson, I. L. Abrahams, W. Clegg, and C.  D. Gamer. 
Inorg. Chem. 24, 1092 (1985). 

tached to the terminal Se atoms.  Torsion angles describing 19, G,  Henkel, P, Betz, and B,  Krebs, Angew, Chem, Int ,  Ed, 
these variations have been collected in Table S7. Since there Engl. 26, 145 (1987). 
is n o  obvious systematic reason for  these differences, w e  20, J ,  Zhao, D, ~ d ~ ~ ~ k ,  W. T, Pennington, and J. W ,  ~ o l i s ,  In- 
suppose that they may b e  d u e  to packing effects in the crys- org. Chem. 29, 4358 (1991). 
tal lattice. 
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Cycloaddition de la C-p-anisyl-N-phenylnitrilimine sur deux enamines cycliques 
derivees de la 1,2-dihydro-6,7-dimethoxyisoquino1eine-3-carboxylate d'ethyle. 

Regiochimie, stereochimie et evolution des cycloadduits 

KHADIJA MOUSTAID, NGUYEN DINH AN ET BERNARD LAUDE' 
Laborntoire de chirnie organique, Universitt de Franche-Cornte', 16 Route de Gray, 25030 Besancorz, France 
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ET 

AHMED SEDQUI 
Dtpnrtement de chirnie, Facultt des sciences. BP 2121, Universirt de Tetouan, Maroc 

R e ~ u  le 22 mai 1991 

KHAD~JA MOUSTAID, NGUYEN DINH AN, BERNARD LAUDE, MARIE-FRANCE MERCIER et AHMED SEDQUI. Can. J.  Chem. 
70, 802 (1992). 

La synthkse de deux dCrivts du 1,2-dihydro-6,7-dimtthoxyisoquinoltine-3-carboxylate d'Cthyle est dCcrite. Ces Cnanlines 
cycliques portant un groupe ester sur le carbone Cnaminique rtagissent de f a ~ o n  rtgio- et stCrCospCcifique avec une 
diarylnitrilirnine. La rtgiochimie est sptcifiCe par voies chimique et spectroscopique. Le determination radiocristallo- 
graphique de la structure d'un cycloadduit permet de prtciser la sttrtochimie de la rtaction et de la comparer avec celle 
qui avait CtC dtcrite lorsque le dipolarophile initial ne comporte pas de groupe ester sur le carbone Cnaminique. 

Mots clts : cycloaddition dipolaire-1,3, diarylnitrilimine, tnamine cyclique, regiochimie, stCrCochimie. 

KHADIJA MOUSTAID, NGUYEN DINH AN, BERNARD LAUDE, MARIE-FRANCE MERCIER, and AHMED SEDQUI. Can. J.  Chem. 
70, 802 (1992). 

Two ethyl-1,2-dihydro-6,7-dimethoxyisoquinoline-3a-carboxylate derivatives were synthesized. These cyclic en- 
amines in which the enaminic carbon atom was bonded with an ester group react regio- and stereospecifically with a 
diarylnitrilimine. The regiochemistry was specified by chemical and spectroscopic methods. The radiocrystallographic 
structure of one cycloadduct allows us to determine the stereochemistry of the reaction and to compare it with that of 
the reaction of a diarylnitrilimine with a I ,2-dihydro-l,2-dialkylisoquinoline without an ester group at the enaminic car- 
bon atom. 

Key words: 1,3-dipolar cycloaddition, diarylnitrilimine, cyclic enamine, regiochemistry, stereochemistry. 

1 Introduction 

Dans un article recent (1) nous avons dCcrit la synthkse et 
l'utilisation comme prCcurseurs d'ylures d'azomethine des 
dCrivCs de type 4 (figure 1) de la 3,4-dihydro-6,7-dimeth- 
oxyisoquinolCine portant un groupement ester en position -3. 

~ - 

Ayant not6 que leur aromatisation en dCrives del9isoquino- 
lCine 5 s'effectue par simple chauffage dans l'kthanol, nous 
avons envisagC de transformer ces composCs 5 en dCrivCs 7 
de la 1,2-dihydro-6,7-dimCthoxy-3-Cthoxycarbonyl iso- 
quinolkine. Ces derniers composks sont des dipolarophiles 
et il nous a semblC intkressant d'Ctudier le r61e joue par le 
groupe ester en -3 dans leur comportement vis-a-vis d'une 
diarylnitrilimine 8 et de la comparer du double point de vue 
rkgio- et sttrkochimique, avec celui dCja dCcrit dans le cas 
des 1 ,2-dihydro- l,2-dialkylisoquinol~ines non substituees en 
position -3 (2). 

Synthese des derives de la 1'2-dihydro-6'7-dimethoxy- 
2-methyl-3-ethoxycarbonylisoquinoleine 7 

Les diffkrentes etapes de cette synthkse sont rassemblees 
sur la figure 1. La methode d'accks aux composCs 4 depuis 
le bromure de 3,4-dimCthoxybenzyle a kt6 decrite dans notre 
mCmoire precedent (1). Ici nous avons prCfCr6 prkparer l'ester 
Cthylique pour limiter le nombre de signaux correspondant 
a un groupe methoxy en rmn 'H. L'oxydation des composCs 
4 en isoquinoleines 5 s'effectue par simple chauffage dans 

' ~ u t e u r  5 qui adresser toute correspondance. 
Pnnled m Canada 

l'kthanol dans le cas de 5a. Par contre, il faut catalyser cette 
oxydation par une trace d'ethylate de sodium dans le cas de 
5b (cf. partie expkrimentale). Trait& par l'iodure de methyle, 
les composks 5 donnent les sels d'isoquinolinium 6 ,  mais le 
mode operatoire diffkre selon que R = H ou CH3 (cf. partie 
expkrimentale). 

La rCduction de ces sels 6 par NaBH, selon une adapta- 
tion du mode operatoire dCcrit par Dyke et al. (3) conduit aux 
dipolarophiles 7a  ,b. 

Reactions de cycloaddition et transformation 
d'un cycioadduit 

Les composCs 7 rkagissent aisement avec la C-paraani- 
syl-N-phknylnitrilimine formCe in situ selon la mCthode de 
Huisgen et al .  (4). Les rendements sont convenables et la 
rtaction est regio- et sterkospCcifique puisqu'elle ne conduit 
qu'a un seul cycloadduit 9 dCrivC du 1-para-anisyl-7,8- 
dimCthoxy - 4  - mCthyl- 3 -phCnyl- 3a,4,5,9b - tetrahydropyr- 
azolo[3,4-c]isoqu~noleine-3a-carboxylate d'Cthyle (figure 1). 

La rigiochimie est prCcisee a l'aide des parametres de rmn 
13 C des cycloadduits puisque le carbone quaternaire C-3a a 
un diplacement chimique de l'ordre de 9 0  ppm, ce qui per- 
met d'affirmer qu'il est l i t  a deux atomes d'azote. Ce rksultat 
est en accord avec plusieurs travaux anterieurs (5, 6) con- 
cernant l'orientation de la cycloaddition des diarylnitril- 
imines sur des sites dipolarophiliques portant un groupement 
ester. Ces travaux montrent que d'une maniere gCnCrale, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



H3c0m 
4 

( 1) hydrolyse acide (R=H) 
ou saponification (R=CH3) 

( 2) EtOH (H+ ) H3CO- 

+ - 
A r 4 =  N-N-Ph 

8 
4 

Ar = p-anisyle 

I'extremitC azotCe du dipale se fixe sur le carbone portant la 
fonction ester. 

Cependant, une inversion de cette regiochimie a &tC 
rkcemment dCcrite par Daou et Soufiaoui (7) dans le cas du 
2-Cthoxycarbonyl-N-methylindole. Aussi, nous a-t-il sem- 
blC necessaire de verifier par voie chimique la regiochimie 
de la cycloaddition du dipale 8 sur les composCs 7. 

Dans ce but, nous avons transform6 le cycloadduit 9a selon 
les reactions representees sur la figure 2. 

Une premiere tentative de saponification du cycloadduit 
9a ne permet pas d'isoler I'acide correspondant mais con- 
duit a l'azepinone IOU. La saponification s'accompagne de 
l'ouverture de l'heterocycle hexagonal qui se referme en- 
suite par reaction intramoleculaire entre les fonctions acide 
et amine secondaire. Cette transformation avait egalement 
ete decrite par Daou et Soufiaioui (7) dans le cas d'un cy- 
cloadduit issu de l'action d'une diarylnitrilimine sur le 2- 
Cthoxycarbonyl-N-methylindole homologue inferieur de nos 
dipolarophiles. 

Le traitement du cycloadduit 9a par l'acide acCtique con- 
duit aprks protonation et ouverture au pyrazole lla. 

L'analyse quantitative ClCmentaire du compose lla est 
en accord avec sa structure qui est celle d'un isomere de 9a. 
Le spectre d'absorption ir prtsente une bande u(N-H) = 

3400 cm-' et un abaissement de la frkquence u(C=O) du 
groupe ester qui passe de 1730 c m '  dans 9a a 1710 cm-' 
dans lla par suite de la conjugaison de ce groupe ester avec 
le cycle pyrazolique. Les parametres de rmn 'H et I3c sont 
Cgalement en accord avec la structure proposee. 

Mais ces propriCt6s spectroscopiques ne seraient pas en 
opposition avec une structure resultant de la transformation 
du rkgioisomere inverse du cycloadduit 9a. Nous avons donc 
chercht a transformer le groupement ester du produit lla en 
hydrogene afin de determiner avec certitude la structure du 
cycloadduit. La saponification directe du pyrazole lla con- 
duit a la m&me aztpinone 10a obtenue par saponification du 
cycloadduit. I1 convenait donc d'Cviter toute reaction entre 
le groupe NH avec le reste ester et dans ce but nous avons 
acetylC le groupe NH du pyrazole lla par action du chlo- 
rure d'acttyle en milieu pyridinique. Le produit acetyle 12a 
est ensuite saponifit et I'acide 13a obtenu est decarboxyle 
par chauffage. I1 est alors facile de confirmer la structure du 
pyrazole 14a en examinant le spectre de rrnn 'H qui presente 
un singulet a 7,9 ppm caracttristique d'un proton H-5 pyr- 
azolique alors qu'un proton H-4 pyrazolique rCsonne vers 
6,7-6,8 ppm (8, 9). 

Ces transformations confirment la regiochimie proposee 
pour les cycloadduits 9 sur la base du dkplacement chi- 
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AcOH 
___* 

Ar =p-anisyle, i: KOH m6thanolique 2 N, ii : HCl 

FIG. 2 

mique du carbone C-3a et elles invalident la regiochimie 
propos~e initialement pour les cycloadduits issus de l'action 
des diarylnitrilimines sur le 2-Cthoxycarbonyl-N-mkthylindole 
(7) et rectifiee par la suite (10). 

Stereochimie de la cycloaddition 

Les paramktres de rmn 'H et I3c des cycloadduits ne per- 
mettant pas d'acctder 6 leur stereochimie, nous avons fait 
appel a une determination radiocristallographique de la 
structure du 1 -para-anisyl-7,8-dimCthoxy-4,5-dimethyl-3- 
ph~nyl-3a,4,5,9b-tCtrahydropyrazolo[3,4-c]isoquinol~ine-3a- 
carboxylate d'ethyle 9b (1 1). 

Cette structure permet de relever les caracteristiques sui- 
vantes : (i) les deux groupes methyles en N-4 et C-5 se si- 
tuent de mCme cat6 du cycle dimethoxybenzo dans une 
disposition cis avec une position pseudo-axiale pour le groupe 
N-methyle et pseudo-Cquatoriale pour le groupe methyle en 
-5; (ii) le groupe N-methyle en -4 et le groupe ester en -3a 
sont dans une disposition pseudo-trans diaxiale avec un angle 
de torsion entre les deux groupes methyle et ester : CH,-N- 
4-C-3a-C0,Et = 156,8". 

Cette structure appelle quelques commentaires notam- 
ment par comparaison avec les resultats decrits par Kitane 
et al. (2) et Mercier et al .  (12) dans le cas de la cycloaddi- 

tion des diarylnitrilimines sur diverses 1-alkyl-N-methyl- l,2- 
dihydroisoquinolCines 15 (figure 3). 

Dans cette etude, Kitane et al .  (2) ont montre que la 
stereochimie des dipolarophiles 15 etait telle que le groupe 
N-mtthyle et le grohpe alkyle en - 1 ttaient dans une dispo- 
sition pseudo-trans-diaxiale. Ceci impose alors une ap- 
proche du dipale en anti du groupement le plus encombrant 
a savoir le groupe N-methyle plus proche du site dipolaro- 
philique. C'est effectivement ce qui est observC sur le dia- 
gramme PLUTO (figure 3) obtenue par determination 
radiocristallographique de la structure de 16 (R = isopro- 
pyle). On y voit nettement que le cycloadduit s'est develop$ 
en trans du reste N-mCthyle et en cis du groupement isopro- 
pyle, ces deux groupes etant en disposition pseudo-trans- 
diaxiale sur l 'h~ttrodvcle hexagonal azote. 

- 

- 
Dans le cas de notre dipolarophile 7b, on peut penser que 

sa conformation est analogue a celle proposee par Kitane et 
al. (2) pour le compose 15. C'est d'ailleurs celle qui eloigne 
le plus les deux groupes N-methyle en -2 et ester en -3. Dans 
ces conditions, on peut donc attendre la mCme stereochimie 
pour l'approche du dipale, a savoir en anti du groupe N- 
mCthyle-et en syn du groupe methyle en -1. 

Le diagramme PLUTO (figure 3) de la structure du cy- 
cloadduit 9b montre bien que le dipale s'est approche en 011 

du methyle en -1 mais il apparait que le reste N-methyle se 
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, OMe 

retrouve dans une disposition cis du cycle pyrazolinique et 
du groupe mCthyle en -5. 

Nous pensons pouvoir lever cette contradiction apparente 
en faisant appel ii une Cpimerisation de l'atome d'azote N-4 
lors de la cycloaddition. Cette CpimCrisation assure alors la 
dCcompression stCrique qui interviendrait si le groupe ester 
en -3a et le reste N-mCthyle en -4 se retrouvaient dans une 
disposition cis comme indiquC sur l'intermediaire [A] (fi- 
gure 3). 

Conclusion 
Nous avons pu prCparer des Cnamines cycliques dCrivCes 

du 1,2-dihydro-6,7-dimCthoxy-N-mCthylisoquinolCine-3- 
carboxylate d'Cthyle. Ces dipolarophiles reagissent de f a ~ o n  
rCgio- et stCrCospCcifique avec une diarylnitrilimine. La 
rCgiochimie de la reaction dCterminCe par voies spectrosco- 
pique et chimique correspond h l'union de l'atome de car- 

bone du dipolarophile portant le groupe ester avec 1'extrCmitC 
azotCe du dip8le. Le rksultat semble gCnCral. 

Si la stereochimie de la cycloaddition s'effectue de f a ~ o n  
que le dipale approche le dipolarophile en syn du substi- 
tuant fix6 en p du site dipolarphilique et en anti du groupe 
N-mCthyle situC en ci du site dipolarophilique, il apparait que 
la presence du groupe ester fix6 sur l'atome de carbone voisin 
du reste N-mCthyle exerce un encombrement stCrique tel que 
la cycloaddition s'accompagne d'une Cpimtrisation de l'atome 
d'azote qui renvoie le groupe N-mCthyle en disposition trans 
par rapport au groupe ester dans le cycloadduit. 

Partie experimentale 
Les points de fusion determinks sur banc Kofler ne sont pas 

corrigCs. Les spectres d'absorption ir ont CtC obtenus avec un 
spectrophotomktre Beckrnan IR 33, les produits Ctant pastillCs dans 
KBr. Les spectres de rmn ont CtC obtenus avec un spectomktre 
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Bruker-Spectrospin AC 200 (200 MHz pour le proton et 50 MHz 
pour le "C), les Cchantillons etant dissous dans CDCI, (sauf indi- 
cation contraire) avec le tCtraniethylsilane comme reference in- 
terne. Les microanalyses ont CtC assurkes par le Service d'Analyses 
du CNRS a Vernaison. 

Le precurseur de la C-parel-anisyl-N-phhylnitrilimine est prepare 
selon la mCthode de Huisgen er al. (4). 

DPrivCs du 3,4-di/1ydro-6,7-cli1t1e'rho,1yisoquit1olPi11e-3- 
carbo~ylare d'e'rhyle 4 

Le mode operatoire est calque sur celui decrit par Lakhlifi er 01. 
(1) pour l'obtention des esters mtthyliques. La seule difference 
intervient lors de la derniere Ctape ou le methanol est remplace par 
de l'ethanol absolu. On opere a partir de 0.01 mol de diester 3. En 
fin de reaction, le rCsidu est repris sans chauffer par un melange 
d'hexane et de propan- 1-01 (4 : 1). Les produits 4 cristallises sont 
essores et chacun d'eux est decrit ci-apres. 

3,4-Dihydro-6,7-dirrze'rtzoxyisoqui11o1e'irze-3-carbox~~lnre 
d'e'thyle (4a) 

On obtient 1,76 g de produit (Rdt. 67%). F 138-140°C; ir, 
v ,,,,, : 1725 (ester); rmn 'H,  6 : 1,32 (t, 3H, ' J ~ ~ , - ~ ~ ~ ,  = 7,10 HZ, 
CH, de Cthyle), 2,96 (d, 2H, 'J,~,,.~., = 10,20 Hz, CH2-4), 3,91 
(s, 3H, OCH,), 3,94 (s, 3H, OCH,), 4,25 (dt, IH, = 10,20 Hz, 
4 ~ H _ 3 _ H . ,  = 2,90 Hz, H-3). 4,32 (q, 2H, 'J = 7,10 Hz, CHI de 
ethyle), 6,80 (s, IH, H-5), 6,95 (s, IH, H-8), 8,35 (d, IH, 
"J,,.,_~., = 2,90 Hz, H- I) .  Anal. calc. pour C14H,,N0, : C 63,84, 
H 6,51, N 5,32; tr. : C 63,92, H, 6,43, N 5,46. 

3,4-Dihydro-,6,7-ditne'rhoxy-1 -mPrhyl-isoquirlole'ir~e-3- 
cnrbosylate d'e'thyle (4b) 

On obtient 2,14 g de produit (Rdt. 77%), F 100°C; ir, v,,,:, : 1730 
(ester); rmn 'H, 6 : 1,30 (t, 3H, ' J ~ ~ , - ~ ~ ~  = 7'10 HZ, CH3 de 
Cthyle), 2.40 (d, 3H, S~cH,-H.3 = 1,90 Hz, CH,-I), 2,90 (d, 2H, 
3~cH,.H.3 = 10,60 Hz, CHz-4), 3,90 (s, 6H, OCH,), 4,20 (tq, 1 H, 
3 ~ ~ . 3 c ~ 2 . 4  = 10,60 HZ, 5~~.,_,,,,.l = 1,90 HZ, H-3), 4,30 (4, 2H, 
'5 = 7.10 Hz, CHz de Cthyle), 6,80 (s, IH, H-5), 7.0 (s, IH, H-8). 
Anal. calc. pour CI5Hl9NO4 : C 64,96, H 6,91, N 5,05; tr. : C 
65,07, H 6,83, N 5,17. 

De'rivPs du 6,7-dir~1e'rhoxyisoquitzole'ine-3-cnr.Doxyl d'e'rhyle 5 

6,7-Ditne'rhoxyisoquinolPine-3-cnrboxylnr d'e'rhyle (5a) 
On dissout 0,01 mol de compose 40 dans 40 I ~ L  d'ethanol con- 

tenus dans un bCcher de fomle haute de 250 mL. Cette solution est 
maintenue un quart d'heure a trks legere ebullition sur une plaque 
chauffante installee sous la hotte. La solution est ensuite con- 
centrCe jusqu'i 10 mL et par refroidissement le compose 5a cris- 
tallise (Rdt. quantitatif), F 181°C; ir, v,,, : 1710 (ester); rmn 'H, 
S : 1,46 (t, 3H, .1cH3_cH2 = 7,10 Hz, CH, de Cthyle), 4,05 (s, 6H, 
OCH,), 4 3 3  (q, 2H, J = 7,10 Hz, CH, de Cthyle), 7,20 (s, IH, 
H-5 ou H-8), 7,30 (s, IH, H-8 ou H-5), 8,45 (s, IH, H-4), 9,15 
(s, IH, H-I) .  Anal. calc. pour C14Hl,N0, : C 64,35, H, 5,79, N, 
5,36; tr. : C ,  64,24, H 5,87, N 5,47. 

6.7-DinlPthoxy-1 -me'rhyl-isoquirzolfie-3-cnrboxylnre d'e'rllyle 
(5b) 

On dissout 0,01 mol de compost 4b dans 40 mL d'ethanol ab- 
solu et ajoute une pointe de spatule d'ethylate de sodium et opere 
comme precedemment. Apres depart de tout le solvant par 
evaporation sous vide de la trompe a eau, le r6sidu solide est re- 
pris par 20 mL d'acetone. Seul le compose 4b y est soluble. Le 
produit 5b insoluble est essore et secht. Le rendement de la reaction 
est limit6 a 50%, mais le compose de depart 4b non oxydC est 
r6cupCrC et reengage dans une nouvelle experience. On peut ainsi 
par operations successives obtenir un rendement global d'environ 
80% en produit 5b, F 170°C, ir, v,,,, : 17 10 (ester); rmn 'H, 6 : 1,48 
(t, 3H, Jo3cHl = 7,10 Hz, CH3 de Cthyle), 2.98 (s, 3H, CH3-I),  

- 4,02 (s, 3H, OCH,), 4,05 (s, 3H, OCH3), 4,5 1 (q, 2H, J C H ~ H ,  - 

7,10 Hz, CH, de Cthyle), 7,20 (s, 1 H, H-5 ou H-8 , 7,35 (s, IH, 
H-8 ou H-5), 8,32 (s, IH, H-4). Anal. calc. pour C,,H,,NO, : 
C65,44, H 6,22, N 5,09; tr. : C 65,35, H 6,36, N 5,12. 

lodnre de 6,7-clitr1krho,~~~-3-e'tho.r~~ccrrbo11yl-N- 
me'rhylisoquitloli~~i~lt (621) 

Un melange de 1,3 g (5 mmol) de compose 50, 15 I ~ L  d'acetone 
et 5 mL d'iodure de methyle est agite 2 temperature ambiante pen- 
dant 12 h. Le precipite obtenu est filtre, lave plusieurs fois a 
I'acktone et essore. On obtient 1,l  g de produit (Rdt. 76%), F > 
250°C; ir, v ,,,,,, : 1725 (ester); rmn 'H (DMSO-d6), 6 : 1,42 (t, 3H, 
Jcll,_cl,, = 7.10 Hz, CH, de Cthyle), 4,05 (s, 3H, OCH,), 4,09 (s, 
3H, OCH,), 4,48 (q, 2H, JCH2-CIII = 7.10 HZ, CH2 de ethyle), 4,58 
(s, 3H. N-CH,), 7.90 (s, 1 H, H-5 ou H-8), 8,05 (s, IH, H-8 ou 
H-5), 9.00 (s, IH, H-4), 9,80 (s, IH, H-I).  Produit non analyse. 

loclure cle 6,7-ditne'r110,131-1 -me'rhyl-3-Prho~ycat-0011~11-N- 
tne'thylisoquirzolit~i~rm (6b) 

Dans un tube en verre Cpais de 100 n L ,  on introduit 2,75 g (0,Ol 
mol) de compose 50 et 20 niL d'iodure de methyle. Le tube est 
scelle et chauffe a 140°C dans un bain d'huile pendant 12 h. Apres 
refroidissement, on ouvre le tube, filtre, lave le solide plusieurs fois 
a I'acCtone et essore. On obtient 3,67 g de produit (Rdt. 88%), F 
> 250°C; ir, v ,,,;,, : 1720 (ester); rmn 'H, 6 : 1,45 (t, 3H, JCHI-CHl 

= 7,10 Hz, CH, de Cthyle), 3,30 (s, 3H, CH,-I), 4,10 (s, 3H, 
0CH3) ,  4.15 (s, 3H, OCH,), 4,40 (s, 3H, N-CH,), 4,50 (q, 2H, 
J C H , - ~ ~ ,  = 7.10 HZ), 7,90 (s, IH, H-5 ou H-8), 7,95 (s, IH, H-8 
ou H-5), 8,70 (s,  IH, H-4). Produit non analyse. 

Re'clucriotl des sels d'isoqrlitrolirziurn (6). Obrenriorz des de'rive's 
du 1,2-dihvdro-6,7-dirt1Pt/zo~y-N-tne'tI1~~lisoquirzolPi-3- 
carbosylate cl'ertzyle 7 

Mode operatoire : On dissout 0,01 mol de compose 6 dans 
100 mL d'une solution aqueuse d'ethanol a 50%. Sous agitation 
magnktique, on ajoute par petites portions 0,04 mol de NaBH,. 
L'agitation est ensuite prolongee durant 4 h, puis I'tthanol est chassC 
par tvaporation sous vide. Le residu est repris par 100 mL d'une 
solution aqueuse a 10% d'acide acCtique puis neutralis6 par du 
carbonate de sodium et extrait trois fois avec 50 mL de chloro- 
forme. Les extraits chloroformiques sont reunis, laves a l'eau salee, 
seches sur sulfate de sodium et tvapores sous vide. Le rksidu hui- 
leux est repris par de ]'ethanol dans lequel le produit 7 cristallise. 

1,2-Dilzydro-6,7-dir11e't/zoxy-N-tt1P~hylisoquitzoleirze-3- 
carbosylnre d'e'rhyle (7a) 

On obtient 2,54 g de produit (Rdt. 92%), F 152-153°C; ir, 
v,,, : 1725 (ester); rmn 'H, 6 : 1,45 (t, 3H, Jcl,,-cH, = 7,10 Hz, CH, 
de Cthyle), 3.70 (s, 3H, N-CH,), 4,00 (s, 3H, OCH,), 4,05 (s, 3H, 
0CH3),  4,10 (centre d'un syst. AB, 2H, JAB = 15,9 Hz, CHz-I),  
4,40 (q, 2H, J = 7,10 Hz, CH, de Cthyle), 6,70 (s, IH, H-8), 6,90 
(s, 1 H, H-5), 7,80 (s, IH, H-4). Anal. calc. pour C,,HI9NOJ : C 
64,96, H 6,91, N 5,05; tr. : C 64,83, H 5,05, N 5,12. 

1,2 -Dihydro-6,7-dirnPrhoq-l,2-ditnPthylisoquirzoleine-3- 
carboqlnre d'e'rhyle (7%) 

On obtient 2,76 g de produit (Rdt. 96%), F 80-82°C; ir, v,,, : 
1720 (ester); rmn 'H,  S : 1,40 (t, 3H, JCH3cH2 = 7,20 HZ, CH3 de 
tthyle), 1,20 (d, 3H, JcH,_H.l = 6,80 Hz, CH,-I), 2,80 (s,  3H, 
N-CH,), 3,90 (s, 3H, 0CH3) ,  3.93 (s, 3H, OCH,), 4,20 (q, 1 H, J 
= 6,80 Hz, H-I) ,  4,30 (partie AB d'un systeme ABX, avec JAB = 
3,60 Hz et 3~ = 7,20 Hz, 2H, CH, de ethyle), 6,60 (s, IH, H-81, 
6,75 (s, IH, H-5), 6,95 (s, IH, H-4). Anal. calc. pour 
C16H,,N04 : C 65,96, H 7,27, N 4,81; tr. : C 65,83, H 7,32, N 
4,91. 

RPncrions de cyclondditions 
Dans un erlenmeyer bicol de 100 mL, on introduit 5 mmol de 

dipolarophile 7, 5 mmol d'a-chloro-para-anisylidene-phCnylhy- 
drazone (precurseur de la nitrilimine 8) et 30 mL de benzene an- 
hydre. On chauffe ce melange reflux sous agitation magnetique 
en additionnant, en 15 rain, 5 mL de trikthylamine. Le reflux est 
maintenu 24 h. Aprks retour a la temperature ambiante, on ajoute 
20 mL de benzene, filtre le chlorhydrate de tritthylamine et chasse 
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le solvant i llCvaporateur rotatif. Le residu est repris par de l'ethanol 
et le cycloadduit cristallise. 

I -para-Anisyl-7,8-ditne'tho.~-4-rnPth~~l-3-pI~Cn~~/-3~~,4,5,9b- 
tttrahydropyrazolo[3,4-c]isoq~cirlole'ine-3cr-carboxylcrte 
d'tthyle (9a) 

On obtient 1,33 g de cycloadduit (Rdt. 53%), F 100°C; ir, 
v,,, : 1730 (ester); rmn 'H, 6 : 0,98 (t, 3H, JcH,_o, = 7,10 Hz, CH, 
de Cthyle), 2,42 (s, 3H, N-CH,), 3,52 (s, 3H, OCH,), 3,61 (d, lH, 
'J = 16 Hz, H-5), 3,8 1 (s, 3H, OCH,), 3,84 (s, lH, OCH,), 
4,02 (q, 2H, J = 7,10 Hz, CH2 de Cthyle), 4 3 9  (d, lH,  'J = 
16 Hz, HI-5), 5,12 (s, lH, H-9b), 6,50-7,80 (m, 1 1H arom.); rmn 
"c, 6 : 13,55 (q, J = 127 Hz, CH, de Cthyle), 37,85 (q, J = 
135,l HZ, N-CH,), 45,55 (d, J = 140,l HZ, C-9b), 51,55 (t, 
J = 137,5 Hz, C-5), 52,25 (q, J = 144 Hz, OCH,), 55,45 (q, J = 
144,l Hz, OCH,), 55,65 (q, J = 144,5 Hz, OCH,), 6 1,40 (t, J = 
149,5 Hz, CH, de Cthyle), 91,95 (s, C-3a), 110-160,15 (15 sig- 
naux de carbones aromatiques), 168 (s, C 4  ester). Anal. calc. 
pour C29H31N305 : C69,44, H 6,23, N 8,38; tr. : C 69,36, H 6,32, 
N 8,29. 

I -para-Atlisyl-7,8-dimtthoxy-4,5-dime'thyl-3-phtyl-3a,4,5,9b- 
tPtrahydropyrazolo[3,4-c]isoquinole'it~e-3a-carbox~~late 
d'e'thyle (9b) 

On obtient 1,88 g de cycloadduit (Rdt. 73%), F 137°C; ir, 
v ,,;, : 1740 (ester); rmn 'H, 6 : 0,94 (t, 3H, Jo,qH, = 7,10 Hz, CH, 
de Cthyle), 1,62 (d, 3H, JCH,_,.,) = 6,95 Hz, CH,-5), 2,05 (s, 3H, 
N-CH3), 3,51 (s, 3H, 0CH3), 3,87 (s, 3H, OCH,), 3,90 (s, 3H, 
0CH3), 4,04 (partie AB d'un systkme ABX,, 2H, JAB = 2,9 Hz,,./ 
= 7,10 Hz, CH2 de Cthyle), 4,12 (q, IH, J = 6.95 Hz, H-5), 4,85 
(s, 1 H, H-9b), 6,70-7,80 (m, 1 l H arom.); rmn I3c, 6 : 13,60 (q, 
J =  127Hz, CH,deCthyle), 18,30(q, J = 127,l Hz,CH,-5),33,15 
(q, J = 135,2 HZ, N-CH3), 50,75 (d, J = 136,2 Hz, C-9b), 55,75 
(d, J = 135,8 Hz, C-5), 55,20 (q, J = 144 Hz, 0CH3),  55,30 (q, 
J = 144,2 Hz, OCH,), 55,70 (q, J = 143,9 Hz, OCH,), 6 1,40 (t, 
J = 145 Hz, CH, de Cthyle), 90,25 (s, C-3a), 108,9- 160 (15 sig- 
naux de carbones aromatiques), 169,9 (s, C=O ester). Anal. calc. 
pour C30H33N305 : C 69,88, H 6,45, N 8,15; tr. : C 7 1.02, H 6,37, 
N 8,22. 

Sapon@cation du cycloadd~cir 9.  Obtention de la I-para-arlisyl- 
8,9-dime'thoxy-5-me'ttz~~l-3-phe'nyl-5,6-dihydro-4H- 
pyrazolo[3,4-c]betlzo(e)azepin-4-one (10a) 

On dissout 0,5 g (1 mmol) de cycloadduit 9a dans 30 mL d'une 
solution mkthanolique de potasse 2 N. Le mClange est port6 a re- 
flux pendant 1 h. On laisse refroidir et verse dans 200 mL d'eau. 
Le prCcipitC est filtrC, lavC a l'eau, essorC et recristallisC dans 
1'Cthanol. On obtient 0,26 g de produit (Rdt. 58%), F 234°C; ir, 
v ,,,, : 1635 (lactame); rmn 'H, 6 : 3,15 (s, 3H, N-CH,), 3,49 (s, 
3H, 0CH3), 3,83 (s, 3H, OCH,), 3,94 (s, 3H, OCH,), 4,05 (d, lH,  
'J = 14,20 Hz, H-6), 4,75 (d, lH,  'J = 14,20 Hz, HI-6), 6,90- 
7,70 (m, 1 1 H arom.). Anal. calc. pour C,,H,,N,O, : C 7 1,19, H 
5 3 3 ,  N 9,23; tr. : C 71,27, H 5,47, N 9,05. 

Hydrolyse acide du cycloadduit 9a. Obtention du 4-(4,5- 
ditnetho.~-2-N-me'thylaminome'thylphe'nyl)-3-para-anisyl-I - 
phe'tlyl-pyrazole-5-carboxylate d'e'thyle ( l l a )  

Une solution de 1 g (2 mmol) de cycloadduit 9a dans 20 mL 
d'acide acetique est portCe i lCger reflux durant 1 h. Apres refroi- 
dissement, la solution est versCe dans 250 mL d'eau, neutraliske 
par du bicarbonate de sodium solide puis extraite trois fois avec 
50 mL de chloroforme. Les phases organiques sont rCunies, laveCs 
i l'eau et sCchCes sur Na2S04. Aprks Cvaporation le rCsidu est 
cristallisC dans 1'Cthanol. On obtient 0,55 g de produit (Rdt. 55%), 
F 200°C; ir, v,,, : 3400 (NH), 1710 (ester); rmn 'H, 6 : 0,90 (t, 
3H, JcH,qH, = 7,10 Hz, CH, de Cthyle), 2,25 (s, 3H, N-CH,), 
3,90-4,10 (m, 4H, CH, de Cthyle et N-CH,), 3,76 (s, 3H, OCH,), 
3,87 (s, 3H, OCH,), 4,05 (s, 3H, OCH,), 6,70-7,70 (m, 1 1 H 
arom.). Anal. calc. pour CZ9H31N305 : C 69,44, H 6,23, N 8,38; 
tr. : C 69,52, H 6,37, N 8,26. 

La saponification de ce composC lla dans les mCmes condi- 
tions que celles dCcrites pour le cycloadduit 90 conduit a l'azepinone 
100 avec un rendement de 65%. 

Ace'tylation du compose' l l a .  Obtetltion du 4-(2-N-ace'tyl-N- 
mith~~latnir~otne'thyl-4,5-dimPthoxyph~nyl)-3-para-ar~isyl-l- 
phe'r~yl-pyrazole-5-carboxylate d'e'thyle (12a) 

A un mClange de 1 mmol (0,5 g) de composC lla et 1 mmol de 
pyridine, on ajoute lentement et sous agitation I mmol de chlo- 
rure d'acetyle. L'agitation est ensuite prolongke pendant 12 h a 
tempCrature ambiante et on ajoute de la glace sur le melange 
rCactionne1. On additionne ensuite du bicarbonate de sodium pour 
atteindre pH 10 et laisse reposer 24 h. Le solide form6 est filtrC, 
lavC a l'eau, essore et purifie par cristallisation dans 1'Cthanol. On 
obtient 0,43 g de produit (Rdt. 79%), F 90°C; ir, v,,, : 1720 (ester), 
1640 (amide); rmn 'H (certains signaux sont dCdoublCs par suite 
de I'existence de deux rotamkres), 6 : 0,90 (t, 3H, JCH3-CH2 = 7,00 
Hz, CH, de Cthyle), 1,83 et 1,98 (2s pour 3H, COCH,), 2,54 et 
2,73 (2s pour 3H, N-CH,), 3,77, 3,86 et 3,92 (3s pour 9H, 
3 groupes OCH,), 4,05 (partie AB d'un systkme ABX,, 2H, JAB 
= 16 Hz et 3~ = 7 Hz, CH, de Cthyle), 4,30 (centre d'un systbme 
AB, 2H, JAB = 16,70 Hz, N-CH2), 6,60-7,60 (m, 1 lH arom.). 
Anal. calc. pour C,lH,3N,0,: C 68,49, H 6,12, N 7,73; tr. : C 
68,58, H 5,96, N 7,67. 

Sclpponification du compose 12a. Obtentiotl de l'acide 4-(2-N- 
acityle-N-me'thylatninomethyl-4,5-ditn&thoxyph&rzyl)-3-para- 
atlisyl-I-phenylpyrazole-5-carboxylique (13a) 

A une solution de 1 mmol de composC 12a (0,545 g) dans 20 mL 
de methanol, on ajoute 10 mL d'une solution mkthanolique de po- 
tasse 2 N. Le mClange est port6 i reflux pendant l h. Apres 
Climination du solvant a 1'Cvaporateur rotatif, on reprend a l'eau 
et acidifie par HC1 i 10%. Le prCcipitC est filtrk, lavC et sCchC. On 
obtient 0,51 g de produit (Rdt. quantitatif), F >250°C; ir, v,,,, : 
1710 (acide), 1640 (amide); rmn 'H (certains signaux sont dCdoublCs 
par suite de l'existence de deux rotamkres), 6 : 1,75 et 1,90 (2s pour 
3H, COCH,), 2,50 et 2,70 (2s pour 3H, N-CH,), 3,80, 3 3 6  et 3,90 
(3s pour 9H, 3 groupes OCH,), 3,95-4,45 (m pour 2 syst. AB 
imbriquCs, N-CH,), 6,50-7,60 (m, 1 lH arom.), 8,80 (sl, OH de 
CO'H). Anal. calc. pour C,,H2,N306 : C 67,55, H 5,65, N 8,15; 
tr. : C 67,73, H 5,88, N 8,23. 

De'carboxylation de l'acide 13a. Obtentiotl du 4-(2-N-ace'tyl-N- 
me'thylaminome'thyl-4,5-dime'thoxyphe'nyl)-3-para-anisyl-I - 
phinylpyrazole (14a) 

Dans un ballon a fond rond de 20 mL, on place 0,5 1 g d'acide 
13a (1 mmol) et ti l'aide de la flamme d'un bec Bunsen, on le porte 
a fusion et chauffe (avec attention pour Cviter tout charbonne- 
ment) jusqu'i cessation du dkgagement de dioxyde de carbone. Le 
produit restant est repris par de 1'Cthanol aprbs refroidissement et 
cristallise. On obtient 0,335 g de produit (Rdt. 71%); ir, v,, : 1635 
(amide): rmn 'H (certains sienaux sont dCdoublCs Dar suite de 
l'existence de deui rotameres), 6 : 1,80 et 2,05 ( i s  pour 3H, 
COCH,), 2,60 et 2,75 (2s pour 3H, N-CH,), 3,80, 3.85 et 3,95 (3s 
pour 9H, 3 groupes OCH,), 4,15 et 4,40 (2s pour 2H, N-CH,), 
6,60-7,80 (m, 1 1 H arom.), 7,90 (s, lH,  H-5). Anal. calc. pour 
C28H2yN304: C 71,32, H 6,20, N 8,91; tr. : C 71,47, H 6,02, N 
8,78. 
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Structure cristalline et moleculaire d'un compose tricyclique contenant le cycle a dix 
chainons dioxo diaza diphosphecine 
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Refu le 6 mars 199 1' 

B R I G I ~ E  DUTHU, KARIM EL ABED, DOURAID HOUALLA, ROBERT WOLF et JOEL JAIID. Can. J.  Chem. 70, 809 (1992). 
La sulfuration de I'organophosphorC tricyclique dimkre 2 conduit facilement au dCrivC tricyclique disoufrk 3. Ce der- 

nier a CtC caractCrise par RMN "P, ' H  et I3c, analyse Clementaire et spectromCtrie de masse. Sa structure cristalline et 
molCculaire a CtC Ctablie par diffraction des rayons X et comparCe a celle de 2 qui avait CtC dCterminCe prCcCdemment. 
L'utilisation conjointe des donnCes de RMN et de diffraction des rayons X a permis de bien prkciser la structure molCculaire 
des deux composCs. Une estimation chiffrCe de l'ouverture du c8ne d'anisotropie de la double liaison P=S est pro- 
posCe. 

Mots cle's : phosphCcine, RMN, rayons X, tricycle. 

BRIGITTE DUTHU, KARIM EL ABED, DOURAID HOUALLA, ROBERT WOLF, and JOEL JAUD. Can. J. Chem. 70, 809 (1992). 
The sulfuration of the tricyclic organophosphorus dimer 2 leads easily to the dithiotricyclic derivative 3, which has 

been characterized by 3 ' ~ ,  IH, and I'c NMR, elemental analysis, and mass spectroscopy. Its crystal and molecular structure 
has been established by X-ray diffraction and compared to that of 2, which was previously determined. The compara- 
tive analysis of X-ray diffraction and NMR parameters gives accurate information about the molecular structure of both 
compounds. A numerical value of the anistropy cone of the P=S double bond is proposed. 

Key words: phosphecine, NMR, X-ray, tricycle. 

Introduction 
Dans un article prCcCdent, nous avons dCcrit la structure cristalline et molCculaire de l'octahydro-2,2,6,6,10,10,14,14- 

octamethyl bis-l,2,3-oxazaphospholo[2,3-b : 2',3'-g]-1,6,3,8,2,7-dioxadiazadiphosphecine 2 (1) qui rCsulte de la dimtrisation, 
par rupture-fermeture d'une liaison P-0, du bicyclophosphane3 1. 

La formation spontante, ii la temkrature ambiante, de ce Resultats et discussion 
dimkre traduit, iinotre sens, le reliichement de la contrainte 
inhCrente ii la gComCtrie en forme de toit ii double pente 
adoptCe par le bicyclophosphane 1 ainsi que par tous les 
composCs de cette famille (2, 3). 

Parmi les differentes reactions (alcoolyse, acidolyse . . .) 
conduites avec le composC 2 la sulfuration donne trks faci- 
lement le dCrivC soufrC 3 dont nous avons Ctabli la structure 
cristalline et molCculaire par diffraction des rayons X. 

Dans cet article nous dCcrivons cette structure et la com- 
parons ii celle de 2. Nous prCsentons Cgalement une Ctude 
comparative des donnCes de diffraction des rayons X et des 
paramktres de RMN ('H et 13c) des deux composCs qui nous 
permet de complCter notre connaissance de leurs structures 
molCculaires. 

'Auteur ?I qui adresser toute correspondance. 
'~Cvision refue le 25 septembre 199 1. 
' ~ a  nomenclature correcte de ce composC est : 3,3,7,7- 

t~tram~thyl-2,8-dioxa-5-aza-l-phospha"'bicyclo[3.3.~]octane. Pour 
des raisons de cornmodit6 nous l'appellerons bicyclophosphane. 

L'action du soufre ClCmentaire, en quantitC 6quimolC- 
culaire, sur le dimkre 2 a lieu en solution dans le tolukne. Dks 
la dissolution totale du soufre, le spectre de RMN 3 ' ~  de cette 
solution montre la disparition du signal ii 6 3 ' ~  = 140 ppm 
dQ au dimkre 2 et son remplacement par un pic unique ii 6 
= 7 1,5 ppm. Une 1Cgkre concentration de la solution laisse 
dCposer un solide incolore dont le spectre de masse (ioni- 
sation chimique par NH,) montre la presence du pic parent 
ii m/e+ = 443 MH+ qui est Cgalement le pic de base (100%). 
Ce solide a CtC, en outre, entikrement caractCrisC par ana- 
lyse ClCmentaire et RMN ('H et 13c). Une recristallisation 
soignCe dans le tolukne sec nous a fourni des cristaux con- 
venables pour 1'Ctude cristallographique par diffraction des 
rayons X. 

Structure 
La maille cristalline de 3 contient deux types de molCcules 

cristallographiquement indkpendantes dans le rapport de 
2 : 1. L'entitC majoritaire 3a ne posskde aucun ClCment de 
symCtrie; les paramktres structuraux cornrne les longueurs et 
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FIG. 1 .  Representation ORTEP des 2 molecules presentes dans la maille cristalline de 3. 3a : molCcule sans aucune symktrie. 36 : molCcule 
centrosymetrique. Pour des raisons de clartC les atomes d'hydrogkne ont CtC omis. 

FIG. 2. Representation ORTEP du dimkre 2 extraite de la 
reference 1. 

les angles des liaisons sont tous singuliers. En revanche, 
1'entitC minoritaire 3b est, comme le dimkre 2 (I), centro- 
symktrique et s'organise autour d'un centre de symCtrie 
cristallographique. La figure 1 montre une vue perspective 
de ces deux molc5cules, les atomes d'hydrogkne ayant CtC omis 
pour des raisons de clartC. Dans la figure 2, nous avons re- 
produit une vue perspective du dimkre 2; elle nous permet- 

tra de suivre les transformations intervenues suite a la 
sulfuration. 

Les cycles a cinq chainons P(l)O(l)C(3)C(l)N(l) et 
P(2)0(2)C(4)C(2)N(2) de 3a et les deux cycles analogues 
P(5 1)0(52)C(52)C(5 1)N(5 1) de 3b adoptent tous une forme 
enveloppe. Dans le premier et les troisikmes, les atomes de 
carbone en a de l'atome d'oxygkne, 2 savoir C(3) et C(52), 
sont a la pointe des rabats alors que dans le second, c'est 
l'atome de carbone C(2) en a de l'atome d'azote qui occupe 
cette position. Rappelons que dans le composC 2, les cycles 
a cinq chainons homologues adoptent eux aussi une forme 
enveloppe avec l'atome de carbone C(3) en a de l'atome 
d'azote 2 la pointe de rabat (1). Le cycle ti dix chainons 
N(l)P(l)0(3)C(5)C(7)N(2)P(2)0(4)C(6)C(8) de 3a ne peut 
&tre dCcrit par aucune forme gComCtrique simple alors que 
celui de 3b forme par les atomes N(5 1)P(5 1)0(5 l)C(53)C(54) 
et leurs homologues cristallographiques adopte, cornme dans 
le dimhe 2, une forme bateau-chaise-bateau. 

La sulfuration de 2 se traduit par une augmentation sen- 
sible de la somme des trois angles intracycliques des liai- 
sons autour du phosphore en pont : cette valeur passe de 
293,7" dans 2 (1) a 315,3" autour de P(l), 314,5" autour de 
P(2) et 3 1 1,4" autour de P(5 1). Cette modification est tout a 
fait conforme 2 ce qui est attendu quand la coordination de 
l'atome de phosphore passe de 3 2 4. Dans le m&me temps, 
la somme des angles des liaisons autour de l'atome d'azote, 
qui Ctait de 344,7" dans 2 (1) atteint 359,9" autour de N(l), 
360" autour de N(2) et 353,9" autour de N(51). Par compa- 
raison avec la valeur de 322,4" trouvCe dans le double ad- 
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DUTHU ET AL 

TABLEAU 1. Paramktres de RMN ' H  des composes 2 et 3. Solvant : C6D6; 250 MHz 

Proton 6 (ppm) -I (Hz) Proton 6 (ppm) .I (Hz) 

1 3  (s) 

1,44 (s) 

1,61 (s) 

1,62 (dl 

2,63 (dd) 

3,23 (dd) 
3,OO 

3,25 

2,7 (dd) ' JH( IS I )HI?S I )  = 897 
3 ~ H ( 1 5 1 , P  = 8,7 

3,20 (dd) J H I Z S I ~ P  = 13,9 
2,12 (ddd) 3 ~ ~ , ( 1 s , ) ~  = 12,7 

4~,( ,5 , ,P  = 7,l 
3,81(dd) ' J H ( 2 5 ~ ) ~ ( 1 5 4 )  = 14,7 

3 ~ ~ ( 2 s 4 ) ~  = 10,6 

"H(5) et H'(5) constituent la partie AB d'un systerne ABX (X = P). 

duit 4 (4) on voit bien que le reliichement de la contrainte due 
a la double cyclisation a permis a l'atome d'azote de retrou- 
ver la conformation plane qu'il a gCnCralement quand il est 
directement liC l'atome de phosphore. 

Etude RMN 
RMN ' H  
Les spectres de RMN I H  de Z4 et de 3 correspondent a des 

molCcules symttriques : dans les deux composCs les huit 
substituants CH, et les quatre groupements N-CH, donnent 
respectivement naissance 2 quatre et deux signaux seule- 
ment. Dans le cas de 2, ceci veut dire qu'a la temperature 
d'enregistrement des spectres (24°C) la conformation 
moyenne, vue en RMN, est compatible avec la structure 
molCculaire dCterminCe par diffraction des rayons X. I1 en 
est de m&me pour 3. En effet, la conformation asymetrique 
3a, prCsente dans la maille cristalline, differe trks peu de la 
conformation centrosymCtrique 36. Sa distorsion est tres 
probablement due a 1'asymCtrie de l'empilement, laquelle va 
disparaitre lors du passage en solution. 

L'analyse complkte des ces spectres fournit les para- 
mktres rassemblCs dans le tableau 1. Un examen comparatif 
de ces donnCes permet les remarques et commentaires 
suivants : 

4 ~ ' ~ t u d e  dCtaillCe des spectres de RMN ('H et 13c) de 2 n'avait 
pas CtC effectuCe lors de la description de sa structure cristalline et 
molCculaire (1 ) .  

(i) Parmi les quatre groupes CH, du dimkre 2, il en existe 
un (6 = 1,62 ppm) qui prCsente un couplage 4~H-c,_,p de 
1,8 Hz avec le phosphore. L'examen d'un modkle 
molCculaire montre que la conformation enveloppe du cycle 
a cinq chainons avec I'atome de carbone C(3) 2 la pointe du 
rabat (1) ne permet a aucun substituant CH, de ce cycle de 
se trouver dans la position spatiale communCment requise 
(plankit6 des quatre liaisons concemCes, rkgle de M), pour 
qu'un tel couplage existe. En revanche un des substituants 
CH, du cycle 5 dix chainons peut trks bien occuper cette po- 
sition spatiale compte tenu de la forme bateau-chaise-ba- 
teau de ce cycle. Cette analyse est confinnee par 
l'exploitation des donnCes de diffraction des rayons X qui 
montre que les quatre atomes P(16), 0(15), C( 14) et C( 19) 
se trouvent dans un plan qui contient un des protons portts 
par C(19). I1 nous parait raisonnable d'attribuer le signal a 6 
= 1,61 pprn au second substituant CH, du carbone C(14). I1 
en rCsulte que les pics a 6 = 1,36 pprn et 6 = 1,44 pprn sont 
attribuables aux deux groupes CH, portCs par l'atome de 
carbone C(2). 

Dans le dimkre 3, les 4 groupes CH, donnent naissance a 
4 signaux dont aucun n'est dCdoublC par couplage lointain 
avec le phosphore. Par comparaison avec 2,  nous attribuons 
les pics les plus dCblindCs 2 6 = 1,47 pprn et 6 = 1,83 pprn 
aux substituants CH, du cycle a 10 chainons et, par 
consCquent, les pics a 6 = 1,40 pprn et 6 = 1,35 pprn aux 
substituants CH, du cycle 5 chainons. 

(ii) I1 existe dans chacun des composCs 2 et 3, un seul 
groupe de protons NCH, dans lequel un des deux protons 
prCsente un couplage supplkmentaire, a travers quatre liai- 
sons, avec le phosphore : H'(5) pour 2, 4~H,,,p = 1,5 HZ; 
H(154) pour 3, 4~H-c-c-,p = 7 , l  HZ. 11 est Cvident que ce 
groupe appartient obligatoirement au cycle a dix chainons. 
En effet, les protons NCH, du cycle a cinq chainons ne peu- 
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TABLEAU 2. Parametres de RMN "C des composes 2 et 3. Solvant : C6D6; 62,89 MHz 

2 3 

Carbone 6 ( P P ~ )  .I (Hz) Carbone 6 (ppm) .I (Hz) 

~ ( 1 7 )  30,O (s) 
ou(18) 
C(18) 3 0 2  (s) 
0 ~ ( 1 7 )  
C(5)C(13) 59,5 (dd) 

C(3)C(11) 62,9 (d) 
C(6)C(14) 76,7 (d) 
C(2)C(10) 83,4 (d) 

28,l (s) 

28,3 (d) " JC.C.O.p = 7,6 

58,2 (dd) Z ~ C . N . p  = 7,5 
3~c.c.o.P = 8,2 

62,2(d) ' -Jc.N.p = 14,3" 
82,1(d) ' J c . 0 . p  = 4 
84,8 (d) Jc.O.P = 1 0 , 2 ~  

"Ces valeurs sont, en fait, la moyenne des constantes de couplage 'J,_,-, et 'J,.,.,.,.. 
hDe m&me ces valeurs sont la moyenne de 'J,.,., et de 'J,.,_,.,. 

vent pas avoir d'autre couplage que 3~H_c-,-p car 1e nombre 
de liaisons qui les sCparent du second noyau de phosphore 
est Cgal B six. En fait les donn6es de rayons X montrent que 
les quatre atomes P(5 l), O(5 l),  C(53) et C(54) se trouvent 
bien dans un plan qui contient un des protons liCs 2 C(54) 
alors que les atomes analogues de 2, a savoir P( 16), 0 (  15), 
C(14) et C(13), ne sont pas coplanaires. Toutefois il faut 

I 
I signaler que la dktermination de la structure de 2 par dif- 

fraction des rayons X a Cte effectuee B -50°C alors que celle 
de 3 l'a CtC B la tempkrature ambiante. 11 est vraisemblable 
qu'8 la tempCrature d'enregistrement des spectres de RMN 
(24°C) la flexibilite du cycle a dix chainons de 2 soit telle que 
les quatre atomes P(16), 0(15), C(15) et C(13) puissent se 
trouver en moyenne dans un plan qui contienne un des pro- 
tons liCs ' C(13), ce qui expliquerait le couplage 4~H,_c-,p 

observk. 

les protons NCH, : celui qui est coup16 B travers quatre liai- 
sons avec le phosphore, H(154), subit un blindage de 1,13 
pprn (6 passe de 3,25 pprn B 2,12 ppm) alors que l'autre 
proton NCH, est dCblindC de 0,81 pprn (6 passe de 3,00 pprn 
5 3,8 1 pprn). I1 est clair que ces variations sont attribuables 
aux effets d'anisotropie resultant du remplacement du dou- 
blet libre du phosphore dans 2 par la double liaison P=S. 
Connaissant les positions spatiales des protons H(154) et 
H(254) qui subissent ces effets, nous pouvons estimer 2 147" 
+ 12' la valeur de l'ouverture de la zone de blindage du c6ne 
P=S . 

RMN 13c 

L'analyse des spectres de RMN I3c de 2 et de 3 apporte 
quelques prCcisions complementaires. 

Dans chaque composC les signaux correspondant aux 
quatre groupes CH, se prisentent comme deux doublets 
et deux singulets (voir tableau 2). Pour l'attribution de 
ces signaux, nous nous sommes appuyCs sur les donnCes 
structurales fournies par la diffraction des rayons X.  En 
effet, il est connu que la constante de couplage 3Jc,,p 0b6it 
a une loi comparable B la loi de Karplus relative ii la con- 
stante de couplage 3~H-c-c-H (5). Dans le dimkre 2, les qua- 
tre angles dikdres concemCs sont : P(16)-O(1)-C(2)- 
C(17) = 124,6"(8), P(16)-O(1)-C(2)-C(l8) = 1 15,4"(8), 
P(16)-O(15)-C(14)-C( 19) = - 177,9"(8) et P(16)- 
0 (  15)-C( 14)-C(20) = -59.6"(8). L'attribution de la 
grande constante de couplage 22,3 Hz au carbone C(19) (6 
= 28,O ppm) parait cohCrente. Le fait qu'en RMN 'H les 

I Le passage du dimkre 2 2 son dCrivC soufrk 3 se traduit par 
I des variations importantes des dCplacements chimiques des l,angle ' ~ e s  entre valeurs la extremes perpendiculaire de cet angle la liaison ont Ctk p-S obtenues menCe en en calculant son mi- 

substituants CH3 et des protons NCH2 d~ ' d i ~  lieu 1 et la droite IH(154) d'une part, et la droite IH(254) d'autre 
chainons. Pour les deux groupements CH, nous assistons 2 
un blindage de 0,14 ppm de l'un (6 passe de 1,61 ppm a 1,47 A notre connaissance, il n'existe, dans la littkrature, aucune 
ppm) et 5 un dCblindage de 0,21 pprn de l'autre (6 passe de valeur chiffree de l'ouverture du cBne d'anisotropie de la double 
1,62 pprn 5 1,83 pprn). Le m&me phCnomkne s'observe avec liaison P=S. 
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DUTHU ET AL 

TABLEAU 3. Donnees cristallographiques et conditions de mesure pour 3 

DonnCes cristallographiques 

Formule brute : C,,H31N204P2SI Masse molaire : 442,s 
Systeme cristallin : monoclinique Groupe d'e:pace : P 2 , / C  
u = 17,953 6 V = 3363 As 
b = 12,83zOA P = 115.00" Z = 6  
c = 16 , l l  A F(000) = 1416 
p,,, = 1,3 1 g cm-' p,(MoK&) = 0,39 cm-I 

Enregistrelnent des donnees 

Temperature : 20°C 
Radiation : MoK& A = 0,71069 A;  monochromateur : graphite 
Distance cristal-detecteur : 207 mm 
FenCtre detecteur; hauteur : 4 mm, largeur : 4 mm 
Angle de fuite : 3,2' 
Mode de balayage : 8/28 
AngledeBraggmaximum: 27". IndiceO 5 h 2 1 , 0 <  k~ 8, -18 5 1 5  18 
Largeur de balayage : (0,8 + 0,347 tg 0)" 
Parametres pour la determination de la vitesse de balayage (12) : 

SIGPRE = -7; SIGMA = -0,15; VPRE = 10 min-'; TMAX = 80 s 
ContrBles : intensite, orientation 
Periodicit6 : 3600 s 100 reflexions 

Affinement 

Nombre de reflexions pour affinement des parametres cristallins : 25 
Nombre de reflexions independantes : 4773 
Nombre de reflexions observkes : 2716 > 2u(I) 
Nombre de paramktres affinks : 353 
Facteurs de convergence finaux : R = 0,057; R,,. = 0,062 S = 1,62 

Fonction de minimisation : C w ( l ~ ~ l  - 

R = C(lFoI -klFcl)/CIFoI 
S = [Cw(l F,,( - (~,l)'/(rn - n)]"' 

tn = nombre de reflexions 
n = nombre de paramktres affints 
w = schema de ponderation avec poids unitaire 

deplacements chimiques des substituants CH, portes par le 
mCme cycle soient voisins (voir tableau 2) nous incite a 
considkrer qu'il en est de m&me en RMN ',c. I1 en resulte 
que le signal a 6 = 28,9 pprn avec 3~C-c-,, = 4,3 Hz peut 
&tre attribuk au noyau de carbone C(20). Dans le composC 
3, les angles dikdres homologues sont : P(51)-O(52)- 
C(52)-C(55) = -9 1,1°(8), P(5 1)-O(52)-C(52)-C(56) 
= - 147,6"(8), P(5 1)-O(5 1)-C(53)-C(57) = 43,7"(8) 
et P(5 1)-O(5 1)-C(53)-C(58) = 78,7"(8). Nous attri- 
buons la constante de couplage de 7,6 Hz au carbone C(56) 
et celle de 2,3 Hz au carbone C(57). On peut remarquer que 
dans le dimkre 2, les deux noyaux de carbone mCthyliques 
couples avec le phosphore appartiennent tous les deux au 
cycle a cinq chainons, alors que dans son dCrivC soufrC 3, I'un 
appartient au cycle a cinq chainons, I'autre au cycle a dix 
chainons. I1 est probable que cette difference est like a la 
modification de la position du rabat du cycle cinq chainons 
en passant de 2 a 3 : dans 2 le rabat de I'enveloppe est situ6 
sur I'atome de carbone en a de l'atome d'azote alors que dans 
3 il est situC sur l'atome de carbone tertiaire en a de l'atome 
d'oxygkne. 

La forme doublet de doublet des signaux a 6 = 59,5 pprn 
dans le spectre de 2 et 6 = 58,2 pprn dans celui de 3, per- 
met d'attributer ces pics aux noyaux de carbone en a de 
I'atome d'azote des cycles a dix chainons. I1 en rCsulte que 
les doublets a 6 = 62,9 et 62,2 pprn sont respectivement at- 
tribuables aux noyaux de carbone C(3) C(11) de 2 et C(51) 

de 3. Le blindage observe en passant du cycle a cinq chainons 
au cycle a dix chainons permet de parachever cette analyse. 
Les doublets a 6 = 76,7 pprn et 6 = 83,4 pprn dans le spectre 
de 2 sont respectivement attribuables aux noyaux C(6) C(14) 
et C(2) C(10). De mCme, les doublets a 6 = 82,l pprn et 6 
= 84,8 pprn dans celui de 3 sont respectivement attribua- 
bles aux noyaux de carbone C(53) et C(52). Les deplacements 
chimiques des noyaux de carbone des cycles a cinq chainons 
sont en accord avec les valeurs relevees pour les mCmes 
noyaux de carbone dans le monomkre 1 (6). 

Conclusion 
Au cours de ce travail nous avons effectue une Ctude 

comparative du dimkre 2 et de son dCrivt soufrC 3 a I'aide 
de la diffraction des rayons X et de la RMN (,'P, I H  et I3c). 
Le rapprochement des donnCes fournies par ces deux 
methodes nous a perrnis d'avoir une connaissance trks precise 
des structures molCculaires de ces deux composb. Nous 
avons pu, en particulier, foumir une appreciation chiffrke de 
I'ouverture du c6ne d'anisotropie liC a la liaison double P-4. 

Partie experimentale 

Me'thodes spectroscopiques 
Les spectres de RMN "P, I H  et 13c ont t t t  enregistres avec 

differents spectrometres Bruker : AC 80, WM 250 et AM 300 WB. 
Les deplacements chimiques, exprimes en parties par million du 
champ inducteur (pprn), sont mesuris avec une precision de 40,02 
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TABLEAU 4. Coordonnees atomiques et dtviations standards de 3 

Atome x Y Bcq (A2)(' 

S 1 0,2191(2) -0,2218(3) 0.2141(2) 4.9 
S2 0,1525(1) 0,2181(3) 0,3499(1) 4,O 
S5 1 0,5169(2) 0,1777(4) 0,8432(2) 6,6 
P 1 0,2166(1) -0,1115(3) 0,2928(1) 3,2 
P2 0,1198(1) 0,1894(3) 0,2224(1) 3, l  
P5 1 0,4774(2) 0,1574(3) 0,936 l(2) 4 , l  
0 1 0,27 lO(3) -0,1283(6) 0,3991(3) 3,7 
0 2  0,0597(3) 0,2734(6) 0,1544(3) 3,6 
0 3  0.2446(3) -0,0023(6) 0,2747(3) 3,3 
0 4  0,0772(3) 0,0824(6) 0,1853(3) 3,5 
0 5  1 0,43 12(4) 0,0535(7) 0,9331(4) 4,7 
052 0,4204(4) 0,2490(7) 0,9407(4) 4,4 
N 1 0,1298(4) -0.0938(7) 0,3012(4) 2,9 
N2 0,1909(4) 0,1947(7) 0,1837(4) 2,6 
N51 0,5438(4) 0,1646(8) 1,0444(5) 3,5 
C 1 0,1400(5) -0.084( 1) 0,3955(6) 4,5 
C2 0,157 l(6) 0,236(1) 0,0908(6) 5,9 
C3 0,2212(5) -0,140(1) 0,452 l(5) 3,3 
C4 0,0815(5) 0,299(1) 0,0779(5) 3,3 
C5 0,2867(5) 0,0416(9) 0,2215(5) 2,5 
C6 0,O 127(5) 0,023(1) 0,1954(5) 3,5 
C7 0,2770(5) 0,1573(9) 0,2309(5) 2,9 
C8 0,0492(5) -0.087(1) 0,2230(5) 3,5 
C9 0,2106(6) -0,254(1) 0,4621(7) 5.7 
ClO 0,0087(7) 0,271(1) -0,0102(7) 5,9 
C11 0.2668(6) -0.088(1) 0,5437(7) 5,8 
C12 0,0966(7) 0,415(1) 0,0839(7) 5,7 
C13 0,2474(6) 0,004(1) 0,1220(6) 4,5 
C14 -0,0567(5) 0,O 12(1) 0,0999(6) 4,2 
C l5  0,3773(6) 0,014(1) 0,2696(7) 5,3 
C16 -0,0188(5) 0,067(1) 0,2610(6) 3,9 
C5 1 0,5321(6) 0,260(1) 1,0857(6) 5,O 
C52 0,4405(5) 0,283(1) 1,0355(6) 4 , l  
C53 0,6267(7) 0,017(1) 1,1349(7) 5,9 
C54 0,6239(6) 0,112(1) 1,0803(6) 4,3 
C55 0,3881(7) 0,220(1) 1,0704(7) 6,8 
C56 0,4224(8) 0,398(1) 1,0308(9) 7,5 
C57 0,6033(9) 0,036(1) 1,2 128(8) 8,2 
C58 0,7113(9) -0.033(1) 1,167(1) 9 2  

"Les atomes affints anisotropiquement sont donnts sous la forme 
d'kquivalents isotropiques dtfinis ainsi au moyen des parametres de la maille 
: B,, = 4/3[a2B(1,1) + b2B(2,2) + c2B(3,3) + ab(cos y)B(1,2) + ac(cos 
p) B(1.3) + bc(cos a) B(2,3)]. 

ppm pour 'H et &0,03 ppm pour "P et I3C (references : 
tetramethylsilane, TMS, 'H et I3c; H3PO4 a 85% pour "P). Les 
constantes de couplage, exprimees en Hz, sont mesurees avec une 
precision de ?0,2 Hz pour 'H et 20 ,5  Hz pour I3C. La r&solution 
complete des spectres a CtC parachevee par des experiences de 
decouplage homonucleaire proton-proton et hCtCronucltaire pro- 
ton-phosphore, carbone-proton et carbone-phosphore. Le spectre 
de masse a CtC obtenu avec un spectrometre Nerrnag R10 utilisant 
l'ionisation chimique par NH,. 

les taches choisies comme ttalons etant restees stables au cours du 
temps (variation moyenne inferieure 2 3%). Les donnees ont kt6 
corrigees des facteurs de Lorentz et de la polarisation. L'examen 
des taches azimuthales n'ayant pas montre de variation significa- 
tive lors de la rotation autour du vecteur de diffusion, la correc- 
tion d'absorption a tte negligee. 

La structure a tte dkterminee par utilisation des mkthodes di- 
rectes (7) (MULTAN 1982). L'ensemble des calculs cristallo- 
graphiques a ete effectue sur VAX 730 de Digital en utilisant la 
chaine SDP de Frenz (8). Cette determination montre la presence 
dans la maille de six molCcules; deux d'entre elles s'organisent 
autour d'un centre de symetrie (la notation appliquee commence 
par l'atome P(5 1)) tandis que les quatre autres moltcules sont si- 
tuees en position gCnCrale dans la maille (la numerotation debute 
par l'atome P(1)). 

L'affinement des parametres d'agitation thermique et des posi- 
tions de I'ensemble des atomes a kt6 effectuC, avant de localiser les 
atomes d'hydrogene, par sCries de Fourier difference. Apres avoir 
CtC recalculCe afin de fixer les distances C-H A 0,97 A, I'agita- 
tion thermique des atomes d'hydrogene a ete prise telle que B, ,  = 
1,2 B,,. Les positions et l'agitation thermique de ces atomes ont 
alors kt6 fixtes, leurs contributions Ctant seulement introduites dans 
le calcul. Dans ces conditions la valeur du facteur d'accord est de 
0,057. 

Pour tous les atomes, les facteurs de diffusion sont ceux men- 
tionnks par Cromer et Waber (9). La diffusion anomale des atomes 
de phosphore, soufre, oxygene et azote utilise les valeurs des ta- 
bles internationales (Cromer et Liberman (10)). A l'issue du der- 
nier affinement la serie difference finale n'a montre aucun residu 
significatif, les valeurs extremes des densites Clectroniques Ctant 
de -0,4 et de +0,3 electron. 

Au dernier tour d'affinement la valeur maximum du rapport A/u 
est de 0,075 et la moyenne est d'environ 0,03. 

Les coordonnees atomiques et les facteurs d'agitation ther- 
mique equivalents des atomes semi-lourds sont regroupes dans 
le tableau 4,' tandis que la numerotation de ces m&mes atomes 
est indiquke sur les representations perspectives des molecules 
(ORTEP) (1 1). Les distances et angles interatomiques sont re- 
groupes dans les tableaux 5 et 6. 

PrPparation de 3 
L'octahydro-2,2,6,6,10,10,14,14-octamethyl bis-1,2,3 thioox- 

azaphospho[2,3-b : 2',3'-g]-1,6,3,8,2,7 dioxadiazadiphosphecine 
3 a,CtC obtenu de la f a ~ o n  suivante. 

A une solution de 95 mg (2,5 x mol) du dimere 2 dans 
2 mL de toluene, on ajoute 16 mg (5 X 10-"01) de fleur de soufre. 
La dissolution totale de ce dernier nkcessite 30 min de chauffage i 
40°C. Le spectre de RMN 3 ' ~  du melange reactionnel montre alors 
la presence d'un signal unique 6 3 1 ~  = 71,5 ppm correspondant 
au dCrive soufrt 3. Une legere concentration de la solution laisse 
deposer un solide blanc qui a CtC lave 5 l'hexane et sCchC sous vide. 
PF = 180°C. La purete du produit a CtC vCrifiCe par RMN (voir les 
tableaux 1 et 2), spectromttrie de masse (ionisation chimique NH,) 
et analyse ClCmentaire. SM (intensite relative) : 445 (10,9), 444 
(24,4), 443 (100) MHf . Anal. calcd. pour C16H32N204P2S2 : C 43,4; 
H 7,29; N 6,33; trouve : C 43,42; H 7,34; N 6,26. Une recristal- 
lisation dans le toluene a fourni les cristaux qui ont semi 5 la dif- 
fraction des rayons X. 

DonnPes cristallographiques 
Les parametres et le groupe spatial du compose 3 ont ete 

determines ?I I'aide d'un diffractornetre automatique quatre cercles 
Enraf-Nonius du type CAD 4, egalement utilise pour la collec- 
tion des donnees (25 rtflexions situees dans une couronne de 12" 
h 14" en angle de Bragg ont semi ti determiner la maille du cristal 
mesure). 

Les donnCes cristallographiques et les conditions de mesure et 
d'affinement sont regroupees dans le tableau 3. 

Aucune correction de decroissance d'intensitk n'a CtC nkcessaire, 

' ~ e s  tableaux des amplitudes des facteurs de structure, des fac- 
teurs d'agitation therrnique et des equations des principaux plans 
moyens sont disponibles. On peut les acheter de : DepBt de donnees 
non publiees, Service de fourniture de documents, ICIST, Conseil 
national de recherches Canada, Ottawa, Canada KIA OS2. 

Les coordonnees atomiques, distances et angles de liaisons sont 
Cgalement disponibles au Cambridge Crystallographic Data Centre. 
On peut les obtenir en s'adressant au directeur, Cambridge Crys- 
tallographic Data Centre, University Chemical Laboratory, Lens- 
field Road, Cambridge CB2 LEW, Royaume-Uni. 
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DUTHU ET AL 

TARI.EAU 5.  Distances de liaisons en A ct deviations standards cstimees (entre pa- 
rentheses) pour le composC 3 

Atomc 1 Atome 2 Distance Atome 1 Atomc 2 Distance 

TABLEAU 6. Anglcs de liaisons (en degrks) du composC 3 

Atome 1 Atome 2 Atome 3 Angle Atome 1 Atomc 2 Atome 3 Angle 
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Synthesis of torrentin, dihydrosantarnarine, and saussurea lactone from santonin 
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GONZALO BLAY, LUZ CARDONA, BEGONA GARCIA, and JOSE R.  PEDRO. Can. J. Cheni. 70, 817 (1992). 
The synthesis of the eudesmanolide torrentin ( I )  by sensitized photooxygenation of synthetic dihydrosantamarine (3) 

is reported. Both dihydrosantamarine and dihydroreynosin (11) were obtained from the 1,2-epoxide 9, which, in turn, 
was prepared from the diselenide 7. An improved procedure for the synthesis of the elemanolide saussurea lactone (4) 
is also reported. 

Key words: eudesmanolide, elemanolide, santonin, torrentin, saussurea lactone. 

GONZALO BLAY, LUZ CARDONA, BEGONA GARC~A et JOSE R. PEDRO. Can. J. Chem. 70, 817 (1992) 
On rapporte la synthkse de I'eudesmolide de torrentine (1) par une photo-oxygtnation de la dihydrosantamarine de 

synthkse (3). On a obtenu a la fois la dihydrosantamarine et la dihydroreynosine (11) a partir de l'tpoxyde 9 qui a par 
ailleurs etC prCparC a partir du distlCnure 7. On rapporte aussi une mCthode amtliorte de synthkse de 1'Cldrnanolide lac- 
tone de saussurea (4). 

Mots cl is  : eudesmanolide, tltmanolide, santonine, torrentine, lactone saussurea. 
[Traduit par la rCdaction] 

Torrentin is an eudesmanolide isolated a few years ago ( I )  procedure for the synthesis of saussurea lactone (4) from 
from Artemisia herba-alba subsp. vulentina, and whose santonin (2). The sesquiterpene lactones, which constitute 
structure has been revised recently (2). This paper reports on an important group of natural compounds widely distrib- 
the synthesis of torrentin (1) from santonin (2) via a multi- uted in the family Compositae, have received much atten- 
step reaction sequence involving dihydrosantamarine (3) as tion because of their biological activities (3). 
an intermediate product. It also contributes an improved 

Dihydrosantamarine (3) was synthesized previously (4) 
from the dihydrocostunolide (5) and, more recently, by an 
1 1-step refunctionalization ( 5 )  of the A ring of santonin (2). 
We synthesized dihydrosantamarine (3) via a shorter syn- 
thetic pathway by applying a new selective transformation 
of diselenide 7 to the 1,2-epoxide 9. The conversion of di- 
hydrosantamarine (3) into torrentin (1) involved the sensi- 
tized photooxygenation of the 3,4-double bond of the former 
as a key step (6). 

We used the diol-lactone 6 as starting product, which was 
prepared from santonin (2) according to Grieco (7 ) ,  i.e., by 

' ~ u t h o r  to whom correspondence may be addressed. 
Rinled In Canada 

hydrogenation and epimerization (8) at C4, formation of the 
corresponding tosylhydrazone and a Shapiro reaction (9), 
and, finally, the ozonolysis of the 2,3-double bond fol- 
lowed by reduction with sodium borohydride. 

Our strategy was based on the synthesis of the 1,2-epox- 
ide 9 from the diol6  by oxidation-elimination of the disele- 
nide 7 and the simultaneous epoxidation of the resulting 
double bond. Inasmuch as the elimination of the C2 sele- 
noxide should be faster (10) than that of the C3 selenoxide, 
the yield of epoxide 9 must be more favourable than that of 
10 in relation to those obtained by epoxidation (3) of saus- 
surea lactone (4). 

With the above ideas in mind, we addressed the synthesis 
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Reagents: (a) 4.8 eq. ArSeCN, n-BusP; (b) 30% H202; (c) m-CPBA; Ar = o-NOzC6H4- 

SCHEME 1 

of the diselenide 7 from the diol 6 by reaction with o-nitro- 
phenylselenocyanate-tr-n-butylphosphine. Despite Grieco's 
explicit claim that 7 cannot be synthesized (7), our past ex- 
perience with similar substrates (1 1, 12) told us that the 
synthesis in question should pose no problem. In fact, the 
diselenide 7 was obtained with a yield of 72% by reaction 
of the diol 6 with 4.8 equivalents of o-nitrophenylseleno- 
cyanate-tri-n-butylphosphine in THF-pyridine. Diselenide 
7 was subjected to various simultaneous oxidation-elimi- 
nation and epoxidation procedures with epoxidizing re- 
agents such as sodium perborate/acetic anhydride (13), 
p-nitroperoxybenzoic acid (1 4), trifluoroacetic anhydride/ 
H202 (15), and trichloroacetonitri le/H~ (16) at tempera- 
tures between 0 and 4°C and for long reaction times (7 days), 
which yielded mainly the divinyl compound 4. However, the 
use of hexafluoroacetone/H202 (17) under identical reac- 
tion conditions provided the 1,2-epoxide 9 with a yield of 
25%, together with the 3,4-epoxide 10 (19%) and the divi- 
nyl compound 4 (34%), while shorter reaction times and 
room temperature conditions yielded preferentially the 3,4- 
epoxide 10. Finally, the best yields of the 1,2-epoxide 9 were 
secured with m-chloroperoxybenzoic acid. After 8 days at 
0-4"C, the said epoxide was obtained with a yield of 44%, 
together with 1 1 % of the 3,4-epoxide 10 and 10% of the di- 
vinyl compound 4. Even though the yield of the 1,2-epox- 
ide 9 obtained by oxidation of the diselenide 7 was somewhat 
low, it is interesting to note the selectivity of the reaction, 
since the epoxides 9 and 10 were obtained in a 4 :  1 ratio, 

while direct epoxidation of divinyl compound 4 yielded the 
same epoxides in a 1 : 4  ratio (4) (Scheme I). 

On the other hand, by oxidation of the diselenide 7 with 
H,O,/THF (18) saussurea lactone (4) was obtained with a 
yield of 90%. This synthesis of saussurea lactone (4) from 
santonin (2), through the diselenide 7 ,  improves remarka- 
bly those previously reported (7). 

On treatment with boron trifluoride etherate, the com- 
pound 9 underwent an intramolecular Prins reaction, through 
the nucleophilic attack of the olefin on the coordinate form 
of the epoxide, and yielded a mixture of two eudesmanol- 
ides that were resolved by column chromatography (Scheme 
2). The less polar compound was obtained with a yield of 
59% and was identified as dihydrosantamarine (3) consis- 
tent with its 'H NMR spectrum (6,5.30 (brs, 3-H), 3.93 (dd, 
J = 9.8 and 11.1 Hz, 6-H), 3.62 (dd, J = 6.7 and 9.8 Hz,lu- 
H), 1.79 (brs, 15-H)). The more polar component, which was 
obtained with a yield of 25%, was identified as dihydrorey- 
nosin 11. Its 'H NMR spectrum included two broad singlets 
(SH4.95 and 4.80) corresponding to the protons of the exo- 
cyclic methylene group, in addition to the signals corre- 
sponding to 6-H (6,4.03, t, J = 10.5 Hz) and la-H ( 6 ~  3.48, 
dd, J = 4.6 and 11.4 Hz). 

Once dihydrosantamarine (3) had been synthesized it was 
transformed into torrentin ( I ) .  The introduction of an oxy- 
genated function at C3 was thought to be feasible by sensi- 
tized photooxygenation of the 3,4-double bond (6). However, 
as such an oxygenated function of torrentin was an acetate 
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BLAY ET AL 

group, it required the hydroxyl group at C1 to be protected. 
Therefore, the first reaction involved was the treatment of 
dihydrosantamarine (3) with tert-butyldimethylsilyl chlo- 
ride in DMF/imidazole (19) in order to protect the hy- 
droxyl function as a silyl ether. Protected dihydrosantamarine, 
12, was converted into the corresponding 3a-hydroperoxide 
13, by bubbling oxygen through an ethanol solution sensi- 
tized by means of methylene blue and irradiated with two 
400-W lamps. On treatment with acetic anhydride in pyri- 
dine (20), the hydroperoxide 13 yielded the a,P-unsatu- 
rated ketone 14, which, by reduction with LiAlH(0-t-Bu), 
in THF at O°C, provided a mixture of the desired 3P-alcohol 
15a (65%) and its 3a-epimer 15b (26%). Finally, on acety- 
lation of 15a and cleavage of the silyl ether with n-Bu,NF, 
torrentin (1) was obtained and was found to be identical with 
its natural counterpart (2) (Scheme 3). 

TABLE 1. I3C NMR data of compounds 4, 6-10 (50.3 MHz, 
CDCI,, 6) 

C 6 7" 8" 9 10 4 

1 45.5 37.9-7.7" 58.8 147.9 147.8 
2 58.8 20.0 19.9 44.6-11.7 111.3 
3 69.1 35.3 68.2 116.1 52.5 115.1 
4 35.0 29.9 33.5 140.4 55.5 140.9 
5 48.0 49.6 45.2 53.5' 54.5b 55.7 
6 83.3 81.4 81.7 80.8 80.6 81.2 
7 53.7 52.2 52.2 51.8" 52.1b 52.2 
8 24.4 23.4 23.4 22.9 23.5 23.5 
9 39.6 3 9 . 7 ~ 0 . 0 9 4 . 1 ~  40.8 39.4 

10 40.0 40.5 40.4 39.3 42.3 42.6 
1 1  41.8 40.7 40.8 41.4 41.2 41.6 
12 182.0 179.2 179.5 178.9 178.8 179.1 
13 12.7 12.4 12.4 12.5 12.5 12.5 

Experimental 14 13.7" 17.7' 13.1' 23.2" 18.3' 23.9b 
15 2 2 . 1 9 1 . 3 '  21.9' 1 5 . 3 ~  21.8' 1 8 . 3 ~  

Melting points were determined in capillarv tubes with a Biichi 
A - 

melting apparatus and were used uncorrected. IR spectra were "Aromatic carbons for compound 7: 125.4, 125.5, 126.4, 126.6, 128.7, 
recorded on a Perkin-Elmer 281 spectrometer. 'H and I3C NMR 128.8, 132.6, 133.6, 133.7, 146.4, and 146.7; compound 8: 125.3, 126.3, 
were run on a Bruker AC-200 instrument (200.1 MHz for 'H NMR 129.,l, 133.6, and 146.6; 
and 50.3 MHz for I3C) by using CDCI, solutions (Tables 1 and 2). The signals with these superscripts may be interchanged within the 

Mass spectra were recorded at 70 eV on a Hewlett-Packard GC/ comes~onding spectrum. 

MS system 5988A, with an ULTRA-2 GC column (25 m, cross- 
linked diphenyl 5% phenylmethyl silicone gum phase). Optical 
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TABLE 2. I3c NMR of compounds 1,  3, 11-16 (50.3 MHz, CDCI,, 6) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
I I 
12 
13 
14 
15 

MeSi 
MeSi 
Me3CSi 
Me,CSi 

"Acetate carbons 21.1 and 170.8. 
I r t l  The signals with these superscripts may be interchanged within the corresponding spectrum 

rotations were taken on a Perkin-Elmer 241 polarimeter. Reac- 
tion solvents were purified and dried by standard methods (20). THF 
was distilled from Na-benzophenone prior to use. o-Nitrophenyl- 
selenocyanate was prepared by Bauer's procedure as described by 
Hori and Sharples (21) and had a melting point of 140-142°C. 

2,3-Di-o-r~itrophen~~lsrleno-5,7aH,4,6, I I PH-elernan-6,12- 
olide 7 

To a solution of diol 6 (35 mg, 0.127 mmol) and o-nitrophenyl- 
selenocyanate (141 mg, 0.62 mmol) in THF-pyridine I :  1 (1.4 mL) 
at room temperature under argon, was added, via syringe, tri-n- 
butylphosphine (195 IJ-L, 0.778 mmol) and the mixture stirred 
for 5 h. To this reaction mixture was added, also via syringe, 
the resulting solution from o-nitrophenylselenocyanate (35 mg, 
0.15 mmol), pyridine (0.5 mL), and tri-n-butylphosphine (48 IJ-L, 
0.19 mmol). Then the reaction mixture was stirred for 20 h .  After 
solvent removal, the residue was chromatographed on silica gel 
(dichloromethane-methanol 100: 1). The first eluted product was 
diselenide 7 (60 mg, 72%) and the second one was the monose- 
lenide 8 (13 mg, 23%). cornpound 7 was a yellow solid, mp 157- 
158°C (hexane-acetone); v,,,,, (KBr)/cm-': 3080, 3060, 1770, 
1590, 1560, 1505, 1330, 1000, and 735; 6,: 8.26(1H, dd, J 1.4 
and 8.3, Ar-H), 8.14(1H, d ,  J 8.0, Ar-H), 7.50-7.20(6H, m, 
Ar-H), 4.04(1H, t ,  J 10.7, 6-H), 3.10-3.00(2H, m, 3-H), 2.94 
( l H , t d , J 5 . 5 a n d  12.0,2-H),2.75(1H,td,J4.7and 12.0,2'-H), 
2.26(1H, 2q, J 6 . 9 a n d  12.2, 11-H), 1.26and 1.23(6H, twod,  J 
6.9, 13-H and 15-H), and 1.00(3H, s ,  14-H) Anal. calcd. for 
Cz,H3zN206Se2: C 50.79, H 5.05; found: C 50.8, H 5.0. Com- 
pound 8 was a yellow oil; v,,,/cm-' (NaC1): 3540-3300, 1760, 
1580, 1555, 1500, 1330, 1000, and 725; 6,: 8.24(1H, dd, J 1.5 
and 8.0, Ar-H), 7.56 ( lH,  dd, J 1.5 and 8.0, Ar-H), 7.49(1H, td, 
J 1.5 and 8.0, Ar-H), 7.27(1H, td, J 1.5 and 8.0, Ar-H), 3.99(1H, 
t, J 10.7, 6-H), 3.60-3.50(2H, m, 3-H), 3.16 (IH,  td, J 4 . 5  and 
12.0, 2-H), 2.82(1H, td, J 4.3 and 12.0, 2'-H), 2.25(1H, dq, J 6 . 9  
and 12.1, 1 1-H), 1.20(3H, d, J 6.9, 13-H), 1.00(3H, s,  14-H), and 
0.99(3H, d, J 7.0, 15-H). 

1,2P-Epoxy-5,7aH,6,ll~H-elem-3-en-6,12-olide 9 from 7 
To a solution containing diselenide 7 (184 mg, 0.288 mmol) in 

CH2C1, (7 mL), 85% m-chloroperbenzoic acid (439 mg, 
2.16 mmol) was added at O°C and the resulting mixture stirred at 
0-4°C for 9 days. The product was treated by the usual procedure 
and chromatographed on silica gel (increasing polarity of hexane- 
ether) to afford compound 4 (7 mg, lo%), compound 9 (32 mg, 

44%), and compound 10 (9 mg, 11%). Their physical and spec- 
tral features were as follows: compound 9, mp 145-147°C (hex- 
ane-dichloromethane); v,,, (KBr)/cm-': 3060, 1765, 1630, 1010, 
890, 860, and 800; 6 , :  5.07(1H, brs, 3-H), 4.83(1H, brs, 3'-H), 
4.04(1H, dd, J 10.2and 11.6, 6-H), 2.86(1H, t , J 3 . 5 ,  I-H), 2.64 
(2H, m, 2-H), 2.42(1H, d, J 11.6, 5-H), 2.31(1H, dq, J 6.9 and 
12.1, 1 1-H), 1.82(3H, s ,  15-H), 1.20(3H, d, J 6.9, 13-H), and 
0.86(3H, s ,  14-H); m/z (EI): 250 (M', I%), 235 (M' - CH,, 5), 
219 (2), 151 (lo),  149 (21), 147 (1 I), 137 (15), 121 (30), 107 (38), 
93 (43), 83 (58), and 55 (100). Compound 10, mp 109-1 10°C 
(hexane-dichloromethane); v,,,,,(KBr)/cm': 3100, 1770, 1015, 
995, and 810; S,,: 5.81(1H, dd, J 10.8 and 17.5, 1-H), 5.04(1H, 
d ,  J 17.5, 2-H), 5.02(1H, d,  J 10.8, 2'-H), 4.01(1H, t, J 10.9, 
6-H), 2.73(1H, d, J 4 . 4 ,  3-H), 2.50(1H, d, J 4 . 4 ,  3'-H), 2.31(1H, 
dq, J 7 . 0 a n d  12.0, 11-H), 1.37(3H, s,  15-H), 1.21(3H,d, J 7 . 0 ,  
13-H), and 1.19(3H, s ,  14-H); m/z (EI): 250 (M', I%), 235 (M' 
- CH,, 15), 221 (3), 207 (3), 193 (7), 181 (12), 167 (16), 149 (27), 
137 (20), 123 (33), 109 (54), 93 (57), and 55 (100). 

5,7aH,6,lIPH-Elema-I ,3-dien-6,12-olide 4 from 7 
A solution of diselenide 7 (26 mg, 0.041 mmol) in THF (0.3 mL) 

was treated with 30% aqueous hydrogen peroxide (45 IJ-L, 
0.04 mmol) at O°C for 20 h. The reaction mixture was extracted with 
ethyl acetate and filtered through a short plug of silica gel to af- 
ford compound 4 (8.8 mg, 90%) with the following features: mp 
149-152°C (hexane-dichloromethane); v , , , (~~r ) /cm-I :  3090, 
1765, 1640, 1005, 1000, 910, and 890, SH: 5.78(1H, dd, J 10.9 
and 17.3, 1-H), 5.01(1H, m, 3-H), 4.96(1H, dd, J 0 . 8  and 10.9, 
2-H), 4.92(1H, dd, J 0.8 and 17.3, 2'-H), 4.67(1H, brs, 3'-H), 
4.10(IH, dd, J 10.2and 11.5, 6-H), 2.31(1H,dq, J 7 . 0 a n d  12.0 
11-H), 2.21(1H, d ,  J 11.5, 5-H), 1.76(3H, S, 15-H), 1.21(3H, d, 
J 7.0, 13-H), and 1.06(3H, s,  14-H); m/z (EI): 234 (M', 4%), 220 
(2), 219 (M' - CH,, 1 l ) ,  206 ( l ) ,  199 ( l ) ,  177 (1 I), 167 (161, 
156 (74), 149 (48), 141 (33), and 139 (100). 

1 P-Hydroxy5,7aH,6,1 I PH-ertdesm-3-en-6,12-olide 3 arld 1 P- 
hydroxy-5,7aH,6, I I PH-eudesm-4(15)-en-6.12-olide I I  
from 9 

To a solution of epoxide 9 (71 mg, 0.287 mmol) in benzene 
(4 mL), BF, . OEt, (81 IJ-L, 0.287 mmol) was added. The mixture 
was stirred at room temperature for 30 min, after which it was 
worked up in the usual manner. By flash chromatography (in- 
creasing polarity of hexane - ethyl acetate), compounds 3 (43 mg, 
59%) and 11 (18 mg, 25%) were separated. Compound 3 was a 
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solid meltlng at 130- 132°C (hexane-dichloromethane); v,,,,,,(KBr)/ 
cm-I: 3500. 3020, 1745, 1 180, 1 125. 1040, and 850; tiH: 5.30 ( l H ,  
brs, 3-H), 3.93 ( lH,  dd, J 9.8 and 1 1.1, 6-H), 3.62 (1 H, dd, J 6.7 
and9.8,  1-H), 2.50-2.30(1H, m,  2-H), 2.27 ( l H ,  dq, J 6 . 8  and 
12.2, 11-H), 2.19(1H, brd, J 11.1, 5-H), 1.79(3H, brs, 15-H), 
1.20(3H, d, J 6.8, 13-H), and 0 86(3H, s ,  14-H): tn/z (EI): 250 
( M i ,  14%), 235 (Mi - CH,, l ) ,  232 (M' - H,O, 1).  222 ( l ) ,  217 
( I ) ,  167 (35), and 149 (100). Compound 11 was a solid meltlng at 
138- 139°C; v ,,,,, (K~r)/cm-I:  3490,3090, 1750, 1650, 1 150, 1 135, 
1045, 995, and 890; 6,: 4.95(1H, brs, 15-H), 4.80(1H, brs, 15'-H), 
4.03(1H, t, J 10.5, 6-H), 3.48(1H, dd, J 4 . 6  and 11.4, 1-H), 2.40- 
2.25(2H, m,  3-H and 1 1-H, overlapped s~gnals), 2.02(1H, brd, J 
10.5, 5-H), 1.20(3H, d, J 6.9, 13-H), and 0.80(3H, s,  14-H); nz/z 
(EI): 250 (M ' , 1 4%), 233 (M ' - OH, 3), 232 ( M i  - H 2 0 ,  19) 
217 (2), 206 (2), 191 (3), 177 ( 3 ,  165 (23), 147 (14), 121 (33). 
107 (32), and 55 (100). 

I ~-tert-B~~r?,lciinzerl2ylsil~~lo~~y-5,7aH,6,11 PH-e~tdesnz-3-en-6,12- 
olide 12 frorn 3 

To a solution of dihydrosantamarine 3 (70 mg, 0.28 mmol) in 
DMF (2.4 mL), ferf-butyldimethylsilyl chloride (182 mg, 
1.17 mmol) and imidazol (229 mg, 3.37 mmol) were added. The 
temperature of the reaction was raised to 35-4O0C, with stining for 
24 h. 'The reaction product, extracted with ethyl acetate, was 
chromatographed on silica gel, from which hexane - ethyl acetate 
(9: 1) eluted compound 12 (90 mg, 88%), mp 123- 126°C from 
hexane-ether; v,,,,(K~r)/cm-l; 3025, 1775, 1250, 1 175, 1090, 
860, 830, and 770; hH: 5.28(1H, brs, 3-H), 3.91(1H, dd, J 9.8 and 
11.0, 6-H), 3.55(1H, dd, J 6 . 7  and 9.4, 1-H), 2.25(1H, dq, J 6 . 7  
and 12.1, 11-H), 2.15(1H, brd, J 11.0, 5-H), 2.35-2.10(1H, m, 
2-H, overlapped with 11-H and 5-H), 2.1-1.8(3H, m, 2'-H, 8-H, 
and 9-H), 1.77(3H, brs, 15-H), 1.65-1.40(2H, m, 7-H and 8'-H), 
1.20(3H, d ,  J 6 . 7 ,  13-H), 1.12(td, lH,  J 3 . 7 ,  13.0, 9'-H), and0.85 
(12H, s,  14-H and Me-C-Si); m/z (CI, methane): 365 I(M + H)+, 
19%)], 307 [(M + H)' - C4Hlo, 391, 233 (loo), 187 (27), 158 
(12), and 157 (74). Anal. calcd. for C?,H,,O,Si: C 69.18, H 9.95; 
found: C 69.2, H 9.9. 

1 P-tert-B~r~~ldin1efI7ylsilyloxy-3a-l~ydropero.ry-7aH,6, I I pH- 
elrde~m-4-er1-6,12-olide 13 from 12  

Compound 12 (102 mg, 0.281 mmol) was dissolved in absolute " 

ethanol (23 mL) and methylene blue (2.3 mg) was added. Oxygen 
was gently bubbled through the solution. The reactlon tube was 
submerged in a water bath (17°C) thermostated by an external flow 
of cold methanol and irradiated by two lamps (HOSRAM HQL, 
400 W each) for 7 h. The product was isolated by evaporating the 
solution to dryness, then dissolving the res~due in dichlorometh- 
ane and passing it through a short column of silica gel using ethyl 
acetate as solvent. After solvent removal, the residue was chro- 
matographed on silica gel (increasing polarity of hexane - ethyl 
acetate) to afford unreacted starting material (6 mg, 6%). com- 
pound 14 (5 mg, 5%), and compound 13 (65 mg, 58%); v,,(KBr)/ 
cm-I: 3500-3 120, 1790, 1745, 1 100, 1030, 985, 830, and 775; 
6,: 8.24(1H, s, OOH), 4.54 (IH, brd, J 10.5, 6-H), 4.20(1H, brs, 
3-H), 3.72(1 H, dd, J 3.6 and 12.5 Hz, 1 -H), 2.3-2.2(2H, m, 2-H 
and 1 1-H), 1.95(3H, s,  15-H), 1.18(3H, d, J 6.8, 13-H), 1.03(3H, 
s, 14-H), 0.87(9H, s, Me-C-Si), O.l0(3H, s, Me-Si), and 0.03(3H, 
s,  Me-Si). 

1 P-tert-Bu~ldir~zethplsilylo.ry-3-oxo-7aH6, I I PH-eudesm-4-en- 
6,12-olide 1 4  from 13 

A solution of hydroperoxide 13 (58 mg, 0.147 mmol) in pyri- 
dine (0.6 mL) was treated with acetic anhydride (3 drops) for 1 h. 
The reaction mixture was dissolved in ethyl acetate (100 mL), 
washed with diluted aqueous HC1 and brine, and dried. Evapora- 
tion of the solvent yielded pure ketone 14 (55 mg, 99%), mp 146- 
148°C from hexane-ether; v,,,(KBr)/cm-l: 1775, 1660, 1610, 
1090, 1020, 980, 830, and 770; 6,: 4.72( 1 H, dd, J 1.5 and 1 1.6, 
6-H), 3.77(1 H, t, J 8.8, I-H), 2.53(2H, d ,  J 8.8, 2-H), 2.32(1 H, 
dq, J 7.0 and 11.6, 11-H), 2.12(1H, dt, J 3.0 and 13.5, 9-H), 2.1- 
1.9(1H, m, 8-H), 1.96(3H, d, J 1.5, 15-H), 1.85(1H, qd, J 3.0 and 
12.3, 8'-H), 1.29(1H, td, J 4.4 and 13.3, 9'-H), 1.23(3H, d ,  J 7.0, 
13-H), 1.22(3H, s ,  14-H), 0.86(9H, s,  Me-C-Si), 0.05(3H, s,  

Me-Si), and 0.02(3H, s,  Me-Si); m/z (CI, methane): 379 [(M + 
H ) '  , 39%], 321 [(M + H)' - C,Hlo, 601, and 247 (100). Anal. 
calcd. for C2,H3,0,Si: C 66.62, H 9.05; found: C 66.6, H 9.0. 

I P-tert-B1rf~lclit~1efhylsiI)~Io~~y-3P-l~~dro~ry-7aH,6, I 1  PH-eltrlesnz- 
4-et7-6,12-olide 15aJrorn 1 4  

A solution of compound 14 (38 mg, 0.101 mmol) in THF 
(1.3 mL) was treated at 0°C with L ~ A ~ H ( O - ~ - B U ) ~  (142 mg, 
0.50 mmol) in THF (1.3 mL) for 2 h. The reaction mixture was 
worked up in the usual way. Two products were separated by flash 
chromatography: the 3u-alcohol 150 (9.9 nlg, 26%) and the 3P- 
alcohol 15a (24.9 mg, 65%). Compound 150, an oil; v,,,;,, (NaCI)/ 
cm-I: 3520-3300, 1760, 1250, 1 100, 1025, 980, 830, and 770; 
6,: 4.55(1H, brd, J 1 1.3, 6-H), 3.94(1H, brs, 3-H), 3.76(1H, dd, 
J4 .8and  11.4, 1-H),2.25(1H,dq,J6.8and 11.8, 11-H), 1.97(3H, 
S, 15-H), 1.03(3H, s ,  14-H), 1.46(1H, qd, J 3.4 and 12.2, 8-H), 
1.20(1 H, d ,  J 6.8, 13-H), 1.03(3H, s,  14-H), 0.87(9H, s,  Me-C- 
Si), 0.08(3H, s ,  Me-Si), and 0.04(3H, s ,  Me-Si); rn/z (CI, meth- 
ane): 363 [(M + H)' - H,O, 161, 277 (9), 249, ( loo) ,  23 1 (35), 
175 (15). Anal. calcd. for CIIH3,0,Si: C 66.27, H 9.53; found: C 
66.3, H 9.5. Compound 15a, mp 155-157°C (hexane-ether); 
v,,,,(KBr)/cm-I: 3500, 1760, 1085, 1030, 1010,980,830, and 730; 
8,: 4.58(1H, dt, J 1.3 and 10.9, 6-H), 4 .03(IH,  ddd, J 1.3, 6.3 
and 8.4, 3-H), 3.47(1H, dd, J 3 . 1  and 11.4, 1-H), 2.24(1H, dq, J 
7.0 and 11.8, 11-H), 2.03(1H, ddd, J 3.1,  6.3, and 12.6, 2-H), 
1.93(3H, s,  15-H), 2.00-1.60(1H, m, 7-H), 1.74(1H, ddd, J 8.4, 
11.4, and 12.6, 2'-H), 1.49(1H, qd, J 3.2 and 12.0, 8'-H), 
1.21(3H, d ,  J 7.0, 13-H), 1.12(3H, s ,  14-H), 0.87(9H, s ,  Me-C- 
Si), 0.07(3H, s ,  Me-Si), and 0.03(3H, s,  Me-Si); m/z (CI, meth- 
ane): 3.63 [(M + H)' - HIO, 19701, 277 (9), 249, (100), 231 (29), 
and 175 (20). Anal. calcd. for C,,H,,OJSi: C 66.27, H 9.53; found: 
C 66.3, H 9.4. 

1 P-tert-Bur?,lditnefhylsilyloxy-3P-acefoxy-7aH,6, I IPH-eudesnz- 
4-en-6,12-olide 1 6  frorn 15a 

Compound 150 (28 mg, 0.074 mmol) was treated with acetic 
anhydride (0.18 mL) in pyridine (0.25 mL) containing a catalytic 
amount of 4-dimethylaminopyridine for 3 h. Usual work-up yielded 
compound 16 (28 mg, 89%) as a colorless oil; v , , , (~a~l ) /cm-I :  
1780, 1740, 1250, 1235, 1020, 835, and 770; 6, 5.31(1H, brt, J 
8.5, 3-H), 4.57(1H, dt, J 1.4 and 11.0, 6-H), 3.47(1H, dd, J 3.3 
and 12.7, 1-H), 2.24(1H, dq, J 7 . 0 a n d  11.8, 11-H), 2.05(3H, s,  
MeCOO-), 2.1- 1.9 (1 H, m, 2-H), 1.75(3H, s, 15-H), 1.8- 1.6 (2H, 
m, 2'-H and 7-H), 1.47(1H, qd, J 3.2 and 12.7, 8'-H), 1.20(3H, 
d ,  J 7.0, 13-H), 1.12(3H, s ,  14-H), 0.85(9H, s,  Me-C-Si), 
0.05(3H, s,  Me-Si), and 0.0 1 (3H, s,  Me-Si); nz/z (CI, methane): 
363 [(M + H)' - CH3COOH, 42%], 277 (1 I),  249 ( loo) ,  23 1 
(40), 185 (17), 157 (29), and 1 17 (32). Anal. calcd. for C23H3805Si: 
C 65.36, H 9.06); found: C 65.4, H 9.0. 

1 p-Hydro.-),-3P-acefoxy-7aH,6, I I PH-eudesn1-4-en-6,12-olide 
(forrentin) 1 from 16 

Compound 16 (20 mg, 0.048 mmol), dissolved in THF (0.35 
mL), was treated for 5 min with n-Bu4NF.3H20 (57 mg, 
0.18 mmol), dried overnight in vacuo, then over P,05. The reac- 
tion mixture was worked up in the usual way and chromato- 
graphed on silica gel (flash, hexane-ether 4:6) affording torrentin 
(1) (14 mg, 92%) as a solid of melting point 202-204°C (hexane- 
ether); [a]: +36.0 (c 0.67, CHCl,); v , , , ( ~ ~ r ) / c m - I :  3500, 3300- 
3200, 1780, 1760, 1705, 1660, 1260, 1240, 1170, 1020, and 980; 
6,: 5.31(1H, brt, J 8.2, 3-H), 4.60(1H, dt, J 1.5 and 11.1, 6-H), 
3.53 ( lH,  brd, J 3 . 0 a n d  12.3, 1-H), 2.26(1H,dq, J 7 . 0 a n d  11.8, 
11-H), 2.16(1H, ddd, J 3.0, 6.7, and 12.0, 2a-H), 2.06(3H, S, 
CH,COO-), 2.1-2.0(1 H, m, 9P-H), 2.0- 1.8(1H, m, 8a-H), 
1.78(3H, s ,  15-H), 1.8-1.6(2H, m, 2P-H and 7-H, overlapped 
signals), 1.53(1H, qd, J 3.4 and 12.1, 8P-H), 1.25(1H, td, J 3.8 
and 13.2, 9a-H), 1.21(3H, d, J 6.9, 13-H), and 1.16(3H, s,  14- 
H); m/z (EI): 308 (M+, 2%), 290 (M+ - H,O, 0. l ) ,  266 (1.2), 248 
(Mf - CH,COOH, 100), and 233 (16). Anal. calcd. for CI7H24o5: 
C 66.21, H 7.84); found: C 66.2, H 7.8. 
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Prototropic equilibria of 2-pyridylbenzimidazoles in aqueous solution 
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MERCEDES NOVO, MANUEL MOSQUERA, and FLOR RODR~GUEZ PRIETO. Can. J .  Chem. 70, 823 (1992). 
In this paper we report the acid-base behaviour of 2-(nf-pyridy1)benzimidazoles (11' = 2,3,4) and some methyl de- 

rivatives in aqueous solution over a wide range of acidity, involving interesting features with respect to competition in 
protonation between the benzimidazole N3 and the pyridyl N, with the existence of the corresponding two monocations 
in equilibrium in the case of n ' = 4. The influence of pH on the electronic absorption spectra of all compounds has been 
studied in order to identify the ground-state species present as a function of acidity and to obtain the acidity constants 
of the various prototropic equilibria occurring in the wide range of acidity studied. 

Key words: 2-pyridylbenzimidazoles, prototropic equilibria, protonation, acidity constants. 

MERCEDES NOVO, MANUEL MOSQUERA et FLOR RODRIGUEZ PRIETO. Can. J .  Chem. 70, 823 (1992). 
Dans ce travail, on a examine le comportement acide-base de 2-(nr-pyridy1)benzimidazoles (n '  = 2, 3 ,  4) et des 

quelques-uns de leurs dCrivCs methyl& en solutions aqueuses, sur une grande plage d'aciditiCs; les comportements con- 
sidCrCs comprennent des caracteristiques intkressantes concernant la competition lors de la protonation entre les posi- 
tions N3 du benzimidazole et le N du pyridyle et l'existence de deux monocations correspondants en Cquilibre dans le 
cas ou n '  = 4. Dans le but d'identifier les espttces prCsentes dans 1'Ctat fondamental en fonction de I'aciditC et pour ob- 
tenir les constantes d'aciditC des divers Cquilibres prototropiques se produisant aux aciditCs tres variCes qui ont CtC ex- 
amides ,  on a CtudiC l'influence du pH sur les spectres d'absorption Clectronique de tous les composes. 

Mots cle's : 2-pyridylbenzimidazoles, Cquilibre prototropique, protonation, constantes d'aciditC. 
[Traduit par la redaction] 

Introduction 

The pH dependence of the photophysical behaviour of 
benzimidazole has been studied by a number of authors in 
relation to the effect of substitution on the ground- and ex- 
cited-state acidity constants of this compound (1-3). The 
introduction of aromatic 2-substituents with heteroatoms 
brings additional protonation possibilities (4-7) and in some 
cases, e.g., those of 2-(2'-hydroxypheny1)benzimidazole (8) 
and 2-(2'-aminophenyl)benzimidazole (9), the formation of 
intramolecular hydrogen bonds. 

2-Pyridylbenzimidazoles are particularly interesting be- 
cause the separate parent compounds have nitrogen atoms of 
very similar basicity: the pK, values of the pyridinium ion 
and the N3-protonated benzimidazole cation are 5.25 and 
5.532 respectively (lo),  which suggests that these atoms 
may compete for protons in pyridylbenzimidazoles. In the 
work described here we investigated the acid-base behav- 
iour of 2-pyridylbenzimidazoles in order ( a )  to clarify the 
situation as regards such competition, and ( 6 )  to determine 
the ground-state species present at various acidities as a 
necessary preliminary step towards subsequent research on 
photoemission by these compounds (1 1). 

Experimental 
2-(2'-Pyridyl)benzimidazole (2PBI) was purchased from Aldrich 

Chemical Co. and purified by recrystallization from ethanol/water. 
2-(3'-Pyridy1)benzimidazole (3PBI) and 2-(4'-pyridy1)benzimid- 
azole (4PBI) were prepared by high-temperature condensation of 
o-phenylenediamine with nicotinic and isonicotinic acids respec- 
tively (12) and were purified by repeated recrystallization in 
ethanol/water. 1-Methyl-2-(2'-pyridyl)benzi1n1dazole (M2PBI) was 
prepared by a published procedure (13), as was the quaternary salt 
2-[4'-(N-methylpyridinylium)]benzimidazole iodide (4PBIQS) (14). 
The identity and purity of the prepared products was supported by 
measurements of their melting points and 'H NMR spectra. 

' ~ u t h o r s  to whom correspondence may be addressed. 
Printed m Canada 

Acidity was varied using perchloric acid and sodium hydrox- 
ide, and sodium perchlorate was used to control ionic strength, 
0.1 M in most of the series of experiments, except in those per- 
formed with [HClO,] > 0.1 M, in which the ionic strength was the 
concentration of acid. In experiments with 4PBIQS, acidity was 
controlled over the range pH 6-9 by 0.01 M sodium dihydrogen- 
phosphate buffer. All these chemicals were Merck p.a. products. 

UV absorption spectra were recorded in a Kontron Uvikon 820 
spectrophotometer at 25OC. Except for experiments at [HC104] > 
0.1 M, for which the acidity function H+ was calculated (15), pH 
was measured using a Radiometer PHM82 pH-meter with a Type 
B combined electrode. 

Theoretical equations were fitted to the experimental data using 
a weighted least-squares nonlinear optimization program based on 
Marquardt's algorithm ( 16). 

Results and discussion 
Prototropic forms 

The influence of pH on the absorption spectrum of 2PBI 
has been reported previously (1 1). The behaviour of 3PBI 
observed in the work described here was very similar (Fig. 
I), and is interpreted identically, as follows. 

The shift of the low-energy band to smaller wavenum- 
bers upon increasing pH from neutral to pH 13 is attributed 
to the formation of the monoanion A by deprotonation of the 
neutral species N. Since a similar shift in the spectrum of 
2-phenylbenzimidazole (PhBI) is due to loss of the benzim- 
idazole N1 proton (17), we assume that it is likewise this 
proton that is lost by 2PBI and 3PBI. This hypothesis is 
supported by the behaviour of the absorption spectrum of the 
methyl derivative M2PB1, in which the low-energy band is 
independent of pH at pH > 7. 

Upon increasing acidity from pH 7 to pH 3,  the low- 
energy band of 3PBI hardly changes but isosbestic points 
appear in the high-energy band, reflecting acid-base equi- 
librium between the neutral species and a monoprotonated 
cation C .  The change in the spectrum is nevertheless very 
slight, and the fact that it is a similarly slight spectral change 
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C N 
SCHEME 1.  Acid-base equilibria for 3PBI. 

FIG. I .  Absorption spectra of 3PBI in aqueous solutions of 
pH 13.16(---), pH7.14( . . . . ) ,  pH 3.07(-), andH,. = -0.27 
(---). [3PBI] = 3.7 X lo-' mol dm-). 

that is observed upon protonation of PhBI (17), whose only 
basic nitrogen atom is the benzimidazole N3, suggests that 
it is N3 that is protonated in C as well. 

At higher acidities ([HCIO,] > 1 M for 2PBI and pH < 2 
for 3PBI), the low-energy band undergoes a shift back to 
smaller wavenumbers, which is due to the formation of the 
dication D. This process involves protonation of the pyridyl 
nitrogen, which causes a greater modification of the spec- 
trum than protonation at N3. As expected, in acid media 
M2PBI behaved like the unmethylated species,' the mono- 
cation being protonated at N3 and the dication being formed 
in the presence of proton concentrations greater than 1 M. 

Scheme 1 shows the four prototropic forms of 3PBI that 
exist at the different pH values; the pattern for 2PBI is the 
same. 

The influence of pH on the absorption spectrum of 4PBI 
(Fig. 2a)  resembles that observed on the absorption spectra 
of its isomers as regards neutral-to-basic media and highly 
acid media. Thus, the spectrum of 4PBI at neutral pH is 
similar to those of 2PBI and 3PB1, being attributed to the 
neutral species N, and shifts to smaller wavenumbers upon 
increasing pH from neutral to basic due to the formation of 
the anion A (Scheme 2). At high acidities ([HCIO,] - 
1 M), the low-energy band of the 4PBI absorption spectrum 

' ~ o w - e n e r ~ ~  absorption maxima for M2PBI at pH 7.21, pH 2.42, 
and H +  = -3.24 are at 34 000, 34 000, and 32 200 cm-I, re- 
spectively. 

FIG. 2. ( a )  Absorption spectra of 4PBI in aqueous solutions of 
pH 12.94 (---), pH 6.85 (. . . .), pH 3.02 (-), and H+ = -0.1 1 
(---). [4PBI] = 3.7 x lo-' mol d K 3 .  (b) Absorption spectra of 
4PBIQS in aqueous solutions of pH 11.90 (. . . .), pH 5.92 (-), 
and H +  = -0.27 (---). [4PBIQS] = 2.1 X lo-' mol dm-). 

is again shifted towards smaller wavenumbers as observed 
in 2PBI and 3PB1, being likewise explicable in terms of the 
formation of a dication D, protonated at the benzimidazole 
N3 and at the pyridyl N. 

However, the spectrum of 4PBI at pH 3 is very different 
from those of its isomers, with an extremely broad, irregu- 
lar low-energy band shifted considerably towards smaller 
wavenumbers (Fig. 2a) .  The morphology of this band sug- 
gests that it is contributed to by two different species ob- 
tained by protonation of the neutral species N. Taking into 
account the above-mentioned possibility that the benzimi- 
dazole N3 and the pyridyl N may compete for protons in 
pyridylbenzimidazoles, a feasible interpretation of the ob- 
served spectrum would be the presence of both the N3-pro- 
tonated cation, C,, and the cation protonated at the pyridyl 
N ,  C,, in equilibrium at pH 3 (Scheme 2). 
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SCHEME 2. Acid-base equilibria for 4PBI. 

To verify the above hypothesis, the absorption spectrum 
of the quaternary salt 4PBIQS was studied. Since 4PBIQS 
differs from the 4PBI C, cation only in having a methyl group 
where C, has its additional hydrogen, it is thought to be a 
most suitable molecule for our purpose. 

The absorption spectrum of 4PBIQS at pH 4-7 (Fig. 2b) 
has an apparently non-composite low-energy band whose 
peak lies at 28 300 cm-' and must be attributed to the 
monocation M (Scheme 3). The position of that band with 
respect to those of the neutral species N of 2-pyridylben- 
zimidazoles confirms that the presence of a positive charge 
on the pyridyl N results in a large shift towards smaller 
wavenumbers, as observed for the dications of all the com- 
pounds studied. At higher acidities, the protonation of M at 
the benzimidazole N3 yields the dication D, whose low-en- 
ergy absorption is slightly shifted to greater wavenumbers, 
being almost identical to that of the 4PBI dication. 

Nevertheless, the behaviour of 4PBIQS in neutral-to-basic 
media is quite different from that of the unmethylated pyri- 
dylbenzimidazoles: the low-energy band of the spectrum 
undergoes a very large shift towards smaller wavenumbers, 
that shift beginning to be apparent in the neighbourhood of 
pH 8. This behaviour can be explained by the formation of 
a new species, the zwitterion Z, by loss of the proton from 
the benzimidazole N 1 in 4PBIQS (Scheme 3). The struc- 

tural differences of this neutral species Z with respect to the 
neutral species N of the related compounds account for the 
great differences in the spectra. Note that an uncharged res- 
onant form can be written for Z but, according to the results 
of a structural study of species Z by Alcalde et al. (18), the 
dipolar form makes the main contribution to its structure. 

On the basis of the simpler behaviour of 4PBIQS, we now 
return to 4PBI in order to verify the hypothesis that the ir- 
regular low-energy band of the 4PBI spectrum at pH 3 was 
contributed to by both cations C, and C,, species that must 
be in equilibrium at that acidity (Scheme 2). Since the C, 
spectrum must be very similar to that of species M of 4PBIQS 
and the C, spectrum may be assumed to differ very little from 
that of the neutral species N of 4PB1, as observed in 2PBI 
and 3PB1, the sum of contributions of both spectra of M and 
N should account for the observed spectrum of 4PBI at 
pH 3. A spectrum very similar to the experimental one is 
indeed obtained when one assumes a 50% contribution of 
each species. That leads to the conclusion that the benzim- 
idazole N3 and the pyridyl N must have very similar basic- 
ities in 4PBI. Results concerning acidity constants in the next 
section will give further support to this conclusion. 

On the other hand, it is interesting to note that a zwitter- 
ionic species like that of 4PBIQS might exist for 4PB1, being 
obtainable from C, from loss of the proton from the benz- 

SCHEME 3. Acid-base equilibria for 4PBIQS. 
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FIG. 3. Plot of absorbance against H+/pH for 4PBI in aqueous 
solution: ( a )  at 340 nm in neutral-to-acid media; ( b )  at 346 nm in 
neutral-to-basic media. Curves are the result of fitting the corre- 
sponding theoretical equations (see text) to the experimental data. 
[4PBI] = 3.7 X loM5 mol dm-'. 

imidazole N1. Nevertheless, no absorption is observed at the 
corresponding small wavenumbers for 4PBI in neutral media, 
so that the existence of such a species must be ruled out. 
Acidity constants 

Quantitative analysis of the dependence of absorbance on 
pH or H +  at a fixed wavelength allows calculation of the 
acidity constants3 of the various acid-base processes occur- 
ring in the acidity range studied. The most complex case is 
that of 4PBI: not only do four different species of 4PBI occur 
in the range pH 0-7 (see Scheme 2), but the proximity of the 
acidity constants for the first and second protonation pro- 
cesses means that both processes must be analyzed together 
(see Fig. 3). 

The equilibria of Scheme 2 imply the following theoreti- 
cal equation for the acidity range pH 0-7: 

where A X  is the absorbance at wavelength A (with sub- 
scripts N, C, and D indicating absorbance by the neutral 
species, the monocations, and the dication res ectively), H 
is defined either as for pH > 1 or as lo-'+ for greater 
acidities, and K, and K, are the macroscopic acidity con- 
stants for the equilibria between dication and monocation and 
between monocation and neutral species respectively. 

The relationships between the macroscopic constants and 
the microscopic constants defied in Scheme 2 (Klb, KIP, KZb, 
and K,,) are given by 

' ~ o t e  that pH, measured at ionic strength no greater than 
0.1 M, gives hydrogen ion activity while the acidity function H+ 
also includes the activity coefficients of both base and acid of the 
indicator used to determine H+ (15). Therefore, our acidity con- 
stants, calculated from pH values and the spectrophotometrically 
measured concentrations of acid and base without activity correc- 
tions, are those usually called "mixed" or "practical" acidity con- 
stants for a certain ionic strength (19), and those in which H+ was 
used are thermodynamic acidity constants on the assumption that 
the activity coefficients of base and acid are the same for both the 
species under study and the indicator. 

TABLE 1. pK, values obtained by spectrophotometric titration for 
the various acid-base equilibria of the species studied 

Compound PKI PKI pK3 

"Based on the acidity function H ,  (15). 
"Ionic strength I = 4 X M. 
' I  = 0.1 M. 
dl = 0.5 M. 
' I  = 0.05 M. 
'Reference 17. 
EReference 2. 

and 

The absorbances corresponding to each species are given by 

where co is the total concentration of pyridylbenzimidazole, 
1 is the cell length, and E; is the molar absorption coefficient 
of species i at wavelength A .  

Equation [ l ]  is also valid for the compounds with only one 
form of monocation, K, and KZ then being identical to the 
microscopic constants. When a given acidity constant is 
sufficiently different from the neighbouring constants that it 
is possible to consider the corresponding equilibrium in iso- 
lation over an appreciable acidity range, eq. [ l ]  can be sim- 
plified to 

where K, is the acidity constant in question and Atc and 
A;,, are the absorbances of the corresponding acid and base 
at wavelength A .  

Figure 3 shows the experimental absorbance-pH/H+ data 
for 4PBI over the acidity range studied, together with the 
curves fitted in accordance with eq. [ l ]  for pH < 7 and eq. 
[8] for pH > 7. Table 1 lists the corresponding acidity con- 
stants together with those obtained for the other compounds 
studied by the same procedure. In all cases both acidity 
constants and absorbances by the various species were fit- 
ted, a good agreement of the latter values with the experi- 
mental ones being obtained. On the other hand, the values 
listed for the acidity constants are the means of those ob- 
tained from several series of data at different wavelengths. 
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Table 1 likewise shows the published acidity constants for 
PhBI ( 17) and 1 -methyl-2-phenylbenzimidazole (MPhBI) (2). 

The value of pK, for PhBI agrees well with that of 2PB1, 
but is about one unit greater than those of 3PBI and 4PBI. 
This suggests that the benzimidazole NH group is more acid 
with a pyridyl ring present than with a phenyl ring, the dis- 
crepancy for 2PBI being explicable in terms of a greater lone 
pair - lone pair repulsion in its corresponding anion with 
respect to the anions of 3PBI and 4PB1, in which benzimid- 
azole N1 and pyridyl N are farther away. 

The value of pKz, for those cases in which it refers to the 
monocation o neutral species N equilibrium, is practically 
the same for all the compounds studied; in particular, the 
basicity of the benzimidazole N3 is virtually the same for all 
the PBI isomers, and in the case of 4PBI that of the pyridyl 
N must be very similar. As deduced from Table 1 ,  the 
benzimidazole N3 is rather less basic in the 2-pyridylbenz- 
imidazoles than in PhBI. For 4PBIQS, pK, refers to the 
monocation o zwitterion equilibrium, which is a process of 
different nature than those of the related compounds as i t  
involves protonation at the benzimidazole N1. Note that a 
similar value may be assumed to hold for the hypothetical 
equilibrium C, t, zwitterion of 4PBI. Since the value of that 
pK, is about four units higher than the value of pK, for 4PB1, 
this result confirms our earlier conclusion that no zwitter- 
ionic species is formed for 4PBI. 

K, varies quite widely from one compound to another. In 
particular, it is about 1000 times greater for 2PBI than for 
3PBI and 4PBI; if in these compounds the two aromatic rings 
are coplanar, as in PhBI (17), this can be attributed to steric 
hindrance of diprotonation in 2PBI. This interpretation does 
not necessarily contradict M2PBI (which might be expected 
to suffer greater steric hindrance, having a value of K, about 
two times less than that of 2PBI), for comparison (2) of data 
for PhBI and MPhBI suggests that methylation results in loss 
of ring coplanarity and hence less steric hindrance; reduc- 
tion of conjugation is apparent, for example, in the fact that 
methylation shifts the low-energy bands of 2PBI and PhBI 
to rather greater wavenumbers. 

Analysis of the change in absorbance with acidity only 
allows calculation of the macroscopic acidity constants, 
which in the case of 4PBI are not identical to the micro- 
scopic constants (see eqs. [2], [3], and [4]). The micro- 
scopic constants cannot be obtained spectrophotometrically, 
because the absorption spectra of C, and C, cannot be re- 
corded separately. It is nevertheless possible to estimate these 
constants on the not unreasonable assumption that the value 

of KIP for 4PBI is very similar to the value of K, for 4PBIQS. 
This hypothesis implies the values of 2.26 for pK,, and pK,,, 
and 4.17 for pK,, and pK,,. These estimates confinn that the 
pyridyl N and the benzimidazole N3 are almost equally basic 
in 4PB1, and that C, and Cb should therefore be present in 
roughly equal proportions, in accordance with the interpre- 
tation given above to the spectrum of 4PBI at pH 3. The fact 
that the benzimidazole N3 and the pyridyl N have equal ba- 
sicities in 4PB1, not observed in 2PBI and 3PB1, is a curi- 
ous feature since the presence of two atoms of identical 
basicities in the same molecule is rare. 
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complexing ability of sodium and potassium 
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We report here the synthesis of new polyoxygenated macrocyclic derivatives with a benzodioxinic subunit and a car- 
boxylic side chain (2, 3),  along with some of their corresponding acyclic polyethers (1). Formation constants of sodium 
and potassium complexes with both the acid and anion forms of these compounds were obtained from potentiometric 
measurements. The enhancement of both co~nplexing ability and selectivity afforded by the presence of a carboxylic side 
chain is discussed. 

Key words: polyether carboxylic acids, macrocycles, benzo- 1,4-dioxin, sodium and potassium complexes, solvent 
methanol. 

PASCAL BOSSERAY, GERARD COUDERT, GERALD GUILLAUMET, GEORGES JEMINFI', MADELEINE TISSIER et JEAN JUILLARD. 
Can. J. Chem. 70, 828 (1992). 

Nou avons realis6 la synthkse de nouveaux derives macrocycliques polyoxygCnCs porteurs d'un bras carboxylique (2, 
3) et de composCs ouverts correspondants (1). Toutes ces molecules comportent un motif benzodioxinique 1-4. Les 
constantes de formation dans le methanol des complexes des ions sodium et potassium avec les deux formes, acide et 
anion, de ces composes ont Cte obtenues par des mesures potentiomCtriques. On discute des amCliorations des pro- 
priCtCs de complexation et de sClectivitC dCterminCes par la presence du bras carboxylique. 

Mots cle's : acides carboxyliques de polyethers, macrocycles, benzo-1,4-dioxine, complexes du sodium et du potas- 
sium, methanol comme solvant. 

Introduction 

In previous work, some of us developed synthetic meth- 
ods that enabled us to prepare benzodioxinic macrocyclic 
polyethers bearing a side chain on the carbon next to the 
benzodioxinic subunit (1-3). In a recent paper (3) we re- 
ported data on sodium and potassium ion interactions with 
some lariat-ethers obtained in this manner. Both their com- 
plexing ability and potassium-sodium selectivity were dis- 
appointing. These properties might be expected to improve 
with the introduction of side chains bearing a carboxylic 
group. For example, the preparation and testing of carbox- 
ylic acyclic and macrocyclic polyethers that are more or less 
efficient in extracting alkali-metal and alkaline-earth cat- 
ions selectively have been reported by Wieranga et al. (4), 
Nakahama and co-workers ( 3 ,  Hiratani (6), and Bartsch and 
co-workers (7). Such substances can be used for modeling 
the activity of naturally occurring carboxylic polyether 
ionophores such as monensin, nigericin, grisorixin, lasalo- 
cid, calcimycin, and their derivative compounds, which have 
been studied in Clermont for years. The compounds synthe- 
sized here were of three types, as shown in Fig. 1. They were 
tested for their complexing efficiency and selectivity for 
potassium and sodium cations in methanol. Preliminary ex- 
traction experiments in a biphasic system were also carried 
out in order to evaluate them as potential ionophores. Com- 

' ~ u t h o r  to whom correspondence may be addressed. 

parisons were made with analogs not bearing a carboxylic 
side chain (3). 

Methods and results 

Sytlthesis 
The preparation of polyether compounds 1 has been 

described previously (2). The key intermediate 6 in the syn- 
thesis of 2 and 3 was prepared from 2-carboxy-benzo-l,4- 
dioxin 4 (8) in three steps (Scheme 1). 

The first step was the functionalization of the heterocycle 
at C,, which was achieved by treatment of 5-benzyloxy-2- 
pentanone (2) with the dianion of 4 (9). The lactone 5, which 
was obtained after treatment with hydrochloric acid in 
aqueous dioxan, was then easily converted to diol 6 by re- 
duction with lithium aluminium hydride. The syntheses of 
macrocycles 2 and 3 from diol 6 are shown in Schemes 2 and 
3 .  Macrocyclic derivatives 7 were prepared by treatment of 
6 with excess sodium hydride in tetrahydrofuran or in a 
tetrahydrofuran-hexamethylphosphoramide mixture (9 : 1) 
followed by reaction with the bistosylates of tetra-, penta-, 
and hexaethylene glycols (10). When potassium hydride was 
used as base the yield fell dramatically (20%). Diols 6, in the 
presence of bis(2-chloroethyl) ether, tetrabutylammonium 
hydrogen sulfate, and 50% aqueous sodium hydroxide (1 11, 
were converted to the benzodioxinic dichloro polyethers 10, 
which were subsequently cyclized with catechol and dry so- 
dium hydroxide in n-butanol (12) to give compounds 11. 
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COOH 

COOH 

COOH 

FIG. 1 .  Carboxylic polyether with a benzodioxinic subunit; here 
considered l a ,  n = 1 ;  l b ,  n = 2; 20, rn = 1 ;  2b, m = 2; 2c, tlz = 
3; 30,  p = 1; 3b,  p = 2. 

Hydrogenolysis of the benzyl protecting group of deriv- 
atives 7 and 11, which was performed in ethyl acetate using 
a palladium-on-carbon catalyst (13), led to primary alco- 
hols 8 and 12. 

Despite several attempts, the direct oxidation of 8 and 12 
to the corresponding carboxylic acids failed. However, Swern 
oxidation (14) of 8 and 12 gave aldehydes 9 and 13, which 
were then subjected to alkaline oxidation with silver nitrate 
(15) to afford the required acid derivatives 2 and 3. 
Complex formation in methanol 

It has been shown (16) that polyether carboxylic iono- 
phores (AH) are able to form both charged and neutral com- 
plexes with a cation Mt in methanol: AHM+ and AM. The 
presence of AHM' was therefore expected here and so the 
two formation equilibria [ l ]  and [2]: 

[ l ]  AH + Mf a AHM+ 

were included to take this into account, along with the cor- 
responding deprotonation equilibria [a] and [a']: 

[a] AH $ A- + H+ 

[a'] AHM+ a AM + H + 

This system was studied by potentiometry using concur- 
rently two sensitive glass electrodes, one responsive to H', 

( i )  L.D.A. 

(ii, CH3 y 4 H 2 0 C H 2 P h  

0 

the other to Mt ,  i.e., Na' or K'. The pK,'s of the acidic 
polyethers were first determined using the usual proce- 
dures. Formation constants p ,  and p2 were then obtained by 
measuring the activities of H+ and M+ when successive 
amounts of a basic solution of tetrabutylammonium methyl- 
ate in methanol were added to a solution of the ligand and 
the alkali metal chloride at equimolar concentration. Pro- 
cedures and processing of the data using Leden formation 
functions have been described elsewhere (16). Results thus 
obtained are set out in Table 1. With some of the non-car- 
boxylic benzodioxinic polyoxygenated macrocycles previ- 
ously studied, formation of A2K+ was observed (3). 
Formation of 2-ligand- 1-cation complexes, i.e., A2H2M' or 
A,M-, is improbable here since good fits were obtained as- 
suming formation of only AHM+ and AM. Acid dissocia- 
tion constants of the AHM+ species in columns 2 and 3 of 
Table I were obtained by combining equilibrium constants 
for reactions [ I ] ,  [2], and [a] according to eq. [3]: 

For comparison, previous data (1 6- 18) for naturally occur- 
ring carboxylic polyether ionophores are given in Table 1. 
Also, some pK, values of simple carboxylic acids obtained 
under the conditions described here are given in Table 2. 

Complex formation in biphasic water - organic 
solvent system 

The purpose of these measurements was to access the 
heterogeneous formation constants for reaction [4] in which 
the overlined species are in the organic phase and the others 
in the aqueous phase. 
- 

[41 A H + M + ~ A M + H +  
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I ( i )  NaH , THF - HMPA 

I Swern + 
CHO 

AgN03, OH- 

This was achieved by extracting the cation from the 
aqueous phase at variable pH by the ligand in the organic 
phase, using as the organic phase the n-butanol-toluene 30- 
70% mixture, according to a method first proposed by 
Pressman et al. (19) and developed by Pfeiffer and Lardy 
(20). 

I 
\ i m  

NaOH , catechol 
n-BuOH 

CH20CH2Ph 

11 

H 2 ,  P d I C  

CH20H 

Swern 

CHO 

Discussion 

Experiments were limited to the 5-8 pH range. Under Synthesis 
these conditions the distribution coefficient was rather small A new class of polyethers incorporating a benzodioxinic 
for all the products studied. This may be attributed to an ob- subunit and bearing a side chain with a terminal carboxylic 
served partition in favor of water for most of the complex acid group has been described. These compounds were ob- 
salts formed. Since they do not provide useful information, tained using a synthetic scheme with a limited number of 
numerical data are not reported here for the sake of brevity. steps, which should allow further developments to be made. 
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TABLE 1. Formation constants of acid, AHM', and neutral, AM, complexes of polyether carbox- 
ylic acid, AH, and metal cation, M+, and acid dissociation of AH and AHM' in methanol at 25.0°C 

(molar scale of concentration) 

PK, PY,. PK,,, log P o  log P I  log P o  log P I  
Compound (AH) ( A H N ~ ' )  (AHK') (AHNa+) (ANa) (AHK+) (AK) 

"m: rnonensin (18); n: nigericin (16). 

TABLE 2. pK, of model carboxylic acids in methanol at 25.0°C 
(molar scale of concentration, accuracy *0.01) 

Acid PK, Acid P K ~  

Acetic acid 9.63" Isovaleric acid 9.88 
Propionic acid 9.82" 3,3-Dimethylbutyric acid 10.15 
Butyric acid 9.84" Methoxyacetic acid 8.51 
Valeric acid 9.90 Ethoxyacetic acid 8.61 
Isobutyric acid 10.03 6-Ethoxypropionic acid 9.51 

"From reference 17. 

Acid dissociation in methanol 
In light of data on simple carboxylic acids, the acidity 

constants obtained for compounds 1-3 (Table 1) are within 
the expected range. In particular, judging from the large pK, 
change from ethoxyacetic to P-ethoxypropionic acid, the 
inductive effect of the ethoxy group probably vanishes to- 
tally beyond four carbons. However, given that polyethers 
1-3 are structurally similar in the vicinity of the carboxylic 
acid group, the significant variations observed in acid dis- 
sociation are a little surprising. The differences observed 
could be related to variations in the preferential conforma- 
tion of the crown ring, which may or may not facilitate the 
interaction of the carboxylic hydroxyl with one of the oxy- 
gens of the ring through hydrogen bonding, thus more or less 
increasing the stability of the acid form. Such lowering of 
the acidity of a carboxylic group by the presence of a crown 
ether moiety in the molecule has already been observed (7c, 
7 1 \  

gands of alkali-metal cations. Complexes of the neutral acid 
molecules can be compared to complexes of analogous ben- 
zodioxinic crown ethers without a carboxylic acid (3). This 
is done in Table 3 for compounds 2 and 3a. For complexa- 
tion with potassium, differences are rather small, the trend 
being that the stabilization of the complex by the presence 
of the carboxylic acid increases as the size of the crown in- 
creases; the strongest complexation previously observed (3) 
for the seven-oxygen ring is probably retained. The same is 
not true for the sodium complexes, for which the presence 
of the carboxylic acid strengthens the complexation notice- 
ably for the five-oxygen ring and even more so for the six- 
oxygen ring. The maximum observed with a simple crown 
ether, substituted or not, then recurs for the six-oxygen ring 
as shown in Fig. 2. Two of us have shown (25) that for one- 
chain polyethers, complexation increases with the number 
of oxygens, mainly for statistical reasons, this effect being 
more efficient for potassium than sodium cation as shown 
clearly in Fig. 1 from ref. 25. Table 1 shows that this is also 
true for 1. 

The complexation of a cation by polyethers possessing an 
anionic ligand is clearly more efficient than its complexa- 
tion by polyethers with an acid ligand or by analogous 
monocarboxylic crown compounds. Differences in com- 
plexing ability range from 0.6 to 1.8 in terms of the loga- 
rithm of the formation constants. Such differences are smaller 
than those observed for natural polyether carboxylic iono- 
phores, which range from to 2 to 4. With the latter sub- 
stances the ionization of the carboxylic function corresponds 
mainly to the stabilization of the pseudo-ring and inciden- 

L l ) .  
tally to the participation of this function in the coordination 

The specificity of the interactions between the carboxylic 
of the cation. Here, the carboxylate group acts mainly in 

acid and the oxygens of the crown should vanish on com- 
coordinating the cation but also in creating a more closed 

plexation with an alkali-metal cation. This is borne out by 
space around the cation. This hemi-cage effect is more ef- 

observation: the acidity differences are generally smooth; 
most of the pK,, values lie near 8.9, except in some partic- ficient in the case of small-size crown ether as observed for 

ular cases. In addition, as expected, from AH to AHM+ 
compound 3a, for example. 

acidity is increased, but less than for the naturally occurring Conclusions 
carboxylic ionophores, monensin and nigericin. The complexing ability of some of these substances may 
Complexation of NU+ and K+ then be considered as satisfactory but preliminary extrac- 

As has been noted earlier (results) both the acid and an- tion experiments have shown that their lipophilic properties 
ionic forms of the carboxylic polyethers are able to act as li- would have to be increased through appropriate chemical 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C A N .  J .  CHEM. VOL. 70. 1992 

TABLE 3. Comparison of data concerning formation of sodium and potassium charged 
complexes of compounds 2 previously studied (3) and compounds here noted 2'"nd 
resulting from substituting a methyl group for the carboxylic acid (log P , ,  methanol 

25.0°C, molar scale of concentration, estimated accuracy k0.02) 

Cation 2a 2a :I: 2b 2b" 2c 2c" 3a 3n" 

FIG. 2. Formation constant of complexes of crown ether with 
sodium ion in methanol (in terms of log P) as a function of the 
number t~ of oxygens in the crown. 0, simple crown ether (22); X ,  

dibenzocrown ether (23, 24); ., compounds 2,  reaction [ I ] ;  0 ,  
compounds 2, reaction [2]; compounds 2* resulting from sub- 
stitution of a methyl group for the carboxylic arm (3). 

modifications to obtain efficient ionophoric systems. The 
synthetic scheme used in this study can be easily adapted for 
such a purpose. 

Experimental 

Synthesis and purification 
Infrared (ir) spectra were recorded on a Perkin Elmer 297 spec- 

trometer. Nuclear magnetic resonance (nmr) spectra were ob- 
tained in CDCI, solution on Hitachi Perkin R 24 (60 MHz) and 
Bruker AM 300 (300 MHz) instruments. All samples that con- 
tained an OH group were back-exchanged in D 2 0  before analysis. 
Tetramethylsilane was used as an internal standard. Low-resolu- 
tion mass spectra were recorded on a Nermag R 10.10 C mass 
spectrometer using a 70 eV ionization potential. Column chroma- 
tography was performed with 230-400 (flash chromatography) and 
70-230 (gravity chromatography) mesh silica gel (E. Merck). 

Analytical thin-layer chromatography (tlc) was carried out on cut 
sections of E. Merck precoated aluminium sheets of silica gel 60 
F?,,. Chromatography solvents were distilled before use. Tetrahy- 
drofuran (THF) was distilled from sodium benzophenone ketyl 
immediately prior to use. All reactions involving air- or moisture- 
sensitive reagents were performed under an argon atmosphere. 
Analyses of all new compounds, indicated by the symbols of the 
elements, were within 0 . 4 %  of the theoretical values. 

3-Methyl-3 [3-(phenylrr1etho.x~~)prop~~I]fi1r0[3,4- b][l,4]benzo- 
dioxin-1-(3 H)-one 5 

To a stirred solution of diisopropylamine (1.8 g,  17.6 mmol) in 
8 mL of tetrahydrofuran was added n-butyllithium (1 1 mL, 
17.6 mmol, 1.6 M in hexane) at -5°C. The pale yellow solution 
was stirred for 20 min at the same temperature. The reaction mix- 
ture was cooled to -78°C and a solution of 2-carboxy-benzo-l,4- 
dioxin 4 (8) (1.42 g,  8 mmol) in 7.5 mL of tetrahydrofuran was then 
added dropwise. The reaction mixture was stirred for a further 5 h 
at -78°C. 5-Benzyloxy-2-pentanone(2) (2.3 g, 12 mmol) dis- 
solved in 3 mL of THF was added and the resulting solution was 
stirred at -78'C for 2 h. The reaction was quenched with water, 
and the mixture was warmed up to room temperature and ex- 
tracted with Et,O (2 X 20 mL). The aqueous layer was acidified 
with 10% HCI and extracted with CH2C1, (4 X 20 mL). This or- 
ganic phase was dried over anhydrous MgS04, filtered, and evap- 
orated. 

A solution of the oily residue in dioxane (30 mL) and 10% HC1 
(30 mL) was stirred at room temperature. The reaction was mon- 
itored by tlc. After hydrolysis and extraction with CH,Cl, (4 x 
20 mL), the organic phase was washed with 5% aqueous sodium 
hydrogen carbonate solution (30 mL), with 10% HC1 (10 mL), dried 
over anhydrous MgSO,, and evaporated. The oily residue was 
chromatographed to give 5 as a colorless oil (87%); ir (film): 1780, 
1710 cm-'; 'H nmr (CDCI,) 6: 1.3 (s, 3H, CH,), 1.8 (m, 4H, CH,), 
3.3 (t, J = 6.5 Hz, 2H, CH,O), 4.3 (s, 2H, 0CH2Ph), 6.7-6.8 (m, 
4H, aromatic), 7.05 (s, 5H, aromatic). Anal. (C21H2005) C,  H. 

a-Methyl-2 [3-(phenylmethoxy)propyl]-benzo-l,4-dioxitl-2,3- 
ditnethanol 6 

To a solution of the lactone 5 (1.35 g,  4 mmol) in 20 mL of an- 
hydrous ether was added an excess of hydride reagent (LiAlH,) and 
the reaction was stirred for 2 h at room temperature. The reaction 
was monitored by tlc. Cold water was added cautiously; the salts 
were filtered through Celite and washed with ether. The organic 
phase was dried over anhydrous MgSO,, filtered, and evaporated. 
The residue was purified by filtration through a short column of 
silica gel (petroleum ether - ether, 6:4)  to leave 6 as a colorless 
oil (9 1 %); ir (film): 3600-3 100, 1680 cm-'; 'H nmr (CDCI,) 6: 1.4 
(s, 3H, CH,), 1.7- 1.9 (m, 4H, CH,), 3.7-3.5 (m, 2H, CH,O), 4.2 
(s, 2H, =C-CH,O), 4.5 (s, 2H, 0CH2Ph), 6.5-7.0 (m, 4H, aro- 
matic), 7.3 (s, 5H, aromatic). Anal. (C21H2405) C ,  H. 

Synthesis of mncrocycles 7 
A suspension of sodium hydride (25.7 mmol, 50% dispersion in 

mineral oil, washed three times with dry tetrahydrofuran) in 
40 mL of anhydrous tetrahydrofuran was refluxed and diols 6 
(1.93 g,  5.8 mmol) dissolved in 48 mL of anhydrous tetrahydro- 
furan were added dropwise with stirring. The reaction mixture was 
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refluxed for 2 h and a solution of bistosylate (5.8 mmol) of the 
relevant poly(ethy1ene glycol) in 48 mL of dry solvent was added. 
The heating and stirring were continued for another 36 h. After 
cooling, the reaction mixture was poured into water and extracted 
with ether (4 X 30 mL). The organic layer was dried over anhy- 
drous MgSO, and concentrated in vacuo to give an oil, which was 
purified by flash chromatography. For the synthesis of 70 and 7b, 
the solvent used was a THF-HMPA mixture (9: 1). 
6,8,9,11,12,14,15,17,18,20-Decalzydro-6 -methyl- 6 -[3-(phenyl- 

metlzoxy)propyl][1,4] benzodio,xino[2,3-c] - [1,6,9,12,15]-perlta- 
oxacycloheptndecin 7a (40%); oil; ir (film): 1680,l I00 cm-I; 'H 
nmr (CDCI,) 6: 1.4 (s, 3H, CH,), 1.7 (m, 4H, CH,), 3.5-3.8 (m, 
18H, CH20),  4.3 (s, 4H, CH20), 6.5-6.7 (m, 4H, aromatic), 7.1 
(s, 5H, aromatic). Anal. (C29H3808) C ,  H. 
6,8,9,11,12,14,15,17,18,20,21,23-Dodecnlzydro-6-meth~~l-6-[3- 

(pherlylmethosy)propyl] -[I, 41 benzoclioxino[2,3c] - [1,6,9,12,15, 
181-hexnoxncycloeicosin 7b (43%); oil; ir (film): 1680, 1100 cm-I; 
'H nmr (CDCI,) 6: 1.4 (s, 3H, CH,), 1.7 (m, 4H, CH,), 3.5-3.8 
(m, 22H, CH20), 4.2 (s, 2H, =C-CH,O), 4.35 (s, 2H, OCH,Ph), 
6.5-6.7 (m, 4H, aromatic), 7.1 (s, 5H, aromatic). Anal. (C,,H,,O,) 
C ,  H. 
6,8,9,11,12,14,15,17,18,20,21,23,24,26-Tetrcrhydr-o-6-merhyl- 

6-[3-(pherrylrnethoxy)propyl]-[l,4]benzodioxino[2,3-~]-[l ,6,9,12, 
15,18,2I]-lzeptnoxacyclotricosin 7c (35%); oil; ir (film): 1680,1100 
cm-I; 'H nmr (CDCI,) 6: 1.4 (s, 3H, CH,), 1.7 (m, 4H, CH,), 3.5- 
3.8 (m, 26H, CH20),  4.2 (s, 2H, =C-CH,O), 4.35 (s, 2H, 
OCH,Ph), 6.5-6.7 (m, 4H, aromatic), 7.1 (s, 5H, aromatic). Anal. 
(C33H46010) C,  H. 

Syrlthesis of berzzodioxinic dichloro polyethers 10 
A general procedure for the synthesis of these compounds has 

already been described ( I). 
2-[l -12-(2 - Clzloroethoxy)ethoxy]-I- methyl - 4 -(phenylmethoxy) 

bu@l]-3-[[2-(2-clzloroethoxy)ethoxy]methyl]benzo-l,4-dioxin 10a 
was already described ( I ) .  

2-[1-[2-[2-(2-Chloroethoxy)ethoxy]ethoxy]-1 -methyl-4-(phenyl- 
methoxy)bu@l]-3-[[2 -[2 - (2 -chloroetho~xy)ethoxy]etl~oO~y]rnetlzyl]- 
benzo-1,4-dioxin lob;  oil (20%); ir (film): 1680,1100 cm-'; 'H nmr 
(CDCI,) 6: 1.4 (s, 3H, CH,), 1.8 (m, 4H, CH2) 3.5-3.7 (m, 26H, 
CH,O and CH2C1), 4.3 (s, 2H, =C-CH20), 4.5 (s, 2H, Ph-CH2- 
O), 6.6-6.7 (m, 4H, aromatic), 7 .3 (s, 5H, aromatic). Anal. 
(C33H&120~) C,  H. 

Syrzthesis of n~ncrocyclic polyethers I I 
A typical procedure for the cyclization of the derivatives 10 with 

catechol has already been described (1). 
6,8,9,11,12,19,20,22,23,25-Decahydro-6-methyl-6-[3-(phen)~l- 

methoxy-propyll- [l ,  41benzodioxinoL2, 3-i]-[l, 4 ,  7, 12, 15, 181- 
berzzohexaoxncycloeicosin l l a  has already been described ( 1 ). 
6,8,9,11,12,14,15,22,23,25,26,28,29,31 - Tetrndecahydro- 6 - 

methyl- 6 -[3 - (phenylmethoxy)propyl]- [1,4]benzodioxinop, 3-i]- 
[1,4,7,10,15,18,21,24]-benzooctaoxacyclohexncosir~ 1 lb; oil (37%); 
ir (film): 1680,1100 cm-I; 'H nmr (CDCI,) 6: 1.4 (s, 3H, CH,), 
1.7 (m, 4H, CHI), 3.3-4.3 (m, 3 0 H ,  CH20), 6.3-6.6 (m, 8H, 
aromatic), 7.0 (s, 5H, aromatic). Anal. (C,9H3001 ,) C,  H. 

Hydrogerzolysis of 7 and 11 
A mixture of 7 or 11 (0.73 mmol) and 10% palladized charcoal 

(25 mg) in ethyl acetate (12 mL) was reduced with stirring under 
a hydrogen atmosphere at ambient conditions for 3 h. The reac- 
tion mixture was filtered to remove catalyst and the filtrate was 
concentrated in vacuo. The compound 8 or 12 was obtained quan- 
titatively as a colorless oil. 

1,3,4,6,7,9,10,12,13,15 - Decahydro-1-methyl-[l, 4,7,10,13]- 
pentaoxacycloheptadecino[16,17- b]-[l, 4lbenzodioxin-1 -propano/ 
8n; ir (film): 3700-3 100, 1680,1100 cm-'; 'H nrnr (CDCI,) 6: 1.3 
(s, 3H, CH,), 1.7 (m, 4H, CHI), 3.4-3.8 (m, 18H, CH,O), 4.3 
(dd, JAB = 12 HZ, 2H, =C-CH20), 6.5-6.7 (m, 4H, aromatic). 
Anal. (C,2H3208) C ,  H. 

1,3,4,6,7,9,10,12,13,15,16,18-Dodecahydt-o-l-methyl-[1,4,7, 
10,13,16]-he,xaosncycloeicosar~o[I9,20- b]- [I, 4lbenzodioxin-1 -pro- 
panol8b; ir (film): 3700-3 100, 1680,l 100 cm-';  'H nnir (CDCI,) 
6: 1.35 (s, 3H, CH,), 1.7 (m, 4H, CH2), 3.4-3.8 (m, 22H, CH20). 
4.35 (s, 2H, =CH-CH,O), 6.4-6.8 (m, 4H, aromatic). Anal. 
(CZJH3609) C ,  H. 

1,3,4,6,7,9,10,12,13,15,16,18,19,21-Tetradecahyclro-l-nlethyl- 
[1,4,7,1O, 13,16,19]-heptno,mcyclotricosarzo~2,23- b]-[I, 4lbenzo- 
dioxin-1 -l>ropnnol8c; ir (film): 3700-3 100, 1680,1100 cm-I; 'H 
nmr (CDCI,) 6: 1.35 (s, 3H, CH,), 1.7 (m, 4H, CH,), 3.4-3.8 (m, 
26H, CH,O), 4.8 (s, 2H, =C-CH20), 6.4-6.8 (m, 4H, aro- 
matic). Anal. (C26H,oOlo) C ,  H. 
6,8,9,11,12,19,20,22,23,25-Decahydro-6 -methyl-[/, 4lbenzo- 

dioxino[2,3- i]-[I , 4 ,  7, 12, 15, 18-1-benzohexnoxacycloeicosin- 6 - 
proparlo1 12n (98%); oil; ir (film): 3700-3100, 1680, 1200 cm- ' ;  
'H nmr (CDCI,;) 6: 1.3 (s, 3H, CH,), 1.8 (m, 4H, CH,), 3.5-4.3 
(m, 2 0 H ,  CH2-0) ,  6.5-6.8 (m, 8H, aromatic). Anal. (C28H3609) 
C ,  H. 
6,8,9,11,12,14,15,22,23,25,26, 28, 29,31-  Tetrndecnlzydro-6- 

methyl-[l, 4]benzodioxino[2,3-i]-[1,4,7,10,15,18,21,24]- berzzooc- 
taoxncyclohe,xacosin-6-propanol 12b (98%); oil; ir (film: 3700- 
3100,1680,1200 cm- ' ;  'H nmr (CDCI,) 6: 1.3 (s, 3H, CH,), 1.8 
(m, 4H, CH,) 2.5, 3.5-4.3 (m, 28H, CH20), 6.5-6.8 (m, 8H, 
aromatic). Anal. (C32H4101 

Preparation of nldellydes 9 and 13 
To a solution of dimethyl sulfoxide (0.546 g, 7 mmol) in di- 

chloroniethane (10 mL) at -60°C was added a solution of oxalyl 
chloride (0.4879 g, 4.1 mmol) in dichloromethane (10 mL) and the 
mixture stirred at -60°C for 30 min. A solution of alcohol 8 or 12 
(2.6 mmol) in dichloromethane (10 mL) was then added to this 
mixture at -60°C. After stirring for 1 h, triethylamine (3 mL) was 
added. The stirring was continued at -60°C for another 10 min. 
The mixture was then allowed to warm up slowly to room temper- 
ature, quenched with saturated ammonium chloride, and extracted 
with dichloromethane (4 x 15 mL). The organic layer was washed 
with water, dried (MgSO,), and evaporated to dryness. The prod- 
uct was purified by flash chromatography with ether - petroleum 
ether as eluent to yield pure 9 or 13. 

1,3,4,6,7,9,10,12,13,15-Decnhydro-1-methy1-[1,4,7,10,131- 
pentaosacycloheptadecino[l6,17-b]-[l,4]benzodioxin-l -propanal 
9a (79%); oil; ir (film)-: 2720,17 10 cm-'; 'H nmr (CDCI,) 6: 1.4 
(s, 3H, CH,), 2.0-2.2 (m, 2H, CH,), 2.3-2.5 (m, 2H, CH,-CHO), 
3.5-3.7 (m, 16H, CH20),  4 .3 (s, 2H, =C-CH20), 6.5-6.7 (m, 
4H, aromatic), 9.4 (m, IH, CHO). Anal. (C22H3008) C ,  H. 

1,3,4,6,7,9,10,12,13,15,16,18-Dodecahydro-1 -methyl-[1,4, 
7,10,13.16]-hexaoxacycloeicosano[19,20-b]-[1,4]benzodio.xin-1- 
propnrzal9b (78%); oil; ir (film): 2720,17 10 cm-'; 'H nmr (CDCI,) 
6: 1.4 (s, 3H, CH,), 2.0-2.2 (m, 2H, CH,), 2.3-2.5 (m, 2H, CH2- 
CHO), 3.4-3.6 (m, 2 0 H ,  CHIO), 4.4 (s, 2H, =C-CH20), 6.5- 
6.7 (m, 4H, aromatic), 9.4 (m, IH, CHO). Anal. (C24H3109) 
C, H. 

1,3,4,6,7,9,10,12,13,15,16,18,19,21-Tetrndecahydro-1-rnethy1- 
[1,4,7,10,13,16,19]- heptaoxacyclotricosano[22,23-b]-[1,4] berlzo- 
dioxin-1 -propanal 9c (6 1 %); oil; ir (film): 2720,17 10 cm-'; 'H nmr 
(CDCI,) 6: 1.4 (s, 3 ,  CH,), 2.0-2.2 (m, 2H, CH,), 2.3-2.5 (m, 
2H, CH,-CHO), 3.4-3.6 (m, 2H, CH20), 4.3 (s, 2H, =C-CH20), 
6.5-6.7 (m, 4H, aromatic), 9.4 (m, IH, CHO). Anal. (C26H380~~) 
C,  H. 

6,8,9,11,12,19,20,22,23,25-Decahydro-6-methyl-[1,4]benzo- 
dioxino[2,3-i] - [1,4,7,12,15,18] - berzzohexaoxacycloeicosin - 6 - 
proparzal13a (66%); oil; ir (film): 2720, 1720, 1680, 1100 cm-I, 
'H nmr (CDCI,) 6: 1.3 (s, 3H, CH,), 1.9-2.1 (m, 2H, CHI), 2.3- 
2.6 (m, 2H, CHI-CHO), 3.5-4.4 (m, 18H, CHIO), 6.6-6.9 (m, 
8H, aromatic), 9.5 (m, l H ,  CHO). Anal. (C28H3409) C ,  H. 
6,8,9,11,12.14,15,22,23,25,26,28,29,31-tetradecahydro-6- 

methyl-[l,4]benzodi0~in0~,3-i]-[1,4,7,10,15,18,21,24]benzoocta- 
oxacyclohexacosin-6-propanal13b (40%); oil; ir (film): 2720,1720, 
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1680, 1100 cm-I, 'H nmr (CDCI,) 6: 1.3 (s, 3H, CH,), 1.9-2.1 
(m, 2H, CH,), 2.3-2.6 (m, 2H, CH,-CHO), 3.5-4.4 (m, 26H, 
CH,O), 6.6-6.9 (m, 8H, aromatic), 9.5 (m, lH, CHO). Anal. 
(C32H42011) C,  H. 

Preparation of acids 2 and 3 
To a solution of silver nitrate (0.1275 g, 0.75 mmol) in distilled 

water (6 mL) was slowly added a solution of aldehyde 9 or 13  
(0.37 mmol) in ethanol (16.5 mL) and the mixture stirred at room 
temperature. A solution of sodium hydroxide (0.0596 g, 1.49 
mmol) in distilled water (1 1 mL) was then added to this mixture at 
room temperature. The formation of a black precipitate was ob- 
served. The progress of the reaction was followed by tlc. After 
30 min, the reaction mixture was filtered through Celite and the 
filter cake was washed with water and ether. The aqueous layer was 
separated, extracted with ether (1 x 10 mL), brought to pH 2 (pH 
paper), and reextracted with dichloromethane (4 X 15 mL). The 
combined organic extracts were dried (MgSO,) and evaporated in 
vacuo to afford 2 or 3 as a syrup. Pure acids 2 and 3 were ob- 
tained by a rapid filtration through a short silica gel column. 
1,3,4,6,7,9,10,12,13,15-Decahydro-l-methy1-[1,4,7,10,13]- 

pentaoxacycloheptadecino[l6,17- b][l, 4lbenzodioxin - 1 -propanoic 
acid 2a (98%); oil; ir (film): 3600-2400, 1780,1270,1100 cm-I; 
'H nmr (CDCl,) 6: 1.4 (s, 3H, CH,), 2.0-2.3 (m, 2H, CH,), 2.4- 
2.7 (m, 2H, CH,-COOH), 3.5-3.8 (m, 16H, CH,O), 4.25 and 4.7 
(2d, J = 13 Hz, 2H, =C-CH20), 6.6-6.9 (m, 4H, aromatic); 
ms(m/z): 439 (M+ + 1). Anal. calcd. for C22H300'): C 60.27, H 
6.85; found: C 60.69, H 6.93. 

1,3,4,6,7,9,10,12,13,15,16,18-Dodecahydro-l -methyl-[I ,4,7,  
10,13,16]- hexaoxacycloeicosano[l9,20- b][l,4]berzzodioxin -I -pro- 
panoic acid 2b (96%); oil; ir (film): 3600-2400,1710,1270,1100 
cm-~ .  , I H nmr (CDCl,) 6: 1.4 (s, 3H, CH,), 2.0-2.2 (m, 2H, CH,), 

2.4-2.6 (m, 2H, CH2-COOH), 3.5-3.8 (m, 20H, CH,O), 4.3 and 
4.55 (2d, J = 11.9 Hz, 2H, =C-CH,O), 6.6-6.9 (m, 4H, aro- 
matic); ms (m/z): 483 (M+ + 1). Anal. calcd. for C21H34010: C 
59.75, H 7.05; found: C 60.14, H 7.17. 

1,3,4,6,7,9,10,12,13,15,16,18,19,2l-Tetradecahydro-l-methyl- 
[I ,4,7,10,13,16,19]- heptaoxacyclotricosano[22,23-b][l,4]benzo- 
dioxin-I-propanoic acid 2c (99%); oil; ir (film): 3600- 
2400,1720,1270,1100 cm-'; IH nmr (CDCl,) 6: 1.4 (s, 3H, CH,), 
2.0-2.2 (m, 2H, CHI), 2.4-2.6 (m, 2H, CH,-COOH), 3.5-3.8 
(m, 24H, CH,O), 4.25 and 4.60 (2d, J = 13, 9 Hz, 2H, =C- 
CH,O), 6.6-6.9 (m, 4H, aromatic); ms (m/z): 527 (M+ + 1). Anal. 
calcd. for C26H3801 C 59.3 1, H 7.22; found: C 59.72, H 7.33. 
6,8,9,11,12,19,20,22,23,25-Decahydro-6-methyl -[I ,4]benzo- 

dioxino[2,3-i]-[I, 4,7,12,15,18]- benzohexaoxacycloeicosin - 6 - 
proparzoic acid 3a (80%); oil; ir (film): 3600-2400,1710,1100 
cm-I; 'H nmr (CDC1,) 6: 1.4 (s, 3H, CH,), 2.0-2.1 (m, 2H, CH,), 
2.4-2.5 (m, 2H, CH,-COOH), 3.5-4.5 (m, 18H, CH20), 6.5-6.9 
(m, 8H, aromatic); ms (m/z): 531 (M+ + 1). Anal. calcd. for 
C28H34010: C 63.39, H 6.41 ; found: C 63.67, H 6.50. 
6,8,9,11,12,14,15,22,23,25,26,28,29,31-Tetradecahydro-6- 

methyl-[] ,4] benzodioxino[2,3-i] -1,4,7,10,15,18,21,14] - benzo- 
octaoxacyclohexacosin-6-propanoic acid 3b (90%); oil; ir (film): 
3600-2400, 1710, 1100 cm-I; 'H nmr (CDCl,) 6: 1.4 (s, 3H, CH,), 
2.0-2.1 (m, 2H, CH,), 2.4-2.5 (m, 2H, CH,-COOH), 3.5-4.5 
(m, 26H, CH,O), 6.5-6.9 (m, 8H, aromatic); ms (m/z): 619 (M+ 
+ 1). Anal. calcd. for C32H42012: C 62.95, H 5.57; found: C 63.17, 
H 5.71. 

Potentiometric measurement 
Two glass indicator electrodes were used, one specific for the 

alkali-metal ion, either sodium (Jena er Glass) or potassium (Solea 
type pKV3), the other specific to hydrogen ion (Orion 91-01). The 
reference electrode was a two-stage model of the following type, 
the double junction being meant to prevent any contamination of 
the solution by potassium cations. 

Potentials were recorded using an Orion research millivoltmeter 
model 701 /A. Standardization of both electrodes was performed 
before measurements. For the pH standardization, buffers in 
methanol prepared according to De Ligny et al. (26) were used. 
Solutions of tetrabutylammonium methylate in methanol were 
prepared as previously described (27). All the data were obtained 
at 25.0°C. 

Hg, Hg,CI, KC1, Hg2CI, 
saturated in 1 methanol 

Extraction measurement 
These were conducted using procedures previously described 

(28). 

CI04NEt, 
8 X lo-' M in 1 methanol 
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Electrosynthesis of thiocyanato and mixed ligand thiocyanato complexes 
of transition metals by the sacrificial dissolution of metal anodes 
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M. C.  CHAKRAVORTI and GAMPA V. B. SUBRAIIMANYAM. Can. J. Chem. 70, 836 (1992). 
A general method for the electrosynthesis of anionic and mixed ligand nonelectrolytic thiocyanato complexes of tran- 

sition metals has been developed by the oxidation of sacrificial metal anodes in aqueous, or aqueous ethanolic, medium 
containing ammonium thiocyanate at room temperature and at an applied potential of 2-7 V. The method is rapid and 
gives good yield with high purity. 

Key ulords: electrosynthesis, thiocyanato complexes, mixed ligand thiocyanato complexes. 

M. C .  CHAKRAVORTI et GAMPA V.  B. SUBRA~IMANYAM. Can. J. Chem. 70, 836 (1992). 
On a mis au point une mCthode gCnCrale d'Clectrosynthkse de complexes thiocyanato anioniques et de complexes 

thiocyanato non-Clectrolytiques a ligands mixtes de mCtaux de transition; cette mtthode fait appel a une oxydation d'anodes 
mktalliques suicidaires, en solutions aqueuses ou dans un milieu Cthanolique aqueux contenant du thiocyanate d'am- 
monium, a la tempCrature ambiante et a un potential appliquC de 2 a 7 V .  La mtthode est rapide et elle donne de bons 
rendements et les produits sont d'une grande puretC. 

Mots cfPs : Clectrosynthkse, conlplexes thiocyanato, complexes thiocyanato a ligands mixtes. 
[Traduit par la rCdaction] 

Introduction x 1 x 0.15 cm) connected to a platinum wire served as the cath- 

In recent years there has been a growing interest in the 
synthesis of coordination compounds starting directly from 
metals (1-4). Electrochemical synthesis in which a sacrifi- 
cial metal anode is dissolved in the presence of an electro- 
lyte containing an appropriate ligand is an established way 
for the electrolytic synthesis of a variety of metal com- 
plexes in a single step (1). The process uses the metals di- 
rectly and thus contamination of the product by the anions, 
which is often encountered in chemical methods using the 
metal salts, is absent. The method is rapid and highly selec- 
tive. Oldham et al. recently reported the electrosynthesis of 
the anionic thiocyanato complexes of Zn, Cd, Ga, Co, and 
Au from a nonaqueous solution of thiocyanic acid using the 
metals as anode ( 5 ) .  In the present communication we de- 
scribe a general method for the rapid and direct electro- 
chemical synthesis of transition metal thiocyanato complexes 
and also mixed ligand thiocyanato complexes by the disso- 
lution of sacrificial metal anodes in an aqueous (or aqueous 
ethanolic) solution of ammonium thiocyanate (also contain- 
ing the appropriate ligand when mixed complexes are to be 
prepared). 

Experimental 
The metals were in the form of rods, lumps, chips, or foils and 

were mostly 99.8% pure. Other chemicals were of AR/GR qual- 
ity from reputable manufacturers. 

The electric power was supplied by a dc power supply (Aplab, 
India). The current was recorded from the scale of the power sup- 
ply and checked by connecting a separate ammeter or milliam- 
meter into the circuit. The electrolytic cell was a tall form of beaker 
(100 cm3) fitted with a rubber stopper through which four holes were 
made. The appropriate metal rods (iron and molybdenum) formed 
the anode and were inserted through a hole. Other metals were used 
as lumps, foils, or chips. These were tied with a platinum wire, 
which was inserted through the hole. Chromium and manganese 
were previously deposited on a platinum foil sealed to a platinum 
wire that served as the anode. In all cases a platinum foil (about 1 

' ~ u t h o r  to whom correspondence may be addressed. 

ode and was introduced through the second hole. Two glass tubes 
were introduced through the other two holes. These allowed input 
and exit of nitrogen where it was necessary to carry out electroly- 
sis in the absence of air. 

Metals were analysed by standard titrimetric or gravimetric 
methods. Sulphur was determined gravimetrically as BaSO, after 
decomposing the complexes with nitric acid (6). Nitrogen was de- 
termined by the micro Dumas method. Reflectance spectra were 
recorded using a Shimadzu UV spectrophotometer (no. 3100) 
against BaSO,. Infrared spectra were recorded in KBr pellet using 
a Perkin Elmer instrument (no. 883). Magnetic susceptibility was 
measured by the Gouy method using H ~ [ C O ( N C S ) ~ ]  as calibrant. 
Diamagnetic corrections were taken from standard sources (7). 

Preparatiorz of the cornptexes 

[(CH3)4N]2[M(NCS),] where M = Mn, Fe. Co,  Cu ,  Zn, atzd 
Cd; [(CH3), N13[Cr(NCS),I; [(CH,), N14[Ni(NCS)d and 
[(CH~),NI,[MO,O~(NCS),I 

The electrolysis was carried out using 10 cm3 of an aqueous so- 
lution containing l g NH,SCN. The details of the experimental 
conditions are given in Table 1. After the electrolysis, the com- 
plexes were precipitated by adding a slight excess of tetramethyl- 
ammonium chloride (or thiocyanate) dissolved in the minimum 
volume of water. The complexes were separated by filtering under 
suction within 30 min. These were dried by pressing between the 
folds of filter paper and then keeping in a desiccator over sul- 
phuric acid. 

Electrolysis using iron as anode was carried out in a stream of 
nitrogen. In all other cases electrolysis was carried out in air. 

[(CH3),N13[Fe(NCS)61 
This was prepared by a two-step electrolysis. In the first step 

[F~(NCS),]'- was generated in siru as described above, after which 
the iron anode was replaced by a platinum foil electrode and the 
electrolysis was continued in air for one more hour. Finally, the 
tetramethylammonium salt was obtained by the addition of a con- 
centrated solution of tetramethylammonium chloride. 

[M(P~) , (NCS)~] ,  where M = Mn, Fe, Co,  andNi;  
[M(py),(NCS),], where M = Cu, Zn and Cd; 
[ M ~ ~ O ~ ( P ~ ) , ( N C S ) ~ ]  

The electrolysis was canied out using 10 cm3 of an aqueous so- 
lution containing 3-4 cm3 pyridine and 1 g NH,SCN. Except for 
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TABLE I .  Experimental conditions for the electrosynthesis of the anionic thiocyanato complexes 

Amount Yield 
Voltage, Current, of mctal 

Compound V A oxidised, g g O/o E F ,  mol F-' 

(Me,N),[Cr(NCS),I 3 0.25 0.149 I 50 84 0.3 1 
(Me,N),[Mn(NCS),I 2 0.15 0.140 0.85 78 0.48 
(Me4N)2[Fe(NCS),I 2 0.10 0.100 0.60 71 0.52 
(Me4N)2[Co(NCS)41 2 0.20 0.21 1 1.25 76 0.49 
(Me,N),[Ni(NCS),I 2 0.10 0.100 0.50 62 0.48 
(Me,N)2[Cu(NCS)41 2 0.10 0.100 0.50 68 0.46 
(Me4N)21Zn(NCS),I 5 0.35 0.41 1 1.65 61 0.48 
(Me4N),[Cd(NCS)41 4 0.10 0.210 0.65 71 0.51 
(M~,N),[Mo~O~(NCS)~I 5 0.35 0.220 1.30 63 0 18 
(M~,N) , [F~(NCS)~I  3(4)" 0.2(0.3)" 0.212 1.75 74 

Time of electrolysis in each case was 1 h. 
"Values in parentheses refer to the subsequent electrolytic oxidation of the initially formed Fe complex. 

TABLE 2. Experimental conditions for the electrosynthcsis of the niixed ligand thiocyanato complexes 

Amount Yield 
Voltage, Current, of metal 

Compound V A oxidised, g g % E F T  mol F-' 

Time of electrolysis in each case was 1 h. 

molybdenun~, in all cases the complexes precipitated during the 
electrolysis. The molybdenum complex was precipitated on con- 
centrating the solution in a desiccator over dry CaCl,. The com- 
plexes were separated by filtration under suction, washed with 
ethanol, and dried over sulphuric acid. 

[MLz(NCS)z], where M = Mn, Fe, Co,  Ni, Zrz, and Cd; 
[ML(NCS)2], where M = Cu, 211, nrzd Cd; and 
[Mo204L2(NCS),] where L = 2,2'-bipyridyl and 1 ,lo- 
phenanthroline 

The electrolysis was carrled out in 60-70% aqueous ethanolic 
medium (10-12 cni3) containing 1 g NH,SCN and 0.2-0.3 g 2,2'- 
bipyridyl or 1,lO-phenanthroline hydrate. The precipitates of the 

- - 

complexes appeared during the electrolysis. These were separated 
and dried as in the previous case. Electrolysis using iron as an anode 
was carried out in a stream of nitrogen. While zinc and cadmium 
gave [ML(NCS)?] with 0.2-0.3 g of the ligand, the complexes 
[ML,(NCS),] were obtained using 0.5 g of 2,2'-bipyridyl and 1,lO- 

. . .. . . . , phenathroline hydrate. 
. . All the mixed ligand complexes could also be prepared by first .. . . 

' 

electrolysing in the presence of an aqueous solution of NH,SCN 
(as in the case of the preparation of the anionic complexes), fol- 
lowed by the addition of the appropriate ligand (3-4 cm3 pyridine 
as such, or 2,2'-bipyridyl or I ,  10-phenanthroline hydrate in amounts 
as mentioned above and dissolved in a minimum volume of 
ethanol). 

The experimental conditions along with the yields, etc. for the 
preparation of the 2,2'-bipyridyl complexes from aqueous ethano- 
lic medium containing the ligand bipyridyl are given in Table 2. 
The same apply (with slight change in some cases) for the prepa- 
ration of the pyridine and the 1,lO-phenanthroline complexes. 

Results and discussion 

Our studies show that anionic thiocyanato complexes and 
also nonelectrolytic mixed ligand thiocyanato complexes of 
many transition metals can be easily and quickly prepared 
in a single step by anodic dissolution of the metals in aqueous 
or mixed solvent at room temperature. The applied voltage 
is low (2-5 V in aqueous medium and 5-7 V in mixed sol- 
vent) and the yield is very good (60-90% based on the 
amount of the metal oxidized). The main reactions taking 
place at the electrodes are 

2H' + 2e -, Hz (at cathode) 

M - ne + M'" (at anode) 

which is evident from the observed electrochemical effi- 
ciency. A slight deviation of the electrochemical efficiency 
(Tables 1 and 2) from the theoretical value of l / n  is as- 
cribed to slight fluctuation of the current during the elec- 
trolysis and some other reactions taking place at the anode. 
In almost all cases a feeble foul smell was noted during 
electrolysis; this may be due to partial oxidation of thiocy- 
anate at the anode. 

An obvious advantage of the present method is the ab- 
sence of any contamination of the products by the anions, 
which is often encountered in chemical methods using the 
metal salts. It was checked that tetramethylammonium 
chloride and tetramethylammonium thiocyanate gave the 
same product and there is no occlusion of chloride in the 
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product while using tetramethylammonium chloride. An- 
other  advantage of  the method is that it uses a n  aqueous o r  
mixed solvent a t  room temperature, while the common 
methods for  the preparation of  thiocyanato complexes often 
use nonaqueous solvents and sometimes involve reactions in 
the melt: 

T h e  compounds were characterized by chemical analysis 
and the measurement of  the magnetic moments ,  ir spectra, 
and electronic spectra. T h e  magnetic moments  (8-13) and 
the important band positions in the ir spectra (9,  14-24) of 
most of  the complexes are available in the literature. In all 
such cases our  values agreed with the literature values. For  
other  compounds also, these were as  expected. T h e  elec- 
tronic spectral band positions of  only a few compounds are 
available in the literature (9 ,  25-28) and our  values are  in 
agreement with these. For  other compounds our  data are  in 
accordance with expectation. 

All the analytical data have been deposited as  Supple- 
mentary  ater rial.' 

1. V. A. Konev, V. Yu. Kukushkin, and Yu. N. Kukushkin. 
Russ. J. Inorg. Chem. 31, 838 (1986). 

2. P. L. Tirnrns. Adv. Inorg. Radiochem. 14, 121 (1972). 
3. G. A. Ozin and A. Van der Voet, Prog. Inorg. Chem. 19, 105 

(1975). 
4 .  D. G.  Tuck. Pure Appl. Chem. 51, 2005 (1979). 
5. C. Oldham, M. J. Taylor, and D. G. Tuck. Inorg. Chirn. Acta, 

100, L9 (1985). 
6 .  W. G. Palmer. Experimental inorganic chemistry. Cambridge 

University Press, Cambridge. 1954 p. 421. 

' ~ h e s e  data may be purchased from: The Depository of Unpub- 
lished Data, Document DeIivery, CISTI, National Research Council 
Canada, Ottawa, Canada K I A  OS2. 

7. J. Lewis and R. G .  Wilkins. Modem coordination chemistry. 
Interscience, New York. 1960 p. 403. 

8. J. J. Salzrnann and H. H. Schmidtke. Inorg. Chirn. Acta, 2:3, 
207 ( 1969). 

9. D. Forster and D. M. L. Goodgame. Inorg. Chcrn. 4, 268 
(1965); 4, 823 (1965). 

10. B. F. Little and G.  J. Long. Inorg. Chem. 17, 3401 (1978). 
11. W. A. Bakcr, Jr. and H. M. Bononich. Inorg. Chem. 3, 1 I84 

( 1964). 
12. Th.1. Pirtea. Rev. Chin1 (Bucharest), 12, 223 (1961). 
13. C. M. Harris and E. D. McKenzie. J. Inorg. NucI. Chem. 19, 

372 (1961). 
14. A. Sabatini and I. Bcrtini. Inorg. Chern. 4, 959 (1965). 
15. D. Forster and M. L. Goodgame. J. Chem. Soc. 4, 7 15 ( 1965). 
16. D. Forster and W. Dew. Horrocks, Jr. Inorg. Chcm. 6, 339 

(1967). 
17. J. Lewis, R. S. Nyhol~n, and P. W. Smith. J. Chern. Soc. 4590 

(1961). 
18. R. J .  H. Clark and A. D. J. Goodwin. Spectrochirn. Acta, 26A, 

323 (1970). 
19. I .  S .  Ahuja and A. Garg. J. Inorg. Nucl. Chern. 34, 1929 

(1972). 
20. K. Konig, K. Madeja, and K. J. Watson. J. Am. Chem. Soc. 

90, 1146 (1968). 
21. A. A. Schilt and K. Fritsch. J .  Inorg. Nucl. Chem. 28, 2677 

( 1966). 
22. W.  P. Griffith. J .  Chem. Soc. (A) ,  21 1 (1969). 
23. Porai-Koshits. Kristollagrafiva, 3,  686 (1958). 
24. M. C.  Chakravorti and D. Bandyopadhaya. Synth. React. In- 

org. Met.-Org. Chem. 15, 1 (1985). 
25. C .  K. Jorgenson. Adv. Chem. Phys. 5, 33 (1963). 
26. F. A. Cotton, D. M. L. Goodgame, M. Goodgame, and A. 

Sacco. J .  Chem. Soc. 83, 4157 (1961). 
27. S. M. Nelson and T. M. Shepherd. J. Chem. Soc. 3276 (1965). 
28. E. Konig and K. Madeja. Inorg. Chem. 6 ,  48 (1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Ion chemistry of aluminum and boron in methane-oxygen flames 

PIERRE N. CROVISIER, J. HUGH HORTON, CARL S. HASSANALI, AND JOHN M. GOODINGS' 

Department of Chenlistry and Centre far Research in Earth arid Space Scierzce, York Urziversily, 4700 Keeie Street, 
North York, Ont.,  Canada M3J 1 P3 

Received August 2, 199 1 

PIERRE N. CROVISIER, J. HUGH HORTON, CARL S. HASSANALI, and JOHN M. GOODINGS. Can. J .  Chem. 70, 839 (1992). 
The ion chemistry of aluminum and boron, primarily in the + 3  oxidation state, was studied by doping premixed, 

methane-oxygen flames of both fuel-rich and fuel-lean (oxygen-rich) composition with 1 x lo-' mol fraction of AICI, 
and 5 X 10-"01 fraction of B(OC2H5),. Ions were observed by sampling the flames at atmospheric pressure through 
a nozzle into a mass spectrometer. At this low concentration level, aluminum exhibits two cation series: (a) Al0'. .nHz0 
(n = 2 , 3 )  formed by proton transfer to AlO(0H) and A1(OH)3 in which hydration reactions are involved; and (0) A I +  .nH20 
(n = 0,  1) by protonation of AlOH with hydration/dehydration steps. At the higher concentration of the boron additive, 
four cation series were observed: ( a )  B(OC?H~) ,H+.~H,O (n = 0 ,  1) based on proton transfer to the B(OC,H,), addi- 
tive; (b) B O t  .nH,O (n = 1-4) similar to aluminum; (c) HB,O,+.I~H,O (n = 1-3) involving the protonated dimer of 
metaboric acid, BO(0H); and ( 4  B , O , + . ~ H ~ O  (11 = 2, 3) involving the protonated trimer of BO(0H) whose structures 
might be cyclic or linear. Other series members are formed by subsequent hydration or dehydration of the parent cat- 
ions. The anions B0,- and BO- previously studied by D. E. Jensen were also observed. The formation chemistry and 
probable structures of these ions are discussed, and compared with similar results obtained previously for flames doped 
with transition metals; notably Sc, Ti, V,  and Cr in the + 3  oxidation state. 

Key words: aluminum, boron, ions, flame, gas phase. 

PIERRE N.  CROVISIER, J. HUGH HORTON, CARL S .  HASSANALI et JOHN M. GOODINGS. Can. J .  Chem. 70, 839 (1992) 
On a CtudiC la chimie ionique de l'aluminium et du bore, principalement dans leur Ctat d'oxydation +3 ,  en dopant 

des flammes prCmtlangCes de mCthane et d'oxygtne, de compositions tant riches que pauvres (riches en oxygkne) en 
combustibles, avec des fractions molaires de 1 x lo-' de AlCI, et de 5 X 10-Qe B(OC2H5),. On a observC les ions en 
effectuant un Cchantillonnage des flammes, a pression atmosphtrique, a I'aide d'un bec reliC a un spectromttre de masse. 
A ces basses concentrations, I'alurninium prtsente deux stries de cations : (a) AlO+ .nH,O (n = 2, 3) forme par un transfert 
de proton vers le AIO(0H) et le AI(OH), dans lequel des rtactions d'hydratation sont impliquCes; et (b) ~ l + . n H ? 0  (n = 
0 ,  1) formts par la protonation du AlOH avec des ttapes d'hydratation et de dtshydra&tion. Aux concentrations plus 
ClevCes de l'additif de bore, on a observC quatre sCries de cations : (a) B(OC,H~),H+.~H,O (n = 0 ,  1) qui provient d'un 
transfert de proton a l'additif B(OC2H5),; (b) BO+.~(H,O) (12 = 1-4) semblables 5 ceux de l'aluminium; (c) H B ~ O , + . I ~ H ~ O  
(11 = 1-3) impliquant le dimtre proton6 de I'acide mttaborique, BO(0H); et ( 4  B30,.nH20 (n = 2, 3) impliquant le 
trimtre proton6 du BO(0H) dont les structures peuvent &tre soit cycliques ou lintaires. D'autres membres de la strie se 
foment  par des rkactions subskquentes d'hydratation ou de dtshydratation des cations parents. On a aussi observt la 
prCsence des anions BOZ- et BO- qui avaient CtC Ctudits anterieurement par D. E. Jensen. On discute de la chimie de 
la formation et des structures probables de ces ions et on les compare avec des rCsultats semblables obtenus antkrieurement 
pour des flammes dopCes avec des mCtaux de transitions, principalement le Sc, Ti, V et Cr dans leur ttat d'oxydation 
+ 3 .  

Mots ciPs : aluminium, bore, ions, flamme, phase gazeuse. 
[Traduit par la rtdaction] 

Introduction 

The motivation for this work on aluminum and boron arose 
out of our previous studies of the ion chemistry of the first 
row of 10 transition metals (Sc-Zn) in a hydrocarbon flame 
(1, 2). In these studies, the nude metallic oxide ion was ob- 
sewed for the first time in flames (2); i.e., AO', where A is 
the metal atom. Most of these metals form compounds with 
the metal in multiple oxidation states, including the +3  state 
for seven of them (Sc, Ti, V, Cr, Fe, Co, and Ni); it is the 
only state known for Sc. The oxide ion signals observed were 
large for VO' but considerably smaller for ScO', TiO', and 
CrO+. However, members of the hydrated oxide ion series 
AO'.nH,O (n = 0-3) accounted for 99% of the metallic 
flame ions observed for Sc and 81% for V, but only 6% for 
Ti and 0.2% for Cr. 

The probable formation of these oxide ions in the flame 
is straightforward, involving the neutral trihydroxide, 

'Author to whom correspondence may be addressed. 

A(OH),, and oxide-hydroxide, AO(OH), which differ by a 
single water molecule 

where M is any other flame species. Oxide ion formation is 
initiated by proton transfer to these species followed by de- 
hydration reactions 

Here, HX+ is a naturally occurring flame ion of the general 
type C,H,O,+ which functions as a proton donor for the 
chemical ionization of metallic species. From the promi- 
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nence of  the signals observed for  the oxide ion series, evi- 
dently the +3 oxidation state is emphasized for  V ,  like S c ,  
but not for  T i  nor Cr .  These considerations provided our  
motivation for  this study of  A1 and B ,  both main group 111 
elements in the +3 oxidation state, in order to find out the 
degree to  which their flame-ion chemistry is similar to  that 
of  S c  and V.  W e  are not aware of  any previous study of  alu- 
minum ions in flames. With regard to boron, Jensen (3,  4 )  
studied the formation of alkali metal metaborates in fuel-rich, 
Hz-02-N2 flames; he observed B0,-  and B O  mass spec- 
trometrically and measured the corresponding electron af- 
finities of BO, and BO. In similar fuel-rich hydrogen flames 
with added acetylene and doped with a trace of  trimethyl- 
borate, B(OCH,),, Burdett and Hayhurst (5) identified a 
"series of  hydrates H2B0,+(H,0),, ," and "sets of  borate and 
mixed borate/hydrate clusters, i .e . ,  H2B02+(HB02),, ,  and 
H,B0,'(H20),(HB0,),., with n ,  m,  x ,  and y up to 5 ,  were also 
found.  In addition, borate clustering to H,O' was  observed 
in ions of  the type H,Of(HBO,),(H,O),." However, there is 
n o  discussion of  these ions beyond this statement of  obser- 
vations. 

In this work, we  studied primarily the cation chemistry of 
A1 and B in the same, fuel-rich, CH,-O2 flame employed for 
the ion chemistrv of  transition metals. T h e  ions were ob- 
served by sampling the flame at atmospheric pressure through 
a nozzle into a mass spectrometer. T h e  nature of  A1 and B 
imposed limitations on  the range of  experimental conditions 
that could b e  examined.  Thus,  A1 was added to the f lame at  
the low concentration level of  mol fraction. Under  this 
condition, n o  A1 anions were observed, nor were any A1 
cations o r  anions seen in a fuel-lean (i .e. ,  oxygen-rich) CH,- 
0, flame. When B was admitted to the fuel-rich flame at the 
higher concentration of  5 x 10-' mol fraction, a n  interest- 
ing variety of  B, and B, cations as  well a s  B ,  species was 
observed. In  common with Jensen (3 ,  4 ) ,  the anion chem- 
istry revealed just B0,-  and B O - .  Only very crude quali- 
tative observations of  B cations were made in the fuel-lean 
f lame,  however, because the nozzle of  the mass spectrom- 
eter quickly clogged with solid boron oxides under fuel-lean 
conditions, and the results were not properly reproducible. 

Experimental 
The flame used in these experiments was a premixed, laminar, 

methane-oxygen flame of fuel-rich composition whose bulk char- 
acteristics are given in Table 1. It was conical in shape, ca. 
3.5 mm in base diameter and 5 mm in height with a rounded tip, 
and with a bright blue reaction zone approximately 0 . 3  mm thick. 
It was stabilized at atmospheric pressure on a quartz capillary burner 
of inner diameter 2.3 -, and surrounded by a flowing argon shield 
to minimize the entrainment of atmospheric air. The gases used 
were Matheson CP grade (CH, > 99.0%, O2 > 99.6%, Ar > 
99.9%) added directly from high-pressure cylinders without fur- 
ther purification. 

With regard to the additives, all of the organometallic alumi- 
num compounds that are commercially available and reasonably 
volatile are pyrophoric. In any case, the concentration of alumi- 
num in the flame had to be kept low to avoid the excessive pro- 
duction of solid aluminum oxide (corundum), A1203, which would 
clog the orifice in the sampling nozzle of the mass spectrometer. 
Therefore, aluminum was added by spraying a 0.500 molar aqueous 
solution of AlCl, using a small part of the flame's oxygen supply 
to operate a tiny atomizer (6). It gave a small concentration of alu- 
minum of 1 x mol fraction in the equilibrium burnt-gas re- 
gion of the flame. The presence of aluminum did not change the 
bulk characteristics of the flame nor its colour. 

TABLE 1. Bulk characteristics of the fuel-rich flame 

Flame parameter 

Equivalence ratio 4 2.15 
Unburnt gas flow rates (mL s-I) 

CHJ 13.0 
0 2  12.1 

Adiabatic flame temperature (K) 2456 
Measured flame temperature (K) 2200 
Burnt-gas rise velocity (m s-I) 2.0 

Equilibrium burnt-gas composition 
at 2200 K (mol fractions) 

Boron was added to the flame by flowing part of the flame's 
oxygen supply through a glass wool plug saturated with triethyl- 
borate, B(OC2H5),. This compound had a convenient vapour pres- 
sure at room temperature to provide a concentration of 5 X 

lo-' mol fraction of boron in the equilibrium burnt gas. We have 
commented previously that this technique using a glass wool plug 
gives a much more even flow of the additive than bubbling oxy- 
gen through the liquid additive in a conventional gas saturator 
equipped with a glass frit (7). Although the concentration of boron 
is much higher than that of aluminum, a still higher boron concen- 
tration was avoided; a concentration of 1 x lo-' mol fraction pro- 
duced enough solid boron oxides to cause appreciable clogging of 
the orifice in the sampling nozzle. The addition of the boron ad- 
ditive imparted a bright green colour to the flame. 

As an addition to the work done with the fuel-rich flame de- 
scribed in Table 1, some experiments were attempted using a sim- 
ilar fuel-lean, methane-oxygen flame (i.e. ,  oxygen-rich) of 
equivalence ratio 4 = 0.216 whose bulk characteristics have been 
given previously (8). At the low aluminum concentration level of 
1 x mol fraction, no aluminum ions of any kind were un- 
ambiguously identified. Although boron ions were observed at the 
higher boron concentration of 5 X mol fraction, the clogging 
problem of the nozzle with solid boron oxides was much more se- 
vere, such that stable quantitative measurements could not be made. 

The flame-ion mass spectrometer has been described previ- 
ously (9), and only a brief summary will be given here. The flame 
burner was mounted on a motorized carriage that provided accu- 
rate alignment of the flame axis with the sampling nozzle. A con- 
ical sampling nozzle of orifice diameter ca. 0.10 mm was employed, 
mounted in a water-cooled flange. The nozzle tip was an electron 
microscope lens made of platinum-iridium alloy described previ- 
ously (10). Concentration profiles of individual or total ions as a 
function of axial distance, z, were traced out by advancing the flame 
onto the sampling nozzle of the mass spectrometer. Inside the 
nozzle, the sampled ions were focussed into a beam by an ion lens, 
and passed through two stages of differential pumping into a 
quadrupole mass filter. The mass-analyzed ions were detected with 
a parallel-plate Faraday collector connected to a vibrating reed 
electrometer having a grid-leak resistance of 10" R. 

The ion signal magnitudes in the profile figures are quoted in 
volts based on the detected ion current passing through 10" a. A 
reproducible zero on the distance scale of the ion profiles, z = 0, 
was obtained from a fairly sharp minimum on the profile of pres- 
sure versus distance, z; pressure was measured by an ionization 
gauge mounted in the vacuum chamber housing the mass filter. The 
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pressure minimum corresponded to the downstream edge of the 
flanie's bright, lun~inous reaction zone. The ion signal magni- 
tudes reported below were corrected for mass discrimination in the 
ion lens and mass filter against ions of high mass number M (i.e., 
mass/charge ratio) measured at high resolving power. The cor- 
rection procedure was given previously (1 1). The upper limit to the 
mass range of the mass spectrometer is 165 u. 

The ion signals can be subject to distortion because the sampled 
flame gas is cooled in passing through the cold boundary layer 
surrounding the sampling orifice, and also in the adiabatic expan- 
sion to supersonic velocity that occurs downstream of the nozzle 
throat. These effects have been described in a series of papers by 
Hayhurst and co-workers, all of which are referenced in the latest 
work (5). Ion-molecule reactions having large rates can shift in the 
exothermic direction in response to the cooling during sa~npling. 
The effect is most likely to occur for hydrate formation because the 
rate involves the reagent water, a major product of conibustion. 
Although this sampling effect may enhance certain hydrate ion 
signals to some extent, it is unlikely to falsify their existence. 

Neutral aluminum and boron species 
The background neutral aluminum and boron chemistry 

in the flame should be examined before considering the ion 
chemistry in detail. Although aluminum and boron are added 
as AlC1, and B(OC2H,),, respectively, these compounds will 
decompose to give a number of neutral species whose final 
equilibrium concentrations in the burnt gas will be indepen- 
dent of the chemical nature of the orig~nal additive. To cal- - 
culate the concentrations of these species in the flame, AG/~  
values at 2200 K for those aluminum and boron species listed 
in the JANAF tables were used (12). The AGO values and 
corresponding equilibrium constants for a number of reac- 
tions involving aluminum or boron species and the major 
neutral species present in the burnt gas of the fuel-rich flame 
could then be evaluated, again using data from the JANAF 
tables. Finally, the concentrations of the aluminum or bo- 
ron species were calculated using the concentration data for 
the major flame species given in Table 1. The results of these 
calculations for the most important aluminum and boron 
species appear in Table 2, with concentrations given as 
fractions of the total aluminum or boron concen- 
tration in the flame. The A0,- anions are included since 
thermodynamic data are available. 

In the case of the aluminum calculations, an important 
consideration arises because solid aluminum oxide, A1203, 
is stable under flame conditions. This was indicated by the 
formation of a solid white deposit, presumably aluminum 
oxide, which built up on the sampling plate when AlCl, was 
added to the flame. Since the activity for any solid is essen- 
tially unity, the equilibrium of Al,O, with respect to its ele- 
ments sets the concentration of gaseous atomic Al, and hence 
the concentrations of all other gaseous aluminum species in 
any particular flame (see, for example, ref. 13). Thus, no 
matter how much aluminum is added, the flame will con- 
tain constant concentrations of aluminum species at any given 
temperature provided the threshold for solid Alz03 forma- 

- tion is exceeded. Such a result has implications for calibrat- 
ing species concentrations or, conversely, for measuring 
flame temperatures. That is, the determination of the con- 
centration of a major aluminum species such as AIO(0H) or 
AlOH in the flame can give a direct measure of the flame 
temperature, since the concentration is a function of the 
temperature only; the total amount of aluminum added is 
unimportant. 

TABLE 2. Relative concentrations of aluminum and 
boron species present in the fuel-rich flame at 

equilibrium 

Fraction of total additive present 
Compound 
A = Al, B AI" B" 

AO(0H) 
AOH 
H A 0  
A 0  
AO? 
A?O 
(A011 

A 
AH 
A(OH), 
A02-  

Total 

"Added as AICI, to give 1 X lo-" rnol fraction in the 
burnt gas. 

" ~ d d e d  as B(OC,H,), to give 5 x 10 ' i o l  fraction in 
the burnt gas. 

'Data were not available for these species in the gas 
phase. 

The equilibrium calculations based on the JANAF tables 
(12) indicate that the aluminum chemistry is dominated by 
the oxide-hydroxide AlO(0H) with a significant contribu- 
tion from the monohydroxide AlOH. The isomer of the lat- 
ter, HAlO, is much less important. However, there are a 
number of gaps in the JANAF data. From emission spectra 
of A1 and A10 in fuel-rich Hz-02-N, flames, Jensen and 
Jones (14) infer by an indirect method that the dominant 
neutral species is the radical dihydroxide A1(OH)2; their 
conclusion is endorsed by Newman and Page (15). That the 
dominant neutral species involves aluminum in the +2  oxi- 
dation state is surprising. Unfortunately, the aluminum ions 
that were observed neither substantiate nor negate this con- 
clusion. Also, no data are available for the trihydroxide 
Al(OH), although the observed ions do imply the presence 
of this species in the flame. 

In the boron case, the calculations given in Table 2 indi- 
cate that the oxide-hydroxide, metaboric acid BO(OH), ac- 
counts for nearly 98% of the boron present in the flame. No 
data are available for the mono- or dihydroxide or hydride, 
but the trihydroxide, orthoboric or boracic acid B(OH),, is 
given. The presence of neutral species based on the dimer 
and trimer of metaboric acid is implied by the ion chemis- 
try. The dimer, [BO(OH)],, could rearrange to a stable lin- 
ear structure, 0==BOB(OH)2. The trimer, [BO(OH)],, could 
lead to a linear structure, O==BOB(OH)OB(OH),, or a cyclic 
structure having a six-membered OBOBOB ring with each 
boron coordinated to an OH group. This latter structure is 
similar to that of metaboric acid in the solid phase (16). 

Results and discussion 
Alwninum ions 

Only a low concentration level of 1 x mol fraction 
of aluminum in the burnt gas of the fuel-rich flame was in- 
troduced by spraying a 0.500 molar aqueous solution of AlC1, 
using an atomizer. A total of four aluminum cations was 
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FIG. 1. Mass numbers, chemical assignments, and concentra- 
tion profiles of aluminum cations observed in the fuel-rich flame 
below 165 u. The mass number of each cation is given first, then 
an empirical formula that identifies it as a member of a particular 
series, followed by its probable structural formula(e). All profile 
magnitudes are given in volts, plotted against distance along the 
flame axis, z, in mm. The reaction zone is located upstream of z 
= 0 (negative z). 

observed, whose concentration profiles are given in Fig. 1 
as a function of distance along the flame axis, z .  They can 
be grouped as members of two cation series, AIO+.nH1O and 
Al+.nH20.  The aluminum ion chemistry will be discussed 
in the following order: total ion profiles, anion chemistry, 
the two cation series, and fuel-lean flame considerations. 

Total ion profiles 
The total ion profiles for the fuel-rich flame did not dif- 

fer, within experimental error, from those observed in the 

undoped flame (presented with the total ion profiles for boron 
in Fig. 2). Thus, aluminum does not appear to contribute any 
significant new ion source or sink to the naturally occurring 
ions already present in the undoped flame. 

Aluminum anion chemistry 
In marked contrast to the boron anions discussed later, no 

aluminum anions of any kind were identified in the fuel-rich 
flame. Assuming A D -  to be the dominant anion, failure to 
observe it at this low concentration level of aluminum is not 
surprising in view of the small equilibrium concentration for 
AIOz- in Table 2. The fraction of total aluminum additive 
given as 4.76 X lo-' corresponds to an A10,- concentra- 
tion of 1.6 x lo5 ions ~ m - ~ ,  just below the detection limit 
of the mass spectrometer. The experimental observation is 
consistent with the theoretical prediction. 

A10 ' . n ~ , 0  series (n = 2 ,  3 )  
Unlike the Sc, Ti, and V cases where the ions AO+.nH20 

(n = 0-3) were identified (2), only the n = 2, 3 ions were 
observed unambiguously in the case of Al. Protonation of the 
oxide-hydroxide, the major aluminum neutral species listed 
in Table 2,  would give Al(OH)2' or A1O+.HzO with n = 1 
by reaction [4]. This ion at M61' was observed, but not re- 
producibly. A very small signal was seen in the burnt-gas 
region by increasing the voltage on the ion lens downstream 
of the sampling nozzle. Increasing the lens voltage imparts 
extra kinetic energy to the ions after they enter the mass 
spectrometer, and could cause hydrated molecules to break 
up. Thus, AlO+.H,O is probably not a genuine flame ion but 
could appear if A10+.2H20 loses a water molecule on col- 
lision, as in reaction [3]. Failure to observe a regular signal 
for AIOf .H1O could occur either if it rapidly hydrates to form 
A10'.2H20 at M79+, or if it loses a water of hydration to 
form AIOf at M43+ according to reaction [ S ] .  However, if 
A10+ were present, it would probably have been masked by 
the very large signal due to protonated ketene, CH,CO', a 
natural flame ion at the same mass number (9). 

No signal was observed at M62+ corresponding to the 
protonation of the radical dihydroxide Al(OH), which Jensen 
and Jones (14) believe to be the dominant aluminum neutral 
species present in the flame. Alternatively, if the odd elec- 
tron were weakly bound, it might ionize by electron trans- 
fer to give Al(OH),' at M61+ (indistinguishable from the 
protonated oxide-hydroxide). If endothermic, this ioniza- 
tion process might also be enhanced by increased kinetic 
energy from the high voltage applied to the ion lens. Under 
the regular condition of the ion lens, however, the dihy- 
droxide could be chemically ionized by the reaction 

for the direct formation of the series member with n = 2 at 
M79'. The large signal at M79' could also be produced by 
proton transfer to the trihydroxide Al(OH), according to re- 
action [2]. Furthermore, M79+ might arise by dehydration 
of the series member with n = 3 at M97+, the largest signal 
observed with aluminum 

Certainly the profile at M79' in Fig. 1 is complex; it ex- 
hibits twin peaks in the reaction zone and a further one 
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downstream near z = 1.3 mm, indicative of several ion for- 
mation processes. 

The A10.' .3H20 ions at M97' could be produced from 
Al(OH), in a three-body process 

where the central A1 atom is surrounded by a stable electron 
octet. Reaction [8] might be responsible for the maximum 
in the profile shown in Fig. 1, which occurs downstream 
where H,O' is the major source ion. The three-body pro- 
cess would also be enhanced by any drop in temperature re- 
sulting from the entrainment of atmospheric air. The peak 
in the reaction zone could arise by proton transfer to neutral 
Al(OH),(H,O) having an electron octet if this species exists 
in the flame, or by hydration via the back reaction [-71. In 
any case, the profile shape for M97+ is indicative of two or 
more formation reactions. Much of this cation chemistry for 
aluminum could be clarified by measurements of the proton 
affinities for Al(OH), and AlO(OH), and the ionization en- 
ergy of Al(OH),. 

~ l + . m O  series (n = 0, I) 
The two ions in this series exist only downstream. The 

profile peak in the reaction zone at ~ 4 5 '  in Fig. 1 is pre- 
sumed to arise from protonated acetaldehyde, CH,CHO.H+, 
at the same mass number. The first hydrate, AI+.H,O at 
M45+, can be formed by protonation of the second-most 
important neutral aluminum species listed in Table 2, AlOH 

[9] H30+ + AlOH 2 Al(~20) '  + H20 

A second isomer of M45+, HAl(OH)+, is also possible. 
Presumably this isomer would be formed by protonation of 
HA10 whose concentration in the flame is much lower, as 
seen in Table 2. In either case, the major proton source should 
be H30+ since this is the dominant ion in the downstream 
portion of the fuel-rich flame. 

Formation of the Al+ ion at M27+ could occur by dehy- 
dration of M45+ 

This mechanism is particularly attractive because it can be 
seen from the profiles in Fig. 1 that M27+ appears to form 
after M45'. However, it is also possible that a charge trans- 
fer mechanism previously invoked for the ionization of al- 
kali metals is operative (17) 

which is exothermic by 8.6 kJ mol-' (12). 
The Al+ and Al+.H20 ions account for 7.9% and 5.4% 

respectively, of the aluminum ions observed in the flame. As 
such, they are of greater importance than members of the 
same series for scandium and vanadium (2); as will be seen 
below, no boron members of this series were observed at all. 
Apparently the +3 oxidation state is, surprisingly, some- 
what less emphasized in aluminum compared with scan- 
dium and vanadium. 

Fuel-lean jlame considerations 
The fuel-lean flame (i.e., oxygen-rich) described in the 

experimental section was similarly doped with aluminum 
using the same atomizer techniques. However, no cations or 
anions of aluminum were observed with the mass spectrom- 
eter at the low concentration of aluminum obtainable. Cal- 

culations similar to those given in Table 2 were carried out 
for the fuel-lean flame, and revealed that AlO(0H) was the 
only important gas-phase species. Since the protonated form 
of this species, Al(OH)z', was not observed in the fuel-rich 
flame under regular conditions, it is perhaps not surprising 
that it was not observed in the fuel-lean flame either. Thus, 
chemical ionization in the fuel-lean flame did not produce 
measurable ion signals. 

Boron ions 
Boron was added as B(OC2H,), vapour to give 5 X 

mol fraction of boron species in the burnt gas of the 
fuel-rich flame, a concentration 500 times greater than 
that used with aluminum. In this case, many more cations 
were observed, which can be organized into four cation 
series: B(OC2H,),Ht .nHzO, BO' .rzH,O, H B , ~ , '  .nH,O, and 
B,04+.nH,0. Clearly, a new dimension is added by the ob- 
servation of B, and B, ions. The presentation of the results 
and discussion for boron will follow the same order em- 
ployed for aluminum: total ion profiles, anion chemistry, the 
four cation series, and fuel-lean flame considerations. 

Total ion profiles 
Total ion profiles for the fuel-rich flame with and without 

the B(OC,H,), additive are found in Fig. 2. The addition of 
boron to the flame results in a large increase in the total 
positive ion concentration, and an even larger relative in- 
crease in the total negative ion concentration. Since the flame 
is a quasi-neutral plasma, the difference between the total 
positive and negative ion signals gives the free electron 
concentration at any point on the flame axis. Thus, boron is 
an effective electron scavenger in the reaction zone; the total 
positive and negative ion concentrations are nearly equal 
there, such that the free electron concentration is effectively 
zero. On the other hand, boron is not an effective electron 
scavenger downstream. The initial large increase of both 
positive and negative ions upstream was observed previ- 
ously with other additives (7, 8, 10, 18). It does not imply 
any new ion production process, but rather a decreased rate 
of ion loss. This occurs because relatively fast cation-elec- 
tron recombination has been replaced by slower cation-anion 
recombination, resulting in a higher, steady-state level of 
ionization. 

Boron anion chemistry 
In the fuel-rich flame, only the B0,- and BO- anions were 

detected, whose profiles are shown in Fig. 3. Our results for 
boron anions in a CH4-0, flame clearly parallel those of 
Jensen in a H2-0,-N, flame (3, 4). The anions are derived 
from dissociative electron attachment to BO(0H) in the re- 
action zone 

The similarity in shape of the B02- and BO- profiles in Fig. 
3 suggests that the two ions are equilibrated or nearly so 

albeit with B0,- present in large excess. Reaction (131 
mentioned by Jensen (4), in combination with the balanced 
flame radical reaction 

would be indistinguishable from the reaction 
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OISTANCE ALONG FLAME AXlS Z (mm) 

-1 .0  0.0 1.0 2 . 0  3.0 4.0 

OISTANCE ALONG FLAME AXlS Z (mm) 

FIG. 2. Concentration profiles for the total ion signals ( a )  in the 
undoped fuel-rich flame and (b) in the fuel-rich flanie doped with 
B(OC,H,),. Total positive ion signal is indicated by the solid line 
and total negative ion signal by the broken line. The flame reac- 
tion zone is located upstream of z = 0 (negative z). 

It is also not surprising that the B0,- and the total negative 
ion profiles have similar shapes. Downstream in the fuel-rich 
flame where [HI becomes large, B0,- is destroyed by the 
back reaction [-  12a] involving associative electron detach- 
ment. The signal minimum near z = 0 is caused by "H-atom 
overshoot" above its equilibrium concentration before [HI 
is reduced by the slow, neutral, three-body recombination 
reactions H + H + M and H + OH + M. 

B(OC2H,),H+.nHZO(n = 0, 1)  
Profiles for all 11 boron cations observed within the range 

of the mass spectrometer (165 u) are given in Fig. 4. It is 
clear from the mass numbers that two of the ions stem from 
protonation of the B(OC,H,), additive, namely B(OC?H,),H' 
at M147' and its fist hydrate, B(OC2H5),H'.H,O at M165'. 
It is just possible that the latter ion could also form directly 
by protonation of the hydrated additive, (H,O)B(OC,H,),, 
with a filled valence shell around the B atom. As would be 
expected, both profiles exhibit a large peak in the flame re- 
action zone. 

There are two aspects to this ion series that are somewhat 

- 
- 1 . 0  0 .0  1.0 2.0 3.0 4.0 

OISTANCE ALONG FLAME AXIS Z (mm) 

F[G. 3. Concentration profiles for the boron anions B 0 2 -  at 
M43- (solid line) and B O  at M27- (broken line). The BO- sig- 
nal is multiplied by a factor of 750 in the figure. The reaction zone 
is located upstream of z = 0 (negative z). 

surprising. The first is that both ion profiles show a tiny 
maximum near z = 4 mm downstream in the burnt gas; it is 
difficult to see in the M165,- diagram, but it is definitely 
present in the original profile data. This would seem to in- 
dicate that a small amount of the additive survives into the 
burnt-gas region. The second aspect concerns the break- 
down of the additive in the reaction zone. Initially, it might 
be expected to given orthoboric acid B(OH), by three suc- 
cessive nucleophilic substitution (S,2) reactions of OH for 
OC,H, of the type 

However, the protonated intermediates B(0C2~,),(OH),-.,H+ 
(x = 2, 1) were never observed. It would appear that the 
substitutions occur too rapidly to allow significant steady-state 
concentrations of the intermediates to build up. 

BO '. .nH,O series (n = 1-4) 
Profiles for the four members of this series are given in Fig. 

4 at M45', M63', M8 1 + , and M99'. The BO' ion was not 
observed. This is perhaps not too surprising, given that boron 
is an electron-deficient element; BO' might be expected to 
be a strong Lewis acid, satisfying its empty valence orbitals 
by coordinating water molecules. 

The ion signal for the first member of the series, B(oH)?+ 
at M45', is small and exists only in the downstream region; 
the peak in the reaction zone in Fig. 4 is due to protonated 
acetaldehyde, as mentioned in connection with AI+.H~O.  
Presumably B(OH)2+ is formed by proton transfer as in re- 
action [4] to the oxide-hydroxide or metaboric acid, BO(0H). 
From Table 2 it is the major boron species present in the 
flame at equilibrium. The downstream portions of the re- 
maining members of the series are probably made by suc- 
cessive hydrations of this electron-deficient species, as in the 
back reaction [-31. This is borne out by the fact that the 
downstream maxima occur progressively later in the flame 
as one goes down the series to the higher hydrates. Appar- 
ently B0+.2H20 or B(OH),(H20)' at M63+ is the preferred 
hydrate, since this signal is at least twice as large as that for 
any other member of the series in the downstream region. The 
shoulder on the downstream peak at z = 0.5 mm is due to a 
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CROVlSlER E T  AL. 845 

FIG. 4.  Mass numbers, chemical assignments, and concentration profiles of boron cations observed in the fuel-rich flame at or below 
165 u. The mass number of each cation is given first, then an empirical formula that identifies it as a member of a particular series, fol- 
lowed by its probable structural formula(e). All profile magnitudes are given in volts, plotted against distance along the flame axis, z, in 
mm. The reaction zone is located upstream of z = 0 (negative z). 
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naturally occumng flame ion at the same mass number. The 
final member of the series, BOb.4H,0 at M99+, has a much 
smaller profile magnitude. A reasonable structure would be 
the true hydrate B(OH),(H,O),t.H,O, with the water hy- 
drogen-bonded in the outer coordination sphere to the two 
OH groups. It is probably not a true flame ion but arises due 
to cooling during sampling. 

There is also signal present in the reaction zone for all these 
ions except possibly BO'.H,O, although naturally occur- 
ring flame ions at the same mass numbers may distort the 
peak magnitudes. In the reaction zone, formation of the se- 
ries could well be initiated by protonation of orthoboric acid, 
B(OH),, formed by nucleophilic substitution of the additive 
as described in the previous section. Subsequent hydration 
could then form the remaining members of the series. This 
suggests that B(OH), might be an important species in the 
reaction zone before its concentration drops off to a low 
equilibrium value in the downs6eam region of the flame. All 
of the ion chemistry of the BO+.nH,O series, as well as that 
of the next two boron cation series, is summarized in 
Fig. 5 .  

HB203'  .nH20 series (n = 1-3) 
Both this ion series and the next one involving B304' .nH,O 

represent ions arising from the polymerization of the addi- 
tive in the flame. The relatively large concentration of boron 
additive in the flame must be responsible for this phenom- 
enon. The first ion in the series, HB,O,' .H,O at M89' shown 
in Fig. 4,  has peaks in the reaction zone and downstream. 
The peak at z = 0 is again caused by a naturally occurring 
flame ion. The most reasonable structure involves a proton- 
ated form of the dimer, either [BO(OH)], or O==BOB(OH),, 
to give (HO)BOB(OH),+. The multiple peaks in the ion 
signal suggest that more than one ionization process is oc- 
curring. Thus, formation of the ion could take place by di- 
rect protonation of a dimer if it exists in the flame 

or by an addition reaction with the first member of the 
BO'.nH,O series 

BO+.nH,O 
series 

HB,O,+.nH,O 
series 

FIG. 5. Reaction flow diagram, which summarizes the boron cation chemistry leading to the three ionic series shown across the top of 
the figure. Probable structural formulae for the ions are given in bold, with their mass numbers written underneath. The ions of the 
B30,+.nH20 series could have either a linear or a cyclic structure. 'The symbols HX' and X represent flame species that are proton do- 
nors or proton receptors, respectively. 
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This latter reaction would not appear to be important in the 
reaction zone, since B(OH)?' was not observed there. 

The next two ions in this series at M 107 ' and M 125 ' could 
be formed by successive hydrations of the parent ion at 
M89'. The water molecules would tend to coordinate at the 
more electron-deficient B site, so that the ion at M107' would 
have a structure (H20)(HO)BOB(OH),',  and the ion at 
M 125' might be (H,O)(HO)BOB(OH),(HD) ' . There are 
other possible structures such as ones in which the bridging 
0 is protonated. The ion at M107' could also be formed from 
the B O '  .nH,O series, either by addition of metaboric acid 
or, in the reaction zone, orthoboric acid 

Analogous reactions involving B(OH),(H,O),' and 
B(OH)?(H,O) ' could also form the ion at M 125'. All of this 
ion chemistry is summarized in Fig. 5 .  

B30,' . nH,O series (n = 2 ,  3) 
Profiles of the two members of this cation series at M133 ' 

and M151' are given in Fig. 4. They show signals in the 
downstream region, and also in the reaction zone. The first 
ion may be derived by protonation of the trimer of meta- 
boric acid 

As previously discussed in the section on neutral boron spe- 
cies, the neutral parent species could have a linear or a cyclic 
form, giving rise to two possible structures for M133 ' ;  a 
linear one, l-(HO)BOBO(OH)B(OH)2~', or the protonated 
cyclic structure, c-BO(OH)BO(OH)BO(H,O)'. Protona- 
tion could occur either on one of the OH sites or possibly on 
a bridging 0 atom. 

The other member of the series at M151' could arise by 
hydration of M133'. Alternatively, it could be fornled from 
the HB203+ cation series, by addition either of metaboric or 
of orthoboric acid 

Obviously, there are a number of structural possibilities for 
this ion, whether it is cyclic or linear. The ion chemistry of 
this series is also summarized in Fig. 5 .  

Clearly, the three boron cation series are strongly inter- 
linked, chemically. The ion chemistry is interesting be- 
cause it involves the formation of species that are precursors 
to the deposits of solid boron oxides that were eventually seen 
to coat the sampling plate of the mass spectrometer. Essen- 
tially all of these cations agree with those reported by Burdett 
and Hayhurst in their brief, four-line statement (5) quoted in 
our Introduction. Their "series of hydrates H 2 B 0 2 + ( ~ , 0 ) , , "  
can be rewritten as BO+.(n + 1)H,O, the same as our B, 
series. Similarly, members of their other series are equiva- 
lent to ours: e.g., their "mixed borate/hydrate clusters . . . 
H2BO2+(H2O),(HBO2),," give our HB203+.2H20 with x = 1, 
y = 2; HB20,+.3H,0 with x = 2,  y = 1; and B30d t .3H20  

with x = 1, y = 2. Their various series overlap to some ex- 
tent, and they have not considered structure. Nevertheless, 
the agreement of their observations with ours is gratifying. 

Flrel-lerr~l flatne considerntioizs 
It was not possible to measure quantitative profiles for 

boron ions in the fuel-lean flame (i .e . ,  oxygen-rich) de- 
scribed in the experimental section. Solid boron oxides tended 
to clog the orifice in the sampling nozzle in the space of a 
few minutes. Nevertheless, a number of boron ions were 
detected qualitatively. With regard to the anions, evidence 
was obtained for both BO,- and BO-, and also for B O ,  and 
B0,-. The latter anion would require the coordination of at 
least two oxygen molecules at the B site. With regard to the 
cations, M 4 5 t ,  M63', M 8 1 t ,  M107' ,  and M133' were all 
detected. Possibly the boron ion chemistry in the fuel-lean 
flame and fuel-rich flame has much in common. 

Conclusions 

The ion chemistry of aluminum and boron was studied by 
doping methane-oxygen flames with AICI, and B(OC2H,), 
to give 1 x and 5 x mol fraction, respectively, in 
the burnt gas. Measurements were made by sampling the 
flame through a nozzle into a mass spectrometer. The ions 
observed for both A1 and B,  elements in the + 3  oxidation 
state, have aspects in common with ions observed previ- 
ously for transition metals exhibiting the same oxidation state 
(1, 2), primarily Sc,  Ti, V ,  and Cr. 

A common theme for all of these elements is chemical 
ionization by proton transfer of their oxide-hydroxides, 
AO(OH), and trihydroxides, A(OH),, where A is the ele- 
mental atom. Subsequent hydration/dehydration of these ions 
gives rise to an oxide ion series AO'.nH,O (n = 2,  3 for A1 
and 1-4 for B; large oxide ion signals were observed pre- 
viously for Sc  and V (12 = 0-3), and small ones for Ti (n = 
0-3) and Cr (n = 0 ,  1). The absence of AO+ with A1 and B 
probably reflects the electron-deficient nature of their va- 
lence shells. 

The atomic ion series A t  .izH20 was not present with B but 
was observed with A1 (n = 0 ,  l ) ,  arising by proton transfer 
to the monohydroxide, AOH, with subsequent dehydration. 
It was the dominant ion series observed with Cr (n = 0-3), 
major with Ti (n = 1-4), but minor with Sc  (n = 1, 4) and 
V (n = 0 ,  1). It was also a dominant series with five other 
transition metals, Mn, Fe, Co, Ni, and Cu, but different 
chemical ionization mechanisms are possible, not necessar- 
ily associated with AOH. 

Upper limits to the additive concentration in the flames for 
both A1 and B were imposed by the formation of solid ox- 
ides that tended to clog the orifice in the sampling nozzle. 
This prevented the observation of A1 ions in a fuel-lean flame; 
only qualitative measurements were possible in the flame 
doped with B .  In a fuel-rich flame with the relatively high 
concentration of B additive, however, two polymeric ion 
series were observed: HBz0,+.nH20 (n = 1-3) and 
B ~ O , + . ~ H , O  (11 = 2,  3). These are formed by ion-molecule 
addition reactions of BO(0H) to single B ions, or proton 
transfer reactions to dimers and trimers of BO(0H).  The B3 
series of ions can involve both cyclic and linear structures. 
A further ion series for boron, B(OC,H,),H+.nH,O (n = 0 ,  
I), arises by proton transfer to the additive with subsequent 
hydration. The ion chemistry of boron reveals a sequence in 
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the underlying neutral chemistry in which the B(OC,H,), 
additive first converts to B(OH), in the flame reaction zone 
by nucleophilic substitution (SN2), and then to BO(0H) as 
the dominant species downstream in the burnt gas. The anion 
chemistry revealed only a very large B 0 2  signal and a much 
smaller one for BO-, in line with the previous studies of 
Jensen (3,  4). As a general statement about the ion cheinis- 
try, boron had more in common with Si (19) than with the 
metallic elements, reflecting the nonmetallic character of B; 
its strong affinity for oxygen produces B U B  structures 
in rings and chains. 
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Nuclear magnetic resonance studies of the methylammonium hexahalotellurates 
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70, 849 (1992). 

A 'H and NMR study of the solid methylammonium hexahalotellurates, (MA),TeX6 (MA = C H 3 ~ D 3 +  or CD3NH3+, 
X = C1, Br, and I), has been undertaken to characterize the dynamics of the methylammonium (MA) ion as a function 
of temperature. At room temperature, the MA ion in the hexachlorotellurate (solid 11) is confined to C3 jumps about the 
C-N axis while a small angle libration of the C-N axis is occurring. In the room temperature phase, solid I, of 
(MA),TeBr6 and (MA),Te16 the MA ions are performing overall reorientations on the ps time scale, averaging the 'H 
nuclear quadrupolar interactions to zero. Variable temperature 'H NMR spin-lattice relaxation times, T I ,  indicate an ac- 
tivation energy, EA,  for u i ~ ~ t r ~ p i c n  reorientations of the CH3ND3+ ion of 5.2 ? 0.5 and 2.6 ? 0.3 kJ mol-I for X = Br 
and I, respectively. Deuterium TI values for C-deuterated MA ion in the hexaiodotellurate indicate an E,  for whole-ion 
reorientation of 3.1 + 0.3 kJ mol-'. At any given temperature, the correlation time, T,, derived from the TI results was 
found to be the same for the two deuterium-labelled hexaiodotellurates. The similarity of both the E, and the T, values 
implies correlated motion of the methyl and ammonium groups. The ' 4 ~  TI results for solid I of (MA),Te16 indicate that 
C-N axis motions, with an EA = 5.6 + 0.6 kJ mol-', are more hindered than N-D or C-D bond dynamics. The 'H 
NMR spectra for (MA),Te16 (solid 11) and (MA),TeBr6 (solids 11, 111, and IV) are characterized by a Pake doublet line 
shape. The measured peak-to-peak splittings are less than what is predicted by C3 motion about the molecular symmetry 
axis. It is possible to model these line shapes by postulating that C3 rotations of the methyl and ammonium groups occur 
as the C-N axis librates in an effective cone about the position of the static molecular axis. For (CH3ND3),TeBr6 and 
(CD3NH3),TeBr6 the peak-to-peak splittings in the 'H NMR spectra were measured as a function of temperature in solid 
phases 11, 111, and IV and were found to be similar. Finally, the 'H NMR line shape relaxation for (MA)'TeBr6 (solid 
111) displays an orientation dependence indicating that rotations about the C-N axis are discrete rather than diffusive in 
nature. For solid phase I1 of (MA),TeC16, the line shape is observed to relax isotropically, implying that continuous C3 
rotations are taking place. 

Key words: 'H and ' 4 ~  NMR, methylammonium hexahalotellurates, molecular motion. 

MARK R. MACINTOSH, MARCO L. H. GRUWEL, KATHERINE N. ROBERTSON et RODERICK E. WASYLISHEN. Can. J. Chem. 
70, 849 (1 992). 

On a realis6 une Ctude RMN du 'H et du I4N d'hexatellurates de mCthylammonium solides, (MA),TeX6 (MA = 
C H 3 ~ D 3 +  ou C D ~ N H ~ + ,  X C1, Br ou I), dans le but de caractkriser la dynamique d l'ion mCthylammonium (MA) en 
fonction de la temperature. A la temperature ambiante, l'ion MA prCsent dans l'hexachlorotellurate (solide 11) est limit6 
a des sauts C3 autour de l'axe C-N alors qu'on note un faible angle de libration de l'axe C-N. Dans la phase presente 
a la tempkrature ambiante, solide I, des sels (MA),TeBr6 et (MA),Te16, les ions MA subissent, a 1'Cchelle de temps de 
la ps, des rkorientations globales qui ramknent la moyenne des interactions quadrupolaires nuclkaires du 2~ a zero. Les 
temps de relaxation spin-rCseau, TI ,  en RMN du 'H, temperature variable, permettent de determiner que 1'Cnergie 
d'activation, EA,  pour les reorientations ccisotropiques>> de l'ion CH3ND3+ sont Cgales 5,2 + 0 , s  et 2,6 2 0 ,3  kJ mol-' 
respectivement pour X = Br et I. Les valeurs des TI du deuterium pour l'ion MA C-deutCrC de l'he,xaiodotellurate in- 
diquent que la valeur de E, pour la reorientation globale de l'ion est Cgale a 3 , l  ? 0 ,3  kJ mol-'. A n'importe quelle 
tempCrature donnke, on a trouve que le temps de correlation, T,, obtenu 2 partir des valeurs de TI est le mCme pour les 
deux hexaiodotellurates marques au deutkrium. La similarite des valeurs de EA et de T, implique qu'il existe une corrClation 
entre les mouvements des groupes methyle et ammonium. Les valeurs des TI  obtenues par RMN du 1 4 ~  du solide I du 
(MA),TeBr6 indiquent que les mouvements le long de l'axe C-N, avec une EA = 5,6 ? 0,6 kJ mol, sont plus em@chCs 
que ceux autour des liaisons N-D et C-D. Les spectres RMN du 'H du (MA),TeI, (solide 11) et du (MA),TeBr6 (so- 
lides 11, I11 et IV) sont caractCrisCs par une raie en forme de doublet de Pake. Les couplages entre sommets qui ont etC 
mesurCes sont plus faibles que ceux que l'on peut prCdire sur la base du mouvement C3 autour de l'axe de symCtrie 
molCculaire. I1 est possible de crCer un modkle de la forme de ces raies en faisant I'hypothkse que les rotations C3 des 
groupes methyle et ammonium se produisent alors que l'axe C-N est en libration dans un cBne effectif autour de la po- 
sition de l'axe molCculaire statique. Pour les sels (CH3ND3),TeBr6 et (CD3NH3)TeBr6, on a mesurk les couplages entre 
somrnets dans les spectres Rh4N du 'H, dCterminCs en fonction de la tem+rature, pour les phases 11, III et IV; on a trouvC 
qu'ils sont semblables. Enfin, la forme de raie de relaxation du spectre RMN du 'H du (MA),TeBr6 (solide 111) prCsente 
une dCpendance sur l'orientation qui indique que' les rotations autour de l'axe C-N sont de nature discrkte plut6t que 
diffuse. Pour le solide de la phase I1 du (MA)2TeC16, on a observe que la forme de la raie subit une relaxation isotro- 
pique qui implique qu'il se produit des rotations C3 continues. 

Mots cle's : RMN du 'H et du 1 4 ~ ,  mCthylammonium hexahalotellurates, mouvement molCculaire. 
[Traduit par la rCdaction] 

Introduction properties of the methylammonium hexahalotellurates, 
Several studies have been completed in an effort to (MA)2TeX, (X = C1, Br, and 1) (1-5). T%ese complexes are 

characterize the dynamic, structural, and thermodynamic all solids at room temperature and undergo solid-solid phase 
transitions as they are cooled. These phase transitions were 

'Author to whom correspondence may be addressed. first revealed by differential thermal analysis (DTA) and 
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850 C A N .  1. C H E M .  

nuclear quadrupole resonance (NQR) studies of the halogen 
nuclei (1). More recently, investigators also used NQR (2) 
and DTA (4) as well as adiabatic calorimetry (3) to dem- 
onstrate the existence of additional phases. A summary of 

(MA)'TeBr, (AT,,1l = 150 K) and from (MA)'TeBr, to 
(MA),Te16 (ATl,,, = 173 K). In each case, the high-tem- 
perature phase transition, from solid I to solid 11, involves a 
change from a cubic crystal structure to a less symmetric 
lattice, i.e., a structural phase transition takes place. 

Proton NMR second moments, M,('H), provide a mea- 
sure of the motional averaging of the 'H dipolar interaction 
and were reported for the (MA)'TeX, salts by Kume et al. 
(1). For temperatures between 77 and about 300 K, M,('H) 
for (MA),TeCl, was essentially independent of temperature 
(= 6 G'). This value is much less than the calculated static 
intramolecular M,('H) value of 30 G' and is in fair agree- 
ment with the value calculated (7.8 G') using a model that 
assumes rapid C, jumps about the C-N axis of an isolated 
MA ion. For the other (MA),TeX, salts (X = Br and I), 
M'('H) is approximately 0.5 G' at 300 K, implying that at 
this temperature there is substantially more rotational free- 
dom for the MA ions than is present in the hexachlorotel- 
lurate. Note that at 300 K the hexabromo- and 
hexaiodotellurates are in the high-temperature phase, solid 
I, where the MA ions effectively occupy crystal sites of 
spherical symmetry. The small observed M2('H) values in- 
dicate that the C-N axis is performing effectively "isotro- 
pic" rotations or jumps at a rate that is much faster than the 
'H-'H dipolar interaction in Hz. At temperatures below the 
solid I - I1 phase transition, the 'H second moment of 
(MA),TeBr, steadily increases from 3.8 G' in solid I1 to a 
value of 7.8 G 2  in solid IV. A similar trend is observed for 
the MA ion in the hexaiodotellurate. This increase in M,('H) 
reflects an increased hindrance of C-N axis reorientations 
and is consistent with the continued presence of rapid C, ro- 
tations about the C-N axis. 

The high-temperature cubic solid phase I of the (MA),TeX, 
distinguishes them from the other methylammonium hexa- 
halometallates, (MA),MX, (M = tetravalent Sn, Pt, Se, Pd, 
and Pb; X = C1, Br, and I), which are all rhombohedrally 
distorted from cubic crystal symmetry (6). As a result of the 
structural differences among the (MA),MX,, the dynamics 
of the cation in the (MA),TeX, are predictably different than 
for the other (MA)'MX6 salts. The MA ions in the rhom- 
bohedral (MA),MX, have been or are predicted to be char- 
acterized by anisotropic motion (7) and do not undergo 
"isotropic" rotations as they do in the (MA),TeX, salts. The 
unique variation of the MA ion dynamics in the (MA),TeX, 
is deserving of further investigation by the NMR of spin-one 
nuclei (8). Both 'H and ' 4 ~  NMR spin-lattice relaxation and 
line-shape studies have been used to probe the motional 

the transition temperatures and the corresponding molar en- 
tropy changes with provisional phase designations is given 
below. Notice the dramatic temperature decrease of the solid 
I - I1 phase transition on going from (MA)'TeCl, to 

characteristics of the MA cation in the (MA),TeX, salts as a 
function of temperature. The use of two different NMR-ac- 
tive nuclei as probes allows for the separation of the C-D 
or N-D bond dynamics and the C-N bond reorientations 
(vide infra). Where possible, line-shape simulations have 
been included to model the experimental results. 

Theory 

Deuterium and ' 4 ~  are quadrupolar nuclei (I = 1) and their 
solid-state NMR spectra are dominated by nuclear quadru- 
polar interactions (9-15). These interactions arise from 
coupling between the nuclear quadrupole moment, eQ, and 
the electric field gradient (efg) at that nucleus. In general, 
the spin-one NMR spectrum of a polycrystalline sample in 
a strong magnetic field, B,,, is characterized by a Pake pow- 
der pattern that is symmetric about the isotropic resonance 
frequency, v, (v, - yB0/2m). The observed line shape is the 
resultant superposition of doublets corresponding to all pos- 
sible orientations of crystallites in the applied field, B,. The 
doublet splittings are given in frequency units by eq. [ l ]  

(3 cos' 0 - 1) (q sin' 8 cos2 2+) 
- 

2 I 
where x is the nuclear quadrupolar coupling constant, eq,,eQ/ 
h ,  q,, is the largest component of the efg tensor, 0 and + 
orient B, in the principal axis system of the efg tensor, and 
q is the asymmetry parameter. For q = 0, the +-depen- 
dence vanishes and eq. [ l ]  is reduced to 

3 cos' 0 - 1 
(21 Avce) = (;) x ( ) 
where 0 is the angle between q,, and B,. Typically, the 
spectral asymmetry for the N-D and C-D bonds of the 
methylammonium ion is 50 .1 ,  which indicates that eq. [2] 
is a reasonable approximation of eq. [ l ]  for the purposes of 
this study. 

The NMR time scale is defined with respect to the 
quadrupolar coupling constant, X .  Dynamics are considered 
fast when T,, the correlation time that describes q,, vector 
dynamics, is much shorter than the reciprocal of the cou- 
pling constant, X- ' .  Fast motion of appropriate symmetry can 
average the traceless quadrupolar interaction to zero. This 
is generally observed in the liquid state and also in solids for 
nuclei at crystal sites of high symmetry. Fast exchange in- 
volving three or more sites about one symmetry axis will at- 
tenuate the breadth of the observed line shape, producing an 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MACINTOSH ET AL. 85 1 

effective efg tensor with axial symmetry even if qslaIic f; 0. 
The appropriate scaling factor, S ,  is given by eq. [3], 

3 cos' p - 1 
131 S = (  ) 
where p is the angle between q:: and the axis of fast rota- 
tion. Thus, for either CD,NH,' or CH,ND,', rapid C, jumps 
or diffusion about the C-N bond axis lead to S = 1/3 as- 
suming an NCD or CND bond angle of 109.5". If an addi- 
tional motion about a C,, axis (n r 3) is present the reductive 
effect of the two motions on the spectral width is multipli- 
cative. 

The NMR spin-lattice relaxation time constant, T,,  can also 
provide useful dynamical information ( 12- 16). For quad- 
rupolar nuclei such as 'H and 1 4 ~ ,  the quadrupolar mecha- 
nism is the dominant relaxation mechanism and is given by 
e q  141 

where o, = 2rv0 and f (w,,T,) describes the o, and 7, de- 
pendence of the rate of spin-lattice relaxation. If isotropic 
reorientation is occurring and the dynamics of the observed 
nucleus can be adequately described by one effective cor- 
relation time, T,, f (o , ,~ , )  is given by eq. [5]. 

In the extreme narrowing regime T, << oO- ' ,  and f(w0,7,) 
is 5.7,. Generally, the temperature dependence of 7, exhibits 
simple Arrhenius behaviour (eq. [6]), thus, 

where 7, corresponds to the correlation time at infinite tem- 
perature and E,  is the effective barrier to the motion de- 
scribed by 7,. 

Spin-lattice relaxation experiments on powder line shapes 
can also discern free diffusion (continuous rotation) from 
rotational jumps. Torchia and Szabo (16) have described 
rigorous TI relaxation expressions for both three-site jumps 
and continuous diffusion. In the extreme narrowing limit, 
their expressions predict an orientational dependence of the 
relaxation for the "jump" model. Specifically, there is a cos' 
8 dependence to the relaxation; TI increases from 8 = 0" to 
90". In contrast, there is no TI anisotropy expected for con- 
tinuous diffusive motions; that is, all parts of the powder 
pattern relax synchronously. This analysis is complicated by 
spectral overlap of the two transitions that are possible for 
an I = 1 nucleus. For example, the singularities at the 8 = 

90" orientations overlap with the 8 = 35.3" orientations from 
the other subspectrum. As a result, the observed difference 
in line-shape anisotropy between the 8 = 0" and "90"" ori- 
entations is less than predicted by theory but is still discem- 
ible. In general, any fast flipping motion that occurs is 
expected to produce an orientational dependence of the spin- 
lattice relaxation, which can be observed by examining par- 
tially relaxed spectra. 

Experimental 
The (MA)'TeX6 salts (X = CI, Br, and 1) were prepared by dis- 

solving tellurium dioxide in a solution of aqueous hydrogen halide 
and adding to this the appropriate aqueous methylammonium ha- 
lide solution (17). The solids were recovered from the reaction 
mixture and dried under vacuum. Deuteration of the ammonium 
group was achieved by successive recrystallization of the com- 
plexes from deuterium oxide (99.9%). The methyl deuterated 
hexachlorotellurate salt was prepared from aqueous CDINH3Cl. For 
X = Br and 1, the corresponding CD3NH,X salts were prepared by 
neutralizing CD3NH3CI, isolating the methylamine, and then add- 
ing the appropriate hydrogen halide, prior to reaction with TeO, and 
HX . 

Once the solids were recovered under vacuum, the samples were 
allowed to dry further in a vacuum desiccator before they were 
sealed in NMR tubes. These methylammonium salts fit the litera- 
ture description (3) (yellow crystals for (MA),TeCI,, deep orange 
crystals for (MA)'TeBr6, and shiny black crystals for (MA),Te16) 
and were observed via NMR line-shape studies to undergo revers- 
ible phase transitions at temperatures very close to those estab- 
lished in previous studies (1, 3). 

NMR measurements for and ''N were recorded at 55.4 and 
26.1 MHz, respectively, on a Nicolet 360 NB spectrometer (Bo = 
8.48 T). The deuterium ~ i / 2  pulse lengths were 7.2-8.2 ps. A 
Bruker MSL-200 spectrometer was used to perform some of the 'H 
NMR measurements on the noncubic phases of the (MA),TeX6. The 
'H NMR frequency is 30.7 MHz (Bo = 4.70 T) and ~ r / 2  pulse 
lengths of 4 .5 ps  were used with a quadrupole echo pulse se- 
quence to measure line shapes and relaxation times ( I  8). Spin-lat- 
tice relaxation times were measured using the inversion-recovery 
technique with either a compensating one-pulse or a quadrupole 
echo pulse program (19). Typically, ten variable delays were used. 
A three-parameter fit of the intensity of a peak at a particular delay 
was used to determine T, values. 

The peak-to-peak or quadrupolar splitting, Av,,, in the NMR 
spectra was measured directly from the spectrum or with a peak 
picking routine. This splitting represents the frequency difference 
between the two most intense points in a 'H NMR line shape. In 
the limit of zero line broadening, Av,, = Av provided there is axial 
symmetry of the efg tensor (20). The effect of artificial or natural 
line broadening is to change the line shape such that Av,, < A v .  
This implies that values of x derived from the apparent quadru- 
polar splitting will be underestimated in cases where line broad- 
ening is considerable. 

The experimental spectra were simulated using the FORTRAN 

program, MXQET (21), which ran on a VAX 8800 main-frame 
computer. 

Results and discussion 
NMR line shapes 

In the cubic phase (solid I) of (MA),Te16 a single "isotro- 
pic" peak is observed for both 'H and ' 4 ~  NMR spectra with 
line widths at half height, Avl12, of < I  and 3 kHz, respec- 
tively. Typical line shapes are shown in Fig. 1 and indicate 
an effectively cubic reorientation potential for each of the 
observed nuclei. Both rapid C, exchange about the molec- 
ular symmetry axis and fast overall reorientation of the C-N 
axis must be taking place in order to observe the isotropic line 
shapes. 

Similar 'H NMR spectra were observed for the solid I 
phase of (MA),TeBr6. Nitrogen-14 NMR spectra of the 
hexabromotellurate salt were not observed, probably be- 
cause of dipolar coupling to 7 9 / 8 1 ~ r ,  which broadens the line 
shape relative to those observed for (MA),Te16 (solid I). Note 
that NQR transitions are observed for both the ~e12- and 
~ e ~ r - 2 -  salts; therefore, it is unlike1 that either of the hal- 
ides would be self-decoupled from 'N. We do not believe 
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20 0 -20 
k H z  

FIG. 1. NMR spectra for (solid I): ( a )  'H spectrum 
at 153 K ( A V , ~ ~  < 1 kHz), which is similar to line shapes for 
(MA)2TeBr6 (solid I); (b)  the I4N NMR spectrum at 174 K ( A V , ~ ~  
< 3 kHz). 

60 0 -60 
k H z  

FIG. 2. Experimental (a)  and simulated (6) 'H NMR lines shapes 
for (MA),TeC16 at 293 K. The simulation was based on a model 
assuming C, jumps about the C-N axis with diffusion of the 
symmetry axis about a cone with a half angle of 22 -+ l o  and the 
following lnput parameters: x = 170 kHz, P = 109S0, 7 = 0, a / 2  
= 4.5 ps, echo delay = 40 ps, and Lorentzian and Gaussian line 
broadening of 2.0 and 1.0 kHz, respectively. 

that the increased 1 4 ~  NMR line width results from re- 
stricted motion of the C-N axis. Instead, the inability to 
obtain a spectrum is a manifestation of the relatively weak 
14 N B, radio frequency pulses available on the Nicolet 
360 NB spectrometer which are incapable of uniformly ex- 

I citing spectral lines with Av,,, >5 kHz. In addition, long 
I 

I probe dead times at 26.1 MHz using the Nicolet high reso- 
I lution "liquids" probe preclude observation of broad peaks. 
I The experimental 'H NMR spectrum for (MA),TeCl, at 

293 K (solid 11) is shown in Fig. 2. The line shape has a peak- 
to-peak splitting, Av,,, of 32.8 kHz. This line shape is sim- 
ilar to those obtained for the solid phases 11, 111, and IV of 
(MA),TeBr, and solid phase I1 of (MA),TeI,. The MA ions 
no longer experience the isotropic potential of solid I and are 

0 

o s o l i d  I 1  s o l i d  

FIG. 3. The Av,, for the N- and C-deuterated (MA)2TeBr6 (sol- 
ids I1 and 111) as a function of inverse temperature. 

characterized by a nonzero reduction factor (S # 0). As- 
suming tetrahedral geometry about the C and N atoms of the 
MA ion, eq. [3], with P = 109.47', gives S = 1/3 for pure 
C, rotations. From the observed quadrupolar splitting of 32.8 
-+ 1 kHz, eq. [2] predicts a static quadrupolar coupling con- 
stant of 13 1 k 4 kHz. This value of x is smaller than the ex- 
pected static value, e.g., - 175 kHz from ref. 22, indicating 
that the C-N axis is not static in the solid I1 phase of 
(MA),TeCl,. 

The observed peak-to-peak splittings, Av,,, were mea- 
sured for the NMR line shapes of CH3ND3' and CD,NH,+ 
in the hexabromotellurate as a function of temperature below 
the solid I - I1 phase transition. The temperature depen- 
dence of these splittings is shown in Fig. 3. For the N-deu- 
terated (MA),TeBr,, Av,, varies from 21.7 k 1 to 42.5 2 
1 kHz for temperatures between 280 and 99 K. In the case 
of the carbon-labelled salt, CD,NH,+, Av,, increases from 
20.4 kHz at 286 K to 36.6 kHz at 122 K.  This variation in 
splitting with temperature demonstrates the gradual onset of 
C-N axis reorientational freedom with increasing temper- 
ature. The temperature dependence of the splittings for the 
N- and C-deuterated MA in (MA),TeBr, (solids I1 and 111) 
is not quite the same at low temperatures. At any given 
temperature, the peak-to-peak splitting, Av,,, arising from 
the ND,+ group is slightly larger than Av,, due to the CD, 
moiety. This difference could result if one end of the MA ions 
was undergoing librational motion to a greater extent than 
the other. Our results suggest that the amplitude of the li- 
brational motion of the ND,+ group is smaller than that of 
the CD, group at any given temperature. This is entirely 
reasonable since the ammonium groups are expected to hy- 
drogen-bond more strongly with the neighbouring 
anions. Alternatively, the larger peak-to-peak splittings ob- 
served for the ammonium-labelled (MA),TeBr, could imply 
that its static value of the quadrupolar coupling constant, X ,  
is larger than for (CD,NH,+),TeBr,. This second explana- 
tion is less likely, since it has been determined (22, 23) that 
the value of x decreases as the strength of the hydrogen 
bonding increases. 

The anisotropy of the solid I1 NMR line shapes indicates 
that some of the motions present in the solid phase I have 
become slow on the NMR time scale. Intuitively, whole- 
ion (C-N axis) reorientations are expected to be more hin- 
dered than the C, rotational motion. Solid I1 NMR line 
shapes are consistent with a slowing of the C-N axis reori- 
entations while the C, rotations of the methyl and ammo- 
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FIG. 4. The 'H and ' 4 ~  NMR spin-lattice relaxation tirnes for 
solid I of sorne N-deuterated (MA)2TeX, (X = Br and I) as a 
function of inverse temperature. 

nium groups continue. That is, the motion of the C-N axis 
in solid I1 is highly hindered relative to that in the solid I 
phase. The observed 'H NMR line shapes for solid I1 of 
(MA),TeCl, and solids I1 and I11 of (MA),TeBr6 can be 
simulated with a model based on C, jumps of the methyl and 
ammonium groups about the C-N axis while the C-N axis 
is librating. Figure 2 shows the line shape simulated for the 
spectrum of (MA),TeCl, at 293 K. The simulation was per- 
formed assuming C3 rotations take place while the C-N axis 
diffuses around a cone with a half angle of 22 + lo.  Other 
details of the simulation are given in the figure caption. 

This model of a wobbling C, axis tracing out a cone is a 
practical physical model making it convenient to quantify the 
extent of the librational motion. As the temperature is in- 
creased, the C-N axis gains motional freedom, which can 
be measured by the simulation-derived angle of the effec- 
tive librational axis about which C, rotations continue to 
occur. As the temperature is increased the effective cone 
made by the wobbling C-N axis also increases. As a re- 
sult, this model is consistent with the observed quadrupolar 
splittings and the 'H NMR second moment results (1). As the 
temperature is decreased the angle of the half-cone de- 
creases and Av,, and M,('H) increase. 

NMR spin-lattice relaxation results 
The 'H and I4N NMR spin-lattice relaxation results for 

(MA),Te16 (solid I) and the 'H NMR spin-lattice relaxation 
of (MA),TeBr, (solid I) are displayed in Fig. 4 .  The results 
given are for the N-deuterated methylammonium salts. A 'H 
NMR TI study of (CD,NH,),TeI, (solid I) was also per- 
formed but is not shown as it displayed essentially the same 
temperature dependence as the corresponding N-deuterated 
analogue. The negative slope of the ln(Tl) versus reciprocal 
temperature plots indicates "extreme narrowing" condi- 
tions, validating the use off (w,,~,) = 57, in eq. [4]. Equa- 
tion [4] may be used to establish the time scale of the motions 
effective in relaxing the 'H and I4N nuclei, respectively. 
However, note that for the methylammonium ion, the 'H and 
14 N nuclear relaxation times will probe different motions. The 
14 N nuclei relax by the motion of the C-N bond axis since 
the largest principal component of the nitrogen efg tensor lies 
along this axis. For the same reason 'H nuclei are relaxed by 
motion of the C-'H or N-'H bond; hence, the effective 
deuterium correlation time, 7, ('H), reflects internal mo- 
tions of the CD,(ND,) group as well as the overall motion 

of the C-N axis. At 183 K,  the 'H and "N TI values are 3.7 
2 0 .4  and 0.10 ? 0.02 s ,  respectively. Substitution of the 
respective TI  values in eq. [4] along with the quadrupolar 
coupling constants for methylammonium chloride (x('H) = 
175 kHz and X ( l J ~ )  = 900 kHz from ref. 22) results in cor- 
relation times of 0.60 ps for 'H and 0.80 ps for "N. These 
are incredibly short correlation times for the methylammo- 
nium cation in the solid state at 183 K.  The slightly longer 
effective correlation time for motion of the C-N bond is 
intuitively what one would anticipate. As temperature in- 
creases our results indicate that the bond vector dynamics for 
'H and "N occur at comparable rates. We suspect the 'H 
correlation times are more reliable than the corresponding I4N 
values because the value of x('H) is probably more reliable 
than X ( l J ~ ) .  Any uncertainty in x strongly influences the 
accuracy of a calculated correlation time as a result of the X' 
dependence of 7, (eq. [4]). Despite these uncertainties in the 
value of x the error in the "N correlation times is probably 
less than 50%. 

The 'H spin-lattice relaxation times for the N- and C-deu- 
terated (MA),TeI, are the same within experimental error. 
Again it is difficult to make precise comparisons of the cor- 
relation times when accurate values of x are not known. 
Considering the similarity of the TI  temperature depen- 
dence, the correlation times describing C-D and N-D bond 
dynamics will be the same if the two quadrupolar coupling 
constants are comparable. This will be assumed for two 
reasons. First, the values of x for MA ions in other com- 
pounds show only a small dependence on the site of deuter- 
ation. For example, Jurga and Spiess (24) studied 
methylammonium perchlorate using -H NMR spectros- 
copy. They examined motionally averaged spectra and found 
x for CH,ND,' and CD,NH,' to be 168 and 166 kHz, re- 
spectively .' Also the Av,, dependence on reciprocal tem- 
perature shown in Fig. 3 demonstrates the similarity of x for 
the differently deuterium-labelled (MA),TeBr6 salts. As a 
result, the values of x for the two (MA),Te16 should be sim- 
ilar and support a model based on correlated motion of the 
ammonium and methyl groups. 

An activation barrier to the motion described by 7, (eq. [6]) 
can be obtained from the TI dependence on inverse temper- 
ature. Such Arrhenius plots are shown in Fig. 4 from which 
E, for N-D, C-D, and C-N dynamics can be deter- 
mined. Table 1 lists the E, values determined in this study. 
For the sake of comparison the results from the 'H NMR (2) 
and the infrared spectroscopy (3) studies are included in Table 
2. Several comments can be made about these derived acti- 
vation energies. First, the E, values for ND,' and CD, overall 
reorientation in (MA),TeI, (solid I) are small (== 3 kJ mol-I) 
and are the same within the estimated error of this analysis 
(t 10%). These activation energies correspond closely to the 
values obtained in previous studies (2, 3). The EA for inter- 
nal rotations of the methyl and ammonium groups of a MA 
ion is expected3 to be about 10 kJ mol-I, implying that the 
much smaller values derived for (MA),TeI, (solid I) do not 
describe the independent motion of the labelled groups. This 
suggests that there is correlated motion of the two groups, 

'We obtained motionally averaged spectra for rnethylammoni- 
urn chloride at 293 K to provide another comparison; Av,, = 32.6 
2 1 and 34.1 2 1 kHz for CH,ND,Cl and CD3NH3Cl, respec- 
tively. 

 he potential barrier to internal rotation of ethane is deter- 
mined by infrared spectroscopy to be 12.25 kJ mol-' (25). 
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TABLE 1. Regression analysis of NMR relaxation results for (MA)?TeX, (solid I) 

(MA)?TeX6 Nucleus Cation In(T,) = constant + [E, (kJ mol-')/RT] 

X = Br ' H C H 3 N ~ , '  In(Tl) = 3.6 - [(5.2 5 0.5)/RT] 
I 'H CH,ND3+ In(Tl) = 3.1 - [(2.6 * 0.3)/RT] 
I ?H CD,NHlf In(T,) = 3.3 - [(3.1 ? 0.3)/RT] 
I 1 4 ~  CH,ND3' In(T,) = 1.4 - [(5.6 * 0.6)/RT] 

TABLE 2. The EA (kJ mol-') for the solid I phase of (MA),TeX, 
salts from previous studies 

(MA)2TeX6 C3 motion Whole ion reorientation Reference 

X = C1 - 7.0 2 
Br - 3.7 2 
Br - 3.9 3 
I 6.1 2.7 2 
I - 3.1 3 

peak 

( r ,  = 1 . 2 s )  

TABLE 3. Spin-lattice relaxation times (s) for (MA)?TeCl, 

Temperature T,(0 = 0") Tl(O = "90"") 
Cation (K) (s) (s) 

i.e., both sets of T, results seem to describe the same mo- 
tion. Correlated motion of the two groups is further sup- 
ported by the previous comparison of correlation times 
derived from the 'H NMR TI results for the N- and C-deu- 
terated MA ions. The near identity of the correlation times 
implies that the dynamics of the two groups occur at the same 
rate. Secondly, the "isotropic" reorientation of the MA ion 
is more restricted in the ~ e ~ r :  lattice compared to the T~I:- 
as a result of two considerations: (1) the void between the 
hexabromotellurate complex anions is slightly smaller, al- 
lowing less volume for the MA ion to move about, and (2) 
the ND,+ moiety should hydrogen-bond more strongly to the 
~ e ~ r : -  ions than to the ~ e I 2 -  ions as a result of the rela- 
tive electronegativities of the two halide atoms. Lastly, within 
the (MA),TeI, lattice, the deuterium bond vector dynamics 
are shown to be energetically less demanding than the C-N 
motions. This reflects the relative ease with which the C3 
motion about the C-N axis occurs compared with whole-ion 
reorientation. However, as previously mentioned, it should 
be emphasized that relaxation of the 'H nuclei occurs by C3 
rotations of the methyl and ammonium groups and through 
C-N axis reorientations while the 1 4 ~  nuclei are relaxed only 
by whole-ion motion. Note that q , , ( 1 4 ~ )  lies along the C-N 
axis. As a result, it is expected that the E, values derived 
from 'H TI studies will always be less than or equal to those 
determined from the analogous 1 4 ~  results. 

Finally, it is determined from the NMR relaxation 
spectra for (MA),TeBr, (solid 111) at 150 K that the motion 
the MA ion performs consists of jumps between three 
equivalent sites. For nuclei that relax by rotational jumps the 
two orientational extremes provide the largest difference in 
the TI values of the line shape. If the TI values for these two 
positions are determined experimentally to be different, then 

I I ( 

100 0 -1 0 0 
kHz 

FIG. 5. A stacked plot of partially relaxed 'H NMR spectra for 
(MA),TeBr, at 150 K (solid 111) demonstrating TI anisotropy and 
estabIishing that the MA ions are undergoing discrete motions. The 
variable delays from the bottom to the top of the figure are: 0.01, 
0.4, 0.8, 1.2, and 3.0 s; the respective TI values for 0 = 0" and 
"90"" are 0.9 and 1.2 s. 

discrete motion is occurring. By inspecting the recovery of 
the signal intensity for the shoulder and peak positions of the 
spectra in Fig. 5 the orientational dependence of the relax- 
ation of the MA ion in (MA),TeBr, can be observed. AS ex- 
pected for jump motions, the shoulders (8 = 0") relax more 
efficiently than the peaks (0 = "90""). The respective TI 
values are approximately 0.9 and 1.2 s. 

The T, anisotropy observed for solid I11 of the hexabro- 
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motellurate salt contrasts with the result obtained for solid 
phase I1 of (MA),TeC16 (Table 3). The line shape in this case 
does not display an orientational dependence to the relaxa- 
tion. As a result, the rotational motion about the molecular 
axis is diffusive rather than discrete in nature. Note that the 
T, values increase with increasing temperature, indicating 
extreme narrowing conditions apply (7, << mi1) .  

Conclusions 
Both 'H and ' 4 ~  NMR line-shape and relaxation studies 

are shown to be useful probes of the dynamics of the MA ion 
in the (MA),TeX6 as a function of temperature. In sum- 
mary, room temperature (MA)?TeC16 (solid 11) is character- 
ized by an anisotropic line shape that is typical of C3 rotation 
about a librating C-N axis. The other (MA),TeX6 (X = Br 
and I) have a room temperature phase (solid I) character- 
ized by "isotropic" line shapes. Both the 'H and 1 4 ~  NMR 
results clearly demonstrate that the cation is performing 
overall reorientations on the ps time scale. The activation 
energies for the MA ion reorientation for X = Br and I are 
different, possibly due to both hydrogen bonding and steric 
effects. Both N- and C-deuterated (MA),Te16 have the same 
EA and 7, within experimental error, indicating that rota- 
tions of the ammonium and methyl groups are probably 
strongly coupled and are not two independent motions. Also 
the EA values derived are much less than would be expected 
for the internal rotation of the methyl and ammonium groups. 
Nitrogen-14 NMR relaxation results for the iodotellurate in- 
dicate the EA value for C-N axis reorientation is higher than 
the corresponding EA value obtained from 'H NMR relaxa- 
tion results. This implies that the dynamics of the C-D and 
N-D bond vectors are energetically more favourable than 
reorientation of the C-N axis. In the lower-temperature 
phases of the hexahalotellurates the motion of the C-N axis 
gradually becomes more restricted resulting in an aniso- 
tropic 'H NMR line shape. The quadrupolar splitting in- 
creases as the temperature is decreased. These spectra are 
simulated with coupled C3 jumps of the methyl and ammo- 
nium groups that occur while the C-N axis librates. Fi- 
nally, the orientational dependence of the TI measurements 
for (MA),TeBr6 at 150 K (solid 111) demonstrates that the C3 
motion of the MA ion involves three-site jumps rather than 
continuous diffusion about the molecular symmetry axis. In 
solid LI of (MA),TeC16, the partially relaxed NMR line shapes 
do not show an orientational dependence, implying that the 
C, motion is diffusive. 
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Transformation of 1-methyluracils and uridine to respective, 4-substituted 
pyrimdin-2(1H)-ones via pyridinium salts 
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GRAZYNA WENSKA, BOHDAN SKALSKI, and ZOFIA GDANIEC. Can. J. Che~ii.  70, 856 (1992). 
I-Methyluracil and I-methylthymine are converted into N-(I-methylpyrimidin-2-one-4-y1)- and N-(1,5-dimethylpy- 

rimidin-2-one-4-y1)-pyridinium chlorides, respectively. The pyrimidinyl-pyridiniu~ii salts were then reacted with var- 
ious nucleophiles under very mild conditions to give high yields of the desired 4-substituted pyrimidinones. In a similar 
manner 2',3',5'-tri-0-acetyluridine is efficiently converted into new 4-substituted pyrimidinone nucleosides. 

GRAZYNA WENSKA, BOHDAN SKALSKI et ZOFIA GDANIEC. Can. J .  Chem. 70, 856 (1992). 
On a transform6 respectivement le methyl-I-uracile et la mtthyl-I-thymine en chlorure de N-(mCthyl-I-pyrimidi- 

none-2-yl-4-)-pyrimidinium et en chlorure de N-(dinitthyl-l,5-pyrimidinone-2-yl-4)-pyrimidinium. Les sels de pyrim- 
idinyl-pyrimidinium, par rtaction subsCquente avec divers nuclCophiles, dans des conditions trks douces, donnent avec 
des rendements ClevCs, les pyrimidinones substituCes en position 4 attendues. D'une f a ~ o n  analogue, on a transform6 
efficacement la tri-0-acCtyl-2'.3',5'-uridine en des nouveaux nuclCosides contenant la pyrimidin6ne substituCe en po- 
sition 4.  

[Traduit par la rCdaction] 

Introduction 

The conversion of 1 -alkyluracils and uridine to various 4- 
substituted 2-pyrimidinone derivatives requires activation of 
the C-4 position and is often achieved with 4-chloro or thio 
derivatives (1). The C-4 position can also be activated by 
trimethylsilylation (2) or by treatment with various phos- 
phorylating or condensing agents in the presence of l-meth- 
ylimidazole (3), 1,2,4-triazole (4), or 3-nitro-l,2,4-triazole 
(5) to give appropriate, reactive 4-(3-methyl-imidazolium), 
4-(1,2,4-triazol- 1 -yl), and 4-(3-nitro- 1,2,4-triazol- 1 -yl) de- 
rivatives. The latter method was developed in recent studies 
of oligonucleotide synthesis by Reese and Ubasawa (6) and 
is now the most frequently used method in the conversion of 
uridines to cytidines (4, 7, 8). Recently, the synthesis of 4- 
substituted pyrimidine nucleosides involving a displace- 
ment of the 4-0-triisopropylphenylsulfonyl group in uridine 
and thymidine with malonate-type nucleophiles was re- 
ported (9). 

Adamiak et al. showed previously (10, 1 1) that nucleo- 
sides having per-0-acetylated sugar residues, such as uri- 
dine, thymidine, guanosine, and inosine, undergo quantitative 
transformation into the corresponding water-soluble, flu- 
orescent pyrimidin-4-yl and purin-6-yl pyridinium salts, when 
treated with 4-chlorophenylphosphorodichloridate in the 
presence of pyridine. The purinyl-pyridinium salts have al- 
ready proven very useful as intermediates in purine nucleo- 
side chemistry (12, 13). A preliminary study in the case of 
pyrimidinyl-pyridinium salts has demonstrated that they can 
serve as intermediates in various side processes during oli- 
gonucleotide synthesis using the phosphotriester method, 
including formation of the 4-triazolyl derivatives mentioned 
above (1 1). 

In this work the reactivity of pyrimidyn-4-yl pyridinium 

' ~ u t h o r  to whom correspondence may be addressed. 
'~evis ion received November 22, 199 1. 

p-CIPhOPOC12 
Pvridine 

l a ,  b, c 2a, b, c 

salts towards various 0 - ,  N-, or S-nucleophiles was tested 
by using 1 -methyl derivatives 2a,b and tri-0-acetyl riboside 
2c. Based on the results of these experiments the synthetic 
procedures yielding new 4-substituted pyrimidin-2(1H)-ones 
from 1-methyluracils (la,b) and uridine (lc) have been de- 
veloped. 

Results and discussion 

1-Methyluracil ( l a ) ,  1-methylthymine (lb),  and 2',3' ,5'- 
tri-0-acetyluridine ( lc)  were converted to the respective N- 
(pyrimidin-2-one-4-y1)-pyridinium chlorides 2a, 2b, and 2c, 
respectively, by treatment with 4-chloropheny1phosphor0- 
dichloridate in the presence of pyridine (Scheme l ) ,  i.e., 
under conditions used previously for similar transforma- 
tions in purine and pyrimidine nucleosides (10, 11). Pure salts 
were obtained either as concentrated aqueous solutions (2a 
and 2c) or as lyophilizates (26). The samples were stable 
when stored at 0°C for several weeks. 

The salts 2a,b were subjected to reaction with irnidazole, 
histidine, 1-methylimidazole, 4,5-diphenylimidazole, in- 
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TABLE 1. Reactivity of pyridinium salts 2a-c towards nucleophiles. 

Pyrldin~um Time % Conversion 
salt Nucleophile Solvent" (h) of 2 % ~roduct"  

1 2a Imidazole a 22 100 3a (81) 
2 2b Imidazole a 24 96 3b (93) 
3 2c Imidazole a 18 98 3c (82) 
4 20 Histidine a 22 66 40 (45) 
5 2b Histidine a 24 3 8 4b (38) 
6 20 1 -Methylimidazole a 18 100 5a (5 l ) ,  6a(34) 
7 2b 1 -Methylimidazole a 20 93 5b (75), 6b(15) 
8 20 3-Chlorophenol b 1 5  95 7n (94) 
9 2b 3-Chlorophenol b 1.5 95 7 b  (92) 

10 2c 3-Chlorophenol b 1.5 100 7 c  (85) 
1 1  2n 7-Hydroxycoumarin c 24 80 8n (69) 
12 2b 7-Hydroxycoumarin c 24 7 8 8b (61) 
13 2a Mercaptoethanol a 0 5 100 9a (72) 
14 2b Mercaptoethanol a 0.5 100 9b (60) 
15 2c Mercaptoethanol a 0.5 100 9c (87) 
16 2a Sodium azlde d 0 25 100 100 (90) 
17 2b Sodlum azlde d 0.25 100 l o b  (93) 
18 2c Sodium azlde a 0 25 100 1Oc (82) 

"Solvents were a water, b water/chloroform ( I  I ,  v v) ,  c water/d~oxane (1  4, v v), d dlmethylformam~de 
'Y~elds of ~solated products 

dole, glycine, 3-chlorophenol, 7-hydroxycoumarin, mer- 
captoethanol, and a ide  ions. The reactions were carried out 
at room temperature in water or in a mixture of water and 
organic solvent (l,4-dioxane or chloroform) at pH ca. 6, i.e., 
the natural pH of the solutions. In the case of 7-hydroxy- 
coumarin the pH of the reaction medium had to be adjusted 
to 7.5 in order to make the reaction go to completion (Table 
1; entries 11, 12). The extent of the reactions was moni- 
tored by measuring the loss of pyridinium salts using a sen- 
sitive, spectrophotometric Zincke reaction test (1 1, 14). 
Among the nucleophiles listed above, 4,5-diphenylimidaz- 
ole, indole, and glycine appeared to be unreactive towards 
2a,b, whereas all the others reacted with 2a,b to give the 
appropriate C-4 substituted pyrimidine derivatives 3a,b- 
10a,b. The products 3a,b-lOa,b were isolated by a com- 
bination of extraction and (or) chromatography on silica gel 
and identified by means of 'H and I3c NMR and mass spec- 
tral techniques. The synthetic procedures developed for the 
preparation of 3a,b-lOa,b were then applied to similar 
transformations of uridine. Thus, the pyridinium salt 2c de- 
rived from uridine was treated with some of the above-listed 
nucleophiles, imidazole, 3-chlorophenol, mercaptoethanol, 
and sodium azide, to give 4-substituted nucleoside deriva- 
tives 2c, 7c ,  9c, and 10c, respectively. The results are sum- 
marized in Table 1, and the structures of the products are 
shown in Scheme 2. Some of the products are fluorescent. 
In these cases the emission parameters (A,,, and fluores- 
cence quantum yield) are included in the experimental sec- 
tion. 

In the case of the reaction of 2a with imidazole a quanti- 
tative conversion into 3a was also achieved with dimethyl- 
formamide or 1,4-dioxane as solvents instead of water or a 
water - organic solvent mixture, indicating that a broad range 
of solvents can be used in these transformations. 

Attempts were also made to introduce the imidazol-1-yl 
substituent into the C-4 position of uridine as well as the 
synthesis of 3a, 4a, and 8a according to the method de- 

scribed by Matsuda et al. (3) as a possible alternative to our 
method. However, all these attempts were unsuccessful. The 
HPLC analyses of the reaction mixtures after 3 h revealed 
almost exclusive presence of the methylimidazolium salts 
instead of the expected substitution products. Prolongation 
of the reaction time (18 h) had no effect on the progress of 
the reactions, except for significant deacetylation in the case 
of the per-0-acetylated nucleoside salt. 

Reactions of 2a,b with histidine (Table 1; entries 4, 5) were 
less efficient than those with other nucleophiles. They are of 
interest, however, since they may offer the possibility of 
selective, chemical modification of histidine residues in 
proteins. 

In the case of the reaction of 2a,b with l-methylimidaz- 
ole (Table 1; entries 6, 7) products derived from the imidaz- 
ole ring opening, 6a,b, were isolated in addition to the 
expected 1-methylimidazolium salts 5a,b. This observation 
and the fact that 1 -methylimidazolium salts derived from 
pyrimidine nucleosides were previously identified as poten- 
tial side products in oligonucleotide synthesis when the 2,4, 
6-triisopropylbenzenesulfonyl chloride/l-methylimidazole 
system was used as condensing reagent (1 1) prompted us to 
examine the chemical stability of salts 5a,b in acidic and basic 
conditions. They appeared to be stable in acidic media (0.05 
N HCI, room temperature, 24 h) whereas, at pH > 7 a par- 
tial transformation into ring-opened products 6a,b occurred 
as a result of hydrolytic opening of the imidazolium ring of 
5a,b (cf. Scheme 3). In the case of 5a the ring opening re- 
action occurred to a small extent (4%, HPLC) at pH 7.1 
(TRIS buffer, room temperature, 24 h). When more basic 
conditions (TRIS, pH = 9.0, 24 h) were applied, the HPLC 
analysis revealed the presence of 5a (19%), 6a (75%), and 
l a  (6%). The ratio of &/ la  (14: 1) remained unchanged after 
almost all of 5a disappeared (3 days), indicating that 5a also 
undergoes a nucleophilic attack of hydroxide ion at C-4 under 
these conditions to give l a .  5-Methyl derivative 5b ap- 
peared to be less susceptible towards hydrolytic opening of 
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NH7 
I - "\"3 CH3 I 

COOH 
N OHc'Ng HN 

c: R = AcOT? , R'= H 
AcO OAc 

l a ,  b 6a, b 

SCHEME 3 

the imidazolium ring, reflecting its diminished electron de- 
ficiency compared with 5a.  Under analogous conditions of 
pH and temperature only 49% of 5b disappeared, after 
24 h, to give 66 (27%) and 16 (22%). Both 6a and 66 were 
stable within the pH range 1 < pH < 9. Thus, one can con- 
clude that formation of imidazolium salts during oligonu- 
cleotide synthesis and their further transformation into 
relatively stable analogs of 6a,b  may result in a point mu- 
tation in the synthetic oligomer. 

The structures of the compounds 6a,b  were unequivo- 
cally determined with the aid of 'H and ',c NMR spectrom- 
etry. The signal assignments based on the conventional 
one-dimensional technique (chemical shifts and decou- 
pling) were confirmed by two-dimensional 'H-'H COSY 
spectra. In the case of 6a,b  all the resonances except for N- 
CHO and pyrimidine C6-H and N 1 -CH, are doubled indi- 
cating the existence of an amide cis-trans equilibrium due 
to restricted N-C=O bond rotation (15). As could be ex- 
pected, increasing temperature resulted in significant 
broadening of these signals. However, coalescence did not 
occur within the temperature range studied (298-373 K). 

The mode of methylimidazolium ring opening, determin- 
ing the site of attachment of the formyl group to the meth- 
ylamino nitrogen in 6a ,b ,  was deduced from the following 
observations. In the long-range 'H-'H COSY spectrum of 
6a in DMSO the formyl proton signal (6 8.06 ppm) is cou- 
pled with N-CH, proton signals (6 3.26 and 3.10 ppm). 
Moreover, the N-H signals (6 9.33 and 8.77 ppm) were 
correlated with C=C-H proton resonances whereas no cor- 
relation with the N-CH, signal was observed. The reso- 
nance of the N-CH, group of the opened imidazolium ring 
appears as a singlet in 'H spectra measured in aprotic sol- 
vents (CDCl,, CD,CN, DMSO-d,) in which H/D exchange 
does not occur. These observations are consistent with the 
proposed structures of 6a ,b .  

Aryl groups were proposed by Reese and Skone for pro- 
tection of uracil on 0 - 4  in oligoribonucleotide synthesis and 
several 4-0-phenyl derivatives were synthesized via 4-tri- 
azolyl derivatives (16). We found that similar derivatives can 
be obtained via pyrimidinyl-pyridinium salts. Treatment of 
2a,b,c with 3-chlorophenol in a chloroform-water two-phase 
system gave the desired 4-0-(3-chlorophenyl) derivatives 
7a ,b ,c  with 94, 92, and 85% yields, respectively. 

Mercaptoethanol and azide ion appeared to be the most 
reactive among all the nucleophiles used. Addition of mer- 
captoethanol to aqueous solutions of 2a,b ,  and 2c caused 
complete loss of pyridinium salts after ca. 30 min, whereas 
in the case of sodium azide the reaction was completed within 
15 min to give, respectively, 4-(2-hydroxythioethyl) deriv- 
atives 9a,b ,c  and 4-azido derivatives lOa,b,c with excellent 
yields (cf. Table 1 ; entries 13- 18). The 4-(2-hydroxyethyl- 
thio) derivative 9c was also obtained directly from O-pro- 
tected uridine in a one-pot manner with an overall yield 78% 
(vide infra). 

It has been observed previously that 4-azido substituted 
pyrimidine (3, 17) and 6-azido substituted purine (18) nu- 
cleosides tend to form tetrazolo structures in solution. In the 
purine series the azidoazomethine-tetrazole equilibrium was 
shown to be influenced by the nature of the solvent (18). In 
the case of lOa,b,c the infrared spectra in DMSO exhibit the 
presence of an absorption at ca. 2230 cm-I due to the azido 
group while no such absorption could be observed in chlo- 
roform solutions. The 'H and I3c NMR spectra, on the other 
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hand, show the existence of a single tautomeric form in each 
of these solvents. Thus.  o n e  can conclude that in DMSO 
l0a.b.c exist in the azido form whereas in chloroform the . . 
tautomeric tetrazolo form exists, exclusively. 

In conclusion, w e  have demonstrated that pyrimidin-4-yl 
pyridinium salts are highly reactive towards various nucleo- 
philes to give the appropriate, 4-substituted derivatives. The  
very mild conditions required for  both the activation and  
substitution steps and the high yields of  the products make  
these compounds attractive intermediates for modification 
of uracils. 

Experimental 
Pyridine and dioxane were purified and dried as described pre- 

viously (10). 1-Methyluracil and I-methylthymine were synthe- 
sized according to the reported procedure ( 19). Synthesis of 2c was 
described previously (1 I). All the other reagents (Merck, Aldrich, 
and Fluka) were used as received. Thin-layer chromatography was 
performed on Merck F253 and Merck RP silica gel plates. Merck 
PSC 60-F,,, silica gel plates were used for preparative separa- 
tions. Column chromatography was performed on H60, MN 100- 
200 mesh, and RP silica gels (Merck) and NM 300 cellulose 
(Macherey Nagel). 'The following solvent systems were used for 
TLC: chloroform/methanol, 30: 1 (A); chloroform/methanol, 20: 1 
(B); chloroform/methanol, 10: 1 (C); ethyl acetate (D); ethyl ace- 
tate/methanol, 15: 1 (E); water (F); ethanol (G); ethanol/30% 
aqueous acetic acid, 2:  1 (H); ethanol/water, 3: 1 (I); all v/v. 

HPLC separations in the case of the stability studies of 5a,b were 
performed on a Waters 600E instrument using an O D s  column 
eluted isocratically with a mixture of CH,CN/H20/CH3COOH, 
25: 74.9: 0.1 (v: v: v). Melting points were taken on a Boetius ap- 
paratus and are uncorrected. UV-absorption and fluorescence 
emission spectra were measured on a Zeiss UV-VIS M-40 spec- 
trophotometer and a Perkin Elmer MPF 44 spectrofluorometer. 
~luorescence quantum yields were determined relative to quinine 
bisulfate ( 4  = 0.55, 1 N H,SO,) (20). Mass spectra were obtained 
by using a Jeol JMS-D-100 mass spectrometer. A Varian Gemini 
300 VT instrument was used to obtain 'H and I3C NMR spectra. 
The chemical shifts SH and Sc are reported in ppm relative to TMS 
and dioxane as internal standards. Microanalyses were performed 
on a Perkin Elmer 2400 CHN analyser. 

N-[I-Methylpyrirnidin-2(I H)-one-4-yl]pyrldiniurn chloride, 2a 
and N-[1,5-dimethylpyrimidin-2(1 H)-one-4-yllpyridinium 
chloride, 2b  

A dry sample of I-methyluracil or 1-methylthymine (3 mmol) 
was dissolved in anhydrous pyridine (50 mL) and treated with 4- 
chlorophenylphosphorodichloridate (0.73 mL, 4.5 mmol). The 
mixture was stirred for 18 h. The precipitate formed was filtered, 
dissolved in ice-cold water, and neutralized to pH ca. 6.2-6.5 with 
Dowex-l resln (HC03-). The resin was filtered, and the filtrate 
concentrated under vacuum to ca. 10 mL and passed through a 
Dowex- l (Cl-) column. The eluates were concentrated (<30°C) 
to give ca. 0.1 M aqueous solutions of 2a and 2b. In the case of 
the more stable 2b the solution was lyophilized to give a yellow 
solid (86% yield). Some selected spectral data for 2a,b are pre- 
sented below. 

2a :  UV (H20) A,,,,: 268 nm, 3 10 nm; 'H NMR (D20) 6: 9.53 
(m, 2, pyridine Ca-H), 8.91 (m, 1, pyridine Cy-H), 8.73 (d, J = 

6.9 Hz, 1, C6-H), 8.34 (m, 2,  pyridine CP-H), 7.34 (d, J = 
6.9 Hz 1, C5-H), 4.68 (s, 3, N-CH,); "C NMR 6: 163.24, 157.61, 
151.64, 142.60, 129.21, 98.82, 40.31. 

2b: UV (H,O) A,,: 263 nm (E 5300), 334 nm (E 5000); 'H NMR 
(D20) 6: 9.18 (m, 2, pyridine Ca-H), 8.93 (m, 1, pyridine Cy-H), 
8.61 (s, 1, C6-H), 8.36 (m, 2, pyridine CP-H), 4.75 (s, 3, N-CH3), 
2.13 (s, 3, C-CH,); I3C NMR 6 chemical shifts were identical w ~ t h  
those reported previously (2 1 ). 

Gerzeral procedure for the syntheses of 3-10 
Water was used as a solvent unless otherwise specified. 0.1 M 

aqueous solutions of 2a.b or 2c (aliquots corresponding to 1- 
5 mmol samples of the salts) were treated with the appropriate nu- 
cleophile (3 equiv.) and the reaction mixture kept at room temper- 
ature until almost complete loss of pyridinium salt was detected by 
the Zincke test (14). The reaction times and yields are summa- 
rized in Table 1 .  Isolation procedures and spectral data for the 
products are presented below. 

I-Methyl-4-(irnidazo1-I-~~l)pyrimiditz-2(1 H)-one, 3 a  
(Table I ;  entry I )  

Water was removed under reduced pressure. The solid residue 
was chromatographed twice on SiO? (systems D and A) and the 
product crystallized from isopropanol: mp > 260°C; UV (H,O) A,,: 
304 nm (E 9400), 239 nm (E 8800); fluorescence emission A,,,,,: 
363 nm ( 4  = 0.002); 'H  NMR (TFA-dlacetone-d,) 6: 9.66 (m, 1, 
imidazole C2-H), 8.55 (d, J = 7.1 Hz, 1, C6-H), 8.27, 7.72 (2m, 
2, imidazole C4-H and C5-H), 7.30 (d, J = 7.1 Hz, 1, C5-H), 3.91 
(s, 3, N-CH,); 13C NMR (TFA-dlacetone-d6) 6: 160.15, 159.3 1, 
150.67, 136.48, 123.53, 120.93, 97.68, 41.12; MS rn/z (relative 
intensity): M+ 176(88), 175(100), 149(10), 134(18), 107(9). Anal. 
calcd. for C8H8N,0: (254.53, H 4.58, N 31.80; found: C 54.47, H 
4.54, N 31.84. 

1,5-Dirrzethyl-4-(itnidazol-l-yl)pyrirrzidit~-2(I H)-one, 3b 
(Table I; entry 2) 

The aqueous solution was extracted with chloroform. The or- 
ganic layer was dried and the solvent evaporated. The crude prod- 
uct was chromatographed (SiO,, system D) and then recrystallized 
from isopropanol; mp 151-153°C (dec.); UV (H20)  A,,,: 316 nm 
(E 8700), 238 nrn (E 7000); fluorescence emission A,,,,,: 376 nm ( 4  
= 0.002); 'H NMR (CDCI,) 6: 8.27 (s, 1, imidazole C2-H), 7.73 
(s, 1, C6-H), 7.65 and 7.16 (2m, 2, imidazole C4-H and C5-H), 
3.60 (s, 3, N-CH,), 2.31 (s, I ,  C5-CH,); "C NMR (CDCI,) 6: 
159.34, 155.49, 151.05, 137.02, 130.41, 118.16, 104.35, 38.46; 
MS rn/z (relative intensity): M+ 190(69), 189(100), 163(6), 148(8), 
140(6). Anal. calcd. for C6H,,N,0: C 56.83, H 5.30, N 29.45; 
found: C 56.67, H 5.27, N 29.32. 

1-(2',3',5'-Tri-O-acetyl-~-~-ribofuranosyl)-4-(itnidazol-l-y~)- 
pyritnidin-2-(I H)-one, 3c (Table I; entry 3) 

The aqueous solution was extracted with chloroform. The or- 
ganic layer was dried and then concentrated under reduced pres- 
sure. The residue was chromatographed on SiO, (system D). 
Fractions containing pure product were collected and evaporated 
under vacuum to give 3c as a foam. UV (H20) A,,,,,: 305 nm (E 
7800), 242 nm (E 8700); fluorescence emission A,,,: 374 nm ( 4  = 
0.002); ' H  NMR (CDCI,) 6: 8.4 1 (br s ,  1 , imidazole C2-H), 8.13 
(d, J = 7.3 Hz, 1, C6-H), 7.70 and 7.19 (2s, 2, imidazole C4, 
C5-H), 6.58 (d, J = 7.3 HZ, I ,  C5-H), 6.14 (d, 1, C1'-H), 5.51- 
5.26 (m, 2 ,  sugar C-H), 4.53-4.42 (m, 3, sugar C-H), 2.15, 2.13 
and 2.12 (3s, 9 ,  COCH?); "C NMR (CDC1') 6: 170.12, 169.53, 
158.96, 154.41, 145.57, 131.82, 128.35, 116.32, 94.60, 89.72, 
80.35, 73.85, 70.00, 62.85, 20.75, 20.42; high resolution MS, m/ 
z: M+ 420.12781 (C18H20N,08 requires 420.12796 amu). 

Reaction of 2a with histidine (Table I; erltty 4) 
The reaction mixture was concentrated and chromatographed on 

a reversed phase silica gel column (system F). The fractions con- 
taining 4a were collected, the solvent evaporated to dryness, and 
the solid residue recrystallized from a mixture of isopropanol-water: 
mp 233-240°C (dec.); UV (H,0) A,,,,: 305 nm (E 8700), 238 nm 
(sh); fluorescence emission A,,,,: 363 nm ( 4  = 0.0007); 'H NMR 
(D,O) 6: 7.80 (br s ,  1, histidine C2-H), 7.23 (d, J = 7.3 Hz, 1, 
C6-H), 6.93 (br s ,  1, histidine C5-H), 5.78 (d, J = 7.3 Hz, 1, 
C5-H), 3.57 (m, 1, CH-CO), 3.19 (s, 3, N-CH,), 3.07 (m, 2, CH,); 
I3C NMR (D,O) 6: 174.99, 164.98, 159.94, 154.03, 137.07, 
135.88, 1 18.60, 97.05, 55.69, 38.40, 29.52. Anal. calcd. for 
CIIH,,N,03: C 50.18, H 4.97, N 26.60; found: C 49.87, H 4.85, 
N 26.33. 
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Reactiorz of 2b with histidine (Table I ;  entry 5) 
A work-up utilizing the same procedure as for 2a (see above) 

gave a crystalline sample of 46: mp 194-197°C; UV (H,O) A,,;,,: 
3 18 nm (E 8800), 240 nm (sh); fluorescence emission A,,,,,: 376 nm 
(4 = 0.0007); 'H  NMR (D,O) 6: 8.22 (s, 1 ,  histidine C2-H), 8.15 
(s, 1, C6-H), 7.55 (s, 1 ,  histidine C5-H), 4.00 (m, 1 ,  CH-CO), 3.55 
(s, 3, N-CH,), 3.12 (m, 2, CH?), 2.21 (s, 3, C-CH,); "C NMR 
(D20) 6: 174.18, 159.99, 158.04, 154.68, 138.86, 137.40, 117.95, 
108.46, 55.37, 39.44, 29.42, 15.38. Anal. calcd. for Cl,H,,N,03: 
C 51.98, H 5.45, N 25.25; found: C 51.67, H 5.41, N 25.1 1. 

Reaction of pyriditziurn salt 2a with I -rnethylimidazole 
(Table I ;  etztty 6) 

The reaction mixture was extracted with CHC1,. The organic 
layer was dried, concentrated under vacuum, and chromato- 
graphed on an Si02 column (B) to yield a pure sample of 6a: mp 
200°C; UV (HzO) A,,,:,,: 301 nm (E 20 700), 225 nm (sh); 'H NMR 
(CDCI,/CD,OD, 5 :  1) 6: 8.09 (s, 1, CHO), 7.55 (d, J = 7 Hz, 1, 
C6-H), 7.15 and 6.88 (2m, total 1 ,  C=CH), 6.08 and 5.94 (2d, J 
= 7.1 and 7.3 Hz, total 1, C5-H), 5.50 and 5.26 (2d, J = 7.1 and 
6.6 Hz, total 1, C=CHO), 3.44 (s, 3, N-CH,), 3.19 and 3.03 (2s, 
total 3H, cis and trans CO-N-CHJ; I3c NMR (CDC13/CD30D) 6: 
164.16 and 162.48 (aldelhyde C=O), 162.1 1 and 160.96 (C4), 
157.82 (C=O), 147.09 (C6), 121.36 and 116.38 (C=C), 110.74 
and 109.38 (C=C), 95.5 1 (C5), 37.87 (N-CH,), 37.49 and 3 1.89 
(N-CH,); MS tn/z (relative intensity): M+ 208(37), 180(18), 
164(25), 151(15), 150(100), 144(20), 138(29), 136(12), 126(6). 
Anal. calcd. for C,H,,N,O?: C 51.91, H 5.80, N 26.90; found: 
51.84, H 5.79, N 26.85. 

The aqueous layer remaining after extraction with CHC1, was 
I 

concentrated and chromatographed on cellulose (systems G, I). The 
fractions containing imidazolium salt 5a were concentrated to re- 
move ethanol and then passed through a Dowex (Cl-) column. The 
aqueous eluate was treated with charcoal and evaporated to dry- 
ness. The sample of 5a was stored at 5'C and was stable for over 
2 weeks: UV (H,O) A,,,: 313 nm (E 4800), 242 nm (sh); fluores- 
cence emission A,,,,: 371 nm (+ = 0.14); ' H  NMR (D,O) 6: 9.56 
(s, 1, imidazole C2-H), 8.32 (d, J = 7.3 Hz, 1, C6-H), 8.04 and 
7.53 (2d, 2, imidazole C4-H and C5-H), 6.90 (d, J = 7.3 Hz, I,  
C5-H), 3.88 (s, 3, N-CHI), 3.48 (s, 3,  N-CH3); I3C NMR (DzO) 
6: 158.20 (C4), 156.25 (imidazole C3), 137.02 (C2), 126.02 (C6), 
120.60 (imidazole C4 and C5), 96.7 1 (C5), 40.10 (N-CH,), 37.60 
(N-CH,). Anal. calcd. for C9HI IN,0CLrH20: C 44.17, H 5.35, N 

I 

i 
22.89; found: C 41.10, H 5.27, N 22.7 1. 

Reaction of pyriditziurn salt2b with I -methylimidazole 
(Table I ;  entry 7)  

Extraction of the reaction mixture with chloroform and column 
chromatography of the organic layer over SiO, (C) gave 66: mp 
192°C; UV A,,, (H20): 308 nm (E 18 700), 224 nm (sh); 'H NMR 
(CDC13/CD30D 5 : 1 )  6: 8.10 (s, 1, CHO), 7.4 1 (d, J = 1 Hz, 1 , 
C6-H), 6.84 and 6.98 (2d, J = 7.5 and J = 7.2 Hz, total I ,  
C=CH), 5.20 and 5.70 (dd, J = 5.7 Hz and J = 1 Hz; and d ,  J 
= 7.2 Hz, total 1, C=CH), 3.41 (s, 3, N-CH,), 3.22 and 3.09 (2s, 
total 3, CO-N-CH,), 1.99 and 2.05 (2d, total 3, C-CH,); "C NMR 
(CDCI3/CD3OD 5:  1) 6: 161.99, 159.9, 157.66, 144.33, 115.62, 
109.60, 103.05, 38.02, 37.54, 12.40; MS m/z (relative inten- 
sity): M+ 222(27), 194(19), 178(16), 164(100), 163(25), L52(21), 
150(1 l ) ,  140(10). Anal. calcd. for CIOHIINJ02: C 54.04, H 6.34, 
N 25.10; found: C 53.97, H 6.26, N 25.02. 

The aqueous layer obtained after extraction with CHCl] was 
concentrated under vacuum and chromatographed over cellulose 
(systems G, I). Fractions containing 56 were concentrated and 
passed through a Dowex (ClK) column. The eluate was evapo- 
rated to dryness under vacuum to give 56 as a white solid: UV (H,O) 
A,,,,: 324 nm (E 4700); fluorescence emission A,,,: 387 nm (4 = 
0.104); 'H NMR (D,O) 6: 9.27 (s, 1, imidazole C2-H), 8.24 (s, 1, 
C6-H), 7.86 and 7.5 1 (2m, 2, irnidazole C4-H and C5-H), 3.87 (s, 
3, N-CH,), 3.48 (s, 3, N-CH,), 2.11 (s, 3, C-CH,); I3C NMR (DzO) 
6: 156.58, 144.93, 137.81, 125.10, 122.33, 108.90, 39.87, 37.43, 

14.30. Anal. calcd. for CloH13N,0CL\-H?O: C 46.42, H 5.84, N 
21.65; found: C 46.27, H 5.83, N 21.49. 

I-Methyl-4-(3-ch1oropheno~q~)pyrinzidirz-2(1 H)-one, 7a 
(Table 1; etztty 8 )  

3-Chlorophenol (0.933 g, 7.26 mmol) and triethylamine 
(0.35 mL, 2.5 rnmol) were added to a two-phase system com- 
posed of an aqueous solution of pyridinium salt 2a (20 mL, 
2.42 mmol) and chloroform (20 mL). The mixture was stirred 
vigorously for 2 h in the absence of light. 'The chloroform layer was 
separated and fractionated on a silica gel column (system E) to give 
7a: mp 146-148°C; UV (H20) A,,,:,,: 280 nm (E 7800); 'H NMR 
(CDC1,) 6: 7.61 (d, J = 7.1 Hz, 1, C6-H), 7.15 (m, 4, aromatic 
H), 6.04 (d, J = 7.1 Hz, 1, C5-H), 3.48 (s, 3, N-CH3); I3c NMR 
(CDCl,) 6: 171.04, 156.31, 152.29, 149.37, 134.80, 130.30, 
126.13, 122.44, 120.28, 94.81, 38.08; high resolution MS m/z: 
236.03518 (CIIH9N2O2C1 requires 236.03519 amu). Anal. calcd. 
for Cl1H9N2O2C1: C 55.82, H 3.83, N 11.84; found: C 55.80, H 
3.85, N 11.63. 

I , 4 - D i t n e t l z y l - 4 - ( 3 - c h l o r o p h e t z o x y ) ~  H)-one, 7b 
(T~~b le  I ; entry 9) 

This compound was obtained according to the procedure de- 
scribed for 7cl. Fractions from a silica-gel column (system E) were 
collected and evaporated to dryness. The residue was dissolved in 
methanol and decolorized with charcoal. Crystallization from ethyl 
acetate gave 76 as white needles: mp 21 1°C; UV (H20) A,,,,: 
289 nm (E 7300); 'H NMR (DMSO-d6/CDC1,) 6 :  7.99 (d, J = 

1 .O Hz, I,  C6-H), 7.30 (m, 4,  aromatic H), 3.34 (s, 3, N-CH,), 
2.03 (d, J = 1.0 Hz, 3,  C-CH,); ',c NMR (DMSO-d6/CDCl,) 6: 
169.31, 155.22, 152.57, 148.61, 133.28, 130.62, 125.53, 122.39, 
120.87, 101.96, 36.89, 1 1.43; high resolution MS, tn/z: 250.05066 
(C12Hl lN202C1 requires 250.05083 amu). Anal. calcd. for 
Cl2HllNzO2C1: C 57.49, H 4.42, H 1 1.18; found: C 57.46, H 4.42, 
N 11.21. 

I-(2',3'-5'-Tri-O-ace~l-~-~-t-ibofurat1o~~~I)-4-(3-chlorophen- 
oxy)pyt-itnidin-2(1 H)-one, 7c (Table 1 ; entry 10) 

The pyridinium salt 2c was reacted with 3-chlorophenol under 
conditions analogous to those used for synthesis of 7a. The chlo- 
roform layer was separated and chromatographed on SiOz (CHCl3 
and system A). Appropriate fractions were collected and the sol- 
vent evaporated to give 7c as an oil. UV (H,O) A,,,: 278 nm (E 
7700); 'H NMR (CDCI,) 6: 7.91 (d, J = 7.4 Hz, 1, C6-H), 7.20 
(m, 4, aromatic H), 6.18 (d, J = 7.4 Hz, 1, C5-H), 6.1 1 (d, 1 ,  C1'- 
H), 5.39, 5.32, and 4.38 (3m, 5, sugar C-H), 2.15, 2.14, and 2.10 
(3s, 9,  COCH,); "C NMR (CDCl,) 6: 170.88. 169.94, 169.37, 
154.85, 151.51, 143.58, 134.52, 130.09, 126.18, 122.07, 120.00, 
96.00, 89.00, 79.74, 73.49, 69.68, 62.75, 20.76, 20.46. High 
resolution MS m/z: M+ 480.09340 (C21H,IN209Cl requires 
480.093 13 amu). 

I-Methyl-4-(co~irnarin-7-oxy)pyrirnidirr-2(1 H)-one, 8a 
(Tc~ble I ;  entry 11) 

The reaction of 2a with 7-hydroxycoumarin was carried out in 
a mixture of dioxane/water 4 :  1 (v/v) at pH 7.5 adjusted with 
NaHCO,. Crystals of pure 8a ,  precipitated from the reaction mix- 
ture, were filtered: mp 161°C; UV (CH,OH) A,,: 305 nm (E 13 100, 
sh), 285 nm (E 16 500); fluorescence emission A,,,,: 378 nm (4 = 
0.002); 'H NMR (TFA-diacetone-d6) 6: 8.67 (d, J 7.6 Hz, 1, 
C6-H), 8.15 (d, J = 9.4 Hz, 1 ,  coumarin C3-H), 7.9 (m, 1, aro- 
matic H), 7.42 (m, 2, aromatic H), 6.75 (d, J = 9.4 Hz, 1, cou- 
marin C4-H), 6.45 (d, J = 7.6 Hz, I,  C5-H), 3.86 (s, 3, N-CH3); 
I3C NMR (TFA-dlacetone-d6) 6: 173.36, 166.06, 161.13, 156.14, 
154.19, 151.27, 146.93, 132.90, 121.36, 119.63, 118.05, 111.56, 
94.97, 40.41; MS m/z (relative intensity): M +  270(100), 200(8), 
188(19), 187(97), 159(43), 149(8), 109(6). Anal. calcd. for 
CI,HION204: C 62.22, H 3.72, N 10.37; found: C 62.07, H 3.69, 
N 10.18. 
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l,5-Dirt1etlzj~l-4-(co~orluritz-7-o.~titt1idit1-2(1 H)otle. 8b 
(Table 1;  c2tztr-y 12) 

The solvent and pH were the same as for synthesis of 8a. The 
reaction mixture was concentrated under vacuum, and the crystal- 
line product was filtered off and separated froni unreacted 7-hy- 
droxycoumarin by chromatography on Si02 plates (system E): mp 
238°C; UV (CH,OH) A,,,;,,: 307 nm (E 12 700), 288 nni (E 12 600); 
fluorescence emission A,,,,,, 376 nni (+ = 0.001); 'H NMR (TFA-d/ 
acetone-d,) 6: 8.34 (s, 1 ,  C6-H), 8.13 (d, J = 9.5 Hz, I ,  cou- 
niarin C3-H), 7.86 (m, 1 aromatic H), 7.38 (ni, 2, aromatic H), 
6.7 1 (d, J = 9.5 Hz, 1 ,  coumarin C4-H), 3.89 (s, 3, N-CH,), 2.40 
(s, 3, C-CHI); 13C NMR (TFA-(//acetone-(1,) 6: 171.93. 166.45, 
157.38, 155.94, 155.03, 153.66, 147.19, 132.05, 120.56, 117.30, 
114.29, 112.07, 40.53, 11.94; MS tn/z (relative intensity): ( M k  
+ 1) 285(18), M+ 284(100), 270(6), 214(7), 187(19), 159(15), 
149(10), 146(7), 134(9). Anal. calcd. for C15HIZN204: C 63.37. 
H 4.25, N 9.85. Found: C 63.14, H 4.21. N 9.73. 

I-Methyi-4-(2-hydro,vyethylthio)l1yrit~ziditz-2(1 H)OIZP, 9a 
(Table I ;  etztrji 13) 

The reaction mixture was extracted with CHCI,. The extract was 
chromatographed on silica gel plates (system E). Product 90 was 
obtained as an oil that solidified upon addition of ethyl acetate: mp 
70-72°C; UV (HzO) A,,,:,,: 301 nm (E 20 700), 225 nni (sh); ' H  NMR 
(CDC13/CH30D) 6: 7.46 (d. J = 6.9 Hz, 1, C6-H), 6.30 (d, J = 
6.9 Hz, 1, C5-H), 3.70 ( t ,  J = 6.5 Hz, 2, CH,), 3.49 (s, 3, N-CH,), 
3.30 (1, J = 6.5 HZ, 2, CHZ); "C NMR (CDC13/CH30D) 6: 177.87, 
156.04, 145.47, 104.46, 61.11, 32.35, 32.02. MS m/z (relative 
intensity): Mi  (186(1), 166(4), 156(18), 142(45), 141(35), 127(12), 
126(100). Anal. calcd. for C7H1f1202S: C 45.14, H 5.41, N 15.04; 
found: C 45.03, H 5.37, N 14.94. 

l,5-Dimethyl-4-(2-h~vd1-o.vyc~tl1yltlzio)pyritzidit1-(l H)otte. 9b 
(Table I ;  et~rt? 14) 

The reaction mixture was extracted with CHC1, and the organic 
layer was dried and concentrated under reduced pressure. The res- 
idue was separated on an SiO, column (system E): mp 110°C; UV 
(H,O) A,,,,,: 308 nm (E 18 700), 224 nm (sh); ' H  NMR (CDCI,/ 
CD30D) 6: 7.29 (d, J = 0.8 HZ, 1 ,  C6-H), 3.76 (t, 2, CH?), 3.48 
(s, 3, N-CH3), 3.33 (t, 2, CH2), 2.04 (d, J = 0.8 Hz, 3, C-CH,); 
"C NMR (CDCI,/CD,OD) 6: 178.19, 155.92, 143.30, 1 13.07, 
61.11, 38.08, 32.02, 13.81; MS t ~ z / z  (relative intensity): M' 
200(5), 183(5), 170(13), 156(100), 155(64), 140(11). Anal. calcd. 
for CsHI,N,0,S: C 47.98, H 6.04, N 13.99; found: C 47.76, H 
5.98, N 13.87. 

1-(2',3',5'-Tt~i-O-ace~l-~-~-ribofrtrat1nsyl)-4-(2-h~~drox~veth~d- 
thio)-pyritnidin-2(1 H)otle, 9c (Table I ;  entry 15) 

The product was isolated as described above. System E was used 
for chromatography. UV (H,O) A,,,,,: 301 nm (E 19 600); 'H NMR 
CDCI,) 6: 7.64 (d, J = 7.0 Hz, 1, C6-H), 6.44 (d, J = 7.0 Hz, 1, 
C5-H), 6.19 (d, I,  Cl '-H), 5.42, 5.35, and 4.38 (3m, 5,  sugar 
C-H), 3.73 ( t ,  J =  6.5 HZ, 2, CH,), 3.30(t, J =  6.5 HZ, 2,CH2),  
2.16, 2.14, and 2.10 (3s, 9, COCH,); "C NMR 6: 177.56, 169.96, 
169.59, 169.50, 156.82, 146.12, 103.81, 88.89, 80.06, 73.36, 
69.88, 62.77, 61.13, 32.47, 20.67, 20.36, 20.23; high resolution 
MS, m/z: M+ 430.10427 (C17H22NZ0,S requires 430.10444 amu). 

One-pot s~vlthesis qf 9c 
The solution of 2',3',5'-tri-0-acetyluridine (1 mmol) in dry 

pyridine (10 mL) was treated with 4-chlorophenyIphosphorodi- 
chloridate (1.5 mmol) and left overnight at room temperature fol- 
lowed by addition of mercaptoethanol (7 rnmol). The Zincke test 
indicated 9% conversion of the pyridinium salt after ca. I h. The 
reaction mixture was evaporated to dryness, and the residue was 
dissolved in aqueous sodium bicarbonate and then extracted with 
chloroform. Chromatography on Si02 (system E) gave 7c in 78% 
overall yield. 

methylformaniide (20 mL) and sodium azide (0.195 g, 3 mmol) was 
added. The resulting mixture was stirred for 15 min and then the 
solvent was evaporated under vacuum at 35OC. The residue was 
treated with water (30 n1L) and the aqueous solution extracted with 
chloroforn~. The organic layer was dried over Na,SO,, concen- 
trated. and treated with hexane to give crystals of 100: mp 206- 
208°C; UV (H,O) A,,,:,,: 270 nm (E 8500. sh), 258 nm (E 10 000); 
'H NMR (DMSO-4,) 6: 7.73 (d, J = 7.3 Hz, 1, C6-H), 6.94 (d, 
1, C5-H), 3.73 (s, 3,  N-CH,); "C NMR (DMSO-d,) 6: 151.42, 
143.62, 141.52,92.26, 36.62; high resolution MS, m/z: 15 1.04932 
(C5HsNs0 requires 151.04936 arnu). Anal. calcd. for C,HSN50: 
C 39.73, H 3.33, N 46.34; found: C 39.60, H 3.28, N 46.49. 

1,5-Ditnethyl-4-azi&pyr.irniclin-2(/ H)-otle, IOb 
(T~ble  1 : erltty 17) 

This conlpound was obtained according to the procedure de- 
scribed for 100. The crude product was chromatographed on an SiOz 
column (system B): mp 178-180°C; UV (H20) A,,,;,,: 273 nm (E 
7500, sh), 257 nm (E 9500); 'H NMR (DMSO-d6) 6: 7.76 (d, J = 
1.2 Hz, 1, C6-H), 3.56 (s, 3, N-CH3), 2.28 (d, J = 1.2 Hz, 3, 
C-CH,): "C NMR (DMSO-d6) 6: 152.19, 143.30, 138.05, 101.64, 
36.46, 12.19; high resolution MS, m/z: 165.06494 (C6H7N50 re- 
quires 165.06498 amu). Anal. calcd. for C6H7N50: C 43.63, H 
4.27. N 42.40: found: C 43.41. H 4.25. N 42.27. 

I-(2',3',5'-Tri-0-nce~l- ~-u-rib~fi!fitrat1osyl)-4-nzidop~yritnidin- 
2(1 H)-otze, IOc (Table I; entry 18) 

The aqueous solution of 2c was treated with sodium azide. Pure 
10c, which precipitated from the reaction mixture, was filtered off. 
An additional amount of the product was isolated from the filtrate 
by extraction (CHCI,) and chromatography on SiO, (system D). UV 
(H,O/CH,OH, 9 :  1) A,,,;,,: 265 nm (E 7000, sh), 251 nrn (E 7600); 
' H  NMR (CDCI,) 6: 7.7 1 (d, J = 7.8 Hz, 1 ,  C6-H), 6.98 (d, J = 
7.8 Hz, 1, C5-H), 6.29 (d, 1 C1'-H), 5.45, 5.39, and 4.39 (3m, 5, 
sugar C-H), 2.17, 2.14, and 2.09 (3s, 9, COCH,); I3C NMR 
(CDCI,) 6: 169.99, 169.59, 169.50, 150.53, 142.58, 133.85, 
94.70, 88.78, 80.69,73.24, 69.95,62.75,20.68,20.37, and 20.23; 
high resolution MS, m/z: M+ 395.10757 (CISH17N508 requires 
395.10749 amu). 
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A phosphorus-31 NMR study of solid 
carbonylhydridotris(triphenylphosphine)rhodium(I). Unusual 
MAS sideband intensities in second-order NMR spin systems 
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GANG WU, RODERICK E. WASYI.ISIII:N, and RONALD D. CURTIS. Can. J. Chem. 70, 863 (1992). 
The CP/MAS 3 1 ~  NMR spectrum of carbonylhydridotris(triphenylphosphine)rhodim() RhH(CO)(PPh3), ( I ) ,  can 

be described as a tightly coupled ABMX spin system (X = lo3Rh). In contrast to the solution "P NMR spectrum, the 
three equatorial phosphorus nuclei are nonequivalent in the solid state and this structural feature allows us to measure 
the two-bond spin-spin couplings, 'J("P,~'P). A new method is proposed for extracting the principal components of 
the chemical shift tensor from slow MAS NMR spectra in a tightly J-coupled two-spin system. For compound 1, the 
principal components of the "P chemical shift tensors calculated using this method are in good agreement with those 
obtained from NMR spectra of a static sample. The principal components of the "P chemical shift tensors determined 
for 1 are compared with those reported previously for Wilkinson's catalyst, RhCl(PPh,),. The ti2? component of the 3 1 ~  

chemical shift tensors in 1 shows the largest variation with structure. This is ascribed to differences in the orientation of 
the P-C,,,,, bond about the equatorial plane of the trigonal bipyramidal structure. 

Key words: rhodium-phosphine compounds, AB spin system, "P chemical shift tensor, magic-angle spinning, mo- 
lecular structure. 

GANG Wu, RODERICK E. WASYLISI-IEN et RONALD D. CURTIS. Can. J. Chem. 70, 863 (1992) 
On peut dCcrire le spectre RMN CP/MAS du "P du carbonylhydrido (triphCnylphosphine)rhodium(l), RhH(CO)(PPh3)3 

(I) ,  par un systkme de spin ABMX (X = I o 3 ~ h )  fortement couplC. Contrairement a ce qui a CtC observC dans le spectre 
RMN du "P en solution, les trois noyaux des phosphores Cquatoriaux ne sont pas Cquivalents a 1'Ctat solide et cette carac- 
tCristique structurale nous a permis de mesurer les couplages spin-spin 5 travers deux liaisons, ' J (~ 'P ,~ 'P) .  On propose 
une nouvelle mCthode pour extraire les principales composantes du tenseur du dkplacement chimique i partir de spectres 
RMN, mesurCs lentement par la technique de rotation i l'angle technique, dans un systkme J i deux spin couplCs. Pour 
le composC 1, les principales composantes des tenseurs du dCplacement chimique du "P, calculCes par cette mCthode, 
sont en bon accord avec celles obtenues i partir de spectres RMN d'un Cchantillon statique. On a comparC les princi- 
pales composantes des tenseurs du dCplacement chimique du "P du composC 1 avec celles rapportCes antkrieurement 
pour le catalyseur de Wilkinson, RhC1(PPh3),. La composante tiz2 des tenseurs du dCplacement chimique du "P du composC 
1 est celle qui varie le plus avec la structure. On attribue cette propriCtC aux diffkrences dans I'orientation de la liaison 
P-C,,,, autour du plan Cquatorial de la structure trigonale bipyramidale. 

Mots cle's : composCs rhodium-phosphine, systkme de spin AB, tenseur du dkplacement chimique du "P, rotation i 
I'angle technique, structure molCculaire. 

[Traduit par la redaction] 

Introduction 
Carbonylhydridotris(triphenylphosphine)rhodium(I), Rh- 

H(CO)(PPh,), ( I ) ,  is one of the most important commercial 
homogeneous catalysts (1-3). In solution, ,'P NMR studies 
indicate that 1 is capable of undergoing dissociation to gen- 
erate RhH(CO)(PPh,), as indicated in eq. [ J 1. 

The latter species is an active catalyst for alkene hydrogena- 
tion and hydroformylation (4). The dissociation of a tri- 
phenylphosphine ligand from 1 is apparent from ,'P NMR 
ligand exchange studies in toluene solution (5). For exam- 
ple, when a large excess of triphenylphosphine is added to a 
toluene solution of 1 ,  the doublet at 6(,'P) = 39.8 ppm 
( ' J ( ' ~ ~ R ~ , ~ ' P )  = 155 Hz) arising from RhH(CO)(PPh,), 
broadens and shifts to a lower frequency (6( , '~)  = -7.2 ppm 
for free triphenylphosphine ligands). Typical exchange rates 
for dissociation are on the order of 50  s-'  at 25°C for a solu- 
tion containing a 6 :  1 excess of PPh,. The observation of a 
simple doublet in the ,'P NMR spectrum of 1 in toluene so- 

' ~ u t h o r  to whom correspondence may be addressed. 

lution suggests that all three PPh, groups are chemically 
equivalent and that they occupy the equatorial sites of a tri- 
gonal bipyramid as deduced from X-ray diffraction studies 
(6). 

The yellow crystals of RhH(CO)(PPh,), are monoclinic and 
belong to the space group P 2 , / n  (c:,,). Examination of the 
X-ray diffraction results indicates that each of the three PPh, 
ligands is nonequivalent due to slight variations in structure 
(see Fig. 1). One of the primary objectives of the present 
study is to demonstrate that the ,'P cross-polarization (CP) 
magic-angle spinning(MAS) NMR spectrum of 1 is sensi- 
tive to these subtle structural differences. As well, we de- 
scribe a general procedure for analyzing the AB portion of 
a slow MAS NMR spectrum to obtain average principal 
components of the A and B spin chemical shift tensors. The 
CP/MAS ,'P NMR spectrum of 1 is analyzed as the ABM 
portion of a general ABMX spectrum where X = ' O ' R ~  (I = 

2 ) .  The NMR parameters obtained from our solid-state study 
are compared with corresponding solution NMR studies (5) 
and with related solid-state NMR studies on Wilkinson's 
catalyst, RhCl(PPh,), (7). 

Theory 
For an isolated or uncoupled spin- 1 /2  nucleus, it is well- 

known that the analysis of slow MAS NMR spectra is ca- 
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F I G .  1 .  Selected structural parameters of the RhP, moiety in 1 .  
Phosphorus sites are numbered as in ref. 6. 

pable of yielding the principal components of the chemical 
shift (CS) tensor and, hence, the chemical shift anisotropy 
(8- 14). Such techniques are particularly attractive in cases 
where the MAS spectrum consists of several isotropic peaks, 
making the analysis of the corresponding static powder NMR 
spectrum very difficult. The most widely used procedure 
for analyzing slow MAS NMR spectra is the well-known 
Herzfeld-Berger technique (9). In cases where the spin under 
observation is coupled to a heteronuclear spin through di- 
rect dipole-dipole and indirect spin-spin ( J )  interactions, 
the relative intensity of the peaks in the J-coupled multiplet 
in each spinning sideband is modulated by the dipolar and J 
interactions as well as the chemical shift anisotropy (10, 15). 
If the dipolar coupling and the anisotropy in J (AJ) are neg- 
ligible, then the heteronuclear J-coupled multiplet observed 
with MAS NMR will show regular fine structure similar to 
that observed in solution NMR spectra. However, this is not 
generally true if two nuclei are strongly J-coupled, i.e., an 
AB spin pair. In such a case, even if the dipolar coupling and 
A J  are zero, it is still possible to have AB multiplets with 
different relative intensity in each spinning sideband be- 
cause the mixing between the lap) and IPa) states becomes 
orientation dependent in an AB spin system. 

Consider a strongly J-coupled spin pair, A and B, each 
with anisotropic chemical shift and isotropic J coupling (the 
dipolar interaction between the two spins is assumed to be 
negligible). The resulting four transitions, vi, and their rel- 
ative intensities, Pi, are given by eq. [2]: 

where D = [(v, - v,)" ~ ' 1 " ~ .  ~f (OA, +,) and (0,, +,) are 
used to define the orientation of the applied magnetic field 

B, in the principal axis system of the two chemical shield- 
ing tensors, A and B, respectively, then v, and v, are 

[3a] v ,  = v, [  1 - (a, ," sin"" cos2 +, 
+ a,," sin' 0, sin' +, + a,," cos' 0,)] 

+ sin' 8, sin' +, + a,,%os' O n ) ]  

It is clear from eqs. [2] and [3] that because of the term D 
each transition characterizes a more complicated powder line 
shape than that of an isolated nucleus with anisotropic 
chemical shift. Therefore, the previous method of analyz- 
ing spinning sidebands in a slow MAS NMR spectrum (9) 
is not directly applicable to a tightly J-coupled AB spin pair, 
since in this case the envelope of spinning sidebands asso- 
ciated with each transition cannot be characterized by three 
distinct principal components of a chemical shift tensor. 

Fortunately, if we take the average of the four transitions 
in eq. [2], the term D can be removed and the expressions 
of both transition frequency and intensity become very sim- 
ple: 

1 1 
[4a] v,= - ( v ,  + vz + v, + v,) = - ( v ,  + v,) 

4 2 

The transition v, is not observable, but can be easily con- 
structed in a slow MAS NMR spectrum. Its calculated po- 
sition appears at the centre of a J-coupled AB multiplet and 
its intensity is the average of all four peaks. It should be 
noted, however, that the intensity distribution of such con- 
structed spinning sidebands still cannot be characterized by 
a single chemical shift tensor, since each constructed side- 
band equals the average of sidebands due to the two differ- 
ent CS tensors of spin A and B. Only when the magnitudes 
of the principal components of the two CS tensors are ap- 
proximately the same (not necessarily in their orientations) 
can one analyze the constructed sidebands with the usual 
methods (9, 11, 12) and recover the elements of the chem- 
ical shift tensor. 

Theoretical justification of the above procedure can be 
made by applying the Floquet Hamiltonian theory to a ho- 
monuclear spin- 1 /2 pair in rotating solids ( 1  6). Assuming 
that the sample spinning rate is much greater than the iso- 
tropic J coupling between the two nuclei of an AB spin pair, 
one can rewrite eq. 17 in ref. 16 and obtain the intensities 
of the four transitions in the ith order spinning sideband, P', 
as follows (dipolar interactions and AJ are ignored): 

where 
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1 
Y, = - ( 1  - cos* - sin*) 

2 

1 
Yz = - ( I  + cos* + sin*) 

2 

1 
Y 3 = - ( 1  - c o s * + s i n * )  

2 

1 
Y4 = - ( I  + c o s * - s i n * )  

2 

and sin * = J/D. 1; and 1; are the intensities of the ith order 
spinning sideband due to the chemical shift tensors of spin 
A and spin B, respectively, in the absence of any spin-spin 
interaction. From eq. [5], it is easy to show that the average 
intensity of the J-coupled multiplet in the ith order spinning 
sideband becomes independent of the J interaction, i .e . ,  

Furthermore, it is interesting to note in eq. [5] that the rel- 
ative intensity of peaks in the J-coupled multiplet deviates 
from that obtained in solution NMR studies. For example, 
the relative intensity of P I  and P ;  is given as 

P ;  (1 - sin *) (1; + I Q )  - cos * (1; - l k )  - 
[71 - - 

P ;  (1 + sin *)(I; + I;) - cos * (I: - IQ) 

Obviously, if 1; Z l k ,  this ratio is different from (1 - sin 
*)/(I + sin *), which is the ratio expected for an AB spin 
pair in the solution NMR spectrum. 

Inspection of eqs. [5] and [7] reveals the following gen- 
eral features regarding the MAS NMR spectrum of two 
tightly J-coupled spins: (1) the relative intensities of the four 
peaks in an AB multiplet vary depending on the order of the 
spinning sidebands, (2) the relative intensities of the AB 
multiplets become distorted in comparison with those ob- 
tained in solution NMR studies, and (3) only in the case 
where the spinning rate is so  high that all spinning side- 
bands are of negligible intensity (i.e., I, = I, = 1 for the 
isotropic peaks) do the MAS spectra restore the normal AB 
patterns observed in solution. 

Experimental 
Carbonylhydridotris(triphenylphosphine)rhodium(I), 1 ,  was 

purchased from Aldrich Chemical Company and was used for the 
present NMR study without further purification. The yellow crys- 
tals of 1 were ground and packed into a zirconium oxide rotor 
(7 mm 0.d.). Phosphorus-31 CP/MAS NMR spectra were ob- 
tained on a Bruker MSL-200 NMR spectrometer (B, = 4.70 T) 
operating at 81.033 MHz. All spectra were acquired at 20°C with 
high-power proton decoupling during data acquisition. Cross po- 
larization was accomplished under the Hartmann-Hahn match 
condition using 90" pulses of 4 FS. Typical values of the contact 
time were 2-5 ms and the recycle time was 10 s. Sample spinning 
rates ranged from 2 to 4 kHz. The magic angle was adjusted by 
examining the 7 9 ~ r  NMR signal of KBr (17). All "P spectra were 
referenced to 85% H3P04(aq) by using solid NH4H2P04 as a sec- 
ondary reference. The latter compound has a chemical shift of 
+0.81 ppm with respect to 85% H,P04(aq). The acquisition time 
was 106 ms and the 8 K FID was zero-filled to 16 K prior to Fourier 
transformation. The line widths at half-height in the MAS NMR 
spectra were approximately 25 Hz. No improvement in the line 
width was observed by using longer acquisition times. 

The static "P NMR spectrum of a powdered sample of 1 was 
obtained on a Varian Unity-400 NMR spectrometer (B, = 9.40 T) 
using a slightly modified Varian 7-mm MAS probehead. Proton and 
phosphorus 90" pulse lengths for cross polarization were 5 FS with 
a decoupling field strength in excess of 90 kHz. The contact time 
was 2.5 ms with an acquisition time of 35 ms and a recycle time 
of 20 s.  The audiofrequency filters were opened to their maxi- 
mum values, 100 kHz, in order to observe the ''P NMR signal ap- 
proximately 12 FS after the cross-polarization period. This was 
found to help alleviate spectral distortions associated with a loss of 
information in the first few data points. A sensitivity enhancement 
corresponding to 50 Hz of line broadening was applied to the FID -. 

prior to Fourier transformation. 
The phosphorus-31 NMR spectrum of a toluene solution of 1 

(50 rng in 2.0 mL) was obtained at 146.12 MHz on a Nicolet 360 
NB NMR spectrometer with broadband proton decoupling. The 
solution sample was prepared under a nitrogen environment and 
sealed in a 10-mm NMR tube. The NMR spectrum was recorded 
at room temperature (20°C) and was referenced to external 85% 
H,PO,(aq). 

Simulation of the isotropic portion of the MAS NMR spectra was 
accomplished by the LAME8 program (18). All the spinning side- 
band analyses were performed using a Simplex, program based on 
the Herzfeld-Berger method (9). The static powder line shape was 
calculated by simply overlapping three independent CS powder 
patterns. 

Results and discussion 
The 3 ' ~  CP/MAS NMR spectra of 1 is shown in Fig. 2. 

The presence of intense first and second-order spinning sid- 
ebands indicates that the 3 1 ~  chemical shift anisotropies are 
large compared with the sample spinning frequency, 4.0 kHz. 
The isotropic portion of the 3 1 ~  CP/MAS spectrum of 1 is 
given in Fig. 3a.  Since the three 3 1 ~  nuclei are nonequiva- 
lent in the solid state, all the possible J couplings between 
3 1 P - ~ ' P  and 3 1 ~ - ' 0 3 ~ h  are readily resolved in the high-reso- 
lution, solid-state NMR spectrum. The calculated spectrum 
is also shown in Fig. 3b and best-fit parameters are sum- 
marized in Table 1. The resultant pattern suggests an ABMX 
spin system in 1 (A, B, and M represent the three 3 1 ~  nu- 
clei; X = " ' ~ h ) .  The three isotropic chemical shifts were 
determined to be 45.35, 34.34, and 33.84 ppm compared to 
the single chemical shift (41.15 ppm) obtained from a so- 
lution NMR spectrum. The assignment of three phosphorus 
chemical shifts to P1. P2. and P3 shown in Fig. 1 is based .. 
on arguments regarding the relative magnitudes of the prin- 
cipal components of the chemical shift tensors (vide infra). 
It is readily seen from Fig. 3 that, although all the observed 
line positions are well reproduced (rms deviation < 0.8 Hz), 
the intensities of the outer peaks of the AB portion in the 
simulated spectrum are significantly smaller than the ob- 
served intensities. As discussed in the theory section, this is 
due to the strong J coupling and the orientation-dependent 
chemical shifts in the solid state, so  that the AB pattern in 
the MAS spectrum of 1 differs from that expected in solu- 
tion. 

The one-bond ' 0 3 ~ h - 3 1 ~  coupling constants , ' J ( ~ ~ ~ R ~ , ~ ' P ) ,  
in 1 fall in the normal range reported for related rhodium(1) 
compounds (1 9 ,  20) and agree well with the value observed 
for the same compound in toluene solution. The three es- 
sentially equal ' J ( " ~ R ~ , ~ ' P )  values confirm that 
the three phosphorus atoms are at equatorial sites, since 
' J ( ' ~ ~ R ~ , ~ ' P , , )  has been found to be smaller than ' J ( " ~ R ~ ,  
3 1 PC,) (19). Following previous solution NMR investiga- 
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FIG. 2. The CP/MAS "P NMR spectrum of 1 .  Sample spinning frequency was 4.0 kHz. The orders of the spinning sidebands are 
numbered by the usual convention, i.e., positive signs refer to the low-frequency sidebands relative to the isotropic peaks. A small im- 
purity peak is indicated by *. 

tions of rhodium(1) complexes (2 1 ) , the sign of 'J ('O3~h,''P) 
in 1 is assigned as negative. 

Since the three tri hen 1 hos hine ligands in 1 are 
31' yl equivalent in solution, -J(  P, P) cannot be measured. The 

values of 'J("P,"P) in solid 1 are comparable to those re- 
ported for five-coordinate rhodium(1) compounds (22). This 
two-bond coupling was intermediate between the magni- 
tudes of 'J ( 3 1 ~ , 3 1 ~ ) , , ,  and 'J (3'~,31~),, , , , ,  reported for four- 
coordinate rhodium(1) compounds (19, 20) where 'J("P,~'P),,, 
< ' J (~~P,~~P) , , , , , , .  Similar to the discussion of ' J ( ' ~ ~ R ~ , ~ ' P ) ,  
the values of 'J("P,"P) also provide evidence that the three 
phosphorus atoms are at approximately equivalent equato- 
rial sites; otherwise a much smaller ' J ( ~ ' P , ~ ~ P ) ,  character- 
istic of a 'J(~'P,,,"P,,), would be observed (23). The sign 
of ' J (~ 'P ,~ 'P)  was assumed to be positive (19), although no 
difference could be introduced in the simulated spectrum by 
varying the relative sign of 'J("P,~'P) and ' J ( " ~ R ~ , ~ ~ P ) .  

In addition to the isotropic peaks, several spinning side- 
bands also appear in the MAS NMR spectrum of 1, as shown 
in Fig. 2. Inspection of the relative intensities of the J-cou- 
pled multiplet in each spinning sideband indicates that both 
heteronuclear ( 1 0 3 ~ h , 3 ' ~ )  and homonuclear ( 3 ' ~ , 3 1 ~ )  dipolar 
interactions are small. Based on the X-ray crystal structure 
( 6 ) ,  the direct dipolar coupling constants 

are as follows: I.,,, 5 125 Hz and 'R,-, 5 325 Hz. These 
values are small with respect to the sample spinning fre- 
quency (ca. 4 kHz), confirming that the relative intensities 
of the spinning sidebands are primarily governed by the an- 
isotropic chemical shift and the JAB coupling. 

Unusual AB patterns also appear in the different order 
spinning sidebands as observed in the isotropic part of the 
slow MAS NMR spectrum. In Fig. 4 several spinning side- 

bands are shown for easy comparison. It is clear that the 
relative intensities of peaks within the high-frequency mul- 
tiplet (M spin) remain essentially unchanged in the different 
order spinning sidebands, while the relative intensities of 
peaks within the AB part vary dramatically.' 

It is straightforward to recover the principal components 
of the CS tensor for the M spin. The relative intensities of 
the central peak of the high-frequency triplet were mea- 
sured at three different sample spinning rates and the three 
principal components of the CS tensor were obtained by 
implementing the Herzfeld-Berger method (9). For the A and 
B spins, the intensity of the AB multiplet due to the strong 
3 1 

P - ~ I P  J coupling was averaged in each spinning sideband, 
as described in the theory section. Assuming that the chem- 
ical shift anisotropies at the two tightly J-coupled spins are 
approximately the same, the principal components of the two 
CS tensors can be recovered by using the averaged intensi- 
ties. If the two CS tensors differ, then the averaged princi- 
pal components are obtained, provided that the difference 
between the corresponding principal components of the two 
CS tensors is small compared to their anisotropies. 

The principal components of phosphorus CS tensors in 1, 
obtained from analysis of the MAS NMR spectrum, are given 
in Table 2. To confirm the accuracy of these values, a static 
powder spectrum was obtained at a high magnetic field (Bo 
= 9.40 T). Analysis of the static powder spectrum (shown 
in Fig. 5 a )  permits the determination of the principal com- 
ponents for all three 3 1 ~  chemical shift tensors in 1. Since the 
dipolar couplings and J couplings (ca. 150 Hz) are much 

'1n fact, the relative intensities of peaks within the M-spin mul- 
tiplet do change very slightly, presumably due to the small devia- 
tion from first-order J coupling between the M spin and the other 
two spins, or due to the residual homonuclear dipolar interactions 
among the "P nuclei in 1. 
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These features may be attributed to the second-order J cou- 
pling effect between PI and P3, or to the homonuclear di- 
polar coupling between the three "P nuclei. Nonetheless, the 
effect is small and does not influence the determination of 
the principal coinponents in the present case. The results 
obtained from analysis of the static powder line shape (also 
shown in Table 2) clearly indicate that analysis of the MAS 
NMR spectrum gives reasonable estimates of the principal 
coinponents for P2 (M spin), while for PI  and P3 (A and B 
spins) it yields the averaged values of the corresponding 
principal components. Also, it is clear that the principal 
components of the CS tensors for PI  and P3 differ by less 
than 15 ppm. 

In Table 2 the values of the chemical shift anisotropy (AS 
= S , ,  - 63,) observed for the three "P nuclei of 1 are com- 
parable to those reported previously (7) for the mutually trans 
phosphorus nuclei in the approximately square planar 
RhCl(PPh,),, Wilkinson's catalyst, the only rhodium- 
phosphine complex for which complete 3 1 ~  shielding data are 
available (24). It is interesting to note that the variation of 
the 63, components of the three "P chemical shift tensors in 
1 is relatively small: furthermore, the three S,, components 
in 1 are similar to the corresponding components at the mu- 
tually trans "P nuclei in RhCl(PPh,),. Since the orientation 
of S,, has been determined to be almost parallel to the IU-P 
bond in RhCI(PPh,), (7), it is reasonable to expect that S3, 

h of the 3 1 ~  chemical shift tensor also lies along the IU-P bond 

FIG. 3. ( a )  The isotropic part of the CP/MAS "P NMR spec- 
trum of 1. (6 )  Calculated spectrum with parameters given in Table 
1. A Lorentzian line shape with the half-height width of 20 Hz was 
used. 

smaller than the chemical shift anisotropies in Hz (Av = v , ,  
- v,, - 24 kHz at B, = 9.40 T),  it is reasonable to analyze 
the static powder line shape by simple overlapping of the 
three independent chemical shift powder patterns. The cal- 
culated 3 ' ~  NMR static powder line shape is also shown in 
Fig. 5b. It is evident that all of the main shoulders of the 
experimental line shape are reproduced in the calculated 
spectrum. The anomalous features at the low-frequency end 
of the static line shape were also observed at B, = 4.70 T .  

for each 3 1 ~  nucleus in 1. Thus, the chernicay shieldings along 
the Rh-P bond in compound 1 are probably similar to those 
at the two mutually trans phosphorus nuclei in RhC1(PPh3),. 
Also, the three S , ,  components in 1 have approximately the 
same values as those of the mutually trans 3 1 ~  nuclei in 
RhCl(PPh,),. 

In contrast to S, ,  and S3,, the S,, component of the ,'P CS 
tensors in 1 shows large variations and all three 6,, compo- 
nents deviate from the corresponding values in RhCI(PPh,),. 
From Table 2 it is readily seen that the unique high-fre- 
quency isotropic chemical shift at P2  in 1 is mainly due to 
the significant deshielding of the S,, component. From a so- 
lution "P NMR study, significantly different isotropic 
chemical shifts have been found in different conformers as- 
sociated with rotation of the phenyl groups about the Rh-P 
bond in trans-[RhX(CO)L,] complexes ( X  = halogen; L = 
tertiary phosphine) (25). Therefore, two distinct isotropic 
shifts (ca. 45 and 34 ppm) observed in 1 may also reflect the 
local orientation of the phenyl groups with respect to the tri- 
gonal bipyramidal structure in the solid state. Since the unique 

TABLE 1. Best-fit parameters from the "P CP/MAS NMR spectrum of RhH(CO)(PPh,)," 

Isotropic chemical ~ h i f t " ~ ~ r n )  

Coupling constant,'J (Hz) 

' J ( ' ~ ' R ~ , " P ~ )  = - 156, ' J ( ' ~ ' % ~ , " P ~ )  = - 154, 1 ~ ( 1 0 3 ~ h , 3 1 ~ , )  = - 156 
'J('~P,,' 'P~) = + 109, 'J("P,,"P~) = +113, 'J("P~,"P~) = + 11 1 

"The "P{'H} NMR spectrum of 1 in toluene solution at room temperature consists of a doublet arising 
from the coupling of three "P nuclei with "'Rh nucleus (8 = 41.15 ppm, lJ(l"'Rh,"P) = 154 Hz). 

"he estimated error in the chemical shifts is k 0 . 1 2  ppm. 
'The estimated error in the spin-spin coupling constants is 2 5  Hz. 
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FIG. 4. Selected spinning sidebands from the slow MAS NMR spectrum of 1. The vertical scale of the +2  spinning sideband has been 
expanded by a factor of two. 

TABLE 2. Principal components of the "P chemical shift tensors in RhH(CO)(PPh,), 
and RhCI(PPh3)3 

RhH(CO)(PPh,), 
RhCI(PPh3)3 

MAS" Staticb Single crystal' 

"All princ~pal components are In ppm and estimated errors are less than 2 5  ppm. 
'All princ~pal components are In ppm and estimated errors are 2 2  ppm. 
' From ref 7 

isotropic shift at 45.15 ppm results from deshielding of the tensors at PI and P3 are similar, the assignment of PI and 
6,? component that is perpendicular to the Rh-P bond, it is P3 remains ambiguous. 
reasonable to associate the variations in 6 2 2  with the differ- It is worth noting that in a recent "P NMR study of a se- 
ent orientations of the P-C,,,, bonds at each of the three ries of solid cyclic and acyclic phosphorus-metal com- . . 

phosphorus sites. This argument is supported by the X-ray plexes, 6,, was reported to be much more sensitive to the 
crystal structure of 1 where the dihedral angles of local geometry at the phosphorus atoms than E l ,  and 6,, (26). 
(OC)-Rh-P-C,p,, for the three phosphorus sites are Similarly, we have found evidence that the component 
PI(-64, +55, + 176), P2(+7, + 129, - 112), and P3(- 177, of the 3 1 ~  chemical shift tensors in 1 is sensitive to the local 
-54, +64) (6). The relative orientation of the phenyl goups orientation of the phenyl groups. However, work on "P 
is unique at P2. Since the principal components of the P CS chemical shielding in phosphine-metal complexes is just 
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FIG. 5. ( a )  Observed static powder spectrum of 1 at B, = 
9.40 T.  (6) Calculated static powder line shape of 1 using the pa- 
rameters listed in Table 2. 

beginning and details of how the principal components of 
chemical shift tensors correlate with the structural parame- 
ters are still not fully understood. Therefore, our assign- 
ment must be regarded as tentative. Further investigations 
of phosphorus shift tensors in metal phosphine compounds 
are in progress in our laboratory. 

Summary 
We have shown that the relative intensities of the NMR 

transitions observed for tightly coupled spin systems in the 
high-resolution MAS NMR spectra of solids do not corre- 
spond to those calculated using the conventional high-reso- 
lution Hamiltonian applicable to second-order spectra in 
isotropic solutions. The Herzfeld-Berger method cannot be 
used directly to recover the principal components of a 
chemical shift tensor when one of the spins is a part of an AB 
spin system. Here, we have proposed and successfully ap- 
plied a simple procedure to recover the average ,'P chemi- 
cal shift tensors for the AB spin pair in RhH(CO)(PPh,),. The 
6 , ,  and 6,, components are similar to those obtained for the 
two mutually trans 3 1 ~  nuclei in the square planar complex, 
RhCl(PPh,),. The intermediate components of the , 'P 
chemical shift tensors in RhH(CO)(PPh,),, RhCI(PPh,),, and 
related compounds (26) show the largest variation with mo- 
lecular structure and it is this component that is mainly re- 
sponsible for variations of 6,,, in these compounds. 

obtain "P NMR spectra of 1 at 9.40 T,  and Dr. F. Morin, 
McGill University, for obtaining "P NMR spectra at 
7.05 T.  Finally, we thank Professors T. S .  Cameron and 0 .  
Knop for helpful discussions concerning the reported X-ray 
results of con~pound 1. 
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Modelisation de la bromation au moyen de TBABr, de matrices organiques 
complexes : suivi de la bromation de carbazoles a l'aide de la voltamperometrie 

et de la chromatographie liquide hautes performances 
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Laboratoire de Chirnie Orgnnique Str~tcfitrnle, Unit6 de recherche ctssocic;e no 455 Urliversitk P. ot M .  Curie, 

4 Place Jus.sieu, 75230 Paris C ~ E X  05,  Frernce 
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ANNIE DESBENE-MONVERNAY, OUZAMA KARAZOUN, JACQUES BERTHELOT et PAUL-LOUIS DESBENE. Can. J .  Chem. 70, 
870 (1992). 

En vue de determiner le degre de substitution de matrices con~plexes, la bromation de differents carbazoles par le tri- 
bromure de tetrabutylammoniunl a it6 envisagee en tant que modkle de reaction de substitution. Elle nous a permis de 
tester la validite d'une methode de dosage voltampCromttrique des ions tribromures et des espkces IibCrCes, les ions Br- 
et H'. Les resultats obtenus pour differents rapports substrat/rCactif sont en excellent accord avec ceux obtenus en 
chromatographie liquide hautes performances. La technique Clectrochimique constitue une methode fiable, rapide et facile 

mettre en oeuvre pour suivre la cinetique de la bromation ou determiner le degre de substitution de matrices orga- 
niques complexes. 

Mots clPs : bromation, tribromure de tCtrabutylammonium, dosage voltampCron~Ctrique (Br,-, Br-, H+), degre de 
substitution. 

ANNIE DESBENE-MONVERNAY, OUZAMA KARAZOUN, JACQUES BERTHELOT, and PAUL-LOUIS DESBENE. Can. J. Chem. 70, 
870 (1992). 

To determine the degree of substitution of complex matrices, the bromination of various carbazoles by tetrabutylam- 
monium tribromide has been used as a model of a substitution reaction. This has allowed us to test the validity of the 
voltamperometric titration of tribromide ions and species formed (Br- and H+ ions). The results obtained for various 
substrate/reagent ratios are in excellent agreement with those of high performance liquid chromatography. The electro- 
chemical titration can be considered as reliable, fast, and very easy to use. It permits us to follow the bromination ki- 
netics and to determine the degree of substitution of complex organic matrices. 

Key words: bromination, tetrabutylanlmonium tribromide, voltamperometric titration (Br3-, Br-, H'), degree of 
substitution. 

Introduction de compose offrant l'avantage de presenter plusieurs sites 

Le tribromure de tetrabutylammonium (TBABr,) a dCja 
CtC utilisC comme nouvel agent de bromation des doubles et 
triples liaisons (1, 2) ainsi que comme reactif pour substi- 
tuer un atome de  broine a un hydrogkne dans les aroma- 
tiques actives (phenols (3) et amines (4)). Les avantages de  
TBABr, comme rCactif de bromation sont nombreux : ca- 
ractkre non toxique et non corrosif; composC trks stable a 
degrC de brome constant; produit donnant lieu a une reaction 
douce, a temperature ordinaire. 

Par ailleurs le dosage des ions Br,- et Br-, mis au point 
dans le cas de  la bromation d'alcknes ( 5 ,  6), a permis 
d'apprehender pour la premikre fois I'indice de brome d'un 
milieu complexe : les residus lourds des petroles (7). 

Afin de poursuivre notre modClisation de la bromation par 
TBABr, de  cette matrice organique complexe, I'usage de ce 
reactif, associk 5 la technique de dosage Clectrochimique 
prCcCdemment ClaborCe, est maintenant applique a une 
reaction de substitution, la bromation de carbazoles, ce type 

' ~ u t e u r  2 qui adresser toute correspondance 
Printed in Canada 

d'attaque Clectrophile. 
Le degrk de  substitution dCterminC Clectrochimiquement 

est compare avec celui obtenu en chromatographie liquide a 
hautes performances, technique qui permet en outre de 
preciser le nombre, la nature et les proportions des com- 
poses formes. 

Partie experimentale 

RPactifs 
Un certain nombre des composes etudies sont des produits 

commerciaux utilises directement : c'est le cas du perchlorate de 
tCtrabutylanlnlonium (TBAP) puriss Fluka, du bromure et du tri- 
bromure de tetrabutylammonium (TBABr et TBABr,) Janssen 
Chimica et de l'acide perchlorique normapur 70% Prolabo. Le 
carbazole, le N-ethyl-carbazole et le N-ethyl, 3-carboxaldehyde- 
carbazole provenant de chez Aldrich ont etC recristallists avant 
usage. Le N-methyl, le 3-chloro, le 3-bromo, le 3,6-dibromo et le 
3,6-dichloro-carbazoles ont Cte synthetises selon le processus decrit 
dans la reference 8. 

En ce qui concerne les solvants, le chlorofom~e Spectrosol SDS, 
l'acetonitrile, le nitromethane, le dimethylformamide et le 
dimethylsulfoxyde, qui sont de qualit6 spectroscopique et pro- 
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DESBENE-MONVERNAY ET AL. 87 1 

viennent de chez Aldrich, ont CtC utilisCs sans purification ultCrieure. 
Le carbonate de propylene Aldrich a CtC distill6 sous vide avant 
usage. Enfin pour la chromatographie liquide nous avons utilisC du 
n-heptane et de l'acCtate d'Cthyle Chromasol SDS. 

~lectrochirrzie 
L'Ctude voltampCromCtrique a CtC effectuCe 5 l'aide d'Clectrodes 

a disque de Pt (diamktre = 2 mm), Au (diametre = 5 mm) et C 
Vitreux (diametre = 3 mm), de type Tacussel EM-EDI, com- 
mandCes par une unit6 d'asservissement Contravit Tacussel et 
tournant a la vitesse de 500 t/min. La cellule contenant 25 mL de 
solvant 0 , l  M en perchlorate de tCtrabutylammonium comprend, 
outre I'Clectrode tournante, une grille de Pt cylindrique comme 
electrode auxiliaire et se trouve relike par l'intermkdiaire d'un pont 
Clectrolytique a une electrode de rCfCrence de type Ag-Ag' 
lo-' M dans I'acCtronitrile. 

Les courbes i-E enregistrkes a l'aide d'une table traFante Ifelec 
(IF 3802) ont CtC obtenues avec un potentiostat Par EGG 173 pi- 
lot6 par un gCnCrateur de signaux Par EGG 175. 

Bromatiorz 
La bromation des composCs a CtC rCalisCe a tempCrature am- 

biante en faisant rCagir sous agitation magnCtique 5 mL d'une so- 
lution de chloroforme contenant 0,5 mmol de carbazole avec 
5 mL d'une solution de chloroforme O,1 M en TBABr,. Les prises 
d'essais, opCrCes a la seringue (250 pL), ont Cte transfCrCes di- 
rectement du mClange rkactionnel dans la cellule Clectrochimique. 

Les produits de bromation du carbazole, 3-bromo et 3,6-di- 
bromo carbazole ont CtC identifiCs par comparaison de leurs carac- 
tkristiques physiques (point de fusion) et spectrales (IR, RMN 'H 
et masse) avec celles d'un Cchantillon authentique. 

Chromatographie 
L'analyse du milieu rkctionnel a CtC effectuCe en chromatogra- 

phie de partage en phase normale sur une installation Beckman 
comportant deux pompes 112 gCrCes par un controleur modkle 421, 
un injecteur Altex CquipC d'une boucle de 20 p.L et un dttecteur 
UV modkle 165. La sCparation des carbazoles est obtenue en moins 
de 10 min sur une colonne de silice (300 X 4,6 mm; dp = 7 p.m) 
avec comme phase mobile un mClange n-heptanelacetate d'Cthyle 
85 : 15, et pour un dCbit de 1 mL/min. La longueur d'onde de 
dktection est fixCe 2 254 nm. Dans ces conditions les temps de 
rktention du carbazole, du 3-bromo et du 3,6 dibromo-carbazole 
sont respectivement de 4,8, 6,O et 8,O min. 

RQultats et discussion 
TBABr, est un agent de brornation qui peut donner lieu soit 

des rkactions d'addition dans le cas de cornposCs insaturCs : 

soit a des rCactions de substitution sur des cornposCs aro- 
rnatiques : 

x TBABr, + substrat + x TBABr + substrat bromC + x HBr 
(x  fois) 

Dans les reactions d'addition il y a libkration d'un ion Br- 
par double liaison ou par ion Br,- consornrnC, alors que pour 
les rCactions de substitution il se forrne deux ions Br- pour 
un atorne de brorne fix6 ou encore pour un ion tribrornure 
disparu. De plus, dans ce demier cas, chaque atorne de brorne 
fix6 se substitue a un atorne d'hydrogene entrainant l'appa- 
ntion d'un proton en solution. Aussi le dosage des ions Br,-, 
Br- et H' doit-il permettre de suivre la rCaction de substi- 
tution lors de la brornation par TBABr, de cornposCs aro- 
rnatiques. En outre, dans le cas plus cornplexe d'une 
cornpCtition entre les rCactions d'addition et de substitution, 

il apparait possible d'opCrer la discrimination entre ces deux 
types de rkaction. 

~ t u d e  voltampe'rome'trique des espPces conside're'es 
Le cornporternent voltarnCtrique en milieu organique des 

halogknures a CtC considCrC depuis longternps (9), notarn- 
rnent celui des ions qui nous intkressent a savoir, Br- (10- 
12) et Br,- ( 1  1 ,  13). Afin d'optirniser le dosage de ces ions 
au sein de matrices complexes, nous avons reconsidtrC leur 
cornporternent en voltarnktrie stationnaire, dans plusieurs 
solvants organiques, en opCrant avec des rnicroClectrodes 
tournantes de Pt, d'Au et de C vitreux. Les courbes inten- 
site-potentiel obtenues dans I'acCtonitrile avec ces diffkrents 
rnatkriaux d'klectrode sont representees sur la figure 1 pour 
le brornure de tCtrabutylarnrnoniurn (TBABr) et le tribro- 
rnure de tCtrabutylarnrnonium (TBABr,). C'est avec une 
Clectrode a disque de Pt, qui prCsente le dornaine d'klectro- 
activitC le plus Ctendu et le courant rCsiduel le plus faible, que 
les vagues sont les rnieux dCfinies et les processus d'oxydo- 
rCduction : 

les plus reversibles. 
Par ailleurs la hauteur des paliers de diffusion est propor- 

tionnelle a la concentration en ion pour les diffkrentes vagues 
I, 11, I' et 11'. Les pentes des droites de calibration qui 
repkentent la sensibilitk S de la rCponse de 1'Clectrode 2 la 
concentration en espkce Clectroactive varient sensiblernent 
d'un rnCtal a l'autre (tableau 1). Le Pt offre la sensibilitC 
maximum pour l'oxydation des ions Br- (vagues I et 11) et 
l'oxydation des ions Br,- (vague 11'), tandis que 1'Au est le 
plus favorable pour la rkduction des ions tribrornure (vague 
1'). 

L'influence du solvant sur la sensibilitC de la reponse en 
courant a CtC considCree uniquernent dans le cas du Pt, 
rnatkriau qui offre les rneilleures performances. Le choix des 
solvants est limit6 du fait des conditions a rernplir sirnul- 
tanCrnent : conductivitC ClevCe, caractere aprotique, do- 
rnaine d'ClectroactivitC Ctendu, inertie chirnique vis h vis de 
TBABr,. La nature du solvant influe sur la hauteur des pa- 
liers de diffusion, qui nCanrnoins varie proportionellernent a 
la concentration en espkce Clectroactive dans tous les rni- 
lieux considCrCs. La sensibilitC de la rCponse S evolue avec 
la viscositC (q) du solvant et s'avere maximum dans 
l'acktonitrile (tableau 2). Si on se rCfkre a l'expression du 
courant lirnite atteint en rCgirne stationnaire : 

i, = const. . A  . D 2 / 3  . r n l j 2  . v-1/6. C 
n : nornbres d'Clectrons CchangCs 
A : surface de 1'Clectrode 
w : vitesse de rotation de 1'Clectrode 
D : coefficient de diffusion de l'espece Clectroactive 
C : concentration de l'espkce Clectroactive 
v : viscositC cinkrnatique du milieu 

(v = q/d ;  d : densitC) 

En considkrant D inversernrnent proportionnel a q ,  ce qui 
sernble vCrifiC pour les ions Br- et Br,-, i, s'avere propor- 
tionnel h rl-5/6, ce qui est effectivernent observC (fig. 2). 

Par ailleurs les rkactions de brornation a l'aide de TBABr, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 70, 1992 

FIG. 1 .  Voltammogrammes obtenus sur Clectrode tournante i disque de Pt, Au et C vitreux en milieu CH,CN perchlorate de tetrabu- 
tylammonium (TBAP) 0,I M (o = 500 t/rnin; V = 100 mV/s). ( a )  courbe support; ( 0 )  TBABr 8 X M; (c)  TBABr, 8 X lo-' M. 

TABLEAU 1. Pente des droites de calibrat~on I D  = f(conc) pour mClange rkactionnel dans la cellule Clectrochimique, sans 
diffkrents rnatCriaux d'klectrode diminution considerable du signal relatif a l'oxydation des 

Pente [coefficient 
Ion MatCriau (mA cm-' mmol-' L) de rCgression] 

Br- 

Pt 
Au 

C vitreux 

Br,- 

Pt 
Au 

C vitreux 

Vague I Vague I1 

0,53[0,999] 0,26[0,998] 
0,36[0,999] - 
0,49[0,999] - 

Vague I' Vague 11' 

1,45[0,999] 0,78[0,999] 
1,53[0,999] 0,38[0,995] 
0,53[0,997] 0,67[0,999] 

sont effectuCes prkferentiellement dans le chloroforme, oii 
elles sont rapides et totales. Malheureusement ce solvant de 

I faible constante diklectrique, solubilisant ma1 les sels sup- 
ports, est difficilement utilisable en Clectrochimie. Aussi 
avons nous considCrC 1'Cvolution de la sensibilitC de la 
rCponse d'une Clectrode a disque de Pt dans CH,CN en 
fonction de la quantitC de chloroforme ajoutCe (tableau 3). 
On observe une dkcroissance linCaire de la sensibilitC avec 
la concentration en chloroforme pour les vagues I et I f .  
NCanmoins en prksence de 90% de CHC1, la sensibilitC n'est 
divisCe que par 2, ce qui permet des ajouts importants de 

ions B r  et a la rCduction des ions Br,-. 
En conclusion le dosage des ions Br- et Br,- prCsente une 

sensibilitC optimale en milieu CH,CN, avec une Clecbode de 
Pt. I1 est a souligner que la prCsence d'oxygkne ne modifie 
pas les diffkrentes vagues considCrCes et que le dosage peut 
avoir lieu sous air. Par contre 1'Ctat de surface de 1'Clectrode 
et le sens de balayage du potentiel influent de f a ~ o n  sensi- 
ble sur l'allure, la position et la hauteur de la vague de 
rCduction des ions tribromures et doivent &tre contr6lCs. 

En ce qui concerne les carbazoles, ils s'oxydent dans les 
m&mes conditions d'analyse aux environs de 1 volt, des 
potentiels qui varient 1Cgkrement en fonction de leur struc- 
ture (tableau 4). Le potentiel de demi-vague des carbazoles 
augmente dans l'ordre N-alkyl carbazol;, carbazole, 3-ha- 
logCnocarbazole, carbazoles 3,9-disubstituks et carbazoles 
3,6-disubstituCs, c'est a dire avec le caractkre inductif ac- 
cepteur du ou des substituants. L'oxydation du carbazole est 
reprCsentCe a titre d'exemple sur la figure 3a. 

Quant aux protons, ils prksentent une vague de rCduction 
caractCrisCe par un potentiel de demi-vague de -200 mV/ 
Ag-Ag' (Fig. 3c), qui se dCplace vers les potentiels plus 
nCgatifs en presence d'ions tribromures. Ainsi pour les car- 
bazoles disubstituks il est impossible d'opCrer une quantifi- 
cation a partir du signal obtenu en rCduction. 

La courbe intensitk-potentiel obtenue aprks bromation du 

TABLEAU 2. Pente des droites de calibration iD = f(conc) dans diffCrents solvants 

Pente (FA mmol-' L) [coefficient de rCgression] 
TBABr TBABr, 

Solvant E25"C PC Vague I Vague 11 Vague 1' Vague 11' 

AcCtonitrile 38,O 0,37 17,5[0,999] 8,7[0,995] 40,0[0,999] 23,0[0,999] 
Nitromethane 35,9 0,67 12,5[0,999] 6,010,9971 30,0[0,999] 14,5[0,999] 
Dimkthylformamide 36,7 0,90 9,0[0,999] - 17,5[0,999] 13,0[0,994] 
DimCthylsulfoxyde 46,5 2,24 7,5[0,999] - 12,5[0,999] 
Carbonate de propylkne 69,O 2,5 5,0[0,9911 3,0[0,991] 8,5[0,998] 7,5[0,986] 
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ACN 

FIG. 2.  Variation de la sensibilitk de la reponse d'une Clectrode 
de Pt (S) i I'oxydation des ions Br- (a) et ii la rkduction des ions 
B r ,  (b) en fonction de la viscositk (7) du solvant. 

FIG. 3. Voltammogrammes obtenus sur Clectrode tournante i 
disque de Pt en milieu CHICN + TBAP O , 1  M (o = 500 t/min; V 
= 100 mV/s). (a) carbazole 1,5 X lo-) M; (b) mklange rkactionnel 
(carbazole 5 X lo-' M + TBABrl 5 X lo-' M) (250 kL) aprirs 
3 min de rCaction; (c) HC10,0,95 X M. 

carbazole par TBABr, est representee sur la figure 36. 
L'ttude voltampCromCtrique des differentes especes mises 
en jeu permet a partir d'une telle courbe d'evaluer le degre 
d'avancement de la reaction de substitution d'un atome 
d'hydrogkne par un atome de brome en exploitant : (i) 
1'Cvolution de la vague de reduction de Br,- (I1), qui dimi- 
nue au fur et B mesure de la consommation du reactif 
TBABr,; (ii) 1'Cvolution de la vague d'oxydation de Br- (I), 
qui augmente lors de la liberation d'ions Br- a raison de 2 
Br- formes par Br3- consomme; (iii) l'evolution de la vague 
de reduction des ions H+ (111), qui sont libCrCs a la suite de 

la substitution sur le substrat d'un atome d'hydrogkne par un 
atome de brome. 

La vague situee B +700 m ~ / ~ g - A g '  qui rCsulte des 
vagues d'oxydation de Br,- (11') et de Br- (II), s'avere moins 
nette pour les composCs s'oxydant plus facilement, c'est B 
dire les carbazoles N-alkyl substitues. Elle peut nkanmoins 
&tre utilisee pour determiner la teneur en ions tribromure dans 
les cas delicats, oh la vague de reduction des protons in- 
terfere avec celle des ions Br,-, comme c'est le cas notam- 
ment avec les carbazoles disubstitues. 

Bromatior~ des car-bazoles 
La bromation des carbazoles par TBABr, a CtC rCalisee 

dans le chloroforme, solvant donnant des reactions rapides 
et completes. Les resultats obtenus en voltampCromCtrie avec 
des carbazoles differemment substituks sont rassemblks dans 
le tableau 4.  

En ce qui concerne le carbazole, il ressort que : 
(i)  La reaction du carbazole avec TBABr, en melange 

equimoltculaire ( lo- '  M) est une reaction quasi instantanee 
et totale con~parable ?I celle des amines arohatiques (4). 

(ii) Pour deux Cquivalents de TBABr,, la bromation est 
rapide mais pas tout B fait totale puisqu'il reste 13% de reactif. 
Une evolution se manifeste aprks une demi-heure, se tra- 
duisant par une diminution des concentrations en ions H' et 
Br-, due vraisemblablement en partie a la liberation de HBr 
dans I'atmosphkre. 

(iii) Avec 3 Cquivalents de TBABr, la reaction de bro- 
mation est rapide mais s'avere limitee ?I la fixation de deux 
atomes de brome par mole de substrat. On note Cgalement 
une diminution des pourcentages en ions H+ et Br- corres- 
pondant a un degagement de HBr, par ailleurs mis en 
evidence par piCgeage et dosage acido basique. 

Pour les carbazoles substitues il s'avere que : 
(i)  La substitution de I'azote par un goupe alkyle (Me ou 

Et) ralentit lkgerement la reaction de bromation par rapport 
au carbazole non substituk puisqu'aprks 3 min i l  reste en- 
core, dans le cas du N-methyl et du N-ethyl carbazole, res- 
pectivement 27 et 24% de tribromure qui n'a pas reagi au lieu 
de 6% dans le cas du carbazole. La reaction apparait cepen- 
dant totale au bout d'une demi-heure. ~ ' a t t a ~ i k  de Br3-, se 
faisant par les atomes de brome terminaux chargCs 
nkgativement (14), est rendue plus difficile dans le cas des 
carbazoles N-alkyl substitues pour lesquels la densite 
Clectronique en position 3 est augmentee. On conqoit que, 
dans de telles conditions, la cinktique de bromation des N- 
alkyl carbazoles soit ralentie par rapport a celle du carba- 
zole. 

(ii) Avec un substituant halogene en position 3, cas du 3- 
chloro ou du 3-bromo carbazole, la bromation du carbazole 
est instantanee et complete. 

(iii) Enfin, la disubstitution en position 3,6 (cas du 3,6- 
dichloro ou du 3,6-dibromo carbazole) et en position 3,9 (cas 
du 9-ethyl 3-formyl carbazole) limite la rCaction de broma- 
tion a environ 15%. 
Ce dernier resultat qui peut paraitre surprenant, les carba- 
zoles, 3,9-disubstitues conservant un hydrogkne en position 
6 degage du point de vue stbique, doit trouver son origine 
au niveau des densites Clectroniques. 

On doit de plus noter que le degre de substitution calculC 
a partir de la concentration en protons (tableau 4 colonne 5) 
est genkralement inferieur a celui determine B partir des ions 
Br- (tableau 4 colonne 9) lui m&me inferieur a celui obtenu 
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TABLEAU 3 .  Pente des droites de calibration i,, =f(conc) dans differents mClanges CH,CN/CHCI, 

Pente (FA mmol-' L) [coefficient de 
TBABr rCgression] 

Pente (FA mmol-' L) [coefficient de 
TBABr, rCgression] 

% CHCI, Vague I Vague I1 % CHCI, Vague I '  Vague 11' 

TABLEAU 4.  Analyse en voltampCromCtrie de la bromation de carbazoles par TBABr, 

Dosages des DegrC de DegrC de 
Potentiel de diffkrentes espkces substitution substitution 
demi-vague Rapport Bilan a partir de a partir de 

El/, TBABrJsubstrat Temps H+" ~ r - " r C  global Br- '  ~ r , - ~  
ComposC (mV/Ag-Agf M/M (min) (%) (%) (%) (%)" (%I 

Carbazole 

NMe carbazole 

NEt carbazole 

3-Cl carbazole 

3-Br carbazole 

3.6-DiCI carbazole 

3,6-DiBr carbazole 

9-Et 3-CHO carbazole 

" [H 'l/ICarb.l,.,,,,,, x 100. 
"[Br-]/[Garb.] ,,,,, ,,, x 100. 
clBr3~l/lCarb.l,.,,,,,k x 100. 
"([Br-]/2 + [Br,-])/[Garb.] ,.,,; ,,,, X 100. 
"[BrC]/2/[Carb.] ,,,,,,,, X 100. 
'([Br,-linitiale - [Br,-])/[Garb.] ,,,,,, ,,, X 100. 
rLes vagues des ions H+ et Br,- sont confondues. 
"% determines 5 partir des vagues d'oxydation (11) et (11'). 

partir des ions tribromures (tableau 4 colonne 10). Ces 
Ccarts s'expliquent principalement par le fait que la vague de 
rCduction des protons se situe a proximite de la vague de 
rCduction des ions Br3- et en raison du degagement de HBr. 

Afin de valider les rCsultats de 1'Ctude Clectrochimique, 
la bromation du carbazole non substituC ii CtC suivie par 
chromatographie liquide a hautes performances. Les courbes 
dlCtalonnage Ctablies, en chromatographie de partage en 

phase normale, pour chacun des composCs ont permis 
l'analyse quantitative du milieu rkactionnel apres bromation 
du carbazole par TBABr, et conduit, pour differents rap- 
ports molaires TBABr,/carbazole, aux resultats rassemblCs 
dans le tableau 5. 

Ces rCsultats appellent les commentaires suivants : 
(i) Dans le cas d'un mClange equimolCculaire, la broma- 

tion est terminCe apres 30 min du fait de la consommation 
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DESBENE-MONVERNAY ET AL 

TABLEAU 5 .  Analyse en chromatographie liquide ii hautes performances de la bromation du car- 
bazole par TBABr, 

% des diffkrents produits" 
Rapport Temps de 

TBABr,/carbazole rCaction Bromo Dibromo substitutionh 
M/M (min) Carbazole carbazole carbazole (%) 

" [Produit]/[carb.] ,.,,, ,,, x 100. 
*(% bromo carbazole) + (2 X % dibromo carbazole) 

TABLEAU 6.  DegrC de substitution du carbazole determine par 
diffkrentes techniques analytiques ii I'issue de sa bromat~on par 

TBABr3 

VoltampCromCtrie 
TBABr3/ 
carbazole ii partir de ii partir de a partir de 

M/M H ' "  ~ r - '  Br3-' CLHP' 

1/1 82 98 100 96 
1 /2 172 188 187 190 
1 / 3  193 191 202 200 

" [H'l/lcarb ],,,,,,,I, x 100 
q 0 , 5  x IBr I/[carb ],.,,,,I, x 100 
[Br,-] consommC/[carb ] ,,,,,,,,, X 100 

"([Bromo carb ]/[carb I,.,,,,,, + 2IDlbromocarb l/lcarb ],.,,,,I,) x 100 

totale de TBABr,, rnais il reste 21% de carbazole. La 
monosubstitution s'avkre rnajoritaire par rapport a la disub- 
stitution. Le degrC de substitution global atteint 96%, en bon 
accord avec ceux dCterrninCs Clectrochimiquernent (cf. ta- 
bleau 4). 

(ii) Pour un melange correspondant a des proportions 
TBABrJcarbazole Cgales a 2 : 1, la rCaction de brornation 
est pratiquement cornplkte, puisqu'il ne subsiste plus qu'une 
faible proportion de carbazole (2%). On observe une faible 
quantite de carbazole monobrornk a cBtC du dibrornocarba- 
zole largement rnajoritaire. Le degrC de substitution s'Cleve 
a 190%, c'est a dire une valeur comparable a celles obte- 
nues a l'aide du dosage Clectrochimique. 

(iii) Avec un gros excks de TBABr, (3 : I),  la brornation 
est totale et conduit exclusivernent au dibrornocarbazole. Le 
degrC de substitution atteint 200%, rtsultat a rapprocher de 
ceux calculCs par la technique Clectrochimique 2 partir de la 
teneur du milieu rkactionnel en ions Br-, Br,- et H'. 

Conclusion 

La bromation du carbazole par TBABr, est une rCaction 
rapide, qui sous certaines conditions peut &tre totale. Elle 
conduit prCfCrentiellernent au dCrivC monosubstitut dans le 
cas d'un melange CquimolCculaire et exclusivernent au 
cornposC disubstituk en prksence d'un excb tgal ou supCrieur 

deux Cquivalents de TBABr,. Les atomes de brorne se fix- 
ent en positions 3 et 6, reconnues depuis longternps cornrne 

Ctant les plus rCactives. En effet les densitCs Clectroniques 
sur le noyau carbazolyle calculCes a l'aide des coefficients 
(c') des orbitales atorniques obtenues 2 partir de la thCorie 
de Hiickel (15) indiquent que les sites rkactifs sont les po- 
sitions l ,  3, 6, 8 et 9 .  

I1 est 5 noter que les positions 1 et 8 sont dCfavorisCes 
stkriquernent. Quant 5 l'azote il doit &tre proton6 par les H' 
IibCres par la rkaction de substitution. Ces deux rernarques 
expliquent que la substitution se lirnite a deux atomes de 
brorne fix& en positions 3 et 6 sur la molCcule de carba- 
zole. 

En prCsence d'un halogene en position 3, la rCaction de 
substitution est Cgalement instantake et totale alors qu'elle 
se trouve ralentie du fait de l'existence d'un groupement al- 
kyle sur l'azote. 

Pour les dCrivts disubstituts son rendernent dirninue et 
s'annule quasiment lorsque les positions 3 et 6 ne sont pas 
disponibles, ce qui confirme que ces p6les 3 et 6 sont bien 
les sites de la substitution Clectrophile. 

D'un point de vue analytique on note un bon accord entre 
l'analyse en chromatographie liquide et les differentes pos- 
sibilitks offertes par les dosages voltarnptrornCtriques pour 
la determination du degrC de substitution (cf. tableau 6). La 
technique Clectrochirnique ne donne pas d'indication sur les 
produits formCs. Elle ne diffkrencie pas la mono, la di, la 
trisubstitution et ne prCcise pas les sites rkactionnels. 
Neanrnoins elle permet de suivre facilement le degrC 
d'avancement de la rkaction de brornation par TBABr, et de 
faire rapidernent un bilan global de la substitution. Rappe- 
lons Cgalement qu'elle est apte a discriminer entre rCaction 
d'addition et de substitution. Aussi cette approche simple, 
d'application gCnCrale, sernble particulikrernent appropriCe 
au cas des matrices complexes pour lesquelles les consti- 
tuants exacts ne sont pas comus et qui ne peuvent donner lieu 
qu'a un bilan global. 

On se propose donc d'appliquer cette rnkthode fiable, 
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876 CAN. J .  CHEM. VOL. 70, 1992 

rapide et facile a rnettre en oeuvre, que constitue la reaction 
de brornation par TBABr, associke au dosage vol- 
tarnpCrornetrique des ions Br,- et Br-, B des cas plus com- 
plexes : cornposCs donnant lieu a la fois 2 des rCactions 
d'addition et de substitution, composes se trouvant au sein 
de matrices complexes, dans la rnesure ou celles-ci ne don- 
nent pas de vagues d'oxydo-rCduction dans le dornaine de 
potentiel [- 1 V; + 1 V], films polyrnkres, dCrives notarn- 
rnent du carbazole, pour preciser, 2 partir du degrt de sub- 
stitution, leur Ctat de reticulation. 
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A stability and equilibrium study on Cd - salicylidene tris(hydroxymethy1) 
methylamine - chloride binary and ternary complexes 

REFAT ABDEL-HAMID' AND MOHAMED T.  EL-HATY' 
Depc~rtrrzer~t of Cherr7istr-y. FCICUIT~ of Scier~c?, So l~ag ,  Egypt 

Rcccivcd Junc 19, 1991 

REFAT ABDEL-HAMID and MOHAMED T .  El.-HATY. Can. J. Chem. 70, 877 (1992) 
Binary and ternary complexes of Cd(ll) with salicylidene tris(hydroxymcthyl) methylaminc and chloride ion at 298 K 

were studied polarographically at I = 0 .  I mol dm-' NaC10, in 30% (v/v) DMF - aqueous medium at pH 10.2. The 
overall formation constants were found to bc, for the binary system, log P I  = 3.55 f 0.03 and log P? = 5.40 + 0.07 
and, for the ternary one, log P I ,  = 7.64 ? 0.06 and log PI?  = 9.56 f 0.06. 

Key war-cls: formation constants, binary and ternary con~plexes of Cd(l1). 

REFAT ABDEL-HAMID et MOI~AMED T.  E~.-HATY. Can. J. Chem. 70, 877 (1992). 
Faisant appel 2 la polarographie et opCrant a 298 K ,  a un pH de 10,2, a I = 0 , l  mol dm-' de NaClO,, dans un milieu 

a 30% (v/v) de DMF/eau, on a Ctudid Ics complcxcs binaires et ternaires du Cd(1l) avec le salicylidkne tris(hydroxymCthy1) 
mCthylamine et I'ion chlorure. On a trouvC que les constantes globales de formation du systeme binaire sont log PI  = 
3 3 5  f 0.03 et log PZ = 5,40 f 0,07 alors que cellcs du systeme ternaire sont log D l ,  = 7,64 -t 0,06 et log D l ?  = 9,56 
-t 0,06. 

Mots c-1i.r : constantes de formation, complexes binaires et ternaire du Cd(I1). 
[Traduit par la rddaction] 

Introduction 

In view of the confusing results of Sreenivasulu et al. (1) 
for the cadmium(I1) - salicylidene tris(hydroxymethy 1) me- 
thylamine binary system in different supporting electrolytes 
it was thought worthwhile to undertake a further polaro- 
graphic study of these complexes using a more sophisti- 
cated computerized analysis (2) for the estimation of the 
stability constants. The investigation was extended to in- 
clude a study of ternary complexes of Cd(I1) with the title 
Schiff base and chloride. 

Experimental 
Salicylidene tris(hydroxymethy1) methylamine was synthesized 

following the method described elsewhere (3), and purified by re- 
peated crystallization from methanol or ethanol (mp 134°C). The 
results of the elemental microanalysis of the compound were in 
agreement with its structure (C,,H,,O,N; calcd.(found)%: C 
58.66(58.72), H 6.7 1 (6.60), N 6.22(6.3 1)). 

. . All reagents used were of analytical (B.D.H. or Merck) grade. 
Fresh 0.10 rnol dm-3 NaC104/30% dimethylformamide - aqueous 
stock solution was prepared by dissolving sodium perchlorate in 
carbon dioxide free bidistilled water. Fresh Schiff base stock so- 
lution (2.00 mol dm-3) was prepared from the fresh electrolyte 
solution (0.10 mol dm-3 NaC10,) on the same day that measure- 
ments were performed. The stock solution (0.10 mol dm-3) of 
cadmium(I1) was prepared using cadmium chloride, and standard- 
ized (4). 

All experiments were performed in 30%(v/v) dimethylform- 
- - , amide - aqueous medium at 298 K.  A 0.01% Triton-XI00 was used . . .  

. .  . 
. . as a maximum suppressor. 

DC and cyclic polarograms were performed using an EG & G 
PAR model 364A polarographic analyzer. The measurements were 
carried out using a conventional three-electrode configuration. An 
EG & G PAR model SMDE 303 mercury-drop system in small 
dropping mode was used as working electrode. The electrode area 
was 1.05 mm2. The reference electrode was a Ag/AgNO, 
(0.01 mol dm-3) electrode in 0.10 mol dm-9 sodium perchlorate/ 
30%(v/v) dimethylformamide - aqueous solution. A 1.0 cm' 

' ~ u t h o r  to whom correspondence may be addressed. 
'Department of Chemistry, Faculty of Science, Aswan, Egypt. 

platinum sheet auxilliary electrode was used throughout. Solu- 
tions were purged with pure nitrogen before measurements and an 
atmosphere of nitrogen was maintained above the working solu- 
tion. 

Calculations were performed using the POLAG computer pro- 
gram on a CROMEMCO CS 500 computer. 

Results and discussion 
The most common method of extracting staSility con- 

stants from polarographic data is that of DeFord and Hume 
(5, 6). The method is based on the following equations: 

where and Ell,(,, are the half-wave potentials for the 
uncomplexed and complexed metal ion, respectively, I,, and 
I,, are the diffusion currents of the uncomplexed and com- 
plexed metal ion, CL is the analytical concentration of the 
ligand, and P, is the overall stability constant of the Nth 
complex. 

If a second ligand is present, the method of Schaap and 
McMasters (7, 8) is used. 

POLAG is a nonlinear least-squares iterative program that 
seeks to minimize U ,  the sum of squares of the residual, i.e., 

K 

where K is the number of data points; Fob, is given by eq. [I.] 
and represents the experimental data; F,,,, is obtained from 
eq. P I .  

A solution of 1.0 mmol dm-' cadmium(I1) in 0.10 mol 
dm-' NaC104/30% dimethylformamide - aqueous medium 
exhibits a reversible cyclic voltammetric two-electron dif- 
fusion-controlled wave at a peak current potential, E,, of 
0.586 volt versus Ag/Ag+. The reduction of Cd(I1) binary 
and ternary complexes of the system under investigation in 
the pH range 7-12 gives a cyclic voltammetric two-electron 
reversible diffusion-controlled wave as revealed from the 
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FIG. 1 .  Distribution diagram for the ternary system. 

TABLE 1.  Cyclic voltammetric data for Cd(I1) - Schiff base bi- 
nary system in 0.1 rnol dm-' NaC104/30%(v/v) DMF - aqueous 
medium at pH 10.2, [Cd(II)] = 1.0 mmol dm-', [Schiff base] = 

0.05 rnol dm-' 

Scan rate -EE - E ;  i', E,  - E p I 2  
(mV S - I )  (V) (V) (FA) (mV) i;/ii 

cyclic voltammetric data obtained (cf. Table 1). These an- 
odic and cathodic peak current potentials, and E",, were 
independent of scan rate (9), - Ep and E, - EPl, were 30 
t 2 and 29 + 2 mV, respectively, and the anodic to ca- 
thodic peak current ratio, i,"/l",, approaches unity. The dif- 
fusion-controlled nature is confirmed by the linear 
dependence of the peak current, i',, on the square root of the 
scan rate, v'12. 
Binary system 

The stability constants of binary complexes of Cd(L1) with 
the title Schiff base were evaluated separately prior to those 
of the ternary complexes. Identical conditions were main- 
tained in both binary and ternary systems. 

I A plot of -Ell, versus log C (logarithm of concentration 
of the Schiff base) gives a smooth curve, suggesting the 
formation of overlapping complexes. The POLAG com- 
puter program data suggest that the most likely model cor- 
responds to the presence of ML and ML, species with overall 
stability constants, log P, of 3.55 f 0.03 and 5.40 t 0.07, 
respectively. These values are in good agreement with those 
previously reported for this system (1). 

TABLE 2. DC polarographic data for the Cd(I1) - Schiff base bi- 
nary and ternary systems in 0.1 rnol dm-' NaC104/30%(v/v) DMF 

- aqueous medium at pH 10.2, [Cd(II)] = 1.0 mmol dm-' 

Binary system 
Ternary system 

-El l?  ld 

[Ligand] -El/? [(I (v) (FA) 
(mol dm-') (v) (FA) [KCI] = 0.1 mol dm-' 

Ternary system 
The ternary system was studied by keeping the concen- 

tration of the weaker ligand (chloride) constant (0.1 rnol 
dm-3) while varying the concentration of the subject Schiff 
base (cf. Table 2).The shift in the half-wave potentials is 
greater in the presence of chloride than in its absence, in- 
dicative of formation of a mixed ligand complex. From the 
data obtained, the most likely model shows the presence of 
both CdLCl and CdLCl, with stability constants, log P I ,  = 
7.64 + 0.06 and log P,, = 9.56 + 0.06, respectively. 

A typical species-distribution graph for the ternary sys- 
tem is shown in Fig. 1. 
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Studies of the effect of hydrogen bonding on the absorption and fluorescence spectra 
of all-trans-retinal at room temperature 
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Received June 18, 1991 

S. ALEX, H. LE THANH, and D. VOCELLE. Can. J .  Chem. 70, 880 (1992). 
Ultraviolet (UV)-visible and fluorescence spectra were obtained for complexes of ATR and TFA at different ratios 

and in four different solvents: hexane, chloroform, dichloromethane, and methanol. In the first three solvents, a large 
excess of TFA generates retinylic cations that absorb from 459 to 600 nm. Also, in CHCI,, Ranian spectroscopy and 
fluorescence indicate that some aggregated species like ATR:(TFA),,, with a A,,,:,, of ca. 470 nm, are present. In meth- 
anol, TFA protonates the solvent and it is CH30+H2 which interacts with ATR so that only blue-shifted H-bonded ATR 
is present. From these results, it is shown that in the tautonieric equilibrium C=O. . .HOOC-(1) = C=O+H. . .-OzC- 
(2), form (I)  is always favored in the ground state whatever the solvent. In the excited state in hexane and in methanol, 
(1) is rapidly transformed into (2). In CH2CI, and CHCI,, this transformation is absent so that there is no energy dissi- 
pation, with the result that the retinal complexes become more unstable. 

Key words: all-tratls-retinal, fluorescence, H-bonds, trifluoroacetic acid, UV-vis spectroscopy. 

S. ALEX, H. LE THANH et D. VOCELLE. Can. J. Chem. 70, 880 (1992). 
Les spectres UV-visible et de fluorescence ont CtC obtenus pour des complexes d'ATR et de TFA a des concentra- 

tions variCes et dans quatre solvants diffkrents : I'hexane, le chloroforme, le dichloromCthane et le methanol. Dans les 
trois premiers solvants, un grand excks de TFA genkre des cations retinyliques qui absorbent de 459 a 600 nm. Aussi, 
dans le CHCI, la spectroscopie Raman et la fluorescence indiquent que des espkces associCes du genre ATR : (TFA),, 
sont prCsentes. Dans le methanol, TFA protonne le solvant et c'est CH30+H2 qui interagit avec ATR de telle sorte que 
seulement de I'ATR lie par des liaisons hydrogknes et absorbant dans le bleu, est present. De ceci, i l  est dCmontrC que 
dans l'equilibre tautomerique C=O. . .HOOC-(I) % C=O+H. . .O,C-(2) ,  la forme (1) est toujours privilCgiCe dans 
1'Ctat fondamental quel que soit le solvant. Dans l'hexane et le methanol, dans I'etat excitk, (1) se transforme rapide- 
ment en (2). Dans le CH2Cl, et CHCl,, cette demikre transformation est absente ce qui empkche la dissipation de I'Cnergie 
absorbCe avec pour consequence de rendre les complexes de retinal plus instables. 

Mots clks : rCtinal tout trans, fluorescence, liaisons hydrogknes, acide trifluoroacCtique, spectroscopie UV-visible. 

Introduction 
This paper relates to room-temperature absorption and 

fluorescence spectra of H-bonded all-trans-retinal (see for- 
mula below), a polyene aldehyde of photochemical interest 
in the field of vision (1, 2, and refs. cited therein). 

It is also important because of the unique properties of the 
electronic excited states of polyene analogs (1-9), proper- 
ties that have often been used by nature in pigments (1, 2). 
For many years, the excited singlet state manifold of retinal 
has provided a challenging system because it can occupy three 
low-lying states (viz. 'B,', 'A,-, and Inn*), which are very 
close in energy (1, 5, 8). Generally speaking, it is admitted 
now that the strongly allowed 'BUC-'A, and the weaker Inn* 
electronic transition re uired a higher energy than the sym- 
metry forbidden 'A[JA, electronic transition (1 ,  4, 8, 9). 
However, there are examples to demonstrate that this rela- 
tive level ordering is dependent on the solvent, the temper- 
ature, and the conformation of retinal (3-6), these confemng 
on this molecule unusual fluorescence properties (1 0- 12). 

Hydrogen-bonding interactions between an acid such as 
trifluoroacetic acid (TFA hereafter) and all-trans-retinal (ATR 
hereafter) can be of different types depending on the polar- 

' ~ u t h o r  to whom correspondence may be addressed. 

ity of the solvents in which the systems are studied and may 
lead to a simple hydrogen bond or (and) a hydrogen-bonded 
ion pair (1 3- 15). In other words, this can be summarized by 
the following tautomeric equilibrium (eq. [ 11) between a 
hydrogen-bonded and a proton transfer complex, written 
using a symbolic notation as: 

C=O . . ..HOOC $ C=OH+. . .-OOC 
[I1 (hydrogen-bonded complex) (hydrogen-bonded ion pair) 

In general, the potential representing the motion of the pro- 
ton betwen the C=O and the -0OC ends is unsymmetrical 
and is regulated by two minima (14). The proton popula- 
tions of these two minima are determined by the acid and base 
strength of the proton donor and acceptor, the polarity of the 
medium, and by other factors such as the specific solvation 
of the species, etc. (14, 15). In addition, these molecules are 
generally differently H-bonded in the ground and in the ex- 
cited states and it is believed that the nature of these H-bonds 
may govern their photochemical behavior. 

To determine the exact nature of these H-bonds in the 
ground and excited states, the absorption and emission spectra 
of all-trans-retinal mixed with increasing amounts of TFA 
were measured in various solvents. This study was carried 
out at room temperature rather than at low temperatures in 
order to provide a model system that can be used to under- 
stand the photochemistry of Schiff bases in visual and bac- 
terial pigments. Also, at this temperature, one can take 
advantage of the fact that all-trans-retinal does not fluo- 
resce unless it is strongly hydrogen-bonded (10, 11) or ag- 
gregated (1 6). 
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Materials and methods 

All-trans-retinal was purchased from Aldrich Chemical Com- 
pany (Milwaukee, Wis.) and used without further purification. All 
solvents were spectrograde (Fisher-Canada, Ont.) and were dried 
over molecular sieves. The formation of the hydrogen-bonded 
system was carried out by simply adding the desired amount of 
trifluoroacetic acid (Aldrich Chemical Company) to the stock so- 
lution of all-trans-retinal dissolved in the proper solvent. In this 
work, the simple association of hydrogen with the oxygen of the 
C=O link in eq. [ I ]  (viz. C=O + HOOC k C=O . . .HOOC) 
was not considered, its association constant K being 5000 M-'  in 
hexane (K has been calculated using the Chignell and Gratzer ap- 
proach (13)). It is worth noting that this reaction is complete as in 
similar H-bonded Schiff bases (17). This was one reason to select 
TFA (pK, = 0.23 in water) since the association ability abides by 
a linear relationship to the pK, of the H-bonder in both states (2, 
9). ATR:TFA complexes with a molecular ratio ranging from 1 : 1 
to 1 :m were made and tested in four solvents, which were hexane 
(C,H,,, dielectric constant D = 1.89), chloroform (CHCI,, D = 
4.81), dichloromethane (CH2C12, D = 9.08), and methanol (MeOH, 
D = 32.80). The initial ATR concentration selected was in the range 
of 2 x lo-' - 2 x M for UV measurements and about ten 
times more dilute for emission measurements. It should be noted 
that a phase separation occurred between hexane and TFA for large 
concentrations of the latter, therefore measurements reported here 
correspond only to the organic phase. No fluorescence is detected 
in chloroform and dichloromethane if the starting ATR concentra- 
tion is below ca. lo-' M and in these solvents the complexes form 
aggregates and (or) carbocations. Time-resolved fluorescence ex- 
periments were also done for an ATR:TFA molecular ratio equal 
to 1 :50 and in the same four solvents using a 45" illumination- 
collection geometry and an average accumulation time of 2 h. 
Raman spectra of these compounds were collected using a 488 nm 
excitation wavelength in order to take advantage of the prereso- 
nance effect. 

The absorption spectra were collected on a Cary 2200 UV-vis- 
ible spectrometer set at a 2-nm resolution. The fluorescence mea- 
surements were acquired on a Perkin-Elmer MPF-44 fluoremeter 
using a 8 nm bandpass slit. The spectra were not corrected for the 
spectral response of the detection system. The fluorescence life- 
time of retinal complexes was measured using Photochemical Re- 
search Associates Inc. International model 3000 fluorescence 
lifetime, single photon counting equipment (PRA, London, Ont.). 
The excitation light was generated by nitrogen flash lamp PRA 
model 510. Fluorescence excitation and emission were detected 
using appropriate band pass interference filters. Data were 
analyzed by a PRA statistical deconvolution program. The Raman 
spectra were recorded on a Spex Triplemate spectrograph coupled 
to an EG & G Princeton Applied Research detector, model 1422, 
and samples were excited with 20 mW of the 488.8 nm laser line 
(Spectra-Physics CW Ar' laser, model 2016). The sealed capil- 
lary was mounted on a thermally regulated sample holder and 
maintained at a temperature of 5°C. The spectra were recorded with 
a 5 cm-' slit width during 15 min. The ATR concentration used for 
these experiments was ca. M. 

Results and discussion 

UV-visible 
UV-visible spectra were obtained for complexes of ATR 

and TFA at different ratios. The spectra of these products 
were collected in four different solvents and the electronic 
transition positions are quoted, vide supra, in Figs. 1 and 2. 
Depending on the nature of the solvent, the complexes are 
differently affected by the hydrogen-bonding agent TFA. 
Two types of results are noted: (i) those obtained in hexane 
and in methanol where the maximum of the absorption band 

Hexane 
ATR / TFA RATIO 

0 I / O  
@ 1/10 
@ I / 100 
@ I /  3000 

FIG. 1. UV-visible spectra of all-trans-retinal (2 x M) 
mixed with various quantities of trifluoroacetic acid in hexane and 
methanol. 

is shifted and the absorbance modified while these two pa- 
rameters remain almost independent of the TFA quantity over 
a wide range of concentrations (see Fig. 1); (ii) those ob- 
tained in dichloromethane and chloroform where the maxi- 
mum of the absorption band is also shifted and the absorbance 
modified but these are a direct function of the TFA concen- 
tration (Fig. 2). 

In hexane and methanol solutions, both the T-T* and the 
n-T* transitions of ATR appear as one band, which is 
centered at ca. 368 nm in hexane and 375 nm in methanol 
(see Fig. 1). In hexane solutions, upon addition of TFA in 
ratios of 1 : 10- 1 : 100 (Fig. l), the band is red shifted to 
402-417 nm. This band must be due to some H-bonded 
complexes of ATR and TFA and the shift is explained by 
a better stabilization of the T* excited state. When a very 
large excess of TFA is used (1 :3000), Fig. 1 shows that the 
spectrum is now composed of at least two bands, the first 
one being ca. 417 nm with an apparent shoulder at 459 nm 
and the second appearing at ca. 600 nm. The band at 
417 nm is attributed to ATR-TFA complexes as previ- 
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Chloroform 
ATR /TFA RATIO 

0 I / o  
Q 1/10 
0 I / I 0 0  
@ 1 / 5 0 0  
0 1 /zoo0 

Dichloromethane 
ATR/TFA RATIO 

0 I / O  
@ 1 / 5 0  
0 I / I00 
@ 1 / 3000 

X (nm) 
FIG. 2. UV-visible spectra of all-trans-retinal (2 X M) 

mixed with various quantities of trifluoroacetic acid in chloroform 
and dichloromethane. 

ously indicated, while the others at ca. 459 and ca. 600 nm 
must be due to protonated forms of ATR. In the 600-nm 
region, the spectra obtained here show a close resem- 
blance to those acquired by Blatz et al. (18, 19) using re- 
tin01 and acids. Hence, the spectral features are assigned to 
cationic forms of retinal since Blatz et nl. (18, 19) in- 
voked the presence of retinylic cationsJo explain the bands 

at ca. 600 nm (viz.: C=C-C=C-CH,). In the present 
study, it is possible to obtain two kinds of charged spe- 
cies. First, by simple protonation of the retinal carboxyl 
function as indicated in eq. [2] and previously in eq. [I],  
where Ret indicates the polyenic part of retinal: 

other resonance forms - ~et-$-OH..  .-O~CCF, 

Being in hexane, the counterion must remain close to the 
retinylic carbocation and thus forms an ion pair that absorbs 
at ca. 459 nm, as seen with protonated Schiff bases (17). 

The second form of protonated retinal could come from a 
reaction of protonated retinal with a trifluoroacetate anion as 
shown in eq. [3]. 

9 
other resonance forms 

This of course follows the same line of reasoning used by 
Blatz et al. (18), who advocated the following reaction (eq. 
[41): 

+ 
Hence, a species like Ret-CH-02CCF3 could also ab- 
sorb at ca. 600 nm since it is structurally close to 
Ret-CH,'. . .-0,C-. It does not preclude the possibility that 
the bands at 459 and 600 nm could belong to the same en- 
tity. However, if this was indeed the case, the fluorescence 
results (see below) would be difficult to explain. As indi- 
cated in Materials and methods, there is a phase separation 
occurring at such a high ratio of TFA and the spectrum was 
taken in the phase containing ATR, TFA, and hexane. 

In methanol, with ratios of 1 : 10 and 1 : 100, the ATR:TFA 
systems present a band at 320 nrn (Fig. 1) that is blue-shifted 
relative to the 375-nm band of ATR. This band must rep- 
resent some H-bonded ATR complexes, but of a different 
kind since it is blue-shifted. Since the hydroxyl function is 
a better acceptor than the oxygen of the carbonyl group, 
methanol must be partly protonated by TFA. This proton- 
ated methanol (CH30+H,) could then form effective H-bonds 
with ATR (viz.: Ret-CHO. . .H,'OCH,). Papanikolas et 
al. (9) noted a similar blue-shifted system in using decatet- 
raenal hydrogen-bonded to hexafluoroisopropyl alcohol, and 
this was explained by a better stabilization of the ground state. 
The shape of the absorption band (see Fig. 1) partly con- 
firms that, as there might exist a better coincidence between 
the n-T" and T-T* electronic transitions, as a conse- 
quence of the well-established blue shift of the n-T* tran- 
sition upon H-bonding (20). 

In the presence of a very large excess of TFA, Fig. 1 shows 
that the band at 320 nm is still there but quite reduced in in- 
tensity and there is a new band at ca. 380 nm, almost coin- 
cidental with the band obtained for retinal alone in methanol. 
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However, this does not seem to be an equilibrium since no 
isobestic point is detected in the spectra. This new band 
probably indicates that the H-bonded retinal is now sur- 
rounded by trifluoroacetate ions; this can be illustrated as 
follows: 

The large excess of TFA must make the presence of its 
anion around the retinal moiety more likely and, in doing so, 
it would neutralize the positive charge on the oxonium ion, 
consequently restoring a kind of "neutral" methanol. That 
this could indeed be the case is inferred by the following 
experiment. When different amounts of water are added to 
the methanolic solutions of ATR and TFA, the spectra are 
altered and a new band grows at 375-380 nm. This means 
that CH,OH,+ is replaced in part by H,O+, which implies that 
retinal is now mostly solvated by neutral methanol mole- 
cules (CH,OH) that are in very large excess compared to the 
water molecules. 

In chloroform, the spectra presented in Fig. 2 show a 
marked similarity to those obtained in hexhe.  Upon addi- 
tion of TFA, a red shift occurs and the band slowly moves 
first to 402 nm (ATR:TFA, 1 : lo), then to 42 1 nm (1 : 500). 
During this red shift the band intensity decreases and broad- 
ens, probably indicating that aggregates are formed. In a very 
large excess of TFA (1 : 2000), as previously seen in hex- 
me, the spectrum exhibits two bands: one at ca. 410 nm with 
a shoulder at 465 nm, the other at 600 nm. The bands at 465 
and 600 nm are ascribed to the same cations as described for 
hexane solutions. 

These similarities between the results obtained in hexane 
and chloroform could be an oversimplification of the results 
in chloroform, which are, in fact, more complex. This stems 
from the following experiment. It is well known that the 
carbon-carbon double-bond stretching mode (vc=,) of ret- 
inal can be related to the wavelength of its electronic tran- 
sition by the following expression (eq. [5]) (21). 

where A,, is the maximum absorption wavelength and v,, 
the carbon-carbon stretching mode frequency observed in 
the Raman spectrum. This equation has already been tested 
by us on similar systems (22). When Raman measurements 
of v,, were conducted on ATR alone in all four solvents 
(hexane, methanol, CHCI,, and CH2C12), the A,,, calcu- 
lated using eq. [5] was the same, within experimental error, 
as those actually found by means of UV-visible spectros- 
copy. The same applies for ATR:TFA complexes in hexane 
and methanol. However, in CHCI,, eq. [5] no longer holds. 
For instance, for a ATR: 50 TFA system, application of eq. 
[5] gives a A,,, of ca. 470 nm, which does not correspond 
with the actual value of 410 nm found in the UV-visible 
spectrum. This lack of agreement must be attributed to a 
difference in the nature of the hydrogen bonds in chloro- 
form. Two explanations can be given. As suggested by a 
referee, it could arise from modifications of relative ener- 
gies and ordering in the excited state since the ground state 

frequency of the C=C stretching vibration is also a func- 
tion of these electronic states.2 The second explanation im- 
plies the formation of new hydrogen-bonded complexes with 
a A,,, of 470 nm, which is not seen clearly by UV-vis 
spectroscopy but which resonates fully with the 488-nm laser 
line and is probably more Franck-Condon active. The 
structure of the new species could be a trimer such as de- 
scribed below: 

With Schiff bases of retinal, this trimer has effectively been 
seen to exist at room and low temperatures (22-24) and 
consequently, in these cases, eq. [5] also did not hold. 
Whichever explanation is right, both demonstrate that the 
hydrogen bonds in chloroform are different from those in the 
other solvents. 

In dichloromethane, the UV-vis results are similar to those 
found in chloroform (see Fig. 2) for a low molar ratio of 
ATR:TFA. When the TFA concentration is large, more than 
one band appears in the 550-700 nm region, indicating that 
several cationic complexes are present. Equation [5] re- 
mains valid for Raman measurements of a 1 ATR:50 TFA 
molecular ratio, but at higher TFA concentrations laser-in- 
duced fluorescence becomes intense and makes Raman 
measurements impossible to achieve. 

From these results it is possible to elucidate the role played 
by the intermolecular hydrogen bonds and their influence on 
the stability of these systems. For instance, it is seen from 
the absorption measurements that as long as the TFA con- 
centrations are kept moderately low (i.e., 1-100 TFA for 1 
ATR), the equilibrium between the molecular associated 
species and the ionic one in eq. [ I ]  is displaced to the left. 
When large excesses of TFA are used, some proton transfer 
is observed in three solvents, C&,,, CHCI,, and CH2C12, but 
not in methanol. The lack of evidence of proton transfer in 
methanol solutions is ascribed to the fact that, in such a sol- 
vent, the proton may retain some association with its envi- 
ronment, meaning that the medium competes quite effectively 
against ATR. In addition, from Raman data, there are indi- 
cations that, at least in CHCl,, some aggregations do occur 
in the ground state. Finally, it appears that the equilibrium 
of eq. [ I  ] must be governed by a strongly asymmetric dou- 
ble well, where the H-bonded species are in the deeper well 
while the protonated species, always in the minority, are in 
the higher well. 

Fluorescence 
The fluorescence results behave somewhat the same way 

as those obtained in UV-visible spectroscopy except that it 
is more practical to present and discuss the results for each 
solvent. 

In hexane 
Stationary fluorescence results of ATR-TFA complexes 

are presented in Fig. 3 and Table 1. They show the excita- 
tion and emission spectra for a mixture of one molecular 
equivalent of ATR to 50 molecular equivalents of TFA. Such 

'For a more recent review of this question see G. Orlandi, F. 
Zerbetto, and M. Z. Zgierski. Chem. Rev. 91, 867 (1991). 
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lated to the slow and the fast components are 43 and 57% 
Excitation Spectrum 

Xemi - 520 nm 

I I I I I I I 
700 650 600 550 500 450 400 

X (nm) 

FIG. 3. Emission and excitation spectra of a 1 ATR:50 TFA 
complex in hexane (concentration 1.25 X lo-' M). 

a ratio has been selected in order to prevent the complexed 
retinal being significantly dissociated in dilute solutions. The 
excitation spectrum is displayed in the upper left comer in 
Fig. 3. The quantum yield at room temperature is about 4.0 
x (determined by using quinine sulfate as internal 
standard, assuming a quantum yield of 0.55 (25)), and this 
is consistent with previously published quantum yields 
(3, 10, 17). Strong Raman interferences are seen in both 
spectra and are pointed out, vide supra, in Fig. 3. The ex- 
citation wavelengths fall at 360-370 nm while the emission 
is seen at 520-530 nrn, leading to an average Stokes shift of 
ca. 8200 cm-'. The emission bandshape is almost indepen- 
dent of the ATR: TFA molecular ratio provided that this ratio 
remains below 1 : 100. For higher ratios, the spectra are 
characterized by a profile that suggests the presence of un- 
resolved components, which yield a broad band between 500 
and 620 nm. These emissions cannot be related to precise 
excitation wavelengths due to a strong inner filter effect. 

For a very large ratio of ATR : TFA (viz. 1 :a), a new flu- 
orescence band is detected at ca. 670 nm, which is associ- 
ated with a maximum excitation energy of 620 nm (more 
precisely, the excitation band appears as a continuum with 
a maximum located at 620 nm) and is assigned to retinylic 
cations as quoted before in the UV-visible section. Time- 
resolved experiments were also carried out in hexane for a 
mixture of ATR:TFA with a ratio of 1 : 50 and the fluores- 
cence decay curves can be fitted by using a biexponential 
model that is characterized by two time constants equal to 
5.72 and 1.33 nanoseconds (ns). The relative intensities re- 

respectively. These results are summarized in Table 1, 
Upon isotopic substitution using deuterated TFA, the flu- 

orescence decreases by a factor of 1.7-1.8 and this cannot 
be explained by a simple difference between the H and D 
bond strength in the ground state (26, 27). This fact, com- 
bined with the large Stokes shift, suggests that the emission 
may originate from another species generated in 
the excited state rather than from the radiative relaxation of 
the excited hydrogen-bonded species. 

In methanol 
The data obtained in methanol resemble, to a certain point, 

those recorded in hexane solutions. For an excitation wave- 
length centered at ca. 320-325 nm, an emission spectrum 
is obtained for the 1 ATR:50 TFA system with a maximum 
at ca. 490 nm, affording a Stokes shift of ca. 10 800 cm-'. 
This is similar to what was observed in hexane and the 
spectrum shows little dependence on the variations of the 
concentration of ATR or of TFA or of their respective ra- 
tios. Upon a large addition of TFA, fluorescen~ehuenchin~ 
occurs and no emission is detected even if the excitation 
wavelength is shifted to 380 nm. It is believed that quench- 
ing is due to some water molecules (almost always associ- 
ated with TFA) present in the solution. That this could be the 
case is indicated by the following experiment: when water 
is purposely added to the methanol solution of ATR:TFA, 
quenching is considerably amplified. As expected, no evi- 
dence of the presence of highly emitting retinylic cations was 
found whatever the experimental conditions chosen. As in 
hexane. time-resolved ex~eriments were done and the fluo- 
rescence decay curves are also biexponential, with two time 
constants at 3.60 and 0.56 ns associated with relative inten- 
sities of 38 and 62% respectively (see Table 1). 

In chloroform 
In this solvent, the excitation and emission spectra are very 

sensitive to the concentration of ATR, and a concentration 
of ca. 2 x M was found most useful. Under this con- 
dition, for an ATR:TFA ratio of 1 : 50, the excitation spec- 
trum looks like a continuum with a maximum located at ca. 
460-470 nm while the emission spectrum has its maximum 
at ca. 640-650 nm. No fluorescence is detected following 
the excitation in the absorption band of the H-bonded com- 
plex whatever the concentration chosen. When the concen- 
tration of TFA is increased, the spectra become rather 
complex since there are continua for both the excitation and 
the emission spectra. 

The red-shifted band that absorbs at ca. 470 nm and leads 
to emission is probably the same one that was already iden- 
tified by resonance Raman spectroscopy. Nevertheless, the 
complexity of the excitation emission spectra cannot be ex- 
plained by invoking the presence of only a single molecular 
association ATR:TFA but rather by a multitude of forms, 
which could be polymeric forms such as either ATR:(TFA), 
or (ATR),:TFA. In these adducts the proton can be located 
anywhere between the carboxylic and the C=O aldehyde 
ends. In addition, chloroform may participate in these 
structures since its hydrogen atom could also form hydro- 
gen bonds. Time-resolved fluorescence measurements car- 
ried out on these systems are characterized by a biexponentid 
model having two time constants equal to 3.85 and 0.22 ns, 
the faster component explaining 94% of the decay curve 
(Table 1). This leads to quite distinct data, when compared 
to previous solvents. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 1. Fluorescence data of ATR/TFA mixtures in different solvents 

Wavelength (nm) Fractionnal 
ATR/TFA intensity 

Solvents ratio Excitation Emission Lifetime (ns) 

Hexane 1 /o * i: (-1 (-1 
D = 1.89 1 /50 360-370 520-530 

1 /m Continuum 640-670 5.72" (1.33)"3' (57)" 
(400-640) 

Chloroform 1 /o * (-1 (-) * 
D = 4.81 1 /50 Continuum 640-650 3.85 (0.22) 6 (94) 

(400-550) 
1 /m Continuum 640-680 (-1 (-1 

(400-640) 

Dichloromethane 1 /o * * (-) (-) 
D = 9.08 1 /50 Continuum 640-700 4.24 (0.3 1)  9 (91) 

(420-680) 
1 /W Continuum 640-700 (-) (-) 

(400-700) 

Methanol 1 /o * * (6) 

(6) 

D = 32.63 1 /50 320-325 490 3.60 (0.56) 38 (62) 
1 /w 

* * (-1 (-1 

"No fluorescence detected. 
(-)No data available. 
",hCorrespond respectively to the slow and the fast time constants of the biexponential fluorescence decay. 
'."The fractional intensities for the slow ( c )  and the fast (d) components of the fluorescence decay. 

In dichloromethane 
The results are very similar to those obtained in chloro- 

form: visualize an emission maximum at ca. 640-700 nm 
with an excitation maximum at ca. 460-470 nm for the same 
ATR:TFA ratio and concentration. The only difference is that 
in dichloromethane, fluorescence at 690-700 nm, which was 
only occasionally seen in chloroform (for high ratios of TFA 
to ATR), is now almost always present and dominant. The 
signal at 690-700 nm is optimal for an excitation wave- 
length centered between 620 and 660 nm. This feature, which 
dominates the spectrum, is assigned to retinylic cations, is 
quite intense, and must probably hide the fluorescence 
coming from other entities. All the results are displayed in 
Table 1. Also, contrary to the other three solvents, in di- 
chloromethane the ATR:TFA complexes are less stable and 
more time-sensitive. This generates secondary products of 
unknown structures, which are unfortunately difficult to 
identify. This comment can be verified in the following ex- 
periment: when ATR is dissolved in neat TFA, at least three 
different electronic transitions (at 4 18, 6 16, and 660 nm) are 
seen just after TFA addition and, within 1 h,  five new and 
relatively sharp bands grow and replace the previous ones. 

' 
The new bands are located at 410, 464, 506, 555, and 
608 nm and the spectrum possesses a large number of ex- 
citation/emission pairs. This must result from the high pro- 
portion of retinylic cations formed in chlorinated solvents, 
compared to hexane where it was minimal and to methanol 
where it was completely absent. Fluorescence decays are 
modelized with two time constants: 4.24 and 0.31 ns, the 
faster component being the dominant part of the decay curve 
as seen previously in chloroform (see Table 1). 

Therefore, depending on the solvents, two fluorescence 
regimes describe the behavior of these complexes. From these 
results and theoretical considerations, the data can be 

understood as follows: recent experiments carried out on 
similar systems (9) unambiguously demonstrated that the 
fluorescence detected in a long polyene aldehyde has a 'BUf 
character. This implies that the two low-lying 'A,- and Inn* 
states need to be inverted with respect to the 'BUf state and 
protonation could be the simplest way to achieve this re- 
quirement. Protonation will convert the n orbital to a bond- 
ing orbital and, therefore, the n-T* transition is blue-shifted 
in vacuum (1). Also, protonation is known to stabilize the 
"ionic" 'BUf energy level (1, 4 ,  9 ,  28), and, concomitantly, 
it can destabilize the "covalent" 'A,- state, thus providing 
the changes necessary for state inversion in going from the 
free (or H-bonded) to the protonated adduct (1, 4 ,  9 ,  28). It 
should be noted that the simple association of the aldehyde 
with hydrogen does not induce a state inversion even if the 
resulting 'B,+-'n.rr* and 'B,+-'A,- energy gaps are some- 
how narrowed. Since no protonated complexes are ob- 
served in the ground state, fluorescence in hexane and 
methanol has to originate from the protonated form induced 
after an H-transfer in the excited state. A reverted potential 
in this state is conceivable, as ATR molecules are known to 
be more basic in the excited state (29) and therefore should 
favor the right-hand side of eq. [ I . ] .  

Incidentally, the excited state lifetimes for complexed or 
protonated ATR are in the nanosecond range and therefore 
sufficiently long to allow proton transfer since this reaction 
occurs on a shorter time scale (26, 27). In that sense, these 
two arguments support evidence for a reverted potential in 
the excited state. Furthermore, the influence of isotopic 
substitution and the quenching phenomenon corroborate this 
hypothesis. This is also consistent with the large Stokes shift 
observed in these systems. However, care should be taken 
because large Stokes shifts are not a priori sufficient proof 
to support this hypothesis according to previous work done 
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Proton Transfer 
Coordi note 

FIG. 4. Potential energy curves as a function of the proton po- 
sition for the ground and the lowest excited states of H-bonded all- 
trans-retinal. 

in this field on retinal or its analogs (3, 5 ,  12, 17), and the 
observed lifetimes may only derive from a solvent relaxa- 
tion effect. 

A qualitative energy diagram giving an illustration of the 
level ordering for the H-bonded and protonated ATR:TFA 
complexes is shown in Fig. 4. The values used in the graph 
are adapted from refs. 1 ,4 ,  9, and 28 and completed by ex- 
perimental data collected in this work. The potential energy 
surface curves are hypothetical, as are also some stabiliza- 
tion and destabilization energies for the ground and the ex- 
cited states. 

In chloroform, no proton transfer is detected, either be- 
cause it is not favored in both states or simply because the 
emission from the protonated species is self-absorbed by the 
absorption band of the red-shifted species seen at ca. 
470 nm, or else fluorescence is quenched due to extensive 
ground state complexation. So far, the so-called red-shifted 
species has not been identified, but the formation of a com- 
plex like ATR(TFA), is strongly suspected since this struc- 
ture is rather common with these types of compounds (22- 
24, 30, 31) and by the tendency of organic acids to self-as- 
sociate in organic solvents (32). Coordination using a poly- 
meric acid as a proton source should generate a more "acidicn 
proton (22, 30, 31), which then could form a protonated or 
a more tightly H-bonded system, both of them being able to 
fluoresce. This hypothesis is supported by the fact that when 
the TFA concentration is gradually increased, the excitation 
spectrum becomes broader and broader, meaning that suc- 
cessive equilibria may be present in the medium, such as: 

[6] ATR(TFA), = ATR(TFA),, +, % ATR(TFA),, +, with n > 2 

This concept is not new as Blatz et al. (30) and Baasov et 
al. (31) came to the same conclusions in other studies. 
Emission deriving after excitation of the main electronic 
transition shows that the medium is complex. This applies 
for chloroform and also for dichloromethane, except that in 
the latter case the situation deteriorates rapidly due to the ir- 
reversible conversion of ATR into carbocations. 

Therefore the only question left unanswered is why these 
complexes are so sensitive to solvent properties. I n  a first 
approximation, this has nothing to do with their respective 
polarity and another reason has to be found. In alkane sol- 
vents, it is seen that an H-transfer in the excited state takes 
place, and this is understandable as it is generally admitted 
that this case resembles the kinetics of unsolvated mole- 
cules, which are well known to induce ultrafast H-atom 
translocations (see ref. 26 and refs. therein) because the 
barrier to H-transfer is zero. In methanol, the 10 000 cm-I 
Stokes shift is also explained by a proton transfer occurring 
in the excited state, from the associated species ([Ret- 
CHO. . .HOOC]*) to the protonated species ([~et-CHO+- 
H. . .pO,C-]:". 'Then fluorescence occurs from the excited 
protonated form into the protonated form in the ground state, 
which immediately reverts to the most stable associated 
species (see Fig. 4). However, this holds as long as the TFA 
concentration is not too large and in the absence of water, 
since then a large decrease of H-transfer is found due to H- 
intermolecular competition between all molecules present. 

In chloroform and dichloromethane. TFA is uresent in 
polymeric form and they therefore generate a certain num- 
ber of ATR H-complexes, depending on the concentration 
of the H-donor and the solvent. The H-complexes show more 
instability towards illumination and are easily converted into 
red-shifted species. The formation of carbocations is easier 
in these solvents since the absence of proton transfer in the 
excited state reduces its rate of relaxation and, in conse- 
quence, produces an energy buildup making these com- 
plexes more susceptible to photochemical transformations 
(26, 27). 

Conclusion 

H-bonded ATR complexes have unique optical proper- 
ties and are stable when a proton transfer reaction occurs in 
the excited state. This may answer questions about the 
mechanism of vision, as it involves wavelength regulation 
in photointermediates for visual and bacterial pigments. But 
it mainly demonstrates that the H-bond strength is a critical 
parameter defining the stability of H-bonded retinal, and this 
cannot be predicted by simply looking at the solvent polar- 
ity but rather by measuring the solvent ability to favor an even 
distribution of the acceptor-donor molecules in the me- 
dium. 
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Kinetic analysis of thermal decomposition reactions. VII. Effect of radiation 
and doping on the thermal decomposition of BaC0,-TiO, and SrC0,-TiO, 

crystalline mixtures 
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SULIMAN N.  BASAHEL and EL-HUSSIENY M. DIEFALLAH. Can. J .  Chem. 70, 888 (1992). 
DTA-TG techniques were applied to study the thermal decomposition and reactivity in intimately mixed powders of 

barium or strontium carbonate and titanium dioxide. The result; showed that the temperature for the thermal decom- 
position of BaC0,-TiO, mixtures precedes the decomposition of pure BaC0, by about 250°C, whereas the decompo- 
sition of SrC0,-Ti02 mixtures precedes the decomposition of pure SrCO, by about 60°C. Kinetic analysis of the isothermal 
data in view of various solid-state reaction models showed that the reaction is best described by the phase boundary models. 
The effects of 6 0 ~ o  y irradiation and of doping the metal oxide with Li' or CU" ions on the thermal decomposition re- 
actions were investigated. 

Key words: titanates, thermal decomposition, doping, irradiation effects. 

SULIMAN N. BASAHEL et EL-HUSSIENY M. DIEFALLAH. Can. J.  Chem. 70, 888 ( 1992). 
On a appliquC les techniques de I'ATD-TG a 1'Ctude de la decomposition thermique et de la rCactivitC de poudres in- 

timement mClangCes de carbonates de baryum ou de strontium et de dioxyde de titane. Les rCsultats montrent que la 
tempCrature de dCcomposition thermique de melanges de BaC0,-TiO, prCcitde celle de la dCcomposition du BaCO, pur 
par environ 250°C; par ailleurs, la dCcomposition de melanges de SrC03-TiO, ne prCckde la dCcomposition du SrCO, 
pur que par 60°C. Une analyse cinCtique des donnCes isothermiques en relation avec les divers moditles de rCactions ii 
1'Ctat solide montrent que les meilleurs modkles pour decrire la reaction sont les phases limites. On a aussi examink les 
effets d'irradiation par des rayons y du 60Co et du dopage de l'oxyde mCtallique par des ions Li' ou CU" sur les rkactions 
de dCcompositions thermiques. 

Mots clPs : titanates, decomposition thermique, dopage, effets d'irradiation. 
[Traduit par la redaction] 

Introduction 

Processes involving the chemical transformations of sol- 
ids play an increasingly important role in modem technol- 
ogy, as sophisticated and costly solids can be produced by 
reaction of other, precursory solids (1). Solid state reac- 
tions between metal carbonates and metal oxides are carried 
out to obtain more important solids and to gain understand- 
ing of some of the factors influencing these reactions (1-7). 
The processes of forming titanates in crystalline mixtures 
have become very important in the ceramic industry and other 
technologies (2, 3). The thermoanalytical behaviour of 
CaSO, - metal oxide and CaCO, - metal oxide systems was 
discussed by Ishii et al. (4). The formation of CaTiO, in the 
CaS0,-TiO, system was shown to proceed in two steps (5). 
The role of CO, removal in the BaC0,-TiO, system was 
described by Dell (6) and the effects of dispersion and mix- 
ing conditions of reactant particles on reactivity in this sys- 
tem was studied by Yamaguchi et al. (7). 

The chemical and catalytic reactivity of a solid depends 
on its method of preparation, so that structural and elec- 
tronic imperfections may have important effects on the be- 
haviour of a solid state reaction. Irradiation of a solid might 
alter the kinetics of a reaction and help to clarify the reac- 
tion mechanism (1, 8). Doping with metal ions or other pre- 
treatment of samples may have important effects on the 
reactivity of solids (1). 

In the present study, the reactivity in BaC0,-TiO, and 

' ~ u t h o r  to whom correspondence may be addressed. Present 
address: Department of Chemistry, Faculty of Science, Benha, 
E ~ Y  pt. 
Rinled in Canada 

SrC0,-TiO, systems, which are potentially suitable for 
conversion to BaTiO, and SrTiO,, were investigated. The 
kinetics of the thermal decomposition of BaC0,-TiO, and 
SrC0,-TiO, reactions were studied and compared with the 
kinetic equations that give the best fit to the experimental data 
to find out whether the reaction is phase boundary or trans- 
port controlled. The effects of increasing y radiation dose and 
of doping the metal oxide with Li' or CU" ions, on the ki- 
netics and the activation parameters of the solid state reac- 
tions, were investigated. 

Analar barium carbonate (BDH Chemicals Ltd.), C.P. grade 
strontium carbonate (Fluka AG), and titanium dioxide (Hering- 
Kahlbaum AG) were used in this study. Mixtures of metal car- 
bonate - TiOl (each with particle size less than 125 p-m) were pre- 
pared by thoroughly mixing the powders in a 1 :  1 molar ratio by 
first tumbling the dry powders together for 3 h and then grinding 
them with a mortar and pestle. The mixtures were dried in a ther- 
mostated oven at 120°C for few hours. 

DTA-TG behaviour of the BaC0,-Ti02 and SrC03-Ti02 sys- 
tems was investigated using a Shimadzu model 30 thermal ana- 
lyzer. The kinetics of the isothermal decomposition and formation 
of titanate were studied in the temperature range 820-950°C under 
1 atm (101.3 kPa) pressure in air flow (50 mL /min). The X-ray 
diffraction patterns for samples calcined at selected temperatures 
were performed using a Philips instrument model 1700, with nickel- 
filtered Cu K a  radiation. 

Samples were irradiated using 6 0 ~ o - ~ a m m a c e l l  and were ex- 
posed to successively increasing doses at a dose rate of 1.01 * 
0.05 kGy h-I. 

Doping of TiO, with Li+ or Cu2+ ions was carried out using the 
impregnation technique at dopant metal ion concentrations of 0.5 
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Weight 

loss 20 Exo 

400 600 800 1000 1200 

Temperature, O C  

FIG. 1 .  (a) DTA and (b) TG curves of barium carbonate; 9.3 mg sample heated at 20°C/min. 

Weight 

loss 20 
Exo 

Temperature, O C  

FIG. 2. (a) DTA and (b) TG curves of barium carbonate - anatase mixture (1 : 1 molar ratio); 9.3 mg sample heated at 2O0C/min 

and 5.0 metal atom %, using standard solutions of lithium nitrate DTA-TG analysis of the initial and calcined samples showed that 
or copper acetate. The impregnated oxide was dried in an oven at the lithium and copper present in the calcined doped TiO, are in the 
250°C for 1 h, then heated in a muffle furnace at 400°C for 3 h. form of their oxides, Li,O and CuO respectively. 
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FIG.  4. ( a )  DTA and (b)  TG curves of strontium carbonate anatase mixture (1 : 1 molar ratio); 9.1 mg sample heated at 20°C/min. 

400 600 800 1000 1200 

Temperature, O C  

( a )  DTA and (b)  TG curves of strontium carbonate; 8.5 mg sample at a heating rate of 20"C/min. 
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T i m e ,  m i n  

FIG. 5. Isothermal a/ t  curves for the formation of barium titanate in a crystalline mixture of barium carbonate and anatase; ( a )  934; 
(b) 915; ( c )  893; (d) 874; and (e) 858°C. 

Results and discussion is shifted to lower temueratures due to the formation of 

Figures 1 and 2 show the DTA-TG curves obtained for 
the BaCO, and BaC0,-TiO, (anatase) system, respec- 
tively. At room temperature, barium carbonate belongs to the 
orthorhombic system and high-temperature X-ray analysis 
(9) has shown that at 805°C it undergoes transformation to 
the hexagonal form and, at 976"C, it transforms to the cubic 
form. The DTA curve of BaCO, (Fig. 1) shows, in addition 
to the two endothermic peaks corresponding to these two 
phase transitions, a third highly endothermic and broad peak 
at 1 100- 1200°C due to the decomposition of BaCO,. In the 
BaC0,-anatase system (Fig. 2) the DTA curve shows two 
endothermic peaks, the first at 805°C due to the first phase 
transition of BaCO, and a second, relatively more broad en- 
dothermic peak, at about 900°C, which results from the 
overlap of the second phase transition in BaCO, and the en- 
dothermic peak due to the decomposition of BaCO, and the 
formation of BaTiO,. The titanate formation reaction starts 
at a temperature that is about 250°C below that required to 
start the decomposition of pure BaCO,. 

At room temperature SrCO, belongs to the orthorhombic 
system and it undergoes transformation to the hexagonal 
system at 912°C. Figure 3 shows the DTA-TG curves for 
pure SrCO,. The DTA curve shows, in addition to the peak 
at 912°C due to phase transition, a peak at 1030°C due to 
decomposition of SrCO,. The DTA-TG curves obtained for 
the SrC0,-anatase system (Fig. 4) showed that the phase 
transition peak remains at 912"C, but the decomposition peak 

strontium titanate. 
The remarkable decrease in the decomposition tempera- 

ture of the metal carbonate - metal oxide mixtures could be 
attributed to the formation of the single phase product. It is 
also evident that the TG traces of the intimately mixed pow- 
ders do not reveal intermediate curve breaks either at the fast 
or at the slow heating rates. X-ray diffraction patterns for 
BaC0,-TiO, and SrC0,-TiO, mixtures (in 1 : 1 molar ratio) 
calcined at 950°C for 15 rnin showed the formation of BaTiO, 
and SrTiO,, respectively. Yamaguchi et al. (7) pointed out 
that the particle size ratio of BaCO, to TiO, in the reaction 
mixture is closely related to the formation of intermediate 
phases. It was suggested that the reaction between BaC0, and 
coarse TiO, to form BaTiO, proceeds in three steps with the 
formation of Ba,TiO, during the reaction, whereas in equi- 
molar mixtures of BaCO, - fine TiO?, the reaction leads di- 
rectly to BaTiO,. 

Reaction isotherms were obtained by isothermal gravi- 
metry in air and the degree of reaction was calculated from 
the weight loss of the mixtures. Figures 5 and 6 show typi- 
cal fractional reaction (a) vs. time (t) curves obtained for the 
isothermal decomposition of a 1 : 1 molar ratio of crystalline 
powdered mixtures of BaC0,-Ti02 and SrC0,-TiO,, with 
the formation of barium titanate and strontium titanate, re- 
spectively. It is evident that the a / t  curves are not sigmoi- 
dal and that the formation reactions do not follow the 
exponential growth model. 

The fractional reaction - time curves obtained under var- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 70, 1992 

Fractional 

react ion 

Time, min 

FIG. 6. Isothermal a / t  curves for the formation of strontium titanate in a crystalline mixture of strontium carbonate and anatase; (a) 
935; (b) 915; (c) 897; (d) 874; and (e) 857°C. 

TABLE 1. Activation parameters of the iso- 
thermal reaction in BaC03-Ti02 and SrC03- 

TiO, systems 

TABLE 3. Effect of doping on the activation pa- 
rameters of the isothermal reaction in the barium 

carbonate - anatase system 

log A E 
System (min-') ( k ~  mol-') 

log A E 
% M-doped Ti02 (min-l) (kJ mol-') 

TABLE 2. Effect of y irradiation on the activa- 
tion oarameters of the isothermal reaction in the 

barium carbonate - anatase system 

Radiation dose log A E 
(MGY) (min-') (kJ mol-l) 

ious conditions were analyzed by linear regression (LR) 
analysis according to the different heterogeneous solid state 
reaction models (10-14). The results of the kinetic data 
analysis showed that the phase boundary models and the first- 
order kinetics give the best fit. The reactivities of the CaS0,- 

TiO, and BaS0,-TiO, systems (5) examined by isothermal 
T G  studies were found to fit Jander's diffusion equation. 
However, analysis of the results obtained under the present 
experimental conditions in BaC0,-TiO, and SrC0,-Ti02 
systems have shown that the diffusion functions give a much 
less satisfactory fit to the experimental data. Rate constants 
calculated for the solid state reaction between BaC03 and 
ZnO according to the diffusion models showed a pro- 
nounced drift with time, indicating that these models are in- 
valid for analyzing the reaction (10). The results obtained here 
show that the phase boundary models give the best repre- 
sentation of the reaction. 

The activation energies of solid state reactions could vary 
between relatively large limits depending on the nature and 
the method of preparing the starting materials (15, 16). Table 
1 shows the activation energies and frequency factors ob- 
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BASAHEL AND DIEFALLAH 893 

tained for the solid state reactions in MC0,-TiO, calcu- 
lated according to the Arrhenius equation by LR analysis 
using rate constants calculated on the basis of the phase 
boundary contracting area model. The results show that the 
titanate formation reaction has higher activation energy and 
frequency facto; with SrCO, than with BaCO,. The radius 
of ~ a " .  (1.35 A) is higher than that of Sr" (1.13 P\) and, 
based on Coulombic attractions, the Sr'i ions will have a 
stronger oxygen-to-carbon bond than the ~ a "  ions. This 
should increase the energy needed to liberate COz and thus 
increase the activation energy for the reaction. It was re- 
ported that in the BaC0,-TiO, system the activation energy 
could change between 200 and 280 kJ/mol depending on 
particle size and method of mixing (7). 

The results of the kinetic data analysis of the thermal de- 
composition of irradiated mixtures of BaC0,-TiO, showed 
that radiation did not introduce a change in the reaction model 
and mechanism. The effects of radiation dose on the acti- 
vation energy and the frequency factor of the reactions are 
shown in Table 2. Although the changes in the activation 
parameters are within experimental errors, there is a regular 
decrease in both the activation energy and the frequency 
factor of the reaction with increasing radiation dose. How- 
ever, the values in the non-irradiated mixtures are lower than 
those obtained for mixtures having low radiation doses, which 
may be due to the effects of small dose radiation annealing. 
Since radiation introduces defects into the solid and at crys- 
tal surfaces (8), and these defects may act as important sites 
for reaction nucleation and initiation of decom~osition, this 
could result in a lowering of activation energy at the higher 
doses where internal radiolytic reactions and the generation 
of defects and their catalytic effects compete with radiation 
annealing. 

The results for thermal decom~osition and titanate for- 
mation reaction of doping the anatase with ~ i ' .  or CU" ions 
showed that doping did not change the model for the reac- 
tion interface. Table 3 summarizes the results of the effects 
of doping on the activation parameters calculated by LR 
analysis. Doping with Li+ seems not to have a significant 
effect on the activation Darameters of the reaction. whereas 
doping with CU" causes a lowering in the activation pa- 
rameters at low concentration and an increase at the higher 

concentration. At low concentration CU" facilitates elec- 
tron transfer reactions in the solid and the release of COz. At 
the higher dopant concentration, copper titanate could form 
in high enough yield and this may lead to an increase in the 
activation parameters. The results here showed that CU" 
dopant effects are not additive but are interactive for the 
system studied, and that more detailed investigation of the 
effects of copper is required to confilm the kinetic conse- 
quences of the presence of the additive. 

1. V. V. Boldyrev, M. Bulens, and B. Delmon. The control of 
the reactivity of solids. Elsevier, Amsterdam. 1979. 

2. P. P. Budnikov and M. M. Ginstling. Principles of solid state 
chemistry. Translated and edited by K. S haw. Gordon and 
Breach Science Publishers, Inc., New York. 1968. 

3. A. R. West. Solid state chemistry and its applications. J .  Wiley 
& Sons Ltd., New York. 1987. 

4. T.  Ishii, R. Furuichi, H. Matsusato and T.  Okutani. In T h e m .  
Anal. Proc. Int. Conf. 5th, Kyoto. Edited by H. Chihara. 
Heyden, Tokyo. 1977. p. 440. 

5. T .  Ishii. In React. Solids, Proc. Int. Symp. 9th. Vol. 2. Ed- 
ited by K. Dyrek, J .  Haber, and T. Nowotny. Elsevier, 
Amsterdam. 1982. p. 427. 

6 .  R. M. Dell. Inst. Chem. Eng. Symp. Ser. 27, 3 (1968). 
7 .  T. Yamaguchi, S .  H. Cho, H. Nagai and H. Kuno. React. 

Solids Proc. Int. Symp. 8th. Plenum, New York. 1977. p. 701. 
8. P. J .  Herley and P. W. Levy. React. Solids Proc. Int. Symp. 

7th. Editecl by J .  S. Anderson, M. W. Roberts, and F. S. 
Stone. Chapman and Hall, London. 1972. p. 387. 

9. T. Nishino, T. Sakurai, and E. Yamanchi. In React. Solids 
Proc. Int. Symp. 9th. Vol. 2. Edired by K. Dyrek, J .  Haber, 
and J.  Nowotny. Elsevier, Amsterdam. 1982. p. 663. 

10. S .  F. Hulbert and J .  J .  Klawitter. Am. Ceram. Soc. 50, 484 
(1967). 

11. W. W. Wendlandt. Thermal methods of analysis. J.  Wiley & 
Sons, New York. 1975. 

12. M. E. Brown, D. Dollimore, and A. K. Galwey. Compre- 
hensive chemical kinetics. Vol. 22, Elsevier, Amsterdam. 
1980. 

13. A. M. M. Gadalla. Thermochim. Acta, 74, 255 (1984). 
14. M. E. Brown. Introduction to thermal analysis. Chapman and 

Hall, London. 1988. Chap. 13. 
15. Z. A. Ornran, M. A. Mousa, A. A.  Abdel-Fattah, and El-H. 

M. Diefallah. Thermochim. Acta, 145, 271 (1989). 
16. A. A. El-Bellihi, A. M. Abdel-Badei, and El-H. M. Diefallah. 

Thermochim. Acta, 165, 147 (1990). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The structure of the pyranosyl nucleoside 1-(2',3'-dideoxy-0-D-erythro-hex-2'- 
enopyr~nosyl)thymine and a comparison with AZT 
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LESLIE W. TARI and ANTHONY S. SECCO. Can. J. Chem. 70, 894 (1992). 
Pyranosyl nucleosides are among the most recent modifications of natural nucleosides to receive attention as poten- 

tial HIV inhibitors. As part of our studies involving modified nucleosides, the crystal structure of 1-(2',3'-dideoxy-P- 
D-erythro-hex-2'-enopyranosy1)thymine was determined and its molecular structure and conformation compared with AZT 
in an effort to assess the title compound's potential activity against HIV. The compound crystallizes in the monoclinic 
space group P 2 ,  with cell dimensions a = 7.966(3), b = 18.004(3), c = 8.346(3) A, P = 91.29(3)". The crystal struc- 
ture, solved by direct methods and refined to R = 0.032 and wR = 0.041 for 1285 observed data, contains two inde- 
pendent molecules in the asymmetric unit, each displaying different torsion angles, x (64.5(6)" and 72.7(6)") and y (62.0(7)" 
and 178.6(5)"). Molecular conformations, described as slightly distorted chairs with 0 5 '  erldo and C5' exo and with 
equatorial substituents, are stabilized by a network of hydrogen bonds throughout the crystal. Despite the substantial 
difference in x values with respect to AZT in the solid state, molecules appear to exhibit sufficient structural overlap 
with AZT to expect a similar capacity for binding to the active site of phosphorylation; the barrier to rotation about the 
N-glycosidic bond is only slightly greater for the title compound. The significant difference, on comparison with AZT, 
appears at the primary hydroxyl, which is so oriented as to probably preclude activity of this pyranosyl compound as an 
anti-HIV agent. The conformational parameters given are in accordance with the IUPAC-IUC Joint Commmission on 
Biochemical Nomenclature (Pure Appl Chem. 55, 1273 (1983)). 

Key words: crystal structure, modified nucleoside, pyranosyl nucleoside, anti-HIV drugs. 

LESLIE W. TAR[ et ANTHONY S. SECCO. Can. J. Chem. 70, 894 (1992) 
Les nuclCosides de pyranosyle font partie des plus recentes modifications des nuclkosides naturels a recevoir de I'at- 

tention comme inhibiteurs potentiels du HIV. Dans le cadre de nos Ctudes impliquant des nuclCosides modifiks et dans 
le but d'kvaluer l'activite potentielle du compose mentionnk dans le titre contre l'HIV, on a determine la structure cris- 
talline de la 1-(2',3'-didksoxy-~-~-erythro-hex-2'-knopyranosyl)thymine et on a compare sa structure molkculaire ainsi 
que sa conformation avec celles de 1'AZT. Le composk cristallise dans le groupe d'espace monoclinique, groupe d'es- 
pace P 2 , ,  avec a = 7,966(3), b = 18,004(3) et c = 8,346(3) A et P = 91,29(3)'. On a rksolu la structure par des methodes 
directes et on l'a affinke jusqu'i des valeurs de R = 0,032 et R,,. = 0,041 pour 1285 reflexions observkes; elle contient 
deux molecules indkpendantes par unit6 asymetrique et chacune prksente des angles de torsion x (64,5(6) et 72,7') et y 
(62,0(7) et 178,6(5)") diffkrents. Les conformations molkculaires, que l'on peut dkcrire comme des chaises 1Cgitrement 
deformCes avec 1'05' endo, le C5' exo et les substituants Cquatoriaux, sont stabiliskes par un rkseau de liaisons hy- 
drogknes dans tout le cristal. MalgrC des diffkrences substantielles, par rapport l'AZT, dans les valeurs de x a I'Ctat 
solide, les moltcules semblent prksenter des recouvrements structuraux suffisants avec 1'AZT pour s'attendre une ca- 
pacitC similaire se lier au site actif de phosphorylation; la barriere la rotation autour de la liaison N-glycosidique n'est 
que lkgerement supkrieure pour le composC mentionnC dans le titre. Lorsqu'on le compare a I'AZT, la seule diffkrence 
importante se rapporte a l'hydroxyle primaire qui est orient6 d'une faqon telle qu'une activitk de ce compost pyranosyle 
comme agent a i t i - ~ ~ ~  est peu probable. Les paramittres conformationnels sont conformes aux recommendations de la 
commission conjointe de 1'UICPA et de I'UIC relativement 9 la nomenclature biochimique (Pure Appl. Chem. 55, 1273 
(1983)). 

Mots clCs : structure cristalline, nucleoside modifik, nucleoside de pyranosyle, medicaments anti-HIV. 
[Traduit par la rCdaction] 

Introduction 
As part of our ongoing studies of modified nucleosides, 

we have synthesized the title compound. The compound 
was first synthesized by Yamazaki, Matsudo, Sugiyama, 
Seto, and Yamaoka (1) .  to demonstrate a new method 
of preparing 2',3'-unsaturated pyranosyl nucleosides. Sev- 
eral hexeno- and hexano-pyranosyl nucleosides, like their 
pento-furanosyl analogs, have long been known to exhibit 
significant biological activity. Only in the past year have 
the pyranosyl compounds been investigated as potential 
anti-Human Immunodeficiency Virus (HIV) drugs (2). 
Presently, the most effective acquired immunodeficiency 
syndrome (AIDS) chemotherapy involves 3'-azido-3'de- 
oxythymidine (AZT), the structural characteristics of which 

' ~ u t h o r  to whom correspondence may be addressed. 

have been well documented (3-5) and their relationship to 
its activity been inferred (4-6). However, the adverse side 
effects of AZT have necessitated the search for drugs with 
an equal or greater efficacy but lower toxicity. The diffi- 
culty in designing nucleosides as therapeutic agents for 
AIDS patients is the lack of detailed structural knowledge 
of the active sites of ( i )  the cellular kinases responsible for 
phosphorylation and of ( i i )  the viral reverse transcriptase 
that incorporates the resulting nucleotide into the growing 
DNA strand. Using AZT as the best available model, we 
may be able to effectively screen the pyranosyl com- 
pounds for anti-HIV activity by comparing the structural 
parameters of these strategically modified nucleosides with 
those of AZT. In this context, we have undertaken the 
present crystallographic study in an attempt to investigate 
the conformational features of the title compound for 
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TAR1 AND SECCO 

041% 

FIG. 1. An ORTEPII (21) plot of the two molecules (I and 11) in the asymmetric unit with 50% probability anisotropic thermal ellipsoids 
for the non-H atoms (nominal isotropic for H's) and atomic numering scheme. Some hydrogens have been omitted for clarity. 

comparison with those of  AZT, as  a predictive tool for  its 
activity. 

Crystal data 
C I Z ~ I J O ~ ~ Z  f w  = 254.24 
Monoclinic, a = 7.966(3) ,  b = 6 8.004(3),  c = 8.346(3) A, 
p = 91.29(3)', V = 1196.6(6) A ~ ,  Z = 4 ,  D, = 1.411, M g  
m-3, )I. 9.13 cm-', F(000)  = 536(298 K ;  CuKa,X = 
1.54178 A), space group P 2 ,  (from absent reflections con- 
dition and structure analysis). 

Experimental 
The title compound was synthesized by condensation of the 

pertrimethylsilylated thymine with the 3,4,6-tri-0-acetyl-D-glucal 
according to the method reported by Kondo, Nakai, and Goto (7) 
for uracil. Crystals were obtained by slow evaporation of a meth- 
anol/ethyl acetate solution of the compound. Data were collected 
using a colorless crystal of dimensions 0.30 X 0.25 X 0.40 nm on 
a Rigaku AFC6S diffractometer equipped with an evacuated beam 
collimator and detector tunnel. Graphite monochromated CuKa 
radiation was employed with the intensities measured 400 mm from 
the crystal. Measured data to 20 = 106" included reflections h (O- 
8), k (0-18), 1(-8-8). Scans were of the o-20 type, where the 
o scan speed was 32" min-'. The scan width in o was (1.57 + 0.30 
tan 0)" and weak reflections were rescanned up to four times and 
the counts accumulated. Of the 1582 reflections measured, 1460 
were considered unique; for averaged data R,,, = 0.035; 1285 re- 
flections (88%) were classified as observed, having F' 2 3a(F2). 
Three standard reflections monitored throughout data collection 
showed less than 1% change in their intensities over the period of 
the experiment, indicating no decay correction was required. 
Lorentz-polarization corrections were applied and an empirical 
absorption correction was included in the data processing step 
(transmission factors, 0.875-1.000, based on +-scans of three re- 
flections). 

The structure was solved by direct methods.' The phase set with 
the highest combined figure of merit yielded an E-map showing the 
complete heavy-atom framework of two independent molecules in 
the asymmetric unit. The non-H atoms were refined to conver- 

'AH computation was carried out using the TEXSAN software 
package (an integrated system of crystal structure solution, refine- 
ment, and analysis programs available from Molecular Structure 
Corporation, The Woodlands, Texas 77381). Package contains 
versions of MITHRIL (8), ORFLS (9), and ORFFE (10). 

TABLE 1. Final fractional positional parameters and equivalent 
isotropic thermal parameters (A') with esd's in parentheses 

Atom x Y z Bc: 

N3A 
C l ' A  
C2A 
C2'A 
C3'A 
C4A 
C4'A 
C5A 
C5'A 
C6A 
C7A 
C55'A 
0 2 B  
0 4 B  
0 5 ' B  
044'B 
055 'B  
NIB 
N3B 
Cl 'B  
C2B 
C2'B 
C3'B 
C4B 
C4'B 
C5B 
C5'B 
C6B 
C7B 
C55'B 

' a,. 
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TABLE 2. Bond lengths (A) and angles (") for non-hydrogen atoms 

Bond Length Bond Length 

Bonds Angle Bonds Angle 

C l  'A-OS'A-C5'A 
C 1 'A-N 1 A-C2A 
C 1 'A-N 1 A-C6A 
C2A-N 1 A-C6A 
C2A-N3A-C4A 
OS'A-Cl'A-N1A 
05'A-C 1 'A-C2'A 
Nl A-Cl 'A-C2'A 
02A-C2A-N 1 A 
02A-C2A-N3A 
N 1 A-C2A-N3A 
C 1 'A-C2'A-C3'A 
C2'A-C3'A-C4'A 
04A-C4A-N3A 
04A-C4A-C5A 
N3A-C4A-C5A 
044'A-C4'A-C3'A 
044'A-C4'A-C5'A 
C3'A-C4'A-C5'A 
C4A-C5A-C6A 
C4A-C5A-C7A 
C6A-C5A-C7A 
05'A-C5'A-C4'A 
05'A-C5'A-C55'A 
C4'A-C5'A-C55'A 
N I A-C6A-C5A 
055'A-C55'A-C5'A 

Cl 'B-05'B-CS'B 
C 1 'B-N 1 B-C2B 
C 1 'B-N I B-C6B 
C2B-N 1 B-C6B 
C2B-N3B-C4B 
O5'B-C1 'B-N 1 B 
05'B-C1 'B-C2'B 
N 1 B-Cl 'B-C2'B 
02B-C2B-N 1 B 
02B-C2B-N3B 
N2B-C2B-N3B 
C 1 'B-C2'B-C3'B 
C2'B-C3'B-C4'B 
04B-C4B-N3B 
04B-C4B-C5B 
N3B-C4B-C5B 
044'B-C4'B-C3'B 
044'B-C4'B-C5'B 
C3'B-C4'B-C5'B 
C4B-C5B-C6B 
C4B-C4B-C7B 
C6B-C5B-C7B 
05'B-C5'B-C4'B 
05'B-C5'B-C55'B 
C4'B-C5'B-C55'B 
N 1 B-C6B-C5B 
055'B-C55'B-C5'B 

TABLE 3. Distances and angles for hydrogen bonds 

Distances (A) Angles (") 

D A A at D. . .A H . . . A  D - H . . A  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. 1. CHEM. VOL. 70. 1992 

FIG. 2. 
lines. The 

Stereoscopic view using PLUTO (22) of molecular packing in the unit cell. Some of the hydrogen bonds 
directions of axes are x (-a+ + a ) ,  y (T + b),  and z (+c into the page). 

are indicated by dotted 

FIG. 3. Stereoscopic views of the crystal structure conformations of the two independent molecules of the title compound (-----) shown 
with N1, C l ' ,  and C2' superimposed on N1, C l ' ,  and C2' of the purported active conformer of AZT (-) (5). Molecule I (left). Mol- 
ecule I1 (right). 

TABLE 4. Selected intramolecular distances (A) for the title compound and AZT (5) 

Molecule I Molecule I1 AZT 

of the interaction between the terminal azido nitrogen and the 
enzyme (5). 

It may be suggested that any active analog of AZT must 
display similar structural features. The structure of the title 
compound, in both forms I and 11, has been compared to the 
structure of the purported active conformer of AZT (4, 5), 
as illustrated in Fig. 3. The relative position of the 044' hy- 
droxyl (the azido counterpart) and the thymine moiety in the 
title compound is described by the intramolecular distances 
listed in Table 4; analogous distances in AZT are included 
in the table for comparison. Considering the results in Table 
4, and the fact that the interatomic distances (Fig. 3) from 

the terminal azido nitrogen to q44'  in the title structure are 
only 1.30(1) A (I) and 1.16 (1) A (11), it appears that the title 
compound exhibits enough structural similarity with AZT to 
possess a similar capacity for binding within the active site 
of enzymatic phosphorylation. Although a spatial corre- 
spondence between the title compound and AZT exists, the 
N-glycosidic torsion angle x differs by approximately 70" and 
79" when comparing AZT with I and 11, respectively. TO 
ascertain the importance of the differences in X ,  the energy 
required to rotate the base 360" around the N-glycosyl bond 
was calculated at 10" intervals (for both the title compound 
and AZT), and found to be less than 1 kcal/mol higher for 
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the title compound than for  A Z T . ~  Furthermore, the en-  
e r g y / ~ - a n g l e  profile is virtually identical in both systems. 
A s  this small difference in rotational energy would indicate, 
the relative values in the crystal o f  the N-glycosidic torsion 
angle, X ,  in A Z T  and the title structure are not important 
features in this comparison. 

T h e  completion of  the enzymatic phosphorylation pro- 
cess requires that at least the following two conditions be met. 
Firstly, recognition of  and binding to the active site must 
occur .  Secondly,  it is critical that, once bound,  the nucleo- 
s ide analog presents the oxygen atom t o  be  phosphorylated 
to  the appropriate enzymatic site with positional specificity. 
Phosphorylation will not likely occur  in  any nucleoside an- 
alog that has  its phosphorylation site oriented significantly 
differently from that in AZT. Figure 3 clearly shows that the 
sites of  phosphorylation in A Z T  ( 0 5 ' )  and in the title com-  
pound ( 0 5 5 ' )  are oriented quite differently in the superim- 
posed structures. These oxygens, i .e. ,  05 '  and 0 5 5 ' ,  can  
only be brought into proximity with each other by having the 
pyrenose ring undergo the unlikely ring-flip to  a n  alterna- 
tive conformation with 0 5 ' A  (or B) exo and C5 'A (or B) 
endo, which would result in severe steric clashes between the 
thymine and the C6' hydrogens. T h e  distances betwcen 0 5 '  
in  A Z T  and 0 5 5 '  in the title structure are  2.336(9) A I and 
4 . 0 2  (1) A I1 in  the respective comparisons. 

O n  the basis of  the above structural comparisons with 
A Z T ,  the inference is that the title compound would not ef- 
fectively inhibit the HIV virus. A s  corroborating evidence 
for  this conclusion, it is interesting to  note that, while this 
work was  in  progress, the study cited as  ref. 2 appeared in 
the literature indicating that the title compound possesses little 
activity against the HIV-1 virus in vitro. 
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"All energy calculations were carried out on a Silicon Graphics 
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default parameters. Calculations involved rotating x through 360" 
in steps of 10" and minimizing the energy of the remainder of the 
molecule at each step (i.e., allowing the molecule to relax). 
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Structural study in the oligomethylene dithiobenzoate series, nDBS, where n, 
the number of methylene groups, is odd 

CLAUDE LEBLANC AND FRANCOIS BRISSE' 
DPpartemet~t de chimie, UniversitP de MotzirPal, C.P.  6128, SLLCC. A ,  MonrrPal (Que.), Canada H3C 357 
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CLAUDE LEBLANC and FRANCOIS BRISSE. Can. J.  Chem. 70,900 (1992). 
Model compounds of the poly(oligomethy1ene thioterephthalates) have been synthesized and characterized by X-ray 

diffraction analyses. The pink n-methylenedithiobenzoates, obtained for n = 3, 5 ,  7, and 9,  all have a low melting point 
of about 320-330 K. They all crystallize in the monoclinic system, space group P2 , /c .  The a and b unit cell dimen- 
sions vary little while the c dimension increases monotonically as n changes from 3 to 9.  The crystal structure of the 
four compounds were established from low-temperature X-ray intensities. Except for the lengthening of the methylenic 
sequence, the four molecules studied here are isostructural. One of the thiobenzoate groups of the molecules is coplanar 
with all the methylenic carbons, while the other thiobenzoate group is at 90' from the above plane of atoms. The meth- 
ylenic sequence has the same conformation. It may be described by g+(r),,, where n is the number of methylene groups. 
Thus, the four compounds belong to a crystallographically homologous series. The molecules form centrosymmetric 
"dirners," which, in turn, are herring-bone packed in their respective unit cells. In each "dimer" two aromatic rings are 
across from one another while being mutually perpendicular. On the basis of the above results, one proposes three po- 
tentially acceptable structures for the parent poly(oligomethy1ene thioterephthalates). 

Key words: dithiobenzoate, methylene sequence, crystal structure, poly(oligomethy1ene thioterephthalate). 

CLAUDE LEBLANC et FRANCOIS BRISSE. Can. J .  Chem. 70, 900 (1992). 
On a synthCtisC des composCs modkles des poly(thiotCrCphta1ates d'oligomCthyl&ne) et on les a caractCrisCs par dif- 

fraction des rayons X. Les points de fusion des dithiobenzoates de n-methylene, n = 3, 5 ,  7 et 9 ,  sont tous relativement 
bas (320-330 K). Ils cristallisent tous dans le systkme monoclinique, groupe d'espace P l / c .  Les dimensions a et b de 
la maille varient tr&s peu, mais la valeur de c augmente d'une f a ~ o n  monotone alors que rz passe de ? a 9. On a dCterminC 
les structures cristallines des quatre composCs a partir d'intensitks mesurCes a basse tempCrature. A I'exception de l'al- 
longement de la sCquence mCthylCnique, les quatre molCcules CtudiCes sont isostructurales. L'un des groupes thioben- 
zoates des molCcules est coplanaire avec les carbones mCthylCniques, alors que l'autre groupe thiobenzoate fait un angle 
de 90" avec le plan mentionnC plus haut. La conformation de la sequence mCthylCnique est la mCme dans toutes les 
molCcules. Elle peut &tre dCcrite par g+(t),,, oh tl est le nombre de groupes mCthylCniques. D'un point de vue cristallo- 
graphique, les quatre composCs appartiennent donc tous a une sCrie homologue. Les molCcules foment  des <tdimkresn 
centrosymCtriques qui s'entassent en chevron dans leurs mailles respectives. Dans chaque ccdimkren deux noyaux aro- 
rnatiques se trouvent placCs face a face, tout en Ctant perpendiculaires I'un a l'autre. Sur la base de ces rCsultats, on pro- 
pose trois structures potentiellement acceptables pour les poly(thiotCrCphta1ates d'oligomCthylkne) parents. 

Mots cle's : dithiobenzoate, sCquence methylknique, structure cristalline, poly(thiotCrCphta1ate dloligomCthyl&ne). 
[Traduit par la redaction] 

Introduction thesis or the structure of dicarboxylic dithiol polyesters (5). 

To establish what the geometrical and conformational We have undertaken a systematic study of such polymers 

characteristics of a linear polymer are, we analyzed the where the diacid is terephthalic acid. The present work deals 

constancies and the variations of the bond distances and the with model compounds of the poly(n-methylene thiotere- 

bond and torsion angles of small molecules that are chemi- phthalates), the sulfur relatives of the above-mentioned 
nGT's. The model compounds chosen to represent the poly(n- cally and, presumably, structurally related to the parent 

polymer. This was done by X-ray diffraction from single methylene thioterephthalates) are the n-methylene dithio- 

crystals. We chose this approach since polymer single crys- benzoates (or nDBS). It is the synthesis and the analysis of 

tals, suitable for an X-ray structural determination, cannot the properties of the odd members of this series (3 DBS, 5 

usually be obtained. However, X-rays interact with a par- DBS, 7 DBS, and 9 DBS) which are reported here. 

tially crystalline, or ordered, polymer to produce a fiber Experimental diffraction pattern containing a limited amount of informa- 
tion. Thus. the structural data derived from thz model com- The tl-methylene dithiobenzoates are prepared in a two-step 

is very useful in the interpretation of the fiber pattern, process. First, potassium thiobenzoate is obtained by reacting 

T . , ~  structures of the poly(n-methylene terephthalates) or thiobenzoic acid and KOH at 0°C in the presence of MeOH. In the 
second step, the potassium salt is made to react with the dibro- nGT's were investigated in this laboratory for = 2-6 
moalkane of interest, in the presence of MeOH, and refluxed for 

through the use of their model compounds, the oligometh- 6 at 65°C. 
ylene dibenzoates and their di-para-substituted analogs: 
3 GT(l) ,  4 GT(2), 6 GT(3, 4). 2C,H5COS- K +  + Br(CH,),,Br 

However, very little has been reported so far on the syn- 
-, C6H5COS(CH2),SCOC6H5 + 2KBr 

'Author to whom correspondence may be addressed. At the end of the reaction the product precipitates. It is filtered 
'~evision received September 23, 1991. and purified by recrystallization in MeOH. All the compounds 
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LEBLANC AND BRISSE 

TABLE 1. Crystal data of interest for nDBS, where n is odd 

Parameter 3 DBS 5 DBS 7 DBS 9 DBS 

Molecular formula 
Molecular weight 
Melting point (K) 
Untt cell 
a (A) 
b 
c 
P (deg) 
c si? P 
V (A3) 
do (g ~ m - ~ )  
dc 
z 
Space group 
F (000) 
 radiation) (cm-') 
T (K) 

C17~160ZS2 
316.44 
328 

Monoclinic 
9.008(3) 
5.865(3) 

30.659(7) 
106.56(2) 
29.386 

1552.7 
1.30 
1.354 
4 

P 2 , / c  
664 

3.29 (Mo) 
163 

C19H2002S2 
344.50 
320 

Monoclinic 
9.170(5) 
5.787(4) 

33.553(10) 
100.78(3) 
32.921 

1749.1 
1.24 
1.308 
4 

P2 , / c  
728 

2.98 (Mo) 
143 

C21H2-102S2 
372.55 
332 

Monoclinic 
9.307(3) 
5.682(2) 

36.7S6(11) 
95.62(3) 
36.619 

1936.5 
1.23 
1.278 
4 

P 2 , / c  
792 

2.74 (Mo) 
143 

C ~ ~ H ~ S O ~ S Z  
400.59 
328 

Monoclinic 
9.38 l(5) 
5.604(3) 

40.496(24) 
91.47(4) 
40.483 

2128.2 
1.20 
1.250 
4 

P2 , / c  
856 

23.3 (Cu) 
178 

prepared in this manner are pink and are obtained in high yields (80- butions of the S atoms were included in the structure factor cal- 
90%). culations (1 1). The atomic coordinates are listed in Tables 3 (a)- 

Crystals, in the form of thin platelets suitable for X-ray analy- (d)  while the structure factor tables have been deposited as part of 
sis, were obtained by slow evaporation of their respective metha- the Supplementary m ate rial.' 
nolic solutions. The unit-cell dimensions were obtained with the 
Enraf-Nonius CAD4 diffractometer bv least-sauares analvsis of the Results and discussion 
diffractometer setting angles of 25 well-centered reflections in the All the rlDBS compounds remain pink even after four re- 
range 300 < '' < 440 for DBS' DBS' and DBS' and 400 < crystallizations. Their  melting points are low and in a rela- 20 < 45" for 9 DBS. The low temperature required for the X-ray 
data collection of all four compounds was maintamed using a tively narrow range of temperatures, 320-330 K. The  melting 

modlfied Nonius cooling system. The temperature achieved was points d o  not seem to be  correlated with either the methyl- 
stable to r4" .  The crystal data of interest are given in Table 1. The ene chain length o r  its parity, as these values are in the 
intensity data were recorded using the w/20 scan technique with a neighbourhood of those found when the number of methyl- 
scan range calculated by Aw = (1.00 + 0.35 tan 0)" and the g~aphite ene groups is even.5 The unit-cell dimensions (a ,  b ,  c ,  P, V) 
monochromatized Mo radiation, A(MoK&) = 0.71069 A. For vary regularly with n ,  the number of methylene groups (see 
9 DBS, the X-ray intensities were obtained with the graphite 
monochromatized copper radiation, (CuK&) = 1.54178 A, while 
the scan range was calculated by Aw = (0.80 + 0.14 tan 0)". The 
intensities of seven reference reflections were monitored every hour 
and showed no significant decay of the crystals. The orientation of 
the crystals was verified every 100 measurements. The intensity data 
were reduced to a common scale using standard procedures.3 
Lorentz and polarization corrections, as well as an absorption cor- 
rection based on the geometrical description of the crystal, were 
applied in all cases. 

The structures were solved by direct methods. All the non-hy- 
drogen atoms were found on E-maps calculated with the set of 
phases having the highest combined figure of merit. 'The struc- 
tures were refined at first by a full-matrix least-squares procedure 
minimizing EW((F,J - IF,I)~. The weights applied were derived from 
the counting statistics of the measured intensities. After all H atoms 
were localized, the final refinements proceeded in the block-di- 
agonal approximation, with anisotropic temperature factors for the 
non-hydrogen atoms and isotropic for H atoms. The refinements 
all converged satisfactorily. The details of the data collection and 
least-squares refinements are summarized in Table 2. The scatter- 
ing curves for the non-hydrogen atoms were taken from ref. 9 and 
those for H atoms from ref. 10. The anomalous scattering contri- 

 h he programs used here are modified versions of the NRC set 
of programs (NRC-2, data reduction; NRC-3, absorption correc- 
tion; NRC-10, bond distances and angles; NRC-22, mean planes), 
M U L T A N ~ ~ ,  and ORTEP (6-8). 

Table 1-and Fig. 1). The  two dimensions a and b change only 
slightly while c ,  the product c sin P, and the unit-cell vol- 
ume, V, increase significantly as n changes from 3 to 9 .  These 
linear variations have been parametrized, as follows, as a 
function of n: 

a (A)  = 6.280 x 1 0 - 5  + 8.840 ( a  = 0.032) 

b(A) = -4.440 x n + 6.001 ( a  = 0.008) 

c(A) = 1.6377 n + 25.550 ( a  = 0.286) 

c sin p (A) = 1.8517 rz + 23.738 ( a  = 0.111) 

v (A3) = 95.710  n + 1267.4 ( a  = 2.67) 

As  will be seen later, such a regular evolution of the unit-cell 
parameters is  an  indication that the molecules are very sim- 

9ab l e s  of hydrogen atom positional parameters, anisotropic 
temperature factors, and the observed and calculated structure 
amplitudes are available. Copies may be purchased from the De- 
pository of Unpublished Data, Document Delivery, CISTI, Na- 
tional Research Council Canada, Ottawa, Canada KIA 0S2. 

Tables of H-atom fractional coordinates have also been depos- 
ited with the Cambridge Crystallographic Data Centre and can be 
obtained on request from The Director, Cambridge Crystallo- 
graphic Data Centre, University Chemical Laboratory, Lensfield 
Road, Cambridge CB2 IEW, U.K. 

5 ~ .  Leblanc and F. Brisse. To be published. 
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902 CAN. J .  CHEM. VOL. 70, 1992 

TABLE 2. Summary of data collections and least-squares refinements 

Parameter 3 DBS 5 DBS 7 DBS 9 DBS 

h,  k ,  1 ranges 

20,,,,,, (deg) 
Maximum fluctuation of standard 

reflections (%) 
Number of reflections measured 
Number of observed reflections 
when I 2  ka(I),  k 
Range of transmission factor (%) 
Crystal size (mm) 
R = cllF"l - IFcll/clFol 
R,, = [XLVAF'/CWF,']'/' 
S = [Xw,A~'/(tn - n)]'" 
Displacement/a, average 
Extreme fluctuations -of residual 

electron density (e A-') 

TABLE 3(a). Final atomic coordinates and their esd's (S x lo5, 0, 
C X lo") and U,, (X 10") for 3 DBS 

Atom x Y z ucq 

ilar in conformation and in crystal packing. A similar pat- 
tern was reported (12) in the N,N1-oligomethylene 
bisbenzamide series when, however, the number of meth- 
ylene groups is even. 

Structural results 
The atomic numbering of the nDBS molecules is reported 

in Fig. 2 while drawings of the molecules are shown in Fig. 
3. It is apparent that the molecules in the series have the same 
conformation. The main feature of these molecules, which 
are chemically symmetrical, is their lack of symmetry in the 
solid state. An examination of Fig. 3 reveals that the two 
thiobenzoate groups of a given molecule have totally differ- 

TABLI:. 3(b). Final atomic coordinates and their esd's (S x lo5; C,  
0 X 10") and U,,  (X loJ) for 5 DBS 

Atom x Y z ucq 

ent orientations with respect to the methylenic sequence. TO 
establish this quantitatively, the bond distances, bond an- 
gles, and torsion angles are compared in Tables 4 and 5. In 
each aromatic ring, the average value of the intracyclic bond 
angles is 120". However, the usual narrowing of the bond 
angle at C(l) ,  due to the conjugation between the thioester 
group and the aromatic ring, is observed (13). Indeed, the 
average value of the C(6)-C(1)-C(2) angles is 1 18.9", 
while the individual values are in the range of 118.3(3)"- 
1 19.6(3)". Concurrently the C( 1)-C(7) bond distance is 
slightly shorter; its average is 1.493 A. The averag? 
~ ( s p " - ~ ( s p ~  distance is 1.383(3) A in 3 DBS, 1.380(5) A 
in 5 DBS, 1.385(4) A in 7 DBS, and 1.386(8) A in 9 DBS, 
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LEBLANC AND BRISSE 

TABLE 3(c). Final atomic coordinates and their esd's (S x 10'; C, 
0 x 10') and U,, ( x  lo') for 7 DBS 

Atom x Y 7 uec, 

s (  1) 127369(9) 8734 l(17) 64254(2) 436 
s (1 ' )  5 1258(8) 11457(14) 44175(2) 357 
o(1) 10899(2) 7703(4) 6897(1) 395 
o(1 ' )  606 1 (2) - 3094(4) 4293(1) 408 
(31) 12364(3) 11019(5) 7075(1) 292 
c( 1') 397 l(3) -2122(5) 3903(1) 274 
c(2)  135 16(3) 12449(6) 7012(1) 334 
c(2 ')  2850(3) -598(5) 3820(1) 367 
(33) 13920(3) 14305 (6) 7244( 1 ) 389 
(33') 1778(3) - 1 157(6) 3543(1) 450 
(34) 13 182(3) 14743(6) 7544( 1 ) 381 
(34') 1840(3) -3227(6) 3349(1) 397 
(35) 12038(3) 1334 l(6) 7612(1) 389 
(35') 297 l(3) -4758(6) 3430(1) 393 
C(6) 1 1622(3) 1 1487(6) 7380(1) 334 
C(6') 4035(3) -4213(5) 3704(1) 344 
c(7)  1 1859(3) 9023(5) 6829(1) 308 
(37') 5141(3) -1656(5) 4202(1) 295 
C(8) 1 1872(3) 6 149(6) 6221(1) 408 
c(8 ')  6701 (3) 784(6) 4740(1) 373 
(39) 10524(3) 661 8(5) 5965(1) 370 
(39') 6989(3) 2978(6) 4977(1) 359 
c(10) 10084(3) 4467(5) 5732(1) 363 
C(10') 8338(3) 2670(6) 5239(1) 364 
c(11) 8724(3) 48 18(6) 5477(1) 362 

5.5 
TABLE 3(d). Final atomic coordinates and their esd's (S X 10'; C, 

0 x lo4) and U,, ( x  10') for 9 DBS 

Atom x Y z Number of methylene groups 
u e q  

Number  of m e t h y l e n e  groups 

FIG. 1. Variation of the unit-cell parameters (a) and the spe- 
cific gravity (b) with n the number of kethylene groups in the odd 
nDBS. 
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CAN. 1. CHEM. VOL. 70, 1992 

FIG. 2. Atomic numbering adopted for the rlDBS n~olccules. 

in good agreement with the compilation found in Molecular 
structures atld ditnetzsions (14). The thioester groups are 
planar. However, the bond angles show the same deviation 
from 120" as was reported for the ester groups. The 
C( 1 )-C(7)-0, 0-C(7)-S , C( 1)-C(7)-S bond an- 
gles have average values of 122.5(4), 121.5(3), and 115.9(3)" 
respectively. The C(S~')-S and C(?~')-S distances, with 
averages of 1.769(4) and 1.808(5) A, agreeowell with their 
respective published values of 1.76 and 1.80 A (14). The two 
S-C(8)-C(9) bond angles behave unusually since they 
systematically take significantly different values depending 
upon which end of the molecule is considered (Table 5).  
At the unprimed end, the S-C(8)-C(9) angles average 
1 14.9(3)", while at the primed end of the molecules the av- 
erage is 1 1 1.4(3)". In the methylenic sequence itself, the C-C 
bond dist$nces vary over a largeo interval, from 1.499(5) to 
1.530(4) A, and average 1.515 A. The C-C-C bond an- 
gles behave in a similar way: average 1 12.7", range 109.8(3)"- 
114.9(3)". It should be pointed out that the first and the last 

angles in the sequence, C(8)-C(9)-C(10), are always 
smaller than any of the others and show little variation. Their 
range is only from 109.8(3)" to 1 11.7(3)". In other words, 
it seems that the central part of the chain is a bit more flexi- 
ble or deformable than its ends, which are attached to S 
atoms. The torsion angles within the aliphatic sequence are 
all trclns. However, the unusual behavior noted for the 0 = 
S-C(8)-C(9) angles is also reflected in the T = C(7)- 
S-C(8)-C(9) torsion angles. The primed values are in the 
range 173.8"- 179.8", while the unprimed ones range from 
89.6" to 91.8". Thus, at the unprimed end of the molecule, a 
"pseudo" guuche torsion angle corresponds to a large 0 = 

S-C(8)-C(9) bond angle, while at the primed end a trans 
conformation is associated with a smaller value of 0 .  This 
observation may be rationalized when one compares the 
schematic representation and the Newman projections, along 
the C(8)-S bond, of the two ends of the molecules (Fig. 4). 
At the primed end of the molecule, the carbonyl group is 
gauche to two hydrogen atoms and the C(8')-C(9') bond is 
in the ester plane, T' = C(7')-St-C(8')-C(9') - 180°, and 
thus does not interact with thep, orbital on the sulphur atom. 
However, at the other end (the unprimed end) of the mole- 
cule, the carbonyl is "pseudo" gauche to the first bond of the 
aliphatic segment, and also "pseudo" gauche to one hydro- 
gen atom. It can be seen that in this case the C(8)-C(9) bond 
is in the plane containing the large p, orbital of sulphur (T = 

3DBS 5DBS 7DBS 9DBS 

FIG. 3. The nDBS  molecules shown side by side in the order: 3 D B S ,  5 D B S ,  7 D B S ,  9 D B S .  
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FIG. 4. Schematic representation and Newman projections along the C(8)-S bond of (a) the primed end of the molecules, and (b) the 
unprimed end. 

TABLE 6. Dihedral angles (deg) of interest 

3 DBS 5 DBS 7 DBS 9 DBS 

Dihedral angle A" Ba A B A B A B 

1/2(or e and e') 6.1 8.5 3.6 3.6 6.3 5.4 5.3 6.2 
2/3 6.5 87.3 5.5 84.8 2.2 80.5 0.3 80.5 
1/1' 82.5 78.3 72.8 70.6 

"A: unprimed atoms; B: primed atoms 

C(7)-S-C(8)-C(9) - 90"). As a consequence there is a 
strong interaction, which results in an enlargement of the 0 
= S-C(8)-C(9) bond angle. Experimentally we observe 
that for T - 90" the angle 0 is 1 10"- 1 1 1" while for T' - 1 80°, 
0' is 114"-115". 

The conformation of the C(7)-S-C(8). . .C(8')-St-C(7') 
sequence of atoms is the same for all the odd nDBS com- 
pounds. It may be described as g'ttt for 3 DBS, g'ttttt for 
5 DBS, and so on, or abbreviated as g'(t),,, (g = gauche, 
g +  = +60°, t = trans = 180"). 

As a first approximation the molecules can be seen (Fig. 
3) as made up of two nearly planar groups of atoms. The f ~ s t  
group is the unprimed thiobenzoate; the second group in- 
cludes the primed thiobenzoate group, all of the methylenic 
C atoms, and S. This is clearly appreciated when one com- 
pares the primed and unprimed values of the T = 

C(7)-S-C(8)-C(9) torsion angles (Table 5). At the un- 
I 
I primed end, this angle is close to 90" while at the primed end ~ its value is nearly 180°, a difference of about 90". Energet- 

ically these two conformations must be very similar. Since 
there is no chemical reason for this behavior, it is attributed 
to packing effects. On closer inspection, the previous planes 
of atoms may be subdivided again since the aromatic rings 
(plane 1, made up of C( l )  -, C(6)) and the thioester groups 

(plane 2, C(1), C(7), 0 ,  S) are not exactly coplanar al- 
though each is individually planar. The dihedral angle, E ,  

between planes 1 and 2 is small and varies between 2" and 
6" and is of the same order of magnitude as that reported in 
benzoates (15). The methylenic C atoms, between the primed 
and unprimed thiobenzoates, are nearly coplanar (plane 3). 
The dihedral angles between all these planes are given in 
Table 6 for all odd nDBS. 

Packing of the molecules 
Stereopairs are shown in Fig. 5 (a)-(d). In all nDBS 

molecules, two centrosymmetrically related molecules adopt 
a head-to-tail type of disposition (Fig. 6). These "non- 
bonded dimersn form a layer parallel to the ab plane in which 
the individual molecules are at about 45" from ab. In the next 
layer, observed at c/2, the molecules are at -45" from ab. 
Thus when seen in the bc projection, the molecules form a 
herring-bone pattern. This type of packing is reminiscent of 
that adopted by the N,N1-oligomethylene dibenzarnides with 
an even number of methylene groups. However, in the lat- 
ter case, each molecule was H-bonded to two neighboring 
ones (12). Since the nDBS molecules with n odd have com- 
parable unit cell dimensions, belong to the same space group, 
have the same conformation and the same mode of packing, 
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LEBLANC AND BRISSE 

FIG. 6. Head-to-tail disposition of two centrosymmetrically re- 
lated molecules 

( b )  they constitute a crystallographically homologous series. 
Surprisingly there is no such relationship among the nDBS 
molecules with n even (see footnote 5). 

Extension to the parent polythioester 
A reasonably sound structure for the parent polymers, the 

poly(oligomethy1ene thioterephthalates), may be proposed 
using the information derived from the present study of their 
model compounds. The relation between the polythioester 
and its model compound is shown in Fig. 7. The fiber re- 
peat, p,, which is the distance measured along the chain axis 
between two consecutive crystallographically equivalent 
units, may be experimentally accessible from measure- 
ments of an X-ray fiber pattern of the oriented polymer. Thus, 

( c  if a polymer and its model compound have the same con- 
formation, the polymer's fiber repeat is also the distance 
between the centers of the aromatic rings in the model com- 
pound. It is expected that the reverse is also true. Many 
crystal structures of non-chiral synthetic polymers belong to 
centrosyrnmetric space groups and, quite often, the poly- 
mer chain itself is crystallographically centrosymmetric (3, 
16). Assuming that this situation applies here and that the 
number of methylene groups is odd, the only centers of 
symmetry will be found in the middle of each terephthaloyl 
group. However, if the aliphatic segment possesses an even 
number of methylenes, a further center of symmetry will be 
found at the mid-point of the central CH2-CH2 bond. Con- 
sequently, the polymer's fiber repeat is the distance be- 
tween the centers of two consecutive aromatic rings for an 

( d )  even number of methylenes in the model compounds. It is 
twice that distance when there is an odd number of methyl- 

FIG. 5 .  Packing of the nDBS molecules in their respective unit enes (Fig. 7). 
cells. (a) 3 DBS;  (b) 5 DBS;  (c)  7 DBS;  ( d )  9 DBS .  
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FIG. 7. Relation between a polymer, poly(pentamethy1ene 
thioterephthalate), and its model compound, pentamethylene di- 
thiobenzoate. 

TABLE 7. Values of the fiber repeat, p, (A), calculated for the three 
possible conformations of the poly(oligomethy1ene thioterephthal- 

ates) 

n 

Case I" 25.08 30.82 34.83 40.50 
Case I1 26.90 31.96 37.24 42.24 
Case 111 25.99 31.39 36.03 41.37 

"See text and Fig. 8. 

Since in the nDBS molecules two conformations are 
equally represented (T = 90" and T = 180°), it is reasonable 
to expect that the parent polymer will adopt one or the other 
or even a combination of the two. For an ordered polymer, 
i.e., a crystalline one, only a few combinations need to be 
considered. These are schematically described in Fig. 8. 
Apart from the bond distances and angles, three types of 
torsion angles are required to describe the conformation of 
the poly(oligomethy1ene thioterephthalates). The torsion 
angles to be specified are E ,  T, and +i's. In the model com- 
pounds the angle E is always small and stays in the range of 
2'-6", while T may be either 90" or 180" and the +'s are all 
180". The fiber repeat may be evaluated according to the 
schemes shown in Fig. 8. Assuming that the methylenic se- 
quence remains in the fully extended conformation three cases 
are possible: 

FIG. 8. Three possible conformations of poly(pentamethy1ene 
thioterephthalate). The T torsion angle may take the values of -90" 
or - 180" while all the E and +, torsion angles are kept equal to 0" 
and 180" respectively. Thus the terephthaloyl groups are shown 
either in the plane of the page or perpendicular to it (long rect- 
angles), while the S-(CH,),-S sequence is only in the plane of the 
page. The black dots indicate the centers of symmetry. 

Case I. All 7's are 180". This corresponds to the all-trans 
conformation, then the fiber repeat, p = 4L'. 

Case 11. All the 7's are 90". Because of the centers of 
symmetry TI  = 7, = 90" and 7, '  = 7,' = -90°, then p = 
4 L. 

Case LII. Here 7, = -7,' = 90" while T, = T,' = 180". The 
fiber repeat is p = 2 L + 2 L' . 

The quantities L and L' are the distances from the central 
atom to the center of the unprimed and primed aromatic rings 
corresponding to T = 90" and T' = 180" respectively. 
The fiber repeats calculated for each situation are given in 
Table 7. 
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Crystal and molecular structures of 1,4-dibromo- and 1,4-diiodocubane 
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N. T. KAWAI, D. F. R. GILSON, J. F. BRITTEN, I .  S. BUTLER, and P. G. FARRELL. Can. J. Chem. 70, 910 (1992). 
The crystal structure of 1,4-dibromocubane has been determined by X-ray diffraction. The crystal is monoclinic, P2,/!, 

a = 6.878(1), b = 6.960(7), c = 8.793(2) A, 6 = 113.08(2)", Z = 2, R = 0.055. The C-Br bond length, at 1.926 A, 
is shorter than usual and the carbon framework is probably distorted by longer bonds along the edges. The direct dipole 
coupling constants between protons, obtained from the partially oriented NMR spectrum, show that a distortion of the 
proton positions from the ideal cube occurs in the bromo compound but not in diiodocubane, presumably because of the 
higher strain energy in the former. 

Key words: halocubanes, crystal structures, NMR spectroscopy, molecular modelling calculations. 

N. T. KAWAI, D. F. R. GILSON, J.  F. BRITTEN, I. S. BUTLER et P. G. FARRELL. Can. J .  Chem. 70, 910 (1992). 
On a dCterminC la structure cristalline du 1,4-dibromocubane par diffraction des rayons X. Les cristaux sont mono- 

cliniques, groupe d'espace P 2 , / n ,  avec a = 6,87>(1), b = 6,960(7) et c = 8,793(2) .&, = 113,08(2)", Z = 2 et R = 
0,055. La longueur de la liaison C-Br, a 1,926 A, est plus courte que d'habitude et la structure carbonee fondamentale 
est probablement dCformCe par des liaisons plus longues a la pCriphCrie. Les constantes de couplage dipolaires directes 
entre les protons, obtenues a partir de spectres RMN partiellement orientks, montrent que, dans le composC bromC, il 
existe une deformation de la position des protons par rapport a un cube idCal; cette situation n'existe pas dans le diio- 
docubane, probablement 5 cause de 1'Cnergie de tension plus ClevCe dans le premier. 

Mots cles : halocubanes, structures cristallines, spectroscopic RMN, calculs par modClisation molCculaire. 
[Traduit par la rCdaction] 

Introduction 
The possibility of distortions of the cubic framework of 

substituted cubanes was first examined by Tracey ( l ) ,  who 
studied the proton magnetic resonance spectra of the mono- 
and 1,4-dicarboxylic acid derivatives oriented in lyotropic 
liquid crystal solutions. The protons vicinal to the carbox- 
ylic acid groups were displaced in the direction of the sub- 
stituent such that the HCCH dihedral angle is non-zero, 
suggesting that the cage structure was elongated along the 
symmetry axis. The crystal structures of several derivatives 
of cubane (pentacyclo[4. 2 . 0 ~ ~ ~  .0"~.0~"]octane) have now been 
reported (2-6). The differences in carbon-carbon bond 
lengths in these compounds has become a topic of consid- 
erable interest, in particular, the changes in the exocyclic 
bond lengths. The crystal structure of cubane-l,4-dicarbox- 
ylic acid showed that these bonds were shorter than normal, 
when compared with analogous bonds in bicyclooctane and 
adamantane carboxylic acid derivatives (4). The cage-cage 
bond lengths found for cukylcubane and 2-tert-butylcubyl- 
cubane, 1.458 ando 1.474 A, respectively, are significantly 
shorter, by 0.114 A, than the average value of C-C bonds 
derived from the Cambridge Crystallographic Database for 
connected carbon atoms each bonded to three other carbons 
(5). In related, but much earlier, studies, a comparison of the 
bond lengths of carbon-halogen compounds (7, 8) showed 
that there is a significant shortening of the carbon-halogen 
bond length in the adamantyl halides compared with tert-butyl 
analogues. 

In the present study we report the results of a crystal 
structure investigation of 1,4-dibromocubane, and of the 
hydrogen atom positions derived from the analysis of the 
dipole-dipole coupling constants of the proton magnetic 
resonance spectra of the dibromo and diiodo compounds, 

'Authors to whom correspondence may be addressed. 
'Present address: Department of Chemistry, McMaster Univer- 

sity, 1280 Main St. W., Hamilton, Ont., Canada L8S 4M1. 

oriented in a nematic liquid crystal solvent. A crystallo- 
graphic study of 1,4-diiodocubane was discontinued when 
the structure of this compound was reported (6). The results 
obtained, however, were in agreement with the published 
study 

Experimental 

Preparation 
Pentacyclo[4.2.0.0'~5.03~8.0447]octane-1 ,4-dicarboxylic acid (0.9 

g) and mercuric oxide (2.6 g) were stirred together in refluxing di- 
bromoinethane (50 mL). A solution of bromine (2.0 g) in dibro- 
momethane (25 mL) was added dropwise over 30 min and the 
mixture retluxed overnight. After cooling and filtering, the sol- 
vent was removed to leave a solid material, which was extracted 
several times with hot hexanes. Evaporation yielded the crude di- 
bromocubane, which was purified by recrystallization from hex- 
anes followed by sublimation, mp 196-198°C (0.90 g, 72%). For 
the diiodo derivative, the dicarboxylic acid (0.9 g), (diacetoxy- 
iodo)benzene (3.3 g), and iodine (2.5 g) were stirred together in 
refluxing carbon tetrachloride (150 mL) under irradiation from a 
200-W tungsten lamp for 8 h. A second addition of the same 
amounts of (diacetoxyiodo)benzene and iodine was then made and 
the reaction continued for a further 24 h. After cooling, the reac- 
tion mixture was thoroughly washed with sodium thiosulphate so- 
lution, dried, and the solvent removed to leave a solid that was 
purified as described above for the dibromo derivative, mp 225°C 
(dec.) (0.75 g,  42%). 

X-ray crystallography 
Diffraction data on a single crystal of dibromocubane, approx- 

imately 0.2 mm in all directions, were collected at room temper- 
ature on an Enraf-Nonius CAD4 diffractometer with Mo-Ka 
radiation (Ka, = 0.70930, Ka2 = 0.71359) using 8/28 scans. Unit 
cell parameters were refined with 24 reflections (28 = 40-50"). 
Crystal data are 
C8H6Br2 f . ~ .  = z61.94 
Monoclinic, a = 6.878(1), b = 6.960(7), c = 8.793(2) A, 6 = 
113.08(2); V = 387.2(1) A ~ ;  Z = 2; DCd, = 2.247 Mg m-3; F ( m )  
= 247.96; p = 102.8 cm-'. The density determined by flotation 
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TABLE 1. Atomic coordinates and equivalent isotropic tcmpcra- Results and discussion 
turc factors (B,,, in A') for dibronlocubanc The molecular structure and numbering system is shown 

Atom s Y in Fig. 1, and the packing diagram in Fig. 2. The structure 
B,,, 

is isomorphous with 1,4-diiodocubane (6) and also with the 

in aqueous zinc bromide solutions was 2.13 Mg 6 ' .  Systematic 
absences occurred at: h,0,1: h + 1 = 2t1 + I; O,k,O:k = 2t1 + 1, 
indicating the space group P 2 , / n  (P2, /c  with an alternate choice 
of cell, no. 14), with molecules located at special positions. In- 
tensity data were collected using the 8/28 scan mode up to 28 = 
44.7". Two octants were measured within the index rangc h,k,l = 
-6 to 6,  0 to 6, and 0 to 9. Three standard reflections, measured 
46 times during the data collection, showed a maxinlum instabil- 
ity of 2.83%, and were used to make corrections in the data re- 
duction. Of the 475 unique reflections measured, 415 had intcnsities 
greater than 2.5u(I). 

The structure was solved by Patterson methods using the 
NRCVAX software (9). Halogen positions were determined from 
a Patterson map, and the carbon atoms were positioned from an 
electron dcnsity differencc map. Hydrogen positions wcre ini- 
tially located according to the carbon atom framework. Spherical 
absorption corrections were performed. Refinement of the non- 
hydrogen atoms was made with anisotropic temperature factors, 
while the hydrogen atoms were rcfincd with isotropic factors. Final 
atomic coordinates are given in Table 1, and the thermal parame- 
ters are listed in Table 2. The-lowest and highest peaks in the final 
difference map were - 1.4 e A - ~  and 0.65 e A - ~ .  The final extinc- 
tion coefficient was 0.1867. Convergence was reached at R = 
0.055, R ,  = 0.063, for the 415 significant reflections, where R = 
C(F, - F,)/CF,, Rw = [C(K(F, - F,)')/C(KF,')]"'. Refinement 
was based on 59 variables, weight based on counting statistics with 
a modifier K in KF,' of 0.00005. Bond lengths and angles are pre- 
sented in Table 3.  

1,4-dinitro derivative (3). 
The search for substituent-induced variations in the car- 

bon-carbon bond lengths in cubane derivatives is compli- 
cated by the observation that the crystallographically 
inequivalent C-C bond lengths show considerable varia- 
tion. The average "edge" bond distance, C2-C3, in five 
cubane derivatives is 1.556 ? 0.006 A ( 3 ,  and dibromo- 
cubane at 1.567 A is at the longer limit but within the error. 
The average bond length at C 1 appears to be slightly shorter 
than the edge distance, and the bond angles at C1 are slightly 
larger, at 91.8". In the diiodo compound, the averaged C-C 
distances were the same, and the bond angles closer to 90". 
Thus the cage structure of dibromocubane may be slightly 
compressed along the symmetry axis. Recently, the gas phase 
structure of cubane itself was studied by electron diffrac- 
tion (10). A vibrationally averaged C-C distance, r,, of 
1.573 A was obtained. The value reported from the crystal 
structure determination (2) was 1.55 1 A (averaged over the 
different distances in the crystal). 

To accommodate the ring strain in the cubyl system, the 
C-C bonds become more p in character and the exocyclic 
bonds acquire more s-character. Thus these bonds are usu- 
ally shorter than expected. The carbon-halogen bond lengths 
in the cubanes can be compared with those reported (7, 8) 
for tert-butyl and adamantyl derivatives, Table 4. The ex- 
pected trend is observed. 

The structures of the dibromo- and diodocubanes were 
calculated using the MM2 method (1 1) and the results for 
dibromocubane are included in Table 3. Interestingly, the 
deviations from a symmetric structure are in the same direc- 
tion as observed in the X-ray study, but much larger; the edge 
C-C distance is much longer than the bonds to C1 and the 
angles at C1 greater than 90". The predicted structure of 
diiodocubane is very close to the reported structure, i.e., the 
angles in the ring are close to 90" and the C-C bond lengths 
are the same. 1; both cases, however, the calculated C1- 

Nuclear magnetic resonance 
The NMR spectra were obtained on a Varian XL-300 spectrom- halogen bond lengths are even shorter than observed, 1.913 

eter for dilute solutions (about 3 mol%) of dibromo- and diiodo. and 2.105 A> for the dibromo and diiodo compounds, re- 
cubane in the solvent 1132, a mixture of phenylcyclohexylcyanides spectively. 
(Merck). The spectra were analyzed using a version of the TO fit the results of the oriented NMR spectra to the 
LAOCOON program modified for dipolar coupling. structure, it is necessary to adopt coordinates for the carbon 

TABLE 2. Temperature factors for dibromocubane" 

Atom U I  I u?? 1133 U I ?  U13 U23 

"Anisotropic temperature factors are of the form: 
T = -2n2(h'u,,(a*)' + k '~ '~(b*)~  + I'LI~~(c*)' + 2hku,,(a*b*) + 2hlu13(a*c*) + 2klu12(b*c*)) 

bIsotropic temperature factors, (I, are given for the hydrogen atoms. 
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TABLE 3. Bond lengths (A) and angles (deg) for 
dibromocubane 

Bond(s) X-ray MM2 

TARLE 4. Comparison o< carbon- 
halogen bond distances (A) (7, 8) 

Bromo- Iodo- 

tert-Butyl- 1.975 2.19 
Adamanty 1- 1.947 2.160 
Cubyl- 1.926 2.133 

cage and this was done for those averaged from the X-ray 
data and those derived from the MM2 calculations. 

For a molecule with threefold molecular symmetry the 
dipole-dipole coupling constants (12) are given by eq. [ I ] ,  

where k = - h y , y j / 2 f l ~ .  Assuming C3 axial symmetry, 
there are three different proton-proton distances in the 1,4- 
dihalocubane structure, along the cube edge, across the face, 
and across the cube diagonal, and the oriented NMR spec- 

VOL. 70. 1992 

- 

FIG. 1. ORTEP diagram (1 3) of 1,4-dibromocubane. Thermal 
ellipsoids are represented at 30% probability for carbon and bro- 
mine atoms, and as arbitrary spheres for the hydrogen atoms 

FIG. 2. Packing diagram of the monoclinic unit cell viewed down 
the a* axis, with the c axis horizontal. 

trum is determined by three direct dipole coupling con- 
stants, three indirect couplings, and a single order parameter 
describing the orientation. For a perfect cube, the angle be- 
tween the H-H direction along the edge of the cube and the 
C3 axis, which is assumed to be the axis of orientation in the 
liquid crystal solvent, is 54.7", which reduces this direct di- 
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KAWAI ET AL. 

FIG. 3. Oriented NMR spectra of diiodocubane (upper) and dibromocubane (lower). The spectra are symmetrical about their centres 
and only half the spectra are shown. The arrows indicate the major line splitting for the finite value of D I 2  in the dibromo compound. 

TABLE 5. Dipolar coupling constants, D,, (Hz), in 1,4-dibromo- and 
1 ,4-diiodocubanea 

Dibromocubane Diiodocubane 

Expt. Calcd. Expt. Calcd. 

0 2 2  513.64 513.64 620.74 620.70 
0 14 - 12.00 - 12.01 1.17 1.16 
0 1 6  184.97 184.97 225.28 225.38 
J12 3.13 1.03 
J14 6.23 5.48 
J16 -1.84 0.74 
C 3 r - r  0.6137 0.7348 
rms error (Hz) 0.19 0.36 

TABLE 6. F'roton coordinates in 1,4-dibromocubane and 
1,4-diiodocubane obtained by fitting the D,, values to 
carbon coordinates based on the average values from the 
X-ray structures and on the calculated MM2 coordi- 

nates 

Dibromocubane Diiodocubane 

X-ray MM2 X-ray MM2 
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pole coupling constant to zero. If a displacement of the pro- 
ton positions occurs, then a small coupling constant results 
and the effect upon the spectrum is to produce a slight split- 
ting of certain lines, shown in Fig. 3. The results of the 
spectral analysis are given in Table 5. The absence of the 
splitting (or a splitting small enough to be within the line 
width) in the case of the diiodo derivative indicates that lit- 
tle or no distortion occurs for this compound. 

With the assumption of C, symmetry, the geometric re- 
lationships between the coordinates are; x ,  = 0.0, x, = 
f i / 2  y, ,  yr = -y,/2, thus the y, and z, coordinates and the 
motional constant C3,2-,z remain to be fitted to the three di- 
pole-dipole coupling constants. To fit the structure to the 
carbon framework, the adjustable parameters were modi- 
fied so that y, = y(C1) + r , .  sin(a), and z, = z(C1) + 
r ,  . COS((Y), where r ,  is the C-H bond length and a is the 
angle made by the C-H bond to the z-axis. The carbon co- 
ordinates derived by (i) averaging the crystal coordinates and 
(ii) from the MM2 calculations were then used for y(C1) and 
z(C1). C-H bond lengths of 1.096 and 1.093 A were ob- 
tained for the dibromo and diiodo compounds, respectively, 
and the angles a were identical at 70.3". The proton coor- 
dinates are listed in Table 6. The occurrence of non-zero di- 
polar couplings in the case of dibromocubane results from a 
distortion of the cubic carbon framework and not as a result 
of a displacement of the proton positions. It should be em- 
phasized, however, that comparisons of structural informa- 
tion derived by different experimental methods should include 
vibrational corrections. The MM2 calculations do show that 
the strain energy in the dibromo compound is about 66 kJ 
mol-' higher than in the diiodo compound. The two main 
contributions to this increased strain energy are the 
C-C-Br bend and the C-C-C-Br torsion and, in at- 
tempting to relieve this extra strain, the dibromo molecule 
distorts. 
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TAKEHISA YOSHINARI and GORDON R. FREEMAN. Can. J. Chem. 70, 915 (1992) 
Electron thermalization distances in liquid n-C6Fl, were estimated from the electric field dependence of the free-ion 

yields at 0.3 5 E (MV/m) 5 3.7 and densities 1564 5 d (kg/m3) 5 1951; the latter correspond to 335.4 2 T (K) 2 

191.3. The distance distribution function that best fits the data has a Gaussian body and power tail (YGP), the same as 
in n-alkanes and in C6F6 and SF,, but different from those in the liquids N,, CO, and CS,. The latter apparently capture 
electrons at higher energies than do the fluorine compounds. The static relative permittivity of liquid n-C6F,, was mea- 
sured as a function of temperature and compared with the square of the refractive index and the Debye and Clausius- 
Mosotti equations. ~ t o m i c  polarization appears to contribute 6% to the refractive index in the far infrared. Cation mo- 
bilities at temperatures 335.4 2 T (K) 2 191.2 are fitted by the free volume model, with v, = 1.71 X lo-, m3/mol and 
E, = 3.24 kJ/mol. 

Key words: electron, ion, liquid density, permittivity, mobility, n-C6Fl,, thermalization distance. 

TAKEHISA YOSHINARI et GORDON R. FREEMAN. Can. J. Chem. 70, 9 15 (1992). 
En se basant sur la relation entre le champ Clectrique et les rendements en ions libres a 0 ,3 5 E (MV/m) 5 3,7 et a 

des densites de 1564 5 d (kg/m3) 5 1951 (qui correspondent 335,4 r T (K) 2 191,3), on a CvaluC les distances de 
thermalisation des Clectrons dans le n-C6Fj4. La fonction de la distribution de la distance qui caracterise le mieux les 
donnees posskde un corps gaussien et un queue en puissance (YGP); il s'agit de la m&me distribution que pour les n- 
alcanes, le C6F6 et le SF,, mais elle est diffkrente de celle observCe dans le N,, le CO et le CS, liquides. Ces derniers 
liquides semblent capturer les Clectrons 1 des energies plus ClevCes que les composes fluores. On a mesurC la permitti- 
vitC relative statique du n-C,F,, en fonction de la temperature et on l'a comparke au can6 de l'indice de &fraction et aux 
Cquations de Debye et de Clausius-Mosotti. I1 semble que, dans I'infrarouge lointain, la polarisation atomique fasse une 
contribution de 6% a l'indice de refraction. On a just6 les mobilites cationiques aux temperatures 335,4 2 T (K) 2 191,2 
avec le modkle du volume libre, avec v, = 1,71 X m3/mol et E, = 3,24 kJ/mol. 

Mots cle's : electron, ion, densit6 de liquide, permittivitk, mobilitC, n-C,F,,, distance de thermalisation. 
[Traduit par la rkdaction] 

Introduction 

T h e  shape of the electron thermalization distance distri- 
bution depends on  the electron scattering (1) and capture (2) 
properties of the liquid. In the present work the search for  
different distribution functions w a s  continued by  studying a 
liquid that captures electrons to form anions, perfluoro-n- 
hexane (3 ,  4). T h e  electron-capturing efficiency of n-C6F,, 
is greater than that of C6F6 (3b) ,  which was  studied earlier 
(5 ) .  

Experimental 

Materials 
Perfluoro-n-hexane (Aldrich, 99%) was further purified by put- 

ting Davison molecular sieves 3A into it for 4 days, then transfer- 
ring it onto phosphorus pentoxide (2-5 mm mesh, Baker, Granusic) 
where it was stored for about 2 months before being transferred into 
the conductance cell. All treatments and transfers were done under 
vacuum. The molecular sieves had been heated at 210°C under 
vacuum for 6 days, then cooled before transferring the fluorocar- 
bon onto it. The phosphorus pentoxide had been evacuated for 2 
weeks at room temperature, then for 3 min at 100°C, then cooled. 

The liquid was degassed by trap-to-trap distillation while pumping 
on the receiver at 77 K, during each transfer. 

Measurements 
A conductance cell for low-pressure liquids (6) was used, with 

2.97-mm electrode spacing. 
The free-ion yield at a given applied field strength was deter- 

mined by dividing the integrated ion current from the sample by that 

'Permanent address: Department of Physics, Faculty of Sci- 
ence, Yamagata University, 4-12, 1-chome, Koshirakawa-Machi, 
Yamagata, Japan 990. 

from the accelerator target, and multiplying by an appropriate fac- 
tor that included the electron density of the sample (7). A 100-ns 
pulse of 1.7 MeV X-rays deposited - 1 pJ/kg in the fluorocar- 
bon. 

The cooling (8) and heating (9) systems and temperature mea- 
surement were as described in the references cited. The tempera- 
ture uncertainty was 0.3 K. 

Ion mobilities were measured by time of flight (10). The mo- 
bilities were independent of applied field strength up to the high- 
est field used, 2.7 MV/m. Each reported mobility value is the 
average of six measurements, three made with different positive 
applied voltages and three with different negative voltages. 

Liquid permittivities, densities, and viscosities 
Values of the static relative permittivities E of n-C6F,, were ob- 

tained from the measured capacitance of the empty conductance cell 
at 295 K and of the filled cell at various temperatures (1 1). They 
are plotted in Fig. 1. 

Values of the liquid density d at 273-323 K are reported in ref. 
12. At 273 < T/K < 323 the densities were calculated from E and 
the Clausius-Mosotti equation ( 13) 

where P = 40.2 x m3/mol is the molar polarization, calcu- 
lated from the values of E and d at 294.6 K,  and M = 0.338 kg/ 
mol is the molar mass. Values of E and d are listed in Table 1. 

The value E = 1.759 at 293.2 K is much larger than nk = 1.566 
(12). The low value of the refractive index was confirmed by 
measurements here. The difference is not due to a permanent di- 
pole moment (it would have to be 2.1 x C m, or 0.64 D), 
because the measured temperature dependence of E is much smaller 
than that calculated from the Debye equation (13) and the mea- 
sured values of d (12). We suggest that the refractive index at far- 
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FIG. 1. Temperature dependence of static relative permittivity 
of n-C6F,,. TI = freezing point. 

TABLE 1. Static relative permittivity and den- 
sity of n-C6F,, 

T db dC 
(K) en (kg/m3) (kg/m3) 

"Static relative permittivity calculated from ca- 
pacitance measurements. 

bDensity calculated from and the Clausius- 
Mosotti equation, using P = 40.2 X m3/mol. 

'Reference 12. 

infrared frequencies (10"-10" cy/s) contains a 6 %  contribution 
from atomic polarization. 

Viscosity values are from ref. 12. 

Results and discussion 
Free-ion yields and electron thermalization distances 

The electric field strength dependences of free-ion yields 
in n-C6F14 at temperatures from 19 1.3 to 335.4 K are shown 
in Fig. 2; G: is the number of pairs of free ions formed per 
16 aJ (100 eV) of energy absorbed by the sample when the 
electric field strength across it is E. 

The competition between geminate recombination of the 
initial electron-ion pairs, driven by mutual Coulombic at- 
traction, and free-ion formation, driven by thermal energy 
and the external electric field, is a stochastic process (14). 

FIG. 2 .  Electric field strength dependence of free ion yields in 
n-C6F14 at T(K): 0, 335.4; A,  315.3; 0, 295.2; V,  269.7; W ,  
245.3; A, 220.3; 0,  191.3. The curves were calculated from eqs. 
[2]-[5], using the parameter values in Table 2 .  

The free-ion yields and their field and temperature depen- 
dences can be calculated from an extended (14) model of 
Onsager's (15). The probability +f; of free-ion formation is 

where G,,, is the total yield of initial ionization, and 

where -6  is the electron charge, eo is the permittivity of 
vacuum, k, is Boltzmann's constant, T is the temperature, 
r, is the "critical" Onsager radius, and the fractional in- 
crease of +:(y) caused by the field E is 

where p €J/kBT = 11 600 E/T in SI units, and F(y)dy 
is the fraction of electrons that have thermalization dis- 
tances between y and y + dy. 

The distribution function F ( y )  in many liquids has a 3- 
dimensional Gaussian body and a power tail (14), and is 
designated YGP: 

0.96 YG, y < 2.4 b ~ p  
0.96 YG + 0.48 (bkply3), y > 2.4 bGp 

where 0.96 is a normalization factor and YG = (4y2/.rr"2b~p) 
exp (-y2/bip), and bGp is the dispersion parameter and the 
most probable value of y. Other types of distribution func- 
tion that have been tried are given in refs. 2 and 14. 

For n-C6FI4 the value GI,, = 3.0 was taken to be the same 
as that for C6F6 (5). The best fitting F (y )  for n-C6F14 over 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



AND FREEMAN 917 

TABLE 2. Electron thermalization distances bw in n-C6F,, 

T d ~ G P '  b ~ p d  
(K) E~ (kg/m3) 10' G O "  (nm) (lo-' kg/m2) 

"Static relative permittivity. 
"Zero-field free-ion yield. Calculated using F ( y )  = YGP and G,,, = 3.0. 
'Most probable thermalization distance. 
"Normal bp = 330.3 K. 
'Normal fp = 186.06 K. 

FIG. 3. Free ion yields (0) at 335.4 and 191.3 K compared to 
those calculated forF(y)  = YEP (-.-), YE (---), and YEC (. . . .), 
using the parameter values in Table 3. 

the ranges of d and E used was YGP, and this function was 
used to calculate the curves in Fig. 2. The parameter values 
are listed in Table 2. The value of b,& is nearly constant over 
the 25% variation of liquid density. 

The distribution YGP fits the G: data in liquid C6F6 and 
SF6 (5) as well as that in n-C,$,,, in spite of the fact that these 
compounds attach electrons to form anions. This distribu- 

TABLE 3. Electron thermalization 
distance distribution parameters for the 

curves in Fig. 3" 

b ~ x  ( m b  

YEP 3.0 2.0 
YE 3.9 3.2 
YEC 2.6 2.2 

"G ,,,, = 3.0, y, = 1 nm, E as in Table 2. 
"~ttenuation coefficient. 

FIG. 4.  Electron distribution functions. F ( y )  = YGP (-) and 
YEP (-.-), for T = 335.4 K. 

tion is characteristic of most liquids such as n-alkanes, which 
do not attach electrons (14). On the other hand, data for the 
liquids N, (2), CO (16), and CS, (5) cannot be fitted by YGP, 
but require the modified exponential function YEP: 

where 0.97 is a normalization factor, YE = b&! exp [(y - 
yo)/bEp], yo is taken as 1 nm, and b,, is the attenuation coef- 
ficient. It appears that the liquids N,, CO, and CS, capture 
electrons well before thermalization, and that n-C,$,,, C a 6 ,  
and SF, capture electrons at a later, lower energy stage. 

The extents to which YE and YEP fail to fit the n-C6F,, 
data at 335.4 K and 191.3 K are shown in Fig. 3. Another 
modification of an exponential function, designated YEC (2), 
was also tried. None fits the data as well as does YGP. 
The parameter values for the curves in Fig. 3 are listed in 
Table 3. 

The shapes of the distribution functions YGP and YEP are 
compared in Fig. 4. Both functions have a yP3 tail, which 
extends the distributions to larger separation distances. The 
tail is an artifact of the single-pair microzone model, attrib- 
uted to the single ion-electron pairs that survive after the 
rapid neutralization of the innermost (n - 1) pairs in micro- 
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rection of motion of the slowing-down electrons by the 
scattering in the final stages of de-energization. An expo- 
nential core is attributed to capture of the electrons by mol- 
ecules before the electrons have become thermalized, and 
before the ion-electron separation distances have been 
Gaussianized. 
Catiotz t n o b i l i ~  

An Arrhenius plot of the cation mobilities p is given in Fig. 
5 .  The curve is not linear at T 5 230 K ,  but it is adequately 
fitted by the free volume model (10, 18): 

where A is a constant, v is the molar volume, vo is the molar 
volume at which diffusion ceases, and R is the gas constant. 
The best fitting values are E,  = 3.24 kJ/mol and vo = 1.71 
x m3/mol. 

The product of the mobility and the liquid viscosity, kq, 
is nearly constant over the temperature region for which 
viscosity values are available (Table 4) .  
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A. WALLACE CORDES, CHARLES M. CHAMCHOUMIS, ROBIN G.  HICKS, RICHARD T.  OAKLEY, KELLY M. YOUNG, and 
ROBERT C. HADDON. Can. J.  Chem. 70, 919 (1992). 

The preparation and solid state characterization of the bifunctional radical furan-2,5-bis(1,2,3,5-dithiadiazolyl) 2,5- 
[(S2N2C)OC4H2(CN,S2)] and the related monofunctional radical 2-cyanofuran-5-(1,2,3,5-dithiadiazoly1) 2,5- 
[(S2N2C)OC4H2(CN)] are described. The crystal structure of 2,5-[(S,N,C)OC4H2(CN&)] is orthorhombic, space group 
Ptla2,,  and consists of interleaved arrays of dimers, for which the mean interannular S----S contact is 3.137 A. The crys- 
tal structure of the monofunctional radical 2,5-[(S,N2C)OC4H,(CN)J is monoclinic, space group P2 , /n ,  and consists of 
a ribbon-like network of dimers (mean interannular S----S = 3.126 A) interconnected by close head-to-tail CN----S con- 
tacts. The dimer units form stacks parallel to z, with a mean interdimer S----S separation of 3.956 A. The similarities 
and differences between these two crystal structures and those of related benzene-substituted systems are discussed. 

Key words: dithiadiazolyl radicals, furan-based diradicals, cyanofuran-based radicals, radical dirners, crystal struc- 
tures. 

A. WALLACE CORDES, CHARLES M. CHAMCHOUMIS, ROBIN G.  HICKS, RICHARD T.  OAKLEY, KELLY M. YOUNG et ROBERT 
C. HADDON. Can. J.  Chem. 70,919 (1992). 

On dkcrit la preparation et la caracterisation i I'etat solide du radical bifonctionnel furane-2,5-bis(l,2,3,5-dithiadi- 
azolyl) 2,5-[S2N2C)OC4H2(CN2S2)] et du radical rnonofonctionnel apparent6 2-cyanofurane-5-((I ,2,3,5-dithiadiazolyl) 
2,5-[S2N2C)OC4H2(CN)]. La structure cristalline du 23-[S,N2C)OC4H,(CN&)] est orthorhombique, groupe d'espace 
Pna2 ,  et ~ l l e  comporte des arrangements intercales de dimeres pour lesquels le contact interannulaire S----S moyen est 
de 3,137 A. La structure cristalline du radical monofonctionnel 23-[SzN2C)OC4H2(CN)] est monoclinique, groupe d'espace 
P 2 , / n  et elle est forrnke d'un ensemble en forme de ruban de dirneres (distance S----S interannulaire moyenne = 
3,126 A) relies par des contacts t&te i queue CN----S rapproch?~. Les unites de dirnere s'ernpilent d'une fason parallitle 
i z et la separation S----S interdimitre moyenne est de 3,956 A. On discute des similarities et des differences entre ces 
deux structures cristallines et celles de systitmes apparent& comportant des benzenes substitues. 

Mots clks : radicaux dithiadiazolyles, diradicaux de derives furaniques, radicaux de cyanofuranes, dimitres radica- 
laires, structures cristallines. 

[Traduit par la redaction] 

Introduction 

Our interest in the design of molecular conductors based N 
on neutral heterocyclic thiazyl and selenazyl building blocks E 
(1) led us to investigate the solid state properties of 1,3- and 2 
1,4-phenylene bridged 1,2,3,5-dithiadiazolyl and 1,2,3,5- 
diselenadiazoyl biradicals [(E2N2C)C6H6(CN2EZ)] 1 (2, 3) 
and 2 (4) (E = S, Se). These bifunctional radicals asso- 
ciate in the solid state, but both the packing patterns and 
the mode of association are significantly different. The 
1,4-derivatives 2 (E = S, Se) form dimers that adopt a 
herring-bone-like packing pattern, while in the a-phase of 3 4 

the 1,3-derivatives (E = S, Se) the molecules stack in ver- 
tical arrays, with association occumng through alternate ends 
of sequential diradical units (2). The selenium-based 1,3- 
phenylene system also crystallizes in a second (or P) phase, 
in which the crescent-shaped dimers link together in chain- C 

N@ 
like arrays (3). All the structures, particularly the selenium 5 

' ~ u t h o r  to whom correspondence may be addressed. derivatives, are characterized by short inter-radical E----E 
Pnnted m Canada 
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contacts. The results of variable temperature single-crystal 
conductivity studies on both phases of the selenium-based 
1,3-derivatives are consistent with intrinsic semiconductor 
behaviour (3). 

As a continuation of this work we are constructing di- 
radical systems that are similar in shape to the phenyl- 
ene-bridged systems already studied. As a first step we 
synthesized and structurally characterized the furan-bridged 
diradical system 2,5-[(S2N,C)OC,H2(CN2S2)] 3, in the hope 
that this system would opt for a packing pattern similar to that 
found for the 1,3-phenylene bridged material (2). In addi- 
tion we also prepared and characterized a monofunctional 
radical possessing a 5-cyanofuryl substituent, i.e., 4, to see 
if the crystal structure of this system would resemble that 
found in the a-phase of the recently reported 3-cyanophenyl 
compound (5). Herein we provide a full account of the 
preparation and crystal structures of 3 and 4. 

Results and discussion 

Preparation of radicals 
Our synthetic methodology for generating both mono- and 

bifunctional dithia- and diselenadiazolyls is now well estab- 
lished (2-5). The condensation of a persilylated arnidine with 
sulphur (or selenium) dichloride affords the corresponding 
dithiadiazolium (or diselenadiazolium) chloride, which can 
then be reduced, typically by triphenylantimony, to the rad- 
ical. In the present paper we extend this approach to include 
both the monofunctional and bifunctional furan-substituted 
dithiadiazolyls 3 and 4 (Scheme 1). As before, purification 
and crystal growth can be effected by vacuum sublimation 
methods (see Experimental). 

Crystal structure of 3 
Dark, blue-black blocks of 3, grown by sublimation at 

160°c/ lo-' Torr (1 Torr = 133.3 Pa), are not isomorphous 
with crystals of the 1,3-phenylene-bridged diradical 1 (E = 
S) (tetragonal, space group 14, /a) ;  instead they belong to the 
orthorhombic space group Pna2 , .  In contrast to the vertical 
columns of diradicals found in the structure of 1 (E = S), the 
crystal structure of 3 consists of discrete dimer units linked 
internally at both ends, as found in 2. An ORTEP drawing, 
showing the atom numbering scheme, is given in Fig. 1. 
Non-hydrogen atom coordinates are given in Table 1. The 
internal bond lengths and angles summarized in Table 2 are 
typical of those seen in dithiadiazqlyls (6, 7). The mean in- 
tradimer S----S separation, 3.137 A,  is also similar too those 
seen in thc related bifunctional dimers, e.g., 1 (3.140 A) and 
2 (3.121 A). As in the structure of 1,4-phenylene derivative 
2, there is a slight bowing of the dimer units, so that the mean 
centroit-to-centroid distance between the two furan rings 
(3.388 A) is significantly longer than the terminal S----S links. 

Within the unit cell (Fig. 2) the dimers generate a her- 
ring-bone network in the xz plane, with four dimers per unit 
cell. As such the packing pattern is reminiscent of that ob- 
served for 2 but, as a result of the reduction of the (approx- 
imate) DZh symmetry of the molecular unit found in 2, the 
"ribs" within each herring-bone assembly curve inwards or 
outwards with respect to the plane of the network. The space 
group propagates this alternation of curvatures along sets of 
"ribs" in both the x and z directions. Within each sheet there 
are three interdimer S----S interactions d,-d3 (Table 2) that 
are closer than the expected van der Waals contact (8). Of 
these, :he two perpendicular approaches d, and d3 (mean 
3.221 A) are remarkably close, significantly more so than 

(i) 2 L i N ( s i M c ~ ~ ) ~  (i) LiN(SiMe3 ) 

(ii) 2 Me 3 SiCl (ii) Me 3 SiCI 

Me3 SiN , +  q, NSiMe 3 

N8C 
(Me 3Si) 2 N N ( S i t ~ l e ~ ) ~  N(SiMe 3)2  

(i) excess SCI (i) excess SCI 

(ii) Ph 3Sb (ii) 112 Ph3Sb 
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CORDES ET AL. 92 1 

FIG. 1 .  ORTEP drawing of dimers of 3 and 4, showing atom 
numbering. 

the coaesponding contacts in the structure of 2 (mean 
3.500 A). 

Although the contacts d,-d3 between dimers are strong, 
indeed more so than in 2 (E = S), the curvature of the mo- 
lecular skeleton leads to an isolation of neighbouring sheets. 
As illustrated in Fig. 3 ,  the outside edge of one furan ring is 
forced into the pocket formed by the curvature of its neigh- 
bour; this eliminates the possibility of any close intersheet 
S----S contacts (along y )  of any consequence. 

Crystal structure of 4 
Crystals of 42 belong to the monoclinic space group P2,/n,  

and consist of radical dimers linked in a cofacial manner 
through S----S contacts (mean 3.126 A). An ORTEP draw- 
ing, showing the atom numbering scheme, is given in Fig. 
1. Non-hydrogen atom coordinates are given in Table 3 and 
internal structural parameters summarized in Table 2. In 
many ways the crystal structure closely resembles that of the 
a-phase of the 3-cyanophenyl-substituted dithiadiazolyl 5 (5). 
As in this latter structure, which is also monoclinic, f 2 , / n ,  
with a = 7.295(3), b = 20.488(2), c = 11.367(2) A,  P = 
95.54(2)", the dimers form snake-like r i b b p s  connecte4 by 
head-to-tail CN----S contacts (mean 3.048 A, cf. 3.075 A in 
a-5) (Fig. 4). 

Despite the similarity in the ribbon-like networks there are 
subtle but important differences between the structures of 4 
and a-5.  As in 5 ,  individual dimers of 4 form stacks run- 
ning parallel to z (in a -5  the stacking direction is x, which is 
equivalent to z in these P2, /n  cells), but the interdimer S----S 

*we have not observed any tendency of 4 to form a second 
crystalline phase, as does 5. 

TABLE 1. Non-hydrogen atom coordinates in 3 

Atom x Y z B (A') 

separatio~ of 3.956 A (mean of d l  and d2) is much shorter 
(4.26(5) A in a-5). Also, while the benzene and CN2S2 rings 
in 5 display a significant torsion about the phenyl-CN2S2 
bond (12(4)"),~ the furan and CN2S2 rings in 4 are more nearly 
coplanar (mean furyl-CN2S2 torsion angle = 7(5)0).3 The 
origins of this difference may arise from the greater size of 
the benzene ring in a-5,  which forces the observed twisting 
in order to allow adjacent ribbons to approach one another. 
This point can be better appreciated after consideration of the 
fact that the angle between the 2,5-substituents on a furan ring 
(144" in a pentagon) is substantially larger than between the 
1,3-substituents on a benzene core (120" in a hexagon). This 
difference forces a more severe curvature on the ribbon-like 
backbone of a-5,  which, when coupled with greater periph- 
eral spread of the phenyl group, induces a twisting of the 
phenyl rings about the ligand-CN2S2 linkage. The twisting 
also introduces a sheer effect between the two phenyl groups 
in a dimer unit, which reduces intradimer phenyl-phenyl 
contacts. 

Perhaps as a consequence of the features noted above, the 
stacking patterns of the ribbons in 4 and a-5 ,  and the num- 
ber and nature of inter-stack contacts are very different. The 
principal differences are illustrated in Figs. 5 and 6 ,  which 
show the stacking of the dimer S, subunits in the two struc- 
tures, as viewed parallel to the y axis. In 4 adjacent S, stacks 
are out of register (Fig. 5), so that there are significant S----S 

 h his is the mean of the four 4-atom 3-bond torsion angles; the 
number in parentheses is the range. 
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TABLE 2. Summary of distances (A) in 3 and 4 

Mean intradimer (range) 

S-S 2.089 (2.077-2.096) 2.077 (2.074-2.080) 
S-N 1.633 (1.623-1.641) 1.638 (1.639-1.656) 
CN 1.336 (1.329-1.350) 1.33 (1.30-1.36) 
C-C(exo ) 1.455 (1.440-1.479) 1.47 (1.42-1.52) 

Intradimer 

Interdimer 

FIG. 2. Packing of dimers of 3 in xz plane, showing close inter- 
dimer contacts. 

contacts between the dimers both above and below to either 
side. By contrast, the S, stacks in a-5 (Fig. 6) a5e in regis- 
ter, so :hat only S----S contacts d, (4.170 A) and d, 
(4.168 A), which are notably longer than those in 4, are 
maintained between neighbours immediately to either side. 

Summary and conclusions 
The seemingly minor differences in the molecular struc- 

tures of 2,5-furan- and 1,3-benzene-based dithiadiazolyl 

TABLE 3. Non-hydrogen atom coordinates in 4 

Atom x Y z B (A2) 

Note: starred atoms were refined isotropically. 

radicals lead to major differences in crystal structure. In the 
case of the bifunctional system 3, the relatively wide angle 
(in comparison to the 1,3-phenylene structure 1) between the 
two radical rings forces the crystal structure into a pseudo 1,4- 
phenylene instead of a pseudo a-1,3-phenylene packing 
pattern. The same issues work to advantage in the cyano- 
substituted derivative 4. The smaller (than cyanobenzene) 
cyanofuran ring, coupled with a more obtuse angle between 
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FIG. 3. Packing of dimers of 3 parallel toy.  

m 
a 

FIG. 5.  Stacking of dimer S, units in 4, viewed parallel toy .  

FIG. 4. Ribbon-like network of dimers of 4 in the xy plane. 

the 2- and 5-substituents, produces flatter, less-ruffled rib- 
bons, that can stack in a pseudo-interleaved (out-of-regis- 
ter) manner, thereby producing a much more tightly packed 
(in terms of S----S contacts) arrangement than in the 3-cy- 
anophenyl-substituted system 5. The  selenium analogue to 
4 should have conductivity characteristics significantly greater 
than that of the selenium counterpart of 5. 

Experimental 

Starting materials and general procedures 
Furan-2,s-dimethanol, lithium bis(trimethylsilyl)amide, sulphur 

dichloride, and triphenylantimony were all obtained commercially 
(Aldrich). Sulfur dichloride was distilled (at 1 atm (= 101.3 kPa)) 
before use and LiN(SiMe,), was converted into its diethyl etherate 
in order to facilitate amidine synthesis (9). Acetonitrile (Fisher HPLC 
grade) was purified by distillation from PzOS All reactions were 
performed under an atmosphere of nitrogen. 2,s-Dicyanofuran was 

FIG. 6. Stacking of dimer S, units in the a-phase of 5, viewed 
parallel toy.  

prepared by oxidation of furan-2,s-dimethanol to the correspond- 
ing dialdehyde (10) and conversion of the latter to the dioxime ( 1 1); 
subsequent dehydration with acetic anhydride (12) then afforded the 
dinitrile. Selenium tetrachloride was prepared by direct oxidation 
of selenium with chlorine gas (13). Mass spectra were recorded on 
a Kratos MS890 mass spectrometer. 'H NMR spectra were re- 
corded at 200 MHz on a Varian Gemini 200 MHz spectrometer. In- 
frared spectra (CsI optics, Nujol mulls) were obtained on a Nicolet 
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20XS/C FTIR instrument. Elemental analyses were performed by 
MHW laboratories, Phoenix, Arizona. 

Preparation offuran-2,5-bis( N, N,Nf -tris(trimethylsilylamidine), 
DIFURADS 

A solution of 2,5-dicyanofuran (6.02 g, 0.51 mmol) in 30 mL 
diethyl ether was added dropwise to a slurry of LiN(SiMe,),. Et20 
(25.0 g, 10.3 mmol) in 100 mL diethyl ether and the resulting dark- 
brown solution stirred under nitrogen for 16 h. The solvent was then 
removed it1 vacuo to leave a dark-brown solid, to which was added 
Me3SiC1 (1.6. mL, 12.7 mmol) in 100 mL of toluene. This mix- 
ture was heated at reflux for 5 h, then filtered to remove LICI, and 
the solvent distilled off to leave a dark-brown solid, which was 
crystallized from hot acetonitrile/toluene to give colourless needles 
of furan-2,5-bis(N,N,N'-tris(trimethylsilylamidine),DIFURADS 
(12.7 g, 2.2 mmol, 43%), mp 112-1 15°C. 'H NMR (6, CDCI,): 
0.14 (Me,Si, 54H, s), 6.56 (HzC40, 2H, s). Anal. calcd. for 
C,,H,,N,0Si6: C 49.43, H 9.33, N 9.61; found: C 49.53, H 9.35, 
N 9.65. 

Preparation of2,S-NS2NrC)OC4H2(CNrS2)], 3 
An excess of SC1, (1.6 mL, 25 mmol) was injected via syringe 

into a slurry of DIFURADS (2.94 g, 5.00 mmol) in 60 mL ace- 
tonitrile, and the resulting redlorange slurry stirred and heated to 

. . 
. .. gentle reflux for 1 h. The mixture was filtered to remove the crude 

product 2,5-[(S,N2C)OC,H2(CN2S2)]C12 (a brick-red solid). This 
material was dried in vacuo, then reduced with triphenylantimony 
(1.8 g, 5.2 mmol) in a slurry of 50 mL acetonitrile for 6 h at room 
temperature. The mixture was filtered, and the residual black solid 
washed with 2 X 20 rnL acetonitrile and pumped dry in vacuo. This 
crude product was purified by sublimation at 160°C/ lo-' Torr to 
give lustrous black (green to reflected light) blocks of 2,5- 
[(S,N2C)OC,H,(CN2S2)] 3 (E = S) (0.60 g, 2.2 mmol, 44%), mp 

1 275-278°C. IR (1600-250 cm-' region): 1355 (br, s), 1259 (m), 
1 166 (s), 1044 (w), 1037 (w), 978 (m), 8 18 (m), 799 (m), 77 1 (s), ~ 695 (w), 597 (w), 520 (w), 505 (s), 429 (w), 379 (w) cm-I. Mass 
spectrum (EI, mle) :  274 ( M f ,  80%) 228 ((M - NS)', 28%), 

1 196 ((M - SzN)', 57%), 150 (NC(C,H20)CNS)', 15%), 118 
((NC(C,H,O)CN)+, 12%), 78 ((S,N)+, 33%), 64 (S,', 100%). 

~ Anal. calcd. for C6H2N40S,: C 26.27, H 0.73, N 20.42; found: C 
26.25, H 0.90, N 20.39. 

Preparation ofS-cyanofuran-2-(N,N,N1-tris(trimethy1- 
silylamidine),CNFURADS 

Powdered LiN(SiMe,)?. Et,0 (1 2.08 g, 50.0 mmol) was slowly 
added to a solution of 2,5-dicyanofuran (5.90 g, 50.0 mmol) in 
100 mL diethyl ether, producing a dark-brown solution. The mix- 
ture was stirred overnight under nitrogen, and the solvent re- 
moved in vacuo to leave a dark-brown solid. A solution of Me3SiCI 
(8.0 mL, 6.3 mmol) in 100 mL toluene was then added, and the 
mixture heated at reflux for 5 h. Filtration of the mixture, and re- 
moval of the solvent from the filtrate, afforded a dark-brown oil that 
was distilled in vacuo to give 5-cyanofuran-2-(N,N,N1-tris(tri- 
methylsilylamidine), CNFURADS (1 1.0 g, 31.3 mmol, 63%), as 
a colourless waxy solid, bp 114-1 16"C/10-~ Tom, which was re- 
crystallized from acetonitrile as colourless flakes, mp 68-70°C. 'H 
NMR (6, CDCI3): 0.13 (Me,Si, 27H, s),  6.50 and 7.07 (H,C40, 
2H, JAB 3.6 Hz). Anal. calcd. for C,,H8N30Si3: C 5 1.23, H 8.3 1, 
N 11.95; found: C 51.43, H 8.28, N 12.15. 

Preparation of2,5-[(S2NrC)OC4H2(CN)], 4 
Sulphur dichloride (2.5 mL, 39 rnrnol) was injected into a slurry 

of CNFURADS (3.55 g, 10.0 mmol) in 50 rnL acetonitrile, and the 
resulting mixture stirred and heated to gentle reflux under nitro- 

I 

I 
gen for 30 min. The resulting red precipitate was filtered off and 
dried in vacuo. This crude dithiadiazolium chloride was then re- 
duced wth Ph3Sb (1 .8  g, 5.0 mmol) in 50 mL acetonitrile to give 
a khaki-brown solid (1.60 g), which was purified by vacuum sub- 

limation at 160°C to give blue-black crystals of 2,5-[(S,N,C)- 
OC,H,(CN)] 6 (E = S) (1.60 g, 81%), mp > 244°C (dec.). IR: 
v(CN) 2234 cm-' and (1600-250 cm-I region) 1346 (s), 1298 (s), 
1219 (m), 1155 (m), 1023 (m), 986 (m), 964 (m), 833 (w), 812 
(m), 804 (m), 773 (s), 696 (w), 596 (w), 588 (w), 558 (w), 504 
(s), 463 (w), 448 (w) cm-I. Mass spectrum (EI, mle) :  196 (M', 
loo%), 150 ((M - NS)' , 30%), 132 ((M - Sz)', 20%), 1 18 
((NC(C,H,O)CN)', 42%), 94 (70%), 78 (S'N', 90%). Anal. calcd. 
for C,H,N30S2: C 24.85, H 0.70, N 14.49; found: C 25.00, H 0.55, 
N 14.41. 

X-ray measuretnents 
All X-ray data were collected on an ENRAF-Noniys CAD-4 at 

293 K with monochromated Mo K, (A = 0.71073 A radiation). 
Crystals were mounted on glass fibers coated with epoxy. Crystals 
of 3 belong to the orthorhombic space group P n a 2 , ,  and have uait 
cell parameters a = 19.545(4), b = 5.913(2), c = 16.242(2) A. 
Crystals of 4 are monoclinic, space gtoup P 2 , / n ,  with a = 
10.455(5), b = 20.645(3), c = 7.060(4) A,  P = 104.44(4)". Data 
were collected using a 8/28 technique with a scan width of (I .O + 
0.3 tan 8). Both structures were solved using MULTAN and refined 
by full-matrix least squares which minimized Zw(AF)'. The final 
R and R,,. values of 0.034 and 0.036 (for 3) and 0.049 and 0.05 1 (for 
4) were based respectively on refinements of 270 and 152 param- 
eters with 1164 and 767 unique data with F,' > 3u(~ ,2) .  Crystals 
of 4 were extremely thin plates (the data crystal was 0.03 mm thick), 
which led to a low number of I > 3u(I) reflections, and the conse- 
quent need to refine carbon atoms isotropically. Data collection, 
structure solution, and refinement parameters for all structures have 
been deposited.4 
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Sorption of magnesium-picolinate complexes on a macroporous styrene- 
divinylbenzene copolymer containing immobilized 8-hydroxyquinoline 

and on the copolymer itself 
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GOCOOL PERSAUD and FREDERICK F. CANTWELL. Can. J. Chem. 70, 926 (1992). 
The sorbent XAD-OXINE was prepared by covalently binding 8-hydroxyquinoline onto the surface of the macropo- 

rous copolymer Amberlite XAD-2 to give about 20% surface coverage. Sorption, onto both XAD-2 and XAD-OXINE, 
of the magnesium-containing species that are present in solutions of magnesium ion and picolinic acid was studied by 
the column equilibration/atomic absorption technique at solution pH of 6.00 and 7.50 and ionic strength of 0.25. By 
using solutions containing various amounts of added magnesium and picolinic acid, in which the ratio of the two metal- 
ligand complex species, MgP'IMgP,, varied greatly (P- is the ligand picolinate), it was shown that neither the species 
Mg2' nor the species MgP+ sorb to an appreciable extent onto the parent polymer XAD-2, but the neutral s ecies MgP, 6'+ sorbs strongly and exhibits a linear isotherm. Then, by measuring the sorption isotherm of the species Mg- on XAD- 
OXINE in the absence of picolinic acid, by measuring the overall sorption of magnesium-containing species on XAD- 
OXINE in the presence of picolinic acid, and by assuming that the sorption of the species MgPz onto XAD-OXINE was 
about the same as it was on XAD-2, it was possible to show that the species MgP+ sorbs strongly onto XAD-OXINE, 
and exhibits linear sorption isotherms. Thus, XAD-OXINE sorbs all three species Mgz+, MgP+, and MgP,. 

Key words: Amberlite XAD-2, immobilized oxine, magnesium ion. 

GOCOOL PERSAUD et FREDERICK F. CANTWELL. Can. J .  Chem. 70, 926 (1992). 
On a prepark I'adsorbant XAD-OXINE en liant d'une fagon covalente de la 8-hydroxyquinoleine sur la surface du co- 

polyrnere rnacroporeux Arnberlite XAD-2 de manibre a couvrir environ 20% de la surface. Faisant appel 2 la technique 
de l'equilibration sur colonne/absorption atomique et operant a un pH de 6,00 et 7,50 et B une force ionique de 0,25, 
on a ktudie la sorption, sur du XAD-2 ainsi que sur du XAD-OXINE, d'espkces contenant du magnesium contenues dans 
des solutions d'ion magnesium et d'acide picolinique. Utilisant des solutions contenant diverses quantites de magnesium 
et d'acide picolinique ajoutes, dans lesquelles les rapport des deux espkces mCtalliques/cornplexes ligands, MgP+/MgP2, 
varient beaucoup (P = ligand picolinate), on a montrk que ni l'espkce ~ g , +  ni l'espkce M ~ P +  ne s'adsorbe d'une rnaniere 
appreciable sur le polymkre parent XAD-2; toutefois, l'espkce neutre MgPz s'adsorbe fortement et elle presente une iso- 
therrne linkaire. En mesurant l'isotherme de sorption des espkces Mgz+ sur le XAD-OXINE en I'absence d'acide pico- 
linique, en mesurant la sorption globale des espkces contenant du magnesium sur le XAD-OXINE en presence d'acide 
picolinique et en faisant I'hypothese que la sorption du MgP, sur le XAD-OXINE est pratiquement Cgale 5 celle ob- 
servee sur le XAD-2, il est alors possible de dkrnontrer que l'espkce MgP+ s'adsorbe forternent sur le XAD-OXINE et 
qu'elle presente des isothermes d'adsorption lineaires. Le XAD-OXINE adsorbe donc les trois especes Mg2+, M ~ P '  et 
MgP,. 

Mots clPs : Amberlite XAD-2, oxine imrnobilis6, ion magnesium. 
[Traduit par la redaction] 

Macroporous copolymers of styrene and divinylbenzene 
(DVB) find many uses in analytical chemistry. They are 
routinely used to concentrate trace components from both 
biological and environmental samples (1, 2). They have been 
used as packings for moderate efficiency liquid chromatog- 
raphy columns (3, 4) and, in the form of microparticles, as 
reverse-phase packings for high-efficiency liquid chroma- 
tography columns (5-7). These polymers are essentially 
nonionic and tend to strongly adsorb hydrophobic, nonionic 
sample molecules from aqueous solution. However, they also 
sorb ionic sample species (8). They have been used as HPLC 
packings for "dynamic ion exchange" chromatography of 
lanthanide ions (9). In this latter type of application a large 
surfactant ion is reversibly sorbed onto the surface of all of 
the packing in the column and lanthanide sample ions are 
chromatographed on this reversibly modified packing. 

Macroporous styrene-DVB copolymers have also been 
derivatized by covalently attaching various groups to the 
polymer surface. Low-capacity cation and anion exchang- 
ers have been prepared by attaching sulfonate or quaternary 

'Author to whom correspondence may be addressed. 

ammonium groups. They have been used as liquid chro- 
matographic column packings for separating both organic and 
inorganic ions (10, 11). A physico-chemical model has been 
developed to explain the retention of organic ions on such 
low-capacity ion exchangers (1 2, 13). ~ i ~ & d s  have also been 
covalently bound to macroporous styrene-DVB copoly- 
mers in order to prepare "chelating sorbents" suitable for 
preconcentrating trace-metal ions from aqueous sample so- 
lutions (14-17). 

Chelating sorbents have been used not only to precon- 
centrate metal ions but also to achieve metal ion "s~ec ia -  
tion" measurements, in which the concentration of a free 
(hydrated) metal ion species M +  is measured in solutions 
containing metal-ligand complexes of the ion Mn+,  even 
when the complexes are kinetically labile (18). These mea- 
surements of free-metal ion concentration are made by the 
column equilibration/atomic spectroscopy method in which 
a sample solution is equilibrated with a small bed of chelat- 
ing sorbent and then the sorbed metal ion M"+ is eluted into 
an atomic absorption spectrophotometer. The underlying 
principles of the method have been presented in detail (18- 
21). An essential requirement of the method is that, of all the 
M'+ containing species that are present, the sorbent will se- 
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PERSAUD AND CANTWELL 927 

lectively sorb M"' but will not sorb its metal-ligand c'om- 
plexes. Recently a chelating sorbent, XAD-OXINE, which 
was prepared by covalently binding the ligand oxine (8-hy- 
droxyquinoline) to the macroporous styrene-DVB copoly- 
mer Amberlite XAD-2, was investigated for use in measuring 
free magnesium ion concentration (22). It was found that in 
the preience of ligands that form rather hydrophilic com- 
plexes with Mg2+, such as  EDTA and oxalate, it is  possible 
to measure accurately the concentration of the species Mg2+ 
at concentrations as low as M ,  even though the com- 
plexes are kinetically labile and even when the species M ~ ' +  
represents only a few percent of total dissolved magnesium 
in solution. However. in contrast, it was found that in the 
presence of the ligand picolinate; P - ,  which forms more 
hydrophobic complexes with M ~ ~ +  because of the presence 
of an aromatic ring o n  the ligand, the measured values of 
[ M ~ " ]  were erroneously high. Preliminary studies sug- 
gested that this is because one o r  both of the magnesium- 
picolinate complexes, M ~ P '  and MgP,, is sorbed by XAD- 
OXINE (Table V ,  ref. 22) .  

In the present work, sorption of the species Mg", MgP', 
and MgPz onto XAD-OXINE and onto the parent copoly- 
mer XAD-2 is investigated quantitatively. Because macro- 
porous styrene-DVB copolymers and their derivatives are 
used extensively for chromatography, for  preconcentration 
of both organic and metal ions, and for speciation studies, 
the resultant quantitative description is broadly relevant in 
analytical chemistry 

Experimental section 

Reagents 
Sodium chloride (BDH), which was used to adjust ionic strength, 

piperazine N , N '  bis(2-ethanesulfonic acid) (PIPES; Sigma Chem- 
ical Co.), which was used to prepare the buffers, oxalic acid 
(Fisher), disodium ethylenediamine tetraacetic acid (EDTA; Fisher), 
and picolinic acid (2-pyridinecarboxylic acid; Sigma) were all re- 
agent grade and were used as received. Magnesium stock solu- 
tions were prepared by dissolving the metal powder in 6 M nitric 
acid and diluting. 

Purified water, prepared by passing the laboratory distilled water 
through a mixed-bed ion exchange resin column (Amberlite MB-1; 
Rohm and Haas) was used in preparing all solutions. The 1 M NaCl 
stock solution was passed through a 16 cm X 2.5 cm bed of Dowex 
Chelating Resin (Sigma) to reduce the level of trace Mg2+ before 
using this solution in the preparation of samples and standards. 

All solutions containing Mg2+, both standards and samples, were 
buffered with 0.0010 M PIPES, a noncomplexing buffer (22), to 
pH 6.00 or 7.50 and all had their ionic strengths adjusted to 
0.25,, M with NaC1. Complexation of Mg2+ by CI- is small enough 
to be neglected (22). 

Sorbents 
The sorbent "XAD-2" is the parent polymer. It is the macro- 

porous styrene-DVB copolymer Amberlite XAD-2 (Rohm and 
Haas). The 100-200 mesh (75-150 pm) cut was used. It was ob- 
tained by grinding and sieving. Fines were removed by sedimen- 
tation and decantation in methanol, and soluble impurities were 
removed by cycling it through washes with 1.2 M HC1, water, 
1 M NaOH, water, and methanol. 

The chelating sorbent "XAD-OXINEn was prepared from XAD-2 
by covalently binding oxine to its surface via a methylene group 
linkage, as described elsewhere (22, 23). It has a complexing ca- 
pacity, based on Cu" uptake, of 264 * 2 pmol/g of dry sorbent 
(22). 

App(1rc1t11s 
The column equilibration/atomic absorption apparatus is de- 

scribed elsewhere (22). The column design was the same for both 
XAD-2 and XAD-OXINE and was similar to that used previously 
(20). For each sorbent the column consisted of a 1 .O-cm length bed 
packed in a 1.5-mm i.d. Teflon tube with small sintered glass frits 
inserted into the tube at each end of the sorbent bed. The weight 
of sorbent was 5.2 mg in each case. 

Due to space restrictions imposed by efforts to minimize the 
holdup volume of the system, it was not practical to thermostat the 
column. However, experiments were run at ambient temperature 
in a controlled temperature room (25 ? 2°C) and calibrating stan- 
dards of ~ g " ,  containing no ligand, were always run along with 
sample solutions containing ligand so that operating at ambient 
temperature introduced minimal errors. 

Colurntz equilibr-atiotl procedure 
Sample and standard solutions were pumped via the peristaltic 

pump through the small column of XAD-2 or XAD-OXINE at a 
constant flow rate (20 .1  mL/min) at nominal values of 4.5- 
5.0 mL/min. 

In a typical experiment the solution of interest was pumped 
through the column for 20 min in the "loading" step, in order to 
bring the sorbent to equilibrium with the solution. Next the col- 
umn was eluted for 2.0 min with 1.0 M HNO, and the eluate was 
directed into the nebulizer of an atomic absorption spectropho- 
tometer (Perkin-Elmer, model 4000). The measured atomic ab- 
sorption signal was a peak, the area of which, (P.A.),,,,,, was 
proportional to the sum of magnesium-containing species sorbed 
and magnesium-containing species in the solution present in the 
holdup volume of the system. The holdup volume was measured 
experimentally (22). The peak area associated with magnesium- 
containing species sorbed, (P.A.),,,b,,, in a particular experiment 
was then calculated from (P.A.),,,,, and from the peak area asso- 
ciated wtih the holdup of the particular magnesium-containing so- 
lution of interest, ( P . A . ) ~ ~ , ~ ~ ~ ~  using the expression: 

For both the standard solution and the sample solution a correc- 
tion was made for the presence of a very small amount of magne- 
sium impurity that had not been removed by the Dowex Chelating 
Resin column cleanup. Details of this small correction were pre- 
viously given (22). For comparison with results reported in ref. 22, 
it may be noted that all experiments in the present report were per- 
formed by the "without washing" procedure described in that ref- 
erence. 

Results and discussion 
Picolinic acid has three conjugate acid-base species, H,P' 

(pK,,, = 1.03), H P  (pK,, = 5.21),  and P-, the picolinate 
anion. The  pK, values are from the critical compilation of 
Martell and Smith (24) at 25'C and c = 0.1. The  ligand 
species is P .  

Because peak area (P.A.) is the quantity obtained di- 
rectly from the atomic absorption spectrophotometer and 
because P.A.  is directly proportional to the total moles of all 
of the magnesium-containing species sorbed o n  the column 
and is therefore proportional to  the total adsorbed concen- 
tration (mol/kg) on  that column, it is convenient to  plot P.A. 
as  the vertical-axis variable in the measured isotherms re- 
ported below. 

Sorption of 
Sorption isotherms are plots o f  concentration sorbed ver- 

sus concentration in solution, at equilibrium. Sorption iso- 
therms of the species Mg2+ o n  XAD-OXINE (not shown) 
have been measured in the absence of added picolinate at c 
= 0.25, for  p H  6.00 and 7.50 (23). T h e  isotherm obtained 
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TABLE 1 .  Fractional distribution of magnesium-containing spe- 
cies in solution as a function of pH and total picolinic acid con- 
centration added (Cp,col,nicrcid), for ionic strength 0.25 and C,, << 

Cpicolinicacid 

ai 

at pH 7.50 is about four times steeper than that obtained at 
pH 6.00, consistent with a greater degree of ionization of the 
immobilized ligand oxine at higher pH, and both isotherms 
exhibit a slight concavity toward the [M~ '+ ]  axis, which is 
generally similar to that seen in Fig. 1 of ref. 22. 

When the parent polymer, XAD-2, was used as the sor- 
bent in the absence of picolinate, it was found that no sorp- 
tion of M ~ ' +  was detectable on XAD-2 in these experiments. 
This is consistent with the view that the sorption of ~ g "  on 
XAD-OXINE results from complexation of Mg2+ by im- 
mobilized oxinate ligand. 
Picolinate complexes 

Picolinate forms the complex species M ~ P +  and MgP,, 
with stepwise formation constants of 1.6 X 10, (at c = 0.1) 
and 8.9 X 10' (at c = 0) (24). Evaluation of the experimen- 
tal sorption data requires theoretical calculation of the con- 
centrations of the magnesium-containing species M ~ ~ ~ ,  
MgP+, and MgP,. These multiple-equilibrium calculations 
were performed with the aid of the speciation program COMICS 

(23, 25). In the calculations the acidity constants and metal- 
ligand formation constants were corrected to ionic strength 
c = 0.25, using activity coefficients obtained with the Davies 
equation (26), and uncertainties in theoretically calculated 
species concentrations were obtained by error propagation 
(23). 

Results of these theoretical species distribution calcula- 
tions at pH 5.00, 6.00, 7.00, and 7.50, for added picolinic 
acid concentrations, Cpicolinicacid, of 0.001 M, 0.01 M, and 
0.05 M, are presented in Table I .  In the table are shown 
values of ai ,  the fraction of the total magnesium in solution 
that is present as species i, where i is either MgZf, MgP+, 
or MgP,. Since these calculations were performed assum- 
ing a very small added magnesium concentration, the ai 
values in Table 1 are independent of CMg and will apply to 
other added magnesium concentrations provided that CM, << 
Cpi,o,in,a,id. Information from Table 1 is needed to determine 
which of the complex species MgP+ and MgP, is sorbed, and 
to what extent. 
Sorption on XAD-2 

Examination of Table 1 reveals two important relation- 
ships. First, examination of any horizontal row shows that, 
for a constant Cpico,i,,,,, and for pH 2 6, the fraction of 
magnesium that is present in the form of any particular spe- 

cies is nearly constant, independent of pH. Second, exami- 
nation of the vertical columns shows that the relative 
fractional contribution of any species varies markedly with 
Cplco~inicacld and, more importantly, the ratio (aMgP,/aMgp+) also 
changes markedly. At any pH 2 6 this ratio has values of 
approximately 0.05, 0.4,, and 2., for Cplcolinicacid of 0.001, 
0.01, and 0.05, respectively. 

Study of the sorption of magnesium-picolinate com- 
plexes on the parent polymer XAD-2 is aided by the above 
relationships and is simplified even more by the fact that the 
species Mg2+ does not sorb significantly on XAD-2. Thus, 
any magnesium sorbed on XAD-2 will be due to only MgPf 
and (or) MgP,. Furthermore, the fact that the ratio 
( ~ l ~ ~ p , / ( ~ ~ ~ ~ + )  varies so greatly with CPicollnicacid makes it pos- 
sible to determine the extent to which each of these two 
species is adsorbed on XAD-2 by studying the amount of 
magnesium sorbed for constant CMg and varied Cpicolinicacid 
The results of these two studies, one at pH 6.00 and the other 
at pH 7.50, are presented in Table 2. 

Interpretation of the information in Table 2 is achieved by 
making plots of (P.A.),,,,,, versus the concentrations of in- 
dividual magnesium-picolinate complex species at a partic- 
ular pH. Such plots were made for (P.A.),,,, versus [MgP,] 
at pH 6.00 and at pH 7.50. The former is shown in Fig. 1. 
Linear regression yields a slope of 0.13 * 0.0 1, intercept of 
-0.01 * 0.04, and correlation coefficient of 0.997 for the 
plot at pH 6.00 and a slope of 0.14 * 0.02, intercept of 
-0.02 * 0.03, and correlation coefficient of 0.989 for the 
plot at pH 7.50. In contrast to the linearity of these plots, plots 
of (P.A.),,,,,, versus [MgP+] (not shown) are nonlinear. 
Correlation coefficients of 0.37 and 0.78 were obtained at 
pH 6.00 and 7.50, respectively. These results reveal the 
following: (i)  The neutral species MgP, is sorbed on the hy- 
drophobic surface of the parent polymer XAD-2 while the 
cationic species M ~ P +  either is not sorbed or is sorbed to a 
much smaller extent than MgP,. This is shown by the good 
linearity of the plots of (P.A.),,,,, versus [MgP,]. (ii) The 
sorption of MgP, on the polymer surface is independent of 
pH. This is shown by the fact that the slopes of the plots of 
(P.A.),,,,,, versus [MgP,] at pH 6.00 and pH 7.50 are equal 
to one another. Since XAD-2 is a nonionic polymer with very 
few acid-base groups (27) this lack of pH dependence is 
consistent with expectations. 
Sorption on AXI-OXINE 

If XAD-OXINE sorbs all three species, M ~ ' + ,  MgP+, and 
MgP,, then when a solution containing magnesium and pi- 
colinate id equilibrated with XAD-OXINE the measured peak 
area (P.A.)so,b,, will be the sum of peak areas due to three 
sorbed species: 

Since sorption isotherms for the species have been 
measured on XAD-OXINE, as discussed above, and since 
[ ~ g , + ]  can be theoretically calculated for a sample solution 
containing both magnesium and picolinate, then it is a sim- 
ple matter to read, from the appropriate ~ g , +  sorption iso- 
therm, the value of (P.A.),o,bed,Mg~+ to be used in eq. 121. 

In addition, the value of (P.A.),o,bed,M,,2 to be used in eq. 
[2] for sorption on XAD-OXINE can be estimated from the 
sorption of MgP, on the parent polymer XAD-2. The sor- 
bent XAD-OXINE has a relatively small fraction of its sur- 
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TABLE 2. Effect of varying Cpi,,,i,i,,,id at constant C,, on the theoretical species distribution of magnesium-containing species and on the 
peak area due to the total amount of magnesium-containing species sorbed on the parent polymer XAD-2, for two different pH 

pH C,, x lo6 M C p,,,l,,ic,cid X lo3 M [ M ~ > + ]  X lo6 M [Mgp+] X lo6 M [MgP2] X lo6 M (P.A.)sorbed 

6.00 10.0 1 .OO 9.1 9.1 0.040 0.021 ? 0.003 
6.00 10.0 10.0 4.2 4.2 1.7 0.168 * 0.015 
6.00 10.0 50.0 0.62 3.1 6.2 0.80 t 0.08 

TABLE 3. Effect of varying C,, at constant C,,,,I,,,,,,,d = 0.0500 M on peak areas due to sorption of magnesium-containing species on the 
sorbents XAD-OXINE and XAD-2, for two different pH 

(P.A .)sorbed (P.A.)rorbed.~g'- (P.A.)sorbed.~g~r (P.A. )sar ixd ,MgPi"  
pH CM,~+ x lo6 M on XAD-OXINE on XAD-OXINE on XAD-2 on XAD-OXINE [M~P']" lo6 M 

"From eq [21 (P.A.),,,b,d,,,p+ = (P.A.),,,,,, - (P A ),,,,,,,z+ - (P A ),,,,,,, ,,,,. 
"[MgP'] calculated from theory uslng COMICS program 

[MgP2] x lo6 M 

FIG. 1. Sorption of magnesium-containing species, as peak area 
(P.A.) of sorbed magnesium, on the parent polymer XAD-2 as a 
function of the concentration of the species MgP, in solut~on, at pH 
= 6.00 and ionic strength 0.250. 

face occupied by covalently attached oxine groups, (i.e., for 
a complexing capacity of 264 pmol/g, only about 20% of 
the benzene rings at the surface of the styrene-DVB co- 
polymer have attached oxine). Therefore, in terms of its ad- 

sorption of the neutral species MgP,, the XAD-OXINE is 
expected to behave quantitatively much like XAD-2 (12, 13). 
As a consequence, if identical sample solutions containing 
magnesium and picolinate are passed through columns of 
XAD-OXINE and XAD-2, containing the same amount of 
sorbent, then the value of (P.A.)so,b,d,M,pz to be used in eq. 
[2] for XAD-OXINE can be taken to be the same as the value 
found for XAD-2, because the latter sorbs MgPz but not 
MgPt or M~, ' .  

Since it is possible, independently, to know the values of 
(P.A.)sorbed, M,'+ and (P.A.),,,bCd,M,p, to be used in eq. P I ,  
then it is possible to know whether and to what extent the 
species MgP' is sorbed on XAD-OXINE. Presented in col- 
umn 3 of Table 3 are experimentally measured values of 
(P.A.),,,,,, that were obtained at two different pH's when 
solutions containing constant Cpicolinicacid = 0.0500 M and 
varied C,, were equilibrated with XAD-OXINE; presented 
in column 4 are values of (P.A.),,rbcd ,,I+ that were read from 
the experimentally measured M ~ , ' +  isotherms on XAD- 
OXINE at the appropriate [Mg2']; and presented in column 
5 are values of (P.A.)s,,bcd,M,p2 that were obtained by equili- 
brating the sample solution with the XAD-2 column. The 
sixth column presents values of (P.A.)so,bcd,~,p+ obtained by 
subtracting (P.A.),,,,,,,,,~+ and (P.A.),orb,d~M,,z from 
(P.A.),,,,,,, as per eq. [2]. The last column shows [M~P']  
values for the solution, obtained by theoretical calculations. 
Plots were made of (P.A.)so,bcd,M,p+ versus [M~P'] at pH 6.00 
and 7.50, respectively. The former plot is shown in Fig. 2. 
These plots correspond to sorption isotherms for the species 
M ~ P '  on XAD-OXINE. 

Both isotherms for M ~ P '  are linear. At pH 6.00 the slope 
is 0.25 -C 0.01 (intercept 0.01 ? 0.02; r = 0.998) and at pH 
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i n ,  

FIG. 2. Sorption of Mgp+, as peak area (P.A.) due to sorbed 
MgP' on XAD-OXINE as a function of the concentration of MgP+ 
in solution, at pH 6.00 and ionic strength 0.25,,. 

7.50 it is 0.92 2 0.04 (intercept 0.03 '- 0.03; r = 0.998). 
A greater slope for the isotherm at higher pH means that the 
cationic species MgP' is sorbed more strongly on XAD- 
OXINE as a result of an increase in the degree of ionization 
of the covalently bound oxine to form its anion oxinate. In- 
creased sorption of a cationic sample species as the result of 
an increase in negative surface-charge density is qualita- 
tively consistent with the theoretical predictions of the 
"double-layer ionic adsorption and exchange model" (13, 28, 
29). Quantitative evaluation of the sorption of MgP+ on 
XAD-OXINE in terms of this theoretical model is not pos- 
sible at this time because it was not possible accurately to 
measure the surface-charge density on XAD-OXINE (22). 

Conclusions 
On the parent polymer, XAD-2, the hydrophobic, neutral 

species MgP, is sorbed (undoubtedly by the process of sur- 
face adsorption) while the charged species M ~ "  and MgP+ 
are not significantly sorbed compared to MgP,. 

On the derivatized polymer, XAD-OXINE, all three 
magnesium-containing species MgZ', MgP+, and MgP, are 
sorbed. Sorption of the hydrophilic metal ion Mg2+ on XAD- 
OXINE is likely the result of complexation by the bound li- 
gand oxinate. Sorption of the hydrophobic, neutral species 
MgP, is very likely due to the process of surface adsorption 
on the extensive styrene-DVB polymer surface that is 
available in XAD-OXINE. Sorption of the hydrophobic 
cationic species MgP' on XAD-OXINE is probably due to 
a combination of adsorption on the polymer surface and 
cation exchange in the diffuse part of the electrical double 
layer (1 3, 28, 29). However, the possibility of sorption of 
MgP+ as a result of the formation of a mixed-ligand com- 
plex of magnesium with picolinate and bound oxine cannot 
be ruled out. 

The relative strengths of sorption on XAD-OXINE for the 
species Mg2', M ~ P + ,  and MgP2 at ionic strength c = 0.25 
and pH 6.00 and 7.50 can be seen from the relative (P.A.) 
values in Table 3. Sorption strength for MgP, will be rela- 
tively independent of c and pH but sorption strength for both 
Mg2' and Mgp+ will increase markedly with increasing pH 
and with decreasing ionic strength. 
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- 1  1 The a 3 ~ "  t X A electronic spectra of acetaldehyde-h, and -d, 
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N. N. YAKOVLEV and I. A. GODUNOV. Can. J. Chem. 70, 931 (1992). 
The r 7 3 ~ "  t X'A'  electronic absorption spectra of acetaldehyde-h4 and -d4 were recorded in the vapour phase at room 

temperature. The major experimental requirement was a high pressure X path length (650 Torr X 140 m). The vibra- 
tional structure of these electronic transitions was interpreted in terms of the torsional modes vj5 and vy5 attached to the 
vi4 out-of-plane bending mode. The main CH3CH0 results agreed with those obtained earlier (Moule and Ng); the val- 
ues of the 0: transition and torsional barrier height were 27240.1 and 590 cm-' respectively. Three inversion (out-of- 
plane bending) energy levels in the excited ti3A" state were found and the inversion potential function was determined 
with a barrier height of 11 10 cm-I. The CD3CD0 spectrum confirmed the CH,CHO analysis. The values of the 0: tran- 
sition and torsional barrier height were equal to 27270 and 610 cm-I. 

Key words: vibronic spectrum, acetaldehyde, molecular structure 

N. N. YAKOVLEV et I. A. GODUNOV. Can. J .  Chem. 70,931 (1992) 
OpCrant a la tempCrature ambiante, on a determine les spectres d'absorption Clectronique a3A" t X'A' des acCtaldChydes- 

h, et -d4 en phase gazeuse. La condition expCrimentale principale est une valeur ClevCe de la pression X longueur de 
parcours (650 Torr X 140 m). On a interprete la structure vibrationnelle de ces transitions Clectroniques en fonction des 
modes de torsion vi5 et v;', attaches au mode de dCformation hors-plan vi4. Les principales caracteristiques du spectre du 
CH3CH0 sont en bon accord avec celles obtenues antirieurement (Moule et Ng); les valeurs de la transition 0: et la hau- 
teur de la barrikre de torsion sont respectivement Cgales a 27240,l et 590 cm-l. On a observC trois niveaux d'inversion 
de 1'Cnergie (deformation hors-plan) dans I'Ctat excite a3A" et on a trouvC que le hauteur de la barrikre de la fonction du 
potentiel d'inversion est Cgale a 11 10 cm-'.  Le spectre du CD,CDO confirme l'analyse du spectre du CH3CH0. Les 
valeurs de la transition 0: et de la hauteur de la barrikre de torsion sont Cgales 27270 et 610 cm-'. 

Mots cle's : spectre de vibration, acCtaldChyde, structure moleculaire. 
[Traduit par la rCdaction] 

Introduction Calibration was made with the iron lines of an iron-neon hol- 

The h3A" +- X'A' electronic absorption spectrum of ac- 
etaldehyde-h4 in the vapour phase at room temperature was 
investigated earlier by Moule and Ng (1). This spectrum was 
interpreted in terms of the torsional modes v;, and v',', at- 
tached to the v;, out-of-plane C-H bending mode. Both 
modes were highly Franck-Condon active and their inten- 
sity distributions suggested that: ( i )  the methyl group 
undergoes a rotation from an X'A'  eclipsed conformation to 
an h3A" staggered conformation and (ii) the aldehyde - C H O  
group is nonplanar in the &'A" state. The 0: band at 
27240.4 cm-' was not directly observed because of low in- 
tensity. 

However Moule and Ng ( I )  failed to determine the inver- 
sional potential because of insufficient experimental data. 
Because they used a cell with a large volume, it was not 
possible for them to record the spectra of the isotopic spe- 
cies. Therefore we have investigated the h3A" +- x 'Af spec- 
tra of both CH3CH0 and C D 3 C D 0 .  

Experimental 
The CH,CHO and CD,CDO used were of 99.0 and 99.5% pu- 

rity, respectively. CD3CD0 contained >98% of deuterium. Both 
samples were purified by vacuum trap-to-trap distillation. 

The spectra were photographically recorded on a DFS-452 
spectrograph in the 1st order of holographic grating (2400 lines 
per mm) at a modest resolution of 120 000. Pathlengths of up to 
140 m at 20°C were obtained with a 2.5 m stainless steel Whyte- 
type multipath cell for vapour pressures up to 650 Torr ( I  Torr 
= 133.3 Pa). A XBO-250 W xenon arc was the light source and 
a BS-I0 glass filter was used to  sola ate the far-UV radiation. 

'Author to whom correspondence may be addressed 

low cathode lamp. Absorption intensities were estimated from 
tracings of the spectra recorded with a IFO-451 microdensito- 
meter. Line positions were directly measured on spectograms with 
a IZA comparator. The accuracy of the measurements was -0, 
5 cm-' for CH,CHO and -1.0 cm-' for CD,CDO. The CH,CHO 
bands are fairly sharp and single-headed. The CD,CDO bands are 
less intense, broader, and double-headed with a separation of 
-7 cm-'.  The heads of the lower frequency components were 
measured.' 

Results and discussion 

The key to the analysis of the acetaldehyde-h4 and -d4 
spectra was the same as in ref. 1 .  Using the torsional tran- 
sitions in X'A'  states from microwave and far infrared (2, 3) 
spectra, we assigned selected bands to the torsional 15$ vi- 
bronic transitions. Then taking into account the results of the 
analyses of acetaldehyde -h, and -d4 A'A" +- X'A' spectra 
(4, ,5) we assigned some bands to the torsional 15:' and 
15:;, transitions. After that we established the 0: transition 
wavenumbers of acetaldehyde-h4 and -d4 as 27240.1 and 
27270 cm-I, respectively, using the 15:, 15:, and 1 5 g  
transitions for CH3CH0 and also the 15::, 151:, and 1 5 g  
transitions for CD,CDO (the 0: transitions were not directly 
observed). Thus for each isotopic species we found the group 
of strong bands ("pattern") that accompanied the "origin" 

Yables A and B list the main vibrational assignments in the 350- 
370 nm region for acetaldehyde-h4 and -d4, respectively, and may 
be purchased from: The Depository of Unpublished Data, Docu- 
ment Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K I A  0S2. 
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TABLE 1. Vibrational "patternn accompanying the "origin" (09 of the ~ T ~ A "  + X'A '  
electronic transition 

cf. Fig. 1 v(cm-') Av(cm-l) v(cm-l) Av(cm-') Assignment 

C H  CHO -3- 

CD CDO -3- 
10 

FIG. 1. The UV absorption spectra of acetaldehyde-h, and -d, near the 0: transitions. (Band numbers are the same as in Table 1) 

(03 of the electronic c3A" + X'A' transition (see Table 1 and ble assignments. One can see from Table 2 that three 
Fig. 1). The figure shows that the most intensive bands cor- inversion energy levels in the excited triplet electronic state 
respond to the 15g transition in the CH3CH0 spectrum and have been found for CH3CH0 and it is rather difficult to as- 
the 15;: transition in the CD3CD0 spectrum. sign these "pseudoori insn differently (the possibility of their F We also found several of the same patterns that accom- assignments to the A A" t X'A' system has also been con- 
pany the "pseudoorigins" listed in Table 2 with their possi- sidered). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



YAKOVLEV AND GODUNOV 

TABLE 2. "Pseudoorigins" in CH,CHO and CD,CDO spectra and their possible as- 
signments" 

CH3CH0 CD,CDO 

v(cm-I) ~ v ( c m - l )  Assignment u(cm-I) Av(cm-I) Assignment 

"Mode descriptions are taken from ref. 6 

TABLE 3. Observed and calculated inversion energy levels and barrier heights (b) of formaldehyde and acetaldehyde (in cm-I) 

CH3CH0 CD3CD0 

Levels A ' A ~  6 3 ~ Z  

of 
energy" Ref. 9 

0- 124.5 36 
1 + 542.3 538.2 
1 - 947.9 777.2 
2 + 1429.3 1175.0 
2 - (1949.8) (1572.8) 
3' - - 

This work This work 

Ref. 9 

67.0 (9.9) 
386.0 448.8 
667.1 (569.5) 

1015.0 889.4 
1397.0 (1 183.8) 
- 1533.9 

Ref. 4 obsd. ~ a l c d . ~  

3 3 - 1.3 
487 503.4 503.6 
- 531.8 531.7 
- 888.4 888.5 
- - 1043.4 
- - 1322.6 

Ref. 4 obsd. calcd. 

"The notation IS that of ref. 10 
"K, = 855.36 cm-I k', k, = 2688 69 cm-', k, = 1.31 A-', see potent~al, eq [I]. 
'Calculated w~th the data from ref 4 uslng the method presented in ref 10 
dThe out-of-plane angle 8 corresponds to the mlnlma of the potent~al, eq [I]. 

The parameters of the inversional potential 

[I] V (2)  = K , Z ~  + k, exp (-k2Z2) 

where Z is the out-of-plane oxygen displacement, have been 
determined by the method of Ueda and Shimanouchi (7) for 
this molecule. Strictly speaking, the -CHO group has a py- 
ramidal structure in the acetaldehyde equilibrium configu- 
ration in the lowest excited singlet S, and triplet T, electronic 
states. Such -CHO group "deformation" of the planar struc- 
ture in the ground So electronic state of acetaldehyde was 
approximated by an out-of-plane C-H bond displacement 
(1. 4). In this case the CCH angle was decreased and the 
\ ,  , " 
CCO angle was fixed. But we could not obtain the rota- 
tional constants listed in ref. 4 for acetaldehyde-h4 in the S, 
state with geometric parameters from "model i i "  (4). In- 
stead of A' = 1.649, B '  = 0.338, and C '  = 0.300 cm-' (4) 
we obtained A' = 1.842, B' = 0.317, and C '  = 0.288 cm-I, 
but the rotational contours of the acetaldehyde-h4 vibronic 
bands 0:, 14; (A,, E) ,  15; (A,, E )  calculated with these ro- 
tational constants were far from the experimental ones listed 
in ref. 4. However, calculated and experimental vibronic 
band rotational contours of CH3CH0 and CH3CD0 spectra 
(4) agree well if we use the geometric parameters derived 
from the microwave spectrum (8), except r(C=O) = 

1.316 A and the out-of-plane C=O bond displacement angle 
8 = 37.5" (with LCCO = 116.2"). In fact, only the planar 
CCH,,, and CCO angles differ from those of "model i i n  (4). 

For acetaldehyde in the T, state, we assume the geomet- 
ric parameters to be the same as in the S, state, except for 
the 8 angle. We take this angle as the minimum of the po- 
tential, eq. [I]. The calculated parameters of the potential, 
eq. [ I  1, are listed in Table 3. The inversion potentials of ac- 
etaldehyde-h, and -d, in the S, state and those of formalde- 
hyde-h2 and -d2 in the S, and TI states (9) are also listed in 
Table 3. We assume that the inversion potentials of acetal- 
dehyde-h4 and -d4 in the TI state are approximately the same, 
and we calculate the inversion energy levels of CD3CD0, 
Table 3. Using the data, we assign the 441 cm-I frequency 
found in the CD3CD0 spectrum (Table 2) to the inversion 
level 14'+ or 14'-. Taking into account that the 14;' tran- 
sition is more intense than the 14;- transition in the CH3CH0 
spectrum, we tentatively assigned the CD3CD0 441 cm-' 
frequency to the 14" level. Because of low intensity, we 
could not observe the transitions to higher inversional levels 
in the CD3CD0 spectrum and thus could not assign this fre- 
quency definitely. 

One can see from Table 3 that the acetaldehyde inversion 
barrier in the TI state is approximately twice that in the S, state 
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934 CAN. J. CHEM. VOL. 70, 1992 

TABLE 4 .  Experimental and calculated torsional energy levels and internal rotation potentials of acetaldehyde-h, and -(I, molecules 
(in cm-') 

CH3CH0 CD3CDO 
Torsional Ci 3A,, 
transitions x 'A A 'A" 

and x 'A A 'A" This work This work 
potential Calcd. 

parameters (ref. 3) (ref. 4) (ref. 1) obsd. calcd. in ref. 2 (ref. 4) obsd. calcd. 

1E + O F  
1A2 + OA, 
2Al + OAl 
2E + OE 
3E + OE 
3Az + OAl 

F 
v3 

V6 

0" 

"The selection rules for optical transitions are : A ,  - A , ;  A? - A I ;  and E - E. 
"Assumed. 

and the 8 equilibrium value in the TI state is about 8" larger and with the potential determined for CH,CHO by Moule and 
than in the S ,  state. Similar relations are observed for form- Ng (1). 
aldehyde, sek Table 3. 

We mentioned above that the vibronic bands in the 
CD,CDO spectrum were double-headed with a separation of 
about 7 cm-I. Such contours seem to be part of the vibronic 
band rotational contours. We also investigated the possibil- 
ity of assigning the 7 cm-' frequency to the inversion split- 
ting 14'-(0'-) - 0". From the TI inversion potentials for 
CH,CHO and CD,CDO and the assignment of the 503 cm-' 
frequency in the CH,CHO spectrum to the 14'' level (Table 
2), we calculate an inversion splitting of 41-45 cm-I for 
CH,CHO by the method of Coon et al. (10). As such inter- 
vals are not observed in the CH,CHO spectrum, this hy- 
pothesis has been rejected. 

Using the torsional levels obtained from the spectral 
analysis, we determined the T, internal rotation potential 
functions 

for acetaldehyde-h, and -d, by the method of Lewis et al. 
(1 I), Table 4. The reduced rotational constants F listed in 
Table 4 are calculated with the help of geometric parame- 
ters obtained for the inversional potential (microwave pa- 
rameters (7) but r(C=O) = l .316 A, L 8 = 45" with LCCO 
= 113.2"). One can see from Table 4 that these internal ro- 
tational potentials are in good agreement both with each other 

Conclusions 
The results of the c 1 , ~ "  +- X'A'  spectral analysis for ac- 

etaldehyde-h, and -d, agree well with each other and con- 
fm the earlier analysis (1) reported for acetaldehyde-h,. We 
obtain three inversion levels and determine the inversion 
potential of CH,CHO in the excited TI triplet state. The TI 
state inversion barrier is approximately twice that of the S, 
state. A similar result was obtained earlier for formalde- 
hyde (9). 
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Study of the dissociation of the products of some proton transfer reactions 
in acetonitrile solvent 

WLODZIMIERZ GALEZOWSKI' AND ARNOLD JARCZEWSKI 
Faculy of Chemistry, A .  Mickiewicz University, Grunn~aldzka 6,  60-780 Poznun, Poland 
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WLODZIMIERZ GALEZOWSKI and ARNOLD JARCZEWSKI. Can. J. Chem. 70, 935 (1992) 
The conductometric study of the products of the proton transfer reactions of C-acids (nitriles, nitroalkanes, and 2,4,6- 

trinitrotoluene) with the strong amine bases (I ,l,3,3-tetramethylguanidine (TMG), 1,8-diazabicyclo[5.4.O]undec-7-ene 
(DBU), 1,8-bis(dimethy1amino)naphthalene (DMAN), and piperidine) in acetonitrile shows their large degree of dis- 
sociation into free ions. The dissociation constant values have been estimated at 25'C to be larger than I X lo-' M. 
This weakens the formalism commonly accepted in spectrophotometric kinetic studies of these systems of reactions, based 
on the assumption that the product is an ion pair. Spectrophotometric equilibrium and kinetic measurements provided 
evidence that reverse reaction is a second-order process (pseudo-first order because cation concentration is controlled 
by side reactions). The influence of the common cation (TMGH+) on the equilibria of the proton abstraction from 2- 
methyl-1-(4-nitropheny1)-1-nitropropane and 4-nitrophenylcyanomethane with TMG base in acetonitrile at 25'C was 
examined and was found to be compatible with the assumption of large dissociation of the reaction product for free ions. 
"Equilibrium constants" estimated by the Benesi and Hildebrand method (which assumes an ion-pair product) de- 
creased with increasing concentration of added TMGH+ cation, but these "equilibrium constants" multiplied by [TMGH+] 
are constant. The observed pseudo-first-order rate constants of the proton transfer reaction, measured at large excess of 
the base over C-acid, grow with the cation concentration due to the increase of the backward reaction rate. The concen- 
tration of added common cation shows a negligible influence on the observed rate constants of deuteron transfer reac- 
tion. Thus, as a result of side reactions, in which extra amounts of cation are formed, some second-order rate constants 
kfH and also kinetic isotope effects (KIEs) (k:'/kF) that have been measured in acetonitrile can be substantially overes- 
timated. 

Key words: ion-pair dissociation, proton transfer reactions, kinetic isotope effects. 

WLODZIMIERZ GALEZOWSKI et ARNOLD JARCZEWSKI. Can. J. Chem. 70, 935 (1992). 
Une Ctude conductomCtrique des produits de reactions de transfert de protons d'acides C (nitriles, nitroalcanes et 2,4,6- 

trinitrotoluene) avec des bases fortes aminCes ( I ,  l,3,3-tCtramCthylguanidine (TMG), 1,8-diazabicyclo[5.4.O]undCc-7- 
tne  (DBU), 1,8-bis(dim6thylamino)naphtaltne (DMAN) et pipkridine) dans I'acCtonitrile montre qu'ils sont fortement 
dissociCs en ions libres. A 25"C, on a CvaluC que les constantes de dissociation sont plus grandes que 1 x M. Ces 
rksultats affaiblissent le formalisme gCnCralement accept6 dans les Ctudes cinktiques spectrophotomCtriques de ces systemes 
de rkactions, qui est bask sur I'hypothtse que le produit est une paire d'ions. L'Cquilibre spectrophotomCtrique et les 
mesures cinCtiques fournissent des donnCes suggCrant que la reaction inverse est du deuxitme ordre (pseudo-premier ordre 
parce que la concentration des cations est contr61Ce par des rCactions parasites). OpCrant B 2572, dans 17acCtonitrile, on 
a examin6 I'influence du cation commun (TMGH+) sur 1'Cquilibre de la rCactions d'enltvement du proton du 2-methyl- 
I-(4-nitrophCny1)- I-nitropropane et du 4-nitrophCnylcyanomCthane par la base TMG et on a trouvC que cette influence 
est compatible avec I'hypothkse d'une importante dissociation des produits de rCaction en ions libres. Les ccconstantes 
d'kquilibre,, CvaluCes par la mCthode de Benesi et Hildebrand (qui fait llhypothCse que le produit est une paire d'ions) 
diminuent avec une augmentation de la concentration de cation TMGH' ajoutCe; toutefois, ces ccconstantes d'Cquilibre,, 
multipliees par [TMGH+] sont constantes. Les constantes de vitesse du pseudo-premier-ordre observCes pour la rCaction 
de transfert de proton, mesurkes avec un grand exces de base par rapport j. I'acide C ,  augmentent avec la concentration 
de cation; ce rCsultat est dO i I'augmentation de la vitesse de la rCaction en retour. La concentration du cation commun 
ajoutC ne prCsente qu'une influence nCgligeable sur les constantes de vitesse observtes pour la vitesse de transfert de 
deutkron. A cause de rkactions secondaires dans lesquelles il se forme des quantitCs supplkmentaires de cations, il est 
donc possible que les constantes de vitesse du deuxitme ordre, kfH, qui ont CtC mesurkes ainsi que les effets isotropiques 
cinktiques (EIC) (kfH/kfD) qui ont CtC mesurCs dans I'acCtonitrile soient substantiellement surestimCes. 

Mots clPs : dissociation de paires d'ions, reactions de transfert de proton, effets isotropiques cinktiques. 
[Traduit par la rkdaction] 

Introduction kinetic studies was the primary deuterium kinetic isotope 
effect (KIE), which appkared to be a useful tool in deter- 

The proton transfer reactions between C-acids of various mining the mechanism of the proton transfer and also the 
structures and strong amines in aprotic solvents have been magnitude of the tunnel effect (2, 3, 10, 11). 
extensively studied for many years (1-10). The kinetics of ~ h ,  kinetic studies of these reactions were in 
these systems of reactions were mostly carried out ~Pectro- a variety of solvents, mostly aprotic solvents, of different 
photometrically, taking advantage of the fact that the ionic polarity (2, 10-13), since Caldin and Mateo predicted that 
products formed after abstraction of the proton have large the value of KIE is strongly dependent on the polarity of the 
absorption coefficients in the visible range of the spectrum. solvent in which the proton transfer reaction has been car- 
  he ~articularly important parameter obtained from these ried out (2, 12). They predicted that in high-polarity sol- 

vents the proton transfer was coupled with the motion of the 
'Author to whom correspondence may be addressed at: Depart- molecules of the solvent, which reduced the effective deu- 

ment of Chemistry, Rice University, Box 1892, Houston, TX teron/proton mass ratio, consequently decreasing the KIE 
77251, U.S.A. value (2). Therefore, low-polarity solvents seemed to fa- 
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vour large KIE values by the "uncoupled mechanism" (14, stants for the ionogenic proton transfer reactions were too 
15). Consequently for comparison, kinetic experiments were small in low-polarity solvents, constraining kinetic mea- 
performed in both low- and high-polarity aprotic solvents (10, surements to high-polarity solvents, mostly acetonitrile (8- 
14, 16). However, very frequently, the equilibrium con- 10). 

DBU TMG 

DMAN piperidine 

On the basis of the fit of the experimental equilibrium data 
to the Benesi and Hildebrand equation (1) the products were 
claimed to be ion pairs, unexpectedly for both groups of low- 
and high-polarity solvents (1, 2). However, in our previous 
paper (14) we proved that the products of some proton 
transfer reactions between 1 -(4-nitropheny1)- 1 -nitroalkanes 
and DBU or TMG carried out in acetonitrile solvent are dis- 
sociated to free ions, showing that the Benesi and Hildebrand 
method is frequently not reliable in these systems of reac- 
tions. 

The estimation of the degree of dissociation of the prod- 
uct for a reaction of a C-acid with a strong organic base in 
acetonitrile is crucial for determining the kinetic equation. 
This is of particular importance for the reactions of nitro- 
phenylcyanoalkanes, which have relatively large pK, values 
in comparison with nitrophenylnitroalkanes, reacting with a 
similar rate constant (8-10, 17). The reactions of nitriles, 
with small equilibrium constants, present an interesting sys- 

tem in which the KIE values are close to a maximum around 
AGO = 0.  

The use of the correct kinetic equation has a fundamental 
significance for the results of kinetic experiments and their 
interpretation. Therefore, the intention of this work is to es- 
timate the degree of dissociation of the products of some 
proton transfer reactions for a larger number of C-acids and 
bases in acetonitrile solvent, and also to discuss the possi- 
ble implications on the results of spectrophotometric equi- 
librium and kinetic measurements, as we believe that the 
effect of the common cation derived from the reacting base 
has a considerable impact on kinetic and equilibrium pa- 
rameters. 

Results and discussion 
Conductometric measurements 

Proton transfer reactions between C-acids and amines give 
ion-pair products that can dissociate to free ions depending 
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TABLE 1. Results of conductance studies of proton transfer be- 
tween various C-acids and amine bases in acctonitrile at 25°C 
showing very large ionization and dissociation of the reaction 
product 

10' CB Onsager Ao 
System (mol dm-') slope (Q-' cm' m o l ' )  

1 + DBU 2.67-9 64 293-394 134-138 
1 + TMG 2.58-9.33 329-414 145- 150 
1 + piperidine 2.58-9.33 357-448 139- 145 
2 + DBU 2.67-9.64 407-735 140-155 
2 + TMG 2.62-9.48 560-659 155-160 
4 + DBU 2.67-9.64 294-363 149-155 
4 + TMG 2.63-9.48 376-525 160- 164 

on the polarity of the solvent used (1, 16) (Scheme l ) , b h e r e  
AH = C-acid, B = base, A-, BHt = ion pair, A- and BH+ 
are free ions. Kinetic measurements on these reactions are 
always carried out in a large excess of the base concentra- 
tion over the reacting C-acid, to assure pseudo-first-order 
conditions (1- 10, 12-14). Therefore in the present work 
conductometric experiments were performed under similar 
conditions. 

For all reactions of 1 ,  2, and 4 with DBU and TMG and 
the reaction of 1 with piperidine in a given concentration 
range (Table 1) the plots of A vs. ~ ,~""ave  reasonable 
values of I&,. As an example, for the reaction of 4 with TMG 
the A, ranging between 160 and 164 is close to that of tetra- 
methylguanidinium picrate, which is equal 161 (1 8). The 
experimental Onsager slopes (18) shown in Table 1 are not 
far from theoretical values, indicating both a very extensive 
ionization of C-acid and dissociation of the resulting salt into 
free ions. (Those theoretical Onsager slopes in acetonitrile 
at 25°C vary from 320 to 380 depending on particular Ao.) 

No correction for conductivity of contaminants or solvol- 
ysis products of amine bases was applied. A simple sub- 
traction of the conductivity of the base solution was not 
satisfactory, leading in some cases even to a slight increase 
in A with C-acid concentration. The specific conductivity K, 

of the solutions of the bases in MeCN solvent increases with 
base concentration and is larger for the stronger bases DBU 
(pK, in acetonitrile at 25°C = 23.9 (19), K, = (5-10) X 

R-I cm-I in the concentration range 0.02-0.08 M) and TMG 
(pK, = 23.3 (20); (2-4) X 1 R - I  cm-I, 0.03-0.1 M) and 
smaller for weaker bases DMAN (pK, = 18.3;' (2-3) X 

1R-' cm-I, 0.05-0.18 M) and piperidine (pK, = 18.9 (21); 
(4-10) X 1 R - I  cm-', 0.04-0.13 M)). 

Conductometric measurements in the solutions of strong 
amine bases in acetonitrile show poor reproducibility due to 
unavoidable contaminants (22). We also found in our study 

2 ~ h e  alternative scheme, in which free ions are initially formed 
from reactants (with following ion-pairing), is experimentally in- 
distinguishable from Scheme 1 presented in this paper and leads to 
basically the same conclusions. 

3 ~ .  T. Leffek and P. Pruszynski, personal communication. 

TABLE 2. Results of conductance studies of proton transfer reac- 
tions between various C-acids and amine bases in acetonitrile at 
25°C 

10' cB A, 10' K , ~  
System (mol dm-') (K1 cm' mol-I) (mol dm-') 

- - 

1 + DMAN 2.38-8.62 137-133" 
2 + piperidine 1.86-62.3 140-1 18" 
2 + DMAN 5.04-18.2 140' 
3 + DBU 2.20-9.74 1 54' 
3 + TMG 2.58-9.33 154' 
4 + piperidine 3.68-13.3 160- 140" 
5 + piperidine 17.2-62.3 158-151" 
5 + DMAN 2.38-8.62 200- 157" 

"Decreasing monotonically with base concentration. 
"ncreasing monotonically with base concentration. 
'An average value. 

that, despite of all precautions taken, these specific conduc- 
tivities varied with a new batch of solvent or amine base used 
(the KO values shown above are the lowest we achieved). 
Therefore, although a correction for solvolysis of amine bases 
could be made by employing pK, values of amine base and 
the autoprotolysis constant of acetonitrile (22), it is hard to 
account for variable amounts of unknown impurities, that 
unfortunately affect the conductivity of the systems under 
study quite strongly. 

Accordingly, for data analysis of systems behaving like 
weak electrolytes, not listed in Table 1, a simple treatment 
was applied in which effects of interionic forces on mobil- 
ity and thermodynamic potential were neglected. Under these 
assumptions the conductivity of the reaction products is de- 
scribed by eq. [I], which is analogous to the Kraus and Bray 
equation (14, 23): 

where CAH is the total concentration of C-acid, A is the 
equivalent conductivity, and A, is the limiting equivalent 
conductance. The effective equilibrium constant, Kc,, is de- 
scribed by eq. [2]: 

where K, and Kd are defined in Scheme 1, and C, is the base 
concentration in large excess over C A H  From eq. [2], Kd and 
K, values can be estimated using the relation l/Kcf vs. ~ / C B .  

The Kc[ values obtained from the Kraus and Bray formal- 
ism (plot 1/A vs. CAHA) are collected in Table 2. They rep- 
resent the lower limit of dissociation constants of the ion 
pairs, Kd (14). 

The values of K, and Kd for the reaction of 3 with DBU 
(Table 3) were estimated using the relation 1 /Kc, vs. 1 /CB. 
In the case of the reactions of 2 and 5 with DMAN the plot 
of ~ / (K, ,G)  vs. l/C, was used (eq. [3]), due to the large 
standard deviations of A, affecting the accuracy of Kc,. 

The experimental data fitted to eq. [3] showed excellent 
correlation coefficients. The Kd values were then calculated 
from the initial intercepts and the mean values of A,. 

The reactions of 2 and 4 with piperidine (Table 2) show 
some irregularities as compared to other systems, since their 
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TABLE 3. Estimated values of K, and K, for the 
products of some reactions between C-acids and 
amine bases in acetonitrile at 25°C 

10' K* Kr 
System (mol dm-') (mol-' dm3) 

2 + DMAN 0.067 2 0.002 1.91 2 0.03 
3 + DBU 30 ? 20 4 2 3  
5 + DMAN 1.3 2 0.3 1.36 * 0.07 

effective constants Kef increase considerably faster than could 
be expected from the increase of the base concentration, 
which is not consistent with eq. [2]. This is particularly ev- 
ident for the reaction of 2 over a wide range of piperidine 
concentration. 

The simplest explanation of this phenomenon seems to be 
the interaction of the second molecule of piperdine with the 
cation, as shown in Scheme 2. 

The formation of BHB' ions, known as a homoconjuga- 
tion, is favoured by two factors: the low steric demands of 
the base, and by hydrogens available for hydrogen bonding 
(24). From the set of amines under investigation, piperidine 
demonstrates the strongest tendency to form homoconju- 
gates. The homoconjugation constant for piperidinium cat- 
ion, which is 25 M-' (25), indicates that in the range of 
piperidine concentration (0.0 186-0.623 M, Table 2) used, 
the equilibrium between piperidinium cation and its homo- 
conjugated form can be observed. Both forms exist in com- 
parable amounts for a concentration of piperidine equal to 1 
x lo-* M. With increasing concentration of piperidine above 

M, the bulk of the piperidinium cation exists as the 
homoconjugate. ~ollaterally, the increase of the equilib- 
rium constant and also a larger extent of dissociation of the 
ion pairs formed in the proton transfer reactions have been 
observed (Scheme 2) (24). Homoconjugation was a reason 
to omit the K, and Kd values for the reactions of piperidine 
base with C-acids (Table 3). However, in these cases the 
considerable dissociation of the ion-pair product can be de- 
duced from the KCf values shown in Table 2. 

The examination of the results leads to the conclusion that 
the smallest value of dissociation constant Kd found in this 
study is equal to 6.7 x M (Table 3), which is compa- 
rable with the largest values of C-acid concentrations com- 
monly used in kinetic or equilibrium experiments carried out 
by means of spectrophotometric methods (1- 17, 26). Hence, 

I 
the assumption that the products of these proton transfer re- 
actions in acetonitrile solvent are ion pairs in the spectro- ~ photometric range of C-acid concentration is not justified. 

I We would like to emphasize here that direct kinetic mea- 
surements are suitable only for reactions with fairly large 
equilibrium constants, which means the systems involving 
a rather strong C-acid and a strong base, such as those shown 
in Tables 1-3. 

We believe that in acetonitrile solvent most proton trans- 
fer reactions from nitro or cyano group activatedc-acids give 

products that are mostly dissociated into free ions; how- 
ever, in the cases where the ability of charge delocalization 
is smaller, comparable amounts of both forms (ions and ion 
pairs) exist in equilibrium. This last case is particularly dif- 
ficult with respect to interpretation of kinetic data. Both ex- 
treme cases, with the product fully dissociated to free ions 
or entirely in the form of ion pairs, are worthy of study. 

EfSect of common cation on the equilibria and kinetics of 
proton transfer reactions 

Equilibria 
The equilibrium data for the reaction of C-acids with 

amines (in a large excess over C-acid) in acetonitrile often 
fulfill the Benesi and Hildebrand eq. [4] (14). 

where A is the absorbance of the product (optical path length 
1 cm), E the molar absorptivity of the product, and KB,, the 
"equilibrium constant" estimated by the Benesi and 
Hildebrand method. This agreement suggests that the prod- 
uct of the proton transfer reaction exists mainly as the ion 
pair, in contrast to the conclusions derived from conducto- 
metric measurements. 

We partly discussed the possible reason for this discrep- 
ancy (14), indicating the effect of the common cation BH', 
which was formed in side reactions of strong amines with 
acetonitrile solvent and its acidic contaminants or brought in 
with amine base. In the present paper the spectrophotomet- 
ric results supporting our assumptions are presented. 

The concentration of BH' cations of a strong amine base 
(B) in acetonitrile solution increases with the concentration 
of the amine as can be seen from conductometric measure- 
ments of solutions of amines ( K ~  values quoted in preceding 
paragraph). However, it is difficult to estimate the real con- 
centration of the BH' cations under conditions of spectro- 
photometric equilibrium or kinetic measurements. Therefore, 
the addition of a well-dissociated salt of the BHf cation al- 
lows control of its concentration over the whole range of 
measurements. For this purpose we used 1,1,3,3-tetra- 
methylguanidinium picrate (TMGH' Pi-) which is well 
dissociated in acetonitrile solvent (18). 

As a working model we chose the reaction between 2- 
methyl-1-(4-nitropheny1)-1-nitropropane (6) and TMG due 
to its moderate rate and the great resistance of the product 
to oxidation. The conductometric measurements show a large 
degree of dissociation of the product of this reaction in ace- 
tonitrile s01vent.~ 

The equilibrium data for reactions of TMG with both 6 and 
3, with and without additions of tetramethylguanidinium 
picrate, fulfilled fairly well the Benesi and Hildebrand 
equation [4] (Tables 4 and 5), which could, as already men- 
tioned, suggest a small degree of dissociation of the product 
into free ions. However, the resulting "equilibrium con- 
stants" KB,, decreased considerably with increasing 

". Galezowski, unpublished results. 
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TABLE 4. Common cation effect on equilibria of 2-methyl-I-(4-nitropheny1)-I-nitropropane (6) (CAH = 
2.5 X lo-' M) with TMG reaction in acetonitrile at 25°C 

TABLE 5. Common cation effect on equilibria of 4-nitrophenylcyanomethane (3) (CAH = 2.5 X M) 
with TMG reaction in acetonitrile at 25°C 

[TMGH']. It is worthy of notice that the product of KB,, and 
CTMGHtPI- is constant. This result is in excellent agreement 
with the assumption of full dissociation of the ion pairs since 
in this case K and K,,, are 

and 

The reason that eq. [6] is also fulfilled without the addition 
of common cation is that [BH'] (the sum of BH' concen- 
trations derived from both sources: the measured reaction, 
and from the environment) changes relatively slowly with the 
concentration of the base. 

Employing the pK, of TMG and K values from Tables 4 
and 5, pK, for 3 and 6 can be calculated. They are 25.4 and 
25.9, respectively. 

Kinetic experiments 
Kinetics of the proton transfer reaction between 6 and 

TMG in acetonitrile without additions of tetramethylguani- 
dinium picrate, for different concentrations of the TMG base 
(Table 6), fulfill the following equation: 

where kfbS is the pseudo-first-order rate constant and (kfH)app 
the apparent second-order rate constant. The relation of kz,  
against CTMG showed relatively large intercepts, k,*; on the 
other hand the plots of k i ,  vs. CTMG for the deuteron trans- 
fer reaction (Table 7) pass through the origin, indicating that 
the A-,TMGD+ is a short-lived intermediate (Scheme 3) and 
D/H exchange in the C-acid is irreversible (k: is much smaller 
than the sum of rate constants of all protonation reactions of 
the carbanion). 

The reaction medium contains a sufficient excess of ex- 
changeable protons over concentration of deuterated C-acid 
(CAD = 2.5 X M) to make the D/H exchange in C-acid 

irreversible (27). There exist a number of sources of ex- 
changeable protons, taking into account that well-dried TMG 
base still contains ca. 1% of water (28), and that the TMG 
molecule itself has an easily exchangeable proton, and also 
that well-dried acetonitrile solvent still contains 0.001% of 
water, which makes the concentration of exchangeable pro- 
tons equal to ca. 1 x M. 

The assumption that the D/H isotopic exchange is much 
faster than internal return seems to be well justified, since 
the rate constants of internal return for the ion-pair products 
of the reactions of nitrophenylnitroalkanes in low-polarity 
solvents are relatively small, e.g., for the reaction of 6 with 
DBU in THF and chlorobenzene solvents they are about 
1 s-' (16). Since the rate constants of the reactions of C-acids 
with arnines, as well as the equilibrium constant for ion-pair 
formation, are poorly dependent on the polarity of the sol- 
vent (14, 16), we can assume that the rate constant k;(Scheme 
3) of the reaction of 6 with TMG is of the same order of 
magnitude. Furthermore, when thermodynamic barriers are 
low, dissociation of the ion pairs, as well as D/H exchange 
in the TMGD+ cation, are very fast processes (1 1). There- 
fore we can expect that the kinetics of the reaction of 6-d with 
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TABLE 6. Common cation effect on observed and second-order rate 
constants for proton transfer reactions between 2-methyl-1-(4-ni- 
tropheny1)-1-nitromethane (6)  and TMG in acetonitrile at 25°C 

( a  ) CTMGH+P,- = 0 

4.64 1.62 
9.28 2.44 

13.92 2.69 1.10 * 0.05 0.012 * 0.001 
18.56 3.26 
23.20 3.77 
32.50 4.80 

(b) CTMGH+p,- = 1 X M 

4.64 5.8 
9.28 6.0 

13.92 6.1 
18.56 6.6 0.87 2 0.06 0.051 * 0.002 
23.20 7.0 
32.50 8.2 
46.40 9.2 

(c) CTMGHtP,- = 2 X M 

4.64 9.5 
9.28 9.5 

13.92 10.0 0.56 2 0.05 0.0914 * 0.0009 
18.56 10.2 
23.20 10.4 
32.50 11.0 

FIG. 1. The influence of BH' cations originating from side re- 
actions on the measured values of second-order rate constants. A: 
k = kb = ~ ! K ~ ' [ B H + ] ,  eq. [lo], no addition of common cation 
BH'; [BH'] increases considerably with CB (an arbitrary chosen 
linear function); B: k = k z ,  = k:CB + k,, eq. [9], otherwise as in 
A; slope = (k;),,, > ky; C: k = k,, [BH'] = const. (the common 
cation BH' added, and assuming that side reactions contribute 
negligibly to [BH'] as a result of full suppression of dissociation 
of their products); D: k = kz,  = kYCB + k,, otherwise as in C ;  slope 
= k7. 

TMG follows the scheme described by Melander and 
Saunders (27), with the Guggenheim or end-point method 
plots curved initially. 

These small curved parts were discarded, and the result- 
ing k:, values plotted against CB gave good straight lines with 
slopes kp, fulfilling the following equation: 

Melander and Saunders (27) assumed that [BH'] does not 
vary with time. This condition was fulfilled in our experi- 
ments with the addition of TMGH'Pi- and was approxi- 
mately true for experiments without this addition, since the 
common cation BH' is formed not only in the reaction be- 
tween C-acids and TMG base, but also in the reaction of 
strong TMG base with acetonitrile solvent and acidic con- 
taminants (22). 

The effect of the common cation TMGH' on the kinetics 
of the proton transfer reaction 

The data presented in Tables 6 and 7 support our asser- 
tion of a large dissociation of the products of proton transfer 
reactions in acetonitrile into free ions. The values of the ap- 
parent rate constants for backward reaction k$ increase with 
CTMGH+,,- (Table 6). The increase of CTMGH+,,- from 1 x 

M to 2 x M caused almost twofold increase of k:, 
as was expected for complete dissociation of the ion pairs into 
free ions. Therefore, when kz, is now described in terms of 
true, not apparent, rate constants, eq. [9] is valid: 

where kr  is the second-order rate constant, and the rate 
constant of the reverse reaction k, varies with [BH'] ac- 
cording to eq. [ lo]  

where kr  is the rate constant of internal return within the ion 
pair (see Scheme 3). It is noteworthy that k, depends on CmG, 
in contrast to kg. The latter is simply an experimental initial 
intercept (eq. [7]), which has been erroneously considered 
to be equal to k:. 

The lack of a significant dependence of the second-order 
rate constant for the forward, deuteron transfer reaction, k?, 
on CTMGHtPi- (Table 7) suggests that the concentration of the 
salt does not particularly influence the rate constants. How- 
ever, the data collected in Table 6 show that estimated rate 
constants (k;),,, decrease with increasing CTMGII+Pi-. 

This phenomenon seems to be a consequence of the salt 
effect on the rate of the backward reaction. The rate con- 
stant (k;),,, measured as a slope of the plot of k:, against CB 
without addition of TMGH+Pi- is overestimated since 
[TMGH'] increases with the increase of TMG base concen- 
tration, amplifying kb (Fig. 1). 

As a consequence of too large values of (k;),,,, and no 
influence of the backward reaction on the measured value of 
the rate constant of the deuteron transfer reaction, k:, the 
values of the kinetic isotope effects (k~) , , , /k~ ,  entry for 
CTMGH+,,- = 0 in Table 7, are too large. The addition of 
TMGH+Pi- reduces the error in ky because dissociation of 
the side-reaction products is suppressed. 

In conclusion, the spectrophotometrically measured 
equilibrium and rate constants for proton transfer reactions 
in acetonitrile show definite dependence upon the TMGH 
cation concentration, which is in good agreement with our 
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sponding to a time less than 0.2 half-life, was discarded (27). The 
second-order rate constants were calculated according to eqs. [7] 
and [8]. The addition of TMGH ' Pi- to the products of the proton 
transfer reactions did not change the A,,,;,,, molar absorptivity E, or 
the shape of absorption band of the anion of C-acid under inves- 
tigation. 
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Preparation and structure of silver complexes with 4-nitroimidazole 
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ISABELLE SEGALAS and ANDRE L. BEAUCHAMP. Can. J. Chem. 70, 943 (1992). 
The reaction of 4-nitroimidazole (NOJmH) with AgN0, and AgBF, in neutral or weakly acidic aqueous media yielded 

the insoluble [Ag(N021m)] compound, whose infrared and "C NMR spectra are consistent with a polymeric chain of 
deprotonated ligands bridging silver atoms via the endocyclic nitrogen atoms. In strongly acidic solution, [Ag(N021mH),]X 
salts (X = NO,, BF,) were obtained and their crystal structures were determined. [Ag(N021mH)2]N0,: monoclinic, P2/n,  
a = 14.214(1), b = 12.571(2), c = 14.222(1) A, P = 111.38(7)", Z = 8, R = 0.021, 3443 observed reflections; 
[Ag(N021mH)2]BF,: monoclinic, P 2 , / c ,  n = 9.543(4), b = 6.478(2), c = 20.869(9) A, P = 90.84(3)", Z = 4, R = 
0.027, 1646 observed reflections. In both compounds, the two-coordinated metal forms roughly collinear bonds to two 
neutral ligands via the endocyclic nitrogen atom adjacent to the nitro group. One oxygen of each nitro group makes a 
secondary Ag-0 bond near the equatorial plane. 'The anions are hydrogen bonded to the ligand N-H groups and do 
not directly interact with the metal. Solution 'H and "C NMR spectra show that the cationic complexes dissociate in 
DMSO. The infrared and CP-MAS "C NMR spectra are discussed in connection with the coordination patterns ob- 
served. 

Key words: silver, imidazole, crystal structure, infrared spectroscopy, nuclear magnetic resonance. 

ISABELLE S ~ G A L A S  et ANDRE L. BEAUCHAMP. Can. J. Chem. 70,  943 (1992). 
Le 4-nitroimidazole (N0,ImH) rCagit avec AgNO, et AgBF, en solution aqueuse neutre ou peu acide pour former le 

compose insoluble [Ag(NO,Im)], dont les spectres infrarouge et RMN "C sont en accord avec une chaine polymere 
constituCe du ligand dCprotonC pontant deux atomes d'argent par llintermCdiaire des atomes d'azote endocycliques. En 
solution tres acide, les sels [Ag(N021mH)2]X (X = NO,, BF,) sont obtenus et leur structure c~istalline a CtC determinee. 
[Ag(N021mH)2]N03 : monoclinique, P2 /n ,  a = 14,214(1), b = 12,57 1 (2), c = 14,222(1) A, P = 1 1 1,38(7)", Z = 8, 
R = 0,021,0 3443 rkflexions observCes; [Ag(N021mH)2]BF, : monoclinique, P 2 , / c ,  a = 9,543(4), b = 6,478(2), c = 
20,869(9) A, P = 90,84(3)", Z = 4 ,  R = 0,027, 1646 rkflexions observCes. Dans les deux cas, la metal bicoordonnC 
est liC de f a ~ o n  2 peu prks IinCaire A deux ligands neutres par l'atome d'azote endocyclique adjacent au groupe nitro. 
L'un des oxygenes de chaque groupe nitro forme une liaison secondaire Ag-0 prks du plan Cquatorial. Les anions 
Ctablissent des liaisons hydrogkne avec les groupes N-H des ligands, sans interagir directement avec le metal. Les spectres 
RMN 'H et I3C montrent que les complexes cationiques se dissocient dans DMSO. Les spectres infrarouges et RMN 
"C A 1'Ctat solide sont discutCs en relation avec les modes de coordination observCs. 

Mots clPs : argent, imidazole, structure cristalline, spectroscopie infrarouge, rCsonance magnCtique nuclCaire 

Introduction 

Nitroimidazoles are known to be effective radiosensitiz- 
ers and chemotherapeutic agents both as free molecules (1- 
3) and when coordinated to metals like Pt, Ru, and Rh (4- 
6). The role played by the nitro groups in the coordination 
of these molecules has so far attracted little attention. As 
part of our current interest for metal complexes of nitro- 
imidazoles, we recently described the structure of a CH,Hgf 
complex with 4-nitroimidazole (7),  in which the nitro ox- 
ygens, although only weakly bonded to the metal, had a 
determining influence on the overall structure. We wish to 
report here on the interaction of this ligand with the ~ g +  
ion, another soft, low-coordinated, Lewis acid. The endo- 
cyclic N donors are anticipated to be the preferred target for 
this metal (8), but coordination with the neutral ligand could 
in principal take place with either of the two tautomeric 
forms (Scheme I).* Even though the 4-nitro tautomer has 
been shown to be present in the solid state (9) and to pre- 
dominate in water solution (lo),  coordination to the 5-ni- 
tro tautomer could be favoured in systems where the nitro 
group would create steric hindrance. On the other hand, 
nitro groups could exhibit weak donor properties and 

' ~ u t h o r  to whom correspondence may be addressed. 
 i in^ numbering conventionally starts with the N-H(R) posi- 

tion and the tautomers are usually referred to as the 4-nitro and 5- 
nitro forms, respectively. 

directly participate in bonding with silver, as do the car- 
bonyl-like oxygens adjacent to the main nitrogen coordi- 
nation sites in complexes with thymine ( l l ) ,  cytosine (12), 
succinimide (13), and glutarimide (14). Thus, it was of 
interest to determine if the nitro oxygens in 4-nitroimid- 
azole would bind to silver and if the ligand geometry would 
be affected by coordination. 

Experimental 

Reagents and methods 
AgN03 (BDH), Ag2C03 (Alfa), 4-nitroimidazole (Aldrich), and 

HBF, (48% aqueous solution, Alfa) were used as received. 
The infrared spectra (4000-250 cm-') were recorded on a 
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Perkin-Elmer 783 spectrophotometer. KBr pellets were used for 
the free ligand and [Ag(N021m)]. Since the [Ag(N021mH)2]X 
compounds reacted with KBr, the spectra were taken with Nujol 
and hexachlorobutadiene mulls between KRS-5 windows. 

The NMR spectra were recorded with a Varian VXR-300 spec- 
trometer at 300 MHz for 'H and 75.43 MHz for I3C. The solution 
spectra were taken in (CD,)'SO and referenced to the residual sol- 
vent signal. The chemical shifts were converted to the standard TMS 
scale by assigning 6 = 2.49 ( 'H) or 39.6 ppm(13~) to these sig- 
nals. The solid-state ',c CP/MAS spectra were obtained under the 
following conditions: spin rate -4100 Hz, contact time = 2.5 ms, 
relaxation delay = 25 s ,  150-250 scans. The aromatic signal of 
hexamethylbenzene powder at 132.0 ppm was used to calibrate the 
chemical shifts. 

Preparations 

[AgfNO2Im)l 
To 0.68 g (6.0 mmol) of 4-nitroimidazole dissolved in hot water 

(50 mL) was added 1.02 g (6.0 mmol) of AgNO,. The yellowish 
precipitate immediately formed was filtered from the cooled so- 
lution and dried in vacuo. Yield: l .20 g ,  91%. Anal. (Guelph Mi- 
croanalytical Lab.) calcd. for C,H,AgN,O,: C 16.38, H 0.92, N 
19.1 1; found: C 16.65, H 1.08, N 19.89. 

[AgfN0JmH)2lNo.j 
To a hot solution of 4-nitroimidazole (0.68 g ,  6.0 mmol) in 

water (60 mL) was added AgNO, (1.02 g, 6.0 mmol) dissolved 
in a minimum of warm water. The [Ag(NOzIm)] precipitate ini- 
tially formed was redissolved by adding a minimum of concen- 
trated HNO, to the hot solution. The complex started to precipitate 
while the mixture was cooling down to room temperature. After 
2 days at room temperature, colourless platelets were filtered and 
dried in vacuo. Yield: 0.74 g, 63%. Crystals from this homoge- 
neous batch were used for X-ray work. When the reaction was 
conducted under stoichiometric conditions (M:L = 1 :2),  the in- 
frared spectrum of the product indicated substantial contamina- 
tion by free ligand. 

[AgfNO,ItnH)zIBF4 
Ag,CO, (0.41 g, 1.5 mmol) was added to 0.44 rnL (3.3 mmol) 

of 48% HBF,. After evolution of C 0 2 ,  the greyish, syrupy so- 
lution of AgBF, was poured into a solution of 0.68 g (6.0 mmol) 
of 4-nitroimidazole in 60 mL of hot water. The yellowish pre- 
cipitate initially formed was redissolved with a minimum of 
concentrated HBF, solution. Air-stable needles were isolated as 
above. Yield: 0.65 g, 52%. Crystals from this homogeneous batch 
were used for X-ray work. The sample obtained from a 1 : 1 M: L 
mixture showed the same infrared spectrum, but the solid was 
sticky and more difficult to isolate, probably because it could not 
be completely freed from small amounts of hygroscopic HBF, and 
(or) AgBF,. 

Crystallographic measurements and structure determination 
The crystallographic work was done with an Enraf-Nonius 

CAD-4 diffractometer, following similar procedures for the two 
compounds. The reduced cell was determined from 25 randomly 
distributed reflections (13" < 0 < 18") generated by the automatic 
search routine of the CAD-4 software and centered in the counter 
aperture. Indexing yielded in both cases a primitive monoclinic cell, 
which was checked with axial photographs taken about each of the 
axes. These oscillation photographs showed the expected layer-line 
separations, and a Laue mirror was present for oscillations about 
b. The crystal data are provided in Table 1. 

IAgfNO2ImH)dBF4 
The Niggli matrix was not consistent with a symmetry higher than 

monoclinic. Space group P 2 , / c  was uniquely defined from the 

systematic absences (h01, 1 # 2n; OkO, k # 2n) revealed by the full 
data set. 

The intensity data were collected by using the 13/20 scan mode, 
over a Aw range of (0.80 + 0.35 tan 0)". Five standard reflections 
were monitored for crystal decay every hour and for misorienta- 
tion every 200 reflections. A complete sphere of data (20 5 50°, 
MoK&) was collected. An absorption correction based on crystal 
geometry was applied (Gaussian integration, grid 10 X 10 X 10). 
Averaging equivalent reflections yielded a standard two-octant 
(hkl, hkl) data set consisting of 2263 unique reflections, of which 
1646 had intensity above background. These data were corrected 
for the effects of Lorentz and polarization. 

The Ag atom was located from a Patterson map. The remaining 
non-hydrogen atoms were then found from a difference Fourier (AF) 
map. The structure was first refined isotropically by full-matrix 
least-squares procedures. The function minimized was CW(IF,I - 
 IF,^)^, with weights w based on counting statistics. The hydrogen 
atoms were fixed at idealized positions (Ui,, = 0.05 A'). Their pa- 
rameters were not refined, but their coordinates were recalculated 
after each cycle. All non-hydrogen atoms were finally refined an- 
isotropica!ly. The final A F  map showed a general background below 
20 .52  e A-,. 

[AgfNOalmH)21N0.j 
The auto-indexing procedure yielded a reduced cell with pa- 

rameters corresponding to a primitive m!noclinic lattice: a = 
14.214(1), b = 12.571(2), c = 14.223(1) A,  a = 90.01(1), P = 
11 1.38(1), and y = 90.00(1)". The Laue mirror on the oscilla- 
tion photograph about b was consistent with this cell. The sys- 
tematic absences (h01, h + 1 # 2n) noted in a fast precollection 
suggested Pn and P 2 / n  as possible space groups. However, since 
a and c were roughly equal, an orthorhombic cell with one face 
centred would also fit the lattice. Oscillation photographs about 
the potential orthorhombic axes failed to reveal the extra mirror 
planes. Thus, a primitive monoclinic lattice was used to collect 
the data. Nevertheless, a whole sphere of data (20 < 50°, MoK&) 
was collected as above. Before starting the structure resolution, 
the Laue symmetry was checked on the full data set. The inten- 
sities were first corrected for absorption. An orthorhombic C- 
centred cell was then defined from the P-monoclinic cell: a, = 
-am - c,, bo = a, - c,, co = -bm. The Laue mirror already 
found in the monoclinic cell (now perpendicular to c,) was con- 
firmed by @e low R factor (0.01) and mean A/u value (0.6) when 
the hkl/hkl pairs were compared. Orthorhombic Laue symmet_ry 
was clearly ruled out by the R and A/a values for the hkl/hkl 
(0.26, 16.9) and hkl/hkl pairs (0.25, 16.6). A C-centred mono- 
clinic cell with p accidentally equal to 90' was also rejected as 
inconsistent with the systematic absences: beside the C-centring 
condition (hkl, h + k # 2n), absences were noted for the hkO 
reflections with h # 2n and k # 2n, indicating that a glide plane 
was present perpendicular to c. In a C-centred monoclinic cell 
(space groups Cc or C2/c ) ,  only a c glide plane (perpendicular 
to b )  is allowed, with an extinction condition h01, 1 # 2n. The 
glide plane detected is actually the n plane of the P 2 / n  or P /n  
cell. 

The data set obtained after averaging the equivalent reflections 
consisted of 4153 independent hkl and hkl reflections, of which 
3443 had intensities significantly above background. These data 
were corrected for the effects of Lorentz and polarization. 

The asymmetric unit of the P 2 / n  cell corresponds to two for- 
mula units. The two Ag atoms were located from a Patterson map. 
The remaining non-hydrogen atoms were then positioned from a 
AF map. Refinement was carried out as above. Atomic coordi- 
nates showed no correlation coefficients >0.5. Hydrogens were 
handled as in the previous c a ~ e . ~ T h e  general background in the final 
LW map was below I+- 0.29 e A-,. This model showed no abnor- 
mally large thermal motion or artificial disorder that could indi- 
cate that the space group would be P n  instead of P 2 / n .  
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SEGALAS AND BEAUCHAMP 

TABLE 1. Crystallographic data 

[Ag(N021mH)21N03 [Ag(N021mH)21BF4 

Formula C6H6AgN707 C6H6AgBF4N604 
Formula weight 396.02 420.82 
F(000) 1552 816 
Crystal system Monoclinic Monoclinic 
Space group P 2/n p 2 1 / c  
a, 4 14.214(1) 9.543(4) 
b ,  A 12.57 l(2) 6.478(2) 
c, A 14.222(1) 20.869(9) 
P,  {eg 1 1 1.38(7) 90.84(3) 
V, 2366.4(4) 1290.0(8) 
Z 8 4 
d,,,, g cm-3 2.223 2.167 
dabs, g cm-3 2.18 2.08 
Crystal size, mm (faces) 0.14 (001-00i) 0.56 (001-001) 

0.42 (010-010) 0.23 (01 1-01 1) 
0.50 (101-101) 0.05 (101-101) 

p, cm-' 17.36 16.22 
Transmission range 0.49-0.79 0.69-0.93 
Temperature 293 K 293 K 
Radiation MoK& MoKG 
Wavelength, A 0.7 1069 0.71069 
20 max, deg 50.0 50.0 
Fluctuation of standards, % k0.51 +0.70 
Number of independent reflections 4153 2263 
Rejection criterion, [/a([) < 3.0 3.0 
Number of independent observed reflections 3443 1646 
R = CIIF0I - lFcll/ZIF91 0.021 0.027 
R,,. = [Cw (lF,I - IF,I)-/Zw l~,I'l''' 0.025 0.028 
Goodness-of-fit ratio 1.54 1.52 

The scattering curves used were from Cromer and Mann (15), with NaOH (18). The very low solubility of the product and 
except for hydrogen (16). Anomalous dispersion was taken into the addition of OH- help to remove the weakly acidic pro- 
account for Ag (17). The refined coordinates for the NO3- and the ton ( p ~ ,  = 14.4) (19) of imidazole, displacing equilibrium 
BF4- salts are listed in Tables 2 and 3, r e s p e ~ t i v e l ~ . ~  [I.] to the right. Since imidazole is also a Bronsted base (eq. 

Results and discussion [2], pKa o f  I ~ H , '  = 7.0) (19), it can also act as proton 
quencher, leading to disproportionation reaction [3]. Thus, 

Unsubstituted imidazole (ImH) has been known for many without added NaOH, half of the ligand in a 1 : 1 
years to form a very stable silver imidazolate [Ag(Im)l Ag:imidazole mixture would be used to neutralize the re- 

[2] H+ + LH S LH2+ 

[3] Ag+ + 2LH E AgL J + LH2+ 

(8). This insoluble compound precipitates when the pH of 
an equimolar mixture of ligand and AgNO, is raised to - 10 

3The supplementary material includes tables of refined temper- 
ature factors, distances and angles in the ligands, distances and 
angles for hydrogen bonds, least-squares plane calculations, and 
structure factor amplitudes for both structures, as well as a table of 
infrared wavenumbers for 4-nitroimidazole, its N-deuterated de- 
rivative, and the three Ag complexes (39 pages). Complete set of 
data may be purchased from the Depository of Unpublished Data, 
Document Delivery, CISTI, National Research Council Canada, 
Ottawa, Canada KIA 0S2. 

The tables of hydrogen atom coordinates and geometry of the 
hydrogen bonds have also been deposited with the Cambridge 
Crystallographic Data Centre and can be obtained on request from 
The Director, Cambridge Crystallographic Data Centre, Univer- 
sity Chemical Laboratory, Lensfield Road, Cambridge CB2 IEW, 
U.K. 

leased proton and the yield in [Ag(Im)] would probably not 
exceed 50%. 

With 4-nitroimidazole, the corresponding insoluble 
[Ag(NO,Im)] complex is formed essentially quantitatively 
without adding NaOH. The electron-attracting nitro group 
increases ligand acidity (pKa = 9.3) (19) and makes the 
proton easier to displace in aqueous media. On the other 
hand, because of its very low Bronsted basicity (pKa of 
N021mH2+ = 0.0) (19), the ligand does not efficiently bind 
the expelled proton and has no levelling effect on the yield. 
Thus, large excess of ligand should be avoided, since its low 
solubility in water would result in samples contaminated with 
unreacted ligand. 

The [Ag(ImH),]N03 complex containing the formally 
neutral ligand was obtained from a mixture of AgNO, and 
excess imidazole, by addition of HNO, to reduce the pH to 
5.5 (20) or 4 (2 1). The pH was kept low enough to avoid 
reaction [I],  but not so low as to completely displace equi- 
librium [2] toward LH2+. With 4-nitroimidazole, the prep- 
aration of the NO3- and BF,- salts of [ A ~ ( N O ~ I ~ H ) , I +  
required much higher (1-2 M) acid concentrations to pre- 
vent the formation of [Ag(NO,Im)] via reaction [I].  
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TABLE 2. Refined coordinates ( x  lo4, Ag x lo5) and equivalent 
isotropic temperature factors (A' x 10') for [Ag(4-nitroimidaz- 

01e)~]NOg 

Atom x Y z u,, 

Ag(A) 

O(1A) 

O(3A) 
O ( l 1  A) 
O(2 1 A) 
O(12A) 
O(22A) 
O(1B) 
0(2B) 
O(3B) 
O(1 lB)  
O(2 1 B) 
O(12B) 
O(22B) 
N(1A) 
N(I1A) 
N(3 1 A) 
N(4 1 A) 
N(12A) 
N(32A) 
N(42A) 
N(1B) 
N(1 IB) 
N(3 1 B) 
N(4 1 B) 
N(12B) 
N(32B) 
N(42B) 
C(2 1 A) 
C(41A) 
C(5 1 A) 
C(22A) 
C(42A) 
C(52A) 
C(2 1 B) 
C(41B) 
C(5 1 B) 
C(22B) 
C(42B) 
C(52B) 

"The first digit in the atomic symbols indicates the position in the 4-ni- 
troimidazole unit or nitrate ion, the second digit corresponds to ligand 
number, and letters A and B are used to distinguish the two symmetry-in- 
dependent formulae in the asymmetric unit. 

[Ag(NO,Im)] is a powdery, probably polymeric, mate- 
rial, from which single crystals could not be grown. The 
[Ag(NO,ImH),]+ salts were isolated as suitable crystalline 
solids and their structures were determined by X-ray dif- 
fraction. 
X-ray diffraction 

The NO3- and the BF4- salts contain the roughly linear 
two-coordinate [Ag(N021mFI),]+ cation shown in Figs. 1 and 
2, respectively. The ligand retains its N1-H proton4 and 

4When the ligands are discussed collectively, the atoms are rep- 
resented by the unparenthesized one-digit symbols shown for the 
4-nitro tautomer in Scheme 1 .  To designate one particular ligand, 
the individual parenthesized symbols of Tables 2 or 3 are used in 
the text. 

TABLE 3. Refined coordinates ( x  lo4, Ag x lo5) and equivalent 
isotropic temperature factors (A' x 10') for [Ag(4-nitroimidaz- 

01e)~lBF," 

Atom .r y z uc, 

- - -  

"Atomic position numbering as described in footnote to Table 2 

FIG. 1 .  ORTEP drawing of the [~~(4-nitroirnidazole),1+ ion in 
the N O ,  salt (cation B). Cation A is almost identical. Ellipsoids 
correspond to 50% probability. Hydrogens are shown as spheres 
of arbitrary size. Lines correspond to Ag-0 secondary bonds. 

FIG. 2. ORTEP drawing of the [~g(4-nitroimidazole),]+ ion in 
the BF4- salt. Conditions as in Fig. 1. 

binds to the metal via the ring nitrogen atom N3 adjacent to 
the nitro group, whereas one of the nitro oxygens, directed 
toward the equatorial plane (perpendicular to N-Ag-N), 
forms secondary Ag-0 bonds. The two symmetry inde- 
pendent cations present in the NO3- salt (one shown in Fig. 
1) have very similar conformations: the imidazole rings are 
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TABLE 4. Selected interatomic distances (A) and bond angles (") 
( a )  [Ag(N02ImH)2N03 

nearly coplanar, making dihedral angles of 4.9(2)" (mole- 
cule A) and 3.4(2)" (molecule B). In the BF4- compound 
(Fig. 2), the rings are 44.2(4)" apart. The nitro groups have 
mutually syn orientations in these three independent com- 
plex cations. 

An analogous two-coordinate species was found in 
[Ag(imidazole),]NO, (20, 21) whereas a more complex 
hexanuclear pattern was observed for the perchlorate (22). 
The 4g-N distances observed here (Table 4) (mean 
2.135 A, NO,-; 2.172 A, BF,-) are slightly longer than those 
found by these authors (2.075(3) and 2.089(3) for C10,-, 
2.120(8) and 2.132(8) A for NO3-), but comparable with 
those reported for silver atoms bonded to similar rings in 
purines (23). 

Departure from linearity is significant (Table 4), but not 
uncommon for Ag(1). In the NO,- salt (cation A), the 
O(11A) . .0(12A) separation (3.044(3) A) is just above 
the normal van der Waals distance (3.0 A). Therefore, the 

N(31A)-Ag(A)-N(32A) unit (169.9(1)") could not be 
made more linear without producing steric hindrance be- 
tween the nitro groups, if the ligands were kept coplanar. On 
the other hand, the greater departure from linearity for cat- 
ion B (162.3(1)") cannot be ascribed to O(11B). ; .0(12B) 
steric hindrance, since the separation is 3.400(3) A. At any 
rate, there should be free rotation about the Ag-N bonds in 
solution, and the syn-nitro coplanar arrangement found for 
the nitrate salt is probably due to crystal packing, because 
the ligands are not coplanar in the BF4- salt, where the 
N-Ag-N angle is 175.2(1)". 

Since the sum of the van der Waals radii is 3.2 A (24), the 
intramolecular Age . -0 distances (2.7-3.0 A, Table 4) should 
correspond to some bonding, but much weaker thm a nor- 
mal covalent bond, for which distances <2.45 A are ex- 
pected (1 1, 25). As the ligand is not flexible, the Ag-0 
distance is directly correlated with the Ag-N3-C angles, 
which should be equal if coordination took place along the 
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TABLE 5. Distances (A) and angles (") in the ligands 

Ag complexes" 

I .340(6) 
1.351(9) 
1.311(5) 
1.364(3) 
1.357(9) 
1.422(3) 
1.222(4) 
1.226(4) 

108.2(3) 
1 1  1.6(3) 
104.3(2) 
11  1.4(6) 
104.6(5) 
121.5(4) 
127.2(9) 
118.4(6) 
117.7(5) 
123.8(4) 

Free ligand (9) 

1.348(3) 
1.349(3) 
1.318(3) 
1.363(3) 
1.361(3) 
1.420(3) 
1 .229(2) 
1.227(3) 

l08.0(2) 
112.0(2) 
103.4(2) 
112.1(2) 
104.4(2) 
120.8(2) 
126.9(2) 
118.5(2) 
118.4(2) 
123.0(2) 

"Mean values for the six symmetry-independent ligands in the NO,- and 
BF,- salts. Details in the supplementary material, Table S-1 I .  

expected N3 lone-pair direction. For the six independent li- 
gands in these two structures, the differences between 
Ag-N3-C4 and Ag-N3-C2 are large and of different 
signs: +6.5" (ligand lA), -2.5" (2A), -3. 1" (IB), and +7.8" 
(2B) for NO3-, -0.9" (ligand 1) and -7.3" (ligand 2) for 
BF,-. This shows again that secondary bonding, although 
providing stabilization, does not impose strict structural re- 
quirements to the "chelate" ring and to the metal coordina- 
tion geometry. 

Details on the distances and angles in the individual li- 
gands are provided in the supplementary material. The li- 
gand geometry is not appreciably perturbed by coordination, 
as shown in Table 5, where the mean values for the com- 
plexes are compared with the data for free 4-nitroimidazole 
(9). There are no appreciable differences in bond lengths. 
Angles are usually more sensitive to coordination, but only 
two angles are possibly affected here. The mean C2- 
N3-C4 angle of 104.3" (range 103.9-104.6") in the com- 
plexes, slightly greater than in the free ligand (103.4(2)"), 
would be consistent with the usual increase resulting from 
the smaller size of the N3 "lone pair" after coordination. The 
other difference is found for C4-N4-02 (complexes: 
117.7", range 116.8-1 18.2"; free ligand: 118.4"). This angle 
involves external nitro oxygens, and it should be sensitive 
to intermolecular effects. Details on the weighted least- 
squares planes are also given in the supplementary mate- 
rial. Theo five-membered rings are planar within 1.2 a 
(0.005 A). As previously noted in the structure of 
[Ag(imidazole),]N03 (20), displacement of the metal from 
this plane is usually large, reaching 0.29 .& in the BF4- 
compound. Combination of torsion about C4-N4 and out- 
of-plane bending of the NO, unit leads to the following di- 
hedral angles between the nitro groups and their respective 
rings: 0.9(3) and 0.7(3)" (NO3-, molecule A), 8.2(3) and 
3.9(3)" (NO,-, B), 3.8(4), and 2.7(4)" (BF4-). Most of these 
distortions are highly significant, but still small compared 
with the -45" twist about the C2-NO, bond observed in 
PtCl,L, complexes with 2-nitroimidazole derivatives (4). 

The unit cell of the BF4- salt is shown in Fig. 3. The an- 

ions lie close to planes parallel to the ab face at z = 0 and 
?. Between these planes are found the complex cations, with 
their N-Ag-N direction roughly parallel to the ac plane and 
making a -45" angle with the a and the c axes. Within the 
cationic regions, cohesion is achieved by normal van der 
Waals contacts and by an intermolecular Ag.. .0(12) inter- 
action of 2.984(3) A. Both ends of each cation are anchored 
to BF4- ions in different layers by means of hydrogen bond- 
ing with the N1-H groups. F(3) takes part in a stand!rd 
N(11)-H. . .F(3) bond (N. . .F separation = 2.856(4) A), 
whereas F(1) is involved in a bifurcated hydrogen bond with 
two diffetent N(12)-H groups (N. .  .F = 2.924(4) and 
3.003(4) A). 

A different packing pattern is found for the nitrate salt (Fig. 
4). There are no intermolecular A g  . .O contacts in this case. 
Furthermore, in contrast with [Ag(imidazole),]N03 (20), the 
anions have no direct interactions with the metal. The 
building units of the structure are infinite ribbons in which 
flat complex cations are bridged by NO3- ions forming hy- 
drogen bonds with ligand N1-H groups. One such ribbon 
contains cations of type A, roughly parallel to the ab plane, 
with their N(31A)-Ag(A)-N(32A) direction parallel to the 
a axis at y - 0 (or I). The N1-H groups at both ends of the 
cation form strong hydrogen bonds to two symmetry equiv: 
alent nitrate ions of type B:N(llA):- .0(3B) = 2.873(3) A 
and N(12A) . .0(2B) = 2.790(3) A. The crystallographic 
twofold axis generates a second ribbon, next to the first and 
running in the same direction, thereby optimizing van der 
Waals contacts between parallel planar compone,nts. Simi- 
lar ribbon pairs, oriented along c ,  centred at y = 5, and par- 
allel to the bc face, contain cations B and anions A, also 
linked by N1-H. . .O(nitrate) hydrogen bonds: N(11B) . 
O(2A) = 2.806(3) .& and N(12B). . .0(1A) = 2.755(3) A. 
The nitro groups do not participate in hydrogen bonding. The 
only intermolecular contacts of the nitro groups occur with 
the C2-H region of ligands in the other type of ribbons. 

Infrared spectroscopy 
The frequencies are provided in Table S- 12 (supplemen- 

tary material) for 4-nitroimidazole, the N-deuterated deriv- 
ative, and the three silver complexes. 

The spectrum of the 4-nitro compound contains most of 
the bands of unsubstituted imidazole with only small shifts. 
Our assignments are made by comparison with those de- 
duced from systematic studies on imidazole (26) and 4- 
methylimidazole derivatives (27). In the present case, one 
set of v, 6, and y(C-H) modes should be replaced by nine 
vibrations involving the nitro group. Four internal modes are 
located in well-defined regions identified for nitrobenzenes 
(28-30): v,,, 1510; v,, 1375; 6, 860; y, 745 cm-'. The nor- 
mally weak p(N0,) vibration, observed at -530 cm-' for 
nitrobenzenes, could produce the very weak feature at 
470 cm-'. The torsion mode is not expected to lie above 
200 cm-'. The v(C-NO,) mode probably corresponds to the 
strong band at 982 cm-', which replaces the imidazole 
6(C-H) mode at 1050 cm-' in this region. The 6(C-NO,) 
mode is tentatively assigned to a clear band at 435 cm-', 
absent from the spectrum of imidazole. 

The two 6(C-H) bands are readily recognized, since they 
are not appreciably shifted from their positions in imidazole 
(26). The y(C-H) bands are more difficult to locate. One 
of these modes gives rise to a doublet at 8 19/8 1 1 cm-', close 
to the position found for imidazole. The 920 cm-' region, 
where one such mode is found for imidazole, retains only the 
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FIG. 3. Unit cell of [Ag(4-nitroimidazole)~BF,. Atoms are shown as spheres of arbitrary sizes: Ag (black) < C - N - 0 - F < B 
(black) < H. Full lines correspond to hydrogen bonds, and dashed lines to intermolecular A g  . .O contacts. The unit cell origin is indi- 
cated by a black dot. 

FIG. 4. Stereoview of molecular packing for [ A g ( 4 - n i t r o i m i d a z o l e ) ~ , .  Conditions as for Fig. 3. 

922 and 906 cm-' components, which are likely due to ring 
vibrations. Similarly, the y(C-H) doublet of imidazole at 
749/730 cm-' is replaced here by the single 749 cm-' fea- 
ture assigned to the y(N0,) vibration. The best candidate for 
the second y(C-H) vibration of 4-nitroimidazole is found 
at 834 cm-I, next to the other. 

The spectral regions sensitive to N-H motion are iden- 
tified by comparison with the N-deuterated derivative. The 
broad v(N-H) massif centred at 2800 cm-I is replaced by 
a less complex feature for v(N-D) near 2180 cm-I. Deu- 
teration gives rise to new bands at 888/873 and 668 cm-I, 
also found for imidazole (26, 27) and assigned to S(N-D) 
and y(N-D), respectively. The corresponding N-H vi- 
brations can thus be identified at 1240 (6) and 950 (y) cm-I, 
respectively. Deuteration removes the 1 150/1135 cm-I 
doublet, which is possibly shifted to 1210 cm-' with con- 
siderable loss of intensity: this doublet originates from a ring 
mode found to be sensitive to ring substitution in imidazole 
derivatives (26, 27). The v(C-NO,) mode, also expected 
to be coupled with the ring, is displaced from 982 to 
1003 cm-I. Both of these effects could be related to loss of 
coupling with S(N-H) motion upon deuteration. 

The most obvious spectral changes for the [Ag(NO,- 
ImH),]X complexes arise from anion bands. They are found 
at the typical wavenumbers for uncoordinated anions (31), 
and low site symmetry imparts some intensity to certain IR- 
forbidden bands: for NO3-, 1360 (vs, br), 1035 (vw), 7 10 
(m), 830 cm-I (masked); BF4-: 1020 (vs, br), 512 (m). 
Among the ligand bands, the v(N-H) mode in the BF4- salt 

is shifted from 2800 to 3320 cm-', probably because of 
weaker H-bonding. This band remains unshifted in the ni- 
trate, where the crystallographic work shows that hydrogen 
bonding is stronger. As the ligand stays formally neutral in 
these compounds, the remaining ligand modes do not undergo 
drastic changes. The following bands are found to undergo 
appreciable shifts: 15 10 (+ lo), 1330 (+ lo), 982 (+ 14), 435 
(+ 10) cm-'. 

As expected, the spectrum of [Ag(NO,Im)] contains no 
anion bands and ligand deprotonation introduces drastic 
spectral changes. The strong v(N-H) massif near 
2800 cm-I is completely washed out. Loss of coupling with 
N-H motion and changes in ring bond orders displace many 
of the ligand vibrations. The high wavenumber ring band at 
1565 cm-I is probably displaced to - 1500 cm-' and over- 
laps with the v(N0,) band. The 1150/1135 cm-' doublet for 
the ring mode sensitive to deuteration moves toward 
1200 cm-l. Other bands undergo large changes: 1075 (+43), 
982 (+35), 922 (+36), 906 (-43), 599 (-47) cm-I. The 
shift from 435 to -460 cm-' with considerable loss of in- 
tensity of the low-frequency band assigned to S(C-NO,) 
seems to be another good diagnostic for complexation of 4- 
nitroimidazole in the anionic form. 

Nuclear magnetic resonance 
No solvent could be found to dissolve the [Ag(NO,Im)l 

compound. DMSO is the only common solvent in which the 
[Ag(NO,ImH),]X complexes were soluble enough to obtain 
'H and I3c NMR spectra. In both kinds of spectra, the 
chemical shifts were found to coincide with those reported 
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TABLE 6. CP/MAS I3c NMR data 

C2 C4 C5 Reference 

N021mH 138.2 147.4 121.5 
[Ag(N021mH)2]N03 14 1.3 144.9 12 1.5 
[Ag(NO?Im)l 145.2 147.6 130.8 
Imidazole 136.3 126.8 115.3 36 
[(Ni~),(imidazolate)]+ 142.1 125.1 125.1 35" 

"Solution in (CD,),CO; R = 7-amino-4-methyl-5-aza-3-hepten-2-one. 

for free 4-nitroimidazole in this solvent (32-34), indicating 
that the ligands had been displaced from the coordination 
sphere. 

The solid-state I3c spectra (Table 6) proved to be more 
informative. Since the solid (9) contains the tautomeric form 
found to be highly dominant in solution ( lo) ,  the assign- 
ments proposed for solution spectra are used directly (32-34). 

In [Ag(N021mH)2]N03, coordination to the N3 lone pair 
of a formally neutral ligand induces relatively small shifts of 
3 .1  ppm downfield on C 2  and 2 .5  ppm upfield on C4, 
whereas C5 is not displaced. For [Ag(NO,Im)], the shifts are 
larger for C 2  and C5 (+7 .0  and +9 .3  ppm, respectively), 
whereas C4  is displayed by only +0.2  ppm. For compari- 
son, Table 6 includes data for a complex containing two 
uniligating square-planar RNi' units (R = 7-amino-4-methyl- 
5-aza-3-hepten-2-one) bonded to N 1 and N3 of a deproton- 
ated imidazole ring (35). To determine the peak shifts 
produced by this type of binding, comparison with the so- 
lution spectrum of imidazole would not be informative, since 
fast tautomeric exchange of the N-H proton between N1 and 
N3 renders C4-H4 and C5-H5 equivalent on the NMR 
time scale. The data from the solid-state spectrum (36) are 
more appropriate, since fast exchange does not occur in the 
crystal. Table 6 reveals that for this complex containing an 
imidazole monoanion bridging two metal atoms, large 
downfield shifts of 5.8 and 9.8 ppm are noted for C2 and C5, 
respectively, whereas C4  does not move very much. Con- 
sidering the similitude of the AS values, it can safely be 
concluded that 4-nitroimidazole in [Ag(NO,Im)] also plays 
a bridging role via Nl  and N3. 

Conclusion 

Under neutral or weakly acidic conditions, 4-nitroimid- 
azole forms the insoluble [Ag(NO,Im)] compound, in which 
the ligand is shown to be bridging via NI and N3 by solid- 
state I3C NMR. Since the metal exhibits a marked prefer- 
ence for linear two-coordination, this compound likely 
consists of metal atoms and ligand monoanions alternating 
along an infinite chain. The formation of this compound can 
be opposed by using very high concentrations of acid. Then, 
discrete [Ag(NO,ImH),]' salts, containing two-coordinate 
silver and neutral imidazole ligands, are isolated. In these 
compounds, the metal has a linear N-Ag-N coordina- 
tion, and since the heterocyclic N atom used to coordinate 
is the one adjacent to the nitro group, the latter is in a suit- 
able position to close a loose chelate ring by weaker Ag. . .O 
semi-bonding near the metal equatorial plane. The latter in- 
teraction is not very strong, but it contributes to binding and 
helps stabilizing the 4-nitro tautomer in the complex. 

The particular effects of the nitro group in this system can 
be related to two main points. Its electr~n~attracting effects 

decreases the pK,, of both the neutral ligand and its conju- 
gated acid, increasing the domain of existence of the neu- 
tral complex [Ag(NO,Im)], which does not have to compete 
with the protonation equilibrium of the free ligand, as was 
the case for the complex with unsubstituted imidazole. On 
the other hand, the polar NO2 group of free 4-nitroimid- 
azole participates in dipolar interactions in the solid state, 
which considerably reduces water solubility compared to 
unsubstituted imidazole and renders the preparation of pure, 
ligand-free, samples more difficult. 
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MARK L. J .  REIMER, JOHN B. WESTMORE, and MANORANJAN DAS. Can. J .  Chem. 70, 952 (1992). 
Electron ionization positive ion mass spectra of 15 substituted cobalt(II1) P-diketonates and monothio-P-diketonates, 

CO"'L,, where L = RCXCHCOR', R = phenyl, 2-thienyl, or 2-naphthyl; X = 0 or S;  and R' = CHF2, CF,, C2FS, or 
n-C,F,, show a marked dependence on the ligand. Molecular ions, [CO"'L,]+', are observed only for some of the more 
highly fluorinated complexes (R' = C2FS or n-C3F7). The [Co1"L2] '' ion, possibly generated by ionization of CO"L forme! 
by thermal degradation, or by electron ionization of Col''L,, typically decomposes by elimination of a radical, i.e., L 
or R' , to yield ions containing Co(I1); subsequent decompositions proceed preferentially by loss of even-electron neu- 
tral species, also to yield ions containing Co(l1). Cobalt-containing ions in which fluorine has rearranged to the metal 
decrease in variety and abundance for the ligands with higher fluorine content. When metal-bonded oxygen is replaced 
by sulfur, fluorine migration to Co(III), rather than to Co(II), is preferred. These trends are consistent with a combina- 
tion of several different concepts including the ability of the metal to undergo valency change, the principle of Hard and 
Soft Acids and Bases, and the inductive capabilities of the ligand donor atoms and of the R and R' groups. Ion decom- 
position pathways are proposed. 

Key words: mass spectrometry, cobalt complexes, P-diketonates, fluorinated chelate complexes. 

MARK L. J .  REIMER, JOHN B. WESTMORE et MANORANJAN DAS. Can. J .  Chem. 70, 952 (1992) 
Les spectres de masse des ions positifs obtenus par ionisation Clectronique de I5 P-dicttonates et de monothio-P- 

dicetonates de cobalt(II1) substitues, Co1''L, [L = RCXCHCOR', R = phknyle, 2-thienyle ou 2-naphtyle, X = 0 ou X 
et R' = CHF2, CF,, C,F, ou n-C3F7], dependent grandement de la nature du ligand. On n'observe les ions~mol~culaires 
[co"'L~]'' que pour quelques-uns des complexes les plus fluorCs (R' = C3FS ou n-C,F7). L'ion [CO'"L,]' qui provient 
peut-Ctre d'une ionisation du Cor'L3 form6 par une degradation chimique ou par une ionisation Clectronique du CO"'L, 
se decompose d'une faqon typique par I'Climination d'un radical, soit L' ou R", pour fournir des ions contenant du Co(I1); 
les degradations subsCquentes se produisent prCfCrentiellement par la perte d'espkces neutres avec un nombre pair 
d'electrons et elles conduisent aussi 5 des ions contenant du Co(I1). La variCte et l'abondance des ions contenant du co- 
balt dans lesquels le fluor s'est deplact vers le metal diminuent avec une augmentation du contenu en fluor. Lorsqu'on 
remplace de I'oxygkne liC un mCtal par un soufre, la migration du fluor vers le Co(II1) est prCferee i une migration 
vers le Co(I1). Ces tendances sont en accord avec une combinaison de plusieurs concepts differents comprenant : l'ha- 
bilitC du metal a subir un changement de valence, le principe des acides et des bases dures et molles et les capacitks in- 
ductive~ des atomes du ligand donneur et des groupements R et R'.  On propose des voies de dCcompositions pour les 
ions. 

Mots clts : spectrometric de masse, complexes du cobalt, P-dicktonates, complexes de chelates fluorCs. 
[Traduit par la redaction] 

Introduction 
The significant volatility and stability of metal P-dike- 

tonates and their derivatives make them suitable for gas 
chromatography (1). When this technique is combined with 
mass spectrometry, analytical methods, based upon the use 
of isotopic tracers, can be devised for metals. Recently, metal 
P-diketonates were used as precursors for chemical vapor 
deposition (2-4), a promising technique for the preparation 
of thin films of high T, superconducting oxides (5), and the 
application of mass spectrometry to characterize the alka- 
line earth complexes for this purpose has been described (6). 

The mass spectra of these complexes are of interest in their 
own right because their wide variety permits assessment of 
the influence exerted by bonding and structure factors, i.e., 
(i) the central metal atom, (ii) the ligand donor atoms, and 

(iii) the wide variety of organic substituents attached to the 
ligand. Conversely, because of this, the mass spectra can 
often be used to draw conclusions about the condensed phase 
chemistry of the metals. Much of the early mass spectral work 
starting from the first extended study (7), has been re- 
viewed (8- 1 1). 

In the electron ionization (EI) mass spectrum of an or- 
ganic compound an odd-electron positive ion (OEf') typi- 
cally decomposes to an even-electron positive ion (EE') and 
an odd-electron neutral (OE') (or, occasionally, to OE" and 
an even-electron neutral (EE')), but an even-electron cation 
preferentially decomposes to another EE' and an EE' (ref. 
12, or other texts on mass spectrometry). Many exceptions 
to this generalization are known, the majority being expli- 
cable by aromatic stabilization of the radical cations formed 
in the reaction: EEf + OEf'  + OE' (13). To interpret the , , 

'present address: Biomedical Mass Spectrometry Unit, McCill mass spectra of metal complexes, which also frequently vi- 
University, 1130 Pine Ave, W., Montreal, Que,, ~ 3 . 4  1.43 Canada. olate this generalization, it is useful to invoke the concept of 

'Author to whom correspondence may be addressed. metal valency change (14, 15) to alter the "odd" or "even" 
3Present address: 435 New Sitaramdera, P.O. Agrico, electron character of a metal-containing ion. This character 

Jamshedpur 9, Bihar, India 831009. is controlled by the capacity of the complexed metal atom 
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either to accept one or more electrons from the ligands (va- 
lence decrease in metal) or to donate one or more electrons 
to the ligands (valence increase in metal). The mass spectra 
of metal complexes are often best explained if valence 
changes in the bonded metal are assumed to occur during 
some ion dissociation reactions, while metal valence is 
maintained during others. In fact, many ion decompositions 
appear to depend upon the oxidation states normally acces- 
sible to the metal. This is tNe  of the mass spectra of metal 
P-diketonates and monothio-P-diketonates, which can be 
understood, in part, from the dependence of ion stability upon 
relative stabilities of metal oxidation states (10). 

Rearrangements involving transfer of an atom (or group 
of atoms) to the metal in the formation of a metal-contain- 
ing fragment ion or neutral species are also observed (1 6). 
A plausible explanation for such rearrangements, and the 
reasons behind the bonding preferences shown by various 
metals towards the migrating species, is given by the prin- 
ciple of Hard and Soft Acids and Bases (HSAB) (17-21), 
an empirically derived relationship that correlates the rela- 
tive affinities of acceptor metals (ions or atoms: Lewis acids) 
for donor atoms (ligands: Lewis bases) on the basis of their 
respective electronic properties. This principle has been ex- 
tended to the mass spectra of fluorinated P-diketonate com- 
plexes to explain the rearrangement of fluorine to the metal 
(22). Formation of ions or neutrals containing Met-F bonds 
(Met = metal) occurs for Co(II), Fe(III), Fe(II), Cr(III), 
Al(IU), Zn(II), Ni(II), and Mn(U) complexes of 1,1,1,5,5,5- 
hexafluoro-2,4-pentanedione. All of these metal ions can be 
considered as hard, or  borderline-hard, acids while fluorine 
can be considered as a hard base. Fluorine migration to these 
centres is therefore in keeping with HSAB predictions (the 
two electron-withdrawing CF3 groups on the ligand would 
be expected to harden the borderline-hard metals, making 
them more receptive to a fluorine transfer). Fluorine rear- 
rangement is notably absent, however, in the spectrum of the 
copper(1) complex with this ligand; Cu(1) is considered to be 
a soft acid and so would not be e x ~ e c t e d  to bind with fluo- 
rine. A comparison (22) of these results with those obtained 
when a CF3 group is replaced by methyl, ethyl, isopropyl, 
tert-butyl, phenyl, or  2-thienyl revealed a striking depen- 
dence of the abundances of the rearrangement ions on the 
substituent. Thus, replacement of a CF, group by a more 
electron-releasing species softens the metal, so fluorine 
rearrangement becomes less prevalent. This phenomenon was 
also noted for reactions in which HF is eliminated. When one 
of the CF, groups is replaced by a methyl or phenyl group, 
the relative abundances of the ions resulting from H F  loss 
increase dramatically; softening the metal environment de- 
creases its ability to compete for fluorine. 

In the present study we examine the positive ion EI mass 
spectra of a series of fluorinated cobalt(III) complexes, COL,, 
having the general form CO"'(RCXCHCOR'),, where R = 
phenyl, 2-thienyl, or 2-naphthyl; X = 0 or S;  and R' = 
CHF2, CF,, C2F5, or n-C,F,, as listed in Table 1. Except for 
3a, mass spectral studies of these complexes have not been 
reported previously. The complexes are of interest because 
of the accessibility of the (111), (11), and (I) valence states of 
cobalt, which have varying hard/soft acid character. Fur- 
thermore, both the X = 0 'and X = S series of complexes 
are stable and easily prepared (this is not so for several other 
metal ions). We relate the trends in observed ion abun- 
dances to the ability of the metal to undergo change in va- 
lency, to the HSAB principle, and to the inductive effects of 

TABLE 1. The cobalt chelates examined and their molar masses 

Complex X R R '  Mr 

In 
2a 
3a 
4a 
5a 
6a 
66 
7 a  
7 6  
86 
9a 
96 
10a 
lob 
l l b  

the ligand donor atoms and of the R and R' groups, in a more 
comprehensive way than has been reported heretofore. 

Experimental 

Mass spectrometry 
All mass spectra were acquired on a VG 7070E-HF double-fo- 

cusing (EB) mass spectrometer (VG Analytical Ltd.; Manchester, 
England) equipped with a DEC Micro PDP-11/73 data system 
(Digital Equipment Corp.; Maynard, Mass.). Reproducible mass 
spectra were obtained by introducing samples on a direct insertion 
probe, which was heated to produce an even rate of volatilization. 
The low resolution EI conditions were as follows: accelerating 
voltage, 6 kV; ionizing energy, 70 eV; trap current, 200 FA; source 
temperature, 200°C; scan rate, 1.0 s/decade; resolution, 1400 (10% 
valley definition). 

Ion decomposition spectra were recorded by linked scanning as 
follows: (a) product ion spectra at constant magnetic field/electric 
field ratio (i.e., B/E constant; accelerating voltage (V) fixed), and 
(b) constant neutral loss spectra (B [I - (E/Eo)]1'2/~ constant; V 
fixed), on selected ions in the spectra of 4a and 7 6  at a scan rate 
of 5.0 s/decade. Parent ions were collisionally activated in the first 
field-free region of the instrument by adjusting the helium pres- 
sure in the collision cell to attenuate the parent ion signal by ap- 
proximately 50%. 

Ligand syntheses 
The fluorinated p-diketones used in the syntheses of 3a and 4a 

were purchased from Aldrich Chemical Co. (Milwaukee, Wis.), 
and of 5a from Eastman Kodak Co. (Rochester, N.Y .). The re- 
maining p-diketones were synthesized by a Claisen condensation 
of the appropriate methyl ketone (RCOCH,) with the fluorinated 
ethyl ester (R1COOC,H5), as previously described (23, 24). The 
fluorinated monothio-p-diketones were synthesized from their 
corresponding P-diketones (24-28). 

Syntheses of cobalt(II1) P-diketonates 
These syntheses were based on the procedure of Fay and Piper 

(29). Sodium tris-carbonatocobaltate(111) trihydrate (0.3 mmol; 
prepared as described below) and 6 M nitric acid (0.15 mL) were 
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added to a solution of the ligand (0.9 mmol) in 1.5 mL of aqueous 
alcohol (40% ethanol). After refluxing the mixture for 30 mln, the 
precipitated green product was filtered off under suction, washed 
with cold water, and air dried. Its purity was monitored by TLC and, 
if warranted, it was further purified by column chromatography 
(30% methylene chloride/petroleum ether on silica gel). 

Following a reported procedure (30), sodium tris-carbonato- 
cobaltate(II1) trihydrate, Na3[Co(C03)3] . 3H20,  was prepared by 
adding 50 mL of an aqueous solution of cobalt(I1) nitrate hexahy- 
drate (0.10 mol) and 30% hydrogen peroxide (10 mL) dropwise, 
with stirring, to an ice-cold slurry of sodium bicarbonate 
(0.50 mol) in water (50 mL). The mixture was stirred in an ice bath 
for 1 h. The precipitated green product was filtered off under suc- 
tion, washed with 30 mL of cold water, then washed with cold ab- 
solute ethanol and allowed to air dry. 

Syntheses of cobalt(III) monorhio-P-diketonates 
As reported previously (28), cobalt (11) acetate tetrahydrate 

(4 mmol) in absolute ethanol (150 mL) was added to a solution of 
the ligand (12 mrnol) in ethanol (50 mL). After aerating the brown 
solution for 4 h the resulting precipitate was filtered off and washed 
with ethanol. (In the cases of 66 and 96 a solid did not form after 
aeration, so the solution volume was reduced :o 75 mL by evapo- 
ration and then cooled. After addition of 5 mL of water, the mix- 
ture was refrigerated overnight to obtain a precipitate of the desired 
product. This was filtered off and washed with cold ethanol.) 

Results and discussion 
Discussion will focus on the major cobalt-containing ions 

observed; metal-free fragments will be referred to only when 
I 
I necessary to elucidate decompositions involving metal-con- 

I taining species. 

Co(III) P-diketonates 
Mass spectra of the nine Co(II1) P-diketonates are given 

in Table 2, with representative spectra depicted in Fig. 1. 

I (Except where the mass spectral peaks were too small to 
measure accurately, the isotopic patterns were consistent with 
the ion assignments proposed in Tables 2 and 4.) The mass 
spectrum of 3a is in good agreement with a previous report 
(31). To assist in assignment of fragmentation pathways, 
collisionally activated decompositions of selected ions ob- 
tained from 4a are listed in Table 3. 

Dzjluoromethyl-substituted ligands (R' = CHF2) 
In the mass spectra of complexes l a  and 2a, [co"'L~]+' 

ions, or ions unequivocally formed from them, were not de- 
tected. The observed ion of highest m/z is the EEf species 
[ComL2]+. Since we could not tell from these results whether 
[co"'L,]~ is formed by loss of a ligand radical from 
[co"'L,]+' or by ionization of CO"L, formed by thermal 
degradation of CO"'L,, we operated the ion source under 
ammonia chemical ionization (NH,CI) conditions for corn- 
plex l a .  Strong signals corresponding to [CoL2+H]+ and 

[Coilf can form through loss of (L - R') plus F' from 
[CO"F(L - R')lf . )  Reduction of cobalt(I1) is entirely in 
keeping with the established chemistry of cobalt. With the 
exception of copper, the + 1 oxidation state is better known 
for cobalt than for any other first transition series metal (32). 

A number of decompositions involving fluorine transfer 
to cobalt are inferred by analogy with results for 4a and 7b.  
Thus, losses of the neutral species CO"F, in the fragmenta- 
tions [CO"F(L - COF]+ + [L - COF21f, and [co"L]+ -+ 

[L -2F]+ confurn that fluorine rearrangement to cobalt has, 
in fact, taken place. (The decompositions [co"L]+ + [L - 
COF21f + CO~~F, + CO, and [co"L]' + [L - 2F]+ + conF2, 
were confirmed by linked scanning for 4a and 7b ,  respec- 
tively. The first of these is probably the sum of the two steps: 
[co"L]+ + [CO"F(L - COF]+ + [L - COF21f. These 
conclusions are also consistent with those noted in the in- 
troduction.) 

Elimination of (L - F) from [CO~'L(L - R')lf to give 
[CO%(L - R')]' also requires fluorine transfer, as do losses 
of :CHF from [co"'LJ+ and [co"L]+. (Corresponding losses 
of (L - F) and of CF, from [CO"L(L - R1)]+ and [CoHL1 + , 
respectively, were confirmed by linked scanning for the tri- 
fluoromethyl analogue 4a .) 

Finally, migration of the aryl (R) group to the metal in 
[CoilL]+ results in the loss of the EE' species (L - R) and 
the formation of the EEf fragment [co"R]'-. Concerted 
mechanisms based on four- and six-membered transition 
states have been suggested for this process (33). 

Tr~jluoromethyl-substituted ligands (R' = CF,) 
As above, [co"'L,]+' ions were not detected in the mass 

spectra of 4a and Sa, though a small peak was observed for 
this ion in the spectrum of 3a. The most abundant cobalt- 
containing fragment ions are [co"LJf and [CO"L(L - R')]'. 
Many of the fragmentation pathways proposed in Scheme 2 
have been confirmed by linked scanning. Some are similar 
to those discussed for Scheme 1 and, subsequently, will be 
referred to only in passing. Eliminations of the EEO species 
CO,, RC,H, and CF, occur in the decomposition sequence: 
[CO%(L - R')lf + [LCO"CHCR]+ + [conL]+ + [FCO"(L 
- R1)]+ + [FCO"CHCR]+. (Note: the 44 dalton neutral 
fragment eliminated was identified as COz in the very sim- 
ilar mass spectrum of the perdeuterated Fe(II1) analogue of 
3a. The proposed 1,3 shift of an oxygen to carbon of the 
other, electron-deficient, carbonyl group imparts to the 
product ion vinyl ion character that "is compensated by 
the aromatic group a to the charge" (34).) Specifically, for 
the presknt complexes, resonance stabilization by the adja- 
cent aromatic grou could promote formation of the [LCO"- P CHCR]' and [FCo 'CHCR]' ions: 

[CoL2+NH,]+ were obtained, but the analogous signals 
for [CoL,+ H]+ and [CoL3+NH,] + could not be detected. 
This result is consistent with thermal decomposition of Qc>:e - - Q c > c ~ +  
COL,. Thus, ion decomposition pathways originating from H H - 

I [co"'L,]+ are shown in Scheme 1. Initially, elimination of a Q = F o r L  
radical, either R" to give [CO"L(L - R')]' or L' to give 

I [conL]+, suggests reduction of cobalt(III). Subsequently, the f/t\ - 
" > C - Q  

QCo 

relative stability of cobalt(I1) towards reduction results, pre- 
f'I 

dominantly (but not exclusively), in EE' losses (i.e., (L - H -3 H >.QJ + 
R'), (L - R), (L - F), CO, CHF), each leading to a frag- 
ment ion containing Co(I1). Observation of a low yield of It is also conceivable to regard these species as QCO' bonded 
[co1]+ confirms that further reduction of cobalt is, indeed, to the T system of H C s C R .  
possible. (Linked scanning indicates that, for 4a at least, Two routes to the ion [CO"R]+ from [Col'L]+ are shown 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



REIMER ET AL. 955 

TABLE 2. EI mass spectra, m / z  (%RA), of P-diketonates of cobalt(II1) 

l a  2a 30 4a 5a 6a 7a 9a 1 00 
Ion R,R'+ C,H,,CHF> C,H,S,CHF> C,H,,CF, C,H,S,CF, C,,H,,CF, C,Hs,CLFs C,H,S,C2Fs C,H,,C,F, C,H,S,C,F7 

[CoL,It 650 (-) 
[CoL2(L - 32)]+ 
[C0L21 + 453 (45) 
[CoL(L - F)]' 
[CoL(L - 32)l'. 
[CoFL(L - R')]' 421 (2.8) 
[CoFL(L - CF,)]' 
[CoL(L - R')]' 402 (51) 
[LCoCHCRIt 
[CoRL]' 
[CoL] ' 256 (5.6) 
[CoF(L - COF)]' 228 (8.0) 
[CoF(L - R')]' 224 (6.3) 
[Co(L - CF, - HF)]' 
[FCoCHCR]' 
[CoRIt 136 (2.5) 
[Col' 59 (3.5) 

Co-free ions: 

[HLI' 198 (3.4) 
[Ll+ 
[L - S]' 
[L - F]' 178 (10.5) 
[L - 2F]+ 159 (3.8) 
[HL - R']' 147 (24) 
[L - COF2]' 131 (4.0) 
[HL - 951' 
[RC,Ol 
[RCO]' 105 (100) 
[RCCH]' 102 (30) 
[Rl ' 77 (51) 
[R'l' 51 (15) 
[CF,]' 69 (26) 
[HL - R']" 

%HSo, base peak 25.5 

in Scheme 2. A direct route invokes migration of the ligand 
aryl group to cobalt, followed by loss of (L - R), as dis- 
cussed above for l a  and 2a. The second route, established 
for 4a by linked scanning, proceeds by elimination of the EE' 
species CF,, HF, and C302 in the fragmentation sequence: 
[co"L]+ + [CO"F(L - Rt)]+ + [[co"(L - CF, - HF)]+ -+ 

[Col'R]+. (Deuterated Fe(II1) analogues of 3a and 4a were 
used to establish the origin of hydrogen in HF as the central 
CH position of the ligand (31). After loss of HF the aryl 
group migrates to the positive cobalt centre, accompanied by 
expulsion of the neutral fragment C302. 

Complex 4a (R = 2-thienyl) gives a low abundance ion 
of m / z  363, of a type observed only for this compound; 
linked scanning confirms that its parent is [co"'L,]+. Two 
assignments, i.e., [co1'L2 - 2R1]+ or [Col''RL]+, appear 
possible. Successive losses of two R" radicals seem un- 
likely, because the second loss involves the energetically 
unfavorable elimination of an OE' species (CF,') from the 
EE+ species ([CO"L(L - R']'). In contrast, the decompo- 
sition [co"'L,]+ -+ [co"'RL]+, by elimination of (L - R), 
has a parallel in the reaction [Col'L]+ -+ [Col'R]+, dis- 
cussed in the previous paragraph. The very low abun- 
dance of [co"'RL]+ in the spectrum of 4a is probably a 
reflection of the greater ease of reduction of cobalt(II1) 

relative to cobalt(II), which opens up alternative decom- 
position channels for cobalt(III) species. The assignment as 
[co"'RL]+ is supported by the following measurement. The 
mass difference, 2.4 mmu, between the alternative assign- 
ments requires an instrumental resolution, M I A M ,  of 
-150 000 to separate them, about 5-10 times greater than 
the specified resolution of our mass spectrometer. By soft- 
ware peak matching, at a nominal resolution of 6,300, the 
mass of the ion was determined as 362.9167 u compared 
to calculated masses of 362.9172 u for [co"'RL]+ and 
362.9196 u for [CO"L, - 2R1]+. This result, coupled with 
no detectable broadening of the ion peak, suggests that the 
contribution of [Co1'L2 - 2R1]+ to the signal is minimal, 
at best. 

Pentajluoroethyl- and n-heptafluoropropyl-substituted 
ligands (R' = C2F5 and n-C3F7) 

Whereas the abundances of [co"'L,]+' have been very 
small or not observable for all complexes discussed so far, 
these ions are all detectable in the spectra of complexes 6a, 
7a,  9a, and 10a (Table 2). (Despite this, the NH, CI mass 
spectrum of 6a is also consistent with extensive thermal de- 
composition to CoL,.) Thus, increasing fluorine content in- 
creases the abundance of [co"'L,]+' but, interestingly, the 
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( a )  l a  

> 
2 ] ' 9 5  

r n n  ( d l  90 

FIG. 1. Low-resolution EI mass spectra of (a) tris(l,l-difluoro-4-phenyl-2,4-butanedionato)cobalt(III), la; (b) tris(1 , 1 , l-trifluor0-4- 
phenyl-2,4-butanedionato)cobalt(III), 3a; (c )  tris(1, I, l,2,2-pentafluoro-5-phenyl-3,5-pentanedionato)cobalt(I1I), 6a; and (d) tris(l,l, 
1,2,2,3,3-heptafluoro-6-phenyl-4,6-hexanedionato)cobalt(III), 9a. 
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TABLE 3. Collisionally activated ion decompositions 
( ( I )  Product ion spectra 

Parent ion Product ions 
(m/z) On/z) 

(b) Constant neutral loss spectra 

Neutral lost Parent ion (m/z) 

.+> reaction step for which reduction of cobalt is proposed 

SCHEME 1. Fragmentation pathways proposed for P-diketonates l a  and 2a (R' = CHF2). 

abundance is smaller when R' = C$$, than when R' = C2F5. point, increasing molecular mass and dispersion forces de- 
Also, the abundance of [co"'L,] is greater when R = crease the volatility. If the rate of thermal decomposition of 
phenyl than when R = 2-thienyl. The net effect of the var- COL, is comparable to the sublimation rate at the tempera- 
ious substituents is probably not simple. Up to a point, in- ture of the probe, then the observed spectrum could be sen- 
creasing fluorine content decreases polar interactions between sitive to the probe temperature required for volatilization of 
molecules of the complexes (depending upon how they are the complexes. Perhaps these competing effects are opti- 
packed in the solid), and increases the volatility. Beyond this mized when R' = C2F,. As noted above, these observations 
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[ConlRL]+ 
Q only 

30. Q only 

-co 
[co~F(L-COF)]+ < [colIL]+ ," f F 2  

[L-COF2]+ 
exccp 30 

[CO~F(L-R')]+ 

Q only 

* process c o n f i e d  by collisional-activatiodlinked-scanning for 4 a  

+ reaction step for which reduction of cobalt is proposed 

SCHEME 2. Fragmentation pathways proposed for P-diketonates 3a, 4a, and 5a (R' = CF,). 

I may also be influenced by the stability of [coU1L3]+', if it is 
formed. 

I The ions [co~~'L,]', [col"L(L - 32)]+ (except for 6a), 
[CO"L(L - R')]+, and [CoI1~]' are prominent metal-con- 
taining ions. Since loss of the 32 dalton neutral fragment is 
not confined to sulfur-containing complexes its composi- 
tion is probably :CHF, rather than S, in all cases. 

Almost all of the fragmentation routes proposed in Scheme 
3 are similar to those discussed above. Though still ob- 
served, ions formed by fluorine transfer to cobalt have de- 
clined in both number and significance, but the elimination 
of C2F4 (or 2 :CF, by analogy with the spectra of 7b and Sb, 
see below), observed only when R' = C2F5 (6a and 7a) in 
the decomposition [co"L]' -+ [CO"F(L - R')]', is a new 
reaction here. 

Co(III) Monothio-P-diketonates 
Mass spectra of the six monothio-P-diketonates 6b, 7b, Sb 

(R' = C2F5), 9b, lob, and l l b  (R' = n-C3F7) are given in 
Table 4, and representative spectra are shown in Figure 2. 
To aid in elucidation of fragmentation pathways, the results 
of collisionally assisted decompositions of selected ions ob- 
tained from 7b are listed in Table 3. 

The low abundance of [co1''L3]" ions in the mass spec- 
tra of analogues of these complexes having a CF, substi- 
tuent and various aryl substituents was attributed to thermal 
degradation to reduced complexes, co1'L2 (27, 35). How- 
ever, we detected low abundances of [co~~'L,]'' and [coili- 
L,(L - F)]' for several of these more highly fluorinated 

complexes indicating, as above, that increasing fluorine 
content increases the yield of [coH1L3]+'. 

Decomposition pathways observed for these complexes are 
shown in Scheme 4. Reduction of the metal in [Co"lL,]+ re- 
sults in the OE" species [co~~L,]", which in turn can lose 
either F', to yield [CO"L(L - F)]', or R" to give [CO"L(L 
- R1)]+. (These processes are confirmed by linked scan- 
ning.) The EE' species CO and R(C,S)H are eliminated from 
[Co1lL(L - R1)]+ in the fragmentation sequence [CO"L(L - 
R')]' -+ [CO"L(L - R'CO)]' -+ [co"L]+. Alternative de- 
composition routes originating from [collL(L - R')]' and 
leading to [co~~L]+ proceed either by the stepwise elimina- 
tion of the EE' species COS and RC,H, or by direct loss of 
(L - R'). From a mechanistic viewpoint, the loss of COS 
corresponds to the loss of CO, in the mass spectra of Co(lY) 
P-diketonates, as discussed above. Loss of the OE' species 
R'CO' from [co'L]" (assuming a further reduction of co- 
balt) results in the EE' species [CO'SC(R)CH]', which can 
then eliminate sulfur to give [CO'CHCR]'. 

The only ion resulting from fluorine-to-metal transfer that 
is common to all complexes of this group is [CoH'~L(L - 
CF,)]+ formed by elimination of :CF, from [co~~'L,]'. In 
addition, for 7b and Sb, this ion decomposes further by loss 
of :CF, to yield [CO~~'FL(L - C,F5)]'. (This result does not 
exclude a competing elimination of C,F, from [co"'L~]'.) 
We note that fluorine transfer to cobalt(IU) is involved in this 
reaction. In contrast, transfer of fluorine to cobalt(I1) is not 
observed. 

All observed spectra of the monothio-P-diketonates ex- 
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[CO~FL(L-CF,)]+ [conlL(L-32)]+ 
60 only uccpr &I G;"-R*)I+ TI 

-co 
[CO~F(L-COF)]+ < [coIIL]+ 

[L-COF2]+ 
ucep 90 

[CO~F(L-R')I+ 
60.70 only 

L = RCOCHCOR' 

R' = C2F5 or C3F7 

R = C6H5 or C4H,S 

-((L-R')+F.) I 
[Coll+ 
60.70 only 

reaction step for which reduction of cobalt is proposed 

SCHEME 3. Fragmentation pathways proposed for P-diketonates 6a, 7a  (R' = C,F,), 9a,  and IOU (R'  = C3F7). Pathways are common 
to all complexes, except where noted. 

hibit metal-free ions that have no analogues in the spectra of 
the P-diketonates. We attribute their formation to the re- 
spective losses of CoS and S in the sequence: [CO"L(L - 
R'CO)]' -+ [2L - S - R'CO]' -, [2L - 2s  - R'CO]'. We 
could confirm only the second step by linked scanning, but 
the corresponding loss of MetS has been documented pre- 
viously in the mass spectra of trifluoromethyl-substituted 
monothio-P-diketonates of Ni(II), Pd(II), Pt(II), Fe(III), 
Ru(III), Co(II1) , and Rh(II1) (27, 36). 

The high abundance of [L]' observed here also occurs 
generally for monothio-P-diketonates (27, 3614 suggesting 

%I. L. J. Reimer, J. B. Westmore, and M. Das. Unpublished 
results. 

that it has a very stable structure, perhaps the resonance- 
stabilized cyclic structure shown in the diagram. 

Influence of ligatzds and metal on the mass spectra 

Effect offluorine content on ions formed by fluot-ine-to- 
mela1 transfer 

Ions attributable to formation by fluorine-to-metal trans- 
fer reactions decline in both number and significance in the 
sequence CF, > CHF, > C,F, > n-C3F7. This is best illus- 
trated by the mass spectra of the P-diketonates, for which the 
C%TIC carried by these ions (i.e., the sum of the %TIC 
values for [CO"F(L - COF)]', [CO"FL(L - R')]', [CO~F(L 
- R')]', [FCO"CHCR]', [L - 2F]', and [L - COF2]', 
where %TIC is the current for an ion expressed as a per- 
centage of the total metal-containing ion current) when R = 
phenyl and 2-thienyl (the common aryl groups) has a strik- 
ing dependence on the R' group. (The respective C%TIC 
values for CF, : CHF, : C,F, : C3F7 substituents are 6.4 : 
6.3 : 2.4 : 0 and 6.3 : 4.3 : 2.9 : 1.2 for R = C6H5 and C4H3S 
substituents.) Probably there are several energetic and ki- 
netic factors influencing the extent of the fluorine transfer 
reactions, including (a) hardness of the metal centre, (b)  
relative hardness of each carbon atom of the fluoroalkyl 
group, (c) relative stabilities of the products, and (d) con- 
formational/steric factors. If we argue, for simplicity, that 
the inductive effect of CF, is similar to that of F then we 
predict the hardening effect of the fluoroalkyl groups on co- 
balt to be CHFz < CF, = C2F, = n-C3F7, and the relative 
hardness of their carbon atoms to be a(CHF2) < a(CF3, C2F,, 
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FIG. 2.  Low-resolution EI mass spectra of (a) tris(1 , 1 , l,2,2-pentafluoro-5-mercapto-5-phenyl-pent-4-en-3-onato)cobalt(III), 66; and 
(6) tris( I ,  l,l,2,2,3,3-heptafluoro-6-mercapto-6-phenyl-hex-5-en-4-onato)cobalt(III), 96. 

12-C3F7) < P(C,F,, n-C,F7) y(n-C3F7). A variety of neu- 
tral species can be lost. For example, considering fluoro- 
carbon and hydrofluorocarbon species only, the possibilities 
are the following: from CHF,, loss of :CHF; from CF,, loss 
of :CF2; from CF,CF,, loss of a-F gives :CFCF,, loss of P-F 
gives CF2:CF2 or two :CF,; from CF2CF2CF3, loss of a-F 
gives :CFCF,CF,, loss of p-F gives CF,:CFCF, or CF, + 
:CFCF,, loss of y-F gives :CF, + CF,:CF, or three :CF,. 
From factors (a)-(c) we predict the relative ease of fluorine 
transfer to cobalt from carbon to be: (a) n-C,F, C2F5 G CF, 
> CHF7, (b) CHF2 > CF, = C2F5 n-C3F7 (in the compe- 
tition f i r  fluorine between carbon and cobalt, transfer from 
the softest carbon should be easiest), (c) CF, > (CHF,, C2F5, 
n-C,F,) (because :CF2 has a strongly resonance stabilized 
structure (23)). To assess factor (d)  we note that transfer of 
a ,  p, or 7 fluorines involve five-, six-, or seven-membered 
cyclic transition states, respectively, with the probability of 
fluorine being in the correct place for transfer decreasing with 
increasing ring size. The results suggest that factors (c) and 
(d) are the most important, but it is clear that the obser- 
vance (or absence) of metal-fluorine bonded fragments in 
the mass spectra of these compounds is highly susceptible 
to the electronic environment associated with each chelate 
structure. 

Effect of the aryl group on ions formed by fluorine-to- 
metal transfer 

The influence of the aryl (R) substituents can be tenta- 
tively assessed from the abundances of ions arising from 
fluorine-to-metal transfer. (The total abundance of these ions 

is small owing to the low tendency for fluorine migration, 
an observation consistent with HSAB theory, which pre- 
dicts a minimal attraction between a borderline-hard acid, 
such as Co(II), and a hard base, such as F.) Nevertheless, 
in the mass spectra of the CF,-substituted P-diketonates, the 
ion current carried by [CO"F(L - R')]' (the only fluorine- 
transfer ion common to all three complexes studied) is greater 
for 4a (R = 2-thienyl) than for 3a (R = phenyl) or 5a (R = 
2-naphthyl). The respective %TIC values are 4.8 (R = 2- 
thienyl) > 2.1 (R = phenyl) = 2.3 (R = z-naphthyl), which 
we have taken as an approximate ordering of ease of fluo- 
rine transfer to cobalt. This is consistent with the greater 
variety of ions formed by fluorine-to-cobalt transfer (i.e., 
[CO"F(L - COF)]', [CO"F(L - R')]', and [FCO"CHCR]+) 
in the spectrum of 4a, compared to only [CO"F(L - R')]' 
in those of 3a and 5a. The 2-thienyl substituent is known to 
be more electron releasing than is phenyl because thiophene 
reacts approximately three orders of magnitude faster than 
does benzene with electrophilic reagents (37). However, it 
can release electron density not only to cobalt but also effi- 
ciently to the CF, substituent in the same ligand through the 
conjugated system. These results suggest that the latter re- 
lease is more effective. 

Effect of cobalt oxidation state on ions formed by 
fluorine-to-metal transfer 

An examination of metal-fluorine bond formation in the 
mass spectra of the monothio-(3-diketonates reveals an in- 
teresting dichotomy. While fluorine transfer in the reaction 
[co"'L,]' -+ [CO"'FL(L - CF,)]' can be rationalized on the 
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TABLE 4. EI mass spectra, m/z  (%RA), of nionothio-P-diketonates of cobalt(II1) 

6 b  7 b  8 b  9 b  lob llb 
Ion R,R' + C6Hj ,ClF5 CaHiS ,C& C~OH,,C~FS CGH,,C,F, ,C3F7 C I O H ~ , C F ~  

[CoL,I + 
[CoL,(L - F)] + 

[CoL21 + 

[CoL(L - F)]+ 
[CoFL(L - CF,)]' 
[CoFL(L - R')]' 
[CoL(L - R')]+ 
[CoL(L - R'CO)]' 
[LCoCHCR]+ 
[CoLj + 

[coSC(R)CH]+ 
[CoCHCR] + 

Co-free ions: 

[2L - S - R'CO]' 
[2L - 2s  - RICO]+ 
[HLI + 

[Ll+ 
[L - F]' 
[L - Sl+ 
[L - 2F]+ 
[L - CF2]+ 
[HL - R']+ 
[R(C2>Hl' 
LRCSI 
[RCCH~ + 

[Rl + 
[CF,] + 

%CjO, base peak 37.3 20.5 21.9 30.4 35.7 34.8 

basis of the hard-acid character of Co(III), the process is 
otherwise suppressed. HSAB theory rationalizes this be- 
havior: (i)  after metal reduction, fluorine transfer to the 
borderline-hard acid Co(I1) center is less favored, (ii) the 
replacement of metal-bonded oxygen by sulfur in the che- 
late ring results in further softening of the cobalt center and 
a further lowered probability for fluorine migration. 

Effect of donor heteroatom 
The replacement of oxygen by sulfur in the chelate ring 

has a marked effect. For example, ions retaining Co-S 
bonds are observed more frequently than are ions retain- 
ing Co-0 bonds in the mass spectra of the respective 
complexes. Typically, [ ~ o " ~ r ~ l ] +  ions are present in the 
spectra of P-diketonates and are absent in the spectra of 
monothio-P-diketonates; this reflects the stronger Co-S 
interaction since the mechanism proposed for the formation 
of [co"R]+ involves breaking of metal-donor bonds. 

Summary 

Cobalt(II1) chelates generally fragment by elimination of 
two OE' radicals from [COL~]". Reduction of cobalt upon 
loss of the second radical species is presumed. Subsequent 
decomposition occurs through loss of either an EEO neutral 
without reduction of cobalt(I1) (preferred) or loss of a third 
OE' radical, indicating a further reduction to cobalt(1). In 
contrast, molecular ions of complexes of these ligands with 
metals that are resistant to change in oxidation state (e.g., 
Al(III), Ga(III), Pd(II), and Zn(I1)) fragment by elimination 

of an OE' species, followed by losses of one or more EEO 
species (37). 

The HSAB principle provides a rationale for variations in 
abundance and variety of ions arising from fluorine-to-metal 
migration, based on the prediction that a hard base such as 
fluorine should bind preferentially with a hard acid. Cobalt 
is difficult to categorize; although Co(II1) is a hard acid and 
as such should bind with fluorine, it is so readily reduced to 
the softer Co(I1) state that relatively few ions involving 
F-Co(lII) bonding are observed. Other results%ave shown 
that fluorine migration is widespread in generation of frag- 
ment ions from Al(lII) and Ga(1II) P-diketonates (both metal 
ions are classified as hard acids), but is suppressed in gen- 
eration of ions from chelates of Pd(II), a soft acid. 

Fluorine transfer is much less significant in the fragmen- 
tation of ions from monothio-P-diketonates. The presence of 
the sulfur donor presumably softens the metal, thereby 
making the migration of fluorine a less-favored process. 

Resonance stabilization by proximate aryl groups is also 
crucial to the formation of [LCO"CHCR]+ and [FCO"CH- 
CR]' ions for several of the Co(II1) P-diketonates; the lone 
pair resonance provided by the heterocyclic 2-thienyl group 
appears to be particularly important. 

Acknowledgements 
We thank Mr. Wayne Buchannon for assistance in the 

operation and maintenance of the mass spectrometer, Dr. 
Gary Stem for his review of the manuscript, and the Natu- 
ral Sciences and Engineering Research Council of Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 70, 1992 

JI 
[CO~'FL(L-C~F,)]+ 

7b.86 only 

9b. lob, 11 b only 

[2L-2s-R'CO]+ 

[co"L]+ .+> [COIL]+. 
L = RCSCHCOR' / /R'co. 

* process contiied by collisional-activationllinked-scanning for 76 

-+> reaction step for which reduction of cobalt is proposed 

SCHEME 4. Fragmentation pathways proposed for monothio-P-diketonates 6b, 7b, 8b (R' = C2F,), 9b, lob, and llb (R' = C,F,). Pathways 
are common to all complexes, except where noted. 
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IAN W. J .  STILL and DONNA KAYE T. WILSON. Can. J .  Chem. 70, 964 (1992). 
Thiochroman-4-one I ,  1 -dioxide has been successfully converted into 3-sulfinylthiochroman-4-one I ,  l -dioxide and the 

reactions of this a-oxosulfine with a series of alkenes have been carefully investigated. The a-oxosulfine was found to 
react as a Diels-Alder diene with 2-methylpropene, Z- and E-2-butene, 2-ethyl-1-butene, I-pentene, Z-2-pentene, and 
cyclopentene and cyclohexene to produce a new group of heterocyclic compounds, the 2,3-dihydro-SH-l,4-oxathi- 
ino[3,2-c][l]benzothiopyrans, in yields ranging from 21 to 42%. In all cases, formation of the Diels-Alder adduct was 
accompanied by a second type of product, identified as the product of electrophilic addition (EA) of a sulfenium species 
to the alkene, in lesser yields, ranging from 9 to 18%. When the trapping dienophile used was 3,3-dimethyl-1-butene, 
only the EA adduct was obtained, in 28% yield. Formation of only the EA type of adduct was also observed in reactions 
of the a-oxosulfine with 2-butyne (21%) and with the thione 2,2,4,4-tetramethylpentane-3-thione (di-tert-butyl thio- 
ketone) (16%). Attempts to prepare the a-oxosulfines corresponding to the following ketones are also described: thio- 
chroman-4-one I-oxide, isothiochromanone and isothiochromanone 2,2-dioxide, tetrahydrothiophen-3-one 1,l-dioxide, 
3,3,5,5-tetramethylcyclohexanone, and 2-indanone. 

Key words: Diels-Alder, electrophilic addition, sulfenic acid. 

IAN W. J. STILL et DONNA KAYE T .  W I L S O ~ .  Can. J .  Chem. 70, 964 (1992). 
On a transform6 avec succks le I ,  I-dioxyde de thiochroman-4-one en 1, I-dioxyde de 3-sulfinylthiochroman-4-one et 

on a examink avec soin les rkactions de cette a-oxosulfine avec une skrie d'alctnes. On a trouvC que l'a-oxosulfine rCagit 
comme un dikne de Diels-Alder avec le 2-mkthylpropkne, les (Z)- et (E)-but-2-tnes, le 2-Cthylbut-1-kne, le pent-I-ene, 
le (Z)-pent-2-kne, le cyclopent&ne et le cyclohexkne pour conduire a la formation d'un nouvel ensemble de  composks 
hCtCrocycliques, les 2,3-dihydro-SH-l,4-oxathiino[3,2-c][l]benzothiopyranes, avec des rendements allant de 21 a 42%. 
Dans tous les cas, la formation de l'adduit de Diels-Alder est accompagnte par un second type de produit, identifie comrne 
le produit d'addition Clectrophilique (AE) d'une espkce sulfknium sur l'alckne, avec des rendements plus faibles, allant 
de 9 18%. Lorsqu'on a utilis6 le 3,3-dimkthylbut-1-kne comme diCnophile, on n'a obtenu que du produit d'AE, avec 
un rendement de 28%. On n'a aussi observt que la formation du produit d'AE dans les rkactions de l'a-oxosulfine avec 
le but-2-yne (rendement de 21%) et avec la thione 2,2,4,4-tetramCthylpentane-3-thione (di-tert-butyl thiocktone) (rendement 
16%). On dCcrit aussi les essais effectuCs dans le but de prCparer les a-oxosulfines correspondant aux cttones 
suivantes : 1-oxyde de la thiochroman-4-one, isothiochromanone et 2,2-dioxyde de l'isothiochromanone, 1,l-dioxyde 
de la tktrahydrothiophkn-3-one, 3,3,5,5-tCtramCthylcyclohexanone et indan-2-one. 

Mots clks : Diels-Alder, addition Clectrophilique, acide sulfknique. 
[Traduit par la rCdaction] 

Introduction a non-nucleo~hilic base such as 2.6-lutidine or 2.2.6.6-tet- 

In our earlier study (1) of the reactivity of a-oxosulfines 
we reported that the a-oxosulfines l a  and 2a, derived from 
cyclohexanone and thiochroman-4-one respectively, did not 
react as heterodienes in Diels-Alder trapping reactions with 
alkenes and alkynes. This represented behaviour quite in 
contrast to our preliminary finding (2) that the related a- 
oxosulfine 26 did act as a diene in Diels-Alder reactions, 
with both 2-methylpropene and norbomene. We were anx- 
ious to further investigate this apparent dichotomy and to seek 
to identify the electronic, steric, or other factors responsi- 
ble, as well as to establish the generality of such inverse 
electron-demand Diels-Alder reactions as a potential syn- 

, . . 
ramethylpiperidine (1, 3). Interestingly, two alternative 
procedures for generating a-oxosulfines, using a com- 
pletely different approach, have been reported very recently 
(4, 5). The role of the C==S bond in simple sulfines in Diels- 
Alder reactions is well documented (6, 7). In our present 
study, it was our intention initially to synthesize a series of 
a-oxosulfines of different structural types in order to ex- 
plore their reactivity as (hetero) dienes in the Diels-Alder 
reaction with standard alkene or alkyne trapping agents. 
Later, we explored the reactivity of the model a-oxosulfine 
diene 26 towards a variety of structural types of alkene and 
alkyne. We now present the results of these studies. 

thetic route to various heterocyclic compounds. Results and discussion 
Generally, a-oxosulfines are unstable, with a few nota- 

ble exceptions reported by Zwanenburg and co-workers (3), We decided to initiate this part of our study of the reac- 

and thus are generated in situ. ~h~~ are conveniently pre- tivity of a-oxosulfines with alkenes and alkynes by reex- 
pared by reaction of the trimethylsilyl enol ether of the par- amining the reactivity of the oxosulfine system 26 with a 
ent ketone with thionyl chloride, usually in the presence of wider range of trapping agents.   his, we felt, would be im- 

portant not only from the point of view of establishing the 

'part 11. For previous work see ref. 1. scope of the ~ l e l s - ~ l d e r  reaction of a-oxosulfines but also 
2 ~ a k e n  in part from the p h . ~ ,  thesis of D, K. T.  hi^^^^, in illuminating the rather puzzling dichotomy of behaviour 

University of Toronto, 1990. between 2a and 26 already alluded to in the Introduction. 
' ~ u t h o r  to whom correspondence may be addressed. The starting point for 2b involved initial preparation of the 
4Formerly Hutchinson. keto-sulfone 3c by oxidation of 3a with peroxyacetic acid (g), 
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STILL AND WILSON 965 

followed by conversion to the himethylsilyl en01 ether 4c (9), 
in an overall yield of 80%. As described earlier (1, 2) the silyl 
en01 ether is converted into the a-oxosulfine 2b at low tem- 
peratures, via the intermediate (3-oxosulfinyl chloride 5 and 
subsequent loss of HCl. Thionyl chloride was used for many 
of the sulfinylation reactions but on occasion was replaced 
with the milder N-(chlorosulfinyl)imidazole (1 0). The loss 
of HCl to produce 2b occurred even in the absence of added 
base, although addition of 2,6-lutidine was often effective. 

The reaction of 2b with the isomeric alkenes Z-2-butene 
and E-2-butene will be described in detail and serves as a 
model for the analogous reactions of 2b with 2-methylpro- 
pene, 2-ethyl- 1 -butene, 1 -pentene, Z-2-pentene, cyclopen- 
tene and cyclohexene, and 3,3-dimethyl-1-butene, the results 
of which are summarized in Table 1. The existence of 2b as 
an intermediate in the Diels-Alder trapping reactions was 
verified using 2,3-dimethyl-1,3-butadiene to afford the ad- 
duct 6 (2). Two alkene trapping agents that were totally 
without success in the trapping of 2b were the en01 ether 
systems 2,5-dihydrofuran and ethyl vinyl ether. 

Before describing our results with 2b in detail, it is very 
important to emphasize that, as observed in our preliminary 
communication (2) but in contrast to the results obtained by 
Zwanenburg and co-workers (3), all of the Diels-Alder ad- 
ducts (7a,b, 10a-c, 12a-d) obtained from the reaction of 

TABLE I .  Trapping reactions of 2b with alkenes and alkynes 

Isolated yield Isolated yield 
of Diels-Alder of EA 

Alkene/alkyne adduct (%) adduct (%) 

Z-2-Butene 
E-2-Butene 
Cyclopentene 
Cyclohexene 
Z-2-Pentene 
1 -Pentene 
3,3-Dimethyl- l -butene 
2-Methylpropene 
2-Ethyl-1-butene 
2-Butyne 

"Obtained as a mixture of regioisomers. 
hanti-Markovnikov adduct only. 

2b as a (hetero) diene had suffered deoxygenation at the 1,4- 
oxathiin sulfur atom. We think that this arises from the fact 
that 2b has not proved to be isolable and therefore that all 
such Diels-Alder reactions were carried out as in situ trap- 
ping experiments. Inevitably, this means that thionyl chlo- 
ride, and the by-product chlorotrimethylsilane, are present 
in such reaction mixtures, either agent being capable of ef- 
fecting the deoxygenation of sulfoxides (1 1, 12). The facile 
deoxygenation is a consequence of the fact that the S-oxides 
of 7 and its cogeners are expected to be strongly activated 
towards electrophilic attack by such reagents, due to con- 
jugative electron release from the oxathiin ring oxygen atom. 
Deoxygenation by SOCl, probably proceeds via electro- 
philic attack to produce intermediates such as 9a,b, with 
subsequent reduction being effected by the C1- counterion. 
It should be noted that no deoxygenation of 6 was ever ob- 
served. Compound 6 is, for both electronic and steric rea- 
sons, expected to be much less reactive towards such 
electrophilic deoxygenation than the 1,4-oxathiin S-oxides 
corresponding to 7a,b and their analogues. 

Reaction of 2b with Z-2-butene in situ was conducted at 
-23°C in CH2C12 solution, with the reaction mixture finally 
being allowed to warm to 25OC. Two products were iso- 
lated after careful chromatography, along with some keto- 
sulfone 3c, as was generally observed in this series. The fust 
product (30%) was a beige solid and showed a C=C 
stretching vibration in the IR at 1608 and sulfone bands at 
13 14 and 1 15 1 cm-I . The 'H NMR spectrum (400 MHz) 
showed the expected two doublets of doublets and two trip- 
lets of doublets for the aromatic ring protons. The C-5 CH, 
appeared as a very characteristic doublet of doublets at 6 3.78 
and 3.86. Two quartets of doublets at 6 3.30 and 4.51 are 
assigned to the C-3 and C-2 methine hydrogens, respec- 
tively. Doublets were observed at 6 1.35 and 1.38 for the two 
methyl groups. The presence of a molecular ion at m / z  = 
282, the I3c NMR data (see Table 2), and elemental analy- 
sis c o n f i e d  the formula C13H,,03S2 and led us to assign the 
(deoxygenated) Diels-Alder adduct structure 7a to this 
product. 

The second product (14%) was also obtained as a (yel- 
low) solid with a carbonyl stretching band in the IR at 1675 
and SO, bands at 1295 and 1154 cm-I. A molecular ion was 
detected at m / z  = 317 and elemental analysis conf i ied  the 
composition C13H13C103S2. The most characteristic feature 
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966 CAN. J .  CHEM. VOL. 70. 1992 

in the 'H NMR spectrum of this product was a singlet at 6 
6.85, assigned to the lone vinylic proton in structure 80. This 
structural assignment was further confirmed by the 13c NMR 
data listed in Table 3.  Compound 8a represents the electro- 
philic addition (EA) mode of reaction that was observed in 
the cyclohexanone and thiochroman-4-one series described 
previously (1) but which we now encountered for the first 
time from the a-oxosulfine 2b, albeit as a minor product.5 

We were interested to discover if the Diels-Alder reac- 
tion so observed with Z-2-butene was stereospecific with 
respect to the alkene. Accordingly, a trapping experiment was 
carried out on 2b, under identical reaction conditions, using 
E-2-butene. Products analogous to 7 a  and 8a were again 
obtained. The Diels-Alder adduct 7 b  (26%) was very sim- 
ilar to, but clearly not identical with, 7 0 .  In particular, 7 b  
showed two very characteristic quintets in the 'H NMR 
spectrum at 6 3.16 and 4.08 (J = 6.8,  6.4 Hz, respec- 
tively), assigned to the C-3 and C-2 protons. Clearly the 
much smaller (C-2)H/(C-3)H vicinal coupling constant of 
2 Hz found in 7 a  is in accord with the cis adduct, with 7 b  as 
the trans i ~ o m e r . ~  Only a single diastereomer was detected 
in each case and hence the Diels-Alder addition does show 
the expected stereospecificity. A second product (10%) ob- 
tained from the trapping experiment with E-2-butene was 
shown to have a structure consistent with the EA adduct 8b.  
Once again, this was a single diastereomer and thus, as pre- 
dicted by the mechanism proposed earlier (I) ,  the electro- 
hilic addition must also proceed by a stereospecific pathway. 

'C NMR data for both adducts are listed in Tables 2 and 3. 
In using 2-ethyl- 1 -butene (1 , 1 -diethylethylene) as a dien- 

ophile we wished to investigate the regiochemical aspect of 
the above reactions. While the regiochemistry predicted for 
the Diels-Alder reaction can be predicted from bond polar- 
ities in the ground and transition states and would presum- 
ably follow the pattern already observed for 2-methylpropene 
(2), the situation may not be so clear-cut in the electrophilic 
addition pathway, where an intermediate (thiiranium ion) 
species 11 is presumed to be formed (1). Two adducts were 
again obtained. The Diels-Alder adduct (25%) was as- 
signed structure 10a on the basis of IR, 'H NMR, I3c NMR, 
mass spectral, and elemental analysis and confirmed un- 
ambi uously by a single-crystal X-ray structure determina- B tion. The minor product (14%), again a single isomer, had 
spectral properties consistent with the EA product 8h. The 
determination in favour of 8h, rather than its regioisomer, 
is based on the analysis of the 'H and I3c NMR spectra and 
comparative data from model compounds such as tert-butyl 

'An alternative route to the electrophilic addition product via an 
intermediate a-chlorosulfenyl chloride cannot be ruled out, cf. ref. 
13. 

6~olecular models show that the 1,4-oxathiin ring probably 
adopts a boat conformation although a half-chair conformation is 
also possible. 

'Crystals of 10a were obtained by recrystallization from ethyl 
acetate/hexane as pale yellow needles. All work was performed 
on an Enraf-Nonius CAD4 diffractometer us@g graphite mono- 
chromatized MoKa radiation, h = 0.71073 A. A crystal of di- 
mensions 0.24 X 0.36 X 0.28 gave the following data: CI5Hl8O3S2, 
M, = 310.4, triclinic, spaceo group P1 with a = 9.127(2), 
b = 10.330 (2), c = 8.972(!) A, a = 106.36(2), P = 112.04(1), 
y = 81.11(2)", V = 7 5 1 . 2 ~ ~ ,  D, = 1.37 g ~ m - ~ f o r Z  = 2, p, = 
3.4 cm-', F(000) = 328, room temperature. Full details of the 
crystallographic structure will be published elsewhere. 

chloride and tert-butyl mercaptan and from similar adducts 
in the series derived from a-oxosulfine 2a (1). This result 
suggests that in the (presumed) intermediate thiiranium ion 
11 there is a considerable degree of "open" or carbocation- 
like character, leading normally to nucleophilic trapping by 
C1- at the (more hindered) tertiary site and hence to the 
Markovnikov regioisomer actually observed. When we 
reexamined the reaction of 2b with 2-methylpropene as 
trapping agent, a small amount of the minor EA adduct 8i 
(9%) could be isolated, accompanying the expected Diels- 
Alder addition product l o b  (37%) (2). The spectral similar- 
ities between the EA adducts 8h,i derived from these two 1 , l -  
disubstituted ethylenes, and in particular the I3c NMR data 
(Tables 2, 3), are quite striking. Regiochemical results from 
the EA pathway were not always so clear-cut, however (see 
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STILL AND WILSON 

TABLE 2. I3C NMR data for Diels-Alder adducts 7a,b, lOa,c, 12a-d 

Type of 
Compound carbon 83 PPm 

7a C 99.03 (C-4a); 13 1.87 (C- lob); 134.54 (C- lOa); 139.26 (C-6a) 
CH 38.69 (C-3); 74.07 (C-2); 123.06 (C-7/10); 123.37 (C-7/10); 

128.01 (C-8); 133.24 (C-9) 
CH2 52.89 (C-5) 
CH, 15.39 (C-3 CH,); 17.35 (C-2 C H,) 

C 100.06 (C-4a); 131.78 (C-lob); 134.58 (C-lOa); 139.59 (C- 
6 4  

CH 38.98 (C-3); 76.15 (C-2); 123.07 (C-7/10); 123.35 (C-7/10); 
127.99 (C-8); 133.23 (C-9) 

CHI 52.62 (C-5) 
CH3 17.99 (C-3 CH,); 18.94 (C-2 CH,) 

C 98.59 (C-5a); 13 1.87 (C-l lb); 134.48 (C-1 la); 139.07 (C-7a) 
CH 40.98 (C-4a); 73.28 (C-12a); 123.01 (C-8/11); 123.25 

(C-8/11); 127.89 (C-9); 133.21 (C-10) 
CH2 20.03 (C-2); 25.08 (C-3); 29.59 (C-1/4); 31.39 (C-1/4); 

52.74 (C-6) 

1-pentene and Z-2-pentene cases, in Table I), suggesting that, 
as noted by others (14-16), nucleophilic opening of thiir- 
anium species is sensitive to many factors that may override 
simple structural considerations. 

The pattern of results already described is followed, for 
the most part, by the remaining trapping experiments sum- 
marized in Table 1. For example, the symmetrically substi- 
tuted cycloalkenes cyclopentene and cyclohexene gave the 
analogous Diels-Alder adducts (12a,b) and EA adducts 
(13a,b), again in a roughly 2:  1 ratio. When the unsym- 
metrically disubstituted alkene Z-2-pentene was used, re- 

gioisomeric mixtures of both the Diels-Alder (12c,d) and 
EA adducts (8c,d), the latter in almost equal amounts, were 
obtained. This is a not unexpected outcome. With the un- 
symmetrically substituted alkene, 1-pentene, the expected 
product 10c was the sole Diels-Alder adduct isolated but, 
interestingly, two regioisomeric EA adducts (8e, f )  were again 
obtained, although the Markovnikov adduct 8e was pre- 
dominant (2.5 : 1). The exclusive formation of the expected 
regioisomeric Diels-Alder adducts 10a,b and Markovnikov- 
governed EA adducts 8h,i from the strongly disymmetric 
alkenes 2-ethyl- 1-butene and 2-methylpropene has already 
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TABLE 3. "C NMR data for EA adducts 8u-i, 136, 14 

Type of 
Compound carbon 8, PPm 

127.76 (C-4a); 140.98 (C-8a); 146.00 (C-3); 176.08 (C-4) 
46.07 (C-1'); 58.06 (C-2'); 123.47 (C-8); 127.86 (C-2); 

129.27 (C-5); 133.11 (C-7); 135.22 (C-6) 
14.97 (C-1' CH,); 20.36 (C-3') 

127.89 (C-4a); 140.97 (C-8a); 146.15 (C-3); 176.10 ((2-4) 
46.97 (C- 1'); 60.06 (C-2'); 123.43 (C-8); 128.03 (C-2); 

129.31 (C-5); 133.1 1 (C-7); 135.15 (C-6) 
15.91 (C-1' CH,); 22.70 (C-3') 

127.81 (C-4a); 140.99 (C-8a); 146.13 (C-3); 176.12 (C-4) 
45.79 (C- 1'); 66.08 (C-2'); 123.46 (C-8); 127.63 (C-2); 

129.28 (C-5); 133.1 1 (C-7); 135.20 (C-6) 
27.52 (C-3') 
1 1.7 1 (C-4'); 15.90 (C- I") 

CH, 
CH3 
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STILL AND WILSON 969 

been described. Thus, a well-marked trend towards regio- 
specificity of both Diels-Alder adduct and EA adduct for- 
mation is revealed in Table 1 as the disymmetry of the 
trapping alkene is increased. 

The other results in Table 1 deserve brief comment. With 
3,3-dimethyl- 1 -butene (tert-butylethylene) only the EA ad- 
duct 8g was isolated, in almost 30% yield. The failure to form 
a Diels-Alder adduct in this instance may simply be due to 
failure to achieve the necessary coplanarity in the transition 
state, due to the presence of the bulky tert-butyl unit. The 
anti-Markovnikov regiospecificity in the EA adduct is more 
surprising in the light of other data in Table 1. It is possi- 
ble, however, that in the presumed intermediate thiiranium 
ion 11 (R = tert-butyl, R' = H) there is very little "open" 
carbocation character, because this would involve only a 
secondary carbocation, in contrast to those situations where 
R and R' are both methyl (or ethyl) groups. Accordingly, 
attack of C1- on 11 (R = tert-butyl, R' = H) may occur by 
the SN2, rather than SN 1, mode, leading to preferred attack 
at the CH, site and hence to the anti-Markovnikov adduct 
observed. The failure of the one alkyne trapping agent used 
(2-butyne) to lead to any Diels-Alder adduct may be due to 
the (expected) lower reactivity of alkynes as dienophiles in 
the inverse electron-demand Diels-Alder reaction. Again in 
this case a reasonable yield (21%) of the EA adduct 14 was, 
however, observed. 

An alternative approach to the synthesis of a-oxosulfines 
that had not yet been examined for their Diels-Alder reac- 
tivity emphasized the creation of a-oxosulfine units that 
would be incapable of undergoing tautomerization to the 
corresponding vinylsulfenic acids and hence would not be 
capable of undergoing the competing electrophilic addition 
(EA) reaction. For this reason, we selected as target mol- 
ecules isothiochromanone 15a and its 2,2-dioxide 15b, 
tetrahydrothiophen-3-one 1 , l  -dioxide, 3,3,5,5-tetramethyl- 
cyclohexanone, and 2-indanone. 

Isothiochromanone was readily prepared by the Friedel- 
Crafts cyclization of 2-benzylthioacetic acid (17). Reaction 
of the trimethylsilyl en01 ether of 15a with thionyl chloride, 
followed by trapping with 2,3-dimethyl-1,3-butadiene, 
however, gave no conclusive evidence for the presence of 
the expected a-oxosulfine. We reasoned that the analogous 
sulfone 15b might be a better choice, particularly since the 
presence of the sulfone group should enhance the electron 
deficiency of the a-oxosulfine and hence its ability to undergo 
inverse electron-demand Diels-Alder reactions. Surpris- 
ingly, all attempts to prepare the trimethylsilyl en01 ether of 
15b by any of the methods we had employed previously met 
with utter lack of success, the ketone 15b being recovered 
in all cases. Since it seemed unlikely that either steric or 
electronic factors could account for this failure, we sus- 
pected that the silyl en01 ether had actually formed but was 
extremely labile to hydrolysis. This view was subsequently 
confirmed by the conversion of 15b into its stable tert-bu- 
tyldimethylsilyl en01 ether in 79% yield. Unfortunately, this 
more hindered silyl en01 ether did not react with thionyl 
chloride to produce the desired a-oxosulfine, even when 
anhydrous caesium fluoride was used in an attempt to cleave 
the 0-Si bond. Tetrahydrothiophen-3-one 1,l-dioxide was 
next synthesized from 2,5-dihydrothiophene 1 , 1 -dioxide by 
a three-step literature procedure (18). Like 15b, this com- 
pound is a P-ketosulfone, however, and when preliminary 
attempts to make its trimethylsilyl en01 ether were unsuc- 

cessful, based upon our experience with 15b, we elected not 
to pursue this avenue farther. 

OEt 

We next turned our attention to the a-oxosulfine derived 
from 3,3,5,5-tetramethylcyclohexanone. Formation of the 
trimethylsilyl en01 ether was readily accomplished and, fol- 
lowing reaction with N-(chlorosulfonyl)-imidazole, trap- 
ping experiments were conducted with 2-methylpropene, 
2,3-dimethyl-2-butene, ethyl vinyl ether, and 2-butyne. Only 
in the case of ethyl vinyl ether was spectroscopic evidence 
obtained for the formation of the expected Diels-Alder ad- 
duct 16, albeit in only 10% yield. In addition to other ex- 
pected spectral features, the mass spectrum of 16 showed the 
presence of both a molecular ion (m/z = 256) and a major 
fragment ion (m/z = 184) corresponding to retro-Diels-Alder 
cleavage. 

Zwanenburg and co-workers (19) showed that 2-sulfinyl- 
1-indanone is one of a very small number of stable, isolable 
a-oxosulfines and that it reacts with ethyl vinyl ether to 
produce the 1,4-oxathiin type of Diels-Alder adduct. We 
accordingly prepared Zinandone from 1-indene (20), in 35% 
yield. Although the methylene protons in this case are also 
acidic (pK, - 12; see discussion above), the trimethylsilyl 
en01 ether could be readily prepared, contaminated by a small 
amount of the starting ketone. Reaction of the en01 silyl ether 
with thionyl chloride, however, followed by attempted 
trapping with ethyl vinyl ether, gave none of the desired 
Diels-Alder adduct. 

One other a-oxosulfine system that we wished to exam- 
ine was that derived from thiochroman-4-one 1-oxide 3b. 
Since we have observed quite different patterns of reactiv- 
ity for the a-oxosulfines derived from the corresponding 
sulfide (1) and sulfone it was important to establish where 
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the a-oxosulfine derived from 3b fitted in this series. The 
sulfoxide 3b was readily prepared from thiochroman-4-one 
by oxidation with peroxyacetic acid (21). Unfortunately, all 
attempts to convert 3b into its trimethylsilyl en01 ether failed, 
producing only starting material accompanied by varying 
amounts of thiochromone, 17. Several Pummerer-type de- 
hydration reactions of sulfoxides using chlorotrimethylsi- 
lane have been described previously (22, 23). This reaction 
in our case presumably results from preferential O-silyla- 
tion of the (more nucleophilic) sulfoxide site, followed by 
loss of HOSiMe, and deprotonation. Attempts to selec- 
tively oxidize the en01 silyl ether 4a with m-chloroperoxy- 
benzoic acid (m-CPBA) in buffered solution led only to 
complex mixtures of the ketones 3a and 36, accompanied by 
their respective trimethylsilyl en01 ethers. One final attempt 
to prepare the trimethylsilyl en01 ether 4b was made, by 
treating the 3-bromo analogue of 3b (24), with zinc and 
chlorotrimethylsilane by the method of Joshi and Pande (25). 
Since this procedure again gave no useful result we reluc- 
tantly abandoned our attempt to prepare the a-oxosulfine in 
the sulfoxide series. 

Attempts were also made to cany out Diels-Alder type 
reactions on the a-oxosulfine 2b, using heterodienophiles in 
place of alkenes or alkynes. In some cases (6), neutral 
imines were found to react with electron-deficient dienes 
via the inverse electron-demand Diels-Alder reaction. N- 
Methylbenzaldimine was accordingly prepared by a litera- 
ture procedure (26). In the course of several attempts, 
however, to react the aldimine with 2b under our usual con- 
ditions no Diels-Alder adduct could be obtained and only 
traces of benzaldehyde and the keto-sulfone 3c were re- 
covered. In similar trapping experiments using di-tert-butyl 
thioketone (27) a yellow solid adduct (16%) was isolated. The 
product showed a strong C=O band in the IR at 1653 cm-' 
characteristic of an EA adduct and was established from 'H 
and ',c NMR and mass spectral evidence to have the struc- 
ture 18 or 19. The available evidence does not allow us 
to distinguish between these two possibilities. Disappoint- 
ingly, when we attempted to extend this reaction to the aryl 
thioketone 4,4'-dimethoxythiobenzophenone no adduct of 
either the Diels-Alder or the EA type could be obtained and 
only 3c and unreacted thioketone were recovered. 

Experimental 
Infrared spectra were recorded using KBr pellets (if solid) or 

NaCl discs (if liquid), on a Nicolet 5DXB FTIR spectrometer. The 
'H NMR spectra were obtained on a Varian EM-360L spectrom- 
eter in CDC13 solution, unless otherwise indicated. High-field 'H 
NMR spectra were obtained on a VXR 400 spectrometer and I3c 
NMR spectra on a Varian XL-400 spectrometer, operating at 
100.53 MHz. The I3c NMR spectra were recorded in CDC1, so- 
lution. High- and low-resolution mass spectra were recorded on a 
VG-70-250s mass spectromFter. Column chromatography was 
carried out on grade 60, 60 A silica gel supplied by Toronto Re- 
search Chemicals. Elemental analyses were performed by the 
Scandinavian Microanalytical Laboratory, Box 25, 2730 Herlev, 
Denmark. 

Dichloromethane and chloroform were dried by distillation over 
phosphorus pentoxide and stored over 3 A molecular sieves. Di- 
ethyl ether was dried by distillation from sodium benzophenone 
ketyl. Triethylamine was dried by distillation over calcium hy- 
dride and thionyl chloride was purified by distillation over tri- 
phenyl phosphite. Potassium iodide was dried at - 140°C for 3 h. 

X-ray crystallography '.' 
Unit cell dimensions based on 25 reflections (10 < 8 < 19"). 

Intensity data collection (w-28 scans, w scan width (0.60 + 0.35 
tan 8)" ,  max. scan time = 60 s ,  octants k h ,  k k ,  1 with 2 < 2 8  < 
54") gave a total of 3266 data. Variable scan rates (1.65-5.4"/min). 
Intensities of three standard reflections measured every 2 h showed 
no evidence of crystal decay. 

Data are corrected for Lorentz and polarization effects but not 
for absorption. Exclusion of 345 zero Fob, data gave a final data set 
of 2921 reflections. The structure was solved by direct methods. 
Refinement was by full-matrix least-squares calculations, initially 
with isotropic and then with anisotropic thermal parameters for non- 
hydrogen atoms. The hydrogen atoms were positioned on geomet- 
ric grounds and a general hydrogen thermal parameter was refined 
(final U,,, = 0.057(3) A2). Final rounds of least-squares refine- 
ment included 182 parameters, R = 0.040, wR = 0.043 for 213 1 
reflections with I > 3a(I) and weights (w) + l / (u2(~ , )  + 0.00036 
(F,)~). Max. shift/esd in final refineqent cycle 0.01; density in final 
difference map in range k0.45 e / ~ ~ ;  there were no chemically 
significant features. 

General procedure for the preparation of trirnethylsilyl 
en01 ethers 

Dry chloroform (60 mL) was added to potassium iodide 
(65.70 g, 0.40 mol) with stining under nitrogen. The mixture was 
cooled to 0°C and chlorotrimethylsilane (18.0 mL, 0.14 mol) was 
added. A solution of the ketone (0.059 mol) and triethylamine 
(33.1 mL, 0.24 mol) in dry chloroform (50 mL) was then added 
dropwise. The mixture was allowed to warm to room tempera- 
ture, the flask was covered with foil paper, and the solution re- 
fluxed in the dark for 16 h. The reaction mixture was diluted with 
diethyl ether and the precipitated solid was removed by vacuum 
filtration and the filtrate dried (MgSO,). Removal of the solvents 
on the rotary evaporator yielded the crude silyl en01 ether, which 
was distilled (Kugelrohr) or used without further purification. 

1 -Trirnethylsilyloxy-3,3,5,5-tetramethylcyclohexene 
The crude silyl en01 ether (98%) was obtained as a pale yellow 

oil. 'H NMR, 6: 0.2 (s, 9H), 1 .O (br s ,  12H), 1.3 (s, 2H), 1.8 (s, 
2H), 4.7 (s, 1H). 

cis-2,3-Dihydro-2,3-dimethyl-[S HI-l,4-oxathiino[3,2-c-][I]- 
benzothiopyran 6,6-dioxide, 7a 

(+/-)-(If  S*, 2'S*)-3-(2'-Chloro-1'- 
rnethylpropylthio)thiochrornone I ,  1 -dioxide, 8a 

A solution of 4c (0.60 g, 2.23 mmol) in dry dichloromethane 
(5 mL) was stirred at -23OC under nitrogen. A solution of thionyl 
chloride (0.16 mL, 2.23 mmol) in dichloromethane (1 rnL) was 
added dropwise and Z-2-butene was bubbled into the reaction 
mixture for 5 rnin. The mixture was stirred at -23OC for 2-3 h and 
then allowed to warm to 25°C and stirred for a further 16 h. The 
reaction mixture was washed (satd. NaHCO,) and dried (MgSOJ. 
After filtration and removal of the solvent, a dark oil was obtained 
as the crude oroduct. 

Column chrohatography on silica gel using dichloromethane/ 
diethyl ether (99: 1) as the eluent produced a brown oil (14%). 
Crystallization from dichloromethane/pentane yielded 8a as yel- 
low needles, mp 137- 138°C. Ill, v: 1675 (C=O), 1295, l 154 (SO2) 

'A complete set of tables comprising positional and thermal pa- 
rameters, bond distances, and bond angles for 10a may be pur- 
chased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K I A  0S2. 

These tables have also been deposited with the Cambridge 
Crystallographic Data Centre and can be obtained on request from 
The Director, Cambridge Crystallographic Data Centre, Univer- 
sity Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW, 
U.K. 
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cm-I; 'H NMR, 6: 1.51 (d, J = 7.0 Hz, 3H), 1.58 (d, J = 6.7 Hz, 
3 H ) , 3 . 4 2 ( q d , J = 7 . 0 , 3 . 1  Hz, l H ) , 4 . 2 6 ( q d , J = 6 . 7 , 3 . 1  Hz, 
lH), 6.85 (s, lH), 7.75 (td, J = 7.7, 1.2 Hz, lH), 7.87 (td, J = 
7.6, 1.3 Hz, lH), 8.02 (dd, J = 7.9, 1.1 Hz, lH), 8.21 (dd, J = 

8.0, 1.3 Hz, 1H); MS, m/z (% rel. int.): 317 (14), 280 (67), 253 
( 3 3 ,  227 (31), 215 (39), 201 (loo), 153 (52), 136 (65), 104 (52), 
76 (70), 55 (82). Anal. calcd. for C13H13CI0,S,: C 49.28, H 4.13, 
C1 11.19, S 20.24; found: C49.28, H 4.22, C1 11.33, S 19.99. 

Compound 7a was also eluted from the column as a brown oil 
(30%). Crystallization from acetone/water gave a beige solid, mp 
142-143°C. IR, v: 1608 (C=C), 1314, 1151 (SO,), cm-'; 'H 
NMR, 6: 1.35 (d, J = 7.0, 3H), 1.38 (d, J = 6.5 Hz, 3H), 3.30 
(qd, J = 7.0, 2.0 Hz, lH), 3.78, 3.86 (ABq, J = 16.2 Hz, 2H), 
4.51 (qd, J = 6.4, 2.0 Hz, lH), 7.41 (td, J = 7.6, 1.2 Hz, IH), 
7 58 (td, J = 7.7, 1.3 Hz, IH), 7.69 (dd, J = 8.0, 1.2 Hz, lH), 
7.85 (dd, J = 7.7, 1.3 Hz, 1H); MS, m/z (% re]. int.): 282 (loo), 
162 (67), 134 (79), 76 (18), 58 (18). High resolution MS, Exact 
Mass calcd. for C13H1403S2: 282.0384; found: 282.0327. Anal. 
calcd. for C13H1403S2: C 55.30, H 5.00; found: C 55.07, H 5.15. 

trans-2,3-Dihydro-2,3-dimethyl-[5 H]I,4-oxathiino[3,2-c][l]- 
benzothiopyran 6,6-dioxide, 7b 

(+/-)-(I1 S*. 2'R*)-3-(2'-Chloro-I ' -  
methylpropylthio)thiochromone I ,  I -dioxide, 8b 

The dienophile E-2-butene was bubbled into the reaction mix- 
ture obtained as in the previous experiment for 8 min. A dark oil 
obtained as the crude product was purified by column chromatog- 
raphy on silica gel. Dichloromethane eluted a brown solid (10%). 
Recrystallization from dichloromethane/pentane yielded 86 as a 
yellow solid, mp 172-173°C. IR (CH,Cl,), v: 1674 (C=O), 1305, 
1151 (SO,) cm-I; 'H NMR, 6: 1.51 (d, J = 6.8 Hz, 3H), 1.63 (d, 
J = 6.8 Hz, 3H), 3.35 (qd, J = 6.8, 4.2 Hz, lH), 4.30 (qd, J = 
6.8, 4.2 Hz, lH), 6.86 (s, lH), 7.74 (td, J = 7.8, 1.3 Hz, lH), 
7.86(td, J =  7.6, 1.3Hz,  lH), 8 . 0 3 ( d d , J =  7.9, 1.2Hz,  lH), 
8.22 (dd, J = 7.9, 1.2 Hz, 1H); MS, m/z (% rel. int.): 317 (MH') 
(14), 280 (30), 253 (8), 201 (loo), 136 (48), 76 (48), 55 (66). High 
resolution MS, Exact Mass calcd. for Cl3HI,O3S2 (M - HC1): 
280.0228; found; 280.0241. 

Compound 76 was obtained as a yellow solid (26%). Recrystal- 
lization from ethyl acetate/hexane gave beige crystals, mp 137- 
138°C. IR (CH,Cl,), v: 1618 (C=C), 1317, 1150 (SO,) cm-'; 'H  
NMR, 6: 1.35(d, J =  6.8Hz, 3H), 1.46(d, J = 6.3 Hz, 3H), 3.16 
(quintet, J = 6.8 Hz, lH), 3.80, 3.84 (ABq, J = 16.2 Hz, 2H), 
4.08 (quintet, J = 6.4 Hz, lH), 7.40 (td, J = 7.6, 1.2 Hz, lH), 
7.58 (td, J = 7.7, 1.4 Hz, lH), 7.67 (dd, J = 8.0, 1.2 Hz, lH), 
7.87 (dd, J = 7.8, 1.3 Hz, 1H); MS, m/z (% rel. int.): 282 (82), 
162 (38), 134 (loo), 55 (41). High resolution MS, Exact Mass 
calcd. for C13H,403S2: 282.0384; found: 282.0383. 

2,3-Dihydro-2,2-diethyl-[5 HI-l,4-oxathiino[3,2-c][1]- 
benzothiopyran 6,6-dioxide, 1Oa 

3-(2'-Chloro-2'-ethylbu~lthio)thiochromone ],I -dioxide, 8h 
(use of N-(chlorosuljonyl)imidazole (10) in place of SOC12) 

A solution of imidazole (0.58 g, 8.60 mmol) in dry dichloro- 
methane (15 mL) was stirred under nitrogen at - 15OC (CO,(s) + 
ethylene glycol). Thionyl chloride (0.16 mL, 2.15 mrnol) was added 
and the mixture was stirred at 25°C for 10 rnin. The white solid that 
precipitated was allowed to settle and the supernatant was trans- 
ferred via a double-tipped needle to a three-necked flask equipped 
with a magnetic stirrer, gas-inlet adapter, and addition funnel. The 
solution was stirred under nitrogen at - 15OC before adding more 
thionyl chloride (0.16 mL, 2.15 mmol). The mixture was then 
stirred at 25°C for 10 min and finally cooled to -23OC. A solution 
of 4c (1.05 g, 3.91 mmol) in dichloromethane (10 mL) was added 
dropwise to the solution of N-chlorosulfinylimidazole 
(4.30 mmol). 2-Ethyl-1-butene (1.0 mL, 8.19 mmol) was then 
added and the reaction mixture was stirred at -23OC for 4 h, al- 
lowed to warm to 25"C, and stirred an additional 15 h. The reac- 

tion mixture was washed (water, 5% NaHC0,) and dried (MgS04). 
Filtration and removal of the solvent yielded a dark oil, which was 
purified by column chromatography. Dichloromethane eluted a 
yellowish-brown solid, 1Oa (25%), which on recrystallization from 
ethyl acetate/hexane yielded tan crystals, mp 115-1 16°C. IR, v: 
1610 (C=C), 1306, 1140 (SO,) cm-'; 'H NMR, 6: 0.95 (t, J = 
7.5 Hz, 6H), 1.8 (m, 4H), 2.9 1 (s, 2H), 3.85 (s, 2H), 7.40 (td, J 
= 7.6, 1 .2Hz,  lH), 7.57 (td, J =  7.7, 1.3Hz,  IH) ,7 .68(dd,J  
= 8.0, 1.2 Hz, lH), 7.87 (dd, J = 7.7, 1.3 Hz, 1H); MS, m/z(% 
rel. int.): 3 10 (loo), 228 (43), 162 (63), 134 (42), 83 (72), 55 (58). 
Anal. calcd. for Cl,H1,0,S2: C 58.04, H 5.84, S 20.66; found: C 
57.92, H 5.87, S 20.58. 

Another yellowish-brown solid, 8h (14%) was eluted by di- 
chloromethane and, on recrystallization from dichloromethane/ 
pentane, gave light yellow crystals, mp 178-179°C. IR, v: 1676 
(C=O), 1288, 1153 (SO,) cm-'; 'H NMR, 6: 1.01 (t, J = 7.3 Hz, 
6H), 1.94 (qd, J = 7.3, 2.7 Hz, 4H), 3.10 (s, 2H), 6.84 (s, lH), 
7.74 (td, J = 7.7, 1.2 Hz, IH), 7.86 (td, J = 7.7, 1.3 Hz, lH), 
8.01 (dd, J = 7.9, 1.2 Hz, IH), 8.22 (dd, J = 7.9, 1.3 Hz, 1H); 
MS, m/z (% rel. int.): 344 (17), 308 (85), 293 (61), 229 ( 5 9 ,  215 
(63), 178 (45), 140 (66), 104 (48), 83 (76), 69 (59), 55 (100). 

3-(2'-Chloro-2'-methylpropylthio)thiochromone 
I ,  1 -dioxide, 8i 

An excess of N-chlorosulfinylimidazole (2.53 equiv.) (cf. pre- 
vious procedure) was used in this experiment. The trapping re- 
agent, 2-methylpropene, was bubbled into the reaction mixture for 
10 min. The crude product was isolated as a dark brown liquid and 
column chromatographed on silica gel. Dichloromethane/carbon 
tetrachloride (75 : 25) eluted a yellow solid (9%). Recrystallization 
from dichloromethane/petroleum ether (30-60°C) yielded a yel- 
low solid (8i), mp 189-190°C. IR, v: 1663 (C=O), 1287, 1156 
(SO,) cm-'; 'H NMR, 6: 1.76 (s, 6H), 3.16 (s, 2H), 6.87 (s, lH), 
7.74 (td, J = 7.7, 1.2 Hz, lH), 7.86 (td, J = 7.7, 1.3 Hz, lH), 
8.02 (dd, J = 7.9, 1.2 Hz, lH), 8.22 (dd, J = 7.9, 1.3 Hz, 1H); 
MS, m/z (% rel. int.): 318 ( l ) ,  316 (2), 282 (24), 280 (loo), 227 
(31), 201 (41), 153 (41), 136 (42), 104 (43), 76 (58), 55 (72). High 
resolution MS, Exact Mass calcd. for CI3Hl3C1O3S,: 315.9994; 
found: 3 15.9971. 

cis-1,2,3,4,4a,I2a-Hexahydrocyclohexa[b]-[5H]-12,5- 
oxathiino[3,2-c][l]-benzothiopyran 7,7-dioxide, 12b 

trans-3-(2'-Chlorocyclohe~ylthio)thiochronone I ,  1 -dioxide, 
13b 

A solution of 4c (0.60 g, 2.23 mmol) in dry dichloromethane 
(5 mL) was stirred at O°C under nitrogen. A solution of thionyl 
chloride (0.16 mL, 2.23 mmol) in dichloromethane (1 mL) was 
added dropwise, followed by cyclohexene (1.0 mL, 9.87 mmol). 
The mixture was stirred at 0°C for 3 h and then allowed to warm 
to 25°C and stirred for a further 16 h. The reaction mixture was 
washed (satd. NaHC03) and dried (MgS04). Filtration and re- 
moval of the solvent gave a dark liquid (0.50 g) that was column 
chromatographed on silica gel. Dichloromethane/diethyl ether 
(99: 1) eluted 13b as a brown liquid (0.10 g, 13%). Crystallization 
from hexane gave a yellow solid, mp 184-185°C. IR, v: 1670 
(C=O), 1297, 1 156 (SO,) cm-'; 'H NMR, 6: 1.50 (m, 2H), 1.68 
(m, 2H), 1.84 (m, 2H), 2.31 (m, 2H), 3.28 (m, lH), 4.09 (m, lH), 
6.92 (s, lH), 7.74 (td, J = 7.7, 1.2 Hz, lH), 7.86 (td, J = 7.7, 
1.3 Hz, lH), 8.02 (dd, J = 7.9, 1.2 Hz, lH), 8.20 (dd, J = 7.9, 
1.3 Hz, 1H); MS, m/z (% rel. int.): 308 (5), 306 (40), 241 (13), 
213 (28), 136 (77), 81 (100). 

The same eluent gave another compound 12b as a brown oil 
(0.16 g, 24%). Further purification by HPLC yielded a pale yel- 
low oil. IR, v: 1616 (C=C), 1316, 1155 (SO,) cm-'; 'H NMR, 6: 
1.20-2.26 (m, 8H), 3.23 (t, J = 7.0 Hz, IH), 3.77, 3.90 (ABq, 
J = 16.2 Hz, 2H), 4.4 (m, lH), 7.40 (td, J = 7.7, 1.2 Hz, IH), 
7.59 (td, J = 7.8, 1.2 Hz, lH), 7.71 (dd, J = 8.1, l.OHz, lH), 
7.88 (dd, J = 7.7, 1.3 Hz, 1 H); MS m/z (% rel. int.): 3 10 (251, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



97 2 CAN. J .  CHEM. VOL. 70, 1992 

309 (34), 308 (93), 164 (58), 162 (loo), 134 (go), 8 1 (85), 67 (48). 
High resolution MS, Exact Mass calcd. for Cl,H1603S,: 308.0541; 
found: 308.0533. 

cis-1,2,3,3a,5,lla-Hexahydrocyclopenta[b]-l I ,4-oxathi- 
ir10[3,2-c][l]-benzothiopyran 6,6-dioxide, 12a 

trans-3-(2'-Chlorocyclopentylthio)thiochromone I ,  1 -dioxide, 
13a 

Cyclopentene (0.60 mL, 7.0 mmol) was used as the trapping 
reagent. A dark solid (mp 90-103°C) was obtained as the crude 
product. Flash chromatography on silica gel, using dichlorometh- 
ane as the eluent, yielded a dark oil, 13a (1 8%). 'H NMR, 6: 2.0 
(m, 6H), 3.5 (m, lH), 4.2 (m, lH), 6.8 (s, lH), 7.8 (m, 4H). 

Further elution with dichloromethane yielded a brown oil, 12a 
(42%). Crystallization from chloroform/hexanes yielded colour- 
less plates, mp 136-137°C. IR, v: 1617 (C=C), 1310, 1144 (SO?) 
cm-'; IH NMR, 6: 1.8 (m, 2H), 2.0 (m, 2H), 2.2 (m, 2H), 3.35 
(m, lH), 3.79, 3.99 (ABq, J = 16.2 Hz, 2H), 4.3 (m, lH), 7.42 
(td, J = 7.6, 1.2 Hz, lH), 7.61 (td, J = 7.7, 1.3 Hz, lH), 7.72 
(dd, J = 8.0, 1.1 Hz, lH), 7.89 (dd, J = 7.8, 1.2 Hz, 1H); MS, 
m/z (% rel. int.): 294 (54), 162 (35), 134 (29), 67 (35), 58 (22). 
High resolution MS, Exact Mass calcd. for CI4fIl4O3S2: 294.0385; 
found: 294.0376. Anal. calcd. for C14H1403S2: C 57.12, H 4.79; 
found: C 57.08, H 4.86. 

cis-2,3-Dihydro-3-ethyl-2-methyl-[S HI-1.4-oxathiino[3,2- 
c][l]-benzothiopyran 6,6-dioxide, 12c 

cis-2,3-Dihydro-2-ethyl-3-methyl-[5 HI-1,4-oxathiino[S ,2- 
c][l-1-benzothiopyran 6,6-dioxide, 12d 

I 3-(2'-Chloro-1'-methylbutylthio)thiochromone 1 ,]-dioxide, 8c 
I 3-(2'-Chloro-l '-ethylpropylthio)thiochromone 1 ,l -dioxide, 8d 

cis-2-Pentene (0.5 mL) was used as the trapping reagent. The 
crude product was obtained as a dark liquid that was column chro- 

I matographed on silica gel. Dichloromethane/diethyl ether (99: 1) 
I eluted a brown oil (1 I%), which was a mixture of 8c,d (1.1 : 1) 
I (1 1 %). Crystallization from dichloromethane/pentane afforded a 

i pale yellow solid, mp 128.5-130°c. IR, v: 1676 (C=O), 1289, 
1157 (SO2) cm-I; 'H N M R ~  (8c,d), 6: 1.08 (t, 6H), 1.56 (m, 7H), 
1.78 (m, lH), 1.96 (m, lH), 2.12 (m, lH), 3.10 (8d) (ddd, J = 
9.4, 4.7, 2.9 Hz, lH), m ( 8 c )  (qd, J = 7.0, 3.0 Hz, lH), 3.96 
(8c ) (d t , J  = 10.2, 3.1 Hz, I H ) , m ( S d ) ( q d , J  = 6.6 ,2 .8Hz,  
lH),  6.83, 6.84 (s, 2H), 7.74 (m, 2H), 7.86 (t, J = 7.7 Hz, 2H), 
8.03 (d, J = 7.9 Hz, 2H), 8.21 (m, 2H); MS, m/z (% rel. int.): 
333 (I), 331 (4), 294 (100), 279 (61), 215 (83), 201 (88), 136 (60), 
76 (64), 69 (10). 

Another brown oil (30%), a mixture of 12c and 12d (2.8: 1.0), 
was also eluted from the column. Crystallization from ethyl ace- 
tate/petroleum ether (30-60°C) gave initially a pale yellow solid 
and later a white solid, mp 183- 184"C, was obtained. IR, v: 1610 
(C=C), 13 14, 1 153 (SO2) cm-I; IH NMR" (12c), 6: 1.08 (t, J = 
7.4Hz, 3H), 1.39(d, J =  6.5Hz,3H),  1.54(m,2H),3.18(ddd, 
J = 10.1, 4.3, 2.3 Hz, lH), 3.84 (s, 2H), 4.59 (qd, J = 6.5, 
2.2 Hz, lH), 7.40-7.87 (m, 4H); 'H NMR" (12d), 6: 1.08 (t, J 
= 7.4 Hz, 3H), 1.36 (d, J = 7.0 Hz, 3H), 1.74 (m, 2H), 3.30 (qd, 
J = 7.0, 1.8 Hz, lH), 3.78, 3.89 (ABq, J = 16.2 Hz, 2H), 4.20 
(ddd, J = 9.0, 4.6, 1.8 Hz, lH), 7.40-7.87 (m, 4H); MS, m/z (% 
rel. int.): 296 (82), 164 (30), 162 (loo), 134 (91), 76 (30), 69 (51), 
55 (38). High resolution MS, Exact Mass calcd. for C14H1603S2: 
296.0541; found: 296.0534. Anal. calcd. for C14H1603S2: C 56.73, 
H 5.44; found: C 56.44, H 5.69. 

 he number of assigned protons is doubled because of the 
presence of the two regioisomers. Many of the splitting patterns 
could not be ascertained because of the resulting overlapping. 
Signals that were clearly distinguishable are underlined. 

10 Serious overlapping of signals for 12c,d occurred only in the 
aromatic region. 

2,3-Dihydro-2-pr-opyl-[5 HI-l,4-oxathiirzo[3,2-c][l]- 
berzzothiopyran 6,6-dioxide, IOc 

3-(2'-Chloropentylthio)thiochromone I ,  I -dioxide, 8e 

3-(1'-Chloromethylbutylthio)thiochromot~e 1 , l  -dioxide, 8f 
'The en01 silyl ether 4c (0.60 g, 2.23 mmol) in dry dichloro- 

methane (4 mL) was stirred at -78'C under nitrogen. A solution 
of thionyl chloride (0.16 mL, 2.23 mmol) in dichloromethane 
(4 mL) was added dropwise over 5 min and 1 -pentene (1.2 mL) was 
added in one portion. The mixture was stirred at -78OC for 2 h, 
then allowed to warm to room temperature and stirred for a fur- 
ther 16 h. The reaction mixture was washed (satd. NaHCO,) and 
dried (MgSO,). The crude product was obtained as a dark oil. 

Column chromatography on silica gel using dichloromethane 
yielded a brown oil (8e, f )  (2.5: 1, 11%). Crystallization from di- 
chloromethane/pentane gave pale yellow crystals, mp 116-1 17°C. 
IR, v: 1669 (C=O), 1296, 1151 (SO?) cm-'; 'H N M R , ~ ,  6: 0.9 (t, 
6H), 1.4-2.8 (m, 8H), 3.14 (8e) (m, 2H), 3.22 (Sf) (m, lH), 3.58 
(Sf) (dd, J = 11.6, 8.4 Hz, lH), 3.73 (Sf) (dd, J = 11.6, 3.9 Hz, 
lH), 4. (8e) (m, lH), 6.81 (s, IH), 6.86 (s, lH), 7.74 (td, J = 
7.7, 1.2Hz, 2H), 7.87 (td, J = 7.8, 1.3 Hz, 2H), 8.02 (dd, J = 
7.9, 1.1 Hz, 2H), 8.22 (m, 2H); MS, m/z (rel. int.): 294 (86), 265 
(69), 227 (48), 201 (72), 153 (70), 76 (go), 69 (100). 

Further elution with dichloromethane yielded a brown oil (10c) 
(21%). Crystallization from ethyl acetate/hexanes gave tan crys- 
tals, mp 119.5-120.5"C. IR, v: 1615 (C=C), 1317, 1147 (SO?) 
cm-I; 'H NMR, 6: 0.98 (t, J = 7.2 Hz, 3H), 1.5-1.9 (m, 4H), 3.02 
(d, J = 5.8 Hz, 2H), 3.79, 3.91 (ABq, J = 16.1 Hz, 2H), 4.23 
(m, lH), 7.41 (td, J = 7.6, 1.2 Hz, lH), 7.56 (td, J = 7.7, 1.3 
Hz, lH), 7.66 (dd, J = 8.0, 1.1 Hz, lH), 7.87 (dd, J = 7.8, 1.2 
Hz, 1H); MS, m/z (% rel. int.): 296 (75), 162 (loo), 134 (89), 76 
(29), 58 (38). High resolution MS, Exact Mass calcd. for 
C14H16O3S2: 296.0541; found: 296.0540. 

3-(1'-Chloromethyl-2',2'-dimethylpropylthio)thiochromone 
1 ,l -dioxide, 8g 

3,3-Dimethyl-lrbutene (1.0 mL) was used as the trapping re- 
agent for 2b. The crude product, a dark oil, was column chroma- 
tographed on silica gel. Dichloromethane eluted a yellowish-brown 
solid (28%). Recrystallization from dichloromethane/pentane 
yielded 8g as a yellow solid, mp 164-165°C. IR, v: 1668 (C=O), 
1300, 1157 (SO2) cm-I; 'H NMR, 6: 1.14 (s, 9H), 3.08 (dd, J = 
6.4 ,5 .3Hz,  lH), 3.59(dd, J =  12.1,6.5Hz, lH), 3.97(dd,J  = 
12.2, 5.3 Hz, lH), 7.07 (s, IH), 7.74 (td, J = 7.7, 1.2 Hz, lH), 
7.86 (td, J = 7.7, 1.3 Hz, lH), 8.02 (dd, J = 7.9, 1.2 Hz, lH), 
8.21 (dd, J = 7.9, 1.3 Hz, 1H); MS, m/z (% rel. int.): 347 (49), 
345 (loo), 227 (32), 137 (25), 136 (21), 107 (13). High resolu- 
tion MS, Exact Mass calcd. for Cl,H,,C103S2 (MH+): 345.0385; 
found: 345.0385. 

E-3-(2'-Chloro-l '-methyl-1 '-propenylthio)thiochromone 
1,l-dioxide, 1 4  

2-Butyne (0.50 mL) was used as the trapping reagent for 2b. The 
crude product was obtained as a dark brown oil (0.48 g). Column 
chromatography on silica gel, using dichloromethane, yielded a 
yellow solid (0.15 g, 21%). Recrystallization from dichlorometh- 
ane/pentane gave green crystals of 14, mp 189.5-190.5"C. IR, v: 
1665 (C=O), 1307, 1156 (SO?) cm-I; 'H NMR, 6: 2.19 (m, 3H), 
2.38 (m, 3H), 6.68 (s, lH), 7.75 (td, J = 7.7, 1.2 Hz, lH), 7.87 
( t d , J = 7 . 7 ,  1.3Hz, l H ) , 8 , 0 3 ( d d , J =  7.9, 1.2Hz,  lH), 8.22 
(dd, J = 7.9, 1.2 Hz, 1H); MS, m/z (% rel. int.): 316 (24), 314 
(53), 279 (loo), 215 (61), 162 (23), 136 (35), 76 (47), 59 (61). 
High resolution MS, Exact hfass calcd. for C13HllC10,S~: 
313.9838; found: 313.9834. Anal. calcd. for CI3H,,C1O3S2: C 
49.60, H 3.52, C1 11.26, S 20.37; found: C 49.32, H 3.62, C1 
11.26, S 20.26. 

Isothiochroman-4-one 2,2-dioxide, 15b 
A solution of isothiochromanone (0.35 mmol) in dry dichloro- 

methane (5 mL) was stirred at 25'C under nitrogen. A solution of 
m-CPBA (0.79 mmol) in dichloromethane (5 mL) was added 
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Synthesis of bicyclic diones and thiones. Facile methylation of the enolates of 
bicyclo[2.2.l]heptane-2,s-dione and bicyclo[2.2.2]octane-2,5-dione. An AM1 

computational study of bicyclic enolates 

N. H. WERSTIUK,' S. YEROUSHALMI, AND HONG GUAN-LIN 
Department of Chemistry, McMaster University, Hamilton, Ont.,  Canada L8S 4Ml  

Received August 15, 1991 

N. H. WERSTIUK, S. YEROUSHALMI, and HONG GUAN-LIN. Can J .  Chem. 70, 974 (1 992). 
A group of bicyclic ketones and thiones have been synthesized for homenolization studies. Bicyclo[2.2. Ilheptane- 

2,5-dione (6) undergoes unusually rapid tetramethylation giving 3,3,6,6-tetramethylbicyclo[2.2. Ilheptane-2,5-dione (1) 
in good yield. Treatment of 1 with PzSS in xylene gave 3,3,6,6-tetramethylbicyclo[2.2.l]heptane-2,5-dithione (2) and 
3,3,6,6-tetramethyl15-0x0-bicyclo[2.2. Ilheptane-2-thione (3), which was converted into 4 with Raney nickel. Bicy- 
clo[2,2,2]octane-2,5-dione (7), prepared via a Diels-Alder reaction between 2-trimethylsilyloxy-1,3-cyclohexadiene and 
and a-acetoxyacrylonitrile followed by a one-step desilylation/hydrolysis, also undergoes facile tetramethylation giv- 
ing 3,3,6,6-tetramethylbicyclo[2.2.2]octane-2,5-dione (5) in good yield. AM1 calculations were carried out on the 
a-enolates of bicyclo[2.2. Ilheptan-2-one, 6 ,  5-methylidenebicyclo[2.2.l]heptan-2-one, and 4-acetylbicyclo[2.2.1]- 
heptan-2-one in an attempt to gain information on the source of the enhanced acidity of the C-3 hydrogens of 6 and 7. 

Key words: bicyclic ketones, thiones, synthesis. 

N. H. WERSTIUK, S. YEROUSHALMI et HONG GUAN-LIN. Can. J .  Chem. 70, 974 (1 992). 
Dans le but d'Ctudier leur homo-Cnolisation, on a synthetise une sCrie de cetones et de thiones bicycliques. La bicy- 

clo[2.2.l]heptane-2,5-dione (6) subit une tCtramCthylation inhabituellement rapide pour conduire 2i la 3,3,6,6- 
tCtramethylbicyclo[2.2.l]heptane-2,5-dione (1) avec un bon rendement. Soumise a I'action du P,Ss dans le xylkne, la 
cCtone 1 fournit la 3,3,6,6-tCtramCthylbicyclo[2.2.l]heptane-2,5-dithione (2) et la 3,3,6,6-tCtramtthyl-5-0x0-bicy- 
clo[2.2.l]heptane-2-thione (3) qui a CtC transfortnee en cCtone 4 par action du nickel de Raney. La bicy- 
clo[2.2.2]octane-2,5-dione (7), prCparCe par une reaction de Diels-Alder entre le 2-trimCthylsilyloxycyclohexa-1,3-dikne 
et l'a-acCtoxyacrylonitrile suivie par une rCaction combinCe de dCsilylation et d'hydrolyse, subit aussi une reaction fa- 
cile de tCtramCthylation conduisant 2 la 3,3,6,6-tCtramCthylbicyclo[2.2.2]octane-2,5-dione (5) avec un bon rendement. 
On a effectuC des calculs AM1 sur les Cnolates a des bicyclo[2.2.l]heptan-2-one (6), 5-mCthylidknebicyclo[2.2. llheptan- 
2-one et 4-acCtylbicyclo[2.2. Ilheptan-2-one dans le but de determiner la source de I'acidite accrue des protons en C-3 
des composCs 6 et 7. 

Mots clPs : cCtones bicycliques, thiones, synthkse. 
[Traduit par la redaction] 

Introduction carbonyl and thiocarbonyl groups can be determined di- 

Our interest in determining the rate enhancement of a -  
enolization and homoenolization (@- and y-enolization) 
by carbonyl and thiocarbonyl groups positioned @ and y 
to a-enolizable and homenolizable C-H's (1-7) necessitated 
the synthesis of a group of bicyclic ketones and their 
thione analogues. To this end, we undertook the syn- 
thesis of 3,3,6,6-tetramethylbicyclo[2.2.l]heptane-2,5-dione 
(I),  3,3,6,6-tetramethylbicyclo[2.2.~]heptane-2,5-dithione 
(2), 3,3,6,6-tetramethyl-5-oxo-bicyclo[2.2.l]heptane-2-thi- 
one (3), 3,3,6,6-tetramethylbicyclo[2.2.l]heptan-Zone (4), 
and 3,3,6,6-tetramethylbicyclo[2.2.2.]octane-2,5-dione (5), 
compounds required for a study of H/D exchange under 
homoenolization conditions (1 M KOt Bu/t BuOD, 150- 
180°C). 

In the case of 1, all C-H bonds are located either a ,  @, 
or y to at least one activating carbonyl group. The hydro- 
gens at C-7 are @ to two carbonyl groups; the bridgehead 
hydrogens at C-1 and C-4 are a and P, and the hydrogens of 
the exo and endo methyls are @ and y to these groups. In this 
latter case, a two-site, through-space interaction with two 
carbonyl groups is only possible for the carbanion derived 
from an endo methyl. In 2, the C-H's are activated by two 
thiocarbonyl groups. In this series of compounds, 3 is an ideal 
substrate to study because the relative activating effects of 

l ~ u t h o r  to whom correspondence may be addressed. 

rectly by intramolecular iompetit-ive H/D exchange. To es- 
tablish the degree to which a second carbonyl group exhances 
the acidity of the C-H's at C-1 (C-4), C-7, and the methyl 
groups relative to the parent monoketone, it was also 
necessary to synthesize and study H/D exchange of 3,3,6,6- 
tetramethylbicyclo[2.2.l]heptan-Zone (4). Studies on [2.2.2]- 
dione 5 would establish the degree to which introduction of 
a second carbonyl group enhances homoenolization and 
bridgehead a-enolization relative to the monoketone 3,3-di- 
methylbicyclo[2.2.2]octan-2-one (8). In the case of 5 ,  the 
second carbonyl group is y to a @-enolizable methylene and 
@ to an a bridgehead hydrogen; the C-7 and C-8 methylenes 
are identical as are the bridgehead hydrogens and the pairs 
of exo and endo methyls. 

Our plan was to synthesize and tetramethylate diones 6 and 
7, convert 1 into 2 and 3, and desulfurize 3 to prepare 4. This 
approach would also establish whether methylation of 2,s- 
diones 6 and 7 is enhanced over the corresponding bicyclic 
monoketones, which would require repeated treatments with 
NaNH2/CH,I in order to be dimethylated (8). 

In this publication, we document the preparation of 1,  2, 
3, 4, and 5,  describe an improved three-step synthesis of 7, 
and report on the facile methylation of 6 and 7. The results 
of AM1 (9, 10) calculations on 1-7, bicyclo[2.2.llhep- 
tan-2-one (BH), 5-methylidenebicyclo[2.2. I . ]  heptan-2-one- 
(MBH), and 4-acetylbicyclo[2.2.l]heptan-2-one (ABH) and 
the enolates of 6 ,  BH, MBH, and ABH are presented and 
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f CN 

TMS 

CN 

4 1 

7 
SCHEME 1 

discussed. The 'H and ',c nmr spectra of 1 ,  2 ,  3, 4, 5,  and KCA was hydrolyzed to 6  with aqueous NaOH. To sim- 
7 are interpreted and resonances are assigned. These spec- plify this synthesis, the D-A adduct was desilylated and 
tral assignments are important because nmr spectroscopy is converted to the ketone with 1 M NaOCH,/CH,OH at am- 
the best way to determine the selectivity of H/D exchange bient temperature. This one-pot desilylation-hydrolysis gave 
in these compounds. 6  in good yield and purity. Any 2,6-dione formed from the 

regioisomeric D-A adduct presumably was ring-opened to 
Results and discussion the keto ester, which was separated from 6  by crystalliza- 

tion. This three-step synthesis, which gave 6  in 25% overall 
Synthesis and methylation of 6 yield from the cyclohexadiene and a-cyanovinyl acetate, is 

Dione 6  was prepared from norbornadiene by the method 
an improvement over the route described by Hill rt  al. (12) 

of Meinwald el ol. (1 1). When dione 6  was reacted with who used a five-step synthesis that began with a D-A re- 
KOtBu/CH,I in ether at ambient temperature, tetramethyl- 

action of maleic anhydride and hydroquinone. Dione 7, like 
ation was complete in 3 h; tetramethyldio~ie 1 was isolated 
from several reactions in yields that ranged between 55 and 6,  was readily tetramethylated with KOtBu/CH,I at am- 

bient temperature; 5  was obtained in 55-60% yield from a 
60%. Analysis of the reaction mixtures by gc showed that 
only minor amounts (< 10%) of lower-retention-time prod- number of reactions. This facile tetramethylation of 7 is in 

accord with the enhanced kinetic acidities of the a hydro- 
ucts, assumed to be di- and trimethylated diones, were 

gens relative to bicyclo[2.2.2]octan-2-one. Initial H/D ex- present. This facile tetramethylation contrasts the low reac- 
tivity of bicyclo[2.2.l]heptan-2-one, which must be treated 

change studies of 7 in NaOD/D,O/dioxane have established 

several times with fresh NaNH,/CH,I to achieve full di- that the rate enhancements of exchange of H,,, and H,,,,, 

methylation. That 6  is alkylated more readily than the relative to the monoketone are 20 and 15, respectively .' 
mondketone is certainly due-to the enhanced acidity of the 
hydrogens a to the carbonyl groups. In fact, previous stud- 
ies established that 6  undergoes H/D exchange in NaOD/ 
D,O/dioxane faster (the H,, and H,,,,, enhancements are 
1200 and 600, respectively) than bicyclo[2.2.1]heptan-2-one 
(3). In our view, the enhanced acidity of 6 leads to a higher 
equilibrium concentration of the potassium enolate, relative 
to the monketone, and this results in an increase in the rate 
of methylation. 

Synthesis and n~ethylation of 7 
Although the synthesis of 7 was reported previously (12), 

a Diels-Alder reaction between 2-trimethylsilyloxy- 1,3-cy- 
clohexadiene (1 3, 14) and a-acetoxyacrylonitrile was used 
to construct the [2.2.2] skeleton (15). We reasoned that if the 
D-A reaction proceeded with good regioselectivity as indi- 
cated in Scheme 1, hydrolysis of the D-A adduct would yield 
7 in an efficient three-step synthesis (Scheme 1). In fact, this 
was realized. Nuclear magnetic resonance analysis of the 
D-A product showed that there was a 4:  1 preference for 
formation of the 2,5-substituted L2.2.21 adduct. In our ini- 
tial studies, the D-A adduct was desilylated with KF and the 
ketocyanoacetate (KCA), identified on the basis of its ms, 
nmr, and ir spectra, was isolated as the major product. The 

Computational studies 

Full geometry optimizations were carried out on 1, 2, 3, 
4, 5 , 6 ,  and 7 with AM1 (9, 10) and the keyword PRECISE 
was used to tighten the covergence criteria. The computed 
geometrical structures of these compounds are given in Fig. 
1. Enthalpies of ionization of BH, MBH, and 6  obtained by 
computing the heat of formation of the corresponding eno- 
lates (16) are given in Table 1. In each case, the enolates were 
found to be planar. The increase in acidity of the exo and 
erzdo hydrogens of 6  over the monoketone predicted from the 
computed m i ' s  is seen in the relative rates of H/D ex- 
change at the a C-3 sites. The second carbonyl group of 6 
can enhance the acidity of these C-H's by polar (through- 
space and through-bond) and homoconjugative effects. It 
appears from the nature of the HOMO (Fig. 2) of the eno- 
late of 6  that a n-type homoconjugative interaction does not 
occur although hyperconjugation with the C4-C5 bond is 
indicated by orbital contributions at C5-09. The low exo 

 h he rates of exo and endo H / D  exchange relative to the endo 
hydrogen of bicyclo[2.2.l]heptan-2-one are 10 400 and 7800, re- 
spectively. These experiments were carried out by W. Gunn at 
McMaster University, 1990. 
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FIG. 1. Fully optimized geometrical structures of 1, 2, 3, 4, 5, 6 ,  7 and 8 obtained with AMl. 

TABLE 1 .  Computed enthalpies of ionization and kinetic acidities of ketones 

Compound 

mi= Relative rates of 

Ketone Enolate mirb H/D exchangec 

Compound 6 -62.1 -68.5 357.8 

ABH; 0" conformer 
135" conformer 
180" conformer 

exo; 650 
endo; 1 
exo; 3720 
endo; 2.1 
exo; 780 000 
endo; 600 

"In kcal/mol. 
bAHi = [AHc(R-) + AHr(H4.)] - AHr(R - H); AHf(Ht) taken as 364.2 kcal/mol. 
'See refs. 2 and 3 .  

selectivity2 observed for H/D exchange of 7 shows that this tant because exo deprotonation would lead to better orbital 
is the case for the [2.2.2]  system as well. If the transition state overlap between the incipient anion at C-3 and the 'TF-SF- 
is achieved early, a larger exo selectivity would be expected tem of the carbonyl group at C-5. 
if homoconjugative stabilization of the enolate was impor- To probe possible ring strain and hybridization effects of 
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WERSTIUK ET AL. 977 

FIG. 2. Plot of the 0.2 au contours of the HOMO of the a-eno- 
late of 6 obtained with AMl/DEN3D calculations. 

an sp2 center at C5 of BH, AHi of MBH was also com- 
puted. As seen from the data in Table 1, introduction of a 
carbon-carbon double bond at C5 results in a decrease (AMi  
= 2.6 kcal) in the computed AHi, but the decrease is con- 
siderably smaller than Ami (1 1.0 kcal) computed for BH 
and 6. Since the double bond is expected to stabilize the 
enolate through an inductive/field effect, the calculations 
suggest that these effects, if present, must be small. It is 
important to note that the computational results on MBH and 
its enolate are in accord with H/D exchange studies on MBH 
that established that the exo-H and endo-H rate enhance- 
ment are 8.9 and 2.1, respectively, relative to BH (2). 

To establish how the spatial orientation of a P-carbonyl 
group affects the stability of an a-enolate, an AM1 compu- 
tational study was carried out on 4-acetylbicyclo[2.2.1]- 
heptan-2-one (ABH) and its a-enolate. Structure 8 is the most 
stable geometry of this enolate. Figure 3 shows how the 
computed AH, of ABH(X) and its enolate 8(.) changes as the 
C3-C4-C8-010 dihedral angle is driven through 360" 
beginning with an angle of 0". Since the computed AH, of 
the parent dione ABH is essentially independent of this di- 
hedral angle, the computed enthalpy of ionization, AHi, ex- 
hibits a dependence on angle nearly identical to AH, of the 
enolate. On the basis of these results, maximum stabiliza- 
tion of an enolate derived from a 1,4-diketone should be ex- 
pected when this dihedral angle lies between 105" and 240". 
It is noteworthy that this dihedral angle is 110.9" for the en- 
olate of 6, and 6 exhibits an enhanced kinetic acidity over 
the parent monoketone. It is also interesting to note that on 
the basis of the m i ' s  (Table 1) computed for 6 and 4-ace- 
tylbicyclo[2.2.1]heptan-2-one(ABH), 6 should show a higher 
acidity than ABH. Although H/D exchange of ABH has not 
yet been studied, Casadevall and co-workers have pub- 
lished the results of a study of 4-acetylcamphor(4-acetyl- 
1,7,7-trimethylbicyclo[2.2. Ilheptan-2-one) and its 4-methyl, 

-77 1 I 
0 50 100 150 200 250 300 350 

C3-C4-C8-010 DIHEDRAL ANGLE (DEG) 

FIG. 3. Plot of the heats of formation of ABH(x) and its eno- 
late 8 (.) versus the C3-C4-C5-010 dihedral (twist) angle. 

4-chloro, 4-bromo, and 4-nitro analogues (1 7). The rate en- 
hancements of H/D exchange of H-3-exo and H-3-endo of 
4-acetylcamphor 'over camprhor are 16.4 and 32.3, respec- 
tively. These enhancements are significantly lower than those 
observed for exo (1200) and endo (600) exchange of 6 ,  in 
keeping with the predictions made on the basis of the m i ' s  
computed for 6 and ABH. It should be pointed out here that 
since there is no conformational preference for the acetyl 
group of ABH (vide supra), a lower reactivity, relative to 
6, than that expected on the basis of the computed AHi of the 
135" conformer should be seen for ABH. If homoconjuga- 
tive stabilization of the a-enolate 6 is not important, the 
question of why 6 is more acidic than ABH arises. If a field 
effect of the P-carbonyl group is important in stabilizing this 
a-enolate, then the C3, C=O distance may be the deter- 
mining factor. That these distances for tbe a-enolates de- 
rived from 6 and ABH are 2.39 and 2.54 A, respectively, is 
in accord with this hypothesis. 

Nuclear magnetic resonance spectral assignments of 
ketones and thiones 

l3c spectra 
Table 2 documents the assignments of the 13c resonances 

o f 1 , 2 , 3 , 4 , 5 , 6 , a n d 7 .  

'H spectra 
To assign the 'H resonances of l , 2 , 3 ,  5, and 7, nOe dif- 

ference spectra were obtained and analyzed. Table 3 lists the 
resonances irradiated and the assignments made on the basis 
of the observed enhancements. In the case of 1 ,  irradiation 
of the signal at 1.18 pprn resulted in the enhancement of 
signals at 2.60 and 2.22 ppm. Irradiation of the signal at 
1.02 pprn resulted in enhancement of only the signal at 
2.60 pprn due to the bridgehead hydrogens. In the case of 2, 
irradiation of the signals at 1.33 and 1.10 pprn again led to 
the assignment of all 'H resonances. The resolution-en- 
hanced spectrum of 3 showed a multiplet - an AB quartet 
split into triplets - for the hydrogens at C-7 (Fig. 4). That 
the upfield portion of this signal, as well as the one at 
2.73 ppm, were enhanced when the singlet at 1.29 pprn (the 
exo methyl adjacent to the C=S group) was irradiated, es- 
tablished with certainty the assignment of the resonance of 
C7-H syn to the C=S group and the bridgehead C-H adja- 
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TABLE 2. ',c chemical shifts of bicyclic ketones and thione analogues" 

Compound C1 

1 60.12 
2 74.09 
3 72.72 

"Spectra were obtained in CDCI, and the chemical shifts were measured relative to internal TMS 

TABLE 3. Nuclear Overhauser enhancements of 'H resonances 

Compound Resonances irradiated" Resonances enhanced and assignments 

2.60 ( H l ,  H4), 2.22 (H7) 
2.60 ( H l ,  H4) 
3.47 (HI ,  H4), 2.33 (H7) 
3.47 ( H l ,  H4) 
2.73 (H4), 2.28 (H7 sytz to C=S) 
3.33 (H 1 ,  2.24 (H7 anti to C=S) 
2.73 (H4) 
3.33 (Hl )  
2.36 ( H l ,  H4), 2.18 (H7(8)-anti) 
2.36 ( H l ,  H4) 
2.74 ( H l ,  H4), 2.53 (H3(6)-exo) 
2.74 ( H l ,  H4) 

"Spectra were obtained at 500 MHz (CHCI,) 
from internal TMS. 

cent to the C=O group. Irradiation of the singlet at 
1.22 ppm due to exo methyls adjacent to the C=O group led 
to an enhancement of the signals of C7-H syn to the C=O 
group (anti to C=S) and the bridgehead C-H adjacent to the 
C=S group. That the resonances due to the C7-H's syn and 
anti to the C=S group are separated and assignable at 
500 MHz will facilitate the determination of the selectivity 
of H/D exchange under homoenolation conditions. Irradia- 
tion of the singlets at 0.99 and 1.14 pprn due to the endo 
methyls resulted in enhancement of only one signal, the 
bridgehead hydrogen, in each case and corroborated both 
the methyl group and bridgehead assignments. Irradiation of 
the singlet at 1.06 ppm of 5 resulted in an enhancement of 
only the resonance at 2.36 pprn, the bridgehead hydrogens, 
and established that this singlet at 1.06 ppm is due to the endo 
methyls at C-3 and C-6. That the resonances at 2.36 and 2.18 
are enhanced when the exo methyls (1.22 ppm) are irradi- 
ated established that the multiplet at 2.18 is due to the hy- 
drogens at C-7 and C-8 that are anti to the carbonyl groups 
at C-2 and C-5, respectively. In this case, the signal due to 
the syn-H's is also enhanced but only one-third the amount 
that the bridgehead and anti hydrogens are enhanced. These 
results are in accord with the distances between the e$o- 
methyl carbon(s) and the bridgehead hydrogen(s) (2.37 A), 
the anti C7 (C8)-H (2.82 A) and the syn C7(C8)-H (3.28 A) 
obtained from the AM1 optimized geometry of 5. It is in- 
teresting to note that, according to AM 1, dione 5,  unlike its 

and chemical shifts are quoted in ppm downfield 

parent 7, is twisted (see 5'). Presumably this is due to a steric 
interaction of the endo methyls. In the case of 7, irradiation 
of the rnultiplet at 2.05 pprn resulted in enhancement of sig- 
nals at 2.74 and 2.52 ppm. When the resonance at 1.94 was 
irradiated, only the broad singlet at 2.74 ppm was en- 
hanced. These two experiments led to a definitive assign- 
ment of the resonances at 2.74 (bridgehead C-H's), centered 
at 2.53 (ex0 C3(C6)-H's), centered at 2.47 (endo C3(C6)- 
H's), 2.05 (C7(C8)-H's syn to the carbonyl groups at C2 and 
C5), and 1.94 (C7(8)-H's anti to the carbonyl groups) pprn 
of 7. 

Experimental 

General 
Melting points were measured with a Kofler Hot-Stage appara- 

tus and all uncorrected nuclear magnetic resonance (nmr) spectra 
were recorded on Varian EM-390 and Bruker WM-250 and 
AM-500 spectrometers with CDC13 or CCI, as solvents. Tetra- 
methylsilane (TMS) was used as an internal standard and chemi- 
cal shifts are reported as parts per million downfield from internal 
TMS. Mass spectra were recorded on CEC-2 1-1 IOB, VG Micro- 
mass 7070F, and VG ZAB spectrometers. Elemental analyses were 
carried out by Gailbraith Laboratories Inc., Knoxville, Tenn. Pre- 
parative gas-liquid chromatographic separations were performed 
on Varian Associates A-90-P and A-700 gas chromatographs. He- 
lium was used as a carrier gas and samples were collected man- 
ually. 
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FIG. 4. A section (syn- and anti-C7-H's) of the resolution-en- 
hanced 500 MHz IH nmr spectrum of 3. 

Preparation of 3,3,6,6-tetramethylbicycloL2.2 .I]heptane-2,5- 
dione (I) 

Bicyclo[2.2.l]heptane-2,5-dione (5.28 g, 42.5 mmol) prepared 
by the method of Meinwald et al. (1 1) was placed in a round-bot- 
tom flask (1500 mL) containing dry ether (800 mL) and potas- 
sium-tert-butoxide (30.4 g, 270 mmol) was added. This solution 
was stirred for 0.5 h and CH,I (60 mL) in an equal volume of ether 
was slowly aded over 0.5 h. After the solution was stirred for 3 h, 
analysis by analytical gc showed that the methylation was com- 
plete; only traces of the dione remained and only one major peak 
was evident. 'The solid was filtered off and solvent was removed 
by distillation. Recrystallization of the residue from ether gave 1 
(4.2 g, 56%), mp 114-115°C; 'H nmr (CDCl,) 6: 2.60 (t, 2H, 
bridgehead H- 1 ,H,4), 2.20 (t, 2H, H-7) 1.15 (s, 6H, exo CH,) 1.10 
(s, 6H, endo CH,); 13C nmr (CDCI,) 6: 217.8 (C-2, C-5), 70.1 (C-1, 
C-4), 45.9 (C-3, C-6) 23.5 (ex0 CH3's, C-9, C-1 1) 22.3 (C-10, 
C-12 endo CH,'s). Anal. calcd. for CllH1202: C 73.23, H 8.95; 
found: C 73.58, H 8.89. 

Preparation of bicyclop .2.2]octane-2,4 dione (7) 
2-Trimethylsiloxy- l,3-cyclohexadiene (1.8 1 g, 10.7 mmol), 

prepared by the method of Rubottom and Gruber (14), and l-cy- 
anovinyl acetate (1.1 1 g, 10 mmol) were combined in a dry Pyrex 
tube. The tube was sealed under vacuum and heated at 150°C for 
15 h. The viscous product was dissolved in 1 N sodium methox- 
ide/methanol (30 mL); the solution was stirred at room tempera- 
ture for 3 h and poured into 150 mL of ice-water. The aqueous 
solution was extracted with methylene chloride, the combined ex- 
tracts were dried over anhydrous MgSO,, and the solvent was re- 
moved by rotoevaporation to yield 1.1 g of crude 7. 
Recrystallization from benzene gave 0.70 g of 7 (51%), mp 203- 
205°C (lit. (lo) mp 203-205°C); 'H nmr (CDCl,) 6: 2.75 (bm, 2H, 
H- 1, H-4), 2.52 (q, 4H, H-3 exo, H-3 endo, H-6 exo, H-6 endo), 
2.06 (bm, 2H, H-7(8) syn) 1.94 (bm, 2H, H-7(8) anti). 

Preparation of 3,3,6,6-tetrametl1ylbicyclo~.2.2]octane-2,5- 
dione (5) 

Dione 7 (0.83 g, 6.0 mmol) and potassium-tert-butoxide 
(5.38 g, 48.0 mmol) were mixed in dry ether (160 mL) in 3-necked 
flask (500 mL) fitted with a condenser, drying tube, and dropping 
funnel. After this mixture was stirred for 30 min, CH,I (10 mL, 
22.8 g, 161 mmol) dissolved in an equal volume of dry ether was 
added dropwise over a 10-min interval. The mixture was stirred at 
room temperature for 3 h, then filtered. Removal of the solvent by 
rotoevaporation gave 0.91 g of crude 5. Recrystallization from 
pentane yielded 0.67 g of 5 (58%), mp 69-70°C; IH nmr (CDCl,) 
6: 2.36 (2H, H- 1, H-4), 2.18 (m, 2H, H7(8) anti), 1.86 (m, 2H, 
H-7(8) syn), 1.22 (s, 6H, exo CH,'s), 1.06 (s, 6H, endo CH,'s). 
Mol. Wt. (high resolution ms), calcd. for C12H1802: 194.13 13; 
found: 194.1312. 

Preparation of 3,3,6,6-tetramethylbicyclo~.2 .l]heptane-2, -5- 
dithione ( 2 )  and 3,3,6,6-tetramethyl-50x0- 
bicyclop .2.l]heptane-2-thione (3) 

A round-bottom flask (250 mL) containing 100 mL of xylene was 
fitted with a Soxhlet extractor, a condenser, and a drying tube. The 
extractor was charged with 10.0 g of P2S5 in the thimble. After the 
xylene was refluxed for 2 h to obtain a solution saturated with P2S5, 
dione 1 (3.0 g, 16.7 mmol) was added and the mixture was stirred, 
refluxed, and monitored by analytical gc. After 5.5 h the solution 
was cooled, the P2S5 removed by filtration, and the xylene dis- 
tilled under reduced pressure. The concentrate was extracted (5 x 
75 mL) with ether/petroleum ether (30-60°C) (50:50 v/v). The 
combined extracts were filtered and concentrated by distillation. 
Compounds 1, 2, and 3 were separated by column chromatogra- 
phy on neutral alumina (activity 7, mesh size 80-200) beginning 
with petroleum ether (30-60°C) as the solvent and gradually in- 
creasing the polarity by addition of ether. The chromatography was 
monitored by analytical gc and the appropriate fractions were 
combined. The order of elution was 2, 3, and 1. Thione 2, mp 25- 
30°C; ir (CC14) v,,,,: 1167 (C=S) cm-'; IH nmr (CDCI,) 6: 3.42 
(s, 2H, H-1 , H-4), 2.30 (s, 2H, H-7 syrl and anti), 1.27 (s, 6H, 
exo CH3's), 1.06 (s, 6H, endo CH3's); I3C (CDCl,) 6; 2.68.6 (C-2, 
C-5), 74.1 (C- 1, C-4), 56.1 (C-3, C-6), 35.6 (C-7), 29.5 (ex0 
CH,'s), 25.6 (endo CH,'s); Mol. Wt. (high resolution ms) calcd. 
for C I  IH12S2: 2 12.07040; found: 2 12.06930. 3, mp 50-53°C; 'H 
nmr (CDCl,) 6: 3.23 ( lH, H-1), 2.70 ( lH,  H-4), 2.23 (2H, H-7 syn 
and anti), 1.21 (s, 3H, exo 3-CH,), 1.21 (s, 3H, exo 6-CH,), 1.06 
(s, 3H, endo 3-CH,), 0.94 (s, 3H, endo 6-CH,). I3c nmr (CDCl,) 
6: 268.4 (C=S), 217.5 (C=O), 72.7 (C-l), 61.8 (C-4), 55.2 (C-3), 
33.7 (C-7), 46.0 (C-6), (ex0 and endo CH3's), 28.9, 25.7, 23.6, 
and 21.5. Mol. Wt. (high resolution ms) calcd. for C,IHl,02S: 
196.09320; found: 196.09210. 

Preparation of 3,3,6,6-Tetramethylbicyclop .2.l]heptan-2-one 
(4) 

Monothione 3 (1.47 g, 7.5 mmol) was dissolved in super dry 
ethanol (25 mL) in a round-bottom flask (100 mL) fitted with a 
condenser and a drying tube, and Raney nickel W-2 (10 g) was 
added. This mixture was stirred and refluxed for 10 h and moni- 
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tored by analytical gc. The catalyst was filtered off using a sin- 
tered-glass funnel containing Celite and washed with ethanol 
(10 mL). After most of the ethanol was removed by distillation, 
0.86 g of ketone 4 was isolated from the concentrate by prepara- 
tive gc on a 15% Carbowax on Chromosorb W (60-100 mesh) 
column maintained at 195°C. 4, ' H  nmr (CCI,) 6:  2.13 (m, lH,  H-4, 
J,,5, = 4.4 Hz, J ,,,, -0.3 Hz, J4,7a 1.3 HZ, J,,, = 0.4 HZ), 2.01 
(dd, lH,  H-1, J1,7n = 0.8 HZ), 1.96 (m, lH,  H-7 sy t~ ,  J7s,7a = 
10.8Hz,  J, ,,,, = ~ . ~ H Z , J ~ ~ , ,  = O . ~ H Z , J ~ ~ , ~  = 1.3 HZ). 1.85 (m, 
I H, H-7 anti, J,;,,,, = 10.8 Hz, J,:,,, = 0.8 Hz, J, ,,, = 1.8 Hz), 1.63 
(bdd, 1 H, H-5 enclo, J5n,5x = 12.8 Hz, J,,,,, = 2.6, J,",, -0.3), 1.42 
(dd, H-5 exo, J,,,,, = 12.8, J,,,, = 4.4), 1.11 (s, 3H, CH,), 1.04 
(s, 3H, CH,), 1.00 (s, 3H, CH,), 0.97 (s, 3H, CH,); "C nmr 
(CDC1,) 6:  222.0 (C=O), 62.4 (C-4), 47.2 (C- 1), 46.5 (C-3), 36.8 
(C-6), 38.7 (C-7), 34.3 (C-5), 30.9 (CH,), 27.4 (CH,), 20.8 (CH,). 
Anal. calcd. for Cl ,HldO:  C79.46, H 10.91; found: C 79.27, H 
11.03. 

Cotnpuratiotlai studies 
RHF calculations were carried out with AM 1, Version 2.1, of 

the general purpose molecular orbital computational package 
AMPAC (10) that was ported to IBM RT, IBM RS/6000, and 
MIPS 2030 workstations. Optimizations were carried out with the 
AM I default parameters and the keyword PRECISE was used to 
tighten the convergence parameters. The MO density plot was ob- 
tamed with the package AM 1 /DEN3D/DRAW3D ( 18) and printed 
as a SUN 3/60 rasterf~le on a Laser Jet I1 printer. 
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Stereochemistry of crown ethers. X-ray crystallographic structures, 
solid phase 13c NMR, and solution conformational equilibria in cis-syn-cis 

dicyclohexano-15-crown-5 ether and its sodium thiocyanate complex 
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G. W. BUCHANAN, S .  MATHIAS, C .  BENSIMON, and J. P. CHARLAND. Can. J .  Chem. 70, 981 (1992) 
The structures of the title materials have been determined via X-ray crystallography. In the free crown ether, there is 

effectively a plane of symmetry that bisects the molecule. In the NaNCS complex, ring inversion of one of the cyclo- 
hexane moieties has occurred, giving a distorted pentagonal pyramidal coordination geometry about the sodium ion. For 
the free crown, two conformers, whose free energies differ by ca. 0.5 kJ/mol in solution can be detected via I3C NMR 
at 168 K.  Limiting low-temperature solution spectra are compared to those which have been obtained in the solid phase 
using the I3c CPMAS technique. 

Key words: crown ethers, stereochemistry, X-ray, NMR. 

G.  W. BUCHANAN, S .  MA.~HIAS, C. BENSIMON et J .  P. CHARLAND. Can. J. Chem. 70, 98 1 (1992). 
On a dCterminC les structures des produits mentionnks dans le titre par diffraction des rayons X. Dans 1'Cther cou- 

ronne h 1'Ctat libre, il existe un plan de symCtrie qui bissecte la molCcule. Dans le complexe NaNCS, i l  se produit une 
inversion des cycles des portions cyclohexaniques; il s'ensuit que la coordination autour du sodium est de type pyra- 
mide pentagonale dCformCe. Pour la couronne libre, h 168 K ,  la RMN du permet de dCtecter deux conformkres dont 
les Cnergies libres different par environ 0,5 kJ/mol, en solution. On a comparC les spectres obtenus ii la limite infkrieure 
de tempkrature supportCe par la solution avec ceux qui ont CtC obtenus en phase solide h I'aide de la technique du CPMAS 
du "C. 

Mors clPs : Cthers couronnes, stCrCochimie, rayons X, RMN. 
[Traduit par la rCdaction] 

Introduction 7 
In crown ether chemistry, the 15-crown-5 system is of 

interest because of its efficiency for internal encapsulation 
2 2 n  

of the sodium ion. For benzo-15-crown-5, the structures of 
the free crown as well as the hydrated NaI complex have been 
determined via X-ray crystallography (1, 2). The solid phase 
13 C NMR spectrum of the free crown has also been pub- FGq lished (3). Recently we reported the X-ray structures, "C 
CPMAS NMR, and solution NMR behaviour of dibenzo-15- 5 
crown-5 and its NaNCS complex (4). With respect to the 1 
derived dicyclohexano 15-crown-5 systems, however, 
nothing has appeared in the literature to date. 

Presently, we report the synthesis, X-ray structures, and 
solution conformational dynamics for the cis-syn-cis isomer 7 18 
of dicyclohexano-15-crown-5 and its NaNCS complex. The 2 

limiting low-temperature solution spectra of these materi- 
als are compared to solid phase I3c spectra. Results are 
discussed with respect to those for the analogous dicyclo- 
hexano-14-crown-4 molecules (5, 6 )  and cis-cyclohexano-15- 
crown-5 (7). 

Results and discussion 5 
2 eENa 

The structures and numbering schemes for the systems 
examined are presented in Fig. 1. The dispositions of the FIG. 1. Structures and numbering schemes for cis-syn-cis-di- 
cyclohexane rings are consistent with those determined via c~clohexano- 15-crown-5, 1, and its NaNCS complex 2. 
X-ray crystallography. Bond lengths and angles are listed in 

' ~ u t h o r  to whom correspondence may be addressed. 
'~ev is ion  received September 20, 1991. 
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TABLE 1. Bond lengths (A) and angles (") ( a )  for 1; ( b )  for 2 
(a 

Bond Length Bond Length 

Bonds Angle Bonds Angle 

C1-01-C8 
02B-02A-C2 
C2-02A-C7A 
C2-02B-C7B 
0 1-C 1-C2 
0 I-C 1-C6 
02B-C7B-C7A' 
02A-C2-C3 
02B-C2-C3 
01-C8-C9 
03-CWC8 

' x ,  y, 1 .5-z 

(b ) 

Bond Length Bond Length 

N-C 19 
C 1-C2 
C 1-C6 
C2-C3 
C3-C4 
C4-C5 
C5-C6 
C7-C 18 
C8-C9 
Cl ( tC1  I 
C12-C13 
C12-C17 
C13-C14 
C14-C15 
C15-C16 
C16-C17 

Bonds Angle Bonds Angle 
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BUCHANAN ET AL. 

TABLE 1 (concluded) 

Bonds Angle Bonds Angle 

04-Na-05 66.46(10) 02-C7-C 18 107.4(4) 
04-Na-N 99.81(15) 01-C8-C9 107.3(6) 
05-Na-N 125.3 l(15) 03-C%C8 109.0(5) 
Na-0 1-C 1 1 13.4(3) 03-ClO--Cl I 108.5(5) 
Na-01-C8 113.3(3) 04-C 1 1-C 10 108.4(5) 
C 1-01-C8 115.2(4) 04-C 12-C 13 112.5(4) 
Na-02-C2 114.1 l(25) 04-C12-C17 107.2(3) 
Na-02-C7 112.20(23) C13-C12-C17 110.0(4) 
C2-02-C7 114.9(3) C12-C13-C14 110.9(4) 
Na-03-C9 110.6(3) C13-C14-C15 111.1(5) 
Na-03-C 10 105.1(3) C14-C15-C16 110.7(5) 
C%-03-C 10 114.2(4) C15-ClbC17 110.3(4) 
Na-04-C 1 1 113.9(3) 05-C 17-C 12 105.8(3) 
Na-04-C 12 116.08(22) 05-C17-C16 112.1(3) 
C11-04-C12 114.0(4) C12-C17-C16 112.3(4) 
Na-05-C 17 112.51(23) 05-CIS-C7 107.0(4) 
Na-05-C 18 113.3(3) S-C I %-N 179.7(4) 

Table 1 for the free crown ether 1 and its NaNCS complex 
2. Torsion angles involving ring skeletal atoms are pro- 
vided in Table 2 while the crystallographic data are col- 
lected in Table 3. Atomic parameters are reported in Table 
4 and I3c NMR chemical shifts are collected in Table 5.  
Figure 2 shows stereoviews of 1 and 2. 

For 1 and 2 the initial point of interest from the X-ray data 
concerns the conformations of the cyclohexane rings. In 1,  
since there is disorder present at the C7 site, the molecule 
effectively possesses a plane of symmetry as depicted below. 

5 1 

In contrast, for the NaNCS complex 2 one of the cyclohex- 
ane rings has undergone an inversion process (below). 

This behaviour is opposite to that found by X-ray crystal- 
lography for the analogous dicyclohexano-14-crown-4 sys- 
tem (5), where the free crown ether lacks any true symmetry 
element while the LiNCS complex has a plane of symme- 
try. Further discussion of X-ray structures will be presented 
in Sect. (iii). 
(i) Solid phase ' 3 ~  NMR spectra 

Figure 3 contains the solid phase I3c spectra of 1 and 2. 
For a system such as 1, which possesses a plane of sym- 
metry, nine resonances are expected in the solid phase I3c 

spectrum in the absence of crystal packing effects, multiple 
conformations, or non-identical molecular environments in 
the unit cell (3). Indeed the spectrum of solid 1 is consistent 
with expectations, there being four non-oxygenated reso- 
nances of approximately equal intensity in the range of 20- 
30 pprn and five oxygenated resonances in the range of 69- 
80 ppm. 

By analogy with our earlier work (5 ,6)  and the known in- 
fluence of axial and equatorial oxygen on chemical shifts of 
cyclohexyl carbons (8, 9), assignments of the six clearly re- 
solved lines can be made with some confidence. The largest 
shift difference is apparent for the methine carbons bearing 
oxygen, where C2, bearing an axial oxygen, is shielded by 
7.66 pprn relative to C1 bearing an equatorial moiety. A 
4.51 pprn difference is apparent between the resonance for C4 
(y-gauche to 0 2 )  relative to C5 (y-trans to Ol) ,  with C4 being 
the more shielded. The C3  and C6  sites, being P to oxygen, 

show only a minor shift difference (28.70 vs. 29.89 ppm) with 
the C3  site, which is P to axial oxygen, being the more 
shielded. The three closely spaced CH,O resonances (69.90- 
70.82 ppm) cannot be assigned unambiguously. 

In the case of 2, the lack of symmetry in the crystal struc- 
ture is reflected in the appearance of the solid phase I3c 
spectrum, there being six clearly discernible resonances in 
the oxygenated carbon region as well as highly skewed in- 
tensities for the four resolved aliphatic carbon lines present 
in the range of 20-30 ppm. 
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TABLE 2. Torsion angles (") involving C and 0 atoms of the crown ether 

1 2 

15-membered ring 
92.8(2) 
64.7(2) 0 1-C1-C2-02A 

- 144.2(4) C7A-02A-C2-C 1 

15-membered ring 
C8-0 1-C 1-C2 85.5(4) 

Cyclohexyl rings 
58.4(2) 

Cyclohexyl rings 
C+C 1-C2-C3 58.1(4) 

One notable difference in the chemical shifts for solid 1 
vs. 2 concerns the CH,-0 carbons. In 2, the resonances for 
C8, 9, 10, and 1 1 are all shielded by at least 3.6 ppm rela- 
tive to C8 and C9 of 1. Examination of the torsional angles 
present in the X-ray structures provides an explanation based 
on the &C-C-0 networks. For 2, these angles are 58.4" 
for the 04--C 1 1-C10-03 network and 61.8" for the 
03-C9-C8-01 case. In 1, however, the 03-C9- 
C8-01 network has a dihedral angle of 73.7". Based on the 

known experimental (8, 9) and theoretical (10, 11) angular 
dependence of the y-gauche effect in I3c NMR, one ex- 
pects the expansion of the 0-C-C-0 dihedral angle from 
ca. 60" to 75" to lead to substantial deshielding in 1 as ob- 
served. 

From the spectrum of 2 it is evident that one of the meth- 
ine carbons bearing axial oxygen appears at 74.32 ppm and 
the other is part of the overlapping broad signal centered at 
70.85 ppm. Comparison of the torsional angle environ- 
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BUCHANAN ET AL 

TABLE 3. Crystal data for dicyclohexyl-15-crown-5 ether (I)  and the NaSCN-dicyclo- 
hexyl- 15-crown-5-ether complex (2) 

Parameter Values ( I )  Values (2) 

Empirical formula NaSNC 19H3205 C18H3205 

Formula weight 409.51 328.45 
Crystal size, mm 0.12 X 0.23 X 0.35 0.20 X 0.20 X 0.30 

Crystal system Monoclinic Orthorhombic 
Space group P2,/11 (no. 14, P2 , /c )  Pbrm (no. 62, P~ lma)  
Z (molecules/cell) 4 4 

a ,  4 1 1.0602(6) 7.1 720(6) 
b, A 15.1331(8) 10.631 l(10) 
c ,  P\ 13.3430(6) 23.756(3) 
I 3 7  deg 100.24(1) 
Cell volume, A' 2197.7(2) 181 1.3(3) 

D c d c ,  g - y 3  1.238 1.204 
P, mm 0.19 0.66 

Accurate cell parameters from: 
No. of reflections 19 26 
20 range 30-37 100-120 

A ,  A 0.70930 (MoKa,) 1.54056 (CuKa,) 
20,,,,,,, deg 49.9 119.8 
Octants measured +l~,k, l ;  -h,k,l; -h,-k,-l* hkl; -/I,-k,-l* 
h range -12-12 0-7 
k range 0-17 0-1 1 
1 range 0-15 0-26 

Reflections measured 4262 2214 
Unique reflections 3839 1366 
Reflections observed 1753 1130 
Ine l /~( Ine l )  ratio 2.5 2.5 

No. of parameters 373 195 
R, (significant reflections) 0.045 0.041 
R, (significant reflections) 0.043 0.055 
Goodness-of-fit 1.3 2.3 
Weighting scheme w-' = 02(F,,) + 0 . 0 0 0 3 ~ , \ ~ ~  = a2(F,) + 0.0003F0 

Maximum A/a 
(last cycle) 0.04 0.01 

Final D-map 
background, e/A3 <O. 19 <O. 15 

Secondary extinction coefficient 0.6(1) 0.12(6) 

*A portion of the - h , - k , - 1  data segment was collected. 

ments for C2 vs. C12 shows that there are two pairs of 
networks in which significant dihedral angle differences 
exist. In the C8-01-C1-C2 case, 0 = 85.5", while for 
C18-05-Cl7-Cl2, 0 = 166.0". For the C7-02-C2- 
C3 case, 0 = 68.3", while for Cll-04-C12-C13, 
0 = 76.6". Based on the aforementioned angular depend- 
encies of 13c steric shifts (8-1 l ) ,  and considering these 
geometrical differences, the expectation is that C12 would 
be the more deshielded of this pair of carbons and is thus 
assigned the resonance at 74.32 ppm. 

(ii) Solution '-'c spectra 
For 1 at 298 K,  nine resonances are observed, in ac- 

cord with the effective twofold symmetry of the molecule 
induced by rapid cyclohexane inversion on the NMR 
timescale. Two closely spaced methine carbon resonances 
appear at 77.90 and 77.72 ppm, since C1 and C2 remain 
in slightly different environments even in the presence of 

rapid ring inversion. For the CH2-0 carbons, three lines are 
observed, as expected, in the range of 68-71 ppm. Due to 
extensive overlap in the 'H spectrum of 1 (even at 
500 MHz) one cannot use COSY methods for clear dis- 
tinction between CH2-0 resonances and hence the HET- 
COR experiment for I3c assignments cannot be employed. 
For the C3,6 sites again a closely spaced pair of 13c reso- 
nances is present, in this case at 27.91 and 27.76 ppm. 
Finally, two resonances are seen for the C4 and C5 sites at 
22.87 and 22.05 ppm, in agreement with its effective 
symmetry at 298 K in solution. 

It is of interest to compare the solid state conformation with 
that in solution under conditions where cyclohexane ring in- 
version is slow on the NMR timescale. Reduction of the 
temperature of the CD2C1, solution of 1 induced broadening 
followed by the emergence of a much more complex spec- 
trum at the slow exchange limit of 168 K (Fig. 4). A closer 
examination of the methine carbon region (Fig. 5) gives an 
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TABLE 4. Atomic coordinates of non-H atoms of dicyclohexyl-15-crown-5 ether, 
1 ,  and its NaSCN complex, 2 

A tom x Y z Biso 

1 

0 1  1.10464(19) 0.77422(12) 0.85595( 5) 4.19( 6) 
02A* 0.7390 ( 8) 0.6763 ( 4) 0.82499(21) 4.17(19) 
02B* 0.7883 ( 8) 0.6245 ( 4) 0.82507(21) 3.92(20) 
0 3  1.1786 ( 3) 0.89990(18) 3 /4 4.24( 9) 
C 1 0.9516 ( 3) 0.75703(16) 0.89324( 7) 3.42( 7) 
C2 0.7668 ( 3) 0.75184(23) 0.86252( 8) 4.49(10) 
C3 0.6083 ( 4) 0.7371 ( 3) 0.90456(10) 5.40(12) 
C4 0.6352 ( 3) 0.62255(19) 0.94132( 8) 4.12( 9) 
C5 0.8234 ( 3) 0.62399(21) 0.96994( 8) 4.58(10) 
C6 0.9807 ( 3) 0.63986(21) 0.92790( 9) 4.55(10) 
C7A* 0.8159 ( 8) 0.6997 ( 5) 0.77083(14) 4.38(20) 
C7B" 0 . 7 0 4 0 ( 8 )  0 . 6 2 9 0 ( 4 )  0.77097(14) 4.34(20) 
C8 1.1537 ( 3) 0.90212(21) 0.84837 (9) 4.49( 9) 
C9 1 . 2 8 2 5 ( 3 )  0 . 9 1 6 0 ( 3 )  0.79971 ( 8) 4.73(11) 

Bi,, is the mean of the principal axes of the thermal ellipsoid 

*Occupancy factor = 0.5 

insight into the conformational processes that have occurred 
with respect to the cyclohexane moieties. 

From the aforementioned doublet near 77.8 ppm have 
emerged six CH-0 resonances in the range of 79.92- 
73.13 ppm. We attribute the high-intensity pair at 79.33 and 
74.51 ppm to the C1 and C2 sites, respectively, of the sym- 
metrical conformation of 1 illustrated above. The two minor 
lines of equal intensity at 79.92 and 78.56 ppm are attrib- 
uted to methine carbons bearing equatorial oxygen in an 
asymmetric conformation of 1. Similarly, the pair of lines 
at 75.60 and 73.13 ppm is deemed to arise from methine 
carbons bearing axial oxygen in the asymmetric conforma- 

tion of l .  Such a conformation could arise as a result of a 
single cyclohexane inversion depicted below. 

Such a duality of conformations has previously been elu- 
cidated in the dicyclohexyl-14-crown-4 ether series (12). 
From the integrated intensities one can calculate Keq and 
hence the ground state free energy difference (-AGO) be- 
tween the symmetric and the asymmetric conformations at 
168 K using the equation -AGO = RT In Keq. The result is 
that the symmetric conformation is calculated to be more 
stable by only 0.50 + 0.20 kJ/mol. 

For 2, the I3c spectrum at 298 K again shows nine reso- 
nances, consistent with rapid conformational averaging on 
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BUCHANAN ET AL. 987 

the NMR timescale. From 'H-'~c HETCOR and 'H-'H The low-temperature I3c spectra of 2 also exhibit deco- 
COSY spectra at 500 MHz, assignment of the I3c CHI-0 alescence phenomena and the number of resonances in- 
lines is possible in this case since there is less resonance creases markedly from the nine observed at 298 K. One 
overlap in the 'H spectrum than is the case for 1. It is useful cannot rule out the existence of multiple conformations here 
to note that all geminal protons are magnetically nonequi- as well; however, sufficient peak resolution is not present to 
valent in these systems, so that rather complex 'H spectra are enable unravelling of the nature of the conformational pro- 
observed. Figure 6 shows a HETCOR spectrum. cesses that are occurring. 

(iii) X-ray crystallographic structures 
The ORTEP diagram for 1 is presented in Fig. 2a. In this 

depiction there are no symmetry elements. In fact, how- 
ever, there is disorder (as illustrated below) at the C7 and 0 2  
sites, with the disordered sites C7A, C7B, 02A, and 02B 
being equally populated. The crystallographic mirror plane 
passes through the mid-point of the C7A-C7B' and 
C7A'-C7B bonds and the 0 3  site. 

The solid phase I3c NMR spectrum of 1 (Fig. 3), which 
contains nine lines, is consistent with the presence of this 
symmetry plane. Although there is some overlap of the three 
CH,-0 resonances near 70 ppm, there are six other clearly 
resolved resonances observed. 

Normal torsion angles in crown ethers are such that 
0-C-C-0 networks are gauchoid (dihedral angle ca. 60") 
and all other four-atom moieties (ignoring hydrogens) are 
transoid (dihedral angle ca. 180"). In the case of 1, the 
C8-01-C1-C2 angle of 92.8" represents a major devia- 
tion, as do the C7A-02A-C2-C3 and C7B-02B- 
C2-C3 angles of 155.4" and 99.0" respectively. Other no- 
table differences from "ideal" geometry are the C8-01- 
C1-C6 network (143.5"), C7A-02A-C2-C1 (77.4"), 
and C7B-02B-C2-C1 (144.2"). For the 0-C-C-0 
networks, the 01-C8-CG03 case shows significant 
expansion from pure gauche to 73.7'. 

In the NaNCS complex 2, the sodium ion is hexaco- 
ordinated to the five oxygen atoms of the crown ether and 
to the N atom of the SCN anion, resulting in a distorted 
pentagonal pyramidal coordination polyhedron. The five 
oxygens are not coplanar, the mean deviativn from the 
least-squares plane connecting them being 0.27 A. The cross- 

TABLE 5. I3c NMR chemical shifts (& from TMS 2 0.01) 

Carbon 1 (solid) 1 (solution)* 2 (solid) 2 (solution) 

C 1 73.32 (77.661~ (78.85)' (78.30)' 
C2 80.98 (77. 821b 70.85 (77.47)' 
C 3 28.70 27.82 (26.89)/ (26.83)' 
C4 21.22 (21.96)' 19.99 (22.67)& 
C5 25.73 (22.75)' (25.32)' (20. 66)k 
C6 29.89 27.82 (26.89)' (26.38)' 
C7 (69.90)" (68.1 7)d (70.05)" 67.13 
C8 (70.32)" (68.781~ 66.34 66.57 
C9 (70.66)" (7 1 .06)~  66.34 69.22 
C10 66.34 
C11 66.34 
C12 74.32 
C13 (26.89)' 
C14 19.99 
C15 (25.1 0)9 
C16 (28.02)' 
C17 (80.02)' 
C18 (67.98)" 

'0.1 M in CDzClz at 298 K. 
"-kIndicate possible interchange of assignments. 

ring diagonal distances between "opposite" oxygfns range 
from 3.855 to 4.586 A, the average being 4.295 A. As ex- 
pected, the binding cavity is smaller than that found in the 
X-ray structure of the NaNCS - H,O . 18-crown-6 complex 
(13), where the diagonal 0-0 distances in the 18-mem- 
bered ring are ca. 5.100 A on the average. 

Data in Table 2 show that there is some distortion in the 
15-membered ring from "ideal" conformations of crown 
ethers. This is particularly evident in the C8-01-C1-C2 
network where the torsion angle of 85.5" departs signifi- 
cantly from the "normal" value of near 180". Similar types 
of distortions were observed in the LiNCS complexes of a 
related dicyclohexano-13-crown-4 system (14). 

Figure 2b shows that the five ether oxygens are pointing 
towards the concave side of the crown ether, with the cy- 
clohexane rings and the SCN- side by side or with the anion 
coming in the concave side of the 15-membered ring. Hence 
the Na' appears to complex preferentially from the concave 
direction. Again there is similarity in the orientations of the 
anion and alkaline cation in the present case with that ob- 
served for LiNCS complexes in the analogous 13-crown-4 
series (14). 
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FIG. 2. (a)  ORTEP diagram of 1. (b) ORTEP diagram of 2 

As noted earlier, the average diagonal distance between 
opposite oxygen atoms of 2 is 4.295 A. By subtraction of 
twice the van der Waals radius of 0 (i.e., 2 X 1.4 A) one 
can obtain the adjusted diameter of the binding cavity, 
1.495 A. Since the effective diameter of the Na' ion is 1.9- 
2.4 A (15), the cavity is clearly too small to accommodate 
the Na' ion and hence this cation is found 0.84 A out of the 
least-squares plane. By contrast, in the 18-crown-6 com- 
plex (13) the longer 0-0 distances result in an enlarged 
binding cavity diameter (ca. 2.3 A) and hence the Na+ lies 
only 0.27 A out of the least-squares plane. 

Finally, the Na-0 distances listed in Table 1 are shorter 
when involving equatorial 0 ' s  than when axial oxygens are 
bound (2.401 and 2.342 A vs. 2.515 and 2.494 A respec- 
tively). The Na-03 distance of 2.412 A falls in between. 
In the present 6-coordinate case, the average Na-0 bond 
length of 2.433 A is somewhat shorter than that in the 7-co- 
ordinate NaNCS . H,O . 18-crown-6 system (1 3). 

Experimental 
Crystallographic measurements, structure solution 

and re3nement 
Single crystals of 1 and 2 were mounted on glass fibres and 

measured on a Nonius CAD-4 diffractometer. Accurate cell pa- 
rameters and intensity data were obtained at room temperature using 
graphite-monochromated CuKa radiation for 1 and MoKa radia- 
tion for 2. Crystal data are provided in Table 3. 

The space group P2 , /n  (alternate setting of P2 , /c )  was uniquely 
defined from the systematic absences noted in the data of 2. The 
intensity data for 1 revealed systematic absences consistent with two 

possible space groups. These are Pbnm (alternate setting Pnmu) and 
Pbn2,  (alternate setting of Pna2,) .  Intensity data were corrected 
in the usual fashion for Lorentz and polarization-ratio factors but 
not for absorption. Other details pertaining to the data reduction step 
are listed in Table 3. 

The positions of the non-H atoms of 2 were determined by di- 
rect methods with MULTAN (16). At this stage, isotropic refine- 
ment of all non-H atoms was carried out by full-matrix least squares. 
A subsequent difference map revealed the positions of the H atoms. 
They were included and refined isotropically while non-H atoms 
were refined anisotropically. The structures were refined to con- 
vergence by full-matrix least squares; Cw(lF,I -  IF,^)' was mini- 
mized with w-'  = u'(F,) + 0.0003F,2. Details of the structure 
refinement of 2 and final D-map are given in Table 3. 

The structure of 1 was solved in the space group Pbn2, .  As in 
2, positions of non-H atoms were derived from direct methods. A 
close inspection of the electron density maps based on the two 
possible space groups revealed positional disorder in the -0-CH2- 
CH2-0 bridge linking the two cyclohexane rings. Refinement of the 
occupancy factors of the disordered positions confirmed that this 
bridge was disordered over two equally populated positions. Least- 
squares refinement was continued with half-occupied C positions 
for the disordered bridge and isotropic thermal parameters for C and 
0 atoms. There was further evidence of disorder. Results of re- 
finement at this stage showed 0 atoms of the disordered bridge with 
thermal amplitudes much larger than the other non-H atoms of 1. 
C-0 and C-C distances in the disordered group were similar to 
those for analogous crown ethers (13, 14). However, two of the four 
C,y,l,h,,yrO-CH2 angles were unusually large (ca. 135"), which 
are highly improbable values. 

The refinement of 1 in space group Pbn2 , ,  including H atoms 
at calculated positions and non-H atoms refined with anisotropic 
thermal parameters, would have made the number of reflections per 
refined parameter unacceptably low. As the space group of 1 could 
be Pbnm, cell symmetry was checked with the program MISSYM, 

which finds all metric symmetry elements from the atomic coor- 
dinates of any crystal structure and builds the generators in the unit 
cell (17). In addition to the b and n glide planes perpendicular to 
the a and b axes respectively, MISSYM detected mirror symmetry 
perpendicular to the c axis of the unit cell. Refinement of 1 was 
pursued in space group Pbnm. 

H atoms bonded to non-disordered C atoms were added at cal- 
culated positions (C-H bond of l .08 A,  sp3 hybridized). Non-H 
atoms were defined anisotropically and H atoms isotropically. H 
atoms next to disordered positions C7A and C7B were success- 
fully located in the next D-map and refined in the next least-squares 
cycles. At this stage, the R and R,, factors were ca. 1% higher than 
the final values quoted in Table 3. As the anisotropic thermal pa- 
rameters of 0 2  described a highly and abnormally elongated 3D 
shape, this atom was removed from the structure and relocated in 
a subsquent D-map. The map revealed two positions. These were 
refined anisotropically as 0 atoms with half occupancies. This at- 
tempted refinement led to the lower residuals listed in Table 3. The 
high bond angle of ca. 135" centered at the formerly nondisor- 
dered 0 2  site has been replaced by more reasonable values aver- 
aging ca. 117". However, the previous C2-02 distance of ca. 
1.4 A is now showing systematically short and long C2-02A and 
C2-02B distances (see Table 1). Despite these geometrical dis- 
tortions, the latter structural description with two partially (and 
equally) occupied -0-CH2-CH2-0 bridges linking the two cyclo- 
hexane rings has been used. It is of interest to note that similar 
structural distortions have been found in the X-ray structure of a 
related dicyclohexano- 13-crown-4 ether (14). Details of the struc- 
ture refinement of 1 and D-map are given in Table 3. 

All computations were performed with the NRCVAX crystal 
package (17). The scattering curves were from the ~nternational 
Tables for X-ray Crystallography (1 8). Bond lengths and angles 
involving non-H atoms are presented in Table 1 while torsion an- 
gles involving ring skeletal atoms are given in Table 2. Refined 
coordinates of the non-H atoms of 1 and 2 are reported in Table 4. 
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I I I I I I I I I 
90 00 70 60 50 40 30 20 10 

PPW 

FIG. 3. 45.3 MHz solid phase I3c NMR spectra. 

Lists of anisotropic temperature factors, H atomic parameters, all Spectra 
bond lengths and angles, all torsion angles, and calculated, ob- The "C CPMAS NMR spectra were recorded at 45.3 MHz on 
served, and unobserved structure factors are deposited as Supple- a Bruker CXP-180 spectrometer using techniques described pre- 
mentary Material.3 viously (5). Chemical shifts were measured relative to external solid 

hexameth~lbenzene (HMB) and converted to the TMS scale by the 
3These data may be purchased from: The Depository of Unpub- factor of 16.9 ppm, the chemical shift of the CH, group of HMB. 

lished Data, Document Delivery, CISTI, National Research Council The solution phase "C spectra were recorded at 100.6 MHz on a 
Canada, Ottawa, Canada KIA OS2. Bruker AM 400 system using conditions of complete 'H noise de- 

Tables of hydrogen atom parameters and bond lengths and an- coupling. Typical spectral widths were 10 kHz with 32K data points 
gles have also been deposited with The Cambridge Crystallo- for acquisition and zero filling to 64K. Normal pulse widths were 
graphic Data Centre and can be obtained on request from The 30" with a pulse delay of 2 s. Samples were ca. 0.1 M in CD2C11 
Director, Cambridge Crystallographic Data Centre, University solutions. The ' H ~ ~ c  HETCOR spectra were obtained on a Bruker 
Chemical Laboratory, Lensfield Road, Cambridge CB2 lEW, U.K. AM 500 spectrometer using low decoupler power in the CW mode 
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1 I I I I I 

7 0 6 0  50 40 30 Z 0 
PPN 

FIG. 4. 100.6 MHz I3c solution spectra of I at 298 and 168 K.  

(composite phase decoupling), with polarization transfer from 'H 
to I3c. 

The FID's were acquired over 4096 data points for each of the 
128 or 256 values of the evolution time, with digital resolution of 
7 Hz/point in F 2  and 5-10 Hz/point in F 1. The raw data were 
zero-filled in F 1 prior to Fourier transformation using the sine bell 
window function. Proton relaxation delays of 3-5 s were utilized. 

Materials 
Dibenzo-15-crown-5 was prepared as previously described (4). 

Hydrogenation of this material to a mixture of I and the cis-anti- 
cis isomer was accomplished using an American Instrument Co. 
50 000 psi (1 psi = 6.9 kPa) maximum pressure high-pressure ap- 
paratus. In 60 mL of 1-butanol were dissolved 2.2 g (0.007 mol) 
of dibenzo-15-crown-5 and 0.40 g of 5% ruthenium on alumina 

catalyst. A pressure of 1200 psi was used and the reaction was al- 
lowed to proceed for 12 h at a temperature of 120°C. The catalyst 
was removed via filtration and the butanol by rotary evaporation 
to yield 2.1 g of a viscous yellow oil. From "C NMR there ap- 
peared to be two configurational isomers present in the ratio of ca. 
2 :  1. Separation of these isomers was accomplished via column 
chromatography on activated silica gel of mesh size 100-200 using 
as initial eluent a mixture of 60: 40 CH2CI2-hexanes and a ratio of 
50: 1 silica gel to crude crown ether. Gradual introduction of di- 
ethyl ether in place of hexanes yielded 1 as the first isomer eluted, 
with 5% diethyl ether, 35% hexanes, and 60% CH2C1,. Recrystal- 
lization from hexanes yielded the pure cis-syn-cis isomer 1, as 
subsequently determined by X-ray crystallography, mp 67-68°C. 
The latter column fractions contained the minor, presumably cis- 
anti-cis, isomer, which remained an oil. 
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BUCHANAN ET AL 

FIG. 5.  Methine carbon region of 100.6 MHz spectrum of I at 168 K. 

-- and J.  Bomais for access to the 400 MHz instrument at NRC. 
The 500 MHz spectra were obtained at Agriculture Canada, I ' l 4  courtesy of Dr. B. Blackwell and J.  Nikiforuk. 

I 

I ,  

75 70 65 60 55 50 45 40  35 30 25 20 
PPM 

Frc. 6. 'H"C HETCOR spectrum of 2 at 500 MHz. 

For preparation of the complex 2, equimolar amounts of I and 
NaNCS were dissolved in a minimum volume of dry methanol. 
After allowing the mixture to stand for 2-3 h, the solvent was re- 
moved by rotary evaporation. Subsequent recrystallization from 
ethanol-hexanes yielded pure 2 ,  mp 140- 14 1 "C. 
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Stereochemistry of crown ethers. X-ray crystallographic structures, 
solid phase 13c NMR, and solution conformational equilibria in cis-syn-cis 

dicyclohexano-15-crown-5 ether and its sodium thiocyanate complex 
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G. W. BUCHANAN, S .  MATHIAS, C .  BENSIMON, and J. P. CHARLAND. Can. J .  Chem. 70, 981 (1992) 
The structures of the title materials have been determined via X-ray crystallography. In the free crown ether, there is 

effectively a plane of symmetry that bisects the molecule. In the NaNCS complex, ring inversion of one of the cyclo- 
hexane moieties has occurred, giving a distorted pentagonal pyramidal coordination geometry about the sodium ion. For 
the free crown, two conformers, whose free energies differ by ca. 0.5 kJ/mol in solution can be detected via I3C NMR 
at 168 K.  Limiting low-temperature solution spectra are compared to those which have been obtained in the solid phase 
using the I3c CPMAS technique. 

Key words: crown ethers, stereochemistry, X-ray, NMR. 

G.  W. BUCHANAN, S .  MA.~HIAS, C. BENSIMON et J .  P. CHARLAND. Can. J. Chem. 70, 98 1 (1992). 
On a dCterminC les structures des produits mentionnks dans le titre par diffraction des rayons X. Dans 1'Cther cou- 

ronne h 1'Ctat libre, il existe un plan de symCtrie qui bissecte la molCcule. Dans le complexe NaNCS, i l  se produit une 
inversion des cycles des portions cyclohexaniques; il s'ensuit que la coordination autour du sodium est de type pyra- 
mide pentagonale dCformCe. Pour la couronne libre, h 168 K ,  la RMN du permet de dCtecter deux conformkres dont 
les Cnergies libres different par environ 0,5 kJ/mol, en solution. On a comparC les spectres obtenus ii la limite infkrieure 
de tempkrature supportCe par la solution avec ceux qui ont CtC obtenus en phase solide h I'aide de la technique du CPMAS 
du "C. 

Mors clPs : Cthers couronnes, stCrCochimie, rayons X, RMN. 
[Traduit par la rCdaction] 

Introduction 7 
In crown ether chemistry, the 15-crown-5 system is of 

interest because of its efficiency for internal encapsulation 
2 2 n  

of the sodium ion. For benzo-15-crown-5, the structures of 
the free crown as well as the hydrated NaI complex have been 
determined via X-ray crystallography (1, 2). The solid phase 
13 C NMR spectrum of the free crown has also been pub- FGq lished (3). Recently we reported the X-ray structures, "C 
CPMAS NMR, and solution NMR behaviour of dibenzo-15- 5 
crown-5 and its NaNCS complex (4). With respect to the 1 
derived dicyclohexano 15-crown-5 systems, however, 
nothing has appeared in the literature to date. 

Presently, we report the synthesis, X-ray structures, and 
solution conformational dynamics for the cis-syn-cis isomer 7 18 
of dicyclohexano-15-crown-5 and its NaNCS complex. The 2 

limiting low-temperature solution spectra of these materi- 
als are compared to solid phase I3c spectra. Results are 
discussed with respect to those for the analogous dicyclo- 
hexano-14-crown-4 molecules (5, 6 )  and cis-cyclohexano-15- 
crown-5 (7). 

Results and discussion 5 
2 eENa 

The structures and numbering schemes for the systems 
examined are presented in Fig. 1. The dispositions of the FIG. 1. Structures and numbering schemes for cis-syn-cis-di- 
cyclohexane rings are consistent with those determined via c~clohexano- 15-crown-5, 1, and its NaNCS complex 2. 
X-ray crystallography. Bond lengths and angles are listed in 

' ~ u t h o r  to whom correspondence may be addressed. 
'~ev is ion  received September 20, 1991. 
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TABLE 1. Bond lengths (A) and angles (") ( a )  for 1; ( b )  for 2 
(a 

Bond Length Bond Length 

Bonds Angle Bonds Angle 

C1-01-C8 
02B-02A-C2 
C2-02A-C7A 
C2-02B-C7B 
0 1-C 1-C2 
0 I-C 1-C6 
02B-C7B-C7A' 
02A-C2-C3 
02B-C2-C3 
01-C8-C9 
03-CWC8 

' x ,  y, 1 .5-z 

(b ) 

Bond Length Bond Length 

N-C 19 
C 1-C2 
C 1-C6 
C2-C3 
C3-C4 
C4-C5 
C5-C6 
C7-C 18 
C8-C9 
Cl ( tC1  I 
C12-C13 
C12-C17 
C13-C14 
C14-C15 
C15-C16 
C16-C17 

Bonds Angle Bonds Angle 
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BUCHANAN ET AL. 

TABLE 1 (concluded) 

Bonds Angle Bonds Angle 

04-Na-05 66.46(10) 02-C7-C 18 107.4(4) 
04-Na-N 99.81(15) 01-C8-C9 107.3(6) 
05-Na-N 125.3 l(15) 03-C%C8 109.0(5) 
Na-0 1-C 1 1 13.4(3) 03-ClO--Cl I 108.5(5) 
Na-01-C8 113.3(3) 04-C 1 1-C 10 108.4(5) 
C 1-01-C8 115.2(4) 04-C 12-C 13 112.5(4) 
Na-02-C2 114.1 l(25) 04-C12-C17 107.2(3) 
Na-02-C7 112.20(23) C13-C12-C17 110.0(4) 
C2-02-C7 114.9(3) C12-C13-C14 110.9(4) 
Na-03-C9 110.6(3) C13-C14-C15 111.1(5) 
Na-03-C 10 105.1(3) C14-C15-C16 110.7(5) 
C%-03-C 10 114.2(4) C15-ClbC17 110.3(4) 
Na-04-C 1 1 113.9(3) 05-C 17-C 12 105.8(3) 
Na-04-C 12 116.08(22) 05-C17-C16 112.1(3) 
C11-04-C12 114.0(4) C12-C17-C16 112.3(4) 
Na-05-C 17 112.51(23) 05-CIS-C7 107.0(4) 
Na-05-C 18 113.3(3) S-C I %-N 179.7(4) 

Table 1 for the free crown ether 1 and its NaNCS complex 
2. Torsion angles involving ring skeletal atoms are pro- 
vided in Table 2 while the crystallographic data are col- 
lected in Table 3. Atomic parameters are reported in Table 
4 and I3c NMR chemical shifts are collected in Table 5.  
Figure 2 shows stereoviews of 1 and 2. 

For 1 and 2 the initial point of interest from the X-ray data 
concerns the conformations of the cyclohexane rings. In 1,  
since there is disorder present at the C7 site, the molecule 
effectively possesses a plane of symmetry as depicted below. 

5 1 

In contrast, for the NaNCS complex 2 one of the cyclohex- 
ane rings has undergone an inversion process (below). 

This behaviour is opposite to that found by X-ray crystal- 
lography for the analogous dicyclohexano-14-crown-4 sys- 
tem (5), where the free crown ether lacks any true symmetry 
element while the LiNCS complex has a plane of symme- 
try. Further discussion of X-ray structures will be presented 
in Sect. (iii). 
(i) Solid phase ' 3 ~  NMR spectra 

Figure 3 contains the solid phase I3c spectra of 1 and 2. 
For a system such as 1, which possesses a plane of sym- 
metry, nine resonances are expected in the solid phase I3c 

spectrum in the absence of crystal packing effects, multiple 
conformations, or non-identical molecular environments in 
the unit cell (3). Indeed the spectrum of solid 1 is consistent 
with expectations, there being four non-oxygenated reso- 
nances of approximately equal intensity in the range of 20- 
30 pprn and five oxygenated resonances in the range of 69- 
80 ppm. 

By analogy with our earlier work (5 ,6)  and the known in- 
fluence of axial and equatorial oxygen on chemical shifts of 
cyclohexyl carbons (8, 9), assignments of the six clearly re- 
solved lines can be made with some confidence. The largest 
shift difference is apparent for the methine carbons bearing 
oxygen, where C2, bearing an axial oxygen, is shielded by 
7.66 pprn relative to C1 bearing an equatorial moiety. A 
4.51 pprn difference is apparent between the resonance for C4 
(y-gauche to 0 2 )  relative to C5 (y-trans to Ol) ,  with C4 being 
the more shielded. The C3  and C6  sites, being P to oxygen, 

show only a minor shift difference (28.70 vs. 29.89 ppm) with 
the C3  site, which is P to axial oxygen, being the more 
shielded. The three closely spaced CH,O resonances (69.90- 
70.82 ppm) cannot be assigned unambiguously. 

In the case of 2, the lack of symmetry in the crystal struc- 
ture is reflected in the appearance of the solid phase I3c 
spectrum, there being six clearly discernible resonances in 
the oxygenated carbon region as well as highly skewed in- 
tensities for the four resolved aliphatic carbon lines present 
in the range of 20-30 ppm. 
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TABLE 2. Torsion angles (") involving C and 0 atoms of the crown ether 

1 2 

15-membered ring 
92.8(2) 
64.7(2) 0 1-C1-C2-02A 

- 144.2(4) C7A-02A-C2-C 1 

15-membered ring 
C8-0 1-C 1-C2 85.5(4) 

Cyclohexyl rings 
58.4(2) 

Cyclohexyl rings 
C+C 1-C2-C3 58.1(4) 

One notable difference in the chemical shifts for solid 1 
vs. 2 concerns the CH,-0 carbons. In 2, the resonances for 
C8, 9, 10, and 1 1 are all shielded by at least 3.6 ppm rela- 
tive to C8 and C9 of 1. Examination of the torsional angles 
present in the X-ray structures provides an explanation based 
on the &C-C-0 networks. For 2, these angles are 58.4" 
for the 04--C 1 1-C10-03 network and 61.8" for the 
03-C9-C8-01 case. In 1, however, the 03-C9- 
C8-01 network has a dihedral angle of 73.7". Based on the 

known experimental (8, 9) and theoretical (10, 11) angular 
dependence of the y-gauche effect in I3c NMR, one ex- 
pects the expansion of the 0-C-C-0 dihedral angle from 
ca. 60" to 75" to lead to substantial deshielding in 1 as ob- 
served. 

From the spectrum of 2 it is evident that one of the meth- 
ine carbons bearing axial oxygen appears at 74.32 ppm and 
the other is part of the overlapping broad signal centered at 
70.85 ppm. Comparison of the torsional angle environ- 
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BUCHANAN ET AL 

TABLE 3. Crystal data for dicyclohexyl-15-crown-5 ether (I)  and the NaSCN-dicyclo- 
hexyl- 15-crown-5-ether complex (2) 

Parameter Values ( I )  Values (2) 

Empirical formula NaSNC 19H3205 C18H3205 

Formula weight 409.51 328.45 
Crystal size, mm 0.12 X 0.23 X 0.35 0.20 X 0.20 X 0.30 

Crystal system Monoclinic Orthorhombic 
Space group P2,/11 (no. 14, P2 , /c )  Pbrm (no. 62, P~ lma)  
Z (molecules/cell) 4 4 

a ,  4 1 1.0602(6) 7.1 720(6) 
b, A 15.1331(8) 10.631 l(10) 
c ,  P\ 13.3430(6) 23.756(3) 
I 3 7  deg 100.24(1) 
Cell volume, A' 2197.7(2) 181 1.3(3) 

D c d c ,  g - y 3  1.238 1.204 
P, mm 0.19 0.66 

Accurate cell parameters from: 
No. of reflections 19 26 
20 range 30-37 100-120 

A ,  A 0.70930 (MoKa,) 1.54056 (CuKa,) 
20,,,,,,, deg 49.9 119.8 
Octants measured +l~,k, l ;  -h,k,l; -h,-k,-l* hkl; -/I,-k,-l* 
h range -12-12 0-7 
k range 0-17 0-1 1 
1 range 0-15 0-26 

Reflections measured 4262 2214 
Unique reflections 3839 1366 
Reflections observed 1753 1130 
Ine l /~( Ine l )  ratio 2.5 2.5 

No. of parameters 373 195 
R, (significant reflections) 0.045 0.041 
R, (significant reflections) 0.043 0.055 
Goodness-of-fit 1.3 2.3 
Weighting scheme w-' = 02(F,,) + 0 . 0 0 0 3 ~ , \ ~ ~  = a2(F,) + 0.0003F0 

Maximum A/a 
(last cycle) 0.04 0.01 

Final D-map 
background, e/A3 <O. 19 <O. 15 

Secondary extinction coefficient 0.6(1) 0.12(6) 

*A portion of the - h , - k , - 1  data segment was collected. 

ments for C2 vs. C12 shows that there are two pairs of 
networks in which significant dihedral angle differences 
exist. In the C8-01-C1-C2 case, 0 = 85.5", while for 
C18-05-Cl7-Cl2, 0 = 166.0". For the C7-02-C2- 
C3 case, 0 = 68.3", while for Cll-04-C12-C13, 
0 = 76.6". Based on the aforementioned angular depend- 
encies of 13c steric shifts (8-1 l ) ,  and considering these 
geometrical differences, the expectation is that C12 would 
be the more deshielded of this pair of carbons and is thus 
assigned the resonance at 74.32 ppm. 

(ii) Solution '-'c spectra 
For 1 at 298 K,  nine resonances are observed, in ac- 

cord with the effective twofold symmetry of the molecule 
induced by rapid cyclohexane inversion on the NMR 
timescale. Two closely spaced methine carbon resonances 
appear at 77.90 and 77.72 ppm, since C1 and C2 remain 
in slightly different environments even in the presence of 

rapid ring inversion. For the CH2-0 carbons, three lines are 
observed, as expected, in the range of 68-71 ppm. Due to 
extensive overlap in the 'H spectrum of 1 (even at 
500 MHz) one cannot use COSY methods for clear dis- 
tinction between CH2-0 resonances and hence the HET- 
COR experiment for I3c assignments cannot be employed. 
For the C3,6 sites again a closely spaced pair of 13c reso- 
nances is present, in this case at 27.91 and 27.76 ppm. 
Finally, two resonances are seen for the C4 and C5 sites at 
22.87 and 22.05 ppm, in agreement with its effective 
symmetry at 298 K in solution. 

It is of interest to compare the solid state conformation with 
that in solution under conditions where cyclohexane ring in- 
version is slow on the NMR timescale. Reduction of the 
temperature of the CD2C1, solution of 1 induced broadening 
followed by the emergence of a much more complex spec- 
trum at the slow exchange limit of 168 K (Fig. 4). A closer 
examination of the methine carbon region (Fig. 5) gives an 
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TABLE 4. Atomic coordinates of non-H atoms of dicyclohexyl-15-crown-5 ether, 
1 ,  and its NaSCN complex, 2 

A tom x Y z Biso 

1 

0 1  1.10464(19) 0.77422(12) 0.85595( 5) 4.19( 6) 
02A* 0.7390 ( 8) 0.6763 ( 4) 0.82499(21) 4.17(19) 
02B* 0.7883 ( 8) 0.6245 ( 4) 0.82507(21) 3.92(20) 
0 3  1.1786 ( 3) 0.89990(18) 3 /4 4.24( 9) 
C 1 0.9516 ( 3) 0.75703(16) 0.89324( 7) 3.42( 7) 
C2 0.7668 ( 3) 0.75184(23) 0.86252( 8) 4.49(10) 
C3 0.6083 ( 4) 0.7371 ( 3) 0.90456(10) 5.40(12) 
C4 0.6352 ( 3) 0.62255(19) 0.94132( 8) 4.12( 9) 
C5 0.8234 ( 3) 0.62399(21) 0.96994( 8) 4.58(10) 
C6 0.9807 ( 3) 0.63986(21) 0.92790( 9) 4.55(10) 
C7A* 0.8159 ( 8) 0.6997 ( 5) 0.77083(14) 4.38(20) 
C7B" 0 . 7 0 4 0 ( 8 )  0 . 6 2 9 0 ( 4 )  0.77097(14) 4.34(20) 
C8 1.1537 ( 3) 0.90212(21) 0.84837 (9) 4.49( 9) 
C9 1 . 2 8 2 5 ( 3 )  0 . 9 1 6 0 ( 3 )  0.79971 ( 8) 4.73(11) 

Bi,, is the mean of the principal axes of the thermal ellipsoid 

*Occupancy factor = 0.5 

insight into the conformational processes that have occurred 
with respect to the cyclohexane moieties. 

From the aforementioned doublet near 77.8 ppm have 
emerged six CH-0 resonances in the range of 79.92- 
73.13 ppm. We attribute the high-intensity pair at 79.33 and 
74.51 ppm to the C1 and C2 sites, respectively, of the sym- 
metrical conformation of 1 illustrated above. The two minor 
lines of equal intensity at 79.92 and 78.56 ppm are attrib- 
uted to methine carbons bearing equatorial oxygen in an 
asymmetric conformation of 1. Similarly, the pair of lines 
at 75.60 and 73.13 ppm is deemed to arise from methine 
carbons bearing axial oxygen in the asymmetric conforma- 

tion of l .  Such a conformation could arise as a result of a 
single cyclohexane inversion depicted below. 

Such a duality of conformations has previously been elu- 
cidated in the dicyclohexyl-14-crown-4 ether series (12). 
From the integrated intensities one can calculate Keq and 
hence the ground state free energy difference (-AGO) be- 
tween the symmetric and the asymmetric conformations at 
168 K using the equation -AGO = RT In Keq. The result is 
that the symmetric conformation is calculated to be more 
stable by only 0.50 + 0.20 kJ/mol. 

For 2, the I3c spectrum at 298 K again shows nine reso- 
nances, consistent with rapid conformational averaging on 
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the NMR timescale. From 'H-'~c HETCOR and 'H-'H The low-temperature I3c spectra of 2 also exhibit deco- 
COSY spectra at 500 MHz, assignment of the I3c CHI-0 alescence phenomena and the number of resonances in- 
lines is possible in this case since there is less resonance creases markedly from the nine observed at 298 K. One 
overlap in the 'H spectrum than is the case for 1. It is useful cannot rule out the existence of multiple conformations here 
to note that all geminal protons are magnetically nonequi- as well; however, sufficient peak resolution is not present to 
valent in these systems, so that rather complex 'H spectra are enable unravelling of the nature of the conformational pro- 
observed. Figure 6 shows a HETCOR spectrum. cesses that are occurring. 

(iii) X-ray crystallographic structures 
The ORTEP diagram for 1 is presented in Fig. 2a. In this 

depiction there are no symmetry elements. In fact, how- 
ever, there is disorder (as illustrated below) at the C7 and 0 2  
sites, with the disordered sites C7A, C7B, 02A, and 02B 
being equally populated. The crystallographic mirror plane 
passes through the mid-point of the C7A-C7B' and 
C7A'-C7B bonds and the 0 3  site. 

The solid phase I3c NMR spectrum of 1 (Fig. 3), which 
contains nine lines, is consistent with the presence of this 
symmetry plane. Although there is some overlap of the three 
CH,-0 resonances near 70 ppm, there are six other clearly 
resolved resonances observed. 

Normal torsion angles in crown ethers are such that 
0-C-C-0 networks are gauchoid (dihedral angle ca. 60") 
and all other four-atom moieties (ignoring hydrogens) are 
transoid (dihedral angle ca. 180"). In the case of 1, the 
C8-01-C1-C2 angle of 92.8" represents a major devia- 
tion, as do the C7A-02A-C2-C3 and C7B-02B- 
C2-C3 angles of 155.4" and 99.0" respectively. Other no- 
table differences from "ideal" geometry are the C8-01- 
C1-C6 network (143.5"), C7A-02A-C2-C1 (77.4"), 
and C7B-02B-C2-C1 (144.2"). For the 0-C-C-0 
networks, the 01-C8-CG03 case shows significant 
expansion from pure gauche to 73.7'. 

In the NaNCS complex 2, the sodium ion is hexaco- 
ordinated to the five oxygen atoms of the crown ether and 
to the N atom of the SCN anion, resulting in a distorted 
pentagonal pyramidal coordination polyhedron. The five 
oxygens are not coplanar, the mean deviativn from the 
least-squares plane connecting them being 0.27 A. The cross- 

TABLE 5. I3c NMR chemical shifts (& from TMS 2 0.01) 

Carbon 1 (solid) 1 (solution)* 2 (solid) 2 (solution) 

C 1 73.32 (77.661~ (78.85)' (78.30)' 
C2 80.98 (77. 821b 70.85 (77.47)' 
C 3 28.70 27.82 (26.89)/ (26.83)' 
C4 21.22 (21.96)' 19.99 (22.67)& 
C5 25.73 (22.75)' (25.32)' (20. 66)k 
C6 29.89 27.82 (26.89)' (26.38)' 
C7 (69.90)" (68.1 7)d (70.05)" 67.13 
C8 (70.32)" (68.781~ 66.34 66.57 
C9 (70.66)" (7 1 .06)~  66.34 69.22 
C10 66.34 
C11 66.34 
C12 74.32 
C13 (26.89)' 
C14 19.99 
C15 (25.1 0)9 
C16 (28.02)' 
C17 (80.02)' 
C18 (67.98)" 

'0.1 M in CDzClz at 298 K. 
"-kIndicate possible interchange of assignments. 

ring diagonal distances between "opposite" oxygfns range 
from 3.855 to 4.586 A, the average being 4.295 A. As ex- 
pected, the binding cavity is smaller than that found in the 
X-ray structure of the NaNCS - H,O . 18-crown-6 complex 
(13), where the diagonal 0-0 distances in the 18-mem- 
bered ring are ca. 5.100 A on the average. 

Data in Table 2 show that there is some distortion in the 
15-membered ring from "ideal" conformations of crown 
ethers. This is particularly evident in the C8-01-C1-C2 
network where the torsion angle of 85.5" departs signifi- 
cantly from the "normal" value of near 180". Similar types 
of distortions were observed in the LiNCS complexes of a 
related dicyclohexano-13-crown-4 system (14). 

Figure 2b shows that the five ether oxygens are pointing 
towards the concave side of the crown ether, with the cy- 
clohexane rings and the SCN- side by side or with the anion 
coming in the concave side of the 15-membered ring. Hence 
the Na' appears to complex preferentially from the concave 
direction. Again there is similarity in the orientations of the 
anion and alkaline cation in the present case with that ob- 
served for LiNCS complexes in the analogous 13-crown-4 
series (14). 
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FIG. 2. (a)  ORTEP diagram of 1. (b) ORTEP diagram of 2 

As noted earlier, the average diagonal distance between 
opposite oxygen atoms of 2 is 4.295 A. By subtraction of 
twice the van der Waals radius of 0 (i.e., 2 X 1.4 A) one 
can obtain the adjusted diameter of the binding cavity, 
1.495 A. Since the effective diameter of the Na' ion is 1.9- 
2.4 A (15), the cavity is clearly too small to accommodate 
the Na' ion and hence this cation is found 0.84 A out of the 
least-squares plane. By contrast, in the 18-crown-6 com- 
plex (13) the longer 0-0 distances result in an enlarged 
binding cavity diameter (ca. 2.3 A) and hence the Na+ lies 
only 0.27 A out of the least-squares plane. 

Finally, the Na-0 distances listed in Table 1 are shorter 
when involving equatorial 0 ' s  than when axial oxygens are 
bound (2.401 and 2.342 A vs. 2.515 and 2.494 A respec- 
tively). The Na-03 distance of 2.412 A falls in between. 
In the present 6-coordinate case, the average Na-0 bond 
length of 2.433 A is somewhat shorter than that in the 7-co- 
ordinate NaNCS . H,O . 18-crown-6 system (1 3). 

Experimental 
Crystallographic measurements, structure solution 

and re3nement 
Single crystals of 1 and 2 were mounted on glass fibres and 

measured on a Nonius CAD-4 diffractometer. Accurate cell pa- 
rameters and intensity data were obtained at room temperature using 
graphite-monochromated CuKa radiation for 1 and MoKa radia- 
tion for 2. Crystal data are provided in Table 3. 

The space group P2 , /n  (alternate setting of P2 , /c )  was uniquely 
defined from the systematic absences noted in the data of 2. The 
intensity data for 1 revealed systematic absences consistent with two 

possible space groups. These are Pbnm (alternate setting Pnmu) and 
Pbn2,  (alternate setting of Pna2,) .  Intensity data were corrected 
in the usual fashion for Lorentz and polarization-ratio factors but 
not for absorption. Other details pertaining to the data reduction step 
are listed in Table 3. 

The positions of the non-H atoms of 2 were determined by di- 
rect methods with MULTAN (16). At this stage, isotropic refine- 
ment of all non-H atoms was carried out by full-matrix least squares. 
A subsequent difference map revealed the positions of the H atoms. 
They were included and refined isotropically while non-H atoms 
were refined anisotropically. The structures were refined to con- 
vergence by full-matrix least squares; Cw(lF,I -  IF,^)' was mini- 
mized with w-'  = u'(F,) + 0.0003F,2. Details of the structure 
refinement of 2 and final D-map are given in Table 3. 

The structure of 1 was solved in the space group Pbn2, .  As in 
2, positions of non-H atoms were derived from direct methods. A 
close inspection of the electron density maps based on the two 
possible space groups revealed positional disorder in the -0-CH2- 
CH2-0 bridge linking the two cyclohexane rings. Refinement of the 
occupancy factors of the disordered positions confirmed that this 
bridge was disordered over two equally populated positions. Least- 
squares refinement was continued with half-occupied C positions 
for the disordered bridge and isotropic thermal parameters for C and 
0 atoms. There was further evidence of disorder. Results of re- 
finement at this stage showed 0 atoms of the disordered bridge with 
thermal amplitudes much larger than the other non-H atoms of 1. 
C-0 and C-C distances in the disordered group were similar to 
those for analogous crown ethers (13, 14). However, two of the four 
C,y,l,h,,yrO-CH2 angles were unusually large (ca. 135"), which 
are highly improbable values. 

The refinement of 1 in space group Pbn2 , ,  including H atoms 
at calculated positions and non-H atoms refined with anisotropic 
thermal parameters, would have made the number of reflections per 
refined parameter unacceptably low. As the space group of 1 could 
be Pbnm, cell symmetry was checked with the program MISSYM, 

which finds all metric symmetry elements from the atomic coor- 
dinates of any crystal structure and builds the generators in the unit 
cell (17). In addition to the b and n glide planes perpendicular to 
the a and b axes respectively, MISSYM detected mirror symmetry 
perpendicular to the c axis of the unit cell. Refinement of 1 was 
pursued in space group Pbnm. 

H atoms bonded to non-disordered C atoms were added at cal- 
culated positions (C-H bond of l .08 A,  sp3 hybridized). Non-H 
atoms were defined anisotropically and H atoms isotropically. H 
atoms next to disordered positions C7A and C7B were success- 
fully located in the next D-map and refined in the next least-squares 
cycles. At this stage, the R and R,, factors were ca. 1% higher than 
the final values quoted in Table 3. As the anisotropic thermal pa- 
rameters of 0 2  described a highly and abnormally elongated 3D 
shape, this atom was removed from the structure and relocated in 
a subsquent D-map. The map revealed two positions. These were 
refined anisotropically as 0 atoms with half occupancies. This at- 
tempted refinement led to the lower residuals listed in Table 3. The 
high bond angle of ca. 135" centered at the formerly nondisor- 
dered 0 2  site has been replaced by more reasonable values aver- 
aging ca. 117". However, the previous C2-02 distance of ca. 
1.4 A is now showing systematically short and long C2-02A and 
C2-02B distances (see Table 1). Despite these geometrical dis- 
tortions, the latter structural description with two partially (and 
equally) occupied -0-CH2-CH2-0 bridges linking the two cyclo- 
hexane rings has been used. It is of interest to note that similar 
structural distortions have been found in the X-ray structure of a 
related dicyclohexano- 13-crown-4 ether (14). Details of the struc- 
ture refinement of 1 and D-map are given in Table 3. 

All computations were performed with the NRCVAX crystal 
package (17). The scattering curves were from the ~nternational 
Tables for X-ray Crystallography (1 8). Bond lengths and angles 
involving non-H atoms are presented in Table 1 while torsion an- 
gles involving ring skeletal atoms are given in Table 2. Refined 
coordinates of the non-H atoms of 1 and 2 are reported in Table 4. 
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I I I I I I I I I 
90 00 70 60 50 40 30 20 10 

PPW 

FIG. 3. 45.3 MHz solid phase I3c NMR spectra. 

Lists of anisotropic temperature factors, H atomic parameters, all Spectra 
bond lengths and angles, all torsion angles, and calculated, ob- The "C CPMAS NMR spectra were recorded at 45.3 MHz on 
served, and unobserved structure factors are deposited as Supple- a Bruker CXP-180 spectrometer using techniques described pre- 
mentary Material.3 viously (5). Chemical shifts were measured relative to external solid 

hexameth~lbenzene (HMB) and converted to the TMS scale by the 
3These data may be purchased from: The Depository of Unpub- factor of 16.9 ppm, the chemical shift of the CH, group of HMB. 

lished Data, Document Delivery, CISTI, National Research Council The solution phase "C spectra were recorded at 100.6 MHz on a 
Canada, Ottawa, Canada KIA OS2. Bruker AM 400 system using conditions of complete 'H noise de- 

Tables of hydrogen atom parameters and bond lengths and an- coupling. Typical spectral widths were 10 kHz with 32K data points 
gles have also been deposited with The Cambridge Crystallo- for acquisition and zero filling to 64K. Normal pulse widths were 
graphic Data Centre and can be obtained on request from The 30" with a pulse delay of 2 s. Samples were ca. 0.1 M in CD2C11 
Director, Cambridge Crystallographic Data Centre, University solutions. The ' H ~ ~ c  HETCOR spectra were obtained on a Bruker 
Chemical Laboratory, Lensfield Road, Cambridge CB2 lEW, U.K. AM 500 spectrometer using low decoupler power in the CW mode 
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1 I I I I I 

7 0 6 0  50 40 30 Z 0 
PPN 

FIG. 4. 100.6 MHz I3c solution spectra of I at 298 and 168 K.  

(composite phase decoupling), with polarization transfer from 'H 
to I3c. 

The FID's were acquired over 4096 data points for each of the 
128 or 256 values of the evolution time, with digital resolution of 
7 Hz/point in F 2  and 5-10 Hz/point in F 1. The raw data were 
zero-filled in F 1 prior to Fourier transformation using the sine bell 
window function. Proton relaxation delays of 3-5 s were utilized. 

Materials 
Dibenzo-15-crown-5 was prepared as previously described (4). 

Hydrogenation of this material to a mixture of I and the cis-anti- 
cis isomer was accomplished using an American Instrument Co. 
50 000 psi (1 psi = 6.9 kPa) maximum pressure high-pressure ap- 
paratus. In 60 mL of 1-butanol were dissolved 2.2 g (0.007 mol) 
of dibenzo-15-crown-5 and 0.40 g of 5% ruthenium on alumina 

catalyst. A pressure of 1200 psi was used and the reaction was al- 
lowed to proceed for 12 h at a temperature of 120°C. The catalyst 
was removed via filtration and the butanol by rotary evaporation 
to yield 2.1 g of a viscous yellow oil. From "C NMR there ap- 
peared to be two configurational isomers present in the ratio of ca. 
2 :  1. Separation of these isomers was accomplished via column 
chromatography on activated silica gel of mesh size 100-200 using 
as initial eluent a mixture of 60: 40 CH2CI2-hexanes and a ratio of 
50: 1 silica gel to crude crown ether. Gradual introduction of di- 
ethyl ether in place of hexanes yielded 1 as the first isomer eluted, 
with 5% diethyl ether, 35% hexanes, and 60% CH2C1,. Recrystal- 
lization from hexanes yielded the pure cis-syn-cis isomer 1, as 
subsequently determined by X-ray crystallography, mp 67-68°C. 
The latter column fractions contained the minor, presumably cis- 
anti-cis, isomer, which remained an oil. 
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FIG. 5.  Methine carbon region of 100.6 MHz spectrum of I at 168 K. 

-- and J.  Bomais for access to the 400 MHz instrument at NRC. 
The 500 MHz spectra were obtained at Agriculture Canada, I ' l 4  courtesy of Dr. B. Blackwell and J.  Nikiforuk. 

I 

I ,  

75 70 65 60 55 50 45 40  35 30 25 20 
PPM 

Frc. 6. 'H"C HETCOR spectrum of 2 at 500 MHz. 

For preparation of the complex 2, equimolar amounts of I and 
NaNCS were dissolved in a minimum volume of dry methanol. 
After allowing the mixture to stand for 2-3 h, the solvent was re- 
moved by rotary evaporation. Subsequent recrystallization from 
ethanol-hexanes yielded pure 2 ,  mp 140- 14 1 "C. 
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Photolysis of the 1-naphthylmethyl ester of substituted phenylacetic acids: 
intramolecular charge transfer and rates of decarboxylation of arylacyloxy radicals 

JAMES W .  HILBORN AND JAMES A. PINCOCK' 
Department of Chemistry, Dalho~lsie University, Ha1ift1.x~ N.S., Canarlr~ B3H 453 
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JAMES W. HILBORN and JAMES A. PINCOCK. Can. J. Chern. 70, 992 (1992). 
The photolysis of esters 6 and 8 in methanol leads to products resulting from both naphthylmethyl cations and radi- 

cals. The product distribution is nearly independent of X for the esters 6 except when X equals methoxy. A mechanism 
involving initial homolytic cleavage of the carbon-oxygen bond in the excited singlet state of the ester is proposed. 
Competition between electron transfer in the radical pair to form the ion pair and decarboxylation of the arylacyloxy radical 
allows calculations of the rates for this decarboxylation process. The p value versus u is close to zero. When X equals 
methoxy, intramolecular electron transfer occurs with the naphthalene ring serving as the acceptor and the methoxyaro- 
matic as the donor. This exciplex fragments to carbon dioxide and 1-(I-naphthy1)-2-arylethane. 

Key words: acyloxy radical, decarboxylation, photolysis of benzylic esters. 

JAMES W. HILBORN et JAMES A. PINCOCK. Can. J. Chem. 70, 992 (1992). 
La photolyse des esters 6 et 8 dans le methanol conduit ii la formation de produits resultant ii la fois de cations et de 

radicaux naphtylmethyles. Pour les esters 6, la distribution des produits est independante de la nature de X,  except6 lorsque 
X est un groupe methoxyle. On propose un mecanisme impliquant un clivage initial homolytique de la liaison carbone- 
oxygkne dans 1'Ctat singulet excite de l'ester. Une competition entre le transfert d'electrons dans la paire de radicaux 
pour former la paire d'ions et la dtcarboxylation du radical arylacyloxy permet de calculer les vitesses de ce processus 
de decarboxylation. La valeur de p versus a s'approche de zero. Lorsque X est un groupe methoxyle, il se produit un 
transfert intramolCculaire d'tlectrons avec le noyau naphtalenique servant de accepteur et le fragment methoxyaromatique 
agissant comme donneur. Cet exciplexe se fragmente en dioxyde de carbone et I-(I-naphty1)-2-arylethane. 

Mots cle's : radical acyloxy, decarboxylation, photolyse des esters benzyliques. 
[Traduit par la redaction] 

Introduction 
Benzylic substrates occupy a central place in the study of 

electronic effects on organic reactions. This is because vari- 
ation of substituents along with application of linear free 
energy relationships (i.e., Hammett correlations) is an ex- 
cellent probe of the charge changes that occur going from 
starting material to transition state. Moreover, the usual meta 
and para substituents are remote enough from the reaction 

site that steric effects are generally negligible. Even for rad- 
ical reactions where charged intermediates are not in- 
volved, the decision of which u scale to use and the sign and 
magnitude of the small, but measurable, p values have been 
valuable probes of reaction mechanism (1). 

Recently, we showed (2) that the singlet photochemistry 
of 1-naphthylmethyl esters, 1 ,  in methanol solvent leads to 
the formation of three major products, as shown in eq. [I] .  

hv - 
(I] ACH2-02C-R + ACH2-OCH, + H-0,C-R + ACH, - R 

CH30H 

The mechanism proposed to rationalize the product yields 
as a function of substituents on the naphthalene ring and 
changes in the structure of R is outlined in Scheme 1. The 
ether 2 and the acid 3 are formed by trapping of the l-naph- 
thylmethyl cation and carboxylate anion respectively. 'The 
hydrocarbon is formed from the radical pair that results after 
loss of carbon dioxide from the alkanoyloxy radical. Since 
mass balance for the reactions was excellent and only very 
small amounts of other radical derived products were de- 
tectable, essentially all the radical chemistry is occuning in- 
cage. 

There has been considerable recent interest in the parti- 
tioning between heterolytic and homolytic pathways in ben- 
zylic photochemistry (3, 4). We have been able to rationalize 
the product yields for substrates 1 by a mechanism involv- 

' ~ u t h o r  to whom correspondence may be addressed. 

ing initial excited-state carbon-oxygen bond cleavage to form 
a singlet radical pair (i.e., k; >> k:). The product parti- 
tioning is then controlled by competition between k&., the 
electron transfer rate that converts the radical pair to the ion 
pair, and kco2 as a function of R .  This is a quite different 
suggestion from the usual one that product yields are con- 
trolled, at least in part, by competition between k: and k:. 
Although there is no reason, in principle, why this would not 
also be true for substrates 1, the simpler mechanism ration- 
alizes all the cases that we have examined. 

We  now report results that allow a determination of the 
effect of substitutents on the rates of decarboxylation of the 
series of arylacetyloxy radicals, 5, obtained by photolysis of 
the corresponding esters, 6. In addition, we have examined 
the esters, 8, in order to assess the effect of substituents di- 
rectly attached to the developing radical center that results 
from decarboxylation of 7. 
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HlLBORN A N D  PINCOCK 

I( ET- 
ACH,' -0,C-R - ACH,' '02C-R 

ACH2-0CH3 + H-0,C-R ACH,' + 'R 

4 

S C H E M E  1. Mechanism of the photolysis of 1-naphthylmethyl esters in methanol solvent. 

Results 

The esters 6 and 8 were all synthesized by reaction of the 
corresponding acid chloride with 1-naphthylmethanol. De- 
tails of the Drocedure and data for characterization of the 
compounds are given in the experimental section. 

Photolysis of the esters in methanol with a 200-W Hanovia 
medium-pressure Hg lamp using a Pyrex filter led to clean 
conversion to the products shown in eq. [I]:  A = C,,H,; R 
= X-C6H,CH2 and R = X-CH,. Reactions were monitored 
by HPLC and taken to completion for preparative scale runs. 
~ho to~ roduc t s  were isolated, purified, ind used to make 
calibration standards for quantitative runs, which were run 
to lower conversion (<50%). No changes in product ratios 
as a function of ~hotolvsis time were detected and dark 
samples taken befire and during irradiation were stable. No 
attempt was made to quantify the yield of the carboxylic 
acids, 9 (3, R = X-C6H4CH2) and 10 (3, R = X-CH,), but 
they could be cleanly isolated by acidification of basic ex- 
tracts of the reaction mixture. Details of the photolysis pro- 
cedure are in the experimental section. Values for the product 
yields in calibrated-runs are shown in Table 1. 

Also included in Table 1 are values for the quantum yield 
of fluorescence and the singlet lifetime for all the substrates 
in methanol. 

Discussion 

As the results in Table 1 indicate, the products shown in 
eq. [ l ]  (i.e., the ether 2 and the coupling products, 11 (4, R 
= X-C6H4CH2) or 12 (4, R = X-CH,)), are formed and the 
mass balance is excellent. Since the yield of the ether is the 
easiest to quantify, we again (6) made the simplifying ap- 
proximation that all starting material not accounted for by its 
formation has formed products from the radical pathway. 
Therefore, according to Scheme 1, kco,/kET = yield of 
2/(100 - yield of 2). As in our previous work (2, 6), we 
assume that kET is independent of the structure of the acy- 

loxy radical and only dependent on the structure of the 
naphthalene ring. This assumption about kET is very reason- 
able for these substituted phenylacetyloxy radicals. A value 
of p = 0.5 has been measured (7) for the equilibrium acid- 
ities of substituted phenylacetic acids. If the substituent ef- 
fect for the development of negative charge on the 
phenylacetyloxy radical as it is reduced to the correspond- 
ing anion is similar to this, then a p value equal to 30 mV/ 
u can be calculated for the reduction potentials. This gives 
a range in the reduction potentials of only 28 mV going from 
the best electron-donating group (4-CH30) to the best elec- 
tron-withdrawing one (4-CN). The plot (2) of log kET as a 
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TABLE 1. Photophysical properties and product yields for the photolysis of ester 
series 6 and 8 in methanol 

7, 2b l i b  k c ~ ~ ~ ~ 1 0 - ~ ~ ~ ~  
Compound X (ns) (%) (%) (s- I) 

"Relative to a value of 0.21 for I-methylnaphthalene (5). 
bEstimated error +2% as determined by calibrated HPLC. 
'Assuming kH, = 2.6 X 10'' s- ' .  
dErrors in parentheses are estimated assuming +2% error in determination of product yields 

and + 10% error in the rate of decarboxylation of 15. 
'These values are not the correct rates of decarboxylation because the competing intra- 

molecular electron transfer pathway leads to high yields of the decarboxylation product. 

function of the oxidation potential change going from the 
radical pair to the ion pair indicates that this would only lead 
to a 20% change in kET, which is almost within the ex- 
pected experimental error for determining kc,,. Of course, 
for the compounds studied here, the naphthalene side is 
constant so kET will equal k:T. Using our previously es- 
timated value (2) of 2.6 X 10" s-' for kFT allows calcula- 
tion of kc,, as a function of R. These values are listed in 
Table 1. 

Turning first to the benzylic substrates, 6, the values for 
kc,, are all clustered around 9.9 X lo9 s-' with the excep- 
tion of the radicals 5b (X = 4-CH30) and 5c (X = 3-CH30) 
derived from substrates 6b and 6c respectively. This is made 
more obvious by the Hammett plot in Fig. 1, which shows 
that, within experimental error, the slope is close to zero if 
the two methoxy compounds are excluded. They have esti- 
mated rates of decarboxylation that are 10-20 times faster 
than the others. Clearly, then, the results for the arylacetate 
esters present two points for discussion: first, the lack of 
substituent effect for the rates of decarboxylation of the ar- 
ylacetyloxy radicals, 5, for all cases except the methoxy- 
substituted ones and, second, the anomalous behaviour of the 
methoxy compounds. The first point will be discussed next. 

In general, of course, radical reactions have smaller sub- 
stituent effects then ionic reactions. However, benzylic rad- 
icals certainly often have measurable p values, indicating the 

polarity of the transition state. In fact, there have been many 
quite successful correlations with a+ of benzylic rate data for 
abstraction of hydrogen from toluenes with various electro- 
negative radicals (1, 8). Attempts to assess true radical sta- 
bilizing effects in benzylic systems (i.e., (T scales) have relied 
on studying reactions that have no polarity in the transition 
state (lb) or by measuring ESR hyperfine coupling con- 
stants of substituted benzyl radicals (la).  These scales in- 
dicate that even in completely nonpolar cases, substituents 
can stabilize benzyl radicals significantly, particularly by 
conjugation from the para position. Our observation of no 
measurable effect on the rate of loss of carbon dioxide from 
the arylacetyloxy radicals, 5 ,  was therefore a surprise. 

Two closely related reactions deserve discussion for 
comparison. The fust of these, oxidative decarboxylation of 
arylacetyl anions by persulfate gave a Hammett correlation 
with a p' = -0.43, suggesting, as expected, positive charge 
on the benzylic carbon as in 13 (9). However, later work (10) 
demonstrated that the electron transferred during the oxida- 
tion was probably from the aromatic ring, giving the ex- 
pected high = -2.9. The second example involves the 
pyrolysis of substituted tert-butyl phenyl peracetates (1 1). 
Here, the evidence indicates that the cleavage of the 0-0 
bond and the C - C  bonds is concerted, producing benzyl and 
tert-butoxy radicals and carbon dioxide in one activated step. 
The transition state was drawn as in 14 and the reaction again 
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HILBORN AND PINCOCK 

FIG. 1 .  Hammett plot of log kc,, versus a for the decarboxylation of arylacyloxy radicals. 

correlates with p+ = - 1 .O to - 1.2 depending on tempera- 
ture. A suggestion was made that perhaps arylacetyloxy 
radicals were too reactive to have a discrete lifetime. How- 
ever, the observation that the 9-methylfluorenylcarboxylate 
radical, 15, has a short but measurable lifetime (55 ps) at 
room temperature (1 2) makes this unlikely. 

There are several differences between our method of de- 
termining rates of decarboxylation of arylacetyloxy radicals 
and that of Bartlett and Riichardt (1 1). First, our results are 
obtained at 20°C as opposed to the higher temperatures (55- 
100°C) required for the perester decomposition. Thus, the 
radical has a better chance of having a discrete existence in 
the shallow energy well that separates it from the aryl- 
methyl radical and carbon dioxide. Second, the counter 
radical is the carbon-centered radical, 1 -naphthylmethyl, so 
that the polarity in the transition state should be minimized 
relative to 14 above. Finally, we presented evidence previ- 
ously (6) that the loss of carbon dioxide from the arylace- 
tyloxy radical may be controlled by the entropy rather than 
enthalpy of activation. This is true because the stabilization 
of the incipient benzyl radical requires a freezing of the 
conformation of the benzene ring to allow overlap with the 
breaking u bond. Such entropic effects have been observed 
before for the much slower loss of carbon monoxide from 
phenylacetyl (PhCH,CO) radicals (1 3). For the arylacetyl- 
oxy radical, where the enthalpic barrier will be extremely 
low, this entropic effect may dominate the activation pro- 
cess. If this is true, substituent effects would be expected to 

be small, i.e., radical stability effects are unimportant in 
determining the rate of loss of carbon dioxide. 

The second major feature in the decarboxylation rates of 
the arylacetyloxy radicals, 5, is the enhanced rate of decar- 
boxylation for 5b, X = 4-OCH3 and 5c,  X = 3-OCH,. This 
effect is easily explained when it is also noted that the quan- 
tum yield of fluorescence, +,, and the singlet excited state 
lifetime, T,, are also significantly different for these two 
substrates. As shown in Table 1, both values for both sub- 
strates are about a factor of two lower than for all the other 
substrates. This is true even though the chromophore and 
excited-state energy results from the same structural unit, the 
naphthalene ring. Clearly, another excited singlet-state pro- 
cess has been added to the mechanism for these methoxy- 
substituted substrates. Our suggestion is that this additional 
pathway is intramolecular exciplex formation by electron 
transfer from the methoxy aromatics to the naphthalene ring 
(Scheme 2). This process, with rate constant kE,  competes 
with the normal homolytic cleavage pathway, k R ,  as well as 
with fluorescence, k,. Therefore, both +, and T,  will be de- 
creased. 

There are many examples of intramolecular exciplexes of 
this type and many, though not all, are emissive (14). We 
have looked carefully for excimer emission and have not been 
able to observe any in either methanol or cyclohexane sol- 
vent. However, the Rehrn-Weller relationship (1 s), eq. [21, 
provides a convincing argument for exciplex formation. 
Values for the oxidation potential of anisole (1.76 V vs. SCE 
in CH,CN) (16), the reduction potential of naphthanlene 
(-2.6 V vs. SCE in CH,CN) (16), and the singlet excita- 
tion energy, Eo,, for these substrates (376 W mol-' from the 
wavelength of the 0,O band in CH30H) gives AGE = 43 kJ 
mol-'. The electrostatic term in eq. [2] is less certain be- 
cause the distance between the two charged rings is un- 
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~ E T  
ACH,' -02C-R - ACH,' 'O&-R 

SCHEME 2. Mechanism of the photolysis of 1 -naphthylmethyl esters including the intramolecular electron transfer pathway. 

known. If the two aromatics interact strongly, they could be 
quite close. Molecular models indicate that if the rings are 
coplanar ino the exciplex, the maximum distance of separa- 
tion is 5 A with no geometric inhibition to shorter dis- 
tances. Assuming the dielectric constant to be used is that of 
the bulk medium, methanol, the v$ue of this term is 9 kJ 
mol-' at 5 A and 22 kJ mol-' at 2 A. Thus AGE is probably 
somewhere between 34 kJ mol-I and 21 kJ mol-l. Using the 
graph produced by Rehm and Weller (15) for intermolecu- 
lar charge transfer a value of k, around lo7 s-I can be esti- 
mated. 

The conclusion of this discussion is that intramolecular 
exciplex formation in 6b and 6c can compete with the nor- 
mal singlet excited rate processes: 1 /T, =- 1 /40 ns = 2.5 X 

lo7 S-1. 
From the fluorescence data, an estimate of the rate con- 

stant of exciplex formation can be made. Equation [3] in- 
dicates that the ratio of either lifetimes of the singlet excited 
states or fluorescence quantum yields for those substrates that 
do not form exciplexes relative to those that do is simply re- 

[31 TF/TE = + F / G  = 1 + ~ E T F  

lated to the required rate constant. This equation assumes that 

7: is the same as T~ except for the addition of k,, eq. [4]. On 
the average, the values of T ~ / T ;  and 6,/+; are about 2. 

Therefore the product of k ,~ ,  is close to unity or in other 
words, k, - kF + kD + kR = 2.5 X lo7 s-' as required for 
exciplex formation to compete with but not dominate other 
singlet-state processes. 

Finally, a value for the oxidation potential of toluene 
(2.28 V vs. SCE in CH,CN) (16) used in eq. [2] leads to a 
value for AGE for electron transfer (without including the 
electrostatic term) in the methyl-substituted esters 6d and 6e 
of + 188 kJ mol-I. This is obviously too endoergonic to lead 
to a rate that would be competitive with other excited sin- 
glet-state chemistry. 

From the product ratios in Table 1, it is clear that the two 
methoxy-substituted substrates, 6b and 6c, give lower yields 
of the cation-derived product, the methyl ether 2, and cor- 
responding higher yields of the radical-derived coupling 
product 11. The previous discussion suggests strongly that 
the formation of the intramolecular exciplex is creating an- 
other pathway of reactivity for the singlet excited state. The 
obvious conclusion is that this exciplex then gives prefer- 
entially the coupling product 11. The electronic structure of 
the charge transfer complex represented by a contributor like 
16, eq. [5], seems ideal for concerted bond cleavage involv- 
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HlLBORN AND PINCOCK 997 

ing loss of COz and formation of the precursors required for 
coupling. Note that the decarboxylation must be concerted 
in order to avoid formation of the arylacyloxy radical, which 
would then lead to the normal chemistry of the radical pair. 
In Scheme 2,  as shown, kEC >> kER. In conclusion, the cal- 
culated rates of decarboxylation in Table l for 5b and 5c, 
which are based on the ratio of the products 2 and 11 (4, R 
= X-C6H4CH,), are clearly incorrect because an alternate 
pathway for formation of 11 is occurring. 

The effect of substituents on the rates of decarboxylation 
of the arylacetyloxy radicals, 5,  are negligibly small. W e  
therefore chose to look briefly at the effect of substituents 
more closely attached. The  substrates 8 generate the radi- 
cals 7.  Since the fluorescence is normal (Table l ) ,  the yield 
of 2 (eq. [ I ] )  is now a measure of the decarboxylation rate 
again. The  rates of decarboxylation of RCO; are now sig- 
nificantly changed: R,  kc02 X lop9; H-CH?, <1.3; NC-CHr, 
3.2; CH,O-CH,, 3.5; Ph-CH2, 5.0; CH#HCH2, 7.7. With 
the obvious caution that these reactions are so fast that any 
rate-substituent correlation will be highly compressed, this 
order does make sense based on radical stabilitv o r  bond- 
strength arguments. Clearly, since both the cyano and 
methoxy substituents give a rate increase relative to hydro- 
gen, polar effects cannot be too important. However, the fact 
that methoxy is slightly faster than cyano is not in agree- 
ment with most scales of radical stabilizing effects (17). This 
may indicate a slight amount of polar character in the tran- 
sition state for decarboxylation with the carboxyl oxygens 
negative and the methylene carbon positive. 

Experimental 

General 
Ultraviolet (UV) spectra were obtained in methanol on a Varian 

Cary 219 spectrophotometer. Proton ( 'H NMR) and carbon ("c 
NMR) nuclear magnetic resonance spectra were obtained in CDC13 
with TMS as an internal standard on a Nicolet NB 360 spectrom- 
eter. Mass spectra were obtained on a Hewlett Packard 5890 GC/ 
MS using a 5% phenylsilicone capillary column. Infrared spectra 
were obtained on a Pye Unicam SP 1000 spectrophotometer. Flu- 
orescence spectra were obtained on a Perkin Elmer MPF 66 spec- 
trophotometer using samples in methanol that were degassed by 
three freeze-pump-thaw cycles; the optical density of the sam- 
ples was always less than 0.2 and quantum yields were obtained 
relative to a value of 0.21 for 1-methylnaphthalene (5). Fluores- 
cence lifetimes were obtained on the same samples using a PRA 
System 3000 instrument with a hydrogen flash lamp of pulse width 
0.8 ns. Microanalysis were by Canadian Microanalytical Service 
Ltd., Delta, B.C., Canada. 

Irradiations 
Irradiations were done with a 200-W medium-pressure Hanovia 

mercury lamp in a standard immersion well with a Pyrex filter. 
Solutions were degassed with a slow nitrogen stream. Progress of 
the reaction was monitored by HPLC using a Waters system, op- 
erating in isocratic conditions (80:20 methanol:water), equipped 
with a Brownlee Spheri-10 reverse-phase column (25 x 0.46 cm). 
Detection was at 280 nm. Complete conversion of 200 mg of the 
esters took approximately 3 h for the most reactive esters while the 
unreactive esters took approximately 24 h. Product ratios re- 
mained constant throughout the course of the irradiation and dark 
samples taken either before or during the irradiation showed no 
conversion. Yields were obtained by calibrating the HPLC detec- 
tor with samples of the products of known concentration in meth- 
anol. For preparative runs the photolyzed solution was concentrated 
under vacuum to approximately 10 mL and then 30 mL of water 
and 30 mL of CHZC12 were added. The CHZC1, layer was sepa- 

rated and extracted with 2 x 15 mL of a 5% aqueous NaOH so- 
lution. The CHzClz layer was dried (MgSO,), filtered, and 
rotoevaporated to give an oil that was subjected to flash chroma- 
tography through silica gel using 80:20 hexane:CH,Cl, as the 
eluent. The aqueous alkaline layer was acidified with concen- 
trated HC1, and extracted with 2 x 25 mL of CH2C12. Evaporation 
of this CH,Cl, layer gave products that were identified as the cor- 
responding acids. 

Methoxyacetyl chloride, phenylacetyl chloride, l-naphthyl- 
methanol, cyanoacetic acid, 3-butenoic acid, 4-methoxyphenyl- 
acetic acid, 3-methoxyphenylacetic acid, 4-methylphenylacetic acid, 
3-methylphenylacetic acid, 4-fluorophenylacetic acid, 3-fluoro- 
phenylacetic acid, 4-a,a,a-trifluorophenylacetic acid, 3-a,a,a-  
trifluorophenylacetic acid, were purchased from the Aldrich 
Chemical Company. All solvents were distilled prior to use. The 
acid chlorides were obtained by refluxing three molar equivalent 
of thionyl chloride with the acid (18). Cyanoacetyl chloride was 
prepared from cyanoacetic acid using the method of Ireland and 
Chaykovsky (19). The 4- and 3-cyanophenylacetic acids were ob- 
tained by the method of Richter et a / .  (20). The esters generated 
were hydrolyzed in aqueous base to give the corresponding acids. 
1-Methoxymethylnaphthalene, 2, was obtained by the previous 
procedure (6). 

Synthesis of substiruted and I -naphthylmethyl phenylacerares 
(6a-k) and I -tzaphthyltnethyl acetates (8a-c) 

To a well-stirred solution of 1-naphthylmethanol (1.56 g, 
0.01 mol) and 1 mL of pyridine in 50 mL of dry benzene was slowly 
added the corresponding acid chloride (0.01 mol) in 30 mL of 
benzene at room temperature. The pyridinium hydrochloride salt 
precipitated and after all of the acid chloride was added the solu- 
tion was stirred overnight. Then 50 mL of water was added and the 
two layers were separated. The benzene layer was washed twice 
with 10% aqueous HC1, once with 5% aqueous NaOH, and fi- 
nally with water. The organic layer was dried (MgS04), filtered, 
and rotoevaporated to yield the crude esters. The ester was then 
column chromatographed over silica gel using 50:50 hex- 
ane:methylene chloride as the eluent. The ester fractions were 
identified by TLC, then combined and concentrated. The esters that 
were oils were distilled under vacuum and those that were solids 
were recrystallized from hexane for purification. 

Chnracterizatiotz of esters 
I-Naphthylmethyl phenylacetate (6a): yield 62%; bp 196-200°C 

at 0.5 ~ o r r ,  (lit. (21) bp 212°C at 4-5 Torr); UV: A,,, 265 (E 6.37 
x lo3), 275 (7.39 X lo3), 284 (5.29 x 10'); IR (neat): 3010, 2930, 
1740 (C==O), 1600, 1520, 1495, 1455, 1240, 1145, 940, 785, 
765 cm-'; 'H NMR 6: 7.73-7.75 (m, lH), 7.62-7.68 (m, 2H), 
7.30-7.33 (m, 3H), 7.22 (t, 1 H, J = 7.6 Hz), 7.09 (s, 5H), 5.39 
(s, 2H, CH20), 3.47 (s, 2H, CH2C(=0)); ''c NMR 6: 171.4 (s, 
C=O), 133.8 (s), 133.6 (s), 131.5 (s), 131.2 (s), 129.2, 128.6, 
128.5, 127.4, 127.0, 126.4, 125.9, 125.2, 123.5, 65.0 (t, CH20, 
J  = 147.8 Hz), 41.3 (t, CH,C(=O), J  = 129.8 Hz); GC/MS: 277 
(7, M + l ) ,  276 (39, MC), 142 (18), 141 (100), 115 (24), 91 (24). 

I-Naphthylmethyl 4-methoxyphenylacetare (6b): yield 48%; bp 
118-120°C at 0.5 Torr; UV: A,,, 266 (E 8.16 x lo3), 275 (8.52 x 
lo3), 286 (5.15 x lo3); IR (neat): 3080, 2980, 1740 (C==O), 1615, 
1515, 1250, 1150, 1040, 980, 795, 780 cm-'; 'H NMR 6: 7.89- 
7.91 (m, lH),  7.79-7.85 (m, 2H), 7.46-7.49 (m, 3H), 7.40 (t, 
lH, J  = 7.6Hz) ,  7 .16(d ,  2H, J = 8.4Hz) ,6 .81  (d ,2H,  J =  
8.4 HZ), 5.55 (s, 2H, CH20), 3.74 (s, 3H, OCH,), 3.57 (s, 2H, 
CH2C(=O)); "C NMR 6: 171.4 (s, C=O),  158.8 (s), 133.7 (s), 
131.6(s), 131.4 (s), 130.1 (d, J = 153.3 Hz), 129.1, 128.5, 127.1, 
126.3, 126.0 (s), 125.7, 125.1, 123.5, 114.0 (d, J  = 158.7 Hz), 
64.7 (t, CH,O, J  = 148.2 Hz), 55.2 (q, OCH,, J  = 143.5 Hz), 40.4 
(t, CHZC(==O), J = 130.0 HZ); GC/MS: 307 (6, M + l ) ,  306 (29, 
M'), 142 (a), 141 (58), 121 (loo), 115 (16), 78 (8). Anal. calcd. 
for C Z ~ H ~ ~ O ~ :  C 78.41, H 5.92; found: C 78.16, H 5.82. 

'1 Torr = 133.32 Pa. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



998 CAN. J.  CHEM. VOL. 70, 1992 

I-Naphthylmethyl 3-rnethoxyphenylacetate (6c): yield 46%; bp 
1 12-1 14°C at 0.5 Torr; UV: A,,, 266 (E 9.17 X lo3), 275 (9.25 X 

lo7), 286 (5.24 X lo3); IR (neat): 3020, 2930, 1735 (C==O), 1600, 
1490, 1255, 1 140, 1040, 970, 780, 760 cm-'; 'H NMR 6: 7.89- 
7.91 (m, lH), 7.79-7.85 (m, 2H), 7.46-7.48 (m, 3H), 7.39 (t, 
lH, J = 7.6 Hz), 7.18 (t, lH, J = 8.4 Hz), 6.77-6.84 (m, 3H), 
5.55 (s, 2H, CH20), 3.67 (s, 3H, OCH,), 3.60 (s, 2H, 
CH2C(=O)); I3c NMR 6: 171.3 (s, C=O),  159.6 (s), 135.2 (s), 
133.6 (s), 131.5 (s), 131.2 (s), 129.5, 129.3, 128.6, 127.4, 126.5, 
125.9, 125.2, 123.5, 121.6, 114.6, 112.9, 65.0 (t, CH,O, J = 
147.7 HZ), 55.1 (q, 0CH3, J = 143.8 HZ), 41.4 (t, CH2C(=O), 
J = 129.5 Hz); GC/MS:307 (9, M + l), 306 (42, M+), 142 (13), 
141 (loo), 121 (1 l ) ,  115 (17), 91 (6), 78 (5). Anal. calcd. for 
CZ0HIBo3: C 78.41, H 5.92; found: C 78.67, H 6.00. 

I -Naphthylmettzyl4-methylphenylacetate (6d): yield 55%; mp 41- 
42°C; UV: A,,, 265 (E 5.49 X lo3), 275 (7.54 X lo3), 284 (4.46 
X lo3); IR (Nujol): 1730 (C=O), 1505, 1285, 1250, 1125, 965, 
785, 760 cm-I; 'H NMR 6: 7.91-7.94 (m, lH), 7.82-7.88 (m, 
2H), 7.48-7.51 (m, 3H), 7.42 (t, lH, J = 7.5 Hz), 7.15 (d, 2H, 
J = 8.0 HZ), 5.56 (s, 2H, CH20), 3.62 (s, 2H, CH,C(=O)), 2.32 
(s, 3H, CH,); ')c NMR 6: 171.6 (s, C=O),  136.6 (s), 133.6 (s), 
131.5 (s), 131.3 (s), 130.7 (s), 129.2, 128.6, 127.3, 126.4, 125.8, 
125.1, 123.5, 64.9 (t, CH20, J = 148.4 HZ), 40.9 (t, CH,C(==O), 
J = 129.9 Hz), 21.0 (q, CH,, J = 126.0 Hz); GC/MS: 291 (12, 
M + I), 290 (49, M+), 142 (20), 141 (loo), 115 (24), 105 (49), 
77 (1 1). Anal. calcd. for C20H1802: C 82.73, H 6.25; found: C 
82.72, H 6.21. 

I -Naphthylmethyl3-methylphenylacetate (6e): yield 41 %; mp 30- 
31°C; UV: A,,, 265 (E 5.64 X lo3), 275 (6.56 X lo3), 284 (4.60 
X lo3); IR (Nujol): 1730 (C=O), 1605, 1245, 1135, 970, 780, 
760 cm-'; 'H NMR 6: 7.90-7.93 (m, lH), 7.81-7.87 (m, 2H), 
7.48-7.50 (m, 3H), 7.41 (t, lH, J = 7.9 Hz), 7.04-7.06 (m, 3H), 
5.57 (s, 2H, CH,O), 3.61 (s, 2H, CHIC(*)), 2,28 (s, 3H, CH,); 
')c NMR 6: 171.5 (s, C==O), 138.1 (s), 133.7 (s), 131.5 (s), 131.3 
(s), 130.0, 129.2, 128.9 (s), 128.6, 128.4, 127.8, 127.4, 126.4, 
126.3, 125.9, 125.2, 123.6, 65.0 (t, CH20, J = 126.6 Hz), 41.3 
(t, CH,C(=O), J = 130.1 Hz), 21.3 (q, CH,, J = 125.1 Hz); GC/ 
MS:291 (1 1, M + l) ,  290 (49, M+), 142 (12), 141 (100), 115 (20), 
105 (12). Anal. calcd. for CZ0HIBO2: C 82.73, H 6.25; found: C 
82.56, H 6.29. 

I-Naphthylmethyl4-fluorophenylacetate (6f): yield 57%; mp 57- 
58°C; UV: A,,, 265 (E 6.10 X lo3), 275 (6.82 X lo3), 284 (4.68 
X lo3); IR (Nujol):1735 (C=O), 1595, 1505, 1290, 1220, 1125, 
970, 785, 760 cm-'; 'H NMR 6: 7.83-7.92 (m, 3H), 7.48-7.52 
(m, 3H), 7.42 (t, lH, J = 7.6 Hz), 7.19-7.24 (m, 2H), 6.97 (t, 
2H, J = 8.7 Hz), 5.57 (s, 2H, CH,O), 3.62 (s, 2H, CH2C(=O)); 
I3C NMR 6: 171.2 (s, C==O), 162.0 (d, CF, J = 245.2 Hz), 133.7 
(s), 131.5 (s), 131.1 (s), 130.9, 129.5 (s), 129.3, 128.7, 127.5, 
126.5, 125.9, 125.2, 123.5, 115.1 (dd, JcH = 162.1 HZ, JCCF = 
21.3 Hz), 65.1 (t, CH20, J = 148.4 Hz), 40.5 (t, CH,C(==O), J 
= 129.5 Hz); GC/MS:295 (6, M + l), 294 (30, M+), 142 (13), 
141 (100), 115 (15), 109 (16). Anal. calcd. for C19HlsF02: C 77.54, 
H 5.14; found: C 77.32, H 5.24. 

I-Naphthylmethyl3-fluorophenylacetate (6g): yield 40%; mp 55- 
57°C; UV: A,,, 264 (E 6.49 X lo3), 276 (7.03 x lo3), 285 (4.97 
X lo3); IR (Nujol): 1730 (C=O), 1585, 1485, 1280, 1250, 1230, 
1135, 970, 865, 790, 770 cm-'; 'H NMR 6: 7.82-7.92 (m, 3H), 
7.48-7.51 (m, 3H), 7.41 (t, lH, J = 7.6 Hz), 7.20-7.26 (m, lH), 
6.9 1-7.02 (m, 3H), 5.57 (s, 2H, CH,O), 3.63 (s, 2H, CH,C(==O)); 
I3c NMR 6: 170.8 (s, C d ) ,  165.0 (d, CF, J = 245.0 Hz), 133.7 
(s), 131.5 (s), 131.1 (s), 130.0 (s), 129.9, 129,4, 128.7, 127.5, 
126.5, 125.9, 125.2, 125.0, 123.5, 116.3 (dd, JcH = 162.8 Hz, 
JCCF = 21.7 HZ), 114.1 (dd, JcH = 162.9 HZ, JCCF = 20.8 HZ), 65.2 
(t, CH20, J = 148.1 Hz), 41.0 (t, CH,C(==O), J = 130.1 Hz); GC/ 
MS: 295 (23, M + l), 294 (100, M+), 158 (24), 142 (41), 141 
(loo), 128 (12), 127 (18), 115 (79), 109 (48), 83 (23). Anal. calcd. 
for C20H,SF02: C 77.54, H 5.14; found: C 77.52, H 5.15. 

I-Naphthylmethyl 4-trifluoromethylphenylacetate (6h): yield 

35%; mp 64-65°C; UV: A,, 265 (E 5.61 x lo3), 275 (7.54 X lo3), 
284 (4.33 x lo3); IR (Nujol): 1730 (C=O), 1325, 1280, 1250, 
1160, 1140, 1060,970, 815,790,765 cm-'; 'H NMR 6: 7.83-7.89 
(m, 3H), 7.53 (d, 2H, J = 8.1 Hz), 7.47-7.5 1 (m, 3H), 7.42 (t, 
lH, J = 7 . 6 H z ) ,  7.34(d, 2H, J = 8.1 Hz), 5.58 (s, 2H, CH,O), 
3.70 (s, 2H, CH2C(==O)); ')c NMR 6: 170.6 (s, C==O), 137.7 (s), 
133.7 (s), 131.5 (s), 131.0 (s), 129.7, 129.4, 128.7, 127.7, 126.5, 
126.3 (s), 126.0, 125.7, 125.4 (CF,), 125.2, 123.4, 65.3 (t, CH,O, 
J = 147.8 Hz), 41.1 (t, CH,C(=O), J = 130.5 Hz); GC/MS: 345 
(18, M + l) ,  344 (84, M+), 159 (16), 158 (18), 142 (18), 141 
(loo), 139 (12), 1 15 (24), 109 (9). Anal. calcd. for C20H1sF302: C 
69.76, H 4.39; found: C 69.57, H 4.64. 

I-Naphthylmethyl3-trifluoromethylphenylacetate (6i): yield 41 %; 
mp 61-63°C; UV: A,,, 265 (E 6.61 x lo3), 275 (7.24 x lo3), 283 
(5.17 x 10)); IR (Nujol): 1730 (C=O), 1325, 1290, 1245, 1 170, 
1105, 1065, 965, 790,765 cm-'; 'H NMR 6: 7.87-7.90 (m, lH), 
7.79-7.84 (m, 2H), 7.46-7.5 1 (m, 5H), 7.32-7.41 (m, 3H), 5.56 
(s, 2H, CH20), 3.66 (s, 2H, CH2C(=O)); ')c NMR 6: 170.6 (s, 
C=O) ,  134.7 (s), 133.7 (s), 132.7, 131.5 (s), 131.0 (s), 129.4, 
128.9, 128.7, 127.6, 126.5, 126.3, 126.1, 126.0 (d, CF3, J = 
281.8 Hz), 125.5 (s), 125.2, 124.0, 123.4, 65.3 (t, CH20, J = 
151.2 Hz), 41.0 (t, CH,C(---O), J = 129.7 Hz); GC/MS:345 (37, 
M + l ) ,  344 (100, M+), 159 (46), 158 (42), 142 (43), 141 (loo), 
139 (25), 128 (16), 127 (19), 115 (77), 109 (21). Anal. calcd. for 
C2,HIsF3O2: C 69.76, H 4.39; found: C 69.97, H 4.50. 

I-Naphthylmethyl4-cyanophenylacetate (6j): yield 35%; mp 1 16- 
118°C; UV: A,,, 265 (E 6.24 x lo3), 275 (7.07 x lo3), 284 (4.65 
X lo3); IR (Nujol): 2120 (C%N), 1740 (C==O), 1340, 1215, 1 175, 
1155, 945, 775 cm-'; 'H NMR 6: 7.84-7.91 (m, 3H), 7.38-7.54 
(m, 5H), 7.16-7.26 (m, lH), 7.12 (d, 2H, J = 8.3 Hz), 5.57 (s, 
2H, CH20), 3.60 (s, 2H, CH,C(=O)); ')c NMR 6: 170.1 (s, 
C=O) ,  139.1 (s), 133.7 (s), 132.2, 131.5 (s), 130.8 (s), 130.1, 
129.5,128.7,127.8,126.5, 126.0,125.2,123.4,118.6(s,C%N), 
111.2 (s, CCN), 65.5 (t, CH20, J = 145.8 Hz), 41.3 (t, 
CH2C(=O), J = 130.6 Hz); GC/MS: 302 (7, M + l ) ,  301 (33, 
M'), 142 (12), 141 (loo), 116 (1 l ) ,  115 (18). Anal. calcd. for 
CZOHIsNO2: C 79.72, H 5.02, N 4.65; found: C 79.36, H 4.90, N 
4.69. 

I-Naphthylmethyl3-cyanophenylacetate (6k): yield 43%; mp 92- 
93°C; UV: A,,, 266 (E 6.32 x lo3), 275 (7.10 X lo3), 284 (4.65 
X lo3); IR (Nujol): 2100 ( e N ) ,  1730 (C==O), 1310, 1240, 1215, 
1130,970,790,760 cm-l; 'H NMR 6: 7.84-7.89 (m, 3H), 7.36- 
7.53 (m, 8H), 5.59 (s, 2H, CH,O), 3.66 (s, 2H, CH,C(=O)); I3C 
NMR 6: 170.2 (s, C d ) ,  135.2 (s), 133.9, 133.7 (s), 132.8, 131.5 
(s), 130.9, 129.5, 129.4(s), 129.3, 128.7, 127.8, 126.6, 126.0, 
125.2, 123.3, 118.5(s, e N ) ,  112.6(s, CCN), 65.4(t,CH,O, J 
= 148.1 Hz), 40.7 (t, CH,C(=O), J = 130.6 Hz); GC/MS: 302 
(7, M + l), 301 (35, M+), 142 (15), 141 (100), 116 (12), 115 (26). 
Anal. calcd. for C20H15N02: C 79.72, H 5.02, N 4.65; found: C 
79.35, H 4.95, N 4.70. 

I-Naphthylmethyl methoxyacetate (8a): yield 72%; bp 90-92°C 
at 0.5 Torr; UV: A,,, 264 (E 5.61 x lo3), 276 (6.73 X lo3), 286 
(4.49 x lo3); IR (neat): 3070, 3010, 2960, 2840, 1760 (C==O), 
1520, 1195, 1145, 805, 795, 780 cm-'; 'H NMR 6: 8.00 (d, lH, 
J=8.2 Hz), 7.87 (t, 2H, J = 7.9 Hz), 7.42-7.58 (m, 4H), 5.66 
(s, 2H, CH20), 4.06 (s, 2H, CH20CH,), 3.43 (s, 3H, OCH3); I3C 
NMR 6: 170.1 (s, C d ) ,  133.6(s), 131.5 (s), 130.8, 129.5, 128.7, 
127.8, 126.6, 125.9, 125.2, 123.3, 69.7 (t, CH20CH3, J = 
143.8 Hz), 64.7 (t, CH,OC(=O), J = 148.0 Hz), 59.4 (q, OCH3, 
J = 141.4 Hz); GC/MS: 231 (6, M + l ) ,  230 (46, M+), 142 (39), 
141 (100), 139 (24), 128 (12), 127 (16), 115 (49). Anal. calcd. for 
Cl4HI4o3: C 73.03, H 6.13; found: C 72.78, H 6.05. 

I-Naphthylmethyl cyanoacetate (8b): yield 51%; mp 42-43°C; 
bp 110-112°C at 0.5 Torr; UV: A,, 266 (E 6.68 X lo3), 275 (7.22 
x lo3), 286 (4.88 x lo3); IR (Nujol): 3060, 2280 ( S N ) ,  1745 
(C=O), 1520, 1340, 1230, 1210, 800, 790, 770 cm-'; 'H NMR 
6: 7.98 (m, 1 H), 7.86-7.90 (m, 2H), 7.53-7.58 (m, 3H), 7.43- 
7.47 (m, lH), 5.67 (s, 2H, CH20), 3.44 (s, 2H, CH,CN); I3c NMR 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HILBORN AND PINCOCK 999 

6: 162.9 (s, C=O), 133.6 (s). 131.4 (s), 129.9, 129.8 (s), 128.8, 
128.1, 126.9, 126.1, 125.2, 123.2, 112.9 (s, e N ) ,  66.7 (t, 
CH,O, J = 149.3 Hz), 24.7 (t, CH,CN, J = 136.8 Hz); GC/MS: 
226 (7, M + l ) ,  225 (47, M+), 158 (17), 142 (13), 141 (loo), 140 
(26), 129 (13), 128 (12), 127 (13), 115 (27). Anal. calcd. for 
CI4H, ,NO2: C 74.65, H 4.92, N 6.22; found: C 74.60, H 4.84, N 
6.19. 

I-Naphthylrnethyl3-butenoate (8c): yield 35%; bp 112-1 16°C 
at 0.5 Torr; UV: A,,, 265 (E 6.56 X lo3), 275 (7.48 X lo3), 286 
(5.09 x 10"); IR (neat): 3030, 2990, 2940, 1740 (C=O), 1325, 
1250, 1170, 785, 765 cm-I; 'H NMR 6: 7.96 (d, lH, J = 
8.1 Hz), 7.78-7.84 (m, 2H), 7.38-7.53 (m, 4H), 5.88-5.95 (m, 
1 H, CH=CH2), 5.55 (s, 2H, CH20), 5.08-5.15 (m, 2H, 
CH==CH2), 3.11 (d, 2H, CH,CH=C, J = 6.9 Hz); "C NMR 6: 
171.3 (s, C=O) ,  133.6 (s), 131.5 (s), 131.2 (s), 130.0, 129.2, 
128.6, 127.4, 126.4, 125.8, 125.1, 123.4, 118.6 (t, CH=CH2, J 
= 156.8 Hz), 64.7 (t , CH20, J = 147.8 Hz), 39.0 (t , C(=O)CH,, 
J = 129.2 Hz); GC/MS: 227 (7, M + l),  226 (44, M+), 158 (21), 
142 (13), 141 (loo), 140 (15), 139 (lo), 115 (15). Anal. calcd. for 
CI5Hl4O2: C 79.62, H 6.24; found: C 79.63, H 6.25. 

Synthesis ofthe hydrocarbotu 
1-(2-Methoxyethy1)naphthalene was prepared by the method of 

Todesco and Put (22). 1-Naphthalenepropanenitrile was synthe- 
sized from 2-(1'-naphthy1)ethanol. The alcohol was converted to 
the mesylate, which was then reacted with potassium cyanide in 
DMF. The 'H NMR of these compounds were consistent with the 
those reported earlier (22, 23). The hydrocarbons (lla-k, 12c) were 
isolated from preparative photolysis and had 'H NMR that were 
consistent with their structure. 
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and WILLIAM F. REYNOLDS. Can. J .  Chem. 70, 1000 (1992). 

A mixture of glycosidic acids, each of which consisted of a tetrasaccharide unit linked by an anomeric carbon to I l -  
hydroxypal~nitic acid and containing short-chain fatty acids ester-linked to the sugar units, was isolated from Ipotnoeu 
stalls. Basic hydrolysis allowed isolation of a single compound whose structure was determined by two-dimensional NMR 
methods to be (S)-1 I-hydroxypalmitic acid 11-0-~-quinovopyranosy1-(1-4)-a-rhamnopyranosyl-(1,2)-~-glycopyrano- 
syl-( I-2)-P-quinovopyranoside. Further HPLC separation of the original mixture allowed separation of a compound that 
was shown, by 2D NMR, to have 2-methylbutanoic acid molecules linked to C-4 of the terminal quinovose and C-2 of 
rhamnose, 3-hydroxy-2-methyl butanoic acid linked to C-6 of glucose, and with the palmitic acid forming a lactone at 
C-3 of rhamnose. Closer inspection revealed that this compound was actually a mixture of diastereomers involving dif- 
ferent ((2R.3R) and (2S,3S)) enantiomers of 3-hydroxy-2-methylbutanoic acid bonded to the chiral tetrasaccharide core. 

Key ~ ~ r r l s :  tetrasaccharide, two-dimensional NMR. 

RAUL G. ENRIQUEZ, ISMAEL LEON, FIDEL PEREZ, FERNANDO WALLS, KATHERINE A .  CARPENTER, FRANK V .  PUZZUOLI 
et WILLIAM F. REYNOLDS. Can. J .  Chem. 70, 1000 (1992). 

A partir de l'lpomoea stons, on a isole un melange d'acides glycosidiques qui contiennent chacun une unite 
tetrasaccharide like par un carbone anomerique a I'acide 1 1-hydroxypalmitique et qui contiennent des esters d'acides gras 
a chaines plus courtes lies a des unites de sucre. De leur hydrolyse basique on a pu isoler qu'un seul compose dont on 
a determine la structure par des mtthodes de RMN bidimensionnelles; il s'agit du 11-0-P-quinovopyranosyl-(1,4)-a- 
rhamnopyranosyl-(l,2)-~-glucopyranosyl-(1,2)-~-quinovopyranoside de l'acide (S)- 1 1 -hydroxypalmitique. Une separation 
plus poussee du melange original par CHLP a permis de separer un compose qui, selon la RMN en 2D, contiendrait des 
molCcules d'acide 2-m6thylbutanoique likes au C-4 du quinovose terminal et au C-2 du rhamnose, de I'acide 3-hy- 
droxy-2-mCthylbutanoique lie au C-6 du glucose et de I'acide palmitique formant une lactone en C-3 du rhamnose. Un 
examen plus minutieux a rCvClC que ce compose est en realite un melange de diastCrCoisombres impliquant differents 
((2R,3R) et (2S,3S)) Cnantiomeres de l'acide 3-hydroxy-2-methylbutanoique lies a un noyau tetrasaccharide chiral. 

Mors clts : tetrasaccharide, RMN bidimensionnelle. 
[Traduit par la redaction] 

Introduction 

During the course of a phytochemical investigation of 
lpornoea stans (Convulvulaceae), a plant used in Mexican 
traditional medicine for treatement of epileptic seizures ( I ) ,  
we isolated two polysaccharide samples from the roots of this 
plant. Preliminary characterization indicated that each sam- 
ple was an oligosaccharide linked to a hydroxylated long- 
chain fatty acid via an acetal linkage at an anomeric center. 
Other short-chain fatty acids were ester-linked to the oligo- 
saccharide core. The major difference between the two 
samples appeared to be the extent of esterification, with the 
more polar compound containing fewer ester linkages. 
However, the I3c spectra suggested that neither sample was 
pure. Instead, each sample appeared to be a mixture of sev- 
eral compounds that apparently were isomers involving dif- 
ferent sites of esterification and (or) different short-chain fatty 
acids. Initial attempts at further chromatographic separation 
were unsuccessful. Consequently, a portion of each sample 
was subjected to mild basic hydrolysis to cleave the ester 
linkages. After purification, the two new compounds were 
found to be identical. The characterization of this com- 
pound, primarily by two-dimensional NMR spectroscopy, 
is reported below. In addition, subsequent purification via 

' ~ u t h o r  to whom correspondence may be addressed. 
Printed in Canada 

high-pressure liquid chromatography allowed isolation of one 
pure compound from the less polar fraction. Characteriza- 
tion of this compound is also reported. 

Results and discussion 

lnitial characterizarion 
Initial characterization of the hydrolyzed glycosidic acid 

was carried out using normal 'H NMR and normal and 
DEPT-edited (2) I3c NMR. Measurements were carried out 
in C D 3 0 D  since this solvent gave the best-resolved 'H 
spectrum. The observation of four methine I3c peaks in the 
region expected for anomeric carbons (8100-105) sug- 
gested that the compound was a tetrasaccharide. Consis- 
tent with this, 17 additional methine "C peaks were 
observed in the region 867-84, one of which was as- 
sumed to be the oxygen-bearing carbon of the fatty acid. 
Only one methylene carbon was observed in the sugar re- 
gion. However, there were four methyl I3c peaks in the 
region 814-19. Inspection of the 'H spectrum also re- 
vealed four methyl signals, three showing doublet splitting 
and a fourth appearing as a broadened triplet. This indi- 
cated that three of the four monosaccharides were 6-deoxy 
(e.g., 6-methyl) sugars. Finally, the I3c spectrum showed 
a CO,H signal and 13 further CH, signals (the latter in the 
region 621-37). Combined with the previously mentioned 
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PPM 

FIG. 1. Expansion of COSY-90 spectrum of 1 in CD30D. Resolved H-3 or H-4 protons of individual monosaccharide protons are la- 
beled. 

-CHO- and -CH, signals, this suggested that the fatty acid 
was a hydroxypalmitic acid isomer. The 'H spectrum 
showed a triplet at S2.22 characteristic of a CH, group ad- 
jacent to C0,H and coupled to another CH, group, ruling 
out C-2 and C-3 as sites of hydroxylation. Similarly the 
observation of a broadened CH, triplet, suggesting virtual 
coupling to more than one CH, group, rules out C-14 to C- 
16 as the site of hydroxylation. No further conclusions could 
be drawn at this point since the remaining methylene 'H 
signals appeared as a broad, poorly resolved envelope in the 
range S1.l-1.7. 

Assignment of individual monosaccharide units 
Initial assignments were carried out by obtaining a COSY 

spectrum (3). This allowed tentative assignment of the pro- 
tons of the four monosaccharide units. Inspection of the one- 
dimensional NMR spectrum then allowed determination of 
the individual 'H-'H coupling constants. The latter data 
suggested that the four monosaccharide units were one P- 
glucose unit, G,  two o-quinovose units, Q, and Q?, and 
probably one a-rharnnose unit, R. However, there was some 
ambiguity on the latter point since the equatorial orientation 
of H-2 in rhamnose makes it difficult to distinguish a and P 
anomers of rhamnose on the basis of coupling between H-1 
and H-2. 

Some of the individual 'H assignments were unclear due 
to partial spectral overlap. However, expansion of the COSY 

spectrum for the region 62.9-4.3 (see Fig. 1) showed that, 
for each monosaccharide unit, a peak assigned as either H-3 
or H-4 was resolved. This suggested the possibility of using 
a homonuclear relayed coherence transfer experiment (4) to 
confirm 'H assignments. Results of this experiment are il- 
lustrated in Fig. 2. This shows f ,  cross sections through peaks 
assigned as H-3 or H-4 for each monosaccharide. In effect, 
they provide a low-resolution edited 'H spectrum with each 
monosaccharide unit appearing as a separate subspectrum. 

The spectra in Fig. 2 are somewhat surprising in that they 
show relay of information along sequences of four protons 
on different carbons. Normally the basic relay sequence (4) 
only transmits information along a three-proton sequence (5). 
However, Otter and Kotovych have observed similar long- 
range relay peaks in spectra of polypeptides (6). Multi-ex- 
ponential relaxation effects may contribute to long-range relay 
peaks involving methyl protons (7) and this may partially 
account for our observations for Q,,  Q,, and R. Strong cou- 
pling effects can also cause long-range relay peaks (8) but 
this is unlikely to be important in this case since most 
monosaccharide protons are only weakly coupled. The fact 
that there is only one proton per carbon in most cases and 
usually similar vicinal 'H-IH coupling constants should 
promote the efficiency of at least the original relay stage (5, 
9). In any case, regardless of the origins of the long-range 
peaks, they are obviously very helpful for spectral assign- 
ments. 
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FIG. 2. Edited subspectra of individual monosaccharide units obtained from relay spectrum. 

One-bond I3c-lH shift-correlated spectra (10) were used 
to assign 13c chemical shifts, based on the 'H assignments. 
Complete assignments of sugar protons and carbons are given 
in Table 1. 

Assignment of linkage sites between different 
monosaccharide units and to the hydroxypalmitic 
acid chain 

The first approach used to determine this information was 
to obtain nuclear Overhauser effect (nOe) difference spectra 
with and without irradiation of individual anomeric pro- 
tons. However, there were three problems with this ap- 
proach. First and most serious, the molecule is fortuitously 
tumbling at a rate almost corresponding to the cross-over from 
positive to negative nOe effects, resulting in very small in- 
tensity changes. Second, partial overlap of H-1 of Q, and H-5 
of R complicated the interpretation of the results of irradiat- 
ing the former hydrogen. Finally, strong spectral overlap near 
63.6 also hindered interpretation of some of the results. 
Nevertheless, the nOe results suggested inter-ring nOe's 
between H-1 of Q, and H-4 of R, H-1 of R and H-2 of G, 
and H-1 of G and H-2 of Q,,  plus an nOe between H-l of 
Q,  and the -CHO- proton assigned to the hydroxylated fatty 
acid. 

To confirm these assignments, 13c-'~ shift correlation 
spectra between indirectly bonded carbons and hydrogens 
(INCH) were measured, using our XCORFE sequence (1 1). 
The actual spectra were obtained on a peracetylated sample 
of the tetrasaccaride in (CD,),CO. This was chosen because 
13 C and 'H relaxation times were significantly longer in the 

peracetylated compound, minimizing signal loss due to re- 
laxation during the lengthy fixed delays necessary in INCH 
experiments. 'H and 13c spectra for the peracetylated sam- 
ple were assigned in the same way as discussed above (see 
Table 1). Key cross-sectional spectra from the INCH exper- 
iment are shown in Fig. 3. Spectra 3a-3g show all six 
'H-C--'~C inter-ring connectivities plus the three-bond 
connectivity between H-l of Q, and the methine carbon of 
the fatty acid. Many of the cross sections also show two-bond 
('H-c-'~c) connectivities, which are usually easily rec- 
ognized by the presence of vicinal 'H-'H coupling. Three- 
bond intra-ring ('H-C-c-'~c) cross-peaks are generally 
not observed, presumably because 3 ~ c H  coupling involving 
an axial hydrogen is relatively small due to the gauche di- 
hedral angle (12). However, a strong three-bond connectiv- 
ity is observed between the equatorial H-2 and C-4 of R (Fig. 
3e),  reflecting the larger anti 3 ~ c H  coupling (12). This sug- 
gests a method for determining the anomeric configuration 
of R, since C-3 and C-5 of R should show strong cross-peaks 
with H-1 only if H-1 is equatorial. In fact, these cross-peaks 
are observed (see Figs. 3h, 3 i ) ,  confirming that R exists as 
its a-anomer. Alternatively, the same information could have 
been obtained by measuring anomeric 'JCH coupling con- 
stants (13). 

Characterization of fatty acids 
Two short-chain fatty acids were isolated from the hy- 

drolysis of each of the two original samples. These were 
identified from their 'H and I3c spectra as 2-methylbutanoic 
acid and 3-hydroxy-2-methylbutanoic acid. The former was 
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ENRIQUEZ ET AL 

TABLE I .  I3c and 'H chemical shifts and ' H - I H  coupling constants for the tetrasac- 
charide unit after basic hydrolysis and (in parentheses) after peracetylation 

Monosaccharide Carbon 8cU hb JHH' 

""C chemical shifts (relative to internal (CH,),Si) for 1 in CD,OD and (in parentheses) for 
the peracetylated derivative of 1 in (CD,)ZCO. 

"'H chemical shifts (relative to internal (CH,),Si) for 1 in CD,OD and (in parentheses) for 
the peracetylated derivative of 1 in (CD,)2C0. 

' Vicinal 'H-'H couplings (in Hz) for 1 in CD,OD. 
"Denotes a carbon that is a linkage site to another monosaccharide or to hydroxypalmitic 

acids. Note that the 'H chemical shifts for the attached protons generally show smaller shifts 
between 1 and its peracetylated derivative than protons attached to carbons whose hydroxyl 
groups are peracetylated. 

the major component (ca. 60%) of the mixture in each case. Assigned I3c and 'H chemical shifts and relaxation times 
Based-on a comparison of coupling constants with those 
previously reported (14), the 3-hydroxy-2-methylbutanoic 
acid is apparently the (2S,3S) isomer or its (2R,3R) enan- 
tiomer. 

Identification of the hydroxypalmitic acid isomer proved 
more difficult. From I3c chemical shifts and TI relaxation 
times, it seemed improbable that the hydroxyl group was 
attached to a carbon that was within five carbons of either 
chain end. However, this still left six possible isomers. To 
determine the actual structure, the hydroxypalmitic acid was 
isolated from the glycosidic acid by mild acid hydrolysis. 

for the hydroxypalmitic acid group are given in Table 2. 

Determination of the complete structure of one component 
of the less polar fraction 

With the aid of HPLC, a single, apparently pure, com- 
ponent was isolated from the less polar mixture. The 'H 
spectrum of this compound is exceedingly complicated even 
at 500 MHz (Fig. 4). Nevertheless, by a combination of 
COSY, relay, and one-bond and long-range I3c-lH shift- 
correlation spectra it was possible to assign the entire 
structure and 'H and I3c spectra. The only difference in 

It was esterified (as the methyl ester), then converted to technique was that we used our recently developed FLOCK 
the trimethylsilyl ether. Gas chromatography/mass spec- sequence (15) for the long-range 13c-'H shift correlation 
trometry indicated that the compound was 11-hydroxypal- experiment, since this sequence gives a wider range of 
mitic acid and the observed rotation indicated that it was the cross-peaks from a single experiment. These experiments 
S enantiomer (see Experimental). Thus the isolated pure indicated that one 2-methylbutanoic acid molecule was at- 
compound has the structure (S)-11-hydroxypalmitic acid 11- tached at C-4 of Q2, a sicond 2-methylbutanoic acid was 
0-P-quinovopyranosyl- (1-4) -a-rhamnopy~anosyl- (1,2) -P- attached at C-2 of R,  while a 3-hydroxy-2-methylbutanoic 
glucopyranosyl-(1-2)-P-quinovopyranoside. By analogy with acid molecule was attached at the methylene group of G 
earlier results (14), the quinovose and glucose units are as- (C-6). Finally, the carboxylic acid function of the hydrox- 
sumed to have the D configuration while the rhamnose unit ypalmitic acid formed a lactone ring at C-3 of R. This leads 
has the L configuration. to the final structure 2. However, one puzzling feature was 
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H - 4 ( R )  
( i )  C-5 (R )  - - - 

H - I  (R)  
H-2(R) 

H-4(R) 
( h )  C-3(R) 

( d l - F H -  ____iL 
0 

(SIDE CHAIN) 

(a)  C-1 (Q,) - -,, 
I I I L I I  1 1 1 1 1 1 1 1 1  ~ r ~ q - r m r  : 1 1 1 1 l r r  

5 . ' 2  5 . '0  4 . ' 8  

PPM 

FIG. 3. f, cross-sectional spectra through indicated carbon (fi) frequencies. The sample is a peracetylated sample of 1 in (CD,),CO 
and spectra were obtained with the XCORFE sequence. 

an apparent doubling of I3c peaks for all carbons of G,  as 
well as carbons 1-3 of R and carbons 1, 2, and 5 of Q, .  
The chemical shift difference was typically very small 
(0.03-0.06 ppm) with C-6 of G showing a splitting of 
0.10 ppm. The carbons of the 3-hydroxy-2-methylbutan- 
oic acid also showed splittings. This led us to suspect that 
the apparently pure compound was actually an almost 
equimolar mixture of two diastereomers, involving bond- 
ing of either of a pair of enantiomers ((2R,3R) or (2S,3S)) 
of 3-hydroxy-2-methylbutanoic acid to the chiral tetrasac- 
charide core. In fact, further very careful HPLC separa- 
tion allowed isolation of a mixture that was approximately 
85: 15 in favour of one component. The data in Tables 3 
and 4 correspond to the major component of this mixture. 
In view of the very small amount of sample available, no 
attempt was made to hydrolyze off the short-chain fatty 
acids and to determine the chirality of these acids. How- 
ever, based on previous work on similar compounds (16), 
the 2-methylbutanoic acid is most likely present as the S 
enantiomer. 

I3c spin-lattice relaxation times were also determined for 
2, mainly as an aid for assigning as many of the hydroxy- 

palmitic acid carbons as possible. However, they also pro- 
vide some useful information about mobility within the 
tetrasaccharide. The shortest relaxation times, correspond- 
ing to the slowest molecular motions, are observed for Ql  and 
R. This is logical because these groups are linked to oppo- 
site ends of the hydroxypalmitic acid. The longest relaxa- 
tion times are observed for the carbons of Q,, the terminal 
quinovose unit. This is also logical since this is the only group 
that has linkages at C-1 and C-4, allowing for considerable 
freedom for rotation about the C- 1 /C-4 axis. 

Comparison with related structures 
After completion of the characterization of 1, search of the 

literature revealed that Miyahara and co-workers had re- 
ported the isolation, from lpomoea orizabensis (Convolvu- 
laceae), of a series of four tetrasaccharide derivatives whose 
core structure differed from our core structure by replace- 
ment of Ql  by a D-fucose unit (14). They also differed from 
our structure in that all four compounds had a tiglic acid 
group forming an ester link to the hydroxyl group at C-2 
of rhamnose. Each of them contained two additional short- 
chain fatty acids with each containing a 3-h~droxy-1-meth- 
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TABLE 2. Assignments of "C and 'H chemical 
shifts and "C TI relaxation times for I l-hy- 

droxypalmitic acid component of 1 

Carbon 6/ S H b  T,' 

1 179.15 - 

2 36.76 2.22 0.42 
3 26.77 1.60 0.52 
4" 30.48 1.33 0.54 
5" 30.43 1.33 0.52 
6" 30.75 1.32 0.48 
7 30.88 1.30 0.43 
8 31.14 1.29 0.34 
9' 25.84 1.39 (0.34) 

10 35.46 (1 .51)~  0.19 
11  83.50 3.60 0.31 
12 35.80 1.48,1.66 0.23 
13' 25.87 1.39 (0.34) 
14 32.96 1.27 0.84 
15 23.63 1.33 1.72 
16 14.43 0.91 2.91 

""C chemical shift (in CD,OD), relative to inter- 
nal (CH,), Si. 

b 1 H chemical shift (in CD,OD), relative to inter- 
nal (CH,), Si. 

'"C spin-lattice relaxation time (s). Estimated error 
*5%.  

"ssignments could be interchanged. 
'Assignments could be interchanged. T, values are 

average for the two peaks. 
' ~ v e r a ~ e  chemical shift for slightly nonequivalent 

CH, protons. 

ylbutanoic acid group linked to C-6 of glucose (as we 
observed in 2) plus an additional short-chain acid (either 3- 
hydroxy-2-methylbutanoic acid, 2-methylbutanoic acid, or 
methylpropanoic acid) at either C-3 or C-4 of the terminal 
quinovose group. The same group has reported a series of 
other tetrasaccharide derivatives (17, 18) but these differ even 
more in their monosaccharide units from the structure of the 
compound that we isolated. However, after our completion 
of the structure elucidation of 2 (other than the separation of 
diastereomers), Miyahara and co-workers reported a pair of 
compounds, isolated from the roots of Convolvulus scam- 
monia, which had the identical core structure, 1 (16). How- 
ever, these differed from our compound in having only one 
or two short-chain fatty acids. Both compounds have a 2- 
methylbutanoic acid group at C-2 of R (as in our case) while 
one of the compounds has a tiglic acid group at C-4 of Q,. 
It should be noted that Miyahara and co-workers generally 
relied on indirect evidence (e.g., 'H shifts after ester hydro- 
lysis) to assign sites of esterification while we have unam- 
biguous evidence from INCH experiments. We have also 
provided much more complete assignments for the acid car- 
bons and protons. The observation of two compounds dif- 
fering only in the stereochemistry of an ester-linked fatty acid 
also is a new observation. Overall, this investigation has 
provided further support for earlier work demonstrating the 
great power of 2D NMR for investigations of polysaccha- 
ride structures (19). 

Based on the results of this and earlier investigations, there 
appears to be a wide variety of related compounds contain- 
ing a tetrasaccharide unit linked by an anomeric carbon to 
11-hydroxypalmitic acid. However, there appears to be 
considerable diversity in both the-individual monosaccha- 

ride units as well as in the numbers, positions, and types of 
ester-linked short-chain fatty acids. In our case, the basic 
hydrolysis of both original samples yielded only 3-hydroxy- 
2-methylbutanoic acid and 2-methylbutanoic acid with no 
evidence of either tiglic acid or methylpropanoic acid. Fur- 
thermore, all compounds from these samples seemed to have 
the same basic core structure, 1, although it cannot be ab- 
solutely ruled out that one or more of the very minor com- 
ponents from the two samples might have different 
monosaccharide units and (or) other short-chain fatty acids. 
However, based on the HPLC traces, there appear to be at 
least eight major components in the two samples that must 
have the basic core structure and with one or more mole- 
cules of 3-hydroxy-2-methylbutanoic acid and (or) 2-meth- 
ylbutanoic acids ester-linked to the core. One of these could 
possibly be the compound of Miyahara and co-workers 
containing only 2-methylbutanoic acid ester-linked to C-2 of 
R in structure 1 (16). However, the others must be new 
compounds. Further investigations are being undertaken to 
isolate and characterize these additional compounds. 

Experimental 
Isolation 

Plant material was obtained through a local market in Mexico 
City and identified as Ipornea stuns by Dr. Miguel Martinez (In- 
stituto de Biologia (UNAM)). Dried roots (1 kg) were defatted with 
hexane by maceration at room temperature. The material was then 
macerated three times with three litres of ethyl acetate. About 
70 g of a white resinous powder was obtained as the overall resi- 
due from the latter treatment. Preliminary inspection of the resi- 
due by TLC showed two major spots on Si02 eluted with 
CHCI,:CH,OH (86:14) with RI about 0.35 and 0.37. The less polar 
spot was ca. ten times as abundant as the more polar one. Prepar- 
ative column chromatography of the crude residue afforded 9.2 g 
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FIG. 4. The 500 MHz 'H spectrum of 2 in (CD,),CO. 

of the less polar compound (A) and 0.8 g of the more polar com- 287(70), and 327(13) were observed, respectively consistent with 
pound (B). Their IR and 90 MHz 'H  NMR spectra indicated that fragments [CH3(CH2)4CHOSi(CH3)3]+, [(CH3)3SiOCH(CH2)9C02- 
both possessed glycolipid structures. However, more detailed CH,]', and CH3(CH2)4C~(~~i(~H3)3)(CHl)9CO]+, as expected for 
characterization by 400 MHz 'H NMR and 100 MHz I3c NMR the derivatized 11-hydroxypalrnitic acid. - - 
spectra indicated that each product was a mixture of isomers. Nei- Perac,~lation of the tetrasaccharide glycoside from 
ther product would crystallize. basic hvdrolvsis 
Basic hydrolysis 

A (300 mg) was refluxed with 50 mL of ethanolic 0.1 N NaOH 
for 30 min. The solution was neutralized with dilute acid and ex- 
tracted with ether. Evaporation of the ether layer yielded an oily 
liquid, which, on the basis of 90 MHz 'H NMR, GC-FTIR, and 
GC-MS was identified as a ca. 60:40 mixture of 2-methylbuta- 
noic acid ethyl ester and 3-hydroxy-2-methylbutanoic acid ethyl 
ester. The aqueous layer was lyophilized, the residue was ex- 
tracted with ethanol, and a white crystalline solid, 1 ,  was isolated. 

Treatment of B gave the same fatty acid products in roughly 
similar proportions. 

Acid hydrolysis 
A (200 mg) was refluxed for 2 h in 3 N HCI. After neutraliza- 

tion with 0.1 N NaOH the solution was alternatively extracted with 
(CH,CH,),O and CHCI,. The organic layers were dried and com- 
bined. After evaporation of the solvent, the residue was deriva- 
tized with CH,OH:BF, prior to GC-MS analysis. The derivative 
was identified as the methyl ester of 11-hydroxypalmitic acid by 
comparison with previously reported mass spectral fragmentation 
patterns for this compound (20). The observed rotation ([a]? = 
f 0 . 4 2 )  is very similar to that previously reported for the S enan- 
tioner of this ester ([a]: = +0.45 (16)). As a further confirrna- 
tion, this compound was converted to its trimethylsilyl ether. Three 
major fragment ions with m / z  (relative intensity) of 173(100), 

1 (40 mgf was;epeatedly dissolved in pyridine (3 mL, 5 times) 
and evaporated to dryness on a rotoevaporator in order to remove 
traces of water from the sample. After further drying of the sam- 
ple in vacuo over P205 overnight, 200 FL each of pyridine and 
acetic acid was added and the mixture heated with stining at l W C  
for 30 min. After 0.5 mL of water was added to the sample, the 
resultant cloudy mixture was stirred at room temperature for 15 rnin 
and then evaporated to dryness. The dried sample was taken up in 
4 mL of CHCl,, then washed with 0.1 M sodium carbonate fol- 
lowed by 0.01 M HC1. The organic solution was evaporated to 
dryness, first with a rotoevaporator, then a vacuum pump, yield- 
ing 42 mg of a slightly yellow solid (mp 119-120°C). 

HPLC purificatiorl 
HPLC separation of sample A was carried out on a Varian liq- 

uid chromatograph model 8500 equipped with a reverse-phase, 
cyano-bonded analytical column (Econosphere 250 x 4.6 mm, 
particle diameter = 5 Fm) with an Altex refractive index detector 
and a Varian integrator model 4270. The eluent was a gradient of 
CH3CN/H20 going from 80:20 to 50:50 respectively, flow at 
1.0 mL/min at a pressure of 100 atm (1 atm = 101.3 kPa). The 
initial chromatogram revealed at least six fractions of which the 
major (slowest moving) fraction was collected. By repeated injec- 
tions about 60 mg of the major component was obtained at ca. 90% 
purity. Further purification by the same procedure gave about 
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TABLE 3. Assignments of I3C and 'H chemical shifts and I3C re- 
laxation times for the tetrasaccharide core of 2 

Monosaccharide Carbon 6c" 6~~ TIc 

G 100.34 5.07 0.41 
2d.e 79.06 3.44 0.41 
3' 77.21 3.59 0.46 
4' 72.11 3.35 0.39 
5 74.50 3.48 0.42 
g./ 64.53 4.15 0.23 

6' - 4.43 

TABLE 4.  I3c and 'H chemical shifts and I3C TI relaxation times 
for fatty acids in 2 

1 1-Hydroxypalmitic 
acid 1 

2 
3 
4 
5 
6d 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

25 mg of product at ca. 97% purity. When the NMR spectrum in- 
dicated that the sample was actually a mixture of diastereomers, the 
whole process was repeated with a new sample of A, but only 
sampling the leading edge of the major peak. After repeated runs, 
ca. 30 mg of compound was isolated containing an approximately 
85: 15 ratio of the two diastereomers. The isolated material was an 
amorphous white solid, mp = 103°C. 

Acid Carbon 

""C chemical shifts (relative to (CH3),Si) in (CD3)2C0. 
"H chemical shifts (relative to (CH,),Si) in (CD,)?CO. 
r I3 C spin-lattice relation times (s). 
"Denotes a carbon that is a linkage site to another monosaccharide or to 

hydroxypalmitic acid. 
'Carbons that appeared as doublets in the initial sample of 2. 
[Denotes a carbon that is a site of esterification. 

NMR spectra 
Preliminary NMR spectra were obtained on a Varian EM-390 

spectrometer. All subsequent spectra (including 2D spectra) were 
obtained on a Varian XL-400 spectrometer. Typically, COSY 
spectra were obtained using f, andf2 spectral windows of 2000 Hz, 
512 time increments (zero-filled to 1024), 16 transients per time 
increment, 1024 data points for each f.i.d., and a 1 s relaxation 
delay. Spectra were processed using pseudo-echo weighting in both 
domains followed by symmetrization by triangular folding. Relay 
spectra were similar except that they used 64 transients per time 
increment and a relay delay of 0.5 s. Relay spectra were obtained 
using the sequence described by Bain and co-workers (21). 'H-I3c 
shift correlation spectra were obtained using the Bax modification 
(lob) of the standard shift correlation sequence (10a). Typical pa- 
rameters involved a I3C( f2) spectral window of 10 000 Hz with 2048 
data points (zero-filled to 4096), an I H  (f,) spectral window of 
2000 Hz with 192 time increments (zero-filled to 512), 128 tran- 
sients per time increment, and a relaxation delay of 0.6 s. Modi- 
fied pseudo-echo processing (similar to shifted-sine-bell processing) 
was used in both domains. 

"I3C chemical shifts (relative to internal (CH,),Si) in (CD,)>CO. 
b 1 H chemical shifts (relative to internal (CH,),Si) in (CD3)?CO. 
r 13 C spin-lattice relaxation times (s). 
"ssignment of carbons C-4 to C-8 is uncertain. 
'Average chemical shift for slightly nonequivalent CH2 protons. 
[2-Methylbutanoic acid ester-linked to C-4 of Q2. C-5 is the 2-methyl 

group. 
'Average relaxation time for partially overlapped carbons. 
"2-Methylbutanoic acid ester-linked to C-2 of R.  
'3-Hydroxy-2-methylbutanoic acid ester-linked to C-6 of G.  
'Carbons that appeared as doublets in the initial sample of 2. 

'The XCORFE spectrum was obtained using an f2 spectral win- 
dow of 10 000 Hz with 2048 data points zero-filled to 4096. The 
f, spectral window was 2000 Hz and 360 time increments (zero- 
filled to 1024) were collected with 128 transients per increment. 
The fixed time prior to polarization transfer was 0.090 s with a re- 
focussing delay of 0.032 s after polarization transfer and a relax- 
ation delay of 0.6 s. Delays in the BIRD pulses were optimized for 
JcH = 155 Hz. The FLOCK parameters were generally similar ex- 
cept that 160 time increments were used with 256 transients per time 
increment and a delay prior to polarization transfer of 0.064 s. A 
separate FLOCK spectrum was run for the I3c carbonyl region with 
aifi spectral widih of 600 Hz and 256 data points (zero-filled to 
1024). 
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Unique electrochemical response of a polyaniline-film coated electrode to several 
dissolved organic species 
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JUN YANO, KOTARO OGURA, AKIRA KITANI, and K ~ z u o  SASAKI. Can. J .  Chem. 70, 1009 (1992). 
Electrode reactions of dissolved inorganic redox species on a polyaniline (PAN) film did not take place when the film 

was in media of low acidity (pH >3.5 (pK,, of PNA)) and (or) was held at the potential region where PAN itself was not 
redox active. Redox waves of several dissolved organic species, however, were clearly observed on such an electroin- 
active PAN film. Further, the organic species transformed the electroinactive PAN film into electrically conducting film. 

Key words: electroinactive polyaniline, electrode reaction, organic species. 

JUN YANO, KOTARO OGURA, AKIRA KITANI et K ~ z u o  SASAKI. Can. J .  Chem. 70, 1009 (1992). 
Aucune rtaction d'klectrode des especes redox inorganiques dissoutes n'a eu lieu sur le film polyaniline (PAN), lors- 

que celui-ci Ctait dans un milieu peu acide (pH > 3.5 (pK, de PAN)) et (ou) Ctait maintenu dans la rCgion potentielle oh 
le PAN n'Ctait pas redox. Par contre, les ondes redox de plusieurs especes organiques dissoutes Ctaient constatCes sur le 
m&me film PAN Clectro-inactif. En plus, on a pu voir les espkces organiques transformer le film Clectro-inactif en film 
Clectriquement conductible. 

Mots clts : polyaniline Clectro-inactif, reaction d'klectrode, espkces organiques. 

Although many studies of the properties of polyaniline 
(PAN) have been driven by the wide variety of possible ap- 
plications, little attention has been paid to the electrochem- 
ical response of the PAN film to dissolved species. Papers 
dealing with the response to dissolved orgarlic species are 
especially 1imi:ed. The PAN film does not respond to any 
dissolved inorganic species over the potential region where 
PAN itself is not redox active (1) and (or) in less acidic media 
(pH >3.5 (pK, of PAN)) (2). In this communication, we wish 
to focus our attention on such electroinactive PAN films and 
examine whether or not the films respond to certain organic 
species. 

Even in the electroinactive potential region (Fig. l(b)), the 
redox wave of p-dimethoxy benzene is evident (Fig. 1 (a)) .  
Those of p-dihydroxydiphenyl and p-methoxyphenol were 
also observed. On the other hand, the PAN film does re- 
spond to hydroquinone (Fig. l(c)) ,  although the film itself 
is electroinactive (Fig. l(d)) .  It also responded to other qui- 
nones such as o-benzoquinone, duroquinone, and chloranil. 
Moreover, it is interesting to find that the film also re- 
sponded to I-, in spite of it being one of the inorganic spe- 
cies. 

Electroinactive PAN films do not catalyze the electrode 
reactions of p-dimethoxybenzene and hydroquinone (Fig. 
l ( a )  and (c)). The reason is that the films have few redox- 
active sites near the film/solution interface and do not work 
as electron-transfer-mediating catalysts. Two mechanisms 
of the charge transport are, therefore, proposed for the elec- 

'Author to whom correspondence may be addressed. 
'~evision received November 20, 1991. 

Rinlcd in Canada 

trochemical response: (i) dissolved species pass through the 
film smoothly and then reach the electrode substrate; and (ii) 
the film is transformed into an electron conductor by the 
contact with the species. Ohnuki er al .  found that the PAN 
film was hardly p e r ~ e a b l e  to species having a Stokes radii 
(ys) of more than 2 A (3). This explain: the fact that the film 
respon4s not to F ~ ( c N ) ~ ~ -  (ys = 2.7 A), etc., but to 1- (ys 
= 1.2 A) in the pH 5 solution. Such permeability also sug- 
gests that the film blocks the passage of bulky organic spe- 
cies such as hydroquinone, whose size is roughly equal to 
that of F~(cN),"-. T o  confirm this, a PAN pellet electrode 
was employed. The electrode was prepared by compressing 
PAN powder obtained by potentiostatic electrolysis, as de- 
scribed previously (4). The geometric area of the PAN pel- 
let was 0.32 cm2 and that of the platinum wire inside the 
pellet was 0.025 cm2. The steady-state current-potential (i- 
E) curves for the oxidation of 10 mM p-dimethoxybenzene 
in 0 .1  M H2S0, and of 10 mM hydroquinone in the pH 5 
solution were measured by using both the pellet electrocfe and 
a platinum wire electrode having an area of 0.025 cm-. The 
limiting oxidative currents of p-dimethoxybenzene and hy- 
droquinone were 0.34 and 0.28 mA, respectively. These 
values were at least 10 times greater than those obtained with 
the platinum wire electrode. This result strongly supports 
mechanism (ii) as reasonable for the charge transport of the 
film. 

On the PAN film coated electrode experiencing the re- 
sponse of hydroquinone, the redox current of F~(CN):--/ 
F~(CN);- was observed, although it was about one tenth 
smaller than that measured with a bare platinum electrode. 
This also leads to mechanism (ii). To  obtain direct evi- 
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Electroinactive 
region 

J i ~ ~ ~ t I r I ~ l t l i l ~ l l  I 
-0.4-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

E (V) vs. SCE 

FIG. 1. (a) Cyclic voltammograms of p-dimethoxybenzene on 
a bare platinum electrode (broken line) and on the PAN film coated 
electrode (solid line). Solution: 5 mM p-dimethoxybenzene + 
0.1 M H2S04. (b)  Voltammogram showing the redox wave of 
the PAN film itself on the platinum electrode. Solution: 
0.1 M H2S04. ( c )  Voltammograms of hydroquinone on the plati- 
num electrode (broken line) and the PAN film coated electrode 
(solid line). Solution: McIlvaine buffer solution containing 
10 mM hydroquinone (pH 5). (d) Voltammogram showing the 

dence, the conductivity of the PAN pellet was measured be- 
fore and after measurements of the steady-state i-E curves 
described previously. The conductivity of the pellets equil- 
ibrated with 0.1 M H2S04 and the pH 5 solution were 
0.87 S cm-' and 8.2 x lop9 S cm-I, respectively: that of the 
latter pellet was almost recovered when the pellet was re- 
turned to a 0.1 M H2S04 solution. After the measurements, 
the values became 1.8 S cm-I and 3.5 X S cm-',  re- 
spectively. The increase is probably caused by interactions 
between PAN and the species. PAN releases dopant anions 
over the electroinactive potential region because of the de- 
protonation of the PAN nitrogens that accompanies oxida- 
tion to the imine form (5). The release also occurs in less 
acidic media (pH >3.5) due to deprotonation of amine and 
(or) imine forms (6). In both cases, the limited dopant an- 
ions that exist near the film/solution interface are expected 
to be released from the films due to their small diffusion 
coefficient of about lopL3 cm' s-I (7), and the redox-active 
sites still remain inside the film. The organic species used 
probably have affinities for the films and permeate through 
the films to reach the oxidized sites. 'They are oxidized to give 
the films their oxidized products, quinones. The quinones are 
incorporated into the parts containing the deprotonated ni- 
trogens within the films. They play the role of the dopant 
anions and promote electron hopping between the redox-ac- 
tive sites within the films, since they are T-electron-rich 
species. 

1. N. Oyama, Y. Ohnuki, K. Chiba, and T. Ohsaka. Chem. Lett. 
1759 (1983). 

2. J .  Yano, A. Kitani, R.  E. Vasquez, and K. Sasaki. Nippon 
Kagaku Kaishi, 1124 (1985). 

3. Y. Ohnuki, H. Matsuda, T .  Ohsaka, and N. Oyama. J. Elec- 
troanal. Chem. 158, 55 (1983). 

4. A. Kitani, J. Izurni, J. Yano, Y. Hiromoto, and K. Sasaki. Bull. 
Chem. Soc. Jpn. 57, 2254 (1984). 

5. D. Orata and D. A. Buttry. J. Am. Chem. Soc. 109, 3574 
(1987). 

6. J. Chiang and A. G. MacDimid .  Synth. Met. 13, 193 (1986). 
7. K. Takei, K .  Ishihara, T .  Iwahori, and T .  Tanaka. Denki 

Kagaku, 59, 138 (1991). 

electroactivity of the PAN film in a McIlvaine buffer solution of 
pH 5.  

All voltammograms were measured at 100 mV s-I. The 
Mcllvaine buffer solution of pH 5 was a solution of 0.1 M Na2HP04 
and 0.1 M citric acid containing 0.1 M Na2S04 in the ratio of 50:49 
(volume). The PAN film about 0.7 p,m in thickness was formed on 
the platinum wire electrode (diameter = 1 mm, length = 10 mm, 
area = ca. 0 .3 cm" by repeated potential cycling between -0.2 
and 0.8 V vs. SCE at 100 mV s- '  in 0.1 M HISO, containing 
0.1 M aniline. 
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Reactions of ferrocene and nickelocene with some stable carbonium ions1 

SYDNEY K.  BROWNSTEIN,' ERIC J .  GABE, AND ROSEMARY C. HYNES 
Irlsrir~lre for Erlviro~zmerital C/zet?zisrry, Nnrionnl Research COLIIICI'I of CCIIZLI~CZ, Offawn, O I Z ~ . ,  Cnnndn KIA OR6 

Received April 23, 199 1 

SYDNEY K. BROWNSTEIN, ERIC J .  GABE, and ROSEMARY C.  HYNES. Can. J .  Chem. 70, 101 1 (1992). 
The reaction of ferrocene and tropylium hexafluorophosphate yields fe~rocenyltropylium PF,, which crystallizes in 

the monoclinic space group P 2 , / C  (a = 9.7858(10) A, b = 16.3692(24) A, r = 10.901(4) A, P = 1 13.030(18)", Z = 
4,  T = 27"C, V = 1607.0(7) A', Rf = 0.091, R,,. = 0.040) for 102 parameters and 929 observed (I > 2.5 o(I)) out of 
2087 total measured reflections. The reaction of nickelocene and triphenylmethyl tetrafluoroborate yields triphenyl- 
methylcyclopenten~l cyclopentadieny! nickel tetrafluoroborate, which crystallizes in the monoclinic space group <2,/1z 
(a = 11.0306(19) A, b = 14.078(4) A, c = 17.117(4) A,  P = 101.134(18)", Z = 4, T = 27"C, V = 2608.0(11) A ~ ,  Rf 
= 0.091, R,,. = 0.035) for 147 parameters and 1334 out of 3361 measured reflections. 

SYDNEY K. BROWNSTEIN, ERIC J .  GABE et ROSEMARY C. HYNES. Can. J .  Chem. 70, 101 1 (1992). 
La reaction du ferroctne et de l'hexafluorophosphate de tropylium conduit au PF, de ferrocCnyltropylium q~i~cris tal-  

lise dans le groupe d'espace monoclinique P 2 , l C  (a = 9,7858(10), b = 16,3692(24) et c = 10,901(4) A, P = 
113,030(18)", Z = 4, T = 27"C, V = 1607,0(7) A ~ ,  Rf = 0,091 et R,,. = 0,040) pour 102 paramktres et 929 reflexions 
observCes (I > 2,5 ~ ( 1 ) )  tirees de 2087 reflexions totales mesurees. La reaction du nickelockne et du tCtrafluoroborate 
de triphenylmethyle foumit tCtrafluoroborate de triphCnylmethylcyclopentCnyl cyclopentadi&nylo nickel qui cristallise dans 
le groupe d'espace monocyclique P2 , / n  (a = 1 1,0306(19), b = 14,078(4) et c = 17,117(4) A, P = 101,134(18)", Z = 

. . ,I 4, T = 27"C, V = 2608,0(11) A', R, = 0,091 et R,,. = 0,035) pour 147 paramttres et 1334 reflexions d'un ensemble de 
I 336 1 mesurees. 
I 
1 [Traduit par la redaction] 

Introduction 

I In the first characterization of the structure of ferrocene, 
its aromatic character was shown by acylation under Friedel- 
Crafts conditions (1). However, the reaction with triphenyl- 
methylchloride was reported to yield ferriciniuim tetrachlo- 
roferrate (2). Therefore, it appeared of interest to study the 
reaction of ferrocene with stable carbonium ions. The  fer- 
rocenylcarbenium ion has been isolated in a few cases (3, 4). 
A second type of reaction frequently observed with metal- 
locenes under acylation o r  alkylation conditions is the ad- 
dition of the organic group to one  of the cyclopentadienyl 
rings (5). Another reaction of metallocenes is as  electron 
donors in charge transfer complexes (6, 7). T h e  stable car- 
bonium ion tropylium acts as an  electron acceptor in charge 
transfer complexes with aromatic hydrocarbons (8). The  re- 
actions of tropylium hexafluorophosphate and triphenyl- 
methyl tetrafluoroborate with ferrocene and nickelocene were 
investigated to determine to which of the three preceding 
categories they might belong. 

Experimental section 
Ferrocene, Fe(CSHs),, was recrystallized from hexane. Nickel- 

ocene, triphenylmethyl tetrafluoroborate, and tropylium hexafluo- 
rophosphate were used as supplied (Aldrich). Acetonitrile was 
shaken with P,05 and transferred under vacuum to a container on 
the preparative vacuum line. Methylene chloride was successively 
shaken with H2S04, AICI,, and H20,  then dried successively with 
CaCl, and P20S and transferred under vacuum to the preparative 
apparatus. Benzene was dried over 5A molecular sieve and simi- 
larly transferred. Sulfur dioxide was stored as a liquid, over PZOSr 
in a container closed with a pressure/vacuum stopcock on the pre- 
parative vacuum line. All manipulations of solids were performed 
in a vacuum glove box under a dry nitrogen atmosphere. 

Fe(C5H5)(C5H4-CP6)PF was prepared from 107.3 mg 
(0.577 mmol) ferrocene and 49.8 mg (0.21 1 mmol) C7H,PF6 dis- 

'1ssued as NRCC No. 32968. 
' ~ u t h o r  to whom correspondence may be addressed. 

solved in 2.4 g acetonitrile. During 48 h at room temperature the 
colour of the solution changed from orange to a very deep blue- 
green and some brown solid precipitated. The supernatant liquid 
was decanted into a second container and the solvent removed under 
vacuum. The solid residue was washed three times with benzene 
to remove u ~ e a c t e d  ferrocene. It was extracted with CHzC12 to give 
a blue solution and a dark residue. The CH2C12 was evaporated to 
give 39.3 mg (0.094 mmol) of a deep blue microcrystalline solid 
whose identity was established by UV, IR, 'H NMR, and a single 
crystal X-ray structure determination. IR ( c m ~ ' )  (KBr pellet): 1494 
s ,  1270 s ,  836 vs. UV (CH2C12 soln.) (A,,, A, log E): 2600, 4.26; 
2640, 4.27; 3300, 3.64; 4010, 4.35; 7000, 3.73. The 'H NMR 
spectrum in CD3CN showed multiple resonances at 8.29 (2H), 5.37 
(2H), and single lines at 4.30 (2H) and 2.50- (broad, 9H). Single 
crystals were grown from CHCI, solution. The dark CHzClz insol- 
uble residue was recrystallized from acetonitrile to give, in part, 
crystals of unreacted tropylium hexafluorophosphate. 
Ni(C5H5)(C5H,-C(Ca5)3)BF4 was prepared from 17.0 mg nick- 

elocene (0.090 mmol) and 29.0 mg (0.1 18 mmol) triphenyl- 
methyl tetrafluoroborate dissolved in sulfur dioxide in one arm of 
an H-shaped reactor. The clear, very dark solution was carefully 
decanted from some solid into the other arm of the reactor and an 
equal volume of CH2C12 condensed with it. At room temperature, 
solvent was slowly distilled back into the original reactor arm by 
a slight temperature differential. When some blue-black crystals had 
formed from the solution the remaining liquid was also decanted 
back. All volatiles were removed under vacuum and the blue-black 
crystals were characterized by a single crystal structure determi- 
nation. 

Proton magnetic resonance spectra were obtained at 400 MHz 
on a Bruker AM 400 spectrometer. Infrared spectra were obtained 
for KBr pellets on a Nicolet 520 FT-IR spectrometer and UV-vis- 
ible spectra on CH,CI, solutions with a Cary 210 spectrophoto- 
meter. X-ray diffraction intensities were collected at room 
temperature on an Enraf-Nonius CAD-4 diffractometer con- 
trolled by NRCCAD (9) software, with graphite monochroma- 
tized MoK, radiation, A = 0.70932 A, using the 8/28 scan 
technique with profile analysis (10). The crystal data are listed in 
Table 1 .  The structures were solved by direct methods and refined 
by full-matrix least-squares calculations. Scattering factors were 
taken from the Inlerrlafional lables (I  1). 
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TABLE 1. X-ray crystallography parameters for Fe(C5H5)(C5H,-C7H6)PF6, (C7H7)PF6, and 
N~(C~H~)(CSH~-C(C~H~)~)BF~SO? 

Formula FeC17H15PF6 C7H7PF6 NiCZ9H2,BF4SO2 
Formula wt. 420.1 16 236.095 583.094 
Space group p 2 1 / c  R 3m P2, /n  
a ,  4 9.7858(10) 9.4831(7) 1 1.0306(19) 
b, fi 16.3692(24) 14.078(4) 
c,  A 10.901(4) 8.5960(7) 17.1 17(4) 
P,  !eg 113.030(18) 101.134(18) 
V, 1,607.0(7) 669.46(7) 2,608.0(11) 
Setting angles, no. 25 30 19 
28 range 30 to 35 40 to 50 25 to 34 
z 4 3 4 
p (calc), g c K 3  1.737 2.157 1.485 
Crystal size, mm 0 . 4 X 0 . 0 5 X 0 . 0 5  0 . 3 X 0 . 3 X 0 . 1  0 . 0 5 X O . l X 0 . 2  
Absorption coeff. (p), cm-' 10.9 7.9 
Temperature, "C 27 27 27 
28,,,,, deg. 44.8 44.8 
Measured reflections 2533 3555 
Unique reflection 2087 335 1 
Significant reflections 929 1334 
[I net > 2 . 5 ~  (I net)] 
h ,  k, I ranges -10-9, 0-17, -11-11 

0-1 1 -14-0, -18-0 
Number of parameters 102 147 
R, significant reflections 0.091 0.091 
R,,, significant reflections 0.040 0.035 
S 2.26 2.41 
Residual electron density, A3 -0.57, 0.67 -0.56, 0.53 

C w ( F ,  - F,.)' 
R.. . = 

CWF:  

All computing was performed using the NRCVAX program 
system (12). Three reference reflections were collected every 100 
reflections and their fluctuation was insignificant. No absorption 
correction was made. 

The cation of the tropylium ferrocene compound appeared well 
defined, but the PF6 anion was disordered. It was modelled as two 
rigid groups with fluorine occupancies of 0.7 and 0.3. The major 
component was fitted as a regular octahedron wtih central phos- 
phorus, P-F = 1.58 A. The minor component was fitted as an 
octahedron with no central atom and fluorines 1.58 A from the 
centre. Rigid groups were refined anisotropically, as was the iron 
atom (carbons left isotropic). Hydrogen atoms were included in 
calculated positions. A weighting scheme based on counting sta- 
tistics was used. 

Results 

In the reaction of ferrocene and tro~vlium hexafluoro- wc3 . . 
phosphate, the tropyplium ring bonds to one of the cyclo- 
pentadienyl (Cp) rings with the loss of two hydrogen atoms. 

FIG. 1. ORTEP plot of tropylferrocene cation. 

The structure of thecation is shown in Fig. 1. t he reaction 
proceeds slowly and is significantly incomplete after two days for the perchlorate (1 3). Key parameters are listed in 
at room temperature. This is shown by the recovery of tro- Table 1. 
pylium hexafluorophosphate even though ferrocene was The structure of the tropylium ferrocene cation has a planar 
present in excess. The structure of tropylium hexafluoro- 7-membered ring bonded to one Cp ring of ferrocene. The 
phosphate was found to be isomorphous with that reported ferrocene moiety has almost parallel Cp rings (dihedral angle 
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TABLE 2. Atomlc parameters x ,  y, z and B,,, for FeC,,H,,PF,; esd's c33 
refer to the last digit pnnted 

Atom x Y z B,,," 

Fe 0.27526(22) 0.91340(12) 0.163 19(17) 3 28(11) 
Cl 0.3655 (13) 0.9217 ( 8) 0.0222 (10) 5.5 ( 3) 
C2 0.3368(13) 0 .8404(7)  0.0400(10) 4 . 4 ( 3 )  
C3 0.1794 (13) 0.8374 ( 7) 0.0066 (10) 4.1 ( 3) 
C4 0.1205 (12) 0.9161 ( 8) -0.0261 (10) 4.7 ( 3) 
C5 0.2352 (13) 0.9695 ( 7) -0.0129 (11) 4.5 ( 3) 
C6 0.2595 (13) 1.0016 ( 7) 0.2873 (10) 4.6 ( 4) 
C7 0.1646 (12) 0.9381 ( 7) 0.2855 (10) 4.3 ( 4) 
CS 0.2454 (13) 0.8663 ( 6) 0.3267 (11) 4.2 ( 3) 
C9 0.3975 (13) 0.8833 ( 7) 0.3569 (10) 3.9 ( 3) 

, ClO 0.4105 (12) 0.9692 ( 6) 0.3325 ( 9) 2.8 ( 3) 
C l l  0.5373 (12) 1.01 14 ( 7) 0.3296 (10) 3.3 ( 3) 

I C12 0.6685( 13) 0.9653 ( 7) 0.3621 (10) 4.5 ( 3) 
C13 0.8082 (12) 0.9893 ( 7) 0.3674 (10) 4.4 ( 4) 
C14 0.8586 (13) 1.0644 ( 7) 0.3445 (10) 4.9 ( 4) 
Cl5 0.7799 (13) 1.1329 ( 7) 0.3093 (11) 5.1 ( 4) 
C16 0.6313(13) 1 .1454(7)  02840(10) 4.1 ( 3 )  
C17 0.5281 (12) 1.0947 ( 8) 0.2931 (10) 4.5 ( 3) 

"B,,,  1s the mean of the pnnclpal axes of the thermal elllpsold c 8 

of 3"), with Fe-C distances ranging from 2.018(10) to 

I 2.054(12) A. The 7-membered ring is not quite coplanar with 

I the bonded C p  ring (dihedral angle of 8"). The C-C inter- c10 

ring bond is 1.459(16) A, slightly short for a single C-C FIG. 2. ORTEP plot of tr~phenylmethylnickelocene cation. 
bond, implying some delocalization throughout both ring:. 

1 The Fe is equidistant from the two Cp  rings at 1.646(2) A. 
; The Fe-C and Fe-Cp ring distances are in excellent TABLE 3. Atomic parameters x ,  Y ,  z and B,,, for NiC&L5- 
1 agreement with those for ferrocene itself (14, 15), and shorter BF4S02; esd's refer to the last digit printed 
I than those for the ferricenium ion (16). The packing ar- 
I rangement is illustrated in Fig. S 1 .3 The atomic coordinates Atom X Y z B,,," 

are listed in Table 2. Tables of bond lengths and angles, least- Ni 0,57271 (19) 0.66603(15) 0,9033 13) 3.25(1 
squares planes, atomic positions for phosphorus, fluorine, s 0.2897 ( 6) 0.0637 ( 4) 0 . 8 ~ ~ 0  ( 3) 7.5 ( 4) 

, and hydrogen atoms, thermal parameters, and structure fac- FI 0.2924 (1 1) 0.2691 ( 7) 0.8386 ( 8) I 1.4 (10) 
I tors are found in Table S I-S5 respectively (supplementary F2 0.2169 (1 1) 0.3792 ( 8) 0.7555 ( 6) 11.1 ( 9) 
1 material) .3 F3 0.2525 ( 9) 0.4065 ( 7) 0.8836 ( 6) 8 5 ( 7) 

There was no evidence for reaction between ferrocene and F4 0.4094 ( 8) 0.3936 ( 7) 0.8240 ( 6) 7.5 ( 7) 
I triphenylmethyl tetrafluoroborate. 0 1  0.1645 (10) 0.0614 ( 9) 0.8334 ( 7) 8.4 ( 9) 
I Triphenylmethyl tetrafluoroborate adds to one of the cy- O2 0.391 0.0413 ( 9, 0.8921 ( 7, 9.0 ( 9, 
) clopentadienyl rings of nickelocene to give a compound for B 0.289 ( 3) 0.3646 (18) 0.8246 (14) 5.5 (17) 

C 0.7887 (12) 0.4905 ( 8) 0.8047 ( 8) 2.5 ( 3) which the structure of the cation is shown in Fig. 2 ,  and its C1 0.6782 0.5376 ( 9) 0.8390 ( 8) 2.5 ( 3) 
key X-ray parameters are listed in Table 1 .  The atom posi- C2 0.6453 (12) 0,6347 0.803 ( 7) 3.4 ( 4) 
tions for those atoms which were independently refined are c 3  0.7100 (12) 0.7063 ( 9) 0,8527 ( 8) 3.4 ( 4) 
listed in Table 3, and the positions of the phenyl carbon c 4  0.7562 (11) 0.6678 (11) 0.9290 ( 8) 3.5 ( 3) 
atoms, which were refined as rigid groups, are listed in Table C5 0.7218 (12) 0.5718 ( 9) 0.9268 ( 8) 2.9 ( 3) 
~ 6 . ~  C6 0.3921 (14) 0.7043 (11) 0.8607 ( 9) 4 8 ( 4) 

The unsubstituted cyclopentadienyl ring of the nickelo- C7 0.4458 (13) 0.7734 (10) 0.9185 ( 9) 4.0 ( 4) 
cene m ~ i e t y  is planar with a maximum deviation for ClO of C8 0.4913 (15) 0.7363 (1 1) 0.9909 (10) 5 3 ( 4) 

i 0.039 A from the best plane. C l  of the substituted cyclo- C9 0.4612 (I4) 0.6375 (I1) 0.9820 ( 9, 5.0 ( 4, 
ClO 0.3958 (14) 0.6200 (10) 0.9045 (10) 4.2 ( 4) 

I 3Supplementary material mentioned in the text, including Figs. "B,,, 1s the mean of the principal axes of the thermal ellipsoid. 
S1 and S2, may be purchased from: The Depository of Unpub- 

i lished Data, ~ocument Delivery, CISTI, ~ational  ~esearch ~o"nci1 
Canada, Ottawa, Canada K I A  0S2. 

Tables of atomic parameters, bond lengths and angles, and cop- pentadienyl ring is t$trahedrally surrounded by four substit- 

I ies of Figs. S1 and S2 have also been deposited with the Cambridge Uents and is 0.426 A the plane the four ring 
Crystallographic Data Centre and can be obtained on request from The two c ~ c l o ~ e n t a d i e n ~ l  rings are nearly coplanar 
The Director, Cambridge Crystallographic Data Centre, Univer- (dihedral ansle of 4.7") with nickel-ring distances of 1.656 
sity Chemical Laboratory, Lensfield Road, Cambridge CB2 IEW, and 1.697 A. Tables of selected bond lengths and angles, 

I U.K. least-squares planes, hydrogen atom positions, thermal pa- 
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rarneters and structure factors for NiC,,H,,BF,S02 are found 
in Tables S7-S 1 1 respectively (supplementary material).' A 
stereo depiction of the packing is shown in Fig. ~ 2 . '  

There was no evidence for reaction between nickelocene 
and tropylium hexafluorophosphate, nor was their any re- 
action of either cation with cobaltocene or bis(benzene) 
chromium. 

Discussion 
I No charge transfer complex formation was observed be- 

I tween the stable cations triphenylmethyl or tropylium and 
I ferrocene or nickelocene, nor was a normal acylation reac- 

tion observed. Addition of the triphenylmethyl cation to 
nickelocene, but not ferrocene, was observed and is consis- 

I tent with results reported under normal alkylating condi- 
tions (3). The reaction of tropylium and ferrocene is not a 
normal alkylation with respect to tropylium although it is for 
ferrocene. The loss of a hydrogen from one of the carbon 
atoms of the tropylium ring is rather unusual but unfortu- 
nately we could not isolate other reaction products to eluci- 
date the overall reaction. 
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Straining strained molecules. 111.' The spectral and mutagenic properties and an 
alternate synthesis of diaceperylene and dicyclopenta[l,2,3-cd:11,2',3'-lmlperylene 
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REGINALD H. MITCHELL, MAHIMA CHAUDHARY, RICHARD VAUGHAN WILLIAMS, ROBERT FYLES, JACK GIBSON, MICHAEL 
J. ASHWOOD-SMITH, and ALBERT J .  FRY. Can. J .  Chem. 70, 1015 (1992). 

The synthesis of diaceperylene ( I )  from 5,6-dilithioacenaphthene via nickel or cobalt catalysed couplings proceeded 
in better yield than a multistep synthesis involving formation of 5,5'-diacenaphthene first. Dehydrogenation of 1 to di- 
cyclopenta[l,2,3-cd: 11,2',3'-lmlperylene (2) proved a better route than coupling of 5,6-disubstituted acenaphthylene 
derivatives. Ultraviolet, proton, and carbon nuclear magnetic resonance spectra and electrode reduction potential data 
of 1 and 2 are discussed with respect to molecular mechanics calculations of strain in these and related bridged naph- 
thalenes. Both 1 and 2 were found to be weakly mutagenic in an Ames microsome test, in contrast to cyclo- 
penta[cd]pyrene. 

REGINALD H. MITCHELL, MAHIMA CHAUDHARY, RICHARD VAUGHAN WILLIAMS, ROBERT FYLES, JACK GIBSON, MICHAEL 
J. ASHWOOD-SMITH et ALBERT J.  FRY. Can. J. Chem. 70, 1015 ( 1992) 

La synthkse du diaciperylkne ( I ) ,  utilisant le 5,6-dilithioacenaphtkne comme produit de depart et des couplages 
catalyses par le nickel ou le cobalt, donne de meilleurs rendements qu'une synthkse en plusieurs Ctapes impliquant une 
formation preliminaire du 5,5'-diacenaphtene. La dishydrogenation du compose 1 en dicyclopenta[l,2,3-cd:11,2', 
3'-lmlperylkne (2) est une meilleure voie d'accks a cet hydrocarbure que le couplage d'acenaphtylknes substituts en 
positions 5 et 6 .  On discute des spectres UV et RMN du proton et du carbone et des donnees relatives aux potentiels de 
reduction a 1'Clectrode des composCs 1 et 2 en fonction de calculs de mtcanique molCculaire de la tension dans ces com- 
poses et dans des derives naphtalkniques pontes apparent&. On a trouve que, contrairement au cyclopenta[cd]pyrkne, 
les composCs 1 et 2 sont ltgkrement mutagknes dans un essai microsomique d'Ames. 

[Traduit par la redaction] 

Introduction 
In the previous paper ( I ) ,  we discussed strain in ace- 

naphthenes and how further substitution of acenaphthene 
in the peri positions increases the overall strain of the sub- 
stituted system. In this paper we investigate straining the 
perylene nucleus by synthesis and study of diaceperylene 
(I),  and dicyclopenta[l,2,3-cd: 1 ',2',3'-lmlperylene ("di- 
a ~ e ~ e r ~ l ~ l e n e " ) ~  (2). The latter is of especial interest in that 
in the same way that pyracylene (3) is a perturbed 
[12]annulene (2), 2 is formally a perturbed [20]annulene. 
Moreover, synthesis of cyclopenta aromatics has been at- 
tracting unusual interest (3-9) in recent years with the dis- 
covery that cyclopenta[cd]pyrene ("acepyrylene") 4 is a 
widespread mutagen (lo),  despite the fact that pyrene itself 
is not. 

Syntheses 

The most logical approach to 1 and 2 is from the com- 
mercially available dianhydride 5. We envisioned reduction 
of 5 to a tetra-alcohol, followed by conversion to 3,4,9,10- 
tetrakis(bromomethyl)perylene, and then ring closure using 
either PhLi (2) or Ph,P (1 1). However, we were not able to 
reduce 5 to the tetra-01 6 using either LiAlH,/THF or 

 or part 11, see ref. 1. 
2 ~ u t h o r  to whom correspondence may be addressed. 
' ~ e ~ a r t m e n t  of Chemistry, University of Idaho, Moscow, Idaho, 

83843 U.S.A. 
4~epar tment  of Biology, University of Victoria. 
'Department of Chemistry, Wesleyan University, Middletown, 

Conn. 06457, U.S.A. 
6~cenaphthene + acenaphthylene; pyracgne + pyracylene; 

phenanthrgne + phenanthrylene,thus - perylgne + perylylene. - 

i-Bu2A1H/PhH with conditions that work well for naphtha- 
lic anhydride. Conversion of 5 to the tetra-ester 7 proved 
equally frustrating; MeOH/p-TsOH, (MeO),P=O/NaOH 
( 12), MeI/HMPA ( 13), and diazomethane each yielded only 
traces of 7. Dimethyl sulphate/NaOH/dioxane (14) did yield 
some 7, but again reduction to 6 failed. 

Coupling of 5,6-dilithioacenaphthene (8) (1) was thus at- 
tempted next. Numerous coupling procedures (for an exten- 
sive list, see ref. 15) are suitable for biaryl preparation, and 
indeed Ni(Ph,P),, CuCl,, TlBr, Ni(acac),, and CoCl, all 
produced pale yellow 1 from 8.  However, the best yields (20- 
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35%) were obtained with the last two catalysts. Tanaka and 
Kasai (16) also reported the formation of 1 ,  but as a red by- 
product, obtained from the TMEDA complex of 8 on reac- 
tion with quinones. Indeed, as obtained from the coupling 
reactions, 1 is always accompanied by some 2, which is red, 
and is extremely difficult to separate from 1. However, using 
HPLC, pure 1 can be obtained as yellow crystals, mp 333- 
335°C (dec.). Very recently, Jaworek and Vogtle (17) re- 
ported a different synthesis of 1 .  We also investigated step- 
wise coupling to 1 ,  by first coupling 5-bromoacenaphthene 
(9) with n-BuLi/CoCl, to give the bi-acenaphthenyl 10, 
bromination with NBS/DMF (18) to give dibromide 11, and 
coupling of this with n-BuLi/CoClz to give 1, but the over- 
all yield was not better, and the product was harder to pu- 
rify. 

Reaction of the dilithio compound 8 with Me,SnC12 gave 
26% of the stannocin 12, mp 277-279"C, which on irradia- 
tion in benzene gave less than 5% of 1. The analogous case 
in which 1,s-dilithionaphthalene was used to prepare pery- 
lene went in 60% yield (19). Dehydrogenation of 1 with DDQ 
in refluxing benzene yielded 60% of 2 as a dark red com- 
pound, mp >350°C (argon). This proved in our hands to be 
the only useful route to 2 (see also ref. 17), since coupling 
(n-BuLi/CoCl,) of both 5,6-dibromoacenaphthylene (13) 
(obtained by DDQ dehydrogenation of 5,6-dibromacenaph- 
thene (14)), and 5-bromoacenaphthylene (15) (obtained from 
9 both by DDQ dehydrogenation and NBS-bromination/KI- 
debromination(2)) proceed to be extremely dirty, producing 
more than a dozen products each. These coupling reactions 
were monitored by HPLC for authentic 2 and 5,s'-diace- 
naphthylene (16) (prepared by DDQ dehydrogenation of lo),  
and in each case, although some product was observed, it was 
only in minor amount, and not isolable by us. Clearly, the 
additional unsaturation of the ace bridge had a dramatic ef- 
fect on the coupling reactions. 

Results and discussion 
Ultraviolet spectra 

We have discussed the effects of strain on the ultraviolet 
spectra of aromatic hydrocarbons in our previous paper (1). 
Introduction of a strained bridge usually results in a bath- 
ochromic shift of the p-band (the intense, log E 3-4, long 

wavelength bands associated with the HOMO-LUMO tran- 
sition), which is somewhat greater than the effect of the 
corresponding dimethyl derivative (20). For example the 
p-band of naphthalene (275 nm) is shifted by 1762 cm-I 
in acenaphthene (289 nm), but only by 1276 cm-' in 1,s- 
dimethylnaphthalene (285 nm). These are not directly pro- 
portional to strain, however, since molecular mechanics 
calculations (21) indicate that acenaphthene has about 
12 kcal/mol more strain than naphthalene, while for 1,s-di- 
methylnaphthalene the value is only about 3 kcal/mol. Ad- 
dition of the second bridge to acenaphthene to form pyracene 
(17) (295 nm) substantially increases the strain in the mole- 

cule, some 36 kcal/mol more than in naphthalene, yet causes 
a considerably smaller bathochromic shift of 704 cm-I than 
addition of two more methyl groups to 1,s-dimethylnaph- 
thalene to give 1,4,5,8-tetramethylnaphthalene (296 nm), 
1304 cm-I. From naphthalene, the total shift for the latter is 
2580 cm-' ,  which is then very similar to that for pyracene 
at 2466 cm-I, despite the rather different calculated strains 
of 12 and 36 kcal/mol, respectively, relative to naphtha- 
lene. The recent synthesis (17) of 3,4,9, lo-tetramethylper- 
ylene now permits comparison with 1. From perylene 
(434 nm) (22), the tetramethyl compound (451 nm) is shifted 
869 cm-I, while the diace compound 1 (455 nm) is shifted 
1015 cm-I, which thus suggests that 1 is more similar (in 
strain) to acenaphthene than to pyracene. This is borne out 
by molecular mechanics calculations (21), which indicate that 
addition of two ace bridges to perylene only increases the 
strain energy by about 19 kcal/mol. As well, it is interest- 
ing to note that when two acenaphthenes are joined to form 
1, the calculated increase in strain is only about 5 kcal/mol, 
while when two naphthalenes are joined to perylene, strain 
increases by about 9 kcal/mol. This suggests that the 
pinching caused by the ace bridge is counteracted some- 
what by the union to form the perylene nucleus. Unfortu- 
nately calculations are not at a stage where A,,, values of 
sufficient accuracy to be of use here can be predicted (23). 

Addition of unsaturated bridges to both naphthalene and 
perylene has, as would be expected, a considerably greater 
effect on aE,o,,,,,o, and thus A for the p-band is strongly 
bathochromically shifted. However, since the resultant 
molecules (2 and 3) are non-alternate hydrocarbons, the 
Streitwieser (24) correlations between v and Am (the HMO 
energy difference between the highest occupied and lowest 
unoccupied orbitals) do not hold well. For example A,,, 
predicted for acenaphthylene and pyracylene are 357 and 
544 nm, respectively, whereas those found are 323 and 
385 nm. The perturbation on naphthalene (275 nm) to form 
pyracylene (385 nm) at 10 390 cm-' is, however, consid- 
erably greater than that, 2989 cm-I, on perylene (435 nm) 
to form diaceperylylene (2) (500 nm). Again strain calcu- 
lations (21) indicate that pyracylene is about 40 kcal/mol 
more strained than naphthalene, while diaceperylylene is 
about 30 kcal/mol more strained than perylene. 
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MITCHELL ET AL 

CHART 1 .  'H NMR chemical shifts, 6, and (coupling constants) for napthalene (25). acenapthene (26), acenaphthylene (26), pyracy- 
lene (2), dihydropyracylene (2), perylene (25), and 1 and 2 [with calculated shifts]. 

Proton magnetic resonance spectra 
The chemical shifts and coupling constants (in parenthe- 

ses) for compounds 1, 2, and several reference compounds 
are given in Chart 1. The 'H NMR spectrum quoted (17) for 
2 must have been misprinted, since it is not consistent with 
the proposed structure or our data. Comparison of naphtha- 
lene, A, and acenaphthene, B, in Chart 1, indicates that in- 
troduction of the saturated bridge shields the adjacent P-H 
(H-3,s) by ca. 0.2 pprn while leaving the distant P-H (H-4,7) 
almost unchanged. Introduction of the unsaturated bridge as 
in acenaphthylene, C, however, deshields the adjacent P-H 
by ca. 0.1 pprn. In perylene, E, the bay protons (H- 1,6,7,12) 
are deshielded by 0.7 ppm from those of naphthalene. Sum- 
mation of these effects would lead to predicted (27-30) 
chemical shifts of 8.03 and 7.16 for the aryl protons of 1, 
very close to those found. Unfortunately the 'H NMR spec- 
trum of pyracene, 17, does not appear to have been re- 
ported, and thus the direct effect of the second five-membered 
ring is not known; however, fusion of the second five- 
membered ring to acenaphthylene as in D yields chemical 
shifts of 7.32 and 7.65 pprn, whereas 7.07 and 7.40 might 
have been expected. The differences could be attributed to 
the additional strain, but they are rather small. The closer 
agreement in the case of 1 might indicate that it is less 
strained than D, which is reasonable. Introduction of a dou- 
ble bond into the second bridge of D to give 3 markedly 
shields both the aryl (1.13 ppm) and bridge (1.03 pprn) pro- 
tons. This has been ascribed (2) to a paramagnetic ring cur- 
rent in the (12lannulene perimeter. The chemical shifts 
predicted (on the basis of A, C, E) for H-3 (6 7.46) and for 
H-4 (6 8.00) of 2 agree closely with those found, 6 7.41 and 
7.89, respectively. They are, however, both marginally 
shielded (0.05-0.09 ppm), as is the bridge proton by 
0.18 ppm, and collectively this may indicate a very weak 
paramagnetic ring current due to the [20]annulene perime- 

ter of 2. However, the effect is certainly much weaker than 
for pyracylene 3. 
Carbon magnetic resonance spectra 

The well-known additivity (30, 31) of carbon chemical 
shifts is used in Chart 2 to predict the chemical shifts of 1 
and 2 based on the reference compounds shown. Thus data 
for 1 are derived by combining the shift data for naphtha- 
lene-acenaphthene and naphthalene-perylene and those for 
2 are derived from naphthalene-acenaphthylene and naph- 
thalene-perylene. The experimental results are surprisingly 
close to those calculated, the largest difference occurring for 
carbons of type 12d, and this may reflect the additional strain 
of the double pinching of the five-membered rings, which 
is known (32) to manifest itself most at the 5 ,6  positions of 
acenaphthene by a scissoring effect. In pyracylene 3, the 
paratropism of the molecule manifests itself mostly in a dif- 
ference of about 8 ppm, in the downfield shift for the inter- 
nal carbons C-8a,b, from that calculated (30). Unfortunately, 
due to the low solubility of 2, we were not able to see these 
carbons; however, Jaworek and Vogtle (17) recently re- 
ported them at 6 124.5, 130.5, 131.4, and 140.8 in excel- 
lent agreement with our calculations, thus indicating very 
little paratropism. Similar calculations were made to assign 
the other carbon spectra reported in the experimental sec- 
tion. 

Electrode reduction potentials 
The hydrocarbons 1 and 2 can be reduced at the dropping 

mercury electrode and give reproducible (k0.003 V) half- 
wave potentials. Compound 2 also gives a second wave, 
corresponding to addition of two electrons to the com- 
pound. The measurements were recorded in 85 and 95% 
aqueous dioxane relative to the standard calomel electrode 
and are shown, together with those for reference com- 
pounds, in Table 1. 
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*See ref. 17 

CHART 2. I3C NMR chemical shifts, 6, [additivity constants from naphthalene], and (calculated shifts). Data for A,  B, C, and E are 
from ref. 37. 

TABLE 1 .  Half-wave electrode reduction potentials (in aqueous dioxane (D)) and 
molecular orbital energies 

-e1/2 VS. SCE (V) 

75% D v, p-band 
(ref. 33) 85% D 95% D -m,,,+, (cm-') Am m,,, 

A 2.50 0.666 36 364 1.359 0.693 
B 2.61 2.58 0.712 34 602 1.266 0.554 
E 1.67 1.63 1.70 0.315 23 042 0.658 0.343 
1 - 1.76 1.825 0.353 22 026 0.605 0.252 
C 1.65 1.62 1.68 0.307 30 960 1.075 0.768 
2 - 0.88 0.86 -0.019 20 000 0.498 0.517 
2 - 1.19 1.19 (Second wave) 

The literature values and the 85% dioxane values were then 
used to calculate the experimental values of the LUMO, E,,,,, 
= a + m,,+,P, and the HOMO, E,,, = a + m,,, P, using the 
previously (1) derived relationships. The values of m,,,,, and 
m,,, obtained should be equal and of opposite sign (e.g., for 
naphthalene (A) and perylene (E)), and give an indication 
of the accuracy of the method, when compared to the nor- 
mal Huckel values of 0.618 and 0.347, respectively. Simi- 
larly the value obtained (-0.307) for m,,,,, of acenaphthylene 
can be compared with the calculated value of -0.285. Fry 
and Fox (33) have recently shown that an improved corre- 
lation between E , / ~  and LUMO energies can be obtained using 
a modified (OMEGAMO) HMO calculation. In the case of 
2, the Huckel value for m,,,, , is changed from 0 to 0.1 19, 
which changes the calculated values of E,/, from -0.868 to 
-0.918 V. The observed value of 0.88' falls between these. 
Clearly, however, for 2 the LUMO is close to a in value. 
Addition of an ace bridge to naphthalene makes reduction 
more difficult by 0.11 V.  However, addition of the two ace 
bridges to perylene to give 1 makes reduction more difficult 
by only 0.13 V ,  somewhat smaller than might be expected. 

This is consistent with our previous results (1) in the ace- 
naphth[l,2-alacenaphthylene series where each ace bridge 
added 0.06 V rather than the 0.11 V expected, and thus may 
give some indication of strain in the system. 

Mutagenicity results 
The method for detecting mutagenicity was the Salmo- 

nella/mammalian microsome test described by Ames et al. 
(34). The Salmonella typhimurium strain used was TA 98 
(1 538 plus an R factor plasmid), kindly provided by Profes- 
sor B. N. Ames (Berkeley). The microsomal fractions were 
obtained from rat liver homogenates as described by us pre- 
viously (35). Without microsomes neither 1 or 2 produced 
any revertant colonies with TA 98. With microsomes, how- 
ever, at 100 p,g/plate both l and 2 gave 20 revertant cob-  
nies per plate, while the positive control at 2 p,g/plate 
(2-aminoanthracene) gave 105 revertant colonies/plate after 
subtraction for negative control. Even at 10 p,g/plate, 1 and 
2 showed 4 and 16 revertant colonies/plate respectively. Thus 
both 1 and 2 are very weakly mutagenic, with 2 probably 
stronger than 1. They are, however, totally different from 4, 
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1 MITCHELL ET AL 1019 

which is a strong mutagen (10). This  should be  of interest 
to theoreticians concerned with models of  chemical carcin- 
ogenicity. 

Conclusions 
This  synthesis of  1 and 2 has made  available important 

members  of the cyclopenta-fused aromatics. W e  have doc-  
umented their UV, 'H,  and "C NMR spectra, and €,,? val- 
ues ,  and have discussed these relative to  strain calculations 
of structurally similar molecules, to provide data suitable for 
more detailed study by competent theoreticians. 

Experimental 
Melting points were determined on a Kofler hot stage and are 

uncorrected. 'H NMR spectra were determined in CDC1, (unless 
otherwise stated) on a Perkin-Elmer R12B (60 MHz),  R32 
(90 MHz), or Bruker WM-250 (250 MHz) spectrometer. "C NMR 
spectra were recorded either on a Nicolet TT-14 (15.1 MHz) or 
Bruker WM-250 (62.9 MHz) spectrometer. All chemical shifts are 
reported in ppm downfield from tetramethylsilane as internal stan- 
dard. Mass spectra were determined on a Finnigan 3300 mass 
spectrometer at 70 eV (EI) or using methane chemical ionization 
(CI). UV spectra were recorded on a Beckman DU-8 spectrometer 
using cyclohexane as solvent. Microanalyses were carried out by 
this department or by Canadian Microanalytical Services Ltd. 
(Vancouver, B.C.).  All evaporations were carried out under re- 
duced pressure on a rotary evaporator at about 4O0C, and all or- 
ganic layers were washed with water (unless otherwise stated) and 
dried with anhydrous MgSO,. The samples for which spectro- 
scopic data are reported were checked for purity by HPLC. 

3,4,9,10-Terrnkis(carbomerhoxy)perylene 7 
Dirnethyl sulphate (20 g, 150 mrnol) was added to a stirred so- 

lution of the dianhydride 5 (5.6 g, 14 mmol) in aqueous NaOH 
(25%, 80 rnL) and dioxane (400 mL). The mixture was heated 
under reflux for 24 h, and then was neutralized with aqueous HC1 
and extracted with dichlorornethane-ether (70:30). The extract was 
washed, dried, and evaporated to give crude 7 (340 mg, 5%). 
Chromatography over silica gel using dichloromethane-ether (1 : 1) 
as eluant gave pure 7 as a pale orange powder, mp 272-275°C. 'H 
NMR, 6 (90 MHz): 8 . 3  1, 8.06 (d, J = 7 Hz, 4H each, ArH), 3.95 
(s, 12H, -0Me); "C NMR, 6: 167.8, 140.9, 129.8, 128.1, 124.1, 
120.9, 108.2, and 5 1.1; MS (CI) m/e: 485 (MH', 19%), 453 (M 
- OMe), 100%). Anal. calcd. for C2,H2008: C 69.42, H 4.16; 
found: C 69.35, H 4.05. 

Diacepe~ylene (1,2,7,8-re~rnhydrodicyclo~~e11tc1[l,2,3- 
cd:1',2',3'-lm]perylene) 1 

n-BuLi (65 mmol in 35 mL hexane) was injected into a stirred 
solution of 5,6-dibromoacenaphthene (1) (10 g, 32 mmol) in an- 
hydrous ether (I L) at - 10 to -30°C. After 30 min the reaction 
mixture was cooled to -78°C and N i ( a c a ~ ) ~  (14.4 g,  60 mmol) or 
anhydrous CoC12 (dried under vacuum at 1 10°C for 4 h) (7.8 g, 
60 mmol) was added. The mixture was stirred at -7B°C for 1 h, 
then at room temperature for 1 h, and then was heated under re- 
flux for 1 h. The suspended solids were filtered. The ether was 
washed with water and was evaporated. The residue was com- 
bined with the filtered solids and was washed with water, and then 
thoroughly extracted with hot benzene. The benzene extract was 
evaporated and chromatographed over basic alumina (activity 2- 
3) using benzene as eluant. The vividly fluorescent eluant gave a 
red-orange product on evaporation, crude 1 (>95% pure by NMR) 
(0.9-1.7 g ,  20-35%). Recrystallization from benzene (charcoal) 
gave a yellow-orange product, mp 333-335"C, withdxtensive 
previous darkening even under argon (lit. (16) rnp 345-346°C (dec. 
argon); lit. (17) rnp 332-334°C). Preparative HPLC was required 
to produce a pale yellow sample. UV (cyclohexane) A,,,, (log E,,,): 
455 nm (4.76), 450sh (4.62), 444sh (4.39), 426 (4.58), 402 (4.22), 
380 (3.79,  259 (4.46), 252 (4.41), 246 (4.39), 229 (4.49), and 222 

(4.63); 'H NMR, 6 (250 MHz) (CD2C12-CS2): 7.92, 7.24 (AB, 
J = 7.4 Hz, 4H each. ArH) and 3.39 (s, 8H, -CH2-); "C NMR, 
6 (63 MHz) (CD,CI,-CS,): 145. I(C- 12a), 141.3(C-12b), 
129.O(C- 12d), 128.3(C- 12c), 12 l . l(C-3(4)),  12 1 .O(C-4(3)), and 
3 1.7(C- 1,2); MS rn/e : 304 (M+' ,  100%). Anal. calcd. for C2?HI6: 
C 94.70, H 5.30: found: C 95.03, H 5.05. 

Dinceperylylerze, (ciic)~rlope1~rer[l,2,3-~d:i',2',3'-11n]perylerle) 2 
DDQ (2,3-dichloro-5,6-dicyanoquinone) (3 17 rng, 1.4 mmol) 

was added to a solution of diaceperylene 1 (170 mg, 0.56 mmol) 
in dry, argon-degassed benzene (250 mL), and the mixture was 
heated under reflux for 3 h under argon. After cooling, the mix- 
ture was filtered, and the benzene evaporated to give crude prod- 
uct. This was chromatographed over water (4%) deactivated silica 
gel using benzene-pentane (3:7) as eluant to give the product 2 
(102 mg, 60%), which on recrystallization from benzene gave dark 
red crystals, mp >350"C (argon). UV (cyclohexane) A,, (log E,,): 
500 nm (4.62), 466 max (4.40), 437 (4.00), 412 (3.53,  336 (3.87), 
322 (3.66), 246 (4.50), and 220 (4.67); 'H NMR, 6 (250 MHz): 
7.89, 7.41 (AB, J = 7.4 Hz, 4H each, ArH) and 6.70 (s, 4H, 
-CH=CH-); "C NMR, 6 (63 MHz) (CS2): 130.0(C-1,2,7,8), 
125.0(C-3,6,9,12), and 122.2(C-4,5,10,11) (only =CH carbons 
could be observed, see text); MS m/e 300: (M+', loo%), 150 
(100%). Anal. calcd. for C2,H,?: C 95.97, H 4.03; found: C 95.99, 
H 4.01. 

5,5'-Dic1cerlnphrhe11e 10 
12-BuLi (43 mmol) in hexane (27 mL) was injected under argon 

into a stirred solution of 5-bromoacenaphthene 9 (1) (10.0 g, 
43 mmol) in dry ether (100 mL) at 0°C. After 2 h, anhydrous (see 
1 above) CoC12 (1 3 g, 100 mmol) was added, and the mixture was 
heated under reflux for 12 h. After cooling, the mixture was poured 
onto ice, acidified with aqueous 2 M HCI, and the organic layer was 
washed with water, dried, and evaporated. The crude product was 
then chromatographed on alumina (activity 2-3) using pentane as 
eluant and gave, after elution of unchanged 9 and some acenaph- 
thene, 5,5'-diacenaphthene 10 (4.86 g,  74%), which in recrystal- 
lization from dichloromethane-hexane gave very pale yellow 
crystals of 10, mp 179-180°C (lit. (36) mp 176-178°C). 'H NMR 
(250 MHz), 6: 7.51 (AB, J = 7.2 Hz, 2H, H-4,4'), 7.41 (AB, 
J = 7.2 Hz, 2H, H-3,3'), 7.39-7.31 (m, 6H, H-6,6',7,7',8,B1), 
and 3.50 (s, 8H, -CH2-); "C NMR (15 MHz), 6: 146.O(C-Ba), 
145.4(C-2a), 139.4(C-Bb), 133.5(C-5), 13 1 .O(C-8c), 129.5(C-4), 
127.7(C-7), 121.5(C-6), 119.2(C-3), 119.O(C-8), 30.6(C-2), and 
30.1(C-1). 

6,6'-Dibromo-5,5'-diacerlpahthene 11 
N-Bromosuccinirnide (9.75 g, 55 mmol) in DMF (50 mL) was 

added to a stirred solution of the diacenaphthene 10 (8.4 g, 
27 mrnol) in DMF (170 mL) at 70-80°C. After 12 h, the reaction 
mixture was cooled. poured into water, and extracted with dichlo- 
rornethane. The extract was washed well with water, saturated 
aqueous NaC1, dried, and evaporated. The residue was chroma- 
tographed over silica gel using dichloromethane-pentane (3: 7) as 
eluant to give 7.9 g (62%) of yellow dibromide 11, mp 180-18B°C, 
which was used directly in the next reaction. 'H NMR (90 MHz), 
6: 7.6 1 (d, J = 8 Hz, 2H, H-4,4' or 7,7'), 7.5-7.0 (m, 6H, ArH), 
3.45 and 3.41 (s, 4H each, -CH,-); MS (CI) m/e: 463,465,467 
(MH, 1 : 2: 1 ratio). 

Coupling of 11 
n-BuLi (8.6 mmol) in hexane (3.6 mL) was injected under argon 

to a stirred solution of the crude dibromide 11 (2.0 g, 4.3 mmol) 
in dry ether (120 mL) at - 10 to O°C. After 2 h, anhydrous CoClz 
(2.2 g, 17 mmol) was added, and the mixture was heated under 
reflux for 12 h. The reaction was then worked up as described for 
1 above. HPLC indicated that 1 was present, but that the reaction 
was much dirtier than the direct coupling to 1 described above; 
moreover, the isolation of 1 was only achieved with difficulty using 
HPLC (reverse phase C18 with methanol). 
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5,5,12,12-Tetramethyldiacenaphtho[5,6-b~:5',6'-fg7- 
(1,5)distannocin 12 

n-BuLi (6.4 mmol) in hexane (4.3 mL) was injected into a stirred 
solution of 5,6-dibromoacenaphthene (1) (1.0 g, 3.2 mmol) in dry 
ether (50 mL) at 20°C. After stirring for 1 h, dimethyltindichlo- 
ride (0.705 g ,  3.21 mmol) was added, and the mixture was then 
stirred for a further hour before collecting the white precipitate. This 
was extracted with boiling benzene, and the extract was evapo- 
rated and recrystallized from benzene-hexane to yield pale yel- 
low needles of 12 (500 mg, 26%), mp 277-279°C. 'H NMR 
(90 MHz), 6: 7.72, 7.27 (d, J = 7 Hz, 4H each, ArH), 3.32 (s, 
8H, -CH2-), and 0.54 (s, 12H, -CH3); MS (CI) m/e : 6.05 (MH+ 
for snIz0, correct isotope pattern), intense M - CH3 peaks. Anal. 
calcd. for C28H28SnZ: C 55.87, H 4.69; found: C 56.03, H 4.85. 

Photolysis of 12 to give 1 
A solution of the stannocin 12 (0.4 g) in dry benzene (200 mL) 

was irradiated in a quartz Hanovia reactor (medium pressure) for 
48 h. After filtration, the filtrate was evaporated and chromato- 
graphed over basic alumina (activity 2-3) using benzene-hexane 
(1 :5) as eluant. The eluate contained a 3-5% yield of 1 (con- 
firmed by HPLC and UV). However, this sample was difficult to 
crystallize. 

5,6-Dibromoacenaphthylene 13 
DDQ (1.09 g, 4.8 mmol) was added to a stirred solution of 5,6- 

dibromoacenaphthene (1) (1.0 g, 3.2 mmol) in dry benzene 
(35 mL), and the mixture was heated under reflux for 30 h. After 
cooling, pentane (175 mL) was added and the mixture was fil- 
tered. The filtrate was passed through a short column of basic alu- 
mina (activity 2-3), and the eluate on evaporation yielded 740 mg 
(75%) of product, which on recrystallization from hexane gave deep 
yellow crystals of 5,6-dibromoacenaphthylene, mp 132-133°C. I H  

NMR (250 MHz), 6: 7.86, (AB, J = 7.35 Hz, 2H, H-4,7), 7.40 
(AB , J = 7.35 Hz, 2H, H-3,8), and 6.85 (s, 2H, -CH=CH-); I3C 
NMR (15 MHz) 6: 140.3(C-2a,8a), 135.8(C-8c), 135.4(C-4), 
129.1(C-1,2), 125.7(C-8b), 125.1(C-3,8), and 121.0(C-5,6); MS 
m/e (CI): 309, 31 1, 313 (MH+, I :2: 1 ratio, 100%). Anal. calcd. 
for CI2H6Br2: C 46.50, H 1.95; found: C 46.87, H 2.03. 

Attempted coupling of 5,6-dibrornoacenaphthyletze 
n-BuLi (0.6 mmol) was added to a solution of 5,6-dibromoace- 

naphthylene (100 mg, 0.3 mmol) in dry THF (30 mL) at O°C (also 
at -78°C) under nitrogen. After 30 min, anhydrous CoC1, (167 mg, 
1.3 mmol) was added, and the mixture was then heated under re- 
flux for 14 h. After addition of water and extraction into ether, 
HPLC indicated that 13 products had formed. No 2 could be iso- 
lated. 

5-Brornoacenaphthylene 15 

(i) By dehydrogenation 
DDQ (1.16 g ,  5.1 mmol) was added to a stirred solution of 5- 

bromoacenaphthene (1) (1.0 g, 4.3 mmol) in dry benzene (25 mL) 
and the mixture was heated under reflux for 14 h. After cooling, 
pentane (125 mL) was added and the mixture was filtered. The 
filtrate was passed through a short column of basic alumina (ac- 
tivity 2-3) to yield 600 mg (60%) of the product, which on re- 
crystallization from ethanol gave yellow crystals, mp 53-55°C. 'H 
NMR (60 MHz), 6: 7.9-7.0 (m, 5H, ArH) and 6.78 (s, 2H, 
-CH=CH-); I3C NMR (15 MHz), 6: 140.O(C-2a), 139.4(C-8a), 
130.8(C-4), 129.5(C-l), 129.1(C-2), 128.7(C-6), 128.3(C-8b or 
8c), 126.4(C-7), 124.9(C-3), 124.7(C-8), and 122.9(C-5); MS m/e 
(CI): 231, 233 (MH+, 100%). Anal. calcd. for C12H7Br: C 62.37, 
H 3.05; found: C 62.09, H 3.22. 

(ii) By bromination/dehydrobromination 
N-bromosuccinimide (30 g ,  0.172 mol) was divided into six 

portions, and one was added to a stirred solution of 5-bromoace- 
naphthene (20 g, 0.086 mol) in dry CCI, (500 mL), which was then 
heated to reflux under a bright incandescent light, at which point 
benzoyl peroxide (100 mg) was added. At approximately 15 min 
intervals, the remaining portions of NBS were added, and reflux 

continued with irradiation until nearly all the succinimide product 
floated. The reaction mixture was then cooled, and the succinim- 
ide removed by filtration. The filtrate was evaporated, and the 
residue recrystallized from ethanol to give 1,2,5-tribromoace- 
naphthene (24 g, 72%), mp 88-90°C. IH NMR (90 MHz), 6: 8.0- 
7.1 (m, 5H, ArH) and 5.95 (bs, 2H, -CHBr-). This tribromide 
(22 g ,  56 mmol) was dissolved in acetone (400 mL), and KI 
(93 g, 0.56 mmol) and Na,S,03.5H20 (1 12 g, 0.45 mol) were added 
with stirring. The reaction mixture was stirred under reflux for 
14 h, cooled, and filtered. The filtrate was evaporated, and the 
residue extracted into ether, washed, dried, and evaporated and then 
chromatographed over silica gel using pentane as eluant to give, 
after recrystallization from ethanol, yellow crystals of 5-bromo- 
acenaphthylene (7.0 g, 35% overall), identical to the sample ob- 
tained in (i). 

5,5'-Diacenaphthylene 16 
DDQ (185 mg, 0.81 mmol) was added to a stirred solution of 

5,5'-diacenaphthene 10 (100 mg, 0.33 mmol) in dry benzene 
(30 mL) and the mixture was heated under reflux for 14 h. After 
cooling, pentane (150 mL) was added and the mixture was fil- 
tered. The filtrate was passed through a short column of alumina 
(activity 2-3) to yield the yellow product, which was further pu- 
rified by HPLC (MCH-10, reverse phase, methanol) to a yellow 
waxy product. IH NMR (90 MHz), 6: 7.9-7.1 (m, 10H, ArH) and 
7.03 (s, 4H, -CH=CH-); I3C NMR (15 MHz), 6: 139.6(C-8a), 
139.3(C-2a), 138.1(C-8b), 130.3(C-2), 129.7(C-l), 129.1(C-4), 
128.3(C-5), 128.2(C-8c), 127.7(C-7), 126.8(C-6), 124.1 (C-3), and 
123.6(C-8); MS m/e (CI): 303 (MHf,  100%). 

Attempted coupling of 5-brornoacenaphthylene 
n-BuLi (13 mmol) in hexane (5.4 mL) was added to a stirred 

solution of 5-bromoacenaphthylene (15) (3.0 g, 13 mmol) in dry 
ether (75 mL) under nitrogen at O°C. After 3 h, anhydrous CoCI, 
(3.4 g, 26 mmol) was added, and then the reaction was heated under 
reflux for 14 h. After coolling, the ether was washed, dried, and 
evaporated. The residue consisted of 18 products by HPLC 
(MCH-10, reverse phase, methanol), one of which was 5,5'-di- 
acenaphthylene (16) as about 7% of the mixture. 

Measurement of electrode reduction potentials 
The values quoted in Table 1 were measured on a Metrohm- 

Polarecord 626 as 0.0005 M solutions of hydrocarbon in 90% 
aqueous dioxane, which was 0.175 M in tetra-n-butylammonium 
iodide using a dropping mercury electrode relative to a standard 
calomel electrode. 

Mutagenicity tests 
These were carried out using DMSO solutions of 1 and 2 

(0.1 mg/mL) on Salmonella typhimurium TA 98 (with and with- 
out microsomes) as described by us previously (35). 
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Curve crossing analysis of LFER data in Michael addition reactions1 
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ZEEV GROSS and SHMARYAHU HOZ. Can. J .  Chem. 70, 1022 (1992). 
Rate constants for the Michael addition of CN- in water, aqueous sulfolane, and DMSO, and MeO- in MeOH to eight 

mono- and disubstituted 1,l-diaryl-2,2-dinitroethylenes were measured. The p values are in the ran e 0 7 (CN-/H,O) - F . .  1.6 (MeO-/MeOH). For each of the four systems a correlation was found between log k and the 'C chemical shift of 
the carbon that undergoes the nucleophilic attack. However, the quality of the correlation as well as the slope decreases 
with decreasing p values. Analysis of the electronic configuration of the transition state using the curve crossing model 
shows that the traditional interpretation of the location of the transition state should be reversed. This analysis provides 
a rationale for the observed dependence of the chemical shift - rate correlation on the p value. 

ZEEV GROSS et SHMARYAHU HOZ. Can. J. Chem. 70, 1022 (1992). 
On a mesurk les constantes de vitesse pour l'addition de Michael du CN- (dans l'eau, en solutions aqueuses de sul- 

folane et dans le DMSO) et du MeO- (dans le methanol) sur huit I ,  I-diaryl-2,2-dinitroCthylenes mono- et disubstituks. 
Les valeurs de p varient de 0,7 (CN-/H20) a 1,6 (MeO-/MeOH). Pour chacun des quatre systemes, on a pu etablir 
une correlation entre le log k et le dkplacement chimique (en RMN du I") du carbone qui subit I'attaque nuclCophile. 
Toutefois, la qualite de la corrClation ainsi que la pente diminuent avec une diminution des valeurs de p. Une analyse 
de la configuration electronique de I'Ctat de transition 5 l'aide du modele du croisement des courbes montre que l'in- 
terprCtation traditionnelle de la position de 1'Ctat de transition doit &tre renverske. Cette analyse fournit une explication 
rationnelle pour la relation qui a CtC observke entre la corrClation dkplacement chimique/vitesse et la valeur de p. 

[Traduit par la rCdaction] 

Introduction study was also activated by two nitro groups on the a car- - - 
bon ~ D A ~ D N ) .  

the Ritchie was designed for As will be later, the results of this study seem to 
anion-cation combination reactions (I),  we have shown that imply a contradiction between basic principles and postu- 
after of a parameter (eq. ['I), it can lates in the field of reaction A resolution of this 
accommodate nucleophilic additions to some activated ole- apparent contradiction is advanced using the curve crossing 
fins (2). model for nucleophilic attacks on Low LUMO compounds. 

[ l ]  log k/k, = S+N+ 

The equation was found to be valid for systems having the 
framework of 9-methylenefluorene (eq. [2]) with various 

[21 &@ 0 'Y N- - gNCNx 
0 

'Y 
activating groups on the a carbon. 

To examine the effect of substitution on the p carbon in 
these reactions, we have studied the analogous diphenyl Results 
system where the aromatic rings can be relatively easily Rate constants for the reactions of various nucleophilic 
substituted. Since the 9-dinitromethylenefluorene system (eq. systems (nucleophile/solvent) with a series of substituted 1,l- 
[2], X=Y=NO,, FDN) gave an excellent fit (2) to the diaryl-2,2-dinitroethylenes (DArDN, eq. [ 3 ] )  were deter- 
Ritchie equation, the diary1 system chosen for the present mined at 25°C. 

DADN MADN DTDN DPDN DFDN MClDN DClDN MNDN 
A OMe OMe Me H F C1 C1 No2 
B OME H Me H F H C1 H 

The reactions were followed spectroscopically by monitor- A,,,,. Occasionally the reactions were also monitored by fol- 
ing the disappearance of the absorption of the olefin at its lowing the formation of the products. Identical rate con- 

stants were obtained by both methods. The concentrations 
of the substrate were in the range 10-~-10-~ M. Concentra- 

'~reliminary communication: Tetrahedron Len. 32, 5 163 (199 1 ). tions lower than M were used only for the reactions in 
' ~ u t h o r  to whom correspondence may be addressed, water to avoid zero-order kinetics due to aggregation (3 ) .  In 
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GROSS AND HOZ 1023 

TABLE 1. Second-order rate constants for nucleophilic addition to DArDN and FDN (A,,,), nucleophilicity parameter N,, and I3c chem- 
ical shifts 

I 
, k (M-' s- ') 

Nu/solvent N+ DADN MADN DTDN DPDN MClDN DFDN DClDN MNDN FDNa 
I 
I 

CN-/Hz0 3.67 1.96 3.08 1.96 4.82 5.96 6.28 9.32 17.19 0.27 
2 0  08 20.49 k0.23 k0.28 k0.36 k0.35 k0.65 21.4 20.03 
(420) (420) (340) (320) (325) (325) (325) (331)~ 

CN-/25% 5.65 2.49 5.3 5.18 8.9 12.4 11.6 21.1 34.1 71 
sulfolane 20.45 20.54 20.66 k 1 1 . 5  2 0  4 k2.1 25.4 2 . 6  

(420) (420) (340) (320) (325) (325) (325) (33 l)b 

MeO-/MeOH 6.27 0.6 1.02 0.93 1.87 6.03 9.25 19.5 31.1' 426 
20.06 20.09 20.06 20.14 k0. 18 k0.87 k0.2 2 4  1 ?43 
(372) (383) (333) (320) (320) (320) (320) d 

CN-/DMSO 8.6 0 . 2 3 ~  0 . 5 7 ~  0.59d 1 . 4 6 ~  3.41" 4 . 0 8 ~  8.54d 1 1 . 7 ~  3 .78d 
20.04 20.07 20.09 20.08 k0.07 k0. 19 20.88 21.7 20.45 
(420) (420) (340) (320) (320) (320) (320) (272)' 

13C chemical shift (ppm) 

c, 148.5 148.9 149.2 149.4 149.4 149.4 149.4 149.5 
c 145.08 144.56 144.5 143.86 142.5 141.74 141.37 140.92 

"Reference 2. 
'Shoulder. 
'Measurements were performed at 272, 335, 380, and 400 nm 
"k x 10-5 
'Measurements were also performed at 366 nm (A,, of the product). 

TABLE 2. p and values for the reactions of DarDN with various nucleophilic systems and log k - I3Cp 
NMR chemical shift correlation 

I3cp 
Nu/solvent P r PO r Slope r 

CN-/water 0.74 2 0.05 0.9855 0.8 2 0.06 0.9826 -0.19 0.886 
CN-/25% sulfolane 0.82 * 0.04 0.9909 0.87 2 0.03 0.9709 -0.21 0.895 
MeO-/MeOH 1.44 k 0.14 0.9676 1.60 * 0.08 0.9918 -0.4 0.991 
CN-/DMSO 1 .3620 .12  0.9750 1 .44k0 .12  0.9764 -0.37 0.965 

all cases the nucleophile concentration was at least ten times 
higher than that of the substrate. In protic solvents the cya- 
nide anion is partly protonated. The concentration of the free 
CN- was calculated from its pK, and the dissociation con- 
stant of the solvent (see experimental section). Usually the 
free [CN-] was in the range 0.002-0.01 M. All reactions 
went to completion. In aqueous solutions, hydrolysis due to 
the presence of OH- was observed for the two most reac- 
tive derivatives. For these substrates, the reactions were 
conducted in borax buffered solutions at pH 9.2 ,  thereby 
minimizing the competing hydrolytic reaction. 

Second-order rate constants and A,,, for the various de- 
rivatives are given in Table 1. 

The I3C NMR chemical shifts of C, and Cp were mea- 
sured for each of the substrates. The data are given in 
Table 1. 

Discussion 
Hammett vs. Ritchie equations 

Variation of the nucleophilic system (nucleophile/sol- 
vent) in combination with a variation of substituents on the 
aromatic ring enables a simultaneous analysis of two LFER's: 

the Ritchie and the Hammett equations. Both equations 
contradict the reactivity-selectivity principle and cannot 
coexist unless the p values remain constant for all nucleo- 
philic systems. Thus, in the present case the p in DMSO, for 
example, must be equal to that in water. 

The question at hand is therefore whether the two LFER's 
do coeiist for DArDN at the v rice of the severe restriction 
of having p constant for all nucleophilic systems and, in case 
they do not, which LFER will supersede the other. It should 
be pointed out that in spite of the severe requirement, cases 
of simultaneous coexistence of the two equations are known 
(4). 

The reactions of the four nucleophilic systems with the 
various substituted substrates were found to obey the 
Hammett equation (Table 2 and Fig. 1). In aqueous solu- 
tions the data are best correlated with a, whereas in non- 
aqueous media a slightly better correlation is obtained with 
a0 ( 5 ) .  However, as shown in Table 2 ,  the use of one type 
of a or the other does not affect the actual p values. It should 
also be ~ o i n t e d  out that the a values of the disubstituted 
substrates are additive with no apparent deviation (see, 
however, ref. 6). On the other hand, the Ritchie equation is 
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log k 

FIG. 1. Hammett plots for nucleophilic additions to 1,l-diaryl-2,2-dinitroethylenes. 

not obeyed (Fig. 2). Most probably the requirements of the 
latter are more stringent, leading thus to a limited range of 
applicability. 

In light of the difference between the Ritchie (N+) (1) and 
the Swain-Scott (7) (n) nucleophilicity scales, we have 
suggested that substrates participating in nucleophilic reac- 
tions should be classified according to their LUMO ener- 
gies (2a, 8-10). High LUMO (HL) substrates will obey the 
Swain-Scott equation (7), whereas low LUMO (LL) sub- 
strates will obey the Ritchie N+ equation (1). The question, 
in terms of LUMO energy, is: where is the border line be- 
tween these two classes of substrates? If LUMO energies are 
the only major factor affecting the behavior of a substrate, 
then the border line lies (at least within the activated double 
bond series) between FDN and DArDN derivatives. In a more 
quantitative way, using half-wave reduction potentials as a 
measure for the energy of the LUMO, the aforementioned 
border line lies between -0.2 and -0.94 V,  which are the 
half-wave reduction potentials of DPDN and FDN respec- 
t i ~ e l ~ . ~  Substrates with LUMO energies close to that of FDN 
are expected to obey both the Hammett and the Ritchie 
equations, whereas those nearing DPDN will probably obey 
only the Hammett equation. 

 h he half-wave potentials of the first cathodic wave were deter- 
mined in methylene chloride with tetrabutylamonium perchlorate 
as the supporting electrolyte and a platinum rotating disk elec- 
trode. We are grateful to Dr. Y. Liftman for the electrochemical 
measurements. 

General description of TS structure in Michael addition 
reaction (MAR) 

Let us first briefly discuss our model for nucleophilic at- 
tacks on low-lying LUMO (LL) substrates (8-10). Phe- 
nomenologically, substrates of low electrophilicity, i.e., high 
LUMO substrates, form covalent bonds in their reactions with 
nucleophiles. On the other hand, increasing the electrophi- 
licity of a substrate will eventually lead to an electron trans- 
fer reaction. The radical pair formed may either collapse to 
the covalent bond or dissociate to the free radicals. Our model 
assumes continuity between these two extreme cases. That 
is, in any TS there is a partial covalent bonding as well as a 
partial diradical character. The relative contributions of these 
features vary with the LUMO height. Hence, nucleophilic 
attacks on low LUMO substrates are characterized by a 
transition state (TS) in which both the nucleophile and the 
substrate acquire a relatively large radical character. A sim- 
ilar conclusion was reached by Fukuzumi and Kochi for 
electrophilic aromatic substitution (1 1). Shaik and Pross have 
rigorously developed, with a similar outcome, a valence bond 
model for a large variety of reactions (12, 13). The model 
is best demonstrated by using the curve crossing method for 
the construction of the MAR profile (14) (Fig. 3). The pro- 
file is constructed by overlaying potential energy curves of 
the reactants and the products (I and 11, Fig. 3). The two 
curves differ from each other by a transfer of a single elec- 
tron from N- to the substrate. Thus, motion from the ionic 
state of the reactants at the right to form the covalent bond 
at the left must involve a partial electron transfer. The TS 
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GROSS AND HOZ 1025 

FIG 2. A Ritchie type diagram for selected substrates: MNDN 
0; DPDN 0; DADN *. 

- R.C. 

FIG. 3. Construction of a reaction profile for the Michael addi- 
I tion reaction. 

is achieved in the region of the avoided crossing. At this point 
the two configurations are of equal energy and hence the state 
function at this point has equal contributions from the two 
configurations. Therefore, as was already pointed out (12), 
about half an electron has been transferred from the nucleo- 
phile to the substrate at the T S . ~  It should be emphasized that 
this process does not lead to the formation of two distinct 
radicals since the TS decays to the covalent product. 

Another important feature of this system is that the bal- 
ance between the diradical and the covalent character varies 
as one progresses along the Morse type curve. An early TS, 
that is, an early crossing of the two curves, will result in a 
larger contribution from the diradical character, whereas a 
late TS will cause covalent bonding to be highly advanced 
at the expense of the diradicaloid character. 

Thus, although the same amount of charge is transferred 
from the nucleophile to the substrate regardless of the posi- 
tion of the TS, the actual charge sensed by substituents on 
the aromatic rings (the probe) depends on the extent to which 
covalent bond formation has progressed, i.e., on the loca- 

?his approximation is valid at the two-configuration approxi- 
mation level. In reality, the mixing of higher energy configura- 
tions as well as the skewing effect may somewhat shift the actual 
amount of the transferred charge from 0.5 e-. 

tion of the TS. In a very early TS, the negative charge (the 
odd electron at the LUMO of the substrate) can be almost 
freely delocalized onto the aromatic rings and their substit- 
uents, leading to a relatively high p value (structure A). In 
a very late TS, covalent bond formation becomes domi- 
nant, disrupting the probe - negative charge interaction with 
the latter being now confined mainly to the remote location 
of the activating group region (structure B). Such a separa- 

tion of the charge from the substituent will lower the p value. 
Thus, contrary to the traditional interpretation, there is an 
inverse relationship between the p and the location of the TS. 
A relatively small p corresponds to a late TS and vice versa. 

In a previous paper we showed how this model accom- 
modates various observations made in the analogous 1 , l -  
diaryl-2-nitroethylene system (10). In the present paper we 
will show how this model is further supported by the 13c 
chemical shift - rate correlation observed in the present sys- 
tem. 
13 C chemical shift - rate correlation 

Variations in reaction rate constants can be correlated with 
variations in a property of the substrate that is related to the 
equilibrium energy of the reaction. Assuming a monotonic 
variation of this property between the reactants and the 
products, one would expect a linear correlation (LFER) be- 
tween the rate and that property (both given in energy-re- 
lated units). The effect on the rate, expressed as a fraction 
of the equilibrium-related effect, can be used as a measure 
for the location of the TS along the reaction coordinate (15). 
However, if the given property is not an equilibrium-related 
property but is rather an intrinsic property of the reactants, 
then one would expect to observe such a correlation only for 
an early TS where the reactants retain this property to a given 
extent. Thus, for example, the LUMO energy of a substrate 
does not necessarily have any relation to the equilibrium of 
the reaction. It becomes energetically meaningful only when 
interacting with the HOMO of the nucleophile. Thus, in a 
very early TS, a rate - LUMO energy correlation can be 
observed. However, in a late TS, since the substrate has 
undergone significant geometric and electronic changes, the 
relevancy of the interaction between the HOMO and the 
original substrate's LUMO to the activation energy is di- 
minished (the relevant LUMO in this case would be that of 
the deformed substrate). 

As can be seen from Fig. 4, log k for each of the four re- 
action sets can be correlated with the I3c NMR chemical shift 
of the carbon atom that undergoes the nucleophilic attack. 
The chemical shift of I3c, (where the charge will eventually 
reside) is insensitive to variation of substituents on the aryl 
groups. The I3c NMR chemical shift is another property of 
the reactants that is not related to the reaction equilibrium 
energy. It may be related to the rate effect through a possi- 
ble connection with the LUMO energy. In a similar man- 
ner, since 13c chemical shift is related to the charge on the 
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--- 
slope =-0.21 

r = 0.895 

0 - 
- 

-0.4 - 
: ~ ~ - / a q .  sulfolane 

-0.8 I I I I I 

-4 -3 -2 -1 0 1 2 

slope = -0.19 
r = 0.886 

-0.2 - 

-0.6 I I I I I 

! -4 -3 -2 -1 0 1 2 
- 

RELATIVE CHEMICAL SHIFT 

FIG. 4. Log k vs. relative I3cp chemical shift. 

nucleus (16), it may reflect the electrostatic interaction at the 
TS. In both cases, it is clear that the later the TS, the less 
relevant this property is to the rate. Thus, both the quality 
of the correlation and the slope are expected to decrease as 
the TS becomes later. Examination of the data in Table 2 and 
Fig. 4 suggest therefore that the earliness of the TS in- 
creases in the order MeO-/MeOH > CN-/DMSO > CN-/ 
aqueous sulfolane > CN-/H20. This result is in excellent 
agreement with our model since the reactions with MeO-/ 
MeOH and with CN-/DMSO have larger p values and are 
therefore indeed predicted to have a TS earlier than the re- 
actions with CN-/aqueous sulfolane and CN-/H20, whose 
p values are smaller. It should be noted that this conclusion 
also concurs with the Hammond postulate (17), which pre- 
dicts that the more reactive system has an earlier TS. 

Summary and conclusions 
The major conclusions of this study, in which the reac- 

tivities of four nucleophilic systems (nucleophile/solvent) 
towards a series of dinitro activated olefins (DArDN) were 
determined, are (a)  unlike the analogous fluorenyl system, 
the DArDN system does not obey the Ritchie N+ equation. 
It is suggested that, at least within the realm of activated 
olefins, the border line between the N+ and the n (Swain- 
Scott) behavior lies with substrates having LUMO's with 

energy between that of DArDN and FDN. In terms of half- 
wave reduction potentials of substrates, the border line lies 
between -0.2 and -0.9 V; (6) the TS has a structure (rad- 
ical anionic) that is not an intermediate one between that of 
reactants and products; (c) in the present case, a large p value 
is indicative of an early TS and vice versa; (d) the above 
conclusion provides a rationale for the unexpected behavior 
of rate - I3c chemical shift correlation as a function of p 
values. 

Experimental section 
Instrumentation 

Kinetic measurements were performed on Uvikon 810-820, 
Gilford 2400, and Durmm 110 stopped-flow spectrophotometers 
that were equipped with an Apple I1 microcomputer for data ac- 
quisition. pH measurements were taken with a Radiometer PHM-52 
digital pH-meter. 'H and 13c NMR spectra were recorded on a 
Bruker AM 300 spectrometer. 

Substrates and products 
1,l -Diphenyl-2,2-dinitroethylene (DPDN) and I, l -di(4-meth- 

oxypheny1)-2,2-dinitroethylene (DADN) are known compounds 
(18). In general, the preparation of the DArDN substrates in- 
volved dinitration of the parent 1,l-diarylethylenes according to the 
following procedure. To a stirred solution of 20 mL glacial acetic 
acid containing 20 mmol of I, l -diarylethylene, 3.5 mL red fum- 
ing nitric acid in 16.5 mL AcOH was added. The reaction mixture 
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GROSS AND HOZ 1027 

was refluxed for 1 h. After cooling, chloroform and ice water were 
I added and the aqueous phase was washed three times with chlo- 

i roform. The combined chloroform solution was rapidly washed with 
1 a 5% NaHCO, solution, dried over MgS04, and evaporated. The 

, residue was chromatographed on a silica column (CH,CI,:hexane 
2 :  1). The dinitration products were collected and recrystallized from 

, hexane. The structure of the products was verified by NMR spec- 
) troscopy (data will be reported in a separate paper) and elemental 
1 analyses (satisfactory elemental analysis was obtained for all 
I elements; oxygen was not analyzed). In this procedure no ring 

nitrations were observed. The preparation of 1-(4-nitropheny1)- 
1-phenyl-2,2-dinitroethylene (MNDN) involved ring nitration of 
1,l-diphenyl-2,2-dinitroethylene (DPDN) using the following 
procedure. To an ice-cold stirred mixture of DPDN (0.27 g, 
1 mmol), 15 mL CF,COOH, and 0.2 g H2S04, 0 .  11 g red fuming 
nitric acid in 1 mL CF,COOH was added over 1 min. After stir- 
ring for 15 min at 0-5°C and an additional 20 min at room tem- 
perature, the reaction mixture was treated with water and ether. The 
aqueous phase was washed with three portions of ether, and the 
combined ethereal solution was treated similarly to the above 
chloroform solution. No attempt was made to optimize yields. 
Yields obtained (mp, "C): MADN 37% (107); DTDN 25% (122); 
MClDN 20% (135); DClDN 21% (132); DFDN 14% (97); MNDN 
57% (109). 2,2-Diaryl-3,3-dinitropropionitrile, the adduct of 
DPDN, is known (1 8). The general procedure for the preparation 
of the adducts was as follows: to a mixture of 0.065 g KCN (1 
mmol) and 1 mmol DArDN, dry DMSO (10 mL) was added all at 
once with vigorous stirring. After a few minutes all the solids dis- 
solved and the mixture was poured into a mixture of crushed ice 

j and 50 mL 5% HCI solution. The solids were filtered, and the fil- 

1 trate was extracted three times with CHCl,, which was dried over 
j MgS04 and evaporated. Up to this stage the yield was quantitative 
1 (NMR and TLC). Attempts were made to crystallize these com- 
j pounds from hexane, ether, ethanol, acetic acid, trifluoroacetic acid, 
1 5% aqueous HC1, and various mixtures of these solvents, without 

success. The oils decomposed on standing for several days. Only I .  
1 with 2,2-di-(4-chloropheny1)-3,3-dinitropropionitrile was a solid 
I product obtained (crystallized from ethanol, acidified with trifluo- 
1 roacetic acid, mp 127°C; satisfactory C ,  H, N, C1 elemental anal- 
i ysis was obtained). 
I 

Kinetic measurements 
'The solvents for the kinetic measurements were prepared as fol- 

lows: double distilled water was boiled prior to use; sulfolane was 
vacuum-distilled three times, twice over NaOH and once from 
CaH2. The middle fraction boiling at 130°C (6.5 Torr; 1 Torr = 
133.3 Pa) was collected (19). MeOH was refluxed over Mg + I, 
for 1 h and distilled (20); DMSO, stored for a week over NaOH, 
was distilled from BaO (21). The concentrations of free CN- were 
calculated from the pK, value of HCN (9.2 (22) and 9.13) (23)) and 
pK, (14 and 14.47) (24) of water and a solution of 25% sulfolane 
in water (v/v). The pK, of HCN in the aqueous sulfolane was de- 
termined by measuring the hydroxide concentration of several KCN 
solutions using a calibrated pH-KOH profile. Prior to each set of 
kinetic runs the pH of the freshly prepared cyanide stock solution 
was determined. The pH measurements were in excellent agree- 
ment with the calculated hydroxide concentration. For the rela- 
tively slow reactions, the nucleophilic solutions were incubated in 

the thermostated spectrophotometer until the temperature of 25 IC- 

0.2"C was reached. The substrate was then injected into the cells 
(ca. 2.5 p L  into 2.5 mL ethanolic solution for the reaction in water). 
The concentration of the substrate was usually in the range of 
lo-' M. The nucleophile concentration was always at least 10 times 
larger than that of the substrate. In each case first-order rate con- 
stants were determined for 3-5 different concentrations of nucleo- 
phile. The reactions were usually followed by monitoring the 
disappearance of the substrate's absorption at its A,,,. 
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The mass spectral fragmentation pathways of a series of phenylazoxypyridine-N-oxides have been studied under electron 
impact conditions using tandem mass spectrometry. Besides simple C-N cleavages, the azoxypyridine-N-oxides undergo 
deep-seated rearrangements directly from the molecular ion. In addition, the spectra are complicated by a purely chem- 
ical reduction of the N-0 functionalities that occurs in the ion source prior to ionization. 

NICEL J .  BUNCE, H. STEWART MCKINNON, RANDY J .  SCHNURR, SAM B. KEUM et ERWIN BUNCEL. Can. J. Chem. 70, 
1028 (1992). 

Faisant appel a la spectromttrie de masse en tandem, dans des conditions d'impact tlectronique, on a determine les 
spectres de masse d'une strie de N-oxydes de phtnylazoxypyridines et on a examint leurs modes de fragmentation. En 
plus des simples clivages C-N, les N-oxydes d'azoxypyridines subissent des transpositions profondes directement de 
l'ion molCculaire. De plus, les spectres sont compliquts par une rtduction purement chimique des fonctions N-0 qui 
se trouve dans la source ionique avant le processus d'ionisation. 

[Traduit par la redaction] 

Introduction 
The mass spectra of aromatic azoxy compounds have re- 

ceived relatively little study. In the 1960s, Bowie et al. (1) 
examined the electron impact (EI) spectra of a wide variety 
of azoxybenzene derivatives and established the major frag- 
mentation pathways. In addition, they noted that the ratio of 
the ions ~ r + / A r ' +  offered a method of distinction between 
the isomers Ar-N(O)=N-Art and Ar-N=N(O)-Art; frag- 
mentation occurred preferentially adjacent to the Ar-N(0) 
group, so  that the ratio Ar+/Arl+ was greater for the isomer 
Ar-N(O)=N-Art than for Ar-N=N(O)-Ar' 

This finding had analytical potential, because the distinc- 
tion between these isomers has been a difficult problem in 
the chemistry of aromatic azoxy compounds (2), even with 
modem spectroscopic techniques. 

A more recent study by Waddell et al. (3) confirmed most 
of the conclusions of Bowie et al., but with two important 
extensions. First, the ratio of the ions ~ r + / A r ' +  was found 
to depend upon the sample size introduced into the ion source; 
the relationship between this ratio and the structure of the 
azoxy compound was more reliable at high sample sizes as, 
for example, under direct insertion conditions. Second, it was 
found that the ion appearing at m / z  182 in the EI spectrum 
of azoxybenzene, i.e., (M - 16)+, does not originate by loss 
of an oxygen atom from the molecular ion, as presumed by 
Bowie et al. ,  but rather arises through a chemical reduction 
of azoxybenzene in the ion source. This observation is sig- 
nificant in that (M - O)+ is commonly found in the EI spectra 

of aromatic azoxy compounds, sometimes at high intensi- 
ties. If a substantial proportion of the substrate undergoes this 
pre-ionization reaction, then the observed EI spectrum is not 
simply that of the original azoxy compound, but is the su- 
perimposed spectra of two different substances, the azoxy 
compound and the corresponding azo compound. This could 
undermine the conclusion of Bowie et al. that the ratio of the 
ions Ar+/Arl+ provides a method of distinguishing be- 
tween positional isomers of aromatic azoxy compounds, 
because Ar+ and Ar" are prominent fragments in the mass 
spectra of both aromatic azo compounds and aromatic azoxy 
compounds. 

Waddell et al. noted that pre-ionization chemical reduc- 
tion could be expected for any aromatic compounds con- 
taining oxygen bonded to nitrogen. We previously described 
the preparation (4) and acid-catalyzed rearrangements ( 5 )  of 
a series of phenylazoxypyridine-N-oxides. These com- 
pounds contain two N-oxide functionalities: the azoxy bridge 
and the pyridine-N-oxide. Thus one or both N-0 func- 
tions may undergo pre-ionization chemical reduction in the 
ion source. In this paper, we report the mass spectra of four 
isomeric phenylazoxypyridine-N-oxides, and show that they 
do indeed undergo pre-ionization chemical reduction. This 
study has been greatly aided by the use of tandem mass 
spectrometry, which allows one to determine unambigu- 
ously the parent-daughter relationships between pairs of ions. 

Methodology 
The azoxy compounds were available from previous studies in 

our laboratories (6). The mass spectrometer was a Kratos model MS 
890, which is a double-focussing mass spectrometer of conven- 
tional geometry, i.e., with the electric sector preceding the mag- 
netic sector. Samples were introduced into the mass spectrometer 
bv direct insertion. with an ion source temuerature in the neigh- 
bburhood of 2 0 0 " ~ .  The electron beam in ;he ion source had an 

' ~ u t h o r  to whom correspondence may be addressed. energy of 70 eV. The composition of each ion was obtained by 
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BUNCE ET AL. 

comparing the observed mass at high resolution with the calcu- 
lated mass. In cases where more than one ion of the same nominal 
mass was detected, peak matching (a scan between two reference 
peaks of a perfluorokerosene standard) was used to obtain the 
composition of each of the ions. Spectra were obtained either as 
conventional electron impact (EI) scans at 70 eV or as linked scans 
with B / E  constant, a scan which identifies all the daughter ions from 
a given parent. 

Results and discussion 
Tandem mass spectrometry 

The conventional EI spectrum records low-energy ions that 
survive to the detector without undergoing any fragmenta- 
tion (molecular ions), and ions initially having much higher 
energies that undergo single or multiple unimolecular de- 
compositions within the ion source (fragment ions). Tan- 
dem mass spectrometry takes advantage of the additional 
information that can be gleaned from a study of ions of in- 
termediate energy when they fragment in the field-free re- 
gions of the spectrometer. The following possibilities exist: 
(i) detect all the daughter ions of a given parent, whether the 
parent is the molecular ion or is itself a fragment ion; (ii) 
detect all the parents that give rise to a given daughter; (iii) 
detect all the parent ions that cleave to give a particular 
neutral fragment. 

In the present experiments we were interested in detect- 
ing all the daughter ions of a given parent ion. For an in- 
strument of conventional geometry, the following scan laws 
all detect daughter ions arising from parent ions that frag- 
ment in the first field-free region (7): 

1. V, fixed; Scan B and E ,  keeping the ratio B/E con- 
stant 

2. E,  fixed; Scan B and V, keeping the ratio B ~ / V  con- 
stant 

3. B, fixed; Scan E and V, keeping the ratio E'/V con- 
stant 
Scan 1 is the most convenient, because the ion optics in the 
ion source are inevitably defocussed whenever the acceler- 
ating voltage is changedl The Kratos model 890 allows scan 
1 to be performed under computer control, i .e. ,  B and E are 
automatically scanned from low to high values such that their 
ratio is held constant. 
Azoxybenzene 

Azoxybenzene had been thoroughly studied by Waddell 
et al. and was included in this work as a standard for com- 
parison. The compositions of all major ions in the EI spec- 
trum were confirmed: see Table 1. Peak matching on the ion 
at m/z 170 showed this peak to be somewhat asymmetrical. 
While the chief contributor to this ion is clearly (M - CO)': 
m/z 170.0794, there was also a small contribution from an 
ion having mass ca. m/z 170.06-170.07, possibly (M - 
CH,N)+: see Fig. 1. 

Tandem mass spectrometry provided evidence in support 
of the fragmentation scheme previously proposed (Scheme 
1). The significant omission from Scheme 1 is m/z 182, 
C,2H,oN2. This ion is formed by chemical reduction prior to 
ionization, and hence represents the molecular ion of azo- 
benzene. Thus m/z is absent from the EI spectrum of az- 
oxybenzene, showing that loss of an oxygen atom is not a 
reaction of the azoxybenzene cation radical. 

The daughter ion scan of m/z 182 is very similar to the El 
spectrum of azobenzene. 

TABLE 1. Major ions in the El spec- 
trum of azoxybenzene 

m/z  (%) Composition 

Cl'Hl0N20 
C12H9Nz0 
C12Hl0N2 
Cl,Hl0N2 
C l  1 H 9 ~ 2  
CIlH,0 
C l  lH9 

C9H7 
C 6 H ~ N 2  

C6Hs0 (major) 
C6H5N 

C6H6 

C6H5 

FIG. 1. High resolution peak matching scan of m/z  170 in 
azoxy benzene. 

3 Unknowns: 

Thus m/z 170, 142, 105, and 77 are prominent ions in the 
mass spectra of both azoxybenzene and azobenzene, as 
shown by the daughter ion fragment scans on both m/z 198 
and 182. By contrast, m/z 91, C,H,N, appears to be truly 
characteristic of azoxybenzene, since it is absent from the 
spectrum of azobenzene. 

Phenylazoxypyridine- N-oxides 
The four isomers studied were Ph-N=N(O)-3-PyO, 3; 

Ph-N(O)=N-3-PyO, 4; Ph-N=N(O)-4-PyO, 5; and Ph- 
N(O)=N-4-PyO, 6 .  Their EI spectra are summarized in 
Table 2,  and a representative EI spectrum is shown in 
Fig. 2.  

J 1 170.0675 
2 170.0712 
3 170.0794 

L 
I I I I I I I I I 
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TABLE 2. Major ions in the EI spectra of phenylazoxypyridine-N- 
oxides, 3-6 

Intensity (%) 

"See text. 
"Base peak m / z  65. Other ions (>3%): 150.9985 (5.0). 113.001 1 (4.3, 

95.0363 (19.1). 
'Other ions (>3%): 187.0749 (14.8), 185.1071 (6.7), 158.0616 (5.8), 

137.0245 (3.6), 122.0365 (9.5), 109.0392 (lo.]),  82.0119 (17.3). 81.0284 
(13.8). 

FIG. 2. EI spectrum of compound 5 

All four isomers show strong molecular ions and signifi- 
cant [M - 01' peaks, leading us to anticipate the occur- 
rence of pre-ionization chemical reduction. In addition to 
[M - 01' peaks (m/z 199), [M - 02]+  peaks were ob- 

served at lower intensity at m/z 183. Linked scans showed 
that m/z 199 and 183 were both, in all cases, chemical re- 
duction products, since they were absent from the daughter 
ion spectrum of m/z 215; likewise m/z 183 did not appear 
in the daughter ion spectrum of t n / z  199. Thus both the 
pyridine-N-oxide function and the azoxy bridge N-oxide are 
subject to chemical reduction in the ion source. Tandem mass 
spectro~netry showed that by contrast the appearance of m/z 
198 [M - OH]' does result from direct fragmentation of the 
molecular ion, and is not loss of H from m/z 199. 

As for azoxybenzene and its derivatives, strong ~ r +  and 
Art+ ions were observed for the phenylazoxypyridine-N- 
oxides, with m/z 77 frequently the base peak of the EI 
spectrum. The ratio ~ r ' - / ~ r ' +  was obtained for all isomers. 

Isomer Intensity ratio, m/z 77: 94 

Although all isomers had much greater intensity at m/z 77 
(C6Hj+) than 94 (C,H,NO+), these four phenylazoxypyri- 
dine-N-oxides conform to the rule proposed by Bowie et al. 
that fragmentation tends to be favoured, in a relative sense, 
at the Ar-N bond closer to the azoxy N-0 function. Thus 
compounds 3 and 5 showed a relatively greater extent of 
fragmentation to give CjH,NO+ than their positional iso- 
mers 4 and 6. However, it would be necessary to have both 
isomers available to distinguish them on this basis. The 
Bowie et al. "rule of thumb" holds true for these azoxy 
compounds despite the incursion of pre-ionization chemical 
reduction. 

An ion at nominal mass m/z 17 1 was observed as a direct 
fragmentation product of the molecular ions of all four 
phenylazoxypyridine-N-oxides, but in no case was there a 
good match between the experimental mass and the calcu- 
lated mass of any likely fragment. Peak matching indicated 
that these ions were actually composites of c,,H,N,+ and 
Cl,H7N20+, although in very different ratios. cloH9N3+ is 
clearly a product of deep-seated rearrangement of the mo- 
lecular ion, since its composition implies [M - C O ~ ] + ;  
CloH,N20+ requires the loss of CH,NO from the molecular 
ion. 

.- 

Composition of m/z  17 1 

Isomer Intensity ratio c ~ ~ H , N ~ + / c ~ ~ H ~ N ~ O +  

3 0.6 
4 0.1 
6 12 

Isomer 5 gave too weak a signal at m/z 17 1 to allow the peak 
matching experiment to be done. Another difference in the 
mass spectral behaviour of 5 compared with the other iso- 
mers was that 5 was the only one to show evidence of the 
secondary fragment [M - CHN,O] at m/z 158, corre- 
sponding to m/z 141 in azoxybenzene. 

In the case of the m/z 17 1 ion observed from isomer 4, 
the [M - CH2NO] pathway was the predominant one. In 
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BUNCE ET AL 1031 

addition, the EI spectrum of isomer 4 showed a distinctive 
ion at m/z  172, which was identified as the related species 
(C,,H,N20)+, i.e., [M - HCNO]+. It is tempting to ascribe 
this ion to extrusion of HCNO from the pyridine-N-oxide 
ring, but there is no experimental evidence to support this 
speculation. 

In some respects there were differences in the mass spec- 
troscopic behaviour of the pair of pyridine-3-N-oxides com- 
pared with the 4-N-oxide isomers. For example, both 5 and 
6, the pyridine-4-N-oxides, had prominent fragment ions at 
m/z  108 (C,H,N,O)+, i.e., [M - C6H,N], which were ab- 
sent in the EI spectra of the pyridine-3-N-oxide isomers. 
Isomer 5 was the only phenylazoxypyridine-N-oxide to show 
an ion at m/z  187 (M - CO), corresponding to m/z  170 in 
the spectrum of azoxybenzene. The daughter ion scan on the 
molecular ion of the azoxy compound 5 afforded m/z  187 
(M - CO), 13 1, and 122, although in the presence of he- 
lium as collision gas m/z  187 and 108 (C,H,N,O) were the 
most intense fragments. Similarly, m/z 187 yielded m/z 170, 
158, 109, and 108 (Fig. 3). Fragmentation of the molecular 
ion 6+ also gave chiefly m/z  187 and 108, even though m/z  
187 was of very low intensity in the EI spectrum. 

The daughter ion mass spectrum of the molecular ion 3+ 
afforded m/z 198 (M - OH)', 17 1 ,  and 121. The ions at m/z 
105 and 93, which are prominent in the EI spectrum of 3, 
were absent from the daughter ion mass spectrum of the 
molecular ion 3+.  Instead, they are fragmentation products 
of m/z  199, thus explaining their presence in the EI spec- 
hum of 3 as due to the chemical reduction product [M - 01. 
However, it is not possible to tell which N-oxide function of 
the parent ion had been reduced to afford m/z 199. A frag- 
ment ion scan of m/z  171 also failed to produce ions at m/z  
105; instead, m/z  143 and 115 were the most abundant 
products. 

The fragment ion spectrum of 4' (m/z  215) included m/z  
198 (M - OH), 186 (M - CHO), 172 (M - HCNO), 147, 
143, 105, 9 1, and 77. In turn, m/z 172 afforded m/z 143 and 
1 17, while the chemical reduction product at m/z  199 gave 
rise to m/z  182, 170, 147, and 105. Once again, some of 
these ions could therefore be associated fairly unambigu- 
ously with either the azoxy compound or its chemical re- 
duction product, but others were common to both spectra. 

In the case of 5, the most abundant fragment from m/z 199 
appeared at m/z  121, while m/z  183 fragmented into sev- 
eral species (m/z  168, 142, 140, 130, 109, 105, and 92), 
many of which were of extremely low intensity in the orig- 
inal EI spectrum. The behaviour of the chemical reduction 
products of compound 6 was more like that of 3: the most 
abundant fragment from m/z 199 appeared at m/z 105, with 
less intense peaks at m+/z 171 and 122, while m/z  183 
fragmented rather cleanly into m/z  105. 

Conclusions 
The present results represent the first mass spectrometric 

study of azoxypyridine derivatives. They show that phenyl- 
azoxypyridine-N-oxides undergo pre-ionization chemical 
reduction in the ion source of the mass spectrometer, and 
hence that their EI spectra are a superposition of the spectra 
of the substrate and its singly and doubly deoxygenated 
products. Tandem mass spectrometry is currently the 
preeminent method for establishing which mass spectral peaks 
belong to the substrate and which to impurities including, as 

FIG. 3. Daughter ion (B/E) spectra of compound 5; (top) from 
the molecular ion without collision gas; (middle) from the molec- 
ular ion with helium collision gas; (bottom) from m / z  187. 

in this study, impurities introduced through chemical reduc- 
tion in the ion source of the mass spectrometer. 

From the analytical perspective, the incursion of pre-ion- 
ization chemical reduction implies that the relative intensi- 
ties of ions in the EI spectra of aromatic azoxy compounds 
and other N-oxides will depend on the conditions in the ion 
source, and hence upon the operating parameters and also on 
the instrument used. This would be important in library 
searching of the spectra of aromatic azoxy compounds and 
other N-oxides, where the exactness of the match between 
the experimental and the library spectra depends upon rela- 
tive peak intensities. However, despite this caveat, the 
dominant fragmentation pathway into Ar' ions still permits 
some distinction of the position of the azoxy oxygen atom 
on the azo bridge in this series of compounds. 

The structure of one of these compounds was previously 
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unambiguously determined by X-ray crystallography (6). 
However, it is not possible to draw structural inferences for 
several reasons. Comparative X-ray analyses are not avail- 
able for the complete series of compounds. Even if they were, 
it would not be profitable to compare the structures of high- 
energy gas-phase cations based on information obtained from 
their crystalline neutral counterparts. Despite differences in 
the detailed pathways and the presence or absence of spe- 
cific ions in the spectra of the individual phenylazoxypyri- 
dine-N-oxides, the picture that emerges from the EI spectra 
as reported in Table 2 is that the mass spectra of these iso- 
mers are broadly similar. Differences are more easily visu- 
alized in the fragment ion spectra, as shown by the summary 
scheme below: 

Ions formed directly from the molecular ions (m/z  215) of 
pheny lazoxypy ridine-N-oxides 

3: 171; 170; 142; 121 
4: 172; 143; 117; 105 
5: 187; 131; 122 
6:  187; 108 
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G. W. BUCHANAN, A. RODRIGUE, C. BENSIMON, and C. I. RATCLIFFE. Can. J.  Chem. 70, 1033 (1 992). 
The title complex has two distinct 18-crown-6 moieties of approximate D3, symmetry in the unit cell. The 45.3 MHz 

I3c CPMAS spectra have two regions of broadening for the crown ether carbons. At high temperatures a dipolar wash- 
out mechanism is operative, leading to broadening when molecular motion has a correlation time approximately equal 
to the inverse of the decoupling field. At lower temperatures broadening occurs when the motional correlation time is 
equal to the inverse of the chemical shift difference. The activation energy for 18-crown-6 reorientation in this solid is 
calculated to be ca. 48 kJ/mol. For the chloroacetonitrile, the CH, carbon also shows dipolar washout, but at a temper- 
ature much lower than the 18-crown-6. The activation energy for reorientation for this 'guest species" is ca. 42 kJ/mol. 

G. '8. BUCHANAN, A. RODRIGUE, C. BENSIMON et C.  I. RATCLIFFE. Can. J .  Chem. 70, 1033 (1992). 
L'unitC asymetrique du complexe mentionne dans le titre comprend deux portions distinctes d'ethers 18-couronnes-6 

de symttrie se rapprochant de D3,. Les spectres RMN du I3c, a 45,3 MHz, par la technique de la polarisation c ro ise~  
avec rotation h l'angle technique, prksentent deux regions d'elargissement pour les carbones de 1'Cther couronne. A 
temperature ClevCe, i l  existe un mCcanisme de deplacement dipolaire qui conduit a un elargissement lorsque le temps de 
correlation d'un mouvement moleculaire est approximativement egal a l'inverse du champ de dCcouplage. A des 
temperatures plus faibles, I'elargissement se produit lorsque le temps de correlation du mouvement est Cgal a l'inverse 

i de la difference du dkplacement chimique. On a calcult que l'energie d'activation de la reorientation de l'tther 18-cou- 
ronne-6 est d'environ 48 kJ/mol. Pour le chloroacCtonitrile, le carbone du CH, prtsente aussi un dkplacement dipo- 

I 
I laire; on l'observe a une temperature beaucoup plus faible que pour I'ether 18-couronne-6. L'Cnergie d'activation pour 
I 
1 la reorientation de cette aespkce invitee,, est d'environ 42 kJ/mol. 
, [Traduit par la redaction] 

Introduction 1, over the temperature range of 335-270 K.  In Fig. 2 are 

Dynamic stereochemical phenomena in solid 18-crown-6 
ether and several complexes were observed previously via 
variable temperature 13c CPMAS NMR spectroscopy in these 
laboratories (1-4). In the case of the 1: 1 complex of 18- 
crown-6 with benzenesulfonarnide, independent motions for 
guest and host species can be detected (3). Recently, we be- 
came interested in the ability of 18-crown-6 to complex small 
neutral halogenated molecules, and isolated and character- 
ized via X-ray crystallography the 2 : 1 fluoroacetonitrile- 18- 
crown-6 complex (5). In the present work, we report the 
X-ray structure and the "C solid phase NMR spectra as a 
function of temperature for the 2: 1 complex of chloroace- 
tonitrile with 18-crown-6 ether, a material whose prepara- 
tion was previously reported (6) but for which no detailed 
structural data are available. Evidence is presented for in- 
dependent reorientational motion in the 18-crown-6 and the 
chloroacetonitrile moieties. At 230 K,  the observed I3c 
chemical shift pattern for the crown ether carbons is ration- 
alized in terms of torsional angle influences on I3c shield- 
ings. 

Results and discussion 

NMR spectra 
Figure 1 contains the complete 45.3 MHz I3c CPMAS 

spectra of the 2 : 1 chloroacetonitrile- 18-crown-6 complex 

' ~ u t h o r  to whom correspondence may be addressed. 

presented the spectra of the crown ether carbon region for 
temperatures ranging from 260 to 230 K. 

At 290 K, the I3c solid phase spectrum of 1 shows three 
resonances at 1 19.1, 70.0, and 27.2 ppm respectively. In 
CDCl, solution at the same temperature there are also three 
resonances in the I3c NMR spectrum with shifts of 116.7, 
70.7, and 25.8 ppm, corresponding to the CN, CH20,  and 
CH,CN carbons respectively. Hence there appear to be no 
major chemical shift differences between the solution and 
solid phase spectra for this material at ambient temperature. 
In CD,Cl,, the I3c NMR spectrum of 1 is essentially inde- 
pendent of temperature over the range of 300- 173 K. 

By contrast, the solid phase spectra show substantial 
temperature dependence (Figs. 1 and 2). As one proceeds up 
in temperature from 290 K ,  the resonance for the CH20 
carbon of the crown ether moiety essentially disappears at 
310 K,  to reappear with increasing intensity and sharpness 
as the high-temperature limit of 335 K is reached. This be- 
haviour is reminiscent of that found in the 18-crown-6 moiety 
of the 1 : 1 benzenesulfonamide complex (3) and can be at- 
tributed to a "dipolar washout" phenomenon (7). When 
molecular motion has a rate such that the correlation time for 
the C-H vector, T,, is the inverse of the 'H decoupling field 
amplitude, then the decoupler is rendered ineffective be- 
cause of destructive interference between the incoherent 
spatial modulation due to motion and the coherent spin-space 
modulation provided by the rf of the 'H decoupler. This re- 
sults in a very broad dipolar coupled "C spectrum. 
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, . ! , 4 . 1 . ! ~ ! . ~ ~  1 . 1 ,  
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FIG. I .  Complete 45.3 MHz "C CPMAS NMR spectrum of 1 as a function of temperature. 
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l . l , , , , , , , l  
76 

I I 1 , I I I I I I J  
74 72 70 60 66 76 74 72 70 68 66 

PPM PPH 

l , l , l , l l l / l  I , I , , , , 1 ,  / 
76 74 72 70 60 66 75 74 72 

PPM 70 
PPM 

60 66 

FIG. 2. Expanded crown ether carbon region of 13c CPMAS NMR of 1. 

. - .  In the present experimynt, the decyupling field amplitude 
. . .  . . . .  . is 60 kHz, so that 7, = ~ . s r y H ,  = ?.sr x 60 kHz = 2.7 x 

s. An estimate of the barrier for this process can be ob- 
tained by application of the Waugh-Fedin approximation (8). 
Employing a temperature of 310 K,  the value obtained is ca. 
48 kJ/mol. 

Below 240 K,  a more subtle broadening of the 18-crown- 
6 carbon resonance occurs (Fig. 2), until two discernible 
resonances are observed with shifts of 70.0 and 71.1 ppm, 
at the low-temperature limit of 230 K. Below this tempera- 
ture, the rate of interconversion between conformations of 
the solid 18-crown-6 is slow relative to the chemical shift 
difference (in Hz) between conformationally nonequivalent 
carbons. 

From Fig. 1 it is evident that the CH, carbon of the chlo- 
roacetonitrile moiety undergoes a dipolar washout near 
270 K.  Application of the Waugh-Fedin approximation in 
this case leads to a barrier for reorientation of the ClCH,CN 
part of the complex of ca. 42 kJ/mol. 

X-ray crystallographic structure 
The ORTEP plot and numbering scheme for the unit cell 

of 1 are depicted in Fig. 3.  Table I contains the atomic pa- 

rameters, while bond distances and bond angles are col- 
lected in Tables 2 and 3 respectively. There are two different 
2:  1 complexes present in this unit, both of which possess 
effectively D,, symmetry in the 18-crown-6 ether ring. The 
torsion angles for the asymmetric units of the upper and lower 
complexes (as depicted in Fig. 3) are listed in Table 4.  From 
these data it is evident that all the C-0-C-C networks 
are within 5" of a pure transoid geometry with the excep- 
tion of C8-05-C%C10 where the dihedral angle con- 
tracts to 164.2". All the 0-C-C-0 networks are 
gauchoid, with angles ranging from 64.0" to 76.5". 

It is of interest to compare the intermolecular C-H----0 
distances found in 1 to those for related complexes. With the 
exception (5) of the fluoroacetonitrile complex where these 
distances are very long (2.89 A) relative to the sum of the 
van der Waals radii (2.6 A) (9), the usual range is from 2.2 
to 2.7 A. For the 2 : 1 malononitrile-18-crown-6 complex 
( lo) ,  the distances are 2.23 and 2.69 A respectively, while 
for the 2 : 1 acetonitrile-1 8-crown-6 case (1 I), the values are 
2.43, 2.53, and 2.67 A. For 1 the intermolecular C-H----0 
distances are listed in Table 5 .  The strongest interaction in 
1 is between H15B and 0 6  where the distance is only 
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FIG. 3 .  (a)  ORTEP plot of X-ray crystallographic structure of 1. (b) ORTEP plot of one half of the asymmetric unit of 1, showing 
short intermolecular 0----H distances. (c) ORTEP plot of the second half of the asymmetric unit of 1 ,  showing the short intermolecular 
0----H distances. 

2.288 P\. By contrast, the weakest interaction is betyeen 
H13A and 0 2  where the distance is found to be 2.787 A. 

To discuss the limiting low-temperature I3c NMR spec- 
trum of the crown ether carbons, itis instructive to examine 
the torsional environments for each carbon on an individual 
basis. Each carbon will be present in four networks (ignor- 
ing hydrogens), which can be denoted as 0-C*-C-0, 
C*-0-C-C, C-0-C*-C, and C-0-C-C*. Table 
6 lists the torsional environments for the individual carbons 
described via this procedure. 

In Figs. 4 and 5 are presented results of GIAO (12-14) 
calculations of the dihedral angle dependence of I3c NMR 
shieldings for the above four structural units using ethylene 
glycol as a model for the 0-C*-C-0 network and 
ethylmethyl ether as a model for the other three structural 
entities. In these calculations, the absolute scale is used 

wherein chemical shifts increase with increased shielding. 
On this scale, methane occurs at 221.0 ppm, whereas on the 
usual TMS scale it appears at -2.1 ppm. 

Examination of these figures indicates that expansion of 
the 0-C*-C-0 angle above 60" leads to deshlelding until 
an angle of ca. 90" is reached. Also contraction of the 
C-0-C-C angle below 180" leads to deshielding at all 
three carbons until an angle of ca. 120" is obtained. Thus by 
examining the relative deviations from 60" and 180" for each 
carbon and the calculated shielding change, one can obtain 
an order of anticipated deshielding for the crown ether car- 
bons in the limiting low-temperature I3c spectrum of solid 
1. Using this method, one concludes that C8, C9, C10, C11, 
and C12 should be slightly (1-2 ppm) deshielded relative to 
the other seven carbons. Hence the appearance of the broad 
doublet of relative component intensity (from peak heights) 
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Dihedt.al Allgle / Degrees 
30 GO 90 120 150 0 

7-77r--r---,-.- 
*, 

I 
, , 

30 60 90 120 1'50 

8 l)ihedr.al Angle / Degrees 

FIG. 4. GIAO calculated angular dependence of the isotropic I3c 
NMR chemical shift of ethylene glycol (-). Total conformational 
energy as a function of dihedral angle (----). 

*Absolute scale (CH4 221 ppm) GIAO calcd. 

Dihedral  Angle / Degrees 
30 60 90 120 150 0 

0 

a0 ? 
\.. 2 4 

, 
30 60 90 I20 150 I I 

D ihed~.a l  Angle / Degrees 

FIG. 5. GIAO calculated angular dependence of the isotropic "C 
NMR chemical shifts of the three carbons of ethylmethyl ether (-). 
Total conformational energy (----). 

of 5 : 7, at 71.2 and 70.0 ppm respectively at 230 K ,  is in 
accord with expectations. The observed chemical shift dif- 
ference of 1.2 ppm in 1 is similar to that found in other 
18-crown-6 complexes that possess Djd or pseudo D3, sym- 
metry (1). The relative intensities differ in each case, how- 
ever, depending on the number of carbons in each type of 
environment. 

Clearly, the relatively broad resonances in the I3c CPMAS 
spectrum preclude a more detailed analysis of the data. Al- 
though we have analysed the shielding trends in terms of 
torsion angle influences, it is possible that steric and elec- 
tronic effects of the chloroacetonitrile may also play a role 

TABLE 2. Bond distances in angstroms 

Bond Distance Bond Distance 

Cl(1)-C(l3) 1.831(11) C(5)-C(6) 1.478(16) 
Cl(2)-C(15) 1.827(11) C(5)-H(5A) 1.166(12) 
o( I ) -c( l )  1.390(13) C(5)-H(5B) 1.061(12) 
o (  1 )-C(6) 1.465(16) C(6)-H(6A) 1.108(12) 
0(2)-c(2) 1.4 18(13) C(6)-H(6B) 1.043(12) 
0(2)-c(3) 1.370( 16) C(7)-C(8) 1.466(17) 
0(3)-C(4) 1.424(13) C(7)-H(7A) 1.091(11) 
0(3)-c(5) 1.405(13) C(7)-H(7B) 1.151(11) 
0(4)-c(7) 1.387(16) C(8)-H(8A) 1.120(12) 
O(4)-C(12) 1.459(14) C(8)-H(8B) 1.160(15) 
0(5)-C(8) 1.387(14) C(9)-C(10) 1.468(17) 
0(5)--C(9) 1.426(15) C(9)-H(9A) 1.195(15) 
O(6)-C(l0) 1.496(16) C(9)-H(9B) 1.124(12) 
O(6)-C(l1) 1.393(14) C(l0)-H(1OA) 1.062(11) 
N(1)-C(l4) 0.974(16) C(10)-H(10B) 1.1 10(12) 
N(2)-C(16) 0.966(16) C(11)-C(12) 1.509(22) 
c (  1)-c(2) 1.482(20) C( I 1)-H( I 1 A) 1.096( 12) 
C(1)-H(1A) 1.082(12) C(l1)-H(I 1B) 1.094(11) 
C(1)-H(1B) I. lOO(1 I) C(l2)-C(l1) 1.509(22) 
C(2)-H(2A) 1.084(11) C(12)-H(12A) 1.101 (12) 
C(2)-H(2B) 1.105(12) C(12)-H(12B) 1.053(11) 
C(3)-C(4) 1.530(16) C(13)-C(14) 1.457(18) 
C(3)-H(3A) 1.085(11) C(13)-H(13A) 1.103(11) 
C(3)-H(3B) 1.155(11) C(13)-H(13B) 1.073(12) 
C(4)-0(3) 1.424(13) C(15)-C(16) 1.431(17) 
C(4)-H(4A) 1.082(13) C(15)-H(15A) 1.106(10) 
C(4)-H(4B) 1.162(12) C(15)-H(15B) 1.135(11) 

in determining the observed "C chemical shift differences 
of the crown ether carbons. 

The activation parameters obtained for the ClCH,CN and 
18-crown-6 motions must of course represent averages of the 
values for the two different components of the unit cell of the 
crystal. Based on the geometries of the structures obtained, 
however, it is reasonable to suggest that the motional pa- 
rameters do not vary substantially for the two different mol- 
ecules of the complex present in the unit cell. 

Experimental 

Spectrcc 
The I3c CPMAS solid phase spectra were recorded at 

45.3 MHz on a Bruker CXP-180 instrument. Cross polarization 
(CP) times were typically 3 ms with the radio frequency field am- 
plitude being 60 kHz. Normally 400 accumulations were col- 
lected. The sweep width was 20 kHz with a recycle time of 4-8 s. 
2K data points were collected with zero filling to 8K before Fourier 
transformation. Magic angle spinning (MAS) rates of ca. 3 kHz 
were obtained using Kel-F spinners of the Andrew-Beams type. 
Chemical shifts were measured relative to external solid hexa- 
methylbenzene (HMB) and converted to the TMS scale via the 
factor of 16.9 ppm, which is the chemical shift for the CH3 group 
of HMB. 

Crystallographic measurements and structure solutions 
A summary of the crystal data is given in Table 7. Diffraction 

intensities were collected on a Rikagu diffractometer using MoKa 
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BUCHANAN ET AL. 

TABLE 3. Bond angles in degrees 

Bonds Angle Bonds Angle 

C( 1)-O( 1)-C(6) 
C(2)-O(2)-C(3) 
C(4)a-O(3)-C(5) 
C(7)-O(4)-C( 12) 
C(8)-O(5)-C(9) 
C(l0)-O(6)-C(l1) 
O( 1 )-C( 1)-C(2) 
O( I)-C(1)-H( LA) 
O(1)-C(1)-H(1B) 
C(2)-C(1)-H(1 A) 
C(2)-C(1 )-H( 1 B) 
H( 1 A)-C( 1 )-H( 1 B) 
O(2)-C(2)-C( 1) 
O(2)-C(2)-H(2A) 
O(2)-C(2)-H(2B) 
C( 1 )-C(2)-H(2A) 
C(1)-C(2)-H(2B) 
H(2A)-C(2)-H(2B) 
O(2)-C(3)-C(4) 
O(2)-C(3)-H(3A) 
O(2)-C(3)-H(3B) 
C(4)-C(3)-H(3A) 
C(4)-C(3)-H(3B) 
H(3A)-C(3)-H(3B) 
O(3)a-C(4)-C(3) 
O(3)a-C(4)-H(4A) 
O(3)a-C(4)-H(4B) 
C(3)-C(4)-H(4A) 
C(3)-C(4)-H(4B) 
H(4A)-C(4)-H(4B) 
O(3)-C(5)-C(6) 
O(3)-C(5)-H(5A) 
O(3)-C(5)-H(5B) 
C(6)-C(5)-H(5A) 
C(6)-C(5)-H(5B) 
H(5A)-C(5)-H(5B) 
O(1)-C(6)-C(5) 
0 (  1 )-C(6)-H(6A) 
0 (  1 )-C(6)-H(6B) 
C(5)-C(6)-H(6A) 
C(5)-C(6)-H(6B) 
H(6A)-C(6)-H(6B) 
O(4)-C(7)-C(8) 
O(4)-C(7)-H(7A) 
O(4)-C(7)-H(7B) 
C(8)-C(7)-H(7A) 

C(8)-C(7)-H(7B) 
H(7A)-C(7)-H(7B) 
O(5)-C(8)-C(7) 
O(5)-C(8)-H(8A) 
O(5)-C(8)-H(8B) 
C(7)-C(8)-H(8A) 
C(7)-C(8)-H(8B) 
H(8A)-C(8)-H(8B) 
O(5)-C(9)-C( 10) 
O(5)-C(9)-H(9A) 
O(5)-C(9)-H(9B) 
C( 10)-C(9)-H(9A) 
C( 10)-C(9)-H(9B) 
H(9A)-C(9)-H(9B) 
O(6)-C( 10)-C(9) 
O(6)-C( 10)-H( 10A) 
O(6)-C( 10)-H( 1 OB) 
C(9)-C( 10)-H( 10A) 
C(9)-C( lO)-H( IOB) 
H(10A)-C(I0)-H(10B) 
O(6)-C(l1)-C(l2) 
O(6)-C(l l)-H(l lA) 
O(6)-C( 1 1 )-H( 1 1 B) 
C(12)b-C(l I)-H(I 1A) 
C(12)b-C(11)-H(11B) 
H(1 1A)-C(1 1)-H(1 1B) 
O(4)-C( 12)-C( 1 1 ) 
O(4)-C( 12)-H(12A) 
O(4)-C( 12)-H( 12B) 
C(11)b-C(12)-H(12A) 
C(11)b-C(12)-H(12B) 
H(12A)-C(12)-H(12B) 
Cl(1)-C(l3)-C(l4) 
Cl(1)-C( 13)-H(13A) 
Cl(1)-C(13)-H(13B) 
C(14)-C(13)-H(13A) 
C(14)-C(13)-H(13B) 
H(13A)-C(13)-H(13B) 
N(1)-C(l4)-C(l3) 
Cl(2)-C(15)-C(16) 
Cl(2)-C(15)-H(15A) 
Cl(2)-C(15)-H(15B) 
C(16)-C(15)-H(15A) 
C(16)-C(15)-H(15B) 
H(15A)-C(15)-H(15B) 
N(2)-C(16)-C(15) 

radiation at room temperature. The 8 / 2 8  scan technique with 
profile analysis (15) was employed at a speed of 4"/S1. The space 
group was determined by systematic absences. Unit cell parame- 
ters were obtained by refinement of the setting angles of 24 reflec- 
tions with 2 8  angles in the range of 30-47". Lorentz and 
polarization factors were applied but no correction for absorption 
was made. 

Structures were solved by direct methods plus Fourier maps and 
1 were refined by full-matrix least-squares analysis with weights based 

on counting statistics. The last least-squares cycle was calculated 
with 54 atoms, 236 parameters, and 856 out of 2007 reflections. 
Non-H atoms were refined anisotropically. H atoms were calcu- 

1 lated. All calculations were performed using the NRC VAX Crys- 

tal Structure programs (16). Anisotropic thermal parameters are 
available as supplementary data.' 

Materials 
The 2 : 1 chloroacetonitrile- 18-crown-6 complex 1 was pre- 

pared via the following procedure. To 18-crown-6 (1.06 g, 
4.0 mmol) dissolved in 15 mL of ethyl acetate was added 1 .O rnL 
of chloroacetonitrile followed by 40 mL of 30-60°C petroleum 

' ~ h e s e  data may be purchased from: The Depository of Unpub- 
lished Data, Document Delivery, CISTI, National Research 
Council, Ottawa, Canada KIA 0S2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1040 CAN.  J .  CHEM. VOL. 70. 1992 

TABLE 4. Torsion angles (deg) in the asym- 
metric units of 1 

Bonds Angle 

C6-01-C 1-C2 
0 1-C 1-C2-02 
C3-02-C2-C 1 
C2-02-C3-C4 
03-C4-C3-02 
C3-C4-03-C5 
C4-03-C5-C6' 
03-C5-C6'-0 1 ' 
Cl-0 I-C6-C5' 
Cl I-C 13-C 14-N 1 

TABLE 5. Intermo~ecular dis- 
tances (A) 

Atoms Distance 

TABLE 6. Torsional environments for individual carbons 

Carbon 0-C*-C-0 C*-0-C-C C-0-C*-C C-0-C-C* 

C 1 70.6 179.9 176.1 177.8 
C2 70.6 177.4 177.8 176.1 
C3 64.0 177.8 177.4 175.5 
C4 64.0 175.5 175.5 177.4 
C5 71.0 175.5 175.5 179.9 

TABLE 7. Crystal data for 1 

Parameter Value 

Empirical formula 
Formula weight 
Crystal size, mm 
Space group 
Z (niolecules/cell) 
n,  A 
b ,  A 
c, A 
a, deg 
P? deg 

Cell dimensions from: 
number of reflections 
20 range, deg 
x, A 
20,,,,,, deg 

F (OOO), electrons 
Reflections measured 
Unique reflections 

No. of reflections with I,,, > 2 . 5 ~  (I,,,) 
h range 
k range 
1 range 
R, (significant reflections) 
R,,. (significant reflections) . 
Goodness-of-fit 
R, (all reflections) 
R,,. (all reflections) 
Maximum A/u 

u 

Final D-map: 
deepest hole, e / ~ '  
highest peak, e / ~ '  

Secondary extinction coefficient 

C1 I ? O ~ C I ~ H ? B N ~  
415.31 
0.20 x 0.20 x 0.20 
P 1, triclinic 
2 
9.3399 
1 5.4226 
8.6874 
93.002 
116.70 
100.960 
1083.85(0) 
1.273 
0.20 
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compounds in aqueous solution 

J .  PETER GUTHRIE 
Department of Chemistry, Universirj~ of Western Ontario, London, Ont., Canada N6A 5B7 

Received February 13, 199 1 ' 

J. PETER GUTHRIE. Can. J.  Chem. 70, 1042 (1992). 
Group contributions have been determined allowing the calculation of free energies of formation in aqueous solution 

for organic compounds containing carbon, hydrogen, and oxygen. The system works well for monofunctional com- 
pounds. The available literature data for 198 compounds can be accommodated using 79 parameters with an rms devia- 
tion of 0.74 kcal/mol. 

J.  PETER GUTHRIE. Can. J.  Chem. 70, 1042 (1992). 
On a determine les contributions de groupes permettant de calculer les energies libres de formation, en solution aqueuse, 

de composes organiques contenant du carbone, de l'hydrogkne et de l'oxygkne. Le systkme fonctionne bien avec les 
composes monofonctionnels. Utilisant 79 paramktres, on peut accommoder les donnkes disponibles dans la littkrature 
pour 198 composCs avec un Ccart tmr de 0,74 kcal/mol. 

[Traduit par la redaction] 

Introduction 
We have made frequent use of thermodynamics calcula- 

tions as a tool in investigating organic reaction mechanisms 
(1-13). The traditional way of carrying out these calcula- 
tions is to determine, experimentally or by estimation, 
AH;(g), and AG,, and then from these to calculate 
AG;(aq). AG, is the free energy of transfer of a compound 
from the gas at 1 atm (101.3 kPa) to I M aqueous solution. 
We will use as standard states the ideal gas at 1 atm and 
1 M aqueous solution with an infinitely dilute reference state. 
Estimation by Benson's group additivity scheme (14) is 
generally reliable for AH;(g) and of simple com- 
pounds, and parameters reported by Hine and Mookerjee (15) 
allow calculation of AG,. We have found it extremely con- 
venient to generate group contribution parameters allowing 
direct estimation of AG;(aq). Such parameters would allow 
direct calculation of equilibrium constants in solution. The 
present paper reports a set of these parameters for com- 
pounds of carbon, hydrogen, and oxygen, tested against the 
available data base of monofunctional compounds for which 
experimental values are available. An advantage of para- 
meterizing for AG,(aq) directly is that equilibrium constants 
in solution can be used as additional sources of information 
permitting calculation of new parameters (16). This ap- 
proach will be employed in a few cases in this work, 
although exploiting its full potential will be a major under- 
taking. 

At present this treatment is restricted to monofunctional 
compounds, because in polyfunctional compounds there are 
important distant polar interactions (15) that require more 
elaborate treatment. 

Results 
We began by calculating contributions to AG;(aq) for all 

groups for which contributions to AH;(g), sO(g), and AG, 
were available from the literature. These lead to the values 
found in Table 1. In a number of cases we could fill in 
missing group equivalents by use of recent thermochemical 
data for compounds containing groups for which contribu- 
tions have not been reported; these group equivalents are also 

'Revision received October 10, 1991 

found in Table 1, and the thermodynamic data upon which 
they are based are found in Table 2. Table 2 is a compila- 
tion of free energies of formation in aqueous solution for 
monofunctional compounds. In several cases we could, by 
measuring AG, values or calculating them from data in the 
literature, fill in missing terms and calculate contributions 
to AG;(aq); such values are also found in Table 1. The AG, 
values used are found in Table 2. Then we estimated en- 
tropy contributions where this was the only thing missing, 
and where standard estimation procedures looked reason- 
able, and so filled in more missing terms; these values as well 
are in Table 1, with suitable cautionary indications. Still more 
terms could be added by making use of equilibrium con- 
stant data. The eauilibrium constants are found in Table 3. 
and led to free energies of formation in aqueous solution, 
which are found in Table 2. Table 2 also includes values 
calculated using the parameters in Table 1. 

We now turn to a detailed description of the calculations 
required to complete these tables. 

We assume that the heat of vaporization of 3-hexanol will 
be very similar to that of 2-hexanol, based on their very 
similar boiling points, 134.5- 135.5 and 136 respectively, 
and the known relationship between boiling point and heat 
of vaporization (17, 18), and use the value for 2-hexanol (19) 
as an approximation. 

Entropy estimations 
The standard entropy of gaseous trans-2-heptene was es- 

timated from the value reported for trans-2-pentene (20) by 
adding twice the contribution for [CH2(C)2]. For I ,5-hex- 
adiene, 2,3-dimethyl-1,3-butadiene, I -methylcyclohexene, 
2-methyl-] -propanol, 2-methyl-] -butanol, 3-methyl-I -bu- 
tanol, 4-methyl-2-pentanol, 4-methyl-3-pentanol, cyclopen- 
tanol, and cycloheptanol values were estimated using 
Benson's additivity scheme (14). Entropies for propanoic, 
butanoic, pentanoic, hexanoic, and heptanoic acids were 
estimated from the value for acetic acid, by adding incre- 
ments of [CH2(C)(CO)] and [CH,(C),]. It is distressing that 
the one literature value, that for pentanoic acid, deviates se- 
riously from expectation, being 105.12 (21) where the esti- 
mated value is 95.9 cal deg-' mol-I. The literature value is 
calorimetric. We feel that it is more likely that the additiv- 
ity derived value is correct, but clearly there is a need for 
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GUTHRIE 

TABLE 1 .  Group contributions for the calculation of free energies of formation in aqueous solu- 
tion" 
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TABLE 1 (continued) 

G r o u p  m ? ( g )  s o ( &  AG?(g) A c t  AG?(aq) 

-3 .93  
1 .86  
6 . 7  1 

10.55 

-3 1 .58  total 
-31.21 free 
-3 1.21"" 
-3 1 .21°' 

8 . 2 4  
15.21 
8 . 1 4  

-33 .69  
-33 .10  
-33 .29  

-34 .23  
-37.40 
-34 .54  
-35.87 
-55 .44  
-37.57 

"All at 25°C; enthalpies and free energies are in kcal mol-I, entropies are in cal d e g  ' mol-I, standard states 
are the ideal gas at 1 atm and 1 M aqueous solution with an infinitely dilute reference state. Unless otherwise 
noted, group contributions to AH:(g) and Sn(g) are from ref. 14, group contributions to AG, are calculated 
from the contributions to log(y) in ref. 15, and group contributions to AGP(g) and AG:(aq) are calculated from 
other values in this table. Symbols identifying the groups are as used by Benson (14). C, is a doubly bonded 
carbon, C, is a triply bonded carbon, C, is a carbon that is part of one aromatic ring, C,, is a carbon that is 
at the ring fusion of a fused ring aromatic system. 

'Based on AG, for 3-methyl-I-butene (22). 
'-Provisionally taken as equal to [C(C),(C,)]. 
"Based on AG, for styrene (8). 
"Based on AG, for diphenyl (22). 
'Based on AH:(@ for diphenymethane (24). 
"ased on So(& for diphenylmethane, Table 2. 
"Based on AG, for diphenylmethane (22). 
'Based on AH: for triphenylmethane (24). 
'Based on Sn(g) for triphenylmethane, Table 2. 
'Based on AG, for triphenylmethane, this work. 
'Based on AH: for tetraphenylmethane (24). 
'"Based on for tetraphenylmethane, Table 2. 
"Based on AG, for tetraphenylmethane, Table 2. 
"Assigned, as [C,H(C,) = [C,H(C,)], after Benson (55). 
"Based on AG, for a-methylstyrene (8). 
"Based on AG, for butenyne (22). 
'Assigned, as [C,H(C,)] - [C,H(C,)], after Benson (55). 
'This value (55) differs from that in Benson's book (14), but it is not clear what the origin of the more re- 

cent value is. The older value seems to give better agreement with experiment and is used here. 
'Based on S o  for dimethoxymethane (20). 
"Based on equilibrium constants for acetal formation, Table 3. 
'Based on equilibrium constants for ketal formation, Table 3. 
"Based on AG, for 2,2-dimethoxypropane, evaluated in this work. 
'Based on AH: for trimethyl orthoformate (24). 
'Provisionally assumed to be equal to [CH(C),]. No entropy data could be found to allow evaluation. 
'Based on AG, for trimethyl orthoformate ( I ) .  
""Based on AH: for trimethyl orthoacetate (24). including allowance for two galcclze interactions (14). 
0' Provisionally assumed to be equal to [C(C),]. No entropy data could be found to allow evaluation. 
"'Based on AG, for trimethyl orthoacetate ( I ) .  
"*Based on Sn(g) for benzyl alcohol, calculated from SO (1) (20), AH,,, (24), and the vapor pressure, esti- 

mated as described in the text. 
"'Based on AG, for benzyl alcohol (62). 
'"ased on the equilibrium constant for benzaldehyde dimethyl acetal, Table 3. . 

""ased on the equilibrium constant for acetophenone dimethyl ketal, Table 3 .  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

79
.1

73
.3

7.
17

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE 1 (concluded) 

""Based on AH:(@ for trimethyl orthobenzoate (5). 
"'Provisionally assumed to be equal to [C(C,(C),]. No entropy data could be found to allow evaluation. 
'"Based on AG, for trimethyl orthobenzoate (5). 
""ased on Sn(g) for ally1 alcohol (20). 
"'Revised value: the value in ref. 16 is incorrect as a result of a computer programming error. 
""'Based on fitting AG:(aq) for enols (16). 
""Based on the equilibrium constant for I-phenyl- I-ethenol formation, Table 3. 
""Assigned, as [OH(C,)] = [OH(C,)I = [OH(C)], after Benson (55, 63). As previously discussed (16), 

Benson's treatment of enols and enol ethers is not internally consistent. We have based our contributions to 
AGy(aq) on the assignment of [OH(C,)], and have calculated [C,H(O)] and [C,(C)(O)] from experimental data 
(16). 

""Based on the equilibrium constant for formation of a-methoxystyrene (64). 
""Based on Sn(g) for anisole, Table 2.  
"'Based on AG, for anisole (22) and phenetole (62). 
"'Based on S o  (1) (20) and a vapor pressure for diphenyl ether extrapolated from data in ref. 26. 
"'Based on AG, for diphenyl ether, calculated from the solubility (65) and the vapor pressure (26). 
""Based on AG, values for isobutyraldehyde (62). corrected for hydration (66), for methyl isopropyl ketone 

(22). and for diisopropyl ketone (22). 
"'Based on Sn(g) of pivaldehyde (So (1) (32), AH, estimated (18) from the boiling point (26). and the vapor 

pressure estimated (18) from the vapor pressure, AH,, and AC, (27)) and pinacolone (So (1) (67), AH, esti- 
mated (18) from the boiling point (26). and the vapor pressure estimated (18) from the vapor pressure, AH,, 
and AC, (27, 68)). 

""Based on AG, for pinacolone (67). 
"Based on AG, for acetaldehyde, propanal, butanal. and methylpropanal, corrected for hydration as de- 

scribed in the text. 
"'Assigned, as [CHO(C,)] = [CHO(C,)] = [CHO(C)] after Benson (55, 63). 
"'Based on Sn(g) for acrolein. 
h"Based on for methyl methacrylate, Table 2.  
hb Based on AG, for methyl methacrylate, evaluated in this work. 
"Based on Sn(g) for benzaldehyde (69). 
hi Based on Sn(g) for methyl vinyl ketone. 
"Based on AG, for methyl vinyl ketone, 3-penten-2-one, mesityl oxide, and benzalacetone (8). Higher weights 

were given to the values for 3-penten-2-one and mesityl oxide. 
"Based on Sn(g) for acetophenone (20). 
'":ssigned, as [CHO(O)] = [CHO(C)] after Benson (55, 63). 
h"Ba~ed  on Sn(g) for acrylic acid (20). 
h'Based on AG, for acrylic acid, crotonic acid, and cinnamic acid (8). 
'"Based on for benzoic acid (20). 
''"ased on AG, for benzoic acid (5) and methyl benzoate (5). 
h'Based on AG, for isopropenyl acetate, this work; until a more precise value of AG, for an enol is available 

it is not practical to separate [O(C,)(CO)] + [C,(C)(CO)]. 
h'"Based on the equilibrium constant for formation of phenyl acetate in solution (70). 
h"Based on Sn(g) for acetic anhydride (20). 
h"Calculated from the group contributions to AGY(g) and AG:(aq). 
""Based on the equilibrium constant for formation of acetic anhydride in solution (71). 

more experimental values for carboxylic acids. The entro- 
pies of 2-pentanol and 3-hexanol were estimated from that 
for 2-butanol (20) by adding increments for [CH2(C)2]. The 
entropy of 3-pentanol was estimated from that for 2-pro- 
pan01 (20) by adding twice the increment for [CH2(C),]. The 
entropies of 2-methyl-2-butanol and 2-methyl-2-pentanol were 
estimated from that for 2-methyl-2-propanol (20) by adding 
increments for [CH,(C),] and correcting for the loss of sym- 
metry. The entropy for 1-ethoxypropane was estimated from 
that for diethyl ether (20) by adding the increment for 
[CH,(C)2] and correcting for the loss of symmetry. The en- 
tropy for ethyl vinyl ether was calculated from the value for 
methyl vinyl ether (this work, vide infra) by adding the in- 
crement for [CH,(C)(O)]. Similarly the entropy for phene- 
tole was calculated from that of anisole. 

The directly measured free energy of transfer for ali- 
phatic aldehydes refers to the process: gas to equilibrium 
mixture of aldehyde and covalent hydrate. Since aliphatic 
aldehydres are appreciably hydrated this means that the 
observed values are significantly different from those for 
the free aldehyde, which are generally the quantities of in- 
terest. We have revised the literature contributions to refer 

to the process: free aldehyde in the gas phase to free al- 
dehyde in aqueous solution. To so do we used the ob- 
served free energies of transfer (22) for acetaldehyde, 
propanal, butanal, and 2-methylpropanal, - 1.60, - 1.54, 
-1.28, and -0.97 kcal mol-' respectively, and the equi- 
librium constants for covalent hydration (23), Kh = [hy- 
drate]/[free aldehyde], 1.06, 0.85, 0.65, and 0.62 
respectively. AG,(free) = AG,(obs) + RT ln(1 + K,), so we 
calculate AG,(free) values of - 1.23, - 1.18, -0.98, -0.68 
respectively. From these values we deduce [CHO(C)fi,,I = 
-4.08 k 0.09. 

Entropy data in some cases had not been reported for the 
gas but had been reported for the liquid or solid. In such 
cases: benzyl alcohol, diphenyl ether, tetrahydrofuran, an- 
thracene, phenanthrene, pyrene, methacrylic acid, methyl 
methacrylate, methyl acrylate, diphenylmethane, triphen- 
ylmethane, and tetraphenylmethane, we used the heat of 
vaporization at 25"C, the vapor pressure at 25OC, and the 
entropy of the liquid to calculate the entropy of the gas. For 
benzyl alcohol, we used the heat of vaporization (24), and a 
vapor pressure calculated from the Antoine parameters (25). 
For diphenyl ether, we used the entropy of the liquid (20) and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

79
.1

73
.3

7.
17

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1046 C A N .  J .  CHEM. VOL. 70. 1992 

TABLE 2. Thermodynamic quantities leading to free energies of formation in aqueous solution" 

AGf(aq) 
Compound m , ( g )  ax, S(g) AGf(g) AGt(kca1) obsd. UA(; 

Methane 
Ethane 
Propane 
Butane 
2-Methylpropane 
Pentane 
2-Methylbutane 
2,2-Dimethylpropane 
Hexane 
2-Methylpentane 
3-Methylpentane 
2,2-Dimethylbutane 
Heptane 
2,4-Dimethylpentane 
Octane 
2,2,4-Trimethylpentane 
2,2,5-Trimethylhexane 
3,3-diethylpentane 
Cyclopropane 
Cyclopentane 
Cyclohexane 
Methylcyclopentane 
Cycloheptane 
Methylcyclohexane 
Cyclooctane 
cis- l,2-Dimethylcyclohexane 
Ethene 
1 -Propene 
1 -Butene 
2-Methyl- 1-propene 
1 -Pentene 
trans-2-Pentene 
2-Methyl-2-butene 
3-Methyl-1-butene 
1-Hexene 
2-Methyl- 1-pentene 
4-Methyl-1-pentene 
1 -heptene 
trans-2-Heptene 
1 -0ctene 
Cyclopentene 
Cyclohexene 
1 -Methylcyclohexane 
1,3-Butadiene 
1,4-Pentadiene 
2-Methyl-l,3-butadiene 
1,5-Hexadiene 
2,3-Dimethyl- 1,3-butadiene 
1,3,5-Cycloheptatriene 
Ethyne 
1 -Propyne 
1-Butyne 
1 -Pentyne 
I -Hexyne 
1 -Heptyne 
1-Octyne 
1 -Nonyne 
1-Buten-3-yne 
Benzene 
Methylbenzene 
Ethylbenzene 
1,2-Dimethylbenzene 

calcd. error 
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Compound 

1.3-Dimethylbenzene 
1,4-Dimethylbenzene 
Propylbenzene 
(1-Methylethy1)benzene 
1,2,4-Trin~ethylbenzene 
1,2,3-trimethylbenzene 
1,3,5-trimethylbenzene 
Butylbenzene 
( I -Methylpropyl)benzene 
(1,l-Dimethylethy1)benzene 
n-Amylbenzene 
n-Hexylbenzene 
Styrene 
a-Methylstyrene 
Ph-Ph 
Diphenylmethane 
Triphenylmethane 
Tetraphenylmethane 
Naphthalene 
1 -Methylnaphthalene 
1 -Ethylnaphthalene 
1,3-Dimethylnaphthalene 
1,4-Dimethylnaphthalene 
2,3-Dimethylnaphthalene 
2,6-Dimethylnaphthalene 
Anthracene 
Phenanthrene 
Pyrene 
Methanol 
Ethanol 
1 -Propano1 
2-Propanol 
1 -Butan01 
2-Methyl- l -propano1 
2-Butanol 
2-Methyl-2-propanol 
1 -Pentan01 
3-Methyl- 1-butanol 
2-Pentanol 
3-Pentanol 
2-methyl- 1-butanol 
2-Methyl-2-butanol 
1 -Hexan01 
3-Hexanol 
1 -Heptanol 
1 -0ctanol 
1-Nonanol 
1 -Decanol 
Cyclopentanol 
Cyclohexanol 
2-Propen- 1-01 
Benzyl alcohol 
Phenol 
2-Methylphenol 
4-Methylphenol 
Ethenol 
2-Methyl- 1 -propen01 
1 -Propen-2-01 
1 -Buten-2-01 
2-Buten-2-01 
2-Penten-3-01 
3-Methyl- 1-buten-2-01 

GUTHRIE 

TABLE 2 (cotlritzued) 

AGf(aq) 
obsd. calcd. error 
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TABLE 2 (continued) 

AGXaq) 

calcd. error 
AGf(aq) 

obsd. Compound 

3-Methyl-2-buten-2-01 
3,3-Dimethyl-1-buten-2-01 
1 -Hydroxycy clopentene 
1 -Hydroxycyclohexene 
1 -Pheny lethen- 1-01 
Dimethyl ether 
1, l  '-Oxy bisethane 
I -Methoxypropane 
2-Methoxy propane 
1 -Ethoxypropane 
2-Methoxy-2-methylpropane 
1.1 '-Oxy bispropane 
2,2'-Oxy bispropane 
1 , l  '-Oxy bisbutane 
Tetrahydrofuran 
Methyl vinyl ether 
Ethyl vinyl ether 
2-Methoxy propene 
2-Ethoxypropene 
1 -Methoxy propene 
1 -Methoxy -2-methylpropene 
1 -Methoxycyclohexene 
I-Phenyl- 1-methoxyethene 
1-Phenyl- 1 -methoxyethene 
Methoxy benzene 
Ethox y benzene 
Diphenyl ether 
2-Propanone 
2-Butanone 
2-Pentanone 
3-Pentanone 
3-Methyl-2-butanone 
2-Hexanone 
3,3-Dimethyl-2-butanone 
2,4-Dimethyl-3-pentanone 
Cy clohexanone 
Methyl vinyl ketone 
4-Methy 1-3-penten-2-one 
Benzalacetone 

Cinnamaldehy de 
Acetophenone 
Acetaldehyde 

Propanal 

Butanal 

2-Methy lpropanal 

Pentanal 
Heptanal 
Acrolein 
trans-2-Butenal 
Benzaldehyde 
Formic Acid 
Acetic Acid 
Propanoic Acid 
Butanoic Acid 
Pentanoic Acid 
Hexanoic acid 
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TABLE 2 (continued) 

ACkaq) 

Compound 
AGf(aq) 

m d g )  UAH S(g) AGf(g) AGt(kca1) obsd. (JAG calcd. error 

Heptanoic acid 
Acrylic Acid 
Methacrylic acid 
Benzoic Acid 
Formic acid methyl ester 
Acetic acid methyl ester 
Acetic acid ethyl ester 
Methyl propanoate 
Methyl acrylate 
Methyl methacrylate 
Benzoic acid methyl ester 
Phenyl acetate 
Isopropenyl acetate 
Dimethoxymethane 
1,l-Dimethoxyethane 
2,2-Dimethoxypropane 
2,2-Dimethoxybutane 
2,2-Dimethoxypentane 
2,2-Dimethoxy-3-methylbutane 
I ,  1-Diethoxyethane 
1, l  -Diethoxypropane 
1 , l  -Dimethoxybutane 
1, l  -Diethoxybutane 
1 , l  -Diethoxy-2-methylpropane 
Dimethoxyphenylmethane 
1,l-Dimethoxyl- 1-phenylethane 
Trimethyl orthoformate 
Trimethyl orthoacetate 
Trimethyl orthobenzoate 
Acetic anhydride 

"All at 25°C; enthalpies and free energies are in kcal mol-', entropies are in cal deg-' mol-I, standard states are the ideal gas at 1 atm and 1 M aqueous 
solution with an infinitely dilute reference state. Unless otherwise noted, enthalpies of formation are from ref. 24, entropies are from ref. 20, and free 
energies of transfer are from ref. 22. 

b~alculated from the values of AH: (1) (24) and AH,,, (72). 
'Reference 62. 
"Calculated from the values of AH: ( I )  (24) and AH,,, (73). 
'Estimated as described in the text. 
'Reference 20. 
SReference 74. 
hEstimated value. 
'Reference 8. 
'Calculated from the values of AH: (1) (24) and AH,,, (75). 
"eference 76. 
'Calculated from So (1) (20), AH, (24), and vp (25). 
'"This work. 
"Calculated from the solubility (77) and the vapor pressure (25). 
"Reference 78. 
PEstimated as described in the text. 
qReference 79. 
'Calculated from So (1) (20), AH, (24), and vp (25). 
'Reference 16. 
'Calculated from the uncertainty in AG:(aq) for the keto tautomer (16), assuming an uncertainty of 0.1 kcal mol-' in AG;",,.,,. 
"Calculated from So (1) (29), AH, (24), and vp (30). 
"Calculated from spectroscopic data as described in the text. 
"'Reference 12; these values must be regarded as provisional, because they are based on an assumed value of [C,(C)(O)], and a similar assumption for 

[C,H(O)] was inconsistent with the spectroscopic entropy of methyl vinyl ether. 
"Calculated from the value for methyl vinyl ether by adding [CHZ(C)(0)]. 
yCalculated from So (1) (67), AH, (19), and vp estimated (18) from the vp (26), AH,, and AC, (27, 68). 
'Calculated from structural and spectroscopic parameters as described in the text. 
""Calculated from So (1) (20), AH, (24), and vp (26). 
"bCalculated from the solubility (65) and vp (26). 
"'Calculated from S O  (1) (67), AH, (19), and vp (26). 
OdReference 69. 
"'Calculated from the measured equilibrium constant (59). 
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" '~ased on the equilibrium constant for cinnamaldehyde formation (60), Table 3.  
"PCalculated for the free aldehyde as described in the text. 
""Reference 80. 
"'Reference 1. 
'"Calculated from SO (1) (20), an estimated AH,, and vp (26). 
""eference 5.  
"'Calculated from the equilibrium constants in Table 3.  
""'Calculated from So (1) (20), AH, (24). and vp (25). 
""The entropy value given is based on spectroscopic data as described by the text, but leads to a free energy of formation that is not in good agreement 

with the prediction of our group additivity scheme, nor in good agreement with expectation based on the equilibriurn free energy (86) and free energies 
of formation of benzoic acid and methanol. The group additivity parameters for entropy give a value of 100.28 cal deg-' mol-'. MM3 calculations (81) 
gave a value of 107.26 cal deg-' mol-'; MM3 gives values in good agreement with experiment for methyl acetate, benzaldehyde, and acetophenone. 
Using the MM3 entropy gives A~:'(aq) = -43.65 kcal mol-'  in satisfactory agreement with our group contribution prediction. A reinvestigation of the 
experimental bases for the entropy of methyl benzoate appears to be in order. 

TABLE 3. Equilibrium constants leading to group contributions to free energy of formation" 

Reaction log K A G O  

"All in aqueous solution at 25°C. The standard state for all species except water is the ideal solution at I M with 
an infinitely dilute reference state. The standard state for water is the pure liquid with unit activity. 

"eference 64. 
'Reference 7 1. 
"Reference 70. 
"Reference 82. 
'Calculated from the overall equilibrium constants (83, 84) correcting for hemiacetal formation (23). 
gCalculated from equilibrium constants in methanol (85), assuming that the mole fraction equilibrium constant 

will be the same in methanol and in water. 
"Calculated from the equilibrium constants (64) for the conversion of ketone to enol ether and acetal to enol ether. 
'Reference 59. 
'Reference 60. 

extrapolated the vapor pressure from that at 1 TOIT' (26), 
using the heat of vaporization of the liquid (24), an esti- 
mated heat capacity of vaporization (27), and a method based 
on that of Prausnitz (18, 28). For tetrahydrofuran we used 
the entropy of the liquid (29), the heat of vaporization (24), 
and a vapor pressure calculated from Antoine parameters 
(30). For anthracene, phenanthrene, and pyrene we used 
entropies for the solid (20), heats of sublimation (3 I) ,  and 
vapor pressures calculated from Antoine parameters (25). For 
methacrylic acid and methyl methacrylate we used the en- 
tropies of the liquids (32), heats of vaporization estimated 
from the boiling points (1 8), and vapor pressures extrapo- 
lated from literature data (26). For diphenylmethane we used 
the entropy of the liquid (20), the heat of vaporization (33), 

'1 Torr = 133.3 Pa. 

and a vapor pressure calculated from Antoine parameters 
(25). For triphenylmethane we used the entropy of the solid 
(20), the heat of sublimation (24), and a vapor pressure cal- 
culated from Antoine parameters (25). For tetraphenyl- 
methane we used the entropy of the solid (20), the heat of 
sublimation (24), and a vapor pressure calculated from 
Antoine parameters (25). In this case the Antoine parame- 
ters were derived for higher temperatures, so there will be 
an additional error from extrapolating beyond the range where 
they apply. 

In a number of cases, no entropy value had been re- 
ported, but sufficient data were available in the literature to 
allow a calculation of the entropy from statistical mechan- 
ics, using structural and spectroscopic information (14, 34, 
35). This was done for acrolein, methyl vinyl ketone, ani- 
sole, methyl benzoate, methyl acrylate,'and methyl vinyl 
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ether. For acrolein we calculated the moments of inertia using 
MM2 (36) and then used vibrational frequencies (37), and 
the potential barrier for internal rotation (38), and calcu- 
lated the reduced moments of inertia for this rotation fol- 
lowing Benson (14) using the geometries calculated by MM2. 
These data lead to St, = 37.99, S,,, = 23.19, S,,ib = 2.90, S,,, 
= 4.03, and sO(g) = 68.12 cal deg-' mol-I. S,, was calcu- 
lated using tables for a symmetric rotor (14), but the rotor 
in acrolein is asymmetric, so R ln(n) must be added to the 
entropy (39). This correction is needed for all compounds 
discussed here except anisole. For methyl vinyl ketone we 
used moments of inertia based on microwave spectroscopy 
(40), vibrational frequencies (38), and the potential barrier 
for internal rotation (38) and calculated the reduced mo- 
ments of inertia for this rotation following Benson (14) using 
the geometries calculated by MM2. These data lead to S,, = 

38.66, S,,, = 25.47, SVib = 4.81, S,, = 8.01, and sO(g) = 

76.94 cal deg-I mol-I. For anisole we used overall mo- 
ments of inertia from microwave spectroscopy (41), and re- 
duced moments of inertia for methyl and methoxyl rotation 
calculated from the MM2 structure. A literature value was 
used for the barrier to methyl rotation, 4.59 kcal mol-I (42) 
(theoretical calculation, in good agreement with the ob- 
served frequency), and that for methoxyl rotation was de- 
rived from microwave spectroscopy, 3.26 kcal mol-' (4 1). 
Vibrational frequencies were taken from Owen and Hester 
(43). These data lead to S,, = 39.95, S,,, = 27.92, SVib = 9.94, 
Shr = 5.68, and = 83.50 cal deg-' mol-' . For methyl 
vinyl ether we used overall moments of inertia from micro- 
wave spectroscopy (44) and reduced moments of inertia for 
molecular fragments from the literature (methyl (45)) or 
calculated from the MM2 structure (methoxyl). Literature 
values were used for the barrier to methyl rotation, 
4.07 kcal mol-I (43 ,  and methoxyl rotation, 5.24 kcal mol-' 
(46). Longer wavelength frequencies were taken from Owen 
and Sheppard (47). These data lead to S,, = 38.10, S,, = 
23.86, SVib = 2.77, S,, = 5.96, and = 70.69 cal deg-l 
mol-I. For methyl acrylate we used moments of inertia for 
the whole molecule and the methyl group from microwave 
spectroscopy (48) and moments of inertia for methoxyl and 
carbomethoxyl calculated from the MM2 structure. The lit- 
erature value was used for the barrier to methyl rotation, 
1.22 kcal mol-I (48). Barriers for methoxyl and carbometh- 
oxyl rotation were calculated (49) from the torsional vibra- 
tion frequencies, 175 cm-I (not reported for methyl acrylate; 
this value is an average for similar compounds (48)) and 160 
cm-I (value for methyl crotonate; not observed for methyl 
acrylate (50)) respectively, as 13.73 kcal mol- and 10.16 
kcal mol-I respectively. Vibrational frequencies were taken 
from several studies (50-52). These data lead to S, = 38.66, 
S,,, = 26.35, SVib = 6.12, S,, = 11.15, and = 82.28 
cal deg-I mol-l. For methyl benzoate we used moments of 
inertia for the whole molecule and fragments subject to hin- 
dered internal rotation calculated from the MM2 structure. 
Barriers for methyl, methoxyl, and carbomethoxyl rotation 
were calculated (49) from the torsional vibration frequen- 
cies, 170 cm-I, 100 cm-I, and 58 cm-' (53) respectively, 
as 2.03, 6.58, and 4.97 kcal mol-I respectively. These fre- 
quencies were assigned as mixtures of torsion and skeletal 
vibration, so they are not an ideal basis for evaluating the 
potential barriers. The barrier for methyl rotation is in fair 
agreement with that for CH,-OCHO, 1.2 kcal mol-I (48). 
The barrier for methoxyl rotation is quite different from that 

for CH3-COOCH,, 13 kcal mol-' (14), but the difference 
would amount to only 0.7 cal deg-' mol-I in overall en- 
tropy. Vibrational frequencies were taken from several studies 
(53, 54). These data lead to S,, = 40.64, S,,, = 29.28, S,,, = 
13.50, S1,, = 12.20, and = 95.14 cal deg-I mol-'. 

We have a particular interest in acetals and ortho esters 
(1 3), and therefore have tried to estimate values for the group 
contributions to entropies, which are the only missing quan- 
tities for thermodynamic calculations. The problem is the 
shortage of entropy values for these types of compounds. 
Benson has suggested (14) that contributions to entropy 
would be approximately the same for groups differing only 
in the attached non-hydrogen atoms so that [C(C),] would be 
a reasonable approximation for [C(C)2(0)2] or [C(C)(O),I. 
We can examine the quality of this approximation for three 
series: [CH,(C),] = 9.42 ( 5 3 ,  [CH2(0),] = 10.30 (55), 
[CH2(0)2] = 7.81 (this work); [CH(C),] = - 12.07 (55), 
[CH(C)2(0)] = - 11.0 ( 5 3 ,  [CH(C)(O),] = - 14.1 (this 
work); and [C(C),] = -35.10 (55), [C(C),(O)] = -33.56 
( 5 3 ,  [C(C),(0)2] = -38.3 (this work). There is clearly 
variation, suggesting that the approximation is imperfect. 
There may be a pattern; one oxygen replacement gives a more 
positive value than all carbons, two oxygen replacements 
gives a more negative value. When one notes that only the 
hydrocarbon groups and [CH,(C)(O)] are based on more than 
one experimental entropy, and both [CH(C)(O),] and 
[C(C)2(0),] are based on equilibrium constants in solution, 
it seems clear that for the moment the best approximation for 
the groups that must be estimated is to use the correspond- 
ing hydrocarbon group, i.e., [CH(O),] = [CH(C),I = 
- 12.07, and [C(O),] = [C(C)(O),] ;= [C(C),] = -35.10. 

It was necessary to derive the appropriate enthalpy and 
entropy ring corrections for cyclohexanone in Benson's 
scheme (14); these are for an exocyclic double bond to a six- 
membered ring. We assume that these will be the same as 
for methylenecyclohexane. The equilibrium constant for iso- 
merization of methylenecyclohexane to I-methylcyclohexene 
(56), and the enthalpies of formation of methylenecyclo- 
hexane (57) and 1-methylcyclohexene (24) are available. 
From the equilibrium constant, [ l  -methylcyclohexene]/ 
[methylenecyclohexane] = 43.2, gas, 180°C (56), we ob- 
tain A G O  = -3.40 at 180°C. From the heats of formation of 
gaseous 1-methylcyclohexene (24) and methylenecyclohex- 
ane (57), AH0 = -4.28, and thus AS' = - 1.95 for the 
conversion of methylenecyclohexane to l-methylcyclohex- 
ene. Since the entropy of 1-methylcyclohexene is available 
by well-established estimation procedures, Table 2, we can 
calculate the entropy of methylenecyclohexane as 85.38. We 
can now evaluate the ring compound corrections as 
3.49 kcal mol-I for AH and 23.99 cal deg-' mol-I for SO. 
For comparison the corrections for cyclohexene are 
1.4 kcal mol-' and 21.5 cal deg-I mol-I (14). These cor- 
rections were used to calculate A G ~  for cyclohexanone. 

We wished to calculate uncertainties in the hC;(aq) val- 
ues based on the uncertainties in the data from which they 
were derived. Although it is common to give uncertainty 
limits for it is less common to report uncertainties 
for or AG,. Uncertainties in AH;(g) are the major con- 
tributions to uncertainties in hC;(aq), so it seemed accept- 
able to make rather arbitrary assignments of uncertainties as 
follows. Experimentally derived entropy values were as- 
signed uncertainties of 0.3 cal deg-' mol-'; estimated val- 
ues (using group contributions) were assigned uncertainties 
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FIG. 1. Free energy of formation in aqueous solution: calcu- 
lated vs. experimental values. 

of 1.5 cal deg-I mol-'. Values of AG, were assigned errors 
of 0.1 kcal mol-I, as were A G O  values based on equilibria. 
Uncertainties in AG;(aq) values calculated from the AGO were 
then derived from the uncertainties in A G O  and in AG;(aq) 
values for the reactants and products. 

Discussion 
The available body of free energy of formation data for 

monofunctional organic compounds in aqueous solution is 
found in Table 2. This table does not include some multi- 
functional biochemical molecules, for which the simple ap- 
proach given here is unlikely to give useful estimates, nor 
various polyfunctional compounds for which AG:(aq) has 
been reported. Monofunctional has been loosely interpreted 
to mean the absence of strongly interacting polar groups, 
where the interactions fall outside the group equivalents 
scheme. Thus ortho esters are included because the inter- 
actions of the three oxygens are allowed for by the new 
groups [CH(O),], C(C)(O),], and [C,(C)(O),]. Similarly for 
benzyl or ally1 alcohols the groups [CH,(C,)(O)] and 
[CH,(C,)(O)] incorporate the interaction. We exclude com- 
pounds such as CH,OCH,CH,OCH,, where there is an im- 
portant interaction (15) that is not recognized in the group 
contributions scheme. We also excluded compounds that 
would otherwise qualify but where there was no experimen- 
tally based entropy if the entropy could not be estimated by 
well-tested procedures. We do not claim to have done an 
exhaustive literature search, but believe that this is a rela- 
tively complete set of data as of this moment. Figure 1 shows 
a plot of calculated vs. experimental values of AG:(aq) for 
all compounds in Table 2. The rms deviation of calculated 
from experimental values is 0.74 kcal mol-' for 198 com- 
Dounds. 

Cyclic compounds require additional corrections to both 

AHy(g) and SO(g), which are listed in Benson's book (14). 
We have used these corrections unchanged, except for cy- 
cloheptatriene, as noted in Table 2, and do not reproduce 
them here. 

We encountered particular problems in picking the best 
values for the entropies of the polyphenylmethanes. Al- 
though there is a recent paper devoted to this topic (58) the 
situation is still unsettled. Marcus and Loewenschuss esti- 
mated entropies for di-, tri-, and tetraphenylmethanes based 
on estimated frequencies. Frequencies for torsional modes 
were treated as vibrations and not as hindered rotations. Since 
the vibrational contribution is dominated by the low-fre- 
quency torsional modes, for which there is the least infor- 
mation, it is not clear how reliable these estimates can be. 
We used the literature values for condensed phase entropies 
(20), heats of vaporization (33), or sublimation (24), and 
vapor pressures calculated from Antoine equations (25). Our 
values differ appreciably from the calorimetric values of 
Marcus and Loewenschuss (58), in part because of different 
vapor pressure values, and partly because of a sign error in 
the calculations which they-report. Our values appear to be 
internally consistent and lead to group contributions that fall 
into reasonable patterns relative to related groups; attempts 
to use the entropies reported by Marcus and Lowenschuss did 
not give such consistent values. 

We have examined the data for those compounds where 
the difference between experimental and calculated values 
is more than 1 kcal mol-'. In some cases we can see that the 
problem is probably the simple way in which corrections for 
crowding have been made: clearly more elaborate steric ef- 
fects calculations are needed once these corrections become 
appreciable. This appears to be the situation for 3,3-dieth- 
ylpentane, and possibly 2,2,5-trimethylhexane. For a num- 
ber of compounds the discrepancy arises in AH;(g) for which 
we can calculate a value from the parameters in Table 1, even 
though there is not a large steric correction. It is not clear 
whether this indicates a defect in the ~arameterization or a 
problem with the experimental data. This situation arises for 
2,2-dimethylbutane, 1-methylcyclohexene, butenyne, 2- 
methyl-1-pentene, anthracene, pyrene, anisole, acrylic acid, 
and perhaps 2,2 ,5-trimethylhexane. For 2,4-dimethyl-3- 
pentanone the discrepancy appears to arise in the entropy, 
since the estimated value is 3.5 cal deg-I mol-I larger than 
the experimental value. This might imply reduced freedom 
for internal rotation because of gearing of the two isopropyl 
groups. For benzalacetone and cinnamaldehyde, where the 
experimental values are based on equilibrium constants for 
the aldol condensations (59, 60), we find that the calculated 
values are in error by 2 kcal mol-I, the compounds being less 
stable than predicted. This suggests an interaction across the 
double bond of the conjugated phenyl and carbonyl groups, 
which is contrary to standard intuition. 

For aldehydes we have revised the parameter reported by 
Hine and Mookerjee (15) to refer only to the free aldehyde 
in aqueous solution, i.e., we have corrected for covalent 
hydration. Since Hine and Mookerjee assumed the same 
value for all [CHO(X)] contributions, and had very few data 
for unsaturated aldehydes, ketones, and carboxylic acid 
derivatives, this has serious implications for a number of 
other groups. For aliphatic ketones the problem is not im- 
portant because the standard assumption of the same value 
for all [CH,(X)] groups leads to a well-defined value for 
[CO(C),]. We have calculated new values for the contribu- 
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tions [CdH(CO)I, [C,(C)(O)I, [CB(CO)I, [CO(C)(C,)I, [CO- 
(C)(C,)], [CO(Cd)(0)], and [CO(C,)(O)] . The first three 
values change in the opposite sense to [CHO(X)], and the last 
four in the same sense. The net effect of these changes should 
be zero for the unsaturated carbonyl compounds, since all that 
has been changed is the way certain combinations of contri- 
butions have been split up. 

In attempting to devise a predictive scheme such as that 
described here, the major problem encountered is the short- 
age of data. This is particularly severe for entropies. Al- 
though entropy is the most readily estimated thermodynamic 
quantity, largely because it is, for small molecules, largely 
determined by molecular weight and size through the trans- 
lational and rotational contributions, and although rela- 
tively satisfactory estimates can be made by a variety of 
methods (14), a fully satisfactory parameterization scheme 
should be based on solid experimental values, with each pa- 
rameter derived from several independent data values. This 
happy state has not yet been achieved. 

It must be recognized that in the long run and broad per- 
spective any hope of a general group additivity scheme is 
doomed by the combinatorial explosion of possible groups. 
This has been recognized, and attempts are being made to 
derive more efficient schemes (61). In the short run, group 
additivity schemes can be enormously useful and practical 
in providing estimates for a limited range of compounds while 
we wait for better methods. It must also be observed that it 
is still very rare for quantum mechanical calculations to be 
carried out to a level permitting usefully accurate absolute 
enthalpies or entropies of gaseous molecules, and that until 
such calculations become routinely practical, there will be a ~. 

need for additivity schemes. 
Our conclusion, based upon the results shown in Fig. 1 and 

Table 2, is that direct estimation of A G : ( ~ ~ )  is a useful pro- 
cedure, and that further elaboration to accommodate poly- 
functional compounds would be a worthwhile endeavor. 

Experimental 

Materials 
2,2-Dimethoxypropane, methyl methacrylate (BDH), and iso- 

propenyl acetate (Eastman) were commercial samples redistilled 
before use. Triphenylmethane (Aldrich) was used without further 
purification. 

Methods 
Samples of the organic compounds were added to portions of 

suitable aqueous buffers (0.1 N NaOH for 2,2-dimethoxypropane; 
pH 7 phosphate buffer, ionic strength 0.1 M,  for methyl methac- 
rylate and isopropenyl acetate, and distilled water for triphenyl- 
methane) and agitated vigorously at intervals during equilibration 
in a water bath at 25'C. After a suitable equilibration period (at least 
1 h for 2,2-dimethoxypropane, methyl methacrylate, or isopro- 
penyl acetate, 10 days for triphenylmethane) samples of the aqueous 
solutions were removed after centrifuging, if necessary, to obtain 
phase separation. Precautions were taken to avoid including any 
undissolved organic compound, and the samples were analyzed by 
'H nmr (2,2-dimethoxypropane, methyl methacrylate, and isopro- 
penyl acetate) or uv spectroscopy (triphenylmethane). For nmr 
spectroscopic analysis a suitable amount of tert-butyl alcohol was 
added to a known volume of aqueous solution to act as an internal 
concentration standard. 
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The aldol condensation of acetone with acetophenone 
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J .  PETER GUTHRIE and XIAO-PING WANC.  Can. J .  Chem. 70, 1055 (1992). 
The kinetics and equilibria involved in the aldol condensation of acetone, acting as carbon acid, and acetophenone 

have been studied in aqueous alkaline solution. The enone isolated is the E isomer. The reactions are all first order in 
hydroxide, with rate and equilibrium constants (defined for E-enone as initial compound) of: k12 = (5.55 f 0.17) X 

M - I  s-I, k2, = (8.00 2 0.40) X M - I  s -I, K2, = (1.44 + 0.55) (ketol to E-enone), KZ4 = 0.160 ? 0.033 
(ketol to Z-enone), Kj2 = (1.89 * 0.26) X M - I  (acetone plus acetophenone to ketol), k2, = 0.180 i 
0.005 M-' s-', k32 = (3.41 i 0.49) X M-' s-'. There is an equilibration of the two enones in base that is faster 
than hydration to the ketol: k14 = (3.14 f 0.84) X M-I sC1; k4, = (2.81 i 0.61) X lo-' M-' s- ' ;  K14 = 0.112 -t 
0.019. To analyze the behavior of the enone:ketol equililbrium system in acid we simultaneously fitted analytical data 
for all three species (E-enone, Z-enone, and ketol) to a kinetic model, so that the rate constants were determined by the 
best fit to all of the data for an experiment. 

J .  PETER GUTHRIE et XIAO-PING WANG.  Can. J .  Chem. 70, 1055 (1992). 
OpCrant en solution aqueuse alcaline, on a CtudiC les cinktiques et les tquilibres irnpliquCs dans la condensation al- 

dolique de I'acCtone, agissant comme acide carbont, et 1'acCtophCnone. L'Cnone isolCe est l'isomkre E. Les rCactions 
sont toutes du premier ordre en ion hydroxyde alors que les constantes de vitesse et d'Cquilibre (definies pour I'Cnone E 
comme produit initial) sont : k12 = ( 5 3 5  ? 0,17) X M-' s-I, k2, = (8,00 t 0,40) X M-' s-I; KZ1 = 1,44 * 
0,55 (cCtol de 1'Cnone E ) ,  K2, = 0,160 * 0,033 (cCtol de l'enone Z ) ,  K3' = (1,89 ? 0,26) X lo-' M-' (acetone plus 
acCtophCnone conduisant au cCtol), kz3 = 0,180 + 0,005 M-I s-I et k32 = (3,41 -t 0,49) x lo-' M-' s-I. En milieu 
basique, il existe un Cquilibre qui est plus rapide que l'hydratation en cCtol : k14 = (3,14 0,84) X M-I s-I, kJI 
= (2,81 + 0,61) X M-I s-I; K14 = 0,112 f 0,019. Dans le but d'analyser le comportement de 1'Cquilibre cCto- 
Cnolique en milieu acide, on a ajustC les donnCes analytiques obtenues pour les trois espkces (Cnones E et Z et cCtol) B 
un modkle cinetique; on a ainsi pu determiner les constantes de vitesse qui correspondent le mieux avec l'ensemble des 
donnCes pour une experience. 

[Traduit par la rkdaction] 

I Introduction 
We recently reported on the aldol condensation of aceto- 

phenone, acting as carbon nucleophile, with acetone (1). This 
was, in part, background information for ongoing studies of 
elimination reactions catalyzed by steroidal imidazoles (2, 
3). In the course of this investigation we became aware that 
there was a concurrent condensation in the opposite sense, 
with acetone, acting as carbon nucleophile, attacking ace- 
tophenone. The reactions involved are described in Scheme 
1. The kinetic analysis is from the perspective of the retro- 
aldol reaction, since this is the direction that gives the more 
accurate rate constants. This reaction turned out to be 
somewhat more difficult to sort out, but we have now com- 
pleted the kinetic analysis, and wish to report it in turn. This 
provides another example of a fully analyzed aldol conden- 
sation, to add to those we (1, 4-10) and others (1 1-14) have 
previously reported. To complete the analysis we had to de- 
velop computer programs allowing us to fit simultaneously 
multiple sets of data described by equations with common 
parameters. 

Results 
Preparation 

When we set out to make 3-hydroxy-3-methyl-1-phenyl- 
1 -butanone we found that directed aldol condensation using 
the preformed lithium enolate of acetophenone gave mix- 
tures consisting mainly of the desired product with small 

'Author to whom correspondence may be addressed. 
2Revision received October 23, 199 1. 

amounts of 4-hydroxy-4-phenyl-2-pentanone. These were 
essentially impossible to separate on a preparative scale, and 
we had to use an alternative synthesis (1) .  4-Hydroxy-4- 
phenyl-2-pentanone could be prepared in pure form by 
reaction of phenyl magnesium bromide with 2,4-pentane- 
dione (15), and 4-phenyl-3-penten-2-one could be obtained 
by dehydration of the ketol. The enone so obtained was the 
E isomer, based on comparison of its 'H NMR spectrum with 
literature values for the two isomers. The diagnostic signals 
are those for the CH,-C=C signal, which appears at 2.096 
(16a), Z isomer, or 2.356 (16a), 2.476 (16b), E isomer, and 
the vinyl hydrogen, for which the signals are at 6.946 (16a), 
Z isomer, or 6.216 (16a), 6.346 (16b), E isomer, all in CCl,. 
We observed signals at 2.456 and 6.356 in CCl,. 

Overall kinetics 
We studied the retroaldol kinetics of both E-enone and 

ketol in dilute alkaline solution, and discovered that the two 
compounds reacted on markedly different time scales, with 
ap arent second-order rate constants of 0.180 2 0.005 M-I  

sPP for disappeaiance of the ketol and (9.99 2 0.25) x 
M-' s-' for disappearance of the E-enone; see Figs. 1 

and 2. The data for the E-enone also showed a small ampli- 
tude kinetic phase with an apparent second-order rate con- 
stant of (3.12 & 0.68) x 10-' M-' s-'; because of the small 
amplitude of this phase it is not well defined by the data, but 
appears to be real. We attribute this behavior to isomeriza- 
tion of the enones prior to conversion to the ketol and re- 
troaldol cleavage. This isomerization will be considered in 
more detail later. The experimental results are found in Table 
1. The observed behavior is interpreted in terms of rapid, 
essentially complete, breakdown of ketol to acetone and 
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188888. 20Lwil. 388888. 4!a3088. 588888. 88%88& 1888. 2888. 3888. 4880. 5000. 

t <a) t <el 

FIG. 1. Kinetics of retroaldol reaction of E-enone; 8.89 x M enone in 1.0 M aqueous NaOH at 25OC. The lines are calculated 
using the parameters evaluated by least squares. 

acetophenone, with hydration of the enone as rate-deter- 
mining step for reaction starting with the enone. Had dehy- 
dration of the ketol occurred at a rate competitive with 
breakdown, one would have observed buildup of enone, 
followed by slow decay. Although some enone doubtless 
forms, the amounts are very small, as shown by the essen- 
tial absence of a second exponential decay term in the rate 
law. This suggests that the apparent rate constants may be 
simply interpreted since, in terms of Scheme 1, the appar- 
ent rate constant for disappearance of enone is k,,, and the 
apparent rate constant for disappearance of ketol is k,,. The 
attractive simplicity of this analysis is marred by the clear 
signs of deviations from simple first-order behavior for the 
retroaldol cleavage of the E-enone at short reaction times 
mentioned above. We would like to evaluate all four rate 
constants in Scheme 1. To carry out a complete analysis of 

the kinetics it is necessary to measure the equilibrium con- 
stants for hydration and the overall aldol condensation. Then 
with two rate constants from the overall kinetics and two 
equilibrium constants it should be possible to extract the four 
rate constants we want. 

Rate and equilibrium constants for hydration in acid 
To measure K,,, the equilibrium constant for covalent 

hydration of the E-enone, we studied equilibration in acid 
solution, where we expect, based on analogy with other 
systems (17-19), that hydration-dehydration can be stud- 
ied without interference by retroaldol cleavage. This proved 
to be the case, but a complicating factor intervened. Whether 
one started with E-enone or ketol, HPLC analysis of equi- 
librating solutions in acid showed the presence of three spe- 
cies: the ketol, the E-enone, and a third species which we 
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GUTHRIE AND WANG 

TABLE 1.  Kinetics of the retroaldol cleavage of PPEO in basea 

1 o6c0 [OH-] a1 a2 1 O4a3 a4 1 04a5 
- - - - 

(a) Reaction starting with the  e en one^ 
7.77 1.029 0.147 0.1 16 10.4(7.4) 1.063 0.102(0.001) 
9.06 1.778 0.126 0.126 6.51(0.37) 1.219 0.176(0.0002) 
9.06 2.038 0.112 0.1 18 7.18(0.61) 1.255 0.208(0.0002) 
9.06 1.488 0.130 0.105 3.61(0.30) 1 .I99 0.144(0.0002) 
8.888 1.0 0.113 0.096 11.75(2.02) 0.993 0.103(0.0003) 

a3/[OH-] = (3.12 ? 0.68) X 
M-I s-' 

a5/[OH-] = (9.99 ? 0.25) X M-I s-I 
- - ~~~~~~ 

(b) Reaction starting with the ketol ' 
16.38 0.0097 1.393 -1.298 22.45(0.41) 
16.38 0.0048 0.926 -0.872 8.69(0.034) 
16.38 0.00285 1.033 -0.980 5.1 l(0.014) 
16.38 0.0285 0.935 -0.832 48.2(0.67) 

a,/[OH-] = 0.180 ? 0.005 M-' s-I 

"In aqueous solution at 2S°C, ionic strength 1.0 M (KC1) for runs with [NaOH] less than I .O M. Data were 
fitted by least squares to: absorbance = a ,  + a, exp(-a,r) + a, exp(-a,(). Averages are weighted means. 

bFollowed at 280 nm. 
'Followed at 258 nm. 

believe is the geometrical isomer of the enone, i .e . ,  Z-4- 
phenyl-3-penten-2-one. The results of these experiments are 
found in Table 2. The actual experimental data are given in 

FIG. 2. Kinetics of retroaldol reaction of ketol; 1.64 X M 
ketol in 0.0097 M aqueous NaOH at 25°C. The lines are calcu- 
lated using the parameters evaluated by least squares. 

Table S1 . 3  The final proportions of these three species are 
independent of the starting conditions. A striking feature of 
the kinetics was that when reaction started with the E-en- 
one, the concentration of the Z-enone fust rose and then fell. 
This requires that the ketol not be an intermediate on the re- 
action path from E-enone to Z-enone, but rather that the Z- 
enone be in a sense an intermediate species that can be formed 
by a more rapid path and accumulate to levels higher than 
for the equilibrium state, to which it will relax by a slower 
path. Thus the reaction system cannot be: 

E-enone = ketol = Z-enone 

Two mechanisms were considered to account for this be- 
havior. In the first we assume that the en01 intermediate in 
hydration-dehydration undergoes loss of water faster than 
protonation at carbon. This mechanism is shown in Scheme 
2; the corresponding reaction coordinate diagram is shown 
in Fig. 3. If, as seems highly reasonable, the en01 were a 
steady-state intermediate, then this scheme would be equiv- 
alent to a simple triangular reaction system: 

A, = E-enone 
A2 = ketol 
A4 = Z-enone 

For this system, starting with E-enone, we  can derive, 
following Ikai and Tanford (20) ,~  the equations 

3~opies  of the Supplementary Tables may be purchased from the 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2. 

?here is an error on page 161 of Ikai and Tanford (20): Cl(0) 
= 0 should be C,(O) = Co. 
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1058 CAN. J. CHEM. VOL. 70,1992 

[2] [Ketol] = COk12k42/(k21k42 + k12kil? + k1Zk24) + {CO(Y~ - k12Ar)/Az(A? - A3)) exp (-A,t) 

- {C0(~2 - k12A3)/A3(A2 - exp 

[Z-Enone] = COk14k24/(k21k41 + k14k42 + klilk24) + {CO(Y~ - k14A2)/A2(A2 - A3)) exp (-A2t) 

- (Co(Y2 - k12A3)/A3(h2 - A,)) exp (-Azt) 

and for the case of starting with ketol: 

[3] [Keto]] = Cok12k4Z/(k12k42 + k21k42 + kl2k24) + {Co(A?(k21 + k24) - (Yr + ~ 3 ) ) / ~ 2 ( ~ 2  - A3)) exP (-h2t) 

- {Co(A3(k21 f k24) - ( ~ 2  + Y~))/A~(A? f A3)) exP (-A3t) 

[Z-Enone] = COk14k24/(k24k41 + k14k42 + k14k24) + {CO(Y~ - ~~~AZ)/AZ(AZ - A3)) exp (-Alt) 

- {CO(Y~ - k?4h3)/A3(A2 - exp (-A2t) 

where 

p = k12 + k2, + k14 + k41 + k24 + k42 q = (P' - ~ ) ( Y I  + Y2 + ~ 3 ) ) " ~  

= k21k4l + k z ~ k 4 z  + k 2 4 k 4 ~  A 2  = ( p  + q)/2;  

~2 = k12k41 + k12k42 + k ~ 4 k 4 2  A3 = (P - q)/2  

When we attempted to fit the data to the integrated rate law derived for this mechanism, we found that two of the rate 
constants, describing the interconversion of ketol and the Z-enone, were only marginally defined by the data, with uncer- 
tainties large relative to the values assigned by least squares. At the 95% confidence level, neither k2, nor k4, is distinguish- 
able from zero. Thus the first mechanism was rejected. 

Since the facts require that the enones interconvert, but that the 2-enone not be directly converted to ketol, we had to con- 
sider possibilities that at first glance seemed implausible. The mechanism that worked is that shown in Scheme 3,  which 
assumes that only the E-enone can undergo hydration, so that the 2-enone must first isomerize before it can hydrate. We 
will here show that this mechanism is consistent with the facts. In the discussion we will attempt to justify it in structural 
terms. The mechanism in Scheme 3 ,  making the plausible steady-state assumption for all intermediates, is equivalent to the 
simple reaction system: 

k4 1 k l2  

[4] Z-enone E-enone % ketol 
k14 k2 1 

This system is described by the reaction coordinate diagram shown in Fig. 4 ,  and we may derive an integrated rate law, for 
the case of starting with E-enone, 

[Z-Enone] = [ ~ - e n o n e ] ~ { k , ~ k ~ ~ / ~ z h ,  + [kl4(k21 - h2)/Ar(Az - A3)] exp (-AZt) 

+ [k14(A3 - k21)/A3(A2 - A3)1 eXP (-A3t)) 

[51 [E-Enone] = [ ~ - e n o n e ] ~ { k ~ , k ~ , / ~ ~ ~ ~  + [(kZ1 - A2)(k41 - A2)/A2(A2 - A3)1 exp (-A$) 

- [(kzl - A3)(k4, - A3)/A3(A2 - A3)l exp ( - i f ) )  

[Ketoll = [ ~ - e n o n e l ~ { k ~ ~ k ~ ~ / ~ , h ,  + [kI2(k4, - A2)/A2(A2 - exp (-A2t) - [k12(k41 - A3)/A3(A2 - h3)l exp (-A$)) 

and for the case of starting with ketol, 

[Z-Enonel = [ketol]0{k,lk12/~,~3 + [kIZk4,/A2(A2 - h3)l exp (-A2t) - [k4,kl,/A3(A2 - A,)] exp (-A$) 

[61 [E-Enonel = [ k e t ~ l ] ~ { k ~ ~ k ~ ~ / ~ ~ ~ ~  + kdI(k21 - A2)/A2(A2 - A,)] exp (-A2t) + k4,(A3 - k2,)/A3(A2 - h3)l exp (-A3t)) 

[Ketol] = [ketol]o{k,4k2,/~2~3 + [k4,(A2 - k,, - k2,)/A2(A2 - A3)1 exp (-A2t) 

+ k4,(kl2 + k2, - A3)/A3(A2 - A,)] exp (-A3t)) 
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GUTHRIE AND WANG 1059 

TABLE 2. Equilibration of enones and ketol in acid'' 

lohk2, lO6kI2 1O6k1, 1 06k, 1 O6k24 106k,, I O - ~ E ,  1 o - ~ E ~  10-'~, 10 ' [~  104[~z]o 
- - 

Fitted to eqs. [2] and [3]: 

2.08 1.16 10.5 93.3 0.577 
(0.44) (0.24) (3.5) (16.1) (0.46) 
Observed values: 

1.84 1.03 14.2 84.6 0.927 
(0.54) (0.30) (4.3) (2 1.6) (0.57) 
Observed values: 

Fitted to eqs. [5] and [6]: 

2.96 1.99 13.96 109. 
(0.09) (0.08) (3.16) (16.) 
Observed values: 

3.29 2.33 16.8 166. 
(0.09) (0.09) (5.3) (42.) 
Observed values: 

Average values for fits to eqs. [5] and [6]: 

3.13 2.14 14.7 116. 
(0.23) (0.17) (1.8) (27.) 

Equilibrium constants: 

K21 = [E-enone]/[Ketol] = 1.44 -t 0.55 
K2., = [Z-enone]/[Ketol] = 0.160 * 0.033 
K14 = [Z-enone]/[E-enone] = 0.1 12 & 0.019 

A ,  is the ketol, A2 is the E-enone, and A, is the Z-enone. 

"In aqueous solution at 25°C; [H'] = 1.0 M. Reaction was followed by HPLC, monitoring at 220 nm. Data were fitted to the kinetic models of Schemes 
2 or 3,  fitting six sets of peak height vs. time data at once as described in the text. Values in parentheses are standard deviations estimated by the least- 
squares program. Values of "extinction coefficient" = peak height/concentration and initial concentration were treated as parameters in the fitting pro- 
cess but constrained to be close to the observed values. These observed values are given in the table to allow comparison of fitted and measured values. 

where 

When we attempted to fit the data to the integrated rate law 
derived for this mechanism, we found that a satisfactory 
set of rate constants could be obtained, and that the uncer- 
tainties for each rate constant were less than for the corre- 
sponding rate constants when we fitted to the mechanism of 
Scheme 2. 

For both models we fitted all the data at once, including 
HPLC peak heights for three species as a function of time for 
experiments beginning with enone and with ketol. We used 
the initial concentrations in the two experiments, and the 
"extinction coefficients" derived from calibrations as ad- 
justable parameters, but imposed constraints upon the val- 
ues of these concentrations and the extinction coefficients for 
enone and ketol by adding extra conditions to the program, 
minimizing the deviations between the adjusted parameters 

I and the measured values. This allows some variation in these 
values to optimize the fit, but constrains them to remain close 
to the directly measured value. Since measurement is sub- 
ject to error, it would be improper to treat the measured 

values as absolute. The quality of the final fit is shown in 
Fig. 5 .  

At this stage we have a mechanism that is consistent with 
the data and requires only rate constants that were defined 
by the data. With this we can fit the experimental points and 
be confident that we have parameters defining the thermo- 
dynamic equilibrium, which we have approached but not 
quite attained in our experiments. 

From the analysis of the equilibrations in acid, we derive 
KZ4 = [Z-enone]/[ketol] = 0.160 * 0.033; K,, = [E-enone]l 
[ketol] = 1.44 2 0.55; K14 = [Z-enone]/[E-enone] = 0.1 12 
k 0.019. These equilibrium constants are weighted aver- 
ages of the values from fits to two pairs of experiments, for 
each of which the uncertainties were calculated using the full 
covariance matrix calculated by the least-squares procedure 
(21). 

Equilibrium constant for aldol condensation 
To determine the overall equilibrium constant for the aldol 

condensation, K3, , we studied the rate of approach to equi- 
librium in base, for solutions containing 1.1 M acetone and 
0.01 M acetophenone, with or without E-enone. The results 
of least-squares fitting to these data are found in Table 3, and 
the quality of the fit is shown in F ~ F .  6. The actual experi- 
mental data are found in Table S2. We also examined the 
initial stages of retroaldol reactions of both E-enone and ketol 
using HPLC analysis. T o  obtain maximum sensitivity, in 
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H CH3 CH3 
\ I 

C-C-Ph 
I 

4 I 
HO-C OH 

f H2-c-ph 
o=c I 

\ \ 
OH 

CH3 CH3 

SCHEME 2 

these experiments a wavelength optimized for E-enone was 
chosen that meant low sensitivity for ketol, which in any case 
would have been difficult to see because it eluted close to the 
acetophenone peak. In these experiments equilibration of the 
isomeric enones could be seen accompanying the approach 
to aldol equilibrium. Detailed interpretation of this behavior 
is not possible because of an unexpected problem in the 
analysis. Samples taken from the reaction were quenched 
with phosphoric acid to give near neutral solutions, which 
were stored for some days before HPLC analysis. Later we 
realized that isomerization continued even in these quenched 
solutions, so that relative proportions of the two enones are 
not meaningful. This unexpected reaction was discovered 
during the study of acid-catalyzed equilibration, and the ex- 
periments reported there are based on analyses carried out 
immediately after withdrawing and quenching samples of the 
reaction solution. The experiments in base are sufficient to 
give the information we require, and so were not repeated, 
but cannot be analyzed to give rates of isomerization. The 
data were fitted to a double exponential rate law, which al- 
lows us to determine infinity points for use in calculating the 
equilibrium constant. All four data sets, starting with or 
without E-enone present, and following both E- and Z-en- 
one, were fitted simultaneously with the same apparent rate 
constants for all four, but with individual preexponential and 
constant terms. This allows all available information to be 
used to obtain the apparent rate constants and the infinity 
values needed to calculate equilibrium constants. 

Analysis of the results of equilibration experiments in basic 

solutions containing acetone and acetophenone shows that 
Koverall = [E-enone]/[acetone] [acetophenone] = K,,/K,, 
(2.73 5 0.37) X M-' ,  and consequently K3, = (1.89 
+ 0.26) x and k,, = (3.41 2 0.49) X M-'s-'.  

Partitioning of the ketol in base 
When the ketol is injected into 1 M NaOH, it is essen- 

tially completely converted into acetophenone (observed) 
and acetone (presumed), with only very small amounts of 
enones. The proportions, by HPLC analysis, were [aceto- 
phenone]/[E-enone] = 6.8 X 1oP3/6.4 X lo-' = 1.1 X lo4. 
This qualitatively confirms the simple interpretation of the 
UV kinetics presented above, namely that the ketol is con- 
verted essentially exclusively to acetone and acetophenone, 
whereas the E-enone reacts with rate-limiting hydration fol- 
lowed by rapid retroaldol cleavage. Since a peak of com- 
parable size is seen for the 2-enone, and an unknown amount 
of equilibration has occurred after quenching, further anal- 
ysis is pointless. When the E-enone is injected into 1 M 
NaOH, no ketol is seen at any time, but acetophenone is 
slowly formed, and 2-enone is formed by a more rapid 
equilibration process. 

Detailed analysis of the kinetics of retroaldol reactions 
For retroaldol reactions starting with the E-enone in base 

we now know that breakdown of the ketol to acetone and 
acetophenone is much faster than dehydration, by a factor 
of around 10 000. When the retroaldol reaction is followed 
by UV spectroscopy, a process is observed with a small 
amplitude, about 100 times faster than the major reaction 
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GUTHRIE AND WANG 1061 

FIG. 3. Reaction coordinate diagram for equilibration of ketol and enones, using the mechanism of Scheme 2. There is an ambiguity 
since we do not know which of the activation barriers to dehydration from the en01 of the ketol by way of the 0-protonated form to E- or 
Z-enone is higher or if they are coincidentally the same. We have shown them both at the same level. There should be two different ro- 
tamers of the protonated enol, since deprotonation is almost certainly faster than rotation of this species, but this could clutter the dia- 
gram without there being any additional facts to add. We have assumed that proton transfers are diffusion controlled in the thermodynamically 
favored direction, and used estimated pK, values of -4 for the carbonyl protonated enones (assumed to act like vinylogous acetophe- 
none), -6.2 for the carbonyl protonated ketol (assumed to act like acetone), and -1.3 for the protonated enol; the en01 content was as- 
sumed to be the same as for acetone. 

process. This  is now attributed to isomerization of the E -  more,  since the two phases of the reaction differ by a factor 
enone to the Z-enone. This  must occur without intervention of 100 in rate, w e  may make the further approximation: k14, 
of the ketol. One possibility is that addition of hydroxide ion k4, >> k,,, k42. Making these substitutions in the equations 
to the E-enone to give the enolate ion corresponding to ketol derived above w e  now obtain: 
is most  often followed by  reversal, expulsion of hydroxide 
ion to give one o r  the other enone, and  only a t  a lower rate P = k12 + kid + k41 + k42 = k14 + k41 

i followed by protonation a t  carbon to give the ketol. For- 
mation of ketol constitutes essentiallv irrevocable commit- Y I  = o  

, ment to cleavage. Thus the system of reactions, shown in 
s Scheme 4 ,  corresponds to a simplified version of the trian- 

gular reaction syitem discussedgbove for the equilibration Y3 = 0 
in acid, but now k2, = kZ4 = 0, and species 2 is not the ketol 

I but acetophenone (plus acetone). A kinetically equivalent 4 = (P2  - 4y2)1'2 

alternative would be  base-catalyzed removal of a y-proton A2 = ( p  + q ) / 2  = p -- k14 + k41 
to give a dienolate, which could then isomerize.' Further- 

A3 = (P - q ) / 2  = y2/p = (k,2k41 + k14k42)/(k14 + k41) 

I 5We thank a referee for suggesting this alternative mechanism. AzA3 = 7 2  
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H CH3 
\ I 

HO-C OH,+ 
\ 

CH3 

H CH3 CH3 
\ I 

C-C-Ph 
I 

// I 
HO-C OH 

FH2-TPh 
O=C 

\ \ 
OH 

CH3 CH3 

SCHEME 3 

[E-enonel = {CO(kl4 - A,)/@, - A,)) exp (-A2[) - {CO(kl4 - A2)/(A2 + A,)) exp (-A3[) 

= {C0kI4/(kl4 + k4J)  exp (-A2[) + {Cdc41/(k14 + k4,)) exp (-A,[) 

[71 [Acetophenonel = Co + {Co(A3 - k12)/(A2 - A,)) exp (-A,[) - {C0(h2 - kl2)/(A2 - A,)} exp (-h2t) 
= CO + {COkl4(k4, - k12)/(k14 + k4J2) exp ( - M )  - {Co) exp (-A$) 

[Z-Enone] = -{CokI4/(A, - A,)) exp (-A,[) + {Cok14/(A2 - A,)) exp (-A$) 
= -{CdCl4/(kl4 + k4J)  exp (-A2t) + {Cdc14/(k14 + k4,)) exp (-A,t) 

Then the absorbance at any time is given by: 

Absorbance = E,[E-enone] + en  ace top hen one] + E,[Z-enone] 

Since E, = € , / l o ,  and k4, = 10kl,, and k,, = k14/100, and cx 
= P/10, we may conclude that cx = {C&,4/(k14 + k4,))(el - 
E ~ ) ,  which means that the two geometrical isomers have rather 
similar extinction coefficients, that for the E-enone being 
somewhat larger. 

The analysis so far leads to the reaction coordinate 
diagram shown in Fig. 7 .  This figure is drawn for the addi- 
tion-elimination mechanism for isomerization. If isomeri- 
zation occurs by a deprotonation-reprotonation mechanism, 
then an additional pair of dienolate intermediates, and three 
transition states, all lower than G4,* or GI,* would have to 

be added to the diagram. There would be no change to the 
analysis that follows. It is possible to derive a relationship 
between k4, and k,,; this is most readily done using free 
energies, and referring to Fig. 7 .  If species 5 is the enolate 
of the ketol, then 
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GUTHRIE AND WANG 1063 

FIG. 4. Reaction coordinate diagram for equilibration of ketol and enones. using the mechanism of Scheme 3. There is an ambiguity 
because we do not know whether conversion of carbonyl protonated E-enone to the enolized ketol or ketonization of the ketol is rate lim- 
iting; we have drawn both transition states at the same level. The same assumptions were made concerning basicity of reactants as for 
Fig. 3. 

Now we can simplify the expression for A,: 

This result is at fust surprising, but simply means that if two 
rapidly interconverting species can both go to product, there 
are in effect two reaction channels, and reaction is twice as 
fast as if there were only one. Since the observed value for 
A3 = (9.99 + 0.25) X M - I  s-I, and K,, = 0.112 2 
0.019, we may now calculate k,, = (9.99 + 0.25) X 

M-' s-' (1 + 0.112 k 0.019)/2 = (5.55 2 0.17) x 
M - I  s-I. It follows that k4, = k,,/K,, = (4.96 2 0.93) 

x M-I S - I .  

With k,, and k4, now determined, and KI2 and K4> known 
from the analysis of the kinetics of equilibration in acid, we 
may calculate k,, and k,,, as (8.00 + 0.40) x M - I  s-' 

and (7.93 2 2.22) x M-' s-I respectively. 
We have now completed the kinetic analysis to the point 

of having all of the rate and equilibrium constants for the rate- 
limiting processes for the two principal stages of the aldol 
condensations leading to the E- and 2-enones. 

The accuracy of the A, values is low, because these pa- 
rameters are determined by a small amplitude process at short 
times, but we can extract approximate estimates of kI4 or k,,. 
A2/[OH-] has a weighted average value of (3.12 * 0.68) x 

M-I  s-I. Since K,, is known from both kinetics in base, 
K,, = 0.159 + 0.033, and kinetics in acid, K,, = 0.1 12 + 
0.019 (values which agree within their estimated standard 
deviations, we will use the more accurate value from kinet- 
ics in acid, and can calculate that k,, = (3.14 ? 0.84) x 
lop5 M-' s-' and k,, = (2.81 + 0.61) X M - I  s-I. 

Discussion 
In the course of the work described in this paper we have 

developed computer programs written in FORTRAN that 
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TABLE 3. Equilibrium in the aldol condensation of acetone and acetophenone by HPLC~ 

1064 CAN. J. CHEM. VOL. 70,1992 

Species 
analyzed [AcPh] [Acetone] [OH] a ,  a2 1 03a3 a4 1 06a5 

6i 

2 

( a )  Experiment starting with no enone present: 

[E-Enone] 0.01 1.086 0.887 221 k 10 27 k 30 1.86 k 0.43 -238 k 17 6.38 k 0.43 
[Z-Enone] 0.01 1.086 0.887 29 * 9 - 1 6 * 2 9  1.86*0.43 -21 i z  17 6.38 k 0.43 

Equilibrium constant = [Enone2],/[A~Ph]~[Acetone]~ = 3.09 X M-' 

I I I I I ~ ~ I  

- 
Keto 1 - 

( b )  Experiment starting with [E-enone] = 1.0 X M: 

[E-Enone] 0.01 1.086 0.887 246 k 15 221 2 24 1.86 * 0.43 677 k 21 6.38 k 0.43 
[Z-Enone] 0.01 1.086 0.887 5 k 1 2  - 1 4 3 k 2 2  1 . 8 6 k 0 . 4 3  390 * 19 6.38 * 0.43 

-- 

Equilibrium constant = [Enone2If / [A~Ph]~[Acetone]~ = 2.36 X M-' 
Average value of the equilibrium constant = (2.73 * 0.37) X M-' 

I I I I I I I I  

-- 
E-Enone -- 

"In aqueous solution at 2S°C, followed by HPLC analysis monitoring absorbance at 280 nm. To  obtain convenient peak heights the volume injected 
and the absorbance scales were adjusted; for ease of comparison the peak heights have been corrected to a common basis, even though this corresponds 
to peaks over a meter high in some cases. Peak heights vs. time data were fitted to peak height = a ,  + a, (exp(-a,t) + a, exp(-a$), with a , , a ~ , a 4  spe- 
cific to the particular data set, while a, and a, were the same for all data sets, and all four data sets were fitted simultaneously. 

I ~ ~ I I ~ I I  

-- -. 
-- Z-Enone - 

-- 
-- 
-- 
-- 

+ 

allow us to fit several sets of data simultaneously with some cal expressions for both the exponential terms (apparent rate 
parameters common to all sets and some specific to a par- constants) and the preexponential terms. In favorable cases, 
ticular set. Two variations on this theme were used. In the including the present example of fitting equilibration data for 
first we fitted the exact integrated rate law, using theoreti- the two isomeric enones and the ketol in acidic solution, this 

-- - 
-- - 
-- - 
-- -. 

- 
-- - 
-- 
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FIG. 5 .  Equilibration in acid; concentration of the ketol, E-enone, and Z-enone as a function of time, starting with ketol or E-enone. 
The lines are calculated using the parameters given in Table 2.  

+ + 
I I I I I I I I  I I I I I I I I .  I I I I I I  
I I I I I I I I r I I I I I l I I  

- 

- 

-- 

-- 

I I I I I I I I  

-- - 

-- - 

-- - 

-- - 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

79
.1

73
.3

7.
17

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



GUTHRIE AND WANG 1065 

t i m e  (ks) 
! 

FIG. 6. Equilibration in base: the concentration of E-enone as a function of time (as measured by HPLC analysis), starting with either 
no enone present or 1.0 X lod4 M enone present. In both cases the solution contained 1.086 M acetone and 0.010 M acetophenone, and 
0.887 M NaOH. 

allows direct calculation of the relevant rate constants. In the 
second, used where the data were less precise and we knew 
there were experimental problems precluding detailed inter- 
pretation, we simply fitted all sets of peak heights vs. time 
data to the same form of integrated rate law, with common 
apparent rate constants and individual preexponential terms. 
This allows satisfactory fitting to all the data, even when an 
individual data set would not give a satisfactory fit because 
the least-squares program could not converge. It is of course 
essential to be sure that all data sets used do in fact belong 
to a single reaction system, so that it is legitimate to apply 
this procedure. If this precondition is not met, then fitting in 
this way will provide a new way to mislead oneself. 

With the ready availability of HPLC apparatus, it will 
become increasingly common to use this technique for re- 

) action kinetics. The advantage is that one follows individ- 
/ ual species (assuming satisfactory analytical conditions with 
good resolution); the disadvantage is that the precision is less 
than can be obtained by UV spectrophotometric kinetics. By 
treating data for all species involved in a reaction, and for 
sets of reaction that must have the same values for pseudo 
first-order rate constants, we can obtain the best possible 
precision, as well as having the greater accuracy inherent in 
having a more specific analytical technique. 

The second mechanism, shown in Scheme 3, assumes that 
only the original isomer of the enone undergoes hydration 
to ketol, while the second isomer does not. This seems pe- 
culiar at first glance, but can be rationalized in terms of the 
conformations of the cations obtained by protonation at the 
carbonyl oxygen. The E isomer can be planar, as is re- 
quired for maximum conjugative stabilization of the posi- 
tive charge, although this incurs some destabilizing steric 
interactions. The Z isomer cannot be planar, and may plau- 
sibly be assumed to have the phenyl ring nearly orthogonal 
to the plane of the protonated enone. This avoids steric in- 
teractions of the ortho hydrogens with the cis acetyl group, 
but imposes interference by these ortho hydrogens to the at- 
tack of water on the C=C double bond. Thus acid-cata- 
lyzed interconversion of the geometrical isomers by way of 
the protonated enone can lead to addition of water only to the 
protonated E enone. 

Further logical implications of the above mechanisms are 
that acid-catalyzed rotation about the C3-C, bond occurs 
because the bond order is decreased in the cation, even 
though the phenyl group can provide little or no conjugative 
stabilization for the Z isomer of the cation. This seems to 
require that rotation from the Z cation to the E cation entails 
only a modest energy barrier because loss of conjugation to 
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J fast 

the OH can be compensated by gain of conjugation to the 
phenyl, which rotates as C,-C, rotation occurs. 

It is striking that in base, where the form of the overall 
kinetics followed by UV demands that the ketol undergo 
retroaldol much faster than dehydration to enone, equilibra- 
tion of the two enones nonetheless occurs at rates competi- 
tive with retroaldol cleavage. Since our principal interest was 
in determining rate constants for the aldol condensation, we 
have not settled the mechanism of this isomerization. If it 
occurs by addition-elimination, then it must follow that the 
enolate, which is the immediate product of hydroxide addi- 
tion to either enone, can rotate and expel hydroxide faster 
than it undergoes reprotonation. If isomerization occurs by 
deprotonation-reprotonation, then this must be fast relative 
to ketol formation. 

The kinetics of equilibration were fitted to a double ex- 
ponential integrated rate law. In the present case, since we 
did not have a sample of the Z-enone, and could not apply 
mass balance constraints, we could not determine a calibra- 
tion constant for the Z-enone. Instead of the more elaborate 

procedure used for the equilibrations in acid, we simply im- 
posed the requirement that the same apparent rate con- 
stants, for both exponentials, apply to all of the species whose 
reaction could be followed for a given hydroxide concentra- 
tion. We could then fit four sets of peak height vs. time data 
(for the two isomeric enones, starting from solutions with 
identical hydroxide, acetone, and acetophenone concentra- 
tions, but initially zero or finite E-enone content) and fit si- 
multaneously to obtain the best values of the apparent rate 
constants. The values so obtained are found in Table 3. 
Naturally, in these experiments we also observed the for- 
mation of the alternative aldol condensation product, 3- 
methyl- 1 -phenyl-2-buten- 1 -one. 

The data in Table 4 show that there is a linear free energy 
relationship between the equilibrium constant for aldol ad- 
dition reactions with acetone as carbon nucleophile and the 
equilibrium constant for the addition of water. This is illus- 
trated in Fig. 8. Although the correlation is not exact, it is 
enough to suggest that there is a useful way to obtain ap- 
proximate predictions. 

Perhaps unsurprisingly there is much less pattern discern- 
ible in the equilibrium constants for the dehydration step. 
Clearly a phenyl group on the @-position of the enone fa- 
vors dehydration relative to a hydrogen, as does a methyl 
group, and a phenyl is much more effective (6 log K = +2.75 
for phenyl, +0.52 for methyl). A methyl forced to be cis to 
the acetyl group in the enone is detrimental, although the 
effect on log K7_, is not uniform, 6 log K being - 1.22 when 
the first @ substituent is phenyl, and -0.35 when the first @ 
substituent is methyl. As significant steric effects develop, 
the magnitude of the effect becomes specific to the particu- 
lar compound, and is not susceptible to back-of-the-enve- 
lope calculations. Molecular mechanics calculations may in 
time be the best way to predict these effects. 

When we compare the two modes of reaction possible for 
the crossed aldol of acetone and acetophenone we find that 
the reaction studied in the present work is considerably more 
favorable than might have been expected. As we have just 
shown, there is generally a correlation between the equilib- 
rium constant for an aldol addition and that for the addition 
of water. The two nucleophiles, acetone and acetophenone, 
have very similar inherent tendencies to add to carbonyls, as 
measured by their y values (4, 22), and the equilibrium 
constants for hydration differ by a factor of 208, favoring 
acetone. Thus it is disconcerting to find that the equilibrium 
constants for the two alternative modes of crossed aldol ad- 
dition differ only by a factor of 2, favoring addition of ace- 
tophenone to acetone. Because we had expected a factor more 
like 200 to disfavor addition of acetone to acetophenone, we 
were surprised when the synthetic e~~er imentsshowed that 
the two reactions were competitive. After the encouraging 
signs of predictable behavior that we had found, it is per- 
haps salutary to be reminded that the aldol reaction still has 
surprises. 

Experimental 
Materials 

4-Hydroxy-4-phenyl-2-pentanone 
Brornobenzene ( 1  1.8 g, 75 rnrnol) in 30 rnL dry THF was 

dropped into magnesium turnings (1.8 g, 75 rnrnol) in 20 rnL dry 
THF under nitrogen in a 100 rnL round-bottomed flask with a re- 
flux condenser over a period of 1 h and left to react at room tern- 
perature for an additional 0.5 h. A solution of 2.5 g (25 rnrnol) of 
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FIG. 7. Reaction coordinate diagram for equilibration of ketol and enones, using the mechanism of Scheme 4.  There is an ambiguity 
because we do not know whether the activation barrier for conversion of the enolate of the ketol to the E- or Z-enone is higher; conse- 
quently we have drawn them both the same, equal to the observed value. As before the en01 content of the ketol was assumed the same 
as for acetone, and a pK, of 10 was assumed for this enol. Proton transfers to and from oxygen were assumed to be diffusion controlled 
in the thermodynamically favored direction. 

2,4-pentanedione in 20 mL dry THF was added dropwise to the 
stirred solution of the Grignard reagent. After all the diketone so- 
lution was added, the reaction mixture was stirred overnight 
(13 h), and poured gradually into 100 mL of a stirred, ice-cold, 
saturated solution of ammonium chloride in water. The organic layer 
was separated, dried over anhydrous magnesium sulfate, filtered, 
and evaporated to dryness, yielding 14 g. The crude product, 1 g, 
from above, was chromatographed on a column of silica G ,  40 g, 
eluted with a linear gradient (0-30%) of ethyl acetate in hexane. 
The eluates were pooled according to TLC analysis and evapo- 
rated separately to dryness. The fraction that had the same reten- 
tion time as authentic PhC(OH)(CH3)CH2COCH3 was pumped for 
a half hour to remove residual solvents, yielding 0.7 g. The pro- 
ton NMR indicated that it was mainly PhC(OH)(CH3)CH,COCH3, 
with some PhC(CH3)=CHCOCH3 and other impurities. 

Pure 4-hydroxy-4-phenyl-2-pentanone was obtained by crystal- 
lizing relatively purified ketol at 0°C from 1 : 1 diethyl ether/hex- 
ane and washing with cold hexane. UV (MeOH), A,,:258 nm, E,, 
187, €280 5 1 . NMR (CDC13, 200 MHz), 6: 1.51 (s, 3H), 2.06 (s, 
3H), 2.83, 3.19 (dd, J = 17.1 Hz, 2H), 4.54 (s, IH), 7.22-7.45 
(m, 5H); lit. (23) (CDCl,, 60  MHz) 6: 8.66-7.30 (m, C6H5)r 4.73 
(s, OH), 3.43, 2.43 (dd, J = 18 Hz, 2H), 2.16 (s, CH3-C-0), 1.60 
(s, CH,). Exact Mass calcd.: 178.0994; found: 178.0993 
0.00009. 

4-Phenyl-3-penten-2-one 
The crude product (mainly PhC(OH)(CH,)CH2COCH3), 0.5 g, 

from above was added to a crucible containing a small amount of 
silica gel G. Three drops of 6 N HCI and a small amount of meth- 
anol were added. The entire mixture of solid and liquid was mixed 
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TABLE 4.  Equilibrium constants for aldol addition and hydration 
of various carbonyl compounds" 

Carbonyl acceptor log KHIO log K32 log Kzl log K3, 

C H 2 0  1.6 6.67 - 1.37 5.30 
CH-jCHO - 1.72 1.59 -0.85 0.74 
PhCHO -2.83 1.07 1.38 2.45 
CH3COCH3 -4.60 -1.41 -1.20 -2.61 
PhC0CH-j -6.92 -2.72 0.16 -2.56 

"All in aqueous solution at 25°C. Equilibrium constants for addition of 
water taken from ref. 4; equilibrium constants for aldol addition, aldol de- 
hydration, and aldol condensation from refs. 4 and 25 and this work. 

FIG. 8. Correlation between log K,I,,I for the aldol addition of 
acetone as nucleophile reacting with formaldehyde, acetaldehyde, 
benzaldehyde, acetone, and acetophenone, and log KH20 for the 
addition of water. Both equilibrium constants are expressed with 
units of M-I. The correlation line, fitted by least squares, is log KddOl 

4.42 2 0.94 + 1.09 2 0.15 log KH20. 

completely and heated on a steam bath for 1 h. The reaction mix- 
ture was washed through filter paper, using solvent ethyl acetate. 
The filtrate was evaporated to dryness and loaded on a column of 
silica G,  40 g, eluted with a linear gradient (0-30%) of ethyl ace- 
tate in hexane. The eluates were evaporated separately to dryness 
according to TLC analysis. 

Pure 4-phenyl-3-penten-2-one was obtained by crystallizing 
relatively purified enone at O°C from 1 : 1 diethyl ether/hexane and 
washing with cold hexane. UV( MeOH), A,,:280 nm, E,, 18 300; 
lit. (24) (EtOH), A,,,: 280 nm, E,,, 19 000. NMR (CDCl,, 
200 MHz), 6: 2.30 (s, 3H), 2.54 (d, J = 1.3 Hz, 3H), 6.5 1 (m, J 
= 1.2 Hz, lH), 7.26-7.50 (m, 5H); lit. (16) (CCl,, 60 MHz), 6: 
2.06 (s, 3H), 2.35 (d, J = 1 Hz, 3H), 6.21 (m, IH), 7.10 (br s,  
5H). Exact Mass calcd.: 160.0888; found: 160.091 1 2 0.0030. 

Methods 
Kinetics 
The procedure for kinetics was as described (16). Reactions 

followed by UV spectroscopy were carried out in 10-cm cells 
holding 25 mL of solution at 25OC. Reactions that were followed 

by HPLC analysis were carried out in suitable vessels, thermo- 
statted in a water bath, and samples were taken at intervals. For 
reactions in base, the samples were quenched with 1 M H3P0,; for 
reactions in acid the samples were quenched with 1 M Na2HP04. 
At first quenched samples were stored and analyzed together, but 
it was discovered that slow equilibration of the enones was occur- 
ring in the quenched samples. For the experiments in Table 2, 
analysis was carried out immediately after quenching. For the ex- 
periments in Table 3,  analysis was delayed, and thus no detailed 
interpretation of enone concentrations can be meaningful except at 
the end of the equilibration. The solvents used were different mix- 
tures of methanol and water flowing at 2.0 mL/min through a C18 
Radial Pak column. 

Stock solutions were prepared by weighing purified compounds 
into volumetric flasks and diluting with solvents (spectrophoto- 
metric grade methanol or acetonitrile) to the mark. Sodium hy- 
droxide solutions were titrated against standardized hydrochloride 
solution using two indicators (phenolphthalein and methyl red) 
and correcting for carbonate. The extinction coefficients of var- 
ious compounds were measured by adding measured amounts 
(Hamilton syringe) of a stock solution in methanol to 25 mL of a 
solvent (either methanol, ethanol, water, or aqueous potassium 
chloride solution). 
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Silicon cation and anion chemistry in a fuel-rich, methane-oxygen flame 
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J. HUGH HORTON and JOHN M. GOODINGS. Can. J .  Chem. 70, 1069 (1 992). 
Silicon cations and anions in a fuel-rich, premixed, methane-oxygen flame at atmospheric pressure doped with 

0.01 mol% of trimethylsilane were observed by sampling the flame through a nozzle into a mass spectrometer. Twelve 
cations were observed which can be grouped into five series: SiOH'.nH20 (n = 0-2); SiOCH3+.nH20 (n = 0-2); 
Si(OH)3'.nH20 (n = 0-2); cations by nucleophilic substitution (e.g., Si(OH)(CH3)2(H20)+); and carbonaceous aro- 
matic cations (c-HS~CH=CH' and c-HSiCH=CCH,+). Similarly, five anions were observed as members of two se- 
ries: H,Si03- (x = 0,  I) and H,SiO,- (x = 1-3). The chemical ionization reactions for the formation of these ions are 
discussed in detail, including proton transfer and also methyl cation transfer, three-body addition, nucleophilic substi- 
tution (SN2) of both the ions themselves and also their neutral silicon precursors, and H-atom abstraction reactions. The 
neutral silicon chemistry in the flame is dominated by SiO, but evidence was obtained from both the cation and the anion 
chemistry for the presence of HSiO(OH), silanoic acid; SiO(OH)2, metasilicic acid; and Si(OH),, orthosilicic acid. The 
silicon ion chemistry differs markedly from the normal carbon ion chemistry that occurs naturally in the undoped meth- 
ane-oxygen flame; the silicon ions show a strong tendency towards Si-0 bond formation. Consideration is given to 
the probable structures of the various silicon cations and anions observed. 

J .  HUGH HORTON et JOHN M. GOODINGS. Can. J .  Chem. 70, 1069 (1992). 
On a observe des anions et des cations silicies dans la flamme de primklange d'un melange de methane-oxygkne riche 

en methane la pression atmosphkrique et dope avec 0,1% de trimethylsilane, en injectant, a I'aide d'une buse, des 
Cchantillons de flamme dans un spectromktre de masse. On a observe 12 cations que l'on peut regrouper en cinq 
categories : SiOH' .n H 2 0  (n = 0-2); SiOCH,+.n H 2 0  ( n  = 0-2); Si(OH),+ .n H 2 0  (n = 0-2); des cations obtenus par 
substitution nucleophile (par exemple : Si(OH)(CH3)2(HIO)'); et des cations carbones aromatiques (c-HS~CH=CH+ et 
c-HS~CH=CCH,'). D'une f a ~ o n  analogue, on a observe cinq anions appartenant a deux series : H,Si03-(x = 0,  1); et 
H,SiO, (x = 1-3). On discute en dktail des rkactions d'ionisation chimique conduisant a ces ions. Ces riactions com- 
prennent : le transfert de proton et de cation methyle, l'addition a trois espkces, la substitution nuclkophile (SN2) des 
deux anions eux-mCmes et de leur precurseur silicie et les reactions d'abstraction d'hydrogene. La chimie du silicium 
neutre, dans la flamme, est dominee par le SiO, mais on a obtenu des preuves de la presence de l'acide silanoique, 
HSiO(OH), de l'acide mktasilicique, SiO(OH),, et de l'acide orthosilicique, Si(OH),, a partir de la chimie des cations 
et des anions. La chimie du silicium differe nettement de la chimie d l'ion carbone normal qui se forme naturellement 
dans la flamme du melange methane-oxygene non dope; les ions silicium exhibent une forte tendance vers la formation 
de liaison Si-0. On formule des hypotheses sur les structures probables des differents cations et anions silicies ob- 
servks. 

[Traduit par la rkdaction] 

Introduction vev the effects of various Grouo IV elements on flame ion- 

The ion chemistry of carbon in flames has been studied for 
many years by sampling a flame into a mass spectrometer. 
A general review article is available (I),  and detailed state- 
ments of both the carbon cation (2) and anion (3) chemistry 
have been given for the same flame employed in the present 
work. However, there have been very few studies of silicon 
ion chemistry in flames. Silicon is of interest for several 
reasons. One objective is a comparison with the flame-ion 
chemistry of carbon; that is, the extent to which the chem- 
istry of carbon and silicon are parallel or different from one 
another, as well as the extent to which the two elements 
compete. Since silicon is found as an impurity in coal, sili- 
con compounds are released into the atmosphere when coal 
is burnt. These compounds have also been observed in the 
Arctic haze (4). A study of the flame-ion chemistry of sili- 

I con can provide information about what silicon compounds 
are formed during combustion and might suggest mecha- 
nisms for their formation. Finally, several silicon com- 
pounds, especially SiO, have been implicated in the 
chemistry of interstellar gas clouds (5, 6). 

The few studies of silicon ion chemistry in a flame which 
have been performed (7, 8) were primarily intended to sur- 

' ~ u t h o r  to whom correspondence may be addressed. 

ization detectors. Here, we describe a more detailed study 
of the silicon ion chemistry taking place in a premixed hy- 
drocarbon flame of fuel-rich composition, using trimethyl- 
silane (TrMS) as the silicon source. Complete profiles of the 
ion concentrations as a function of distance along the flame 
axis are presented, rather than isolated measurements at a 
fixed point in a flame. Also, silicon anions as well as cat- 
ions have been observed in this work. 

Reactions of a large number of silicon ions, especially 
cations, have been studied using flowing afterglow and se- 
lected ion flow tube (SIFT) techniques at room temperature 
(9- 11). These experiments encompass measurements of the 
kinetics of silicon ion reactions, as well as attempts to for- 
mulate mechanisms. In addition, a number of structural cal- 
culations have been carried out (5, 12). Of greatest 
applicability to silicon flame-ion chemistry are the studies 
of the structure and reactions of siOH+, and the formation 
and structure of SiOCH,' (13, 14). In many ways, the flame 
work is complementary to the SIFT studies; our observa- 
tions of ions that were also seen in the SIFT demonstrate that 
these ions exist in real systems such as flames. The ob- 
served flame ions also suggest that some unexplored mech- 
anisms of silicon ion formation such as methyl cation transfer 
are possible. 
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TABLE 1. Bulk characteristics of the fuel-rich flame 

Flame parameter Value 

Equivalence ratio 4 2.15 
Unburnt gas flow rates (mL s-I) 

CH4 13.0 
0 2  12.1 

Adiabatic flame temperature (K) 2456 
Measured flame temperature (K) 2200 
Burnt-gas rise velocity (m s-I) 2.0 

Equilibrium burnt-gas composition at 2200 K 
(mol fractions): 

H20 0.25144 
H2 0.41 195 
0 2  0.00000049 
CO 0.29781 
COz 0.034872 
H 0.0036255 
OH 0.00030488 
0 0.00000191 

When silicon compounds bum, silicon oxides are pro- 
duced that are deposited on the sampling orifice of the flame- 
ion mass spectrometer and interfere with the sampling of the 
flame ions. This effect limited our experiments to low con- 
centrations of TrMS additive in fuel-rich flames. The ob- 
servation of ions in fuel-lean (i.e., oxygen-rich) flames, in 
which even more silicon oxides are formed, was ruled out. 

Experimental 
The flame used in these experiments was a premixed, laminar, 

fuel-rich, methane-oxygen flame at atmospheric pressure. Bulk 
characteristics are given in Table 1 .  The flame was conical in shape, 
ca. 3.5 mm in base diameter and 5 mm in height with a rounded 
tip. It was stabilized on a quartz capillary burner of inner diameter 
273 mm, and was surrounded by a Pyrex tube of diameter 25 mm 
through which cold Ar flowed to minimize entrainment of am- 
bient air. Gases used were Matheson CP-grade (CH, > 99.0%, Ar 
> 99.9%, and O2 > 99.6%). All were added directly from high- 
pressure cylinders without further purification. The flame had a 
distinct bluish colour, and a bright blue reaction zone of thickness 
ca. 0.3 mm. Upon adding TrMS, the flame appeared to become 
slightly more purple in colour. 

Silicon was added to the flame as trimethylsilane, HSi(CH3)3 
(TrMS), to give a silicon concentration in the burnt gas of 
0.01 mol%. The TrMS (Petrarch, 97%) was added directly from 
its cylinder into the oxygen gas flow feeding the burner without 
further purification. Since TrMS has a boiling point of about 7"C, 
the vapour pressure inside the cylinder (>1 atm; 1 atm = 
101.3 kPa) could be readily controlled by immersion in a cooled 
water bath. The very small and uniform flow rate of TrMS re- 
quired (0.0024 mL s-') was achieved by use of a variable leak valve 
(Granville-Phillips, type C). 

The addition of silicon produced S i02  in the flame. It caused a 
buildup of a quartz-like deposit around the sampling orifice of the 
mass spectrometer, which eventually became blocked. The very 
small concentration level of 0.01 mol% was chosen to minimize 
this problem. Silicon ions could only be studied in a fuel-rich flame 
since a fuel-lean flame would have led to even greater SiO, for- 
mation. Also, a large sampling orifice of diameter ca. 0.18 mm was 
used. Even so, experiments could be run for only 3 h at a time be- 
fore the orifice became clogged with quartz. After each run, the 
quartz had to be mechanically removed using a steel needle ground 
to a very fine point. 

The burner was mounted on a motorized caniage with the flame 

in a vertical position to avoid distortion of axial symmetry due to 
buoyancy effects. The burner drive was calibrated to provide spa- 
tial resolution of k0.02 mm when sampling ion concentrations 
along the flame axis, z .  The burner could be positioned to provide 
accurate alignment of the conical flame axis with the sampling 
nozzle of a mass spectrometer. The nozzle itself was made by 
modifying a platinum electron microscope lens in the form of a "top 
hat" (J.B. EM Services Inc.), which was swaged into a water- 
cooled plate in a manner previously described (15). The lens was 
initially supplied with an orifice diameter of 0.15 mm that was 
subsequently opened up to 0.18 mm. 

The flame-ion mass spectrometer has been described elsewhere 
in detail (2). Briefly, the sampled ions pass through two stages of 
differential pumping into a quadrupole mass filter. The mass-ana- 
lyzed ions are detected with a parallel-plate Faraday collector con- 
nected to a vibrating reed electrometer having a grid-leak resistance 
of 10" R. The data are presented below as profiles of ion signal 
measured in volts versus distance z along the flame axis. Cations 
or anions can be sampled by reversing the polarity on all elec- 
trodes. Also, total cations or total anions can be measured by 
switching off the dc electric voltages supplied to the quadrupole 
rods. However, the sensitivity for total ion signals is not the same 
as that for the individual ion signals, so the profile magnitudes are 
not directly comparable. 

A method has been described (2) for locating a reproducible or- 
igin (z = 0) in the flame. It corresponds to the downstream tip of 
the luminous reaction zone. Thus, negative z refers to the reaction 
zone of the flame and positive z to the downstream region. The ion 
signal magnitudes given in the data below have been corrected for 
mass discrimination present in the filter against ions of high mass 
number by a method previously described (16). One problem en- 
countered when calibrating peak magnitudes was that signal 
strengths would slowly decrease as the orifice became clogged by 
quartz deposits. Thus, peak heights were measured in the first half 
hour of run-time over a period of several days, and gave repro- 
ducible results. 

The flame gas is cooled in passing through the thermal bound- 
ary layer surrounding the sampling orifice, and also during the ex- 
pansion to supersonic velocity that proceeds inside the nozzle 
downstream of the orifice throat. Some ion signals can be subject 
to distortion during sampling by the mass spectrometer since an ion- 
molecule reaction having a high kinetic rate can shift in the exo- 
thermic direction (17). An example might be the formation of an 
ion hydrate. However, the enhancement of ion hydrates in the cold 
boundary layer around the sampling orifice has been minimized in 
the present experiments by the use of a relatively large orifice 
0.18 mm in diameter. 

Neutral silicon species 

Before proceeding with the silicon ion chemistry, it is first 
necessary to consider the neutral silicon species likely to be 
present in the flame. Although silicon is added as trimethyl- 
silane (TrMS), it will decompose and oxidize to give a va- 
riety of neutral species whose final equilibrium concentrations 
are determined by the composition of the burnt gas at 
2200 K given in Table 1; at equilibrium, the chemical na- 
ture of the original additive is irrelevant. Using ~ ~ F v a l u e s  
at 2200 K taken from the JANAF tables (18), a series of bi- 
molecular reactions was chosen to encompass all of the sil- 
icon species listed in the JANAF tables of any importance, 
and the major neutral species present in the equilibrium burn1 
gas of the fuel-rich flame; the burnt-gas composition was also 
determined using data from JANAF tables (18). Unfortu- 
nately, thermochemical data are not available for several 
silicon species of interest such as silanoic acid, HSiO(0H): 
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HORTON AND GOODINGS 

TABLE 2.  Equilibrium concentrations of neutral silicon species in the fuel-rich flame 

A G ~  A c X n  Equilibrium 
2200 K 2200 K concentration" 

Species (kJ mol-') Reaction (kJ mol-I) (mol fraction) 
- - 

S i 144.382 SiO + Hz - Si + HzO 286.385 5.16 X lo-'' 
Siz 219.682 2SiH-Siz+H2 98.788 1.16 X lo-'' 
5 3 3  249.366 Siz + SiH - Si3 + H -34.839 3.14 X lo-', 
Sic 316.922 SiH + CO- Sic + OH 466.821 1.18X10- '~ 
Sicz 187.219 2SiC - Sicz + Si -302.243 4.06 X lo-"' 
Si2C 155.136 Sic + SiH - SizC + H -226.309 1 . 1 3 ~ 1 0 - ~ '  
SiO -265.908 SiOz(g) + Hz - SiO + H20 -97.663 1.98 x lo-' 
SiOz(g) -292.150 SiOz(l) - SiO,(g) 220.522 5.81 x 1 0 - ~  
SiH 159.235 Si + Hz - SiH + H 109.565 1.47 x lo-'' 

"All values of AGpare taken from JANAF tables (18). 
hEquilibrium pressures of Hz, H1O, H, CO, and OH used to calculate the partial pressures of 

the silicon species are given in Table 1. 

metasilicic acid, SiO(OH),; and orthosilicic acid Si(OH),. 
The former two species have been observed using infrared 
spectroscopy by reacting 0 atoms with SiH, in a frozen Ar 
matrix (19, 20), and their presence in the flame is implied 
by the ions observed there. For the common silicon species, 
however, equilibrium constants K for the above-mentioned 
reactions were calculated and, ultimately, the concentration 
of the neutral silicon species could be determined. The cal- 
culated equilibrium concentrations are given in Table 2. 

There is an interesting and important consideration for 
these silicon calculations in the flame context. For silicon 
dioxide, SiO,(l) is in equilibrium with its vapour, SiO,(g). 
Since the activity, a ,  for any liquid is essentially unity, this 
sets the concentration of SiO,(g) and hence the concentra- 
tion of all other silicon species in a given flame (see, for ex- 
ample, ref. 21). Thus, no matter how much silicon is added, 
so long as the total conc'entration exceeds the maximum al- 
lowed in the gas phase given by the sum of the concentra- 
tions of all silicon gas-phase species, the rest of the silicon 
should exist as SiO,(I). Here, the total amount in the gas 
phase is approximately 0.002 mol fraction, little more than 
the concentration of the one dominant neutral species, SiO(g). 
This gives the interesting conclusion that, above a lower limit, 
the amount of gas-phase silicon is independent of the amount 
added. If less than 0.002 mol fraction were to be added, as 
was the case in this experiment (0.0001 rnol fraction), then 
presumably no SiO,(l) will form. All this assumes that a 
normal liquid-vapour equilibrium exists for SiO, in the 
flame. If the liquid were to form as tiny droplets in the flame, 
there might well be surface-energy effects that were not ex- 
plored in this model. 

At equilibrium, it can be seen that SiO is by far the dom- 
inant gaseous silicon species present in the flame. This agrees 
well with observations of a silicon/oxygen system in a 
graphite furnace (22) in which SiO was found to form in the 
range of 1800-2200 K independent of the partial pressure 
of oxygen, and to dominate in this temperature region at high 
oxygen partial pressures. Calculations on a fuel-rich, acet- 
ylene-oxygen flame doped with silicon (8) also show SiO(g) 
as the dominant neutral species, with a concentration of 
0.0013 mol fraction. Also, it is clear that adding massive 
amounts of silicon has only detrimental effects; the ion sig- 
nals will not be enhanced, and the orifice will clog up with 
quartz more rapidly. Virtually all of the SiO,, liquid or va- 

" 
-1.0 0.0 1.0 2.0 3.0 4.0 

OISTANCE ALONG FLAME AXIS Z (mm) 

FIG. 1 .  Concentration profiles for the total positive ion signal 
(solid line) and total negative ion signal (broken line). The flame 
reaction zone is located upstream of z = 0 (negative z) .  

pour, will eventually be deposited as quartz on the much 
cooler surfaces of the sampling plate. 

Results 
All of the results presented refer to measurements made 

in the fuel-rich, methane-oxygen flame doped with 
0.01 mol% of TrMS in the burnt gas. Total positive ion (TPI) 
and total negative ion (TNI) profiles are presented in Fig. 1, 
measured with the dc voltages to the quadrupole rods 
switched off. Within experimental error, these total ion 
profiles were unchanged when the additive was not present. 
Profiles for all of the individual cations containing Si ob- 
served below 160 u are given in Fig. 2. The 12 measured 
profiles are listed by increasing mass number and can be di- 
vided into five series on the basis of chemical similarity. 
These series consist of cations of the form s ~ o H + . ~ H ~ O  
(n = 0-2); Si(OH)3'.nH,0 (n = 0-2); S ~ O C H ~ ' . ~ H , O  
(n = 0-2); SiC,rH,+ (x,y = 2,3 and 3,5); and the methyl- 
ated cation Si(OH),(CH,),+. 

Profiles for all anions containing Si observed below 
160 u are presented in Fig. 3. The five measured anion pro- 
files are similarily grouped into two series of the form 
H,SiO,- (x = 0,  1) and H,SiO,- (X = 1-3). In addition to 
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M95+ I ' A "  " ' I  

FIG. 2. Mass numbers, chemical assignments, and concentration profiles of silicon cations observed in the fuel-rich flame below 
160 u. The mass number of each cation is given first, then an empirical formula that identifies it as a member of a particular series, fol- 
lowed by its probable structural formula(e). All profile magnitudes (see Table 3) are given in volts, plotted against distance z along the 
flame axis in mm. The reaction zone is located upstream of z = 0 (negative z).  
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HORTON AND GOODINGS 1073 

FIG. 3. Mass numbers, chemical assignments, and concentration profiles of silicon anions observed in the fuel-rich flame below 1 160 u. The mass number of each cation is given first, then an empirical formula that identifies it as a member of a particular series, fol- 
lowed by its probable structural formula(e). All profile magnitudes (see Table 3) are given in volts, plotted against distance z along the 

I flame axis in mm. The reaction zone is located upstream of z = 0 (negative z).  

these data, which represent profiles of 28Si ions (natural 
abundance 92.23%), several much smaller peaks were found 
corresponding to the isotopes 2 9 ~ i  (4.67%) and 3 0 ~ i  (3.10%). 

The profile labels give the mass number M of the ion and 
the sign of its charge, followed by an "empirical" formula 
and then by possible structural formulae. The empirical for- 
mula emphasizes the relationship between various families 
of ions, and provides an easy reference to the ion in ques- 
tion. Except for M55+ and M69+, which will be discussed 
later, all of the ionic structures are assumed to have Si as the 
central atom with hydrogen (H), hydroxy (OH), methoxy 
(OCH,), and (or) methyl (CH,) groups attached directly. The 
designation (H,O) indicates a water molecule that is coor- 
dinated onto the Si atom, while .H,O indicates a hydrate 
formed by hydrogen bonding to the molecule's outer coor- 
dinatlon sphere. The designation (0,) represents an oxygen 
molecule coordinated onto Si, while 0, indicates x 0 atoms 
bonded individually to the Si atom. 

All of the profile data are summarized in Table 3 in which 
the various ions are listed by empirical formula. The pro- 
files exhibit, at most, three maxima; one or two relatively 
sharp peaks associated with the reaction zone near z = 0 
(designated Reaction zone (1) and Reaction zone (2) in Table 
3) and a broader peak further downstream with z > 0. The 
peak heights are measured in volts, referring to the col- 
lected ion current passing through a grid-leak resistor of 10" 
0 in the electrometer input circuit. Those peaks attributed 
to naturally occurring flame ions are noted. These were 

' identified by comparison with profiles of the same mass 

number without any additive present, as well as by compar- 
ing profiles of the same chemical identity but of a different 
Si isotope. 

Discussion 
Total ion profiles 

The profiles for the total positive and negative ions in the 
silicon-doped flame shown in Fig. 1 did not differ from those 
observed in the undoped flame (23). This suggests that the 
addition of silicon does not introduce new source or sink re- 
actions for ions of any significance involving chemi-ioniza- 
tion or enhanced electron-ion recombination. Also, the very 
small amount (0.01 mol%) of silicon added would not be 
sufficient for the silicon chemistry to compete significantly 
with the normal hydrocarbon chemistry of the flame. For both 
reasons, the total ion profiles were unaffected. 

The silicon additive did have an interesting effect on the 
relative peak heights of the total positive ion (TPI) and total 
negative ion (TNI) signals, although it was not a chemical 
effect. During any experimental run, the sampling orifice 
would clog with silicon oxides over the course of several 
hours. The TPI signal was affected in the expected manner; 
it fell from 14 to 11 V over about 3 h as the orifice clogged 
with SiO,, thereby allowing less flame gas to be sampled. 
The TNI signal, however, became larger as time passed, 
climbing from 4-5 V to about 8 V over the 3-h period. Pre- 
sumably this was due to the fact that three-body electron at- 
tachment, initially to 0, molecules, is promoted in the cool 
boundary layer surrounding the orifice. As the orifice di- 
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TABLE 3. Summary of peak heights for all silicon ions below 160 u observed in 
the fuel-rich flame 

Peak height (V) 
Ion 

Reaction Reaction 
Mass no. Forrnula zone (1)" zone (2)" Downstream 

TPI Total + ve ions 14.0' - - 
TNI Total -ve ions 4.75' - - 

"Refers to the profile peaks in the flame reac~ion zone, I being further upstream and 2 being 
closer to z = 0. 

'Indicates peaks in the reaction zone that are probably due to C.H,O,z ions at the same 
mass number. 

"The peak heights of the total positive and total negative ions are not directly comparable 
to the heights of the individual ion peaks. 

ameter shrinks, the effect of the boundary layer is en- 
hanced, so that the TNI signal increases. 

Positive ion chemistry 
It is logical to begin discussion of the cation chemistry with 

those ions which are derived from the major neutral silicon 
species in the flame, SiO. These are ions of the S iOH+. tz~ ,0  
series and possibly also the SiOCH,'.nH,O series. 

s~OH'.~H,O series (n  = 0-2) 
The ion found at M45+ is protonated SiO, formed mainly 

by proton transfer from H30+ downstream 

[I]  SiO + H30+ S SiOHt + H 2 0  

The SiO molecule could protonate on either the 0 or Si site 
giving rise to the ions SiOH+ or HSiO+, respectively. Ab 
itzitio calculations (24) give the proton affinity (PA) at the 
Si site as 131.8 kcal mol-' and at the 0 site as 192.4 kcal 
mol-' , while an experimental value of 189.3 kcal mol- ' has 
been obtained (24). This strongly suggests that SiOH+ is 
predominant. Either structure places a positive charge den- 
sity on Si, an effect that seems to be common to many Si 
cations (12). In contrast, the carbon analogue, CO, proton- 
ates mainly on C instead of on 0 .  

The SiOH' ion has been seen in a premixed acetylene- 
oxygen flame (8) but not in hydrogen diffusion flames (7). 
The profile shape shown in Fig. 2 is significant since it 
closely resembles that of H30' (2), although it is only about 
one third as high. This suggests that SiOH' is maintained 
primarily by the equilibrium in reaction [I]. The lack of any 

significant signal in the reaction zone (negative z )  does no1 
mean that SiO is not present in that region; i t  is more likely 
that other species with higher PA's compete more effec- 
tively for protons than SiO in this region. 

The next two ions in this series at M63+ and M8 1+ may 
be thought of as the first and second hydrates of s~OH'. Tc 
the best of our knowledge, neither has been observed pre- 
viously in a flame. Both exist primarily in the downstream 
region; the peaks in the reaction zone seen in Fig. 2 are due 
to naturally occumng C,H,OZ+ flame ions. The relative peak 
heights decrease on going from parent ion to first to seconc 
hydrate, and the peak maxima move progressively furthe] 
downstream. These features suggest that three-body colli. 
sions could be responsible for their formation 

where M is a third body. The fist  hydrate at ~ 6 3 +  has beer 
observed in a selected ion flow tube (SIFT) experiment (13) 
The pseudo-second-order rate constant k for reaction [2] ha 
been found to be 1 x lo-' '  cm3 molecule-' s-' at 296 K an( 
a helium pressure of 0.35 Torr (1 Torr = 133.3 Pa). The re 
actions of SiOH' with ethanol, formic acid, and acetic acic 
were also found to form M63+ with a rate constant about 10( 
times larger. However, the concentrations of these neutra 
species are extremely low in the downstream region of the 
flame, so that such reactions are not expected to be a signif 
icant source of M63+. The ion at M63+ can be formed by S 
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HORTON AND GOODINGS 1075 

I insertion of s iOH+ into the 0-H bond of water (13). This 
1 i would result in the structure H S ~ ( O H ) ~ + ,  which is simply 

protonated silanoic acid. Alternatively, if silanoic acid it- 
self exists in the flame, M63+ could be formed by proton 
transfer. 

The second hydrate at M8 1 + has been seen to form by re- 
; action [3] (13) but no rate constant has been measured. There 

are two possibilities for this structure. The first is a true hy- 
drate of M63', H S i ( O H ) 2 + . ~ 2 0 ,  in which the water is hy- 
drogen-bonded to the oxygen atoms of the OH groups. The 
other is one in which water coordinates directly onto the sil- 
icon site, represented by HSi(OH)2(~20) ' .  This second 
structure is favoured because it maximizes the number of 
strong Si-0 bonds. All of this ion chemistry is summa- 
rized in Fig. 4. 

S~OCH,' .nH,O series ( n  = 0-2) 
The next series involving SiOCH3+.nH20 can again be 

derived from SiO. Methyl cation transfer from protonated 
ketene, CH,CO+, the main ion seen in the reaction zone of 
fuel-rich flames (2), is one possible source for the SiOCH,' 
ion at M59+ 

[4] SiO + CH,CO+ F? siOCH3+ + CO 

Extensive ab initio calculations have been carried out in order 
to determine the structure of this ion (14). These indicate that 
the structure in which SiO is methylated at the 0 site has the 

lowest energy. It is 25.8 kcal mol-' lower in energy than 
H3SiCO', the second most stable isomer, and 30.3 kcal 
mol-' lower than the Si-methylated CH,SiO' ion. 

While SiOCH3+ has not, to the best of our knowledge, 
been observed in a flame, it has been studied in a SIFT ex- 
periment where it was seen to form by two mechanisms (13). 
The first was the reaction of methanol with Si+ 

[5n] Si' + CH,OH + SiOCH,' + H20 

which has a global rate constant k of 2.2 x cm3 mole- 
cule-' s- '  at 296 K,  and a product distribution of 0.25 
SiOCH,' and 0.75 SiOH'. This seems an unlikely mecha- 
nism in our case, as no Si+ was observed in the flame. A 
more likely reaction might be 

where the global rate constant k is 1.15 x cm3 mole- 
cule-' s- '  at 296 K and a helium pressure of 0.35 Torr, giv- 
ing a product distribution of 0 . 9  SiOCH3+ and 0 .1  
S~OH+.CH,OH. However, it can be seen from Fig. 2 that 
SiOCH3+ exists mainly in the flame reaction zone where 
SiOH' is absent; conversely, s ~ o H +  is prominent down- 
stream where SiOCH3+ is disappearing. Methanol has been 

FIG. 4. Reaction flow diagram that summarizes the silicon cation chemistry leading to the ionic series SiOH+.nH20, s~OCH,+.~H,O, 
Si(OH),+.nH2O, and some cations formed by nucleophilic substitution. Empirical formulae and probable structural formulae for the ca- 
tions are given in bold, with their mass numbers written underneath. Equivalent empirical and structural formulae are indicated with an 
equals sign (=). The symbols HX+ and X represent other flame species, which are proton donors or proton receptors, respectively. Rel- 
evant silicon neutral species in the flame appear across the top of the figure. 

I Si(OH), SiO(OH), Si(OH), 

I 
I A 
I 

I 
SiOCH,+ SiOH+ X 

M59' M45+ 

A 

HX+ X 

H x +  

V 

HX+ 

M 11 H 2 0  + M M11H20+M 

OH OH 
S~OCH,+.~H,O = HSi(OH)(OCH,)(H20)+ S i o H + . 2 ~ , 0  = HSi(OH),(H,O)+ -- Si(OH),+.H,O = S~(OH),(H,O)+ 

M95' OCH, MBI+ H M97+ M97+ 

A 

x 

OH 
V 

OH 
V 

S~OCH,+.H,O = HSi(OH)(OCH,)+ K- SiOH+.H,O = HSi(OH),+ ( Si(OH),+ 
M77' OCH, M63+ H M79+ 

M 11 H 2 0  + M M / 1 H 2 0 + M  M TiH2o + M 
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observed in the reaction zone but not downstream in fuel-lean 
and stoichiometric methane-oxygen flames at 40 Torr (25). 
It must be present in the reaction zone of the fuel-rich flame 
but was not detected at a concentration level above mol 
fraction (26). This means that the two reagents used to pro- 
duce s~OCH,' in reaction [6a] both exist in the flame, but 
in the wrong places. Thus, this mechanism, although ini- 
tially attractive, appears to be a poor one in the flame con- 
text. 

Ruling out the two mechanisms observed in the SIFT ex- 
periments leaves the methyl cation transfer of reaction [4]. 
In analogy with proton transfer reactions, methyl cation 
transfer has an associated methyl cation affinity (MCA) de- 
fined as the negative A H 0  of 

Neither the rate constant for reaction [4] nor the MCA of SiO 
has yet been measured. However, using empirical rules de- 
veloped by McMahon et al. (27), one can say that for a base 
B of high PA (PA > 170 kcal mol-I), PA(B) - MCA(B) = 
100 kcal mol-', giving a rough value of about 89 kcal mol-I 
for MCA(Si0). The MCA of CO is calculated to be 80 kcal 
mol-I (28-30). Using these numbers, reaction [4] should be 
exothermic by approximately 9 kcal mol-l. A rate constant 
for reaction [4] is not easy to estimate; methyl cation trans- 
fer reactions have very variable rate coefficients that are de- 
pendent on both the nature of the methyl cation receptor B 
and the exoergicity of the reaction (27). The results of 
McMahon et al. suggest that if reaction [4] has a AGO value 
of about -27 kcal mol-' or less (a reasonable expectation if 
AH0 is approximately -9 kcal mol-I), the rate constant 
should be in the range of (0.5-1) X lop9 cm3 molecule-' s-'. 
This value is typical of many bimolecular ion-molecule re- 
actions in the flame (31, 32). 

Further evidence that reaction [4] is the source of Si- 
OCH,' comes from a comparison of the profile of Si- 
OCH,+ in Fig. 2 with that of the protonated ketene ion, 
CH,CO', at M43+ (2). The shapes are very similar with a 
fairly sharp peak in the reaction zone and a small down- 
stream maximum, which slowly tails off. This similarity 
suggests a relationship between the two ions. 

The remaining two ions in this series at M77+ and M95' 
seen in Fig. 2 can again be formed by successive hydration 
of the parent ion, SiOCH,+. The resultant structures should 
be analogous to those discussed for SiOH' .n H,O (n = 1 , 2) 
except that a methoxy group replaces one of the hydroxy 
groups. Thus, M77+ is the silicon equivalent of protonated 
methyl formate; i.e., protonated methyl silanoate. Unlike the 
SiOH+.nH20 hydrate series, however, the peak heights in- 
crease with increasing n for SiOCH,+ .nH,O. This suggests 
that more than simple hydration reactions are occurring. 

One possibility is that ions in the SiOCH,'.nH,O series 
undergo nucleophilic substitution (SN2) by OH radicals to 
yield ions of the SiOH+ series; for example 

Since [OH] is much greater than [OCH,] in the flame, such 
reactions would favour the production of ions of the 
SiOH+.nH20 series. All of this ion chemistry is summa- 
rized in Fig. 4. 

Nucleophilic substitution (SN2) reactions 
Another possible explanation for the large signals seen for 

the ions at M77+ and M95+ involves contributions by dif- 

ferent isomers to the ion signal. This follows from the fact 
that there is another source of methylated silicon ions in the 
flame; namely, the additive TrMS. Figure 5 shows a series 
of neutral silicon species that may be formed by one or more 
nucleophilic displacements (SN2) of CH, or H by OH or 
OCH, on TrMS. For example, the first neutral species in the 
figure, HSi(CH,),(OH), may be formed by the reaction 

[9] HSi(CH3), + OH $ HSi(CH3)>(0H) + CH, 

From Fig. 5, it is evident that there are a number of other 
possibilities for ions at M59+, ~ 7 7 + ,  and M95+. A second 
possible isomer of M59', protonated Si(CH,), having the 
formula HSi(CH,),+, can be formed by protonation of 
HSi(CH,),(OH) to give HSi(CH3),(H20)+ at M77', which 
can then form HSi(CH,),+ by loss of water. In another se- 
ries of reactions, M95+ is formed by protonation of 
Si(CH,)(OH), to yield s~(CH,)(OH),(H,O)'. Dehydration of 
this species then yields Si(CH,)(OH),' at M77+. Since all 
of these ions are derived by neutral nucleophilic substitu- 
tion of the additive TrMS, they would be expected to con- 
tribute to the ion signal mainly in the reaction zone. Finally, 
if some of the M59+ signal is present as the higher energy 
isomer SiO(CH,)+, hydration of this species would yield a 
further possible form of M77+, S~O(CH,)(H,O)+. 

Protonation of additive products formed by nucleophilic 
substitution could also be responsible for the ion observed 
at M93'. There are several possible structures at this mass 
number. One form is Si(OH),(OCH,)', which would seem 
the most likely amongst the three listed in Fig. 2, since this 
structure maximizes the number of strong Si-0 bonds. Other 
possibilities are HS~(CH,)(OCH,)(H,O)+, and Si(CH3),- 
(OH)(H,O)+. This last ion is very interesting, since it can 
undergo two successive nucleophilic substitutions with OH 
as shown in Fig. 4 

to yield ions at M95' and M97+. The latter ion is the sec- 
ond member of the si(OH),+ . n ~ , 0  series discussed in the 
next section. All of the ion chemistry stemming from nu- 
cleophilic substitution (SN2) reactions is summarized in 
Fig. 5. 

Si(OH),+ .nH,O series (n = 0-2) 
Profiles of a third series of ions involving s~(OH),+.~H,O 

are given in Fig. 2 and their ion chemistry is summarized in 
Fig. 4. Members of this series have been observed, both in 
hydrogen diffusion flames doped with tetramethylsilane 
(TMS) (7), and in a premixed oxygen-acetylene flame (8). 
In the diffusion flame, all three ions in the series were found; 
Si(OH),+.H,O had the largest signal, while in the premixed 
flame only the first two ions in the series were observed. 
These experiments provide data at only one fixed point 
downstream in the flame. The continuous ion profiles mea- 
sured along the flame axis presented in Fig. 2 give a much 
more complete picture. 

Unlike the SiOHf series, this cation series has peaks in 
both the reaction zone and downstream regions. The peaks 
in the reaction zone in Fig. 2 decrease in height with in- 
creasing n; in all cases where there is more than one peak ir 
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HORTON AND GOODINGS 

HX+ M 
Neutral species - Cations by Dehydrated -* Other reagents 

X Protonation HzO + M Cations or products 

HSi(CH,), 
additive 

HX+ 
HSi(CH,),(OH) HS~(CH,),(H,O)+ HSi(CHd,+ Si(CH,), 

~ 7 7 '  M59' X 

FIG. 5 .  Reaction flow diagram that summarizes the silicon cation chemistry initiated by neutral products arising from nucleophilic 
substitution (SN2) of the trimethylsilane additive. Probable structural formulae and, in some cases, empirical formulae of the cations are 
given in bold with their associated mass numbers. Equivalent structural and empirical formulae are indicated with an equals sign (=). 
The figure indicates the formation of the primary cations by proton transfer to the substitution products, then secondary cations formed 
by dehydration, followed by possible tertiary steps in the reaction sequences. The symbols HX+ and X represent other flame species, 
which are proton donors or proton receptors, respectively. 

the reaction zone, the one associated with Si ions is closer 
to z = 0. The downstream maxima follow a different pat- 
tern; first hydrate (M97+) > nude ion (M79') >> second 
hydrate (M 1 15'). 

This difference in behaviour suggests that there are dif- 
ferent routes to formation of the ions in the downstream re- 
gion and reaction zone. In the downstream region, M97+ is 
probably the parent ion, formed by proton transfer to neu- 
tral orthosilicic acid, Si(OH), 

Further evidence for the presence of Si(OH), in the flame is 
provided by deprotonated Si(OH), observed in the anion 
chemistry discussed below. Once formed, the ion at M97+ 
can then either gain or lose a water molecule to form M115' 
or M79+, respectively 

Since Si(OH),+ is dominant in the reaction zone where 
Si(OH), is presumably less abundant, another formation 
pathway must be found. Protonation of metasilicic acid is a 
possible source for this ion as indicated in Fig. 4 

where the proton donor is written as HX' since there are a 
number of proton sources in the reaction zone. Once M79' 
is formed, it can undergo successive hydrations to form M97' 
and M115'. Although the proton affinity of metasilicic acid 
is not known, the reaction is probable since protonation would 
remove the Si=O double bond to form a highly symmetric 
molecule. This mechanism is also attractive since deproton- 
ated metasilicic acid is observed in the anion chemistry in the 
flame reaction zone discussed below. It might also be noted 
that M79' could be written as S~O,H'.H,O, or the first hy- 
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drate of protonated SOz.  However, Si02H+ at M61+ was not 
observed. 

Another possible formation mechanism for ions of this 
series involves nucleophilic substitution of other ions al- 
ready discussed 

This mechanism is attractive since it links ions of the SiOH+ 
and the s~(oH),+ hydrate series in the downstream region, 
as shown in Fig. 4. The profiles of these ions given in Fig. 
2 tend to suggest this link; all six profiles have similar shapes 
for their downstream maxima. 

The structures of these ions are fairly straightforward. The 
Si(OH),+ ion amounts to protonated metasilicic acid H2Si03, 
the silicon analogue of carbonic acid. There is no known 
carbon analogue for this species in the flame, nor is car- 
bonic acid itself thought to be an important flame species. 
The Si(OH),+.H20 ion has two possible structures. First, the 
water molecule might be hydrogen-bonded to 0 atoms in 
the outer coordination sphere of the parent ion. However, the 
second possibility in which the water molecule is coordi- 
nated directly to the central silicon atom to give 
Si(OH),(H,O)+ is preferable; it is a highly symmetric tetra- 
hedral structure that maximizes the number of Si-0 bonds. 
In the final member of the series at M 115+, one water mol- 
ecule must be hydrogen-bonded to give a structure repre- 
sented by Si(OH),(H,O)+.H,O. It is probably not a true flame 
ion, and arises due to cooling of the flame gas during sam- 
pling. 

Carbonaceous silicon cations 
The last two cations at M55+ and M69+ assigned to 

SiC2H,+ and SiC,H,+, respectively, are unlike the other 
cations previously discussed. Significantly, empirical for- 
mulae that include oxygen do not appear to be possible. The 
formation of numerous carbonaceous silicon ions by reac- 
tion of Si+ with various hydrocarbons has been studied using 
the SIFT technique (1 l), and M55+ is one of them. The SIFT 
experiments indicate that carbonaceous silicon ions are rea- 
sonably stable and many are well known. In the flame con- 
text, M55+ and M69+ might be expected to have rather 
special structures. 

In our fuel-rich flame, the largest ion signal occurs at 
~ 3 9 + ( 2 ) ,  and is attributed to c,H,+ in which all three car- 
bon atoms are equivalent. A similar structure involving a 
three-membered ring is proposed for the silicon ion ob- 
served at M55+; namely, the silacyclopropenyl cation or 
c-HS~CH=CH+, which would be aromatic with two 7~ 

electrons. Writing the structure with a C=C double bond 
places the positive charge predominantly on the silicon atom. 
The ion at M69+ would have a similar structure with one 
carbon methylated; this is the 2-methylsilacyclopropenyl 
cation or c-HSiCH=CCH,+. 

Ab initio calculations are not available for either of these 
two structures although the c-HS~CH=CH+ structure has 
been proposed (11). However, the neutral cyclic SiC,H, 
species in which two hydrogens are attached to the Si site has 
been modelled (33) and found to be the second most stable 
structure, 15.4 kcal mol-' higher in energy than the linear 
H,SiC%CH isomer, the global minimum. This demon- 

strates that a cyclic structure for the cation, especially if it is 
stabilized by 7~ delocalization, is not unreasonable. 

A mechanism for the forination of these ions can be sug- 
gested, based on a possible mechanism for the formation of 
the naturally occurring flame ion C,H,+ in the undoped flame 
(34) 

Although it may take place in more than one step, the 
mechanism involves the reaction of protonated ketene, the 
major ion in the flame reaction zone, with acetylene, an im- 
portant neutral intermediate in fuel-rich combustion. 

By analogy, using S~OCH,+ at M59+ as a precursor 

where C3H, is methylacetylene. Such a reaction would ex- 
plain why M59+ is such a weak signal compared with its 
hydrates if much of it is consumed in the formation of these 
carbonaceous silicon species. Clearly, however, the de- 
tailed mechanisms of reactions [I81 and [I91 are different 
from the C,H,+ case since CH, is predominantly attached to 
the 0 atom in SiOCH,+ but not in the case of CH3COf. 
While the carbonaceous silicon ions exhibit large signals in 
the flame reaction zone, they also survive downstream, in- 
dicating that they are stable against chemical attack in the 
burnt-gas region. 

Anion chemistry 
H,SiO,- series (x = 0, I) 
Profiles of the two ions of the H,SiO,- anion series at 

M76- and M77- are shown in Fig. 3. They are interesting 
because they are the silicon analogues of two major carbon 
anions, C0,- and HC0,-, seen previously in this fuel-rich 
flame (3). To the best of our knowledge, neither SO3-  nor 
HSi03- has been observed previously in a flame. However, 
they have been studied in a SIFT experiment (9), formed by 
reaction of HSiO- with various neutral reagents. For both 
these species, the silicon ion signal is identified with the peak 
closer to z = 0 in the profiles of Fig. 3. In each case, the 
larger peak further upstream arises from a naturally occur- 
ring flame ion at the same mass number. 

The most likely structure for M77- is that of deproton- 
ated metasilicic acid involving a hydroxy group attached to 
the Si, with the negative charge delocalized over the two in- 
dividually bonded 0 atoms. The ion at M76- is a free radi- 
cal. The first possible structure is one in which there are three 
individually bonded 0 atoms with the negative charge and 
unpaired electron delocalized over all three, giving Sic),-. 
The other structure is one in which 0, is coordinated di- 
rectly onto the silicon to give SiO(Oz)-. 

The Si0,- and HSi03- anions may be formed by a mech- 
anism analogous to that proposed for the formation of CO,- 
and HC0,- in the undoped flame with CO replaced by SiO 
(3) 

where HY could be such flame species as H,, OH, or HZO. 
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HORTON AND GOODINGS 1079 

This mechanism requires the radical anion SiO,- to form first. 
The corresponding carbon anions have peak heights that are 
relatively the same size, with CO,- always somewhat larger 
than HC0,-. In the silicon case the signal for the radical 
Si0,- is one tenth the magnitude of the HSi0,- signal. 
However, it is also possible that H S i O ,  is the source of 
SiO,- and not the other way around. 

An alternative mechanism is one in which HSi0,- is 
formed directly from neutral metasilicic acid. The fact that 
protonated metasilicic acid Si(OH),+ was also seen in the 
flame is good evidence that the neutral exists, and could be 
deprotonated by a strong base such as OH- 

[23] OH- + SiO(OH), F't SiO,(OH)- + HzO 

Indeed, delocalization of the Si=O double bond in metasi- 
licic acid by formation of the negative ion might be quite 
favourable. Then, S i O ,  anions could be formed by an 
H-atom stripping reaction in the flame 

which is the reverse of reaction [22]. All of this ion chem- 
istry is summarized in the reaction flow diagram given in 
Fig. 6. 

H , S i 0 4 -  series ( x = 1-3) 
Profiles of the members of the final ion series, H,Si04-,  

at M93-, M94-, and M95- are given in Fig. 3. These ions 
have not, to the best of our knowledge, been previously ob- 
served in a flame. Again, there is an analogy to the carbon 
chemistry in that the ions HC0,- and C04-  have been ob- 
served in the undoped fuel-rich flame (3). These carbon ions 
are formed by the addition of 0,- to CO,, a mechanism 

analogous to that proposed for CO,- and HC03- formation 
with CO replaced by CO, (3). In the silicon case with C 0 2  
replaced by SiO?, the addition of SiO, to 0,- could result in 
the analogous silicon anions. The silicon anion chemistry 
probably has a very different origin, however, since SiO,- 
was not observed at all, although H,Si04- and H3Si04- were 
present in the flame. 

The structure of H,SiO,- at M95- is fairly straightfor- 
ward. It is almost certainly a deprotonated Si(OH), mole- 
cule, SiO(OH),-, with a negative charge residing on the 0 
atom. The H 2 S i 0 4  ion at M94- is more difficult to spec- 
ify, and is a free radical. It is possible that the unpaired 
electron and negative charge are delocalized over two indi- 
vidually bonded 0 atoms with two hydroxy groups attached 
to Si, to give SiO,(OH),-. Another possible structure is one 
in which an oxygen molecule is coordinated to the Si centre 
as are the hydroxy groups, giving Si(O,)(OH)-. Also, M94- 
might be a hydrate of M76-, Si0,- .H20. 

The final HSi0,- ion at M 9 3  has two possible struc- 
tures. The first is one in which three 0 atoms are indi- 
vidually bonded to Si along with one hydroxy group, 
SiO,(OH)-. A more reasonable structure would be an oxy- 
gen molecule coordinated to the Si centre along with an 0 
atom and hydroxy group, giving SiO(OH)(O,)-. 

The fact that neutral orthosilicic acid, Si(OH),, has al- 
ready been proposed as a logical source for a flame cation, 
Si(OH),(H,O)+ at M97', and that the major ion in this se- 
ries at M95- amounts to deprotonated Si(OH),, strongly 
suggests that orthosilicic acid must be present in the flame. 
It can then function as the primary source of H3Si04-, which 
can go on to produce the other series members by H-atom 
stripping 

FIG. 6. Reaction flow diagram that summarizes the silicon anion chem~stry leading to the ionic series H,Si03- ( x =  0, 1) and H,Si04- 
( X  = 1-3). Structural formulae for the anions are given in bold, with their mass numbers written underneath. The symbol HY represents 
an H-atom donor such as H, or H20. Relevant silicon neutral species in the flame appear around the periphery of the figure. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1080 CAN. J. CHEM. 

[25] OH- + Si(OH), & H3Si04- + H 2 0  

This is essentially the same mechanism as that proposed in 
reactions [23] and [24] based on metasilicic acid for the for- 
mation of Si03- and HSi0,- in the previous section. 

Hydrogen-atom abstraction from M95- is not the only 
possible source for M94-, however. This ion could be formed 
by the addition of 0,- to metasilicic acid 

or by the addition of 0- to metasilicic acid 

Metasilicic acid could also be the source of M95- by the 
addition of OH- 

[30] OH- + SiO(OH), + M * SiO(OH),- + M 

Finally, it is also possible that M94- and M95- can be formed 
by three-body hydrations of M76- and M77- since the for- 
mer two ions can be written as hydrates of the latter two 

All of this ion chemistry is summarized in Fig. 6. Clearly, 
the anion chemistry is very interlinked. Also, it reinforces 
the cation chemistry with regard to the presence in the flame 
of the neutral silicon species SiO, HSiO(OH), SiO(OH),, and 
Si(OH)4. 

Summary and conclusions 

The silicon ion chemistry of a fuel-rich methane-oxygen 
flame doped with 0.01 mol% trimethylsilane has been stud- 
ied using a flame-ion mass spectrometer. Addition of sili- 
con to the flame did not have any observable effect on the 
total ion profiles, either positive or negative. 

A total of 12 silicon cations was observed in the flame 
below 160 u. For organizational purposes, they can be 
grouped into five series: SiOH+.nH,O (n = 0-2); Si- 
OCH,+.nH,O (n = 0-2); s~(OH),+.~H,O (n = 0-2); 
cations formed by nucleophilic substitution (e.g., Si(0H)- 
(CH,),(H,O)+); and carbonaceous cations, SiC,H,' and 
s~C,H,+. The various groups overlap to some extent, par- 
ticularly the cations formed by nucleophilic substitution. 
Similarily, five anions were observed, which are members 
of two series: H,SiO,- (x = 0, 1) and H,Si04- (x = 1-3). 
The anions are strongly interlinked, chemically. 

A number of fairly general conclusions can be drawn as a 
result of this work. 

1. The ion chemistry of silicon differs markedly from the 
carbon ion chemistry that occurs naturally in the flame. 

2. Silicon shows a strong preference towards Si-0 
bonding as opposed to Si-C bonding. Practically every ion 
observed contains at least one Si-0 bond. The exceptions 
to this rule are c-HSiCH=CH+ and c-HSiCH=CCH,+. 

3. As has been well documented (35), silicon tends to 
avoid the formation of multiple bonds. 

4. The silicon flame ions observed favour the coordina- 

tion number 4 where possible. However, major signals were 
obtained for species with lower coordination numbers such 
as SiOH+ and Si(OH),+. 

5. While most silicon cations gave signals in the flame 
reaction zone, every cation persisted into the burnt gas re- 
gion downstream to some degree, in particular, the carbon- 
aceous ions SiC,H,+ and siC,H,+. This downstream trend 
is much less noticeable for the naturally occurring carbon 
cations in the undoped flame. Also, the downstream persis- 
tence is much less pronounced with the silicon anions, which 
are probably destroyed by associative electron detachment 
reactions with H atoms. 

6. Relatively few reaction mechanisms are required to 
explain the silicon ion chemistry observed. These include: 
proton transfer to (cation formation) or from (anion forma- 
tion) silicon neutral species present in the flame, and also 
methyl cation transfer; three-body addition reactions in- 
volving H,O (cation chemistry) and 02- or 0- (anion 
chemistry); nucleophilic substitution (S,2) reactions in- 
volving OH, 0CH3, H, and CH, on the ions themselves, but 
principally on the TrMS additive, which provides a variety 
of species as neutral reagents for chemical ionization pro- 
cesses; and also H-atom abstraction reactions in the anion 
chemistry. 

7. In addition to the dominant neutral species SiO, evi- 
dence was obtained from both the cation and the anion 
chemistry for the presence in the flame of HSiO(0H) (sil- 
anoic acid), SiO(OH), (metasilicic acid), and Si(OH), (or- 
thosilicic acid). However, no direct evidence was obtained 
for SiO,(g). 
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TONY DURST and LESLIE DONALD BEHNIA Can J Chem 70, 1082 (1992) 
The preparatlon of non-enol~zable derlvatlves of both a- and P-peltat~ns vla reactlon of the lactone enolates of the 

corresponding TBDMS derlvatlves wlth CH31 and hexachloroethane IS described These dcrlvatlves are cons~derably less 
toxlc than the precursor peltatlns but show, at best, only marglnal actlvlty In In vlvo tests agalnst P 388 leukem~a. 

TONY DURST et L E ~ L I E  DONALD BCHNIA Can J Chem 70, 1082 (1992) 
On decr~t la prCparatlon de dCrlvCs non-Cnol~sables des a- alnsl quc P-peltatlnes par I'lntermCd~a~re d'une rCact~on des 

Cnolates de la lactone des dCrlvCs TBDMS correspondants avec le CH31 et I'hcxachloroCthane Ces dCr~vCs sont beau- 
coup moms tox~ques que les peltatlnes q u ~  leur donnent nalssance, lors d'essa~s In vlvo, 11s ne prksentent toutefo~s qu'une 
actlvltC marg~nale contre la IeucCmle P388 

[Tradu~t par la rCdactlon] 

Introduction 
a- and P-Peltatin 1 and 2 are members of the lignan fam- 

ily of compounds ( 1 ) .  These compounds were first isolated 
and characterized by Hartwell in 1956 from North American 
podophyllin (podophyllum peltaturn L )  (2). Like the closely 
related podophyllotoxin, 3, both peltatins show consider- 
able antineoplastic activity. Clinical use of these com- 
pounds was briefly investigated in the 1950's by Greenspan 
but abandoned due to their high toxicity, unfavourable ther- 
apeutic ratios, and their inability to effect more than short- 
term tumor remissions (3). 

In the case of podophyllotoxin it was eventually possible 
to obtain clinically important derivatives such as Etoposide 
and Teniposide. No therapeutically useful derivatives have 
been prepared from either 1 or  2 (1). 

OH OR' 

In 1986 we reported the preparation of several non-enol- 
izable podophyllotoxin derivatives, that is, compounds in 
which the hydrogen a to the lactone carbonyl group had been 
replaced by substituents such as CH,, C1, Br, and SCH, (4). 
In general, those compounds in which the podophyllotoxin 
gedmetry (trans-fused lactone, structure 3) had been re- 
tained showed comparable or  better in vivo activity against 
P 388 (T/C = 167 for the chloro derivative (X = C1) at 
40  mg/kg vs. 110 for podophyllotoxin) compared to podo- 
phyllotoxin itself. In addition, these derivatives were con- 
siderably less toxic. Not surprisingly, those compounds that 
had the picropodophyllotoxin geometry (cis-fused lactone) 
were inactive and nontoxic at the levels tested. W e  there- 

'Author to whom correspondence may be addressed. 

fore decided to prepare the analogous derivatives of both a- 
and P-peltatins to see if a reduction in toxicity might allow 
one to observe useful anticancer activity. 

Results and discussion 
The peltatins were isolated from commercially available 

podophyllin resin. We found that further separation of the 
crude chromatography fractions containing both peltatins was 
facilitated by conversion of the phenolic hydroxyl groups to 
TBDMS ethers. Using this approach, we were able to iso- 
late the TBDMS derivatives 4 and 5.  The amounts obtained 
are equivalent to a recovery of 8.9 and 7.6% of 1 and 2 from 
the commercial resin. These compare favourably with the 6.4 
and 6.0% yield of these compounds obtained by Hartwell and 
Detty (26). Further details of the isolation procedure are given 
in the experimental section. 

The protection of the phenolic groups in 1 and 2 was also 
useful for the subsequent enolate formation. This proceeded 
smoothly for both 4 and 5 with LDA in T H F  at -78OC. 
Protonation of the enolates of 4 and 5 with H,O at -78°C 
resulted in their regeneration accompanied by the cis-fused 
isomers 6 and 7, respectively, in roughly 1 : 3  ratios. These 
ratios can be compared with the 45 : 55 podo- to picropodo- 
phyllotoxin ratio obtained upon protonation of the enolate of 
the THP of podophyllotoxin with acetic acid (5). 

Reaction of the enolate of 4 with CH,I afforded the 2- 
methyl trans-lactone 8 and the isomeric cis-fused lactone 9 
in 38 and 56% isolated yields, respectively. Similar reac- 
tion of the enolate derived from 5 gave the methylated 
products 10 and 11 in 52 and 46% yields. Chlorination of 
these enolates with hexachloroethane was considerably more 
selective. Thus, the enolate of 4 gave 92% of the trans-lac- 
tone 12 and only 4% of the cis-lactone 13, while 83% of 14 
and 6% of 15 were obtained from the enolate of 5. Similar 
trends in the ratios of cis- to trans-fused lactone products were 
observed in the podophyllotoxin series (4). 

The structure and stereochemistry of the 2-substituted 
products were readily assigned on the basis of their 'H NMR 
spectra. The relevant data are summarized in Table I and 
compared with the unsubstituted and isomerized peltatins. 

Substitution at C-2 was clearly indicated by the presence 
of a sharp singlet due to the remaining doubly benzylic hy- 
drogen at C-1. This signal was found in the 6 = 4.2 range 
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DURST AND BEHNIA 

TABLE 1 .  Key chemical shifts and coupling constants in the TBDMS protected a- 
and P-peltatins 

Chemical shifts (6) 
y-Lactone Coupling constant 

Compound fusion H-l H-8 C-2',6' H3-H 1 1 (Hz) 

trans 
cis 
trC1II.S 
cis 
trans 
cis 
trans 
cis 
trans 
cis 
h'~111S 
cis 

for the methylated compounds 8-11 and 6 4.5-4.7 for the 
chlorinated derivatives 12-15. 

The cis- or trans-fusion of the lactone ring was assigned 
on the basis of JH,-, , . As has been noted for the correspond- 
ing podophyllotoxins (4), rrans ring fusion results in >9  Hz 
coupling constants while the cis-fused isomers have JHsl ,  < 
3. Several other consistent trends can be noted from Table 
1. The C- 1 proton of the isomer having the rrans-fused lac- 
tone is always shifted further downfield than that of the cor- 
responding cis isomer. The opposite effect is observed for 
H-8. In the latter case the aromatic ring at C-1 is essentially 
perpendicular to the other rings when the lactone fusion is 
trans and thus should have little anisotropy effect on H-8. 
In the case of the cis-fused lactones the half-chair confor- 

mation places H-8 in an aromatic ring deshielding zone. Fi- 
nally, the I3c chemical shifts for C-2', C-6' in the trans-fused 
isomers were typically found in the 6 = 108-109 ppm range; 
these were consistently deshielded relative to the corre- 
sponding cis isomer by at least 2 ppm. 

Desilylation of the compounds 8-15 was carried out with 
either 4 equivalents of tetrabutylamrnonium fluoride (TBAF) 
in THF at 0°C for 1 min followed by quenching with satu- 
rated NH,C1 solution or, in the case of the more sensitive 
chloro compounds, with the same reagents in acetic acid. The 
proton spectra of the desilylated products were consistent with 
the structure assignments. See Table 1 and experimental 
section. Again the size of the J,,-, , was crucial in confirm- 
ing the stereochemistry of the lactone ring junction. 

OTBDMS QTBDMS 9TBDMS 

(1) LDA - 
THF: -78°C 

(2) x+ 
CH30 0CH3 CH30 0CH3 CH30 0CH3 

Biological screening resulrs 
Testing against leukemia P 388 was performed on the 

peltatins, all four methylated isomers, and the two trans-fused 
chloro isomers at the Anti-Tumor Division of Bristol Lab- 
oratories using the following protocol (6). Ascitic fluid con- 
taining lo6 cancer cells was implanted interperitoneally in 
female CDFl mice (4 mice per test group). Treatment began 
24 h after implant. The results are given in Table 2. 

Under these conditions, a- and P-peltatins are toxic (the 

8 R = C H 3 ,  X = C H 3  6 R = T B D M S , X = H  
10 R = TBDMS, X = CH3 7 R = C H 3 , X = H  
12 R = C H 3 , X = C 1  9 R = C H 3 , X = C H 3  
14 R = TBDMS, X = C1 11 R = TBDMS, X = CH3 

13 R = C H 3 , X = C 1  
15 R = TBDMS, X = C1 

majority of the test animals died within 5 days of the 
administration of the compounds, compared to the 9-day life 
expectancy of the control group) at levels of 4 and 16 mg/ 
kg. The cis-2-methyl derivatives of both a- and P-peltatins 
were inactive at dosages up to 64 mg/kg. All of the trans- 
fused derivatives were considerably less toxic than the par- 
ent peltatins, but only the trans-2-methyl-P-peltatin showed 
any marginal anti-cancer activity (T/C = 133 at 64 mg/kg) 
at the levels tested. The possibility that some of these com- 
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Reactior~ of the erlolate of 4 with saturated NH,Cl solution 
The enolate prepared from 202 mg of 4 was prepared as usual 

at -78°C and then quenched with saturated NH,Cl solution. Work- 
up followed by PTLC chromatography (1 : 6  ethyl acetate - hex- 
anes) afforded 39 mg (19%) of a-peltatin-bis-TBDMS and 158 mg 
(78%) of the less mobile cis-fused isomer 6 as a pale yellow foam, 
mp 140-142°C; 'H NMR, 6: 0.11 (s, 6H), 0.18 (s, 3H), 0.21 (s, 
3H), 0.99 (s, 9H), 1 .OO (s, 9H), 2.63-2.7 1 (m, 2H), 2.92-3.05 
(m, lH), 3.33 (dd, J = 2.8, 9.6 Hz, lH), 3.69 (s, 6H), 3.89 (dd, 
J = 3.4, 9 .0Hz,  IH),4.35 (d, J = 2.6Hz,  lH) ,4 .42(dd,  J = 
7.6, 9.2 Hz, lH), 5.86 (d, J = 1.4 Hz, lH), 5.90 (d, J = 1.4 Hz, 
lH), 6.27 (s, 2H), 6.33 (s, 1H); I3c NMR, 6 (ppm): -4.6 (q), -4.2 
(q), 1 .85 (s), 18.7 (s), 24.8 (t), 25.8 (q), 32.6 (d), 45.4 (d), 46.3 
(d), 55.9 (q), 73.1 (t), 100.7 (t), 103.9 (d), 105.0 (d), 121.0 (s), 
131.6 (s), 133.1 (s), 134.9 (s), 136.0(s), 136.7 (s), 147.3 (s), 151.6 
(s), 178.6 (s). Anal. calcd. for C33H4808Si2: C 63.02, H 7.69; found: 
C 63.06, H 7.49. 

Reactiorl of the enolate of 5 with saturated NHJC/ solutiorl. 
Preparation of 7 

The enolate of 5 was quenched at -78°C with NH4CI solution 
as above. Work-up and PTLC (1 :6  ethyl acetate - hexanes) af- 
forded 40 mg (20%) of P-peltatin and 130 nig (64%) of the slightly 
less polar cis isomer 7; mp 55-60°C; 'H NMR, 6 (ppm): 0.21 (s, 
3H), 0.27 (s, 3H), 1.01 (s, 9H), 2.71 (dd, J = 1.5, 5.9 Hz, 2H), 
2.92-3.10 (m, lH), 3.32 (dd, J = 2.8, 9.6 Hz, lH), 3.78 (s, 6H), 
3 . 8 3 ( ~ , 3 H ) , 3 . 9 3 ( d d , J =  3 .4 ,9 .0Hz,  l H ) , 4 . 3 6 ( d , J =  3.0, 
IH), 4.43 (dd, J = 7.3, 9.3 Hz, lH), 5.87 (d, J = 1.4 Hz, lH), 
5.92 (d, J = 1.4 Hz, lH), 6.31 (s, lH), 6.34 (s, 2H); I3C NMR, 
6 (ppm): 4.24 (q), 18.5 (s), 24.8 (t), 25.8 (q), 32.6 (d), 45.5 (d), 

46.4 (d), 56.2 (d), 60.9 (d), 73.0 (t), 100.7 (t), 103.8 (d), 104.9 
(d), 121.0 (s), 131.1 (s), 136.1 (s), 136.7 (s), 136.8 (s), 138.4 (s), 
153.3 (s), 178.4 (s). Anal. calcd. for C28H3608Si: C 63.61, H 6.86; 
found: 63.89, H 6.69. 
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A microcolumn method for hexazinone and metabolite residues 
in soil and vegetation 

JOSEPH C.  FENG 
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JOSEPH C.  FENG. Can. J .  Chem. 70, 1087 (1992). 
A soil cleanup method using a disposable microcolu~nn and a modified capillary gas chromatographic method is de- 

scribed for the analysis of hexazinone (3-cyclohexyl-6-(diniethyla1nino)-l-methyl-l,3,5-triazine-2,4(1H,3H)-dione) and 
two primary metabolites, 3-(4-hydroxycyclohexyl)-6-(dimethylamino)-l-methyl-1,3,5-triazine-2,4(1H,3H)-dione (me- 
tabolite A) and 3-cyclohexyl-6-(methylamino)-I-methyl-1,3,5-triazine-2,4(1H,3H)-dione (metabolite B). The limits of 
detection (LOD) were 7, 18, and 36 ng g- '  for hexazinone, metabolite B, and metabolite A, respectively; limits of 
quantitation (LOQ) were 22, 52, and 99 ng g-I, respectively. The mean recoveries were 94 i 3% and 94 t 5% for 
hexazinone and the phytotoxic metabolite B fortified above LOQ and ranging from 0.03 to 6.25 and 0.06 to 12.5 kg 
g- ' ,  respectively. The recoveries from the non-phytotoxic metabolite A above LOQ increased with concentrations from 
0.125 td 25 kg g-I, but were consistent at each-level. The final product of cleanup was stable for at least 6 months, and 
no derivatization was needed before gas chromatography. The use of toluene as the final solvent and the modification 
of the injection system of the gas chromatograph improved the stability of peak responses. The method is three times 
more efficient than conventional methods. The cleanup method for soils was modified for the analysis of vegetation 
samples. Efficient removal of chlorophyll enabled quantitation of hexazinone by gas chromatography. Recoveries of 
hexazinone ranged from 73 to 96% for forest litter and four different plant species. 

JOSEPH C. FENG. Can. J .  Chem. 70, 1087 (1992). 
On dCcrit une mCthode de nettoyage du sol qui utilise une microcolonne jetable et une methode modifiCe de 

chromatographie gazeuse capillaire et qui permet d'analyser l'hexazinone (3-cyclohexyl-6-(dimCthy1amino)-I-mCthyl- 
1,3,5-triazine-2,4-(1H,3H)-dione) et deux de ses mCtabolites primaires, la 3-(4-hydroxycyclohexyl)-6-(dimCthy1amino)- 
1 -methyl- 1,3,5-triazine-2,4(1H,3H )-dione (mCtabolite A) et la 3-cyclohexyl-6-(mCthylamino)- I -methyl- 1,3,5-tri- 
azine-2,4(1H,3H)-dione (mktabolite B). Les limites de dktection (LDD) sont respectivement 7, 18 et 36 ng g - l  pour 
l'hexazinone, le mCtabolite B et le mCtabolite A; les limites de quantification (LDQ) sont respectivement 22, 52 et 99 
ng g- ' .  Les rCcupCrations moyennes sont respectivement de 94 t 3% et de 94 t 5% pour l'hexazinone et le metabolite 
phytotoxique B fortifiC au-dessus de la LDQ et elles varient respectivement de 0,03 a 6,25 et de 0,06 a 12,5 kg g - ~ ' .  
Les rCcupCrations du mCtabolite non-toxique A au-dessus de la LDQ augmentent avec les concentrations de 0,125 a 25 
kg g-l, mais elles sont cohCrentes a chaque niveau. Le produit final du nettoyage est stable pour au moins 6 mois et il 
n'est pas nCcessaire de prCparer des dCrivCs avant d'effectuer la chromatographie gazeuse. L'utilisation de toluene comme 
solvant final et la modification du systeme d'injection du chromatographe en phase gazeuse augmentent la stabilitC des 
rCponses des pics. La mCthode est trois fois plus efficace que les mCthodes conventionnelles. La mCthode de nettoyage 
a CtC modifiCe pour l'analyse d'Cchantillons de vCgCtation. L'Climination efficace de la chlorophylle a permis de quan- 
tifier l'hexazinone par chromatographie gazeuse. Les rCcupCrations d'hexazinone ~'Ctablissent entre 73 et 96% pour la 
litiere de la forCt et pour quatre especes diffkrentes de plantes. 

[Traduit par la riidaction] 

Introduction 

Hexazinone is a triazine herbicide registered for forestry 
use in Canada. Two of its formulations, Pronone 10G 
(granular) and Velpar L (liquid), have been used in forest site 
preparation and conifer release (1-5), and are being tested 
in strip thinning of aspen in mixedwoods (ref. 6, and 
~ idders ' ) .  

Because of environmental concerns and pesticide regula- 
tions, sensitive analytical methods are required for monitor- 
ing this chemical in treated forest areas. Holt's method (7) 
provides a basic analytical approach for the determination of 
residues of hexazinone and two primary and two minor me- 
tabolites (moderately polar compounds) named as metabo- 
lites A, B, D,' and E , ~  respectively. Another minor 

ID. Sidders. 1990. Personal communication. Forestry Canada, 
Northwest Region, Saskatchewan District Office, Prince Albert, 
Sask. 

'~e tabol i te  D: 3-cyclohexyl- 1 -methyl- 1,3,5-triazine-2,4,6(1H, 
3H,5H)-trione. 

'Metabolite E: 3-(4-hydroxycyclohexyl)-I-methyl-1,3,5-tri- 
azine-2,4,6(1H,3H,5H)-trione. 

metabolite (metabolite c') is treated as a separate com- 
pound and requires a different method in residue analysis, 
i.e., isolation and gas chromatography, due to its highly polar 
nature (7). Among these metabolites, only metabolite B is 
phytotoxic and is about 1% as potent as the parent com- 
pound in inhibiting photosynthesis of loblolly pine (Pinus 
tueda L.) (8). A liquid/liquid partitioning procedure fol- 
lowed by derivatization with trifluoroacetic anhydride is 
employed in Holt's method (7), which is sensitive to a de- 
tection limit of 40 ng g- '  for hexazinone and metabolites A 
and B in soils, when analyzed with a packed column gas 
chromatograph (GC) equipped with a nitrogen-phosphorus 
detector (NPD). However, the derivatized final product is 
unstable and has a shelf life of less than 8 h. Feng (9) mod- 
ified Holt's (7) method by eliminating the derivatization 
process to increase the shelf life and by using direct' gas 
chromatography to simplify the sample handling. The mod- 

4~e t abo l i t e  C: 3-(4-hydroxycyclohexy1)-6-(methylamino)-1- 
methyl- 1,3,5-triazine-2,4(1H,3H)-dione. 

's. Stupp. Personal communication. A&S environmental Test- 
ing, Temple, Pa. 
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ified method has a detection limit similar to the latter and has 
been adopted by researchers in several major forestry stud- 
ies on  the environmental fate of hexazinone (5, 10, 11). The  
method was further modified by using capillary GC to im- 
prove peak resolution (12). T h e  capillary GC method has Reservoir 
been adopted in the evaluation of an applicator (1 3), a soil 
sampling method (14), the chemical release rate (12), and 
the chemical movement in soil leachate (15). During the 

Na2S04 (anhy)  (1 m L )  
course of development of the analytical method for hexazi- 
none and metabolite residues, the basic concept of extrac- 
tion and isolation developed by Holt (7) has not changed. 

T h e  difficulties experienced in the application of the con- AI2O3 ( N )  ( 3 m L )  

ventional methods lie in the lack of compatibility of their final 
products of cleanup with the current available GC-NPD 
systems. Stringent control of peak fluctuation must be in- 
cluded by analyzing a standard solution alternately with each 

FLORlSlL ( 3  mL)  
field sample (5,  9-14). Their  isolation processes are labour 
intensive, time consuming, and costly. Furthermore, the 
conventional methods are not effective in removing the 
chlorophyll of vegetation samples. This  paper describes a Glass WOOI 

simple, effective isolation method using a disposable mi- 
crOcO1umn and a GC for hexazinOne and F,,, 1, Schematic illustrating the packing components of a mi- 
metabolite residues in soils, and a further modified isolation crocolumn made of a I O - ~ L  disposable volumetric pipet for the 
method for vegetation. cleanup of hexazinone and metabolite residues in soil and vegeta- 

tion. 
Experimental 

Soil preparation and fortification 
Bulk quantity of uncontaminated soil was obtained from a 

northern Alberta forest and air-dried in an insulated dark room with 
a portable dehumidifier running at high speed for several days until 
soil moisture contents stabilized at about 3% oven-dry weight. The 
air-dried soil was then homogenized, sifted through a 2-mm mesh 
sieve, and mixed thoroughly (16). Soil was loamy clay containing 
10% organic matter. Sixty 20-g aliquots of soil were weighed into 
separate 250-mL Nalgene polymethylpentene centrifuge bottles 
(Nalge 2107). Twenty aliquots were extracted and cleaned using 
the microcolumn method and analyzed separately by GC-NPD to 
determine the limit of detection (LOD) and limit of quantitation 
(LOQ) (17, 18). The sensitivity and analyte recovery of the method 
were determined using fortified soil samples as follows. Three ali- 
quots of soil were reserved as controls. Thirty-six aliquots were 
fortified as triplicates or sextets with 10 different concentrations of 
mixture so lu~ons  (in toluene) of analytical grade6 hexazinone, 
metabolite B, and metabolite A at a weight-ratio of 1 : 2 :4  ranging 
from 0.001 to 1.25, 0.002 to 2.5, and 0.004 to 5.0 pg g-l, re- 
spectively; the last sample was fortified at the highest concentra- 
tions of 6.25, 12.5, and 25.0 pg g-l, respectively, without 
replication, because large amounts of analytical standards were 
needed. All treated samples were shaken horizontally for 15 min 
on an Eberbach reciprocating shaker at 280 excursions per minute 
and allowed to stand in a refrigerator (-5°C) for 40 h. 

Crude soil extracts and precolumn sample preparation 
Each bottle of soil (20 g) was wetted with 4 mL HPLC grade 

water and shaken horizontally for 5 min on an Eberbach shaker as 
described above. The sample was then treated with 200 mL accu- 
rately measured methanol, shaken horizontally for 15 min, and al- 
lowed to stand overnight in a refrigerator. The next morning, the 
sample was shaken for another 15 min and was centrifuged at 800 
x g for 10 min to separate soil and the supernatant, which was 
designated as "crude extracts." About 170 mL of crude extracts 
were carefully poured, without disturbing the soil precipitate, 
through a Millipore Assembly consisting of a 47-mm Teflon-faced 

6~nalyt ical  grade (100% pure) hexazinone and metabolites A, 
B, D, and E were supplied by E.I. Du Pont de Nemours, 
Wilmington, Del. via Du Pont Canada Inc., Mississauga, Ont. 

glass filter holder assembly, a 0.45-pm HVLP Durapore mem- 
brane filter, and a layer of anhydrous sodium sulfate (to remove 
moisture). A 150-mL aliquot of filtrate (equivalent to 15 g soil) was 
accurately measured with a 250-mL graduated cylinder and quan- 
titatively transferred with triplicated 5-mL methanol rinse of the 
cylinder into a 500-mL round bottom flask. 'The neck of the flask 
was rinsed with small amounts of methanol. 'The volume of fil- 
trate was reduced to about 3 mL by using a rotary evaporator at 45°C 
under reduced pressure. The concentrated filtrate was transferred 
quantitatively with triplicated 3-mL methanol rinse (or more, if 
necessary) into a 15-mL graduated conical tube with Teflon-lined 
cap (17 mL max. capacity). The sample volume was again re- 
duced to 5 mL under a stream of nitrogen by using a 45°C N-Evap 
(Organomation Assoc. Inc., South Berlin, Mass). 

Disposable microcolumn and cleanup for soil 
Isolation of hexazinone and metabolites A and B from the fil- 

tered "crude extracts" of soils was accomplished using a home- 
made disposable microcolumn (Fig. 1). 

( i )  Preparation of disposable microcolumn 
The bottom end of a 10-mL disposable glass volumetric pipet was 

plugged with glasswool prewashed by Soxhlet extraction in meth- 
anol (Fig. 1). A 3-mL bedding of anhydrous Florisil was packed 
into the glass pipet by lightly tapping on the pipet wall. A second 
3-mL bedding of anhydrous, neutral aluminum oxide (A1,O3) was 
added on top by tapping and was followed with a 1-mL layer of 
anhydrous sodium sulfate (Na,SO,) prewashed by Soxhlet extrac- 
tion in methanol. A dry-packing technique was used and no pre- 
washing of the microcolumn was required before sample loading. 
The liquid-retaining capacity of the column packing was about 
3 mL. An identical microcolumn was also prepared for the vege- 
tation samples. 

(ii) Microcolumn cleanup 
The concentrated crude extract (5 mL) was loaded on the dry- 

packed microcolumn followed with triplicated 1-mL methanol rinse 
of the sample tube. The microcolumn was eluted with 12 mL of 
methanol (the eluent was the same solvent as in crude extracts). All 
eluates were collected into a fresh 15-mL graduated conical tube 
and evaporated to dryness with a stream of nitrogen in a 45°C 
N-Evap. Toluene (2.5 mL or predetermined volume between 1 and 
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SOIL SAMPLE PREPARATION I I 
EXTRACTION 

20 g soil; waterlmethanol, 41200 mL; 15 minlshake 

I 

I I 
I 

CENTRIFUGATION I II 
I ' 800 x g, 10 min 

I ' II 
I I 

I 

FILTRATION I II 
ll Millipore HVLP Durapore membrane filter. 

Collect exactly 150 mL filtrate. 

I ll 
II I 

I 

CONCENTRATION 

Concentrate to 3 mL in a rotary evaporator; 
washltransfer with 3 x 3 mL methanol to a 

MICROCOLUMN CLEANUP 

Microcolumn: 1 mL anhy. sodium sulfate + 3 mL neutral 
aluminum oxide + 3 mL Florisil in a 10-mL disposable 
volum. pipet. Load sample + 3 x 1-mL methanol rinse; 
elute column with 12 mL methanol; collect all eluate. I 

I 

FINAL SOLVENT RECONSTITUTION 

Evaporate to dryness by nitrogen; redissolve in toluene 

FIG. 2. Flow chart of the sample preparation and the microcol- 
umn cleanup method for determination of hexazinone and metab- 
olite residues in soils. 

10 mL depending on the predicted residue concentration in a field 
sample) was added to the sample tube to redissolve residues be- 
fore GC analysis. For the calculation of residue concentrations, the 
total weight of soil sample was 15 g. A flow chart of the forego- 
ing procedure is presented in Fig. 2. 

Vegetation sample preparation and fortification 
Representative dominant species of tree, shrub, herbaceous, and 

grass plants or foliage with fine twigs as well as fresh forest litter 
were collected from the uncontaminated area of a northern Alberta 
forest. These vegetation species were trembling aspen (Populus 
tremuloides Michx.), willow (Salix spp.), showy aster (Aster con- 
spicuus Lindl.), and reed grass (Calamagrostis canadensis Nutt .). 
Fresh-frozen vegetation samples were used in this method for bet- 
ter extraction efficiency. Broadleaf foliage and grasses were cut with 
scissors into I-cm strips; twigs and fine stems were cut into 0.5- 
cm lengths. Dry weight and moisture content were determined from 
10-g aliquots of samples oven-dried at 105OC for 48 h (16). Du- 
plicate 15-g aliquots of vegetation samples were weighed into 250- 
mL Nalgene polymethylpentene centrifuge bottles and fortified with 
1 pg g - l  hexazinone on a dry weight basis. Duplicates of non- 
spiked samples of each species were analyzed as controls. 

Extraction and precolumn cleanup for vegetation 
Each bottle of vegetation sample (15 g fresh weight) was treated 

with 60 mL methanol (accurately measured) and homogenized for 

2 min using a Polytron PT- 10 homogenizer. The entire bottle con- 
tents were filtered as described for soils. The filtrate was collected 
into a 50-mL graduated conical centrifuge tube with Teflon-lined 
cap (60 mL total capacity). A 30-mL aliquot of the filtrate (equiv- 
alent to extracts of 7.5-g samples) was kept in the tube by remov- 
ing the excess amounts with a Pasteur pipet or by aspiration. The 
chlorophyll contents of the filtrate were reduced by partitioning five 
times with 25 mL hexane and shaking each time for 30 s. The upper 
phase of the hexane wash was discarded by aspiration. Twenty- 
five mL of the lower methanol phase (extracts of a 6.25-g sample) 
were retained by removing the excess amounts with a Pasteur pipet 
or by aspiration. The volume of sample was reduced to 5 mL with 
a stream of nitrogen in a 45°C N-Evap. 

Microcolutnn cleanup for vegetation 
A disposable microcolumn identical to that described for soil was 

used in the isolation of hexazinone and metabolites A and B from 
the partially cleaned vegetation extracts. 'The concentrated sample 
(5 mL) was loaded into the dry-packed microcolumn followed with 
triplicated I-mL methanol rinse of the sample tube. Methanol 
(14 mL) was also used as the eluent to elute hexazinone and me- 
tabolites from the adsorbents of the microcolumn. All eluates were 
collected into a 15-mL graduated conical tube and concentrated 
to exactly 5 mL with a stream of nitrogen in a 45°C N-Evap. The 
sample was then partitioned four times, with 10-mL hexane each 
time. The hexane upper phase of each partitioning and the excess 
amounts of the lower methanol phase of the last partitioning were 
removed with a Pasteur pipet or-by aspiration and were discarded. 
Exactly 4 mL of the lower methanol phase was retained in the tube 
and evaporated to dryness with a stream of nitrogen in a 45°C 
N-Evap (small amounts of oily residue may remain in the tube). 
Toluene (2.5 mL or predetermined volume between 1 and 10 mL 
depending on the predicted concentration of residues in a field 
sample) was added to the sample tube to redissolve residues of 
hexazinone and metabolites before GC analysis. For calculating the 
recovery rate of residues, the total sample fresh weight was 5 g, 
and the moisture content was used to obtain the oven-dry weight 
of each sample. A flow chart of this method is presented in Fig. 
3 .  To  report the residue level of a field sample, the concentration 
of herbicide on a dry weight basis should be used. 

Capillary gas chromatography 
A modified capillary GC was used to determine concentrations 

of residues of hexazinone and the two primary metabolites A and 
B. The specific GC conditions were as follows. 

(i) Gas chromatograph 
A Varian model 3500 Capillary GC was equipped with a spe- 

cially fitted megabore injector, a Thermionic Specific Detector 
(NPD), a model 8035 autosampler, a Varian DS 654 data system, 
and a NEC Pinwriter P6 printer-plotter. 

(ii) Chromatographic column 
A 15-m J&W fused silica DB-17 capillary column; 0.325 mm 

i.d.; 0.25 pm film thickness. A 1-m fused silica guard column 
(phenylmethyl siloxane deactivated, uncoated, megabore tubing of 
0.53 mm i.d.) was installed between the megabore injector and the 
analytical column. 

(iii) Temperatures 
Injector, 250°C; detector, 300°C; oven temperature program, 

80°C (held for 2 min) to 250°C (at 30°C min-I; held for 7 .3 min); 
total run time, 15 min. 

(iv) Gases 
All gases were supplied by Alberta Oxygen, Edmonton, Alberta. 

Carrier gas, helium (ultra pure grade) 4.3 mL min-' at 80°C; lin- 
ear velocity, 57 cm s- '  at 80°C; head pressure, 110 kPa; make-up 
gas, nitrogen (ultra pure grade) 30 mL min-I; plasma gases, air 
(zero gas grade) 175 mL min-' and hydrogen (ultra pure grade) 
4.5 mL min-I. 
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VEGETATION SAMPLE PREPARATION 

EXTRACTION 

15 g samples; 60 mL methanol; 2 minIPolytron 

I FILTRATION I 
Millipore HVLP Durapore membrane filter 
with a 25-g bed of anhy. sodium sulfate. 

I PARTITIONING I 
30 mL filtrate; partition: 5 x 25-mL hexane. 

Discard hexane; retain 25 mL methanol phase. 

I CONCENTRATION I 
Reduce to 5 mL by nitrogen 

MICROCOLUMN CLEANUP 

Microcolumn: 1 mL anhy. sodium sulfate + 3 mL neutral 
aluminum oxide + 3 mL Florisil in a 10-mL disposable 
volumetric pipet. Load sample + 3 x 1-mL methanol 
rinse; elute column with 14 mL methanol; collect all 
eluate and reduce to 5 mL by nitrogen. 

I 
I 

PARTITIONING 

With 4 x 10-mL hexane; discard hexane. 
Retain 4 mL methanol. 

FINAL SOLVENT RECONSTITUTION 

Evaporate to dryness by nitrogen; redissolve in toluene 11 
FIG. 3. Flow chart of the sample preparation and the microcol- 

umn cleanup method for determination of hexazinone and metab- 
olite residues in vegetation. 

(v) Residue peak quantitation 
Use of reference standards5 in peak height quantitation was re- 

ported earlier (9) and can be summarized as follows. A mixture 
standard solution containing 2.5, 5.0, and 10.0 pg g-' of hexazi- 
none, metabolites B and A, respectively, was analyzed immedi- 
ately before and after each sample analysis. When a sample showed 
twice or more the concentration of standard solution, the sample 
was diluted to near the concentration of standard solution and 
reanalysed. The average height of two corresponding peaks of the 
mixture standard solution, analyzed before and after a sample was 
measured, was used proportionally in calculating the residue con- 
centration of the sample. 

Results and discussion 
Microcolumn cleanup for soils 

The LOD and LOQ were calculated from the gross sig- 
nals of the analytes (the slope of calibration curve ranging 
from 0.025 to 2.5 pg mL-I), the mean signal value of field 
blanks (N = 20) at the retention time of the analyte, and three 

(LOD) or 10 (LOQ) times the standard deviation of the field 
blank signals (17, 18). The LOD's were 0.044, 0.1 10, and 
0.218 pg m ~ - l  for hexazinone and metabolites B and A, 
respectively; LOQ's were 0.132, 0.312, and 0.594 pg mL-I, 
respectively. The theoretical LODs of three analytes in soils, 
respectively, were 0.007, 0.018, and 0.036 pg g-'; LOQ's 
were 0.022, 0.052, and 0.099 pg g- i ,  respectively, when 
calculated at full recovery rate (100%) of each analyte using 
the described analytical method. 

The actual recoveries of hexazinone and metabolites A and 
B from the microcolumn cleanup were tested at 11 concen- 
tration levels with a 1 :6250 ratio between the lowest and the 
highest levels of each compound (Table 1). The recoveries 
of the two phytotoxic compounds, hexazinone and metabo- 
lite B, immediately above LOQ at 0.03 13 and 0.0625 pg g-i, 
respectively, were reliable at 94 + 4 and 89 t 7%, respec- 
tively. Recoveries of both analytes at higher levels were 
similar to that at 0.03 13 and 0.0625 pg g-', respectively. The 
overall mean recovery for hexazinone ranging from 0.03 13 
to 6.25 pg g-i (six levels of concentration) was 94 + 3%. 
For metabolite B ranging from 0.0625 to 12.5 pg gp l  (six 
concentration levels), the mean recovery was 94 + 5%. 

Recoveries of the non-phytotoxic metabolite A increased 
steadily with the increase of concentrations (Table 1). Al- 
though the overall recovery for metabolite A above LOQ was 
relatively lower at 77 t 21% between 0.125 and 25 pg g-i 
(six concentration levels), the recovery rates were greater than 
50% and were reasonably consistent at each concentration 
level. Correction factors may be established for several 
concentration ranges above 0.125 pg g - l  and used in cal- 
culating the concentration of metabolite A in a field sam- 
ple. 

Total amount of solvents used for the extraction and 
cleanup of each soil sample in this method was 225 mL. This 
was less than 30% of the amount required in conventional 
methods (765 mL) (7, 9). Although rewetting the air-dried 
sample with 10-20% water (w/w) is necessary in desorb- 
ing residues,' the initial air-drying of soil is essential in pre- 
paring a homogenous sample for subsampling (10). The use 
of methanol as the extracting solvent made possible the 
complete desorption of hexazinone and metabolite A and B 
residues from the soil particles. An aliquot of the crude ex- 
tract can be taken, with a volume correction, to represent the 
product of an exhaustive extraction as in the conventional 
method. The extraction process was further simplified using 
methanol rather than an acetone-water solution (7, 9), where 
acetone must be completely evaporated from the aqueous 
solution followed by separate triplicate partitions with hex- 
ane, acetonitrile, and chloroform. Hexazinone and its me- 
tabolites A and B are not adsorbed strongly on the 
microcolumn packing compared with most of coextrac- 
tives. Therefore, the same solvent, methanol, can be used 
as the eluent of the microcolumn. Because the fully acti- 
vated Florisil and aluminum oxide are used in this method, 
loss of hexazinone and its metabolites to the absorbents would 
occur if the mixture solution of pure standardsS is used alone, 
causing a lack of coextractives to occupy the active sites of 
the absorbents. Because there was no need to change the 
solvent phase, the column eluting time was greatly re- 
duced. The final sample dissolved in toluene was stable for 

'G. BIU~S .  1990. Personal communication. Enviro-Test Labo- 
ratories, Edmonton, Alta. 
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FENG 

TABLE 1. Individual and overall mean recoveries of added hexazinone and metabolites A and 
B in air-dried soil after microcolumn cleanup 

Hexazinone Metabolite B Metabolite A 

kg g- '  % recovery kg g-'  % recovery kg g- '  % recovery N 

0.0010 0 0.0020 0 0.0040 0 3 
0.0030 29 2 25 0.0060 0 0.0120 20 2 45 3 
0.0050 5 1 2  4 0.0100 11 k 19 0.0200 28 2 43 3 

LOD 

Overall mean 

TABLE 2. Mean recoveries of added hexazinone at a level of 1 kg limit of detectability for hexazinone using this cleanup 
- I  

g  dry weight in different vegetation species from the microcol- method was determined in a separate study and was similar 
umn cleanup method to the soil method described above (19). Total amount of 

solvents needed for the cleanup of a 15-g vegetation sample 
Mean 

Vegetation species recovery (%) 
was 245 mL. Twelve samples could be processed as one 
batch by one person in 2.5 days. 

Trembling aspen (Populus tremuloides Michx.) 76.1 
Willow (Salix spp.) 72.9 
Showy aster (Aster conspicuus Lindl.) 96.4 
Reed grass (Calan~agrostis canadetzsis Nutt.) 92.3 
Fresh litter 81.5 

at least 6 months at 5OC. Due to the simplicity of this method, 
20 soil samples can be cleaned up as one batch by one per- 
son in 1 day and that is three times or more efficient than the 
conventional methods. The cost for waste disposal and the 
risk in environmental and health hazards are also reduced. 

Microcolumn cleanup for- vegetation 
The original method of Holt (7) and its modification (9) 

were tested using fresh aspen foliage. The end product of 
sample cleanup showed a dense, dark-green color and high 
viscosity and was impossible to analyze by either the packed 
column GC or the capillary GC. Neither was the microcol- 
umn method for soil sample cleanup described above capa- 
ble of removing chlorophyll from the foliage extracts. The 
microcolumn method for soils was modified for the cleanup 
of vegetation samples by using hexane partitioning both be- 

; fore and after microcolumn cleanup to remove chlorophyll 
I from the methanol extracts. Further cleanup was achieved 

in the final step of the method by changing the solvent from 
methanol to toluene (final solvent reconstitution) (Fig. 3). 
The end product was clear or a pale amber color and pro- 
duced a clean chromatogram. Mean recoveries of hexazi- 
none were the highest for understory species (92-96% for 
grass and aster), followed by fresh litter (82%) and tree spe- 
cies (73-76% for willow and aspen) (Table 2). The lower 

G a s  chr-omatogrt2phy 
Earlier reports indicated that both methanol and ethyl 

acetate seemed to cause fluctuations in peak responses in the 
Varian GC and that stringent control of peak fluctuation using 
alternated analyses of reference standard and samples was 
required for quantifying hexazinone and its metabolites (5, 
9- 13, 15). The stability of the Varian model 3500 GC was 
improved by replacing the split/splitless capillary GC in- 
jector with a megabore injector fitted with a 1-m-long 
megabore fused silica guard column and using toluenes (20) 
as the sample solvent. The frequency of analysis of the 
standard solution may be reduced to once for every 10 field 
samples for the purpose of "good laboratory practice (GLP)." 

In analyzing the toluene solution of reference standards of 
hexazinone and four metabolites, i.e., metabolites A, B, D, 
and E, the responses of all peaks were consistent and sen- 
sitive. When using toluene in the analysis of both soil and 
vegetation samples, however, the responses of metabolites 
A, D, and E were reduced. These losses occurred during the 
final solvent reconstitution after the microcolumn cleanup 
when the sample in methanol was evaporated to dryness and 
redissolved in toluene. Some of these residues tended to ad- 
sorb on the coextractive, which adhered on the glass and 
became less soluble in toluene. Although recoveries of hex- 
azinone and its demethylated derivative, metabolite B, were 
good when the sample was redissolved in toluene, the re- 
covery of its hydroxylated derivative, metabolite A ,  was 
relatively low at lower concentration levels (Table I). The 

'use of toluene for better stability in GC was recommended and 
supported by the analysis of hexazinone (analytical grade5) by C. 
Jennison, Varian Canada Inc., Georgetown, Ont. 
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recoveries of both minor trione metabolites D and E were the 
lowest among the five tested compounds and were unreli- 
able (data are not shown). When analyzing for metabolites 
D and E, the final solvent reconstitution should be omitted 
and the method of residue peak quantitation described above 
should be followed. 

The GC analysis time was shortened by 25% per sample, 
when the shorter (15 m) than conventional (30 m) DB-17 
fused silica capillary column was used. Peaks of hexazi- 
none and four metabolites were well resolved. Retention 
times were 6.7, 7.7, 9.0, 9.5, and 11.5 min for metabolites 
D and E, hexazinone, and metabolites B and A, respec- 
tively; peak widths at half-height were 3.5, 3.3, 2.9, 6.2, and 
8.3 s, respectively. The introduction and frequent replace- 
ment of a 1-m fused silica guard column extended the life- 
time of the analytical column by about a factor of five for the 
analyses of foliage samples. 

The combined use of the modified capillary GC method 
and the microcolumn cleanup technique is recommended as 
an efficient, reliable, and less labour-intensive substitute for 
conventional methods in analyzing residues of hexazinone 
and two primary metabolites, A and B, in soil and vegeta- 
tion. 
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STEFANO CHIMICHI, BARBARA COSIMELLI, FABRIZIO BRUNI, and SILVIA SELLERI. Can. J .  Chem. 70, 1093 (1992). 
The "C and 'H NMR spectra of some pyrazolo[l,5-alpyrimidine derivatives are discussed. All I3c resonances were 

unambiguously assigned by means of both 2D experiments and gated decoupled spectra from which one-bond and long- 
range I3C-'H coupling constants were determined. The literature assignments for H-5 and H-7 in the parent system have 
been revised and a simple method for distinguishing between 5-methyl and 7-methyl compounds is suggested, based on 
the carbon chemical shift of the methyl group or on its fine structure in the 'H NMR spectrum. Regioselective syntheses 
for all the reported methyl derivatives are also described. 

STEFANO CHIMICHI, BARBARA COSIMELLI, FABRIZIO B R U N ~  et SILVIA SELLERI. Can J.  Chem. 70, 1093 (1992). 
On discute des spectres RMN du 'H et du I3c de quelques derives pyrazolo[l,5-a]pyrimidine. On a attribue toutes 

les raies de spectres "C d'une f a ~ o n  non-ambigue 5 l'aide d'expkriences en 2D et de spectres dCcouples 5 connexion 
intermittente i partir desquels on a determine les constantes de couplage ')c-'H 5 travers une et plusieurs liaisons. On 
a rCvis6 les attributions faites dans la littkrature pour les H-5 et H-7 et on suggere une methode simple pour distinguer 
les composes portant des methyles en 5 ou en 7; elle est basee sur le deplacement chimique du carbone des groupes methyles 
ou sur la structure fine dans les spectres RMN du 'H. On decrit aussi des synthkses regiospecifiques pour tous les derives 
mkthyles examines. 

[Traduit par la redaction] 

Introduction 
A s  part of our  continuing interest in hetero-condensed five- 

membered heterocycles (1-3), w e  recently reported a new 
synthetic pathway to pyrazolo[l,5-alpyrimidines (4). Dur-  
ing this work,  w e  noticed the lack of carbon-13 N M R  data 

I fo r  this class of compound,  some members  of which show 
interesting biological properties (5-7). 

We report here a detailed I3c and 'H N M R  study of  some 
pyrazolo[l,5-alpyrimidines, including the parent ring sys- 
tem, carried out  by  means of  gated decoupled, hetero- and 
homonuclear correlation spectroscopy techniques. W e  also 
demonstrate that N M R  spectroscopy can  b e  valuable fo r  
distinguishing the isomeric 7-methyl and 5-methyl deriva- 
tives, this not being easily achieved by  other c o m m o n  spec- 
troscopic techniques. 

Experimental 
Chemicals 

3(5)-Aminopyrazole and 4,4-dimethoxybutan-2-one (acetylac- 
etaldehyde dimethyl acetal) are commercially available (Aldrich); 
5-amino-3-phenylpyrazole and compounds 1, 4, 5, and 8 were 
synthesized according to published procedures (8-12, respec- 
tively). 

5-Methylpyrazolo[l,5-alpyrimidine (2 ) 
The procedure reported by Bajwa and Sykes (13) was modified 

by adding 4,4-dimethoxybutan-2-one ( 1  .OO g ,  7.6 mmol) to a so- 
lution of 3(5)-aminopyrazole (0.57 g ,  6.9 mmol) in EtOH 
(3.5 mL). The solution was then refluxed for 30 min; removal of 
the solvent left a yellow solid (0.86 g, 94%) mainly consisting 
(90%, TLC and 'H NMR spectrum) of compound 2 ,  together with 
a very small quantity of the 7-methyl isomer. An analytical sam- 
ple (colorless plates) obtained by recrystallization from petroleum 
ether melted at 122-123°C (lit. (13) mp 122-124°C). 

' ~ u t h o r  to whom correspondence may be addressed. 
Pnnted m Canada 

7-Methylpyrazolo[l,5-alpyrimidine (3) 
A solution of 3(5)-aminopyrazole (0.57 g, 6.9 mmol) in EtOH 

(3.5 mL) was added to a solution of the P-keto-acetal (1.00 g, 
7.6 mmol) in concentrated HCI (0.3 mL). The solution was re- 
fluxed for 30 min and then poured into water (20 mL) and ex- 
tracted exhaustively with diethyl ether. The ethereal extracts were 
washed with water (50 mL) and dried on Na,SO,. Evaporation to 
dryness left a yellow solid (0.66 g, 80%) containing the isomeric 
7- and 5-methyl derivatives in the ratio 87: 13. The mixture was 
resolved by flash chromatography with ethyl acetate/petroleum 
ether (bp 40-70°C) (I  : I v/v) as eluent; the faster band gave com- 
pound 3 (77%), mp 58-59°C (from petroleum ether) (lit. (13) mp 
59-60°C). The second compound was easily recognized (TLC, 'H 
NMR spectrum) as 5-methylpyrazolo[l,5-alpyrimidine (2) (10%). 

5-Methyl-1 -phenylpyrazolo[l,5-alpyrimidirze (6) 
Operating as for compound 2 employing 5-amino-3-phenylpyr- 

azole, a pink solid (0.62 g, 95%) consisting mainly (96%, TLC and 
'H NMR spectrum) of compound 6 was obtained. An analytical 
sample (colorless plates) melted at 177- 178OC (from ethyl ace- 
tate). Anal. calcd. for C13Hl ,N3: C 74.62, H 5.3, N 20.08; found: 
C 74.26, H 5.21, N 20.27. 

7-Methyl-2-phenylpyrazolo[l,5-a]pyrirnidine (7) 
Operating as for compound 3 starting from 5-amino-3-phenyl- 

pyrazole, a yellow solid (0.61 g, 94%) containing the two iso- 
meric 7- and 5-methyl derivatives (93:7) was obtained. 
Recrystallization from ethanol/water (1 : 1 v/v) afforded com- 
pound 7 as yellow needles, mp 93-94°C (lit. (14) mp 95-96°C). 

Ir~struments 
All melting points were determined on a Gallenkamp melting 

point apparatus and are uncorrected. Carbon-13 and proton NMR 
spectra were recorded on a Varian VXR-300 instrument in the 
Fourier transform mode. All carbon spectra were recorded in 10-rnm 
0.d. tubes at 25 +- 0.5"C for 0.5 M solutions in CDCl,, proton 
coupled spectra were obtained in the "gated decoupling" mode; 
proton spectra were recorded in 5-mm 0.d. tubes at the same tem- 
perature. Chemical shifts are reported in ppm high frequency from 
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TMS as secondary reference standard and coupling constants in Hz. 
Silica gel plates (Merck F23) and silica gel 60 (Merck 230-400 
mesh) were used for analytical TLC and for flash chrornatogra- 
phies, respectively. Solvents were removed under reduced pres- 
sure. 

Results and discussion 
The carbon chemical shifts of the examined compounds 

1-8 (Scheme 1) are given in Table 1; spectra were analyzed 
on a first-order basis, the necessary assumptions being ful- 
filled. Coupling constants are assembled in Table 2; the as- 
signments of carbon resonances (see below) are based on 
chemical shift arguments, on 'J(CH) values, and on the fine 
splitting pattern caused by long-range couplings as well as 
on HETCOR spectra. 

Chemical shift considerations did not always allow an 
unambiguous assignment; as regards compound 1, apart from 
the singlet attributable to the quaternary carbon atom C-3a, 
the five methine ring carbons appear as doublets with fur- 
ther long-range couplings. The signals at lower frequencies 
(6 96.86 and 107.66) are easily attributed to C-3 and C-6, 
respectively, because the former appears as a doublet of 
doublets (2~c-,2 = 9.7 Hz) whereas the latter is a doublet of 
doublets of doublets due to the long-range couplings both to 
H-5 and H-7 ('JC6,, = 9.9 Hz and 'Jc6,, = 3.0 Hz). As- 
signment of C-2, C-5, and C-7 resonances is more difficult, 
their chemical shifts being very close, and was achieved on 
the following basis. 

First, we attempted to assign all the proton resonances of 
compound 1 (Table 3) by a COSY-90 experiment, which 
would then be useful in rationalizing the heteronuclear cor- 
relation (HETCOR) spectrum. Unfortunately, the COSY 
spectrum, besides confirming the assignment of H-3 and H-6, 
allowed us only to attribute the signal at 6 8.166 to H-2; as 
regards H-7 and H-5 an unambiguous assignment was not 
attained. Moreover, the HETCOR spectrum shows that the 
most deshielded carbon atom is not connected with the most 
deshielded proton but with the signal at 6 8.461; this find- 
ing, together with chemical shifts considerations and the fine 
splitting pattern, suggested that the highest frequency signal 
in the 'H NMR spectrum should be attributed to H-7 instead 
of H-5, contrary to the report of Lynch et al. (9). To  reach 
a definitive assignment, we synthesized the methyl deriva- 
tives 2, 6 and 3, 7 .  As for the preparation of these com- 
pounds, a synthetic pathway leading to a mixture of 
compounds 2 and 3 was reported in the literature (13) start- 
ing from 4,4-dimethoxybutan-2-one. A simple change in the 
experimental procedure (see Experimental) allowed us to 
make the synthesis highly regioselective also employing 3- 
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TABLE 2. Selected "Jc,,  (Hz) of compounds 1-8 

Compound C-2 C-3 C-3a C-5 C-6 C-7 5-CH, 7-CH, 

"Not resolved 
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TABLE 4. Substituent coupling constants (CH,-SCC) for the pyr- 
azolo[ l,5-a lpyrimidines (Hz) 

"The numbering system (m,n) is referred to the pyrazolo[l,5- 
alpyrimidine ring. 

phenyl-5-aminopyrazole as starting material, thus obtaining 
the requisite 5- (compounds 2 and 6) and 7-methyl deriva- 
tives (3  and 7). The regioisomers can be easily distin- 
guished on the basis of the carbon chemical shift of the 
methyl group without a detailed analysis of the other spec- 
tral data. This substituent exhibits a diagnostic low-fre- 
quency shift (6 24.8-24.6 vs. 17.2-17.0 ppm, respectively) 
on going from position 5 to 7. Moreover, as regards the 
proton spectrum, the methyl group in position 5 does not 
show coupling to H-6; on the contrary, a small coupling of 
0 .9 Hz between 7-CH, and H-6 is always present in the 
spectra of derivatives 3,  4 and 7,  8 (see Table 3). Because 
the C-5 and C-7 resonances are easily recognizable in the 
model compounds 3, 4 and 7, 8, the attribution of signals for 
the corresponding atoms in compound 1 becomes straight- 
forward. Once the carbon resonances have been estab- 
lished, the HETCOR spectrum allows an unambiguous 
assignment of H-5 and H-7 signals, thus showing that the 
previously reported one (9) must be reversed. 

Comparison of 'J(CH) values for pyrazolo[l,5-alpy- 
rimidines and pyrimidine (15) shows that the pyrazole ring 
fusion is responsible for an increase in all one-bond cou- 
pling constants with respect to pyrimidine, thus confirming 
the electron-withdrawing effect of the fused five-membered 
ring (1, 2). The methyl-substituted pyrazolo[l,5-alpy- 
rimidines show, as recently reported for other heterocycles 
(15, 16), additivity of substituent effects upon 'J(cH). The 
substituent coupling constant (SCC) for the methyl group in 
the pyrazolo[l,5-alpyrimidines (Table 4) is defined as the 
change that occurs in the value of 'J(CH) at C-n upon sub- 
stitution at a pyrimidine ring carbon, C-m(m # n) ,  by a 
methyl group. The 'J(CH) values observed for the dimethyl 
derivatives 4 and 8 agree well with those calculated by using 
the CH3-SCC values (166.5 vs. 166.6 Hz and 166.5 vs. 
166.5 Hz, respectively). 

Finally, it is interesting to note that the general rules out- 
lined for other heterocyclic com ounds (1, 17) hold for this r: ring system too. For example, J(C-P,H-a), in which the 
coupled proton is geminal to an sp2 nitrogen atom, and 
3 J(CH) through an heteroatom are larger in comparison with 
other geminal or vicinal couplings, respectively, as well as 
3 ~ ( ~ ,  CH,) being smaller than 2 ~ ( ~ ,  CH,) (15). 

1. S. Chimichi, P. Tedeschi, A. Camparini, and F. Ponticelli. 
Org. Magn. Reson. 20, 141 (1982). 

2. S. Chimichi, P. Tedeschi, R. Nesi, and F. Ponticelli. Magn. 
Reson. Chem. 23, 86 (1985). 

3. S. Chimichi, R. Nesi, F. Ponticelli, and P. Tedeschi. J.  Chem. 
Soc. Perkin Trans. 1, 1477 (1990). 

4. F. Bruni, S. Chimichi, B. Cosimelli, A. Costanzo, G. Guenini, 
and S. Selleri. Heterocycles, 31, 1141 (1990). 
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Comportement photoelectrochimique de ZnIn,S,(n) dans l'obscurite et sous 
eclairement en solution electrolytique aqueuse 

De'pnr-temenr de tne'rrtllur-gie er de ge'tlie des tnare'rinux, ~ c o l e  pol~~recht~ique de Monrre'al, 
C.P. 6079, succ. A ,  Monrr-e'al (Qugbec), Catlarla H3C 3A7 

Resu le 9 fCvrier 1990' 

0 .  SAVADOGO. Can. J .  Chem. 70, 1098 ( 1992) 
Les caracteristiques photoelectrochimiques du ZnIn,S,(n) ont Cte ttudiees a l'aide de techniques potentiodynarniques 

et de mesures de capacite d'interface. La variation de la densite de courant anodique (i;,) en fonction de [OH-] et [H,O+] 
a Cte etudiCe dans l'obscurite. Le courant dans l'obscurite est faible (- 1 pA cm-') et il a C t t  attribue 5 la dissolution 
anodique du matCriau. Les rtsultats experirnentaux montrent que le processus n'est pas limit6 par la diffusion en surface 
des especes en solution. Ce comporternent a CtC interpret6 par un transfert d'6lectrons par effet tunnel a travers des Ctats 
de surface IocalisCs. La dissolution du matCriau a kt6 determinee sous Cclairement. Cette dissolution utilise huit porteurs 
rninoritaires p. La variation du coefficient de stabilisation S (i,,/i,) en fonction du potentiel redox (Vredox) et de la con- 
centration en S" a at& dCterrninCe. L'influence de [s'-] et de I'Cclairernent sur la valeur du potentiel de bandes plates a 
CtC dCterminCe. 

0 .  SAVADOGO. Can. J .  Chem. 70, 1098 (1992). 
Photoelectrochemical characteristics of ZnIn,S,(n) have been studied by potentiodynamic methods and capacity rnea- 

surements. The variation of the anodic current density (i,) as a function of [OH-] and [H,Of] has been studied under 
darkness. This darkness current is small (- 1 pA cm-') and it has been attributed to the anodic dissolution of the ma- 
terial. This process is not diffusion controlled. This behaviour was attributed to electron transfer by tunnel effect via lo- 
calized interface states. The dissolution of the material under illumination has been determined. Its dissolution requires 
eight holes. The variation of the stabilisation coefficient S (i,,/i,) with the redox potential (Vredox) and the s'- species 
concentration (C,) has been studied. The effects of [s'-] and illumination on the flat band potential of the electrode have 
been determined. 

1. Introduction 
Les reactions de transfert de charge a l'interface semi- 

conducteur/Clectrolyte peuvent 6tre effectuees par les 
Clectrons de la bande de conduction ou par les trous de la 
bande de valence (1-4). Les deux types de porteurs ne sont 
pas tous situCs prks du niveau de Fermi mais ils sont sCpares 
par la largeur de la bande interdite du semiconducteur. 
Comme, de plus, la concentration de  ces porteurs dans les 
semiconducteurs est relativement faible,-chaque type de 
porteurs peut 6tre trait6 comrne itant un reactif individuel lors 
de la rkaction interfaciale. Ainsi, selon la nature du com- 
posC semiconducteur utilisC, la composition de l'electrolyte, 
ies conditions de polarisation et la prCsence ou I'absence de  
l'eclairement, il est possible de mettre en Cvidence le type 
de proteurs qui est impliquC dans la reaction de  transfert de 
charge. Ceci n'est pas le cas pour 1'Clectrode metallique ou 
la densite des Ctats au voisinage du niveau de 1'Cnergie de 
Fermi est trks CleveC et ou la concentration des Clectrons y 
est trks importante. En constquence, contrairement au metal, 
il semble inttressant et peut-Ctre important de dCterminer le 
type de porteurs (Clectrons ou trous) qui sont impliquks dans 
les rkactions de transfer de charge 5 l'interface semiconduc- 
teur/Clectrolyte. Pour mieux comprendre cette diffkrence, 
il est important d'Ctudier les riactions de transfert de charge 
a I'interface semiconducteur/&lectrolyte pour de nouveaux 
composCs afin de dCterminer le r6le exact du matCriau sur ces 
rCactions. 

Ce travail porte sur l ' ttude du transfert de charge a l'in- 
terface ZnInzS, (n)/solution Clectrolytique aqueuse dans 
I'obscuritC et sous Cclairement. L'effet de [OH-] sur la den- 
sit6 de courant anodique est CtudiC B l'aide de l'tlectrode a 
disque tournant, I1 a CtC dttermink le nombre de porteurs mis 

'~Cvision r e p e  le 11 novernbre 199 1. 

en jeu lors du processus de dissolution anodique de Zn- 
In,S,(n) et la variation du courant dG a l'oxydation de l'esp6ce 
riductrice (S) en solution en fonction du couple oxydo- 
rCducteur. La variation de S en fonction de la composition 
de 1'Clectrolyte redox et de la densite de courant totale (i,) esl 
aussi etudiCe. Une Ctude du mecanisme de transfert de charge 

l'interface, par llintermCdiaire des Ctats de surface esl 
proposee. 

2. Techniques experimentales 
Les cristaux de ZnIn,S,(n) ont CtC obtenus par sublimation sou: 

vide ou par transport a I'iode (5, 6). Le taux de porteurs n a Cte 
dCduit des rnesures de capacitC d'interface : n = 1018 crn-). Les 
Cchantillons utilises ont etC prepares suivant une rnkthode ana- 
logue a celle utilisee pour CdIn,Se, (7). Une face plane est ob- 
tenue par polissage rnCcanique a la pdte diarnant puis a l'alurnine 
~ 1 2  heuresn. I1 est procCdC ensuite a un dCcapage chirnique par ur 
mtlange HN0,-HC1 (1 :4) pendant 10 s puis KCN 10% pendanl 
1 min. Ce traiternent est complCtC par un dCcapage pho- 
toClectrochimique de 15 rnin (V, = 1 V/E.C.S.; i = lo-, A ~ r n - ~ ) .  
Une surface polie est ainsi obtenue. Une cellule 2 trois cornparti. 
rnents a CtC utiliske. 

Le montage classique a trois Clectrodes a CtC utilisC. L'Clectrode 
de rCf6rence est une electrode au calomel sature (E.C.S.), la co?tre. 
electrode est une feuille de platine de grande surface (12 crn-) el 
1'Clectrode de travail est ZnIn,S,(n). Les caracteristiques courant- 
potentiel de l'interface ZnIn2S,/solution Clectrolytique ont Cti 
deterrninees a l'aide d'un potentiostat PAR 273 et une interfact 
Clectrolytique (modele 176). Le capacitC de l'interface a CtC me. 
surCe a I'aide de l'analyseur de rCponse en frequence type PAR 5208 
conectC au potentiostat 273 et pilot6 par le programme PAR 378. 

3. Resultats 
3.1 Mesure de capacit6s ddnterface 

La dktermination de la disposition relative des bandes d~ 
valence et de conduction 2 la surface du mattriau est possi. 
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SAVADOGO 1099 

I Z n l n 2 S 4  ( n )  KOH 1M 

, , , , 
0,o 1 + - 

-1,5 -1 ,O -0,5 090 0 t 5  1 ,@ 

E (Volt vs. E.C.S.) 

FIG. 1 .  c -' = f ( V )  de ZnIn2S4/KOH I M. 

ble grke  a la connaissance de son potentiel de bandes plates 
(V,,). Vbp peut Ctre obtenu (figure 1) 2 partir des courbes C-' 
= f(Vt) qui sont lineaires dans un domaine etendu de po- 
tentiel (- l V) pour les deux frequences de mesures. Alors, 
1'Cquation suivante est vCrifiCe pour cette interface pour 
chaque frCquence de mesure : 

C est la capacitC d'interface par unite de surface, e la charge 
de 1'Clectron (1.6 x lo-'"), E la constante dielectrique du 
semi-conducteur, E,, la permittivitk du vide et n, la densite 
du nombre de donneurs. Vbp a CtC dCterminC 2 * 0,100 V 
prks. Les pentes des deux droites sont diffkrentes pour les 
deux frequences (figure 1). La pente est plus ClevCe pour la 
frkquence la plus importante. Les sens de variation des pentes 
correspond 2 un materiau de type n. La valeur de n .est 
de n - 10" ~ m - ~ .  L'extrapolation des droites C-' = f(V) 
jusqu'a la valeur C-' = 0 conduit 2 la mCme valeur du po- 
tentiel de bandes plates pour les deux frequences de me- 
sures utilisCes : 

L'influence des ions sulfures sur les caractkristiques 
d'impkdance a CtC CtudiCe dans KOH 1 M parce que dans ce 
milieu l'addition de quantites variables des ions sulfures [s*- ] 
ne modifient pas le pH du milieu. Les caractkristiques des 
courbes C-' = f (V) ne sont pas modifiees par [s'-] sauf pour 
le potentiel de bandes plates dont la variation avec p[~- ' ]  est 
linCaire avec une pente de 0.057 V (figure 2). Cette varia- 
tion est identique a celle observCe sur CdIn2S, (5, 6) et CdS 
(7, 8) et est attribuCe 2 l'adsorption de HS- a la surface du 
matkriau. Sous Cclairement, l'allure des caractCristiques c'- 
= f (V) n'est pas modifiCe : variation linCaire des courbes avec 
des pentes identiques 2 celles obtenues 2 I'obscuritC. 

3.2. Courbes courant-potentiel 
La figure 3 reprksente les caractCristiques courant-poten- 

tie1 dans llobscuritC et sous Cclairement. La solution 
I Clectrolytique dlCtude est KOH 1 M. Cette figure prksente 

deux parties distinctes. La rCgion I est caractCrisCe par une 
forte variation de courant en fonction de V. Sous Cclairement 
(I,,,), elle est voisine d'un rCgime de Tafel entre 2 mA cm-* 
et 5 x 10-I mA cm-'. Elle s'etend du potentiel de transi- 
tion V,, 21 une tension voisine de 0,2 V. Elle est trks peu 

FIG. 2.  Variation du potentiel de bandes plates de ZnIn2S4 en 
fonction de[S2-] dans KOH 1M. 

Sous 6clalrernenl Dons I'obscurll6 

1 2 : KOH 

3 : KOH + I -  
- 

4 : KOH + [ F ~ ( c N ) ~ ] ~ -  -- 
?--. 

CU 
5 : KOH + S' 

1 

4 
E - ..------- 

-1.3 -0,8 -0,3 1 -3  1 3  

V (Volt vs. E.C.S.) 

FIG. 3. CaractCristiques V vs. log i de ZnIn2S4 dans l'obscuritC 
et sous Cclairement en prCsence de plusieurs couples oxydo- 
rkducteurs dans KOH 1 M. 

Ctendue dans l'obscuritk. Dans la rCgion.11, le courant varie 
peu en fonction du potentiel. I1 varie 1inCairement en fonc- 
tion de l'intensitk lumineuse incidente lorsqu'il est superieur 
au courant d'obscuritC qui est trks faible A cm-'). Dans 
l'obscurite, les courbes sont parfaitement reproductibles, le 
courant de saturation a CtC CtudiC en fonction du pH et de la 
nature des ions. La variation du courant de saturation peut 
Ctre reprCsentCe par les deux lois suivantes : 

[21 en milieu acide : i, = k a [ ~ , O + l l  

[31 en milieu basique : i, =  OH-]"' (fig. 4) 

Les attaques observCes pour un mCme pH (-14) dans les 
milieux RbOH, KOH, NaOH et LiOH montrent que le 
courant de saturation varie en fonction de la nature du ca- 
tion. I1 est d'autant plus faible que le cation est plus petit. La 
variation de i, avec la mobilite du cation est linCaire (fig. 5) 
Pour un milieu donne (RbOH, KOH, NaOH ou LiOH), le 
courant de saturation varie linkairement avec la concentra- 
tion du cation. De plus le courant de saturation dii a la 
rkaction dans un milieu contenant plusieurs cations est Cgal 
2 la somme des densites de courant diies aux reactions dans 
les milieux contenant respectivement chacun des cations. Le 
potentiel de transition anodique-cathodique ne varie pra- 
tiquement pas avec la taille du cation. En prCsence des ions 
I-, [ F ~ ( c N ) ~ ] ~ -  ou s2- dans KOH 1 M, une densite de 
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FIG. 4. CinCtique de dissolution anodique de ZnIn2S4 dans 
I'obscurite en milieu acide et basique. 

FIG. 5 .  Variation de i, en fonction de la mobilite du cation dans 
I'obscurite pour V = 1 V/ECS en milieu basique. 

courant de saturation suppltmentaire apparait par rapport a 
KOH seul. Le courant le plus tlevt est observt en presence 
des ions S2-. Le potentiel de transition anodique-catho- 
dique (V,,) se dtplace de 0 , l  V/E.C.S. et +0,15 V/E.C.S. 
vers les valeurs anodiques, en presence de 5 x M I- et 
[ F ~ ( c N ) ~ ] ~ -  respectivement. Par contre, en presence de 5 X 

M s'-, V,, diminue de 0 , l  V. Dans le domaine I, lors- 
que l'on passe de I- B [F~(cN),]" et B S2-, la variation du 
courant en fonction de V est de plus en plus rapide. Pour une 
concentration domte en ions OH-, la valeur de la vitesse de 
rotation de l'electrode (o) influe sur le regime de satura- 
tion. La variation de la densitt de courant limite (i,) dans 
KOH 1 M en fonction de la vitesse de rotation montre que 
la courbe i, = f(ol") (fig. 6) est une droite passant par 
l'origine pour VE 2 1,8 V/E.C.S. Le critkre de Levich (9- 
11) est donc vtrifit pour cette tlectrode, donc le courant serait 
limit6 par la diffusion. La variation de la densitt de courant 
(i,) en fonction de o permet de stparer le courant qui serait 
dO % la diffusion et le courant qui serait dO B l'influence de 
la rtaction d'activation pure (i:) : 

id est de la forme 

FIG. 6. i, = f (oil2) dans I'obscuritk pour VE 2 1,8 V/ECS . o : 
vitesse de rotation de l'electrode dans KOH 1 M. 

FIG. 7. i,' = f(o-'I2) dans KOH 1 M. 

d'ou 

A est une constante. Les courbes l/i, = f(w-I") sont des 
droites parallkles pour difftrents potentiels du regime de 
saturation. Seule la droite obtenue pour VE 2 1,8 V passe p a  
l'origine des axes. Pour ces potentiels, la rtaction qui pro- 
viendrait de la diffusion masque I'influence de la rCaction qui 
serait due a l'activation. Pour les potentiels infkrieurs, l'or- 
donnte 2 l'origine notee 1 /i: n'est pas nulle. Par exemple 
si V, = 1,5 V/E.C.S., i: = 12,5 X lop3 mA ~ m - ~ .  i,* aug- 
mente avec le potentiel (fig. 7). On vtrifie ainsi que plus le 
potentiel est elevt, plus le courant qui proviendrait de l'ac- 
tivation pure est tlevk. La variation de i, en fonction de la 
temptrature nous a permis de dkterminer l'tnergie d'acti- 
vation de la rtaction; E, = 2,2 kcal/mol. 

Sous kclairement et pour un pH donnt en milieu basique, 
le potentiel de transition anodique-cathodique se dtplace vers 
les valeurs ntgatives lorsque l'intensitt lumineuse aug- 
mente. La variation de V,, en fonction de log i,, est lintaire. 
De meme V, varie lineairement en fonction du pH de 60 mV/ 
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SAVADOGO 1101 

TABLEAU 1. Valeurs du nombre de charges Clementaires par unite 
formulaire ZnIn2S4 pour diffkrents temps de dissolution dans KOH 

1 M. 

Temps (min) 60 100 140 180 400 420 
Nombre de charge 8,O 7,9 8 , l  7.9 7,8 7,9 

20 1 I I I 
-0,5 O,O 0 3  130 

-Vredox (volt/E.C.S.) 

FIG. 8. Variation de S (i,,/i,) en fonction du potentiel d'oxydo- 
rkduction (V,,,,) dans KOH 1 M. 

unite pH. En prCsence des ions sulfures, V,, a une variation 
opposCe en fonction de l'intensite lumineuse : il augmente 
de 60 mV/dCcade en courant. En plus, il est independant de 
[s2-] pour des concentrations supkrieures a 0,25 M. La 
densite de courant anodique (i,) est independente de la con- 
centration (OH-). La presence des ions I-, [~e(cn),]~- ou s'- 
ne modifie pratiquement pas la valeur de i,. La dissolution 
du matCriau est CtudiCe dans KOH 1 M par la mesure de la 
perte de masse de 1'Clectrode sous Cclairement permanent. 
Le courant a ett  maintenu pendant un temps 2 une valeur 
constante i, = A cm-' correspondant au palier de sat- 
uration. Avant et aprks chaque cycle d'attaque, l'electrode 
est pesCe aprks avoir etC rincCe et sCchCe sous un courant d'air 
chaid. ~ e t a b l e a u  1 montre les rksultats obtenus. La disso- 
lution anodique met en jeu huit charges ClCmentaires par unit6 
formulaire ZnIn2S,. Dans les conditions de travail utiliskes, 
V - 1 V, les charges arrivant sur l'interface sont essen- 
tiellement constituCes par les porteurs p crCes dans le region 
de charge d'espace, drain& par le champ Clectrique, et le 
courant i,, est nkgligeable. La dissolution d'une unit6 for- 
mulaire consomme huit porteurs p. Le bilan des reactions 
chimiques et Clectrochimiques a l'electrode a CtC Cgalement 
Ctabli en prCsence d'espkces r6ductrices en solution. Pour ce 
faire, la mesure de la perte de masse a CtC rCalisCe pendant 
4 h environ. Pour la mCme polarisation anodique (- 1 V), 
le courant d'oxydo-rCduction est indiquke sur la figure 8. 
D'autre part, pour le mCme potentiel de polarisation, io,/i, 
varie en fonction de la concentration des ions sulfures (fig. 
9). 11 a Ctk vCrifiC expCrimentalement que io,/i, varie trks peu 
avec i, pour des concentrations ClevCes en s*- alors ue i,, 9- . / 
i, diminue avec i, pour de faibles concentrations en S- (fig. 
10). 

Le dCplacement de V,, vers les valeurs nCgatives avec 
l'augmentation de I'intensitC lumineuse indique une 
dkgradation du matCriau sous Cclairement due aux porteurs 
p. En prCsence de fortes concentrations d'ions sulfures, le 
dCplacement de V,, vers les valeurs positives indique une 

FIG. 9. Variation de S (i,,/i,) en fonction de la concentration en 
ions sulfures dans KOH 1 M .  

FIG. 10. Variation de S (i,,/i,) en fonction de i, dans KOH 1 M. 

stabilisation de l'interface, les porteurs Ctant essentielle- 
ment utilises pour l'oxydation des ions sulfures et non pour 
la dCcomposition du materiau. 

4. Discussion 

L'interprktation des rksultats porte sur l'ensemble de ceux 
obtenus en milieu basique. En milieu acide, a part la cinCtique 
de dissolution, l'ensemble des autres rCsultats ne sont pas 
interessants et ne sont pas indiquCs dans ce travail. 

4.1 Dans l'obscurite' 
Les mesures de capacitC d'interface ont permis de 

dkterminer la densit6 de porteurs du materiau rz - 10" ~ m - ~ .  
La largeur de la bande interdite est de 2,6 eV (12-14) et dans 
I'obscuritC la densit6 de porteurs p dans la masse est 
nkgligeable. Ainsi, le mecanisme de transfert de charge qui 
utiliserait les porteurs p ne peut donc se produire. L'effet des 
espkces en solution sur la pseudo-saturation observCe aux 
potentiels ClevCs pourrait Ctre attribuC ?i un phCnomkne de 
diffusion dCcrit par le modkle de Levich. C'est 2 dire que la 
variation linCaire observCe entre i, et 0'12. Un palier de sa- 
turation est interprCtC de f a ~ o n  classique par la diffusion des 
ions qui est considCrCe comme Ctape lente de la reaction. Un 
certain nombre de faits seraient favorables ?i cette in- 
terprktation : en effet, la variation du courant de saturation 
(i,) en fonction de oil' est linCaire et passe par l'origine des 
axes pour V ,  r 1,8 V/E.C.S. L'ktablissement des courbes 
classiques i,-' = f (w-'I2) pour differents potentiels a per- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

79
.1

73
.3

7.
17

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1102 CAN J CHEM \ 

mis la sCparation des composantes dues a la rtaction en sur- 
face et 5 ia diffusion et a GontrC que la composante qui serait 
due B la diffusion, qui est 1'Ctape la plus lente de la rkaction, 
joue un r6le d'autant plus important que le potentiel est plus 
ClevC. D'autres rCsultats expCrimentaux seraient Cgalement 
en faveur avec cette interpretation : (i) 1'Cnergie d'activa- 
tion E, est compatible avec une cinCtique limitee par la dif- 
fusion; (ii) l'influence de la mobilitC des cations sur i, est 
Cgalement favorable ?I cette interpretation. 

Cependant, plusieurs faits expCrimentaux montrent l'in- 
suffisance d'interprkter les rCsultats obtenus ici par des 
phCnomknes de diffusion dans I'Clectrolyte : (i) la valeur de 
la densit6 de courant de pseudo-saturation obtenue dans ce 
travail (- ~ o - ~ A  cm-') est bien infkrieure a celle requise pour 
une densit6 de courant due 2 la diffusion des ions. Par ex- 
emple, la dktermination de la densite de courant de pseudo- 
saturation correspondant B 1'Clectrode de platine dans les 
m&mes conditions expCrimentales effectuCes dans ce travail 
donne une valeur de i, de l'ordre de 1 0 - ' ~  cm-" (ii) la pro- 
portionnalitk de i, avec (OH-)'/' et non avec (OH-)'. Dans 
le cas d'une Clectrode de platine, les rCsultats obtenus dans 
ce travail montrent que i, est proportionnel a (OH-)' et non 
5  OH-)"^. 

Ces considCrations montrent qu'une interprktation 
cohCrente des rksultats dans I'obscuritC n'est pas possible pour 
l'instant. D'autres hypothkses d'interprktation sont 
prksentement CtudiCes. En particulier, l'hypothkse selon la- 
quelle i, serait dQ B la formation des sites superficiels 
nkcessaires 21 l'attaque du matCriau est considCrCe et 
1'Ctablissement d'un kodkle mathkmatique liC 21 cette hy- 
pothkse est actuellement CtudiC. 

La variation de i, avec la mobilitC du cation peut &tre at- 
tribuCe 2 la contribution de chaque espkce ionique j B la 
densit6 de courant selon la relation classique (15, 16) : 

ou ZjF est la charge du cation, Cj sa concentration, U+j sa 
mobilitC et E le champ Clectrique unitaire exercC sur le ca- 
tion. Nous avons aussi verifiC que la densit6 de courant to- 
tale due 2 la contribution de-l'ensemble des cations se 
trouvant dans un Clectrolyte est la somme des contributions 
partielles des courants dQs aux diffkrents cations. En plus pour 
un cation donnC, la variation linCaire de la densit6 de cou- 
rant avec la concentration de l'espkce dans 1'Clectrolyte est 
favorable a cette interprktation. 

Les variations de i, en fonction de [OH-]'" et de [H30+11 
sont 1inCaires. Elles sont diffkrentes de celles observCes sur 
GaAs (6) oh i, varie c o m e  [OH-] et [H,o+]'/~. Dans le cas 
du germanium, Beck et al. (17) ont montrC que sa dissolu- 
tion anodique est une reaction du premier ordre en [OH-] et 
en porteurs P+.  Selon le mCcanisme proposC, 1'Ctape qui 
dCtermine la vitesse de la rCaction est la rupture d'une des 
deux liaisons covalentes du germanium aprks capture d'un 
porteur p. Les rksultats exp6rimentaux obtenus dans ce travail 
favorisent 1'idCe que l'apparition du courant dans l'obscu- 
ritk est like ii un transfert d'Clectrons B travers la charge 
d'espace par effet tunnel. Ainsi, des Clectrons qui provien- 
nent d'Ctats superficiels quittent la surface laissant derrikre 
eux des trous dont les niveaux d'Cnergie sont situCs B 
llintCrieur de la bande interdite du matCriau. Le transfert 
d'klectrons B travers la charge d'espace par effet tunnel est 
possible parce que, dans le rCgime de pseudo-saturation, la 
difference de potentiel de charge d'espace (AV,,) est com- 

prise entre 2,8 et 3,4 V, la largeur de la bande interdite Ctant 
de 2,6 V, les Clectrons situCs 21 la surface dans la bande de 
valence ont une Cnergie supCrieure B 1'Cnergie E,, du bas de 
la bande de conduction du matCriau dans le volume. Ainsi 
ces Clectrons doivent traverser une barrikre dont 1'Cpaisseur 
est de 1000 A et qui est pratiquement opaque. I1 a Ctk montrk 
que (18, 19) pour les barrikres mCtal/semiconducteur, qui 
constituent des dispositifs semblables, en premikre approx- 
imation, B l'interface semiconducteur/Clectrolyte, le trans- 
fert dlClectrons par effet tunnel devient le mkcanisme 
dominant lorsque le champs Clectrique devient supCrieur a 
lo7 V/m. Si AV,, = 3 V, 12 2 10 '~  le champ B la sur- 
face est supCrieur B lo8 V/m, et un transfert par effet tunnel 
peut &tre envisagC. Si nous appelons S, un site <<potentiel,, 
de fixation de OH- B la surface du matCriau, les reactions de 
formation, de dissociation et de rCaction par oxydation du site 
pourraient s'Ccrire 

[8n] S,,, + OH- = S, + e- (lente) 

[8b] e S,,, + OH- + = S, - OH (lente) 

[8cl S,, - OH 3 produits d'oxydation (rapide) 

En prCsence d'une espkces comme Br-, [F~(cN),]~-,  I-, 
. . . , et dans le cas oh cette espkce n'est pas encore oxydCe, 
il y a empkchement de la rCaction des sites avec OH- par 
rkaction de ces sites avec cette espkce. I1 y a donc compCtition 
entre cette espkce et OH- pour rCagir avec les sites. Dans le 
cas ou cette espkce est Br- la rCaction pourrait &tre : 

[9a] S, + B r  = S, - Br + e- (lente) 

[9b] e S,, + B r  + p+ g S,, - Br (lente) 

[9c] S, - Br = produits de reaction (rapide) 

En plus, la valeur trouvCe de 1'Cnergie d'activation ther- 
mique de la dissolution anodique du matCriau (E, = 2,2 kcal/ 
mol) favorise llinterprCtation selon laquelle les rkactions 
d'interface dans I'obscuritC prockdent par des Ctats de sur- 
face intermediaires. Cette interprktation est Cgalement en 
accord avec celle obtenue sur GaAs, -,P, (x = 0,39) en con- 
tact avec KOH 1 M (20). 

4.2 Sous e'clairement 
Sous Cclairement, l'absence de variation de i, avec [H30+] 

et [OH-] montre que les phCnomknes des rCactions sont 
diffkrents par rapport 2 celles observCes dans I'obscuritC. 
C'est donc I'arrivCe des porteurs p B l'interface qui limite la 
rCaction anodique. Ceci est confirm6 par le fait que le cou- 
rant est proportionnel 2 I'intensitC lumineuse lorsque la 
diffkrence de potentiel de charge d'espace est notable. Les 
porteurs P+ gCnCrCs par les photons sont alors drain& vers 
la surface et les courants dus 5 leurs rCactions d'interface 
constituent l'essentiel du courant anodique. La reaction de 
dissolution met en jeu huit charges ClCmentaires. En milieu 
basique, elle peut slCcrire : 

[lo] ZnIn2S, + 1 1 OH- + 8 p+ 
+ HZn02- + 2 In02- + 4 S(surf) + 5 H20 

Un dCp6t de soufre a CtC effectivement observe sur la sur- 
face de 1'Clectrode. Un rCsultat analogue a CtC obtenu pour 
CdS (1 8-21, 22). C o m e  dans les cas de CdS (22) et GaAs 
(23), la dissolution sous Cclairement a lieu par I'arrivCe des 
porteurs p+ au sommet de la bande de valence. Les dispo- 
sitions relatives des niveaux d'Cnergie des bandes de va- 
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CdS 

FIG. 11. Dispositions relatives des niveaux d'Cnergies aux in- 
terfaces ZnIn2S,/KOH 1 M et CdS/KOH 1 M. 

SAVADOGO 

1,4 

1-0 
091 1 10 100 1000 10000 100000 

iox l~ led  (m01-~ L~ mA cm-*) 

FIG. 12. Variation de S (i,,/i,) en fonction de 1 /C;c, dans KOH 
1 M. 

lence et de conduction sont reprCsentCes sur la figure 11. Elles 
ont Cte dCterrninCes a partir du potentiel de bandes plates et 
de la largeur de la bande interdite. En cornparaison, il a CtC 
Cgalement port6 la position des niveaux dans CdS selon les 
donnCes des rCfCrences 24 et 25. La bande de  valence est 
profonde dans 1'Cchelle des energies et les Cchanges 
isoCnergCtiques avec la solution sont peu probables. I1 est 
donc possible d'adrnettre que la dissolution de ces rnatkriaux 
s'effectuent par I'interrnCdiaire d'ttats de surface ou sites 
superficiels ayant des niveaux CnergCtiques situCs dans la 
bande interdite. 

Les Ctapes suivantes peuvent &tre irnpliquCes dans le 
rnkcanisrne de dkgradation. 

kd 
[12] Zn.In2S4 + p+ + produits de dCcomposition 

kox 
[13] Red + p+ + Ox+ 

k i 
[I41 Red + Zn.In,S4 - Ox+ + Zn:In2S4 

I1 est Cgalement possible de considCrer que si I'in- 
termkdiaire de surface Zn.In,S, est mobile, alors des rkactions 
d'oxydation irrCversibles avec les espkces Zn.In,S, peuvent 
apparaitre 

.......................... 
k" 

[17] A,-, + Zn.In2S4 + produits de rkactions 

Les courants lies aux diffkrentes reactions peuvent &tre 
dCterminCes : Pour la reaction [I  11 

[18] i ,  = kip+ 

[I91 i-, = k-, [Zn.In,S,] 

Pour la rCaction [12] 

[201 id = kd p+ [Zn.In,S,] 

Pour la rCaction [ 131 

[211 i o , = k o , C , p +  

Pour la rCaction [ 141 

[22] i ; = k ; Cr  [Zn.In,S,] 

Pour la rCaction [17] 

[23] i,, = k, [ z~ . I~ , s , ] '  = k, [Zn.In,S,][A,] 

= kt, [A,,- 11 [Zn .In?S4I 

Le densit6 de  courant id peut &tre rnise sous la forme (26) 

si koxp+ << k-, ,  I'utilisation de 1'Cquation [21] permet de 
rnettre I'Cquation [24] sous la forme 

Comme : i, = id + iox et S = iox/i,, alors avec CY = k, kd/k-I 
kox 

L r 

L'utilisation des relations [23] et [24] en tenant compte des 
Cquations [21] et  [22] permettent Cgalement d'avoir une 
expression identique 2 la relation [26]. 

Ainsi la variation linCaire de 1/S en fonction de iOx/cf  
observCe sur la figure 12 est bien expliquCe par 1'Cquation 
[26]. Ainsi S dCpend de ~f et de la densit6 de courant, ce qui 
est en accord avec l'interpretation selon laquelle que les 
reactions a I'interface ZnIn,S,/Clectrolyte sous Cclairernent 
sont IirnitCes essentiellement par la quantitC des porteurs p 
qui anivent a l'interface. Ainsi, I'interprCtation des rCsultats 
exp6rimentaux de ce travail peut &tre rCalisCe en utilisant les 
rCactions [12] et  [13] ou les rCactions [14] et [17]. 
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La variation de 1/S avec i , , /~ ;?  est analogue avec les 
rCsultats expkrimentaux obtenus sur les systemes GaAs/ 
Fe(I1)-EDTA, GaP/Fe(II)-EDTA, InP/Fe(II)-EDTA et 
GaP/Fe (cN):- (27-30) pour lesquels une variation lineaire 
de s2/(1 - S )  en fonction de ~; / i , ,  a CtC obtenue. Par contre 
le resultat est diffkrent de celui obtenu sur n - ~ a ~ / ~ e ' +  (3 1) 
pour lequel une variation linCaire de S en fonction de C,/i,, 
a CtC obtenue. 

L'influence du pH et de la tempCrature sur la valeur de S 
sera dCterminCe ulterieurement et comparCe a celle de ZnS 
et In's, afin d'itudier l'effet de la transition de ZnS 2 Zn- 
In,S, et a In$, sur la valeur de S. 

Conclusion 
Les rkactions a l'interface ZnIn,S,/electrolyte aqueux ont 

CtC CtudiCes dans 1'obscuritC et sous Cclairement. Dans l'ob- 
scuritC, le passage du courant serait donc dii a un transfert 
d'Clectrons par effet tunnel a travers la barriere de charge 
d'espace; les Clectrons issus d'un Ctat superficiel dii 2 l'in- 
teraction entre la solution et la surface laissant derrikre eux 
des trous qui contribuent a la dissolution anodique du 
matkriau. Sous Cclairement, le coefficient de stabilisation (S) 
varie avec la concentration de l'espkce rkductrice en solu- 
tion [C,] suivant la relation 1/S en fonction de i,,/c; Ces 
rCactions precedent par llintermCdiaire d'Ctats de surface si- 
tuCs a I'intCrieur de la bande interdite et elles sont limitCes 
par 1'arrivCe des porteurs p en surface. 
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Phosphoranes et thio-oxazaphospholidines d'aldohexoses proteges. 

1 
Syntheses et etudes stereochimiques 

ZOUHAIR BOUNJA, DOURAID HOUALLA,' MONIQUE REVEL ET ROBERT WOLF 
UrlitP de recherclze assoc~Pe nu Centre rzationul de la recherche scirntifique rtO 454, 
Urtiversite' Puul Subatier, 118 Route de Narbonne, 31062 Toulouse CEDEX, France 

R e p  le 4 juillet 1991 

ZOUHAIR BOUNJA, DOURAID HOUALLA, MONIQUE R ~ V E L  et ROBERT WOLF. Can. J .  Chem. 70, 1105 (1992) 
Les alcoxybicyclophosphoranes 1-5 ont CtC obtenus par I'action du bicyclophosphane 6 sur les cinq alcools suivants : 

1,2,3,4-di-0-isopropylidene a-D-galactopyranose 7, 1,2,5,6-di-0-isopropylidene a-D-glucofuranose 8, mCthanol, iso- 
. . . .  . . .  propanol et tertio-butanol. La sulfuration de 1-5 fournit les thio-oxazaphospholidines correspondantes : l ( P 4 ) - S ( P 4 ) .  

Les formes tautomeres phosphocines intermkdiaires: l(P=S)"'-S(P=S)* sont observtes dans tous les cas. Une etude 
stCrCochimique dCtaillCe, basCe sur les rCsultats de RMN de ' H ,  I3c et "P est prCsentCe pour les huit composCs 1-4 et 
l(P=S)-4(P=S). En solution, on observe le passage quantitatif du thio-oxaiaphospholidine 4(P=S) au dCrivC 0x0 
correspondant 4(P=0) par la mCthode a I'anhydride trifluoroacCtique. 

ZOUHAIR BOUNJA, DOURAID HOUALLA, MONIQUE REVEL, and ROBERT WOLF. Can. J .  Chem. 70, 1 I05 (1992). 
The alkoxyphosphoranes 1-5 have been obtained by the reaction between the bicyclophosphane 6 and the five fol- 

lowing alcohols: 1,2,3,4-di-0-isopropylidene-a-o-galactopyranose 7, 1 ,2,5,6-di-0-isopropylidene-a-D-glucofuranose 
8, methanol, isopropanol, and tertiobutanol. The sulfuration of 1-5 yields to the corresponding thio-oxazaphospholi- 
dines: l(P=S)-S(P=S). In each case the intermediate tautomeric form l(P=S)*-S(P=S)", with an eight-membered 
ring, 1s observed. A detailed stereochemical study, based on 'H ,  I3C, and 3 1 ~  NMR results is presented for eight com- 
pounds: 1-4 and l(P=S)-4(P=S). In solution we observed the quantitative transformation of 4(P=S) into the corre- 
sponding 0x0 derivative 4(P=0) by the trifluoroacetic anhydride method. 

I 

1 
1. Introduction 

i L'addition oxydante des alcools et polyols sur les bi- 
cyc10phosphanes2 I conduit facilement aux alcoxybicy- 
clophosphoranes2 I1 ( I )  

I 11 

Nous avons rkcemrnent utilisC cette reaction avec le rnyo- 
inositol. L'oxydation des polybicyclophosphoranes qui en 
dCrivent suivie de l'hydrolyse des produits obtenus nous a 
permis d'acceder, d'une fason simple et rapide, a quelques 
rnyo-inositol phosphates biologiquernent intCressants (2, 3). 

Poursuivant 1'Ctude de la phosphoranylation cornrne moyen 
d'accCder a des produits dlinttrCt biologique, nous avons 
prtpari cinq bicyclophosphoranes du type 11, 1-5. Deux 
dCrivent d'aldohexoses protCgCs : le galactopyranose 7 et le 
glucofuranose 8, les trois autres sont issus respectivement du 
methanol, de l'isopropanol et du tertio-butanol. C'est le bi- 
cyclophosphane 6 qui est utilise dans tous les cas. 

Dans ce travail, nous nous somrnes attaches 5 l'obtention 
de dCrivCs soufrCs. En effet, parmi les rkactions explorCes 

I sur 11, nous avons montrt que la sulfuration conduit 5 un 

'Auteur a qui adresser toute correspondance. 
'~omenclature correcte : ( I )  pour les bicyclophosphanes (I) : 

2,8-dioxa 5-aza 1-phospha1"bicyclo[3,3,0]octane; (2) pour les bi- 
cyclophosphoranes (11) : I -alcoxy 2,8-dioxa 5-aza 1 -phosphav- 
bicyclo[3,3,0]octane. 

rnClange de thio-oxazaphospholidine I1 (P=S) et de thio- 
dioxaphosphocine I1 (P=S)*. 

- - 

Le premier est l'isomkre stable et il est pratiquement seul 
pr~sent aprks un dClai de 24 h. Le fait qu'il comporte une 
fonction alcool permet d'envisager, par une repetition du 
schCma rkactionnel, de fixer plusieurs restes thio-oxaza- 
phospholidines sur le mCme substrat hydroxylC. 

Le rnCme cornportement est observt avec les polybicy- 
clophosphoranes de polyols : partant du glycol (4), du 
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I Les resultats obtenus rnontrent que l'equilibre Ctant at- 
teint, les thio-oxazaphospholidines l(P=S)-S(P=S) sont 
trks largernent rnajoritaires sinon les produits uniques de la 
reaction. Dans l(P=S) et 2(P=S), l'atorne de phosphore 
Ctant chiral i l  y a formation de deux diastCreoisornkres. 
L'induction asyrnetrique est pratiquernent nulle dans 
l(P=S) : les deux pics de RMN 3 1 ~  a 85,O pprn et 
84,7 pprn ont quasirnent la rn&rne intensite alors qu'elle est 
significative dans 2(P=S), les deux pics a 84,7 et 
83,s pprn sont sensiblernent idgaux, respectivernent cornrne 
65 et 35%. Ce rksultat doit &tre relie au fait que dans l(P==S) 
le premier atorne de carbone chiral est en position y par rap- 
port au phosphore alors que dans 2(P=S) il est en 
position p. 

Le tableau qui suit regroupe les valeurs de 8 3 1 ~  des dix 
cornposCs soufrCs caractCrisCs : 

l(P=S) 2(P=S) 3(P=S) 4(P=S) 5(P=S) 
85 et 84,7 84,7 et 83,5 8 6 3  83,5 86,8 
l(P=S)" 2(P=S)" 3(P=S)+ 4(P=S)" 5(P=S)." 
52,5 50 54,l 5 1 ,O 42,4 

2.2. Ste're'ochimie 
Aucun des produits CtudiCs au cours de ce travail n'a CtC 

obtenu 5 1'Ctat cristallin. Aussi aucune determination de 
structure par diffraction des rayons X n'a pu &tre rCalisCe. 

, L'Ctude stCrCochirnique des ces cornposCs repose donc sur 
I l'analyse de leurs pararnktres de RMN. Cependant les 
rCsultats conformationnels que nous prksentons sont forte- 

, rnent CtayCs par la connaissance des structures rnolCculaires 
; de composes analogues 12 (7) et 13 (8). 

AcO COOMe 

0 Ac 

0-P-0 

2.2.1. Les bicyclophosphoranes 1-4 
Comrne nous venons de le dire nous disposons depuis peu 

de la structure rnolCculaire Ctablie par diffraction des rayons 
X du rn&rne reste bicyclophosphoranique dans le derive 12 
issu de l'acide quinique (7). Cornme il s'agit prkcisernent du 
rn&rne fragment, nous pouvons adrnettre que dans les quatre 
dCrivCs 1-4 la gCornCtrie du squelette bicyclophosphora- 
nique est la rnCrne. I1 s'agit d'une bipyramide trigonale avec 
une annelation axiale-equatoriale-axiale : les deux atornes 

d'oxygkne occupent les positions axiales et l'atorne d'azote 
une position equatoriale. Afin de cornplkter cette donnCe 
stCrCochirnique i l  nous reste a prCciser la conformation des 
cycles pentagonaux, les modifications qu'ils subissent quand 
les cornposCs sont en solution, et dkterrniner l'influence de 
la phosphoranylation sur la conformation des ensembles 
galactopyranose de 1 et glucofuranose de 2. 

2.2 .I . l .  Conformatio~z des cycles pentcigonaux. Dans les 
bicyclophosphoranes prCsentCs, la double substitution sur 
l'atorne de carbone en a de l'oxygkne (deux groupernents 
methyles) nous prive des constantes de couplage 3~H-C-O-p, 

qui suivent une loi de Karplus (9) et apportent des infor- 
mations sur les angles dikdres correspondants. Cet handicap 
est en partie lev6 par la connaissance de la conformation des 
cycles pentagonaux qui nous est fournie par les rayons X de 
12 : c'est une forrne enveloppe avec l'atorne de carbone en 
a de l'oxygkne a la pointe du rabat (7). Nous conviendrons, 
avec peu de risques, que cette conformation reste pri- 
vilkgiee en solution pour les cornposCs 1-4. Les constantes 
de couplage 3~H-c-N-, (tableau 1) constituent Cgalernent une 
sonde interessante pour 1'Ctude conformationnelle de ces 
cycles 5 cinq chainons. L'exarnen du tableau 1 rnontre qu'il 
existe quelques diffkrences entre les quatre cornposCs CtudiCs. 

Dans les dCrivCs 3 et 4 les constantes de couplage 
3 
JH-C-N-p sont trks voisines : 16,2 et 1 1,2 Hz pour 3, 15 et 
12,8 Hz pour 4. Nous en concluons que la libration des cycles 
pentagonaux peut se faire librernent. 11 est intkressant de noter 
a ce propos que les rnkrnes cycles pentagonaux des bicyclo- 
phosphoranes (111) (R=alkyl ou aryl) 

sont bloquCs en solution : les deux constantes de couplage 
3 
JH-C-N-p ont des valeurs trks contrastCes cornrne 24 et 3 Hz 
(10). Dans 1 et 2 la chiralite des groupernents galactopyra- 
nose et glucofuranose discrirnine tous les sites protoniques 
des restes bicyclophosphoranes : ainsi aux quatre substi- . . 

tuants CH, et aux quatre hydrogknes des deux-groupernents 
N-CH2 correspondent des signaux distincts. Dans 1 les cou- 
ples de constantes de couplage observtes pour les deux 
groupernents N-CH, sont peu differentes : 12,6 et 14,3 Hz 
d'une part, 13-14,l Hz d'autre part. Dans 2 ces paires de 
constantes de couplage deviennent 19 et 11,3 Hz d'un cotC, 
21,4 et 11 Hz de l'autre. L'exarnen d'un rnodkle rnolCculaire 
rnontre que cette dernikre discrimination est interprktable. En 
effet, dans 1 l'attachernent du groupe bicyclophosphorane 2 
la fonction alcool prirnaire exocyclique 1'Cloigne de toute gCne 
stCrique et la libration des cycles pentagonaux peut s'effec- 
tuer librernent. I1 n'en est plus de rn&rne dans 2. Cette fois 
le bicyclophosphorane est port6 par une fonction alcool se- 
condaire directernent liCe au cycle, ce qui le place 2 proxi- 
mite du groupernent glucofuranose, lui rnkrne encornbrC par 
les substituants protecteurs isopropylidknes. On conqoit que 
la position d'kquilibre puisse &tre telle que l'un des cycles 
pentagonaux est loin du groupernent furanose permettant la 
libration du cycle alors que l'autre est stkriquernent gCnC et 
conserve des valeurs contrastCes des constantes de couplage 
7 .  
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TABLEAU 1 .  Parametres de RMN 'H des protons N-CH, et des substituants CH, des groupements bicyclophosphoraniques 

Pyranos y 1 

Mela Me,, 

0 

H(A+i,yi 

Me20 Mel9 

Mela Me,, Mela Me,, 

6 ,  PPm J ,  Hz 6 ,  PPm J, Hz 6 ,  PPm J ,  Hz 6 ,  ppm" J ,  Hz" 

"Valeurs extraites de la reference 4.  
'H(14l) et H(142) sont respectivernent equivalents a H(151) et H(152). Ils 

2.2.1.2. Influence de la phosphoranylation sur les cycles 
galactopyranose et glucofuranose. L'exarnen du tableau 2 
qui rassernble les pararnktres de RMN 'H des protons cycli- 
ques et des groupernents CH, protecteurs permet de faire les 
rernarques suivantes : 

1. En passant du galactopyranose 7 son dCrivC phos- 
phoranylC 1 les dCplacernents chirniques des protons H(1), 
H(2) et H(3) et les constantes de couplage entre eux n'ont 
pratiquernent pas changC. Les seules modifications ob- 
servCes concernent les protons H(5), H(6 1 ), H(62) et H(4). 
Dans 7 les trois premiers donnent naissance a un rnultiplet 
ABC entre 3,80 et 3,89 pprn netternent sCparC du signal de 
H(4) a 4,07 pprn. La phosphoranylation se traduit par un 
dCblindage de tous ces protons qui donne naissance a un 
rnultiplet ABCD entre 4,18 et 4,36 pprn. Les signaux dus aux 
groupernents CH, ne prCsentent que des variations rni- 
neures. En bref la conformation de l'ensernble galactopyra- 
nose s'est rnaintenue lors de la phosphoranylation. 

2. La phosphoranylation du glucofuranose 8 a des effets 
netternent plus rnarquks. Dans 8 les protons H(2), H(3), H(4) 
et H(5) forrnent un rnultiplet cornplexe de type ABCD entre 
4,35 et 4,45 pprn. Les rn&rnes protons du dCrivC phosphora- 
nylC 2 conduisent des signaux bien sCparCs en raison des 
dkblindages qu'ils subissent. Cornpte tenu du fait que les 
protons deviennent distinguables ii partir d'un systkrne 
ABCD, nous pouvons estimer les dkblindages minima qui 
interviennent : 0,12 pprn pour H(4), 0.29 pprn pour H(5), 
0,36 pprn pour H(2), enfin 0,93 pprn pour H(3). I1 en est de 
mtme des groupernents CH, des cycles protecteurs. Ceux qui 
sont en position exo, not& 9 et 11,-sur les dessins des 
rnoltcules 1, 2, 7 ,  8 subissent des dkplacernents sensible- 
ment plus importants (O,11 et 0,19 ppm) que les rnCthyles 
endo, notes 10 et 12 (dkblindages respectifs : 0,04 et 0 pprn). 
Toutes ces observations convergent. Elles permettent de 
constater que le groupernent bicyclophosphorane induit dans 
son environnement proche un effet de dCblindage rnarquC. 

constituent la partie AB d'un systkrne ABX (X = P) 

2.2.2. Les thio-oxazaphospholidines l(P=S)-4(P=S) 
Cornrne nous l'avons dit plut haut, nous connaissons 1 

structure rnolCculaire du dCrivC tricyclique 13 (8) qui corn 
porte deux fois le motif thio-oxazaphospholidine que nou 
Ctudions ici : le cycle pentagonal adopte une forrne enve 
loppe avec l'atorne de carbone en u de l'oxygkne a la point' 
du rabat.4 

Nous adrnettrons qu'il en sera de rntrne pour les corn 
posCs l(P=S)-4(P=S). L'analyse des pararnktres de RMP 
'H des protons diastCrCotopes NCH?, seuls sites cornrnun 
aux quatre dCrivCs qui permettent une Ctude comparative 
fournira l'essentiel de l'information stCrCochirnique. Le ta 
bleau 3 rassernble ces pararnktres ainsi que ceux de 1'0x0 
oxazaphospholidine 4 (P=O). Ce demier a Cte sp6cialernen 
prCpare pour cette Ctude. 11 dCrive du cornposC 4 (P*) dan 
lequel l'atorne de soufre a CtC rernplacC par un atom 
d'oxygkne. 

( a )  Les deux constantes de couplage 3~p-,,-, des deu: 
groupes de protons diastCrCotopes N-CH, prCsentent de 

' ~ n  fait la maille cristalline de ce compost comporte deux en 
tit&, une centrosymCtrique et une depourvue de toute symetrie 
Dans cette derniere les cycles pentagonaux adoptent tous les deu 
une forrne enveloppe mais se differencient par la position du rabat 
Dans l 'un c'est l'atome de carbone en a de l'oxygkne qui occup 
cette position; dans I'autre c'est celui en a de l'azote (8). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BOUNJA ET AL. 1109 

, TABLEAU 2. Cornparaison des parametres de RMN 'H des cycles galactopyranosique et glucofuranosique dans le galactopyranose 7,  le 
glucofuranose 8 et dans leurs produits de phosphoranylation 1 et 2 

I 

H(1) 5,47 3 ~ 1 - 2  50 5,46 3 ~ , - 2  5 3 ~ ~ - 2  3,5 6,O 3Jl-2 3,6 
H(2) 4,19 3 ~ 2 - 3  2,3" 4,16 3J2-3 2,3 Multiplet ABCD 4,75 t J2-3 0 
H(3) 4,48 3 ~ 3 - 4  7,9" 4,49 ' ~ 3 - 4  7,9 entre 4,34 5,32 J3-4 2,9 

3 ~ 3 - p  10 
H(4) 4,07 3 ~ 4 - ~  Multiplet ABCD et 4,45 ppm 4,5 1 3J4-5 7,6 

' ~ 4 - P  3 
H(5) Multiplet ABC entre 4,18 4,68 
H(6 1) entre 3,8 et 4,36 ppm 4,06 3 ~ 6 1 - 5  5 4,24 3 ~ 6 ~ - 5  4,9 

2 ~ H - H  -8,6 ' J H - H - ~  

H(62) et 3,89 ppm 4,1 3 ~ 6 2 - 5  6 4,3 3J62-5 4,4 
H(8) 3,43 2,55 3 ~ 8 - 3  4 2  
Me(9) exo 1 ,09b 1,06 1 , 1 9 ~  1,38 
Me(l0) endo 1 ,44b 1,43 1 ,44b 1,48 
Me(1 I )  exo 1 , 1 6 ~  1,13 1,3 lb  1,42 
Me( 12) endo 1,39 1,40 1 ,Sob 1 3 0  

I "Valeurs ldentiques i celles relevies dans la I~ttCrature ( 1  1). 
/ "aleurs compat~bles avec les donnCes de la IittCrature (12). 

TABLEAU 3. Paramktres de RMN 'H des protons N-CH2 des restes thio-oxazaphospholidines (l(PS), 2(PS), 3(PS) et 4(PS)) et du groupement 
0x0-oxazaphospholidine (4(PO)) 

"DiastCreoisomtre majoritaire. 
'H(141) et H(142) constituent la partie AB d'un systtme ABX (X = P). 
'H(151) et H(152) constituent la partie AB d'un systeme ABX (X = P. 
"H(15 1 )  et H(152) apparaissent cornrne @qu~valents. 
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TABLEAU 4. Parametres de RMN "C des groupements bicyclophosphoraniques des composks 1 ,  2, 3 et 4 

Me18 Me,, Me,, Me,, Me18 Me,, Me18 Me,, 

0 

Me,, 

6 ,  pprn J ,  Hz 6,  ppm J ,  Hz 6 ,  ppm J, Hz 6 ,  ppm J ,  Hz 

"Ces valeurs sont, en fait, les moyennes des constantes de couplage 'J,.~,-, et 'J,.,.-,-,, 
" ~ e  m&me ces valeurs sont les rnoyennes de ' J r  .,-, et de ' J ,  -,-,-, ,. 

differences significatives d'un compose a l'autre. Pour les 
protons N-CH, cycliques elles sont identiques dans 4 (P==O), 
voisines dans les deux diastCrCosiombes de 2 (P=S) ainsi 
que dans 3 (P=S)  et 4 (P=S)  (de l'ordre de 1 1 - 12 Hz) mais 
sensiblement diffkrentes dans les deux diasterkoisomeres de 
1 (P=S) (de I'ordre de 7 et 12 Hz). En utilisant pour les 
constantes de couplage 'J,,,, et les angles diedres que font 
les quatre atomes correspondants une relation de Karplus (9), 
ces observations peuvent reflCter une vitesse de bascule- 
ment du rabat des cycles pentagonaux diffkrente selon le 
compost. Rapide jusqu'a moyenner les angles diedres 
P-N-C-H dans 4 (P=O) elle est quelque peu ralentie 
dans 2 (P=S), 3 (P=S) et 4 (P=S), et suffisamment faible 
dans 5 (P=S) pour qu'une forme enveloppe du cycle pen- 
tagonal puisse etre observte en solution. 

(b) La comparaison des paramktres de 4 (P=S) et de 4 
(P=O) montre que le remplacement du groupement thio- 
phosphoryle P=S par le groupe phosphoryle P=O a des 
effets significatifs sur les dkplacements chimiques des pro- 
tons N-CH, cycliques et acycliques. Pour les premiers nous 
assistons a un deblindage de 0,39 pprn de l'un (passage de 
2,69 2 3,08 ppm) et un blindage de 0,05 pprn pour l'autre (de 

3,25 a 3,20 pprn). Quant aux protons N-CH2 acycliques il, 
sont tous deux deblindks mais avec des amplitude; 
diffkrentes : 0,28 pprn pour l'un (de 2,88 a 3,16 ppm) et 0,l: 
pprn pour l'autre (de 3,16 a 3,04). Ces observations sont i 
rapprocher de celles que nous avons presentees pour 1r 
compose 14 et son derive soufre 13 (8). 

2.3. RNM I 3 c  

Nous terminerons cette etude par quelques commentaire: 
sur les parametres de RMN 13C de ces composCs, en nou: 
limitant a la partie organo-phosphorke de nos molCcules. Lt 
tableau 4 rassemble les donnkes concemant les groupe 
ments bicyclophosphoranes, le tableau 5 conceme le: 
hCtCrocycles thio-oxazaphospholidines. 

( a )  L'examen du tableau 4 montre comme attendu, qur 
la chiralitk des ensembles galactopyranose et glucofura 
nose, dans 1 et 2, conduit a la discrimination de tous le: 
noyaux de carbones des restes bicyclophosphoraniques 
Quatre signaux correspondant aux quatre groupement! 
mkthyles, deux pour N-CH, et deux pour les carbones 0 - C  
Notons qu'aucun carbone mkthylique de 1 et 2 n'est couplc 
avec l'atome de phosphore alors qu'un tel couplage existt C
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BOUNJA ET AL 

TABLEAU 5. DCplacements chimiques et constantes de couplage avec le phosphore des noyaux de carbone des 
restes thio-oxazaphospholidines 

k 0 H  

Me20 Me,, 

6, ppm J ,  Hz 6. ppm J ,  Hz 6, ppm J ,  HZ 6, ppm J ,  HZ 

C(13) d 82,7 ' J  3,4" d 83.2" ' J  2,6" d 82,6 ' J  2,s" d 82,3 ' J  3,2" 
d 82,7 ' J  3,4" d 83,4 ' J  2,8" 

C(14) d 62, l  ' J  11,4' d 62,2" ' J  10,8' d 62,3 ' J  11,O' d 61,s  ' J  11,2' 
d 62,5 ' J  11,3' d 62,4 ' J  10,8' 

C(15) d 57.7 ' J  5,5 d 58,6" ' J  5,2 d 58,O ' J  5,2 d 57.6 ' J  5 , l  
d 58,3 2~ 5,3 d 58,4 ' J  5 , l  

C(16) d 71,5 ' J  3,4 d 71,2" ' J  5,O d 7 1 , 7  ' J  4,4 d 7 1 , 8  ' J  4,5 
d 7 1 , 7  ' J  4,6 d 7 1 , 4  ' J  4,5 

C(17) s 27,s s 27,4 s 27,9 d 2 7 , 8  ' J  5,4 
OU 

C(18) s27 .9  s 27,4 
C(18) s 27,9 s 27,7 s 27,9 s 27,9 

OU 

C(17) s28,O s 27,7 
I 
I C(19) s 27,5 s 27,5 s 27,5 s 27,6 
I s 27,4 s 27,5 

C(20) s 27,6 s 27,5 s 27,5 s 27,6 
I s 27,7 s 27,5 

"Ces valeurs sont, en f a t ,  les moyennes des constantes de couplage 'J,-, , et ' J ,  .., , 
"D1asttr601somire majontalre 
'Ces valeurs sont les moyennes de 'J,-,. ,, et de ' J ,  , , ,, 

pour un groupement CH, dans 3  et 4. Comme il est admis 
3 que les constantes de couplages Jc-c-,p suivent une rela- 

tion du type Karplus (9) cette observation traduit, ii notre 
sens, une difference de conformation des cycles pentago- 
naux dans 1  et 2 d'une part, 3  et 4 d'autre part. 

(b) Le passage des bicyclophosphoranes 1, 2, 3 ,  4 aux 
thio-oxazaphospholidines 1  (P=S), 2 (P=S), 3  (P=S) et 4 
(P=S) conduit a un dCdoublement de tous les signaux des 
atomes de carbone. En effet le fragment -0-C(CH3),-CH,-N- 
CH2-C(CH3),-0, symCtrique au dCpart, se trouve en fin de 
compte partage entre un hCtCrocycle et une chaine linkaire. 
Les attributions qui figurent dans le tableau 5 rCsultent de la 
comparaison des parametres obtenus avec ceux de com- 
posCs proches CtudiCs au laboratoire : 13 (8) et 1 5 . ~  

3. Conclusion 

Au cours de ce travail, nous avons montrC que la phos- 
phoranylation d'aldohexoses monohydroxylCs constitue un 
excellent moyen d'acces aux thio-oxazaphospholidines cor- 
respondantes. L'analyse des parametres de R M N  'H et I3c 
de ces deux types de composts a permis de mettre en 
Cvidence plusieurs particularitCs stCrCochimiques. 

'RCsultats non publies. 

4. Partie experimentale 

4.1. Rksorzurzce rnagnktique nuclkaire 
Les spectres de RMN 3 ' ~ ,  I H  et "C ont CtC enregistres avec 

diffkrents spectromktres Bruker : AC 80, AC 200, AC 250 et WM 
250. Les deplacements chimiques, exprimes en parties par mil- 
lions (ppm), sont mesurCs avec une precision de 20,005 ppm pour 

et "C (references tCtramCthylsilane, 
3P04 pour "P). Les constantes de cou- 

plages, exprimCes en Hz, sont mesurCes avec une precision de 
0,2 Hz pour 'H  et 0 ,5 Hz pour "C et 3 1 ~ .  La resolution complete 
des spectres a CtC parachevke par des experiences de decouplage 
homonucleaire proton-proton et hCtCronuclCaire proton-phos- 
phore et carbone-phosphore. Les donnees experimentales citCes 
dans le texte ou les tableaux ne sont pas reprises dans ce qui suit. 

4.2 . I .  Les bicyclophosphoranes : 1-4 
4.2. I .  1. Le 3,3,7,7-tetramCthyl 1-[I ,2,3,4-di-0- 
isopropylidkne a-~-gala~t0pyr~n0~yl0Xyl]2,8-di0~a 5-aza 1 - 
phosphnV bicyclo[3.3.0]octane, 1.  QuantitCs utilisees : galac- 

topyranose 7 541 mg (2,08 X mol), bicyclophosphane 6 393 
mg (2,08 x rnol), toluene 3 rnL. L'enlkvement du solvant 
aprks la fin de la reaction conduit B un liquide incolore trks vis- 
queux que nous avons caractCrisk B I'aide des spectres de RMN de 
trois noyaux 'H, 3 ' ~  et I3C et analyse Clkmentaire. Parmi les donnkes 
expkrimentales qui n'ap araissent pas dans l'article ajoutons celles R concernant la RMN de C{H) (62,89 MHz benzene-d6) : 24,4 ppm 
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1112 CAN. J. C CM. VOL. 70,1992 

(s, C(10), endo), 25,O pprn (s, C(12), endo), 26,3 pprn (s, C(9), 
exo), 64,9 pprn (d, C(6), 'JC_, = 6,1 Hz), 67,7 pprn (d, C(5), 'JC_, 
= 10 Hz), 7 1,l-71,2 et 7 1,3 (3s, C(2), C(3), C(4)), 96,8 pprn (s, 
C(1)); 108,4 et 109,2 pprn (2s, C(7), C(8)). Anal. calc. pour 
C20H36N08P : C 53,44; H 8.07; N 3,11; trouve C 52,34; H 7,9; N 
3,22. 

4.2 . I  .2. Le 3,3,7,7-te'tramtthyl 1 -[I ,2,5,6-di-0-isopropyli- 
dkne-a-D-glucofuranosyloxy] 2,8-dioxa 5-aza l-pt~osphav bicy- 
clo[3.3.0]octane, 2 .  QuantitCs utilisCes : glucofuranose 8 463 mg 
(1,78 X rnol), bicyclophosphane 6 336 mg (1,78 X 

lo-' mol) tolukne 3 mL. Le composC 2 est un liquide incolore trks 
visqueux. RMN l"{~)(62,89 MHz benzkne-d6) : 25,7 pprn (s, 
C(9), exo), 26,4 ppm.(s, C(10), endo), 27,2 pprn (s, C(l I ) ,  exo 
et C(12) endo), 67,9 pprn (s, C(6)), 73,4 pprn (s, C(5)), 79,l  pprn 
(d, C(3), 'Jc_, = 7,9 Hz), 85,3 pprn (d, C(2), 'JC_, = 2,3 Hz), 
105,s pprn (s, C(l)), 109,l et 11 1,6 (2s, C(7) et C(8)). Anal. calc. 
pour C20H36N08P : C 53,44; H 8,07; N 3 , l l ;  ~ I ' o u v ~  : C 52,23; H 
7,9; N 2,97. 

4.2.1.3. Le 3,3,7,7-te'trame'thyl I-me'thoxy 2,8-dioxa 5-aza 1- 
phosphaV Oicyclo[3.3.0]octat1e, 3. QuantitCs utilisCes : methanol 
fraichement redistille 169,5 mg (5,29 X lo-' mol), bicyclophos- 
phane 6 1000 mg (5,29 x rnol), tolukne 3 mL. Aprks 
enlkvement du solvant le phosphorane a CtC purifiC par distillation 
sous pression rCduite. Eb.,,,, : 40°C. Le composC 3 a CtC carac- 
tCrisC par RMN et analyse elementaire. RMN 'H (250 MHz, 
benzkne-d6) : 3,45 pprn (d, 3H, CH30, 3 ~ l , _ p  = 14,9 Hz), 7,04 pprn 
(d, IH, H(8), IJH_, = 794,9 HZ). RMN "c{~H) (62,89 MHz, 
benzkne-d6) : 53,3 pprn (d, C(21), 'JC_, = 6 Hz). Anal. calc. pour 
CyH20N03P : C 48,87; H 9,12; N 6,33; trouvC : C 48,67; H 9,3; N 
6.75. La synthese et les caracteristiques du composC 4 ont CtC 
publikes par ailleurs (4). 

4.3. Les thio-oxazaphospholidit~es : I ( P 4 ) - I ( P 4 )  
Ces composCs ont CtC obtenus par action du soufre ClCmentaire 

sur les bicyclophosphoranes 1-4.  

4.3 . I .  Le 5,5-ditntthyl3-~2-tnkthyl2-hydroxyprop~~l] 2- 
[I ,2,3,4-di-0-isopropylidhe a-u-galactopyranosyloxy] 2- 
thio 1,3,2-  oxazaphospholidine I (P==S) 

QuantitCs utilisCes : bicyclophosphorane 1 ,  330 mg (0,73 x 
lo-' mol) benzkne 4 mL, soufre ClCmentaire 23,3 mg (0,72 x 
atome). Quelques particularitks sur 1'Cvolution de la rCaction sont 
dans le texte. Le mClange des deux diastCrCoisomkres est carac- 
tCrisC par RMN et analyse 6lCmentaire. RMN ' H  (250 MHz, 
benzkne-d6) : entre 1,03 et 1,55 pprn (14 s,  48 H, correspondant 
aux 16 groupements CH, attendus, chaque diastCrCoisomere com- 
portant 8 groupements mkthyles), entre 3,7 et 3,9 pprn (multiplet 
complexe, 2H, correspondant aux protons H(61) et H(62) des 2 
diastCreoisom~res; ces protons foment  avec H(5) et P un systkme 
du type ABXY), 4,23 pprn (dd, l H ,  H(2), 3~H(, ,H(l ,  = 5 HZ, 
3~H(2,H(3, = 2,4 Hz), 4,24 pprn (dd, IH, H(2) second diastC- 
reoisomere, 'JH(~,H(I) = 5 HZ, 3 ~ ~ ( 2 ) _ ~ ( 3 )  = 2,4 HZ), entre 4,3 et 
4,5 pprn (multiplet complexe, 3H, H(3), H(4), et H(5) des deux 
diast&rCoisomkres), 5,44 pprn (d, l H ,  H(l)  des deux diaste- 
rCoisomkres). Quant aux protons N-CH,, leurs paramktres se trou- 
vent dans le tableau 3.  RMN I3c{lH) (62,89 MHz, benzene-d6) : 
entre 23 et 28 ppm (15 s correspondant aux 16 carbones mCthylipues 
attendus), 67,2 pprn (d, C(6), premier diastCrCoisornere, -JC_, 
= 5,4 Hz), 67,4 pprn (d, C(6), 2ikme diastCrc5oisomkre, 'JC_, 
= 5,4 Hz), 67,4 pprn (d, C(5), ler diastCrCoisomkre, 3 ~ C _ p  = 
6,9 Hz), 67,8 pprn (d, C(5), 2ikme diastCrCoisomere, 'JC_, = 
6,9 Hz), entre 70,8 et 71,3 pprn (5s correspondant aux 6 carbones 
C(2), C(3) et C(4) attendus), 96,7 pprn (s, C(1), premier dia- 
stCrCoisomkre), 96,8 pprn (s, C(1), 2ieme diaster6oisomkre), 108,7 
et 109,5 pprn (2s, correspondant aux 2 carbones C(7) et 2 car- 
bones C(8) attendus). Quant aux paramktres des noyaux de car- 
bone C(13), C(14), C(15) et C(16) ils sont rassemblCs dans le 
tableau 5. Anal. C ~ C .  pour C 2 ~ 3 6 N 0 8 P S  : C 49,88; H 7,54; N 2,9; 
trow6 : C 48 , l ;  H 7,6; N 2,9. 

4.3.2. Le 5,5-dime'ttzyl3-(2-me'thyl2-hydroxypropyl) 2- 
[I ,2,5,6-di-0-isopropylidkne a-D-glucofuranosyloxy] 2-thio 
1,3,2-oxazaphospholidit~e, 2(P==S) 

QuantitCs utilisCes : bicyclophosphorane 2 654,6 mg (1,34 r 
lo-' rnol), b~nzkne 4 mL, soufre ClCmentaire 43, l  mg (1,3f 

atome). A la diffkrence du cas prCcCdent la forme thiophos 
phate 2 (P==S):* a 6 "P = 50 pprn est pratiquement indCtectable at 
bout de 4 jours. Les deux diastCrCoisomkres de 2 (P=S) ont Ctc 
caractCrisCs par RMN et analyse ClCmentaire. RMN 'H (250 MHz 
benzkne-d6) : entre 0,99 et 1,39 pprn (12 s 48H, correspondant au, 
16 groupements CH,), entre 3,97 et 4,17 pprn (multiplet, 2H 
H(61), H(62), ou H(4), H(5) des deux diastCrCoisomkres), entrt 
4,39 et 4,48 pprn (multiplet, 2H, H(4), H(5) ou H(61), H(62) de! 
deux diastCrCoisomkres), 5,03 pprn (d, 0,35H, H(2) minoritaire 
3 ~ H ( 2 ) - H ( I )  = 3,7 HZ), 5,14 pprn (d, 0,65H, H(2) majoritaire 
3 ~ H ( 2 ) - t l ( l )  = 3,7 HZ), 5,2 pprn (dd, 0,35H, H(3) minoritairt 
'JH())-H(.I) = 2,4 HZ, 'JH-P = 9 HZ), 5,37 ppm (dd, 0,65H, H(3 
majoritaire 3~t1(3,H,4, = 2,4 Hz, 'J,,_, = 9 Hz), 5,89 pprn (d, 0,35H 
H( l )  minoritaire), 5,85 pprn (d, 065H, H(1) majoritaire). RMb 
13 C{'H) (62,89 MHz benzkne-d6) : entre 25,5 et 27,5 pprn (6s cor 
respondant aux 16 carbones mCthyliques attendus), 67,4 pprn (s 
C(6) minoritaire), 67,8 pprn (s, C(6) majoritaire), 72,6 pprn (s, C(5 
minoritaire), 72,9 pprn (s, C(5) majoritaire), 80,8 pprn (d, C(4 
majoritaire et minoritaire, Vc_, = 5,4 Hz), 81 pprn (d, C(3) ma 
joritaire et minoritaire 2 ~ C - I ,  = 10 HZ), 84,5 pprn (s, C(2) minori 
taire), 84,6 pprn (s, C(2) majoritaire), 105,4 pprn (s, C(l 
majoritaire), 105,5 pprn (s, C(1), minoritaire), 109,5 pprn (s, C(7 
ou C(8) minoritaire), 109,6 pprn (s, C(7) ou C(8) majoritaire) 
1 12, l  pprn (s, C(8) ou C(7) minoritaire), 1 12,3 pprn (s, C(8) 01 

C(7) majoritaire). Anal. calc. pour C20H36N08PS : C49,88; H 7 3 4  
N 2,9; trouvC : C 50,5; H 7,6; N 2,9. 

4.3.3. Le 5,5-ditnPttzyl3-[2-tne'thyl2-hydroxypr-opyl] 2- 
me'thoxy 2-thio 1,3,2-oxazaphospholidine, 3 (P=S) 

QuantitCs utilisCes : bicyclophosphorane 3 279 mg (1,26 r 
lo-' mol) toluene 3 mL, soufre ClCmentaire 40,4 mg (1,28 x 
lo-' atome). Le solvant est enlev6 48 h apres la fin de la rCactior 
aprks avoir vCrifi& l'absence de 3 (P=S)* tautomere. 3 (P=S) es 
un liquide jauntitre et visqueux caractCrisC par RMN et analyst 
ClCmentaire. RMN 'H (200 MHz, benzkne-d6) : 1,09; 1.10; 1,l: 
et 1,18 ppm (4s, 12H, CH3(17), CH3(18), CH3(19) et CH,(20)) 
3,47 pprn (d, 3H, CH3-0, 'J,,-~ = 14,4 Hz). RMN I 3 c { l ~  
(50,32 MHz, benzene-d6) : 54,6 pprn (d, C(21), 'Jc-, = 5,6 Hz 
Anal. calc. pour CYH2,NO3PS : C 42,67; H 7,96; N 5,72; trouvC 
C 41.4; H 8 , l ;  N 5,7. 

4.3.4. Le 5,5-dime'thyl3-[2-mPthyl2-hydroxypropyl]2- 
isopropyloxy 2-thio 1,3,2-oxazaphospholidine, 4 ( P = S )  

QuantitCs utilisees : bicyclophosphorane 4 305 mg (1,22 x 
mol), tolukne 2,5 mL, soufre ClCmentaire 39,2 mg ( 1,22 X 

l T 3  atome). Le composC 4 (P=S) est une huile jauntitre trks vis, 
queuse que nous n'avons pas reussi 5 cristalliser. I1 a CtC carac. 
tCrisC par RMN et analyse ClCmentaire. RMN IH (200 MHz 
benzene-d6) : entre 1,10 et 1,17 pprn (3s, 18H, CH3(17), CH3(18) 
CH3(19), CH3(20), CH3(22) et CH,(23)), 4 ,9 pprn (heptuple 
dCdoublC, lH,  H(21), 3 ~ H - H  = 6,2 HZ, 3 ~ H _ p  = 10,6 HZ). RMb 
13 c{'H) (50,3 MHz, benzkne-d6) : 23,2 ppm (d, C(22), 3 ~ c _ p  = 

8,2 Hz), 23,4 pprn (d, C(23), 'JcdP = 2,5 Hz, 72,8 pprn (d, C(21) 
'JC-, = 5,6 Hz). Anal. calc. pour ClIH2,NO3PS : C 46,95; H 8,59 
N 4,98; trouvC : C 46,6; H 8,63; N 5,69. 

4.4. Le 5,5-dimCthyl3-[2-mPthyl2-hydroxypropyl] 2- 
isopropyloxy 2-0x0 1,3,2-oxazaphospholidine, 4 (P=O)  

Nous ayons suivi la mCthode recemment dCcrite par Helinski e 
al. (13). A une solution de 359 mg (1,28 x mol) de 4 danr 
2 mL de dichloromethane on ajoute 1 mL de pyridine, puis, en unt 
fois, 321 mg ( 1 3 3  X mol) d'anhydride trifluoroac&tique. Lt 
mClange, agit& 5 la tempCrature ambiante, est suivi dans sa com. 
position par RMN de 3 1 ~ .  Le remplacement du soufre par l'oxygkne 
c'est B dire la disparition du pic a 6 = 83 , l  pprn au profit d'ur 
nouveau pic de resonance se trouvant a 6 = 18,6 ppm, est termin6 
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en 2 h. Une Cvaporatlon sous pression rCduite des produits volatils 
1 permet d'isoler un liquide sirupeux qui est extrait plusieurs fois au 

pentane. L'enlkvement de ce dernier conduit a un liquide vis- 
queux jaungtre, caractCrisC par RMN. RMN "P (32,44 MHz, 
CDCI,) : 19,9 ppm (s). RMN ' H  (250 MHz, CDCI?) : 1,23 ppm 
(d, 3H, CH3(22), 3 ~ H - H  = 6,3 Hz), 1,26 ppm (d, 3H, CH3(23), 
,JH-H = 6,3 HZ), 1,39 ppm (s, 3H, CH3(17)), 1,41 ppm (s, 3H, 
CH3(18)), 1 3 6  ppm (s, 6H, CH3(19), CH3(20)), 4 3 8  ppm (hep- 
tuplet dCdoublC, lH,  H(21), ,JH_, = 7,3 Hz). RMN I 3 c { ' ~ }  
(62,89 MHz, CDCI,) : 22,9 ppm (s, C(22), C(23)), 23,5 ppm (s, 
C(191, C(20)), 27,3 ppm (s, C(17)), 27,8 ppm (s, C(18)). 5 4 8  ppm 
(d, C(15), 'J,_, = 4,5 Hz), 61, l  ppm (d, C(14), 1/2 ('JC-, + 
,J,_, = 13,9 Hz), 72,5 ppm (d, C(21), 'J,_, = 6,4 Hz), 8 1 , l  ppm 
(s, C(16)), 89,4 ppm (d, C(13), 1 /2 ('J,, + 3 ~ C _ p  = 4,2 Hz). 
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F. E. SMITH, ROSEMARY C. HYNES, T.  T.  ANG, L. E. KHOO, and G. ENG. Can. J .  Chem. 70, 1 1  14 (1992). 

Eight new diorganotin complexes formulated as RISn(OArCR"=NCHRfCOO) were prepared and characterized by 
' H  and I' C NMR, IR, and elemental analysis. A single crystal X-ray diffraction study of the dibutyltin N-salicylide- 
nevaline complex, Bu2Sn(OC6H,CH=NCH(i-Pr)COO), determines the molecular structure. The crystals are ortho- 
rhombic, space group P 2 , 2 , 2 ,  with a = 9.187(2) A, b = 10.003(2) A ,  c = 23.482(4) A ,  V = 2157.8(6) A3, Z = 4,  and 
D, = 1.392 g cm-'. The final discrepancy factors are RF = 0.040, and R ,  = 0.021 for 113 1 significant reflections. The 
tin atom has a distorted trigonal bipyramidal coordination, with no short intermolecular contacts. The two axial Sn-0 
bonds of 2.078(10) and 2.151(8) A and the equatorial Sn-N bond of 2.158(8) A are among the shortest found in re- 
lated complexes. The fact that the closest intermolecular Sn-0 distance is 4 .5  1 l(8) A indicates a nonbridging car- 
bonyl group. 

F. E. SMITH, ROSEMARY C. HYNES, T.  T.  ANG, L. E. KHOO et G. ENG. Can. J .  Chem. 70, 1 1  14 (1992). 

On a prCparC huit nouveaux complexes diorganostanniques de forinule R2Sn(OArCR'=NCHR'COO) et on les a ca- 
ractCrisCs par RMN du 'H et du "C, par IR et par analyses CICmentaires. Une etude par diffraction des rayons X rCalisCe 
sur un cristal unique du complexe dibutyletain de la N-salicylid~nevaline, Bu2Sn(OC6H,CH=NCH(i-Pr)COO), a per- 
mis de dkterminer sa structure. Les cristaux sont orthorhombiques, groupe d'espace P 2 , 2 , 2 , ,  avec a = 9,187(2), b = 

10,003(2) et c = 23,482(4) A ,  V = 2157,8(6) A3, Z = 4 ,  D, = 1,392 g ~ m - ~ ,  R,c = 0,040 et R ,  = 0,021 pour 1131 
rCflexions significatives. La coordination de I'atome d'Ctain correspond i une bipyramide trigonale dCformCe qui ne 
comporte pas de contacts intermolCculaires courts. Les longueurs des deux liaisons Sn-0 axiales, 2,078(10) et 
2,151(8) A, et de la liaison Sn-N Cquatoriale, 2,158(8) A, sont les plus courtes du genre pour des complexes appar- 
ent&. Le fait que la distance Sn-0 intermolCculaire la plus courte soit Cgale i 4,51 l(8) A indique que le groupe car- 
bonyle n'agit pas comme pont. 

[Traduit par la rCdaction] 

Introduction Y 
A variety of organotin complexes structurally related to 

cis-platin and its derivatives (1, 2) have been investigated for 
antitumour properties (3-5). Recent reports of the activity 
of certain diorganotin derivatives of pyridine 2,6-dicarbox- 

wqO 
OH OH 

I ylic acid and some related compounds (6, 7) against the P388 
lymphocytic leukemia tumour, both in vitro and ~n vivo, led 1 2 

I 
I us to report the synthesis and characterization of a series of 

diorganotin iminodiacetates (8). As a continuation of these 
studies we now wish to report the results of an investigation 
into the synthesis and characterization of a series of dior- 
ganotin(1V)-N-arylidene-a-amino acid complexes. In this 
study, eight diorganotin complexes were prepared by con- 
densing diorganotin oxides RzSnO with the ligands 1-4: 

~ : a ; ' "  &rO 
3 4 

A full X-ray structural analysis of the dibutyltin complex of 
'Author to whom correspondence may be addressed. ligand 2 has been canied out (compound 10 in the tables) and 
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SMITH ET AL 1115 

TABLE 1. Analytical, physical. and IR data of cliorganotin-N-2-hydroxyarylidene-a-amino acid conlplexes 

1R (cm I )  

Elerncntal analysis (%). 
(OArCR"=NCHR'CO,)SnR. Melting found (calcd ) v(C-Sn-C) 

Preparation Yield point 
Compound Ar R" R' R rncthod (%) ("C) C H N v(C=O) asym SYITI 

5 C,,H, H 
6 C,H, H 
7 C,H, CH, 
8 C,H, CH; 
9 C,H, H 

10 C,H, H 
11 C,oH, H 
12 C,oH,. H 

TABLE 2. Chemical shifts and coupling constants obtained from the ' H  NMR spectra of compounds 5-12 

Other proton 6 ppln ( J )  Hz 
-CH=N- Aromatic -NCHZCOO RzSn 

Compound ['J (S~=CH)]HZ (6 ppln) (6  ppm) ['J(s~cH,)]Hz CH,-C=N- -NCHRCOO- -CH(CH')z 

5 8.29 [36.0] 6.6-7.4 4.33 0.8[84] 
6 8.35 [44.7] 6.6-7.5 4.29 0.8- 1.6 
7 6.6-7.5 4.30 0.75 1801 2.7(s) 
8 6.7-7.5 4.25 0.8- 1.6 2.6(s) 
9 8.29 [5 1.71 6.7-7.5 0.96 [82] 4.0(d), 2.3-2.5(m) 1.3d [6.9] 

0.58 [78] 1.5d [6.9] 
10 8.21 [47.0] 6.7-7.4 0.7- 1.8 3.9(d), 2.3-2.5(m) I .OOd [6.8] 

1.07d [6.8] 
11 9.14 [57.8] 6.8-7.9 4.40 0.8 [ 8 l ]  

I 12 9.14 [52.8] 6.8-7.9 4.38 0.8- 1.6 

(s) singlet; (m) rnultiplet; (d) doublet. 

the results are  reported along with a variety of  spectro- 
scopic data for  both the dimethyltin and dibutyltin deriva- 
tives of  these ligands. 

Experimental 

Chenzicals and reagents 
Dimethyltin and dibutyltin oxides were purchased from Alfa 

Inorganics and other chemicals were purchased from the Aldrich 
Chemical Company. All were used without further purification 
except for salicylaldehyde, which was distilled before use. 

IR specrra 
These were obta~ned on a Nicolet Instrument with the samples 

as Nujol mulls or In KBr discs. Results are summarized in 
Table 1. 

NMR spectra 
The 'H  and "C NMR spectra were recorded In CDC1, on a 

CFT-20 or Bruker AC-P300 spectrometer. NMR results are sum- 
marized in Tables 2 and 3. 

Preparatlorz of ligands I and 2 (refs. 9-If) (Note. ligands 3 and 
4 could not be isolated, and so were prepared ~ t z  sltu) 

A mlxture of free (dl) a-amino acid (0.1 mol) and the corre- 
sponding aldehyde (0.15 mmol) in 300 mL of absolute ethanol and 
30 mL of methanol was stirred overnight before refluxing for 3- 
4 h. After cooling in the refrigerator, a crystalline precipitate 
formed, which was filtered, washed with petroleum ether (60- 
8O0C), dried, and recrystallized from methanol to glve the pure 

product in 50-60% yield. Microanalyses were carried out at the 
School of Chemical Sciences, Universiti Sains Malaysia, using an 
elemental analyzer (model 240-XA). Analytical data for ligands: 

N-2-Hydroxynaphthalidieneglycine ( I ) ,  mp 206-208°C (dec.). 
Anal. calcd. for C,,H,,NO,: C 68.10: H 4.85; N, 6.1 I; found: C 
68.34, H 4.87; N 6.24. 

N-Salicylideneva1ine (2). mp 160- 162°C. Anal. calcd. for 
CI,HlsN03: C 65.15, H 6.85, N 6.33; found: C 64.72, H 6.87, N 
6.59. 

Preparation ofdiorgatzotin-N -2-t1~~~iroxyaryli~/et1e-a-at~zitzo 
acid comple,xes 

Method A 
The diorganotin-N-2-hydroxyarylidene-a-amino acid carboxy- 

lates can be prepared via the condensation reaction of R,SnO with 
either 1 or 2. An equimolar ainount (10 mmol) of either 1 or 2 and 
R2Sn0 (R = CH, or n-Bu) was mixed with 100 mL of toluene. The 
mixture was refluxed and the water formed removed azeotropi- 
cally using a Dean-Stark apparatus. After all the water had been 
removed from the reaction mixture (about 4 h) the solvent was 
evaporated with a rotary evaporator and the solid recrystallized from 
toluene to give the diorganotin carboxylate in high yield. Melting 
point and analytical data are summarized in Table. 1. 

Method R 
As ligands 3 and 4 could not be isolated (10, 11), the diorgan- 

otin complexes were synthesized by refluxing a mixture of 
glycine (in excess), R2Sn0, and either salicylaldehyde or 2-hy- 
droxyacetophenone in absolute ethanol. 
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11 16 CAN. J. CHEM. VOL. 70, 1992 

TABLE 3. Chemical shifts (ppm) from TMS obtained from "C NMR spectra of compounds 5-12 in CDCI, 

Compound CH=N NCH,COO Me,Sn/Bu,Sn Aromatic Other 

"Spectra obtained from Varian Gemini 300 in DMSO. 
" ~ n  extra peak was observed at 20.98 in Bu2Sn region. 

FIG. 1. An ORTEP (18) plot of Bu2Sn(OC6H4CH=NCH(i-Pr)COO) (ellipsoids are shown at 50% probability). 

HzNCHzCOOH + R2Sn0 + 2HO-C6H,CR1=0 To a suspension of glycine (20 mmol) in 40 mL of absolute ethanol 

+ (OC6H4CR'=NCH2CO2)SnR2 was added 10 mmol of R,SnO (R = CH,; n-Bu) followed by sal- 
icylaldehyde or 2-hydroxyacetophenone (10 mmol). The mixture 

(R' = H, CH3; R = CH3, n-Bu) was stirred under nitrogen and refluxed for 7-8 h. The excess gly- 
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SMITH ET AL. 

FIG. 2. A stereo plot of the unit cell, showing the packing arrangement. 

TABLE 4. Atomic parameters x ,  y, z, and B,,; esd's refer to the last digit printed 

Atom x 1' z Be: 

"B,, is the mean of the principal axes of the thermal ellipsoid. 

cine was filtered off after cooling and the filtrate concentrated to Orthorhombic P 2 , 2 , 2 , ,  a = 9.187(2) A ,  b = 10.003(2) A ,  c = 
dryness. The solid was recrystallized from toluene. 23.482(4) A,  volume = 2157.8(6) A ~ .  Cell dimensions were ob- 

The dimethyltin derivative of 4 is insoluble in absolute ethanol tained from 24 reflections with 20 in the range 28.00"-33.00". 
so the excess glycine was removed during recrystallization. The Crystal dimensions: 0.20 x 0.30 x 0.10 mm, Z = 4,  F(000) 
yield of these complexes is 60-80% and is comparable to the yield 924.86, D,,,, = 1.392 Mg K 3 ,  p = 1.20 mm-I, X = 0.70930 A 
using Method A. Melting points, yields, and analytical and IR data (Mo Ka),  20,,,, = 44.7'. 
are summarized in Table 1. 

Data collection, structure solution and refinement 
X-ray data The intensity data were collected at 295 K on a Nonius diffrac- 

Space group and cell dimensions tometer run by the NRCCAD diffractometer control program (12), 
Empirical formula: SnC2,,H3,O3N FW = 452.16 using the 8/28 scan mode and profile analysis (13); 1759 reflec- 
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TABLE 5. Bond distances in angstroms 

Bond D~stance Bond Distance 

tions were measured, of which 1632 were unique. Of these, 1131 
had I,,, > 2.5u(In,,). No correction was made for absorption. The 
structure was solved by direct methods, followed by a difference 
Fourier. All non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms were included in calculated positions. Secondary 
extinction was refined as in Larson (14) as 0.0558(22). The re- 
fined parameter is the average length of a mosaic block in mi- 
crons. The final least-squares cycle was calculated with 228 
parameters and 1 13 1 out of 1632 reflections. Weights based on 
counting statistics were used. Final residuals are RF = 0.040, R,,, 
= 0.021 for data with I,,, > 2.5u(l,,,, ), RF = 0.006, R,, = 0.023 
for all data. The goodness of fit was 1.87. Maximum shift/error 
was 0.012. In the last D-mag, the top peak was 0.54 e / ~ ' ,  and the 
deepest hold was -0.55 e / ~ ' .  The absolute configuration refined 
to an 7 value of 0.82. Scattering factors were taken from the In- 
ternational tables for X-ray crystallography, Vol. IV (15). All 
computation was performed using the NRCVAX system of crystal 
structure solving programs (16). 

Results and discussion 

Organotin carboxylates frequently have di- or polymeric 
structures resulting from intermolecular bridging by car- 
bony1 oxygen atoms (8, 17). It was anticipated that this se- 
ries of complexes would exhibit this characteristic, and be 
six-coordinate. However, the X-ray structural investigation 
of Bu,Sn(OC,H,CH=NCH(i-Pr)COO) shows that this 
compound has a five-coordinate monomeric structure. An 
ORTEP (18) plot of the organotin complex is given in Fig. 
I .  A stereo pair showing the packing arrangement of the 
molecules in the unit cell is shown in Fig. 2.  The final frac- 
tional coordinates of non-hydrogen atoms with equivalent 
isotropic thermal parameters are listed in Table 4 while the 
bond lengths and bond angles for the complex are in Tables 
5 and 6 respectively. Calculated and observed structure fac- 
tors, calculated hydrogen atom parameters, and anisotropic 

2 ~ h e s e  tables may be purchased from: The Depository of Un- 
published Data, Document Delivery, CISTI, National Research 
Concil Canada, Ottawa, Canada KIA 0S2. 

The calculated hydrogen atom parameters have also been de- 
posited with the Cambridge Crystallographic Data Centre and can 
be obtained on request from The Director, Cambr~dge Crystallo- 
graphic Data Centre, University Chemical Laboratory, Lensfield 
Road, Cambridge CB2 lEW, U.K. 

thermal parameters have been deposited as Tables S- 1, S-2, 
and S-3. respectively.' 

The ligand behaves as a tridentate chelating agent via the 
phenolic oxygen, the imino nitrogen, and a carboxylate ox- 
ygen. The two butyl groups and the imino nitrogen take up 
the equatorial positions and the two oxygens the axial sites 
in a distorted trigonal bipyramidal arrangement around the 
tin. The tin atom lies in the ligand plane and forms a five- 
membered and a six-membered chelate ring with the li- 
gand. There are no close contacts beween the complex 
entities, and thus no intermolecular tin-oxygen bridging. The 
closest Son-0 distance be\ween Ithe complexes is 
4.51 l(8) A (i.e., O(2) at - x ,  y + y ,  y - z ) .  Further evi- 
dence for the fact that the free carbonyl group on the ligand 
is not involved in coordination with another tin atom c$n be 
deduced from the short C-0 distance qf 1.213(16) A. A 
similar C-0 bond length of 1.179(13) A was reported for 
a corresponding nonbridging carbonyl group in the com- 
pound Ph3SnC1:2HOC,H,CH=NCHmEt (19). The sim- 
ilarities of the spectroscopic data indicate that five-coordinate 
structures should be proposed for all the organotin com- 
pounds studied in this series. 

The IR carbonyl stretching vibrations for these diorgano- 
tin derivatives are nonnal and range from 1650 to 1580 cm-I 
(Table 1). However, the almost equal intensity observed for 
the asymmetric and symmetric Sn-Me stretching vibra- 
tions indicates a bent C-Sn-C moiety for the dimethyltin 
complexes. This would be consistent with a trigonal bipyr- 
arnidal configuration for the tin atom, with the methyl groups 
taking up two of the equatorial positions. The 'H and "C 
NMR data are shown in Tables 2 and 3 respectively. Very 
little shift for the proton and "C signals was observed for the 
ligands upon complex formation. However spin-spin cou- 
pling between the azomethine proton and the tin nucleus, 
' J (S~N=CH),  was detected in all the complexes. This type 
of spin-spin coupling where the tin nuclei are located in a 
tratzs position to the azomethine proton has previously been 
reported (20, 21). It thus confirms the presence of nitro- 
gen-tin coordination in all the complexes. In addition the 
values of the coupling constant for the diorganotin deriva- 
tives, 36-58 Hz for 'J(S~N=CH) and 78-84 Hz for 
'J(s~cH,) (Table 2), are in agreement with the values re- 
ported for the dimethyltin dichloride complexes of a range 
of Schiff bases (20) obtained from substituted salicylalde- 
hydes and ortho-aminophenols ('J(s~N=cH) = 46-70 Hz; 
' J ( s ~ C H ~ )  = 77-81 Hz). Furthermore the 'J(s~cH,) val- 
ues for the dimethyltin derivatives were found to corre- 
spond (22) to a C-Sn-C angle range of 120-143". 
Similarly the ' J ( s ~ c )  of 774 Hz for 5 is calculated to cor- 
respond (22) to a C-Sn-C angle of 145". This would in- 
dicate that the bent C-Sn-C moiety forms part of the 
trigonal plane of these pentacoordinate complexes. In Ta- 
bles 2 and 3, it will be noticed that two Sn-Me signals are 
detected for compound 9 (MeZSn(OC6H,CH=NCH(i- 
Pr)COO)). This occurs because the underlined proton is en- 
antiotropic and causes the methyl groups bound to the tin, 
and the i-Pr group, to be diastereotopic. These groups thus 
give two NMR peaks (23). 

Some of the Sn-N, Sn-0, and Sn-C bond distances 
found in this and related complexes are listed in Table 7.  It 
is noteworthy that the Sn-N bond of 2.158(8) A observed 
in the present study is the second shortest of the Sn-N bonds 
listed in Table 7 ,  In addition, the Sn-0 and Sn-C bonds 
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SMITH ET A L  

TABLE 6 .  Bond angles in degrees 

Bonds Angle Bonds Angle 

TABLE 7. Comparison of Sn-N, Sn-0, and Sn-C bond lengths in BulSn(OC6H,CH=NCH(i- 
Pr)COO) with those in other pentacoordinated diorganotin(1V) compounds 

S nbN S naO S nbC 
Compound (A) (A) (A) Reference 

Ph,Sn(OC6H,CH=NC6H,0) 2.241(13) 2.085(8) 2.125(11) 24 
2.103(8) 2.124(10) 

Ph,Sn(OC6H,CH=NC6H,S) 2.217(3) 2.093(2) 2.120(2) 25 
2.120(3) 

Me,Sn(OC,H,CH=NC,H,O) 2.229(11) 2.105(8) 2.091(14) 26 
2.118(9) 2.142(14) 

Ph2Sn(OC6H4CHN2C(0)C6H,NH2) 2.143(7)" 2.076(6) 2.120(9) 27 
2.119(9) 2.122(9) 

Bu2Sn(OC6H.,CH=NCH(i-Pr)C00) 2.158(8) 2.078(10) 2.100(12) This work 
2.151(8) 2.138(14) 

"This figure is the average of two independent determinations (2.163(7) A and 2.123(6) A) as suggested by 
the authors (27). 

in this complex are also among the shortest so far observed 
in pentacoordinated diorganotin complexes of this type. 
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Metal pyrazolate polymers. Part 3. Synthesis and study of Cu(1) and Cu(I1) 
complexes of 4-Xdmpz (where X = H, C1, Br, I ,  and CH, for Cu(1) and X = H, C1, 

Br, and CH, for Cu(I1); dmpz = 3,s-dimethylpyrazolate) 
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MARTIN K.  EHLERT, ALAN STORR,' and R o e e ~ r  C. THOMPSON. Can. J.  Chem. 70, 1 12 1 (1992). 
The copper(1) complexes [Cu(4-Xdmpz)], (where X = H, CI, Br, I and CH3; dmpz = 3,5-dimethylpyrazolate) and 

the copper(I1) complexes [C~(4-Xdmpz)~] ,  have been synthesized and characterized. Qualitative solubility, infrared 
spectroscopic, and differential scanning calorimetric studies are reported for all complexes. Mass spectra support tri- 
meric formulations for the copper(1) complexes. Scanning electron micrographs and powder X-ray diffractograms have 
been recorded for the copper(I1) compounds. Electronic and EPR spectroscopic studies as well as magnetic susceptibil- 
ity studies from 2 to 300 K are also reported for the copper(I1) compounds, which are proposed to have polymeric chain 
structures. The magnetic data reveal strong antiferromagnetic interactions in all four of the copper(I1) compounds. The 
data have been analysed employing an isotropic Heisenberg model for antiferromagnetic coupling in extended chain 
polymers. Values of the exchange coupling constant, J ,  are determined as -58, -6 1, -66, and -66 cm- ' for the X = 
H, CH,, C1, and Br complexes respectively. The X = C1 compound exhibits an abrupt decrease in magnetic suscepti- 
bility below 40 K and possible causes of this anomalous behaviour are discussed. 

MARTIN K.  EHLERT, ALAN STORR et ROBERT C.  THOMPSON. Can. J.  Chem. 70, 1 12 1 ( 1992). 
On a synthCtisC et caractCrisC les complexes de cuivre(1) [Cu(Xdmpz-4)], (ou X = H, Cl, Br, I et CH,; dmpz = pyr- 

azolate de dimethyl-3,5) et les complexes de cuivre(I1) [Cu(Xdmpz-4),],. Pour tous ces complexes, on rapporte des Ctudes 
relatives i la solubilitt qualitative, a la spectroscopie infrarouge et a la colorimetrie par balayage differentiel. Les spectres 
de masse confirment les structures trimttres proposies pour les complexes de cuivre(1). On a enregistre les microgra- 
phiques obtenus par balayage electronique, et les diffractogrammes obtenus par diffraction de rayons X sur les poudres 
des complexes de cuivre(I1). On rapporte Cgalement les etudes spectrospiques et de RPE ainsi que les succeptibilitCs 
magnetiques rCalisCes 2 des temperatures allant de 2 a 300 K sur les complexes de cuivre(I1) pour lesquels on propose 
une structure sous forme de chaPnes polymtrisCes. Les donnCes magnetiques revklent de fortes interactions antiferromag- 
nktiques dans tous les composCs de cuivre(I1). On a analysk les donnees obtenues en utilisant un modttle d'Heisenberg 
isotropique pour le couplage antiferromagnktique dans les longues chaines de polymkres. On a dCtermin6 les valeurs de 
la constante de couplage d'kchange, J .  Elles sont respectivement de -58, -61, -66 et -66 cm-' pour les complexes 
ou X = H, CH,, C1 et Br. Le composC ou X = C1 montre une brusque diminution de la succeptibilit6 magnktique en- 
dessous de 40 K et on discute des causes possibles de ce comportement anormal. 

[Traduit par la rkdaction] 

Introduction systems we have synthesized and characterized the four new 

Previous papers in this series have described the synthe- 
sis and study of the binary copper(I1) pyrazolates [Cu(4- 
Xpz),], (where X = H, C1, Br, and CH,; pz = pyrazolate) 
(1, 2). Two forms of the X = C1 compound (green and 
brown) were characterized. These compounds all appear to 
have polymeric chain structures in which adjacent copper 
ions, with distorted tetrahedral CuN, chromophores, are 
doubly bridged by pyrazolate ligands. This structure was 
confirmed by single crystal X-ray diffraction studies on the 
X = H, CH,, and C1 (green form) materials. Magnetic sus- 
ceptibility studies over the temperature range 2-300 K re- 
vealed relatively strong antiferromagnetic exchange in all the 
compounds. The magnetic data were successfully analyzed 
employing an anisotropic Heisenberg model for antiferro- 
magnetic exchange in extended chain polymers, yielding 
values of the exchange coupling constant, J ,  in the range -8 1 
to - 105 cm-'. A consideration of the relationship between 
the observed magnitude of exchange and structural consid- 
erations led to the suggestion that an important factor in de- 
termining the magnitude of exchange in these complexes is 
the overlap between the pyrazolate T-orbital systems and the 
metal's magnetic orbital (2). To further investigate the ef- 
fects of structural change on magnetic exchange in these 

binary copper(I1) pyrazolates, [Cu(4-Xdmpz),],, where X = 
H, C1, Br, and CH, and dmpz = 3,5-dimethylpyrazolate. As 
a group these compounds differ from those previously stud- 
ied in that they have bulky methyl substituents in the more 
sterically sensitive 3,5-positions. Otherwise they form an 
analogous series with H, C1, Br, and CH, substituents in the 
4-position. 

The syntheses of the [Cu(4-Xdmpz),], complexes pre- 
sented some technical problems. While the 4-X = H com- 
pound could be obtained from the molten ligand-metal 
reaction employed earlier in the preparation of [Cu(4-Hpz),], 
( I ) ,  this reaction led to impure products for the other 4-X 
complexes. This led to the development of a successful route 
to the required compounds via the copper(1) derivatives, 
[Cu(4-Xdmpz)],. Some characterization of these latter 
complexes is included in this report. Repeated attempts to 
obtain samples of the [Cu(4-Xdmpz),], compounds in crys- 
talline form suitable for single crystal X-ray diffraction studies 
were unsuccessful; consequently, it was necessary to resort 
to indirect methods to obtain structural information on these 
compounds. 

Experimental 
3,5-Dimethylpyrazole was purchased from Aldrich and used 

' ~ u t h o r s  to whom correspondence may be addressed. without further purification. 
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Syntheses 

3,4,5-Trimethylpyr-mole 
The procedure of Chambers et al. was employed (3). 'H NMR 

(CDCI, solution), 6: 1.85 (s, 3, CH,), 2.15 (s, 6 ,  CH,), 10.45 (br 
s,  I ,  NH). Anal. calcd. for C6HloN2: C 65.4, H 9.2, N 25.5; found: 
C 65.2, H 9.0, N 25.5. 

4-Chloro-3,5-dirnethylpyr-azole 
The method of Hiittel, Schafer, and Welzel (4) for the synthesis 

of 4-chloropyrazole was adopted for use here. 3,5-Dimethylpyra- 
zole (9.23 g ,  0.0960 mol) was dissolved in 100 mL of water and 
glacial acetic acid (15 mL, 0.26 mol) was added to the solution. 
NaOCl (aq) (200 mL of 0.482 M, 0.0964 mol) was added to the 
solution and it was stirred at room temperature for 2 h. The mix- 
ture was then neutralized with Na2C03 and made slightly basic with 
a few drops of concentrated ammonia (aq). The resulting mixture 
was cooled to 5'C and suction filtered. The collected solid was 
washed with cold water and dried under vacuum at room temper- 
ature for 4 h, yielding 10.9 g (87%) of 4-chloro-3,5-dimethylpyr- 
azole. ' H  NMR (CDCI, solution), 6: 2.26 (s, 6 ,  CH,), 9.93 (br s,  
1, NH). Anal. calcd. for C5H,C1N2: C 46.0, H 5.4, N 21.4; found: 
C 45.8, H 5.3, N 21.5. 

4-Bromo-3,5-dimethylpyrazole 
3,5-Dimethylpyrazole (9.6 g, 0.10 mol) was dissolved in 

300 mL of water. Bromine (5.2 mL, 0.10 mol) was added to the 
solution dropwise, with stirring; the bromine decolourized almost 
immediately and a small amount of pale yellow oil separated. The 
resulting mixture was neutralized with concentrated NaOH (aq) and 
then allowed to settle. The aqueous supernatant was cooled to 5OC 
overnight and a white solid that precipitated was collected by suc- 
tion filtration, washed with cold water, and air-dried. The oily 
component was dried under vacuum, yielding a tan coloured solid. 
Both solid fractions were combined, recrystallized from toluene, 
suction filtered, washed with ice-cold petroleum ether, and dried 
under vacuum at room temperature, yielding 11.2 g (64%) of 4- 
bromo-3,5-dimethylpyrazole as a white solid. 'H NMR (CDCI, 
solution), 6: 2.21 (s, 6 ,  CH,), 11.2 (br s,  1, NH). Anal. calcd. for 
C5H,BrN2: C 34.3, H 4.0, N 16.0; found: C 34.6, H 4.1, N 16.3. 

4-lodo-3,5-dirnethylpyrazole 
A variation of the method of Morgan and Ackerman was em- 

ployed (5). 3,5-Dimethylpyrazole (9.0 g, 0.094 moll and Na2C03 
(0.53 g, 0.050 mol) were dissolved in 500 mL of water and the 
solution was heated to reflux with stirring. To this solution was 
added dropwise a solution of KI (31.0 g, 0.186 mol) and I2 
(23.0 g,  0.0905 mol) dissolved in 80 mL of water. When addition 
of the KI, solution was complete, the reaction was cooled to 5°C 
and left overnight. The precipitate was suction filtered and washed 
with 300 mL of ice-cold water. The filtercake was dissolved in 
200 mL of CH2Cl2 and extracted with an equal volume of a dilute 
aqueous solution of Na2C03 to remove any remaining HI. The 
CH,C12 phase was collected, flash evaporated, and dried at room 
temperature under vacuum for 5 h, yielding 19.0 g (94%) of 4-iodo- 
3,5-dimethylpyrazole as a white solid. 'H  NMR (CDC1, solution), 
6: 2.23 (s, 6 ,  CH,), 11.65 (br s,  I ,  NH). Anal. calcd. for CSH,IN2: 
C 27.0, H 3.2, N 12.6; found: C 27.1, H 3.2, N 12.6. 

f(Cu(tmpz)l., 
This was the first of the Cu(1) pyrazolates prepared in this study 

and, at the time, it was not recognised that these compounds are 
air-sensitive when in contact with solvents. [Cu(tmpz)],, unlike the 
other compounds in this series, was prepared in air, so the yield of 
this compound is lower than those for the other copper(1) pyrazo- 
lates described here. A variation of the method of Ardizzoia et al. 
was employed ( 6 ) .  Cuprous iodide (1.90 g ,  10.0 mmol) was dis- 
solved in 70 mL of acetonitrile. To this was added a solution of 
3,4,5-trimethylpyrazole (2.20 g, 20.0 mmol) dissolved in 60 mL 
of acetone. Within a few minutes the solution had turned brown. 
Triethylamine (2.8 mL, 20 mmol) was added to the solution and a 
white solid immediately precipitated. The mixture was allowed to 

stir for 1 h and then suction filtered, resulting in a white filtercake 
and green filtrate. The filtercake was washed with acetone and pe- 
troleum ether and dried in air at l 10°C for 15 min, yielding 1 .13 g 
(66%) of [Cu(tmpz)], as a white powder. Anal. calcd. for 
ClxH2,Cu3N6: C 41.7, H 5.2, N 16.2; found: C 41.3, H 5.2, N 16.0. 

The preparation of X-ray diffraction quality single crystals of 
[Cu(tmpz)j, is described elsewhere (7). 

[Cu(4-Xdrnpz)],(~v/zere X = H, C1, Br, I )  
These compounds were prepared as white solids in high yields 

by similar routes. The method is given in detail for the X = C1 
compound. Cuprous iodide (1.90 g, 10.0 mmol) was dissolved in 
80 mL of deoxygenated acetonitrile under a dinitrogen atmo- 
sphere. 4-Chloro-3,5-dimethylpyrazole (1.30 g, 10.0 mmol) was 
added to the solution and a flocculent white precipitate formed 
immediately. More white precipitate formed upon addition of tri- 
ethylamine (1.6 mL, 11 mmol). The mixture was stirred for 2 h, 
suction filtered, and the filtercake washed with acetonitrile and 
acetone. The filtercake was dried for 30 min at 1 10°C in air, 
yielding 1.81 g (94%) of [Cu(4-Cldmpz)], as a white solid. Anal. 
calcd. for ClsH18C13Cu3N6: C 3 1.1, H 3. I ,  N 14.5; found: C 3 1.1, 
H 3.2, N 14.4. Anal. calcd. for CI5Hl8Br3Cu3N6: C 25.3, H 2.5, 
N 11.8; found: C 25.1, H 2.5, N 11.8. Anal. calcd. for 
Cl5Hl8Cu3I3N6: C21.1,  H2.1 ,  N9.8;found: C21.3, H2.2,  N 9.7. 
Anal. calcd. for CI5H2,Cu3N6: C 37.8, H 4.4, N 17.6; found: C 
38.0, H 4.4, N 17.8. 

[ C ~ ( 4 - H d r n p z ) ~ ] ~  
[Cu(4-Hdmpz),]., was synthesized via two different routes. The 

first employed the molten ligand-metal reaction described previ- 
ously (I).  Copper metal shot (3.15 g, 49.6 mmol), washed with 
12 M HCl, water, acetone, and dried, and 3,5-dimethylpyrazole 
(1 1.0 g, 1 14 mmol) were combined in a small reaction vessel and 
heated in air at 115'C, with stirring, for 4 days. The mixture was 
then cooled to room temperature and extracted from the flask with 
CH2C1,. The mixture was then suction filtered and the filtercake 
was washed with petroleum ether, and dried in air at 110°C for 
4 h. This yielded approximately 0.5 g of [ C ~ ( 4 - H d m p z ) ~ j ,  as a 
reddish-brown powder. Anal. calcd. for C,,H,,CuN,: Cu 25.0, C 
47.3, H 5.6, N 2 2 . l ;  found: Cu25 .2 ,  C47 .1 ,  H 5 . 4 ,  N22.3.  

In the second method [Cu(4-Hdmpz)], (0.319 g ,  2.01 mmol 
Cu(1)) and 3,5-dimethylpyrazole (1.92 g, 20.0 mmol) were com- 
bined in a small vessel and heated under a dioxygen atmosphere at 
124°C for 3 h (reaction was probably complete after 1 h).  The 
mixture was then cooled to room temperature and extracted with 
dry tetrahydrofuran (THF) and suction filtered. The filtercake was 
washed with more THF and dried in a desiccator at room temper- 
ature. This yielded 0.509 g (99%) of [C~(4-Hdmpz)~],.  Anal. calcd. 
for CIoH1,CuN,: C 47.3, H 5.6, N 22.1; found: C 47.3, H 5.6, N 
22.2. 

[C~( tmpz ) , ]~  and [C~t(4-Xdmpz)~],  (where X = C1, Br) 
These compounds were prepared as brown solids (dark brown 

for X = Br) by similar routes. The method, which gave high yields 
in all cases, is described in detail for [Cu(trnpz),],. [Cu(tmpz)I, 
(0.345 g, 2.00 mmol) and 3,4,5-trimethylpyrazole (1.76 g, 
16.0 mmol) were combined in a small vessel and the mixture was 
heated to 140°C, with stirring, under a dioxygen atmosphere for 
2 h and then cooled to room temperature and dried under vacuum 
for 10 h. The mixture was extracted from the flask under dinitro- 
gen with dry, deoxygenated, THF and then suction filtered under 
dinitrogen, the filtercake washed with THF, and dried at room 
temperature under vacuum for 5 h. This yielded 0.540 g (96%) of 
[C~(tmpz)~] . ,  as a brown powder. Anal. calcd. for C12H18C~N4: CU 
22.5, C 51.1, H 6.4, N 19.9; found: Cu 22.5, C 51.0, H 6.4, N 
20.1. Anal. calcd. for Cl,H,2C12CuN4: Cu 19.7, C 37.2, H 3.8, N 
17.4; found: Cu 19.7, C 37.2, H 3.7, N 17.4. Anal. calcd. for 
CloHl,Br2CuN4: Cu 15.4, C 29.2, H 2.9, N 13.6; found: Cu 15.5, 
C 29.3, H 3.0, N 13.7. 
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Atte~nptecl preparatiol~ of [ C I / ( ~ - ~ ~ I ~ I ~ I Z ) ~ ] ,  
Attempts to prepare [Cu(4-Idmpz)?], from the corresponding 

copper(1) complex were unsuccessful. The temperature and pro- 
longed reaction time required caused significant decomposition of 
the molten ligand, liberating I? (this was visible as purple vapour 
above the reaction mixture). Presumably, liberated iodide caused 
partial reduction of the copper(I1) formed, preventing the forma- 
tion of pure product. 

Physical charr~cterizrrtio~z 
'H NMR spectra were recorded using a Bruker AC-200 FT-NMR 

spectrometer equipped with a Bruker B-ACS 120 sample ex- 
changer. Residual CHCI, in the CDCI, solvent was used as the in- 
ternal standard for calibration. 

Differential scanning calorimetry (DSC) measurements were 
made with a Mettler DSC 20 standard cell and TC 10 TA proces- 
sor as described previously (8). 

X-Ray powder diffractograms were collected with a Rigaku 
Rotaflex RU-200BH rotating anode X-ray powder diffractometer 
(nickel-filtered or graphite monochromated Cu-K, radiation). Dif- 
fractograms for the copper(I1) pyrazolates have been deposited.' 

Scanning electron micrographs of samples were recorded with 
a Hitachi S-570 scanning electron n~icroscope. Samples were pre- 
pared by applying a thin suspension of the sample in ethanol or 
petroleum ether to a stainless steel stub, allowing the suspension 
to dry, and then sputter coating the stub with a thin layer of gold. 

Mass spectra were recorded using a Kratos MS 50 mass spec- 
trometer employing the electron impact ionization technique. 

Infrared spectra (250-4000 cm-I) were obtained using a Perkin- 
Elmer model 598 spectrometer. The samples were mulled in hex- 
achlorobutadiene and sandwiched between KRS-5 plates (Harshaw 
Chemical Co.) and (or) mulled in Nujol and sandwiched between 
KBr plates. 

Electronic spectra (200-2500 nm) were recorded using a Cary 
5 UV/visible/NIR spectrophotometer. Samples were mulled in 
Nujol and pressed between quartz plates. 

EPR spectra were recorded using an X-band homodyne spec- 
trometer, which was described previously (2). Samples were mea- 
sured as polycrystalline powders placed in sealed quartz tubes and 
measurements were performed at -90 K. 

Magnetic susceptibilities were measured over the temperature 
range 2-300 K using a Quantum Design (MPMS) SQUID mag- 
netometer (field = 10 kOe). Temperature measurement with this 
instrument was achieved using a combination of Ge and Pt resis- 
tance thermometers. Susceptibility calibration was performed using 
high purity Ni and Bi standards. The samples were packed as 
powders into a specially constructed sample holder made from 
polyvinylchloride (PVC). The sample holder possessed a constant 
cross-sectional area, thus minimizing its contribution to the SQUID 
signal. Magnetic susceptibilities were corrected for diamagne- 
tism: copper, - 11; CSH,N2, -62; C6H9N2, -74; CsH6C1Nz, -76; 
C,H,BrN,, -87 (values in cm3 mol-'). A correction of 60 X 

cm' mol-' was applied for temperature-independent para- 
magnetism of the copper(I1) ion. 

C ,  H,  and N analyses were performed by P. Borda of this de- 
partment. Cu analyses were performed using iodometric titration. 

Results and discussion 
Copper(1) complexes, [Cu(4-Xdmpz)], 

The failure of the molten ligand-metal reaction to yield 
pure copper(I1) complexes of the type [Cu(4-Xdmpz),],, 
where X = C1, Br, and CH,, led to the development of a 
clean route to these compounds employing the correspond- 
ing copper(1) analogues. These latter complexes may be ob- 

tained by the reaction of CuI with the appropriate pyrazole 
in acetonitrile. The method follows that described by 
Ardizzoia et al. for the synthesis of [Cu(4-Hdmpz)], (6). 
These compounds are insoluble (or at best, sparingly solu- 
ble) in common organic solvents. They are colourless solids 
and are stable towards 0' when dry; however, in water-con- 
taining solvents they are oxidized to yellow-green soluble 
species. Ardizzoia et al. characterized a cyclic, octameric, 
copper(I1) complex bridged by 4-Hdmpz and hydroxide as 
the aerial oxidation product of [Cu(4-Hdmpz)], in wet 
CH2C12, pyridine, or nitrobenzene (9). 

Prior to our recent X-ray diffraction study of [Cu(4- 
Hdmpz)],, which showed a trimeric ring structure ( lo) ,  the 
copper(1) pyrazolates were thought to be polymeric (1 1). We 
more recently determined by single crystal X-ray diffrac- 
tion methods that [Cu(4-CH,dmpz:,], also has a trimeric ring 
structure (7). We conclude that all of the copper(1) pyrazo- 
lates prepared in this study have a trimeric structure similar 
to those mentioned above. In support of this, all of the cop- 
per(1) compounds studied here exhibit electron impact mass 
spectra in which the most intense peak is that due to the 
molecular ion expected for the trimer. The isotopic patterns 
are in excellent agreement with those predicted. Further 
support for the conclusion that the compounds are trimeric 
comes from the observation that, with the exception of 
the compound hexakis(p-3,5-diphenylpyrazolato-N,Nf)hexa- 
gold(1) (12), all other structurally characterized univalent 
coinage metal pyrazolates are trimers (1 2- 14). The cop- 
per(1) compounds are all thermally robust. The X = CH, 
compound melts at 308°C and thermally decomposes at 
365°C. The X = C1, Br, and I compounds decompose, 
without melting, at 350°C, 300°C, and 300°C respectively. 
Copper(II) compounds, [ C u ( 4 - X d m p ~ ) ~ ] ~ :  

structural studies 
Powder X-ray diffractograms of the copper(I1) 4-Xdmpz 

derivatives have been deposited.' They indicate that the 
compounds are crystalline; however, attempts to obtain sin- 
gle crystals were unsuccessful. Nonetheless, based on indi- 
rect evidence and comparisons with the structurally 
characterized [Cu(4-Xpz),], complexes (1, 2) we conclude 
that the compounds are polymeric. The empirical formulae 
of the 4-Xdmpz compounds do not support monomeric spe- 
cies, unless one assumes either the unlikely coordination 
number of two for copper(I1) or the equally unlikely for- 
mation of three-membered chelate rings. Polymeric struc- 
tures for the compounds are supported by their lack of 
solubility in a wide range of polar and nonpolar common 
organic solvents. The X = CH,, C1, and Br compounds dis- 
solve with decomposition in water and wet solvents, yield- 
ing green soluble species and small amounts of greyish-green 
insoluble species. The soluble hydrolysis products do not 
crystallize, but form amorphous films upon drying. These 
films have not been characterized further. The X = H com- 
pound is stable towards water and water-containing organic 
solvents. Structurally characterized binary copper(I1) pyra- 
zolates have extended chain structures and scanning elec- 
tron micrographs of the 4-Xdmpz complexes studied here 
show their ~nicrocrystals to be long fibres, consistent with 

2~uppiementary material mentioned in the text may be pur- such a structure. A scanning electron micrograph of [ c u ( ~ -  
chased from the Depository of Unpublished Data, Document De- Hdmp~)r l ,  is shown in Fig. 1. Furthermore, the similarity 
livery, CISTI, National Research Council Canada, Ottawa, Canada, in the thermal properties of the compounds studied here and 
KIA 0S2. those of the structurally characterized analogues is consis- 
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FIG. 1. Scanning electron micrograph of [C~(4-Hdmpz)~] ,. 

tent with similar structures. DSC studies show the 4-Xdmpz 
complexes decompose without melting at 24.S°C, 233"C, 
245"C, and 245°C for the X = H,  CH,, C1, and Br deriva- 
tives. The 4-Xpz compounds also decompose without melt- 
ing, albeit at 25-45°C higher in temperature. Finally, as 
discussed in the next section, the magnetic properties of the 
4-Xdmpz complexes have been successfully analysed, em- 
ploying models for magnetically coupled linear chains as 
reported previously for the 4-Xpz analogues. We conclude 
that the complexes under investigation here most likely have 
structures involving extended chains of copper ions linked 
by double pyrazolate bridges as seen in the single crystal 
X-ray determined structures of the complexes [Cu(4-Xpz),],, 
where X = H,  CH,, and C1 (1, 2). While the presence of 
sterically hindering methyl groups in the [C~(4-Xdmpz)~] ,  
complexes does not appear to prevent the formation of ex- 
tended chain polymers, spectroscopic evidence to be pre- 
sented next indicates they do have an effect on the geometry 
of the CuN, chromophore. 

The 4-Xdmpz complexes are reddish-brown to dark brown 
in colour; their UV-visible-NIR spectra are shown in Fig. 
2. In the visible region, two band maxima are observed 
for each of the compounds as follows: X = H, 19 000 and 
23 100 cm-I (sh); X = CH,, 18 300 and 21 700 cm-I (sh); 
X = C1, 17 800 (sh) and 20 700 cm-I; X = Br, 19 000 (sh) 
and 21 700 cm-I. In addition, all four compounds show the 
presence of strong bands in the UV region, presumably 
charge transfer in origin (Fig. 2), as well as a weak band in 
the NIR region at 10 500 cm-I. The bands in the visible re- 
gion, which likely arise from d-d transitions, are at signif- 
icantly higher energies than the corresponding bands reported 
previously for the analogous [Cu(4-Xpz),], compounds. 
These latter compounds have compressed tetrahedral CuN, 
chromophores and d-d bands centred around 15 500 cm-'  
(2). According to Hathaway (1 5),  complexes with CuN, 

500 1000 1500 

Wavelength (nm) 

FIG. 2. Electronic spectra for the [Cu(4-Xdmpz),], com- 
pounds: (a) X = Br, (b)  X = H, ( c )  X = C1, (d) X = CH3. 

chromophores that exhibit d-d bands in the 18 000- 
20 000 cm-I region, as observed in the present study, are 
likely to have square-coplanar stereochemistries. This spec- 
troscopic criterion of stereochemistry has previously been 
successfully applied to pyrazolate complexes (16). The 
mononuclear complexes [Me,Ga(4-Hdmp~)~]~Cu and [Me,- 
Ga(4-Hp~)~] ,Cu have CuN, chromophores with compressed 
tetrahedral coordination in the former and square-coplanar 
coordination in the latter (17). The former complex exhibits 
d-d bands at 9 400 cm-'  and 12 000 cm-I (sh) while the 
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corresponding bands in the latter complex are in the 17 000- 
I 20 000 cm-' region (16). 
I 

Steric crowding involving the methyl substituents in the 
3- and 5-positions of the pyrazolate ring may be alleviated 
in the chain polymer either by a distortion of the [Cu(4- 
Hpz),], structure (1) towards a more regular tetrahedral 
CuN, chromophore or, alternatively, by adopting a poly- 
meric structure like that shown in 1 ,  which is based on the 
structures of [(ON)Ni(4-Hdmpz),],Ni and [(C3H,)Ni(4- 
Hdmpz),],Ni (18, 19) in which the central Ni ions possess 
square-planar coordination. The spectroscopic evidence 
presented above supports a structure of the type shown in 1 
for the [Cu(4-Xdmp~)~],  compounds. 

To further study the geometries of the CuN, chromo- 
phores in these complexes we examined their powder EPR 
spectra at 90 K. As reported previously (2), all of the [Cu(4- 
Xpz),] , complexes, except one, exhibit two g-value spectra 
at -90 K with gll values in the range 2.22-2.24 and g, val- 
ues of -2.08. The brown form of the X = C1 compound 
exhibited an isotropic spectrum with go = 2.084. The f ~ u ( 4 -  
Xdmpz),], complexes, on the other hand, give broad, 
asymmetric, single resonance lines that lack the features 
necessary for the determination of g-values directly from the 
spectra. There appears to be less exchange narrowing here, 
in comparison to the [Cu(4-Xpz)?], analogues, due to weaker 
antiferromagnetic coupling (discussed below). Although these 
powder EPR spectra do not permit an unequivocal assign- 
ment of the CuN, chromophore geometry, the fact that they 
are significantly different from those of the [Cu(4-Xpz),], 
compounds (2) is not inconsistent with a change in chro- 
mophore geometry. 

Infrared spectra were recorded for all the complexes, pri- 
marily as a preliminary test of product purity. In the 4-H, 
4-CH,, 4-C1, and 4-Brdimethylpyrazolates, a sharp band 
observed between 700 and 800 cm-' in the copper(1) corn- - - 
pounds shifts 10-15 cm-' lower in energy in the corre- 
sponding copper(I1) compounds. 'This band was used as a 
check of whether conversion of the copper(1) to copper(I1) 
compound was complete in the synthesis of the latter. No 
other particularly useful structural information was obtain- 
able from the infrared spectra. Tabulated band frequencies 
have been deposited.' 

[Cu(4-Xdmpz),], compounds: magnetic susceptibilities 
Magnetic susceptibilities of the four [Cu(4-Xdmpz),], 

compounds were measured from 2.0 to 300 K employing a 
SQUID magnetometer. Tabulated magnetic susceptibility 
data for the [Cu(4-Xdmp~)~], compounds are deposited2 and 
plots of X, versus temperature are shown in Fig. 3 for [Cu(4- 
Hdmpz),] , and [Cu(4-Cldmpz),] ,. All four compounds ex- 

hibit maxima in their susceptibility versus temperature plots 
(in the range 105-120 K) indicative of antiferromagnetic 
exchange coupling. In all cases an increase in susceptibility 
is observed as the temperature decreases at the lowest tem- 
peratures studied. This is not uncommon in strongly antifer- 
romagnetically coupled copper(I1) systems and was observed 
previously for the [Cu(4-Xpz),], compounds where it was 
ascribed to the presence of small amounts of paramagnetic 
impurities (1, 2). In analysing the magnetic data we em- 
ployed the isotropic Heisenberg model for exchange cou- 
pled linear chains developed by Hall and Estes et al. (20, 21). 
In addition, as in our previous work (1, 2), allowance was 
made for the impurity by modelling it as a Curie 
paramagnet with a g-value equal to that of the bulk sample. 
The expressions used in the fitting procedure are presented 
below and the symbols have their usual meanings (22). 
Reasonable fits between experimental data and theory were 
obtained for the X = H, CH,, and Br compounds and best-fit 

where 

values of the J, g ,  and percent paramagnetic impurity pa- 
rameters are given for these in Table l .  Better agreement 
between experiment and theory, particularly in the region of 
the susceptibility maximum, is obtained when only data at 
and above 40 K are used in the fitting procedure. Values of 
J and g obtained from these high-temperature data fits are also 
given in Table 1. The paramagnetic impurity contributes more 
to the low-temperature data and the improvement in fit on 
using the high-temperature data probably reflects inadequa- 
cies in modelling the paramagnetic component as was dis- 
cussed previously (1, 2). Pursuing this further, we examined 
fits of the experimental susceptibilities for the X = H, CH,, 
and Br compounds to theory over the whole temperature 
range, modelling the paramagnetic component as a Curie- 
Weiss paramagnet. This adds a fourth parameter, 0,  

to the fitting procedure and produces an excellent fit over the 
entire temperature range studied. The J and g-values ob- 
tained with this model agree well with those obtained using 
fits to the high temperature data only (Table 1). 

[C~(4-Cldmpz)~], exhibits somewhat unique magnetic 
properties. Above 40 K it behaves much like the other com- 
plexes studied here, exhibiting a broad maximum in its sus- 
ceptibility versus temperature plot at 120 K. The magnetic 
data above 40 K are reasonably well modelled according to 
the isotropic Heisenberg model for exchange coupled linear 
chains and the best-fit values of J and g obtained using this 
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Temperature (K) 

FIG. 3. Plot of magnetic susceptibility versus temperature for ( ( 1 )  

[C~(4-Hdmpz)~], and (b) [Cu(4-Cld~npz),] ,. The broken curve for 
( a )  represents the best fit  to theory with a Curie paramagnetic 
component and the solid curve represents the best fit to theory with 
a Curie-Weiss paramagnetic component. The solid curve in (b) 
represents the best fit of the data to theory from 40 to 300 K .  

model and ignoring paramagnetic impurity are comparable 
to the values obtained for the other 4-Xdmpz compounds 
(Table 1). Below 40 K ,  however, the susceptibility drops 
abruptly until about 8 K,  below which the effects of para- 
magnetic impurity are seen. The magnetic properties for this 
compound cannot be modelled well below 40 K using the 
linear chain model with or without paramagnetic impurity. 
The abrupt decrease in susceptibility below 40 K is behav- 

iour similar to that observed for CuSbzO, (23), which pos- 
sesses the trirutile structure and behaves magnetically as a 
linear chain antiferromagnet above 9 K. Nakua et al. attrib- 
uted the rapid decrease in susceptibility below 9 K in Cu- 
SbzOn as a transition to long-range antiferromagnetic order. 
One of the pieces of evidence they used to support this con- 
clusion was an examination of the field dependence of 
CuSb206. Nakua et al. found that the magnetization of the 
compound at 2 K (below T,) over the applied field range O- 
30 kOe exhibited two linear regimes with a transition re- 
gion between. This behaviour is characteristic of a spin flop 
transition in polycrystalline antiferromagnets. At 1 1  K (above 
T,) they found the magnetization to be completely linear over 
the same field range, which is characteristic of the para- 
magnetic state. 

Noting the similarity between the temperature depen- 
dence of the susceptibility of CuSb,Ob and [C~(4-Cldpmz)~] ,, 
we undertook a study of the magnetic field dependence of 
[Cu(4-Cldinp~)~],,. The compound's applied field depen- 
dence was examined in the range 0-55 kOe at 5, 10, 15, and 
20 K.  The results of this study are depicted in Fig. 4 .  It is 
apparent that the magnetization data for [Cu(4-Cldmp~)~l,  
do not exhibit the spin flop transition evident in the data for 
CuSb,O,. The magnetization plots at 10 K and especially 
5 K for [C~(4-Cldmpz)~] ,  show some deviation from linear- 
ity at the highest fields. This is most likely due to magnetic 
saturation effects as the Brillouin function -q value at 5 K and 
55 kOe is 1.65 for this compound. Even though [Cu(4- 
C l d m p ~ ) ~ ] ,  does not exhibit field dependence indicative of 
a spin flop transition in  the range studied, this does not rule 
out the possibility of such a transition occurring in the com- 
pound. The molecular field theory (24) description of spin 
flop in antiferromagnets predicts that the transition field, HSF, 
at T = 0 K is dependent on both the anisotropy field and the 
antiferromagnetic exchange energy. If the anisotropy fields 
for CuSbzO, and [C~(4-Cldmpz),],~ are similar, then the HsF 
would be expected to be greater for the compound with the 
larger antiferromagnetic exchange. [Cu(4-Cldmp~)~], ex- 

TABLE 1 .  Derived magnetic parameters for the [Cu(4-Xdmpz),] , compounds 

Temperature -J -0 
Compound range (K)  (cm-I) S l OOP ( K )  F" 

"The fitting function: 

'Numbers in  parentheses are the estimated standard deviations in the last digit of the value. 
' 100P set at zero. Measured susceptibilities at the lower temperatures are slightly lower than pre- 

dicted by the model and including P as a variable parameter here generates small, unrealistic, neg- 
ative values. 
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I I I 
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40 
pounds under consideration are considered to have ex- 

1 tended chain structures, the geometry of the CuN, 

synthesis of 4-Xdmpz complexes leads to the decomposi- 
FIG. 4. Magnetization vs. applied magnetic field plot at var- 

ious temperatures for [Cu(CCldmpz:~~] ,. The solid lines are merely tion of the pyrazolate ligand, specifically oxidation of the 

a guide to the eye. methyl substituents. Investigations of some of these reac- 
tions has led to the isolation and structural characterization 
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hibits its anomalous decrease in susceptibility for an antifer- 
romagnetically coupled linear chain in the range 30-40 K,  
whereas CuSb206 exhibits this feature between 8 and 9 K.  
This would imply that if long-range antiferromagnetic or- 
dering is occurring in [ C u ( 4 - C l d m p ~ ) ~ ] , ~ ,  then the magni- 
tude of the interaction is much larger in this compound than 
in CuSb206 and, as discussed above, one would expect HsF 
to be higher in the former compound than in the latter, per- 
haps beyond our experimentally accessible field range. 

Our field-dependence studies do not preclude the possi- 
bility of long-range order accounting for the unusual sus- 
ceptibility data for [Cu(4-Cldmpz),],, but neither do they 
support such a conclusion. Other possibilities that might ac- 
count for the behaviour of this compound are a transition to 
two-dimensional ordering or a structural phase transition that 
facilitates much stronger one-dimensional anticerrornag- 
netic exchange. 

Turning now to a consideration of the magnitude of the 
exchange coupling in these [Cu(4-Xdrnp~)~] ,  complexes, 
some interesting comparisons can be made with the [Cu(4- 
Xpz),], analogues. We  note that in both sets of compounds 
the 1 J (  values for the 4-C1 and 4-Br derivatives are the same 
within experimental uncertainty and are slightly, but signif- 
icantly, greater than the values for the 4-H and 4-CH, de- 
rivatives. This variation does not correlate with simple ideas 
based on relative ligand basicities since the halo-substituted 
pyrazolates should be expected to be the least basic, form the 
weakest bonds to copper, and therefore provide the poorest, 
rather than the most efficient, pathways for exchange. As 
discussed previously (2), the exchange in these systems ap- 
pears to be affected more by detailed structural differences 
between compounds that affect the overlap between the 
pyrazolate T-orbital system and the metal's magnetic or- 
bital. The effects of structural differences on the magnitude 
of exchange can be seen by comparing the I J I  values of the 
[C~(4-Xpz)~] ,  compounds as a group with the I J I values of 
the [ C ~ ( 4 - X d m p z ) ~ ] .  compounds. Although all of the com- 

of some new carboxyl-substituted pyrazolate complexes. 
These studies will be presented in a subsequent communi- 
cation. 

0 20000 40000 60000 obtain a very slow rate of polymer formation. Unfortu- 
Magnetic Field (Oe) nately, we have found that applying such conditions to the 
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Flame photometric detection of some transition metals. I. Calibrations and spectra' 
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XUN-YUN SUN, BRIAN MILLIER, and WALTER A. AUE. Can. J. Chem. 70, 1 129 (1992). 
After gas-chromatographic separation as volatile organometallics, some transition elements were found to respond with 

analytically relevant sensitivities in the flame photometric detector. Their minimum detectable amounts, in mole of metal 
per second at an S/N,.,., ratio of 2, were 1 x lo-'' for nickel and 6 x 10-l3 for rhenium, as well as a less sensitive 2 
x lo-' ' for molybdenum and 3 x lo-' ' for cobalt. (When divided by 3.7, these values yield the S / u  = 3 limit of de- 
tection as recommended by IUPAC.) Calibration curves were established for these elements in comparison with tran- 
sition metals already known to respond in the flame photometric detector. Their chemiluminescent spectra, together with 
that of chromium, were measured in the detector at analytically (as opposed to spectroscopically) optimized conditions. 
Atomic lines, molecular bands, and continua were all present. Also, the spectra produced by several types of carbon 
compounds were recorded for a definition of potential spectral interferences from hydrocarbonaceous sample matrices. 
The atomic lines and the massive continua displayed by certain metals are discussed in some detail. Atomic lines appear 
up to a limiting energy level of 3.6 eV above ground state. It is suggested that continua could arise from small, perhaps 
catalytically active particles. Also discussed, in accordance with a reviewer's request, are the analytical performance of 
the FPD compared to ICP and MIP sources, and the definition and influence of noise on measured performance criteria. 

XUN-YUN SUN,  BRIAN MILLIER et WALTER A. AUE. Can. J. Chem. 70, 1129 (1992) 
On a trouvC que certains dements de transition, sCpar6s par chromatographie gazeuse sous le forme d'organo- 

mCtalliques volatils, peuvent repondre avec des sensibilites analytiquement acceptables dans un dttecteur pho- 
tometrique a flamme. Les quantitks minimales detectables, en mole de metal par seconde, a un rapport de S/N,.,., de 2, 
sont de 1 X 10-l4 pour le nickel et de 6 X lo-'' pour le rhenium alors que des sensibilites plus faibles de 2 X lo-" et 
3 x lo-' ' ont CtC dCterminCes respectivement pour le molybdkne et le cobalt. (Lorsqu'on divise ces valeurs par 7 ,  on 
obtient la limite de detection S / u  = 3 recommandee par I'UICPA.) On a Ctabli des courbes de calibration de ces elements 
et on les a compare avec celles de metaux de transitions d6ja connus pour donner une reponse dans le detecteur pho- 
tometrique flamme. Optrant dans des conditions analytiquement (par opposition 2 spec~roscopiquement) optimisees, 
on a mesure leur spectre de chimiluminescence ainsi que celui du chrome dans le dktecteur. Des raies atomiques, des 
bandes molCculaires et des continua sont presents dans tous les cas. De plus, dans le but de dCfinir les interfkrences 
spectrales potentielles dues a des matrices d'Cchantillons contenant des hydrocarbures, on a aussi enregistre les spectres 
de plusieurs types de composCs carbones On discute en detail des raies atomiques et des continua importants observes 
avec certains mCtaux. Les raies atomiques apparaissent jusqu'a un niveau limite d'energie de 3,6 eV au-dessus de 1'Ctat 
fondamental. On suggkre que les continua sont dils 21 des petites particules qui seraient peut-&tre catalytiquement ac- 
tives. On discute aussi, a la suggestion d'un arbitre, de la performance de la DPF par comparaison avec les sources ICP 
et MIP ainsi que la definition et l'influence du bruit sur les critkres de la performance mesurCe. 

[Traduit par la redaction] 

Introduction 
The flame photometric detector (FPD) is extensively used 

in the gas chromatography (GC) of phosphorus and (or) sul- 
fur containing biocides and pollutants (1) .  In its GC version 
(and only this version will be considered here) it is a rather 
simple and comparatively inexpensive device that, beyond 
P and S,  can also detect compounds of B, Ge, Sn, Pb, N ,  
As, Sb, Bi, Se, Te, C1, Br, and I (the latter three indirectly, 
e.g., as indium halides). All of these analytes are, of course, 
main group elements. 

In contrast, transition elements are rarely determined in 
the FPD. This is not surprising. The device has a long his- 
tory (2) and, in its conjunction with GC, was originally de- 
veloped for organic compounds such as nerve gases (3). 
Typical applications occur in such related areas as sulfur- 
containing air pollutants, phosphorus-containing insecti- 
cides, and tin-containing antifouling paints. The best-known 

' ~ x c e r ~ t s  from this study were presented at the 72nd CIC Con- 
ference (Victoria, B.C., June 1989) and the 20th Ohio Valley 
Chromatography Symposium (Hueston Woods, Ohio, June 1989). 
This material forms part of the doctoral thesis requirements of 
X.Y.S. 

' ~ u t h o r  to whom correspondence may be addressed. 
3 ~ e v i s i o n  received November 29, 1991. 

chemiluminescent emissions from the FPD (from S,, HPO, 
and SnH) are molecular in nature. The flame is hydrogen-rich 
and cool (typically 300-600°C). It is monitored by a com- 
bination of interference filter and photomultiplier tube. 

In contrast, the typical determination of transition metals 
by emission spectrometry involves thermal excitation of 
atomic lines, starting from aqueous solutions of inorganic 
ions. The high-temperature sources are monitored by 
monochromators or polychromators. In many instances, such 
sources, e.g., oxyhydrogen flames, have also been used with 
gas chromatographic effluents. High-energy sources are well 
suited for the atomic emission and absorption spectrometry 
of transition metals. 

In the FPD, the situation seems reversed. The only tran- 
sition metal for which, over the years, the FPD has pro- 
vided analytical trace methodology is chromium (as the 
trifluoroacetylacetonate (4, 5) ) .  Recently, we reported on the 
use of the FPD for metallocenes of the iron group (6-8) and 
for the determination of manganese (as methylcyclopenta- 
dienylmanganesetricarbonyl) in gasolines (9). Unexpect- 
edly, some of the pertinent chemiluminescent emissions 
turned out to be not molecular but atomic in nature. 

The fact that a "cool" source produces strong emission 
from a very few, highly selective atomic lines, is obviously 
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of fundamental interest. But it may also prove analytically 
important. Transition metals occur in a wide variety of bio- 
chemical, industrial, and environmental key compounds. 
While few of these are amenable to gas chromatography, 
some can be converted into volatile derivatives. More im- 
portantly, the flame photometric detector is no longer re- 
stricted to conventional gas chromatographic effluents, but 
is increasingly being used with capillary liquid chromatog- 
raphy and supercritical fluid chromatography. Both tech- 
niques are capable of dealing with analytes of low volatility. 

It would seem profitable, therefore, to find further trans- 
ition elements that respond in the FPD with analytically in- 
teresting sensitivities. Given the low temperature of the FPD 
flame, chemical (as opposed to thermal) excitation is a vir- 
tual precondition. This brings up some salient points. For 
one, there exists so far no logical basis on which to predict 
(a)  whether a particular element will or will not emit light 
and (b) whether the emission, if any, will be atomic or mo- 
lecular in nature. However, chemiluminescent emitters can 
be expected to be much fewer in number and their spectra 
hence much cleaner in appearance. Also, the presence or 
absence of spectra, as well as their intensity, should be 
strongly dependent on detector conditions. 

This can be of paramount importance for the FPD's ana- 
lytical performance. For instance, iron compounds produce 
mainly atomic lines at low temperature (less oxygen) but 
mostly molecular bands at high temperature (more oxygen) 
(6). This is, in a formal sense, contrary to their behavior in 
high-energy flames or plasmas. Furthermore, the Fe lines 
occur in the UV, the bands in the visible, making the choice 
of a monitoring wavelength highly condition-dependent. A 
related problem is detector cleanliness. Particularly the 
spectra of weak emitters depend to an inordinate degree on 
other compounds present in the detector environment. For 
example, response from different carbon compounds (matrix 
components, column bleed, the organic part of the analyte) 
appears to vary over time in overall intensity, wavelength 
dependence, and even direction (regular vs. inverted peaks). 
If, say, an FPD has a persistent background of residual sul- 
fur, carbon compounds will produce inverted peaks and the 
"carbon" spectrum will roughly conform to the (inverted) S2 
bands. Similar effects can be observed from other elements 
of low FPD response. 

All this mandates that spectra can be obtained a t  the atz- 
alytical operating conditions of the detector. While many of 
the flame colors (blue S,, violet Se,, greenish HPO, red SnH, 
green BO and BO,, etc.) are strong enough to be discerned 
by the dark-adapted eye, the absolute light output is still so 
weak that only the most prominent of spectra can be mea- 
sured by a grating monochromator, and then only with wide 
slits and the most sensitive of phototubes. In many cases, and 
this study is no exception, the spectra of the FPD's diffuse 
luminescence phenomena can be picked up only by a vari- 
able interference filter ("filter monochromator") that, while 
allowing much more of the faint light to be collected, is of 
very low resolution and hence inadequate for most spectral 
assignments (e.g. ,  the question of whether a particular 
emission is a molecular band or an atomic line). This is the 
reason why the spectra of certain elements are often not 
measured in the FPD, or, worse, why measurements from 
flames of higher energy are substituted. Occasionally, the 
luminescent features from low vs. high temperature, and 
hydrogen-rich vs. air-rich flames do coincide; more often they 

do not. The FPD is particularly prone to strong changes in 
the relative intensity of different spectra with just minor 
changes in operating conditions, much more so than typical 
high-energy sources. Also, analytically relevant emissions 
in the FPD cover an enormous range of intensity. On a molar, 
elemental basis, tin will for instance produce radiation more 
than eight orders of magnitude stronger than carbon/hydro- 
gen (carbon compounds are common FPD interferents) and 
more than six orders of magnitude stronger than boron (boron 
compounds are common FPD analytes). 

Yet, without knowledge of the actual spectral mix under 
particular analytical circumstances, a rational choice of de- 
tector conditions, especially for increasing the selectivity of 
one species over another, is difficult and time-consuming to 
make. This applies not only to the organometallic analytes, 
but also to the carbonaceous materials that provide the bulk 
of many a biological or  environmental sample. In this re- 
port we shall therefore concentrate on the spectra and cali- 
bration curves of some transition elements, and shall add 
some speculations regarding excited states. In a subsequent 
report (10) we shall demonstrate how such information can 
be used to improve the selectivity of the FPD. 

Experimental 
This study used a basic gas chron~atograph with a dual-channel 

flame photometric detector (Shimadzu GC-4BMPF). Unless oth- 
erwise indicated, a packed column (100 x 0.3 cm i.d. glass, 5% 
OV- I0 1 on Chromosorb W, 100/ 120 mesh) was kept under a ni- 
trogen flow of between 13 and 27 mL/min. Injection port and de- 
tector base temperatures were set at least 30' higher (between 160 
and 200°C) than that of the column. The detector, with its quartz 
chimney removed, was run with 300 mL/min hydrogen and 55- 
60 mL/min air (depending on the analyte), and an additional 18- 
24 mL/min of nitrogen was added to the air supply. An efficient 
exhaust duct was positioned directly above the FPD flue. The 
photomultipliers were Hamamatsu tubes R 268 (bialkali, 300- 
650 nm, maximum response at 420 nm) and R 1104 (multialkali, 
180-850 nm, maximum response at 420 nm) as indicated in the 
legends. Their output was amplified by two electrometers and dis- 
played on a dual-channel strip chart recorder (all Shimadzu). 

To obtain spectra from the detector, its flow conditions were first 
optimized for each element in the open (= no interference filter) 
mode. Then one of the FPD photomultiplier tubes was replaced by 
a Jarrell-Ash model 82-415 quarter-meter monochromator with a 
1180 grooves/mm grating blazed for 500 nm, a pair of (usually) 
2.1-mm slits, and the Hamamatsu R 1104 photomultiplier tube. 
When called for, a 500-nm cut-on filter was inserted into the op- 
tical path (at wavelength settings above 600 nm) in order to pre- 
vent second-order spectral interference. If the emission was too 
weak to be detected by the grating monochromator, a variable in- 
terference filter (Oriel model 7155 filter monochromator, range 
400-700 nm) was used behind an infrared absorbing filter (Oriel 
7165). Analytes in amounts corresponding to the upper end of their 
linear range were repeatedly injected while the wavelength drive 
was being manually advanced. The measurement of some weak 
spectra, particularly those of three different types of carbon com- 
pounds, was repeated a couple of months after the initial experi- 
ment, and again some time after that, to assess and assure adequate 
reproducibility. 

Results and discussion 
The responses of some easily available and sufficiently 

volatile and stable transition metal compounds were mea- 
sured in the FPD. Several produced luminescence that was 
substantially more intense than could be expected from the 
analytes' carbon content. These analytes were the simple 
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bis(cyclopentadieny1) derivatives of nickel and cobalt, and 
carbonyls of rhenium and molybdenum. The metals are thus 
joining the roster of chromium (4), manganese (9), iron (6), 
ruthenium (7), and osmium (8), whose responses in the FPD 
had been previously described. 

A variety of other transition metals produced only negli- 
gible response. (For this study, "negligible response" is 
roughly defined as less than ten times the expected carbon 
response.) We consider such negative results, obtained from 
compounds of Y, V, W, Zn, Cd, Hg, and Zr, much less 
conclusive than the positive results on which this study fo- 
cusses. Conditions in the FPD may not have been suitable 
for these elements. Or some of the organometallics may have 
decomposed before reaching the detector. While the latter 
is immediately obvious when the expected peakfczils to ap- 
pear, the opposite effect, i.e., the presence of a peak com- 
mensurate with the carbon portion of the molecule, is 
ambiguous. Such a peak could have been caused by the for- 
mation of a non-metallic product from the decomposing an- 
alyte. Note that the lack of response from certain transition 
elements, as mentioned here, refers only to their behaviour 
in the cool and hydrogen-rich flame of the typical FPD. By 
no means does it imply that these metals would also fail to 
respond in, say, a conventional oxyhydrogen flame (which 
has occasionally been reviewed together with the FPD proper 
(1)). 
Calibration curves 

The most sensitive of the new analytes is nickel. This fact 
commands interest since nickel is an element of economic, 
environmental, and medical importance. Industrially as well 
as analytically, i t  is easily transformed into its highly vola- 
tile (and highly toxic) tetracarbonyl (1 1, 12). Figure 1 shows 
the calibration curve of bis(cyclopentadienyl)nickel, a com- 
pound that is less stable but safer to handle under explora- 
tory circumstances. 

Figure 1 also includes the calibration curves of the other 
new transition metal analytes. Each is the result of an indi- 
vidual, coarse optimization of flow conditions. All mea- 
surements are made in the non-dispersive mode. (Data on 
dispersive modes will be given in the companion manu- 
script (10)). In most cases, and particularly when the spec- 
trum consists of broad bands of low intensity that stretch over 
an extended wavelength region, the open mode produces 
higher signal/noise ratios than the use of an interference fil- 
ter. 

(Note that an important criterion here seems to be the 
amount of light that reaches the phototube. This flux is ob- 
viously larger in the non-dispersive than in any dispersive 
mode, with the implication that types of noise other than that 
caused by the flame do play a role. To our knowledge, a 
thorough study of the origins and characteristics of noise in 
the FPD has never been done, despite the basic interest and 
potential benefit it would seem to offer.) 

Minimum detectable limits can be read directly from this 
graph: at an ordinate value of 2 for the conventional mea- 
surement, at an ordinate value of 0.54 for the IUPAC defi- 
nition, S /u  = 3. (The ordinate term "noise" refers here to 
the short-term peak-to-peak fluctuation of the baseline. For 
a more precise definition of noise and the detection limit, as 
well as for a discussion of the pros and cons of using "sig- 
nal/noiseW as the ordinate, refer to the later Note Added in 
Revision.) Since the GC column temperature was so chosen 

that each analyte eluted at about 2 min with a 2uPeak close to 
10 sec, these minimum detectable amounts (really: flows), 
at the more conservative S/N = 2 definition, vary from 1 x 
lo-'' mol/s for nickel to 3 x lo-" mol/s for cobalt. Table 
1 lists these values together with column temperatures and 
detector conditions. Included in Table 1 are also data for 
typical carbon compounds, as well as literature references 
to other transition elements. The assumption inherent in ac- 
cepting as elemental detection limits numbers that were de- 
termined using only one compound of a thermally and (or) 
chemically labile nature, is that no significant decomposi- 
tion occurred during gas chromatography. A further as- 
sumption is that the non-metal part of the analyte molecule 
did not significantly detract from, or contribute to, the re- 
sponse of the metal. 

To allow a visual comparison without repeating infor- 
mation already in the literature, as well as to avoid clutter- 
ing up Fig. 1, the relative positions of Ru (7), Mn (9), Fe (6), 
and 0 s  (8) responses are indicated at the bottom of the graph. 
The calibration curve for Cr(C0)6 is shown in dashed form, 
since the flame photometric detection of chromium, as 
Cr(tfa),, was described in the literature many years ago. Our 
measurements are somewhat more sensitive than those found 
in the seminal work of Ross and Shafik (2.5 ng Cr at S/N 
= 6.0 (4)). However, they fall short by about a factor of two 
when compared with the minimum detectable amount re- 
ported by Burgett and Green (79 pg Cr at S/N = 12.6 (5)): 
in the units used by these authors, our minimum detectable 
amount is 24 pg Cr at S/N = 2. 

The calibration curves for Mo(CO)~ and CO(C~H-,)~ are 
barely beyond our working definition of significant metal 
response in the FPD, i.e., that of ten times the response ex- 
pected from the molecule-sans-metal. Analytically, they are 
thus of only marginal interest. Here they are shown in dot- 
ted lines, for reasons that will become obvious during the later 
discussion of their spectra. 
Spectra 

The spectra will be considered in the-order of overall in- 
tensity (innate sensitivity), i.e., following the calibration 
curves of Fig. 1 from left to right. 
Nickel 

One of the definitely interesting transition metal spectra 
is that of nickel (nickelocene). It is shown in Fig. 2. Unfor- 
tunately, most of its features must remain unassigned at this 
stage. This is due, in part, to the limited resolution avail- 
able from an FPD emitter of only moderate strength. For 
reasons discussed earlier, the use of flame conditions opti- 
mized for spectral (as opposed to analytical) purposes, was 
considered inappropriate to this study. 

The spectral feature centered at 345 nm, which appears to 
be slightly broader than the optical bandpath (6.7 nm), is, 
in our opinion, due to an accumulation of atomic lines. Many 
prominent Ni lines occur between, say, 335 and 355 nm (13), 
among them the strongest ones known from emission, ab- 
sorption, and fluorescence spectrophotometry (14). If pref- 
erence is given to strong transitions from/to the ground state, 
including states that exceed the ground state by no more than 
the ambient thermal (kinetic) energy, then the roster in- 
cludes such lines as 341.476 nm (205-29481 cm-'), 
352.454 nm (205-28569 cm-'), 346.165 nm (205- 
29084 cm-I), 336.957 nrn (0-29669 cm-I), 339.105 nm (O- 
29481 cm-I), and 343.728 nm (0-29084 cm-I). The upper 
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AMOUNT INJECTED, gram 

FIG. 1. Calibration curves of compounds containing transition elements, as well as carbon compounds without metals. The position in 
this graph of earlier reported curves is indicated only by a short section of their lower range: Ru = dicyclopentadienylruthenium (7); Mn 
= methylcyclopentadienylmanganesetricarbony (9) ;  Fe = dicyclopentadienyliron (6) (coincident here with chromiumhexacarbonyl); 0 s  
= dicyclopentadienylosmium (8). Other organometallics are indicated by formula. C = carbon compound standards. From left to right: 
naphthalene, dodecane, di-n-hexyl ether. All spectra non-dispersive (no interference filter). Hamamatsu R 268 photomultiplier. Flow 
conditions as given in the experimental section and in Table 1 .  

TABLE I .  Transition metals and carbon compounds in the FPD" 

Column Hydrogen Air ~ ~ ~ " i l t e r  
Element Compound temperature (mL/min) (mL/min) (mol/s) (nm) Reference' 

Ru R u ( C S H ~ ) ~  155 300 80 1 x lo-15 None 7 
Cr Cr(tfa), ? 70 50 + 50 O2 2 x 520 5 

160 180 35 0 2  2 X 10-'Id 425.4 4 
Cr Cr(COI6 60 300 5 5 5 x 10- l4  None TP 
Ni Ni(CjH5)? 130 300 55 1 x 10-l4 None TP 
Mn C5H,CH3Mn(C0), 130 300 5 5 5 X 405 9 
Fe Fe(C,H,)2 130 300 60 5 x 10-l4 None 6 

? 140' 60 + 27 0, 8 x None 26 
0 s  Os(CjHj)2 170 300 60 2 x lo- ' ,  None 8 
Re R e K O )  I O  132 300 55 6 x lo- ' ,  None TP 
Mo Mo(CO)6 52 300 5 5 2 x 1 0 - l ~  None TP 
Co C O ( C ~ H ~ ) ~  120 300 5 5 3 x 10-l2 None TP 

C Naphthalene 130 300 60 4 x None TP 
C Dodecane 130 300 60 7 X 10-lo None TP 
C Di-n-hexyl ether 130 300 60 8 X 10-lo None TP 

"Shimadzu FPD without quartz chimney unless otherwise indicated. 
'Minimum detectable amount in mole of element per second, at a signal/noise ratio of 2, where noise is the short-term peak- 

to-peak fluctuation of the baseline. Divide by 3.7 for a rough MDL estimate according to the S/u (noise) = 3 IUPAC definition. 
Note that some literature values, marked by d, are given in mol (rather than in mol/s). Divide these values by the typical 2u 
(peak) value of 10 s for a rough comparison with other data. 

'TP = this paper. 
"MDA given in moles (peak width not retrievable from the literature). 
'Melpar (Tracor) FPD. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WAVELENGTH, nm 

FIG. 2.  Spectrum obtained by repeatedly injecting 500 ng of nickelocene under analytically optimized gas flows (300 mL/min H2 
55 mL/min air). Grating monochromator bandpass: 6.7 nm; photomultiplier tube: R 1104. 

state energies are 3.66 and 3.54 eV for the two first-cited 
lines, as well as 3.68 eV for the line of highest energy whose 
presence could not be reasonably excluded. (Chemical exi- 
tation, for which these numbers are of interest, will be dis- 
cussed later.) 

The much more intense emission(s) between about 450 and 
800 nm are puzzling. The literature lists several systems of 
NiO that occur in that region. The 0,O transitions of NiO 
systems V and VI are given as 509.83 and 473.0 nm (15), 
i.e., at values that appear close to two of the maxima shown 
in Fig. 2. Judged from the spectrum, the 0 , l  transition of 
System IV at 540.77 nm may be present (but then why not 
the 0,O transition at 517.45 nm ?). Similarly, other bands 
representing these systems fail to appear in the low-resolu- 
tion spectrum. Also, the overall appearance is quite differ- 
ent from, for instance, the NiO spectrum produced by the 
chemiluminescent reaction of Ni(CO), with 0, (1 2). 

A quite plausible emitter for some of the sharper bands is 
NiH. ~ e a r s e  and Gaydon list several systems. One of these, 
the "6257 A system" (NiH 'A, + 'A2 has strong 0,O 
and 1,O transitions that are close to the maxima of Fig. 2 at 
626 and 574 nm (15). And the band shown at 507 nm may 
correspond to a NiH band mentioned by R. E. Smith (16). 
While no definitive assignment can be made under the cir- 
cumstances, we believe that NiH and (with less justifica- 
tion) NiO should be considered as candidates for producing 
much of the emission in the visible. 

Chromium 
The spectrum from chromium (chromium hexacarbonyl) 

was checked because, even though the FPD response of 
chromium compounds had been known for quite some time 
and had been claimed to be "specific" with the use of a 
425.4-nm interference filter (4), the corresponding FPD 

/ spectrum has, to our knowledge, never been reported. Even 
if it had, the fact that earlier studies were carried out on a 
Melpar FPD, while this study used a Shimadzu FPD, would 
have mandated a re-measurement of the chromium spec- 
trum to serve the envisioned experiments on selectivity. The 
choice of the 425.4-nm interference filter in the seminal FPD 
paper (4) was obviously based on chromium's strongest 
emission line at 425.435 nm (actually, on the triplet at 

and 

425.435, 427.480, and 428.972 nm, given the bandpass 
typical of interference filters). This wavelength had been used 
previously for monitoring Cr emission from an oxyhydro- 
gen torch (i.e., from a hot, oxygen-rich flame of 5.7 L/min 
HZ and 39 L/min 0,) connected to a gas chromatograph (17). 
The choice of a 520-nm filter in the most sensitive FPD de- 
termination of Cr reported to date (5) may have been aimed 
at the strongest emission line in an air-hydrogen flame 
(520.604 nm (14)). Note, however, that this atomic transi- 
tion (7593-26796 cm-I), together with its triplet compan- 
ions, does not involve the ground state and that, based on 
arguments made in this report, it is therefore unlikely to 
produce strong response in the FPD. (It is interesting to note, 
nevertheless, that its upper-level energy of 26796 cm-' is 
lower than that of the most energetic line seen, i.e., 
27935 cm-I for the 357.869-nm line.) 

The upper half of Fig. 3 displays the spectrum obtained 
under regular operating conditions of our FPD. As ex- 
pected, it does not show the 520-nm line, but it does indeed 
include a distinct maximum centered at about 427 nm. This 
peak represents the earlier mentioned triplet, which is also 
easily observed in the conventional air-hydrogen flame (14). 
Another combination of three strong emission lines occurs 
at 357.869, 359.349, and 360.533 nm, with the resulting 
peak centered in our spectrum at 359 nm (the CrH bands 
around 368 do not seem to show up). There are no clearly 
assignable lines at higher energy. 

Aside from these atomic emissions, the spectrum is dom- 
inated by some broad features of unknown origin. Not sur- 
prisingly, then, the minimum detectable limit of chromium 
hexacarbonyl is considerably better when using the "open" 
(non-dispersive) mode than when using an interference fil- 
ter at 427 nm. Indeed, the most prominent spectral feature 
is located far away, i.e., between 670 and 750 nm (as seen 
by the red-extended phototube). 

Aware of the case of iron ( 6 ) ,  we became interested in 
possible spectral changes resulting from shifts in flame con- 
ditions. If such changes occur, the individual optimization 
of disparate emission features can serve purposes both ana- 
lytical (e.g., increase selectivity) and spectral (e.g., yield 
information on the identity of the emitters). 

In the case of chromium, however, the overall distribu- 
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WAVELENGTH, nm 

FIG. 3. Spectra obtained from chromium hexacarbonyl with R 1104 PMT and 2.1-mm sllts (6.7 nm bandpass). A 500-nm cut-on filter 
was placed in front of the gratlng monochromator from 600 nm on to exclude the second order. Upper half: spectrum at regular flame 
condition (300 mL/min H2 and 55 mL/min air); lower half: spectrum at stoichiometric flame conditions (50 mL/min Hz and 125 mL/ 
min air). 

I tion of the spectrum changes but little, and that within a very 

I 
wide range of flame conditions. To document this with one 
out of several runs, the spectrum shown in the lower part of I f  

I Fig. 3 was obtained from a stoichiometric flame. Not shown 
I here, but in agreement with the conclusion given above, were .- - U) 

runs with (a) a flame much hotter than usual, though still c 3 
I hydrogen-rich, and (6)  a flame much cooler and so starved 2 

of oxygen as to hover near extinction. (The latter spectrum, 
I  $10 

because of its very low light level, had to be obtained within G 
the much shorter range and lower dispersion of a filter 

t-- 
monochromator.) I 

It may be mentioned that some of the smaller features, w P 
particularly in the hotter and more oxygen-rich flame, could I 

possibly be attributed to CrO. The relevant heads are 579.44 Y 5 

(1,0), 605.16 (0,0), and 639.43 (0 , l )  nm (15). 3 
a 

The benefits of having available an FPD spectrum valid 
at analytically relevant conditions (top of Fig. 3) are ob- 
vious. It alone allows a reasonable choice of wavelength for r\ 

optimization of response and, much more importantly, for u- 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I 

optimization of selectivity vis-a-vis other FPD-active spe- 400 500 600 700 
cies (10). In this context, the initial literature choice of WAVELENGTH, nm 
425.4 nm as the central wavelength of an interference filter 
for chromium (with a presumed bandpass around 10 nm) is FIG. 4.  Spectrum obtained from dirheniumdecacarbonyl at reg- 

interesting in light of the fact that the largest response of ular flame conditions. Filter monochromator with 4-mm slit and R 
carbon compounds also occurs in that spectral window ("ide 1104 PMT. Bandpass (specification) = 28 nm at 550 nm. 

infra). The "specific" response for chromium at 425.4 nm 
(4) against the background, presumably mainly carbon 
compounds, relies therefore on the innate difference in lu- the 425-nm interference filter in place. The reason is ob- 

rninescence intensity rather than on the wavelength at which vious from the two spectra obtained at analytical operating 

the two emissions are com~ared .  In fact. in our svstem - conditions. 

and different FPD's can differ greatly in'this regaid - the Rhenium 
open mode produces a higher selectivity for chromium against The spectrum of rhenium (dirheniumdecacarbonyl) under 
aliphatic carbon than if that analysis had been carried out with regular operating conditions is shown in Fig. 4 .  Rhenium is 
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, not a particularly strong emitter in the FPD and, further- 
more, its spectrum is essentially continuous: two character- 
istics that necessitate use of the more sensitive but less 
versatile filter monochromator. The spectrum differs from 
rhenium spectra found in the literature. It is known, for in- 
stance, that Re is a "flame-greening" element (2) (whereas 
Fig. 4 suggests red). There is also little similarity between 
it and the continuum seen in a low-temperature hydrogen 
diffusion flame ( 18). 

For reasons discussed in the cases of chromium and iron, 
and for the chance to use the higher resolution and wider 
wavelength range of the grating monochromator, a variety 
of hotter flames were tried that, while still hydrogen-rich, 
contained less hydrogen and more oxygen than the analyti- 
cally optimized setting. Figure 5 shows the case for Re. Not 

- - 

surprisingly for such a heavy atom (cf. 0 s  (8)), identifying 
features tend to be submerged in the broad continuum. 

The resonant line of Re at 346.047 nm (3.58 eV) is not 
seen in the spectrum. (Note that the region from 300 to 
400 nm was included in the measurement but proved blank.) 
Either there are too few free atoms present in the first place, 
or they fail to undergo chemical excitation, or excited atoms 
are not formed in chemiluminescent processes from di- or 
triatomic species, or molecular excitation pathways are en- 
ergetically favored. The only known atomic transitions from 
less than 3.58 eV to/from the ground state, are located at 
488.914 nm (2.54 eV) and 527.556 nm. Both are character- 
ized as "cw" (complex and wide) in an arc (13), but are the 
strongest lines seen in emission from an oxyhydrogen flame 
(14). Both are absent from this spectrum; however, yet an- 
other spectrum from a still hotter flame (not shown here) 
contained, superimposed on the continuum, some very minor 
features at these two wavelengths. 

The spectrum shown in Fig. 5 for Re is similar in general 
appearance to that shown in Fig. 3 for Cr, and to those re- 
ported earlier for 0 s  (8) and perhaps also for Fe (6). Similar 
to these other elements, the case can be made here as well 
that oxides may be involved (for instance, a series of Re0 
bands is known to occur between 606 and 609 nm (15)). . ,, 

However, the main contribution to response originates from 
the unassigned continuum. 

Molybdenum 
Figures 6 and 7 show the spectra obtained from repeat- 

edly injecting Mo(CO)(, and CO(C,H,)~. In the calibration 
curves presented in Fig. 1, response from these two ana- 
lytes is displayed by dotted lines. The reason for that visual 
caveat is that we question whether the recorded spectra are, 
in fact, due to emission from species containing these met- 
als. Our scepticism is based not only on the weakness of re- 
sponse, which is relatively close to the response of carbon 
compounds, but also on certain spectral features. 

The most prominent feature of the molybdenum spec- 
trum shown in Fig. 6 is the relatively sharp peak around 
420 nm. There are two prominent atomic lines for Mo in the 
vicinity, i.e., at 414.355 and 418.832 nm. However, the 
energy levels for these transitions are apparently in question 
(13), and it is thus unlikely that they represent transitions to/ 
from the ground state. Also, MOO is very refractory. Owing 
to the prevailing low light level, we did not separately check 
for the possible presence of, for instance, the prominent lines 
386.41 1 nm (0-25872 cm-',  3.21 eV) and 390.296 nm (O- 
25614 cm-'). 

A look at the calibration curves shows that, on a weight 
basis, the molybdenum compound is only about one order 
of magnitude larger in response than a typical aromatic car- 
bon compound. However, the spectral measurements dem- 
onstrate that the luminescence from molybdenum 
hexacarbonyl at 420 nm is about ten times stronger than the 
luminescence obtained from a commensurate amount of 
naphthalene. Thus it appears that the spectrum shown does 
indeed contain most of the luminescence that established the 
calibration curve (note the difference in wavelength range 
between the calibration curve and the spectrum!). Our own 
preference is that response is indeed provided by a Mo-con- 
taining emitter. ~ o ~ e v e r ,  the formal possibility of carbon- 
aceous emission being enhanced (catalyzed) by the presence 
of molybdenum is not precluded by the experiment. 

Cobalt 
Similar arguments can be made in the case of Co (here in 

the form of dicyclopentadienylcobalt) whose spectrum is 
shown in Fig. 7. It is even more suggestive of an aromatic 

WAVELENGTH, nm 

FIG. 5. Spectrum obtained from dirheniumdecacarbonyl in a hotter but still hydrogen-rich flame. Hydrogen: 120 mL/min; air: 
125 mL/min. Grating monochromator bandpass: 6.7 nm; PMT: R 1104. 
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0-I 
1 1 1 1 1 t 1 1 1 1 1 ' ~ ' 1 ~ 1  I 

400 500 600 700 
WAVELENGTH, nm 

FIG. 6.  Spectrum obtained from molybdenum hexacarbonyl at 
regular flame conditions through a filter monochromator equipped 
with 4-mm slit and R 1104 photomultiplier. 

WAVELENGTH, nm 

FIG. 7. Spectrum obtained from dicyclopentadienylcobalt under 
regular flame conditions. Filter monochromator with R 1104 PMT 
and 6-mm slit. 

hydrocarbon (see below) than that of molybdenum. In the 
region of the blue maximum there are two cobalt lines 
involving the ground state, namely 419.071 nm (O- 
23856 cm-') and 423.400 nm (0-23612 cm-') (13). How- 
ever, these lines are very weak in other systems and, fur- 
thermore, one would have expected that, if atomic excitation 
were occumng, the very strong lines around 350 nm (13, 14) 
should have been observed in the form of a stronger overall 
response for Co (the lines are outside the range of the filter 
monochromator but are included in the open mode of the FPD 
calibration curve). It may also be mentioned that one of the 
R heads of CoH is situated at 419.45 nm (but the other, for 
the 0,O transition, is located at 448.19 nm!) (16). More rea- 
sonable than invoking such spectral features may be to as- 

WAVELENGTH, nm 

FIG. 8. Spectra obtained from naphthalene (solid line), di-11-hexyl 
ether (dashes), and dodecane (dashes and dots) with a filter mono- 
chromator using a 6-mm slit and an R 1104 photomultiplier. Flame 
conditions: 300 mL/min H2 and 60 mL/min air. Bandpass: 30 nm 
at 550 nm. Rectangular insert: Same conditions but 4-mm slit. 

sume that the emission observed within the 400-700 nm 
range of the filter monochromator is dominated by carbon- 
based response. If so, this would suggest either that there 
occurs significant luminescence from cobalt-containing 
species outside this range, or that the presence of cobalt 
somehow stimulates carbonaceous emission(s). A compari- 
son of the absolute magnitude of suitable spectra suggests, 
but does not prove, the former alternative, i.e., that there may 
indeed exist further uncharted Co emissions. 

Both cobalt- and molybdenum-derived emissions could be 
further investigated. However, because of their low sensi- 
tivity and hence minor analytical importance in the FPD, the 
matter was dropped. 

Carbon compounds 
Of greater interest are the spectra obtained from carbon 

compounds themselves, since the latter constitute the major 
components of many samples wherein trace amounts of or- 
ganometallics need to be determined. To our knowledge, no 
literature source describes such spectra as obtained from an 
FPD at conventional operating conditions. (Spectra from 
carbon-containing emitters in much hotter and oxygen-rich 
H2/02 and H2/air flames are, however, discussed in var- 
ious papers (e.g., refs. 20-25).) Besides, weak FPD re- 
sponses are particularly likely to vary with differences in 
detector construction, condition, and contamination. And, 
until the analytically relevant spectra are known, it is diffi- 
cult to establish conditions for optimal selectivity (other than 
by a rather time-consuming trial-and-error approach). 

Figure 8 shows the luminescence spectra obtained from 
three standard carbon compounds (an alkane, an aliphatic 
ether, and an aromatic) at regular FPD operating condi- 
tions. The three compounds were injected as a mixture in 
order to keep the relative amounts precisely the same. Sim- 
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ilar spectra were obtained from experiments repeated over TABLE 2. Evidence for atomic lines in FPD spectra 
the course of several months. 

It is well-known that aromatics res~ond stronger in the FPD Wavelength (nm) Reference 

than aliphatics. The data shown ink&.  8 demonstrate that 
Ni 340-355 This paper this is due to a partly different (not just a proportionally en- Cr 357-360, 425-430 'This paper 

hanced) spectrum. There is little agreement between these 403, (540) 9 
spectra and the carbon-based emissions from oxyhydrogen F~ 344, 373, 387 6 
flames (20-25), except for the seemingly common peak at RU 350. 373. 380 7 
430 nm. In the oxyhydrogen flames this peak clearly rep- 
resents CH, with the 0,O transition of CH(A'A-X'T) lo- 
cated at 431.42 nm (15). As shown in Fig. 8, the peak apex 
was rescanned, at the highest resolution obtainable at this low 
light level. Within the considerable error limits of such a 
measurement, the maximum is indeed located at that wave- 
length. Our motivation for rechecking the region was re- 
lated not only to its obvious analytical importance, but also 
to our suspicion that some or all of the FPD luminescence 
found there may originate from excited formaldehyde 
("Emeleus's cool flame spectrum," occurring "in the cool 
flame of ether, acetaldehyde, hexane and other organic sub- 
stances" (15)). However, the very low light level character- 
istic of typical FPD settings prevents an experimental 
assessment of the relevant contributions from CH and CHZO. 

In oxyhydrogen flames, the second most common spec- 
tral feature is C, (A~T,-x'~T,), i.e., the Swan bands (15). 
Prominently visible is usually the 0,O transition (head at 
5 16.52 nm), accompanied by the 0 , l  (563.55 nm) and 1 ,O 
(473.71 nm) transitions. Aside from the measurement shown 
in Fig. 8, a larger number of spectra were obtained at dif- 
ferent times and with different compounds. In none of these 
did the Swan bands show up unambiguously, although they 
could, of course, be present. The low light levels involved, 
and the differences between different carbon structures at 
wavelengths longer than, say, 460 nm, make this a difficult 
question to investigate. Aside from CH, and perhaps CH,O 
and C', the luminescence does not appear to fit any other 
known carbonaceous emitters. While thus not overly re- 
vealing in a spectroscopic context, knowledge of the car- 
bon-related spectra is of considerable value for improving 
analytical selectivity (10). 

Speculations 

Some response patterns do appear to show up among the 
well-responding transition metals. We shall speculate on two 
of these: the apparent energy limitation of atomic lines, and 
the ostensible similarity of spectral continua. 

Atomic lines 
Of the elements covered in this study, only chromium 

shows clear evidence of atomic lines. For nickel the evi- 
dence is, literally, much weaker, and there is no experi- 
mental basis for assuming lines to be present in the spectrum 
from rhenium (or in the ambiguous spectra from molybde- 
num and cobalt). Table 2 lists the relevant wavelengths of 
Cr and Ni, together with data of Mn, Fe, and Ru from ear- 
lier studies. The atomic lines are particularly pronounced in 
the cases of Mn and Fe, where they even represent the 
spectral feature preferred for analysis. 

Unfortunately, the extremely low light levels from an FPD 
run at conventional conditions prevent conclusive high-res- 
olution measurements to be made. Therefore, the case for 
atomic lines must rest primarily on the agreement of experi- 
mental wavelengths with literature values. Given (a) the 

typical condition of a low-temperature FPD flame; (b) the 
experimental evidence that most of the presumedly atomic 
emissions increase but little in intensity with large increases 
in flame temperature; and (c) the fact that, in contrast to high- 
temperature AES sources, some metals emit very strongly 
while others emit only very weakly (if indeed at all), it fol- 
lows that the excitation cannot simply be ascribed to a ther- 
mal process. Furthermore, the reasonable alternative, i.e., 
the occurrence of chemiluminescence, is consistent with the 
presence of very few lines and, more revealingly, with the 
detector's preference for those lines that represent transi- 
tions from/to the ground state (perhaps including easily ac- 
cessible levels within the prevailing thermal (kinetic) energy 
of about 0.1 eV). 

If so, then the question arises as to the amount of energy 
that is being provided by the chemiluminescent process. Just 
for reference, the (in the context of luminescence) often in- 
voked recombination of hydrogen atoms yields 4.5 eV, while 
the formation of water from H and OH produces 5.1 eV. 

The following comparison will list the shortest wave- 
lengths at which emission from atomic lines is still manifest 
in the spectra, together with "reasonable" lines of slightly 
higher energy where it is not. Our criteria for calling a line 
"reasonable" are strong response in other systems (arc, 
oxyhydrogen flame, etc.) and the involvement of the ground 
state. Individually, any one of the deductions resulting from 
such vague criteria is highly questionable. Cumulatively, 
however, their similarities enhance one another and thus 
confer some credibility on the results. 

The better responding metals that do display atomic 
response are Mn (9), Fe (6), Cr, Ru (7), and Ni; the ones that 
do not are Re and 0 s  (8). Although the FPD-active metals 
are too few to be definitively classified in terms of their 
excitation/ernission processes and the associated intensity of 
luminescence, it appears that the strongest responding metals 
display dominant molecular bands (Ru, Ni), followed by 
those that show prevailing atomic lines (Mn, Fe, and to a 
lesser extent Cr), followed by those that produce massive 
continua (Re, Os, and again, Cr). 

Which are the lines of highest energy that do show up, and 
which are the (reasonable) ones of still higher energy that do 
not? Manganese emits at 403 nm (3.1 eV), but the next 
prominent line at 280 nm (4.4 eV) is not seen (and neither 
is a weak ground-state transition at 322 nm, i.e., at 3.9 eV) 
(9). Iron emits strongly at 344 nm (3.6 eV), but a weak line 
at 319 nm (3.9 eV) and a much stronger one at 302 nm 
(4.1 eV) are not present (6). The most energetic chromium 
line in the FPD spectrum occurs at 358 nm (3.5 eV), with 
no reasonably strong lines expected in its vicinity. In 
ruthenium, the 350-nm line is in evidence but the 343-nm line 
is not (7). Given that resolution and calibration in that 
particular experiment were of sufficient quality, this means 
that 3.55 eV shows up but 3.61 eV does not (there are no 
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prominent ground-state transitions close by at higher 
energies). The most energetic line of nickel that cannot be 
excluded on spectral evidence is at 355 nm (3.7 eV), but it 
occurs close to the edge of a broader spectral feature that is 
preferably assigned to the 341- and 352-nm lines (3.6 and 
3.5 eV). The closest reasonable line that clearly fails to 
appear is that at 323 nm (3.8 eV). 

It thus seems that, where atomic lines do show up, 3.6 eV 
is the approximate energy limit. Several cases of metals 
mentioned above argue for that limit and none clearly 
contradicts it. a ow ever, to assume the same upper limit for 
all metals is tantamount to suggesting that a single particular 
reaction may drive the various atomic excitation processes (or 
that some very efficient reaction quenches all emissions above 
it). No prominent flame gas reaction yielding 3.6 eV comes 
immediately to mind. The recombination of hydrogen atoms, 
a prime candidate considering the type of flame and the 
evidence of the literature on a variety of flame systems, 
produces 4.5 eV. But why, then, is none of the possible lines 
in evidence between 340 and 300 nm, a region that was 
scanned for all strongly responding elements? o f  course this 
could be happenstance: too little is known about excitation 
process(es) to predict whether or not a particular line could 
or should show up. Also, the formation of refractory species 
may have depletkd the free atom concentration of certain 
metals. Or, the recombination of hydrogen atoms may have 
occurred not via the most straightforward route 

but via such routes as 

MeH + H-, H, + Me* 

(but note the differing MeH bond energies!). Other high- 
energy radical recombinations could be involved. Ob- 
viously, though, these are not the only scenarios possible. 

Continua 
Apparent similarities among elements show up not only 

in atomic emissions but also in the extended continua that 
figure prominently in the spectra obtained from Re, Cr, 0 s  
(8), and, perhaps, Fe (6) compounds. To illustrate this sim- 
ilarity, Fig. 9 repeats and compares spectra involving three 
elements monitored by the same, red-extended phototube 
(though at slightly different flame conditions). 

In the earlier discussion of these spectra, we mentioned 
cases that possibly involved oxide bands. However, Me0  
emissions alone could hardly explain these commanding 
continua that peak in the red and near infrared (and may reach 
beyond the photomultiplier's upper wavelength limit). 

The process by which these spectra were procured (i.e., 
by measuring the peak height of compounds injected into the 
gas chromatograph) circumvents any influence of the sol- 
vent or the flame itself, unless, of course, the analyte were 
so massive in amount or so catalytic in nature that it could 
seriously alter the general chemistry of the flame. 

Hence, if one is to speculate on the origin of these con- 
tinua, metal-containing species are prime suspects. Al- 
though, and because, there is no hard evidence available on 
this question, we would like to mention the possible pres- 
ence of small aggregates of metal atoms (with or without 
other atoms such as 0 and H). Continua involving various 
elements in the flame have been repeatedly ascribed to hot 
oxide particles (27). It is true that blackbody radiation, at 
temperatures typical of the FPD, is very weak and that 

its maximum occurs at considerably longer wavelengths. 
Yet very small particles can reportedly shift that spectrum 
toward the blue. Furthermore, the luminescence of solid 
bodies can be driven or enhanced by flame radicals. A well- 
known example of this is the Welsbach mantle, which 
involves (additional) heating of a solid surface by the re- 
combination of hydrogen atoms (1 9). 

It would thus be conceivable that small, analyte-derived 
aggregates, perhaps acting as catalysts for flame processes 
and hence offering higher temperatures for excitation, could 
produce the observed continua. A possible argument against 
this scenario is the linearity of the calibration curve: consid- 
ering the low concentration and the short residence time of 
the analyte in the flame, the size of (and hence the light yield 
per metal atom from) the very small particles should vary 
considerably within the wide concentration range covered by 
the calibration curves. (Obviously, this argument ignores the 
influence that parameters other than concentration could exert 
on particle size. As well, it neglects the possible recycling 
of particles by eddies in the detector chamber, the conceiv- 
able temporary coating of detector walls, and a host of other 
easily imaginable processes.) Consequently, any significant 
role for the emission of light from small particles must re- 
main an object of speculation: a more conventional inter- 
pretation of the obtained spectra is certainly possible. 

NOTE ADDED IN REVISION: 

One reviewer of this manuscript requested (a)  that "a 
perspective of the current usage of ICP's and MIP's as de- 
tectors for GC should be presented and briefly compared to 
the FPD capability presented here," and (b) that the term 
"noise" be closer defined and the use of the "signal/noise" 
ordinate in Fig. 1 be justified. Both requests touch on topics 
that range more widely and are of a more basic nature than 
the current manuscript. We are therefore pleased to com- 
ply. 
(a )  A comparison of the FPD with ICP's and MIP's as GC 

detectors 
This comparison juxtaposes instruments not only of a very 

different level of complexity, but also of a very different 
nature. In attempting to correlate that nature to their analyt- 
ical utility (a correlation necessary because practical expe- 
rience is incomplete on both sides) we shall consider only 
transition elements, particularly those mentioned in this paper 
and its companion (10). Also, since the referee's request was 
limited to the ICP and MIP, we will not compare atomic 
absorption (cf. ref. 28), mass spectrometry, or any other type 
of detection device. 

The combination of gas chromatography with various in- 
struments of atomic spectroscopy has been reviewed in 
considerable detail (28). Both the microwave-induced plasma 
(MIP) and the inductively coupled plasma (ICP) are high- 
energy sources in which excitation temperatures exceed the 
already high kinetic temperatures. Consequently they are verq 
bright - capable, it seems safe to predict, of exciting atomic 
lines from all the transition elements. In the ICP, the detec- 
tion limits of most transition rnetals are contained within only 
two orders of magnitude [cf. ref. 291. In contrast, FPD re- 
sponse to transition metals varies over at least five orders d 
magnitude ("at least" because the chromatographically nec- 
essary presence of carbon limits the experimental determi- 
nation of that number). In practice that means that the FPC 
can be considered unresponsive to many of the transitior 
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WAVELENGTH, nm 

FIG. 9. Similarity of three continua: vertically offset spectra from compounds of osmium (a), rhenium (Fig. 5 ) ,  and chromium (upper 
part of Fig. 3). 

elements. This is not surprising: for response in the low- 
temperature FPD, a suitable chemiluminescent excitation 
mechanism has to exist. The FPD is hence far more limited 
(selective) in the choice of suitable analytes. 

The transition elements to which the FPD has been shown 
to respond reasonably well are Ru (7), Ni, Mn (9), Fe (6), 
Cr (4, 5), 0 s  (8), and Re. Their detection limits still vary 
(under the same analytical conditions) by three orders of 
magnitude (see Fig. 1). The priority of performance criteria 
must depend on the task and training of the analyst, but it can 
be argued that in this area "sensitivity may rightly be seen 
as the major problem" (28). 

The most popular and, it seems, overall most sensitive of 
the plasma techniques is the MIP. This is also the one tech- 
nique by which transition metal analytes similar to ours have 
been tested (30), and where a commercial instrument has 
recently become available (3 1). 

Ruthenium, the best responding transition element in the 
FPD, has an S/N = 2 detection limit of 7.8 pg/s in the MIP 
(30). In comparison, the FPD detection limit is 0.1 pg/s at 
the optimized conditions of the original study (7), and 
0.4 pg/s at the generalized conditions of the present work 
(10). Among the transition elements first described as FPD- 
active in this manuscript, the best responding and probably 
most important one is nickel. Its detection limit in the FPD 
is 0.4 pg/s (lo),  as compared to 2.6 pg/s in the MIP (30). 
In similar comparisons, chromium appears to respond more 
strongly in the FPD, manganese response is comparable, and 
iron responds clearly more weakly than in the MIP (30). The 
plasma techniques would also be decidedly more sensitive 
to osmium (30) and, we presume, rhenium (no GC-MIP data 
available). That ends the current list of reasonable analytes 
in the FPD. There do exist more transition elements that have 
been shown to respond well in the GC-MIP but apparently 

fail to do so in the GC-FPD, such as Co, Cu, and Zn (28). 
Many more would obviously respond if suitable test com- 
pounds were to be injected into a GC-MIP. 

In other words, the elements that respond best in the FPD 
also display greater sensitivity there than in the MIP (as well 
as in the ICP and DCP); a few more elements are compara- 
ble in sensitivity in the two instruments, and for the rest the 
FPD response is either clearly inferior, or practically non- 
existent, or unexplored. This typically "selective" behav- 
iour of the FPD vis-a-vis the "general" behaviour of MIP and 
ICP concurs with our perception of their respective excita- 
tion modes. 

For the group of elements where the FPD can reasonably 
compete (Ru, Ni, Mn, Cr, Fe), the selectivit ratios against Y carbon vary in the MIP form from 6.47 x 10 for Ni to 2.80 
x lo5 for Fe (30). Note that the newer commercial MIP 
system claims a general improvement in selectivities "by 
more than an order of magnitude (through) the use of ap- 
propriate reagent gases, the water-cooled thin-walled dis- 
charge tube and, most importantly, real-time multipoint 
background correction. . . " (3 1). While the experiments of 
that particular study are restricted to main-group elements, 
the quoted conclusion may as well be valid for transition 
metals. In the FPD, single-channel selectivity ratios against 
carbon (as in dodecane) vary from 4 x lo4 for Mn and Fe to 
7 x lo5 for Ru in non-dispersive, and from 5 x lo4 for Cr 
to 4 x lo6 for Ru in dispersive (interference filter) mode (10). 
Dual-channel FPD modes generally increase these selectiv- 
ity ratios further by one to two orders of magnitude (10). 
Hence, for those metals to which it responds well, the FPD 
appears superior in selectivity to the plasma detectors. 

Yet, this statement requires the addition of an important 
caveat. "Selectivity" in hyphenated GC detector systems is 
traditionally understood to mean the selectivity of a hetero- 
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element versus carbon; this is the only specification gener- 
ally accepted and commonly determined for the GC-MIP, 
GC-ICP, etc. (refs. 30, 31, etc.). However, selectivity in 
the FPD arises from different causes than in the MIP, ICP, 
DCP, etc. Selectivity in the FPD is primarily a function of 
relative photon yields from different elements, while in the 
MIP et al. it is primarily a function of spectral resolution and 
background correction. Hence, metal/carbon selectivity ra- 
tios are very high in the FPD simply because its response to 
a typical hydrocarbonaceous test compound such as dode- 
cane happens to be very low. However, metal/metal selec- 
tivities could be a different matter altogether because plasma 
instruments (a) monitor line emission exclusively and with 
superior spectral resolution, and (b) use sources in which 
most elements radiate well and with comparable intensity. 
Some metal/metal selectivities in the FPD are given in the 
companion paper (10): many of these fall between one and 
two orders of magnitude in single-channel mode, with an- 
other one to three orders added by dual-channel operation. 
In our opinion (and we know of no relevant experiments 
concerning this point) the high-energy, high-resolution 
sources should be able to do better. 

A further detector criterion is the linear range. Typical 
values in the MIP are three orders of magnitude (30), while 
in the FPD they span four orders or more (see refs. 7 and 9, 
and Fig. 1). Although the FPD's performance is clearly bet- 
ter here, we do not consider linear range an overly impor- 
tant criterion. 

On still other analytical criteria, little information exists 
about transition metals in the two types of detectors. We are 
therefore forced to speculate on the basis of general princi- 
ples. 

The detector speed (resistance to peak broadening) should 
be somewhat better in the FPD than in the MIP or ICP due 
to the short residence time (less than 1 ms) in the very small 
FPD flame. However, capillary peaks of very low chro- 
matographic dispersion have been reported from the two high- 
power sources. The quartz tube used in the MIP may lead to 
some sample hold-up (plus other problems), but this can 
usually be ameliorated by changing the chemical composi- 
tion of the plasma. Thus speed is not likely to become a de- 
cisive criterion for choosing one or the other type of 
instrument. 

A similar statement can be made about quantitation and 
long-term reproducibility. These are better in the FPD as 
judged by its much better track record over many years. 
However, the high-power sources should still be capable of 
adequate performance, particularly when used with internal 
standards. 

As already mentioned, the range of applicability to dif- 
ferent elements must be far wider in the high-energy sources. 
The FPD is valuable for some metals and worthless for oth- 
ers. The ICP (sans GC) can be easily used for aqueous sam- 
ples; this is not practicable with commercial MIP or FPD 
models. If equipped with polychromatic readouts, both the 
ICP and the MIP are capable of producing several selective 
chromatograms from one separation. A dual-channel FPD 
with data acquisition by computer is capable of similar re- 
sults (though by electronic, not spectral, means - and with 
a certain time delay for each chromatogram (10, 32)). 

The FPD is, in the best sense of the word, a workhorse. 
In regard to the important analytical criteria of simplicity and 
ruggedness, it is patently preferable to the plasma systems. 

Its "prestige" is lower but so is its price: a simple, single- 
channel GC-FPD model can be had for under $10K, and it 
can be operated much more cheaply than the plasma sys- 
tems, particularly the ICP. 

In summary then, and with the understanding that all scores 
on this issue are by no means in, the FPD is cheaper, sim- 
pler, faster, and more reliable than the plasma sources. For 
a selected, small number of transition elements (Ru, Ni, Cr, 
Mn) it is of comparable or better sensitivity, selectivity 
(against carbon), and linear range. It may be marginally 
suited for a few more metals (Fe, Os, Re), but it is unsuited 
for several other transition elements for which the high-en- 
ergy sources should provide good response. 

(6) Noise and signal/noise 
In accordance with its chromatographic origin, "noise" is 

defined in this manuscript as the short-term peak-to-peak 
fluctuation of the baseline. The critical problem here is 
whether ostensible outliers (signal spikes that are consid- 
ered non-random, as caused for instance by a diatomaceous 
particle entering the flame) are to be included; and how short 
"short-term" should be (note that the result of peak-to-peak 
measurements of white noise increases with the time period 
covered). Most chromatographers will liberally exclude 
outliers; and they will measure over a time/distance that, to 
them, would include "flicker" but exclude "drift." Usually, 
that will involve one to ten base widths of an analyte peak. 
This graphic assessment is simpler to learn and use than to 
describe; but it is second nature to every chromatographer. 
It is also surprisingly reproducible in intra- (and, we pre- 
sume, inter-) laboratory practice, despite being an overtly 
"subjective" measurement. 

Various presumedly "objectiven measurements have been 
described in the literature. They usually consider noise to be 
random and hence employ the normal (Gaussian) distribu- 
tion to quantify it. Since the standard deviation (sigma, a )  
can be easily and precisely calculated, once data points are 
stored in a computer and agreement exists on how many and 
(or) which ones to use, this approach seems preferable. If 
computer storage (or a suitable RMS meter) is not avail- 
able, statistical methods based on recorder traces can be used 
(33). IUPAC recommends a detection limit of S /a  = 3 (ref. 
34, cf. ref. 35), and nowadays its use is often requested by 
reviewers and editors. 

In anticipation of such requests, our in-house computer 
program CHROM (10) offers a routine called SIGMA. It 
calculates the standard deviation, a ,  of the baseline noise 
within user-defined time limits (and after removing drift from 
the baseline, if necessary). It is also capable, though with less 
accuracy, to calculate u for fast noise superimposed on a 
considerably slower peak. We will be using it here to ad- 
dress the important points made by the reviewer. 

Since the value of a appears almost instantaneously on the 
CRT, it was easy for us to compare many baseline seg- 
ments of varying duration. They were taken from several 
isothermal chromatograms (typical length: 20-25 min) that 
display from 10 to 20 peaks each or, as especially produced 
for the occasion, show only noise of different intensity. In 
the CHROM program, data points are taken every tenth of 
a second. For this additional study, the SIGMA routine was 
used on baseline segments 10-200 s long (i.e., 100-2000 
data points were considered per calculation). Each original 
chromatogram was sent to a strip-chart recorder (with 
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damping off) and the peak-to-peak noise (with disregard for 
outliers) was graphically determined for the same time seg- 
ments as examined by the computer. 

Isothermal chromatograms are assumed to display con- 
stant noise levels throughout. Hence, in an ideal case, the a 
values should remain constant while the peak-to-peak dis- 
tances should increase slightly with the length of the chosen 
time span. In the experiments, six measurements of 10- 
60 s duration were taken of the peak-containing chromato- 
grams and seven measurements of 10-200 s duration were 
taken of the noise-only chromatograms. The objective was 
to determine the variability of (a) the a values and (b) the 
peak-to-peak noise values; to compare these variabilities; and 
then to determine the mutual conversion factor, and its vari- 
ability, within and among the chromatograms. It should be 
noted that neither the computer-derived a value nor the 
graphically determined peak-to-peak noise is a wholly ob- 
jective measurement, but the latter does admittedly contain 
more subjective components than the former. 

The experiment brought very clear results. The variabil- 
ity of the a data within each chromatogram was somewhat 
less than that of the peak-to-peak data; the former ranging 
from 7 to 14% and the latter from 13 to 16% relative stan- 
dard deviation. This means that the FPD's short-term noise 
was fairly constant and that the measurements were well re- 
producible. The conversion factor, i .e . ,  the ratio of the 
graphically derived peak-to-peak distance to the computer- 
determined standard deviation, was calculated for each pair 
of measurements. It showed similar variability within and 
among chromatograms: the latter number, based on 27 data 
pairs, was 5.5 k 0.4. This variability of only 7% RSD means 
that the two types of noise measurement can be reliably cor- 
related (though formally only for our particular measure- 
ment techniques and circumstances). 

If "our" noise did indeed conform to a normal distribu- 
tion, a range of 5.5 standard deviations would include 99.4% 
of all data points. (If presumed outliers had been included, 
the number would have been somewhat higher and more 
dependent on the chosen time span.) This is close to the es- 
timate, commonly employed in spectrophotometry, that a 
(the root-mean-square noise) equals one-fifth of the peak-to- 
peak noise (ref. 36, cf. refs. 37, 38). 

In this manuscript we  used the ASTM definition com- 
monly agreed upon in chromatography, namely that the 
minimum detectable amount has a signal/noise ratio of 2,  
with noise being defined as the short-term peak-to-peak 
fluctuation of the baseline (outliers disregarded). If we fol- 
lowed IUPAC (ref. 34, cf. ref. 35) recommendations, the 
limit of detection would be defined as three times the stan- 
dard deviation of the blank. (Note, however, that IUPAC's 
LOD concept was developed based on spectroscopic, as op- 
posed to chromatographic, precepts; and that it was de- 
signed to evaluate whole analytical procedures, not mere 
detector performance.) Its use for chromatographic mea- 
surements is not a trivial matter and has therefore been 
questioned (39). If our Np , ,/a ratio equals 5.5, then our 
minimum detectable amount determined at S/N,,., = 2 
involves 11 a units and is therefore 3.7 times higher than 
the IUPAC S / a  = 3 limit of detection. In other words, the 
IUPAC recommended LOD values could be read from the 
(linearly extrapolated) calibration curves of Fig. 1 at an or- 
dinate value of S/N = 0.54. While this number applies rig- 

orously only to our own particular instruments and 
procedures, it should not be far from typical. 

Thus we could reliably convert the S/NP.,., = 2 minimum 
detectable amounts determined in this paper to the IUPAC 
S / a  = 3 limits of detection based on random noise. (That 
this noise was truly random has not, however, been estab- 
lished!) For practical purposes, though, it still seems rea- 
sonable to stick with the initial data. First, the S/NP.,, = 2 
definition is almost universally accepted among chromatog- 
raphers, and its use therefore allows the widest comparison 
with literature data. Second, it is easily carried out on a re- 
corder chart and does not require the services of an appro- 
priately programmed computer. Third, its reproducibility, 
at least in our experience, is very good, close to that of the 
computer calculation. This is as far as this manuscript can 
go: for a more general comparison, such aspects as noise 
distributions resulting from different types of detectors, ef- 
fects of ancillary electronic instruments (electrometer, re- 
corder), effects of chromatographic parameters, etc., would 
all have to be considered. 

Figure 1 uses the unconventional ordinate unit "signal/ 
noise." Our reviewer pointed out, and correctly so, that plain 
"signal" is the y-axis most frequently used in spectropho- 
tometry, and that confusion should be avoided between the 
true S/N ratio of, say, an atomic absorption signal, where 
N refers to noise measured on the signal, and the S/N ratio 
conventionally given for gas chromatographic peaks, where 
N refers to noise measured (usually of necessity) on the 
baseline. 

First, where is noise best measured? Chromatographic 
peaks, in contrast to AA signals, do not lend themselves well 
to the measurement of superimposed noise. The SIGMA 
routine mentioned above was used to estimate noise on peaks 
that were close to the S/N,,, = 2 detectability limit. Al- 
though the results were approximate, it was obvious that lit- 
tle difference existed between noise measured on the baseline 
and noise measured on the peak. This is as expected. (Note 
that FPD noise appearing on a tall peak should be larger than 
the noise appearing on the baseline, but that is of no con- 
sequence to a problem involving the detection limit.) 

Second, why was "signal/noise," rather than "signal," 
used for the ordinate of Fig. l ?  The experiments that pro- 
duced these curves were each carried out under individually 
SIN-optimized conditions. If "signal" only had been used for 
the plot, and the reader were to compare one calibration Curve 
to another in an effort to assess relative signal intensities or 
comparative detectabilities in planning an analysis, the re- 
sults could be gravely in error. "Signal/noise" , besides 
alerting the analyst to the potential problem, tends to reduce 
that error. 

Also, just about every element reacts differently to the 
variation of HZ and air supply rates in the FPD: some in- 
crease with increasing air flow, some decrease, some stay 
about constant, some show maxima. If, tempted by the sig- 
nal-only ordinate, we had maximized the signal intensity, the 
resulting curves would have turned out very different from 
those produced by maximizing the signal/noise ratio. While 
signal-only curves have definite value for spectral assign- 
ments, and while they make general sense in the context of 
typical high-energy AES sources, they would have little an- 
alytical relevance for the FPD. The "signal-noise" ordinate 
allows the reader an immediate grasp of the important de- 
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tection limits. It seems far better suited to comparing a greater 
number of elements, each of which was determined under 
its own optimized set of conditions. (These sets also in- 
clude individually optimized photomultiplier tube voltages 
that, in turn, introduce further large variations of absolute 
signal strength among the different elements.) Signal/noise 
measurements are also, of course, recommended for gen- 
eral analytical purposes (38). 
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Flame photometric detection of some transition metals. 
11. Enhancement of selectivity1 
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WALTER A. AUE, BRIAN MILLIER, and XUN-YUN SUN.  Can. J. Chem. 70, 1143 (1992). 
A flame photometric detector was used in single-channel and in differential dual-channel modes to characterize and 

control its selectivity for various transition elements against a hydrocarbon background. 'The experiments included gas- 
chromatographable compounds of Cr, Mn, Fe, Co, Ni, Ru, Re, and 0 s .  Single-channel dispersive modes brought only 
modest gains in selectivity vis-a-vis the non-dispersive (no optical filter) mode. In dual-channel differential modes, 
however, metal-carbon selectivities could be improved by factors of one to two orders of magnitude. The highest still 
measurable selectivity ratios are now in excess of lo7. The differential dual-channel operation of the detector also made 
it possible to increase the selectivity of one hetero-element vis-a-vis another; and to distinguish between two hetero-ele- 
ments, by oppositely directed peaks, in a (spectrally suppressed) matrix of carbon compounds. Metal-metal selectivi- 
ties could be improved by factors of one to three orders of magnitude over the best dispersive single-channel modes. 

WALTER A. AUE, BRIAN MILLIER et XUN-YUN SUN. Can. J .  Chem. 70, 1143 (1992). 
On a utilisC un dCtecteur photometrique & flamme opCrant dans un mode a canal unique ou dans un mode diffkrentiel 

a double canal pour caractkriser et pour contrder sa sClectivitC vis-8-vis de divers ClCments de transition comportant un 
fond hydrocarbonC. Les expCriences comportaient des composCs du Cr, du Mn, du Fe, du Co, du Ni, du Ru, du Re et 
du 0 s  pouvant &tre chromatographies en phase gazeuse. Par rapport au mode sans dispersion (sans filtre optique), les 
modes de dispersion a canal unique n'ont apporte qu'une modeste amklioration a la sClectivitC. Toutefois, dans les modes 
diffkrentiels a double-canaux, on a pu amkliorer les sClectivitCs mCtal-carbone par des facteurs de un & deux ordres de 
grandeur. Les rapports les plus ClevCs de sClectivitC encore mesurables sont maintenant plus grands que lo7. L'opCration 
du dCtecteur dans le mode differentiel double canal a permis d'augmenter la sClectivitC d'un hCtCro-CICment par rap- 
port a un autre et de distinguer entre deux hCtCro-Cltments; pour ce faire, on fait appel & des raies directement opposCes 
dans une matrice (supprimCe d'une point de vue spectral) de composCs carbon&. Par rapport aux meilleurs modes de 
dispersion en canal unique, on peut ameliorer les sClectivitCs metal-mCtal par des facteurs de un a trois ordres de gran- 
deur. 

[Traduit par la rkdaction] 

Introduction 
Selectivity in the flame photometric detector (FPD) is 

usually understood to mean the ratio of response from a 
particular hetero-atom vs. the response from carbon. This is 
in accordance with the most common use of the FPD: to de- 
termine gas-chromatographic analytes containing one par- 
ticular hetero-element, e.g., sulfur or phosphorus or tin, in 
sample matrices of a mostly hydrocarbonaceous nature. 

As the knowledge of further FPD-active elements has in- 
creased, so has the awareness that one element could pos- 
sibly be mistaken for another. The danger is particularly acute 
in highly complex, environmental samples of largely un- 
known composition. This is but one of several reasons why 
improved understanding and control of selectivity ratios is 
needed, not just for each element against carbon, but for each 
element against all the others. 

While the conventional interference filter - photomulti- 
plier tube combination makes the FPD a very sensitive 
device (for elements that do produce strong chemilumi- 
nescence), its inherently low spectral resolution and the fact 
that it often monitors broad molecular bands raise the ques- 
tion of selectivity. Indeed, one of the FPD's teething prob- 

' ~ x c e r ~ t s  from this study were presented at the 72nd CIC Con- 
ference (Victoria, B.C., June 1989), the 20th Ohio Valley Chro- 
matography Symposium (Hueston Woods, Ohio, June 1989), and 
a session in honor of Prof. B. Kratochvil at the 73rd CIC Confer- 
ence (Halifax, N.S., July 1990). This material forms part of the 
doctoral thesis requirements of X.Y .S. 

' ~ u t h o r  to whom correspondence may be addressed. 
3Revision received November 29, 1991. 

lems happened to be the spectral interference of the S, bands 
of sulfur with the HPO signal of phosphorus at 526 nm (1). 
Furthermore, the highest sensitivity is often obtained by op- 
erating the FPD in the absence of optical dispersion (i.e., 
without interference filter). This "open" mode is particu- 
larly suited for monitoring all kinds of FPD-active ele- 
ments, and for detecting analytes that produce expansive band 
systems. But it is also the one mode where selectivities are, 
in general, at their lowest. 

While transition metals are most often determined by those 
methodologies that employ high-energy, high-resolution 
atomic spectrometry, several elements have shown analyti- 
cally useful responses in the low-energy, low-resolution FPD 
(2). And although the vast majority of the industrially, en- 
vironmentally, and biochemically important transition metal 
compounds are not volatile enough to make it through a gas 
chromatograph, they can be processed by capillary liquid 
chromatography and (or) supercritical fluid chromatogra- 
phy, two techniques that make increasing use of typical GC 
detectors (including the FPD). 

Hence it would appear timely to explore the selectivity of 
various transition metals against each other. And it would 
appear challenging to improve such selectivities in the low- 
resolution FPD to the point where they could compete with 
those obtained in the high-resolution instruments of atomic 
spectroscopy. 

Selectivity ratios in the FPD vary in accordance with the 
geometric, chemical, and spectral conditions of the detec- 
tor. In this study we shall vary only spectral conditions, while 
imposing the same detector geometry and chemistry on all 
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analytes. The latter is reasonable because the optimum de- 
tector gas flows do not change much from one transition 
element to the other. In return for this possible minor de- 
crease in sensitivity, the results acquire both general appli- 
cability and comparability. The obvious starting point is to 
define selectivity ratios in the non-dispersive (open) mode. 
At the next stage, interference filters are chosen for each 
element, and the measurements are repeated. While this ap- 
proach defines neither the best possible sensitivity for each 
element, nor its best possible selectivity against others, it does 
provide the most general and useful way of dealing with the 
multitude of potential analytes and chromatographic condi- 
tions. 

How can selectivity against carbon/hydrogen - or, for 
that matter, against other transition metals -be further im- 
proved? Conventionally, single chromatograms are pro- 
duced by only one optical channel. Yet, many FPD's have 
available two channels (a design intended to allow the si- 
multaneous detection of phosphorus and sulfur), and one 
channel can be subtracted from the other with relative ease 
to produce a dlfferentia single output. We have used such 
an approach recently in the determination of methylcyclo- 
pentadienylmanganesetricarbonyl (MMT) in gasolines (3). 
Briefly: one channel monitored the wavelength at which the 
metal responded best but at which some response from carbon 
compounds was also seen; the other monitored a wave- 
length where carbon responded well but response from the 
metal was weak (or, preferably, absent). One of the ampli- 
fied outputs was then attenuated such that the carbon re- 
sponses in the two channels became equal, and hence 
vanished when one channel was subtracted from the other. 

For this approach to be successful, the relevant emission 
spectra have to be known at the analytical operating con- 
ditions of the detector. For some FPD-active transition ele- 
ments, as well as for different types of carbon compounds, 
such spectra have recently been determined (2). 

The simple subtraction circuit we described earlier (3) 
would be too cumbersome and time-consuming to use for the 
measurement and manipulation of a larger number of trans- 
ition-element selectivities. It requires multiple runs for es- 
tablishing an acceptably precise intensity ratio of the two 
channels, or for subjecting the same sample to different 
modes of discrimination. On the other hand, such a circuit 
accepts a wide range of signal levels and, because of its 
simplicity and on-line operation, does appear preferable for 
routine analyses. 

Two types of signal-processing devices were therefore 
developed. The first device is a more sophisticated version 
of the earlier circuit (3). This "Analog Interface" is de- 
signed to serve in simple tasks where the signals from the two 
electrometers, after scaling by a given factor, are used to 
produce a subtraction chromatogram on the recorder chart. 

The second device is a computer-based system capable of 
performing a much wider variety of measurements and ma- 
nipulations. This "Computer System" can store high-qual- 
ity two-channel detector signals, filter digital data, correct 
baselines, scale channels with high precision, measure basic 
selectivity ratios and minimum detectable quantities, estab- 
lish best analytical conditions, and subject single data sets 
to sequential algorithms that represent disparate selectivity 
regimes. 

Such data-processing capabilities should be of interest 
beyond the confines of this study. For instance, they lend 

themselves to conventional analytical development and are 
helpful in the analysis of those environmental samples thal 
are severely limited in supply and highly complex in com- 
position: data from a single injection can generate several 
chromatograms of different selectivity and information con- 
tent. 

What effects can prevent the differential FPD mode from 
reaching infinite selectivity (= specificity) for the chosen 
metal vis-a-vis carbon? First, very large amounts of an) 
compound disturb the extremely weak flame and lead to the 
kind of baseline fluctuation (involving, one assumes, changes 
in flame chemistry and hence both background and analyte 
spectra) that even the best differential circuitry cannot cancel. 
Second, it is well known that the FPD signal for carbon 
compounds depends to some degree on their structure: f o ~  
instance, aliphatics respond more weakly than aromatics. The 
spectral profiles, while similar in one wavelength region, 
differ strongly in another (2). Consequently, the choice of a 
carbon standard with which to match the two channels can 
be crucial. Third, the position (retention) of a particula~ 
compound in a complex, temperature-programmed chro- 
matogram can influence its response. The gas flow, the 
temperature, the column bleed, and the detector memory 
(e.g., from contamination by residual and (or) decomposed 
analyte) are all subject to change during the run. Fourth, there 
always exists the possibility that a co-eluting species may 
influence the response of the analyte, or that it may, by it- 
self, produce response on one or both of the two channels. 
Fifth, the luminescence phenomena may not be of perfecl 
spatial symmetry in regard to the two observation channels. 
Sixth, conventional GC electrometers are unlikely to meel 
the unusual, severe linearity requirements posed by the dif- 
ferential mode when it attempts to cancel a peak that is or- 
ders of magnitude larger than the operating scale. Peak 
distortions induced by two different R-C output circuits, f o ~  
instance, are unlikely to match one another within the pre- 
cision required for complete peak cancellation under over- 
load conditions. 

A truly comprehensive survey of inter-metal selectivity 
would be a time-consuming task. More to the point, its 
practical value could be questioned in light of disparate 
commercial FPD designs and the myriad of possible analyt- 
ical circumstances under which these are used. We shall 
therefore rely on typical chromatograms as opposed to nu- 
merical tables to characterize the situation. In several sim- 
plified examples we shall illustrate what selectivity can be 
expected from a typical FPD, and how it can be manipu- 
lated. 

The conventional way to improve FPD selectivity is to use 
a single channel with the best overall choice of interference 
filter for one element against another. A second way is to use 
a differential mode in which two channels are deducted from 
each other such that response from one element is main- 
tained and response from the other element cancelled. Yet a 
third way is to use a differential mode in which the twc 
channels are deducted such that both elements produce strong 
responses, but in opposite directions. (This "qualitative" form 
of selectivity makes sense only when compounds contain- 
ing the two elements are chromatographically resolved, and 
when a multicomponent sample is to be scanned for the 
presence of particular elements.) A variant of the latter mode 
matches channels with the additional purpose of annulling 
carbon response. We shall examine all these types of selec- 
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1 tivity adjustments, while keeping in mind the continued in- 
tegrity of calibration curves and other analytical performance 
criteria. 

A word should b e  added here about the method used to 
measure various selectivity ratios. Selectivity ratios, to res- 
tate the  conventional definition, are  the ratios of  response 
produced by equal amounts of analytes or,  alternatively, the 
ratios of  analyte amounts that produce the s a m e  response. 
These alternative definitions represent the horizontal (amount) 
and vertical (response) distances between conventional cali- 
bration curves. 

Thus, a complete picture of  selectivity among two or  more 
compounds can  be  given only by  a comparison of  their fully 
extended calibration curves. If a single number is to  suffice 
for  describing a two-compound (and, b y  inference, a two- 
element) selectivity, it needs t o  b e  determined with both 
compounds well within their respective linear ranges. F o r  a 
metal/carbon ratio, for instance, much higher "selectivity 
ratiosn can be  recorded if the interferent hydrocarbon is used 
in amounts  beyond its linear range. In  this study, all cali- 
bration curves are linear at low concentrations, and the choice 
was  therefore made  to determine the selectivity ratios from 
minimum detectable analyte flow rates. This approach, while 
somewhat  more  time-consuming, assures the applicability 
of  results within respective linear ranges, and carries with it 
the additional benefit of  defining the analytically important 
detection limits under a variety of optical (but a common set 
of  chromatographic) conditions. 

Experimental 
A short description of the conventional gas chromatographic 

system and simple spectroscopic accessories can be found in the 
companion manuscript (2). The only major difference is that, in this 
study, the flame gas supplies were kept constant throughout at 
300 mL/min hydrogen and 60 m L / m ~ n  alr. 

The potentiometer, which regulates the photomultiplier tube 
voltage and is normally located inside the Shimadzu electrometer, 
was replaced by an external one for optimizing the dynode volt- 
age to give a close-to-maximum S/N ratio (re the definition of N 
see the Note added in Revision to the companion manuscript (2)). 
A typical setting for our R-268 tube in open-mode runs was 
550 V. Prior to data processing, large-step signal attenuations were 
carried out as usual at the electrometer level. 

The analog inte$ace 
The interface was set up not only to display on-line differential 

(subtraction) chromatograms on a strip-chart recorder, but also to 
transmit unmodified signals to the data acquisition system of the 
computer. This circuit, a "2-channel low-pass filter," is shown in 
Fig. 1. It consists of an input attenuator (a ten-turn potentiometer 
with vernier dial) and a three-pole active filter. This clrcuit IS du- 
plicated for the second channel, and a simple switch selects either 
the intact two channels or their difference for output to the re- 
corder. The potentiometers offer calibrated attenuation for each 
channel, and a choice of nominal cut-off frequencies is available 
via independent switches. 

An advantage of this analog approach over the computer acqui- 
sition method is its dynamic range. Signals entering this circuit are 
typically on the order of 10 mV for a full-scale recorder output. Yet, 
large signals approaching 10 V can be accommodated, since the 
circuit is built for passively subtracting one signal from the other 
(see S4 in Fig. 1) before any filter action or amplification takes 
place. The CMRR (common mode rejection ratio) in this passive 
circuit is, in theory, infinite. When operated in the independent two- 
channel mode, signal overloads will make the two recorder pens 
go off scale. But, in the differential mode, the circuit has the abil- 
ity to subtract signals much greater in amplitude than the chosen 

recorder scale. This contrasts with the developed computer acqui- 
sition system, which offers signal extension (data storage capac- 
ity) to two full scales, but which cannot approach the wide dynamic 
range of the analog interface. (A wider-ranging computer system, 
should it be needed for a particular purpose, appears entirely fea- 
sible.) 

The computer system 
For digital data processing, the "integrator" outputs of the two 

Shimadzu electrometers are connected to the computer through an 
interface. This interface is built around an IBM PC Prototype card, 
the schematic for which is available in the IBM PC Technical 
Reference Manual, publication 6025005. The schematic for the 
custom part of the circuit ("2-channel chromatographic inter- 
face") is given in Fig. 2. 

The circuit consists of two identical channels. A simple R-C filter 
at the input blocks high-frequency noise. This is necessary as any 
noise with frequencies above 1 /2 the sampling rate (10 Hz) must 
be removed prior to sampling and converting the analog detector 
output signal to a digital value; otherwise aliasing noise will be 
present in the digital data. A voltage-to-frequency converter is used 
to transform the signal to a digital pulse train, and a counter ac- 
cumulates these pulses over 0.1 s intervals. A full-scale input sig- 
nal will produce a digital count value of 16 000, providing resolution 
about equal to that of a 14-bit analog-to-digital converter. The input 
voltage to this circuit, required to produce the full-scale digital 
output, is about 200 mV. The Shimadzu electrometers' "integra- 
tor" outputs are slightly modified to provide the computer with a 
signal 10 times the amplitude of that sent to the recorder. There- 
fore the computer offers a 2 :  1 over-ranging capability compared 
to the recorder, assuming the latter is operated on its 10 mV scale. 

An Analog Devices AD567 digital-to-analog converter gener- 
ates an analog signal that is fed to a dedicated strip chart recorder 
for hard-copy output of computer-processed chromatograms. Since 
the DAC output is 0-10 V, that strip-chart recorder operates on its 
10-V range. 

To provide for a data display of satisfactory appearance and 
reasonable operating speed, the hardware configuration includes a 
12 MHz AT-compatible computer with one megabyte memory, 
40 meg hard disk, 80287 math coprocessor, VGA display adapter, 
and Multi-Sync monitor. 

The program, named "CHROM," is written in compiled Quick 
Basic, which generates reasonably fast code. All data acquisition 
is performed by assembly language routines using interrupts for 
timing accuracy. However, due to the large amounts of data col- 
lected per run, a math coprocessor is needed to allow data manip- 
ulation such as filtering and scaling at a speed acceptable to the user. 

The program samples the two channels every 0.1 s and pro- 
vides up to 1600 seconds (26'40") readout on the screen. The sample 
injection is marked and two horizontal and two vertical cursors 
appear for manipulation of the two chromatograms. The vertical 
cursors define the time section to be worked on; the horizontal 
cursors set the baselines and allow the approximate measurement 
of peak heights in subsequent routines. 

In typical operation, a time window is selected and the peak(s) 
it contains are horizontally expanded to fill the screen. At this, as 
well as at later stages, several routines are available that offer 
convenient data processing such as cubic-spline baseline correc- 
tion, digital filtering, and numerical definition of the baseline noise 
in Gaussian parameters. One peak is selected as a tuning standard 
for cancellation of its cogeners; e.g., dodecane may be selected for 
cancelling aliphatics. In both channels, the height of this standard 
peak is vertically defined by two horizontal cursors for a rough first 
measurement. The algorithm then scale-expands one of the chan- 
nels in order to equalize the two peak heights, deduct one channel 
from the other, and display the result. It also lists on the screen the 
"magnification factor" (scaling factor) of one channel over the other, 
and keeps track of any changes in that number during further ma- 
nipulations. For fine-tuning, the program then proceeds through 
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2 CHANNEL LOW PASS FILTER 

WALL TRANS- 
FORMER 

DATE1 4 / 6 / 9 0  REV1 0 

FIG. 1 .  Analog Interface for manipulation and recording of independent or dual-channel differential chromatograms 

several user-prompted iterations in which the two-channel inten- scribed above (digital filtering, etc.) and can be sent, with or without 
sity ratio is changed by small increments. The visually "best" it- time indicators, to its dedicated strip-chart recorder. 
eration is selected by the user to scale all of the data. This final 
magnification factor can be employed directly in further computer Results and discussion 

VOLTAGE-FREQUENCY CONVERTERS 

2 Chan. Chromatography interf. 

DESIGNED, B.M. DRAWN B.M. 

runs and (or) it can be manually transferred to the "Analog Inter- 
face." For analytes contained in complex matrices, this routine T h e  molar  detection limits of  metals (in organometa]- 
works well for obtaining the best overall discrimination against the lies), as well as carbon (in three selectivity probes) a n d  ni- 
background. The resulting differential chromatogram (plus mag- trogen (in indole), are listed in Table 1 for the same, standard 
nification factor) can be stored on hard disc like any conventional conditions in  non-dispersive, single-channel FPD mode.  
chromatogram. It can also be processed using the routines de- T h e s e  numbers can  b e  used t o  calculate "innate" molar  se- 

D A T E ~ N O V .  9/09 R E V ,  0 

.. Computer System interface for computer input and output of dual-channel chromatogr 
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TABLE 1. Molar detection limits of organometallics and standard carbon compounds in 
single-channel open mode with R-268 and R-1104 PMT's 

MDL" Selectivityb 

Element Compound R-268 R-1104 R-268 R-1104 

Dodecane 2 x 
Naphthalene 2 x lo-9 
Di-11-hexyl ether 3 x 
Indole 2 x lo-" 

"Molar detection limit, in mol of designated metal per second, measured at signal/noise = 2, with 
noise defined as the peak-to-peak short-term baseline fluctuation. Divide numerical value by 3.7 to 
obtain approximate detection limit according to the S/u = 3 IUPAC definition (cf. Note Added in 
Revision in ref. 2). 

"Minimum delectable mole of carbon in dodecane/minimum detectable mol of metal; (mol C/s)/  
(mol Me/s). 

"A 0.5 m 5% Carbowax 20M column was used. 
"egative (inverted) analyle peak. 

lectivities for atoms of one element against atoms of an- omatic carbons. Since this contribution is relatively small 
other. Such selectivities are listed in Table 1 for transition compared to that of nitrogen, it is disregarded in our calcu- 
elements versus carbon. Inter-metal selectivities can be cal- lation. The only reason why we have included indole here 

1 culated in the same manner. at all is to draw attention-to the fact that nitrogen com- 
The response of a standard compound containing one metal pounds, which often occur in complex sample matrices, do 

atom (the usual case) could serve to construct a molar cali- respond more strongly than carbon compounds and that they, 
bration curve valid for all analytes containing one atom of because of their different spectrum, demand a different 
that metal. Or, nearer the current context, the selectivity of magnification ratio prior to subtraction. Having duly men- 
a particular metal vis-a-vis others could be used to define the tioned these caveats, we feel that FPD sensitivities and se- 
molar selectivity behavior for all compounds containing these lectivities, which are reported in a general manner based on 
metals. However, that approach requires caution. It cannot moles of atoms, are of wider analytical significance than 
be automatically assumed that every response observed is a those which are based on grams of compounds actually 
strictly linear function of the amount of hetero-atom in- measured; hence the former are used in the tables. In any 
jected (although most of the time this is likely to be the case). case, such data can be easily reconverted, i.e., recalculated 
For one, different compounds containing the same hetero- to give the weights of the initial test compounds, within the 
atom may be subject to different degrees of on-column de- precision allowed by one significant digit. 
composition. Also, response may to some extent depend on The reason that data in Table 1 (as in all other tables) are 
compound structure. 

In those cases where a few compounds of the same metal 
have actually been tested, i.e., in the studies of iron (4) and 
manganese (3), response was roughly proportional to metal 
content. Other transition elements were not examined in that 
context (owing mainly to the limited commercial availabil- 
ity of suitable test compounds) but they should prove equally 
well behaved. 

In the case of different types of carbon compounds, how- 
ever, response is not proportional to carbon content. For in- 
stance, aromatics respond more strongly than aliphatics. 
There also exists considerable literature on the response of 
sulfur compounds depending - or, for other authors, not 
depending - on the type of functional sulfur group pres- 
ent. And, when a particular hetero-element responds but 
weakly in the FPD, special caution is called for. In the case 
of the nitrogen compound indole, for instance, the response 
will obviously contain some contribution from indole's ar- 

reported in this manner is that they are derived from mini- 
mum detectable amounts (which, to the purist, admit to only 
one significant figure). Also, one-digit data are used in 
awareness of the changes in detector sensitivity that occur 
with the passage of time, the variation of temperature, the 
severity of contamination, and the switching of individual 
photomultiplier tubes. Still, measurements were always 
taken, and calculations always canied out, on the basis of 
two or more significant digits. 

Minimum detectable amounts and selectivity ratios are 
recorded here for the two most common types of photomul- 
tiplier tubes used with the FPD. These are, in Hamamatsu 
codes, the R-268 (bialkali, 300-650 nm) and the red-ex- 
tended R-1104 (multi-alkali, 180-850 nm). Differences be- 
tween the two sets of results conform to expectations based 
on analyte spectra. The important fact, however, is that these 
differences are comparatively small: they do not exceed a 
factor of five. 
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TABLE 2. Molar detection limits and selectivities of transition metals against carbon in single-channel dispersive mode, R-268 PMT 

selectivityb against 
Max. MDL" 

Metal Compound (nm) Filter (nm) (mol/s) CRH C ~ r ~  C ~ 2 ~  N A ~ N  

RU Ru(CsHs)' 484 480 
528 530 

Ni Ni(CsHs)z 508 510 
542 540 
572 570 

Cr Cr(C0)6 428 430 
478 480 

0 s  O ~ ( ~ 5 ~ 5 ) 2  720 
cut-on 

Fe Fe(C5H5)2 345 340 

Mn C5H4CH3Mn(CO)3 403 405 
540 540 

Re Re2(CO),~ 553 
500 

wide-band 

Not applicable 

"Molar detection limit, mol metal per second, at S/N = 2. 
bMinimum detectable mole carbon per second in dodecane (RH), naphthalene (ArH), or di-n-hexyl ether (R20);  or mol nitrogen per second in indole 

(ArN); divided by minimum detectable mol metal per second. 

TABLE 3. Molar detection limits and selectivities of transition metals against carbon in single-channel dispersive mode, R-1104 PMT 

selectivityb against 
Max. MDL" 

Metal Compound (nm) Filter (nm) (mol/s) CRH C ~ r ~  C R ~ O  N A ~ N  

Ru Ru(CSHS)~ 484 480 8 x 10-l5 1 x lo6 5 x lo5 7 x lo5 2 x lo3 
528 530 4 X 10-l5 2 X lo6 6 x lo5 4 X lo6 9 x lo3 

720 9 x 10-l4 1 x lo4 7 x lo3 2 x lo4 1 x 103 
cut-on 

Re Re2(CO)~o 553 1 x 10-l2 1 x lo4 1 x lo4 4 x lo4 5 x 10' 
500 1 x 10-l2 8 x lo3 2 x lo3 3 x lo4 1 x 10' 

wide-band 

"Molar detection limit, mol metal per second, at S/N = 2. 
bMinimum detectable mol carbon per second in dodecane (RH), naphthalene (ArH), or di-n-hexyl ether (R,O); or mol nitrogen per second in indolc 

(ArN); divided by minimum detectable mol metal per second. 

The "innate" metal-carbon (carbon as in dodecane) se- 
lectivities for the clearly responding metals Ru, Ni, Cr, Os, 
Fe, Mn, and Re fall between 7 X lo5 and 4 X lo3 in non- 
dispersive mode, i.e., roughly between three and six orders 
of magnitude. These numbers could be expected to rise in 
the dispersive mode. 

Results from dispersive, single-channel detection using a 
variety of filters are listed in Table 2 for the R-268 tube, and 
in Table 3 for the R-1104 tube. "Best" selectivities for each 

metal against carbon (again as in dodecane) now range from 
4 X lo6 to 1 x lo4. This very small extent of improvemenl 
may come as a surprise to the reader who is accustomed to 
responses in the FPD being called "specific" and that be- 
haviour being attributed to the choice of a particular inter- 
ference filter. However, the numbers listed in Tables 2 and 
3 for various transition metals are consistent with their re- 
spective spectra, i.e., with the location of the chosen metal 
wavelength in relation to the broad emissions of carbon 
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TABLE 4 .  Selected inter-metal selectivities, Me vs. X" at various wavelengths in single-channel mode 

Filter 
Metal (nm) Ru Ni Cr Fe Mn 0 s  Re Co 

"Minimum detectable mol X per second divided by minimum detectable mol Me per second; R-1104 PMT. Note: selectivity values given as ">" are 
derived from chromatograms where the peak height of X was smaller than, and was therefore replaced by, the noise level. 

compounds (2), as well as with the extent to which the metal 
spectra are dominated by lines or sharp bands as opposed to 
broad bands and continua. The factors that describe the im- 
provement (or, occasionally, impairment) in selectivity, from 
the better suited of the two photomultipliers in the open mode, 
to the best filter/photomultiplier tube combination in the 
dispersive mode, never exceed one order of magnitude. 
Atomic selectivities vis-a-vis carbon (carbon as in dode- 
cane) are thus bettered by a factor of 6 for Ru, 8 for Ni, 5 
for Fe, and 3 for Mn, and worsened by a factor of 0.7 for 
Cr, 0.2 for Os, and 0.5 for Re. 

Similarly, enhancement of selectivities among the var- 
ious transition metals themselves depends on their spectra: 
how far and in what complexity they cover, in relation to each 
other, the accessed wavelength range. Some selectivity ra- 
tios are listed in Table 4; they were chosen for general im- 
portance as well as for later reference. These results suggest 
that the improvement in inter-metal selectivity from non- 
dispersive to single-channel dispersive mode, i.e., the 
improvement obtained from the judicious choice of an in- 
terference filter, is rather limited. If the numbers in Table 4 
are compared with the open-mode metal-metal selectivities 
easily extracted from Table 1, most improvements of selec- 
tivity amount to no more than one order of magnitude. For 
instance, the improvement in selectivity from the best non- 
dispersive to the best dispersive mode involves a factor of 2 
for Ru/Ni, Ru/Cr, Ru/Fe, Cr/Ru, Cr/Fe, and Cr/Re; a 
factor of 3 for Cr/Mn; and a factor of 4 for Cr/Fe, Cr/Os, 
and Ru/Mn (in these analyte/interferent pairs, the first-named 
element is considered the analyte and hence determines the 
choice of the interference filter). 'There are other cases where 
no improvement, or even some impairment, is noticed in 
progressing from a non-dispersive to a dispersive mode: this 
happens in the pairs Ru/Os, Ru/Re, Fe/Ru, and Fe/Cr. The 
significant improvements occur mainly in cases involving 
iron, Fe/Mn, Fe/Os, Fe/Re, where factors can exceed two 
orders of magnitude. This is due to the fact that Fe is mon- 
itored at 340 nm, where only a few of the other metals lu- 
minesce. 

As mentioned earlier, a frequently held perception equates 
the use of an interference filter in the FPD with "specific" 
response for the monitored element. Within the confines of 
this study, such was definitely not the case. In fact, we doubt 
that true specificity (= infinite selectivity) can ever be as- 
sociated with the use of a particular wavelength. To obtain 
more significant improvements than single-channel disper- 

448nm DIFFERENTIAL 

FIG. 3. Single-channel and dual-channel differential chrornato- 
grams of a sample containing 30 pg dodecane (C) and 300 pg 
Ru(C5H5)? (Ru) in acetone. Analog Interface. 

sive operation can offer, dual-channel differential modes must 
be used. 

A simple example is presented in Figure 3, which shows 
the separation of 30 kg of dodecane and 0.3 ng of rutheno- 
cene. The chromatogram on the left was acquired from a 
single channel at 530 nm. This monitors a major wave- 
length of Ru that yields the best discrimination against car- 
bon. The peaks are almost of the same height, sug esting a 9 compound-to-compound selectivity of 7.4 X 10 (corre- 
sponding to an atomic Ru/C selectivity of 1.2 x lo6). The 
chromatogram shown in the middle was taken from a single 
channel at 448 nm, where the ruthenium emission is fairly 
weak. The chromatogram captioned "Differential" was ob- 
tained from the 530/448 nm dual-channel differential mode 
tuned for quantitative discrimination against carbon. The 
amount of dodecane had been deliberately chosen from the 
upper end of its linear range, where its concentration just 
becomes large enough to start distorting the Gaussian peak 
shape. A vacillating, clearly non-Gaussian, signal appears 
in place of the dodecane peak. Even counting the full ver- 
tical pen displacement caused by this perturbation, the 
compound-to-compound selectivity is now in excess of lo6, 
the atomic ruthenium-to-carbon selectivity in excess of 10'. 
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For any reasonable analytical purpose, this seems more than 
adequate. 

If still larger amounts of dodecane are injected, the peak 
distortion in single-channel mode becomes clearly visible and 
the characteristic flip-flop pattern of the differential mode 
intensifies. But does this flip-flop arise from the peak 
asymmetry (which, after all, is seen by both photomulti- 
pliers)? 

As will be demonstrated later, purely electronic distor- 
tion is likely present in such peak remnants. But limitations 
of an other than electronic nature can contribute as well. This 
is not surprising, taking into account the puny and feeble FPD 
flame. Note for instance that, at the apex of the carbon peak 
shown in Fig. 3, the combustion of dodecane already re- 
quires more than 3% of the detector's oxygen supply, and 
significant changes in flame size, temperature, chemistry, 
and flicker behaviour could be expected under such severe 
overload. 

Beyond electronic artifacts and flame perturbations, car- 
bon compounds pose special difficulties that stem from the 
infinite variety of their structures. In particular, the spectra 
of aromatics are more intense than those of aliphatics in the 
480-660 nm region (2). This is chromatographically illus- 
trated in Fig. 4 with a mixture of three carbon compounds. 
The differential mode, when using two channels at 448 and 
530 nm via the computer system, can cancel either the aro- 
matic or the two aliphatics, but it cannot cancel all three at 
the same time. For producing the right-hand chromatogram 
in Fig. 4 ,  the two channels are so tuned that the result dis- 
tinguishes between aromatics and aliphatics in a qualitative 
sense, i.e., by the direction of response. While this would 
seem interesting in a general analytical context, it should be 
noted that the FPD's sensitivity to carbon is very low, and 
that ambiguous results can be expected from molecules 
combining different sites/degrees of saturation. 

Still, it is possible to cancel all three carbon compound 
types if other wavelengths are used. The relevant spectra (2) 

s a o n m  

ArH 

suggest that wavelengths up to about 440 nm should be 
suitable. A chromatogram of the same three carbon com- 
pounds shown in Fig. 4 ,  together with compounds of chro- 
mium and nitrogen (plus an impurity of unknown 
composition), is shown in Fig. 5. The differential mode, 
tuned to forestall the appearance of carbon compounds, 
achieves that objective quite well, despite the fact that the 
latter are of very different structure and overall spectrum. 
Thus, if no other circumstances militate against it, 430 nm 
(or a wavelength close to it) is the preferred choice for the 
channel used to neutralize the response of carbon com- 
pounds. (Obviously, the analyte channel wavelength also has 
to be lower than 440 nm.) 

The eradication of carbon response can also be achieved 
while, at the same time, the two metals are being qualita- 
tively differentiated by the direction of their peaks. This is 
shown for manganese and chromium in Fig. 6. Clearly, this 
detector mode can be easily extended to most if not all FPD- 
active elements, and should be of particular help in screen- 
ing-type analyses. 

Note that in Fig. 6 the solvent peak is not completely 
cancelled in the differential mode. This particular tuning and 
subtraction process, similar to the one whose results are 
shown in Fig. 5,  was carried out by the Computer System. 
In contrast to the Analog Interface, the Computer System is 
not capable of subtracting a very large peak from its sec- 
ond-channel counterpart. What is shown in Fig. 6 as a clipped 
solvent peak merely represents the ratio of the upper limits 
of the two channels. Similarly, this ratio just happened to 
coincide with the baseline in Fig. 5,  perhaps falsely sug- 
gesting there that the solvent acetone had been entirely sup- 
pressed. Obviously, this limitation in range of the Computer 
System does not affect peaks that are smaller than two full 
scales. 

The next series of simplified chromatograms is designed 
to explore and illustrate the degree of control and the im- 
provement of measured selectivity ratios that can be typi- 

448 nm DIFFERENTIAL 

ArH 

FIG. 4. Single-channel and dual-channel differential chromatograms of a sample containing 10 p g  naphthalene (ArH), 10 p g  dode- 
cane (RH), and 15 pg di-n-hexyl ether (R,O) in acetone. Computer System. 
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DIFFERENTIAL 

FIG. 5. Single-channel and dual-channel differential chromatograms of a sample containing 8 kg naphthalene, 8 kg dodecane, and 
12 kg dl-n-hexyl ether (C), together with 4 ng C6H6Cr(CO), (Cr) and 600 ng indole ( N )  in acetone. Imp = impurity of unknown com- 
position. Computer System. 

DIFFERENTIAL 

Mn 

FIG. 6.  Single-channel and dual-channel (carbon-suppressed) differential chromatograms of a sample containing 5 ~g dodecane (C), 
500 pg C5H4CH3Mn(CO), (Mn), and 4 ng C6H6Cr(CO), (Cr) in acetone. Computer System. 

cally expected for two transition metals. This example uses 
ruthenium and chromium. To set the scene, the series starts 
with single-channel chromatograms. The left side and the 
middle of Fig. 7 show these channels, at preferred wave- 
lengths for the analysis of Ru (480 nm) and Cr (430 nm). 
Note that the single-channel operation provides only a mod- 

, est enhancement of selectivity vis-a-vis the open mode and 
that, in a complex "real-life" situation, it might even fail to 
distinguish between the two metals. The dual-channel op- 
eration, in its qualitative mode, achieves that distinction quite 
readily (right side of Fig. 7). For the more important quan- 
titative mode, the same channels are tuned (scaled) to dif- 
ferent ratios, with the result that either Ru or Cr are annulled 
(Fig. 8). This absence of any visible trace of interferent begs 

the question: how large an amount of either of these two 
species can the system cancel? In other words, how large an 
improvement in selectivity can the differential modes pro- 
vide? 

The original demonstration sample for Figs. 7 and 8 had 
been mixed so that it would furnish comparably sized peaks 
in non-dispersive mode, and thence easily observable peaks 
for both species in the two single-channel modes. Both of 
these peaks, by having been obliterated in the differential 
mode, established lower limits to the respective selectivity 
ratios. For extending the measurement further, however, two 
mixtures must be made in which either one or the other 
compound is heavily fortified. But how heavy? 

As pointed out earlier, amounts of interferents from be- 
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FIG. 7. Single-channel and dual-channel differential chromatography of a sample containing 500 pg Ru(C,H,)~ (Ru) and 4 ng C6H6Cr(C0)3 
(Cr) in acetone. Computer System. 

FIG. 8. Suppression of ruthenium and chromium by dual-chan- 
nel differential chromatography in the same sample as shown in Fig. 
7. Computer System. 

yond their linear range are inappropriate candidates for de- 
termining selectivity ratios (even though they can produce 
much larger numbers). The amounts chosen for cancella- 
tion in this experiment were therefore taken from the upper 
ends of the single-channel linear calibration of the desig- 
nated interferents (as seen by the channel chosen to elicit the 
best response of the analyte). 

To put the results of this experiment in their proper per- 
spective, it is reasonable to speculate first on the theoreti- 
cally largest improvement in analyte/interferent selectivity 
that could be measured in moving from single-channel to 
dual-channel differential operation. Ideal circumstances imply 
that the analyte does not respond at all, while the interferent 
responds very strongly, on the particular channel that is used 
to cancel the interferent. Further, it is implied that the noise 
of the interferent channel would be significantly smaller than 
the noise of the analyte channel: only then could the analyte 
peak rise to full height above a baseline free of additional 
noise. And, of course, that there should be no perturbations 

present of an electronic, chemical, or physical nature. If we 
assume that the interferent (taken from the upper end of its 
linear range) fails to respond (more precisely: that it fails to 
respond above the S/N = 2 limit), then the largest im- 
provement in selectivity ratio obtainable by switching from 
single to dual-channel differential operation cannot exceed 
the linear range of the interferent. 

Note that this implies formal dependency, though to a 
numerically minor degree, on where the linear range is de- 
fined to start and to end. Note further that it is experimen- 
tally feasible to measure selectivity ratios that are larger than 
the "true" ones (by working outside the linear range of the 
interferent). And, when working inside the linear range but 
with the interferent peak completely cancelled (i.e., sub- 
merged in the baseline noise), only a lower limit to the true 
selectivity can be given. (A "true" selectivity ratio, follow- 
ing the conventional definition, is represented by the verti- 
cal (response) or the horizontal (amount) difference between 
two linear, or linearly extrapolated, calibration curves.) 

To summarize: at ideal conditions and within respective 
linear ranges, the maximum observable improvement for 
dual-channel differential as opposed to single-channel op- 
eration is given by the linear range of the interferent (on the 
analyte channel). Thus, no greater a selectivity improve- 
ment than two to four orders of magnitude (with the number 
depending on the elemental nature of the interferent) can be 
measured by experiments in which the peak resulting from 
an amount of interferent close to its upper limit of linearity 
is successfully diminished to an amplitude smaller than the 
baseline noise of the differential chromatogram. 

'This theoretical extent of improvement could not be 
reached here. The reason is twofold: some of the "ideal" 
conditions mentioned above could not be realizd and, as is 
obvious from the fairly typical chromatograms of Figs. 9 and 
10, very small remnants of the initially very large interfer- 
ent peaks tended to persist as non-Gaussian artifacts. Still, 
in these figures the gain in selectivity is quite impressive. For 
a visual comparison, the respective mixtures are also por- 
trayed in their best single-channel appearance on the left side 
of Figs. 9 and 10. The numerical improvement of selectiv- 
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FIG. 9. Suppression of large amounts of chromium in a sample 
containing 250 ng C6H6Cr(C0)3 and 200 pg Ru (C5H5), in ace- 
tone. Other conditions as in Fig. 8. Analog Interface. 

ity from single- to dual-channel differential operation is 3 x 
10' for Ru/Cr and 2 X 10' for Cr/Ru (these numbers are 
based on peak heights; if peak areas are used they become 
much larger). 

Figure 10 also contains, on the right-hand side and marked 
"Differential B," a chromatogram taken under the same 
chromatographic conditions and overall electronic amplifi- 
cation as the one marked "Differential A." (Note that the Cr 
peak remains at the same height.) However, different set- 
tings were used for the combination of input amplification 
and output attenuation of the two electrometers (which per- 
form rough scaling on the signals before they reach the An- 
alog Interface). The comparison of the two chromatograms 
demonstrates that the vacillating signal, which represents the 
difference between two very large off-scale peaks, is likely 
to contain electronic perturbations (in addition to other types 
of perturbations as have been discussed earlier). The chro- 

matogram labelled "Differential A" is the best, the chro- 
matogram labelled "Differential B" the worse, of a series of 
matches with the same overall electronic simplification. It 
is reasonable to expect that more attention to this problem 
(which, of course, never arises in "regular" chromatogra- 
phy) could reduce the size of the artifacts. 

Improvements in selectivity similar to those shown in Figs. 
7-10 can be realized for other pairs of transition elements 
as well. How large a number is obtained in each case de- 
pends strongly on the relative nature of the two spectra (and 
on the corresponding wavelengths chosen for the two chan- 
nels), on the extent of the linear ranges, and on other con- 
siderations as discussed above. In our opinion, a visual record 
of performance, such as given in Figs. 7 through 10 for the 
fairly typical behaviour of ruthenium and chromium, is often 
preferable to a tabular one. 

The dual-channel differential modes described in this 
manuscript work well on systems of two and possibly three 
different elements, particularly if the latter need to be dif- 
ferentiated with a very high degree of reliability. However, 
the methodology obviously runs into difficulties if more than 
two or three luminescing elements participate in the chro- 
matogram. Although real-life samples of this type may be 
rare, it should be instructive to cast at least a cursory look at 
a mixture made up of several transition metals, in amounts 
that produce comparable peak heights in the open mode. The 
particular standard mixture shown here was also given a 
compound of sulfur, in recognition of the role that this main- 
group element plays in many natural samples. 

Chromatograms of the mixture are shown in Fig. 11,  first 
in single-channel, then in dual-channel differential mode. The 
first channel is open (no interference filter). The second 
channel at 530 nm was originally chosen for ruthenium. 
However, it also shows all the other peaks (though with dif- 
ferent intensities). This reinforces the point made earlier that 
spectral discrimination in a single channel, as compared with 
the open mode, rarely affords the analyst the desired big in- 
crease in selectivity. 

The differential-mode chromatogram shown on the right 
side of Fig. 1 1 is obtained by tuning the two channels such 
that the ruthenium responses cancel. This purpose is well 

DIFFERENTIAL 

A 

Cr 
Ru 

I 

FIG. 10. Suppression of large amounts of ruthenium in a sample containing 10 ng Ru(C5H5), (Ru) and 4 ng C6H6Cr(CO), (Cr) in ace- 
tone. Other conditions as in Fig. 8. Analog Interface. 
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DIFFERENTIAL 

FIG. 11. Single-channel and dual-channel differential (ruthenium-suppressed) chromatograms of a mixture containing 1.3 ng Cr(C0)6, 
1.6 k g  nonane (CH), 200 ng C O ( C ~ H ~ ) ~  (CO), 17 ng [(CH3),CSI2 (S), 3.2 ng C5H5Mn(C0), and 4 ng C,H,CH3Mn(CO)3 (both Mn), 3.2 
ng Fe(C5H5)? (Fe), 24 ng Re2(CO)lo (Re), 0.16 ng Ru(C,HJ2 (Ru), and 4 ng OS(C,H,)~ (0s)  in acetone. Computer System. 

FIG. 12. Dual-channel differential chromatograms of the same mixture (and the same chromatographic run) as shown in Fig. 11, with 
suppression of, from left to right, manganese, chromium, and osmium. Computer System. 

achieved. Thus, a peak vanishing from the chromatogram 
under this particular selectivity regime would alert the ana- 
lyst to the possible presence of a ruthenium compound. And, 
other channel combinations (wavelengths) could be used to 
confirm that finding. In addition, clear qualitative discrim- 
ination is obtained between Cr, C ,  Co, S, Mn, and Fe on one 
hand, and Re and 0 s  on the other. 

Still, the situation is less than totally satisfying. What if 
the analyst wants to see only peaks of ruthenium, with com- 
pounds of all other elements vanishing from the chromato- 
gram? While this is possible to achieve, the necessary 
algorithms are substantially different from the ones covered 
here and do display limitations of their own (6). They will 
be the subject of a separate manuscript. Within the present 
context, however, two further comments are relevant for the 
analysis of a multicomponent mixture as shown in Fig. 11. 

First, different wavelength combinations could be used to 
achieve the disappearance of any element. At the same time, 

the choice of particular wavelengths can easily take into 
consideration the qualitative discrimination resulting among 
the other elements, and how it can best suit particular ana- 
lytical needs. For instance, carbon compounds could have 
been eliminated in a manner similar to the process illus- 
trated earlier in Fig. 6, with wavelengths particularly suited 
to the detection and qualitative distinction of interesting or- 
ganometallic analytes. 

Second, the two single channels of data stored in the 
computer could be used to impose, sequentially, a series of 
different selectivity regimes on the same chromatographic 
run. This makes little sense for a routine sample of qualita- 
tively known composition, but it can be quite helpful for a 
complex sample that contains many components of a chem- 
ically disparate nature. For instance, the hypothetical ques- 
tion could be posed whether there were present in our test 
mixture any manganese compounds beyond the one "knownn 
to contain Mn. To find the answer, the channels can be tuned 
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for the disappearance of the "known" manganese peak (or assumption could be checked in our study of transition ele- 
of a separately injected manganese standard if the contents ments, as in the case of the two manganese compounds dis- 
of the mixture are truly unknown). If this is carried out, the cussed above, it did indeed hold true. 
second, pretendedly "unknown" manganese peak vanishes 
as well. A demonstration of this is shown on the left-hand 
side of Fig. 12. 

The middle and right-hand sides of Fig. 12 display two 
further chromatograms in which the selfsame computer-stored 
data are used to cancel peaks of chromium and osmium, re- 
spectively, while leaving other peaks largely intact. Further 
elements can be so  tested. This is interesting because it 
demonstrates that several new selectivity criteria can be 
meaningfully imposed on already existing data. The inter- 
metal differences in dual-channel response ratios are ob- 
viously large enough to allow such approaches, even though 
the original choice of wavelength had not been made with 
these additional combinations in mind. 

In the high-resolution chromatography of complex sam- 
ples that include a larger number of compounds containing 
the same hetero-element, procedures like the one men- 
tioned above can lead to fast and facile early indications of 
which peaks are likely to represent the hetero-element of in- 
terest, which represent other hetero-elements, etc. Clearly, 
the underlying assumption, that the spectral response of the 
metal is independent of analyte amount and organic struc- 
ture, may need to be ascertained for particular combina- 
tions of element and wavelength(s). Where such an 

NOTE ADDED I N  PROOF: For lack of a better expression, this 
manuscript and its companion (2) use the term "dispersive" 
in its derivative meaning of "wavelength-selective". Thus, 
a "dispersiven FPD channel uses an interference (or other type 
of)  filter, while a "non-dispersive" channel is doing with- 
out. It goes without saying, however, that filters "disperse" 
light neither in the etymological nor the original spectro- 
scopic sense of the word (with the possible exception of the 
tilting effect in interference filters). 
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JOHN A. WALTER, DONALD M. LEEK, and MICHAEL FALK. Can. J .  Chem. 70, 1156 (1992). 
The 'H and I3C NMR spectra of the amnesic shellfish poison, domoic acid, in H'O and D,O solutions have been studied 

as a function of pH or pD. The results yielded the NMR spectral parameters for each of the five protonation stages of 
domoic acid, provided accurate pK, values, and enabled each pK, to be associated with a particular protonation site. 

JOHN A. WALTER, DONALD M. LEEK et MICHAEL FALK. Can. J .  Chem. 70, 1156 (1992). 
On a CtudiC les changements observCs dans les spectres RMN 'H et I3C de solutions d'acide domoi'que, une toxine 

amnCsique, dans H,O et D 2 0  en fonction du pH ou du pD. Les rCsultats nous ont permis de calculer les paramktres 
spectraux pour les cinq Ctapes de la protonation de l'acide domolque, d'obtenir des valeurs de pK, plus prCcises et d'as- 
socier chaque pK, avec un site de protonation particulier. 

Introduction 6, CH, 
Domoic acid (DA, Fig. 1) was recently identified as the 

toxin responsible for an episode of shellfish poisoning in- 
volving mussels from an area of eastern Canada (1). This 
compound had been known for some 30 years to have an- 
thelmintic properties in humans, as well as to act as an in- 
secticide (2, 3). Subsequently, it was found to have profound 
neurological effects when ingested by humans, and to be the 
agent binding most strongly to the kainate receptors of the pK3 = 4.75 
central nervous system (4-6). This has prompted renewed 
interest in the spectroscopy of this compound both as a means 
of its identification and as a source of information regarding N COO- c--- pK1 = 1.85 
its physical properties, particularly those that may have some I 

bearing on the physiological and neurological characteris- 
tics. pK4 = 10.60 

DA possesses one imino group, >NH, and three carbox- 
ylate groups, -COO- (Fig. l ) ,  all capable of protonation. 
Therefore, DA molecules in solution are a mixture of five 
distinct protonation states (Table l) ,  their proportions in so- 
lution being determined by the four pK, values, and varying 
with pH (7). A different NMR, IR, UV, etc. spectrum will 
correspond to each protonation state, and the solution spec- 
tra will therefore be pH dependent. We have recently re- 
ported the results of our studies of the UV spectrum (7) and 
solubility (8) of DA, and now present our investigation of 
'H NMR and 13c NMR spectra as a function of pH and pD. 
The NMR spectra have the advantage of yielding more pre- 
cise pK, values and permitting the identification of the sites 
of protonation corresponding to each pK, (9- 12). 

Experimental 
All NMR spectra were recorded using a Bruker MSL300 spec- 

trometer at 300 MHz ('H) or 75.5 MHz (13c), at 20°C. DA from 
the stock used in previous studies (7, 8) was dissolved in HZO or 
D 2 0  and placed in 5-mm sample tubes with a concentric 2-mm tube 
(Wilmad 520-1) containing TSP in D 2 0  for a reference. Acquisi- 
tion times were 3.4 s ('H) or 0.49 s (I3c), and chemical shifts were 

FIG. 1. Molecular structure of domoic acid in its fully depro- 
tonated form. 

tively, except where precluded by strong coupling, linewidth, or 
overlap. Adjustment of pH was by addition of minute amounts of 
1 N NaOH (NaOD for solutions in D20)  or 1 N HC1 (DCI), start- 
ing with pH 3.4, which corresponds to the isoelectric point. Back 
titration was avoided to minimize the formation of salt. The con- 
centration of DA was low enough (20 mM) to avoid precipitation 
at any pH (8), and dilution of the solution due to the addition of 
acid or base was negligible. All pH and pD measurements were 
made within the NMR tubes using a Fisher Accumet model 610A 
pH meter and an Ingold 6030 combination electrode calibrated for 
each measurement with Anachemia standard buffer solutions. 
Values of pD reported here are direct pH meter readings without 
correction for changes in electrode characteristics in D 2 0  (13), 
unless otherwise stated. Chemical shifts of strongly coupled pro- 
tons were determined where necessary by simulation, using the 
Bruker PANIC program. 

Titration curves for each 'H and ')c resonance were fitted to eq. 
[I],  which is analogous to eq. [ l ]  in ref. 11: 

measurable to a precision of ca. 0.003 ppm or 0.02 ppm respec- [ I ]  6 = sL + -q~,.10~/(10. '  + 1)) 

'NRCC No. 33781. Preliminary accounts of this work were where x = pH - pK,,, A, is the chemical shift variation at a given 
presented at the Second Canadian Workshop on Harmful Marine nucleus corresponding to a change from complete protonation to 
Algae, Bedford Institute of Oceanography, Dartmouth, N.S., 2-4 deprotonation at the ith site, 6, is the shift for complete protona- 
October, 1990, and at the 4th European Conference on the Spec- tion, and i = 1-4 corresponding to each of the protonation sites. 
troscopy of Biological Molecules, York, U.K., September 1991. Equation [I]  is based on the assumption that the different proton- 

'Author to whom correspondence may be addressed. ation states have equal activity coefficients, and that the proton 
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WALTER ET AL. 

TABLE 1. Protonation states of domoic acid 

Im i no C-2 C-5' C-7 

A: > N H ~ +  -COOH -COOH -COOH Cation 
B: >NH2+ -COO- -COOH -COOH Zwitterion 
C: >NH,+ -COO- -COO- -COOH Singly charged anion 
D: >NH2+ -COO-- -COO- -COO- Doubly charged anion 
E: >NH -COO- - C O O  -COO- Triply charged anion 

FIG. 2. Plot of chemical shift vs. pD for the 'H signals of dornoic acid in D20.  The pD in this plot is the direct pH meter reading with- 
out correction for changes in glass electrode characteristics in D 2 0  solution (13). 
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FIG. 3. Plot of chemical shift vs. pD for the I3c signals of domoic acid in D20.  The pD in this plot is the direct pH meter reading with- 
out correction for changes in glass electrode characteristics in D,O solution (13). 

exchange proceeds quickly compared to the time scale of the NMR 
experiment. Optimization to minimize the sum of squares of the 
residuals was performed with a SIMPLEX routine (14) written in 
Pascal for use with up to nine variable parameters and run on a PC/ 
AT-compatible computer, which also generated the plots shown 
(Figs. 2-5).3 Initial values of pKa were estimated from logarith- 

3Figures 4 and 5 ,  and complete tables of original 'H and I3c 
chemical shifts vs. pH, have been deposited, and may be pur- 
chased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K I A  0S2. 

rnic plots of the chemical shift titration curves of nuclei close to each 
of the four protonation sites. Resonance assignments were known 
previously (1). Thus, at pH < 6,  the shifts of resonances of C-2, 
C-2 carboxyl, and H-2 were principally affected by protonation at 
the C-2 carboxylate; those of C-6, C-7, and H-6 by protonation at 
carboxylate C-7; and those of C-5', C-5' carboxyl, C-6', H-5', and 
H3-6' by protonation at the C-5' carboxylate. Pronounced effects 
due to protonation of NH at pH > 7 occurred at C-1', C-2 car- 
boxyl, H-2, H-3, H-5a, and H-5P; lesser effects occurred at other 
nuclei. Within each of the above groups of nuclei, separate values 
of pKa obtained by curve fitting agreed closely, confirming the 
dominant effect of the nearby protonation site and permitting each 
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WALTER ET AL 1159 

TABLE 2. Parameters" for least-squares fits of eq. [ I ]  to titration curves for 'H and "C resonances of domoic acid solut~ons in H20  and 
~ ~ 0 "  at 20°C and at 20 mM concentration. Tables of the original measurements have been deposited 

(a) 'H spectra: H,O, pKal = 1.84, pKa2 = 4.46, pK,,, = 4.73, pK,, 
= 10.60 

Position 8~ AI A2 A3 A4 

(b) 'H spectra: D20*, pKaI = 1.84, pKnz = 4.5 1, pKa3 = 4.87, pK,, 
= 10.37 

Position 6, AI A2 A3 A4 

(c) I3c spectra: H20, pKal = 1.86, pKd = 4.47, PK:,~ = 4.77, pK,, ( d )  spectra: D,O*, pKaI = 1.86, pKd = 4.56, pKa3 = 4.91, pKa1 
= 10.60 = 10.36 

Position 8~ A I A2 A3 A, Position 8~ A1 A2 A3 A, 

2 65.60 1.90 -0.02 0.25 2.04 2 65.31 2.06 -0.03 0.18 2.15 
2-C0,H 173.12 2.36 -0.28 0.84 7.43 2-C02H 172.89 2.58 -0.02 0.57 7.64 
3 43.94 1.04 -0.04 1.54 2.22 3 43.86 1.17 -0.24 1.69 2.28 
4 42.76 0.27 -0.11 0.36 1.68 4 42.70 0.30 -0.18 0.35 1.68 
5 49.84 -0.34 0.45 -0.53 1.58 5 49.65 -0.28 -0.04 -0.10 1.71 
6 35.21 0.59 0.01 2.81 0.59 6 35.06 0.73 0.08 2.69 0.54 
7 177.62 0.32 0.33 3.43 1.53 7 177.59 0.30 -0.05 3.91 1.52 
1 ' 133.87 0.33 -0.35 -0.67 5.46 1' 133.72 0.46 -1.12 0.00 5.55 
11-CH3 23.78 0.14 -0.07 0.31 0.23 1'-CH3 23.73 0.18 -0.17 0.33 0.20 
2' 133.37 -0.31 0.49 -0.54 -1.74 2' 133.46 -0.25 0.14 -0.31 -1.77 
3' 128.92 0.10 -1.86 0.46 0.77 3' 128.99 0.04 -1.51 0.06 0.80 
4' 135.56 -0.15 3.23 -0.01 -1.62 4' 135.47 -0.02 2.70 0.35 -1.70 
5' 45.02 0.20 3.71 0.12 -0.03 5' 44.96 0.29 3.76 0.04 -0.03 
5'-C02H 181.92 0.29 4.53 -0.17 0.29 5'-C02H 18 1.93 0.32 4.23 0.22 0.32 
6' 18.85 0.11 0.69 0.69 -0.01 6' 18.77 0.17 0.66 0.65 -0.02 

"Typical errors in 6, resulting from independent fits to the same data are 0.005 ppm ('H) or 0.03 ppm ("C).  
"H and pK, measurements used in generating Table 2 are uncorrected for changes in glass electrode characteristics when obtained in D20  solution. 

Corrected values may be obtained by adding 0.40 to pH meter readings in DzO and to the corresponding pK, values derived from curve fitting (13) (see 
Table 3) .  

of the four pK,'s to be assigned to specific groups. Where nuclei 
were influenced by two or more protonation sites at pH < 6,  fitted 
curves were generated by varying A,'s only, the pK,'s being held 
to the above values obtained from resonances of nuclei near pro- 
tonation sites. It should be emphasized that, although the pK, de- 
terminations are highly accurate, the values of the Ai parameters 
in Table 2 should be regarded as no more than indicators of the 
amount of influence that protonation at a particular site has on a 
given nucleus. When a nucleus is remote from the protonation site 
and A, is small, and the site is one of the two with closely similar 
pK,'s, the quality of the curve fitting is insensitive to Ai and it is 
difficult to distinguish the contribution of a particular protonation 
site. Nevertheless, the parameters in Table 2 should yield pre- 
dicted shifts for any pH with an accuracy close to that of the mea- 
surement. 

Results and discussion 

Titration curves for 'H and I3c resonances of DA at con- 
stant concentration in D 2 0  are shown in Figs. 2 and 3, to- 

gether with curves generated by least-squares fitting of eq. 
[ I ] ,  which yielded the parameters in Table 2 .  Similar plots 
for DA at the same concentration in H 2 0  (Figs. 4 and 5) are 
available in the depository, as are tables of the original 
chemical shift data on which these figures are based.3 Com- 
parison with preliminary results in H20,  where the concen- 
tration was varied, showed slight concentration dependence 
of both 'H and I3c shifts: at 70 mM concentration, pH 7.1, 
'H resonances shifted upfield by 0.005-0.020 ppm, whereas 
13 C peaks moved downfield by 0.04-0.24 ppm (excepting 
the C-4' resonance, which moved upfield), relative to those 
observed at a concentration of 20 mM. 

The results show that the pKa's in ascending order are as- 
sociated with deprotonation of carboxylate groups at posi- 
tions 2 and 5', carboxylate C-7, and the NH group at position 
1, respectively. The pKa values obtained are gathered in Table 
3; we have adopted the mean H 2 0  values (underlined). The 
previously reported pKa's (2) were obtained by an unstated 
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TABLE 3. Value of pK for each protonation site 

H20 D I O  

Site 'H I3c Ave. 'H I3C Ave. 

C2-C02- 1.84 1.86 1.85 2.24 2.26 2.25 
C5 '-COz- 4.46 4.47 4.47 4.91 4.96 4.94 
Carboxylate 

C-7 4.73 4.77 4.75 5.27 5.31 5.29 
NH 10.60 10.60 10.60 10.77 10.76 10.77 

Error: ca. +0.05 pH units. 
"Corrected by adding 0.40 pH units to pH meter readings in DzO solu- 

tion (13). 

TABLE 4. The "C titration shifts for the corresponding carbon atoms 
in domoic acid and glutamic acid. 

Domoic acid (DA) Glutamic acid (GA) 

a b c a b c 

Abbreviations: a = carboxyl titration (pK, = 1.85 for DA and 2.23 for 
GA); b = side-chain titration (pK, = 4.75 for DA and 4.37 for GA); c = 
amino titration (pK, = 10.60 for DA and 9.53 for GA). 

TABLE 5. Variation of coupling constants J(H,H) with pH. Do- 
moic acid in H20  

pH: 0.82 3.20 5.57 7.28 12.60 

Proton pair J(H,H),  Hz" 

"Error +0.3 Hz unless otherwise indicated 
"rror +0.5 Hz. 

method and are of unknown accuracy; our own UV study (7) 
could only confirm the pK, values roughly and without as- 
signing them to specific protonation sites. These rough pK, 
values were used to calculate the proportions of the five 
protonation states of DA as a function of pH (7). The pH 
variation of the proportions determined from the NMR-de- 
rived pK,'s is similar, and is readily visualized with the aid 
of Fig. 5 of ref. 7. 

In a strongly acid environment, at pH below 1, DA mol- 

ecules exist largely as the fully protonated cations A (Table 
1) .  As pH increases towards pK,, = 1.85, the nominally 
neutral DA molecules B appear, in which the C-2 carboxyl 
group is deprotonated and negatively charged. The C-2 car- 
boxyl group is nearest to the positively charged imino group, 
and the proximity of the two oppositely charged groups ap- 
parently makes this form of the zwitterion more stable than 
the ones involving the more remote C-5' carboxyl group or 
carboxyl C-7. As pH increases further towards pK,, = 4.47, 
the C-5' carboxyl also becomes deprotonated, giving rise to 
the singly charged anion, C. The relative stability of the 
isomer with positive charge on the imino group and nega- 
tive charges on C-5' and C-2 carboxyls appears to be due to 
the large separation between the two negatively charged 
groups. As pH increases further towards pK,, = 4.75, the 
carboxyl C-7 also becomes deprotonated, giving rise to the 
doubly charged anion D. At still higher pH values, ap- 
proaching pK,, = 10.60, the imino group loses its extra 
proton to yield the triply charged anion E. 

It has been reported ( 12) that protonation of either a car- 
boxylate or an amino group leads to upfield shifts of I3c 
resonances and downfield shifts of 'H resonances, the ob- 
served shifts decreasing monotonically with the number of 
bonds separating the nucleus from the field source. How- 
ever, upon the titration of the amino group of an amino acid, 
larger ',c shifts are observed (12) for the Cp and the car- 
boxyl carbons than for C,. This pattern is exactly what is 
observed in the case of DA. Table 4 shows the general sim- 
ilarity of the ',c titration shifts for the corresponding car- 
bon atoms in DA and glutamic acid (GA). 

Proton coupling constants of DA (Table 5) are relatively 
little affected by protonation. The largest changes (up to 
2.8 Hz) occur with protonation of the imino group, to J(2,3), 
J(4,5p), J(5a75p),  J(3,6a), and J(3,6b). Lesser changes to 
J(2,3), J(4,5a) ,  J(3,6a), J(3,6b), and J(6a,6b) are associ- 
ated with protonation at other sites. 
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Synthesis of cyclopentane analogs of 5-fluorouracil nucleosides 
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LUCJAN J .  J .  HRONOWSKI and WALTER A. SZAREK. Can. J .  Che~n.  70, 1 162 (1992). 
New carbocyclic analogs (12, 14, and 15) of 5-fluorouracil nucleosides have been prepared by fluorination, using 

elemental fluorine, of the acetylated analogs (8, 10, and 11, respectively) of 1-(2',3'-dideoxy-glycero-pentofuranosyl)- 
and 1-(2'- and 3'-deoxy-P-threo-pentofuranosy1)-uracil nucleosides. The carbocyclic analog (14) of I-(2'-deoxy-P- 
threo-pentofuranosy1)-5-fluorouracil was then utilized for the preparation of various new carbocyclic analogs of 
l - ( 3 ' - s u b s t i t u t e d - 2 ' , 3 ' - d i d e o x y - ~ - e r y ~ r a n o s y l ) - 5 - f l u o r o u r a c i l  nucleosides by SN2 displacement of the 3'- 
rnesyloxy group in the protected derivative 17. In this way analogs having the chloro (see 23), brorno (see 24), and azido 
(see 25) groups at the 3'-position were obtained; the analog 29 having a 3'-amino group was obtained by reduction of 
the azido group. In addition (t)-5-fluoro-l-{3-(hydroxymethyl)-3-~yclopenten- l-yl)-2,4(lH,3H)-pyrirnidinedione (26) 
was obtained as an elimination side-reaction product in the preparation of the 3'-chloro and 3'-brorno analogs. Com- 
pounds 8, 9,  12, 14, 15, 25, and 29 were tested against the herpes simplex viruses and were found to be inactive. Com- 
pound 26 inhibited the growth of K-562 cells with an IDso (10-J-10-3), which was about 100-fold greater than that of 
5-fluorouracil in this test system. Analogs 12, 25, and 29 were slightly cytotoxic. 

- 

LUCJAN J. J.  HRONOWSKI et WALTER A. SZAREK. Can. J. Chem. 70, 1 162 (1 992). 
On a prepart de nouveaux analogues carbocycliques (12, 14 et 15) de nucltosides du 5-fluoro-uracile en effectuant 

la fluoration, a I'aide de fluor elkrnentaire, des analogues acttylts (respectivement 8, 10 et 11) des nuclCosides des 1- 
(2',3'-didCsoxy-g1ycPI.o-pentofuranosyl) et 1-(2'- et 3'-dCsoxy-P-thrPo-pentofuranosy1)-uraciles. Faisant appel i une 
reaction de substitution SN2 du groupe 3'-nlesyloxy du d&rivC protCg6 17, on a alors utilisC l'analogue carbocyclique (14) 
du 1 -(2'-dtsoxy-~-thrPo-pentofuranosyl)-5-fluoro-uracile pour prCparer divers nouveaux analogues des nuclCosides du 
I-(2',3'-didCsoxy-~-Prythro-pentofuran0sy)-5-fl~oro-uracile substituts en position 3'.  De cette faqon, on a obtenu des 
analogues portant des groupes chloro (voir 231, bromo (voir 24) et azido (voir 25) en position 3'; on a obtenu I'analogue 
29 portant un groupe amino en position 3' par rCduction du groupe azido. De plus, on a obtenue la (2)-5-fluoro-I-[3- 
(hydroxymCthy1)-cyclopent-3-en- I-yl]-2,4-(IH,3H)-pyrimidinedione (26) cornme sous-produit de la rtaction d'tlimination 
dans la prkparation des analogues 3'-chloro et 3'-brorno. On a Cvalut I'activitC des composCs 8, 9,  12, 14, 15, 25 et 29 
contre les virus de I'herpes simplex et on a trouvt qu'ils sont inactifs. Le compose 26 inhibe la croissance des cellules 
du K-562 avec un IDSo de (10-~-10-') qui, dans le systkrne d'kvaluation, est environ 100 fois plus grand que celui du 
5-fluoro-uracile. Les analogues 12, 25 et 29 sont ICgkrernent cytotoxiques. 

[Traduit par la rkdaction] 

Introduction 
5-Fluorouracil (5-FUra) and its deoxynucleoside, 5-flu- 

oro-2'-deoxyuridine (5-FdUrd), are widely used as antican- 
cer drugs (1, 2). Both of these drugs are extensively 
metabolized in vivo such that the 5-fluorouracil base be- 
comes incorporated into the ribo- and 2'-deoxyribo-nucleo- 
sides and nucleotides as well as the nucleic acids (1-5). In 
the case of 5-FdUrd, it may be converted first by the pyrim- 
idine nucleoside phosphorylases into 5-FUra, which then is 
utilized for the synthesis of ribo- and 2'-deoxyribo-nucleo- 
tides (3). However, there is considerable evidence that the 
therapeutic effects of these compounds are due to the me- 
tabolite, 5-fluoro-2'-deoxyuridine 5'-phosphate, which is a 
potent inhibitor of thymidylate synthetase, an essential en- 
zyme for DNA synthesis (6-9). As a result of these obser- 
vations, there has been an interest in recent years in the 
development of 5-fluorouracil-containing nucleosides that are 
resistant to the pyrimidine nucleoside phosphorylases, in 
order to maximize the amount of the therapeutically active 
metabolite within the tumor cells. 

Two approaches have provided 5-fluorouracil-containing 
nucleosides that did not function as substrates for the py- 
rimidine nucleoside phosphorylases. In the first approach 
fluorine was introduced into the sugar ring to provide 1-(2'- 
deoxy-2'-fluoro-~-~-arabinofuranosyl)-5-fluorouraci (10) 

and 5-fluoro-2',3'-dideoxy-3'-fluorouridine (1 1). The 5'- 
monophosphates of these nucleosides were shown to be 
noncompetitive inhibitors of the thymidylate synthetase en- 
zyme. In the second approach, described by Shealy et al. 
(12), the furanose-ring oxygen was replaced by a methyl- 
ene group to provide carbocyclic analogs of 5-fluorouracil 
nucleosides. As expected, the carbocyclic analog of 5-flu- 
oro-2'-deoxyuridine did not undergo phosphorolysis to 5- 
fluorouracil but was phosphorylated enzymatically to the 
analog of 5-FdUrd 5'-phosphate (12). The carbocyclic ana- 
log of 5-FdUrd was cytotoxic to L12 10 cells in culture and 
showed slight activity against leukemia P-388 in vivo. 

In the present work, elemental fluorine was used for the 
synthesis of carbocyclic analogs of 1-(2'- and 3'-deoxy- 
P-threo-pentofuranosy1)-5-fluorouracil nucleosides, and a 
series of carbocyclic analogs of 1-(3'-substituted-2',3'-di- 
deoxy-P-erythro-pentofuranosy1)-5-fluorouracil nucleosides. 
In addition, preliminary results of tests on these compounds 
for the inhibition of the growth of K-562 cells are dis- 
cussed. 

Results and discussion 
The synthesis of the carbocyclic analogs (4-7)3 that 

were utilized for the preparation of 5-fluorouracil analogs 
was described previously (13, 14). Briefly, the syntheses 

' ~ u t h o r  to whom correspondence may be addressed 
'~evision received October 9,  1991. 

' ~ l l  of the carbocyclic nucleoside analogs are racernic mix- 
tures, although only one enantiomer is shown in Schemes 2-4. 
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base - 
I I I 

involved the coupling of an appropriate cis-3-aminocyclo- 
pentanemethanol with 3-ethoxypropenoyl isocyanate or 3- 
ethoxypropenoyl isothiocyanate to give the corresponding 
propenoylureas or propenoylthiourea. The propenoylureas 
were cyclized in 2 N H'SO, and the propenoylthiourea was 
cyclized in 15 N aqueous ammonia to give the required car- 
bocyclic nucleoside analogs. 
Fluorination of the uracil and 2-thiouracil nucleoside 

analogs using elemental jluorine 
Fluorination of carbocyclic analogs of uracil nucleosides 

using elemental fluorine was performed previously by Shealy 
et al. (12) using the unprotected nucleoside analogs. How- 
ever, the yields reported by this approach were generally 
below 50%. The fluorination of the uracil base was also ac- 
complished using a variety of other fluorinating reagents (15), 
including trifluoromethyl hypofluorite ( 1  6), xenon difluo- 
ride ( l7),  cesium fluoroxysulfate ( 18), and acetyl hypofluo- 
rite (19). Moderate to high yields of fluorinated compounds 
were obtained using all except the xenon difluoride reagent 
(10% yield of 5-fluorouracil). The fluorination, using tri- 
fluoromethyl hypofluorite, elemental fluorine, or cesium 
fluoroxysulfate, was shown to proceed by way of an addi- 
tion-elimination mechanism (see Scheme I).  Thus, treat- 
ment of uracil derivatives (1) dissolved in methanol with a 
solution of trifluoromethyl hypofluorite in fluorotrichloro- 
methane gave adducts 2 having a methoxyl group at the 
6-position (R' = OMe). In addition, 'H and ' 9 ~  nmr spec- 
troscopy and a single-crystal X-ray analysis of compound 2 
(R1 = Me, R' = OMe) established conclusively a cis 
stereochemistry of the adducts (16f). Barton et al. (166) 
fluorinated uracil (1. R'  = H) using the trifluoromethvl - 
hypofluorite reagent in an aqueous solvent and obtained ad- 
duct 2 (R1 = H, R' = OH) having a hydroxyl at the 6-po- 
sition. The desired 5-fluorouracil (3) was obtained by heating, 
or by treatment of the adduct 2 with a base such as triethyl- 
amine or ammonium hydroxide. Similar adducts were ob- 
tained in fluorinations using elemental fluorine (12, 20) or 
cesium fluoroxysulfate (18); however, fluorinations using the 
latter reagent in methanol gave a mixture of cis- and trans- 
5-fluoro-6-methoxy adducts. However, all of the above 
fluorinations are regiospecific, so that only the 5-position of 
the uracil ring becomes fluorinated. There seems to be no 
advantage in using one of the three reagents in preference 
over the other two, since all were shown to give moderate 
to high yields of the fluorinated products. The elemental 
fluorine reagent has been shown to give higher yields and 
fewer decomposition products if the acetic acid solvent is 
saturated first with fluorine, and this solution is used then for 
fluorination, rather than if there is direct addition of fluo- 
rine to a solution of the uracil derivative in acetic acid (20). 

Ac20 

pyridine - 

Also, both elemental fluorine and trifluoromethyl hypo- 
fluorite are extremely toxic, and violent decompositions have 
been observed (21) in the case of the cesium fluoroxysul- 
fate reagent. 

In fluorinations of unprotected 2'-deoxyuridine nucleo- 
sides using elemental fluorine, Cech and Holy (20b) had 
obtained low yields (-50%), similar to those obtained by 
Shealy et al .  (12) with the carbocyclic analogs; however, 
considerably higher yields (69-82%) were obtained when the 
sugar hydroxyl groups were protected with benzoyl groups. 
Protection of the hydroxyl groups with acetyl groups also 
improved considerably the yields in this type of fluorination 
(20a). Thus, in the present work, as shown in Scheme 2, the 
carbocyclic analogs (4-7) of uracil and 2-thiouracil nucleo- 
sides were acetylated using acetic anhydride in pyridine to 
give compounds 8-1 1 ,  respectively. The protected nucleo- 
side analogs were fluorinated then by passing a fluorine-ni- 
trogen mixture (5 :95) through solutions of the analogs in 
acetic acid. Treatment of the products with a solution of 
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triethylamine-methanol-water (2 : 9:9 (v/v/v)} gave the 
corresponding, unprotected 5-fluorouracil derivatives (12, 
14, and 15); in the case of the 2-thiouracil derivative (9), only 
the 5-fluorouracil analogs 12 (40%) and 13 (10%) were ob- 
tained. The yields of the deprotected 5-fluorouracil deriva- 
tives (12, 14, and 15) from the protected uracil derivatives 
(8, 10, and 11, respectively) were 60-80%. 

The 'H nmr spectra of the protons in the cyclopentyl 
moieties of the 5-fluorouracil derivatives (12, 14, and 15) are 
nearly identical with those for the corresponding uracil de- 
rivatives (4, 6 ,  and 7 ,  respectively) (13, 14). However, the 
protons on the pyrimidine ring resonate 0.3-0.6 ppm fur- 
ther downfield in the case of the 5-fluorouracil derivatives 
than the corresponding protons in the case of the uracil de- 
rivatives. 
Synthesis of cyclopentane analogs of 3'-substituted-2',3'- 

dideoxy-5-fZuorouridines 
As shown in Scheme 3,  the carbocyclic analog (14) of 

1 -(2'-deoxy - P-threo-pentofuranosyl) -5 -fluorouracil was 
utilized for the synthesis of a variety of 3'-substituted-2',3'- 
dideoxy-5-fluorouridine analogs. The primary hydroxyl group 
of compound 1 4  was protected by a trityl group using trityl 
chloride in pyridine at 100°C (22) to give 16. Treatment of 
compound 16  with methanesulfonyl chloride in pyridine at 
room temperature afforded the 3'-mesylate (17) in 75% yield 
from 14. Nucleophilic displacement of the 3'-mesyloxy group 
using tetra-n-butylammonium chloride (TBACl) in N,N-di- 
methylformamide gave the 3'-chloro derivative (18). The 
3'-bromo derivative (19) was prepared analogously using 
tetra-n-butylammonium bromide (TBABr). The 3'-azido 
derivative (20) was prepared by displacement of the 3'- 
mesyloxy group using sodium azide in N,N-dimethylform- 
amide. The elimination products, compounds 21 and 22, 
were obtained also in the reactions with TBACl (in 29% 
yield) and TBABr (in 33% yield); the structures of these 
compounds were assigned on the basis of 'H nmr spectral 
data. In the reaction with TBACI, 21 and 22 were obtained 
in a 3:  1 ratio, respectively, whereas, with TBABr, com- 
pound 21 was formed preponderantly and only a trace of 22 
was produced. Detritylation of compounds 18-22 in meth- 
ylene chloride using diethylaluminum chloride at room 
temperature (23) afforded compounds 23-27, respectively; 
in the cases of compounds 23-25, the yields were 84-93%. 
The azido group in compound 25 was converted into the 
amino group as shown in Scheme 4 .  Treatment of the azide 
25 with triphenylphosphine in pyridine (24) gave the tri- 
phenylphosphinimine intermediate (28), which, on hydro- 
lysis using concentrated ammonium hydroxide (25), afforded 
the amino derivative 29 in 90% yield. 

The assignments of the chemical shifts of the resonances 
of the protons in the compounds shown in Schemes 3 and 4 
were made with the aid of spin-spin decoupling experi- 
ments. In the cases of compounds 18-20 and 23-25, the 
signals of the 2', 2", 4', and 5" protons consist of complex 
overlapping multiplets (at 200 MHz) such that, in most in- 
stances, only a range of chemical shifts is given for these 
signals. The 'H nrnr spectra (at 200 MHz) of compounds 18 
and 1 9  show similar multiplet patterns, and the chemical 
shifts of the resonances of corresponding protons in the two 
compounds are nearly identical, with the largest difference 
occurring for the resonance of the proton at C-3'. In the case 
of the bromine-containing analog (19), this proton reso- 
nates 0.05 ppm further downfield than does the proton in the 

chlorine-containing analog (18). The chemical shifts of the 
resonances of corresponding protons in the deprotected 
compounds 23  and 24 are also similar, and a similar trend 
was observed for the resonance of the proton at C-3' in these 
compounds as was seen for the tritylated compounds. Also, 
the chemical shifts of the H-3' signal are almost identical in 
the corresponding cases of the protected (18, 19, and 20) and 
deprotected (23, 24, and 25, respectively) compounds. Fi- 
nally, the chemical shifts of the resonances of H-3 and H-6 
on the pyrimidine base are almost identical in compounds 18- 
20 and 23-25. 

Ultraviolet spectra of the nucleoside analogs 
The ultraviolet spectra of the acetylated, uracil- (8, 10, and 

11) and 2-thiouracil- (9) nucleoside analogs resemble very 
closely those of the corresponding unprotected nucleoside 
analogs (4-7) (13, 14) and the spectra of I-methyluracil and 
I-methyl-2-thiouracil (26), respectively, at the correspond- 
ing pH's. However, in the cases of the acetylated, uracil- 
nucleoside analogs (8, 10,  and l l ) ,  the absorption maxima 
are shifted slightly (1-3 nm) to shorter wavelengths com- 
pared to the cases of the corresponding unprotected com- 
pounds. In the case of the acetylated, 2-thiouracil-nucleoside 
analog (9), the absorption maxima occur at the same wave- 
lengths as in the case of the unprotected analog (5). The ab- 
sorption spectra of the 5-fluorouracil analogs (12-15, 25, 26, 
and 29) have maxima at 208-210 nm and 273-275 nm in 
both neutral and acidic solvents, and at 218-221 nm and 272- 
274 nm in basic solvent. The positions of the absorption 
maxima at the short wavelengths (208-210 and 218-221 nm) 
differ little between the spectra of the uracil and 5-fluoro- 
uracil analogs; however, the long-wavelength maxima occur 
at significantly shorter wavelengths (265-268 nm) in the 
spectra of the uracil analogs (4, 6, and 7). Similar patterns 
have been observed for the cases of uracil and 5-fluoroura- 
ci1 (27), and their 1-methyl and 1-glycosyl derivatives (26- 
28). 

Biological evaluation 
Compounds 12, 14, 15, 23-26, and 29 were tested for cell- 

growth inhibition using cultured K-562 cells by methods 
described previously (29). Compounds 12, 14, 15, 23, 24, 
and 29 showed no cell-growth inhibition at concentrations 
as high as lo-' M .  Compound 25 showed some cell-growth 
inhibition at lo-' M,  and compound 26 had an ID,, (dose 
which inhibits cell-number increase to 50% of the control) 
in the range 10-~-10-' M and was about 100-fold less ac- 
tive than 5-fluorouracil in this test system. Compounds 12, 
14, 15, and 29 were evaluated also for inhibition of leuke- 
mia L1210 cell growth in vitro. The ID,,'s of compounds 14 
and 15 were greater than and those of 1 2  and 29 were 
6.4 X M and 7.3 x M, respectively. In this test 
system the ID,, of 5-fluorouracil was M. Compound 
29 was evaluated also for cytotoxicity using B16-F10-mu- 
rine melanoma, C26-murine colon, HCT-116-human colon, 
KB-human nasopharyngyl, Moser-human colon, and M109- 
murine lung cell lines, and showed no activity at 160 pg/rnL. 
Compounds 8 ,  9 ,  12, 14, 15, 25, and 29 were tested also for 
antiviral activity against herpes simplex viruses 1 and 2, and 
were found to be inactive. 

Conclusions 
Three new carbocyclic analogs of 5-fluorouracil nucleo- 

sides have been synthesized by fluorination using elemental 
fluorine of acetylated uracil analogs that were synthesized 
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Ph3 P 
25 

pyridine 
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as described previously (13, 14). The carbocyclic analog (14) 
of  1-(2'-deoxy-~-threo-pentofuranosyl)-5-fluorouracil was  
utilized for  the synthesii of novel carbocyclic analogs of  1- 
(3'-substituted-2',3'-dideoxy-~-erythro-pent0furan0sy1)-5- 
fluorouracil nucleosides by S,2 displacement of  the 
3'-mesyloxy group in the protected derivative 17.  The  novel 
nucleoside analogs produced in this way contained a chloro, 
bromo, or an azido group at the 3'-position; reduction of the 
azido group gave  the 3'-amino analog. T h e  'H nmr  spectra 
(at 200 M H z )  of  all of  the new analogs of nucleosides have 
been determined and discussed. In addition, the new ana- 
logs were evaluated for tumor-cell growth inhibition, and for 
antiviral activity against the herpes simplex viruses. 

Experimental 
Melting points were determined on a Fisher-Johns apparatus and 

are uncorrected. Infrared spectra were determined in potassium 
bromide on a Perkin-Elmer 598 spectrophotometer. The 'H nmr 
spectra were recorded on a Bmker CXP-200 spectrometer at 
200 MHz. The proton chemical shifts (6) are given relative to Me,Si 
(6 = 0). Assignments of chemical shifts and coupling constants were 
made with the aid of spin-decoupling experiments. The following 
abbreviations are used in describing 'H nmr signals: singlet (s), 
doublet (d), triplet (t), quartet (q), quintuplet (qu), multiplet (m), 
and broadened (br). Ultraviolet spectra were recorded on a Perkin- 
Elmer 552 spectrophotometer without any precautions having been 
taken to exclude oxygen. Thin-layer chromatography (tlc) was 
performed using silica gel 60 F-254 plates and column chroma- 
tography on silica gel 60. The plates and silica gel 60 were pur- 
chased from BDH Chemicals. The developed plates were dried and 
sprayed with a solution of ceric sulfate (1%) and molybdic acid 
(1.5%) in 10% aqueous sulfuric acid, and heated at -150°C. Un- 
less otherwise indicated, the same solvent was used for both tlc and 
column chromatography. 

(')-I -{cis-3-(Acetoxyrnethyl)cyclopentyl)-2,4 H , 3  H)- 
pyrimidinedione (8) 

A solution of 4 (0.685 g ,  3.26 mmol) and acetic anhydride 
(2.0 mL, 21.2 mmol) in pyridine (20 mL) was kept at room tem- 
perature for 13 h. The reaction solution was treated with ethanol 
(5 mL) and the solvent was evaporated under vacuum. The resi- 
due was evaporated then with ethanol-water {2 X 10 mL, 1: 1 
(v/v)) to give a crystalline solid, which was purified further by silica 
gel column chromatography to give 8 (0.641 g, 78%) as a white 
solid, R ,  0.45 {4:4: 1 (v/v/v) ethyl acetate - toluene-2-pro- 
panol). An analytical sample was prepared by recrystallization from 
ethyl acetate - hexanes, mp 140-141°C; uv A,,, (C2H50H): 209 
(E 9000), 267 (10 200) nm; A,,, (0.01 M HCI in C2H50H): 209 (E 
9100), 267 (10 200) nm; A,,, (0.01 M NaOH in C2H50H): 219 (E 
9300), 266 (7400) nm; 'H nmr (200 MHz, Me2SO-d,) 6: 1.33-2.34 
(7H, m, H-2', H-2", H-3', H-4', H-4", H-5', and H-5"), 2.01 (3H, 
s,  OAc), 3.98 (2H, m, AcOCH,), 4.74 ( l H ,  m, H-I'), 5.58 ( IH,  
d o f  d, 2 ~ 5 , 6  = 8.2, 4 ~ 5 , 3  = 1.8 HZ, H-5), 7.74 (IH,  d ,  3 ~ 6 , 5  = 
8.2 Hz, H-6), 11.24 (IH, br s,  H-3). Anal. calcd. for Cl2HI6o4N2: 
C57 .13 ,  H6.39 ,  N 11.10;found: C57.07,  H6.03,  N 11.10. 

(*)-2,3-Dihydro-1 -{cis-3-(acetoxymethy1)cyclopentyl)-2-thioxo- 
4(1 H)-pyrimidinone (9) 

A solution of 5 (0.492 g, 2.17 mmol) and acetic anhydride 
(2.0 mL, 21.2 mmol) in pyridine (20 mL) was kept at room tem- 
perature for 19 h. The reaction solution was treated then as de- 
scribed for the preparation of 8, and, after fractionation by silica 
gel chromatography, compound 9 (0.466 g ,  80%) was obtained as 
a white solid, mp 152-155°C; Rf 0.50 {8:8: 1 (v/v/v) ethyl ace- 
tate - toluene-2-propanol). Recrystallization from ethyl acetate - 
hexanes gave material having mp 152-154°C; uv A,, (C2H50H): 
219 (E 17 600), 273 (13 700) nm; A,,, (0.01 M HC1 in C2H50H): 
219 (E 17 700), 273 (13 600) nm; h,, (0.01 M NaOH in C,H50H): 
240 (E 19 700), 257 (14 600), 273 (16 300) nm; 'H nrnr (200 MHz, 

Me,SO-d,) 6: 1.29-2.37 (7H, m, H-2', H-2", H-3', H-4', H-4", 
H-5', and H-5"), 2.02 (3H, s,  OAc), 4.02 (2H, m, AcOCH?), 5.76 
( l H , m , H - l r ) , 6 . 0 0 ( 1 H ,  b r d , 3 ~ 5 . 6 =  8 .2Hz,H-5) ,7 .91  ( l H , d ,  
3 ~ 6 , 5  = 8.2 Hz, H-6), 12.61 (IH,  br s, H-3). Anal. calcd. for 
C12H1603N2S: C 53.71, H 6.01, N 10.44, S 11.95; found: C 53.96, 
H 6.04, N 10.39, S 12.45. 

(')-I-{(/ P ,3  P,4 P)-3-~cetoxy-4-(acetoxymethyl)cyclopentyl)- 
2,4(1 H , 3  H)-pyrimidinedione (10) 

A solution of 6 (0.500 g, 2.21 mmol) and acetic anhydride 
(2.0 mL, 21.2 mmol) in pyridine (20 mL) was kept at room tem- 
perature for 18 h. It was treated then as described for the prepa- 
ration of 8,  and, after fractionation by silica gel column 
chromatography, 10 (0.525 g, 77%) was obtained as a solid, R, 0.45 
{3 : 3 : 1 (v/v/v) ethyl acetate - toluene-2-propanol). An analyti- 
cal sample was prepared by recrystallization from ethanol to give 
10 as a white crystalline solid, mp 157-158°C; uv A,,, (C2H50H): 
208 (E 10 loo), 267 (10 600) nm; h,,, (0.01 M HCI in CIH50H): 
208 (E 10 200), 267 (10 600) nm; A,, (0.01 M NaOH in C2H50H): 
218 (E 9800), 265 (7900) nm; 'H nmr (200 MHz, Me2SO-d6) 6: 1.63 
( I H ,  m, J ,,,,, = 12.2, 'J = 10.6 Hz, H-5'), 1.71 ( IH,  m, J,,, = 
15.1, 3 ~ 2 9 , 1 ,  = 6.6, 3 ~ 2 . , 3 .  = 2.5 HZ, H-2'), 1.99 (3H, s,  OAc), 2.05 
(3H,s ,OAc) ,2 .14(1H,m,J  ,,,,, = 1 2 . 2 , 3 ~ =  7.2Hz,H-5"),2.27- 
2.57 (2H, m, H-2" and H-4'), 4.02 (IH,  d of d, J ,,,,, = 1 1.0, 3 ~ 1 0 H ~  

= 6.5 Hz, OCH,), 4.12 ( IH,  d of d, J ,,,, = 11.0, 3Jl,H4~ = 
8.2 Hz, OCH,), 4.98 ( IH,  m, H-l ') ,  5.15 ( IH,  t of d, 3~ = 5.2, 
3 ~ 3 . 2 '  = 2.2 Hz, H-37, 5.66 ( lH,  d, 3~5 .6  = 8.1 HZ, H-5), 7.59 (lH, 
d ,  ?I6,, = 8.1 Hz, H-6), 11.27 ( l H ,  br s,  H-3). Spin-spin decou- 
pling was performed at 6 2.14, 4.98, and 5.15. Anal. calcd. for 
C14HI8o6N2: C 54.19, H 5.85, N 9.03; found: C 53.88, H 5.88, N 
9.03. 

(?)-/-{(I P,2 P,4 P)-2-Acetoxy-4-(acetoxymethyl)cyclopentyl)- 
2,4(1 H , 3  H)-pyrimidinedione (11) 

A solution containing 7 (0.705 g, 3.12 mmol) and acetic anhy- 
dride (2.5 mL, 26.5 mmol) in pyridine (25 mL) was kept at room 
temperature for 25 h. It was treated then as described for the prep- 
aration of 8, and, after fractionation by silica gel column chro- 
matography, 11 (0.83 g, 86%) was obtained as a solid, R, 0.41 
{4:4:  1 (v/v/v) ethyl acetate - toluene-2-propanol). An analyti- 
cal sample was obtained by recrystallization from ethyl acetate - 
hexanes to give 11 as a white crystalline solid, mp 126-127°C; uv 
A,,, (C2H50H): 208 (E 9700), 265 (10 900) nm; A,,, (0.01 M HCI 
in C2H50H): 208 (E 9900), 265 (1 1 000) nm; A,,, (0.01 M NaOH 
in C2H50H): 219 (E 9500), 265 (8300) nm; 'H nmr (200 MHz, 
Me2SO-d6) 6: 1.46 ( l H ,  m, J ,,,,, = 13.8, 3 ~ 3 p , 4 ,  = 5.9, 3 ~ 3 f , 2 f  = 
2.0 Hz, H-37, 1 .82-2.46 (4H, m, H-3", H-4', H-5', and H-5"), 
1.92 (3H, s,  OAc), 2.03 (3H, s,  OAc), 4.02 (2H, m, OCH,), 4.78 
( IH,  m, 3 ~ I , . 5 .  = 12.4, 3 ~ 1 . , y  = 7.4, 3 ~ , . , 2 ,  = 5.2 Hz, H-1'), 5.14 
(IH,  m, 3 ~ 2 ' , , ,  = 5.2, 3~2. ,3"  = 4.8, 3~2 . , 3 f  = 2.0 HZ, H-27, 5.51 ( lH,  
d, 3~5.6 = 8.1 HZ, H-5), 7.71 ( lH,  d ,  ' ~ 6 , ~  = 8.1 HZ, H-6), 11.28 
( l H ,  br s, H-3). Spin-spin decoupling was performed at 6 1.46, 
4.02, 4.78, and 5.14. Anal. calcd. for Cl,H1806N2: C 54.19, H 
5.85, N 9.03; found: C 53.92, H 5.98, N 9.03. 

(*)-5-Fluoro-l-{cis-3-(hydroxymeth~~l)cyclopentyl)-2,4(1 H.3H)- 
pyrimidinedione (12) 

A fluorine-nitrogen mixture containing 5.1% fluorine was 
bubbled through a solution of acetic acid (150 mL) and compound 
8 (0.505 g, 2.00 mmol) for 30 min. The reaction solution was 
flushed with N2 for 10 min and the solvent was evaporated. The 
residue was dissolved in a solution of triethylamine-methanol-water 
{50 mL, 2 : 9 : 9  (v/v/v)), and the solution was kept at room tem- 
perature for 15 h. The solvent was evaporated with 10 mL of 
ethanol. The residue was diluted with methanol and fractionated 
by silica gel column chromatography to give 12 (0.308 g, 67%) as 
a white solid, Rf 0.67 {I : 1 : 1 (v/v/v) toluene - ethyl acetate - 2- 
propanol). An analytical sample was prepared by recrystallization 
from ethanol-hexanes, mp 152-153°C; uv A,,, (C2H50H): 209 (E 
9700), 275 (9100) nm; A,, (0.01 M HC1 in C2H50H): 209 (E 95001, 
275 (9100) nm; A,, (0.01 M NaOH in C2H50H): 218 (E 8700), 273 
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(6900) nm; ' H  nmr (200 MHz, Me2SO-d6) 6: 1.28-2.13 (7H, m, 
H-2', H-2", H-3', H-4', H-4", H-5', and H-5"), 3.38 (2H, t, 'J = 
5 .4Hz,  OCH,), 4.58 ( l H ,  t , ' J =  5 . 2 H z ,  OH) ,4 .72(1H,  m, H- 
l ' ) , 8 . 1 1 ( 1 H , d , 3 ~ = 7 . 3 H z , H - 6 ) ,  1 1 . 7 4 ( 1 H , b r d , J = 4 . 7 H z ,  
H-3). Anal. calcd. for CloH1303N2F: C 52.63, H 5.74, N 12.27, F 
8.32; found: C52.57,  H 5.82, N 12.36, F8.49.  

Fluorination of cornpound 9 
Compound 9 (0.361 g, 1.34 mmol) was treated as described for 

the preparation of compound 12. After fractionation by silica gel 
column chromatography two components were isolated having R;s 
0.82 and 0.67 { I :  1 : 1 (v/v/v) toluene - ethyl acetate - 2-pro- 
panol). The component having R,0.67 (0.123 g, 40%) was shown 
by its mp, 'H nmr and uv spectra, and elemental analysis to be 
identical with compound 12. The component having Rf 0.82 
(0.035 g, 10%) was compound 13. An analytical sample of com- 
pound 13 was prepared by recrystallization from ethyl acetate - 
hexanes, mp 136- 137°C; uv A,,, (C2H50H): 208 (E 10 400), 275 

(9000) nm; A,,, (0.01 M HC1 in C2H50H): 209 (E 10 OOO), 275 
(9000) nm; A,,, (0.01 M NaOH in C2H50H): 2 18 (E 10 OOO), 273 
(6900) nm; 'H nmr (200 MHz, Me,SO-d6) 6: 1.34-2.08 (6H, m, 
H-2', H-2", H-4', H-4", H-5', and H-5"), 2.01 (3H, s,  OAc), 2.25 
( lH,  m, H-3'),3.99 (2H, m, OCH?), 4.75 ( lH,  m, H-1'), 8.15 (IH, 
d, 3~ = 7.7 Hz, H-6), 11.76 (IH,  br d, J = 4.7 Hz, H-3). Spin- 
spin decoupling was performed at 6 2.25 and 4.75. Anal. calcd. 
for CI2Hl5O4NZF: C 53.33, H 5.59, N 10.37, F 7.03; found: C 
53.02, H 5.70, N9.94,  F7.00.  

(&)-5-Fluoro-I -{(I P,3 P,4 P)-3-hydroxy-4-(hydroxymethyl) 
cyclope~zryl}-2,4(1 H,3 H)-pyrimidinedione (14) 

An acetic acid solution (400 mL) of compound 10 (1.467 g,  
4.72 mmol) was treated as described for the preparation of com- 
pound 12. After fractionation by silica gel chromatography, 14 
(0.698 g,  60%) was obtained as a solid, Rf 0.55 {l  : 1 : 1 (v/v/v) 
toluene - ethyl acetate - 2-propanol}. An analytical sample was 
prepared by recrystallization from ethanol, mp 213°C; uv A,,, 
(C2H50H): 208 (E 9900), 275 (9000) nm; A,,, (0.01 M HC1 in 
C2H50H): 209 (E 9600), 275 (9000) nm; A,,, (0.01 M NaOH in 
C2H50H): 221 (E 7400), 273 (6900) nm; 'H nmr (200 MHz, 
Me,SO-d6) 6: 1.37 (1 H, t of d, J = 12.1, 3~ = 8.6 Hz, H-5'), 

g...I 1.56 ( lH,  br d of d, J ,,,,, = 15.1, J,..,. = 3.4 Hz, H-27, 1.88 ( lH,  
m, H-4'), 2.08 (IH,  m, H-5"), 2.27 ( l H ,  m, J ,,,,, = 15.1, 'J,..,,. = 
11.0, J2".3t = 4.5 Hz, H-2"), 3.42 ( l H ,  m, J ,,,,, = 10.6, 3~ = 

5.3 HZ, 0CH2),  3.59 ( lH,  m, J ,,,,, = 10.6, 3 ~ 1 , 0 ~  = 5.3, 3 ~ , o H . 4  = 
7.7 Hz, OCH,), 4.11 ( lH,  m, H-3'), 4.39 ( l H ,  t, 'J = 5.3 Hz, 
HOCH,), 5.04(1H, m, H-l'), 5.12(1H, d, ' J ~ ~ H . ~ '  = 3.6Hz,  OH), 
8.19 ( lH,  d, 3~ = 7.3 Hz, H-6), 11.72 ( lH,  br d, J = 5.2 Hz, H-3). 
Spin-spin decoupling was performed at 6 4.11 and 5.04. Anal. 
calcd. for CIoH,,O4N2F: C 49.18, H 5.37, N 1 1.47, F 7.78; found: 
C49.18,  H 5 . 0 3 , N  11.05, F7.45.  

(*)-5-Fluoro-I-{(] P,2 P,4 P)-2-hydroxy-4-(hydroxytnethyl) 
cyclopenty1)-2,4(1 H,3  H)-pyrimidinedione (15) 

An acetic acid solution (200 mL) of compound 11 (0.715 g, 
2.30 mmol) was treated as described for the preparation of com- 
pound 12. After fractionation by silica gel column chromatogra- 
phy, 15 (0.451 g, 80%) was obtained as a white solid, Rf 0.57 
11: 1 : 1 (v/v/v) toluene - ethyl acetate - 2-propanol). An analyt- 
ical sample was obtained by recrystallization from ethanol-hex- 
anes, mp 160-161°C; uv A,, (C,H50H): 208 (E 10 OOO), 275 (9800) 
nm; A,,, (0.01 M HC1 in C2H50H): 209 (E 9800), 275 (9800) nm; 
A,, (0.01 M NaOH in C2H50H): 219 (E 9100), 273 (7500) nm; 'H 
nmr (200 MHz, Me2SO-d6) 6: 1.30 ( lH,  m, H-3'), 1.66-2.15 (4H, 
m, H-3", H-4', H-5', and H-5"), 3.39 (2H, m, OCH,), 4.04 (1 H, 
m, H-27, 4.48 ( lH,  m, 3 ~ l , , , .  = 11.6, 'J,,,,.. = 7.2 Hz, H-1'), 4.62 
( l H ,  t , 3 ~ =  ~ . O H Z , H O C H ~ ) , ~ . ~ ~ ( ~ H , ~ , ~ J = ~ . ~ H ~ , O H ~ ~  
2 ' ) , 7 . 9 2 ( 1 H , d , 3 ~ = 7 . 7 H z , H - 6 ) ,  11.74(1H,brs ,H-3) .  Spin- 
spin decoupling was performed at 6 4.04 and 4.48. Anal. calcd. 
for CloHI,O4N,F: C 49.18, H 5.37, N 11.47, F 7.78; found: C 
49.31, H 5.10, N 11.30, F7.69.  

(*)-5-Fluoro-l -{(I P,3 P,4 P)-3-hydroxy-4-(triphenylmethoxy- 
tnethyl)cyclopentyl)-2,4(1 H,3H)-pyrirnidinedione (16) 

A solution of 14 (0.698 g,  2.86 mmol) and chlorotriphenylme- 
thane (1.252 g, 4.49 mmol) in pyridine (30 mL) was heated at 
100°C in an oil bath for I h. Additional chlorotriphenylmethane 
(0.292 g, 1.05 mrnol) was added and the heating was continued for 
0.5 h. The reaction solution was cooled to room temperature and 
poured into ice-water (150 mL), and the mixture was stirred until 
a solid was obtained. The solid was collected by filtration, washed 
with water (50 mL), dried, dissolved in methylene chloride - 
ethanol, and fractionated by silica gel column chromatography to 
give 16 (1.255 g, 90%) as a white solid, mp 223-224"C, Rf 0.59 
{ lo :  10: 1 (v/v/v) toluene - ethyl acetate - 2-propanol). A sec- 
ond purification by silica gel column chromatography gave a white 
powdery solid after dilution of the concentrated eluate with tol- 
uene, mp 226-228°C; 'H nmr (200 MHz, Me,SO-d,) 6: 1.39 (IH,  
m, J ,,,,, = 12.0 Hz, H-5'), 1.55 ( l H ,  d of d ,  J ,,,,, = 15.4 '5 = 
3.3 Hz, H-27, 1.9-2.3 (2H, m, H-4' and H-5"), 2.32 (1 H, m, J, ,,, 
= 15.4, 'J = 11.0, 'J2..,,. = 4.4 Hz, H-2"), 2.99 ( l H ,  m, OCH,), 
3.24 ( l H ,  d of d, J ,,,,, = 8.3, 'J = 6.8 Hz, OCH,), 4.16 ( l H ,  m, 
H-37, 5.07 ( l H ,  m, H-I f ) ,  5.18 ( l H ,  d ,  3~10H.3.  = 3.7 Hz, OH), 
7.15-7.42 (15H, m, Ph), 8.08 ( l H ,  d, 3~ = 7.3 Hz, H-6), 11.73 
( l H ,  br d, J = 5.2 Hz, H-3). Spin-spin decoupling was per- 
formed at 6 4.16. 

(*)-5-Fluoro-1 -{(I P,3 P,4 P)-3-(methylsulfonylo.ry)-4- 
(triphenylmethoxymethyl)cyclopenryl)-2, H,3  H)- 
pyritnidinediot~e (1 7) 

A solution of 1 6  (1.184 g, 2.43 mmol) in pyridine (20 mL) was 
cooled in an ice bath and methanesulfonyl chloride (1.0 mL, 
12.9 mmol) was added. The reaction solution was then stirred at 
room temperature for 16 h. The reaction solution was poured into 
ice-water (150 mL) and the mixture was stirred until the ice melted. 
The solid was collected by filtration, washed with water (100 mL), 
dried, dissolved in pyridine, and fractionated by silica gel column 
chromatography to give 17 (1.142 g, 83%) as a faintly yellow solid, 
mp 160-165°C (dec.), Rf 0.54 (12: 12: 1 (v/v/v) toluene - ethyl 
acetate - 2-propanol}; 'H nmr (200 MHz, Me,SO-d6) 6: 1.56 ( lH,  
m, H-5'), 1.98 ( lH,  br d of d, J ,,,,, = 15.6, 'J,.., = 5.5 Hz, H-27, 
2.18 ( lH,  m, J ,,,,, = 12.4, 3~ = 7.1 Hz, H-5"), 2.4-2.6 ( l H ,  m, 
H-4'), 2.63 ( l H ,  m, J ,,,,, = 15.6, 3 ~ y , l .  = 10.1, 3 ~ 2 " , 3 ,  = 5.2 Hz, 
H-29, 2.98 (3H, s,  Me), 3.02-3.22 (2H, m, OCH,), 5.03 ( lH,  m, 
H-1'1, 5.21 ( lH,  m, H-37, 7.14-7.43 (15H,'m, Ph), 7.73 (IH, d, 
'J = 7.1 Hz, H-6), 1 1.8 1 (1 H, br d ,  J = 5.2 Hz, H-3). Spin-spin 
decoupling was performed at 6 1.56 and 5.2 1. 

(*)-5-Fluoro-l -{(I P ,3  a , 4  P)-3-chloro-4-(triphenylmethoxy- 
methyl)cyclopentyl}-2,4(1 H,3  H)-pyrimidinedione (18),(?)- 
~-f7uoro-~-{3-(triphenylmethoxymethyl)-3-cyc~o-penten-l- 
yl}-2,4(1 H.3H)-pyrimidinedione (21), and (+)5-fluoro-I- 
{~is-4-(tripher1~lmetho.rymeth~l)-2-c~clo~enten-l -yl}- 
2,4(1 H,3  H)-pyritniditledione (22) 

A solution of 17 (0.19 1 g, 0.338 mmol) and tetraon-butylam- 
monium chloride (0.47 g, 1.70 mmol) (dried over 4 A sieves) in 
N,N-dimethylformamide (10 rnL) was heated in an oil bath at 85'C 
for 1 h and then kept at room temperature overnight. The volume 
of the solution was reduced by evaporation under reduced pres- 
sure and the residue was fractionated by silica gel column chro- 
matography. Two components were isolated having Rf's 0.41 (18) 
and 0.29 (21 and 22) (3: 1 (v/v) toluene - ethyl acetate}. Com- 
pound 18 (0.106 g, 62%) was recrystallized from ethanol-water 
to give a white crystalline solid (0.082 g), mp 231-233°C; 'H nmr 
(200 MHz, Me2SO-d6) 6: 1.65 ( l H ,  m, H-5'), 2.09-2.49 (4H, m, 
H-2', H-2", H-4', and H-5"), 3.07 ( l H ,  d of d, J ,,,, = 9.0, '5 = 
6.1 Hz, OCH?), 3.18 ( lH,  d of d, J ,,, = 9.0, '5 = 5.2 Hz, OCH,), 
4.44 ( l H ,  q, 3~ = 7.2 Hz, H-3'), 4.96 ( l H ,  m, H-1'), 7.22-7.43 
(15H, m, P h ) , 8 . 0 9 ( l H , d , ' J = 7 . 3 H z , H - 6 ) ,  11.79(1H, b r d ,  
J = 5 .2  Hz, H-3). Spin-spin decoupling was performed at 6 4.44 
and 4.96. The component having Rr 0.29 (0.046 g, 29%) was a 
colorless glassy solid and consisted of a mixture of compounds 21 
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and 22 in a 3: 1 ratio, respectively. This ratio was calculated from 
the integrals of the 'H nrnr signals of the l ' ,  2 ' ,  3 ' ,  and 4'  pro- 
tons. Compound 22: 'H nrnr (400 MHz, Me,SO-d6) 6: 1.29 ( l H ,  
m, H-5'), 2.41-2.50 ( lH,  m, H-5"), 2.94 ( l H ,  m, H-4'), 3.05- 
3.07 (2H, m, 0CH2), 5.41 ( IH,  m, H-l ' ) ,  5.75 ( lH,  m, H-2' or 
H-3'), 6.17 ( l H ,  m, H-2' or H-3'), 7.1-7.4 (15H, m, Ph), 7.44 
( IH,  d ,  3~ = 6.8 Hz, H-6), 1 1.77 ( l H ,  d ,  J = 5.3 Hz, H-3). The 
remaining signals in the 'H nmr spectrum correspond to those In 
the spectrum of the compound, assigned the structure of 21, ob- 
tained in the following experiment. 

(?)-5-Fluoro-1 -{(I P ,3a ,4  P)-3-bromo-4- 
(triphetzylmethoxymethyl)cyclopentyl}-2 ,4(1 H , 3  H)- 
pyrimidinedione (191, 21, and 22 

A solution of 17 (0.160 g, 0.283 mmol) and tetra-pbutylam- 
monium bromide (0 5 17 g, 1.60 mmol) (dried over 4 A sieves) in 
N,N-dimethylformamide (10 mL) was heated in an oil bath at 85OC 
for 1 h and then kept at room temperature overnight. The volume 
of the solution was reduced by evaporation under reduced pres- 
sure and the residue was fractionated by silica gel column chro- 
matography. Two components were isolated having Rf's 0.41 (19) 
and 0.29 (21 and a trace of 22) {3: 1 (v/v) toluene - ethyl ace- 
tate}. Compound 19  (0.065 g, 42%) was recrystallized from 
ethanol-water to give a white crystalline solid (0.054 g), mp 205- 
208°C (dec.); 'H nmr (200 MHz, Me,SO-d6) 6: 1.66 ( lH,  m, H-5'), 
2.13-2.60 (4H, m, H-2', H-2", H-4', and H-5"), 3.06 (1 H, d of 
d ,  J ,,,,, = 9.2, 3 ~ =  6 6 . 2 2 ,  OCH,), 3 .19(1H, d o f d ,  J ,,, = 9.2, 
3~ = 5.2 Hz, OCH,), 4.49 ( l H ,  q, 3~ = 7.8 Hz, H-37, 4.97 ( l H ,  
m, H-1'), 7.22-7.44 (15H, m, Ph), 8.10 ( lH,  d, 3~ = 7.5 Hz, H-6), 
1 1.79 (1 H, br d, J = 5.2 Hz, H-3). Compound 21 (0.043 g, 33%) 
was obtained as a solid after drying under vacuum; 'H nrnr 
(200 MHz, Me,SO-d,) 6: 2.38-2.87 (4H, m, H-2', H-2", H-5', and 
H-5"), 3.58(2H, m, 0 C H 2 ) , 5 . 1 2 ( 1 H ,  m, H-1'), 5 .78(1H, m, 
H-4'), 7.14-7.46 (15H, m, Ph), 7.77 (1 H, d, 3~ = 7 2 HZ, H-6), 
11.78 ( lH,  br d, J = 5.2 Hz, H-3). 

(?)-5-Fluoro-l -{(l P ,3a ,4  P)-3-azido-4-(tripheny1methoq~- 
methyl)cyclopentyl}-2,4(1 H , 3  H)-pyrimidinedione (20) 

A mixture of 17 (0.50 g, 0.88 mmol) and sodium azide (0.291 g, 
4.48 mmol) in N,N-dimethylformamide (1 1 mL) was stirred in an 
oil bath at 85°C for 30 min. The reaction mixture was cooled and 
poured into ice-water (80 mL). The white solid was collected by 
filtration, washed with water (40 mL), and dried, to afford 20 
(0.418 g, 93%) as a solid, R, 0.34 13: 1 (v/v) toluene - ethyl ace- 
tate}; ir v,,,(KBr): 21 10 (azide) cm-'; 'H nrnr (200 MHz, Me2SO- 
d6) 6: 1.56 ( IH,  m, H-5'), 1 95 ( l H ,  m , J  ,,,, = 14.1, 3 ~ 2 t , I .  = 8.8, 
3 ~ 2  ,3 = 5.6 Hz, H-27, 2.1-2.3 (3H, m, H-2", H-4', and H-5"), 
3.03-3.19 (2H, m, 0CH2), 4.04 ( l H ,  m, H-3'), 4.84 ( l H ,  m, 
H-l ' ) ,  7.23-7.44 (15H, m, Ph), 8.12 ( lH,  d, 3~ = 7.4 Hz, H-6), 
1 1.8 (1 H, br s,  H-3). Spin-spin decoupling was performed at 6 4.04 
and 4.84. 

(2)-5-Fluoro-1 -{(l P,3 a , 4  P)-3-chloro-4-(hydroxynzetI~yl)cyclo- 
penty1)-2,4(1 H,3 H)-pyrimidinedione (23) 

To a solution of compound 18 (65.5 mg, 0.130 mmol) in dry 
methylene chloride (20 mL) was added diethylaluminum chloride 
(1.08 mmol) in toluene (0.6 mL) and the reaction solution was 
stirred at room temperature for 45 min. The solution was then 
treated with a saturated aqueous solution of sodium hydrogen car- 
bonate (6 mL). The mlxture was extracted with methylene chlo- 
ride - acetonitrile solution {6 X 30 mL, 2: 1 (v/v)}, the solvent was 
evaporated, and the residue was fractionated by silica gel column 
chromatography to give 23  (30.5 mg, 90%); R, 0.46 (5: 5 :  1 (v/v/v) 
toluene - ethyl acetate - 2-propanol}. An analytical sample was 
prepared by recrystallization from ethanol-hexanes, mp 150- 152°C; 
'H nrnr (200 MHz, Me,SO-d6) 6: 1.54 (1 H, m, H-5'), 2.08-2.49 
(4H, m, H-2', H-2", H-4', and H-5"), 3.40-3.58 (2H, m, OCH?), 
4 . 4 3 ( 1 H , d o f t ,  3 ~ =  6.8, 3~ = 5.1 HZ, H-3 ' ) ,4 .90(1H, t, 3~ = 
5.3 Hz, OH), 5.02 ( l H ,  qu, 3~ = 8.7 Hz, H-1'), 8.11 ( l H ,  d, 3~ 

= 7.3 Hz, H-6), 11.80 (IH,  br d, J = 5.2 Hz, H-3). Anal. calcd. 

for C,0H12N203C1F: C 45.73, H 4.60, N 10.66, C1 13.50, F 7.23; 
found: C45.80,  H 4.66, N 10.62, C1 13.50, F6 .99 .  

(*)-5-Fluoro-1 -{(I P,3 a , 4  P)-3-bromo-4-(hydroxymethy1)cyclo- 
penty1)-2,4(1 H , 3  H)-pyrinzidinedione (24) 

Compound 19  (45.5 mg, 0.083 mmol) was treated with a solu- 
tion of diethylaluminum chloride (0.54 mmol) in toluene (0.3 rnL) 
as described for the preparation of compound 23. After fractiona- 
tion of the reaction product by silica gel column chromatography, 
24 (21.5 mg, 84%) was obtained as a solid, R, 0.47 {5 :5 : 1 (v/v/v) 
toluene - ethyl acetate - 2-propanol}. An analytical sample of 24 
was obtained by recrystallization from ethanol-hexanes, mp 162- 
165°C (dec.); 'H nrnr (200 MHz, Me,SO-d6) 6: 1.54 ( lH,  d ,  o f t ,  
J, ,,,, = 12.7, 3~ = 9.4 Hz, H-5'), 2.10-2.64 (4H, m, H-2', H-2", 
H-4', and H-5"), 3.3-3.8 (2H, m, OCH,), 4.49 (1 H, m, H-3'), 5.05 
( lH,  qu, 3~ = 8.6 Hz, H-1'), 8.12 ( lH,  d, 3~ = 7.1 Hz, H-6), 11.8 
( l H ,  br d, J = 5.3 Hz, H-3). Anal. calcd. for C,oH12N,03BrF: C 
39.11, H 3.94, N 9.12, Br26.02, F 6.19; found: C38.98, H 3.96, 
N 8.91, Br 26.32, F 5.96. 

(*)-5-Fluoro-1-{(1 P ,3a ,4  P)-3-azido-4-(hydroxyrnethy1)cyclo- 
pentyl}-2,4(1 H , 3  H)-pyrinzidinedione (25) 

Compound 20 (0.362 g, 0.71 mmol) was treated with a solu- 
tion of diethylaluminum chloride (3.6 mmol) in toluene (2.0 mL) 
as described for the preparation of compound 23. After fractiona- 
tion of the reaction product by silica gel column chromatography, 
25 (0.177 g, 93%) was obtained as a colorless oil, Rf 0.48 (4 : 4: 1 
(v/v/v) toluene - ethyl acetate - 2-propanol}; ir v,,, (KBr): 3480 
(hydroxyl), 2 120 (azide) cm-';  uv A,,, (C,H,OH): 210 (E 8600), 
274 (8900) nm; A,,, (0.01 M HCI in C,H,OH): 21 1 (E 8200), 274 
(8900) nm; A,,, (0.01 M NaOH in C2H50H): 220 (E 8100), 272 
(6800) nm; 'H nrnr (200 MHz, Me2SO-d6) 6: 1.49 ( l H ,  m, H-5'1, 
1.91 (IH,  m, J ,,,,, = 13.3, 3~2J, . . , ,  = 8.5, 3 ~ 2 s , 3 r  = 4 .6  Hz, H-29, 
1.97-2.23 (3H, m, H-2", H-4', and H-5"), 3.42-3.53 (2H, m, 
OCH,), 4.04 ( l H ,  d o f t ,  3~ = 7.8, 3~ = 4.7 Hz, H-3'), 4.83 ( lH,  
m, H-1'), 4.89 ( lH,  t, 3~ = 5 . 0 H z ,  OH), 8 .12(1H,  d ,  3 ~ =  
7.3 Hz, H-6), 11.79 ( l H ,  br d, J = 3.9 Hz, H-3). 

(*)-5-Fluoro-l -{3-(hydroxymethyl)-3-cyclopenten-1 -yl}- 
2,4(1 H,3 H)-pyrimidinediotze (26) and (*)-5-fluoro-l -{cis- 
4-(hydroxymethy1)-2-cyclopenten-1 -yl}-2,4(1 H ,3 H)- 
pyrimidinedione (27) 

A sample of compounds 21 and 22 (56.5 mg, 0.120 mmol), 
which were obtained as side-products in the preparation of com- 
pounds 18 and 19, was treated with a solution of diethylaluminum 
chloride (0.72 mmol) in toluene (0.4 mL) as described for the 
preparation of compound 23. After fractionation of the reaction 
product by silica gel column chromatography, a product (15 mg, 
56%) was obtained as a white solid, R, 0.29 {4:4: 1 (v/v/v) tol- 
uene - ethyl acetate - 2-propanol). The 'H nmr spectrum showed 
that this material consisted of compound 26 and a small amount of 
compound 27; the latter was identified by the chemical shifts for 
the signals of H-2' and H-3', namely, 6 5.68 and 6.09. The uv (of 
the mixture) A,,, (C,H50H): 209 (E 8500), 274 (8200) nm; A,,, 
(0.01 M HCI in C,H50H): 210 (E 7900), 275 (8200) nm; A,,, 
(0.01 M NaOH in C,H50H): 219 (E 8200), 274 (6300) nm. Com- 
pound 26: 'H nrnr (200 MHz, Me,SO-d6) 6: 2.31-2.87 (4H, m, 
H-2', H-2", H-5', and H-5"), 4.0 (2H, m, OCH,), 5.10 ( l H ,  m, 
H-1'), 5.55 ( l H ,  m, H-4'), 7.71 ( l H ,  d, 3~ = 7.3 Hz, H-6), 11.78 
( l H ,  br d ,  J = 5.2 Hz, H;-3). 

(?)-5-Fluoro-1 -{(l P ,3a ,4  P)-3-amino-4-(hydroxymethy1)cyclo- 
penty1)-2,4(1 H , 3  H)-pyrimidinedione (29) 

A solution of 25 (0.132 g ,  0.49 mmol) and triphenylphosphine 
(0.265 g, 1.01 mmol) in pyridine (15 mL) was kept at room tem- 
perature for 6 h; 15 M ammonia in water (2.0 mL) was added and 
the reaction solution was kept at room temperature for an addi- 
tional 3 h. The volume of the solution was reduced to 2.0 mL and 
the residue was fractionated by silica gel column chromatography 
(3 : 3 : 1 (v/v/v) acetonitrile-2-propanol - 15 M ammonia in water) 
to give 29 (0.107 g ,  90%) as a white solid. An analytical sample 
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was prepared by recrystallization from water-ethanol, mp 176- 
178°C (dec.); uv A,, (C,H,OH): 210 (E 7800), 275 (8500) nm; A,, 
(0.01 M HCI in C2HsOH): 210 (E 7700), 273 (8500) nm; A,,, 
(0.01 M NaOH in C2H50H): 219 (E 7600), 273 (6500) nm; 'H nmr 
(200 MHz, Me2SO-d6) 6: 1.41 ( l H ,  m, H-57, 1.58-1.76 (2H, m, 
H-2' andH-4'), 1 .92( lH,  d o f t ,  J ,,,,, = 13.2, 9 = 7 . 9 9 2 ,  H - 2 ) ,  
2.04 (IH,  d of t, J ,,,,, = 12.6, 'J = 7.2 Hz, H-5"), 3.17 ( IH,  m, 
H-3'), 3.39-3.55 (2H, m, OCH?), 4.94 ( l H ,  m, H-1'). 8.06 ( IH,  
d ,  'J = 7.3 Hz, H-6). Spin-spin decoupling was performed at 6 
3.17 and 4.94. Anal. calcd. for CloHl,N,O,F~ H20:  C 45.98, H 
6.17, N 16.08, F7.27;found: C46.26,  H 5.90, N 16.14, F7.11.  
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Isolation and structure of cribrostatins 1 and 2 from the blue marine sponge 
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GEORGE R. PETTIT, JEREMIAH C. COLLINS, DELBERT L. HERALD, DENNIS L. DOUBEK, MICHAEL R. BOYD, JEAN M. 
SCHMIDT, JOHN N. A. HOOPER, and LARRY P. TACKETT. Can. J. Chem. 70, 1170 (1992). 

The blue marine sponge cribrostatins 1 (1, 8.8 x yield) and 2 (2, 3.1 x yield) active against the P388 
lymphocytic leukemia cell line (ED,, 1.58 and 2.73 kg/mL respectively) have been isolated. The previously known is- 
oquinolinequinones mimosamycin (3), renierone (4), and O-demethylrenierone (5) were also isolated and shown to dis- 
play activity against the P388 cell line (ED,, 0.73, 2.75, and 8.36 kg/mL, respectively). Importantly, both cribrostatln 
1 and mimosamycin showed selective activity against all of the nine human melanoma cell lines employed by the U.S. 
National Cancer Institute. Structural determinations were accomplished utilizing high field nuclear magnetic resonance 
(400 MHz) and mass spectral studies. Confirmation of the cribrostatin 1 structure was achieved by X-ray crystallo- 
graphic techniques. 

GEORGE R. PETTIT, JEREMIAH C. COLLINS, DELBERT L. HERALD, DENNIS L. DOUBEK, MICHAEL R. BOYD, JEAN M. 
SCHMIDT, JOHN N. A .  HOOPER et LARRY P. TACKETT. Can. J. Chem. 70, 1 170 (1992). 

On a is016 les cribrostatines 1 ( I ,  rendement de 8,8 x et 2 (2, rendement de 3 , l  x lo-'%) de 1'Cponge ma- 
rine bleue; elles sont actives contre la lignCe de cellules P388 de la leucemie lymphocytaire (ED,, respectives de 1,58 
et 2,73 pg/rnL). On a aussi isole les isoquinoleinequinones suivantes qui sont dkj9 connues, mimosamycine (3), r6niCrone 
(4) et O-demtthylr6niCrone (5), et qui ont montrC une activite contre la lignke de cellules P388 (ED,, respectives de 0,73, 
2,75 et 8,36 pg/mL). Plus important encore, la cribrostatine 1 ainsi que la mimosamycine ont dCmontrC une actjvite 
selective contre les neuf IignCes de cellules mClanomes humaines employees par 1'Institut National du Cancer des Etats 
Unis. On a dttermine les structures 9 l'aide des spectres en resonance magnCtique nucleaire 9 400 MHz et par spec- 
tromCtrie de masse. On a confirm6 la structure de la cribrostatine 1 par les techniques de la diffraction des rayons X. 

[Traduit par la rCdaction] 

I 

Introduction 

The phylum Porifera rapidly became of increasing im- 
portance in our early research devoted to the f ~ r s t  system- 
atic investigation of marine animals as new sources of 
potential anticancer drugs (2). Subsequent detection of anti- 
neoplastic activity in some of these sponge species led us to 
the isolation of such cell growth inhibitory compounds as 
macrocyclic lactones (3), pyrroles (4), peptides (5), and 
proteins (6). Meanwhile the isolation of heterocyclic ma- 
rine sponge constituents such as pyrroles (7), imidazoles (8), 
oxazoles (9), indoles (lo), pyridines (1 1), quinolizidines (1 2), 
pteridines (13), acridines (14), other nitrogen systems (15), 
and quinones (16) has been rapidly accelerating. S o  far ten 
isoquinolinequinones have been isolated from blue species 
of the sponge genera Reniera and Xestospongia (1 7). 

In 1986 we conducted an exploratory survey of marine 
Porifera off remote islands in the Republic of the Maldives 
and located a deep-blue colored specimen of Cribrochalina 
sp. (Haplosclerida order) that afforded an orange ethanol 
extract. The encrusting sponge was found in areas of strong 
(and dangerous) currents to -45 m in the south side of east 
reef passages and yielded an ethanol extract that provided 
40% life extension (at 50  mg/kg) against the U.S. National 
Cancer Institute's in vivo murine P388 lymphocytic leuke- 

mia (PS system). Bioassay-directed isolation using the in vitro 
PS leukemia led to the discovery of new cytostatic isoquin- 
olinequinones designated cribrostatin 1 (1) and cribrostatin 
2 (2), as well as several previously known pigments that were 
also found to possess PS cell growth inhibitory activity. Only 
one other species of the genus, Cribrochalina dura (from the 
Bahamas), appears to have received prior chemical study, 
and a cytotoxic acetylenic carbinol (duryne) was isolated (18). 

A 1989 recollection (about 350 kg wet weight) of the 
Maldive Cribrochalina sp. was subjected to successive 
ethanol and 1 : 1 methanol - methylene chloride extrac- 
tions, and an array of solvent partition separations, to pro- 
vide a PS active methylene chloride extract, which upon 
evaporation yielded a black semisolid (PS ED,, 6.7 pg/mL). 
The PS active fraction was further separated by a series of 
size exclusion and partition chromatographic steps utilizing 
Sephadex LH-20 (Scheme 1) to afford the new isoquino- 
linequinones, cribrostatin 1 (1) as red-orange crystals 
(3 1 mg , 8 .8  X 1 o - ~ %  yield) and the golden-yellow cribro- 
statin 2 (2, 11 mg, 3.1 x yield). The structure of the 
cytostatic metabolite cribrostatin 1 (1) was determined by 
hreims, a variety of high-field nrnr techniques, and con- 
firmed by single-crystal X-ray diffraction analysis. W e  also 
report here isolation of the previously known mimosamycin 
(3, 124 mg, ref. 21), renierone (4, 174 mg, ref. 19), and 

'Pan 228 of the series Antineoplastic agents. For Part 227 see o-demethilrenierone (5, 94 mg, ref. 20), identical with au- 
ref. 1 . thentic samples.' 

' ~u thor  to whom correspondence may be addressed. 
'National Cancer Institute, Frederick Cancer Research and De- '~uthentic samples of renierone (4) and mimosamycin (3) were 

velopment Center, Frederick, Maryland. provided by Dr. D. J. Faulkner, Scripps Institution of Oceanog- 
"~orthern Territory Museum, Darwin, Australia. raphy, California. 

Rimed in Canada 
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Mass spectral (by hreims) analysis of cribrostatin 1 re- 
vealed the molecular formula CllHloN,O,. The mass spec- 
tral fragmentation pattern of cribrostatin 1 exhibited the loss 
of HCN (27) and CO (28), indicating the possibility of a ni- 
trogen-containing quinone. The results of uv/vis (232, 265, 
and 272 nm) and infrared spectra (1681 and 1635 cm-I) 
suggested a quinone while further infrared absorptions (3405 
and 3300 cm-') hinted at the presence of a primary amine. 
The 400 MHz 'H nmr spectrum (Table 1) of cribrostatin 1 
displayed a set of doublets at 6 7.86 and 8.83 ( J  = 4.9 Hz). 
The downfield signal at 6 8.83 suggested a proton adjacent 
to nitrogen in a heteroaromatic system. The spectrum also 
exhibited two methyl group resonances at 6 2.01 and 2.98 
and a broad two-proton singlet at 6 5.20. The latter signal 
disappeared on deuterium exchange, again suggesting a pri- 
mary amino group. The I3c nmr spectrum of cribrostatin 1 
revealed two carbonyl carbon signals at 6 180.9 and 18 1.85 
suggestive of a quinone. Five other quaternary aromatic 
carbons were evident as well as two aromatic methine car- 
bons and two methyl carbons. The substitution pattern was 
established by application of a heteronuclear multiple bond 
correlation (hmbc) (22) nmr experiment in conjunction with 
'H-13c couplings (23). Most of the two- and three-bond 
'H-I3c coupling signals were evident and supported struc- 
ture 1 for cribrostatin 1. An X-ray crystallographic analysis 
(cf. Fig. 1) was used to confirm the structure (1) of cribro- 
statin 1. 

Mimosamycin (3), renierone (4), and O-demethylreni- 
erone (5) were isolated employing chromatographic tech- 
niques on Sephadex LH-20 as summarized in Scheme 1. 
Mimosamycin was identified by hreims and 13c and 'H nmr 
techniques and was identical with an authentic sample iso- 
lated from the marine sponge Reniera sp. (20; see also foot- 
note 5). 'The quinone was first isolated from Streptomyces 
lavendulae No. 3 14 (2 1) and subsequently from the sponge 
Xestospongia caycedoi (24). The frst fully assigned I3c nmr 
signals for mimosamycin are recorded in Table 2. Un- 
ambiguous assignment was made possible by employing 
hrnbc nmr experiments. The long-range two- and three-bond 
lH-I3c coupling confirmed the structure of mimosamycin 
and provided a means for differentiating between the qui- 
none carbonyl carbon signals and identifying the remaining 

carbon signals. Mimosamycin was earlier evaluated against 
the L1210 murine lymphocytic leukemia cell line (21) and 
found inactive. However, we found significant activity 
against the P388 leukemia cell line (ED,, 0.73 pg/mL) and 
this potentially important observation was pursued as noted 
in the sequel. 

Cribrostatin 2 (2) was isolated (Scheme 1) from the same 
parent fraction as mimosamycin. The structure of this qui- 
none (mp 194-195"C, 11 mg) was identified by analyzing 
the I3c and 'H nmr spectra. The ethoxy group was evident 
from the presence of a quartet and a triplet at 6 4.48 and 1.39 
( J  = 7.0 Hz) respectively, with the corresponding carbon 
signals at 6 69.78 and 16.07. The remaining proton and 
carbon nmr data were very similar to those of mimosamy- 
cin except for the distinct lack of any signals due to a meth- 
oxy group (Table 2). Further structural support for cribrostatin 
2 was obtained from the mass spectral fragmentation pat- 
tern. Losses of HCN (27), CH, (15), and CO (28) were 
consistent with the structure. A fragmentation ion at m/z  218 
was indicative of ethyl group removal from the molecular ion. 

Renierone (4) and its 0-demethyl derivative (5) were iso- 
lated from Cribrochalina sp.  as outlined in Scheme 1. The 
sponge Reniera sp.  (19) earlier yielded renierone (4), O-de- 
methylrenierone (5) (20), and mimocin (6) (also isolated from 
Streptomyces lavendulae No. 3 14, ref. 25) and these repre- 
sented the first examples of isoquinolinequinones found in 
nature. Cribrostatins 1 (1) and 2 (2) herewith join this rela- 
tively rare group of sponge and microorganism biosynthetic 
products. Indeed the sponge isoquinolinequinones may in turn 
be derived from commensal marine microorganisms. 

Presently the Cribrochalina sp.  constituents are undergo- 
ing detailed antineoplastic evaluation. Initial investigations 
of cribrostatin 1 (1) and mimosamycin (3) in the U.S. Na- 
tional Cancer Institute's new in vitro disease-oriented anti- 
tumor screen (26) revealed melanoma cell line subpanel 
specificity; the statistical criteria currently used to define 
subpanel specificity are defined elsewhere (27). The human 
tumor cell line panel currently used for. these studies con- 
sists of a diverse array of 60 different cell lines representing 
eight major cancer subtypes (26). All nine of the melanoma 
cancer lines (LOX- 1 MVI; MALME-3M; M 14: M 19-MEL; 
SK-MEL-2; SK-MEL-28; SK-MEL-5; UACC-257; UACC- 
62) currently included in the panel showed sensitivity greater 
than the anel mean; LC,, values (27) ranged between lop5 J' and 10- molar, with the greatest sensitivity shown by the 
M19-MEL and the SK-MEL-5 lines. Further biological 
studies are underway. 

Experimental 

General methods 
Solvents used for chromatographic procedures were redistilled. 

The Sephadex LH-20 (25-100 pm) employed for gel permeation 
and partition chromatography was obtained from Pharmacia Fine 
Chemicals AB, Uppsala, Sweden. Gilson FC-220 and FC-202 
fraction collectors were used for chromatographic fractionation 
experiments. Silica gel GF Uniplates for tlc and silica gel Si 60 
Lobar columns were used for chromatographic separation. All tlc 
plates were viewed with uv light and (or) developed with a ceric 
sulfate - sulfuric acid spray (heating to approximately 150°C for 
10 min). 

The uncorrected melting points were observed with a Reichert 
type 7905 melting point apparatus. The ir spectral data were ob- 
tained using a Nicolet MX-1 FTIR spectrophotometer. Mass spec- 
tra were obtained using a Kratos MS-50 spectrometer (70 eV). The 
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Cribrochalina sp. 
I 

1 : 1 CH30WCH2C12 
extract extract 

water CH2C12 fractions methanouwater 

hexane 9: 1 methanouwater 

CH2C12 3:2 methanouwater 
(195 g) 

I 
Sephadex LH-20 

methanol 

l b 1 
I I 

J C D 
(6.2 g, PS 2.3) (1.12 g, PS 2.6) (1.09 g, PS 3.4) 

c I c I c I 
K E F , (1.129J PS 1.2) , 5 8 0 p s l . 5 ,  (634 rng, PS 1.6) 

Renierone (4) 0-Dernethylrenierone (5) 
(174 rng, PS 2.8) (94 rng, PS 8.4) 

5.0 x lo-,% 2.7 lo-5% G H I 
(50 rng, PS 0.9) (135 rng, PS 2.5) (67 rng, PS 2.8) 

~ribrostatin 2 (2) ~ i m o s a m ~ c i n  (3) ~ribrosiatin 1 (1) 
(11 rng, PS 2.73) (124 rng, PS 0.73) (31 rng, PS 1.58) 

3.1 x104% 3.5 x ~ o - ~ %  8.8 x104% 

a: PS values determined in the P388 rnurine lvrnphocvtic leukemia cell line are expressed as 
the ED,, in pg/mL 

b: Se~hadex LH-20. 3:2 CH,Cl,/rnethanol 
c: ~ e i h a d e x  LH-20: 3: 1 : 1 h~xa~e/toluene/rnethanol 
d: Sephadex LH-20, 8: 1: 1 hexanel2-propanoUrnethano1 
e: Fractional crystallization 
f: Lobar column (silica gel), 10-30% ethyl acetate/CH2C12 

SCHEME 1. Isolation of cribrostatins 1 and 2 

TABLE 1. The ' H  and "C nmr spectra of cribrostatin 1 (1) with as- 
signments relative to tetramethylsilane in deuteriochloroform 

Position no. 'H (400 MHz) I3c (100 

7.86 d, J = 4.9 Hz 117.70 
140.77 
180.90 
111.80 
146.94 
181.85 
122.38 

2.98 s 25.69 
2.01 s 9.23 
5.20 brs 

"Two drops of DMSO-d, were used to aid d~ssolution. 

nmr experiments were conducted with Bruker WH-400 and Varian 
VXR-500 instruments using deuteriochloroforrn as solvent (TMS 
internal standard). The X-ray crystallographic experiments were 
conducted with an Enraf-Nonius CAD-4 diffractometer. Elemen- 
tal analyses were performed by Spang Microanalytical Laborato- 
ries. Authentic samples of previously known compounds were 
compared with the isolated products by means of tlc, ir (KBr), and 
nmr techniaues to establish mutual identities. 

Animal collection and preliminary experiments 
In June 1986, approximately 2 kg (wet wt.) of the sponge Cri- 

brochalina sp. (Niphatidae family, Haplosclerida order, Dernos- 
pongiae class) was collected by SCUBA in the channel between 
Guradu and Madu Islands of South Ma16 Atoll, Republic of the 
Maldives, at depths of - 15 to -33 m and then preserved in ethanol. 
The combined ethanol and subsequent 2:  1 methanol - methylene 
chloride extracts gave a confirmed level of activity against the 
murine P388 lymphocytic leukemia (PS system) with 40% life ex- 
tension at 50 mg/kg. 

Animal extraction and solvent partitionirzg 
In 1988-1989 some 350 kg (wet wt.) of Cribrochalina sp.  was 

collected at various locations on North and South Ma16 Atolls (on 
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in methanol, employing the same solvent as eluent. Twelve dis- 
tinct fractions were separated; two fractions were combined and 
designated B (elution volume 3.0 L,  3.8 g, PS ED,, 4.0 p,g/mL). 
Fraction B was separated by partition chromatography on a 
Sephadex LH-20 column (5 x 105 cm) with 3 : 2  methylene chlo- 
ride - methanol as eluent to furnish active fraction D (elution vol- 
ume 300 mL, 1.091 g, PS ED,, 3 .4 p,g/mL). Further partition 
chromatography on Sephadex LH-20 (3 x 90 cm column) and 
elution with 3 : 1 : 1 hexane-toluene-methanol gave active fraction 
F (elution volume 300 mL, 634 mg, PS ED,, 1.6 p,g/mL). Final 
partition chromatography on a Sephadex LH-20 column (3 X 90 
cm) employing 8: 1 : 1 hexane-2-propanol-methanol as eluent re- 
sulted in six distinct composite fractions, of which the fraction la- 
beled I (67 mg, PS ED,, 2 .8 p,g/mL) at elution volume 100 mL 
gave, on fractional recrystallization from methylene chloride - 
methanol, cribrostatin 1 as red-orange crystals (31 mg, 8.8 X 

yield): mp 220-235°C (dec.); tlc (on silica gel) R, 0.48 (20: 1 
methylene chloride - methanol); uv/vis (CH30H) A,,,: 207 (E 

8730), 232(4700), 265(4170), 272(4160), 324(537) nm; ir v,,, 
(NaCl): 3405, 3300, 1681, 1635, 1602, 1558 cm-'; 'H nmr and I3C 
nmr (see Table 1); hreims (m/z): 202.0737 (Mf calcd. for 

Fic. I .  The crystal structure of cribrostatin 1 (1) illustrated by C I  ,HIONZ07 202.0742). Anal. calcd. for C l  lHION202: C 65.33, H 
a computer representation. 4.98, N 13.77; found: C 65.09, H 5.22, N 13.77. 

TABLE 2. The 'H and I3c nmr spectra of cribrostatin 2 (2) and mi- 
mosamycin (3). Each assignment is relative to tetramethylsilane in 

deuteriochloroform 

' H  (400 MHz) I3C (100 MHz) 

Position no. 2 3 2 3 

1 8.25 8.27 142.02 142.05 
2 
3 162.79 162.77 
4 7.10 7.11 116.67 116.70 
4a 138.95 138.86 
5 183.52 183.48 
6 133.71 133.13 
7 159.14 159.47 
8 177.37 177.29 
8a 111.29 111.25 
2-CH3 3.66 3.67 38.37 38.40 
6-CH3 2.07 2.07 9.66 9.53 
7-0CH3 4.17 61.27 
7-0CH2CH3 1.39 t, J = 7.0 H2 16.07 

4.48 q, J = 7.0 H2 69.78 

the south side of east coast passes), Republic of the Maldives, at 
depths of -5 to -45 m and were preserved in ethanol. The ethanol 
solution was decanted and the sponge reextracted twice with 1 : 1 
methanol - methylene chloride over a period of 5-19 days. The 
ethanol solution was partitioned with methylene chloride in a 
counter-current manner, with each portion being partitioned five 
times. The methylene chloride was removed (evaporation in vacuo) 
to provide a 1.3 kg residue (PS ED,, 1.25 p,g/mL). The chloro- 
carbon residue was partitioned between hexane and 9 :  1 metha- 
nol-water; the methanol-water phase was diluted to 3 : 2 methanol- 
water and partitioned against methylene chloride (the active frac- 
tion 127 g ,  PS ED,, 2.6 p,g/mL). Meanwhile the two methanol - 
methylene chloride extracts of the sponge were processed by add- 
ing water (15%) to separate a methylene chloride phase, which was 
evaporated (in vacuo) to dryness (521 g ,  323 g; PS ED,, 12.5, 
0.2 p,g/mL). These fractions were combined and partitioned as just 
summarized for the ethanol extract, yielding an additional active 
methylene chloride fraction (68 g ,  PS ED,, 6.7 p,g/mL). 

Isolation of cribrostatin 1 (I) 
A 195 g sample of the PS active methylene chloride fraction was 

chromatographed on a column of Sephadex LH-20 (15 x 150 cm) 

Crystal structure of cribrostatin (I) 
Dark-red crystals of cribrostatin 1 separated from a deuterio- 

chloroform - dimethyl sulfoxide solution (in an nmr tube) of the 
quinone upon standing. A crystal of dimension -- 0.04 X 0.40 X 

0.18 rnrn was obtained by cleavage from a larger crystal. Data were 
collected (Enraf-Nonius CAD-4 diffractometer) to a maximum of 
2 8  = 140" at 26 * 1°C. A quadrant of data was collected for the 
orthorhombic crystal, space group Pna2 , ,  with a = 16.792(3)2 b 
= 14.124(1), c = 3.912(1) A, a = P = y = 90°, V = 927.8 A ~ ,  
p, = 1.43 1 g ~ m - ~ ,  p, = 1.447 g cm-3 for Z = 4. The w/28  scan 
technique was us$d with graphite monochromated Cu K a  radia- 
tion (A 1.54178 A). After Lorentz and polarization corrections, 
merging of equivalent reflections, and rejection of systematic ab- 
sences, a total of 720 reflections (I > 3u(I)) were used in the 
structure determination. No absorption correction was made. Di- 
rect methods were used in the structure determination. All non- 
hydrogen atom coordinates were revealed in the initial run of 
SHELXS-86 (28). Refinement was performed with MOLEN (29). 
A non-Poisson contribution weighting scheme (scheme number 1 
in MOLEN) was used with Dunitz-Seiler modified weight (30). 
The hydrogen atom coordinates were calculated at optimum posi- 
tions and were included in a subsequent final stage of refinement, 
but were restrained to ride on the atom to which they were bonded. 
Full-matrix least-squares anisotropic refinement on all non-hydro- 
gen atoms, and isotropic temperature factors for hydrogens, yielded 
standard crystallographic residuals of R = 0.084, Rw = 0.05 1. A 
computer-generated perspective view of cribrostatin 1, showing 
50% probability ellipsoids, is shown in Fig. 1. 

Isolation of cribrostatin 2 (2) 
Separation of the active methylene chloride extract (195 g) on a 

Sephadex LH-20 column (15 x 150 cm) in methanol yielded 12 
fractions of which the fraction designated B was further separated 
on a Sephadex LH-20 column (5 x 105 cm) in 3:2 methylene 
chloride - methanol to yield active fraction C (elution volume 
300 mL, 1.12 g ,  PS ED,, 2.6 p,g/mL). Additional chromato- 
graphic separations on Sephadex LH-20 employing the solvents 
recorded in Scheme 1 resulted in active fraction G (50 mg, PS EDSo 
0.9 p,g/mL). Final separation was performed on a Lobar column 
(silica gel) employing a gradient eluent (1 : 9  3:7 ethyl ace- 
tate - methylene chloride) with a flow rate of 1.5 mL/min to fur- 
nish the title compound as a golden-yellow solid (1 l mg, 3. l x 

yield): mp 194-195°C; tlc (on silica gel) Rf 0.58 (20: 1 
methylene chloride - methanol); uv/vis (CH30H) A,,,: 209 (E 
5829), 328 (4126) nm; ir v,,, (KBr): 2953, 2854, 1682, 1643, 
1609, 1548 cm-I; I H  nmr and "C nmr (see Table 2); eims m/z: 247, 
232, 218, 203, 191, 175, 163, 149, 135. 
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Isolution of mitnosatnycirz (3) 
Fraction B (3.8 g, PS EDSo p,g/mL, see Scheme 1) derived from 

the 195 g active methylene chloride fraction was chromato- 
graphed on Sephadex LH-20 employing the three successive sol- 
vents as displayed in Scheme 1 to provide fraction H (135 mg, PS 
ED,, 2.5 p,g/mL). Subsequent fractional recrystallization from 
methylene chloride - methanol furnished mimosamycin (3) as 
golden-yellow crystals (124 mg, 3.5 X lo-,% yield): mp 223- 
227°C; tlc (on silica gel) RI 0.51 (20: 1 methylene chloride - 
methanol); ir v,,,, (KBr): 1678, 1644, 1633, 1582 cm-I; 'H nmr and 
I3C nmr (see Table 2); hreims (rn/z): 233.0680 (M+ calcd. for 
CI2HIINO4 233.0688). Anal. calcd. for C 1 2 H I I N 0 4 :  C 61.80, H 
4.75, N 6.01; found: C 61.74, H 4.89, N 5.71. 

Isolation ofretzierotze (4) 
Scheme I ,  fraction A (29.9 g, PS ED,,, 2.2 p,g/mL) was further 

separated by chromatography on a Sephadex LH-20 column (10 X 

135 cm) with 3 :  2 methylene chloride - methanol as eluent to give 
fraction J (elution volume 640 mL, 6.2 g, PS ED,,, 2.3 p,g/mL). 
Further chromatographic separation of fraction I on a Sephadex LH- 
20 column (5 x 105 cm) with 3:  1 : 1 hexme-toluene-methanol as 
solvent furnished fraction K (elution volume 900 mL, 1.13 g, PS 
ED,, 1.2 p,g/mL). Final chromatography on Sephadex LH-20 with 
8 : 1 : 1 hexane-isopropanol-methanol resulted in the isolation of 
renierone (4, 174 mg, 5.0 x lo-,% yield, PS ED5, 2.8 p,g/mL), 
which recrystallized from methylene chloride - methanol as am- 
ber colored crystals: mp 92.5-93.5"C; tlc (on silica gel) R, 0.74 
(20: 1 methylene chloride - methanol); ir v,,, (KBr): 2957, 2924, 
1718, 1669, 1653, 1570, cm-I; 'H nmr (400 MHz) 6: 1.97 (3H, 
dq, J  = 1.5, 1.5 Hz) 2.01 (3H, dq, J  = 7.2, 1.5 Hz), 2.08 (3H, 
s),4.14(3H, s), 5.77 (2H, s), 6.10(1H, qq, J =  7.2, 1.5 Hz), 7.86 
( lH,  d ,  J  = 4.9 Hz), 8.90 ( l H ,  d, J  = 4.9 Hz); "C nmr 
(I00 MHz) 6: 9.07, 15.75, 20.62, 61.23, 65.34, 118.34, 122.66, 
127.84, 130.49, 138.00, 138.87, 153.99, 156.88, 158.49, 167.93, 
181.75, 184.56; eimsmlz: 315, 216, 83, 82, 55. 

Isolation of 0-detnerhy lretzierone (5) 
The title compound was isolated from the same fraction K that 

furnished renierone by employing chromatography on Sephadex 
LH-20 with 8 :  1 : 1 hexane-isopropanol-methanol as eluent. 0- 
Demethylrenierone crystallized from methylene chloride - hex- 
ane as yellow-lime micro-needles (94 mg, 2.7 X lo-, yield, PS 
ED,, 8.4 p,g/mL): mp 137-138°C; ir v,, (KBr): 3280,2950,2920, 
1700, 1660, 1650, 1640, 1570 cm-';  'H nrnr (400 MHz) 6: 1.97 
(3H, dd, J  = 1.5, 1.5 Hz), 2.01 (3H, dq, J  = 7.1, 1.5 Hz), 2.11 
(3H, s), 5.79 (2H, s), 6.1 1 ( IH,  qq, J  = 7.1, 1.5 Hz), 7.51 ( IH,  
brs),  7 .94( lH,  d, J  = 5.0Hz), 8 .96(lH,  d, J  = 5.0Hz); I3Cnmr 
(100 MHz) 6: 8.56, 15.76, 20.60, 65.18, 119.05, 120.36, 120.59, 
127.69, 138.31, 139.96, 153.72, 155.29, 157.09, 167.84, 181.26, 
183.57; eims m/z: 301, 273, 244, 202, 162, 146, 1 17, 83, 82, 55. 
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Structural studies of organoboron compounds L.' 4-(2-Hydroxy-2,2-diphenylacety1)- 
6,6-pentamethylene-2-phenyl-1,3-dioxa-4-aza-2-boracyclohexane and 

4-[2,2-difluoro-5,5-bis(4-methoxyphenyl)-l,3-dioxa-2-borata-4-cyclopentylidene]- 
6,6-pentamethylene-2-phenyl-1,3-dioxa-4-azonia-2-boracyclohexane 
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(1992). 

The preparation of the organoboron compounds 4-(2-hydroxy-2,2-diphenylacetyl)-6,6-pentamethylene-2-phenyl-1,3- 
dioxa-4-aza-2-boracyclohexane, 6 ,  4-(2,2-difluoro-5,5-diphenyl-l,3-dioxa-2-borata-4-cyclopentylidene)-6,6-pentame- 
thy1ene-2-phenyl-1,3-dioxa-4-azonia-2-boracyc1ohexane7 14a, and 4-[2,2-difluoro-5,5-bis(4-methoxyphenyl)-l,3-dioxa- 
2-borata-4-cyclopentylidene]-6,6-pentamethylene-2-phenyl-1,3-dioxa-4-azonia~2-boracyclohexane, 14b, are reported. 
Crystals of 6 are triclinic, P I ,  a = 8.7348(5), b = 11.0529(6), c = 14.104(1) A,  a = 65.781(5)", P = 72.147(6)", y = 
79.928(6)", Z = 2, p, = i.130 g ~ m - ~ ,  and crystals of 14b .  1/2 CH2C12 are also triclinic, p i ,  a = 11.799(1), b = 
13.464(2), c = 10.047(2) A,  a = 103.28(2)", P = 92.60(2)", y = 79.752(8)", Z = 2, p, = 1.285 g ~ m - ~ .  The structures 
were solved by direct methods and were refined by full-matrix least-squares procedures to final R values of 0.040 and 
0.060 for 3881 and 3221 reflections with I 2 3u(I), respectively. Compound 6 has a six-membered cycloboronate structure, 
bond distances involving the trigonal planar boron atom being (N)O-B = 1.390(2), (C)O-B = 1.345(2), and 
B-C(pheny1) = 1.557(2) A. Compound 14b represents a derivative of 6 in which an intramolecularly hydrogen-bonded 
hydrogen atom has been replaced by a difluoroboron moiety and represents the first structurally characterized com- 
pound containing both a phenylboronate and a difluoroboron chelate ring within the same molecule. Bond lengths in 14b 
involving athe trigonal planar boron atom are (N)O-B = 1.403(5), (C)O-B = 1.326(5), and B-C(pheny1) = 
1.550(5) 4 and those involving the tetrahedral boron atom are 0-B = 1.427(5) and 1.547(5), F-B = 1.353(5) and 
1.382(5) A. 

WOLFGANG KLIEGEL, LUTZ PREU, UTE SCHUMACHER, STEVEN J. RETTIG et JAMES TROTTER. Can. J. Chem. 70, 1176 
(1992). 

On rapporte la prCparation des composCs organiques du bore suivants : 4-(2-hydroxy-2,2-diphhy1acktyl)-6,6-pen- 
tamCthylkne-2-phCny1-1,3-dioxa-4-aza-2-boracyclohexane, 6,  4-(2,2-difluoro-5,5-diphCnyl- 1,3-dioxa-2-borata-4-cy- 
clopentylidkne)-6,6-pentam&thylkne-2-phknyl-1,3-dioxa-4-azonia-2-boracyclohexane, 14a, et 4-[2,2-difluoro-5,s-bis(4- 
methoxyphCnyl)-l,3-dioxa-2-borata-4-cyclopentylidkne]- 6,6_ypentamCthylkne-2-phCnyl-l ,3-dioxa-4-azonia- 2-koracy- 
clohexane, 14b. Les cristaux du produit 6 sont tricliniques, P1, a = 8,7348(5), b = 11,0529(6), c = 14,104(1) A,  a = 
65,781(5)", P = 72,147(6)" et y = 79,928(6)", Z = 2 ,  p, = 1,130 g cm-3 alors que les cristaux du compose 14b .  1/2 
CH2CI, sont tricliniques, p i ,  a = 1 1,799(1), b = 13,464(2), c = 10,047(2) A, a = 103,28(2)", P = 92,60(2)" et y = 
79,752(8)", Z = 2, p, = 1,285 g ~ m - ~ .  On a rksolu les structures par des mkthodes directes et on les a affinkes par la 
mCthode des moindres carrCs jusqu'8 des valeurs de R de 0,040 et 0,060 respectivement pour 3881 et 3221 rkflexions 
avec I 2 3u(I). Le composC 6 comprend une structure cycloboronate 8 six chainons dans laquelle les distances impii- 
quant I'atome de bore plan trigonal sont (N)O-B = 1,390(2), (C)O-B = 1,345(2) et B-C(phCny1e) = 1,557(2) A. 
Le composk 146 reprksente un derive du compose 6 dans lequel on a remplack un atome d'hydrogkne impliquk dans une 
liaison intramolCculaire par une entite d~fluorobore et il reprCsente la premier composk de structure caractCrisCe com- 
portant dans la meme molkcule un phenylboronate ainsi qu'un cycle chklate difluorobore. Les longeurs de liaisons du 
composC 14t impliquant I'atome de bore plan trigonal sont (N)O-B = 1,403(4), (C)O-B = 1,326(5) et B-C(phCnyle) 
= 1,550(5) 4 alors que celle impliquant I'atome de bore tCtraCdrique sont 0-B = 1.427(5) et 1,547(5) et F-B = 1,353(5) 
et 1,382(5) A. 

[Traduit par la rCdaction] 

Introduction their capacity as sequestering agents (3). Thus the physical 
Hydroxamic acids have long been known to be important characteristics of the hydroxamate function, the changes 

biologically active compounds (I),  possessing numerous therein upon complexation, and especially the site of che- 
pharmacological, toxicological, and pathological properties lation in polyfunctional hydroxamic acids are of great sig- 
in addition to potential therapeutic applications (2). In me- nificance with respect to the biological and medicinal 
dicinal chemistry these compounds are of special interest in chemistry of these compounds. General data on the reactiv- 

ity and structure of open-chain or cyclic hydroxamic acids 
and their chelating properties, particularly information on 

'Previous paper in this series: ref. 24. electron delocalization and (or) tautomeric phenomena, can 
'~evision received October 12, 1991. be obtained by the synthesis and structure analysis of the 
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I KLIEGEL ET AL.: 1 

boron derivatives that form part of this series (4). In these 
compounds a borenium cation (R,B+) functions as a "pseu- 
dometal" cation (5) and replaces a hydrogen-bonded proton 
of the hydroxamic acid group. Borate complexes of this kind 
also play a role in drug synthesis via hydroxamates or in the 
blocking of hydroxamic enzyme inhibitors (6). Structures 
deviating from the "normal" type of hydroxamate com- 
plexes have been established for the reaction products of some 
polyfunctional hydroxamic acids with boron compounds (7, 
8). 

The reaction of the bis(hydroxyalky1)-substituted hy- 
droxamic acid 1 with BF, leads to the formation of the di- 
fluoroboron chelate 2 via intramolecular ring closure to an 
oxazoline-N-oxide and the subsequent3 formation of the BF, 
chelate. The structure of 2 has been established by an X-ray 
crystallographic analysis (8). To assess the capability of the 
polyfunctional ligand 1 for similar reactions with organo- 
boron compounds we reacted it with phenylboronic acid, 
which, like BF,, is both a Lewis acid and bears suitable 
leaving groups (the hydroxyl residues). The crystalline sub- 
stance that was isolated after the reaction of 1 with phenyl- 
boronic acid in ethanol had the elemental composition 
expected for the B-hydroxy-B-phenylboron chelate 3, analo- 
gous to 2. The infrared spectrum of the product displayed a 
sharp 0-H absorption band at 3390 cm-I, and the 'H nmr 
spectrum showed two exchangeable signals with a total peak 
area consistent with one OH proton. These data could sup- 
port the desired product 3 or an isomeric chelate 4 with the 
"normal" boron hydroxamate moiety that has been estab- 
lished for several diphenyl- and difluoroboron chelates (4) 
and postulated for boron chelates derived from phenylbo- 
ronic acid and various aryl-substituted hydroxamic acids (9). 
The "B nmr spectrum, however, displays a broad resonance 
at 6(Et20BF3) = 33.4 ppm, which usually indicates the pres- 
ence of a trivalent (sp2)-boron atom (10). Considering this 
information, the structures 3 and 4 seemed less probable than 
the alternative isomeric structures like 5-9, which all con- 
tain sp2-hybridized boron atoms incorporated into boronate 
ester functions. Compounds of type 5 having simple N-alkyl 
or -awl residues (10, R = alkyl, aryl) are easily available by 
cyclocondensation of N-substituted glycolohydroxamic acids 
with arylboronic acids.4 Six-membered cycloboronates like 
6 can be obtained from N-(2-hydroxyalkyl) hydroxamic acids 
(eliminating the a-hydroxyl function of the carbonic acid 
moiety) and phenylboronic acid,5 like compound 11 de- 
scribed in this work. The seven-membered cyclic N-oxide 7 
could be the result of a cyclic anhydride formation between 
phenylboronic acid and a hydrogen-bond stabilized hydrox- 
imate form of 1 involving the carbonyl oxygen atom and the 
N-(2-hydroxyalkyl) substituent. Another case involving in- 
corporation of the carbonyl function is exemplified by the 
isomeric five-membered phenylboronate 8 having the hy- 
droximic N-oxide function in an exocyclic position. How- 
ever, the fact that the carbonyl oxygen atom of hydroxamic 
acids generally is not the preferred site of attack for acylat- 
ing agents (1 1) disclaims both of the N-oxide structures, 

1 7 and 8. The eight-membered isomer 9, resulting from 

 he mechanism of this reaction is not fully understood, and si- 
multaneous or preliminary chelation of BF, is also possible. 

4 ~ .  Kliegel and U. Schumacher. Unpublished results. 
5 ~ .  Kliegel, U. Schumacher, and M. Tajerbashi. Unpublished 

results. 

cycloboronate formation via esterification of both alcohol 
functions, also does not seem very likely, even though cyclic 
aryl- and alkylboronates of this ring size are reported to be 
quite stable compounds (12). In hypothetical compounds like 
7-9 strong intramolecular hydrogen bonds should be pres- 
ent and result in broadened 0-H stretching bands at lower 
wavenumbers in the infrared spectra. For the same reason the 
'H nmr signals of the OH protons should appear at lower 
fields in the spectra of these compounds. Thus, the spectro- 
scopic data tend to support the six-membered cycloboronate 
structures 5 and 6.  Nevertheless the structural assignment 
remains uncertain, especially in view of the two separate 
signals observed for the OH proton as well as for some CH 
protons in the 'H nmr spectra and double signals in the I3c 
nmr spectrum that could indicate the presence of two iso- 
mers, at least in solution. 

An X-ray crystallographic analysis (see below) confirms 
the structure 6 possessing an (E)-configuration about the 
hydroxamic C-N moiety and an intramolecular hydrogen 
bridge from the a-hydroxy group to the hydroxamic car- 
bony1 oxygen atom (cf. 6B). The splitting of the OH signal 
in the 'H nmr spectra of 6 into two differently shaped part 
signals (each about 50% of the total peak area) indicates the 
presence of nearly equimolar amounts of two different mo- 
lecular species in solution. The upfield signal (between 6 = 
2.83 and 2.90 pprn in CDCl,, or at 2.91 pprn in C6D6) could 
be assigned to the free cyclohexanol moiety of compound 5 
by analogy to similar compounds containing the same al- 
kanol moiety, like 12 which shows a signal at 2.68 pprn in 
CDCl, (4e) or 2.37 pprn in C6D6 (this work). The downfield 
signal (between 5.33 and 5.41 pprn in CDCl,, or at 5.86 pprn 
in C6D6) should arise from the a-hydroxycarbonyl function 
of 6; the corresponding OH signal for the model compound 
13 (ref. 13 and footnote 4) appears at 6 = 6.12 pprn in CDC1, 
solution. In full agreement with the splitting of the OH sig- 
nal is the doubling of the NCH, singlet in the 'H nmr spec- 
tra of 6.  Two separate peaks6 indicate nearly equimolar 
amounts of two different species like 5 and 6.  Additional 
evidence is found in the region of aromatic proton reso- 
nance: the doublet arising from the ortho protons of the B- 
phenyl group of 5/6 is split into two different doublets (each 
about 50% of the total peak area). These findings from the 
'H nmr data are consistent with the I3c nmr spectra, which 
show all of the carbons signals doubled, with varying dif- 
ferences in shift between the corresponding pairs of peaks. 
The I3c signal of the NCH, group appears at 6 = 52.5 1 and 
59.36 pprn and can be assigned to the species 6 and 5,  re- 
spectively, by comparison with the corresponding NCH, 
signals for the reference compounds 11 and 12 (51.26 and 
59.57 ppm, respectively). 

In addition to the assignments made on the basis of the 'H 
and ',c nmr spectra of 6/5, and the comparisons with the 
spectra of the reference compounds, a 2D heteronuclear nrnr 
experiment yielded a 1 3 ~ , ' ~ - ~ ~ ~ ~  spectrum of 6 (in C6D6 

&The small difference between the 6 values of the two NCH, 
singlets for 6 in CDCI, solution (A = 0.01 ppm, detectable at 
400 MHz, but not at 90 MHz) is somewhat more distinct in aro- 
matic solvents such as chlorobenzene or hexadeuterobenzene (A = 
0.05 and 0.16 ppm, respectively). The signal at 3.56 pprn (in C a 6 )  
is the same as that observed for the NCH, grouping within the six- 
membered ring of the cycloboronate 11, indicating a comparable 
ring system for 6 .  
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(Ar = C6H5) 

solution) that links the 'H resonances at 6 = 3.56 and 
3.72 ppm to the "C resonances at 6 = 52.5 1 and 59.36 ppm, 
respectively. 

The presence of two different structural species in the so- 
lutions of 6 suggests an equilibrium reaction, obviously an 
intra- (or perhaps inter-) molecular reesterification process, 
running from the cycloboronate 5 through a (hypothetical) 
primary reesterification product to the isomeric cycloboron- 

ate 6A, which could turn (by a 180" rotation about the (H0)C- 
C ( 4 )  bond, C(8)-C(9) in Fig. 1) into the conformer 6B, 
and vice versa. This chemical exchange process between 5 
and 6 is further evidenced by a 'H nmr saturation transfer 
experiment (14). Saturation of the NCH, signal at 6 = 
3.56 ppm (assigned to 6) causes a distinct reduction of the 
intensity of the signal at 3.72 ppm (assigned to 5), and vice 
versa. Likewise, an irradiation at the resonance frequency 
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KLIEGEL E T  AL.: 1 

FIG. I .  Stereoview of 6; 33% probability thermal ellipsoids are shown for the non-hydrogen atoms. 

of the ortho protons of the B-phenyl group at 6 = 7.42 ppm 
leads to a marked decrease in the intensity of the corre- 
sponding signal at 7.96 ppm, and vice versa. 

Preliminary variable-temperature 'H nmr experiments 
between -35" and + 100°C indicate a temperature depen- 
dence of the equilibrium between 5 and 6. At 3 13 K (40°C) 
the spectrum of 6 (in chlorobenzene) reveals two singlets of 
nearly equal intensity at 6 = 3.78 and 3.83 ppm, indicating 
the NCH, groups of 5 and 6 in a 1 : 1 ratio. Lowering the 
temperature leads to a decrease in the intensity of the sin- 
glet at 3.83 ppm, whereas raising the temperature causes a 
reduction in the intensity of the singlet at 3.78 ppm. In ad- 
dition, the chemical shifts of the two signals are tempera- 
ture dependent. With increasing temperature the two singlets 
are both shifted downfield, to different extents, and form a 

virtual singlet at 3.87 ppm at a temperature of 373 K (1 00°C). 
Lowering the temperature results in an upfield shift of both 
signals, again differing in magnitude for the two compo- 
nents, which form a broad singlet at 3.67 ppm at a temper- 
ature of 238 K (-35°C). 

It appears that 6 is the kinetically favored product pre- 
dominating at lower temperatures and that 5 (which could not 
be isolated) is the thermodynamically favored product pre- 
dominating at higher temperatures in the equilibrium in so- 
lution. Thus only 6 could be crystallized by cooling the 
solution. 

Evidence for the intramolecular hydrogen bridge found in 
the solid state structure of 6 and depicted in formula 6B is 
given by the reaction of compound 6 with BF, yielding nearly 
70% of a difluoroboron chelate with the postulated structure 
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14a. Unfortunately we could not produce single crystals 
suitable for an X-ray analysis to establish this ~ t ruc ture .~  To 
this end we prepared the hydroxamic acid l b ,  another ex- 
ample of a type 1 compound having a dianisyl instead of a 
diphenyl substitution at the a-carbon atom. The condensa- 
tion of l b  with phenylboronic acid gave an oily product that 
could not be recrystallized and was reacted, without further 
purification, with BF,. The resulting crystalline, high-melt- 
ing product indeed showed the analytical data expected for 
14b. Infrared and I H  nmr spectra, however, were not suffi- 
cient to exclude the isomeric structures 15-19. Two signals 
in the "B nmr spectrum at G(Et20BF3) = 12.2 and 32.5 ppm 
demonstrate the presence of two types of boron, presum- 
ably in tetracoordinate (sp3) and tricoordinate (sp2) environ- 
ments (10). Formula 15 represents the BF, chelate of the 
ligand 8.  The "normaln difluoroboron hydroxarnate 16 would 
require the formation of an eight-membered, probably less 
favorable, boronate ring 9. Similarly the eight-membered BF, 
chelate 17 does not seem to be a very likely structure, even 
though the fused five-membered boronate ring is a stable 
moiety observed with N-unsubstituted hydroxamic acids.' 
The six-membered BF, chelate ring, as in 18, is already well 
known.9 The corresponding ligand for the chelate 18 would 
have the structure 7 (see above). Compound 19 would rep- 
resent the BF, chelate of the ligand 5 and contains a six- 
membered phenylboronate ring system (c.f. 10) that could 
be synthesized as such from N-substituted glycolohydrox- 
amic acids.4 Single crystals were available in this case, thus 
an X-ray crystallographic analysis was carried out. 

Experimental 
4-(2-Hydroxy-2,2-diphenylacetyl)-6,6-pentamethylene-2-phenyl- 

1,3-dioxa-4-aza-2-boracyclohexane, 6 
N,2-Dihydroxy-N-(l-hydroxycyclohexyl)methyl-2,2-diphenyl- 

acetamide (8) (0.7 1 g, 2 mmol) and phenylboronic acid (0.24 g, 

7 ~ n a l y s i s  of a data set collected using a twinned crystal did not 
produce a publishable crystal structure but did confirm the pro- 
posed structure 14a (R = 0.12) (W. Kliegel, U. Schumacher, S .  
J. Rettig, and J. Trotter, unpublished results. 

'w. Kliegel, D. Nanninga, and M. Tajerbashi. Unpublished re- 
sults. 

'compound 2 (8), for example. 

2 mmol) are dissolved under slight heating in a small amount of 
absolute ethanol. After partial evaporation a small amount of pe- 
troleum ether is added and crystallization starts upon cooling. Yield: 
0.86 g (98%) colorless crystals, mp 136-138°C (from toluene/ 
petroleum ether). Infrared (KBr): 3390 (0-H), 1635 (C=O) cm-I; 
H nmr (90 MHz, CDC13/TMS), 6 (ppm): 1.17- 1.95 (m, (CH?),), 

2.83 (s, 1/2 OH, exchangeable), 3.98 (s, NCH,), 5.33 (s, 1/2 OH, 
exchangeable), 7.07-7.60 (m, 13 aromatic H), 7.75-7.95 (m, 2 
aromatic H); "B nmr (64 MHz, CDC13/Et20BF3); 6 (ppm): 33.4 
(broad); 'H nmr (400 MHz, CDC13/TMS), 6 (ppm): 1.33-1.68 (m, 
(CH,),), 2.90 (s, 1/2 OH, exchangeable), 4.00 (s, 1/2 NCH,), 4.01 
(s, 1/2 NCH,), 5.41 (s, 1 /2 OH, exchangeable), 7.17-7.54 (m, 
14 aromatic H), 7.89 (d, 1 aromatic H). IH nmr (400 MHz, C6D6/ 
TMS), 6 (ppm): 0.93-1.72 (m, (CH,),), 2.91 (s, 1/2 OH), 3.56 
(s, 1 /2 NCH2), 3.72 (s, 1 /2 NCH,), 5.86 (s, 1 /2 OH), 7.0 1-7.27 
(m, 9 aromatic H), 7.42 (d, 1 aromatic H), 7.74 (d, 4 aromatic H), 
7.96 (d, 1 aromatic H); 13C nmr (100.6 MHz, C6D6/TMS), 6 (ppm): 
21.72 (t, C(4) and c(6)1°), 22.23 (t, C(4) and C(6)), 25.52 (t, C(5)), 
26.08 (t, C(5)), 35.32 (t, C(3) and C(7)), 36. I1 (t, C(3) and C(7)), 
52.51 (t, C(l)) ,  59.36 (t, C(l)) ,  72.18 (s, C(2)), 74.27 (s, C(2)), 
82.02 (s, C(9)), 83.04 (s, C(9)), 127.95 (d, aromatic C), 131.79 
(d, aromatic C), 141.74 (s, aromatic C), 142.72 (s, aromatic C), 
165.86 (s, C(8)), 171.37 (s, C(8)); " C , H  nmr COSY spectrum 
(400 MHz/100.6 MHz, C6D,/TMS): cross peaks at ~ ( I H )  = 3.56/ 
6(I3C) = 52.51 pprn, and 6(lH) = 3.72/6(I3C) = 59.36 ppm; 'H 
nmr (60 MHz, C,H,Cl/TMS, variable temperature): 3 13 K (40°C), 
6 (ppm): 3.78 (s, 1/2 NCH,), 3.83 (s, 1/2 NCH,); 238 K (-35"C), 
6 (ppm): 3.67 (s, broad, NCH,); 373 K (lOO°C), 6 (ppm): 3.87 (s, 
NCH,). Anal. calcd. for C27H28BN04: C 73.48, H 6.40, B 2.45, 
N 3.17; found: C 73.48, H 6.51, B 2.43, N 3.15. Crystals suit- 
able for X-ray analysis were obtained by recrystallization from 
benzene/petroleum ether. 

6,6-Pentamethylene-2-phenyl-4-phenylacety ,3-dioxa-4-aza-2- 
boracyclohexane, I 1  

N-Hydroxy - N -  [(1- hydroxycyclohexyl)methy~] phenylaceta- 
mide" (0.26 g, 1 mmol) and pheny lboronic acid (0.12 g, 1 mmol) 
are dissolved in 30 mL of benzene and refluxed for 30 min using 
a Dean-Stark trap for continuous removal of water. The solution 
is evaporated in vacuo to a volume of 1-2 mL. After addition of 

10 Numbering scheme of Fig. 1. 
"prepared from phenylacetyl chloride and 1-(hydroxyamino- 

methyl)cyclohexanol as described for the analogous benzohydrox- 
amic acid (4e). Melting point 121 - 123°C (from CH2Cl,/ether). 
Analytical and spectroscopic data will be published e l ~ e w h e r e . ~  
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KLIEGEL ET AL.: 1 

TABLE 1. Crystallographic data." 

Parameter Values 

Compound 
Formula 
fw 
Crystal system 
Sp!ce group 
a, + 
6, A 
c ,  A 
ciO 

Po 
yo 
v, A3 
z 
P c a ~ c ,  g/cm3 
F (000) 
p, cm-' 
Crystal size, mm 
Transmission factors 
Scan type 
Scan range, deg in o 
Scan speed, deg/min 
Data collected" 
20,,,, deg 
Crystal decay 
Total reflections 
Total unique reflections 
Rrnerge 
No. of reflections with 12 3u(I) 
No. of variables 
R 
R,,, 
go f 
Max A/u (final cycle) 
Residual density e / ~ ~  

6b 
C?,H28BN04 
441.33 
Triclinic 
p i  
8.7348(5) 
1 1.0529(6) 
14.104(1) 
65.781(5) 
72.147(6) 
79.928(6) 
1180.1(1) 
2 
1.130 
468 
0.77 
0.17 X 0.23 X 0.24 
- 

0-20 
0.70 + 0.35 tan 0 
1.2-10.0 
+h,  * k ,  * I  
55 
Negligible 
5403 
5403 
- 
388 1 
410 
0.040 
0.052 
2.36 
0.12 
-0.20 to +O. 16 

14b. 1 /2 CH2C1p 
C29.5H3?B2C1FZN06 
591.65 
Triclinic 
p i  
11.799(1) 
13.464(2) 
10.047 (2) 
103.28(2) 
92.60(2) 
79.752(8) 
1528.6(4) 
2 
1.285 
618 
15.62 
0.05 X 0.25 X 0.45 
0.82-1 .OO 
0-20 
1.05 + 0.20 tan 0 
16 
+h,  * k ,  * I  
155 
6.5% 
6612 
6229 
0.022 
322 1 
398 
0.060 
0.074 
2.24 
0.21 
-0.24 to +0.35 

- - - -  

"For both compounds: temperature 294 K,  function minimized Ew((F,( - IFc1)2 where w 
= 4FC,'/d(F,Z), R = B(pol - IFcll/EIF,,l. R,. = (Hw(lF,I - (F,I)'Dw~F,I')~~', and gof = [z(IF,( 
- IF,l)'/(rn - n)]'12. Values given for R ,  R,., and gof are based on those reflections with I 
2 b3u(I). 

Enraf-Nonius CAD4-F diffractometer, Mo-K, radiation (AK,, = 0.70930, AK,, = 
0.71359 A), graphite monochromator, takeoff angle 2.7'. aperture (2.0 + tan 8) X 4.0 mm 
at a distance of 173 mm from the crystal, scan range extended by 25% on both sides for 
background measurement, u'(F2) = [C + 2B + (0.04(C - ~ ) ) ~ l / ( L p ) '  (C = scan count, B 
= normalized background count). 

'Rigaku AFC6S diffractometer, Cu-K, radiation (A = 1.54178 A), graphite monochro- 
mator, takeoff angle 6.0°, aperture 6.0 X 6.0 mm at a distance of 285 mm from the crystal, 
stationary background counts at each end of the scan (scan/background time ratio 2 :  1, up 
to 8 rescans), u'(F2) = [S'(C + 4B) + (0.04F2)']/(Lp)' (S = scan speed, C = scan count, 
B = background count). 

"All 0 ,  +k,  51 reflections collected and averaged for 146, only unique data collected 
for 6 .  

petroleum ether and cooling, colorless crystals begin to form. Yield: 
0.32 g (91%); mp 97-99°C (from benzene/petroleum ether). In- 
frared (KBR): 1670 (C=O) cm-'; 'H nrnr (90 MHz, CDCl,/TMS), 
6 (ppm) = 1.15-2.00 (m, (CHZ)~), 3.88 (s, NCH2), 3.93 (s, 
CH2C=O), 7.12-7.55 (m, 8 aromatic H), 7.67-7.88 (m, 2 aro- 
matic H). Anal. calcd. for C2,H2,BN03: C 72.22, H 6.93, B 3.10, 
N4.01;found: C72.35, H7.01, B 3.18, N3.92. 

4-[(I -Hydroxycyclohexyl)methyl]-2,2,S- triphenyl-1,3 - dioxa-4- 
azonia-2-borata-4-cyclopetltet1e, 12 (ref. 4e): 'H nmr (400 MHz, 
C6D6/TMS), 6 (ppm): 0.83-1.49 (m, (CH?),), 2.37 (s, OH, 
exchangeable), 3.30 (s, NCH,), 6.90-7 01 (m, 3 aromatic H), 
7.26-7.30 (m, 2 aromatic H), 7.39-7.43 (m, 4 aromatlc H), 7.56- 
7.58 (m, 2 aromatic H), 7.95-7.97 (m, 4 aromatic H); I3c nmr 

(100.6 MHz, C6D6/TMS), 6 (ppm): 21.55 (t, C(5) and C(7)12), 
25.42 (t, C(6)), 35.68 (t, C(4) and C(8)), 59.57 (t, C(2)), 70.87 
(s, C(3)), 124.39 (s, aromatic C), 127.16 (d, aromatic C), 128.91 
(d, aromatic C), 129.22 (d, aromatic C), 132.36 (d, aromatic C), 
132.77 (d, aromatic C), 163.90 (s, C(1)). 

4-(2,2-D~jluoro-S,S-diphenyl-1,3-dioxa-2-borata-4- 
cyclopentylidene)-6,6-pentamerhylet~e-2-phet~yl-l,3- 
dioxa-4-azonia-2-boracyclohexane, 14a 

6 (0.88 g, 2 mrnol) is dissolved in a small amount of toluene and 
mixed with dimethyl ether - boron trifluoride (0.23 g, 2 mmol). 

 tom numbering of Fig. 1 in ref. 4e. 
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TABLE 2. Final positional (fractional) and equivalent isotropic TABLE 2 (concluded) 
thermal parameters with estimated standard deviations in paren- 

theses Atom x Y z Be," 

Atom x Y z B,," C(15) 0.1383(3) 0.2955(3) 0.8852(4) 4.3 
(316) 0.0028(3) 0.1341(2) 0.793 l(4) 3.6 

6 C(17) -0.0880(3) 0.1732(3) 0.7184(4) 4.4 

"B,, = (8~'/3)22~,,aYa7(a,.  a,). Site occupancy factors for the solvent 
molecule in 14b are Cl(1) 0.5, Cl(2) 0.36, Cl(2A) 0.14, and C(30) 0.5. 

After partial evaporation of the solvent in vacuo the remaining so- 
lution (2-3 mL) is cooled until colorless crystals begin to form. 
Yield: 0.74 g (76%); mp 196-197°C (dec.) (from dichlorometh- 
ane/petroleum ether). Infrared (KBr): 1665 (C=O/C=N+) cm-'; 
'H nmr (90 MHz, CDCIJTMS), 6 (pprn): 1.15- 1.77 (m, (CHI),), 
4.10 (s, N-CH,), 7.07-7.62 (m, 15 aromatic H). Anal. calcd. for 
C27H27B2F2N04: C 66.30, H 5.56, N 2.86; found: C 65.87, H 5.50, 
N 2.78. The crystals obtained by recrystallization from dichloro- 
methane/petroleum ether were found to be twinned, and did not 
allow for a satisfactory crystal structure analysis.7 

N,2-Dihydroxy-N-(1 -hydroxycyclohexyl)methyl-2,2-bis(4- 
methoxyphenyl)acetamide, I b  

1-(Hydroxyaminomethyl)cyclohexanol (15) (30 mmol) is re- 
acted with ethyl oxalyl chloride (30 mmol) and 4-methoxyphen- 
ylmagnesium bromide (225 rnmol) according to literature methods 
(16). The product crystallizes from tetrachloromethane. Yield: 
7.15 g (57%) of a colorless powdery material; mp 115- 1 17°C (from 
CC1,). Infrared (KBr): 3570, 3350, 3 130 (0-H), 1640 (C=O) 
cm-I; 'H nmr (90 MHz, CDCl,/TMS), 6 (ppm): 1.40 (s, (CH?),), 
3.55 (s, N-CH,), 3.70 (s, 2 0CH3), 4.17 (s, broad, exchangeable, 
C-OH), 5.85 (s, broad, exchangeable, C-OH), 6.67-6.92 (m, 4 
aromatic H), 7.03-7.27 (m, 4 aromatic H), 9.18 (s, broad, ex- 
changeable, N-OH). Anal. calcd. for CI3HI9NO6: C 66.49, H 7.04, 
N 3.37; found: C 66.82, H 6.96, N 3.38. 

4-~,2-Difluoro-5,5-bis(4-methoxyphenyl)-l,3-dioxa-2-borata-4- 
cyclopentylidene]-6,6-pentamethylene-2-phenyl-l,3-dio~a-4- 
azonia-2-boracyclohexane, 14b 

l b  (1.25 g, 3 mmol) and phenylboronic acid (0.37 g, 3 mmol) 
are dissolved in 30 mL of toluene and refluxed for 30 min using a 
Dean-Stark trap for the continuous removal of water. The solvent 
is distilled off in vacuo, and the oily residue dissolved in 10 mL of 
dichloromethane. After addition of dimethyl ether - boron tri- 
fluoride 60.34 g, 3 mmol) and freshly regenerated molecular sieve 
(type 4 A, 2 g) the solution is kept at room temperature for 12 h. 
The molecular sieve is then filtered off, and the solution evapo- 
rated to a volume of 2 mL. Addition of petroleum ether initiates 
crystallization. Yield: 1.05 g (64%) colorless crystals; mp 159- 
16 1°C (dec.) (from CH2C12/petroleum ether). Infrared (KBr): 1655 
(c=O/C=N+) cm-I; 'H nmr (90 MHz, CDCI,/TMS), 6 (ppm): 
1.20- 1.80 (m, (CHI)4, 3.7 1 (s, 2 0CH3), 4.10 (s, N-CH2), 6.62- 
6.92 (m, 4 aromatic H), 7.17-7.55 (m, 9 aromatic H); "B nmr 
(64 MHz, CDC13/Et20BF3), 6 (ppm): 12.2 (broad), 32.5 (very 
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broad). Anal. calcd. for C29H31B2F2N06: C 63.42, H 5.69, B 3.93, 
N 2.55; found: C 63.41, H 5.70, B 3.78, N 2.38. Crystals suit- 
able for X-ray analysis were obtained by recrystallization from di- 
chloromethane and contain 1 /2 mol CH2Cl2 as solvate; mp 154°C 
(dec .). 

X-ray crystallographic analyses of 6 and 14b /2 CHZC12 
Crystallographic data for the two complexes appear in Table 1. 

The final unit-cell parameters were obtained by least squares on the 
setting angles for 25 reflections with 20 = 40.0-48.4" for 6 and 
50.8-85.2" for 1 4 b .  1 /2 CH,Cl,. The intensities of three standard 
reflections, measured every hour of X-ray exposure time for 6 and 
every 250 reflections for 14b .  1 /2 CHzClz throughout the data 
collections, remained essentially constant for the former and showed 
a linear decay of 6.5% for the latter. The data were and 
corrected for Lorentz and polarization effects. Decay and absorp- 
tion (empirical, based on azimuthal scans for four reflections) cor- 
rections were applied for 1 4 b .  1 /2 CH2C12. 

Both structufe analyses were initiated in the centrosymmetric 
space group P I  on the basis of E-statistics, these choices being 
confirmed by subsequent calculations. The structures were solved 
by direct methods, the coordinates of the non-hydrogen atoms being 
determined from E-maps or from subsequent difference Fourier 
syntheses. The non-hydrogen atoms were refined with anisotropic 
thermal parameters and hydrogen atoms were refined with isotro- 
pic thermal parapeters for 6 and were fixed in idealized positions 
(C-H = 0.98 A, B, = 1.2 B,,,,,, ,,,,) for 14b .  1 /2 CH2C12. The 
dichloromethane solvate molecule in the structure of 14b .  1/2 
CH2C12 was found to be disordered about a centre of symmetry and, 
in addition, was orientationally disordered (via a rotation about the 
C(30)-Cl(1) bond). Site occupancy factors for the two compo- 
nents of the disordered C1 atom were initially estimated from rel- 
ative Fourier peak heights and were subsequently adjusted to yield 
approximately equal thermal parameters. Neutral atom scattering 
factors and anomalous dispersion corrections for the non-hydro- 
gen atoms were taken from the Internarlonal tables for X-ray 
crystallography (17). Final atomic coordinates and equivalent 
isotropic thermal parameters, bond lengths, bond angles, and intra- 
annular torsion angles appear in Tables 2-5, respectively. Hydro- 
gen atom parameters, anisotropic thermal parameters, general 
torsion angles, intermolecular contacts, and least-squares planes (for 
14b.  1/2 CH2C1, only), and measured and calculated structure factor 
amplitudes for the both structures are included as supplementary 
material. '" 

Results and discussion 
As mentioned in the introduction, the reaction of 1 with 

phenylboronic acid results in a product (Fig. 1) having the 
structure 6 which features a six-membered cycloboronate ring 
derived from the N-(2-hydroxyalkyl)hydroxylamine resi- 

' 3 ~ ~ ~ ~ ~ ~ / T E X ~ ~ Y  structure analysis package or locally 
modified versions of the following: DIRDIF, direct methods for 
difference structures, by P. T .  Beurskens; ORFLS, full-matrix least 
squares, and ORFFE, function and errors, by W.  R. Busing, K. 0 .  
Martin, and H. A. Levy; ORTEP 11, illustrations, by C. K. Johnson. 

14 Supplementary material mentioned in the text may be pur- 
chased from The Depository of Unpublished Data, Document De- 
livery, CISTI, National Research Council Canada, Ottawa, Canada 
KIA 0R6. 

Tables of hydrogen atom coordinates, and bond lengths and an- 
gles involving hydrogen atoms, for 6 ,  and tables of hydrogen-atom 
coordinates, intramolecular distances and bond angles, and inter- 
molecular distances for 14b .  1/2 CH,Cl, have also been depos- 
ited with the Cambridge Crystallographic Data Centre and can be 
obtained on request from The Director, Cambridge Crystallo- 
graphic Data Centre, University Chemical Laboratory, Lensfield 
Road, Cambridge CB2 lEW, U.K. 

TABLE 3.  Bond lengths (A) with estimated standard deviations in 
parentheses 

Length Le?gth 
Bond (A) Bond (A) 

due. At least in the solid state, the compound has an 
(E)-configuration about the hydroxamic C-N grouping, 
[ormulated by 6A. The relatively short C(F)-N, 1.333(2) 
A, and long C(8)-O(3) bonds, 1.229(1) A, are typical for 
acyclic amide groups (1 8). From plots of T-bond order vs. 
bond length (19), the C(8)-N bond has about 50-60% 
double bond character and the C(8)-O(3) bond retains about 
80% of its double bond character. The O(1)-N-C(8)-O(3) 
torsion angle of - 179.8(1)" attests to the planarity of the 
amide function. There is an intramolecular 0-H. - S O  hy- 
drogen bond between the a-hydroxyl group and the carbox- 
amide carbonyl oxygen atom (O(4)-H(04) . .0(3), 0-H 
= 0.95(2), 0. - .H = 1.85(2), 0 . .  . 0  = 2.539(1) A, 
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TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) 
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TABLE 5 .  Intra-annular torsion angles (deg) 
I standard deviations in parentheses 

Value 
Atoms (deg) 

0 -H . .O = 127(2)"). The ring formed by the intramolec- 
ular hydrogen bond (0(3)TC(8)-C(9)-0(4)-H(04)) is 
planar to within 0.04(2) A, and is oriented approximately 
coplanar with the amide group (torsion angles O(4)- 

C(9)-C(8)-N = - 176.3(1)" and O(1)-N-C(8)-C(9) 
= 3.2(2)"). 

The six-membered BONCCO phenylboronate ring in 6 has 
a "semi-planar" C(1)-sofa conformation (see Table 5) sim- 
ilar to those observed for other six-membered cycloboron- 
ates (ref. 20 and references therein). As noted for other 
boronic acid esters, 0-B pp(.rr) back-donation results in 
partial double bond character for the 0-B bonds and is re- 
sponsible for the near planarity (to within -0.1 A) of the N- 
O(1)-B-O(2)-C(2) portion of the phenylbor~nate~ring. The 
two 0-B bonds differ in length by 0.045(3) A,  that in- 
volving the alcoholate oxygen atom O(2) being shorter 
(1.345(2) A), presumably as a result of the better p(.rr) donor 
ability of this oxygen atom relative to that of the h~droxa-  
mate oxygen atom O(1) (O(1)-B = 1.390(2) A). The 
B-C(ary1) bond betyeen the phenyl ring and the cyclobo- 
ronate ring, 1.557(2) A, is similar to those reported for other 
cyclic phenylboronates (ref. 20 and references therein). The 
B-phenyl ring and the boron coordination group are approx- 
imately coplanar, the dihedral angle between normals to the 
respective mean planes being 4.  lo .  The cyclohexane ring, 
spiro-fused to the cycloboronate ring at C(2), has a nearly 
ideal chair conformation (see Table 5) with the substituents 
C( l )  and O(1) occupying axial and equatorial positions re- 
spectively. 

The X-ray analysis establishes structure 146 (Fig. 2) for 
the compound obtained from the consecutive reaction of the 
hydroxamic acid 16 with phenylboronic acid and boron tri- 
fluoride and provides indirect evidence that compound 14a 
results from the same reaction sequence starting with the 
hydroxamic acid 1.  This demonstrates the replacement of the 
"chelated proton", as observed in the structure of 6 (see 
above), by a difluoroborenium ion (F,B+) to give 14a and 
the analogous derivative 146. The structure is consistent with 
the fact that no exchange reactions take place between the 
difluoroboron and phenylboron moieties at the polyfunc- 
tional ligand that could lead to one of the alternative consti- 
tutions 15-19. To the best of our knowledge this is the first 
structurally characterized compound containing both a 
phenylboronate and a difluoroboron chelate ring within the 
same molecule. 

The general ring assembly of 146 is very similar to that 
of 6 and has an (E)-configuration about the hydroxamate 

FIG. 2. Stereoview of 146; 33% probability thermal ellipsoids are shown for the non-hydrogen atoms. 
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C-N bond that connects the six-membered cycloboronate 
ring to the five-membered difluoroboron chelate ring. Com- 
pared to 6 the double bond character of the hydroxamic 
C-N bond in 14b is enhanced: C(8)-N(l) = 1.300(4) A 
is consistent with an estimated bond order of 1.75 from a plot 
of n-bond order vs. bond length (19). Correspondingly, the 
C(8)-O(3) bond is longer (1.29?(4) A) than the compara- 
ble C=O bond in 6 (1.229(1) A),  indicating a decreased 
double bond character for the carbonyl function in 14b. A 
50% double-bond character for the carbonyl C-0 bond in 
14b is estimated from a plot of C-0 bond length vs. .rr-bond 
order (19). The electron delocalization leads to a distinct 
iminium salt character (with the intramolecular borate 
counteranion) for 14b, which represents a new type of B,N-  
betaine (2 1 ). The torsion angles O( 1 )-N(1)-C(8)-O(3) 
= -179.5(3)", O(1)-N(1)-C(8)-C(9) = -2.5(5)", and 
O(3)-C(8)-N(1)-C(7) = -6.3(5)" show an approxi- 
mately planar arrangement of the substituents about the hy- 
droxarnate C-N group, confirming the distinct double bond 
character and justifying the nomenclature employed that de- 
scribes this compound as a zwitterionic species. 

The are no dramatic changes in the other geometric pa- 
rameters of 14b compared to those of 6 .  The cyclohexane 
moiety of 14b has a chair conformation (see Table 5) and 
bears the oxygen atom O(2) of the spiro-connected boron- 
ate ring in an equatorial position and C(7) in an axial posi- 
tion, exactly as observed for 6 .  The cycloboronate ring of 14b 
has a distorted C(7)-envelope (sofa) conformation and, like 
6 ,  has significantly different 0-B bond lengths. The dif- 
ference between the two 0-B bond lengths, 0,077(7) A, 
is significantly larger than the value of 0.045(3) A observed 
for 6 .  This could be a consequence of an electron-with- 
drawing effect of the difluoroboron chelate formation, fur- 
ther reducing the already weaker donor properties of the 
hydroxamate oxygen atom O(1) (a Lewis acid effect on this 
atom). 

The five-membered BOCCO chelate ring in 14b has a 
flattened B-envelope conformati9n (see Table 5), the ring 
being planar to withi! 0.129(4) A .  The B-F bond lengths 
in 14b (mean 1.368 A) are in the range normally observed 
for B-F bonds in five-membered difluoroboron chelate?: 
mean B-F = 1.358 (4f ), 1.378 (4a), 1.404 (22), 1.405 A 
(23). In contrast to other five-membered difluoroboron che- 
lates (4a, 4f, 22, 23), the 0-B bonds of the chelate moiety 
show a considerable (0.120(7) A) difference inolength: 
O(3)-B(2) = 1.547(5) and O(4)-B(2) = 1.427(5) A. Once 
again, the alcoholate ligand C(9)-O(4) is the stronger donor 
compared to the hydroxamate ligand C(8)-0(3), analo- 
gous to the situation at the cycloboronate site in the same 
molecule where the difference in donor strength between the 
two oxygen atoms is very similar. The mean B-F/mean 
B-0 bond length ratio of 0.920 lies in the range of 0.900- 
0.962 reported for other five-membered difluoroboron che- 
lates (4a, 4f, 22, 23), consistent with intermediate overall 
binding strength of the 0,O-chelating ligand with respect to 
the F,B+ moiety. The O(3)-B(2)-O(4) angle of 102.9(3)" 
is similar to those in other five-membered difluoroboron 
chelates that range from 101.8" to 108" with an average value 
of 104.4" (4a, 4f, 22, 23). Bond angles at B(2) range from 
102.9(3)" to 1 14.0(3)", corresponding to an irregular tetra- 
hedral coordination geometry. The relatively small 0-B-0 
angle in 14b is associated with an O(3). . O(4) "bite" of 
2.326(4) A. 
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Structural studies of organoboron compounds LI.' 
~-~eth~lh~drox~lamine(O-~)2,5-diphen~l-1 ,3,2-dioxaborolan-4-one2 
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WOLFGANG KLIEGEL, UTE SCHUMACHER, STEVEN J.  RETTIG, and JAMES TROTTER. Can. J .  Chem. 70, 1188 (1992). 
Three synthetic methods for the preparation of N-methylhydroxylamine(0-B)2,5-diphenyl-1,3,2-dioxaborolan-4-one 

(2-(1-oxa-2-azoniapropy1)-23diphenyl- l,3-dioxa-2-boratacyclopentan-4-one)~, 9, in good yield are described. Crystals 
of this material are triclinic, a 10.1073(7), b = 12.159(2), c = 14.1 16(2) A, a = 65.079(8)", P = 99.255(9)", y = 
92.69(1)", Z = 4, space group P I .  The structure was solved by direct methods and was refined by full-matrix least-squares 
procedures to R = 0.039 and R,,. = 0.045 for 2603 reflections with 12  3n(I). Compound 9 is the first structurally char- 
acterized example of an N-alkylhydroxylamine(0-B)boron complex having an open-chain B,N-betaine structure. Av- 
erage bond lengths involving the tetrahedrally coordinated boron atoms in the two crystallographically independent 
molecules (corrected for th~rmal  libration) are (N)O-B = 1.494, (carboxy1ate)O-B = 1.524, (alcoho1ic)O-B = 1.486, 
and (ary1)C-B = 1.594 A. 

WOLFGANG KLIEGEL, UTE SCHUMACHER, STEVEN J.  RETTIG et JAMES TROTTER. Can. J. Chem. 70, 1188 (1992). 
On dCcrit trois mCthodes de synthitse de la N-mCthylhydroxylamine(0-B)2,5-diphenyl-1,3,2-dioxaborolan-4-one (2- 

(1-oxa-2-azoniapropy1)-2,5-diphknyl- l,3-dioxa-2-bo~atacyclopentan-4-one), 9, avec un bon rendement. Les cristaux de 
cette substance sont tricliniques, groupe d'espace P I ,  avec a = 10,1073(7), b = 12,159(2) et c = 14,116(2) A, a = 
65,079(8)", P = 99,255(9)" et y = 92,69(1)" et Z = 4. On a rCsolu la structure par des mkthodes directes et on I'affinee 
par la methode des moindres carrCs jusqu'a des valeurs de R = 0,039 et R,,, = 0,045 pour 2603 rkflexions avec 1 2 3u(I). 
Le composC 9 correspond au premier exemple d'un complexe de N-alkylhydroxylamine(0-B)bore possCdant une struc- 
ture de bCtaine-B,N en chaine ouverte. Les longeurs moyennes des liaisons impliquant les atomes de bore cordonnCs d'une 
f a ~ o n  tCtraCdrique dans les deux molCcules independantes d'un point de vue cristallographique (corrigCes pour la libra- 
tion thcrmique) sont : (N)O-B = 1,494, (carboxy1ate)O-B = 1,524, (alcoo1ique)O-B = 1,486 et (ary1)C-B = 
1,594 A. 

[Traduit par la redaction] 

Introduction 

N-Methylmandelohydroxamic acid 1 was reacted with 
phenylboronic acid in ethanolic solution in an attempt to 
synthesize the six-membered cyclic phenylboronate 2. Sim- 
ilar condensations leading to cycloboronates of type 2 were 
successful with various N-alkyl- and N-aryl-substituted 
diarylglycolohydroxamic acids using absolute ethanol as 
~ o l v e n t . ~  The use of the monoarylglycolohydroxamic acid 1 
as an educt, however, resulted in a crystalline compound 
having the elemental composition of 2 containing one mole 
of water. In addition to the ordinary hydrate structure 2 .  H20, 
an intermediate "half-condensate" structure 3 (which could 
be stabilized by intramolecular O-+B coordination) had 
to be considered, but the C=O stretching frequency at 
1710 cm-' in the infrared spectrum seemed contradictory 
since cyclic boronates of type 2 typically absorb at frequen- 
cies between 1640 and 1670 ~ m - ' . ~  The 'H nmr spectrum 
would also be consistent with the isomeric structure 4, the 
hypothetical rearrangement product of an N+O acyl shift, 
also stabilized by intramolecular coordination (N+B in this 
case). N+O acylotropy has been observed in thermally in- 

'Previous paper in this series: ref. 28. 
22-(1-Oxa-2-azoniapropyl)-2,5-diphenyl- l,3-dioxa-2-boratacy- 

clopentan-4-one. 
'~ev is ion  received October 24, 1991. 
4 ~ .  Kliegel and U. Schumacher. Unpublished results. 

OH Ph Ph 

5 6 7 

duced rearrangements of N-methyl benzohydroxamic acids 
(1) as well as in pentanoylation reactions of N-methyl hy- 
droxylarnine (2), and N+O transacylation products of N-aryl 
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1 a-aminohydroxamic acids have been trapped in situ during 
amine-catalyzed N+O acyl transfer (3). N-Carbamoylated 
hydroxylamines are reported to undergo an N+O acyl mi- 
gration if there is an N-tert-alkyl substituent (4). 

The fact that certain hydroxamic acids can serve as li- 
gands for phenylboronic acid (5) led to the consideration of 
the five-membered chelate structure 5. Hydroxamate com- 
plexes of this type, however, show C=O/C=N' absorp- 
tions between 1610 and 1640 cm-'  in their infrared spectra 
(5). A similar C=O/C=N+ stretching frequency can be 
expected for the isomeric five-membered chelate 6 having 
an exocyclic hydroxamic N-OH group. A comparable six- 
membered 0-B-0 chelate of N-methoxy-N-methylsali- 
cylamide has a C=O/C=N+ band at 1615 cm-'  (6). Thus 
the C=O/C=N+ bands expected in the infrared spectra of 
5 and 6 are quite different from the observed band at 
1710 cm-I. The tautomeric structure 7 can be ruled out by 
the 'H nrnr spectrum, which displays a one-proton singlet at 
5.30 ppm, characteristic of a methine proton. In addition, the 
absence of a color reaction with FeCl, in ethanolic solution 
suggests that the molecule contains no hydroxamate moiety 
at all, these being detected by the formation of 
tris(hydroxamato)iron(III) complexes. An exchange (for- 
mal) of the N-methylhydroxylamino and B-hydroxy groups 
leads to the isomeric structures 8 or 9, adducts of N-meth- 
ylhydroxylamine and the phenylboronate 10 by N+B or 
O + B  coordination, respectively. This is strongly supported 
by the synthesis via addition of N-methylhydroxylamine to 
the preformed5 1,3,2-dioxaborolan-4-one 10 or by the one- 
pot synthesis via three-component condensation of man- 
delic acid, N-methylhydroxylarnine, and phenylboronic acid. 
Both of these procedures lead to products identical to that 
resulting from the reaction of 1 with phenylboronic acid. Yet, 
the C=O stretching frequency of 1710 cm-I observed for 
"2 + H2OW is significantly different from the value of 
1800 cm-I reported for 10 (7). 

out by the spectroscopic data nor by the independent syn- 
thetic routes studied. In addition, an unambiguous decision 
between the isomeric structures 8 and 9 could not be made 
on the basis of the infrared and 'H nmr data. C o m ~ l e x e s  of 
hydroxylamine or N-monosubstituted derivatives thereof with 
Lewis acid boron compounds are traditionally formulated as 
N+B adducts (8), but there is also evidence for C h B  co- 
ordination in BF, complexes of hydroxylamine (9). In the 
transition metal coordination chemistry of hydroxylamine (10) 
it is known that the neutral ligand can bind to the metal via 
nitrogen, as H,N-OH, as well as via oxygen in the tauto- 
meric aminoxide form H,N+-0-. This has been estab- 
lished by X-ray and neutron diffraction studies, e.g., for 
Ni(I1)-NH,OH (1 1) and for U(V1)-0N+H3 (12). T o  re- 
solve the ambiguities surrounding the structure of "2 + H20n 
and the course of the reaction between 1 and phenylboronic 
acid, an X-ray crystallographic analysis has been carried out. 

Experimental 

Method A 
2-Hydroxy-N-methyl-2-phenylacetohydroxamic acid 1 (13) 

(0.18 g,  1 mmol) and phenylboronic acid (0.12 g,  1 mmol) are 
dissolved in a small amount of absolute ethanol with slight heat- 
ing. Upon cooling and addition of petroleum ether colorless crys- 
tals of high purity are formed. 

Method B 
Mandelic acid (7.61 g, 50 mmol) and phenylboronic acid 

(6.10 g, 50 mmol) are suspended in 60 mL of benzene and re- 
fluxed for 1 h with continuous removal of water in a Dean-Stark 
trap. The hot solution is filtered and the solvent evaporated off in 
vacuo to a volume of 15 mL, at which time crystallization of 10 
commences (yield: 10.85 g, 91%); mp 123°C (from benzene) (lit. 
(7) mp 124°C (from benzene/petroleum ether)). 10 (1.19 g, 
5 mmol) is dissolved in 20 mL of dichloromethane and is mixed 
with a solution of N-methylhydroxylamine (5 mm01)~ in absolute 
ethanol. Crystallization eventually starts at room temperature, af- 
ter evaporation of the solvents. 

Method C 
Mandelic acid (1.52 g, 10 mmol), phenylboronic acid (1.22 g, 

10 mmol), and N-methylhydroxylamine (10 mm01)~ are each dis- 
solved, separately, in the minimum amount of ethanol (necessary 
for solution). The three solutions are mixed and kept at room tem- 
perature. After partial evaporation of the solvent in vacuo, crys- 
tallization begins. 

Yields: 0.20 g (70%, method A), 0.86 g (60%, method B), 
2.37 g (83%, method C); mp 145-146°C (from ethanol/petro- 
leum ether). Infrared (KBr): 3130, 2770, 2540 (N-H), 1710 
(C=O) cm-I. IH nmr (90 MHz, d6-DMSOITMS), 6 (ppm): 2.78 
(s, CH3), 5.30 (s, 0-CH), 6.97-7.63 (m, B-C6H5, C-C6H5), 9.45- 
10.75 (s, broad, exchangeable, NH,). Anal. calcd. for C,5H,6BN04: 
C 63.19, H 5.66, N 4.91; found: C 63.24, H 5.68, N 4.90. Crys- 
tals suitable for X-ray analysis were obtained by recrystallization 
from absolute ethanol/petroleum ether. 

X-ray crystallographic analysis of 9 
A crystal ca. 0.11 x 0.24 x 0.35 mm in size was mounted on 

a glass fiber. Unit-cell parameters were refined by least-squares on 
setting angles for 25 reflections (20 = 24.0-35.2') measured on a 
diffracto~eter with Mo-K, radiation (AKol = 0.70930, AK,Z = 
0.71359 A). Crystal data at 21°C are: 
C I S H I ~ B N O ~  fw = 285.11 

The formation of one of the isomers 3-6 could not be ruled 6~-~ethylhydroxylamine hydrochlonde is added to the solu- 
tion of an equimolar amount of KOH in absolute ethanol. After 

5 ~ n  a modification of the literature method (7), mandelic acid was stirring for 10 min the precipitated KC1 is filtered off, and the so- 
condensed with phenylboronic acid. lution is used for the reaction. 
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Triclinic, a = 10.1073(7), b = 12.159(2), c = 14.1 16(2) A, %= 
65.079(8)", P = 99.255(9)", y = 92.69(1)", V = 1552.4(3) A', 
Z = 4 (two molecules per asymmetric unit), p,. = 1.220 Mg m-', 
F(000) = 600,-p(Mo-K,) = 0.82 cm-'.  Absent reflections: none, 
space group P 1  (No. 2) from structure analysis. 

Intensities were measured with graphite-monochromated Mo-K, 
radiation on an Enraf-Nonius CAD4-F diffractometer. An w-20 
scan at 1 .O- 10.0' min-' over a range of (0.65 + 0.35 tan 0)" in w 
(scan extended by 25% on each side for background measure- 
ment) was employed. Data were measured to 20 = 55'. The inten- 
sities of three check reflections, measured every hour of X-ray 
exposure time throughout the data collection, showed only small 
random variations. The data were processed7 and corrected for 
Lorentz and polarization effects. Of the 7089 independent reflec- 
tions measured, 2603 (36.7%) had intensities greater than or equal 
to 3u(I) above background where u2(1) = [C + 2B + (0.040(C- 
B))~]  with C = scan count, B = normalized total background count. 

The structure analysis was initiated in the centrosymmetric space 
group P I  on the basis of the E-statistics, this choice being con- 
finped by the subsequent successful solution and refinement of the 
strbcture. The structure was solved by direct methods, the coor- 
dinates of all non-hydrogen atoms of two crystallographically 
independent molecules being determined from an E-map. The 
non-hydrogen atoms were refined with anisotropic thermal param- 
eters and the hydrogen atoms were fixed in idealized positions 
(N-H = 0.92, C(sp2)-H = 0.97, C(sp3)-H = 0.98 A, UH = 

1.2 Ubondeda,om). Scattering factors for all atoms and anomalous 
dispersion corrections for the non-hydrogen atoms were taken from 
ref. 14. The weighting scheme w = l /u2(F)  gave uniform aver- 
age values of w(l~,I - IF,I)' over ranges of both IF,I and sin 0/h 
and was employed in the final stages of full-matrix least-squares 
refinement of 379 variables. Reflections with I < 3u(I) were not 
included in the refinement. Convergence was reached at R = 0.039 
and R,,. = 0.045 for 2603 reflections with I ?  3u(I). The function 
minimized was Cw((FoI - R = xIIFo/ - IFcll/xl~,I, R,v = 
(xw(lFol - I F ~ ( ) ~ / ~ W I F , ~ ~ ) ' " .  On the final cycle of refinement the 
maximum parameter shift corresponded to 0 . 1 4 ~ .  The mean error 
in an observation of unit weight was 1.36. The final difference map 
showed maximum fluctuations of k0.16 e 

The thermal motion has been analyzed in terms of the TLS model 
(15). The rms error in the temperature factors Uv (derived from the 
least-squares analysis) is 0.0022 A'. Three structural subunits of 
each of the two independent molecules were separately analyzed 
(rms AUv = 0.0028-0.0045 A'). The bond lengths have been cor- 
rected for libration (15, 16) using shape parameters q2 of 0.08 for 
all atoms. The final positional and (equivalent) isotropic thermal 
parameters for the non-hydrogen atoms appear in Table 1. Bond 
lengths (corrected and uncorrected) and angles are given in Tables 
2 and 3 and intra-annular torsion angles in Table 4. Hydrogen atom 
parameters, anisotropic thermal parameters, general torsion an- 
gles, and structure factors have been deposited.' 

7 ~ o m p u t e r  programs used include locally written programs for 
data processing and locally modified versions of the following: 
MULTAN80, multisolution program by P. Main, S. J.  Fiske, S .  
E.  Hull, L. Lessinger, G.  Germain, J.  P. Declercq, and M. M. 
Woolfson; ORFLS, full-matrix least squares, and ORFFE, func- 
tion and errors, by W. R. Busing, K. 0. Martin, and H. A. Levy; 
FORDAP, Patterson and Fourier syntheses, by A. Zalkin; ORTEP 
11, illustrations, by C.  K. Johnson. 
' Supplementary material mentioned in the text may be pur- 

chased from the Depository of Unpublished Data, Document De- 
livery, CISTI, National Research Council Canada, Ottawa, Canada 
K I A  0R6. 

The table of calculated hydrogen atom coordinates has also been 
deposited with the Cambridge Crystallographic Data Centre and can 
be obtained on request from The Director, Cambridge Crystallo- 
graphic Data Centre, University Chemical Laboratory, Lensfield 
Road, Cambridge CB2 IEW U.K. 

TABLE 1. Final positional (fractional X 10") and isotropic thermal 
parameters (U X 10%') with estimated standard deviations in pa- 

rentheses 

Atom x y z ucq 

Results and discussion 
The X-ray analysis establishes the structure 9 for the re- 

action product. The two crystallographically independent 
molecules of 9 (Fig. 1) have bond lengths that agree to within 
experimental error, the most obvious difference between the 
two being in the orientation of the phenyl rings. There are 
two chiral centres in the molecule, at C(2) and B. The two 
independent molecules have the same relative configura- 
tions at the chiral centres (Fig. 1 shows the 2S,5R enan- 
tiomer (chemical numbering; B and C(2) in Fig. 1)) and equal 
numbers of both enantiomers are present in the centrosym- 
metric crystals. The crystal structure (Fig. 2) consists of in- 
finite chains of molecules, double-linked by N-H- . -0 
hydrogen bonds. The asymmetric unit comprises two inde- 
pendent molecules that form a pseudo-centrosymmetri~ di- 
mer linked by N-H. . -0 hydrogen bonds involving the 
carbonyl oxygen atom (N-H(N 1). . -0(3 ' )  and 
N'-H(N12) . .0(3) ,  H. .O  = 1.86 and 1.96 A, N. - -0 = 
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TABLE 2. Bond lengths (A) with estimated standard deviations in parentheses 
- 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 

Angle Angle 
Bonds (deg) Bonds (deg) 
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FIG. 1. Stereoview of one of the two crystallographically independent molecules of 9; 33% probability thermal ellipsoids are shown 
for the non-hydrogen atoms. The 2S,5R enantiomer is shown. The primed molecule has a slightly different orientation of the B-phenyl 
group. 

TABLE 4. Intra-annular torsion angles (deg) 
standard deviations in parentheses 

Value 
Atoms ( d m  

2.751(3) and 2.817(3) A, N-H...O = 163" and 155"). Each 
of the two independent molecules is also hydrogen-bonded 
about a crystallographic centre of symmetry (at 1,1/2,1 and 
1 /2,1/2,1/2 for the unprimed and primed molecules, re- 
spectively) by interactions involving a ring oxygen atom 
(N-H(N2). . .0(2)(2-x, 1-y,2-z) and N'-H(Nf 1). . .0(2')  
(1-x, 1-y, 1-z), He . .O = 1.96 and 1.86 A, N. . .O = 2.838(3) 
and 2.75 l(3) A, N-H . .O = 159" and 161°), thus form- 
ing the infinite chain. 

The reaction of 1 with phenylboronic acid in ethanol 
appears to involve a solvolytic scission of the hydroxamic 
acid releasing N-methylhydroxylamine which then adds to 
the Lewis acid cyclic phenylboronate 10, a condensation 
product easily formed in ethanolic s o l ~ t i o n . ~  N-Methylhy- 
droxylamine coordinates through the oxygen atom to the 
electron-deficient boron atom of the 1,3,2-dioxaborolan-4-one 
ring of 10, resulting in the zwitterionic addition compound 

9 ~ e  have subsequently been able to obtain the six-membered 
cycloboronate 2 by carrying out the condensation reaction of 1 and 
phenylboronic acid in benzene solvent under water-eliminating 
conditions (see footnote 4). 

9 having a (rehybridized) tetravalent borate anion and an 
ammonium cation. These findings confirm the assumption 
that N-methylhydroxylamine coordinates to Lewis acid boron 
compounds via the oxygen atom of the tautomeric N-oxide 
form rather than via the nitrogen atom of the hydroxyl- 
amine form, supporting the formulations postulated for boron 
complexes of unsubstituted hydroxylamine (9). To the best 
of our knowledge, compound 9 is the first structurally char- 
acterized example of an N-alkylhydroxylamine(0-B)boron 
complex having an open-chain B, N-betaine structure ( 17). 

The geometry about the boron atom in 9 is very similar to 
that reported for compound 11, an addition product be- 
tween a 1,3,2-dioxaborolan-4,5-dione and a cyclic nitrone 
(7). The mean (N)O-B, (C)O-B, and B-C(pheny1) 
distances1' of 1.494, 1.505, and 1.594 A for 9 can be 
compar~d to corresponding values of 1.502, 1.503, and 
1.576 A for 11 (7). The mean bond angles about the dis- 
torted tetrahedral boron atom in 9: O(1)-B-O(2) (within 
the five-membered chelate ring) = 102. lo,  (pheny1)C- 
B-O(N-oxide) = 106. lo, O(1)-B-O(4) = 109.2", O(2)- 
B-O(4) = 11 1.5", C(10)-B-0(1) = 112.5", and C(10)- 
B-O(2) = 116.0" are similar to the corresponding values 
of 102.9", 105.6", 109.5", 109.S0, 113.7", and 115.6" re- 
ported for 11. The molecular structures of two other phen- 
ylboronate N-oxide complexes with P~-B-(O-C),(O-N)+ 
1,3-betaine moieties have been determined. Both of these 
compounds, 12 (18) and 13 (19), are cyclic B,N-betaines and 
represent examples of the intramolecular coordination of N- 
oxides to the phenylboronate function. The sums of bond 
lengths about the boron atom (one B-C(phenyl), one 
B-O(N), and two B-O(C)) are 6.099 (corrected) for 12, 
6.101 (corrected) for 13, 6.100 for 9, and 6.083 A for 11. 
The B-O(N) bonds in the a~ycl ic  compounds 9 and 11 
(mean 1.494(2) and 1.502(8) A, respectively) are distinctly 
shorter than the corresponding bonds in tbe cyclic deriva- 
tives 12 and 13 (1.539(2) and 1.604(7) A, respectively), 

10 Libration-corrected bond lengths for 9 are employed through- 
out the discussion. Values reported for other compounds are un- 
corrected unless otherwise indicated. 
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KLIEGEL ET AL.: 2 

FIG.  2 .  Stereoview of the unit-cell of 9 ;  50% probability thermal ellipsoids are shown for the non-hydrogen atoms. Hydrogen bonds 
are represented by dashed lines. Principal ellipses distinguish the unprimed molecule. 

which are subject to some steric strain in the bicyclic ring 
systems formed by the intramolecular coordination. 

The N-0 bond length in the adduct 9 (mean 1.424(2) P\) 
is considerably shorter than the value of 1.477(2) P\ re- 
ported for an electron diffraction study of free N-methylhy- 
droxylamine (20) as a result of the influence of the Lewis 
acid. This effect appears to be more pronounced than that 
induced by protonation of N-methylhydroxylamine: N-0 
in MeNH,OH+Cl- = 1.447 P\ (21), 1.45 A (22). Similar 
differences have been reported for the N-0 bonds of un- 
substituted hydroxylamine where the N-0 bond length in 
the free base is 1.476(30) A in the solid state (23) and 
1.453(2) A in the vapor phase (by microwave spectros- 

10 to 9 (1800 * 1710 cm-') can now be interpreted as a 
consequence of the rehybridization of the boron atom, which 
can interact with O(2) by pp(.rr) back-donation in 10. This 
interaction is inhibited by tetracoordination of the boron atom 
in 9. The high frequency of the C=O stretching vibration 
in 10 is similar to that reported for P,y-unsaturated five- 
membered cyclic lactones, showing C=O absorptions around 
1800 cm-' that are shifted to lower frequencies if no .rr-bond 
is present in the P,y-position of the lactone (27). The five- 
membered BOCCO chelate rings in 9 are planar to within 
0.025(3) and 0.044(4) A for the unprimed and primed mol- 
ecules, respectively, and have flattened C(2)- and B'-enve- 
lope conformations (see Table 4). 

copy) (24), while the N-0 distance is 1.41 l(2) P\ in the Acknowledgements 
protonated form NH,OH+Cl- (25) and 1.42(1) A in the 
H,N+-O-U(IV) moiety of a uranium complex (12). ~h~ We thank the Natural Sciences and Engineering Research 
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Kinetics and mechanism of the formation of N-vinyl pyridinium cations 
in elimination reactions in aqueous base 

JOHN W. BUNTING, ' ANDREA TOTH, AND JAMES P. KANTER 
Department of Chemistry, University of Toronto, Toronto, O t~ t . ,  Canada M5S I A l  

Received June 28, 1991 

JOHN W. BUNTING, ANDREA TOTH, and JAMES P. KANTER. Can. J .  Chem. 70, 1195 (1992). 
The rates of the elimination reactions of N-(2-bromoethyl) pyridinium cations (1) and N,Nf-ethylene bispyridinium 

dications (3) to give the corresponding N-vinyl pyridinium cations (2) have been measured spectrophotometrically in basic 
aqueous solutions (ionic strength 0.1, 25°C) for a variety of substituents in the pyridine rings of each of these classes of 
pyridinium cation. The reaction kinetics are first order in 1 or 3 and first order in hydroxide ion. Bronsted-type plots of 
the second-order rate constants (kc,,) as a function of the basicity (as pKBH) of the corresponding substituted pyridine are 
nonlinear for each of 1 and 3 and can be interpreted in terms of E lcb  reaction mechanisms. For 1,  the Bronsted-type 
plot displays two distinct "concave down" linear regions; rate-determining deprotonation for pK,, < 5.16 (slope = -0.30), 
and a change in rate-determining step to bromide ion departure for pKBH > 5.16 (slope -0.58). For 3,  the Bronsted- 
type plot appears to be smoothly curved for symmetrically disubstituted bispyridinium dications, as a consequence of 
the multiple substituent effects upon each step of the Elcb reactions of these dications. However, log koH for 3 is a smooth 
linear function of the previously reported log koH for the Elcb  reactions of N-(2-cyanoethyl) pyridinium cations over a 
range in which a change in rate-determining step has been directly demonstrated for these latter cations. Thus a change 
in rate-determining step as a function of pyridine basicity is also required within the Elcb  mechanism for 3.  The Elcb  
reactions of 1 are approximately lo4-fold faster than the corresponding hydroxide ion catalyzed E2 eliminations from 2- 
phenylethyl bromides that are isoelectronic with 1. 

JOHN W. BUNTING, ANDREA TOTH et JAMES P.  KANTER. Can. J .  Chem. 70, 1 195 (1992). 

Operant en solutions aqueuses basiques (force ionique de 0,1, a 25°C) et faisant appel des mkthodes spectropho- 
tomktriques, on a mesurt les vitesses des reactions d'elimination des cations N-(2-bromoethy1)pyridinium ( I )  et des di- 
cations N,N1-Cthylkne bispyridinium (3) qui portent une variete de substituants sur les pyridines de chacune des classes 
de cations pyridinium et qui conduisent a la formation des cations N-vinylpyridinium correspondants (2). Les cinetiques 
des reactions sont du premier ordre en composCs 1 (ou 3) et du premier ordre en ion hydroxyde. Pour chacun des pro- 
duits 1 et 3 ,  les courbes de type Bronsted des constantes de vitesse du deuxikme ordre (koH) en fonction de la basicite 
(exprime en pKBH) de la pyridine substituke correspondante ne sont pas lineaires; on peut interpreter ces resultats en fonction 
de mecanismes reactionnels Elcb.  Pour les composes 1, la courbe de type Brgnsted presente deux regions lineaires 
aconcaves vers le basn distinctes; une deprotonation qui determine la vitesse se produit un pKBH < 5,15 (pente = -0,30) 
et un changement dans I'ktape qui determine la vitesse de depart de l'ion bromure a un pKBH > 5,16 (pente = -0,58). 
Pour les composCs 3 impliquant des dications bispyridinium symetriquement disubstituks, la courbe de type Bronsted 
semble bien aplanie; cette situation resulte des multiples effets de substituants sur chacune des etapes des reactions Elbc 
de ces dications. Toutefois, dans les cas des composes 3 ,  le log koH est une fonction regulikre de log koH rapportee 
antkrieurement pour les reactions Elcb des cations N-(2-cyanoethy1)pyridinium pour une plage de valeur impliquant, pour 
ces derniers cations, un changement dans 1'Ctape qui determine la vitesse. Pour le mecanisme Elcb  des composCs 3,  i l  
est donc nkcessaire de faire intervenir un changement, relie a la basicit6 de la pyridine, dans 1'Ctape qui determine la 
vitesse. Les reactions Elcb  des composes 1 se font approximativement lo4 fois plus rapidement que les reactions E2 

. . .  . . 
correspondantes, catalysees par l'ion hydroxyde, rCalisCs sur le bromure de 2-phCnylCthle qui est isoClectronique avec 
les composes 1. 

[Traduit par la redaction] 

Katritzky and co-workers (1, 2) have reported synthetic though we have been unable to locate any mechanistic in- 
procedures for the preparation of N-vinyl pyridinium cat- vestigation of either of these two types of reaction. The 
ions (2) via base-catalyzed elimination reactions from the elimination reactions of the N-(2-bromoethyl) pyridinium 
corresponding N-(2-bromoethyl) pyridinium cations (1) (eq. cations (1) are of particular mechanistic interest since they 
[I]). The N,N1-ethylene bispyridinium dications (3), which are clearly related to the analogous base-catalyzed elimina- 

. .  . . 
are usually obtained as by-products in the synthesis of 1 from tions from 2-phenylethyl bromides (4) (eq. [3]) (3-6). Base- 

. . . . .  . . :.. . . . . the substituted pyridine and 1,2-dibromoethane, are also catalyzed eliminations from 4 have been found to be E2 (6). 
. .  . . . potential sources of 2 via elimination reactions (eq. [2]) al- However, for the related eliminations (eq. [4]) from N-(2- 

though we can find no previous report of this reaction in the phenylethyl) quinuclidinium cations, changes between the 
literature. In the current work we have found that both the E2 and E lcb  reaction mechanisms, as well as changes in rate- 
elimination reactions of eqs. [ l ]  and [2] proceed readily in determining step within the E lcb  mechanism, can occur upon 
dilute aqueous base at rates that are readily measured for most variation of the substituent X in the phenyl ring or  upon 
X-substituents. variation of the reaction conditions (base concentration, 

The reactions of eqs. [ l ]  and [2] would be expected to most solvent, etc.) (5-7). 
probably proceed via either the E l c b  or  E2  mechanisms, al- In the current study, we have measured the rates of elim- 

ination from 1 and 3 for a variety of X-substituents over the 
. . . . . . . 

. . . .  
range pH 11-13 in aqueous solution. Bronsted plots give 

' ~ u t h o r  to whom correspondence may be addressed. nonlinear correlations between the second-order rate con- 
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stants for the hydroxide ion catalyzed eliminations and the the reactions of eqs. [ l ]  and [2] are consistent with E l c b  
basicities of the corresponding substituted pyridines over the processes. Quantitative comparisons can also be made of the 
range pKBH = 2-10. These data now allow detailed com- reactivities in these systems and in related elimination re- 
parisons of the reactivities of 1 ,  3 ,  and 4 in base-catalyzed actions in which substituted pyridines are the nucleofugic 
eliminations in aqueous solution, and also demonstrate that leaving groups (8, 9). 

X X 
\?+ Base (B) [I]  ~ N - C H ~ - C H ~ B ~  - a & - C H X C H 2  + B r  + BHf 

X X X 
\T+ + Base (B) 5 + BH+ [21 ~ N - c H ~ - c H ~ - N &  - 2 + N\ / 

X X 
Base (B) 

[,I o C H 2 - C H 2 B r  - CH=CH2 + Br-+ BHt 

Base (B) 
14] Y C ~ H ~ - C H ~ - C H ~ - & ~  - YC6Hn-CH2=CH + N e  + BHt 

Experimental 
Syntheses 

A mixture of the bromide salts of 1 and 3 was usually obtained 
upon refluxing equimolar ethanolic solutions (= 0.04 M) of the 
substituted pyridine and 1,2-dibromoethane for periods ranging from 
5 to 30 h. The bispyridinium dibrornides (3 .  (Br-),) precipitated 
from these solutions, and were recrystallized from ethanol. The 
filtrate contained predominantly the N-(2-bromoethyl) pyridinium 
bromide salt (1 . Br-), which was usually contaminated with a small 
amount of the corresponding 3 .  (Br-),. These crude 1 . B r  salts 
were purified by several recrystallizations from appropriate sol- 
vent mixtures (usually 2-propanol-ethanol - ethyl acetate). Oc- 
casionally, a preparation using a threefold molar excess of either 
the substituted pyridine or 1,2-dibromoethane was used to maxi- 
mize the yield of either 1 or 3 as desired. 

'The purified bromide salts were characterized by 'H NMR 
spectroscopy (Table 1). The methylene signals at 6 = 5.5 in the 
spectra of 3 are useful indicators of the absence of 3 as a contam- 
inant in purified samples of 1. Vollhard titrations of the bromide 
ion content of purified samples of 1 . Br- and 3 .  (Br-)? indicated 
purities of loo(? I)%. 

Kinetic studies 
All kinetic data were obtained spectrophotometrically in aqueous 

solutions of ionic strength 0.1 (KOH + KC1) at 25"C, on either a 
Durmrn-Gibson stopped-flow spectrophotorneter or a Cary 210 
spectrophotometer. All data collection and analysis closely fol- 
lowed the methods that we have previously described (8). In most 
cases, analytical wavelengths were in the vicinity of 250 nm, al- 
though wavelengths in the vicinity of 300 nrn were more appro- 
priate for the 3- and 4-aminopyridinium cations. Substrate 
concentrations were in the range 0.05-0.1 mM. 

Results 
The time-dependence of the electronic absorption spec- 

trum of l a  (X = H) in an aqueous solution of pH 11.9 is 
shown in Fig. 1 .  The spectrum of the product from l a  
(X,,, = 253 nm, E = 8100) is similar to that reported (2) for 

the unsubstituted N-vinyl pyridinium cation (2: X = H).' The 
time-dependence of the absorption spectrum of l m  (X = 4- 
N(CH3),) at pH 13.0 is shown in Fig. 2. The spectrum of the 
product X,,, = 308 nm, E = 27 300) is consistent with that 
reported (2) for 2: X = 4-N(CH3),. The tight isosbestic point 
that is indicated in Fig. 2 is consistent with the clean con- 
version of l m  to 2m without the formation of any signifi- 
cant concentration of intermediate species, and also indicates 
that there are no significant competing reactions of the N- 
vinyl pyridinium cation product on the time scale of the 
current elimination reaction. 

Similar spectral observations, consistent with the forma- 
tion of the various ring-substituted N-vinyl pyridinium cat- 
ions (2), were made for the reactions of la- lm and 3a-3k 
in aqueous base. The spectral changes for the conversion of 
3 to 2 were smaller than for the corresponding elimination 
reactions of 1 due to the presence of two pyridinium chro- 
mophores per dication in 3 .  However, the products from 3 
displayed spectra that were identical to those of 1 : 1 mole 
ratios of the appropriate X-substituted 2 and X-substituted 
pyridine. The 4,4'-diamino and 4,4'-bis-(dimethylamino) 
dications (31 and 3m) appeared to be stable at pH 13 over 
several hours, so that we were unable to observe the elimi- 
nation reactions for these two dications (see below). 

We  were unable to observe the elimination reaction from 
I d  (X = 3-CN), because of a competing reaction that gen- 
erated a species having A,,, = 360 nm. We have not inves- 
tigated this reaction in detail; similar reactions resulting from 
hydroxide ion addition to the pyridinium ring carbon atoms 
have been reported for the N-methyl 3-cyanopyridinium 

2 ~ 1 1  absorption maxima in the current study are at 2-4 nm shorter 
wavelength than those previously reported (2). The wavelength scale 
of our instrument was recently calibrated against the absorption 
spectrum of benzene vapour. 
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TABLE 1. Characterization of the pyridinium bromide salts 1 . Br- and 3 .  (Br-)2 

Melting 
point 

Cation X ("'7 'H NMR (6)" 

In H 1 0 6 - 1 0 8 b . 9 0  (t, 2H), 5.10 (t, 2H), 7.95-8.15 (m, 2H), 8.4-8.65 (m, lH), 8.85 (d, 1H) 
l b  3-C1 114-1 15 3.98 (t, 2H), 5.18 (t, 2H), 8.3-8.8 (m, lH), 8.6-9.1 (m, 3H) 
l c  3-CONH2 193-194 4.02 (t, 2H), 5.23 (t, 2H), 7.8 (br, 2H), 8.1-8.35 (m, 1 H), 8.95-9.2 (m, 2H), 9.53 (s, IH) 
Id  3-CN 165-167 3.92 (t, 2H), 5.08 (t, 2H), 8.2 (m, lH),  9.2 (d, lH),  9 .3 (d, lH), 9 66 (s, 1H) 
l e  3-CH2CN 165-167 3.92 (t, 2H), 4.37 (s, 2H), 5.1 1 (t, 2H), 8.05-8.3 (m,  1 H), 8.6-9.05 (rn, 3H) 
I f  3-C6H5 131-133 3.90 (t, 2H), 5.07 (t, 2H), 7.55 ( s ,  5H), 7.9-8.2 (m, 1 H), 8.68 (d, 2H), 9.00 (s, 1 H) 
I&? 3-CH3 88-90' 2.63 (s, 3H), 3.90 (t, 2H), 5.02 (t, 2H), 7.8-8.7 (m, 4H) 
l h  4-CH3 d 2.77 (s, 3H), 3.90 (t, 2H), 5.00 (t, 2H), 7.87 (d, 2H), 8.64 (d, 2H) 
lk  3,4-(CH3)2 133-1 35 2.60 (s, 3H), 2.72 (s, 3H), 3.92 (t, 2H), 5 .OO (t, 2H), 7.92 (d, I H), 8.67 (m, 2H) 
1 I 4-NH2 177-179 3.70 (t, 2H), 4.55 (t, 2H), 6.92 (d, 2H), 7.88 (d, 2H) 
l m  4-N(CH3), 204-206' 3.33 (s, 6H), 3.75 (t, 2H), 4.57 (t, 2H), 6.92 (d, 2H), 8 .OO (d, 2H) 

3a H 283(dec.)/ 5.77 (s, 4H), 8.1-8.35 (m, 4H), 8.6-8.9 (m, 2H), 9.35 (d, 4H) 
3b 3-C1 285(dec.) 5.70 (s, 4H), 8.0-8.25 (m, 2H), 8.50 (d, 2H), 9.25 (d, 2H), 9.45 (s, 2H) 
3c 3-CONH2 275(dec.) 5.78 (s, 4H), 7.75 (br, 4H), 8.1-8.4 (m, 2H), 9.08 (d, 2H), 9.48 (d, 2H), 10.03 (s, 2H) 
3e 3-CH2CN 232(dec.) 4.42 (s, 4H), 5.68 (s, 4H), 8.05-8.25 (m, 2H), 8.64 (d, 2H), 9.22 (d, 2H), 9.42 (s, 2H) 
3f 3-C6H5 301-303 5.50 (s, 4H), 7.35 (s, 1 OH), 7.8-8.0 (m, 2H), 8.47 (d, 2H), 8.93 (d, 2H), 9.30 (s, 2H) 
3g 3-CH3 2 5 8 ( d e c . ) V 2 . 7 0  (s, 6H), 5.53 (s, 4H), 7.85-8.1 (m, 2H), 8.4 (d, 2H), 9.03 (d, 2H), 9.08 (s, 2H) 
3h 4-CH3 274(dec.)" 2.75 (s, 6H), 5.45 (s, 4H), 7.88 (d, 4H), 8.95 (d, 4H) 
3i 3-NH2 235-237 5.42 (s, 4H), 7.65-8.1 (m, 4H), 8.4 1 (d, 2H), 8.79 (s, 2H) 
3~ 3,5-(CH3)2 282(dec.) 2.67 (s, 12H), 5.47 (s, 4H), 8.17 (s, 2H), 8.84 (s, 4H) 
3k 3,4-(CH3), 274(dec.) 2.57 (s, 6H), 2.67 (s, 6H), 5.40 (s, 4H), 7.82 (d, 2H), 8.82 (d, 2H), 8.90 (s, 2H) 
31 4-NH2 264(dec.) 4.87 (s, 4H), 7.03 (d, 4H), 8.07 (d, 4H) 
3m 4-N(CH3)> 30l(dec.)" 3.30 (s, 12H), 4.77 (s, 4H), 6.87 (d, 4H), 8.05 (d, 4H) 

"In CF,C02H relative to tetramethylsilane. 
"Reference 2 reports mp 95-102°C. but also quotes other literature data of 126-128°C and 100-103°C. 
"Reference 2 reports this compound as a thick oil. 
"Oil; could not be induced to crystallize. Reference 2 reports mp 145-147°C. 
'Reference 2 reports mp 202-203°C. 
'Reference 2 reports mp 280°C. 
"Reference 2 reports mp 266-268°C. 
"Reference 2 reports mp >30OoC. 

cation and related species (10-13). 'The 3-chloropyridinium 
cation, 16,  underwent a clean elimination to the N-vinyl 
cation; however, prolonged incubation in these basic solu- 
tions led to a subsequent unidentified slower reaction. 

We have observed the elimination reaction of l m  
(0.046 M) by 'H NMR spectroscopy in basic DzO (pD = 
12.5). The decrease in the intensity of the signals from l m  
is concerted with the appearance of the spectrum of the cor- 
responding N-vinyl pyridinium cation (2m) (6 3.32 (s, 6H), 
5.36 (dd, IH), 5.71 (dd, lH) ,  7.00 (d, 2H), 7.06 (dd, lH) ,  
8.23 (d, 2H)). It should be noted that under these condi- 
tions the formation of 2m occurs without significant ex- 
change of the vinylic proton (6 7.06) adjacent to the ring- 
nitrogen atom. Consistent with this observation, there is no 
exchange of the corresponding methylene protons in un- 
reacted l m  during the course of the elimination reaction. 

The elimination reactions of both 1 and 3 proved to be 
, strictly first order in pyridinium cation concentration for 

>95% of the reaction in all cases. Pseudo-first-order rate 
constants (k,,,) were evaluated as a function of pH, usually 
over the pH range 11-13. Some examples of the pH-depen- 
dences of k,,, are given in Figs. 3 and 4 for 1 and 3 ,  respec- 
tively. In most cases, log k,,, shows a linear dependence upon 
pH with unit slope (Table 2), although slight variations from 
unit slope were found in some cases. While the most reac- 
tive 1 and 3 cations in Table 2 appear to display accurate unit 

slopes within experimental error, there appears to be a trend 
towards increasing slope as the reactivity decreases. Similar 
deviations from unit slope in related elimination reactions 
from pyridinium and quinuclidinium cations have been at- 
tributed (5, 6 ,  9) to specific ion effects upon replacement of 
chloride ions by hydroxide ions in these constant ionic 
strength solutions. Second-order rate constants (koH) for the 
hydroxide ion catalyzed elimination reactions were evalu- 
ated by interpolation at pH 12 on the least-squares correla- 
tion lines, and are collected in Table 2 .  

In one case, 3 6  (X = 3-Cl), a nonlinear pH-rate profile 
is apparent in Fig. 4. In this case, k,,, was found to be con- 
sistent with eq. [5]. Fitting of the data to this equation gave: 
koH = 12 ( + I )  M-'  s- '  and pK, = 12.77 (k0.07) .  We as- 
sume that pK, = 12.77 for 3 b  represents pKR+ for hydroxide 
ion addition to one of the ring-carbon atoms. 

[51 kobs = koH[-OHI/(l + K,/[H+l) 

Discussion 
The best available synthetic route to an N-vinyl pyridi- 

nium cation (2) involves the treatment of the corresponding 
N-(2-bromoethyl) pyridinium cation (1) with one equivalent 
of base in alcoholic solution at - 10°C (1, 2). Higher tem- 
peratures lead to the loss of 2 to polymerization. In the cur- 
rent work, we found that the rates of elimination by l to give 
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W A V E L E N G T H  ( n m )  

FIG. 1. Time dependence of the electronic absorption spectrum 
of the N-(2-bromoethyl) pyridinium cation (la) (0.08 mM) in 
aqueous solution of pH 11.9 at 25OC. Successive scans (1-8) are 
at 1, 4,  7, 9,  11, 14, 23, and 60 min, respectively. 

2 can be studied spectrophotometrically in dilute aqueous base 
(pH 11-13) at 25°C. We did not observe any complications 
from polymerization processes at the low concentrations 
(0.05-0.1 mM) of N-vinyl pyridinium cations that are pro- 
duced in these kinetic studies. We also found that the 
N,Nr-ethylene bispyridinium dications (3) undergo a clean 
elimination reaction to give 2 in dilute aqueous base, al- 
though this reaction becomes extremely slow for the dicat- 
ions that are derived from the most basic pyridines. 

The elimination reactions of eqs. [ l ]  and [2] are kineti- 
cally first order in each of the pyridinium cation (1 or 3) and 
hydroxide ion. Although this observation is formally con- 
sistent with either an E2 or an Elcb reaction mechanism, 
we will argue below that all of the available data are only 
readily reconciled in terms of the Elcb mechanism for both 
1 and 3. 

A Bronsted-type plot of koH for 1 as a function of the ba- 
sicity of the corresponding substituted pyridine is shown in 
Fig. 5 .  This plot is nonlinear; the data can be represented by 
two distinct linear relationships (eqs. [6] and [7]) having 
Bronsted a = 0.30 (for pKBH 5 5.16) and a = 0.58 (for pKBH 
r 5.16). 

[6] log koH = -0.30(?0.03)pKBH + 1.13 (k0.05) 

(r = 0.991) 

[7] log koH = -0.58(+0.01)pKBH + 2.54(+0.05) 

W A V E L E N G T H  ( n m )  

FIG. 2. Time dependence of the electronic absorption spectrum 
of the N-(2-bromoethyl) 4-dimethylaminopyridinium cation (In) 
(0.03 mM) in aqueous solution of pH 13.0 at 25OC. Successive 
scans (1-9) are at 0, 30, 60, 120, 180, 240, 300, 360, and 600 min, 
respectively. 

The data in Fig. 5 represent a classic case of a "concave- 
down" linear free energy relationship, which is only readily 
interpretable in terms of a change in rate-determining step. 
For base-catalyzed elimination reactions, this is an indica- 
tion of an Elcb reaction mechanism (Scheme 1) rather than 
an E2 mechanism. We interpret eqs. [6] and [7] in terms of 
rate-determining deprotonation (k,) for the more reactive 1 
(eq. [6]), and rate-determining expulsion of the bromide ion 
from the zwitterionic conjugate base (k2) for the less reac- 
tive 1 (eq. [7]). 

For a steady-state zwitterionic intermediate (3, koH = k, 
and a = 0.30 from eq. [6], and koH = k,k,/k-, and a = 0.58 
from eq. [7]. Irrespective of reaction mechanism, X-substi- 
tuent effects upon the elimination reaction of 1 are predom- 
inantly expressed via their influence upon the acidity (kinetic 
or thermodynamic) of the methylene group adjacent to the 
ring-nitrogen atom. For the Elcb mechanism of Scheme 1, 
a = 0.30 (eq. [6]) is a measure of the substituent effect upon 
the kinetic acidity of the methylene group adjacent to the ring- 
nitrogen atom. The broken line in Fig. 5 represents the ex- 
trapolation of eq. [6] to substituents for which k, is no longer 
rate determining. In eq. [7], a = 0.58 is a combination of 
the equilibrium substituent effect upon the thermodynamic 
acidity of this methylene group (k,/k-, = K,/K,), and the 
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I BUNTING ET AL. 1199 

FIG. 3. The pH dependence of the pseudo-first-order rate con- 
stants (k,,,) for the elimination reactions of selected 1 in aqueous 
solution at ionic strength 0.1 and 25°C. 

substituent effect upon the k,  step. Since substituent effects 
upon k, should oppose those upon K,, the observed a = 0.58 
then represents a minimum value for the equilibrium substi- 
tuent effect upon pK, vs. pKBH. This then sets a maximum 
value of a < (0.30/0.58 = 0.52) for substituent effects upon 
the kinetic acidity of 1 when this latter Brernsted a is de- 
fined in terms of log koH vs. pK,, for the deprotonation of 1 .  

The equilibrium a > 0.58 that is deduced above for the 
pK, of 1 relative to pKBH can be compared with the corre- 
spondingly defined3 equilibrium a = 0.67 for the deproton- 
ation of N-hydroxy pyridinium cations (6) (eq. [8]) and a = 

0.33 for the deprotonation of N-di(ethoxycarbony1)methyl 
pyridinium cations (7) (eq. [9]). These a values are consis- 
tent with the expectation that the delocalization of the neg- 
ative charge in the conjugate base of 7 into the carbonyl 
substituents will result in the thermodynamic acidity of 7 
being less sensitive to X-substituents than are the acidities 
of 1 (conjugate base = 5) and 6 ,  for which the negative 
charge in each conjugate base is essentially localized on the 
atom adjacent to the ring nitrogen atom. 

The observation that l m  undergoes elimination without 
exchange of the protons of the activated methylene group for 
deuterium in basic D 2 0  must be considered within the con- 

FIG 4.  The pH dependence of the pseudo-first-order rate con- 
stants (k,,,) for the elimination reactions of selected 3 in aqueous 
solution at ionic strength 0.1 and 25°C. 

'~iterature data (13, 14) for the pK, values defined by eqs. [8] 
and [9] in aqueous solution are linearly correlated with pKBH for the 
corresponding substituted pyridinium cations: 

I I I I I I I I I 
2 4 6 8 10 

~ K B H  

FIG. 5 .  Bronsted-type plot for k,, as a function of pyridine ba- 
sicity for the elimination reactions of 1. 
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text of the rate-determining bromide ion departure from the 
carbanionic intermediate that is deduced above from the 
concave-down Bronsted plot. This result requires that elim- 
ination occurs within a solvated (hydrogen-bonded) inter- 
mediate in which bromide ion departure occurs more rap- 
idly than exchange of the HOD molecule with bulk D20 (i.e., 
k, >> k, in Scheme 2). A similar observation has been 
reported for rate-determining nucleofuge departure in the 
elimination reactions of 10: X = 4-N(CH,), in aqueous base 
(9) and also for the analogous eliminations from 2-cya- 
noethyl sulfides (16). Such a process indicates that the 
elimination from l m  corresponds to an ( E l ~ b ) ~ , , ~ ~ ~ ~  (i.e., 
AXhDH*DN) mechanism (17, 18). 

The Bronsted plot for the elimination reactions of 3 (eq. 
[2]) is shown in Fig. 6. This plot appears to have pro- 
nounced curvature and cannot be as readily separated into two 
linear regions as can the plot in Fig. 5. The influence of 
X-substituents upon koH for 3 will be quite complex. In ad- 
dition to the direct effect of X upon the acidity of the meth- 
ylene group, analogous to that in 1 5, there will also be 
a smaller indirect effect from the X-substituent in the other 
pyridinium ring upon this acidity. This latter effect cannot 
be ignored; a Bronsted a = 0.30 has been found (8) upon the 
kinetic acidities for the analogous substituent effect in 8. 

Another pronounced X-substituent effect will be derived from 
the pyridine leaving group when its departure is rate deter- 
mining. Furthermore, superimposed upon all of these ef- 
fects is the expected change in rate-determining step from 
deprotonation to nucleofuge departure, analogous to that 
which is observed for 1 and 8. 

The most reactive 3 (X = 3-CI) undergoes hydroxide ion 
catalyzed elimination 3.3-fold faster (after allowing for the 
statistical factor in 3) than the similarly substituted 1. This 
result is only interpretable in terms of rate-determining de- 
protonation within an Elcb mechanism for both 1 (Scheme 
1) and 3 (Scheme 4) since the 3-chloropyridine leaving group 
is a far poorer nucleofuge than is bromide ion. The best 
demonstration of this latter assertion is probably the fact that 
SN2 reactions are essentially unknown for N-alkyl pyridin- 
ium cations under conditions in which such displacement 
reactions occur readily on simple alkyl bromides. 

The limiting slopes are -0.5 at low pKBH and -2.5 at high 
pKBH for the curve that is sketched as a reasonable visual fit 
to the data in Fig. 6. The former value is about what is ex- 
pected for the combined substituent effects from the two X- 
substituents upon the rate-determining deprotonation of 3 to 
give 9 in Scheme 4. The higher slope of approximately -2.5 
must be interpreted in terms of rate-determining k2 (i.e., koH 

OD OD 
H D + kl - + ks ) + - 

Py-CH2CH2Br + DO- P ~ - ~ H c H ~ B ~  Py-CHCH2Br a 6-CHDCH~B~ 
k-1 
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BUNTING ET AL. 

TABLE 2. Rate constants for the formation of 2 in the elimination reactions of 1 
and 3" 

Cation X ko14 (M-' s-I) Slopeh PKBH' 

"In aqueous solution, at ionic strength 0.  I .  25°C. 
'log k,,, vs. pH. 
'For deprotonation of the corresponding ring-substituted pyridiniurn cation (8). 
"Nonlinear (eq. [4]: pK, = 12.77(+0.07)). 

= k,k2/k-,); the reinforcing effects of both X-substituents = 8 x lo-" M-' s-I for 3m (X = 4-N(CH3),). Alterna- 
are expressed upon K,/K, = kI/k-,, and are combined with tively, an estimate of the reactivity of 3tn can be made from 
a significant substituent effect upon k, from both X-substit- the observation that log koH for 3 is a simple linear function 
uents. of log koH for 8 (Fig. 7; eq. [lo]). Extrapolation of eq. [lo] 

A simple linear extrapolation of log k,, over the range to koH = 4.17 x lo-' M-' s-I for 8: X = 4-N(CH3),, gives 
pKBH 5.82-6.45 to pKBH = 9.68, allows an estimate of koH koH = 3 x lo-" M-' s-I for 3m, which is in reasonable 
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FIG. 6. Br~nsted-type plot for koH as a function of pyridine ba- 
sicity for the elimination reactions of 3. The curve is sketched as 
a best visual fit to the data points. 

agreement with the estimate that is given above. This sec- 
ond-order rate constant (koH - lo-" M-' s-I) is 10"-fold 
smaller than koH for the most reactive bispyridinium dicat- 
ion in Table 2 (36: X = 3-Cl), and corresponds to a reaction 
half-time of about lo4 years for elimination from 3m at pH 
13 and 25"C! This should be compared with a half-time of 
0.6 s for 3b under the same reaction conditions, and a half- 
time of 2.2 h for lm under these conditions. 

There is an additional implication in the linearity dis- 
played in Fig. 7 .  The Bransted plot for the hydroxide ion 
catalyzed elimination reaction of various ring-substituted 8 
is concave-down, consistent with a change in rate-deter- 
mining step from deprotonation (k,) to nucleofuge depar- 
ture (k2) at pKBH = 5.8 (8). The data in Fig. 7 cover a range 
pKBH = 2.84-6.45, and can only display linearity over this 
range if the Elcb eliminations of 3 also undergo a similar 
change in rate-determining step near pKBH = 5.8. We thus 
have direct evidence that the curvature in the Bransted plot 
in Fig. 6 does combine dual substituent effects from the two 
X-substituents with a change in rate-determining step. The 
slope of 2.55 in Fig. 7 primarily reflects the difference in the 
influence of substituent effects uDon carbanion stabilization 
from a pyridinium ring directly upon the carbanionic centre, 
with one that is a further methylene group removed. The 
magnitude of this slope is similar to that (1 /0.36 = 2.8) as- 

FIG. 7. The relationship between koH for the elimination reac- 
tions of 3 and 8. The data for 8 are taken from ref. 8. 

sociated with the transmission of polar effects through a 
saturated carbon atom ( 19). 

The elimination reactions of 2-phenylethyl bromides (4) 
in aqueous base have been shown to occur via the concerted 
E2 reaction mechanism (6), whereas we have concluded 
above that the corresponding eliminations from 1 and 3 occur 
via the two-step Elcb mechanism. Table 3 summarizes the 
relative reactivities of 1 ,  3 ,  4, and some related species in 
hydroxide ion catalyzed eliminations, and the mechanistic 
assignments (using Bordwell's convention (17)) that have 
been made for these reactions. Both l a  and 3a are clearly 
much more reactive than either 2-phenylethyl bromide (4: 
X = H) or even its 4-nitro derivative (4: X = 4-NO?). How- 
ever, the latter species is 3-fold more reactive than lm, which 
is the least reactive N-(2-bromoethyl) pyridinium cation in 
the current study. The Elcb reaction of l a  (X = H) occurs 
over lo4-fold faster than the E2 reaction of 4: X = H. This 
comparison is of particular interest since these latter two 
species are isoelectronic. 

The reactants, 8 (X = H), 3a, and 10, in Table 3, all have 
the same leaving group and have all been established as in- 
volving rate-determining deprotonation (i.e., (Elcb),,,,), so 
that the relative reactivities of these species indicate the rel- 
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BUNTING ET AL. 

TABLE 3. Reactivity in hydroxide ion catalyzed elimination reactions" 

k",,[-OHl Z-CH,-CH2-L- Z-CH=CH2 + L- 

Reactant Z L koll (M- '  S-I) Mechanism Ref. 

I a C ~ S N  B r 0.32 (E lcb)irrcv 6 

4(X = 4-NO2) 4-N02C6H4 B r 2.82 X lo-' E2 6 
+ 

11n 4-(CH3),NC5H4N Br 9 .0  x lo-‘' (Elcb),,n pair 
6 

4(X = H) C6H5 Br 1 . 6 ~ 1 0 - ~ "  E2 6 

lO(X = H) 4-N02C6H4 5 . 1 3 ~ 1 0 - ~  (Elcb),,,, 9 

"In aqueous solution, ionic strength 0.1, 25°C. 
"Current work. 
'Calculated from data in refs. 5 and 6 ,  by assuming that the relative reactivities of 4: X = H and 4: X = 

4-NO2 are the same in aqueoous solution as they are in 40% dimethyl sulfoxide - 60% water. 
"After correction by a statistical factor of 2. 

ative influence of cyano, pyridinio, and 4-nitrophenyl sub- 
stituents upon the kinetic acidities of adjacent methylene 
groups. If we tentatively assume that the 224-fold differ- 
ence in the reactivities of 3a and 10 is also a reasonable es- 
timate of the relative kinetic acidities of l a  and 4 (X = 
4-NO,), then a second-order rate constant, k,, = 1.4 x 
lo-"-' s-I, is obtained for the deprotonation of this latter 
species. This value, which represents the upper limit to the 
second-order rate constant for an Elcb process for this 1nol- 
ecule, is somewhat smaller than the experimentally ob- 
served koH for the hydroxide ion catalyzed elimination. This 
result is consistent with the mechanistic assignment of the 
hydroxide ion catalyzed elimination from 2-(4-nitro- 
pheny1)ethyl bromide as an E2 process that does not in- 
volve an intermediate conjugate base species. 

We previously demonstrated a change in rate-determin- 
ing step within the Elcb reaction mechanism by variation of 
the substituents in the pyridine nucleofuge for two series of 
constant activating groups (cyano (8) (8) and 4-nitrophenyl 
(10) (9)). In the current work, we show a change in rate-de- 
termining step in an Elcb reaction for a constant leaving 
group (bromide ion) but with a systematic variation in reac- 
tivity via substitution in the pyridinio activating group (1). 
The N,N1-ethylene bispyridinium dications (3) combine these 
two effects via substitution in both the activating and leav- 
ing groups. Such double substitution results in an enormous 
range of reactivities in the elimination reactions from these 
dications. 
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Annulations leading to diene systems. Total syntheses of the dolastane-type 
diterpenoids (~)-(5S,12R,14S)-dolasta-1(15),7,9-trien-14-01 and (2)-amijitrienol 
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EDWARD PIERS and RICHARD W. FRIESEN. Can. J .  Chem. 70, 1204 (1992). 
Alkylation of the substituted cycloalkanones 14ci-el and 30 with (Z)-l-bromo-4-methyl-3-trimethylstannyl-2-pentene 

(13) produced compounds 150-d and 33, which were readily converted into the corresponding en01 trifluoromethane- 
sulfonates (triflates) 160-el and 34. Intramolecular Pd(0)-catalyzed coupling of the vinylstannane and en01 triflate func- 
tions in 160-d and 34 provided the dienes 170-d and 35. The annulation product 35 served as a suitable starting material 
for the total syntheses of the dolastane diterpenoids (5)-(5S, 12R, 14s)-dolasta-1(15),7,9-trien-14-01 (2) and (?)-amiji- 
trienol (3). The key steps of the synthesis of (5) -2  involved the stereoselective methylation of the ketone 44 (readily 
derived from 35) to provide 46 and the Barbier type ring closure of 47 to provide the target compound. For the synthesis 
of (5)-3,  the notable conversions included the reductive transformation of the diene 35 into the alkene 53, the aldol 
condensation of the ketone 54 with 4-trimethylstannyl-4-pentenal (55), the chemo- and stereoselective reduction of the 
dione 58, and the one-pot conversion of the keto vinylstannane 63 into the triene 65, via the intermediate 64. 

EDWARD PIERS et RICHARD W. FRIESEN. Can. J .  Chem. 70, 1204 (1992). 
L'alkylation des cycloalcanones substitutes 140-d et 30 avec le (Z)-bromo-I-methyl-4-trimCthylstanny1-2-pentene (13) 

conduit aux composCs 1%-d et 33  que I'on transforme facilement en les trifluoromethanesulfonates d'tnol correspon- 
dants (triflates) 16a-d et 34. Le couplage intramoltculaire, catalyst par le Pd(O), des fonctions stannane de vinyle et 
triflate d'tnol des composes 16a-d et 34 donne les diknes 17a-rl et 35. Le produit d'annellation 35  sert parfaitement de 
produit de depart pour la synthese totale des diterpitnes dolastane (5)-(5S, 12R, 14s)-dolastatriene- 1(15),7,9-01-14 (2) et 
du (5)-amijitrienol (3). L'ttape clt de la synthkse du colnpost (?)-2 implique la methylation stCr6ostlective de la cetone 
44 (obtenue facilement i partir du compost 35) qui conduit au compose 46 et la fermeture de cycle du type Barbier du 
compost 47 qui permet d'acceder au produit attendu. Dans le cas de la synthitse du compose (5) -3  les transformations 
particulikres comprennent la transformation rtductrice du dikne 35 en alcene 53, la condensation aldolique de la cttone 
54 sur le trimCthylstanny1-4-pentenal-4 (55), la reduction chimique et stCrCoselective de la dione 58 et la transformation 
in situ de la cCto vinylstannane 63 en triitne 65 par I'intermkdiaire du compose 64. 

[Traduit par la rCdaction] 

Introduction 
The dolastane family of diterpenoids share the structur- 

ally interesting carbon skeleton 1.' Members of this class of 
natural products have been isolated from a variety of ma- 
rine organisms (1 - 12). Collectively, they exhibit varying 
degrees of unsaturation and oxygen functionalization and their 
absolute configuration has been determined (8, 9). Further- 
more, many of the dolastanes display useful and potentially 
important biological properties, including antimicrobial ac- 
tivity and cytotoxicity. A number of dolastanes contain, as 
part of their structures, conjugated diene units. For exam- 

' ~ u t h o r  to whom correspondence may be addressed. 
2 ~ n  the two original reports ( 1 ,  2) regarding natural products 

possessing the carbon skeleton 1 ,  it was proposed that the names 
dolastane and clavularane be used to designate the carbon skele- 
tons i and ii, respectively. Under these proposals, the dolastanes 
and clavularanes share a common skeletal framework and differ only 
in configuration at a number of stereogenic centers. In our opin- 
ion, this convention is unnecessarily complicated and confusing and 
its continuation should be discouraged. We propose that the name 
clavularane be dropped and that all diterpenoids that display the 
general skeleton 1 ,  devoid of configurational designations, be re- 
ferred to as dolastanes. 

ple, the structurally interesting trienol 2,' which was iso- 
lated from an intertwined mixture of algae (Dictyota linearis 
(C. Ag.) and D.  divaricata (lamour)) collected from the coral 
reefs of the Honduras Bay Islands, contains a heteroannular 
1,3-butadiene moiety involving carbons 7-10. On the other 
hand, amijitrienol ((4R,5S, 12R)-dolasta-1(15),8,13-tnen-4- 
01) (3), a dolastane derived from D .  litlearis collected in the 

'Substance 2 was originally named (14s)-14-hydroxydolasta- 
i (1 5),7,9-triene (7). However, on the basis of our proposal that the 
term dolastane should no longer include configurational implica- 
tions (see footnote 2), we suggest that 2 should be designated 
(5S,12R,14S)-dolasta-l(15),7,9-trien-14-01. 
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PIERS AND FRIESEN 

Bay of Tosa (1 I), embodies a conjugated diene system con- 
necting carbons 13, 14, 1, and 15. The natural product 3 
exhibits moderate antimicrobial activity against Staphylo- 
coccus aur-eas and Mucor rnucedo (1 1). 

Recent reports (13) from this laboratory have described a 
new annulation method represented in general terms by 4 -+ 
5 + 6. The key step of this sequence involved the intramo- 
lecular, palladium(0)-catalyzed coupling of the vinylstan- 
nane and en01 trifluoromethanesulfonate (triflate) functions 
of the intermediate 5 to provide the annulation product 6.  If 
one compares the structure of 6 (n = 2) with that of amiji- 
trienol (3), it is immediately evident that the AB ring por- 
tion of the natural product should be amenable to preparation 
via application of the new method. Furthermore, it was en- 
visaged that an appropriate variant of the method, involving 
formation of products in which both double bonds of the 
diene unit are endocyclic (e.g., 4 + 7 + 8) could serve ef- 
fectively as a route for the synthesis of the BC ring segment 
of the dolastatrienol 2. We report herein model studies that 
show that transforinations represented in general terms by 4 
+ 7 + 8 are readily accomplished. Furthermore, we de- 
scribe total syntheses of the dolastanes (+)-2 and (5) -3  via 
routes in which our new annulation methods play a key role.4 
It is important to note that other research groups have pub- 
lished work that culminated in the total syntheses of a num- 
ber of dolastanes (16-18) or have described synthetic 
approaches to the preparation of members of this interesting 
family of diterpenoids ( 19-22). 

Results and discussion 
(a) PI-eparatiorz of (Z)-I-bromo-4-methyl-3- 

tr-irnetlzylstarzrzy1-2-pentene (13) and its use in diene- 
producing arzrz~llation sequences 

One of the bifunctional reagents required for this study, 
(Z)- 1 -bromo-4-methyl-3-trimethylstannyl-2-pentene (13), 
was prepared by use of (trimethy1stannyl)cuprate chemistry 
developed earlier in our laboratory (see Scheme 1). Thus, 
treatment of methyl 4-methyl-2-pentynoate (9) with lithium 
(phenylthio)(trimethylstannyl)cuprate (10) (23) under ap- 
propriate reaction conditions (24) provided the Z enoate 11. 
Reduction of this material with diisobutylaluminum hy- 
dride, followed by reaction of the resultant allylic alcohol 12 
with triphenylphosphine dibromide in the presence of tri- 
ethylarnine, produced the required bromide 13 in 69% overall 
yield from 9. Although it proved to be a viable reagent for 
our purposes (vide infra), compound 13 is quite unstable and 

'For preliminary accounts, see refs. 14 and 15. 

could not be distilled without considerable decomposition. 
Even upon storage in the dark at -4"C, 13 slowly decom- 
posed. Consequently, this substance was employed in sub- 
sequent reactions immediately after its preparation and was 
not distilled prior to use. 

In spite of the "handling difficulties" associated with its 
instability and even though the CH,Br function in 13 is cis 
to the sterically bulky Me,Sn group, this substance served 
effectively as an alkylating agent. For example, reaction of 
the potassium enolate of 2-methoxycarbonylcyclopenta- 
none (14a) with the bromide 13 in refluxing tetrahydrofuran 
(THF) afforded the expected product 15a in 78% yield 
(Scheme 2). In similar fashion, the P-keto esters 14b and 14c 

(1) LDA 
(2) Tf2NPh 
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could be transformed cleanly and efficiently into the corre- 
sponding alkylation products 15b and 15c. Furthermore, al- 
kylation of 2-methylcycloheptanone (14d) (25) with 13 under 
conditions (t-BuOK, t-BuOH, THF) that would cause rapid 
enolate anion equilibration produced 15d as the major prod- 
uct, albeit in mediocre isolated yield (42%). 

To determine whether or not 15a-d would serve as effec- 
tive substrates for the synthesis of dienes of general struc- 
ture 17 (Scheme 2), the former substances were allowed to 
react sequentially with lithium diisopropylamide (LDA) and 
N-phenyltrifluoromethanesulfonimide (TfiNPh) (26). The 
resultant en01 trifluoromethanesulfonates (triflates) 160-d 
were obtained in excellent yields (82-87%). Treatment of 
each of these intermediates with 0.05 equivalents of 
(Ph,P),Pd in THF or MeCN resulted in the smooth, effi- 
cient (>go%) formation of the dienes 17a-d.5 Thus, this brief 
study showed clearly that the originally desired annulation 
sequence (4 - 8) is readily accomplished. The generality of 
the method was demonstrated to some degree by the for- 
mation of dienes possessing bicyclo[3.3.0]octane (17a), bi- 
cyclo[4.3.0]nonane (17b), and bicyclo[5.3.0jdecane (17c, 
d )  carbon frameworks. It is highly likely that replacement 
of the isopropyl moiety in 13 by a different alkyl group or 
by a functionalized alkyl group would permit the extension 
of this chemistry to the facile preparation of a wide variety 
of bicyclic dienes represented in general terms by structural 
formula 18. It should also be mentioned that the conversion 
of 2-methylcycloheptanone (14d) into the diene 17d repre- 
sented an excellent model for the preparation of the BC ring 
system present in the dolastatrienol 2. The total synthesis of 
(2) -2  via a route that utilizes this method is described in the 
next section of this paper. 

An interesting observation was made in comparing the 
Pd(0)-catalyzed cyclizations of the vinylstannane-en01 tri- 
flates 16c and 16d. These substrates, which differ only with 
respect to the nature of the substituent adjacent to the en01 
triflate moiety (COZMe vs. Me), undergo cyclization at sig- 
nificantly different rates. Thus, completion of the ring clo- 
sure of 16c required -30 min at 82'C (refluxing MeCN), 
while 16d was converted completely into 17d in 5 min at 
room temperature (THF ~o lu t i on ) .~  

Presumably, the overall coupling processes involving 16c 
and 16d take place via a sequence of steps that, in broad 
terms, may be represented as shown in Scheme 3. In inter- 
molecular reactions of this type, the rate-limiting step is 

'~hese Pd(0)-catalyzed cyclization reactions are intramolecular 
versions of the Stille coupling of vinylstannane and en01 triflate 
functions. Stille and co-workers (27, 28) have studied in detail the 
intermolecular variants of this synthetically useful process. 

?hese reactions could be monitored conveniently by removal, 
work-up, and analysis (glc, tlc) of small aliquots of the reaction 
mixtures. In our studies, we have found that MeCN is generally a 
better solvent (faster reaction rates, higher product yields) than THF 
for cyclizations of this type. Therefore, the observations with re- 
spect to the rate of ring closures of 16c and 16d cannot be due to 
a solvent effect. 

proposed (27) to be the transmetalation reaction, corre- 
sponding to step B in Scheme 3. However, in intramole- 
cular couplings, i t  is possible that the monoinolecular 
transmetalation reaction (19 + 20, step B) is faster than the 
bimolecular oxidative addition (16c, d - 19, step A). In this 
case, the initial conversion in Scheme 3 would be rate lim- 
iting. It is likely that, in either case, the fact that 16c cy- 
clizes at a rate significantly slower than 16d is due to the 
electron-withdrawing inductive effect of the CO,Me func- 
tion. Thus, if step A is rate determining, one would have to 
conclude that the adjacent COiMe group has a deleterious 
effect on the rate of oxidative addition of the Pd(0) catalyst 
to the C-O bond of the en01 triflate moiety in 16c. On the 
other hand, if B is the slow step, one would postulate that 
intramolecular transmetalation of an "electron deficient" 
vinylpalladium(I1) species (19, R = C02Me) is slower than 
the corresponding process involving an "electron rich" vi- 
nylpalladium(I1) intermediate (19, R = Me). 

(b) Total synthesis of (2)-(SS, I 2  R ,  I 4  S)-dolasta- 
1(1S), 7,9-trien-14-01 (2) 

The starting material that was chosen for the total synthe- 
sis of the dolastatrienol (2) -2  was the commercially avail- 
able keto ketal 21 (see Scheme 4). Since the six-membered 
carbocyclic ring of this material was to become ring B of the 
target molecule 2, i t  was necessary to convert 21 into the 
substituted cycloheptanone 30. This overall transformation, 
requiring a methylation and a one-carbon ring expansion, was 
accomplished as summarized in Scheme 4. 

Methylation of 21 was achieved by use of the method de- 
veloped by Corey and Enders (29). Monoalkylation of the 
N,N-dimethylhydrazone 22 occurred cleanly and efficiently 
and, after cleavage of the hydrazone linkage in 23, the keto 
ketal 24 was obtained in excellent yield. The required ring 
expansion of 24 was conveniently performed via the method 
reported by Saegusa et al. (30). Thus, cyclopropanation (31) 
of the en01 silyl ether 25, derived (32) from the ketone 24, 
produced a mixture of the cyclopropanes 26 and 27, in a ratio 
of approximately 2 :  Treatment of this mixture with 
anhydrous ferric chloride in N,N-dimethylformamide con- 
taining one equivalent of pyridine (30) gave the rather un- 
stable P-chloro ketone 28. Dehydrochlorination (NaOAc in 
hot methanol) of this crude material produced, in 62% yield 
from the mixture of 26 and 27, the enone ketal 29. Hydro- 
genation (HZ, Pd-C) of 29 in hexane removed the unwanted 
carbon-carbon double bond and provided the required cy- 
cloheptanone 30. 

The stage was now set for subjection of the intermediate 
30 to the diene-producing annulation sequence developed 
earlier (vide supra). To that end, the ketone 30 was alkyl- 
ated with the allylic bromide 13 under reaction conditions 
(t-BuOK, t-BuOH, 1,2-dimethoxyethane (DME)) that would 
promote enolate anion equilibration (see Scheme 5). Anal- 
ysis (tlc) of the crude product indicated the presence of a 
small amount of starting material, one major product, and 
two additional (minor) components. Column chromatogra- 

7~lthough no firm evidence was obtained for the configurations 
of 26 and 27, it seems reasonable to propose that, for steric rea- 
sons, the major product should be 26, resulting from preferential 
cyclopropanation of 25 from the side opposite the secondary methyl 
group. In any case, the fact that a mixture was obtained was of nc 
consequence, since both 26 and 27 were subsequently converted 
into the same desired product 30. 
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PIERS AND FRIESEN 

&lb (I)  LDA H2NNMe, (2) Me1 - (3) ~ a 1 0 ~  
0 NNMe2 H20 R' 

31 22 23 R'= NNMe, 

ZnEt ;! 
C1 

phy of this mixture on silica gel provided, in order of elu- 
I tion, the dialkylation product 31 (1 1%, a mixture of two 
I diastereomers), the monoalkyl product 32 (2%, a single 

diastereomer of undetermined configuration), and the de- 
sired substance 33 (59%). The structural assignments were 
based on spectral data. Although the yield of 33 was not high, 
the procedure employed was straightforward and amenable 
to reasonably large scales. Furthermore, the overall process 
was faciliated by the fact that 33 was cleanly separated from 
the side products by chromatography. 

Conversion of the ketone 33 into the corresponding en01 
triflate 34 was achieved in the normal manner (26) (Scheme 
5). However, unlike the en01 triflates 16a-d (vide supra), 

34 was not isolated. Instead, a catalytic amount of (Ph,P),Pd 
was added directly to the reaction mixture derived from se- 
quential treatment of 33 with LDA and Tf,NPh in THF. 
Warming of the resultant solution to 30°C for 5 min, fol- 
lowed by work-up and product purification, provided the 
bicyclic ketal diene 35 in 81% yield.8 Mild acid hydrolysis 

 his one-pot procedure was significantly superior to that in 
which the en01 triflate 34 was isolated and then cyclized in a sep- 
arate operation. The two-pot process converted 33 into 35 in an 
overall yield of about 55%. The advantage of using a one-pot pro- 
tocol for conversion of keto vinylstannanes into dienes has been 
noted previously (13). 
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SCHEME 5 

of 35 provided, in nearly quantitative yield, the keto diene transition state 38, the stereoelectronic requirement is sat- 
36. Thus, the BC ring portion of the dolastatrienol (+)-2 was isfied via a geometric arrangement in which the seven- 
in hand. membered ring is in a chair-like conformation. However, in 

I The final phase of the total synthesis of (&)-2 required transition state 39, the stereoelectronically engendered axial 
initially the stereocontrolled introduction of two substi- attack of the alkylating agent requires that the (forming) cy- 
tuents at C-4 of the ketone 36 (see Scheme 6). One of these cloheptenone ring adopt a boat-like geometry. Clearly, one 
appendages was a simple methyl group, while the other had would reasonably conclude that, of these two possibilities, 
to be a functionalized five-carbon unit that would permit a 38 should be energetically favored over 39. Furthermore, 
subsequent ring closure to give the allylic alcohol entity as- molecular models show that, in 39, there could well be some 
sociated with ring A of the target compound. steric repulsion between the incoming alkylating agent and 

With respect to stereochemistry, it was concluded that the the angular methyl group. The fact that no comparable steric 
order of introduction of the two substituents was crucial. It interaction destabilizes 38 provides additional weight to the 
is obvious that, theoretically, alkylation of the enolate anion proposal that the major product of alkylation of 37 should be 
37 (Scheme 7) with RICH,I could provide one (or both) of 40, formed via the lower energy transition state 38. 
the stereoisomeric products 40 or (and) 41. However, if one If this reasoning has validity, the first alkylation at C-4 of 
assumes that, conformationally, the transition state(s) for 36 (see Scheme 6) would have to be done with a suitable five- 
alkylation has (have) product-like characteristics and that the carbon alkylating agent. A subsequent alkylation at C-4 with 
reaction is subject to stereoelectronic control, then two pos- Me1 would (presumably) provide a (major) product with the 
sible transition states must be considered. These may be correct relative configuration at the newly introduced chiral 
represented, in general terms, as shown in 38 and 39. In center. 

+ 
(2) 13 

30 33 

Me3Sn 
Me, NN. 

31 32 

(1) LDA SnMe3 
H2NNMe, (2) I-v-A (43) 

(3) NaI04, H20 

42 

(1) LDA 
(2) Tf,NPh 

44 /" 
45 C-4 epimer 

( Mg 
THF 

11111 

/ 

2 47 46 
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PIERS AND FRIESEN 

The bifunctional reagent 5-iodo-2-trimethylstannyl-1- rived from 46 did not provide unequivocal evidence for the 
pentene (43) (13) (Scheme 6) was chosen as the alkylating stereochemistry of this substance, the assignment was based 

I agent for incorporation of the necessary five-carbon side primarily on the previously discussed predictions regarding 
chain. Unfortunately, direct alkylation of 36 with 43, em- the (expected) preferred pathway for alkylation of the eno- 
ploying a number of different bases (LDA, lithium 2,2,6,6- late anion 37 (Scheme 7).1° 
tetramethylpiperidide, t-BuOK) under a variety of experi- Reaction of the keto vinylstannane 46 with iodine in di- 
mental conditions, failed to produce the desired products 44 chloromethane produced, cleanly and efficiently (84%), the 
and (or) 45 cleanly. Although, in some of the reactions, 44 keto vinyl iodide 47. 
and 45 were formed as the major products, small amounts On the basis of literature reports, it appeared that the re- 
of other substances were also generated and these proved to quired ring closure of 47 to the target compound (+)-2 could 
be very difficult to separate from the desired material(s). be effected by use of a variety of synthetic methods. After a 

In view of these difficulties, the previously employed number of unsuccessful attempts, it was gratifying to find that 
protocol of ketone alkylation via the corresponding di- the desired conversion could be achieved via a straightfor- 
methylhydrazone derivative (29) (see 2 1  + 24, Scheme 4) ward procedure that involved treatment of 47 with small 
was followed. Thus, conversion of 36 into 42, followed by pieces-of freshly ground magnesium metal in refluxing THF. 
alkylation of the latter substance with 43 and subsequent Chromatography of the crude product provided (2)-(5S,12R, 
hydrolysis of the hydrazone linkage, provided, in 68% overall 14s)-dolasta-1(15),7,9-trien-14-01 (2) as the only tricyclic 
yield, a single ketone. Anions of dimethylhydrazones of product (49% yield)." Recrystallization of this material from 
substituted cyclohexanones are known to show high prefer- heptane gave material that exhibited mp 105-106°C and 
ence for axial alkylation (29, 33, and references cited therein) produced spectra in good agreement with those derived from 
and. therefore. on the basis of theoretical considerations the natural ~ r 0 d u c t . I ~  
similar to those presented earlier (vide supra, Scheme 7), the The stereochemical outcome of the transformation of 47 
configuration of the alkylation product was assigned as shown into 2 requires brief comment. Although the mechanistic 
in 44. Unfortunately, the 'H nmr spectrum of 44 failed to details of this Barbier-type reaction are uncertain (34, 35), 
provide conclusive evidence to support this assignment.9 it is evident from an examination of molecular models that 
However, during the next step of the synthesis, the chirality the conversion in question should occur in the desired stero- 
of C-4 in 44 would be destroyed (enolate anion formation) chemical sense. Thus, the ring closure 47 to give 48, the C- 
and, therefore, from a synthetic viewpoint, designation of 14  epimer of 2, could take place via one (or both) of 
the relative stereochemistry of this substance was not par- two transition states that may be represented, in somewhat 
ticularly important. simplistic terms, by 49 and 50. In 49, both the seven-mem- 

Methylation of the ketone 44 under conditions (t-BuOK, bered ring and the forming six-membered ring are in chair- 
THF-HMPA) that would cause rapid enolate anion equili- shaped conformations and the alkenyl moiety approaches the 
bration provided, in 63% yield, the keto triene 46. The fact 
that alkylation had taken place at the desired site (C-4) was 
shown clearly by the 'H nmr spectrum of the product 46, 
which exhibited two three-proton singlets (6 1.03, 1.11) due 
to the tertiary methyl groups. Since the spectral data de- 

'Treatment of 44 with NaOMe in MeOH provided a 1 : 1.4 mix- 
ture of the epimers 44 and 45, from which a pure sample of 45 could 
be obtained by column chromatography. Again the 'H nmr spec- 
trum of 45 did not furnish unambiguous corroboration for the ste- 
reochemical assignment. 

10 It should be noted that, in their total synthesis of (f )-isoami- 
jiol, Pattenden and co-workers carried out a comparable methyla- 
tion on a substrate structurally similar to 44 (16). 

"The crude product contained a small amount of a second com- 
ponent that, on the basis of its chromatographic and spectral prop- 
erties, was considered to be the uncyclized keto triene (47, H in 
place of I). This material was not isolated or characterized fur- 
ther. 

I2we are grateful to Professor P. Crews for copies of the 'H nmr, 
13 C nmr, and mass spectra of natural 2. 
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carbonyl group from an axial direction. However, this geo- 
metric arrangement is destabilized by steric interactions, the 
most notable of which is a severe repulsion between the an- 
gular methyl group (C-16, dolastane numbering) and the 
terminal methylene unit of the (approaching) vinyl group. 
This interaction is relieved in the alternative transition state 
50, in which the substituted alkenyl function approaches the 
carbonyl from an equatorial direction. However, this tran- 
sition state is destabilized by a number of steric repulsions 
and by the torsional strain inherently present in the boat-like 
conformation of the cycloheptenone ring. On the other hand, 
the pathway leading from 47 to racemic 2 can proceed via a 
transition state (see 51) that is devoid of serious steric inter- 
actions and in which both the seven-membered ring and the 
forming six-membered ring possess chairlike geometries. 

A few comments regarding the 'H nrnr spectrum of 2 are 
in order. The resonance at 6 2.60 (ddd, J = 6 ,  12.5, 
12.5 Hz) was assigned by Crews et al. (7) to H,. In a de- 
coupling experiment, irradiation at 6 2.60 changed the broad 
doublet ( J  = 12.5 Hz) at 1.97 to a broad singlet, and there- 
fore, the latter signal may be assigned to H,. Crews et al. (7) 
had assigned the 6 1.97 resonance to one of the protons at 
C- 13 (H, or H,). Actually, the signals due to H, and H, can 
be observed as a pair of doublets (J  = 14.5 Hz) at 6 2.03 and 
1.48. The doublet of doublets (J  = 4.5, 15 Hz) at 6 3.22 had 
been ascribed by Crews et a / .  (7) to one of the C-6 protons 
(H, or H,). However, the other C-6 proton had not been as- 
signed to a particular signal. Irradiation at 6 3.22 resulted in 
simplification of the doublet of doublets ( J  = 9.5, 15 Hz) at 
1.5 1 and, consequently, the resonances at 1.5 1 and 3.22 may 
be assigned to protons H, and H,. 

( r )  Total synthesis of (+)-arnijitrienol (3) 
It was envisaged that the ketal diene 35 would serve as a 

suitable starting material for the synthesis of (+)-amiji- 
trienol (3). The use of 35 in this context required, initially, 
the reductive conversion of this material into the ketal al- 
kene 53 (see Scheme 8). To that end, 35 was treated with 
lithium in ammonia - diethyl ether. This reaction pro- 
duced, in high yield, a mixture of two products in a ratio of 
-4: 1 (glc). Analysis of this mixture by glc - mass spec- 
trometry and 'H nrnr spectroscopy showed that the two 
components were isomeric (M' = 292 for each substance) 

and that the major product was the desired alkene 53. Fur- 
thermore, the ' H  nrnr spectrum indicated that the minor 
product was the ketal alkene 52." Thus, the spectrum ex- 
hibited a single olefinic proton signal at 6 5.41, with a width 
at half-height of - 16 Hz. Had the minor product been the 
isomeric alkene 60, one would probably have observed a 
signal in the alkene region of the spectrum with w,/, = 
6 Hz. For example, in the 'H nrnr spectra of 35 and 36, the 
signals due to the cyclopentene olefinic protons have w , / ~  = 
6.5 Hz. 

Unfortunately, compounds 52 and 53  proved to be very 
difficult to separate by chromatography on silica gel. How- 
ever, it was gratifying to find that treatment of the mixture 
of these substances with a catalytic amount of iodine in re- 
fluxing hexane for 3 h caused quantitative isomerization of 
52 into 53 (Scheme 8). Mild acid hydrolysis of the crude 
product'"erived from this reaction provided the desired keto 
alkene 54 in 88% yield from the ketal diene 35. Compound 
54 had been prepared previously by Pattenden and co-workers 
(16), via a route very different from that described in this 
paper. The 'H nrnr spectra of the two synthetic samples were 
found to be identical. l 5  

The final portion of the overall synthesis of (2)-amiji- 
trienol (3) required two crucial operations, the stereoselec- 
tive introduction of the secondary hydroxyl group at what 
would eventually become C-4 of 3, and the construction, with 
concomitant ring closure, of the diene unit associated with 
carbons 13, 14, 1, and 15 of the target compound. The bi- 
functional reagent chosen for these purposes was 4-tri- 
methylstannyl-4-pentenal (55). Clearly, condensation of this 
substance with the C-4 enolate anion of 54 (see Scheme 8) 
would place an oxygen function at the required position of 
the introduced side chain (see 56). Furthermore, the vinylic 
trimethylstannyl function would, presumably, permit the 
subsequent desired ring closure via the method developed 
earlier in our laboratory (1 3) (see 4 -+ 6). 

The aldehyde 55 was produced conveniently by Swern 
oxidation (37) of the alcohol 61, which, in turn, was pre- 
pared by reaction of 4-pentyn-1-01 with Me,SnCu . SMe, 
under conditions modified somewhat from those reported (38) 
earlier. The aldehyde 55 proved to be quite unstable and de- 
composed slowly even when stored under argon at low tem- 

I 3 ~ h e  stereochemical orientation of the isopropyl group in this 
substance was not determined. 

 isti tilled 53 exhibited spectra that agreed well with those re- 
ported (36) for this compound. 

I5We are very grateful to Professor Pattenden for a copy of the 
'H nrnr spectrum of synthetic 54 prepared in his laboratory. 
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(1) LDA 

8'1 

(2) (55) 

H 

(3) (COCl),, DMSO; Et3N 

peratures (freezer). Consequently, it was generally used 
immediately after its preparation. 

Deprotonation of 54 with LDA in THF at -78"C, fol- 
lowed by reaction of the resultant enolate anion with the al- 
dehyde 55, provided, in 62% yield, a mixture of three ketols 
of general structure 56. Immediate subjection of this mate- 
rial to Swem oxidation (37) gave the diketone 57, which, like 
the ketol mixture 56, was quite unstable toward chromatog- 
raphy on silica gel. Therefore, 57 was directly methylated 
with K2C0,-Me1 in acetone. This reaction gave a chroma- 

tographically separable mixture (-2: 1 by 'H nrnr analysis) 
of the epimeric products 58 and 59. The overall isolated 
yields of these two substances from the mixture of ketols 56 
were 4 1 and 16%, respectively. Unambiguous spectro- 
scopic evidence that would permit designation of the rela- 
tive stereochemistry of 58 and 59 could not be obtained. 
Therefore, at this stage of the work, the configuration of the 
major alkylation product was assigned as shown in 58. This 
assignment, which was made primarily on the basis of anal- 
ogy with the stereochemical outcome of the methylation 

(1) i-13u2AlH, 
LiC1. THF 
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performed earlier (44 + 46, Scheme 6), was subsequently 
shown to be correct by acquisition of the target compound, 
(2)-3 .  

At this juncture of our synthesis, it was necessary to 
chemically differentiate between the two carbonyl groups of 
58. After a number of unsuccessful attempts to accomplish 
this objective, it was found that treatment of a THF solution 
of 58 with excess LiCl, followed by cooling of the mixture 
to -78°C and addition of excess i-BuzAIH, provided a sin- 
gle ketol 62 (see Scheme 9).16 The latter material was 
immediately converted (t-BuMezSiOTf, 4-(N,N-dimethyl- 
amino)pyridine, Et3N, CH2Cl,) into the corresponding silyl 
ether 63, which was obtained in 79% yield from the dike- 
tone 58. 

Since compound 63  served as a precursor for the synthe- 
sis of (*)-3 (vide infra) it was subsequently determined that 
the reduction of 58 with i-Bu2A1H in the presence of LiCl had 
produced a product 62 with the correct relative configura- 
tion at the newly introduced chiral center. The chemo- and 
stereoselectivity of this interesting, synthetically pleasing 
reaction may be rationalized by proposing initially that co- 
ordination of the lithium cation with the 1,3-diketone sys- 
tem of 58 provides a "frozen" conformation as depicted in 
66. Approach of the reducing agent from the top face of either 
of the carbonyl groups in 66 would be hindered by adja- 
cent, axially oriented methyl group. Furthermore, reduction 
of the ring carbonyl from the bottom face would involve steric 
repulsion between the approaching reagent and the axial, 
angular methyl group. Thus, the only mode of attack that is 
relatively free of steric repulsions is that involving delivery 
of hydride to the bottom face of the side-chain carbonyl 
function, as shown by the arrow in 66. The result of such a 
chemo- and stereoselective pathway would be the produc- 
tion of the ketol62, the observed product. 

To complete the synthesis of (2)-arnijitrienol (3), the keto 
vinylstannane 63  had to be subjected to the diene-producing 
annulation method developed earlier in our laboratory (13). 
This required, initially, the conversion of 63  into the corre- 
sponding en01 triflate 64. However, it was found that the 
lithium enolate of 63, formed by treatment of 6 3  with LDA 
in THF, did not react with Tf,NPh. Presumably, the failure 
of this (proposed) reaction was due primarily to the hin- 
dered nature of the enolate anion moiety. Fortunately, the use 
of the more reactive potassium enolate proved to be suc- 
cessful. Thus, sequential treatment of 6 3  with potassium 
hexamethyldisilazide and Tf,NPh in THF provided the re- 
quired en01 triflate 64 (Scheme 9). Palladium(0)-catalyzed 
ring closure of this material in refluxing acetonitrile con- 
taining a small amount of triethylamine gave the tricyclic 
triene 65  in 74% yield from 63. Cleavage of the silyl ether 
linkage with tetra-n-butylammonium fluoride provided, in 

16 Interestingly, reduction of 58 with i-Bu,AlH (- 1 equivalent) 
in various solvents (THF, Et,O, PhMe) at -7S°C in the absence 
of LiCl produced complex mixtures that contained 58, ketols, and 
diols. 

78% yield, crystalline (2)-amijitrienol (3), which exhibited 
mp 1 19- 1 19.5"C (from hexane) and produced spectra iden- 
tical with those of natural (+)-amijitrienol.17 

One point regarding the cyclization reaction (64 + 65) 
deserves explicit mention. Triethylamine was added to the 
reaction mixture because it was found that the exocyclic 
double bond present in each of the substances 65  and 3 was 
quite prone to acid-catalyzed rearrangement. In fact, the 
CDC1, that was used to record the 'H nrnr spectra of 65 and 
3 had to be shaken with solid Na,CO,-MgSO, and then fil- 
tered through basic alumina just prior to use. If "untreated" 
CDCI, was employed, the 'H nmr spectra of (initially) pure 
samples of 65 and 3 showed that the major components 
present were the isomeric substances 67 and 68, respec- 
tively. In these spectra, the H, protons of 67 and 68 appear 
as multiplets at 6 5.26 and 5.37, while the vinyl methyl 
groups give rise to broad singlets at 6 1.80 and 1.84, re- 
spectively. 

Conclusion 
The work reported in this paper includes (a) the devel- 

opment of a new annulation sequence that can be described 
in general terms by 4 + 7 + 8 ,  and (b) the application of 
this and a related, previously reported (13) annulation pro- 
cess to the total syntheses of the dolastane diterpenoids (*)- 
(5S, 12R, 14s)-dolasta-1(15),7,9-trien- 14-01 (2) and ( 2 ) -  
amijitrienol (3). In this study, the bifunctional reagents 13, 
43, and 55 served effectively as synthetic equivalents of the 
donor-acceptor synthons 69-71, respectively. The fact that 
these reagents played such a central role in the work re- 
ported herein illustrates the value and versatility of organo- 
tin compounds in organic synthesis. 

I7we are indebted to Professor M. Ochi for copies of the 'H nmr, 
13 C nmr, and mass spectra of (+)-3. 
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Experimental 
General information 

Distillation temperatures, which refer to bulb-to-bulb (Kugelrohr) 
distillations, and melting points are uncorrected. Proton ('H) and 
carbon (I3c) nuclear magnetic resonance (nmr) spectra were, un- 
less otherwise noted, recorded on CDC1, solutions. Carbon chem- 
ical shifts are given relative to that of CDCl, (6 77.0). Proton signal 
posit~ons for compounds containing the Me3Sn group are given 
relative to the signal for CHCl, (6 7.25). Tin-proton cou ling 
constants (JsrH) are given as the average of the " ' ~ n  and '19Sn 
values. For substances that contain the Me3% function, high-res- 
olution molecular mass determinations were determined on the (M' 
- Me) fragment (39) and are based on I2Osn. Gas-liquid chro- 
matography (glc) was performed using instruments equipped with 
25 m X 0.21 mm fused silica columns coated with cross-linked 
SE-54. Thin-layer chromatography (tlc) was carried out with 
commercial aluminum-backed silica gel plates (E. Merck, Type 
5554). Conventional (drip) column chromatography as well as 
medium pressure and flash chromatography (40) were performed 
with 230-400 mesh silica gel (E. Merck). Reagents and solvents 
were purified and dried using standard methods. Aqueous NH,CI- 
NH,OH (pH 8) refers to a solution prepared by adding -50 mL of 
aqueous ammonium hydroxide (58%) to - 1 L of saturated aqueous 
ammonium chloride. 

NOTE: Unless otherwise noted, all reactions were carried out 
under an atmosphere of argon in flame- or oven-dried glassware. 

NOTE: All compounds for which high resolution mass measure- 
ments are given exhibited, unless otherwise noted, clean 'H nmr 
spectra and one spot on tlc analyses. Furthermore, the purity of these 
substances was judged to be 295% by glc analyses. 

Methyl 4-methyl-2-pentynoate (9) 
To a cold (-78"C), stirred solution of 3-methyl-1-butyne 

(3.4 g,  50 mmol) in 100 mL of dry THF was added a solution of 
MeLi in EtzO (34 mL, 55 mmol). The solution was st~rred at -78°C 
for 10 min and then at -20°C for 1 h. Methyl chloroformate 
(4.64 mL, 60 mmol) was added and the mixture was stirred at 
-20°C for 30 min and at room temperature for 30 min. Saturated 
aqueous NaHCO, (50 mL) and Et,O (50 mL) were added. The or- 
ganic phase was separated and the aqueous phase was extracted with 
1 : 1 Et20-hexane. The combined organic extracts were washed with 
brine, dried (MgSO,), and concentrated. Distillation (60-70°C/ 
0.15 Torr (1 Torr = 133.3 Pa)) of the crude product gave 5.92 g 
(94%) of the ester 9, a colorless oil that displayed ir (neat): 2220, 
1715, 1390, 1370, 1260 cm-'; 'H nmr (80 MHz) 6: 1.18 (d, 6H, 
J = 7 Hz), 2.63 (septet, IH,  J = 7 Hz), 3.70 (s, 3H). Exact Mass 
calcd. for C7HIoO2: 126.0681 ; found: 126.0686. 

Methyl (Z)-4-methyl-3-trimethylstannyl-2-pentenoate (11) 
To a cold (-78"C), stirred solution of lithium (phenyl- 

thio)(trimethylstannyl)cuprate (10) (23) (45.4 mmol) in dry THF 
(400 mL) was added a solution of the acetylenic ester 9 (4.4 g,  
34.9 mmol) in 50 mL of dry THF. The mixture was stirred at -78OC 
for 15 min and then at -48°C for 4 h. Methanol (50 mL) and pe- 
troleum ether (200 mL) were added and the vigorously stirred 
mixture was allowed to warm to room temperature. The yellow 
slurry was filtered through a plug of Celite and the collected ma- 

, terial was washed thoroughly with petroleum ether (200 mL). The 
combined filtrate was concentrated and the residue was subjected 
to flash chromatography (240 g silica gel, 100: 1 petroleum ether - 
Et,O). Distillation (1 10-1 15"C/15 Tom) of the oil thus obtained 
afforded 8.43 g (83%) of the (Z)-2-pentenoate 11, a colorless oil 
that exhibited ir (neat): 1700, 1599, 1210, 780 cm-'; 'H nmr 
(80 MHz) 6: 0.14 (s, 9H, 2~s,H = 54 Hz), 1.02 (d, 6H, J = 7 Hz), 
2.71 (br septet, lH ,  J = 7 Hz), 3.70 (s, 3H), 6.35 (d, lH ,  J = 
1 Hz, 3~,,H = 126 Hz). Exact Mass calcd. for C,H,,O,Sn (M+ - 
Me): 277.0250; found: 277.0252. 
(Z)-4-Methyl-3-trimethylstannyl-2-penten-I-o (12) 

To a cold (-78"C), stirred solution of the a,P-unsaturated ester 
11 (6.3 g ,  21.7 mmol) in dry Et,O (120 mL) was added slowly a 

solution of diisobutylaluminum hydride (54 mmol) in hexane. The 
mixture was stirred at -78°C for 1 h and then at 0°C for 2 h. Sat- 
urated aqueous NH4Cl (20 mL) was added and the mixture was al- 
lowed to warm to room temperature. Anhydrous MgSO, was added 
to the slurry and the mixture was filtered through a plug of Celite. 
The collected material was washed thoroughly with Et,O 
(150 mL). The combined filtrate was washed with brine, dried 
(MgSO,), and concentrated. Distillation (1 10- 1 1 S°C/l 5 Torr) of 
the residual material yielded 5.5 g (97%) of the allylic alcohol 12, 
a colorless oil that showed ir (neat): 3300, 1380, 1360, 1025, 
770 cm-'; 'H nmr (80 MHz) 6: 0.19 (s, 9H, 'J,,_, = 52 Hz), 1 .O1 
(d, 6H, J = 7 Hz), 1.30 (m, lH ,  exchanges with D20),  2.46 (br 
septet, lH ,  J = 7 Hz), 4.08 (br t, 2H, J = 6.5 Hz, 4 ~ s , _ H  = 
110 Hz), 6.18 (dt, lH,  J = 1, 6.5 Hz, = 144 Hz). Exact Mass 
calcd. for C8H170Sn (M+ - Me): 249.0301; found: 249.0294. 

(Z)-I-Bromo-4-methyl-3-trimethylstannyl-2-pentene (13) 
To a cold (O°C), stirred solution of Ph3P (7.07 g,  27.0 mmol) in 

dry CHzClz (120 mL) was added, dropwise, Br, (1.38 mL, 
-27 mmol) until the colorless solution became pale yellow. One 
crystal of solid Ph3P was added, followed by Et3N (3.76 mL, 
27.0 mmol). The resulting white, cloudy mixture was cooled to 
-10°C and then a solution of the allylic alcohol 12 (5.90 g, 
22.5 mmol) in 15 mL of dry CH,CI, was added dropwise. The 
mixture was stirred for 15 min and most of the solvent was re- 
moved under reduced pressure. The remaining slurry was diluted 
with petroleum ether (100 mL) and the mixture was filtered through 
a plug of Celite. The collected material was washed with petro- 
leum ether (20 mL). The colorless solution was concentrated under 
reduced pressure and the petroleum ether washing-filtration pro- 
cedure was repeated twice. The allylic bromide 1 3  (6.3 g, 86%) 
obtained after concentration of the final filtrate proved to be quite 
unstable, even when stored at -4OC in the dark, and, therefore, this 
material was used immediately in subsequent reactions. The 
bromide 1 3  was judged to be >90% pure (glc, 'H nmr) and exhib- 
ited ir (neat): 1200, 775 cm-I; 'H nrnr (80 MHz) 6: 0.25 (s, 9H, 
2 ~ s , _ H  = 53 Hz), 1.01 (d, 6H, J = 7 Hz), 2.50 (septet, lH ,  J = 
7 Hz), 3.95 (d, 2H, J = 8 Hz), 6.23 (t, 1 H, J = 8 Hz). Exact Mass 
calcd. for c ~ H ~ ~ ~ ~ B ~ s ~  (M+ - Me): 3 10.9457; found: 3 10.9442. 

2 -Methoxycarbonyl-2 -((Z)-4-methyl-3-trimethylstannyl-2- 
penteny1)cyclopentanone (I5a) 

To a well-stirred suspension of KH (39 mg, 0.97 mmol) in dry 
THF (3 mL) at room temperature was added, dropwise, a solution 
of 2-methoxycarbonylcyclopentanone (14a) (125 mg, 0.88 mmol) 
in 0.75 mL of dry THF. After the mixture had been stirred for 
45 min, a solution of the allylic bromide 1 3  (316 mg, 0.97 mmol) 
in 1 mL of dry THF was added and the solution was heated under 
reflux for 1 h. The solution was cooled and most of the solvent was 
removed under reduced pressure. Column chromatography (27 g 
silica gel, 25: 1 petroleum ether - ethyl acetate) of the residual oil- 
salt mixture, followed by distillation (145-149"C/0.6 Torr) of the 
oil thus obtained, provided 258 mg (78%) of the P-keto ester 15a, 
a colorless oil that displayed ir (neat): 1740, 1720, 1225, 
773 cm-'; 'H nmr (400 MHz) 6: 0.19 (s, 9H, 'J,,, = 53 HZ), 0.97 
(two d separated by 9 Hz, 3H each, J = 7 Hz in each case), 1.85- 
2.05 (m, 3H), 2.20 (m, lH), 2.36-2.50 (m, 4H), 2.63 (dd, 
lH,  J = 8,  14.5 Hz), 3.69 (s, 3H), 5.75 (dt, lH,  J = 1, 8 Hz, 
'J,,, = 144 Hz). In a decoupling experiment, irradiation at 6 5.75 
simplified the signal at 2.63 to a d (J  = 14.5 Hz) and sharpened 
the multiplet at 2.36-2.50. Exact Mass calcd. for C,5H2503Sn (M+ 
- Me): 373.0825; found: 373.0821. 

2-Methoxycarbonyl-2-(( Z)-4-methyl-3-trimethylstannyl-2- 
pentenyl)cyclohexanone (1%) 

Alkylation of 2-methoxycarbonylcyclohexanone (14b) (140 mg, 
0.90 mmol) with the allylic bromide 1 3  (321 mg, 0.99 mmol) was 
carried out via a procedure similar to that outlined above, except 
that the reaction was carried out at room temperature for 2 h. Col- 
umn chromatography (30 g silica gel, 25 : 1 petroleum ether - ethyl 
acetate) of the crude product mixture and distillation (158-161°C/ 
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0.6 Tom) of the resultant liquid produced 302 mg (85%) of the 
P-keto ester 156, a colorless oil that showed ir (neat): 1710, 1203, 
772 cm-I; 'H nmr (400 MHz) 6: 0.19 (s, 9H, 2~s,H = 53 Hz), 0.96 
(d, 6H, J = 7 Hz), 1.33 (ddd, IH, J = 4.5, 13, 14Hz), 1.55-1.78 
(m, 3H), 2.00 (m, IH), 2.30 (dd, IH, J = 7 ,  14 Hz), 2.35-2.53 
(m, 4H), 2.63 (dd, l H ,  J = 7, 14Hz),  3.67 (s, 3H), 5.86 (dt, l H ,  
J = 1, 7 Hz, 3 ~ S n _ H  = 145 Hz); decoupling experiment: irradiation 
at 6 5.86 changed the signals at 2.30 and 2.63 to doublets (J = 
14 Hz in each case). Exact Mass calcd. for C,,H,,O,Sn .(Mf - Me): 
387.0982; found: 387.0983. 

2-Methoxycarbonyl-2-(( 2)-4-methyl-3-rrimethylstanriyl-2- 
penteny1)cycloheptanone (15c) 

Using a procedure similar to that outlined above, 190 mg 
(1.12 mmol) of 2-methoxycarbonylcycloheptanone (14c) was al- 
kylated with 400 mg (1.23 mmol) of the allylic bromide 13. The 
reaction was carried out at room temperature for I h. Column 
chromatography (60 g silica gel, 25: 1 petroleum ether - ethyl 
acetate) of the crude product, followed by distillation (160-163"C/ 
0.6 Tom) of the liquid thus obtained, yielded 367 mg (80%) of the 
P-keto ester 15c, a colorless oil that displayed ir (neat): 1700, 1205, 
770 cm-'; 'H nmr (400 MHz) 6: 0.19 (s, 9H, ' J ~ , ~  = 53 HZ), 0.96 
(d, 6H, J = 7 Hz), 1.41 (m, lH),  1.50-1.80 (m, 6H), 2.10 (dd, 
IH, J = 9.5, 14 Hz), 2.33 (dd, lH,  J = 7, 14 Hz), 2.39-2.49 (m, 
2H), 2.61 (m, IH), 2.74 (dd, IH, J = 7, 14 Hz), 3.68 (s, 3H), 5.81 
(dt, I H ,  J = 1, 7 HZ, 3 ~ S n - H  = 145 Hz). In a decoupling experi- 
ment, irradiation at 6 5.81 simplified the signals at 2.33 and 2.74 
to doublets (J = 14 Hz in each case). Exact Mass calcd. for 
C,,H2903Sn (Mf - Me): 40 1.1 139; found: 40 1.1 139. 

2-Methyl-2-((Z)-4-methyl9-trimethylstannyl-2- 
pentenyl)cycloheptanone (15d) 

To a well-stirred solution of t-BuOK (140 mg, 1.25 mmol) in a 
mixture of dry THF (4 mL) and dry t-BuOH (1 mL) at room tem- 
perature was added a solution of 2-methylcycloheptanone (14d) (25) 
(166 mg, 1.32 mmol) in dry THF (2 mL). The mixture was stirred 
for 0.5 h and then a solution of the allylic bromide 13 (430 mg, 
1.32 mmol) in dry THF (2 mL) was added. After the solution had 
been stirred at room temperature for 2 h,  the mixture was concen- 
trated under reduced pressure. Water (50 ml) was added to the re- 
sidual material and the mixture was extracted with Et,O (3 X 

25 mL). The combined extracts were dried (MgS04) and concen- 
trated. Column chromatography (1 20 g silica gel, 40: 1 petroleum 
ether - Et,O) of the remaining material, followed by distillation 
(1 16-1 19"C/O. 1 Torr) of the acquired liquid, provided 205 mg 
(42%) of the ketone 15d, a colorless oil that displayed ir (neat): 
1700, 760 cm-'; 'H nmr (400 MHz) 6: 0.20 (s, 9H, 2~s , -H = 
53 Hz), 0.99 (d, 6H, J = 7 Hz), 1.04 (s, 3H), 1.28-1.80 (m, 8H), 
2.18 (dd, IH, J = 7, 14 Hz), 2.22 (dd, lH,  J = 7,  14 Hz), 2.37- 
2.49 (m, 2H), 2.62 (dt, IH, J = 2.5, 11.5 Hz), 5.89 (dt, l H ,  J = 
1, 7 Hz, 3 ~ s , _ H  = 147 Hz). In a decoupling experiment, irradiation 
at 6 5.89 simplified the signals at 2.18 and 2.22 to doublets (J = 
14 Hz in each case). Exact Mass calcd. for C16H290Sn (Mf - Me): 
357.1241; found: 357.1267. 

T o  a cold (-48"C), well-stirred solution of lithium diisopropyl- 
amide (LDA) (0.43 mmol) in dry THF (2.8 mL) was added, drop- 
wise, a solution of the P-keto ester 15a (1 10 mg, 0.284 mmol) in 
1.0 mL of dry THF. The solution was stirred at -48OC for 1 h. 
Finely ground, solid N-phenyltrifluoromethanesulfonimide (Tf,NPh) 
(0.45 mmol) was added and the yellow solution was warmed to 
room temperature over a period of 30 rnin. Most of the solvent was 
removed under reduced pressure. Flash chromatography (18 g sil- 
ica gel, 20: l petroleum ether - ethyl acetate) of the residual ma- 
terial provided, upon concentration of the appropriate fractions and 
removal of last traces of solvent (vacuum pump), 117 mg (87%) 
of the en01 triflate 16a, a colorless oil that showed ir (neat): 1732, 
1422, 1207, 1142, 770 cm-': 'H nmr (80 MHz) 6: 0.18 (s, 9H, 

2~S,H = 52 Hz), 0.94 (d, 6H, J = 7 Hz), 1.75-2.75 (m, 7H), 3.71 
(s, 3H), 5.65-5.85 (m, 2H). Exact Mass calcd. for CI6H2,F3o5SSn 
(M ' - Me): 505.0318; found: 505.0318. 

To a stirred solution of the en01 triflate 16a (90 mg, 
0.174 mmol) in dry CH3CN (8 mL) was added solid (Ph,P),Pd 
(0.009 mmol). The mixture was refluxed for 45 min, was cooled 
to room temperature, and then was concentrated under reduced 
pressure. Flash chromatography (15 g silica gel, 20: 1 petroleum 
ether - ethyl acetate) of the remaining material, followed by dis- 
tillation (52-55"C/0.1 Torr) of the acquired liquid, produced 
30 mg (84%) of the diene 17a, a colorless oil that displayed ir (neat): 
1735, 1390, 1370, 805 cm-I; 'H nmr (400 MHz) 6: 1.10 (d, 3H, 
J =  7 H z ) ,  1 . 1 4 ( d , 3 H , J =  7 H z ) .  1.85(ddd, 1 H , J =  8.0, 10, 
12.5 H z ) , 2 . 1 9 ( b r d ,  l H ,  J = 1 6 H z ) ,  2 .39(dd ,  lH,  J = 6,  
12.5 Hz), 2.54 (m, lH), 2.60 (ddd, lH,  J = 3.5, 8.0, 16 Hz), 2.83 
(ddd, 1 H , J =  1 .0 ,2 .5 ,  16Hz) ,2 .93(m,  l H ) , 3 . 6 3 ( ~ , 3 H ) , 5 . 5 0  
(br s,  1 H, w,/, = 7 Hz), 5.76 (br s ,  IH, w,/? = 6 Hz). The fol- 
lowing decoupling experiments were carried out: irradiation at 6 
1.85 simplified the signals at 2.39 and 2.60 to a d (J = 6 Hz) and 
a dd (J = 3.5, 16 Hz), respectively, and sharpened the m at 2.93; 
irradiation at 6 2.19 changed the m at 2.54 to a br septet (J = 
7 Hz) and the ddd at 2.83 to a dd (J = l .O, 2.5 Hz); irradiation at 
6 2.39 simplified the signals at 1.85 and 2.93 to a dd ( J  = 8.0, 
10 Hz), and a br dd (J = 10, 16 Hz); irradiation at 6 2.83 sharp- 
ened the resonances at 2.19 (to a br s) and 5.76; irradiation at 6 2.93 
simplified the signals at 1.85, 2.39, 2.60, and 5.50 to a dd (J = 
8.0,  12.5 Hz), a d  ( J  = 12.5 Hz), a d d  (J = 3.5, 8.0 Hz) and a b~ 
d (J = 3.5 Hz); irradiation at 6 5.50 changed the signals at 2.6C 
and 2.93 to a dd (J = 8.0, 16 Hz) and a br ddd (J = 6,  10, 16 Hz) 
irradiation at 6 5.76 sharpened the signal at 2.19 and changed the 
resonance at 2.83 to a br d (J = 16 Hz). Exact Mass calcd. foi 
CI3HI8o2:  206.1307; found: 206.1306. 

~ h k  P-keto ester 156 was transformed into the diene 176 via 
procedures similar to those outlined above. From 263 mg 
(0.656 mmol) of 156 there was obtained, after flash chromatog- 
raphy (40 g silica gel, 25: 1 petroleum ether - ethyl acetate) of the 
crude product, 294 mg (84%) of the enol triflate 166, a colorless 
oil that showed ir (neat): 1732, 1416, 1215, 1 145, 733 cm-I; 'H 
nmr (80 MHz) 6: 0.20 (s, 9H, 2~s , -H = 52 Hz), 0.95 (d, 6H,  J = 
7 Hz), 1.45- 1.80 (m, 3H), 2.00-2.65 (m, 6H), 3.73 (s, 3H), 5.75- 
5.95 (m, 2H). Exact Mass calcd. for C17H26F305SSn (Mf - Me): 
519.0475; found: 5 19.0475. 

The reaction time for the Pd-catalyzed ring closure of the vi- 
nylstannane-en01 triflate 166 was 3 h. Flash chromatography 
(30 g silica gel, 25 : 1 petroleum ether - ethyl acetate) of the crude 
product derived from 269 mg (0.504 mmol) of 166, followed by 
distillation (69-73"C/0.6 Torr) of the resultant oil, provided 
92 mg (83%) of the diene 176, a colorless oil that exhibited ir (neat): 
1722, 1385, 810 cm-I; 'H nmr (400 MHz) 6: 1.09 (d, 3H, J = 
7 Hz), 1.14 (d, 3H, J = 7 Hz), 1.43- 1.55 (m, 2H), 1.75 (m, lH), 
2.10 (m, IH), 2.24 (m, lH), 2.34 (br d, IH, J = 16 Hz), 2.42 (m, 
lH),  2.52 (br septet, l H ,  J = 7 Hz), 2.73 (dd, l H ,  J = 2.5, 
16 Hz), 3.63 (s, 3H), 5.48 (br s,  l H ,  w,/, = 6 Hz), 5.56 (t, IH,  
J = 4 Hz). Decoupling experiments: irradiation at 6 5.48 changed 
the signals at 2.34, 2.52, and 2.73 to a dd (J = 2, 16 Hz), a d oj 
septets ( J  = 2, 7 Hz), and a d (J = 16 Hz); irradiation at 6 5 . 3  
simplified the resonances at 2.10 and 2.24 to a br dt ( J  = 18 
8 Hz) and a br dd (J = 5, 18 Hz). Exact Mass calcd. for C14H2002 
220.1464; found: 220.1456. 
10-Isopropyl-7-methoxycarbony~bic)~clo[5.3 .O]deca-1,9-diene 

( 1 7 ~ )  
Procedures similar to those described above were employed tc 

convert the P-keto ester 15c into the bicyclic diene 17c. Flask 
chromatography (50 g silica gel, 25: 1 petroleum ether - ethy 
acetate) of the crude product obtained from 323 mg (0.779 mmol 
of 15c provided 352 mg (82%) of the en01 triflate 16c, a colorles: 
oil that displayed ir (neat): 1735, 1418, 1220, 776 cm-I; 'H nm 
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PIERS AND FRIESEN 1215 

(80 MHz) 6: 0.21 (s, 9H, 'J,,-, = 52 Hz), 0.96 (d, 6H, J = 7 Hz), (6 x 150 mL). The combined organic extracts were dried (MgSO,) 
1.10-2.85 (m, I IH), 3.74 (s, 3H), 5.89 (br t, IH, J = 7 Hz, and concentrated. Recrystallization of the remaining brownish solid 
'J,, , = 132 Hz), 6.03 (t, IH, J = 6 Hz). Exact Mass calcd. for from petroleum ether provided 20.5 g (99%) of the keto ketal 24 
C18H28F305SSn (Mi - Me): 533.063 1 ; found: 533.0647. as colorless needles that displayed mp 66-66.5"C; ir (CHCI,): 171 1, 

From 243 mg (0.444 mmol) of the en01 triflate 16c there was I 1 15 c m ' ;  'H  nrnr (80 MHz) 6: 1 .O 1 ,  1.05 (s, s,  3H each), 1.06 
obtained, after flash chromatography (30 g silica gel, 25: 1 petro- (d, 3H, J = 7 Hz), 1.45-2.00 (m, 2H), 2.20-2.80 (m, 5H), 3.55, 
leum ether - ethyl acetate) of the crude product and distillation (65- 3.58 (s, S, 2H each). Exact Mass calcd. for C12H2003: 212.1412; 
69"C/O. 1 Torr) of the acquired liquid, 84 mg (81%) of the dienc found: 212.1413. 
17c. The reaction timc for the cyclization reaction was 30 min. The 
product 17c, a colorless oi l ,  displayed ir (neat): 1723, 1385, Prepc~rcirion of the cycloprol~arle silyl ethers 26 and27 

832 cm-'; 'H  nmr (400 MHz) 6: 1.08 (d, 3H, J = 7 Hz), I .  I0  (d, To a cold (O°C), stirred solution of LDA (222 mmol) in dry 1,2- 
3H, = Hz), (br q ,  l H ,  = 12 Hz), (dt,  l H ,  = 3, dimethoxycthane @ME) (200 mL) was added, dropwise, a solu- 

13 Hz), 1.60- 1.79 (rn, 2H), 1.89 (m, 1 H), 2.05-2.26 (n-,, 3H), tion of the keto ketal 24 (3 g, 148 mmO1) in  DME (75 mL). 

2.36-2.50 (m,  2H), 2.76 (dd, IH, J = 2.5, 17.5 Hz), 3.69 (,=, 3H), The was stirred for 45 min and then Me3SiCI (56.3 mL, 

5.53 (br s ,  1 H, = 6 Hz), 5.79 (dd, 1 H, J = 5, 8.5 Hz), De- 444 m m O l )  and Et3N (68.1 mL, 444 mmOl) added sequen- 

coupling experiments: irradiation at 2.76 simplified the n, at 2,36- tially. The mixture was stirred for 30 min at O°C, was warmed to 

2,50; irradiation at 6 5,53 sharpened the at 2,36-2,50 and room temperature, and then was diluted with EtzO (100 mL). The 

changed the signal at 2,76 to a d (J = 17.5 Hz); irradiation at 6 5,79 ~olution was washed with cold ( P C )  aqueous NaHCO3 (276, 3 x 

simplified the m at 2.05-2.26. Exact Mass calcd. for CISH,202: 50 mL), dried (MgSO,), and concentrated. The crude en01 silyl 

234.1621; found: 234.1617. ether 25 was dissolved in dry toluene (200 mL) and to the resul- 
tant stirred solution was added sequentially a solution of diethyl- 

I0-lso1~rol~pl-7-r~1efI1ylbicy~~Io[5.3 .O]eleccr-l,9-dier1e ( 1  7d) zinc in toluene (166 mL, 15% solution, 200 mmol) and CHz12 
The ketone 15d was converted into the diene 17d by means of (16.2 mL, 200 mmol), The paction mixture, under an air atmo- 

procedures similar to those described above. Flash chromatogra- sphere and protected with a drying tube, was stirred at 5 5 " ~  for 
P ~ Y  (15 g silica gel, 30: 1 petroleum ether - Et2O) of the crude 15 h. The mixture was cooled and Et20  (100 mL) and saturated 
product obtained from 50 mg (0.13 mmol) of the ketone 15cl, fol- a q ~ e o ~ s  NH,C1 (100 mL) were added. The phases were separated 
lowed by concentration of the appropriate fractions, gave 57 mg and the aqueous layer was extracted with EtzO (3 X 150 mL). The 
(84%) of the en01 triflate 16d, a colorless oil that exhibited ir (neat): combined organic extracts were washed with aqueous NaHCO, 
1405, 1205, 1 140, 768 cm-'. Exact Mass calcd. for C I ~ H Z R F ~ ~ ~ S S ~  (2%, 100 mL), dried (MgSO,), and concentrated. Distillation (1 10- 
(M' - Me): 489.0733; found: 489.0720. 115"C/O. 1 Torr) of the residual liquid gave 37.9 g (86%) of a 2 :  1 

The palladium-catalyzed cyclization of the vinylstdnnane-en01 mixture of the cyclopropane silyl ethers 26 and 27, a colorless oil 
triflate 16d was accomplished in THF at room temperature for that showed ir (neat): 3073, 842, 765 cm-'; 'H nmr (400 MHz) 6: 
5 min. Flash chromatography (5 g silica gel, 30: 1 petroleum ether - 0.09, 0.10 (s, s ,  ratio -2: 1, 9H), 0.22, 0.55 (t, dd, ratio - 1 : 2, 
E ~ ~ O )  of the crude product obtained from 50 mg (0.10 mmol) of IH,  J = 6 HZ, J = 5.0, 5.5 HZ), 0.70, 0.73 (t, dt, ratio -2: 1, lH, 
16d, followed by distillation (142- 144"C/30 Tom) of the ac- J = 8 H ~ ,  J = 1, 4.5 H ~ ) ,  0 ,88 ,0 ,93 ,  0.935, 0.94 (s, s,  s ,  s, ratio 
quired liquid, yielded 16 mg (85%) of the diene 17d, a colorless -2: 1 : 1 : 2, 6 ~ 1 ,  1.04, 1.12 (d, d, ratio - 1 : 2, 3 ~ ,  J = 6.5, 
oil that showed ir (neat): 2890, 830 cm-'; ' H  nmr (400 MHz) 6: 7 Hz), 1.10-2.68 (m, 6H), 3.34-3.52 (m, 4H). Exact Mass calcd. 
1.03 (d, 3 ~ ,  J = 7 Hz), 1.10 (d, 3H, J = 7 HZ), 1.13 (s, 3H), 1.32 for ClhH3,,O3Si: 298.1965; found: 298.1963. 
(brq,  IH, J = 12 Hz), 1.48-1.90 (m, 5H), 2.12 (dd, IH, J = 2.5, 
17 Hz), 2.15-2.42 (m,  4H), 5.54 (dd, lH,  J = 3.5, 8.5 Hz), 5.57 Preparario11 of the ellone keral29 
(d, IH, J = 2.5 Hz). Exact Mass calcd. for C14H22: 190.1721; To a cold (O°C), stirred solution of dry ferric chloride (1 1.3 g, 
found: 190.172 1. 69.6 mmol) in dry N,N-dimethylformamide (DMF) (75 mL) was 

added, over a period of 2 h (syringe pump), a solution of dry pyr- 
Prepararior~ of the N, N-cli~~~erhylhydrcr-or~e 22 idine (1.87 mL, 23.2 mmol) and a 2:  1 mixture of the silyl ethers 

A stirred solution of the commercially available ketone 21 26 and 27 (6.89 g,  23,2 mmol) in dry (30 m ~ ) ,  The cooling 
. . (19.5 g ,  98.3 mmol) and l j l - d i m e t h ~ l h ~ d r a z i n e  (9.0 mL, bath was removed and the mixture was stirred at room tempera- 
, - 

117.6 mmol) in dry benzene (200 mL) was refluxed under a Dean- ture for 2 h, Hydrochloric acid (2%, 100 mL) was added and the 
stark water trap for 2 h.   he solution was dried (MgSO,) and mixture was extracted with Et,O (5 x 200 rnL). The combined concentrated. Distillation (105-120°C/0.03 Torr) of the residual extracts were washed with (150 mL), dried ( M g ~ ~ , ) ,  and 

gave 23.5 g (99%) of the hydrazone 22 as a white, crystalline concentrated, The crude P-chloro ketone 28 was dissolved in MeOH 
material that exhibited mp 45-46°C; ir (KBr): 2773, 1640 cm-';  (100 m ~ ) ,  N ~ O A ~  (13.3 g,  162 mmol) was added, and the resul- 
'H nmr (80 MHz) 6: 0.99, 1.05 (s, s,  3H each), 1.83-2.15 (m, 4H), tant mixture was refluxed, with stirring, for 15 h, ~h~ cooled 
2.20-2.75 (m, 4H), 2.49 (s, 6H), 3.56 (s, 4H). Exact Mass calcd. ,iXture was poured into water (50 m ~ )  and the mixture was ex- 
for CI3Hz4OzNz: 240.1837; found: 240.1835. tracted with E t20  (5 X 100 mL). The combined organic extracts 
Preparariorz of rhe kero keral24 were washed with saturated aqueous NaHC03 (100 mL), dried 

To a cold (O°C), stirred solution of LDA (1 18 mmol) in dry THF (MgSO,), and concentrated. Flash chromatography (360 g silica 
(100 mL) was added a solution of the ketal N,N-dimethylhydra- gel, 4 :  1 to 1 : 1 petroleum ether - ethyl acetate) of the crude prod- 

. . zone 22 (23.5 g, 97.8 mmol) in dry THF (50 mL) and the solution uct, followed by distillation (126-13O0C/0. 1 Torr) of the ac- 
. .. . was stirred at O°C for 1.5 h. Methyl iodide (12.2 mL, 196 mmol) quired liquid, produced 3.22 g (62%) of the enone ketal 29,  a 

was added; the mixture was allowed to warm to room temperature colorless oil that displayed ir (neat): 1672, 1109 cm-';  'H  nmr 
and then was stirred for 2 h. Water (100 mL) was added and most (400 MHz) 6: 0.93, 1.02 (s, s ,  3H each), 1.17 (d, 3H, J = 7 Hz), 
of the organic solvent was removed under reduced pressure. The 1.83 (dd, 1 H, J = 11.5, 14.5 Hz), 2.33 (dd, l H ,  J = 3.5, 
residual mixture was extracted with ethyl acetate (3 x 250 mL) and 14.5 Hz), 2.63-2.77 (m, 2H), 2.88 (dd, IH, J = 7.5, 16.5 Hz), 
with CH2C12 (3 x 100 mL). The combined organic extracts were 3.40-3.56 (m, 4H), 6.08 (dd, lH,  J = 2.5, 12 Hz), 6.40 (ddd, lH, 
washed with brine, dried (MgS04), and concentrated. A mixture J = 5 ,  7.5, 12 Hz). Decoupling experiments: irradiation at 6 2.33 
of the remaining crude N,N-dimethylhydrazone 23,  sodium meta- collapsed the signal at 1.83 to a d ( J  = 14.5 Hz), and simplified 
periodate (46.0 g, 215 mmol), THF (350 mL), water (100 mL), and the m at 2.63-2.77; irradiation at 6 2.88 simplified the m at 2.63- 
aqueous phosphate buffer (100 mL, pH 7) was stirred (mechanical 2.77 and changed the ddd at 6.40 to a dd ( J  = 5, 12 Hz); irradia- 
stirrer) at room temperature for 24 h. The THF was removed under tion at 6 6.40 sharpened the m at 2.63-2.77 and changed the sig- 
reduced pressure and the residual mixture was extracted with CH2CI2 nals at 2.88 and 6.08 to a d (J = 16.5 Hz) and a br s. "C nrnr 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1216 CAN. J. CHEM. VOL. 70,1992 

(75.3MHz)6:16.7,22.4(twocarbons),29.9,36.8,38.4,41.6, f o r 5 m i n a n d a t 0 ° C f o r 1 h , T f , N P h ( 4 . 1 4 g , 1 1 . 6 7 m m o l ) w a s  
70.1, 70.6, 100.2, 133.0, 138.4, 204.3. Exact Mass calcd. for added as a powdery solid and the resultant mixture was stirred at 
C13H2003: 224.1412; found: 224.-1410. room temperature for 2 h. Tetrakis(tripheny1phosphine)palla- 

Preparation of the keto ketal30 
A solution-suspension of the enone ketal29 (6.2 g, 27.7 mmol) 

and 10% palladium-on-carbon (200 mg) in dry hexane (100 mL) 
was stirred under an atmosphere of hydrogen (atmospheric pres- 
sure) for 2 h. The mixture was filtered through a plug of Celite and 
the collected material was washed with Et20 (100 mL). Concen- 
tration of the filtrate, followed by distillation (1 10-1 14"C/0.1 Tom) 
of the residual liquid, afforded 6.2 g (99%) of the keto ketal30, a 
colorless oil that displayed ir (neat): 1703, 1104 cm-I; I H  nmr 
(400 MHz) 6: 0.99 (s, 6H), 1.10 (d, 3H, J = 7 Hz), 1.14 (ddd, lH,  
J = 2.5, 12, 14.5 Hz), 1.56 (dd, IH, J = 11.5, 15 Hz), 1.69-1.93 
(m,2H),2.25(dt ,  1 H , J  = 15,2.5Hz),2.42(ddt ,  l H , J =  14.5, 
6 ,  2 Hz), 2.49 (dd, 2H, J = 4.5, 8 Hz), 2.78 (m, lH), 3.40-3.57 
(m,4H); '3Cnmr(75.3MHz)6: 17.4, 17.9.22.5.22.6.30.0. 35.6. 

dium(0) (429 mg, 0.37 mmol) was added and the mixture was 
warmed to 30°C for 5 min. Most of the solvent was removed under 
reduced pressure and the residual material was subjected to flash 
chromatography (240 g silica gel, 20: 1 petroleum ether - Et20). 
Distillation (142-146"C/0.1 Tom) of the acquired liquid gave 
1.748 g (8 1 %) of the ketal diene 35, a colorless oil that displayed 
ir (neat): 1647, 11 11, 832 cm-'; 'H nmr (400 MHz) 6: 0.93, 1.02, 
1.20 (s, s, s,  3H each), 1.03, 1.10 (d, d, 3H each, .l = 7 Hz in each 
case), 1.53 (d, lH,  J = 14 Hz), 1.59 (br d, lH,  J = 14 Hz), 2.03- 
2.48 (m, 6H), 2.5 1 (dd, lH,  J = 2.5, 14 Hz), 3.40-3.60 (m, 4H), 
5.54 (br s, lH,  w,/, = 6.5 Hz), 5.60 (dd, lH,  J = 5, 8 Hz); 13c 
nmr (75.3 MHz) 6: 20.7, 21.8, 22.2, 22.7, 22.9, 25.4, 25.6, 30.1, 
36.5, 42.5, 43.7, 50.0, 69.8, 69.9, 100.4, 116.9, 124.6, 149.9, 
154.9. Exact Mass calcd. for C19H3001: 290.2246; found: 290.2248. 

39..08,39.14, 4213, 69.9, 70.0, 98:3, 2 15.3. Exact Mass calcd: Preparation of the keto diene 36 
for C13H2203: 226.1570; found: 226.1565. A solution of the ketal diene 35 (1.137 g,  3.915 mmol) and 5 

Preparation of the keto vinylstannane 33 
To a stirred solution of t-BuOK (6.8 g, 60.4 mmol) in a mix- 

ture of dry t-BuOH (5 mL) and dry DME (150 mL) was added a 
solution of the keto ketal 30 (5.06 g, 22.36 mmol) in dry DME 
(50 mL). After the mixture had been stirred for 45 mln at room 
temperature, a solution of the allylic bromide 13 (9.8 g, 
29.1 mmol) in dry DME (50 mL) was added. The solution was 
stirred for 15 min and then water (100 mL) was added. The resul- 
tant mixture was extracted with ethyl acetate (3 x 150 mL). The 
combined extracts were washed with brine, dried (MgSO,), and 
concentrated. Analysis (tlc) of the residual liquid indicated the 
presence of a small amount of the starting material 30 and three 
additional components. Medium pressure column chromatogra- 
phy (360 g silica gel, 6:  1 petroleum ether - Et20) of this mixture 
provided three product fractions. 

The first material to be eluted was a mixture of two diastereo- 
meric, dialkylated ketones 31 (1.76 g, 11 %). This colorless oil (not 
distilled) exhibited ir (neat): 1703, 1611, 770 cm-I; 'H nmr 
(270 MHz) 6: 0.164, 0.167, 0.179, 0.186, (s, s, s,  s,  18H), 0.80- 
1.15 (21H), 1.15-2.55 (13H), 3.30-3.60 (4H), 5.75-5.95 (2H). 
Exact Mass calcd. for C30H5503Sn, (M' - Me): 703.2195; found: 
703.2218. 

The second fraction to be eluted consisted of a single monoal- 
kylated ketone 32 of undetermined stereochemistry (210 mg, 2%). 
This colorless oil (not distilled) showed ir (neat): 1707, 16 13, 1 107, 
770 cm-I; 'H nmr (270 MHz) 6: 0.16 (s, 9H, 2~s,H = 53 Hz), 0.90, 
0.92 (s, s, 3H each), 0.94, 1.01 (d, d, 6H, 3H, J = 7 Hz in each 
case), 1.20- 1.70 (m, 4H), 1.94-2.05 (m, 2H), 2.18-2.50 (m, 4H), 
2.60-2.75 (m, lH), 3.34-3.47 (m, 4H), 5.82 (t, lH,  J = 7 Hz, 
3 ~ s , _ H  = 145 Hz). Exact Mass calcd. for C,,H3,03Sn (M' - Me): 
457.1765; found: 457.1769. 

Distillation (188-193"C/O. 1 Torr) of the liquid obtained from 
the third chromatography fraction yielded 6.17 g (59%) of the de- 
sired ketone 33, a colorless oil that exhibited ir (neat): 1706, 161 1, 
1100, 770 cm-I; 'H nmr (400 MHz) 6: 0.20 (s, 9H, 2.1s,_H = 
52 Hz), 0.99 (d, 6H, J = 7 Hz), 0.82, 1.05, 1.15 (s, s, s, 3H each), 
1.58-1.84 (m, 3H), 2.06 (s, 2H), 2.13-2.27 (m, 3H), 2.38-2.50 
(m, 2H), 2.65 (m, lH), 3.32-3.58 (m, 4H), 5.92 (t, lH, J = 7 Hz, 
3 ~ S n _ H  = 146 Hz); 13c nmr (75.3 MHz) 6: -6.9, 20.4, 22.3, 22.9, 
22.95, 23.0, 23.1, 30.0, 31.8, 38.1, 39.5, 44.6, 46.0, 48.2, 69.8, 
70.0, 100.0, 131.1, 154.5, 215.2. Exact Mass calcd. for 
C21H3703Sn (M' - Me): 457.1765; found: 457.1772. 

drops of hydrochloric acid (1 N) in acetone (50 mL) was stirred at 
room temperature for 3 h. The solvent was removed under re- 
duced pressure and the residual material was treated with 50 mL 
of water. 'The mixture was extracted with Et,O (3 X 50 mL). The 
combined extracts were washed with brine, dried (MgSO,), and 
concentrated. Flash chromatography (70 g silica gel, 7: 1 petro- 
leum ether - Et,O) of the residual liquid and distillation (82-8S0C/ 
0.1 Tom) of the acquired material provided 796 mg (99%) of the 
keto diene 36, a colorless oil that exhibited ir (neat): 1704, 1640, 
831 cm-I; IH nmr (400 MHz) 6: 1.10 (s, 3H), 1.07, 1.14 (d, d, 
3H each, J = 7 Hz in each case), 2.22 (dd, lH,  J = 2.5, 17 Hz), 
2.33-2.60 (m, 7H), 2.72 (d, IH, J = 12 Hz), 5.64 (br s, IH, 
w,/, = 6.5 Hz), 5.7 1 (t, lH,  J = 6 Hz). Decoupling experiments: 
irradiation at 6 2.22 sharpened the br s at 5.64 (w,/, = 4.5 Hz) and 
simplified the m at 2.33-2.60; irradiation at 6 5.64 changed the 
signal at 2.22 to a d (J = 17 Hz); irradiation at 6 5.71 simplified 
the m at 2.33-2.60. I3c nmr (75.3 MHz) 6: 2 1.7, 22.0,23.2, 25.4, 
25.6,43.3,45.0,48.1,55.2, 115.5, 125.8, 149.8, 155.3, 211.8. 
Exact Mass calcd. for C,,H,,O: 204.1515; found: 204.15 18. 

Preparation of the N,N-dimethylhydrazone 42 
A stirred solution of the keto diene 36 (200 mg, 0.98 mmol) and 

1,l-dimethylhydrazine (0.74 mL, 9.8 mmol) in spectral grade 
MeOH (20 mL) was refluxed in the presence of 3 A molecular 
sieves (-20 g) for 4.5 h. The mixture was cooled to room tem- 
perature and filtered. The collected material was washed with Et20 
(20 mL). Concentration of the filtrate, followed by distillation (95- 
105"C/0.1 Tom) of the remaining liquid, produced 238 mg (98%) 
of the hydrazone 42, a colorless oil that consisted of a 2:  1 mix- 
ture of geometric isomers. This material displayed ir (neat): 2769, 
1626, 1447, 828 cm-l; 'H nmr (400 MHz) 6: 1.07 (s, 3H), 1.04, 
1.11 (d, d, 3H each, J = 7 Hz in each case), 1.95-2.65 (m, 8H), 
2.41, 2.49 (s, s, ratio - 1 : 2, 6H total), 3.31, 3.59 (m, dd, ratio 
-2: 1, 1H total, J = 2, 12.5 Hz), 5.58-5.67 (m, 2H). Exact Mass 
calcd. for C,,H,,N,: 246.2096; found: 246.2095. 

Preparation of the keto trienes 44 and 45 
To a cold (O°C), stirred solution of LDA (1.68 mmol) in dry THF 

(10 mL) was added, dropwise, a solution of the N,N-dimethylhy- 
drazone 42 (345 mg, 1.4 mmol) in dry THF (10 mL). The solu- 
tion was stirred at -78°C for 1 h and at 0°C for 1 h. To the deep 
red solution was added a solution of 5-iodo-2-trimethylstannyl-l- 
pentene (43) (13) (502 mg, 1.68 mmol) in dry THF (6 mL). This 
mixture was warmed to room temoerature and then was stirred for 

Preparation of the ketal diene 35 1 h. Saturated aqueous ammonium chloride (25 mL) was added and 
To a cold (-78"C), stirred solution of LDA (1 1.15 rnmol) in dry the two phases were separated. The aqueous layer was extracted 

THF (70 mL) was added dry (Me2N),P0 (2.59 mL, 14.87 mmol) with Et20 (3 X 100 mL). The combined organic extracts were 
and the solution was stirred at -78OC for 10 min and at 0°C for washed with brine, dried (MgSO,), and concentrated. The re- 
10 min. After the solution had been recooled to -78"C, a solution maining oil was dissolved in THF (30 mL) and water (8 mL). 
of the keto vinylstannane 33 (3.5 g, 7.436 mmol) in dry THF aqueous phosphate buffer (pH 7,  9 mL), and sodium metaperiod- 
(30 mL) was added. After the mixture had been stirred at -78°C ate (1.2 g, 5.6 mmol) were added. The vigorously stirred mixture 
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PIERS AND FRIESEN 1217 

was heated at 40°C for 48 h. Aqueous NH4CI-NH,OH (pH 8) 
(10 mL) was added and the phases were separated. The aqueous 
layer was extracted with Et20 (3 X 100 mL). The combined or- 
ganic extracts were washed with brine, dried (MgS04), and con- 
centrated. Flash chromatography (50 g silica gel, 10: 1 petroleum 
ether - Et20) of the crude product and distillation (190-200"C/ 
0.1 Torr) of the acquired liquid gave 420 mg (69%) of the keto 
triene 44, a colorless oil that displayed ir (neat): 1699, 1641, 9 15, 
841, 768 cm-I; IH nmr (400 MHz) 6: 0.13 (s, 9H, 'J~,-, = 
52 Hz), 1.08 (s, 3H), 1.07, 1.13 (d, d, 3H each, J = 7 Hz in each 
case), 1.22-1.50 (m, 3H), 1.66 (m, IH), 2.15-2.65 (m, 8H), 2.40 
(br d, IH, J = 12 Hz), 2.79 (d, IH, J = 12 Hz), 5.13 (m, lH,  
'J~,-, = 71 Hz), 5.22 (dd, l H ,  J = 5,  8.5 Hz), 5.63 (m, 2H); 
nmr (75.3 MHz) 6: -9.5, 21.9, 22.0, 24.9, 25.5, 27.2, 27.7, 30.0, 
40.5,43.4, 48.4, 51.3, 54.6, 112.6, 124.8, 126.1, 149.6, 155.0, 
155.2, 213.7. Exact Mass calcd. for C2,H3,0Sn (M+ - Me): 
42 1.1554; found: 42 1.1545. 

A 10 mg sample of the ketone 44 was dissolved in dry MeOH 
(1 mL) and NaOMe (- 1 mg) was added. The solution was stirred 
at room temperature for 22 h and the solvent was removed under 
reduced pressure. Water (2 mL) was added and the mixture was 
extracted with E t20  (3 X 3 rnL). The combined organic extracts 
were dried (MgS04) and concentrated. Analysis (glc) of the crude 
product indicated that it was composed of a 1 : 1.4 mixture of the 
ketones 44 and 45. Column chromatography (5 g silica gel, 10: 1 
petroleum ether - Et20) of this material and distillation (190-200"C/ 
0.1 Torr) of the acquired liquid provided a small sample of the keto 
triene 45, a colorless oil that showed ir (neat): 1705, 1642, 914, 
833, 768 cm-I; 'H nmr (400 MHz) 6: 0.13 (s, 9H, 2~s,H = 54 Hz), 
1.04 (s, 3H), 1.05, 1.13, (d, d, 3H each, J = 7 Hz in each case), 
1.19-1.43 (m, 3H), 1.77 (m, IH), 2.05-2.52 (m, 8H), 2.55, 2.61 
(d, d, I H  each, J = 11 Hz in each case), 5.13 (m, I H ,  'J~,-, = 
71 Hz), 5.63 (m, 2H), 5.67 (dd, IH,  J = 4.5, 9 Hz); I3c nmr 
(75.3 MHz) 6: -10.0, 21.7, 22.0, 25.36, 25.38, 27.4, 30.5, 30.6, 
40.8, 43.5, 48.0, 54.0, 55.1, 114.7, 124.5, 125.9, 149.7, 155.2, 
155.4, 212.1. Exact Mass calcd. for C,,H,,OSn (M+ - Me): 
421.1554; found: 421.1557. 

Preparation of the keto triene 46 
A stirred solution of the ketone 44 (150 mg, 0.345 mmol) and 

t-BuOK (155 mg, 1.725 mmol) in a mixture of dry THF (1 1 mL) 
and dry (Me2N),P0 (3 mL) was heated at 60°C for 1 h. To the re- 
sultant dark red solution was added Me1 (0.129 mL, 2.07 mmol) 
and the mixture was stirred at 60°C for 15 min. The solution was 
poured into cold water (25 mL). The mixture was extracted with 
Et20 (3 X 50 mL). The combined extracts were washed with brine, 
dried (MgS04), and concentrated. Flash chromatography (40 g silica 
gel, 20: 1 petroleum ether - Et20) of the crude product, followed 
by distillation (220-23O0C/0. 1 ~ o r r ) ' ~  of the acquired liquid, af- 
forded 97 mg (63%) of the ketone 46, a pale yellow oil that exhib- 
ited ir (neat): 1706, 1621, 915, 768 cm-I; I H  nmr (300 MHz) 6: 
0.13 (s, 9H, 2Js,H = 54 Hz), 1.03, 1.11 (s, s, 3H each), 1.01, 1.08 
(d, d ,  3H each, J = 7 Hz in each case), 1.20- 1.70 (m, 4H), 2.00 
(dd, l H , J =  8, 14Hz) ,2 .10(dd ,  1 H , J = 3 ,  16Hz) ,2 .22(br t ,  
2H, J = 7 Hz), 2.30-2.50 (m, 3H), 2.43 (d, IH, J = 12 Hz), 2.83 
(d, l H , J =  12Hz) ,5 .12(m,  1H,2~s,H = 72Hz),5.51-5.58(m, 
2H), 5.63 (m, IH, ,J~,-, = 154 Hz). Exact Mass calcd. for 
C22H350Sn (M+ - Me): 435.1710; found: 435.1704. 

(10 mL) and Et20 (100 mL) were added. The organic phase was 
separated and then was washed with saturated aqueous sodium 
thiosulfate until the organic solution was colorless. The solution was 
dried (MgSO,) and concentrated. Flash chromatography (40 g sil- 
ica gel, 20: 1 petroleum ether - Et20) of the remaining material and 
distillation (210-22O0C/0.1 ~ o r r ) ' ~  of the resultant liquid af- 
forded 50  mg (84%) of the vinyl iodide 47, a pale yellow oil that 
showed ir (neat): 1704, 16 17, 893 cm-'; 'H nmr (400 MHz) 6: 1.09, 
1.13 (s, s,  3H each), 1.03, 1.10 (d, d, 3H each, J = 7 Hz in each 
case), 1.25-1.65 (m, 4H), 2.04 (dd, lH,  J = 8.5, 15 Hz), 2.14 
(dd, lH,  J = 2, 16 Hz), 2.33-2.44 (m, 3H), 2.44-2.52 (m, 2H), 
2.54 (d, lH,  J = 12 Hz), 2.81 (d, lH,  J = 12 Hz), 5.55 (dd, lH,  
J = 6 ,  8 .5Hz) ,  5 . 6 0 ( b r s ,  lH,  w , / ~  = 6 H z ) ,  5.71 (d, lH,  J =  
1.5 Hz), 6.03 (m, 1H). Exact Mass calcd. for C20H2910: 412.1265; 
found: 412.1261. 

(?)-(5S,12R,14S)-Dolasta-1(15), 7,9-trien-14-ol(2) 
To a stirred solution of the vinyl iodide 47 (28 mg, 

0.068 mmol) in dry THF (10 mL) was added metallic magnesium 
(small, finely ground pieces, -20 mg, -12 equiv.). The mixture 
was heated to reflux temperature and then one drop of 1,2-di- 
bromoethane (passed through a plug of basic alumina immedi- 
ately prior to use) was added. The mixture was refluxed for 2.5 h 
and then was cooled to room temperature. Saturated aqueous NH4C1 
(5 mL) was added and the phases were separated. The aqueous 
phase was extracted with E t20  (3 X 10 mL). The combined or- 
ganic extracts were washed with brine, dried (MgSO,), and con- 
centrated. Drip column chromatography (7 g silica gel, 20: 1 
petroleum ether - Et20) of the remaining material provided 
9.5 mg (49%) of the dolastatrienol 2 as a white, crystalline solid. 
Recrystallization of this material from heptane produced needle- 
shaped crystals that exhibited mp 105-106°C; ir (CHCI,): 3604, 
3500, 1639, 1002, 906 cm-'; I H  nmr (400 MHz, C6D6) 6: 0.92 
(s, 3H), 1.11, 1.14 (d, d, 3H each, J = 7 Hz in each case), 1.25- 
1.35(m, lH),  1.39(s,3H), 1.43-1.66(rn,2H), 1.48(d, l H ,  J =  
14.5 Hz), 1.51 (dd, IH, J = 9.5, 15 Hz), 1.97 (br d, IH, J = 
12.5 Hz), 2.03 (d, IH, J = 14.5 Hz), 2.05-2.15 (m, 2H), 2.22 
(br d ,  IH,  J = 17 Hz), 2.42 (septet, IH, J = 7 Hz), 2.60 (ddd, 
IH,  J = 6,  12.5, 12.5 Hz), 3.22 (dd, IH,  J = 4.5, 15 Hz), 4.61 
(br s ,  1H, wI/' = 4 Hz), 4.78 (br s ,  lH ,  wlI2 = 4 Hz), 5.46 (dd, 
1 H, J = 4.5, 9.5 Hz), 5.54 (br s,  lH,  w,/, = 6.5 Hz). Decoupling 
experiments: irradiation at 6 2.60 sharpened the multiplet at 1.43- 
1.66 and collapsed the br d at 1.97 to a br s; irradiation at 6 3.22 
changed the resonances at 1.51 and 5.46 to doublets (J = 9.5 Hz 
in each case); irradiation at 6 5.46 altered the signals at 1.51 and 
3.22 to doublets ( J  = 15 Hz in each case). I3c nrnr (100.4 MHz) 
6: 19.8,22.1,22.2,23.2,25.6,27.4. 3 2 . 0 , 3 5 . l , 3 7 . 2 , 4 1 . 5 , 4 3 . 4 ,  
45.4, 50.9, 79.5, 108.4, 114.4, 124.7, 149.8, 153.9, 154.1. Exact 
Mass calcd. for C20H,oO: 286.2297; found: 286.2297. 

Preparation of the ketal alkene 53 and the keto alkene 54 
To cold (-48"C), stirred liquid ammonia (-100 mL) was added 

lithium metal (535 mg, 77.1 mmol) and the resultant mixture was 
stirred at -48°C for 30 min. A solution of the ketal diene 35 
(2.239 g, 7.71 rnmol) in 50 mL of dry Et20 was added and the dark 
blue mixture was stirred at -48'C for 1.75 h. Saturated aqueous 
NH4C1 (50 mL) was added carefully (vigorous stirring). The cool- 
ing bath was replaced with a warm water bath (-50°C) and the 

Preparation of the keto vinyl iodide 47 ammonia was allowed to evaporate over a period of a 2 h. The re- 
To a stirred solution of the vlnylstannane ketone 46 (65 mg, maining mixture was extracted with ~ t ~ 0  (3 X 200 m ~ ) .   he 

0.145 rnmol) in dry CH2C12 (10 m ~ )  was added, dropwise, a so- combined extracts were washed with brine, dried (M~so,), and 
lution of iodine in dry C H ~ C ~ ,  (-3.6 mL of a 0.04 solution, concentrated. Distillation (125-135"C/O.I Torr) of the remaining 

-0,145 mmol) until the pale violet color of excess iodine per- liquid provided 2.15 g (95%) of a colorless oil that, on the basis 

sisted. ~h~ solution was for a further 15 min and then water of analysis by glc, consisted of a mixture of the ketal alkenes 52 
and 53, in a ratio of -1 : 4, respectively. A glc - mass spectrom- 
etry experiment showed that both components of this mixture pos- 
sessed a molecular mass of 292. 

I 8 ~ u e  to some decomposition at the elevated distillation tem- The 1 : 4  mixture of 52 and 53 (2.12 g, 7.25 mmol) was dis- 
peratures, this material was generally not distilled. solved in spectral grade hexane (100 rnL) and iodine (185 mg, 
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0.72 mmol) was added. The stirred, pale red solution was re- 
fluxed for 3 h. Saturated aqueous sodium thiosulfate was added to 
the cooled solution until the organic phase became colorless. The 
phases were separated and the aqueous layer was extracted with 
E t20  (2 X 25 mL). The combined organic extracts were washed 
with brine, dried (MgSO,), and concentrated. Analysis (glc) of the 
residual material indicated that it consisted of a single component, 
the ketal alkene 53. This liquid was dissolved in acetone 
(100 mL) and 1 mL of 1 N hydrochloric acid was added. The 
mixture was stirred at room temperature for 1 h and then saturated 
aqueous NaHC03 (50 mL) was added. The organic phase was 
separated and the aqueous phase was extracted with Et,O (3 x 
25 mL). The combined organic extracts were washed with brine, 
dried (MgSO,), and concentrated. Distillation (80-85"C/0.1 Torr) 
of the crude product gave 1.39 g (93%) of the keto alkene 54 (16), 
a colorless oil that showed ir (neat): 1703, 1456, 1185 cm-I; 'H nmr 
(400 MHz) 6: 0.95, 0.98 (d, d, 3H each, J = 7 Hz in each case), 
1.04 (s, 3H), 1.52- 1.74 (m, 3H), 1.88-2.00 (m, 2H), 2.18-2.25 
(m, 2H), 2.37-2.44 (m, 2H), 2.55 (s, 2H), 2.61-2.7 1 (m, 2H); 
I3C nmr (75.3 MHz) 6: 21.0, 21.5, 24.0, 24.2, 24.8, 26.6, 27.3, 
38.1, 43.9, 47.6, 54.9, 138.6, 141.9, 213.1. Exact Mass calcd. 
for C14H120: 206.167 1; found: 206.1671. 

In another experiment, distillation (126-134"C/O. 1 Torr) of a 
small sample of the liquid derived from the iodine-induced iso- 
merization reaction (see above) provided the ketal alkene 53 (36) 
as a colorless oil that displayed ir (neat): 2954, 1 1  10 cm-I; 'H nmr 
(400 MHz) 6: 0.92, 0.97, 1.04 (s, s ,  s,  3H each), 0.93, 0.94 (d, 
d, 3H each, J = 7 Hz in each case), 1.40- 1.5 1 (m, 2H), 1.70- 1.97 
(m, 7H), 2.10-2.23 (m, 2H), 2.46 (dt, IH, J = 7,  14 Hz), 2.63 
(septet, lH ,  J = 7 Hz), 3.39-3.54 (m, 4H); I3C nmr (75.3 MHz) 
6: 20.2, 21.2, 21.4, 22.76, 22.81, 23.6, 25.6, 26.7, 27.1, 30.0, 
33.2, 39.5, 45.3, 47.7, 69.8, 69.9. 101.1, 139.2, 140.2. Exact 
Mass calcd. for Cl9Hs20,: 292.2404; found: 292.2402. 

4-Tritnethylstant1yl4-~~enten-l-ol(61) 
To a cold (-78"C), stirred solution of Me,SnCu.Me2S (23) 

(43.8 mmol) in dry THF (300 mL) was added, dropwise, a solu- 
tion of 4-pentyn- 1-01 (2.45 g, 29.2 mniol) in dry THF (1 5 mL). Dry 
MeOH (59 mL) was added and the resulting solution was stirred 
at -78°C for 2 h and at O°C for 1 h. Aqueous NH4C1-NH,OH (pH 
8) (150 mL) and petroleum ether (200 mL) was added. The resul- 
tant mixture was opened to the atmosphere and was stirred vigor- 
ously at room temperature until the aqueous phase was deep blue. 
The phases were separated and the aqueous layer was extracted with 
4 :  1 pentane-Et20 (200 mL). The combined organic extracts were 
washed with aqueous NH,CI-NH,OH (pH 8) (3 X 100 mL), dried 
(MgSO,), and concentrated. Flash chromatography (180 g silica 
gel, 2 :  1 petroleum ether - EtzO) of the remaining liquid and dis- 
tillation (95-100°C/20 Torr) of the acquired oil provided 3.9 g 
(54%) of the alcohol 61, a colorless oil that exhibited spectra 
identical with those reported earlier (38). 

4-Trirnethylstannyl-4-pentenal(5.5) 
To a cold (-78"C), stirred solution of oxalyl chloride 

(1.58 mL, 18.1 mmol) in dry CH2Cl, (100 mL) was added dry 
Me,SO (1.29 mL, 18.1 mniol). The solution was stirred for 5 min 
and then a solution of the alcohol 61 (3.47 g, 13.9 mmol) in dry 
CH2C12 (50 mL) was added. The mixture was stirred for 20 min and 
then dry EtsN (7.78 mL, 55.6 mmol) was added. The mixture was 
stirred at -78°C for 5 rnin, was warmed to room temperature, and 
then was stirred for an additional 30 min. Water (100 mL) was 
added and the phases were separated. The aqueous phase was ex- 
tracted with CH2C12 (3 x 50 mL) and the combined organic ex- 
tracts were dried (MgSO,) and concentrated. Distillation (80-90"C/ 
15 Tom) of the crude product produced 2.20 g (64%) of the alde- 
hyde 55, a colorless oil. This material, which was somewhat un- 
stable and slowly decomposed even when stored under argon in a 
freezer, exhibited ir (neat): 2719, 1728, 1601, 919, 770 cm-I; 'H 
nmr (80 MHz) 6: 0.18 (s, 9H, 'JSPH = 53 Hz), 2.29-2.68 (m, 4H), 

5.21 (m, 1H, ' J ~ w H  = 71 HZ), 5.68 (m, 1H, 3~sn-H = 146 Hz), 9.78 
(br s ,  IH, w,,, = 3 Hz). Exact Mass calcd. for C7HlsOSn (M ' - 
Me): 232.9988; found: 232.9987. 

Preparatiot~ o f  the cliketorres 5 8  ancl59 
TO a cold (-78"C), stirred solution of LDA (3.15 mmol) in dry 

THF (20 mL) was added, dropwise, a solution of the keto alkene 
54 (500 nig, 2.42 mmol) in dry THF (6 mL). The solution was 
stirred at -78°C for 15 min and at O°C for 15 min, and then was 
recooled to -78°C. A solution of the aldehyde 55 (717 mg, 
2.90 nimol) in dry THF (5 mL) was added and the resultant niix- 
ture was stirred at -78OC for 15 inin and at room temperature for 
30 min. Water (50 niL) was added and the phases were separated. 
The aqueous layer was extracted with Et,O (3 X 30 mL). The 
combined extracts were washed with brine, dried (MgSO,), and 
concentrated. Flash chromatography (100 g silica gel, 10: 1 to 5 :  1 
petrolcum ether - Et20) afforded 126 mg of the starting material 
54 and 508 mg (62% based on recovered starting material) of a 
colorless oil that, based on ' H  nmr spectroscopy, consisted of a 
mixture of three keto alcohols of general structure 56. This mate- 
rial was not characterized further. 

To a cold (-78"C), stirred solution of oxalyl chloride 
(0.27 mL, 2.15 niniol) in dry CH2C1, (40 mL) was added dry 
Me2S0 (0.15 mL, 2.15 mmol). After the mixture had been stirred 
for 5 min, a solution of a mixture of the keto alcohols 56 (750 mg, 
1.655 niniol) in dry CHzC1, (10 mL) was added. The mixture was 
stirred for 20 rnin and then dry EtsN (0.92 mL, 6.6 mmol) was 
added. The solution was stirred at -78°C for 5 min, was warmed 
to room temperature, and then was stirred for an additional 
30 min. Water (50 mL) was added, the phases were separated, and 
the aqueous phase was extracted with CH,Cl, (3  x 75 mL). The 
combined organic extracts were dried (MgSO,) and concentrated. 
The remaining oil was dissolved in spectral grade acetone 
(50 mL) and to the resulting stirred solution was added Me1 
(0.21 mL, 3.3 mmol) and dry K2C0, (343 mg, 2.48 mmol). The 
mixture was refluxed for 15 h and then most of the solvent was re- 
moved under reduced pressure. Water (40 mL) was added and the 
mixture was extracted with EtzO (3 X 50 mL). The combined or- 
ganic extracts were dried (MgSO,) and concentrated. Analysis (tlc, 
'H nmr) of the remaining liquid indicated that it consisted of two 
epimeric products in a ratio of -2: 1. Drip column chromatogra- 
phy (120 g silica gel, 30: 1 petroleuni ether - Et,O) of this mate- 
rial provided three fractions. Distillation (1 80- 190°C/0. 1 Torr) of 
the initially eluted oil gave 315 mg (41%) of the diketone 58, a 
colorless oil that displayed ir (neat): 1713, 1695, 1600, 918, 
770 cm-'; 'H nmr (400 MHz) 6: 0.14 (s, 9H, 'Js,-, = 54 Hz), 0.90, 
0.94 (d, d, 3H each, J = 6 Hz in each case), 1.06, 1.23 (s, s ,  3H 
each), 1.40 (ddd, 1 H, J = 4 ,  7 ,  14 Hz), 1.60 (ddd, I H, J = 3, 6.5, 
9 Hz), 1.85 (dt, 1 H, J = 12, 9 Hz), 2.06-2.23 (m, 3H), 2.32 (d, 
lH,  J = 11.5 Hz), 2.36-2.68 (m, 7H), 2.77 (d, lH,  J = 
11.5 HZ), 5 .16 (m, I H ,  'J,,_, = ~ O H Z ) ,  5.63 (m,  I H ,  'J,,-H = 
149 Hz); 13c nmr (75.3 Hz) 6: -9.5, 19.7, 20.8, 21.1, 21.2, 25.7, 
26.8, 27.7, 33.2, 33.9, 36.6, 38.2, 47.9, 52.4, 65.6, 125.0, 136.2, 
143.4, 153.7, 208.8, 208.9. Exact Mass calcd. for Cz2HS5O2Sn (M' 
- Me): 45 1.1659; found: 45 1.1652. 

The second fraction to be eluted (76 mg, 10%) contained a 
mixture of the diketones 58 and 59. 

Distillation (1 80- 19OoC/O. 1 Torr) of the liquid obtained from 
the third fraction produced 120 mg (16%) of the diketone 59, a 
colorless oil that showed ir (neat): 1714, 1694, 917, 770 cm-I; 'H 
nmr (400 MHz) 6: 0.15 (s, 9H, 'Js,_, = 53 Hz), 0.93, 1.00 (d, d, 
3H each, J = 6.5 Hz in each case), 0.91, 1.37 (s, s ,  3H each), 
1.51-1.73 (m, 3H), 1.83 (ddd, IH, J = 1.5, 8.5, 14 Hz), 2.13- 
2.28 (m, 3H), 2 .40(d,  l H ,  J = 11 Hz), 2.40-2.70(m, 6H), 2.68 
(d, l H ,  J = 11 Hz), 5.15 (m, lH,  3~ , ,_H = 70 Hz), 5.62 (m, lH,  
'J,"..~ = 150 HZ); "C Ilm (75.3 HZ) 6: -9.5, 19.7, 20.1, 2 1.1, 
21.6, 23.3, 26.5, 27.7, 33.7, 33.8, 37.8, 38.7, 48.7, 53.8, 66.6, 
124.9, 139.0, 140.7, 153.7, 208.6, 209.7. Exact Mass calcd. for 
C2zH3502Sn (M' - Me): 45 1 ,1659; found: 45 1.1656. 
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PIERS AND FRIESEN 

Preparation oj'the keto silyl etizer 63 
To a cold (-78"C), stirred solution of the diketone 58 

(43.5 mg, 0.094 mmol) and LiCl (80 mg, 1.88 mmol) in dry THF 
(10 mL) was added, dropwise, a solution of diisobutylaluminum 
hydride in toluene (0.37 mL of a 1 M solution, 0.37 mmol). The 
mixture was stirred for 10 min and then saturated aqueous NH,CI 
(2 mL) was added. The cooling bath was rcmovcd and the mix- 
ture was stirred for 30 min as it was warmed to room ternperaturc. 
Magnesium sulfate was added and the mixture was filtered. The 
collected material was washcd with Et,O (100 mL). The com- 
bined filtrate was concentrated. The rcsidual material, which, on 
the basis of tlc analysis consisted of a singlc keto alcohol (62), was 
dissolved in dry CHzClz (20 mL). To the resultant stirred solution 
at rooin temperature was added sequentially, 4-N,N-dimethylami- 
nopyridine (2 mg), EtiN (0.08 mL), and t-BuMelSiOS0,CF3 
(0. l l mL, 0.47 mmol). The solution was stirred for 30 min and then 
water (20 mL) was added. The phases were separated and the 
aqueous phase was extracted with CHzCI, (3 x 20 mL). The com- 
bined organic solution was dried (MgSO?) and concentrated. Flash 
chromatography (27 g silica gel, 60: 1 petroleum ether - Et,O) of 
the residual liquid gave 43 mg (79%) of thc keto silyl ether 63, a 
colorless oil that exhibited ir (neat): 1698, 915, 836, 774 cm-';  
' H  nnu (400 MHz) 6: 0.08, 0.09, (s, s ,  3H each), 0.13 (s, 9H, 
2 ~ s , _ H  = 53 Hz), 0.89, 0.94 (d, d, 3H each, J = 7 Hz in each case), 
0.91 (s, 9H), 0.94, 1.09 (s, s, 3H each), 1.35-1.60 (m, 4H), 1.82 
(dt, IH, J = 12.5, 10 Hz), 2.04-2.27 (m, 4H), 2.24 (d, IH, 
J = 11.5 Hz), 2.38-2.58 (m, 3H), 2.60 (septet, 1 H, J = 7 Hz), 
3.07 (d, lH,  J = 11.5 Hz), 3.53 (dd, IH, J = 3, 7.5 Hz), 5.11 
(m, IH, ,J~,_, = 71 Hz), 5.62 (m, IH, 'J~,_, = 153 Hz). Exact 
Mass calcd. for C,9HS,0,SiSn: 582.2916; found: 582.2917. 

(*)-Anzijitrienol (3) 
To a cold (O°C), stirred solution of (Me,Si)?NK (1.07 mL of a 

0.5 M solution in toluene) in dry THF ( I5  mL) was added, drop- 
wise, a solution of the ketone 63 (62 mg, 0.107 mmol) in dry THF 
(5 mL). The solution was stirred at room temperature for 30 min 
and then solid Tf?NPh (190 mg, 0.54 ~ i l n~o l )  was added. The pale 
yellow solution was stirred for 30 min and then the solvent was 
relnoved under reduced pressure. The residual material, contain- 
ing the en01 triflate 64, was dissolved in dry acetonitrile (25 mL) 
containing 10 drops of dry Et,N, and to the resulting stirred solu- 
tion was added (Ph,P),Pd (7 mg, 0.006 mmol). The solution was 
refluxed for 30 min and then the solvent was removed under re- 
duced pressure. Drip column chromatography (10 g silica gel, 
hexane) of the remaining material provided 32 mg (74%) of the silyl 
ether triene 65, a colorless oil that was used directly for the next 
reaction. 

A stirred solution of the ether 65 (12.5 mg, 0.031 mmol) and 11-  

Bu,NF (0.062 mL of a 1 M solution in THF) in dry THF (10 inL) 
was refluxed for 3.5 h. The reaction mixture was concentrated 
(reduced pressure) and the residual material was subjected to drip 
colunln chron~atography (5 g silica gel, 3:  I hexane-Et,O). Re- 
crystallization (hexane) of the white solid thus obtained provided 
7.0 nlg (78%) of (2)-amijitrienol (3) as fine, white needles that 
exhibited mp 119- 1 19.S°C; ir (CHCI,): 3626, 1631, 1626, 1455, 
900 cm-'; 'H nmr (400 MHz) 6: 0.87, 1.29 (s, s ,  3H each), 0.92, 
0.93 (d, d ,  3H each, J = 7 Hz in each case), 1.34 (ddd, IH, J = 
5,  5 ,  12 Hz), 1.64 (ddd, IH, J = 7,  8.5, 12 Hz), 1.72-1.83 (m, 
2H), 1.94 (dddd, IH, J = 2.5, 5 ,  14, 14 Hz), 2.08, (m, 2H), 2.16 
(ddd, IH, J = 2.5, 5 ,  13 Hz), 2.30 (m, IH), 2.47 (ddddd, IH, 
J = 2.3, 2.3, 5, 14, 14 Hz), 2.53-2.65 (m, 2H), 2.63 (septet, I H, 
J = 7 Hz), 3.37 (br s ,  IH, w,,, = 10 Hz), 4.63 (dd, IH, J = 2.5, 
2.5 Hz), 4.74 (dd, IH, J = 2.5, 2.5 Hz), 5.81 (s, IH). Decou- 
pling experiments: irradiation at 6 3.37 simplified the m at 1.72- 
1.83 and changed the dddd at 1.94 to a ddd (J = 5,  14, 14 Hz). 
I3c nmr (75.3 MHz) 6: 20.5, 20.8, 21.3, 21.9, 26.9, 27.1, 27.2, 
28.5, 29.1, 33.3, 42.4, 44.7, 52.2, 78.2, 110.9, 136.6, 138.7, 
139.5, 142.5, 150.3. The CDCI, used for the 'H nmr and I3c nmr 

measurements was shaken with NalCOi-MgSO, and then was fil- 
tered through basic alumina immediately prior to use. Exact Mass 
calcd. for C2,H,,O: 286.2297; found: 286.2296. 
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Synthesis and tritium-induced 19E' NMR shifts of 1,1,1,4,4,4-hexafluoro-2,3 
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Can. J. Chem. 70, 1221 (1992). 

The tltle compound 3 has been prepared by reaction of CF,C=CCF, with tritium gas on Lindlar catalyst poisoned 
with quinoline. The qualitative and quantitative analyses of the products (CF3CH=CHCF3, CF,CH=C~HCF,, 
CF,C~H=C~HCS) have been carried out using GC/MS and 'H,  ,H, and I9F NMR techniques. A strong isotope-in- 
duced shift has been detected in the I9F spectra of 3. 

G. ANGELINI, G. LILLA, C.  SPARAPANI, 0 .  URSINI, E. ROSSI, A. L. SEGRE, M. A. MCALLISTER et T .  T. TIDWELL. 
Can. J. Chem. 70, 1221 (1992). 

On a prkpark le compost 3, mentionnk dans le titre, en faisant rkagir du CF3-CsC-CF,  avec du tritium gazeux sur 
un catalyseur de Lindlar empoisonnk avec de la quinolkine. On a effectuk les analyses qualitative et quantitative des produits 
(CF3-CH=CH-CF,, CF~-CH=C~H-CF, et CF~-C,H=C~H-CF~) a l'aide de techniques de CPG/SM et RMN du 'H, du 

et du I9F. Dans le spectre RMN du I9F du produit 3, on a dktectk un dkplacement chlmique induit par l'isotope im- 
portant. 

[Traduit par la redaction] 

Introduction bocation, whose stability and reactivity can be studied under 

The stability and reactivity of trifluoromethyl-substituted different experimental conditions. 

carbocations have recently received considerable attention In this paper is reported the nO-carrier-added 

(1). Theoretical studies have elucidated the potential energy ' 7  ,47434-hexafluoro-2,3-ditritio-2-butene 3 partial 

surfaces for the CF,CH,+(~~) ,  CH,FCH,+ (2b),2 and tritium addition to hexafluoro-2-butyne 2 (eq. [2]). Com- 
CF3C=CH2 (3) ions and suggested that intramolecular flu- pound 3 displays a strong isotope-induced shift in the 19F 
oride transfers (eq. [I]) via bridged fluoronium ions may be NMR Vectrum. 

viable processes i'or these ions- Several gas-phase investi- 
gations (4) have provided evidence for fluorine isomeriza- 
tion (eq. [ l ] ) ,  although some of these results have instead 
been interpreted (4b) by an elimination-readdition path- 
way 

A further test of the occurrence of this process in both gas 
and liquid phases at atmospheric or higher pressure would 
be the "tritium nuclear decay technique." As described pre- 
viously ( 5 ) ,  tritium nuclear decay of a doubly tritiated mol- 
ecule with the tritium atoms in chemically equivalent 
positions forms, at least initially, a well-characterized car- 

' ~ u t h o r  to whom correspondence may be addressed. 
'M. A. McAllister and T. T. Tidwell, unpublished results. 

h n k d  In Canada 

Lindlar cat. 

Experimental 

Materials 
Pure tritium gas was purchased from the Radiochemical Centre, 

Amersham, England and was used after a vacuum line distilla- 
tion, trapping the impurities with a cold bath at -77 K., Hexaflu- 
oro-2-butyne 2 was obtained from Strem Chemical Inc., analyzed 
by GC/MS, and used without further purification. 

,TO obtain the best radiochemical yield of product 3, a tritium 
purification step was very important. One run using a directly 
purchased tritium sample without further purification produced a 
very low yield of 3 together with a considerable amount of oxy- 
gen containing compounds as indicated by NMR analysis. 
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FIG. 1. Glass apparatus for the radiochemical synthesis. 

Pure deuterium gas was obtained from Matheson and Lindlar 
catalyst from Aldrich. 

Methods 
Radio-gas chromatographic analyses of the radioactive prod- 

ucts were performed using a Carlo Erba model 4200 instrument 
equipped with a 80/ 100 mesh Carbopack B with 1 % SP- 1000 col- 
umn (2 m x 3 mm. stainless steel) and a TCD detector. A gas- 
eous proportional counter (Berthold AG) was connected to the GC 
system, for radiochemical analyses. 

Isotopic abundances (for deuteriated and tritiated products) were 
determined by capillary GC/MS analysis using a Hewlett Packard 
5988A instrument equipped with a 50 m HP-FFAP quartz column 
(0.32 mm i.d.). 

The isotopic distribution in the recovered tritiated products was 
also measured by 'H and "F NMR analyses, in which about 
0.55 GBq samples were examined on a Bruker AM 200 NMR 
spectrometer operating at 2 13.47 MHz according to spectroscopic 
procedures reported elsewhere (5). 

Static determinations of the radioactivity during the steps of the 
synthetic procedure were obtained by liquid scintillation counting 
with a Packard Tri-Carb 2260 XL spectrometer. All the opera- 
tions involving radioactive products were carried out using a 
greaseless high-vacuum line. 

Preparation of I ,  I ,  I ,4,4,4-hexafluoro-2,3-ditririo-2-butene 3 
The glass apparatus is shown in Fig. 1. The Pyrex vial A 

(7 mL), containing purified tritium gas (about 37 BqG at 46 Torr; 
1 Torr = 133.3 Pa), was joined to the main part of the device and 
the central part of the apparatus was carefully outgassed under high 
vacuum for approximately 3 h at 150°C. Then 15 mg of fresh 
Lindlar catalyst was placed in B and carefully poisoned with 15 FL 
of quinoline. The apparatus was connected to the vacuum line with 
the ground joint C and outgassed. Then ca. 1.6 X mol of 2 
was transferred by the vacuum line into B, frozen in the cold fin- 
ger, and the apparatus was sealed off at D. The break seal of am- 
poule A was broken with a magnetic hammer embedded in glass, 
and the tritium was allowed to react at room temperature for 4 h. 

Unreacted tritium was then removed by connecting the appara- 
tus through the ground joint E to the vacuum line. The cold finger 
was cooled in a liquid nitrogen bath and the system was carefully 
outgassed after breaking the seal H. Residual tritium gas (about 80 
t 10% of the starting amount) was recovered by cyclic Topler 
pumpings, keeping the cold finger at - 196°C. 

The apparatus was sealed in I,  and mercury (25 mL) was care- 
fully put in the "U" shaped section of the system, which was then 
simultaneously connected by the ground joints L and M to the 

FIG. 2. Radio-gas chromatographic analysis of tritiated 
1,1,1,4,4,4-hexafluoro-2 butenes 3 and 4 (peak d), decomposi- 
tion products (peaks a,b), 1,1,1,4,4,4-hexafluorobutane (peak c). 

vacuum line. After short alternate pumpings through the ground 
joints L and M, the mercury balanced and the rest of the apparatus 
was completely outgassed. The stopcock N was closed and the 
system was sealed off at 0. 

The last break-seal P was broken using the corresponding rnag- 
netic hammer and the crude reaction product was allowed to ex- 
pand in the "U" shaped section, unbalancing the mercury contained 
in it. 

A slow polymerization process, probably induced by the ionic 
species formed by tritium nuclear decay, determined the mini- 
mum decrease of the pressure. Apart from this, the differential 
reading of the mercury levels substantially reflected the initial 
amount of the starting butyne 2. 

The apparatus permitted the consecutive sharing of the crude 
reaction products into the three collecting vials (Q, R,  and S). By 
allowing the mercury to flow into the spherical head T, the gas- 
eous mixture expanded throughout the apparatus. The return of the 
mercury into the "U" shaped section divided the gaseous mixture 
in a ratio that was approxi~nately determined by the volume of the 
parts connected to the arms of the "U". The gas was condensed, 
with liquid nitrogen, in vial Q,  which was then sealed off at V. The 
above operations were repeated exactly for the vial R. 

The pressures of no-carrier-added products present in vials Q and 
R were 160 and 53 Torr respectively. 

Then ] , I ,  1,4,4,4-hexafluoro-2,3-dideutero-2-butene was intro- 
duced from the stopcock M into the apparatus to wash out and re- 
cover any tritiated products absorbed on the walls or catalyst. This 
last fraction was collected in vial S, frozen at - 196"C, keeping the 
mercury in the spherical head T .  

Vial R was used to carry out the following radioanalytical and 
spectroscopic analyses. A measured sample was diluted in neo- 
pentane ( 1  : lo4) and then a known volume was condensed in a vial 
containing scintillation liquid. This vial was sealed off and its ra- 
dioactivity determined by a beta scintillation counter. This mea- 
surement permitted the evaluation of the activity of vial R (about 
I .  1 GBq) and of vials Q and S (about 3.7 and 0.6 GBq respec- 
tively) with a radiochemical total yield of 5.4 GBq (15%). 

A second small sample (about 0.37 MBq) was analyzed by radio- 
GC to assay the purity of the product (Fig. 2). The results indi- 
cated that more than 94% of the total activity was localized in the 
ditritiated butene 3 and eventually in the 1,1,1,4,4,4-hexafluoro- 
2-tritio-2-butene 4, as confirmed by the comparison of the reten- 
tion time with an authentic inactive sample. Less than 5% was 
present in very volatile compounds (probably residual T2 and HT) 
and only 1 % as tritiated 1,1,1,4,4,4-hexafluorobutane. 

Subsequently, a complete analysis of the mass region of inter- 
est was carried out using a GC/MS instrument HP 5988 A. This 
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TABLE 1. NMR parameters of CF,-C-C-CF, 
measured on "F NMR spectrum 

1 2  CF,-~?C-~'C-~~CF, S,., = 22.878 ppm 

1 3  CF, . -I'C-~~C-~?CF, As,,,: = 0.280 ppnl 

upfield from S U : $ ~  
I ?  CF, . -"c~"c-"cF, As,,, = 0.031 ppm 

from S,,.,: 

Jli,,. geminal = 1260.71 Hz 

J l z  ,,,3-,,c vicinal = 156.21 Hz 

JC h...cF, = ( 2 . 6  HZ 

analysis confirmed the tritiated butenes 3 and 4 as the only radio- 
active products, together with the inactive starting compound 2. 

The GC/MS analysis showed clearly fragments at tn/e 149, 147, 
and 145, corresponding to the loss of one fluorine atom from 
butenes 3,  4,  and 1,1,1,4,4,4-hexafluoro-2-butene 5,  in relative 
percentages of 20, 40, and 40, respectively, based on their corre- 
sponding ionic intensities. 

Finally, about 0.55 GBq of crude products was transferred 
through the vacuum line into a 5-mm NMR tube containing 
0.5 mL of acetone-d, (isotopic purity 99.996%). The tube, frozen 
at 77 K,  was sealed, and gave 'H and "F NMR data discussed 
below that fully agreed with the GC/MS product distribution. 

Based on the above isotopic distribution, a very high specific 
activity (about 1000 TBq/mol) for butenes 3 and 4 is expected. 
Considering that the radioactive products are diluted by residual 
starting compound 2 at the end of the reaction, a significant amount 

i (about 144 TBq/mol) of specific activity was obtained. To avoid 
I 
1 collateral self-radiolytic decomposition, the contents of vial Q (about 

3.7 GBq) were diluted with neopentane (1 :200) in the presence of 
O2 and trimethylamine as radical and ionic scavengers. respec- 
tively. The new specific activity was 0.72 TBq/mol. The radio- 
active mixture was then purified by several distillation and 
condensation processes through the vacuum line to eliminate any 
trace of radioactive impurities. The radioactive product was then 
stored in the dark prior to use in tritium nuclear decay experi- 
ments. 

NMR analysis 
The "F NMR spectrum of butyne 2 gave a chemical shift of 

22.878 ppm (from 1% v/v of CF,COOD in acetone-d,); since 2 was 
not previously NMR characterized, its NMR parameters, mea- 
sured on the "F NMR spectrum, are given in Table l .  

CF,-CH=CH-CF3 5 (entry d of Table 2), was characterized in 
acetone-d, by 'H NMR (Fig. 3). This spectrum shows the cis/rrc~rls 

iso~ncrs at 6.65 and 6.95 ppm, respectively, having an intensity ratio 
larger than 9 5 5 .  The only previous synthesis of 5 (6) reports the 
preparation of the cis isomer, with no acceptable of its 
structure, so complete analysis of ' H  and spectra of the major 
component was performed. 

The spectrum of cis 5 is a strongly coupled A3A,'XXf system 
with the following parameters: S,,, = 6.65 ppm; S,9,, = 15.88 ppnl; 
JCF,.CH = 8.69 HZ; JCF,CsH = -0.4 HZ; J H - H  = 12.83 HZ; 
J c ~ ~ . c ~ = 9 . 9 6 H z w i t h a R . M . S . D .  = 0 . 0 7 H z .  

The low value of JH-, (7) supports the cis geometry, as does the 
high value of JCF,.CFJ (8), especially if compared with the much 
lower value for butyne 2, which has the two CF, groups nearly at 
the same distance as the tratzs isomer. A small amount of another 
compound (< 1%) was also found, whose chemical shift suggests 
the presence of the CF,CH?CH,CF, 6. 

Due to the strongly coupled A3A3'XX1 system the proton spec- 
trum is extremely conlplex and a poor sensitivity in the corre- 
sponding ,H spectrum is expected. The 'H NMR spectrum of 
butenes 3 and 4 gave a broad main multiplet (see Fig. 4),  and a 
barely observable ,H multiplet attributable to the rratzs isomers. 
Since the ,H NMR spectra were not useful as a measure of the ratio 
between mono- and ditritiated co~npounds, a "F NMR spectrum 
was measured (Fig. 5). 

The "F singlet at 22.878 ppm is due to C F , - e C - C F ,  and 
nearby there is a very small signal possibly due to a small amount 
(20.5%) of another perfluoroalkyne. 

The main multiplet at about 15.8 ppm is shown enlarged in Fig. 
6. This complex multiplet arises from the partial superimposition 
of the "F spectra due to CF,-CH=CH-CF, 5,  CF,-CH=C'H-CF, 
4 ,  and CF~-C'H=C~H-CF~ 3. A strong isotope-induced shift must 
be invoked to rationalize the experimental spectra, which were 
simulated (see insert of Fig. 6) in order to perform a quantitative 
analysis. The following labelling: 

was used for compounds 5 , 4 ,  and 3. 
NMR data relative to light 5,  monotritiated 4, and ditritiated 1,4- 

hexafluorobutenes 3 are summarized in Table 3. 
As evinced by the values reported in Table 3, the 'H induced shift 

on the "F NMR can be quantified as follows: AS, = 0.06 ppm up- 
field and A6, = 0.04 ppm upfield for monotritiated butene 4 with 
respect to the light one 5; A6, = AS, = 0.1 ppm upfield for bitri- 
tiated butene 3 with respect to light 5. 

TABLE 2. Relative distribution of the products in the deuterium addition to perfluoro-2-butyne s" 

Products (96) 
Deuterium Perfluoro-2-butyne 2 Pressure Time 

(mmol) (mmol) (Tom) (h) 2 5 6 

"All the experiments were carried out in the gas phase in the presence of Lindlar catalyst (0.5 mg for 1 Torr 
of starting compound 2) poisoned with quinoline (1 pL/mg of catalyst). Different glass vessels with different 
internal volume were used for the reported blank runs. 

bSirnilar conditions were used for radiochemical synthesis. 
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FIG. 3. 'H N M R  spectrum of CF,-CH=CH-CF, 5. 

FIG. 4. 'H N M R  spectrum of tritiated 1,1,1,4,4,4-hexafluoro-2-butenes 3 and 4. 
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FIG. 5.  ' 9 ~  NMR spectrum of butene mixture of 3, 4, and 5 .  

To confirm the above interpretation an 'H decoupled 1 9 ~  spec- 
trum was run (Fig. 7). Here the spectrum of 5 becomes a singlet, 
the spectrum of 3 is unaffected (note the similarity of the dashed 
lines due to 3 with the calculated spectrum shown in the insert of 
Fig. 6), while the two CF3 groups of the monotritiated molety 4 are 
nonequivalent due to the different isotope chemical shifts induced 
by 3 ~ ,  respectively 3 of 5 bonds apart (note the different multi- 
plicity of the two broad doublets at 15.83 and at 15.85 ppm, which 
confirms the previous assignment). However, due to the presence 
of the nuclear Overhauser effect (NOE), different in compounds 5 
and 4 and absent in 3, the quantitative analysis was performed on 
the undecoupled spectrum (Fig. 6); here the first peak on right is 
due only to the ditritiated moiety, the central broad resonance is due 
only to the monotritiated moiety, while the lowest field peak is due 
to the inactive butene; all these peaks have a known weight as shown 
by the simulated spectra. Quantitative analysis gave relative 
amounts of 40% 5, 35% 4, and 25% 3. 

Other extremely weak peaks in the 1 9 ~  spectrum are due to the 
trans impurity already detected in the 3~ spectrum and possibly to 
the saturated compound. 

Results and discussion 
The high-pressure hydrogenation of CF,-CF, butyne 

2 is reported (6) to give 1,1,1,4,4,4-hexafluoro-2-butene 5 
as the main product, plus hexafluorobutane 6 (eq. [3]). 

Three substantial changes were introduced to adapt this 
procedure to radiochemical requirements. First the synthe- 

sis was carried out in the gas phase in the presence of the 
catalyst with the initial total pressure in the range 150- 
500 Torr. These pressures were easily reached using stan- 
dard glassware apparatus and reasonable amounts of radio- 
active tritium gas (37-1 10 GBq). 

The second change was the use of poisoned Lindlar cat- 
alyst (9) instead of Raney nickel. The former catalyst was 
less reactive and so minimized further hydrogenation of the 
initial butene. However the ratio [quinoline]/[Lindlar cata- 
lyst] was important and numerous blank runs revealed that 
1 p-L/mg was best. 

The last change was the use of a short reaction time (4 h 
or less) to limit formation of butane 6. 

Several blank runs were carried out using deuterium gas 
(>99 mol%) and peffluoro-2-butyne 2 at constant molar ratio 
([D2]/[2] = 1.15) as reported in Table 2. The relative yields 
and isotopic distributions were determined by GC/MS. 
Whenever the reaction was stopped before 6 h no butane 6 
was observed. For entries (a), (b), (c), and (d) of Table 2, 
the averaged relative abundances of d2, d l ,  and do products 
were 60%, 30%, and 10% respectively. The butene 3 in the 
radiochemical synthesis was formed in smaller amount than 
butenes 4 and 5.  This different isotopic distribution is as- 
cribed both to a low level of the radioisotopic purity of the 
tritium gas employed and some hydrogenated impurity 
present in the reaction medium during the radiochemical run. 

The isotopic distribution values obtained for the radioac- 
tive butenes 3 and 4 by GC/MS analyses were quite repro- 
ducible, despite the limited amounts of the radioactive 
material employed in the investigation and the different iso- 
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3.4.5 
IXPERIUENTAL 

/- 

El- 

FIG. 6. Enlarged experimental "F NMR spectrum of the 15.8 ppm absorbance (Fig. 5) relative to 5 and tritiated butenes 3 and 4. Sim- 
ulated representations for the same products are reported (see the text) in the insert. 
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TABLE 3. NMR parameters of hexafluorobutenes 3, 4, and 5 

8 ,\ 8 ,  6, 8 d  Ja b J , u  J'id Jb,c JI ,  d Jc.d 

( ~ ~ 1 1 1 )  (Hz) 

- - - 

For compound 5: J,,,., geminal = 1273.51 Hz and isotope-induced shift by geminal "C A&,. = 0.258 ppm upfield. 
"Obtained by multiplying the values of 5 by Y'H/?'H. 

FIG. 7. Enlarged experimental 'H decoupled ' 9 ~  spectrum (above) in comparison to the spectrum described in Fig. 6 (bottom) of the 
tritiated butenes 3 and 4 and the light 5. 

topic (tritium) contents present in the three butenes. The 
quantitative evaluation was done using the characteristic 
fragmentation peak, [M+ - F], for every butene of the mix- 
ture, avoiding in this way any possible uncertainties due to 
different isotopic fragmentation pathways, which a choice 
of other characteristic peaks could have induced. 

Confirmation of the results came from the 3~ and 1 9 ~  NMR 
analyses of the butenes 3, 4, and 5. Previously, 3~ NMR was 
shown (10) to be an important technique for the qualitative 

, and quantitative analyses of products formed by radiochem- 
ical procedures. In the present study, this technique also 
provided some indications about the nature of the desired 
products and some other collateral substances (see footnote 
2) formed during the synthesis. 

However, due to the complex spectral multiplicity of the 
3~ NMR signals for the butenes 3 and 4, the quantitative 
evaluation ;f the isotopic (tritium) distribution between the 
two possible tritiated products was impossible. Fortunately, 
however, the tritium isotope-induced shift on the ' 9 ~  NMR 
spectra allowed the quantitative identification of the bu- 

tenes 3, 4, and 5, confirming the results obtained by the 
GC/MS technique. 

While tritium isotope effects on I3c spectra were re- 
po~ted previously (1 I), our results give the first evidence of 
a strong tritium isotope-induced shift shown in ' 9 ~  NMR (121, 
thus allowing a good quantitative analysis. This should be a 
generally useful way for the structural investigation of 
fluorinated molecules including those labeled also with sta- 
ble isotopes, such as deuterium. 
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Phosphorus-31 chemical shieldings in a fused cis-1,2,3-benzothiadiphosphole: 
a dipolar NMR study 
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GANG WU, RODERICK E. WASYLISHEN, WILLIAM P. POWER, and GRAZLANO BACCOLINI. Can. J .  Chem. 70, 1229 (1992). 
Phosphorus-31 NMR static powder spectra and high-resolution magic angle spinnlng spectra have been obtained for 

a new heterocyclic compound, cis-2,10-dimethyl[l,2,3]benzothiad~phospholo[2,3b][1,2,3]benzothiadiphosphole (I) ,  
which contains a P(II1)-P(II1) single bond. The homonuclear 3 1 ~ - 3 ' ~  dipolar interaction manifests itself in both the magic 
angle spinning spectra and the non-spinning llne shape. Under the AX spin pair approximation, analysis of the spinning 
sidebands in the MAS experiment yields a full characterization of the two 3 1 ~  chemical shielding tensors. This approx- 
lmation is confirmed by the exact powder line shape simulation for a homonuclear spin pair. Analysis of the dipolar 
subspectra also yields the absolute sign of 'J(P,P), which is found to be negative. 

Key words: phosphorus-phosphorus single bond, chemical shielding tensors, dipolar NMR, MAS, static line shape. 

GANG WU, RODERICK E. WASYLISHEN, WILLIAM P. POWER et GRAZIANO BACCOLINI. Can. J. Chem. 70, 1229 (1992). 
On a determink le spectre RMN du 3 1 ~ ,  de la poudre statique ainsi qu'i l'aide de la technique de rotation a l'angle 

magique, d'un nouveau compose httkrocyclique, le cis-2-, 10-dimCthyl[l.2.3]benzothiadiphos holo[2,3b][1,2,3]benzo- 
thiadiphosphole (I) ,  qui contient une liaison simple P(II1)-P(II1). L'interaction dipolarle 'P-"P homonuclkaire se 
manifeste tant dans le spectre determine 21 l'aide de la technique de rotation a l'angle magique que dans la forme de la 
raie du spectre statique. En utilisant l'approximation AX pour la paire de spin, l'analyse des bandes latkrales de rotation 
obtenues lors des experiences r6alisCes B l'aide de la technique de rotation B I'angle magique, on obtient une carac- 
tkrisation complkte des deux tenseurs de blindage chimique du 3 ' ~ .  Cette approximation est confirmte par la simulation 
exacte de la forme de la raie du spectre statique pour une paire de spin homonuclkaires. L'analyse des sous-spectres di- 
polaires fournit aussi le signe absolu de la constante 'J(P,P), qui est nkgative. 

Mots clis : liaison simple phosphore-phosphore, tenseurs de blindage chimique, RMN dipolaire, technique de rota- 
tion a l'angle magique, forme de la raie du spectre statique. 

[Traduit par la redaction] 

Introduction 
A new heterocyclic system containing a P(II1)-P(II1) 

single bond, cis-2,lO-dimethyl[l,2,3]benzothiadiphospho- 
10[2,3b1[ 1,2,3]benzothiadiphosphole (1), has recently been 
synthesized by the reaction of methyl p-tolyl sulphide 
with PCl, and AlCl, (1, 2). Based upon 1 ,  a highly stereo- 
specific phosphorus-carbon exchange process has been de- 
veloped (3, 4). The "butterfly" arrangement of 1 forces 
the phosphorus electron lone pairs to adopt an eclipsed 

conformation. Because this conformation is unusual for a 
molecule containing a P(LU)-P(LU) single bond, we thought 
that it would be of interest to characterize the magnetic 
shielding tensor of each of the two phosphorus centres in 1 ,  
where P6 and P12 (the IUPAC nomenclature) are renum- 
bered as P1 and P2 for convenience. The technique used in 

I this study is dipolar/chemical shift NMR spectroscopy and 
in the case of 1 it involves a study of the ,'P NMR spectrum 
of a solid powder sample with and without magic angle 

' ~ u t h o r  to whom correspondence may be addressed. 

spinning (MAS). Although this technique has been widely 
used to study isolated spin pairs (3, there have been few 
reports dealing with 3 ' ~ - 3 ' ~  spin pairs (6-9) and, to our 
knowledge, a full characterization of the ,'P chemical 
shielding (CS) tensor in a compound containing a 
P(II1)-P(II1) single bond has not appeared. In addition to 
obtaining information about the "P shielding tensors of 1 ,  
we were interested in determining whether or not the solid- 
state 3 1 ~  NMR spectrum of 1 could be successfully ana- 
lyzed as an AX spin system. Here we discuss the criterion 
that permits a homonuclear two-spin solid-state spectrum to 
be analyzed as an AX spectrum. 

Theory 
1 

In the solid state the NMR spectrum of an isolated spin-, 
nucleus is dominated by the orientation dependence of the 
chemical shift. The NMR spectrum of such a powder sam- 
ple permits one to directly determine the three principal 
components of the shielding tensor. However, in general, 
information concerning the orientation of the shielding ten- 
sor is unavailable from the powqer spectrum. If the isolated 
spin is adjacent to another spin-, nucleus, then the spectrum 
is modified by the direct dipolar coupling and the indirect 
spin-spin "J" coupling interactions. The direct dipolar in- 
teraction is also dependent upon the orientation of the inter- 
nuclear dipolar vector in the magnetic field and, in principle, 
provides a reference frame for fixing the orientation of the 
shielding tensor. Because the dipolar interaction is axially 
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symmetric, the orientation of the shielding tensor cannot in 
general be completely determined from a dipolar/chemical 
shift NMR powder spectrum. In the discussion which fol- 
lows we present a general discussion of the dipolar/chemi- 
cal shift NMR spectrum of an isolated homonuclear spin pair. 
In particular, we  will begin by describing the general NMR 
spectrum of a spin pair where the chemical shift difference 
between the two nuclei, A and X,  is always much greater than 
both the J and the dipolar coupling between them at all ori- 
entations. In general, the static dipolar/chemical shift NMR 
spectrum of the homonuclear AX system consists of two di- 
polar subspectra for each nucleus. Each dipolar subspec- 
trum has the same line shape as that well known for an 
isolated nucleus with anisotropic chemical shift, and can be 
characterized by three principal components of an effective 
dipolar/chemical shift tensor. 

It is quite common that one principal axis of the chemical 
shift tensor is perpendicular to the dipolar vector (internu- 
clear vector) in a dipolar coupled spin pair (10-16). If we 
assume that one principal component, v,,, of the CS tensor 
at one nucleus is perpendicular to the dipolar vector, matrix 
elements of the effective dipolar/chemical shift tensor T at 
this nucleus in the AX spin system are given by eq. [ l ]  (10, 
1 I ) :  

[ lc]  T,, = vkk + m [Re,,( 1 - 3 sin' 0) + Ji,,l 

[ I  dl T,, = T,, = -(3/2)m R,,, sin 20 

[ l e ]  T i = T j i = T , , = T , , = O  

where i, j, k = 1, 2, 3, and cyclic permutations, 0 is the angle 
between u,, of the CS tensor and the dipolar vector, while m 
= + f  and -: correspond to the two dipolar subspectra. R,,, 
is the effective dipolar coupling constant and J,, is the iso- 
tropic indirect spin-spin coupling constant. The effective 
dipolar coupling constant can be written: 

where (R,,) = (p,/4.rr)y,'(fi/2n)(rpp-3) is the dipolar cou- 
pling constant in frequency units, and AJ = JII - J, is the 
anisotropy in the indirect spin-spin interaction; Jli and J, refer 
to components parallel and perpendicular to the internuclear 
vector, respectively. Equation [2] is based upon the as- 
sumption that the indirect spin-spin interaction J tensor is 
axially symmetric with the unique axis along the internu- 
clear dipolar vector. The angular brackets in eq. [2] indi- 
cate that both RDD and AJ are subject to motional averaging 
(1 1, 17). 

The matrix of eq. [ I ]  can be diagonalized and the three 
principal values of each subspectra are given by eq. [ 3 ] ,  

- 6m (v,, - u,,)R,,., cos 20 + 9 m 2 ~ , , ~ ] " '  

When Iv,, - v,,l S one can neglect the off-diagonal 
elements in eq. [ l ]  and obtain the three principal values of 
the effective dipolar/chemical shift tensor T to a zeroth order 
approximation 

[4b] Tj = v,, + m [RCf,(l - 3 COS' 0) + Ji,,] 

[4c] T, = v,, + m [R,,,(1 - 3 sin' 0) + Jiso] 

It is readily seen from eqs. [3] and [4] that the isotropic po- 
sitions of the two effective dipolar/chemical shift tensors at 
each nucleus occur at vi,, :J,~,, respectively. Therefore, two 
J-coupled doublets will be observed for a homonuclear AX 
spin pair under the MAS condition. From the intensity dis- 
tribution of the spinning sidebands, effective dipolar/chem- 
ical shift tensors can be recovered (18, 19) and the effective 
dipolar coupling constant and the relative orientation of the 
chemical shift tensors in the molecular frame can be de- 
duced. One important general feature of the dipolar sub- 
spectra is that the difference between effective tensor 
components at the direction perpendicular to the dipolar 
vector gives direct information on the effective dipolar cou- 
pling constant, since AT, = T' - T, = R,,, + I,,. The 
positive and negative superscripts refer to the sign of the spin 
quantum number m. 

Experimental 
Synthesis of the new heterocyclic compound 1 was reported 

previously ( 1 ,  2). Phosphorus-3 I NMR spectra were obtained on 
a Bruker MSL-200 NMR spectrometer (Bo = 4.70 T) operating at 
81.033 MHz. A fine white powder sample of 1 was packed into a 
aluminum oxide rotor. All spectra were recorded at 21°C with high- 
power 'H decoupling during data acquisition. Cross-polarization 
was fulfilled under the Hartmann-Hahn match. The 90" pulse width 
was 4.0 ks. Typical values of the contact time were 2-5 ms and 
the recycle time was 10 s. MAS spinning speeds ranged from 2 to 
4 kHz. The magic angle was adjusted by examining the " ~ r  NMR 
signal of a KBr sample (20). 

All "P chemical shifts were referenced to 85% H,PO,(aq) by 
using solid NH,HZPO.,, which has a resonance at $0.81 ppm rel- 
ative to 85% H3P03(aq). 

Spinning sideband analysis was performed using a simplex pro- 
gram based upon the method of Herzfeld and Berger (19). Typi- 
cally, the relative intensities of six or seven spinning sidebands were 
used and three best-fit tensorial elements were obtained after a few 
iterations. 

The static powder line shape for a homonuclear spin pair was 
simulated with a program written in FORTRAN-77 incorporated with 
the POWDER routine (21). The simulations were based upon the 
exact analytical expression for a homonuclear spin pair (10). Both 
the direct dipolar and indirect spin-spin interactions were taken into 
account. The calculated line shape was convoluted with a Gaussian 
line-broadening function. 

Results and discussion 
Analysis of MAS spectra 

The slow MAS "P NMR spectrum of compound 1 with 
spinning speed 4.0 kHz is shown in Fig. 1. Two isotropic 
doublets were found centred at 75.8 and 52.0 ppm, and were 
assigned to P1 and P2, respectively. The assignment of the 
low-field doublet to P1, the phosphorus atom attached to two 
sulphur atoms, was based on the 'H coupled solution 3'P 
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FIG. 1. "P CP/MAS NMR spectrum of 1. The sample spin- 
ning rate is 4 . 0  kHz. Isotropic peaks are indicated by the arrows. 

NMR spectrum, which shows a doublet for P1 arising from 
'J(PI ,P2) = 21 1.5 Hz, and a doublet of triplets for P2 due 
to 'J(P1 ,P2) and 'J(P2, H) = 7.8 Hz, respectively. This as- 
signment of P1 and P2 differs from that reported in ref. 1 and 
ref. 2. The observation of doublets arising from 'J(P,P) 
coupling at each phosphorus site in the solid state 3 1 ~  NMR 
spectrum of 1 is consistent with the X-ray structure, which 
indicates that the triclinic unit cell contains two crystallo- 
graphically equivalent molecules (1). Both of these isotro- 
pic chemical shifts are at low frequency (upfield shift) 
compared with those observed in solution state, i.e., 88.3 and 
65.4 ppm for P1 and P2, respectively (1). The large number 
of spinning sidebands associated with each doublet in the 
MAS spectrum shown in Fig. 1 indicates that the chemical 
shift anisotropy at both phosphorus sites is large (vide infra). 

The splitting of each doublet was 160 + 5 Hz, arising from 
the homonuclear 3 1 ~ - 3 ' ~  J interaction, and was confirmed 
by the MAS spectra at a higher field strength (Bo = 

7.04 T). This splitting was independent of spinning speed at 
4.70 and 7.04 T.  Although the homonuclear dipolar inter- 
action between the two adjacent phosphorus nuclei is large 
in this compound (ca. RDD 1770 Hz based upon the P-P 
bond length, rpp = 2.234 A, determined by X-ray diffrac- 
tion), we did not observe any spinning-frequency-depen- 
dent splitting as previously reported in the "P NMR spectra 
of dipolar coupled phosphorus s in pairs in some inorganic 
phosphates (9, 22) that contain '% nuclei with identical iso- 
tropic chemical shifts. It seems that such a spinning-rate- 
dependent splitting can only be observed easily in systems 
where the dipolar coupled spins have the same principal 
components of the chemical shielding tensor but different 
orientations with respect to the dipolar vector. 

The magnitude of the one-bond J coupling constant in 1 
was substantially smaller than the typical values reported for 
'J(P,P) in compounds containing two directly bonded tri- 
coordinate phosphorus atoms, but significantly larger than 
those involving two five-coordinate phosphorus atoms (23, 
24). Interestingly, the J coupling constant for 1 in the solid 

TABLE 1. Principal values of the effective dipolar/chemical shift 
tensor in 1" 

~ h o s ~ h o r u s "  T, T? T, AT, ATz AT, 

"The tensor components are in ppm and errors are estimated 2 2  ppm. 
 h he plus and minus signs describe the high- and low-frequency peaks 

in each J-coupled doublet, respectively. 

state was significantly smaller than the value observed in 
solution, 21 1.5 Hz (1). Since 'J(P,P) is very dependent on 
the local geometry at the P-P unit (24), our observation of 
a smaller J in the solid state may indicate a slightly different 
geometric structure due to crystal packing effects. Such a 
change in conformation may also explain the rather large 
difference in solution and solid-state isotropic chemical shifts 
(-12 ppm). It is worth noting that a correlation between the 
value of IIJ(P,P)I and the 3 1 ~  chemical shift was reported for 
various tetraalkyldiphosphanes, (RIP),, with different sub- 
stituents R in solution (25). Our observation on the changes 
of the 'J(P,P) and 6 ( 3 ' ~ )  in compound 1 from solution state 
to solid state follows the same trend, which may indicate that 
crystal packing effects force the two "wings" of the butter- 
fly molecule 1 to open slightly wider in the solid state. 

As stated in the theory section, the dipolar interaction 
manifests itself in the intensity distribution of each individ- 
ual J-coupled sideband pattern. In Fig. 1 spinning side- 
bands associated with two isotropic doublets correspond to 
four different powder patterns, which are the four subspec- 
tra in the dipolar spectrum of a homonuclear spin pair. From 
the relative intensities of these spinning sidebands, all 12 
principal components of the four effective dipolar/chemi- 
cal shift tensors are readily calculated using the procedure 
of Herzfeld and Berger (19). Results are summarized in Table 
1. Differences between corresponding principal compo- 
nents due to two relevant subspectra at each 3 1 ~  nucleus, ATi 
= T+ - T ;  (i = 1,2,3), are also given in Table 1. 

From the results shown in Table 1, the anisotropy of the 
dipolar subspectrum, defined as (T, - T3(, is larger for the 
low-frequency peak of the P1 doublet than for the high-fre- 
quency one. This indicates that the absolute sign of the J 
coupling constant is negative (1  1). The anisotropies of the 
dipolar subspectra for the P2 doublet are in an opposite order, 
since the anisotropy is negative at P2, i.e., IT, - Tis0I > 
IT, - Tiso(, again confirming a negative 'J(P,P). This is in 
agreement with the general observations and theoretical cal- 
culations of the sign of 3 ' ~ - 3 1 ~  one-bond J couplings (23, 24). 

The crystal structure of compound 1 indicates that, to a 
good approximation, the molecule has a mirror plane con- 
taining the P-P bond. As shown later, the excellent agree- 
ment between the observed powder line shape and the 
calculated spectrum supports this assumption. This element 
of molecular pseudo-symmetry requires that one of the 
principal axes for each of the "P shielding tensors be per- 
pendicular to the mirror plane, and therefore perpendicular 
to the dipolar vector. In this case, only one angle is then re- 
quired to specify the other two principal axes in the approx- 
imate mirror plane. 

Given that the four subspectra contain a total of 12 effec- 
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TABLE 2. Principal componentsa and orientations of 3 1 ~  chemical 
shift tensors in 1 

- 

Phosphorus his,, S, ,  S2, S33 A?jb qc ed 
P1 75.8 129 122 -25 154 0.07 10" 
P2 52.0 190 25 -54 244 0.58 80" 

"All principal components are in ppm and estimated errors are 2 2  ppm. 
bA6 = (61, - 63,). 
'-11 = (6,, - 622)/(6i,, - 6,,) for P1 and = (621 - 8,3)/(611 - 6iso) for 

P2. 
% is the angle between 6,, and the dipolar vector and the estimated error 

is less than 25". 

tive principal components, we then have enough informa- 
tion to solve all ten remaining unknowns in this system: they 
are the six shielding tensorial elements for the two 3 1 ~  nu- 
clei, one isotropic J coupling constant, one effective dipolar 
coupling constant, and two angles that specify the orienta- 
tion of the dipolar vector in the principal axis system of the 
two 3 1 ~  shielding tensors. 

We indicated in the theory section that the difference be- 
tween effective tensor components of two subspectra along 
the principal direction perpendicular to the dipolar vector 
gives directly the sum of the effective dipolar coupling con- 
stant and the isotropic J coupling constant. From the data 
given in Table 1 we readily deduced that S,, of P1 and 62, 
of P2 are perpendicular to the molecular mirror plane re- 
spectively and that the effective dipolar coupling constant is 
RCff = 1459 2 162 Hz. Substituting Ti (i = 1,2,3.) listed in 
Table 1 and the above Re, into eq. [3], the chemical shift 
tensor components and their orientations were obtained. Our 
calculations yield the following principal components for the 
chemical shift tensors: at P1, S,, = 127 ppm, S,, = 
124 ppm, S3, = -24 ppm, and at P2, SIl = 192 ppm, 822 = 
25 ppm, ti,, = -62 ppm. The standard errors in these val- 
ues were estimated to be 2 2  ppm. Also, the calculations in- 
dicate that the angle between S2, of PI and the dipolar vector 
is 72" + 10" while the angle between 833 of P2 and the di- 
polar vector is 67" ? 10". Equation [4] was also used for the 
above calculation and almost identical results were obtained 
within experimental error, indicating that the condition of 
Iv,, - v,,l * Reff  is valid in the present case where v,, and v,, 
describe the two principal components in the pseudo-mirror 
plane. 

Analysis of the static spectrum 
To examine the validity of the above calculations, i.e., to 

test the assumption that the 31P spin pair in 1 can be treated 
as a homonuclear AX spin system, we performed computer 
simulation of the static powder line shape for a homonu- 
clear AB spin pair, based upon the exact solution of four 
transitions in such a spin system (10). Although it is diffi- 
cult to infer second-order (AB) character from magic angle 
spinning sidebands it should be readily apparent from static 
powder line shapes (10). Data calculated from the slow MAS 
spectrum were used as initial input for the simulation and they 
were further refined by comparing the observed powder line 
shape with the simulated spectrum. The final best-fit pa- 
rameters for two 3 1 ~  chemical shift tensors are given in Table 
2. The effective dipolar coupling constant was adjusted to 
be R,, = 1600 2 162 Hz. This observed dipolar coupling 
constant is somewhat smaller than expected from the X-ray 

bond length considerations, RDD = 1770 Hz. There are two 
possible reasons for such a decrease in the effective dipolar 
coupling constant. First, motional averaging may reduce the 
dipolar coupling constant. Second, there may be anisotropy 
in the indirect spin-spin interaction, AJ (see eq. [2]). If no 
motional correction is taken into account, the anisotropy in 
J is 5 10 -1 486 Hz assuming that R,,, is of the same sign as 
RDD. Theoretical ub initio calculations of the 'J(P,P) COU- 
pling constant in P,H, indicated that the Fermi contact 
mechanism is dominant for the cis conformation (26, 27). 
Since the Fermi contact mechanism is isotropic, AJ is ex- 
pected to be small in 1. Therefore, the deviation of Ref, from 
RDD is probably due to motional averaging. 

It was found that the powder line-shape simulations were 
more sensitive to the orientation of the CS tensors than to the 
magnitude of the principal components. Therefore, in Table 
2 all principal components are essentially the same as those 
obtained from the analysis of the slow MAS spectrum (ex- 
cept for 6,, of P2) while the orientations of the two CS ten- 
sors are modified by approximately 10". 

In a general heteronuclear AX spin system, any rotation 
of the CS tensor about the dipolar vector will give invariant 
powder line shapes in the static experiment, or intensity 
distribution of spinning sidebands in the slow MAS experi- 
ment. However, for a homonuclear spin pair, one has to be 
cautious about such a statement, since the relative orienta- 
tion of the two CS tensors with respect to one another may 
become important. Obviously, two CS tensors are fixed in 
an AB spin pair to give a unique powder line shape. Even 
in the homonuclear AX approximation, it is still possible that 
changing the relative orientation between two CS tensors may 
break down the validity of the AX approximation, at least 
in some directions. 

Within the constraints of the molecular symmetry, we have 
reduced the number of possible orientations to two for each 
3 1 P CS tensor. Given that the angles between S33 of the two 
CS tensors and the dipolar vector are known (0 in Table 2), 
there are still four possible ways to orient two CS tensors in 
the molecule, since both angles could be either positive or 
negative. All four possible orientations were put into our line- 
shape simulation program and a best fit is portrayed in Fig. 
2. A schematic diagram illustrating the orientations of two 
31 P CS tensors determined through this work is presented in 
Fig. 3. It places S3, of P1 10" away from the internuclear 
vector towards the electron lone pair at P1, with 62, lying 
almost in the S-PI-S plane. The determination of the CS 
tensor at P2 requires that 6,, lies in the mirror plane, being 
rotated by 10" from the P-P bond as indicated in Fig. 3. 
Similarly, 6,, of P2 is nearly in the plane containing the 
C - P 2 4  fragment. Simulated dipolar subspectra at each 
31 P nucleus are also shown in Fig. 2 using the same param- 
eters given in Table 2. The sum of the subspectra for P1 and 
P2 gives the powder line shape shown in Fig. 2(b). One does 
not observe any AB character in these calculated dipolar 
subspectra indicating that two 3 ' ~  nuclei in 1 could be treated 
as an AX system at Bo = 4.70 T. One might at first expect 
some AB character for the homonuclear 3 1 ~ - 3 1 ~  spin pair in 
1, since the difference between the isotropic chemical shifts 
of P 1 and P2, ASiso = 24 ppm (ca. 1944 Hz at Bo = 4.70 T), 
is comparable to the dipolar coupling constant between them, 
RDD = 1770 Hz. However, one should realize that the ratio 
between AS,, and RDD is not the correct criterion for judg- 
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\ 

I FIG. 2. (a) Experimental 31P CP NMR spectrum of a static sample of 1; (b) calculated "P NMR spectrum of 1 using the parameters 
in Table 2; ( c )  and (d) calculated dipolar subspectra for P1 and P2, respectively, using the same parameters as in (b). 

FIG. 3. A schematic diagram of the orientation of the two "P CS 
tensors in 1 obtained from an analysis of the 3 1 ~  NMR spectrum of 
a static powder sample. 611(P1) and 6,,(P2) are perpendicular to the 
approximate mirror plane of the molecule. 

ing whether a dipolar coupled spin pair should be analyzed 
as an A?, AB, or AX spin system. Because of the tensorial 
nature of chemical shifts in solids, one has to consider the 
relative orientation of the two CS tensors that make up the 
two-spin system. Although there is extensive overlap of the 
four dipolar subspectra in 1, we found that at almost all ori- 
entations of rpp in the applied magnetic field, Bo, the AX 
approximation is valid. For example, if the magnetic field 
lies perpendicular to the molecular mirror plane, an orien- 
tation in which S,, of P1 and S,, of P2 are coincident, the 
chemical shift difference is about 100 ppm (ca. 8100 Hz at 
Bo = 4.70 T). This is much greater than the dipolar cou- 
pling at this orientation, 800 Hz. A similar discussion also 
applies for the two orthogonal orientations. Extensive com- 
puter calculations of the ratio, R/[v(Pl) - v(P2)], as a 
function of orientation indicate that this ratio is less than 0.1 
except when the polar angle is approximately 50" and the 
azimuthal angles are 50"-60" and 300"-310". The actual 
contributions that these latter orientations make to the over- 
all line shape are negligible. 

We have ruled out the possible orientations of S3, where 
two 8's have different signs, since it results in a similar, 
though inferior, fit. An alternative assignment occurs if both 
CS tensors are rotated simultaneously by 180" about the di- 
polar vector, giving two negative 8's. Although this gives an 
identical powder line shape, it will be argued below that the 
assignment shown in Fig. 3 is more reasonable. 

The CS tensor of P1 shows near-axial symmetry (S,, = 
S2,), although there is no apparent local symmetry in the 
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molecular structure that would imply axial symmetry in the 
CS tensor. Since we have determined that 6 ,  , of P1 is per- 
pendicular to the molecular mirror plane, it is also perpen- 
dicular to the electron lone pair at P I .  If we place S,, of P1 
10" away from the dipolar vector in the opposite direction to 
that shown in Fig. 3 (i.e., 0 = - lo0), the direction of SZ2 
would lie nearly along the electron lone pair. Since it is un- 
likely that the chemical shielding would be the same along 
the lone pair (S22 component) as in the direction perpendic- 
ular to the lone pair (6, ,  component), this alternative as- 
signment is discounted. 

The results in Table 2 indicate that the 3 ' ~  shielding an- 
isotropy of P2, AS = 244 ppm, is much larger than the val- 
ues reported in two related compounds containing a 
phosphorus-phosphorus single bond (8, 9) and by a theo- 
retical calculation on P2H, (28). The "P chemical shielding 
anisotropy in tetraphenyldiphosp!ine was also found to be 
relatively small (AS = 46 ppm).- Another class of related 
compounds containing P (U)  atoms are phosphines. Still, A6 
of P2 in 1 appears noticeably large compared with most of 
the reported values for the phosphines (ca. AS = 6- 
85 ppm) (29). Additionally, the isotropic chemical shift of 
P2 in compound 1 is at a much lower field than the above- 
mentioned phospines and diphosphines. Although a large A6 
has been reported in a strained phosphirane (30), the shield- 
ing anisotropy at P2 shows an opposite trend and our data also 
deviate from the straight line in ref. 30. The large shielding 
anisotropy, AS, and large isotropic shift at P2 in 1 result 
primarily from the significant deshielding in the 6 , ,  direc- 
tion, which is approximately perpendicular to the C-P-C 
plane. Probably, the unusual cis conformation of the adja- 
cent electron lone pairs in 1 is responsible for the relatively 
large chemical shift anisotropy at P2. However, given the 
complicated nature of the anisotropic chemical shift and lack 
of reliable theoretical calculations, "P chemical shielding 
tensors are far from being fully understood. 

The "P CS tensors of several inorganic phosphorus-sul- 
phur systems were investigated recently by high-resolution 
solid state NMR (31-35). In these systems, AS of the PS,,? 
unit varies from 110 to 340 ppm. An attempt has been made 
to correlate the "P chemical shift anisotropy with the dis- 
tortion from local C,, symmetry (33). However, using ad- 
ditional data from a more recent study (34), the previous 
simple correlation was found to be invalid (35). With P1 
bonded to two sulphur atoms and one phosphorus atom, its 
chemical shift anisotropy, AS = 154 ppm, is smaller than the 
value, AS = 257 ppm, found for the apical 3 1 ~  in P4S3, 2; the 
two P-S bonds in 1 are much longer than the P-S bonds 
in P,S,. 

It would be more informative if we were able to compare 
the orientation of the 3 ' ~  CS tensor in 1 with related com- 
pounds containing P-S single bonds. Unfortunately, only 
in PAS3 have the orientations of the CS tensor been deter- 
mined by a single crystal study (36). In this case the least 
shielded component of the apical "P and the most shielded 
component of the basal "P are nearly parallel to the C, axis 
of the molecule. In the other systems, local symmetry was 
used to tentatively assign the unique axis in the CS tensors. 
Comparison of the principal values and their orientations of 
the ,'P CS tensor between the apical phosphorus atom in P,S, 

2 ~ .  WU, R. D. Curtis, and R.  E. Wasylishen. Unpublished re 
sults. 

and P1 in 1 reveals significant difference between these two 
"P CS tensors, although the difference in their isotropic 
chemical shift is relatively small. The unique component in 
the apical phosphorus atom in P,S, corresponds to the least 
shielded direction while it is the most shielded in 1 .  We are 
not in a position to give a complete explanation of the "P 
shielding anisotropies measured in this study, because of the 
limited data available and their complexity. 

Conclusions 
We have demonstrated that "P dipolar NMR spectros- 

copy is an invaluable alternative to single crystal NMR in 
providing a full characterization of the "P chemical shield- 
ing tensor in 1. It is advantageous to combine the MAS ex- 
periment with the static (non-spinning) experiment in dealing 
with a dipolar coupled homonuclear "P spin pair, espe- 
cially when there is J coupling between the two nuclei. This 
is because ( a )  resolved J-coupled sideband patterns in the 
MAS spectrum make it possible to separate different dipo- 
lar subspectra and to provide a good starting point for inter- 
preting the static powder line shape, and (0) the static powder 
line shape contains all the information on the dipolar inter- 
action and the shielding tensors, and thus serves as a test for 
the AX approximation that is usually used for analyzing the 
dipolar subspectra in the MAS experiment. 

The CS tensor at P1 in 1 is nearly axially symmetric with 
the most shielded component 6,, as the unique direction. 
Significant deshielding is observed at P2 along the 6 , ,  di- 
rection, which describes a direction perpendicular to the 
C-P-C plane. This deshielding effect results in a large 
anisotropy at P2, AS = 244 ppm, compared with related 
compounds. The shielding anisotropy at P1 is 154 ppm and 
falls in the normal range reported for related compounds 
containing the P-S single bonds, Clearly, a complete un- 
derstanding of the "P chemical shielding anisotropy still 
needs far more work from both experimentalists and theo- 
reticians. 
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synthesis of optically active 5-acetamidodeaminocolchinyl methyl ether and 

of demethoxy analogues of deaminocolchinyl methyl ether' 
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0 .  BoyL. A. B~ossr,  H. J .  C. YEH, E. HAMEI-, B. WEGRZYNSKI. and V.  TOOME. Can. J .  Chcm. 70, 1237 (1992). 
Trimethoxy-substituted dihydrodibcnzocycloheptenes 4-7, required for a structure-activity study measuring the in- 

hibition of tubulin polymerization in vitro, were synthesized by four different routes: ( I )  Synthesis of 4 was achieved 
from 2,3-di~nethoxybenzaldehyde via biphenyl aldehyde 17, chain lengthening to propionic acid 20, acid-catalyzed cy- 
clization toward kctone 21, and removal of the carbonyl group. (2) Compound 5 was obtained by eliminating the ster- 
ically most hindered methoxy group in 25 or 26 by metal reduction in alcohol. (3) Compound 6 was prepared from biphenyl 
aldehyde 34 obtained by Grignard reaction on oxazoline 32. (4) Compound 7 was obtained by reductive deoxygenation 
of the tetrazolyl ether derivative of N-acetylcolchinol 41. The key rolc of the aromatic oxygen atoms in colchicine and 
allo congeners as points of interaction with the colchicine binding site on tubulin was demonstrated by the lack of in- 
hibitory activity of compounds 4-7. Optically active 5-acetamide 8n.h isomers of N-acetylcolchinyl methyl ether 2 were 
obtained aftcr chemical resolution of amine 47. The absolute configuration of the optical isomers 470,b and 8a,b was 
determined by 'H NMR and CD measurements. Thcse compounds were found inactive as inhibitors of tubulin poly- 
merization. 

0 .  Boyf, A. BROSSI, H. J .  C .  YEH, E .  HAMIIL, B. WEGRZYNSKI et V .  TOOME. Can. J .  Che~ii. 70, 1237 (1992). 

Lcs triniethoxy-dihydrodibenzocyclohept&nes 4-7 ont ete synthetises selon quatre voies diffkrentes dans le cadre d'une 
Ctude de relation structure-activite concernant I'inhibition de polymerisation de la tubuline in vitro : (1) la synthese du 
compose 4 a Ctt effectuee i partir du 2.3-dimCthoxybenzaldChyde via I'intermcdiaire aldkhydique 17 suivi d'une exten- 
sion dc chaine vers I'acide propioniclue 20, donnant, apres cyclization, la cktone 21 dont la fonction carbonylc a fina- 
lenient t5tC reduite. (2) Le compose 5 a etC obtenu par elimination du groupenlent nitthoxy encombre de I'alcool 25 ou 
dc I'oxime 26 par reduction metallique. (3) Le compose 6 a CtC synthCtisC i partir de l'aldthyde biphknylique 34, ob- 
tenu par une reaction de Grignard sur I'oxazoline 32 selon la mCthodc dc Meyer. (4) Le composC 7 provient de la 
dCoxygCnation reductive de I'Cther de tetrazolyle du N-acCtylcolchinol 41. Le r61e c l i  des atolnes d'oxygene aronia- 
tiques de la colchicine et des derives de type <<allo>>, cn tant que points d'interaction avec leur site de fixation sur la tu- 
buline, a CtC demontr6 par l'absence de proprietes inhibitrices dcs composes 4-7. Les acCtamides 80.11 isomttres en position 
5 du N-ac6tylcolchinyl 11iCthyl ether 2 ont CtC obtenues aprits rCsolution chi~nique de I'amine 47. La configuration ab- 
solue des isomeres optiques 47n,b et 8a ,b  a et6 detcrniinee par des lncsures de RMN et de dichro'isme circulaire. Ces 
composes se sont rCvClCs inactifs en tant qu'inhibiteurs dc poly~nerisation de la tubuline. 

Mapping and full characterization of the colchicine bind- 
ing site on tubulin remains a challenging and multifaceted 
research project ( 1 ,  2). Modification of natural (-)-(as, 7 s )  
colchicine 1 or the parent compound N-acetylcolchinol methyl 
ether 2 offers a possibility to gain valuable infor~nation on 
how these lnolecules bind to tubulin and inhibit its poly- 
merization. Phenolic congeners of colchicine 1, especially 
I-demethylcolchicine, were found to be less potent than 

'The results of  this investigation were presented by 0 .  Boye at 
a poster session of the 200th ineeting of the American Chcmical 
Society in Washington. D.C., August 26-31. 1990 (Division of 
Medicinal Chemistry; Abstr. 68). 

' ~ u t h o r  to whom correspondence may be addressed. 

colchicine itself (1-4) as inhibitors of tubulin polymeriza- 
tion, with activity partially restored on esterification (5 ,  6). 
After the finding of the high potency of 6,7-dihydro-l,2,3,9- 
tetramethoxy-5H-dibenzo[u,c]cycloheptene (DBCH) 3 (7~11, 
the systematic synthesis of its deinethoxy derivatives 4-7 was 
undertaken in order to investigate the contribution of each 
aromatic oxygen atom in the binding process. The acet- 
amido group in 1 and 2 is not required for binding to tubu- 
lin, as indicated by the high activity of compound 3 (7u). The 
investigation included a synthesis of the optically active 
amides 8a,0 ,  with the acetamido group at C ( 5 ) .  Determi- 
nation of their absolute configurations, a primary factor in 
tubulin binding ability, was made by ' H  NMR and CD. 
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1 (as, 7s) 

Chemistry 

DBCH 4 frorn 2,3-dimetlzoxybenzaIdehyrle (Sche~ne I )  
The synthesis of 4 followed a route used earlier in the 

synthesis of 3 (70, b )  which started from 2,3,4-trimethoxy- 
benzaldehyde and gave ketone 24 as an intermediate. Aza- 
lactone 9 ,  prepared from 2,3-dimethoxybenzaldehyde and 
N-acetyl glycine, was hydrolyzed to give pyruvic acid 10a 
and acetylated enamine 100 as a by-product. The 16-step 
synthesis of 4 was handicapped by the relatively low yield 
encountered in the preparation of keto-ester 13 from pyru- 
vic acid 1Ou via Robinson annelation with methyl vinyl ke- 
tone (8). The cyclization of acid 20 to ketone 21 in 

I (CF,CO),0/CF3COOH solution was greatly improved in 
I 

comparison to previous work (7n) by conducting the reac- 
tion at low temperature. 

I 
DBCH 5 by sodium-isopropanol redzrction (Scherne 2 )  

Reductive removal of the hindered methoxy group in al- 
cohol 26, obtained by reduction of ketone 24 (7a, b ) ,  was 
accomplished wlth sodium in refluxing isopropanol (12, 13) 
to afford DBCH 5 .  This reaction is reminiscent of methoxy 

group eliminations observed in the aporphine alkaloid se- 
ries with sodium in liquid ammonia (18, 19). DBCH 5 could 
also be obtained starting with oxime 25, which, treated in the 
same manner as 26, was demethoxylated and reduced in a 
one-pot procedure. Exhaustive methylation of amine 27 af- 
forded quaternary salt 28b, which underwent Hofmann 
elimination to olefin 29. Reduction of the latter afforded 5. 
This material was identical with that directly obtained from 
26 on treatment with sodium in isopropanol. 

DBCH 6 by Meyers' biphenyl .sj~~~tlzesis (Scheme 3 )  
The synthesis of 6 was tailored after Meyers' efficient 

synthesis of biphenyl aldehydes from phenyloxazolines with 
Grignard reagents (1 4- 16). 

Reaction of Grignard 31, prepared from 5-bromovera- 
trole, with oxazoline 32 (obtained from 2,5-dimethoxyben- 
zoic acid ( 14- 16)) afforded oxazoline 33. Deprotection of 
33 was accomplished by quaternization with methyltriflate, 
reduction of the quaternary salt with sodium borohydride, and 
hydrolysis with oxalic acid to give aldehyde 34 (16). Con- 
version of aldlehyde 34 into ketone 38, olefin 40, and DBCH 
6 followed the route used for the preparation of 3 and 4 .  
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CH3O 

c H 3 0 y  \ COOH 

lob 

CH30 

C H 3 0 y  COOH - 
10n 

0 

CH,O 

CH3O CH30 CH,O 

COOCH, COOR 

OR 

16 R=CH20H 12 R = H  
17 R=CHO 14 R = H  13 R =CH3 
18 R = CH = CHCOOEt 15 R=CH3 
19 R = (CH2)2COOEt 
20 R = (CH2)2COOH 

. .  . . .  , . . 
DBCH 7.fiorn N-ncetylcolchinol41 (Scherne 4 )  

. .  . . . . .  .. . . .  
: : ..j . .  . 

N-Acetylcolchinol, prepared from colchicine 1 by a pub- 
. . .  . - - lished procedure (17), was deoxygenated by catalytic re- 

! duction of its phenyltetrazolyl ether 42 over Pd/C catalyst 
in acetic acid (20, 21), affording amide 43. The latter on acid 
hydrolysis gave amine 44, which after quarternization with 

I methyl iodide and Hofinann degradation afforded olefin 46 ! 
I and DBCH 7 on further reduction. 

Syr7thesis of optically ~ ~ c t i v e  5-~lcet~1t77idodeami17ocol~~hit7yl 
rnetkyl ethers 8a,b  (Scheme 5 )  

Oxime 25 was also used to prepare the optically active 
isomers 8a,b (Scheme 5) .  Reduction of oxime 25 with hy- 

drazine in the presence of Raney nickel catalyst afforded the 
racemic arnine 47, which was resolved with (+)- and (-)- 
dibenzoyltartaric acids in isopropanol to afford the optically 
active amines 47n,b after recrystallization from MeOH. 
Further acetylation gave the optically active amides 8a,b. The 
optical purity of the amines was measured by HPLC analy- 
sis of their urea derivatives 48a,b. The absolute configura- 
tion of cornpounds 47c1,b and 8a,b was established by 'H 
NMR spectroscopy and CD analysis. We have previously 
shown that natural (-)-7s-colchicine 1 and derived a110 
congeners exhibit negative Cotton effects at 260 nm (9, 10). 
This optical behavior results from the presence of the non- 
coplanar biaryl system. Ring C is twisted out of the plane 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C A N .  J. CHEM. VOL. 70, 1992 

formed by ring A in a counterclockwise arrangement with a 
dihedral angle between the planes of ca. 53" (8). This gives 
an aS assignment to natural (-)-7s-colchicine, after con- 
sideration of the order of the ortho-ortho' substituents of the 
central bond, according to the chirality rules of Prelog and 
Helmchen ( I  I ) .  Counterclockwise arrangement of the biaryl 
systems is manifested by all the biologically active colchi- 
cinoids and their a110 congeners and is considered to be an 
important molecular feature in their ability to bind to tubu- 
lin. Unnatural (+)-7R-colchicine, which has the biaryl sys- 
tem arranged in a clockwise fashion and has a positive Cotton 
effect at 260 nm, does not bind to tubulin. 
Cot~fortnatiotlal eqrlilibriri ntld absolute cotfigurc1tiot7.s 

of 5-art~itzodearnitzocolchit~yl methyl ethet-s 47a,b 
and derived ricetatnides 8a, b 

The optically active amines 47a,b and the derived aceta- 
mides 8a,b are in a solvent-dependent conformational equi- 
librium (Scheme 5) .  The absoIute configurations of 47a and 
8a were established as follows: the observed negative Cotton 
effect at 260 nm in ethanol (Fig. la)  for 47n and 8~1 sug- 

gests that the phenyl rings in these compounds are arranged 
in a counterclockwise fashion, as in natural (-)-(aS,7S)- 
colchicine 1. Despite the identical helicity of the biaryl sys- 
tem the configuration of 470 and 8a is aR due to the change 
occurring in the priority of the ortho-or-tho' substituents as 
compared to (-)-colchicine (I I). In conjunction with this 
finding, the 5S absolute configuration of these molecules was 
then derived by measuring vicinal proton coupling between 
H-C(5) and H,,,,-C(6) (Table 1 ) .  The dihedral angles be- 
tween these protons were evaluated using the Karplus rule 
(23, 24). By examining the Dreiding model with the bi- 
phenyl system arranged in a counterclockwise configura- 
tion. one can conclude that H-C(5) in both compounds is 
axially oriented with the amino or acetamido groups in an 
equatorial position. This leads to a 5S absolute configura- 
tion for 47a and 80. The solvent dependency of the confor- 
mational equilibrium is different for 470 and 8a. Whereas 
the 'H  NMR proton signal for H-(5) in amine 47a does not 
change significantly on switching solvents from CD,OD to 
CDCI, and the negative Cotton effect at 260 nm is stilI sub- 
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38 R ' = R ~ = o  34 R = C H O  
39 R I  = H, R'= OH 35 R = CH = CHCOOEt 

36 R = (CH2),COOEt 
37 R = (CH2)2COOH 

stantial, these situations are drastically different in the case 
of acetamide 80. In CDCl,, proton H-C(5) for 80 gives two 
'H  NMR signals of nearly equivalent intensity, indicating a 
displacement of the conformational equilibrium toward the 
aS isomer, with the biphenyl system arranged in a clock- 
wise fashion and with the acetamido group axially oriented. 
The existence of two isomers cannot be explained by a sim- 
ple cis-tratls rotameric arrangement of the amide group. This 
is shown by the optical behavior of 8a. The equilibration 

solvent. The optical isomer 8b, which was also analyzed, 
showed similar optical behavior. 

Biological evaluation 
Method (25) 

The compounds were tested as potential inhibitors of the 
polymerization of purified bovine brain tubulin in vitro. Re- 
action components were 1.0 mg/mL (10 pM) tubulin, 
1.0 M monosodium glutamate (inducer of polymerization), 
1.0 mM MgCI,, and 0.4 mM GTP (an essential cofactor for 
polymerization). All compounds were dissolved in di- 
methyl sulfoxide (with a final solvent concentration of 
4%(v/v), which did not affect the polymerization reaction). 
All components except GTP were preincubated at 37°C for 
15 min to permit the interaction of slow binding agents with 
tubulin. Reaction mixtures were chilled on ice and after ad- 
dition of GTP were transferred to thermostated cuvettes held 
at 0°C in a recording spectrophotometer. Polymerization was 
initiated by a 75-s temperature jump to 37"C, and the reac- 
tion was followed turbidimetrically at 350 nm. For each 
compound an IC,, value was obtained in at least three in- 
dependent experiments. The IC,, value was defined as the 
drug concentration that inhibits the extent of polymerization 
by 50% after a 20-min incubation. Values over 50 pM rep- 
resent negligible activity in this assay, while the lowest IC,, 
value yet obtained has been 1.2 pM (i.e., 50% inhibition of 
polymerization when at most 12% of the tubulin in the re- 
action mixture has bound the inhibitor). 

Res~llts ancl disl-ussiotz 
Of the newly prepared compounds, only 5, 29, and 43 

retained some activity as inhibitors of tubulin polymeriza- 
tion when compared with data obtained for colchicine 1 and 
N-acetylcolchinol methyl ether 2 (Table 2). This marks di- 
hydroclil~etzzo[a,c]c~~clo/ze~~tetze 3 as the sinzplest tricyclic 
structure of this series that shorvs n high atztitubulitz nctiv- 
it)]. 

Any replacement of methoxy groups by hydrogen in 3 re- 
sults in a substantial loss of activity, which is much greater 
than the loss observed in going from colchicine 1 to de- 
methylated congeners (Table 2). This clearly demonstrates 
the importance of oxygen atoms at positions C(1), C(3), and 
C(9) (C(10) in colchicine) as major points of electrostatic 
interaction with the binding site while the oxygen in C(2) is 
slightly less important. The substituent at C(l)  is also par- 
ticularly critical because it affects the aR-aS equilibrium 
through steric hindrance with H-C(1 1). Switching the acet- 
amido group from C(7) as in 2 to C(5), despite a proper 
counterclockwise absolute configuration for 80, afforded 
inactive compounds 8a,0. Even an amino group at position 
C(5), as in 470, resulted in complete loss of activity. This 
suggests that substitution at this position interferes with the 
tubulin binding process. 

between aR- and aS-8a conformers is demonstrated by the 
drastic decrease in the absorption at 260 nm in the CD spec- Experimental 
tra in CHC1, compared to the one displayed in ethanol (Fig. Ge,,erN, 
l a ,  b). The specific optical rotation of 8n remains constant TLC: gel G ~ L ~  plates froln Analtech: visualization with 
on standing in methanol and changes very little after several uv light, I,, ~ r a g ~ ~ d ~ ~ f f ' ~  solution.  lash sil- 
days in chloroform solution. This clearly indicates that the ica gel 60 (Fluka), 230-400 mesh, 60 A ,  Melting point (uncor- 
proportion of 8a (aR,5S) and (as,.%) isomers present in rected): Fisher-Johns melting point apparatus. IR spectra: Beckrnan 
solution is rapidly established and strongly influenced by the IR 4230. ' H  NMR spectra: Varian XL 300 (300 MHz). CIMS: 
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0CH3 0CH3 

- 
\ 

NHCOCH, 
\ 

43 R=NHCOCH3 

41 42 44 R = N H 2  
45 R = N(CH3)<I- 

Finingan 1015 D; EIMS: VG 7070 F. GC: Hewlett Packard 5890A, 
column HP-I (cross linked methyl silicone gum) 25 m X 

0.32 mm. HPLC: Shimadzu LC-6A, column Alltech 250 mm, i.d. 
4-6 mm fitting B. Optical rotation: Perkin-Elmer polari~neter 
241MC. 

Synthesis of DBCH 4 (Sellerne I)  

3-Methj~1-4-[(2,3-dirnet/zo.ryphet1yl)-n7ethylide11e]-5(4 H)- 
oxuiolorze 9 

Oxazolone 9 was prepared according to published procedure (70) 
and recrystallized from toluene as a bright yellow powder (39%): 
mp 130°C; IR (CHCI,): 3020 (CHI), 18 10, 1770 (0-C=0) ,  1660 
(C=NH), 1260 (Ph-0-CH,) cm-I; 'H NMR (CDCI,) 6: 2.40 (s, 
CH,), 3.89 (s, CH,O), 3.90 (s, CH,), 7.00 (dd, J = 8.1 and 
1.3 Hz, IH, 4'-H), 7.14 (t, J = 8.1 Hz, IH, 5'-H), 7.65 (s, IH, 
Ph-CH=), 8.23 (dd, J = 8 and 1.4 Hz, IH, 6'-H): CIMS (NH,) 
tn/z: 248 (MH+) .  Anal. calcd. for C I  ,HI3O,N (247.25): C 63.15, 
H 5.30, N 5.66; found: C 63.06, H 5.33, N 5.60. 

3-(2,3-Dimer/1os~~pl1er1yl)pyr~11~ic crcid 10 
A solution of 9 (50.0 g,  0.2 mol) in aqueous HCI (10%. 

90 mL) and dioxane (180 mL) was refluxed for 3 h. After cool- 
ing, the solvents were evaporated to give a residue that was dis- 
solved in ethyl acetate and washed with H20.  The acid was 
extracted from the organic layer with concentrated ammonium hy- 
droxide. The aqueous layer was washed with ethyl acetate, then 
acidified with concentrated HCI. The acid was then extracted with 
ethyl acetate. After washing with H 2 0  until neutral, and drying 
(Na,SO,), the solvent was evaporated to give 22 g of 10 (yield 
49%), which was recrystallized from toluene to give a yellow 
powder: mp 123- 124°C: IR (CHCI,): 3460 (OH), 3000 (CH,), 1690 
(C=O). 1475, 1270 (CH30) c~n - I ;  IH NMR (CDCI,) 6: 3.88 (s, 
CH,O), 3.9 (s ,  CH,O), 6.92 (d, J = 8.1 Hz, IH, 4'-H), 6.94 (s, 
1 H, Ph-CH=), 7.12 (t, J = 8 Hz, IH, 5'-H), 7.33 (d, J = 7.9 Hz, 
IH, 6'-H); CIMS (NH,) rr~/z: 242 (MH' + NHI), 224 (M'). Anal. 

calcd. for CIIH,,O5(224.21): C 58.93, H 5.39; found: C 58.68, H 
5.43. 

I -Hydro,r\~-5-oxo-2-(2,3-ditnetho.\-\pher?yl)-l- 
cj~clohexur~ecnr-0o.vyIic ucirl 11 

Acid 11 was prepared by published procedure (70) as a crude 
mixture (57 g,  81%); a sample of the product (4 g) was flash chro- 
matographed for analysis (SiO,, CHC13-MeOH-CH,COOH 
9.25:0.5:0.25), giving 11 as a translucide oil (0.5 g, 10%): 'H  
NMR (CDC13) 6: 1.45-2.26 (~n, 4H, CH?), 2.35 (d, J = 15 Hz, 
IH. CH2C(OH)COOH), 2.72 (d, J = 14.9 Hz, IH, 
CH,C(OH)COOH), 3.42 (dd, J = 12.9 and 3.7 Hz, IH, CH), 3.58 
(s, 3H, CHIO), 3.62 (s, 3H, CH30) ,  5.68 (s, 1 H, OH), 6.57 (d, 
J = 8.1 Hz, IH, 4'-H), 6.63 (d, J = 8 Hz, IH, 6'-H), 6.74 (t, 
J = 7.9 Hz, IH,  5'-H). Recrystallization from ethyl acetate gave 
white crystals; mp 209-212°C (dec.); IR (film): 3460 (OH), 2930, 
1720 (C=O), 1655-1620 (C=O), 1470 cnl-I; CIMS (NH,) rn/z: 
329 (MH' + 2NH,), 312 (MH' + NH,), 295 (MH'), 276 (MHC 
- H70) .  

3-0xo-6-(2,3-dir~1erho.v~y7I~e11yl)-I -cyclohe,verlec~arboxj~lic 
acid 12 

Acid 12 was prepared from crude cornpound 11 by published 
procedure (70). obtained as a yellow oil (98%, crude), and used 
without further purification in the preparation of ester 13; CIMS 
(NH3) rt~/z: 294 (MH' + NH,), 276 (M'), 259 (MHC - OH). 

Mi.\-rirre of rr~ethyl 3-o.vo-6(2,3-dirr1ethos~~p/1e11yl)-l- 
cycloheser~e-1-cur00,q~lote trnd rt1ethyl5-o.vo-2-(2.3- 
clir~1ethox.v~7/1en?.I)-I -cyc.lo/1excr1e-I-c~crr0ox~~lrrte 13 

K2COI (40.0 g, 0.29 mol) and Me1 (25 mL, 0.4 mol) were added 
to a solution of acid 12 (44 g,  crude, 0. 15 mol) in anhydrous THF 
(250 mL). The mixture was refluxed for 4 h under N?. After cool- 
ing, K7C03 was removed by filtration and washed with Et,O. The 
filtrate was evaporated to give a residue that was dissolved in ethyl 
acetate. The organic layer was washed with brine and dried 
(Na,SO,) to give, after evaporation, 42 g of a brown oil. The 
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In ethanol 

FIG. 1. CD spectra of N-acetylcolchinyl methyl ether 2 and its analogs 8a,0 and 4 7 ~ 1 .  (----) 8 ~ ;  ( - - - - )  80; (-.-) N-acetylcolchinyl 
methyl ether 2: (-.-.-.) 470. 

TABLE I. Chemical shifts (ppm) of proton H(5) and its vicinal 
coupling constants (Hz), J,,,;, and J,,,,, in (S)-5-acetamidodeami- 
nocolchinyl methyl ether 8u and (S)-5-aminodeaminocolchinyl 

methyl ether 47rr in different solvents 

aR Conformation aS Conformation 

6H(5) J5,60 J5.6b 6H(5) j 5 . h ; l  J3.6h 

ppm Hz Hz ppm Hz Hz %aR 
- - -  - 

(S)-5-Acetamidodeaminocolchinyl methyl ether 80 

Methanol-d, 4.44 12.4 6.6 Not determined -93 
Acetone-d, 4.62 12.2 6.1 Not determined -92 
Chloroform-d 4.59 12.2 6.2 5.00 -0 6.2 -46 

(S)-5-Aminodeaminocolchinyl methyl ether, HCI salt 4 7 ~ 1  

Methanol-d, 3.90 1 1.8 6.3 Not detem~ined -95 

product was chromatographed (SiO?, eluent ethyl acetate - hex- 
anes 1 :4 ,  then 3:7) ,  giving a yellow oil that was crystallized from 
iPrOH - petroleum ether as pale yellow crystals (21%): mp 77- 
78°C; IR (CHCI,): 30 10, 2960 (CH,), 1730 (C=O), 1685 (C=O), 
1590 (Ph), 1480 (-CHZ-), 1290-1200 (Ph-0-CHI) cm-I; 'H NMR 
(CDCI,) 6: 1.63-2.04 (nl, 2H, CH,), 2.23-2.4 (m, 4H, CH,), 3.62 
(s, 3H, CH,O), 3.8 (s, 3H, CH,O), 3.87 (s, 3H, CH,O), 4.52 (br 
t, J = 4.3 Hz, IH, Ph-CH), 6.47 (dd, J = 7.6 and 1.4 Hz, IH, 
4'-H), 6.77 (dd, J = 8.2 and 1.4 Hz, IH, 6'-H), 6.85 (s, lH,  
COCH=), 6.88 (t, J = 8.0 Hz, IH,  5'-H); CIMS (NH,) nz /z :  
308(MHT + NH,), 291 (MH'), 259 (M' - OCH,). Anal. calcd. 
for C1,HIX05 (290.3): C 66.19, H 6.25; found: C 66.10, H 6.27. 

Methyl 4-l~dros~~-2',3'-rlitnethos~~-I, 1'-Dil>herzyl-2- 
cczrbox)~lcrtr 14 

Ethyl ester 13 (2.0 g, 7.2 mmol) was pulverized and thor- 
oughly mixed with Pd black (I .0 g,  9 .4 mmol). This powder was 
heated to 200°C in a Kugelrohr apparatus under moderate vacuum 
(20 Tom; 1 Tom = 133.3 Pa). After 15 min, high vacuum (0.1 Tom) 
was applied and the product was distilled for 1 h to give a color- 
less oil (1.6 g). The residue remaining in the round-bottom flask 
was dissolved in EtO, and the Pd removed by filtration through 
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TABLE 2. Inhibitory effects of colchicine analogs 
on tubulin polyn~erization 

Agent ICF, (WM) (2S .D . )  

Colchlcine 2.4 i 0.08 
I -De~nethyIcolch~cine 6.8 t 0.5 
2-Den~ethylcolchicine 3.7 2 0.3 
3-Demethylcolchicinc 2 9 + 0 5  
Deacetylcolchicine 3.3 + 0.4 
Deacetamidocolch~cine 2.6 i 0.3 

2 1.5 * 0.2 
3 1.9 ? 0.3 

4 >50 
5 23 + 6 
6 > 50 
7 > 50 
23 >50 
29 9 . 4 ?  I 
40 >50 
43 15 + 2 
46 >SO 

80 >50 
86 >50 
47~1  > 50 

Cellte. The product was then chromatographed (SiO,, ethyl ace- 
tate - hexancs 3.7) to give 200 mg more of oil. Total product 1.8 
g (91%); IR (CHCI,): 3600-3100 (OH), 2940 (CH,), 1720 (C=O). 
1600, 1570 (Ph), 1470, 1430, 900 cm-';  CIMS (NH,) rn/z: 289 
(MH'), 288 (Mt) ,  257 ( M ~  - OCH,). 

Methyl 2' .3' ,4'-trirnefl~o,\-v-I. 1 ' -bipher~~vl-2-cnrbox~~l~~fe 15 
Carboxylate 15 was prepared by published procedure (70) as a 

pale yellow oil (69%): IR: CHCI,): 3000,2940,28 15 (CH,), 1720 
(C=O), 1605, 1580 (Ph), 1465, 1300-1200 (CH,-0-) cm-I; 'H 
NMR (CDCI,) 6: 3.47 (s, 3H, CH30) ,  3.66 (s, 3H, CH,O), 3.87 
(s, 3H, CH30), 3.88 (s, 3H, CH,O), 6.8 1 (dd, J = 1.5 and 7.7 Hz, 
I H, 4'-H), 6.9 1 (dd, J 1.5 and 8.2 Hz, I H, 6'-H), 7.07 (dd, J = 
2.8 and 8.5 Hz, IH, 5-H), 7.08 (t, J = 7.9 Hz, IH, 5'-H), 7.27 
(d, J = 8.4 Hz, IH, 6-H), 7.43 (d, J = 2.8 Hz, IH,  3-H); EIMS 
rn/z: 302 (M'), 27 1 (Mi - CH,O). 

2',3' ,4'-Trirr1et11o~v.v-l, I '-0i1~/1er1yI-2 -r11et/7~101 16 
. . Prepared by published procedure (7b) as a colorless oil (8248%);  

IR (CHCI,): 3460 (OH), 3000,2940,2820 (CH,), 1600, 1575 (Ph), 
1460, 1250 (CH,-0-) cm-':  'H NMR (CDCI,) 6: 3.47 (s, 3H, 
CH,O), 3.85 (s, 3H, CH,O), 3.89 (s,, 3H, CHIO), 4.34 (br s, IH, 
CH,), 4.38 (br s, IH, CH,)! 6.77 (d, J = 1.4 and 7.6 Hz, IH, 
4'-H), 6.89 (dd, J = 2.7 and 8.4 Hz, 1 H, 5-H), 6.93 (dd, J = 1.4 
and 8.2 Hz, IH, 6'-H). 7 -10  (t, J = 7.9 Hz, IH, 5'-H). 7.1 I (d, 
J = 2.7 Hz, IH, 3-H), 7.15 (d, J = 8.4 Hz, IH, 6-H); CIMS (NH,) 
))I/:: 274 (M '), 257 (M'  - OH). 

2'  .3' ,4-Trirrletho.vy-I, 1'-0il)/wr1yl-2-cc11'0nlcIc~/l~ 17 
Aldehyde 17 was prepared by p~lblished procedure (70) as pale 

yellow crystals (65%): nlp 81-83°C; IR (CHCI,): 3000.2940, 2840 
(CH,), 1680 (C=O), 1610 (Ph), 1470, 1260 (CH,-0-) cm-I; ' H  
NMR (CDCI,) 6: 3.47 (s, 3H, CH,O), 3.91 (s, 3H, CH,O), 3.92 
(s, 3H, CH30), 6.87 (dd, J = 1.4 and 7.6 Hz, I H, 4'-H), 6.99 (dd, 

I J =  1 . 3 a n d 8 . 3 H ~ , I H , 6 ' - H ) , 7 . 1 4 ( t , J = 7 . 9 H z , I H , 5 ' - H ) ,  
! 7 . 1 9 ( d d , J = 2 . 8 a n d 8 . 4 H z , I H , 5 - H ) , 7 . 3 2 ( d . J = 8 . 4 H z , I H ,  

6-H), 7 -52  (d, J = 2.7 Hz, IH, 3-H), 9.8 (s, IH, CHO); CIMS 
(NH,) rn/z: 290 (MHt + NH,), 273 (MH'). Aldehyde 17 was also 
characterized as its 2,4-dinitrophenylhydrazone derivative. which 
crystallized in EtOH to give orange crystals; mp 233-234°C; CIMS 
(NH,) rn/z: 453 (MHi), 270 ( M ~  - (NH - Ph(NO,),). 

Efhyl 3-(2',3',4-frirnerhuxy-l ,l'-bipher1~~l-2-yl)pr-o1~-2- 
erloLlte 18 

Ester 18 was prepared by published procedure (7a) (95%) and 
crystallized from iPr,O as white crystals: mp 86-87°C; IR (CHCI,): 
3000 (CH,), 1705 (C=O), 1635 (CH=CH), 1605 (Ph), 1470 cm- I; 
'H NMR (CDCI,) 6: 1.09 ( t ,  J = 7.2 Hz. 3H, CH,), 3.34 (s, 3H, 
CH?O), 3.70 (s, 3H, CH,O), 3.73 (s, 3H, CH,O), 4.00 (q, J = 
7.2 HZ, 2H, CH?), 6.18 (d, J = 15.9 Hz. IH, =CHCO), 6.55 (dd, 
J = 1.5 and 7.6 Hz, 4'-H), 6.77 (dd, J = 1.5 and 8.3 Hz, IH, 
6'-HI, 6.8 (dd, J = 2.7 and 8.5 Hz, IH, 5-H), 6.90 (t, J = 7.9 Hz, 
1H, 5'-H), 7.04 (d, J = 2.6 Hz, IH, 3-H). 7.08 (d, J = 8.5 Hz, 
IH. 6-H), 7.38 (d, J = 15.9 Hz, IH, Ph-CH=); CIMS (NH,): 342 
(M ' 1, 297 (M' - OEt). Anal. calcd. for C2,)HZ205 (342.38): C 
70.16, H 6.48; found: C 70.18, H 6.54. 

Efhyl 2 '  ,3' ,4-tr-inze1/1o.r~1-1, l'-0iJ~/~eriyl-2 -I)ropiorlute 19 
Prepared by published procedure (70) as a colorless oil (99%): 

IR (CHCI,): 3000, 2940 (CH,), 1730 (C=O), 1610, 1580, 1470, 
1260, 1200 c m l ;  ' H  NMR (CDCI,) 6: 1.01 (t, J = 7.2  Hz, 3H, 
CHI), 2.27 (dt, J = 3 and 8.1 Hz, 2H, CH,COO), 2.64 (t, J = 
8 HZ. 2H, PhCH,), 3.34 (s, 3H, CH,O), 3.66 (s, 3H, CH,O), 3.73 
(s, 3H. CH,O), 3.87 (q, J = 7.2 Hz, 2H, COOCH,), 6.58 (dd, 
J = 1.5 and 7.6 Hz, IH, 4'-H), 6.62 (dd, J = 2.7 and 8.3 Hz, IH, 
5-H), 6.67 (d, J = 2.7 Hz, IH, 3-H). 6.75 (dd, J = 1.5 and 
8.2 HZ, IH, 6'-H), 6.90 (t, J = 7.8 Hz, IH, 5'-H), 6.94 (d, J = 
8.1 Hz, IH, 6-H); CIMS (NH,) mlz: 345 (MH'), 344 (MI) ,  316 
(MH' - Et), 299 (Mi - OEt). 

2',3',4-Trimethoxy-I, l'-bi~~/~er1~1-2-propio,1ic acid 20 
Acid 20 was prepared by published procedure (70) as white 

crystals (100%): mp 147- 14X°C; IR (CHCI,): 3000, 2940, 2840 
(CH,), 1705 (CEO), 1605, 1575 (Ph), 1500, 1465, 1260, 1200 
(CH,-0-1; CIMS (NH,): 316 (M'), 299 (Mi - OH), 271 (Mi - 
COOH). Anal. calcd. for Cl,H200S (316.36): C 68.34. H 6.37; 
found: C 68.16, H 6.39. 

6,7-Dihydro-1,2,9-tritr7erirrlfho,vy-5 H-diber1zo[a,c]cyclohe~)rer1-5- 
or1c 21 

Acid 20 (3.0 g, 9.5 mmol) was added to (CF3C0)20 (30 rnL) and 
the solution containing undissolved material was cooled to 0-5°C. 
CF3COOH (25 mL) was added slowly under argon. The solution 
was stirred at low temperature and the reaction was followed by GC. 
After 2 h, additional (CFICO),O (30 mL) was added. The reac- 
tion was stopped after 5 h. The solvent was evaporated, the resi- 
due diluted with EtOAc and washed with NaHCO, solution, brine, 
and dried (Na2S0,). Evaporation of solvent gave 2.7 g of yellow 
oil, which was chromatographed (SiO,, ethyl acetate - hexanes 
2 :3) .  Ketone 21 was recrystallized from the same solvent system 
to give 2.62 g of white crystals (92%): mp 127-128°C; IR (CHCI,): 
3000, 2940 (CH,), 1675 (C=O), 1620, 1590 (Ph), 1510, 1480, 
1465, 1300-1200 cni-I; 'H NMR (CDCI,) 6: 2.7-3.04 (br n ~ ,  3H, 
CH?), 3.06-3.24 (m, IH, CH,), 3.49 (s, 3H, CH30), 3.84 (s, 3H, 
CHIC)), 3.94 (s, 3H, CH,O), 6.8 1 (d, J = 2.4 Hz, 1 H, 8-H), 6.84 
(dd, J = 2.7 and 8.5 Hz. IH, 10-H). 6.93 (d, J = 8.5 Hz, IH, 
3-H), 7.36 (d, J = 8.5 Hz, IH, 4-H), 7.5 (d, J = 8.4 Hz, 1 I-H); 
CIMS (NH,) rn/z: 299 (MH'). Anal. calcd. for C l n H l n 0 4  (298.3): 
C 72.46, H 6.08; found: C 72.33, H 6 .  l I. 
6.7-Dil1yclr-o-l,2,9-trirr1erhox~1-5 H-diber~zo[a,c]cyclo/~e~~ter~-5- 

01 22 
Prepared by published procedure (70) as a colorless oil (99%): 

IR (CHCI,): 3600,3480 (OH), 3020,2940,2850 (CH?), 16 10, 1580 
(Ph), 1500, 1480, 1460, 14 10 (CHI), 1250- 1200 (Ph-0-CHI), 
1100. 1020 cm-I; 'H NMR (CDCI,) 6: 2.3-2.65 (m,  4H, CHI), 
3.5 (s, 3H. CH,O), 3.85 ( s .  3H, CH,O). 3.9 1 (s. 3H, CH,O), 4.44 
(dd, J - 7 Hz, 1 H, CH OH), 6.8 (d, J = 2.6 Hz, 8-H), 6.84 (dd, 
J = 2.7 and 8.4 Hz, IH. 10-H), 6.95 (d, J = 8.4 Hz, 3-H), 7.34 
(d. J = 8.4 HL, 4-H), 7.45 (d, J = 8.4 Hz, I I-H); CIMS (NH3) 
rrrlz: 283 (MH' - HIO). 

/,2,9-Trir11~tI10.vy-7H-cliber1zo[a,c]cy~'lo/1epfer1e 23 
Alcohol 22 (140 ~ n g ,  0.5 mmol) was heated for 3 h at 190-200°C 

in a Kugelrohr apparatus irl vtrc~ro. The residue was dissolved in 
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Et,O and filtered through cclitc filtration aid. Evaporation of the 
filtrate gave an oil, which was chrotnatographed on SiOz. Elution 
with ethyl acctatc - hexanes 3:7 gave 30 mg of the dehydrated 
product and 80 rng of starting material, which was reacted again. 
Total yield 42.6% of white crystals recrystallized from MeOH: mp 
114- 115"C, IR (CHCI,): 3000,2940,2840 (CH,), 1610 (Ph), 1500, 
1480 (-CH,-, -CH=CH,), 1300-1200 (Ph-0-CH,), 1 100 c n i l ;  'H 
NMR (CDCI,) 6: 2.83 (ddd, J  = 2. I, 5.4, and 12.6 Hz, 1 H, 7-H), 
3.11 (dd , . l=  8.2and 12.8Hz. 1H,7-H),3.5(s,3H,CH30),3.84 
(s, 3H, CH,O), 3.94 (s, 3H, CH30), 6.14 (m, 1 H, 6-H), 6.49 (dd, 
J  = 1.6 and 10.1 Hz, 5-H), 6.75 (d, J  = 2.5 Hz, IH, 8-H), 6.78 
(dd, J = 2.7 and 8.5 Hz, IH, 10-H), 6.93 (d, J  = 8.5 Hz, IH, 
3-H), 7.04 (d, J = 8.5 Hz, IH, 4-H), 7.65 (d, J  = 8.4 Hz, IH, 
I I-H); CIMS (NH,) tn/z: 283 (MH'). Anal. calcd. for 
C I X H I B 0 3 ' H 2 0  (300.34): C 71.98, H 6.71; found: C 72.01, H 6.37. 

6,7-Dilzydro-l,2,9-rr.itnetl1osy-5 H-dibetzzo[a,c]cj~clohe~~tene 4 
Prcpared by published procedure (70) (89%), giving white 

crystals after recrystallization from methanol: mp 80-81°C; IR 
(CHCI,): 3020, 2940, 2840 (CH,), 16 10 (Ph). 1505- 1450 (-CHI-), 
1300- 1200 (Ph-0-CH,), 1 1 10, 1020, 800-700 cm--I; 'H NMR 
(CDCI,) 6: 1.98-2.1 (ni, 2H, CH2), 2.15-2.32 (m, IH, CH?), 
2.35-2.55 (ni, 3H, CH?), 3.49 (s, 3H, CH30), 3.85 (s, 3H, CH,O), 
3.89 (s, 3H, CH,O), 6.80 (d, J  = 2.7 Hz, 1 H, 8-H), 6.82 (d, J = 

8.3 Hz, IH, 4-H), 6.85 (dd, J  = 2.7 and 8.4 Hz, IH, 10-H), 6.91 
(d, J =  8.2 Hz, lH,  3-H), 7.47 (d, J =  8.4 Hz, lH,  I I-H); CIMS 
(NH,) ttz/z: 302 (MH' + NH,), 285 (MH'). 

Sjltzthesis of DBCH 5 (Schetne 2) 

6,7-Dihydro-l,2,3,9-tetramc.thoxy-5 H- 
rlibenzo[a,c]cj~clohepret~-5-osirne 2 5  

A solution of sodium acetate (150 nig, 1.8 mmol) and hydrox- 
ylamine hydrochloride (126 mg, 1.8 mmol) in EtOH (50 mL) was 
added to 24 (300 mg, 0.9 mmol) in EtOH (100 mL) and retluxed 
for 12 h. EtOH was evaporated, the residue dissolved in Et,O and 
washed with NH,CI solution, brine, and dried (Na2S0,). Evapo- 
ration of the solvent gave a white foam that was recrystallized from 
ethyl acetate - hexanes 1 : 4  to give only one conformational iso- 
mer of the oxime as brilliant white crystals (96%): mp 176°C; IR 
(CHC1,): 3600. 3300 (OH), 3000,2945, (CH,), 1615 (C=N), 1590 
(Ph), 1400, 1360, 1330, 1310, 1250 (Ph-0-CH,), 1120, 1090 cm-'; 
'H NMR (CDCI,) 6: 2.65-2.69 (m, 1 H, CH,), 2.82-2.92 (ni, 2H, 
CH?), 3.20-3.32 (IT], IH, CH,), 3.57 (s, 3H, CH,O), 3.85 ( s ,  3H, 
CH30), 3.94 (s, 3H, CHIO), 3.97 (s, 3H, CH,O), 6.80 (d, J  = 
2.7 Hz, IH, 8-1 I ) ,  6.82-6.87 (m, 2H, 4-H and 10-H), 7.4 1 (d, 
J  = 8.6 Hz, IH, I I-H); CIMS (NH,) ttz/z: 361 (MH' + NH,), 344 
(MH'), 328. 

5-Atnirzo-6.7-Dilzy~lro- 1,3,9-trittzetho,rj~-5 H- 
rlibetzzo[a,c]cj~cloI1eptet1e 27 

Oxime 25 (100 mg, 0.3 mmol) was dissolved in absolute iPrOH 
(50 mL) at 90°C under N?. Sodium (2 g, 86 mmol) was added in 
one portion and the mixture stirred at 90°C for 1 h. EtOH 95% 
(30 mL) was poured into the hot solution. The solvent was cvap- 
orated and H?O was added. The aqueous layer was extracted with 
Et,O (X3). The organic layer was extractcd with HC1 (5%). The 
acidic solution was made basic with NaOH (pellets) and the arnine 
extracted with Et20.  The organic layer was washed with H,O and 
dried (Na,CO,). Evaporation gave the amine as a colorless oil, 
90 nig (100'7~): IR (CHCI,): 3700, 3500. 3400 (-NH?). 1600 
(CH-NH?), 1460 (-CH?-), 1340. 1290, 1260- 1200 (Ph-0-CH,), 
1150, 1055 cm-I; 'H NMR (CDCI,) 6: 1.9-2.04 (m, IH, CHI), 
2.3-2.6 (m, 3H, CH?). 3.69 (s, 3H. CH,O), 3.71 (s, 3H, CH30).  
3.76 (s, 3H, CH,O), 3.81 (m, IH, CHNH,), 6.45 (d, J  = 1.9 Hz, 
1 H, 2-H), 6.70 (dd, J = 2.6 Hz, IH, 4-H), 6.76 (m, 1 H, 8-H), 6.77 
(dd, .I = 2.7 and 8.4 Hz, 1H. 10-H), 7.31 (d, J  = 8.4 Hz, IH. 
I I-H); CIMS (NH,) m/z: 300 (MH'), 283 (MH' - NH,). 

-5-Ditneth~/atnit1o-6,7-dihydro-/,3.9-tritnetho.ry-5 H- 
dibetzzo[a,c]q~c/oI1eptetz 28a, 5-tritnethy/attzit10-6,7-dihpdro- 
1,3,9-trimet110.r~~-5 H-rlirf~~tzzo[a,c]c~c.lolzc~~~ren iorlirfc 28b, 
~itzd I ,3,9-trittzetho~y-5 H-dibenzo[a,c]cj~cloI~e~~te~~e 29 

Me1 (6 mL) was added to a solution of 27 (190 mg, 0.63 mmol) 
and t BuOK (80 mg, 0.7 1 mmol) in THF (50 mL). The mixture was 
stirred at room temperature for 24 h and the insoluble material fil- 
tered. The quaternary ammonium salt 2811, which is soluble in THF, 
was obtained after evaporation of the solution. Ethylene glycol 
(4 mL), HzO (4 niL), and KOH ( I0 g) wcrc added and the mixture 
was stirred at 190°C for 4 h. After cooling, the solution was di- 
luted with H,O and extracted with Et,O; the organic layer was 
washed with H 2 0  until neutral and dried (K,CO,). Evaporation of 
the solvent gave an oil (200 mg), which was chromatographed 
(SiO,. ethyl acetate - hexanes 1 : 4, 3 : 7,  1 : I) to give olefin 29 
(30 mg) and the dimethylamino compound 280 (70 mg) as an oil. 
28u was reacted again with Me1 (2 mL) in ethyl ncctate at room 
temperature for 48 h and the mixture directly submitted to Hofmann 
elimination under the conditions described above to give 20 mg 
more of olcfin 29 (total yield 28%). 29 was crystallized from 
MeOH/H,O as white crystals: nip 98-99°C. IR (CHCI,): 3500, 
3440, 3000, 2940, 2840 (CH,), 1600, 1460 (-CH,-), 1410, 1260, 
1240- 1200 (Ph-0-CH,), 1 160, 1090, I060 c m  I; 'H NMR (CDCI,) 
6: 2.84 (ddd, J = 2.0, 5.5, and 12.7 Hz, I H, 7-Ha), 3.1 (dd, J  = 
8.1 and 12.7 Hz, IH, 7-Hb), 3.81 (s, 3H, CH,O), 3.83 (s, 3H, 
CH,O), 3.86 (s, 3H. CH,O), 6.22 (ddd, J  = 5.4, 8. I ,  and 13 Hz, 
IH, 6-H), 6.44 (d, J  = 2.6 Hz, IH, 2-H), 6.47 (d, .I = 13.3 HZ, 
IH, 5-H). 6.52 (d, J  = 2.5 Hz, IH, 4-H), 6.75 (m, IH, 8-H), 6.77 
(dd, J  = 2.8 and 8.6 Hz, IH, 10-H), 7.56(d, J  = 8.3 Hz, IH,  
I I-H); CIMS (NH,) tn/z: 283 (MH'). 280: IR (CHCI,): 3000, 
2940,2840 (CH,), 1600 (CH-N), 1450 (-CHI-), 1420, 1320, 1240- 
1200 (Ph-0-CH,), 1150 cm-'; ' H  NMR (CDCI,) 6: 2.04-2.1 (br 
m, 4H, CH?), 3.75 (s, 6H, NCH,), 3.84 (s, 6H, CH,O), 3.92 (s, 
3H, CH30),  3.99 (ni, IH, 5-H), 6.49 (d, J = 1.8 Hz, 1 H, 2-H); 
MS (CI/NH,) tn/z: 328 (MH'), 283 (MH' - NH(CH3),). 

6.7-Dilzydro- 1,3,9-1rimetl1o.uy-5 H-diber1zo[a,c]cycloheptet1e 5 
Frotn 26: alcohol 26 (80 mg, 0.24 ~nmol)  was dissolved in ab- 

solute iPrOH (40 mL) and heated at l 10°C under N2, Sodiuni 
(3 g,  129 mmol) was added and the mixture stirred at 110°C for 
4 h, then at room temperature for 12 h. The unreacted sodium was 
removed and the reaction was quenched with iPrOH/H,O. Most 
of the iPrOH was evaporated. H?O (30 mL) was added, and the 
products were extracted with Et,O. The organic layer was dried 
(Na2COI), filtered, and evaporated to give an oil, which was 
chromatographed (SiOz, ethyl acetate - hexanes 1 :9 ,  3:7). Com- 
pound 5 (10 mg, 15%) was crystallized from petroleum cther as 
white crystals. Alcohol 30 was obtained as a translucide oil 
(53 nig, 73%). 

Cotrz/1o~trzd5: mp 109-1 10°C; IR (CHCI,): 3010, 2940, 2860, 
2840 (CH,), 1610, 1590, 1470 (-CH,-), 1430, 1350, 1330, 1300, 
1260, 1240-1200 (Ph-0-CH,), 1 160, 1090, 1070 cm- ' ;  'H NMR 
(CDCI,) 6: 2.04-2.15 (m, 2H, CH2), 2.25-2.5 1 (m, 4H, CH2), 
3.77 (s, 3H, CH,O), 3.84 (s, 3H, CH,O), 3.85 (s, 3H, CH,O), 6.43 
(d, J  = 2.4 Hz, IH, 2-H), 6.48 (d, J  = 2.4 HZ, IH, 4-H), 6.79 
(d, J  = 2 .6  Hz, IH, 8-H), 6.83 (dd, J  = 2.8 and 8.4 Hz, IH, 
10-H), 7.41. (d, J  = 8.4  Hz, IH, I I-H); CIMS (NH,) tn/z: 285 
(MH'). 

Cot~ll~o~rrld 30: IR (CHCI;): 3620, 3020, 2940, 1610 (Ph). 1460, 
1430, 1320, 1300, 1220 (br), 1160, 1050 cm-'; I H  NMR (CDCI,) 
6: 1.72 (br s ,  IH,  OH), 1.88-2.0 (m, IH, CH,), 2.4-2.6 (rn, 3H, 
CH,), 3.77 (s, 3H, CH30) ,  3.84 (s, 3H, CH,O), 3.89 (s, 3H, 
CH30) ,  4.49 (dd, J = 6.3 and l I. l Hz, l H, 5-H), 6.52 (d, J  = 
2.4 HZ, IH,  2-H), 6.80 (d, J  = 2.5 HZ, IH, 8-H), 6.82 (dd, J = 
2.7 and 8.3 Hz, IH, 10-H), 6.89 (d, J  = 2.4  Hz, IH, 4-H), 7.39 
(d, J  = 8.2 Hz, IH, 1 I-H); CIMS (NH,) tt~/z: 301 (MH' ) ,  2.83 
( M H '  - H ~ o ) .  

Ft-otn 29: olefin 29 (21 mg, 0.07 mmol) in acetic acid (4 mL) 
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was hydrogenated at I atm (101.3 kPa) for 3 h in the presence of 3H, CH30), 4.22 (q, J = 7.1 Hz, 2H, CH?), 6.37 (d, J = 15.9 Hz, 
Pd black (20 mg). After filtration of the catalyst on Celite and IH, =CH-CO), 6.81 (d, J = 1.9 Hz, IH, 2'-H), 6.82 (dd, J = 
evaporation of the filtrate, the residue was dissolved in EtlO. I .9 and -8 Hz, lH,  5-H), 6.93 (d, J = 8 Hz, lH, 6-H), 6.99 (dd, 
washed with brine, and dried (Na2C0,). Evaporation of the sol- J = 2.5 and 8.5 Hz, IH, 6'-H), 7.17 (d, J = 2.6 Hz, IH, 3-H), 
vent gave an oil, which was crystallized from petroleum ether to 7.31 (d, J = 8.5 Hz, lH, 5'-H), 7.76 (d, J = 16 Hz, lH, PhCH=); 
give 5 as white crystals (20 mg, 95%). CIMS (NH,) rn/z: 360 (MH' + NH,), 343 (MH'), 297 (MH' - 

S~~tztlzesi~ Of DBCH 6 (Scketne 3) OEt). Anal. calcd. for CzoH2,0,: C 70.16, H 6.48: found: C 70.11, 
H 6.53. 

2-(2,5-Ditnet11o~t~~~11et1\'1)-4,4-rlit~1ethyl-2-o,\-a-.olit1e 32 
Oxazoline 32 was prepared according to Meyers' procedure (16). 

The first acyl chloride intermediate (16), precursor of 32, was dis- 
tilled in a Kugelrohr apparatus at 105°C and 0.05 Torr. The oxa- 
zoline 32 was purified by distillation in the same manner at 120°C 
and 0.05 Torr and obtained as a translucent oil (93.4%, 100% pure 
by GC): IR (CHCI,): 2960 (C-H), 1640 (C=N), 1490, 1460. 1420, 
1200 (Ph-0-CHJ, 1140 (C-0) cm-'; 'H NMR (CDCI,) 6: 1.39 (s, 
6H, CH,), 3.78 (s. 3H, CH,O), 3.83 (s, 3H, CH,O), 4.09 (s, 2H, 
CH,), 6.88 (d. J = 9.1 Hz, 1H. 3'-H). 6.95 (dd. J = 3 and 9 Hz. 
IH,-4'-H), 7.27 (d, J = 3 Hz, IH, 6'-H); CIMS (NH,) rn/z: 236 
(MH + ) .  

4,3',4'-Tritnetl1osy-2-o.~azolit1yl- I ,  1'-bipketzyl33 
Magnesium (4.0 g, 0.17 mmol) and a few crystals of iodine were 

added to a three-neck, flame-dried, round-bottom flask under argon 
and heated at 40°C. 4-Bromoveratrole (26 g, 0.12 mol) dissolved 
in anhydrous THF (150 mL, distilled over LiAIH,) was added 
dropwise while the temperature was raised to 80°C. The black 
mixture was stirred at 80°C for 2 h. 32 (7.0 g,  0.03 mol), dis- 
solved in anhydrous THF (100 mL), was added slowly to the 
Grignard reagent and the mixture stirred under argon at room tem- 
perature for 30  h. An aqueous solution of N H , ~ I  (100 mL) was 
added, followed by H,O (150 mL), and the product was extracted 
with Et,O. The organic layer was washed with brine and dried 
(MgSO,). Evaporation of solvent gave a yellow oil, which was 
distilled in a Kugelrohr apparatus. Most of the impurities and 
nonreacted starting material distilled between 80°C and 120°C at 
0.05 Torr while the crude product remained in the flask. Oxazo- 
line 33 was purified by chromatography (SOZ,  ethyl acetate - 
hexanes 3.7,  1 : I )  to give 8.5 g of yellow oil, which crystallized 
after drying (84%, 100% pure by GC): mp 73-75°C; IR (CHCI,): 
3000, 2970 (C-H), 1640 (C=N), 1600, 1490, 1250- 1200 (Ph-0- 
CH,), 1040 c m ' ;  'H NMR (CDCI,) 6: 1.3 1 (s, 6H, CH,), 3.82 (s, 
2H, CH?), 3.86 (s, 3H, CH,O), 3.88 (s, 3H, CH30), 3.91 (s, 3H, 
CH,O), 6.89 (m, 2H, 6-H, 2'-H), 6.92 (dd, J = 2 and 8. I Hz, IH, 
5-H), 7.01 (dd, J = 2.8 and 8.5 Hz, IH, 6'-H), 7.22 (d, J = 

2.7 Hz, IH, 3-H), 7.28 (d, J = 8.3 Hz, IH, 5'-H); CIMS (NH,) 
t71/s: 342 (MHt).  Anal. calcd. for C20H2,0,N: C 70.36, H 6.79, 
N, 4.10; found: C 70.09, H 6.75, N 3.99. 

3',4',4-Trit~letlzo,t:~~- I ,  I'-bi~~hetq~l-2-cnrbaltlel~yde 34 
Aldehyde 34 was prepared according to Meyers' procedure ( 1  6), 

purified by column chromatography (SiO,, ethyl acetate - hex- 
anes 1 :4), and obtained as white crystals (30%, 100% pure by GC): 
mp 98°C; IR (CHCI,): 3000, 2950 (C-H), 1680 (C=O), 1600, 
1480, 1460, 1250-1200 (Ph-0-CH,), 1020, 900 cm-I; 'H NMR 
(CDCI,) 6: 3.92 (s, 3H, CH,O), 3.93 (s, 3H, CH30), 3.96 (s, 3H, 
CH,O), 6.89 (m, 2H, 2'-H, 5-H), 6.97 (d, J = 8.7 Hz, 1 H, 6-H), 
7.21 (dd, J = 2.8 and 8.5 Hz, IH, 6'-H), 7.40 (d, J = 8.6 Hz, lH, 
5'-H), 7.5 (d, J = 2.8 Hz, lH,  3-H), 10.0 (s, 1 H, CHO); CIMS 
(NH,) m/z: 273 (MHI), 255 (MHt - H,O). Anal. calcd. for 
C,,HI(,O,: C 70.58, H 5.92; found: C 70.39, H 5.96. 

Etlzyl 3-(3' ,4,4'-tritt1etl1o,t;y-l, I ' - l ~ i ~ ~ h e t z ~ ~ l - 2 - y l ) ~ ~ r o ~ ~ - 2 -  
etzoclte 35 

Ester 35 was prepared by published procedure (7a) and ob- 
tained as white crystals after purification by column chromatog- 
raphy (SiO,, ethyl acetate - hexanes 1 :4) (79%): Inp 74-75°C: IR 
(CHCI,): 3020-2800 (CH,), 1710 (C=O), 1640 (-CH=CH-), 1600 
(Ph), 1500, 1470, 1440, 1340-1 140, 1030 cni-'; 'H NMR (CDCI,) 
6: 1.29 (t, J = 7.1 Hz, 3H, CH,), 3.88 (s, 6H, CH30),  3.93 (s, 

Etlzyl 3 ' ,4 '  ,4-tritnetho.~y-I, I'-bil~/1otzy/-2-prol~iot~nte 36 
Ester 36 was prepared by published procedure (70) (91%): IR 

(CHCI,): 30 10-2820 (CH,), 1730 (CEO), 1600 (Ph), 1480, 1350- 
1120 c m ' ;  'H NMR (CDCI,) 6: 1.2 ( t ,  J = 7. I Hz, 3H, CH,), 2.43 
( t ,  J - 8 Hz, 2H, CH2CO), 2.92 (t, J - 8 Hz, 2H,PhCH,), 3.83 
(s, 3H. CH30), 3.88 (s, 3H, CH,O), 3.92 (s, 3H, CH,O), 4.07 (q, 
J = 7.2 Hz, 2H, OCH,). 6.78-6.84 (rn, 4H, 2'-H, 6'-H, 3-H, 5-H), 
6.9 (d, J = 8 HZ, 1 H, 6-H), 7.14 (d, J = 8.2 Hz, I H, 5'-H); CIMS 
(NH,) tn/z: 345 (MH'.) 300 (MH' - OEt). 

3',4',4-Tritnetho.~y-I, I'-bil~her~yl-2-l~t-o1~iot~ic trcid 37 
Acid 37 was prepared by published procedure (7tr) and ob- 

tained as a white powder (98.3%): mp 148-149°C: IR (CHCI,): 
3010, 2940 (CH,), 1710 (C=O), 1610 (Ph), 1490, 1360, 1290- 
1190, 1170, 1130 cm-"; 'H NMR (CDC13) 6: 2.48 (t, J - 8 Hz, 
2H, CH?CO), 2.93 (t, J - 8 Hz, 2H, PhCH,), 3.83 (s. 3H, CH,O), 
3.87 (s, 3H, CH,O), 3.92 (s, 3H, CH,O), 6.78-6.83 (m, 4H, 2'-H, 
6'-H, 3-H, 5-H), 6.9 (d, J = 8.3 HZ, lH,  6-H), 7.14 (d, J = 
8.2 HZ, IH, 5'-H); CIMS (NH,) tn/z: 334 (MH' + NH3), 317 
(MH'), 299 (MHt - H,O). Anal. calcd. for ClxH,oOs: C 68.34, 
H 6.37; found: C 68.17, H 6.40. 

6,7-Dih~~rlro-2,3,9-tritnethosy-5 H-dil~et~zo[a,c]cyclohe~~ten-5- 
one 38 

Acid 37 (5 10 rng, I .61 mmol) was suspended in (CF,C0)20 
(20 mL) at low temperature (ice + NaCI). CF,COOH (20 mL) was 
then added dropwise and the solution stirred for 2.5 h at O°C. The 
reaction was followed by GC. The solvent was evaporated, the 
residue taken up in ethyl acetate, washed with NaHCO, solution, 
brine, and dried (Na?SO,). Evaporation of the solvent gave an oily 
yellow compound, which was crystallized from ethyl acetate - 
hexanes and obtained as a white powder (450 mg, 93%): mp 142- 
143°C; IR (CHCI,): 3020, 2960,1940 (C-H), 1660 (C=O), 1600 
(Ph), 1500, 1460, 1440, 1350, 1290-1 120 (Ph-0-CH,), 1160 cm-I; 
'H NMR (CDCI,) 6: 2.94 (s, 4H, CH,), 3.86 (s, 3H, CH,O), 3.96 
(s, 3H, CH,O), 3.98 (s, 3H, CH,O), 6.82 (d, J = 2.6 Hz, IH, 8-H), 
6.86 (s, IH, I-H), 6.89 (dd, J = 2.7 and 8.5 Hz, IH, 10-H), 7.3 
(s, IH, 4-H), 7.35 (d, J = 8.5 Hz, I H, 1 1-H); CIMS (NH,) tn/z: 
299 (MH'). Anal. calcd. for Cl,HlxO,: C 72.47, H 6.08; found: 
7 2 . 2 6 , ' ~  6.12. 

6,7-Dihydro-2,3,9-rrimetho.r~~-5 H-dibetzzo[a,c]cyclo/~el~tetz-5- 
01 39 

Alcohol 39 was prepared by published procedure (70) and ob- 
tained as white crystals (92%): dec. >260°C; IR (CHCI,): 3620 
(OH), 3020, 2940 (CH,), 1610 (Ph), 1490, 1460 (-CH,-), 1290- 
I180 (Ph-0-CH3), 1150, 1130, 1050 cm-'; 'H NMR (CDCI,) 6: 
2.48-2.62 (m, 4H, CH,). 3.85 (s, 3H, CH,O). 3.92 (s, 3H, CH,O), 
3.96 (s, 3H, CH,O), 4.60 (dd, J = 6.9 and 9.8 Hz. IH, 5-H), 6.82 
(d, J = 2.6 Hz, IH, 8-H), 6.87 (s, lH,  I-H), 6.87 (dd, J = 2.7 
and 8.3 Hz, IH, 10-H), 7.2 (s, IH, 4-H), 7.27 (d, J = 8.5 Hz, lH, 
11-H); CIMS (NH,) tn/z: 300 (M'), 283 (MH' - HzO). 

2,3,9-Tritnethoxy-7 H-rlibet~zo[a,c]c~~cIo/z~~ptetze 40 
Cycloheptene 40 was prepared by published procedure (7a) and 

obtained as white crystals after recrystallization from MeOH/H,O 
(92%): mp 1 15-1 16°C; IR (CHCI,): 3020 (CH,), 1610 (Ph), 1500, 
1470 (-CH,-), 1290- 1 180 (Ph-0-CH3), 1 140, 1050 c m ' ;  'H NMR 
(CDCI,) 6: 2.93 (br s, 2H, CH,), 3.77 (s, 3H, CH,O), 3.86 (s, 3H, 
CH,O), 3.90 (s, 3H, CH,O), 6.02 (dt, J = 6.8 and 10 Hz, IH, 
6-H), 6.43 (d, J = 10 HZ, lH, 5-H), 6.70 (d, J = 2.7 HZ, IH, 8-H), 
6.72 (s, IH, I-H), 6.78 (dd, J = 2.7 and 8.6 Hz, IH, 10-H), 7.04 
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(s, IH, 4-H), 7.35 (d, J = 8.5 Hz, IH, I I-H); MS (CI/NH,) rrz/z: 
283 (MH'). Anal. calcd. for CI8Hl30, .0 .5 HZO: C 74.34, H 6.41; 
found: C 74.34, H 6.26. 

6.7-Di/zydr0-2.3,9-trirnetlzo.vj~-5 H-diberzzo[a,c/cj~clo/~e~~terze 6 
Dihydrocycloheptene 6 was prepared by published procedure (7cr) 

and crystallized as white crystals from MeOH-H,O (72%): mp 75- 
76°C; IR (CHCI,): 3010, 2940, 2860 (CH), 1600 (Ph), 1480, 1460 
(-CH,-), 1240, 1200 (Ph-0-CH,), 1150, 1130, 1050. 1020 cm- ' ;  
'H NMR (CDCI,), 6: 2.07 (m, 2H, CH,), 2.34-2.43 (m, 4H, CH,), 
3.77 (s, 3H, CH,O), 3.84 (s, 3H, CH,O), 3.85 (s, 3H, CH,O), 6.69 
(s, IH,  I-H), 6.73 (d, J = 2.7 Hz, IH, 8-H), 6.79 (dd, J = 2.7 
and 8.3 Hz, IH, 10-H), 6.81 (s, IH, 4-H), 7.21 (d, J = 8.3 Hz, 
IH, 1 I-H); CIMS (NH,) rn/z: 285 (MH'). 

Syrzthesis oj'DBCH 7 (Sclzerrze 4) 

(S)-5-Acerarnir/o-6,7-dilzj~dr-o-9,10, I I -1rirnet/zo.~j~-5 H- 
diberzzo[a,c/cyc~lolzep~erz-3-yl- 1-pherzyl-1 H-5-rerrcrzolyl 
ether 42 

A mixture of N-acetylcolchinol (2.0 g, 5 .6 minol), 5-chloro-l- 
phenyl-IH-tetrazole (1.4 g ,  7.7 mmol), and K2C03 (1.9 g, 
13.7 mmol) in DMF (50 mL, anhydrous, distilled over molecular 
sieves) was stirred under argon at 80°C for 6 h. then at room tem- 
perature for 3 days. H,O was added and a white solid precipitated 
that was collected by filtration, dissolved in CHC1,-iPrOH. and 
washed with brine. After drying (MgSOj) and evaporation of sol- 
vent, a yellow oil was obtained that was crystallized from Et,O to 
give a white powder (2.8 g ,  99%): mp 192-193°C [a]? - 100.2 
(e  = 0.51, MeOH); IR (CHCI,): 3500-3300 (-CO-NH-R), 3000, 
2940 (CH,), 1670 (C=O), 1600 (Ph), 1530, 1500, 1480, 1450. 
1230-1200, 1 150, 1 100 cm-';  'H NMR (CDCI,) 6: 1.53 (s, 
COCH3), 1.83- 1.95 (m, 1 H, CH,), 2.05 (s, COCH,), 2.32-2.55 
(m, 3H, CH,), 3.46 (s, 3H, OCH,), 3.84 (s, 3H, OCH,), 3.86 (s, 
3H, OCH,), 4.78-4.87 (m, 1H 82%, 7-H), 5.12 (m, 1H 18%, 
7-H), 5.22 (br d ,  NH), 5.87 (d, J = 7.8 Hz, NH), 6.59 (s, IH, 
4-H), 7.30 (dd, J = 2.7 and 8.5 Hz, IH, 10-H), 7.46 (d, J = 
2.6 Hz, 1 H, 8-H), 7.49-7.63 (m, 5H, Ph), 7.84 (d, J = 7.9 Hz, 
IH, I I-H); CIMS (NH,) rn/z: 502 (MH'). 

(S)-7-Acercrrt1ido-6,7-dihydr-o-1.2,3-rrirner/zoxj~-7H- 
diberzzo[a,c/cj~clohe~~tene 43 

A mixture of tetrazolyl ether 42 (2.8 g, 5.6 mmol) and 10%Pd/C 
(3 g) in AcOH (30 mL) was hydrogenated on a Parr apparatus at 
50°C under 50 psi (1 psi = 6.89 kPa) of H, for 48 h. The catalyst 
was filtered and washed with AcOH. After evaporation of solvent 
the residue was dissolved in CHCI, and washed with NaOH (5%). 
HzO, and dried (NaZS04). Evaporation gave a white powder 
(1.87 g) ,  which was recrystallized from ethyl acetate - hexanes 
(98%; 100% pure by GC): mp 189°C [a]: -33.1 (c = 0.68. 
MeOH); IR (CHCI,): 3440 (-CO-NH-R), 3000, 2940, (CH,), 1670 
(CEO), 1600, 1500, 1480, 1400, 1250- 1200 (Ph-0-CH,), 1 140, 
1 100 cm-I; ' H  NMR (CDCI,) 6: 1.58 (s,  COCH,), 1.67- I .84 (m, 
1 H, CH,), 2.06 (s, COCH,), 2.3-2.49 (m, 3H, CH,), 3.52 (s,  
CH,O), 3.58 (s, CH,O), 3.9 (s, 3H, CH,O), 3.93 (s,  3H, CH30),  
4.80-4.89 (m, IH 78%, 7-H), 5.16-5.18 (m, l H 22%. 7-H), 5.24 
(m,  NH), 5.75-5.78 (m, NH), 6.57 (s,  IH, 4-H), 7.25-7.4 (m,  
3H, Ph), 7.5 (m, IH, Ph); CIMS (NH,) m/z :  359 (MH' + NH,), 
341 (MH+).  

(S)-7-Arnirzo-6.7-dil1yclr-o-l,2.3-rrir~zetho.vy-7H- 
cliberzzo[a,ckyclohepterze 44 

Acetarnide 43 (1.8 g, 5.3 mmol) in H2SOj (20%. 100 tnL) and 
MeOH (50 mL) was refluxed for 3 days, when the reaction was 
found to be complete by GC. After cooling, the solution was made 
basic with NaOH (5%). then NaOH pellets. The product was ex- 
tracted with ethyl acetate, washed with H,O until ncutral, and dried 
(Na2S04). Evaporation of solvent gave an oil, which was chro- 
matographed ( S O Z ,  CHC1,-MeOH 95:5) to give 44 as white 
crystals ( 1.5 g ,  95%): mp 9 5 9 6 ° C ;  [a]'; -45 (c = 0.61, MeOH); 
IR (CHCI,): 3000, 2940 (CH,), 1600 (Ph), 1480. 1450, 1400, 1340, 
1250-1 180 (Ph-0-CH,), 1 140, 1090, 1000 cm-';  'H NMR (CDCI,) 

6: 1.68- 1.78 (m, 1 H, CH,), 2.28-2.5 (m, 3H, CH,), 3.64 (s, 3H, 
CH,O), 3.83-3.88 (m, IH, 7-H), 3.92 (s, 6H, CH,O), 6.60 (s, IH, 
4-H), 7.3-7.42 (m,  2H, 9-H, 10-H), 7.46 (d, J = 7.3 Hz, IH, 
8-H), 7.61 (d, J = 8.2 Hz, IH, I I-H); CIMS (NH,) r?z/z: 300 
(MH') ,  283 (MH' - NH,). 

1,2,3-Trirnetlzo.ry-5 H-diher~zo[a,c/cyclo/zepterte 46 
Amine 44 (250 mg, 0.84 mmol) was dissolved in a solution of 

anhydrous THF (10 mL) and Me1 (10 mL). rBuOK (200 mg, 
1.78 mmol) was added and the mixture stirred for 3 days at room 
temperature under argon. At this point the amount of ammonium 
salt 45 formed was very small and the mixture contained mainly 
the dimethyl amine derivative of 44. The inorganic material was 
removed by filtration and the filtrate was evaporated to give a yel- 
low oil that was stirred in Me1 (10 mL) for 2 days. The yellow 
precipitate formed was collected (I80 mg) and heated at 190°C for 
3 h in a solution of ethylene glycol (4 mL). H,O (4 mL), and KOH 
(10 g). After cooling, 20 mL of H,O was added and the aqueous 
phase was extracted with Et,O. The organic layer was washed with 
H20,  dried (MgSO,), and evaporated, leaving a yellow oil that was 
chromatographed (SiO,, ethyl acetate - hexanes 1 :4) to give 
100 mg of pure cycloheptene 46. Recrystallization from MeOH 
afforded white crystals (42%): mp 124-125°C; IR (CHCI,): 3000, 
2940 (CH,), 1590 (Ph), 1480, 1400, 1330, 1250- 1 180 (Ph-0-CH,), 
1140, 11 10, 1090, 1000 cm-I; 'H NMR (CDCI,) 6: 2.78 (dd, J = 
5.5 and 12.9 Hz, IH,  5a-H), 3.05 (dd, J = 8.1 and 12.9 Hz, IH, 
5b-H), 3.45 (s, 3H, CH,O), 3.90 (s, 3H, CH,O), 3.91 (s, 3H, 
CH30),  6.24 (m,  1 H, 6-H), 6.56-6.58 (m, 2H, 4-H, 7-H), 7.26- 
7.33 (m, 3H, 8-H, 9-H, 10-H), 7.81 (d, J = 7.5 Hz, IH, I I-H); 
CIMS (NH,) m/z: 300 (MHf + NH,), 283 (MH+). Anal. calcd. 
for C l 8 H I 8 o 3 .  1/2 H,0: C 74.34, H 6.41; found: C74.70, H 6.28. 

6,7-Dihydro-I,2,3-rerrrrr17erhoxy-5 H-dibenzo[a,c/cyclo- 
heprene 7 

Cycloheptene 46 (70 mg, 0.25 mmol) in AcOH (10 mL) was 
hydrogenated at room temperature and 50 psi in a Parr hydrogen- 
ator for 3 h over Pd black catalyst (150 mg). Pd was removed by 
filtration through Celite and washed with AcOH. Evaporation of 
the filtrate gave 7 as an oil, which was purified by column chro- 
matography (SiO,, ethyl acetate - hexanes 1 :4) (50 mg, 71%): IR 
(CHCI,): 3020, 2940, 2860 (C-H), 1600 (Ph), 1490, 1460, 1410, 
1350, 1320, 1280-1 180 (Ph-0-CHI), 1 150, 1 1 10, 1090, 
1010 cm- ' ;  'H NMR (CDCI,) 6: 2.08-2.13 (m,  2H, CH,), 2.25- 
2.6 (m, 4H, CH,), 3.6 (s, 3H, CH,O), 3.92 (s, 3H, CH,O), 3.93 
(s, 3H, CH,O), 6 .6 (s, 1 H, 4-H), 7.24-7.3 1 (m, 3H, 8-H, 9-H, 
10-H), 7.48 (d, J = 7 Hz, IH, 1 I-H); CIMS (NH,) m/z: 302 (MH+ 
+ NH,), 285 (MH+). 

Sj~rzrhesis of5-ncernnzidoclecrrrzinoc~olchirzyl rtzedzyl ether 
(Sclzerrle 5 )  

5-A1~zirzo-6,7-di/zydr-o-1,2,3,9-terrc1t~zerho.~y-5 H- 
diber~zo[a,c]cj~c~loIzcpte~ze 47 

Oxime 25 (250 mg, 0.73 mmol) was dissolved in EtOH 
(50 mL) and heated at 85-90°C. Raney nickel (3 g) and hydrazine 
hydrate (10 mL) were added and the mixture stirred at 85-90°C for 
I h. The catalyst was removed by filtration through Celite and the 
filtrate was evaporated. The residue was dissolved in HCI (5%) and 
washed with Et,O. The aqueous layer was then basified with NaOH 
(30%) and the product extracted with Et,O, washed with brine, and 
dried (Na,CO,). Evaporation of the solvent gave amine 47 as a 
colorless oil (230 mg, 95.8%, 98% pure by GC): IR (CHCI,): 3010, 
2945, 2845, (CH,), 1610 (CH-NH?), 1580, 1490, 1460 (-CH2-), 
1400, 1330, 1300, 1260-1200 (Ph-0-CHI), 1 160. 1 135, 1080, 
I000 cm- ' ;  'H  NMR (CDCI,) 6: 1.86 (m, IH, CHZ), 2.4-2.6 (m, 
3H, CH,), 3.57 (s, 3H, CH,O), 3.8 (m, IH, CHNH,), 3.85 (s, 3H, 
CH,O), 3.88 (s, 3H, CH,O), 3.92 (s, 3H, CH,O), 6.78, (d, J = 
2.6 Hz, IH, 8-H), 6.85 (dd, J = 2.7 and 8.5 Hz, IH, 10-H), 7.03 
(s, l H ,  4-H), 7.38 (d, J = 8.5 Hz, IH, I I-H); CIMS (NH,) rn/z: 
330 (MH'), 313 (MH+ - NH,). 
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(-)-(aR,5S )-5-Amino-6,7-dihydro-1,2,3,9-rerramethoxy-5 H- 
dibetzzo[a,c]cycloheprene 47a 

Amine 47 (350 mg, 1.06 mmol) dissolved in iPrOH (5 mL) was 
resolved with (+)-dibenzoyl-D-tartaric acid in iPrOH (lo%, 
5 mL) and the salt was recrystallized twice from MeOH. Treat- 
ment of this salt with NH40H (30%) and extraction with ethyl 
acetate afforded amine 47a (120 mg, 68.7%): [a]: -85 (c = 0.62, 
MeOH). Phenylethylurea 48a was prepared with S-(-)-1-pheny- 
lethyl isocyanate in CH,CI, (22): mp 90-93°C; [a]: -55.3 (c = 
0.93, MeOH); CIMS (NH,) m/z: 477 (MH'). HPLC purity 100%, 
retention time 12.6 min (ethyl acetate-hexanes 3 :2 ,  
1 mL min-I). 

(+)-(aS,5R)-S-Atnino-6,7-dihydro-1,2,3,9-terramethoxy-5H- 
dibenzo[a,c]cyclohep~e~ze 47b 

The amine prepared from the mother liquor of the resolution of 
47a afforded a salt on treatment with (-)-o,of-dibenzoyl-L-tar- 
taric acid in iPrOH. After recrystallization from methanol (X2) and 
basification with NH40H (30%), extraction with ethyl acetate gave 
the oily amine 47b (97 mg, 55.6%): [a]: +85 (C = 0 59, MeOH). 
Phenylethylurea 48b prepared with S-(-)-I-phenylethyl isocya- 
nate in CH,CI, (22): mp 242-243°C; [a]: -58.9 (c = 0.19, 
MeOH); CIMS (NH,) m / z :  477 (MH'). HPLC purity 99.3%, re- 
tention time 10.6 rnin (ethyl acetate - hexanes 3:2,  1 mL min-'). 

5-Acetatnido-6,7-dihydro-1,2,3,9-1etrame~ho.~-5 H- 
dibenzo[a,ch~cloheptetz 8a,b 

Acetic anhydride (0.13 mL, 1.38 mmol) was added, after cool- 
ing, to a THF suspension (20 mL) of 47a,b (45 mg, 0.14 mmol) 
and K2CO3 (200 mg, 1.4 mmol), and the mixture was stirred at 
room temperature for 2 h. Saturated NaHCO, was added and the 
amide was extracted with Et,O. The combined extracts were washed 
with saturated NaHC03, H,O, and dried (MgSO,). Evaporation of 
the solvent gave 66 mg of a colorless oil, which on addition of H,0 
gave a white powder. 

Cornpolcnd 8a: 99%, mp 98-101°C; [a]g  -68.2 (c = 0.505, 
MeOH); IR (CHCI,): 3440 (-CO-NH-), 3000, 2930, 2840 (CH,), 
1660 (C=O), 1600, 1570 (Ph), 1480, 1450 (-CHZ-), 1400, 1320, 
1300, 1240- 1200 (Ph-0-CH,), 1085 cm-'; 'H NMR (CDCI,) 6: 
2.09 (s, 3H, COCH3), 2.3-2.7 (m, 4H, CH,), 3.56 (s, 3H 45%. 
CH30), 3.59 (s, 3H 55%, CH30),  3.84 (s, 3H 43%, CH,O), 3.87 
(s, 3H 57%, CH30), 3.89 (s, 3H, CH30), 3.90 (s, 3H 50%, CH,O), 
3.92 (s, 3H 50%, CH,O), 4.64 (m, 1 H 46%, 5-H), 5.06 (m, 1H 
5470, 5-H), 5.18 (d, J = 8.8 Hz, NHCO), 6.16 (br s ,  NHCO), 6.61 
(s, 1H 39%, 4-H), 6.67 (s, IH61%,  4-H), 6.76(d,  J = 2.6Hz,  
8-H), 6.82-6.94 (m, IH, 10-H), 6.86 (d, J = 2.7 Hz, 8-H), 7.41 
(d, J = 8.4 Hz, 1H 52%, 11-H), 7.42 (d, J = 8.3 Hz, lH  48%, 
1 I-H); EIMS m/z: 371 (M'), 3 12 (M+ - NHCOCH,), 281. 

Compound 8b: 99%, mp 94-95°C; [a]g +7 1.8 ( c  = 0.545, 
MeOH). 
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Organometallic oxides and sulfides: preparation of [(q-C5H5)Ti],(p3-S),, 
[(q-C,H,)TiI,(p3-S)5(p3-S2)(~4-0), and (~-C~H~)~T~(~H)(I-L-O)T~(~~'C~H~)(I-L-S)~- 

Ti(q-C5H5), by reductive aggregation of (q-C5H5)2Ti(SH)2 with zinc powder 
or by oxidation of (q-C,H,),Ti(C0)2 with H2S in the presence of water 
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FRANK BOTTOMLEY and ROBERT W. DAY. Can. J.  Chem. 70, 1250 (1 992). 
Reduction of (q-CSH5)2Ti(SH)2 with zinc powder gave a mixture of products, of which [(q-C5Hs)Ti]5(p3-s)6 (I) ,  [(q- 

CsHs)Til,(~3-S)s(~3-S~)(~~-O) (21, (T-CSH~)~T~(SH)(~L-O)T~(T-C~HS)(CL-S)~T~(T-C~S (3), [(T-CSH~)T~I~(CL?-SZ)~(P?-O)(CL~- 
0) (4), and [(T-C,H~)T~(CL~-S)], (5) were identified by a combination of fractional crystallization and X-ray diffraction, 
electron spin resonance spectroscopy, or mass spectrometry. The source of the oxygen in 2, 3, and 4 is believed to be 
the zinc oxide coating on thc zinc powder. A similar mixture of products was obtained from the reaction between (T- 
CsH,)2Ti(C0)2 and H?S in the presence of small quantities of water. The structures of 2 and 3 are discussed in detail. 2 
has a trigonal bipyramidal arrangement of Ti atoms (average Ti(ax)-Ti(eq) 3.22 A, average Ti(eq)-Ti(eq) distance 
3.24 A) except for one long equatorial Ti-Ti edge of 3.60 i\, which is spanned by the p3-S2 unit. 2 is monoclinic, P 2 , / n ,  
cr = 10.585(1), b = 28.133(4), c = 31.408(2) A, P = 91.20(1)", Z = 4 (for three independent mqlecules of 2 and one 
C6H,CH,), R = 0.071 for $91 1 observed reflections and 1141 refined parameters. 3 is triclinic, P I ,  u = 9.146(1), b = 
12.290(1), c = 13.027(1) A, a = 100.72(1), P = 104.39(1). y = 110.55(1)", Z = 2, R = 0.037 for 3046 observed re- 
flections and 304 parameters. The Ti-0-Ti unit in 3 has an angle of 175.6(2)". 

FRANK BOTTOMLEY et ROBERT W. DAY. Can. J. Chem. 70, 1250 (1992). 
La reduction du (y-C5H,)2Ti(SH), avec de la poudre de zinc conduit 2 un melange dans lequel on a identifid le 

[(q-CsH5)Tils(~3-S)6 (11, [(T-CSH~)T~I~(CL~-S)~(CL~-S~)(CL,-O) (21, (T-CSH~)?T~(SH)(~-O)T~(T-C~H~)(CL-S)?T~(~-C~HS)? (31, 
[(q-C,H,)Ti],(p,-S2),(p2-O)(k,-0) (4) et [(q-C,Hs)Ti(p3-S), (5) par une cornbinaison de cristallisation fractionnee, de 
diffraction des rayons-X, de spectroscopie de resonance pararnagnetique Clectronique et de spectromdtrie de rnasse. On 
croit que la source de I'oxygene dans les composts 2. 3 ct 4 cst l'oxyde de zinc recouvrant la poudre de zinc. On a ob- 
tenu un melange semblable de produits lors de la reaction du (T)-C~H,)~T~(CO)~ et le HIS, en presence de faibles quan- 
tit& d'eau. On discute en detail des structures des composes 2 et 3. Dans le composk 2, les atomes de Ti posskdent un 
arrangement trigonal bipyramidal (Ti(ax)-Ti(6q) moyen = 3,22 A:Ti(dq)-Ti(&¶) moyen = 3,24 A) ii I'exception d'une 
liaison Ti-Ti dquatoriale qui est particulikrernent longue, a 3,60 A,  et qui est e tend~e~par  une unite de p3 -S  Le com- 
pose 2 est monoclinique, P2,/t1, avec rr = 10,585(1), h = 28.133(4) et c = 31,408(2) A, f3 = 91 ,20°, Z = 4 (pour trois 
molecules independantes de 2 et une de C6H5CH3) et R = 0,07 1 pour 691 1 reflexions observde~~et 1141 paramktres af- 
finks. Le compose 3 est triclinique, P I ,  avec n = 9,146(L), b = 12,290(1) et c = 13,027(1) A,  a = 100,72(1), f3 = 
104,39(1) et y = 110,55(1)", Z = 2 et R = 0,037 pour 3046 reflexions observdes et 304 pararnetres. L'angle de I'unitk 
Ti-0-Ti dans le compose 3 est de 175,6(2)". 

[Traduit par la rddaction] 

Introduction S)2Ti(q-C5H,)2, which are new compounds. W e  also found 

W e  have shown previously that the organometallic oxide that oxidation of (~-CjHs),Ti(C0)2 with H2S in the Pres- 

[(q-C,Hj)Ti]6(ll.330)H and sulfide [(q-C,H,)Ti],(p.-S)6 can be ence of trace amounts of H 2 0  gave a similar mixture to that 

obtained by oxidation of (q-C,H,),Ti(C0)2 with H,O or H2S obtained by the reduction of (q-C5H5)2Ti(SH)2. The reac- 

respectively (1-3). Floriani and co-workers obtained [(q- tions and characterization of many of the products are re- 

C5H,)Ti]6(p,3-CI),, ( I J - ~ - ~ ) ~ - , ,  (11 = 0, 2, 4) by reduction of the ported here in detail. 

~ i ( 4 + )  complexes [(q-C5H5)TiC12]2(p-O) or [(q-C,H,)- 
T~CI(I_L-O)], with aluminum or zinc powder (4). We wished 
to extend this preparation of (cyc1opentadienyl)metal ox- 
ides by reductive aggregation of (cyclopentadienyl)metal 0x0 
complexes to (cyclopentadieny1)metal sulfides and sele- 
nides. Therefore we investigated the reduction of (q-  
C,H,),Ti(SH)2 ( 5 )  with zinc powder. W e  found previously 
that reductions with zinc powder introduce oxygen from the 
zinc oxide coating, which is invariably present on  the metal 
surface, into the reactions (6-8). Because of this, reduction 
of (T-C,H,)~T~(SH)~ with zinc powder produced not only the 
expected [(q-C5H,)2Ti],(k3-S)h but also several products 
containing oxygen, among which were [(q-C,H,)Ti],(k,- 
S),(~-L,-S~)(F,-O) and (T-C,H,)~T~(SH)(P-O)T~(T-C~H~)(IJ.- 

' ~ u t h o r  to whom correspondence may be addressed. 

Results and discussion 
Reducriorl qf'(q-CJH5)2Ti(SH)2 with zinc' pn~~deer- 

Several products were formed when a toluene solution of 
(q-C5Hj)2Ti(SH)2 was reduced with zinc powder. This was 
evident from the ESR spectra of the reaction solutions after 
removal of the excess zinc, zinc sulfide, and other insoluble 
materials. The  spectra showed five major signals due to 
species containing titanium, as well as a number of minor 
features. The relative intensities varied with the conditions 
of the reaction, but all of the signals were consistently ob- 
served. A representative spectrum is shown in Fig. 1. The 
ESR signals have g values of 1.979, 1.992, 1.994, 2.004, 
and 2.010. 

The signal with g = 1.994 was readily identified as being 
due to [(q-C,H,)T~],(F,-S)~ (1) (literature value 1.993 ( 1 ) ) .  
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BOTTOMLEY A N D  DAY 

FIG. 1. The ESR spectrum of the product of the reduction of (q- 
CSH5)2Ti(SH)2 by zinc powder. 

FIG. 2. ORTEP plot of one of the three independent molecules 
of [(q-CSHs)Ti]s(~3-S)i(~3-S2)(~J-O) (2). Only a disordered mol- 
ecule is shown. 

The other signals must be due to species with one unpaired 
electron per molecule, or with unpaired electrons that do not I .  , lnteract with one another, slnce the signals are relatively sharp 

I even at room temperature. Three methods were used to 

1 identify the compounds present: fractional crystallization from 

1 the toluene solution; mass spectrometry (performed on the 
I solid obtained by removal of toluene under vacuum); and 

comparison of the ESR spectra of the mixture with those of 
known compounds or of compounds prepared as described 
below. 

Fractional crystallization yielded 1, [(q-C5Hs)Ti]s(p7-S)5- 
(p7-S2)(p,-0) (2, Fig. 2), and (7-C,H,),Ti(SH)(p-0)Ti- 
(q-C,H,)(p-S)ZTi(q-C2H5)2 (3, Fig. 3). Cluster 1 was 
identified by mass spectrometry, ESR spectroscopy, and by 

FIG. 3. ORTEP plot of (q-C,H5);ri(SH)(fl)Ti(q-C5H5)(k- 
S)2Ti(~-CsHs)2 (3). 

comparison of the cell dimensions with the literature (1, 2). 
Compounds 2 and 3 were identified by X-ray diffraction (see 
Table 1). Their structures are discussed in detail below. We 
found previously that the zinc oxide coating present on the 
surface of zinc powder provided oxygen when oxochlo- 
ro(cyclopentadieny1) derivatives of niobium and molybde- 
num were reduced (6-8). We believe that this zinc oxide is 
the source of the oxygen atoms in 2 and 3 ,  since normal 
precautions were taken to exclude oxygen and moisture from 
the solvents and reagents (9). 

The mass spectrum of the reaction product showed a clear 
parent ion peak for I f  (tn/e 757, relative intensity 17%) but 
not for 2 (M = 805). Peaks at m/e 739 (relative intensity 5%) 
and 580 (relative intensity 12%) were assigned to {[(C5H5)- 
Ti]4(S2)4(0)2)}+ (4+) and [(CSH5)TiS],' (5') respectively. The 
structure of 4 (see Fig. 4) is discussed below. The mass 
spectrum of the mixture also showed fragmentation of 1, 4 ,  
and 5 (principally by loss of C5H5), as well as peaks assign- 
able to [(C5H,)2Ti(SH)2]+ and [(C,H,),TiS]+. The latter is 
probably derived from [(q-C5H,),Ti(p-S)12, which is, in turn, 
obtained from the starting material (T-C~H,),T~(SH), by the 
equilibrium [1] (2, 10). 

The ESR spectrum of crystalline [(q-C,Hs)Ti],(p,-S)S(p,- 
S2)(p4-0) (2) showed a single-line signal at g = 1.980, and 
we assign the signal at 1.979 in the mixture of products 
obtained by reducing (q-C,H,)2Ti(,SH), with zinc powder 
to 2.  Since 2 formally contains Ti, " it has only one clus- 
ter electron, and therefore it would show a single-line ESR 
spectrum regardless of its molecular structure. The com- 
pound (q-C,H,),Ti(SH)(p-O)Ti(q-C5Hs)(p-S)~Ti(q-CSH~)~ 
(3) contains ~ i , ' " ' ,  and [(q-C,H,)Til,(p2-S2),(p2-O)(p,-0) 
(4) contains ~i , ' " .  Therefore neither 3 nor 4 can show any 
ESR signal. The cluster [(q-C,H,)TiS], (5), which was ob- 
served by mass spectrometery, is known to be a diamag- 
netic cubane (1 I), as predicted by extended Hiickel molecular 
orbital calculations (12). Therefore no ESR signal would be 
expected. However, independent experiments established that 
mixtures of [(q-CsH5)Ti],(p3-S), and [(q-C5Hj)Ti(p3-S)14 
showed ESR signals at g = 1.994 and 1.987. These could 
arise from the equilibrium [2]. 
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CAN. J .  CHEM. VOL. 70. 1992 

TABLE 1. Crystal and refinement data for [(q-C5Hs)Ti]s(p3-S)5(p3-Sz)(~-O) (2), (q-C5H5)2Ti(SH)(p- 
o)Ti(~-c~H~)(p-S)~Ti(q-C5H~)~ (31, and [(q-CsHs)Ti14(p2-S2),(p?-0)(1*;1-0) (4) 

2 3 4 

Molecular formula CB2H8303SZ ITi 15U Cz5H?60S3Ti3 c ~ ~ . ~ H z ~ o ~ s ~ T ~ ~ ~  
Formula weight, Da 2508.41 582.36 786.08 
Crystal system Monoclinic Triclinic Tetragonal 
Space group P2, /n  P 1 P4/ncc 
a ,  4 10.585(1) 9.146(1) 17.759(1) 
b, A 28.133(4) 12.290(1) 17.759 
c, A 3 1.408(2) 13.027(1) 17.655(2) 
a ,  deg 90 100.72( 1)  90 
P, deg 91.20(1) 104.39(1) 90 
Y 3 deg 90 110.55(1) 90 
v A3 935 1(2) 1266.3(2) 5568.4(7) 
Z 4 2 8 
D (calcd.), Mg m-' 1.78 1.53 1.88 
p (Mo Ka), cm- I 16.3 11.7 17.0 
Temperature, K 293 293 295 
Crystal size, mm 0.25 X 0.35 X 0.35 0.10 x 0.25 X 0.50 0.35 x 0.35 x 0.25 
28 limits, deg 2-45 2-50 2-50 
No. of reflns. for cell 25 24 25 
28 limits for cell, deg 40-50 40-50 30-40 
Reflns. collected 15 655 8 873 10 615 
Unique reflns. 12 105 4 439 2 471 
Observed reflns. 6 91 1 3 046 1714 
Criteria for observation I > 2.5 a([) 1 > 2.5 a([) I > 2.0 a([) 
R ( F ' )  0.07 1 0.037 0.141 
R,,. ( F  '1 0.059 0.047 0.138 
GoF 1.980 1.144 2.67 
No. of refined parameters 1141 3 04 185 
Max A / a  0.88 0.21 0.72 
Max A ,  e ,k3 0.75 0.36 1.06 
N,, /Nr 6.06 10.0 6.35 
K (weight modifier) 0.0001 0.001 0.001 

"For (L(~-C5H5)Ti1,(~3-S)5(~3-S2)(~i-O)lI. C6HrCH.t. 
''For ~(~-C5Hr)Til,(~-S~~-I~~L-O)(~,-O) . 0.5CsH5CHJ. 

The alternative salt, {[(q-C5H,)Ti],(p3-S)6}+{[(q-C5H5)Ti(pJ-3- 
S)],}-, is highly unlikely because it would require one tita- 
nium to have a formal oxidation state of (2+).  Cationic and 
anionic derivatives of [(q-CiH5)v]5(p3-s)b ( 13) and [(q- 
C,H,)M(p,-S)], (M = V, Fe, Co, Mo) (1 1 ,  14-17) were 
observed previously. We assign the ESR signal at g = 1.987 
to [ ( q - C , ~ ~ ) ~ i ( p ~ - S ) l ~ + .  

The signals at g = 2.004 and 2.010 cannot be identified 
from the above experiments, nor can they be accounted for 
by the products obtained from the reaction between (q- 
C5H,)2Ti(C0)2 and H,S in the presence of H,O, which are 
described below. It is possible that they, like the signal at 
g = 1.987, are also due to equilibria that produce radicals. 

i for example 4-.  However, if an anion of 4 was formed, it is 
not certain that the unpaired electron would be localized on ~ titanium, since the S, unit could conceivably absorb an ~ electron. In this respect the fact that the unassigned signals 

I have g values greater than 2.002 may be significant. 
I Independent experiments established that 1 did not react 

tanium atom bearing only one q-C,H, ring. Four of the five 
titanium atoms in 2, and all of the titanium atoms in 3 and 
4, have the formal oxidation state of 4 + .  The substitution of 
an q-CSH5 ligand in the titanium(4+) compound (q-CsHS)l- 
Ti(SH)? by 0'- would be extremely slow, due to the very low 
concentration of 0' - in solution (18). The combination of 
Ti(4+) with a single (q-C,H,) ligand is therefore further 
evidence that redox reactions are responsible for the inser- 
tion of 0'- in 2, 3, and 4. 
Oxidation of (q-C5H,,12Ti(CO), in the presence of traces 

of oxygelr 
Since the reduction of (q-C5H,)zTi(SH)z with zinc pow- 

der gave clusters containing oxygen as well as sulfur, we 
were interested in the effect of oxygen (either as O2 or H 7 0 )  
on the oxidation of (q-CsH,),Ti(C0)2 by H2S. In the ab- 
sence of oxygen this reaction gave [(q-C5H5)Ti],(p3-S)6 ac- 
cording to eq. [3] (1, 2). There was no evidence for other 
paramagnetic species in the ESR spectrum of the reaction 

with either HzO or Ag10 to form 2, nor to form any char- [3] 10 (q-C5H5)2Ti(C0)2 + 12 H,S -+ 2 [(q-CjH5)Ti]5(p3-S)6 
acterizable cluster. The oxygen atoms present in 2, 3, and 4 + 14 Hz + 20 CO + 5 (CSHc,)2 
must have been inserted during redox reactions between 
(q-C,H,),Ti(SH)Z and the zinc/zinc oxide powder. The Sz2- solutions. However, when the reaction was conducted in the 
ligand present in 2 and 4 must also be a product of these redox presence of traces of oxygen, in the form of H'O, the ESR 
reactions. Compounds 2,  3, and 4 all contain at least one ti- spectra of the reaction solutions were similar to those of the 
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BOTTOMLEY AND DAY 

LJ 
FIG. 4. The structure of [(q-CSHS)Til,(p2-SI),(p2-O)(p,-0) (4). 

Only one of the several d~sordered forms is shown. 

Ti (ax) u 
FIG. 6. Diagram of the Ti,(p,-S),(~3-S,)(p4-O) core of 2, with 

numbering scheme. 

FIG. 5.  The ESR spectrum of the product of the oxidation of (7- 
CjHs)2Ti(CO)2 by H,S in the presence of water. 

solutions obtained by reducing (q-C,H,)2Ti(SH)2 with zinc 
powder. A representative example is shown in Fig. 5 ;  this 
may be compared with Fig. 1. In summary, signals were 
observed at g = 1.979, 1.987, 1.992, 1.994, and 2.007. The 
signals at 1.979, 1.987, and 1.994 were readily assigned to 
2, Sf ,  and 1 respectively, as discussed above. 

As with the reaction between (q-C,H,)2Ti(SH)? and zinc 
powder, we attempted to identify the species responsible for 
the ESR signals at g = 1.992 and 2.007 by fractional crys- 
tallization of toluene solutions, produced by reacting (7- 
C,H,)2Ti(C0), with H,S in the presence of H,O. These 
attempts gave crystalline 1, 2 ,  and 4. Compound 4 (Fig. 4)  
had been observed in the mass spectrum of the reaction be- 
tween (q-C,H,),Ti(SH), and zinc powder, but not otherwise 
identified. The structure of the q-C,H,Me derivative of 4 was 
completely determined by X-ray crystallography by Rauchfuss 

and co-workers (19). The core of 4 also appears in [TiCI],(k2- 
S2),(k2-Cl)2(~,-O) (20), with chlorine replacing both (q-C3H5) 
and the k2-oxygen, which is disordered over two positions 
in the structure of 4 (see Fig. 4). Because of serious disor- 
der amongst the ?-CjH5, S1, and 0 ligands, and the pres- 
ence of an ill-defined toluene molcculc in the crystal lattice, 
the present analysis was only accurate enough to character- 
ize the product unambiguously as [(rl-CiH5)Ti14(pr-S2)4(p1- 
O)(k4-0). 

The source of the oxygen atoms present in compounds 2 
and 4, obtained when (q-C,H,)1Ti(CO)2 was oxidized with 
H,S, is believed with some certainty to be H,O. Thcrc was 
no decrease in the amount of 2 when the H,S was thor- 
oughly degassed by freeze-thaw methods. This procedure 
would remove 0, but not H 2 0 .  However the amount of 2 
increased markedly when small quantities of H 2 0  were de- 
liberately added to the toluene solution of (q-C,H,)2Ti(C0)2 
immediately prior to incubation with H,S. The relative 
amount of 2 could be easily assessed from the ESR spectra, 
but there was no convenient method of detecting 3 or 4. The 
introduction of oxygen by water is consistent with the prep- 
aration of [(q-C,H,)Ti],(k,-O), from (q-C,H,)2Ti(C0)2 and 
H 2 0  (2), but is in contrast to the preparation of [(q-C,H,- 
Me)Ti14(k2-S2),(~2-O)(k,-O) and [(T-C,H,Me)Ti],S,O, where 
the source of oxygen was 0, (1 9) .  

Strucru1-e of[(~-C,H.ilTib(p.~-sI~(pj-s~)(~~- ( 2 )  
The crystal of 2 contained four asymmetric units per cell, 

each unit consisting of three independent molecules of 2 and 
one of toluene. Including the disordered atoms there were 135 
non-hydrogen and 88 hydrogen atoms to be refined, all in 
general positions, giving a total of 1 141 parameters. Soine 
of the available structure refinement programs do not ac- 
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CAN. J .  CHEM. VOL. 70. 1992 

TABLE 2. Important average distances (A) in 
t(rl-CsH~)Ti15(~3-S)~(~3-S2)(~-O) (2) 

- 

Ti(ax)-Ti(eqA)" 3.207 (6, 3, l I)" 
Ti(ax)-Ti(eqB)" 3.227 (12, 3, 109) 
Ti(eqA)-Ti(eqB)" 3.236 (6, 3, 23) 
Ti(eqB)-Ti(eqB) 3.597 (3, 3, 109) 
Ti(ax)-S(A)" 2.384 (6, 4, 18) 
Ti(ax)-S(B)" 2.306 (6, 4, 24) 
Ti(eqA)-S(A) 2.529 (6. 6, 32) 
Ti(eqB)-S(A) 2.488 (6, 4, 24) 
Ti(eqA)-S(B) 2.552 (6, 4, 32) 
Ti(eqB)-S(B) 2.5 16 (6, 4, 34) 
~i(ax)-S," 2.55 (10. 1 ,  1 1 )  
Ti(eqB)-S2 2.53 (LO, I ,  6) 
Ti(ax)-S(C)' 2.25 (6. 1 .  8) 
Ti(eqB)-S(C) 2.62 (12, 1 ,  1 1 )  
Ti(ax)-0 2.03 (5, 2, 9) 
Ti(cqA)-0 2.07 (5, 2, 1 l j  
Ti(eqB)-0 2.01 (10,2. 12) 
~ i (ax) -C~ '  2.053 (6, 13, 18) 
Ti(eqA)-Cp 2.060 (3, 14, 7) 
Ti(eqA)-Cp 2.081 (6. 14, 25) 
S-S 2.02 (5, 1 ,  2) 

"Ti(ax) are the axial Ti atoms: Ti(eqA) is the unique 
equatorial Ti; Ti(eqB) are the equatorial Ti atorns which 
are bridged by the k,-S2 unit (see Fig. 6). 

"The first digit in parentheses is the number of param- 
eters that have been averaged; the second digit is the av- 
erage e.s.d.; the third digit is the maximum deviation from 
the mean. 

'The S(A) and S(B) atoms are the k,-S that are at- 
tached to the unique equatorial Ti(eqA). The S(A) atoms 
are in the half of the trigonal bipyramid of titanium 
atoms that contains the kZ-SI and k,-0 units. The S(B) 
atoms are in the other half of the trigonal bipyramid (see 
text and Fig. 6). 

"Distances are averaged to each sulfur of the S, moiety. 
"The S(C) atoms are thc k,-S that are attached to the 

Ti(eqB) atorns and are in the opposite half of the tri- 
gonal bipyramid to the p,-S1 and k,-0 units (see text and 
Fig. 6). 

'Cp is the centroid of the C, ring of the C5H, ligand. 

. . commodate such a large number of atoms. The latest ver- 
sion of NRCVAX (21), which was used for the refinement, 
accommodated the atoms but only allowed a block refine- 
ment. In the final refinement the Ti, S ,  and all C atoms 
having unit occupancy were refined anisotropically. The 
solution of the structure was complicated by positional dis- 
order involving the p3-S, p3-S2, and p,-0 ligands. The dis- 
order is best described, with the aid of Fig. 6, by noting that 
2 can be derived from 1 by replacing one p,-S by one p,-S, 
and at the same time placing a p,-0 in that half of the tri- 
gonal bipyramid of titanium atoms that has the p3-S2 li- 
gand. In the crystal, the molecules were disordered so that 
the exchange of p,-S2 for p3-S appeared to have taken place 
at two of the six possible sites, with a site occupancy for each 
position of less than unity. The site occupancies were dif- 
ferent in each of the three independent molecules. The p,-0 
was disordered over two sites to follow the p3-S/p3-S2 dis- 
order. Figures 4 and 6 show only an undisordered molecule 
for clarity. Because of the disorder, the p,-S and p3-S, units 
were superimposed on one another in the observed struc- 
ture. The site occupancies were determined by refinement, 
fixing the thermal parameters at the average isotropic value 

of the undisordered p,-S atoms. This refinement, in collab- 
oration with the observed S-S and S-0 distances, showed 
conclusively that the ligands in 2 were p,-S, p3-S2, and p,-0, 
and that neither s3'- nor ~ ~ 0 ' -  was present. Because of the 
disorder, the S-S distance in the p,-S, unit was very poorly, 
and the Ti-p3-S,, Ti-p,-0, and Ti-p,-S(C) distances 
were poorly, determined. The Ti-Ti, Ti-p,-S(A), Ti- 
pI-S(B), and Ti-C distances were well detem~ined (see Fig. 
6 for the definition of S(A), S(B), and S(C)). Table 2 lists 
the important distances, averaged over the three indepen- 
dent molecules. Surprisingly, only one of the 15 indepen- 
dent r(-C,H, rings showed evidence of disorder (that attached 
to Ti(34)), and this was treated as such. 

As noted above, 2 is derived from 1 by replacement of one 
p3-S ligand by one p,-S, and one p,-0 ligand. Both of the 
replacement ligands enter the same half of the trigonal bi- 
pyramid of titanium atoms. The axial Ti atoms are defined 
as those with the lower coordination numbers, and the two 
"halves" of the trigonal bipyramid are related by the two- 
fold axis. The presence of the p,-S, ligand causes one equa- 
torial oTi-Ti edge of the trigonal bipyramid to leng~hen to 
3.60 A, compared to the other equatorial edges (3.24 A), and 
to the axial-equatorial edges (3.22 A) (see Fig. 6 and Table 
2). In 1 the Ti(ax)-Ti(eq) distances average 3.18 A (1). The 
Ti(ax)--p,-S distances in 2 average 2.38 A for the S(A) 
atoms in the half of the trigonal bipyramid containing the 
p3-S, and p,-0 ligands. This is much longer than the aver- 
age Ti(ax)-S(B) distance of 2.3 1 A; the latter can be com- 
pared to the Ti(ax)-p,-S distances in 1, which average 
2.28 A, and to the Ti-p,-S distances in [(q-C,H,Me)Ti(p,- 
S)],, 2.36 and 2.40 A (1 1). The average Ti(eqA)-S(B) 
distance of 2.55 A may also be compared to the Ti(eq)- 
p3-S distance of 2.47 A in 1 (1). It is seen that 1 is more 
compact than 2, probably because the p,-0 must be accom- 
modated in the core. The Ti-S, distances are the same for 
both the axial and equatorial titanium atoms within experi- 
mental error, averaging 2.54 A. This is very similar to the 
average value of 2.55 A in [(q-C,H,Me)Ti]4(p,-S,)J(pZ- 
O)(p,-0) (19). Because of the disorder it is unwise to attach 
much significance to the Ti-0 distances in 2, but the range, 
2.01-2.07 A,  includes the values observed in [(T- 
CJH4Me)Ti] J(pZ-S2),(p2-0)(p,-0) (2.06 ( 19)) and in [(q- 
C,Hs)Til,(p2-Se)(p3-Se)2(p3-Se2),(p~-0) ( 1.95, 2.17 A (22)). 
Cluster 2 appears to be the first example of a p,-oxygen en- 
closed in a trigonal bipyramidal arrangement of metal atoms. 

The axial titanium attached to the S2 unit is eight-coordi- 
nate, the other axial titanium is six-coordinate; Ti(eqA) is 
seven-coordinate, and Ti(eqB) is eight-coordinate. The dif- 
ferent coordination numbers are the reason for the different 
Ti-Cp and Ti-S(C) distances, and contribute to the dif- 
ferences in the Ti-S and Ti-0 distances discussed above. 

S t r u c f ~ ~ r e  oj 

fT -C . iH . i )~T i f sH) f~ -o )T i f~ -C jHH i ) f~ -s )2 - . i . i  (3) 
The structure of 3 is shown in Fig. 3 and a list of impor- 

tant distances and angles is given in Table 3. The asymme- 
try in the Ti(])--(p-0)-Ti(3) bridge (Ti-0-Ti 175.6(2)", 
Ti( l )-0 1 .807(2), Ti(3)-0 1 .844(2) A) and in the 
Ti( 1 )-(p-S),-Ti(2) bridge (average Ti-S-Ti 88.06(41°, 
average Ti( I )-S 2.288( I), average Ti(2)-S 2.4 16(1) A) 
is caused by the different coordination numbers of the tita- 
nium atoms. The Ti(1) atom is six-coordinate, whereas Ti(2) 
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BOTTOMLEY AND DAY 

TABLE 3. Important distances (A) and angles (") in (q-C5Hs)2Ti(SH)(F-O)Ti(q- 
CSHS)T~(I*-S),T~(~-C,H,)~ (3) 

Ti(l )-S( I) 2.289(1)" S(1)-Ti( I)-S(2) 94.5 ( I )  
Ti(l )-S(2) 2.287(1) S( I)-Ti( I)-O(1) 104.8 (1) 
Ti(2)-S( 1 ) 2.417(1) S(2)-Ti( 1)-O( 1 ) 106.8 (1) 
Ti(2)-S(2) 2.414(1) S( 1 )-Ti(2)-S(2) 88.17(4) 
Ti( 1)-O( I) 1.807(2) 0 (  1)-Ti(3)-S(3) 97.93(9) 
Ti(3)-O( I ) I .844(2) Cp( I)-Ti( I)-S( I) 117.9 
Ti(3)-S(3) 2.424(1) Cp(1)-Ti(1)-S(2) 115.7 
Ti( 1)-Cp( I)".' 2.07 Cp(1 I)-Ti(1)-O(1) 114.7 
Ti(2)-Cp(2 1 )"." 2.076(5) Cp(2 1)-Ti(2)-Cp(22) 131.3 (3) 
~ i ( 2 ) - ~ ~ ( 2 2 ) " . "  2.093(5) Cp(3 1)-Ti(3)-Cp(32) 131.6 (3) 
Ti(3)-Cp(3 1 )"." 2.087(5) Ti(1)-S( 1)-Ti(2) 88.00(4) 
~ i ( 3 ) - ~ ~ ( 3 2 ) " . "  2.08 l(4) Ti(1)-S(2)-Ti(2) 88.12(4) 

Ti( 1 )-O( I )-Ti(3) 175.6 (2) 

"Estima~ed slandard devia~ions in brackets. 
"Cp is the cenlroid of  he C, ring of q-C,H,. 
'Cp(1) is the average of the Iwo disordered C, rings attached lo Ti(1). 
" ~ ~ ( 2 1 )  is [he cenlroid of C(21)-C(25), Cp(22) of C(26)-C(30), Cp(31) of 

C(32)-C(35), Cp(32) of C(36)-C(40) (see Table 4). 

and Ti(3) are eight-coordinate. Otherwise the distances and 
angles are very similar to  those in related compounds such 
as (q-C5H,)zTi(SMe), (231, ( T - C ~ H ~ ) ~ T ~ ( S C ~ H S ) ~  (241, (7-  
CSMes)2Ti(SH)2 (21, [(rl-CsH~)2TiC1(p-O)l~[(rl-CsHs)TiC11 
(2.51, and [(q-C,Hs)2Ti(CzH~)I~(~-O) (26). 

Experimental 

General techniq~~er nnd reagents 
All experiments were carried out under argon or vacuum using 

standard vacuum-line techniques (9). Volumes of H,S were mea- 
sured using a manometer and calibrated bulb. Solvents were 
predried by standard drying agents, stored over BunLi, and dis- 
tilled under vacuum. Literature methods were used to prepare 
(q-CjH,)2Ti(C0)2 (27) and (q-C5H5)zTi(SH)2 (10); H,S was pur- 
chased from Canadian Liquid Air, Montreal, and used as re- 
ceived. Zinc dust (<325 mesh, Aldrich) was evacuated prior to use 
and transferred to the reaction flask under argon. All other chem- 
icals were reagent grade. Instruments used were a Varian XL-200 
NMR spectrometer, a Kratos MS50 mass spectrometer. and a lo- 
cally modified version of the Varian E-4 ESK spectrometer. 

Reaction between (q-CSH5)7Ti(SH)2 clnd zinc powder 
A solution of (q-C5H5)?Ti(SH)2 (1.022 g, 4.18 mmol) in tol- 

uene (150 cm') was stirred with zinc powder (0.269 g,  
4.12 mmol) at room temperature for 3 days. The mixture was lil- 
tered, and the red filtrate was set aside. After 7 days the solution 
had deposited crystals of (~-CSHs)2Ti(SH)(p-O)Ti(q-C5H5)(~- 
S ) ? T ~ ( T - C , H ~ ) ~  (3) (approx. 5%) and [(q-C5H5)Ti15(~3-S)5(~3- 
S 2 ) ( ~ - 0 )  (2) (approx. 10%). These were removed by filtration and 
structurally characterized by X-ray diffraction (see below). In ad- 
dition 2 was characterized by the following data: ESR spectrum 
(toluenc solution) g = 1.980; Anal. calcd. for C82H8301S21Ti 
({[(C5H,)Ti],S70}3~ C6HSCH3): C 39.3, H 3.4, S 26.8%; found: C 
41.0, H 3.6. S 23.7%. 

The volume of the filtrate was reduced to 100 cm3 under vac- 
uum, and the red solution layered with hexane (50 cm3). This pro- 
cedure gave (q-C5H5)2Ti(SH)2 (0.71 g,  2.9 mmol 70%), as 
determined by NMR spectroscopy ( 'H, 200 MHz (CDC13 solu- 
tion): 6.27 ppm (10 H), 3.36 ppm (2 H)) and mass spectrometry 
(EI, rn/e 243 ([(C,H,),Ti(SH)S]"); 210 ([(C,H,)zTiS]+)). Further 
reduction in volume to 50 cm3 and further layering with hexane 
(50 cm3) gave a red precipitate, which was a mixture of (q-  
CSHs)zTi(SH)2 and [(q-C,H5)Ti],(k3-S)(, (approx. 10%). as deter- 
mined by mass spectrometry (EI, m/e 757 ([(C5H,),Ti5S6J"); 243 

([(CSH.02Ti(SH)2-H]+), 2 10 ([(C5H5)2TiS] '.)) and NMR spectros- 
copy ( 'H,  200 MHz, (CDCI, solution): 14.68 ppm (15 H, (q- 
CsHs),Ti5S6), 9.65 ppln (10 H ,  (q-CsHs)sTisS6), 6.27 ppm (10 H, 
( T - C ~ H ~ ) ~ T ~ ( S H ) ~ ) ,  3.36 ppm (2  H, (T-C,H,)~T~(SH)~). 

Reacrion Defiveer~ (q-CSH3)2Ti(C0)2 and H2S in the presence 
of water 

To a solution of (q-C,H5),Ti(C0)2 (1.532 g,  6.5 mmol) in tol- 
uene (100 cm3) were added two drops of water. The solution was 
incubated with H2S (7.8 mmol), with stirring, at 80°C for 72 h. Over 
this period the color of the solution changed from red to yellow- 
green and a dark brown precipitate of [(q-CSH5)Ti(p3-S)I4 
(0.94 g,  1.10 mmol, 50%) deposited. The precipitate was re- 
moved by filtration, and the solution set aside. After 8 days. crys- 
tals of both [(q-CSH,)Ti],(~I-S)6 ( I )  (approx. 10%) (identified by 
comparison of cell dimensions with the literature (1)) and of  [(q- 
CjHs)Ti14(+r-S,)4()*Z-O)(~4-0) (4) (approx. 5%) were obtained. 
Compound 4 was characterized by X-ray crystallography as de- 
scribed below and by ' H  NMR (200 MHz, C,,D, solution): 6.21 
(10 H), 5.65 (10 H), assigned to the two types of CsHS ring. The 
crystals were removed by filtration and the filtrate was layered with 
hexane (50 cm", giving a dark-green powder. This was shown by 
a combination of .  NMR, ESR, and mass spcctroscopics to be a 
mixture of [(q-C5H,)Ti]S(p3-S)6 (I)  (ESR: 8 = 1.993; MS, rn/e 757, 
692, 627 ((C5H5),,TisS6+, 11 = 5 ,  4,  3)); I (T-C~H~)T~I,O*~-S~)~()J-~-  
0 ) (k4 -0 )  (4) (MS, tn/e 740 ((C,H,)~T~,S,O~'), I H  NMR (ChD6 
solution): 6.21, 5.65 ppm, each 10 H); [(q-CSHj)Tils(p,-S)~(k~- 
s2)(k4-O) (2) (ESR: g = 1.979); [(q-C,H5)Tio*3-S)1, (5) (MS, m/e 
580, 515, 450 ((C5H,),,~i,S,+, n = 4, 3, 2), 'H NMR (200 MHz, 
'H, CHCI, solution): 5.98 ppm); and [(~-c,H~)T~s],+ (ESR: g = 

1.988). 

X-ray diffraction experiments were carried out on an Enraf- 
Nonius CAD4 diffractometer operating under the control of the 
NRCCAD software (28). The radiation was Mo Ku, A = 
0.71073 A. Data were collected using the 8/28 scan method. Re- 
finement used the NRCVAX suite of programs (21). The weighting 
scheme was of the form = I/(c(F)? + k F'). Scattering factors 
were taken from ref. 29. Crystal and refinement data for 2,  3 ,  and 
4 are collected in Table 1. In the final refinements hydrogen atoms 
were included as fixed contributors (C-H = 0.96 A, isotropic B 
equal to that of the carbon atom to which they were attached). 

The stn~ctural analysis of 3 was uneventful. Atomic coordi- 
nates for 3 are given in Table 4 and important distances and an- 
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TABLE 4. Atomic coordinates and Bi,,, for (q-CSf45)2Ti(k-O)Ti(q-C5HS)(~-S)2Ti(q- 
CsH& (3) 

Atom s Y BW" 

Ti 1 
Ti2 
Ti3 
S 1 
S2 
S 3 
H3 
0 1 
CI 1' 
C12 
C 13 
C14 
C 15 
CI IA' 
C 12A 
C13A 
C14A 
C15A 
C2 1 
C22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
C3 1 
C32 
C33 
C34 
C35 
C36 
C37 
C38 
C39 
C40 

"Estimated standard deviations. given in parentheses, rcfcr to the last digit printed. 
"B,, , ,  is the mean of the principal axes o f  the thermal ellipsoid. 
' C(I I )-C( 15) and C( I I A)-C( I SA) rerer to a disordered C,H, ring attached to Ti( I ) :  cach 

or these carbons was given an occupancy of 0.5. 

plcs in Table 3. Other data have been deposited.' Analysis of 4 was 
complicated by poor data and disorder in all atoms except Ti and 

' ~ u ~ ~ l c m e n t a r ~  nlaterial available: Atom numbering scheme, 
tables of hydrogen atorn positions, thermal parzumeters, site occu- 
pancies, distances and angles (33 pages), and a table of / F , , I  and ( F , I  

. . .  
. . . . .  . . . 

men atom (34 pages) for 2. Atom numbering scheme, tables of hyclro, 
. . . . . . . . .  positions, thermal parameters, distances and angles (7 pages), and 

a table of I F , , /  and I F , (  (15 pages) for 3. Atom numbering scheme, 
atomic parameters for all atoms. thermal parameters. distances and 
angles (7 pages), and a table of I F,,J and I F,J (7 pages) for 4. This 
material may be purchased from: The Depository of Unpublished 
Data, Document Delivery, CISTI, National Research Co~lncil 
Canada. Ottawa, Canada KIA OS2. 

Atom numbering schemes, tables of hydrogen atom positions (for 
2 and 3) and atomic parameters (for 4). distances and angles have 
also been deposited with the Cambridge Crystallographic Data 
Centre and can be obtained on request from The Director, 
Cambridge Crystallographic Data Centre, University Chcmical 
Laboratory, Lensfield Road, Cambridge CB2 I EW, U.K. 

k,-O. These are the re;lsons for the high R v a l ~ ~ e .  Brief attempts to 
refine the structure in space groups P4,/trctn or the cubic P 2 3  
showed that the disorder was not removed. In view of the pre- 
vious dctcrnmination of the structure of [(q-CSH,Me)Ti],(k2-S2)4(k,- 
O)(k,-0) (19). further investig;~tion was dee~ncd unnecessary. The 
experiments clcarly characterized 4 as [(q-CSH5)Til.l(k,-S2)~(k,- 
O)(k,-0). All st~uctural parameters for 4 have been deposited.- Thc 
structural analysis of 2 posed major problcms of refinement, which 
arc outlined in the Discussion above. The final atomic coordinates 
are given in Tablc 5 and the important averagcd distances in Table 
2. Other data, including a cornprehcnsive table of distances and 
angles. and a listing of site occupancies. have been deposited.' 
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BOTTOMLEY AND DAY 

TABLE 5. Atomic coordinates and Biso for [(q-C5H5)Ti]5(~3-S)j(p3-SZ)(~,-O) (2) 

X Y 5 , ,,," 
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TABLE 5 (continued) 
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BOTTOMLEY AND DAY 

C I T  0.9089 (17) 0.3043 ( 6) 0.0585 ( 5) 
C2T 0.8875 (19) 0.3484 ( 7) 0.0465 ( 6) 
C3T 0.8005 (18) 0.3528 ( 7) 0.0122 ( 6) 
C4T 0.7438 (18) 0.3178 ( 7) -0.0106 ( 6) 
C5T 0.771 1 (21) 0.2783 ( 7) 0.0041 ( 7) 
C6T 0.8481 (18) 0.2706 ( 6) 0.0365 ( 6) 
C7T 0.9874 (23) 0.2918 (10) 0.0936 ( 8) 

"R,,,, is the mean of the principal axes of the thermal ellipsoid. 
"The Ti(ax) atoms are Ti(13), Ti(14); Ti(??), Ti(23); Ti(33), Ti(35). The Ti(eqA) atoms 

are Ti(12); Ti(25); Ti(32). The S(A) atoms are S(12), S(13); S(21). S(22); S(32). S(34). The 
S(B) atoms are S(I I), S( 14); S(23), S(24); S(31). S(33). The S(C) atoms are S( 15). S(I5A); 
S(25), S(26): S(35). S(35A). The site occupancies are given in the supplementary mate- 
rial.' C(IT)-C(7T) are the carbon atoms of the lattice toluene. 

P. S. White collected the intensity data used for the struc- 
ture determination of 2. 
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BAL.DWIN S. MOOTOO, CUMANDA J A T I V A .  WINSTON F. TINTO, WILLIAM F. REYNOLDS, and STEWART MCLEAN. Can J. 
Chem. 70, 1260 (1992). 

Ecuadorin ( I ) ,  C?9H34010, a novel tetranortriterpenoid, has been isolated from Guctr-en X~rrlthiarla (Meliaceae) col- 
lected in Ecuador. Its structure has been established by spectroscopic methods, mainly 2-D NMR spectroscopy; the value 
of the FLOCK pulse sequence in the determination of 2- and 3-bond ' 3 ~ - ' ~  connectivities is illustrated. Ecuadorin has 
been reduced to the dihydro and tetrahydro derivatives (2 and 3), and these have provided information regarding the ste- 
reochemistry of ecuadorin. Stel.eochemical arguments have been based on observed vicinal 'H-'H coupling constants 
and NOE measurements, as well as on biosynthetic hypothesis. 

- 

BALDWIN S. MOOTO, CUMANDA JATIVA, WINSTON F. TINTO, WILLIAM F. REYNOLDS et STEWART MCLEAN. Can. J. Chem. 
70, 1260 (1992). 

On a isol6,l'Ccuadorine ( I ) ,  C2,H3,010, un nouveau tetranortriterpknoi'de, a partir de Guarea k~rrrthinna (Meliaceae) 
recueilli en Equateur. On a determine sa structure par des mkthodes spectroscopiques, principalement par la RMN en 
2-D; on illustre la valeur de la sequence de pulsation FLOCK dans la determination des connectivitks "c-'H avec 2 et 
3 liaisons. On a rkduit l'ecuadorine en derives dihydro et tetrahydro (2 et 3) et ces composks ont fournit de I'informa- 
tion concernant la stereochimie de I'tcuadorine. Les arguments sterkochimiques sont basks sur les constantes de cou- 
plages 'H-'H vicinales observees, sur des mesures d'EON ainsi que sur une hypothkse biosynthetique. 

[Traduit par la rCdaction] 

The plant family Meliaceae has been a rich source of bio- 
synthetically modified triterpenes that have useful biologi- 
cal activity; some are insect antifeedants, and some are 
cytotoxic and may be useful medicinally (1). Their struc- 
tural complexity and diversity attracts the attention of the 
chemist. We have begun a study of the Meliaceae of Ecuador, 
and we report here on the elucidation of the structure of a new 
tetranortriterpenoid which we have isolated from Guarea 
kunthiana A. Juss, and to which we assign the name ecu- 
adorin. The plant was collected In Pichincha province, and 
extraction of its aerial parts afforded ecuadorin. 

Ecuadorin was obtained as colorless crystals, mp 237- 
238"C, C,,H,,Olo (by HRMS); the IR spectrum included 
strong peaks at 1752, 1737, 1715, and 1660 cm-I, and the 
UV spectrum showed peaks at 208 nm (E, 11 000) and 
236 nm (E,  8 200). After the 'H and "C NMR spectra has 
been obtained, a one-bond 2-D "c-'H shift-correlation ex- 
periment was used to label carbons with their attached pro- 
tons. Our FLOCK pulse sequence (2) was then used to 
determine n-bond (n > 1) "c-'H connectivities; FLOCK 
provides excellent sensitivity while suppressing one-bond 
peaks, and can, in favorable cases, be used to distinguish 
between two-bond and three-bond connectivities. COSY-45 
spectra were used to confirm 'H-'H connectivities. The data 
obtained from these NMR experiments are assembled in 
Table 1. The observed "c-'H n-bond connectivities are 
sufficient to establish that ecuadorin has the molecular skel- 
eton of 1 since all C-C connectivlties are shown by them 

' ~ u t h o r  to whom correspondence may be addressed. 

implicitly (often in several ways). The nonprotonated car- 
bons C-8 and C-9 are exceptions since the three-bond con- 
nectivity between H-30 and C-9 was not observed, and the 
cross peak between H-l  l and C-8 was extremely weak; in 
both cases it seems that VcH couplings are unusually small. 
However, it should be noted that, with all other C-C con- 
nectivities explicitly defined, only structure 1, with C-8 and 
C-9 directly linked, can accommodate the molecular for- 
mula and the other spectroscopic data. To verify that C-8 and 
C-30 are part of an oxirane moiety, the 'J,, at C-30 was 
measured and found to be 179 Hz,  a value that establishes 
that the carbon is in a three-membered ring (3). These NMR 
experiments were carried out with a solution of 20 mg of 
ecuadorin in benzene-d6 since all significant signals were well 
resolved in this solvent, although the chemical shift be- 
tween the C-l  1 methylene protons was effectively zero. As 
a result, these protons showed virtual coupling to the C-12 
methylene protons, and only an average vicinal coupling 
( J  = 6 .7  Hz) was observed. In CDCl, solution, although 
some other signals were more poorly resolved, the C-11 
methylene protons were observed at 6 2.18 and 6 2.35 with 
a geminal coupling of 15.6 Hz; in this solvent, the C-12 
methylene protons appeared at 6 1.85 and 6 1.56, and all four 
vicinal couplings between the C- 1 1 and C- 12 protons were 
nonequivalent and observed. 

Vicinal 'H-'H coupling constants were of limited value 
for making stereochemical assignments: the trat~s-diaxial 
relationship between the protons at C-5 and C- 10 is clear from 
their 12.6 Hz coupling, but the 2.9 Hz coupling between the 
protons at C-5 and C-6 does not establish the relative con- 
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MOOTOO ET AL 

TABLE 1. Assigned chemical shifts and connectivities for ecuadorin in benzene-d6 solu- 
tion " 

Carbon 8 2  8" ( J H ~ '  )?-bond connectivities" 

1 199.58 - 6.71, 1 . 0 9 ( ~ )  
2 126.67 - 6.71, 3.67 
3 160.96 6.71 (0.9) 0.88, 1.22, 3.67(w) 
4 37.10 - 5.41(~) ,  1.22, 0.88, 6.71(vw) 
5 50.30 2.16 (12.6, 2.9) 6.71, 5.41, 1.22, 0.88, 1.09(vw) 
6 71.1 1 5.41 (2.9) 1.09 ( V W ,  n = 4) 
7 170.36 - 3.20, 5 . 4 1 ( ~ )  
8 66.73 - 3.67, 2.3 1, 1.74, 2.22(w), 1.89(vw?) 
9 201.30 - 1.89 

10 40.16 2.34 (12.6, 6.7q) 1.09, 5.41(w) 
I I 36.27 (1.89) (6.7t) 1.42(vw), 0.80(vw) 
12 30.92 0.80 (6.7t, 14.6) 1.89, 0.63 

1.42 (6.7t, 14.6) 
13 38.08 - 1.89, 0.63, I .42(vw) 
14 41.08 1.74(4.9,8.0,0.9) 0 . 6 3 , 2 . 3 1 ( ~ ) , 2 . 2 2 ( ~ )  
15 26.65 2.22 (4.9, 18.1) 1.74 

2.31 (8.0, 18.1) 
16 169.13 - 2.22, 2.31, 1 . 7 4 ( ~ )  
17 76.55 6.10 (s) 0.63 
18 20.45 0.63 6.10 
19 12.60 1.09 (6.7) 2.34(vw) 
20 121.30 - 7.61, 6.10, 7.06(vw) 
2 1 141.90 7.61 (in) 7.06, 6.36, 6.10 
22 110.63 6.36 (m) 7 . 0 6 ( ~ )  
23 143.45 7.06(m) 7.61, 6.36 
28" 22.92 1.22 0.88, 2 . 1 6 ( ~ )  
29" 28.1 1 0.88 1.22, 6.71 
30 55.94 3.67 (0.9, 0.9) 6.71, 1.74 
OCH3 51.81 3.20 - 

02CCH; 169.54 - 1.66, 5.4 1 
02CC H; 20.10 1.66 - 

"Spectral data were obt:~ined on a Varian XL-400 spectrometer equipped with a 5-mm multinu- 
clear probe with a solution of 20 mg ecuadorin in ca. 0.5 n1L of benzene-rl,. 

""C chemical shifts in ppm from Me,Si measured at 100.6 MHz. 
' 'H chemical shifts in p p n ~  from Me,Si measured at 400 MHz, and 'H-IH coupling constants (Hz) 

~n parentheses; couplings are with single protons except where triplet (1) or quartct (q) splittings are 
~ndlcated. The (mean a,,) is shown for an incompletely resolved CH, multiplet. 

"~ydrogens  showing ?I-bond connectivities to the "C; 11 = 2 or 3 unless otherwise indicated. Strong 
(s), weak (w), or very weak (vw) cross peaks are indicated where appropriate. 

'Assignment of ~nethyl groups based on nOe experiment. Irradiation at 8 1.22 produces 4 4  nOe 
for H- I0 and 4% for H-3; irradiation at 8 0.88 produces 5% nOe for H-5 and 9% for H-3. The weak 
cross peak between H-5 and C-28 in the tl-bond connectivity experiment is consistent with their hnv- 
ing t r t~ r i  orientation. 

figuration at C-6. Other stereochemical relationships were 
determined from NOE dltterence spectra. In benzene-ci, so- 
lution, irradiation of the C-30 proton produced a 10% NOE 
at the C-17 proton and a 7% NOE at the 6 2.22 proton of the 
C-15 methylene. The C-30 and C 17 protons can be brought 
closely enough together to produce the 10% NOE only when 
the two six-membered rings are czs-fused and the relative 1 configuration at the five contiguous centres from C-30 to 

I C-17 1s as shown. Besides confirming this stereochemistry, 

I 
the NOE at the 6 2.22 proton confirms the chemical shift 

I assignments for the indiv~dual protons of the CHI group. It 
is apparent that these stereochemical features are divided into 
two sections by the C-2 to C-30 single bond and, while the 
stereochem~cal relatlonshlps with it^ each section are secure 
as described above, the configurational relationship be- 
nveen the cyclohexenone ring and the polycylic part of the 
molecule is not established from the available data. 

Further stereochemical information was obtained by 
treating ecuadorin with acidic sodium cyanoborohydride, 

which reduced first the C-9 carbonyl group to provide the 
dihydroecuadorin 2, and then the a,P-unsaturated C-l car- 
bonyl, producing the tetrahydroecuadorin 3. Structural and 
spectroscopic assignments based on one-bond "c-'H con- 
nectivities were carried out on 2 and 3, and the assignments 
are listed in Table 2. One feature that became immediately 
apparent was that reduction of the carbonyl groups signifi- 
cantly changed the conformational preference of the mole- 
cule. Both 'H and '" spectra of dihydroecuadorin 2 showed 
significant peak broadening at room temperature, particu- 
larly for signals associated with the fused bicyclic portion of 
the molecule ((2-8. C-9, and C- 1 I to C- Is) ,  and the spectra 
sharpened significantly when the sample was warmed to 
50°C. The vicinal coupling constants from H-14 to the two 
protons at C-15 increase slightly from 1 (4.9, 8.0 Hz) to 2 
(6.3, 8.1 Hz). These observations suggest that dihydroec- 
uadorin is undergoing a slow chair-to-chair interconversion 
at room temperature. By constrast, tetrahydroecuadorin 3 
gives sharp 'H  and "C spectra at room temperature; further- 
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TABLE 2. Assigned "C and 'H chemical shifts for dihydro- and tetrahydroecu- 
adorin (2 and 3) 

Position 6; for 2 h" (Jl1d1 for 2 6," for 3 6,," (J,,,,)' for 3) 

I 200.62 - 73.96 4.03 (9.1) 
2 130.20 - 128.17 - 
3 157.26 6.49 (1.6) 139.20 5.33 (1.5) 
4 37.34 - 36.44 - 
5 50.23 2.43 (12.2, 2.8) 48.51 2.03 (1 1.7, 3.0) 
6 70.93 5.39 (2.8) 70.88 5.32(3.0) 
7 170.34 - 170.77 - 
8 64.14 - 62.69 - 
9 68.81 3.52 (6.2, 3.8) 65.92 3.51(m) 

10 40.05 2.64 (12.2. 6.7q) 36.38 (1.83) 
I I 26.14 (1.83) 26.08 (1.39) 
12 29.00 1.96 (13.5. 8.4. 4.4) 25.54 (1.91) 

1.40 (13.5, 7.5,  4.4) 
13 36.99 - 36.78 - 
14 43.80 1.71 (8.1, 6.3) 42.69 1.57 (1 1 . 1 ,  6.9) 
15 29.70 3.02 (17.9, 8.1) 31.32 3.38 (17.7, 1 1 . 1 )  

2.76 (17.9, 6.3) 2.80 (17.7, 6.9) 
16 169.96 - 170.02 - 
17 79.80 5.74(br) 82.71 5.08 (br) 
18 21.94 1.05 22.03 1.02 
19 12.74 1.23 (6.7) 15.52 1.05 (6.5) 
20 120.88 - 121.27 - 

2 1 140.96 7.53 (m) 140.30 7.41 ( ~ n )  
22 109.67 6.42(ni) 109.38 6.36 (m) 
23 143.23 7.42 ( n )  143.39 7.43 (m) 
28 22.34 1.24 24.63 1.14 
29 28.69 1.16 29.39 0.97 
30 57.32 3.39 (1.6) 60.06 3.20 (br) 
OCHj 52.40 3.76 52.21 3.74 
CH3C=0 171.67 - 173.03 - 
CH,C=O 20.65 2.16 20.86 2.16 

""C chemical shifts in ppln from Mc,Si measured at 100.6 MHz for solution in CDCI,; as- 
signments b;ised on one-bond connectivities. 

" 'H chemical shifts in ppm from Me,Si measured at 400 MHz for solution in CDCI,. 'The 
6,, for each identifiable proton (or mcthyl) is listed; the (mean 6,,) is reported for unresolved 
CH, multiplcts. 

' I  H-'H coupling constants (Hz) for couplings with single protons unless quartet (q) split- 
ting is indicated. Complex or unresolved multiplets are designated (m). 

more, H-14 now shows vicinal coupling constants of 6.9 and 
11.1 Hz to the protons at C- 15. In addition, a number of 
carbons well removed from C- I (the point of difference be- 
tween 2 and 3)  show surprisingly large chem~cal differ- 
ences between the dihydro and tetrahydro derivatives; e.g. ,  
compare the '" chemical shifts at positions 8, 9 ,  12, 15, and 
17 (Table 2). Si~nilarly, there is a large difference between 
the H- 17 chemical shifts of 2 and 3 .  All of these observa- 
tions suggest an inversion of the conformational preference 
of the cis-fused rings between ecuadorin and tetrahydroec- 
uadorin. In 1 H-14 is equatorial to the lactonic ring and axial 
to the carbocyclic ring, while in 3 ,  with the alternative chair- 
chair conformation, H-14 is axial to the lactonic ring and 
equatorial to the carbocyclic ring. In the same way, H-17, 
which is axial in 1, becomes equatorial in 3 ,  and the chem- 
ical shift also changes. 

The vicinal coupling constants observed at H-9 in both 2 
and 3 require this hydrogen to be equatorial, and the C-9 OH 
is, consequently, axial (and tlnlzs to H- 14). In 3 the H- 1 must 
be pseudoaxial and tt-crlzs to H- I0 (J = 9.1 Hz), and the C- 1 
O H  is, therefore, pseudoequatorial; the trans-diaxial rela- 
tionship between H-10 and H-5 is verified by the observed 

vicinal coupling ( 1  1 .3  Hz). The OH peaks in the spectrum 
of 3 appear as a vcry broad signal centred near 6 4.25,  even 
though the solution is quite dilute. The low-field shift and 
the broadness of the peak suggest that the OH groups are in- 
tran~olecularly hydrogen-bonded to each other (with slow 
proton interchange). Rotation about the 2,30 single bond is 
consequently inhibited, the cyclohexene unit has a pre- 
ferred orientation relative to the polycyclic part of the mol- 
ecule, and NOE experiments can now give useful information 
about the stereochemical relationship befiveell these two parts 
of the molecule. No measureable NOE was observed for H-9 
on irradiation of H-1 (or vice versa) at room temperature. 
However, irradiation of H-9 produced a 4% enhancement of 
the H-3 signal, while irradiation of H- 1 produced 2% en- 
hancements of the M-30 and H-5 signals. These results show 
the preferred orientation of the cyclohexene ring relative to 
the polycylic part of the molecule is as shown in 3 ;  the con- 
fonnational preference of the cis-fused rings has already been 
established. the C-l  and C-9 OH groups are hydrogen- 
bonded. and the configurational relationship between C- 1 and 
the centres on the other side of the 2,30 bond can now be 
determined. Examination of molecular models shows that 
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only a molecule with the configuration shown can be placed 
in a conformation that is compatible with all of the data as- 
sembled. Experiments with a sample of 3 at 55OC gave re- 
sults that differed in an interesting and informative way from 
those carried out at room temperature: the O H  signal sharp- 
ened and moved to higher field (ca. 6 3.95), and positive 
NOE enhancements were observed at both H-1 and H-3 on 
irradiation of H-9. It follows that at the higher temperature 
two conformations, corresponding to a rotation about the 2,30 
bond, must be populated to a significant extent. 

A C O W ~  H , , 

, , 
MeOOC H *I9 

7 

ments, but no derivative of ecuadorin has yet provided 
crystals suitable for this purpose 

Experimental 
Gunren kutlthiatzn was collected in Pichincha Province, Ecuador, 

in October 1986. A voucher specimen (QCA No. 1124) is lodged 
in the Herbarium of the Catholic University of Ecuador, Quito. Air- 
dried aerial parts of the plant (2.3 kg) were ground and extracted 
with cold dichloromethane. The extract afforded a dark green gum 
(17.9 g), which was partitioned into hexane-soluble (5.7 g) and 
hexane-insoluble (10.5 g) fractions. A portion (930 mg) of the lat- 
ter fraction was treated with decolorizing charcoal in refluxing ethyl 
acetate, and then chromatographed on silica gel. Elution with 
hexane containing increasing amounts of ethyl acetate led, when 

The arguments for the configurational relationship between 
the two parts of the molecule are less securely based than 
those for the relative configuration within each part, but they 
gain additional support from a reasonable hypothesis con- 
cerning the biosynthetic origin of ecuadorin. Although its 
structural type is new, the relationship of ecuadorin to li- 
monoids with the swietenine skeleton is easily seen; the 
structure and absolute configuration of swietenine (4) have 

4 R = Tigloyl 

been established unequivocally by an X-ray crystal struc- 
ture analysis (4). The hypothetical biosynthetic precursor to 
ecuadorin has the 8 ,30 double bond of swietenine epoxi- 
dized, and C-9 is hydroxlyated; a retro-aldol reaction can then 
disconnect C-9 from C-10 and produce the ecuadorin skel- 
eton, and a simple elimination introduces the 2 ,3  double 
bond. A swietenine derivative incorporating the 8 ,30 epox- 
ide with the correct configuration but lacking the C-9 O H  has 
been isolated from Swietenia rnacr-ophylla (5). The simplic- 
ity of the biosynthetic hypothesis and the existence of a li- 
monoid incorporating all but one of the required features in 
the hypothetical precursor provide strong support for the 
biosynthetic proposal and collateral support for our stereo- 
chemical assignments. The configuration shown at C-6 is that 
expected on biosynthetic grounds. W e  would like to have 
used X-ray crystallography to provide unequivocal confir- 
mation for all of our structural and stereochemical assign- 

the solvent contained 90% dr more ethyl acetate, to the isolation 
of ecundorin (1) (61 mg) as colorless needles, mp 237-328°C (re- 
crystallized from methanol), [aID + 4.2 (c 0.7, CHCI,); IR 
(Nujol): 1752, 1737, 1715, 1600 cm-I; UV (EtOH) A,,,: 208 nm 
(E, 1 1  OOO), 236 nm (E, 8 200); HREIMS tn/z: 542.2122; calcd. 
for C29H33010: 542.2152. 

A solution of 1 (73 mg) in 5 mL of tetrahydrofuran was brought 
to approximately pH I by addition of 1 N hydrochloric acid, and 
sodium cyanoborohydride (84 mg) was then added in small por- 
tions; the pH was kept constant by the addition of acid when re- 
quired. After 0.5 h, solvent was removed under reduced pressure, 
5 mL of water was added, and the mixture was thoroughly ex- 
tracted with dichloromethane. The extract afforded a residue 
(70 mg) that was subjected to preparative layer chromatography on 
silica gel with elution by 5:  1 chloroform-acetate. Less polar frac- 
tions afforded dihydt-oc~cundorin 2 (16 mg), mp 248-249°C (re- 
crystallized from CHC1,-MeOH) [a],, - 16.4 (c 0.25, CHCI,); UV 
(EtOH) A,,,,,: 221 nm (E, 7 800), 238 nm (E, 7 600); HREIMS tn/z: 
544.2292; calcd. for C29H36010: 544.2309. The more polar frac- 
tions afforded tetrahydroecuadoritz 3 ( 15 mg), mp 24 1-242°C 
(recrystallized from MeOH-CHCI,), [a], - 13.9 (c 0.6, CHCIJ; 
HREIMS m/z:  546.2449; calcd. for C20H3ROIO: 546.2465. 
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Formation of 14-membered carbocycles by intramolecular Michael addition 
on ynones and enones 
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SUZANNE GIRARD and PI ERR^; DESLONGCHAMI'S. Can. J .  Chem. 70, 1265 (1992). 
The base-catalyzed intramolecular Michael addition of substituted malonates on ynones or cnones proceeds effi- 

ciently to give the 14-membered carbocycles. 

SUZANNE GIRARD et PIERRE DESLONGCHAMPS. Can. J .  Chem. 70, 1265 ( 1992). 
On rapporte la formation de carbocycles a 14 membres par I'addition de Michael intramolCculaire de malonates sub 

stituCs sur des ynones et des Cnones. 

Introduction 

Previous studies in our laboratory, on the intramolecular 
Michael addition of cyclic P-ketoesters onto conjugated 
olefinic ketones, showed that it was possible to form 5- to 
8-membered rings with fairly good yields (1). In addition it 
was shown that the analogous addition onto conjugated ace- 
tylenic ketones produced 5- to 7-membered rings (2). In yet 
another study, it was demonstrated that it was possible to use 
the intramolecular Michael reaction to close 9- and 10- 
membered rings, but the yields were moderate compared with 

I the cyclization of smaller rings (3). At that time it was pre- 
dicted that this synthetic strategy could lead to excellent yields 
(280%) in macrocyclization, provided that transannular steric 
interactions and conformational mobility could be de- 
creased. 

In this paper we wish to report the results of the study of 
the formation of 14-membered carbocycles by the intramo- 
lecular Michael addition of substituted nialonates onto con- 
jugated acetylenic and olefinic ketones. We describe first the 
preparation of several cyclization precursors (ynones 14, 28, 
and 34 and enones 30 and 36), and then the macrocycliza- 
tion of each of these compounds. 

Results and discussion 

Synthesis of tlze cycllzatiorz pr-eclcr-sors 
Our study began with ynone 14, which was prepared from 

3-butyn- 1-01 1 as shown in Scheme 1 .  1 was protected as its 
tetrahydropyranyl ether 2 (74%), which was then treated with 
n-butyllithium in a mixture of tetrahydrofuran-hexaniethyl- 
phosphoramide (HMPA) (3 : 2), followed by oxirane to give 
alcohol 3 (90%). It should be noted that replacing HMPA by 
other polar solvents such as HMPT (hexamethylphospho- 

I rous triamide) or DMPU (1,3-dimethyl-3,4,5,6-tetrahydro- ' 2(1H)pyrimidinone) gave unsatisfactory yields of alcohol 3. 
Alcohol 3 was transformed into the niesylate 4 (95%), 

which was displaced by dimethylmalonate to form diester 5 
(78%). The alkylation of diester 5 with iodide 6 (73%), 
available in two steps from tetrahydrofuran (4), followed by 
hydrolysis of the acetal with magnesium bromide etherate (5) 
gave alcohol 8 (82%). 

The second malonate group was introduced as before, vla 

'FCAR predoctoral fellowship. 1988- 1990. 
'Author to whom correspondence may be addressed. 

mesylate 9 (99%), to obtain compound 10 in 87% yield. 
Hydrolysis of the silyl ether gave alcohol 11 (62%), which 
was in turn oxidized to aldehyde 12 (96%) using the Swern 
reaction conditions (6). The acetylenic group was intro- 
duced by the addition of acetylene anion to aldehyde 12 
(74%). The resulting propargylic alcohol 13 was then oxi- 
dized with Jones' reagent (7) to give ynone 14 (88%). 

The synthesis of compounds 28, 30, 34, and 36 starts with 
4-pentyn-1-01 protected as tetrahydropyranyl ether 16 (96%) 
(see Scheme 2). The sequence of reactions to malonate 19 
was the same as previously described for compound 5. 
Malonate 19 was then alkylated with iodide 20 to give dies- 
ter 21 (74%). The iodide 20 was itself synthesized in two 
standard steps from 3-chloro-I-propanol. The rest of the 
synthesis of ynone 28 was done as described for compound 
14 (Schemes 2 and 3). 

T o  form enone 30, aldehyde 26 was condensed with vi- 
nylmagnesium bromide to give allylic alcohol 29 (52%), 
which was then oxidized to 30 with Jones' reagent (72%). 

To  make compounds 34 and 36, alkyne 25 was hydro- 
genated to the cis alkene 31 with hydrogen and Lindlar's 
catalyst (98%) (Scheme 4). Oxidation of the resulting alco- 
hol 31, using the Swern reaction conditions, gave aldehyde 
32 (64%). The rest of the synthesis of ynone 34 was accom- 
plished following the procedure previously described for 
ynone 14. The last macrocyclization precursor, enone 36, was 
synthesized from aldehyde 32 using the same reaction se- 
quence as for enone 30. 
Macr-ocyclization 

All the macrocyclirations were performed using the same 
reaction conditions. The ynone or enone, dissolved in ace- 
tonitrile, was added slowly over ca. 2.5 h to a solution of 
cesium carbonate in acetonitrile. The final concentration of 
the reaction mixture was 2 x lo-' M.  This pseudo high-di- 
lution technique was used to minimize polymerization or 
dimerization. 

Cyclization of ynone 14 (Scheme 5) gave macrocycle 37 
in 90% yield as a mixture of cis and trans isomers (1 2: 88). 
Ynone 28 gave macrocycle 38 as an 87: 13 cis-tr-aris mix- 
ture of isomers in 48% yield, while ynone 34 gave macro- 
cycle 40 with a 20:80 ratio of cis and trnns in 45% yield. 
The macrocyclizations of enones 30 and 36 afforded mac- 
rocycles 39 and 41 with 82% and 76% yields, respectively. 

The configurations and ratios of cis and truns conjugated 
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e 
& 

I- OTBDMS 

6 

OTBDMS 

(a) DHP, p-TsOH, THF, r.t., 2 h (74%). (b) n-BuLi, THF, HMPA. oxirane -78°C to r.t., 22 h (90%). (c) CH,SO,CI, Et3N, CHICII, 
0°C to r.t., 3 h (95%). (d) CH,(C02Me)2, NaH, THF, DMF, reflux, 18 h (78%). (e) NaH, THF, DMF, r.t., 20 h (73%). (0 Et,O, 
MgBr, . Et,O, P C  to r.t., 16 h (82%). (g) CH3S02CI, Et3N, CH,CI1, 0°C to r.t. 3 h (99%). (h) CH,(COaMe)2, NaH, THF, DMF, reflux, 
15 h (87%). (i)  n-Bu,NF, THF, O"C to r.t., 18 h (62%). (i) (CIC(0))I, Me,SO, CH,CI,, Et,N, -78°C (96%). (k) 11-BuLi, acetylene, THF, 
-78°C (74%). ( 1 ) H2Cr04/acetone (Jones') (88%). 

OTHP 
/ 

b 
H d  - e - 

X 
17 X = H O  

I- OTBDMS 

aL  15 X=OH 
16 X=OTHP cG  18 X=MsO 

20 

d G 19 X = (MeO,C),CH 

E~ E - i 

OTBDMS X 

(a) DHP, p-TsOH, THF, r.t. ,  2 h (96%). (b) n-BuLi, THF. HMPA. oxirane -78°C to r.t., 22 h (82%). (c) CH,SO,CI, EtsN, CH2C12, 
0°C to r.t., 3 h (92%). (d) CH,(CO,Me)I, NaH, THF, DMF, reflux, 18 h (75%). (e) NaH, THF, DMF, r.t., 20 h (74%). (0 Et,O, 
MgBr2. EtzO, 0°C to r.t.. 16 h (78%). (g) CH,SO2Cl, Et,N. CH,CI,, 0°C to r.t. 3 h (94%). (h) CH,(CO,Me),, NaH, THF, DMF, reflux, 
15 h (77%). (i)  n-Bu,NF, p-TsOH, THF, 0°C to r.t., 6 h (83%). ti) (CIC(0))I, Me2S0, CH,CI,, Et,N, -78°C (91%). 

enones obtained from the macrocyclizations of the ynones may occur. This fact was previously observed (8). T o  im- 
were determined by proton nmr. These assignments were prove the yields of the macrocyclizations of the ynones, we 
based on the coupling constants (JH.H (cis) -'. 12.3 Hz and tried several reaction conditions (Table 1) using the same 
J H , H  ( ~ ~ C I I I S )  -- 16.9 Hz) observed for the olefinic hydro- pseudo high-dilution technique. However none of these 
gens. conditions improved the initial results. 

The modest yields obtained for the ynones macrocycli- In summary, we have shown that the intramolecular 
zations might be attributable to the fact that polymerization Michael reaction can indeed be used to form carbocycles 
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(a) tl-BuLi, acetylene, THF, 15 min -78°C (54%). (b) H2Cr0,/ 
acetone (Jones') (88%). (c) Vinylmagnesiu~n bromide, Et?O, 
15 min, -78°C (52%). (d) H?CrO,/acetone (Jones') (72%). 

(a) H,, Pd/CaCO,/Pb poisoned, EtOAc, 2h, r.t. (98%). (b) 
(CI(CO))?, Me,SO, CH,C12, Et,N, -78°C (64%). (c) tz-BuLi. 
acetylene THF, -78"C, 20 min (92%). (d) Jones (76%). (e) Vi- 
nylmagnes~um bromide, Et,O, 20 min, -78°C (59%). (f) H,CrO,/ 
acetone (Jones') (72%). 

SCHEME 4 

when the conditions of reduced transannular steric interac- 
tions and restricted mobility are met. The reaction is partic- 
ularly efficient when an enone is used as the Michael 
acceptor. The yields for the preparation of macrocyclic en- 
ones might be improved by cyclizing an enone substituted 
with a labile group in the P position, which could then be 
used to introduce the desired a, P unsaturation. 

The highly functionalized macrocycles described here- 
with are excellent substrates for further transformations. 
Thus, we obtained some promising preliminary results when 
we carried out the intramolecular Diels-Alder reaction 
on the silylated en01 ether of macrocycle 40. Subsequent 
hydrolysis of the silyl en01 ether afforded a tricyclo- 
[8.4.0.0'.']tetradecan-8-one. Application of this strategy to 
the synthesis of steroids is under way in our laboratories. 

Experimental 
The infrared spectra (ir) were taken on a Perkin-Elmer 681 

spectrophotometer. Protons nmr spectra were recorded on a Bruker 
WM-250 spectrometer. Chemical shifts are reported in 6 relative 
to deuterated chloroform as the internal standard. Abbrevations used 
are m: multiplet, s: singlet, d: doublet, t: triplet, q: quartet. Mass 
spectral assays (ms m / e )  and exact masses were obtained using a 
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TABLE 1 .  Reaction conditions for macrocylization of ynone 14 

Base Solvent T("C) Results 

Cs2C0, CH,CN 0 46% macrocyclization 
CszCO~ CH30H r.t. 38% of starting material 

(and polymerization) 
Et,N/Et,N . HCI CH3CN r.t. Starting material 
Et,N/MgBrZ. Et,O CH,C12, THF r.t. Starting niaterial 

VG Micromass ZAB-1F spectrometer. Reactions were carried out 
under an argon atmosphere, except for hydrogenations. Chro- 
matographic separations were done using Merck silica gel 230-400 
mesh ASTM. 

Aceryler~e 2 
To a solution of alcohol 1 (10.8 mL, 0.143 mol) and p-toluene- 

sulfonic acid (1.4 g, 0.007 rnol) in tetrahydrofuran (60 mL) at room 
temperature was added 3,4-dihydropyran (30 mL, 0.329 rnol). After 
stirring for 2 h, a saturated solution of sodium bicarbonate was 
added. The aqueous phase was extracted three times with diethyl 
ether. The combined organic layers were washed with brine, dried 
over magnesium sulfate, filtered, and evaporated. The residue was 
purified by distillation (90°C, 12 Tom; I Torr = 133.3 Pa) afford- 
ing 2 (16.3 g, 74%); ir (neat): 3330, 2940-2870, 1440, 1355. 1200, 
1130, 1035 cm-'; 'H nmr (CDC1,) 6: 4.64 (IH. rn, OCHO), 3.93- 
3.79 (2H, m, CH,O), 3.6 1-3.47 (2H, m, CHZO), 2.48 (2H, td, 
J = 7.0, 2.7 Hz, CH,C=C), 1.97 ( lH ,  t, J = 2.7 Hz, C=CH), 
1.90- 1.45 (6H, m, (CH?),). 

Alcohol 3 
To a solution of 2 (5.00 g, 32.43 mmol) in tetrahydrofuran 

(45 mL) and HMPA (30 mL) at -78°C was added rz-butyllithium 
(1.6 M in hexane, 21 mL, 34.05 rnmol). The mixture was stirred 
for 5 min at -78OC. Liquid oxirane (25 mL, 486 mmol) was then 
added, and the reaction was allowed to warm gradually to room 
temperature (the oxirane was condensed in a bottle and was kept 
in the freezer prior to the reaction; i t  was syringed into the reac- 
tion using a cold syringe). After 22 h, a saturated solution of aiii- 
monium chloride was added and the aqueous phase was extracted 
three times with diethyl ether. The combined organic layers were 
washed twice with a 10% copper sulfate solution, then with brine, 
dried over magnesium sulfate, filtered and evaporated. The crude 
material was purified by column chromatography (30% increasing 
to 50% ethyl acetate in hexane) affording alcohol 3 (5.83 g,  90%). 
This alcohol can be distilled under reduced pressure (250 mTorr, 
llO°C); ir (neat): 3600-3200, 2980-2820, 1440, 1350, 1200- 
1020 cm-';  'H nmr (CDC1,) 6: 4.64 ( IH,  ni, OCHO), 3.92-3.76 
(2H, m, CH20) ,  3.67 (2H, q ,  J = 6.2 Hz, CH,OH), 3.60-3.48 
(2H, m, CH,O), 2.5 1-2.39 (4H, m, CH,C=CCH,), 1.96 (I H, t, 
J = 6.2 Hz, CH,OH), 1.82-1.49 (6H, m, (CH,),). 

Mesylare 4 
To a solution of alcohol 3 (14.6 g, 73.63 mmol) and triethyl- 

amine (14.4 mL, 103 mmol) in dichloromethane (245 niL) at P C ,  
methanesulfonyl chloride (6.8 mL, 88.36 mmol) was added. The 
mixture was stirred for 3 h, letting the temperature rise to room 
temperature. Water was then added and the aqueous phase was 
extracted three times with dichloromethane. The combined or- 
ganic layers were washed with brine, dried over magnesium sul- 
fate, filtered, and concentrated. The crude material was purified by 
column chromatography (30% ethyl acetate in hexane) affording 
mesylate 4 (19.34 g, 95%); ir (neat): 2980-2840, 1440, 1355, 1175, 
1070, 1035, 100-800 cm-I; 'H nmr (CDCI,) 6: 4.62 ( IH,  m, 
OCHO), 4.26 (2H, t, J = 6.9 Hz, CH20Ms), 3.87-3.74 (2H, m, 
CH,O), 3.54-3.47 (2H, m, CH20), 3.04 (3H, s, OSO,CH,), 2.62 
(2H, tt, J = 6.9, 2.4 Hz, C-CCH,CH,OMs), 2.46 (2H, tt, J = 
7.0, 2.4 Hz, C-CCH,CH,OTHP), 1.80-1.51 (6H, m, (CH,),). 

Mcrlorzrrte 5 
To a suspension of sodium hydride (60% in oil, 650 mg, 

16.25 ~nmol)  in N,N-dimethylformamide (65 mL), dimethylmalo- 
nate (1.93 mL, 16.93 mmol) was added slowly. The niixture was 
heated at =50°C, using a water bath, to help solubilize the formed 
anion. The reaction mixture was then added using a cannula to a 
solution of ~nesylate 4 (1.83 g ,  6.62 mmol) and potassium iodide 
( I .  1 g ,  6.62 mmol) in tetrahydrofuran (60 mL). The mixture was 
refluxed for 18 h and then cooled to room temperature. A satu- 
rated solution of amrnonium chloride was added and the aqueous 
phase was extracted three times with a mixture of diethyl ether and 
hexane (I : I). The combined organic layers were washed with brine, 
dried over magnesium sulfate, filtered, and concentrated. The crude 
product was purified by column chromatography (5% increasing 
to 50% ethyl acetate in hexane) affording ester 5 (1.61 g,  78%); 
ir (neat): 2980-2840, 1770- 1720, 1440, 1370- 1 120, 1090- 
1010 cm-I; 'H nmr (CDC1,) 6: 4.63 ( lH ,  m, OCHO), 3.87-3.75 
(2H, m,CH,O),3.74(6H,s,CO2CH,),3.6I ( l H , t , J = 7 . 3 H z ,  
CH(E),), 3.56-3.39 (2H, m, CH,O), 2.44 (2H, tt, J = 7.1, 
2.3 Hz, CH,CH,OTHP), 2.27-2.20 (2H, m, CH,CH2CH(E)>), 
2.10-2.05 (2H, m, CH2CH(E)?), 1.75- 1.49 (6H, m, (CH,),). 

lorlide 6 
To a solution of tetrabutyla~nmonium iodide (45.0 g,  0.122 moll 

and tetrahydrofuran (11.4 niL, 0.122 mol) in chloroform 
(140 mL), at room temperature, boron trifluoride etherate 
(15.0 mL, 0.122 mol) was aded. The niixture was refluxed for 
24 h, cooled, and a saturated solution of sodium bicarbonate was 
added. The aqueous phase was extracted three times with dichlo- 
romethane. The combined organic layers were washed with a 10% 
solution of sodium thiosulfate, then brine, dried over magnesium 
sulfate, filtered, and evaporated. The crude material was then tri- 
turated with diethyl ether affording crude 4-iodobutanol (16.9 g), 
which was used without further purification owing to fast decom- 
position by light. 

To a solution of the crude iodobutanol (16.9 g,  0.085 mol) and 
irnidazole (14.5 g,  0.20 mol) in dichloromethane (60 mL) at room 
temperature, ret.r-butyldimethylchlorosilane (15.3 g ,  0 .1 rnol) was 
added. After stirring for 2 h, water was added and the aqueous phase 
was extracted three times with dichloromethane. The combined 
organic layers were washed with brine, dried over magnesium 
sulfate, filtered, and evaporated. The crude product was purified 
by colullln chromatography (5% increasing to 50% ethyl acetate in 
hexane) affording iodide 6 (24.26 g,  66%); ir (neat): 2980-2820, 
1470, 1205, 1105 cm-I; 'H nmr (CDCI,) 6: 3.63 (2H, t, J = 
6.1 Hz, CH,OSi), 3.22 (2H, t ,  J = 7.0 Hz, CH21), 1.90 (2H, m, 
CH2CH20Si). 1.60 (2H, rn: CH,CH,I), 0.89 (9H, s, 1-Bu), 0.05 
(6H, s ,  (CH,),Si). 

Alkyrze 7 
To a suspension of sodium hydride (134 ing, 3.36 mmol) in N,N- 

dirnethylformamide (32 mL) and tetrahydrofuran (1 8 mL), malo- 
nate 5 (1.0 g, 3.2 mmol) dissolved in tetrahydrofuran (10 mL) was 
added. The mixture was stirred for 2-3 min at =50°C using a water 
bath, to help solubilize the anion formed. Iodide 6 (1.1 g, 
3.52 mmol) was added at 50°C and then the bath was removed. 
After stirring for 20 h at room temperature, a saturated solution of 
ammonium chloride was added and the aqueous phase was ex- 
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tracted three times with a mixture of hexane and diethyl ether ( 1  : 1). 
The combined organic layers were washed with a 10% solution of 
sodium thiosulfate, then brine, dried over magnesium sulfate, fil- 
tered, and evaporated. The crude product was purified by column 
chromatography (5% increasing to 30% ethyl acetate in hexane) 
affording alkyne 7 (684.3 mg, 73%); ir (neat): 2980-2840, 1735, 
1460, 1440, 1260- 1030 cm-';  'H nmr (CDCI,) 6: 4.63 ( I H ,  m, 
OCH 0 ) ,  3.87-3.69 (2H, m, CH,O), 3.70 (6H. s ,  CO,CH,), 3.58 
(2H, t, J = 6.3 Hz, CH20Si). 3.55-3.45 (2H, m, CH20) ,  2.47- 
2.41 (2H, m, CH?CH,OTHP), 2.12-2.06 (4H, m, CHIC-CCH?), 
1.92-1.45 (]OH, m, CH2C(E;I2 CH,CHIOSi, (CH,)4, 1.26- 1.16 
(2H, m, CHICH2CH20Si), 0.88 (9H, s, t-Bu), 0.08 (6H, s ,  
(CH,),Si). 

Alcohol 8 
To a solution of alkyne 7 (2.138 g, 4.29 mmol) in anhydrous 

diethyl ether (66 mL) at O°C, magnesium bromide etherate (3.7 g ,  
12.87 mmol) was added. The reaction was stirred for 16 h, while 
allowing the mixture to warm gradually to room temperature, then 
water was added and the aqueous phase was extracted three times 
with diethyl ether. The combined organic layers were washed with 
brine, dried over magnesium sulfate, filtered, and evaporated. The 
crude product was purified by column chromatography (20-30% 
ethyl acetate in hexane) affording alcohol 8 (1.455 g ,  82%); ir 
(neat): 3600-3200, 2980-2840, 1735, 1460- 1430, 1260, 1 100, 
1050 cm-';  ' H  nmr (CDCI,) 6: 3.72 (6H. s, CO,CH,). 3.67 (2H, 
q, J = 6.2 Hz, CH,OH), 3.59 (2H, t, J = 6 . 3  Hz, CHIOSi), 2.40 
(2H, t, J = 6.2 Hz, CH2CH?OH), 2.14 (4H, s, C=CCHZ 
CH2C(E)?), 1.99 ( I  H, t, J = 6.2 Hz, OH) ,  1.94- 1.87 (2H, ni, 
CH2(CH2),0Si), 1.57-1.46 (2H, m, CH,CH,OSi), 1.26-1. I6 (2H, 
m, CH,CH,CH,OSi), 0.88 (9H, s ,  t-Bu), 0 .03 (6H, s,  (CH,),Si). 

Mesylcrte 9 
Mesylate 9 was synthesized using the same procedure as that for 

the preparation of mesylate 4, from alcohol 8 (1.45 g,  5 .0  mmol), 
dichloromethane ( I2  mL), triethylamine (0.7 mL, 5.0 mmol). and 
methanesulfonyl chloride (325 KL, 4.2 mmol). The crude product 
was purified by column chromatography (20-40% ethyl acetate in 
hexane) affording mesylate 9 (1.63 g ,  99%); ir (neat): 3000-2860, 
1480- 1440, 1360, 1 175, 1255, 1 100. 1000-780 cm~- l ;  'H nmr 
(CDC1,) 6: 4.25 (2H, t, J = 7.0 Hz, CH,OMs), 3.71 (6H, s ,  
C02CH3), 3.59 (2H, t, J = 6.3 Hz, CH,OSi), 3.04 (3H, s,  
S(0)2CH3), 2.60 (2H, t, J = 7.0 HZ, CH2CHIOMs), 2.10 (4H, 
s, C-CCH,CH,C(E),), 1.92- 1.85 (2H, m, CH,(CH,),OSi), I .56- 
1.45 (2H, m, CH,CH,OSi), 1.27-1.17 (2H, m,  CH2(CH2)20Si), 
0.88 (9H, s, t-Bu), 0.03 (6H, s ,  (CH,)?Si). 

Ester- 10 
Ester 10 was synthesized using the same procedure as for the 

preparation of ester 5, from sodium hydride (60% in oil, 336 rng, 
8.4 mrnol), N,N-dimethylformarnide (44 mL), dimethyl malonate 
(1 mL, 8.75 mmol), mesylate 9 (1.634 g, 3.5 mrnol), potassium 
iodide (581 mg, 3.5 mmol), and tetrahydrofuran (20 mL). The 
crude product was purified by column chromatography (5-40% 
ethyl acetate in hexane) affording ester 10 (1.607 g ,  87%); ir 
(neat): 3000-2840, 1770-1720, 1450, 1370-1090 cm-I; 'H nmr 
(CDCI,) 6: 3.75 (6H, S, CH(C02CH3),), 3 .7  1 (6H, S, R2C(C02- 
CH,),), 3.62-3.55 (3H, m, CH(E)?, CHZOSi), 2.26-2.20 (2H, m. 
C=CCH2CHZCH(E)?), 2.12-2.02 (6H, m, CH,CH2C(E),, CH2- 
CH(E)?), 1.92- 1.85 (2H. m, CH,(CH2)30Si). 1.55- 1.48 (2H. rn, 
CH?CH?OSi), 1.26- 1.16 (2H, m. CH,CH2CHZOSi), 0.88 (9H. s ,  
t-Bu), 0.03 (6H, s. (CH,)?Si). 

Alcohol 11 
To a solution of ester 10 (1.607 g,  3.04 mmol) in tetrahydro- 

furan (15 mL), at O°C, a solution of tetrabutylammonium fluoride 
( IM,  3.65 mL, 3.65 mmol) was added. The mixture was stirred for 
18 h, while allowing the reaction to warm gradually to room tem- 
perature. A saturated solution of ammonium chloride was then 
added, and the aqueous phase was extracted three times with di- 
ethyl ether. The combined organic layers were washed with brine, 

dried over magnesium sulfate, filtered, and evaporated. The crude 
product was purified by column chromatography (50-100% ethyl 
acetate in hexane) affording alcohol 11 (756 mg. 62%); ir (neat): 
3600-3200, 2980-2840, 1770- 1700, 1450, 1370- 1 150, 
1050 cm-';  'H nmr (CDCI,) 6: 3.75 (6H, s ,  CH(COICH3),), 3.72 
(6H, S ,  R2C(C02CH,)2), 3.65 (2H, t, J = 6.4 Hz, CH,OH), 3.55 
( IH,  t, J = 7.3 Hz, CH(E)?), 2.25-2.20 (2H, m, CH2CH2CH(E):), 
2.15-2.02 (7H, m, OH, CH?CH,C(E)?. CH,CH(E)?), 1.95- 1.88 
(2H, m, CH2(CH2),0H), 1.63-1.54 (2H, m, CH,CH20H), 1.32- 
1.18 (2H, m, CH2CH,CH,0H). 

Aldehyde 12 
TO a solution of oxalyl chloride (182 KL, 2.09 mmol) in dichlo- 

romethane (2 mL) at -78OC, dirnethyl sulfoxide (0.3-mL, 
4.18 mmol) was added. The reaction was stirred for 5 min. Alco- 
hol 11 (786 mg, 1.9 mmol) dissolved in dichloromethane was then 
added. After stirring for 15 min, triethylamine (1.3 mL, 9.5 mol) 
was added and the mixture stirred for another 5 min, allowing the 
reaction to warm slowly to room temperature. Water was then added 
and the aqueous phase was extracted three times with dichloro- 
methane. The combined organic layers were washed with brine, 
dried over magnesium sulfate, filtered, and evaporated. The crude 
product was purified by column chromatography (30% ethyl ace- 
tate in hexane) affording aldehyde 12 (75 1 mg, 96%); ir (neat): 
3000-2820, 2750, 1770-1700, 1450, 1370-1 140, 1 100, 1050 
cm-I; 'H nmr (CDC1,) 6: 9.75 ( I H ,  t ,  J = 1.3 Hz, C(O)H), 3.75 
(6H, S, CH(C0,CH3)2), 3.73 (bH, S, R2C(C02CH3)2), 3.57 ( l H ,  
t, J = 7.3 Hz, CH(E),), 2.47 (2H, td, J = 7.1, 1.3 Hz, 
CH,C(O)H), 2.25-2.20 (2H. rn, CH,CHFH(E),), 2.19-2.04 (6H, 
m. CH,CH,C(E),), CH2CH(E),), 1.93-1.86 (2H, m, CH2(CH2)2- 
C(O)H), 1.58-1.48 (2H, m, CH2CH,C(0)H). 

Alcohol I3 
To 11-butyllithium (1.6 M, 4.5 mL, 7.24 mmol) in tetrahydro- 

furan (3 mL) at -78'C, was added acetylene (14.48 mmol). The 
mixture was stirred for 5 min at -78°C and aldehyde 12 (748 mg, 
1.81 mmol) dissolved in tetrahydrofuran (7 mL) was added. The 
reaction was stirred for another 15 min at -78"C, after which time 
a saturated solution of ammonium chloride was added and the 
aqueous phase was extracted three times with diethyl ether. The 
combined organic layers were washed with brine, dried over mag- 
nesium sulfate, filtered, and evaporated. The crude product was 
purified by column chromatography (30% increasing to 50% ethyl 
acetate in hexane) affording alcohol 13 (586 mg, 74%); ir (neat): 
3600-3340, 3290, 3000-2840, 1770-1700, 1440, 1350- 1 150, 
1110, 1050 cm-I; ' H  nmr (CDCI,) 6: 4.08 ( IH.  dq, J = 5.5, 
2.1 Hz, HC=CCH(R)OH). 3.75 (6H, s, CH(C0,CH,)2) 3.72 (6H, 
s,  R2C(C02CH,),), 3.57 (I H, t, J = 7.3 Hz, CH(E):), 2.47 ( IH,  
t, J = 2.1 Hz, C=CH). 2.26-2.20 (2H, m, CH,CH,CH(E)?), 
2.13-2.02 (6H, m, CH,CH(E)?). CHICH,C(E)2), 1.96- 1.90 (3H, 
m, CH,(CH,)?CH(R)OH), 1.77-1.68 (2H, m,  CH?CH(R)OH), 
1.43-1.36 (2H, m, CH2CH,CH(R)OH). 

Yt~one 14 
To a solution of alcohol 13 (583 mg, 1.33 mmol) in acetone 

(4 mL) at O°C, Jones' reagent was added until a red color per- 
sisted for 15 min. Isopropanol was then added until a green color 
appeared. Water was then added and the aqueous phase was ex- 
tracted three times with dichloro~iiethane. The combined organic 
layers were washed with brine, dried over magnesium sulfate, fil- 
tered, and evaporated. The crude product was purified by column 
chromatography (30% ethyl acetate in hexane) affording alkyne 14 
(512 mg, 88%); ir (neat): 3250. 3000-2840, 2100, 1770-1700, 
1700-1670, 1450. 1350-1050 cm-I; 'H nmr (CDCI,) 6: 3.75 (6H, 
s, CH(CO,CH,),), 3.72 (6H, s ,  R,C(CO,CH,),), 3.58 (1 H, t, J = 
7.3 Hz, CH (COICH,),), 3.24 ( 1 H, s ,  C--CH), 2.61 (2H, t, J = 
7.0 Hz. CH,C(O)C=CH), 2.22-2.19 (2H. m, CH,CH?CH- 
(CO?CH,),). 2.13-2.02 (6H, m, CH2CH(C02CH3)?. C--CCH,- 
CH,C(CO,CH,),), 1.92- 1.85 (2H, m, CH,(CH,),C(O)C=CH), 
1.59-1.52 (2H. m. CH,CH,C(O)C-CH); ms tn / e  (70 eV): 436 
(M'I~). 
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Ace~letze 16 
Acetylene 16 was synthesized using the same procedure as for 

the preparation of acetylene 2, from 4-pentyn-1-01 (1.65 mL, 
17.83 mmol), p-toluenesulfonic acid (0.03 g, 1.17 mmol), tetra- 
hydrofuran (10 mL), and dihydropyran (3.8 mL, 41 mmol). The 
crude product was purified by column chromatography (10% ethyl 
acetate in hexane) affording 16 (2.89 g ,  96%); ir (neat): 3300, 
2980-2850, 1450, 1350, 1300- 1000 cm-'; 'H nmr (CDCI,) 6: 4.60 
( l H ,  m,  OCHO), 3.91-3.81 (2H, m, CH20),  3.54-3.43 (2H, m, 
CH20),  2.30 (2H, td, J = 7.3, 2.6 Hz CH,C=CH), 1.94 ( IH, t, 
J = 2.6 Hz, C=CH), 1.87-1.48 (8H, m, THPOCH2CH2, (CH,),; 
ms m/e (70 eV): 176 (M+). 

Alcohol 17 
Alcohol 17 was synthesized using the same procedure as for the 

preparation of alcohol 3, from alkyne 16 (2.0 g ,  11.89 mmol), 
tetrahydrofuran (30 mL), hexamethylphosphoramide (HMPA) 
(10 mL), n-butyllithium (1.6 M in hexane, 8.2 mL, 13.1 mmol), 
and oxirane (9 mL, 178.4 mmol). The crude product was purified 
by column chromatography (30-50% ethyl acetate in hexane) af- 
fording alcohol 17 (2.07 g, 82%); ir (neat): 3600-3200, 2980-2840, 
1450, 1350, 1300-1000 cm-';  'H nmr (CDC1,) 6: 4.59 ( l H ,  m, 
OCHO),  3.92-3.81 (2H, m, CH20),  3.67 (2H, q ,  J = 6.2 Hz, 
CH20H),  3.54-3.43 (2H, m, CH,O), 2.42 (2H, tt, J = 6.2, 
2.3 Hz, CECCH~CH~OH),  2.29 (2H, tt, J = 7.0, 2.3 Hz, 
CH,C=CCH,CH?OH), 1.98 ( lH,  t, J = 6.2 Hz, OH),  1.84-1.48 
(8H, m, (CH?),, THPOCH2CH2); ms m/e (70 eV): 2 1 1 (M ' - H), 
181 (M+ - CH20H).  

Mesylnre 18 
Mesylate 18 was synthesized using the same procedure as for the 

preparation of mesylate 4, from alcohol 17 (2.05 g ,  9.64 mmol), 
triethylamine (2 mL, 13.5 mmol), dichloromethane (32 mL), and 
methanesulfonyl chloride (0.9 mL, 11.6 mmol). The crude prod- 
uct was purified by column chromatography (30% ethyl acetate in 
hexane) affording mesylate 18 (2.55 g, 92%); ir (neat): 2980-2850, 
1450, 1350, 1 180, 1250-1000, 1000-750 cm-'; 'H nmr (CDC1,) 
6: 4.58 ( IH,  m, OCHO), 4.25 (2H, t, J = 6.9 Hz, CH,OMs), 
3.90-3.76 (2H, m, CH20), 3.54-3.41 (2H, m, CH,O), 3.04 (3H, 
S, 0S02CH3),  2.6 1 (2H, tt, J = 6.9, 2.4 HZ, CH2CH,0Ms), 2.26 
(2H, tt, J = 7 .1 ,  2.4 Hz, CH,(CH,),OTHP), 1.82- 1.40 (8H, m, 
THPOCH2CH2), (CH,),). 

Mnlonare 19 
Malonate 19 was synthesized using the same procedure as for the 

preparation of malonate 5, from sodium hydride (50% in oil, 
2.0 g,  42.33 mmol), N,N-dimethylformamide (172 mL), di- 
methyl malonate (5.0 mL, 43.05 mmol), mesylate 18 (5.0 g, 17.22 
mmol), potassium iodide (2.9 g,  17.22 mmol), and tetrahydro- 
furan (172 mL). The crude product was purified by column chro- 
matography (30% ethyl acetate in hexane) affording 19 (4.22 g,  
75%); ir (neat): 2980-2850, 1750, 1450, 1350, 1300-1000 cm- ' ;  
'H nmr (CDCI,) 6: 4.58 ( IH,  m, OCHO), 3.86-3.71 (2H, m, 
CH20),  3.74 (6H, s ,  (CO,CH,),), 3.61 ( l H ,  t, J = 7.3 Hz, 
CH(C02CH3)2), 3.52-3.40 (2H, m, CH20) ,  2.28-2.19 (4H, m, 
THPO(CH1)2CH2C=CCH2), 2.10-2.05 (2H, m, CH2CH(E),), 
1.81-1.51 (8H, m, CH,CH,OTHP, (CH,),); ms m/e (70 eV): 326 
(M+). 

Iodide 20 
A solution of chloropropanol (8.8 mL, 106 mmol) and sodium 

iodide (17 g, 117 mmol) in acetone (100 mL) was refluxed for 
24 h. The mixture was cooled to room temperature and sodium 
thiosulfate was added to discolour the solution. Most of the sol- 
vent was evaporated and hexane was then added to precipitate the 
sodium chloride. The mixture was filtered on Celite. Hexane was 
added and the mixture was filtered and evaporated a second time. 
The resulting crude iodopropanol was then dissolved in dichloro- 
methane (400 mL) and imidazole (18 g,  265 mL) was added fol- 
lowed by t-butyldimethylchlorosilane (19 g ,  127 mmol). The 
reaction was stirred at room temperature for 2 h. Water was then 

added and the aqueous phase was extracted three times with di- 
chloromethane. The combined organic layers were washed with 
brine, dried over magnesium sulfate, filtered, and evaporated. The 
crude product was purified by column chromatography (5-40% 
ethyl acetate in hexane) affording iodide 20 (26.96 g, 85%); ir 
(neat): 2980-2840, 1470, 1360, 1200-1000 cm-'; 'H nmr (CDC13) 
6: 3.67 (2H, t, J = 5.7 Hz, CH20Si),  3.28 (2H, t, J = 6.7 Hz, 
CH,I), 2.03- 1.94 (2H, m, CH,CH,CH,), 0.89 (9H, s, t-Bu), 0.07 
(6H, s ,  (CH3)2Si); ms m/e (70 eV): 243 (Mf - t-Bu). 

Alkyne 21 
To a suspension of sodium hydride (492 mg, 1.05 mmol) in N,N- 

dimethylformamide (9.75-mL), malonate 19 (3.18 g ,  9.75 mmol) 
dissolved in tetrahydrofuran (15 mL) was added. The reaction 
mixture was heated at -50°C in a water bath to dissolve the anion 
formed. Iodide 20 (3.2 g ,  10.7 mmol) was added at 50°C, and then 
the bath was removed. The mixture was stirred at room tempera- 
ture for 20 h, and a saturated solution of ammonium chloride was 
then added. The aqueous phase was extracted three times with a 
mixture of diethyl ether and hexane (1 : I).  The combined organic 
layers were washed with brine, dried over magnesium sulfate, fil- 
tered, and evaporated. The crude product was purified by column 
chromatography (30% ethyl acetate in hexane) affording alkyne 21 
(3.60 g ,  74%); ir (neat): 2980-2840, 1740, 1450, 1350, 1300- 
1000 cm-I; 'H nmr (CDCl,) 6: 4.59 ( IH,  m, OCHO), 3.87-3.70 
(2H, m, CH20) ,  3.71 (6H, s, 2x C02CH3), 3.58 (2H, t, J = 
6.3 Hz, CH20Si), 3.49-3.43 (2H, m, CH,O), 2.27-2.21 (2H, m, 
CH2(CH2),0THP), 2.1 1-2.08 (4H, m, C=CCH,CHF(E),), 1.96- 
1.81 (2H, m, C-CCH2CH2C(E)2CH,), 1.78-1.51 (8H, m, CH2- 
CH20THP, (CH,),), 1.41 - 1.34 (2H, m, CH2CH20Si), 0.88 (9H, 
s, 1-Bu), 0.03 (6H, s ,  (CH,)?Si); ms m/e (70 eV): 498 (M+), 441 
(M-' - t-Bu). 

Alcohol 22 
Alcohol 22 was synthesized using the same procedure as for the 

preparation of alcohol 8 from alkyne 21 (1.04 g, 1.98 mmol), an- 
hydrous diethyl ether (100 mL), and magnesium bromide etherate 
(6.18 g,  21.66 mmol). The crude product was purified by column 
chromatography (30% ethyl acetate in hexane) affording alcohol 
22 (1.33 g, 78%); ir (neat): 3600-3200, 2980-2850, 1450, 1350, 
1300-1000 c m ' ;  'H nmr (CDCI,) 6: 3.75-3.70 (2H, m, CH,OH), 
3.71 (6H, s ,  2X CO,CH,), 3.59 (2H, t, J = 6 .2  Hz, CH,OSi), 
2.28-2.22 (2H, m, CH2(CH2),0H), 2.13-2.09 (4H, m, 
C=CCH,CH,C(E),), 1.96-1.90 (2H, m, CH,(CH2),0Si), 1.73- 
1.67 (3H, m, CH2CH20H), 1.40- 1.34 (2H, m, CH2CH20Si), 0.88 
(9H, s, r-Bu), 0.03 (6H, s,  (CH,),Si); ms m/e (70 eV): 415 (M+),  
399 (M' - CH,), 383 (Mt  - CH,O), 357 (M+ - t-Bu). 

Mesylnte 23 
Mesylate 23 was synthesized using the same procedure as for the 

preparation of mesylate 9, from alcohol 22 ( 1.38 g ,  3.33 mmol), 
dichloromethane (20 mL), triethylamine (0.6 mL), and methane- 
sulfonyl chloride (2.28 mL, 4 . 2  mmol). The crude product was 
purified by column chromatography (25% ethyl acetate in hexane) 
affording mesylate 23 (1.44 g, 94%); ir (neat): 2980-2850, 1450, 
1350, 1 180, 1300- 1000, 1000-750 cm-I; 'H nmr (CDCI,) 6: 4.33 
(2H, t, J = 6.1 Hz, CH20Ms), 3.71 (6H, s ,  2X C0,CH3), 3.59 
(2H, t, J = 6.2 Hz, CH20Si),  3.03 (3H, s ,  OSO2CH3), 2.35-2.27 
(2H, m, CH2(CH2)?0Ms), 2.10 (4H, m, C=CCH2CH2C(E),), 
1.96- 1.87 (4H, m, CH,CH,OMs, CH,(CH,),OSi), 1.45-1.30 (2H, 
m, CH2CH,0Si), 0 .88 (9H, s ,  t-Bu), 0.04 (6H, s,  (CH,),Si). 

Ester 24 
Ester 24 was synthesized using the same procedure as for the 

preparation of ester 10, from sodium hydride (60% in oil, 
356 mg, 7.42 mmol), N,N-dimethylformamide (40 mL), dimeth- 
ylmalonate (0.9 mL, 7.73 mmol), mesylate 23 (1.42 g, 
3.09 mmol), potassium iodide (512 mg, 3.09 mmol), and tetrahy- 
drofuran (40 mL). The crude product was purified by column 
chromatography (20% ethyl acetate in hexane) affording ester 24 
(1.23 g ,  77%); ir (neat): 2980-2850, 1740, 1450, 1350, 1300- 
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1000 cm-'; 'H nmr (CDCI,) 6: 3.73 (6H, s, CH(C02CH,)I), 3.70 
(6H, s, R2C(C02CH,)2) 3.57 (2H, t, J = 6.2 Hz, CH20Si), 3.38 
(1  H, m, CH (E),), 2.18-2.02 (6H, rn, CH,C-CCH2CH2C(E),R), 
1.99-1.61 (4H, m, CH,CH(E),, CH,(CH,)?OSi), 1.60-1.33 (4H, 
m, CH,CH20Si, CH2CHICH(E),). 0.87 (9H, S, I-Bu), 0.03 (6H, 
s, (CH,),Si). 

Alcol1ol25 
To a solution of ester 24 (2.38 g, 4.77 mmol) andp-toluenesul- 

fonic acid (1.36 g, 7.16 mmol) in tetrahydrofuran ( 1  6 mL) at O°C, 
a solution of tetrabutylamrnonium fluoride (1 M, 3.65 mL, 
3.65 mmol) was added. 'The mixture was stirred for 6 h, allowing 
the reaction to warm gradually to room temperature. A saturated 
solution of ammonium chloride was then added and the aqueous 
phase was extracted three times with diethyl ether. The combined 
organic layers were washed with brine, dried over magnesium 
sulfate, filtered, and evaporated. The crude product was purified 
by column chromatography (50% ethyl acetate in hexane) afford- 
ing alcohol 25 (1.65 g, 83%); ir (neat): 3600-3200, 3010-2840, 
1770-1700, 1450, 1350, 1300-1000 cm--I; 'H nmr (CDCI,) 6: 3.74 
(6H, S, CH(C02CH3),), 3.72 (6H, S, R2C(C02CH3)2) 3.67-3.60 
(2H, m, CH,OH), 3.38 ( lH,  t, J = 7.5 Hz. CH(E),), 2.18-2.1 l 
(6H, m, CH2C-CCHICHIC(E),R), 2.0 1 - 1.93 (4H, In. CH2- 
CH(E),, CH2(CH2)?0H), 1.62-1.24 (5H, m, CHICHIOH, 
CH,CH,CH(E),); ms rn/e (70 eV): 397 (M' - OH), 383 (M' - 
OCH?). 

Aldehyde 26 
Aldehyde 26 was synthesized using the same procedure as for 

the preparation of aldehyde 12, from oxalyl chloride (0.12 mL, 
1.33 mmol), dichloromethane (3 mL), dimethyl sulfoxide 
(0.19 mL, 2.66 mmol), alcohol 25 (500 mg, 1.2 1 mrnol), dichlo- 
romethane (7 mL), and triethylamine (0.85 mL, 6.05 nlnlol). The 
crude product was purified by colu~nn chromatography (30% ethyl 
acetate in hexane) affording aldehyde 26 (456 Ing, 91%); ir (neat): 
3000-2880, 2840, 2740, 1760- 1700, 1450, 1350, 1300- 
1000 crn-'; 'H nmr (CDCI,) 6: 9.74 (IH, s, C(O)H), 3.74 (6H, s, 
CH(CO,CH,),), 3.72 (6H, s, R?C(CO?CH,),), 3.38 ( 1  H, t ,  J = 
7.5 Hz, CH (E)?), 2.48 (2H, t ,  J = 7.6 Hz, CH,C(O)H), 2.25-2.1 1 
(8H, m, CH,C=CCH?CH2C(E)2CH,), 2.02-1.93 (2H, nl, CHI- 
CH(E)?), 1.52-1.46 (2H, m, CH,CH2CH(E),); ms nl/e (70 eV): 
412 (ML). 

Alcohol 27 
Alcohol 27 was synthesized using the same procedure as for the 

preparation of alcohol 13, from tetrahydrofuran (3 I ~ L ) ,  11-butyl- 
lithiuln (1.6 M in hexane, 2.75 nlL, 4.4 mmol), acetylene 
(24.5 n ~ L / n ~ n ~ o l ,  215 mL, 8.8 ~ntnol), aldehyde 26 (454 nlg, 
1.1 mmol), and tetrahydrofuran (5 mL). The crude product was 
purified by column chronlatography (40% ethyl acetate in hexane) 
affording alcohol 27 (262 Ing, 54%); ir (neat): 3600-3340, 3300, 
3000-2840, 1770- 1700, 1450, 1350, 1300- 1000 cnl-'; 'H nmr 
(CDC1,) 6: 4.42-4.31 (IH, m, CH-OH), 3.74 (6H, s, CH(C02- 
CH3)?), 3.72 (6H, S, R2C(C02CH3)2), 3.39 ( lH,  t ,  J 7.6 HZ, 
CH(E)?), 2.48 (IH, d, J = 2.0 Hz. C=CH), 2.18-2.10 (8H, m,  
CH,C=CCHI(CH?C(E)?CH2), 2.09-1.93 (3H, n ~ ,  CH2CH(E)?- 
OH). 1.66- 1.45 (4H, 111. CH,CH2CH(E)I,CH2CH(OH)C~CH); 
nls ni/e (70 eV): 439 (MH'), 421 (Mt - OH), 402 ( M ~  - OCHj). 

Yno~le 28  
Ynone 28 was synthesized using the same procedure as for the 

preparation of ynone 14, from alcohol 27 (252 mg. 0.574 mmol), 
Jones' reagent, and acetone (5  mL). The crude product was puri- 
Pied by column chrolnatography (30% ethyl acetate in hexane) af- 
fording alkyne 28 (220 mg, 88%); ir (neat): 3265, 3000-2840, 
2100, 1770-1710, 1700-1680, 1450, 1350, 1300-1000 cm- '; 'H 
nmr (CDCI,) 6: 3.74 (6H, s, CH(C02CH,)2), 3.73 (6H, s, 
R2C(C02CH3)I), 3.38 (IH, t ,  J = 7.6 Hz, CH(E)?), 3.24 ( lH.  S,  

C=CH), 2.66-2.61 (2H, nl, CH,C(O)), 2.28-2.1 1 (8H, m. 
CH2C-CCH2CH2C(E)2CH2), 2.02- 1.93 (2H, m, CH,CH(E),). 

1.52-1.46 (2H, m, CH2CH2CH(E)2); ms m/e  (70 eV): 436 (M'), 
304 (Mt - OCH,). 

Alcol1ol29 
To a solution of aldehyde 26 (338 mg, 0.82 mmol) in anhy- 

drous diethyl ether (20 rnL) at -78"C, vinylmagnesium bromide 
( 1  M in THF, 4. I mL, 4.1 mmol) was added. The mixture was 
stirred for I5 min, and a saturated solution of sodium bicarbonate 
was added. The aqueous phase was extracted three times with di- 
ethyl ether. The combined organic layers were washed with brine, 
dried over ~nagnesiutn sulfate, filtered, and evaporated. The crude 
product was purified by column chromatography (40% ethyl ace- 
tate in hexane) affording alcohol 29 (188 mg, 52%); ir (neat): 3600- 
3200, 3000-2840, 1760-1700, 1450, 1350 cm-I; 'H nmr (CDCI,) 
6: 5.84 ( lH ,  ddd. J = 17.2, 10.4, 6.1 Hz, CH(OH)CH=CH?), 
5.24 ( lH, d,  J = 17.2 Hz, CH(OH)CH=CH (cis to alkyl group)), 
5.13 (IH, d ,  J = 10.4 Hz, CH(OH)CH=CH (tm~is to alkyl 
group)), 4.18-4.00 (1H. m, CH(OH)), 3.74 (6H, s, 
CH(CO,CH,)?), 3.72 (6H, S,  RIC(C0,CH3)2), 3.39 ( lH,  t ,  J = 
7.5 Hz, CH(E),), 2.19-2.09 (6H, m, CH2C-CCH2CH2C(E)ICHI), 
2.09- 1.90 (4H, In, CH2CH(E),, CH2CHICH(OH)), 1.67- 1.64 (1 H, 
OH ), 1.58-1.38 (4H, m, CHICH2CH(E)?, CH,CH,CH(OH)); ms 
m/e (70 eV): 440 (M ' ) .  

Ennrie 30 
Enone 30 was synthesized using the same procedure as for the 

preparation of ynone 14, from alcohol 29 (183 nlg. 0.415 mmol), 
Jones' reagent, and acetone (5 n1L). The crude product was puri- 
fied by column chromatography (30% ethyl acetate in hexane) af- 
fording alkene 30 (131 mg, 72%); ir (neat): 300-2840, 1770-1700, 
1700- 1680, 1450, 1350, 1300- 1000 cm--I; 'H nmr (CDCI,) 6: 6.32 
( 1  H, dd, J = 17.7, 10.1 Hz, C(0)-CH=CHI), 6.24 (1 H, dd, J = 
17.7, 1.8 Hz, C(O)CH=CH cis to the ketone), 5.83 ( lH,  dd, J = 
10.1, 1.8 Hz, C(O)CH=CH trnris to the ketone), 3.74 (6H, s, 
CH(C02CH,)2), 3.72 (6H, S, R2C(C02CH3)2), 3.38 (IH, t, J = 
7.5 Hz, CH (C02CH3),), 2.62-2.56 (2H, m, CH2(C(0)), 2.24-2.1 1 
(8H, m,  CH,CrCCH2CH2C(E)2CH,), 2.04-1.92 (2H, m, 
CH,CH(E)?), 1.51-1.45 (2H, m, CH,CH,CH(E),); ms m/e 
(70 eV): 423 (M' - OH), 409 (M' - OCH,). 

Alcohol 31 
Hydrogen was bubbled for 15 min in a solution of alkyne 25 

(292 mg, 0.70 mmol) in ethyl acetate (10 mL) containing Lind- 
lar's catalyst (30 mg). The mixture was stirred for 5.5 h under an 
hydrogen atmosphere. The mixture was then filtered on Celite and 
concentrated affording alkene 31 (286 mg, 98%); ir (neat): 3600- 
3200, 3010, 3000-2840, 1780- 1680, 1450, 1350 cm--'; 'H nmr 
(CDCI,) 6: 5.36-5.32 (2H, t ,  J = 4.7 Hz, CH=CH ), 3.73 (6H, 
S, CH(CO,CH.I)?), 3.72 (6H, S ,  RIC(C02CH3)2), 3.68-3.6 1 (2H, 
m, CHIOH), 3.35 (1  H, t. J 7.5 Hz, CH (C02CH,),). 2.04-1.84 
(lOH, nl. CH2C(E)ICH2CHlCH=CHCH2CH1CH2CH(E)2), 1.7 1- 
1.65 (IH, In, OH),  1.48-1.25 (4H, m. CH,CH,OH, 
CH2CH2CH(E),); 111s rn/e (70 eV): 417 (MH').  

Alclehyrle 32 
Aldehyde 32 was synthesized using the same procedure as for 

the preparation of aldehyde 12, from oxalyl chloride (0. I8 mL, 
2.08 ~nmol), dichloromethane (5 mL), dimethyl sulfoxide 
(0.30 IIIL, 4.16 mmol). alcohol 31 (0.785 mg, 1.89 mnlol), di- 
chlorotnethane ( 1  1 mL), and triethylamine (1.3 IIIL, 9.5 mmol). 
Thc crude product was purified by column chromatography (30% 
ethyl acetate in hexane) affording aldehyde 32 (504 mg, 64%); 
ir (neat): 301 0, 3000-1 840, 1770- 1700, 1450, 1350, 1300- 
1000 crn '; ' H  nmr (CDCI,) 6: 9.75 ( lH ,  s, C(O)H), 5.36-5.32 
(2H, In. CH=CH), 3.74 (6H, s, CH(C02CHJ2), 3.71 (6H, s, 
R2C(COICH3)I). 3.35 ( 1  H, t ,  J = 7.5 HZ, CH(CO2CU3)1), 2.5 1- 
2.44 (2H, t ,  .I = 7.5 Hz. CH?C(O)H), 2.25-2.18 (2H, nl, CH2CH2- 
C(0)H). 2.06-1.98 (2H. nl, CH,CH(E),), 1.93-1.84 (6H, m. 
RC(E),CH2CH2-CH=CHCH2), 1.58- 1.33 (2H, In, CH,CH,CH- 
(E)?); 111s ~ n / e  (70 cV): 415 (MH'). 
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Alcohol 33 
Alcohol 33 was synthesized using the same procedure as for the 

preparation of alcohol 13, from tetrahydrofuran (3 mL), 11-butyl- 
lithium (1.6 M in hexane, 1.8 mL, 2.9 mmol), acetylene 
(24.5 ~nL/mmol, 150 mL, 6.12 mmol), aldehyde 32 (301 mg, 
0.726 nimol), and tetrahydrofuran (7 mL). The crude product was 
purified by column chron~atography (40% ethyl acetate in hexane) 
affording alcohol 33 (294 mg, 92%); ir (neat): 3600-3200, 3300, 
3010, 3000-2840, 1770-1 700. 1450, 1350, 1300- 1000 cm-I; 'H 
nmr (CDCI,) 6: 5.36-5.32 (2H. m, CH=CH), 4.38 (IH, qd, J = 

6.0, 2.1 Hz, CH (OH)), 3.74 (6H, s, CH(CO,CH,),), 3.73 (6H, s, 
R2C(CO2CH,),), 3.35 (IH, t ,  J = 7.5 HZ, CH(CO,CH3),), 2.5 (IH, 
d , J =  2.1 H z , C = C H ) , 2 . 3 0 ( l H , d , J =  6 .0Hz ,OH) ,2 .13 -  
1.97 (4H, m, CH,CH,CH(OH), CH,CH(E),). 1.93- 1.84 (6H, m, 
(E)ZCCHICH?CH=CHCHz), 1.66- 1.57 (2H, CH,(CH(OH)), 
1.42-1.32 (2H, m, CH,CH?CH(E),): ms m/e (70 eV): 441 (MH'). 

Yrzone 34 
Ynone 34 was synthesized using the same procedure as for the 

preparation of ynone 14, from alcohol 33 (288 mg, 0.654 mmol), 
Jones' reagent, and acetone (10 mL). The crude product was pu- 
rified by column chromatography (30% ethyl acetate in hexane) 
affording alkyne 34 (219 mg, 76%); ir (neat): 3280, 3010, 3000- 
2840, 2100, 1770-1700, 1680, 1450, 1350, 1300-1000 cm-I; 'H 
nlnr (CDCI,) 6: 5.34-5.30 (2H, m, CH=CH), 3.73 (12H, s ,  2X 
(CO,CH,),), 3.35 (IH, t, J = 7.5 Hz, CH(C02CH3),), 3.25 (IH, 
s, C=CH), 2.66-2.59 (2H, m, CH,C(O)C=CH), 2.28-2.2 1 (2H, 
m, CH,CH,C(O)C=CH), 2.03-1.90 (2H, m, CH2CH(C02CH3),), 
1.98- 1.84 (6H, m, (E),CHzCH2CH=CHCH2), 1.56-1.32 (2H, 
m, CHZCH2CH(C0,CH3),); ms m/e (70 eV): 439 (MHt). 

Alcohol 35 
To a solution of aldehyde 32 (190 mg, 0.458 mmol) in anhy- 

drous diethyl ether (2 mL) at -78OC, was added vinylmagnesiuni 
bromide ( 1  M in THF, 4.6 mL, 4.6 mmol). The mixture was stirred 
for 20 min, and a saturated solution of ammonium chloride was 
added. The aqueous phase was extracted three times with diethyl 
ether. The combined organic layers were washed with brine, dried 
over magnesium sulfate, filtered, and evaporated. The crude product 
was purified by column chromatography (40% ethyl acetate in 
hexane) affording alcohol 35 (120 mg, 59%); ir (neat): 3600-3200, 
3010, 3000-2840, 1770-1700, 1450, 1350, 1300-1000cm-'; ' H  
nlnr (CDCI,) 6: 5.85 (IH, ddd, J = 17.2 10.4, 6.1 Hz, 
CH-y=CHCH(OH)), 5.36-5.32 (2H, m, CH=CH), 5.25 (IH, dt, 
J = 17.2, 1.4 Hz, CH=CHCH(OH) cis to alkyl group), 5.13 (IH, 
dt, J = 10.4, 1.3 Hz, CH=CHCH(OH) trans to alkyl group), 
4.15-4.05 (IH, m, CH,=CH-CH(OH)), 3.73 (6H, s, 
CH(COZCH3)I), 3.72 (6H, S ,  R2C(C0,CH3)2), 3.38 (IH, t ,  J = 
7.6 Hz, CH(E),), 2.08-2.02 (4H, m, CH,CH,CH(OH), 
CH,CH(E),), 1.99- 1.79 (6H, m, (E),CH,CH,CH=CHCH,), 1.47- 
1.32 (5H, m, CH,CH,CH(E)?, CH,CH(OH)). 

Enone 36 
Enone 36 was synthesized using the same procedure as for the 

preparation of ynone 14, from alcohol 35 ( I  16 mg, 0.262 mmol), 
Jones' reagent, and acetone (10 mL). The crude product was pu- 
rified by column chromatography (30% ethyl acetate in hexane) 
affording alkene 36 (83 mg, 72%); ir (neat): 3 110, 3000-2840, 
1770-1700, 1690, 1620, 1450, 1350, 1300-1000, 900 cm--'; ' H  
nlnr (CDCI,) 6: 6.35 (IH, dd, J = 17.7, 9.8 Hz, C(O)CH=CH,), 
6.22 (IH, dd, J = 17.7, 1.8 Hz, C(O)CH=CH cis to the ketone), 
5.84 ( IH,  dd, J = 9.8, 1.8 Hz, C(O)CH=CH trnns to the ke- 
tone), 5.36-5.30 (2H, m, RCH=CHR), 3.73 (6H, s, 
CH(CO,CH3):), 3.72 (6H, S, R2C02CH3)Z), 3.35 ( IH,  t, J = 
7.5 HZ, CH(C0,CH3)l), 2.63-2.56 (2H. 111, CH,C(O)). 2.24-2.19 
(2H. m, CH,CHC(O)), 2.06-2.00 (2H, m, CH2CH(C0,CH,j,), 
1.98- 1.84 (6H, m, CH2CH2CH=CHCH,CH2CHICH(C01CH3)2), 

Mncr-ocyclc 37 (Gerzeral procedure) 
Ynone 14 (203 mg, 0.466 mmol) dissolved in acetonitrile 

(30 mL) was added slowly over 2.5 h, using a syringe punip, to a 
suspension of cesium carbonate (151 nig, 0.466 mmol) in aceto- 
nitrile (200 mL). When the addition was completed, the mixture 
was stirred for another 30 min. The mixture was then filtered on 
Celite and evaporated. The crude product was purified by column 
chromatography (30% ethyl acetate in hexane) affording rnacro- 
cycle 37 as a mixture of cis and trclrls olefin isomers (88: 12) 
( 1  84 mg, 90%); ir (CHCI,): 3010, 2900, 1770- 1700, 1690, 1620, 
1450. 1300-150 cm--I; 'H nmr (CDCI,) 6 :  (for numbering see 
Scheme 5) cis: 6.74 (IH, d, J = 12.3 Hz, 3) 6.46 (IH, d, 12.3 HZ, 
21, 3.77 (6H, s, 2 x  CO2CH3), 3.70 (6H, s, 2 x  CO,CH,), trans: 
7.32 (IH, d, J = 16.9 Hz, 3) ,  6.00(1H, d, J = 16.9 Hz, 2) 3.74 
(6H, s, 2 x  CO,CH,), 3.7 1 (6H, s, 2 x CO,CH,), cis and trans: 2.50 
(2H, t ,  J = 2.5 Hz, CH,C(O)C=C), 2.43 (2H, t ,  J = 6.7 Hz, 
CH2CH2C(0)CH=CH)), 2.19-2.02 (8H, In, CH,-CH,C=CC 
H2CH2), 1.64-1.21 (2H, m, CH,CH?C(O)CH=CH); I" nmr 
(CDCI,) 6: 201.9 (enone C=O. I ) ,  171.0 and 169.8 (esters C=O, 
15, 17, 19, 21). 140.4 (CH=CH, 13). 128.7 (CH=CH, 14), 80.6 
and 79.9 (C=C, 8 and 9), 58.7 and 58.4 (5 and 12), 53.0 and 52.4 
(16, 18, 20, 22), 43.6 (CH,C=O, 2), 31.7 and 31.6 (6 and l I) ,  
29.6 (4), 20.2 (3), 14.4 and 14.2 (7 and 10). Exact Mass (M ' )  
calcd.: 436.1733; found: 436.1728. 

Mncr-oc,yc.le 38 
Macrocycle 38 was synthesized using the general procedure for 

macrocyclization from ynone 28 (216 mg, 0.495 mmol) in aceto- 
nitrile (30 mL), cesium carbonate (161 mg, 0.495 mmol), and 
acetonitrile (220 mL). The crude product was purified by column 
chromatography (30% ethyl acetate in hexane) affording macro- 
cycle 38 as a mixture (87: 13) of isomers cis and trans (104 mg, 
48%); ir (CHCI,): 3010, 1740, 1700, 1450, 1300-1 180 cm-'; 'H 
nmr (CDCI,) 6: 7.38 (IH, d, J = 16.9 Hz, 3 trtrtls), 6.50 (IH, d, 
J = 16.9 Hz, 2 trnns), 6.74 (IH, d, J = 12.3 Hz, 3 cis), 6.36 (IH, 
d, J = 12.3 Hz, 2 cis), 3.76(6H, s, (CO,CH,),C(R)CH=CH, 1 3 ,  
(6H, S, R2C(C02CH3)2, 16), 2.53-2.49 (2H, ni, lo), 2.43-2.39 
@HI, m, 7), 2.27-2.09 (8H, m, 5, 1 1 ,  13, 14)- 1.30- 1.20 (2H, ni, 
6); H nmr (C(,D,) 6: 7.87 (IH, d, J = 16.9 Hz, 3 11-ans), 6.87 (IH, 
d, J = 12.3 Hz, 3 cis), 6.70 ( IH,  d, J = 16.9 Hz, 2 trarzs), 5.80 
(IH, d ,  12.3 Hz, 2 cis), 3.42 (6H, s, (CO,CH,), cis), 3.24 (6H, 
s, (CO,CH,)? trans). 3.21 (6H, s, (C0,CH3)1 cis), 3.20 (6H, s, 
(CO?CH,)? 11-c~ns), 2.72- 1.80 (I2H. m. not interpretable). 1.20- 
1.06 (2H, In, niethylene 6). Exact Mass (M+)  calcd.: 436.1730; 
found: 436.1733. 

Macr-ocycle 39 
Macrocycle 39 was synthesized using the general procedure for 

macrocyclization, from enone 30 (126 mg, 0.287 mmol) in ace- 
tonitrile (30 I ~ L ) ,  cesium carbonate (94 mg, 0.287 mmol), and 
acetonitrile ( 1  13 mL). The crude product was purified by column 
chromatography (30% ethyl acetate in hexane) affording macro- 
cycle 39 (104 mg, 82%); ir (CHCI,): 3010, 2880, 1750-1710, 1450, 
1300-1000 cm-I; ' H  nlnr (CDCI?) 6: 3.71 (12H, s, esters), 2.46 
(4H, s ,  5,  61, 2.45-2.30 (4H, m, 2, 14). 1.84- 1.78 (2H, m, 9), 
1.60-1.17 (2H, m, 10); 'H nmr (C,D6) 6: 3.39 (6H, s, (C02CH3)2), 
3.33 (6H, s, CO2CH3),), 3.00-2.17 (14H, In, not interpretable), 
2.03- 1.98 (2H, m, 9). 1.33- 1.30 (2H, m, 10). Exact Mass (M+) 
calcd.: 438.1890; found: 438.1886. 

Mac,rocycla 40 
Macrocycle 40 was synthesized using the general procedure for 

macrocyclization, from ynone 34 (216 mg, 0.493 mmol) in ace- 
tonitrile (30 niL), cesium carbonate (I61 mg. 0.493 mmol), and 
acetonitrile (2 15 mL). The crude product was purified by colunin 
chromatography (30% ethyl acetate in hexane) affording macro- 
cyclc 40 as a mixture (20:80) of cis and trczns isomers (98 mg, 
45%): ir (CHCI,): 3010, 2860, 1700-1680, 1655, 1450, 1300- 
1000 cni-'; ' H  nnir (CDCl?) 6: cis: 6.62 ( IH,  d, J = 12.8 Hz, 
CH=CHC(O)), 6.39 ( IH,  d, J = 12.8 Hz, CH=CHC(O)). 3.74 
(6H, S, CH=CHC(CO,CH,),), 3.72 (6H, S, CH2C(C02CH3):CH?), 
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GIRAKD AND DESLONGCHAMPS 1273 

trans: 7.33 (1 H, d ,  J = 17.0 Hz, CH=CHC(O)), 5.99 (1 H, d ,  
J = 17.0 Hz, CH=CH,C(O)), 3.78 (6H, CH=CHC(C0,CH,)2), 
3.73 (6H, CH,C(C0,CH3),CH2), cis and trans: 2.55-2.41 (2H, rn, 
CH,C(O)CH=CH), 2.20-1.87 (6H, m, C(E)2CH2CH2CH=CH- 
CH2), 1.44-1.35 (2H, rn, CH,CH,C(E)?CH=CHC(O)); 'H  nmr 
(CoD6) 6: 7.62 ( IH,  d ,  J = 16.4 Hz, 13 trcltzs), 6.68 ( l H ,  d ,  J = 

12.6Hz, 1 3 c i s ) , 6 , 2 5 ( 1 H , d , J =  12.6Hz, 1 4 c i s ) , 5 . 7 4 ( l H . d ,  
J = 16.4 Hz, 14 trc~r~s ), 5.35-5.25 (2H, m, 7 and 8) ,  3.25 (6H, 
s. esters), 3.24 (6H, s ,  esters), 2.50-2.40 (2H, m, 2), 2.32-2.20 
( 4 H , m , 3 a n d  ll),2.12-2.01 ( 2 H , m , 5 ) ,  1.94-1.82(2H.n1,6), 
1.82- 1.72 (2H, m. 9) ,  1.43- 1.30 (2H, m, 10). Exact Mass (M+) 
calcd.: 438.1890; found: 438.1886. 

Mcicrocycle 41 
Macrocycle 41 was synthesized using the general procedure for 

macrocyclization, from enone 36 (80 rng, 0.18 1 mmol) in aceto- 
nitrile (30 mL), cesium carbonate (59 mg, 0.181 mmol), and ace- 
tonitrile (60 mL). The crude product was purified by column 
chromatography (30% ethyl acetate in hexane) affording macro- 
cycle 41 (61 rng, 76%); ir (CHCI,): 3010, 2880, 1730, 1450, 1270- 
1 170 c m ' ;  'H nmr (CDCI,) 6: 5.47-5.40 (2H, m, CH=CH), 3.73 
(6H, S ,  (C02CH3)?), 3.72 (6H, S ,  (COzCH3)2), 2.30 (8H, S ,  

CH,CH,C(O)CH,CH,), 2.05-1.78 (8H, rn, R(E),CCH,CH,CH= 

CHCH2CH,CH2C(E)2R), 1.29- 1.15 (2H, CH=CHCH2CH2CH2- 
C(E)?R); 'H nmr (C,D6) 6: 5.36-5.30 (2H, m, 7 and 8), 3.28 (6H, 
s, esters), 3.27 (6H, esters), 2.55-2.48 (2H, m, 14), 2.48-2.40 
(2H, m, 2), 2.16-2.10 (2H, rn, 13), 2.10-2.02 (4H, rn, 3 and 5), 
1 .98-1 .80(4H,m,6and  l l ) ,  1.80-1.71 ( 2 H , m , 9 ) ,  1.30-1.14 
(2H, rn, 10). Exact Mass (M ') calcd.: 440.2046; found: 440.2043. 
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WENDY SIFTON, J .  B. STOTHERS, and SHIRLEY E. THOMAS. Can. J .  Chem. 70, 1274 (1992). 
Ring expansion through P-proton abstraction from a-methyl groups has been observed for the a-phenyl-a,a',a1-tri- 

methyl derivatives of cyclopentanone and cyclohexanone upon treatment with t-BuO-/t-BuOH/185"C. This contrasts 
with the lack of rearrangement found for the a,a,af,a '-tetramethyl derivatives but is analogous to the behavior of some 
a-phenyl acyclic ketones. However, this process is reversible in the cyclic systems, but irreversible in the acyclic cases. 
For all of these a-phenyl substituted ketones, rearrangement is in competition with Haller-Bauer type cleavage. In the 
cyclic systems, a minor process was observed whereby some of the ring-expanded product is reduced to the correspond- 
ing secondary alcohol but there was no evidence of rearrangement through y-enolate formation involving phenyl proton 
abstraction, which is a minor process in the a-phenyl acyclic systems. 

WENDY SIITON, J .  B. STOTHERS et SHIRLEY E. THOMAS. Can. J .  Chem. 70, 1274 (1992). 
Lors du traitement des derivCs a-phCnyl-a,a1,a'-trimCthylCs de la cyclopentanone et de la cyclohexanone par du t- 

B u O ~ / t - B ~ 0 H / 1 8 5 ~ C ,  on a observe une extension de cycle qui a CtC initiCe par I'abstraction d'un proton-P des groupes 
methyles-a. Ce comportement diffkre de celui observC avec les derives a,a,a',af-tCtramCthyles qui ne donnent pas de 
transpositions; i l  est toiltefois analogue a celui observe avec quelques cetones acycliques portant un groupe a-phCnyle. 
Ce processus est toutefois reversible en sCrie cyclique et irrCversible dans les compos&s acycliques. Pour toutes ces cCtones 
substitu&es par un groupe phenyle, la transposition est en competition avec un clivage du type de Hailer-Bauer. Dans 
les systkmes cycliques, oi a observe un processus mineur par lequel une partie du produit i~sul tant  de I'extension de 
cycle est rtduit en alcool correspondant; on n'a toutefois pas de donnees suggkrant qu'une transposition s'effectue par 
le biais de la formation d'un y-tnolate impliquant I'abstraction d'un proton d'un phenyle; cette reaction est un processus 
mineur dans les systkmes acycliques portant un phCnyle en a .  

[Traduit par la redaction] 

Introduction 

Rearrangements of  several acyclic and  polycyclic mono- 
ketones occur  by homoenolization through proton abstrac- 
tion from centres other than the a-carbons,  generally from 
P-carbons via p-enolates ( I ) .  Competition with a-enoliza- 
tion has been blocked, in most cases, through a -methyl  
substitution and (or) structurally, such that only anti-Bredt 
enolates could form. In several polycyclic examples,  rear- 
rangement via p-enolization at the a-methyl carbons was not 
observed. although, in many cases,  it was  shown that these 
sites undergo H / D  exchange. In contrast,  chain extension 
occurred in acyclic monoketones through p-enolization at the 
a -methy l  carbons (2).Furthermore, this rearrangement is 
accelerated by the presence of a-phenyl  groups,  presum- 
ably because of  the stability of  the benzylic carbanion gen- 
erated from the putative p-enolate 1 formed via methyl proton 
abstraction, i . e . ,  cleavage O leading t o  the chain-extended 
isomer. Evidence supporting cyclopropoxide species as  in- 
termediates in the a-methyl  exchange process for cyclic 
systems has been presented (3). 

While  the only process observed for the aliphatic exam-  
ples was slow conversion to the chain-extended ketones, the 
rearrangement of the a-phenyl systems was accompanied by 
Haller-Bauer type cleavage and ,  as a minor  process, a 1,3- 
acyl shift from alkyl to  aryl carbon.  Examination of 
a,a,af,a'-tetramethylcycloalkanones had shown earlier that 
the ketones with 5 -  to  8-membered rings are  stable under 
typical homoenolization conditions, exhibiting H / D  ex-  

'part 143 in '"mr studies. For Part 142 see ref. 2. 

change at the methyl carbons with no evidence of  isomeri- 
zation (4). It became of interest, therefore, to examine de- 
rivatives in which o n e  methyl is replaced with a phenyl 
group. T h e  behavior of  two examples contrasted sharply with 
that found for  the tetramethyl analogs and differed signifi- 
cantly from that for  acyclic a-phenyl  ketones; the results of 
this study are  described in this paper. 

Results and discussion 
H o r n o e r ~ o l i z ~ ~ t i o r ~  cxperiinerzts 

T h e  initial ketone selected for exa~nina t ion  was 2-phenyl- 
2,6,6-trimethylcyclohexanone (2), which was  readily pre- 
pared from commercially available 2-phenylcyclohexanone. 
Following o u r  usual procedures (5),  2 was  dissolved in an- 
hydrous t -BuO-/ t-BuOH to  give a solution 0 . 2 5  M in ke- 
tone and 1.0 M in base. Aliquots of this solution were placed 
in d ry  Pyrex tubes under nitrogen, degassed, and sealed un- 
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TABLE 1. Composition" of the product mixtures from 2 

Neutral fraction" 
Acid fraction 

Time (h) 2 3 8 12 

24 47 15 <2 30 
48 31 16 <4 46 
96 22 18 5 52 

"Given as the proportion, on a 72 molar basis. of the iso- 
lated material. 

"Estimated by GLC analysis on a SE-30 column, estimated 
precision 22%. 

der vacuum before heating at 185°C in an oil bath for var- 
ious times. After cooling, the tube contents were diluted with 
brine and the neutral product isolated by ether extraction. The 
aqueous phase was acidified and extracted with ether to ob- 
tain any acidic product. Analysis by gas-liquid chromatog- 
raphy (GLC) showed that the neutral extract contained one 
new major component 3 ,  in addition to the initial ketone, 
together with small amounts of other material. The propor- 
tion of 3 in the neutral fraction slowly increased with reac- 
tion time: 24%, 24 h; 3296, 48 h; 40%, 96 h; but larger 
quantities of an acidic product were fom~ed, exceeding 50% 
of the total product after 96 h (Table 1). The latter was found 
to be a single acid by NMR examination. 

I Flash chromatography of the neutral fraction furnished pure 
I samples of component 3 .  Strong carbonyl absorption at 

1701 cm-' and 6, 216.6 indicated that it was a ketone, which 
was shown to be isomeric with 2 by yrecise mass measure- 
ment. NMR data, from 'H,  '-?c, and '- C{'H} COSY spectra, 
readily revealed its structure. Most notably, there were only 
two methyl absorptions and one quaternary carbon; a methyl 
and a quaternary carbon had been converted to methylene and 
methine carbons, consistent with ring expansion of 2 to a 
cycloheptanone system. Furthermore, the 2-methyl carbon 
of 2 must be involved in the generation of the new ketone 
because the gem-dimethyl unit was retained in the new ke- 
tone. The proton spectrum contained two sharp 3-proton 

. . 
singlets (S,, 1.12, 1.13) and the long-range ' 3 ~ { ' ~ }  COSY 

. . 
. .  . spectrum revealed that these methyl groups are bonded to the 

quaternary carbon, 6, 47.8. It follows that the new ketone 
has structure 3. 

. . The 'H spectrum of 3 clearly shows that it strongly fa- 
vors a single conformation with the 3-phenyl group pre- 
sumably serving as an effective "anchor. " Conformational 
analysis of some dimethylated cycloheptanones through low- 
temperature 'H studies and theoretical calculations led St- 
Jacqueus et a / .  (6) to deduce that these ketones exhibit a 
strong preference for twist-chair conformations with the 

.. . , I j carbonyl group at the "TC-2" position. The 'HMR data for . . . ,  
. . .  .:.. . .  . I , 

. . I 3 are entirely consistent with this conclusion, indicating that 
j 3(TC-2) is the favored form. 
1 The lowest field methylene protons at 6 2.43 (ddd, J = 

; 10.5, 2.0,  1.5 Hz) and 3.20 (dd, J = 10.5, 12.1 Hz) exhibit 
/ geminal coupling comparable to that found for the a-meth- 
/ ylene protons of 2,2-dimethylcycyloheptanone at low tem- 

perature, J = 10.4 Hz (6). This is clearly indicative of the 
orientation of the 2-methylene protons relative to the car- 
bony1 group in 3(TC-2). The less shielded of these protons 
is strongly coupled ( J  = 12.1 Hz) with the 3-methinyl pro- 

ton at 6 2.73 to which its partner is only weakly coupled 
( J  = 2.0 Hz). The remaining coupling for the 2-proton at 6 
2.43 arises from long-range interaction with the 4-methyl- 
ene proton at 6 2.01; 1.5 Hz is a typical value for a four-bond 
coupling through a planar W pathway. The H-3 pattern 
contains another 12-Hz coupling to the other 4-methylene 
proton, 6 1.60. The latter multiplet has two more 12-Hz 
couplings: one with its 4-methylene partner (6 2.01) and the 
second with one of the 5-protons, 6 1.37. Each of the pro- 
tons at 6 3.20 (H-2), 2.73 (H-3), 1.60 (H-4), and 1.37 (H-5) 
exhibits vicinal antiperiplanar couplings of 12 Hz and, thus, 
is "axial." Their "equatorial" counterparts appear at 6 2.43 
(H-2), 2.01 (H-4), and 1 .g5 (H-5), with the latter partially 
obscured by the 6-methylene pattern centred near 6 1.8 that 
could not be analyzed. These data neatly fit the 3(TC-2) 
conformer; the NMR data are collected in Table 2. 

The isomerization of 2 -+ 3 must involve proton abstrac- 
tion leading to the intermediate p-enolate 4, or its equiva- 
lent, which can suffer cleavage in two ways: path a ,  to 
regenerate 2,  or path 6, to form a benzylic carbanion, pro- 
tonation of which furnishes 3 (see Scheme 1). There was no 
evidence of products arising from proton abstraction from 
either of the 6-methyl sites that would give rise to 5 and lead 
to the isomeric cycyloheptanones 6.  

Proton abstraction from C-3 in 2 could produce p-enolate 
7 whose cleavage to the benzylic anion would generate 8. 
Analysis of neutral fractions from the longer reaction times 
by GLC revealed a small peak with a retention time slightly 
longer than that of 2 ,  but we were unable to isolate pure 
samples of this component free from 2. The "CMR spectra 
of mixtures with 2 ,  however contained two new carbonyl 
signals at 6 223.3 and 223.1; these are indicative of a cyclo- 
pentanone derivative, present as a pair of diastereomers. 
There were two sets of eight sp3 carbon signals, each aris- 
ing from one quaternary, two methine, two methylene, and 
three methyl sites, as well as signals for two slightly differ- 
ent phenyl groups. The relative intensities of these two sets 
of signals were found to be 60:40. These data constituted 
strong evidence for the formation of 8, as a diastereomeric 
mixture, though 6-enolate 7 (Scheme 1). 

The diastereomeric mixture 8 was prepared from 2,2-di- 
methylcyclopentanone by a-alkylation with I-phenylethyl 
bromide and gave rise to the same two sets of "C signals in 
the same ratio as that found for the homoenolization prod- 
uct. GLC analysis of this sample showed two closely spaced 
peaks, one having the same retention time as 2 .  Small sam- 
ples of each of the two diastereolners were obtained by pre- 
parative GLC, with each containing ca. 20% of the other 
form. 

From these results it is evident that the a-phenyl group in 
2 biases cleavage of p-enolates 4 and 7 to generate the ben- 
zylic anions that lead to skeletal rearrangement. This is in 
sharp contrast to the behavior of 2,2,6,6-tetramethylcyclo- 
hexanone, which is virtually unchanged after treatment under 
the same conditions for 375 h (4). 

At the outset, we recognized that the a-phenyl group in 2 
could render cleavage of the Haller-Bauer type through 9 to 
be a major competitive process. It had been found that ke- 
tones 10 and 11 (R = ethyl, dimethylallyl, benzyl) undergo 
Haller-Bauer cleavage exclusively upon treatment with t- 
BuO-/t-BuOH (7, 8). However, the more hindered car- 
bollyl group in 2 could reduce its susceptibility to attack by 
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TABLE 2. NMR data for 3 

Position [ J ,  Hz1 8, Position 6~1  6c 
--- 

I - 216.6 6 1 .8 39.3 
2 3.20 (dd, 10.5, 12.1) 46.5 7 - 47.8 

2.43 (ddd, 1.5, 2, 10.5) CH 3 1.12 23.3 
3 2.73 (dddd, 2, 4, 12, 12) 44.8 1.13 27.8 
4 1.60 (dddd, 2, 13, 13, 13) 39.9 C6H5 7.15-7.35 126.3 

2.01 ("bd", 13) 126.5 (2) 
5 1.37 (m, v,,, 42 Hz) 24.1 128.5 (2) 

1.85 (m) 146.6 

"In ppm from TMS in CDCI, solution. 

phenylcyclopentanone, which was methylated with MeI/ 
NaNH, to furnish 13 in 86% yield. 

3 

base because "ideally, the site of Haller-Bauer cleavage 
should not be subjected to any element of serious steric 
compression" (8) and this was found to be the case. Earlier 
studies have shown that the tel-t-butyl esters formed in Haller- 
Bauer cleavage of species such as 9 do not survive under the 
reaction conditions and the corresponding carboxylic acids 
are generated. Thus, the acidic product must be examined. 

The acidic fraction contained one component, Cl5H2,O2, 
by precise mass measurement, having structure 12 accord- 
ing to its NMR spectra. The 'HMR spectrum contained two 
methyl signals, 6 1.15 (s, 6H) and 1.24 (d, J = 6.9 Hz), with 
the latter coupled to one proton at 6 2.72 (m, IH), methyl- 
ene patterns at 6 1.2-1.3 (2H) and 1.5-1.7 (4H), and aryl 
absorption at 6 7.15-7.35 (5H). The I3c spectrum con- 
tained 13 signals: CH,, 22.3, 24.8, 25.0; CH,, 22.9, 38.7, 
40.4; CH, 39.6; C, 42.1; aryl CH, 125.9, 126.9 (2), 128.3 
(2); aryl C,  147.7; C=O, 185.1. 

From the results of these experiments with 2, i t  became 
clear that its isomerization to 3 by p-enolization is signifi- 
cantly slower than Haller-Bauer cleavage whereas these two 
processes exhibit comparable rates in acyclic a-phenyl sys- 
tems (2). 

In a second series of experiments, the behavior of the 5- 
ring analog, 2-phenyl-2,5,5-trimethylcyclopentanone (13), 
was examined under the same conditions. Reaction of phenyl 
magnesium bromide with 2-chlorocyclopentanone gave 2- 

Upon treatment with t-BuO-/t-BuOH in sealed tubes at 
18S0C, ketone 13 was found to be much more reactive than 
2. After 3 h, more than 50% of the starting material had re- 
acted to afford a neutral fraction containing two new com- 
ponents, in addition to 13, and a one-component acidic 
fraction. 

The major new neutral compound, CI4H,,O by precise 
mass measurement, exhibited strong carbonyl absorption at 
1709 cm-' and 6,215.2, indicative of a cyclohexanone de- 
rivative. The "CMR spectrum contained signals for two 
methyl (6, 25.2,,, 25. I,), three methylene (29.3, 39.9, 45.3), 
one methine (45.4), a quaternary (44.6), and the carbons of 
a phenyl group (126.6 (2), 126.7, 128.7 (2), 144.4). Clearly, 
a methyl/quaternary pair of carbons has become a methyl- 
ene/methine pair. The two methyl groups gave singlets in 
the 'HMR spectrum (6 1.05, 1.19) and, from the "c{'H) 
COSY spectrum, are bonded to the quaternary carbon. Thus, 
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TABLE 3. Composition1' of the product mixtures 
from 13 

Neutral fraction" 
Acid fraction 

Time (h) 13 14 16 18 

"Given as the proportion, on a C/c molar basis. o f  the iso- 
lated material. 

"Estimated by GLC analysis on a SE-30 column, esti- 
mated precision t-2%. 

the new ketone is 14, formed through p-enolate 15, or an 
equivalent species, by proton abstraction from the 2-methyl 
group of 13. 

The second neutral compound was found to have the mo- 
lecular formula Cl,H,oO by precise mass measurement and 
exhibited strong, broad hydroxyl absorption at 3420 cm- ' .  
In addition to a carbinyl signal at 6,77.7, the '" spectrum 
contained quaternary (35. l ) ,  methine (43.5), methylene 
(29.6, 38.0, 39.2), methyl (17.6, 29.0), and phenyl signals 
(126.2, 126.8 (2), 128.4 (2), 146.1). These data indicate that 
14 is reduced to the corresponding alcohol 16. The major 
features of the 'H  spectrum included two methyl singlets (6 
0.89,  0.98),  a 4-line pattern at 6 3.45 ( l H ,  J = 4.3 ,  
11.4 Hz), and a 1-proton multiplet centred at 6 2.6 with a 
half-width of ca.  30 Hz. These two multiplets are readily 
assigned to axial protons on C-1 and -3, respectively, thus, 
the hydroxyl and phenyl groups are equatorial as in 17. 

The sole component in the acid fraction was readily shown 
to be 18 from its NMR spectra. The 'HMR spectrum con- 
tained two methyl singlets (6 1.13, 1.15) and a methyl 
doublet (6 1.23, J = 6 .9  Hz), with the latter coupled to a 1- 
proton multiplet at 6 2.60, as well as methylene (6 1.30-1.65, 
m, 4H) and phenyl absorption (6 7.14-7.34, 5H). Its I3C 
spectrum exhibited signals for three methyl (6 22.6, 24.7, 
25.2), two methylene (33.2, 38.6), one methine (40.4), a 
quaternary (42.0), and six phenyl carbons ( 126.0, 127.0 (2), 
128.4 (2), 147.3) as well as a carboxyl signal ( 1  84.5). 

The distribution of the components in the product mix- 
tures from 13 as a function of time is given in Table 3 ,  from 
which it is apparent that the proportion of 14 passes through 
a maximum around 12 h and then diminishes. This finding 
indicated that the stability of 3 and 14 under hoinoenoliza- 
tion conditions should also be studied. To  this end, the rear- 
ranged ketones were treated with t-BuO-/t-BuOH in sealed 
tubes at 185OC for various times and the product mixtures 
analyzed. 

The results of these two series of experiments are sum- 
marized in Table 4 from which it is clear that 3 and 14 are 
not stable under the reaction conditions. Within 24 h,  al- 
most 50% of 3 had been consumed primarily through iso- 
rnerization to 2 and its cleavage to acid 12; traces of 8 were 
also present. In addition, small amounts of a fourth neutral 
component were detected by GLC in each of the neutral 
products and the ''c spectra contained a set of weak peaks, 
one of which appeared at 6,79.9, indicative of the presence 
of an alcohol. The retention time of this component coin- 
cided with that of a small signal in the gas chromatograms 

TABLE 4. Composition" of the product mixtures from 3 
and 14 

( a )  From 3: 

3 86 6 - 4 Trace 
6 67 8 - 6 14 

24 52 18 Trace 7 19 
48 31 27 <2  4 28 

(b) From 14: 

Time (h) 14 16 18 Other" 

"Given as the proportion, on a O/o molar basis, of the isolated 
material with the relative amounts of the neutral products deter- 
mined by GLC analysis on a SE-30 colunin, estimated preci- 
sion 22%. 

"Unidentified neutral components. 

of the neutral fractions obtained by homoenolization of 2, 
indicating that trace amounts were present therein. To  con- 
firm this point, the neutral product mixtures from several 
experiments with 2 were combined and the components 
separated by column chromatography on alumina. This pro- 
cedure provided a sample of the desired material as well as 
a clean sample of 8, establishing the formation of both 
products in the homoenolization of 2. The "C spectrum of 
the new component, however, revealed it to be a 2 :  1 mix- 
ture of isomeric alcohols; the formula was found to be 
C,,H,,O by precise mass measurement. Thus, these were 
tentatively identified as 19. 

Ketone 14 was found to react at a rate comparable to that 
of 3. The product mixtures contained 14, alcohol 16, acid 
18, and small amounts of unidentified material, but none of 
the isomeric ketone 13 was detected. Clearly, the cleavage 
of 13 to 18 is sufficiently rapid to destroy 13 as it is formed 
from 14. 

The reversible formation of 3 and 14 contrasts sharply 
with the findings for the acyclic cases. For example, 20 is 
isomerized unidirectionally to 21, which, in turn, is con- 
verted to 22 under the same reaction conditions (2). These 
results showed'that cleavage of 1 (R = -C(CH,),C6H5 and 
-CH,CH(CH,)C,H,) proceeded irreversibly through path b. 
In the cyclic systems, however, the corresponding interme- 
diates 4 and 15 are generated readily from the isomeric pairs 
2/3 and 13/14, respectively, presumably because the ring 
systems impose conformational constraints that favor for- 
mation of these intermediates. 

To  confirm the structures of 16 and 19, ketones 3 and 14 
were reduced with sodium borohydride. A 2: 1 mixture of two 
alcohols was obtained from 3 and, interestingly, the minor 
alcohol was found to be identical to the major alcohol iso- 
lated from hon~oenolizations of 2 and 3. Definitive stereo- 
chemical assignments for these isomeric cycloheptanols, 
however, cannot be made. From 14, a 9 :  1 mixture of iso- 
meric alcohols was obtained in which the major component 
was identical to 16; the "CMR data for the minor alcohol 
were those expected for the tratzs isoiner bearing an axial 
hydroxyl. 
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The reduction of 3 and 14 to the corresponding alcohols 
19 and 16, respectively, is puzzling and we were unable to 
isolate any oxidized products that could shed light on the 
process involved. We are aware of two other systems in 
which reduction occurs under homoenolization conditions 
and in each case an unsaturated grouping was affected, 
leading to a saturated ketone, not an alcohol; the isomeric 
ketones 23 and 24 were reduced to the [3.3.0] ketones 25 and 
26, respectively (9, 10). It was suggested that these pro- 
cesses involve single electron transfer from the tert-butox- 
ide anion. Interestingly, there was no reduction in the 
homoenolizations of the a-phenyl acyclic ketones examined 
in our earlier study (2). However, in the cyclic systems the 
intermediates. d e ~ i c t e d  as 4 and 15. are formed readilv and 

, A 

reversibly. It is conceivable that these species undergo re- 
duction, possibly initiated by homolysis of the more substi- 
tuted bond in the cycloprop~xide ring to produce a diradical, 
e .g. ,  27, which could then gain hydrogen from solvent 
molecules to produce the small amounts of alcohols ob- 
served. A preiedent for the formation of such intermediates 
is provided by the observation that 1,4-diphenylbicyclo- 
[2 . l  .O]pentane (28) is in rapid equilibrium with 1.3-cyclo- 
pentanediyl 29, through homolysis~of the very weak 1,4:bond 
(1 I), and it has been shown that an oxy anion substituent has 
a sizable bond-weakening effect on adjacent bonds (12). 
Thus, it seems reasonabli to suggest that 27 may be gener- 
ated in these systems. It may be noted that 29 slowly under- 
goes a 1,2-hydrogen shift to give 1,3-diphenylcyclopentene 
at temperatures above 100°C; an analogous shift in 27 would 
regenerate 3 or 14 as their a-enolates. 

A minor process detected in the homoenolization of the 
acyclic a-phenyl ketones involved an acyl shift from alkyl 
to aryl carbon through a cyclobutoxide intermediate 30 
opening unidirectionally to 31. The analogous reaction for 
2 would lead to the tricyclic species 32, which, in principle, 
could return to 2 or cleave to a 2,3-benzocyclooctanone. In 
fact, the benzocyclobutenol fonned by protonation of 32 has 
been shown to cleave entirely to 2 and the amide of 12 upon 
treatment with NaNH,/glyme (13). Thus, the fom~ation of 
32 would be undetectable in our experiments. It may be 

noted, however, that preliminary examination of the reac- 
tion of 2 with lithium 2,2,6,6-tetramethylpiperide has re- 
vealed the formation of 32 as well as rearrangement to 3.  
Interestingly, photolysis of the benzocyclobutenol from 32 
provides a synthetic route to 33 (14). The behavior of 2,  13, 
and related ketones upon treatment with nitrogen bases is now 
under investigation. 

Sutn~nary 
From the foregoing data, it is apparent that isomerization 

through proton abstraction from the 2-methyl group in 13 is 
approximately an order of magnitude faster than that for 2. 
This is in agreement with the earlier finding that P-proton 
abstraction from the methyl sites in 2,2,5,5-tetramethylcy- 
clopentanone is ten times faster than that in 2,2,6,6-tetra- 
methylcyclohexanone (4). Both 2 and 13 are consumed more 
rapidly than the a-phenyl acyclic ketones examined previ- 
ously under the same reaction conditions (2), but the pres- 
ent results also reveal other major differences in behavior 
between the cyclic and acyclic systems. The ready reversi- 
bility of p-enolate formation in these cyclic ketones stands 
in striking contrast to the results for the acyclic ketones and 
renders the ring expansion of little preparative utility be- 
cause of the competitive Haller-Bauer cleavage; the latter 
process is also faster in the cyclic systems. The unusual minor 
process through which 3 and 14 undergo reduction was not 
observed for the a-phenyl acyclic systems perhaps owing to 
constraints imposed by the ring system that are lacking in the 
acyclic cases. The preliminary results obtained upon chang- 
ing the base to lithium 2,2,6,6-tetramethylpiperide seem to 
indicate one way to minimize Haller-Bauer cleavage and the 
reduction process. 

Experimental 
Gas-liquid chromatography was carried out on a Varian 3300 

instrument using a colunin of 5% SE-30 on Chroniosorb W 80-100. 
Ether was dried over sodium and freshly distilled before use. 
Technical grade 2-phenylcyclohexanone and 2-chlorocyclopen- 
tanone arc comn~ercially available. 

Infrared spectra were recorded using a Bruker/IBM FTIR 32 
spectrometer. Mass spectral data were obtained with a Finnigan 
MAT 8230 instrument at 70 eV for routine spectra and at 20 eV for 
exact mass measurements. 

Proton and carbon NMR spectra of each compound were re- 
corded with Varian XL-200 ( 'H)  and XL-300 ("C) spectrometers. 
The protonation level for each carbon signal was found by record- 
ing the APT spectrum. Specific assignments for the .yP3-carbon 
signals o f 3  were obtained by heteronuclear con-elation with its 'H 
spectrum. The one-bond interactions were revealed with the 
HETRES sequcnce ( I % ) ,  utilizing a 2048 x 144 data point ma- 
trix, with a 6 kHz spectral width for "C and I kHz for 'H, and 
transforming 2048 and 5 12 points, rcspectively. A 0.90 s relaxa- 
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tion delay and a fixed time of 0.037 s were employed. Two- and 
three-bond correlations for the methyl protons were identified with 
the FLOCK sequence (15b). This spectrum was obtained using a 
2048 x 120 data point matrix, with 6 kHz (I3C) and I kHz ( 'H) 
spectral widths, and transforming 2048 and 512 points, respec- 
tively; a relaxation delay of 0.83 s, with A ,  = 0.090 s and A, = 

0.024 s, was en~ployed. 

2-Pherylq~clopet~mtzane 
To a cold, stirred solution of phenylmagnesiu~ii bromide, frolii 

bromobenzene (9.3 mL) and magnesium (2.2 g) in 50 mL of dry 
ether. was added a solution of 2-chlorocyclopentanonc (8.4 mL) 
in dry ether (30 11iL) over 30 min. This mixture was heated under 
gentle reflux for 2 h before cooling to room temperature. The cooled 
mixture was treated with ice and dilute hydrochloric acid before 
extraction with benzene. The organic layer was washed with di- 
lute sodium hydroxide and then with water before drying over an- 
hydrous sodium sulfate. Evaporation of the benzene left a darkly 
colored residue, which was distilled to yield a light yellow oil 
(6 g), bp 1 12- 1 16"/2 Torr (I Torr = 133.3 Pa). Flash chromatog- 
raphy (hexane:ether; 19: 1 )  gave 2-phenylcyclopentanone as a 
colorless oil (5.5 g,  41% yield) that slowly crystallized on stand- 
ing to afford white crystals, mp 35-36°C (lit. (16) mp 36-37°C); 
IR(CHC1,): 1740 cm-' ;  "CMR(CDC1,) 6: CHI, 20.6, 31.5, 38.2; 
CH, 55.0; aryl CH, 127.9 (2), 128.3 (2). 126.6; aryl C,  138.3; 
CEO, 217.7. Exact Mass calcd. for C l lH120 :  160.0888; found: 
160.0894. 

Preparc~tior~ cf the a-~~lzerzj~l-a,a',a'-~ritnetIzj~Icj~clo~~lk~itzorzes 
To a stirred suspension of freshly powdered anhydrous sodium 

amide (0.12 mol) in dry ether (20 mL) was added a solution of the 
ketone (0.01 mol) in dry ether (I0 mL) and the mixture heated under 
reflux for 2 h with vigorous stirring. The mixture was coolcd and 
methyl iodide (0.05 mol) added slowly before refluxing for 2 h. 
Equivalent quantities of methyl iodide were added at intervals of 
2, 2, and 15 h before a final reflux period of 2 h. After cooling, 
water (60 mL) was added. The ether layer was separated and the 
aqueous phase extracted with ether (3 X 20 mL). The combined 
extracts were washed with water and saturated NaCl solution bc- 
fore drying over anhydrous Na2S0,. Removal of the solvent af- 
forded an oily residue, which was examined by GLC to check that 
the major product was fully methylated. In each case, the crude 
product was purified by flash chromatography (petroleum 
ether:ether, 19: I ) .  

2-Pl~erzyl-2,6,6-tritizethj~lc~clolie~rcitzo~ze (2): 85% yield: IR (liq- 
uid film): 1698 cnl-'; 'HMR (CDCI,) 6: 0.61 (s, 3H, Me). 1.06 (s, 
3H, Me), 1.26 (s, 3H, Me), 1.50-2.10 (m, 5H), 2.65 ( ~ n ,  I H), 
7.15-7.30 (m, 5H, aryl H's); "CMR (CDCI,) 6: CH,, 27.2, 27.4, 
30.6; CH2, 18.2 (C-4), 36.1 (C-5), 40.4 (C-3), C, 45.7 (C-6), 52.4 
(C-2); aryl CH, 125.6 (ortho), 128.6 (mettr), 126.4 (purer); aryl C, 
142.8; C=O, 217. I. Exact Mass calcd. for C,,H,,,O: 216.1514; 
found: 216.151 I .  

2-Phet~~I-2.6,6-tr.itrzetlzyIcyclopetzt~i1zo1ze (13): 86% yield; IR 
(liquid film): 1734 cm-'; 'HMR (CDCI,) 6: 0.90 (s, 3H. Mc), 1.04 
(s, 3H, Me), 1.28 (s, 3H, Me), 1.67 (m, 2H), I .9O (m,  l H), 2.36 
(m, IH), 7.05-7.30 (m, 5H); "CMR (CDCI,) 6: CH,, 24.9, 25.3, 
26.3; CH,, 34.5, 34.7; C,  45.3, 53.4; aryl CH, 126.1 (2), 126.4, 
128.4 (2); aryl C, 143.3; C=O. 224.0. Exact Mass calcd. for 
Cl,Hl,O: 202.1358; found: 202.1368. 

Hoirzocnolizntion exj)erirneilts 
The general procedure for these experiments has been de- 

scribed previously (5). A solution of the desired ketone in r-BuO-/ 
I-BuOH, prepared from potassium metal and t-BuOH (H,O con- 
tent <200 ~ g / m L ) ,  was made up under nitrogen in a mole ratio: 
ketone/[-BuO-/I-BuOH, 1 :4:40. Aliquots were then transferred 
to predried, thick-walled glass tubes quickly and the solutions de- 
gassed before sealing under vacuum. The tubes were heated in an 
oil bath at 185°C for varying periods of time. After cooling, the 
reaction mixture was washed from the tube with water and satu- 
rated NaCl solution. The product was extracted with ether and the 

combined extracts washed with water before drying over anhy- 
drous NaZSO,. Evaporation of the solvent gave the crude neutral 
fraction, which was initially examined by GLC. The individual 
components in each of the mixtures were identified from their NMR 
spectra and analytical samples were characterized after isolation by 
preparative GLC or column chromatography (see text). 

3-Pherz.vl-7,7-ciirize1lzy/qcIoIze~~1~1iorze (3): 1R (liquid film): 1701 
cm-'; 'H and "CMR data: see text. Exact Mass calcd. for CliH200: 
216.1514; found: 216.1513. 

3-Phetzj~1-6,6-clirnethy/cyclohe.~nr1o11e (14): IR (liquid film): 1709 
cm-'; NMR data: see text. Exact Mass calcd. for Cl,Hl,O: 
202.1358; found: 202.1362. 

cis-3-Pher1yl-6,6-dirizethylcyclohe.~-ntzol (16): IR (liquid film): 
3420 cm.-l; NMR data: see text. Exact Mass calcd. for CI,H2,0: 
204.15 14; found: 204.1509. 

The aqueous phase was acidified with 5% HCI solution before 
the acidic fraction was isolatedby ether extraction and the product 
identified by 'HMR, "CMR, and precise mass measurement. 

The experiments with 2 and 3 gave one acid having the formula 
C15H2702. Exact Mass calcd. for C15H2202: 234.1620; found: 
234.1625. This was identified as 12 by the NMR spectra de- 
scribed in the text. 

The reactions of 13 and 14 with strong base also gave a single 
acid. Exact Mass calcd. for CI,H2902: 220.1463; found: 220.1459. 
This compound was shown to be 18 from its NMR spectra (see 
text). 

Soclirlm borohyci,-icle redrtction of'3 nncl 14 
Sodium borohydride (18 mg, 0.5 mrnol) was mixed with meth- 

an01 (5 mL) before the addition of an ethereal solution of the ke- 
tone (I mL) and the mixture was stirred. After I h, GLC analysis 
showed that the ketone had reacted completely and the product was 
isolated by ether extraction after dilution with water. The ether 
extracts were dricd over anhydrous MgSO, before the solvent was 
evaporated to obtain the product. 

Ketone 14 (20 mg) gave a colorless liquid (19.5 mg, >95% 
yield), which was found to be a 9:  1 mixture of alcohols by '"MR. 
The major component was identical to alcohol 16, described above, 
which was isolated from the reaction of 13 with t-BuO-/I-BuOH. 
The ' ~ M R  spectrum of the minor alcohol contained si, nnals for two 
methyl (6c 24.9, 27.6), three methylene (29.4, 33.4, 36.7), two 
methine (37. I, 75.2), one quaternary (34.0), and phenyl carbons 
(126.0, 127.0 (2), 128.4 (2), 146.7). These data are consistent with 
those expected for the tr-nns isomer of 16 bearing an axial hy- 
droxyl group. 

Ketone 3 (7 mg) gave a colorless oil (6.8 mg. >95% yield), 
which was a 2: 1 mixture of the 3-phenyl-7,7-dimethylcyclohep- 
tanols (19) from its ',c spectrum; 1R (liquid film): 3400 c m ' .  Exact 
Mass calcd. for CI5H2?0: 218.1671; found: 218.1670. The minor 
alcohol was identical to that isolated from the hornoenolization 
experiments with 2; "CMR (CDCI,) 6,: 21.8, 28.6 (CH,'s). 21.4, 
38.7, 40.7, 41.3 (CH,'s), 44.8, 79.9 (CH's), 37.4 (quat C), 125.9, 
126.7(2), 128.4(2) (aryl CH's), and 148.5 (aryl C); 'HMR (CDCI,) 
6: 0.87 (s, 3H, CH,), 1.00 (s. 3H, CH,), 1.05-2.05 (in, CH,), 2.70 
(in, IH), 3.4 (dd, lH), and 7.05-7.20 (m. aryl H's). The major 
alcohol gave the following NMR spectra: "CMR (CDCI,) 6c: 26.1, 
27.5 (CH,'s), 22.0, 36.2, 37.7, 39.4 (CH,'s), 38.1, 76.8 (CH's), 
38.3 (quat C), 125.7, 126.9(2), 128.4(2) (aryl CH's), and 149.4 
(aryl C); 'HMR (CDCI,) 6: 0.93 (s. 3H, CH,). 0.95 (s, 3H, CH4, 
1.05-2.05 ( ~ n ,  CH,), 3.08 (m, l H), 3.55 (dd, 1 H), and 7.05-7.20 
(m, aryl H's). 

2-(1-Phetz~letl~~l)-5,5-clit71ethylc~c~l0peiztn110t1e (8 )  
To a stirrcd solution of LDA, prepared from diisopropylamine 

(1.5 mL), 11-BuLi (4 I ~ L ,  2.5 M in hexane), and THF ( I0  I ~ L ) ,  at 
-78°C was added 2-~nethylcyclopcntanone (1.16 g) dropwise. After 
stirring at -78°C for 0.5 h, the mixture was wamied to O°C and left 
for 3 h before methyl iodide ( 1  mL) was added slowly. Stining was 
continued for 3 h after which time GLC analysis of the reaction 
mixture indicated the absence of the mono~iiethyl ketone. The re- 
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actlon mixture was quenched with water and the product isolated of operating parameters are gratefully acknowledged. We  
by ether extraction to yield 2,2-dlmethylcyclopentanone (0.67 g, wish to thank Professors R. R.  Fraser and E.  W .  Warnhoff 
68% yield), which was used without further purification. for valuable discussions concerning possible modes for the 

To a solution of LDA (diisopropylanline ( 1 . 1  mL) and tl-BuLi reduction process,  hi^ paper was taken in part from the 
(2.8 niL, 2.5 M in hexane) in 10 mL of THF) at O°C was added a 
solution of 2,2-diniethylcyclopentanone (150 mg) in THF (5 mL) honors B.Sc. thesis of W.S.  

dropwise. This mixture was stirred at 0°C for 0 .3  h before I-phen- 
ylethyl bromide (1.36 g) in THF (5 mL) was added slowly. After 
5 h at O°C, an identical addition of the bromide was made and the 
reaction mixture was left stirring overnight. Water was added and 
the product extracted with ether. Evaporation of the ether after 
drying the combined extracts over anhydrous MgSO, gave an oil 
(2.26 g) that was mainly the alkyl bromide. Most of the bromide 
was removed by chromatography on silica gel to yield a crude 
product (280 mg), which by GLC analysis contained ca. 75% of 
the diastereomeric mixture 8 in a 60:40 ratio, virtually the same 
as that found for the sample isolated from the homoenolization 
experiments with 2. Small samples of each diastereomer, each of 
which contained about 20% of the other, were obtained by prepar- 
ative GLC. Precise mass data for each diastereomer were obtained 
by GC/MS. The major diastereorner had the following properties: 
IR (liquid film): 1730 cm-'; "CMR (CDCI,) 6,: 15.5, 23.1, 24.7 
(CH,'s), 20.8, 36.3 (CH2's), 38.0, 55.8 (CH's), 45.5 (quat C), 
126.2, 127.4 (2), 128.4 (2) (aryl CH's), 145.4 (aryl C), and 223.1 
(C-0). Exact Mass calcd. for C15H200: 216.1514; found: 
216.15 12. The niinor diastereomer exhibited the following data: 
IR (liquid film): 1730 cm- I; "CMR (CDCI,) 6,: 19.6, 22.7, 24.5 
(CH,'s), 21.9, 36.2 (CH2's), 39.2, 55.3 (CH's), 45.4 (quat C), 
126.4, 128.1 (2), 128.3 (2), (aryl CH's), 144.2 (aryl C), and 223.3 
(C=O). Exact Mass calcd. for Cl,H2,,0: 216.15 14; found: 
216.1510. 
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L. A. BLAIS, J. W. A P ~ I M O N ,  B. A. BLACKWELL, R. GREENHALGH, and J. D. MILLER. Can. J. Chem. 70, 1281 (1992). 
Dried mycelia from a 15 L stirred-jar fermentation culture of Fusar-iurn averlaceurn (DAOM 196490) were extracted 

with dichloromethane and partitioned between hexane and methanol/water. Recrystallization of the hexane fraction yielded 
6.750 g of a crude mixture of enniatins. Fast atom bombardment mass spectrometry showed, in accord with previous 
studies, that enniatin A was the predominant enniatin present, with smaller amounts of enniatins A1 and B1. HPLC pu- 
rification of 500 mg of the enniatin mixture resulted in the isolation of 300 mg of enniatin A,  114 mg of enniatin A l ,  
9 mg of enniatin B 1, and 46 mg of a new, N-methylleucine-containing enniatin (A2). This is the first reported isolation 
of a pure N-methylleucine-containing enniatin from Fusariurn, though the existence of such compounds had previously 
been inferred from hydrolysis and NMR data. The purification and complete characterization of enniatins A l ,  B 1, and 
A2 are reported. 

L. A.  BLAIS, J. W .  A P ~ I M O N ,  B. A. BLACKWELL, R. GREENHALGH et J. D. MILLER. Can. J. Chem. 70, 1281 (1992). 
Utilisant du dichloromkthane, on a extrait des mycCliums sCches d'une culture effectuee dans un recipient de 15 L 

agitC de F'usnri~crn nvenaceurn (DAOM 196490) et on a fait la partition entre de l'hexane et un melange de methanol/ 
eau. La recristallisation de la fraction hexanique foumit 6,750 g d'un melange brut d'enniatines. La spectromktrie de 
masse par bombardement avec des atomes rapides a montre, en accord avec des Ctudes anterieures, que I'enniatine A 
est l'enniatine prkdominante aux c8tes de quantitks plus faibles d'enniatines Al et B 1. Une purification par CLHP de 
500 mg du melange d'enniatine permet d'isoler 300 mg d'enniatine A,  114 mg d'enniatine A l ,  9 mg d'enniatine B l et 
46 mg d'une nouvelle enniatine (A2) contenant de la N-methylleucine. MCme si l'existence de tels composks avait etC 
suggkree antkrieurement sur la base d'une hydrolyse et de donnCes de RMN, il s'agit de la premiere enniatine contenant 
de la N-mCthylleucine a Ctre isolee a l'etat pur B partir du F~lsari~crrz. On rapporte la purification et la caractkrisation complkte 
des enniatines A1 , B 1 et B2. 

[Traduit par la rkdaction] 

Introduction 
Fusar-ium avennceum (Fr.) Sacc. (section Roseurn) is 

chiefly a fungus of temperate zones and is a common patho- 
gen of overwintering cereals. It is responsible for root-rot in 
both seedlings and mature plants of these cereals as well as 
of legumes and conifers. It has been associated with damp- 
ing-off disease of nursery seedlings and is also involved in 
"spnng yellows." Fusur-iutn avenaceurn has also been llnked 
to wilt in a variety of plants (1). 

Fusnr-ium nvennceurn (DAOM 196490) has been isolated 
from the phylloplane of needles from balsam fir infested with 
spruce budworm (Chor-istoneiit-n fum$er-ntm Clem.) by Mlller 
et nl .  (2). This fungus was found by Strongman et a l .  to 
produce a group of cyclohexadepsipeptides, the enniatins, 
in liquid culture (3). Purification of crude extracts of the 
mycelia resulted in the isolation of a mixture of the ennia- 
tins A ,  A l ,  and B 1 ,  which was found to be toxic to spruce 
budworm larvae at concentrations of 400 ppm (3). In addi- 
tion, the enniatins have been reported to be toxic to wheat 

nl .  (8), and have been characterized as cyclodepsipeptides 
containing alternating D-2-hydroxyisovaleric acid (HyIv) and 
L-amino acid residues to form an 18-membered cyclic back- 
bone. The amino acid residues can be either N-methyliso- 
leucine (NMelle) (enniatin A) (I) ,  N-methylvaline (NMeVal) 
(enniatin B) (2), or mixtures of the two (enniatins A1 (3) and 
B1 (4)) (Fig. 1). Of these, only enniatins A and B have been 
obtained in the pure form and fully characterized (3, 9 ,  13). 
The presence of N-methylleucine (NMeLeu)-containing en- 
niatins has been inferred from amino acid analysis of ennia- 
tin mixtures (10, 13), and although enniatin C (5) (containing 
only NMeLeu and HyIv) has been synthesized (12), no 
NMeLeu-containing enniatins have been purified and char- 
acterized previous to this work. 

This work details the isolation and complete character- 
ization of enniatins A 1 and B 1 in addition to a new, NMeLeu- 
containing enniatin, A2 (6). This is the first reported isolation 
and characterization of an N-methylleucine-containing en- 
niatin from a Fusar-ium species. 

seedlings (4), to have moderate insecticidal activity against ' blowfly and mosquito larvae (5), to show moderate anti- Results and discussion 

( biotic activity against some gram positive bacteria (6), and Strongman et a l .  (3) have shown that the major enniatin 
1 to be implicated in Fusut-ium wilt of tomato plants (7). produced by Fusar-iurn nvenuceum DAOM 196490 is ennia- 

The enniatins were first isolated in 1947, by Gaumann e t  tin A.  
HPLC purification of 500 mg of crude enniatins yielded 

'PRC contribution No. 1345. five fractions. The largest fraction, peak 5 ,  contained 
' ~ u t h o r s  to whom correspondence may be addressed. 300 mg of pure enniatin A. The identity of this compound 
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'H NMR data for enniatin B (12). In addition, the multiplet 
at 2.28 pprn and the doublets at 1.03 and 0.87 pprn corre- 
spond to the PCH and yCH, resonances for this amino acid. 
There are two N-methyl singlets in this spectrum at 
3.10 ppm (3 protons) and 3.08 (6 protons), which are as- 
signed to NMeVal and the two NMelle residues respec- 
tively. Finally, the aCH HyIv resonances have been assigned 
to the three overlapping doublets at 5.11 ppm. The PCH 
resonances and yCH, resonances for the HyIv residues are 
given in Table 1 .  

The 62.5 MHz I3c NMR spectrum of enniatin A1 con- 
firms the presence of two NMeIle residues and one NMeVal 
residue. The a C H  region for the amino acids shows reso- 
nances at 63.4 ppm and 61.4 ppm, corresponding to the aCH 
groups of NMeVal and NMeIle respectively. Although in- 
tegration of "C spectra is usually not accurate, in this case 
the peak at 61.4 pprn is approximately twice the height of the 
peak at 63.4 ppm, which would indicate the presence of two 
NMelle residues. There are three resonances in the N-methyl 
region at 33.4, 32.8, and 32.7 ppm. Comparison to the 

ENNlATlN spectra of enniatins A and B shows that the downfield res- 
onance is due to NMeVal and the two upfield resonances to 

1 A R'=R2=R3= -CH(CH3)CH2CH3 NMelle. Finally, resonances that correspond to the yCH, 

2 
groups of NMeVal occur at 19.5 and 20.5 ppm; the SCH, 

B R'=R'=R~= -CH(CH3)2 resonance of NMeIle occurs at 10.9 pprn and the y-methyl 
3 Al R'=F12= -CH(CH3)CH2CH3, R3=-CH(CH3)2 resonance for this amino acid residue occurs at 16.2 ppm. 
4 8,  R1=R2= -CH(CH3)2, R3=-CH(CH3)CH2CH3 The electron-impact mass spectrum shows fragment ions 

5 C R1=R2=R3= -CH2CH(CH3)2 characteristic of the loss of alternating HyIv and amino acid 
moieties from the parent compound. The ion at m/z 423 ac- 

6 A2 R'=R2=-CH(CH3)CH2CH3, R3=-CH2c~(CH3)2 counts for a loss of 244 mass units from the parent enniatin 
FIG. 1. Structures of the enniatins. A 1, which corresponds to a dimer of HyIv-NMeIle. LOSS 

of NMeVal from the remaining tetramer results in the ion at 
m/z  296, and loss of another HyIv residue yields the ion at 

was confirmed by comparison to published melting point, m/-. 196. Thus the GC/MS and 'H and ',c NMR data for 
mass spectral, and NMR data (3). The 'H NMR chemical enniatin A l  agree with the assigned structure of cyclo- 
shifts and coupling constants and "C NMR chemical shifts [(NMe1le-HyI~)~-NMeVal-HyIv]. 
for enniatin A are listed in Tables 1 and 2. The first peak from the HPLC separation of the enniatin 

The structures of enniatins A1 and B 1 have been deter- mixture yielded 9 mg of enniatin B 1. FAB mass spectra of 
mined from amino acid analysis and mass spectral data (10, this compound showed a molecular ion at m/z 654.5 (M' + 
12). However, they have never been purified and fully H), indicating a molecular weight of 653. Solid probe EI/ 
characterized. MS confirmed this molecular weight. Comparison with the 

Peak 3 from the HPLC separation of the enniatin mixture literature indicated that this coinpound was enniatin B 1. The 
yielded 114 mg of pure enniatin A l .  The colourless, needle- structure of this compound was proposed to be a homo- 
shaped crystals melted at 66-67OC and exhibited an optical logue of enniatin A I,  in which one of the NMeIle residues 
rotation of -62.8 ( c  2.3 in chloroform at 25OC). The FAB is replaced by a second NMeVal residue. 
mass spectrum showed a molecular ion at tn/z 668.5 (Mi + The 500 MHz 'H NMR spectrum of enniatin B 1 is shown 
H), indicating a molecular weight of 667. This was con- in Fig. 2(h). This spectrum is similar to the 'H  NMR spec- 
firmed by solid probe EI/MS, which also showed a molec- trum of enniatin A1 , except that the number of doublets and 
ular ion at tn/z 667. Previous amino acid analyses of mixtures integration values representing the a C H  of NMeIle and 
of enniatins containing enniatin A1 suggested a structure for NMeVal are reversed. In addition, the singlets at 3.08 
this enniatin in which there are two N-methylisoleucine and 3.10 ppm, representing the methyl groups on the nitro- 
residues and one N-methylvaline residue alternating with D- gens of NMeIle and NMeVal respectively, show reversed 
2-hydroxyisovaleric acid residues to form the cyclohexa- intensities to those in the spectrum of enniatin A l .  There is 
depsipeptide. The 500 MHz 'H NMR spectrum of enniatin also a difference in the intensities for the PCH protons. In 
A 1 is shown in Fig. 2(a). Comparison of these data with the spectrum of enniatin A l ,  the resonance for the PCH of 
those obtained for enniatin A (see Table 1) indicates the NMeVal is a shoulder on that of HyIv (2.26 pprn). The ob- 
presence of N-methylisoleucine, shown by a pair of doub- served intensity is only slightly greater for these overlapped 
lets at 4.62 and 4.66 pprn (J = 9.2 Hz), which integrate for PCH inultiplets (integrating for four protons) than for the 
two protons. The multiplet resonances at 2.01 pprn (PCH), multiplet at 2.01 ppin corresponding to the PCH of NMeIle, 
1.04 and 1.42 ppm (yCHI AB), and overlapping triplets at which integrates for two protons. In the spectrum of ennia- 
0 .83 and 0.85 (SCH,) are also due to NMeIle. The doublet tin B I ,  the overlapping of the PCH multiplets at 2.24 pprn 
at 4.42 ppm, with a coupling constant of 10.3 Hz, is as- (integrating for five protons) results in an observed intensity 
signed as the aCH of NMeVal by comparison to published of at least four times that of the multiplet at 2.04 pprn (in- 
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BLAlS ET AL. 

NMeVal 

NMe I l e  NMeVal / ' 1  
r " ? n  

PPM 

N-CH3 

n 

FIG. 2. 500 MHz 'H NMR spectra of enniatin A1 (cr )  and enniatin B1 (b).  Spectra were referenced to deuterochlorofor~n at 7.24 ppln 
and rcported relative to tetra~nethylsilane (Me,Si). 

NMeVal 
(b) 

ff H 

tegrating for one proton). Finally, differences in intensity of 
the individual resonances can also be seen in the aliphatic 
methyl region. 

. . . . The "C NMR spectrum of enniatin B 1 also shows strong 
. . 

. .  . . . similarities to that of enniatin A l .  There are two reso- 
nances, at 63.4 and 63.5 ppm, corresponding to the a C H  of 
the two NMeVal residues, and one resonance at 61 .5  ppm 
for the a C H  of NMeIle, as well as two downfield reso- 
nances at 33.3 and 33.4 ppm corresponding the N-methyl 
groups of the NMeVal residues, and one resonance at 
32.7 ppm for the N-methyl group of NMeIle. The aliphatic 
region of the spectrum is virtually identical to that of ennia- 
tin A l .  Thus, the NMR data confirm the structure of ennia- 
tin B 1 to be cyclo-[(NMeVal-Hylv),-NMeIle-Hylv]. 

In addition to the three known enniatins, a fourth ennia- 
tin, designated enniatin A2, was isolated as a shoulder on the 
HPLC peak corresponding to enniatin A l .  This compound 
was recrystallized to give 46 mg of colourless needle-shaped 
crystals with a melting point of 123- 125°C. The FAB mass 
spectrum showed a molecular ion at m / z  682.5, identical to 
that of enniatin A, indicating a molecular weight of 68 1. This 
was confirmed by solid probe EI/MS. Although this com- 
pound shows an identical molecular weight to enniatin A, its 
retention time on HPLC is 2 min less than that for enniatin 

. . . ' A. The only structure that would correspond to this molec- 

NMeIle 

ular weight involves the replacement of one or more of the 
NMeIle residues with NMeLeu residues. Although the 
presence of NMeLeu-containing enniatins has been sug- 
gested by amino acid analysis (10) and I3c NMR spectra (3) 
of enniatin mixtures, and enniatin C (cyclo-[NMeLeu-Hylv],, 
MW 68  1) has been synthesized ( 1  2), no NMeLeu-contain- 
in& enniatins have ever been purified from natural sources 
and characterized. 

The 500 MHz ' H  NMR chemical shifts for enniatin A2 
show that this con~pound is definitely an enniatin, but it is 
not enniatin A (Fig. 3). The presence of one NMeIle resi- 
due was determined by comparison to the spectrum of en- 
niatin A,  and was assigned to the resonances at 4.60 (aCH), 
2.00 (PCH), 1.40 and 1.07 (yCH,), 0 .92  (yCH,), 0.84 
(SCH,), and 3.09 ppm (N-CH,). Integration of the reso- 
nance at 2.00 ppm accounted for two protons, indicating the 
presence of two NMeIle residues. By using 'H / 'H  correla- 
tion spectroscopy (COSY), another set of resonances were 
assigned to the second NMeIle residue. A triplet at 
0.83 ppm, showing a coupling constant of 7 .4  Hz, was as- 
signed as the SCH, group. A second AB system at 1.06 and 
1.33 ppm was attributed to the yCH, group, and the second 
multiplet at 2.00 ppm to the PCH. The doublet at 4.60 ppm 
was broadened in the 'H  NMR spectrum and integrated for 
two protons. However, a ' H / ' ~ c  heteronuclear correlation 

m 
NMe I le NMeVal 

J L  
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TABLE 1. 500 MHz ' H  NMR chemical shift assignments for enniatins A ,  A1 , BI , and A2 
- 

Chemical shift (pprn); J (Hz )  

Proton A A 1 B I A2 

NMeIle" aH 4.65(J,,, = 9.2)  4.62(J,, = 9.2) 4.65(J,,  = 9.0) 4.60(J,,, = 9.6) 
4.66(.1,,, = 9.2) 5.02(J,,, = 9.6) 

PH 2.04(5,,, = 9 2;  2 01 2.04 2.00(J,,, = 9.6); J,, = 3.1; 
J,, = 3.2) J p Y 2  = 7 .7 )  

yl(CH,) 1.04(JAB = 13.2, 1.04 1.04 1.07(JAB = 13.6; Jy,,& = 7.5;  
J,,.s = 7 .5 )  J,,,, = 3.3)  

I 
1.42(J,, ,  = 7.4;  1 .42(J,,,& = 7 .2 )  1.42(JAB = 13.8) 1.40(J,,,s = 7 .5 )  

J,, p = 3.2)  1.02(JAB = 13.6;Jy,,6 = 7.5;  
J,,,, = 3.2) 

yr(CH3) l.OO(J,,,, 8.3) 0.98 0.98 1.34 
0.94-0.96 

6H3 0.84(J6,,, = 7 .4 )  0.83(Ja,,, = 7 .5 )  0.82(J8 ,, = 7 .3 )  0.83(Js,, = 7 .4 )  
0.84(Js,,, = 7.4)  

N-CH? 3.09 3.08 3.08 3.09 
3.14 

NMeVal aH 

P H 
yH1 

NMeLeu aH 
PHI 

N-CH, 

HyIv aH 5.1O(J,,, = 7 .8 )  S.lO(J,,, = 8.8, 5.1 1(J ,,., = 7.3, 5.05(J,,p = 8.2) 
9.1, 7 . 0 )  9 .1 ,  7 . 9 )  4.92(Ja,,  = 8.9) 

5.18(Ja,, = 8.2) 
PH 2.25(5,,, = 6.8)  2.26 2.24 2.21 

2.21 
2.28 

6H3 0.92(J,,, = 6.8)  0.92-0.99 0.92-0.98 0.89-0.97 
0.98(J,,, = 7 .2 )  

"NMeIle: N-methylisoleucine; NMeVal: N-methylvaline; NMeLeu: N-methylleucine; HyIv: D-2-hydroxyisovaleric acid. 

spectrum (HETCOR) showed that this second aCH reso- 
nance did not correspond to NMeIle; rather, the correct aCH 
resonance had shifted downfield to 5.02 ppm. This assign- 
ment was confirmed from the COSY spectrum, which 
showed coupling between the resonance at 5.02 pprn and the 
resonance at 2.00 ppm. The N-methyl group was assigned 
to the resonance at 3.14 ppm, based on the downfield shift 
of the aCH proton. Comparison of the chemical shifts of the 
remaining resonances with those of enniatin C and a stan- 
dard of N-methylleucine showed that the third amino acid in 
the molecule must be NMeLeu. The a C H  of NMeLeu was 
assigned to the second broadened doublet at 4.59 ppm. This 
signal would be expected to appear as a double doublet due 
to coupling to the nonequivalent protons of the neighbour- 
ing CH2 group. However, overlapping of these signals with 
the aCH resonance of NMeIle results in a broadened, poorly 
resolved pair of doublets. This resonance showed coupling 

in the COSY spectrum to an AB system at 1.81 and 
1.72 ppm, which were assigned to the PCH, group. These 
latter multiplets showed coupling to a multiplet at 
1.52 ppm, corresponding to the yCH group of NMeLeu, 
which in turn coupled to doublets at 0.90 and 0.92 pprn 
(SCH, groups). The N-methyl group of NMeLeu was as- 
signed to the remaining singlet at 3.05 ppm. The downfield 
resonance at 5.18 pprn was assigned to the aCH of HyIv next 
to an NMeLeu residue by comparison to the data for ennia- 
tin C; the PCH resonance at 2.28 pprn was also attributed to 
this hydroxy acid. The upfield doublet at 4.92 pprn was as- 
signed to the aCH of HyIv next to the second NMeIle, and 
the resonance at 5.05 pprn to the a C H  of HyIv next to the 
other NMeIle. The PCH resonances for both of these hy- 
droxy acid residues were assigned to the overlapped multi- 
plets at 2.21 ppm. 

The I3c NMR spectrum of this compound was assigned 
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NMeIle 

NMeLeu 

PPM 

FIG. 3. 500 MHz 'H NMR spectrum of enniatin A2. Spectrum was referenced to deuterochloroform at 7.24 ppm and reported relative 
to tetrarnethylsilane (Me,Si). 

by comparison to the spectrum of enniatin A and from the 
HETCOR. There are six carbonyl resonances for this com- 
pound. The resonances at 170.8 and 169.7 ppm correspond 
to the ester and amide carbonyl for HyIv next to NMeLeu; 
the other resonances at 170.5 and 169.4 ppm are the ester and 
amide carbonyls of NMeIle-HyIv. The resonances at 77.2 
and 75.0 ppm represent the aCH carbons of HyIv next to the 
NMeIle residues, and the resonance at 75.2 pprn corre- 
sponds to the aCH of HyIv next to NMeLeu. The two 
downfield resonances at 61.4 and 60.0 ppm are the aCH 
carbons of the two NMeIle residues. The resonance at 
57.4 ppm is that of the aCH of NMeLeu; the reduced inten- 
sity of the signal is presumably due to C-N coupling. The 
resonance at 37.9 ppm corresponds to the PCH, of NMeLeu. 
Resonances at 25.3 ppm (yCH), and 23.2 and 21.5 ppm 
(6CH,) complete the NMeLeu residue. The N-methyl shifts 
have been assigned to 33.9 and 32.5 ppm (NMeIle) and 
31.6 ppm (NMeLeu). The rest of the "C NMR chemical shift 
assignments for enniatin A2 are given in Table 2. 

The presence of an NMeLeu residue in enniatin A2 was 
confirmed by amino acid analysis of the acid hydrolysate. 
A standard of N-methylleucine derivatized with MTBSTFA 
showed a retention time on GC/MS of 11.24 rnin, and a 
molecular ion at m/z 360. The standard of N-methylvaline 
had a retention time of 6.61 rnin and showed a molecular ion 
at m/z 346. GC/MS of the derivatized hydrolysate showed 
a peak at 8.83 rnin with a molecular ion at rn/z 347; how- 
ever, the intensity pattern of the fragment ions and the re- 
tention time did not match those of NMeVal. This peak could 
possibly have been due to HyIv present in the sample, as the 

structure of this acid is similar to that of valine. There were 
two peaks at 11.23 and 1 1.37 rnin with molecular ions at m/z 
360. Comparison of the mass spectra with those of the stan- 
dard of NMeLeu resulted in the assignment of the peak at 
11.23 minutes to NMeLeu. The other peak, with an identi- 
cal n~olecular ion and a similar mass spectrum, was as- 
signed as NMeIle. 

From the above data, the structure of enniatin A2 is as- 
signed as cyclo-((NMeIle-HyIv),-NMeLeu-HyIv]. 'This is the 
first reported N-methylleucine-containing enniatin to be 
isolated and characterized in the pure form from Fusariurn. 

A fifth fraction (7 mg) was obtained by separation of the 
crude mixture using HPLC. 'H NMR of this fraction showed 
the presence of two enniatin-like compounds, with five sin- 
glets in the N-methyl region. The small amount of material 
did not permit separation of these compounds. However, as 
these compounds chromatograph as a shoulder following peak 
1 (enniatin B I), two possible structures could be suggested: 
an enniatin containing two N-methylvaline residues and one 
N-methylleucine residue, or an enniatin containing one each 
of N-methylvaline, N-methylisoleucine, and N-methylleu- 
cine. 

Previous reports in the literature have indicated the rela- 
tively nonspecific nature of the enzyme enniatin synthetase 
towards the branched-chain amino acids valine, isoleucine, 
and leucine. The isolation of the mixed enniatins A l ,  B 1, and 
A2 agrees with these findings. The presence of large amounts 
of N-methylisoleucine-containing enniatins from extracts of 
Fusczri~~m averzaceurn DAOM 196490 would seem to indi- 
cate either a preference by the enzyme for isoleucine, or an 
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TABLE 2. 62.5 MHz "C NMR chemical shift assignments for enniatins A, A l ,  B l ,  and A2 

'" NMR (ppm) 

Carbon A A 1 B 1 A2 

NMeLeu UC 
PC 
YC 
6C 
N-CH3 
C=O(ester) 
C=O(amide) 

HyIv a C  
PC 
YC 

"Abbreviations: see Table I. 

accumulation of the isoleucine pools relative to those of va- Preparative HPLC was conducted on a Varian Vista 5500 series 
line and leucine. chromatograph equipped with a Varian 2550 UV detector operat- 

ing at 245 nm. A 10 IJ-m Whatnian Magnum 9 Partisil ODs-3 semi- 

Experimental preparative reverse-phase column (9.4 mm i.d. x 25 cm) was used 
with a solvent systeni of 80% acetonitrile/20% water for initial 

Infrared spectra were obtained on either a Bomem Michealson separation, and 70% acetonitrile/30% water for final purification, 
I00 FT-IR or a Perkin Elmer 1600 series FT-IR. All compounds at a flow rate of 4 mL min - ' ,  
were run as films on NaCl plates. 

Solid probe electron impact (El) spectra were obtained on a 
Finnegan MAT 4500 GC/MS system with an INCOS data sys- 
tem. Probe teniperature was programmed from 40 to 350°C, ion 
source temperature was 140°C. electron energy 70 eV, multiplier 
1200 V. Fast atom bombardment spectra (FAB) were recorded on 
a high-resolution, double-focussing, reversed geometry Finnegan 
MAT-312 mass spectrometer equipped with an Ion Tech saddle- 
field atom gun and an INCOS data station. No heating was ap- 
plied to the ion source. The acceleration potential was kept at 
3 kV and the electron multiplier at 2 kV whereas the atom gun was 
operated with Xenon gas (99.9995%, Matheson) at 8 kV. The 
matrix used was diethanolamine (Aldrich Chemical Co.. cat. no. 
D8, 330-3). 

' H  and "C NMR spectra were run on Bruker AM 250 and AM 
500 NMR spectrometers equipped with ASPECT 3000 data sys- 
tems. Chemical shifts were referenced to deuterochlorofo~m at 7.24 
and 77.0 ppm for 'H and I3C, respectively, and reported relative 
to tetrarliethylsilane (Me,Si). "C chemical shift assignments were 
made by using DEPT pulse sequence, 'H/'.'c heteronuclear cor- 

Arrtirto ncicl nrznlysis ($erlrlintirz A2 
Ten niilligra~ns of enniatin A2 was refluxed under nitrogen in 

6 M HCI (2 mL) for 20 h.  The pH of the hydrolysate was adjusted 
to 7 using triethylaniine, followed by dilution with water until a 
concentration of 250 nM in each amino acid was obtained. 

Standards of N-methyl-L-leucine and N-methyl-L-valine were 
dissolved in water to a concentration of 2.5 mM each. Twenty-five 
microlitres of each standard and the hydrolysate were transferred 
to I-mL Reactivials, followed by removal of the water using an air 
stream. To each sa~iiple was added 0.2 IJ-L of dichlorornethane, and 
the samples were redried under nitrogen. The samples were then 
derivatized by addition of 15 IJ-L of MTBSTFA (Pierce) and 
16 FL of pyridine and triethylaniine solution (100:7, v/v). The vials 
were capped, shaken, and heated at 90°C for 20 min, then cooled 
and analyzed by GC/MS. Saniples were run on an HP-5 column 
with a 1/20 inlet split using two different temperature programs: 
(1) I 10°C. then 12"/min to 194°C; 16"/min to 265°C followed by 
an 8-min hold (ALLBSC); (2) 170°C. then I OO/niin to 290°C; hold 
I min (MTXBSC). 

relation~spectr~scopy (HETCOR), and by comparison with known Clternic.als 
enniatins. Confirnlation of 'H chemical shift assignments was made Standards of N-methylleucine and N-methylvaline were ob- 
by the use of 'H/'H homonuclear correlation spectra (COSY). The tained from the Signla Cheniical Company. A standard mixture of 
'H and I3c NMR data for enniatins A, A l ,  B I ,  and A2 are given enniatins A, A1 , and B1 was kindly provided by Dr. D. Strongman, 
in Tables I and 2. Canadian Forestry Service-Maritimes, Fredericton, N.B., Canada. 
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All solvents used for isolation and purification were HPLC grade 
glass distilled purchased from Caledon or Anachemia. 

Merck TLC grade silica gel G was used for vacuum liquid 
chromatography. 

Fermerzmtion of Fusarium avenaceum (DAOM 196490) 
To obtain sufficient amounts of enniatins for isolation and char- 

acterization, Fusariurn avenaceum DAOM 196490 was grown in 
a 15-L stirred-jar fermentor using the method of Miller and 
Blackwell (1 I), except that the production medium used was 
identical to that used for the seed culture (glucose (20 g), malt ex- 
tract (2 g), yeast extract (2 g), peptone (2 g), KH?P04 (2 g), 
MgS0,.7H20 (2 g), FeS04.7H20 (0.2 g), and ammonium chlo- 
ride (3 g); amounts given per litre water; distilled water put through 
a Barnstead Nanopure I1 system; 18.3 MR cm-I). After 1 week, 
the culture was filtered through Whatman No. 1 filter paper and the 
mycelia were dried at 40°C under vacuum. 

Extraction arld purification of entziatirzs 
Dried mycelia (71.540 g) were ground in a mortar, then ex- 

tracted using the method of Strongman et 01. (3). Partitioning of 
the dichloromethane extract of the mycelia (18.243 g) between 
hexane and methanol/water (I : I ,  v/v) yielded 12.75 1 g of hex- 
ane soluble material and 5.095 g of water soluble material. 

FAB-MS of the hexane extract showed the presence of ennia- 
tins B l ,  A l ,  and A by molecular ions at tn/z 654.5, 668.5, and 
682.5 (M' + H). In addition, ions corresponding to the K +  ad- 
ducts at m/z 692.5, 706.5, and 720.5 were also present in the 
spectrum, as were ions corresponding to the addition of the dieth- 
anolamine matrix (trz/z 759.5, 773.5, and 787.5 respectively). 

TLC of the extract using a solvent system of CC14/diethyl ether 
(1 : 1, V/V) and visualization by iodine vapour showed the pres- 
ence of three spots corresponding to fatty-acid type compounds (R, 
0.95), enniatins (R, 0.44), and ergosterol (R, 0.16), by compari- 
son to standards of oleic acid and ergosterol. 

The enniatins were purified from the crude extract using vac- 
uum liquid chromatography with CCl,/diethyl ether (3:2, v/v) as 
the eluting solvent. Twenty-four fractions (150 mL each) were 
collected and monitored by TLC as previously described. Frac- 
tions 7-24 (7.436 g) contained mainly enniatins. This fraction was 
recrystallized from ethanol-water at -20°C to give 6.750 g of 
colourless needles. 

A 500 mg sample of the crystals dissolved in 5 mL of acetoni- 
trile and chromatographed by HPLC showed the presence of five 
separate peaks. Peak I (enniatin BI) (4) (C,4Hs9N309) was iso- 
lated as a pale yellow oil (9 mg): [a], + 173.8 (c 0.6, CHCI,, 25°C); 
IR v,,;,, (NaCI): 2966 (C-H, alkane), 1744 (C=O, ester), 1654 
( C V ,  amide); m/z: 653.4250 (calcd. 653.4254); solid probe MS 
El m/z: 42(base), 55(26), 69(56), 86(89), 100(48), 1 12(8), 126( 12), 
142(20), 154(21), 169(42), 182(32), 196(72), 210(38), 228(6), 
282(15), 296(19), 310(18), 423(6), 552(5), 571(4), 6 5 3 ( ~ + ) .  

Peak 3 (enniatin A l )  (3) (C3,H6,N309) was isolated as a pale 
yellow oil. Recrystallization from ethanol/water yielded 114 mg 
of colourless needle crystals: mp 66-67°C; [a], -62.8 (c 2.3, 
CHCI,, 25°C); IR v,,, (NaCI): 2965 (C-H, alkane), 1740 (C=O. 
ester), 1662 ( C S ,  amide); m/z: 667.4404 (calcd. 667.4410); solid 
probe MS EI tn/z: 42(base), 55(20), 69(59), 86(5 I), 100(86), 
112(8), 126(12), 142(18), 153(20), 169(29), 183(48), 196(52), 
210(68), 228(1 I), 282(1 l ) ,  296(18), 310(19), 324(10), 397(4), 
423(7), 667(Mf). 

Peak 4 (enniatin A2) (6) (C,BH,,N30,) was isolated as a yellow 
oil, which was recrystallized from ethanol/water to give 46 mg of 
colourless needle crystals: mp 123-125°C; [a], -34.4 (c 4.1, 
CHCI,, 25°C); IR v,,,,, (NaCI): 2965 (C-H, alkane), 1744 (C=O, 
ester), 1661 ( C V ,  amide); nz/z: 681.4612 (calcd. 681.4567); solid 
probe MS El rn/z: 71(28), 83(20), 100(base), 112(9), 128(9), 
143(12), 155(20), 169(15), 183(43), 196(19), 210(60), 228(8), 
296(14), 310(8), 324(12), 681(Mf). 

Peak 5 ,  isolated as a yellow oil, was recrystallized, yielding 
301 mg of colourless needle crystals, which were identified as en- 
niatin A by comparison to published mass spectral and 'H NMR 
data, melting points, and optical rotation. 

The 'H NMR of peak 2 showed the presence of two com- 
pounds. All attempts to separate these compounds were unsuc- 
cessful, and because of the small amount of material (7 mg), no 
further work was done on this fraction. 
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A general synthesis of 5,7-diaminoimidazo[4,5-blpyridine ribosides ("2-amino-l- 
deazaadenosines") from 5-amino-4-imidazolecarboxamide riboside (AICA riboside) 
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JOHN E. FRANCIS and MICHAEL A. MOSKAI.. Can. J. Chem. 70, 1288 (1992). 
A short general synthesis of 5-substituted 5,7-diaminoimidazo[4,5-blpyridines from 5-amino-4-imidazolecarboxam- 

ide riboside (AICA riboside) was designed to prepare isosteres of substituted 2-aminoadenosines that are selective aden- 
osine A? receptor agonists. AICA riboside was converted to a hydroxyl-protected 5-amino-4-imidazolecarbonitrile riboside 
and reacted with an N,N-disubstituted acetamide in the presence of phosphoryl chloride. Sodium hydride treatment 
completed the ring closure and introduced the 7-amino group. The hydroxyl protecting groups were removed under standard 
conditions. N-Substitution of the acetamide by one benzyl moiety led to a 5-N-substituted derivative through hydrogen- 
olysis whereas N,N-dibenzylacetamide led to the 5,7-diamino compound. A 6-methyl analog was obtained from an 
N,N-disubstituted propionamide. This synthesis may be adapted to other heterocyclic systems, as illustrated by the 
preparation of an example of the imidazo[4,5-b]pyrrolo[3,2-elpyridine ring system. 

JOHN E. FRANCIS et MICHAEL A. MOSKAI.. Can. J .  Chem. 70, 1288 (1992). 
Dans le but de preparer des isostkres des 2-aminoadCnosines substituCes qui sont des agonistes sClectifs du rCcepteur 

A? de I'adCnosine, on a dCveloppC une courte mCthode gCnCrale de synthttse des 5.7-diamino-imidazo[4.5-blpyridines 
substitukes en position 5 utilisant le riboside du 5-amino-4-imidazolecarboxarnide (riboside du AICA) somme produit 
de dCpart. On a transform6 le riboside du AICA en un riboside du 5-amino-4-imidazolecarbonitrile dont I'hydroxyle Ctait 
protCgC et on a fait rCagir ce dernier avec un acktamide N,N-disubstituk, en presence de chlorure de phosphoryle. Un 
traiternent avec de l'hydrure de sodium a permis de complCter la fermeture du cycle et I'introduction du groupe 7-amino. 
Utilisant des conditions standard, on a alors enlev6 les groups protkgeant les hydroxyles. La N-substitution de I'acetaniide 
par une portion benzylique a conduit par hydrogknolyse a la formationd'un dCrive 5,N-substitue; dans les mEmes con- 
ditions, un N,N-dibenzylacktamide conduit au compose 5,7-diamino. A partir d'une propanamide N,N-disubstituke, on 
a obtenu un analogue portant un groupement mCthyle en position 6.  On peut adapter cette synthttse B d'autres systkmes 
hCtCrocycliques et on I'a illustre avec la preparation d'un exernple du systeme cyclique imidazo[4,5-b]pyrrolo[3,2-el- 
pyridine. 

[Traduit par la redaction] 

Adenosine ( l a ) ,  an endogenous purine nucleoside, was  
reported by Drury and Szent-Gyorgyi to  have potent hypo- 
tensive and  bradycardic activity in 1929 ( I).  In  1963 ,  Berne 
(2) spurred additional interest when h e  proposed that aden- 
osine plays an important role as  the mediator of  metaboli- 
cally regulated coronary flow. Based o n  subsequent 
investigations (3) ,  the role of adenosine a s  a local regulator 
of  blood f low in other tissues was postulated. Although this 
short-acting compound seems an excellent lead structure fo r  
the design of  novel cardiovascular drugs through molecular 
modification, research has not yet produced such a drug,  
except  for  the natural product itself, which was  recently 
marketed' for  the intravenous treatment of  supraventricular 
tachycardia (4).  

A recent rebirth of interest in modification of  the adeno- 
sine structure (5) followed the recognition and  characteriza- 
tion of purinergic receptors in peripheral cell membranes (6). 
particularly the A ,  and A? receptors (7, 8). T h e  negative 
dromo-,  chrono-, and inotropic effects of adenosine are  
thought to be  A ,  mediated (9)  whereas the vasodilatory ef- 
fects are  A? mediated (10). 

O u r  interest in vasodilators led to a search for selective A2 
receptor agonists.  A lead compound was  the moderately A, 
selective agonist 2-anilinoadenosine (10) (1 I ) ,  which had 
been characterized as  a coronary dilator in anaesthetized dogs 
(12)  at  the time w e  began our  research. Subsequent modi-  

' ~ u t h o r  to whom correspondence rnay be addressed 
' ~ d e n o c a r d ~  (Fujisawa Pharmaceutical Company). 

fication of  1 0  led us to  a series of  2-substituted aminoaden- 
osines which were highly selective A? receptor agonists that 
lowered blood pressure effectively in spontaneously hyper- 
tensive rats ( 13). 

Since 7-amino-3-(P-~-ribofuranosyl)imidazo[4,5-b]pyr- 
idine (I-deazaadenosine, 20)  showed adenosine-like activ- 
ity (14) ,  it seemed worthwhile t o  prepare I-deaza analogs 
structurally related to l b  and our  active 2-aminoadenosines, 
i . e . ,  5,7-diaminoimidazo[4,5-bjpyridine ribosides of  the 
general structure 20.  Ethyl N-(7-chloro-3H-imidaz0[4,5- 
Dlpyridin-5-y1)carbamate (3), prepared in nine steps f rom 
chel ida~nic acid (4) (15), was converted in nine further steps 
to  structures of  type 2 6  in which the R '  group is hydrogen 
and the R" group is hydrogen, alkyl, o r  substituted alkyl (16). 

Herein w e  report a much  shorter and  more  general 
synthesis starting f rom 5-amino-1-(P-D-ribofuranosyl)imid- 
azole-4-carboxamide (AICA riboside, 5), accessible chem-  
ically from inosine (17) o r  by fermentation (18). This  had 
been used as  a building block for  l b  and many related 2- 
aminoadenosines (19) and contains all of  the chiral centres 
and most of the atoms present in the compounds we planned 
to  synthesize. 

A route similar to  the preparation of  2-alkylaminoadeno- 
sines from 2-chloroadenosine ( l c )  (13) was not feasible in the 
7-aminoimidazo[4,5-Olpyridine series because a halide at 
position 5 is not easily displaced. T h e  report of  a convenient 
synthesis of  2,4-diaminoquinoline derivatives (20)  from an- 
thranilonitriles suggested a viable route to  o u r  target com-  
pounds. W e  studied s o m e  variations of  the published 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FRANCIS AND MOSKAL 1289 

methodology through model reactions. W e  found that 5- niently with sodium hydride in refluxing dioxane to 8a in 80% 
chloroanthranilonitrile (6) reacted with dimethylacetamide yield. Similarly, the aminocyanopyrazole 9 was converted via 
dimethyl acetal in refluxing cyclohexane to form the inter- intermediate 10 (in this case prepared in refluxing acetoni- 
mediate 7a in 79% yield and this could be converted conve- trile) to the pyrazolo[3,4-blpyridine 11 in 50% overall yield. 

In: R = H 
10: R = C6HsNH 
lc: R = C1 

HOOC hcooH I - 
H 

2 a : R = H  
26: R = NH2, NHR', NR'R" 

NHCOOEt 

AICA riboside (5) was converted to the Z1,3'-protected 
I aminonitrile 12 by a six-step literature route (21) in 25% 
I yield. Reaction of this intermediate with comniercial di- 

methylacetamide dimethyl acetal gave the expected product 
13 under the mild conditions of overnight treatment at room 
temperature. The same result was obtained by the use of di- 
methylacetarnide treated with dirnethyl sulphate and neu- 
tralized with sodium methoxide. Cyclization with sodium 
hydride/dioxane at 110°C over 1 h followed by deprotec- 

tion with 90% trifluoroacetic acid at 0°C in 0 .5  h gave 2c 
(R = NMe,) in 83% yield. Attempted removal of the iso- 
propylidene protecting group with dilute hydrochloric acid, 
80% acetic acid, or  50% formic acid resulted in some loss 
of the ribosyl moiety. 

The paucity of commercially available orthoamides lim- 
its the general utility of this approach. Since condensation 
of an orthoester with the aminonitrile followed by displace- 
ment of the alkoxide group by a secondary amine was shown 
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to involve temperatures of 150°C in each step (20), we did 
not pursue this alternate two-step approach. Replacement of 
dimethylacetamide with other tertiary amides revealed a 
further disadvantage of the orthoamide approach. Reaction 
of 12 with N-methylacetanilide/dimethyl sulphate/sodium 
methoxide gave none of the desired compound 2d (R = 
N(Me)C6H,). N-Methylaniline was detected as a product of 
the reaction, indicative of preferential C-N bond cleavage 
rather than C - 0  cleavage with alkoxide elimination. The 
result is not surprising since the ready displacement of N- 
methylaniline anion rather than alkoxide from an amide acetal 
at basic pH has been observed previously (22) .  

We turned to the method of activating the tertiary amide 
through conversion to its imidinium chloride. Treatment of 
N,N-dibenzylacetamide with phosphoryl chloride in aceto- 
nitrile at room temperature followed by addition of 6 gave 
the desired intermediate 7 b  in 67% yield, which was con- 
verted to 8b with sodium hydride. By the same route, 5- 
amino-(1H)imidazole-4-carbonitrile (14) was converted to 
15n and cyclized to 16n, a potential building block for a wide 
variety of 5,7-diaminoimidazo[4,5-blpyridines. Substitu- 
tion of N-methylacetanilide as the tertiary amide led to 15b 
and 16b. The synthesis of 10 from 9 with dimethylacet- 
amide and phosphoryl chloride was achieved in 97% yield. 

C N  - ___7 

/ NR'R" 

The remaining target compounds were then prepared in the idinium chloride. Omission of this step in the reaction with 
following manner. Intermediate 12 was protected at the 5 ' -  dibenzylacetamide led to a significant amount of the 5'-chloro 
position as the acetate (17) before condensation with an im- derivative 18n. Condensalion of 17 with N,N-dibenzylacet- 
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amide/phosphoryl chloride in acetonitrile at room temper- 
ature over 16 h gave the desired intermediate 18b as an oil 
that was hydrolysed with methanolic ammonia to afford 18c 
in 90% overall yield. Cyclization with sodium hydride in 
dioxane produced crude 190 as a foam. Removal of both 
benzyl groups was achieved with hydrogen over palladium 
hydroxide in ethanol at 50°C and 45 psi (1 psi = 6.89 kPa) 
to afford 19b in nearly quantitative yield. Removal of the 
remaining protecting group with 90% trifluoroacetic acid gave 
2e ( R  = NH,), characterized as both the trifluoroacetate and 
dihydrochloride. When N-benzylacetanilide was substituted 
for N,N-dibenzylacetamide in the sequence, the target com- 
pound 2 f ( R  = NHC6H,) was obtained. Targets 2g ( R  = 
NHCH2CH,C6H,-p-CH,CHZChH5) and 2h ( R  = NHCH2CH,- 
C,H,-p-CH2CH2COOH) were also prepared. For 2h, the p- 
substituent was introduced conveniently by Heck reaction 
conditions (23) from the N'-p-bromophenethyl intermediate 
with the 2' and 3' hydroxyls protected. 

Substitution in the 6-position by methyl was achieved 
through the use of an N-substituted N-benzylpropionamide, 
as illustrated by the synthesis of 20. Finally, annelation of 
the imidazopyridine ring system at the 5- and 6-positions was 
accomplished through the use of an N-benzylated lactam. 
Specifically, N-benzylbutyrolactam was converted through 
the usual steps to the tricyclic compound 21, an example of 
the previously unreported imidazo[4,5-b]pyrrolo[3,2-elpyr- 
idine ring system. 

Some biochemical and pharmacological results on this 
series will be reported separately. Since these 1 -deazaaden- 
osine derivatives cannot be metabolized to intermediates that 
can form Watson-Crick base pairs (24), we hope that these 
compounds will show fewer side effects than their purine 
riboside isosteres. 

Experimental 

All reactions were carried out under nitrogen. Melting points 
(uncorrected) were determined on a Thomas-Hoover capillary 
apparatus. Proton NMR were determined on a Varian XL-300, 
Varian XL-400, Bruker AC-300, or Bruker AC-250 instrument with 
tetramethylsilane as internal standard in deuterated dimethyl 
sulphoxide unless otherwise stated. Spectral shifts are reported as 
6 (ppm) values. Solvents used were spectral or HPLC grade. 
Chromatography was done under nitrogen pressure with silica gel 
60 (230-400 mesh) from E. Merck. Where noted, compounds 
analysed for C ,  H, and N within k0 .4  units unless otherwise stated. 
IR spectra, taken in Nujol mulls, were recorded on a Perkin-Elmer 
model 457 spectrometer and peaks are expressed in reciprocal 
centimeters. Mass spectra were taken with a Hewlett-Packard 
5985B mass spectrometer in the C1 mode. Silica gel 60 TLC plates 
were obtained from EM Science. 

5-Chloro-2-[I -dir~1ethylarnino)ethylirlenecrrt1irzo]ber1zot1it~ile (7a) 
A mixture of 5-chloroanthranilonitrile (9.5 g ,  62 mM), di- 

~nethylacetamide dimethylacetal (ca. 90%, containing methanol, 
9.7 I ~ L ) ,  and cyclohexane (70 mL) was heated in a Dean-Stark 
apparatus at reflux until 40 mL of liquid were collected (ca. 
4.5 h). The red solution was concentrated to dryness at 70°C un- 
der water pump vacuum, taken up in hot cyclohexane ( 100 mL), 
and filtered. The filtrate was treated with hexane (50 mL) as it 
cooled and crystals began to form. The mixture was refrigerated 
overnight and the off-white needles were collected and air dried to 
afford 10.47 g (79%). mp 84-87°C. A sample was sublimed for 
analysis at 60°/0. 1 Torr ( l Torr = 133.3 Pa) to a pure white solid, 
n ~ p  85-87°C; IR: 2222, 1602, 1586, 1300, 1191, 841; 'HMR: 1.9 
(s, 2 CHI), 3.0 (s,  CHI), 6.8 (d, H at 3), 7.5 (dd, H at 4),  7.73 (d, 
H at 6); MS: 222 (M + 1). Anal. C,,H12C1N,: C ,  H ,  N. 

4-Arnino-6-chloro-2-dirnethylu~nir~oq1ti,2olir~e (8a) 
A mixture of 70 (1.11 g ,  5 nM), 50% sodium hydride in oil 

(0.5 g),  and dioxane (15 mL) was heated under reflux for 5.5 h 
during which time a yellow solid began to form The mixture was 
cooled and the product was collected, washed with a little diox- 
ane, and suspended in ether (30 mL) in a separatory funnel to which 
water (20 mL) was cautiously added. The clear ether layer was 
collected and the aqueous layer extracted twice with ether (2 x 
10 mL). The ether extract was dried (MglSO,) and concentrated 
to dryness at reduced pressure. The residue was triturated with 
hexane and collected as an off-white solid, pure by TL.C (R, = 0.1 
with 3 :  1 toluene - ethyl acetate vs. starting material, R, = 0.7) 
(0.89 g ,  80%, mp 155-160°C). Recrystallization from toluene gave 
pure white crystals, mp 165-167°C; IR: 3341, 3 188, 1643, 1591, 
1503, 825; 'HMR: 3.05 (s. 2 CH,), 6 .  I (s, H at 3), 6.4 (s, NH2, 
exchangeable with D,O), 7.35 (m, H,  s at 3 and 4), 8.0 (s, H at 
6). Anal. CllH12CIN,: C ,  H, N. 

5-[I -(Dirnerhj~larnir~o)ethy liderzec1rni110]-l-rneth~~lpyrazole-4- 
carbor1itr-ile (10) 

A mixture of 5-amino-I-methylpyrazole-4-carbonitrile (9) pre- 
pared by the literature method (25) (0.61 g ,  5 nM), dimethylacet- 
amide dimethyl acetal (I mL), and acetonitrile (21 mL) was stirred 
at 90°C for 4 h. It was concentrated to dryness at 70°C under water 
vacuum to a dark oil and triturated with hexane to yellow-orange 
solid 10 (0.74 g,  77%, mp 45-5O0C), pure by TLC (R,. = 0.5,  4 :  1 
CH2C12-EtOAc vs. starting material, R,. = 0.33), and used di- 
rectly to prepare l l .  

A mixture of 9 (0.8 g,  6 .5 mM), di~nethylacetamide (2.35 g), 
and acetonitrile (10 m ~ )  was treated dropwise at room tempera- 
ture with phosphoryl chloride. Arter 5 min, TLC (1 : 1 CH2C12- 
EtOAc) indicated complete reaction. The mixture was poured into 
ice-cold a~nmonium hydroxide and extracted with ethyl acetate 
(2 x 40 mL). The organic extract was washed with brine, dried 
(Na2S0,), and concentrated to dryness at reduced pressure. Treat- 
ment of the oily residue with hexane with seed crystals yielded 10 
as a yellow solid (1.12 g, 90%, mp 59-61°C); IR: 2215, 1597, 
151 1, 1029; 'HMR: 2.0 (s, N-CH,), 3.1 (d, 2 CHI), 3.5 (s, C-CH,), 
7.7 (s, H at 3).  Anal. calcd. for C,H,,N,: C 56.53, H, N; found: 
C 57.08. 

4,6-Dinrnino-l , ~~.~~ttrirnetlz~l~j~ru~olo[3.4-b]~~~ridir~e (11) 
A mixture of 10 (0.74 g, 3.9 mM), 50% sodium hydride in oil 

(0.39 g), and dioxane (10 mL) was stirred at reflux for 1.5 h. It was 
cooled and filtered free of white solid (caution ! nasal irritant !) 
and concentrated at reduced pressure to a semisolid. This was tri- 
turated with ether, and water was then added to fonn a yellow solid, 
insoluble in both solvents. The material was collected, washed with 
water (3 X 10 mL), then with hexane (2 X 10 mL). and vacuum 
oven dried at 80°C/10 Torr) to afford 11 (0.47 g ,  64%), mp 174- 
177°C. It was recrystallized from toluene to form the pure product 
as yellow crystals, mp 178-181°C; IR: 3352, 3210, 1606, 1592, 
1 165, 985: 'HMR: 3.0 (s, 2 CH,), 3.75 (s, N-CHI), 5.55 (s, H at 
5),  6 .3 (s, NH2, exchangeable with DIO), 7.75 (H at 3); MS: 192 
(M + I).  Anal. CVHI3N5: C ,  H,  N. 
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5-[I -(Ditnethylan~ino)ethyli~Ienen1tri1ro]-l-[2',3'-0-(1- 
tnethyletl~y1idene)-P-n-rihofuratros~~l]-1 H-itnidninle-4- 
cnrbotrirrile (13) 

To a suspension of 5-amino- 1-[2',3'-0-)I-methy1ethyidene)-P- 
D-ribofuranosyl)]imidazole-4-carbonitrile (12), prepared as de- 
scribed in the literature (?I),  (0.56 g ,  2 mM) in acetonitrile 
(10 mL) was added dimethylacetanlide dirnethylacetal ( I  .0 mL) and 
the mixture stirred at room temperature overnight. It was concen- 
trated under high vacuum (0.1 Torr) and the residue was redis- 
solved in ether-acetonitrile (1 : I),  treated with charcoal, filtered, 
and the filtrate was concentrated to dryness at reduced pressure and 
triturated with ether to afford 13 (0.45 g ,  64%). mp 122-125°C. 
It was recrystallized from ethyl acetate to give the pure material, 
mp 127-129°C; IR: 2210, 1609; 'HMR (CDCI;): 1.35 (s, CH,), 
1.58 (s, CH,), 2.13 (s, CHI), 3.1 (s,  2 CH,), 3.85 (m,  5'-CH,), 
4.1 (br s ,  OH), 4.33 (m, 4'-H), 4.95 (m, 3'  + 2'-H), 5.75 (d, H 
at I f ) ,  7.8 (s, H at 8); MS: 350 (M + I).  Anal. CI(,H2,N,0,: C.  
H,  N. 

5.7-~iattrino-3-[~-~-rib~fitrntros?l/]-~~,~'-dir11~rl1~l-3~- 
ittridr1zo[4,5- bIp~~ridine(2c) 

Sodium hydride (60% in oil, 1.2 g) was prewashed with hex- 
ane, suspended in dioxane (60 nlL), then treated with 13 (2.6 g ,  
7.4 mM), and the mixture was stirred at 1 10°C Por 1 h. It was 
poured into ice-water (200 mL) and extracted with ethyl acetate 
(3 x 100 mL). The organic layer was washed with brine, dried 
(Na,SO,), decolorized with charcoal, filtered, and evaporated at 
reduced pressure to a semisolid. This was triturated with ether and 
collected as a white solid (1.95 g, 75%), which was pure 5,7-di- 
atnitro-3-@',St-0-(I-methy1ethj~lidetze)- P- D- r i h ~ f i t r r ~ r r o s ~ ~ l ] - ~ j , ~ ' -  
dimetlyl-3H-imidnio[4,5-b]pyriclitre, mp 176-1 78°C; [a];; -8.15 
(c = 1.36, DMSO); IR: 3437,3361, 3248, 3098, 1637, 1598, 15 10; 
'HMR (CDCI,): 1.4 (s, CH,), 1.65 (s, CH,), 3.1 (s, 2 CH,), 3.85 
(m, 5'-CH,), 4 .4 (m,  4'-H), 4.9 (br s ,  NH2), 5.15 (m,  3'-H), 5.6 
(m,  2'-H), 5.75 (s, H at 6), 5 .9 (d, I '-H), 7.8 (s, H at 2); MS: 350 
(M + I), 178 (aglycone). Anal. C16H,,N50,: C ,  H, N. This inter- 
mediate (0.70 g ,  2 mM) was stirred in an ice-cold 9 :  1 mixture of 
trifluoroacetic acid and water (5 mL) at 0-5'C for 1 h. Ether 
(75 mL) was added and after 10 min the trifluoroacetic acid salt of 
2c was collected as a while solid (0.8 1 g,  95%). It was added to 
8% aqueous sodium bicarbonate solution and, after several min- 
utes, the free base crystallized. This was washed with water and 
dried under vacuum to afford white crystals (0.52 g, 85%. mp 219- 
222°C); [a]? -36.87 (c = 1.55, DMSO); IR: 3408, 33 12, 32 18, 
3125, 1634, 1602, 1522, 1078, 1032; 'HMR: 2.9 (s, 2 CH,), 3.6 
(m, 5'-CH,), 3.75 (m, 4'-H), 4.15 (dd, 3'-H), 4.65 (dd, 2'-H), 4.85 
(br s ,  OH), 5.1 (br s,  OH), 5 .3 (br s, OH), 5.7 (s, H at 6). 5.8 (d, 
If-H), 5.95 (s, NH,), 7 .9 (s, H at 2); MS: 310 (M + I),  178 
(aglycone). Anal. CI3Hl9N,O,: C ,  H,  N. 

2-[I -(Dibet~zylattzitro)et~~ylide,ze~1111itro]-5-cllorobet1zotritile (7%) 
A stirring mixture of 5-chloroanthranilonitrile (1.52 g, 10 mM) 

and N,N-dibenzylacetamide (9.56 g ,  40 mM) in acetonitrile 
(25 mL) was treated dropwisc with phosphoryl chloride (3.06 g ,  
20 mM) and stirred 3 h at room temperature. The mixture was 
poured into ice-cold ammonium hydroxide and extracted with ethyl 
acetate (2 X 100 mL). The organic layer was washed with brine, 
dried (Na2S0,), and concentrated to dryness at reduced pressure 
to a red oil. The oil was triturated several times with hexane and 
the hexane wash discarded. The residue was triturated with iso- 
propanol and the product obtained as a white solid after vacuum 
oven drying (2.48 g. 67%), mp 101-1 10°C: IR: 2220. 1592, 698; 
'HMR: 2.0 (s, CH,), 4.7 (s, 2 CH,), 6.9 (d, 3-H), 7.3 (m, 10 ar- 
omatic H), 7.57 (dd, 4-H), 7.8 (d, 6-H). Anal. C2,HZOC1N3: C ,  H,  
N. By the same procedure, 5-an~inoimidazole-4-carbonitrile hy- 
drochloride (14) (26) was converted to 150, a foam, mp 144-1,48"C, 
in 42% yield. Anal. C,oH,,jNs: C ,  H,  N. Sinlilarly, 17, prepared 
as described by Suzuki and Ku~nashiro (27), was converted to 180, 
an oil, in 88% yield; MS: 544 (M + 1). N-Methylacetanilide, 
combined with 14 and phosphoryl chloride by the same pro- 

cedure, led to 15b, mp 222-225"C, in 67% yield. Anal. 
C13H13NS~0.25H20: C ,  H, N. 

2,4-~inmi1~o-~~,~~-dihe11z~l-6-c.hloro~uitoli1e (8b) 
A mixture of 7h (0.37 g, 1 mM) and sodium hydride (60% in 

oil, 0.16 g) in dioxane (5 mL) was heated 3 h at reflux. It was 
poured into ice-water, extracted with ethyl acetate, and the or- 
ganic layer was washed with brine, dried (Na,SO,), treated with 
charcoal, filtered, and concentrated to dryness at reduced pressure 
to a reddish-brown solid (0.28 g, 76%). This residue was tritur- 
ated with hexane-ether to afford the pure material (0.21 g) ,  mp 
217-220°C; IR: 3490, 3305, 3175, 1638, 1592, 1497, 1215, 736; 
'HMR: 4.8 (2 CH,), 6.1 (H at 3), 6.4 (NH,, exchangeable with 
D20) ,  7.2-7.4 (m, 12 H), 8 .0 (s, H at 5). Anal. C23H20CIN3: C ,  
H, N. By the same procedure, 150 was converted to 160, mp 196- 
198"C, in 69% yield. Anal. C20HIYN5: C, H, N. Similarly, 15b was 
converted to 16h, mp 214-216"C, in 71 % yield. Anal. CIIHI,Nj: 
C ,  H,  N. 

5.7-Dia1nitro-3-(~-11-ribq~1r~1no.7yl)it11idnzn[4,5-b]~~griditre (2e) 
A rnixture of 18h (7.0 g, 13 mM) and methanol saturated with 

ammonia (250 mL) was stil~ed overnight at room temperature. The 
mixture was concentrated to dryness at room temperature and the 
residue was taken up in ethyl acetate (300 mL), washed with water 
(3 x 100 mL), then with brine (100 mL), dried (NalSO,), and 
concentrated to dryness at reduced pressure to afford crude 18c as 
a foam. This was chromatographed on a 220 x 50 mm colun~n with 
2 :  1 methylene chloride - ethyl acetate as eluent (4 X 600 mL 
fractions) followed by ethyl acetate alone (30 mL) fractions. The 
product was collected in ethyl acetate fractions 19-60 and con- 
centrated at reduced pressure to afford chron~atographically pure 
18c as a foam (5.9 g, 91%). The foam (5.8 g, 1 1.5 mM) was added 
in dioxane (50 mL) to sodium hydride (60% in oil, 1.85 g ,  pre- 
washed with hexane) in dioxane (100 mL) and the mixture was 
heated at 100°C for 1 h. The reaction mixture was poured into ice- 
water, extracted with ethyl acetate (3 x 100 mL), and the extract 
washed with brine (50 mL), dried (Na,SO,), and concentrated to 
dryness to afford 190 as a foam (5.7 g ,  98%). The cyclized inter- 
mediate 190 (5.6 g) was hydrogenated in the presence of palla- 
dium hydroxide (5.6 g) in 95% ethanol (200 mL2) in a Parr apparatus 
at 45 psi and 50°C for 4.5 h. The mixture was Piltered and the fil- 
trate concentrated to dryness at reduced pressure to give 19b, the 
2',3'-0-(1-~nethylethylidene) derivative of 2e, as a colorless foam 
(3.3 g ,  94%). This acetonide (2.65 g ,  8.2 mM) was stirred in an 
ice-cold solution of 90% aqueous trifluoroacetic acid until TLC (9: 1 
CH,C12-NH,-saturated methanol) showed complete loss of start- 
ing material, R, = 0.5,  with product R, = 0.0. The solution was 
diluted with ether (375 mL), stirred 15 min, and the precipitated 
crude tritluoroacetate salt of 2e collected and air dried (3.2 g, 
100%). mp 124-127°C. A portion (0.5 g) was dissolved in ace- 
tonitrile (50 mL), filtered, and the riltrate saturated with dry HCI 
under ice cooling. A turbid mixture formed that during 18 h at room 
temperture became a white solid. The product (0.35 g), mp 105°C 
(dec.), was the dihydrochloride of 2e; [a]? -67.4 (c  = 1, H,O); 
'HMR (CD,OD): 3.9 (m, 5'-CH,), 4.3 (m, 4'-H + 3'-H), 4.45 (dd, 
2'-H), 5.9 (s,  H at 6),  5.95 (d, I '-H), 8.55 (s, H at 2); MS: 150 
(aglycone, M + I) .  Anal. calcd. for C,,Hl,CI2NSO,: C ,  H,  N, CI 
20.01; found: C1 19.57. 

7 - A t n i t z o - 5 - r 1 t r i / i n o - 3 - ( P - ~ - 1 ' i b q f u ~  ,5-b]p~~ridine 
(2f) 

N-Benzylacetanilide, bp 135-1 50°C at 3 Torr, prepared by re- 
acting N-benzylaniline with a 50% excess of triethylamine and a 
40% excess of acetyl chloride at room temperature over 42 h 
(6.4 g, 28.8 mM), and 17 (2.3 g, 7 .2 mM) in acetonitrile (25 mL.) 
were treated dropwise under stirring with phosphoryl chloride 
(2.2 g, 14.4 mM). After 48 h. the mixture was quenched in ice- 
cold sodium bicarbonate solution, extracted with ethyl acetate, and 
the extract washed several tirnes with dilute bicarbonate, then with 
water and brine, dried (Na,SO,). and concentrated to dryness at 
reduced pressure to an oily residue (3.8 g).  The oil was flash 
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chromatographed with methylene chloride -ethyl acetate (5: 1) and 
60 35-mL fractions were collected. A 1 : 1 solvent mixture was used 
for the next 20 35-mL fractions. Combined fractions 41-80, one 
spot by TLC, were concentrated to dryness to afford the pure ma- 
terial (1.1 g, 29%) as an oil. This intermediate was stirred over- 
night in ammonia-saturated methanol (50 mL) and concentrated to 
dryness at reduced pressure. The residue was taken up in ethyl 
acetate (25 mL), washed with water (4 X 10 mL), then with brine. 
dried (NaZSO,), and concentrated to dryness to an off-white 
foam. This was combined with material from a similar run and 
flash chromatographed with 1: I methylene chloride ethyl ace- 
tate (100 mL x 12 fractions) followed by ethyl acetate alone 

. . (100 mL X 4 fractions). Fractions 4-14 were combined and con- 
centrated to a white foam, mp 68-78°C (1.85 g ,  94%). This 5'-al- 
cohol (1.8 g, 3.7 mM) in dioxane (15 mL) was added dropwise to 
a suspension of sodium hydride (60% in oil, 0.6 g, 14.8 mM, 
washed 3 times with hexane) in dioxane (30 mL) and heated at re- 
flux for 1.5 h. The mixture was quenched in ice-water and ex- 
tracted with ethyl acetate (3 x 70 mL). The extract was washed with 
water, then with brine, dried (Na,SO,), and concentrated at re- 
duced pressure to a foam (1.8 g), which contained a trace of im- 
purity (TLC). It was flash chromatographed with 3 :  1 methylene 
chloride - ethyl acetate, followed by a 1 : 1 mixture, then by ethyl 
acetate alone. The pure product was found in the ethyl acetate 
eluent. Evaporation of the combined fractions yielded the 2',3'-0- 
(I-methylethylidene) derivative of ~ ~ - b e n z ~ l  2f as a foam, mp 93- 
99°C (1.63 g ,  90%). Anal. C27H29NS04: C ,  H,  N. The N-benzyl 
compound (1.5 g) was hydrogenolized in 95% ethanol (150 mL) 
with palladium hydroxide (1.5 g) at 50°C and 50  psi for 6 h, then 
with fresh catalyst for another 6 h. The mixture was filtered and the 
solvent removed at reduced pressure to afford the crude 2' ,3'-0- 
(I-methylethylidene) derivative of 2f ( 1.0 g, 83%). Recrystalliza- 
tion from ethyl acetate gave pure material, mp 225-228°C; [a]k5 
9.68 (c  = 0.91, DMSO); 'HMR: (CD,OD): 1.4 (s, CH,), 1.6 (s. 
CH?), 3.65 (m, 5'-CH?), 4.3 (m, 4'-H), 4.95 (dd, 3'-H), 5.45 (dd, 
2'-H), 6 .0 (s, H at 6),  6.1 (d, 1'-H), 6.9 (dd, p-H), 7.25 (dd, 2 
tn-H), 7.5 (d, 2 o-H), 8.0 (s, H at 2); MS: 398 (M + 1). Anal. 
C,,,H2,N,0,: C ,  H, N. 'The acetonide (0.6 g) was stirred at 0-5°C 
in 90% aqueous trifluoroacetic acid (4 mL) for 1 h. It was diluted 
with ether (20 mL) and, after 20 min, the trifluoroacetate salt 
(320 mg) was collected, suspended in dilute sodium bicarbonate 
solution, extracted with ethyl acetate, and the organic extract 
washed with brine, dried (Na2S04), and concentrated to dryness to 
an off-white solid (220 mg) containing trace impurities. The ma- 
terial was chromatographed with mixtures of methylene chloride 
and ammonia-saturated methanol, 15: 1 for the first 44 X 25-mL 
fractions, followed by 5 : 1 for the next 8 X 25-mL fractions. 
Fractions 21-48 were combined and concentrated to pure 2f ob- 
tained as a foamy solid (160 mg, 30%). The analytical sample was 
recrystallized from water, mp 192-195°C; [a]: - 19.33 (c = 1.29, 
DMSO); 'HMR: 3.8 (m, 5'-CH,), 4.1 (dt, 4'-CH?), 4.3 (dd, 3'-H), 
4.75 (dd, 2'-H), 5.95 (d, 1'-H), 6.1 (s, H at 6), 6.9 (m, p-H), 7.25 
(m,  2 trz-H), 7 .4 (m, 2 o-H), 8.05 (s,  H at 2); MS: 358 (M + 1).  
Anal. CI7Hl9N50,~0.25H,O: C ,  H, N. 

5.7-~inmit1o-~~-@-[4-(2-~/zet1yleth~l)~lzet1j~l]etlz~~l]-3-(~-~- 
ribofurnnosyl)ittzic1~1~0[4,5-b]p~~ridite (2g) 

A mixture of 2-(4-bron~ophenyl)ethylamine (Aldr~ch, 50 g ,  
, 0.25 M). and benzaldehyde (26.5 g, 0.25 M) in petroleum ether 
1 (700 mL) and acetic acid (200 mL) was treated dropwise under ' stirring at room temperature with borane-pyridine complcx (Fluka, 
1 23 g ,  0.25 M) and, after 2 h, 5 N hydrochloric acid (150 n1L) was 

added slowly to give a white precipitate. The precipitated salt was 
collected and the filtrate was extracted with ether and the ether layer 
discarded. 'The solid was added to the aqueous acidic layer. made 
bas~c with ice-cold sodium hydroxide solution, and extracted with 
ether. The ether layer was washed with brine. dried (Na,SO,), and 
concentrated at reduced pressure to an oil (63.7 g) ,  which was 
chromatographed with 5 :  1 methylene chloride - ethyl acetate. 

Fractions containing the desired product were combined and con- 
centrated to afford N-benzyl-2-(4-bromophetzyl)ethylami17e as an 
oil (42.7 g ,  59%; 'HMR (CDCI,): 1.65 (NH), 2.8 (m, 2 CH,), 3.8 
(s, CH,), 7.05-7.45 (m, 9 aryl H)) used directly in the next step. 
A mixture of the amine (42.6 g,  147 mM) and triethylamine 
(22.3 g ,  220 mM) in cold methylene chloride (400 rnL) was treated 
dropwise under stirring with an ice-cold solution of acetyl chlo- 
ride (12.6 g, 162 mM) and stirred for 18 h at ambient tempera- 
ture. The solution was extracted with I N hydrochloric acid (4 x 
100 mL), water (100 mL), dilute aqueous sodium bicarbonate 
(2 x 100 mL), and water (100 mL), then dried (Na2S04) and con- 
centrated to dryness at reduced pressure. The oily product 
(48.3 g) was distilled to give 42.5 g (87%) of N-acefyl-N-ber~q~l- 
2-(4-bromophen~~l)eth~~lnmine, bp 2 16-218°C at 0.5 Torr; IR (neat): 
3028, 1646, 1489, 1419, 1011. Anal. C17Hl,BrNO: C,  H, N. A 
mixture of this amide (20 g, 60 mM), styrene (8.1 g, 78 mM), 
palladium acetate (0.14 g, 0.6 mM), tri-o-tolylphosphine (0.73 g, 
2.4 mM), and triethylamine (39.4 g ,  0.39 M) was heated at reflux 
for 18 h. The residue was treated with ice-cold 2 N hydrochloric 
acid (300 mL) and extracted with methylene chloride (3 x 
400 mL). The organic layer was washed with water, dried 
(Na?SO,), and concentrated to dryness at reduced pressure. The 
residue was recrystallized from ethanol to afford pure N-ncefyl-N- 
b e t ~ z y 1 - 2 - [ 4 - ( 2 - p I z e i z ~ ~ l e t l e n y l ) p h ~ l a m i t z e  ( 14.3 g, 67%), mp 
136-138°C: Anal. C25H25NO: C,  H. N. This material (14.2 g, 
40 mM) was reacted with 17 (3.22 g, 10 mM) and phosphoryl 
chloride (3.06 g, 20 mM) and worked up as described in 2f to af- 
ford the desired adduct as a foam (4.1 g ,  62%). This was saponi- 
fied with methanolic ammonia as described and obtained as one-spot 
material by TLC in quantitative yield. Cyclization with sodium 
hydride in dioxane (reflux, 2 h) and subsequent work-up gave 
5,7-diarrzirzo -N5- b e t 1 ~ j ~ l - ~ ~ - @ - [ 4 - ( 2 - p / z e t z y l e f l 2 e n y l ) p h e ~ ~ l e f -  
3 -[2',3' -0 - ( I  - tnethyletkylidetze) - P-D-ribof~tt-anosj~l]imidnzo[4,5 - 
blpyridit~e, mp 174-177°C; MS: 61 8 (M + 1). Anal. C37H39N50,: 
C ,  H, N .  This intermediate (2.6 g ,  4 .2 mM) was hydrogenated in 
95% ethanol (200 mL) containing 1 N hydrochloric acid ( I 0  mL) 
in the presence of palladium hydroxide (5.2 g) at 50 psi at room 
temperature over 6 h. The mixture was filtered and the filtrate was 
stirred with propylene oxide (10 mL) for 30 min. Removal of the 
solvent gave a crystalline mass, which was triturated with ether to 
afford the 2l.3'-0-(I-methylethylidene) derivative of 2g (1.7 g, 
77%) as a foam; IR: 3327, 3221, 3135, 1655, 1625, 1605, 1514; 
MS: 530 (M + 1). The acetonide (1.6 g ,  3 mM) was stirred in 90% 
trifluoroacetic acid (10 mL) at 0-5°C for 1 h. Ether (IS mL) was 
added and after 15 min the salt was collected (1.6 g). It was dis- 
solved in methanol (75 mL), filtered, and the filtrate treated with 
6.5 N HC1 in methanol (0.5 mL). The dihydrochloride salt of 2g 
crystallized as a white solid (1.1 g ,  65%), mp 150-156°C; [a]? 
- 14.9 (c  = 1 .Ol, DMSO); IR: 3455,3403,3321,3294,3234,2720 
(br), 1678, 1659, 1574, 15 13, 1093; IHMR: 2.8 (m, 3 CH,), 3.4 
(dd, CH,-N), 3.65 (m, 5'-CH,), 4.05 (dt, 4'-H), 4.15 (dd, 3'-H), 
4.4 (dd, 2'-CH?), 5.75 (s, H at 6), 5.9 (d, I '-H), 7.2-7.3 (m, 9 aryl 
H), 8.7 (br s ,  H at 2); MS: 490 (M + I of base, weak), 358 (M + 
1, aglycone). Anal. C2,H3,N5O,~2HC1: C, H, N. 

5,7-~inmiizo-~'-[2-[4-(2-c~rbo,r~et/~yl)~~1~e11~~l]erhy]-3-(~-~- 
ribof~1rr-~t~u.~~~l)iini~lazo[4,5- blpvr'idit~c (2h) 

N-Acetyl-N-benzyl-2-(4-bromophenyl)ethylamine (25.6 g, 80 
niM) was reacted with 17 (6.44 g, 20 mM) and phosphoryl chlo- 
ride (6.12 g ,  40 niM) in acetonitrile and worked up as described 
for 2f to afford the crude adduct containing residual amide. This 
material was saponified with methanolic ammonia as described 
previously and chromatographed with 2 :  1 methylene chloride - 
ethyl acetate followed by ethyl acetate to afford 8.8 g (75%) of 
foamy solid. This material was reacted with a fourfold excess of 
sodium hydride as described for 2j'to afford 5,7-dininii~o-N'-ben- 
zyl- N'-[2-(4-bror17o~~Iz~~t7~l)er~l]-3-[2'.3'- 0 - ( I  -ttzethylethyliclet7ej- 
~-~-ribof~trntzosyl]it1~icI~1~o[4,5-b]~~yridir~e in 80% yield; MS: 594/ 
596 (M + I); Anal. C2,H,,BrN50,.H,0: C,  H, N. This interme- 
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diate (1.78 g ,  3 mM) was mixed with benzyl acrylate (0.64 g ,  
3.9 mM), palladium acetate (7 mg, 0.03 mM), tri-o-tolylphos- 
phine (36 mg, 12 mM), and triethylamine ( I  .97 g, 19.5 mM) and 
the whole refluxed over 18 h. The mixture was treated with dilute 
sodium bicarbonate solution, extracted with methylene chloride, 
and the organic extract dried (Na2S0,) and concentrated to dry- 
ness under vacuum (0.1 Torr). The crude product (I .7 g, 85%) was 
chromatographed with 20: 1 methylene chloride - methanol and the 
product collected as a foam. It was triturated with methanol to 
produce crystals (0.57 g, 28%), mp 152-155°C; MS: 676 (M + 1). 
Anal. C,,H,,N,0,~0.5H20: C ,  H,  N. This product (0.54 g, 
0 .8 mM) was hydrogenated in 95% ethanol (100 mL) with palla- 
dium hydroxide (1.0 g) at 60°C and 45 psi for 5 h. The mixture was 
filtered and filtrate concentrated to an oil (0.35 g). The product 
crystallized on addition of a little methanol (0.32 g, 80%). mp 107- 
1 17°C. This intermediate (0.30 g, 0.6 mM) was treated with 90% 
trifluoroacetic acid over 1 h. Ether was added and HCI gas was 
bubbled through the mixture for ca. 5 min to afford 2h as a dihy- 
drochloride dihydrate (210 mg, 62%), mp 63-78°C (dec.); [a]: 
-38.36 (c  = 2, MeOH); IR: 3400-3200 (br), 2760-2670 (br), 
1742, 1679, 1081, 1019; MS: 458 (M + I ,  free base, weak), 326 
(M + I,  aglycone). Anal. C22H27NS06.2HC1.2Hz0: C ,  H,  N. 

5,7-~ic1rni17o-~~-p-(4-f  l l ~ r o ~ h e , ? ~ l ) e r h / - - ? - ( p - ~ -  
riboji~rar1os~~l)i~lidc~zu[4,5-bll,yridir1e (20) 

Benzaldehyde was condensed with 2-(4-fluoropheny1)ethyl- 
amine in the presence of borane - pyridine as described previ- 
ously to afford N-benzyl-2-(4-fluorophenyl)ethylamine in 44% yield 
as an oil; 'HMR (CDCI,): 1.35 (s, NH), 2.8 (m, 2 CHI), 3.8 (s, 
CHI), 6.9-7.4 (m, 9 aryl H). An ice-cold mixture of this amine 
(10.5 g ,  46 mM) and triethylamine (7.0 g, 69 mM) in methylene 
chloride (150 mL) was treated dropwise with propionyl chloride 
(4.7 g, 51 mM) in methylene chloride (50 mL) and stirred over- 
night at ambient temperature. The mixture was worked up as de- 
scribed for previous amides and the crude material was distilled to 
afford pure N-berzz)l-N-propio1~)~l-2-(4jl~ior-opher~yl)ef/zyla1ni1ze 
(10.9 g ,  83%), bp 162-163°C at 0 .9  Torr; IR (neat): 1648, 15 10, 
1221, 1158, 827, 733. Anal. C,,H,,,FNO: C, H, N. The amide was 
reacted with 17 and phosphoryl chloride as described previously 
and the amidine isolated after chromatography with 5 :  1 methyl- 
ene chloride - ethyl acetate as an oil in 41% yield. Saponification 
of the 5'-ester with methanolic ammonia gave the 5'-alcohol as an 
oil in 85% crude yield. Cyclization of the amidine alcohol with 
sodium hydride in dioxane was achieved after 2 h reflux to afford 
crude product as an oil. Trituration with ether gave 5,7-dicrr17ir7o- 
~ ~ - 6 e 1 t z ~ l - ~ ~ - p - [ 4 -  ,fluoropherz?~l]erhyl]- 6-rnerhyl- 3-[2',3'-0-(1- 
n~eflzylerhylide1~e)-~-~-ribofi~rn11osyl]i~1~idazo[4,5-b]~1yridir1e as a 
white solid (0.7 g ,  42%), mp 146-147°C: IR: 3470, 3377, 3 127, 
1626, 1603. 1227. 1066; 'HMR: (CD,OD): 1.35 (s, CH,), 1.6 (s, 
CH3), 2.15 (s, CH,), 2.75 (m, CH,), 3.3 (m, CH, + MeOH). 3.65 
(m, 5'-CH,), 4.25 (m, CHI + 4'-H), 5.05 (m, 3'-H), 5.45 (m, 
2'-H), 6.1 (d, 1'-H), 6.85-7.1 (m, 9 aryl H). 8.1 (s, H at 2). Anal. 
C311H3,FNS0,: C, H, N. Additional material from the mother li- 
quor was combined in the following step. The intermediate 
(1.65 g,  3 mM) was hydrogenated in 95% ethanol (200 mL) con- 
taining 1 N hydrochloric acid (5 mL) with palladium hydroxide 
(3.3 g) at 50 psi for 6 h at room temperature. The catalyst was fil- 
tered off and the filtrate treated with propylene oxide (5 mL) for 
30 min. Evaporation of the solvent and trituration with ether gave 
the 2',3'-0-(1-nlethylethylidene) derivative of 20 as a solid 
(0.83 g ,  56%). rnp 199-205°C (dec); MS: 458 (M + 1). Anal. 
C23H?8FNSOI. 1.5 H20:  C ,  H, N. This acetonide (0.8 g ,  1.8 mM) 
was stirred in ice-cold 90% trifluoroacetic acid for I h. TLC in- 
dicated a single new product. Addition of ether formed a hygro- 
scopic solid. This material was dissolved in a little isopropanol and 
treated with HCI in ethanol but no crystals formed. Propylene oxide 
was added and, after 30 min, the mixture was concentrated to dry- 
ness at reduced pressure. The residue was dissolved in ethyl ace- 
tate and washed with bicarbonate solution, then with brine, dried 

(Na,SO,), and concentrated to dryness to a foam. TLC indicated 
two products. The material was flash chromatographed with 15: 1 
methylene chloride - methanol followed by a 10: 1 mixture. The 
first product isolated (foam, 110 mg) was shown to be the agly- 
cone of 20; 'HMR (CD,OD): 1.9 (s, CH,), 2.9 (t, CH,), 3 .6 (t, 
CH?), 7.0 (m, 2 aryl H), 7.2 (m, 2 aryl H), 7.7 (H at 2). The sec- 
ond product (foam, 270 mg, 36%) was 20. This second product was 
triturated with ether to fonn a white solid (240 mg), mp 157-160°C; 
[a]: +7.2 ( c  = I ,  EtOH); 'HMR: (CD,OD): 1.9 (s, CH,), 2.9 (t, 
CH?), 3.55-3.85 (m, CH? + 5'-CH2 + 4'-H), 4.1 (dd, 3'-H), 4.4 
(dd, 2'-H), 5.95 (d, I '-H), 7.0 (m, 2 aryl H),  7.25 (m, 2 aryl H), 
7.95 (s, H at 2); MS: 418 (M + I), 286 (aglycone). Anal. 
C2(1H2jFN504: C ,  H, N. 

8-Amino-6,7-dihydro-3-(~-~-riboji~ra1~0.~yl)in~idazo[4,5- 
b]pyrrolop,3-e]pyr.idine (21)  

A solution of N-benzyl-2-pyrrolidinone (Aldrich, 4.9 g ,  28 mM), 
17 (2.25 g ,  7 mM), and acetonitrile (30 mL) was treated dropwise 
with phosphoryl chloride (2.14 g, 14 mM) and stirred at room 
temperature overnight. After the usual work-up, the oily product 
was chromatographed with I : I methylene chloride -ethyl acetate 
to give the desired intermediate as an oil (2.75 g, 82%); IR (neat): 
2885, 2217, 1746, 1616, 1299; MS 480 (M + I). Saponification 
of 2.7 g (5.6 mM) with methanolic ammonia gave the 5'-alcohol 
as a foam in 95% yield; IR (KBr): 3280 (br), 2936, 2215, 1618, 
1081; MS: 438 (M + I), 266 (aglycone). Reaction of 2 .2  g 
(5 mM) of this product with sodium hydride in dioxane (reflux, 
2 h) followed by the standard work-up gave the cyclized product 
as a solid in 95% yield. It was recrystallized from methanol to af- 
ford pure 8-umi11o-5-6er1z)l1-3-~',3'-0-(l-merhylerhyliderze)-~-~- 
rib~~furar1os)~l]irni~Ic1zn[4,5-b]~~yr-rolo~,3-e]~1yridir1e (1.2 g, 55%), 
mp 184-185°C; 'HMR: 1.25 (s, CH,), 1.5 (s, CHJ, 2.75 (dd, CH,), 
3.3 (dd, CH2), 3.5 (m, 5'-CH?), 4.1 (ddd, 4'-H), 4.45 (q. CHI), 
4.9 (dd, 3'-H), 5.05 (t, OH), 5.35 (dd, 2'-H), 5.9 (s, NH,), 6.05 
(d, 1'-H) 7.25 (m, 5 aryl H), 7.85 (H at 2); MS: 438 (M + I), 266 
(aglycone). Anal. C,,H,,N,O,: C ,  H,  N. This material (2.0 g, 
4.5 mM) was dissolved in 95% ethanol (200 mL) containing I N 
hydrochloric acid (10 mL) and hydrogenolysed with palladium 
hydroxide (4.0 g) at room temperature and 50  psi over 6 h. The 
catalyst was filtered off and propylene oxide (10 mL) added to the 
filtrate. After 30 min the solution was concentrated to dryness at 
reduced pressure to an oil (1.6 g) that contained two products 
(TLC). This was taken up in methanol and reevaporated under high 
vacuum to a mixture of oil and hard foam. The foam (0.65 g, still 
a mixture) was separated mechanically from the oil, which was a 
single component. The oil was dissolved in methanol (90 mL) and 
treated at 0°C with 90% trifluoroacetic acid, whereupon a solid 
began to form. It was diluted with ether to produce the debenzyl- 
ated acetonide as a tan solid (0.24 g, 15%); MS: 348 (M + I), 176 
(agylcone). Treatment of the foam with 90% trifluoroacetic acid 
at 0°C produced an intractable mixture. The desired intermediate 
was deprotected cleanly with 90% trifluoroacetic acid (2.5 mL) 
at 0°C in 1 h and, on dilution with ether, a tan solid salt of 21 
was obtained (0.16 g ,  47%), mp 120-124°C (dec.); [a]: -3  1.95 
(C = 1.13, DMSO); IR: 3359, 3185, 3 152, 2800-2500 (br), 1677, 
1659, 1 198, 723: 'HMR: 3.0 (dd, CHI). 3.75 (dd, CHJ, 3.8 (m, 
5'-CH,), 4.25 (m, 4'-H + 3'-H), 4 .4  (m, 2'-H), 5.85 (d, 1'-H), 
8.1 (s, H at 2); MS: 308 (M + I ,  weak), 176 (aglycone). Anal. 
C,3H17N504.2CF3COOH: C,  H, N. 
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JAMES R. GILLARD and D. JEAN BURNELL. Can. J .  Chem. 70, 1296 (1992). 
N-Phenylmaleirnide undergoes Diels-Alder cycloaddition predominantly to the face of cis-cyclohexa-3,5-diene- 1,2- 

diol (3) syn to the oxygen functions. Derivatization can be used to alter the T-facial diastereoselectivity in a syntheti- 
cally useful manner. The best cases are the exclusive, high yield, production of the syn-addition product with the tri- 
methylsilyl ether derivative (8), and the exo-benzylidine derivative (26) gave a 96:4 anti/syn ratio of adducts. 

JAMES R.  GILLARD et D. JEAN BURNELL. Can. J. Chem. 70, 1296 (1992). 
La N-phenylmalkimide subit une cycloaddition de Diels-Alder qui se produit principalement par la face du cis-cy- 

clohexa-3,5-dikne-1,2-diol (3) qui est syn par rapport aux fonctions oxygCnCes. On peut faire appel a des dCrivCs pour 
altCrer la diastCrCosClectivitC T-faciale d'une manikre qui soit utile d'un point de vue synthCtique. Les meilleurs cas sont 
ceux de la production exclusive, avec un excellent rendement, du produit d'addition syrz avec 1'Cther trimCthylsilyle 8 
alors que le dCrivC exo-benzylidine (26) conduit h un rapport 96 : 4 des adduits anti/sYn. 

. . 
[Traduit par la rCdaction] 

. . 

Introduction of the acetonide derivative of a trifluoromethyl analog of 3. 
! 1 ,3-Cyclopentadiene substituted at C-5 with an oxygen or In these the adducts were shown as arising 

i a function undergoes ~ i ~ l ~ - ~ l d ~ ~  cyc~oadditions reaction exclusively, or in just one case preferentially (191, 

by attachment of the dienophile to the face of the diene syn' 0" the face of the diene anti to the oxygens, i .e . ,  the r - fa-  

to the heteroatom (1, 2). Many hypotheses have been for- cia1 selectivity of these reactions appeared consistent with 

warded to explain this T-facial diastereoselectivity (2-7), steric control. However, the theories regarding T-facial se- 

which does not seem to be controlled by steric factors, On  lectivity, by and large based on the cyclopentadiene results, 
the other hand, substitution at C-5 by some larger heteroat- predict that plane-nonsymmetric oxygen substituents 

I oms (sulfur, selenium, chlorine, bromine, and iodine) leads on a 1,3-~yclohexadiene system should direct addition pre- 

1 to Diels-Alder adducts mainly by allti addition (2, 7-9). syil, just like with the 1 ,3-cyclopentadienes. 

Plane~nonsymmetr~c I ,3-cyclohexadiene systems have Thus, we undertook a systematic and rigorous examination 

received less attention, even though their synthetic utili ty of the Diels-Alder reactions of cis-cyclohexa-3,s-diene-1,2- 

must be similar to that of the cyclopentadienes. Auksi and diol (3) and some of its derivatives. W e  chose N-phenyl- 

Yates (lo) reported that Diels-Alder adducts derived from maleimide as the dienophile for all the reactions because it 

diene 1 arise exclusively by to the face of the diene is relatively reactive in thermal reactions giving endo-addi- 

syn to the oxygen. This could be explained in terms of steric tion products that are often stable and crystalline, and its 

interactions, and steric effects were deemed important, but symmetry intr0duce unnecessary 
. . . . . . .  . . . not the only significant effect, in Diels-Alder reactions in- in the interpretation of the nmr spectra of its ad duct^.^ 
. . 

. . . . volving some dienes in which the plane-nonsymmetric H 

moieties were alkyl and acyl (1 1). Recently, we demon- CH3 
strated that the addition of carbon dienophiles to benzene 
oxide and some of its derivatives (2) is exclusively anti, and 
we suggested that steric factors are important with these o H 
systems, too ( 12). In the early 1970's there were reports of 
the production of cis-cyclohexa-3,5-diene-1,2-diol (3) di- CH3 \H 3 x  = H 

rectly from benzene by the action of Pse~~do inonas  putida 6 x = COCH, 
(13, 14). In the last five years this type of diene has emerged 1 2 7 x = CH, 

. .  . . . .  : .. . .  . as a very useful synthetic building block and of consider- 
~ . . .  . . .  . .  . .  , . able interest in mechanistic studies (15). Diels-Alder reac- 8 x = Si(CH,), . .  ~ 

tions of some simple derivatives of 3 were carried out with 
maleic anhydride (I 3), 4-(4-bromopheny1)- l,2,4-triazoline- 
3,5-dione (16), and some acyclic dienophiles (17). While our 
work was in progress, Werbitzky et al. reported a reaction 
with a chiral nitroso dienophile (18), and Pittol et al .  (19) 
disclosed the results of a study of the Diels-Alder reactions 

' ~ u t h o r  to whom correspondence may be addressed. 
'1n this paper "syn addition" means addition of a dienophile to 

the face of the diene that bears the plane-nonsymmetric hetero- 
atom substituent(s); "anti additionn is addition to the opposite face. 

Results and discussion 
The Diels-Alder reaction of 3 with N-phenylmaleimide 

was a simple matter of stirring the addends together in boil- 
ing chloroform solution. The adducts were not very soluble 
in the chloroform, and they precipitated during the reac- 
tion. The 300-MHz 'H nrnr spectrum of the crude reaction 
mixture showed signals for two adducts, which, by careful 
integration, were calculated to be in a ratio of 95 :5. Each 

3~ preliminary account of this work appears in ref. 20. 
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GILLARD AND BURNELL 1297 

TABLE I. Relative amounts of syn- and anti-addition products from 
the Diels-Alder reaction of 3 with N-phenylmaleirnide in differ- 

ent solvents 

% of adduct 

Solvent syrl anti % Yield of reaction" 

pyridineh 95 5 90 
Acetone' 95 5 93 
Chloroform' 95 5 93 
Methanol' 93 7 80 
Benzene' 92 8 9 1 
Dimethyl sulfoxide" 92 8 87 
Acetonitrile" 88 12 94 

TABLE 2. Relative amounts of syrz- and anti-addition products of 
3 and its derivatives, and their relative rates of Diels-Alder reac- 

tion, with N-phenylmaleimide in CHC13 

% of adduct Rate of reaction 
(relative to 

Diene SYn anti 1,3-cyclohexadiene = 1) 

"Diene 3 was stirred with one molar equivalent of N-phenylmaleimide. 
Solvents were removed under vacuum, and the yields were calculated from 
the mass recovery and the adduct sample purity as determined by 'H  nmr. 

"Heated at 80°C in an oil bath. 
'Heated under reflux. 

"Heated under reflux. 
"Room temperature reaction 
'Not measured. 

pure adduct was heated in chloroform solution for 36 h after 
which time we could find no evidence of equilibration. The 
assignment of structure 4 to the major adduct and structure 
5 to the minor adduct was made initially by chemical cor- 
relation with the adducts of some derivatives (see below). 
These structures have since been corroborated in an X-ray 
crystallographic study .' 

The synthetic utility of dienes such as 3 would be en- 
hanced if one could manipulate the diene so that the anti- 
addition product could be obtained, too. Hydrogen bonding 
between the diol diene 3 and the dienophile cannot be dis- 
counted as an important contributor to the T-facial selectiv- 
ity of 3. Therefore, a survey of the influence of different 
solvents on the T-facial selectivity was made. The results are 
summarized in Table 1 .  Variations were small, and there was 
no obvious correlation with the polarity of the solvent. 

~ x = H  

11 X = COCH, 

13 x = CH, 

15 X = Si(CH,), 

5 X = H  
12 X = COCH, 

14 x = CH, 

16 X = Si(CH,), 

Many of the theories regarding T-facial selectivity would 
explain the T-facial selectivity of 3 in terms of some form 
of donation of electron density from the oxygens of 3. Thus, 
our first three derivatives 6, 7 ,  and 8, were chosen to mod- 
ulate the electron-donating ability of the oxygens. Further- 
more, the derivatives could not hydrogen bond, and they 
would present more steric hindrance on the syn face than does 
diol 3. Dienes 6 and 8 were obtained from 3 in a straipht- " 
forward manner. The dimethoxy diene 7 was prepared in a 

4~ manuscript is in preparation for submission to this journal 

phase-transfer reaction of 3 with dimethyl sulfate using the 
procedure of Merz (21). Two more derivatives, 9 and 10, 
which might loosely be considered as cyclic analogues of 7 
and 8, respectively, were chosen because there would be less 
ambiguity regarding the conformations of these derivatives 
during reactions. The acetonide 9 was prepared by ex- 
change with 2,2-dimethoxypropane. For the rather mois- 
ture-sensitive diene 10 we followed a procedure by Orr and 
Monder (22), and its Diels-Alder reaction was effected im- 
mediately in its original solution. 

All of these dienes reacted smoothly with N-phenylmal- 
eimide in chloroform solution to give Diels-Alder adducts 
in very high yield. The relative amounts of the adducts from 
these reactions were determined by integration of 'H nmr 
spectra of the crude reaction products, and the results are 
given in Table 2. The rates of reaction of these dienes were 
determined in an approximate manner relative to 1,3-cy- 
clohexadiene by means of competitive reactions with mix- 
tures of two dienes and N-phenylmaleimide. This infor- 
mation appears in Table 2, also. The diacetate diene 6 was 
the least reactive, and, as expected, it showed less T-facial 
selectivity than did 3, but the difference was small. Dienes 
7 and 8 were also less reactive than 1,3-cyclohexadiene, but 
steric hindrance by the plane-nonsymmetric heteroatom 
substituents was clearly not a factor influencing T-facial se- 
lectivity in their reactions. Their adducts were overwhelm- 
ingly the results of syn addition. Indeed, we were unable to 
find any evidence of a minor adduct (16) in the product of 
the reaction of 8, even though this diene bears the groups that 
are potentially the most sterically hindering. Thus, deriva- 
tization of 3 by these simple groups had little effect on the 
T-facial selectivity, i.e., they all direct syn. These findings 
are consistent with the cyclopentadiene results (1 )  and with 
the observation of Deslongchamps et al. (23) of a complete 
lack of T-facial selectivity in the Diels-Alder reaction of 
diene 21 with butenone. 

The two dienes with cyclic derivatives 9 and 10, were more 
reactive than 3, but their T-facial selectivity was much lower 
than that of 3. This was consistent with a result in work by 
Pittol et al. (19), who reported two adducts from the Diels- 
Alder reaction of the trifluoromethyl analogue of 9 with N- 
ethylmaleimide. 

The two adducts obtained from the reaction of our ace- 
tonide diene 9 were stable and readily separable by flash 
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column chromatography. Measurement of nOe enhance- 
ments in the 'H nrnr spectrum of the major adduct estab- 
lished the proximity of the hydrogens on C-4a and C-7a with 
one of the acetonide's methyl groups (the "syrr" methyl), as 
well as the proximity of the alkenic hydrogens with the hy- 
drogens on C-3a and C-8a. Therefore, the major adduct had 
structure 17, the result of endo addition sytz to the oxygen 
functions of 9. Conversely, nOe measurements in the 'H nrnr 
spectrum of the minor isomer showed that one acetonide 
methyl was near the alkenic hydrogens, and the hydrogens 
on C-3a and C-8a were in the proximity of the hydrogens on 
C-4a and C-7a. Thus, the minor isomer was 18, also the re- 
sult of an endo addition, but in this instance atzti to the ox- 
ygen functions of 9. (Measurements of nOe enhancements 
confirmed the structures of 19 and 20 in the same way .) 

9 X = C(CH,), 

10 X = Si(CH,), 

22 X = B-CH,-CH, 

34 X = CH, 

With the structures for the major and minor acetonide ad- 
ducts clearly established, we could confirm the structures of 
the other adducts. The two acetonide adducts. 17 and 18. 
were hydrolysed separately under vigorous acidic condi- 
tions to give 4 and 5, respectively, the products of the Diels- 
Alder reaction of 3. The major adducts 11, 13, 15, and 19 
were made from 4, and the minor adducts 12, 14, and 20 
were made from 5. In addition, the putative minor isomer 16 
was produced from 5 ,  and it was confirmed that signals 
arising from 16 would not have been hidden by other sig- 
nals in the 'H nmr spectrum of the crude product of the Diels- 
Alder reaction of 8. 

The greater reaction rate (on both faces of the diene) of 
each cyclic derivative of 3 relative to its acyclic counterpart 
was attributable simply to the fact that the derivative ring 
would force the ~ ~ c l o h e x a d i e n e  ring into a more planar, 
therefore more reactive, conformation. However, the lower 
T-facial selectivities suggested that the increase in reactiv- 
ity was offset on the syn face by an unfavorable interaction. 
It seems likely that this was a steric interaction, although one 
cannot discount some subtle stereoelectronic effect at work. 

Thus, one might expect a significant amount of conformer 
A (X = Y = CH,) as well as conformer B in solution, and 
clearly in A the syn face would be very hindered. 

It is opportune at this juncture to make some comment 
about the relationship between the relative rates shown in 
Table 2 and two of the theories that have been forwarded to 
explain how T-facial selectivity is governed by allylic het- 
eroatoms. Anh (3) and later Kahn and Hehre (4) proposed 
what is in essence a nucleophilic role for the oxygen vis-a- 
vis the incoming dienophile. A logical extension of this to 
our dienes would be that the syn faces, which would be more 
nucleophilic, should be more reactive than the faces of 1,3- 
cyclohexadiene. This was not the case. In fact, one of the 
least reactive dienes (8) reacted exclusively by syn addi- 
tion. Work by le Noble and co-workers (5) and by Macaulay 
and Fallis (2) supported the notion that T-facial selectivity 
in some Diels-Alder reactions is controlled by the cr-donor 
ability of the anti substituent (24). Whereas it might be ar- 
gued that our derivatives must have had C-0 bonds of 
varying cr-donor ability, the anti substituents were always 
hydrogens. Thus, it is difficult to reconcile the widely dif- 
fering rates of syn addition of our substituted cyclohexadi- 
ene systems with this hypothesis. 

Although we had conditions that gave a very high degree 
of selectivity for syn addition with dienes such as 3, these fust 
derivatization experiments had not managed to tip the se- 
lectivity in favor of the anti addition. T-Facial selectivity was 
very modestly affected by derivatization by the electron- 
withdrawing acetyls of diene 6,  and the cyclic derivatives 
suggested that steric interactions could be made important if 
the populations of the two major conformers could be con- 
trolled. These two options for increasing the proportion of 
the anti-addition product were explored further. 

Firstly, we attempted to modify more drastically the 
electron-donating ability of the oxygens of 3 by using a boron 
derivative. A carefully measured amount of lithium tri- 
ethylborohydride (25) was added to 3 to give the cyclic de- 
rivative 22. This was not purified; N-phenylmaleimide was 
added immediately. The 'H nrnr of the reaction mixture 
showed two adducts, in a ratio of 55 : 45. The nrnr data col- 
lected directly on this mixture of adducts included for the 
major adduct a 12% nOe enhancement of the signals due to 
the hydrogens on carbons 3a and 8a on saturation of the sig- 
nals due to the hydrogens on carbons 4a and 7a. Thus, the 
major adduct was assigned structure 24, the adduct result- 
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GIL.LARD AND BURNELL 1299 

ing from anti addition. Given the planar geometry about 
boron, this result can be interpreted as a stereoelectroni- 
cally derived modification of T-facial selectivity. 

Whereas the result with 22 was interesting as a phenom- 
enon, the proportion of anti-addition product was still not 
synthetically useful. We sought to increase steric interac- 
tions on the syn face by using a benzylidine derivative of 3. 
The acid-catalysed reaction of 3 with benzaldehyde di- 
methyl acetal gave exclusively one of the two possible de- 
rivatives. The nOe data for this derivative showed that it had 
the "endo" relative stereochemistry 25. To obtain both 25 
and the "exo" isomer 26 it was necessary to proceed via the 
(racemic) dibromo-diol 27 by double derivatization fol- 
lowed by double dehydrobromination. We prepared this 
precurusor from 1,4-cyclohexadiene by literature methods 
(26, 27). The isomeric (racemic) dibromides 28 and 29 were 
readily separated by crystallization and chromatography as 
described by Yang et al .  (27), then double dehydrobromi- 
nation provided the dienes. 

2 5 x = ~  
35 X = NO, 

2 8 x = ~  
37 X = NO, 

Diene 25 reacted with N-phenylmaleimide at about one 
third the rate of diene 9, and two adducts were evident, in a 
ratio of 72:28, in the 'H nmr spectrum of the crude prod- 
uct. The two adducts were separable by flash chromatogra- 
phy. The nrnr data for the major product included the 
following key observation: saturation of the signal due to the 
hydrogens on C-3a and C-8a led to an nOe enhancement of 

the acetal hydrogen signal (18%) and of the signal due to the 
hydrogens on C-4a and C-7a (16%). This established that the 
major product had arisen by endo addition to the face of 25 
anti to the oxygen functions, i.e., it was 31. In the 'H nmr 
data for the minor adduct was evidence by nOe of the prox- 
imity of the hydrogens on C-3a and C-8a to the acetal hy- 
drogen (12%) and to the alkenic hydrogens (2%). 
Furthermore, significant nOe enhancements confirmed that 
the hydrogens on C-4a and C-7a were located near the ben- 
zylidine aromatic ring. Thus, the minor adduct was 30, the 
syn-endo-addition product. Neither product was the result of 
epimerization at the acetal center. It is worthy of note that 
the formation of the benzylidine derivative from 4 by a 
method that should give the thermodynamically preferred 
product gave only 30, and from 5 only 31 was obtained. 

The isomeric benzylidine diene 26 was prone to dimerize 
on standing, and it showed greater T-facial selectivity than 
did 25 in its Diels-Alder reaction with N-phenylmaleimide: 
the ratio of adducts, produced essentially quantitatively, was 
96: 4.  It was gratifying that saturation of the signal due to the 
hydrogens on C-3a and C-8a in the 'H nmr spectrum of the 
pure major adduct led to an nOe enhancement of the signal 
due to the hydrogens on C-4a and C-7a (14%), and satura- 
tion of the alkenyl proton signals gave a 4% nOe enhance- 
ment to the acetal hydrogen signal. Clearly, the very 
predominant adduct from this diene was the anti-endo-ad- 
dition product 33. The 'H nrnr data of the minor adduct 
showed an important nOe enhancement (9%) of the acetal 
hydrogen's signal on saturation of the signal due to the hy- 
drogens on C-4a and C-7a. Thus, the minor adduct was the 
syn-endo-adduct 32. In spite of the demonstrated thermo- 
dynamic preference for 30 over 32, and 31 over 33, we saw 
no evidence for epimerization at the acetal center during the 
reaction of 26. 

The reason for greater T-facial diastereoselectivity in the 
reaction of 26 over that of 25 may be related to their con- 
formations. Both molecules might assume conformations with 
the phenyl group pseudoequatorial or pseudoaxial with re- 
spect to the 1,3-dioxolane moiety. Diene 26 should have a 
preference for conformer A (X = H, Y = C6H5), in which 
the phenyl is pseudoequatorial. In conformer B (X = H ,  Y 
= C6H5) of 26 there would be an unfavorable interaction 
between the phenyl group and the hydrogens on C-3a and C- 
7a. The acetal hydrogen of the preferred conformer A of 26 
would be well positioned to hinder attack by the dienophile 
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on the syn face. By the same token, conformation A of 25 
(X = C6H,, Y = H) should completely block syn addition, 
but 25 is likely to have a preference for the pseudoequato- 
rial phenyl in conformation B (X = C6H,, Y = H), in which 
the sytz face of the diene is relatively unencumbered. A ra- 
tionalization of the selectivities of 26 (likely mainly A) and 
25 (probably mainly B )  based on a largestereoelectronic 
component would not be supported by ab  initio calculations 
on 34, which revealed that the differences in the T-orbitals 
in conformers A and B (X = Y = H) are very small in- 
deed. s 

Further support for steric rather than stereoelectronic 
control came from the reactions of the par-a-nitro analogues 
35 and 36, which were prepared via 27 and the dibromides 
37 and 38. The nmr spectra of the adducts derived from 35, 
39, and 40 were similar to those from 25, and their relative 
amounts (27 : 73, respectively) were not significantly differ- 
ent, either.6 In the same way, 36 reacted in a manner remi- 
niscent of 26, producing adducts 41 and 42 (5:95, respec- 
tively). The lack of sensitivity with regard to the addition of 
the electron-withdrawing group is certainly consistent with 
steric interactions rather than stereoelectronic ones being of 
primary importance in the control of T-facial selectivity with 
the benzylidine dienes. 

The exo-benzylidine dienes, 26 and 36, dimerized readily 
by a Diels-Alder reaction. The structures of the dimers, 43 
and 44, were evident from measurements of nOe enhance- 
ments in their 'H nmr spectra. Each arose by a process in 
which both the diene and dienophile partners underwent ad- 
dition to their anti faces, the result that would be expected 
in a sterically controlled reaction. 

4 3 X = H  

44 X  = NO, 

Finally, as we had done with our first adducts from 3,  it 
was important to address the possibility that we had pro- 
duced the thermodynamically preferred, rather than kineti- 
cally preferred, adducts from the derivatives. We tested a 
cross section of pure adducts for equilibration. Chloroform 

'A manuscript describing the results of our parallel computa- 
tional study of w-facial diastereoselectivity is in preparation. 

6 ~ h e  facial selectivity of 35 leads one to assume that it, like 25, 
must also exist to a significant degree in its less favourable con- 
formation, A. Whether this conformer might be stabilized by a -w- 
stacking" arrangement in chloroform was examined in a cursory 
manner. Running the Diels-Alder reaction of 35 in benzene led to 
an adduct mixture of 24:76 (39 to 40, respectively), which was not 
significantly different from the ratio in chloroform. Also, an nOe 
study failed to reveal proximity between the nitrophenyl moiety and 
the hydrogens on the diene portion of 35. 

solutions of some major (11, 15, 17, 31, 33, 40, and 42) and 
some minor adducts (12, 14, 18, 30, 32, and 39) were heated 
under reflux for 36 h. In no instance was there any evidence 
for the production of an isomeric adduct. 

Experimental 
Melting points (mp) were determined on a Fisher-Johns appa- 

ratus and are uncorrected. Ultraviolet (uv) spectra were run on a 
Perkin-Elmer 202 instrument. Infrared (ir) spectra were recorded 
on a Mattson Polaris FT instrument; these abbreviations apply: s 
= strong; m = medium; w = weak; br = broad. Mass spectral data 
were from a V.G. Micromass 7070HS instrument, or from the 
model 5970 mass selective detector that is part of a Hewlett- 
Packard gas chromatograph - mass spectrometer (gc-ms) sys- 
tem. The ms data have this format: m/z (% of base peak). Nuclear 
magnetic resonance (nmr) spectra were obtained on a General 
Electric GE 300-NB instrument, except in a few instances in which 
a (60 MHz) Varian EM-360 instrument was employed. The 'H 
shifts of CDCI, solutions were measured relative to internal tetra- 
methylsilane, but in other solvents shifts were calibrated to a sol- 
vent resonance. Standard abbreviations apply, as well as br = broad 
and nar = narrow. All I3c shifts were calibrated to a solvent res- 
onance. For some carbon resonances for which rigorous assign- 
ments are not provided the number of attached protons (APT) may 
be indicated in parentheses after the chemical shift. Assignments 
were aided by COSY and heteronuclear 2-D spectra and by nu- 
clear Overhauser effect (nOe) enhancement measurements, which 
also led to the assignment of stereochemistry. The nOe measure- 
ments were made from sets of interleaved 'H experiments (16K) 
of 8 transients cycled 12 to 16 times through the list of frequen- 
cies to be saturated. The decoupler was gated on in CW mode for 
6 s with sufficient attenuation to give a 70-90% reduction in in- 
tensity of the irradiated peak. Frequency changes were preceded 
by a 60-s delay. Four scans were used to equilibrate spins before 
data acquisition, but a relaxation delay was not applied between 
scans at the same frequency. The nOe difference spectra (28) were 
obtained from zero-filled 32K data tables to which a 1-2 Hz ex- 
ponential line-broadening function had been applied. The nOe data 
are reported in this format: irradiated signal (enhanced signal, en- 
hancement). Reactions were run under an atmosphere of dry ni- 
trogen. Dry benzene was distilled from CaH2 and stored over 
sodium wire; pyridine was distilled from, and stored over, KOH; 
tetrahydrofuran (THF) was freshly distilled from sodium/benzo- 
phenone. Routine solvents were distilled, and aqueous solutions are 
implied for saturated NaCI, etc. Flash column chromatography used 
230-400 mesh silica gel, and elution was with hexane containing 
an increasing proportion of ethyl acetate. 

Diels-Alder reaction of 3: (3aa,4~,7a,7aa,8S*,9R*)- (4) and 
(3aa,4a, 7a, 7aa,8R+',9S*)-3a,4,7,7a-tetrahydro-8,9- 
dihydroxy-2-phetlyl-4,7-ethano-I H-isoindole-173(2H)-diotle 
(5) 

A solution of diene 3 (Aldrich; 48 mg, 0.43 mmol) and N- 
phenylmaleimide (75 mg, 0.43 mmol) in CHC13 (5 mL) was heated 
under reflux for 16 h. During this time a precipitate formed that was 
composed of the adduct mixture. Evaporation of the solvent under 
vacuum left 115 mg (93%) of a colorless solid. This was dis- 
solved completely in C,D,N, and the 'H nmr spectrum of this 
mixture revealed signals for 4 and 5 in a ratio of 9 5 5 ,  respec- 
tively, by integration. Repeated crystallization of the mixture from 
25% methanol in ethyl acetate provided a pure sample (30 mg) of 
4: mp 218.5-220°C; ir (KBr) v,,: 3423 (br), 2960, 1768 (w), 1693 
(s), 1502, 1392, 1184, 689 cm-'; 'H nmr (CDC1,) 6: 7.36-7.48 
(3H, m), 7.18 (2H, br d, J = 7.3 Hz), 6.22 (2H, apparent dd, J 
= 3.3, 4 .3 Hz), 3.84 (2H, br s), 3.50 (2H, br s), 3.42 (2H, br s), 
2.97 (2H, br s); 'H nmr (C,D,N) 6: 7.30-7.52 (3H, m), 6.26 (2H, 
dd, J = 3.2, 4.4 HZ), 5.14 (2H, OH'S), 3.98 (2H, s,  C-8H and 
C-9H), 3.88 (2H, s,  C-3aH and C-7aH), 3.61 (2H, br s,  C-4H and 
C-7H); I3c nmr (CSD5N) 6: 179.5, 133.6, 132.2 (C-5 and C-61, 
129.3, 128.6, 127.5, 63.7 (C-8andC-9),40.3 (C-4andC-7), 38.6 
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(C-3a and C-7a); ms: 285 (M+, 26), 256 (4), 226 (89), 120 (28), 
1 19 (83), 105 (17), 91 (25), 79 (loo), 78 (53). Exact Mass calcd. 
for C16H15N04: 285.1000; found: 285.0996. 

A sample of 5 was obtained by hydrolysis of 18 (see below). The 
'H and I3c nmr spectra were entirely in accord with the data for the 
minor component of the adduct mixture. For 5: mp (after recrys- 
tallization from ethyl acetate/CH,OH) 260-261°C; ir (KBr) v,,,: 
3450, 3383 (br), 2901, 1775 (w), 1705, 1393, 1200, 734 cm-'; 'H 
nmr (CSD,N) 6: 7.28-7.55 (5H), 6.47 (2H, apparent t, J -- 3.7 Hz), 
5.04 (OH'S), 4.32 (2H, s), 3.74 (2H, m), 3.33 (2H, s); ',c nmr 
(C5D5N) 6: 177.6, 133.4, 131.3, 129.3, 128.7, 127.4, 69.2, 42.0, 
40.9; ms: 285 (M', 18), 267 (4), 226 ( 9 3 ,  120 (23), 119 (loo), 
105 (1 l) ,  91 (24), 79 (67), 78 (60), 77 (24). Exact Mass calcd. for 
CI6H,,NO4: 285.1000; found: 285.0993. 

cis-5,6-Diacetyloxy-I ,3-cyclohexadiene (6) 
Acetic anhydride (1.0 mL) was added to a solution of 3 (0.240 

g, 2.14 mmol) in pyridine (1.0 mL). After stirring at room tem- 
perature for 2 h, tlc indicated completion of the reaction. The vol- 
a t i le~  were removed under vacuum, and flash chromatography of 
the residue gave 6 as a colorless oil (0.368 g, 88%): uv (CH30H) 
A ,,,,,: 256 nm (E = 3900); ir (film) v ,,,,,: 1740 (s), 1371 (s), 1241 
(s), 1064 (s) cm-l; 'H nmr (CDCl?) 6: 6.15 (2H, m), 5.90 (2H, m), 
5.54 (2H, nar m), 2.07 (6H, s); I3c nmr (CDCI,) 6: 170.1 (O), 126.1 
(I) ,  125.1 ( l) ,  66.8 (I), 20.7 (3); ms: 196 (M+, 0.9), 154 (3), 136 
(13), 112 (60), 95 (98), 94 (loo), 83 (19), 78 (33), 77 (24), 66 (66), 
43 (100). Exact Mass calcd. for CIOHI2O1: 196.0735; found: 
196.0725. 

cis-5,6-Ditnerhoxy-I ,3-cyclohexadietze (7) 
The diol 3 (0.31 1 g, 2.77 mmol), dimethyl sulfate (2.10 g, 16.6 

mmol), and tetra-n-butylammonium hydroxide (1.0 g, 40% w/w 
in H20) were added to a two-phase system of CH2C12 (100 mL) and 
50% NaOH in H20. This was stirred vigorously for 3 days at room 
temperature. More H20 (100 mL) was added. The organic layer was 
washed with H20 (100 mL), saturated NaHC0, (100 mL), and 
saturated NaCl(100 mL), then it was dried (MgS04) and concen- 
trated under vacuum. Flash chromatography provided 7 as a col- 
orless liquid (0.296 g, 76%): uv (CH30H) A,,,: 262 nm (E = 2500); 
ir (film) v,,,: 2929 (s), 1464, 1 122 cm-I; 'H nmr (CDCl,) 6: 5.99- 
6.08 (4H, m), 3.81 (2H, nar m), 3.44 (6H, s); I3c nmr (CDCI,) 6: 
126.9 (I), 124.8 (I), 73.9 (I) ,  56.2 (3); ms (from gc-ms): 140 (M+, 
18), 125 (7), 109 (14), 97 (23), 82 (21), 78 (28), 77 (25), 75 (loo), 
65 (50). Exact Mass calcd. for CnH1202: 140.0837; found: 
140.0834. 

cis-5,6-Bis(trimeth~,Isilyloxy)-l,3-cyclohexadiene (8) 
Chlorotrimethylsilane (600 p,L, 4.73 mmol) was added to a so- 

lution of 3 (0.232 g, 2.07 mmol) in pyridine (2 mL) at 0°C. The 
mixture was stirred for 1 h while it attained room temperature. After 
addition of CCI, (10 mL) the resulting precipitate was removed by 
filtration. The filtrate, after evaporation of most of the solvent under 
vacuum, was purified by flash chromatography to provide 8 as a 
colorless oil (0.456 g, 86%): uv (CH30H) A,,,: 259 nm (E = 4000); 
ir (film) v,,,: 3043 (m), 2958 (s), 2898 (m), 2796 (w), 1412 (m), 
1252 (s), 1 1 19 (s), 840 (s) cm- I; 'H nmr (CDCI,) 6: 5.97 (2H, m), 
5.87 (2H, m), 4.14 (2H, nar m), 0.15 (18H, s); I3C nmr (CDCI,) 
6: 130.4 ( I ) ,  124.0 (I) ,  68.9 ( I ) ,  0.2 (3); ms: 256 (M+, 21), 191 
( lo) ,  I51 (17), 147 (36), 75 (23), 73 (100). Exact Mass calcd. for 
C12H2J02Si2: 256.13 14; found: 256.13 14. 

cis-3a,7a,Dihydro-2,2-dimethyl-l,3-benzodioxole (9) 
A solution of 3 (0.200 g, 1.78 mmol) and p-toluenesulfonic acid 

(pTsOH) (10 mg) in 2,2-dimethoxypropane (15 mL) was stirred 
at room temperature for 1 h. After addition of CH2Cl, (50 mL) the 
mixture was washed with 0.1 M NaOH (50 mL), saturated NaHC0, 
(50 mL), and saturated NaCl (50 mL). The organic solution was 
dried (MgSO,) and concentrated under vacuum. Flash chromatog- 
raphy of the residue gave 9 as a colorless liquid (0.226 g, 83%): 
uv (CH,OH) Am: 257 nm (E = 3500); ir (film) v,,,: 3045 (m), 2987 
(s), 2935 (m), 2888 (m), 1379 (s), 1209 (s), 1032 (s) cm-'; 'H nmr 
(CDCI,) 6: 6.00 (2H, m), 5.89 (2H, m), 4.66 (2H, apparent t, J = 

1.7 Hz), 1.43 (3H, s), 1.40 (3H, s); I3C nmr (CDCI,) 6: 125.2, 
123.6, 104.4, 70.2, 26.6, 24.6; ms: 152 (M+, 1.4), 137 (42), 95 
(loo), 94 (96), 78 (32), 77 (53), 68 (24), 66 (94), 65 (50), 43 (87). 
Exact Mass calcd. for C8H902 (Mf - CH,): 137.0602; found: 
137.0599. 

cis-3a,7a-Dihydro-2,2-dimethyl-l.3,2-betzzodio~rasilole (10) 
This reaction was best followed by nmr. Diacetoxydimethylsi- 

lane (222 p,L, 1.26 mmol) was added to a solution of 3 (0.141 g, 
1.26 mmol) in CDCI, (approx. 0.5 mL) and pyridine (10 p,L) in 
an nmr tube. The tube was spun in the probe of a 60-MHz nmr in- 
strument for 10 min after which time the spectrum indicated quan- 
titative conversion to 10. The solvent could be removed under 
vacuum: uv (CH,OH) A,,,,: 260 (E = 3500); ir (film) v,,,: 3044, 
2962, 2902, 1413, 1258 cm-I; 'H nmr (CDCI,) 6: 5.94 (2H, m), 
5.84 (2H, m), 4.70 (2H, nar m), 0.27 (3H, s), 0.23 (3H, s); "C 
nmr(CDC1,)S: 126.3, 123.2,69.1, -1.3, -1.9;ms: 168(M+, 901, 
167 (loo), 153 (99), 151 (16), 135 (20), 133 (17), 94 ( 4 3 ,  91 (do), 
77 (36), 75 (64), 66 (24), 65 (20), 45 (34). Exact Mass calcd. for 
CsH,202Si: 168.0606; found: 168.0587; calcd. for CnHllO,Si (M+ 
- H): 167.0528; found: 167.0522. 

Diels-Alder reaction of 6: (3aa,4a,7a,7aa,8S*,9R";)- (11) atzd 
(3aa,4a, 7a,7aa,8R*,9S*)-8,9-bis(acetyloxy)-3a,4,7,7a- 
tetrahydro-2-phenyl-4,7-ethano-I H-isoindole-I ,3(2H)-dione 
(1.7) 

A solution of the diacetate diene 6 (0.214 g, 1.09 mmol) and N- 
phenylmaleimide (0.190 g, 1.10 mmol) in CHC1, (30 mL) was 
heated under reflux for 2 days. Evaporation of the solvent under 
vacuum provided a colorless mixture (0.402 g) that 'H nmr showed 
was composed very predominantly of the syn (11) and the anti (12) 
adducts in a ratio of 88: 12, respectively, along with only a trace 
of unreacted dienophile and residual solvent. The nmr signals of 
the adducts correlated exactly with authentic materials produced as 
follows. A solution of the sytz diol adduct 4 (70.6 mg, 0.247 mmol) 
and acetic anhydride (1 mL) in pyridine (2 mL) was stirred over- 
night at room temperature. Evaporation of the volatiles under vac- 
uum gave a colorless powder (94.6 mg), which was crystallized 
from ethyl acetate to provide 11: mp 235-237°C; ir (film) v,,: 
1755, 1712, 1377, 1247 cm-I; 'H nmr (CDC1,) 6: 7.35-7.49 (3H, 
m), 7.17 (2H, d, J = 7.1 Hz), 6.30 (2H, apparent dd, J = 3.0, 
4.4 Hz), 4.90 (2H, br s ,  C-8H and C-9H), 3.48 (4H, br s), 2.10 
(6H, s); I3c nmr (CDCI,) 6: 177.4, 169.4, 131.5 (C-It), 131.3 (C-5 
and C-6), 129.1, 128.7, 126.3, 64.7, 38.0, 36.5, 20.5; ms: 369 
(M+, lo), 327 (24), 310 (I) ,  285 ( 3 , 2 2 6  (29), 119 (15),91 (131, 
79 (18),43 (100). Exact Mass calcd. for CIsHL7NO5 (M+ - C2H20): 
327.1106; found: 327.1107. 

Similarly, the anti diol 5 (43.0 mg, 0.151 mmol) and acetic an- 
hydride (1 mL) in pyridine (5 mL) were stirred overnight, and 
evaporation of the volatiles under vacuum gave a colorless pow- 
der (55.8 mg), which was crystallized from 3:2 ethyl acetate/ 
hexane to provide 12 (20.8 mg, 37%): mp 2355237°C;  ir (film) 
v,,: 1738, 171 1, 1376, 1254, 1191 cm-I; 'H nmr(CDC1,) 6: 7.35- 
7.49 (3H, m), 7.17 (2H, br d, J .= 7.0 Hz), 6.35 (2H, apparent dd, 
J = 3.2, 4.2 Hz), 5.15 (2H, nar m, C-8H and C-9H), 3.52 (2H, 
m, C-4H and C-7H), 3.12 (2H, nar m, C-3aH and C-7aH), 2.04 
(6H, s); I3c nmr (CDCI,) 6: 175.7, 169.9, 131.5 (C-If), 130.4 (C-5 
and C-6), 129.2, 128.9, 126.3, 69.8, 40.6 (C-3a and C-7a), 36.6 
(C-4 and C-7), 20.5; ms: 369 (M+, lo), 327 (40), 285 (7), 226 (431, 
143 ( lo) ,  119 (22), 91 (14), 79 (25), 43 (100). Exact Mass calcd. 
for C20H19N06: 369.121 1 ; found: 369.1216. 

Diels-Alder reaction of 7: (3aa,4a,7a,7aa,8S*,9R*)- (13) and 
(3aa,4a,7u, 7aa,8R*,9S*)-3a,4,7,7a-tetrahydro-8,9- 
dimethoxy-2-phenyl-4,7-ethano-I H-isoindole-I ,3(2H)-dione 
(14) 

A solution of 7 (67 mg, 0.48 rnmol) and N-phenylmaleimide (59 
mg, 0.34 mmol) in CHCl, (5 mL) was stirred at room temperature 
for 16 h. The solvent was evaporated under vacuum to provide an 
orange solid (1 13 mg). The 'H nmr spectrum of this material in- 
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dicated some unreacted 7, a small amount of unreacted N-phen- 
ylmaleimide, and the remainder was almost exclusively 13 (ratio 
of 13/14 estimated conservatively at 99: I). Recrystallization of this 
crude product from benzene afforded some 13: mp 195-196°C; ir 
(KBr) v ,,,,: 2966, 2891, 1767 (w), 1709 (s), 1497, 1371, 1 177, 
730 cm-'; 'H  nmr (CDCI,) 8: 7.36-7.44 (3H, m), 7.19 (2H, d, 
J = 7.1 Hz), 6.22 (2H, dd, J = 3.1, 4.5 Hz), 3.51 (8H, brs), 3.43 
(4H, br s); 'H nmr (C5D,N) 8: 7.40-7.43 (4H, m), 7.31 ( lH ,  br 
m), 6.20 (2H, dd, J = 3.2, 4.6 Hz), 3.62 (2H, t, J = 1.6 Hz, 
C-3aH and C-7aH), 3.5 1 (2H, br m, C-4H and C-7H), 3.34 (6H, 
s), 3.27 (2H, t, J = 1.5 Hz, C-8H and C-9H); nOe data (C,D,N): 
6.20 (3.51, 16%; 3.27, 1%); 3.62 (3.34, I%), 3.51 (6.20, 9%; 
3.62, 6%; 3.34, 1 %; 3.27, 6%), 3.34 (3.62, 2.5%; 3.51, 6%; 3.27, 
3%), 3.27 (6.20, 2.5%; 3.51, 11%; 3.34, 2%); I3c nmr (C,D,N) 
6: 179.0, 133.4, 131.9 (C-5 andC-6), 129.3, 128.6, 127.4, 73.9 
(C-8 and C-91, 58.0 (2 x CH,), 38.7 (C-3a and C-7a), 37.4 (C-4 
and C-7); ms: 314 (M+ + 1, 0.7), 313 (Mf ,  0.4), 282 (0.5), 173 
(I) ,  134 (31, 126 (I) ,  119 (151, 91 (191, 88 (loo), 78 (18), 77 (17), 
73 (31), 45 (25). Exact Mass calcd. for C18H19N0,: 313.1313; 
found: 313.1322. 'The nmr spectra of this adduct were identical with 
the spectra of material prepared as follows: 2.5 mol equivalents of 
KH, then 2.5 mol equivalents of iodomethane were added to a THF 
(30 mL) solution of 4 (55 mg, 0.19 mmol). This was heated under 
reflux for 18 h to effect complete reaction. After cooling, CHzClz 
(150 mL) was added, and the solution was washed with H 2 0  (2 x 
100 mL) and saturated NaCl (100 mL), then dried (MgSO,) and 
concentrated under vacuum. Flash chromatography of the residue 
provided 13 (51 mg, 85%). 

Signals for the minor adduct in the 'H nmr spectrum correlated 
with the spectrum of 14, which was made from 5 as above, except 
the reaction was over in 2 h at room temperature. Crystallization 
of the residue from CHC13/CCI, provided 14 (94%): mp 220- 
223°C; ir (KBr) urn,,: 2956, 2876, 1777 (w), 1708, 1498, 1385, 
1180, 723 cm-'; 'H nmr (CDCI,) 6: 7.37-7.48 (3H, m), 7.17 (2H, 
d, J = 7.0 Hz), 6.32 (2H, dd, J = 3.1, 4.4 Hz), 3.69 (2H, br s), 
3.60 (2H, br m, C-4H and C-7H), 3.47 (6H, 2 X CH,), 2.94 (2H, 
t, J = 1.4 Hz); I3C nmr (CDCI,) 6: 176.6, 13 1.6, 130.2, 129.1, 
128.8, 126.3, 79.2 (C-8 and C-9), 58.5 (2 x CH,), 40.9, 36.1; ms: 
314 (Mf + 1, 0.2), 313 (M+, 0.05), 299 (0.6), 281 (0.6), 226 ( l l ) ,  
173 ( I ) ,  134 (41, 119 (22), 91 (26), 88 (loo), 78 (27), 77 (24), 45 
(34). Exact Mass calcd. for CI,H,2N02 (M+ - C4H7O2 = loss of 
the C-8 and C-9 bridge with H transfer): 226.0867; found: 
226.0862. 

Diels-Alder reaction of 8: (3aa,4a,7a,7aa,8S*,9R*)-3n,4,7,7a- 
tetrahydro-2-phenyl-8,9-bis[(trimethylsily)o]-4,7-etlzano- 
IH-isoindole-1,3(2H)-dione (15) 

A solution of diene 8 (92 mg, 0.36 mmol) and N-phenylmal- 
eimide (62 mg, 0.36 mmol) in CHC1, (6 mL) was stirred at room 
temperature for 20 h. Evaporation of the solvent under vacuum gave 
a pale yellow solid (120 mg). The 'H nmr spectrum of this mate- 
rial showed major signals for 15 and minor signals for unreacted 
addends; no signals attributable to 16 were detected. The signals 
of this adduct were identical with the signals of the only product 
obtained as follows. Adduct 4 (60 mg, 0.21 mmol) and chlorotri- 
methylsilane (1.0 rnL) in dry pyridine (2.0 mL) were stirred at room 
temperature for 24 h. Addition of CCI, gave a precipitate, which 
was removed by filtration. Evaporation of the filtrate gave a col- 
orless solid that was crystallized from 25% hexane in CCI,: mp 143- 
144°C; ir (KBr) urn,,: 3047, 2955, 2898, 1773 (w), 17 10, 1391, 
1183, 898, 753 cm-'; 'H nmr (CDCI,) 8: 7.35-7.46 (3H, m), 7.17 
(2H, brd,  J = 7.1 Hz), 6.17 (2H, apparent dd, J = 3.3, 4.5 Hz), 
3.72 (2H, nar m, C-8H and C-9H), 3.54 (2H, nar m, C-3aH and 
C-7aH), 3.18 (2H, m, C-4H and C-7H), 0.17 (18H, s); I3c nmr 
(CDCI,) 8: 179.1, 132.0 (C-1'), 131.5 (C-5 and C-6), 129.0, 128.4, 
126.5, 65.3 (C-8 and C-9), 40.6 (C-4 and C-7), 37.9 (C-3a and 
C-7a), 0.3; ms: no M+,  414 ( I ) ,  324 (3), 204 (loo), 147 ( lo) ,  73 
(5 1). Exact Mass calcd. for C21H28N04Si2 (Mf - CH,): 414.1555; 
found: 414.1588; calcd. for C18Hl,N03Si (M+ - C,H,,OSi): 
324.1055; found: 324.1046. 

(3na,4a,7a,7aa,8R*,9S:*)-3a,4,7,7a-Tetrahydro-2-phenyl-8,9- 
bis[(rritnethylsilyl)osy]-4,7-ethnno-I H-isoindole-1,3(2H)- 
dione (16) 

Addition of chlorotrimethylsilane (1.0 mL) to a solution of 
(mainly) adduct 5 (33.1 mg, 0.1 16 mmol) in dry pyridine (5.0 mL) 
immediately gave a white precipitate. Nevertheless, this was stirred 
at room temperature for a further 16 h before CCIJ (10 mL) was 
added. The precipitate was removed by filtration, and evaporation 
of the filtrate under vacuum left 16 as a colorless solid (40.6 mg, 
82%): mp 166-1 7 1°C; ir (KBr) v,,,,,: 3055,2962, 1778 (w), 17 18, 
1499, 1385, 1109, 909, 843 cm-I; 'H nmr (CDCI,) 6: 7.32-7.47 
(3H, m), 7.16 (2H, br d, J = 7.1 Hz), 6.32 (2H, apparent dd, J = 
3.1, 4.4 Hz), 3.95 (2H, br s, C-8H and C-9H), 3.26 (2H, m, C- 
4H and C-7H), 2.93 (2H, nar m, C-3aH and C-7aH), 0.16 (1 8H, 
s); ',c nmr (CDCI,) 6: 176.7, 131.6 (C-If) ,  130.3 (C-5 and C-6), 
129.0, 128.6, 126.3, 70.9 (C-8 and C-91, 41.2 (C-3a and C-7a), 
40.3 (C-4 and C-7), 0.2; ms: no M+, 414 ( l ) ,  324 ( 3 ,  204 (loo), 
147 (14), 132 (24), 116 (39), 73 (90). Exact Mass calcd. for 
C18H18N03Si (M+ - CsH130Si): 324.1055; found: 324.1078. 

Diels-Alder reaction of 9: (3na,4a,4ap,7ap,8a,8m)- (17) and 
(3aa,4p,4aa, 7aa,8~,8aa)-4a,7a,8,8a-tetrahydro-2,2- 
dimetlzyl-6-phenj~l-4,8-etheno-4H-I ,3-dioxolo[4,5- 
flisoindole-5,7(3aH,6H)-dione (18) 

A solution of diene 9 (66 mg, 0.41 mmol) and N-phenylmal- 
eimide (77 mg, 0.44 mmol) in CHC1, (6 mL) was stirred at room 
temperature for 24 h. Evaporation of the solvent under vacuum gave 
a mixture of adducts, the 'H nmr spectrum of which revealed a 
mixture of 17 and 18 in a ratio of 60:40, respectively. Preparative 
tlc (SOz;  2: 1 hexane/EtOAc)) afforded samples of these ad- 
ducts. For 17: mp 189-190.5"C; ir (KBr) v,,,: 2981, 2913, 1773 
(w), 171 1, 1501, 1397, 1187, 1047 cm-'; 'H nmr (CDCI,) 6: 7.32- 
7.45 (3H, m), 7.16 (2H, br d, J = 7.1 Hz), 6.21 (2H, apparent dd, 
J = 2.8, 4.3 Hz), 4.16 (2H, nar m), 3.48 (4H, s), 1.50 (3H, s), 
1.35 (3H, s); 'H nmr (C6D6) 8: 7.41 (2H, br d, J = 7.3 HZ), 7.18 
(2H, m), 7.04(1H, b r t ,  J = 7.4Hz) ,  5.68(2H, dd, J = 3.0, 
4.4 Hz), 3.60 (2H, nar m), 3.29 (2H, m), 3.19 (2H, nar m), 1.35 
(3H, s), 1.10 (3H, s); nOe data (C6D6): 5.68 (3.60, 1.5%; 3.29, 
4.5%), 3.60 (5.68, 1.5%; 3.29, 7%; 1 . lo,  1.5%), 3.29 (5.68, 5%; 
3.60, 5.5%; 3.19, 4%), 3.19 (3.29, 5.5%; 1.35, I%), 1.35 (3.19, 
4%; 1.10, I%), 1.10 (3.60, 7%; 1.35, 2%); I3C nmr (CDCI,/C6D6) 
6: 178.3/177.7, 131.7/133.1 (C-l'), 131.4/131.6 (C-9 and C-lo), 
128.8/128.9, 128.3/128.1 (C-4'), 126.2/126.6, 112.2/112.2 
(C-21, 73.7/74.0 (C-3a and C-8a), 37.5/37.9 (C-4a and C-7a), 
36.8/37.3 (C-4 and C-8), 26.1 /26.4 (syn CH,), 24.0/24.1 (anti 
CH,); ms: 325 (M+, 8), 310 (17), 296 (7), 268 (20), 267 (22), 239 
(171, 222 (31), 120 (39), 119 ( 5 3 ,  100 (47), 93 (47), 92 (54), 91 
(loo), 43 (45). Exact Mass calcd. for C19H19N0,: 325.1313; found: 
325.1308. 

For 18: mp 263-265°C; ir (KBr) v,,,: 2988, 2889, 1796 (w), 
171 1, 1500, 1391, 1188 cm-'; 'H nmr (CDCI,) 6: 7.35-7.48 (3H, 
m), 7.18 (2H, br d, J = 7.0 Hz), 6.17 (2H, apparent dd, J = 3.2, 
4.3 Hz), 4.32 (2H, br s, C-3aH and C-8aH), 3.53 (2H, m, C-4H 
and C-8H), 2.88 (2H, nar m, C-4aH and C-7aH), 1.35 (3H, s), 1.30 
(3H, s); nOe data: 6.17 (3.53, lo%), 4.32 (3.53, 15%; 2.88, 13%; 
1.30, 3%), 3.53 (6.17, 10%; 4.32, 2%; 2.88, 5%), 2.88 (4.32, 
11%; 3.53, 7%), 1.35 (6.17, 2.5%), 1.30 (4.32, 6%); I3c nmr 
(CDCl,) 6: 176.3, 131.6 (C-l'), 129.6 (C-9 and C-lo), 129.0, 
128.6 (C-47, 126.3, 109.6 (C-2), 77.1 (C-3a and C-8a), 40.3 (C-4a 
and C-74,  36.9 (C-4 and C-8), 25.2 (syn CH,), 24.8 (anti CH,); 
ms: 325 (M+, 2), 310 (18), 268 (15), 267 (14), 239 (12), 222 (21), 
162 (lo()), 120 (31), 119 (42), 100 ( 3 9 ,  93 (36), 92 (39), 91 (79), 
45 (911, 43 (46). Exact Mass. calcd. for C19H,,N0,: 325.13 13; 
found: 325.1302. 

Hydrolysis of 1 7  
Adduct 17 (93 mg, 0.33 mmol) in 4 M HC1 (15 mL) was heated 

under reflux for 1 h. After cooling, CH2C12 (15 mL) was added, 
and the organic layer was washed with saturated NaHCO, (100 mL) 
and saturated NaCl (100 mL), then dried (MgSO,). Evaporation of 
the solvent under vacuum provided 4 (47 mg, 58%). 
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GILLARD AND BURNELL 1303 

Hydrolysis of 18  (0.5 mL): 'H nmr (60 MHz) 6: 5.8 (4H, m), 4.9 (2H, s), 1.0 (5H, 
Adduct 18 (80 mg, 0.28 mmol) was treated similarly to the above m). N-Phenylmaleimide (34.5 mg, 0.20 mmol) in CDCI, (0.5 mL) 

to orovide 5 (37 ma. 53%). was added to this solution. The mixture was stirred at room tem- 

Diels-Alder reaction of 10: (3aa,4a,4a~,7aP,8a,8aa)- (19) and 
(3aa,4P,4aa,7ac(,8P,8na)-4a,7a 8.80-tetrahydro-2,2- 
dimethyl-6-phenyl-4,8-etheno-4H-l,3,2-dioxasilolo[4,5- 
f]isoitzdole-5,7(3aH, 6H)-dione (20) 

To the solution of 10, prepared in an nrnr tube exactly as de- 
scribed above, was added N-phenylmaleimide (0.217 g, 1.25 mmol) 
in CDCl, (0.5 ml). The reaction was followed at room tempera- 
ture. After 3 h no 10 remained, and the formation of the adducts 
appeared to be quantitative. The ' H  nrnr spectrum of the solution 
revealed signals for 19 and 20 in a ratio of 60:40, respectively.' 
'The nrnr signals matched exactly the signals of the individual 
adducts, prepared as follows. Diacetyloxydimethylsilane (32 p,L, 
0.18 mmol) was added to a solution of 4 (51.8 mg, 0.182 mmol) 
in C,D5N (approx. 0.5 mL). The reaction was complete within 
15 min (by nmr), and the volatiles were evaporated under vacuum 
to leave 19 as a white powder (62.6 mg, 100%): mp 200-205°C; 
'H nrnr (CDC1,) 6: 7.36-7.47 (3H, m), 7.17-7.21 (2H, m), 6.22 
(2H, apparent dd, J = 3.1, 4.5 Hz), 4.17 (2H, apparent t, J = 1.8 
Hz, C-3aH and C-8aH), 3.49 (2H, m, C-4H and C-8H), 3.37 (2H, 
apparent t, J = 1.6 Hz, C-4aH and C-7aH), 0.37 (3H, s), 0.26 (3H, 
s); 'H nmr (C,D5N) 6: 7.28-7.42 (5H, m), 6.22 (2H, apparent dd, 
J = 3.1,4.4 Hz), 4.21 (2H, nar m, C-3aH and C-8aH), 3.65 (2H, 
nar m, C-4aH and C-7aH), 3.59 (2H, m, C-4H and C-8H), 0.32 
(3H, s), 0.22 (3H, s); nOe data (CDCl,): 6.22 (3.49, 3.5%), 4.17 
(6.21, 3%;3.49, 11%), 3.49(6.22, 7%;4.17, 6%;3.37, 3%), 3.37 
(3.49, 6%; 0.37, 2.5%), 0.37, (3.37, 6%); I3C nmr (C5D,N) 6: 
178.9, 133.5 (C-l '),  132.2 (C-9 and C-lo), 129.4, 128.8, 127.5, 
71.8 (C-3a and C-8a), 39.7 (C-4 and C-8), 38.5 (C-4a and C-7a), 
-0.1, -1 .O; ms: 341 (M', 5), 285 (7), 226 (32), 119 (39), 116 
(loo), 79 (40), 78 (33). Exact Mass calcd. for CI8Hl9NO4Si: 
341.1082; found: 341.107 1. 

Diacetyloxydimethylsilane (15 p,L, 0.085 mmol) was added to 
a solution of 5 (23.0 mg, 0.08 1 mmol) in C,D,N (approx. 0.5 mL). 
The solution was warmed for 25 min to effect complete reaction 
(by nmr). Evaporation of all volatiles under vacuum left 20 as a 
white powder (28.0 mg, 100%): mp 220-225°C; 'H nrnr (CDCI,) 
8: 7.35-7.48 (3H, m), 7.15-7.19 (2H, m), 6.25 (2H, apparent dd, 
J = 3.2, 4.3 Hz), 4.36 (2H, br s, C-3aH and C-8aH), 3.54 (2H, 
m, C-4H and C-8H), 2.95 (2H, apparent t, J = 1.3 Hz, C-4aH and 
C-7aH), 0.19 (6H, s); I H  nmr (C,D,N) 6: 7.28-7.41 (5H, m), 6.32 
(2H, m), 4.46 (2H, s, C-3aH and C-8aH), 3.67 (2H, m, C-4H and 
C-8H), 3.22 (2H, s, C-4aH and C-7aH), 0.165 (3H, s), 0.158 (3H, 
s); nOe data (CDCI,): 6.25 (3.54, 3%), 4.36 (3.54, 14%; 2.95, 
1270), 3.54 (6.25, 1.5%; 4.36, 2.5%; 2.95, 2.5%), 2.95 (4.36, 
12%; 3.54, 14%), 0.19 (6.25, 3%; 4.36, 1.5%); "C nrnr (C,D,N) 
8: 177.2, 133.3 (C-1'), 131.5 (C-9 andC-lo), 129.3, 128.8, 127.4, 
76.3 (C-3a and C-8a), 41.3 (C-4a and C-7a), 39.9 (C-4 and C-8), 
-0.1, -0.6; ms: 341 (M', 2), 326 (I) ,  193 (2), 179 (I), 116 (loo), 
101 (8), 78 (4), 77 (2), 75 (3). Exact Mass calcd. for CIRHI9NO4Si: 
341.1082; found: 341.1087. 

cis-2-Ethyl-3a, 7a-dihydro-2,1,3-benzoboradioxole (22) and its 
Diels-Alder reaction: (3aa,4a,4aP,7aP,8a,8aa)- (23) and 
(3aa,4P,4aa, 7aa,8Pr8aa)-2-ethj~l-4a, 7a,8,8a-tetrahydro- 
4,8-etheno-4H-2,1,3-boradioxolo[4,5-f]isoindole- 
5,7(3aH,6H)-dione (24) 

Diol 3 (60 mg, 0.54 mmol) in dry THF (5 mL) was added to 
solution of lithium triethylborohydride (Aldrich; 0.6 mL of 1 M in 
THF diluted with a further 2 mL of THF) at O°C. After stirring for 
1 h, a small amount of H20  was added, and the mixture was evap- 
orated on a vacuum line to leave a very viscous oil. To this was 
added CH,CI, (10 mL), and the insoluble material was removed by 
filtration. Evaporation of the solvent left the very moisture-sensi- 
tive 22 (24 mg, 30%), which was immediately taken up in CDC1, 

' ~ t t e m ~ t s  to separate these adducts by chromatography gave only 
hydrolysed materials: 4 (major) and 5 (minor). 

perature overnight, after which time I H  nrnr indicated clean con- 
version to 23 and 24 in a ratio of 45: 55, respectively. Data were 
taken from this mixture of moisture-sensitive adducts: 'H nrnr 
(CDCI,) 6: 7.1-7.6 (aromatics), 6.22 (C-9H and C-1OH for 23 and 
24), 4.54 (s, C-3aH and C-8aH for 24). 4.42 (nar m, C-3aH and 
C-8aH for 23), 3.57 (m, C-4H and C-8H for 23 and 24), 3.32 (nar 
m, C-4aH and C-7aH for 23), 2.92 (nar m, C-4aH and C-7aH for 
24), 0.7-1.1 (multiplets); nOe data: 6.22 (4.42, 1 %; 3.57, 5%), 
4.54 (3.57, 4%; 2.92, 12%), 4.42 (6.22, 1%; 3.57, 4%), 3.57 
(6.22, 7%; 4.54, 5%; 4.42, 8%; 3.32, 6%; 2.92, 570), 3.32 (3.57, 
3%), 2.92 (4.54, 12%; 3.57,4%); I3C nrnr (CDCI,) 6: 177.7, 176.1, 
131.6 (C-9 and C-10 for 23). 130.0 (C-9 and C-10 for 24), 77.7 
(C-3a and C-8a for 24), 75.0 (C-3a and C-8 for 23), 40.1 (C-4a and 
C-7a for 23), 37.3 (C-4a and C-7a for 24), 37.1, 37.0, 7.6, 7.5, 
3.3 (broad), 2.2 (broad); ms of mixture of 23 and 24: 323 (M', lo), 
294 (31, 225 (12), 173 (W), 129 (19), 119 (loo), 91 (23), 78 (38), 
54 (36). Exact Mass calcd. for C18H18BNOI: 323.1328; found: 
323.1310; calcd. for Cl,Hl,BNO, (M' - C2H,): 294.0938; found: 
294.0938. 

(lR*,2S*,4R*,5R*)-4,5-Dibromocyclohexane-l,2-diol (27) 
Following literature procedures (26, 27) 27 was prepared from 

1.4-cyclohexadiene via trans-4,5-dibromocyclohexene. For 27 (an 
off-white powder): mp 103-105°C (lit. (27) mp 103-105°C); ir 
(KBr) v,,,: 3380 (br s), 29 10, 1445 (w), 1295 (m), 1060 (s), 990 
(m) cm-'; 'H nmr (C,DjN) 6: 6.60 (2H, br s, OH'S), 4.84 (IH, ddd, 
J = 4.5, 10.7, 12.0 Hz, C-4H), 4.39 (IH, ddd, J = 4.5, 10.7, 12.0 
Hz, C-5H), 4.26 ( lH,  m, WI12 = 8 HZ, C-IH), 3.98 (IH, ddd, J 
= 2.8, 4.2, 11.3 Hz,C-2H), 2.92(1H, ddd,J = 11.3, 12.0, 12.5 
Hz, C-3H,), 2.82 ( lH ,  ddd, J = 2.9, 4.5, 13.8 Hz, C-6H,), 2.70 
(IH, ddd, J = 4.2, 4.5, 12.5 Hz, C-3Hp), 2.16 ( lH,  ddd, J = 2.2, 
12.0, 13.8 Hz, C-6HB); I3c nrnr (C,D,N) 6: 70.7 (C-2), 70.2 (C-1), 
55.6 (C-5), 54.8 (C-4), 42.9 (C-6), 41.2 (C-3); ms: no M', 195 
(14), 193 (14), 177 (20), 175 (21), 113 (13), 95 (67), 67 (loo), 55 
(79). Exact Mass calcd. for C ~ H ~ ' B ~ O  (M' - Br - H20): 
176.9734; found: 176.9728. 

(2a,3aP,5P,6c(,7aP)- (28) atzd (2a,3aa,5a,6P,7aa)-5,6- 
Dibromohexahydro-2-phenyl-I ,3-bet~zodioxole (29) 

A solution of 27 (5.88 g ,  21.5 mmol), benzaldehyde dimethyl 
acetal (16.3 g,  107 mmol), and pTsOH (1.03 g) in dry CH2C12 
(160 mL) was stirred at room temperature for 2 days. The solution 
was washed with 20% NaHSO, (50 mL), 1 M NaOH (100 mL), 
saturated NaHC0, (100 mL), and saturated NaC1. The solution was 
dried (MgSOJ, then concentrated under vacuum. Hexane (50 mL) 
was added, the solution was refrigerated (approx. -5°C) for 2 days. 
The crystals that formed were washed with cold hexane to provide 
29 (1.77 g). The mother liquor and the hexane washings were 
combined and concentrated under vacuum. Flash chromatography 
of the residue gave an additional crop of 29 (0.88 g after recrys- 
tallization from hexane, for a total yield of 2.66 g, 34%) and 28 
as a waxy solid (2.61 g, 34%): mp 63-65°C; ir (KBr) v,,,: 1412 
(m), 1173 (m), 1069 (m), 101 1 (s) cm-I; 'H nmr (CDCI,) 8: 7.37- 
7.56 (5H, m), 5.85 (IH, C-2H), 4.45 ( lH ,  ddd, J = 3.8, 6.7, 
8.0Hz,C-5H),4.37 (lH,ddd, J = 5.2, 5.3,5.7Hz, C-3aH), 4.28 
(lH,ddd,J=5.3,5.4,6.0Hz,C-7aH),4.24(1H,ddd,J=4.8, 
6.7, 6.7 HZ, C-6H), 2.84 ( lH,  ddd, J = 4.8, 5.4, 15.5 HZ, C-7Hp), 
2.79 ( lH,  ddd, J = 3.8, 5.7, 15.0 Hz, C-4H,), 2.49 ( lH,  ddd, J 
= 6.0, 6.7, 15.5 Hz, C-7H,), 2.28 ( lH,  ddd, J = 5.2, 8.0, 15.0 
Hz, C-4HB); I3c nrnr (CDCI,) 6: 137.1 (C-1'), 129.3, 128.4, 126.4, 
103.8 (C-2), 73.3 (C-3a), 73.0 (C-7a), 50.8 (C-5), 48.3 (C-61, 35.5 
(C-7), 34.4 (C-4); ms (from gc-ms): 364 (3), 362 (6), and 360 ( 2 )  
(all M'), 363 ( l l ) ,  361 (22), and 359 (12) (allM' - H), 159 (lo), 
157 (8), 105 (loo), 79 (96), 78 (48), 77 (76), 67 (67), 51 (39). 
Exact Mass calcd. for C,3Hl ,79~rz02 (M' - H): 358.9283; found: 
358.9293. 

For 29: mp 125-127.5"C; ir (KBr) v,,: 2903, 1459, 1362, 1219 
(m), 1107, 1069,976 cm-'; 'H nmr (CDCI,) 8: 7.34-7.51 (5H, m), 
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6.17 (IH, s, C-2H), 4.47 (IH, ddd, J = 3.9, 7.4, 8.2 Hz, C-5H), 
4.39 (IH, m, C-3aH), 4.33 (IH, m, C-7aH), 4.19 (IH, ddd, J = 
4 . 5 , 7 . 4 , 7 . 8 H z , C - 6 H ) , 2 . 8 4 ( 1 H , d d d , J =  3.9,5.5,  15.1 Hz, 
C-4H), 2.78 (IH, ddd, J = 4.5, 5.0, 15.2 HZ, C-7Hp), 2.46 (IH, 
ddd, J = 6.2, 7.8, 15.2 Hz, C-7H,,), 2.25 (IH, ddd, J = 4.7, 8.2, 
15.1 Hz, C-4Hp); 13c nmr (CDCI,) 6: 138.9 (C-1'), 129.0, 128.3, 
125.9, 102.2 (C-2), 72.9 (C-3a), 72.6 (C-7a), 50.8 (C-5), 48.5 
(C-6), 34.5 (C-7), 33.3 (C-4); ms (from gc-ms): 364 (3), 362 (6). 
and 360 (3) (all Mf) ,  363 (1 I), 361 (22), and 359 ( 1  1) (all Mf - 
H), 159 (12), 157 (lo) ,  105 (loo), 79 (96), 78 (49), 77 (71), 67 
(59), 51 (35). Exact Mass calcd. for C , , H , , ~ ~ B ~ , O ,  (M' - H): 
362.9241 ; found: 362.923 1. 

(2a,3np, 7ap)-3a, 7a-Dihydro-2-phenyl-I ,3-benzodioxole (25) 

From 3 
A solution of 3 (77 mg, 0.67 mmol), benzaldehyde dimethyl 

acetal (100 ILL, 0.67 mmol), and pTsOH (1.4 mg) in CDC1, (ap- 
proximately 1 mL) was stirred overnight. The analysis of the 'H 
nmr spectrum revealed mainly signals for 25 (but no other deriv- 
ative) and benzaldehyde along with some phenol. Diene 25 made 
in this way was purified by rotary thin-layer chromatography (SiO?; 
20% CH,Cl, in hexane) in a yield of only 15%. 

From 28 
. . . .  . Based on a procedure by Yang et al. (27), a solution of 28 

(0.356 g, 0.983 mmol) and 1,8-diazabicyclo[5.4.O]undec-7-ene 
(DBU; 0.60 g, 3.9 mmol) in dry benzene (50 mL) was heated under 
reflux for 16 h. After cooling, the solution was decanted from a 
white precipitate. The precipitate was extracted with more ben- 
zene (50 mL), and the combined benzene solutions were washed 

i 
with saturated NaHCO, (3 X 100 mL), HzO (100 mL), and satu- 
rated NaCl (100 rnL), then dried (MgSO,) and concentrated under 
vacuum. Flash chromatography afforded 25 (0.1 14 g, 58%): ir 
(film) v,,,: 3044, 2883, 1459, 1401, 1217, 1061 cm-I; 'H nmr 
(CDCI,) 6: 7.46-7.50 (2H, m), 7.32-7.36 (3H, m), 6.01-6.08 (2H, 
m, C-5H and C-6H), 5.94-6.00 (2H, m, C-4H and C-7H), 5.64 
(IH, s), 4.66 (2H, apparent t, J = 1.6 Hz); nOe data: 5.64 (7.46- 
7.50, 3.5%; 4.66, 4%), 4.66 (5.94-6.00, 4%; 5.64, 8.5%); 
I3C nmr (CDCI,) 6: 136.5 (C-l'), 129.4 (C-4'), 128.2 (C-3' and 
C-5'), 126.8 (C-2' and C-67, 124.1 (C-4 and C-7), 123.8 (C-5 and 
C-6), 98.2 (C-2), 71.0 (C-3a and C-7a); ms: 200 (M', 4), 199 (3), 
172 (6), 154 (39), 106 ( 3 3 ,  105 (90), 94 (loo), 78 (64), 77 (86), 
66 (loo), 51 (50). Exact Mass calcd. for CI3Hl2Oz: 200.0837; 
found: 200.0836. 

(2a,3aa, 7aa)-3a, 70-Dihydro-2-phenyl-1,3-benzodioxole (26) 
By a procedure very similar to that for 25, 29 (1.23 g, 

3.34 mmol) and DBU (2.07 g, 13.4 mmol) gave 26 without chro- 
matography as a yellow oil (0.490 g, 72%): ir (film) v,,,: 3043, 
2927, 1641 (m), 1217, 1068 cm-l; 'H nmr (CDCI,) 6. 7.47-7.55 
(2H, m), 7.32-7.40 (3H, m), 6.05 (2H, m), 5.91 (2H, m), 5.83 
(IH, s), 4 86 (2H, nar m); ',c nrnr (CDC1,) 6: 137.4 (C-l'), 129.0 
(C-4'), 128.2 (C-3' and C-5'), 126.3 (C-2' and C-67, 124.9 (C-5 
and C-6), 124.6 (C-4 and C-7), 100.7 (C-2), 70.6 (C-3a and C-7a); 
ms (from gc-ms): 199 (Mf - H, 0.4), 153 (0.5), 128 (3), 122 (4), 
105 (46), 94 (59), 78 (loo), 77 (46), 66 (54), 5 1 (28). Exact Mass 
calcd. for Cl3Hl2O,: 200.0837; found: 200.0828. Note that neat 26 
will dimerize to 43 readily at room temperature (see below), but it 

I can be stored in solution over moderate periods of time if kept re- 
frigerated. 

Diels-Alder reaction of 25: (2a,3ap,4P,4aa,7na,8P,8ap)- (30) 
and (2a,3ap,4a,4ap,7ap,8a,8ap)-4a,7a,8,8a-tetrahydro- 
2,6-diphenyl-4,8-etheno-4H-1,3-dioxolo[4,S-flisoindole- 
5,7-3aH,6H)-dione (31) 

A solution of diene 25 (8 1.8 mg, 0.409 mmol) and N-phenyl- 
maleimide (71.4 mg, 0.357 mmol) in CHCI, (2.0 mL) was stirred 
at room temperature for 16 h. Evaporation of the solvent under 
vacuum gave a mixture that 'H nmr showed was a 28: 72 mixture 
of 30 and 31, respectively, along with some unreacted dienophile. 
Flash chromatography provided 31 (61.6 mg, 62%), but 30 co- 

eluted with N-phenylmaleimide (total fraction: 58.1 mg, which, by 
'H nmr integration, was 33% 30). Careful crystallization of the 
mixture of 30 and N-phenylmaleimide from 1 : 1 : 1 CHCl,/ethyl 
acetate/hexane gave a sample of 30: mp 210-21 1.5"C; ir (film) v,,,: 
2922, 1774 (w), 1712 (s), 1500, 1384, 1182, 1053, 710 cm-'; 
'H nmr (CDCI,) 6: 7.34-7.5 1 (8H, m), 7.18 (2H, d, J = 7.1 Hz), 
6.31 (2H, dd, J = 3.1.4.1 Hz), 5.94(1H, s, C-2H), 4.26(2H, s, 
C-3aH and C-8aH), 3.66 (2H, br s, C-4H and C-8H), 3.59 (2H, 
s, C-4aH and C-7aH); 'H nmr (C,D,) 6: 7.52 (2H, d, J = 6.5 Hz), 
7.35 (2H, d, J = 7.3 Hz), 7.12-7.24 (5H, m), 7.02 (IH, d ,  J = 
7 .4Hz) ,5 .67 (2H,dd , J=  3.0,4.5Hz),5.61 (lH,s,C-2H), 3.60 
(2H, t, J = 2.0 Hz, C-3aH and C-8aH), 3.37 (2H, br m, C-4H and 
C-8H), 3.24 (2H, t, J = 1.6 Hz, C-4aH and C-7aH); nOe data 
(CGD,): 5.67 (3.60, 1%; 3.37, 6.5%), 5.61 (7.52, 1.5%: 3.60, 
4.5%), 3.60(5.67, 2%; 5.61, 12%; 3.37, 6%), 3.37 (5.67, 4.5%; 
3.60, 4%; 3.24, 4%), 3.24 (7.52, 3%; 3.37, 5.5%); "C nrnr 
(CDCIj) 6: 178.1, 135.9, 131.8 (C-9 and C-lo), 129.6, 129.1, 
128.6, 126.4, 126.3, 105.8 (C-2). 74.8 (C-3a andC-8a), 37.9 (C-4a 
and C-7a), 36.8 (C-4 and C-8); ms: 373 (M', lo), 372 (1 2), 344 
(43), 326 (1 l ) ,  298 (2), 267 (9), 239 (15), 222 (25), 211 (8), 194 
(4), 147 (14), 119 (47), 105 (40), 91 (loo), 77 (29). Exact Mass 
calcd. for C,,H,,NO,: 373.1313; found: 373.1312. The nmr data 
were identical with the product of this procedure: a solution of 4 
(64 mg, 0.22 mmol), benzaldehyde dimethyl acetal (34 pL), and 
a catalytic amount ofpTsOH in CH,C12 (I5 mL) was stirred at room 
temperature for 14 h. The solution was washed with 10% NaOH 
and saturated NaC1, dried (MgSO,), and evaporated under vac- 
uum to provide 30 (78 mg, 93%). 

For 31: mp 23 1-234.5"C; ir (film) v,,,: 2896, 1778 (w), 17 1 1 
(s), 1498, 1395, 1186, 1065,745 cm-'; 'H nmr (CDCI,) 6: 7.35- 
7.48 (8H, m), 7.20 (2H, d ,  J = 7.0 Hz), 6.30 (2H, dd, J = 3.3, 
4.1 Hz), 5.66 (lH, s, C-2H), 4.37 (2H, s, C-3aH and C-8aH), 3.70 
(2H, s, C-4H and C-8H), 2.95 (2H, s, C-4aH and C-7aH); nOe 
data: 6.30 (3.70, 12%), 5.66 (4.37, 2%), 4.37 (5.66, 18%; 3.70, 
13%; 2.95, 16%), 3.70 (6.30, 11%; 4.37, 6%; 2.95, 11%). 2.95 
(4.37, 15%; 3.70, 12%); ',c nnu (CDCI,) 6: 176.1, 135.4, 131.6, 
130.1 (C-9 andC-lo), 129.9, 129.1, 128.8, 128.3, 127.2, 126.3, 
103.8 (C-2), 77.8 (C-3a and C-8a), 40.5 (C-4a and C-7a), 36.6 (C-4 
and C-8); ms: 373 (M', 7), 372 (1 I), 344 ( 9 ,  267 (15), 239 (21), 
222 (25), 21 1 (8), 194 (3), 147 (15), 119 (50), 105 (76), 91 (1001, 
77 (29). Exact Mass calcd. for C2-,HI9NO4: 373.1313; found 
373.1281; calcd. for C22H18N03 (M+ - H - CO): 344.1287; found 
344.1301. The nmr data were identical with the product of this 
procedure: 5 (51 mg, 0.18 mmol) was suspended in a solution of 
CH2C1,, and benzaldehyde dimethyl acetal (30 pL) and catalytic 
pTsOH were added. After stirring overnight, the clear solution was 
worked up as above to afford 31 (66 mg, 99%). 

Diels-Alder reaction of 26: (2a,3na,4a,4ap, 7ap,8a,8aa)- (32) 
and (2a,,3aa,4P,4au, 7aa,8P,8aa)-4a, 7a,8,8n-tetrahydro- 
2,6-dipher1yl-4,8-etheno-4H-I ,3-dioxolo[4,.5-f]isoirtdole- 
5,7-3aH,6H)-dione (33) 

A solution of 26 (0.393 g, 1.96 mmol) and N-phenylmaleimide 
(0.337 g, 1.95 mmol) in CHCI, (10 mL) was stirred at room tem- 
perature overnight. The solvent was evaporated under vacuum, and 
the 'H nmr spectrum of the residue revealed 32 and 33 in a ratio 
of 4:96, respectively. Flash chromatography of the residue pro- 
vided some unreacted N-phenylmaleimide (60 mg), 32 (26 mg, 
4%), 33 (0.520 g, 87%), and 3 1 mg of dimer 43. For 32: mp 232- 
234°C; ir (KBr) v,,: 3056, 2926, 1772 (w), 1710 (s), 1598, 1502, 
1397, 1191, 1086, 745 cm-I; 'H nmr (CDCI,) 6: 7.35-7.47 (8H, 
m), 7.19 (2H, d, J = 7.2 Hz), 6.47 (IH, s ,  C-2H), 6.24 (2H, dd, 
J = 2.9, 3.9 Hz), 4.15 (2H, s, C-3aH and C-8aH), 3.62 (4H, br 
s); 'H nmr (10% CDC1, in CC1,) 6: 7.24-7.42 (8H, m), 7.16 (2H, 
d, J = 7.2 Hz), 6.40(1H, s, C-2H), 6.21 (2H, dd, J = 3.1, 
4.1 Hz), 4.08 (2H, s, C-3aH and C-8aH), 3.57 (2H, br m, C-4H 
and C-8H), 3.54 (2H, s, C-4aH and C-7aH); nOe data (10% CDC1, 
in CCI,): 6.40 (3.54, 3%), 6.21 (4.08, 2%; 3.58, 7%), 4.08 (6.40, 
2%; 6.21, 2.5%; 3.57, 11%); 3.57 (6.21, 6.5%; 4.08, 8%), 3.54 
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(6.40, 9%); "C nrnr (CDC1,) 6: 178.2, 139.2, 134.2, 13 1.7 (C-9 
andC-lo), 129.1, 128.7, 128.6, 128.4, 126.4, 125.5, 106.8(C-2), 
74.2 (C-3a and C-8a), 38.0, 37.1; ms: 373 (M', 4), 372 (3), 344 
(24), 326 (4), 267 (6), 239 (8), 222 (17), 147 (1 l) ,  119 (38), 105 
(29). 91 (loo), 77 (33). Exact Mass calcd. for C22HlxN03 (M' - 
H - CO): 344.1286; found: 344.1280. 

For 33: rnp 269-270.5"C; ir (KBr) v,;,,: 3056, 2926, 1772 (w), 
1710 (s), 1598, 1502, 1397, 1191, 1086, 745 em-.'; 'H nrnr 
(CDC1,)6:7.31-7.47(8H, m) ,7 .17(2H,d ,J=  7.0Hz),6.33(2H, 
dd, J = 3.2, 4.3 Hz), 6.10 ( lH, s, C-2H), 4.41 (2H, s, C-3aH and 
C-8aH), 3.68 (2H, br s, C-4H and C-8H), 2.87 (2H, t ,  J = 1.2 Hz, 
C-4aH and C-7aH); nOe data: 6.33 (6.10, 4%; 3.68, 8%), 6.10 
(6.33, I%), 4.41 (6.10, 2%; 3.64, 8%; 2.87, 14%), 3.68 (6.33, 
8%; 4.41, 6%; 2.87, 5%), 2.87 (4.41, 14%; 3.68, 7%); I3C nrnr 
(CDCI,) 6: 176.1, 138.7, 131.5, 130.6 (C-9 and C-lo), 129.1, 
128.9, 128.7, 128.4, 126.3, 125.8, 105.4 (C-2), 77.9 (C-3a and 
C-8a), 40.3 (C-4a and C-7a), 37.1 (C-4 and C-8); ms: 373 (M+, 
4), 372 (2), 344 (2), 266 (4), 239 (7), 222 (17), 200 (1 l) ,  175 (19), 
147 (1 I), 119 (39), 105 (91), 91 (loo), 77 (39). 

(2a,3ap,5p,6ap7ap)- (37) arzd (2a,3aa,5a,6P,7aa)-5,6- 
Dibromohe.rahydro-2-(4-rzitrophenyl)-l,3-benzodioxole (38) 

A solution of 27 (5.01 g ,  18.3 mmol), 4-nitrobenzaldehyde di- 
methyl acetal (3.51 g, 17.8 mmol), and dried pTsOH (250 rng) in 
dry benzene (160 mL) was heated under reflux for 16 h. After the 
solution cooled it was washed with 0.1 M NaOH (100 mL), satu- 
rated NaHCO, (100 mL), and saturated NaCI. The solution was 
dried (MgSO,) and concentrated under vacuum. The resulting solid 
residue was purified by flash chromatography to give 37 as lus- 
trous plates (2.39 g, 32%) and 38 as cubes (2.10 g, 28%). For 37: 
mp 152-154°C; ir (KBr) v,,,: 3074, 2967, 161 1, 1518 (s), 1345 
(s), 1084 (s) ern-'; 'H nmr (CDCI,) 6: 8.27 (2H, br d, J = 8.8 Hz), 
7.74 (2H, br d, J = 8.8 Hz), 5.95 ( lH,  s, C-2H), 4.50 ( lH,  rn, 
C-3aH), 4.45 ( lH, rn, C-5H), 4.38 (lH, m, C-7aH), 4.33 ( lH,  rn, 
C-6H), 2.92 ( lH ,  ddd, J z 5.0, 5.0, 15.9 Hz, C-7Hp), 2.66 ( lH,  
ddd, J ~ 3 . 5 ,  6.7, 15.0Hz, C-4H,), 2 .53(1H,ddd,JZ5.3 ,5 .3 ,  
15.9 Hz, C-7H,), 2.31 ( lH,  ddd, J = 6.2, 6.2, 15.0 Hz, C-4Hp); 
'H nrnr (C,D,N) 6: 8.23 (2H, br d,  J = 8.7 Hz), 7.80 (2H, br d,  
J = 8.7 Hz), 5.98 ( lH,  S ,  C-2H), 4.65 ( lH,  ddd, J = 3.9, 7.7, 
8.7 Hz, C-5H), 4.46 ( lH, ddd, J = 4.6, 7.7, 7.8 Hz, C-6H), 4.35- 
4.43 (2H, m, C-3aH and C-7aH), 2.79-2.92 (2H, m, C-4H, and 
C-7Hp), 2.43 ( lH, ddd, J = 5.9, 7.8, 15 0 Hz, C-7H,), 2 . 3 5 < 1 ~ ,  
ddd, J = 4.6, 8.7, 15.0 Hz, C-4Hp); nOe data (CDCI,): 5.95 (7.74, 
3%; 4.50, 6%; 4.38, 7%), 4.38 (5.95, 12%; 2.92, 6%); "C nrnr 
(C,D,N) 6: 148.6, 145.3, 127.9 (C-2' and C-6'), 124.0 (C-3' and 
C-57, 102.4 (C-2), 74.8 and 73.7 (C-3a and C-7a), 52 0 (C-5), 
50.0 (C-6), 36.9 (C-7), 35.2 (C-4); rns: 408 (15), 406 (29), and 404 
(16) (all M +  - H), 392 (3), 390 (7), 388 (3), 246 ( lo) ,  218 (29), 
150 (59), 107 (31), 95 (43), 80 (38), 79 (65), 77 (39), 67 (100). 
Exact Mass calcd. for C , , H , ~ ~ B ~ ~ ' B ~ N O ,  (M+ - H): 405.91 12; 
found 405.91 19. 

For 38: mp 132-134°C; ir (KBr) v,,,: 3106, 2904, 1610 (m), 
1520 (s), 1351 (s), 1080 (s) ern-'; 'H nrnr (CDCl?) 6: 8.22 (2H, 
b r d , J  = 8.7 Hz), 7.62 (2H, brd, J = 8.7 Hz), 6.24(1H, s, C-2H), 
4.51 ( lH,  ddd, J = 3.7, 6.9, 7.6 Hz, C-5H), 4.44 ( lH,  ddd, J = 
5.0, 5.0, 5.8 Hz, C-3aH), 4.35 ( lH,  ddd, J = 5.0, 5.1, 6.0 Hz, 

1 C-7aH), 4.27 ( lH,  ddd, J = 4.7, 6.8, 6.9 Hz, C-6H), 2.85 (2H, ' rn, C-4H, and C-7Hp), 2.52 ( lH,  ddd, J = 6.0, 6.8, 15.5 Hz, 
C-7H,), 2.32 ( lH,  ddd, J = 5.0, 7.6, 15.1 Hz, C-4Hp); 'H nrnr 
(C,DSN) 6: 8.26 (2H, br d,  J = 8.7 Hz), 7.69 (2H, br d,  J = 
8.7 Hz), 6.35 ( lH, s, C-2H), 4.63 ( lH, ddd, J = 4.2, 8.3, 9.3 Hz, 
C-5H), 4.48 ( lH,  ddd, J = 4.8, 5 8,  7.3 Hz, C-7aH), 4.43 ( lH ,  
ddd, J =  4.5, 8 .3 ,9 .2Hz,C-6H) ,4 .36(1H,ddd,  J =  4 .4 ,4 .4 ,  
4.8 Hz, C-3aH), 2.92 ( lH,  ddd, J = 4.2, 4.4, 15.1 Hz, C-4H,), 
2.81 ( l H , d d d , J = 4 . 5 , 5 . 8 ,  14 .6Hz,C-7Hp) ,2 .47(1H,ddd,J  
= 7.3, 9.2, 14.6 HZ, C-7H,), 2.35 (IH, ddd, J = 4.4, 9.3, 15.1 
Hz, C-4Hp); nOe data (CDCI,): 7.62 (8.22, 19%; 6.24, 4%), 6.24 
(7.62, 3%; 2.85 [ddd, J = 3.7, 5.8, 15.1 Hz, therefore C-4H,], 
2%; 2.52,5%), 4.51 (2.85 [C-4H,], 5%; 2.52, 1%; 2.32, I%), 4.44 

(7.62, 1%; 2.85 [C-4H,], 2%; 2.32, 5%), 4.35 (7.62, 1%; 2.85 
[ddd, J = 4.7, 5.1, 15.5 Hz, therefore C-7H ],6%; 2.52, I%), 4.27 
(2.85 [C-7Hd, 5%; 2.52, 2%; 2.32, 1%); nmr (CDCl,/CrDrN) 
6: 148.1/147.8, 145.8/146.0, 126.9/126.9 (C-2' and C-6'), 123.5/ 
123.1 (C-3' and C-5'), 100.7/100.5 (C-2), 73.1/73.4 (C-3a), 72.7/ 
73.0 (C-7a), 50.3/5 1.3 (C-5), 47.7/49.9 (C-6), 33.9/35.3 (C-7), 
32.6/34.0 (C-4); ms: 408 (13), 406 (24), and 404 (13) (all M+ - 
H), 392 (2), 390 (6), 388 (2), 285 (5), 246 (5), 218 (1 l ) ,  150 (83), 
107 (291, 95 (41), 80 (82), 79 (73), 77 (40), 67 (100). 

(2a,3ap, 7ap)-3a, 7a,Dihydro-2-(4-nirropherzyl)-l,3-benzodioxole 
(35) 

By a procedure very similar to that for 25, 37 (0.524 g, 
1.29 rnrnol) and DBU (0.78 g, 5.1 mmol), after flash chrornatog- 
raphy gave 35 (0.161 g, 51%) as light green plates: mp 141-142°C; 
uv (CH30H) A,,: 265 nrn (E = 15 000); ir (KBr) v,,,,: 3047, 2914, 
161 1 (m), 15 19 (s), 1349 (s) em-'; 'H nmr (CDC1,) 6: 8.19 (2H, 
brd, J = 8.7 Hz), 7.64(2H, brd, J = 8.7 Hz), 6.07 (2H, m), 5.97 
(2H, m), 5.74 (1 H, s), 4.73 (2H, nar m); nOe data: 5.74 (7.64, 3%; 
4.73,4%), 4.73 (5.97, 5%; 5.74, 9%); I3C nrnr (CDC13) 6: 148.4, 
143.8, 127.8 (C-2' and C-6'), 124.2 (alkenic), 123.9 (alkenic), 
123.4 (C-3' and C-5'), 96.8 (C-2), 71.3 (C-3a and C-7a); rns: 245 
(M+, 0.4), 244 (1.5), 150(15), 120 (3), 104 (7), 94 (98), 78 (21), 
77 (24), 66 (loo), 65 (21), 51 (19), 50 (10). Exact Mass calcd. for 
Cl,HloN04 (M' - H): 244.0609; found: 244.0601. 

(2a,3aa, 7aa)-3a, 7a-Dihydro-2-(4-nirrophenyl)-1,3-benzodio.r0le 
(36) 

By a procedure very similar to that for 25, 38 (2.08 g, 5.11 
mmol) and DBU (3.11 g, 20.4 rnrnol), after flash chrornatogra- 
phy, gave 36 as colorless crystals (0.526 g, 42%): rnp 128-131°C 
(melted and resolidified within a few seconds as the dirner 44); uv 
(CH,OH) A,,,: 264 nrn (E = 13 300); ir (KBr) v,,,: 3046, 2881, 
1640 (m), 1525 (s), 1355 ern-'; 'H nrnr (CDC1,) 6: 8.58 (2H, br 
d,  J = 8.7Hz),  8.04(2H, brd ,  J =  8.7Hz), 6.47(2H,m),6.29 
(2H, rn), 6.23 ( lH, s), 5.23 (2H, narrn); ',c nmr(CDC1,) 6: 148.2, 
144.6, 127.4 (C-2' and C-6'), 125.2 (alkenic), 124.2 (alkenic), 
123.4 ((2-3' and C-5'), 99.2 (C-2), 70.9 (C-3a and C-7a); rns: no 
M+, 244 ( l ) ,  150 (24), 121 (3), 120 (4), 104 ( lo) ,  94 (88), 78 
(loo), 77 (33), 66 (93), 65 (29), 51 (27), 50 (15). Exact Mass calcd. 
for CI3HloNO, (M+ - H): 244.0609; found: 244.0589. 

Diels-Alder reaction of 35: (2a,3ap,4P,4aa,7aa,8P,8ap)- (39) 
and (2a,3ap,4a,4aP,7ap,8a,8ap)-4a;7a,8,8a-tetrahydro-2- 
(4-r1itrophenyl)-6-phenyl-4,8-ethenodH-1,3- 
dioxolo[4,5f]isoirzdole-5,7-(3aH, 6H)-diorze (40) 

A solution of 35 (0.610 g, 2.49 rnmol) and N-phenylmaleimide 
(0.432 g, 2.49 mrnol) in CHCI, (25 mL) was stirred at room tem- 
perature for 16 h. The solvent was evaporated under vacuum, and 
the 'H nmr spectrum of the residue revealed signals for 39 and 40 
in a ratio of 27 :73, respectively. Flash chromatography provided 
39 (0.242 g, 23%) and 40 (0.666 g, 64%). (Similarly, a solution 
of 35 (24 mg, 0.098 rnrnol) and N-phenylrnaleirnide (17 mg, 0.098 
rnmol) in benzene (1 mL) was stirred at room temperature for 
2 days, during which time a colorless precipitate of the adducts 
formed. Evaporation of the benzene left 41 rng of solid, the 'H nmr 
spectrum of which displayed signals for 39 and 40 in a ratio of 
24:76, respectively.) For 39: mp 254-255.5"C; ir (KBr) v,,,: 3069, 
2949, 1772 (w), 1714 (s), 1527 ern-'; 'H nmr (CDCI,) 6: 8.26 (2H, 
br d,  J = 8.7 Hz), 7.69 (2H, br d,  J = 8.7 Hz), 7.35-7.46 (3H, 
m), 7.16 (2H, br d, J .= 7.0 Hz), 6.3 1 (2H, apparent dd, J = 3.0, 
4.5 Hz), 6.00 ( lH, s, C-2H), 4.31 (2H, nar rn, C-3aH and C-8aH), 
3.67 (2H, m, C-4H and C-8H), 3.46 (2H, nar m, C-4aH and 
C-7aH); nOe data: 7.69 (8.26, 16%; 6.00, 4%; 3.46, 2%), 6.31 
(4.31, 1.5%; 3.67, 11%), 6.00(7.69,2%;4.31, 5%),4.31 (6.31, 
2%; 6.00, 24%; 3.67, 11%), 3.67 (6.31, 13%; 4.31, 8%; 3.46, 
9%), 3.46 (7.69, 5%; 3.67, 10%); I3c nmr (CDCI,) 6: 177.8, 148.4, 
142.6, 131.6 (C-9 and C-10 [& C-I"?]), 129.0, 128.6, 127.1, 
126.3, 123.6, 104.1 (C-2), 75.0 (C-3a and C-8a), 37.7 (C-4a and 
C-7a), 36.6 (C-4 and C-8); rns: 418 (M+,  19), 417 (3), 389 (77). 
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266 (9), 239 (1 l), 222 (31), 193 (19), 150 (17), 147 (15), 119 (52), 
91 (loo), 77 (20). Exact Mass calcd. for C2,HI8N2O6: 418.1164; 
found: 418.1182; calcd. for C22H17N205 (Mf - H - CO): 
389.1 136; found: 389.1134. 

For 40: mp 237-239°C; ir (KBr) v,,,: 3067, 2901, 1776 (w), 
1712 (s), 1519 cm-'; 'H nmr (CDCI,) 6: 8.21 (2H, br d ,  J = 
8.8 Hz), 7.61 (2H. b rd ,  J Z 8 . 8 H z ) ,  7.35-7.50(3H, m), 7.19 
(2H, m), 6.26 (2H, apparent dd, J = 3.1, 4.3 Hz), 5.74 ( lH ,  s, 
C-2H), 4.44 (2H, br s, C-3aH and C-SaH), 3.72 (2H, m, C-4H and 
C-8H), 2.99 (2H, nar m, C-4aH and C-7aH); nOe data: 6.26 (7.61, 
3%; 3.72, 9%), 5.74 (7.61, 6%; 4.44, 4%), 4.44 (5.74, 21%; 3.72, 
8%; 2.99, 14%), 3.72 (6.26, 9%; 4.44, 4%; 2.99, 6%), 2.99 (4.44, 
12%; 3.72, 10%); "C nmr (CDCI,) 6: 175.9, 148.6, 142.3, 131.5 
(C-I"), 130.1 (C-9 and C-lo), 129.1, 128.8, 128.2, 126.3, 123.5, 
102.1 (C-2), 78.1 (C-3a and C-8a), 40.3 (C-4a and C-7a), 36.5 (C-4 
and C-8); ms: 418 (Mf , 4), 417 (2), 402 (3), 390 ( 3 ,  389 (9), 267 
(3), 266 (5), 239 ( l l ) ,  222 (21), 193 ( l l ) ,  150 (14), 147 (lo), 121 
(12), 120 (42), 119 (471, 93 (351, 92 (42), 91 (loo), 77 (28). EX- 
act Mass. calcd. for C23H18N206: 418.1164; found: 418.1188; calcd. 
for C,2H17N205 (Mi - H - CO): 389.1136; found: 389.1136. 

Diels-Alder reaction of 36: (2a,3aa,4a,4ap,7ap,8a,8aa)- (41) 
and (2a,3aa,4P,4aa,7aa,8P,8aa)-4a,7a,8,8a-tetrahydro-2- 
(4-nitrophenyl)-6-phenyl-4,8-etheno-4H-l,3-dioxolo[4,5-f]- 
isoindole-5,7-(3aH,6H)-dione (42) 

A solution of diene 36 (0.510 g, 2.08 mmol) and N-phenylmal- 
eimide (0.358 g, 2.07 mmol) in CHCI3 (25 mL) was stirred for 
24 h at room temperature. The solvent was evaporated under vac- 
uum, and the 'H nmr spectrum of the residue revealed signals for 
adducts 41 and 42 in a ratio of 5 : 95, respectively. Flash chroma- 
tography provided 42 (0.784 g, 95%), but 41 co-eluted with some 
residual N-phenylmaleimide (total fraction: 50 mg). A small amount 
of 41 was obtained by recrystallization of this mixture from CHC13/ 
CCL,: mp 253-254.5"C; ir (KBr) v,,: 3068,2921, 1776 (w), 17 13, 
1517, 1347, 1196, 1085, 745 cm-'; 'H nmr (CDCL,) 6: 8.24 (2H, 
d, J = 8.6 Hz), 7.63 (2H, d, J = 8.6 Hz), 7.27-7.53 (3H, m), 7.19 
(2H, br d, J = 7.1 Hz), 6.50 ( lH,  s, C-2H), 6.25 (2H, apparent 
dd, J = 3.0, 4.2 Hz), 4.12 (2H, s, C-3aH and C-8aH), 3.66 (2H, 
nar m, C-4H and C-8H), 3.61 (2H, br s, C-4aH and C-7aH); nOe 
data: 7.63 (8.24, 19%; 6.50, 6%; 4.12, 2%), 6.50 (7.63, 2%; 3.61, 
3%), 6.25 (4.12, 2%; 3.66, lo%), 4.12 (7.63, 6%; 6.50, 2.5%; 
6.25, 4%; 3.66, 20%), 3.66 (6.25, 11%; 4.12, 13%), 3.61 (6.50, 
20%); I3C nmr (CDCI,) 6: 177.9, 148.2, 146.0, 131.6 (C-9, C-10, 
and C-1"), 129.1, 128.7, 126.7, 126.4, 123.7, 105.5 (C-2), 74.4 
(C-3a and C-8a), 37.8 (C-4a and C-7a), 36.9 (C-4 and C-8); ms: 
418 (M', lo), 389 (65), 266 (7), 239 (8), 222 (25), 211 (6), 193 
(15), 147 (12), 136 (lo), 119 (52), 91 (loo), 77 (20). Exact Mass 
calcd. for C23H18N206: 418.1164; found: 418.1 166; calcd. for 
C2ZH17N205 (M* - H - CO): 389.1136; found: 389.1135. 

For 42: mp 273-274°C; ir (KBr) v,,,: 3070, 2972, 1776 (w), 
1706, 1520, 1390 cm-'; 'H nmr (CDCI,) 6: 8.23 (2H, br d, J = 
8.6 Hz), 7.60 (2H, br d, J = 8.6 Hz), 7.36-7.50 (3H, m), 7.19 
(2H, m), 6.36 (2H, m, C-9H and C-lOH), 6.14 ( lH,  s, C-2H), 4.45 
(2H, s, C-3aH and C-SaH), 3.75 (2H, m, C-4H and C-8H), 2.96 
(2H, nar m, C-4aH and C-7aH); 'H nmr (CD,SOCD,) 6: 8.23 (2H, 
d, J = 8.6Hz), 7.63 (2H, d, J = 8.6Hz), 7.37-7.49(3H, m), 7.13 
(2H, d, J = 7.2 Hz), 6.28 (2H, m, C-9H and C-lOH), 6.13 ( lH,  
s, C-2H), 4.56 (2H, s, C-3aH and C-SaH), 3.46 (2H, nar m, C-4H 
and C-8H), 3.12 (2H, s, C-4aH and C-7aH); nOe data (CDCI,): 
7.60 (8.23, 20%; 6.14, 7%; 4.45, I%), 6.36 (7.19, 1.5%; 6.14, 
9%; 3.75, 9%), 6.14 (7.60, 2%; 6.36, 1.5%), 4.45 (7.60, 4%; 6.14, 
4%; 3.75, 12%; 2.96, 17%), 3.75 (6.36, 11%; 6.14, 1.5%; 4.45, 
6%; 2.96, 5%), 2.96 (4.45, 16%; 3.75, 9%); I3C nmr (CD3SOCD3) 
6: 176.7, 147.7, 146.4, 132.2 (C-1"), 130.5, 128.9, 128.5, 127.4, 
126.9, 123.6, 103.2 (C-2), 77.6 (C-3a and C-8a), 40.0 (C-4a and 
C-7a), 36.9 (C-4 and C-8); ms: 418 (M', 4), 402 (3), 390 (3), 389 
(7), '388 (7), 387 (6), 268 (8), 222 (IS), 175 (20), 174 (24), 173 
(17), 150 (23), 121 (40), 120 (99), 119 (48), 93 (37), 92 (44), 91 
(loo), 78 (28), 77 (29). Exact Mass calcd. for Cz3HI8N2o6: 

418.1 164; found: 418.1166; calcd. for CZ2Hl7N2O5 (M' - H - 
CO): 389.1136; found: 389.1141. 

(2a,3aa,5a~,6a,6a~,8~,9a~,lOa,1Oa~,IOba)- 
3a,5a,6,6a,9a,10,10a,IOb-Octahydro-2,8-diphenyl-6,10- 
ethenonaphtho[l,2-d:6, 7-dl]bis[l ,3]dioxole (43) 

A crude sample of 26 (98 mg, 0.49 mmol) was left neat at room 
temperature overnight. The resulting solid was flash chromato- 
graphed to give, as the sole product, 43 (83 mg, 85%): mp 176- 
179°C; ir (KBr) v,,: 3034,2943, 1457, 1368, 1224. 1097 (s), 1066 
(2), 751, 696 cm-I; 'H nmr (CDCI,) 6: 7.30-7.45 (lOH, m), 6.17 
(2H, t,  J = 3.2Hz, C-l1HandC-12H),6,04(1H, s,C-8H),5.83 
(lH,s,C-2H),5.80(lH,ddd,J= 1.5,3.9, 10.3Hz,C-5H),5.60 
( l H , d , J =  10.1 Hz ,C-4H) ,4 .50 (1H,dd , J=  1 .7 ,4 .7Hz ,C-  
3aH), 4.41 (2H, s ,  C-6aH and C-9aH), 4.25 ( lH,  d, J = 4.8 Hz, 
C-lObH), 3.04 (2H, br s , C-6H and C-IOH), 2.43 ( lH ,  ddd, J = 
1.8, 3.6, 9.0 Hz, C-SaH), 2.35 ( lH,  d, J = 9.0 Hz, C-lOaH); 
'H nmr (C5D5N) 6: 7.70 (2H, d, J = 7.5 Hz), 7.60 (2H, d, J = 
7.6 Hz), 7.37-7.48 (6H, m), 6.30 (IH, s, C-8H), 6.19 (2H, ap- 
parent t, J = 3.8 Hz, C-11H and C-12H), 6.11 (lH, s, C-2H), 5.80 
( lH, dd, J = 2.7, 10.4 Hz, C-5H), 5.66 ( lH, dd, J = 0.6, 10.4 
Hz, C-4H), 4.59 (IH, d, J = 4.2 Hz, C-3aH), 4.50 (2H, sym- 
metrical m, C-6aH and C-9aH), 4.34 ( lH, d, J = 4.7 Hz, C-lObH), 
3.03 (2H, m, C-6H and C-IOH), 2.48 (2H, br s, C-5aH and C- 
10aH); nOe data (C5D5N): 5.80 (5.66, 4%; 3.03, 1.5%; 2.48, I%), 
5.66 (6.1 1, 2%; 5.80, 4%; 4.59,4%), 4.59 (5.66, 1%); 4.50 (7.60, 
2%; 6.30, 2%; 3.03,2%; 2.48, 6%), 4.34 (7.70, 1.5%; 4.59, 8%; 
3.03, 4%; 2.48, 1.5%), 2.48 (6.11, 3%; 5.80, 5%; 4.50, 13%; 
4.34, 3.5%; 3.03, 2.5%); "C nmr (CDCI,) 6: 139.2, 138.7, 133.2 
(C-11 or C-12), 132.5 (C-5), 129.7 (C-11 or C-12), 129.0, 128.7, 
128.3, 126.2, 125.8, 124.1 (C-4), 104.8 (C-8), 101.0 (C-2), 79.3 
and 79.1 (C-6a and C-9a), 77.2 (C-lob), 71.7 (C-3a), 41.3 and 40.9 
(C-6 and C- lo), 34.3 (C-lOa), 33.0 (C-5a); ms: 400 (M', I), 399 
(3), 323 (2), 294 (12), 279 (2), 200 (I) ,  188 (IS), 172 (171, 159 
(16), 144 (13), 129 (16), 105 (loo), 94 (27), 91 (36), 77 (34), 66 
(12). Exact Mass calcd. for CI9Hl8O3 (Mf - C7H60): 294.1255; 
found: 294.1250. 

(2a,3aa,5a~,6a,6a~,8~,9a~PIOaa1Oa~P1Oba)-3aa5aa666a,9a, 
10,lOa,IOb-Octahydro-2,8-bis(4-nitrophe1~yl)-6,IO- 
ethenonaphtho[l ,2-d:6,7-df]bis[l ,3]dioxole (44) 

Under N2 a sample of diene 36 (60 mg, 0.12 mmol) was heated 
from room temperature up to approx. 250°C over a period of 
10 min. On cooling, 53 mg of crude 44 was obtained as the only 
dimer detected. The brown solid was purified by several suspen- 
sions in 50% CHCI, in CC1, (44 is only sparingly soluble in most 
common solvents) to yield 31 mg (52%) of 44: mp 246-247°C; u 
(KBr) v,,,: 3046, 2952, 1622, 15 17, 1349, 1079,739 cm-'; 'H nmr 
(CDCI3)6: 8 .23(2H,d ,  J = 8.7 Hz), 8.21 (2H, d, J = 8.7Hz), 
7.61(2H,d,J=8.7Hz),7.56(2H,d,J=8.7Hz),6.20(2H,br 
m,C-1IHandC-l2H),6.06(1H,s,C-8H), 5.90(1H,s,C-2H), 
5.86 (IH, ddd, J = 1.4, 4.0, 10.4 Hz, C-5H), 5.63 ( lH, d, J = 
10.1 Hz, C-4H), 4.53 (lH, dd, J = 1.6, 4.5 Hz, C-3aH), 4.45 (2H, 
nar m, C-6aH and C-9aH), 4.22 ( lH,  d, J = 4.8 Hz, C-lObH), 
3.06-3.12 (2H, br m, C-6H and C-lOH), 2.47 (IH, br m, C-SaH), 
2.38 ( lH,  d, J = 8.9 Hz, C-lOaH); 'H nmr (CD3SOCD3) 6: 8.23 
( 2 H , d , J =  8.8Hz),8.21 ( 2 H , d , J =  8 .7Hz) ,7 .69 (2H,d , J=  
8.8Hz),  7.60(2H, d, J = 8.7 Hz),6.11 (2H, m), 6.03 (IH, s), 
5.86 ( lH ,  s), 5.84 ( lH ,  ddd, J = 1.2, 3.9, lO.OHz), 5.52 ( lH ,  d, 
J = 10.5 Hz), 4.52 (3H, br m), 4.25 ( lH,  d, J = 4.8 Hz), 3.04 
(2H, m), 2.44 ( lH,  m), 2.34 ( lH ,  d, J = 8.9 Hz); nOe data 
(CDCI,): 7.61 and 7.56 (8.23 and 8.21, 6%; 6.06, 1.5%; 5.90, 
2%), 6.06 (7.56, 2.5%), 5.63 (5.90 and 5.86, 13%; 4.53, 4%), 
4.53 (6.20, 1.5%; 5.63, 6%; 4.22, 5%), 4.45 (7.56, 3%; 6.06, 2%; 
3.06-3.12, 6%; 2.47, 13%; 2.38, 16%), 4.22 (7.61, 1.5%; 4.53, 
10%; 3.06-3.12, 6%; 2.38, 4%), 2.47 (5.86, 5%; 4.45, 4%; 3.06- 
3.12,2.5%), 2.38 (4.47, 6%; 2.47, 2%); 13c nmr (CD,SOCD,) 6: 
(4 quaternary aromatic signals too weak to be resolved) 132.9, 
132.6, 130.0, 127.8, 127.4, 123.5 (3C), 102.7, 99.1,78.9,78.8, 
77.0, 71.4, 40.7, 40.3, 33.2, 32.3; ms: 489 (M+ - H, 2), 459 (I), 
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368 (2). 339 (5), 260 (3), 188 (26), 172 (23), 150 (92), 120 (47), 
94 (90). 78 (loo), 66 (65). Exact Mass calcd. for C,,H,,NO, 
(M ' - C7HSN03): 339.1 106; found: 339.1096. 
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Liquid culture fermentations of Fusarium culmorunz yield a wide variety of secondary metabolites. In addition to known 
isoprenoids, such as the trichothecenes and modified trichothecenes, four new derivatives of culmorin have been iso- 
lated and characterized by spectral analysis. These compounds are 15-hydroxyculmorone (7), and 5-hydroxy- (8), 12- 
hydroxy- (lo), and 15-hydroxyculmorin (9). The structure of culmorone is confirmed. The biosynthesis of culmorin from 
farnesyl pyrophosphate is substantiated through the use of "c-acetate and the oxidation of these derivatives is dis- 
cussed. 

GERTRUDE C. KASITU, JOHN W. APSIMON, BARBARA A. BLACKWELL, DAVID A. FIELDER, ROY GREENHALGH et J .  DAVID 
MILLER. Can. J .  Chem. 70, 1308 (1992). 

Des fermentations liquides de cultures du Fusarium cult?zorutn fournissent une grande variCt6 de mCtabolites secon- 
daires. En plus des isoprkno~des connus, comme les trichothCcknes et les trichoth6cknes modifiCs, quatre nouveaux dCrivCs 
de la culrnorine ont CtC isolCs et caractCris6.s par analyse spectrale. Ces cornposCs sont la 15-hydroxyculmorone (7) et 
les 5-hydroxy- (8), 12-hydroxy- (10) et 15-hydroxyculmorine (9). On a confirm6 la structure de la culmorone. Utilisant 
un "c-ac~tate, on a ajoutC des indices suggkrant que la biosynthkse de la culmorine peut se faire partir du pyrophos- 
phate de farn6syle et on discute de I'oxydation de ces dCrivCs. 

[Traduit par la rkdaction] 

I Introduction 

I There are 24 toxigenic species of Fusarium and these are 
! distributed worldwide. In North America, species such as F .  

graminearum, F .  culmorum, and F .  crookwellense infect 
cereals of economical importance including wheat, corn, and 
barley. These Fusarium species are closely related and are 
known to produce a wide-variety of secondary metabolites 
including the trichothecene mycotoxins. Infected grains pri- 
marily contain 4-deoxynivalenol (vomitoxin, DON), 15- or  
3-acetyldeoxynivalenol, and zearalenone ( I ) .  Trichothe- 
cenes are phytotoxic to the host species as well as toxic to  
both animals and humans upon consumption of contami- 
nated grain (2). Animal studies with naturally infected feed 
containing known amounts of DON showed greater toxicity 
than feed fortified with the same level of DON (3). Efforts 
to study this difference in toxicity have included the isola- 
tion and characterization of minor metabolites present in both 
the mycelia and the fermentation broth, as well as testing 
component metabolites for synergism. 

Previous studies showed that in addition to the major me- 
tabolite 3-acetyldeoxynivalenol (3-ADON) (1) Fusarium 
culmorum CMI 14764 (HLX1503) produces other second- 
ary metabolites of various types such as butenolide (4-acet- 
amido-4-hydroxy-2-butenoic acid y lactone, C,H,O,N) (4, 
5),  additional trichothecenes including calonectrin and 
isotrichodermin and their acylated and deacylated deriva- 
tives (5), as well as some modified trichothecenes such as 
sambucinol, sambucoin, 3a-  and 3P-hydroxy-1 l-epiapotri- 

'PRC Contribution No. 1343. 
' ~u thor  to whom correspondence may be addressed. 

chothecene (2) (6), 9a-hydroxytrichotriol (3) (7), and other 
isoprenoids including cyclonerodiol (8), cyclonerotriol (4) 
(9), culmorin (S), and culmorone (6) (see Fig. 1). A typical 
gas chromatogram of a crude extract of the fermentation broth 
of F .  culmorum is presented in Fig. 2. This figure shows the 
variety of secondary metabolites produced in a typical cul- 
ture as well as the relative retention times of several of the 
compounds described here. Since this extract was collected 
after 85 hours fermentation, culmorin and other metabolites 
are found in greater abundance than 3-ADON. Later during 
the fermentation 3-ADON predominates (10). 

The present study reports the isolation and characteriza- 
tion of the derivatives of culmorin and culmorone. The par- 
ent sesquiterpene culmorin was first isolated in 1937 from 
Fusarium culmorum by Ashley et al. (1 1). Its structure was 
established by Barton and Werstiuk (12) and independently 
by Shilling (13) in 1967. Culmorin has since been detected 
and isolated from two other Fusarium species, namely, F. 
graminearum (F .  roseum "graminearum") (14a) and F .  
crookwellense (15). Additional reports on culmorin include 
its synthesis (16), biosynthesis (17a,b), and toxicity (18). 

The production of culmorin and culmorone by F. roseum 
was reported earlier, but these compounds were not fully 
characterized (14). Here we reexamine the structure of cul- 
morone and the assignments of culmorin using 'H, I3c ,  and 
2D techniques. These data facilitate characterization of the 
four new hydroxy derivatives. This is the first report of the 
isolation of trichotriol from F. culmorum. Revised NMR 
assignments for cyclonerotriol based on 2D NMR data are 
also reported. 
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FIG. 1 .  Structures of secondary metabolites isolated from F. culmorutn 

Results and discussion 
The extraction, separation, and isolation of the secondary 

metabolites from a large-scale liquid fermentation of 
Fusarium culmor~lm CMI 14764 was carried out as de- 
scribed in the experimental section. 

Culmorin, culmorone, and hydroxyc~rlmorone 
Barton and Werstiuk (12) used extensive chemical deg- 

radation and 'H NMR spectra to determine the structure and 
absolute stereochemistry of culmorin (C15H2602, MW 238) 
(5). The 'H NMR spectrum of culmorin shows two reso- 
nances at 3.80 and 4.33 ppm, which integrate for one hy- 
drogen each, consistent with a hydrogen geminal to a 
hydroxyl group. Four quaternary methyl groups (0.8 1, 0.9 1, 
0.94, and 1.02 ppm) are also present. The latter two exhibit 

I , geminal coupling as indicated by their reduced intensity and 
j the presence of a cross peak in the 'H/'H correlation (COSY) 
I spectrum. This spectrum, obtained in deuteromethanol, also 

shows the presence of "W"-coupling between the carbinyl 
hydrogen H-8 (3.81 ppm) and the H-IOP (1.59 ppm), which 
is further coupled to H- 1 1 (4.30 ppm). In methanol, the H- 10 
methylenic hydrogens are nonequivalent and H-8 shows 
"W"-coupling to H- lop ,  whereas in chloroform the H-10 
hydrogens are coincidental and the coupling to H-8 is min- 

imized. This effect is observed in all the hydroxyl deriva- 
tives as well. The difference between the spectra in these two 
solvents is attributed to the different conformation of the 
molecule induced by hydrogen bonding in methanol. The 
hydrogen bonding present in methanol provides additional 
rigidity, which facilitates "W"-coupling, whereas greater 
molecular flexibility in chloroform reduces this effect through 
motional averaging. The methyl groups were assigned un- 
ambiguously by nOe difference spectra. Irradiation of the 
H- 1 2  resonance enhances those of H- 13, H-8P, and H- 1OP. 
Irradiation of H-13 enhances H-12, H-11, H-10, and H-1 
resonances. Irradiation of the CH3-14P resonance produces 
enhancements of CH3-l Sa, H-1 , and H-7, while irradiation 
of the CH,-15a group enhances CH,-14, H-7, and H-8. The 
proton assignments thus determined are reported in Table 1, 
and improve those of Barton and Werstiuk (12). The l3c 
NMR spectrum is also consistent with the structure and was 
assigned with the aid of Distortionless Enhancement by Po- 
larization Transfer (DEPT) and ' H / ' ~ c  heteronuclear cor- 
relation (HETCOR) spectra (Table 2). 

The oxidation of culmorin with chromic acid has been re- 
ported to produce two hydroxy mono keto isomers, namely 
8- and 1 1 -keto culmorin (12). In 1985, we isolated a minor 
metabolite from a liquid culture of Fusarium roseum ATCC 
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SCAN NUMBER 

FIG. 2. G C  profile of a crude extract of the medium from a F. culmor-urn fermentation 85  h after innoculation. I = butenolide; I1 = 
cyclonerodiol; 111 = cyclonerotriol (4); IV = culmorin (5); V = culmorone (6); VI = 3 , l  1-epoxyepiapotrichothecene; VII = isotricho- 
d e m o l ;  VIII = 3-hydroxyepiapotrichothecene (2); IX = sambucinol; X = calonectrin; XI = 3-acetyldeoxynivalenol (1); XI1 = 8-hy- 
droxycalonectrin; XI11 = 7,8-dihydroxycalonectrin. 

TABLE 1 .  'H  NMR assignments of culmorin and its derivatives (500 MHz,  CDCI,) 

15-OH 
Culmorin" Culmorone" Culmoronc 5-OH Culmorin 15-OH Culmorin 12-OH Culmorin 

C ( 5 )  (6) (7) (8) (9) (10) 

1.91 (d, 4.5) 
1.51-1.47 (m) 

1.51-1.47 (m) 

1.51-1.47 (m) 

1.86 (d, 5.2) 
3.81 (dd, 5.2, 2.0) 
1.71 (dd, 13.7, 4.2) 
1.59 (ddd, 13.7, 

10.0, 2.0) 
4.30 (ddd, 10.0, 

4.3, 4.3) 
0.91 (s) 

0.81 (s) 
0.94 (s) 
1.02 (s) 

2.34 (s) 
1.62- 1.42 (m) 

1.62-1.42 (m) 

1.62- 1.42 (m) 

1.20 (d, 4.9) 
4.01 (dd, 4.9, 2.0) 
2.59 (d, 18.6) 
1.83 (ddd, 18.6, 

1.9, 1.2) 
- 

1.02 (s) 

0.89 (s) 
1 .oo (s) 
0.97 (s) 

2.30 (s) 
1.59 (m) 
1.27 (brdd, 

14.2, 6.5) 
1.5 1 (m) 

1.55 (m) 
1.43 (m) 
1.43 (d, 3.5) 
4.10 (d, 3.5) 
2.58 (d, 18.5) 
1.82 (d, 18.5) 

- 

0.99 (s) 

0.87 (s) 
0.87 (s) 
3.46 (d, 11.1) 
3.30(d, 11.1) 
3.07 (s, OH) 

1.94 (d, 4.5) 
1.51 (m) 
1.31 (ddd, 15.8, 6.9,  2.2) 

1.70-1.65 (m) 
1.54 (dddd, 13.9, 7.0,  

2.0, 2.0) 
3.43 (ddd, 11.4, 5.7, 2.2) 

1.89 (d, 5.2) 
3.75 (ddd, 5.2, 4.5, 1.3) 
1.62 (dd, 13.7, 4.6) 
1.67 (ddd, 13.7, 9.2, 1.3) 

0.90 (s) 
0.86 (s) 
1.15 (s) 

1.36 (dd, 4.5, OH-1 1, 
OH-8) 

1.22 (d, 5.7,  OH-5) 

1.89 (d, 4.4) 
1.53-1.43 (m) 

1.53-1.43 (m) 

2.03 (d, 5.2) 
3.93 (dd, 5.2, 1.5) 
1.63 (dd, 13.9, 4.8) 
1.67 (ddd, 13.9, 9.3, 

1.7) 
4.38 (ddd, 9.2, 4.6, 

4.6) 
0.80 (s) 

0.89 (s) 
0.86 (s) 
3.53 (d, 11.2) 
3.34 (d, 11.2) 

1.92 (d, 4.4) 
1.54-1.18 (m) 

1.77 (d, 4.9) 
4.30 (brdd, 4.9, 1.0) 
1.94 (dd, 14.0, 4.2) 
1.87 (ddd, 14.0, 9.6, 

1.4) 
4.42 (ddd, 9.7, 4.8, 

4.8) 
3.81 (d, 10.4) 
3.57 (d, 10.4) 
0.90 (s) 
0.90 (s) 

"Spectra obtained in CD,OD. 
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TABLE 2. 125 MHz "C NMR assignments of culmorin and its derivatives (CDC13, ppm from TMS) 

Culmorin 
( 5 )  

Cul morone" 
(6)  

15-OH Culmorone 
(7) 

5-OH Culmorin" 
(8) 

15-OH Culmorin 12-OH Culmorin 
(9) (10) 

12 13.1 12.4 12.5 13.1 13.1 65.7 
13 22.0 22.4 22.3 21.8 22.0 22.4 
14 28.8 28.4 23.6 21.0 23.7 28.9 
15 29.2 29.6 72.2 26.9 72.0 29.0 

"Spectrum obtained In CD,OD. 

28 1 14 (F. grnminear~~m), which was identical to one of these 
compounds and was named culmorone (6) (14b). 

The molecular formula of culmorone (CISHlsOZ, m/z 236) 
was derived from its high-resolution and chemical ioniza- 
tion mass spectra. Absorptions in the infrared spectrum at 
3420 and 1725 cm-I are indicative of hydroxyl and car- 
bony1 moieties, respectively. The presence of these func- 
tional groups is confirmed by resonances at 78.0 pprn 
(hydroxyl) and 216.5 pprn (carbonyl) in the I3c NMR spec- 
trum. The resonances of the remaining 13 carbon atoms are 
compatible with the oxidized form of culmorin (Table 2). The 
location of the keto group was assigned from the 'H spec- 
trum of culmorone. The signal at 4.01 pprn is assigned to 
H-8. It is coupled to H-7 (1.20 ppm, doublet) and to the hy- 
droxyl hydrogen at 1.77 pprn (doublet), which disappears 
upon exchange with deuterium oxide. Furthermore, H-8 
shows "W" coupling to H-1OP of the methylene AB system 
at 1.83 and 2.59 pprn (both doublets, J = 18.6 Hz). The 
H-10a (2.59 ppm) is coupled to CH3-12. The large geminal 
coupling constant (J,ou,lop = 18.6 Hz) is consistent with an 
sp%enter, i.e., a keto group adjacent to the methylene group 
(19). If the keto group was located at C-8 there would be 
no methylene group adjacent. The presence of a cross 
peak between H-1OP and H-7 in a Relayed Coherence 
(RELAY) spectrum (resulting from the coupling pattern H-7 
to H-8 and H-8 to H-1OP) confirms the above assignment, 
placing the keto group at C-11. Thus the structure of the 
culmorone isomer isolated as a natural product is identical 
to 8-hydroxyculrnor-l l-one (6), prepared by Barton and 
Werstiuk. 

The distribution of secondary metabolites isolated during 
this study is shown in Table 3. Fraction 14, containing mainly 
culmorin, also afforded a compound (7) with molecular 
weight 252, indicative of a molecular formula C,,H,,03 
(HRMS). Both the I H  and I3C NMR spectra are similar to 
those of culmorone (Tables 1 and 2). However, the 'H 
spectrum shows that one of the four methyl groups of cul- 
morone has been replaced by a methylenic AB system at 3.30 
and 3.46 ppm, and in the I3c spectrum a new hydroxy 
methylene appears at 72.2 ppm. Comparison of the I3c 
chemical shifts with those of culrnorone suggests that one of 

the gem-dimethyl groups is oxidized. The IH NMR spec- 
trum indicates that the CH3-15 group is hydroxylated, since 
the H-7 resonance shifts downfield by 0.23 ppm from that 
of culmorone, due to the deshielding effect of the C-OH 
bond. This is corroborated by the nOe effect observed be- 
tween irradiated H- 1 and H-7, H- 14, while irradiation of H-8 
enhances H- 12 and H- 15. The above data are consistent with 
the structure 15,8-dihydroxyculmor- 1 1-one (7). 

Hydroq culmoritzs 
Three isomeric hydroxy culmorins (8, 9, and 10) were 

isolated from the more polar fractions obtained upon col- 
umn chromatography of the dichloromethane extract (see 
Table 3). Their mass spectra showed the same molecular ion, 
m/z 254, indicating a molecular formula Cl,H,603, which 
differs from that of culmorin by a single oxygen atom. The 
'H spectra show that this additional oxygen is present as a 
hydroxyl group in each case. 

For isomer 8, the hydroxyl group is assigned to C-5 in the 
eight-membered ring of culmorin. The COSY spectrum (Fig. 
3) shows that the carbinyl hydrogens at 4.37 pprn (H-1 l) ,  
3.75 pprn (H-8), and 3.43 pprn (H-5) are coupled to their 
respective hydroxyl hydrogens at 1.36 pprn (overlapping 
doublets, OH-8 and OH-1 1) and 1.22 ppm (doublet, OH-5). 
In addition, the OH-5 at 1.22 pprn shows long-range cou- 
pling to the CH3-15 group at 1.15 ppm, which is further 
coupled to the geminal CH3-14 at 0.86 ppm. The I3c NMR 
data (Table 2) show that the resonances assigned to C-4 and 
C-6 are shifted downfield by 8.8 and 4.9 ppm, respec- 
tively, compared to culmorin. This is consistent with car- 
bon atoms situated p to a hydroxyl group (20), thus 
confirming the location of the hydroxyl group at C-5. The 
HETCOR spectrum of this compound in CD30D (Fig. 4) 
allows determination of the I3c assignments of the four 
methyl groups and the three hydroxyl-bearing carbons. Note 
that the most deshielded hydroxyl hydrogen (H-1 1) corre- 
sponds to the most shielded carbon C-1 1, and the reverse is 
true for H-5/C-5. Furthermore, the ambiguity between C-10 
and C-4 is resolved. The resonance at 36.4 ppm is assigned 
to C-10, since this signal couples to H-10 at 1.67 pprn in the 
'H spectrum, assigned from the I H / ' H  coupling to H-8 and 
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TABLE 3. Fractionation of crude dichloromethane extract of F~tsarium culmorurn" 

Solvent Volume Fraction Quantity 
(% MeOH/CH2C12) (L) no. (8) Major componentsb 

0 8 1 Phthalates 
0 5 12 2-4 59.56 Phthalates 
1 12 2-4 Phthalates 
2.5 8 5-8 Phthalates 
5 8 9 Phthdldtes 

10 0.15 ADON, phthalate 
I I 0.27 ADON,SAM 
12 0.62 ADON,SAM 

10 8 13 6.08 CUL, DHCAL, SAM, ADON, COL 
14 12.23 CUL, DHCAL, SAM, ADON, 15-OH-COL 
15 10.42 CUL 
16 6.58 CUL,DHCAL,APO 

20 8 17 3 04 APO 
18 8.54 APO 
19 4 53 APO, 12-/15-OH-CUL, TCT 
20 5.03 12-/15-OH-CUL, TCT, CNT 

100 8 2 1 1.28 TCT, 5-/12-OH-CUL 
22 0.62 5-OH-CUL 
23 0.17 Very polar material 

"Methylene dlchlor~de mother l~quors after ppt of ADON 
bADON = 3-acetyldeoxynlvalenol, SAM = sdmbucinol, COL = culmorone; CUL = culmorin, DHCAL = 7.8-dlhy- 

droxy-calonectr~n; APO = 3a/3P-hydroxyep1apotr1chothecene, OH-CUL = 5-/12-/15-hydroxyculmonn, TCT = tr~cho- 
trlol; CNT = cyclonerotr~ol. 

H-1 1. The hydroxyl group is shown to have a P configura- cessfully for the pool of enriched acetate than the other major 
tion by nOe difference spectra. Positive nOe enhancements metabolite 3-ADON. After biosynthesis of culmorin ceases 
were observed between CH3-15 and the hydrogens H-5a, (-60 h of fermentation), enrichment in ADON increases. 

13 H-8, and H-7, which are in the plane of the molecule, while C-1 acetate (carbonyl group) results in enrichment of po- 
irradiation of the CH3-14 resonance enhances those of H-l sitions C-l l ,  C-7, C-9, C-2, C-6, and C-4, while I3c-2 ace- 
and H-7. tate (methyl group) enriches positions C-1, C-8, C-3, C-5, 

Based on the 'H NMR spectra of isomers 9 and 10, the C-10, C-12, C-13, C- 14, and C- 15. Signal enhancement of 

1 hydroxyl groups of these compounds are associated with the all positions occurs with approximately a factor of four. 
quaternary methyl groups of the parent molecule culmorin. Carbon-carbon coupling resulting from enrichment at ad- 
In compound 9, it is one of the gem-dimethyl groups that is jacent locations is seen at C-6/C-7 and C-2/C-9. This en- 
hydroxylated. AS in 15-OH culmorone (7), in isomer 9, H-7 richment pattern is consistent with the proposal that culmorin 
is shifted downfield to 2.03 ppm from 1.72 ppm In culmo- derived from one molecule of farnes~l  ~ ~ r o ~ h o s ~ ~ a t ~ ,  
rin, suggesting that the hydroxyl group is at C-15. The nOe which has folded in such a manner that the C-1 of farnesyl 
difference experiments confirm this since H- 1 and H-7 are  yoph phosphate, which becomes C-7 of culmorin, has linked 

enhanced upon irradiation of CH3-14, while H-7 and CH3-15 to the terminal gem dimethyl of farnesyl, which results in 

are enhanced upon irradiation of H-8. Comparison of the I3c C-14 and C-15 of culmorin, as first proposed by Hanson and 

NMR spectrum with that of compound 7 confirms the po- Nyfeler (1 7). 
The isolation of an array of oxygenated culmorin deriva- 

sition of hydroxylation. These data are consistent with a tives is reminiscent of the variety of oxygenated trichothe- 
structure of 15-hydroxyculmorin for compound 9. cenes and modified trichothecenes produced by the various 

In lo the downfield shift the H-8 Fusaria. The great variety of oxygenation patterns in these 
(from 3.81 to 4.30 ppm) relative to culmorin is indicative of isolated metabolites has suggested the operation of a meta- 
a hydroxyl group at C-12 This is s u ~ ~ o f l e d  '3C NMR data bolic grid rather than a unique oxidative pathway (21), and 
in which the resonance at 13.1 ppm in culmorin is replaced indicates oxidative enzyme systems that are very flexible in 
by One at 65.8 ppmz ass0ciated with a h ~ d r O x ~ l a t e d  meth- substrate selection. However, a striking similarity exists be- 
ylene, and C-9 at 52.2 PPm shifts to 55.6 PPm (P shift from tween the general locus of oxygenation in both the tricho- 
hydroxylated carbon) (Table 2). In addition, the irradiation thecenes (and related trichodienoids) and the culmorin 
of the CH3-15 resonance in the nOe experiment enhances H-8 derivatives described herein, once more suggesting the op- 
and H-7, while irradiation of H-8 resonance enhances those eration of a metabolic grid rather than a unique oxygenation 
of H- 12 and H- 15, thus providing further proof for the pathway. Hanson and Nyfeler (176) proposed that C-8 is the 
structure of compound 10 as 12-hydroxyculmorin. site of primary oxidation. The compounds isolated in this 

The NMR spectra of I3c-enriched culmorin isolated from study support this hypothesis since all possess an oxygen 
fermentor growths of Fusarium culmorum to which either atom at C-8 and imply that C-11 is the site of secondary ox- 
13 C-1 and I3c-2 acetate have been added are shown in Fig. idation, followed by less specific oxidation at postitions C-5, 
5.  Previous studies (10) have shown that culmorin is pro- C-12, and C-15. To date, the C-8 monohydroxy intermedi- 
duced early in the fermentation and competes more suc- ate has not been isolated. 
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a :-.,,-: 
4.0 3.5 3.0 PPM 2.5 2.0 1.5 3 1.0 PPM 

FIG. 3. 'H/'H correlation (COSY-45) spectrum of 5-OH culmorin (8) obtained in CDCl,. A single pulse spectrum is shown as the 
projection. 

Recent toxicological studies have shown that culmorin 
enhances the toxicity of DON in bioessays with caterpillars 
(IS),  and is currently under investigation with animal spe- 
cies. The synergistic effects of the hydroxyculmorin deriv- 

, atives are also under investigation. 
I 

I Experimental 
I Instrumentation 

Gas chromatography (GC) was performed on a Varian Vista 5500 
gas chromatograph coupled to a Finnigan ion trap (GC/ITD) op- 
erating with a split injector (10: 1). Underivatized crude extracts 
were chromatographed on a DB-5 fused silica capillary column 
(20 m x 0.32 mm i.d., 0.25 pm film). The column temperature 
was programmed from 120 to 280°C at 20°C/min, holding for 
12 min at the end of each run. Helium (10 psi; 1 psi = 6.89 kPa) 
was used as the carrier gas. The temperature of the detector was 

set at 300°C and that of the injector at 230°C. All data were ac- 
quired by an IBM PC using an Ion Trap Detection System (ITDS) 
software program. Gas chromatography - mass spectrometry (GC/ 
MS) was performed on a Finnigan GC/MS system, model 4500, 
with a DS400 data system. High-resolution electron impact (HREI), 
fast atom bombardment (FAB), and chemical ionization (CI) mass 
spectrometry were performed on a Finnigan MAT 3 12 mass spec- 
trometer. Mass spectra were calibrated against perfluorokerosene; 
the relative peak intensity (%) is indicated in parentheses. 

Silica gel (Kieselgel 60, Merck) 70-230 and 230-400 mesh was 
used for normal and flash column chromatography, respectively. 
High-performance liquid chromatography (HPLC) was carried out 
on a Varian model 5500 equipped with a UV-200 variable wave- 
length detector set at 205 nm. Semi-preparative scale separations 
were done isocratically with CSC-S nitrile or silica columns using 
mixtures of isopropyl alcohol and hexane as mobile phases. 
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FIG. 4 .  'H/"C correlation spectrum of 5-OH culmorin (8) ob- 
tained in CD30D. The projections constitute the single pulse 
spectra. 

1 '  1 4.0 

Melting points were obtained on a Fisher Johns melting point 
apparatus and are uncorrected. Optical rotations were determined 
on a Perkin-Elmer 241 polarimeter. 

'H and "C nuclear magnetic resonance (NMR) spectra were 
obtained on Bruker WM250 or AM500 NMR spectrometers in 
deuterochloroform (CDCI,) or deuteromethanol (CD30D) using 
5-mm dual probes. Chemical shifts were referenced to CDCI, at 
7.24 ppm ('H) and 77.00 ppm (I3C) or CD30D at 3.30 and 49.0 
ppm relative to tetramethylsilane (TMS). 

Typical spectra used a 32K data point set, 60' pulse, and 3-6 s 
recycle time. 'H spectra were resolution enhanced. COSY spectra 
were run at 500 MHz and employed 512 FID's of 2K data points 
each, using a 90" pulse of 12 ys. The data matrix was processed 
using sine-bell squared functions shifted II/2 in F 1 and zero-filled 
for a final data resolution of 3 Hz per point. RELAY spectra were 
acquired similarly. ' H / ' ~ C  HETCOR spectra and DEPT spectra 
were used to make unambiguous spectral assignments. 

z* 

Fermentation, extraction, and isolation 
Large-scale liquid fermentation of F~rsarium cul~norurn CMI 

14764 (HLX 1503) was carried out according to Greenhalgh et a l .  
(14). The mycelia were separated from the broth by filtration and 
the broth was extracted successively with hexane and dichloro- 
methane. The dichloromethane extract afforded the major tri- 
chothecene 3-ADON (1) by precipitation with ethanol. The mother 
liquors remaining after precipitation of 3-ADON were chromato- 
graphed on a silica gel column (75 X 12 cm, Kieselgel 60, Merck, 
70-230 mesh, 3 kg). A sample (100 g) in dichloromethane 
(250 mL) was applied to the column, together with the dichloro- 
methane rinses (2 x 50 mL). The column was eluted with dichlo- 
romethane, dichloromethane-methanol mixtures, and pure methanol 
to afford 23 fractions (Table 3). The fractions 1-9 contained 
phthalates as determined by GC/MS. 

I 1 

Isolatior~ of culrnorirl (5) and culrnorone (6) 
These compounds were found in fractions 13-16. Fractions 15 

and 16 (total 16 g) afforded pure culmorin (4 g) upon repeated 
crystallization from ethyl acetate. The physical (mp and [a],) and 
spectral (MS and NMR) data of the sample were identical to those 

sb ' 7b ' $0 ' i o  ' 40 30 ' 2'0 ' PPM 
PPM 

previously reported ( 14). The isolation of culmorone from Fusariurn 
ro.seur~z (ATCC 281 14) by us is reported elsewhere (14b). 
IS C-enriched culmorin was prepared from a stirred-jar fermentor 
culture (10 L) of F. cul~norur~l CMI 14764 according to Miller and 
Blackwell ( lo )  and isolated as above. 

l.solatior~ of 15-lz~~dros);cul111oro1ze (7) 
Fraction 14 (12 g ,  heavy oil) contained ADON, culmorin, 7,8- 

dihydrocalonectrin, and sambucinol. in addition to an unknown 
compound (7). This fraction was subjected to column chroniatog- 
raphy on silica gel (4 x 35 cm) and eluted with chloroform (2 L) 
and methanol/chloroform mixtures, 2% (0.5 L), 5% (0.2 L), and 
10% (0.5 L). The first two fractions (total 5 g) were combined and 
rechromatographed on a similar column, which was eluted iso- 
cratically with 40% ethyl acetate in hexane. Twenty-four fractions 
(100 mL) were collected. Recrystallization of the combined frac- 
tions 13-20 from ethyl acetate gave sambucinol (310 nlg). The 
mother liquors were again chromatographed on silica gel (150 g ,  
3 cm i.d. column) and eluted with ethyl acetate in hexane (5070, 
2 L) and (60%, 0.5 L), ethyl acetate (0.5 L), and methanol 
(0.5 L). The combined ethyl acetate and methanol fractions were 
evaporated to dryness and gave a white solid (718 mg), which 
crystallized from ethyl acetate as a white amorphous powder, mp 
1355136°C; Rr 0.33 (10% hexane in ethyl acetate); [u]k6 -4.2 (c 
0.004 g/mL, CHCI,); 'H and I3c NMR spectra, see Tables 1 and 
2; HRMS, calcd. for C15H2403: 252.1726; found: m / z  252.171 1 
(19), 234 ( loo) ,  219 (47). 

lsolatiot~ oJ5-hydrox)~cuO~lor-ir~ (8) 
Fraction 22 (620 mg, oil) was crystallized repeatedly from ace- 

tone to give compound 8 (450 mg) as colourless prisms; mp 210°C; 
Rr 0.22 (10% hexane in ethyl acetate); [a]h6 +3.1 (c 0.01, MeOH); 
'H and I3C NMR spectra, see Tables 1 and 2; HRMS, calcd. for 
C15H2603: 254.1883; found: m/z  254.1871 (3), 236 (100), 221 (47), 
218 (78). 

l~olut ion of 15-hydroxycul~~~orin (9) ,  cj~clor~erotriol (4),  9 a -  
hydroxytrichotriol (31, and 12-hydroxyculmorin (10) 

Fraction 20 (5 g, yellowish oil) was crystallized from ethyl ace- 
tate - hexane and gave 15-hydroxyculmorin (9) (2 g); mp 161- 
163°C; Rr 0.10 (10% hexane in ethyl acetate) or 0.23 (10% meth- 
anol in chloroform); [a]h6 -2.1 (c 0.01 g/mL, MeOH); 'H and I3C 
NMR spectra, see Tables 1 and 2; HRMS, calcd. for CI5H26o3: 
254.1883; found: rn/z 254.1898 (4), 236 (16), 218 (lo),  206 (100). 

The mother liquors from Fraction 20 (2 g) were fractionated by 
flash column chromatography (5 x 20 cm) and eluted with ethyl 
acetate. Eight fractions (A-H, 100 mL each) were collected. 

Fraction D (174 mg) was rechromatographed on a silica gel 
column (2 X 25 cm) and eluted successively with 10% and 20% 
isopropyl alcohol in hexane (each 100 mL). The latter eluent gave 
a colourless oil (93 mg) that, after successive semipreparative HPLC 
separations on silica and CSC-S nitrile columns with 8% and 10% 
isopropyl alcohol/hexane, respectively, at 2 mL/min, gave cy- 
clonerotriol (4) as a colourless solid (20 mg). This solid crystal- 
lized from chloroform as colourless prisms, mp 11 1.5-1 12.5"C; 
R,  0.31 (10% hexane/ethyl acetate); [a]: -20.0 (c 0.001 g/mL, 
MeOH); IR I),,,,,: 3381 cm-' (hydroxyl); 'H NMR (CDCI,, 
500 MHz) 6: 5.40 (t, 7.22, H-lo), 3.98 (s, 2H-12), 2.10 (m, 2H-9), 
1.85 (m, H-6 and H-5), 1.66 (m, H-4), 1.66 (s, 3H- 15), 1.60- 1.53 
(m, H-2, H-4, H-5), 1.50 (t, 8.33, 2H-8), 1.24 (s, 3H-14), 1.16 
(s, 3H-13), 1.03 (d, 6.78, 3H-1); I3c NMR (CDCI3, 125 MHz) 6: 
134.9 (C-1 I),  126.1 (C-lo), 81.3 (C-3), 74.8 (C-7), 68.7 (C-12), 
54.3 (C-6), 44.3 (C-2), 40.3 (C-4), 40.1 (C-8), 26.0 (C- 13), 25.3 
(C-14), 25.0 (C-5), 24.3 (C-9), 14.5 (C-1), 13.6 (C-15). The 'H 
and "C NMR assignments are based on COSY and HETCOR 
spectra and are similar to those reported by Hanson er al. (9). We 
have, however, revised the assignments for C-5, C-13, and C-14. 
HRMS, calcd. for C15H2602: 238.1934 (M - H20); found: 
238.1945 (3), 223 (15), 220 (6), 205 (23), 139 (22), 125 (50), 107 
(17), 95 (17), 81 (28). 
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80 70 60 40 30 20 10 
50 PPM 

I 
I FIG. 5.  125 MHz "C NMR spectra of culmor~n derived from (A) ["C-11-acetate, and (B) [13C-2)]-acetate. The resonances that are 

enriched are assigned In each spectrum. The inset of spectrum (A) shows the 1 3 C - 1 3 ~  coupling that occurs between C-2/C-9 and C-6/ 
C-7 as a result of the foldlng pattern of farnesyl pyrophosphate. 

A portion of Fraction F (54 mg) was rechromatographed by semi- 
preparative HPLC on CSC-S nitrile column using 15% isopropyl 
alcohol/hexane as eluent at flow rate of 2 mL/min. A colourless 
solid (26 mg, r.t. 20 min) which had the same MS and NMR spectra 
as an authentic sample of 9a-hydroxytrichotriol, was obtained. Rf 
0.17 (10% hexane/ethyl acetate); 'H NMR (CDCl,, 500 MHz) 6: 
5.69 (brd, 10.1 1, H-lo), 5.51 (d, 10.11, H-l l ) ,  4.21 (App.q, 5.53, 
H-3), 3.64 (d, 4.47, H-2), 3.50 (d, 3.95, H- 13), 2.97 (d, 3.95, 
H- 13), 2.08 (dd, 13.3, 8.04, H-4), 1.79 (m, H-7), 1.7 1 (dd, 13.3, 
6.35, H-4), 1.65 (m, H-7 and H-8), 1.30 (brd, 13.72, H-8), 1.24 
(s, 3H-16), 1.05 (s, 3H-14), 0.87 (s, 3H-15); I3c NMR (CDC13, 
125 MHz) 6: 136.2 (C-lo), 131.3 (C-11), 77.5 (C-2), 69.3 (C-12), 
69.0 (C-3), 65.5 (C-9), 50.0 (C-13), 43.7 (C-5), 41.8 (C-4), 39.4 

/ (C-6), 33.8 (C-8), 30.7 (C-16), 25.8 (C-7), 21.2 (C-15), 20.4 
I (C-14). 

HPLC chromatography of a larger sample of Fraction F 
(428 mg) gave 8 fractions (Fl-F8). Fraction F2 (101 mg), eluting 
13-15 min before trichotriol, was rechromatographed using 5% 
isopropyl alcohol/hexane as mobile phase at a flow rate of 4 mL/ 
min, and it gave 5 fractions (F2a-F2f). Fraction F2d (21 mg) 
containing 15-hydroxyculmorin (9) and 12-hydroxyculmorin (10) 
was :ubjected to preparative thin-layer chromatography (silica gel 
150A PLK5, Whatman) and developed three times in 10% meth- 
anol/chloroform. The higher Rf band was extracted with metha- 
nol-chloroform and gave 12-hydroxyculmorin (10) (7 mg, 
colourless solid), Rf 0.10 (10% hexane/ethyl acetate) or 0.38 (10% 

methanol in chloroform); 'H and I3c NMR spectra, see Tables 1 
and 2; HRMS, calcd. for Cl5HZ6o3: 254.1883; found: 254.1877 
(0.15), 236 (6), 218 (100). 
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2,2-Dimethylsuccinic acid derivatives in isoprenoid synthesis: a 2,2-dimethylvinyl 
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anion equivalent in the synthesis of ar-atlantone, ar-turmerone, and prenylated 
aromatic compounds 
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GEORGE M. STRUNZ and LI YA. Can. J .  Chem. 70, 13 17 (1992). 
The anion of methyl 2.2-dimethylsuccinate was alkylated with benzylic bromides to give the corresponding 3-substi- 

tuted-2,2-dimethylsuccinates. Hydrolysis to the dicarboxylic acids, followed by bisdecarboxylation with lead tetraace- 
tate, afforded l-aryl-3-methyl-2-butenes, which are model prenylated aromatic compounds. Acylation of methyl 
2,2-dimethylsuccinate with E-3-(4'-methylphenyl) crotonyl chloride gave the substituted succinate 9. Hydrolysis of 
the ester groups and acid-catalyzed decarboxylation of the resulting P-ketoacid produced the keto acid 10, which was 
decarboxylated by the Kochi method, furnishing ar-atlantone. Hydrogenation of 10 yielded 12, which on similar de- 
carboxylation afforded ar-turmerone. 

GEORGE M. STRUNZ et LI YA. Can. J .  Chem. 70, 1317 (1992) 
On a procede a I'alkylation de I'anion du 2,2-dimtthylsuccinate de mCthyle par des bromures benzyliques pour ob- 

tenir les 2,2-dimtthylsuccinates correspondants, substitues en position 3. Leur hydrolyse en acides dicarboxyliques, suivie 
d'une bisdecarboxylation a l'aide du tetraacetate de plomb, conduit aux I -aryl-3-methylbut-2-enes qui sont des modkles 
de composts aromatiques prCnyl6s. L'acylation du 2,2-dimethylsuccinate de mCthyle par le chlorure de E-3-(4'- 
mCthylphCnyl) crotonyle conduit au succinate substitue 9. L'hydrolyse des groupes esters et la dCcarboxylation acido- 
catalyste du P-ceto-acide qui en resulte fournit l'acide cetonique 10 qui, par dCcarboxylation par la mtthode de Kochi, 
mkne B la ar-atlantone. L'hydrogCnation du produit 10 fournit le produit 12 qui, par une decarboxylation semblable, livre 
la ar-turnerone. 

[Traduit par la redaction] 

Derivatives of 2,2-dimethylsuccinic acid have the poten- 
tial for the synthesis of certain isoprenoids that has not, to 
our knowledge, been exploited hitherto. Thus, anions of 2,2- 
dimethylsuccinate esters can be alkylated or acylated to give 
products that, upon hydrolysis, afford 3-substituted-2,2-di- 
methylsuccinic acids. The latter can be decarboxylated to 
produce compounds having the dimethylvinyl group char- 
acteristic of many isoprenoid natural products (Scheme 1). 
Used in this manner, a 2,2-dimethylsuccinate ester is a 
masked 2,2-dimethylvinyl anion equivalent that may, in some 
situations, prove a useful alternative to 2-methyl-I-pro- 
penyl Grignard or cuprate reagents (1) (cf. the methallyl di- 
thiocarbamate of Nakai et  a l .  (2)). Whereas a 3-halo 
derivative of the same ester, 2 (R' = hal), possesses the re- 
verse polarity at C-3 and might, in principle, constitute a 
masked electrophilic 2,2-dimethylvinyl equivalent, steric 
hindrance prevents such halo-esters from being useful gen- 
eral alkylating agents. (The anhydride of 2,2-dimethylsuc- 
cinic acid may, however, be considered as a possible masked 
senecioyl (3-methyl-2-butenoyl) equivalent.) 

In this paper we report some examples of syntheses using 
the methodology summarized in Scheme 1 .  Alkylation and 
acylation of dimethyl 2,2-dimethylsuccinate were em- 
ployed in the synthesis, respectively, of the model preny- 
lated aromatic compounds, 1 -phenyl-3-methyl-2-butene, 3 
(R' = PhCH,) (2, 3) and 1-(2'-methoxypheny1)-3-methyl-2- 
butene, 3 (R' = o-MeOPhCH,) (4), and the isoprenoids ar-  
atlantone, 11 (3, and racemic ar-turmerone, 13 (6). The 
latter, with S-configuration, is found in the essential oil from 
rhizomes of turmeric, Curcuma longa Linn. (6); the for- 
mer, though not yet reported as a natural product, is an ar- 

omatic derivative of E-a-atlantone, a constituent of Cedrus 
deodara (7). 

The enone carboxylic acid, 10, serves as a common in- 
termediate for the synthesis of both isoprenoids. In the syn- 
thesis of ar-turmerone, the presence of the carboxyl group 
allows the ready introduction of a new double bond in the 
desired position after hydrogenation of 10. 

I-Phenyl-3-methyl-2-butene, 3 (R' = PhCH,): (Scheme I )  
The anion of dimethyl 2,2-dimethylsuccinate, prepared by 

treatment of the ester with a slight excess of lithium diiso- 
propylamide (LDA), was alkylated with benzyl bromide to 
produce 2 (R = CH,, R'  = PhCH,) in 89% yield. Alkaline 
hydrolysis afforded an 87% yield of the trisubstituted SUC- 

cinic acid 2 (R = H, R '  = PhCH,) and the latter was bis- 
decarboxylated by treatment with lead tetraacetate (8), 
affording the target prenylated benzene 3 (R' = PhCH,) (3) 
in 68% yield. 

1 -(2'-Methoxypheny1)-3-methyl-2-butene, 
3 (R' = o-MeOPhCH,) (Scheme 1 )  

The anion of dimethyl 2,2-dimethylsuccinate was alky- 
lated as above using 2-methoxybenzyl bromide, prepared by 
bromination of 2-methylanisole with N-bromosuccinimide. 
The product 2 (R = CH,, R '  = o-MeOPhCH,), obtained in 
81% yield, was hydrolyzed, then bisdecarboxylated with lead 
tetraacetate (8), furnishing 3 (R' = o-MeOPhCH2)(4) in an 
overall yield of 40% from the halide. 

ar-Atlantone, 11 (Scheme 2) 
3-(4'-Methylphenyl) crotonic acid ethyl ester, 7 (R = 

C2H5) was prepared as a mixture of E and Z isomers (9: 1) 
from 4-methylacetophenone and triethyl phosphonoacetate 
according to  adsw worth and Emmons (9). The predomi- 

'Author to whom correspondence may be addressed. nant E isomer, 7 (R = C2H5), could be separated by chro- 
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matography, and the corresponding acid 7 (R = H) was 
transformed into the acid chloride 8.  Acylation of the anion 
of dimethyl 2,2-dimethylsuccinate with this acid chloride 
afforded 9 in 44% yield. A by-product, isolated in yields of 
around 41 %, was the amide derived from reaction of 8 with 
diisopropylamine. The amine, produced during proton ab- 
straction from 2,2-dimethylsuccinate by LDA, evidently 
competes significantly as a nucleophile with the sterically 
encumbered anion 1 (R = CH,). Attempts to avoid or  sup- 
press this competitive reaction, using as base potassium hy- 
dride or the lithium amide from 2,2,6,6-tetramethylpiperidine 
(which releases a more hindered amine) were not fruitful. As 
the amide by-product may be hydrolyzed back to 7 (R = H) 
and thus recycled, this side reaction, although undesirable, 
is not a major obstacle. (The yield for the conversion of 8 to 
9, based on consumed acid chloride not converted to amide, 

. . .  . . 
was 74%.) 

Base-catalyzed hydrolysis of 9 and subsequent decarbox- 
ylation of the resulting P-keto acid under acidic conditions 
produced an 86% yield of 10, which was decarboxylated by 
the Kochi method ( lo) ,  furnishing ar-atlantone, 11, with 
spectroscopic properties in accord with literature data (5). The 
yield for the transformation of 10 to 11 was 58%. 

ar-Turmerone, 13 (Scheme 2) 
Compound 10, possessing a latent dimethylvinyl group, 

can serve as a common intermediate for the synthesis of both 
ar-atlantone, 11, and ar-turmerone, 13. Thus, hydrogena- 
tion of 10 produced 12 quantitatively, and decarboxylation 
with lead tetraacetate (10) afforded a 68% yield of enone 
isomers, convertible in quantitative yield under acid catal- 
ysis to racemic ar-turmerone, 13, whose spectroscopic 
characteristics were in accord with published data (6). 

Further studies illustrating the utility of 2,2-dimethylsuc- 
cinate as a dimethylvinyl synthon in isoprenoid synthesis are 
in progress and will be reported in the future. 

Experimental 
Melting points were determined on a hot-stage apparatus and are 

uncorrected. Infrared spectra were recorded on a Philips Pye 

Unicam PU 95 16 infrared spectrophotometer, and ultraviolet spectra 
on a Philips PU 8800 uv/vis spectrophotometer. Proton and car- 
bon magnetic resonance spectra were run on a Varian XL-200 in- 
strument, operating at frequencies of 200.068 and 50.308 MHz, 
respectively. Accurate mass measurements were made on a Kratos 
MS-50 instrument. Microanalyses were performed by Spang 
Microanalytical Laboratory, Eagle Harbor, Michigan. 

Dimethyl 2.2 -dimethylsuccinate 
Asolution of 2,2-dimethylsuccinic acid (4.0 g; 27.4 mmol) in 

dry methanol (50 mL) containing concentrated sulfuric acid (15 
drops) was heated at reflux under anhydrous conditions. After 
5 h, the solution was concentrated to near dryness on a rotary vac- 
uum evaporator. The oily residue was redissolved in ethyl acetate 
and the solution was washed successively with saturated NaHC03 
and brine before being dried over anhydrous MgSO,. The solvent 
was removed under reduced pressure, affording a quantitative yield 
of dimethyl 2,2-dimethylsuccinate as a colorless oil that was suf- 
ficiently pure to be used directly in subsequent operations without 
further purification; ir (CHCI,) (inter alia): 2960, 1735, 1180, 1150, 
and 1140 cm-I, 'H nmr (CDCI,, 200 MHz) 6: 1.27 (6H, s) 2.60 
(2H, s), 3.66 (3H, s), 3.70 (3H, s); mass spectrum (inter alia), 
m/e (relative intensity) (ion): 174 (1.5) (C,H,,O,; M?), 143 (37) 
(M - OCH,)' , 1 15 (5 1) (M - C0,CH3)+, 101 (22) (M - CH2- 
COICH3)+, 73 (100) (CH2C02CH3)+. 

Dimethyl 2.2-dimethyl-3-benzylsuccinale. 
2 (R = CH3,  R' = Ph C H Z )  

To a solution of dry diisopropylamine (1.1 1 g; 11 mmol) in an- 
hydrous THF (10 mL) at -78'C under argon was added n-butyl- 
lithium (4.4 mL of 2.5 M solution; 11 mmol) dropwise. The 
resulting yellow solution was stirred at -78OC for 30 min. A so- 
lution of dimethyl 2,2-dimethylsuccinate (1.74 g: 10 mmol) in an- 
hydrous THF (ca. 3 mL) was added slowly with stirring to the 
lithium diisopropylamide (LDA) solution, and the reaction mix- 
ture was stirred at -78OC under argon for 1 h. (At this stage vir- 
tually complete conversion to the anion was demonstrated by 
removal of a small aliquot, which was quenched with D20.) To the 
anion solution was added a solution of benzyl bromide (1.71 g; 
10 mmol) in dry THF (2.0 mL). The reaction mixture was al- 
lowed to attain ambient temperature during 2 h with stining. A 10% 
aqueous HC1 solution (10 rnL) was then added, and the mixture was 
extracted with ether (15 mL). The aqueous phase was re-extracted 
with 2 X 20 mL ether, and the combined-extracts were washed 
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successively with saturated solutions of NaHCO, and brine. After 
drying over anhydrous MgSO.,, the solution was evaporated on a 
rotary vacuum evaporator. The crude product (3.07 g) was puri- 
fied by flash chromatography (1 1) on a silica gel column, using 
hexane - ethyl acetate (1:0, 4:l) as eluent. The desired product 2 
(R = CH,, R' = PhCH,) (2.36 g; 89.4%) was an almost colorless 
oil; ir (CHCI,) (inter alia): 2960, 1730 cm-', 'H nmr (CDCI,, 
200 MHz) 6: 1.26 (3H, s), 1.34 (3H, s), 2.63-3.17 (3H, m), 3.5 1 
(3H, s), 3.71 (3 H, s), 7.12-7.26 (5H, m); hrms (inter alia), m / e  
(relative intensity) (ion): 264.1340 (6.3) (M t, (calcd. for CISH?004: 
264.1362), 163.0754 (100) (M - (CH3),CCO2CH3)+ (calcd. for 
CIOH1102: 163.0759), 91.0547 (74) (C7H7)+ (calcd. for C7H7: 
91.0548). Anal. calcd. for C15H2004: C 68.16, H 7.63%; found: C 
68.18, H7.77%. 

2,2-Dirnethyl-3-benzylsuccinic acid: 2 (R  = H ,  R' = PhCH,) 
The ester (2.36 g; 8.9 mmol) was hydrolyzed by refluxing for 

20 h in aqueous methanol (60 mL) (H,O:MeOH, 2: I) containing 
sodium hydroxide (2 g). Most of the methanol was removed under 
reduced pressure, and addition of 20% aqueous HCl solution to the 
residue resulted in the separation of a white precipitate. The mix- 
ture was extracted with 4 x 50 mL ether and the combined ex- 
tracts were washed with brine, dried over Na2S04, and evaporated 
to dryness to yield 1.84 g (87%) of crystalline 2 (R = H, R' = 
PhCH,). A sample, recrystallized from aqueous methanol, melted 
at 140-143°C; ir (CHCI,) (inter alia); 3680-2400, 1710, and 
1600 cm-'; 'H nrnr (CDCI,, 200 MHz) 6: 1.35 (6H, s), 2.82-3.17 
(3H, m), 7.17-7.30 (5H, m); hrms (inter alia), m / e  (relative in- 
tensity) (ion): 236.1028 (2.7) (Mt) (calcd. for Cl3HI6o4: 236.1049), 
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218.0934 (45) (M - HZO)? (calcd. for C13H1403: 218.0943), 
149.0611 (23) (M - (CH,)2CC0,H)k (calcd. for C9H90?: 
149.0603) 9 1.0541 (100) (C7H7) ' (calcd. for C7H7: 91.0548). 

1 -Phenyl-3-)nethyl-2-b~ite)le 3 (R' = PhCH?) 
A stream of oxygen was passed through dry pyridinc (7.0 mL) 

for 15 min. The trisubstituted succinic acid, 2 (R = H, R' = PhCH?) 
(0.5 g, 2.1 mmol), and lead tetraacetate (1.86 g, 4 .2 mmol) were 
added with stirring and the flask was immersed in an oil bath at 
75°C. When evolution of carbon dioxide ceased, the mixturc was 
cooled, poured into excess dilute nitric acid, and extracted with 
4 x 30 mL ether. The extracts were washed successively with sat- 
urated NaHC0, solution and brine. After drying over MgSO,, re- 
moval of solvent in vacuo afforded an oily product (0.3 16 g) .  Flash 
chromatography on a column of silica gel with hexane - ethyl 
acetate (1 :0 ,  9.5:0.5, 9 :  1) as eluent, yielded the pure olefin 3 
(R' = PhCH?) as an almost colorless oil (0.2 1 g; 68%); ir (CHCI,) 
(inter alia): 2925, 1603, 1500, 1455, and 1380 cm-'; 'H nmr 
(CDCI,, 200 MHz) 6: I .72 (3H, s), 1.75 (3H, d, J - 1.3 Hz), 3.34 
(2H, b r d ,  J - 7.4 Hz), 5.29-5.37 ( IH,  m), 7.13-7.33 (5H, m); 
mass spectrum, m/e: 146 (MI-' (CI IH14) .  

Ditnethyl 2,2-cli~nethy/-3-(o-tnethox~~be11z~~l) S L I L . ~ ~ ) ~ C I ~ C ' ,  2 (R = 
CHI, R' = o MeOPhCH,) 

The ester 1 (R = CH,) was alkylated with 2-mcthoxybenzyl 
bromide, essentially as described above, to give 2 (R = CH,, 
R' = o-MeOPhCH?) in 8 1 % yield: ir (CHCl,,) (inter alia): 2960, 
1730, 1603, and 1590 cm-'; 'H nlnr (CDCI,, 200 MHz) 6: 1.27(3H, 
s), 1.35 (3H, s), 2.8 1-3.16 (3H, m), 3.50 (3H, s),  3.69 (3H, s), 
3.8 1 (3H, s), 6.79-7.22 (4H, m); hrms (inter alia) rn/e (relative 
intensity) (ion): 294.1428 .(9.4) ( M f )  (calcd. for C16H2205: 
294.1467), 263.1308 (77) (M - OCH,)' (calcd. for CI5HI9OJ: 
263.1283), 193.0854 (76) (M - C5H90,)+ (calcd. for C I  ,HI3O3: 
193.0865), 161.0602 (100) (o-MeOPh-CH=CH-Ca)+ (calcd. 
for CloH90, 161.0603), 121.0655 (5 1 )  (C8H90)+ (calcd. 121.0653), 
102.0672 (22) (C5H9O2,H)+ (calcd. 102.068 l ) ,  9 1,0553 (42) 
(C7H7)+ (calcd. for C7H7: 91.0568). Anal. calcd. for C16H2205: C 
65.29, H 7.54%; found: C 65.32, H 7.59%. 

2,2-Dirnethyl-3-(o-rnet/1o.~be11zyl) snccinic acid, 2 (R = H R' = 
oMeOPhCH?) 

Hydrolysis of dimethyl 2,2-dimethyl-3-(0-methoxybenzyl) suc- 
cinate, 2 (R = CH,, R' = o-MeOPhCH,), as described above, af- 
forded the corresponding trisubstituted succinic acid in 80% yield: 
ir (CHCI,) [inter alia): -3000 (br), 1720, and 1600 cm-'; 'H nrnr 
(CDCl,, 200 MHz) 6: 1.20 (3H, s),  1.21 (3H, s),  2.69-2.99 (3H, 
m), 3.72 (3H, s), 6.67-7.07 (4H, m); hrms (inter alia), rn/e (rel- 
ative intensity) (ion): 266.1101 (3.9) (Mt)  (calcd. for C14H,u05  
266.1 154), 248.1044 (49) (M - H20)?  (calcd. for CIJHl6O4: 
248.1049), 178.0629 (22) (0-MeOPh-CH=CHC02H)' (calcd. for 
CIOH1003 = 178.0630), 161.0738 (69) (0-MeOPh-CH=CH- 
CS)+ (calcd. for CIOH9O2 161.0603), 121.0656 (100) ( C u ~ 9 0 ) +  
(calcd. 121.0653). 

I-(0-Methoxypheny1)-3-methyl-2-butene, 3 (R' = o-MeOPhCH,) 
The trisubstituted succinic acid (0.50 g; 1.88 mmol) in dry ox- 

ygenated pyridine (8.0 mL) was decarboxylated through the agency 
of lead tetraacetate (1.75 g; 3.95 mmol) as described above. The 
yield of pure olefin, 3(R1 = o-MeOPhCH,), after chromatography 
was 61%; ir (CHCI,), (inter alia): 2925, 1600, 1590, and 
1495 cm-'; 'H nmr (CDCI,, 200 Mz) 6: 1.71 (3H, s), 1.73 (3H, 
d, J - 1 Hz), 3.32 (2H, br d, J - 7.4 Hz), 3.83 (3H, s), 5.26- 
5.35 ( lH,  m), 6.82-7.21 (4H, m); mass spectrum (inter alia), m/e 
(relative intensity) (ion): 176 (75) (M+) (Cl2HI6O)fr  16 1 (100) (M 
- CH3)+ ( C I ~ H ~ ~ O ) + ,  121 (30) (CsH90)'. 

Ethyl E-3-(4'-metl1>~lphenyl) crotonate, 7 (R = CPHS) 
Sodium hydride (2.0 g, 60% suspension in mineral oil; 1.2 g; 

0.05 mol) was washed free of oil with 3 X 5 mL pentane. After 
addition of dry dimethoxyethane (100 mL), triethyl phosphonoac- 
etate (1 1.21 g; 0.05 mol) was introduced dropwise with stirring. 
The mixture was stirred for 1 h, when evolution of hydrogen ceased. 

The temperature was maintained below 25°C while 4-methylace- 
tophenone (6.71 g; 0 .05 mol) was added dropwise to the yellow 
solution. The mixture was set aside with stirring at ambient tem- 
perature for ca. 8 h, when a gummy precipitate was observed to 
have separated. Water (300 mL) was added and the mixture was 
extracted with 4 X 50 mL ethcr. The combined extracts were dried 
over anhydrous MgSO,, and removal of solvent in vacno afforded 
an oily residue (10.31 g). The nmr spectrum of the crude product 
revcaled the presence of two isomers (vide it2fm) in the approxi- 
mate ratio 9 :  1. These were separated by flash chromatography on 
a column of silica gcl, using hexane - ethyl acetate (10:0, 9.5:0.5, 
9 :  1) as eluent. The total yield of combined E and Z isomers was 
67%. The major, E .  isomer, 7 (R = C2H,) was an almost color- 
less oil, ir (CHC1,) (inter alia): 1708, 1630, and 1170 cm-'; uv A,,, 
(EtOH): 273 nm (E 16 700); 'H nmr (CDCI,, 200 MHz) 6: 1.32 (3H, 
t, J = 7.2 Hz), 2.37 (3H, s), 2 .56(3H,  s),  4.21 (2H, q, J = 
7.2 Hz), 6.13 ( IH,  s),  7.28 (4H, approx. ABq, J,,,  = 8.2 Hz, 
AvAB = 42.4 Hz); "C nmr (CDCI,) 6: 14.3 (q), 17.8 (q), 21.2 (q), 
59.8 (t), 116.3 (d), 126.2 (d), 129.2 (d), 139.1 (s), 139.2 (s), 155.4 
(s), 167.0 (s); hrms (inter alia), m/e (relative intensity) (ion): 
204.1 159 (82) (M ! ) (calcd. for Cl3HI6o2:  204.1 150), 159.08 1 1 
(100) (M - O C Z ~ , ) '  (calcd. for C, lH, ,O):  159.0810), 91.0546 (22) 
(C7H,) ' (calcd. 9 1.0548). 

The presence of the minor, Z ,  isomer in the crude reaction 
product was manifested in the 'H nmr spectrum by the following 
signals: 6 1.12 (t), 2.16 (d, J - 1.4 Hz), 2.35 (s), 4.02 (q, J - 
7.1 Hz), 5.88 (d, J - 1.4 Hz). A pure sample of the Z isomer 
showed uv A,,,, (EtOH): 253 (E 6420). 

E-3-(4'-Methylphenyl) cr-otonyl chloricle, 8 
The ester, 7 (R = C2H5) (2.9 g, 0.014 mol) was hydrolyzed by 

refluxing for ca. 8 h in a water-methanol mixture (2: 1) (45 mL) 
containing sodium hydroxide (2 g). After most of the methanol was 
removed in vacuo, the mixture was made acidic by addition of 
concentrated HCI solution. The resulting mixture was extracted with 
4 X 50 mL ether, and the extracts washed with brine, dried over 
anhydrous Na2S04, and evaporated to yield 2.45 g (98%) of crys- 
talline acid, 7 (R = H), mp 113-125°C; ir (CHCI,) (inter alia): 
3525-2400, 1690, and 1625 cm-';  'H nmr (CDCl,, 200 MHz) 6: 
2.38 (3H, s),  2.59 (3H, d, J = 1.2 Hz), 6.17 ( IH,  apparent d, 
J = 1.3 Hz), 7.33 (4H, approx. ABq, JAB = 8 .3  Hz, AvAB 
34.8 Hz). 

The acid, 7 (R = H) was dissolved in 95% ethanol (30 mL) and 
converted to its sodium salt by addition of an equimolar quantity 
of aqueous sodium hydroxide solution. The solvent was removed 
in vacuo, and the solid residue was powdered and dried to con- 
stant weight (2.69 g) under high vacuum. The powdered sodium 
salt (2.6 1 g, 13.2 mmol) was suspended in dry benzene (10.0 mL) 
containing five drops of dry pyridine. Oxalyl chloride (3.0 mL, 
4.37 g, 34.4 mmol) was introduced gradually with stining and ice- 
cooling. After the vigorous reaction had subsided, the mixture was 
allowed to attain ambient temperature and was stirred for an ad- 
ditional 3 h. Solid salt(s) were removed by filtration, and evapo- 
ration of the filtrate afforded 2.38 g (93%) of yellow oily product: 
ir (CHCl,) (inter alia): 1798, 1770 cm-';  'H nmr (CDCl,, 
200 MHz) 6: 2.39 (3H, s), 2.54 (3H, d, J = 1.1 Hz), 6.46 ( l H ,  
apparent d, J = 1. l Hz), 7.33 (4H, approx. ABq, J A B  = 8.2 Hz, 
AvAB = 42 HZ). 

Dimethyl 2,2-dirnethyl-3-acylsuccinate, 9 
Dimethyl 2,2-dimethyl succinate (1.62 g, 9.3 mmol) in anhy- 

drous THF (15 mL) was converted to its anion by treatment with 
LDA (9.2 mmol) as described above. The anion solution was in- 
troduced slowly with stirring at -78°C under argon to a solution 
of the acid chloride (1.8 g; 9 .2 mmol) in dry THF (5.0 mL). The 
reaction mixture was set aside with stirring at -78'C for 4 h. Di- 
lute HCI solution was then added and the mixture was extracted with 
ether (20 mL), and then with 3 x 50 mL ether. The combined ex- 
tracts were washed successively with saturated NaHC0, and brine, 
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dried over MgS04, and evaporated in vncLto to yield 3.56 g of yel- 
low amorphous residue. Flash chromatography on a silica gel col- 
umn afforded the dimethyl 2,2-dimethyl-3-acylsuccinate, 9 
(1.34 g; 44%); ir (CHCl,) (inter alia): 2960, 1732, 1682, 1595, 
1560, 1510, and 1437 cm-';  I H  nmr (CDCI,, 200 MHz) 6: 1.37 
(3H, s), 1.38 (3H, s), 2.38 (3H, s), 2.53 (3H, d, J = 1.2 Hz), 4.14 
( l H ,  s),  6.47 ( l H ,  apparent d, J = 1.2 Hz), 3.70 (3H, s),  3.73 
(3H, s), 7.29 (4H, approx. ABq, J A B  = 8.3 Hz, Av,, = 37.8 Hz); 
hrms (inter alia), tn/e (relative intensity) (ion): 332.1600 (2.1) 
( M ~ )  (calcd. for Cl,H,,Os: 323.1624), 159.0793 (100) (p-  
M~P~C(CH,)CHC-0')  (calcd. for C l l H I I O :  159.0810). Anal. 
calcd. for CI9Hz,O5: C 68.65, H, 7.28%; found: C 68.75, H 7.14%. 

A by-product (980 mg: 41%), the amide resulting from reaction 
of the acid chloride, 8, with diisopropylamine, was also obtained 
from the chromatographic fractionation: 'H nmr (CDCI,, 200 MHz) 
6: 1.18 (6H, d, J = 6.7 Hz), 1.47 (6H, d, J = 6.7 Hz), 2.20 (3H, 
s),  2.36 (3H, s), 3.5-3.75 (IH,  m), 4.05-4.2 ( l H ,  m), 6.24 (IH,  
s), 7.26 (4H, approx. ABq, JAB = 8.0 Hz, AuAB = 39.8 Hz). 

Ketoncid 10 
A solution of acylated succinic ester, 9 (1.0 g; 3.01 mmol) in 

methanol-water ( I : ? )  (30 mL) containing sodium hydroxide 
(2.0 g) was heated under reflux for 3 h. Most of the methanol was 
removed in vucuo, and the aqueous phase was made acidic by ad- 
dition of 20% HC1, resulting in separation of a white precipitate. 
The suspension was warmed on a water bath at 40°C. When evo- 
lution of carbon dioxide ceased, the mixture was extracted with 4 
x 30 mL ether. The combined extracts were washed with brine, 
dried over anhydrous Na,SO,, and evaporated in vncuo, yielding 
670 mg (86%) of crystalline product: ir (CHCI,) (inter alia): 3525- 
2400, 1710, 1600, 1565, 1510, 1095, and 915 cm-';  'H nmr 
(CDCl,, 200 MHz) 6: 1.29 (3H, s), 1.3 1 (3H, s), 2.38 (3H, s), 2.54 
(3H, s), 2.90 (2H, s), 6.43 ( IH,  s), 7.29 (4H, approx. ABq, 
J A B  = 7.9 Hz, Au,, = 40 Hz); hrms (inter alia), tn/e (relative in- 
tensity) (ion): 260.1406 (14.2) (M!~) (calcd. for Cl6HZ0O3: 
260.1412), 245.1192 (1 1) (M - CH,)' (calcd. for C15H1703: 
245.1 178), 159.0805 (p-MePhC(CH,)CHC = 0 ' )  (calcd. for 
C I I H I I O :  159.0810). 

ar-Atlnntone, 11 
To the green solution that resulted from dissolving the keto acid 

10 (380 mg; 1.46 mmol) and cupric acetate (100 mg) in dry pyri- 
dine (0.5 mL) and benzene (15 mL) was added lead tetraacetate 
(2.19 g; 4.94 mmol). The reaction mixture was set aside with stir- 
ring under an argon atmosphere at ambient temperature in the dark 
for 2 h. 

The mixture was then heated at 80°C for 1 h, during which vig- 
orous evolution of carbon dioxide occurred. When the reaction was 
complete, inorganic material was removed by filtration, and the 
filtrate was washed with water, 10% HC1 solution, and saturated 
NaHCO,. The organic phase was dried over MgSO,, and removal 
of solvent on a rotary vacuum evaporator afforded a yellow oil 
(270 mg). The crude product was subjected to flash chromatogra- 
phy on a column of silica gel, with hexane - ethyl acetate (10:0, 
9 : 1, 8 : 2) as eluent, to furnish pure ur-atlantone (180 mg; 58%) as 
an almost colorless oil: ir (CHCI,) (inter alia): 2960, 2930, 2870, 
1664, 1618, 1592, 1570, 1510, 1445, 1380, and 1120cm-'; uv h ,,,, 
(EtOH): 232 nm (E 10 800), 305 nm (E 23 600); 'H nmr (CDCI,, 
200 MHz) 6: 1.92 (3H, s), 2.21 (3H, s), 2.37 (3H, s),  2.56 (3H, 
s), 6.18 (1 H, apparent d, J = 1.2 Hz), 6.48 (1 H, apparent d ,  J = 
1.1 Hz), 7.29 (4H, approx. ABq, J A B  = 8.0 Hz, Av,\, = 
44.5 Hz); 13c nmr (CDCI,) 6: 18.1 (q), 20.7 (q), 2 1.2 (q), 27.8 (q), 
126.2 (d), 126.3 (d), 127.7 (d), 129.2 (d), 139.0 (s), 140.0 (s), 
151.1 (s), 154.8 (s), 191.7 (s); h m s  (inter alia), m/e (relative 
intensity) (ion): 214.1332 (31.5) (Mt)  (calcd. for CI,Hl8O: 
214.1358), 199.1113 (100) (M - CH3)+ (calcd. for CI4HISO: 
199.1123), 159.0795 (45) (M - C4H7)+ (calcd. for C I I H l l O :  
159.0810), 148.0854 (41) (CI,,Hl20)+ (calcd. 148.0889), 119.0862 
(42) (C9H11)+ (calcd. 119.0861). 

Keto-acid 12 
The enone-acid 10, (67 mg 0.257 mmol) in ethyl acetate 

(25 mL) was stirred under a hydrogen atmosphere with a prehy- 
drogenated 10% palladium-on-charcoal catalyst (20 mg) for 
30 min, when the theoretical volume of hydrogen had been taken 
up. The catalyst was removed by filtration, and evaporation of 
solvent it1 vacuo furnished a quantitative yield (100%) of crystal- 
line keto-acid, 12: mp 108-1 12"C, ir (CHCI,) (inter alia): 3525- 
2400, 1710, 1515, and 915 cm-',  'H nmr (CDCI,, 200 MHz) 6: 
1.17 (3H, s) ,  1.20 (3H, s), 1.23 (3H, d ,  J = 7.0 Hz), 2.31 
(3H, s), 2.59-2.65 (4H, m), 3.2-3.35 ( I  H, m), 7.09 (4H, s); hrms 
(inter alia), m/e (relative intensity) (ion): 262.1577 (3.5) (Mt)  
(calcd. for CI6HZIO.1: 262.1569), 244.1471 (5) (M - HZO)' (calcd. 
for C]6H2002: 244.1463). 229.1221 (25) (M-H20-CH,)' (calcd. 
for C I 5 H l 7 0 ~ :  229.1228), 161.0977 (15) (p-MePhCH(CH,)CH,- 
C S ' )  (calcd. for CIIHl,O: 161.0966), 119.0858 (100) (C9Hll)+ 
(calcd. 119.0861). Anal. calcd. for CI6HZ20,: C 73.25, H 8.45%; 
found: C 73.39, H 8.29%. 

ar-T~trtnerot~e, 13 
Keto-acid 12 (340 mg. 1.30 mmol) in benzene (15 mL) and 

pyridine (0.4 mL) was decarboxylated through the agency of lead 
tetraacetate (2.0 g, 4.50 mmol) and cupric acetate (100 mg) as de- 
scribed above. The crude yellow oily product (300 mg) was sub- 
jected to flash chromatography as described above for ur-atlantone, 
furnishing 191 mg (68%) of oily product, apparently homoge- 
neous on tlc. The 'H nmr spectrum, however, indicated that the 
product contained a mixture of conjugated and non-conjugated 
enones. (The diagnostic peaks for the latter were signals at 6 4.75 
and 4.91 for a pair of terminal olefinic protons, and a signal at 1.65 
for the protons of a vinylic methyl group.) The mixture (130 mg, 
0.601 mmol) was heated under reflux for 3 h in benzene contain- 
ing a catalytic quantity of p-toluenesulfonic acid. The solution was 
washed successively with saturated NaHCO, and brine solutions, 
and dried over MgSO,. Removal of solvent under reduced pres- 
sure afforded at-tumerone 13 (130 mg, 100%) as an oil: ir (CHCI,) 
(inter alia): 2975, 2930, 1685, 1620, and 15 15 cm-'; uv h,,,, 
(EtOH): 236 nm (E 12 600); 'H nmr (CDCl,, 200 MHz) 6: 1.24 (3H, 
d , J  = 6 .9Hz) ,  1.85 (3H, s), 2 .10(3H,s) ,  2.31 (3H,s) ,  2.5-2.8 
(2H, m), 3.2-3.35 ( l H ,  m), 6.03 ( l H ,  s), 7.10 (4H, s); I3c nmr 
(CDC1,) 6: 20.7 (q), 20.9 (q), 22.0 (q) , 27.6 (q), 35.2 (d), 52.6 
(t), 124.0 (d), 126.6 (d), 129.1 (d), 135.5 (s), 143.6 (s), 155.1 (s), 
199.8 (s), hrms (inter alia), tn/e (relative intensity) (ionj: 216.1509 
(44) (Mt)  (calcd. for CI5HZ00:  216.1514), 201.1269 (21) (M - 
CH3)' (calcd. for C,,H,,O: 201.1279), 132.0935 (21) (Cl0Hl2)' 
(calcd. 132.0939), 119.0857 (85) (C,Hll)+ (calcd. 119.0861), 
83.0493 (100) (C5H70)+ (calcd. 83.0497). 
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An alternative synthesis of temafloxacin, a potent antibacterial agent 
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DANIEL T. W. CHU, ISABELLA M. LICO, AKIYO K.  C ~ . A ~ B O R N E , ~ ~ ~ ~  HERMANN FAUBL. Can. J. Chem. 70, 1323 (1992). 
An alternative synthesis of (?)-7-(3-methylpiperazin-1-yl)-6-fluoro- l-(2,4-ditluorophenyl)-l,4-dihydro-4-oxoquino- 

line-3-carboxylic acid hydrochloride 4,  a potent antibacterial agent, was developed. The method was characterized by 
regiospecific displacement of the 4-fluoro of the 2,4,5-trifluoroacetophenone by 2-methylpiperazine to produce the key 
intermediate, 2,5-difluoro-4-(3-methylpiperazin-l-yl)acetophenone 12, which was subsequently converted to 4 via an 
intramolecular nucleophilic displacement cyclization reaction. 

DANIEL T.  W. CHU, ISABELLA M. LICO, AKIYO K .  CLAIBORNE et HERMANN FAUBL. Can. J. Chem. 70, 1323 (1992). 
On a mis au point une nouvelle mCthode de synthkse du chlorhydrate de l'acide (?)-7-(3-mt5thylpipCrazin-l-yl)-6-flu- 

oro-l-(2,4-difluorophCnyl)-I,4-dihydro-4-oxoquinolCine-3-carboxylique (4), un agent antibacttrien trts puissant. La 
mtthode est caractCrisCe par une substitution regiospecifique du fluor en position 4 de la 2,4,5-trifluoroacCtophCnone 
par une 2-mCthylpipCrazine pour prCparer 1 'intermtdiaire clC, la 2,5-difluoro-4-(3-mCthylpipCrazin-l-yl)acetophCnone 
(12), que l'on peut transformer subsCquemment en 4 par le biais d'une reaction de cyclisation impliquant un substitu- 
tion nuclCophilique intramolCculaire. 

[Traduit par la rkdaction] 

Introduction 

Recently many potent clinically important antibacterial 
agents having the 1,4-dihydro-4-oxoquinoline-3-carboxylic 
acid moiety, collectively known as quinolones, have been 
discovered. Representative examples of these are norfloxa- 
cin 1 (I) ,  ciprofloxacin 2 (2), and enoxacin 3 (3). An ex- 
cellent and comprehensive review of the synthetic chemistry 
associated with these antibacterial agents has been pub- 
lished (4). The most common synthetic methodology used 
to prepare ethyl 1 -alkyl- l,4-dihydro-4-oxoquinoline-3-car- 
boxylate is the reaction of an arylamine with diethyl eth- 
oxymethylene malonate to yield an anilinomethylene 
malonate that may be cyclized by heating (the Gould-Jacobs 
reaction) or by the use of a Friedel-Crafts catalyst to yield 
the 4-hydroxyquinoline-3-carboxylate. Alkylation of this 
derivative with an alkyl halide followed by hydrolysis yields 
the desired quinolone. Another approach requires the reac- 
tion of an isatoic anhydride with sodio ethyl formylacetate, 
leading efficiently to the quinolone ester (5). 

Temafloxacin hydrochloride 4 ((+)-7-(3-methylpipera- 
zin- 1-yl) - 6-fluoro-1-(2,4 - difluoropheny1)- 1,4 - dihydro-4- 
oxoquinoline-3-carboxylic acid hydrochloride) is a potent 
quinolone antibacterial agent. It is currently under clinical 
development and an NDA has been filed in the United States. 
An approval for clinical use has been obtained in Italy and 

' ~ u t h o r  to whom correspondence may be addressed. 

it will be in market shortly. It possesses excellent activity 
against both Gram-positive and Gram-negative bacteria (6). 
The general synthetic methods for the introduction of an N-l 
substituent require the alkylation of 1,4-dihydro-4-oxoqui- 
noline-3-carboxylic ester with a reactive alkyl halide. This 
process, however, makes the introduction of a 2,4-difluo- 
rophenyl group at the N-1 position difficult. Temafloxacin 
was synthesized via an intramolecular nucleophilic dis- 
placement cyclization reaction as illustrated in Scheme 1 (7- 
9). 

Although this reported synthesis of temafloxacin hydro- 
chloride is fairly efficient, it provides some problems dur- 
ing commercial production. Our manufacturing facility is not 
well equipped for the low-temperature reaction required in 
the preparation of the P-ketoester 8. The oxidation of 2,4,5- 
trifluoroacetophene 6 to the 2,4,5-trifluorobenzoic acid 7 by 
the use of commercial bleach offers a physical problem since 
the reaction conditions required high dilution with vigorous 
agitation. The reaction time may not be constant due to the 
variations in agitation. While the above problems may be 
solved by engineering and modification of reaction condi- 
tions, the low yield (between 42 and 49%) of the displace- 
ment of 11 with 2-methylpiperazine to afford the desired 
product prompted us to investigate an alternative synthesis. 
This paper deals with a new and efficient route for the syn- 
thesis of temafloxacin hydrochloride. 

Results and discussion 

Our previous reported synthetic pathway to temafloxacin 
was designed to generate a common intermediate having the 
basic ring skeleton with a leaving group at the 7-position, 
such as 11. Displacement at the 7-position with different 
amines would generate many derivatives for biological test- 
ing. A fluorine atom was chosen as the leaving group since 
aromatic fluorine groups are very susceptible to nucleo- 
philic displacement. Unfortunately, the displacements of the 
fluorine atom with 2-rnethylpiperazine did not give a high- 
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Fn a - 'n COCH 
b - F ~ c O O H  - C 

F F F F F F 
5 6 7 

(a) CH3COCl/A1C13; (b) NaOCI/NaOH; HCl; (c) SOCI,; CHz(COOC2H5)COOH/n-BuLi; HCI; (d) CH(OC,H,)3/Ac,0; o,p-difluoroan- 
iline; (e) NaH/THF; (f) H+ 

yield reaction. To avoid this low-yield reaction, as well as 
the other manufacturing problems mentioned above, we in- 
vestigated a synthetic route that required an intermediate 
which could allow for addition of the C-7 amino group prior 
to the formation of the bicyclic nucleus. The 2,4,5-trifluo- 
roacetophenone 6 was chosen as the appropriate intermedi- 
ate since it is readily available. 

Displacement of the C-4 fluoro moiety of 6 with 2-meth- 
ylpiperazine in pyridine in the presence of excess triethyl- 
amine followed by precipitation with hydrochloric acid 
yielded the 2,5-difluoro-4-(3-methylpiperazin-l-y1)acetophe- 
none hydrochloride (12) in 92% yield. The fluoro groups at 
C-2 or C-4 of 6 are both activated by the electron-with- 
drawing character of the carbonyl group and could be re- 
placed by an appropriate amine. However, the displacement 
reaction proceeded regioselectively to give the desired key 
intermediate 12 as a single product. The signal of the criti- 
cal acetyl proton in the 'H NMR of 12 in DMSO-d, was ob- 
scured by the solvent peak. Since 12 is not soluble in CDCl,, 
a small amount was converted to the free base by neutral- 
ization for detailed NMR analysis. The 'H NMR spectrum 
of 2,5-difluoro-4-(3-methy lpiperazin- 1 -yl)acetophenone in 
CDCl, shows a doublet at 6 2.57 (JH-, = 5 Hz) (corre- 

sponding to the acetyl group), due to the long-range coupling' 
with the ortho fluorine atom on the benzene ring. Hence, the 
site of the displacement was assigned as position 4. Addi- 
tional confirmation of this assignment was provided by the 
conversion of 12 to temafloxacin hydrochloride by the syn- 
thetic route outlined in Scheme 2. 

Protection of the secondary amino group as a tert-bu- 
toxycarbonyl group was achieved by reaction of 12 with 
di-tert-butyl dicarbonate in methylene dichloride in the 
presence of hiethylamine, yielding 13 (mp 100-102"C, 87%). 
Condensation of 2,5-difluoro-4-(3-methyl-4-tert-butoxy- 
carbonylpiperazin-I-y1)acetophenone (13) with two molar 
equivalents of sodium hydride in diethylcarbonate in the 
presence of a catalytic amount of ethanol yielded the ethyl 
2,5-difluoro- 4 -(3-methy l- 4 -tert-butoxycarbonylpiperazin- 1 - 
y1)benzoylacetate (14) (mp 105-108"C, 63%), which ex- 
isted in both keto and en01 forms in approximately 2: 1 ratio. 
Its 'H NMR spectrum showed the presence of a doublet at 
6 2.91 (JH-, = 4 Hz) corresponding to the two keto meth- 
ylene protons and a singlet at 6 5.81 corresponding to the en01 

'~ong-range coupling was observed with 2,4,6-trifluoroaceto- 
phenone (9). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CHU ET AL.: I 

(a) 2-Methylpiperazine/pyridine/TEA; (b) Di-tert-butyl dicarbonate/TEA/CH2C12; (c) NaH/CO(OC2H5)2/cat. C2H50H; (d) 1. CH(OC2H5),/ 
Ac,O; 2. o,p-difluoroaniline/CH2C12; (e) NaH/THF; (f) 6 N HC1 

olefinic proton. The ratio of intensities of these two signals 
was about 4 :  1. The long-range coupling with the ortho flu- 
orine atom on the benzene ring observed for the methylene 
protons of the ketoester moiety3 further confirmed our as- 
signment of the substitution at position 4.  Reaction of the 
ketoester (14) with triethylorthoformate in acetic anhydride 
gave the one-carbon homolog en01 ether intermediate, which, 
upon evaporation of solvent, was allowed to react with a 
slight excess of 2,4-difluoroaniline in methylene chloride at 
room temperature to give ethyl 3-(2,4-difluoroanilin0)-2-[2,5- 
difluoro- 4 -(3-methyl- 4 -tert - butoxycarbonylpiperazin- 
1-y1)lbenzoylacrylate (15). Without purification, 15 was 
converted to ethyl 7-(3-methyl-4-tert-butoxycarbonylpiper- 
azin-1-yl) - 6-fluoro- 1-(2,4-difluoropheny1)- 1,4 - dihydro -4- 
oxoquinoline-3-carboxylate (16) (mp 120-123"C, 72%) upon 
treatment with 1 molar equivalent of sodium hydride in re- 

fluxing tetrahydrofuran. Hydrolysis of 16  with 6 N hydro- 
chloric acid yielded temafloxacin hydrochloride (4) in 98% 
yield. The structure of 4 was confirmed by direct compari- 
son with authentic samples prepared by reported methods (9, 
11). 

In summary, we have developed an alternative synthesis 
of temafloxacin hydrochloride with an overall yield of 35.6% 
compared to 20.8% with the reported synthesis. The re- 
quirement for low-temperature reactions was also avoided. 
The key features for this synthesis are the use of easily ac- 
cessible 2,4,5-trifluoroacetophenone as starting material and 
the regiospecific displacement of the 4-fluoro of the above 
acetophenone with 2-methylpiperazine to produce key in- 
termediate 1 2  in high yield. 

Experimental 
Unless otherwise noted, materials were obtained from commer- 

3~imilar long-range couplings were reported for ethyl 2,3,4,5,6- cial suppliers and used without further purification. Melting points 
pentafluorobenzoylacetate (10a) and for ethyl 2,3,5-trifluoro-4-(4- were taken in a Thomas-Hoover capillary apparatus and was un- 
methyl- 1 -piperazinyl)benzoylacetate (lob). corrected. NMR spectra were determined on a General Electric 
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GN-300 spectrometer operating at 300.1 MHz. Chemical shifts are 
expressed in ppm downfield from internal tetramethylsilane. Sig- 
nificant 'H NMR data are tabulated in the order: multiplicity (s, 
singlet; d, doublet; t, triplet; q ,  quartet; m, multiplet; b, broad; dd, 
double doublet), coupling constants, number of protons, and des- 
ignation. The IR spectra were recorded on a Perkin-Elmer model 
710A infrared spectrometer. Mass spectra were obtained with a 
Hewlett-Packard 5985A mass spectrometer or a Kratos MS-50 
instrument with El source (70 eV). The IR, NMR, and mass spec- 
tral data of all compounds were consistent with the assigned struc- 
tures. Solutions were dried over magnesium sulfate. E. Merck silica 
(230-400 mesh) obtained from VWR Scientific was used for col- 
umn chromatography, and yields of the reactions were not opti- 
mized. Elemental analyses were performed by the Abbott analytical 
department and IR, NMR, and mass spectra were recorded by the 
Abbott structural chemistry department. 

2,5-D1jlicor0-4-(3-meth~~lpipernzin-l -yl)acetophenot~e 
hydrochloride (12) 

To a stirring solution of 2,4,5-trifluoroacetophsnone (6) (8.7 g, 
50 mmol) in pyridine (25 mL) and triethylamine (21 mL) was added 
2-methylpiperazine (5.5 g, 55 mmol). After 2 days, the mixture was 
concentrated to an orange solid, which was dissolved in water 
(150 mL). Concentrated hydrochloric acid was added until the 

. . mixture became acidic, yielding a precipitate. The solid was col- 
lected by filtration and washed with small amounts of water, 
ethanol, and ether. The filtrate was basified with dilute sodium 
hydroxide solution and extracted with ethyl acetate, and dried and 
concentrated to give a red oil. 1 N Hydrochloric acid was added and 
the solid was collected as above. The combined solid was dried to 
yield 12 (mp >250°C, 13.4 g ,  92%). IR (KBr): 1660 cm-' (CO). 

I 'H NMR (DMSO-d6)6: 1.39 (d, J = 6.5 Hz, 3H, CH,), 2.53 (d, 
JH-, = 4.8 Hz, 3H, COCH,: this signal is partly covered by sol- 
vent peak), 3.14 (m, 4H, NCHJ 3.40 (m, 1 H, NCH), 3.68 (m, 2H, 
NCH,), 7.08 (dd, IH, aromatic H), 7.54 (dd, lH,  aromatic H), 9.45 
(bs, lH, NH). Anal. calcd. for C,,H1,CIF2N20: C 53.71, H 5.89, 
N 9.64; found: C 53.48, H 5.77, N 9.50. 

i A small amount of 12 was shaken with dilute sodium hydroxide 
I 
I solution and extracted with methylene chloride to yield the free 

1 amine of 12. mp 8 6 4 9 ° C .  'H NMR (CDCI,) 6: 1.12 (d, J = 

I 6.5 Hz, 3H, CH,), 1.74 (bs, 1 H, NH), 2.47 (m, lH,  NCH,), 2.57 
I (d, JH-F = 5 HZ, 3H, COCH,), 2.83 (m, lH,  NCH,), 3.04 (m, 3H, 

1 NCH, and NCH), 6.56 (dd, 1 H, aromatic H), 7.55 (dd, lH,  aro- 
matic H). Anal. calcd. for C,,HI6F2N20 . 1 /5 H20: C 60.56, H 6.29, 
N 10.87; found: C 60.76, H 6.29, N 10.76. 

. . 
2,5-D1jluoro-4-(3-methyl-4-tert-buto~~carb0ny1pipernzi71-1- 

y1)ncetophenone (13) 
To a suspension of 12  (12.45 g, 42.9 mmol) in methylene chlo- 

ride (100 mL) in an ice bath was added triethylamine (18 mL, 
129 mmol). After the addition of di-tert-butyl dicarbonate, the ice 
bath was removed and the reaction was allowed to warm up slowly 
to room temperature. After 3 h, the mixture was washed with 1 M 
H3P04, saturated NaHCO,, and brine solution in sequence. The 
organic solvent was dried and concentrated. The residue was crys- 
tallized from hexane, yielding 13 (13.18 g, 87%), mp 100-102°C. 
IR (CDCI,): 1620, 1680 cm-' (CO). 'H NMR (CDCI,) 6: 1.3 1 (d, 
J = 6.5 HZ, 3H, CH,), 1.50 (s, 9H, C(CH3),), 2.58 (d, JH_, = 
4.8 Hz, 3H, COCH,), 2.55 (m, lH,  NCH,), 2.99 (m, lH,  NCH,), 
3.27 (m, 1 H ,  NCH,), 3.45 (m, 2H, NCH,), 3.96 (m, 2H, NCH,), 
4.34 (m, IH, NCH), 6.53 (dd, IH, aromatic H), 7.57 (dd, l H ,  
aromatic H). Anal. calcd. for C18H24F2N203: C 61.00, H 6.83, N 
7.90; found: C 60.97, H 6.82, N 7.87. 

2,5-D1~uoro-4-(3-methyl-4-tert-butoxy~arb0ny1piperazi11-1- 
y1)benzoylncetate (14) 

To a solution of 13 (3.6 g,  10.17 mmol) in diethyl carbonate 
(50 mL) was added sodium hydride (60% in oil suspension) 
(0.853 g, 21.3 mmol) at room temperature under nitrogen atmo- 
sphere. The temperature was raised to 80°C and 1 drop of ethanol 
was added. After 1 h, the mixture was cooled and acetic acid 

(2 mL) was added. It was concentrated to a red oily residue, which 
was partitioned between ether and water. The organic layer was 
separated and dried and concentrated. Flash chromatography of the 
residue (200 g silica, 1 : 7  ethyl acetate/hexane as eluent) yielded 
14 (2.72 g, 63%). This oil solidified after standing a few days, mp 
105-108°C. IR (thin film): 1620, 1695, 1740 cm-' (CO). 'H NMR 
(CDCI,) 6: 1.27 and 1.33 (each t, J = 7 Hz, 3H, ethyl CH,), 1.30 
(d, J = 6.5 Hz, CH,), 1.48 (s, 9H, C(CH,),), 2.91 (m, 2H, NCH,), 
3.26 (m, 1 H, NCH2), 3.42 (m, 2H, NCH,), 3.9 1 (d, JH-, = 4 HZ, 
2H x 2/3, COCH,COO), 3.96 (m, lH,  NCH,), 4.21 (q, J = 
7 Hz, 2H x 2/3, ethyl CH,), 4.21 (q, J = 7 HZ, 2H x 1/3, ethyl 
CHI), 4.33 (m, IH, NCH), 5.81 (s, 1H x 1/3, vinyl H), 6.51 (dd, 
1H x 2/3, aromatic H), 6.57 (dd, 1H x 1/3, aromatic H), 7.54 
(dd, 1H x 1/3, aromatic H), 7.61 (dd, 1H X 2/3, aromatic H), 
12.72 (s, 1H X 1 /3, en01 OH). Anal. calcd. for C21H28F2N205: C 
59.14, H 6.62, N 6.57; found: C 59.43, H 6.69, N 6.55. 

Ethyl 7-(3-t~~ethyl-4-tert-butox~~carbonylpipernzin-l-yl)-6-fluoro- 
1 -(2,4-rlifluoropheny1)-I ,4-dihydro-4-oxoquinolitze-3- 
cnrboxylate (16) 

A mixture of 14 (1 g, 2.3 mmol), acetic anhydride (0.96 g, 
9.4 mmol), and triethylorthoformate (0.7 g, 4 .7 mmol) was heated 
at 110°C for 2 h with the removal of the ethyl acetate formed dur- 
ing the reaction. The mixture was evaporated under reduced pres- 
sure to an oil, which was then dissolved in methylene chloride 
(25 mL). 2,4-Difluoroaniline (0.33 g, 2.6 mmol) in methylene 
chloride (5 mL) was then added to the solution. After 1.5 h, the 
solution was evaporated to dryness. The residue was dissolved in 
ether and washed with 1 N acetic acid to remove excess difluo- 
roaniline and then water. The organic layer was dried and concen- 
trated. A small amount of this residue was purified by flash 
chromatography on silica (using 5% ethyl acetate in methylene 
chloride as eluent) to yield pure 15. The remaining residue was 
dissolved in tetrahydrofuran. To this cold solution was slowly added 
a 60% sodium hydride-in-oil suspension (0.105 g, 2.6 rnmol). The 
mixture was heated at reflux for 2 h under nitrogen atmosphere and 
was cooled. A few drops of acetic acid were added. The mixture 
was concentrated. The residue was dissolved in methylene chlo- 
ride and washed with water and dried. Upon evaporation of the 
solvent to dryness, the residue was purified by column chroma- 
tography on silica using 3% methanol in methylene chloride as 
eluent, yielding 16 (0.92 g, 72% from 14), mp 120-123°C. IR 
(KBr): 1625, 1725 cm-' (CO). 'H NMR (CDCI,) 6: 1.29 (d, J = 
6.5 Hz, 3H, CH,), 1.39 (t, J = 7 Hz, 3H, ethyl CH,), 1.45 (s, 9H, 
C(CH,),), 2.63 (m, 1 H, NCH,), 2.8 1 (m, 1 H, NCH,), 3.24 (m, 3H, 
NCH2), 3.91 (m, lH,  NCH,), 4.30 (m, IH, NCH), 4.38 (q, J = 
7 Hz, 2H, ethyl CH,), 4.30 (m, lH, NCH), 4.38 (q, J = 7 Hz, 2H, 
ethyl CH,), 6.11 (d, JH_, = 7 Hz, IH, C8-H), 7.17 (m, 2H, aro- 
matic H), 7.5 1 (m, lH,  aromatic H), 8.08 (d, JH-F  = 13 HZ, IH, 
C5-H), 8.3 1 (s, 1 H, olefinic H). Anal. calcd. for C28H30F3N305: C 
61.64, H 5.54, N 7.70; found: C 61.48, H 5.52, N 7.62. 

Difluoroanilitzobenzoylacrylate (15): IR (CDCl,): 1625, 1675, 
1685 cm-' (CO). 'H NMR (CDCl,), 2 sets of signals, 6: 1 .04, 1.15 
(each t, J = 7 Hz, 3H, ethyl CH,), 1.33, 1.34 (each d ,  J = 
6.5 Hz, 3H, CH,), 1.49 (s, 9H, C(CH,),), 2.80 (m, lH,  NCH,), 
2.92 (m, IH,  NCH,), 3.25 (m, IH, NCH,), 3.38 (m, 2H, NCH,), 
3.96 (m, IH, NCH,), 4.14,4.15 (each q, J = 7 Hz, 2H, ethyl CH,), 
4.84 (m, 1 H,  NCH), 6.49 (m, 1 H, aromatic H), 6.96 (m, 2H, ar- 
omatic H), 7.34 (m, IH, aromatic H), 8.25, 8.43 (each d ,  JH-, = 
13 Hz, IH, aromatic H), 10.90, 12.30 (each bd, J = 13 Hz, IH, 
NH). Anal. calcd. for C,,H3,F4N305: C 59.46, H 5.52, N 7.43; 
found: C 59.28, H 5.79, N 7.24. 

Temafloxacin hydrochloride (4) 
To a solution of 16 (0.26 g, 0.47 mmol) in acetic acid (I  mL) 

at 100°C under nitrogen atmosphere added 6 N HCI (10 mL). The 
mixture was heated at 100°C for 2.5 h. It was concentrated. The 
residue was crystallized from ethanol-water to yield temafloxacin 
hydrochloride (4) (0.212 g, 98%), mp > 300°C. IR (KBr): 1625, 
1725 cm-' (CO). 'H NMR (DMSO-d,) 6: 1.26 (d, J = 7 Hz, 3H, 
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CH,), 2.95 (m, lH ,  NCH), 3.11 (m, 2H, NCHJ, 3.48 (m, 2H, 
2 NCH2), 6.41 (d, JH-F = 7 HZ, 1 H, C8-H), 7.46 (m, IH,  aro- 
matic H), 7.75 (m, lH ,  aromatic H), 7.95 (m, lH,  aromatic H), 
8.04 (d, JH-F = 12 HZ, IH, CS-H), 9.52 (bs, lH ,  NH), 14.87 (bs, 
IH, OH). Anal. calcd. for C2,H,,C1F3N3O3 . 1 /2 H1O: C 54.49, H 
4.36, N, 9.08; found: C 54.64, H 4.25, N 9.03. 4 is identical in 
TLC and HPLC to the authentic samples prepared by the reported 
method. 
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DANIEL T. W. CHU, AKIYO K. CLAIBORNE, JACOB J. CLEMENT, and JACOB J. PLATTNER. Can. J. Chem. 70, 1328 (1992). 
A series of quinoline and naphthyridine antibacterial agents possessing an acyclic or cyclic gem-disubstituted piper- 

azine substituent at the C-7 position have been prepared and evaluated in vitro and in vivo for antibacterial activity against 
a variety of Gram-positive and Gram-negative organisms. They are, however, not as active as quinolones or naphthyr- 
idines with a monosubstituted piperazine substituent at C-7. The chemical synthesis of these derivatives is also de- 
scribed. 

DANIEL T. W. CHU, AKIYO K.  CLAIBORNE, JACOB J .  CLEMENT et JACOB J. PLATTNER. Can. J. Chem. 70, 1328 (1992). 
On a prepark un sCrie d'agents antibactkriens dCrivts de quinolkines et de naphtyndines portant comme substituant en 

position C-7 une pipkrazine gem-disubstituke sur la portion aliphatique ou cyclique; on a CvaluC leur activite anti- 
bactkrienne in vitro et in vivo contre une variCt6 d'organismes Gram-positifs et Gram-negatifs. Ils ne sont toutefois pas 
aussi actifs que les quinolones ou les naphtyridines portant une piperazine monosubstituCe en pos~tion C-7. On dCcrit 
aussi la synthkse chimique de ces dCrivCs. 

[Traduit par la rCdaction] 

Introduction We have svnthesized both enantiomers of temafloxacin. 

Since the introduction of nalidixic acid 1 (1) into clinical 
practice in 1963, a large number of related analogs have been 
synthesized. Recently, several highly potent broad-spec- 
trum antibacterial agents of this class have been made. All 
of them possess a 1 -substituted- l,4-dihydro-4-0x0-pyri- 
dine-3-carboxylic acid moiety and a fluorine atom at the C-6 
position and are collectively known as quinolones. These 
agents include norfloxacin 2 (2), temafloxacin 3 (3), cipro- 
floxacin 4 (4), lomefloxacin 5 ( 3 ,  fleroxacin 6 (6), ofloxa- 
cin 7 (7), and tosufloxacin 8 (8). They have been shown to 
inhibit DNA gyrase (9, 10). Chirality in the quinolone mol- 
ecule may have a great impact on the biological activity. The 
S enantiomer of ofloxacin 9 (1 1, 12) and S-25930 10  (13) 

1 were recently reported to possess greater biological activi- 
ties (10- to 100-fold) than their antipodes. The enantiomers 
of the 3-ethylaminomethylpyrrolidin-1-yl derivative 11,  
however, were reported to have similar biological activity 
(14). 

Recently, it has been shown that coadministration of en- 
oxacin and theophylline to rats causes an increase of elimi- 
nation half-life of theophylline, leading to an increase in its 
plasma concentration (15). This results in increased theoph- 
ylline-related adverse reactions such as headache, nausea, 
and tachycardia. It is suggested that enoxacin competitively 
inhibits the binding of theophylline to cytochrome P-448 (15). 
The coplanarity between the C-7 piperazinyl group and the 
naphthyridine nucleus of enoxacin may be a possible expla- 
nation for this interaction. To avoid this undesirable inter- 
action with theophylline, it is highly desirable to produce a 
potent quinoline with a bulky substituent on the piperazine 
of the C-7 substituent so that the coplanarity between the C-7 
substituent and the quinolone nucleus can be avoided by steric 
interaction. 

'A preliminary account of this work was presented at the 30th 
Interscience Conference on Antimicrobial Agents and Chemother- 
apy, October, 1990, Atlanta; Abstr No. 394. 

' ~ u t h o r  to whom correspondence may be addressed. 

They were found to possess identical antibacterial activities 
(16), suggesting that there may be a large pocket at the en- 
zymatic site that allows a substituent at both the a and 
position of the C-3 of the piperazin-1-yl group. As a con- 
tinuation of our search for a potent quinolone without in- 
teraction with theophylline, we synthesized a series of 
1-substituted- 6 -fluoro- 1 -(3-gem-disubstituted-piperazin-1 -yl)- 
1,4-dihydro-4-oxoquinoline-3-carboxylic acids (or naph- 
thyridine analogs) 12  for biological evaluation. In addition 
to gem-dimethyl substitution, these derivatives also in- 
cluded a 3-spirocyclopropane ring since substitution at N-1 
of the quinoline ring with cyclopropyl group has been shown 
to dramatically increase in in vitro potency (17). 

Chemistry 
The synthesis of the desired 1-substituted-6-fluoro-743- 

gem-disubstituted-piperazin- 1 -yl)- l,4-dihydro-4-oxoquino- 
line-3-carboxylic acids and their corresponding naphthyri- 
dine derivatives 12  (a-j) (Tables 1-3) is outlined in Scheme 
1. They were prepared by displacement of the 7-halo of 
the known ethyl 1-substituted 6,7,8-trifluoro- l,4-dihydro- 
4-oxoquinoline-3-carboxylate, ethyl 1-substituted-6,7-di- 
fluoro- l,4-dihydro-4-oxoquinoline-3-carboxylate, or ethyl 
1 - substituted - 6 -fluoro- 7 -chloro- l , 4  -dihydro - 4  -oxo- l ,8-  
naphthyridine-3-carboxylate (14) with the appropriate 2-spiro- 
substituted piperazine (130,b) followed by acid hydrolysis. 
The gem-dimethyl derivatives were prepared by direct 
displacement of the 7-halo of the quinoline or  naphthyri- 
dine-3-carboxylic acid derivatives (16) with 2,2-dimethyl- 
piperazine (13c). 

The requisite 6,9-diazaspiro[4,5]decane (13a) was pre- 
pared by the reaction sequence outlined in Scheme 2. Ester- 
ification of 1-amino-1-cyclopentanecarboxylic acid (17) with 
thionyl chloride in ethanol yielded the a amino acid ethyl 
ester hydrochloride (18). Condensation of 18 with carbo- 
benzyloxyglycyl-0-succinimide in the presence of sodium 
bicarbonate gave the protected dipeptide (19). Removal of 
the protecting group by hydrogenoiysis provided the free 
amino derivative, which cyclized to yield the diketopiper- 
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azine derivative (20). Borane-THF reduction of 20 gave the 
desired 6,9-diazaspiro[4,5]decane (13a). 

The above synthetic methodology was not regioselective 
for the synthesis of the 4,7-diazaspiro[2,5]octane (13b). The 
key intermediate (23) not only provided the desired diketo- 
piperazine 24 but also gave a substantial amount of the 
homoketopiperazine by-product 25 as illustrated in Scheme 
3. It could be reasonable that displacement of the ethoxy 

group by the free amino group in 23 provided 24. However, 
because of the presence of the ester function attached to the 
cyclopropane ring, the free amino group could also attack the 
carbon atom on the cyclopropane, generating a ring-opened 
product. To avoid this undesired ring opening, the previous 
reaction sequence was reversed. The desired 4,7-diazas- 
piro[2,5]octane (13h) was prepared by a route shown in 
Scheme 4.  

N-Protection of the 1 -amino- 1 -cyclopropane carboxylic 
acid 21 with carbobenzyloxy-0-succinimide in the presence 
of sodium bicarbonate in THF gave the protected acid 26. 
Activation of the carboxylic acid function of 26 with dicy- 
clohexylcarbodiimide and N-hydroxyl-0-succinimide gave 
the 0-succinimide derivative 27. Treatment of 27 with ethyl 
glycine yielded the protected dipeptide 28. Removal of the 
N-protecting group by hydrogenolysis yielded the free amino 
derivative 29. Cyclization of 29 with DBU in refluxing tol- 
uene gave the desired diketopiperazine 24. No ring opening 
by product was isolated. Borane-THF reduction of 24 pro- 
vided the desired 4,7-diazaspiro[2,5]octane (136). 

The 2,2-dimethylpiperazine (13c) was prepared by the 
same reaction sequence as the preparation of 6,9-diazas- 
piro[4,5]decane (13a) but using 3-amino-2-methylpropa- 
noic acid instead of 1 -amino- 1 -cyclopentanecarboxylic acid. 

Results and discussion 

Tables 4-6 summarize the in vitro antibacterial activity 
activity of the 7-gem-disubstituted piperazinyl quinolone 

derivatives (12a-j) against ten Gram-positive bacteria 
(Staphylococcus aureus ATCC6538P, Staphylococcus au- 
reus A5 177, Staphylococcus aureus 642A, Staphylococcus 
aureus NCTC10649, Staphylococcus nureus CMX5.53, 
Staphylococcus epidertniciis 35 19, Etzterococcus faeciurn 
ATCC 8043, Streptococcus hovis A5 169, Stt-eptococcus 
agalactiae CMX508, Streptococcus pyogenes EES61), and 
seven Gram-negative organisms (Escherichia coli Juhl, En- 
terobacter aerogetzes ATCC 13048, Klebsiella ptzeutnoniae 
ATCC8045, Pseudomonas aeruginosa BMH 10, Pseudo- 
tnonas aeruginosa A5007, Pse~~dornotzas aeruginosa K799/ 
61, Acinetohacter sp. CMX669). The in vitro antibacterial 
activities are reported as minimum inhibitory concentration 
(MIC) in p,g/mL determined by conventional agar dilution 
procedure. The data for ciprofloxacin (Cipro), a clinically 
useful antibacterial agent, are included for comparison. 

The antibacterial activity for these compounds indicated 
that the 7-(4,7-diazaspiro[2,5]octan-7-y1)-quinolones and 
naphthyridines were more active than 7-(3,3-dimethylpi- 
perazin-1-y1)-quinolones and naphthyridine derivatives, 
which were more active than 7-(6,9-diazaspiro[4,5]decan-9- 
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TABLE 1. Chemical structures for compound 12 (a-d) TABLE 3. Chemical structures for compound 12 (h-j) 

Compound X R HZ 

n CH A HC1 

b CF A HCI 

HCI 

TABLE 2. Chemical structures for compound 12 (e-g) 

- 

Compound X R HZ 

yl)-quinolones and naphthyridine derivatives. Although both 
enantiomers of temafloxacin were reported to possess iden- 
tical antibacterial activity, the presence of two bulky sub- 
stituents at C-3 of the piperazin-1-yl group reduced the 
antibacterial activity as did the 6,9-diazaspiro[4,5]decan-9- 
yl substituent. In general, the 1-substituted-6-fluoro-7-(4, 
7-diazaspir0[2,5]octan-7-y1)-1,4 - dihydro-4-oxoquinoline - 3- 
carboxylic acids and naphthyridine derivatives were more 
active against Gram-positive organisms than Gram-nega- 
tive organisms. This is in contrast to traditional quinolones, 
which are more active against Gram-negative organisms. The 
4,7-diazaspiro[2,5]octan-7-yl derivative 12b was the most 
active compound in this series and was found to be more 
active than ciprofloxacin against Gram-positive bacteria and 
slightly less active against Gram-negative bacteria. 

Compound X R 

T o  determine in vivo efficacy, several of these com- 
pounds were evaluated in mouse protection tests. Cipro- 
floxacin (Cipro) was used as a standard. The compounds were 
administered either orally (po) or subcutaneously (sc) with 
a specific amount of the test compound divided equally, to 
be administered 1 and 5 h after the injection. The potency is 
given in ED,, values, which are expressed as a total dose of 
the compound in mg/kg required to protect 50% of mice 
challenged intraperitoneally with the organism indicated. The 
results against Staphylococcus aureus and E. coli systemic 
infections are shown in Table 7. With the exception of 12b,  
all the compounds tested were inferior to ciprofloxacin. 12b 
possessed potency similar to ciprofloxacin against S .  uu- 
reus infection in the mouse protection test. 

In summary, we have synthesized a series of gem-disub- 
stituted piperazin-I-yl quinolone derivatives with good an- 
tibacterial activity. However, they were found to be 
somewhat inferior to ciprofloxacin, which is currently used 
clinically as a broad spectrum antibacterial agent. This new 
series provided better anti-Gram-positive activity than anti- 
Gram-negative activity, an observation contrary to classical 
quinolone SAR. 

Experimental 

Unless otherwise noted, materials were obtained from commer- 
cia1 suppliers and used without further purification. Melting points 
were taken in a Thomas-Hoover capillary apparatus and were 
uncorrected. NMR spectra were determined on a General Electric 
GN-300 spectrometer operating at 300.1 MHz. Chemical shifts are 
expressed in ppm downfield from internal tetramethylsilane. Sig- 
nificant 'H NMR data are tabulated in the order: multiplicity (s, 
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; dd, double 
doublet; b, broad), coupling constants(s), number of protons, and 
designation. The IR spectra were recorded on a Perkin-Elmer model 
7 10A infrared spectrometer. Mass spectra were obtained with a 
Hewlett-Packard 5985A mass spectrometer or a Kratos MS-50 
instrument with El source (70 eV). The IR, NMR, and mass spec- 
tral data of all compounds were consistent with the assigned struc- 
tures. Solutions were dried over magnesium sulfate. E. Merck silica 
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I COOEt - 
I R2 I 

H R 
I 

13a, b, c 14 R2 

acid / 

NHCOCH2NHCOOCH2C6H5 

17 18 19 

H H 

C - 
H H 

20 13a 

(a) C2H,OH/SOCI2; (b) Cbz-glycyl-0-succinimide/NaHC03; (c) H2; lO%Pd/C; (d) borane-THF/HCl 

SCHEME 2 

gel (230-400 mesh) obtained from VWR Scientific was used for distilled water to the desired volume. The median lethal dose of the 
column chromatography, and yields of the reactions were not op- test organisms was determined as follows. 
timized. Elemental analyses were performed by the Abbott ana- After 18 h of incubation, the cultures of test organism in BHI 
lytical department and IR, NMR, and mass spectra were recorded broth were serially diluted by using 10-fold dilutions in 5% (w/v) 
by the Abbott structural chemistry department. hog gastric mucin. Cultures (0.5 mL), dilution from lo- '  to lo-', 

were injected intraperitoneally into mice. The LD,, for the test or- 
In vitro atltibacterial activity ganism was calculated from cumulative mortalities on the sixth day 

The in vitro antibacterial activity of the test compounds was tested by ,sing the ~~~d and ~~~~~h procedure (1 8). 
in a side-by-side comparison with temafloxacin and determined by After 18 h, cultures of the above were diluted in 5% (w/v) hog 
conventional agar dilution procedures. The organisms were grown gastric mucin to obtain 100 times the LD,,, and 0.5 was in- 
overnight in brain-heart infusion (BHI) broth (Difco 0037-01-6) jected intraperitoneally into mice, -rhe mice were treated subcu- 
at 3 6 " ~ .  ~ w o f o l d  dilutions of the stock solution (2000 Pg/mL) of taneously (sc) or orally (po) with a specific amount of the test 
the test compound were made in BHI agar to obtain test concen- compound divided equally to be administered 1 and 5 h after in- 
trations ranging from 200 to 0.005 p g / m ~ .  They were then incu- jection. A group of 10 animals each for at least three dose levels 
bated at 36°C for 18 h. The minimal inhibitory concentration (MIC) was thus treated, and the deaths were recorded daily for 6 days, Ten 
was the lowest concentration of the test c o m ~ u n d  that yielded no ,ice were left ,,,,treated as infection control, ED,, values were 
visible growth on the plate. calculated from the cumulative mortalities on the sixth day after 

infection by using the trimmed version of the logit method (19). 
In vivo antibacterial activity 

The In vivo antibacterial activity of the test compounds was de- 
termined in CF-I female mice weighing approximately 20 g. I-Amit~o-I-ethox~~carbo1~ylcyclopet1t~t1e hydrochloride (18) 
Aqueous solutions of the test compounds were made by dissolv- To a stirred mixture of 1-amino-1-cyclopentanecarboxylic acid 
ing the hydrochloride salt in distilled water and diluting it with (50 g, 387 mmol) in absolute ethanol (600 mL) at O°C was added, 
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NH2. HCI NHCOCH2NHCOOCH2C6H5 -D< - COOH COOC2H5 

21 22 

24 13b 

(a) Cbz-0-succinimide/NaHC03; THF; (b) N-hydroxysuccinimide/DCC; THF; (c) ethyl glycine hydrochloride/NaHC03; THF-H20; (d) 
Hz; lO%Pd/C; EtOAc; (e) DBU/toluene, heat; (f) borane-THF/HCl 

dropwise, thionyl chloride (85 mL, 1.16 mol). The ice bath was C6H,,CIN02: C 42.99, H 8.36, N 8.36; found: C 42.92, H 8.61, 
removed, and the mixture was heated at reflux for 4 h and concen- N 8.31. 
trated In vacuo to give a white solid, which was crystallized from 
ether-ethanol yielding 18 (62 4 g, 83%), mp 232°C. IR (KBr). 1740 
(CO) cm-'.  'H NMR (DMSO-d6) 6: 1.24 (t, J = 7 Hz, 3H, ethyl 
CH,), 1.72 (m, 2H, CH?), 1.88 (m, 2H, CH2), I .97 (m, 2H, CHZ), 
2.10 (m,  2H, CH2), 4.21 (q, J = 7 Hz, 2H, ethyl CHI), 8.80 (bs, 
3H, NH,CI). Anal. calcd. for C8H,,CIN02: C 49.61, H 8.33, N 
7.23; found: C 49.75, H 8.49, N 7 22. 

By use of this procedure, 2-amino-2-methylpropanoic acid gave 
ethyl 2-amino-2-methylpropanoate hydrochloride in 97% yield, mp 
159°C. IR (KBr): 1742 (CO) cm- ' .  'H NMR (DMSO-(I(,) 6: 1.24 
(t, J = 7 Hz, 3H, ethyl CH,), 1.47 (s, 6H, CH,x2), 4.21 (q, J = 

7 Hz, 2H, ethyl CH?), 8.70 (bs, 3H, NH,. HC1). Anal. calcd. for 

I -N -Ctrr-bobetz~ylosyglyc~I~~tt~ir~o-1 -ethoxj~c~~rborzyylcj~cIopentme 
(19) 

A solution of carbobenzyloxyglycine succinimido ester (19.4 g, 
63 mmol) in THF (150 mL) was added dropwise to a solution 
of 1 -amino- l -ethoxycarbonylcyclopentane hydrochloride (18) 
(1 1.6 h, 60 inmol) and sodium bicarbonate (15.1 g, 180 mmol) in 
water (200 mL) at 0°C. After the addition, the reaction was al- 
lowed to warm up to room temperature and was stirred for 16 h. 
The solvent was removed under reduced pressure and the residue 
was taken up in methylene chloride (350 mL) and washed twice 
with water. The organic portion was separated and dried. Re- 
moval of the solvent yielded 17.6 g (88%) of 19, mp 99°C. IR 
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TABLE 4. In vitro activity of quinolones 12 (a -d )  

0 

'& Hg R I 'HZ 

Organism 

Staph. nureus ATCC6538P 
Staph. nureus A5 177 
Stciph. nur-eus 642A 
Staph. aureus NCTC 10649 
Staph. nureus CMX553 
Staph. epidermidis 35 1 9 
Enter. fc~ecium ATCC 8043 
Strep. bovis A5 169 
Strep. ngalactiae CMX508 
Strep. pyogerzes EES6 1 
Escherichin coli Juhl 
Enter. aerogerzes ATCC 13048 
Kleb. pneutnoniae ATCC8045 
Pseudo. nerugirlosn BMH 10 
Pseudo. nerc.tgitzosa A5007 
Pseudo. neruginosci K799/6 1 
Acirzetobncter sp. CMX669 

Cipro 

0.2 
0.39 
0.39 
0.39 
0.78 
0.39 
0.39 
1.56 
0.78 
0.78 
0.01 
0.05 
0.02 
0.1 
0.1 
0.02 
0.39 

TABLE 5. In vitro activity of quinolones 12 (e-g)  

0 

Organism 

Staph. nlo-eus ATCC6538P 
Staph. nurelts A5 177 
Staph. nureus 642A 
Staph. aloeus NCTC 10649 
Srr~pph. nureuJ CMX553 
Staph. epidertnidis 35 19 
Enter. faeciutn ATCC8043 
Srrep. bovis A5 169 
Strep. agnlactiae CMX508 
Strzp. pyogenes EES6 1 
Escherichin coli Juhl 
Enter. rrerogetzes ATCC 13048 
Kleb. ptzeurnonine ATCC8045 
P s e ~ ~ d o .  aeruginosn BMH I0 
Pseudo. rrerugirzosa A5007 
Pseudo. neruginosa K799/6 1 
Acinetobncter sp. CMX669 

K Cipro 

0.39 0.2 
0.39 0.39 
0.39 0.39 
0.39 0.39 
0.78 0.78 
0.39 0.39 
3.1 0.39 

12.5 1.56 
3.1 0.78 
3.1 0.78 
0.78 0.01 
1.56 0.05 
0.39 0.02 

12.5 0.1 
12.5 0. I 
0.78 0.02 
1.59 0.39 
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TABLE 6. In vitro activity of quinolones 12 (h- j )  

h Organism I j Cipro 

Staph. aureus ATCC6538P 
Staph. aureus A5 177 
Staph. aureus 642A 
Staph. aureus NCTC 10639 
Staph. aureus CMX553 
Staph. epiderrnidis 35 19 
Enter. faeciurn ATCC8043 
Strep. bovis A5 169 
Strep. agalactiae CMX508 
Strep. pyogenes EES6 1 
Escherichia coli Juhl 
Enter. aerogenes ATCC 13048 
Kleb. pneumoniae ATCC8045 
Pseudo. aeruginosa BMH 10 
Pseudo. aeruginosa A5007 
Pseudo. aeruginosa K799/61 
Acinetobacter sp. CMX669 

TABLE 7. Mouse protection test of selected quinolones 

Test organism ED,, (95% confidence 
(Dose) Compound Route limits) rng/kg 

S. aureus NCTC 10649 12b S C 6.2 (3.7-10.3) 
(100 X LD,,) PO 13.1 (9.7-17.6) 

Cipro SC 1.6 (1.0-3.5) 
PO 15.5 (9.9-24.1) 

E. coli Juhl 126 SC 2.0 (1.3-3.2) 
(100 X LD,,) PO 5.0 (3.2-7.9) 

12c SC 8.0 (5.1-12.7) 
PO 19.7 (8.5-45.9) 

(CDCI,): 1682, 1727 (CO) crn-I. 'H NMR (CDCI,) 6: 1.23 (t, J 
= 7 Hz, 3H, ethyl CH,), 1.76 (rn, 4H, CH2x2),  1.95 (rn, 2H, 
CH2),2.21 (rn, 2H,CH2), 3 . 8 6 ( d , J =  5 H z , 2 H ,  NCHZ),4.13 
(q, J = 7 Hz, 2H, ethyl CH,), 5.13 (s, 2H, OCH,), 5.49 (bs, lH ,  
NH), 6.54 (bs, 1 H, NH), 7.34 (rn, 5H, aromatic H). Anal. calcd. 
for C ,,H2,N2O,: C 62.05, H 6.94, N 8.04; found: C 62.04, H 7.05, 
N 8.12. 

By use of this procedure, reacting ethyl 2-amino-2-methylpro- 
pionate hydrochloride instead of l-arnino-l-ethoxycarbonyl-cy- 
clopentane hydrochloride (18) with carbobenzyloxyglycine 
succinirnido ester, ethyl 2-N-carbobenzyloxyglycylarnino-2-meth- 
ylpropionate was obtained in 89% yield, mp 85°C. IR (CDCl,): 

1682, 1727 ( ~ 0 ) c r n - I .  'H NMR (CDCI,) 6: 1.27 (t, J = 7 Hz, 3H, 
ethyl CH,), 1.56 (s, 6H, CH,X2), 3.85 (d, J = 6Hz, 2H, CH2), 
4.20 (q, J = 7 Hz, 2H, ethyl CH2), 5.14 (s, 2H, benzyl CH,), 5.37 
(bs, lH,  NH), 6.54 (bs, lH, NH), 7.36 (m, 5H, aromatic H). Anal. 
calcd. for C16H22N20s: C 59.63, H 6.83, N 8.70; found: C 59.72, 
H 6.92, N 8.67. 

By use of the above procedure, ethyl l-arnino-l-cyclopropane- 
carboxylate (20) yielded ethyl l-N-carbobenzyloxyglycylarnino-1- 
cyclopropanecarboxylate (22) in 86% yield, rnp 90-91°C. IR 
(CDCl,): 1700, 1730 (CO) crn-I. 'H NMR (CDCl,) 6: 1.14 (rn, 2H, 
CH,), 1.21 (t, J = 7 Hz, 3H, ethyl CH,), 1.56 (rn, 2H, CH,), 3.87 
(d, J = 6 Hz, 2H, NCH2), 4.11 (q, J = 7 Hz, 2H, ethyl CH,), 5.12 
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CHU ET AL.: 2 1335 

(s, 2H, OCH,), 5.58 (bs, 1 H, NH), 6.73 (bs, 1 H, NH), 7.34 (m, was washed with ethanol. The combined solution was filtered 
5H, aromatic H). Anal. calcd. for C16H20N20s: C 59.99, H 6.29, through a 0.45 p,m Nylon filter to remove the residual catalyst. 
N 8.75: found: C 60.06. H 6.28, N 8.74. Concentration of the filtrate to dryness yielded a residue, which was 

6,9-Diaza-7,IO-dioxospiro[4,5]decat1e (20) 
A solution of 19 (17.6 g, 53 mmol) in ethanol (250 mL) was 

hydrogenated at 4 atmospheres (1 atm = 101.3 kPa) of hydrogen 
with 10% palladium on carbon for 18 h. The solution was then fil- 
tered and the residue was washed with ethanol. The combined so- 
lution was filtered through a 0.45 p~ Nylon filter to remove the 
residual catalyst. Concentration of the filtrate to dryness yielded a 
solid, which was crystallized in acetonitrile yielding 6.35 g (71.4%) 
of 20, mp >25S°C. IR (KBr): 1675 (CO) cm-'. 'H NMR (DMSO- 
d,) 6: 1.66 (m, 6H, CH3x2), 2.06 (m, 2H, CH,), 3.74 (d, J = 3 
Hz, 2H, NCH,), 7.93 (bs, lH,  NH), 8.35 (bs, lH,  NH). Anal. 
calcd. for C,HI2N2O2: C 57.13, H 7.19, N 16.66; found C 57.33, 
H 7.36, H 16.78. 

Using similar reaction conditions as above, ethyl 2-N-car- 
bobenzyloxyglycylan~ino-2-methylpropionate produced 2,2-di- 
methyl-3,6-dioxopiperazine in 98% yield, mp 258-261°C. IR 
(KBr): 1680 (CO) cm-'.  'H NMR (DMSO-d6) 6: 1.29 (s, 6H, 
CH3x2), 3.78 (d, J = 2.5 Hz, 2H, CH,), 7.91 (bs, lH, NH), 8.23 
(bs, lH,  NH). Anal. calcd. for C6HION202: C 50.70, H 7.04, N 
19.72; found: C 50.55, H 7.14, N 19.79. 

2,2-Dimethylpipet-azine dihydr-ochloride (13 c) 
2.2-Dimethyl-3,6-dioxopiperazine (15 g, 106 mmol), was sus- 

pended in THF (650 mL). A 433 mL sample of 1 M borane-tetra- 
hydrofuran complex (433 mmol) was then added dropwise to the 
above stining suspension over 1 h. Gas evolution occurred and the 
mixture became nearly homogeneous at the end of the addition. The 
mixture was heated at 60°C for 20 h. It was cooled to room tem- 
perature and 200 rnL of methanol was added over a L h period. Gas 
evolution occurred and the reaction mixture was concentrated to 
dryness. The residue was redissolved in methanol (150 mL), ex- 
cess methanolic HCI solution (500 mL) was added, and the solu- 
tion was refluxed for 2 h. It was cooled and allowed to stand at room 
temperature overnight. The reaction was evaporated to dryness. The 
mixture and added acetonitrile were boiled with stirring for 0.5 h,  
then cooled, and the acetonitrile was decanted off. The residue was 
dissolved in a small amount of hot methanol. Upon cooling, crys- 
tals appeared. After addition of ether, they were filtered inside a 
dry-box and the residue was dried under vacuum yielding 16.5 g 
(84%) 2,2-dimethylpiperazine dihydrochloride (13c). This solid was 
very hygroscopic. Upon exposure to air, it turned watery within 
several seconds. The IR spectrum showed no carbonyl absorption 
signal. 'H NMR (D,O) 6: 1.54 (s, 6H, CH3 X2), 3.42 (s, 2H, CH,), 
3.52 (m, 2H, CHI), 3.60 (m, 2H, CH,). Exact Mass calcd. for 
C6HISN2: 1 15.1235; measured: 1 15.1235. 

By use of this procedure, borane-THF reduction of 6,9-diaza- 
7,lO-dioxospiro[4,5]decane (20) yielded 6,9-diazaspiro[4,5]dec- 
ane dihydrochloride (130) in 99% yield. This compound behaved 
as 13c and was very hygroscopic. The IR spectrum showed no 
carbonyl absorption signal. 'H NMR (DMSO-d,) 6: 1.62 (m, 2H, 
CH?), 1.75 (m, 2H, CH?), 1.90 (m, 2H, CH?), 1.99 (m, 2H, CH2), 
3.28 (bs, 4H, NCH,X2), 3.48 (m, 2H, NCH?), 9.98 (bs, 2H, 
NH X2). Exact Mass calcd. for C8H,,N2: 141.1392; measured: 
141.1392. 

By use of the above procedure, borane-THF reduction of 4,7- 
diaza-5,8-dioxospiro[2,5]octane (24) yielded 4.7-diazaspiro[2,5]- 
octane dihydrochloride (130) in 98% yield. This compound was 
very hygroscopic. The IR spectrum showed no absorption signal 
for carbonyl group. 'H NMR (DMSO-d6) 6: 0.99 (m, 2H, CH,), 
1.21 (m, 2H, CH2), 3.48 (m, 6H, NCH,x3), 9.85 (bs, 2H, NH2CI), 
10.29 (bs, 2H, NH2C1). Exact Mass calcd. for CI6Hl3NZ: 1 13.1079; 
measured: 1 13.1079. 

Hydrogetzolysis of 22 
A solution of 22 (18.5 g, 58 mmol) in ethanol (250 mL) was 

hydrogenated at 4 atmospheres of hydrogen with 10% palladium 
on carbon for 18 h. The solution was then filtered and the residue 

suspended in acetonitrile and boiled f i r  10 min. It was cooled and 
filtered, yielding 3.17 g of two products in about 1 : 1 ratio by TLC. 
'H NMR showed the presence of two compounds; one corre- 
sponding to 24 that h a d m  identical spectrum to an authentic sam- 
ples prepared by another route. The remaining signals in this 
spectrum indicated the presence of 25. Repeated purification 
through several chromatographies yielded a small amount of 25 for 
'H NMR analysis. 'H NMR (CDCI,) 6: 1.22 (m, 5H, CH, and ethyl 
CH,), 1.58 (m, 2H, NCH,), 1.89 (bs, l H ,  NH), 3.32 (bs, 2H, 
NCH2CO), 3.72 (m, IH, NCH), 4.14 (q, J = 7 Hz, 2H, ethyl CH,), 
7.70 (bs, lH,  CONH). The mass spectrum showed a m/z (M + 1) 
at 187 consistent with the structure assigned. 

I -N-CarboDenzyloxyamit~o- I -cyclopropanecarbonylic acid (26) 
A solution of N-benzyloxycarbonyloxy succinimide (60.7 g, 

24 mmol) in THF (300 mL) was added to a solution of l-amino- 
1-cyclopropanecarboxylic acid hydrochloride (24.5 g, 17.8 mmol) 
in water (45 mL). At ice temperature, a solution of sodium bicar- 
bonate (82 g ,  96 mmol) in water (500 mL) was poured into the 
mixture. After the addition, the reaction was allowed to warm up 
to room temperature and was stirred for 16 h. The solvent was re- 
moved under reduced pressure. The residue was suspended in 
200 mL of methylene chloride and extracted with water 
(500 mL). The water solution was acidified with acetic acid and the 
precipitate was filtered yielding 26 (18 g ,  43%), mp 157°C. IR 
(KBr): 1690, 1710 (CO) cm-'.  'H NMR (DMSO-d6) 6: 1.01 (m, 
2H, CH,), 1.3 1 (m, 2H, CH?), 5.02 (s, 2H, OCH,), 7.34 (m,  5H, 
aromatic H), 7.88 (s, 1 H, NH), 12.42 (bs, 1 H, OH). Anal. calcd. 
for Cl,Hl,NO,: C 61.27, H 5.51, N 5.95; found: C 61.33, H 5.60, 
N 5.96. 

Preparation of active ester (27) 
Dicyclohexylcarbodiimide (7.74 g, 37.6 mmol) in THF (15 mL) 

was added dropwise to a mixture of 26 (8.83 g, 37.5 mmol) and 
N-hydroxysuccinimide (4.53 g, 39.4 mmol) in THF (60 mL). The 
mixture was allowed to stir at room temperature for 18 h. The pre- 
cipitate was removed by filtration. The filtrate was concentrated to 
a residue, which was dissolved in ethyl acetate (300 mL). The or- 
ganic solvent was washed with sodium bicarbonate solution. The 
organic layer was dried and concentrated to yield 27 (9.87 g, 
79.2%), mp 119-120°C. IR (KBr): 1745, 1785, 1810 cm-'. 'H 
NMR (CDC1,) 6: 1.46 (bs, 2H, CH,), 1.86 (bs, 2H, CH,), 5.15 (bs, 
2H, OCH,), 5.47 (bd, IH, NH), 7.35 (m, 5H, aromatic H). Anal. 
calcd. for Cl6HI6N2o6: C 57.83, H 4.85, N 8.43; found: C 57.84, 
H 4.88, N 8.38. 

Preparation of dipeptide (28) 
The active ester (27) (2 g, 6 mmol) in THF (15 mL) was added 

to a chilled solution of glycine ethyl ester hydrochloride (0.8 g, 5.1 
mmol) in water (5 mL). Sodium bicarbonate solution (1.4 g in 
20 mL of water) was then added to the reaction mixture. After the 
addition, the reaction was allowed to warm up to room tempera- 
ture and was stirred for 18 h. The solvent was removed under re- 
duced pressure and the residue was washed with water and extracted 
with methylene chloride. The organic layer was dried and concen- 
trated to a solid under reduced pressure, yielding a solid 28 (1.88 
g, 97.5%), mp 97-98°C. IR (KBr): 1675, 1740 (CO) cm-'.  'H 
NMR (CDCI,) 6: 1.07 (bs, 2H, CHI), 1.27 (q, J = 7 Hz, 3H, ethyl 
CH,), 1.59 (in, 2H, CH2), 3.99 (d, J = 5 Hz, 2H, NCH?), 4.19 
(q, J = 7 Hz, 2H. ethyl CHI), 5.43 (s, 2H, OCH,), 5.58 (s, lH, 
NH), 6.98 (bs, lH,  NH), 7.34 (s, 5H, aromatic H). Anal. calcd. 
for C16H20N,0s: C 59.99, H 6.29, N 8.74; found: C 60.06, H 6.27, 
N 8.74. 

4,7-Diaza-5,8-dioxospiro[2,5]octatze (24) 
A solution of the dipeptide (28) (8.63 g, 27 mmol) in ethyl ace- 

tate (250 mL) was hydrogenated under a hydrogen atmosphere at 
4 atmospheres pressure with 10% palladium on carbon for 18 h. The 
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solution was filtered and the filtrate was concentrated under re- 
duced pressure to a residue, 29. 'H NMR (DMSO-d6) 6: 0.77 (dd, 
J = 4 . 5 H z ,  2H, CH,), 1.05 (dd, J =  4.5 Hz, 2H, CH,), 1 .19( t ,  
J = 7 Hz, 3H, ethyl CH,), 2.31 (bs, 2H, NHx2),  3.84 (d, J = 6 .5  
HZ, 2H, NCH,), 4.09 (q,  J = 7 Hz, 2H, ethyl CH,), 8.43 (t, J = 
6.5 Hz, IH, CONH). The residual liquid 29 was dissolved in tol- 
uene (200 mL). To this solution was added DBU (2 mL). After 
heating at 115OC for 22 h, the mixture was cooled to room tem- 
perature to yield 24 (3.2 g ,  89%), mp >260°C. IR (KBr): 1685, 
1695 (CO) cm-I. IH NMR (DMSO-d6) 6: 0.94 (dd, J = 4.5 Hz, 
2H, CH,), 1.16 (dd, J = 4.5 Hz, 2H, CH2), 3.85 (d, J = 2.5 Hz, 
2H, NCH?), 8.02 (bs, 1 H, NH), 8.27 (bs, IH, NH). Anal. calcd. 
for C6HHN10?: C 5 1.42, H 5.75, N 20.00; found: C 5 1.10, H 5.66, 
N 19.80. 

I-C~~clopropyl-6Tfluoro-7-(3,3-di1~1eth~~Ipipernir1--y/)-l ,4- 
dihvdro-4-oxoq~iir~oline-3-cnrboxylic acid hydrochlorirle 
(12h) 

2,2-Dimethylpiperazine dihydrochloride (13c) (423 mg, 2.3 mrnol) 
was added to a mixture of 1 -cyclopropyl-6,7-difluoro- 1,4-dihy- 
dro-4-oxoquinoline-3-carboxylic acid (21) (500 mg, 1.9 mmol) and 
triethylamine (10 mL) in N-methyl pyrrolidinone (20 mL). The 
reaction mixture was heated at 50°C for 18 h. The reaction was 
cooled to room temperature and concentrated under reduced pres- 
sure to dryness. Ethanol was added and digested under reflux for 
30 min. The mixture was cooled and filtered, yielding 12h 
(525 mg, 70%), mp >260°C. IR (KBr): 1730 (CO) cm-'. 'H NMR 
(D20)  6: 1.22 (m,  2H, CH2), 1.44 (m, 2H, CH,), 1.58 (s, 6H, 
CH,X2), 3.43 (s, 2H, NCH?), 3.58 (in, 4H, NCH2x2), 3.73 (m, 
IH,  CH), 7.52 (d, JH-F = 6.5 HZ, IH, C8-H), 7.54 (d, JH- ,  = 
13 Hz, IH, C5-H), 8.67 (s, lH ,  C2-H). Anal. calcd. for 
Cl9H,,C1FN,0,: C 57.65, H 5.82, N 10.62; found: C 57.73, H 
6.02, N 10.42. 

By use of this procedure, 1-(2,4-difluoropheny1)-6-fluoro-7-(3,3- 
dimethylpiperazin- 1 -yl)- 1,4-dihydro-4-oxoquinoline-3-carboxylic 
acid hydrochloride 12i was prepared by reaction of 13c with 1-(2,4- 
difluorophenyl) - 6,7-difluoro- l,4-dihydro-4-oxoquinoline - 3-car- 
boxylic acid (16) in 77% yield, mp >260"C. IR (KBr): 1730 (CO) 
cm-I. 'H NMR (D20) 6: 1.48 (s, 6H, CH3X2), 3.25 (s, 2H, NCH,), 
3.36 (m, 2H. NCH,), 3.42 (m,  2H, NCH,), 6.47 (d, JII-F = 6 HZ, 
lH,  C8-H), 7.37 (m, 2H, aromatic H), 7.72 (m, l H ,  aromatic H), 
7.92 (d, Ju-, = 12 Hz, I H,  C5-H), 8.82 (s, 1 H, C2-H). Anal. calcd. 
for C22H,,ClF,N,03. 1/4 H20:  C 55.93, H 4.56, N 8.90; found: 
C 55.85, H 4.68, N 8.90. 

By use of this procedure, I-(2,4-difluoropheny1)-6-fluoro-7-(3,3- 
dimethylpiperazin- I-y1)- 1,4-dihydro-4-oxo[l,8]naphthyridine-3- 
carboxylic acid hydrochloride (12j) was prepared by reaction of 
13c with 1 -(2,4-difluoropheny1)-6-fluoro-7-chloro- 1.4-dihydro-4- 
oxoll,8]-naphthyridine-3-carboxylic acid (22) in 94% yield, mp 
>260°C. IR (KBr): 1730 (CP) cm-I. 'H NMR (CFsCOOH) 6: 1.43 
(s, 3H, CH,), 1.47 (s, 3H, CH,), 3.56 (m, 2H, NCH,), 4.03 (bs, 
2H, NCH,), 4.26 (m, 2H, NCH?), 7.28 (m, 2H, aromatic H), 7.75 
(m, IH, aromatic H), 8.33 (d, J H _ ,  = 13 Hz, IH, C5-H), 9.26 (s,  
1 H, C2-H). Anal. calcd. for C21H,,CIF,N,03: C 53.79, H 4.27, N 
1 1.95; found: C 53.58, H 4.28, N 1 1.73. 

Ethyl I-cyclopropyl-6-fl~ioro-7-(4,7-~liazaspiro~,5]octnrz-7-yl)- 
I ,4-dihydro-4-o.~oq~ii11olir1e-3-car-bo~~~lnte (1%) 

4,7-Diazaspiro[2,5]octane dihydrochloride (13b) (1.5 g, 8 mmol) 
was added to a solution of ethyl 1-cyclopropyl-6,7-difluoro-1,4- 
dihydro-4-oxoquinoline-3-carboxylate (14n) (750 mg, 2 .6  mmol) 
in I-methyl-2-pyrrolidione (30 mL) at 75°C. 1,8-Diazabicy- 
clo[5.4.0]undec-7-ene (DBU) (1.2 g ,  10.2 mmol) was then added 
to the reaction mixture. The mixture was heated at 100°C for 
16 h. The solvent was removed by vacuum distillation. Column 
chromatography of the residue on silica gel using 5% methanol in 
methylene chloride as eluent yielded 15n (0.4 g ,  40%), mp 223- 
225°C. IR (CDC1,): 1680, 1720 (CO) cm-I. 'H  NMR (CDCI,) 6: 
0.68 (m, 2H, CH,), 0.72 (m, 2H, CH,), 1.14 (m, 2H, CH,), 1.2 1 
(m, 2H, CH?), 1.49 (t, J = 7 Hz, 3H, ethyl CH,), 3.10 (s, 2H, 
NCH2), 3.21 (m,  4H, NCH,X2), 3.43 (m, IH, CH), 4.48 (q, J = 

7 Hz, 2H, ethyl CH,), 7.22 (d, J H _ ,  = 7 Hz, 1 H, C8-H), 8.04 (d, 
J H _ ,  = 13 Hz, lH,  C5-H), 8.53 (s, lH ,  C2-H). Anal. calcd. for 
C,,H?,FN,O,. 1/2 H,O: C 63.94, H 6.39, N 10.65; found: C 64.09, 
H 6.23, N 11.04. 

By use of this procedure, reaction of 13b with ethyl I-cyclopro- 
pyl-6,7,8-trifluoro- 1,4-dihydro-4-oxoquinoline-3-carboxylate (14b) 
gave ethyl l-cyclopropyl-6,8-difluoro-7-(4,7-diazaspko[2,5]~~tan- 
7-yl)- I ,4-dihydro-4-oxoquinoline-3-carboxylate (156) in 42% yield. 
IR (CDCl,): 1685, 1725 (CO) cm-I. 'H NMR (CDCI,) 6: 0.62 (m, 
2H, CH?), 0.69 (m, 2H, CH,), 1.09 (m, 2H, CH,), 1.23 (m, 2H, 
CH?), 1.40 (t, J = 7 Hz, 3H, ethyl CH,), 3.11 (m, 2H, NCH?), 
3.16 (s, 2H, NCH,), 3.33 (m, 2H, NCH?), 3.87 (m, 1 H, CH), 4.38 
(q, J = 7 Hz, 2H, ethyl CH2), 7.90 (dd, JII-F = 13 HZ, IH, C5-H), 
8.54 (s, 1 H, C2-H). Anal. calcd. for C,, H2,F2N30, . 1 /4 H20: C 
6 1 . 3 8 , H 5 . 8 1 , N  10.30;found:C62.06,H5.81,N 10.43. 

Using a similar procedure, reaction of 13b with I-cyclopropyl- 
6-fluoro-7-chloro- l,4-dihydro-4-oxo[l,8]naphthyridine-3-carbox- 
ylate ( 1 4 ~ )  gave ethyl I-cyclopropyl-6-fluoro-7-(4,7-diazaspiro- 
[2,5]0ctan-7-yl)- 1,4 -dihydro- 4 -oxo[l,8]naphthyridine-3-carboxyl- 
ate (1%) in 46% yield, mp 174-175°C. IR (CDCI,): 1685, 1725 
(CO) cm-'.  I H  NMR (CDC1,) 6: 0.62 (m, 2H, CH,), 0.66 (m, 2H, 
CH2), 1.02 (m, 2H, CH2), 1.18 (m, 2H, CH?), 1.41 (t, J = 7 Hz, 
3H, ethyl CH,), 3. l l (m, 2H, NCH,), 3.47 (m, IH, CH), 3.70 (s, 
2H, NCH2), 3.83 (m,  2H, NCH,), 4.39 (q, J = 7 Hz, 2H, ethyl 
CH,), 8.09 (d, Jk,-, = 13 Hz, 1 H, C5-H), 8.50 (s, 1 H, C2-H). Anal. 
calcd. for C20H,3FN,0,: C 62.16, H 6.00, N 14.50; found: C 62.3 I,  
H 5.94, N 14.93. 

By use of this procedure, reacting 13b with ethyl 1-(2,4-difluo- 
ropheny1)-6-fluol-o-7-chloro- I,  4-dihydro-oxo[ l,8]naphthyridine-3- 
carboxylate ( l4d)  gave ethyl 1-(2,4-difluoropheny1)-6-fluoro-7-(4,7- 
diazaspiro[2,5]octan-7-y1)- 1,4-dihydro-4-oxo[l,8]naphthyridine-3- 
carboxylate (15d) in 53% yield, mp 172-174°C. IR (CDCI,): 1685, 
1725 (CO) cm-I. 'H NMR (CDCl,) 6: 0.34 (m, 2H, CH,), 0.54 (m, 
2H, CH,), 1.41 (t, J = 7 Hz, 3H, ethyl CH,). 2.91 (t, J = 4 Hz, 
2H, NCH?), 3.42 (s,  2H, NCH,), 3.56 (ni, 2H, NCH,), 3.39 (q, 
J = 7 Hz, 2H, ethyl CH,), 7.06 (m, 2H, aromatic H), 7.49 (m,  IH, 
aromatic H), 8.1 1 (d, JH-F = 13 HZ, IH, C5-H), 8.39 (s, I H, 
C2-H). Anal. calcd. for C2,H,,F,N,03. 1 /4 H,O: C 59.67, H 4.68, 
N 12.10; found: C 59.57, H 4.72. N 12.06. 

By a similar procedure, reaction of 6,9-diazaspiro[4,5]decane 
dihydrochloride (130) with quinolone ester (14n) gave ethyl I-cy- 
clopropyl- 6-fluoro-7-(6,9 -diazaspiro[4,5]decan-9-yl)-1,4 -dihy- 
dro-4-oxoquinoline-3-carboxylate (15e) in 48% yield, mp >255"C. 
IR (CDC13): 1685, 1720 (CO) cm-I. 'H NMR (CDCI,) 6: 1.13 (m, 
2H, CH,), 1.34 (m, 2H, CH?), 1.41 (t, J = 7 Hz, 3H, ethyl CH,), 
1.77 (m, 2H, CH,), 2.04 (m,  2H, CH,), 2.17 (m, 4H, CH,X 2), 
3.35 (s, 2H, NCH?), 3.43 (m,  2H, NCH,), 3.57 (m, 2H, NCH,), 
4.40 (q, J = 7 Hz, 2H, ethyl CH,), 7.31 (d, Jl , - ,  = 6 Hz, IH, C8- 
H), 8.10 (d, J,{-, = 13 HZ, IH, C5-H), 8.55 (s, IH, C2-H). Exact 
Mass calcd. for C,,H,8FN303: 413.21 15; measured: 413.21 13. 

By use of the above procedure, reaction of 13n with ethyl 1-(2,4- 
difluoropheny1)-6,7-difluoro- 1,4 -dihydro- 4 -0xoquino1ine-3 -car- 
boxylate (14e) gave ethyl 1 -(2,4-difluoropheny1)-6-fluoro-7-(6,9- 
diazaspiro[4,5]decan-9-y1)- l ,4-dihydro-4-oxoquinoline-3-carbox- 
ylate ( I f f )  in 39% yield, inp 216-218°C. IR (CDCI,): 1690, 1725 
(CO) cm-.'I. 'H NMR (CDCl,) 6: 1.49 (t, J = 7 Hz, 3H, ethyl CH,), 
1.59 (m, 4H, CH2x2) ,  1.79 (m, 4H, CH,X2), 2.89 (m, 4H, 
NCH,x2), 3.01 (m, 2H, NCH,), 4.39 (q, J = 7 Hz, 2H, ethyl 
CH2). 6.12 (d, J,I-F = 6.5 Hz, IH, C8-H), 7.15 (m, 2H, aromatic 
H), 7.50 (m, IH, aromatic H), 8.06 (d, J H _ ,  = 13 Hz, IH, C5-H), 
8.3 1 (s, I H, C2-H). Anal. calcd. for C,,H,,F3N30,. 1 /2 HzO: C 
63.15, H 5.50, N 8.50; found: C 63.25, H 5.32, N 8.53. 

Using a similar procedure, reaction of 130 with quinoline ester 
(14rl) gave ethyl l-(2,4-difluorophenyl)-6-fluoro-7(6,9-diaza- 
spiro[4,5]decan-9-yl)- 1,4 -dihydro-4-oxo[l,8]naphthyridine-3- 
carboxylate (15g) in 8 1 % yield, rnp 120- 122°C. IR (CDCI,): 1690, 
1725 (CO) cni-'. 'H NMR (CDC1,) 6: 1.40 (t, J = 7 Hz, 3H, ethyl 
CH,), 1.46 (m,  4H, CH,x2), 1.56 (m, 2H, CH,), 1.68 (m, 2H, 
CH,), 2.90 (t. J = 5 Hz, 2H, NCH,), 3.42 (m, 2H, NCH,), 3.53 
(m. 2H, NCH?), 4.49 (q, J = 7 Hz, 2H, ethyl CH,), 7.06 (m,  2H, 
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aromatic H), 7.39 (m, 1 H, aromatic H), 8.1 1 (d, JH_,  = 13 Hz, 1 H, 
C5-H), 8.38 (s, lH,  C2-H). Anal. calcd. for C,5H,5F,N,03. 1/4 
H,O: C 61.15, H 5.23, N 11.41; found: C 61.13, H 5.26, N 11.20. 

1 -Cyclopropyl-6-fluoro-7-(4, 7-diazaspiro[2,5]octan-7-y1)-1,4- 
dihydro-4-oxoquitzolitze-3-carborylic acid hydrochloride 
(12 a) 

A suspension of 150 (80 mg, 0.2 mmol) in 6 N HCI (3 mL) was 
refluxed for 48 h. The solvent was then concentrated to dryness 
under reduced pressure. Ethanol (5 mL) was added to digest the 
residue for 15 min under reflux. It was cooled, filtered, and dried 
to give 35 mg 120 (43%), rnp 247-255°C (dec.). IR (KBr): 1720 
(CO) cm-l. 'H NMR (DMSO-d6) 6: 0.95 (m, 2H, CH,), 1.05 (t, 
J  = 7 Hz, 3H, ethyl CH,), 1.15 (rn, 2H, CH,), 1.19 (m, 2H, CH,), 

IH, OH). Anal. calcd. for C2,H,3CIF3N303. 1/4 H,0: C 57.83, H 
4.75, N 8.43; found: C 57.66, H 4.70, N 8.41. 

Hydrolysis of 15g in a mixture of trifluoroacetic acid and 6 N HCI 
yielded 1-(2,4-difluoropheny1)-6-fluoro-7-(6,9-diazaspiro[4,5]de- 
can-9-y1)- l,4-dihydro-4-oxo[l,8]naphthyridine-3-carboxylic acid 
trifluoroacetic acid salt (12g), rnp 255°C. IR (KBr): 1680, 1735 
(CO) cm-I. 'H NMR (DMSO-d6) 6: 1.28 (m, 2H, CH,), 1.64 (m, 
6H, CH,x3), 3.23 (rn, 2H, NCH,), 3.59 (m, 2H, NCH,), 3.85 (rn, 
2H, NCH,), 7.38 (m, lH, aromatic H), 7.66 (m, lH, aromatic H), 
7.84 (rn, lH,  aromatic H), 8.26 (d, JH_,  = 13 Hz, lH, C5-H), 8.90 
(s, 1H, C2-H), 9.19 (bs, 2H, CF,COONH,), 14.87 (bs, 1 H, OH). 
Anal. calcd. for C25H22F6N405 . 1 /4 H,O: C 52.04, H 3.90, N 9.7 1; 
found: C 51.82, H 3.85, H 9.60. 

1.32 (m, 2H, CH,), 3.42 (m, 2H, NCH,), 3.45 (s, 2H, NCH,), 3.62 Acknowledgements 
(rn, 2H, NCH,), 3.84 (m, lH, CH), 7.59 (d, JH-F = 7 HZ, l H ,  
C8-H), 7.96 (d, Jf l -F  = 13 HZ, lH,  C5-H), 8.68 (s, lH ,  C2-H), We wish to thank the analytical research and structural 

9.72 (bs, 2H, NH,c~), 15.13 (s, 1 H, OH). calcd, for chemistry departments of Abbott Laboratories for elemental 
c~~H,,c~FN,o,. 1/2 H,O: c 56.64, H 5.50, N 10.43; found: c analysis and spectral measurements respectively, and Ms. 
56.60, H 5.50, N 10.15. Cynthia Shepherd for typing the manuscript. 

By use of a similar procedure, hydrolysis of 156 with 6 N HCI 
gave l-cyclopropyl-6,8-difluoro-7-(4,7-diazaspiro[2,5]octan-7-yl)- 
1,4-dihydro-4-oxoquinoline-3-carboxylic acid hydrochloride (126) 
in 81% yield, mp >25OoC. IR (KBr): 1725 (CO) cm- ' .  ' H  NMR 
(DMSO-4) 6: 0.93 (rn, 2H, CH?), 1.14 (m, 2H, CH,), 1.20 (m, 
4H, CH,x2), 3.35 (m, 2H, NCH,), 3.47 (s, 2H, NCH?), 3.65 (m, 
2H, NCH,), 4 . 1 2 ( m ,  lH,  CH), 7.88 (dd, Jb,-,  = 12 Hz, l H ,  
C5-H), 8.7 1 (s, IH, C2-H), 9.74 (bs, 2H, NH2C1), 14.66 (bs, lH, 
OH). Anal. calcd. for CI9H,C1F,N3O3. 1/2 H,O: C 54.22, H 4.99, 
N 9.99; found: C 54.12, H 4.82, N 9.92. 

Under similar conditions, hydrolysis of 15c with 6 N HCI gave 
1 -cyclopropyl- 6-fluoro- 7 -(4,7-diazaspiro[2,5]octan-7-y1)- 1,4-di- 
hydro-4-oxo[l,8]naphthyridine-3-carboxylic acid hydrochloride 
(12c) in 77% yield, rnp >250°C. IR (KBr): 1720 (CO) cm-I. I H  

NMR (DMSO-d6) 6: 0.97 (m, 2H, CH,), 1.12 (m, 4H, CH,x2), 
1.20 (m, 2H, CHI), 3.40 (m, 2H, NCH2), 3.72 (m, IH, CH), 4.02 
(s, 2H, NCH,), 4.18 (rn, 2H, NCH,), 8.17 (d, JIi+, = 13 Hz, 1 H, 
C5-H), 8.64 (s, IH, C2-H), 9.92 (bs, 2H, NH,Cl), 15.07 (bs, lH,  
OH). Anal. calcd. for C,,H,,ClFN,O,. 1 /2 H,O: C 53.53, H 5.20, 
N 13.88; found: C 53.25, H 5.31, N 13.74. 

Hydrolysis of 15d in trifluoroacetic acid and 6 N HCI mixture 
yielded 1-(2,4-difluorophenyl)-6-fluoro-7-(4,7-diazaspiro[2,5]octan- 
7-yl)- I ,4-dihydro-4-oxo[l,8]naphthyridine-3-carboxylic acid tri- 
fluoroacetic acid salt 12d, mp 229-230°C. IR (KBr): 1675, 1730 
(CO) crn-I. 'H NMR (DMSO-d,) 6: 0.53 (m, 2H, CH,), 0.93 (m, 
2H, CH,), 3.24 (m, 2H, NCH?), 3.66 (m, 2H, NCH,), 3.88 (rn, 
2H, NCH,), 7.37 (m, 1 H, aromatic H), 7.64 (rn, 1 H, aromatic H), 
7.83 (m, lH,  aromatic H), 8.25 (d, JH-F = 13 HZ, 1 H, C5-H), 8.93 
(s, 1 H, C2-H), 9.39 (bs, 2H, CF3COONH,), 14.86 (bs, 1 H, OH). 
Anal. calcd. for C,,H18F6N,05: C 50.74, H 3.33, N 10.29; found: 
C 50.83, H 3.53, N 10.20. 

Hydrolysis of 15e with 6 N HCI gave 17-cyclopropyl-6-fluoro- 
7-(6,9-diazaspiro[4,5]decan- 9-yl)- 1.4-dihydro-4-oxoquinoline-3- 
carboxylic acid hydrochloride (12e), mp >250°C. IR (KBr): 1720 
(CO) cm-I. IH NMR (DMSO-d6) 6: 1.18 (m, 2H, CH,), 1.33 (m, 
2H, CH,), 1.69 (m, 2H, CH,), 1.82 (rn, 4H, CH,X 2), 1.98 (m, 2H, 
CH,), 3.36 (m, 4H, NCHzx 2), 3.50 (m, 2H, CHI), 3.83 (rn, 1 H, 
CH), 7.03 (d, J H _ ,  = 7 HZ, IH, C8-H), 7 .98 (d, JIi_, = 13 HZ, 
1 H, C5-H), 8.70 (s, 1 H, C2-H), 9.30 (bs, 2H, NH,CI), 15.12 (bs, 
lH,  OH). Exact Masscalcd. forC2,H,,FN,O3: 385.1802; measured: 
385.1803. 

Hydrolysis of 15f with 6 N HCI yielded 1-(2,4-difluoropheny1)- 
6-fluoro-7-(6,9-diazaspiro[4,5]decan-9-y1)- 1,4-dihydro-4-oxoqui- 
noline-3-carboxylic acid hydrochloride (12f), rnp >250°C. IR 
(KBr): 1730 (CO) crn-'. 'H NMR (DMSO-d6) 6: 1.62 (rn, 2H, 
CH,), 1.82 (m, 6H, CH, x 3), 3.20 (m, 6H, NCH,x 3), 6.4 1 (d, JH-,  
= 7 Hz, IH, C8-H), 7.45 (m, 1H. aromatic H), 7.75 (rn, lH,  ar- 
omatic H), 7.94 (rn, lH,  aromatic H), 8.05 (d, J H _ ,  = 13 Hz, 
1 H, C5-H), 8.88 (s, 1 H, C2-H), 9.52 (bs, 2H, NH2C1), 14.84 (bs, 
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Metabolites of the fungus Arthropsis truncata 
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WILLIAM A. AYER, PETER A. CRAW, and JOHN NEARY. Can. J. Chern. 70, 1338 (1992). 
The structures of 12 new polyketide metabolites produced in liquid cultures of the fungus Arthropsis truncata have 

been determined by a combination of chemical and spectroscopic methods. Four of these metabolites possess an un- 
usual 2-oxaspiro[4.5]decane skeleton, and the structure assigned to one of these metabolites 20 has been confirmed by 
an X-ray crystallographic study of the dibenzoyl derivative 21. The absolute stereochemistry of these compounds has 
been predicted by application of the Harada-Nakanishi dibenzoate rule to arthropsolide D tribenzoate (32). 

WILLIAM A. AYER, PETER A. CRAW et JOHN NEARY. Can. J. Chern. 70, 1338 (1992). 
Faisant appel a une cornbinaison de rnCthodes chirniques et spectroscopiques, on a dCtermine les structures de 12 

nouveaux polycCtides obtenus ti partir de cultures liquides du champignon Arthropsis truncata. Quatre de ces rnktabolites 
possedent le squelette inhabituel du 2-oxaspiro[4.5]dCcane et la structure attribuCe au metabolite 20 a CtC confirrnCe par 
une Ctude de diffraction des rayons X rCalisCe sur le dCrivC dibenzoyle 21. On a prCdit la stCrCochirnie absolue de ces 
composes en appliquant la rbgle du dibenzoate de Harada-Nakanishi au tribenzoate 32 de l'arthropsolide D. 

[Traduit par la rCdaction] 

Introduction Arthropsadiol A (1 j 

As part of our investigations of the chemistry of fungi as- 
sociated with the economically important blue-stain disease 

I of lodgepole pine (Pinus contorta Dougl. var latijolia 

I Engelm.), we described the isolation of (-)arthrographol, 
which is produced in liquid cultures of the fungus Arthro- 
graphispinicola Sigler and Yamaoka ( l ) ,  and the total syn- 

I thesis of (+/-)arthrographol from vanillin (2). W e  believe 
that arthrographol may be responsible for the antagonism 
observed between Arthrographis pinicola and Ophiostoma 
clavigerum (Robins.-Jeff. & Davids.) Harrington, a fungus 
strongly associated with tree mortality caused by the blue- 
stain fungi (3). 

Recently we examined a number of species of fungi, 
thought to be morphologically related to Arthrographis pitz- 
icola, to see whether they might produce metabolites simi- 
lar to those produced in our liquid cultures of A .  pznicola, 
thereby providing chemotaxonomic evidence to support the 
classification of these new species of fungi in the same ge- 
nus as A. pitzicola. One of these species, Arthropsis trun- 
cata Sigler, Dunn & Carmichael, which was isolated from 
primary forest leaf litter near Puca Urquillo, Peru (4), pro- 
duces a series of previously unreported polyketide metabo- 
lites when grown in liquid culture. Subsequently we observed 
Arthropsis trutzcata to be antagonistic to the growth of the 
blue-stain fungus Ophiostoma clavigerum. The structures of 
the metabolites produced by Arthropsis trutzcata are the 

I subject of this report. Biosynthetic studies dealing with these 

I compounds will be the subject of a subsequent paper. 

I Results and discussion 
I 
I 

Arthropsis truncata was grown in shake culture on a 
modified malt extract medium for 4 weeks. The filtered 
culture broth was extracted with ethyl acetate and the me- 
tabolites were isolated by extensive chromatography and 
fractional crystallizations. 

'Author to whom correspondence may be addressed. 

~ r t h r o ~ s a d i o l  A (1) was obtained as needles, rnp 78-79"C, 
[a], - 245.7. High-resolution electron impact mass spec- 
trometry (hreims) and chemical ionization mass spectrome- 
try (cims) indicated a molecular formula of C,,H,,O,. The 
presence of an a,P-unsaturated ketone was apparent from a 
maximum at 229 nm in the ultraviolet (uv) spectrum, a strong 
carbonyl absorption at 1689 cm-' in the Fourier transform 
infrared (Ftir) spectrum, and signals at 6 6.68 (H5) and 6 6.08 
(H6) in the 'H nmr spectrum and 6 199.5 1 (C7), 6 154.65 
(C5), and 6 125.02 (C6) in the I3c nmr spectrum (see Table 
1). The presence of an (E)-propenyl unit was suggested by 
signals at 6 5.53 (H2), 6 5.09 (H3), and 6 1.61 (Hl)  in the 
'H nmr spectrum, and signals at 6 129.03 (C3), 6 132.21 
(C2), and 6 17.55 (C l )  in the 13c nrnr spectrum. The cou- 
pling constants between the signals for H2 and H3 (J  = 15.2- 
15.5 Hz) in the 'H nmr spectrum and the position of the vinyl 
methyl signal in the I3c nmr spectrum are consistent with an 
(E)-propenyl unit. Finally, the presence of a methyl ketone 
was indicated by a 3H singlet at 6 2.13 in the 'H nmr spec- 
trum and signals at 6 209.74 (C11) and 6 25.59 (C12) in the 
13 C nmr spectrum. As the molecular formula requires the 
presence of five units of unsaturation, four of which h a y  
been accounted for by the two carbonyl and four alkene sp- 
carbon signals in the I3c nmr spectrum, arthropsadiol A (1) 
must be monocyclic. The remaining two oxygen atoms in the 
molecular formula can be accounted for by two hydroxyl 
groups as the Ftir spectrum displays a broad O H  absorption 
at 3450 cm- ' ,  the 'H nmr spectrum contains D,O exchange- 
able signals at 6 3.87 and 6 3.89, and the "C nmr contains 
carbinol signals at 6 75.27 (C10) and 6 72.12 (C8). 

The presence of two hydroxyl groups is also confirmed by 
formation of diacetate 2 upon acetylation of arthropsadiol A 
(1). The structure of arthropsadiol A ( I )  was readily appar- 
ent from analyses of 'H-'H and 'H-13c COSY spectra of the 
diacetate 2. The large coupling constants between the sig- 
nals of H4 and H 9  ( J  = 9.5-10.3 Hz) and the signals of H8 
and H9 ( J  = 10.8-13.1 Hz) in the 'H nrnr spectra of both 
arthropsadiol A (I)  and the diacetate (2) suggest trans,trans- 
stereochemistry of the cyclohexenone substituents at C4, C8, 
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AYER ET AL. 1339 

TABLE 1. Nuclear magnetic resonance spectral parameters for arthropsadiol A (1) and arthropsolide A (20)" 

Atom 1 20 Atom 1 

C 1 17.55 17.88 H 1 1.61 (dd (6.7, 1.8) 1.63 dd (6.5, 1.5) 
C2 132.21 132.75 H2 5.53 dq (15.2, 6.7) 5.69 dq (15.5, 6.5) 
C3 129.03 126.20 H3 5.09 ddq (15.5, 9.5, 1.8) 5.46 ddq (15.5, 8.5, 1.5) 
C4 39.74 40.85 H4 3.49dddd(9.5,9.5,2.5,2.5) 3.94 ddd (8.5, 2.5, 2.5) 
C5 154.65 149.68 H5 6.68 dd (10.2, 2.5) 6.65 dd (10.5, 2.5) 
C6 125.02 126.09 H6 6.08 dd (10.5, 3.0) 6.19 dd (10.5, 3.5) 
C7 199.51 197.54 H8 4.32 dd (10.8, 1.5) 4.69 br d (1.5) 
C8 72.12 71.91" H9 2.39 ddd (10.8, 10.3, 1.6) 
C9 5 1.92 61.71 H10 4.54 br d (2.3) 5.30 br d (6.0) 
C10 75.27 69.18" H12 2.13 s A 4.75 dd (3.0, 3.0) 
C11 209.74 156.88 B 4.62 dd (2.8, 2.8) 
C12 25.59 88.60 OH 3.89d(3.9) 4.45 br s 
C13 172.33 OH 3.87 d (1.8) 3.79 br d (7.2) 

"Determined in CDCI,; 'interchangeable 

I 
I FIG. 1. Significant nOe's observed in the 'H NMR spectra of 

I arthropsadiol A (I) ,  and arthropsadiol B (3) and diacetate (4). 

and C9. This is supported by nuclear Overhauser enhance- 
ments (nOe) observed in the 'H nmr spectrum of arthrop- 
sadiol A (1) from the signals of H4-H8 (7.2%), H8-H4 
(3.4%), and H9-H3 (4.4%) (Fig. I ) .  We are unable to as- 
sign the relative configuration at ClO due to the failure of 
attempts to prepare either the acetonide or carbonate deriv- 
atives of arthropsadiol A (1). We were hopeful that the size 
of the H9-H10 coupling constant in either of these deriva- 
tives would have allowed us to assign the stereochemistry at 
C10, provided no epimerization occurred at C10 during 
preparation of the acetonide or carbonate. 

Arthropsadiol B (3) 
Arthropsadiol B (3) was obtained as an oil that resisted 

attempts at crystallization. The hreims, uv, Ftir, and I3c nmr 
spectra of this material indicated a close structural similar- 
ity to arthropsadiol A (1). The signals of an a,p-unsatu- 
rated ketone and an (E)-propenyl unit in the 'H nmr spectrum 

1 of arthropsadiol B (3) are very similar to those in the spec- 

, trum of arthropsadiol A (1). However, a 3H doublet at 6 1.39 
(J = 7.5 Hz) and a broad quartet of doublets at 6 4.36 ( J  = 
7.0, 4.0 Hz) suggested the presence of a 2-hydroxy- l-pro- 

, panone substituent at C9 in arthropsadiol B (3) rather than a 

i 1-hydroxy-2-propanone unit as in arthropsadiol A (1). This 
was confirmed by a IH-'H COSY spectrum of arthropsa- 
diol B (3). The relative stereochemistry of arthropsadiol B 
(3) also differs from that of arthropsadiol A ( I ) ,  but this dif- 
ference is not readily discernable from the 'H nmr spectra of 
either arthropsadiol B (3) or the corresponding diacetate 4 

determined in CDCI, due to overlapping of the signals of H4 
and H9. However, the signals of H4 and H9 are well sepa- 
rated in the 'H nmr spectrum of the diacetate 4 determined 
in benzene-d,. Thus, the H8-H9 coupling constant ( J  = 
12.7 Hz) in the latter spectrum is consistent with a trans re- 
lationship of the C8 and C9 substituents (Fig. 1). The signal 
of H9 also shows coupling to an apparent quartet (J  = 
6.0 Hz) at 6 3.14 due to H4. A nOe is observed from H8 to 
H3 (6.1%) in the 'H nmr spectrum of arthropsadiol B (3) 
determined in CDCl,, and between H8 and H3 (7.3%, 4.3%) 
in the spectrum of the diacetate 4 also determined in CDC1,. 
Furthermore, a nOe is observed from H4 to H9 (14.4%) in 
the I H  nmr spectrum of the diacetate 4 determined in ben- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1340 CAN.  J .  CHEM. VOL. 70, 1992 

zene-d,. Thus, we conclude that the C4 and C8 substituents 
are trans in arthropsadiol B (3) and the C4 and C9 substitu- 
ents are cis. The relative configuration at C11 remains un- 
assigned. 

Arthropsatriols A (5) and B (6) 
Two triols were isolated from the broth extract that did not 

give M+ ions in their respective hreims. However, weak ions 
were observed in both spectra at m/z  208 (M+ - H,O) sug- 
gesting a molecular formula of C12H ,,04 for each triol, which 
was supported in each case by ions at m/z  244 (M+ + NH,+) 
in the cims. The I3c nmr spectra of each triol displayed sig- 
nals for one non-conjugated ketone carbon, 4 non-conju- 
gated alkene sp2 carbons, and 3 carbinol carbons. Thus we 
concluded that arthropsatriols A (5) and B (6) are the epi- 
meric triols derived from reduction of the C7 carbonyl group 
of arthropsadiol A (I) ,  and this was supported by an exam- 
ination of the 'H nmr spectra of the triols and their respec- 
tive triacetate derivatives 7 and 8 .  

The relative stereochemistry of each of the triols was more 
readily assigned by examination of the 'H nrnr spectra of the 
triacetates of arthropsatriols A (5) and B (6) as the hydro- 
gen signals are better dispersed in these spectra and allow 
more conclusive nOe experiments. In the spectra of both 
triacetates determined in CDCl, the large coupling con- 
stants between H4 and H9 (J = 9.5-10.5 Hz) and between 
H8 and H9 (J = 12.0- 12.5 Hz) support a tratzs,tratzs rela- 
tive stereochemistry of H4, H8, and H9 as in arthropsadiol 
A (1). The H7-H8 coupling constant (J = 8.5 Hz) in the 
spectrum of arthropsatriol B triacetate (8) is considerably 
larger than that (J = 3.8 Hz) in arthropsatriol A triacetate (7) 
and supports the relative stereochemistry assigned to each 
epimer at C7. The C7 stereochemistry assigned to arthrop- 
satriol A triacetate (7) is also supported by a nOe from H7 
to H8 (13.0%) and from H8 to H7 (16.5%) in the 'H nmr 
spectrum determined in CDC1,. Furthermore, nOe's from H4 
to H8 (10.7%) and H8 to H4 (7.6%) support the cis rela- 
tionship of H4 and H8 in arthropsatriol A triacetate (7). In 
the 'H nmr spectrum of arthropsatriol B triacetate (8) deter- 
mined in CDC1, the signal for H7 was obscured in a multi- 
plet also containing the signals for H2, H5 and H6. However, 
in the spectrum of 8 determined in benzene-d6 the signals for 
H2, H5, H6, and H7 are well resolved. The C4, C7, C8, and 
C9 relative stereochemistry assigned to arthropsatriol B tri- 
acetate (8) is supported by nOe's from H7 to H9 (6.5%), H9 
to H7 (9.5%), and H4 to H8 (8.2%). As is the case for ar- 
thropsadiol A (1) the relative configuration at C10 of ar- 
thropsatriols A (5) and B (6) remains unassigned. 

Cycloarthropsadiol C (9) 
This compound was obtained as an oil and has a molec- 

ular formula of C,,H160, as determined by hreims. The Ftir 
spectrum shows absorptions characteristic of hydroxyl 
(3434 cmp') and C-0 groups (1 144-1091 c m ' )  as well as 
a strong ketone carbonyl absorption at 1743 cm-'. The 
presence of a ketone group is also supported by a signal at 6 
202.3 (C10) in the "C nmr spectrum. As 6-membered cyclic 
ketones usually have absorption near 17 15 cm-' in the in- 
frared, the position of the ketone absorption in the Ftir of 
cycloarthropsadiol C (9) may reflect the effect of the two 
electronegative a-oxygen substituents on the ketone stretch- 
ing absorption (5). These two a-oxygen substituents may also 
account for the upfield position of the ketone signal in the 
I3c nmr spectrum. The presence of an (E)-propenyl unit was 

readily apparent from signals at 6 5.64 (H2), 6 5.46 (H3), 
and 6 1.67 (H 1) in the 'H nmr spectrum as well as signals at 
6 129.1, 6 127.6 (C3, C2), and 6 18.0 (Cl )  in the 13c nmr 
spectrum. The remaining signals in the I3c nmr spectrum may 
be assigned to an acetal (C11, 6 100. l ) ,  a hemiacetal (C7, 
6 94. l ) ,  two sp3 mono-oxygenated carbons (C8, 6 78.4 and 
C5, 6 7 3 3 ,  a CH, group (C6, 6 56.1) with 3 oxygen groups 
attached to the adjacent carbon atoms, a CH group (C9, 6 
5 1.3) located a to the C10 ketone, a CH group (C4, 6 37.2) 
attached to the (E)-propenyl unit, and a methyl carbon ((212, 
6 19.5). 

The 'H nmr spectrum of 9 is consistent with the structure 
assigned to cycloarthropsadiol C but unfortunately the sig- 
nals for H5 and H8 overlap as an unresolved broad doublet 
at 6 4.24. To separate the signals due to H5 and H8 in the 
'H nmr, and to confirm the hydrogen connectivities in cy- 
cloarthropsadiol C (9) by 'H-'H COSY and nOe experi- 
ments, the compound was acetylated to give mainly the 
corresponding diacetate 10 and a trace of the monoacetate 
11. The 'H nmr spectrum of the diacetate 10 was readily as- 
signed with the aid of a 'H-'H COSY spectrum. In the COSY 
spectrum a weak cross peak exists between the signals for 
H5 (6 4.25) and H9 (6 2.99) due to W-coupling (J = 1.7- 
2.0 Hz). The position of the signal due to H5 is largely un- 
changed from that in cycloarthropsadiol C (9), but the sig- 
nal for H8 is shifted significantly downfield to 6 5.27 in the 
monoacetate 11 and to 6 6.09 in the diacetate 10. The sig- 
nal for H8 in the spectrum of the diacetate 10 is a doublet (J 
= 4.0 Hz) and significant nOe's are observed to the signals 
of H4, H6a, and H9, thereby supporting the relative stereo- 
chemistry assigned to C8, as well as that of C4. Irradiation 
of the C12 methyl singlet at 6 1.44 in the spectrum of the 
diacetate 10 results in only a small nOe to the acetate sin- 
glets at 6 2.094 and 6 2.085 (1.2% combined) but neverthe- 
less is consistent with the structure assigned to cycloar- 
thropsadiol C (9). 

Cycloarthropsotze (12)  
Cycloarthropsone (12) was obtained as an optically inac- 

tive yellow solid that gave an ion at m/ z  220 in the hreims 
with a molecular formula of C12H,204, and an ion at m/z  238 
(M+ + NH,') in the cims. The Ftir spectrum contains in- 
tense hydroxyl (3450, 3170 cm-') and conjugated ketone 
carbonyl(1685 cm-I) absorptions, and the uv spectrum shows 
maxima at 236, 286, and 387 nm, which undergo a bath- 
ochromic shift in the presence of dilute sodium hydroxide. 
The 'H nmr spectrum is relatively simple and displays sig- 
nals for two ortho-coupled aromatic hydrogens (6 6.99, 6 
6.93, J = 8.8 Hz), an (E)-propenyl chain (6 7.08, 6.27, 
1.78), and a methyl singlet (6 1.43). The aromatic carbon 
signals in the "C mr spectrum of cycloarthropsone (12) 
were assigned by comparison with the calculated chemical 
shifts of the aromatic carbons in 7-hydroxy-4(E)-propenyl- 
3(2H)-benzofuranone (13), which in turn were obtained by 
addition of the substituent effects for introduction of a 7-hy- 
droxyl group and a 4(E)-propenyl group to the reported 
spectrum of 3(W)-benzofuranone (14) (6) (see Table 2). The 
hydroxy and (E)-propenyl substituent effects were deter- 
mined by comparison of the spectra of phenol and (E)-pro- 
peny 1 benzene with that of benzene (7). The positions of the 
signals for C4, C6, C7, and C8 are in good agreement with 
the calculated positions, but those of C5 and C9 differ sig- 
nificantly from the calculated positions. The additional 
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TABLE 2. Partial "C nmr data for cycloarthropsone (12) and re- 
lated compounds 

Atom 14[6] A 7-OH A 4-Propenyl 13 calcd. 12 

C4 124.3 -7.1 +9.5 126.7 130.0 
C5 122.1 +2.6 - 1.7 126.4 117.6 
C6 138.1 -12.8 0.0 125.3 124.1 
C7 113.8 +26.6 -2.6 137.8 141.1 
C8 173.9 -12.8 0.0 161.1 158.2 
C9 121.3 +2.6 - 1.7 122.2 115.0 

shielding of C5 and C9  is probably the result of conjugation 
between the C 10 ketone and the (E)-propenyl group. This 
conjugation would also account for the shielding of C 3  and 
the deshielding of C2 relative to the positions of the corre- 
sponding propenyl sp2 carbon signals in the spectrum of ( E ) -  
propeny lbenzene. 

Acetylation of cycloarthropsone (12) gave the corre- 
sponding diacetate 15 as a clear oil. In the I3c nmr spec- 
trum of diacetate 15 the signals of C4 and C 6  are shifted 
downfield by ca. 6 ppm and the signal of C7 is shifted up- 
field by 7.5 ppm relative to the positions of the correspond- 
ing signals in cycloarthropsone (12). These shifts are in 
accordance with those expected from a comparison of the 
spectra of phenol and phenyl acetate (7). 

Arthropsatriols C (16) a n d  D (17) 
An inseparable mixture of arthropsatriol C (16) and D (17) 

was obtained by fractional crystallization of one of the 
combined fractions from flash chromatography of the crude 
broth extract. A molecular formula of C,2H1404 was estab- 
lished for the mixture by hreims, and an ion at m/z 240 in 
the cims (Mt + NH,') is consistent with this formula. The 
Ftir spectrum displayed strong absorptions at 3406 and 
1678 cm-' ,  confirming the presence of hydroxyl and con- 
jugated carbonyl groups, as well as a strong absorption at 
1603 cm-I due to C=C stretching. Maxima in the uv spec- 
trum at 229, 255, and 321 nm are consistent with a tetra- 
lone, and the position of the T + T* absorption at 255 nm 
is in agreement with the calculated position of 256 nm for 
7-hydroxytetralone (8). The mixture was acetylated to give 
a mixture of the two diacetates 18 and 19, which were sep- 
arable by flash chromatography. Both diacetates gave ions 
at m/z 306 (Mt) in their hreims, confirming molecular for- 
mulae of C16H1806. The Ftir of each diacetate displayed ab- 
sorptions for aliphatic and aromatic acetate groups, a 
conjugated ketone, and also a hydroxyl absorption at 3492 
cm-I indicating the presence of a tertiary hydroxyl group in 
each parent triol. The 'H nmr spectra of the diacetates are 
very similar and in each case the coupling of the aromatic 
hydrogen signals indicates the presence of a 1,2,4-trisubsti- 
tuted aromatic ring. The most noticeable difference be- 
tween the I H  nmr spectra of the two diacetates is the size of 
the H2-H3 coupling constants. In the spectrum of arthrop- 
satriol D diacetate (19) this coupling is 10.6 Hz and sup- 
ports a trans relationship of H2 and H3, whereas in the 
spectrum of arthropsatriol C diacetate (18) the H2-H3 cou- 
pling constant is 4.3 Hz. The structures assigned to the di- 
acetates were confirmed by nOe experiments. Significant 
nOe's are observed between the signals of H3 and H5, and 
between the ortho-aromatic hydrogens (H5, H6) in the spectra 
of each diacetate, and therefore the aromatic acetate group 

L 

t n / z  250 11112 108 mlz 142 (not observed) 

FIG. 2. Possible mass spectral fragmentation of arthropsolide A 
(20). 

must be located at C7. The stereochemistry assigned to ar- 
thropsatriol C diacetate (18) at C2, C3, and C11 is sup- 
ported by nOe's from H 12 to H 1 (1.5%), H 1 to H3 (6.1 %), 
and between H2  and H3 (1 1.8%, 13.9%). For arthropsa- 
triol D diacetate (19) a nOe from H I 2  to H3 (14.0%) con- 
firms the relative configuration at C 1 1 and C3 and a large nOe 
from H1 to H3 (10.2%) supports the trarzs relationship of C2 
and C 3  substituents. Accordingly arthropsatriols C (16) and 
D (17) differ only in their stereochemistry at C3. 

Arthropsolide A (20) 
This compound was obtained as needles, mp 142-145"C, 

[a], -302.4, which had a molecular formula of Cl,Hl,O, 
(m/z 250) as suggested by hreims, and confirmed by an ion 
at m/z 268 (M' + NH,') in the cims. The base peak in the 
hreims at m/z 108 may arise via retro Diels-Alder frag- 
mentation to give the ketene-heptadiene fragment shown in 
Fig. 2. The Ftir spectrum shows absorptions attributable to 
hydroxyl (3400 cm-I), conjugated ketone (1685 cm-I), and 
y-lactone (1798 cm-') groups. The presence of the exo- 
cyclic methylene group is probably responsible for the shift 
of the lactone absorption from that of butyrolactone at 
1770 cm-I (cf. 2(3H)-furanone absorbs at 1790 cm-' (5)). 
The 'H nmr spectrum (Table 1) contains a number of fea- 
tures in common with that of arthropsadiol A ( I ) ,  especially 
with regard to the a,P-unsaturated ketone and the (E)-pro- 
penyl group. A 'H-'H COSY spectrum of arthropsolide A 
(20) displays cross peaks between the vinyl hydrogen sig- 
nals of both of these groups and a signal at 6 3.94 (H4), but 
in the absence of a hydrogen at C9  in arthropsolide A (20) 
the signal for H10 shows no further coupling (cf. in the 
spectrum of arthropsadiol A ( I )  the signal of H4 is coupled 
to H9, which in turn is coupled to the signals of H8 and HIO). 
Two additional isolated spin systems are observed in the 
'H-'H COSY spectrum of arthropsolide A (20), between H8 
(6 4.69) and 8-OH (6 4 . 4 3 ,  and between the methylene hy- 
drogens (H12. 6 4.75, 4.62), H10 (6 5.30), and 10-OH (6 
3.79). 

The "C nmr spectrum of arthropsolide A (20) displays 13 
signals (Table 1) and is fully consistent with the structure 
proposed for this compound. T o  establish the relative ste- 
reochemistry at the four asymmetric carbons, arthropsolide 
A (20) was converted into the corresponding dibenzoate 21 
since the proximity of the signals of H 12A, H 12B, and H8 
in the 'H nmr spectrum of 20 complicated selective irradia- 
tion of these hydrogens during nOe experiments. The sig- 
nals due to these hydrogens are well separated in the spectrum 
of the dibenzoate 21 as are those of the remaining hydro- 
gens, with the exception of H10 (6 6.31), which nearly 
overlaps with the H6 signal (6 6.26). Irradiation of the H8 
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signal (6 6.10) results in nOe's to the signals of H 10 (4.9%) 
and H4 (10.7%), thereby establishing the relative stereo- 
chemistry at C4, C8, C9, and CIO in a single experiment. 
This is supported by a large nOe from H4 to H8 (16.0%). The 
signals due to H 12A and H 12B were also differentiated with 
the help of nOe experiments. Thus, the H12B signal (6 4.62) 
shows nOe's to both the HI0 (3.7%) and H12A (6 4.96, 
41.3%) signals, while the H12A signal shows a nOe only to 
the H12B signal (42.6%). 

The structure derived for arthropsolide A (20) on the ba- 
sis of the spectroscopic data was unequivocally confirmed 
by an X-ray crystal structure determination canied out on the 
dibenzoate 21 (Fig. 3).' After determining the structure of 
21 we became aware of a very similar series of fungal me- 
tabolites containing a 2-azaspiro[4.5]decane skeleton (e.g., 
spirostaphylotrichin K (22)) that were recently isolated from 
liquid cultures of Staphylotrich~lm coccosporum and mutant 
strains of this fungus (9-1 1). Two other 2-azaspiro[4.5]- 
decane fungal metabolites, triticone A (23) and triticone B 
(24) (= spirostaphylotrichin D and C respectively) have been 
isolated from Drechslera tritici-repentis ( 12). 

 h he X-ray crystallographic study was carried out by Dr. B.  
Santasiero, Structure Determination Laboratory, Chemistry De- 
partment, University of Alberta, Edmonton, Alberta T6G 2G2. 
Inquiries regarding the crystallographic results should be directed 
to Dr. Santasiero at the above address quoting report number 
SDL:WAA9002. 

Arthropsolides B (25) and C (26) 
These two compounds were obtained as an inseparable (tlc, 

hplc) mixture that decomposed slowly on standing. The 
hreims spectrum gave a weak ion at m / z  248, which sug- 
gested a molecular formula of Cl,H,IO,, and this is consis- 
tent with an ion at in/z 266 (M' + NH,', 100%) in the cims. 
The base peak at m / z  108 in the hreims corresponds to a 
heptadiene-ketene fragment as in the spectrum of arthrop- 
solide A (20). The 'H nrnr spectrum of arthropsolide B (25) 
and C (26) displays two sets of signals which are each very 
similar to the spectrum of arthropsolide A (20). However, 
the spectrum differs from that of arthropsolide A (20) by the 
absence of signals attributable to a hydrogen at C 10, and by 
the downfield shift of the signals due to the exocyclic 
methylene group (H 12) due to conjugation with the C 10 ke- 
tone. Furthermore, in the absence of a hydrogen at C 10 the 
signals of the exocyclic methylene hydrogens are simplified 
from a doublet of doublets in the spectrum of arthropsolide 
A (20) (6 4.75, 4.62) to doublets in the spectrum of ar- 
thropsolides B (25) and C (26) (6 5.15, 5.10, 4.63, 4.57). 
The I3c nlnr spectrum of arthropsolides B (25) and C (26) 
also reflects the effects of oxidation of only the C10 alcohol 
of arthropsolide A (20). Thus, the signal for C1 1 shifts up- 
field to 6 150.29 (cf. 6 156.88 for arthropsolide A (20)) and 
the signals for C12 are shifted downfield to 6 96.47, 95.90 
(cf. 6 88.60 for arthropsolide A (20)) due to conjugation 
between the exocyclic double bond and the C10 ketone. 
Oxidation of arthropsolide A (20) with pyridinium chloro- 
chromate gave a mixture of arthropsolides B (25) and C (26) 
as the only isolable product. 

Arthropsolide B (25) and C (26) are very similar in terms 
of structure and instability to the inseparable mixtures of 
spirostaphylotrichin G (27) and H (28) from Staphylotri- 
chum coccosporum (lo), and triticone A (23) and B (24) from 
Staplzyloticlzum coccosporum (9) and Drechsleln tritici-re- 
pentis (12). Drechslera ti-itici-repentis is a major pathogen 
of wheat and it has been suggested that the retro-aldol inter- 
mediate 29 by which triticone A and B readily interconvert 
may be responsible for the lesions produced on wheat plants 
by this fungus (12). In an analogous fashion arthropsolide 
B (25) and C (26) may interconvert via the retroaldol inter- 
mediate 30 and these compounds may be responsible for in- 
hibiting the growth of the blue-stain fungus Ophiostoma 
claviger~cm. 

Arthropsolide D (31) 
The final compound from chromatography of the crude 

broth extract of our liquid culture of A. truncata was an oily 
solid that gave a weak ion at rn/z 252 in the hreims and an 
ion & m / z  270 (Mi + NH,', 100) in the cims, thereby con- 
firming a molecular formula of C13Hl,0,. Several features 
in the 'H  and I3c nmr spectra of this compound indicate that 
it is derived from reduction of the C7 ketone of arthrop- 
solide A (20) to the corresponding allylic alcohol. Thus, in 
the absence of conjugation the signals for H6 and H5 in the 
'H nrnr spectrum occur at 6 5.49 and 6 5.69, respectively (cf. 
6 6.19, 6.65 for arthropsolide A (20)), while the signal of H8 
(6 3.69) shows coupling ('H-'H COSY) to the signal for H7 
(6 4.80) as well as to a hydroxyl signal at 6 5.60. The I3c 
nmr spectrum of arthropsolide D (31) is also consistent with 
reduction of the C7 ketone of arthropsolide A (20). Thus, 
only one carbonyl signal (C13) and an extra carbinol signal 
(C7) are observed and the signals for C5 and C6 occur be- 
tween 6 127 and 130. 
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FIG. 3. A computer-generated perspective drawing of the final X-ray model of arthropsolide A dibenzoate (21) (hydrogen atoms have 
been omitted for clarity). 

The relative configuration of arthropsolide D (31) was not 
readily apparent from an examination of the coupling con- 
stants of the signals due to H7 and H8 in the 'H nmr spec- 
trum, as both these signals appear as broad singlets. 
Furthermore, the proximity of these signals to other hydro- 
gen signals made it difficult to do selective irradiations dur- 
ing nOe experiments. Since the dibenzoate of arthropsolide 
A had proven useful in this regard, the tribenzoate 32 of ar- 
thropsolide D was prepared. In the 'H  spectrum of the tri- 
benzoate 32 the 8.5 Hz coupling between the signals due to 
H8 (6 6.09, d, J = 8.5 Hz) and H7 (6 6.42, dddd, J = 8.5, 
3.0, 2.0, 2.0 Hz) suggested an antiperiplanar relationship of 
these hydrogens. Significant nOe's are observed from H8 to 
HI0 (7.8%) and H4 (9.0%), and from H4 to H8 (1 1.1%) and 
HI0  (1.4%), and allow the relative configuration of ar- 
thropsolide D (31) and the tribenzoate 32 at C4, C7, C8, C9 
and C 10 to be assigned as shown. 

The CD spectrum of tribenzoate 32 shows a strong posi- 
tive Cotton effect at 236 nm. Application of the Harada- 
Nakanishi dibenzoate rule (13) thus indicates a positive 
chirality between the benzoate at C8 and that at C7, indi- 
cating that the absolute configuration of 32 and, by infer- 
ence, the other new metabolites discussed, is as indicated in 
the structural drawings. 

Experimental 
For general experimental details see publication 14 from these 

laboratories. For ease of spectral comparisons ( 'H ,  "C nmr) the 
numbering of each compound is in accordance with that indicated 
diagrammatically for each carbon skeleton, and not the IUPAC 
nomenclature for each compound. The IUPAC name is provided 
with the experimental description of the compound. The number- 
ing system used in the text is based on biosynthetic considerations 

which will be discussed in a subsequent paper. Signals indicated 
('9 or (*") in the I3c nmr may be interchanged. Hexanes refers to 
Stanchem Ltd. (Edmonton) light petroleum, bp 62-70°C. Unless 
otherwise indicated, the following procedure was used for acety- 
lations. The alcohol was stirred with acetic anhydride (10-20 
equiv.), pyridine (10-20 equiv.), and a crystal of 4-dimethylami- 
nopyridine (DMAP) in dichloromethane (5 mL) until tlc indicated 
complete reaction. The reaction mixture was then evaporated using 
benzene to assist with the azeotropic removal of pyridine, and the 
product was purified by flash chromatography eluting with ethyl 
acetate - Skellysolve B (1 : 3) to give the acetylated derivative. 

Growtll of' Arthropsis truncata ntzd isolatiotz of mernbolites 
Freeze-dried cultures of Arthropsis trutzcarn Sigler, Dunn & 

Carmichael (UAMH 4430) were obtained from Mrs. L. Sigler, 
University of Alberta Microfungus Herbarium, Edmonton. Ly- 
ophilized cultures were inoculated onto, and maintained on, plates 
of malt extract agar. After 6 weeks growth one plate was blended 
with water (100 mL) and used to inoculate five 2-L Erlenmeyer 
flasks each containing 1 L of modified malt extract medium (20 g 
malt extract (Difco), 20 g D-glucose, I .O g bacto-peptone (Difco), 
I L water). The cultures were grown on a rotary shaker (at 
150 rpm) at room temperature for 4 weeks, then the black arthro- 
conidia and mycelial fragments were separated by filtration through 
cheesecloth. The filtered culture broth was concentrated at re- 
duced pressure to approximately 500 mL and then extracted with 
ethyl acetate (4 X 500 mL). The combined extracts were dried over 
magnesium sulfate and evaporated to give a brown oil (2.35 g). 

A portion of the extract (1.20 g) was dissolved in ethyl ace- 
tate - methanol, adsorbed onto silica gel (5 g), and dried in air with 
gentle warming. The dried extract - silica gel mixture was poured 
onto the top of a column of silica gel (150 g) packed with ethyl 
acetate - hexanes ( 1 : 2), and 25-mL fractions were eluted succes- 
sively with ethyl acetate - hexanes (1 :2, fractions 1-36), ethyl 
acetate - hexanes (2:  3, fractions 37-55), ethyl acetate - hexanes 
(I : 1, fractions 56-72), ethyl acetate (fractions 73-1 12), and ethyl 
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acetate - methanol (20: 1, fractions 113-130). Fractions contain- 
ing similar components (tlc) were combined and further purified 
by fractional crystallization or additional chromatography. 

Fractions 4-7 (7 mg) contained a mixture of triglycerides ( 'H 
nmr). Fractions 12- 17 (20 mg) were chromatographed, eluting with 
ethyl acetate - hexanes (1 :3), to give an inseparable mixture of 
arthropsolides B (25) and C (26) (14 mg). Fractions 20-26 (22 mg) 
contained a mixture of diglycerides ('H nrnr). Fractions 27-32 
(29 mg) crystallized from dichloromethane to give cycloarthrop- 
sone (12) (14 mg). Fractions 37-53 (164 mg) were crystallized from 
ethyl acetate - hexanes to give arthropsolide A (20) (55 mg). Col- 
umn chromatography of the crystallization mother liquours from 
fractions 37-53, eluting with dichloromethane-methanol (20: I), 
gave arthropsadiol A (1) (28 mg) followed by further arthropso- 
lide A (20) (31 mg). Fractions 63-71 (44 mg) were crystallized 
from dichloromethane to give an inseparable mixture of an ar- 
thropsatriols C (16) and D (17) (21 mg). Fractions 72-86 (59 mg) 
were chromatographed, eluting with dichloromethane-methanol 
(20: I) ,  to give arthropsadiol B (3) (8 mg) followed by cyclo- 
arthropsadiol C (9) (12 mg). Fractions 87-1 12 (30 mg) were 
chromatographed, eluting with dichloromethane-methanol (20: 1 
then 10: 1). to give arthropsolide D (31) (16 mg). Fractions 
1 13- 130 (48 mg) were chromatographed to give a mixture of ar- 
thropsatriols A (5) and B (6) (22 mg), which was separated by 
preparative tlc after developing several times with dichlororneth- 
ane-methanol ( 15 : 1 ) to afford arthropsatriol A (5) (8 mg) and ar- 
thropsatriol B (6) (6 mg). 

ArthropsadiolA (1)((4S*,5S"6S*)-6-hydroxy-5-(l-hydroxy-2- 
oxopropy1)-4-[(E )-prop-1-enyl[-2-cyclohexen- 1 -one) crystallized 
on standing, as thin needles, mp 78-79"C, [a]? -245.7 ( c  1.05, 
CH,OH); cd (C 0.39 mM, CH30H): [0]2JJ -5.14 X loh, [0]3rs 
-5.08 x lo5; uv (CH,OH) A,, (log E): 229 nm (3.88); Ftir (CHC13 
cast): 3450, 1689, 1108, 1052, 1044 cm-'; 'H nrnr (CDCI,): see 
Table 1; nOe (CDCI,): irradiate 6 4.32 (H8): 3.49 (H4, 3.4%); ir- 
radiate 6 3.49 (H4): 6.68 (H5, 3.9%), 5.53 (H2, 9.0%), 5.09 (H3, 
3.4%), 4.54 (H10, 2.5%), 4.32 (H6, 7.2%); irradiate 6 2.39 (H5): 
5.09 (H7, 4.4%), 4.54 (H10, 6.O%), 2.16 (H12, 2.7%); "C nmr 
(CDCI,): see Table 1; hreims (probe 100°C), tn /z  calcd. for 
CI2H,,O, (M+): 224.1049; found: 224.1050 (1.9), 181 (M+ - 
CH,CO, loo), 15 1 (201, 150 (26), 135 (38), 107 (28), 80 (2 l ) ,  79 
(27), 43 (30); cims: 242 (M' + NH,+, loo), 225 (M+ + NH,', 
29). 

Acetylation of arthropsadiol A (1) gave the diacetate 2 as a clear 
oil; uv (CH,OH) h,,,, (log E): 225 nm (4.06); Ftir (CHCI, cast): 
1752, 1729, 1701, 1372, 1232 cm-'; 'H nrnr (CDCIJ 6: 6.64 ( lH, 
dd, J = 10.0, 2.2 Hz, H5), 6.05 (IH, dd, J = 10.2, 3.0 Hz, H6), 
5.67 (IH, dq, J = 15.5, 7.0 Hz, H2), 5.34 ( lH,  d, J = 1.9 Hz, 
HIO), 5.27 (IH, d, J = 13.1 Hz, H8), 5.13 (IH, ddq, J = 15.0, 
9.5, 1.5 Hz, H3), 3.45 (IH, dddd, J = 10.0 ,10.0, 2.7, 2.7 Hz, 
H4), 3.02 (IH, ddd, J = 12.7, 10.0, 2.0 Hz, H9), 2.20, 2.18, (3H 
each, 2 s, 8-OAc, 10-OAc), 2.08 (3H, s, H 12), 1.65 (3H, dd, 
J = 7.0, 1.5 Hz, HI); "C nrnr (CDCI,) 6: 204.44 (C1 I), 192.29 
(C7), 169.87 (OAc), 169.81 (OAc), 152.52 (C5). 131.50 (C2), 
129.76 (C3), 126.76 (C6), 75.37 (CIO), 72.28 (C8), 46.98 (C9), 
41.91 (C4), 26.74 (C12), 20.52 (OAc), 20.45 (OAc), 17.45 (CI); 
hreims (probe 150°C), m/z calcd. for CI6Ha2O6 (M+): 308.1260; 
found: 308.1269 (0. I), 248 (M' - HOAc, 6), 188 (Mf - 2HOAc, 
6), 135 (33), 43 (100); cims: 326 (Mf + NH,', 100). 

ArthropsadiolB (3) ((4S:1:,5S":,6R")- 6-hydroxy-5-(2- hydroxy- 
1 -0xopropy1)-4-[(E)]-prop- 1 -enyl]-2-cyclohexen- l -one) was ob- 
tained as a clear oil; [a]? -389 (c 0.32, CH,OH); uv (CH,OH) i,,,.,, 
(log E): 235 nm (3.65); Ftir (CHCI, cast): 3448, 3426, 1716, 1687, 
1096 cm-'; 'H nlnr (CDCI,) 6: 6.80 (IH, dd, J = 10.0, 5.5 Hz, 
H5) ,6 .13 ( IH ,dd , J=  10.0, I .OHz,H6),5.59(1H,dq,J= 15.5, 
6.5 Hz, H2), 5.29 (ddq, J = 15.0, 8.2, 1.5 Hz, H3), 4.71 ( lH,  d, 
J = 12.0 Hz, H8), 4.36 (IH, br qd, J = 7.0, 4.0 Hz, H1 l ) ,  3.52 
(IH, d, J = 5.7 Hz), 3.48 (IH, m), 3.40 ( lH ,  br d, J = 4.5 Hz), 
1.68(3H, dd, J = 6.5, 1.5 H z , H l ) ,  1.39(3H, d, J = 7.5 Hz, 
H12); nOe (CDCI,): irradiate 6 4.71 (H8): 5.29 (H3, 6.1%); irra- 
diate 6 4.36 (HI 1): 3.52 (8.1%), 1.39 (Hl2, 2.0%); irradiate 6 1.39 

(H12): 5.29 (H3, 1.0%), 4.71 (H8, 3.3%), 4.36 (H11, 10.8%); '-'c 
nrnr (CDC1,) 6: 208.78 (ClO), 198.77 (C7), 150.60 (C5), 13 1.58 
(C2), 125.57 (C3), 124.09 (C6), 71.94 (C8), 68.93 (C1 l ) ,  52.27 
(C9), 42.06 (C4), 19.68 (C12), 17.98 (Cl); hreims (probe 120°C), 
m/z calcd. for C12H1604 (M+): 224.1049; found: 224.1045 (1.5), 
206 (M+ - HZO, 1.1), 180 (26), 152 (loo), 134 (20), 123 (24), 
lo8 (221, 105 (20), 91 (25), 84 (23). 80 (34), 79 (34), 77 (24), 7 1 
(44), 45 (23), 43 (24). 

Acetylation of arthropsadiol B (3) gave the diacetate 4 as a clear 
oil; 'H nrnr (CDCI,) 6: 6.82 (IH, dd, J = 10.0, 5.5 HZ, H5), 6.08 
( I H , d ,  J =  1 0 . 5 H z , H 6 ) , 5 . 7 4 ( 1 H , d , J =  12.5Hz,H8),5.58 
(IH, dqd, J = 15.5, 6.5, 1.0 Hz, H2), 5.35 ( lH,  ddq, J = 15.5, 
7.5, 1.5 Hz, H3), 5.20 ( lH ,  q, J = 7.5 Hz, H l l ) ,  3.71 (2H, m, 
H4, H9), 2.15 (3H, s ,  OAc), 2.08 (3H, s, OAc), 1.69 (3H, dd, 
J = 6.5, 1.0 Hz, HI),  1.41 (3H. d, J = 7.5 Hz, H12); 'H nrnr 
(C6D6) 8: 6.03 ( lH,  d, J = 12.8 Hz, H8), 5.99 (IH, dd, J = 10.0, 
6.0 Hz, H5), 5.79 ( lH ,  d, J = 9.8 Hz, H6), 5.35 ( lH,  ddq, J = 
15.5,7.5, 1.5 Hz, H3), 5.23 (IH, dqd, J = 15.5,6.5, 1.0 Hz, H2), 
4.77 (IH, q ,  J = 7.2 Hz, HII) ,  3.24 ( lH,  d d , J  = 12.7, 5.5 Hz, 
H9), 3.14 ( lH, br ddd, J = 6.0, 6.0, 6.0 Hz, H4), 1.69 (3H, s, 
OAc), 1.65 (3H, s, OAc), 1.43 (3H, brd, J = 6.5 Hz, HI),  1.05 
(3H, d, J = 7.2 Hz, H12); nOe (CDCI,): irradiate 6 6.82 (H5): 6.08 
(H6, 18.7%), 3.71 (H4, H9, 5.2%); irradiate 6 5.74 (H8): 5.35 (H3, 
7.3%); irradiate 6 5.35 (H3): 5.74 (H8, 4.3%), 3.71 (H4, H9, 
2.7%); nOe (C,D,): irradiate 6 3.14 (H4): 3.24 (H9, 14.4%). 

Cycloarthropsotze (12) (2,7-dihydroxy-2-methyl-4-[(E)-prop- l- 
enyl[-3(2H)-benzofuranone) was obtained as a yellow solid, mp 
168-172°C; [a]: 0.0 (C 1.06, CH,OH); uv (CHIOH) h,,,,, (log E): 
236 (4.12), 286 (3.94), 387 (3.68), 650 nm (2.18); uv (CH,OH + 
NaOH) h ,,,, (log E): 2 14 (4.14), 258 (4.04), 300 (3.90), 422 (3.68), 
650 nm (2.18); Ftir (KBr): 3450, 3170, 1684, 1652, 1627, 1588, 
1516, 1288, 1201, 1182, 1084, 968, 908 cnl-'; 'H nrnr (CD,OD) 
6: 7.08 (IH, dq, J = 16.2, 1.7 Hz, H3), 6.99 (IH, d, J = 8.8 Hz, 
H5), 6.93 ( lH ,  d, J = 8.8 Hz, H6), 6.27 ( lH ,  dq, J = 16.2, 
6.8 Hz, H2), 1.78 (3H, dd, J = 6.8, 1.5 Hz, HI),  1.43 (3H, s, 
H12); nOe (CD,OD): irradiate 6 6.27 (H2): 6.99 (H5, 13.6%), 1.78 
(HI,  4.7%); irradiate 6 1.78 (HI): 7.08 (H3, 13.8%), 6.27 (H2, 
13.8%); "C nrnr (CDC13/CD,0D) 6: 200.67 (ClO), 158.20 (8), 
141.1 1 (C7), 130.03 (C4), 128.17 (C2), 125.04 (C3), 124.13 (C6), 
117.57 (C5), 114.99 (C9), 103.29 (CI I), 21.46 (C12), 18.17 (Cl); 
hreims (probe 10O0C), m/z calcd. for Cl2HI2O4 (Mi-): 220.0735; 
found: 220.0733 (25), 178 (22), 177 (loo), 43 (24); cims: 238 
(M+ + NH4+, 76), 221 (M+ + H + ,  100). 

Acetylation of cycloarthropsone (12) gave the diacetate 15 as a 
clear oil; uv (CH,OH) h,,, (log E): 233 (4.27), 279 (4.06), 287 
(4.03), 352 nm (3.79); Ftir (CHCI, cast): 1768, 1731, 1592, 1507, 
1371, 1191, 926 cm-I; 'H nmr (CDCI,) 6: 7.27 (IH, dq, J = 16.0, 
1.8 Hz, H 3 ) , 7 . 2 4 ( 1 H , d , J  = 8.1 Hz ,H5orH6) ,  7 .19(1H,d ,  
J =  8.1 H z , H 5 o r H 6 ) , 6 , 4 9 ( 1 H , d q , J =  16.0,6.9Hz,H2),2.33 
(3H, s ,  7-OAc), 2.09 (3H, s, I 1-OAc), 1.94 (3H, dd, J = 7.0, 
2.0 Hz, HI), 1.61 (3H, s, H12); "C nrnr (CDCI,) 6: 196.02 (CIO), 
168.11 (OAc), 168.03 (OAc), 159.16 (C8), 136.35 (C4), 133.62 
(C7), 131.75 (C2), 130.34 (C6), 124.96 (C3), 118.1 1 (C5), 117.21 
(C9), 102.32 (C1 I), 20.95 (Cl), 20.62 (OAc), 20.25 (OAc), 18.81 
(C12); hreims (probe 12OoC), m/z calcd. for Cl,H,,O, (Mf):  
304.0947; found 304.0949 (4.3), 244 (17), 202 (38), 177 (loo), 
43 (58); cims: 322 (Mf + NHJf , 100). 

C~~cloarthropsadiol C (9) ((5R:\6S :$,8R *:)- 5,6- dihydroxy- 3- 
methyl- 8-[(E)-prop- 1-enyll- 2,4 -dioxatricyclo[3.3.1.1 '.']decan- lo- 
one) was obtained as a clear oil; [a]? -38.7 (c 0.91, CH,OH); Ftir 
(CHCI, cast)): 3434, 1743, 1440, 1385, 1333, 1235, 1 199, 1 144, 
1129, 1091, 1076, 1048, 1020,965,930, 900, 861,755 cm-I; 'H 
nrnr (CDCI,) 6: 5.64 (IH, dqd, J = 15.5, 6.5, 0.8 Hz, H2), 5.46 
(IH, ddq, J = 15.4, 7.5, 1.5 Hz, H3), 4.24 (2H, br d, J = 3.8 Hz, 
H5, H8), 2.98 (IH, br d, J = 7.5 Hz, H4), 2.92 ( lH, dd, J = 3.8, 
3.8 Hz, H9), 2.45 ( lH, dd, J = 13.4. 4.4 Hz, H6a), 1.94(1H, dd, 
J = 13.1, 1.8 Hz, H6P). 1.67 (3H, br d, J = 6.5 Hz, HI), 1.36 
(3H, s, H12); "C nrnr (CDCI,) 6: 202.3 (C10). 129.1 (C2)'-, 127.6 
(C3)lC, 100. I (CI l) ,  94.1 (C7), 78.4 (C8), 73.5 (C5), 56.1 (C9), 
51.3 (C6), 37.2 (C4), 19.5 (C12), 18.0 (Cl); hreiins (probe 140°C), 
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m / z  calcd. for C12H160, (M'): 240.0997; found: 240.0993 (1.1). 
212 (M' - CO, 18), 152 (49), 134 (20), 109 (22), 108 (63), 81 
(23), 80 (22), 7 1 (22), 43 (100). 

Acetylarion of c~~cloarrhropsadiol C 
A solution of cycloarthropsadiol C (9) (4.8 rng), acetic anhy- 

dride (60 kL), pyridine (40 FL), and a crystal of DMAP in di- 
chlorornethane (1 mL) was stirred at room temperature for 3 h, then 
evaporated to dryness. 'The resulting oil was chrornatographed, 
eluting with ethyl acetate - hexanes ( I  :3) to give cycloarthropsa- 
diol C diacetate (10) (4.3 rng, 66%) which crystallized on stand- 
ing; 'H nrnr (CDC1,) 6: 6.09 (IH, d, J = 4.0 Hz, H8), 5.66 ( lH ,  
dqd, J = 15.0, 6.5, 1.0 Hz, H2), 5.42 (ddq, J = 15.5, 7.8, 
1.5 Hz, H3), 4.25 ( lH,  br dddd, J = 3.8, 2.0, 2.0, 2.0 Hz, H5), 
3.14(1H, b r d ,  J =  7 .8Hz ,H4) ,2 .99 ( IH ,ddd ,  J = 4 . 0 ,  3.0, 
1 .7Hz,H9) ,2 .79(1H,dd,J=  13.0,2.0Hz,H6a),2.60(1H,dd,  
J = 13.0, 4.3 Hz, H6P), 2.094 (3H, s, OAc), 2.085 (3H, s, OAc), 
1.67 (3H, dd, J = 6.5, 1.0 Hz, HI), 1.44 (3H, s, H12); nOe 
(CDCI,): irradiate 6 6.09 (H8): 3.14 (H4, 6.9%), 2.99 (H9, 10.4%), 
2.79 (H6a, 2.3%); irradiate 6 4.25 (H5): 5.42 (H3, 3.1%). 3.14 
(H4, 5.2%), 2.79 (H6a, 2.4%), 2.60 (H6P, 5.2%); irradiate 6 3.14 
(H4): 6.09 (H8, 10.7%), 5.66 (H2, 8.4%), 5.42 (H3, 4.7%), 4.25 
(H5, 8.4%), 2.99 (H9, 7.7%), 2.79 (H6a, 4.7%), 2.60 (H6P, 
- 1.4%); irradiate 6 2.99 (H9): 6.09 (H8, 9.8%), 5.66 (H2, 1.9%), 
5.42 (H3, 3.5%), 3.14 (H4, 2.7%); irradiate 6 2.79 (H6a): 6.09 
(H8, 8.3%), 4.25 (H5, 7.8%), 3.14 (H4, 5.3%), 2.60 (H6P, 
29.6%); irradiate 6 2.60 (H6P): 4.25 (H5, 11.4%), 2.79 (H6a, 
20.2%); hreirns (probe 120°C), m / z  calcd. for C15Hzo06 (M+ - 
CO); 296.1260; found: 290.1260 (13), 152 (30), 134 (29), 108 (64), 
43 (100); cims: 342 (M+ + NHdf, 51), 325 (M+ + H i ,  201, 282 
(go), 265 ( 100). 

Further elution of the column with ethyl acetate - hexanes (1 : 2) 
gave cycloarthropsadiol C-8-acetate (11) (1.5 rng, 27%); 'H nrnr 
(CDCI,) 6: 5.66 ( lH,  dqd, J = 15.5, 6.5, 1.0 Hz, H2), 5.43 ( IH,  
ddq, J = 15.5, 7.5, 1.5 Hz, H3), 5.27 (IH, d, J = 2.7 Hz, H8), 
4.27(1H, b r d d d d , J = 3 . 8 , 2 . 0 , 2 . 0 , 2 . 0 H z ,  H5),3.07(1H,br 
d, J = 7.5 Hz, H4), 2.98 ( lH,  ddd, J = 3.5, 3.5, 1.8 Hz, H9), 
2.46 ( lH, dd, J = 13.1,4.0 Hz, H6), 2.14 (3H, s, OAc), 2.03 ( lH, 
dd, J = 13.1, 1.8 Hz, H6), 1.67 (3H, dd, J = 6.5, 1.0 Hz, HI), 
1.39 (3H, s, H12). 

ArrhropsarriolA (5) ((lR'\4S*,5S*,6S*)- 5-(I-hydroxy- 2-0x0- 
propy1)-4-[(E)-prop- 1-enyll-2-cyclohexene- 1,6-diol) was ob- 
tained as a clear oil; Ftir (CHC1, cast): 3400, 1708, 1357, 1234, 
11 10, 1074, 1031, 973 cm~- ' ;  'H nrnr (CDCI,) 6: 5.82 ( lH,  ddd, 
J = 9.5, 5.5, 2.5 Hz, H6), 5.59 ( lH,  dd, J = 10.0, 2.5 Hz, H5), 
5.37 (IH, dq, J = 15.2, 6.5 Hz, H2), 5.02 (IH, ddq, J = 15.5, 
9.5, 1.5 Hz, H3), 4.60 ( lH,  br s, OH), 4.19 (IH, brdd,  J = 4.5, 
4.5 Hz, H7), 3.94 ( lH,  br s, HIO), 3.81 (IH, dd, J  = 10.5, 
4.3 Hz, H8), 3.15 ( lH ,  br s, OH), 2.97 (IH, br dddd, J = 9.5, 
9.5,2.5,2.5Hz,H4),2.60(IH,vbrs,OH),2.21 ( l H , d d d , J =  
10.5, 9.5, 1.5 Hz, H9), 2.17 (3H, s, H12), 1.57 (3H, dd, J = 6.5, 
1.5 Hz, HI); I3C nmr (CDC1,) 6: 210.71 (C1 I), 135.98 (C5), 
131.32 (C3), 129.92 (C2), 124.86 (C6), 75.16 (ClO), 69.05 (C8), 
65.86 (C7), 43.75 (C9), 39.67 (C4), 25.70 (C12), 17.49 (Cl);  
hreirns (probe 100°C), m / z  calcd. for C11H1601 (M' -H?O): 
208.1099; found: 208.1 103 (0.7), 190 (M' -2H?O, 1.3), 183 (M' 
-CH,CO, 29). 165 (501, 147 (25), 135 (7 l) ,  134 (3 I ) ,  1 19 (48), 
110 (25), 107 (51), 95 (38). 95 (56), 93 (20), 91 (100). 81 (34), 
79 (50). 77 (37), 74 (44). 73 (41), 71 (381, 67 ( 3 3 ,  57 (22), 55 
(25), 53 (26); cirns: 244 (Mf + NH,+, 71), 226 (53), 209 (100). 

Acetylation of arthropsatriol A (5) gave the corresponding tri- 
acetate 7 as a clear oil; Ftir (CHCI, cast): 1746, 1710, 1371, 1241, 
1230, 1060, 1028, 1016 crn-I; 'H nrnr (CDCI,) 6: 5.72 ( lH,  ddd, 
J = 10.5, 5.5, 2.3 Hz, H6), 5.67 (IH, dd, J = 9.5, 2.1 Hz, H5), 
5.53 ( lH, dq, J = 15.0, 6.5 Hz, H2), 5.45 (IH, ddd, J = 5.0, 3.8, 
1.0 Hz, H7), 5.34 (IH, d, J = 1.8 Hz, HlO), 5.07 (IH, ddq, J = 
15.2, 9.5, 1.6 Hz, H3), 4.94 (IH, dd, J = 12.2, 3.8 Hz, H8), 3.10 
(IH, br dddd, J = 9.5, 9.5, 2.0, 2.0Hz, H4), 2.80 ( IH,  ddd, J = 

12.2, 10.5, 2.0 Hz, H9), 2.16, 2.12, 2.09, 2.01 (3H each, 4 s, 
3 x OAc, H12), 1.61 (3H, dd, J = 6.5, 1.5 Hz, Hl); nOe (CDCI,): 
irradiate 6 5.45 (H7): 5.72 (H6, 9.0%), 4.94 (H8, 13.08);  irra- 
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diate 6 5.34 (H10): 4.94 (H8, 2.8%), 2.80 (H9, 10.8%); irradiate 
6 4.94 (H8): 5.45 (H7, 16.5%), 3.10 (H4, 7.6%); irradiate 6 3.10 
(H4): 5.67 (H5, 14.7%), 5.53 (H2, 10.7%), 5.07 (H3, 6.6%), 4.94 
(H8, 10.7%); irradiate 6 2.80 (H9): 5.34 (HIO, 16.6%), 5.07 
(H3, 10.8%); hreirns (probe 150°C), m / z  calcd. for CldHI,O, 
(M+ -HOAc - CH2CO): 250.1205; found: 250.1208 (0.6), 232 
(M+ -2HOAc, 0.6), 147 (27), 135 (28), 134 (27), 129 (28), 116 
(25), 91 (27), 43 (100); cirns: 370 (Mf + NH,', 100). 

Arrhropsarriol B (6)  ((1S*,4S* ,5S * ,6S*)-5-(I-hydroxy-2- 
oxopropy1)-4-[(El-prop- 1-enyll-2-cyclohexene- 1,6-diol) was ob- 
tained as a clear oil; [a]? - 216 (c  1.00, CH,OH); 'H nrnr (CDCl,) 
6: 5.53 ( lH, brddd, J = 10.0, 2 .0 ,2 .0Hz,  H6), 5.38-5.26(2H, 
m, H5, H2), 4.95 (IH, ddq, J = 15.5,9.5, 1.5 Hz, H3), 4.62 (lH, 
brs ,OH),4 .25(1H,  brs,  H10),4.19(1H, brd,  J =  7.5 Hz,H7), 
3.64 ( lH, dd, J = 10.6, 8.0 Hz, H8), 2.99 ( lH, br dddd, J = 9.5, 
9 . 5 , 5 . 5 , 2 . 5 H z , H 4 ) , 2 . 1 4 ( 3 H , s ,  H12),2.07(IH, b r d d , J =  
10.2, 10.2 Hz, H9), 1.55 (3H, d d , J  = 6.5, 1.5 Hz, Hl);  I3Cnmr 
(CDCI,) 6: 210.65 (Cl l ) ,  131.66 (C5), 131.53 (C3), 129.80 (C2), 
127.67 (C6), 74.85 (CIO), 72.98 (C7), 72.74 (C8), 47.53 (C9), 
39.74 (C4), 25.78 (C12), 17.52 (Cl);  hreirns (probe 120°C), m / z  
calcd. for C,,H1603 (M+ -H20): 208.1099; found: 208.1099 (0.9), 
165 (37), 147 (30), 135 ( loo),  134 (43), 119 (40), 110 (43), 107 
(521, 95 (61 ), 9 1 (74), 8 1 (291, 79 (351, 77 (26), 74 (56), 73 (24), 
71 (22), 67 (28), 57 (25), 56 (23), 55 (21), 53 (20); cims: 244 
(M+ + NH,', loo). 

Acetylation of arthropsatriol B (6) gave the triacetate 8 as a clear 
oil; 'H nrnr (CDCl,) 6: 5.56-5.45 (4H, rn, H2, H5, H6, H7), 5.21 
(IH, d, J = 2.0 Hz, HlO), 5.12 ( IH,  dd, J = 12.0, 8.5 Hz, H8), 
4.99 ( lH,  ddq, J = 15.5, 9.8, 1.5 Hz, H3), 3.18 ( lH,  brdd,  J = 
10.0, 10.0 Hz, H4), 2.63 ( lH,  ddd, J = 12.5, 10.5, 2.0 Hz, H9), 
2.17 (3H, s, OAc), 2.05 (3H, s, OAc), 2.03 (6H. s, OAc, H12), 
1.59 (3H, dd, J = 6.5, 1.5 HZ, H 1); 'H nrnr (C6D6) 6: 5.73 ( lH,  
dddd, J = 8.5, 3.0, 2.0, 2.0 Hz, H7), 5.42 ( lH ,  d, J = 2.3 Hz, 
HIO), 5.41 (IH, dd, J = 11.6, 8.2 Hz, H8), 5.38 (IH, ddd, J = 
9.8, 2.2, 2.2 Hz, H6), 5.24 (IH, ddd, J = 10.0, 2.2, 2.2 Hz, H5), 
5.20 (IH, dq, J = 15.5, 6.5 Hz, H2), 4.78 ( lH,  ddq, J = 15.0, 
9.6, 1.5 Hz, H3), 3.09 ( l H ,  br dddd, J = 9.6, 9.6, 5.6, 2.6 Hz, 
H4), 2.51 ( IH,  ddd, J = 12.5, 10.3, 2.0Hz, H9), 1.840, 1.792, 
1.690, 1.687 (3H each, 4s, 3 OAc, H12), 1.34 (3H, dd, J = 6.5, 
1.8 HZ, H 1); nOe (C6D6): irradiate 6 5.73 (H7): 5.38 (H6, 8.3%), 
2.5 1 (H9, 6.5%); irradiate 6 4.78 (H3): 3.09 (H4, 1.9%), 2.51 (H9, 
4.9%); irradiate 6 3.09 (H4): 5.41 (H8, 8.2%), 5.24-5.20 (H5, H2, 
9.l%), 4.78 (H3, 3.0%); irradiate 6 2.51 (H9): 5.73 (H7, 9.5%), 
5.42 (H10, 10.3%), 4.78 (H3, 7.8%). 

Arrhropsarriol C (16) and arrlzropsarriol D (17) ((2S*, 
3R *,4SZ':)- and (2SL\3R ",4R *)-3,4-dihydro-2,3-dirnethyl-2,4,6- 
trihydroxy-l(2H)-naphthalenone) were obtained as a white solid; 
uv (CH,OH) A,,;,, (log E): 229 (4.00), 255 (3.91), 321 nrn (3.43); 
Ftir (KBr): 3406, 1678, 1603, 1445, 1390, 1315, 1223,1166, 1154, 
1135, 101 1, 968, 834 crn-'; 'H nrnr (CD,OD) 6: (major epirner, 
arthropsatriol C): 7.32 (IH, d, J = 8.5 Hz, H5), 7.22 ( IH,  d J = 
2.5 Hz, H8), 6.98(1H, dd, J =  8.2, 2.5 Hz, H6),4.96(1H, d, 
J = 4.5 Hz, H3), 2.29 ( IH,  qd, J = 7.0, 4.6 Hz, H2), 1.29 (3H, 
s, H 12), 0.94 (3H, d, J = 7.0 Hz, H 1); 6 (minor epirner, arthrop- 
satriol D): 7.47 ( lH ,  dd, J = 8.5, 1.0 Hz, H5), 7.21 ( lH,  d ,  J = 
2.5 Hz, H8), 7.01 ( IH,  dd, J = 8.5, 2.6 Hz, H6), 4.33 ( IH,  d, 
J = 9.8 Hz, H3), 2.00 ( IH,  dq, J = 9.5, 6.8 Hz, H2), 1.19 (3H, 
d, J = 6.9 Hz, HI) ,  1.08 (3H, s, H12); hreirns (probe 150°C), m / z  
calcd. for CI2HI4O, (M ' ): 222.0892; found: 222.0888 (4.61, 204 
(38), 162 (34), 161 (90), 150 (23), 122 (53), 121 (loo), 65 (231, 
43 (46). 39 (20); cirns: 240 (Mt + NH,', 100). 

Acerylariotz of the tni.rtrlcre of nrrhropsurriols C and D 
A solution of the mixture of arthropsatriols C and D (20 rng), 

acetic anhydride (0.25 rnL), pyridine (0.25 mL), and a crystal of 
DMAP in dichlorornethane (5.5 rnL) was stirred at room ternper- 
ature for 4 h, then diluted with ethyl acetate and washed succes- 
sively with 1 M hydrochloric acid, water, and saturated sodium 
hydrogen carbonate. Evaporation of the dried solution gave an oil 
that was subjected to preparative tlc. Several developments with 
dichlorornethane - methanol (100: I )  gave 3 bands, which were 
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eluted with ethyl acetate to give, in order of decreasing Rf: a mix- 
ture of 2 triacetates (2.0 mg, 6%); arthropsatriol D diacetate (19) 
(7.4 mg, 27%), and arthropsatriol C diacetate (18) (10.3 mg, 37%). 

Arthropsatriol D diacetate (19) was obtained as a clear oil; uv 
(CH,OH) A,,, (log E): 218 (4.09), 243 (4.05), 292 nm (3.36); Ftir 
(CHC1, cast): 3492, 1765, 1749, 1693, 1609, 137 1, 1230, 1206, 
1190, 759 cm-I; I H  nmr (CDCI,) 6: 7.76 (IH, d, J = 2.5 Hz, H8), 
7.35 (IH, dd, J = 8.5, 2.5 Hz, H6), 7.27 (IH, d, J = 8.5 Hz, H5), 
6.03 ( lH,  d, J = 10.6Hz, H3), 3.87 ( lH,  s, OH), 2.38 ( lH,  dq, 
J = 10.6, 6.8 Hz, H2), 2.33 (3H, s, 7-OAc), 2.25 (3H, s, 3-OAc), 
1.28 (3H, s, H12), 1.22 (3H, d, J = 6.5 Hz, Hl);  nOe (CDCI,): 
irradiate 6 7.27 (H5): 7.35 (H6, 3.8%), 6.03 (H3, 2.4%); irra- 
diate 6 6.03 (H3): 7.27 (H5, 4.0%); irradiate 6 2.38 (H2): 1.22 (HI, 
1.7%); irradiate 6 1.28 H12): 6.03 (H3, 14.0%); irradiate 6 1.22 
(Hl): 6.03 (H3, 10.2%); I3c nmr (CDCI,) 6: 200.15 (CIO), 171.07 
(OAc), 169.01 (OAc), 150.76 (C7), 138.97 (C4), 130.11 (C9), 
128.29 (C6), 128.14 (C8), 120.14 (C5), 75.96 (Cll) ,  72.29 (C3), 
45.39 (C2), 21.01 (OAc), 20.92 (OAc), 19.58 (C12), 10.61 (Cl); 
hreims (probe 140°C), m/z calcd. for Cl6HI8o6 (M+): 306.1 103; 
found: 306.1100 (1.1), 246 (18), 204 (77), 203 (21), 192 (24), 162 
(57), 161 (loo), 150 (45), 149 (25). 

Arthropsatriol C diacetate (18) was obtained as a clear oil; uv 
(CH,OH) A,,,, (log E): 212 (4.21), 246 (4.01), 294 nm (3.23); Ftir 
(CHC1, cast): 3492, 1767, 1740, 1694, 1608, 137 1, 1234, 1205, 
1191, 757 cm-I; I H  nmr (CDCI,) 6: 7.75 (IH, d, J = 2.5 Hz, H8), 
7 . 5 3 ( 1 H , d , J =  8 .5Hz ,H5) ,7 .33 (1H,dd , J=8 .5 ,2 .5Hz ,H6) ,  
6.27(1H,d,J=4.3Hz,H3),3.57(1H,brs,OH),2.58(1H,qd, 
J = 7 .O, 4.5 Hz, H2), 2.33 (3H, s, 7-OAc), 2.12 (3H, s ,  3-OAc), 
1.42 (3H, s, H12), 1.21 (3H, d, J = 7.0 Hz, Hl);  nOe (CDCI,): 
irradiate 6 7.53 (H5): 7.33 (H6, 13.6%), 6.27 (H3, 9.1%); irra- 
diate 6 7.33 (H6): 7.53 (H5, 11.1%); irradiate 6 6.27 (H3): 7.53 
(H5, 10.7%), 2.58 (H2, 13.9%); irradiate 6 2.58 (H2): 6.27 (H3, 
11.8%); irradiate 6 1.42 (H12): 1.21 (Hl ,  1.5%); irradiate 6 1.21 
(HI): 6.27 (H3, 6.1%), 2.58 (H2, 15.3%); I3c nmr (CDCI,) 6: 
200.86 (ClO), 170.62 (OAc), 169.06 (OAc), 151.28 (C7), 137.59 
(C4), 131.49 (C8)*, 130.69 (C9), 128.28 (C6)*, 120.57 (C5), 
75.26 (Cl l ) ,  69.89 (C3), 41.12 (C2), 22.44 (C12). 20.99 (OAc), 
10.20 (Cl), one signal obscured; hreims (probe 1 1O0C), m/z calcd. 
for C16Hl,06 (M+): 306.1 103; found: 306.1 102 (1.8), 246 (37), 204 
(loo), 192 (21), 162 (49), 161 (78), 150 (41), 149 (22),143 (57). 

Arthropsolide A (20) ((4S*,5R",6S*, 10s")-4,6-dihydroxy-3- 
methylidene-10-[(E)-prop-1-enyll- 2- oxospiro[4.5]dec- 8-en-1,7- 
dione) crystallized from dichloromethane as fine needles, mp 142- 
145"C, [a]: -302 (c 1.00, CH,OH); cd (c  0.40 mM, CH,OH): 

-4.85 X lo6, [0]332 -4.49 X lo5; uv (CH30H) A,., (log E): 

204 (4.39), 236 nm (4.07); Ftir (CHCI, cast): 3400, 1798, 1685, 
1 164, 1 143, 11 17, 1080 cm-I; 'H nmr (CDCI,): see Table 1; I3c 
nmr (CDCI,): see Table 1; hreims (probe 120-18O0C), m/z calcd. 
for Cl,Hl,Os (Mf):  250.0841; found: 250.0838 ( ] . I ) ,  232 (M+ 
-H,O; 3.3), 214 (M+ -2H20, 1.3), 108 (loo), 100 (20), 80 (93), 
79 (46), 77 (24), 39 (23); cims: 268 (M+ + NH4+, 100). 

Betlzoylntion of nrthrop.solide A 
A solution of arthropsolide A (20) (9.0 mg), benzoyl chloride 

(40 pL), pyridine (50 pL), and a crystal of DMAP in dichloro- 
methane (2 mL) was stirred at room temperature for 3 days under 
argon. The mixture was diluted with ethyl acetate and washed 
successively with 1 M hydrochloric acid, water, and saturated so- 
dium hydogen carbonate. Evaporation of the dried solution and flash 
chromatography of the product, eluting with ethyl acetate - hex- 
anes (1 :3), gave successively arthropsolide A dibenzoate (21) 
(12.3 mg, 74%), and a monobenzoate of arthropsolide A (3.5 rng, 
25%). Arthropsolide A dibenzoate (21) crystallized from ace- 
tone-dichloromethane-hexanes as prisms, mp 182- 184°C; Ftir 
(CHCI, cast): 1809, 1737, 1709, 1682, 1600, 1583, 1452, 1250, 
1 1 1 1, 107 1, 106 I ,  1022,972,755,708 cm-'; ' H  nmr (CDCI,) 6: 
8.15-8.04 (4H, m, ArH), 7.73-7.42 (6H, m, ArH), 6.58 (1 H, dd, 
J = 10.1, 2.5 Hz, H5), 6.31 (IH, dd, J = 2.2, 2.2 Hz, HIO), 6.26 
(IH, dd, J = 10.1, 3.0 Hz, H6), 6.10 ( lH ,  s, H8), 5.82 ( lH ,  dq, 

J = 15.2, 6.5 Hz, H2), 5.62 ( lH,  ddq, J = 15.2, 8.0, 1.5 Hz, H3), 
4.96 ( lH ,  dd, J = 3.0, 3.0 Hz, H12A), 4.62 (IH, dd, J = 2.5, 
2.5Hz,H12B),3.71 ( lH,  b r d d d , J =  8.0,2.5,2.5Hz,H4),  1.76 
(3H, dd, J = 6.3, 1.5 Hz, HI); nOe (CDCI,): irradiate 6 6.10 (H8): 
6.31 (HIO, 4.9%), 3.71 (H4, 10.7%); irradiate 6 4.96 (H12A): 4.62 
(H12B, 42.6%); irradiate 6 4.62 (H12B): 6.31 (H10, 3.7%), 4.96 
(H12A, 41.3%); irradiate 6 3.71 (H4): 6.58 (H5, 10.6%), 6.31 
(H10, 1.0%), 6.26 (H6, - 1.0%), 6.10 (H8, 16.0%), 5.82 (H2, 
6.9%), 5.62 (H3, 8.8%); hreims (probe 20OoC), m/z calcd. for 
CZ7H2207 (M+): 458.1365; found: 458.1370 (1.3), 336 M+ 
-C6H5C02H, 3.7), 105 (loo), 77 (23). 

Arthropsolide B (25) and orthropsolide C (26) ((5R * ,6S*, lOS*)- 
and (5R~*,6R*,10S*)-6-hydroxy-3-methylidene-10-[(E)-prop-l- 
enyl]-2-oxaspiro[4.5]dec-8-en-1,4,7-trione respectively) were ob- 
tained as an unstable pink oil; uv (CH,OH) A,,,, (log E): 213 (3.93), 
242 nm (3.93); Ftir (CHC1, cast): 3480, 18 14, 1753, 1698, 1649, 
1260, 11 16 cm-I; IH nmr (CDCI,) 6 (major epimer): 6.67 ( lH, dd, 
J = 10.0, 2.3 Hz, H5), 6.30 (IH, dd, J = 10.5, 3.3 Hz, H6), 5.70 
( IH,  dq, J = 15.0, 6.8 Hz, H2), 5.49 (IH, d, J = 3.4 Hz, H8), 
5 .29(1H,ddq,  J = 14.9, 8.8, 1.5 Hz,H3),  5.15 ( lH ,  d, J = 
2.8 Hz, H12), 4.57 (IH, d, J = 2.0Hz, H12), 3.80 (IH, d, J = 
2.3 Hz, OH), 3.76 (IH, ddd, J = 9.2, 2.5, 2.5 Hz, H4), 1.66 (3H, 
dd, J = 6.6, 2.0 Hz, Hl); (minor epimer): 6.68 (lH, dd, J = 10.0, 
2 . 3 H z , H 5 ) , 6 . 3 0 ( 1 H , d d , J =  10.5,3.3Hz,H6),5.80(1H,dq,  
J =  1 5 . 0 , 6 . 8 H z , H 2 ) , 5 . 3 9 ( 1 H , d , J = 2 . 7 H z , H 8 ) , 5 . 2 3  ( lH,  
ddq, J = 15.2, 9.5, 2.0 Hz, H3), 5.10 ( lH, d, J = 3.3 Hz, H12), 
4.63 ( IH,  d, J = 2.2 Hz, H12), 3.86 ( lH,  ddd, J = 9.5, 2.5, 
2.5 Hz, H4), 3.70 ( lH ,  d ,  J = 1.9 Hz, OH), 1.67 (3H, dd, J = 
6.6, 2.0 Hz, HI); nmr (CDC1,) 6: 194.41 (ClO), 193.52/193.36 
(C7), 169.83/168.55 (C13), 150.29 (Cl I ) ,  148.38/148.04 (C5), 
134.44/134.38 (C6), 126.42/126.38 (C3), 123.91/123.63 (C2), 
96.47/95.90 (C12), 73.21/72.78 (C8), 61.41 (C9), 45.26/44.56 
(C4), 17.84 (CI); hreims (probe 80-15O0C), m/z calcd. for 
C13H120s (Mf): 248.0685; found: 248.0688 (0.5), 219 (Mf -CHO, 
0.5), 191 (M+ -C2H02, 0.5), 191 (Mf - C,H50, 0.3), 165 (M+ 
-C4H,0Z, 2.8), 108 (M+ -C6H404, loo), 80 ( 7 3 ,  79 (40); cims: 
266 (M+ + NH,+, 100). 

Arthropsolide D (31) ((4S*,5R*,6S*,7S*,loS*)-3-methyli- 
dene- 10-[(E)-prop-I-enyll-4,6,7 -trihydroxy-2-oxaspiro[4.5]dec- 8- 
en-I-one was obtained as an oily solid; [a]: -239 (c 1.09, CH,OH); 
Ftir (CHCI, cast): 3400, 1784, 1679, 1099, 1063 cm-I; IH nmr 
(CDCI,) 6: 5.69 ( lH ,  br d, J = 9.5 Hz, H5), 5.63 ( IH,  dq, J = 
15.0, 7.0 Hz, H2), 5.60 ( IH,  br d, J = 6.0 Hz, OH), 5.49 ( l H ,  
br dd, J = 10.0, 1.5 Hz, H6), 5.28 ( lH,  ddq, J = 15.5, 8.5, 
1.8 Hz, H3), 5.19 ( IH,  br ddd, J = 6.5, 2.0, 2.0 Hz, HlO), 4.80 
(IH, b r s ,H7) ,4 .75  ( l H , d d , J =  2 .2 ,2 .2Hz,H12) ,4 .65(1H,  
dd, J = 2.2, 2.2 Hz, H12), 4.24 ( lH ,  br s, OH), 3.69 (IH, br s, 
H8), 3.60 ( lH ,  br d, J = 8.5 Hz, H4), 2.48 ( IH,  br s, OH), 1.60 
(3H, dd, J = 6.5, 1.5 Hz, Hl);  "C nmr (CDCI,) 6: 174.49 (C13), 
157.02 (C1 I), 131.07 (C2)*, 129.78 (C6)*, 127.28 (C5)", 127.20 
(C3)*, 88.67 (C12), 72.22 (ClO)":", 69.70 (C8)"*, 69.14 (C7)**, 
57.72 (C9), 39.40 (C4), 17.81 (C1); hreims (probe 150°C), m/z 
calcd. for Cl,H160S (M+): 252.0997; found: 252.0980 (1.0), 234 
(M+ -H20, 38), 162 (62), 161 (loo), 147 (37), 134 (41), 133 (29), 
125 (20), 121 (25), 110 (38), 107 (32), 105 (24), 95 (79), 91 (55), 
88 (36), 81 (43), 79 (40), 77 (46), 73 (48), 72 (43), 71 (34), 70 
(51), 43 (20); cims: 270 (M+ + NH,', 100). 

Berzzoylatiorz of nr-thropsolide D 
A solution of arthropsolide D (31) (8.0 mg), benzoyl chloride 

(1 10 pL), pyridine (100 pL), and a crystal of DMAP in dichlo- 
romethane (2 mL) was stirred at room temperature for 24 h under 
argon. The mixture was diluted with ethyl acetate and washed 
successively with 1 M hydrochloric acid, water, and saturated so- 
dium hydrogen carbonate. Evaporation of the dried solution and 
flash chromatography of the product, eluting with ethyl acetate - 
hexanes (1 :5), gave arthropsolide D tribenzoate (32) as an oil 
(7.3 mg. 41%); cd (c 0.135, CH30H) 25°C: [elZ,, +4.65 x 10"; 
'H nmr (CDCI,) 6: 8.14-7.33 (15H, m, ArH), 6.42 ( lH,  dddd, 
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J =  8.5, 3 . 0 , 2 . 0 , 2 . 0 H z , H 7 ) , 6 . 2 5 ( 1 H , d d , J = 2 . 2 , 2 . 2 H z ,  
HlO), 6.09 ( lH,  d, J  = 8.5 Hz, H8), 5.91 (lH, ddd, J  = 10.5, 2.6, 
2.6 Hz, H6), 5.78 ( lH, dqd, J  = 15.5,6.5, 1.0 Hz, H2), 5.62 (IH, 
ddd, J  = 10.5, 2.2, 2.2 Hz, H5), 5.54 ( lH,  ddq, J  = 15.5, 8.2, 
1.5 Hz, H3), 4.86 ( lH,  dd, J  = 2.6, 2.6 Hz, H12A), 4.48 (IH, 
dd, J  = 3.2, 2.6 Hz, H12B), 3.57 ( lH, br dddd, J  = 8.0, 2.5, 2.0, 
2.0 Hz, H4), 1.71 (3H, dd, J  = 6.5, 1 .O Hz, Hl);  nOe (CDCI,): 
irradiate 6 6.42 (H7): 5.91 (H5, 9.8%); irradiate 6 6.25 (H10): 6.09 
(H8, 9.3%), 4.48 (H12B, 1.6%); irradiate 6 6.09 (H8): 6.25 (H10, 
7.8%), 3.57 (H4, 9.0%); irradiate 6 5.91 (H6): 6.42 (H7, 12.4%), 
5.62 (H5, 12.9%); irradiate 6 5.62 (H5): 5.91 (H6, 14.2%), 3.57 
(H4, 8.1%); irradiate 6 4.86 (H12A): 4.48 (H12B, 39.5%); irra- 
diate 6 4.48 (H12B): 6.25 (H10, 4.1%), 4.86 (H12A, 37.0%); ir- 
radiate 6 3.57 (H4): 6.25 (H10, 1.4%), 6.09 (H8, 11. I%), 5.78 
(H2, 7.2%), 5.62 (H5, 8.3%), 5.54 (H3, 9.4%). 

Oxidation of arthropsolide A 
Pyridinium chlorochromate (20 mg) was added to a stirred so- 

lution of arthropsolide A (20) (5.0 mg) in dichloromethane 
(1 mL) and the mixture was stirred at room temperature for 
30 min. Further pyridinium chlorochromate (30 mg) was added and 
stirring continued for an additional 2 h. The mixture was poured 
onto a pad of silica gel and eluted with ethyl acetate - hexanes (1 : 1). 
Evaporation of the filtrate and flash chromatography of the prod- 
uct, eluting with ethyl acetate - hexanes (I : 2), gave a mixture of 
arthropsolides B (25) and C (26) as a clear oil (1.4 mg); 'H nmr 
identical with that of the mixture of arthropsolides B and C iso- 
lated from the culture broth. 
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WILLIAM A. AYER and PETER A. CRAW. Can. J .  Chem. 70, 1348 ( 1992). 
The incorporation of sodium [I-"Clacetate and sodium [I ,2-"~~]acetate into a number of polyketide metabolites 

produced by the fungus Arthropsis truncata has been examined. The location of sodium [~- '~c]acetate incorporation into 
arthropsadiol A ( I ) ,  cycloarthropsone (2), and arthropsatriol C (3) has been determined by "C nuclear magnetic reso- 
nance spectra of the corresponding diacetate derivatives, and a biosynthetic pathway is proposed to account for the for- 
mation of 1-3. Multiple incorporation of sodium [l  ,2-"C2]acetate into arthropsadiol A (I)  leads to a complicated pattern 
of satellite multiplets in the "C nmr spectrum of the corresponding diacetate 6 that are interpreted with the aid of 2D- 
INADEQUATE spectra. A biosynthesis of arthropsolide A (5) is proposed and the absence of 5 and related metabolites 
in cultures of the Arthropsis trrtncuta fed with '3~-labelled sodium acetate is discussed. 

WILLIAM A. AYER et PETER A. CRAW. Can. J .  Chem. 70, 1348 (1992) 
On a CtudiC I'incorporation du [I-'"] acCtate de sodium et du [ I  , 2 - ' 3~2]ac~ ta te  de sodium dans un certain nombre de 

metabolites polycCtides produits par le champignon Arthropsis trrtncuta. En se basant sur le spectre RMN du "C des 
diacetates correspondants, on a dCterminC la position d'incorporation du [I-"c] acCtate de sodium dans I'arthropsadiol 
A (I) ,  la cycloarthropsone (2) et l'arthropsatriol C (3) et on propose une voie de biosynthese qui tient compte de la for- 
mation des produits 1-3. L'incorporation multiple du [I ,2-"c] acetate de sodium dans I'arthropsadiol A (1) conduit 2 
un patron compliquC de multiplets satellites dans le spectre RMN du "C du diacCtate correspondant 6 que l'on a pu in- 
terpreter a I'aide de spectres 2D-INADEQUATE. On propose une voie de biosynthese de l'arthropsolide A (5) et on dis- 
cute de I'absence de 5 et des mCtabolites apparentes dans les cultures de ]'At-thropsis trurzcata dans lesquelles on a ajoutC 
de I'acCtate de sodium marquC au I3C. 

[Traduit par la redaction] 

Introduction 

In the preceding paper we described the isolation and 
structure determination of 12 new polyketide metabolites 
produced in liquid cultures of the fungus Arthropsis trurz- 
cnta (1). As a continuation of our investigations of the 
chemistry of this fungus we have examined the incorpora- 
tion of sodium [ l -I3c]acetate and sodium [ 1 ,2 -"~~]ace ta t e  
by the fungus with the aim of elucidating the biosynthesis and 
biogenetic interrelationship of these interesting polyketide 
metabolites. 

Discussion 

Itzcorporation of sodium [ I  - ' 3~]nce ta t e  
Arthropsis tr-utzcnta was grown as before (1) in liquid shake 

culture on a modified malt extract medium and was period- 
ically supplemented with injections of a sterile solution of 
sodium [lL1'~]acetate.  Chromatography of the ethyl acetate 
extract of the culture broth gave mainly arthropsadiol A (1) 
and lesser amounts of cycloarthropsone (2), and arthrops- 
atriols C (3) and D (4). Surprisingly, none of the 2-oxa- 
spiro[4.5]dec-8-ene metabolites (e.g. ,  arthropsolide A (5)) 
isolated from our previous cultures of Arthropsis truncntn 

I 

I 
were isolated from several cultures of the fungus that were ~ fed sodium [1-"~lacetate (arthropsolide A (5) was the major 
metabolite (35 mg/L) isolated previously) 

Arthropsadiol A (1) isolated from cultures of Arthropsis 
trutzcata that had been injected with sodium [ I - " ~ l a c e t a t e  
was acetylated so  that the intensities of each of the signals 
in the "C nmr spectrum could be normalized (2) to those of 

' ~ u t h o r  to whom correspondence may be addressed. 

the introduced acetate carbonyl and methyl signals. This al- 
lows for direct comparison with the corresponding normal- 
ized signal intensities in the spectrum of natural "C 
abundance arthropsadiol A diacetate (6). The two spectra 
were recorded successively using identical nmr instrument 
parameters and similar concentrations of arthropsadiol A 
diacetate (6). Enhancements of the signals due to C2,  C4, 
C6, C8 ,  and C10 were observed (Table l ) ,  and a starter ef- 
fect (3) was apparent from the slightly greater enhancement 
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AYER AND CRAW 

TABLE 1. The I3C nmr spectra of arthropsadiol A diacetate (6), cycloarthropsone diacetate (12), 
and arthropsatriol C diacetate (13) incorporating sodium [l- '3~]acetate 

6 12 13 

Atom % Atom % Atom % 
Atom 6 enrichment" 6 enrichment" 6 enrichment" 

C 1 17.5 - 18.8 - 10.2 - 

C2 131.5 1.9 131.7 1.6 41.1 2.5 
C3 129.8 - 124.9 - 69.9 - 

C4 41.9 1.2 136.4 1 .O 137.6 0.3 
C5 152.5 - 118.1 - 131.6 - 
C6 126.8:'' 0.9 130.3 0.6 120.6 1.3 
C7 204.4 - 133.6 - 151.3 - 
C8 72,3+: 0.6 159.2 0.9 128.3 0.8 
C9 47.0 - 117.2 - 130.7 - 

C10 75.4 0.9 196.0 0.3 200.9 1.1 
C11 192.3 - 102.3 - 75.3 - 

C12 26.7 - 20.9 - 22.4 - 

sodiunl [l-13C]acetate intensity 
"Atom C/r enrichment = - 1.1 

natural intensity 
d:Satellite doublet ('J6,, 15 Hz) due to multiple incorporation of sodium [I-lzC]acetate. 

fi0 O h  

0 - - 
11 0 / 

0 
2 12' 
I SEnz SEnz SEnz 

@H - methionine h0 
' *  0 RS-'TH3 0 

SEnz SEnz 
1 11 10 

SCHEME 1. Possible biosynthesis of arthropsadiol A (I)  from a hexaketide precursor. 

of the signal for C2. The signal of the terminal methyl group 
(C 12) showed no enhancement. 

The "C labelling of arthropsadiol A diacetate (6) sug- 
gests that the carbon skeleton of this metabolite is derived 
from a polyketide such as 7 assembled from six acetate units 
(Scheme I).' Reduction of the C2, C4, and C6 ketone groups 
of 7 followed by elimination of three equivalents of water 
would give the triene 8. Epoxidation of 8 to give the C6-C7 
epoxide 9 and ensuing SN2'-like reaction with a C9 anion 
might then give the cyclohexenone intermediate 10. Iso- 

?he numbering of the biosynthetic intermediates corresponds 
to that used previously for the metabolites (1). 

merization of the a-hydroxy ketone moiety in 10  to the con- 
jugated a'-hydroxy enone would give intermediate 11, which 
possesses the cyclohexenone unit of arthropsadiol A (1). 
Methylation of the terminal acetate unit at C11 by methio- 
nine, followed by oxidative decarboxylation of the enzyme- 
bound carboxyl group (C 12'), would form the three-carbon 
chain (C 10-C 12), and account for the lack of enhancement 
of the signal for C12 in the "C nmr spectrum of arthrops- 
adiol A diacetate (6). 

In the ''c nmr spectrum of the arthropsadiol A diacetate 
(6) incorporating sodium [1-13~]acetate the signals due to C6 
(6 126.8) and C8 (6 72.3) display satellite peaks (?J , -~  = 15.0) 
resulting from multiple incorporation of sodium [l- '3~]acetate 
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into some molecules of arthropsadiol A (1). This 2 ~ c c  is 
comparable to the 15.2 Hz coupling reported between C1 and 
C3 of 2-butanone (4). Excessive incorporation of I3c-la- 
belled precursors leading to multiple I3c labels within a sin- 
gle molecule is often encountered during pulse feeding of 13c- 

labelled biosynthetic precursors (5). 
The I3c nmr spectra of two further metabolites incorpo- 

rating sodium [1-I3c]acetate were also obtained after con- 
version into their corresponding diacetate derivatives (Table 
1). In the nmr spectra of both cycloarthropsone diace- 
tate (12) and arthropsatriol C diacetate (13) the signals of C2, 
C4, C6, C8, and C10 are enhanced, but again there is no 
apparent enhancement of the signals due to C12. These re- 
sults lead us to propose that cycloarthropsone (2) and ar- 
thropsatriols C (3) and D (4) are formed from arthropsadiol 
A ( I )  as outlined in Scheme 2. Thus oxidation of arthrops- 
adiol A (1) at C8 (path a) gives the a-diketone 14, which 
upon aromatization would give the catechol 15. Oxidation 
at C10 and cyclization between the C8 phenolic oxygen and 
C11 then leads to formation of cycloarthropsone (2). Alter- 
natively, dehydration of arthropsadiol A (1) (path b) would 
give the phenol 16. Epoxidation of the C2-C3 olefin and 
enolization of the C11 carbonyl group gives intermediate 17, 
which may cyclize in the indicated fashion to give arthrops- 
atriols C (3) and D (4). 
Incorporation of sodium [1,2-'- '~~lacetate 

In Scheme 1 it was postulated that the terminal acetate of 
a polyketide precursor of arthropsadiol A (1) is methylated 
by methionine and the enzyme-bound carboxyl group is re- 
moved, possibly by an oxidative decarboxylation process. 
Accordingly, if sodium [ l  ,2-I3c2]acetate is incorporated by 
Arthropsis tr-uncata into arthropsadiol A ( I ) ,  the signals for 
C11 and C12 in the I3c nmr spectrum of labelled 1 should 
appear as singlets whereas the signals for C1-C10 might be 
expected to display satellite peaks due to 'J,, from incor- 
poration of intact acetate units. Chromatography of the ethyl 
acetate extract of the broth from a culture of Ar-thropsis 
truncata that had periodically been supplemented with a so- 
lution of sodium [ l  ,2-'3~2]acetate gave arthropsadiol A (1) 
as the major isolable metabolite along with lesser amounts 

of arthropsatriols C (3) and D (4). No arthropsolide A (5) or 
related 2-0xaspiro[4.5]dec-8-ene metabolites were isolated. 

In the I3c nmr spectrum of the diacetate (6) from sodium 
[ 1 ,2-I3c2]acetate labelled arthropsadiol A the signal for C 12 
occurs as a singlet, confirming that C 1 1 and C 12 of ar- 
thropsadiol A (I) are not derived from incorporation of a 
single acetate unit. However, the signal for C1 1 is not a sin- 
glet due to multiple incorporation of labelled acetate in some 
molecules of 1.  The signal for C 11 displays satellite peaks 
with Jclo-cl 43 Hz as a result of successive incorporation of 
two labelled acetate units at C9-C 10 and C 1 1-C 12'. Simi- 
lar multiple incorporation of labelled acetate into other mol- 
ecules of arthropsadiol A (1) results in complex multiplets 
for the signals of C2-C 10. The signal of C 1, being the methyl 
terminus of the postulated polyketide intermediates (Scheme 
l) ,  displays only a single intense pair of satellites (Jcl-c, 
42 Hz). The signals of C2 and C3 display asymmetric sat- 
ellites (Fig. 1). The signal for C2 (6 131.4) shows the ex- 
pected satellite peaks a ( Jc,_,, 43 Hz) due to molecules that 
have incorporated sodium [ l  ,2-13c2]acetate at C 1-C2 but not 
C3-C4 (Table 2). Molecules that have incorporated sodium 
[1,2-I3c2]acetate at both C1-C2 and C3-C4 display a C2 
signal having the appearance of a doublet of doublets b ( JC2-C3 
72 Hz, JC2-,, 43 Hz), the centre of which occurs slightly 
downfield from 6 13 1.4 due to an isotope shift. The signal 
for C3 at 6 129.8 displays a satellite doublet c (JC3-,, 
44 Hz) due to molecules that contain sodium [l  ,2-I3c,]acetate 
at C3-C4, and an isotope-shifted doublet of doublets d ( Jc3-c, 
68 Hz, JC3-,, 44 Hz) due to molecules that contain sodium 
[ 1 ,2-I3c2]acetate at C3-C4 and C 1-C2. 

The additional satellite multiplets for the signals of C4- 
C10 in the I3c nmr spectrum of 6,  which arise from multi- 
ple incorporation of sodium [1,2-'3~2]acetate into some 
molecules of arthropsadiol A (1). have been assigned in Table 
2. The assignments are consistent with correlations ob- 
served in 2D-INADEQUATE (6) spectra of 6 that were op- 
timized for Jcc 20 Hz (Fig. 2) and Jcc 40 Hz (Fig. 3). As in 
the nmr spectrum of 6 incorporating sodium [1-I3c]acetate 
(see Table l) ,  a 'J,, is observed between C6 and C8 (15 Hz) 
in the I3C nmr spectrum of 6 incorporating sodium [1,2- 

SCHEME 2. Possible biogenesis of metabolites from arthropsadiol A (1). 
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AYER AND CRAW 

FIG. 1. Expansion showing the signals of C2, C3, and C6 in the ' ~ - d e c o u ~ l e d  I3c nmr spectrum of arthropsadiol A diacetate (6)  in- 
corporating sodium [ 1 ,2-13C2]acetate. 

TABLE 2. The 13c nInr spectrum of arthropsadiol A diacetate (6) incorporating so- 
dium [I ,2-13~2]acetate 

Satellite multiplicities 

1 x Na [l  ,2-I3C2]acetate Multiple Na [ 1 ,2-'3C2]acetate 
Atom 6 incorporated incorporation 

dd, 5 2 . 3  72, 51.1 42 HZ 
dd, J3.z 68,53~4 44 HZ 
ddd, J,,3 45, J ~ , ~  38, 35-40 
Hz 
dd, J5,,62, .II;., 38 HZ 
dd, 56.5 62, 56.7 532 56.8 15 Hz 
dd, 57 ,6  62, 57.8 38 Hz 
m 
dd, 59.10 35, J9,8 35 Hz 
dd, J g , l o  35, J9.4 35-40 HZ 
dd, J , o . ~ I  43, J1o.9 35 Hz 
d ,  J , I . I O  43 Hz 
- 
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FIG. 2. 2D-INADEQUATE spectrum (optimized for Jcc 20 Hz) of arthropsadiol A diacetate (6 )  incorporating sodium [ I  ,2-"C,]acetate. 

I3c2]acetate (Fig. 1). The signal for C4 displays a strong 
satellite doublet (J,,-,, 43 Hz) due to incorporation of 
an intact [1,2-13~,]acetate unit at C3-C4. In the 2D- 
INADEQUATE spectra of 6 the signal of C4 is correlated 
not only to the signal of C3 but also to C5 and C9. This 
suggests that a significant number of molecules of arthrops- 
adiol A (1) have multiple incorporation of sodium [1,2- 
13 Cz]acetate at C3-C4, C5-C6, and C9-C10. Assuming that 
Jcc between C4 and C9 is approximately 35-40 Hz, then 
incorporation of sodium [I ,2-13~,]acetate at C3-C4, C5-C6, 
and C9-C10 would result in a ddd of satellite peaks due to 
coupling of C4 to C3, C5, and C9. If the ddd overlaps both 
the C4 singlet due to natural abundance "c, and the dd due 
to incorporation of sodium [1,2-"~~]acetate at C3-C4, then 
a pattern of satellites similar to that observed for the signal 
of C4 (Fig. 4) might be expected. The C4-C9 coupling of 
35-40 Hz is not immediately apparent from examination of 
the signal due to C9 because the dd of satellites (J,,_,, 
3.5 Hz, J,_,, 35 Hz) due to multiple sodium [ l  ,2-I3c2]acetate 
incorporation at C7-C8 and C9-CIO is coincident with the 
dd of satellites (J,,_,, 35-40 Hz, JcP~-rl0 35 Hz) due to so- 
dium [ l  ,2-I3c2]acetate incorporation at C3-C4 and C9-C10. 

The fact that C l l  is derived from acetate in the sodium 

[1,2-'"Cz]acetate feeding experiment suggests that C12 is 
derived from the one carbon pool, not from the incorpora- 
tion of propionate (or lactate) during the assembly of the 
polyketide chain. 

Possible bios)~rzthesis o f  artlzropsolide A (5) and related 
metabolites 

Arthropsolide A (5) and the related 2-oxaspir0[4..5]dec-8- 
ene metabolites isolated from Arthropsis truncata (1) are 
structurally very similar to a number of metabolites (spiro- 
staphylotrichins A-T) isolated recently from the fungus 
Staplz)1lotrichum coccosporurn (7-9). The biosynthesis of a 
number of the compounds produced by Staphylotrichum 
coccosporurn has been investigated, and it has been pro- 
posed that a pentaketide precursor and aspartic acid com- 
bine to give an amide that undergoes ring formation to 
generate the 2-azaspiro[4.5]dec-8-ene skeleton common to 
spirostaphyotrichins A-T (10). In an analogous fashion 
(Scheme 3) we propose that the 2-oxaspiro[4.5]dec-8-ene 
skeleton of arthropsolide A (5) might be formed by the con- 
densation of a pentaketide precursor and malic acid to give 
the ester 18. The y-lactone intermediate 19 could then arise 
from C9-C10 bond formation and subsequent ketone re- 
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AYER AND CRAW 1353 

Fm. 3. 2D-INADEQUATE spectrum (optimized for Jcc 40 Hz) of arthropsadiol A diacetate (6) incorporating sodium [ l  ,2-"C2]acetate. 
Note the folded signal of C11. 

ductions and elimination of water to give triene intermedi- 
ate 20. Epoxidation of 20 to give the C6-C7 epoxide 21 and 
ensuing S,2'-like reaction with a C 9  anion would form the 
2-oxaspiro[4.5]dec-8-ene precursor 22 of arthropsolides 
A-D. 

Unfortunately we were unable to isolate arthropsolides A- 
D from three successive liquid cultures of Arthropsis trun- 
cata that were periodically fed sodium [I-"~lacetate.  In one 
culture the production of arthropsolide A (5) was detected 
by hplc of an aliquot of the culture medium at day 9 follow- 
ing inoculation (sodium [ I - "~ lace ta t e  was added at day 5),  
and in another culture arthropsolide A (5) was detected at day 
1 1  (sodium [1-"~laceta te  added at days 3 and 6). How- 
ever, in each case, when the cultures were harvested sev- 
eral days later arthropsolide A (5) was not detected in the 
ethyl acetate extract of the culture broth. We must at this stage 
postulate that the addition of sodium acetate to the culture 
broth of Artlzropsis frurzcata alters the balance between bio- 
synthesis of C12 metabolites such as arthropsadiol A (I) ,  and 
the biosynthesis of C, ,  metabolites such as arthropsolide A 
(5) to favor the predominant formation of C 1 2  metabolites. 

The possibility that arthropsolide A (5) is converted into 

arthropsadiol A (1) via hydrolysis of the y-lactone moiety and 
subsequent decarboxylation (Scheme 4) can be discounted 
on the basis of the results from incorporation of sodium [1,2- 
I3cz]acetate into arthropsadiol A (1). Thus if arthropsadiol 
A (1) were formed from arthropsolide A (5), then C9 and C10 
in 1 would not be derived from a single acetate unit and ac- 
cordingly these two carbon atoms should not display cou- 
pling in the "C nmr spectrum of arthropsadiol A diacetate 
(6 ) .  However, as can be seen in the I3c nmr data for ar- 
thropsadiol A diacetate (6 )  labelled with sodium [1,2- 
13~2]ace ta t e  (Table 2), C 9  and C10 display a Jcc of 35 Hz. 
The coupling between C9 and C10 was confirmed by the 2D- 
INADEQUATE spectrum optimized for Jcc 40  Hz. Hence 
we believe that the conversion of arthropsolide A (5) into 
arthropsadiol A (1) as in Scheme 4 does not account for the 
absence of 5 among the metabolites isolated from cultures 
of Arthropsis truncafa that have been fed I3C labelled SO- 

dium acetate. 

Experimental 
For general experimental details see ref. 1 .  High-performance 

liquid chromatography (hplc) was performed with a Waters model 
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FIG. 4.  Expansion showing the signals of C4 and C9 in the 'H-decoupled "C nmr spectrum of arthropsadiol A diacetate (6) incorpo- 
rating sodium [ l  ,2-13~2]acetate. 

22 21 20 

S C H E M E  3 .  Possible biosynthesis of arthropsolide A (5). 
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AYER AND CRAW 1355 

SCHEME 4.  Possible biogenesis of arthropsadiol A (1) from 
arthropsol ide A (5). 

. . . . 

6000A solvent delivery system and a Waters model 480 LC spec- 
trophotometer set at 254 nm. Analytical hplc was carried out using 
a Waters Radial Compression Z module fitted with a Waters 
8MBC18 1 0 p  Radial Pak liquid chromatography cartridge (8 mm 
i.d.), and semi-preparative scale hplc was carried out on a Waters 
p-Bondapak C18 column (7.8 X 300 mm). Sodium [1Ln~]acetate 
(99 at.% "c) and sodium [1,2- acetate (99 at.% I") were 
purchased from MSD Isotopes (Montreal). Acetylations were per- 
formed as described previously (1). 2D-INADEQUATE and 'H- 
decoupled I3C nmr spectra of sodium [1,2-13Cz]acetate labelled 
arthropsadiol A diacetate (6) were recorded in CDC1, solution at 
125 MHz using a Varian Unity 500 spectrometer. 

Biosynthetic studies of Arthropsis truncata tnetabolites 

Incorporarion of sodium [I-"Clacetate 
Arthropsis truncata was grown in liquid shake culture on a ster- 

ile modified malt extract medium (4 x I L) as described in the ex- 
perimental section of the previous paper (1). After 3 days' growth 
a sterile solution of sodium [I-13c]acetate (5 mL, 0.2 mol L-')  was 
injected into each of the flasks, then further sodium  acetate 
(5 mL, 0.2 mol L-I) was added to each of the flasks at day 6 and 
day 9 following inoculation of the liquid culture. At day 12 the 
culture was filtered through cotton wool and the culture broth ex- 
tracted with ethyl acetate (1.5 L) for 24 h. The ethyl acetate ex- 
tract was dried over magnesium sulfate and evaporated to give a 
yellow-brown foam (0.56 g). 

The extract was adsorbed onto a small amount of silica gel using 
ethyl acetate, then dried in air with gentle warming and poured onto 
a column of silica gel slurry packed using dichloromethane-meth- 
an01 (10: 1). Fractions of 7 mL were eluted from the column using 
dichloromethane-methanol (10: I) to give fractions containing ar- 

. . thropsadiol A (1) (fractions 8-1 1, 35 mg), cycloarthropsone (2) 
. .  . , 

' (fractions 12-21, 52 mg), and mixtures of arthropsatriol C (3) and 
arthropsatriol D (4) (fractions 22-33, 27 mg). 

The crude arthropsadiol A ( I )  was purified by hplc (methanol- 
. . water (50:50), 2 mL min-I) to give arthropsadiol A (19 mg), which 

crystallized on standing; 'H nmr identical with that reported pre- 
viously (1). Acetylation gave arthropsadiol A diacetate (6); 'H nmr 
identical with that reported previously ( 1 ). 

The impure cycloarthropsone (2) was chromatographed, eluting 
with ethyl acetate - hexanes (1 :2) to give cycloarthropsone 
(3.1 mg), which crystallized as a yellow solid; 'H nmr identical with 
that reported previously (1). Acetylation of this material gave cy- 
cloarthropsone diacetate (12); 'H nmr identical with that reported 
previously (1). 

The mixture containing arthropsatriol C (3) and arthropsatriol D 
(4) was acetylated and the product mixture separated by prepara- 
tive tlc on silica gel. After two developments with dichlorometh- 

ane-methanol(100: 1) two main bands were observed which were 
then separately eluted from the silica gel using ethyl acetate, and 
further purified by hplc (methanol-water (60:40)) to give ar- 
thropsatriol D diacetate (3.6 mg) and arthropsatriol C diacetate (13) 
(5.1 mg). The 'H nmr spectra of each of these diacetates were 
identical with those reported previously (1). 

Incorporation of sodium [1,2-'-'C2]acetate 
Arthropsis trurzcara was grown in liquid shake culture on a ster- 

ile modified malt extract medium (4 x 1 L) as described in the ex- 
perimental section of the previous paper (1). After 3 days' growth 
a sterile solution of sodium [I ,2-I3C2]acetate (5 mL, 0.1 mol L-I) 
was injected into each of the flasks, then further sodium [1,2- 
"C2]acetate (5 mL, 0.1 mol L-I) was added to each of the flasks 
at day 6, day 9,  and day 12. At day 17 the culture was filtered and 
the culture broth extracted with ethyl acetate (2 L) for 24 h. 'The 
ethyl acetate extract was dried over magnesium sulfate and evap- 
orated to give an orange-brown foam (1.10 g). 

Chromatography of the ethyl acetate extract as above using di- 
chloromethane-methanol (20: 1, fractions 1-50; then 10: 1, frac- 
tions 51-78) successively gave fractions containing arthropsadiol 
A (1) (fractions 14-18, 30 mg), and arthropsatriol C (3) and ar- 
thropsatriol D (4) (fractions 5 1-63, 26 mg). 

The fractions containing arthropsadiol A (1) were subjected to 
hplc as above to give arthropsadiol A (18 mg), which crystallized 
on standing; 'H nmr identical with that reported previously (1). 
Acetylation gave arthropsadiol A diacetate (6); 'H nrnr identical with 
that reported previously (1). 

The fractions containing arthropsatriol C (3) and arthropsatriol 
D (4) were acetylated and the product mixture was separated as 
above to give arthropsatriol D diacetate (3.2 mg) and arthrops- 
atriol C diacetate (4) (5.7 mg). The 'H nmr spectra of each of these 
diacetates were identical with those reported previously (I) .  

Acknowledgements 
The financial support of the Natural Sciences and Engi- 

neering Research Council of Canada is gratefully acknowl- 
edged. The authors wish to thank Dr. T.  Nakashima for 
obtaining 2D-INADEQUATE spectra and for helpful dis- 
cussions, and L. Sigler, University of Alberta Microfungus 
Herbarium, for cultures of Arthropsis trurzcata. 

1. W.  A. Ayer, P. A. Craw, and J .  Neary. Can. J. Chem. 70, 
1338 (1992). 

2. T. J .  Simpson. Chem. Soc. Rev. 4, 497 (1975). 
3. P. W. Jeffs and D. McWilliams. J. Am. Chem. Soc. 103,6185 

(1981). 
4. F. J.  Weigert and J.  D. Roberts. J.  Am. Chem. Soc. 94, 6021 

(1972). 
5 .  M. P. Lane, T .  T .  Nakashima, and J. C. Vederas. J .  Am. 

Chem. Soc. 104, 913 (1984). 
6 .  A. Bax, R. Freeman, T .  A. Frenkiel, and M. H. Levitt. J. 

Magn. Reson. 43, 478 (1981); T. H. Mareci and R. Freeman. 
J .  Magn. Reson. 48, 158 (1982). 

7. P. Sandmeier and C.  Tamm. Helv. Chim. Acta. 72, 784 
( 1989). 

8. P. Sandmeier and C.  Tamm. Helv. Chim. Acta, 72, 1107 
(1989). 

9. P. Sandmeier and C.  Tamm. Helv. Chim. Acta, 73, 975 
(1990). 

10. P.  Sandmeier and C.  Tamm. Helv. Chim. Acta, 72, 774 
(1989). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Ring expansion by tandem double Tebbe-Claisen technology 

LEO A. PAQUETTE,' CHRISTOPHE M. G. PHILIPPO, AND NHA HUU VO 
Evans Chernical Laboratories. The Ohio State University, Columbus, OH 43210 U.S.A. 

Received May 24, 1991 

This paper is dedicated ro Professor Zdenek (Denny) Valenta 011 rhe occasio~z of his 65th birthday 

LEO A. P A Q U E ~ E ,  CHRISTOPHE M.  G. PHILIPPO, and NHA HUU VO. Can. J .  Chem. 70, 1356 (1992). 
2-Cyclohexenone rings that form part of a larger structural assembly are amenable to peracid oxidation with forma- 

tion of an epoxy lactone. These intermediates are readily transformed under acidic, basic, or neutral conditions to ring- 
contracted aldehydo lactones, which are then subjected to condensation with a slight excess of Tebbe reagent. These 
conditions result in methylenation of carbonyl groups and set the stage for operation of a Claisen rearrangement. When 
the latter is catalyzed by Tribal, the sigmatropic process occurs at room temperature. With systems typified by 17 and 
24, the isomerization is complete within 15 min. The presence of a proximate angular methyl group as in 9b,  29,  and 
37 exerts a retarding kinetic effect. In such examples, a period of 6 h is required to achieve completion. Swem oxida- 
tion completes the conversion to the 4-cyclooctenones, where the two carbons stemming from the Tebbe reagent are in- 
serted between the original carbonyl and a-olefinic carbons. The overall process is tolerant of ether functionality and 
additional sites of unsaturation. 

LEO A. PAQUETTE, CHKISTOI'HE M. G.  PH[LIPPO et NHA HUU VO. Can. J .  Chem. 70, 1356 (1992). 
II est possible de soumettre des cyclohexen-2-ones faisant partie de l'assernblage de grandes structures B des oxyda- 

tions par les peracides avec fonnation d'une epoxy-lactone. On peut facilement transfonner ces intermediaires, dans des 
conditions acidique, basique ou neutre, en aldehydo-lactones ayant subi une contraction de cycle; ces demieres sont alors 
soumises 2 une condensation avec un leger excks de reactif de Tebbe. Ces conditions pennettent d'effectuer la mCthylenation 
des deux groupes carbonyles permettant de proceder a une transposition de Claisen. Quand on effectue celle-ci l'aide 
de Tribal comme catalyseur, le processus sigmatropique que se produit B la temperature ambiante. Avec des systkmes 
comme 17 et 24, I'isomerisation est complete en 15 min. La presence d'un groupe mCthyle angulaire i proximitC comme 
il en existe dans les composes 9b,  29 et 37, exerce un effect cinktique qui ralentit la reaction. Dans ces exemples, il faut 
6 h pour arriver 2 une reaction complkte. Une oxydation de Swern complete la conversion en cyclo-octkn-4-ones dans 
lesquelles les deux carbones provenant du reaction de Tebbe sont insCrCs entre les carbones du carbonyle original et celui 
du carbone a-olefinique. On peut effectuer I'ensemble des ces operations en presence d'une fonction Cther et d'autres 
sites d'insaturation. 

[Traduit par la redaction] 

Previous accounts from this laboratory (1)  dealt with de- 
velopment of the alicyclic Claisen rearrangement (2) for ac- 
cessing eight-membered-ring natural products by ring 

corporating, in stepwise fashion, all of the essential features A[ - 0ai7&g H CHO 

expansion. These studies established the feasibility of in- 

of 4-cyclooctenones into their 2-methylene-6-vinyltetrahy- 
drofuran precursors. The latter were produced by Tebbe 3 4 

olefination (3) of the related lactones obtained, in turn,  by 
means of various highly stereoselective pathways. The fun- 
damental issue of stereochemical transmission during the 
[3,3] sigmatropic event in these systems is customarily con- 
trolled by thermodynamic factors, chair-chair transition states 
related to 1 being adopted to the exclusion of boat-chair 
options (e.g., 2) to skirt production of unstable tratzs-4-cy- 
clooctenone products ( 1 ,  4). 

The present study demonstrates the workability of a new cyclohexenone to give epoxy lactone 3, with ensuing iso- 
variant of this ring expansion strategy within the context of merization to aldehydo lactone 4 (Scheme 1). Conversions 
a synthetically useful two-carbon insertion ( 5 ,  preliminary of this type are, in fact, known (6) and have been effected 
communication). We envisioned that a short three-stage se- in a single reaction vessel. As will be discussed, efficiency 
quence could be implemented to considerable advantage. The is improved if 3 is first isolated. Subsequent condensation 
first step necessitates exhaustive peracid oxidation of a 2- 4 [bis(cyclopentadieny~)tita~iu~]-(CL-chl~~~)(p- 

methylidene)dimethylaluminum (3a, 3b) was viewed as a 
' ~ u t h o r  to whom correspondence may be addressed. ready means of performing dual olefination at both car- 
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PAQUETTE ET AL. 1357 

1. (CF3COOH) - 
2. Tebbe 

0 
H 

DMSO, (COCI), 
Et,N 

bony1 sites with formation of 5. In light of the widely dif- 
fering reactivities of aldehyde and lactone carbonyl groups, 
added scope could be potentially infused into the protocol by 
performing a chemoselective Wittig reaction' on 4 prior to 
condensation with the Tebbe reagent. In this way, R' and R" 
in 6 could be extended beyond the level of hydrogen as de- 
sired or needed. 

Finally, catalysis of the Claisen rearrangement of 5 with 
triisobutylaluminum (Tribal) ( l e ,  8) should permit opera- 
tion of the targeted ring expansion at room temperature, if 
necessary to safeguard thermally sensitive functional groups. 
Otherwise, recourse could be made to conventional thermal 
conditions. 

Results and discussion 
The readily availability of enantiomerically homoge- 

neous ketone 7 from the regioselective sodium borohydride 
reduction (9) and tert-butylation of optically active Wieland- 
Mischer ketone (10) prompted its initial utilization. Oxida- 
tion with 3 equivalents of MCPBA gave rise to 8 as a 1 : 3 
mixture of a- and P-oxido isomers (Scheme 2). The ster- 
eochemical assignments to these epoxy lactones follow 
convincingly from their 'H nmr spectra. Thus, while the 
oxiranyl proton in 8a appears as a singlet at 6 4.75 that in 
8b  experiences greater magnetic shielding and appears at 
somewhat higher field (6 4.67). These characteristics ex- 
tend as well to the aldehydic protons of the ring-contracted 
isomers 9a.  The thermodynamically more stable trans iso- 
mer (6c) exhibits an absorption at 6 9.87 (in CDCI,), in ex- 
cess of 0.2 ppm downfield from the signal observed for its 
cis counterpart (6 9.63). The conversion to 9 was found to 
proceed efficiently under catalysis by trifluoroacetic acid. 
Equal success was realized under neutral (165°C for 15 min) 
or basic conditions (aqueous methanolic NaOH at 0°C). 

 a act one carbonyls are commonly, but not always, unreactive 
toward Wittig reagents (7). 

An important aspect of the twofold Tebbe reaction is 
proper control of the stoichiometry in order to avoid inter- 
nal isomerization of the exocyclic vinyl ether double bond 
in the product. The latter process is thermodynamically driven 
and known to occur with ease (1). This prototypic isomeri- 
zation came to be recognized as a reaction equally prone to 
catalysis by the aluminum coreagent. It is therefore crucial 
that only a modest excess (2.5 equiv.) of the Tebbe reagent 
be employed and that the quenched reaction mixture be pu- 
rified as rapidly as possible. The use of freshly prepared 
Tebbe reagent was found to be especially advantageous. Fi- 
nally, all glassware must be base washed, a consideration that 
extends to the nmr tubes used for spectral analysis. Failure 
to exercise this precaution results in-isomerization of the cis 
and trans ally1 vinyl ethers while in C6D6 solution, albeit at 
somewhat different rates (Table 1). 

The Tribal-promoted Claisen rearrangement of 9 b  re- 
quired an unexpectedly long time (6 h at 25°C) to proceed 
to completion. Attempts to perform this isomerization at 
lower temperatures (-20 and -78°C) resulted only in the 
formation of 12. The [3,3] sigmatropic product 10 consti- 
tutes a diastereomeric mixture, oxidation of which under 
Swern conditions provided 11 exclusively (62%). The di- 
rect conversion of 9 b  to 1 could be accomplished thermally 
in base-coated soft-glass tubes ( l a )  at 190°C for 48 h. In 
Pyrex tubes, the starting material was diverted to 12 prior to 
ultimate conversion to 13 .  In a similar vein, the prototropic 
isomerization to give 1 2  (and subsequently 13) became the 
dominant thermal pathway if organometallic residues from 
the Tebbe reaction were not completely removed during the 
chromatographic purification of 9b.  

Evidence suggesting that the angular methyl group in 9 is 
responsible for sterically imposed kinetic retardation of the 
AI(IL1)-catalyzed Claisen process was gained from an in-depth 
examination of the less substituted octalone 14. Oxidation 
of 1 4  according to DeBoer and Ellwanger (6e) cleanly pro- 
duced 15, the acid-catalyzed isomerization of which pro- 
vided the trans-fused aldehydo lactone 16 (Scheme 3). Once 
17 became available, its exposure to an excess of Tribal, as 
before, was met with substantial acceleration of the Claisen 
process. The conversion to a stereochemically pure isomer 
of cyclooctenol 18 (86%) was complete within 15 min at 
room temperature. Ensuing oxidation- furnished ketone 19 in 
86% yield. The direct conversion of 17 to 19 could be ac- 
complished at 180°C, but the product was invariably con- 
taminated with a minimum 13% of the acetvl derivative 20. 

The favorable accelerating influence of an angular C-H 
substituent was tested further by making recourse to man001 
(21) as starting material. Following Grant's procedure (6f), 
this terpenic alcohol was transformed into epoxy lactone 22 
(Scheme 4),  thereby setting the stage for quantitative base- 
catalyzed isomerization to 2 3  and twofold methylenation to 
give 24. Like 17, 24 isomerized approximately 20 times faster 
than 9b when admixed with Tribal in CH,Cl, solution at 
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TABLE 1. Rearrangement behavior of 9b in ChDs solution (nonbase-washed tubes, 25°C) 

0 30 
36 h 15 
5 days 0 
15 days 0 

1. MCPBA (3 equiv.) 
CH2C12 

(CF3COOH) 
c6H6 25.C * a. 

CHO 

1. ( ~ - B U ) ~ A I  (5 equiv.) 
CH2C12 

2. Swem 

25°C. Again, in contrast to the thermal Claisen rearrange- 
ment, the Lewis-acid-accelerated alternative appears insen- 
sitive to the presence of metal impurities carried over from 
the Tebbe homologation reaction. 

I The synthetic versatility of this two-carbon insertion pro- 
I cess is further demonstrated by the ease with which it can be 
I successfully applied to steroidal systems. As summarized in 

Scheme 5 ,  silylation of the secondary hydroxyl group of 
testosterone (26a) followed by enone oxidation with 3 
equivalents of MPCBA in refluxing CI-I,C12 furnished the 
epoxylactones 27. The latter were cleanly transformed into 
aldehydo lactones 28 following admixture with a catalytic 

quantity of d-camphor-10-sulfonic acid in benzene solu- 
tion. At this stage, it proved an easy matter to effect homol- 
ogation to 29. In agreement with our earlier observations 
involving 96, the Tribal-promoted Claisen rearrangement of 
29 required 6 h to achieve complete conversion to the cy- 
clooctenol (64% after chromatographic purification). In this 
instance, different aluminum catalysts (e.g., diethylalu- 
rninum chloride in combination with triphenylphosphine (1 1) 
and methylaluminum bis(4-bromo-2,6-di-tert-butylphenox- 
ide (12)) were briefly examined, but these proved ineffec- 
tive. Ketone 3 0  was arrived at by oxidation of the 
cyclooctenol as well as by heating 29. The latter reaction also 
produces isomerized vinyl ether 31 and acetyl cyclohexene 
32 in relative amounts sufficient to permit their independent 
characterization. 

17P-Methyltestosterone (33) underwent the oxidation re- 
action without prior need for hydroxyl-group protection 
(Scheme 6). Upon treatment with a catalytic amount of d- 
camphor-10-sulfonic acid, 3 4  was isomerized to 35. Re- 
course to anhydrous perchloric acid in CH2C1, for the same 
purpose led instead to 36. Evidently, this reagent system is 
more conducive to generation of the tertiary carbocation. A 
Wagner-Meerwein shift of the C-18 methyl group ensues 
with net overall dehydration (13). The resulting aldehydo 
lactone 36 reacts very efficiently with the Tebbe reagent to 
provide 37 (9 1 %). Since this vinyl ether has no additional 
oxygen substituents, its relatively slow (6 h, 25°C) rate of 
[3,3] sigmatropic rearrangement in the presence of excess 
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26a, R = H 
26b, R = TBDPS 

OTBDPS &fp 2& Dps 

CH = X 

30 
TBDPS = S ~ ' B U ( C ~ H ~ ) ~  

Tribal can be attributed with confidence to steric hindrance 
imposed by the C-19 methyl substituent. Heating 37 at 190°C 
for 46 h in base-coated soft-glass tubes served as an alter- 
native means of securing 38 (40%), but with concomitant 
production of 39 (18%) and its Claisen product 40 (30%). 

Within the context of a ready means for the ring expan- 
sion of 2-cyclohexenones to 4-cyclooctenones, the transfor- 
mations documented above serve as an ample illustrative 
precedent. The two carbon atoms that become inserted are 
introduced simultaneously by Tebbe olefination of both car- 
bony1 groups in an aldehydo lactone and ultimately con- 
nected during Claisen rearrangement. The ring juncture 
stereochemistry in the ally1 vinyl ether is not of conse- 
quence since [3,3] sigmatropy in either isomer necessarily 
proceeds via that transition state guaranteed to generate a cis 
double bond within the medium-sized ring. The less steri- 
cally hindered examples undergo the Claisen rearrangement 
efficiently when thermally activated. The presence of a 
quaternary carbon in close proximity to the reaction site is 
the source of significant kinetic retardation and side reac- 
tions operate competitively. In these instances, Tribal catal- 
ysis plays a particularly attractive and serviceable role. This 
modification, which allows Claisen rearrangements to be 
conducted routinely at room temperature and gives rise 
cleanly to 4-cyclooctenols, merits increased use as an effec- 
tive cationic counterpart of the more established anionic oxy- 
Cope process (14). 

Experimental 
Melting points are uncorrected. Infrared spectra were recorded 

on a Perkin-Elmer model 1320 spectrometer. The 'H nmr spectra 
were recorded at 300 MHz and the l3C nmr data obtained at either 
75 or 20 MHz as indicated. Mass spectra were measured on a Kratos 

&OH A 

0 0 
CHO 

MS-30 instrument by Mr. Dick Weisenberger at The Ohio State 
University Chemical Instrumentation Center. Elemental analyses 
were performed at the Scandinavian Microanalytical Laboratory, 
Herlev, Denmark. All flash chromatographic separations were 
canied out on Merck silica gel 60 (60-200 mesh) and reactions were 
routinely performed under an inert atmosphere (nitrogen or argon) 
unless otherwise indicated. Solvents were reagent grade and dried 
prior to use. 

(4c1S,5S)-4,4a,5,6,7,8-Hexahydro-5-lzydr.oxy-4a-methyl-2(3H)- 
rznphthalenone 7 

To a solution of Wieland-Miescher ketone (1.0 g, 5.6 mmol) 
exhibiting [a]: + 100 (c 1 .O, toluene) in methanol (30 mL) at O°C 
was added, dropwise, a solution of NaBH, (0.14 g, 3.7 mmol) in 
methanol (20 mL). The solution was stirred at 0°C for 30 min and 
several drops of acetic acid were added. The mixture was concen- 
trated under vacuum, water was added, and the product was ex- 
tracted into ether (3 x 20 mL), dried, concentrated, and purified 
by flash chromatography (elution with 30% ethyl acetate in petro- 
leum ether) to give 0.980 g (97%) of the 2P-01-5-one as a color- 
less oil; [a]: + 183 (c  1.7, CHCl,); ir (CHCI,): 3600, 3450, 1665, 
and 1620 cm-I; ' H  nmr (300 MHz, CDC1,) 6; 5.73 (s, lH), 3.37 
(dd, J = 1 1.5, 4 .4  Hz, 1 H), 2.66 (br s ,  lH), 2.45-2.10 (series of 
m, 6H), 1.82 (m, 2H), 1.64 (m, IH), 1.45 (m, lH),  1.15 (s, 3H); 
I3c nrnr (75 MHz, CDCl,): 199.84, 169.04, 125.17, 77.95, 41.58, 
34.10, 33.59, 31.96, 30.09, 23.08, 15.19 ppm; ms m / z  (M+) 
calcd.: 180.1 150; found: 180.1 167. 
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To a cold (-78°C) solution of the keto alcohol (0.90 g, 
5.42 mmol) in CH,Cl, (20 mL) was added liquified isobutylene 
(40 mL). The mixture was stirred for 16 h at room temperature, then 
cooled to - 10°C and poured into dilute KOH solution. The mix- 
ture was extracted with ether (3 x 40 mL), the combined organic 
phases were dried and concentrated, and the residue was purified 
by flash chromatography on silica gel (elution with 60% ether in 
petroleum ether) to give 0.914 g (76%) of 7 as a viscous, color- 
less oil; [a]: + 108 (c 4.1, CHCI,); ir (CHCl,): 1660 and 1620 cm-'; 
'H nrnr (300MHz, CDCI,) 6: 5 .69(s ,  lH), 3.15 (dd, J = 11.2, 
4.1 Hz, IH), 2.30 (m, 2H), 2.15 (m, lH), 2.05 (m, lH), 1.75 (m, 
5H), 1.31 (m, lH), 1.13 (s, 9H), 1.11 (s, 3H); I3C nrnr (75 MHz, 
CDCl,): 199.60, 169.40, 124.82, 77.36, 73.32, 41.54, 34.69, 
33.87, 32.23, 30.22, 29.00 (3C), 22.99, 16.18 ppm; ms/fab m / z  
(M' + 1) calcd.: 237.36; found: 237.26. 

Peracid oxidation of 7 to epoxylactone 8 
To a solution of 7 (0.120 g, 0.51 mmol) in CH2C12 (30 mL) was 

added NaHCO, (0.40 g) and MCPBA (0.26 g, 1.5 mmol). The 
mixture was refluxed for 1 day, quenched with water, and ex- 
tracted with ether (3 X 60 mL). The combined ethereal layers were 
dried and concentrated, and the residue was purified by flash 
chromatography on silica gel (elution with 40% ether in petro- 
leum ether) to give 0.086 g (63%) of 8; ir (CHCl,): 1750 c m ' ;  ' H  
nmr (300 MHz, CDCI,) 6: 4.75 (s, 1 H, 8a), 4.67 (s, 1 H, 8b), 3.42 
(dd, J = 10.6, 4.2 Hz, IH), 2.54 (m, 2H), 1.97-1.03 (series of 
m, 8H), 1.16 (s, 9H), 1.14 (s, 3H, 8a), 1.12 (s, 3H, 86); "C nrnr 
(75 MHz, CDCI,): 171.68, 171.55, 87.48, 84.81, 74.22, 73.91, 
73.67, 73.57, 72.33, 69.63, 41.41, 41.00, 31.29, 31.08, 30.75, 
29.62, 29.47, 29.24, 29.19 (6C), 28.99, 27.45, 19.84, 19.02, 
17.54, 16.39 ppm; ms tn/z (M' - [C4Hn]) calcd.: 2 12.1048; found: 
212.1081. 

(4aR,5S)-5-tert-Buto,uy-8n-for.mylhexahydro-4a-nzerhyl- 
hydrocorcmaritz 9a 

To a solution of 9a (80 mg, 0.299 mmol) in CH2C12 (10 mL), 
trifluoroacetic acid (10 drops) was added. The mixture was stirred 
for 24 h at room temperature and diluted with ether. The ethereal 
phase was washed with saturated NaHCO, solution, dried, and 
concentrated. The residue was purified by flash chromatography 
on silica gel (elution with 15% ethyl acetate in petroleum ether) to 
give 70.5 mg (88%) of 9a as a white solid, mp 132-135°C; ir 
(CHCI,): 1735 cm-'; 'H nmr (300 MHz, CDC1,) (major isomer) 
6: 9.87 (s, lH), 3.77 (dd, J = 10.6, 4.4 Hz, lH), 2.60 (m, 2H), 
2.20-1.08 (series of m, 8H), 1.14 (s, 9H), 1.04 (s, 3H); ',c nrnr 
(75 MHz, CDCI,): 200.06, 199.05, 171.23. 171.05, 90.96, 88.99, 
73.71, 73.58, 71.92, 67.61, 41.25, 38.39, 29.31, 29.19, 29.07 
(3C), 28.85 (3C), 28.17,27.21,26.66, 26.58, 26.15, 18.52, 18.36, 
16.61, 13.16 ( lC  not observed) ppm; ms m/z (M' - [CIH8]) calcd.: 
212.1049; found: 212.1031. Anal. calcd. for C15H2404: C 67.14; 
H 9.01; found: C 66.96; H 9.01. 

(4aR,5S)-5-tert-B~cto.uyke~~ai1ydro-4a-merhyl-2-merkyletze-8a- 
vinylchrotnatz 9b 

A solution of 90 (53 mg, 0.20 mmol), pyridine (3 drops), THF 
(2 mL), and CH,CI, (1 mL) was prepared under argon. The mix- 
ture was cooled to -4OoC and 0.5 M Tebbe reagent (1.0 mL, 
0.5 mmol) in toluene was added dropwise. The solution was kept 
at this temperature for 15 min, then warmed to 25OC and stirred at 
this temperature for 90 min before being returned to -40°C and 
quenched with 10% KOH solution (1 mL). A 0.5% triethylamine 
solution in ether was added and the mixture was filtered through a 
pad of basic alumina (act. 111). Most of the solvent was evapo- 
rated and the residue was purified by chromatography on basic 
alumina (act. 111) (elution with pentane) to provide 43.3 mg (63%) 
of 9b as a light yellow oil; ir (neat): 1670, 1260, 1190, and 
1060 cm-'; 'H nrnr (300 MHz, C6D6) 6: 6.10 (dd, J = 17.1, 
ll .OHz, lH) ,5 .63 (dd , J=  17.1, 1.9Hz, lH) ,5 .23 (dd , J=  11.0, 
1.2Hz, l H ) , 4 . 5 2 ( d , J =  1.8Hz, lH),4.11 ( d , J =  1.7Hz, IH), 
3.29 (m, lH), 2.50 (m, IH), 2.41 (m, IH), 1.90 (m, 2H), 1.59- 
0.92 (series of m, 6H), 1.24 (s, 9H), 1.02 (s, 3H); ',c nrnr 

(75 MHz, C6D,): 157.68, 140.16, 1 17.74, 89.69, 8 1.55, 73.34, 
72.78, 34.78, 31.34, 30.25, 29.14, 29.03 (3C). 24.56, 19.81, 
13.74 ppm; ms m/z (M' - [C,H,]) calcd.: 208.1463; found: 
208.1445. 

(4aR.5S)-5-tert-Butox~~hexahydro-4a-methyl-8a- 
vitzylhydrocoumaritz 9c 

To a solution of methyltriphenylphosphonium bromide (357 mg, 
1 mmol) in THF (3 mL) at - 10°C was added KHMDS (1.90 mL, 
0.95 mmol). The mixture was stirred for 30 min and a solution of 
90 (0.15 g ,  0.71 mmol) in THF (I mL) was introduced. The re- 
action mixture was stirred for 1 h at room temperature and quenched 
with water. After the usual extractive work-up with ether and pu- 
rification by flash chromatography (silica gel, elution with 5% ether 
in petroleum ether) 138 mg (93%) of 9c was obtained as a white 
solid, mp 110°C; ir (CHCl,): 1720 cm-'; 'H nrnr (300 MHz, CHCI,) 
(major isomer) 6: 6.40 (dd, J = 17.0, 11.1 Hz, lH),  5.38 (dd, 
J=17.0,1.1Hz,1H),5.32(dd,J=ll.l,1.1Hz,1H),3.48(m, 
1 H), 2.54 (m, 2H), 2.00-1.06 (series of m, 8H), 1.16 (s, 9H), 1.03 
(s, 3H); ',c nrnr (75 MHz, CHCI,): 172.85, 172.63, 138.79, 
138.64, 116.16, 115.07, 89.31, 86.18,73.48, 73.33,72.84, 68.03, 
41.28, 39.77, 33.40, 32.61, 29.81, 29.58, 29.22 (3H), 28.95 (3C), 
28.19, 27.16, 26.37, 25.60, 19.44, 19.19, 17.24, 12.60ppm; ms 
m/z (M' - [C,H,]) calcd.: 210.1256; found: 210.1242. 

(4S,4aS)-4-tert-Butoxy-l .2,3,4,40,5,6,7,8,9-decahydro-4a- 
methyl-7-betzzo-cycloocre~zol 10 

To a solution of 9b (42 mg, 0.16 mmol) in CH2C1, (2 mL) was 
added, at room temperature and under argon, a solution of Tribal 
in toluene (0.8 mL, 0.8 mmol). The mixture was stirred for 6 h. 
Ether was then added followed by water. After the usual extrac- 
tive work-up with ether and purification by flash chromatography 
(silica gel, elution with 30% ether in petroleum ether) 26.2 mg 
(62%) of 10 was obtained as a viscous oil; ir (CHCl,): 3600 cm-'; 
'H  nrnr (300 MHz, CDC1,) (major isomer) 6: 5.34 (m, lH), 4.07 
(m, lH), 3.39 (dd, J = 10.9, 4.5 Hz, lH), 2.68 (br s, lH), 2.49 
(br s, lH) ,  2.36-0.87 (series of m, 14H), 1.19 (s, 9H), 1.05 (s, 
3H); '" nrnr (62.5 MHz, CDC1,) (major isomer) 145.32, 121.85, 
73.08, 72.75, 65.30, 46.71, 36.14, 35.96, 35.89, 32.33, 30.82, 
30.66, 29.52 (3C), 23.00, 22.21 ppm; ms tn/z (M' - [C4H8]) 
calcd.: 210.1620; found: 210.1628. 

(4S.4aS)-4-tert-Buto.uy-1,2,3,4,4a,5,6,7,8,9-decahydro-4a- 
methyl-7-betzzocyclooctenone I 1  

To a solution of DMSO (200 kL) in CH2C1, (2 mL) was treated 
at -78°C and under argon with oxalyl chloride (100 pL). The 
mixture was stirred for 15 min and a solution of 10 (25 mg, 
0.094 mmol) in CHzClz (2 mL) was introduced. The mixture was 
warmed to -45'C, stirred for 20 min, cooled to -7S°C, and 
quenched by addition of triethylamine (400 kL). The mixture was 
then allowed to warm to room temmperature and water was added. 
After the usual extractive work-up with ether and purification by 
flash chromatography (silica gel, elution with 5% ether in petro- 
leum ether) 20.8 mg (84%) of I1 was obtained as a viscous oil; 
[a]: +46 (c0.6, CHCl,); ir (CHCI,, cm-'): 1695 cm-'; 'H nmr (300 
MHz, CDC1,) 6: 5.39 (t, J = 8.2 Hz, lH), 3.31 (dd, J = 10.8, 4.6 
Hz, lH), 2.53 (m, 4H), 2.26 (m, 4H), 1.86 (m, 2H), 1.69-1.10 
(series of m, 4H), 1.17 (s, 9H), 1.08 (s, 3H); "C nrnr (75 MHz, 
CDCl,): 213.65, 145.95, 121.36, 74.26, 73.09, 46.73, 43.72, 
40.70, 35.56, 32.27, 30.21, 29.35 (3C), 24.52, 22.85, 19.71 ppm; 
ms 1?7/2 (M' - [C4H8]) calcd.: 208.1463; found: 208.1441. Anal. 
calcd. for Cl,H2n02: C 77.22, H 10.67; found: C 77.33, H 10.68. 

Tiler-tnal Claisetz rearrangetnetzt of 9b 
A solution of 9b (78 mg, 0.295 mmol) in toluene (1 mL) was 

sealed under vacuum in a potassium hydroxide-coated soft glass 
tube (8 mm 0.d.) and heated at 190°C for 48 h. The tube was opened 
and rinsed three times with ether. After evaporation of the sol- 
vent, the residue was purified by flash chromatography on silica 
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PAQUETTE ET AL. 1361 

gel (elution with 5% ether in petroleum ether). There was isolated 
10.3 mg (13%) of 12, 21.0 mg (27%) of 13, and 38.5 mg (49%) 
of cyclooctenone 11. 

For 12: ir (CHCI,): 1680, 1465, 1 195, and 1060 cm-I; ' H  nmr 
(300 MHz, CHC1,) (major isomer) 6: 6.16 (dd, J = 17.0, 10.9 Hz, 
IH), 5.28 (dd, J = 17.0, 1.8 Hz, 1H). 5.22 (dd, J = 10.9, 1.8 Hz, 
IH) ,4 .41  (m, l H ) , 3 . 4 7 ( d d , J =  10.5,5.1 Hz, IH), 1.88-0.88 
(series of m, 8H), 1.74 (s, 3H), 1.16 (s, 9H), 0.95 (s, 3H); ',c nmr 
(75 MHz, CHCI;) (major isomer): 147.5 1, 138.03, 1 14.23, 95.84, 
80.99, 73.07, 72.84, 39.50, 33.36, 31.73, 30.25, 29.06 (3C), 
19.84, 19.64, 13.28 ppm; ms rn/z (Mf - [C,H,]) calcd.: 208.1463; 
found: 208.1448. 

For 13: ir (CHCI,): 1705 cm-I; 'H nmr (300 MHz, CDCI,) (major 
isomer) 6: 5.35 (m, IH), 3.07 (dd, J = 10.5, 4.1 Hz, IH), 2.61 
(m, IH), 2.32-0.8 1 (series of m, 10 H), 2.17 (s, 3H), 1.17 (s, 9H), 
1.06 (s, 3H); ''C nmr (75 MHz, CDCI;): 212.19, 21 1.98, 144.34, 
142.96, 119.14, 118.47, 78.91, 73.35,72.02,44.75,44.53,41.58, 
41.17, 39.80, 34.88, 31.70, 31.47, 31.07, 29.69, 29.29, (3C), 
29.20 (3C), 28.28, 28.09, 27.89, 27.52, 26.10, 24.58, 20.89, 
18.28 (1C not observed) ppm; ms tn/z (M' - [C4H8]) calcd.: 
208.1463; found: 208.145 I . 

(4nS,8aS)-Hexahydro-2-methyle1ze-8rz-vitzy1~Izr0tnat2 1 7  
A solution of aldehydo lactone 16 (6e) (68.0 mg, 0.37 ~nmol) ,  

pyridine (3 drops), THF (2 mL), and CH,CI, (1 mL) was prepared 
under argon. The mixture was cooled to -40°C and 0.5 M Tebbe 
reagent (1.9 mL, 0.95 mmol) in toluene was added dropwise. The 
solution was kept for 15 min at this temperature, then warmed to 
25"C, and stirred for 90 min at this temperature before being re- 
cooled to -40°C and quenched with 10% KOH solution (1 mL). 
A 0.5% triethylamine solution in ether was added and the mixture 
was filtered through a pad of basic alumina (act. 111). Most of the 
solvent was evaporated and the residue was purified by chroma- 
tography on basic alumina (act. 111) (elution with pentane) to pro- 
vide 45.9 mg (69%) of 17 as a light yellow oil; ir (neat): 1640, 
1460, 1260, 1140, and 1020 cm-';  'H nmr (300 MHz. C6D6) 6: 
5 . 87 (dd , J=  17.4, l l .OHz,  1H),5.61 ( d d , J =  17.4.2.1 Hz, lH), 
5.27 (dd, J = 11.0, 2.1 Hz, IH), 4.50 (s, IH), 4.12 (t, J = 
2.3 Hz, IH), 2.20 (m, 2H), 1.97 (m, IH), 1.64 (m, IH), 1.47 (m, 
3H), 1.33-0.92 (series of m, 6H); I3C nmr (75 MHz, C6Dh): 
157.68, 137.09, 117.74, 91.52, 79.53,43.42,40.65, 29.29, 29.07, 
25.83, 25.08, 22.98 ppm; ms m/z ( M f )  calcd.: 178.1358; found: 
178.1346. 

(4nS)-1,2,3,4,4a,5,6,7,8,9-Decnlzy~lro-7-betzzo~~~~1oo~te1101 18 
To a solution of 17 (74 mg, 0.4' mmol) in CH,CI, (2 mL) was 

added, at room temperature and under argon, a solution of Tribal 
in toluene (2 niL, 2 mmol). The mixture was stirred for 15 min, 
diluted with ether, and treated with water. After the usual extrac- 
tive work-up with ether and purification by flash chromatography 
(silica gel, elution with 30% ether in petroleum ether) 64.4 mg 
(86%) of 18 was obtained; ir (CHCI,): 3600 cm-'; ' H  nmr 
(300 MHz, CDCI,) 6: 5.35 (t, J = 8.0 Hz, I H), 3.93 (m, 1 H), 2.76 
(m, lH),  2.50 (m, IH), 2.14-1.79 (series of m,  16H); "C nlnr 
(75 MHz, CDCI,): 14 1.85, 122.1 1, 71.27, 38.86, 36.40, 35.19, 
32.49, 32.18, 30.20, 26.70, 22.17, 21.42 ppm; ms tn/z (Mf )  
calcd.: 180.15 14; found: 180.155 1 .  

(4aS)-2,3.4,4n,5,6,7,8,9-0c~hydro-7-betzzocycloo~tetzo1ze 19 
A solution of DMSO (200 pL) in CH,Cl, (2 mL) was prepared 

at -78°C under argon and treated with oxalyl chloride (100 pL). 
The mixture was stirred for 15 min and a solution of 18 (30 mg, 
0.17 mmol) in CH,C1, (2 nlL) was added. The mixture was warmed 
to -45OC, stirred for 20 niin, cooled back to -78OC, and quenched 
with triethylamine (400 p L )  The mixture was allowed to warm to 
room temperature and water was added. After the usual extractive 
work-up with ether and purification by flash chromatography (sil- 
ica gel, elution with 5% ether in petroleum ether), 25.5 mg (86%) 
of 19 was obtained; ir (CHCI,): 1695 cm-I; 'H nmr (300 MHz, 
CDCI,) 6: 5.52 (t, J = 6.4 Hz, 1 H), 2.57-0.77 (series of m, 17 
H); "C nmr (75 MHz, CDCI,): 215.74, 142.46, 121.56, 48.22, 

39.82, 34.57, 31.84, 31.07, 26.66, 26.53, 22.50, 21.51 ppm;ms 
m/z  (M') calcd.: 178.1358; found 178.1358. Anal. calcd. for 
CI2Hl8O: C 80.85, H 10.18; found: C 80.63. H 10.12. 

Therm~zl Clnisen reczrratlgetnetzr of17 
A solution of 17 (63 mg, 0.354 mmol) in toluene (1 mL) was 

sealed under vacuum in a KOH-coated soft-glass tube (8 mm 0.d.) 
and heated at 180°C for 24 h. The tube was opened and rinsed three 
times with ether. After evaporation of solvent, the residue was 
purified by flash chromatography on silica gel (elution with 5% 
ether in petroleum ether). There was isolated 8.1 Ing (13%) of 20 
and 46.2 mg (73%) of cyclooctenone 19. 

For 20: ir (CHCI,): 1705 cm-I; 'H nmr (300 MHz, CDCI,) 6: 
5.31 (m, 1H),2.51 (m, lH),2.L2(~,3H).2.21-0.81 (seriesofm, 
13H); "C nlnr (75 MHz, CDCI,): 21 1.60, 21 1.51, 141.39, 140.46, 
117.49, 116.24, 47.55, 44.70, 37.55, 36.39, 35.63, 35.07, 35.04, 
34.73, 33.42, 31.61, 28.36, 27.89, 27.70, 27.46, 27.33, 26.87, 
26.55, 25.99 ppm; ms tn/z ( M r )  calcd.: 178.1358; found: 
178.1376. 

Isomerizariotz of 1 7  
Ally1 vinyl ether 17 was isomerized to the internal olefinic iso- 

mer in an nmr tube with CHCl; as solvent; ir (CHCI,): 1680, 1465, 
1195, and 1060 cln-.'; 'H nmr (300 MHz, CHCI,) 6: 5.87 (dd, 
J = 17.4, 11.0, Hz, IH), 5.61 (dd, J = 17.4, 2.1 Hz, IH), 5.27 
(dd, J = L1.O, 2.1 Hz, IH), 4.50(s, IH), 4.12(t, J = 2.3 Hz, lH), 
2.20 (m, 2H), 1.97 (m, IH), 1.64 (m, IH), 1.47 (m, 3H), 1.33- 
0.92 (series of ni, 6 H); "C nmr (75 MHz, CHC1,): 142.49, 135.51, 
114.80,. 111.99, 93.06, 37.45, 35.28, 27.60, 26.02, 25.64, 21.41, 
20.09 ppm; ms tn/z ( M f )  calcd.: 178.1358; found: 178.1346. 

Base-cnmlyzed isotneriznriorz of 22 
Sodium hydroxide solution (8.2 mL of 2 M) was added drop- 

wise to a stirred solution of 22 (413 mg, 1.48 mmol) in cold 
(- 10°C) methanol (40 mL). The reaction mixture was stirred at this 
temperature for 1 h before being neutralized with 5% HCI, diluted 
with water, and extracted with CH,Cl,. The combined organic 
phases were dried and evaporated, and the residual viscous oil was 
treated with a few drops of ethyl acetate, then pentane, until cloudy. 
Crystallization at room temperature afforded 378 mg (92%) of 23 
as colorless crystals, mp 143-145"C, whose ir and 'H nmr spectra 
were identical to those previously reported (6f); I3C nmr (75 MHz, 
CDC1,): 198.23, 170.26, 85.73, 54.84,54.31,41.49, 38.21, 37.03, 
33.84, 33.20, 33.09, 29.32, 21.36, 19.25, 18.32, 16.17, 
16.01 ppm. 

Tebbe olefitzrztion of23 
A solution of 23 (145 mg, 5.22 x mol), THF (1.5 mL), 

CHIClz (1.5 niL), and pyridine (10 drops) was cooled to -45°C and 
treated dropwise with a solution of the Tebbe reagent in toluene 
(2.60 mL of 0.5 M, 1.30 x lo-' mol). The reaction mixture was 
stirred for 30 min at -45°C and for 90 min at room temperature, 
then returned to -45OC and quenched with 10% NaOH solution 
(0.40 mL). The resulting mixture was worked up in the described 
manner to give 92 mg of colorless crystals (64%) of 24, mp 72- 
73°C (from pentane at -78°C); [a]: -38.3 (c0.6, cyclohexane); 
ir (CCI,): 1675, 1630, and 1460 cm-I; 'H nmr (300 MHz, C6D6) 
6: 6.13 (dd, J = 17.4, 11.1 Hz, IH), 5.51 (dd, J = 17.4, 1.7 Hz, 
1H),5.17(dd,  J =  11.1, 1 .7Hz,  l H ) , 4 , 5 3 ( d , J =  1 .8Hz,  lH), 
4.13 (d, J = 1.8 Hz, 1 H), 2.34-2.13 (m, 2H), 1.73-0.82 (series 
of m, 14H), 0.79 (s, 3H), 0.72 (s, 3H), 0.66 (s, 3H); "C nmr 
(75 MHz, ChDh): 158.09, 139.84, 115.64, 91.34, 79.24, 56.49, 
56.22, 42.28, 39.84, 39.05, 37.39, 33.51, 33.28, 30.03, 21.58, 
20.08, 18.80, 17.97, 15.73 ppm; ms m/z ( M f )  calcd.: 274.2296; 
found: 274.2320. Anal. calcd. for C19H300: C 83.15, H 11.02; 
found: C 83.15, H 11.05. 

Internalization of the exocyclic double bond in 24 was most 
conveniently accomplished by allowing a sample to stand in chlo- 
roform at room temperature for 2 days. The yield of 41 was quan- 
titative; ir (CCI,): 1680, 1460, 1445, 1390, 1380, and 1350 cm-I; 
'H nmr (300 MHz, CDCI,) 6: 6.12 (dd, J = 17.3, 1 1.0 Hz, lH), 
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PAQUETTE ET AL. 1363 

tert-Buty1[(3-methyle11e-5-vir1)~l-4-o.vnnrzdrostnr~-I 7P- 
yl)oxy]diphenylsilcrrze 29 

A solution of 28 (132 mg, 0.237 mmol), pyridine (3 drops), THF 
(2 mL), and CH,CI, (2 mL) was prepared under argon. The mix- 
ture was cooled to -4OoC and 0.5 M Tebbe reagent (1.2 mL, 
0.60 mmol) in toluene was added dropwise. The solution was kept 
for 15 min at this temperature, then wanned to 25°C and stirred for 
90 min before being cooled to -40°C and quenched with 10% KOH 
solution (1 mL). A 0.5% triethylamine solution in ether was added 
and the mixture was filtered through a pad of basic alumina (act. 
111). Most of the solvent was evaporated and the residue was pu- 
rified by chromatography on basic alumina (act. 111) (elution with 
pentane) to provide 120.6 mg (92%) of 29 as a light yellow oil; ir 
(neat): 1675, 1460, 1260, 11 15, and 1090 cm-'; 'H nmr (300 MHz, 
C6D6) (major isomer) 6: 7.82 (m, 4H), 7.26 (m, 6), 6.13 (dd, J = 
17.2, 11.1 Hz, IH), 5.62 (dd, J = 17.2, 1.9 Hz, IH), 5.23 (dd, 
J = 11.0, 1.9 Hz, IH), 4.52 (s, IH), 4.08 (s, lH), 3.66 (t, J = 
8.3 Hz, 1 H), 2.29 (m, 2H), 1.90-0.93 (series of m, 17 H), 1.23 
(s, 9H), 1.02 (s, 3H), 0.92 (3 H); I3C nmr (75 MHz, C6D6): 158.18, 
157.79, 140.88, 140.73, 136.45 (4C), 136.39 (4C), 135.2 1 (2C), 
134.80 (2C), 129.98 (2C), 129.92 (2C), 129.27 (4C), 128.49 (4C), 
127.85, 127.63, 117.02, 113.21, 91.64, 88.74, 82.80, 81.38, 
49.93, 49.71, 48.46, 44.25, 43.72, 40.92, 38.72, 37.32, 36.96, 
35.45, 35.07, 34.63, 33.00, 31.32, 31.18, 30.16, 29.48, 29.00, 
27.37 (6C), 27.01, 26.17, 24.49, 23.66, 23.48, 21.37, 21.10, 
20.63, 19.62, 18.58, 15.40, 12.18 (2C not observed) ppm; ms/fab 
m/z (M'+ 1) calcd. 555.36; found: 555.46. 

Tribal-promoted Claisen rearrangement of 29 
To a solution of 29 (177.3 mg, 0.32 mmol) in CH,CI, (2 mL) 

was added, at room temperature and under argon, a solution of 
Tribal in toluene (2 mL, 2 mmol). The mixture was stirred for 6 h 
at room temperature, then ether and water were added. After the 
usual extractive work-up with ether and purification by flash chro- 
matography (silica gel, elution with 25% ether in petroleum ether) 
50 mg (64%) of the cyclooctenol was obtained as a viscous oil; ir 
(CHCI,): 3600 cm-'; 'H  nrnr (300 MHz, CDCI,) (major isomer) 
6: 7.61 (m, 4H), 7.31 (m, 6H), 5.32 ( t ,  J = 9.1 Hz, IH), 3.81 (m, 
1 H), 3.62 (t, J = 8.3 Hz, IH), 2.38 (br s, I H), 2.29-0.83 (series 
of m, 23 H), 1.07 (s, 9H), 1.03 (s, 3H) 0.86 (s, 3H); "C nmr 
(75 MHz, CDCI,) (major isomer): 147.67, 135.92 (2C), 134.93, 
134.37, 129.44, 129.36, 128.48, 127.55, 127.36(2C), 127.32 
(2C), 126.92, 82.44, 65.20, 50.28, 43.65, 43.53, 37.07, 37.01, 
36.54, 36.28, 35.94, 35.82, 32.33, 3 1.67, 30.88, 29.65, 29.31, 
27.05 (3C), 23.49, 23.20, 19.32, 11.64 ppm; ms/fab nz/z (M'+ 1) 
calcd.: 557.37; found: 557.42. 

17~-(tert-B~ityldiphe1zylsilo,~)-A-diIzo1nou1zdrost-4b-3t1-3-otze 30 
A solution of DMSO (300 mL) in CH,CIZ (2 mL) was prepared 

at -78°C under argon was treated with oxalyl chloride (150 pL). 
The mixture was stirred for 15 min and a solution of the above al- 
cohol (83.4 mg, 0.15 inmol) in CHzClz (2 mL) was introduced. The 
mixture was warmed to -45OC, stirred for 20 min, cooled to 
-78"C, and quenched by addition of triethylamine (700 pL). The 
mixture was allowed to warm to room temperature and water was 
added. After the usual extractive work-up with ether and purifi- 
cation by flash chromatography (silica gel, elution with 5% ether 
in petroleum ether), 68 mg (86%) of 30 was obtained as a viscous 
oil; [a]: + 16.3 ( c  1.19, CHCI,); ir (CHCI,): 1695 c m ' ;  ' H  nmr 
(300 MHz, CDCI,) 6: 7.65 (m, 4H), 7.36 (m, 6H), 5.29 (t, J = 
9.1 Hz, IH), 3.65 (t, J = 8.2 Hz, IH), 2.70-0.8 1 (series of m, 
23H), 1.07 (s, 12H), 0.86 (s, 3H); "C nmr (75 MHz, CDCI,): 
212.96, 147.00, 135.92 (4C), 134.96, 134.42, 129.47, 129.29, 
127.41 (2C), 127.35 (2C), 119.35, 82.41, 49.98, 47.87, 43.92, 
43.81, 43.59, 41.07, 36.86, 36.45, 35.80, 33.31, 32.40, 30.87, 
27.08 (3C), 23.46, 23.04. 22.94, 20.61, 19.37, 1 1.68 ppm; ms/ 
fab tn/z (M'+ 1) calcd.: 555.36; found: 555.43. Anal. calcd. for 
C3,HS00,Si: C 80.09, H 9.08; found: C 79.69, H 9.35. 

Thermal Claiserz rearrangernetzt of 29 
A solution of 29 (56 mg, 0.10 mmol) in toluene ( I  mL) was 

sealed under vacuum in a potassium hydroxide-coated soft-glass 

tube (8 mm 0.d.) and heated at 190°C for 48 h. The tube was opened 
and rinsed three times with ether. After evaporation of the sol- 
vent, the residue was purified by flash chromatography on silica 
gel (elution with 5% ether in petroleum ether). There was isolated 
10 mg of (18%) of 31, 16 mg (29%) of 32, and 21.5 nlg (39%) of 
30. 

For31: ir (CHCI,): 1680, 1460, 1370, 1265, 1 1  15, and 840 cnl-I; 
'H nlnr (300 MHz, CDCI,) 6: 7.58 (m, 4H), 7.32 (nl, 6H), 6.09 
(dd, J = 17.1, 10.9 Hz, IH), 5.17 (dd, J = 17.1, 1.8 Hz, IH), 
4.98 (dd, J = 10.9, 1.8 Hz, IH), 4.29 (t, J = 3.2 Hz, IH), 3.55 
(t, J = 8.3 Hz, l H), 1.76-0.83 (series of m, 17 H), 1.75 (s, 3H), 
1.09 (s, 9H), 0.94 (s, 3H), 0.89 (s, 3H); ')c nmr (75 MHz, CDCI,): 
147.86, 138.51, 136.01 (2C), 135.97 (2C), 134.94, 134.46, 
129.47, 129.41, 127.40 (2C), 127.35 (2C), 114.17, 95.58, 82.44, 
80.74, 50.12, 48.02, 44.00, 37.00, 36.58, 35.17, 33.78, 32.22, 
30.76, 27.10 (3C), 23.40, 21.07, 19.94, 19.35, 14.76, 11.88 ( I  
C not observed) ppm; ms/fab m/z (M'+ 1 )  calcd.: 555.36; found: 
555.47. 

For 32: ir (neat); 1705 c~n-I ;  'H nmr (300 MHz, CDCI,) (major 
isomer) 6: 7.65 (m, 4H), 7.36 (m, 6H), 5.26 (m, IH), 3.62 (t, 
J = 8.3 Hz, 1 H), 2.60 (m, 1 H), 2.16 (2, 3H), 2.10-0.67 (series 
of m, 19H), 1.07 (s, 9H), 1.04 (s, 3H), 0.88 (s, 3 H); I3c nmr 
(75 MHz, CDCI,): 2 12.18, 21 1.99, 146.55, 144.77, 135.99 (4C), 
135.96 (4C), 134.94 (2C), 134.42 (2C), 129.49, (2C), 129.39 (2C), 
127.38 (4C), 127.33 (4C), 116.90, 116.08, 82.44, 82.39, 54.61, 
50.88, 50.22, 49.99, 44.66, 44.54, 43.96, 43.62, 39.87, 38.55, 
36.99, 36.87, 36.34, 36.30, 35.99, 33.80, 32.51, 32.03, 31.95, 
30.85, 30.96. 29.68, 28.07, 27.97, 27.62, 27.55, 27.07 (6C), 
23.55, 22.60, 21.90, 21.34, 21.12, 19.60, 19.42, 19.32, 11.82, 
11.68 ppm; ms/fab m/z (M'+ I )  calcd.: 555.36; found: 555.41. 

4a,5-Epoxy-l7a-l1yrlro,~-l7-methyl-A-homo-4-o,~aa1zd1-ostan-3- 
011e 34 

To a solution of 33 (0.302 g, 1 mmol) in CH2C1, (30 mL) was 
added Na2CO3 (0.80 g) and MCPBA (0.52 g ,  3 mmol). The mix- 
ture was refluxed for 1 day, quenched with water, and extracted 
with ether (3 x 50 mL). The combined organic layers were dried 
and concentrated, and the residue was purified by flash chroma- 
tography (silica gel, elution with 35% ethyl acetate in petroleum 
ether) to give 0.274 g (82%) of 34 as an 8 :  1 cis:trans mixture; 
white solid, mp 74-76°C; ir (CHCI,): 1750 cm-I; 'H nmr 
(300 MHz, CDCI,) (major isomer) 6: 4.76 (s, IH), 2.78-0.96 
(series of m, 19H), 1.21 (s, 3H), 1.18 (s, 3H), 0.87 (s, 3H) (hy- 
droxyl signal not observed); "C nmr (75 MHz, CDCI,) (major 
isomer): 171.42, 87.41, 81.39, 71.07, 50.12, 48.79, 45.33, 38.76, 
38.57, 35.61, 31.31, 31.26, 30.13, 29.44, 25.74, 23.16, 20.87, 
18.84, 13.77 (1C not observed) ppm; ms m/z (M') calcd.: 
334.2142; found; 334.2 105. 

17a-Hydroxy-17-tr~et11~~1-3-oso-4-o~~-aat1drostnr2e-5- 
curboxaldel~ydc, 35 

To a solution of 34 (43.2 mg, 0.129 mmol) in benzene (3 mL) 
was added 10-camphor-d-sulfonic acid (10 mg). The mixture was 
stirred for 24 h at room temperature and diluted with ether. The 
organic layer was washed with saturated NaHCO, solution, dried, 
and concentrated. The residue was purified by flash chromatog- 
raphy (silica gel, elution with 30% ethyl acetate in petroleum ether) 
to give 40.6 mg (94%) of 35 as a white solid, mp 74-76°C; ir 
(CHC13): 1740 cm-I; ' H  nmr (300 MHz, CDCI,) (major isomer) 6 
9.95 (s, IH), 2.53 (m, 2H), 2.03-0.78 (series of m, 17H), 1.16 
(s, 3H), 1.04 (s, 3H), 0.83 (s, 3H) (hydroxyl signal not ob- 
served); "C nmr (75 MHz, CDCI,): 200.30, 170.80, 88.24, 81.34, 
50.07, 47.81, 45.65, 38.99, 38.76, 35.26, 31.22, 29.04, 27.32, 
27.08, 26.50, 25.81, 23.04, 20.95, 14.53, 13.96 ppm; ms tn/z 
(M'-H,O) calcd.: 3 16.2038; found: 3 16.2105. 

17,17-Di17zethyl-3-o,vo-18-t1or-4-oxnnndrost-13-ene-5- 
curboxaldehyde 36 

To a solution of 34 (120 mg, 0.359 mmol) in CH,Cl, (10 mL) 
was added an anhydrous CH,Cl, solution of perchloric acid (5 mL). 
The mixture was stirred for 24 h at room temperature and diluted 
with ether. The solution was washed with a saturated NaHC03 SO- 
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lution, dried, and concentrated. The residue was purified by ilash 
chromatography (silica gel, elution with 5% ethyl acetate in petro- 
leum ether) to give 99.9 mg (88%) of 36 as a white solid, mp 94°C; 
ir (CHCI,): 1740 cm-l; 'H nmr (300 MHz, CDCI,) (major isomer) 
6: 10.04 (s, 1 H), 2.33-0.87 (series of m,  18H), 1.04 (s, 3H), 0.96 
(s, 3H), 0.95 (s, 3H); "C nmr (75 MHz, CDCI,): 200.30, 170.91, 
142.15, 134.06, 88.17, 45.60, 45.43, 39.39, 39.10, 35.43, 29.63, 
28.93,27.82,27.04,26.66,26.29,22.80,21.90, 14.31 (1Cnot 
observed) ppm; ms rrz/z (Mt) calcd.: 3 16.2038; found: 316.2076. 
Anal. calcd. for C2,,H2801: C 75.91, H 8.92; found: C 75.89, H 
8.88. 

17,17-Dirnethyl-3-methylerze-5-vir2yl- 18-rzor--4-o.rnnr1dros1- 13- 
ene 3 7  

Aldehydo lactone 36 (126.4 mg, 0.40 rnmol) was dissolved in 
pyridine (6 drops), THF (3 mL), and CH?CI? (2 rnL), cooled to 
- 4 9 2 ,  and treated with the Tebbe reagent (2 mL, 0.5 mmol). The 
reaction mixture was warmed to room temperature and stirred for 
1 h. The solution was cooled to -40°C and a 5% solution of KOH 
was carefully added. The reaction mixture was passed through a 
pad of basic alumina (act. III), concentrated under vacuum, and 
purified by flash chromatography on basic alurnina (act. 111) (elu- 
tion with pentane) to give 113.6 rng (91%) of 37 as a light yellow 
oil; ir (neat): 1680, 1460, 1260, 1100, and 1020 cnl-'; 'H nmr 
(300 MHz, C,D,) 6: 6.15 (dd, J = 17.0, 11.0 Hz, IH), 5.60 (dd, 
J = 17.0, 2.0 Hz, IH), 5.13 (dd, J = 11.0, 2.0 Hz, IH), 4.52 (d, 
J = I. l Hz, IH), 4.07 (d, J = 1.4 Hz, IH), 2.40-0.93 (series of 
rn, 18 H), 1.05 (s, 3H), 1.03 (s, 3H), 1 .OO (s, 3H); "C nmr 
(75 MHz, C6D6): 157.91, 140.82, 136.06, 128.05, 116.87, 88.09, 
45.88, 39.95, 36.34, 36.12, 34.81, 32.40, 29.99, 29.24, 27.14, 
27.0 1 (2C), 26.59, 24.36, 22.95, 22.60, 15.27 ppm; ms m/z (M+) 
calcd.: 312.2453; found: 312.2450. 

Tribal-prornored Clniserz renrrc~ngemerzf of37 
To a solution of 37 (104 rng, 0.33 mmol) in CHICI2 (2 mL) was 

added, at room temperature and under argon, a solution of Tribal 
in toluene (2 mL, 2 rnmol). The mixture was stirred for 15 min, 
then treated with ether and water. After the usual extractive work- 
up with ether and purification by flash chromatography (silica gel, 
elution with 20% ether in petroleum ether) 90 mg (63%) of the cy- 
clooctenol was obtained as a 3:  1 mixture of isomers; viscous oil; 
ir (CHCI,): 3600 cm-I; 'H nmr (300 MHz, CDCI,) (major isomer) 
6: 5.38 ( t .  J = 9.1 Hz, lH), 3.82 (m. I H), 2.55-0.88 (series of 
m, 22 H), 1.00 (s, 3H), 0.96 (s, 3H), 0.94 (s, 3H) (hydroxyl sig- 
nal not observed); "C nmr (75 MHz, CDCI,): 147.36, 141.49, 
136.19, 121.33, 119.16,72.06, 68.49,45.35,45.29,43.47,43.09, 
40.07, 39.66, 37.16, 37.07, 36.90, 35.90, 35.57, 33.3 1, 32.57, 
32.41, 32.30, 32.20, 31.91, 31.46, 29.75, 29.67, 29.33. 27.28, 
26.84, 26.74, 26.70, 26.50, 23.56, 23.40, 23.34, 23.14, 23.09, 
22.94, 22.63, 22.50, 22.34, 21.53, 21.24 ppm; ms rn/z (M ') 
calcd.: 314.2210; found: 314.2190. 

17,17-Dirnerhyl-A-dihomo-I8-11ornr2~lrosm-4b, 13-dien-3-orre 38 
Oxalyl chloride (66 FL) was added to a solution of DMSO 

(140 FL) in CH2C12 (2 mL) at -78°C and under argon. The mix- 
ture was stirred for 15 rnin and a solution of the above cycloocte- 
no1 (21 rng, 0.067 mrnol) in CH2C12 (2 mL) was added. The mixture 
was warmed to -45'C, stirred for 20 min, cooled back to -7g°C, 
and quenched by the addition of triethylamine (300 FL). The mix- 
ture was allowed to warm to room temperature and water was 
added. After the usual extractive work-up with ether and purifi- 
cation by flash chromatography on silica gel (elution with 5% ether 
in petroleum ether) 16.1 mg (86%) of 38 was obtained as a vis- 
cous oil; [a]? + 3  1.4 (c 1.12, CHC1,); ir (CHC13): 1695 cnl-I; ' H  
nrnr (300 MHz, CDCI,) 6: 5.36 (t, J = 9.0 Hz, I H), 3.10 (m, IH), 
2.68 (m, 2H), 2.52-0.84 (series of m, 18H). 1.05 (s, 3H), 0.96 
(s, 3H), 0.95 (s, 3 H); 13C nlnr (75 MHz, C6D6): 21 1.82, 146.52, 
141.38, 135.90, 120.20, 45.46, 45.31,43.65,43.57,40.85, 39.62, 
36.92, 36.74. 32.88, 3 1.84, 29.74, 26.68, 26.5, 23.14, 22.68, 
22.29 ( IC  not observed) ppni; ms rrr/z (M') calcd.: 312.2453; 
found: 312.2450. Anal. calcd. for CI?H,20: C 84.56, H 10.32; 
found: C 84.35, H 10.37. 

Tl7errnnl Clniser~ I-ear-rarzgernerzt of 3 7  
A solution of 37 (50 mg, 0.16 mmol) in toluene (1 mL) was 

sealed under vacuum in a potassiun~ hydroxide-coated soft-glass 
tube (8 nun a d . )  and heated at 190°C for 46 h. The tube was opened 
and rinsed three times with ether. After evaporation of solvent, the 
residue was purified by flash chron~atography on silica gel (elu- 
tion with 5% ether in petroleum ether) to give 9 mg (18%) of iso- 
merized vinyl ether 37, I5 mg (30%) of 40, and 20 mg (40%) of 
cyclooctenone 38. 

For 39: ir (CHCI,): 1680 cnl-I; 'H nmr (300 MHz, CDC13) 6: 
6.29 (dd, J = 17.0, 10.9 Hz, IH), 5.29 (dd, J = 17.0, 1.7 Hz, IH), 
5.10 (dd, J = 10.0, 1.7 Hz, IH), 4.41 ( t ,  J = 1.3 Hz, IH), 2.20- 
1.00 (series of m, 16H), 1 .80 (s, 3H), 0.97 (s, 3H), 0.96 (s, 3H), 
0.91 (s, 3 H); "C nmr (62.5 MHz, CDCI,): 147.93, 141.27, 
138.72, 135.47, 1 14.04,95.65, 80.88,45.38,45.20, 39.54, 36.57, 
36.16, 34.45, 32.00, 29.66, 26.97, 26.76, 26.40, 22.94, 22.27, 
19.95, 14.37 ppln; ms m / z  ( M k )  calcd.: 312.2453; found: 
312.2458. 

For 40: ir (CHC13): 1700 c n ~ ' ;  'H nmr (300 MHz, CDCI,) (major 
isomer) 6: 5.32 (m, IH), 2.60 (m, IH), 2.24-0.86 (series of m, 
18H), 2.18 (s, 3H), 1.03 (s, 3H), 0.96 (s, 3H), 0.94 (s, 3 H); 
nmr (75 MHz, CDCI,): 21 1.98, 21 1.80, 145.97, 144.31, 135.85, 
135.30 (2C), 117.38 (2C), 116.75, 52.19, 48.33, 45.22, 45.15, 
44.67, 44.51, 39.39, 38.26, 37.72, 37.41, 36.83, 36.23, 33.30, 
32.54, 32.36, 32.07, 29.68, 29.60, 27.93, 27.61, 27.53, 26.59, 
26.5 1 , 26.33, 26.30, 23.30, 22.93, 22.25, 22.04, 2 1.36, 19.05 (3C 
not observed) ppm; ms m / z  (M') calcd.: 312.2453; found: 
312.2460. 
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HANG TANG, TILAK P. WIJESEKERA, and DAVID DOLPHIN. Can. J .  Chem. 7 0 ,  1366 (1992) 
The syntheses of porphyrins carrying either a fully hydrophobic cavity with a benzene moiety (32a,b) or a polar cav- 

ity with an amidobenzene (32c-d) are described. Terephthaldehyde (1 )  was converted to benzene-bisalkanoic acids (8 ,  
10) and nitrobenzene-bisalkanoic acids (13 and 16) by using standard methods. The corresponding diacid chlorides 17a- 
d were used to acylate two equivalents of a P-unsubstituted pyrrole, and the ketonic groups were reduced by diborane. 
Following the transformation of the nitro function to the acetamide, appropriate modifications of the ethyl ester func- 
tions afforded the key bisformylpyrroles 2%-d. The cyanoacrylate-protected formyl pyrrole derivatives were mono- 
chlorinated at the a-methyl groups and condensed with two equivalents of an a-unsubstitutued pyrrole to give the 
dipyrromethane dimers. Strong aqueous alkali caused saponification of the two ester groups and deprotection of the for- 
my1 functions to produce the dipyrromethane dimer 30, which, after thermal decarboxylation, was cyclized intramole- 
cularly in acidic medium to give the porphyrins 32 (n = 4 or 5, X = H or NHCOCH,). 

HANG TANG, TILAK P. WIJESEKERA et DAVID DOLPHIN. Can. J .  Chem. 70 ,  1366 (1992). 
On dCcrit la synthkse de porphyrines portant soit une cavite complktement hydrophobe avec une portion benzCnique 

(32a,b) soit une cavitC polaire avec un amidobenzkne (32c-d).  Utilisant des mCthodes courantes, on a transform6 le 
tCrCphtaldChyde ( 1 )  en acides benzkne-bisalcano'iques (8 ,  10) et en acides nitrobenzene-bisalcanoiques (13 et 16). On a 
utilisC les chlorures d'acides correspondants (17a-d) pour acyler deux Cquivalents d'un pyrrole non substituk en posi- 
tion p, puis on a reduit les groupes cCtoniques avec du diborane. Aprks avdir transform6 lei fonctions nitro en acktamide, 
des modifications appropriCes des fonctions esters Cthyliques ont fourni les bis-formyl pyrroles 25a-cl clCs. On a effec- 
tuC une monochloration des dCrivCs du forrnyl pyrrole protCgCs par le cyanoacrylate sur les groupes mCthyles en a et on 
a condens6 les produits avec deux equivalents d'un pyrrole non substitue en a afin d'obtenir des dimbres dipyr- 
romkthanes. Sous l'influence de solutions alcalines aqueuses concentrees, il se produit une saponification des deux groupes 
esters et une deprotection des fonctions formyles pour conduire au dimbre dipyrromethane 30 qui, aprks dtcarboxylation 

- - 

thermique et so i s  I'influence d'un acide, se cyclise d'une f a ~ o n  intramol~culaire pour donner les porphyrines 32 (n = 
4 ou 5; X = H ou NHCOCH,) 

[Traduit par la redaction] 

Introduction 
Dioxygen and carbon monoxide binding propertites of 

hemoglobin and myoglobin are largely controlled by steric 
and electrostatic effects provided by the protein. Hemoglo- 
bin has a lower affinity for carbon monoxide relative to 
dioxygen (1, 2), when compared with simple iron-por- 
phyrin systems, due to the steric hindrance on the distal side 
of the heme (2, 3-6) and the porphyrin skeletal deforma- 
tions (7, 8). Hydrogen bonding between the bound dioxy- 
gen and the histidine E7 residue (9) increases the stability of 
the dioxygen complex, and therefore leads to a higher O2 
affinity. The H-bonding was demonstrated by a neutron dif- 
fraction study of oxymyoglobin (10) and X-ray analysis of 
oxyhemoglobin ( 1 I). 

To evaluate the influence of the immediate protein envi- 
ronment on the ligand binding, it is necessary to construct 
models with the minimum of added molecular structure es- 
sential to mimic the active site behaviour of a hemoprotein. 
By designing different model compounds with different 
structural features, it is possible to investigate separately the 
effects of the heme environment on its reactivity. Contin- 
ued efforts to overcome the problems associated with syn- 
thetic dioxygen carriers have led to the development of 
several model hemes, the syntheses and structural features 
of which have been surveyed in a recent review (12). Sim- 
ple ferrous porphyrins undergo rapid and irreversible oxi- 
dation in the absence of a large excess of base to yield p.-0x0 

' ~ u t h o r  to whom correspondence may be addressed. 

Fe(1II) species (1 3, 14), while in the presence of excess base 
a six-coordinate ferrous porphyrin is formed that is incapa- 
ble of binding dioxygen (1 5 ) .  Synthetic model compounds 
have been prepared to sterically retard the formation of both 
the hexacoordinated system and the p.-0x0 dimer. 

Non-functionalized hydyrocarbon strapped porphyrins (16) 
were prepared by us for distorting the porphyrin plane and 
the methodology developed was later extended to prepare 
durene-capped porphyrins (17), a myoglobin model with a 
fully hydrophobic cavity. With the latter, the influence of 
distal steric effects on CO and 0, binding were examined in 
the absence of stabilizing electrostatic interaction, and the 
relative contribution of steric effects, both proximal and 
distal, for R- and T-state heme systems were revealed (1 8). 
Introduction of a polar function to such heme model sys- 
tems was expected to help clarify the contribution of elec- 
trostatic effects to the discriminatory binding of CO and O2 
in hemoglobin and myoglobin. For this purpose, an amide- 
substituted benzene-capped porphyrin model system has been 
designed and synthesized to mimic the hydrogen bonding 
between bound dioxygen and histidine E7 in hemoglobin and 
myoglobin. The corresponding unsubstituted benzene-capped 
porphyrins were also synthesized for comparison. 

Results and discussion 

The synthetic strategy involved the transformation of ter- 
ephthaldehyde (1) into benzene-bisalkanoic acids (Scheme 
I; 8 and 10) and nitrobenzene-bisalkanoic acids (13 and 16), 
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a. Ranev Ni 
CH2(COOH)2 ~ q .  KOH 

1 R : CHO - 2 R : CH=CHCOOH - 3 R : CH2CH2COOH 
piperidine/pyridine b. HCI 

toluene a. SOCI2 

b. EtOH/Et3N 

HBr B2H6 
6 R : CH2CH2CH2Br- 5 R : CH2CH2CH20H- 4 R : CH2CH2COOC2H5 

a. CH2(C02C2H5)2 KCN/E~OH 
NaOEt/EtOH a. Aq. KOH 

b. Aq. KOH 7 R : CH2CH2CH2CN 8 R : (CH2)3COOH 
c. HCI b. H+ 

DMF, A 
9 R : CH2CH2CH2CH(COOH)2 - IO R : (CH2)4COOH 

TsOH/EtOH NaN02 
8 R : (CH2)3COOH 11 R : (CH2)3COOC2H5 - 12 R : ( C H 2 ) 3 C O ~ ~ 2 H 5  

X : H  toluene X : H  CF3COOH X : NO2 
a. Aq. KOH 1 .. H+ 

13 R : (CH2)3COOH 
X : NO2 

TsOH/EtOH NaN02 
10 R : ( C H ~ ) ~ C O O H  14 R : ( C H ~ ) ~ C O O C ~ H ~  - 15 R : (CH2)4COOC2H5 

toluene 
X : H  X : H  CF3COOH X : NO2 

a. Aq. KOH 

16 R : ( C H ~ ) ~ C O O H  
X : IV02 

the latter to be modified to give the anilide cap. These bis- 
alkanoic acids could then be transformed into the capped 
porphyrins using the chemistry developed for the synthesis 
of the deformed porphyrins (16) and the durene-capped 
porphyrins (17). 

Terephthaldehyde (1) was reacted with malonic acid in the 
presence of piperidine and pyridine to produce the diacid 2, 
which was catalytically hydrogenated to give the dicarbox- 
ylic acid 3. The transformation of 3 to the diol5 (in order to 
carry out further chain extension) was effected via the more 
soluble diester 4 using diborane and was subsequently con- 
verted to the more reactive bisbromopropyl derivative 6. The 

diacid 8, which required the extension of the methylene side 
chain by one carbon, was readily prepared via the nitrile 7 
using KCN in ethanol, followed by hydrolysis in aqueous 
alkali. To generate the bispentanoic acid 10, a malonate 
synthesis was employed on the dibromide 6.  The tetraester 
was not isolated, but saponified in situ to give the tetracid 
9. The benzene-bispentanoic acid 10 was obtained by de- 
carboxylation of 9 in boiling DMF. 

The synthetic strategy for the porphyrins involved the 
transformation of the diacids to chain-linked bispyrroles and 
dipyrromethane dimers followed by an intramolecular cy- 
clization. Since the pyrrole nucleus is sensitive to strong 
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oxidizing agents, all efforts to nitrate the chain-linked bis- 
pyrrolic derivatives led to decomposition. Therefore, the nitro 
functionality had to be introduced before the coupling of 
pyrroles. Nitration of diacids 8 and 10 were found not to be 
practical due to the insolubility of the starting materials and 
the products. Therefore, nitration of the diester analogues was 
preferred. A sodium nitrite-trifluoroacetic acid (19) mixture 
was found to nitrate the diesters 11 and 14 successfully in 
reasonable yields (65-73%). The nitrobenzene-bisalkanoic 
acids 13 and 16 were obtained by hydrolysis with aqueous 
alkali. 

The first step towards the strapped porphyrin was to link 
the dicarboxylic acids to two P-unsubstituted pyrroles 18 (20, 
21) via Friedel-Crafts alkylation reactions. The pyrroles were 
acylated with the corresponding bisacid chloride 17 in a 
mixture of methylene chloride and nitromethane using an- 
hydrous stannic chloride as the catalyst. The ketonic car- 
bonyls of the resulting bispyrrole diketones 19 were reduced 
by diborane in yields >80% (Scheme 2). 

With the chain in place, the next step was transformation 
of the a-ethyl ester into the synthetically useful a-formyl 
group. This included the removal of the ethyl ester, thermal 
decarboxylation of the resulting diacid, and forinylation of 
the unsubstituted a-position by the Vilsmeier reaction (20- 
22). Since the direct saponification of the ethyl ester 20 led 
to extensive decomposition, the acids could only be ob- 
tained via a transbenzylation-debenzylation route. For the 
two bispyrrolic ethyl esters without the nitro function (20n 
and 20b), the transesterification was effected in refluxing 
benzyl alcohol by using a solution of sodium in benzyl al- 

cohol as the catalyst (Scheme 3). After quenching the reac- 
tion mixture with a mixture of acetic acid and methanol, the 
product was crystallized out by diluting with water. How- 
ever, the two nitro-substituted bisethyl esters 20c and 20d 
were sensitive to the strongly basic conditions of transben- 
zylation at high temperature. Therefore, the nitro function 
was converted to the acetamide at this stage by catalytic 
hydrogenation in the presence of acetic anhydride (Scheme 
2). Transbenzylation of the amide derivatives 21c and 21d 
was carried out at a lower temperature (100°C) and 12 Torr 
( 1 Torr = 13 3.3 Pa) pressure to give a 60-70% yield of the 
bisbenzyl ester 22. 

The bisbenzyl ester 22 was cleaved by catalytic hydro- 
genolysis in THF and the resulting diacid 23 was decarbox- 
ylated in refluxing DMF. The fomyl function was introduced 
by using phosphorus oxychloride - DMF (for 24a and 246) 
or benzoyl chloride - DMF (for 24c and 24d) as the 
Vilsmeier reagent (22). The resulting iminium salt was hy- 
drolyzed by using aqueous sodium bicarbonate, to give the 
chain-linked bis-a-fomylpyrrole 25. The formyl groups were 
protected by a Knoevenagel condensation with methyl cy- 
anoacetate under basic conditions (23), in preparation for the 
subsequent oxidation of the a-methyl groups. This also helps 
in purifying the formylpyrrole 25 by chromatography. 

The synthesis of the dipyrromethane dimer was carried out 
in two stages. In the first stage, the a-methyl groups of the 
protected bispyrroles (26) were monochlorinated and the re- 
sulting monochloro derivatives reacted with two equivalents 
of the a-unsubstituted pyrrole 28 (20, 21) in warm glacial 
acetic acid (Scheme 4). Deprotection of the formyl groups and 
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- 
II 

21d n : 5, X : NHCCH, 

DMF/CH~CI~ 

b. Aq. NaHC03 

22a n : 4, X : H 
b n : 5 , X : H O  

II 
c n : 4, X : NHCCH3 

0 
II 

d n  : 5, X : NHCCH, 

23 R : COOH 

CHO - 
NCCH2C02CHJ 

H 0 
C N NC 

CH:O O, CH 3 

0 
II 

d n : 5. X : NHCCH, 

saponification of the esters of 29 were effected in one step 
using aqueous alkali. Because of the sensitivity of the acet- 
amide substituents of 29c and 29d towards alkali, the reac- 
tion had to be performed under controlled conditions. A 30: 1 
molar ratio of base to starting material with a base concen- 
tration of 1.5 M in water and a mixed solvent system of 
water: n-propanol of ratio 2 : 1 were found to be optimal. 

Decarboxylations of compounds 30 were carried out in 
refluxing DMF under nitrogen and the reaction was moni- 
tored by uv/visible spectroscopy. The absorption maxi- 
mum at 280 nm (due to the carboxypyrrole group) was 
observed to be reduced to a shoulder within 2 h. The solu- 
tion was concentrated in vacuo, diluted with methylene 
chloride, and the remaining DMF removed by extraction with 
water. To improve the solubility of the product 31, the 
methylene chloride solution was concentrated to a small 
volume and diluted with THF. The cyclization to the por- 
phyrin was accomplished by adding the THF solution of the 
5-unsubstituted-5-formyldipyrromethane dimer 31 to a so- 
lution of p-toluenesulfonic acid in methanol/methylene 
chloride by means of a syringe pump. The high dilution 
conditions were required during cyclization in order to ef- 
fect an intra molecular reaction leading to the desired prod- 
uct. The monomeric capped porphyrins 32 were isolated and 

purified by chromatography. The yields, dependent on the 
purity of the starting material, varied between 19 and 45%. 

The proton nmr spectra of 32a-d exhibit significant up- 
field shifts for some of the methylene strap proton reso- 
nances and the benzene protons, resulting from the shielding 
effect of the porphyrin diamagnetic ring current. The sig- 
nals due to the porphyrin methyl and methine protons split 
to two singlets, because of the asymmetry resulting from the 
strap. 

Work describing the formation of Fe(II1) and Fe(I1) de- 
rivatives of these capped porphyrins and thermodynamic data 
on the binding of CO and 0, to the latter (26) will be pub- 
lished elsewhere. 

Experimental 

Melting points were obtained using a Thomas model 49 Micro 
Hot Stage apparatus equipped with a Bristoline 6548-517 micro- 
scope and are uncorrected. Elemental analysis was performed by 
Mr. P. Borda of the Microanalytical Laboratory, U.B.C. 'The pro- 
ton nnir spectra were obtained in the indicated solvents, using a 
Varian XL-300 Fourier-transform spectrometer or a Bruker WH- 
400 spectrometer. Experimental details and analytical data for 
compounds 2-16 and selected examples of chain-linked mono- and 
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CHjCOOH 1 70 OC 

30 R' : COOH a .  Aq. KOH 

R 2  : CHO 
b. CHjCOOH & 

R2 H H 
R' 

29 R' : COOC2H5 0 
I I 

R2 : CH= C(CN)COCH3 
DMF/ A 

32a n : 4, X  : H 
b n :  5 , X :  i 
c n : 4, X  : NHCCH3 

0 
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T A N G  E T  A L .  1371 

dipyrrolic precursors to the porphyrins are available as supple- The catalyst was filtered off and the product was crystallized out 
mentary material.' by concentrating the solution, in the presence of hexane, yield 90% 

1,4-Bis[4-(5-ethoxycarbonyl-2,4-dimethylpyrrol-3-yl)-4- 
oxobutyl]benzene (19a) 

1,4-Bis(3-carboxylpropy1)benzene (8) (10 g ,  0.04 mol) and 
thionyl chloride (19 g, 0.16 mol) were refluxed on a steam bath for 
30 min and the excess thionyl chloride removed by evaporation 
under reduced pressure. After repeated evaporations with CC1, 
(4 x 25 mL) the dark red residue of the bis-acid chloride was taken 
into distilled CH,CI, (30 mL), transferred into a flask containing 
2-ethoxy-3,5-dimethylpyrrole (18) (16.7 g ,  0.1 rnol), distilled 
CH2C12 (140 mL), and nitromethane (150 mL) under nitrogen, and 
treated rapidly with anhydrous stannic chloride (41.7 g, 0.16 mol). 
The reaction mixture was stirred overnight at room temperature and 
the dark brown solution was poured into 0.1 M aqueous hydro- 
chloric acid (100 mL) and stirred for 15 min. The precipitated yel- 
low solid was filtered, washed with water, CH'CI,, and methanol, 
and a second crop was collected from the combined filtrate. Over- 
all yield was 12.5 g (57%). 

An analytical sample was recrystallized by adding methanol to 
a concentrated solution of 19a in CH,Cl, and minimum trifluo- 
roacetic acid; mp 185.0-186.5"C; 'H nmr (300 MHz, 6, 10% TFA/ 
CDC1,): 1.48 (t, 6H, J = 6 Hz), 1.99-2.09 (m, 4H), 2.53 (s, 6H), 
2.57 (s, 6H), 2.74(t,  4H, J = 6Hz) ,  2.90(t,  4H, J = 6Hz) ,  4.45 
(q, 4H, J = 6.2 Hz), 7.15 (s, 4H), 10.25 (bs, 2H); mass spectrum 
(m/e (relative intensity)): 548 (M+, 4), 340 (17), 209 (loo), 194 
(66), 148 (74). Mol. wt. calcd. for C32H10N206: 548.2886; found 
by high resolution mass spectrometry: 548.2894. Anal. calcd. for 
C32H40N206: C 70.05, H 7.35, N 5.1 1 ; found: C 70.00, H 7.35, N 
5.24. 

1,4-Bis[4-(5-ethoxycar-bonyl-2,4-dirnethylpyrrol-3-yl)butyl]- 
benzene (20a) 

The diketone 19a (14 g ,  0.0255 mol) was suspended in anhy- 
drous THF (150 mL) (N2 atmosphere) and treated with a 1 M bor- 
ane-THF solution (10 mL). The resulting mixture was stirred for 
1 h, during which time the starting material went into solution. 
Following tlc analysis of an aliquot, a further 10 mL of BH,-THF 
solution was added and the mixture was stirred for another hour, 
when the reaction was found to be complete. 

The excess BH, was destroyed with methanol (20 mL), the so- 
lution concentrated under reduced pressure, and methanol added 
to crystallize the white product, yield 10.6 g (80%); mp 162-163°C; 
'H nmr (300 MHz, 6, CDC1,): 1.35 (t, 6H, J = 7.5 Hz), 1.44-1.5 1 
(m, 4H), 1.58-1.68 (m, 4H), 2.18 (s, 6H), 2.26 (s, 6H), 2.38 (t, 
4H, J = 7.5 Hz), 2.59 (t, 4H, J = 9 . 4 H z ) ,  4 .30(q ,  4H, J = 
7.5 Hz), 7.08 (s, 4H), 8.70 (bs, 2H); mass spectrum (m/e (rela- 
tive intensity)): 520 (M+, 19), 474 (23), 428 (13), 206 (loo), 180 
(71), 134 (94). Mol. wt. calcd. for C3,H1,N2O1: 520.3301; found 
by high resolution mass spectrometry: 520.3307. Anal. calcd. for 
C,2H,N204: C 73.8 1, H 8.52, N 5.38; found: C 73.69, H 8.52, N 
5.45. 

1,4-Bis[4-(5-ethoxycrtrbonyl-2,4-dimethylp~~rrol-3-yl)0~1t~~l]-2- 
rtcetrtrnidobenzene (21c) 

1,4-Bis[4-(5-ethoxycarbonyl-2,4-dimethylpyrrol-3-yl)butyl]-2- 
nitrobenzene (20c) (7.3 g,  12.9 mmol) was dissolved in THF 
(200 mL), treated with 10% Pd/C (0.7 g), acetic anhydride (10 
mL), and sodium acetate (0.5 g), and the solution stirred under a 
hydrogen atmosphere (I  atm (101.3 kPa)) overnight. The solution 
had to be retreated with fresh catalyst and hydrogenated again for 
complete reaction. 

'Experimental details and analytical data for compounds 2-16, 
19b-d, 20b-d, 21d, 22b,d, 23b,d, 23b-d, 24b-d, 250-d, 26b- 
d ,  29b-d, and 30b-d are available as supplementary material and 
may be purchased from: The Depository of Unpublished Data, 
Document Delivery, CISTI, National Research Council Canada, 
Ottawa, Canada K I A  OS2. 

(6.7 g); mp 215.5-216.5"~; 'H nmi (400 MHz, 6, CDC~,): 1.27 
(t, 6H, J = 8 Hz), 1.35-1.58 (m, 8H), 2.10 (s, 9H), 2.18 (s, 6H), 
2.28-2.34 (m, 4H), 2.44-2.54 (m, 4H), 4.22 (q, 4H, J = 6.7 Hz), 
6.83-6.87 (s, d, 2H), 7.00 (d, IH, J = 8 Hz), 7.48 (s, IH), 8.49 
(b, 2H); mass spectrum (m/e (relative intensity)): 577 (M+, 15), 
531 ( la) ,  485 (14), 206 (16), 180 (46), 134 (100). Mol. wt. calcd. 
for C3,H4,N305: 577.3516; found by high resolution mass spec- 
trometry: 577.35 14. Anal. calcd. for C3,H4,N305: C 70.68, H 8.20, 
N 7.27; found: C 70.44, H 8.39, N 7.07. 

1,4-Bis[4-(5-benzyloxycarbonyl-2,4-dirnethylpyrrol-3-yl)- 
butyllbenzerle (22a) 

1,4-Bis[4- (5 -ethoxycarbonyl-2,4-dimethylpyrrol-3-yl)butyl]- 
benzene (20a) (7.8 g, 15 mmol) and distilled benzyl alcohol (100 
mL) were heated to reflux under nitrogen and treated (in I-mL 
portions) with a concentrated solution of sodium in benzyl alco- 
hol. After addition of 3 mL of the catalyst, no further efferves- 
cence (corresponding to ethanol) could be observed and the hot 
solution was carefully poured into methanol (I50 mL) with suffi- 
cient acetic acid (10 mL) to quench the catalyst. Water was added 
slowly to precipitate the product, which was filtered and washed 
with 50% MeOH/water. The dibenzylester was obtained in 86% 
yield (8.3 g); mp 147-149°C; 'H nmr (400 MHz, 6, CDC1,): 1.42- 
1.49 (m, 4H), 1.57-1.66 (m, 4H), 2.16 (s, 6H), 2.27 (s, 6H), 2.37 
(t, 4H, J = 8 Hz), 2.58 (t, 4H, J = 8 Hz), 5.29 (s, 4H), 7.07 (s, 
4H), 7.31-7.43 (m, lOH), 8.54 (bs, 2H);' mass spectrum (m/e 
(relative intensity)): 644 (M+, 8), 536 (4), 509 (7), 401 ( lo) ,  268 
(23), 108 (31), 91 (100). Mol. wt. calcd. ~ O ~ C ~ , H ~ ~ N , O , :  644.3614; 
found by high resolution mass spectrometry: 644.3610. Anal. calcd. 
for C42&8N204: C 78.23, H 7.50, N 4.34; found: C 78.04, H 7.59, 
N 4.38. 

1,4-Bis[4-(5-benzylo.xycarbonyl-2,4-dimethylpyrrol-3-yl)butyl]-2- 
rtcetrtrnidobenzerze (22c) 

1,4-Bis[4-(5-ethoxycarbonyl-2,4-dimethylpyrrol-3-yl)butyl]-2- 
acetamidobenzene (21c) (1 g, 1.73 mmol) was placed in distilled 
benzyl alcohol ( I0  mL) and treated with metallic sodium (0.05 g). 
The resulting mixture was heated at 100°C under 12 Tom pressure 
for 30 min when all of the starting material dissolved, resulting in 
a brownish yellow solution. The solution was cooled to room tem- 
perature (still under vacuum) and neutralized with acetic acid. 

Benzyl alcohol was distilled off under vacuum (0.1 Torr), and 
the pink residue taken into methylene chloride (30 mL) and washed 
with water (3 x 30 mL) to remove salts. After evaporating the 
methylene chloride, the solid was dissolved in ethyl acetate 
(10 mL), and cooled in a refrigerator at 4'C. 

The white solid was filtered off and washed with cold ethyl 
acetate to give 0.91 g product (75%); mp 187-189°C; 'H nmr (400 
MHz, 6, CDC1,): 1.42-1.65 (m, 8H), 2.16 (s, 9H), 2.27 (s, 6H), 
2.35-2.41 (m, 4H), 2.52-2.61 (m,4H), 5.29(s, 4H), 6.86(b, lH), 
6.92 (bd, lH), 7.06 (bd, lH),  7.32-7.45 (m, IOH), 7 .56(b,  lH), 
8.53 (b, 2H); mass spectrum (m/e (relative intensity)): 701 (M+, 
3), 593 (3), 458 (9), 108 (69), 91 (100). Mol. wt. calcd. for 
C,,HslN305: 701.3829; found by high resolution mass spectro- 
memtry: 701.3834. Anal. calcd. for C,HlsN,05: C 75.29, H 7.32, 
N5.99;found: C75 .13 ,  H 7 . 5 0 ,  N5.78 .  

( i )  Deberzzylation of 22a 
The dibenzylester 22a (5 g ,  9.62 mmol) and 10% Pd/C (0.5 g) 

in THF (150 mL) were stirred under hydrogen (1 atm) overnight. 
When the uptake of hydrogen ceased, the catalyst was filtered and 
the solution checked by tlc for any unconverted starting material. 
The solvents were evaporated in vrtcuo, and the bis(carboxy)pyrrole 
23n was used in the next step without purification. 

(ii) Decrtr0oxylntion of23a 
The crude bis(carboxy)pyrrole 23rt was refluxed in DMF 

(100 mL) under nitrogen. The uv absorption spectrum showed a 
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reduction of the band at 282 nm to just a shoulder, within 2 h. The 
solution containing the bis a-free pyrrole 24a was cooled to room 
temperature and used directly in the next reaction. 

(iii) Vilstneierfortnylation of 24a 
To  an ice-cooled solution of DMF (1 1 mL) in dry CHzClz 

(40 mL), phosphorus oxychloride (9.8 mL) was added dropwise 
and the Vilsmeier reagent thus prepared was added rapidly to the 
chilled DMF solution of the bis a-free pyrrole 24a prepared ear- 
lier. The solution was stirred for a further 30 min and poured onto 
crushed ice (100 g). Solid sodium bicarbonate was added care- 
fully until the solution became basic, and CH2Cl2 was boiled off. 
Water (300 mL) was added and the mixture was heated at 75'C for 
1 h. The grey-colored solid that crystallized out was filtered and 
washed with water. An overall yield of 85% of crude 250 was ob- 
tained from the dibenzylester 22a. An analytically pure sample of 
the bisformylpyrrole was prepared by deprotecting the cyanoac- 
rylate derivative 26a with aqueous potassium hydroxide in n-pro- 
panol; mp 217-219°C; 'H nmr (300 MHz, 6. CDCI,): 1.40-1.5 1 
(m, 4H), 1.58-1.68 (m, 4H), 2.21 (s, 6H), 2.25 (s, 6H), 2.38 (t, 
4H, J = 7.5 Hz), 2.60 (t, 4H, J = 7.5 Hz), 7.07 (s, 4H), 9.47 (s, 
4H); mass spectrum (m/e (relative intensity)): 432 ( M f ,  44), 404 
(34), 389 (18), 296 (lo),  136 (loo), 108 (58). Mol. wt. calcd. for 
C2,H3,N,Oz: 432.2777; found by high resolution mass spectrom- 
etry: 432.2783. Anal. calcd. for C28H36NZ02: C ,  77.74; H, 8.39; 
N, 6.48; found: C 77.57, H 8.28, N 6.32. 

1,4-Bis{4-[5-(2-cyatzo-2-methoxycarbonylvinyl)-2,4- 
ditnethylpyrrol-3-~ll]butyl)benzetze (26a) 

The crude 1,4-bis[4-(5-formyl-2,4-dimethylpyrrol-3-yl)buty~]- 
benzene (250) (1 g, 2.31 mmol) was taken up in toluene (50 mL) 
with methyl cyanoacetate (0.56 g,  5.65 mmol) and cyclohexylam- 
ine (0.5 mL). The mixture was heated at reflux under nitrogen. The 
reaction was monitored by tlc and was found to be complete in 
2 h. The solvent was evaporated, in vacuo, and the residue was 
taken to dryness on a vacuum line. 

The crude product was dissolved in CH2C12 and chromato- 
graphed on silica gel (50 g). The solvent polarity was gradually 
increased, 0.5% ethyl acetate/CH,Cl, and then 1% ethyl acetate/ 
CH,Cl,, to facilitate elution without causing the impurities to move. 
The bright yellow product was crystallized from the eluates by 
concentrating, in the presence of methanol, to yield 1.06 g (76.9%). 
The solid thus obtained was analytically pure; mp 198.3-200.3"C; 
'H nmr (400 MHz, 6, CDCI,); 1.43-1.50 (m, 4H), 1.58-1.66 (m, 
4H), 2.15 (s, 6H), 2.28, 2.29 (s, s,  6H), 2.38-2.43 (m, 4H), 2.60 
(t, 4H, J = 8 Hz), 3.86 (s, 6H), 7.07 (s, 4H), 7.20, 7.91 (s, s, 2H), 
9.48 (bs, 2H); mass spectrum (m/e (relative intensity)): 594 ( M f ,  
49), 562 (14), 530 (26), 217 (68), 185 (100). Mol. wt. calcd. for 
C3,H,,N404: 594.3206; found by high resolution mass spectrom- 
etry: 594.3207. Anal. calcd. for C36HJ2N404: C 72.70, H 7.12, N 
9.42; found: C 72.87, H 7.27, N 9.32. 

(i) Monocl~lorit~a~iun of the a-methyl group of 26a 
1,4-Bis(4-[5-(2-cyano-2-methoxycarbonylvinyl)-2,4-dimethyl- 

pyrrol-3-yl]butyl)benzene (260) (0.44 g, 0.74 mmol) in dry meth- 
ylene chloride (50 mL) was treated, dropwise, with a solution of 
sulfuryl chloride (0.22 g, 1.63 mmol) in methylene chloride 
(10 mL) over a period of 10 min at room temperature. The pale 
yellow solution, which turned orange during addition, was stirred 
for a further 0.5 h. The solvent was removed in vacuo, and the 
yellow residue of the corresponding a-chloromethyl derivative 27n 
was used directly in the next reaction without purification. 

(ii) Cotldet~satiotz of 27a wirll 2 8  
The a-chloromethyl derivative 27a, prepared above, was sus- 

pended in glacial acetic acid (50 mL) together with 2-ethoxycar- 
bonyl-4-ethyl-3-methylpyrrole 28 (0.35 g, 1.9 mmol) and heated 
under nitrogen. When the temperature reached 70°C, all of the 
starting material went into solution, resulting in a clear dark-red 

solution. After the reaction mixture was heated for a further 30 min, 
tlc analysis of the reaction mixture indicated a single product (col- 
ored violet by bromine vapor). The mixture was evaporated to 
dryness in vacuo, the residue taken up in methylene chloride 
(50 mL), and the remaining acid removed by extraction with sat- 
urated aqueous sodium bicarbonate (3 X 50 mL) and water (3 X 

50 mL). The dried methylene chloride solution was then chroma- 
tographed on silica gel (50 g). The excess a-free pyrrole starting 
material 28 was eluted with methylene chloride and the product was 
eluted with 5-10% ethyl acetate/methylene chloride. Since at- 
tempted crystallization of the product failed, it was isolated as a non- 
crystallizable glass, by evaporating the solvents, yield 0.65 g (92%). 
An analytically pure sample was obtained using a chromatotron 
(silica gel, 1-mm plate, 0.5% methanol/methylene chloride as the 
eluent); mp 244°C (dec.); 'H nmr (400 MHz, 6, CDC13): 1.01 (t, 
6H, J = 8 Hz), 1.3 1, 1.29-1.40 (t, m, IOH), 1.55-1.64 (m, 4H), 
2.10, 2.11, 2 .12(s ,  s,  s , 6 H ) ,  2 .29(s ,6H),2.33-2.43 (m, 8H), 
2.53-2.61 (m, 4H), 3.78, 3.83 (s, s,  6H), 3.87-4.20 (m, 4H), 4.24 
( q , 4 H , J =  8Hz),7.06(~,4H),7.20,7.84,7.85(~,~,~,2H), 
9.00 (b, 2H), 9.37 (b, 2H); mass spectrum (m/e (relative inten- 
sity)): 952 (Mf  , 3), 906 (15), 860 (20), 698 (29), 666 (20). Mol. 
wt. calcd. for C56H68N608: 952.5099; found by high resolution mass 
spectrometry: 952.5090. Anal. calcd. for C5,H6,N6O,: C 70.56, H 
7.19, N 8.82; found: C 69.83, H 7.36, N 8.36. 

I ,4-Bis{4-~-((5-carboxy-3-ethyl-4-methylpyrrol-2-yl)tnethyl)-5- 
formyl-4-met/z~~lpyrrol-3-yl]b1~tyl}betzzetze (30a) 

In a 25-mL round-bottom flask fitted with a Claisen adaptor, 
a nitrogen inlet, and a reflux condenser was placed a stirred 
suspension of 1,4-bis{4-[2-((5-ethoxycarbonyl-3-ethyl-4-methyl- 
pyrrol-2-yl)methyl)-5(2-cyano-2-methoxycarbonylvinyl)-4-methyl- 
pyrrol-3-yl]butyl}benzene (300) (0.46 g, 0.48 mmol), KOH (0.81 
g, 14.5 mmol), and water (9.6 mL). The magnetically stirred sus- 
pension was heated to reflux and treated with n-propanol (4.8 mL) 
when the yellow starting material went into solution immediately, 
resulting in a pale brown solution. Refluxing was continued and the 
reaction was monitored using uv/visible spectroscopy. During 
the reaction, the absorption band at 388 nm (corresponding to the 
starting material) diminished in intensity with a simultaneous in- 
crease in the intensity of the peak at 280 nm and the appearance of 
a new peak at 324 nm. In 3 h, the peak at 388 nm had disappeared 
completely, indicating the complete removal of the cyanoacrylate 
protecting groups. The lower wavelength bands (now at 268 nm and 
322 nm) were very intense. 

tz-Propanol was evaporated off until the reflux temperature 
reached 10O0C, and the solution was cooled to room temperature, 
while under nitrogen, when the product partially separated out as 
a brown slimy material. The solution was filtered under suction and 
the brown material was dissolved in more water. The clear aqueous 
solution was cooled in ice and acidified with glacial acetic acid. The 
brown powder was collected by filtration and washed with water. 
The final product was dried in a vacuum desiccator over KOH for 
2 days, yield 0.33 g (93%); mp 179-181°C; 'H nmr (300 MHz, 6, 
DMSO-d,): 0.90 (m, 6H), 1.04-1.60 (b, 8H), 2.12 (s, 12H), 2.20- 
2.36 (m, 8H), 2.40-2.56 (m, 4H), 3.80 (s, 4H), 7.00 (s, 4H), 9.44 
(s, 2H), 1 1.06-1 1.48 (m, 4H); mass spectrum (tn/e (relative in- 
tensity)): 734 (Mf , from FAB), 646 [(M - 2 C 0 0 ) + ,  31, 617 (3), 
508 ( 3 ,  169 (1 l ) ,  122 (42), 109 (58), 94 (100). 

(i) Decarbox~~klriotl uf30a 
The magnetically stirred solution of the dipyrromethane deriv- 

ative 300 (0.31 g,  0.42 mmol) in DMF (100 mL) was heated at its 
reflux under nitrogen and the decarboxylation monitored by uv- 
visible spectroscopy. The intensity of the 280 nm band decreased 
considerably relative to that of the 3 18 nm band, which was an in- 
dication of the extent of decarboxylation. In 2 h, the 280 nm band 
was reduced to a shoulder. 

The solution was cooled to room temperature under nitrogen, 
concentrated to 10 mL, methylene chloride (100 mL) added, and 
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the solution extracted with water (3 X 50 mL). The dried organic 
phase was evaporated to 10 mL and diluted to 200 mL with dis- 
tilled THF to be used in the subsequent cyclization reaction. 

(ii) Itztr-nrnolecular 2+2 coicplirzg 
The cyclization was carried out in two 2-L Erlenmeyer flasks, 

covered with aluminum foil; each flask contained toluene-p-sul- 
phonic acid (4.0 g) dissolved in methanol (25 mL) and diluted with 
distilled methylene chloride (600 mL). The dipyrromethane deriv- 
ative prepared above was added to the magnetically stirred acid 
catalyst solution by means of a syringe pump. The syringe pump, 
operating at its slowest speed, took approximately 9 h to empty one 
50-mL syringe. 

Once the addition was complete (20 h), the reddish-violet so- 
lution was concentrated down to 10 mL and taken into methylene 
chloride (100 mL) and extracted with saturated aqueous sodium 
bicarbonate (3 X 50 mL). It was then taken to dryness in vacua and 
the residue was purified by chromatography. 

The crude porphyrin was first chromatographed on silica gel (120 
g, activity I) using methylene chloride as the solvent. Some pink 
materials that eluted first were discarded. The solvent was then 
changed to 1% MeOH/CH2CI2 and the porphyrin eluted with some 
brown impurities. 

The partially purified porphyrin was chromatographed again on 
alumina (30 g ,  4% water added) with methylene chloride as the 
eluting solvent. Some brown, fast moving impurities initially eluted 
out, and then the porphyrin eluted cleanly, leaving all other im- 
purities adsorbed at the origin. Crystallization from a solution of 
MeOH/CH,CI, afforded 89.2 mg (34.8%) of the purple por- 
phyrin; mp > 300°C; visible spectrum (CH2C1,), A,,, (nm) (log E): 
404 (5.26), 506 (4.08), 542 (4. lo), 572 (3.91), 626 (3.60); 'H nmr 
(400 MHz, 6, CD,Cl,): 9.98 (s, 2H, methine protons 10-H and 
20-H), 9.77 (s, 2H, methine protons 5-H and 15-H), 4.08 (q, 4H, 
J = 6.7 Hz, -CH,CH,), 3.96-4.05 (m, 2H, one proton each at chain 
termini), 3.63-3.70 (m, 2H, one proton each at chain termini), 3.63 
(s, 6H, 2CH3), 3.44 (s, 6H, 2CH,), 2.38 (s, 4H, benzene-H), 1.87 
(t, 6H, J = 8 Hz, -CH2CH,), 1.36-1.50 (m, 2H, chain protons), 
1.18-1.27 ( m ,  2H, chain protons), 0.83-0.91 (m, 2H, chain pro- 
tons), 0.07-0.18 (m, 4H, chain protons), -0.08-0.02 (m,  2H, 
chain protons), -3.26 (bs, 2H, nH). Mol. wt. calcd. for C,,H,,N,: 
608.3879; found by high resolution mass spectrometry: 608.3883. 
Anal. calcd. for C,,HJ8N,: C 82.85, H 7.95, N, 9.20; found: C 
82.40. H 7.87, N 8.95. 

7.1 7-Diethyl-2,8,12,I8-tetr-ntnerhyl-3,13-[phenylene-1.4- 
bis(per~mmetl~ylene)]po~pI~~~rit~ (32b) 

This porphyrin was prepared and purified in the same way as 
described for porphyrin 32a. The yield was 19.1%; mp > 300°C; 
visible spectrum (CHIC12), A,,,., (nm) (log E): 400 (5. I O), 498 (3.90), 
543 (3.77), 568 (3.46), 622 (3.13). 'H nmr (400 MHz, 6, CD,Cl,): 
10.19 (s, 2H, methine protons 10-H and 20-H), 10.09 (s, 2H, 
methine protons 5-H and 15-H), 4.34-4.41 (m, 2H, one proton each 
at chain termini), 4.22-4.32 (m,  2H, -CH,CH,), 4.06-4.15 (111, 
2H, -CH,CH,), 3.95-4.05 (m, 2H, one proton each at chain ter- 
mini), 3.67 (s, 6H, 2CH3), 3.54 (s, 6H, 2CH3), 2.68 (s, 4H, ben- 
zene-H), 2.17-2.27 (m, 2H, chain protons), 1.9 1, 1.87-1.9 1 (t, 
m, 8H, -CH,CH,, chain protons), 0.86-0.97 (m, 6H, chain pro- 
tons), 0.28-0.35 (in, 2H, chain termini), -0.13 to -0.24 (m, 2H, 
chain protons), - 1.13 (m, 2H, chain protons), -3.58 (bs, 2H, 
NH). Mol. wt. calcd. for C,,Hs,N,: 636.4192: found by high res- 
olution mass spectrometry: 636.4189. Anal. calcd. for CJJHS2N4: 
C 82.97, H 8.23, N 8.80: found: C 80.72, H 8.62, N 8.57. 

7,17-Diethyl-2,8,12,I8-retr-nmethyl-3,13-[2-acetarr1ido- 
phet1)~lene-l.4-bis(tetrnmethylene)]porphyr-itz (32c) 

The procedure used in preparation of this porphyrin was the same 
as that employed in the preparation of porphyrin 320. 

This porphyrin was found to be adsorbed onto silica gel more 
strongly than 320 and 326. Activity I silica gel, 2% MeOH/CH,CI,, 
was necessary to move the porphyrin. The porphyrin eluate, which 
contained some impurities, was purified again using a chromato- 
tron with a I-mm A120, plate and a gradient of 1 : 1 decreasing to 

1 : 3  hexane/CHzClz. The porphyrin product was obtained by 
evaporating the solvents. The residue was dried under vacuum for 
3 days to give a 44.8% yield. Crystallization was achieved by 
evaporating a hexane/CH,CI, solution of the porphyrin; mp > 
300°C; visible spectrum (CH?CI,), A,,, (nm) (log E): 404 (5.23), 
506 (4.071, 542 (4.09), 572 (3.89), 624 (3.60); 'H nmr (400 MHz, 
6, CD2C1,): 9.94 (d, 2H, J = 16 Hz, methine protons 10-H and 
20-H), 9.77 (d, 2H, J = 16 Hz, methine protons 5-H and 15-H), 
5.54, 5.36 (s, s ,  2H, benzene-H), 3.94-4.14 (m,  6H, -CH2CH3, 
one proton each at chain termini), 3.60-3.78 (m, d ,  9H, one pro- 
ton each at chain termini, two CH,, one benzene-H), 3.41 (d, 6H, 
two CH,), 1.86-1.92 (m, 6H, -CH,CH,), 1.59 (s, 3H, NHCOCH,), 
1.31-1.59 (m, 2H, chain protons), 0.70-0.95 (m, 2H, chain pro- 
tons), 0.01-0.20 (b, 4H, chain protons), -0.10 to -0.35 (b, 4H, 
chain protons), -3.30 (b, 2H, NH). Mol. wt. calcd. for C,H,,N,O: 
665.4095; found by high resolution mass spectrometry: 665.4093. 

7,17-Diethyl-2.8,12,I8-tetrnmer/1~yl-3,13-[2-ncetnrni~fo- 
phetz~~lerze-l,4-bis(penmmerh~~lerze)]porphyr-itz (32d) 

'This compound was obtained by the same method described for 
32c. The yield was 28.6%; mp > 300°C; visible spectrum (CH2CI2), 
A ,,,.,, (nm) (log 6): 400 (5.26), 500 (4.20), 536 (4.13), 568 (3.96), 
622 (3.82); 'H nmr (400 MHz, 6,  CD2CII): 10.17 (d, 2H, methine 
protons 10-H and 20-H), 10.07 (d, 2H, methine protons 5-H and 
15-H), 5.62 (m, 2H, benzene-H), 4.32-4.42 (m, 2H, one proton 
each at chain termini), 4.21-4.32 (m,  2H, -CH,CH,), 4.05-4.16 
(m, 2H, -CH,CH,), 3.95-4.05 (m, 2H, two proton each at chain 
termini). 3.68 (s, 6H, 2CH3), 3.54 (s, 8H, X H , ,  two benzene-H), 
2.22 (b, 2H, chain protons), 1.86, 1.91 (m, t, 8H, -CH2CH3 and 
chain protons), 1.55 (s, 3H, NHCOCH,), 0.83-1.03 (m, 6H, chain 
protons), 0.10-0.24 (m,  2H, chain protons), -0.23 (m, 2H, chain 
protons), - 1.23, - 1.38 (b, b, 2H, chain protons), -3.82 (b, 2H, 
NH). Mol. wt. calcd. for C,,H,,N,O: 693.4407; found by high 
resolution mass spectrometry: 693.4423. Anal. calcd. for 
C,(,H,,N,O: C 79.6 1, H 7.99, N 10.09; found: c 79.44, H 8.09, N 
9.86. 
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Diels-Alder approach to (+)-longifolene: A formal synthesis 
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TSE-LOK Ho, WEN-LUNG YEH, JOHN YULE, and HSING-JANG LIU. Can. J .  Chem. 70, 1375 ( 1992). 
A formal synthesis of longifolene in racemic form is concluded starting from the Diels-Alder reaction of 6,6-di- 

methylfulvene and maleic anhydride. Key steps are cyclodehydration, conjugate methylation, and ring expansion. 

TSE-LOK Ho, WEN-LUNG YEH, JOHN YULE et HSING-JANG LIU. Can. J. Chem. 70, 1375 (1992) 
On a realis6 une synthitse formelle du longifolene racCmique par le biais d'une rkaction de Diels-Alder entre le 6,6- 

dimethylfulvitne et l'anhydride malkique. Les Ctapes cles sont une cyclodCshydratation, un methylation conjuguee et une 
extension de cycle. 

[Traduit par la rCdaction] 

Introduction 
Longifolene (I) ,  a tricyclic sesquiterpene isolated from 

Pinus longifolia occupies a significant position in natural 
products chemistry (1). Its structural elucidation marked the 
transition from the classical degradation period to routine 
application of X-ray crystallographic diffraction tech- 
niques. The full report of the first total synthesis of longi- 
folene (2) also promulgated the retrosynthetic analysis that 
revolutionized, systematized, and elevated carbogenic syn- 
thesis to a level of sophistication and efficiency unmatched 
by other scientific disciplines. 

Corey's inspiring approach was based on an intramole- 
cular Michael reaction of a homodecalin system for con- 
structing the tricyclic framework. Later, McMuny and Isser 
(3) modified this route to achieve the cyclization by an al- 
kylation step, with the necessary ring expansion maneuver 
at a later stage. Johnson's synthesis (4) was an extension of 
a serendipitous discovery of bisannelation during solvolysis 
of a cyclopentenol by participation of an alkynyl sidechain. 
Oppolzer and Godel (5) exploited an intramolecular de Mayo 
reaction with great effectiveness in the assemblage of the 
bridged ring skeleton. The key step of the synthesis by 
Schultz and Puig (6) was a vinylcyclopropane to cyclopen- 
tene rearrangement that transformed a fused tricyclic sys- 
tem to the bridged ring isomer. Kuo and Money's route (7), 
predicated on the known Wagner-Meerwein rearrangement 
of isolongiborneol, relied on an intramolecular aldol con- 
densation and construction of the required intermediate from 
8-bromocamphor. Finally, an intramolecular Diels-Alder 
method described by Lei and Fallis (8) concluded a long 
search for a proper cyclopentadiene that would undergo the 
cycloaddition without yielding to the facile [1,5]-sigma- 
tropic rearrangement. 

In our investigation directed towards the synthesis of lon- 
gifolene the merits of an intermolecular Diels-Alder reac- 
tion were considered. Specifically, we sought a norbornane 
derivative bearing functionalized carbon chains that are 
suitable to be elaborated into the seven-membered ring. 

' ~ u t h o r  to whom correspondence may be addressed 

Results and discussion 

In longifolene the presence of a gem-dimethyl group in the 
four-carbon bridge spanning C-2 and C-7 of a norbomane 
skeleton is a structural feature that attracted our attention. It 
led us to recognize a correlation between a potential seco- 
longifolene precursor and the eso-adduct 2a of 6,6-di- 
methylfulvene and maleic anhydride (Scheme 1). This 
adduct, possessing readily differentiated double bonds, was 
identified as a useful synthetic intermediate based on the 
speculation that bond formation between one of the car- 
bony1 groups and the dimethylated carbon atom is feasible, 
since they project into the same space and are four bonds 
apart. Upon bridging, ring expansion can be effected. The 
other carbonyl group of the anhydride unit represents a la- 
tent exocyclic methylene pendant. 

We became aware of the work by Alder and Ruhlmann (9) 
who reported the formation of a dihydrolactone acid (the 
saturated version of 3) from the cycloadduct of 6,6-di- 
methylfulvene and maleic anhydride. Such a compound fits 
our purpose well, as we expected a ready transformation of 
the corresponding ester into a 3-methyl-2-cyclohexenone 
derivative on reaction with polyphosphoric acid. Sacrifice 
of one methyl group in the process would not be detractive, 
because restoring the substitution pattern of the bridging ring 
by conjugate methylation (10) should be rather straightfor- 
ward. Ring expansion, removal of the ketone group, and 
degradation of the carboxylic residue would culminate in 
Johnson's norketone. On the other hand, a strained a,@-un- 
saturated ester may be created for the introduction of the 
angular methyl group. 

As will be mentioned later, the idea of using citraconic 
anhydride as a dienophile in the initial Diels-Alder reaction 
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(a) PhH, reflux, 48 h; (b) 50% H2S04, 20°C, 48 h, 53%; (c) H,SO,, MeOH, 20°C, 16 h, 100%; 
(d) H,, 5% Pd-C, EtOAc, 20°C. 6 h, 98% 

i was also entertained. This modification represents a more 
direct pathway as all the carbon atoms present in the initial 
adduct would be preserved in the target molecule. The dis- 
symmetry conferred to the adduct was deemed inconse- 
qbential;in fact it was anticipated that the carboxyl group 
attached to the quaternary carbon atom would tilt slightly 
toward the tetrasubstituted double bond, rendering its bond 
formation with that moietv more favorable. 

Owing to the literature precedence and the lower cost of 
I maleic anhydride our initial studies were devoted to the route 
I traversing the simpler intermediates. Scheme 1 summarizes 

the preparation of dihydrolactone exo-ester 5a from 6,6-di- 
methylfulvene over four synthetic steps in an overall yield 
of 35%. The Diels-Alder addition of maleic anhydride to 6,6- 
dimethylfulvene, performed in refluxing benzene, gave al- 
most exclusively the desired exo adduct 2a. Treatment of this 
compound with 50% sulfuric acid followed by esterification 
of the resulting lactone acid 3 gave rise to lactone ester 4 .  
Subsequent hydrogenation using 5% palladium on carbon as 
a catalyst furnished the dihydro-derivative 5a. 

When compound 5a was subjected to treatment with 
phosphorus pentoxide and methanesulfonic acid (1 1) at 65"C, 
it underwent cyclodehydration to give the epimeric enones 
6a and 6b in a 3:  1 ratio and a combined yield of 37% 
(Scheme 2). Gratifyingly, much improved results emerged 

I when the cyclodehydration was carried out with erzdo-ester 
I 5b, readily obtained by epimerization of 5a using sodium 

methoxide in methanol. In this case, a high yield (82%) of 
enone 6b was produced along with a minute amount (1%) of 
the epimer 6a. 

The reaction of enone 6b with lithium dimethylcuprate 
occurred readily to give keto ester 7 in nearly 
yield (Scheme 3). This set the stage for the construction of 
the ring skeleton of longifolene via ring expansion. To- 
wards this end, keto ester 7 was treated with ethyl diazoace- 
tate in the presence of boron trifluoride etherate (1 2). The 
reaction proceeded smoothly to give, in quantitative yield, 

an isomeric (regio-, stereo-, and enolic) mixture of the de- 
sired homologation products. While we expected the ring 
expansion to show a better regioselectivity (12, 13), the 
generation of two regioisomers 8a and 8b in a ratio of ca. 
2.5: 1' was not detrimental. Functionalities in the seven- 
membered ring were to be deleted immediately afterwards. 
In the event, decarbethoxylation of the ring expansion 
products with moist lithium iodide in refluxing collidine af- 
forded a mixture of regioisomeric keto acids 9a and 9b as a 
result of concomitant demethylation of the methyl ester. This 
ester group was subsequently restored using methyl iodide 
and potassium carbonate in refluxing acetone. Keto esters 10a 
and lob3 thus obtained in a combined yield of 86% over two 
steps could not be separated. The 'H  nmr spectrum of the 
mixture displayed a ratio of 2.5: 1 for 10a and lob ,  respec- 
tively. 

Much effort was directed towards the supposedly trivial 
deoxygenation of the ketone carbonyl. A number of exper- 
iments carried out to effect Wolff-Kishner reduction led 
invariably to extensive decomposition. Attempted thioacet- 
alization using 1,2-ethanedithiol and boron hfluoride etherate 
in methylene chloride at O°C resulted in the formation of 
several products whose spectral data were inconsistent with 
those expected. Consequently, a less direct approach was 
explored. Sodium borohydride reduction of keto esters 10a 
and lob furnished a 85% yield of alcohols l l a  and l l b ,  each 
as an approximately 1 : 1 mixture of epimers (Scheme 4). 
These alcohols were readily converted to the corresponding 
xanthates 12a and 12b, chlorides 13a and 13b, and mesyl- 
ates 14a and 14b under usual conditions. The attempted re- 

 he ratio of 8a and 86 follows from subsequent transforma- 
tions. 

3 ~ h e s e  compounds were also obtained in pure form and char- 
acterized as such by oxidation of each of the corresponding alco- 
hols l l a  and l l b  with pyridinium chlorochromate on alumina (14) 
(see Experimental). 
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HO ET AL. 

C H , O O ~  

5b  

(a) P205, MeSO,H, CH2Cl2, 65"C, 40 h; (b) NaOMe, MeOH, reflux, 8 h, 93% 

SCHEME 2 

(a) Me,CuLi, ether, O°C, 2 h, 96%; (b) N2CHC02Et, BF,.OEt, 20°C, 17 h ,  ether, 100%; (c) LiI, H,O, collidine, reflux, 3 h ,  90%; 
(d) K,CO,, acetone, 20°C, 2.5 h; then MeI, reflux, 12 h, 95% 

duction of the xanthates and chlorides using tri-n-butyltin 
hydride and a catalytic amount of azobisisobutyronitrile in 
refluxing toluene failed to give any of the desired product 15. 
Mesylates 14a and 140, on the other hand, gave rise to a 
mixture of 15 and olefins 16 upon heating with sodium io- 
dide and zinc dust (15) in tetrahydrofuran at reflux temper- 
ature. Subsequent hydrogenation of this inseparable mixture 

' using Adarns catalyst furnished ester 15 in 75% overall yield 
from the mixture of alcohols l l a  and 110. 

With ester 15 in hand, the introduction of a double bond 
conjugated to the ester group via selenation-oxidative elim- 
ination (16) was attempted in light of the prospect that it 
would permit conjugate addition of the required methyl 
group. The maneuver proved unfruitful. Under no condi- 
tions examined could a phenylselenenyl group be incorpo- 

rated. In fact we were unable to deuterate ester 15 by 
consecutive treatment with lithium diisopropylamide and 
deuterium oxide. At this stage, the conversion of 15 into 
Johnson's norketone 24 was initiated. Accordingly, the ester 
group was reduced with lithium aluminium hydride (15 += 

17) (Scheme 5),  but since conversion of the primary alco- 
hol to the corresponding selenide using known procedures 
(17, 18) failed, the formation of an exocyclic methylene 
group via selenoxide pyrolysis could not be executed. Prob- 
lems were also encountered during a Barbier-Wieland deg- 
radation. Although the addition of phenyllithium and the 
dehydration of the resulting alcohol 18 to olefin 1 9  with 
copper(I1) sulfate on silica gel (19) could be easily carried 
out, the ensuing ozonolysis did not give any detectable 
amount of norketone 24. 
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l l a  R = OH l l b  R = OH 14a 14b 

3 12a R=OCSSCH3 12b R =OCSSCH3 C 

13a R = CI 13b R = CI 

(a) NaBH,, MeOH, O°C, 1 h, 82%; (b) NaH, THF, O°C, 0.5 h; then CS,, 0°C; then MeI, 20°C, 4.5 h, 95%; (c) SOCI,, Py, 
CH,Cl,, reflux, 13 h, 64%; (d) MsCI, Et,N, Py, CH2C12, O°C, 0.5 h, 85%; (e) NaI, Zn, THF, reflux, 15 h, 90%; (f) Hz, 
PtO?, MeOH, 2OoC, 24 h, 98% 

T h e  conversion of  ester 15 into 24 w a s  finally accom- 
plished via the following synthetic sequence. Saponifica- 
tion of  15 with aqueous potassium hydroxide followed by  
treatment of  the resulting acid 20 with methyllithium gave  
rise to  a n  87% yield of  ketone 21, which was subjected to 
Baeyer-Villiger oxidation using trifluoroperacetic acid in the 
presence of  disodium hydrogen phosphate as  a buffer (20). 
Acetate 22 thus formed, in 48% yield, was  hydrolyzed with 
alkali and the resulting alcohol 23 oxidized with pyridinium 
chlorochromate on alumina to generate an 80% yield of  
norketone 24, which was  identified by spectroscopic c o m -  
parison (ir, 'H nmr,  "C nmr ,  and ms)  with a n  authentic 
sample. Accordingly, a formal synthesis of  (+)-longifolene 
is complete. 

Regarding the route involving citraconic anhydride it 
turned ou t  to be  a disappointment. Firstly, an endo-selectiv- 
ity of  the Diels-Alder reaction w a s  observed; a t  best the de-  
sired exo adduct 25 was  obtained in a 30% yield when the 
reaction was carried out  in refluxing benzene. All attempts 
at  ameliorating the situation by changing solvents, reaction 
temperatures, and the addition of Lewis acid catalysts seemed 
to elicit a counter effect. Secondly,  the desired &-lactone 26 
w a s  produced in poor yield (18%),  in the subsequent s tep,  
along with a small amount  (8%) of  y-lactone 27. T h e  tedi- 

ous  separation and l o w  yields in  these steps forced us to  
abandon the alternative synthesis. 

Experimental 
General 

Melting points were recorded on a Kijfler hot stage apparatus and 
are uncorrected. Infrared spectra (ir) were recorded using Nicolet 
7199 FTIR or Nicolet MX-l FTIR spectrometers. High-resolution 
mass spectra (ms) were obtained using a Kratos AEI MS50 high- 
resolution mass spectrometer. Elemental analyses were canied out 
by the microanalytical laboratory of this department. Proton nu- 
clear magnetic resonance spectra ('H nmr) were obtained using the 
following spectrometers: Bruker WH-200 (200 MHz), Bruker 
WH-400 (400 MHz), and Bruker AM-300 (300 MHz). Coupling 
constants are reported to within k 0 . 5  Hz. Carbon-13 nuclear 
magnetic spectra ("c nmr) were recorded on a Bruker AM-300 
(75.47 MHz) spectrometer. Carbon-13 mutiplicities were derived 
from off-resonance decoupling or Carr-Purcel-Meiboom-Gill spin 
echo J-modulated experiments (APT or Attached Proton Test). 
Methylene groups and quaternary carbons appear as signals in phase 
(p) with respect to the deuteriochloroform signal while the signals 
having an antiphase (a) to that of deuteriochloroform are for the 
methyl and methine groups. The following abbreviations were used: 
s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, 
and br = broad. 

Materials 
Other then hydrogenation, all reactions were carried out under 

a positive pressure of argon gas. Anhydrous magnesium sulfate was 
used for drying organic solutions. Still's procedure (21) for flash 
chromatography using silica gel of mesh 230-400 was routinely 
used for separations. ~h in- layer  chromatography was performed 
on aluminum-backed plates precoated with silica gel 60 F,,, as 
supplied by E. Merck, Darmstadt. Skellysolve B was distilled prior 
to use. Other solvents were purified as follows: benzene by distil- 
lation from lithium aluminum hydride; diethyl ether and tetrahy- 
drofuran by distillation from a blue or purple solution of sodium 
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(a) LiAlH,, THF, 20°C, 20 min, 100%; (b) PhLi, THF, 2O0C+reflux, 4.5 h, 100%; (c) CuS0,-SiO,, CCl,, reflux, 0.5 h, 92%; (d) 20% 
KOH, THF, reflux, 39 h, 100%; (e) MeLi, THF, 20°C, 16 h, 87%; (f) CF3C03H, Na2HP0,, CH2Cl2, reflux, 5 h, 48%; (g) 1 N NaOH, 
MeOH, 20°C, 5 h, 93%; (h) PCC-Al,O,, CH2C12, 20°C, 1.5 h, 86% 

benzophenone ketyl under argon; dichloromethane by distillation 
from calcium hydride; acetone by distillation first over potassium 
permanganate and then magnesium and iodine; and methanol by 
distillation from magnesium and a trace amount of carbon tetra- 
chloride. Pyridine and trimethylsilyl chloride were distilled prior 
to use. Copper(1) lodine was purified according to the procedure 
described by Dieter et a1 (22). 

( I  R,2R,6S. 7s)-10-Isopropylidene-4-oxatric~~clo[5.2.1 .0'.6]notz-8- 
ene-3,5-dione (2a) attd (IR,2S,6R,7S)-10-isopropylidene-4- 
oxatricyclo[5.2. I .0',6]tzotz-8-ene-3,5-dione (2b) 

A solution of 6,6-dimethylfulvene (8.82 g, 0.083 mol) and maleic 
anhydride (10.58 g, 0.108 mol) in benzene (76 mL) was heated 
under reflux for 48 h. Cooling this solution produced a large amount 
of yellow-white solid that was filtered and recrystallized from pet. 
ether - ether to furnish the white crystalline anhydride 2a. The fil- 
trate and mother liquor were combined, concentrated, and recrys- 
tallized to give more of 20. The remaining filtrate and mother liquor 
were then combined, concentrated, and subjected to flash chro- 
matography (5-33% ether in pet. ether) to give starting fulvene 
(1.1 g, 12% recovery), followed by endo-isomer 2b (37 mg, 0.25% 
based on consumed fulvene): ir (CHCI, cast): 1783 cm-' (C=O); 
'H  nmr (200 MHz, CDC1,) 6: 6.46 (m, 2H), 3.94 (m, 2H), 3.40 
(m, 2H), and 1.61 (s, 6H); ms: M+ 204.0788 (calcd. for Cl2HI2o3: 
204.0787). Continued elution gave exo isomer 2a: mp 138-140°C; 
ir (CHC1, cast): 1771 cm-' (C=O); 'H nmr (300 MHz, CDC13) 6: 

, 6.45 (dd, J = 2,  2 Hz, 2H), 3.87 (dd, J = 2,  2 Hz, 2H), 3.04 (s, 
2H), and 1.60 (s, 6H); ms: M+ 204.0779 (calcd. for CI2HlZo3:  

204.0787). The exo product 20 obtained by recrystallization and 
chromatography gave a combined yield of 10 g (67% based on 
consumed fulvene). 

(I S*,5S",6S*,9R*, I OR*)-IO-Carboq-4,4-dinethyl-3- 
oxatricyclo[4.3.1 .d,9]dec-7-en-2-one (3) 

The Diels-Alder adduct 2a (9.25 g,  45.3 mmol) was dissolved 
in 50% sulfuric acid (45 mL). The solution was stirred at room 
temperature for 48 h. The resulting dark red-brown solution was 
then diluted with water (50 mL) and filtered through Celite. The 
filtrate was then extracted with ethyl acetate (4 x 20 mL). The 
combined extracts were dried, concentrated, and recrystallized from 
ethyl acetate to give acid 3 (5.3 g,  53% yield) as a white crystal- 
line solid: mp 174-176°C; ir (CHC1, cast): 3440 (br, COOH) and 
1721 cm-' (C=O); 'H nmr (400 MHz, CDCI,) 6: 6.63 (ddd, J = 
6, 3, 1 Hz, lH),  6.15 (ddd, J = 6, 3, 1 HZ, lH), 3.41 (m, lH), 
3.26 (m, lH), 2.87 (ddd, J = 8,  1.5, 1.5 Hz, lH), 2.49 (dd, J = 
8,  1.5 Hz, lH), 1.98 (m, lH), 1.40 (s, 3H), and 1.35 (s, 3H); ms: 
Mf 222.0877 (calcd. for CI2HI4O4: 222.0892). 

( I  S*,5S*,6S*,9R'*, IOR:+)-10-Carbornethoq~-4,4-dimettzyl-3- 
oxarric~~clo[4.3. I . d  9]dec-7-etz-2-one (4) 

Acid 3 (4.4 g,  19.7 mmol) was dissolved in methanol (25 mL). 
Concentrated sulfuric acid (ca, 20 mg) was added. The resulting 
solution was stirred at room temperature for 16 h. At the end of this 
time, the reaction flask was filled with a white solid. Filtration gave 
white crystalline ester 4 (2.5 g). The filtrate was concentrated and 
then dissolved in chloroform. The chloroform solution was washed 
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with water, 5% aqueous sodium bicarbonate, and saturated aqueous 
sodium chloride. The organic solution was then dried and concen- 
trated to give more of ester 4 (2.1 g). The combined yield of ester 
4 was 4.6 g (100% yield). This material was used in the following 
step without further purification: mp 159-160°C; ir (CHCI, cast): 
1748 (C=O) and 1731 cm-' (C=O);  IH nmr (300 MHz, CDCI,) 
6: 6.61 (ddd, J = 6, 3, 1 Hz, IH), 6.14 (ddd, J = 6, 3, 1 Hz, lH), 
3.70 (s, 3H), 3.45 (m, IH), 3.24 (m, lH), 2.85 (ddd, J = 8 ,  1.5, 
1.5 Hz, IH), 2.43 (d, J = 8 Hz, IH), 1.97 (dd, J = 1.5, 1.5 Hz, 
lH), 1.39 (s, 3H), and 1.34 (s, 3H); ms: M' 236.1047 (calcd. for 
C1,HI6oJ: 236.1049). Anal. calcd. for Cl,H1604: C 66.08, H 6.83; 
found: C 65.87, H 6.76. 

( I  S*,5S*,6S*,9R*, ]OR*)-10-Carbomethoxy-4,4-dimethyl-3- 
oxatricyclo[4.3.1 .6,9]de~-2-one (5a) 

Ester 4 (5.53 g, 23.4 mmol) was dissolved in ethyl acetate 
(50 mL). 5% Palladium on carbon (100 mg) was added. The mix- 
ture was hydrogenated under 20 psi (1 psi = 6.9 kPa) of hydrogen 
for 6 h using a Pan hydrogenation apparatus. The mixture was then 
filtered and concentrated to give exo-ester 5 a  (5.47 g, 98% yield) 
as a white solid: mp 118-120°C; ir (CHCI, cast): 1736 cm-I (br, 
C=O); 'H nmr (300 MHz, CDCI,) 6: 3.68 (s, 3H), 2.97 (m, 2H), 
2.63 (br d, J = 5.5 Hz, lH), 2.58 (d, J = 7.5 Hz, lH),  1.87 (m,  
2H), 1.68 (m, 1 H), 1.50-1.42 (m, 2H), 1.46 (s, 3H), and 1.39 (s, 
3H); "C nmr (75 MHz, CDC1,) 6: 171.97 (p), 171.77 (p), 82.60 
(p), 54.33 (a), 52.10 (a), 49.07 (a), 48.60 (a), 39.96 (a), 38.87 (a), 
31.96 (p), 31.14 (a), 26.36 (a), and 25.33 (p); ms: M+ 238.1209 
(calcd. for Cl,H1804: 238.1205). Anal. calcd. for Cl3HI8o4:  C 
65.53, H 7.61; found: C 65.19, H 7.55. 

( I  S*.5S*,6S*,9R*, IOS~~-IO-Carbotnethox~~-4,4-clitt~er~l-3- 
o.mnicyclo[4.3.1 .6.9]dec-2-one (5b) 

A solution of sodium methoxide in methanol was prepared by 
dissolving sodium metal (0.49 g, 21.3 g-atom) in methanol 
(25 mL). Exo-ester 5n (4.59 g ,  19.3 mmol) was added and the re- 
sulting solution was heated under reflux for 8 h. The solution was 
then acidified with I N hydrochloric acid and extracted with chlo- 
roform (3 x 30 mL). The combined extracts were dried and con- 
centrated to give the etzdo-ester 5b (4.28 g, 93% yield) as a white 
solid: mp 91-93°C; ir (CHCI, cast): 1737 cm-' (C=O); IH nmr 
(200 MHz, CDCI,) 6: 3.74 (s, 3H), 3.10 (m, 1 H), 2.88 (m, 1 H), 
2.73 (m, IH), 2.50 (d, J = 5 Hz, lH), 2.06 (dd, J = 3, 1.5 Hz, 
1 H), 1.78 (m, 1 H), 1.62-1.47 (m, 3H), 1.48 (s, 3H), and 1.44 (s, 
3H); ms: M+ 238.1 193 (calcd. for Cl3HI8o4:  238.1205). Anal. 
calcd. for C1,H1804: C 65.53, H 7.61 : found: C 65.39, H 7.77. 

( I  S*,5R*,6S*:,9R:s, 10R's)-IO-Carbotnerlzo~y-4-~neth)~l- 
tricyclo[4.3.1 .6,9]dec-3-en-2-one (6a) arzcl 
( I  S*,5R",6S*,9R*, 10s")-10-carbo~tzethoxy-4- 
methyltricyclo[4.3. I .0~~~]c1ec-3-et~-2-otze (6b) 

Prepnrntiotl of P20j-MeS03H reagent 
Phosphorus pentoxide (9 g) was added to freshly distilled meth- 

anesulfonic acid (95 g). The mixture was stirred at room temper- 
ature overnight. The resulting clear solution was stored at room 
temperature. 

From exo-ester 5a 
A solution of exo-ester 5 a  (0.20 g, 0.84 mmol) in dichloro- 

methane (1 mL) was added to the P205-MeS0,H reagent (2.01 g) 
and the resulting solution was then stirred at 65°C for 40 h. At the 
end of this time the dark brown solution was diluted with dichlo- 
romethane and poured into water ( I0  mL). The organic layer was 
then removed and washed with water, 5% aqueous sodium bicar- 
bonate, and water. The organic solution was dried and concen- 
trated to give a brown oil. Flash chromatography (50% ether in 
Skelly B) gave enone 6b (16 mg, 9% yield) as a white solid: mp 
39-40°C; ir (CHCI, cast): 1739 (C=O ester), 1676 ( C = O  ke- 
tone), and 1623 cm- ' (C=C);  ' H  nmr (300 MHz, CDCI,) 6: 5.75 
(m, IH), 3.71 (s, 3H), 3.02 (m, IH), 2.78 (m, lH), 2.70 (m, IH), 
2.61 (m, IH), 2.51 (m, lH), 2.03 (d, J = 1.5 Hz, 3H), 1.73-1.54 
(m, 3H), and 1.39 (m, 1H); "C nmr (75 MHz, CDCI,) 6: 202.07 

(p), 173.21 (p), 161.79 (p), 124.30 (a), 54.76 (a), 54.10 (a), 51.88 
(a), 50.43 (a), 47.07 (a), 42.28 (a), 28.18 (p), 24.89 (p), and 23.73 
(a); ms: M+ 220.1098 (calcd. for Cl3HI6o3: 220,1100). Anal. calcd. 
for C13H16O3: C 70.89, H 7.32; found: C 70.98, H 7.37. Contin- 
ued elution gave enone 60 (52 mg, 28% yield) as a yellow oil: ir 
(CHCl, cast): 1733 ( C = O  ester), 1681 (C=O ketone), and 
1623 cm- '  (C=C); 'H  nmr (300 MHz. CDCI,) 6: 5.64 (m, IH), 
3.54 (s, 3H), 2.98 (m, lH), 2.93 (brd,  J = 8.5 Hz, lH),  2.89 (d, 
J = 8.5 Hz, IH), 2.65 (m, lH),  2.33 (s, IH), 1.99 (d, J = 2 Hz, 
3H), 1.88-1.63 (m, 3H), and 1.27 (m, 1H); I3c nmr (75 MHz, 
CDCI,) 6: 201.00 (p), 176 (p), 163.44 (p), 124.65 (a), 57.51 (a), 
53.49 (a), 51.72 (a), 51.51 (a), 49.15 (a), 42.16 (a), 32.12 (p), 
25.78 (p), and 23.58 (a); ms: M +  220.1098 (calcd. for CI3H1603: 
220.1 100). 

From endo-ester 5b 
A solution of endo-ester 5b  (4.23 g, 17.8 mmol) in dichloro- 

methane (20 mL) was added to the P,O,-MeS0,H reagent (43 g) 
and the resulting solution was stirred at 65OC for 40 H. At the end 
of this time the dark brown solution was diluted with dichloro- 
methane and poured into water (100 mL). The organic layer was 
then removed and washed with water, 5% aqueous sodium bicar- 
bonate, and water. The organic solution was dried and concen- 
trated to give a brown oil. Flash chromatography (50% ether in 
Skelly B) gave enones 6b (3.21 g, 82% yield) and 6n (12 mg, 1% 
yield). 

( I  S'"5R*,6S'<9R'", 10s")-10-Cnrbomethoxy-4,4-dimethyl- 
tricyc/o[4.3. I .~~Y]~~ec~ntz-2-otze (7) 

Purified copper(1) iodide (5.20 g, 27.3 mmol) was added to ether 
(160 mL) at 0°C. Methyllithium (1.6 M in ether, 34.1 mL, 
54.6 mmol) was added dropwise to this stirred suspension and the 
mixture was stirred at O°C until all the yellow-brown solid had 
dissolved (ca. 1 h). A solution of 60 (2.00 g, 9.07 mmol) in ether 
(10 mL) was added dropwise to the lithium dimethylcopper re- 
agent and the resulting solution stirred at O°C for 2 h. The reaction 
was then quenched by addition of 1 N hydrochloric acid. Chloro- 
form was added and the mixture filtered through Celite. The or- 
ganic layer was removed and the aqueous layer extracted with 
chloroform (2 x 50 mL). The combined organic extracts were then 
washed with water, dried, concentrated, and purified by flash 
chromatography (50% ether in Skelly B) to give keto ester 7 
(2.07 g, 96% yield) as a white solid: mp 93-93.5"C; ir (CHC1, cast): 
1736 (C=O ester) and 1714 cm-I (C=O ketone); I H  nmr 
(400 MHz, CDC1,) 6: 3.68 (s, 3H), 2.9 1 (s, IH), 2.89 (m, 1 H), 
2.72 (m, IH), 2.35 (d, J = 18 Hz, lH), 2.31 (d, J = 5 Hz, 1H), 
2.23 (d, J = 18 Hz, lH), 1.71 (m, 2H), 1.48 (m, 2H), 1.27 (m, 
IH), 1.13 (s, 3H), and 1.02 (s, 3H); I3c nmr (75 MHz, CDCI,) 6: 
2 12.22 (p), 173.09 (p), 59.50 (a), 55.86 (a), 5 1.86 (a), 49.50 (p), 
45.37 (a), 43.61 (a), 42.03 (a), 34.04 (p), 32.37 (a), 29.64(a), 
27.2 1 (p), and 25.82 (p); ms: M+ 236.141 3 (calcd. for C,,H,,O,: 
236.1413). Anal. calcd. for C14H2003: C 71.16, H 8.53; found: C 
70.85, H 8.64. 

(IS*,6R:\ 7S:*, IOR*, I I S'V-3-Cnrbetho,r)i-I I -cnrbomethoq-5,5- 
clitneth yltric)~cl@5.3. I .O"'"]urzclecnn-2 -one (8a) ntzcl 
(IS*,6R*,7S*, IOR*, I IS*)-2-carbethoxy-I I-carbotnethoxy- 
5,5-climc.thyltricyclo[5.3.1.06~'0]~~ndecnt~-3-one (8b) 

Boron trifluoride etherate (1.60 mL, 12.95 mmol) was added to 
a solution of keto ester 7 (2.00 g, 8.47 mmol) in ether (50 mL) at 
P C .  Ethyl diazoacetate (1.36 mL, 12.95 mmol) was then added 
to this solution. The reaction mixture was allowed to warm up to 
room temperature and left to stir in the dark for 17 h. At the end 
of this time, the solution was neutralized with saturated aqueous 
sodium bicarbonate and then extracted with chloroform (3 x 
50 mL). The combined extracts were washed with water, dried, 
concentrated, and purified by flash chromatography (50% ether in 
Skelly B) to give a mixture of the desired ring expansion products 
(2.73 g,  100% yield) as a yellow oil. The 'H nmr spectrum 
(300 MHz, CDCI,) of this mixture was very complex due to the 
likely presence of all six possible isomers (regioisomers 80 and 8b 
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HO ET AL. 1381 

and their respective stereoisomers and enols). Only the following 
few isolated signals could be clearly identified 6: 13.10, 12.95 
(-C(COOEt)=C(OH)-), 4.05-4.25 (-COOCH2CH3), 3.70 (-COO- 
CH,). During the flash chromatography, a small amount of 
regioisomer 8n was isolated. This material was shown by the fol- 
lowing spectral data to exist as a pair of epimers (10% each) and 
in the corresponding en01 form (80%): ir (CHCI, cast): 1739 ( C 4 ,  
ester), 1704 (C---O, ketone), 1636 (C=O, en01 ester), and 
1608 cm-' (C=C, enol); 'H nmr (300 MHz, CDCI,) 6: 13.1 (s, 
0.8H), 4.20 (q, J = 6.5 Hz, 2H), 3.70 (s, 3H), 3.47 (m, IH), 3.12 
(m, O.IH), 3.19 (m, O.lH), 2.93 (d, J = 3 .5  Hz, IH), 2.65 (m,  
IH), 2.44 (d, J = 18.5 Hz, IH), 2.32 (d, J = 18.5 Hz, IH), 2.32 
(d, J = 5 Hz, IH), 1.60 (m, 2H), 1.46 (m,  IH), 1.29 (t, J = 
6.5 Hz, 3H), 1.24-1.13 (m, 2H), 1.06 (s, 3H), and 0.92 (s, 3H); 
ms: M+ 322.1779 (calcd. for C18H260s: 322.178 I ). 

( I  S*,6RZ< 7s:" IOR:" 1 IS*)-I I-Carbotnetho,rj~-5.5- 
ditnethyltricyclo[5.3. I . 0 6 6 ' o ] ~ ~ z d e c ~ ~ n - 2 - o ~ ~  (1Oa) and 
(IS*:,6R*,7S*,IOR*,IIS'@)-11-cnrbomethoxy-5,5- 
ditl1ethyltricycl0[5.3. I .O"'"]~~tzdecntz-3-one ( lob)  

From cnrboxylic acids 9a and 9b 
A mixture of 8n and 80 (2.93 g ,  9.10 mmol) was dissolved in 

collidine (40 mL) in a flask wrapped in aluminum foil. Lithium 
iodide (9.77 g, 73.0 minol) and water (1.3 ml, 73.0 mmol) were 
added. The mixture was heated under reflux for 3 h. The resulting 
solution was cooled and poured into ice-cold 10% hydrochloric acid 
(100 mL). Ether (100 mL) was then added. The ether layer was 
removed, washed with 10% hydrochloric acid (2 x 100 mL) and 
water. The ether solution was then dried and concentrated to give 
a mixture of carboxylic acids 9a and 9b (1.94 g,  90% yield) as a 
brown oil. This mixture (1.94 g, 8.23 mmol) was then dissolved 
in acetone (45 mL) and potassium carbonate (2.85 g ,  20.64 mmol) 
was introduced. After stimng at room temperature for 2.5 h, methyl 
iodide (2.6 ml, 41.29 mmol) was added and the resulting mixture 
heated to reflux for 12 h. The reaction mixture was then acidified 
with 1 N hydrochloric acid and extracted with chloroform (3 x 
50 mL). The combined extracts were washed with saturated aqueous 
sodium bisulfide and water, dried, and concentrated to give a yel- 
low oil that was purified by flash chromatography (50% ether in 
Skelly B) to give an inseparable mixture of Ion and lob  (1.96 g ,  
95% yield) in a ratio of 2.5: 1 on the basis of 300 MHz 'H nmr in- 
tegration. 

Keto ester 1Oa ft-om alcohol l l a  
To a solution of alcohol l l n  (37 mg, 0.15 mmol) in di- 

chloromethane (1 mL), pyridinium chlorochromate on alumina 
(0.93 mmol/g, 246 mg, 0.22 mmol) was added. The resulting 
mixture was stirred at room temperature for 17 h and then filtered 
through Celite. The filtrate was concentrated and purified by flash 
chromatography (30% ether in Skelly B) to give keto ester 10n 
(35 mg, 95% yield) as a white crystalline solid: n ~ p  97-99°C; ir 
(CHCI, cast): 1738 ( C = O ,  ester) and 1697 cnl- '  (C=O, ketone); 
'H nmr (300 MHz, CDCI,) 6: 3.68 (s, 3H), 3.13 (ddd, J = 5 ,  5 ,  
2.5 Hz, lH), 2.93 (d, J = 5 Hz, IH), 2.61 (m,  2H), 2.39 (d, J = 
5 Hz, IH), 2.32 (ddq, J = 16, 5 ,  1 Hz, IH), 1.81 (dd, J = 14, 
14 Hz, 1 H), 1.70-1.57 (m, 2H), 1.5 1-1.12 (m, 4H), and 1.06 (s, 
6H); I3c nmr (75 MHz, CDCI,) 6: 212.50 (p), 173.25 (p), 63.65 
(a), 58,32 (a), 52.02 (a), 48.43 (a), 41.41 (a), 40.00 (a), 38.56 (p), 
35.58 (p), 33.60 (p), 3 1 .O1 (a), 29.63 (a), 29.12 (p), and 25.97 (p); 
ms: M +  250.1564 (calcd. for C15C2303: 250.1570). Anal. calcd. 
for Cl,H2203: C 7 1.97, H 8.86; found: C 7 1.64, H 8.96. 

Keto ester l o b  fiorn nlcohol 11 b 
To a solution of alcohol 1117 (29 mg, 0.12 minol) in dichloro- 

methane (1 mL) was added pyridinium chlorochron~ate on alu- 
mina (0.93 mmol/g, 249 mg, 0.23 mmol). After stirring at room 
temperature for I I h, the reaction mixture was filtered through 
Celite, concentrated, and purified by flash chromatography (30% 
ether in Skelly B) to give keto ester l o b  (26 mg, 90% yield) as a 
white solid: mp 101-103°C; ir (CHC1 cast): 1726 (C=O, ester) 
and 1687 cm-I (C=O,  ketone); 'H nmr (300 MHz, CDCI,) 6: 3.70 

(s, 3H), 3.18 (ddd, J = 5 ,  5 ,  2.5 Hz, IH), 2.76 (d, J = 12 Hz, 
IH), 2.65 (m, 2H), 2.42 (m,  IH), 2.31 (dd, J = 16, 3 Hz, IH), 
2.18 (br d, J = 12 Hz, Itl) ,  2.02 (d, J = 4.5 Hz, IH), 1.70-1.56 
(m, 2H), 1.46 (m, IH), 1.37-1.15 (m, 2H), 1.11 (s, 3H), and 1.00 
(s, 3H); "C nmr (75 MHz, CDCI,) 6: 210.61 (p), 174.58 (p), 62.68 
(a), 55.29 (p), 51.78 (a), 51.59 (a), 49.37 (p), 41.81 (a), 41.69 (a), 
39.50 (a), 33.71 (p), 30.88 (a), 30.60 (a), 29.78 (p), and 25.62 (p); 
ms: M +  250.1565 (calcd. for C15H2203: 250.1570). Anal. calcd. 
for C15HZ203: C 71.97, H 8.86; found: C 71.99, H 8.76. 

( IS",6R'~7S*,IOR*,  1IS:")-11-Cnrbot~~ethoxy-5,5- 
dimethyltricyclo[5.3.1 .0"'0]uttdecnt~-2-ol(ll a) and 
(lS*,6R'<7S*, IOR*, I IS2@)-I I-carbomethoxy-5,5- 
dinzethyltricyclo[5.3.1 .o"'~)] r~ttdecntz-3-01 ( l l b )  

The 2.5: 1 mixture of Ion and l o b  (33 mg, 0.13 mmol) was 
dissolved in methanol (1 mL). Sodium borohydride (10 mg, 
0.26 mmol) was then added to this solution at 0°C. The resulting 
mixture was stirred at O°C for 1 h. It was then acidified with I N 
hydrochloric acid and extracted with ether (3 x 2 mL). The com- 
bined extracts were washed with water, dried, concentrated, and 
subjected to flash chromatography (70% ether in Skelly B) to give 
a 1 : 1 mixture of epimeric alcohols l l n  (4  mg, 1270 yield): ir 
(CHCI, cast): 3450 (br, OH) and 1736 cm-I ( C d ) ;  'H nmr 
(400 MHz, CDCI,) 6: 4.12 (br dd, J = 11, 4 Hz, 0.5H), 3.7 1 (s, 
1.5H), 3.68 (s, 1.5H), 3.63 (br t, J = 8 Hz, 0.5H), 3.32 (m, 0.5H), 
2.78 (td, J = 5 ,  2.5 Hz, 0.5H), 2.52 (t, J = 4.5 Hz, 0.5H), 2.46 
(t, J = 4.5 Hz, 0.5H), 2.38 (d, J = 4.5 Hz, 0.5H), 2.35 (d, J = 
6.5 Hz, 0.5H), 2.25 (br d, J = 6.5 Hz, 0.5H), 2.07 (d, J = 
4.5 Hz, 0.5H), 1.94-1.70 (m, 2H), 1.67-1.5 1 (m, 3H), 1.49-1.39 
(m, 2H), 1.35-1.07 (111, 3H), 1.02 (s, 1 SH) ,  1 .O1 (s, 1.5H), 0.98 
(s, 1.5H), and 0.97 (s, 1.5H); ms: M' 252.1719 (calcd. for 
ClsH,03: 252.1726). Continued elution gave a mixture of l l n  and 
l l b  (19 mg, 58% yield) and then l l b  (4 mg, 12% yield) in a ratio 
of 3 : 2: ir (CHCI,, cast): 3370 (br, OH) and 1735 c m '  (C=O); 'H 
nmr (400 MHz, CDCl,)' 6: 3.94 (m, 0.4H), 3.8 1 (m, 0.6H), 3.67 
(s, 3H), 2.87 (td, J = 5.5, 2.5 Hz ,0 .4H) ,  2.64 (td, J = 5.5, 
3 Hz, 0.6H), 1.06, 1.08 (both s ,  total 3H), 0.99, and 1 .OO (both 
s, total 3H); ms: M+ 252.1727 (calcd. for Cl,H2,03: 252.1726). The 
epimeric mixture of alcohols l l b  was subjected to flash chroma- 
tography again to give the major epimer as a solid: mp 83-85°C; 
'H nmr (300 MHz, CDC1,) 6: 3.8 1 (tdd, J = 1 1, 5 ,  2.5 Hz, IH), 
3.66 (s, 3H), 2.64 (td, J = 5, 2.5 Hz, IH), 2.38 (t, J = 4 Hz, IH), 
2.30 (m, 1 H), 2.07-1.98 (m, 2H), 1.65 (m,  2H), 1.59-1.30 (m, 
4H), 1.28-1.09 (m, 3H), 1.07 (s, 3H), 1 .O1 (s, 3H). Anal. calcd. 
for C15H2,03: C 71.39, H 9.59; found: C 71.39, H 9,84. The 
combined yield of l l n  and l l b  was 27 mg (82% yield). 

(IS",2R*, 7S",8R*, I IS:"-I I -Carbotnethoxy-3.3-dimethyl-6- 
(methylt~~erc~~~tothiocnrbot1yloxy)tricyclo[5.3 . I  .@.'I- 
r~ndecane ( 1 2 4  and  (IS",2R'\ 77S"',8R:@, I IS*)-I I - 
carbometlto~~y-3,3-din~ethyl-5-(meth~1er.cnptothio- 
carbotzylox~~)tric~~cIo[5.3.1 .@~']r~ntIecane (12b) 

Sodium hydride (80% dispersion in mineral oil, 38 mg, 
1.27 mmol) was added to a solution of alcohols l l n  and 110 
(44 mg, 0.17 mmol) in tetrahydrofuran (I  mL) at 0°C and the re- 
sulting solution was stirred at O°C for 30 min. At the end of this 
time, the solution was treated with carbon disulfide (136 pL, 
2.26 mmol), followed by methyl iodide (70 pL, 1.13 mmol). After 
stimng at room temperature for 4.5 h, the solution was poured into 
ice-water ( I 0  n1L) and extracted with ether. The organic layer was 
washed with water, dried, and concentrated. Flash chromatogra- 
phy (5% ether in Skelly B) of the residue gave an inseparable 
mixture of xanthates 12n and 12b (57 mg, 95% yield) as a yellow 
oil: ir (CHC1, cast): 1738 (C=O) and 1048 cm-' (C=S); 'H nmr 
(300 MHz, CDCI,) (see, footnote 4) 6: 5.92, 5.80. 5.46, 5.02 (all 
m, total IH), 3.60 (s, 3H), 2.53 (s, 1.5H), 2.52 (s, 1.5H), 1.17 

'This 'H nmr spectrum is too complex to be fully analyzed. Only 
characteristic signals are cited. 
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(s, 3H), and 1.07 (s, 3H); ms: M+ 342.1328 (calcd. for C17H260,S2: 
342.1325). 

( I  S*,2R'@,7S*,SR*,I I S*)-11 -Carbomethoxy-6-chloro-3.3- 
dimethyltricyclo[5.3 . I  .d,']undecane (13a) and 
(I S*,2R*,7S*,8R*,I IS*)-1 I -carbometho-ry-5-chloro-3,3- 
dimethyltricyclo[5.3.1 .@~'~undecnrze (13b) 

Pyridine (1 mL) was added to a solution of alcohols l l a  and l l b  
(19 mg, 0.08 mmol) in dichloromethane (0.5 mL) and the solu- 
tion was kept at O°C. To this solution thionyl chloride (55 (LL, 
0.75 mmol) was added and the resulting solution heated to reflux 
for 13 h. At the end of this time, the dark mixture was diluted with 
ether (1 mL) and water (I mL). The organic layer was removed and 
the aqueous layer extacted with ether (3 X 1 mL). The combined 
organic solutions were washed with 1 N hydrochloric acid and 
water, dried, concentrated, and purified by flash chromatography 
(Skelly B) to give an inseparable mixture of 13a and 13b (13 ing, 
64% yield) as a yellow solid: ir (CHCI, cast): 1736 cm-I (C=O); 
'H nmr (300 MHz, CDC1,) (see, footnote 4) 6: 4.39 (m, 0.5H), 4.16 
(m, 0.5H), 3.63 (s, 1.5H), 3.62 (s, 1.5H), 3.21 (m, 0.5H), 2.83 
(td, J = 5.5, 2.5 Hz, 0.5H), 1.03 (s, 1.5H), 0.98 (s, 3H), and 0.91 
(s, 1.5H); ms: M+ 270.1379 (calcd. for ClsH,,O,C1: 270.1388). 

(IS'"2R*,7S*,8R*,I IS*)-1 I-Carbomethoxy-3,3-dimethyl-6- 
n1ethanes~clfonyloxytricyclo[5.3.1 .d.']undecane (14a) and 
(I S*,2R*, 7S*,8R*, I IS*)-1 I -carbon~erho,ql-3,3-dimethyl-5- 
methanes~rlfo1zyloxytricyclo[5.3.I .do?N]u~~decane (14b) 

Pyridine (1.30 mL, 16.30 mmol), methanesulfonyl chloride 
(1.3 mL, 16.30 mmol) and triethylamine (2.3 mL, 16.30 mmol) 
were added sequentially to a solution of alcohols l l a  and l l b  
(0.82 g, 3.26 mmol) in dichloromethane (30 mL) at O°C. 'The re- 
sulting mixture was stirred at O°C for 30 min. Water was added and 
the resulting solution diluted with ether (20 mL) and acidified with 
1 N hydrochloric acid. The organic layer was removed and the 
aqueous layer extracted with ether (2 X 30 mL). The combined 
organic solutions were washed with 1 N hydrochloric acid and 
water, dried, and concentrated. The residue was subjected to flash 
chromatography (30-50% ether in Skelly B) to give an insepara- 
ble mixture of mesylates 14a and 14b (0.92 g ,  85% yield) as a 
yellow oil: 'H nmr (300 MHz, CDC1,) (see, footnote 4) 6: 5.01, 
4.90, 4.79, 4.48 (all m, total IH), 3.69, 3.67 (both s ,  total 3H), 
3.04, 2.56, 2.54 (all s,  total 3H), 1.09, 1.07, 1.02, and 0.98 (all 
s,  total 6H); ms: m/z 299.13 14 (M' -CH,, calcd. for CISH2,O4S: 
299.1318). 

(I S*,2R*, 7S*,8R*,II S*)-11 -Carbometho.ry-3.3-dimethyl- 
tricyclo[5.3.1 .d.']undecane (15) 

Sodium iodide (2.07 g ,  13.8 mmol) and zinc dust (30-mesh 
granular, 1.82 g, 27.8 g-atom) were added to a solution of 14a and 
14b (0.92 g, 2.77 mmol) in tetrahydrofuran (25 mL). 'The result- 
ing mixture was heated under reflux for 15 h. The mixture was then 
cooled and filtered through Celite. The filtrate was washed with 
water and saturated aqueous sodium chloride, dried, concen- 
trated, and applied to flash chromatography (5-50% ether in Skelly 
B) to give a mixture of compounds 15 and 16 (0.50 g, 90% yield 
based on consumed starting mesylates) in a ratio of 1 : 1 as deter- 
mined by 'H nmr analysis. Continued elution gave the starting 
mesylates (0.13 g ,  15% recovery). The mixture of 15 and 16 
(0.50 g, 2.12 mmol) was dissolved in methanol (50 mL). Plati- 
num(1V) oxide (44 mg) was added. The mixture was hydrogen- 
ated at room temperature under 30 psi (1 psi = 6.9 kPa) of hydrogen 
for 24 h using a Parr apparatus. It was then filtered, concentrated, 
and purified by flash chromatography (2% ether in Skelly B) to give 
ester 1 5  (0.49 g, 98% yield) as a white solid: mp 59-61°C; ir 
(CHC1, cast): 1736 cm-I (C=O); ' H  nmr (300 MHz, CDC1,) 6: 
3.67 (s, 3H), 2.76 (ddd, J = 5,  4 ,  2 Hz, IH), 2.39 (dd, J = 4,  
4 Hz, IH), 2.18 (dd, J = 6,  5 Hz, IH), 2.03 (d, J = 4.5 Hz, IH), 
1.75 (m, IH), 1.55-1.01 (m, IOH), and 0.92 (s, 6H); I3c nmr 
(75 MHz, CDC1,) 6: 175.83 (p), 62.86 (a), 53.32 (a), 51.44 (a), 
43.42 (a), 4 1.7 1 (a), 40.27 (a), 40.07 (p), 33.22 (p), 32.66 (p), 
32.08 (a), 30.16 (p), 29.91 (a), 25.55 (p), and 21.29 (p); ms: M+ 

236.1777 (calcd. for ClsHZ,02: 236.1777). Anal. calcd. for 
CI5HZ4O2: C 76.23, H 10.24; found: C 76.29, H 10.33. 

( I  S",2R", 7S*,8R*,II S'3)-3,3-Dimerhyl-l I-(hydroxy1netlzy1)- 
tricyclo[5.3.1 .d,']undecane (17) 

To a solution of ester 15 (22 mg, 0.09 mmol) in tetrahydro- 
furan (I mL), lithium aluminum hydride ( 13 mg, 0.34 mmol) was 
added. The resulting mixture was stirred at room temperature for 
20 min, poured slowly into water (10 mL), and extracted with ether 
(3 x 10 mL). The extracts were combined and washed with 1 N 
hydrochloric acid and water. The organic solution was dried and 
concentrated to give alcohol 17  (19 mg, 100% yield) as a white 
solid: ir (CHCI, cast): 3310 cm-I (br, OH); 'H nmr (300 MHz, 
CDCI,) 6: 3.65 (m, IH), 3.51 (m, 1 H), 2.23 (t, J = 4 Hz, 1 H), 
2.12 (m, IH), 2.04 (d, J = 4.5 Hz, IH), 1.79 (m, IH), 1.70-1.00 
(m, 12H), 0.98 (s, 3H), and 0.97 (s, 3H); ms: M+ 208.1826 (calcd. 
for C,,H,,O: 208.1828). 

(IS*,2R*, 7S*,8R*,l lS:b)-3,3-Dimethyl-ll -(diphenyl- 
hydroxynzethy1)-tricyclo[5.3.1 .d,']~cndecane (18) 

To a solution of phenyllithium (2.0 M in ether, 64 (LL, 
0.13 mmol) in tetrahydrofuran (1 mL) at O°C, was added drop- 
wise a solution of ester 1 5  (10 mg, 0.04 mmol) in tetrahydrofuran 
(0.5 mL). The resulting solution was stirred at room temperature 
for 1.5 h and then heated to reflux for 3 h. At the end of this time 
the reaction was quenched with ice. The resulting mixture was ex- 
tracted with ether (2 mL). The extract was washed with saturated 
aqueous sodium chloride, dried, and concentrated. Purification of 
the residue by flash chromatography (5% ether in Skelly B) gave 
alcohol 18 (15 mg, 100% yield) as a colorless oil: ir (CHC1, cast): 
3600 (OH) and 1600 cm-I (Ph); 'H nmr (300 MHz, CDCI,) 6: 7.63 
(m, 2H), 7.52(m, 2H),7.36(m,2H),7.23(m,3H),7.13(m, IH), 
3.15 (m, I H ) ,  2.44 (br s,  lH), 2.34 (br t ,  J = 4 Hz, IH), 2.1 1 (d, 
J = 5 Hz, 1 H), 1.94-1.82 (m, 2H), 1.68-1.27 (m, lOH), 1.08 (s, 
3H), and 0.99 (s, 3H); ms: M+ 360.245 1 (calcd. for CZbHj20: 
360.2455). 

( I  S*,2R*, 7S*,8R*)-3,3-Dimethyl-11 -(diphenylmethylidene)- 
tricyclo[5.3 . I  .d,*]undecane (19) 

A mixture of alcohol 18  (14 mg, 0.04 mmol) and copper(I1) 
sulfate on silica gel ( 1  mmol/g, 38 mg, 0.04 mmol) in carbon tet- 
rachloride (1 mL) was heated under reflux for 30 min. The result- 
ing solution was diluted with Skelly B (2 mL), filtered, 
concentrated, and purified by flash chromatography (Skelly B) to 
give olefin 19 (12 mg, 92% yield): ir (CH2C1, cast): 1600 cm-' (Ph); 
IH nmr (300 MHz, CDCI,) 6: 7.35-7.11 (m, lOH), 2.88 (d, J = 

6 Hz, IH), 2.82 (d, J = 3.5 Hz, IH), 2.24 (d, J = 4 Hz, IH), 1.78 
(br t, J = 12.5 Hz, IH), 1.70-1.15 (m, IOH), 1.01 (s, 3H), and 
0.97 (s, 3H); ms: Mf 342.2345 (calcd. for CZ,H,o: 342.2349). 

( I  S*,2R", 7S*,8R*:, 11 S*)-11 -Cnl-boxy-3,3-cfimethyltricyclo- 
L5.3.1  unclecane cane (20) 

A 20% aqueous potassium hydroxide solution (15 mL) was added 
to a solution of ester 15 (76 mg, 0.32 mmol) in tetrahydrofuran 
(2 mL). The reaction mixture was heated to reflux for 39 h. It was 
then poured into 1 N hydrochloric acid (100 mL) and extracted with 
ether (3 X 100 mL). The combined extracts were washed with 
water, dried, and concentrated to give acid 20 (73 mg, 100% yield) 
as a white solid: mp 156-157"C, ir (CHCI, cast): 3030 (br COOH) 
and 1698 cm- (C=O); 'H nmr (300 MHz, CDCI,) 6: 2.90 (ddd, 
J = 5,  4 ,  2 Hz, lH),  2.51 (t, J = 4 Hz, lH), 2.22 (br t, J = 5 Hz, 
IH), 2.13 (d, J = 4.5 Hz, lH), 1.84 (m, IH), 1.76-1.21 (m, IOH), 
and 1 .OO (s, 6H); "C nmr (75 MHz, CDC1,) 6: 18 1.15 (p), 62.86 
(a), 53.20 (a), 43.3 1 (a), 4 1.66 (a), 40.3 1 (a), 40.03 (p), 33.23 (p), 
32.59 (p), 32.09 (a), 30.16 (p), 29.90 (a), 25.49 (p), and 2 1 .26 (p); 
ms: M' 222.1619 (calcd. for C14H2,0Z: 222.1621). Anal. calcd. 
for CI4H2,O2: C 75.63, H 9.97; found: C 75.93, H 10.08. 
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(IS*,2R*,7S*,8R*,IISC)-II-Ace~l-3,3-dimethyltricyclo- 
r5.3.1 .0?.8]undecane (21 ) 

Methyllithium (0.9 M in ether, 1.3 mL, 1.12 mmol) was added 
to a solution of acid 20 (62 mg, 0.28 mmol) in tetrahydrofuran 
(10 mL) at 0°C and the resulting solution was stirred at room tem- 
perature for 16 h. At the end of this time the reaction mixture was 
cooled to 0°C and trimethylsilyl chloride (0.7 mL, 5.58 mmol) was 
added rapidly. The reaction mixture was then warmed up to room 
temperature and 1 N hydrochloric acid (20 mL) was added. The 
resulting mixture was stirred for 30 min. The ether layer was re- 
moved and the aqueous layer extracted with ether (3 X 20 d ) .  The 
combined organic solutions were washed with water, dried, con- 
centrated, and purified by flash chromatography (10% ether in 
Skelly B) to give ketone 21 (53 mg, 87% yield) as a colorless oil: 
ir (CHC1, cast): 1708 cm-' ( C 4 ) ;  'H nmr (300 MHz, CDC1,) 6: 
2 .84(td,  J = 5 , 2 H z ,  lH), 2 .53(t ,  J = 4 . 5 H z ,  lH),  2 .32(dd,  
J = 7,  5 Hz, lH), 2.10 (s, 3H), 2.09 (m, lH), 1.80 (m, IH), 1.66- 
1.07 (m, 1 OH), 1 .O1 (s, 3H), and 0.98 (s, 3H); I3C nmr (75 MHz, 
CDCI,) 6: 210.00 (p), 63.16 (a), 62.47 (a), 41.60 (a), 40.59 (a), 
40.38 (a), 40.18 (p), 33.23 (p), 32.8 1 (p), 32.04 (a), 30.14 (p), 
30.01 (a), 29.66 (a), 25.11 (p), and 21.35 (p); ms: M+ 220.1825 
(calcd. for C15H240: 220.1828). 

(IS*,2R*,7S*,8R*,IIS*)-l I-Acetoxy-3,3-dimethyltricyclo- 
[5.3. I .d,s]-undecane (22 j 

Trifluoroacetic anhydride (0.4 mL, 2.93 mmol) was added 
dropwise to a solution of 90% hydrogen peroxide (64 p.L, 
2.34 mrnol) in dichloromethane (0.5 mL) at O°C. After stirring at 
0°C for 15 min the solution was warmed up to room temperature 
and added to a mixture of ketone 21 (43 mg, 0.20 mmol) and di- 
sodium hydrogen phosphate (555 mg, 3.90 mmol) in dichloro- 
methane (0.5 mL). The resulting mixture was heated under reflux 
for 5 h. At the end of this time, the mixture was filtered through 
Celite and the filtate washed with 10% aqueous sodium sulfite, 
saturated aqueous sodium bicarbonate, and water. The organic layer 
was dried, concentrated, and purified by flash chromatography (5% 
ether in Skelly B) to give acetate 22 (22 mg, 48% yield) as a yel- 
low oil: ir (CH,Cl, cast): 1737 cm-l ( C 4 ) ;  'H nmr (300 MHz, 
CDC1,) 6: 5.09 (br t, J = 4 Hz, IH), 2.41 (m, IH), 2.07 (br d, 
J = 4 Hz, lH),  2.03 (s, 3H), 1.82-1.15 (m, 12H), and 0.98 (s, 
6H); I3C nmr (75 MHz, CDC1,) 6: 171.38 (p), 83.14 (a), 62.56 (a), 
48.62 (a), 41.94 (a), 40.19 (p), 39.57 (a), 33.19 (p), 3 1.30 (p), 
31.20 (a), 30.54 (p), 30.47 (a), 21.36 (a), 21.30 (p), and 20.99 (p); 
ms: M+ 236.1763 (calcd. for CI5H24o2: 236.1777). Anal. calcd. 
for CI5H2,O2: C 76.23, H 10.24; found: C 75.94, H 10.15. 

(IS*,2RC,7S*,8R*,IIS*)-3,3-~imethyltr~cyclo[5.3.I.d '1- 
undecan-I 1-01 (23 ) 

A 1 N aqueous sodium hydroxide solution (0.5 mL) was added 
to a solution of ester 22 (13 mg, 0.05 mmol) in methanol 
(0.5 mL) and the resulting solution was stirred at room tempera- 
ture for 5 h. The solution was then acidified with 1 N hydrochlo- 
ric acid and extracted with ether (3 X 2 mL). The combined extracts 
were washed with water, dried, concentrated, and punfied by flash 
chromatography (30% ether in Skelly B) to give alcohol 23 
(10 mg, 93% yield) as a wh~te solid: mp 68-70°C; ir (CHC1, cast): 
3320 cm-' (br, OH); ' H  nmr (300 MHz, CDC1,) 6: 4.23 (br t, J = 
4.5 Hz, lH), 2.17 (dd, J = 4 . 5 ,  3 H z ,  lH),  1 9 8  (d, J =  4.5 Hz, 
lH),  1.77 (m, 2H), 1.61-1.15 (m, l l H ) ,  0.91 (s, 3H), and 0.88 
(s, 3H); ms: M+ 194.1672 (calcd. for CI,H220: 194.1672). 

(lS*,2R*,7S*,8R*)-3,3-Dimethyltricyclo[5.3.1 .d X]undecnn-~l- 
one (24) 

Pyridinium chlorochromate on alumina (0.9 mmol/g, 176 mg, 
0.16 mmol) was added to a solution of alcohol 23 (10 mg, 
0.045 mmol) in dichloromethane (I d )  and the mixture was stirred 
at room temperature for 1.5 h. The mixture was then filtered through 
Florisil, concentrated, and purified by flash chromatography (10% 

ether in Skelly B) to give 24 (8 mg, 86% yield) as a colorless oil: 
ir (CHC1, cast): 1739 cm-' (C=O);  'H nmr (300 MHz, CDCI,) 6: 
2.57 (br d, J = 4 Hz, IH), 2.49 (m, lH), 2.02-1.05 (m, 12H), 1.01 
(s, 3H), and 0.91 (s, 3H); "C nrnr (75 MHz, CDC1,) 6: 223.80 (p), 
60.90 (a), 5 1.33 (a), 50.47 (a), 38.75 (a), 37.17 (p), 33.56 (p), 
30.94 (a), 29.67 (p), 29.30 (p), 28.89 (a), 24.28 (p), and 20.32 (p); 
ms: M+ 192.1516 (calcd. for C13H,,0: 192.1515). 

( I S* ,2S* ,6R* ,7R*) - lO- l sopropy l i de t~e -2 -me thy l -4 -oxa~-  
15.2.1 .0'.6]no~l-8-ene-3,5-dione (25) 

Citraconic anhydride (9.7 mL, 0.11 mol) and 6,6-dimethylful- 
vene (8.81 g, 0.08 mol) were dissolved in benzene (75 mL). The 
solution was heated under reflux for 14-16 h. The reaction was 
monitored closely by tlc after about 14 h for the buildup of a sec- 
ond spot on the tlc attributed to the undesired endo adduct. Once 
this began, the reaction was cooled to room temperature and con- 
centrated. At this point a solid appeared coated with a yellow oil 
of the unreacted fulvene. This mixture was filtered and washed with 
pet. ether to remove most of the yellow oil. The residue was pu- 
rified by flash chromatography (5% ether in pet. ether) to remove 
any remaining fulvene ( I .  1 g, 17% recovery). Continued elution 
with a solution of pet. ether, ether, and ethyl acetate (3:4: 1) gave 
the desired anhydride 25 (4.7 g, 30% yield based on consumed 
fulvene) as a white solid: mp 107-109°C; ir (CHC1, cast): 1850 and 
1768 cm-' (C=O); 'H nmr (300 MHz, CDCI,) 6: 6.49 (m, 2H), 
3.83 (m, lH), 3.58 (m, lH), 2.47 (d, J = 1 Hz, IH), 1.57 (s, 6H), 
and 1.32 (s,  3H); ms: M+ 218.0943 (calcd. for Cl3Hl4O3: 
2 18.0943). 

(IS*,5S*,6S*,9R*.IOR*)-lO-Carboxy-l,4,4-trimethyl-3- 
oxatricyclo[4.3.1 .@,']dec-7-en-2-one (26) and 
(IS*,4S*,5R*,8S*,9R:c)-9-carboxy-4-isopropyl-l-methyl-3- 
oxatricycloU .3 .I .0".~]non-6-e1l-2-otle (27) 

Anhydride 25 (4.0 g,  0.02 mol) was dissolved in 50% sulfuric 
acid (20 mL). The reaction mixture was stirred at room tempera- 
ture for 48 h. At the end of this time, the solution was diluted with 
water and filtered through Celite leaving a large amount of a brown 
solid residue on the Celite. The filtrate was extracted with ethyl 
acetate (3 X 20 mL), dried, concentrated, and recrystallized from 
ethyl acetate to give acid 26 (0.79 g, 18% yield): mp 214-217°C; 
ir (CHCI, cast): 1737 (C=O, lactone) and 1705 cm-' ( C 4 ,  acid); 
'H nmr (200 MHz, CDC1,) 6: 6.59 (m, 1 H), 6.19 (m, I H), 5.44 
(br s ,  lH),  3.40 (s, lH),  3.01 (s, lH), 2.12 (d, J = 1.5 Hz, lH), 
2.00 (d, J = 1.5 Hz, lH), 1.41 (s, 3H), and 1.33 (s, 6H); ms: Mf 
236.1036 (calcd. for C,,H,,O,: 236.1049). Anal. calcd. for 
C,,H,,O,: C 66.08, H 6.83; found: C 65.70, H 6.69. The solid 
residue from the filter was recovered and extracted with chloro- 
form. The extract was then concentrated and recrystallized from 
ethyl acetate to give acid 27 (0.21 g ,  5% yield): mp 208-210°C; 
ir (CHC1, cast): 1784 (C=O, lactone) and 1706 cm-I ( C 4 ,  acid); 
'H nmr (400 MHz, CDCI,) 6: 6.58 (m, lH), 5.83 (m, lH),  3.18 
(dd, J = 2, 2 Hz, IH), 3.01 (dd, J = 2, 2 Hz, lH),  2.19 (s, IH), 
2.17 (septet, J = 7 Hz, lH), 1.40 (s, 3H), 1.00 (d, J = 7 Hz, 3H), 
and 0.91 (d, J = 7 Hz, 3H); ms: M+ 236.1045 (calcd. for Cl3Hl6o4: 
236.1049). 
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Annulation sequences employing methyl ( E ) -  and (2)-6-iodo-3-trimethylstannyl-2- 
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and cisoid trans bicyclic dienes 
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EDWARD PIERS, RICHARD W. FRIESEN, and STEVEN J.  R u - ~ I G .  Can. J. Chem. 70, 1385 (1992) 
A useful annulation method leading to the stereospecific synthesis of structurally novel, functionalized bicyclic dienes 

is described. Alkylation of 2-(methoxycarbonyl)cyclopentanone (34) and 2-(methoxycarbonyl)cyclohexanone (35) with 
methyl (E)- and (Z)-6-iodo-3-trimethylstannyl-2-hexenoates (27, 28) provided the keto diesters 36-39. Conversion of 
these substances into the corresponding en01 triflates 47-50, followed by palladium(0)-catalyzed ring closure of the lat- 
ter con~pounds, afforded the bicyclic dienes 55-58. In similar fashion, the keto esters 34 or 35 were transformed into 
the dienes 59-65. An X-ray crystallographic analysis of the p-nitrobenzoate 69, which was derived from the cisoid cis 
diene 64, showed that, in 69, the dihedral angle between the two carbon-carbon double bonds is -54.0(5)". 

EDWARD PIERS, RICHARD W. FRIESEN et STEVEN J .  RETI-IG. Can. J .  Chem. 70, 1385 (1992). 
On dCcrit un methode d'annellation utile pour la synthttse stCr6ospCcifique de dittnes bicycliques fonctionnalists et 

nouveaux de par leur structure. L'alkylation de la 2-(n~Cthoxycarbonyl)cyclopentanone (34) et de la 2-(mCthoxycar- 
bonyl)cyclohexanone (35) avec les (E)- et (Z)-6-iodo-3-trimethylstannylhex~n-2-oates de mCthyle (26, 28) conduit aux 
ctto diesters 36-39. La conversion de ces substances en triflates Cnoliques correspondants (47-50), suivie d'une cy- 
clisation de ces derniers composCs catalysCe par le palladium(O), fournit les dittnes bicycliques 59-65. Une Ctude du 
p-nitrobenzoate 69, obtenu B partir du dittne c,isoiile cis 64, a CtC rCalisCe par diffraction des rayons X; elle montre que, 
dans cet ester, l'angle dikdre entre les deux doubles liaisons carbone-carbone est Cgal B -54,0(5)". 

[Traduit par la redaction] 

Introduction 

It has been shown (1) that geometrically isomeric alkyl 
(E)- and (Z)-3-trimethylstannyl-2-alkenoates (4 and 5 ,  re- 
spectively) can be prepared readily by reaction of a,p-acet- 
ylenic esters 1 with a suitable (trimethylstannyl)copper(I) 
reagent. Thus, under appropriate experimental conditions ( I ) ,  
reaction of I with Me,SnCu . Me,S (2) (2, 3), provides, 
highly stereoselectively, the E isomers 4 ,  while stereo- 
selective conversion of 1 into the Z isomers 5 can be ac- 
complished conveniently by use of the cuprate reagent 
(Me,SnCuSPh)Li (3) (2). 

Other recent work has shown that substances containing 
vinylstannane and alkyl halide functions are, or can be con- 
verted into, very useful bifunctional reagents. For example, 
compounds 6 (4), 7 ( 5 ) ,  and 8 (6) can readily be trans- 
formed into novel reagents that can be employed to cany out 
synthetically valuable methylenecyclopentane, methylene- 
cyclohexane, and (Z)-ethylidenecyclopentane annulation 
sequences, respectively. Furthermore, the vinylstannane io- 

'Author to whom correspondence may be addressed. 

dides 9 have been used effectively to develop a new type of 
annulation method that culminates in the formation of con- 
jugated bicyclic dienes (7). This method can be represented 
in general terms by the conversion of 1 2  into 13 (n = I ,  2, 
or 3). We  wished to extend this work, with the aims of pre- 
paring dienes more highly functionalized than 13,  of study- 
ing the chemistry of these structurally novel systems, and of 
using (some of)  these substances for natural product syn- 
thesis. More explicitly, we wanted to determine whether the 
new annulation method (12 -, 13) would be amenable to the 
synthesis of dienes of general structures 14  and 15 (ti = 2,  
W = CO,Me, CH,OR, or  Et). T o  achieve these goals, al- 
kylating agents 10 and 11 (W = CO,Me, CH,OR, or  Et) 
would have to be prepared. Presumably, the previously de- 
scribed methods (1  + 4 or  5) would serve well in this re- 
gard. We  report in this paper the details of our studies5hat 
have led to the stereospecific preparation of a variety of 
structurally unique bicyclic dienes of general structures 14  
and 15 (n = 2,  W = C 0 2 M e ,  CH,OR, or  Et). 

Results and discussion 
Preparatioti of methyl (E)- a n d  (Z)-6-iodo-3- 

tritnetllylstannyl-2-hexerzoates 27 atui 28 atzd the 
related alkylating agetits 29-33 

Commercially available 5-chloro- 1 -pentyne was readily 
transformed into methyl 6-chloro-2-hexynoate (16). By use 
of the methods developed earlier ( I ) ,  along with standard 
functional group manipulations, compound 16 served as a 
suitable synthetic precursor for all the alkylating agents 27- 
33 (Chart 1) that were employed in this study. 

'For a preliminary report regarding a portion of this work, see 
ref. 8. 
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Treatment (THF, -7S°C, 3 h) of 16 with Me,SnCu. Me's 
(2) provided methyl (E)-6-chloro-3-trimethylstannyl-2-hex- 
ynoate (17) in 79% yield (Chart 1). On the other hand, re- 
action (THF, -48"C, 4 h) of 16 with (Me3SnCuSPh)Li (3) 
gave the Z isomer 18 in 87% yield. Reduction (i-BuzAIH, 
Et'O) of the esters 17 and 18 produced the corresponding 
alcohols 19 and 20, which could readily be converted by 
standard methods into the methoxymethyl (MOM) ethers 21 
and 22 or the tert-butyldimethylsilyl (TBDMS) ethers 23 and 
24. 

17 X = CI, R = C0,Me 18 
19 X = CI, R = CH,OH 20 
21 X = CI, R = CH,OMOM 22 
23 X = C1, R = CH20TBDMS 24 
25 X = C1, R = CH20Ac 
26 X = CI, R = CH,CH3 
27 X = I, R = C02Me 28 
29 X = I ,  R = CH20MOM 30 
31 X = I, R = CH20TBDMS 32 
33 X = I, R = CH2CH3 

Conversion of the alcohol 19 into the acetate 25, fol- 
lowed by reaction (9) of the latter substance with Me,CuLi 
in Et,O afforded (E)-7-chloro-3-trimethylstannyl-3-heptene 
(26) in excellent yield. 

Reaction of each of the primary chlorides 17, 18, 21-24, 
and 26 with NaI in refluxing acetone gave excellent yields 
of the corresponding iodides 27-33. These substances were 
quite stable when stored at -20°C under an argon atmo- 
sphere and, generally, were not distilled prior to use. 

Alkylation oj'the P-keto esters 34  and 35 with the iodides 
27-33 (see Table I) 

Treatment of 2-(methoxycarbonyl)cyclopentanone (34) 
with KH in THF, followed by reaction of the resultant en- 
olate anion with each of the iodides 27-30, provided the 

corresponding alkylation products 36, 38, 40, and 42, re- 
spectively. In similar fashion, employing 2-(methoxycar- 
bonyl)cyclohexanone (35) (10) and the iodides 27-33 as 
starting materials, the keto esters 37, 39, 41, and 43-46 were 
prepared. The results of these alkylation reactions are sum- 
marized in Table 1. The yields of the purified products, which 
ranged from 57 to 88%, were generally quite good, and, in 
each case, analysis (glc, 'H nmr) of the crude product showed 
that it contained none of the 0-alkylated product. The al- 
kylation reactions proceeded smoothly with primary alkyl 
iodides containing an a,P-unsaturated ester function (27, 28) 
or allylic CH30CH,0 (29, 30) or t-BuMe2Si0 (31, 32) 
moieties. 

The alkylation products 36-46 displayed spectra in full 
accord with structural assignments. With respect to the con- 
figuration of the carbon-carbon double bond in each of these 
substances, the I H  nmr spectra were particularly instruc- 
tive. For example, the 'H nmr spectra of the geometrically 
isomeric diesters 37 and 39  displayed signals due to the ole- 
finic protons at 6 5.96 (t, J = 1.3 Hz, ,J ,,_, = 72 Hz) and 
6.34 (t, J = 1 Hz, ,,_,, = 118 HZ). It is well known (11) 
that when an R,Sn group and a proton are vicinal on a car- 
bon-carbon double bond, the 3~s,-,, value is much larger 
when these moieties are tratzs than when they are cis. 

SnMe, SnMe, 

37 39 

Preparation oj'the dieties 55-65 (see Table 2) 
Preparation of the en01 trifluoromethanesulfonates (tri- 

flates) 47-54 was carried out via a method developed by 
McMurry and Scott (12). Thus, deprotonation (i-Pr,NLi, 
THF, -48°C) of the keto esters 36-43, followed by trap- 
ping of the resultant enolate anions with N-phenyltrifluoro- 
methanesulfonimide (Tf,NPh) (THF, -48°C to room 
temperature) provided the desired products 47-54 (Table 2, 
entries 1-5, 7,  8, 10) in good to excellent yields. In a sim- 
ilar manner, the keto esters 4 4 4 6  were transformed into the 
corresponding en01 triflates. However, in these cases, the 
latter substances were not isolated (Table 2, entries 11-13). 

Synthesis of the bicyclic dienes 55-65 (Table 2) was 
conveniently achieved by use of intramolecular versions of 
the synthetically valuable coupling method developed by 
Stille et al. (13, 14).' Thus, treatment of the vinylstannane- 
en01 triflates 47-54 with 0.05 equivalents of tetrakis- 
(triphenylphosphine)palladium(O) in a suitable solvent (THF, 
47-51, 53, 54; MeCN, 52) provided the corresponding dienes 
55-62 in very good to excellent yields (Table 2, entries 1- 
5, 7, 8, 10). Alternatively, the overall conversion of the keto 
esters 40, 42, and 44-46 into the dienes 59,61, and 63-65, 
respectively, was accomplished conveniently via a "one-potn 
protocol in which the intermediate en01 triflates were not 
isolated. In each of these cases, addition of 0.05 equiva- 
lents of (Ph,P),Pd to the reaction mixture derived from for- 
mation of the en01 triflate, followed by refluxing of the 

'stille and his group studied in detail the Pd(0)-catalyzed inter- 
molecular coupling of vinylstannanes with en01 triflates (13, 14). 
Prior to our investigations (7, 8), the intramolecular version of this 
versatile coupling process had not been described or utilized. 
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TABLE I .  Alkylation of the P-keto esters 34 and 35 with the iodides 27-33" 

34,35 36-46 

Keto Reaction Product 
Entry ester tz Iodide R '  R ' time (h) (yield, %)" 

1 34 1 27 COIMe H 18 36 (78) 
2 35 2 27 COzMe H 9 37 (57) 
3 34 1 28 H COzMe 18 38 (63) 
4 35 2 28 H C0,Me 18 39 (71) 
5 34 1 29 CH'OMOM' H 13 40 (67) 
6 35 2 29 CH,OMOM' H 6 41 (74) 
7 34 1 30 H CHIOMOM1 14 42 (68) 
8 35 2 30 H CHZOMOMC 19 43 (70) 
9 35 2 3 1 CH~OTBDMS" H 24 44 (88) 

10 35 2 32 H CH~OTBDMS" 24 45 (69) 
1 1  35 2 33 CH2CH3 H 20 46 (75) 

"Reaction conditions: KH (1.1 equiv.), THF. room temperature, 30-45 min; add iodide, reflux. 
"Yields refer to purified, distilled product. 
'MOM = CH,OCH,. 
"TBDMS = r-BuMeZSi. 

TABLE 2. Preparation of the dienes 55-65 

36-46 47-54 55-65 

Keto Enol triflate Diene 
Entry ester 11 R '  R2 (yield, %)" (yield, %)' 

1 36 1 C0,Me H 47 (57) 55 (89) 
2 37 2 C0,Me H 48 (62) 56 (90) 
3 38 1 H C02Me 49 (64) 57 (75) 
4 39 2 H C0,Me 50 (64) 58 (75) 
5 40 1 CH~OMOM'' H 51 (88) 59 (83) 
6 40 1 CH~OMOM" H - (-1 59 (84)' 
7 4 1 2 CH~OMOM" H 52 (92) 60 (84)' 
8 42 1 H CH~OMOM" 53 (84) 61 (86) 
9 42 1 H CH~OMOM" - (-1 61 (73)' 

10 43 2 H CH,OMOM" 54 (90) 62 (87) 
11 44 2 CH20TBDMSS H - (-1 63 (6 1)"(50)~'~" 
12 45 2 H CH,OTBDMS,' - (-1 64 (65)'(6 1 )'"' 
13 46 2 CH2CH3 H - (-1 65 (61)' 

"A: (i-Pr)?NLi (1.1-1.5 equiv.), THF, -38°C. I h; PhN(SO,CF,), ( I .  17-1.57 equiv.), -48°C + room temperature, 30 min. 
B: (Ph,P),Pd ( 5  mol%), THF, reflux. C: As in B, but without isolation of enol triflate ("one-pot procedure"). 

"Yield of chromatographically purified product. 
'Yield of purified, distilled product. 
"MOM = CH,OCH,. 
"These dienes were prepared using reaction conditions A and C; all others were prepared using A and B.  
'CH,CN was used as solvent in B,  instead of THF. 
rTBDMS = I-BuMezSi. 
" P ~ ( O A C ) ~  was used instead of (Ph,P),Pd. 
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resultant solution, afforded the corresponding diene directly 
(Table 2, entries 6, 9 ,  1 1-1 3). 

Several points should be made regarding the data given in 
Table 2. 

The preparation of the dienes 55-65 constitutes a signif- 
icant extension to the annulation method reported previ- 
ously (7). Each of the intramolecular coupling processes 
cataloged in Table 2 was clean and the desired diene could 
easily be obtained in pure form by subjection of the crude 
product to flash chromatography (15) and distillation. Even 
the sterically encumbered cisoid cis dienes 57, 58, 61, 62, 
and 64 (Table 2, entries 3, 4, 8-10, 12) were obtained cleanly 
and efficiently. 

The overall conversion of keto vinylstannanes (e.g., 40, 
42, 44-46) into the corresponding dienes (e.g., 59, 61, 63- 
65, entries 6, 9 ,  11-13) via a "one-pot" procedure is partic- 
ularly attractive. This protocol precludes the necessity of 
isolating and purifying the intermediate en01 triflates, which 
are rather unstable and tend to decompose when subjected 
to column chromatography in silica gel. Furthermore, use of 
the "one-pot" method usually provides yields of dienes bet- 
ter than those derived from a two-step procedure (compare 
entries 5 and 6, Table 2). 

Two of the intramolecular coupling processes were car- 
ried out with both (Ph,P),Pd and Pd(OAc), (Table 2, entries 
11 and 12). The yields of the dienes derived from the two 
procedures, although similar, were slightly lower when 
Pd(OAc)? was employed. Presumably, in these latter cases, 
the active catalyst is produced by irz siru reduction of palla- 
dium(I1) to palladium(0). 

It should be noted explicitly that the Pd(0)-catalyzed ring 
closure reactions are completely stereospecific. Although this 
finding was not unexpected (I 3, 14), it is, from a synthetic 
viewpoint, of some importance. Thus, the reactions sum- 
marized in Table 2 have led to the smooth production of five 
pairs of structurally novel, geometrically isomeric, dienes. 
Of particular note is the clean, efficient synthesis of the cis- 
oid cis dienes 57, 58, 61, 62, and 64. 

Proton nmr spectroscopy was especially useful in corro- 
borating the stereochemical assignments with respect to the 
dienes 55-65. In the 'H  nmr spectra of each pair of diaster- 
eomers of general structure 66 and 67, the proton Hz, of the 
trans isomer resonated at lower field than the corresponding 
proton Hb of the cis isomer, (A6 = 0.18-0.30 ppm). These 
observations may be rationalized by noting that H, in 66 is 
influenced by the deshielding cone of the nearby endocyclic 
carbon-carbon double bond. In appropriate cases, nuclear 
Overhauser enhancement (nOe) difference experiments 
provided clear-cut evidence for the stereochemical assign- 
ments. For example, in the 'H nmr spectrum of the diene 60, 
irradiation at 6 5.82 (H, signal) caused enhancement of the 
resonance due to H, (6 5.57). On the other hand, irradiation 
at 6 5.59 (H,) in the spectrum of the isomeric diene 62 in- 
creased the intensity of the signals (6 4.19-4.21) due to the 
allylic CHzOMOM protons. 

X-ray crystal structure of the p-nitrobenzoate 69 
Molecular models show that, for substances 55-65, con- 

formations in which the conjugated diene units are planar 
would be destabilized by angle and torsional strain, partic- 
ularly with respect to the six-membered ring bearing the ex- 
ocyclic double bonds. Furthermore, the planar conformations 
of the cisoid cis dienes of general structure 67 would be ad- 

ditionally destabilized by steric strain between the R group 
and H,. Clearly, the chemical reactivity of these substances 
in, for example, Diels-Alder reactions would be signifi- 
cantly influenced by the actual conformation of the conju- 
gated diene system. Therefore, it was of interest to determine 
the extent to which the diene unit of a particular cisoid cis 
diene deviated from planarity. For this purpose, it was de- 
cided to convert the silyl ether 64 into a crystalline deriva- 
tive that would be suitable for a single crystal X-ray structure 
determination. 

Treatment of 64 with tetra-11-butylammonium fluoride in 
THF, followed by reaction of the resultant alcohol 68 with 
p-nitrobenzoyl chloride (CH,Cl,, Et,N, 4-(N,N-dimethyl- 
amino)pyridine), provided the benzoate 69. Recrystalliza- 
tion of this material from hexane provided crystals (mp 131- 
132°C) suitable for an X-ray study. 

64 R = Me&-Bu)Si 
68 R=H 
69 R = p-nitrobenzoyl 

The stereoview of 69 is shown in Fig. 1 .  In the solid state, 
molecules are linked along the b axis by C-H...O hydro- 
gen bonds (C(18)-H(18)...0(4), (x, y - 1, z), H...O = 

2.38 A, C...O = 3.321(4) A, C-H...O = 163"). The chains 
are reinforced by possible weak C-H...O interactiop 
(C(21)-H(21)...0(5) (x, y + 1, z ) ,  H...O = 2.50 A, 
C...O = 3.431(5) A, C-H...O = 160"). The significance 
of the latter interaction is evidenced by the fact that the aitro 
group N-0 bond involved (N-O(5) = 1.216(4) A) is 
longer than the otherwise chemically equivalent N-0 bond 
(N-O(6) = 1 .197(4) A). 

The aromatic ring, the nitro group, and the two ester 
functions are all planar to within experimental error. The p- 
nitrobenzoate moiety as a whole is nearly planar, the angles 
between normals to the mean plane of the aromatic ring and 
those of the nitro and ester groups being 1.3" and 3.7", re- 
spectively. The effects of ring strain and steric interactions 
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PIERS ET AL. 

FIG. 1 .  Stereoview of the p-nitrobenzoate 69; 50% probability thermal ellipsoids are shown for the non-hydrogen atoms. 

are evidenced by non-planarity about both of the carbon- 
carbon double bonds (e.g., torsion angles C(6)-C(l)= 
C(2)-C(3) = -5.5(5)" and C(1)-C(lO)=C(13)-C(14) 
= 2.0(5)". Within the fused-ring system, the six-membered 
ring containing the exocyclic double bonds has a chair con- 
formation that is slightly flattened about the sp2-hybridized 
atoms C(1) and C(10). On the other hand, the cyclohexene 
ring (C(1)-C(6)) has a twisted C(4)-sofa conformation. Bond 
lengths and angles (Tables 5 and 6, experimental section) are 
normal. 

The C(2)-C(1)-C(l0)-C(l3) torsion angle, which 
defines the angle between the C(l)=C(2) and C(10)= 
C(13) double bonds, is -54.0(5)". The C(2)...s(14) and 
C(2)..-H(14a) distances are 3.1 1 l(5) and 2.57 A, respec- 
tively. Thus, it is evident that the diene unit in 69 is far from 
being planar and, if the crystal structure data accurately re- 
flect the ground state conformation of the molecule in so- 
lution, it is not surprising that the cisoid cis diene 64 (from 
which 69 was derived) undergoes Diels-Alder reactions very 
sluggishly (8). 

Conclusion 

The work described in this paper demonstrates the effec- 
tiveness and versatility of a new annulation sequence lead- 

ing to the stereospecific synthesis of functionalized bicyclic 
dienes. The two key steps of the sequence involve (a) the 
alkylation of 2-(methoxycarbonyl)cycloalkanones with a 
variety of bifunctional reagents derived from methyl ( E ) -  and 
(Z)-6-chloro-3-trimethylstannyl-2-hexenoates and (b) the 
palladium(0)-catalyzed ring closure of the vinylstannane-en01 
triflates obtained from the alkylation products. The appli- 
cation of this and other similar annulation methods to the total 
synthesis of natural products will be the subject of future re- 
p o r t ~ . ~  

Experimental 

General inforrnatiorl 
Distillation temperatures, which refer to short-path (Kugelrohr) 

distillations, are uncorrected. Proton nuclear magnetic resonance 
('H nmr) spectra were taken on CDCI, solutions. Signal positions 
(6 values) for compounds containing the Me,Sn group were mea- 
sured relative to the CHCI, signal (6 7.25). 'The tin-proton cou- 
pling constants (JS,_,) are given as an average of the "'Sn and 'I9sn 
values. Carbon nuclear magnetic resonance ("c nmr) spectra were 
recorded at 75.3 MHz and signal positions are given relative to the 
signal for CDCI, (6 77.0). For compounds containing the Me& 
moiety, high-resolution mass spectrometric measurements are based 
on " '~n (unless otherwise noted) and were made on the (M' - Me) 
peak. Flash chromatography (15) was carried out with 230-400 
mesh silica gel (E. Merck). Gas-liquid chromatography (glc) was 
carried out on instruments equipped with 25 m x 0.21 mm fused 
silica columns coated with cross-linked SE-54. Thin-layer chro- 
matography (tlc) was canied out with commercial silica gel plates. 
Reagents and solvents were purified and dried using standard 
methods. Aqueous NH,CI-NH40H (pH 8)  refers to a solution 
prepared by addition of -50 mL of aqueous NH40H (58%) to 
- 1 L of saturated aqueous NH,CI . 

Note: Unless otherwise noted, all reactions were canied out under 
an atmosphere of argon in flame- or oven-dried glassware. 

Note: All compounds for which high resolution mass measure- 
ments are given exhibited one spot on the tlc analysis and, for those 

"For preliminary accounts, see ref. 16. 
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substances that could be distilled, essentially one peak by glc 
analysis. 

Methyl 6-chloro-2-hexynoate (16) 
To a cold (-78"C), stirred solution of 5-chloro-1-hexyne 

(5.13 g ,  50.0 mmol) in dry THF (100 mL) was added a solution 
of methyllithium in Et20  (46.0 mL, 55.0 mmol) and the resultant 
solution was stirred at -78'C for 10 min, warmed to -20°C, and 
then stirred for a further 1 h. Methyl chloroformate (4.64 mL, 
60.0 mmol) was added and the mixture was stirred at -20°C for 
30 min and at room temperature for 30 min. Saturated aqueous 
NaHC03 (50 mL) and Et,O (50 mL) were added. The organic phase 
was separated, dried (MgS04), and concentrated. Distillation (65- 
75"C/0.1 Torr (1 Torr = 133.3 Pa)) of the residual oil afforded 
7.50 g (93%) of 16 as a colorless oil that displayed ir (neat): 2228, 
1712, 1433, 1259, 1080, 755 cm-';  'H nmr (80 MHz) 6: 2.08 (m, 
2H), 2.61 (br t, 2H, J = 6.5 Hz), 3.66 (t, 2H, J = 6 Hz), 3.78 (s, 
3H). Exact Mass calcd. for C7~935C102:  160.0292; found: 
160.0290. 

Methyl (E)-6-chloro-3-tritnethylstantzyl-2-he,~enoate (17) 
To a cold (-78"C), stirred solution of Me,SnCu. Me,S (2) (2, 

3) (24.3 mmol) in dry THF (I80 mL) was added, dropwise, a so- 
lution of the a$-acetylenic ester 16 (3.0 g, 18.7 mmol) in dry THF 
(40 mL). After the mixture had been stirred at -78OC for 3 h, it 
was treated sequentially with aqueous NH,Cl-NH,OH (pH 8) 
(100 mL) and Et,O (60 mL). The mixture was opened to the at- 
mosphere, allowed to warm to room temperature, and was stirred 
vigorously until the aqueous phase was deep blue. The layers were 
separated and the aqueous phase was extracted with Et20 (2 x 
60 mL). The combined organic extracts were washed with aqueous 
NH,CI-NH,OH (pH 8) until the washings were colorless, and then 
were dried (MgSO,) and concentrated. Flash chromatography 
(240 g silica gel, 20: 1 petroleum ether - Et,O) of the remaining 
material, followed by distillation (1 15-12O0C/0.6 Torr), yielded 
4.79 g (79%) of 17, a colorless oil that showed ir (neat): 1710, 
1595, 1 195, 1 175, 777 cm-I; 'H nmr (80 MHz) 6: 0.21 (s, 9H, 
'JS ,_,, = 53 Hz), 1.60-2.10 (m, 2H), 3.00 (br t, 2H, J = 7 Hz), 
3.53 (t, 2 H , J  = 6.5 Hz), 3.65 (s, 3H),5.99(t,  lH, J =  1 Hz,'J, ,-,, 
= 71 Hz). Exact Mass calcd. for C 9 ~ 1 6 ' s C ~ 0 S n  (M+ - Me): 
3 10.9861 ; found: 310.9853. 

Merhyl (Z)-6-chloro-3-trinzethylstn1z11j~l-2-heretzote (18) 
To a cold (-78"C), stirred solution of (Me,SnCuSPh)Li (3) (2) 

(24.3 mmol) in dry THF (180 mL) was added, dropwise, a solu- 
tion of the a,P-acetylenic ester 16 (3.0 g ,  18.7 mmol) in dry THF 
(40 mL). The mixture was stirred at -78°C for 15 min, warmed 
to -48'C, and then stirred for 4 h. After sequential addition of 
MeOH (40 mL) and petroleum ether (100 mL), the vigorously 
stirred mixture was allowed to warm to room temperature. The re- 
sulting yellow slurry was filtered through a plug of Celite and the 
collected material was washed with petroleum ether (100 mL). The 
filtrate was concentrated and the residual material was subjected 
to flash chromatography (240 g silica gel, 20: 1 petroleum ether - 
Et,O). Distillation (106-1 16"C/0.6 Torr) of the liquid thus ob- 
tained afforded 5.3 g (87%) of 18, a colorless oil that exhibited ir 
(neat): 1701, 1600, 1210, 778 cm-'; 'H nmr (80 MHz) 6: 0.21 (s, 
9H, 'J,,_~, = 54 Hz), 1.60-2.10 (m, 2H), 2.59 (br t, 2H. J = 
7 H ~ . ~ J ~ , _ , = 4 6 H z ) ,  3.51 ( t , 2 H , J =  6 . 5 H z ) , 3 . 7 3 ( ~ , 3 H ) , 6 . 4 0  
(t, 1H, J = 1.5 Hz, 3 ~ s , - H  = 117 HZ). Exact Mass calcd. for 
C ~ H , ~ ' C I O ~ S ~  (M+ - Me): 3 10.9861; found: 3 10.9862. 

(E)-6-Chloro-3-tritnefhylst~11~11yl-2-lzextz-l-ol(19) 
To a cold (-78°C). stirred solution of the ester 17 (3.1 g ,  

9.5 mmol) in dry EtzO (70 mL) was added slowly a solution of di- 
isobutylaluminum hydride (23.8 mmol) in hexane. The mixture was 
stirred at -78OC for I h, warmed to O°C, and then stirred for 2 h. 
Saturated aqueous NH,C1(10 mL) was added and the mixture was 
warmed to room temperature. Anhydrous MgSO, was added to the 
resultant sluny and the mixture was filtered through a plug of Celite. 
The collected material was washed with Et20  (70 mL). Concen- 

tration of the filtrate and distillation (100-1 10°C/0.03 Tom) of the 
remaining liquid provided 2.52 g (89%) of 19, a colorless oil that 
displayed ir (neat): 3300, 1020,770 cm-I; 'H nmr (80 MHz) 6: 0.15 
(s, 9H, 'Js,-,, = 53 Hz), 1.65 (br s ,  IH,  exchanges with D20),  
1.60-2.00 (m, 2H), 2.45 (br t, 2H, J = 7 Hz, j~,,_,, = 67 Hz), 
3.50 (t, 2H, J = 6 Hz), 4.25 (m, 2H, d after D 2 0  addition, J = 
6 Hz), 5.82 (tt, 1 H, J = 0.5, 6 Hz, 'JS,_, = 75 Hz). Exact Mass 
calcd. for C ~ H , ~ ~ C I O S ~  (Mt - Me): 282.9912; found: 282.9919. 

(Z)-6-Chloro-3-trimerhylstatztzyl-2-hexen-1-01 (20) 
Following a procedure identical with that described above, 

3.44 g ( 10.6 mmol) of the ester 18 was converted into 3.03 g (97%, 
distillation temperature 100-1 10°C/0.03 Torr) of the alcohol 20, 
a colorless oil that showed ir (neat): 3350, 1010, 777 cm-I; 'H nnu 
(80 MHz) 6: 0.19 (s,  9H, 'J~,-~, = 53 Hz), 1.41 (t, lH ,  exchanges 
with D 2 0 ,  J = 5.5 Hz), 1.60-2.00 (m, 2H), 2.40 (br t, 2H, J = 
7 Hz, 'JS,-, = 49 Hz), 3.48 (t, 2H, J = 6 Hz), 4.08 (m, 2H, d after 
D 2 0  addition, J = 6 Hz), 6.24 (tt, lH,  J = 1.5, 6 Hz, 'JS,-, = 
134 Hz). Exact Mass calcd. for C,H,,~'CIOS~ (M+ - Me): 
282.99 12; found: 282.99 17. 

(El-6-Chloro-1 -(methoxymethoq)-3-trittzethylsta,lne11e 
(21) 

To a cold (O°C), stirred solution of the alcohol 19 (740 mg, 
2.49 mmol) in dry CH,CI, (5 mL) was added sequentially ethyl- 
diisopropylamine (0.65 mL, 3.74 mmol) and chloromethyl methyl 
ether (0.28 mL, 3.74 mmol). The mixture was allowed to warm to 
room temperature and was stirred for 15 h. Removal of the sol- 
vent, followed by distillation (95-105"C/0.6 Torr) of the crude 
liquid, gave 802 mg (94%) of 21, a colorless oil that exhibited ir 
(neat): 1152, 1104, 1042, 772 cm-'; 'H  nmr (80 MHz) 6: 0.14 (s, 
9H. '.Is,-, = 53 Hz), 1.60-2.00 (m, 2H), 2.47 (br t, 2H, J = 
7 Hz, ;'.Is,-,, = 62 Hz), 3.36 (s, 3H), 3.48 (t, 2H, J = 7 Hz), 4.15 
(br d ,  2H, J = 6 Hz), 4.63 (s, 2H), 5.78 (tt, IH, J = 1.3, 6 Hz, 

= 75 Hz). Exact Mass calcd. for c , , H ~ ~ ~ ~ C I O ~ S ~  (M' - Me): 
327.0174; found: 327.0163. 

(2)-6-Clzloro-1 - m e t h o . r y m e t h o , r j ~ ) - 3 - t r n e  
(22) 

Following a procedure identical with that described above, 
1.9 g (6.39 mmol) of the alcohol 20 was transformed into 1.90 g 
(87%. distillation temperature 100-105"C/0.6 Torr) of the ether 
22, a colorless oil that displayed ir (neat): 1156, 1 110, 1040, 
778 cm-';  'H nmr (80 MHz) 6: 0.20 (s, 9H, 'Js ,,., , = 53 Hz), 1.60- 
2.00 (m, 2H), 2.38 (br t, 2H, J = 7 Hz, "s,_,. = 48 Hz), 3.35 (s, 
3H), 3.49 (t, 2H, J = 6.5 Hz), 4.00 (br d, 2H, J = 6 Hz), 4.62 
(s, 2H), 6.38 (tt, 1 H, J = 1.3, 6 Hz, 'JS,_, = 134 Hz). Exact Mass 
calcd. for CloH?,'5C10,Sn (M-' - Me): 327.0174; found: 327.0172. 

(E)-I -tert-Butylditnethylsiloxy-6-chloro-3-rrir~~ethylstnrznyl-2- 
hexetze (23) 

To a solution of the alcohol 19 (4.1 g ,  13.8 mmol) in dry N , N -  
dimethylformamide (40 mL) at room temperature was added 
t-BuMe2SiCI (2.5 g ,  16.6 mmol) and imidazole (2.35 g, 34.5 mmol) 
and the mixture was stirred for 15 h. After Et,O (100 mL) had been 
added, the solution was washed with saturated aqueous NaHC0, 
(3 x 75 mL) and then was dried (MgSO,) and concentrated. Dis- 
tillation (155-170°C/l l Torr) of the remaining oil gave 4.75 g 
(84%) of 23, a colorless oil that showed ir (neat): 1256, 1088, 1006, 
839, 775 cm-I; 'H nmr (80 MHz) 6: 0.08 (s, 6H), 0.13 (s, 9H, 
'JS,-I, = 53 Hz), 0.91 (s, 9H), 1.65-2.00 (m, 2H). 2.43 (br t, 2H, 
J = 7 H z ) , 3 . 4 9 ( t , 2 H , J = 6 H z ) , 4 . 2 1 , 4 . 3 6 ( d , d ,  l H e a c h , J =  
6 Hz in each case), 5.74 (br t, IH, J = 6 Hz, 'Js,-, = 76 Hz). Ex- 
act Mass calcd. for C , , H ~ ~ ) ~ C I O S ~ S ~  (M' - Me): 397.0777; found: 
397.0782. 

(Z)-l-tert-B~~tylclitnethylsiloxy-6-chloro-3-trir1zethylstc~11tzyl-2- 
lzexetze (24) 

Following a procedure identical with that described above, 
3.9 g (13.1 nlmol) of the alcohol 20 was converted into 5.4 g (8970, 
distillation temperature 155-17O0C/1 1 Torr) of the silyl ether 24, 
a colorless oil that exhibited ir (neat): 1256, 1093, 1061, 1006, 838, 
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776 cm-I; 'H nmr (80 MHz) 6: 0.06 (s, 6H), 0.19 (s, 9H. 
'JS,-, = 52 Hz), 0.90 (s, 9H), 1.63-2.00 (m, 2H), 2.35 (br t, 2H, 
J = 6 H z ) , 3 . 5 0 ( t , 2 H , J = 6 H z ) , 4 . 0 2 , 4 . 1 8 ( d , d ,  l H e a c h , J =  
6 Hz in each case), 6.16 (br t, IH, J = 6 Hz, ' JS~_H = 138 Hz). 
Exact Mass calcd. for Cl,H,o'5C10SiSn (M' - Me): 397.0777; 
found: 397.0780. 

(E)-7-Chlor0-4-trimethylstaiz1zyl-3-heptene (26) 
To a stirred solution of the alcohol 19 (1.0 g, 3.36 mmol), 4-N,N- 

dimethylaminopyridine (41 mg, 0.34 mmol) and Et'N (0.7 mL, 
5.0 mmol) in dry CH,CI, (20 mL) at room temperature was added, 
dropwise, Ac,O (0.48 mL, 5.0 mmol). The mixture was stirred for 
15 h and then was poured into brine (50 mL). The phases were 
separated and the aqueous layer was extracted with CH2Cl, (2 x 
30 mL). The combined organic phases were dried (MgSO,) and 
concentrated and the remaining liquid was distilled (90-10O0C/ 
0.03 Torr) to give I .  I 1  g (97%) of the acetate 25, a colorless oil 
that showed ir (neat): 1741, 1230, 1028, 769 cm-I; 'H nmr 
(400 MHz) 6: 0.16 (s, 9H, 'J,,-, = 52 Hz), 1.81 (quintet, 2H, 
J = 7 Hz), 2.07 (s, 3H), 2.48 (br t, 2H, J = 7 Hz, 3~sJ,,-Ii = 60 Hz), 
3.49 (t, 2H, J = 7 Hz), 4.64-4.70 (m, 2H), 5.74 (br t, 1H. J = 
6 Hz, 'J ,,,-,, = 68 Hz). Exact Mass calcd. for Cl,H,,35C102~n 
(M' - Me): 325.0018; found: 325.0021. 

To a cold (O°C), stirred suspension of CuBr.  MezS (1.21 g ,  
5.9 mmol) in dry Et,O (80 mL) was added a solution of MeLi 
(1 1.8 mmol) in EtzO (9 mL) and the solution was stirred for 5 min. 
A solution of the acetate 25 (I .O g, 2.95 mmol) in dry Et'O (20 mL) 
was added and the mixture was stirred for 15 min. Saturated 
aqueous NH,CI (100 mL) was added slowly; the mixture was 
opened to the air and was stirred vigorously at room temperature 
until the aqueous phase became deep blue. The phases were sep- 
arated and the aqueous layer was extracted with Et,O (2 X 50 mL). 
The combined organic phases were dried (MgSO,) and concen- 
trated. Distillation (85-95"C/ 15 Torr) of the residual liquid af- 
forded 757 mg (87%) of the alkene 26, a colorless oil that displaycd 
ir (neat): 1609, 776 cm-I; 'H nmr (400 MHz) 6: 0.12 (s, 9H, 
'J,,-, = 52 Hz), 0.98 (t, 3H, J = 7 Hz), 1.80 (quintet, 2H, J = 

7 Hz), 2.14 (quintet, 2H, J = 7 Hz, ' J ~ ~ - ~  = 58 Hz), 2.42 (br t, 
2H, J = 7 Hz, 3~s ,_ , l  = 61 Hz), 3.50 (t, 2H, J = 7 Hz), 5.60 (t, 
IH, J = 7 Hz, 'J,,_~, = 72 Hz). Exact Mass calcd. for C 9 H l ? ~ l ~ n  
(Mi - Me): 28 1.0 1 19; found: 28 1.01 14. 

Ger~eral proced~tre for the cori~lersion of primary chlorides into 
the correspondirzg iodides 

A stirred solution of the primary chloride (1 equiv.) and NaI (5- 
10 equiv.) in dry acetone (-4 mL per mmol of the chloride) was 
refluxed until analysis (glc) showed the absence of the starting 
material (24-48 h). The mixture was concentrated and the resid- 
ual material was partitioned between Et,O and water. The aqueous 
phase was separated and extracted three times with EtlO. The 
combined organic phases were dried (MgSO,) and concentrated and 
the remaining liquid was distilled to produce the iodide. 
Methyl (E)-6-iod0-3-trirnethylstarz1~~~l-2-1~exerzoate (27) 
Following the general procedure, 1.0 g (3.07 mmol) of the 

chloride 17 was converted into 1.2 g (94%, distillation tempera- 
ture 125-135"C/0.6 Torr) of the iodide 27, a colorless oil that 
displayed ir (neat): 17 12, 1559, 1 195, 1 175, 772 cm-I; 'H nmr (80 
MHz) 6: 0.22 (s, 9H, 'J,,-, = 53 Hz), 1.70-2.20 (m, 2H), 2 .95 
(br t, 2H, J = 7.5 Hz), 3.17 (t, 2H, J = 7 Hz), 3.66 (s, 3H), 5.99 
(t, IH, J = 1 Hz, 'J,,,-, = 7 1 Hz). Exact Mass calcd. for 
C9H,,I02Sn (Mi- - Me): 402.9217; found: 402.9212. 

Medzyl (Z)-6-iodo-3-trirnethylsta1~1zyl-2-hesrzoate (28) 
By means of the general procedure, 1.8 g (5.54 mmol) of the 

chloride 18 was converted into 2.26 g (98%, distillation tempera- 
ture 110-1 16"C/0.6 Torr) of 28. a colorless oil that showed ir 
(neat): 1706, 1601, 1225, 1210, 780 cm-I; 'H nmr (80 MHz) 6: 
0.2 1 (s, 9H, 'J,,.,, = 54 Hz), 1.70-2.10 (m, 2H), 2.55 (br t, 2H, 
J = 7 Hz, 'J,,_, = 46 Hz), 3.15 (t, 2H, J = 7 Hz). 3.73 (s, 3H), 
6.40 (t, I H, J = 1.5 Hz. 'J,,,-, = 1 17 Hz). Exact Mass calcd. for 
C,Hl(,IOlSn (M' - Me): 402.92 19; found: 402.923 1 .  

(E)-6-lodo-l-(methox~~1nethox~~)-3-trirnethylstarzrzyI-2-hexene 
(29) 

Following the general procedure, 1.69 g (4.95 mmol) of the 
chloride 21 was transformed into 2.03 g (95%, distillation tem- 
perature 110-1 15"C/0.6 Torr) of 29, a colorless oil that showed 
ir (neat): 1156, 1108, 1042, 774 c m ' ;  'H nmr (80 MHz) 6: 0.15 
(s, 9H, 2 ~ S n - l l  = 53 Hz), 1.60-2.10 (m, 2H), 2.42 (br t, 2H, J = 
7 H z ) ,  3 . 1 4 ( t , 2 H ,  J =  7 Hz),3,37(~,3H),4,16(brd,2H,J= 
6 Hz), 4.64 (s, 2H), 5.78 (tt, 1 H, J = 1.2, 6 Hz, 3 ~ s , _ H  = 75 Hz). 
Exact Mass calcd. for C,,H,,IO~"~S~ (M' - Me): 414.9527; found: 
414.9532. 

(Z)-6-lodo-l -(methonymethony)-3-trimethylstar~nyl-2-he.rerze 
(30) 

Using the general procedure, 1.9 g (5.57 mmol) of the chloride 
22 was converted into 2.26 g (94%, distillation temperature 110- 
115"C/0.6 Torr) of the iodide 30, a colorless oil that displayed ir 
(neat): 1156, 1 105, 1035, 779 cm-';  'H nmr (80 MHz) 6: 0.20 (s, 
9H, ' J ~ , - ~ ~  = 53 Hz), 1.70-2.10 (m, 2H), 2.34 (br t, 2H, J = 
7 Hz, 'J,,-, = 48 Hz), 3.14 (t, 2H J = 7 Hz), 3.36 (s, 3H), 4.00 
(m, 2H), 4.62 (s, 2H), 6 .21 (tt, l H ,  J = 1.2, 6 Hz, 'J,,-, = 
134 Hz). Exact Mass calcd. for C1,H2d0,Sn (M' - Me): 418.9530; 
found: 418.9530. 

(E)-l-tert-Butyldirnethylsiloxy-6-iodo-3-trimethylsta1z1zyl-2- 
hexene (31) 

Following the general procedure, 5.27 g (12.8 mmol) of the 
chloride 23 was transformed into 5.97 g (93%, distillation tem- 
perature 175-1 85"C/ 1 1 Torr) of 31, a colorless oil that exhibited 
ir (neat): 1256, 1099, 837, 775 cm-l; 'H n m  (80 MHz) 6: 0.08 (s, 
6H), 0.13 (s, 9H, 'J, ,_,, = 53 Hz), 0.91 (s, 9H), 1.63-2.03 (m, 
2H), 2.25-2.50 (m, 2H), 3.13 (t, 2H, J = 7 Hz), 4.23, 4.38 (d, 
d ,  1 H each, J = 6 HL in each case), 5.71 (tm, I H, J = 6 HZ, 
'J,,,-,, = 76 HZ). Exact Mass calcd. for C,,H,dOSiSn (Mf - Me): 
489.0133; found 489.0126. 

(Z)-l-tert-Butyldimethylsil~1xy-6-iodo-3-trirnethylstarz1~~~1-2- 
hexene (32) 

By means of the general procedure, 5.4 g (1 3.1 mmol) of the 
chloride 24 was converted into 5.65 g (86%, distillation tempera- 
ture 175-185"C/l 1 Torr) of 32, a colorless oil that displayed ir 
(neat): 1256, 1099, 837, 776 cm-';  'H nmr (80 MHz) 6: 0.08 (s, 
6H), 0.19 (s, 9H, 'Js,_, = 52 Hz), 0.90 (s, 9H), 1.63-2.05 (m, 
2H), 2.20-2.45 (m, 2H), 3.15 (t, 2H, J = 7 Hz), 4.03, 4.08 (d, 
d, l H , J =  6Hzineachcase) ,6 .18  (br t ,  l H , J =  6Hz,'J,,-t[= 
138 Hz). Exact Mass calcd. for C,,H3010SiSn (Mf - Me): 
489.0133; found: 489.0130. 

(E)-7-lodo-4-trirnet/zylstarzrzyl-3-hepterze (33) 
By means of the general procedure, 1.45 g (4.91 mmol) of the 

chloride 26 was converted into 1.78 g (94%, distillation tempera- 
ture 95-105"C/ 15 Torr) of the iodide 33, a colorless oil that showed 
ir (neat): 1609, 1220, 776 cm-I; 'H nmr (400 MHz) 6: 0.12 (s, 9H, 
'JS,.,, = 52 Hz), 0.99 (t, 3H, J = 7 Hz), 1.85 (quintet, 2H, J = 
7 Hz), 2.16 (quintet, 2H, J = 7 Hz), 2.38 (br t, 2H, J = 7 HZ, 
'JS,-, = 53 HZ), 3.16 (t, 2H, J = 7 HZ), 5.59 (br t, lH,  J = 7 Hz, 
'J,,,-,, = 78 Hz). Exact Mass calcd. for C,H,,ISn (M' - Me): 
372.9477; found: 372.9475. 

Gerzeral procedure for alkylatiorz of the P-keto esters 34 and 35 
with dze iodides 27-33 

To a well-stirred suspension of KH (1.1 equiv.) in dry THF 
(3 mL per mmol of P-keto ester) at room temperature was added, 
dropwise, a solution of the P-keto ester (1 equiv.) in dry THF 
(I mL per mmol of ester). The mixture was stirred for 30-45 min 
and then a solution of the iodide ( I .  1 equiv.) in dry THF (1 mL per 
mmol of iodide) was added. The reaction mixture was refluxed and, 
after the reaction was determined to have reached completion 
(analysis by glc and (or) tlc), the mixture was cooled and concen- 
trated. Direct flash chromatography of the remaining oil-salt 
mixtures, followed by distillation of the liquid thus obtained, pro- 
vided the desired alkylation product. The following compounds 
were prepared by use of this procedure. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1392 CAN. J .  CHEM. VOL. 70, 1992 

Keto diester 36 
Alkylation of 2-(methoxycarbonyl)cyclopentanone (34) (155 mg, 

1.09 mmol) with the iodide 27 (500 mg, 1.2 mmol, reaction time 
18 h), followed by flash chromatography (27 g silica gel, 10: 1 
petroleum ether - EtOAc) of the crude product and distillation (169- 
173"C/0.6 Torr) of the acquired liquid, provided 366 mg (78%) of 
36, a colorless oil that showed ir (neat): 1750, 1720, 1170, 
775 cm-'; 'H nrnr (400 MHz) 6: 0.20 (s, 9H, Z ~ S n - H  = 53 Hz), 
1.30-1.50 (m, 2H), 1.62 (ddd, 1H, J = 4.5, 11.5, 13.5 Hz), 1.80- 
2.05 (m, 4H), 2.25 (m, IH), 2.39 (m, IH), 2.54 (m, lH), 2.80- 
3.00 (m, 2H), 3.68 (s, 3H), 3.69 (s, 3H), 5.96 (br s, I H, 'J,,-, = 
72 Hz). Exact Mass calcd. for CI6HZ5O5Sn (M+ - Me): 417.0723; 
found: 417.0710. 

Keto diester 37 
Flash chromatography (35 g silica gel, 14: 1 petroleum ether - 

EtOAc) of the crude product derived from alkylation of 2 -(me- 
thoxycarbonyl)cyclohexanone (35) (200 mg, 1.28 mmol) with the 
iodide 27 (588 mg, 1.41 mmol, reaction time 9 h), followed by 
distillation (176-18IoC/0.6 Torr) of the resultant liquid, gave 
322 mg (57%) of 37, a colorless oil that displayed ir (neat): 17 10, 
1195, 1170, 775 cm-';  'H nrnr (400 MHz) 6: 0.19 (s, 9H, 
'J ,,-, I = 53 Hz), 1.20-1.50 (m, 3H), 1.55-1.80 (m, 4H), 1.85- 
2.05 (m, 2H), 2.20-2.55 (m, 3H), 2.75-3.00 (m, 2H), 3.68 (s, 
3H), 3.72 (s, 3H), 5.96 (t, 1 H, J = 1.3 Hz, 'J,,-,, = 72 Hz). Ex- 
act Mass calcd. for C17H2705Sn (M+ - Me): 431.0880; found: 
43 1.0873. 

Keto diester 38 
The keto ester 34 (300 mg, 2.11 mmol) was alkylated with the 

iodide 28 (967 mg, 2.32 mmol, reaction time 18 h). Flash chro- 
matography (50 g silica gel, 10: 1 petroleum ether - EtOAc) of the 
crude product and distillation (185-189"C/0.6 Torr) of the liquid 
thus obtained afforded 564 mg (63%) of 38, a colorless oil that 
exhibited ir (neat): 1750, 1720, 1705, 1210, 780 cm-';  'H nrnr 
(400 MHz) 6: 0.15 (s, 9H, JSn-H = 53 Hz), 1.23-1.50 (m, 2H), 
1.52 (dt, IH, J = 4.5, 13 Hz), 1.80-2.05 (m, 4H), 2.25 (dt, l H ,  
J = 19, 8 Hz), 2.34-2.48 (m, 3H), 2.53 (m, IH), 3.69 (s, 3H), 
3.71 (s, 3H), 6.31 (t, IH, J = 1 Hz, 'J ,,_,, = 119 Hz). Exact Mass 
calcd. for C16H2505Sn (Mi. - Me): 417.0723; found: 417.07 18. 

Keto diester 39 
Alkylation of the keto ester 35 (300 mg, 1.92 mmol) with the 

iodide 28 (88 1 mg, 2.1 mmol, reaction time 18 h), followed by flash 
chromatography (50 g silica gel, 10: 1 petroleum ether - EtOAc) 
of the crude product and distillation (201-204"C/0.6 Torr) of the 
acquired liquid, produced 6 10 mg (7 1 %) of 39, a colorless oil that 
displayed ir (neat): 1710, 1210, 780 cm-'; 'H nrnr (400 MHz) 6: 
0.16 (s, 9H, 'Js,_, = 53 Hz), 1.20-1.80 (m, 7H), 1.86 (dt, lH ,  
J = 4.5, 13 Hz), 2.00 (m,  IH), 2.35-2.60 (m, 5H), 3.72 (s, 3H), 
3.73 (s, 3H), 6.34 (t, IH, J = I Hz, 'JS ,_,, = 11 8 Hz). Exact Mass 
calcd. for CI,H2705Sn (M+ - Me): 43 1.0880; found: 43 1.0881. 

Keto ester 40 
Flash chromatography (1 8 g silica gel, 8 : 1 petroleum ether - 

EtOAc) of the crude product obtained from alkylation of the keto 
ester 34 (100 mg, 0.70 mmol) with the iodide 29 (335 mg, 
0.77 mmol, reaction time 13 h), followed by distillation (159- 
164"C/0.6 Torr) of the liquid thus obtained provided 210 mg (67%) 
of 40, a colorless oil that showed ir (neat): 1750, 1725, 1 155, 1050, 
775 cm-';  'H nmr (400 MHz) 6: 0.1 l (s, 9H, 'Js,-,, = 53 Hz), 
1.15-1.44 (m, 2H), 1.53 (ddd, IH, J = 4.5, 12, 13.5 Hz), 1.78- 
2.04 (m, 4H), 2.17-2.33 (m, 3H), 2.37 (m, 1 H), 2.52 (m, l H), 
3.35 (s, 3H), 3.67 (s, 3H), 4.11 (d, 2H, J = 6 Hz), 4.62 (s, 2H), 
5.72 (t, IH, J = 6 Hz, 'Js,_, = 77 Hz). Exact Mass calcd. for 
CI7HZPO5Sn (M' - Me): 433.1037; found: 433.1038. 

Keto ester 41 
Alkylation of the keto ester 35 (670 mg, 4.29 mmol) with the 

iodide 29 (2.04 g, 4.72 mmol, reaction time 6 h), followed by flash 
chromatography (100 g silica gel, 5 :  1 petroleum ether - EtOAc) 
of the crude product and distillation (164-167"C/0.6 Torr) of the 

acquired liquid, provided 1.46 g (74%) of 41, a colorless oil that 
showed ir (neat): 1710, 1055, 772 cm-I; 'H nrnr (400 MHz) 6: 0.11 
(s, 9H,  'J,,_,, = 53 Hz), 1.12- 1.35 (m, 2H), 1.42 (m, 1 H), 1.52 
(dt, IH, J = 4.5, 13 Hz), 1.58-1.80 (m, 3H), 1.86 (ddd, lH,  J = 
4.5,  13, 13.5 Hz), 1.99 (m, IH), 2.29 (br t ,  2H, J = 7.5 Hz, 
'5s"-H = 53 Hz), 2.40-2.45 (m, 2H), 2.49 (m, 1H), 3.37 (s, 3H), 
3.71 ( s , 3 H ) , 4 , 1 4 ( d , 2 H , J =  6 H z ) , 4 , 6 3 ( ~ , 2 H ) , 5 , 7 2 ( b r t ,  lH ,  
J = 6 Hz, 'J ,,-,, = 77 Hz). Exact Mass calcd. for CI,H3,O5Sn 
(M+ - Me): 447.1 193; found: 447.1 196. 

Keto ester 42 
The keto ester 34 (670 mg, 4.71 mmol) was alkylated with the 

iodide 30 (2.24 g ,  5.18 mmol, reaction time 14 h). Flash chro- 
matography (1 00 g silica gel, 7 : 1 petroleum ether - EtOAc) of the 
crude product and distillation 170-175"C/0.6 Torr) of the oil thus 
obtained provided 1.43 g (68%) of 42, a colorless oil that dis- 
played ir (neat): 1747, 1720, 1155, 1040, 780 cm-';  'H nrnr 
(400 MHz) 6: 0.18 (s, 9H, 'Js,-, = 54 Hz), 1.20-1.42 (m, 2H), 
1.53 (dt, IH, J = 4.5, 13 Hz), 1.80-2.05 (m, 4H), 2.20-2.32 (m, 
3H), 2.39 (m, IH), 2.54 (m, IH), 3.35 (s, 3H), 3.69 (s, 3H), 4.01 
(d, 2H, J = 6 Hz), 4.61 (s, 2H), 6.12 (t, IH, J = 6 Hz, '.Isn-" = 
136 Hz). Exact Mass calcd. for Cl7H2,,O5Sn (M' - Me): 433.1037; 
found: 433.1035. 

Keto ester 43 
Alkylation of the keto ester 35 (740 mg, 4.74 mmol) with the 

iodide 30 (2.25 g, 5.2 mmol, reaction time 19 h), followed by flash 
chromatography ( 120 g silica gel, 7 : 1 petroleum ether - EtOAc) 
of the crude product and distillation (174-177"C/0.6 Torr) of the 
acquired liquid, gave 1.53 g (70%) of 43, a colorless oil that dis- 
played ir (neat): 1715, 1040, 779 cm-'; 'H nrnr (400 MHz) 6: 0.15 
(s, 9H, Z ~ S n - H  = 53 Hz), 1.13-1.33 (m, 2H), 1.37-1.77 (m, 5H), 
1.84 (dt, IH, J = 4.5, 13.5 Hz), 1.97 (m, IH), 2.10-2.30 (m, 2H), 
2.37-2.44 (m, 2H). 2.48 (m, 1 H), 3.35 (s, 3H), 3.70 (s, 3H), 3.99 
(d, 2H, J = 6.3 Hz), 4.60 (s, 2H), 6.12 (t, IH, J = 6.3 Hz, 
3~s, ,_l . I  = I3 I HZ). Exact Mass calcd. for CI,H3105Sn (M' - Me): 
447.1193; found: 447.1195. 

Keto ester 44 
The keto ester 35 (400 mg, 2.56 mmol) was alkylated with the 

iodide 31 (1.42 g, 2.82 mmol, reaction time 24 h). Flash chro- 
matography (50 g silica gel, 10: 1 petroleum ether - EtOAc), fol- 
lowed by distillation (200-21O0C/0.03 Torr) of the oil thus 
obtained, produced 1.2 1 g (8 1%) of 44, a colorless oil that exhib- 
ited ir (neat): 1741, 1718, 1254, 1093, 837, 776 cm- ' ;  'H nrnr 
(400 MHz) 6: 0.07 (s, 6H), 0.11 (s, 9H, 'J ,,-,, = 52 Hz), 0.90 (s, 
9H), 1.12-1.34 (m, 2H), 1.37-1.57 (m, 2H), 1.60-1.88 (m, 3H), 
1.85 (dt, 1 H , J =  4.5, 13Hz),  1 .99(m, I H ) , 2 . 2 3 ( b r t , 2 H ,  J =  
8 Hz, = 6 1 Hz), 2.36-2.45 (m, 2H), 2.49 (m, IH), 3.71 
(s, 3H), 4.26 (d, 2H, J = 5.5 Hz), 5.66 (br t, IH, J = 5.5 Hz, 
3~s,-l.l = 79 Hz). Exact Mass calcd. for C22H,,0,SiSn (Mf - Me): 
517.1796; found: 517.1792. 

Keto ester 45 
The keto ester 35 (400 mg, 2.56 mmol) was alkylated with the 

iodide 32 (1.42 g ,  2.82 mmol, reaction time 24 h). Distillation 
(200-21O0C/0.03 Torr) of the liquid derived by flash chromatog- 
raphy (50 g silica gel, 10: 1 petroleum ether - EtOAc) of the crude 
product afforded 940 mg (69%) of 45, a colorless oil that showed 
ir (neat): 1741, 1718, 1255, 1095, 837, 776 cni-I; 'H nmr 
400 MHz) 6: 0.07 (s, 6H), 0.17 (s, 9H, ' J ~ ~ - ~  = 52 Hz), 0.90 (s, 
9H), 1.15-1.34 (m, 2H), 1.39-1.58 (m, 2H), 1.62-1.79 (m, 3H), 
1.85 (ddd, IH, J = 4.5, 13, 13.5 Hz), 2.00 (m, IH), 2.20 (br t ,  
2H, J = 7 Hz), 2.40-2.54 (m, 3H), 3.72 (s, 3H), 4.10 (d, 2H, 
J = 6 Hz), 6.10 (t, 1H, J = 6 Hz, 'J,,_,, = 140 Hz). Exact Mass 
calcd. for C22H410,SiSn (M' - Me): 517.1796; found: 517.1790. 

Keto ester 46 
Alkylation of the keto ester 35 ( I .  12 g ,  7.18 mmol) with the io- 

dide 33 (2.94 g. 7.90 mmol), reaction time 20 h), followed by flash 
chromatography (1 80 g silica gel, 15 : 1 petroleum ether - EtOAc) 
of the crude product and distillation (140-150°C/0.3 Tom) of the 
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liquid thus obtained, provided 2.23 g (75%) of 46, a colorless oil 
that displayed ir (neat): 1740, 1716, 121 1, 767 cm-I; I H  nmr 
(400 MHz) 6: 0.09 (s, 9H, 'J~,_, = 52 Hz), 0.97 (t, 3H, J = 7 Hz), 
1.12-1.33 (m, 2H), 1.39-1.80 (m, 5H), 1.88 (dt, lH ,  J = 4,  
13 Hz), 2.00 (m. lH),  2. I1 (quintet, 2H, J = 7 Hz), 2.25 (br t, 
2H, J = 8 Hz), 2.40-2.55 (m, 3H), 3.72 (s, 3H), 5.53 (br t, lH ,  
J = 7 Hz, ,J~,-,, = 73 Hz). Exact Mass calcd. for C,,H,,O,Sn 
(M+ - Me): 401.1138; found: 401.1131. 

General procedures for the syrzthesis of bicyclic dienes via the 
correspotzding (isoluted) en01 tr~~uorotnethanesulfonate 
it~terrnediates (Tuble 2 ,  Entries 1-5, 7 ,  8,  10) 

To a cold (-48"C), stirred solution of lithium diisopropylamide 
(LDA, 1.1-1.5 equiv.) in dry THF (- 10 mL per mmol of P-keto 
ester) was added, dropwise, a solution of the P-keto ester (I equiv.) 
in dry THF (-5 mL per mmol of P-keto ester) and the resultant 
mixture was stirred at -48°C for 1 h. Solid finely ground 
PhN(S02CF,), (PhNTf,) (1.17-1.57 equiv.) was added and the 
solution was warmed to room temperature over a period of 30 min. 
Concentration of the reaction mixture under reduced pressure was 
followed by flash chromatography of the residual oil on silica gel. 
The en01 triflate thus obtained was characterized and then was used 
as soon as possible in the subsequent reaction. 

To a stirred solution of the en01 triflate (1 equiv.) in dry THF or 
MeCN (5 ~ I L  per 0.1 mmol of substrate) at room temperature was 
added Pd(PPh,), (0.05 equiv.) as a solid and the resulting solution 
was refluxed. When the reaction was determined to have reached 
completion (by glc and (or) tlc analyses), the mixture was cooled 
to room temperature and concentrated. The residual oil was puri- 
fied by flash chromatography and the liquid thus obtained was 
distilled to provide the expected diene. 

The following compounds were prepared via these procedures. 

Diene 55  
The keto ester 36 (190 mg, 0.44 mmol) was converted into the 

en01 triflate 47 (141 mg, 57%, flash chron~atography on 40 g of 
silica gel, 10: 1 petroleum ether - EtOAc), using 0.48 mmol of LDA 
and 0.52 mmol of PhNTf,. Compound 47 displayed ir (neat): 1734, 
1719, 1642, 1599, 1423, 1210, 1143, 772 tin-'; 'H nmr (80 MHz) 
6: 0.22 (s, 9H, Z ~ S n - H  = 53 Hz), 1.20-3.20 (m, lOH), 3.69 (s, 3H), 
3.72 (s, 3H), 5.76 (br s,  lH), 5.98 (t, lH ,  J = 1 Hz, 'J~,_, = 
72 Hz). Exact Mass calcd. for C17HI,F,07SSn (M+ - Me): 
549.0216; found: 549.0212. 

Conlpound 47 (100 mg, 0.178 mmol) was converted (THF, re- 
flux, 3.5 h) into 39 mg (89%) of 55  (flash chromatography on 
20 g of silica gel, 10: 1 petroleum ether - EtOAc; distillation tem- 
perature 1 17-12l0C/0.6 Torr), a colorless oil that exhibited ir 
(neat): 1710, 1620 cm-';  IH nmr (400 MHz) 6: 1.43 (dt, lH ,  J = 

3.5, 13 Hz), 1.51 (ddq, lH, J = 3 ,  4.5, 13 Hz), 1.78-1.88 (nl, 
2H), 2.06 (m, 1 H), 2.35-2.50 (m, 4H), 3.65 (s, 3H), 3.67 (m, 1 H), 
3.69 (s, 3H), 5.97 (d, l H, J = 2.5 Hz), 6.01 (br s, 1 H). Exact Mass 
calcd. for C,,Hl,O,: 250.1205; found: 250.1206. 

Dierze 56 
Flash chromatography (40 g silica gel, 10: 1 petroleum ether - 

EtOAc) of the crude product derived from sequential treatment of 
the keto ester 37 (200 mg, 0.45 mmol) with LDA (0.50 mmol) and 
PhNTf? (0.53 mmol) gave 160 mg (62%) of the en01 triflate 48, a 
colorless oil that showed ir (neat): 1732, 17 12, 1594, 1415, 1210, 
772 cm-';  IH nmr (80 MHz) 6: 0.20 (s, 9H, 2 ~ S n - H  = 53 Hz), 1.20- 
2.40 (m, lOH), 2.85 (m, 2H), 3.68 (s, 3H), 3.72 (s, 3H), 5.87 (t, 
1 H, J = 4 Hz), 5.97 (t, 1 H, J = 1.1 Hz). Exact Mass calcd. Por 
C,,H2,F,07SSn (M' - Me): 563.0373; found: 563.0383. 

Cyclization of 48 (1 10 mg, 0.19 mmol) was carried out in THF 
(reflux, 3.5 h). Flash chromatography (18 g silica gel, 10: 1 petro- 
leum ether - EtOAc) of the crude product and distillation (1 18- 
122"C/0.6 Torr) of the acquired liquid produced 45 mg (90%) of 
56, a colorless oil that showed ir (neat): 1710, 1615 cnl-I; 'H nmr 
(400 MHz) 6: 1.35-1.50 (m, 4H), 1.66 (m, lH),  1.77 (m, 1 H), 
2.01 (dddt, lH ,  J = 2.5, 2.5, 5.5, 13.5 Hz), 2.14 (m, 2H), 2.20 
(dd, lH,  J = 5 ,  11 Hz), 2.30 (m, lH), 3.65 (s, 3H), 3.69 (s, 3H), 

3.82 (br d, lH,  J = 4 Hz), 5.85 (d, lH,  J = 2 Hz), 5.96 (t, lH, 
J = 4 Hz). Exact Mass calcd. for C15H2004: 264.1362; found: 
264.1362. 

Dierze 57 
Treatment of the keto ester 38 (300 mg, 0.70 mmol) with LDA 

(0.77 mmol) and PhNTf, (0.82 mmol), followed by flash chro- 
matography (40 g silica gel, 10: 1 petroleum ether - EtOAc) of the 
crude product, furnished 250 mg (64%) of the en01 triflate 49, a 
colorless oil that exhibited ir (neat): 1739, 1703, 1645, 1600, 1422, 
1215, 770 cm-I; 'H nmr (80 MHz) 6: 0.20 (s, 9H, 'J~,_,, = 55 Hz), 
I .20-2.75 (m,  lOH), 3.74 (s, 6H), 5.76 (nl, lH),  6.35 (t, lH, 
J = 1 Hz, 3~s,_,l = 118 HZ). Exact Mass calcd. for C17HZ,F307SSn 
(M+ - Me): 549.0216; found: 549.0215. 

Compound 49 (125 mg, 0.222 mmol) was converted (THF, re- 
flux 19 h) into 42 mg (75%) of 57 (flash chromatography on 27 g 
of silica gel, 10: 1 petroleum ether - EtOAc; distillation tempera- 
ture 114-1 17"C/0.6 Torr), a colorless oil that showed ir (neat): 
1725, 1630 cm-I; 'H nmr (400 MHz) 6: 1.45 (dt, lH,  J = 4, 
13.5 Hz), 1.69 (tq, lH,  J = 4, 13.5 Hz), 1.77-1.90 (m, 2H), 2.19 
(ddt, lH,  J = 2, 5, 13.5 Hz), 2.33 (br d, lH, J = 13.5 Hz), 2.38- 
2.49 (m, 3H), 2.63 (dddd, l H ,  J = 2.5, 8.5, 8.5, 17.5 Hz), 3.63 
(s, 3H), 3.66 (s, 3H), 5.68 (d, lH,  J = 2 H z ) , 6 . 1 0 ( t ,  1 H , J  = 
2.5 Hz). Exact Mass calcd. for C,,H,,O,: 250.1205; found: 
250.1206. 

Dierze 58 
The keto ester 39  (220 mg, 0.495 mmol) was converted into the 

en01 triflate 50  (194 mg, 64%; flash chromatography on 50 g of 
silica gel, 10: 1 petroleum ether - EtOAc), using 0.54 mmol of LDA 
and 0.58 mmol of PhNTf,. Compound 50 exhibited ir (neat): 1738, 
1707, 1601, 1415, 1220, 1150,779 cm-l; 'H nmr (80 MHz) 6: 0.19 
(s, 9H, Z ~ s , _ l l  = 54 Hz), 1.20-2.55 (m, 12H), 3.73 (s, 3H), 3.74 
(s, 3H), 5.87 (t, lH ,  J = 4 Hz), 6.34 (t, l H ,  J = 1 HZ, 'JS,_H = 
117 Hz). Exact Mass calcd. for C,,H,,F,O,SSn (M' - Me): 
563.0373; found: 563.0374. 

Compound 50 (150 mg, 0.26 mmol) was converted (THF, re- 
flux, 16 h) into 52 mg (75%) of the diene 58  (flash chromatogra- 
phy on 27 g of silica gel, 10: 1 petroleum ether - EtOAc; distillation 
temperature 1 16-1 18"C/0.6 Torr), a colorless oil that displayed ir 
(neat): 1728, 1633; 'H nmr (400 MHz) 6: 1.40-1.68 (m, 5H), 1.79 
(m, lH), 2.10 (dddd, l H ,  J = 3,  6 , 9 . 5 ,  18.5 Hz), 2.15-2.26 (m, 
3H) ,2 .30(m,  lH),3.63(~,3H),3.66(~,3H),5.6O(d, 1 H , J =  
2 Hz), 5.99 (dd, I H, J = 3, 4 Hz). Exact Mass calcd. for C15H200-(: 
264.1362; found: 264.1364. 

Dierze 59 
Sequential treatment of the keto ester 40 (700 mg, 1.57 mmol) 

with LDA (2.35 mn~ol) and PhNTf, (2.46 mmol), followed by flash 
chromatography (120 g silica gel, 8 : 1 petroleum ether - EtOAc) 
of the crude product, gave 798 ing (88%) of the en01 triflate 51, a 
colorless oil that showed ir (neat): 1732, 1643, 1420, 1210, 
770 cnl-'; 'H nmr (80 MHz) 6: 0.10 (s, 9H, 'J~,_, = 52 Hz), 1.20- 
2.70 (m, IOH), 3.35 (s, 3H), 3.68 (s, 3H), 4.10 (d, 2H, J = 6 Hz), 
4.61 (s, 2H). 5 .73 (m, 2H). Exact Mass calcd. for Cl,H2,F,O7SSn 
(M' - Me): 565.0529; found: 565.0520. 

Cyclization of 51 (87 mg, 0.15 mmol) was carried out in THF 
(reflux, 6 h). Flash chromatography (18 g silica gel, 10: 1 petro- 
leum ether - EtOAc) of the crude product and distillation (105- 
1 1OoC/0.6 Torr) of the acquired liquid provided 33 mg (83%) of 
the diene 59, a colorless oil that displayed ir (neat): 1720, 
1640 cm-I; ' H  nmr (400 MHz) 6: 1.35 (dt, lH ,  J = 3.5, 13 Hz), 
1.48 (ddq, lH, J = 3, 3.5, 13 Hz), 1.72-1.93 (m, 3H), 2.30-2.45 
(m, 3H), 2.49 (brd,  l H ,  J = 13 Hz), 2 .62(brd ,  lH,  J = 13 HZ), 
3.38 (s, 3H), 3.65 (s, 3H), 4.13 (nl, 2H), 4.62,4.65 (d, d, lH each, 
J = 6 Hz in each case), 5.73 (dt, l H,  J = 2.5, 7 Hz), 5.84 (t, lH,  
J = 2.5 Hz). Exact Mass calcd. for C15HZz0,: 266.151 9; found: 
266.1524. 

Dierze 60 
Treatment of the keto ester 41  ( 1 .O1 g ,  2.19 mmol) with LDA 

(3.28 mmol) and PhNTf? (3.44 mmol), followed by flash chro- 
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TABLE 3. Crystallographic data" for compound 69 

Parameter Value 

Formula C ~ I H ~ ~ N O ,  
fw 385.42 
Crystal system Tr_iclinic 
Spa:e group PI"  
0 ('$1 7.46 19(9) 
b (A) 7.6458 (7) 
c (A) 19.027(1) 
a (deg) 94.547(8) 
P (deg) 96.7 18(9) 
Y (deg) 1 1 3.290(6) 
v (As) 980.8(2) 
z 2 
D, (g/cm3) 1.305 
F (000) 408 
~ ( M o - K , )  (cm-') 0.90 
Crystal dimensions (mm) 0.063 X 0.275 X 0.450 
Scan type o - 20 
Scan range (deg in o )  0.85 + 0.35 tan 0 
Scan speed (deg/min) 1.3-10.0 
Data collected +h, -k, + I  
20,,,;,, (deg) 5 5 
Crystal decay Negligible 
Unique reflections 447 1 
Reflections with I 2 3u(I)  1758 
Number of variables 253 
R 0.049 
RW 0.055 
S 2.198 
Mean A/u (final cycle) 0.001 
Max A/u (final cycl?) 0.005 
Residual density ( e / ~ ' )  -0.17 to $0.27 

"Temperature 294 K, Enraf-Nonius CAD-F diffractome- 
ter, Mo-K, radiation (hLm,  = 0.70930, X L L r 2  = 0.71359 A),  
graphite monochromator, takeoff angle 2.7", aperture (2.0 + tan 
0) x 1.0 mm at a distance of 173 mm from the crystal, scan 
range extended by 25% on both sides for background measure- 
ment, u2(I) = C + 2B + [0.04(C - B)]' (C = scan count, B = 
normalized background count), function minimized: ZII~(~F,I - 
IF,1)' where w = i /uL(F), R = XIIF,( - IF,II/ZIF,I, R,,. = 
(ZIV(IF,J - ~ F ~ ~ ) ' / Z ~ ~ ~ ~ F ~ , ~ ' ) ~ ~ ~ ,  S = (ZW(~F~,~ - lFcl)2/(~~~ - ,I))"'. 
Values given for R,  R,,, and S are based on those reflections with 
I 2 3u(I). 

"Reduced cell. 

chromatography on 240 g of silica gel, 15 : 1 petroleum ether - EtZO; 
distillation temperature 70-8O0C/0.03 Torr). The diene 65, a col- 
orless oil, exhibited ir (neat): 1726, 1649, 813 cm-I; 'H nmr 
(400 MHz) 6: 0.96 (t, 3H, J = 7 Hz), 1.24-1.83 (m, 7H), 1.94- 
2.13 (m, 5H), 2.31 (br d, IH, J = 12 Hz), 2.59 (br d, IH, J = 
12 Hz), 3.64 (s, 3H), 5.41 (dt, l H ,  J = 2, 7 Hz), 5.73 (t, lH ,  J = 
4 Hz). Exact Mass calcd. for CISH2102: 234.1620; found: 234.16 18. 

Preparation of the p-nitrobenzoate 69 
To a solution of the diene 64 (215 mg. 0.6 13 mmol) in dry THF 

(10 mL) was added a solution of n-Bu,NF in THF (1.23 mL of a 
1 M solution, 2 equiv.). The resulting mixture was stirred at room 
temperature for 3 h and then was poured into water (25 mL). The 
organic phase was removed and the aqueous phase was extracted 
with Et,O (2 x 25 mL). The combined organic phases were dried 
(MgSO,) and concentrated. The residual oil was dissolved in dry 
CH,Cl, (20 mL). To the resulting solution of the alcohol 68 was 
added, sequentially, Et,N (1.53 mL, 1.23 mmol), 4-N,N-(dimeth- 
y1amino)pyridine (7 mg, 0.06 mmol), and p-nitrobenzoyl chloride 
(153 mg, 0.41 mmol). The mixture was stirred for 15 min and then 
was poured into water (25 mL). The layers were separated and the 
aqueous phase was extracted with CH2C1? (2 X 25 mL). The com- 

TABLE 4. Final positional (fractional x lo4) and isotropic thermal 
parameters (U X 10' A') with estimated standard deviations in pa- 

rentheses 

Atom .T y 7 ucq 

TABLE 5. Bond lengths (A) with estimated standard deviations in 
parentheses 

Bond Length (A) Bond Length (A) 

bined organic phases were dried (MgSO,) and concentrated. Flash 
chromatography (27 g of silica gel, 8 :  1 petroleum ether - Et@) 
provided 94 mg (45%) of the diester 69, which exhibited mp 131- 
132°C (from hexane): ir (CHCI,): 17 19, 1609, 1530, 1347 cm-I; 
'H nmr (400 MHz) 6: 1.40-2.40 (m, 12H), 3.62 (s, 3H), 5.00 (ddd, 
lH,  J = 2, 6 ,  12 Hz), 5.07 (dd, IH,  J = 7.5, 12 Hz), 5.50(ddd, 
1 H , J =  1 . 5 , 6 . 7 . 5 H z ) , 5 . 6 6 ( d d ,  I H , J =  3 , 4 H z ) , 8 . 2 4 ( d , 2 H ,  
J = 9 Hz), 8.29 (d, 2H, J = 9 Hz); ')c nmr (75.3 MHz) 6: 18.9, 
24.3, 25.6, 35.7, 36.9, 38.1, 49.4, 51.8, 63.9, 118.1, 123.4, 
127.5, 130.6, 135.7, 135.9, 146.6, 150.4, 164.6, 176.4. Exact 
Mass calcd. for C,,H,,NO,: 385.1525; found: 385.1531. Anal. 
calcd. C 65.44, H 6.02, N 3.63; found: C 65.36, H 5.94, N 3.48. 
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TABLE 6. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Angle (deg) Bonds Angle (deg) 

( C l 1 ) - 0 - ( 2  117.0(3) C( I)-C( 10)-C(9) 115.8(3) 
C(14)-O(3)-C(15) 1 15.8(3) C( 1 )-C(10)-C( 13) 122.1(3) 
O(5)-N-O(6) 124.0(4) C(9)-C( 10)-C( 13) 122.0(3) 
O(5)-N-C( 19) 117.5(4) O( I )-C( 11)-0(2) 121.7(3) 
O(6)-N-C( 19) 118.6(4) O(1)-C(11)-C(6) 113.3(3) 
C(2)-C( 1 )-C(6) 121.3(3) O(2)-C(11)-C(6) 125.0(3) 
C(2)-C(1)-C(I0) 123.4(3) C( 10)-C(13)-C(14) 125.3(3) 
C(6)-C( I )-C( 10) 115.3(3) O(3)-C( 14)-C( 13) 107.6(3) 
C(1)-C(2)-C(3) 125.5(3) O(3)-C( 15)-O(4) 123.7(4) 
C(2)-C(3)-C(4) 112.1(3) o(3)-C(15)-C( 16) 114.1(3) 
C(3)-C(4)-C(5) 110.0(3) O(4)-C( 15)-C(16) 122.2(4) 
C(4)-C(5)-C(6) 112.8(3) C(15)-C(16)-C(17) 122.9(4) 
C( 1)-C(6)-C(5) 1 1 1.0(2) C( 15)-C(16)-C(2 1) 1 17.9(3) 
C( 1)-C(6)-C(7) 109.0(2) C(17)-C(16)-C(21) 1 19.2(3) 
C(1)-C(6)-C(1 I) 11 1.6(2) C(16)-C( 17)-C(18) 120.5(3) 
C(5)-C(6)-C(7) 109.6(2) C(17)-C(18)-C(19) 118.4(3) 
C(5)-C(6)-C( 1 1) 107.8(2) N-C(19)-C(18) 118.9(3) 
C(7)-C(6)-C(11) 107.8(2) N-C( 19)-C(20) 1 18.4(3) 
C(6)-C(7)-C(8) 1 12.7(3) C( 18)-C(19)-C(20) 122.6(3) 
C(7)-C(8)-C(9) 1 1 1.4(3) C( 19)-C(20)-C(2 1 ) 1 18.9(3) 
C(8)-C(9)-C( 10) 110.8(3) C( 16)-C(21)-C(20) 120.3(3) 

X-ray crystallogrnphic nnnlysis of the p-rzitrobetzzonte 69 
Crystallographic data appear in Table 3. Final unit-cell param- 

eters were obtained by least squares on 2 sin O/h values for 25 re- 
flections with 20 = 30-40". The intensities of three standard 
reflections, measured each 4000 s of X-ray exposure time 
throughout the data collection, showed only small random fluc- 
tuations. The data were corrected for Lorentz and polarization ef- 
fects but, in view of the low value of p, not for absorption.' 

The spucture analysis was initiated in the centrosymmetric space 
group P1,  this choice being verified by subsequent calculations. The 
structure was solved by direct methods, the coordinates of all non- 
hydrogen atoms being detemlined from an E-map. In the final stages 
of full-matrix least-squares refinement the non-hydrogen atoms were 
refined with anisotropic thermal parameters. Hydrogen atoms 
were fixed in idealized positions (methyl orientation based on ob- 
served positions, c(s~')-H = 0.97 A, c ( s p 3 ) - ~  = 0.98 A,  
UH UhondL.do,om). Neutral atom scattering factors were taken from 
ref. 17. Final positional and equivalent isotropic thermal parame- 
ters (U,, = f trace of diagonalized U) for the non-hydrogen atoms 
are listed in Table 4. Bond lengths and angles are given in Tables 
5 and 6,  respectively. Hydrogen atom parameters, anisotropic 
thermal parameters, intra-annular torsional angles, a complete listing 
of torsion angles, and measured and calculated structure factors 
(Tables S 1-S5) have been supplied as supplementary material ." 

 he computer programs used include locally written programs 
for data processing and locally modified versions of the follow- 
ing: ORFLS, full-matrix least squares, and ORFFE, function and 
errors, by W. R. Busing, K. 0 .  Martin, and H. A. Levy; FORDAP, 
Patterson and Fourier syntheses, by A. Zalkin; ORTEP 11, illus- 
trations, by C. K. Johnson; AGNOST, absorption corrections, by 
J. A. Ibers; MULTAN 80, multisolution program by P. Main, S .  
J .  Fiske, S. E. Hull, L. Lessinger, G. Germain, J .  P. Declercq, and 
M. M. Woolfson. 

"These data may be purchased from: The Depository of Unpub- 
lished Data, Document Delivery, CISTI, National Research Council 
Canada, Ottawa, Canada KIA 0S2. 

Table S 1 (hydrogen atom parameters) has also been deposited 
with the Cambridge Crystallographic Data Centre and can be ob- 
tained on request from the Director, Cambridge Crystallographic 
Data Centre, University Chemical Laboratory, Lensfield Road, 
Cambridge, CB2 IEW, U.K. 
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OLIVER E. EDWARDS, DUSAN DVORNIK, RALPH J. KOLT, and BARBARA A. BLACKWELL. Can. J.  Chem. 70, 1397 (1992). 
Imines derived from the alkaloid atisine gave N-acetyl 1,20-cycloatidane derivatives when heated with acetic anhy- 

dride. Vigorous alkaline hydrolysis cleaved the cyclopropane ring, regenerating the parent imine. The 'H and "C NMR 
spectra of several 1,20-cyclo derivatives have been assigned and compared to those of the parent imines 2. All of the 
N-acetyl compounds showed doubling of the majority of the NMR resonances, due to amide rotamers. The effects of 
the cyclopropane ring current are noted. 

OLIVER E. EDWARDS, DUSAN DVORNIK, RALPH J. KOLT et BARBARA A. BLACKWELL. Can. J .  Chem. 70, 1397 (1992). 
Par chauffage avec I'anhydride acCtique, des imines provenant de I'alcaloi'de atisine conduisent a des dCrivCs du N- 

acCtyl 1,20-cycloatidane. Une hydrolyse alcaline vigoreuse coupe le cyclopropane en rCgCnCrant l'imine de dCpar-t. On 
a attribuC les spectres RMN du 'H et du "C de plusieurs dCrivCs 1,20-cyclo et on les a comparCs a ceux des imines par- 
entes 2. Dans les spectres RMN des composCs N-acCtylCs, on observe pratiquement toujours un dtdoublement des 
rksonances; ce rCsultat est attribuable a la prksence des rotamkres de l'amide. On a not6 les effets du courant de cycle 
du cyclopropane. 

[Traduit par la rkdaction]. 

During the course o f  o u r  early work o n  the structure o f  eq. [ I ] .  T h e  formula required that a new double bond o r  ring 
atisine 1 and  related diterpenoid alkaloids, attempts were had been formed,  since the infrared spectrum showed the 
made  to use the readily available (1) imine (azomethine) 2 exocyclic methylene to b e  unchanged. Oxidation o f  the 
to  obtain the nitrogen-free skeleton. O n e  of  these ap- product with potassium permanganate gave  a hydroxy acid 
proaches succeeded (2) ,  but another, based o n  a hoped-for analyzing for  C2,H,,N0,. This ,  and  the analyses and  IR 

spectra of  its methyl ester and the dihydroxy acid produced 
13 by gentle alkaline hydrolysis,  indicated that only the ally1 

acetate group had been oxidized as  in eq .  [2], and hence 
confirmed this function w a s  intact in the unknown product. 

OH 

0 Ac 0 Ac 
1 2 

sequence shown in eq.  [ I],  was abortive (3). This paper deals 
with the structure of  the major product formed in the reac- 

AcO, , I ,H 
\ ,  CHO 

tion with acetic anhydride, and  its anomalous alkaline 
cleavage to parent imino alcohol 2 (R=H). 

Results 

T h e  main product formed when 2 was  heated in refluxing 
acetic anhydride for  2 0  h was an 0,N-diacetyl  compound 
(neutral, v,,;,, 1725 and 1630 cm-I) analysing for C2,H3,N03 
This result was confirmed by Pelletier and Parthasarathy (4). 
T h u s  it did not have the new 0-acetyl  group expected f rom 

Finally, a 6 0  M H z  'H N M R  spectrum indicated the ab- 
sence of any new vinyl hydrogen. Thus it appeared that a new 
ring had been formed.  It was  suggested that this was  an 
aziridine ring and that the product from 2 had structure 3 (3). 

T h e  formation of  3 and  its hydrolysis under  vigorous alka- 
line conditions back to 2 (R=H) could b e  rationalized (3). 

- 

' ~ u t h o r  to whom correspondence should be addressed at De- 
partment of Chemistry, Carleton University, Ottawa, Ont., Canada 
K1S 5B6. 

'This represents publication no. 1344 from the Plant Research 
Center. 
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However, reinvestigation of the problem using more so- 
phisticated NMR equipment and techniques showed clearly 
that three hydrogens were present on carbons attached to ni- 
trogen (6 2.6-3.9) instead of the two required for 3. It was 
thus clear that a new carbocyclic ring was present instead of 
the aziridine ring. Mechanistic considerations (see discus- 
sion) and the spectra (I3c NMR showed the sequence -CH,- 
NAc-CH-) suggested structures 4 (R=Ac) or 5 for the 
product, with 4 strongly favoured. Finally an X-ray crystal- 
lographic analysis confirmed that structure 4 (N-acetyl 

15-acetoxy - 1,20 - cyclo- 16,17- didehydro-4-methylatidane) 
was correct (5). The hydroxy acid derived from 4 thus had 
structure 6. Simplified analogues of 4, compounds 7, 8, and 
9, were prepared in early studies of the reaction. 

The slow hydrolysis of 4 in triethylene glycol containing 

potassium hydroxide at 150°C to give imino alcohol 2 (R=H) 
was confirmed repeatedly. 

Discussion 
The first reactive intermediate in the formation of 4 was 

undoubtedly the N-acetyl cation 10 (some charge delocali- 
zation onto nitrogen). The formation of a cyclopropane ring 

from such a cation has parallels in the chemistry of mono- 
terpenes and the behaviour of a-acyl carbocations (6, 7). The 
biochemical formation of cyclopropane rings is a vital part 
of the squalene-to-steroid pathway in plants. However, at- 
tempts to duplicate this in the laboratory have so far failed 
(8). Thus a delicate balance seems to exist between an ini- 
tial cation A, corner-protonated cyclopropane B, edge-pro- 
tonated cyclopropane C, and rearranged (Wagner-Meenvein) 
cation D as illustrated in eq. [3]. The counterion or sol- 

vent can capture ions A and D or remove a proton from C 
to give the cyclopropane (6). The edge-protonated cyclo- 
propane precursor to 4 would be cation 11. 

The alkaline hydrolysis of 4 to give 2 (R=H) was sur- 
prising. It was first discovered when 4 was subjected to 
Wolff-Kischner reduction conditions in the hope that the 
compound had the amido aldehyde structure shown in eq. [ l] .  
We view the cleavage as an analogue of the Haller-Bauer 
fission of non-enolizable ketones (9). The ready base-initi- 
ated cleavage of cyclopropanes with heavy electronegative 
loading is a well-known phenomenon (10). 

Thus the process can be visualized as attack of hydroxide 
ion on 4 to give anion 12, followed by cleavage to anion 13. 
Then proton abstraction from solvent would give 2 (R=H) 

(eq. [4]). The overall conversion to 4 and reversion to 2 is 
efficient enough (30%) that the reaction could be used as a 
method of masking the reactive imine function while other 
transformations were carried out on the molecule. 

n 

NMR spectra 
The and 'H NMR spectral assignments for the parent 

azomethine 2, the 1,20-cyclo amides 4, 7,  8, and 9, and the 
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EDWARDS ET AL. 1399 

reference N-acetyl compound 16 determined by a variety of 
2D NMR experiments are given in Tables 1 and 2. The 
spectra of the N-acetyl 1,20-cyclo derivatives are notewor- 
thy because of the long-range effects of the N-acetyl group, 
the anisotropic shielding due to this group, and a marked 
shielding by the cyclopropane ring. Molecular models sug- 
gested t ha t~ l6  had a normal chair conformation for ring A 
in contrast to the 1,20-cyclo cases in which ring A is con- 
siderably flattened (5). This probably results in moving the 
~ - a c e t ~ l  group closer to r i n i ~ ,  with some effect on chem- 
ical shifts. 

The NMR spectra of the starting material (2) showed the 
presence of only one form in solution (CDCI,) and therefore 
was the simplest to assign. The "C assignments afforded by 
'H/'H and ' H / ' ~ c  correlation spectra agreed for the most part 
with those previously reported by Mody and Pelletier (1 1). 
The only exce tion was a reversal of the assignments to C-1 P and C-3. The H/ 'H correlation spectrum discriminates be- 
tween the spin systems on carbons 1, 2, and 3 and those on 
5, 6, and 7. This enabled assignment of resonances at 1.3 and 
1.44 pprn to H-2 and at 1.05 and 1.55 pprn to C-6. These 
resonances correlate in the HETCOR spectrum with meth- 
ylenic resonances at 20.1 and 19.5 pprn respectively. The 
assignment of H-5 to 0.99 pprn is confirmed by the pres- 
ence of W-coupling to H-20. C-l and C-3 are distinguished 
by the presence o f ~ - c o u ~ l i n ~  of the protons of position 3 
to those on C- 19. These H-3 signals at 1.2 and 1.4 pprn 
correlate to the carbon resonance at 42.4 ppm. The anisot- 
ropy of the C=N group seems responsible for the rather large 
chemical shift difference between the a and P hydrogensbn 
C-6 (0.5 ppm) and C-7 (0.65 pprn). The assignment of the 
quaternary positions C-4, C-8, and C-10 was confirmed by 
heteronuclear correlation optimized for long-range cou- 
pling. The resonance at 42.5 pprn showed correlation to 
proton resonances assigned to H- 1, H-9, and CH3- 18, while 
ihe resonance at 37.9 ppm showed correlation to proton res- 
onances assigned to H- 15, H- 14, H- 11, and H-6, thus en- 
abling assignment of these resonances to C-10 and C-8, 
respectively. The assignment of C-4 to the quaternary res- 
onance at 32.3 pprn is confirmed by correlation to the pro- 
tons on C-5 and C- 18. 

A major feature of the NMR spectra of the N-acetyl de- 
rivatives near room temperature is the doubling of most sig- 
nals due to the presence of two rotamers about the CO-N 
bonds (Tables 1 and 2). The effect is most marked for those 
resonances in close proximity to the nitrogen, i.e., posi- 
tions 19 and 20, as well as 18, 4, and 10, but extends even 
to position 17. The extent of doubling is more easily seen in 
the '" spectra, since the 'H spectra are complicated by 
homonuclear coupling and extensive overlap in the methyl- 
ene region. The effect of the cyclopropane ring is seen by 
comparing the chemical shift assignments of compounds 2 
and 16 with 4. 

The NMR spectra of 4 were assigned by a combination of 
techniques. The combined information from DEPT and 'H/  
'" correlation spectra permitted the assignment of the 
methylene protons in the highly overlapped region (0.5- 
2.5 ppm) in the 'H spectrum. 'H/'H correlation and RELAY 
spectra distinguished between the coupled systems H- 1, H-2, 

j~ l t hough  atisine belongs to the ent series, we have used a and 
p in the original steroid sense, i.e., below and above the main plane 
of the molecule. 

and H-3; H-5, H-6, and H-7; and H- 12, H-13, H-14, which 
are the three similar CH-CH,-CH, systems in the molecule. 
Finally, a long-range heteronuclear correlation spectrum 
confirmed the assignment of the quaternary carbons. The 'H/ 
13 C correlation spectrum of 4 (Fig. 1) illustrates these points. 
The projections of the spectrum are the single pulse 'H/"c 
s ectra that show the effect of the amide anisotropy. Every P '-c resonance is doubled, with the exception of the methyl 
resonance of the OAc group, the effect varying from 3 pprn 
at C-19 to 0.1-0.2 pprn at C-8 and C-9. In general, the ef- 
fect decreases with distance from the amide bond. How- 
ever, some unusually long-range effects occur at C-7 
(0.7 ppm), C-13 (0.6 ppm), and C-17 (0.5 pprn). The pop- 
ulation of the rotamers in deuterochloroform is approxi- 
mately 2: 1 .  The 'H spectra of the N-acetyl compounds were 
also doubled where the signals were simple enough to per- 
mit analysis (Table 1). Again the most dramatic shifts were 
for hydrogens close to the amide function, but the effects 
were noted as distant as C- 17. 

A parallel observation was made earlier on the long-range 
effect of remote polar substituents in rigid molecules on the 
pK, of a basic nitrogen (3, 13). Three possible causes of these 
effects could exist: through bond effects, trans spatial ef- 
fects through the centre of the molecule, or solvent shell re- 
organization. In view of the long-range effects observed, and 
the fact that these effects vary with solvent, we now favour 
the latter possibility. Figure 2 shows the effect of tempera- 
ture on the rotamer opulation of 4 in dimethylformamide 

P3 (DMF). The 'H  and C spectra at room temperature (30°C, 
A and B) again show doubling, although the rotamer popu- 
lation in this solvent is now 1 : 1, and the magnitude of the 
effect as seen on the resonances due to H-15 and H-17 is 
different. At 125°C (C and D), the doubling collapses re- 
versibly and there are some temperature-induced chemical 
shifts. Thus the barrier to rotation in the amide is large. 
However an X-ray crystallographic study of compound 4 
showed that it crystallizes as one amide rotamer (5). The 

'H NMR data for 4 show that H-20 of the major isomer in 
solution resonates at higher field than the minor isomer 
(3.8 ppm). In addition, the chemical shift difference for the 
two hydrogens on C-19 is much larger (0.7 ppm) for the 
major isomer than for the minor one (0.2 ppm). This would 
be expected if the dominant isomer was one in which the 
carbonyl of the N-acetyl group was oriented towards C-19. 
Thus the dominant rotamer in deuterochloroform is the op- 
posite to the one observed for the crystals (5) (see 14). 

The cyclopropane ring of the 1,20-cyclo compounds had 
two important effects on the 'H  NMR spectra. The well- 
known effect on protons attached to the ring resulted in up- 
field shifts of H-1 to near 0.9 pprn and of H-20 to near 
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TABLE 1. 500 MHz 'H NMR chemical shift assignments (ppm from TMS, 6 o f  minor rotamer in 
parentheses) 

Proton no. 2 4 

Proton no. 

1.03 ( m )  
1.65 ( m )  
1.28 ( J A B  = 13.3) 
1.45 ( JZ , s  = 4.3; J3,19 = 2.5) 
1.19 ( J A B  = 13.9) 
1.41 J,,, = 12.3; 4.5) 
0.99 (m) 
1.07 
1.59 
1.09 ( J A B  = 14.2; J7.6 = 10.0) 
1.78 (57.6 = 7 .  I )  
1.79 (J9 , , ,  = 2.2; J,,,, = 10.0) 
1.70-1.74 ( m )  

2.35 (512.13 = J12.11 = 3.0) 
1.53-1.57 ( m )  

0.85 ( J A B  = 15.1; J14,cJ = 2.2) 
1.88 ( J I 4 , , ,  = 11.0, 4.5)  
3.65 (J , , , , ,  = 1.5) 

- 
5.00 
5.06 (J I7 , ,5  = 1.5) 
0.80 ( s )  
3.38 ( d ,  J1'),3 = 2.5) 

7.9 (brs) 
- 

- 

0.92 (0.90) ( t ,  J,,>, = JI ,> = 7.4)  

1.89 ( J A B  = 14.5; Jl ,> = 7 .4 )  
1.47 ( J2 , s  = 1.2; 9.5) 
1.25 
1.39 
1.25 ( m )  
1.30 
1.57 
1.22 
1.27 
2.27 (2.20) ( J 9 , 1 1  = 5.8, 11.7;J9,1, = 1.9) 
0.70 (0.84) ( J l l a , l l  = 2.6; J l lu .9  = = 5.8) 
1.42 ( J A B  = 13.5) 
2.23 (2.20) (J12.11a = 2.6; J12 .13  = 3.0) 
1.54 
1.42 
0.98 (J9 ,14a  = 1.9; JAB = 12.1) 
1.99 (JI,, , , ,  = 4.5)  
5.18 (5.17) ( J , , ,  = 2.0) 

- 

4.84 (4.80) ( J 1 7 , 1 s  = 2.0) 

0.79 (0.81) ( s )  
2.83 (2.99) (J,, , ,  = 1.7) 
3.47 (3.12) ( J A B  = 13.6 (11.8))  
2.87 (3.78) ( J z0 , ,  = 7.4 (8.1))  
2.1 1 (2.10) 
2.08 

0.89 ( t ,  J ,,,, = J,,? = 7.3)  
1.81 ( m )  
1.50-1.57 ( m )  
1.17-1.38 ( m )  
1.50-1.57 
1.17-1.38 
1.17-1.38 
1.50-1.57 
1.17-1.38 
1.16 
0.49 (ddd) 
1.60 ( m )  
2.40 (2.38) ( m )  
1.50-1.57 
1.17-1.38 
0.77 ( m )  
1.91 ( m )  
5.96 ( d ,  JI5,16 = 8.1) 

6.21 (dd,  JI6,l5 = 8.  1 ;  JI6,12 = 6.5)  

- 

0.83 (0.85) ( s )  
2.88 (3.00) ( J A B  = 13.6 ( 1  1.7)) 
3.50 (3.17) 
2.90 (3.78) (Jz,, ,  = 7.3 (8.0))  
2.15 (2.14) 

0.95 ( t ,  J1,20 = = 7.4)  
1.90 ( m )  
1.50-1.57 ( m )  
1.15-1.25 ( m )  
1.29-1.38 ( m )  
1.29 
1.15-1.25 
1.50-1.57 
1.29-1.38 
1.82 (1.75) (J , , , ,  6 .0,  1.2; J,,,, = 2.1) 
0.62 (0.78) (JAB = 13.6; J11.,2 = J11,13 = 3.1) 
1.29-1.38 
1.50-1.57 
1.50-1.57 
1.29-1.38 
0.87 ( m )  
1.91 ( m )  
1.29-1.38 
1.15-1.25 
1.50-1.57 
1.29-1.38 

- 

0.81 (0.83) ( s )  
2.86 (2.99) (J , , ) , ,  = 2.0) 
3.48 (3.13) ( J A B  = 13.6(11.7)) 
2.89 (3.78) (J,,,, = 7.4(8.1))  
2.14 (2.13) 

- 
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EDWARDS ET A L  

TABLE 1 (concluded) 

Proton no. 9 16 

0.99 (0.98) (t, J1.,,3 = JI., = 7.2) 

1.92-2.04 (m) 
1.55-1.65 (m) 
1.20 (m) 
1.55-1.65 
1.32-1.35 (m) 
1.32-1.35 
1.55-1.65 
1.28 (m) 
1.36 (m) 
2.34 (2.28) (dddd, J9,14 = 2.3; 

J9,11 = 5.7, 11.8) 
0.65 (0.82) (JAB = 13.5; 

J I I ~ . I ?  = 2.6; Ji1,,9 = 5.7) 
1.42 (m) 
1.69 (1.64) (m) 
1.32-1.35 
1.50 (m) 
0.94 (0.88) (m) 
1.92-2.04 (m) 
4.58 (dd, J15,1h = 3.5, 9.9) 
1.32-1.35 
2.15-2.20 

- 

0.85 (0.87) (s) 
2.89(3.04)(JAB = 13.5(11.6)) 
3.52 (3.17) (.Il9., = 2.1) 
2.91 (3.82) (d, JzO, l  = 7.5 (8.2)) 

1.00-1.07 (1.13) (m) 
1.87 (dt, JAB = J I , Z  = 12.7; J1., = 5.5) 
1.39-1.43 (m) 
1.64-1.75 (m) 
1.39-1.43 
1.57-1.63 
0.94 
1.35 
1.47-1.55 (m) 
1.19-1.28 

1.47-1.55 
1.64-1.75 
2.31 (2.33) (t, J,,,,, = J,,.,, = 2.6) 
1.47-1.55 

1.00-1.07 (m) 
2.00 (dd; JAB = 14.8, J14,13 = 7.5) 
5.04 (J,,,,, = 2.0) 

4.83 (4.88) 
4.95 (4.97) 
0.82 (0.80) (s) 
3.08 (3.50) (12.9 (JAB = 13.2)) 
3.26 (3.55) (.Il9,, = 2.0 (2.4)) 
4.40 (4.10) 
2.99 (2.59) (JAB = 13.8(13.6); 

J20,1 = 2.2(2.0)) 
2.03 (2.06 
2.08 (2.09) 

2.9 pprn in the major rotamer. The second major effect was 
on the 1 l a  hydrogen. As illustrated in 15 this hydrogen is 
close to and orthogonal to the plane of the cyclopropane ring. 
As was observed earlier (12), the cyclopropane "ring cur- 
rent" shields this zone. As a conseauence the l l a  hvdro- 
gens resonate between 0.5 and 0.75 pprn in the major 
rotamers (Table 1). The magnitude and sign of the smaller 
effect on the other hydrogens is made uncertain by chang- 
ing proximity of these to the amide group in the 1,20-cyclo 
compounds compared to the reference amide 16. 

The H-5 resonance shifts from 0.95 in 16 to near 1.4 in 
the 1,20-cyclo examples. Since not much effect from the ring 
current is expected, it appears that a change in relation to the 
anisotropic amide function as ring A flattens in the 1,20-cy- 
clo compounds is responsible for this (see above). 

In all the compounds studied there was a large geminal 
shift difference (ca. 1 ppm) between the 14-hydrogens. This 
is a consequence of the proximity of the 14a hydrogen to the 

C=N or arnide functions, resulting in marked shielding (see 
ref. 5). Similar proximity between hydrogens on 14 and 20 
has been invoked to account for the abnormal basic strength 
of atisine-type oxazolidines (3, 13) (note the numbering 
change). 

Comparison of the NMR spectra of the 1,20-cyclo 
amides with 16 reveals the expected large upfield shift for 
C-1 (to ca. 13 ppm), C-10 (to 23 pprn), and C-20 (to 
35 pprn). The C-2 and C-5 resonances are affected to a lesser 
extent (ca. 4 pprn upfield shift) while C-9 is more influ- 
enced by substituents in ring D. Both C-2 and C-6 reso- 
nances are at high field, probably as a result of shielding by 
either the C=N or N-acetyl groups. The reversal of assign- 
ment for these carbons for 16 needs justification. The homo- 
and heteronuclear correlation spectra of 16 showed clearly 
that the resonances at 17.4 pprn correlated with proton res- 
onances at 1.4 and 1.5 ppm. Since these were coupled to H-5 
at 0.95 ppm, this confirms the assignment of this signal to 
C-6, hence the signal at 20.9 to C-2. Again we suggest that 
16 has ring A in a chair conformation with the N-acetyl group 
closer to ring A than in the 1,20-cyclo analogues, resulting 
in the changed shielding. 

Experimental 

Infrared spectra were obtained on a Perkin-Elmer model 683 
grating spectrophotometer in dichloromethane solutions, unless 
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TABLE 2. 125 MHz "C NMR chemical shift assignments (ppm from TMS, chemical shifts of minor rotamer in 
parentheses) 

Carbon no. 2 4 7 8 9 16 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

OAc 

otherwise indicated. Initial NMR spectra were obtained on Varian 
EM360 and Bruker WP80 spectrometers. For assignment pur- 
poses, 'H and l , ~  NMR spectra were obtained at 500.13 and 
125.77 MHz, respectively, on a Bruker AM 500 spectrometer. 
Samples of 10-20 mg were dissolved in deuterochloroform and 
chemical shifts are referenced to CDCI, at 7.24 ppm and 
77.0 ppm for 'H and "c, respectively, and are reported relative to 
tetramethylsilane (TMS). 'H NMR assignments were made using 
'H/ 'H homonuclear shift correlation (COSY-45) and, occasion- 
ally, relayed coherence transfer (RELAY). In all cases, the data 
matrix was acquired as 5 12W by 2KW data set and zero-filled in 
F 1 to give a final digital resolution of 1.8 Hz/pt. "C NMR spec- 
tra were assigned with the aid of DEPT and 'H/"c correlation 
spectra (HETCOR). HETCOR spectra were acquired as 256 FID's 
of 4K each. Sine-bell squared functions shifted n / 4  in F I and n/  
2 in F 2  were used for processing. The matrix was zero-filled in F 1 
and spectra were plotted as power spectra. The resolution was 
sufficient to assign the rotamer pairs belonging to each position in 
compounds 4, 8, and 16. The assignments of the quaternary car- 
bons 4,  8 ,  and 10 in compounds 2 and 4 were confirmed using 
heteronuclear correlation optimized for long-range coupling ac- 
quired in inverse mode. Over a narrow "C sweep width (15- 
50 ppm), 128 FID's of 2K each were obtained, using a 0.7 s delay 
optimizing for Jo = 7 Hz. 'H  NMR spectra in the text were ob- 
served at 60 MHz unless otherwise indicated. 

Azomethitle ucetute 2 (R=Ac) 
This was prepared as described earlier (1). An 80% yield was 

obtained after purification. It had mp 151-153°C and gave 'H NMR 
signals at 7.85 ( lH,  brs), 5.13 ( lH,  brs), 4.97 (IH, brs), 3.37 (2H, 
brs), 2.13 (3H, s), and 0.80 (3H, s). A modified version of this 
internal Hoffman reaction was reported by Mody and Pelletier (1 L )  
to give a 9 1 % yield. 

Azotnethitle nlcohol2 (R=H) 
Hydrolysis of 2 (R=Ac) using KOH in refluxing methanol gave 

the alcohol. It formed shimmering plates from acetone. mp 179- 
180°C, and gave 'H NMR signals (250 MHz, C6D6) at 7.91 ( lH,  
q,  Jl  = 4,  Jz = 2 HZ), 5.12 ( l H ,  t, J = 1.7 HZ), 4.98 ( IH,  t, J = 
1.9Hz), 3.63 ( lH,  brs,OH), 3.48(2H, d, J = 2.6Hz),2.58(1H, 

brs), 2.15 ( IH,  t, J = 2.9 Hz), and 0.64 (3H, s). Its I3c spectrum 
is given in Table 2. 

N-Acetyl15-uceroxy-l,20-c~~clo-16,I7-didehydro-4- 
merhyluridutle (4, R=Ac) 

The initial experiments leading to 4 involved heating 2 in 17% 
(v/v) acetic acid in acetic anhydride containing 4% by weight of 
sodium acetate at 145OC for 24 h. When the sodium acetate, then 
the acetic acid, were eliminated the yield increased moderately. 

Azomethine acetate 2 (R=Ac) (5 19 mg) in 8 mL of acetic acid 
was kept in a bath at 145-150°C for 27.5 hr. The mixture was then 
evaporated to a thick syrup at 60°C under 0.5 Torr (1 Torr = 
133.3 Pa). The residue was heated for 15 min in methanol, then 
the solvent removed in vncuo. The product was dissolved in 15 mL 
of dichloromethane. Two extractions with 5-mL portions of 6 N 
sulfuric acid were followed by a sodium carbonate wash (emul- 
sion, centrifuged). The aqueous layers were reextracted with 
10 mL of dichloromethane. The combined dichloromethane solu- 
tions yielded 685 mg of gum. This crystallized from acetone- 
hexane solution giving 445 mg of crude 4 (R=Ac). After recrys- 
tallization, and recovery of more material from mother liquors by 
separation on silica gel plates using 20% hexane in ethyl acetate, 
299 mg (5 1%) of nearly pure N-acetyl cyclopropane acetate was 
obtained (mp 195-198°C). No other neutral product was charac- 
terized. 

Further recrystallization from acetone - ethyl acetate gave 4 
(R=Ac) as la;hs with mp 196-199°C. It had [klD +80 (F1 .0  in 
ethanol) and v,,,,, (CHC1,): 1725, 1630, and 905 cm-'. Its 'H NMR 
spectrum had signals at 6: 5.25 ( lH,  brs), 5.07-4.83 (2H, m), 3.9- 
3.35 ( l H ,  m), 3.2-2.6 (2H, m), 2.16 (6H, s), and 0.87 (3H, s). 
Its I3c NMR spectrum (125 MHz) is reported in Table 2. Anal. 
calcd. for CI.,H,,NO,: C 75.16, H 8.67, N 3.65; found: C 75.07, 
H 8.73, N 3.58. 

N-Ac(,tyl 1,20-cyclo-15-hydro,rj~-I6,17-dide/zydro-4- 
tnc.rhy1nridnne (4, R=H) 

Hydrolysis of acetate 4 (R-Ac) using a refluxing solution of 
KOH in 90% methanol - 10% water, then chromatography on a 
20-fold ratio of neutral alumina (act. 2-3) gave a 61% yield of 
nearly pure alcohol, mp 188°C. Recrystallization from methanol- 
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2.5 

PPM 

3.0 

PPM 

FIG. 1. I3C/'H correlation spectrum of 4 acquired in CDC13. The projections are shown as the single pulse spectra. The presence of 
the two rotamers can be seen in both spectra, and the assignment of resonances of the minor component are shown in parentheses, for 
those resonances close to the a~nide bond. The correlation spectrum resolves the highly overlapped methylene protons in the 0.5- 
2.5 ppm range of the 'H spectrum. 

ether gave pure material with mp 193-194°C (lit. (4) mp 191- 
192°C). This had v,,,, (CH,CI,): 3590, 34 10, and 1630 cm-I; and 
'H NMR signals at 6: 4.9-5.2 (2H, m), 3.6-4.0 ( 1 H, m), 2.6-3.2 
(2H, m), 2.16 (3H, s), and 0.87 (3H, s).  

Carbosylic acid 6 
A mixture of 18 mL of acetone, 2 mL of water, and 0.5 mL of 

acetic acid was prepared. The N-acetylcyclopropane acetate 4 
(R=Ac) ( 1  85 nlg) was dissolved in 5 mL of this mixture. A so- 
lution of 400 mg of potassium permanganate in 10 mL of the above 
solvent mixture was prepared. Five milliliters of the permanga- 
nate solution was added to the solution of 4.  After 3 h. 2 mL of 
permanganate solution was added. An excess oxidant was still 
present after a further 5.5 h. This was reduced using aqueous so- 
dium hydrogen sulfite, then the manganese dioxide removed by 
filtration. The filtrate and acetone washings were evaporated under 
reduced pressure, then the residue was taken up in dichlorometh- 

. . ane. Acids were extracted into dilute aqueous sodium carbonate 
solution. The residual neutral material weighed 66 mg (some un- 
changed 4). The carbonate solutions yielded 122 mg of acids that 

crystallized readily from acetone. The crystalline acid (79 mg) had 
mp 238-247°C. Recrystallization from methanol gave a product 
with mp 246-247°C (dec.) and v,,,, (Nujol): 3460. 1742, 1719, 
1620, and 1238 cm-' . Anal. (dried 25 h at 100'C, lo-' Torr) calcd. 
for C2JH33N06: C 66.80, H 7.71; found: C 67.22, H 7.74. 

Its methyl ester (CH2N2) crystallized from methanol-ether mix- 
tures with mp 210°C. It had v,,,;,, (Nujol): 3230, 1750 (sh), 1735, 
and 1647 cm-'.  Anal. calcd. for C,,H,,NO,: I-OCH, 6.95; found: 
OCH, 7.02. 

Dihydroxy acid 6 (15-hydroxyl) 
Hydrolysis of acetoxy acid 6 (R'=H, R L A C )  for 1 h in re- 

fluxing methanol containing potassium hydroxide gave the dihy- 
droxy acid. After recrystallization from acetone this had mp 222- 
277°C and v,,,;,, (Nujol): 3060 (br) 1743, 1632, and 1248 cm-'.  
Anal. calcd. for C,?H,,NO,: C 67.84, H 8.02; found: C 67.90, H 
8.01. 

Vigor-ous alkalitze rreattnetzr of4 (R=Ac) 
Crushed potassiuln hydroxide pellets (749 mg) were added to a 

solution of 124 mg of 4 (R=Ac) (mp 195°C) in 4 mL of triethy- 
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lene glycol. The mixture was heated under argon in a bath at 174'C 
for 23 h. The dark solution was cooled, diluted with 10 mL of 
water, then the products extracted into benzene (3 X 5 mL). The 
combined benzene layers were extracted twice with 5-mL por- 
tions of 3 N sulfuric acld. The aqueous layers were made basic using 
sodium carbonate, then the bases were extracted into dichlorol 
methane. The 87 mg of base so obtained crystallized from hexane 
containing a few percent of acetone, yielding 38 mg of 2 (R=H), 
mp 167-169°C. Separation of the mother liquors on a 500 k m  SiOz 
plate using 5% pyridine and 2.5% methanol in dichloromethane 
gave 6 mg (Ri 0.7) rich in 2. The yield of moderately pure 2 (R=H) 
was thus 54%. In comparable runs the yield never exceeded 64% 
based on unrecovered neutral products. However, one of the con- 
taminants of the crude bases was shown to be 4 (R=H), making 
the true yield higher. 

Further plate purification as above, and recrystallization from 
acetone-hexane, gave crystals of base (shimmering plates) with mp 
176-177°C. It showed no mixture mp depression with authentic 2 
(R=H), had [a], - 13 (c 1.1 in absolute ethanol), and gave iden- 
tical IR spectrum and 'H and "C NMR spectra in benzene-d,. 

N-Acetyl 1,20-cyclo-15,16-didehydro-l7-no1--4-n~ethylatidane 7 
The azomethine N,20,15,16-tetradehydro-17-nor-4-methylati- 

dane (1) (151 mg) in 4.5 mL of 15% acetic acid in acetic anhy- 
dride (v/v) was held at 140°C for 24 h in a sealed tube under 
nitrogen. Work-up as for 4 gave 138 mg of neutral product, which 
crystallized. After three recrystallizations from aqueous acetone, 
7 (4 1 mg) had mp 152-153°C and v,,, (Nujol): 1649 cm-I. Its 'H 
NMR spectrum gave signals at 6: 6.45-5.7 (2H, m), 3.9-2.6 (3H, 
m), 2.17 (3H, s), 0.84 (3H, s). Its I3C nmr spectrum is given in 
Table 2. Anal. calcd. for H29NO: C 80.98, H 9.39; found: C 
80.77, H 9.28. 

N-Aceryl 1,20-c~~clo-l7-nor-4-merh~~la~idane 8 
The azomethine N,20-didehydro-17-nor-4-methylatidane (126 

mg) (1) was heated under reflux for 23 h in 17% acetic acid in acetic 
anhydride (v/v). Work-up as for 4 gave a 94% yield of neutral 
product. This was purified by chromatography on a 20-fold ratio 
of neutral alumina activity 111. The hexane and I : 1 benzene-hex- 
ane eluates (80 mg) crystallized from aqueous acetone, giving 8 with 
mp 152-154°C and v,,,, (Nujol): 1645 cm-' . It gave 'H NMR sig- 
nals at 6: 3.9-3.35 (1 H,  m), 3.2-2.6 (2H, m), 2.16 (3H, s), and 
0.84 (3H, s). Anal. calcd. for C2,H31NO: C 80.46, H 9.97; found: 
C 80.36, H 9.88. 

N-Acetyl 15-aceroxy-l,20-cyclo-l7-nor-4-methylaridane 9 
The azomethine N,20-didehydro- 15-hydroxy- 17-nor-4-methyl 

atidane ( I )  (185 mg) in 2 mL of acetic anhydride was heated in a 
bath at 150°C for 24 h under argon. The brown solution was worked 
up as for 4, giving 8 mg of base and 200 mg of neutral product. 
The latter was purified on two 20 cm X 20 cm 1000 k m  silica gel 
plates using 5% methanol in chloroform. The main zone (Ri 0.75) 
gave 155 mg of nearly pure 9. The preceding zone (30 mg) con- 
tained around 20% of 9 and two faster-moving products. The es- 
timated yield of 9 was 71% based on unrecovered base. It could be 
distilled over a short path at 17OoC, 0.1 Torr, or freed from a trace 

of colour by passage of a dichloromethane solution through a short 
bed of Act. I1 neutral alumina. After long standing it crystallized, 
forming prisms from ethyl acetate - heptane, mp 156-159°C. It 
gave 'H NMR signals at 6: 4.60 ( l H ,  q,  JI = 10, J2 = 3 Hz) 3.9- 
2.8 (3H, m), 2.19, 2.18, 2.09, 2.10, 2.19, 2.18 (6H), 0.89, 0.87 
(3H singlets), 0.69-0.61. Its El mass spectrum gave peaks at 
37 1.2504 (G3H3,N03 requires 37 1.2462), 329.236 [M - 

CH,CO]+, and 3 1 1.2277 [M - CH,COOH]+. 

N-Acetyl 15-acetoxy-16,17-didehydro-4-rrzeth~~1atidan 16 
Excess sodium borohydride reduced imine 2 in methanol to give 

the corresponding secondary amine (partial hydrolysis of the ester). 
The product was acetylated at room temperature, using acetic an- 
hydride in pyridine, during 22 h. The reagents were removed under 
reduced pressure, traces of anhydride destroyed using methanol, 
then a dichloromethane solution of the product was washed with 
dilute sulfuric acid, followed by sodium bicarbonate solution. The 
product 16 crystallized as rectangular plates from ethyl acetate, mp 
165-167°C. Its 'H NMR spectrum had signals at 6: 5.05 ( l H ,  s), 
5.0-4.8 (2H, m), 4.45-2.55 (3H, m), 2.4-2.3 ( lH,  m), 2.1, 2.06, 
2.04 (6H), and 0.802, 0.805 (3H). Its "C NMR spectrum is given 
in Table 2. Its EI mass spectrum had a peak at tn/z 385.26192. 
Exact Mass calcd. for Cz,H35N03: 385.26 168. 
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The base-catalyzed cycloaddition and double Michael cyclization of substituted Nazarov reagents and of l-phenyl- 
sulfinyl analogs, with 2-carbomethoxy-2-cyclohexen-I-one 1 yielding cis-decalins is reported. The reaction is highly 
stereoselective affording cis,cis- or cis,trarls-decalins. Mechanistic aspects are briefly discussed. 

JEAN-FRANCOIS LAVALL~E,  CLAUDE SPINO, R ~ J E A N  RUEL, KEITH T. HOGAN et PIERRE DESLONGCHAMPS. Can. J. Chem. 
70, 1406 (1992). 

On dCcrit la cycloaddition catalysCe par des bases des rCactifs de Nazarov substituks, ainsi que d'un analogue 1- 
phCnylsulfinylC, avec la 2-carbomCthoxy-2-cyclohexenone 1 produisant des cis-dCcalines. La rkaction est hautement 
stCrCosClective generant des cis,cis- ou cis,trarzs-dCcalines. Les mkcanisrnes de ces reactions sont brikvement discutes. 

Introduction 
Substituted decalins have been prepared in a number of 

ways, among which the Robinson annelation and the Diels- 
Alder cycloaddition occupy a prominent place (1 ) .  Whereas 
the Robinson annelation usually gives rise to dehydrodeca- 
lins with one new asymmetric center, the Diels-Alder cy- 
cloaddition can produce cis-decalin systems with the 
introduction of up to four asymmetric centers. Decalins have 
been used extensively as intem~ediates in the synthesis of 
numerous natural products, in particular terpenoids and ste- 
roids (1). Thus, the stereocontrolled synthesis of substituted 
decalins is highly desired. Decalins with a 6-alkyl substitu- 
ent at C8 (cis,cis-decalins) have been prepared via a Lewis 
acid-catalyzed Diels-Alder cycloaddition of 2-carbome- 
thoxy-2-cyclohexenone 1 (2) and various substituted 1,3- 
dienes (3). The stereocontrol at the C8-substituent was in the 
order of 7 :  1 in favor of the more desirable P isomer. 

In a preliminary communication we reported the highly 
stereoselective synthesis of cis,cis-decalins via a base-cata- 
lyzed [2+4] cycloaddition of substituted Nazarov reagents 
like 2 with 2-carbomethoxy-2-cyclohexenone 1 (4) (Scheme 
1). We now wish to report a full account of this work, which 
includes cycloadditions between Nazarov reagents substi- 
tuted at positions 4 and 5 and various substituted 2-cyclo- 
hexenones. Their use in the construction of polycyclic 
compounds as well as a novel synthesis of substituted 
Nazarov reagents (5) is also disclosed. In addition, the 
mechanistic aspect of the reaction is discussed briefly. 

Results and discussion 
Sytzthesis of Nazarov reagents 

There are many ways to prepare substituted Nazarov re- 
agents (6,  7).  Bodalski and co-workers (70) as well as Van 
Den Goorbergh and Van Der Gen (7b) report that substi- 
tuted Nazarov reagents like 7 can be obtained in one step from 
the condensation of the phosphonate dianion derived from 6 

'Present address: University of Victoria, Department of Chem- 
istry, P.O. Box 3055, Victoria, B.C.. Canada V8W 3P6. 

' ~u thor  to whom correspondence may be addressed. 

and aldehydes or ketones (Scheme 2). We  prepared the pre- 
viously unknown rert-butyl y-diethoxyphosphono p-keto 
esters 9a  and 96  in 67 and 45% yields by C-phosphoryla- 
tion of the dianion of p-keto esters 8 a  and 8b,  respectively 
(8). The dianion of 9 a  (7c) was condensed with the known 
aldehyde 10a (9), to obtain the substituted Nazarov reagent 
l l a  in 35% yield (Scheme 2). Also, substituted Nazarov re- 
agents l l b  and l l c  were obtained in 76 and 33% yields, re- 
spectively, from the condensation of the dianion of 9a  with 
aldehydes 106 and 10c. The latter were prepared in two 
standard steps from the corresponding diols. The dianions 
of phosphonate 9 a  and the methyl-substituted phosphonate 
96 were condensed with aldehyde 1 2  to give, respectively, 
a 77 and 44% yield of the trans olefinic products 13a and 13b 
as the only detectable isomers. Aldehyde 12  was prepared 
in a 72% yield via the alkylation of the lithium salt of l-tri- 
methylsilylpropyne 1 4  with protected 3-bromo-1-tetrahy- 
dropyranyloxy-propane 15 followed by deprotection and 
oxidation of the resulting product. The cleavage of the silyl 
groups, in 13a and 13b, was effected in 90 and 86% yields, 
respectively, with tetrabutylammonium fluoride in tetrahy- 
drofuran (THF) (10). Treating the resulting products with 
sodium hydride followed by butyllithium generated their di- 
anion whose acylation with methyl chloroformate gave, re- 
spectively, 9 3  and 5 1 % yields of the Nazarov reagents 16a 
and 16b. Selective catalytic hydrogenation of 16a gave 17. 

While this method proved to be highly selective and very 
expedient for the construction of Nazarov reagents with an 
E-double bond, the reaction proved sensitive to the pres- 
ence of functional groups on the aldehyde, as well as sub- 
stitution on the phosphonate reagent, giving somewhat lower 
yields (cf. l l a ,  l l c ,  and 13b). Another, more general, 
method for the preparation of Nazarov reagents is depicted 
in Scheme 3 .  For example, a,@-unsaturated aldehyde 180 
was treated with the zinc enolate of rert-butyl bromoacetate 
19 to produce the corresponding p-hydroxy ester, which was 
oxidized to the desired substituted Nazarov reagent 20a in a 
61% overall yield by treatment with manganese dioxide in 
ethyl acetate. Nazarov reagents 20b-20ci were prepared by 
the same method from the known aldehydes 180-18d (for 
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(a) Cs2CO3 in solvent, 25"C, 3.5 h; (b) p-TsOH in benzene at reflux, 1.5 h ;  (c) CslCO, in acetonitrile, - 15"C, 0.5 h  

SCHEME 1 

18c see ref. 1 1) in 49,  45, and 57% overall yields, respec- 
tively. Aldehyde 18e was synthesized in a 68% overall yield 
by the reduction and protection of 2-bromocyclohexenone 

, following lithiation and formylation, according to the method 
' reported by Smith et al .  (12). The reaction of 18e with the 

zinc enolate of 19, followed by oxidation of the resulting P- 

/ hydroxy ester, gave P-keto ester 20e in a 62% yield for the 
two steps. Lastly, the aldehyde 18f was treated in the same 
manner to afford the Nazarov reagent 20f in a 41 % overall 
yield. The aldehyde 18f was synthesized in six steps from 
methyl acetoacetate, as depicted in Scheme 4 ,  in an overall 
yield of 30%. 

The P-keto sulfoxide 26 could be prepared directly by the 
condensation of the anion of methylphenylsulfoxide 25 (13) 
with methyl crotonate in a 56% yield (Scheme 4). Oxida- 
tion of 26 with m-chloroperbenzoic acid in dichloromethane 
gave a 67% yield of P-keto sulfone 27. 

Cycloadditions with substituted Nazarov reagents 
P-Keto esters 
The base-catalyzed [2+4] cycloaddition of substituted 

Nazarov reagent 2 with 2-carbomethoxy-2-cyclohexenone 
1 afforded, after decarboxylation with p-toluenesulfonic acid 
in refluxing benzene, the known (3) cis,cis and cis,trurzs bi- 
cyclic diketones 3 and 4 with a very high degree of stereo- 
selectivity (4a, 8) (Scheme 1). The ratios were determined 
by gas chromatographic analysis and the results are sum- 
marized in Table 1. The selectivity of the reaction was found 
to be highly dependent on the solvent used (4a). The use of 
more polar solvents (entries 1, 2,  and 3) led to mixtures of 
isomers 3 and 4, whereas the use of less polar solvents (en- 
tries 5 and 6) gave almost exclusively the cis,cis isomers 3 .  
The best results were obtained using chloroform (entry 6), 
where the selectivity was greater than 99.5% with an over- 
all yield of 69%. The counterion also had some effect on the 
selectivity, as can be seen from entry 2 vs. entry 3 .  

Adding a substituent on the diene at the 4-position had no 
effect on the selectivity of the reaction. The cycloaddition- 

decarboxylation sequence between P-keto ester 20b and 
dienophile 1 gave stereoselectivity, in 65% yield, the cis- 
decalins 28 and 29 in a 7 :  3 ratio (Scheme 5). In the case of 
20c the two isomers 30 and 31 were isolated in 66% yield 
in a 1 : 1 ratio. Each of those four isomers could be isolated 
in pure form by flash chromatography. The ratios obtained 
are a reflection of the equilibrium mixture, since the same 
ratios of isomers 28 and 29,  as well as 30 and 31, were re- 
covered when each of these compounds was separately re- 
submitted to the acidic decarboxylation conditions. The 
structure and stereochemistry of 30 and 31 were assigned 
based on a single crystal X-ray crystallographic analysis of 
30 (14) and 'H nmr data. The structures of 28 and 29 were 
based on the following 'H nmr experiments: irradiation of one 
of the methyls on the major isomer 28 revealed a doublet at 
3.07 ppm of J = 5 Hz. This coupling constant must be that 
of Hb and H, (Fig. l ) ,  thereby establishing the cis relation- 
ship of the two methyl groups. The same experiment with 
29 clearly showed the trans arrangement of the two methyls 
by virtue of a 13 Hz coupling between protons H, and H,. 

The fact that 28 was formed in preference to 29 in equi- 
librating acidic media tends to show that C8-substituted 
cis-decalins like 3 adopt conformation A rather than confor- 
mation B (R' = H ,  Fig. 1). This was supported by MM2 
calculations, which indicated that 28 in conformation A is 
more stable than 29 in conformation B by a value of 1.8 kcall 
mol. It was also possible to correlate the 'H nmr chemical 
shifts of Hb and the C8-methyl group in the different ad- 
ducts to those of compounds 28 and 29. Table 2 lists the 
chemical shifts of these protons for the different adducts. The 
C8-methyl resonates below 1.0 ppm in compounds thought 
to have the stereochemistry shown in A and above 1.0 ppm 
in those having the stereochemistry shown in B. Proton Hb 
in compounds of conformation A resonances at a higher field 
than expected for a proton in such a chemical environment 
(above 2 .5  ppm), probably due to the deshielding aniso- 
tropic effect of the C1-carbonyl. The same proton is found 
below 2.5  ppm in compounds thought to have conformation 
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13a R' = H; R2 = SiMe3 

c, d b R' = Me; R2 = SiMe3 

\, 16a R' = H; R2 = C02Me 
b R' = Me; R2 = C02Me 

H 0 0 

Me3Si- = -Me 
14 

MeOOC 
17 

(a) NaH, n-BuLi, THF, O°C, then (EtO),P(O)Cl; (b) NaH, n-BuLi, THF, -30°C, then warm to r.t.; (c) n-Bu,NF, THF, O°C, 1 h; (d) 
NaH, n-BuLi, THF, -78"C, ClCO,Me, then warm to r.t.; (e) Lindlar, Hz, EtOAc, r.t.; (f) n-BuLi, TMEDA, ether, -15°C then 
Br(CH2),0THP (15); (g) MeOH, PPTS, 0°C; (h) DMSO, (COCI),, CH,C12, -78"C, then Et,N and warm to r.t. 

B. The coupling pattern of Ha and H, with adjacent protons 
were also characteristic for the two conformations. It should 
therefore be possible to assign the stereochemistry of future 
Diels-Alder adducts, with a good degree of confidence, by 
inspection of their 'H nmr spectra. In addition, knowing the 
preferred conformation of those adducts might help in un- 
derstanding the stereochemical outcome of reactions in their 
elaboration into synthetic intermediates. 

When a methyl group was present at position 5 of the 
starting P-keto ester, cis to the keto ester moiety, as in 20d, 
the reaction stopped at the single Michael adduct stage to give 
32 (Scheme 5). It is interesting to note that this single ad- 
duct was formed in 57% yield in acetonitrile, and 29% yield 
in chloroform. 

If the chain at position 5 of the Nazarov reagent contains 
an appropriately located functional group, interesting poly- 
cyclic compounds can, in principle, be prepared. For ex- 

ample, when tosylate 39, prepared in four steps from the 
cycloaddition of Nazarov reagent l l b  (Scheme 6), was 
treated with potassium tert-butoxide in a mixture of tetrahy- 
drofuran-tert-butanol, an 86% yield of the known tricyclic 
compound 40 was isolated (15). However, the correspond- 
ing higher homolog 35 obtained from l l c  via 33 gave none 
of the tricyclic adducts 36. Also, 34 was not obtained from 
the corresponding 33, which was formed in situ from l lc .  
The formation of the 5-membered ring to give 40 is possi- 
ble since the proper geometry for backside attack of the ke- 
tone enolate on the carbon bearing the tosylate can be 
achieved. A similar cyclization might be prevented by steric 
interactions and angle strain in the formation of a 6-mem- 
bered ring as indicated in Fig. 2 .  The cyclization of bicyclic 
ketones, by intramolecular Michael addition to an a,p-un- 
saturated ester, to form tricyclic compounds having an ad- 
ditional 6-membered ring was also unsuccessful as shown in 
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+ f& ot-BU a, b ) $-.02t-Bu 

R2 R3 Br R2 

a R1 = H, R2 = Me, R3 = H 
b R 1 = R 2 = M e ,  R3=H 
c R' = R2 = (CH2l4, R3 = H 
d R1=H, R2=R3=Me 

19 + TBDMSO 

dH a,b TBDMSO d 2 t - B u  

l8f 20f 

(a) Zn, THF, reflux, then 18, ether, 0°C to r.t.; (b) MnO,, EtOAc, r.t., 15-48 h 

SCHEME 3 

(a) NaH, n-BuLi, THF, P C ,  then 4-bromo-1-butene, r.t.; (b)p-TsOH, (HOCHJ,, benzene, reflux, 24 h; (c) LiAIH,, THF, P C ,  1 h, 
then HCI 1 N; (d) TBDMSOTf, Et3N,  CHIC^,, O°C, 1 h; (e) O,, CH?CI,, -78"C, then Ph,P; (0 Ph,P=CHCHO (23), benzene, reflux, 
18 h; (g) 25, LDA, THF, -78"C, then 24, 0.5 h; (h) m-CPBA, CH,C1,, 0°C 

SCHEME 4 

Scheme 7. No trace of the desired tricyclic compounds 43 cloaddition-decarboxylation of 1 and P-keto ester 20e. The 
or 44 was formed when the bicyclic intermediates were structure of 48 was secured by a single crystal X-ray crys- 
treated under a variety of basic conditions, such as sodium tallographic analysis.3 The tetracyclic compound 51  analo- 
methoxide in methanol, potassium tert-butoxide in tert-bu- gous to 46 was also formed when bicyclic compound 50 was 
tanol, etc. treated with p-toluenesulfonic acid (Scheme 7). The pro- 

Bicyclic acetal45, made by the cycloaddition between 1 pensity of the C13-methylene to undergo aldol condensa- 
and l l a ,  gave tricyclic aldehyde 46 upon treatment with tion with the C1-carbonyl, in preference to the desired aldol 
p-toluenesulfonic acid (Scheme 7). The desired aldol con- reaction between the C8-methylene and the C16carbony1, 
densation product 48 could not be detected. Compound 48 
could be prepared, however, in a 52% yield from the cy- ,M. Drouin, A. G. Michel, and C. Spino. Unpublished results. 
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TABLE 1. Stereoselectivities of the cyclizations to 3 and 4 

Entry Cyclization Conditions Ratio 3 : 4 

1 and 2 
1 and 2 
1 and 2 
1 and 2 
1 and 2 
1 and 2 
1 and 26 
1 and 26 

DMF, Cs,CO, 
CH3CN, KH 
CH3CN, Cs2C03 
Benzene, p-TSOH, 80°C 
Benzene, Cs,CO, 
CHCI,, Cs2C03 
DMF, Cs,CO, 
CH2C12, Cs2C03 

DMF, Cs,CO, 

"After reduction. 

(a) Cs,CO,, CHCI,, then 1 ,  r.t .;  (b) CF,CO,H. then benzene, reflux 

SCHEME 5 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE 2. Cycloadditions of Nazarov reagents and decalin conformations 

Proton nmr shifts 
(6) at C8 

Equilibrium 
Entry Decalin ratio Conformation H b  Me 

is quite clear form the above results. However, it is possible 
to effect the desired C8-C14 aldol reaction when the alter- 
native is not possible (4, 16). 

Double Michael addition of the f3-keto sulfoxide and 
sulfone analogites of the methyl substituted Nazarov 
reagent 

Diketone 4 can be prepared stereoselectively by the use 
of 1-phenylsulfoxide or I-phenylsulfonyl analogues of the 
Nazarov reagents (1 7) (Scheme 8). When compound 26 was 
treated with cesium carbonate and 1 under the same reac- 
tion conditions as for the corresponding f3-keto ester 2, de- 
hydrodecalin 52 was isolated in 70% yield after column 
chromatography. It was found that the elimination of the 
phenylsulfoxide moiety took place on the silica gel during 
chromatography. Catalytic hydrogenation of bicyclic com- 
pound 52 furnished a 13: 1 ratio of the decalinedione 4 and 
a second bicyclic product in a combined chemical yield of 
60%. This demonstrated that the dehydrodecalin adduct 52 
from the cycloaddition had in fact a stereochemistry at C8. 
The minor isomer in the catalytic reduction had spectral data 
different from those of compound 3 and is thought to be the 
trans-decalin resulting from the a attack of the hydrogen 
molecule. 

This complete reversal of stereoselectivity observed with 
the sulfoxide analog of the Nazarov reagent is somewhat 
surprising and its cause remains unclear at present. In ad- 
dition, the stereoselectivity was shown to be independent of 
the solvent used for the reaction. For example, similar re- 
sults were obtained in acetonitrile or dimethylformamide as 
solvents. 

The double Michael addition of f3-ketosulfone 27 on 1 af- 
forded bicyclic adduct 53 (50%), which was reduced with 
aluminium amalgam ( I  8) to give 4 as the sole product in 48% 
yield (79% based on recovered starting material) (Scheme 
8). However, the reaction between 27 and 1 was slower than 
that with 26. The cycloaddition using f3-keto sulfoxides and 
sulfones appears to be complementary to the one using f3-keto 
esters. Applications of this reaction to the synthesis of nat- 
ural products are underway in our laboratory. 

Cycloadditions with substituted-2-cyclohexerzones 
Substituents around the cyclohexenone ring in 1 can be 

used to direct the approach of the incoming diene, while 
retaining the same relative stereochemistry of the newly 
formed asymmetric centers in the Diels-Alder adducts. Re- 
sults are summarized in Table 3. Cycloaddition of Nazarov 
reagent 2 with racemic 4-methyl-2-carbomethoxy-2-cyclo- 
hexenone 54 (entry 1) gave adduct 55 in 73% yield, where 
the diene added anti to the methyl group. Anti addition is also 
predominant in the alkylcuprate 1,4-addition to 4-methyl 
cyclohexenones (19). When (-)-2-carbomethoxy-%methyl- 
ethenyl-2-cyclohexen-I-one 56 ([a],-18.6, c = 2, CHCl,, 
25"C), derived from (-)-carvone, was allowed to react with 
2 (entry 2), three compounds were formed in a 85 : 1 1 : 4 ratio. 
The major compound could be purified and was assigned 
structure 57 ([a], + 1 17.3, c = I,  CHCI,, 25°C) based on 
a correlation of its 'H nmr spectrum with a related steroidal 
compound of known structure (16). Again addition anti to 
the isopropenyl group was expected by analogy to the 1,4- 
additions of alkyl cuprates on similar systems (1, 19). The 
other two isomeric compounds could not be obtained in pure 
form and therefore their structures could not be secured. The 
use of compound 56 allows the synthesis of optically pure 
bicyclic adducts in which the isopropenyl might serve as a 
handle for further elaboration of the A ring of these ad- 
ducts. The synthesis of 56 was carried out starting from the 
known epoxide 63 (20) (Scheme 9) derived from (-)-car- 
vone. Opening of the epoxide in 63 occurred with sulfuric 
acid in tetrahydrofuran to give a 1 : 1 mixture of cis-diol 64 
and its corresponding trans isomer. Only the desired cis-diol 
underwent cleavage with sodium periodate and after treat- 
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l l c  

l l b  

(a) CsCO,, CHCI,, then 1, 25"C, 3.5 h; (b) p-TsOH, benzene, reflux, 1.5 h; (c) (Bu),N+F-, THF, 25"C, 0.5 h; (d) p-TsCI, (Et),N, CH2C12, 
O°C, 2 h; (e) t - ~ u o - K + ,  t-BuOH/THF, 25"C, 20 rnin 

SCHEME 6 

OTs 

Favored Disfavored Disfavored 

FIG. 2 

ment with ethylene glycol and acid the resulting acetal-gly- 
cidyl ester was transesterified with sodium methoxide in 
methanol to give compound 65 (21). Then, in two steps, the 
methyl ester was transformed into P-keto ester 66 (22), which 
was then treated with aqueous acetic acid to give the de- 
sired compound 56 (23). 

The cycloaddition can also be carried out on 4,4-disub- 
stituted cyclohexenones. Reaction of substituted Nazarov 
reagent 2 with 4,4-dimethyl-2,5-cyclohexadienone deriva- 
tive 58 (entry 3) gave the expected adduct 59 in 60% yield. 
The reaction of 58 with Nazarov reagents produces com- 
pounds that have the advantage of having an additional ole- 
fin functionality for further elaboration. However, its 
cycloaddition is slower and a large excess of the diene is 
needed. The stereochemistry in 59 was deduced by its 
transformation to a known structure (compound 33 in ref. 
27b), using a sequence of reactions involving reduction of 
the ketone in the 6-position, tosylation, and elimination. 
Reaction using the 4-ketal derivative 60 gave, after decar- 

boxylation, a 93% isolated yield of the expected adduct 61. 
This dienophile has the marked advantage of being more re- 
active and more stable than 1 to the basic reaction condi- 
tions used in the Diels-Alder cycloaddition. Thus no excess 
of this reagent was needed to achieve completion of the cy- 
cloaddition reaction with 2 in higher yield. The protected 
ketone at the 4 position might then be used to epimerize the 
proton at C4a and thus give trans-decalins. 

Mechanistic aspects of the reaction 
Diels-Alder vs. double Michael 
The reaction of a dienolate with a conjugated ketone can 

in principle follow a sequential double Michael addition or 
a Diels-Alder cycloaddition pathway (24). Determining 
which of these two processes is operative in any particular 
case can be very difficult. In such a reaction, the asyn- 
chronicity of the Diels-Alders (25) might be large enough 
so that differentiation between the two mechanisms be- 
comes almost redundant. In addition, we cannot exclude the 
possibility that both mechanisms may be involved at the same 
time. The cycloaddition reaction might be favored by the fact 
that the diene is really an enolate ion. By analogy with the 
anionic oxy-Cope rearrangement (26), the negative charge 
on the oxygen enriches the diene in electron density and thus 
activates it. Note that the silyl en01 ether of the P-keto ester 
2 and of the P-keto sulfoxide 26 did not yield any trace of 
the Diels-Alder adducts when heated in toluene in the pres- 
ence of dienophile 1 or when catalyzed by tin tetrachloride 
at low temperature. In both cases, only decomposition 
products were isolated. 
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base 
a, b 

1 + 16 (or 17) - R2 

E = C02CH3 

42 a R1  = H; R2 = CZC-CO'Me 44 R' = H or Me; 
b R' = Me; R2 = C=C-C02Me R2=  {% 

C02Me 

OHC 

l + l l a  

1 + a_ OMe ----t 

0 

(a) CsZC03 in CH,CIZ, r.t.; (b) p-TsOH, benzene, reflux; (c) CsZC03 in CHCI,, r.t. 

SCHEME 7 

SOPh 
68 

(a) Cs,CO3, CH2C12, 25"C, 2 h; (b) Hz, Pd/C, 72 h; (c) AI/Hg, THF-H,O, 25"C, 4.5 h; (d) CsZC03, CH2CI-,, O°C, 1 h 

SCHEME 8 
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TABLE 3. Cycloadditions of diene 2 with substituted cyclohexen- 
ones 

Yield 
Entry Dienophile Diketone product 

The results presented below indicate that the solvent greatly 
influences the pathway that the reaction will take. The sol- 
vent also affects the stereoselectivity of the reaction when 
P-keto esters are used as the diene. However, it would be 
wrong to assume that the degree of selectivity can be an in- 
dication of the mechanism involved. In other words, it is 
possible that the selectivity can be affected by the proper- 

ties of the solvent for a given mechanism. We also ob- 
served differences in reactivity and rates of reaction in the 
different solvents. 

The single Michael adduct 5 was isolated in 53% yield 
from the cesium carbonate catalyzed reaction of 1 and 2 in 
acetonitrile at - 15°C (Scheme 1). But when the same re- 
action was carried out in chloroform at - 15"C, only start- 
ing material was recovered, even after several hours. In 
addition, the mono-adduct 5 could not be cyclized in chlo- 
roform at 25°C. However, resubmitting 5 to the same reac- 
tion conditions at 25°C in acetonitrile afforded a 55% yield 
of a 7 :  3 mixture of decalin products 3 and 4, after the usual 
decarboxylation reaction. These results indicate that the 
double Michael addition pathway is the preferred one in polar 
solvents such as acetonitrile and that the cycloaddition 
mechanism would be operative in less polar solvents such as 
chloroform. 

In the case of the reaction of P-keto sulfoxide 26 with 1, 
at -5°C in acetonitrile or at 0°C in dichloromethane, the 
single Michael adduct 68 was isolated along with starting 
material (Scheme 8). This adduct could be cyclized to the cis- 
decalin product 52 when resubmitted to the same reaction 
conditions at 25°C in either solvent. Here, the double Michael 
mechanism seems to be the preferred pathway no matter what 
solvent is used. Note, however, that in acetonitrile, at -5OC, 
the dehydrodecalin 52 was also isolated. This result likely 
reflects a faster rate of ring closure of the mono-adduct 68 
in acetonitrile than in dichloromethane, although we cannot 
rule out the Diels-Alder mechanism in this case. 

Mechanism and stereochemistry of the decalin products 
Table 1 gives a summary of the different ratios of decalin 

products 3 and 4 obtained via the double Michael addition 
of Diels-Alder cycloaddition of dienolates to dienophile 1, 
as well as via the Michael addition of single-Michael ad- 
ducts. In cases where a Diels-Alder mechanism is thought 
to operate (entries 5 and 6 ) ,  the preferred formation of the 
cis,cis-decalin 3 probably results from a most sterically fa- 
vored approach of the diene and the dienophile as well as 
secondary orbital interaction between the ester function and 
the diene (endo rule due to the ester function) (27). Liu and 

(a) THF, H,SO,-water 1 :3, reflux, 24 h; (b) 2.2 equiv. NalO,, MeOH, 25°C; (c) Ethylene glycol, p-toluenesulfonic acid, benzene, re- 
flux. 6 h; (d) NaOMe, MeOH, 12 h; (e) KOH, EtOH, reflux, 1.5 h; (0 Im,CO, THF, 50°C, 1.5 h then iPrMgCI/H02CCH2C02CH3, 
(62), THF, then 0.5 N HCI; (g) 50% aqueous acetic acid, 25"C, 20 h 
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Ngooi  also explained, in this way ,  the selectivity observed 
in the tin tetrachloride catalyzed [2+4]  cycloadditions of  
dienes to dienophile 1 (3).  

T h e  selectivity observed in those cases where the double 
Michael  addition is thought to b e  the preferred pathway is 
not easily explained. The  exclusive formation of the cis-fused 
decalin is explained o n  the basis of stereoelectronic control 
(28) at  the s tage of the second Michael reaction. T h e  for- 
mation of  cis-fused decalin by  an intramolecular Michael 
reaction has been previously demonstrated (4a,4c) .  A s  for  
the stereochemistry of  the C8-alkyl substituent,  it is thought 
to  be  thermodynamically controlled because of  the fact that 
the monoadduct 5 gave,  upon cyclization in base,  the same 
product ratio as for  the reaction of  1 with the corresponding 
dienolate 2 (Table 1 ,  entry 1 0  vs. entry 3). (On the other 
hand, compound 67 lacking the additional ester function gave 
after basic cyclization a reverse ratio of 3 and  4, Table 1, 
entry 9.) Correspondingly, the single Michael adduct 68 gave 
only the dehydrodecalin 52 when cyclized, as was found for 
the reaction of 1 and the diene-sulfoxide 26 (entries 8 and 12,  
respectively). One  likely explanation is that the formation of 
the second bond is reversible and that the relative stabilities 
of the intermediates determine the final stereochemical out- 
come of the reaction. 

Conclusion 
T h e  cycloaddition or double Michael addition of substi- 

tuted Nazarov reagents with 2-carbomethoxy-2-cyclohex- 
enones gives stereoselectively cis,cis-decalins o r  cis,  
trans-decalins. T h e  reaction is quite general a n d  proceeds 
with various substituted Nazarov reagents containing differ- 
ent functional groups. We wish to emphasize that these re- 
sults are important with respect to natural products synthesis. 
Indeed, this type of stereochemistry is found at the A ,  B, and 
C ring junctions in several steroids a n d  terpenoids. Work  to 
further develop this approach for various natural products, 
including quassinoids, is presently being pursued in our  
laboratory. 

Experimental 
Unless otherwise stated, all reagents were used as received from 

the supplier. Tetrahydrofuran and diethyl ether were distilled over 
sodium and benzophenone. Dimethylformamide, chloroform, di- 
chloromethane, and diisopropylamine were distilled over calclum 
hydride. Methylphenylsulfoxide and methyl Iodide were distilled 
prior to use. Sodium hydride suspension In oil was washed with 
hexane prior to use except in reactions using less than 0.1 mmol 
where it was used as received. Potassium tert-butoxide was pre- 
pared freshly prior to use. tert-Butyldimethylsilyltriflate was pre- 
pared and distilled before us. p-Toluenesulfonyl chloride was 
recrystallized from benzene. Zinc granules were washed with 1 N 
hydrochloric acid, water, and acetone and dried prlor to use. Pure 

j aluminium foil was obtained from BDH. 
I Reactions were carr~ed out under argon unless specified other- 

wise. Anhydrous magnesium sulfate was used as drying agent in 
, the work-up of reactions. Flash chromatography was performed 
I using Kieselgel 60 (230-400 mesh ASTM) silica gel from Merck. 

Infrared (ir) spectra were reg~stered in chloroform solution (unless 
stated otherwise) on a Perkin-Elmer 681 spectrophotometer; the 
following abbreviations were used in ir: w = weak, m = medium, 
s = strong, b = broad. Proton or I3c nuclear magnetic resonance 
(nmr) spectra were recorded on a Bruker WP-80, or WM-250 in- 
strument; the following abbreviations were used in nmr: s = sin- 
glet, d = doublet, t = triplet; q = quartet, qi = quintet, m = 
multiplet, b = broad. Deuterated chloroform was used as solvent 

and internal standard. Mass spectra (ms) were recorded on a VG 
Micromass ZAB- I F mass spectrometer. All new compounds have 
been proven homogeneous by tlc and gc where possible prior to 
taking their H 250 MHz nrnr and mass spectra. 

IUPAC numbering was used for all compound names. 

Preparation of substituted Nazarov reagents 

tert-Butyl3-0x0-4-diethylphosphonyl-butatloate (9a) 
tert-Butyl acetoacetate (10 g, 0.063 mol) was slowly added to a 

suspension of NaH (2.78 g ,  0.069 mol) in 500 mL of anhydrous 
THF at 0°C. After all evolution of Hz had ceased, the reaction was 
stirred for 0.5 h at 0°C and n-BuLi (39.5 mL, 0.063 mol) was added 
over a period of 1 h. The resulting mixture was stirred at O°C for 
an extra 30 min and diethylchlorophosphate (5.45 g ,  0.032 mol) 
was slowly added. After the reaction mixture was stirred for 1 h at 
room temperature, an additional 19.75 mL of n-BuLi (0.031 mol) 
was slowly added. Then it was stirred for 30 min and diethylchlo- 
rophosphate (5.45 g ,  0.032 mol) was slowly added. After it was 
stirred for 1 h at O°C, the reaction mixture was poured into 
500 mL of saturated aqueous ammonium chloride and 200 mL of 
ice cold 1 N HCl. The aqueous phase was extracted several times 
with diethyl ether, the combined organic layers were washed with 
brine, dried, and evaporated in vacuo to give an orange oil. Chro- 
matography with hexane - ethyl acetate 1 : 3 afforded 12.6 g (67%) 
of a slightly yellow oil; ir (cm-I): 1740, 1720, 1040; 'H nmr (6): 
4.10 (4H, dq, J = 7.1, 8 .3  Hz, -(OCH,CH,),), 3.5 I (2H, S, -CO- 
CH,-C0,-), 3.20 (2H, d,  J = 22.7 HZ, -PO-CH2-CO-), 1.40 (9H, 
s ,  -CO,C(CH,),), 1.28 (6H, t, J = 7.1 Hz, -(OCH,(CH3)2); ms 
(m/e): 294 (M'), 239 (M+ + 2 - C(CH,),), 221 (M+ - 
0C(CH3)3). Exact Mass calculated for CIZH,306P: 294.1232; found: 
294.1230. 

tert-Butyl3-oxopentanoate (8b) 
tert-Butyl acetoacetate (10 g ,  0.063 mol) was slowly added to a 

suspension of NaH (2.78 g ,  0.069 mol) in 500 mL of anhydrous 
THF at 0°C. After all evolution of HZ had ceased, the reaction was 
stirred for 30 min at O°C and ?I-BuLi (39.5 mL, 0.063 mol) was 
added over a period of 1 h. The resulting mixture was stirred at O°C 
for an extra 30 min and methyl iodide (9.35 g ,  0.066 mol) was 
slowly added. After the reaction mixture was stirred for 1 h at room 
temperature, it was poured into 750 mL of ice cold 1 N HC1, the 
aqueous phase was extracted several times with diethyl ether, the 
combined organic phase was washed with brine, dried, and evap- 
orated in vacuo to give an orange oil. Distillation (100°C/0.25 Torr 
(1 Torr = 133.3 Pa)) afforded 7.35 g (68%) of tert-butyl 3-0x0- 
pentanoate as a pale yellow oil; ir (cm-I): 3000-2800, 1730 (bs); 
'H nmr (6): 3.35 (s, 2H, O=C-CH2-COZR), 2.55 (q, 2H, J = 
7.0 HZ, CH3-CH,-C=O), 1.45 (s, 9H, 0C(CH3),), 1.08 (t, 3H, 
J = 7.0 Hz, CH,-CH2-C=O); ms (m/e): 115 (M+ - t-Bu), 100, 
57. 

tert-Butyl3-oxo-4-diethylphosphotz~~l-pet~tanoate (9b) 
tert-Butyl 3-oxopentanoate (10.0 g ,  0.058 mol) was treated in 

the same way as for the preparation of tert-butyl 3-0x0-4-dieth- 
oxyphosphonyl-butanoate 9a. This time 2.6 g (0.064 mol) of NaH, 
36.2 and 18.1 mL (0.058 and 0.029 mol) of n-BuLi, and 2 x 
5.01 g (0.029 mol) of diethylchlorophosphate were used in the re- 
action. After column chromatography (hexane - ethyl acetate 1 :5), 
8.05 g (45%) of the desired product 9b was isolated as a pale yel- 
low oil; ir (cm-l): 1740, 1720, 1040; 'H nmr (6): 4.15 (dq, 4H, 
.II.,, = 8.5 and J,, = 7.0 Hz, 2 X CH,-CH2-OP), 3.79 (d, lH,  J = 
15.5 Hz, O=C-CH,-CO,R), 3.50 (m, lH, O=P-(CH3)CH-C=O), 
3.54 (d, 1 H, J = 15.5 Hz, O=C-CH2-C02R), 1.7- 1.2 (m, 9H, 
2 x CH,-CH2-OP and O=P-(CH,)CH-CEO), 1.46 (s, 9H, 
OC(CH,),). 

tert-Buhl9,9-ditnethox)~-3-0~0-4-nonenoate (ZZa) 
To a stirred solution of phosphonate 9a (65 mg, 0.220 mmol) in 

THF (3 mL) was added sodium hydride (10 mg, 60% in oil, 
0.250 mmol). After 15 min at room temperature, the solution was 
cooled to -30°C and a solution of n-BuLi (138 pL,  1.6 M in hex- 
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ane, 0.22 mrnol) was added. After 10 min, a solution of the known 
aldehyde 10a (29 rng, 0.198 mmol) in THF (1 mL) was added and, 
after 5 rnin, the solution was warmed to room temperature for a 
period of 30 rnin. The mixture was then poured into a saturated 
solution of ammonium chloride (10 mL) at 0°C. The aqueous layer 
was extracted with diethyl ether (4 x 10 mL). The combined or- 
ganic layers were washed with brine (1 X 10 mL), dried, filtered 
and the solvents were removed under reduced pressure. The resi- 
due was purified by flash chromatography with hexane - ethyl 
acetate (3: 1) to afford substituted Nazarov reagent l l a  (22 rng, 
35%); ir (cm-I): 1725, 1690, 1670, 1630, 1600, 1150; 'H nmr (6): 
11.50 (<1H, d, J = 1.5 Hz, en01 form), 7.10-6.30 ( IH,  2 dt, 
J = 6.8, 16.1 Hz, =CH-CH2-), 6.30-5.60 (IH,  dt and dq, J = 
1.5, 16.1 Hz, -CO-CH=), 4.89 (<1H, s,  =CH-C0,- en01 form), 
4.36 (1 H, t, J = 5 .4  HZ, -0 -CH-0- ) ,  3.47 (<2H, S, -CO-CH2- 
C0,-), 3.32, (6H, s, -C(OCH,),), 2.25 (2H, rn, =CH-CH,-), 1.75- 
1 .50 (4H, rn), 1.49 (<9H, s, -CO,(CH,),), 1.46 (<9H, s,  
-Coz(CH3)3). 

tert-Bu~l8-tert-butyldiphenylsilyloxy-3-0~0-4-ocfetoae (11 b) 
The substituted Nazarov reagent l l b  was prepared in the same 

manner as l l a  except that the saturated solution of ammonium 
chloride was replaced by a solution of hydrochloric acid (1 N). The 
aldehyde l o b  (102 rng, 0.3 12 rnrnol) gave, after purification, sub- 
stituted Nazarov reagent l l b  (1 10 mg, 76%); ir (cm-'): 1730, 1690, 
1670, 1630, 1600, 1150; ' H  nmr (6): 11.48 (<1H, d, J = 3.9 Hz, 
en01 form), 7.80-7.30 (]OH, m, aromatic protons), 7.00--6.40 (1 H, 
2, dt, J = 6.8, 15.6 Hz, -CH,-CH=), 6.30-5.60 ( l H ,  dt and dq, 
J = 1.7, 15.6 Hz, -CO-CH=), 4.89 ( < l H ,  s,  =CH-C0,- en01 
form), 3.70 (2H, t, J = 5.9 HZ, -CHz-0-), 3.47 (<2H, S, -CO-CH2- 
C0,-), 2.30 (2H, rn, =CH-CH2-), 1.70 (2H, m, -CH,-CH2-0-), 
1.50 (9H, s ,  -CO,C(CH,),), 1.10 (9H, s ,  -SiC(CH,),), 0.03 (6H, 
s ,  -Si-(CH,),-C(CH3),). 

tert-Bury1 9-p-fol~~et~esulfonylo,~-3-oxo-4-t~ot~enone (11 c) 
The substituted Nazarov reagent l l c  was prepared in the same 

manner as 110. The aldehyde 10c (44 mg, 0.172 mmol) gave, after 
purification, substituted Nazarov reagent l l c  (22 rng, 33%); ir 
(cm-I): 1730, 1690-1660, 1630, 1600, 1365, 1175; 'H  nmr (6): 
11.51 (<1H, d, J = 1.5 Hz, en01 form), 7.90-7.20 (4H, 2d, J = 
8.5 Hz, aromatic protons), 7.00-6.25 (I H, 2 dt, J = 6.8, 15.6 Hz, 
=CH-CH,-), 6.20-5.50 ( 1 H, dt and dq, J = 1.5, 15.6 Hz, -CO- 
CH=), 4.88 (<1H, s,  -CH=C-O- en01 form), 4.04 (2H, t, J = 
5.9 HZ, -CHI-0S02-), 3.46 (<2H, S, -CO-CH2-CO,-), 2.45 (3H, 
s ,  =C-CH,), 2.20 (2H, rn, =CH-CH,-), 1.70-1.30 (4H, rn, 
-(CH,)2-CH2-OS02-), 1.49 (<9H, S ,  -C02C(CH3),), 1.45 (<9H, 
s ,  -CO,C(CH,),). 
3-Brorrzo-I-fefr-nhydr-opyrnttyloqi-prone (15) 
To a solution of 3-brornopropanol (10.0 g, 0.072 rnol) in 

500 mL of anhydrous THF at O°C were added 7.84 g of dihydro- 
pyran (0.093 rnol) and 1.3 g of p-toluenesulfonic acid (0.007 rnol). 
The resulting mixture was stirred at O°C for 1 h and at room tem- 
perature for 12 h, then it was poured into 750 mL of saturated so- 
dium bicarbonate. The aqueous phase was extracted several times 
with diethyl ether, the combined organic phase was washed with 
brine, dried, and evaporated in vacuo to give an yellow oil. Dis- 
tillation (9S°C/3.5 Torr) afforded 14.70 g (92%) of l-brorno-3- 
tetrahydropyranyloxy-propane as a colorless oil; ir (cm-I): 3000- 
2800, 1475, 1370, 1150(s); 'H nrnr (6): 4.56 (m, IH, 0 -CH-0) ,  
4.0-3.3 (m, 6H, 2 x RCH2-0 and Br-CH,), 2.10 (qi, 2H, J = 
7.0 Hz, CH,-CH,-CHI), 1.9- 1.2 (m, 6H, 0-CHz-(CH,),-CH-0); 
rns (m/e): 224 (M'), 223, 222 (M'), 142, 140. 

6-TI-itnethylsilyl-5-hexj~nal (12) 
A solution of n-BuLi in hexanes (1.6 M,  8.4 mL, 13.5 rnmol) 

was placed in a 100 mL round bottom flask. The solvent was re- 
moved under vacuum at 20°C and 60 mL of anhydrous diethyl ether 
was added. After cooling the mixture to - lS°C, tetramethylethyl- 
enediamine (1.57 g, 13.5 mmol) was added followed by I-tri- 
rnethylsilyl-1-propyne (1.5 1 g .  13.5 mrnol) and the resulting 
mixture was stirred at - 10°C for 3 h. Then 1-brorno-3-tetrahydro- 

pyranyloxy-propane (1 .SO g,  6.7 mmol) was added and the result- 
ing reaction mixture was stirred overnight at a temperature between 
- 10 and -3°C. After 12 h, a yellow precipitate formed. The re- 
action mixture was poured into 100 rnL of ice cold 1 N hydrochlo- 
ric acid, the aqueous phase was extracted several times with diethyl 
ether, the combined organic layers were washed with saturated 
sodium bicarbonate, then with brine, dried, and evaporated in vacuo 
to give an orange oil. Distillation (1 10-1 15"C/0.25 Torr) af- 
forded 1.79 g (99%) of 6-tetrahydropyranyloxy- 1-trirnethylsilyl- l -  
hexyne as a colorless oil; ir (cm-I): 3000-280, 2170, 1455, 1445, 
1250, 1140, 1120, 1075, 1035(s), 850 (s); 'H nrnr (6): 4.55 (m, 
IH, 0 -CH-0) ,  3.2-4.0 (rn, 4H, 2 x RCH,-0-R), 2.26 (t, 2H, 
J = 6.5 Hz, CH,-CH,-CsCTMS), 1.7- 1.4 (m, IOH), 0.15 (s, 9H, 
Si(CH,),); rns (rn/e): 254 (M'), 239, 225, 21 1, 209. 

A solution of 6-tetrahydropyranyloxy-I-trirnethylsilyl-I-hex- 
yne (4.79 g, 18.8 mmol) in 60  mL of anhydrous methanol was 
cooled to O°C and 459 rng (1.83 mrnol) of pyridinium p-toluene- 
sulfonate acid was added. The mixture was stirred at room tem- 
perature for 24 h. Then solid potassium bicarbonate (700 mg, 
7.0 rnmol) was added and the solvent was removed in vacuo. The 
residue was taken up in diethyl ether and was washed with 2 X 

25 mL of water, dried, and evaporated it2 vncuo to give a yellow 
oil. Chromatography with hexane - ethyl acetate 5: 1, then 3 :  1, 
afforded 2.61 g (82%) of 6-trirnethylsilyl-5-hexyn-1-01 as a col- 
orless oil; ir ( c m ' ) :  3600, 3000-2800, 2175, 1250, 1230-1200(s), 
1045, 850(s); 'H nmr (6): 3.72 (bt, 2H, J = 5.5 Hz, HO-CH2-), 
2.28 (t, 2H, J = 6.5 Hz, CHI-CH2-C--CTMS), 1.85-1.45 (m, 
4H), 1.30 (bs, lH,  HO-CH2-), 0.18 (s, 9H, Si(CHJ3); rns (m/e): 
169 (M' - l ) ,  155, 153, 139, 137, 127, 126. 

Dirnethyl sulfoxide (2.31 g ,  0.027 mol) was slowly added to a 
solution of oxalyl chloride (1.89 g ,  0.015 rnol) in 130 rnL of an- 
hydrous dichloromethane at -78'C. After 15 rnin., 6-trimethyl- 
silyl-5-hexyn-1-01 (2.6 1 g, 0.027 rnol), was added and the mixture 
was stirred for 15 inin. Triethylamine (6.5 g, 0.064 mol) was added 
and the reaction was allowed to warm to room temperature. The 
solvent was then removed it1 vncuo and the residue was taken up 
in hexane, washed with water (2 X 50 mL), dried, and evaporated 
under reduced pressure to give 1.70 g (78%) of 6-trirnethylsilyl-5- 
hexynal 12 as a yellow oil that was used directly in the next reac- 
tion. 

tert-Butyl (4E)-3-o,ro-IO-rrimefh~~lsilyl-4-decen-9-yt1oate (13a) 
Sodium hydride (60% in oil, 430 mg, 10.8 rnmol) was washed 

twice with 5 mL of hexane; 100 mL of anhydrous THF was added 
and the suspension was cooled down to 0°C. ferf-Butyl 3-0x04- 
diethylphosphonylbutanoate 9n (3.1 g, 10.4 mmol) was added 
slowly and the mixture was stirred for 15 rnin, then it was cooled 
to -30°C and n-BuLi (1.6 M in hexanes, 6.5 mL, 10.4 rnmol) was 
added. After stirring for 10 min, 6-trimethylsilyl-5-hexynal 
(1.70 g ,  10.1 mmol) in 10 mL of THF was added and the result- 
ing mixture was stirred for 5 min, then it was allowed to warm to 
room temperature and stirred for another 30 min. The reaction 
mixture was poured into 100 mL of ice cold 1 N hydrochloric acid, 
the aqueous phase was extracted several times with diethyl ether, 
the combined organic layers were washed with brine, dried, and 
evaporated it1 vnclro to give an orange oil. Chromatography with 
hexane - ethyl acetate 8 :  1 afforded 2.41 g (77%) of ferf-butyl (3E)- 
3-oxo-l0-trimethylsilyl-4-decen-9-ynoate (13n) as a colorless oil; 
ir (cm-I): 3 100-3000, 3000-2800, 21 80, 1725, 1675, 1625, 1600, 
1370, 1250, 1215(s), 1150, 850(s); 'H nmr (6): 12.35 (s, <1H, 
HO-C=CH-CO,R), 6.85 (dt, <1H, J = 15.5, 6 .5 HZ, O=C- 
CH=CH-), 6.36 (dt, <1H, J = 15.5, 6.5 Hz, HO-C=CH=CH-), 
6.15 (dt, < IH, J = 15.5, 1.5 Hz, O = C - C H S H - ) ,  5.77 (dt, 
< l H ,  J = 15.5, 1.5 Hz, HO-C=CH=CH-), 4.87 (s, <1H, HO- 
C=CH=CO,R), 3.44 (s, <2H, O=C-CHI-CO,R), 2.5-2.1 (rn, 
4H), 1.9-1.1 (m, 3H), 1.45 (s, <9H, OC(CH,),, enol), 1.41 (s, 
<9H, OC(CH&), 0.12 (s, 9H, Si(CH,),); rns (tn/e): 251 (M' - 
f-Bu), 237, 235, 219, 107. Exact Mass calculated for CI3Hl9O3Si: 
251.1103; found: 251.1 107. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ten-Bictyl (4E)-4-tnethyl-3-oxo-IO-frit11et/zylsi1y1-4-deceti-9- 
yrzoare (13 b) 

This procedure was identical to that used in the preparation of 
rerr-butyl (3E)-3-oxo-lO-trimethylsi~y~-4-decen-9-ynoate 130. rerr- 
Butyl 3-0x0-4-diethylphosphonylpentanoate 96 (2.74 g, 8.9 1 
mmol), sodium hydride (374 mg, 9.35-mmol), tz-BuLi (5.56 mL, 
8.91 mmol), 6-trimethylsilyl-5-hexynal 12 (1.50 g, 8.91 mmol) in 
10 mL of THF gave 1.12 g (44%) of the desired P-keto ester 13b; 
ir (cm-'): 3100-3000, 3000-2800, 2180, 1730, 1675, 1630, 1380, 
1250(s), 1150, 850(s); 'H nmr (6): 6.57 (bt, IH, J = 5.5 Hz, O=C- 
C(CH3)=CH-), 3.60 (s, 2H, O=C-CH2-C02R), 2.39 (q, 2H, 
J = 5.5 HZ, C(CH3)=CH-CH,), 2.26 (t, 2H, J = 5.5 HZ, CH2- 

. . . .  CH,-CH,-CECTMS), 1.83 (d, 3H, J = 1.0 Hz, O=C- 
C(CH3)=CH-), 1.68 (qi, 2H, J = 5.5 Hz, CH,-CHI-CH,- 
C-CTMS), 1.46 (s, 9H, 0C(CH3)3), 0.15 (s, 9H, Si(CH,),); ms 
(m/e): 265 (M' - r-Bu), 251, 249, 233. Exact Mass calculated for 
C,,H2,O3Si: 265.1260; found: 265.1260. 

ten-Bury1 (4E)-3-oxo-IO-carbo1nfrhoxy-4-dec.en-9-yr1oate 
f16a) 

Tetrabutylammonium fluoride (1 M in THF, 2.78 mL, 
2.78 mmol) was added to a solution of rerr-butyl (4E)-3-0x0-10- 
trimethylsilyl-4-decen-9-ynoate 13a (715 mg, 2.32 mmol) in 
10 mL of anhydrous THF at 0°C. The reaction mixture was stirred 

. . .  . at 0°C for 1 h. Then it was poured into 50 rnL of brine, the aqueous 
phase was extracted several times with diethyl ether, the com- 
bined organic layers were dried and evaporated in vacuo to give an 
orange oil. Chromatography with hexane - ethyl acetate 15 : 1 af- 
forded 468 mg (90%) of a colorless oil; ir (cm-I): 3100-3000, 
3000-2800, 2180, 1725, 1675, 1625, 1600, 1370, 1250, 1215(s), 
1150, 850(s); 'H nmr (6): 12.31 (s, < 1H, HO-C=CH-C02R), 6.83 
(dt, < IH, J = 15.5, 6.5 Hz, O=C-CH=CH-), 6.36 (dt, < lH, 

( J=15.5,6.5Hz,HO-CH=CH-),6.10(dt,<1H,J=15.5,1.5 
Hz, O=C-CH=CH-), 5.69 (dt, <1H, J = 15.5, 1.5 Hz, 
HC=C(OH)-CH=CH), 4.78 (s, < 1 H, HO-C=CH-COIR), 3.34 I (s, <2H, O=C-CH,-CO,R), 2.4-0.9 (m, 7H), 1.36 (s, <9H, 
OC(CH,),, enol), 1.33 (s, <9H, OC (CH,),); ms (nzle): 179 
(M' - r-Bu), 163, 153, 136, 134, 122. Exact Mass calculated for 
C,,HIIO,: 179.0708; found: 179.071 1. 

Sodium hydride (66 mg, 1.66 mmol) was added to a solution of 
terr-butyl (4E)-3-0~0-4-decen-9-ynoate (208 mg, 0.83 mmol) in 
10 mL of anhydrous THF at 0°C. After 30 min, the mixture was 
cooled to -78OC and n-BuLi (0.52 mL, 0.83 mmol) was slowly 
added. The resulting mixture was stirred for 10 min at -78°C and 
then warmed slowly to O°C and stirred at that temperature for 

. . . .  . 15 min. Then it  was cooled again to -78OC and methyl chlorofor- . . ... . . .  
. : mate (78 mg, 0.83 mmol) was added. The reaction mixture was 

stirred while warming slowly to room temperature. Then it was 
poured into 20 mL of saturated aqueous ammonium chloride, the 
aqueous phase was extracted several times with diethyl ether, the 
combined organic layers were washed with brine, dried, and 
evaporated in vacuo to give an orange oil. Chromatography with 
hexane - ethyl acetate 8: 1 afforded 226 mg (93%) of 160 as a col- 
orless oil; ir icm-I): 3100-~OOO,~OOO-~~OO, 2180, 1725, 1675, 
1625, 1600, 1370, 1250, 1215(s), 1150, 850(s); 'H nmr (6): 12.01 
(s, < lH, HO-C=CH-C02R), 6.83 (dt, < lH, J = 15.9, 6.9 Hz, 
O=C-CH=CH-), 6.55 (dt, <1H, J = 15.9, 6.9 Hz, HO-C- 
CH=CH-), 6.20 (dt, < lH, J = 15.9, 1.5 Hz, O=C-CH=CH-), 
5.78 (dt, < l H, J = 15.9, 1.5 Hz, HC=C(OH)-CH=CH-), 4.90 
(s, <1H, OH-C=CH-C02R), 3.76 (s, 3H, O=C-0CH3), 3.48 (s, 
<2H, O=C-CH2-CO,R), 2.45-2.25 (m, 4H, -CH2CH2CH2-), 1.76 
(qi, 2H, J = 7.5 Hz, -CH2CH2CH2-), 1.49 (m, <9H, 0C(CH3),, 
enol), 1.45 (m, <9H, OC(CH;),); ms (rn/e): 239 (M' - t-Bu), 189, 
179, 162, 160, 138. Exact Mass calculated for Cl3Hl3O5: 237.0763; 
found: 237.0759. 

ten-Butyl (4 E ) - 4 - t ~ 1 e r l z y l - 3 - o , r o - l O - c n r . b o t ~ 1 e t ~ t z - 9 -  
ynoare (16 b) 

The title compound was prepared as described in the prepara- 
tion of rert-butyl (3E)-3-oxo-1O-carbomethoxy-4-decen-9-ynoate 

16a. The removal of the trimethylsilyl group was achieved using 
1.12 g of terr-butyl (4E)-4-methyl-3-oxo-lO-trimethylsilyl-4-decen- 
9-ynoate 13b (3.60 mmol) and 4.36 mL of tetrabutylammonium 
fluoride (4.36 mmol). Chromatography using hexane - ethyl ace- 
tate 15: 1 gave 786 mg (86%) of rerr-butyl (4E)-4-methyl-3-0x0- 
4-decen-9-ynoate as a colorless liquid; ir (cm-I): 3 100-3000, 3000- 
2800, 2180, 1725, 1675, 1625, 1600, 1370, 1250, 1215(s), 1150, 
850(s); I H  nmr (6): 6.57 (dt, lH, J = 5.0, 1.0 Hz, O=C- 
C(CH3)=CH-), 3.59 (s, 2H, O=C-CH,-CO,R), 2.39 (q, 2H, 
J = 5.5 Hz, C(CH,)=CH-CH,), 2.24 (dt, 2H, J = 5.5, 1.8 Hz, 
CH2-CH2-CH,-CrCH), 1.98 (t, 1 H, J = 1.8 HZ, CH,-CH2-CH2- 
C-CH), 1.8 1 (d, 3H, J = 1 .O Hz, O=C-C(CH,)=CH-), 1.70 
(qi, 2H, J = 5.5 Hz, CH,-CH,-CH2-C-CH), 1.43 (s, 9H, 
0C(CH3),); ms (tn/e): 193 (M' - r-Bu), 177, 167, 150, 148, 136. 
Exact Mass calculated for C11H1,03: 193.0865; found: 193.0866. 

Then 160 mg of rerr-butyl (4E)-4-niethyl-3-0~0-4-decen-9-ynoate 
(0.64 inmol), 5 1 mg of sodium hydride ( 1.30 mmol), 0.42 mL of 
n-BuLi (0.64 mmol), and 60 mg of methyl chloroformate 
(0.64 mmol) were used for the reaction. Chromatography using 
hexanes - ethyl acetate 8 : 1 gave 101 mg (5 1 %) of 16b as a col- 
orless liquid; ir (cm-I): 3 100-3000, 3000-2800,2 180, 1725, 1675, 
1625, 1600, 1370, 1250, 1215(s), 1 150, 850(s); IH nmr (6): 6.54 
(dt, lH, J = 6.0, 1 .O Hz, O=C-C(CH,)=CH-) , 3.76 (s, 3H, 
O=COCH,), 3.60 (s, 2H, 2H, O=C-CH2-CO,R), 2.39 (t, 
2H, J = 7.0 Hz, CH2-CH2-CH,-C=C-), 2.38 (q, 2H, J = 
7.0 HZ, C(CH,)=CH-CH,), 1.81 (d, 3H, J = 1.0 HZ, O=C- 
C(CH3)=CH-), 1.76 (qi, 2H, J = 7.0 Hz, CH2-CHI-CH2-CEC-), 
1.44 (s, 9H, 0C(CH3)J; ms (tn/e): 25 1 (M' - t-Bu), 203, 193, 
162, 160, 138. Exact Mass calculated for C,,H,,O,: 251.0919; 
found: 25 1.0916. 

tert-Butyl(4 E, 92)-3 -oxo-10-carbomerhoxy-4,9-decadienoate 
(17) 

tet-t-Butyl (4E)-3-0x0- 10-carbomethoxy-4-decen-9-ynoate 160 
(50 mg, 0.17 mmol) was dissolved in 2.5 mL of ethyl acetate. Then 
2.5 mg of Lindlar's catalyst (5% w/w) was added and hydrogen 
was bubbled through the solution while the reaction was moni- 
tored by tlc. When all the starting material had gone, the mixture 
was filtered on Celite and the solvent evaporated in vacrro to give 
a yellow oil. Chromatography on silica gel using hexane - ethyl 
acetate 6 :  1 gave 30 mg (59%) of the desired cis olefin; ir (cm-I): 
3100-3000, 3000-2800, 2180, 1725, 1675, 1625, 1600, 1370, 
1250, 1215(s), 1150, 850(s); 'H nmr (250 MHz 6): 12.02 (s, < lH, 
HO-C=CH-C02R), 6.87 (dt, <1H, J = 15.9, 6.8 HZ, O=C- 
CH=CH-), 6.61 (dt, <IH,  J = 15.9, 6.8 HZ, HO-CH=CH-), 
6.28-6.12 (m, 2H, -CH=CH-CO,CH,), 5.85-5.74 (m, 1 H, 
O=C-CH=CH- and enol), 4.88 (s, < 1 H, HO-C=CH2-C02R), 
3.71 (s, 3H, O=C-0CH3), 3.48 (s, <2H, O=C-CH2-CO,R), 2.70 
(m, 2H, CH2-CH2-CH2-), 2.26 (111, 2H, CH2-CH2-CH,-), 1.63 (m, 
2H, CH2-CH2-CH,-), 1.49 (m, <9H, OC(CH,),), enol), 1.46 (m, 
<9H, OC(CH&); ms (m/e): 241 (M' - r-Bu), 191, 18 1, 166, 164, 
162, 140. Exact Mass calculated for Cl,Hl,O,: 239.0919; found: 
239.0915. 

tert-Butyl (4 E)-3-o,ro-4-hexanoate ( 2 )  
To zinc granules (3.92 g. 60.0 mmol) in THF (6 mL) was added 

tert-butyl bromoacetate (0.6 mL, 3.7 mmol) and one crystal of io- 
dine. This mixture was refluxed under argon for 5 min and when 
the reaction had started, ret-r-butyl bromoacetate (7.4 mL, 45.6 
mmol) in THF (25 mL) was added dropwise in order to maintain 
a gentle reflux. Reflux was continued for I h after the addition, then 
the mixture was cooled to room temperature and transferred, via a 
cannula, into a stirred solution of crotonaldehyde (2.71 g, 
38.5 mmol) in diethyl ether (50 mL) at O°C. After 30 rnin, a sat- 
urated ammonium chloride solution was added and the aqueous 
layer was extracted with diethyl ether (3 X 30 mL). The com- 
bined organic layers were dried, filtered, and the solvents were 
evaporated. The oily residue was chromatographed on silica gel 
(hexane:ethyl acetate, 2:  1 )  to give rert-butyl (4E)-3-hydroxy-4- 
hexenoate (6.0 g, 83%); ir (cm-I): 3600-3300, 171; 'H nmr (6): 
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5.90-5.30 (2H, m, olefinic), 4.42 (1 H, m, -CH-OH), 2.97 (IH,  
d, J = 4.0 Hz, -CHOH), 2.44 (2H, d, J = 5.8 Hz, -CH2-), 1.68 
(3H, dd, J = 1 .O, 4.9 HZ, CH3-CHI, 1.45 (9H, S, -C(CH,),). 

To  a stirred solution of tert-butyl (4E)-3-hydroxy-4-hexenoate 
(1.34 g, 7.21 mmol) in ethyl acetate (105 mL) was added, at 25OC, 
manganese dioxide (12.6 g,  144.9 mmol). After stirring 5 h under 
argon, the mixture was filtered through silica gel and the solvent 
was evaporated and the residue purified by flash chromatography 
(dichloromethane - diethyl ether, 95:5) to give terf-butyl (4E)-3- 
0x0-4-hexenoate (967 mg, 73%); ir (cm-I): 1730, 1690, 1670 
(enol), 1630, 1600; ' H  nmr (6): 7.10-6.30 ( l H ,  dq, J = 6.8, 
17.0 Hz, =CH-CH,), 6.30-5.65 (1 H, 2 dq, J = 1.5, 17.0 HZ, CO- 
CH=CH), 4.86 (< lH,  s, C=CH-C02, of en01 form), 3.46 (<2H, 
S, -CH2-), 1.92 (3H, 2 dd, J = 1.5, 6.8 HZ, =CH-CH,), 1.45 (9H, 
2s, -CO,C(CH,),). 

t e n - B ~ ~ y l  4-t~~etl7yl-3-0~0-4-he~vet~oate (20b) 
To  a stirred suspension of granular zinc (412 mg, 6.3 mmol) in 

THF (15 mL) at room temperature and under an argon atmo- 
sphere, were added tert-butyl bromoacetate (0.68 mL, 4.2 mmol) 
and a crystal of iodine. The mixture was heated to reflux for 1 h 
and then cooled to O°C. A solution of commerically available trans- 
2-methyl-2-butenal (234 mg, 2.5 mmol) in ether (5 mL) was then 
added via a cannula to the Reformatsky reagent. After stirring for 
1 h, a saturated ammonium chloride solution (10 mL) was added, 
and the salts formed were dissolved in water (40 mL). The sepa- 
rated aqueous layer was extracted with diethyl ether (4  X 25 mL). 
The combined organic layers were washed with brine (25 mL), 
dried, and the solvents evaporated under reduced pressure. Flash 
chromatography (hexane - ethyl acetate 4:  1) yielded 389 mg (70%) 
of the corresponding allylic alcohol; ir (neat, cm-'): 3440 (OH), 
1740-1710 (C=O ester); 'H nmr (6): 5.55 ( lH,  m, 
CH,CH=C(CH,)-), 4.37 ( lH,  m, -CHOH), 2.92 ( l H ,  d ,  J = 
3.4 Hz, -OH, exchanges with D,O), 2.50 ( IH,  dd, J = 15.8, 
8.5 HZ, -CH(OH)CH2C02-), 2.40 (1 H, dd, J = 15.8, 4.3 HZ, 
-CH(OH)CH2C02-), 1.61 (3H, S, CH3CH=C-CH3-), 1.60 (3H, dd, 
J = 8.3, 0.8 HZ, CH,CH=C-CH3-), 1.45 (9H, S, -C02(CH3),). 

To a stirred solution of trans-terr-butyl-3-hydroxy-4-methyl-4- 
hexenoate (127 mg, 0.6 mmol) in ethyl acetate (15 mL) was added 
manganese dioxide (825 mg, 9.5 mmol). After stirring for 15 h at 
room temp., the mixture was filtered through silica gel and the 
solvent was evaporated under reduced pressure. Flash chromatog- 
raphy (hexane - ethyl acetate (3:  17)) yielded 88 mg (70%) of P- 
keto ester 21; ir (neat, cm-I): 1735 (C=O ester), 1690 (C=O 
conjugated ketone); 'H nrnr (6): 12.35 (< lH, s, -CH=C-OH), 6.65 
(> lH, m, CHICH=C(CHl)-), 5.07 (< lH,  s, -CH=C-OH), 3.60 
(2H, s, -COCH,CO,-), 1.88 (3H, dd, J = 6.9, 1.0 Hz, 
CH,CH=C(CH,)-), 1.80 (>3H, m, CH3CH=C-CH,, en01 form 
and P-keto ester, and CH,CH=C-CH,, en01 form), 1.50 (<9H, 
S, -C02C(CH3)3)r 1.45 (9H, S, -CO,(CH3)3). 

ten-Buy1 3-(I -c~~clohexen-l-y1)-3-oso~~ropatzo~e (20c) 
The procedure described for the synthesis of substituted Nazarov 

reagent 2 was performed using 1 -formyl- I-cyclohexene ( 100 mg, 
0.9 mmol), granular zinc (1 19 mg, 1.8 mmol), tert-butyl bromo- 
acetate (0.22 mL, 1.4 mmol). Flash chromatography yielded 
142 mg (69%) of a P-hydroxy-ester; ir (neat, cm-I): 3440 (OH), 
1750- 1700 (C=O ester); 'H nrnr (6): 5.73 (1 H, m, -CH=C), 4.33 
( I H ,  ddd, J = 7.5, 5.0, 3.8 Hz, -CHOH, becomes dd, J = 7.5, 
5.0 Hz upon treatment with D,O), 2.93 (IH,  d,  J = 3.8 Hz, 
-CHOH, exchanges with DzO), 2.80-1.45 ([OH, m), 1.45 (9H, s,  
-CO?C(CH,),); ms (m/e): 170 (MH' - C4H9), 152 (MH+ - C4Ho- 
H20) .  Exact Mass calculated for C9H1403 (MH+ - C4Hcl): 
170.0943; found: 170.0940. 

This P-hydroxy ester (140 mg, 0.6 mmol) was dissolved in ethyl 
acetate (10 mL) and the procedure described for allylic oxidation 
leading to 2 was followed using manganese dioxide (808 mg, 
9.3 mmol). The tert-butyl P-keto ester 20c was purified by flash 
chromatography (hexane - ethyl acetate 4 :  l ) ,  which yielded 
90 mg (65%); ir (neat, cm-'): 3440 (OH), 1750-1700 (C=0 ester); 

'H nmr (6): 12.27 (<1H, s,  -CH=C-OH), 6.87 (>1H, m, 
-CH=C-), 5.02 (< IH, s,  -CH=C-OH), 3.58 (2H, s,  
-COCH2COz-), 2.81- 1.52 (>8H, m), 1.46 (<9H, s, -CO,C(CH,),), 
1.45 (9H, s,  -C02C(CH,),); ms (m/e): 168 (MH' - CIH9), 150 
(MH+ - C4H9 - HzO). Exact Mass calculated for C9HI20, 
(MH+ - C4H9): 168.0787; found: 168.0781. 

tert-Buyl5-methyl-3-0~0-4-he,venonre (20d) 
The procedure described for the preparation of Nazarov reagent 

2 was performed using 3-methyl-2-butenal (230 mg, 2.5 mmol), 
granular zinc (412 mg, 6.3 mmol), tert-butyl bromoacetate 
(0.68 mL, 4.2 mmol) in THF (20 mL) and ether (5 mL). The cor- 
responding P-hydroxy ester was purified by flash chromatography 
(hexane - ethyl acetate (3: 1) to yield 416 mg (74%); ir (neat, cm-I): 
3440 (OH), 1740-1720 (C=O ester); 'H  nrnr (6): 5.17 ( IH,  dt, 
J = 8.7, 1.3 Hz, (CH&C=CH-), 4.7 1 ( l H ,  m, -CHOH), 2.91 
(1H,d,J=3.3Hz,-CHOH),2.45 ( l H , d d , J =  16.3,8.1 HZ, 
-CH2C02-), 2.35 ( 1 H, dd, J = 16.3,4.6 HZ, -CH2COz-), 1.71 (3H, 
d, J = 1.1 HZ, -C=C(CH3)?), 1.69 (3H, d, J = 1.3 HZ, 
-C=C(CH?),), 1.45 (9H, s,  -C0,(CH3)l); ms (m/e): 144 (MH+ - 
C4H9), 129 (MH+ - CJH9 - CH,), 11 l (MHf - 0C4H9 - OH). 
Exact Mass calculated for C7HIZO3 (MH+ - C4Ho): 144.0786; 
found: 144.0789. 

The P-hydroxy ketone (400 mg, 2.0 mmol) was dissolved in ethyl 
acetate (30 mL) and the procedure described for the preparation of 
2 was performed using manganese dioxide (3.5 g, 40.0 mmol). 
Flash chromatography (hexane - ethyl acetate 17: 3) of the crude 
product yielded 305 mg (77%) of P-keto ester 20d; ir (neat, cm-I): 
1735 (C=O ester), 1690 (C=O conjugated ketone); 'H nrnr (6): 
6.11 ( l H ,  t, J = 1.3 Hz, (CH,),C=CH-), 3.34 (2H, s,  
-COCH2C0,-), 2.15 (3H, d, J = 0.9 HZ, -C=C(CH&), 1.90 (3H, 
d ,  J = 1.3 Hz, -C=C(CH3),), 1.46 (9H, s,  -C02C(CH,),); ms 
(m/e): 198 (M+), 183 (M+ - CH,), 142 (MH+ - C4H9). Exact 
Mass calculated for C ,  ,H,,O,: 198.1256; found: 198.1259. 

2-Forrnyl-I-rnethoxy-2-cyclohexet~c' (18e) 
2-Bromo-2-cyclohexenone (10.0 g, 57.0 mmol) was dissolved 

in 500 mL of ethanol and the solution was cooled to O°C. Cerium 
chloride heptahydrate (23.31 g, 63.0 mmol) was then added fol- 
lowed by sodium borohydride (2.15 g ,  57.0 mmol) and the reac- 
tion mixture was stirred for 1 h. It was then poured into 500 mL 
of ice cold 1 N hydrochloric acid, the aqueous phase was ex- 
tracted several times with dichloromethane, the combined organic 
layers were washed with brine, dried, and evaporated in vacuo to 
give an orange oil. Distillation at 100-105°C (400 mTorr) af- 
forded 9.71 g (96%) of 2-bromo-2-cyclohexen-1-01 as a white solid; 
mp: 39-41°C; ir (cm-I): 3600(s, free OH), 3700-3400(bs), 3 100- 
3000, 3000-2800, 2180, 1650, 1445, 1385, 1335, 1220(bs), 1050, 
995, 980(s); 'H nmr (6): 6.20 (t, IH, J = 4.0 Hz, Br-C=CH-CH2-), 
4.20 (bt, IH,  J = 4.5 HZ, HO-CH-CB-CH-), 2.23 (bd, IH,  J 
= 4.5 Hz, OH) ,  2.2-1.55 (m, 6H, -CH2-CH2-CH2-); ms (m/e): 
178 ( M f ) ,  176 (M+),  160, 158, 150, 148. Exact Mass calculated 
for c,H,o'"B~: 175.9837; found: 175.9824. 

Potassium hexamethyldisilazide (56.9 mL, 56.0 mmol), 1 M 
solution in toluene) was added to a -78°C solution of 2-bromo-2- 
cyclohexen-1-01 (9.2 g, 52.0 mmol) in 250 mL of dry THF and the 
reaction mixture was stirred for 1 h at -78°C. Then methyl iodide 
(14.68 g ,  0.104 mol) was added and the solution stirred for 1 h. It 
was then poured into 250 mL of saturated aqueous ammonium 
chloride, the aqueous phase was extracted several times with di- 
ethyl ether, the combined organic layers were washed with brine, 
dried, and evaporated in vacuo to give an orange oil. Distillation 
(90°C at 0 .3 Torr) afforded 9.02 g (95%) of 1-bromo-5-methoxy- 
1-cyclohexene as a pale yellow oil; ir (cm-I): 3 100-3000, 3000- 
2800, 1645, 1455, 1370, 1 195, 1095(s), 1070, 955, 945; 'H  nrnr 
(6): 6.24 (dd, IH, J = 5.0, 3.5 Hz, Br-C=CH-CH2-), 3.75 (m, 
lH, CH,-0-CH-C=CH-), 3.45 (s, 3H, CH,-0-), 2.20-1.95-1.55 
(m, 6H, -CH2-CHI-CH,-); ms (tn/e): 192 (Mf) ,  190 (M+), 164, 
162, 160, 158, 121, 1 19. Exact Mass calculated for C,H, , O ~ ~ B ~ :  
189.9994; found: 189.9989. 
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I-Bromo-5-methoxy-I-cyclohexene (132 mg, 0.30 mmol) was 
dissolved in 5 mL of dry THF and the solution was cooled to 
-78°C. rz-BuLi (132 mg, 0.30 mmol) was then added slowly and 
the reaction mixture was stirred for 1 h at -78'C. Then N,N-di- 
methylformamide (132 mg, 0.30 mmolj was added and the mix- 
ture was stirred at this temperature for another 2 h. after which i t  
was poured into 100 mL of ice cold 1 N hydrochloric acid. The 
aqueous phase was extracted several times with diethyl ether, the 
combined organic layers were washed with brine, dried, and 
evaporated itz vncuo to give an orange oil. Chromatography on silica 
gel with hexane - ethyl acetate 4: 1 gave 4.93 g (75%) of the de- 
sired aldehyde 18e; ir (cm-I): 3 1 10, 2950, 2815, 1690(s), 1650, 
1215(bs), 1170, 1095, 1070; 'H nmr (6): 9.46 (s. IH, O=CH- 
C=CH-), 6.94 (dd, IH, J = 5.0, 2.8 HZ, -C=CH-CH,-), 4.13 (t, 
I H, J = 3.5 Hz, CH,-0-CH-C=CH-), 3.41 (s, 3H, CH,-0-), 2.47 
(ddt, 1 H, J = 20.6,5 .O, 1.0 HZ, -C=CH-CH,-, P), 2.24 (ddddd, 
lH, J = 20.6, 10.5, 7.0, 2.8, 0.5 Hz, -C=CH-CH2-, a ) ,  2.10 (dq, 
IH, J = 14.0, 3.5 HZ, RO-CH-CH2-CH2-CH2-, a) ,  1.82 (dddt, IH, 
J = 14.0, 10.5, 5.0, 3.5 Hz, CH2-CH2-CH2-CH=C-, P), 1.72 (ni, 
IH, CH2-CHI-CH2-CH=C-, a ) ,  1.34 (tt, IH, J = 14.0, 3.5 Hz, 
RO-CH-CH2-CH,-CH2-, P); ms (rn/e): 140 (Mi), 125, 122, 11 1, 
108. 

2-{I -Cat-bo-tert-butoxyc~cetyI}-1-1- (20e) 
The procedure was identical to that described for the prepara- 

tion of 180. The aldehyde 18e (4.0 g, 28.0 mmol) was added to the 
zinc enolate prepared from [err-butyl bromoacetate (10.02 g, 
51.0 mmol) and zinc powder (3.91 g, 59.0 mmol). Isolation of the 
product and chromatography on silica gel with hexane - ethyl 
acetate 5 : 1 gave 5.1 g (7 1 %) of the desired P-hydroxy ester 2-{I - 
carbo -[err-butoxy-2- hydroxyethan-2-yl)- I -  methoxy-2- cyclohex- 
ene as a l : 1 mixture of diastereomers; ir (an-I): 3700-3400(b), 
3 100-3000, 3000-2800, 1720(s), 1455, 1370, 1215, 1 155(bs), 
1095, 1070; 'H nmr (6): 5.90 and 5.89 (m, 1 H, -CH=C-CHOH), 
4.55 and 4.45 (m, IH, -CH=C-CHOH), 3.96 and 3.80 (bt, IH, 
-CH=C-CHOCH,), 3.47 and 3.45 (s, 3H, -CH=C-CHOCH,), 
2.66-2.46 (m, 2H, HOCH-CH2-C0,-), 2.2-1.4 (m, 12H), 1.44 
and I .42 (s, 9H, -CO,C(CH,),); ms (rn/e): 256 (w, Mi),  238, 200, 
199, 183, 182, 168. Exact Mass calculated for CI,H2,0,: 256.1674; 
found: 256.1674. 

This P-hydroxy ester (500 mg, 1.96 mmol) and a large excess 
of manganese dioxide (4.0 g, 53.0 mmol) were then used to af- 
ford 440 mg (88%) of 20e after chromatography on silica gel using 
hexane - ethyl acetate 5:  1; ir (cm-'): 3 100-3000, 3000-2800, 
1730(bs), 1675, 1370, 1325, 1150(bs), 1095, 1070; 'H nmr (6): 
6.99 (dd, IH, J = 5.0, 2.5 HZ, -CH=C-C=O), 4.21 (t, IH, J = 
3.0 HZ, -CH=C-CHOCH,), 3.58 (ABq, 2H, O=C-CH2-C02-), 
3.38 (s, 3H, -OCH,), 2.38 (ddt, lH, J = 20.6, 5.0, 1.0 Hz, 
-C=CH-CH,-, P), 2.24 (ddddd, IH, J = 20.6, 10.5, 7.0, 2.8, 
0.5 HZ, -C=CH-CH2-, a), 2.07 (dq, IH, J = 13.0, 3.0 HZ, RO- 
CH-CH2-CH2-CH2-, a ) ,  1.82 (dddt, IH, J = 13.0, 10.5, 5.0 
3.0 Hz, CH2-CH2-CH2-CH=C-, P), 1.72 (m, lH, CH2-CH2-CH2- 
CH=C-, a ) ,  1.35 (tt, IH, J = 13.0, 3.0 HZ, RO-CH-CH2-CH2- 
CH,-, P), 1.46 (s, 9H, -C02C(CH,),); ms (m/e): 255 (Mi + I ) ,  
231, 213, 200, 199, 198. Exact Mass calculated for Cl,H2,0,: 
255.1596; found: 255.1598. 

2-(Merlzyl 2-erhnno)~l)-2-(4-pet1tetz-l -yl)-l,3-dio,xolane (21) 
Methyl 3-0x0-7-octenoate (5.0 g, 29.4 mmol), ethylene glycol 

(4.56 g, 73.4 mmol), and p-toluenesulfonic acid monohydrate 
(56 mg. 0.29 mmol) were added to 300 mL of benzene in a 
500 mL round bottom flask equipped with a Dean-Stark appara- 
tus. The solution was heated to reflux for 24 h. Then it  was cooled 
and 5 g of K,CO, were added. The suspension was filtered through 
silica gel topped with a layer of MgSO,, and washed with dichlo- 
romethane. Evaporation of the solvents and distillation (1 10-1 10°C 
at 0.2 Torr) gave 21 as a colorless oil (5.19 g, 82%); ' H  nnir (6): 
6.0-5.5 (m, 1 H, CHFCH-), 5.15-4.8 (m, 2H, CH,=CH-), 3.97 
(s, 4H, -O(CH2)2-O-), 3.67 (s, 3H, O=COCH,), 2.65 (s, 2H, 
O=C-CH2-CO,CH,), 2.2-1.2 (ni, 6H. CH2=CH-(CH,),). 

3-0x0-7-ocren-l -ol (22a) 
The ester 21 (6.56 g, 0.031 niol) was dissolved in 300 mL of 

anhydrous THF and the solution was cooled to O°C. Lithium alu- 
minium hydride (871 mg, 0.23 mol) was then slowly added and the 
resulting suspension was stirred at 0°C for 1 h. Then, ice cold I N 
HCI was added to destroy the excess hydride and the reaction 
mixture was poured into 300 mL of ice cold I N HC1 and stirred 
at room temperature for 4 h. The aqueous phase was extracted 
several times with diethyl ether, the combined organic layers were 
washed with brine, dried, and evaporated it1 vacuo to give 3-0x0- 
7-octen-1-01 22 as a colorless oil (4.22 g, 73% crude). The crude 
product was used without purification in the next reaction. A small 
sample was purified for characterization; 'H nmr (6): 6.0-5.5 (m, 
1 H, CH2=CH-), 5.2-4.8 ( ~ n ,  2H, CH,=CH-), 3.83 (t, 2H, J = 
5.6 HZ. O=C-CH,-CH,-OH), 2.63 (t, 2H, J = 5.6 Hz, O=C-CH,- 
CH2-OH), 2.44 (t, 2H, J = 7.0 HZ, CH2=CH-CH2-(CH2I2-), 2.2- 
1.4 (m, 4H, CH,=CH-CH,-(CH2)2-). 

(2 E)-7-Oso-9-tert-Burylditnet/zylsil)~lox)l-2-t1ot1et1al (18f) 
3-0x0-7-octen-1-01 (4.22 g, 1.19 mmol) was dissolved in 

200 mL of anhydrous dichloromethane and cooled to 0°C. Diiso- 
propylethylamine (0.50 mL, 2.82 mmol) followed by rerr-butyl- 
dimethylsilyl tritlate (0.30 mL, 1.30 mmol) were added and the 
reaction mixture was stirred 1 h at O°C, after which it was poured 
into 200 mL of saturated aqueous NaHCO,. The aqueous layer was 
extracted with dichloromethane and the combined organic layers 
were dried and the solvent evaporated in vacuo to give a yellow oil. 
Chromatography on silica gel eluting with hexane - ethyl acetate 
lo: 1 afforded 7.21 g (90%) of 3-0x0-I-ter-t-butyldimethylsilyl- 
oxy-7-octene a colorless oil; ir (cm-I): 3 100-3000, 3000-2800, 
1710, 1640, 1470, 1465, 1370, 1260, 1210(s), 1090(bs), 915, 
850(s); ' H  nmr (6): 6.0-5.5 (m, IH, CHZ=CH-), 5.15-4.8 (m, 
2H, CH2=CH-), 3.89 (t, 2H, J = 6.5 HZ, O=C-CH2-CH2-OR), 
2.58 (t, 2H, J = 6.5 Hz, O=C-CH2-CH2-OR), 2.47 (t, 2H, J = 
7.0 Hz, CH,=CH-CH2-(CH,),.), 2.2- 1.5 (m, 4H, CH2=CH-CHI- 
(CH?),-), 0.86 (s, 9H, OSi(CH,),C(CH,),), 0.03 (s, 6H, 
0Si(CH,)2C(CH,),). 

Ozone was bubbled through a -78°C solution of 3-0x0-I-tert- 
butyldimethylsilyloxy-7-octene (1.0 g, 3.90 mnlol) in 50 mL of 
anhydrous dichloromethane until a blue color developed in the so- 
lution. Excess triphenylphosphine was then added at this temper- 
ature and the solution was left to warm to rooin temperature and 
stirred for 2 h. Then, 350 mL of hexane were added to precipitate 
the triphenylphosphine oxide and the suspension was filtered 
through Celite. The solvent was evaporated irz vacuo and the res- 
idue was taken up in hexane. Filtration through Celite and evapo- 
ration of the solvent afforded the expected aldehyde essentially free 
of triphenylphosphine oxide. Chromatography on silica gel elut- 
ing with hexane - ethyl acetate 7 : 1 gave 870 mg (83%) of pure 7- 
tert-butyldimethylsilyloxy-5-oxoheptana ir (cm-I): 3 100-3000, 
3000-2800, 1720, 1640, 1470, 1465, 1260, 1215(bs), 1100(bs), 
840(s); ' H  nmr (6): 9.85 (t, IH, J = 1.5 Hz, O=CH-(CHI),-), 3.88 
(t ,  2H, J = 6.5 Hz, O=C-CH,-CH,-OR), 2.55 (t, 2H, J = 6.5 Hz, 
O=C-CH2-CH2-OR), 2.45 (t, 2H, J = 7.0 HZ, O=CH-CHl- 
(CH2I2-), 2.0- 1.3 (m, 4H, O=CH-CH,-(CH,),-), 0.89 (s, 9H, 
0Si(CH,)2C(CH3)3), 0.02 (s, 6H, OSi(CH,),C(CH,),). 

A solution of 7-tert-butyldimethylsilyloxy-5-0x0-heptanal (870 
mg, 3.4 mmol) and phosphorane 23 (1.126 g, 3.7 mmol) in 
50 mL of benzene were heated to reflux for 18 h. After cooling to 
room temperature the mixture was diluted with 100 mL of diethyl 
ether and filtered through silica gel, washing several times with 
diethyl ether. Evaporation of the solvents under reduced pressure 
gave an orange oil that was chroniatographed on silica gel eluting 
with hexane - ethyl acetate 4:  1. Evaporation of the solvents gave 
814 mg (84%) of 1 8 .  'H nmr (6): 9.5 (d, IH, J = 7.5 Hz. O=CH- 
CH=CH-(CH,),-), 6.82 (dt, IH, J = 15.0, 6.5 Hz, O=CH- 
CH=CH-(CH2)3-), 6 .  I0 (ddt, IH, J = 15.0, 7.5, 1.0 HZ, O= 
CH-CH=CH-(CH2)3-), 3.85 (t, 2H, J 6.5 HZ, O=C-CH2-CHI- 
OR). 2.7- 1.5 (m, 8H), 0.90 (s, 9H, 0Si(CH,),C(CH3),), 0.02 (s, 
6H, 0Si(CH3),C(CH,),). 
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tert-Butyl(4 E)-3,9-dioxo-I I -tert-butyldimethylsilyloxy-4- 
undecenoate (20f) 

Zinc powder (466 mg, 7.12 mmol) was activated by stirring for 
1 h in 1 N HCI, following washing several times with distilled 
water, acetone, and diethyl ether, successively. After drying under 
vacuum overnight, it was charged in a 100 mL round bottom flask 
and flushed with argon. Anhydrous THF (50 mL) was added fol- 
lowed by -10% of the tert-butyl bromoacetate (0.98 mL, 
6.01 mmol) and one small crystal of iodine. The solution was heated 
to reflux for 10 min. Then the rest of the bromoacetate was slowly 
syringed in over 1 h. After completing the addition, the solution 
was further refluxed for I h and then cooled to room temperature. 
Then 18f (248 mg, 1.47 mmol) was added while cooling the so- 
lution to O°C (prior cooling to O°C may result in the precipitation 
of the magnesium enolate). The solution was then warmed to room 
temperature and stirred overnight, after which it was poured into 
100 mL of ice cold saturated aqueous ammonium chloride. The 
aqueous phase was extracted several times with diethyl ether, the 
combined organic layers were washed with brine, dried, and 
evaporated in vacuo to give an orange oil. Chromatography with 
hexane - ethyl acetate 3: 1 afforded 289 mg (70%) of tert-butyl 
(4E)-3 -hydroxy-9 -oxo- 1 I-tert-butyldimethylsilyloxy-4-undecen- 
oate as a colorless oil: 'H nmr (6): 5.55 (m, 2H, HO-CH- 
CH=CH-), 4.42 (m, IH, HO-CH-CH=CH-), 3.87 (t, 2H, J = 
6.5 Hz, O=C-CH2-CH2-OR), 2.7-1.1 (m, IOH), 1.45 (s, 9H, -C02C- 
(CH,),), 0.88 (s, 9H, OSi(CH,),(CH,),), 0.03 (s, 6H, OSi(CH,),- 
C(CH,),). 

The tert-butyl (4E)-3-hydroxy-9-0x0-1 l-tert-butyldimethylsil- 
yloxy-4-undecenoate (65 1 mg, 1.62 mmol) was dissolved in 
50 mL of ethyl acetate and 2.82 g (32.4 mmol) of manganese 
dioxide were added. The suspension was stirred at room temper- 
ature for 24 h (more manganese dioxide was added if needed). The 
suspension was then filtered through Celite and the solvent re- 
moved in vacua to yield a yellow oil. Chromatography on silica gel 
eluting with hexane - ethyl acetate 5:  1 gave 375 mg (58%) of the 
desired P-keto ester 20f; 'H nmr (6): 6.83 (dt, IH, J = 16.0, 
7.0 HZ, O=C-CH=CH-(CH,),-), 6.15 (dt, 1 H, J = 16.0, 0.5 HZ, 
O=C-CH=CH-(CH2),-), 3.87 (t, 2H, J = 6.2 HZ, O=C-CH2- 
CH2-OR), 3.47 (s, 2H, R02C-CH2-C=O), 2.57 (t, 2H, J = 

6.2 HZ, O=C-CH2-CH2-OR), 2.49 (t, 2H, J = 7.0 HZ, CH=CH- 
CH?-CH2-CH2-), 2.22 (dt, 2H, J = 7.0 HZ, CH=CH-CH2-CH2- 
Ch2-), 1.75 (qi, 2H, J = 7.0 Hz, CH=CH-CHI-CHI-CH,-), 1.45 
(s, 9H, -CO2C(CH,),), 0.86 (s, 9H, 0Si(CH,),C(CH3)3), 0.03 (s, 
6H, OSi(CH,),C(CH,),). 

Preparation of I-phenylsulfitzyl at~alogs of Nazarov reagents 

(3 E)-I -Phetz~~lsulfinyl-2-oxo-3-per1tene (26) 
A 500 mL, one-neck round bottom flask, oven dried and flushed 

with argon, was charged with 5.82 mL (41.5 mmol) of dry diiso- 
propylamine and 500 mL of anhydrous THF. After cooling the 
solution to -7S°C, 25.3 mL of n-BuLi (1.6 M in hexanes, 
40.5 mmol) was slowly added and the reaction mixture was stirred 
30 min at 0°C. Then it was cooled to -7S°C again and methyl- 
phenylsulfoxide (5.55 g, 39.6 mmol) was slowly added via a sy- 
ringe. After stirring at that temperature for 5 min methyl crotonate 
(2.1 mL, 19.8 mmol) was added. The reaction mixture was stirred 
at -78°C for 30 min after which time it was poured into 500 mL 
of saturated aqueous ammonium chloride. The aqueous phase was 
extracted with diethyl ether (3 x 100 mL) and the combined or- 
ganic layers were washed with brine, dried, and evaporated under 
reduced pressure to give a pale yellow oil. Multiple chromatogra- 
phy on silica gel with hexane - ethyl acetate 1 : 1 furnished 2.3 g 
of pure keto sulfoxide 26 (56%) along with 1 10 mg of a side prod- 
uct (3%) resulting from a Michael addition of methylphenylsulf- 
oxide as a 1 : 1 mixture of diastereomers. Data for P-keto sulfoxide 
26; ir (cm-I): 3100-3000, 3000-2800, 1735, 1700-1650, 1630; 
'H nmr (6): 7.7-7.4 (m, 5H, Ca5-SO-),  6.86 (dq, 1 H, J = 15.8, 
6.9 Hz, O=C-CH=CH-CH,), 6.15 (dq, IH, J = 15.8, 1.6 Hz, 
O=C-CH-CH-CH,), 4.09 (d, 1 H, J = 13.5 Hz, O=C-CH,-SOPh), 

3.88, (d, IH, J =  13.5Hz,O=C-CH2-SOPh), 1.90(dd, 3H, J = 
6.9, 1.7 Hz, O=C-CH=CH-CH,); ms (m/e): 208 (Mf),  193, 160, 
145, 136, 132, 127, 124, 119. Exact Mass calculated for CllH120,S: 
208.0558; found: 208.0553. Data for Michael addition products; 
ir (cm-I): 3100-3000(s), 3000-2800, 1735, 1445, 1305, 1230- 
1200, 1035. 'H nmr (6): 7.7-7.5 (m, IOH, Ca5-SO-), 3.68 (s, 3H, 
-CO?CH,) and 3.67 (s, 3H, -CO,CH,), 3 .O-2.3 (m, I OH), 1.24 (d, 
3H, J = 6.0 Hz, PhSO-CH,-CH-CH,) and 1.16 (d, 3H, J = 
6.3 Hz, PhSO-CH2-CH-CH,); ms (m/e): 241 (Mf), 215, 21 1, 209. 

(3 E)-I -Pherz~~lsulfanyl-2-oxo-3-pentene (27) 
(3E)-l-Phenylsultinyl-2-0~0-3-pentene 26 (247 mg, 1.19 mmol) 

was dissolved in 8 mL of dichloromethane and cooled to O°C. m- 
Chloroperbenzoic acid (80% purity, 306 mg, 1.42 mmol) was added 
quickly and the reaction mixture was stirred at O°C for 30 min. Then 
it was poured into 50 mL of saturated sodium bicarbonate and the 
aqueous phase was extracted with dichloromethane. The com- 
bined organic layers were washed with brine, dried, and evapo- 
rated under reduced pressure. Chromatography of the resulting 
yellow oil eluting with hexane -ethyl acetate gave 166 mg (67%) 
of 27 as a colorless oil; rnp: 68-70°C; ir (cm-I): 3100-3000, 3000- 
2800, 1695 (s), 1675 (s), 1630 (vs), 1510, 1450, 1325 (vs), 1160 
(vs), 975; 'H nmr (6): 8.0-7.5 (m, 5H, Cd,-SO,-), 6.99 (dq, IH, 
J = 15.5, 6.8 Hz, O=C-CH=CH-CH,), 6.30 (dq, IH, J = 15.5, 
1.5 HZ, O=C-CH=CH-CH3), 4.27 (s, 2H, O=C-CH2-S02Ph), 
1.95 (dd, 3H, J = 6.8, 1.5 Hz, O=C-CH=CH-CH,); ms (m/e): 
224 (Mf),  161, 160, 159, 145. Exact Mass calculated for 
CI,Hl2O2S: 208.0507; found: 208.0501. 

Preparation of substituted cycloheser~or~es (dienophiles) 

2,3-Dihydroxy-5 P-tnethylethetzyl-2-methylcyclohexanotze (64) 
A solution of the known epoxide 63 (37.95 g, 0.228 mol) and 

concentrated sulfuric acid (5 mL) in 300 mL of dry THF and 
15 mL of water was heated to reflux for 3 h. Then, dichlorometh- 
ane was added and the organic extracts were washed with satu- 
rated sodium bicarbonate, dried, and the solvents were evaporated 
it1 vacuo. Flash chromatography of the residue using hexane - ethyl 
acetate 3 : 1 afforded the desired cis diol 64 (21.1 g, 50%) and a 1 : I 
mixture of cis and trans diols (17.3 g, 41%). Data for cis diol 64 
[a], +57.36 (c = 4.13, CHCI,); ir (cm-I): 3460,2960, 1720, 1650, 
1380, 1 170, 1 135, 1055; 'H nmr (6): 4.82 (bs, IH, -C=CH,), 4.78 
(bs, 1 H, -C=CH2), 4.26 (bs, 1 H, -OH), 4.07 (t, 1 H, J = 2.9 HZ, 
CH-OH), 2.97 (bs, 1H, -OH), 2.89 (m, lH, CH,=C-CH-CHI), 
2.18 (m, 2H, -CH-CH,-C=O), 1.89 (m, 2H, -CH-CH2-CH-OH), 
1.76 (s, 3H, CH-C-CH3), 1.40 (s, 3H, HO-C-CH,). "C nmr (8): 
212.8 (s, CEO), 146.4 (s, CH,-C=CH,), L 10.2 (t, CH,-C=CH?), 
78.2 (s, CH,-C-OH), 75.8 (d, -CH(OH)-), 41.5 (t, -CH-CH2- 
C=O), 39.7 (d, CH2=C-C H-CH,), 33.0 (t, -CH-C H2-CH-OH), 
23.2 (q, CH3-C=CH?), 20.4 (q, CH,-C-OH). 

Ketal ester 65 
A solution of sodium metaperiodate (6.23 g, 29.3 mmol) in 

30 mL of water was added slowly to a vigorously stirred (over- 
head stirrer) solution of cis diol 64 (2.38 g, 12.9 mmol) in 20 mL 
of methanol, while maintaining the temperature below 20°C. The 
reaction mixture was stirred vigorously for 1 h and then filtered 
through Celite, washing with excess ethyl acetate. The organic layer 
was washed several times with brine, dried, and concentrated under 
reduced pressure to give the crude aldehyde-acid. This product was 
dissolved in 30 mL of benzene and ethylene glycol (3 mL, 
48.0 mmol) was added followed by p-toluenesulfonic acid 
(33 mg, 0.17 mmol). The reaction flask was equipped with a Dean- 
Stark apparatus and the mixture was heated to reflux for 6 h. The 
organic layer was washed with aqueous sodium bicarbonate, water, 
brine, dried, and the solvents were removed under reduced pres- 
sure. The resulting crude ketal-ester, dissolved in 25 mL of meth- 
anol, was transesterified with 28% sodium methoxide in methanol 
(2 mL). After stirring the reaction overnight, the solution was 
neutralized with acetic acid to pH 7.5 and the solvent was re- 
moved under reduced pressure. The residue was extracted with 
diethyl ether, the organic layer was washed with water, then brine, 
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dried, and concentrated in vacuo. Flash chromatography eluting 
with hexane - ethyl acetate 3 :  1 afforded 2.03 g (73%) of 65 as a 
clear liquid. [aID + 12.56 (c = 3.24, CHCl,); ir (cm-I): 3080, 
2960, 2885, 1740, 1650, 1440, 1140; 'H nmr (6): 4.80 (dd, l H ,  
J = 9.6, 3.8 HZ, -CH,CH-(O(CH2),0)), 4.79 (s, 2H, -C=CH2), 
3.95 (m, 2H, -0-CH,-CH,-0-), 3.8 1 (m, 2H, -0-CH2-CH2-0-), 
3.63 (s, 3H, -C0,CH3), 2.83 (m, lH,  CHZ=C-CH-CHI), 2.50 (dd, 
IH, J = 14.9, 6.4 HZ, -CH-CH2-C=O), 2.39 (dd, IH, J = 14.9, 
8.8 Hz, -CH-CH,-C=O), 1.80 (m, lH,  -CH2-CH-C(O(CH,),O), 
1.69 (s, 3H, CHI=C-CH,), 1.66 (m, lH,  -CHI-CH-C(O(CH,),O). 
I3 C nmr (6): 172.3 (s, C=O), 145.9 (s, CH3-C=CH,), 11 1.7 (t, 
CH3-C=CH2), 103.0 (d, -CH2-CH-(O(CH2)@)), 64.5 (2t, - 0 -  
(CH2)20-), 5 1.1 (q, -C02CH3), 39.3 (d, CH2=C-C H-CH,), 38.7 
(t, -CH,-CH-C(O(CH,),O)), 37.0 (t, -CH-CH,-C=O), 18.9 (q, 
CH3-C=CH,). Exact Mass calculated for C10H1503: 183.1021; 
found: 183.1018. 

P-Kero ester 66 
A mixture of ketal ester 65 (12.5 g, 58.43 mmol) and potas- 

sium hydroxide (4.9 g, 87.33 mmol) in 60 mL of ethanol was heated 
to reflux for 1.5 h. Water (60 mL) was added and the reaction 
mixture was washed with diethyl ether. The aqueous layer was 
acidified with 1 N hydrochloric acid to pH 4-5 and 60 mL of brine 
were added following extraction with diethyl ether. The combined 
organic extracts were dried and concentrated under reduced pres- 
sure. Toluene was added and evaporated until the residue was free 
of excess water. The crude ketal-acid and carbonyl diimidazole 
(10.4 g, 64.38 mmol) in 125 mL of dry THF were heated to 50°C 
for 1 h. The reaction mixture was then cooled to O°C and added to 
a previously prepared solution of monomethyl malonate (17.28 g ,  
0.146 mol) and isopropyl magnesium chloride (2 M in THF, 
146 mL, 0.293 mol) in 100 mL of dichloromethane cooled to ODC. 
The resulting solution was allowed to warm to room temp. and 
stirred for 12 h. The hetereogeneous solution was then cooled to 
0°C and 0.5 N HCl was added with continuous stirring for 
15 min. Diethyl ether was added and the organic layer was washed 
with saturated sodium bicarbonate, then brine, dried, and concen- 
trated under reduced pressure. Flash chromatography eluting with 
hexane - ethyl acetate 3 : 1 afforded 14.4 g (96%) of the desired P- 
keto ester 66 as a clear liquid. [aID + 11.54 (c = 3.38, CHC13); ir 
(cm-I): 2960, 2895, 1755, 1720, 1650, 1440, 1320, 1145; 'H nmr 
(6): 4.78 (t, IH, J = 4.9 Hz, -CH2-CH-(O(CH2),0)), 4.77 (s, 2H, 
-C=CH,), 3.93 (m, 2H, -0-CH2-CH,-0-), 3.79 (m, 2H, -0-CH,- 
CH2-0-), 3.71 (s, 3H, -C02CH3), 3.43 (s, 2H, -COCH2C02CH3), 
2.88 (qi, lH,  J = 7.1 Hz, CH2=C-CH-CH2-), 2.72 (dd, IH,  J = 
16.6, 9.6 Hz, -CH-CH2-C=O), 2.62 (dd, lH, J = 16.6, 11 .O Hz, 
-CH-CH,-C=O), 1.8 1 (ddd, 1 H, J = 14.0, 7.5, 3.6 HZ, -CH,-CH- 
C(O(CH,),O), 1.70 (s, 3H, CH2=C-CH,), 1.65 (m, lH,  -CH2-CH- 
C(O(CH2)ZO); I3c nmr (6): 200.7 (s, C=O), 167.0 (s, C0,CH3), 
146.1 (s, CH3-C=CH2), 11 1.1 (t, CH3-C=CH2), 102.6 (d, -CH2- 
CH-(O(CH2),0)), 64.2 (t, -0-(CH,),O-), 64.1 (t, -0-(CH2)?0-), 
5 1.5 (q, CO,CH,), 48.6 (t, -COCH2C02CH3), 46.6 (t, -CH2-CH- 
C(O(CH2)>0)), 37.3 (d, CH2=C-C H-CH,), 36.8 (t, -CH-C Hz- 
C=O), 19.2 (q, CH3-C=CH2). Exact Mass calculated for 
C13H2,0,: 256.13 1 1 ; found: 256.1308. 

2-Cnrbomerho,ry-5 P-methylethenyl-2-cyc1ohexe11-1 -one (56) 
A solution of P-keto ester 66 (512 mg, 2.00 mmol) in 50% 

aqueous acetic acid (25 mL) was stirred under argon for 24 h. Then 
water (25 mL) and brine (25 mL) were added and the solution was 
extracted with diethyl ether. The combined organic extracts were 
washed with water, saturated sodium bicarbonate, water, and brine. 
After drying the solvent was removed under reduced pressure. The 
crude product was filtered through a small plug of Florisil eluting 
with diethyl ether. The solvent was removed under reduced pres- 
sure to give the desired cyclohexenone 56 as a pale yellow oil 
(398 mg, 100%); [aID - 18.6 (c = 2.38, CHC13); ir (cm-I): 3080, 
2960, 1750, 1720, 1650, 1440, 1380, 1275, 1082,900; 'H nmr (6): 
7.74 (dd, 1 H, J = 5.9, 2.9 Hz, -C=CH-), 4.84 (bs, 1 H, -C=CH2), 
4.78 (s, LH, -C=CH,), 3.8 1 (s, 3H, -CO,CH,), 2.67 (m, 3H), 2.44 

(m, 2H), 1.75 (s, 3H, CH,=C-CH,). Exact Mass calculated for 
Cl ,Hl ,03:  194.0943; found: 194.0935. 

2-Carbomerhoxy-4,4-erhylenedioxy-2-c~~clohexenone (60) 
A solution of 1,4-cyclohexanedione, mono-ethylene ketal 

(1 .O g, 6.4 mmol), in 5 mL of dry THF, was added via an addi- 
tion funnel to a suspension of sodium hydride (793 mg, 
19.8 mmol) and dimethyl carbonate (1.44 g, 16.0 mml) in 10 mL 
of THF at reflux. After 2 min of addition, KH (24 mg, 0.6 mmol) 
was added and the addition of 1,4-cyclohexanedione, monoethyl- 
ene ketal, was continued over I h. The reaction mixture was heated 
under reflux for 0.5 h and cooled to 0°C. Acetic acid (10 mL, 3 M 
in water) was slowly added and the resulting solution was added 
to 50 mL of brine. The aqueous layer was separated and extracted 
with dichloromethane. The combined organic layers were washed 
with brine, dried, and evaporated under reduced pressure to give 
a white solid. The product was chromatographed on silica gel with 
hexane - ethyl acetate 5 :  1 to give 1.21 g (88%) of 2-carbome- 
thoxy-4,4-ethylenedioxy- 1-cyclohexanone; mp: 60-61°C; ir (cm-I): 
3 100-3000, 3000-2800, 1745, 1720, 1660, 1620, 1440, 1350, 
1290, 1230, 1215, 1195, 1060; IH nmr (6): 12.80 (s, lH,  HOC=C- 
C02CH3), 4.00 (m, 4H, -O(CH2),0-), 3.75 (s, 3H. -C02CH3), 2.52 
(t, 2H, J 6.5 HZ, O=C-CH2-CH2-), 2.48 (s, 2H, (RO),-CH2- 
C=C-), 1.86 (t, 2H, J = 6.5 Hz, O=C-CH,-CH,-); ms (m/e): 214 
(M'), 183, 182, 157. 

This product was then treated according to the procedure de- 
scribed by Liotta er al.  (2). 2-Carbomethoxy-4,4-ethylenedioxy- 1- 
cyclohexanone (250 mg, 1.17 mmol), phenylselenyl chloride 
(234 mg, 1.23 mmol), pyridine (102 mg, 1.28 mmol), and hydro- 
gen peroxide (0.1 mL, 1.20 mmol) were used as the reagents. The 
product 60 (237 mg, 96%) was used without further purification 
in the next step; ir (cm-I): 3 100-3000, 3000-2800, 1745, 1720, 
1690, 1440, 1355, 1290, 1230, 1215, 1135, 1055; 'H nrnr (6): 7.14 
(s, 1 H, -CH=C-COrCH3), 4.06 (m, 4H, -O(CH2)20-), 3.80 (s, 3H, 
-C02CH3), 2.70 (t, 2H, J = 6.5 HZ, O=C-CHyCHI-), 2.22 (t, 2H, 
J = 6.5 Hz, O=C-CHI-CH2-); ms (m/e): 212 (M+), 184, 181, 170, 
169. 

Base-catalyzed cyclonddirion or  double Michael cycliiafion of 
subsrirured Nazorov reagents 

General proced~cre 
2-Carbomethoxy-2-cyclohexenone 1 was slowly added over the 

indicated period of time to a suspension of cesium carbonate and 
the substituted Nazarov reagent in a dry solvent at room tempera- 
ture using a syringe pump. After the required period of time, the 
reaction mixture was filtered through a pad of Celite or silica gel 
rinsing first with dichloromethane and then with plenty of ethyl 
acetate. The solvents were then removed under reduced pressure. 
Single Michael adducts were prepared in the same way at the in- 
dicated temperatures. 

Decarboxylariorzs 
Merhod A.  The crude product from the cycloaddition was treated 

directly with p-toluenesulfonic acid (0.1 equiv.) in refluxing ben- 
zene for the required period of time. Excess solid sodium bicar- 
bonate or pyridine was added to neutralize the mixture and the 
suspension was stirred for 5 min, then filtered and the solvents 
evaporated in vacuo. 

Merhod B. The crude product from the cycloaddition was dis- 
solved in trifluoroacetic acid (usually 10 mL per mmol) and the 
solution was stirred at room temperature for 2 h. The excess acid 
was removed in vncuo and the product was found from all acid 
traces by dissolving it in benzene and evaporating in vacuo sev- 
eral times. The remaining product was dissolved in benzene and 
refluxed for the required period of time. The solvent was then 
evaporated under reduced pressure. 

8n P-Carbornethoxy-8 P-mert1~~1-2,3,4,4a,5,7,8,8a- 
ocmhydronnphrhnle1~e-l,6-dione (3) 

A solution of 2-carbomethoxy-2-cyclohexenone 1 (89 mg, 
0.577 mmol) in chloroform (4 mL) was added over a period of 
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25 min to cesium carbonate (89 mg, 0.273 mmol) and tert-butyl 
(4E)-3-0x0-4-hexenoate 2 (149 mg, 0.808 mmol) in chloroform 
(10 mL) according to the general procedure. The mixture was stirred 
for 3 h after the end of the addition. The crude product was decar- 
boxylated according to method A for 1.5 h and neutralized with 
pyridine (20 kL, 0.24 mmol). Flash chromatography on silica gel 
(hexane - ethyl acetate 2: 1 )  gave 1-carbomethoxy- l O-methyl-bi- 
cyclo[4.4.0]decane-2,8-dione 3 (95 mg, 69%); mp: 71-72°C; ir 
(cm-I): 1740, 1715; 'H nmr (6): 3.72 (3H, s, -CO,CH,), 3.18 ( lH,  
m, CH2-HC-CHJ, 2.95 (IH, m, HC-CH,), 2.80 (IH, dd, J = 5.0, 
14.0 Hz, CH(CH3)-CH,-C=O), 2.55-2.00 (6H, m). 2.00- 1.90 
(2H), 1.56 (I H), 0.88 (3H); I3c nmr (6): 209.5,206.2, 170.5,63.7, 
52.5, 45.2, 42.6, 40.2, 39.1, 33.4, 27.0, 22.5, 16.2. Exact Mass 
calculated for Cl3HI8o4: 238.1205; found: 238.1203. 

Sirzgle Michael adduct 5 
To a stirred solution of 2-carbomethoxy-2-cyclohexenone 1 

(43 mg, 0.279 mmol) and tert-butyl (4E)-3-0x0-4-hexenoate 2 (62 
mg, 0.337 mmol) in acetonitrile (6 mL) at - 15°C was added ce- 
sium carbonate (45 mg, 0.138 mmol) and the reaction mixture was 
stirred for 30 min. The crude product was purified by flash chro- 
matography with hexane - ethyl acetate 4:  1 to afford single Michael 
adduct 5 as a colorless oil (50 mg, 53%); ir (cm-I): 1735, 1710, 
1690, 1650, 1630; 'H nmr (6): 7.20-6.60 (1 H, m, -CH=CH-CH,), 
6.60-6.00 ( lH, m, -CO-CH=CH-), 3.90-3.60 (5H, m, -C02CH3, 
2 X -CO-CH-C02-), 2.60-1.60 (7H), 2.00-1.80 (3H, m, =CH- 
CH3), 1.55- 1.40 (9H, m, -C02-C(CH,),). 

Cyclizatiorl of single Michael add~tct 5 
Single Michael adduct 5 (8 mg, 0.023 mmol) in acetonitrile 

(4 mL) and cesium carbonate (6 mg, 0.018 mmol) were stirred for 
1 h at room temperature. The crude product was decarboxylated 
according to method A and neutralized with pyridine (2 pL, 
0.025 mmol). The solution was then filtered through silica gel, 
washing with ethyl acetate, and the solvents evaporated to afford 
a mixture of cis-decalin 3 and 4 (3 mg, 55%), in a 68:32 ratio, as 
determined by gas chromatography. For spectroscopic data of iso- 
mer 4 see ref. 2. 

8a P-Cnr-bomethoxy-7P,8 P-dimethyl-2,3,4,4a,5,7,8,8a- 
octalz~~dronaphthnle11e-1,6-dior~e (28) arzd its 7a isorner (29) 

A solution of tert-butyl P-keto ester 20b (84 mg, 0.4 mmol), 2- 
carbomethoxy-2-cyclohexen- I -one 1 (47 mg, 0.3 1 mol), and ce- 
sium carbonate (44 mg, 0.13 mmol) in chloroform (7.5 mL) were 
stirred for 3 h. The crude product was then decarboxylated using 
method B. Flash chromatography (hexane - ethyl acetate 7:  3 
yielded 50 mg (65%) of a mixture of epirneric compounds 28:29 
(7:3). Data for compound 28: mp: 91-92°C (heptane); R, 0.29 
(hexene - ethyl acetate (4: 1); 'H nmr (6): 3.74 (3H, s, -COOCH3), 
3.20 ( lH ,  m, -CH2CHCH2-), 3.05 (IH, qd, J = 6.6, 5.1 Hz, 
-(CH3)CHCO-), 2.89 ( IH,  qd ,  J = 7.3, 5.1 Hz, -(CH,)CH- 
CH(CH,)CO-), 2.55-1.49 (8H, m), 1 .OO (3H, d ,  J = 6.6 Hz, 
-(CH,)CHCO-), 0.64 (3H, d, J = 7.3 HZ, -(CH3)CHCH(CH3)CO-; 
irradiation of this doublet transforms the signal (qd) at d 2.89 ppm 
in a doublet, J = 5.1 Hz). Data for compound 29: mp: 84-86°C 
(heptane); Rr 0.26 (hexane - ethyl acetate 4:  1); 'H nmr (6): 3.80 
(3H, S, -COOCH,), 3.09 (I H, dq, J = 1 1.2, 5.0 Hz, -CH2- 
CHCH,-), 2.72 (IH, dq, J = 12. I ,  6 .5 Hz, -(CH,)CHCO-), 2.44- 
1.50 (9H, m), 1 .12 (3H, d, J = 6.9 Hz, -(CH,)CHCO-), 1.08 (3H, 
d ,  J = 6.5 Hz, -(CH,)CHCH(CH,)C -); simultaneous irradiation 
of the doublets at d 1.12 and 1.08 ppm transformed the signal (dq) 
at d 2.72 ppm in a doublet, J = 12.1 Hz). 

Corrlpour~cls 30 and 31 
A solution of [err-butyl P-keto ester 20c ( 173 mg, 0.77 mmol), 

2-carbomethoxy-2-cyclohexen- I-one 1 (166 mg, 1. I mmol), and 
cesium carbonate (I 13 mg. 0.34 mmol) in chloroform (19 mL) was 
stirred for 3 h. The crude product was then decarboxylated using 
method B. Flash chromatography (hexane - ethyl acetate 4:  1) 
yielded 142 mg (66%) of a 1 : I mixture of epimeric compounds 30 
and 31. Data for mixture: ir (cm-I): 1740-17 10 (C=0 ester and 
ketone); ms (m/e): 278 (M+), 246 (M' - CH,OH), 197 (MH+ - 

C6Hl"). Exact Mass calculated for C16H,z0, (M-+): 278.1518; found: 
278.15 14. Data for compound 30: mp 175-177°C (heptane); Rf 0.41 
(hexane -ethyl acetate (1 : 1)); 'H nmr (6): 3.74 (3H, s, -COOCH,), 
3.20(1H, m, -CH2CHCH,-), 2.98(1H, m, -CHCHCO-),2.84(1H, 
dt, J = 12.0, 5.0 Hz, -CHCHCO-), 2.58-0.97 (16H, m). Data for 
compound 31: mp: 116-1 18°C (heptane); Rf 0.37 (hexane - ethyl 
acetate 1 : 1); 'H nmr (6): 3.80 (3H, s ,  -COOCH,), 3.09 ( lH ,  dq, 
J = 11.0, 5.0 Hz, -CH,CHCH,-), 2.65 (IH, td, J = 11.3, 5.0 Hz, 
-CHCHCO-), 2.50-1.05 (17H, m). 

2-Carbomethox)~-3-{2-oxo-3-penten-1 - y l  -cyclohe.ranone 
(32) 

A solution of tert-butyl P-keto ester 20d (76 mg, 0.38 mmol), 
2-carbomethoxy-2-cyclohexen-I-one 1 (59 mg, 0.38 mmol), and 
cesium carbonate (56 mg, 0.17 mmol) in chloroform (9 mL) was 
stirred for 3 h. Flash chromatography (hexane - ethyl acetate 4:  1) 
yielded 21 mg (33%, the yield was 64% when this reaction was 
run in acetonitrile as solvent) of the bis-P-keto ester intermediate, 
which was decarboxylated according to method B. Data for the bis- 
P-keto ester intermediate: 'H nmr (6): 12.52, 12.48 (<2H, 2s, 
-(OH)C=C(COOCH,)- and -(OH)C=COOC(CH,),-), 6.05 (> lH, 
m, (CH,),C=CH-), 3.77 (3H, s, -COOCH, bis-P-keto ester form), 
3.76 (<3H, s ,  -COOCH, en01 forms), 3.75-1.50 >9H, m), 2.16 
(3H, s, -C=C(CH3)CH3'), 2.13 (<3H, s, -C=C(CH3)CH3, en01 
forms), 1.91 (>3H, m, -C=C(CH,)CH,, en01 forms and bis-P-keto 
ester), 1.43 (9H, s, -COOC(CH,), bis-P-keto ester form), 1.46 
(<9H, s, -COzC(CH3),), 1.39 (<9H, s, -CO,C(CH,),); ms (m/e): 
352 (weak, M f ) ,  296 (MH+ - C,H,), 279 (M' - OC,H,), 265 
(MH' - C,Hg - CH,). Exact Mass calculated for CI5HZ006 
(MH+ - C,H,): 296.1260; found: 296.1257. 

Decarboxylation (method B): bis-P-keto ester (25 mg, 0.07 
mmol), trifluoroacetic acid (5 mL), benzene ( I0  mL). Flash chro- 
matography (hexane - ethyl acetate 7 : 3) yielded 16 mg (89%) of 
32: ir (cm-I): 1740 (C=0 ester), 17 10 (C=0 ketone), 1680 (C=0 
conjugated ketone), 1620 (conjugated C=C); 'H nmr (6): 12.37 
( lH,  S, -C=C-OH), 6.05 (> IH, m, (CH,),C=CH-), 3.76 (<3H, 
S, -(HO)C=C(COOCH3)-), 3.75 (3H, s, -COCH(COOCH,)-), 3.29 
(< lH ,  dd, J = 11.1, 0.8 Hz, -COCH(COOCH,)-), 3.20-1.30 
(>9H, m), 2.16 (3H, d, J = 1.1 Hz, -C=C(CH,)CH,'), 2.14 
(<3H, d, J = I. 1 Hz, -C=C(CH,)CH,, enol form), 1.90 (3H, s, 
-C=C(CH3)CH,), 1.89 (<3H, s, -C=C(CH,)CH,, en01 form); ms 
(r?z/e): 252 (M+), 220 (MI- - CH30H), 205 (M' - CH,OH-CH3). 
Exact Mass calculated for C,,H,,O, (M'): 252.1361; found: 
252.1356. 

8a p-Carbornet1zox~~-8 P-{p-toluer~esulfonyloxybu~-l-yl}- 
2,3,4,4a,5,7,8,8a-ocmhydrorzaphfhaler~e-l,6-dione (35) 

A solution of substituted Nazarov reagent l l c  (41 mg, 0.103 
mmol), 2-carbomethoxy-2-cyclohexenone 1 (24 mg, 0.154 mmol), 
and cesium carbonate (25 mg, 0.069 mmol) was stirred for 3.5 h. 
Decarboxylation of the crude product using method A for 1.5 h 
afforded bicyclic tosylate 35 (27 mg, 58%); ir (cm-I): 1740, 1715, 
1600, 1365, 1180; 'H nmr (6): 7.90-7.20 (4H, 2d, J = 8.3 Hz, 
-CH2-0S02-), 3.76 (3H, S ,  -C02CH3), 3.09 (IH, ddd, J = 5.0, 
10.0, 10.0 Hz, HPCS), 2.70 (2H, m), 2.45 (3H, S ,  =C-CH3), 
2.50-2.00 (6H, m), 2.00- 1.90 (2H, m), 1.60- 1.10 (7H, m); ms 
(m/e): 450 (M'), 419 (M' - OCH,), 391 (M+ - C02CH3). Exact 
Mass calculated for C,,H,"O,S: 450.17 12; found: 450.1709. 

18a P-Carborrlerhoxy-8 P-{tert-bu~~ldiplzeizylsilylonyp~'opczn-I- 
y1)-2,3.4,4a.5.7.8,8n-oc~ahyd1-o11a~~/z1ha1eze-16-dione (37) 

A solution of substituted Nazarov reagent l l b  (183 mg, 
0.392 mmol), 2-carbomethoxy-2-cyclohexenone 1 (50 mg, 
0.327 mmol), and cesium carbonate (53 mg, 0.147 mmol) was 
stirred for 3.5 h. Decarboxylation of the crude product using method 
A for 1.5 h afforded bicyclic compound 37 (103 mg, 60%); ir 
(CHCIJ: 1740, 1715, 11 10; 'H nrnr (CDCI,, 6): 7.60 and 7.40 
(IOH, 2m, aromatic protons), 3.71 (3H, s ,  -C02CH,), 3.60 (2H, 
m, -CH,-0-), 3.15 ( IH, m, H PCS), 2.80-2.00 (7H, m), 2.00- 1.90 
(2H, m), 1.80- 1.20 (6H, m), 1.03 (9H, s, Si-C(CH,),). 
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and cesium carbonate (33 mg, 0.10 mmol) afforded, after chro- 
matography on silica gel and eluting with hexane - ethyl acetate 
6: 1, 85 mg (75%) of the product 49; ir (cm-I); 3000-2800, 1735, 
1710, 1685, 1620, 1470, 1465, 1260, 1215(bs), 1100(bs), 840(s); 
'H nmr (6): 12.44 (s, lH,  R0,C-C=COH), 3.85 (t, 2H, J = 
6.3 HZ, O=C-CH2-CH2-OR), 3.67 (s, 3H, -C02CH3), 3.4 1 (dd, 
lH, J = 12.0, 4.5 HZ, -CH-CHCO,C(CH,),), 2.56 (t, 2H, J = 
6.3 Hz, O=C-CH,-CH,-OR), 2.5-2.3 (m, 6H), 2.15-1.1 (m, 9H), 
1.49 (s, 9H, -CO,C(CH,),), 0.86 (s, 9H, OSi(CH,),C(CH,)), 0.03 
(s, 6H, OSi(CH,),C(CH,),). ms. (tn/e): 550 (w, M+), 493, 436, 
418. Exact Mass calculated for C29H4608Si: 550.2962; found: 
550.2966. 

Tetracyclic compound 51 
Compound 49 (74 mg, 0.13 mmol) was decarboxylated using 

method A. The product was chromatographed on silica gel eluting 
with hexane - ethyl acetate 5:  1, to afford 18 mg (32%) of the de- 
carboxylated decalin 50 and 6 mg (14%) of the nondecarboxy- 
lated decalin. The silyloxy group had been eliminated in both 
compounds. Compound 50: 'H nmr (6): 6.33 (dd, IH, J = 17.7, 
10.0Hz,-CH=CH2),6.18(dd, 1 H , J =  17.7, 1.6Hz,-CH=CH2, 
trans), 5.82 (dd, IH, J = 10.0, 1.6 Hz, -CH=CH,, cis), 3.67 (s, 
3H, -C02CH3), 3.42 (dd, lH,  J = 11.6, 4.0 Hz, -CH- 
CHC02C(CH3)3), 2.6-1.1 (m, 16H), 1.50 (s, 9H, -CO,C(CH,),). 
Minor compound: 'H nmr (6): 6.30 (dd, lH,  J = 17.5, 10.0 Hz, 
-CH=CH2), 6.15 (dd, lH, J = 17.5, 1.5 Hz, -CH=CH,, trans), 
5.79 (dd, IH, J = 10.0, 1.5 Hz, -CH=CH2, cis), 3.72 (s, 3H, 
-C0,CH3), 3.13 (m, 1 H, 0=C-CH2-CH-(CH2)3-C=0), 2.9- 1.1 
(m, 17H). 

The major compound 50 (18 mg, 0.043 mmol) was resubmitted 
to the same conditions and 17 mg (94%) of tetracyclic compound 
51  as a 2: 2: 1 mixture of three isomers were isolated after column 
chromatography with hexane - ethyl acetate 1 : 1. One isomer 

1 (eluting firstj could be purified and bas characterized; ir (cm-I): 
1 
j 

3000-2800, 1735-1710(b~), 1470, 1450, 1435, 1260, 1215(bs), 
I 1160, 1105; 'H nmr (6): 4.1-3.9 (m, 2H, -0-CH2-CH2-C=O), 3.72 
j 
i (s, 3H, -C02CH3), 3.52 (ddt, 1 H, J = 14.0, 6.25, 2.0 HZ, O=C- 

i CH2-CH-(CH,),-C=O), 2.88 (m, lH), 2.7-1.1 (m, 17H). ms 

i (tn/e): 320 (M+), 302, 288, 277, 261, 260, 243. Exact Mass cal- 
culated for C18H2405: 320.1624; found: 320.1624. 

80 P-Carbomethoxy-7a-tnethyl-2,3,4,4a,5,7,8,8a- 
octahydronaphthalene-1,6-dione (52) 

To a solution of 100 mg (0.5 mmol) of (3E)-I-phenylsulfinyl- 
2-0x0-3-pentene 26 in 5 mL of anhydrous dichloromethane, was 
added 63 mg of cesium carbonate (0.19 mmol). Then, 2-carbome- 
thoxy-2-cyclohexenone 1 (104 mg, 0.67 mmol) was added over a 
period of 1 h and the resulting suspension was stirred 1 h at room 
temperature, after which it was filtered through a pad of silica gel 
and washed with ethyl acetate. The crude product was chromato- 
graphed on silica gel (10 g, at least 100: 1 w/w of silica gel to 
product) eluting with hexane - ethyl acetate 3:  1, to yield 79 mg 
(70%) of pure 52 as a white crystalline compound; mp: 80-82°C; 
ir (cm-I): 3010 (s), 3000-2800 (m), 1750, 1735, 1720, 1675(s), 
1440, 1235; 'H nmr (6): 5.99 (bd, lH,  J = 2.0 Hz, O=C-CH-C-), 
3.75 (s, 3H, -C02CH3), 3.23 (ddq, 1 H, J = 6.9,4.8, 3.2 Hz, H3C- 
CH-CH,-), 2.90 (dddd, IH, J = 14.9, 12.5, 4.9, 2.0 Hz, O=C- 
CHI-CH2-CH2-C=CH-C=O), P), 2.75 (dd, lH,  J = 17.8,4.8 HZ, 
O=C-CH2-CH2-CH2-C=CH-C=O), 2.7-2.5 (m, 3H, O=C-CH2- 
CH2-CH,-C=CH-C=O, a and H,C-CH-CH,-), 2.30 (ddd, lH,  
J = 17.8, 3.2, 0.9 HZ, O=C-CH2-CH2-CH2-C=CH-C=O), 2.12 
(m, 1 H, O=C-CH2-CH2-CH2-C=CH-C=O), 1.7 (m, lH, O=C- 
CH2-CH2-CH2-C=CH-C=O), 0.95 (d, 3H, J = 6.9 Hz, H3C- 
CH-). "C nmr (6): 203.5 (s, C=O), 197.4 (s, C=O), 156.3 (s, 
-C02CH3), 127.0 (d, -C=CH), 126.1 (s, -C=CH), 66.4 (s, 
CH,02C-C-C=CH), 53.5 (q, COzCH3), 42.6 (t, -CH2C=O), 40.1 
(t, -CH2C=O), 34.5 (d, -CH-CH,), 33.0 (t, -CH,-C=CH-), 20.7 
(t, -CH2-CHI-CH2-), 16.0 (q, -CH-CH,). ms (m/e): 236 (Mi), 208, 
194, 179, 177, 176, 163, 162, 135, 134. Exact Mass calculated for 
C13H160,: 236.1049; found: 236.1046. 

Motlonddition product 68 
To a solution of 100 mg (0.5 mmol) of (3E)-1-phenylsulfinyl- 

2-0x0-3-pentene 26 and 2-carbomethoxy-2-cyclohexenone 1 
(104 mg, 0.67 mmol) in 5 mL of anhydrous dichloromethane at 0°C 
(or -5OC in acetonitrile) was added 63 mg of cesium carbonate 
(0.19 mmol). The resulting suspension was stirred at that temper- 
ature for 1 h. Then it was filtered through a pad of silica gel and 
washed with ethyl acetate. The crude product was chromato- 
graphed on silica gel, eluting with hexane - ethyl acetate 3 :  1 
(200 mL) and then 1 : 1, to yield 81 mg (46%, 68% based on re- 
covered starting material of pure 68 as a mixture of diastereomers 
along with 33 mg of the starting sulfoxide 26. Both diastereomers 
of adduct 68  exist as a mixture of keto and en01 forms; ir (cm-I): 
3010 (s), 3000-2800 (m), 1740, 1715, 1655, 1620, 1445, 1225, 
1205, 1045; 'H nmr (6): 12.67 and 12.60 (s, C=C-OH), 7.7-7.4 
(m), 6.83 (dq, J = 15.7, 6.9 Hz), 6.7;-6.3 (m), 5.77 and 5.66 (dq, 
J = 6.9, 1.6 Hz), 4.47 (d, J = 12.0 Hz, (C=O)CH-SOPh), 4.29 
(d, J = 7.1 Hz, (C=O)CH-SOPh), 4.2-4.0 (m), 3.87 (s, -COCH3), 
3.84 (s, -COCH,), 2.9-1.5 (m), 1.76 and 1.66 (dd, J = 6.9, 
1.6 Hz, -CH-CH,). ms (m/e): 362 (M+), 346, 345, 344,3 14, 3 13, 
312. Exact Mass calculated for CI9H2,O5S: 362.1 195; found: 
362.1188. 

Cyclizntion of adduct 68 
To a solution of 29 mg (0.08 mmol) of adduct 68 in 0.5 mL of 

anhydrous dichloromethane was added 10 mg of cesium carbon- 
ate (0.032 mmol) and the resulting suspension was stirred for 1 h 
at room temperature. Then it was filtered through a pad of silica 
gel, washing with ethyl acetate. 'The crude product was chroma- 
tographed on silica gel (2.9 g, at least 100: 1 w/w of silica gel/ 
product), eluting with hexane - ethyl acetate 3: 1 (100 mL) and then 
1 : 1, to yield 1 1 mg (58%) of a compound whose spectral data were 
identical with those of compound 52. 

Catalytic hydrogenation of compoutzd 52 
Palladium on charcoal (3 mg, 10% w/w) was added to a solu- 

tion of 30 mg (0.13 mmol) of 52 in 1 mL of ethyl acetate. The flask 
was then flushed with hydrogen several times and the solution was 
stirred under a positive pressure of hydrogen for 72 h. The reac- 
tion mixture was then filtered through a pad of Celite and the sol- 
vent was evaporated under reduced pressure yielding a colorless oil. 
Chromatography on silica gel eluting with hexane - ethyl acetate 
3 : 1 furnished 19 mg (60%) of the known compound 4 (2); ir (cm-I): 
3 100-3000, 3000-2800, 1735, 1730- 1700; 'H nmr (6): 3.8 1 (s, 
3H, -C0,CH3), 3.0-2.7 (m, 3H), 2.5-1.5 (m, 9H), 1.15 (d, 3H, 
J = 6.9 Hz, CH-CH,). 

8a ~-Carbomethoxy-7-1neth~~l-5-phenylsu~nyl- 
2,3,4,4a,5, 7,8 ,8a-oc tnh~~dronaphthalene-6-d ie  (53) 

A solution of 60 mg (0.5 mmol) of (3E)-1-phenylsulfonyl-2-0x0- 
3-pentene 27 in 2 mL of anhydrous dichloromethane was treated 
with cesium carbonate (35 mg, 0.11 mmol) and 2-carbomethoxy- 
2-cyclohexenone 1 (58 mg 0.37 mmol) in the same way as for (3E)- 
I-phenylsulfinyl-2-0x0-3-pentene 26. Chromatography on silica gel, 
eluting with hexane - ethyl acetate 3:  1, yielded 46 mg (45%) of 
pure 53; ir (cm-I): 3 120, 3000-2800, 1720(s), 1450, 1435, 1320, 
13 10, 1250, 1215, 1150, 1080; 'H nmr (6): 7.8-7.5 (m, 5H, C a 5 -  
SOz-), 4.00 (m, 1 H), 3.86 (s, 3H, -C02CH,), 3.58 (d, IH, J = 
6.6 Hz), 2.8-2.5 (m, 4H), 2.4-1.5 (m, 5H), 1.09 (d, 3H, J = 6.1, 
CH-CH,). ms (m/e): 378 (M'), 363, 347, 319, 292, 265, 237, 236, 
233. Exact Mass calculated for C19H2206S: 378.1137; found: 
378.1144. 

Reduction of sulforle 53 
The sulfone 53 (20 mg, 0.53 mmol) was dissolved in 1 mL of a 

mixture of THF and water (9: 1). Aluminium foil (BDH, 23 mg, 
0.84 mmol) was cut in small chunks, soaked in an aqueous mer- 
curic chloride solution (2%) for 15 s, and rinsed with absolute ethyl 
alcohol and diethyl ether. The chunks were then dropped in the 
reactant solution and the mixture was stirred at room temperature 
for 4.5 h. The aluminium foil had completely dissolved after 2 h 
and the solution then took on a grayish color. The solution was then 
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filtered through a pad of Celite and the solvents were evaporated (3H, d,  J = 6.2 Hz, -CHCH,); ms (mle): 364 (M+), 333 (M' - 
under reduced pressure. The residue was taken up in ether, washed OCH,), 307 (M' - C4H9). 
with saturated sodium bicarbonate and then with brine, dried and This crude product was then decarboxylated using method B. 
the solvents evaporated under reduced pressure. Chromatography Flash chromatography (hexane - ethyl acetate 3 : 2) of the residue 
on silica gel, eluting with hexane - ethyl acetate 3 :  1, furnished yielded 66 mg (86%) of 59 as a solid. The product could be re- 
6 mg (48%, 79% based on recovered starting material of 4 and 8 crystallized in heptane; mp: 88-89°C; ir (CH2C1,, cm-'): 1740-1710 
mg of starting sulfone 53. (C=O ester and ketone), 1680 (C=0 conjugated ketone); 'H nmr 

8 a  P-Carbomefhoq-4 P,8 P-dirnerhyl-2,3,4,4a,5,7,8,8a- 
ocrahydronaphrhalene-1,6-diotie (55) 

A solution of [err-butyl (4E)-3-0x0-4-hexenoate 2 (459 mg, 
2.5 mmol), 2-carbomethoxy-4-methyl-2-cyclohexenone 54 (344 
mg, 2.0 mmol), and cesium carbonate (365 mg, 1.12 mmol) in 
chloroform (60 mL) was stirred for 3 h. The crude product was then 
decarboxylated using method B. Data for the bis-P-keto ester (be- 
fore decarboxylation): 'H nmr (6): 12.67 ( IH,  s ,  -C=OH), 3.65 
(3H, S, -COCH,), 3.26 (IH,  d, J = 12.5 HZ, -(CH3),CCHC=C- 
OH), 2.80-1.52 (8H, m), 1.48 (9H, s, -C(CH,),), 1.14 (3H, d, 
J = 7.1 Hz, -CH(CH3), 0.97 (3H, d, J = 7.3 Hz, -CH,C(CH,)CH-); 
ms, (mle): 334 (M' - H20),  295 (M' - C,H9). 

P-Keto ester 55 (73% yield): mp: 8648°C;  ir ( c m ' ) :  1735-1720 
(C=O ester and ketones); 'H nmr (6): 3.79 (3H, s,  -COOCH,), 
2.75-1.43 ( I l H ,  m), 1.08 (3H, d, J = 6.5 Hz, -CH(CH,), 1.04 
(3H, d, J = 6.3 Hz, -CH,CH(CH3)CH-); "C nmr (6): 208.9, 207.8 
(2s, -C=O), 17 1.4 (s, -C02CH3), 64.7 (s, O=C-C(C0,CH3)-C-), 
52.1 (q, -CO,CH,), 48.0 (d, -CH,CH(CH3)CHCH,-), 45.5,41.9,  
38.2, 32.8 (4t, -CH,), 33.3 (d, -CH(CH,), 3 1.1 (d, -CH2CH(CH3)- 
CH-), 19.4 (q, -CH2CH(CH3)CH-), 16.3 (q, -CH(CH,)). 

80 P-Carbomefhoxy-8 P-methyl-3 P-mefhylerhenyl- 
2,3,4,4a,5,7,8,8a-ocfahydronaphrhalerle-1,6-dior~e (57) 

A solution of rerf-butyl (4E)-3-0x0-4-hexenoate 2 (285 mg, 
1.5 mmol), 2-carbomethoxy-5P-methylethenyl-2-cyclohexenone 
56 (600 mg, 3.1 mmol), cesium carbonate (250 mg, 0.8 mol) in 
CHCI3 (38 mL) was stirred for 3 h. The crude product was then 
decarboxylated using method B to afford ester 57 as the major 
compound of a (85 : 1 1 : 4) mixture of three compounds (75% total 
yield). Compound 57 was isolated pure by means of flash chro- 
matography (hexane - ethyl acetate 7:3) while the two diastereo- 
meric side products could not be separated from each other: RI  for 
57 and its isomers were 0.30 and 0.25, respectively, in hexane - 
ethyl acetate 7:3). 57 was recrystallized in a 20: 1 mixture of hep- 
tane and dichloromethane: mp: 97-98°C; [a], + 1 17.3 (c = 1.3, 
CHCI,); ir (CH2C12, cm-I): 1740- 1710 (C-0 ester and ketones); 
'H nmr (6): 4.81, 4.74, (2H, 2s, -C=CH2), 3.76 (3H, s, -C0,CH3), 
3.22-1.55 (1 IH, m), 1.72 (3H, s,  -(CH,)C=CH,), 0.84 (3H, d,  
J = 7.4 Hz, -CHCH3); I3C nmr (6): 209.7, 205.5 (2s, -C=O), 
170.5 (s, -C02CH,), 146.3 (s, -(CH,)C=CH,), 110.7 (t, 
-(CH,)C=C H2), 62.7 (s, O=C-C (C0,CH3)-C-), 52.8 (q, 
-C02CH3), 45.8, 45. I ,  52.7, 32.5, (4t, -CHI), 40.8, 37.2 (2d, 
-CH),  33.5 (d, -CHCH,), 20.5 (q, -C(CH,)=CH,), 16.5 (q, 
-CHCH3); unseparated mixture of minor compounds: ' H  nmr 
(6): 4.82-4.74 (>2H, m, -C=CH,), 3.82 (<3H, s ,  -CO,CH,), 
3.81 (3H, s ,  -CO,CH,), 3.20-1.45 (1 lH,  m), 1.73 (>3H, s,  
-(CH3)C=CH2), 1.16 (<3H, d, J = 6.9 HZ, -CH-CH3), 1.14 (3H, 
d, J = 6.6 HZ, -CH-CH,). 

8a P-Carbornerhoxy-4,4,8 P-rrimerhyl-4,4a,5,7,8,8a- 
hexahydronuphfhale~ze-1 ,6-dione (59) 

To a stirred solution of [err-butyl (4E)-3-0x0-4-hexenoate 2 
(77 mg, 0.42 mmol) and 2-carbomethoxy-4,4,dimethylcyclohexa- 
dienone 58 (603 mg, 3.3 mmol) in acetonitrile (10 mL) was added 
cesium carbonate (60 mg, 0.19 mmol). After 3 h, the cesium car- 
bonate was filtered through silica gel and the solvent was evapo- 
rated under reduced pressure. Flash chromatography (hexane -ethyl 
acetate 4 :  1) yielded 106 mg (70%) of bis-P-keto ester; 'H nmr (6): 
12.79 ( IH,  s,  -C=C-OH), 6.61 ( lH,  d ,  J = 10.2 Hz, -CH=CH- 
CO-), 5.89 (1 H, d ,  J = 10.2 Hz, -CH=CH-CO-), 3.77 (1 H, s,  
-(CH,),CCHC=C-OH), 3.63 (3H, s ,  -C0,CH3), 2.55-2.40 (3H, 
m), 1.48 (9H, s ,  -CO2(CH3),), I .20, 1.06 (6H, 2s, -C(CH,),), I .  I0 

(6): 6.54 (1 H, d ,  J = 10.3 Hz, - C H = C H ~ O - ) ,  5.96 ( IH,  d ,  J = 
10.3 HZ, -CH=CH-CO-), 3.75 (3H, s ,  -C02CH,), 3.04 ( IH,  t, 
J = 6.0 HZ, -(CH,)2CCHCH2-), 2.75-2.20 (5H, m), 1.20 (3H, s,  
-C(CH,)2), 1.12 (3H, S, -C(CH,)J, 1.09 (3H, d, J = 6.4 HZ, 
-CHCH3); '' C nmr (6): 209.5 (s, C=O), 196.0 (s, -C=C-C=O), 
171.4 (s, -C02CH3), 156.8 (d, -CH=CH-CO-), 124.6 (d, 
-CH-C H-CO-), 60.0 (s, O=C-C (CO2CH3)-C-), 52.3 (q, 
-C02CH3), 45.2 (t and d ,  -CH2 and -(CH,),CCHCH,-), 40.0 (t, 
-CH,), 36.3 (s, -C(CH3),), 33.3 (d, -CH-CH,), 30.8, 25.6 (2q, 
-C(CH3)2), 16.6 (q, -CH-CH,); ms (mle): 264 (M'), 249 (M+ - 
CH,), 232 (M+ - CH,OH); Exact Mass calculated for C,,H,,O, 
(M+): 264.1361; found: 264.1363. 

8a P-Carbornerhoq~-4,4-erh~~/enedioq~-8 P-merhyl- 
2,3,4,4a,5,7,8,8a-ocrahydr~onaphrha1er2e-l,6-dione (61) 

Dichloromethane (5 mL), P-keto ester 2 (288 mg, 1.67 mmol), 
4,4-ethylenedioxy-2-carbomethoxy-2-cyclohexenone 60 (237 mg, 
1.12 mmol), and cesium carbonate (146 mg, 0.45 mmol) were 
stirred for 2 h. Chromatography on silica gel with hexane - ethyl 
acetate 5 :  1 afforded 441 mg (98%) of a colorless oil; ir (cm-I); 
3000-2800, 1740, 1710, 1645, 1395, 1295, 1225, 1210(s), 1155; 
'H nmr (6): 12.4 (s, < IH,  -C=COH), 4.0-3.7 (m, 4H, 
-O(CH2)20-), 3.66 (s, <3H, -C02CH3), 3.65 (s, <3H, -C02CH3), 
3.20 (m, IH), 2.74 (m, 2H), 2.45-2.35 (m, 3H), 2.1-1.95 (m, 
2H), 1.46 (s, 9H, -C02C(CH3),), 1.06 (d, <3H, J = 7.0 HZ, -CH- 
CH,), 1.05 (d, <3H, J = 7.0 Hz, -CH-CH,). ms (mle): 396 (M'), 
340, 323, 322, 309, 296, 295, 294. Exact Mass calculated for 
C20H2808: 396.1780; found: 396.1784. 

This product (220 mg, 0.55 mmol) was then decarboxylated ac- 
cording to method A to afford, after chromatography on silica gel 
eluting with hexane - ethyl acetate 3: I ,  151 mg (93%) of decalin 
61; ir (cm-'): 3000-2800, 17 15(s), 1225(s), 1 125, 1090, 1045; 'H 
nmr (6): 4.05-3.95 (m, 4H, -O(CH2)?0-), 3.78 (s, 3H, -CO,CH,), 
3.22 (t, 1 H, J = 5.8 Hz, (RO),C-CH-CH2-C=O), 3.0 (m, 1 H, 
H3C-CH-CHI-), 2.8-2.55 (m, 3H), 2.5-2.3 (m, 2H), 2.1 - 1.9 (m, 
3H), 1.05 (d, 3H, J = 7.0 Hz, -CH-CH,); ms (mle): 296 (M'), 
281, 237, 195. Exact Mass calculated for CljH2006: 296.1265; 
found: 296.1260. 
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The synthesis of P-keto lactones via cyclization of P-keto ester dianions or the 
cyclization of Meldrum's acid derivatives 
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This paper is dedicated to Professor Zdenek (Derlrly) Vnletltn on the occnsion of his 65th birthdrly 

LEONARD LERMER, EDWARD G. NEELAND, JAMES P. OUNSWORTH, RUSSELL J. SIMS, SAMUEL A. TISCHLER, and LARRY 
WEILER. Can. J. Chem. 70, 1427 (1992). 

Two new methods to synthesize macrocyclic P-keto lactones have been developed. The first involves the synthesis 
of o-halo-P-keto esters and an intran~olecular alkylation of the dianions to these compounds. The reaction is compli- 
cated by elimination in the small and medium ring systems and by difficulties in purifying the final products. However, 
it is possible to obtain modest yields of the desired P-keto lactones. This procedure was used to synthesize the 25- and 
27-membered ring P-hydroxy lactones that are the constituents of termite defense compounds. The second method in- 
volves the thermolysis of acylated Meldrum's acid derivatives, which leads directly to P-keto lactones. This process gives 
modest yields of macrocyclic systems and good yield of the unsubstituted 3-oxopentan-5-olide (25). The 14-mem- 

bered macrocyclic P-keto lactone 9 j  has a complex 'H NMR spectrum, which has been interpreted in terms of multiple 
conformations. The temperature dependence of the NMR spectrum of 9j  is consistent with entropic, rather than enthal- 
pic, control of the equilibrium. Quasiharmonic entropy calculations are consistent with this model. 

I LEONARD LERMER, EDWARD G. NEELAND, JAMES P. OUNSWORTH, RUSSELL J. SIMS, SAMUEL A. TISCHLER et LARRY ~ WEILER. Can. J. Chem. 70, 1427 (1992). 
On a mis au point deux nouvelles mkthodes de synthkse de P-ckto lactones macrocycliques. La premikre impl~que la 

synthese des p-cktoesters w-halog6nCs et une alkylation intramolCcula~re des dianions de ces composCs. La reaction est 
compllqute par une reaction d'elimination dans les systkmes comportant des petits cycles et des cycles moyens et par 
des difficult& a purifier les produ~ts finals. Toutefois, i l  est possible d'obtenir des rendements modestes des P-cCto lac- 
tones dCsirCes. On a utilisC cette proctdure pour synthktiser les P-hydroxy lactones a 25 et 27 chainons qui font partie 
des produits de dtfense des termites. La seconde mCthode impllque la thermolyse de derivCs acylCs de I'acide de Meldrum 
et elle conduit directement aux p-cCto lactones. Cette mCthode donne des rendements modestes des systkmes macro- 
cycliques et un bon rendement du 3-oxopentan-5-olide (25). Le spectre RMN du 'H de la P-ceto lactone macro- 

cyclique ti 14 chainons (9j) est complexe et on I'a interpret6 en fonction de conformations multiples. La relation entre 
le spectre RMN du composC 9 j  et la temperature est en accord avec un contr8le entropique, plut8t qu'enthalpique, de 
I'tquilibre. Des calculs d'entropie quasiharmonique sont en accord avec ce modkle. 

[Traduit par la redaction] 

Introduction thesis, ref. 3) are 14-membered P-keto lactone antibiotics that 

P-Keto lactones have been found in a number of macro- have attracted interest as synthetic targets. The P-keto lac- 
cyclic natural products. Picromycin (1) (ref. l a ,  structure; tone moiety led to confusion in the initial structural work on 
l b ,  synthesis), narbomycin (2) (ref. 2a, structure; 2b, syn- these compounds (4). This particular array of functional 
thesis), and kromycin (3) (see ref. l a  for structure; for syn- groups also generated one of the most challenging aspects 

of the synthesis of these compounds. Indeed, in three of the 
' ~ u t h o r  to whom correspondence may be addressed. syntheses of these compounds, a P-hydroxy lactone was 
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synthesized and subsequently oxidized to the P-keto lactone 
0 0 

at a very late stage in the synthesis. 
Boeckman and Pruitt used an ingenious cyclization of a 

hydroxy ketene to give the P-keto lactone directly (eq. [ l ] )  
(3). In model studies directed towards the synthesis of sim- 
ple P-keto lactones, Ireland and Brown provided a direct 

I route to such systems through a sulfide contraction of the 0 
product from an intramolecular reaction of an a-halo ester 
and a thioamide (eq. [2]) (5) and Booth et al. found that w- 
hydroxy-P-keto thioesters can be cyclized to macrocyclic 
p-keto lactones (eq. [3]) (6). 

For several years we have been interested in the synthesis l R = O H  3 

and reactivity of P-keto ester derivatives. The mono anions 2 R = H 

of w-halo-a-keto esters cyclize rather slowly. As a result, we 

1. ClCH2COC1 

2. Nal, i-Pr2NEt 

(Et0)3P, A 

were able to generate the dianions of these compounds and 
cyclize the resulting intermediate to the P-keto esters shown 
in eq. [4] (7). This suggested a possible route to P-keto lac- 
tones via the intramo!ecular alkylation of the dianions of w- 
halo-b-keto esters 4.- 

P-Keto esters substituted on the alcohol fragment are 
readily obtained from alcoholysis of the acyl Meldrum's acid 
derivative 5 (9). Thus, alcoholysis of 5 with the halo alco- 
hols 6 gave the desired w-halo-P-keto esters 4 in good to 
excellent yields (eq. [5]  and Table 1).  The w-halo alcohols 
6 were prepared according to literature procedures (see Ex- 
perimental). 

'A preliminary account of a portion of this work has appeared 
(8). 

X C H  : JJo 
6 

O x 0  

- 
THE A 

5 4 

We then undertook an extensive study of the cyclization 
of the P-keto esters 4 via their dianions. Treatment of 4a with 
two equivalents of lithium diisopropylamide (LDA) gave a 
complex mixture of products from which we were unable to 
isolate any cyclic P-keto lactone or other identifiable prod- 
uct. Lowering the reaction temperature did not lead to any 
improvement in the reaction. The addition of P-keto ester 4b 
to a solution of two equivalents of LDA in THF gave a sin- 
gle product by TLC that was isolated in 58% yield. The NMR 
and IR spectra of the product clearly showed that it was an 
olefinic P-keto ester and the spectral data were consistent with 
the structure of the product being 7 .  This was confirmed by 
an independent synthesis of 7 from acetyl Meldrum's acid 5 
and 2-propen- 1-01. 
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TABLE 1. Yields of w-halo-P-keto esters 4 
by alcoholysis of acetyl Meldrum's acid 5 

Entry R X n Yield(%) 

TABLE 2. Cyclization of w-halo-P-keto es- 
ters 4 using LDA in THF (eq. [6]) 

Yield (%) 
Entry 

4 R X n 9 10 

Treatment of 4c and 4d with two equivalents of LDA in 
THF gave only unreacted starting material even on pro- 
longed reaction conditions. Verification of dianion forma- 
tion was obtained by the addition of one equivalent of methyl 
iodide to the solution of 4c in base. This reaction gave the 
y-alkylated product 8 in 75% yield. The fact that exclusive 
y-alkylation had occurred was readily shown from the NMR 
data. With the question of dianion formation no longer in 
doubt, it appeared that the failure of the cyclization was 
linked either to the poor leaving group ability of the chlo- 
ride or to the geometric requirements of the cyclization. The 

3 equiv. LDA 
[61 - 

THF 

chloride in 4c was replaced with iodide. Attempted cycli- 
zation of this iodide gave only the elimination product. 

From a study of molecular models, we concluded that the 
formation of 8- to 11-membered P-keto lactones via the in- 
tramolecular alkylation would be difficult because of the need 
for the halide chain to span four contiguous planar sp2 car- 
bons. This analysis suggested that the first ring that we might 
expect to form under these conditions would be the 12- 
membered system. To test this hypothesis and to determine 
the chain length at which cyclization becomes competitive 
with other side reactions, we prepared the series of P-keto 
esters 4e-41. An extensive study of cyclization of 41 to give 
the 16-membered lactone was carried out. 

When the P-keto ester 41 was added to a solution of two 
equivalents of LDA in THF, two new products were formed 
in addition to some unreacted starting material. The major 
product was shown to be the desired 3-oxopentadecanolide 
(91) from its spectroscopic data and the minor product was 
the alkene (101) formed-in an elimination reaction. Increas- 
ing the amount of LDA in the reaction mixture to three 
equivalents led to complete reaction of the starting mate- 
rial. The 'H NMR of the crude ~roduct  indicated that it con- 
tained mainly the desired P-keto lactone along with a small 
amount of the elimination product. Careful chromato- 
graphic purification of the product gave approximately a 50% 
yield of the desired lactone. Other methods of purification 
were not successful. Subsequently we found that these P-keto 
lactones are relatively unstable to chromatography and dis- 
tillation. 

Adding HMPA to the solvent led to increased yields of the 
alkene 101. Reaction in less polar solvents, such as hexane, 
gave lower yields of lactone and increased recovery of 
starting material. The reaction was sensitive to temperature 
and maximum yields were obtained when the addition of 4 
to the base was carried out at either -78°C or 0°C and the 
reaction mixture allowed to warm to room temperature. No 
cyclization could be detected at temperatures below - 10°C. 
Yet at O°C, the proportion of P-keto lactone began to dimin- 
ish prior to complete consumption of starting material. At 
lower temperatures increased recovery of starting material 
occurred. We were unable to improve the yield of product 
using other metal counterions or leaving groups. Thus we 
returned to the original conditions of LDA in THF to study 
the cyclization of the w-bromo-P-keto esters shown in 
Table 2. 

The cyclization for 14-membered and larger rings pro- 
ceeded in reasonable yield. However, we obtained only 
elimination products and no cyclization in those reactions 
directed towards generating smaller P-keto lactones. These 
cyclizations are not run under dilute conditions and they are 
not complicated by formation of dimers and trimers (see for 
example refs. 5 ,  6, and 10). No doubt the formation of the 
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dianionic intermediates suppresses bimolecular reactions that 
complicate many macrocyclization reactions (1 1). W e  did 
find that the resulting P-keto lactones slowly decompose in 
the strongly basic reaction mixture. This, along with their 
instability to chromatography and distillation, is the major 
reason for the modest yields of the macrocyclic P-keto lac- 
tones. 

In a detailed study of the rates of cyclization versus elim- 
ination of bromo phenoxides, Cort et  al .  suggested that 
elimination is favoured over substitution for medium sized 
rings, and even for larger rings the transition state for elim- 
ination is less strained than that for intramolecular substitu- 
tion (12). Pross and Shaik concluded that the geometric 
requirements for substitution are more stringent than those 
for elimination in bimolecular reactions (13). If the transi- 
tion state for an intramolecular substitution is tighter than that 
for elimination, this could be the origin of the marked change 
in reactivity in going from the 13-membered (entry h )  to the 
14-membered ring (entry i )  in Table 2 .  

Prestwich and Collins found that P-hydroxy lactones l l a  
and l l b  containing 25- and 27-membered rings are major 
components of the cephalic secretions of soldier termites (14). 
It has been suggested that the wounds on ants and other in- 
sects bitten by the termite mandibles receive a coating of these 
anithealant compounds leading to their death. These P-hy- 
droxy lactones are a key element in the termite's defense 
mechanism. We have synthesized l l a  and l l b  as shown in 
Scheme I. Alcoholysis of acetyl Meldrum's acid with 15a 
or 15b gave the complex P-keto esters 16a and 16b in ex- 
cellent yield. The cyclization reactions were not as high 
yielding as above. W e  had hoped that the cis double bond 
might facilitate the formation of the large ring. The final 
products l l a  and l l b  are crystalline solids with spectral data 
fully consistent with their structures. The natural product was 
an inseparable mixture of the two isomers l l a  and l l b ,  which 
prevented a direct comparison of their spectral data with that 
of the pure synthetic compounds. 

The 'H NMR spectra of l l a  and l l b  did show some in- 
teresting difference~, which we attribute to difference~ be- 
tween their conformations. The C-24 methylene group of l l a  
is a complex multiplet at 6 4.15, which collapses to an AB 
quartet ( J  = 12 Hz) on irradiation of the C-23 methylene 
protons at 6 1.64. Thus l la  must exist in conformation(s) in 
which the asymmetry due to C-3 renders the two protons on 
C-24 chemically nonequivalent. On the other hand, the C-26 
methylene protons in 1 l b  are a triplet ( J  = 6 Hz) at 6 4.19,  
which collapses to a singlet when the C-25 protons at 6 1.66 
are irradiated. Thus l l b  exists in conformation(s) in which 
the coupling constants of the protons on C-26 with those on 
C-25 are averaged to give an apparent triplet, and the two 
protons on C-25 are chemically equivalent. 

An alternate strategy for the preparation of P-keto lac- 
tones using Meldrum's acid derivatives was also briefly ex- 
amined. 1; this approach, the key cyclization step involves 
lactonization through intramolecular alcoholysis of an acyl 
Meldrum's acid derivative as shown in Scheme 2 for the 
synthesis of 3-0x0-13-tridecanolide (9i). To minimize in- 
termolecular reactions the alcohol 21  was slowly added to a 
refluxing THF solution to give the desired lactone 9i in 25% 
overall yield from 1 1 -hydroxyundecanoic acid. 

The generality of this methodology in modified form was 
explored as outlined below. The o-benzyloxy carboxylic 
acids 22 (n = 2-10) were converted into their acid chlo- 

rides and condensed with Meldrum's acid to give 2 3  (n = 2- 
10). The benzyl protecting group was removed to give 24 
(n = 2-10). In this reaction a catalytic amount of acid greatly 
accelerated the reaction (15). The cyclizations were at- 
tempted by slowly adding a dilute THF solution of 24 to 
refluxing THF. The 6-membered ring compound, 3-0x0-5- 
pentanolide (25), was obtained in 87% in this way. How- 
ever, we could not detect any monomeric lactone with any 
of the other systems except for n = 2 or 10. When 2 3  (n = 
3) was hydrogenolyzed, the en01 ether 26 was obtained di- 
rectly in 80% yield (Scheme 3), demonstrating the strong 
kinetic preference for formation of 5-membered rings over 
7-membered rings (1 6). 

It is interesting to note that although many 3-0x0-5-pen- 
tanolide derivatives have been synthesized (17), the unsub- 
stituted parent 2 5  has only been reported recently (18). 
Fetizon e t  al .  have prepared the corresponding ketal (17c). 
The P-keto lactone 25, although a solid, is unusually labile. 
Hydrolysis occurs readily on standing unless moisture is 
carefully excluded. The high reactivity of this lactone is due 
to the significant dipole-dipole interactions of the s-cis ester 
moiety and the additional carbonyl in this system (19). The 
solution infrared spectrum of 25 has carbonyl stretching bands 
at 1745 and 1780 cm-I with the lower frequency band no- 
tably stronger, which is consistent with a significant degree 
of strain in the molecule. The larger ring P-keto lactones have 
two carbonyl stretches of equal intensity at approximately 
1710 and 1735 cm-I. It is unclear why the C-5 substituted 
derivatives of 25 (17) are so much more stable than 25. 
Compound 25 has no significant en01 content in chloroform 
solution from its NMR or IR spectrum, which is unusual for 
these P-keto 6-lactones (for example, see ref. 20). The NMR 
spectrum of an acetone solution of 25 and its solid state in- 
frared spectrum indicate substantial amounts of en01 (18). 

The conformation of these macrocyclic P-keto lactones 
both in solution and the solid state is of interest. X-ray stud- 
ies of the highly substituted macrolide antibiotics 1-3 illus- 
trate that the substituents on these molecules significantly 
influence their solid state conformation. All have the ex- 
pected (21) s-trans conformation about the C-0-CO-C 
bond of the lactone. More recently Booth et  al .  provided 
X-ray data on a number of simpler P-keto lactones and this 
same restriction is seen even more clearly (6). These re- 
searchers also found that the two carbonyl groups often have 
their dipoles in a nonplanar arrangement. In addition, the two 
carbonyl groups are oriented so as to minimize their dipolar 
repulsions.3 The solution conformation of these P-keto lac- 
tones is not well understood. However, based on solution 
NMR and C D  data, it has been suggested that pikromycin 
and narbomycin adopt a different conformation in solution 
than in the solid state (22). 

W e  have used NMR, IR, and molecular mechanics cal- 
culations to probe the conformation of the above lactones in 
solution. The IR spectra of 9i-91 had one carbonyl band at 
1705-17 15 cm-' and a second band at 1730- 1740 cm-I. This 
is consistent with the carbonyl groups adopting a strain-free 
conformation in which the C O  dipoles are not aligned in the 

' ~ e c e n t l ~  the X-ray structure of (-)-menthy1 2-oxocyclopen- 
tanecarboxylate was solved and found to have the two carbonyl 
groups in approximately a trans coplanar arrangement: C. P. 
Decicco and J.  N. Bridson, Memorial University of Newfoundland, 
personal communication, 199 1. 
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LERMER ET AL 

17a: n = 9 l la:  n = 9 
17b: n = 10 l lb:  n = 10 

(a) PCC, CH,C12, 80-9570; (b) $,P, MeCN, A ,  60-9570; (c) n-BuLi, THF, -7g°C, then add 14, -20°C, 47-55%; (d) acetyl Meldrum's 
acid (5), THF, A ,  95-97%; (e) 3 equiv. LDA, THF, 0°C to 25"C, 37-39%; (f) Hz, Pt02, EtOAc, 75-98%; (g) Zn(BH,)?, Et20, 48-96% 

same plane. The 'H NMR spectra of the unsubstituted P-keto 
lactones consisted of a triplet ( J  = 6-8 Hz) at 6 4 . 2  ppm for 
the o-methylene, a singlet at 6 3.45 ppm for the C-2 meth- 
ylene, and a triplet ( J  = 6-8 Hz) at 6 2.6 ppm for the C-4 

1 methylene. For the 14-membered ring compound 9i, these 
I signals did not change on cooling to - 100°C. Similarly the 

13 C NMR spectra of these compounds contained the ex- 
pected number of signals and we could not detect any con- 
formational equilibria in the case of 9i on cooling to - 100°C. 
From this we conclude that these P-keto lactones either are 
a single conformation at room temperature or, more likely, 
they are a mixture of rapidly interconverting conformations 
that could not be frozen out on cooling to - 100°C. To pro- 
vide some insight into which of these two possibilities might 
be occurring we carried out molecular mechanics calcula- 
tions on the 14-membered P-keto lactone. 

A search for the possible conformations of 9i using 
MACROMODEL'S internal coordinate Monte Carlo methodol- 
ogy (23) and the MM2 force field (24) gave the global min- 
imum conformation as 27. However, there are 55 or so 
conformations within 2 kcal/mol of  the global minimum. 
Thus we conclude that in fact 9i is a mixture of conforma- 
tional isomers at room temperature. The next lowest three 
conformations, 28-30, are shown below with their relative 
energies in parentheses. Note that conformations 27 and 28 
are [343414 conformations, 29 is an irregular conformation 
with the two carbonyl groups syn coplanar, and 30 is a [3344] 
conformation. In the conformations 27, 28, and 30 the car- 

"we have used the conformational descriptors for large rings 
proposed by Dale (26b). 
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18, R = TBDMS 
1 9 , R = H  

20, R = TBDMS 
21, R = H 

(a) TBDMSCI, ImH, DMF, 95%; (b) NaOH, H 2 0 ,  97%; (c) (Im)2C0, Meldrum's acid, py,  CH2C12, 78%; (d) Bu4NF, THF, 98%; (e) 
THF, A ,  35% 

(a) COCl?, py,  CH2CI2, 0°C; (b) Meldrum's acid, py, CH,Cl,; (c) Hz, Pd-C, EtOH; (d) THF, A 

bony1 groups point in opposite directions and the geome- 
tries of the ketone and lactone moieties are very similar. 

The infrared spectrum of the methyl substituted lactone 9j 
also indicated that the carbonyls were unstrained in either the 
trans coplanar or nonplanar conformation(s). The 'H  NMR 
spectrum of 9j was much more complex than that of 9i as a 
result of the diastereomeric methylene protons. For exam- 
ple, in CDCl, the C-2 methylene group is an AB quartet at 
6 3.35 and 3.46 with J = 13.5 Hz. The C-4 methylene pro- 
tons are a multiplet at 6 5.0, which depends on temperature 
and solvent. In fact the entire NMR spectrum shows signif- 
icant changes with solvent and temperature. For example, 

the C-2 methylene protons at room temperature consist of an 
AB quartet pins a singlet (Fig. 1). These signals are as- 
signed to two sets of conformations that are not rapidly in- 
terconverting on the NMR time scale. It is not entirely clear 
why one of the barriers to conformational change in the 
methyl-substituted lactone 9j is so much higher than that in 
9i .  Cooling a CD,OD solution of 9j produced the changes 
shown in Fig. 2. From these data we see that the AB quartet 
diminishes in intensity relative to solvent on cooling, while 
the lower-field singlet increases. We interpet this data as 
follows. The singlet in this case overlaps with the second 
lowest field line of the AB quartet and is due to conforma- 
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LERMER ET AL. 

FIG. I.  'H NMR spectrum of the C-2 methylene protons of 91 
in various solvents; (a) C6D6; (b )  C6D6-CDCI, (4: 1); ( c )  C6D6- 
CDC1, ( 1  :4); (d) CDC1,. Note the small peak that is a shoulder on 
the high-field line of the AB quartet In (a) and moves to lower field 
as more chloroform 1s added, until ( d )  In whlch thls slgnal over- 
laps with the second lowest field line of the AB quartet. 

FIG. 2. 'H  NMR spectrum of the C-2 methylene protons of 9i 
at various temperatures in CD,OD (the peak at 6 3.3 is due to sol- 
vent). 
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tion 34, which is a minor component of the room tempera- TABLE 3. Quasiharmonic entropy calculations of 
ture ensemble but, on cooling, becomes the major component conformations 31-34 in cal deg-' mol-' 
at the expense of the conformations 31 and 32, which are 
responsible for the AB quartet and are the major conform- Temperature 

ers at room temperature. (K) 3 1 32 33 34 

27 (0.0 kcal/mol) 28 (0.15 kcal/mol) is the geometry in conformations 31 and 34 and very close 
to the geometry in 32 and is consistent with our suggestion 
that these conformations are the major ones to consider in 

b-' p* /A analyzing the conformation of 9j. 
Next we applied temperature-dependent molecular dy- 

namics calculations to the four lowest energy conforma- 
0 0 tions to compute the quasiharmonic entropies of these 

conformations. A summary of the results of these confor- 
mations for the conformations 31-34 is given in Table 3. The 
calculated entropy difference between 31 and 34 at 300 K 

29 (0.60 kcal/mol) 30 (0.60 kcal/mol) gives a T A S  term of 0.6 kcal/mol, which is comparable to 

The barrier to interconversion of conformations 31 % 32 
involves the change of three torsional angles in the hydro- 
carbon chain remote from the functional groups. The bar- 
rier to this equilibrium should be comparable to that found 
in cyclotetradecane for the barrier conformational intercon- 
version, which is in the range 5-7 kcal/mol (25). The in- 
terconversion of 31 and (or) 32 with 34 involves torsional 
changes about six bonds, one of which involves the ketone 
carbon. The mechanism for the interconversion of two [3434] 
conformations in cyclotetradecane is suggested to involve a 
pseudorotation process (25, 26a); such-a-process in the in- 
terconversion of 31 % 34 would force the two carbonvl 
groups out of their trans coplanar geometry and add to the 
barrier to such a process. In addition, in 34 the methyl group 
on C- 13 is brought into a 1,3 diaxial relation with a hydro- 
gen on C- 11 that is also expected to affect the barrier to the 
interconversion of 31 % 34. 

We carried out MACROMODEL calculations to determine the 
feasibility of such a model. A search of conformational space 
showed that there were about 30 conformations within 2 kcal/ 
mol of the global minimum. The four lowest three confor- 

u 

mations, 31-34, are shown below with their relative ener- 
gies in parentheses. Note that conformations 31, 33, and 34 
are all [3434] conformations and 32 is a [3344] conforma- 
tion. There is no low-energy conformation comparable to 30 
for 9j. In these four conformations the carbonyl groups point 
in opposite directions and geometries of the ketone and lac- 
tone moieties are very similar. This may be important in ra- 
tionalizing the chemical reactivity of this compound. 

The coupling constant J H J J ,  in 9j  is 18.5 Hz, which is very 
- - 

large for a geminal coupling constant. Barfield and b rant 
found that geminal coupling constants for methylenes adja- 
cent to T systems are at a maximum when the T bond bi- 
sects the H-C-H angle of the adjacent methylene group 
(27). This is the geometry of the ketone carbonyl and the C-4 
methylene group in conformations 31-34. The coupling 
constant J H , , ,  is 13.5 Hz, which is low for a geminal cou- 
pling constant with adjacent T systems. Barfield and Grant 
state that this will occur when the T bond is aligned with one 
of the C=H bonds of the adjacent methylene group (27). This 

the enthalpy difference from the strain energy calculations. 
However, at 253 K the T A S  value for 31 & 34 is 5.8 kcal/ 
mol, which is significantly larger than the AH difference 
between these conformations. This highlights a difficulty in 
analyzing the conformations of large rings. Exclusive use of 
enthalpy (strain) energy differences may be misleading in 
these systems with large numbers of conformations close to 
the global minimum. Entropy differences may be required 
to correctly rationalize the physical and chemical properties 
of these compounds. 

In conformation 33 the torsional angle between the lac- 
tone carbonyl and the C-13 methine hydrogen is close to 
180". Schweizer and Dunitz (21) observed a preference for 
esters of secondary esters to exist in a conformation in which 
the C-0-C-H torsional angle is within the range 0-40". 
We have shown that this rule also applies to 14-membered 
lactones of secondary alcohols (28). Thus we have ne- 
glected conformation 33 in our analysis of the conformation 
of 9j. The origins of the torsional angle preference for sec- 
ondary esters and lactones may well be electronic and hence 
not handled properly by the current molecular mechanics 
force fields. 
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The C -  13 methine proton of 9j has couplings of 5.1 and 
6.6 Hz with the C-12 methylene protons in CD,OD and C6D6, 
while in CD3Cl these couplings are 3.4 and 8.0 Hz. Again 
we attribute these differences to a solvent-dependent distri- 
bution of conformations. A similar solvent effect was ob- 
served for the coupling of the C-4  and C-5 protons. A solution 
to the coupling constants in CD3Cl is that the conforma- 
tional equilibrium is 13% 31, 49% 32, and 38% 34, which 
is in reasonable agreement with the values calculated above 
from the molecular mechanics data. We have been unable 
to develop a model with a small number of conformations 
that is ~ ~ n s i s t e n t  with the observed values for these cou- 
pling constants in C D 3 0 D  or C6D6. However, we believe that 
the bulk of the data is consistent with a fast, on the NMR time 
scale, equilibrium between 31 32, which are the pre- 
dominant conformations at room temperature and these 
conformations are in a slow, on the NMR time scale, equi- 
librium with 34, which is the predominant conformation at 
lower temperatures. 

In conclusion we have generated two new methods to 
synthesize macrocyclic P-keto lactones. The spectral and 
physical properties of these lactones are consistent with each 
being a mixture of conformations, which will no doubt 
complicate their chemistry. 

Experimental section 

General procedures 
Melting points were determined on a Kofler hot stage micro- 

scope and are uncorrected. Kugelrohr distillations were per- 
formed by means of a Biichi Kugelrohr thermostat. Infrared spectra 
were recorded in chloroform solution on Perkin-Elmer model 700 
or 710B spectrophotometers, and were calibrated with the 1601 
cm-' band of polystyrene. Proton nuclear magnetic resonance 
spectra were recorded on a Varian T-60 (60 MHz), a Bruker WP-80 
(80 MHz), or a Bruker WH4OO (400 MHz) spectrometer. Chem- 
ical shifts are reported on the 6 scale, with deuterochloroform as 
solvent and tetramethylsilane as an internal standard. The multi- 
plicity, coupling constants (if observable), and integrated peak area 
are indicated in parentheses after each signal. Low-resolution mass 
spectra were recorded on an Atlas CH-4B or a Kratos-AEI MS-50 
mass spectrometer, and high-resolution mass measurements were 
obtained using a Kratos-AEI MS-9 or MS-50 mass spectrometer. 
All instruments were operated at an ionizing potential of 70 eV. 
Elemental analyses were performed by Mr. Peter Borda, Micro- 
analysis Laboratory, University of British Columbia, Vancouver, 
B.C. 

Silica gel PF25J+366 supplied by E. Merck was used for both an- 
alytical and preparative thin-layer chromatography, while 100-200 
mesh ASTM was employed for column chromatography. Flash 
chromatography (29) was performed using Silica Gel 60, 230-400 
mesh ASTM, supplied by E. Merck. All solvent systems are ex- 
pressed in ratios by volume (v/v). 

Materials 
The petroleum ether used was of boiling range 30-60°C. Dry 

solvents and reagents were prepared as follows: diethyl ether and 
tetrahydrofuran by distillation from lithium aluminum hydride or 
sodium-benzophenone; dichloromethane by distillation from 
phosphorus pentoxide; N,N-dimethylformamide and hexamethyl 
phosphoramide by distillation from calcium hydride at reduced 
pressure; benzene, 1,2-dichloroethane, diisopropylamine, pyri- 
dine, triethylamine, and toluene by distillation from calcium hy- 

phenanthroline as indicator (30a) or by titration against 1,3- 
diphenyl-2-propanone tosylhydrazone in THF (30b). Sodium 
hydride (Aldrich Chemical Company) was weighed as a 60% dis- 
persion in mineral oil and was washed with dry ether to remove the 
oil prior to use. All other reagents and solvents were either of re- 
agent grade and used directly, or purified according to literature 
procedures (31). All reactions were run under a dry nitrogen or 
argon atmosphere. Organic extracts were dried over anhydrous 
magnesium sulphate. 

2,2-Dimethyl-1,3-dioxan-4,6-dione (Meldrum's acid) 
A 250-mL Erlenmeyer containing a large magnetic stirring bar 

was charged with malonic acid (52 g,  0.50 mol) and acetic anhy- 
dride (60 mL, 0.60 mol). To  the resulting suspension was added 
concentrated sulfuric acid (1.5 mL) with constant stining. Most of 
the malonic acid dissolved with spontaneous cooling. Acetone 
(40 mL, 0.55 mol) was introduced slowly while cooling to 20-25OC 
and the reaction mixture was allowed to stand in the fridge over- 
night. The resultant crystals were filtered by suction, washed with 
ice water (3 X 75 mL), and allowed to air dry. The resulting white 
solid was dissolved in acetone (1 10 mL), filtered to remove any 
undissolved material, and diluted with water (220 mL). Filtration 
gave a flocculent white solid, which was dried in a vacuum des- 
iccator over phosphorus pentoxide to yield 35 g (49%) of roduct, 
mp 93-94OC (lit. (32) mp 94-95OC); IR vmn: 1755 cm-I; h NMR 
(60 MHz) 6: 1.78 (s, 6H), 3.57 (s, 2H); MS m / z  (relative inten- 
sity): 144 (M', l ) ,  129 (loo), 100 (88), 72 (20), 69 (72), 61 (40), 
59 (35), and 58 (34). 

5-(1'-Hydroqethy1idene)-2,2 -dimethyl-l,3-dioxan-4,6-diot1e (5) 
A 250-mL, two-necked round bottom flask was charged with 

Meldrum's acid (10.0 g, 69.4 mmol) and 150 mL of dry dichlo- 
romethane. The solution was cooled to O°C in an ice-water bath and 
dry pyridine (10.99 g ,  139 mmol) was added. After stining for 
10 min, acetyl chloride (6.0 g,  76 mmol) was introduced drop- 
wise and the reaction mixture was allowed to stand at O°C for 1 h, 
then at room temperature for 1 h. The dichloromethane solution was 
washed with 5% hydrochloric acid (2 x 25 mL) and water (2 X 

50  mL), then dried. Removal of the solvent under reduced pres- 
sure followed by recrystallization from ethyl ether gave 10.5 g 
(81%) of 5 as a pale yellow solid. An analytical sample was pre- 
pared by sublimation (6OoC/0.35 Torr; 1 Torr = 133.3 Pa) and had 
the following properties: mp 83.5-84.5"C; IR v,,,: 3600-3300, 
1740, 1665, and 1580 cm-I; 'H NMR (60 MHz) 6: 1.75 (s, 6H), 
2.67 (s, 3H), and 15.0 (bs, IH); MS m/z (relative intensity): 186 
(M', 47), 171 (17), 128 (loo), 1 1  1 (16), 85 (36), 84 ( 5 3 ,  and 69 
(36). Anal. calcd. for CRHI0O5: C 5 1.61, H 5.41; found: C 51.82, 
H 5.22. 

4-Chloro-l -butan01 (6c) 
A 250-mL, three-necked round bottom flask was charged with 

1,4-butanediol (20 g ,  0.22 mol) and dry pyridine (17.6 g, 
0.22 mmol). The flask was placed in a water bath maintained at 
55°C and thionyl chloride (26.4 g,  0.22 mol) was added dropwise 
over 1 h. The temperature of the water bath was then raised to 80°C 
for 1 h as sulfur dioxide was vented off. The reaction mixture was 
cooled and extracted with ether (3 x 100 mL). The ethereal ex- 
tracts were washed with 5% hydrochloric acid (50 mL), water 
(50 mL), brine (50 mL), then dried. The solvent was removed under 
reduced pressure and the residue fractionally distilled to give 
8.7 g (36%) of 6c as a colourless liquid; bp 67-69"C/5.0 Torr (lit. 
(33) bp 84-85"C/16 Torr); IR v,,;,,: 3620, 3450, and 2950 cm-I; 
'H NMR (60 MHz) 6: 1.70-2.00 (m, 4H), 2.65 (s, lH), and 3.43- 
3.72 (m, 4H); MS m/z (relative intensity): 108 (M' 3 5 ~ 1 ,  l ) ,  92 
(14), 90 (59), 71 ( loo) ,  62 (23), 57 (13), and 55 (78). 

dride; and ethanol and methanol by distillation from magnesium. 5-Aceloxy-I-br-otnopenratze 
Methyllithium (in ether) n-butyllithium (in hexane), and methyl- This compound was prepared according to the literature proce- 
magnesium chloride (in THF) were obtained from Aldrich Chem- dure (34) from anhydrous zinc chloride (ca. 20 mg), tetrahydro- 

. . ical Company. The alkyllithium solutions were standardized either pyran (8.61 g,  0.10 mol), and acetyl bromide (7.99 g,  0.065 m01) 
by titration against 0.1 M let-1-butanol in benzene using 1 , lo -  in 88% (I I .O g) distilled yield: bp 89-9l0C/4.5 Torr (lit. (34) bp 
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106-107°C/12 Torr); IR v,,,,: 1720 cm-I; 'H NMR (60 MHz) 6: (28), 121 (loo), 102 (17), 85 (56), 67 (53), 57 (48), 56 (46), and 
1.53-2.10 (m, 6H), 2.03 (s, 3H), 3.37 (t, J = 7 Hz, 2H), and 4.03 55 (100). 
(t, J = 6 Hz, 2H); MS m/z (relative intensity): 210 (M' " ~ r ,  0.5), 
208 (M' 7 9 ~ r ,  0.5), 150 ( 3 3 ,  148 ( 3 3 ,  73 (18), 69 (100), 68 (28), 
and 61 (45). 

5-Bromo-1 -pentan01 (6d) 
A solution of the above acetate (10.8 g, 0.052 mol) in dry 

methanol (150 mL) was prepared in a 250-mL round bottom flask. 
Anhydrous potassium carbonate (16 g ,  0.12 mol) was then added 
in portions and the resulting suspension was stirred vigorously for 
4 h at room temperature. Dilute hydrochloric acid was added until 
the mixture became acidic and the solution was extracted with ethyl 
acetate (3 X 100 mL). The combined organic extracts were washed 
with water (50 mL) and brine (50 mL), then dried. Removal of the 
solvent under reduced pressure, followed by vacuum distillation of 
the crude material, gave 5.7 1 g (66%) of 6d as a colourless liquid: 
bp 53-56"C/0.20 Torr (lit. (35) bp 75-76"C/0.5 Torr); IR v,,,: 
3620 and 3400 cm-'; 'H NMR (60 MHz) 6: 1.30-2.03 (m, 6H), 
2.50 (s, lH,  exchangeable with D20), 3.40 (t, J = 6 Hz, 2H), and 
3.60 (t, J = 6 Hz, 2H); MS m/z (relative intensity): 168 (M' 8 1 ~ r ,  
0 .  l ) ,  166 (M' "Br, 0. l ) ,  1.50 (4), 148 (4), 137 ( 3 ,  135 ( 3 ,  122 
(I),  120 (I) ,  109 (2), 107 (2), 70 (9), 69 (loo), 68 (16), 57 ( lo) ,  
56 (13), and 55 (26). 

6-Chloro-2-hexanone 
A 1-L, two-necked round bottom flask equipped with a large 

magnetic stimng bar and an addition funnel was charged with a 
solution of sodium hypochlorite in water (400 mL of a 5% solu- 
tion). The flask was cooled to 0°C and 1-methylcyclopentanol 
(10 g, 0.10 mol) in carbon tetrachloride (2.0 mL) was added 
dropwise. A solution of glacial acetic acid (40 mL) in carbon tet- 
rachloride (5 mL) was introduced and the reaction mixture was 
vigorously stirred for 5.5 h. The greenish-yellow carbon tetra- 
chloride layer was combined with carbon tetrachloride extracts of 
the aqueous phase (3 X 10 mL), washed with a saturated sodium 
carbonate solution (2 X 10 mL), and dried. Filtration of the drying 
agent left 1-methylcyclopentyl hypochlorite in carbon tetrachlo- 
ride solution, ready for the rearrangement step. The carbon tetra- 
chloride solution was refluxed for 1.5 h, then the solvent was 
removed under reduced pressure. Excess saturated aqueous so- 
dium bisulfite was added and the resulting addition compound was 
washed with ether (25 mL), then decomposed with warm aqueous 
sodium carbonate solution. The aqueous layer was extracted with 
ether (2 x 50  mL) and the ethereal solution dried. Removal of the 
solvent under reduced pressure followed by vacuum distillation gave 
4.0 g (30%) of 6-chloro-2-hexanone as a colourless liquid: bp 64- 
66"C/3.8 Torr lit. (36a) bp 52.5-54"C/2.3 Torr); IR v,,,: 
1710cm-I; 'H NMR (60MHz) 6: 1.60-1.90 (m, 4H), 2.16(s, 3H), 
2.48 (t, J = 7 Hz, 2H), and 3.52 (t, J = 7 Hz, 2H); MS m/z (rel- 
ative intensity): 136 (Mf 3 7 ~ 1 ,  0.25), 134 (M' " ~ 1 ,  0.75), 1 18 (6), 
99 (13), 98 (46), 71 (21), 58 (loo), and 55 (58). 

6-Chloro-2-he.mnol(6f) 
A 50-mL, two-necked round bottom flask was charged with 6- 

chloro-2-hexanone (4.0 g, 30 mmol) and ethanol (25 mL). The flask 
was cooled to O°C and sodium borohydride (1.13 g, 30 mmol) was 
added slowly in portions. The reaction mixture was allowed to warm 
to room temperature and stand for 4.5 h. The ethanol was re- 
moved under reduced pressure and 5% hydrochloric acid solution 
was added cautiously to the residue. The aqueous solution was then 
extracted with ether (4 X 25 mL) and the combined organic ex- 
tracts were washed with water (20 mL), and brine (20 mL). The . 
ethereal solution was dried and the solvent was removed under re- 
duced pressure, leaving the desired alcohol as a yellow liquid. 
Vacuum distillation of the crude material gave 2.8 g (70%) of 6f 
as a colourless liquid: bp 78-79"C/2.3 Torr (lit. (366) bp (58"C/ 
1 . 1  Torr); IR v,,,: 3620 and 3470 cm-I; 'H NMR (60 MHz) 6: 1.17 
(d, J = 6 Hz, 3H), 1.30-1.90 (m, 6H), 2.07 (s, exchanged with 
D?O, 1 H), 3.50 (t, J = 7 Hz, 2H), and 3.50-3.90 (m, 1 H); MS 
rn/z (relative intensity): 138 (M' 3 7 ~ 1 ,  0.4), 136 (M' " ~ 1 ,  l), 123 

General procedure for the preparation of (1 ,n)  bromo alcohols 
from ( I ,  n)-diols 

A solution of the diol in 48% HBr was placed in a 100-mL liq- 
uid-liquid extractor. The solution was heated in an oil bath while 
being continuously extracted with an appropriate solvent. The so- 
lution was cooled and the organic layer separated, washed with 
saturated sodium bicarbonate solution, water, then dried. Re- 
moval of the solvent under reduced pressure gave the crude bromo 
alcohol, which was further purified by vacuum distillation. 

6-Bromo-1 -hexan01 (6e) 
This compound was prepared according to the general proce- 

dure for bromo alcohol formation using 1,6-hexanediol (6.00 g ,  
50.9 mmol) and 48% hydrochloric acid (12 mL). The solution was 
heated to 75-80°C and the extraction was continued for 39 h using 
toluene (50 mL) as solvent. Distillation of the crude product gave 
5.16 g (56%) of 6e as a colourless liquid: bp 59-62"C/0.10 Torr 
(lit. (37) bp 105-106"C/5.0 Torr); IR v,,,: 3620 and 3450 cm-I; 
'H NMR (60 MHz) 6: 1.30-2.00 (m, 8H), 2.27 (s, exchangeable 
with D,O, lH), 3.43 (t, J = 7 Hz, 2H), and 3.63 (t, J = 6Hz, 2H); 
MS m/z (relative intensity): 164 (M' - 16, 6), 162 (6), 136 (14), 
134 (14), 83 (63), 32 (16), and 55 (100). 

7-Bromo-1-heptanol(6g) 
This compound was prepared according to the general proce- 

dure for bromo alcohol formation using 1,7-heptanediol (7.00 g ,  
53.0 mmol) and 48% HBr (36 mL). The solution was heated to 75- 
80°C and the extraction was continued for 16 h using toluene 
(100 mL) as solvent. Distillation of the crude product gave 4.85 g 
(47%) of 6g as a colourless liquid: bp 107-108"C/4.0 Torr (lit. (38) 
bp 11 1-1 12"C/4 Torr); IR v,,,: 3640 and 3450 cm-'; I H  NMR 
(60 MHz) 6: 1.30-2.00 (m, lOH), 3.02 (s, exchangeable with D 2 0 ,  
lH), 3.37 (t, J = 6 Hz, 2H), and 3.60 (t, J = 7 Hz, 2H); MS m/z 
(relative intensity): 195 (M' - I,  l ) ,  193 (I) ,  150 (24), 148 (24), 
97 (22), 69 (48), 68 (20), and 55 (100). 

8-Bromo-1-octanol(6h) 
This compound was prepared according to the general proce- 

dure for bromo alcohol formation using 1,8-octanediol (6.00 g, 
41.2 mmol) and 48% HBr (6 mL). The solution was heated to 90°C 
and the extraction was continued for 72 h using toluene (100 mL) 
as solvent. The crude material was distilled to give 3.86 g (45%) 
of 6h as colourless liquid: bp 95-100"C/0.27 Torr (lit. (39) bp 77- 
78"C/0.01 Torr); IR v,,,: 3620 and 3450 cm-';  'H NMR 
(60 MHz) 6: 1.10-2.00 (m, 12H), 2.08 (s, exchangeable with D20,  
lH),  3.40 (t, J = 7 Hz, 2H), and 3.58 (t, J = 6 Hz, 2H); MS m/z 
(relative intensity): 192 (M' - 18, 3), 190 (3), 164 (14), 162 (14), 
150 (14), 148 (14), 11 1 (1 l ) ,  82 (38), 69 (80), 68 (34), 67 (14), 
56 (20), and 55 (100). 

9-Bromo-1 -nonatzol(6i) 
This compound was prepared according to the general proce- 

dure for bromo alcohol formation using 1,9-nonanediol (6.00 g, 
37.4 mmol) and 48% HBr (8 mL). The solution was heated to 90°C 
and the extraction was continued for 72  h using toluene (100 mL) 
as solvent. The crude material was distilled to give 3.19 g (38%) 
of 6i as a colourless liquid: bp 92-94"C/0.06 Torr (lit. (40) bp 97- 
00OoC/0.06 Torr); IR v,,,,: 3630 and 3450 cm-';  'H NMR 
(60 MHz) 6: 1.27-2.00 (m, 14H), 2.00 (s, exchangeable with D20, 
lH), 3.35 (t, J = 7 Hz, 2H), and 3.57 (t, J = 6 Hz, 2H); MS m/z 
(relative intensity): 206 (M' - 18, l ) ,  204 ( I ) ,  169 (3), 167 (3), 
150 (1 l ) ,  148 (1 l ) ,  137 ( 3 3 ,  135 ( 3 3 ,  97 (43), 69 (80), 68 (20), 
57 (13), 56 (16), and 55 (100). 

10-Bromo-1 -decanol(6k) 
This compound was prepared according to the general proce- 

dure for bromo alcohol formation using 1,lO-decanediol (6.00 g, 
34.4 mmol) and 48% HBr (27 mL). The solution was heated to 90- 
95°C and the extraction was continued for 65 h using petroleum 
ether, bp 100- 1 15°C (100 mL) as solvent. Vacuum distillation gave 
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5.33 g (65%) of 6k as a colourless liquid: bp 115-1 17"C/0.30 Tom 
(lit. (4 1) bp 166-169"C/10 Torr); IR v,,,: 3625 and 3445 cm-I; 
'H NMR (60 MHz) 6: 1.33-2.00 (m, 16H), 3.10 (s, exchange- 
able with DzO, IH), 3.37 (t, J = 7 Hz, 2H), and 3.58 (t, J = 7 
Hz, 2H); MS m/z (relative intensity): 220 (Mf -18, I) 218 ( I ) ,  
192 (3), 190 (3), 164 (6), 162 (6), 150 (28), 148 (28), 137 (16), 
135 (16), 97 (26), 69 (90), 68 (25), 57 (20), 56 (20), and 55 (100). 

10-Oxoundecanoic acid 
A mixture of 36.8 g (0.20 mol) of 10-undecenoic acid, 12.6 g 

(40 mmol) of mercuric acetate, 5 mL of water, and 400 mL of 
acetone was stirred at room temperature. To this mixture was added 
150 mL of Jones reagent over a period of 3.5 h while the temper- 
ature of the reaction mixture was maintained at 25 2 5°C by means 
of an ice-water bath. The resulting mixture was stirred at room 
temperature for an additional 20 h, then the acetone layer was de- 
canted, concentrated under reduced pressure, and diluted with ether. 
The residue was dissolved in water and the resulting aqueous layer 
was extracted three times with ether. The combined ether layers 
were washed twice with brine, dried, and concentrated under re- 
duced pressure to give 54.8 g of crude product as a pale yellow 
solid. Two recrystallizations from petroleum ether - ether (5: 1) 
afforded 37.2 g (93%) of the desired keto acid as a white solid; mp 
55-57°C (lit. (42) mp 56-57°C); IR v,,,: 2950 and 17 15 cm-I; ' H  
NMR (80 MHz) 6: 1.10-1.93 (m, 12H), 2.13 (s, 3H), 2.20-2.57 
(m, 4H), and 10.87 (s, IH, exchangeable with D1O); MS m/z 
(relative intensity): 200 (M', I), 182 (2), 152 (2), 142 (2), 125 (15). 
124 (4), 97 ( lo) ,  96 ( 9 ,  84 (9), 83 ( lo) ,  81 (51, 73 (6), 71 (12), 
69 (13), 60 (7), 59 (14), 58 (71), 55 (35), 45 (7), and 43 (100). 

10-Brorno-2-decanone 
This compound was prepared by means of a modified 

Hunsdiecker reaction (43). A 500-mL three-necked round bottom 
flask equipped with a pressure-equalizing dropping funnel, a 
heavier-than-water, liquid-liquid extractor and condenser, and a 
stopper was charged with 5.0 g (25 mmol) of the above carbox- 
ylic acid and 3.4 g (7.8 mmol) of red mercuric oxide. A total of 
200 mL of carbon tetrachloride was added to the liquid-liquid ex- 
tractor and reaction flask. The mixture was heated at rapid reflux 
for 20 min and a solution of 5.0 g (32 mmol) of bromine in 5 mL 
of carbon tetrachloride was added over a period of 40 min while 
heating was maintained. After heating at reflux for an additional 
1 h, the mixture was cooled and filtered. The filtrate was washed 
three times with 10% aqueous sodium hydroxide and twice with 
brine, dried, and concentrated under reduced pressure to give 
5.85 g (100%) of the crude bromo ketone as a yellow oil. This crude 
product, containing a small amount of 1,8-dibromooctane, was used 
without further purification in the preparation of the bromo alco- 
hol 6j, Kugelrohr distillation of a small amount of this material af- 
forded pure bromo ketone as a colourless oil; bp (Kugelrohr 
distillation) 100°C/0.15 Torr; IR v,,,,,: 1715 cm-I; 'H NMR 
(60 MHz) 6: 1.00-2.20 (m, 12H). 2.12 (s,  3H), 2.20-2.62 (m, 
2H), and 3.38 (t, J = 6 Hz, 2H); MS m/z (relative intensity): 236 
(Mt " ~ r ,  7), 234 (M' 7 9 ~ r ,  7), 221 ( 3 ,  219 (6), 178 (16), 176 
(21), 155 (16), 97 (31). 82 (21), 81 (20), 80 (22). 71 (98), 69 (68). 
67 (27), 59 (87), 58 (99), 57 (29), 55 (92), 44 (60). and 43 (100). 
Exact Mass calcd. for Cl0H,,BrO: 236.0600, 234.0619; found: 
236.0617, 234.0625. 

IO-Brom0-2-decanol(6j) 
To a solution of 8.83 g (37.6 mmol) of the above bromo ketone 

in 75 mL of ethanol at room temperature was added 1.42 g 
(37.6 mmol) of sodium borohydride. After stirring for 30 min, the 
reaction was quenched with 1 M HCI, concentrated under reduced 
pressure, and-diluted with ether. The organic phase was washed 
twice with I M HCI, twice with saturated aqueous sodium bicar- 
bonate, and once with brine, dried, and concentrated under re- 
duced pressure to give 7.71 g of crude bromo alcohol as a yellow 
oil. Purification by flash chromatography using petroleum ether - 
ethyl acetate (4: 1) as eluant gave 5.60 g (63% from carboxylic acid) 
of alcohol 6 j  as a pale yellow oil. Distillation of a portion of this 

material afforded pure 6m as a colourless oil; bp 98-100°C/ 
0.15 Tom; IR v,,,,: 3630 and 3480 cm-';  'H  NMR (60 MHz) 6: 
I .  13-2.22 (m, 14H), 1.17 (d, J = 6 Hz, 3H), 1.58 (s, 1 H, ex- 
changeable with D20),  3.38 (t, J = 6 Hz, 2H), and 3.57-3.98 (m, 
lH); MS m/z (relative intensity): 237 (Mf " ~ r ,  0.3), 235 (M+ 7 9 ~ r ,  
0.3), 223 (2), 221 (2), 220 (2), 218 (2), 192 (3), 190 (2), 137 (3), 
135 (3), 123 (4), 97 (6) ,95  (2), 83 (5), 81 (4), 71 (3), 6 9 ( 9 ) , 6 7  
(3), 57 (5), 56  (4), 55 (16). 46 (3), and45 (100). Anal. calcd. for 
CloH21B~O: C 50.64, H 8.92, Br 33.69; found: C 50.88, H 9.00, 
Br 33.55. 

Gerzeral procedure for the alcohol~~sis ofrhe acyl Meldrurn's 
acid 5 

A 50-mL, single-necked round bottom flask equipped with a 
reflux condenser fitted with a nitrogen inlet was charged with 5 (1.2 
equiv.), the appropriate alcohol (I .O equiv.), and dry tetrahydro- 
furan (25 mL). The reaction mixture was heated to reflux for 4 h, 
cooled to room temperature, and transferred to a separatory funnel 
containing 50  mL of ether. The solution was washed with satu- 
rated sodium bicarbonate solution (1 x 15 mL), water (1 X 

15 mL), and brine ( 1 x 10 mL), then dried. Removal of the sol- 
vent under reduced pressure gave the crude P-keto ester. 

(2'-Brorno-1'-ethyl)-3-oxoburartoate (4a) 
This compound was prepared according to the general proce- 

dure using 5 (3.60 g ,  19.4 mmol) and 2-bromoethanol (Aldrich 
Chemical, 1.99 g ,  16.0 mmol). Distillation of the crude material 
gave 2.27 g (67%) of 4a as a colourless liquid: bp 62-64"C/ 
0.18 Tom; IR v,,: 1755 and 1725 c m ' ;  I H  NMR (60 MHz) 6: 2.27 
(s,  3H), 3.46 (s, 2H), 3.48 (t, J = 6 Hz, 2H), and 4.40 (t, J = 
6 Hz, 2H); MS m/z (relative intensity): 210 Mf "Br, 19), 208 (M' 
7 9 ~ r ,  19), 168 (30), 166 (29), 129 (52), 109 (loo), 107 (loo), and 
102 (59). Anal. calcd. for C,H,BrO,: C 34.47, H 4.34; found: C 
34.66, H 4.29. 

(3'-Brorno-I '-3-propy1)-oxoblcranoare (4b) 
This compound was prepared according to the general proce- 

dure using 5 (1.20 g, 6.45 mmol) and 3-bromo-I-propanol (Aldrich 
Chemical, 742 mg, 5.34 mmol). Vacuum distillation of the crude 
material gave 953 mg (80%) of 4b as a colourless liquid: bp 80- 
82"C/0.40 Torr; IR v,,,,: 1745, 1720, and 1663 cm-'; 'H NMR 
(60 MHz) 6: 2.27 (s, 3H), 1.93-2.36 (m, 2H), 3.43 (t, J = 6 HZ, 
2H), 3.43 (s, 2H), and 4.25 (t, J = 6 Hz, 2H); MS m/z (relative 
intensity): 224 (Mf "Br, 32), 222 (Mf 7 9 ~ r ,  32), 206 (24), 204 
(24), 182 (78). 180 (78), 143 ( loo) ,  123 (48), 122 (77), 121 (48), 
120 (78), 103 (73), 102 (53), and 101 (35). Anal. calcd. for 
C7Hl ,BrO,: C 37.69, H 4.97; found: C 37.65, H 5.10. 

(4'-Chloro-I '-buty1)-3-oxobutanoare (4c) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 5 (3.60 g, 19.2 mmol) and 6c (1.72 g, 
16.0 mmol). Vacuum distillation of the crude material gave 
2.44 g (79%) of 4c  as a colourless liquid: bp 87-88"C/0.18 TOIT; 
IR v,,,,: 1745 and 1720 cm-I; ' H  NMR (60 MHz) 6: 1.70-1.90 (m, 
4H), 2.26 (s, 3H), 3.43 (s, 2H), 3.50 (t, J = 5.5 Hz, 2H), and 4.13 
(t, J = 6 Hz, 2H); MS m/z (relative intensity): 194 (M' '7Cl, 9), 
192 (Mf "CI, 18), 157 (12), 152 ( 1  I), 150(33), 116 (17), 115 (23), 
103 (100). and 102 (53). Anal. calcd. for C,H,,CIO,: C 49.88, H 
6.80; found: C 49.82, H 6.91. 

(5'-Brorno-1 '-penty1)-3-oxobur~znoate (4d) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 5 (2.23 g, 12.0 mmol) and 6d (1.67 g, 
10.0 mmol). Vacuum distillation of the crude material gave 
1.87 g, (74%) of 4d as a colourless liquid: bp 98-99"C/0.2 Tom; 
IR v,,;,,: 1740, 1720, and 1660 cm-';  ' H  NMR (60 MHz) 6: 1.50- 
2.00 (m,  6H), 2.27 (s, 3H), 3.40 (t, J = 7 Hz, 2H), 3.45 (s, 2H), 
and 4.13 (t, J = 6 Hz, 2H); MS m/z (relative intensity): 252 (Mf 
"Br, 0.6), 250 (Mt 7 9 ~ r ,  0.6),  210 (0.3), 208 (0.3), 171 ( I ) ,  150 
(7), 148 ( lo) ,  103 (38), 85 (33). and 69 (100). Exact Mass calcd. 
for C,Hl,Br03: 252.01 84, 250.0205; found: 252.0 175,250.0205. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1438 CAN. J .  CHEM. VOL. 70. 1992 

(6'-Brotno-1'-hexy1)-3-oxobutanoate (4e) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 5 (2.47 g, 13.3 mmol) and 6e (2.00 g, 
11.1 mmol). Solvent removal gave 2.53 g (86%) of crude 4e as a 
yellow liquid. which was homogeneous by TLC analysis. A small 
sample was purified by preparative TLC on silica gel using 3: 1 
ether - petroleum ether and gave 4e as a colourless liquid: RI 0.75; 
bp (Kugelrohr distillation) 97- 100"C/O. 12 Torr; IR v,,,: 1740 and 
1718 c m ' ;  'H NMR (60 MHz) 6: 1.30-1.96 (m, 8H), 2.28 (s, 3H), 
3.44 (t, J = 7 Hz, 2H), 3.48 (s, 2H), and 4.18 (t, J = 6.5 Hz, 2H); 
MS m/z (relative intensity): 266 (M+ "Br, 0. I), 264 (M' 7 9 ~ r ,  0. I), 
164 (3). 162 (3), 103 (loo), 85 (44), 83 (81), and 55 (73). Exact 
Mass calcd. for CloH17Br03: 266.0341; found: 266.0346. Anal. 
calcd. for CloH ,,BrO,: C 45.30, H 6.46; found: C 45.82, H 6.70. 

(6'-Chloro-2'-hex~~l-3-oxobutano~te (4f) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 6f (4.62 g, 2.48 mmol) and 5 (2.80 g, 
2.06 mmol). Vacuum distillation of the crude material gave 
3.82 g (85%) of 4f as a colourless liquid: bp 96-98"C/0.20 Torr; 
" v,,,: 1740 and 1715 cm-I; 'H NMR (60 MHz) 6: 1.27 (d, J = 

6 Hz, 3H), 1.40-2.00 (m, 6H), 2.23 (s, 3H), 3.41 (s, 2H), 3.48 
(t, J = 6 Hz, 2H), and 4.77-5.07 (m, 1 H); MS m/z (relative in- 
tensity): 222 (M" 3 7 ~ ~ ,  0.70), 220 (M' ,'~1, 2), 118 (%), 103 (74), 
and 85 (100). Anal. calcd. for C1&17CI0,: C 54.42, H 7.76; found: 
C 54.44, H 7.79. 

(7'-Bromo-1'-hepty1)-3-oxobutanoate (4g) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 5 (1.92 g, 10.3 mmol) and 6g (1.67 g, 
8.56 mmol). Solvent removal gave 2.02 g (84%) of crude 4g as a 
pale yellow liquid, which was homogeneous by TLC analysis. A 
small sample was purified by preparative TLC on silica gel using 
ether as solvent to give 4g as a colourless liquid: Rr 0.81; bp 
(Kugelrohr distillation) 120-125"C/0.50 Torr; IR v,,,,: 1735 and 
1710 cm- ' ;  ' H  NMR (60 MHz) 6: 1.30-1.98 (m, lOH), 2.30 (s, 
3H), 3.44 (t, J = 7 Hz, 2H), 3.49 (s, 2H), and 4.18 (t, J = 7 Hz, 
2H); MS m/z (relative intensity): 280 (M' "Br, 0. I), 278 (M' 7 9 ~ r ,  
O.l), 188(2), 186(2), 150(4), 148 (4), 103 (loo), 97(42), 85 (30), 
69 (20), and 55 (70). Anal. calcd. for C,  ,HIyBrO3: C 47.32, H 6.86; 
found: C 47.42, H 6.77. 

(8'-Brorno-1'-octy1)-3-oxobutanoate (4h) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 5 (1.07 g, 5.74 mmol) and 6h (1 .OO g, 
4.78 mmol). Evaporation of the solvent gave 1.20 g (86%) of crude 
4h as a yellow liquid, which was homogeneous by TLC analysis. 
A small sample was purified by preparative TLC on silica gel using 
3 : 1 ether - petroleum ether and gave 4h as a colourless liquid: R,- 
0.77; bp (Kugelrohr distillation) 1 15-1 18"C/0.40 Torr; IR v,,,,,: 
1740 and 17 13 cm-'; 'H NMR (60 MHz) 6: 1.14-1.97 (m, 12H), 
2.28 (s, 3H), 3.43 (t, J = 7 H z ,  2H), 3.47(s, 2H), and4.17( t ,  
J = 7 Hz, 2H); MS m/z (relative intensity): 294 (M' "Br, 0.2), 
292 (M' 7 y ~ r ,  0.2), 2.13 (3), 192 (4), 190 (4), 164 (4), 162 (4), 
150 (7), 148 (7), 137 (4), 135 (4), 11 1 (18), 103 (loo), 85 (19), 
69 (33 ,  and 55 (21). Anal. calcd. for C12H21Br03: C 49.07, H 7.38; 
found: C 49.29, H 7.35. 

(9'-Bro1no-I'-~20n~~l)-3-oxobutanoate (4i) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 5 (1.00 g, 5.38 mmol) and 6i (1 .OO g, 
4.48 mmol). Evaporation of the solvent gave 1.21 g (88%) of crude 
4i as a yellow liquid, which was homogeneous by TLC analysis. 
A small sample was purified by preparative TLC on silica gel using 
3 : 1 ether - petroleum ether and gave 4i as a colourless liquid: R, 
0.78; bp (Kugelrohr distillation) 1 10- 1 13"C/O. 12 Torr; IR v,,,:,,: 
1735 and 1710 cm-I; I H  NMR (60 MHz) 6: 1.30-1.96 (m, 14H), 
2.27 (s, 3H), 3.42 (t, J = 7 Hz, 2H), 3.46 (s, 2H), and 4.16 (t, 
J = 7 Hz, 2H); MS mi: (relative intensity): 308 (M' "Br, 0 .  l ) ,  
306 (M' 7 y ~ r ,  0.1), 150 (I) ,  148 (I) ,  137 ( l ) ,  135 ( I ) ,  103 (loo), 
85 (18), 83 (9), 69 (21), and 55 (19). Exact Mass calcd. for 
C13H2,Br0,: 308.08 12, 306.0830; found: 308.08 14, 306.0832. 

(10'-Bromo-2'-decyl)-3-oxobutanoa!e (4j) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 5 (9.17 g, 49.0 mmol) and alcohol 6j 
(9.75 g, 41.0 mmol) in 50 mL of THF. Work-up as usual gave 
14.0 g (85%) of crude 4j as a red oil. Filtration, with suction, of 
this oil through a short column of silica using petroleum ether - ethyl 
acetate (9: 1) as eluant. followed by removal of solvent, yielded 
13.3 g (98%) of 4j as a pale yellow oil. Distillation of a small 
amount of this material gave pure 4j as a colourless oil: bp 
(Kugelrohr distillation) 1 30°C/0. 2 Torr; IR v,,,,: 1745 and 
1720 cm-I; 'H NMR (60 MHz) 6: 1.07-2.03 (m, 17H), 2.25 (s, 
3H), 3.40 (t, J = 7 Hz, 2H), 3.40 (s, 2H), and 4.77-5.17 (m, IH); 
MS nz/z (relative intensity): 322 (M' "Br, I),  320 (M' 7 9 ~ r ,  I), 
220 (15), 218 (16), 150 (6), 148 (7), 104 ( 3 ,  103 (loo), 102 (13), 
97 (171, 87 (7), 85 (56), 83 (22), 71 ( lo) ,  69 (26), 67(5), 58 (71, 
57 (171, 56 (101, 55 (39), 45 (13). and 43 (88). Anal. calcd. for 
Cl,H25Br03: C 52.34, H 7.84, Br 24 87; found: C 52.59, H 8.00, 
Br 24.61. 

(I 0'-Brorno-1'-decy1)-3-oxobntatloate (4k) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 5 (2.00 g, 11.1 mmol) and 6k (2.00 g, 
9.00 mmol). Removal of the solvent gave 2.49 g (92%) of crude 
4k as a yellow oil, which was homogeneous by TLC analysis. A 
small sample was purified by preparative TLC using 3: 1 ether - 
petroleum ether and gave 4k as a colourless liquid: R, 0.79; bp 
(Kugelrohr distillation) 120- 125"C/0.12 Torr; IR v,,,: 1740 and 
1715 cm-I; 'H  NMR (60 MHz) 6: 1.30-1.96 (m, 16H), 2.29 (s, 
3H), 3.46 (t, J = 7 Hz, 2H), 3.48 (s, 2H), and 4.17 (t, J = 7 Hz, 
2H); MS m/z (relative intensity): 322 (M+ "Br, 0. l), 320 (M' 7 y ~ r ,  
0.1), 192 (131, 190 (14), 164 (36), 162 (34), 150 (67), 148 (68), 
137 ( a ) ,  135 (46), 103 (loo), 85 (88), 69 (99), 57 (72), 56 (82), 
55 (loo), and 54 (65). Anal. calcd. for Cl,HI,Br03: C 52.34, H 
7.84; found: C 52.75, H 8.09. 

(11'-Bromo-1'-undecy1)-3-oxob~~tatzoate (41) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 5 (1.78 g, 9.57 mmol) and 1 l-bromo- 
I-undecanol (Aldrich Chemical, 2.00 g, 7.97 mmol). Work-up as 
usual gave 2.26 g (85%) of crude 41 as a yellow liquid, which was 
homogeneous by TLC analysis. A small sample was purified by 
preparative TLC using chloroform as solvent and gave 41 as a col- 
ourless liquid: R, 0.40; bp (Kugelrohr distillation) 135-140°C/ 
0.13 Torr; IR v,,,,: 1740 and 1715 cm-l; 'H NMR (60 MHz) 6: 
1.25-1.95 (m, 18H), 2.28 (s, 3H), 3.43 (t, J = 7 Hz, 2H), 3.45 
(s, 2H), and 4.15 ( t ,  J = 6.5 Hz, 2H); MS m/z (relative inten- 
sity): 336 (M' "Br, 2), 334 (M' 7 9 ~ r ,  2), 318 (3), 316 (3), 255 
(141, 164 (26), 162 (26), 150 (40), 148 (40), 85 (loo), and 69 
(100). Anal. calcd. for C15HZ7Br03: C 53.73, H 8.12; found: C 
53.92, H 8.08. 

(2'-Propen-1'-yl)-3-oxobutanoale (7) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 5 (2.40 g, 12.9 mmol) and 2-propene- 
1-01 (624 mg, 10.8 mmol). Vacuum distillation of the crude 
material gave 1.37 g (90%) of 7 as a colourless liquid: bp 71-72"C/ 
25 Torr; IR v,,,,: 1742, 17 15, and 1650 cm- I; 'H  NMR (60 MHz) 
6: 2.24 (s, 3H), 3.45 (s, 2H), 4.57 (d, J = 5 Hz, 2H), and 5.00- 
6.17 (m, 3H); MS m/z (relative intensity): 142 (M', 9), 100 (15), 
84 (1001, and 58 (100). Anal. calcd. for C7Hlo0,: C. 59.14, H 7.09; 
found: C 59.24, H 7.16. 

General procedrire for the attempted cyclization of P-kero esters 
4a-1 

A solution of diisopropylamine (3 equiv.) in dry THF was pre- 
pared in a 200-mL, two-necked round bottom flask equipped with 
a pressure-equalizing dropping funnel and a nitrogen inlet. The flask 
was cooled to O°C in an ice-water bath and three equivalents of tz- 
butyllithium as a 1.6 M solution in hexane was added dropwise. 
The colourless to pale yellow solution was stirred for 10 min and 
a solution of one equivalent of the halo P-keto ester in THF was 
added dropwise. The reaction mixture was then stirred for 5 h and 
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the solution was slowly allowed to warm to room temperature over 
this period. On work-up, water and ether were added, and the or- 
ganic phase was separated. The organic extract was washed with 
water and brine, then dried. Removal of the solvents under re- 
duced pressure gave the crude products. 

(2'-Propen-l'-yl)-3-ox0b~r~r7o~zte (7) frorn the ntternpfed 
cycliznrion of 4b 

Following the above general procedure, diisopropylamine (222 
mg, 2.20 mmol) in 12 mL of THF, 1.55 mL of tz-butyllithium 
(1.43 M, 2.20 mmol), and 223 mg of 4b (1 .OO mmol) in 3 mL 
of THF were stirred at 0°C for 30 min. Work-up followed by 
purification gave 82.5 mg (58%) of a pale yellow oil, which ex- 
hibited identical spectral properties to those reported above for 
co~npound 7. 

(4'-Chloro-l'-bu1yl)-3-o,ropentnnoate (8) 
Following the above general procedure for cyclization, 223 mg 

of diisopropylamine (2.20 mmol) in 12 mL of THF, 1.38 mL of 
n-butyllithium (1.6 M, 2.20 mmol), and 193 mg of a solution of 
4c (1 .OO mmol) in 3 mL of THF was stirred at 0°C for 30 min, then 
the reaction mixture was quenched with methyl iodide (143 mg, 
1.00 mmol). On work-up, the solution was treated with 5% HCI 
solution until acidic, then diluted with ether (25 mL). The ethereal 
layer was separated, washed with water (10 mL), then dried. Re- 
moval of the solvent under reduced pressure gave 8 as a yellow oil. 
Preparative TLC of this crude material on silica gel using chloro- 
form gave 155 mg (75%) of 5 as a colourless liquid: Rf 0.41; bp 
(Kugelrohr distillation) 70-72"C/0.13 Torr; IR v,,,,,: 1745 and 
1718 cm-I; 'H NMR (60 MHz) 6: 1.09 (t, J = 7 Hz, 3H), 1.85 (m, 
4H), 2.56(q, J = 7 H z ,  2H), 3.46(s, 2H), 3.58 (t, J = 6 H z ,  2H), 
and 4.20 (t, J = 6 Hz, 2H); MS m/z (relative intensity): 208 (M+ 
3 7 ~ ~ ,  3), 206 (M' 7), 17 1 (5), 1 16 (8), 98 (15), 93 (37), and 
91 (100). Anal. calcd. for C,HlsCIO,: C 52.30, H 7.32; found: C 
52.30, H 7.39. 

(4'-Penretr-1'-y1)-3-oxoburanoare (IOd) 
This compound was generated in the general procedure for cy- 

clization using diisopropylamine (1.52 g,  15.0 mmol), 11-butyl- 
lithium as a 1.6 M solution in hexane (9.38 mL, 15.0 mmol), and 
6d (1.27 g, 5.00 mmol). Flash chromatography of the crude ma- 
terial using chloroform as eluant gave 353 mg (41 %) of 10d as a 
colourless liquid: bp (Kugelrohr distillation) 40-42"C/0.20 Torr; 
IR v,,,,: 1742, 1720, and 1645 cm-'; 'H NMR (60 MHz) 6: 1.63- 
2.19 (m, 4H), 2.28 (s, 3H), 3.46 (s, 2H), 4.19 (t, J = 7 Hz, 2H), 
4.97-5.16 (m, 2H), and 5.64-7.03 (m, 1 H); MS m/z (relative in- 
tensity): 170 (M', 6), 103 ( 3 ,  85 (30), 69 (2 I) ,  68 ( loo) ,  and 67 
(35). Anal. calcd. for C,Hl,03: C 63.51, H 8.29; found: C 63.65, 
H 8.30. 

(7'-Hexen-1'-y1)-3-oxoburanoare (1Oe) 
This compound was generated in the general procedure for cy- 

clization using diisopropylamine (1.21 g, 12.0 mmol), n-butyl- 
lithium as a 1.6 M solution in hexane (7.50 mL, 12.0 mmol), and 
6e (1.06 g, 4.00 mmol). Flash chromatography of the crude ma- 
terial using petroleum ether - ethyl acetate (9: 1) as eluant gave 
331 mg (45%) of 1Oe as a colourless liquid: bp 30-45"C/0.20 Torr; 
IR v,,,;,,: 1735, 1718, and 1645 cm-I; 'H  NMR (60 MHz) 6: 1.26- 
1 .80 (m, 4H), 1.92-2.20 (m, 2H), 2.28 (s, 3H), 3.46 (s, 2H), 4.18 
(t, J = 6 Hz, 2H), 4.93-5.12 (m, 2H), and 5.64-7.04 (m, 1H); 
MS tn/z (relative intensity): 184 (M', 0.3), 137 (8), 103 ( lo ) ,  85 
(43), 82 ( loo) ,  67 (59), 56 (44), and 55 (85). Anal. calcd. for 
CIoHI6o3:  C 65.19, H 8.75; found: C 65.36, H 8.90. 

(6'-Hepfen-1'-y1)-3-oxobufnnoate ( log)  
This compound was generated in the general procedure for cy- 

clization using diisopropylamine (1.2 1 g. 12.0 mmol), n-butyl- 
lithium as a 1.6 M solution in hexane (7.50 mL, 12.0 mmol), and 
6 g  (1.12 g, 4.00 mmol). Flash chromatography of the crude ma- 
terial using petroleum ether - ethyl acetate (9: 1) as eluant gave 
457 mg (57%) of l o g  as a colourless liquid: bp (Kugelrohr distil- 
lation) 45-48"C/0.23 Torr; IR v,,,,: 1735, 1718, and 1635 cm- ' ;  

'H  NMR (60 MHz) 6: 1.26- 1.80 (m, 6H), 1.94-2.12 (m, 2H), 2.28 
(s, 3H), 3.45 (s, 2H), 4.16 (t, J = 6 Hz, 2H), 4.92-5.09 (m, 2H), 
and 5.63-7.03 (m, 1H); MS m/z (relative intensity): 198 (M', 0. I), 
102 (72), 96 (63), 85 (67), 81 (41), 69 (25). 68 (59), 67 (69), 56 
(281, 55 (loo), and 54 (74). Anal. calcd. for C ,  ,HI,O3: C 66.64, 
H 9.15; found: 66.71, H 9.25. 

(7'-Ocre1~-l'-yl)-3-oxob~~rano~1re ( I0  h) 
This compound was generated in the general procedure for cy- 

clization uslng diisopropylamine (1.21 g, 12.0 mmol), tz-butyl- 
lithium as a 1.6 M solution in hexane (7.50 mL, 12.0 mmol), and 
6h (1.17 g,  4.00 mmol). Flash chromatography of the crude ma- 
terial using petroleum ether - ethyl acetate (9: 1) as eluant gave 
348 mg (41 %) of 10h as a colourless liquid: bp (Kugelrohr distil- 
lation) 60-63"C/0.4 Torr; IR v,,,,,: 1740, 17 18, and 1650 cm-l; 'H 
NMR (60 MHz) 6. 1.26- 1.85 (m, 8H), 1.93-2.10 (m, 2H), 2.28 
(s, 3H), 3.46 (s, 2H), 4.17 (t, J = 6 Hz, 2H), 4.93-5.10 (m, 2H), 
and 5.66-7.04 (m, lH); MS tn/z (relative intensity): 212 (hi+, 0. I), 
103 (87), 95 (20), 85 (87), 82 (50), 8 1 (58), 69 (loo), 68 (84), 67 
(80), 66 (1 l ) ,  56 (79), and 55 (100). Anal. calcd. for C,?HZ,O3: C 
67.89, H 9.50; found: C 67.94, H 9.55. 

3-Oxorridecan-13-olide (9i) 
This compound was prepared according to the general proce- 

dure for cyclization using diisopropylamlne (1.21 g, 12.0 mmol), 
n-butyllithium as a 1.6 M solutlon in hexane (7.50 mL, 12.0 mmol), 
and 6i (1.23 g, 4.00 mmol). Purification by flash chromatography 
using petroleum ether - ethyl acetate (9: I )  as eluant gave 389 mg 
(43%) of 9i as a colourless semi-solid: sublimation temperature 103- 
105"C/0.18 Torr; IR v,,,,,: 1750 .and 1725 cm-'; ' H  NMR 
(60 MHz) 6: 1.25-1.81 (m,  16H), 2.61 (t, J = 7 Hz, 2H), 3.44 
(s, 2H), and 4.24 (t, J = 5 Hz, 2H); MS m/z (relative intensity): 
226 (M', 8), 208 (6), 124 (23), 103 (25), 82 (36), 69 (46), 67 (29), 
56 (23), and 55 ( 100). Anal. calcd. for C13HZ,03: C 68.99, H 9.80; 
found: C 68.78, H 9.84. 

3-Oxolerrndecnn-13-olide (9j) 
This compound was prepared according to the general proce- 

dure for cyclization using diisopropylamine (I .90 mL, 13.6 mmol), 
n-butyllithium as a 1 .O M solution in hexane (13.6 mL, 13.6 mmol), 
and 6; (2.00 g ,  6.20 mmol). Flash chromatography using petro- 
leum ether - ethyl acetate (9: l )  as eluant yielded 694 mg (47%) 
of 9; as a very pale yellow oil. Preparative TLC of a small amount 
of this material using petroleum ether - ethyl acetate as solvent gave 
a pure sample of 9 j  as a colourless oil; bp (Kugelrohr distillation) 
80°C/0.01 Torr; IR v,,: 1740 and 1715 cm-'; 'H NMR (400 MHz) 
6: 1.17-1.81 (m, 16H), 1.26, (d,  J = 7 Hz, 3H), 2.51 (dt, J ja ,db  

= 18.5 Hz, J,,.,, = J,,,,, = 7 Hz, IH), 2.70 (dt, J,,,,, = 18 Hz, 
Jdb.5a = = 7 HZ, 1 H), 3.35 (d, J Z a , Z b  = 14 HZ, I H), 3.46 (d, 
J>,Zb = 13.5 Hz, IH), and 4.98-5.06 (m, 1H); I3c NMR 
(100 MHz) 6: 20.29, 21.00, 22.91, 24.66, 25.17, 26.03, 26.11, 
26.27, 35.15, 40.57, 50.83, 71.95, 166.71, and 202.10; MS m/z 
(relative intensity): 240 (M', 6),  222 (8), 181 (80), 180 (8), 138 
(22), 103 (56), 102 (33), 97 (28), 96 (39), 85 (34), 83 (36), 82 (30), 
81 (30), 69 (45), 68 (34), 67 (30), 56 (22), and 55 (100). Anal. 
calcd. for Cl,H2,0,: C 69.96, H 10.07; found: C 69.77, H 10.20. 

3-Oxorerradecan-14-olide (9k) 
This compound was prepared according to the general proce- 

dure for cyclization using diisopropylamine (1.21 g,  12.0 mmol), 
11-butyllithium as a 1.6 M solution in hexane (7.50 mL, 12.0 mmol), 
and 6k (1.28 g, 4.00 mmol). Purification by flash chromatogra- 
phy using petroleum ether - ethyl acetate (9: 1 )  as eluant gave 
432 mg (45%) of 9k as a colourless semi-solid: bp (Kugelrohr dis- 
tillation) 85-88"C/0.10 Torr; IR v,,,,: 1742 and 17 18 cm--';  'H 
NMR (60 MHz) 6: 1.20- 1.82 (m, 18H), 2.57 (t, J = 7 Hz, 2H), 
3.46 (s, 2H), and 4.22 (t, J = 6 Hz, 2H); MS m/z (relative inten- 
sity): 240 (M', I), 148 (17), 103 (19), 96 (24), 83 (191, 82 (31), 
81 (20), 69 (33), 68 (28), 67 (27), 56 (14), 55 (loo), and 54 (17). 
Anal. calcd. for C,,H,,O,: C 69.96, H 10.07; found: C 70.00, H 
10.14. 
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3-Oxopentadecan-15-olide (91) 
This compound was prepared according to the general proce- 

dure for cyclization using diisopropylamine (1.21 g ,  12.0 mmol), 
n-butyllithium as a 1.6 M solution in hexane (7.50 rnL, 12.0 mmol), 
and 61 (1.34 g ,  4.00 mmol). Flash chromatography of the crude 
product using petroleum ether - ethyl acetate (7: 1) as eluant gave 
498 mg (49%) of 91 as a colourless semi-solid: sublimation tem- 
perature 110-1 13"C/0.25 Torr; IR v,,,: 1735 and 1710 cm-'; ' H  
NMR (60 MHz) 6: 1.20- 1.80 (m, 20H), 2.56 (t, J  = 6.5 Hz, 2H), 
3.46 (s, 2H), and 4.22 (t, J  = 5 Hz, 2H); MS m/z (relative inten- 
sity): 254 (M+, 26), 236 (22), 152, (55), 103 (loo), 95 (68), and 
55 (91). Anal. calcd. for C15H2603: C 70.83, H 10.30; found: C 
70.65, H 10.17. 

(10-Hydroxydecyl)triphenylphosphonium bromide (13a) 
A solution of bromo alcohol 6k (1 1.85 g, 50 mmol) and 13.1 g 

of triphenylphosphine (50 mmol) in 50 mL of dry acetonitrile was 
heated to reflux for 16 h. The solvent was removed in vacuo to give 
a yellow glass, which was extracted with 60 mL of hot ether to 
dissolve any unreacted starting materials. The final residue crys- 
talized under vacuum to give 24.0 g (96%) of a crude product, 
which was used directly in the next step; mp 75-78°C (lit. (44) mp 
82-84°C). 

( I  I -Hydroxyundecyl)triphetzylphosphotzium bromide (13 b) 
Using the same procedure as above, a solution of bromo alco- 

hol 12b (10.04 g, 40 mmol) and 10.5 g of triphenylphosphine 
(40 mmol) in 80 mL of dry acetonitrile was heated to reflux for 
16 h. The solvent was removed it1 vacuo to give a yellow glass, 
which was extracted with 60 mL of hot ether to dissolve any un- 
reacted starting materials. The final residue crystalized under vac- 
uum to give 12.4 g (60%) of a crude product, which was used 
directly in the next step; mp 85-87°C (lit. (44) mp 85-86°C). 

10-Bromodecanal(14a) 
A mixture of alcohol 6k (17.7 g,  75 mmol) and pyridium chlo- 

rochromate (PCC, 16.1 g, 75 mmol) was stirred in 200 mL of di- 
chloromethane at room temperature. After 4 h, the mixture was 
poured into ether and the residue was washed with 3 X 75 mL of 
ether. The combined organic extracts were dried and evaporated. 
The residue was dissolved in ether and passed through a Florisil 
column. Evaporation of the solvents gave 16.7 g (95%) of a crude 
product, which was used directly in the next step; IR v,,,,,: 2750 and 
1735 cm-I; 'H NMR (60 MHz) 6: 1.1-1.8 (m, 14H), 2.4 (m, 2H), 
3.37 (t, J  = 7 Hz, 2H), and 9.77 (t, J  = 2 Hz, 1H). 

I1 -Bromoundecanal(14b) 
A mixture of alcohol 12b (Aldrich Chemical, 7.0 g, 28 mmol) 

and PCC (6.0 g, 28 mmol) was stirred in 100 mL of dichloro- 
methane at room temperature. After 4 h, the mixture was poured 
into ether and the residue was washed with 3 X 75 mL of ether. 
The combined organic extracts were dried and evaporated. The 
residue was dissolved in ether an passed through a Florisil col- 
umn. Evaporation of the solvents gave 6.7 g (96%) of a crude 
product, which was used directly in the next step; IR v,,,,: 2750 and 
1725 cm-I; 'H NMR (60MHz) 6: 1.1-1.85 (m, 16H), 2.4 (m, 2H), 
3.38 (t, J  = 7 Hz, 2H), and 9.72 (t, J  = 1.5 Hz, 1H). 

20-Bromo-(1OZ)-eicosen-I-ol(15a) 
A suspension of the phosphonium salt 130 (23.2 g, 46.5 mmol) 

in 300 mL of dry THF was cooled to -30°C and treated with 
54.7 mL of 1.7 M n-butyllithium (93 mmol). The resulting red 
solution was stirred at -30°C for 2 h. Some salt remained undis- 
solved. The solution was cooled to -78°C and treated with a so- 
lution of aldehyde 14a (10.9 g, 46.5 mmol) in 30 mL of THF. This 
mixture was stirred at -78OC for 2 h and allowed to warm to room 
temperature over 16 h. The reaction was quenched with 100 mL 
of a saturated aqueous solution of NH,CI. The aqueous layer was 
extracted with 2 x 75 mL of ether. The organic extracts were 
combined, washed with 50  mL of 1 M HCl, then saturated brine 
(2 X 50 mL), and dried. Evaporation of the solvents gave 22.3 g 

of a light yellow solid, which was purified by flash chromatogra- 
phy using petroleum ether - ethyl acetate (4: 1) to give 8.1 g (47%) 
of 15a; mp 30-32°C; IR v,,,: 3460, 3450, 2940, and 2870 cm-'; 
'H NMR (80 MHz) 6: 1.2-1.6 (m, 29H), 1.8-2.1 (m, 4H), 3.43 
(t, J  = 8 Hz, 2H), 3.65 (t, J  = 8 Hz, 2H), and 5.38 (t, J  = 4 Hz, 
2H); MS m/z (relative intensity): 376 (M+ "Br, 0.2). 374 (M+ 7 9 ~ r ,  
0 4 ,  358 (12), 356 (12), 294 (8), 138 (12), 137 (12), 124 (18), 123 
(19), 110 (29), 109 (29), 96 (77), 83 (52), 82 (loo), 81 ( 5 3 ,  69 
(67), 68 (47), 67 (59), 55 (98), and 54 (90). Exact Mass calcd. for 
C20H39BrO: 376.2163, 374.2184; found: 376.2142, 374.2155. 

22-Bromo-(I I Z)-docosen-I-ol(15b) 
A suspension of the phosphonium salt 13b (12.4 g, 24 mmol) in 

250 mL of dry THF was treated with 28 mL of 1.7 M n-butyllith- 
ium (48 mmol) and a solution of aldehyde 14b (6.7 g, 24 mmol) 
in 20 mL of the THF as above. Work-up gave 22.3 g of a light 
yellow gum, which was purified by flash chromatography using 
petroleum ether - ethyl acetate (4: 1) to give 5.4 g (56%) of 15b; 
mp 30-31°C; IR v,,: 3600, 3430, 3010, 2940, and 2860 cm-'; 'H 
NMR (80 MHz) 6: 1.1 - 1.6 (m, 32H), 1.8-2.1 (m, SH), 3.45 (t, 
J  = 8 Hz, 2H), 3.65 (t, J  = 8 Hz, 2H), and 5.38 (t, J  = 6 Hz, 2H); 
MS m/z (relative intensity): 404 (M+ "Br, 0.5), 402 (M+ 7 9 ~ r ,  0.5), 
386 (3), 384 (3), 322 (7), 278 (7), 152 ( lo) ,  138 (lo),  137 (lo),  
124 (14), 123 (14), 110 (23), 109 (23), 96 (65), 95 (40), 83 (51), 
82 (84), 8 1 (48), 69 (59), 68 (37), 67 (48), 55 (loo), and 54 (35). 
Exact Mass calcd. for C,,H,,BrO: 404.2476, 402.2445; found: 
404,2492,402,247 1. 

(20'-Bromo-(I 0'Z)-I '-eicoseny1)-3-oxobutanoate (16a) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 5 (4.2 g, 19 mmol) and bromo alcohol 
15a (8.1 g ,  19 mmol) in 50 mL of THF. Work-up gave 9.62 g 
(97%) of crude 16a as a light yellow oil, which was homogeneous 
by TLC and GC analysis. IR v,,,: 1750 and 1725 cm-I; 'H NMR 
(400 MHz) 6: 1.2-1.5 (m, 24H), 1.64 (m, 2H), 1.85 (q, J  = 7 Hz, 
2H), 2.0 (m, 4H), 2.27 (s, 3H), 3.40 (t, J  = 6 Hz, 2H), 3.43 (s, 
2H), 4.13 (t, J  = 8 Hz, 2H), and 5.35 (t, J  = 4 Hz, 2H); MS m/z 
(relative intensity): 460 (M+ "Br, 2), 458 (M+ 7 9 ~ r ,  2), 358 (12), 
356 (14), 124 (12), 110 (16), 109 (16), 103 (loo), 97 (17), 96 (38), 
95 (28), 85 (30), 69 (37), and 55 (56). Exact Mass calcd. for 
C24H43Br03: 460.2375, 458.2395; found: 460.2382, 458.2397. 

(22'-Bromo-(I 1'Z)-docosen-1'-y1)-3-oxobutanoate (16b) 
This compound was prepared according to the general proce- 

dure for alcoholysis using 5 (1.2 g, 6.2 mmol) and bromo alcohol 
15b (2.5 g, 6.2 mmol) in 100 mL of THF. Work-up and flash 
chromatography using petroleum ether - ethyl acetate 9 :  1 gave 
2.78 g (95%) of 16b as a light yellow oil, which crystallized below 
room temperature. IR v,,,: 1745 and 1720 cm-'; 'H NMR 
(270 MHz) 6: 1.1-1.4 (m, 28H), 1.63 (m, 2H), 1.76 (m, 2H), 2.0 
(m,4H),  2.27 (s, 3H), 3.45 (s, 2H), 3.51 (t, J =  6 H z ,  2H), 4.12 
(t, J  = 8 Hz, 2H), and 5.47 (t, J  = 4 Hz, 2H); MS m/z (relative 
intensity): 488 (M+ "Br, 3), 486 (M+ 7 9 ~ r ,  3), 386 (9), 384 ( lo) ,  
124 (lo),  110 (14), 109 (14), 103 (loo), 97 (19), 96 (3% 95 (26), 
85 (30), 69 (37), and 55 (58). Exact Mass calcd. for C26H47Bf13: 
488.2688, 486.2734; found: 488,2678,486,2721. 

14 Z-3-Oxotetracosen-24-olide (17a) 
This compound was prepared according to the general proce- 

dure for cyclization of 4 using diisopropylamine (1.26 mL, 
9.0 mmol), n-butyllithium as a 1.6 M solution in hexane 
(5.62 mL, 9.0 mmol), and 16a (1.38 g, 3.0 mmol). Purification 
by flash chromatography using petroleum ether - ethyl acetate 
(95 :5) as eluant gave 440 mg (39%) of 17a as white crystals: mp 
55-57°C; IR v,,,,: 1750 and 1725 cm-I; 'H NMR (400 MHz) 6: 
1.2-1.41 (m, 28H), 1.62 (m, 4H), 2.04 (m, 2H), 2.53 (t, J  = 
8 Hz, 2H), 3.41 (s, 2H), 4.15 (t, J  = 6Hz, 2H), and 5.35 (t, J  = 
4 Hz, 2H); MS m/z (relative intensity): 378 (M+, 23), 360 (20), 
110 (21), 103 (48), 97 (26), 96 (51), 95 (42), 82 (56), 81 (53), 69 
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(65), 67 (29), 57 (23), and 55 (100). Exact Mass calcd. for 
C24H4203: 378.3133; found: 378.31 19. 

15 Z-3-Oxohexacosen-26-olide ( I  7b) 
This compound was prepared according to the general proce- 

dure for cyclization using diisopropylamine (1.26 mL, 9.0 mmol), 
tz-butyllithium as a 1.6 M solution in hexane (5.62 mL, 9.0 mmol), 
and 16b (1.46 g, 3.0 mmol). Purification by flash chromatogra- 
phy using petroleum ether - ethyl acetate (95:5) as eluant gave 
447 mg (37%) of 17b as white crystals: mp 68-70°C; IR v-: 1750 
and 1720 cm-'; 'H NMR (270 MHz) 6: 1.15-1.5 (m, 32H), 1.6 
(m,4H), 2.04(m, 2H), 2.51 (t, J =  8Hz ,  2H), 3.40(s, 2H),4.13 
(t, J = 6 Hz, 2H), and 5.36 (t, J = 4 Hz, 2H); MS m/z (relative 
intensity): 406 (M+, 22), 389 (21), 388 (35), 135 (14), 124 (15), 
123 (18), 121 (18), 110 (28), 109 (32), 103 (14), 97 (25), 96 (68), 
95 (59), 82 (65), 81 (63), 69 (52), 67 (60), and 55 (100). Exact 
Mass calcd. for C26H4603: 406.3446; found: 406.3450. 

3-Oxotetracosan-24-olide 
A suspension of 20 mg of Pt02 in 5 mL of ethyl acetate was hy- 

drogenated at atmospheric pressure overnight. A solution of al- 
kene 17a (592 mg, l .5 l mmol) in 5 mL of ethyl acetate was added 
to the activated catalyst mixture and this was hydrogenated at at- 
mospheric pressure for 2 days. The catalyst was filtered off and the 
solvents evaporated to give 584 mg (98%) of a crystalline solid: mp 
50-52°C; IR v,,,: 1745 and 1720 cm-'; 'H NMR (400 MHz) 6: 
1.25-1.4 (m, 34H), 1.63 (m, 4H), 2.53 (t, J = 8 Hz, 2H), 3.41 
(s, 2H), and 4.15 (t, J = 6 Hz, 2H); MS m/z (relative intensity): 
380 (M+, 35), 362 (22), 115 (12), 11 1 (14), 107 (16), 102 (17), 
97 (29), 96 (23), 91 (2l), 85 (23), 83 (34), 82 (26), 81 (20), 69 
(45), 57 (41), and 55 (100). Exact Mass calcd. for C24H3403: 
380.3291; found: 380.3301. 

3-0xohe.xacosan-26-olide 
The alkene 17b (53 mg, 0.13 mmol) was hydrogenated as above 

to yield 40 mg (75%) of saturated P-keto lactone: mp 53-54°C; IR 
v,,,,: 1745 and 1725 cm-'; 'H NMR (400 MHz) 6: 1.22-1.4 (m, 
38H), 1.62 (m, 4H), 2.53 (t, J = 8 Hz, 2H), 3.42 (s, 2H), and 4.14 
(t, J = 8 Hz, 2H); MS m/z (relative intensity): 408 (M+, 41), 390 
(24), 306 (8), 115 (14), 11 1 (15), 110 (14), 103 (86), 102 (16), 98 
(17), 97 (37), 96 (27), 95 (19), 83 (39), 82 (27), 8 1 (27), 69 (57), 
57 (43), and 55 (100). Exact Mass calcd. for C26H4803: 408.3603; 
found: 406.3607. 

3-Hydroxytetracosan-24-olide (11 a) 
A solution of the above 25-membered ring P-keto lactone 

(127 mg, 0.33 mmol) in 10 mL of ether was treated with 1.2 mL 
of a 0.14 M solution of Zn(BH4), in ether (0.16 mmol) and the re- 
sulting solution was stirred at 0°C for 3 h, then at room tempera- 
ture for 24 h. The reaction mixture was diluted with 30 mL of ether 
and washed with 2% aqueous HCI (2 x 10 mL) and saturated brine 
(20 mL). The extracts were dried and the solvents removed to give 
101 mg of a colourless gum, which was purified by flash chro- 
matography using petroleum ether - ethyl acetate (5: 1) to give 
60.4 mg (48%) of l l a :  mp 36-38°C; IR v,,,: 3550 and 1725 cm-'; 
'H NMR (400 MHz) 6: 1.2-1.4 (m, 38H), 1.64 (m, 2H), 2.45 (AB 
q, J = 8 and 16 Hz, lH), 2.54 (AB q, J = 4 and 16 Hz, lH), 4.0 
(m, lH), and 4.15 (m, 2H); MS m/z (relative intensity): 382 (M+, 
15), 364 (51), 346 (12), 292 (15), 11 1 (22), 105 (32), 97 (44), 96 
(39), 95 (27), 89 (34), 83 (54), 82 (44), 8 1 (32), 7 1 (4 l),  69 (66), 
57 (61), and 55 (100). Exact Mass calcd. f 0 r C ~ ~ H ~ ~ 0 , :  382.3444; 
found: 382.3446. 

3 -Hydt-oxyhexncosan-26-olide (11 b) 
The 27-membered ring P-keto lactone (41.5 mg, 0.10 mmol) was 

reduced with Zn(BHJ2 (0.14 mmol) as above to give 96% yield of 
l l b :  mp 71-74°C; IR v,,,: 3525 and 1730 cm-'; 'H NMR 
(400 MHz) 6: 1.2- 1.4 (m, 43H), 1.64 (m, 2H), 2.53 (AB q, J = 
8 and 16Hz,  lH), 2.67 (AB q, J = 4 and 16Hz,  lH), 4.12 (m, 
lH), and 4.19 (t, J = 6 Hz, 2H); MS m/z (relative intensity): 410 
(M+, l) ,  392 (43), 374 (lo), 332 (6), 326 (7), 97 (38), 96 (39), 

95 (29), 89 (20), 83 (46), 82 (46), 81 (32), 69 (60), 57 (47), and 
55 (100). Exact Mass calcd. for C26H5003: 410.3760; found: 
410.3773. 

tert-Butyldimethylsilyl I I - tert-butyldimethylsiloxyundecanoate 
(18) 

A ~ o - A L ,  single-necked round bottom flask was charged with 
1 1-hydroxyundecanoic acid (1.52 g, 7.50 mmol), tert-butyldi- 
methylchlorosilane (2.70 g, 18.0 mmol), imidazole (2.55 g, 37.5 
mmol), and dimethylformamide (15 mL). The resulting solution 
was stirred for 72 h, then water (15 mL) and ether ( I5  mL) were 
added. The organic layer was separated, and the aqueous layer was 
further extracted with ether (2 X 20 mL). The combined organic 
extracts were washed with water (15 mL), brine (15 mL), then 
dried. Removal of the solvent, followed by vacuum distillation, 
gave 3.06 g (95%) of 18 as a colourless liquid: bp 154-156"C/ 
0.20 Torr; IR v,,: 1710 and 835 cm-I; 'H NMR (60 MHz) 6: 0.00 
(s, 6H), 0.20 (s, 6H), 0.86 (s, 9H), 0.90 (s, 9H), 1 .lo- 1.69 (m, 
16H), 2.28 (t, J = 7 Hz, 2H), and 3.54 (t, J = 6Hz, 2H); MS m/z 
(relative intensity): 430 (M+, l),  415 (lo), 373 (100), 357 (49), 241 
(35), 149 (36), 147 (32), 83 (20), 81 (13), 75 (97), 73 (94), and 
55 (23). Anal. calcd. for C23H5003Si,: C 64.12, H 11.70; found: 
C 64.34, H 11.60. 

11-tert-Butyldimethylsiloxyundecanoic acid (19) 
A 50-mL, single-necked round bottom flask was charged with 

the silyl ester 18 (3.13 g, 7.28 mmol) and 25 mL of 10% sodium 
hydroxide solution. The resulting solution was stirred for 4 h, then 
it was acidified with dilute HC1. The aqueous layer was extracted 
with ethyl acetate (3 x 20 mL) and the organic extracts were washed 
with water (15 mL), brine (15 mL), and dried. Removal of the 
solvent followed by vacuum distillation gave 2.23 g (97%) of 19 
as a thick, colourless oil: bp 148-150°C/0. 10 Torr; IR v,,: 3550- 
2550, 1718, and 845 cm-'; 'H NMR (60 MHz) 6: 0.00 (s, 6H), 
0.86 (s, 9H), 1.20-172 (m, 16H), 2.34 (t, J = 7 Hz, 2H), 3.58 
(t, J = 6 Hz, 2H), and 10.13 (bs, 1H); MS m/z (relative inten- 
sity): 316 (M+, I), 283 (8), 259 (20), 241 (loo), 149 (6), 83 (14), 
81 (1 I), 75 (29), 73 (25), and 55 (20). Anal. calcd. for Cl,H3603Si: 
C 64.50, H 1 1.46; found: C 64.57, H 1 1.35. 

5-(11'-tert-Bu~ldimethylsiloxy-l'-hydt-oxyundecylidene)-2,2- 
dimethyl-1,3-dioxatze-4,6-dione (20) 

A 50-mL, single-necked round bottom flask was charged with 
19 (1.74 g, 4.18 mmol) and 30 mL of dichloromethane. N,N-Car- 
bonyldiimidazole (981 mg, 6.05 mmol) was added in portions 
and the reaction mixture was stirred until gas evolution ceased. A 
100-mL, single-necked round bottom flask was charged with 
Meldrum's acid (1.13 g, 6.07 mmol) and 40 mL of dichlorometh- 
ane. Pyridine (1.07 g, 13.5 mmol) was introduced in a single por- 
tion and the reaction mixture was stirred for 1 h. The contents of 
the first flask were syringed into the second flask and the com- 
bined reaction mixture stirred for an additional 14 h. On work-up, 
the dichloromethane solution was washed with dilute hydrochloric 
acid, water, brine, then dried. Removal of the solvent gave 1.45 g 
(78%) of 20 as a yellow semi-solid: IR v,,,: 1730, 1635, and 
835 cm-I; 'H NMR (60 MHz), 6: 0.10 (s, 6H), 0.97 (s, 9H), 1.27- 
1.83 (m, 16H), 1.81 (s, 6H), 2.90 (t, J = 7 Hz, 2H), and 3.47 (t, 
J = 6 Hz, 2H). 

5-(11'-Hydroxy- 1'-hydr-oxyundecy1idetze)-2,2-dimethyl-l,3- 
dioxane-4,6-dione (21) 

A 100-mL, single-necked round bottom flask was charged with 
20 (1.25 g, 2.83 mmol), tetra-n-butylammonium fluoride (1.85 g, 
7.07 mmol), and 50 mL of THF. The resulting solution was stirred 
for 3.5 h, then 5% HCl (15 mL) and ether (25 mL) were added. 
The organic layer was separated, washed with water and brine, then 
dried. Removal of the solvent gave 866 mg (98%) of 21 as a yel- 
low oil: IR v,,,,: 3400, 1735, and 1635 cm-l; 'H NMR (60 MHz) 
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6: 1.20-1.65 (m, 16H), 1.73 (s, 6H), 2.90 (t, J = 7 Hz, 2H), 3.53 
(t, J = 6 Hz, 2H), and 3.56 (bs, 2H, exchangeable with D20); MS 
m/z (relative intensity): 3 1 1 (M' - OH, 0. I),  269 (6), 21 1 (12), 
126 (12), 100 (14), 98 (15), 86 (31), 84 (48), 77 (40), 75 (100). 
72 (43), 71 (40), 67 (30), 61 (59), and 58 (82). Exact Mass calcd. 
for C17H2705 (Mf - OH): 3 1 1.1858; found: 3 1 1.1858. 

3-Oxotridecarl-13-olide (9i) from therrnolysis of the acyl 
Meldrrlm's acid derivative 21  

To a 200-mL, two-necked round bottom flask equipped with a 
pressure-equalizing dropping funnel was added 100 mL of THF. 
The solvent was heated to reflux and a solution of 21 (850 mg, 
2.73 mmol) in 20 mL of THF was added dropwise over 5 h. The 
reaction mixture was allowed to cool and ether (75 mL) was intro- 
duced. The organic phase was washed with saturated sodium bi- 
carbonate (2 X 25 mL), water (2 X 25 mL), brine (25 mL), then 
dried. Removal of the solvent, followed by purification via flash 
chromatography using petroleum ether - ethyl acetate (9 : I), gave 
213 mg (35%) of 9i as a pale yellow semi-solid with identical 
spectral properties to 9i prepared above. 

3-Benzyloxypropatzoic acid (22, n = 2) 
This compound was prepared from 10 mL (0.16 mol) of @-pro- 

piolactone and 100 mL of benzyl alcohol according to the proce- 
dure of Bloomfield (45). Distillation afforded 21.6 g (76%) of 22 
(n = 2) as a colourless oil, which crystallized on standing to give 
an amorphous white solid; mp 30-32°C (lit. (45) mp 31.5-33.5"C); 
bp 130-132°C/0.05 Tom (lit. (45) bp 124-130°C/0.01 Torr); IR 
urn,,: 3550-2820 and 1720 cm-I; 'H NMR (60 MHz) 6: 2.63 (t, 
J = 6 Hz, 2H), 3.73 (t, J = 6 Hz, 2H), 4.53 (s, 2H), 7.35 (s, 5H), 
and 11.48 (s, lH,  exchangeable with D20); MS m/z (relative in- 
tensity): 180 (M', 20), 108 (1 l) ,  107 (loo), 106 (8), 105 (8), 92 
(13), 91 (63), 90 (6), 89 (7), 79 ( 3 3 ,  77 (16), 73 (6), 65 (15), 51 

I (9), 45 (7), and 39 (9). 

General procedure for the preparation of benzylonycarbo,xylic 
acids from lactones (ref. 46) 

A mixture of the lactone, potassium hydroxide, freshly distilled 
benzyl chloride, and dry toluene was heated at reflux for 14- 16 h. 
The cooled mixture was diluted with water and the aqueous phase 
was washed once with ether, acidified with concentrated HCI, and 
extracted three times with ether. The combined ether extracts were 
washed with brine, dried, and concentrated under reduced pres- 
sure. 

4-Benzylo.xybutanoic acid (22, n = 3) 
This compound was prepared according to general procedure 

using 8.9 mL (0.12 mol) of y-butyrolactone, 32.5 g (0.58 mol) of 
potassium hydroxide, 40 mL (0.35 mol) of benzyl chloride, and 
200 mL of toluene. Work-up of the reaction mixture yielded 
19.1 g of crude product as a yellow oil Distillation gave 16.5 g 
(73%) of desired acid as a colourless oil; bp 133-134"C/0.05 Torr 
(lit. (47) b 133-134"C/0.5 Torr); IR v,,,,,: 3540-2850 and 
1715 cm-I; 'H NMR (60 MHz) 6: 1.63-2.30 (m, 2H), 2.30-2.62 
(m, 2H), 3.50 (t, J = 6 Hz, 2H), 4.48 (s, 2H), 7.33 (s, 5H), and 
11.02 (s, IH, exchangeable with D,O); MS m/z (relative inten- 
sity): 194 (Mf,  14), 108 (18), 107 (83), 105 (7), 92 (21), 91 (100), 
90 (5), 89 (7), 87 ( lo) ,  85 (28), 79 (21). 77 (12), 70 ( 3 ,  and 65 
(19). 

5-Benzyloxypetltc~noic acid (22, n = 4) 
This compound was prepared according to general procedure 

using 5.0 mL (54 mmol) of 6-valerolactone, 15.1 g (0.27 mol) of 
potassium hydroxide, 20 mL (0.16 mol) of benzyl chloride, and 
125 mL of toluene. Work-up of the reaction mixture yielded 
11.3 g of crude product as a yellow oil Distillation gave 8.5 g 
(75%) of protected acid as a colourless oil; bp 140-144"C/O. 1 Torr; 
IR u,,,,,,: 3550-2850 and 17 15 cm- I; 'H NMR (60 MHz) 6: 1.40- 
1.80 (m, 4H), 2.07-2.42 (m, 2H), 3.18-3 57 (m, 2H), 4.37 (s, 
2H). 7.20 (s, 5H), and 10.82 (s, IH. exchangeable with D20): MS 
m/z (relative intensity): 208 (Mf,  12), 108 (17), 107 (68), 101 (12), 
99 (16), 92 (22), 91 (loo), 90 (5), 89 (5), 83 (5), 79 (14), 77 (8), 

73 (6), 71 (61, and 65 (15). Anal. calcd. for CI2Hl603: C 69.21, H 
7.74; found: C 68.76, H 7.58. 

6-Berzz~~loq~hexar~oic acid (22, n = 5) 
This compound was prepared according to general procedure 

using 10.0 mL (90 mmol) of E-caprolactone, 25 g (0.45 mol) of 
potassium hydroxide, 30 mL (0.27 mol) of benzyl chloride, and 
200 mL of toluene. Work-up of the reaction mixture yielded 
19.2 g of crude product as a yellow oil and distillation gave 17.0 g 
(85%) of the desired protected acid as a colourless oil; bp 148- 
15OoC/0.07 Tom; IR urn,,: 3550;-2850 and 1715 cm-I; 'H NMR 
(60 MHz) 6-: 1.23- 1.80 (m, 6H), 2.12-2.47 (m, 2H), 3.25-3.60 
(m, 2H), 4.43 (s, 2H), 7.25 (s, 5H), and 1 1.57 (s, 1H, exchange- 
able with D,O); MS m/z (relative intensity): 222 (Mf ,  12), 113 
(12), 108 (13), 107 (59), 105 (5), 98 ( 9 ,  97 (5), 92 (25), 91 (loo), 
89 ( 3 ,  79 (12), 77 (6), 73 (8), 69 (8), 67 (6), and 65 (15). Exact 
Mass calcd. for C,,H,,O,: 222.1255; found: 222.1255. 

6-Benzyloxy-1 -chlorohexane 
This compound was prepared by treating 1.64 g (4 1 mmol) of 

sodium hydride dispersion in 60 rnL of THF, with 4.00 g (29 mrnol) 
of 6-chloro-1-hexanol (48), 5.2 mL (44 mmol) of benzyl bro- 
mide, and 60 mL of THF. The reaction was refluxed for 16 h and 
worked up to give 8.4 g of crude product as a yellow oil. Distil- 
lation yielded 5.99 g (90%) of pure benzyl ether as a colourless oil: 
bp 112-1 14"C/0.2 Torr; IR v,,,,: 1100 cm-I; 'H NMR (60 MHz) 
6: 1.13- 1.97 (m, 8H), 3.30-3.67 (m, 4H), 4.50 (s, 2H), and 7.37 
(s, 5H); MS m/z (relative intensity): 228 (M' 3 7 ~ 1 ,  0.8), 226 (Mf 
"Cl, 2), 208 ( I ) ,  182 (2), 135 (I) ,  130 (I) ,  119 (2), 117 (5), 108 
( lo) ,  107 (7). 105 (4), 93 (8), 92 (71), 91 (loo), 81 (6), 79 ( lo) ,  
77 (8), 65 (16), and 55 (10). Exact Mass. calcd. for C,,H,,OCI: 
228.1095, 226.1 124; found: 228.101 1,  226.1 130. 

8-Benzyloxy-l -chlorooctane 
This compound was prepared as above using 1.70 g (43 mmol) 

of sodium hydride dispersion, 5.00 g (30 mmol) of 8-chloro- l -oc- 
tanol (48), 5.4 mL (46 mmol) of benzyl bromide, and 60 mL of 
THF. Work-up of the reaction mixture gave 9.7 g of crude prod- 
uct as a yellow oil. Distillation yielded 7.48 g (97%) of pure chloro 
ether as a colourless oil; bp 133-135"C/0.2 Torr; IR u,,,: 
1100 cm-'; I H  NMR (60 MHz) 6: 1.13-1.97 (m, 12H), 3.27-3.63 
(m, 4H), 4.47 (s, 2H), and 7.32 (s, 5H); MS m/z (relative inten- 
sity): 256 (Mf "C1, 0.4). 254 (M' " ~ 1 ,  1), 236 (0.3), 208 (0.7), 
182 (0.7), 165 (I) ,  163 (2), 145 (2), 144 (2), 124 (2), 123 (2), 110 
(2), 109 (18), 108 (9), 107 (7), 93 (8), 92 (84), 91 (loo), 79 (8), 
77 (6), 69 (7), 65 (12), and 55 (15). Exact Mass calcd. for 
C15H2,0CI: 256.1408, 254.1438; found: 256.141 1, 254.1434. 

9-Bettzyloxynonanoic acid (22, n = 8) 
A Grignard reagent was prepared from a mixture of magnesium 

turnings (664 mg, 26.5 mmol) and 4.00 g of 6-benzyloxy-l -chlo- 
rohexane (17.7 mmol) in dry THF under a nitrogen atmosphere. 
One drop of 1,2-dibromoethane was added to initiate the reaction. 
The mixture was heated to reflux for 2.5 h and was cooled to room 
temperature, resulting in a grey suspension of the Grignard re- 
agent. In a second flask, 1.34 mL of @-propiolactone (21.2 mmol) 
in 20 mL of THF was added to 8.9 mL of a 0. I M solution of lith- 
ium tetrachlorocuprate (0.89 mmol) in THF. This solution was 
cooled to - 10°C and the solution of the Grignard reagent was added 
via cannulation at such a rate that the internal temperature of the 
reaction mixture remained below 0°C. The reaction mixture was 
stirred at - 10°C for 1 h, then was quenched with 1 M HCI and di- 
luted with ether. The organic phase was extracted repeatedly with 
5% aqueous potassium hydroxide. The combined aqueous ex- 
tracts were acidified with concentrated HCI and extracted three times 
with ether. The combined ether layers were washed twice with 
brine, dried, and concentrated under reduced pressure to give 
4.47 g of crude acid product as well as 1.2 g (34%) of quenched 
Grignard reagent. Distillation afforded a small forerun of 3-chlo- 
ropropanoic acid (bp 54"C/0.2 Torr) followed by 2.77 g (59%) of 
22 (11 = 8) as a colourless oil; bp 176-178"C/0.3 Tom; IR v,,,~: 
3640-2850 and 1715 cm-I; 'H NMR (60 MHz) 6: 1.10-1.90 (m, 
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12H), 2.33 (t, J = 6 Hz, 2H), 3.47 (t, J = 6 Hz, 2H), 4.50 (s, 2H), 
7.35 (s, SH), and 11.10 (br s,  lH ,  exchangeable with D,O); MS 
m/z (relative intensity): 264 (M+, 13), 246 (2), 218 (2), 155 (6), 
144 (S), 138 (S), 123 (6), 108 (17), 107 (77), 106 (9), 105 (19), 
97 (lo),  92 (33), 91 (loo), 84 (9), 83 (7), 79 (1 l ) ,  73 (IS), 69 (IS), 
68 (9), 65 (9), 60 (18), and 55 (39). Exact Mass calcd. for CI6H2?O3: 
264.1724; found: 264.1724. 

11-Betzzyloqundecanoic acid (22, n = 10) 
This compound was prepared according to the above proce- 

dure, using 860 mg (35.4 mmol) of magnesium turnings, 6.00 g 
(23.6 mmol) of 8-benzyloxy-1-chlorooctane, and 20 mL of THF 
to generate the Grignard reagent. The second solution was pre- 
pared from 11.8 mL (1.18 mmol) of a 0.1 M solution of lithium 
tetrachlorocuprate in THF, 3.0 mL (47 mmol) of P-propiolactone, 
and 20 mL of THF. Work-up of the reaction mixture gave 5.95 g 
of crude acid as well as 1.77 g (34%) of quenched Grignard re- 
agent. Distillation afforded a forerun of 3-chloropropanoic acid 
(0.90 g; bp 54"C/0.2 Torr), followed by 3.89 g (56%) of 22 (tz = 
10) as a colourless oil, which solidified on standing to give a white 
amorphous solid; mp 30-32°C; bp 188"C/0.05 Torr; IR v,,,: 3620- 
2820 and 1715 cm-I; 'H NMR ( 60 MHz) 6: 1.08-1.90 (m, 16H), 
2.33 (t, J = 7 Hz, 2H), 3.45 (t, J = 6 Hz, 2H), 4.50 (s, 2H), 7.33 
(s, SH), and 1 1 .SO (s, 1 H, exchangeable); MS m/z (relative inten- 
sity): 292 (M+, 12), 109 (1 I), 108 (14), 107 (SO), 100 ( lo) ,  92 (49), 
91 (loo), 79 (9), 77 (8), 73 (17), 71 (9), 69 (16), 65 (9), 60 (13), 
and 55 (32). Exact Mass calcd. for C18H2803: 292.2038; found: 
292.2038. 

5-(3'-Benzyloxy-1 '-hydroxypropy1idene)-2,2-dimethyl-l,3- 
dioxatz-4,6-dione 

To  5.12 g (28.4 mmol) of carboxylic acid 22 (n = 2) was added 
5.0 mL (57 mmol) oxalyl chloride and the resulting solution was 
stirred for 2.5 h at room temperature. The excess oxalyl chloride 
was then removed under reduced pressure and the residual acid 
chloride was dissolved in 30 mL of dry dichloromethane. This acid 
chloride solution was added to a solution of 3.72 g (25.8 mmol) of 
Meldrum's acid and 6.3 mL (77 mmol) of pyridine in 50  mL of 
dichloromethane at O°C. The reaction was stirred at 0°C for 1 h and 
allowed to warm to room temperature for 1 h. Work-up of the re- 
action mixture gave 7.72 g of crude product as a red syrup. Puri- 
fication by flash chromatography using petroleum ether - ethyl 
acetate (4: 1) as eluant afforded 5.99 g (76%) of acylated Meldrum's 
acid as a yellow oil; IR v,,,: 3600-3300, 1740, 1680, and 
1580 cm- ' ;  'H NMR (60 MHz) 6: 1.70 (s, 6H), 2.68-2.92 and 
3.36-3.62 (2 multiplets, 2H; en01 and keto forms), 3.68-3.97 (m, 
2H), 4.57 (s, 2H), 7.35 (s, 5H), and 15.35 (br s,  lH ,  exchangeable 
with D20); MS m/z (relative intensity): 306 (M+, 5), 248 (9), 144 
(5), 143 (40), 142 (8), 125 (22), 124 (21), 114 (S), 113 (5), 108 
(7), 107 (31), 106 (S), 105 (6), 98 (26), 96 (8), 91 (loo), 89 (6), 
79 ( lo) ,  77 (8), 65 (17), 59 (IS), and 58  (12). Exact Mass calcd. 
for Cl6HI8o6:  306.1 104; found: 306.1 116. 

5-(4'-Betzzy1o.q-I '-h~vdroxybutylidene-2,2-dirneth~vl-l,3-dioxan- 
4,6-diotze (23, n = 3)  

The acid chloride of carboxylic acid 22 (tz = 3) was prepared as 
above, using 5.0 g (26 mmol) of 22 (n = 3), 2.25 rnL (25.8 mmol) 
of oxalyl chloride, 2.1 mL (26 mmol) of pyridine, and 30 mL of 
dichloromethane. This acid chloride was treated with 3.38 g 
(24 mmol) of Meldrum's acid. and 5.7 mL (71 mmol) of pyridine 
in 30 mL of dichloromethane as above. Work-up of the reaction 
mixture gave 7.25 g of crude product as a red syrup. Purification 
by flash chromatography using petroleum ether - ethyl acetate (2: 1) 
as eluant afforded 6.34 g (84%) of 23 (tz = 3) as a yellow oil; 
IR v,,,,: 3640-3300, 1740, 1670, and 1580 cm-I; 'H NMR 
(60 MHz) 6: 1.70 (s, 6H), 1.73-2.27 (m, 2H), 2.30-2.70 and 
3.03-3.33 (2 multiplets, 2H; en01 and keto forms), 3.37-3.70 (m, 
2H), 4.47 (6, 2H), 7.33 (s, SH), and 15.20-15.53 (br s ,  IH, ex- 
changeable with DzO); MS m/z (relative intensity): 320 (Mf ,  0.8), 
262 (7), 157 (6), 155 (8), 139 (S), 128 (14), 112 (13), 11 1 (5). 108 
(6), 107 (29), 105 (8), 92 (14), 91 (loo), 87 (6), 85 (18), 84 (16), 

79 (9), 77 (9), 69 (12), 65 (14), and 57 (10). Exact Mass calcd. 
for C1,H,,06: 320.1260; found: 320.1278. 

5-(5'-Betzzyloq-1'-l1ydro~ypentylidene)-2,2-ditnetl1yl-l,3-dioxan- 
4,6-dione (23, n = 4) 

The acid chloride of 22 (n = 4) was prepared from 1 .OO g 
(4.8 mmol) of acid, 0.41 mL (4.8 mmol) of oxalyl chloride, 
0.39 mL (4.8 mmol) of pyridine, and 15 mL of dichloromethane. 
This acid chloride was treated with 0.63 g (4.4 mmol) of Meldrum's 
acid, and 1.1 mL (13 mmol) of pyridine in 10 mL of dichloro- 
methane. Work-up of the reaction mixture gave 1.53 g of crude 
product as a red syrup. Purification by flash chromatography using 
petroleum ether - ethyl acetate (4:  1) as eluant afforded 1.16 g 
(80%) of 23 (n = 4) as a yellow oil; IR v,,,: 3650-3400, 1740, 
1670, and 1580 cm-'; 'H NMR (60 MHz) 6: 1.50-1.93 (m, 4H), 
1.73 (s, 6H), 2.27-2.57 and 2.90-3.25 (2 multiplets, 2H; en01 and 
keto forms), 3.37-3.63 (m, 2H), 4.48 (s, 2H), 7.33 (s, SH), and 
15.20-15.53 (br s,  1 H, exchangeable with D,O); MS m/z (rela- 
tive intensity): 334 (M', 3), 276 (7), 258 (3), 208 (6), 185 (S), 176 
(4), 170 (6), 169 (6), 167 (S), 152 (8), 141 (8), 124 (S), 108 (8), 
107 (32), 101 (13). 99 (IS), 92 (18), 91 (loo), 83 (S), 79 (9), 77 
(6), 71 (8), 69 (7), 65 (13), and 58 (14). Exact Mass calcd. for 
CI8H2?O6: 334.1416; found: 334.1428. 
5-(6'-Betzzyloq-1 '-hydroxyhexy1idene)-2,2-dimethyl-l,3-dioxarl- 

4,6-dione (23, n = 5 )  
The acid chloride of 22 (n = 5) was prepared from 2.14 g 

(9.6 mmol) of acid, 0.84 mL (9.6 mmol) of oxalyl chloride, 
0.78 mL (9.6 mmol) of pyridine, and 20 mL of dichloromethane. 
This acid chloride was treated with 1.26 g (8.7 mmol) of Meldrum's 
acid, 2.2 mL (26 mmol) of pyridine, and 20 mL of dichlorometh- 
ane. Work-up of the reaction mixture gave 3.22 g of crude prod- 
uct as a red syrup. Purification by flash chromatography using 
petroleum ether - ethyl acetate (4: 1) as eluant afforded 2.53 g 
(83%) of 23 (tz = 5) as a yellow oil; IR v,,,: 3620-3420, 1740, 
1670, and 1575 cm- I; 'H NMR (60 MHz) 6: 1.40-1.90 (m, 6H), 
1.72 (s, 6H), 2.13-2.50 and 2.90-3.27 (2 multiplets, 2H; en01 and 
keto forms), 3.33-3.63 (m, 2H), 4.48 (s, 2H), 7.32 (s, SH), and 
15.13-15.50 (br s,  lH ,  exchangeable with D,O); MS m/z (rela- 
tive intensity): 348 (M+, 0.2), 290 (3), 272 (0.5), 222 (3), 199 (3), 
141 (31, 115 (4), 113 (4), 108 (4), 107 (17), 97 (4), 92 ( lo) ,  91 
(55), 79 (7), 77 (S), 73 (4), 69 (71, 65 (9), 59 (7), 58 (28), 44 (34), 
and 43 (100). Exact Mass calcd. for Cl,H,,06: 348.1572; found: 
348.1571. 

5-(9'-Benzyloxy-I '-hydronynony1idene)-2,2-ditnethyl-l,3-dioxan- 
4,6-dione (23, n = 8) 

The acid chloride of 22 (n = 8) was prepared from 2.0 g 
(7.6 mmol) of acid, 0.66 mL (7.6 mmol) of oxalyl chloride, 
0.61 mL (9.6 mmol) of pyridine, and 15 mL of dichloromethane. 
This acid chloride was treated with 0.99 g (6.9 mmol) of Meldrum's 
acid, and 1.7 mL (21 mmol) of pyridine in 15 mL of dichloro- 
methane. Work-up of the reaction mixture gave 2.49 g of crude 
product as a red syrup. Purification by flash chromatography using 
petroleum ether - ethyl acetate (4:  1) as eluant afforded 1.69 g 
(63%) of 23 (11 = 8) as a yellow oil; IR v,;,,: 3620-3400, 1740, 
1670, and 1575 cm-I; 'H NMR (60 MHz) 6: 1.15-1.87 (m, 12H), 
1.73 (s, 6H), 2.13-2.50 and 2.92-3.27 (m, 12H), 1.73 (s, 6H), 
2.13-2.50 and 2.92-3.27 (2 multiplets, 2H; en01 and keto forms), 
3.47 (t, J = 6 Hz, 2H), 4.50 (s, 2H), 7.35 (s, SH), and 15.17.- 
15.50 (br s,  IH, exchangeable with D20);  MS m/z (relative in- 
tensity): 390 (M'  , 0.3), 375 (0.3). 332 (4), 265 (8), 155 (S), 108 
(13), 107 (SO), 97 (S), 95 (S), 92 (24), 265 (81, 155 (S), 108 (13), 
107 (50), 97 ( 3 ,  95 (S), 92 (24), 9 1 (89), 79 (7), 77 (S), 7 1 (9), 
69 (6), 65 (9), 59 (6), 58  (33), 57 (5), 55 (IS), 44  (57), a n d 4 3  
(100). Exact Mass calcd. for Cl,H2,0, (M' - acetone): 332.1623; 
found: 332.1616. 

5-(I 1'-Bet1z~~loxy-1'-lz~~dro~utzdecylidene)-2,2-dimethyl-1.3- 
dioxatz-4,6-dione (23, n = 10) 

The acid chloride of 22 (n = 10) was prepared from 1.46 g 
(5.0 mmol) of acid, 0.41 mL (5.0 mmol) of oxalyl chloride, 
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0.40 mL (5.0 mmol) of pyridine, and 15 mL of dichloromethane. 
This acid chloride was treated with 0.79 g (5.5 mmol) of Meldrum's 
acid, and 1.3 mL (17 mmol) of pyridine in 15 mL of dichloro- 
methane. Work-up of the reaction mixture gave 1.87 g of crude 
product as a red syrup. Purification by flash chromatography us- 
ing petroleum ether - ethyl acetate (4: 1) as eluant afforded 1.05 g 
(50%) of pure 23 (n = 10) as a yellow oil; IR urn,,: 3620-3400, 
1740, 1670, and 1575 cm-I; 'H NMR (60 MHz) 6: 1.03-1.92 (m, 
16H), 1.73 (s, 6H), 2.08-2.58 and 2.90-3.27 (2 multiplets, 2H; 
en01 and keto forms), 3.47 (t, J = 6 Hz, 2H), 4.50 (s, 2H), 7.35 
(s, 5H), and 15.17-15.50 (br s, lH,  exchangeable with D,O); MS 
m/z (relative intensity): 418 (M+, l),  403 (I), 401 (I), 360 (4), 342 
(I), 312 ( I ) ,  293 (3), 292 (14), 183 (3), 123 (3), 108 (14), 107 (64), 
92 (28), 91 ( lo) ,  85 (7), 83 (7), 81 (8), 79 (8), 77 (7), 71 (15), 69 
(1 l) ,  67 (7), 65 (lo), 60 (7), 59 (8), and 58 (21). Exact Mass calcd. 
for C21H2805 (M+ - acetone): 360.1937; found: 360.1954. 

5-(11,3'-Dihydroxypropy1idene)-2.3-dimethyll ,3-dioxan-4,6- 
dione (24, n = 2) 

A mixture of 710 mg (2.32 mmol) of the above acetylated 
Meldrum's acid and 70 mg of 10% palladium-on-charcoal in 
10 mL of ethanol - ethyl acetate (1 : 1) was stirred under a hydro- 
gen atmosphere (1 atm = 101.3 kPa) at room temperature. After 
57 mL (1 equiv.) of hydrogen had been absorbed during a period 
of 2 h, the uptake of hydrogen ceased. The catalyst was removed 
by filtration and was washed with ethyl acetate. The filtrate was 
concentrated under reduced pressure to give 448 mg (89%) of 24 
(n = 2) as a pale yellow oil; IR u,,,: 3640-3350, 1740, 1680, and 
1580 cm-'; 'H NMR (60 MHz) 6: 1.70 (s, 6H), 2.56-2.83 and 
3.13-3.53 (2 multiplets, 2H; en01 and keto forms), and 3.67-4.07 
(m, 2H); MS tn/z (relative intensity); 216 (M+, I), 159 (15), 158 
(32), 141 (14), 140 (13), 114 (27), 105 (13), 91 (12), 73 (57), 69 
(19), 59 (79), and 58 (14). Exact Mass calcd. for C9H1206: 
216.0634; found: 216.0634. 

3-Oxopentan-5-olide (25) 
To 25 mL of dry THF heated at reflux under a nitrogen atmo- 

sphere was added a solution of 302 mg (1.40 mmol) of alcohol 24 
(n = 2) in 15 mL of THF over a period of 4 h, using a constant- 
rate addition funnel. The solution was heated at reflux for an ad- 
ditional 30 min. Removal of solvent gave 235 mg of a yellow oil. 
Distillation, in glassware that had been treated with trimethylsilyl 
chloride and pyridine, then rinsed with water, and dried, gave 
139 mg (87%) of 25 as a colourless oil, which slowly crystallized 
to give an amorphous white solid. 'H NMR analysis indicated that 
the product was ca. 95% pure; mp 61-64°C; bp (Kugelrohr distil- 
lation) 130°C/0. l Torr; IR urn,,: 1780 and 1745 cm-'; 'H NMR 
(60 MHz) 6: 2.72 (t, J = 6 Hz, 2H), 3.60 (s, 2H), and 4.63 (t, 
J = 6 Hz, 2H); MS tn/z (relative intensity): 114 (M+, 8), 105 (3), 
104 (3), 91 (3), 85 (5), 77 (4), 73 (3), 72 ( 3 ,  71 (5), 70 (3), 69 
(5), 60 (4), 58 (3), 56 (7), 55 (5 l),  45 (4), 44 (7), 43 (25), and 42 
(100). Exact Mass calcd. for CsH603: 1 14.03 17; found: 1 14.03 19. 

5-(Tetrahydro-2' -furylidene)-2,2-dimethyl-l,3-dio.ran-4,6-dione 
(26) 

A mixture of 1.93 g (6.0 mmol) of 23 (n = 3) and 0.19 g of 5% 
palladium-on-charcoal in 15 mL of ethyl acetate was stirred under 
a hydrogen atmosphere (1 atm) at room temperature. After 
208 mL ( 141 % of 1 molar equivalent) of hydrogen had been ab- 
sorbed during a period of 19 h, the uptake of hydrogen ceased. The 
catalyst was removed by filtration and was washed with dichloro- 
methane. The filtrate was concentrated under reduced pressure to 
give 1.03 g crude 26 as pale yellow crystals. Recrystallization from 
petroleum ether - ethyl acetate gave 0.89 g (70%) of 26 as a white 
solid; mp 145.0-146.5"C; IR u,,,,,: 1755 and 1715 cm-I; 'H NMR 
(60 MHz) 6: 1.73 (s, 6H), 1.93-2.53 (m, 2H), 3.50 (t, J = 8 Hz, 
2H), and 4.73 (t, J = 7 Hz, 2H); MS m/z (relative intensity): 212 
(M+, 13), 197 (13), 156 (6), 155 (59 ,  154 (29), 113 (8), 11 l (20), 
110 (loo), 69 (28), 53 (1 I ) ,  52 (8), 44 (7), 43 (47). and 42 (78). 
Exact Mass calcd. for C,,H,20,: 212.0685; found: 212.0685. 
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ROBERT H. BURNELL and STEPHANE CARON. Can. J. Chem. 70, 1446 ( 1  992). 
An approach to the synthesis of aromatic diterpenes was tested for its generality. Phenylacetonitriles with increasing 

substitution on the aromatic ring were prepared and alkylated with geranyl bromide and the resulting dienes subjected 
to cationic cyclization. The less-substituted examples afforded tricyclic products of the required stereochemistry while 
the more highly substituted compounds cyclized with reduced yields or not at all. One of the intermediates was used 
to synthesize nimosone (3,7-diketo-12-methoxyabieta-8,11,13-trine) a natural diterpene isolated originally from 
Chamaecyparis forrnoserlsis and recently from Azadirachta indica. 

ROBERT H. BURNELL et STEPHANE CARON. Can. J. Chem. 70, 1446 ( 1992). 
Une sene de phCnylacCtonitriles substituks par une chaine gCranyle et un nombre croissant de groupements mkthoxyles 

a Cte soumise B des conditions de cyclisation cationique pour determiner la generalit6 de la rCaction. Seulement les sub- 
strats les moins encombrCs ont rCagis efficacement donnant les produits tricycliques de la stCrCochimie requise et un de 
ces derniers a semi comme intermediaire clC pour la synthese de la nimosone, une dicetone diterpenique isolCe de 
Chat7zaecyparis fortnosensis et plus rkcemment de Azadirachtc~ indica. 

In recent years more examples of aromatic diterpenes with 
oxygen functions in the A ring have appeared in the litera- 
ture. Hypagenins A ,  D ,  and E ( I ) ,  candelabrone (2) and 
several coleons (3) fall in this category and the neem tree, 
Azadirachta indica, is a rich source of these new com- 
pounds (4). Few syntheses are reported for these products 
since many of the schemes that start with simpler naturally 
occuring chiral terpenes, such as podocarpic and dehydro- 
abietic acids (5), do  not lend themselves readily to the in- 
troduction of functions into the A ring past the quaternary 
centres at C4  and C10. A more total approach could be ad- 
vantageous but, unlike those derived from chiral precur- 
sers, the final products from most sequences would be 
racemic. 

After first probing the application of radical cyclizations 
of the type described by Snider et al .  (6) it was decided to 
test the generality of the cationic equivalent as championed 
by Livinghouse and co-workers (7). Ultimately we hope 
to apply the scheme to the synthesis of candelabrone 1 
but the first objective was the simpler 3,7-diketo-12- 
hydroxyabieta-8,11,13-triene 2a originally isolated from 
Chamaecyparis formosensis (8) and more recently from 
Azadirachita iizdica when it was given the name nimosone 
(4a). 

This synthetic approach involves the cyclization of non- 
conjugated dienes such as 5 a  in which half the molecule 

' ~ u t h o r  to whom correspondence may be addressed. 

comes from the naturally derived geranyl bromide 3 and the 
other 10 skeletal carbon atoms are provided by substituted 
phenylacetonitriles, such as 4. Specifically the latter has been 
prepared from o-isopropylanisole 6a  in an overall yield of 
close to 65%. Bromination of 6a by potassium bromide and 
m-CPBA in the presence of 18-crown-6 afforded 84% of the 
bromo derivative 6 b  and the yields were as good or  better in 
the followingGrignard reaction (with DMF, 98% 6c), hy- 
dride reduction (97% 6 4 ,  and the two substitutions (first with 
PBr,, pyridine 98% 6e and then KCN, 18-crown-6, 80% 4). 

3 4 5a X = OMe R = isoPr Y = Z = H 
S b X = Y = Z = R = H  
5c X = Y = Z = OMe R = isoPr 
5 d X = Z = O M e R = i s o P r Y = H  

Me0 

6 a X = H  

LI 6 b X = B r  3 
6c X = CHO 
6d X = c H 2 0 H J  

& 6 e ~  = C H ~ B ~  - 4 

The anion of nitrile 4 coupled with the reactive geranyl 
bromide 3 at room temperature to afford the diene 5a (85%). 
Attempts to cyclize the latter using published procedures (9) 
were disappointing so, for experimentation, a simpler model 
5b was prepared (in 92% yield) by alkylating phenylaceto- 
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BURNELL AND CARON 1447 

nitrile with geranyl bromide. Finally, using methyl benze- particular effort was made to separate these diasteromers since 
nesulfenate with boron trifluoride in nitromethane (7b),' this their stereochemical peculiarities would disappear in sub- 
model diene gave the cyclized product 7b in reasonable yield sequent steps as the carbonyl groups were established at these 
(63%). In the same manner, the methoxy isopropyl analog positions. Both the simple models 7b and 7a were subjected 
5a afforded the tricyclic 7a with slightly better results (76%). to the following reactions, the former serving as an expend- 
The ring closures produced specifically the AB trans ge- able forerunner to determine the most rewarding experi- 
ometry, the relative configuration at C3 was mostly P, while mental conditions. 
the two epimers at C7 were roughly equally represented. No 

7a R = isoPr X = OMe Y = Z = H 
7 b R = X = Y = Z = H  
7c R = isoPr X = Y = Z = OMe 
7 d R = i s o P r X = Z = O M e Y = H  

8 a  R = isoPr X = OMe Y = Z = H 
8 b R = X = Y = Z = H  

8d  R = isoPr X = Z = OMe Y = H 

*---- 

* Ph-S & (+% .---- * PhS &I (+% 

'?o 
9a R = isoPr X = OMe Y = Z = H 
9 b R = X = Y = Z = H  

Bubbling oxygen into solutions containing the anions of 
7a and 7b and reduction of the hydroperoxy intermediates 
gave the C7 ketones 8a and 8b (55% and 50%, respec- 
tively). The phenylthio residues were smoothly oxidized to 
the sulfoxides (9a and 9b) but when the latter were treated 
with trifluoroacetic anhydride, Pumrnerer rearrangement led 
to the enolthio-ethers 10a and lob. Hydrolysis of these vinyl 
ethers under the influence of titanium tetrachloride gave the 
diketones l l a  and 116. The phenol 2a arising from the de- 
methylation of l l a  (2b) gave spectra identical in all re- 
spects with those of the natural product, 3,7-diketo-12- 
hydroxyabieta-8,11,13-triene (now named nimosone (4a) 
provided by Dr. Yu-Shia Cheng (8). The synthetic product 
was racemic of course. 

To continue towards candelabrone l a  it had been hoped 
that 2a could be oxidized to the o-quinone but neither 
Fremy's salt, salcomine, nor phenylselenenic anhydride 
afforded any recognisable products. This suggested that 
the only route to candelabrone would be to place the aro- 
matic substituents from the outset. The necessary trime- 
thoxy-isopropylphenyIacetonitrile 15a was prepared from 
methyl 2,6-dimethoxybenzoate 12a via di-0-methyl-2-iso- 
propylresorcinol 12d (Grignard, dehydration, and hydro- 
genation). After methylation of the phenol 13a obtained by 
m-CPBA oxidation of 12d, the product 13b was brominated 

'T. Livinghouse. Private communication. 

10a R = isoPr X = OMe Y = Z = H 
l O b R = X = Y = Z = H  

exclusively to the 1,2,4-trimethoxy-5-bromo derivative 13c 
and then the same steps used to prepare 4 were followed 
(Grignard + 13d, reduction + 13e, substitutions + 13f, and 
then 15a). The nitrile 15a was readily alkylated with ger- 
any1 bromide 3 to form the diene 5c (yield 97%). 

.---- OMe 

l l a  R = isoPr X = OMe Y = Z = H 17 
l l b R = X = Y = Z = H  

When subjected to the cyclization reaction none of the tri- 
cyclic product 7c was obtained, not even when the more ef- 
ficient Ph-S-0-CH,-CHI-0-CH, was used in conjunction with 
BF3/CH3N0, (see footnote 2). The activation afforded by a 
methoxyl group ortho to the site of ring closure is appar- 
ently offset by the two meta effects and the steric crowding 
on the aromatic ring. 

Some indication of the relative importance of the elec- 
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tronic and steric factors that prevented the cyclization could placement of the isopropyl by the acyl moiety (10). The diene 
be inferred from the reaction of the dimethoxy analog 5d. It 5c must be unable to assume the appropriate geometry for 
is well known that the 1 1-position in tricyclic compounds synchronous cyclization as  shown in 16c whereas the ab- 
such as 2b is resistant to Friedel-Crafts acylation and forc- sence of the methoxyl in 5d could allow such a pretransition 
ing such reactions leads to C13 ipso substitution and the re- regrouping (164. 

- 12a R1 = Me R2 = COOMe 1 3 a X = O H R = H  i 
k 12b R1 = Me R' = -C(OH)Me2 I ~ ~ X = O M ~ R = H ~  

12c R' = Me R' = - c ( M ~ ) = c H ' ~  1 3 c X = O M e R = B r  
13d X = OMe R = CHO 

12d R1 = Me R' = isoPr 
J 

G 13e X = OMe R = CH'OH - - - - - -  
I 13f X = OMe R = CH2Br 

Me0 I 
I Me0 
I 
I 

f - - - -  
OMe 

f - - - - I  

I OMe 
I 
I 

I 
R 

I 

15a X = OMe I 14a R = Br 
15b X = H 146 R = CHO I j 5 14c R = CH20H - - - - - -  14d R = CH2Br 2 

I The diene 5d was prepared from the dimethoxyisopropyl- 
I benzene 12d using the same sequence as in the synthesis of 

4(14a -+ 14b -+ 14c -+ 14d -+ 15b) and finally 15b was 
coupled with geranyl bromide 3. After methyl benzenesul- 
fenate provoked cyclization several products were present and 
spectral evidence suggested some structures in which only 
the A ring had closed during the reaction. The product from 
double annelation 7d was isolated in 41% yield and despite 
numerous attempts this could never be improved. The sub- 
sequent reactions proceeded almost normally. The carbonyl 
at C7 was introduced using the same conditions that had lead 
to 8n and 80 and high yields were obtained of the sulfoxide 
9d. The product isolated after treating the latter with trifluo- 
roacetic anhydride was actually the en01 trifluoracetate 17. 
As expected, the final reaction (hydrolysis with TiCl,) not 
only established the C 3  carbonyl but also hydrolysed the 
methoxyl peri to the conjugated ketone to give the chelated 
lld. 

16c X = OMe 
1 6 d X = H  

OMe 

In conclusion one can say that, not surprisingly, this type 

of cyclization is seriously hampered by increasing substitu- 
tion on the aromatic ring. As demonstrated by the synthesis 
of the natural product 2a, the approach is excellent for less- 
substituted members of this class of terpenes. 

Experimental 
Unless otherwise stated, the conditions used to characterize the 

products were as follows: melting points, Electrothermal, uncor- 
rected; ultraviolet spectra, A,,,,,, ethanol solutions (E in parenthe- 
ses), Perkin-Elmer Lambda 5; infrared spectra, carbon tetrachloride 
solutions, Mattson Sirius 100 FTIR; 200 MHz proton and 
50 MHz carbon-13 magnetic resonance spectra, deuteriochloro- 
form solutions (multiplicity, integrated peak areas, coupling con- 
stants in hertz and where necessary, assignments in parentheses), 
"dis. DzOn signifies that the peak in question disappeared on 
shaking the solution with a small volume of D,O, Varian XL-200 
(300 MHz spectra courtesy of Prof. D. J .  Burnell, Memorial Uni- 
versity, Newfoundland; 400 MHz spectra were performed at the 
Laboratoire rCgional de RMN a haut champ, UniversitC de 
Montreal); niass spectra, Hewlett Packard 5992 and Exact Mass 
measurements at the Centre rkgional de spectrometric de niasse, 
UniversitC de MontrCal. Chro~natography implies the use of Ter- 
ochem silica gel (for flash chromatography) with the solvents de- 
termined by prior thin-layer chromatography using DC-Alufolien 
Kieselgel 60 FZi, precoated aluminium sheets. Reactions were 
normally carried out under nitrogen or argon. Elemental analyses 
were by Galbraith Laboratories, Knoxville, Tenn. 

Simple products are numbered according to normal rules but for 
easier comparison, the dienes 50-d and all subsequent com- 
pounds are numbered as tricyclic diterpenes. For "C figures, all 
skeletal carbons are listed first and after "and" all the peripheral 
groups are given (Me-0, Ph-S, CN, etc.). The assignments result 
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BURNELL A N D  CARON 1449 

from COSY, HETCOR, and APT experiments, which are not de- 
scribed in the text. 

Prepar-ation of nitrile 4 

Bromination of o-isopropylanisole 6a 
Following the procedure of Srebnik et al. (1 l ) ,  KRr (82.01 g; 

0.69 mmol), 18-crown-6 (4.29 g), and the isopropylanisole 6a 
(2 1.45 g; 0.143 mmol) were suspended in vigorously stirred 
CH2C1,(300 mL) under argon and cooled to 0°C. m-CPBA 
(58.82 g of 80%; 0.272 mmol) in CH,Cl2(160 mL) was slowly 
added and stirring continued for 30 min. The mixture was poured 
into ether (800 mL) and washed with 10% aqueous sodium bisul- 
fite (400 mL), saturated NaHC03, saturated NaC1, and dried. After 
concentration, the residue was chromatographed (pet. ether) to give 
4-bro1no-2-isopropj~Ia1?iso/e 6b (27.57 g; 84%): 'Hlnr 6: 1.21 (d, 
6H, J = 7.0Hz), 3.29 (q, lH, J = 7.0Hz), 3.81 (s, 3H), 6.71 (d, 
J = 8.6 Hz), 7.25 (dd, J = 8.6 and 2.3 Hz), and 7.29 (d, J = 
2.3 Hz); I3cmr6: 155.7, 139.2, 129.0, 112.9, 129.0, 111.9, 26.8, 
22.5, and 55.5; mass m/z: 230 (9), 228(8), 215(17), 213(18), 
104(12), 91(38), 83(100), and 77(35). 

Grignard reaction to give aldehyde 6c 
The Grignard reagent was prepared from the bromo derivative 

6b (5.01 g; 21.9 mmol) and magnesium (0.817 g) in anhydrous THF 
(30 mL) in the usual manner. To the cooled mixture was added 
dropwise anhydrous DMF (8.50 mL; 115 mmol) and after the vig- 
orous reaction had subsided the solution was refluxed for 5 min, 
cooled, and then treated with saturated NHjCl (50 mL). The oil 
obtained by ether extraction was chromatographed (pet. ether/ether 
7 :  1) to give the 4-metho,ty-3-isopropylbet~zaldehyde 6c (3.80 g; 
98%): ir: 1690 cm-'; 'Hmr 6: 1.20 (d, 6H, J = 7.0 Hz), 3.29 
(q, lH, J = 7.0 Hz), 3.86 (s, 3H), 6.90 (d, J = 8.6 Hz), 7.66 (dd, 
J = 8.6 and 2.3 Hz), 7.72 (d, J = 2.3 Hz), and 9.83 (s, 1 H); " ~ m r  
6: 161.7, 137.7, 130.3, 129.5, 126.8, 109.9, 190.9, 26.5, 22.3, 
22.3, and 55.5; mass m/z: 178(47), 163(100), 147(18), 135(20), 
120(11), 105(35), 103(18), 91(25), and 77(36). Exact Mass 
(showed that the aldehyde had oxidized to the acid during trans- 
port) calcd. for C I  IH1403: 194.0919; found: 194.093 1. 

Reduction of the aldehyde 6c 
Excess NaBH, 2.05 g; 54 mmol) was added to the aldehyde 6c 

(8.68 g; 48.8 mmol) in MeOH (125 mL) at O°C. After stirring 
12 min, water was added and the product extracted into ether, 2- 
isopropyl-4-lzydro~y1netI1yln,1isole 6d (8.53 g; 97%) sufficiently pure 
for the next step: ir: 3550-3100 (br OH) cm-'; 'Hmr 6: 1.21 (d, 
6H, J = 6.6 Hz), 2.05 (br s, dis. D,O), 3.33 (q, J = 6.6 Hz), 3.83 
(s, 3H), 4.59 (s, 2H, 2H-C7), 6.83 (d, J = 8.2 Hz), 7.15 (dd, J = 
8.2and2.3 Hz), and7.22(d, J = 2.3 Hz); " ~ m r 6 :  156.2, 137.0, 
125.2, 132.8, 125.5, 110.2, 65.2, 26.7, 22.7, 22.7, and 55.4. 

Formation of the benzyl bromide 6e 
Based on the procedure of Hess and co-workers (12) the alco- 

hol 6d (4.88 g; 27.1 mmol) was dissolved in benzene (180 n1L) 
under argon. Pyridine (1.25 mL; 15.5 mmol) was added followed 
by PBr3 (2.60 mL; 14.3 mmol) dropwise, which resulted in the 
appearance of a white precipitate. The mixture was stirred for 3 h 
and then water (50 mL) was added and the product obtained by 
extraction, 2-isopr-opyl-4-bror~~o1r1eth~ylanisole 6e (6.47 g; 98%), 
which was used without further purification in the next step: ' ~ m r  
6: 1.28 (d, 6H, J = 7.0 Hz), 3.36 (q, lH, J = 7.0 Hz), 3.86 (s, 
3H), 4.56 (s, 2H, 2H-C7), 6.84 (d, J = 8.1 Hz), 7.25 (dd, J = 8.1 
and 2.2 Hz), and 7.29 (d, J = 2.2 Hz); "cmr 6: 156.7, 137.2, 
126.9, 127.3, 110.2, 34.6, 26.8, 22.5, and 55.3; massmlz: 244(2) 
and 242(2), 163(100), 148(10), 133(23), 91(8), and 77(10). Exact 
Mass calcd. for C1 l H l j 0 7 9 ~ r :  242.0344; found: 242.0325. 

Substitirtion to give nitrile 4 
As suggested by Liotta and co-workers (13) the bromide 6e 

(3.16 g; 13.01 mmol) and 18-crown-6 (0.586 g) were dissolved in 
CH,CN (12 mL). After adding KCN (4.76 g: 73.5 mmol) the sus- 
pension was heated at 60°C for 1 h and the product extracted into 
ether and chromatographed (pet. ether/ether 6: 1) giving 4-nzeth- 

oxy-3-isopropylphenylaceto~~itrile 4 (2.83 g: 80%): ir: 2250 cm-I; 
' ~ m r  6: 1.22 (d, 6H, J = 7.0 Hz), 3.33 (q, lH, J = 7.0 Hz), 3.67 
(s, 2H,CH,CN), 3.82(s,  3H),6.83 (J = 9.0Hz), 7.10(dd, J =  
9.0 and 2.5 Hz), and 7.14 (d, J = 2.5 Hz); I3Cmr 6: 137.6, 125.5, 
130.3, 156.2, 110.5, 125.8, 22.8, 121.4, 26.7, 22.4, 22.4, and 
55.3; mass m/z: 189(18), 174(100), 159(10), 147(12), 134(24), 
131(12), 130(1 l), 117(38), 115(32), 104(28), 103(32), 91(52), and 
77(63). Exact Mass calcd. for C12HljNO: 189.1 154; found: 
189.1 185. 

In the absence of the crown ether (KCN, DMSO, 85°C) the yield 
was only 67%. 

Alkylation of nitrile 4 with geratlyl bromide 3 
Under argon, THF (40 mL) containing diisopropylamine 

(2.00 mL; 14.3 mmol) was cooled to -78°C and n-butyllithium 
(5.21 mL of 2.5 M in hexane; 13.0 mmol) was introduced drop- 
wise. The mixture was allowed to warm to O°C for 15 min and then 
recooled to -78°C before adding the nitrile 4 (2.487 g; 
13.2 mmol) in THF (30 mL). After stirring for 5 min, geranyl 
bromide (2.65 mL; 13.4 mmol) was added and the temperature al- 
lowed to rise to ambient as stirring was continued for 3 h. The 
mixture was poured onto ice and extracted with ether. The liquid 
left after concentration was chromatographed (pet. ether) to afford 
the 2-geranyl-2-(3-isopropyl-4-methoxyphenyl)acetonitrile 5a 
(3.635 g; 85%) as a colorless oil: ir: 2240 cm-'; 'Hmr (400 MHz) 
6: 1.21 (d, 6H, J = 6.9 Hz, iso-Pr methyls), 1.55 (s, 3H, Me ,,(,,, ,- 
C4), 1.6 1 (s, 3H, Cl  0-Me), 1.69 (s, 3H, Me ,,, -C4), 2.05 (m, 4H, 
H-C 1 and C2), 2.57 (m, 2H, H-C6), 3.3 1 (t, 1 H, J = 6.9 Hz, iso-Pr 
CH), 3.72 (t, 1 H, J = 7.0 Hz, CH-CN), 3.83 (s, 3H, Me-0), 5.08 
(t, l H , J = 6 . 6 H z , H - C 3 ) , 5 . 2 0 ( t ,  lH , J=7 .2Hz ,H-C5) ,6 .82  
(d, lH, J = 7.9 Hz, H-Cll), 7.11 (d, lH, J = 2.4 Hz, H-(2141, 
and 7.13 (dd, IH, J = 7.9 and 2.4 Hz, H-C9); I3cmr 6 (carbons 
numbered as in the cyclized diterpene): 39.6, 26.5, 123.9, 131.5, 
118.6, 34.4, 37.2, 127.9, 125.1, 139.8, 110.4, 156.4, 137.5, 
125.4, 26.8, 22.5, 22.5, 17.6, 16.2, 25.6, and 55.4, and 
121.2(CN); mass m/z: 325(M+, 1.4), 190(12), 189(100), 156(23), 
137(14), 9 1(5), 8 1 (20), and 77(6). Exact Mass calcd. for CzzH3,NO: 
325.2406; found: 325.24 15. 

Cyclization of diene 5a 
Based on the Livinghouse conditions,' a solution of methyl 

benzenesulfenate (0.126 g; 0.875 mmol, prepared from diphenyl- 
disulfide following the methods of Mueller and Butler (14) and 
Denny and co-workers (15), in MeN0, (1 1.9 mL) was cooled to 
-30°C under argon. Previously prepared BF3/MeN02 (1.34 mL 
of 1.24 M) was added and after stirring 2.5 min the diene 5a 
(0.207 g; 0.817 mmol) was added in MeNO, (2 mL) and stirring 
was continued for 2 h at -30°C. Saturated NaHCO, (20 mL) was 
introduced and once the mixture had warmed to room tempera- 
ture, it  was extracted with ether and washed with NaHCO,, 
NaCI, water, and again wilh NaC1. The dried solution (MgSO,) 
was concentrated and the residue chromatographed (pet.ether/ether 
6: 1) to give the cyclized product 7a (0.224 g; 76%), mp 194- 
195"C, 7-c)~ano-3-pher1ylthio-12-metho,tyabieta-8, I I ,  13-triene: ir: 
2227 cm-I; IHnlr (300 MHz) 6: 1.02 (s, 3H, Me,-C4), 1.18 and 
1.19 (2d, 6H, J = 6.9 Hz, iso-Pr methyls), 1.23 (s, 3H, Mep-C4), 
1.40 (s, 3H, Me-C 1 O), 1.5 1 and 2.25 (2m, H-Cl), 1.76 (dd, 1 H, 
J = 1 1.9 and 1.2 Hz, H-C5), 2.04 (m, 2H, H-C6), 2.02 and 2.25 
(2m, 2H, H-C2), 2.95 (dd, 1 H, J = 9.1 and 7.7 Hz, H-C3), 3.21 
(sept, lH, J = 6.9 Hz, H-C15), 3.77 (s, 3H, Me-0), 4.06 (d, IH, 
J = 5.2 Hz, H-C7), 6.65 (s, lH, H-Cll), 7.01 (s, lH, H-C14), 
7.25 (m, 3H, nzeta and para H of Ph-S), and 7.40 (m, 2H, ortho 
H of Ph-S); ' k m r  (75 MHz) 6: 38.7, 23.9, 60.3, 38.1, 49.6. 24.5, 
31.9, 122.4, 147.2, 37.9, 106.7, 156.8, 135.8, 126.7, 26.5, 22.5, 
22.4, 29.5, 27.7, 17.9 and 55.3, 119.3(CN), 136.2, 131.4, 128.9, 
126.5(ipso,ortho,rr1eta, and para C of Ph-S); mass nl/z: 433(M', 
16), 309(12), 308(52), 255(37), 254(19), 241 (19), 240(41), 
229(35), 228(100), 227(3 I), 226(32), 185(25), 1 10(41), and 
97(23). Exact Mass calcd. for C28H35NOS: 433.2269; found: 
433.2354. 
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BURNELL AND CARON 145 1 

108(70), and 86(83). Exact Mass calcd. for C,,H,,O,S: 420.2163; 
found: 420.2 143. 

Trnrlsfonnation qf rnodel sulfoxide 9b to tlzio-erlol-ether l o b  
In the same manner, the sulfoxide 9b (19 mg) reactcd with TFAA 

and pyridine to give the en01 ether lob (15 mg: 83%): ir: 
1685 cm-'; ' ~ m r  6: 1.20, 1.23 and 1.39 (3s, each 3H), 2.32 (t, 
lH, J = 8.4 Hz), 2.39 (dd, lH,  J = 17.6 and 1.8 Hz), 2.75 (d, 
2H, J = 8.4 Hz), 2.81 (dd, lH,  J = 17.6 and 6.6 Hz), 5.92 (dd, 
lH,  J = 6.6 and 2.2 Hz), 7.1-7.6 (m, 5H), 7.55 (ddd, lH,  J = 
7.7, 7.7, and 1.5 Hz), and 8.06 (dd, lH, J = 7.7 and 1.5 Hz); 
I3cmr6: 40.7, 130.4, 141.4,40.0,47.8,37.0, 198.1, 130.3, 153.2, 
38.7, 125.3, 134.3, 126.4, 126.8, 29.5, 23.2, 21.1 and 138.6, 
130.2, 128.8, 126.4; mass m/z: 3 4 8 ( ~ + ,  57), 209(10), 191(16), 
190(58), 189(19), 179(23), 175(60), 165(36), 158(52), 145(3 l ) ,  
141(31), 129(56), 115(100), 109(59), and 79(59). Exact Mass 
calcd. for C,,H,dOS: 348.1474; found: 348.15 1 1. -- - .  

Formation of the 3,7-diketone 11 a 
Based on the method of Trost et 01. (19), TiC1, (0.78 mL; 

7.3 mmol) was added to a suspension of the enol ether ~ O L Z  
(0.749 g; 1.78 mmol) in glacial HOAc (10 mL). The orange mix- 
ture was stirred for 20 min, then diluted with water (2.40 mL) and 
refluxed for 1 h. After cooling, the product was obtained by dilu- 
tion with more water, extraction, washing, and chromatography 
(pet. ether/ether 1: l), white solid, mp 150-151°C, 3,7-diketo-12- 
methoxynbietn-8, I I ,  13-trierze l l n :  uv: 207( 15 800), 230( 16 200), 
and 280(13 200) nm; ir: 1710 and 167 1 cm-'; 'Hmr 6: 1.12 (s, 3H, 
Me,-C4), 1.18 (s and 2d, 9H, J = 7.0 Hz, Mep-C4 and iso-Pr Me), 
1.44 (s, 3H, Me-ClO), 2.02 (dt, lH, J = 13.2 and 5.1 Hz, HB-Cl), 
2.30 (dd, lH, J = 13.6 and4.0Hz, H-C5), 2.58 (dd, IH, J = 17.6 
and 4.0 Hz, Hp, HB-C6), 2.75 (dd, 1 H, J = 17.6 and 13.6 Hz, 
H,-C6), 2.53 (ddd, lH,  J = 17.9, 5.1, and 2.9 Hz, Hp-C2), 2.81 
(m, IH, H,-C2), 2.88 (m, lH, H,-Cl), 3.23 (sept, lH, J = 
7.0 Hz, iso-Pr CH), 3.88 (s, 3H, 0-Me), 6.69 (s, 1 H, H-Cl l),  and 
7.89 (s, 1 H, H-C14); " ~ m r  6: 36.9, 34.5, 2 14.1, 47.3, 49.6, 36.1, 
196.7, 123.6, 153.5, 37.8, 104.7, 161.7, 136.0, 125.6, 26.6, 22.5, 
22.4, 25.0, 22.6, 21.5, and 55.5; mass m/z: 3 2 8 ( ~ " ,  69), 
3 13(100), 27 1 (13), 257(13), 243(28), 232(23) < 229(29), 2 17(21), 
215(39), 201(20), 175(20), and 125(52, typical of C3 ketones with 
4,4-dimethyl grouping). Exact Mass calcd. for C21H2R03: 328.20 1 1 ; 
found: 328.2025. 

Model diketorle l l b  
Prepared from lob (150 mg) by the procedure described abovc. 

After chromatography the 3,9-diketo-l, I4n-trirnethyl-I ,2,3,4,4n, 
9,l0,l0a-octahydropherzn11thr-ene l l b  (84 mg; 77%) was obtained 
as a white solid, m 113-1 14°C; uv: 206(21 900), 250(10 900), P and291(1800)nm; Hmr6: 1.11 and 1.18(2s,each3H), 1.43(6, 
3H, J = 1.1 Hz), 2.01 (ddt, lH,  J = 13.2, 5.5, and 1.1 Hz), 2.31 
(dd, 1 H , J =  13.6and4.4Hz),2.37(m,5H),7.30(m,2H),7.53 
(ddd, IH, J = 8.1, 7.7, and 1.4 Hz), and 8.00 (dd, IH, J = 7.7 
and 1.4 Hz); '"mr 6: 36.9, 34.5, 214.0, 47.3,49.6, 36.3, 197.7, 
130.4, 153.3, 37.6, 124.0, 134.2, 126.7, 127.4, 25.0, 22.8, 21.4; 
mass m/z: 2 5 6 ( ~ + ,  loo), 223(19), 213(21), 200(50), 199(86), 
185(22), 171(52), 159(58), 145(40), 128(49), 125(58), 115(69), 
and 91(53). Exact Mass calcd. for C17H2,0: 256.1458; found: 
256.1461. 

Denzethylntior~ to the (k) rzatural product 2a 
At 0°C under argon, BBr3 (0.21 mL; 2.2 mmol) was introduced 

to a solution of diketone 13n (0.156 g; 0.476 mmol) in CH,Cl, 
(2.0 mL). The temperature was allowed to rise to ambient and 
stirring was continued overnight. The mixture was diluted with 
water and extracted with ether, which was washed (water, aqueous 
sodium thiosulfate, saturated NaC1) and concentrated. Chroma- 
tography of the residue (pet. ether/ether 1 : 1) gave the phenol 2n 
(0.136 g; 91%), mp 190-191°C, unchanged by sublimation (lit. (8) 
mp 2 13-2 lS°C), 3,7-diketo-12-hydrox~~nbi~~tc1-8,II,I3-triene: uv: 
207(15 800), 233(14 300), and 290(12 200) nm; ir: 3500-3050(br 
OH), 1707, and 1684 cm-'; 'Hmr (400 MHz) 6: 1.14 (s, 3H, 

Me,-C4), 1.21 (s, 3H, Mep-C4), 1.25 (t, 6H, J = 7.0 Hz, isp-Pr 
Me), 1.43 (s, 3H, Me-ClO), 1.97 (dt, 1 H, J = 13.7 and 5.2 Hz, 
Hp-Cl), 2.30 (dd, lH, J = 13.8 and 3.7 Hz, H-C5), 2.51 (dd, lH, 
J = 19.6 and 3.4 Hz, HB-C2), 2.64 (dd, lH, J = 17.7 and 
3.7 Hz, Hp-C6), 2.78 (dd, lH, J = 17.7 and 13.8 Hz, Ha-C6), 2.80 
(m, lH, H,-C2), 2.88 (m, lH, Ha-Cl), 3.18 (sept, lH,  J = 

7.0 Hz, iso-Pr CH), 6.52 (br s, 1 H, OH - dis. D,O), 6.7 1 (s, 1H- 
C l l ) ,  and 7.93 (s, 1H-C14); '-?Cmr 6: 36.7, 34.6, 214.5, 47.4, 
49.6, 36.2, 197.1, 124.0, 153.6, 37.4, 110.3, 158.7, 133.6, 126.8, 
26.8, 22.4, 22.3, 25.0, 22.7, 21.6; mass m/z: 314(Mc, 411, 
299(30), 258(13), 257(16), 243(12), 229(41), 218(52), 217(24), 
216(18), 215(36), 203(21), 201(36), 187(24), and 125(100). Exact 
Mass calcd. for C20H2607: 3 14.1888; found 3 14.1885. 

Direct comparison of the ' ~ m r  spectrum with that of the natural 
product kindly provided by Dr. Yu-Shia Cheng (National Taiwan 
University, Republic of China) showed the two to be identical. 

Synthesis of the trirnethoxy diene 5c 

Grigrzard reaction orz methyl 2,6-climetho,r~lbenzonre 12a 
Excess Grignard reagent was prepared from Mg (1.104 g) and 

CH31 (4.1 mL) in ether (100 mL) and cooled to O°C. The ester 12a 
(1.636 g) in ether (40 mL) was added dropwise and the mixture then 
refluxed for 10 min. After cooling, saturated NH,C1 (150 rnL) was 
added and the product obtained by ether extraction. Concentration 
and chromatography gave the 1,3-dirnethoxy-(2-hydroxyisopro- 
py1)benzerze 12b (1.53 1 g; 94%): 'Hmr 6: 1.65 (s, 6H), 3.8 1 (s, 6H), 
5.0 (br s, lH,  dis. D,O), 6.59 (d, 2H, J = 8.1 Hz), and 7.14 (t, 
lH,  J = 8.1 Hz); I3Cmr 6: 157.5, 124.0, 157.5, 105.8, 127.4, 
105.8, 74.0, 30.9, and 56.0; mass m/z: 196(3), 181(100), 163(46), 
151(39), 148(23), 135(48), 107(24), 105(33), 91(22), and 77(28). 

Dehydration of the nlrolzol to 12c 
The alcohol 12b (12.29 g) was refluxed in glacial HOAc 

(75 mL) for 2 h. The cooled mixture was diluted with water 
(250 mL) and the ether extract was well washed with 10% NaOH, 
water, and saturated NaC1. The olefin (10.94 g; 98%) was ob- 
tained by evaporation of the dried solution followed by chroma- 
tography (pet.ether/ether 6 :  l),  I,3-dirnethoxy-2-isopropenylberz- 
zene 12c: 'Hmr 6: 2.08 (d, 3H, J = 1.5 Hz), 3.83 (s, 6H), 4.93 
and 5.38 (2q, each lH, J = 1.5 Hz), 6.61 (d, 2H, J = 8.4 Hz), 
and 7.22 (t, lH,  J = 8.4 Hz); 13Cmr 6: 157.0, 115.5, 157.0, 103.9, 
127.7, 103.9, 121.2, 138.9, 23.4, and55.8;massmlz: 178(100), 
164(86), 163(86), 148(72), 147(75), 136(57), 135(68), 133(55), 
13 1(48), and 120(35). Exact Mass calcd. for C, ,H,,O,: 178.0997; 
found: 178.0958. 

Hydrogenatiorz to 1,3-~lirnethoxy-2-isopropylbenzerze 12d 
The alkene (1.056 g) was shaken in a Parr apparatus with 5% 

Pd/C (40 mg) in ether (40 mL) under hydrogen at 40 psi (1 psi = 
6.89 kPa) for 19 h. The catalyst was filtered (Celite) and the ether 
evaporated to give the isopropyl derivative (1.036 g; 97%) pure 
enough for the next step: ' ~ m r  6: 1.40 (d, 6H, J = 7.0 Hz), 3.73 
(sept, lH,  J = 7.0 Hz), 3.88 (s, 6H), 6.63 (d, 2H, J = 8.1 Hz), 
and 7.19 (t, lH, J = 8.1 Hz); " ~ m r  6: 158.5, 124.3, 158.5, 104.4, 
126.4, 104.5, 24.1, 20.7, and 55.6; mass m/z: 180(23), 166(1 l),  
165(100), 135(7), 105(13), and 91(9). 

Hydro,rjlntion to the cornponrzcl13a 
According to the Srebnik and Mechoulam procedure (20) the 

product 12d (1.527 g; 8.48 mmol) in CH2C1, (20 mL) was added 
to a stirred solution of m-CPBA (2.851 g; 13.22 mmol) in CH,Cl, 
(50 mL) at 0°C under argon. After 5 h at room temperature more 
in-CPBA (0.805 g; 3.73 mmol) was added and stirring was con- 
tinued for 2 h. The mixture was poured into aqueous NaHS03 
(100 mL of 5%) and the product was extracted into ether and well 
washed (NaHSO,, saturated NaHCO,, and saturated NaC1). Con- 
centration and chromatography (pet.ether/ether 6:  1) gave first some 
unreacted 12d (0.370 g) and then the phenol 13n (0.812 g; 64% 
adjusted for the recuperated starting material), I-3-dimethony-4- 
hydro-ry-2-isoprop~llbenzene: ' ~ m r  6: 1.35 (d, 6H, J = 7.0 Hz), 
3.40 (sept, lH, J = 7.0 Hz), 3.78 (s, 6H), 5.47 (br s, lH,  dis. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1452 C A N .  J .  C H E M .  VOL. 70, 1992 

D,O), 6.56 ( d ,  l H ,  J = 8.8 Hz) ,  and 6.76 ( d ,  l H ,  J = 8.8 Hz);  
I3cmr 6: 145.1, 129.8, 152.7, 108.0, 112.1, 142.9, 25.9, 21.1, 
and 55.8, 61.8; mass m/z :  196(87), 181(100), 166(40), 133(15), 
125(27), 123(12), 91(1 l ) ,  and 77(13).  Exact Mass calcd. for 
C l l H I 6 o 3 :  196.1099; found: 196.1 101. 

0-Methylation of the phenol 13a 
Methyl iodide (5.0 m L )  was added to a solution o f  the phenol 

13a (1.629 g) in acetone (150 mL)  containing anhydrous K2CO3 
(5.0 g) and the mixture was refluxed for 5 days after which it was 
cooled, filtered, and concentrated. The residue was lixiviated with 
warm ether and the latter well washed (water, saturated NaC1) and 
concentrated. Chromatography o f  the residue (pet.ether/ether 10: 1 )  
gave the 1,2,4-trirnethoxy-3-isopropylbenzerze 136 (1.538 g; 88%): 
'Hmr 6: 1.34 ( d ,  6H, J = 7.0 Hz) ,  3.57 (sept, IH, J = 7.0  Hz) ,  
3.77 ( s ,  3H),  3.82 ( s ,  6H),  6.56 ( d ,  1 H, J = 8.8 Hz) ,  and 6.70 ( d ,  
l H ,  J = 8.8 Hz); 13cmr 6: 147.7, 130.6, 152.7, 106.1, 109.4, 
147.2,25.2, 21.2,21.2and55.8,56.0,60.9;massm/z:210(82), 
195(100), 180(69), 165(25), 152(16), 137(28), 135(17), 105(12), 
91(15), and 77(15). Exact Mass calcd. for C I2HIXO3:  210.1256; 
found: 210.1268. 

Bromination leading to 13c 
Using exactly the same conditions for the preparation o f  66,  the 

trimethoxy compound 136 (5.321 g) gave 5-br-orno-1,2,4-trirne- 
thoxy-3-isopropylbenzene 13c (6.308 g; 88%): ' ~ m r  6: 1.32 (d ,  6H, 
J = 7.3 Hz) ,  3.45 (sept, l H ,  J = 7.3 Hz) ,  3.76, 3.80, and 3.82 
(3s,  9H),  and 6.92 ( s ,  1H); I3Cmr 6: 148.9, 129.6, 149.9, 110.8, 
114.1, 136.6, 26.8, 21.9, 21.9 and 56.0, 60.8, 61.5. Exact Mass 
calcd. for c , ~ H , ~ O , ~ ' B ~ :  288.0361; found: 288.0359. 

Grignard reaction to give the benzaldehyde 13d 
As described for the reaction with 66,  the bromo compound 13c 

(6.308 g) was converted to the Grignard reagent and reacted with 
DMF to give the aldehyde 13d (4.626 g; 89%), 2,4,5-trimethoxy- 
3-isopropylbenzaldehyde: ir: 1682 cm- ' ;  ' ~ m r  6: 1.33 ( d ,  6H,  
J = 7.0  Hz) ,  3.42 (sept, l H ,  J = 7.0  Hz) ,  3.81, 3.84, and 3.90 
(3s,  9H),  7.22 ( s ,  1 H) ,  and 10.25 ( s ,  1 H ,  CHO); I3cmr 6: 155.1, 
135.5, 156.8, 124.4, 107.7, 150.0, 189.1, 25.4, 21.6, 21.6 and 
55.8, 60.8, 65.3; mass m / z :  238(M+, loo) ,  223(97), 208(16), 
205(26), 193(22), 180(24), 177(21), 166(27), 165(25), 147(20), 
135(30), 91(36), and 77(35). 

Reduction of the aldehyde 13d 
Sodium borohydride reduced the aldehyde 13d (1.864 g) as de- 

scribed earlier for 6d. The product (1.875; 100%) was isolated after 
15 min and was pure enough to continue without further purifica- 
tion, 2,4,5-trimethoxy-3-isopropylbenzyl alcohol 13e: ' ~ m r  6: 1.33 
( d ,  6H,  J = 7.0  Hz) ,  2.15 (br s,  l H ,  dis. D20 ) ,  3.38 (sept, l H ,  
J = 7.0 Hz), 3.70, 3.82, and 3.83 (3s, 9H), 4.66 ( s ,  2H), and 6.78 
( s ,  1H); " ~ m r  6: 149.4, 135.0, 149.5, 128.6, 110.1, 148.1, 61.3, 
25.9, 21.9, 21.9 and 55.8, 60.7, 62.4; mass m/z :  240(M+, loo) ,  
225(18), 206(52), 195(17), 192(18), 177(17), 155(36), 140(38), 
91(38), and 77(41). 

NOTE: longer periods o f  stirring resulted in increasing quantities 
o f  the corresponding dibenzyl ether. 

Bromination of the benzyl alcohol 13e 
When treated as described earlier, the alcohol 13e (67 mg) af- 

forded the pure bromide 13f (83 mg; 96%), 2,4,5-trimethoxy-3- 
isopropylbenzyl bromide: ' ~ m r  6: 1.33 (d ,  6H, J = 7.0  Hz), 3.38 
(sept, 1 H, J = 7.0 Hz), 3.80, 3.83, and 3.85 (3s, 9H), 4.57 ( s ,  2H), 
and 6.77 ( s ,  1H); " ~ m r  6: 149.7, 135.3, 150.0, 125.5, 111.8, 
149.5, 29.4, 26.4, 21.8, 21.8 and 55.8, 60.7, 62.3; mass m / z :  
304(4) and 302(4), 223(100), 208(72), 193(28), 178(19), 161(31), 
9 1(28), and 77(20). 

NOTE: treating the dibenzyl ether from the previous reaction with 
48% HBr in benzene gave this same bromide (88%). 

Trarlsforrnation of the brornide 13 f  to the rlitrile 15a 
In the presence o f  18-crown-6, KCN replaced the bromine in 13f 

(2.82 g)  to give after chromotography (pet.ether/ether 4 :  1 )  the 
2,4,5- tr irnethoxy-3- isopropylphenylaceto  150 (2.098 g: 91%) 

as described for the substitution o f  6e: ir: 2250 c m ' ;  ' ~ m r  6: 1.32 
( d ,  6H,  J = 7.0 Hz) ,  3.35 (sept, l H ,  J = 7.0 Hz) ,  3.69 ( s ,  2H, 
CHZCN), 3.67, 3.82, and 3.83 (3s,  9H) ,  and 6.77 ( s ,  1H); I3cmr 
6: 149.0, 135.3, 149.7, 117.9, 110.2, 148.7, 18.4,26.0,21.7,21.7 
and 55.8, 60.6, 61.9, 118.2(CN); mass m / z :  249(M+, loo) ,  
234(63), 207(57), 194(16), 177(10), 166(15), 164(11), 151(12), 
149(10), 91(13), and 77(13).  Exact Mass calcd. for Cl,Hl9NO3: 
249.1365; found: 249.1362. 

Alkylatiorz with geranyl bromide to give 5c 
In exactly the same manner as described for 5a,  the nitrile 15a 

(1.242 g)  was alkylated with geranyl bromide to afford the diene 
5c (1.857 g; 97%) after chromatography (pet.ether/ether 6 :  1 ) .  2- 
Geranyl-2-(2,4,5-trimethoxy-3-isopropylpherzyl)acetorzitrile: ir: 
2239 cm-';  'Hmr 6: 1.32 and 1.35 (2d, 6H, J = 7.3 Hz, iso-Pr Me), 
1.56 (d ,  3H, J = 1.5 Hz, Me ,,,, -C4), 1.59 ( s ,  3H, Me-ClO), 1.67 
( s ,  3H, Me,,,-C4), 2.02 ( m ,  2H, H-C1 and H-C2), 2.55 ( t ,  2H, 
J = 7.3 Hz, H-C6), 3.34 (sept, 1 H, J = 7.3 Hz, iso-Pr CH), 3.69, 
3.84, and 3.85 (3s,  9H, Me-0 ) ,  4.07 ( t ,  l H ,  J = 7.3  Hz, H-C7), 
5.08 ( m ,  l H ,  H-C3), 5.24 ( t ,  l H ,  J = 7.3  Hz, H-CS), and 6.79 
( s ,  l H ,  H-C9); I3Cmr 6: 39.7, 23.6, 123.8, 131.5, 118.7, 33.4, 
31.9, 123.5, 109.3, 139.9, 148.2, 148.9, 135.2, 149.8,26.6, 21.8, 
17.7, 25.7, 16.2 and 55.0, 60.7, 62.6, 121.4; mass m/z :  385(M+, 
65) ,  251(1 l ) ,  250(87), 249(100), 248(100), 235(17), 234(99), 
233(30), 221(62), 218(48), 205(27), 191(29), 190(37), 186(48), 
and 179(54). Exact Mass calcd. for C2,H35N03: 385.26 12; found: 
385.2597. 

When subjected to the cyclization conditions described above for 
diene 5a (with Ph-S-OMe or with Ph-S-0-CH2-CH,-0-Me), the 
diene 5c gave a variety to products, none o f  which showed the 
properties expected for the tricyclic compound. 

Preparatiorz of the dimethoxy dierze 5d 

Brominatiorl of dimethoxyisopr-opylbenzene 12d 
The dimethoxy compound 12d (0.322 g) was brominated fol- 

lowing the procedure described for 6a affording after chromatog- 
raphy (pet.ether) 1,3-dimethoxy-4-br-omo-isopropylberlzene 14a: 
' ~ m r 6 :  1.32(d ,6H,J=7.0Hz) ,3 .50(qt ,  1H,J=7 .0Hz ) , 3 . 78  
( s ,  6H) ,  6.54 ( d ,  l H ,  J = 8.8 Hz) ,  and 7.30 ( d ,  l H ,  J = 8.8 Hz); 
I3cmr 6: 158.9, 131.5, 154.9, 108.5, 130.1, 108.7, 26.2, 20.9, 
20.9 and 55.5, 61.4; mass m/z:  260(44) and 258(46), 245(97) and 
243(100), 230(17) and 228(3 l ) ,  164(1 l ) ,  149(28), 134(50), 
1 10(27), and 77(18). 

Grigrlard reaction to give the aldehyde 14b 
Using the same conditions as for 6c,  the Grignard reagent pre- 

pared from 14a (0.250 g)  reacted with DMF to give the aldehyde 
146 (0.170 g; 85%) after chromatography (pet.ether/ether 10: l ) ,  
2,4-dimethoxy-3-isopropylpher~ylacetaldehyde: ir: 1685 cm-I; 'Hmr 
6: 1.30 ( d ,  6H,  J = 7.0  Hz) ,  3.49 (sept, l H ,  J = 7.0 Hz), 3.82 
and 3.85 (2s,  6H) ,  6.72 ( d ,  l H ,  J = 8.4 Hz) ,  7.70 ( d ,  l H ,  J = 
8.4 Hz) ,  and 10.17 ( s ,  1H); I3cmr6: 164.6, 129.4, 161.8, 122.8, 
128.3, 107.5, 189.0, 24.7, 20.7, 20.7 and 55.5, 64.5; mass m/z :  
208(29), 194(13), 193(97), 163(15), 135(1 l ) ,  and 91(15). 

Reduction of aldehyde 14b 
As detailed earlier, the aldehyde 146 (1.212 g) was reduced with 

NaBH, to the alcohol 14c (1.222 g; quant), 2,4-dirnethoxy-3-iso- 
propylberlzyl alcohol: ' ~ m r  6: 1.33 ( d ,  6H,  J = 7.0 Hz) ,  2.3 1 (br 
s, l H ,  dis. DZO), 3.45 (sept, 1 H, J = 7.0 Hz) ,  3.76 and 3.80 (2s,  
6H),  4.63 ( s ,  2H), 6.64 ( d ,  l H ,  J = 8.4 Hz) ,  and 7.12 ( d ,  l H ,  
J = 8.4 Hz); ' k m r  6: 159.5, 129.5, 156.4, 126.3, 126.3, 107.3, 
61.5, 25.4, 20.9, 20.9 and 55.3, 62.2; mass m/z :  210(96), 195(98), 
177(99), 165(100), 149(67), 1 19(64), 105(55), 91(49), and 77(40). 

Preparation of the benzyl bromide 14d 
Treatment o f  the alcohol 14c (1.170 g) with PBr,, as described 

earlier, gave the bromo derivative 14d (1.330 g; 87%), 2,4-dirne- 
thoq-3-isopropylbemyl brornide, mp 49-50°C: ' ~ m r  6: 1.33 (d ,  
6H,  J = 7.3  Hz) ,  3.46 (sept, l H ,  J = 7.3  Hz) ,  3.81 and3.86 (2s,  
6H) ,  4.60 ( s ,  2H),  6.55 ( d ,  l H ,  J = 8.8 Hz), and 7.21 ( d ,  l H ,  
J = 8.8 Hz); ' k m r  6: 160.3, 129.1, 156.5, 128.2, 128.2, 107.7, 
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29.9, 25.7, 20.9, 20.9 and 55.3, 62.3; mass m/z: 274(3) and 
272(3), 193(100), 165(30), 153(24), 135(29), 91(25), and 77(14). 

Fortnation of the nitrile 15b 
Potassium cyanide in the presence of 18-crown-6 converted the 

bromide 14d (1.169 g) to the nitrile 15b (0.724 g; 77%) after 
chromatography (pet.ether/ether 4:  l ) ,  2,4-ditnethoqisopropyl- 
phenylacetonitrile: ir: 225 1 cm-'; 'Hmr 6: 1.33 (d, 6H, J = 
7.0 Hz), 3.41 (sept, lH,  J = 7.0 Hz), 3.67 (s, 2H), 3.74 and 3.80 
(2s, 6H), 6.66 (d, lH, J = 8.4 Hz), and 7.14 (d, lH,  J = 
8.4 Hz); I3cmr 6: 159.8, 129.9, 155.8, 115.7, 126.9, 107.7, 18.4, 
25.7, 20.7, 20.8 and 55.4, 61.9; mass m/z: 219(24), 204(54), 
175(100), 147(14), 134(14), 119(14), 117(17), 115(17), 91(21), 
and 77(14). Exact Mass calcd. for Cl3HI7NO2: 219.1259; found: 
219.1260. 

Alkylarion with geranyl bromide 
Catalysed by LDA prepared in situ as described previously (see 

Sa), the nitrile 15b (0.429 g) was alkylated with geranyl bromide 
to give, after chromatography (pet. ether/ether 10: 1) the diene 5d 
(0.666 g; 96%), 2-geranyl-2-(2,4-dimethoq-3-isopropylpheny1)- 
ncetonitrile: 'Hmr 6: 1.3 1 and 1.34 (2d, 6H, J = 7.0 Hz, iso-Pr 
Me), 1.57 (s, 3H, Me ,,,, -C4), 1.60 (s, 3H, Me-ClO), 1.68 (s, 3H, 
Me,,,-C4), 2.03 (m, 4H, H-CI and C2), 2.54 (dd, 2H, J = 8.1 and 
7.3 Hz, H-C6), 3.40 (sept, 1 H, J = 7.0 Hz, iso-Pr CH), 3.74 and 
3.80 (2s, 6H, Me-0), 4.02 (t, 1 H, J = 8.1 Hz, H-C7), 5.08 (m, 
lH, H-C3), 5.23 (t, lH,  J = 7.3 HZ, H-C5), 6.67 (d, lH,  J = 
8.4Hz), and7.22(d, IH, J = 8.4Hz); 13cmr6: 39.7, 25.9, 129.3, 
131.4, 118.9, 33.4, 31.8, 121.3, 126.0, 139.6, 1071.7, 159.6, 
129.6, 155.3, 26.6, 20.8, 20.8, 17.7. 16.2, 25.7 and 55.3, 62.5, 
121.5(CN); mass m/z: 355(M+, l) ,  220(14), 219(99), 218(37), 
204(20), 191(13), 188(24), 137(12), and 91(10). 

Cyclization of diene 5d 
The diene 5d (1.006 g) was cyclized in the manner described 

previously (see 7a). Chromatography (pet.ether/ether 6:  1) af- 
forded many unidentifiable fractions and the product 7d (0.543 g; 
4 1 %), 7-cyano-3-phen~~lthio-12,14-dirnethoqnbieta-8,1 I ,  13-tr-ierze, 
mp 213-215°C (dec.): ir: 2250 cm-'; 'Hmr 6: 1.01 (s, 3H, 
Mea-C4), 1.21 (s, 3H, Mep-C4), 1.29 and 1.3 1 (2d, 6H, J = 

7.0 Hz, iso-Pr Me), 1.40 (s, 3H, H-ClO), 1.56 (m, lH,  Ha-Cl), 
1.74 (d, lH,  J = 11.7 Hz, H-C5), 2.00 (dd, IH, J = 11.7 Hz, 
Ha-C6), 2.03 (m, lH,  Hp-C6), 2.22 (dd, 1H. J = 7.3 and 1.1 Hz, 
Hp-C I), 2.03 and 2.22 (2m, 2H, H-C2), 2.95 (m, lH, H-C3), 3.33 
(sept, lH, J = 7.0 Hz, iso-Pr CH), 3.75 and 3.84 (2s, 6H, Me-0), 
4.15 (dd, lH,  J = 5.9 and 1.8 Hz, H-C7), 6.49 (s, lH,  H-C1 I), 
7.23 (m, 3H), and 7.45 (ddd, 2H, Ph-S arom H); I3cmr 6: 38.9, 
24.1, 60.4, 38.3, 49.7, 24.8, 31.8, 114.5, 148.0, 38.2, 104.0, 
159.9, 126.7, 156.0, 25.9, 20.9, 20.8, 29.6, 27.9, 18.2 and 55.2, 
62.2, 122.6, 136.3, 131.4, 128.9, 126.5; mass m/z: 463(M+, l l ) ,  
258(12), 224(11), 135(18), 123(16), 110(100), 109(76), 97(1 l) ,  
and 77(10). Exact Mass calcd. for C29H37N02S: 463.2545; found: 
463.2545. 

Osidarion to the ketone 8d 
Oxygen bubbled into the basic solution of 7d (0.270 g) as de- 

scribed for the preparation of 80, gave the ketone 8d (0.154 g; 58%) 
after chromatography (pet.ether/ether 4 :  l ) ,  7-keto-3-phenylthio- 
12,14-dirnetho.ryabietn-8,11,13-trierze, mp 140-142°C; 'Hmr 6: 
1.08 (s, 3H. Mea-C4), 1.24 and 1.25 (2d, 6H, J = 7.0 Hz, iso-Pr 
Me), 1.26 (s, 3H, Mep-C4), 1.30 (s, 3H, Me-CIO), 1.61 (m, lH,  
Hp-CI), 1.91 (dd, lH,  J = 11.0 and 7.0 Hz, H-C5), 2.03 (t, lH,  
J = 3.3 Hz, Hp-C2), 2.03 (dd, 1 H, J = 12.8 and 4.8 Hz, Ha-C2), 
2.26 (dt, lH,  J = 12.8 and 3.3 Hz. H,-Cl), 2.69 (d, lH,  J = 
l l .OHz, Hp-C6), 2.71 (d, lH,  J = 7.0Hz, Ha-C6), 2.91 (m, IH, 
H-C3), 3.54 (sept, 1 H, J = 7.0 Hz, iso-Pr CH), 3.74 and 3.82 (2s, 
6H, Me-0), 6.52 (s, 1 H, H-Cl I), 7.25 (m, 3H), and 7.40 (dt, 2H, 
Ph-S arom H); "Cmr 6: 38.8, 23.1, 60.7, 49.7, 27.6, 196.4, 114.6, 
147.1, 38.3, 101.6, 160.0, 129.0, 156.6, 24.5, 21.0, 38.1, 29.3, 
17.4 and 55.2, 62.3, 136.4, 131.4, 128.8, 126.5; mass m/z: 
452(M+, 5 l ) ,  438(30), 437(100), 343(21), 327(18), 275(25), 

247(33), and 207(20). Exact Mass calcd. for C28H3603S: 452.2385; 
found: 452.2312. 

Oxidation to the sulfoxide 9d 
In the same manner as the preparation of 9a, the previous prod- 

uct 8d (0.069 g) was oxidized to the sulfoxide 9d (0.065 g; 91%) 
after chromatography (pet.ether/ether 1 :3), 7-keto-3-phenylsulfi- 
nyl-12,14-dimethoqabieta-8,lI ,13-triene, mp 179-180°C: 'Hmr 
6: 1.22 (s, 3H) and 1.34 (s, 3H, Me-C4), 1.22 and 1.26 (2d, 6H, 
J = 7.0 Hz, iso-Pr Me), 1.38 (s, 3H, Me-ClO), ca 1.5 (br m, 2H, 
Ha-Cl mdH-C2), 1.84(dd, lH,  J =  10 .6and7 .7H~ ,  H-C5), 2.15 
(m, 2H, Hp-C1 and H-C3), 2.70 (m, 2H, H-C6), 3.48 (sept, lH,  
J = 7.0 Hz, iso-Pr CH), 3.73 and 3.78 (2s, 6H, Me-O), 6.47 
(s, IH, H-Cl l ) ,  and 7.51 (m, 5H, Ph-SO arom H); I3cmr 6: 
37.5, 30.2, 75.5, 38.5, 49.7, 37.2, 195.9, 118.2, 156.0, 37.5, 
101.6, 163.1, 128.5, 159.8, 24.5, 21.0, 20.8, 18.3, 13.9 and55.2, 
62.4, 143.8, 123.9, 128.9, 130.1; mass m/z: no molecular ion, 
343(M - 125, 37), 342(22), 327(100), 275(1 l),  247(16), 203(10), 
126(38), and 78(37). 

Formation of the en01 thioether en01 trifluoroacerare 17  
Employing the procedure described above (see preparation of 

loo), the sulfoxide 9d (47 mg) was treated with TFAA and the 
product chromatographed (pet.ether/ether 10: 1) to afford 17 
(45 mg; 82%): 'Hmr 6: 1.10 (s, 3H) and 1.25 (s, 3H, Me-C4), 1.30 
and 1.3 1 (2d, 6H, J = 7.0 Hz, iso-Pr Me), 1.34 (s, 3H, Me-C lo), 
2.58 and 2.59 (2d, 2H, J = 3.3 Hz, Ha-Cl and H-C5), 2.63 (d, 
1H,J=5.9Hz,Hp-C1) ,3 .45(sept ,  lH , J=7 .0Hz , i so -P rCH) ,  
3.77 and 3.8 1 (2s, 6H, Me-0), 5.87 (dd, lH,  J = 5.5 and 2.9 Hz, 
H-C7), 6.49 (s, lH,  H-CI I), 6.81 (d, lH, J = 2.9 HZ, H-C6), and 
ca. 7.35 (br m, 5H, Ph-S arom H); I3cmr 6: 39.3, 129.5, 14 1.2, 
36.8, 50.0, 144.6, 117.9, 113.9, 144.7,39.8, 102.9, 160.8, 127.9, 
158.0, 25.3, 20.9, 20.8, 30.0, 22.9, 22.0 and55.3, 63.3, 154.5 
and 1 10.4 (0-CO-CF,, respectively), 136.3, 130.5, 129.0, 126.6; 
mass m/z: no molecular ion, 461(M - 85, 24), 460(33), 459(100), 
350(55), 334(18), 308(60), 283(37), 282(72), 269(57), and 
190(94). 

Hydrolysis to the diketone 11d 
The ether 17 (75 mg) was dissolved in HOAc and treated with 

TiC14 as described above. After chromatography (pet.ether/ether 
1 : 1) the diketone l l d  (44 mg: 93%) was obtained as a white solid, 
mp 150-152°C: ir: 1701 (br) cm-'; ' ~ m r  6: 1.13 and 1.19 (2s, 6H, 
Me-C4), 1.26 (d, 6H, J = 7.0 Hz, iso-Pr Me), 1.42 (s, 3H, 
Me-ClO), 2.03 (m, lH, Ha-CI), 2.24 (dd, lH,  J = 13.6 and 
4.0 Hz, H-C5), 2.53 (ddd, 1 H, J = 9.5 and 3.3 Hz, Hp-C2), 2.59 
(dd, lH,  J = 17.9 and4.0 Hz, Hp-C6), 2.83 (t, lH,  J = 9.5 Hz, 
Ha-C2), 2.85 (dd, lH,  J = 17.9 and 13.6 Hz, Ha-C6), 2.88 (m, 
1 H, Ha-Cl), 3.54 (sept, lH, J = 7.0 Hz, iso-Pr CH), 3.86 (s, 3H, 
Me-O), 6.3 1 (s, 1 H , H-C 1 I), and 13.26 (s, lH, OH - dis. D@); 
I3Cmr 6: 36.8, 34.5, 213.9, 47.2, 49.1, 36.0, 202.3, 109.8, 143.4, 
37.8,98.1, 162.9, 120.8, 154.0,23.5, 20.2, 20.2,24.9,22.6, 21.7 
and 55.5; mass rn/z: 3 4 4 ( ~ + ,  26), 330(26), 329(100), 283(13) and 
282(33). Exact Mass calcd. for C21H2X04: 344.1988; found: 
344.1988. 
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Studies with tissue cultures of the Chinese herbal plant, Tripterygium wilfordii. 
Isolation of metabolites of interest in rheumatoid arthritis, immunosuppression, 

and male contraceptive activity 
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This paper is dedicated to Professor Zdenek (Denny) Valenta on the occasion of his 65th birthday 

JAMES P. KUTNEY, GARY M. HEWITT, GIN LEE, KRYSTYNA PIOTROWSKA, MALCOLM ROBERTS, and STEVEN J. REITIG. 
Can. J.  Chem. 70, 1455 (1992). 

A detailed study of metabolites produced by the plant cell culture line of Tripterygium wilfordii, a Chinese herbal plant, 
is presented. Eighteen compounds within the diterpene and triterpene families have been isolated and fully character- 
ized. Of these, five are novel compounds, and their structures were determined by a combination of spectral analysis, 
chemical correlation and single crystal X-ray diffraction. The interest of these compounds in the treatment of rheuma- 
toid arthritis, skin allergies, and for male contraception is noted. 

JAMES P. KUTNEY, GARY M. HEWITT, GIN LEE, KRYSTYNA PIOTROWSKA, MALCOLM ROBERTS et STEVEN J. RETTIG. Can. 
J. Chem. 70, 1455 (1992), 

On rapporte une etude dCtaillCe des metabolites produits par une IignCe de culture cellulaire du Tripterygium wilfor- 
dii, un plante galenique chinoise. On a isole et caractCrisC 18 composks des familles des di- et des triterpknes. Cinq de 
ces produits sont de nouveaux composCs; on a determine leur structure par une combinaison d'analyses spectrales, de 
corrClations chimiques et de diffraction des rayons X par des cristaux uniques. On a not6 l'intCr&t de ces composCs pour 
le traitement de l'arthrite rhumatismale, d'allergies de la peau et comme contraceptifs pour les males. 

[Traduit par la rkdaction] 

Tripterygium wilfordii Hook f is a perennial twining vine 
of the family Celastraceae, which is cultivated in many parts 
of southern China such as Zhejiang, Anhui, Jiangxi, Fujian, 
and Guangdong provinces and also in Taiwan. The herb is 
commonly known in China as Lei Gong Teng (Thunder God 
vine) or Mang Cao (rank grass). Its use in Chinese tradi- 
tional medicine dates back many centuries, and it is first 
mentioned in the Saint Peasant's Scripture of Materia Med- 
ica (1), written about two thousand years ago, as being used 
for the treatment of fever, chills, oedema, and carbuncle. 
Chinese gardeners used the powdered root to protect their 
crops from chewing insects. Most recently, crude extracts 
and refined extracts (a so-called multi-glycoside extract, or  
GTW) have been used increasingly to treat such disorders as 
rheumatoid arthritis, ankylosing spondilitis, and a variety of 
dermatological disorders (2-4). 

In 1972, Morris Kupchan et al .  first isolated the novel di- 
terpenoid triepoxides, tripdiolide ( I ) ,  triptolide (2), and 
triptonide (2a) from the roots of Triptetygium wilfordii (5) 
and showed that 1 and 2 have significant antileukaemic ac- 
tivity. The biological properties of 1 and 2 stimulated stud- 
ies in our laboratory directed at developing a plant cell culture 
line that would hopefully produce these compounds in higher 
yield and under laboratory controlled conditions. The ear- 
lier studies, with these objectives in mind, have been pub- 
lished (6, 7) and the stable cell line, coded as TRP4a, was 
shown to produce 1 in yields 40 times that of the living plant. 
As these studies were underway, we became aware of more 
recent research data from various laboratories in the Peo- 
ple's Republic of China that revealed an increasing interest 
in the clinical use of extracts from T. wilfordii plants. Var- 
ious disorders (rheumatoid arthritis, skin disorders) have been 

'Author to whom correspondence may be addressed. 

treated with hot water or alcohol extracts of the dried root 
xylem (8). Toxic side effects are minimal (9-1 2). 

Observed effects of these extracts on the reproductive 
system have stimulated a great deal of research, particularly 
relating to the male reproductive system, and their possible 
use as a birth control agent. Studies in animals (13-15) and 
in humans (1 6-1 8) have provided considerable encourage- 
ment for the development of a novel non-steroidal male 
contraceptive agent. 

In view of the increased current interest. the mesent in- 
vestigation is aimed at a more comprehensive investigation 
of the metabolites present in the tissue culture cell line TRP4a 
than that published earlier (6, 7). 

T o  isolate sufficient quantities of extracts (and later, me- 
tabolites) from the tissue culture cells (TRP4a cell line) for 
biological screening, it was necessary to produce large-scale 

of the suspension culture. Batch fermentations were 
carried out on 10-17 L scale in glass or in steel air-lift fer- 
mentors. Suspension cultures were grown according to  the 
procedure described earlier (6, 7) .    he cells were separated 
from the spent medium (that is, the supernatant liquid ob- 
tained after cells were removed by filtration). 

A general extraction procedure was developed in which 
the cells and the spent medium were extracted separately 
(Figs. 1 and 2). 

Samples of the extracts from an initial 15-L bioreactor 
experiment (TRP#221, Tables 1 and 2) were submitted for 
preliminary screening of biological activity to laboratories 
in Shanghai and Nanjing, People's Republic of China (see 
Acknowledgement). Assays for immunosuppressive activ- 
ity and antifertility activity were carried out. 

The results of the preliminary screening of the crude ex- 
tracts showed that the ethyl acetate extracts had both im- 
munosuppressive activities and antifertility activity while the 
methanol extracts were inactive in both cases. 
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Three further batches of the TRP4a cell suspension cul- 
tures were grown and harvested in the same way (Table l ) .  
Extraction of the cells and the spent medium was carried out 
as above to give ethyl acetate and methanol extracts (Table 
2). These data illustrate the relative weights of the extracts 
(EtOAc and MeOH) obtained to illustrate the production 
capabilities of the stable TRP4a cell line. 

The ethyl acetate extracts from batches TRP#222, 
TRP#224, and TRP#225 were combined to give 3.73 g of 
cell extract and 1.71 g of spent medium extract. The meth- 
anol extracts were not further investigated since no biolog- 
ical activity of interest was detected. The ethyl acetate 
extracts were subjected to partial separation in order to give 
crude fractions for further preliminary biological screening. 

Partial separation of the cell extract was carried out by 
vacuum liquid chromatography (vlc) as described by Pelletier 
et al. (19) and Coll and Bowden (20) (see Experimental) to 
afford eight crude fractions containing complex mixtures of 
metabolites. Fractions 2-7 were yellow to orange-brown solids 
containing sterols, diterpenes, and triterpenes (0.39, 0.27, 
0 .27,0 .51,  0.29, and 0.18 g respectively). Fraction 8 was a 
dark brown solid (1.22 g) containing the polar material. 

Biological screening of the fractions showed that frac- 
tions 6 and 7 were active in antifertility and in inhibition of 
lymphocyte proliferation (immunosuppressive activity). Fur- 

ther studies, as noted below, revealed that fractions 6 and 7 
contained triterpenes as the major constituents. 

Partial separation of the spent medium extract was simi- 
larly conducted bv means ofvlc  to afford ten fractions con- 
taining complex mixtures of compounds. Fractions 1-5 
consisted of complex mixtures of diterpenes, sterols, etc. (4, 
24, 14, 61, and 129 mg respectively), and were all yellow- 
brown solids. Fraction 6 (ethyl acetate elution) consisted 
of triptolide (2) and a number of triterpenes as the major 
constituents (206 mg). Fraction 7 (ethyl acetate elution) 
consisted of tripdiolide (1) and triterpenes as the major con- 
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Cells 

I homogenization in EtOAc; 
filtration 

Cell residue Filtrate 

sonication with MeOH; 
filtration and solvent 

I removal 

t 
MeOH extract 

E ~ O A ~ '  layer ~ ~ u e o u s  layer 

extraction with EtOAc 

E~OAC kxtract 

FIG. 1. Extraction procedure for the TRP4a cells 

stituents (205 mg). Elution with ethyl acetate - methanol 
(1 : 1)  provided fractions 8, 9, and 10 (brown solids, 52, 304, 
and 77 mg respectively). Fraction 8 contained triterpenes as 
minor components and other polar material, while fractions 
9 and 10 contained only polar material. 

Biological screening of the spent medium fractions showed 
that fractions 6 and 7 possessed the highest antifertility ac- 
tivity while fraction 8 showed moderate activity. Fractions 
6 and 7 also demonstrated inhibitory activity against lym- 
phocyte proliferation. 

In summary, the screening data on the above crude frac- 
tions suggested that interesting biological activity resides in 
both the "diterpene" and "triterpene" fractions, thus de- 
manding a further study to complete structural elucidation 
of the "active" compounds. For this purpose, additional 
fermentations (total, 78 L of broth) were carried out to ob- 
tain sufficient quantities of cell and broth-derived extracts for 
proper chromatographic separation and purification. Fig- 
ures 3 and 4 illustrate the overall separation and purification 
of the various metabolites isolated from the cells (Fig. 3) and 
broth (Fig. 4) of the fermentation experiments. Table 3 
summarizes the yields of the various metabolites (structures 
1-6; 12-25) isolated from the 78-L fermentation experi- 
ment. A total of 18 compounds (5 new and 13 known) were 
isolated and characterized. Tripdiolide ( I ) ,  triptolide (2), 
oleanolic acid (23), p-sitosterol (24), pulpunonic acid (25), 

the diterpene 20, dehydroabietic acid (21), and celastrol (22) 
were isolated in our previous study (6, 7) so it is now ap- 
propriate to discuss the additional and novel compounds ob- 
tained in the present study. 

The triterpene 3 was isolated as optically active ([a]" 
+92.9) colourless prisms (mp 268-270°C) with a molecu- 
lar formula of c,,H,,o, (high-resolution mass spectrome- 
try) and with characteristic ir adsorption bands for hydroxyl 
and carboxylic acid functions. Strong evidence for an ole- 
anene-typetriterpene skeleton is given in the fragmentation 
pattern of the mass spectrum of 3. A retro Diels-Alder 
(RDA) fragmentation is characteristic of the oleanene skel- 
eton where the DE ring fragment maintains the positive 
charge. The AB ring fragment also maintains the positive 
charge, but to a much lesser extent (21, 22). This fragmen- 
tation  laces the double bond at C 12. 

~ u c i e a r  magnetic resonance spectra ( ' ~ m r  and I3cmr) 
revealed characteristic signals for an oleanene-type system 
(see Experimental) and final confirmation of structure was 
established through chemical correlation with triterpene 6 
(Fig. 6), the latter having been subjected to X-ray analysis 
(see later). 

The triterpene 4, isomeric with 3,  was isolated as opti- 
cally active ([a]" +84.4) colourless prisms (mp 289-290°C). 
Its spectroscopic data revealed a close relationship to 3 and 
its structure was also correlated with that of 6 (Fig. 6). 
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The dihydroxy triterpene 5 was isolated as optically ac- The dihydroxy triterpene 6 was isolated as optically ac- 
tive ([a]" +55.0) colourless prisms (mp 281-283°C) with a tive ([a]" +93.5) colourless prisms (mp 293-298°C) with 
molecular formula of C,J,,O,. Again, nmr data ( 'H and '"1 a molecular formula of C30H4804. Spectroscopic data re- 
supported the structure indicated but final confirmation was vealed an oleanene-type structure closely related to the above 
established via chemical correlation with 3 and 6 (Fig. 6). triterpenes. 

The structure and relative stereochemistry of 6 were con- 
firmed by a single crystal X-ray analysis (Fig. 5). The com- 
puter-generated X-ray structure depicts ring E in a chair 
conformation placing the C20a carboxylic acid and the C22a 
hydroxyl group in equatorial orientations. The C3 hydroxyl 
group is also shown to be equatorial (C3P) as predicted from 
the 'Hmr spectrum. The crystal exists as the 1 : 1 methanol 
solvate, with the methanol oxygen coordinating with the 
hydroxyl groups of the triterpene. 

With the complete structure of 6 available from the above 
studies, the chemical correlations between 3-5 and 6 were 
now considered (Fig. 6). 

The triterpenes 3 and 4 were both reduced with sodium 
borohydride to the corresponding alcohols. Triterpene 3 
yielded a compound with identical tlc, mp, ir, ms, and ' ~ m r  
spectra to those of 5, while 4 yielded a compound with 
identical tlc, mp, ir, ms, and 'Hmr spectra to those of 6.  Es- 
terification of 6-10 followed by oxidation with pyridinium 
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Spent medium 

freeze-dry 

Freeze-dried powder 

I reconstitution with water; 
extraction with ethyl acetate 

I water removal; 
dry in vacLto 1 solvent removal 

Residue E ~ O A ~  extract 

I sonication with MeOH; 
filtration; 
solvent removal 

MeOH extract 

FIG. 2 Extraction procedure for the TRP4a spent medium. 

TABLE 1. Volumes and growth times for initial batches of TRP4a 
suspension cultures for preliminary biological screening 

Culture Incubation R.I. on 
Batch no. vol. (L) time (days) harvesting 

chlorochromate yielded the diketone, 11, as an optically ac- 
tive ([a]'2 $5.7) white solid (mp 180.5-182°C) with a mo- 
lecular formula of C31H4604. Its ir spectrum shows carbonyls 
at 1721 and 1698 cm-' and C-0  absorption at 1218 cm-I. 
The ' ~ m r  spectrum shows four signals corresponding to 
protons adjacent to the carbonyl at 6 2.39 ( lH,  ddd, C2aH), 
2.48 (lH, d, C21PH), 2.56 (IH, ddd, C2PH), and 2.99 (lH, 
d ,  C21aH). 

Esterification and oxidation of 5 in the same manner 

yielded a compound with identical tlc, mp, ir, ms, and I ~ m r  
spectra to those of 11. 

The spectral data and chemical interconversions establish 
that 3 is 22~-hydroxy-3-oxoolean-12-en-29-oic acid, 4 is 
22a-hydroxy-3-oxoolean-12-en-29-oic acid, 5 is 3P,22P- 
dihydroxyolean-12-en-29-oic acid, and that 6 is 3P,22a- 
dihydroxyolean- 12-en-29-oic acid. 

The known triterpenes a-amyrin (12) and P-amyrin (13), 
isolated for the first time from the TRPa cell line, were es- 
tablished via spectral comparison with authentic samples. 

The abietane-type diterpene, 14, was isolated as optically 
active ([a]" $44.4) colourless needles (mp 157-158°C) with 
a molecular formula of CllH3101 The mass spectrum of 14 
has a molecular ion peak at m/z 3 16 and a base peak at tn/z 
283 corresponding to M+ -CH,, H,O. The remaining peaks 
are of low intensity; however, diagnostic peaks are ob- 
served at m/z 215 and 189 (Fig. 7) (23). In the IHmr spec- 
trum, signals are present for 3 tertiary methyl groups (6 0.96, 
1.05, and 1.20), an isopropyl group (6 1.20, d, CH,; 6 1.21, 
d, CH, and 6 3.28, septet, benzylic methine), and a meth- 
oxyl group at 6 3.72. Also observed are signals at 6 2.76 (lH, 
ddd, H7a) and 3.02 ( lH ,  br dd, H7P) indicating a benzylic 
methylene, 6 3.5 1 ( lH ,  br t, W,,? = 7.0 Hz, CHOH) indi- 
cating an axially oriented hydroxyl functionality, and two 
aromatic signals at 6 7.04 ( lH,  s) and 7.05 ( lH,  s). 

The characteristic signals in the I3cmr spectrum of 14 are 
seen at 6 60.2 (OCH,), 75.5 (CHOH), and 6 aromatic sig- 
nals at 6 120.4, 123.7, 128.5, 137.9, 148.9, and 154.8. The 
APT spectrum confirms the presence of 6 methyl groups (6 
22.1, C 10-CH,; 23.9, 24.0, isopropyl methyl groups; 24.7, 
25.9, C4 methyl groups and 60.2, OCH,), a secondary al- 
cohol (6 75.5), and a tetrasubstituted benzene ring (the sig- 
nals at 6 120.4 and 123.7 are inverted). 

A 2D 'H-'H COSY spectrum of 14 shows coupling of the 
downfield proton at 6 3.51 with 2 other protons (3P/2, 3P/2') 
that show geminal coupling (2/2') and show cross peaks to 
2 other protons (2'/1, 2'/11, 2/1, and 2/11). The benzylic 
proton at C15 shows the expected coupling with a cross peak 
to the isopropyl methyl groups (15/16, 17) while the ben- 
zylic protons at C7 show cross peaks to the protons at C6 
(7P/6, 7P/6', 7a/6,  and 7a/6') .  Coupling of H5 with H6 
and H6' is obscured by diagonal crowding. 

A SINEPT experiment was carried out on 14 to deter- 
mine whether the methoxyl group is attached to C11 or C12. 
Irradiation of the signal at 6 3.28 (H15) in the ' ~ m r  spec- 
trum was expected to enhance carbons 12 and 14 in the " ~ m r  
spectrum (enhancement of carbon through three bonds 
via polarization transfer from hydrogen). Irradiation of the 
signal at 6 3.28 (H 15), however, resulted in enhancement of 
signals in the I3cmr spectrum at 6 123.7, 128.5, 137.9, 

TABLE 2. Weights of extracts from TRP4a suspension cultures 

Wet wt. 
cells 

Batch no. (kg) 

TRP#22 1 1.5 1 
TRP#222 0.97 
TRP#224 1.41 
TRP#225 1.03 

Spent 
medium 
vol. (L) 

12.0 
8.2 

11.8 
9.0 

EtOAc extract (g) 

Spent 
Cells medium 

0.84 0.48 
1 .OO 0.70 
0.87 0.37 
1.85 0.10 

MeOH extract (g) 

Spent 
Cells medium 

"Extraction with methanol was not performed in this case 
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Cell extract (3.01 g) Cell extract (5.83 g) 

2: 1, 1 : 1, 
EtOAc EtOAc 

(23) 

CH2C12-MeOH-AcOH 
100:2:1 and 100:l:l 

Method A Method B 

Fractions 3* and 2* (3.55 g) 

1 Column chromatography, 
hexanes +EtOAc 

t 1 1 t t 
A B C D E F G H I J K L  + 

24 Several column and 
CH2C12-EtOAc 19: 1 tlc separations 

and 
CH2C12-hexanes 1: 1 

s3 
12,13 14 

T 23 m 
15 16 17 18 19 25 

FIG. 3. Chromatographic separation of the cell extract. 

Spent medium extract (3.06 g) 

benzene+benzene-acetone 1 : 1, 
EtOAc 1 "" 
3 
1 2 3-7 8-13 17.18 19 20 21 22 

FIG. 4. Chromatographic separation of the spent medium extract. 

TABLE 3. Yields of the metabolites isolated from 
78 L of TRP4a suspension culture 

Yield (mg) 

Spent 
Compound Cells medium Total 

148.9, and 154.8. Since the experiment was set up to en- 
hance the 'J,., coupled carbons (i.e., C12 and C14), the re- 
sult was rather surprising. Nevertheless, the result indicates 
that attachment of the methoxyl group is at C12 since only 
one of the unsubstituted benzene carbons is enhanced (6 
123.7). Also, the quaternary carbon at 6 154.8 (the most 

deshielded carbon) is not observed in the " ~ m r  spectrum, 
but is quite strongly enhanced in the SINEPT spectrum, 
placing the methoxyl group at C12. 

A series of nOe difference experiments were carried out 
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KUTNEY ET AL. 

FIG. 5 .  Computer generated X-ray structure of triterpene 6. 

in order to confirm that the hydroxyl group is situated at C3 
and to provide further evidence for the location of the meth- 
oxyl group at C12. Irradiation of OCH, at 6 3.72 shows en- 
hancement of the isopropyl methine proton at 6 3.28 while 
irradiation of the latter produced enhancement of the OCH, 
signal. This evidence supports the assignment of the OCH, 
group to C12. Irradiation of the signal at 6 3.5 1 (CHOH) 
produced enhancements of both the C4 methyl groups at 6 1 0.96 and 1.05, confirming the location of the hydroxyl group 

I at C3a (axial). 
In summary, the spectral evidence confirms the structure 

of 14 as 12-methoxyabieta-8,11,13-trien-3a-o1, a novel di- 
terpene isolated for the first time from the tissue cultures of 
Tripterygium wilfordii. 

The quinone methide, 15, was isolated as optically active 
([a]" -82.6) dark orange crystals (mp 140-142°C) with a 
molecular formula of C,,H,,O,. The uv spectrum provided 
maxima typical of a quinone methide (A,,, 225 (E 5.13 x 
lo3), 256 (E 8.20 x lo3), and 424 nm (E 8.72 X 10')). The 
mass spectrum of 15 shows a strong molecular ion peak at 
m/z  420, and principal fragment ions occurring at m / z  406, 
405, 267, 253, 241, 227, 202, and 201, consistent with 
fragmentation at rings C and D of quinone methide triter- 
penes (23). The remaining spectral data ( ' ~ m r ,  COSY, see 
Experimental) were in support of structure 15 but a single 
crystal X-ray analysis established the structure and relative 
stereochemistry shown in 15 (Fig. 8). 'This compound is 
therefore identical to tingenone, and comparison with an 

I authentic sample confirmed its identity. 
The isolation of tingenone constitutes its first isolation from 

tissue cultures of T .  wilfordii. Furthermore, the present X-ray 
study establishes, unambiguously, the relative stereochem- 
istry of this quinone methide, a matter that was not entirely 
clear from the earlier isolations of this compound (24, 25). 
The X-ray structure shows rings C, D, and E in the chair 
conformation and the incorporation of ethyl acetate (crys- 
tallization solvent) in the crystal lattice. 

FIG. 6. Chemical correlation of the triterpenes 3, 4, 5, and 6.  

The friedelane methyl ester, 16, was isolated as optically 
active ([a12' + 101.4) yellow crystals (mp 150-15 1°C) with 
a molecular formula of C,,H,,O,. Confirmation of the 
structure of 16 was achieved by a single crystal X-ray anal- 
ysis. The absolute stereochemistry (by anomalous disper- 
sion) is that shown in the computer-generated X-ray structure 
(Fig. 9). The methyl ester is established at C5 and all the rings 
are in the expected chair conformation. The friedelane methyl 
ester, 16, is a novel triterpene exhibiting an unusual oxida- 
tion at C5. 

The quinone methide, 17, was isolated as optically active 
([a]" -484.6) dark orange crystals (mp 220-224°C) with a 
molecular formula of C28H3604. Its spectral data (see Ex- 
perimental) revealed a close relationship to tingenone but the 
unambiguous assignment of an additional hydroxyl func- 
tion, as suggested by the mass and ' ~ m r  spectral data, was 
established by a single crystal X-ray analysis (Fig. 10) to be 
220-hydroxytingenone, the first isolation of this triterpene 
from the tissue cultures of T .  wilfordii. Previous studies 
with several plants of the Celastraceae family, including 
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& - - $& 
HO\\\\ H Ho\\\\ 

mlz 301 I 

mlz 189 

FIG. 7. Mass spectral fragmentation for diterpene 14. 

Euotzymus tingens and various Maytenus species (24-30), 
have indicated the isolation of 17, but an authentic sample 
could not be obtained. 

The dihydroxyoleanene, 18, was isolated as optically ac- 
tive ([a]" + 1 15.9) colourless prisms (mp 24 1-242°C) with 
a molecular formula of C3,Hs,O2. Although the extensive 
spectral data obtained for this compound (see Experimen- 
tal) strongly suggested an oleanene-type structure, the con- 
clusive location of the hydroxyl groups, particularly the 
hydroxymethyl group, was established via X-ray analysis 
(Fig. 11). 

The isolation of 18 constitutes its first isolation from tis- 
sue cultures of T. wilfordii. A compound with a similar 
structure is reported to be isolated from Celastrus panicu- 
latus and given the name paniculatadiol (3 1) but no spectral 
data are presented and an authentic sample could not be ob- 
tained for comparison. 

Extensive studies into the pharmacological effects of ole- 
anene-type compounds by Shibata and coworkers (32-36) 

have revealed the importance of a hydroxymethyl group in 
such compounds in terms of their ability to inhibit stress-in- 
duced peptic ulcer, activity against allergies, anti-tumour and 
analgesic activity, etc. As yet, no data are available with re- 
spect to 18. 

The dihydroxy triterpene, 19, was isolated as optically 
active ([a]" +55.3) colourless prisms (mp 230-234°C) 
with a molecular formula of C3,HS,O,. Spectral data (see 
Experimental) suggested a P-amyrin type system. Final 
confirmation of structure and relative stereochemistry of 19 
as 1 la-hydroxy-P-amyrin was provided by a single crystal 
X-ray analysis (Fig. 12). A previous isolation of a com- 
pound corresponding to 19 has been reported in the gummy 
secretion of Salvia glutinosa (37) but again an authentic 
sample was unavailable. 

In summary, the extraction of the TRP4a suspension cul- 
tures and separation of the extracts led to the isolation of 18 
compounds, mainly triterpenes and also some diterpenes. 
Twelve of the compounds, of which five are new com- 
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FIG. 8. Computer generated X-ray structure of 15. FIG. 10. Computer generated X-ray structure of 17. 

1 FIG 9. Computer generated X-ray structure of 16 (the absolute 
stereochem~stry is shown). 

I pounds (3, 4, 5, 14, and 16), were not isolated previously 
from the TRP4a cultures. Pharmacological evaluation of 

1 some of these in terms of male contraceptive, immunosup- 
1 pressive, and other activities is presently in progress and these 

results will be published elsewhere. 
, Experimental 

TRP4a cell suspension cultures were grown in glass or in steel 
air-lift fermentors (Microferm, New Brunswick Scientific or an in- 

FIG. 1 1. Computer generated X-ray structure of 18. 

house fabricated fermentor, respectively). The spent medium was 
freeze-dried using a Dura-Dry freeze-dryer with a Dura-Top Bulk 
Tray Dryer ( l T S  Systems Inc.). 

The 'Hmr spectra were run at 300 and 400 MHz using Varian 
XL 300 and Bruker WH 400 spectrometers, respectively. Tetra- 
methylsilane was used as the internal standard and all peaks are 
recorded in ppm (8) relative to TMS (6 0.00 ppm). The '"mr 
spectra were run at 75.3 MHz using a Varian XL 300 spectrome- 
ter, using the "C signals of the deuterated solvents as the internal 
standards. 

Low-resolution mass spectra were recorded using Kratos 
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FIG. 12. Computer generated X-ray structure of 19. 

MS 50 and MS 80 mass spectrometers. High-resolution mass 
spectra were run on a Kratos MS 50 mass spectrometer. Chemical 
ionization mass spectra were recorded on a Delsi-Nermag R 10- I OC 
mass spectrometer using isobutane as the carrier gas. 

The ir spectra were recorded on a Perkin Elmer 710B infrared 
spectrophotometer, and Fourier transform ir spectra were re- 
corded on a Perkin Elmer 17 10 infrared Fourier transform spec- 
trophotometer. Optical rotations were recorded on a Perkin Elmer 
141 polarimeter at the sodium D line. The uv spectra were re- 
corded on a Unicam SP 800B ultraviolet spectrophotometer. 

All melting points were recorded on a Reichert melting point 
apparatus or a Fisher-Johns melting point apparatus and are un- 
corrected. 

Column chromatography was carried out using Merck silica gel 
60, 230-400 mesh, while analytical and preparative tlc was per- 
formed using Merck precoated silica gel 60 F254 tlc plates. Vac- 
uum liquid chromatography (vlc) was canied out using Merck silica 
gel 60G in sintered glass funnels with medium glass frits. Prepar- 
ative hplc separations were performed on a Waters Associates Prep 
LC/System 500 installed with PrepPAK-500/silica cartridges and 
a refractive index detector. All solvents used for chromatography 
were BDH Omnisolv glass-distilled spectro-grade solvents. 

Synthetic samples were visualized on analytical tlc plates (Merck) 
by uv and by spraying with a 5% solution of ammonium molyb- 
date in 10% sulphuric acid, followed by heating at 125°C until blue 
spots developed. Tissue culture extracts were visualized on tlc 
spraying first with a 30% solution of concentrated sulphuric acid 
in glacial acetic acid, then with a 5% solution of anisaldehyde in 
isopropanol, followed by heating at 125°C for approximately 
10 min. 

Grobvth corzditiorls for the TRP4a cell suspension cultures 
The cultures were grown and maintained as discussed previ- 

ously (6, 7) in PRD,Co,, medium at 26°C for 22 days and then 
resuspended as a 10% inoculum in MSNA, ,KO, production me- 
dium. The cultures were incubated at 26OC in air-lift fermentors for 
33-48 days before harvesting. The cells were harvested by filtra- 
tion through Miracloth (Calbiochem) and were frozen until the time 
of extraction. The spent medium was freeze-dried and stored fro- 
zen until the time of extraction. 

Extraction of the TRP4a cell s~tsperzsiorz cliltures 
This is a typical procedure followed for the various bioreactor 

experiments, for example, TRP#22 1 . 
Cells (compare Fig. 1 ) 
The cells were thawed and homogenized in a Waring blender with 

ethyl acetate (1 L). The cells were then filtered using Celite, and 
washed with ethyl acetate (300 mL). The filtrate was separated and 
the aqueous layer was extracted with ethyl acetate (3 x 200 n1L) 
and discarded. The ethyl acetate layers were combined, dried over 
sodium sulphate (anhydrous), and the solvent was evaporated. The 
orange-brown extract was dried under vacuum and kept frozen until 
further use. 

The filtered cell homogenate was suspended in methanol 
(500 mL) and sonicated for 2 h. Filtration and solvent evaporation 
gave a brown gummy extract which was dried under vacuum and 
kept frozen until further use. 

Spe111 rrzedilim (compare Fig. 2) 
The freeze-dried spent medium was reconstituted in water (300- 

500 mL) and extracted with ethyl acetate (3 X 200 mL). The or- 
ganic layers were combined, dried over sodium sulphate (anhy- 
drous), and the solvent was evaporated. The dark brown extract was 
dried under vacuum and frozen until further use. The aqueous layer 
was evaporated and the residue was sonicated with methanol 
(200 mL) and filtered. The filtrate was evaporated and the brown 
extract was dried under vacuum and frozen until further use. 

Extraction of batches TRP#221, 222, 224, and 225, according 
to the above procedures, provides the weights of the extracts as 
given in Tables I and 2. 

Preparatiorz of crude sarnples for bioassay 
Samples of the crude TRP#221 culture extracts were for- 

warded for immunological assay and for antifertility assay to the 
laboratories indicated in the Acknowledgement. 

The solids obtained from the ethyl acetate extracts were pre- 
pared in a manner (see below) so as to generate emulsions in water 
(vide irzfra) while the solids obtained from the methanol extracts 
were forwarded without further preparation. 

The ethyl acetate cell extract (0.84 g) from batch TRP#221 was 
dissolved in ethanol (15 mL) and polyvinylpyrrolidone (PVP, 
4.20 g) was added. The solvent was evaporated and the residue was 
dried under vacuum to give 5.03 g of a water emulsifiable solid. 
The procedure was repeated with the ethyl acetate spent medium 
extract (0.44 g, with 2.19 g of PVP) to give 2.65 g of a water 
emulsifiable solid. 

Partial separation of the ethyl acetate cell extracts for biological 
assay 

The remaining ethyl acetate cell extracts (from batches 
TRP#222, 224, and 225) were combined (3.73 g) and separated 
into 8 partially purified fractions by vacuum liquid chromatogra- 
phy using Merck silica gel 60G (80 g) packed into a sintered glass 
funnel (150 mL, medium frit), attached to a bell jar with a side- 
arm, which was connected to a water aspirator. Fifty-milliliter 
fractions were collected and stepwise elution was canied out using: 
(i) hexanes - ethyl acetate 4 :  1 (6 x 50 mL); (ii) hexanes - ethyl 
acetate 3 :  1 (6 x 50 mL); (iii) hexanes - ethyl acetate 2 :  1 (6 x 
50 mL); (iv) hexanes - ethyl acetate 1 : 1 (6 X 50 mL); and (v) ethyl 
acetate (6 X 50  mL). The column was flushed with ethyl acetate - 
methanol 1 : 1 (250 mL) to elute the polar material. 

Elution with hexanes - ethyl acetate 4 :  1 yielded an oily frac- 
tion (378.76 mg) containing fatty acid-like compounds (fraction 1). 
Further elution with hexanes - ethyl acetate 4 :  1 and hexanes -ethyl 
acetate 3 :  1 yielded fraction 2 (389.66 mg), containing nonpolar 
diterpenes and sterols. Elution with hexanes - ethyl acetate 3: 1 and 
2 : 1 yielded fraction 3 (273.60 mg) as a brown solid containing 
several terpenoid components. Further elution with hexanes - ethyl 
acetate 2 :  1 gave fraction 4 (267.59 mg) while elution with hex- 
anes - ethyl acetate 1 : 1 yielded fraction 5 (505.63 mg). Both 
fractions contained triterpenoid components. Elution with ethyl 
acetate gave fraction 6 (291 .O1 mg) as a light brown solid con- 
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taining polar triterpenes. Elution with ethyl acetate and ethyl ace- 
tate - methanol 1 : 1 gave fraction 7 (175.80 mg) as a light brown 
solid containing polar triterpenes. Fraction 8 (1.22 g) was eluted 
with ethyl acetate - methanol 1 : 1, yielding polar material as a dark 
brown solid. 

Partial separation of the spent medium ethyl acetate extracts for 
biological assay 

The remaining ethyl acetate spent medium extracts (from batches 
TRP#222, 224, and 225) were combined (1.17 g) and partially 
separated by vacuum liquid chromatography using a sintered glass 
funnel (60 mL, medium frit, Merck silica gel 60G, 30 g). Thirty- 
milliliter fractions were collected to give 10 partially purified 
fractions. Stepwise elution was carried out using: (i) hexanes (5 x 
30 mL); (ii) hexanes - ethyl acetate 19: 1 (5 x 30 mL); (iii) hex- 
anes - ethyl acetate 9 :  1 (5 x 30 mL); (iv) hexanes - ethyl acetate 
4 :  1 (5 x 30 mL); (v) hexanes - ethyl acetate 1 : 1 (5 x 30 mL); and 
(vi) ethyl acetate (5 x 30 mL). The polar material was eluted from 
the column using ethyl acetate - methanol 1 : 1 (150 mL). 

Elution with hexanes and hexanes - ethyl acetate 19: 1 gave 
fraction 1 (4.32 mg) as a yellow solid containing nonpolar terpen- 
oid components. Elution with hexanes - ethyl acetate 19: 1, 9 :  1, 
and 4 :  1 gave fraction 2 (23.89 mg) and elution with hexanes -ethyl 
acetate 4 :  1 gave fraction 3 (14.28 mg). Both fractions contained 
several terpenoid components. Further elution with hexanes - ethyl 
acetate 4 :  1 and 1 : 1 yielded fraction 4 (60.64 mg) as a light brown 
solid containing diterpenoid and triterpenoid metabolites. Elution 
with hexanes -ethyl acetate 1 : 1 and ethyl acetate yielded fraction 
5 (128.52 mg) as a brown solid containing diterpenoids and triter- 
penoids. Elution with ethyl acetate gave fraction 6 (206.21 mg) as 
a yellow-brown solid containing triptolide (2) and several triter- 
penes. Further elution with ethyl acetate yielded fraction 7 
(204.75 mg) as a yellow-brown solid containing tripdiolide (I) and 
several triterpenes. Elution with ethyl acetate and ethyl acetate - 
methanol 1: 1 gave fraction 8 (52.43 mg) as a brown solid con- 
taining triterpenes and polar material. Elution with ethyl acetate - 
methanol I : I gave fraction 9 (303.69 mg) while further elution with 
ethyl acetate - methanol 1 : 1 yielded fraction 10 (76.54 mg) as polar 
material in the form of brown solids. 

Preparation of the partially purified extracts for biological assay 
All the fractions were treated as above with polyvinylpyrroli- 

done (5 : 1, PVP:fraction, w/w) in order to obtain samples capable 
of forming emulsions in water. The samples were then forwarded 
for immunological and antifertility assays. 

Isolation of pure nletabolites from the TRP4a cell suspension 
cultures 

To  obtain large quantities of cells and spent medium, 6 batches 
(10-17 L) were grown in bioreactors for 25-39 days to afford a total 
of 78 L (Table 3). The batches were combined on harvesting and 
filtered through Miracloth. The cells (wet weight 8.94 kg) were 
frozen and the spent media (60.6 L) were concentrated to 1.4 L by 
freeze-drying. 

Extraction of the combined cells and the combined spent media 
was performed as described above, with the 5-fold increase of 
the extraction solvent and omission of a sonication with methanol. 
Cell extraction yielded 13.08 g of a dark orange extract. Spent 
media extraction gave 14.73 g of an orange-brown extract. 

Chromatographic separation of the cell extract metabolites 
Initial purification of the cell extract (13.08 g) was carried out 

by filtration through silica gel (Merck silica gel 230-400 mesh, 
60 mL) using ethyl acetate, to remove the polar material. Evapo- 
ration of the solvent yielded 9.04 g of crude extract as an orange 
solid; 3.01 g of this extract was purified following the procedure 
described as Method A, 5.83 g was purified by Method B (com- 
pare Fig. 3). 

Method A 
The cell extract (3.01 g) was partially separated by vacuum liq- 

uid chromatography using a 150-mL sintered glass funnel (me- 

dium frit, Merck silica gel 60G, 90 g). Stepwise elution using (i) 
benzene (5 x 30 mL); (ii) benzene-acetone 4: 1 (25 x 30 mL); (iii) 
benzene-acetone 3 :  1 (15 x 30 mL); (iv) benzene-acetone 2:  1 
(18 x 30 mL); and (v) ethyl acetate (300 mL) gave 10 fractions. 
Fractions 1 (349.1 1 mg) and 2 (45.70 mg) were colorless oily 
fractions consisting of fatty acid-like compounds. Fraction 3 
(1.17 g), a dark orange fraction, contained diterpenes, sterols, tri- 
terpenes, and quinone rnethides (see below for the separation of this 
fraction). Fraction 4 yielded oleanolic acid (23, 432.26 mg). 
Fraction 5 (162.39 mg) consisted of triterpenes 3 and 4 and frac- 
tion 6 (147.96 mg) contained triterpenes 3 ,  4, 5, and 6 .  Fraction 7 
(92.80 mg) contained triterpenes 4, 5, and 6 ,  while fraction 8 
(75.03 mg) contained a small quantity of triterpenes 5 and 6 .  
Fractions 9 and 10 (347.58 and 52.42 mg respectively) consisted 
of triterpene 6 and some polar material. 

Separation of fractions 5-8 was carried out by preparative tlc 
(Merck silica 60G, 6 x 0.5 mm silica gel plates) using methylene 
chloride - methanol-acetic acid 100: 2 :  1 (the plates were eluted 
four times) to give triterpene 3 (27.25 mg), triterpene 4 
(65.77 mg), triterpene 5 (20.85 mg), and triterpene 6 (21.80 mg). 
Fractions 9 and 10 were combined and washed with methanol to 
give a further quantity of 6 (157.13 mg). 

In summary, chromatographic separation yielded oleanolic acid 
(23, 432.26 mg) and triterpenes 3 (27.25 mg), 4 (65.77 mg), 5 
(20.85 mg), and 6 (157.13 mg). 

Method B 
The cell extract (5.83 g) was partially separated by vacuum liq- 

uid chromatography using a 150-mL sintered glass funnel (me- 
dium frit, Merck silica gel 60G, 90 g). Stepwise elution was carried 
out using: (i) benzene (5 X 30 mL); (ii) benzene-acetone 4 :  1 
(15 x 30 mL); (iii) benzene-acetone 3 :  1 (10 x 30 mL); (iv) ben- 
zene-acetone 2:  1 (30 mL); ( v )  benzene-acetone 1:  1 (10 x 
30 mL); and (vi) ethyl acetate (250 mL), yielded 10 crude frac- 
tions. Fraction 1 (756.14 mg) was an oily fraction consisting of fatty 
acid-like compounds. Fraction 2 (2.38 g) containing diterpenes, 
sterols, triterpenes, and quinone methides was subsequently com- 
bined with fraction 3 from Method A for further separation (vide 
infra). Fraction 3 (126.58 mg) was a mixture of oleanolic acid (23) 
and triterpene 3 ,  while fraction 4 (281.26 mg) contained triter- 
penes 3 and 4. Fractions 5 and 6 (74.93 mg and 62.50 mg respec- 
tively) consisted of mainly triterpene 4 and a small quantity of 
triterpene 5. Fraction 7 (219.67 mg) contained triterpenes 4 and 5, 
while fraction 8 (106.61 mg) contained triterpenes 4, 5, and 6 .  
Fractions 9 and 10 (569.53 mg and 534.98 mg respectively) con- 
tained triterpene 6 and polar material. 

Fractions 3-8 were combined and separated by column chro- 
matography (Merck silica gel 230-400 mesh, methylene 
chloride - methanol acetic acid 100: 2 :  1) to give oleanolic acid (23, 
101.97 mg), a mixture of 3 and 4 (101.97 mg), triterpene 4 
(167.69 mg), triterpene 5 (181.17 mg), and triterpene 6 
(85.34 mg). The mixture of 3 and 4 was separated by further col- 
umn chromatography (Merck silica gel 230-400 mesh, methylene 
chloride - methanol - acetic acid 100: 1 : 1) to give 3 (55.80 mg) 
and a further quantity of 4 (121.74 mg). Fractions 9 and 10 were 
combined and washed with methanol to give 6 (359.65 mg). 

In summary, chromatographic separation via Method B yielded 
oleanolic acid (23, 101.97 mg) and triterpenes 3 (55.80 mg), 4 
(289.43 mg), 5 (181.17 mg), and 6 (444.99 mg). 

22~-H~~droxy-3-oxoolean-I2-e1~-29-oic acid (3) 
Colourless prisms (ethyl acetate); mp 268-270°C; [a]" +92.9 

(c 0.70, MeOH); uv (MeOH) A,,,,, 217 (E 726); ir (CHCl,) cm-': 
3618 (OH), 2938 (CH), 2640 (OH), 1698 (C=O); 'Hmr (CDC13) 
S:0.91 (3H, s), 1.04(3H, s), 1.07(3H, s), 1.09(3H, s), 1.11 (3H, 
s), 1.15 (3H, s), 1.41 (3H, s), 0.86-2.32 (20H, m), 2.39 (IH,  ddd, 
H2a, J  = 4 ,  6 ,  16), 2.55 ( l H ,  ddd, H2P, J  = 4, 11, 16), 3.50 ( lH,  
s , O H ) ,  3.58 ( l H , d d , H 2 2 a ,  J =  3 . 5 , 7 . 0 ) , 5 . 3 3  ( lH,  t, H12); 
' k m r  (CSDSN) S: 15.4, 17.2, 19.9, 21.1, 21.8, 24.0, 25.3, 25.4, 
26.4, 26.7, 29.1, 32.7, 34.5, 36.9, 38.0, 38.2, 39.4, 39.9, 41.7, 
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42.6, 44.9, 47.1, 47.5, 55.3, 75.4, 122.9, 144.2, 181.6, 217.8; 
ms m/z (rel. int., %): 470 (M', 3.8), 452 (7.0), 437 (2.7), 426 
(4.4), 424 (5.5), 408 (15.7), 391 (3.2), 340 (11.1), 325 (4.1), 264 
(43.7), 246 (67.8), 2 17 (79.9), 205 (57.3), 20 1 (38.3), 189 (46.0), 
171 (44.5), 159 (42.7), 147 (55.9), 135 (82.3), 119 (95.1), 107 
(90.5), 81 (89.8), 69 (71.4), 55 (loo), 43 (53.4). High-resolution 
mass measurement: calcd. for C,,H4,04: 470.3398; found: 
470.3414. Anal. calcd. for C30H,60,: C 76.55, H 9.85; found: C 
76.02, H 9.97. 

22a-Hydroxy-3-oxoolean-12-en-29-oic acid (4) 
Colourless prisms (meOH); mp 289-290°C; [a]" + 84.4 (c 1.09, 

MeOH); uv (MeOH) A,,, 212 (E 1938); ir (CHC1,) cm-': 3615 
(OH), 2976 (CH), 2630 (OH), 1698 ( C d ) ,  'Hmr (CDCI,) 6: 1.02 
(3H, s), 1.04 (3H, s), 1.07 (3H, s), 1.08 (3H, s), 1.10 (3H, s), 1.18 
(3H, s), 1.29 (3H, s), 1.26-2.27 (21H, m), 2.38 (1 H, ddd, H2a, 
J = 4, 6, 16), 2.55 ( lH,  ddd, H2P, J = 4, 11, 16), 3.60 (lH, dd, 
H22P, J = 4, 12), 5.29 (IH, t, H12); I3Cmr (CDCl,) 6: 15.3, 16.7, 
19.2, 19.7, 20.4, 21.6, 23.7, 24.5, 25.5, 26.1, 26.5, 32.0, 34.2, 
36.5, 36.6, 38.3, 39.3, 39.6, 39.9, 42.2, 42.7, 46.3, 46.8, 47.5, 
55.2, 75.3, 123.1, 142.6, 183.3, 217.8; ms m/z (re1 int., %): 470 
(M' , 0.6), 452 (1 1.8), 437 (2.0), 408 (1.5), 39 1 (1.3), 353 (0.6), 
340 (0.5), 326 (1.7), 299 (1.2), 285 (2.2), 264 (3.7), 246 (100.0), 
228 (12.2), 218 (25.1), 205 (35.8), 201 (20.0), 185 (20.9), 173 
(14.2), 159 (16.9), 145 (23.6), 131 (31.0), 119 (38.0), 107 (29.3), 
95 (34.3), 81 (22.l), 69 (14.4), 55 (24.6), 43 (21.7). High-reso- 
lution mass measurement: calcd. for C30H4604: 470.3398; found: 
470.3417. Anal. calcd. for C30H4604: C 76.55, H 9.85; found: C 
76.40, H 9.90. 

3P,22P-Dihydroxyolean-12-en-29-oic acid (5) 
Colorless prisms (MeOH-H20); mp 281-283°C; [a]" +55.0 (c 

0.60, MeOH); uv (MeOH) A,,, 216 (E 835); ir (KBr) cm-I: 3467 
(OH), 3422 (OH), 2976 (CH), 2640 (OH), 1698 (C=O); 'Hmr 
(C,D,N) 6: 0.76 (3H, s), 0.85 (6H, s), 1.02 (3H, s), 1.03 (3H, s), 
1.08 (3H, s), 1.63 (3H, s), 0.62-2.63 (24H, m), 3.22 ( lH,  dd, 
H,a, J = 6, 9.5),3.80(1H, brd ,H22a,J  = 4 . 3 ,  5.21 ( lH,  t, 
H12); '3~mr(C5D5N)6: 15.8, 16.6, 17.2, 18.7, 21.0, 23.8, 24.9, 
25.5, 26.3, 28.0, 28.7, 28.8, 30.7, 33.2, 37.2, 37.7, 38.0, 39.1, 
39.3, 39.9,41.5, 42.4, 44.6, 48.0, 55.7, 75.3, 77.9, 123.1, 144.2, 
18 1 .O; ms m/z (rel. int., %): 472 (M' , 6.l) ,  454 (5.0), 439 (2.6), 
426 (2.0), 41 1 (2. l), 393 (1.5), 264 (99.7), 246 (53.0), 23 1 (15.4), 
217 (100.0), 207 (59.9), 190 (45.2), 175 (39.3), 161 (22.7), 147 
(37.9), 135 (74.1), 119 (49.9), 107 (48.2), 95 (52.4), 81 (49.9), 
69 (48.6), 55 (48.7), 43 (30.7). High-resolution mass measure- 
ment: calcd. for C3,H4,04: 472.3554; found: 472.3567. Anal. calcd. 
for CIoH,,04.H20: C 73.43, H 10.27; found: C 73.53, H 10.40. 

3P-22a-Dihydroxyolean-12-en-29-oic acid (6) 
Colourless prisms (MeOH); mp 293-298°C (sub].); [a]" +93.5 

(c 0.46, MeOH); uv (MeOH) A,,, 212 (E 1509); ir (KBr) cm-I: 
3475 (OH), 3387 (OH), 2946 (CH), 2550 (OH), 1698 (C=O); 
' ~ m r  (C5D5N) 6: 0.98 (3H, s), 1.03 (3H, s), 1.04 (3H, s), 1.23 (3H, 
s), 1.28 (3H, s), 1.37 (3H, s), 1.58 (3H, s), 0.82-2.74 (24H, m), 
3.42 (lH, dd, H3a, J = 6, lo), 4.01 (lH, dd, H22P, J = 5.5, 13), 
5.38 (lH, t, H12);  nu (C5DSN) 6: 15.8, 16.6, 17.0, 18.8, 19.9, 
21.4, 23.9, 25.4, 26.1, 26.3, 28.0, 28.7, 32.9, 37.2, 38.6, 39.1, 
39.4, 40.2,41.2, 42.4, 47.2, 47.9, 55.6, 74.7, 78.0, 123.1, 144.2, 
181.1; ms m/z (re1 int., %): 472 (M', 0.2), 454 (2.6), 436 (1.7), 
421 (1.3), 410 (0.6), 393 (1.2), 342 (1.1), 325 (0.6), 314 (0.9), 
299 (2.0), 264 (2.7), 246 (100.0), 218 (21.6), 207 (18.1), 201 
(15.5), 190 (35.6), 175 (20.3), 159 (14.8), 145 (20.1), 131 (22.5), 
119 (32.2), 107 (23.2), 95 (25.9), 81 (17.7), 69 (12.2), 55 (14.7). 
High-resolution mass measurement: calcd. for C30H,x0,: 472.3554; 
found: 472.3540. Anal. calcd. for C 76.23, H 10.23; 
found: C 76.10, H 10.33. 

' ~ l l  the data for this compound were obtained on a sample that 
was recrystallized from ethanol, except for the X-ray analysis. 
Recrystallization from methanol was shown by X-ray analysis to 
yield crystals as the 1 : 1 methanol solvate. 

Olearzolic acid (7) 
The isolated sample was compared (mp, identical ir, 'Hmr, and 

ms spectra) with an authentic sample available in our sample col- 
lection. 

Reduction of 22a-hydroxy-3-oxoolean-12-en-29-oic acid (4) 
The acid 4 (1 1.24 mg, 0.02 mmol) was dissolved in ethanol 

(1 mL) and sodium borohydride (4.52 mg, 0.12 mmol) was added. 
The reaction mixture was stirred at room temperature for 30 min 
and ethyl acetate (30 mL) was added. The solution was washed with 
10% HC1 (2 x 5 mL) and water (2 X 10 mL) and the solvent was 
evaporated to give 8.63 mg (76.4%) of 6 as a white solid (tlc, mp, 
'Hmr, and ms were identical with those of isolated 6). 

Reduction of 22P-hydroxy-3-oxoolean-12-en-29-oic acid (3) 
The acid 3 (6.18 mg, 0.01 mmol) was treated as above with so- 

dium borohydride, which yielded, after work-up, 5.92 mg (95.3%) 
of 5 as a white solid (tlc, mp, 'Hmr, and ms were identical with 
those of isolated 5). 

Esterification of 3 ,  4 ,  5 ,  and 6 
Suspensions of the triterpenes 3, 4, 5, and 6 in ether (3 mL) were 

treated with an ethereal solution of excess diazomethane at room 
temperature overnight. Evaporation of the solvent gave the methyl 
esters 7,  8,  9, and 10 as white solids. They were then crystallized 
(MeOH as solvent) to provide the pure compounds with constant 
melting points. 

Methyl-22P-hydroxy-3-oxoolean-12-en-29-0 (7) 
White solid; mp 195-197°C; [a]" +82.3 (c 1.15, CHCI,); ir 

(CHCl,,) c m ' :  3425 (OH), 29 10 (CH), 17 19 (C=O), 1698 ( C d ) ;  
'Hmr (CDC1,) 6: 0.90 (3H, s), 1.04 (3H, s), 1.06 (3H, s), 1.08 (3H, 
s), 1.10 (3H, s), 1.14 (3H, s), 1.36 (3H, s), 0.82-2.27 (20H, m), 
2.38(1H,ddd, H 2 a , J = 4 , 6 ,  1 6 ) , 2 , 5 5 ( 1 H , d d d , H 2 P , J = 4 ,  
11, 16), 3.55 (lH, dd, H22a, J = 3, 4), 3.69 (3H, s, OCH,), 5.33 
(lH, t, H12); ms m/z (rel. int., %): 484 (M', 42.5), 469 (4.6), 466 
(7.9), 453 (10.4), 425 (16.9), 407 (4.7), 391 (3 .3 ,  375 (6.3), 278 
(100.0), 265 (57.1), 260 (25.7), 247 (43.3), 231 (83.2), 219 (35.5), 
205 (40.5), 200 (41.7), 187 (27.9), 171 (58.1), 161 (16.9), 144 
(40.7), 125 (60.7), 112 (37.7), 95 (26.7), 81 (20.1), 69 (16.7), 55 
(15.7). High-resolution mass measurement: calcd. for C31H480?,: 
484.3552; found: 484.3554. 

Methyl-22a-hydroxy-3-oxoolean-12-en-29- (8) 
White solid; mp 149-151°C; [a]" +92.9 (c 0.85, CHCI,); ir 

(CHCI,) cm-': 3600 (OH), 2930 (CH), 1718 ( C d ) ,  1698 ( C d ) ;  
' ~ m r  (CDCI,) 6: 1.02 (3H, s), 1.04 (3H, s), 1.07 (3H, s), 1.08 (3H, 
s), 1.11 (3H, s), 1.18 (3H, s), 1.26 (3H, s), 1.35-2.23 (20H, m), 
2.38 (lH, ddd, H2a, J = 4, 6, 16), 2.55 ( lH,  ddd, H2P, J = 4, 
11, 16), 3.59(1H,dd, H22P, J = 4 ,  12),3.68 (3H,s,0CH3), 5.28 
(lH, t, H12); ms m/z (rel. int., %): 484 (M', 18.5), 466 (5.0), 452 
(2 1.2); 437 (3.4), 406 (3.4), 39 1 (3 .9 ,  340 (2.3), 326 (4. l) ,  299 
(1.9), 278 (43.3), 265 (6.8), 260 (13.3), 246 (100.0), 23 1 (28.9), 
218 (18.2), 205 (29.8), 185 (21.6), 171 (23.0), 159 (13.1), 147 
(21.0), 131 (19.2), 120 (22.3), 107 (17.8), 95 (27.9), 81 (10.5), 
69 (1.9), 55 (9.1). High-resolution mass measurement: calcd. for 
C31H480J: 484.3552; found: 484.3570. 

Methyl-3P,22P-dihydroxyolenr1-12-en-29-oat (9)  
White solid; mp 228-229°C; [al2>64.0 (c 0.88, CHC1,); ir 

(CHCI,) cm-I: 3665 (OH), 3586 (OH), 2900 (CH), 1718 (C*); 
' ~ m r  (CDCI,) 6: 0.80 (3H, s), 0.90 (3H, s), 0.96 (3H, s), 0.99 (3H, 
s), 1 .O1 (3H, s), 1.13 (3H, s), 1.36 (3H, s), 0.73-2.27 (23H, m), 
3 . 2 3 ( 1 H , d d , H 3 a , J = 4 ,  1 0 ) , 3 , 5 5 ( 1 H , d d , H 2 2 a , J = 4 , 8 ) ,  
3.68 (3H, s, OCH,), 5.30 ( lH,  t, H12); msm/z (rel. int., %): 486 
(M', 13.3), 47 1 (1.2), 468 (3.0), 455 (3.6), 427 (2.01, 409 ( 1 3 ,  
354(1.4), 330 (1.4), 304(1.3), 292(3.4), 278 (100.0), 260(23.6), 
246 (23.3), 231 (79.5), 219 (23.3), 207 (47.9), 200 (47.3), 189 
(25.6), 171 (60.2), 144 (43.0), 135 (34.8), 119 (37.3), 112 (37.6), 
107 (28.1), 95 (27.3), 81 (23.1), 69 (17.0), 55 (18.5). High-res- 
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olution mass measurement: calcd. for C31Hso04: 486.37 11; found: 
486.3722. 

Methy1-3a-22a-dihydro.ryolean-12-en-29-oate (10) 
White solid; mp 118-121°C; [al2%74.9 (c 0.90, CHCI,); ir 

(CHCI,) cm-': 3655 (OH), 3600 (OH), 2932 (CH), 1718 (C=O);  
' ~ m r  (CDCI,) 6: 0.80 (3H, s), 0.94 (3H, s), 0.98 (3H, s), 1.00 (6H, 
s), 1.17 (3H, s), 1.26 (3H, s), 0.73--2.22 (23H, m), 3.23 ( lH,  dd, 
H3a, J = 4,  lo), 3.58 ( lH,  dd, H22P, J = 4,  12), 3.67 (3H, S, 
OCH,), 5.26 ( 1 H, t, H 12); ms m/z (re]. int., %): 486 (M' , 3. l ) ,  
468 (1. I), 454 (4.7), 436 (1.9), 421 (1.2), 409 (0.7), 393 (1 .O), 
342 (0.8), 328 (1.1), 314 (0.9), 300 (1.7), 278 (16.9), 246 (100.0), 
231 (14.9), 218 (17.6), 207 (24.1), 190 (35.0), 175 (15.6), 159 
(11.9), 147 (15.8), 131 (16.1), 119 (20.6), 107 (14.5), 95 (22.5), 
8 1 (9.3), 69 (7.5), 55 (7.7). High-resolution mass measurement: 
calcd. for C,IHS004: 486.37 1 1; found: 486.3695. 

Methyl-3,22-dioxoolean-12-en-29-oate (11) 
Excess pyridinium chlorochromate was added to a stirred solu- 

tion of 9 (10.00 mg, 0.02 mmol) in methylene chloride (1.0 mL) 
and the reaction mixture was stirred at room temperature for 30 min. 
The reaction mixture was filtered through Florisil (30 mL) and the 
Florisil was washed with ether. The washing and the filtrate were 
combined and the solvent was evaporated to give 8.23 mg (83.0%) 
of 11 as a white solid, mp 180.5-182°C; [a]" +5.7 (c 4.75, 
CHCI,); ir (CHCI,) cm-': 3000 (CH), 2940 (CH), 1721 (C=O), 
1698 (C=O); ' ~ m r  (CDCI?) 6: 1.03 (3H, s), 1.04 (3H, s), 1.07 
(3H, s), 1.09 (3H, s), 1.11 (3H, s), 1.16 (3H, s), 1.24 (3H, s), 
1.21-2.11 (20H, m), 2.32 ( lH, dd, H19P, J = 3.5, 15), 2.39 ( lH, 

1 ddd,H2a,J=4,6,16),2.48(1H,d,H21P,J=14.5),2.56(1H, 
1 ddd, H2P, J = 4, 11, 16), 2.99 (IH, d, H21a, J = 14.5), 3.71 (3H, 
I s, OCH,), ( lH,  t, H12); ms tn/z (re]. int., %): 482 (M+, 18.4), 467 

(2.3), 464 (2.7), 45 1 (1.8), 423 (2.0), 405 (1.6), 339 (1.7), 298 
(0.8), 276 (100.0), 263 (11.1), 247 (16.4), 215 (17.6), 205 (13.5). 
199 (16.7), 187 (13.8), 173 (9.8), 159 (9.9), 142 (25.5), 134 
(24.3),119(20.5),114(68.7),105(13.2),93(9.4),81(8.8),69 
(4.9), 55 (10.3). High-resolution mass measurement: calcd. for 
H3]Hq604: 482.3398; found: 482.3405. 

Oxidatiotz of 1 0  
Excess pyridinium chlorochromate was added to a stirred solu- 

tion of 10 (5.03 mg, 0.01 mmol) in methylene chloride (1.0 mL) 
and the reaction mixture was stirred at room temperature for 
30 min. The reaction mixture was filtered through Florisil 
(30 mL) and the Florisil was washed with water. The washings and 
the filtrate were combined and the solvent was evaporated to give 
3.76 mg (75.4%) of 11 as a white solid. 

Separatiotz atzd identification of the metabolites fromfrnctiotz 3 
(frotn Method A) and fraction 2 (from Method B) (rotnpare 
Fig. 3)  

Fraction 3 (1.17 g) from Method A and fraction 2 (2.38 g) from 
Method B (vide supra) were combined (3.55 g) and partially sep- 
arated by column chromatography (Merck silica gel 230-400, 
350 g). Stepwise elution was carried out using: (i) hexanes 
(250 mL); (ii) hexanes - ethyl acetate 9 :  1 (500 mL); (iii) 
hexanes - ethyl acetate 4:  1 (1500 mL); (iv) hexanes - ethyl ace- 
tate 3: 1 (1000 mL); (v) hexanes - ethyl acetate 2: 1 (1000 mL); and 
(vi) ethyl acetate (1000 mL) to give 12 crude fractions. Fractions 
A and B (126.30 and 178.25 mg respectively) were complex mix- 
tures of minor components and were not further investigated, while 
fractions C and D (198.84 and 49.34 mg respectively) consisted of 
two major components (see below for the separation). Fractions E 
and F (489.19 and 64.06 mg respectively) yielded p-sitosterol (24), 
while fractions G,  H, and I (69.8 1, 46.35, and 38.15 mg respec- 

. . tively) were complex mixtures and were not further investigated. 
. . Fractions J and K (815.16 and 195.71 mg respectively) contained 

orange-coloured quinone methides and polpunonic acid (25) (see 

below for the separation), and fraction L yielded oleanolic acid (23, 
564.65 mg). 

The identities of P-sitosterol, polpunonic acid, and oleanolic acid 
were confirmed by comparison with authentic samples. 

Separation of fractions C and D 
Fractions C and D were subjected to preparative tlc (Merck sil- 

ica gel 60 F,,,, 2 mm) using methylene chloride - ethyl acetate 19: l 
(the plate was eluted twice) and a further separation using meth- 
ylene chloride - hexanes 1 : 1 (the plate was eluted three times), to 
give an inseparable mixture (121.8 1 mg) of two compounds that 
spectral data suggests is a mixture of a-amyrin (12) and P-amyrin 
(131, and the diterpene 14 (49.68 mg). 

a-Amyritz (12) atld P-amyrin (13) 
The identity of this mixture was confirmed by comparing a 1 : 1 

mixture of authentic a- and P-amyrins by nrnr spectroscopy ( ' ~ m r  
and I3cmr). 

12-Methoxyabieta-8, I I ,  13-trietz-3a-01 (14) 
Colourless needles (hexanes); mp 157-158°C; [a]" +44 (c 0.72, 

CHCl,); ir (CHCI,) cm-': 3620 (OH), 2951 (CH); 'Hmr (CDCI,) 
6: 0.96 (3H, s, C4-CH,), 1.05 (3H, s, C4-CH,), 1.20 (3H, s, C10- 
CH,), 1.20 (3H, d, CH(CH,),, J = 7), 1.21 (3H, d, CH(CH3),, 
J = 7), 1.26-2.17 (1 lH, m), 2.76 ( lH ,  ddd, H7a, J = 2, 7,  16), 
3.02 (IH, dd, H7P, J = 7,  16), 3.28 ( lH,  septet, H15), 3.51 ( lH,  
brt, H3P, Wl,2 = 7), 3.72 (3H, s, OCH,), 7.04 ( lH,  s, H l l ) ,  7.05 
(1 H, s, H14); I3cmr (CDCI,) 6: 18.2, 22.1, 23.9, 24.0, 24.7, 24.8, 
25.9, 26.0, 28.1, 29.7, 31.7, 37.7, 43.3, 60.2,75.5, 120.4, 123.7, 
128.5, 137.9, 148.9, 154.8; ms ,n/i (rel. int., %): 3 16 (M', 20.9), 
301 (4.7), 283 (100.0), 241 (4.6), 215 (5.1), 199 (3.6), 189 (6.9), 
173 (5.7), 159(4.1), 147 (4.8), 129(4.5), 115(3.9),91 (4.1), 81 
(2.0), 69 (3.4), 55 (5.6), 43 (9.8). High-resolution mass measure- 
ment: calcd. for C21H3202: 316.2404; found: 316.241 1. 

Separatiotz of fractiotzs J and K 
Fractions J (815.16 mg) and K (195.71 mg) were combined 

( 1  .O1 g) and partially separated by column chromatography (Merck 
silica gel 230-400 mesh, 100 g). Gradient elution was carried out 
using: (i) methylene chloride - ethyl acetate 19: 1 (750 mL); (ii) 
methylene chloride - ethyl acetate 9 :  1 (700 mL); and (iii) ethyl 
acetate (200 mL) to give 9 fractions. Fractions 1 and 2 (13.18 and 
36.17 mg respectively) contained a major orange-coloured com- 
pound and a minor compound, while fraction 3 (62.11 mg) con- 
sisted of two orange-coloured compounds. Fractions 4 and 5 (25.97 
and 21.21 mg respectively) consisted of a major orange-coloured 
compound and a minor component. Fractions 6 and 7 (28.69 and 
232.43 mg respectively) shbwed two compounds on tlc, while 
fractions 8 and 9 (41 1.67 and 40.97 mg respectively) consisted of 
one major compound and several minor compounds. 

Separation of fractions 1 and 2 by preparative tlc (Merck silica 
FIs4, 0.5 rnm, chloroform-methanol 98.2), followed by a further 
separation using toluene - ethyl acetate - chloroform - formic acid 
35: 15: 16: 1 yielded tingenone (15, 15.30 mg) and the friedelane 
methyl ester (16, 13.62-mg). Separation of fraction 3 by prepara- 
tive tlc (Merck silica F2,,, 0.5 mm, toluene - ethyl acetate - 
chloroform - formic acid 35: 15: 16: 1, plate eluted twice) gave 
tingenone (15, 14.00 mg) and 22P-hydroxytingenone (17, 13.04 
mg). Fractions 4 and 5 were separated by preparative tlc (Merck 
silica F2JI, 0.5 mm, chloroform-methanol 98:2) to yield 22P-hy- 
droxytingenone (17, 15.55 mg) and an unidentified mixture 
(9.12 mg). Column chromatography of fraction 7 (Merck silica gel 
230-400 mesh, 25 g, methylene chloride - ethyl acetate 5 : 1) gave 
the dihydroxy triterpene, 18 (50.75 mg), an unidentified mixture 
(27.27 mg), and the triterpene, 19 (28.48 mg). Column chroma- 
tography of fractions 8 and 9 (Merck silica gel 230-400 mesh, 
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50 g, methylene chloride - ethyl acetate 5 : 1) gave polpunonic acid 
(25, 247.13 mg). 

In summary, chromatographic separation yielded tingenone (15, 
29.30 mg), the friedelane methyl ester, 16 (13.62 mg), 22P-hy- 
droxytingenone (17, 28.59 mg), the dihydroxy triterpenes, 18 
(50.75 mg) and 19 (28.48 mg), and polpunonic acid (25, 
247.13 mg). 

Tingenone (15) 
The identity of the isolated sample was confirmed by compari- 

son of the physical and spectral data with those of the authentic 
sample. 

Methyl-22P-hydroxy-3,21 -dioxo-D:A-friedo-29-noroleanan- 
24-oate (16) 

Yellow crystals (EtOH); mp 250-25 1°C; [a]'' + 101.4 (c 0.22, 
MeOH); uv (meOH) A,, 203 (E 1810); ir (CHCl,) cm-': 3460 (OH, 
br), 3010, 2950 (CH), 1725 (C-, sh), 1710 (C=O), 1700 
( C d ,  sh); 'Hmr (CDCl,) 6: 0.80 (3H, s), 0.84 (3H, s), 0.91 (3H, 
d), 0.94 (3H, s), 1.07 (3H, d), 1.36 (3H, s), 3.64 (3H, s, OCH,), 
1.16-1.85 (14H, m), 2.02 (lH, m), 2.15-2.38 (5H, m), 2.60-2.65 
(2H, m),2.77(1H,m,H20a),3.66(1H,s,OH),4.61 ( lH,  brd, 
H22a); ms m/z (rel. int., %): 486 (M+, 100.0), 471 (3.1), 468 
(5.2), 426 (75.2), 41 1 (7.6), 399 (16.7), 398 (16.7), 385 (19.5), 
357 (5.7), 340 (13.4), 317 (27.0), 257 (27.5), 231 (15.0), 217 
(29.5), 203 (14.0), 189 (16.7), 177 (17.5), 163 (21.2), 149 (25.8), 
135 (36.5), 121 (81.1), 109 (67.7), 95 (55.2), 81 (51.3), 67 (44.2), 
55 (60.6). High-resolution mass measurement: calcd. for C38&05:  1 486.3343; found: 486.3352. 

22P-Hydro.rytingenone (17) 
All physical and spectral data of the isolated sample were iden- 

tical with the data published earlier (26-30). 

3P,29-Dihydroxyolean-12-ene (18) 
Colourless prisms (EtOH); mp 241-242°C; [a]22 + 1 15.9 (c 0.82, 

MeOH); ir (KBr) cm-': 3294 (OH), 2946 (CH); 'Hmr (CDCl,) 6: 
0.80 (3H, s), 0.85 (3H, s), 0.91 (3H, s), 0.94 (3H, s), 0.97 (3H, 
s), 1.00 (3H, s), 1.14 (3H, s), 0.73-2.02 (25H, m), 3.22 ( lH, dd, 
H3a, J = 3.5, l l ) ,  3.27 (2H, d, H29, J = 5 . 3 ,  5.21 ( lH, t, H12); 
ms m/z (rel. int., %): 442 (M+, 6.1), 427 (1.8), 41 1 (9.6), 393 
(0.5), 288 (0.7), 273 (1.0), 234 (100.0), 219 (8.7), 203 (21.1), 201 
(21.3), 187 (21.6), 175 (13.1), 161 (8.1), 147 (14.3), 135 (18.5), 
119 (19.1), 107 (19.8), 95 (28.0), 81 (22.9), 69 (18.0), 55 (21.9). 
High-resolution mass measurement: calcd. for C3,H5,02: 442.38 13; 
found: 442.3805. 

Chromatographic separation of the spent medium extract 
metabolites (compare Fig. 4) 

The spent medium extract (3.06 g) was partially separated by vlc 
using a 150-mL sintered glass funnel (medium frit, Merck silica 
60G, 90 g). Stepwise elution was carried out using: (i) benzene (5 
x 30 mL); (ii) benzene-acetone 5 : 1 (19 X 30 mL); (iii) benzene- 
acetone 4:  1 (19 X 30 mL); (iv) benzene-acetone 3:  1 (12 x 
30 mL); (v) benzene-acetone 2: 1 (230 mL); (vi) benzene-ace- 
tone 1 : 1 (18 x 30 mL), and (vii) ethyl acetate (250 mL) to give 
22 crude fractions. All the fractions were complex mixtures of 
metabolites. Fractions 3, 4, 5, 6,  and 7 (204.68, 1 17.77, 158.08, 
72.62, and 58.75 mg, respectively) were separated further by pre- 
parative tlc (Merck silica F254, 4 X 2 mm plates, fractions 6 and 7 
were combined) using toluene - ethyl acetate - chloroform-formic 
acid 35: 15: 161 (the plates were eluted three times) to give olean- 
olic acid (23, 59.66 mg), the hydroxy acid, 20 (134.63 mg), trip- 
tolide (2, 179.09 mg), and a complex mixture (168.31 mg) that was 
not further investigated. Fractions 8, 9, 10, 11, 12, and 13 (7 1.00, 
1 13.66, 44.34, 84.0, 63.94, and 222.09 mg, respectively) were 
separated by preparative tlc (Merck silica h 5 4 .  5 X 2 mm plates, 
1 x 0.5 mm plate (fraction lo), toluene - ethyl acetate - chloro- 
form - f o r m ~ ~  acid 35 : 15 : 16 : 1, the plates were eluted four times) 

to give 3 (13.22 mg), a mixture of 3 and 4 (10.30 mg), 4 
(21.72 mg), a mixture of 4,  5,  and 6 (42.48 mg), 5 (8.73 mg), 6 
(25.53 mg), tripdiolide (1, 199.77), and a complex mixture 
(166.65 mg). Fractions 14, 15, and 16 (80.90, 38.65, and 
10.96 mg, respectively) were separated by preparative tlc (Merck 
silica Fz54, 1 X 2 mm plate (fraction 14), 1 X 0.5 mm plate (frac- 
tions 15 and 16), toluene - ethyl acetate - chloroform - formic acid 
35: 15: 16: 1, the plates were eluted three times) to give 6 
(48.10 mg). Fractions 17 and 18 (56.27 and 151.7 1 mg, respec- 
tively) were separated by preparative tlc (1 x 0.5 mm plate and 
1 x 2 mm plate, respectively, benzene-methanol - acetic acid 
90 : 5 : 5,  the plates were eluted three times) to give a further quan- 
tity of 6 (30.67 mg). Attempted separation of fractions 19-22 
(174.08, 83.45, 39.59, and 49.50 mg, respectively) by prepara- 
tive tlc (Merck silica F254r 2 X 2 mm plates, benzene-methanol - 
acetic acid 90: 5 : 5,  the plates were eluted three times) was unsuc- 
cessful due to the complexity of the mixture of polar compounds. 

The identity of all isolated compounds was cbnfirmed by com- 
parison of physical and spectral data with those of the original 
samples and (or) with data published earlier. 
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Appendix A 

X-ray crystallographic analyses of compounds 
6, 15, 16, 17, 18, and 19. 

Experimental 

X-ray crysmllogrnphic nrznlyses of 6.MeOH, l5.//2EtOAc. 16. 
17.1/2 H 2 0 .  18, ntzd 19.EtOH 

Crystallographic data for the six compounds appear in Table A l .  
'The final unit-cell parameters were obtained by least squares on the 
setting angles for 25 reflections with 20 = 34.0-41.3. 40.1-56.5, 
46.6-76.3, 20.0-35.8, 40.4-72.5, and 40.1-70.8" for 6.MeOH, 
15.1 /2EtOAc, 16, 17.1 /2 HZO, 18, and 19,EtOH, respectively. 
The intensities of three standard reflections, measured every hour 
of X-ray exposure time for 6.MeOH and every 150 reflections for 

the remaining compounds throughout the data collections, re- 
mained essentially constant except for 15.1 /2 EtOAc and 19.EtOH 
where 4.6% and 19.2% decay, respectively, were noted. The data 
were processed3 and corrected for Lorentz and polarization ef- 
fects, linear decay for 15.1/2 EtOAc and 19.EtOH, and absorp- 
tion for 15.1/2 EtOAc, 16, 17.1/2 H1O, 18, and 19.EtOH 
(empirical, based on azimuthal scans for four reflections). 

The structure analyses of 16 and 19.EtOH were initiated in the 
noncentrosymmetric space group P2,  on the basis of the known 
chirality of these compounds. The structures were solved by di- 
rect methods, the coordinates of the non-hydrogen atoms being 
determined from E-maps and subsequent difference Fourier 
syntheses. The asymmetric units of 15, 16, and 18 each contain two 
molecules and those of 6 ,  15,  17,  and 19 contain solvent mole- 
cules (methanol, ethyl acetate, water (1 /2 molecule), and ethanol 
respectively). The solution of the structure of 16 by direct meth- 
ods was not routine. The structure was eventually solved by ex- 
cluding all h01 reflections from the phase determination. This led 
to the isolation of one correctly oriented, but incorrectly posi- 
tioned, molecule. This oriented fragment was then positioned and 
the atoms of the second molecule in the asymmetric unit were lo- 
cated by direct methods for difference structures using the com- 
puter program DIRDIF.' The ethyl acetate solvate molecule in 
15.1 /2 EtOAc was disordered. Site occupancy factors were ini- 
tially estimated from relative Fourier map peak heights and were 
subsequently adjusted4 to result in approximately equal equivalent 
isotropic thermal parameters for the eight positions included in the 
model. All non-hydrogen atoms were refined with anisotropic 
thermal parameters. Oxygen-bound hydrogen atoms were refined 
with isotropic thermal parameters (6,MeOH and 16) or placed in 
difference map positions, and for all six structures the carbon-bound 
hydrogen atoms were fixed in idealized positions ( ~ ( s p ' ? ~  = 
0.97, C ( s p 3 + ~  = 0.98 A, U, Ubandwl a,um for 6.MeOH and C-H 
= 0.98 A ,  B, = 1.2 B ,,,,,,, ,,,,,, for the other five structures). Neu- 
tral atom scattering factors and anomalous dispersion corrections 
for the non-hydrogen atoms were taken from the Itzternntionnl tn- 
bles for X-ray cr-)~smllogrnplzy (38). The absolute configurations 
of 6 ,  15,  and 17-19 are based on known configurations for one or 
more of the chiral centres and that of 16 has been determined by 
anomalous scattering. Parallel refinements of the opposite enan- 
tiomers were carried out for the four structures determined with Cu 
radiation, resulting in marginally higher residuals in each case. For 
compound 16, the R and R,, ratios are both 1.003, representing a 
confidence level of 99.5%. Final atomic coordinates and equiva- 
lent isotropic thermal parameters, bond lengths, bond angles, and 
intra-annular torsion angles appear in Tables A2-AS, respec- 

'computer programs used include locally written programs for 
data processing and locally modified versions of the following for 
the structure of 6.MeOH: MULTAN80, multisolution program by 
P. Main, S. J .  Fiske, S .  E.  Hull, L.  Lessinger, G.  Germain, J.  P. 
Declercq, and M. M. Woolfson; ORFLS, full-matrix least squares, 
and ORFFE, function and errors, by W. R. Busing, K. 0 .  Martin, 
and H. A. Levy; FORDAP, Patterson and Fourier syntheses, by A. 
Zalkin; ORTEP 11, illustrations, by C.  K. Johnson. The TEXSAN/ 
TEXRAY structure analysis package, which includes versions of 
the following, was employed for the other five structures: 
MITHRIL, integrated direct methods, by C.  J. Gilmore; DIRDIF, 
direct methods for difference structures, by P. T .  Beurskens; 
ORFLS. full-matrix least squares, and ORFFE, function and er- 
rors, by W.  R. Busing, K. 0. Martin, and H. A. Levy; ORTEP 
11, illustrations, by C .  K. Johnson. 

" ~ t t e m ~ t s  to refine even some of the population parameters led 
to nearly singular matrices due to high correlations with the ther- 
mal parameters. 
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TABLE A I .  Crystallographic data" 

Compound 6,MeOH 15.1 /2 EtO/Ac 16 17.1 /2 H'O 18 19.EtOH 
Formula C,,HS~O, C,OH,OO, C,oHd,Os CX,H,,O, 5 C,oH,oO, CXHXO~ 
fw 504.75 464.64 486.69 445.60 442.74 488.79 
Crystal system Orthorhombic Orthorhombic Monoclinic Orthorhombic Orthorhombic Monoclinic 
Space group P2,2,2, P2,2,2, p2 I P2,2,2 C222, p2, 
a ,  A 8.1397(5) 14.719(2) 7.282(2) 13.922(5) 19.872(5) 14.640(2) 
b,  A 1 1.9965(8) 28.375(8) 28.742(2) 15.253(2) 19.946(2) 6.695(2) 
c ,  A 29.161(1) 12.221(2) 12.421(2) I 1.067(2) 27.21 l(3) 15.618(2) 

P. deg - - 97.23(2) - - 98.57(2) 

V, A' 2847.5(3) 5 104(2) 2579.0(7) 2350(1) 10786(3) 1513.6(9) 
Z 4 8 4 4 16 - 3 

PCdc. ~ / c m '  1.18 1.21 1.25 1.26 1.09 1.07 
F(000) 1112 2016 1064 964 3936 544 
Radiation Mo Cu Cu Mo Cu Cu 
IJ.. cm-I 0.72 5.83 6.23 0.78 4.66 4.77 
Crystal size, mm 0.20 X 0.40 X 0.45 0.05 X 0.10 X 0.25 0.10 X 0.30 X 0.35 0.10 x 0.35 x 0.35 0.15 x 0.25 x 0.35 0.04 x 0.30 X 0.3: 
Transmission factors - 0.93-1 .OO 0.96-1 .OO 0.97-1 .OO 0.93-1 .OO 0.83-1.00 
Scan type w-0 w-20 w-20 w-20 w-20 w-20 
Scan range, deg in w 0.85 + 0.35 tan 0 0.95 + 0.30 tan 0 0.95 + 0.30 tan 0 1.26 + 0.35 tan 0 1 .OO + 0.30 tan 0 1.10 + 0.30 tan 0 
Scan rate, deg/min 1.8-10.0 8 16 16 16 8 
Data collected +h, +k, +I +h, +k, +I +h. + k ,  +I +h. +k, +I +h, +k, +I +h, +k, + I  
20,,,, deg 55 150 155 55 150 125 
Cryst. decay Negligible 4.6% Negligible Negligible Negligible 19.2% 
Total reflections 368 1 5416 5862 3034 5756 2862 
Unique reflections 368 1 5416 5425 3034 5756 260 1 
R,,',, - - - - 0.032 0.029 

R,,,,, - - 0.032 - - 0.029 
Reflections with I 2 3o(I) 2386 3120 3738 1939 3567 1605 
Variables 34 1 632 639 295 587 316 
R 0.047 0.054 0.044 0.046 0.045 0.045 
R,,. 0.057 0.071 0.056 0.059 0.057 0.059 
gof 1.73 2.34 1.5 1 1.73 1.53 1.88 
Max A / a  (final cycle) 0.13 0.08 0.06 0.14 0.004 0.01 
Residual density e/A3 -0.18 to +0.27 -0.18 to +0.38 -0.20 to +0.21 -0.19 to +0.23 -0.24 to +0.21 -0.16 to +0.17 

"Temperature 294 K, function minimized Zw(l F,I - IF,)' where w = 4F,'/a2(F,,'), R = ZIJF,~ - I F,(I/ZI F,,I, R,, = (Zw(1 F,J - I F,J)'/Z,V~ F,I')'l', and gof 
[Z(I F,I - I F,l)'/(m - n)]"'. Values given for R, R,,., and gof are based on those reflections with I 2 3o(I). 

"Enraf-Nonius CAD4-F diffractometer, Mo-K, radiation (XK,, = 0.70930, XK,, = 0.71359 A), graphite monochromator, takeoff angle 2.7". apertu 
(2.0 + tan 0) X 4.0 mm at a distance of 173 mm from the crystal, scan range extended by 25% on both sides for background measurement, a'(I) = C + 2B 
[0.04(C - B)]' (S = scan rate, C = scan count, B = normalized background count). 

'Rigaku AFC6S diffractometer, CU-K,(X = 1.54178 A) or Mo-K,(X = 0.7 1069 A) radiation, graphite monochromator, takeoff angle 6.0". aperture 6.0 
6.0 mm at a distance of 285 mm from the crystal, stationary background counts at each end of the scan (scan/background time ratio 2: 1, up to 8 rescan: 
a 2 ( F 2 )  = [S2(C + 4B) + (0.04F')']/~p*(S = scan rate, C = scan count, B = normalized background count). 

tively. Hydrogen atom parameters, anisotropic thermal parame- to the carboxylic acid function and a strong hydrogen bond 
ters, stereoviews of the molecules, packing diagrams (where to a hydroxyl group (0(4+H(04). . .0(5) and 0(5+ 
relevant), and measured and calculated structure factor ampli- ~ ( 0 5 ) .  . .0(1) ,  0 .  . .H = 1.65(4) and 1.84(6) A, 0 . .  .O = 
tudes for the six structures are included as supplementary mate- 2.595(4) and 2.742(4) A, sH. . .O = 167(4) and 175(5)0). 
rial.' There are also two weaker hydrogen bonds directly linking 

Discussion of crystal structures each molecule of 6 to four others (0(1+H(01). . .0(2) and 

The crystal structure of 6.MeOH features extensive hy- 
0(2+H(02). . .0(3),  0- . .H = 2.07(5) and 2.00(6) A, 

drogen bonding, the methanol solvate molecule being in- 
0 .  . .O = 2.813(4) and 2.848(4) A, s H .  . .O = 176(5) and 
168(4)"). All of the saturated six-membered rings have chair 

volved in two hydrogen bonds: a very strong hydrogen bond 
conformations and the unsaturated C ring has a sofa confor- 

'Supplementary material mentioned in the text may be pur- mation. The saturated ring fusions A : B ,- B : C, and D : E are 

chased from: The Depository of Unpublished Data, Document trans, trans, and cis, 
Delivery, CISTI, National Research Council Canada, Ottawa, The crystal structure of 15.1/2 EtOAc consists of mole- 
Canada K I A  0R6. cules of 15 and ethyl acetate, those of the triterpene being 

Tables of hydrogen atom parameters, stereoviews of the mole- linked into infinite chains extending along the axis by 
cules, and relevant packing diagrams have also been deposited with sH. . .O bonds between the 0(2) hydroxyl group 
the Cambridge Crystallographic Data Centre and can be obtained 
on request from The Director, Cambridge Crystallographic Data and the O(1) carbonyl oxygen atom (0(2+H(36). . .O( l l )  
Centre. Universitv Chemical Laboratorv. Lensfield Road. and 0(2'*H(36')' . '0(1), H' ' '0 = 1.83 and A, O' ' 'O , , 
cambridge CB2 IEW, U.K. = 2.726(6) and 2.659(7) A, s H .  . .O = 153 and 136", 
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KUTNEY f 

TABLE A2. Final positional (fractional) and equivalent isotropic 
thermal parameters with estimated standard deviations In paren- 

theses 

Atom x Y z Ucq/Bc," 

6 .  MeOH 

0.1512( 2) 
-0.0417( 2) 

0.3906( 2) 
0.3679( 3) 
0.1447( 3) 
0.1450( 3) 
0.1464( 3) 
0.0496( 3) 
0.0484( 3) 

-0.0394( 3) 
-0.0127( 3) 
-0.0044( 3) 

0.0694( 3) 
0.0466( 3) 
0.0758( 4) 
0.0729( 4) 
0.0619( 3) 
0.0532( 3) 

-0.0103( 3) 
0.0153( 3) 

-0.0059( 3) 
0.0704( 3) 
0.1923( 3) 
0.21 1 I( 3) 
0.1395( 3) 
0.0181( 3) 

-0.0592( 3) 
0.0743( 4) 

-0.0627( 4) 
-0.1232( 3) 

0.1734( 3) 
-0.1280( 3) 

0.3315( 3) 
0.1 806( 4) 
0.0713(. 3) 
0.1491( 4) 

15.1  /2 EtOAc 

0.2773(2) 
0.2336(2) 
0.5847(2) 
0.3029(2) 
0.2793(2) 
0.2569(2) 
0.2577(2) 
0.2824(2) 
0.2891(2) 
0.3 189(2) 
0.3375(2) 
0.3216(2) 
0.3038(2) 
0.3574(2) 
0.3891(2) 
0.41 1 l(2) 
0.3708(2) 
0.3933(2) 
0.4256(3) 
0.4624(2) 
0.4438(2) 
0.4833(3) 

Atom 
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'ABLE A2 (continued) 

C A N .  J .  CHEM.  \ 

TABLE A2 (continued) 

A t o m  A t o m  x Y z 
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TABLE A2 (continued) 

IEY 1473 

TABLE A2 (concluded) 

Atom 

0.1586(2) 
0.2136(2) 
0.1994(2) 
0.1285(2) 
0.1066(2) 
0.048 l(2) 

-0.0134(2) 
0.0104(2) 
0.0701(2) 

-0.495(2) 
-0.1140(2) 
-0.1237(2) 
-0.0645(2) 
-0.0885(2) 
-0.1555(2) 
-0.2122(2) 
-0.1933(2) 
-0.2004(2) 
-0.2688(2) 
-0.2856(2) 
-0.2796(2) 
0.2061(2) 
0.25 18(2) 
0.0519(2) 

-0.0485(2) 
-0.0337(2) 
-0.2207(2) 
-0.2670(2) 
-0.3231(2) 

19. EtOH 

0.2874 
0.4790(7) 
0.1460(8) 
0.430( 1) 
0.441(1) 
0.282(1) 
0.293(1) 
0.2903(9) 
0.280(1) 
0.207(1) 
0.3337(9) 
0.3759(8) 
0.4440(8) 
0.5063(8) 
0.4805(9) 
0.3527(9) 
0.2183(9) 
0.154(1) 
0.1 lO(1) 
0.286(1) 
0.326(1) 
0.171(1) 
0.129(1) 
0.08 l(2) 
0.235(1) 
0.473(1) 
0.104(1) 
0.529(1) 
0.660(1) 
0.0245(9) 
0.467(2) 

-0.047(2) 
0.312(2) 

Atom x Y z Ucq/Bcq(l 

C(31) 0.5125(8) 0.202(2) 0.8604(5) 1 1.8(6) 
C(32) 0.520(1) 0.055(4) 0.9199(8) 20(1) 

"For compound 6 the thermal parameter given is 1000 x (I,, = 1/3 trace 
of diagonalized U tensor. For all of the other compounds, the parameter 
given is B,, = (8/3),'XXU,,a,*a,*(a, .a , ) .  

TABLE A3. Bond lengths (A) with estimated standard deviations 
in parentheses 

Bond Length (A) Bond Length (A) 

6.MeOH 

1.435(4) c( 1 o)--C(25) 
1.439(4) c(1 l)--C(12) 
1 .195(4) c(12)--C(13) 
1.313(5) c(13)--C(14) 
1.527(5) C(13)--C(18) 
1.538(5) C(14)--C(15) 
1.510(5) c( 14-(27) 
1.538(5) c( I%€( 16) 
1.565(4) c(16)--C(17) 
1.528(5) C(17)--C(18) 
1.531(5) C( 1 7 ~ ~ 2 2 )  
1.530(5) C(17)--C(28) 
1.546(5) C( 18)--C( 19) 
1.536(5) C(19)--C(20) 
1.535(5) c(20)--C(21) 
1.553(4) c(Zo)--C(29) 
1.592(4) c(20)--C(30) 
1.538(5) c(2 1 )--C(22) 
1.569(4) 0(5-(3 1) 
1.540(5) 
0.75(5) 0(4FH(04) 
0.86(4) 0(5FH(o5) 

15.1 /2 EtOAc 

1.247(7) o( 1 ')--C(2') 
1.357(7) 0(2')--C(3') 
1 .252(8) O(3'-(2 1 ') 
1.362(8) C(l1)--C(lO') 
1.441(8) c( 11)--C(2') 
1.423(8) C(2'H(3') 
1.345(9) C(3'H(4') 
1.459(8) C(4'H(5') 
1 .5 34(9) C(4'-(23') 
1.357(8) C(5'H(6') 
1.449(8) C(5')-C(lO1) 
1.421(9) C(6'H(7') 
1.335(8) C(7')--C(8') 
1.524(8) C(8')--C( 14') 
1.531(8) c(8')--C(9') 
1.521(8) C(9'-(I 0') 
1.533(8) C(gf)--C( 1 1 ') 
1.582(8) C(9')--C(24') 
1.539(9) C(1 l1)--C(l2') 
1.534(8) C(12')--C(13') 
1.554(8) C(13')--C(25') 
1.555(8) C(13')--C(14') 
1.556(8) C(13'-(18') 
1.537(9) C(14')--C(15') 
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TABLE A3 (continued) TABLE A3 (concluded) 

Bond Length ( A )  Bond Length ( A )  Bond Length (A)  Bond Length ( A )  
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KUTNEY ET AL 

(deg) with estimated standard deviations in parentheses TABLE A4. Bond angles 

Bonds Angle (deg) Bonds Angle (deg) 

6.MeOH 

112.9(3) C(12-(13-(18) 
112.3(3) C(14-(13-(18) 
1 1 1.0(3) C(8-(14-(13) 
1 1  1.7(3) C(8-(14-(15) 
1 13.2(3) C(8-(14-(27) 
108.0(3) C(13-(14-(15) 
110.2(3) C(13-(14)-C(27) 
107.4(3) C(15-(14-(27) 
114.8(3) C(14-(15-(16) 
108.6(3) C(15-(16)-C(17) 
107.7(3) C(16-(17-(18) 
114.2(3) C(16-(17)-C(22) 
116.6(3) C(16-(17-(28) 
110.4(3) C(18-(17-(22) 
110.6(3) C(l8-(17-(28) 
1 13.5(3) C(22-(17-(28) 
109.7(3) C(13-(18+C(17) 
1 l0.1(3) C(13-(18)-C(19) 
108.1(3) C(17-(18)-C(19) 
107.6(3) C(18-(19-(20) 
11 1.6(3) C( L9-(20-(21) 
109.8(3) C(19-(20-(29) 
1 17.7(3) C(19-(20-(30) 
1 10.2(3) C(21-(20-(29) 
1 13.1(3) C(2 l+C(20-(30) 
107.5(3) C(29-(20)-C(30) 
107.8(3) C(20-(21)-C(22) 
108.5(3) O(2-(22-(17) 
106.7(2) O(2-(22-(21) 
1 13.4(3) C(17-(22-(21) 
112.7(3) O(3-(29-(4) 
1 13.9(3) O(3-(29-(20) 
127.1(3) 0(4)4(29)<(20)  
119.9(3) 
1 16(4) C(292--0(4FH(04) 
116(3) C(3 12--0(5F-H(05) 

15.1 /2 EtOAc 

121.1(5) C(10'-(1'-(2') 
119.7(6) 0(l8-(2'F<(l1) 
122.0(6) O(1'-(2'-(3') 
118.4(6) C(11)<(2')-C(3') 
120.1(6) C(4 '+C(3 ' ) -0(2 ' )  
122.2(6) C(4 '+C(3 ' ) -C(2 ' )  
117.7(6) O(2'-(3'-(2') 
1 19.8(5) C(3'-(4')-C(5') 
1 19.8(6) C(3'-(4')-C(23') 
120.4(6) C(5'-(4'-(23') 
1 17.5(6) C(6')<(5'+C(4') 
123.8(5) C(6'-(5')-C(101) 
118.5(5) C(4'-(5'-(10') 
122.8(5) C(5'-(6')-C(7') 
123.8(6) C(8'-(7'-(6') 
1 17.5(5) C(7'+C(8')--C(14') 
122.5(6) C(7'-(8'-(9') 
1 19.9(5) C(14'-(8')-C(9') 
1 14.7(5) C(1Of-(9')-C(l 1 ') 
1 11.1(5) C(10'-(9')-C(8') 
108.7(5) C(10'-(9')-C(24') 
112.8(5) C(1 1'-(9'-(8') 
106.9(5) C( l l  '-(9'-(24') 
101.6(5) C(8'-(9'-(24') 
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TABLE A4 (continued) 

Bonds Angle (deg) Bonds Angle (deg) 
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KUTNEY ET AL 

TABLE A4 (continued) 

Bonds Angle (deg) Bonds Angle (deg) 
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TABLE A4 (continued) 

Bonds Angle (deg) Bonds Angle (deg) 
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KUTNEY ET AL 

TABLE A4 (concluded) 

Bonds Angle (deg) Bonds Angle (deg) 

respectively). The same atoms are also involved in intra- 
molecular hydrogen bonds (0(2+H(36). . .0(1) and 
0(2'+H(36'). . .O( l f ) ,  H. . .O = 2.27 and 2.11 A, 0 .  . .O 
= 2.673(6) and 2.683(7) A, G-H.  . .O = 104 and 113", 
respectively). The solvent molecules are not involved in any 
short intermolecular contacts. The saturated ring junctions 
C :  D and D : E are trans and cis, respectively. The aromatic 
A ring deviates slightly from planarity while the B ring has 
an irregular C(9)-envelope conformation and the C, D, and 
E rings have chair conformations. The two independent 
molecules exhibit some structural differences, particularly 
in the torsion angles (see Table A5). These differences (also 
noted for the crystallographically independent molecules of 
16 and 18) are not chemically significant and most likely arise 
from asymmetry in the packing arrangement. 

The structure of 16 consists of molecules separated by 
normal van der Waals distances; the most significant inter- 
molecular contact is O(2 )  . .H(5 1) = 2.55 A. As for com- 
pound 15, there is intramolecular hydrogen bonding between 
the 0(3)/0(8)  hydroxyl group and the adjacent 0(2)/0(7) 
carbonyl function (0(3+H(1). . .0(2] and 0(8+H(47)- . - 
0(7) ,  H. . .O = 1.91(8) and 2.09(8) A, 0 .  . .O = 2.628(5) 
and 2.62 l(6) A,  *H- . .O = 1 17(6) and 1 16(6)", respec- 
tively). The A: B ,  B : C,  C :  D, and D :  E ring junctions are 
trans, trans, trans, and cis, respectively. All five rings of the 
triterpene skeleton have chair conformations. Only minor 
differences are noted for the two crystallographically inde- 
pendent molecules. 

The lattice-held water molecule in 17.1 /2 H,O lies on 
a crystallographic C2 axis and is hydrogen-bonded to 
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TABLE A5. Intra-annular torsion angles (deg) with estimated standard deviations in parentheses 

15.1 /2EtOAc 15.1 /2ETOAc 16 16 18  18 
Atoms 6.MeOH molecule 1 molecule 2 molecule 1 molecule 2 17.1 /2 HZO molecule l molecule 2 19,EtOH 

the carbonyl oxygen atoms O(1) of two molecules of 
17(0(5)-H(37) . .0(1), H. . .O = 1.96 A, 0 .  . -0 = 

2.910(6) A, G-H. . .O = 176"). O(1) is also hydrogen- 
bonded to the O(4) hydroxyl group (at C(22)) of another 
molecule of 17 related by a screw axis, forming a one-di- 
mensional H-bonded array of molecules of 17 and water 
(0(4)--H(36). . .0(1), H. . .O = 1.91 A, 0 .  . .O = 2.809(5) 
A, S H .  . .O = 165"). The saturated ring junctions C : D and 
D:E are trans and cis, respectively. The aromatic A ring 
deviates slightly from planarity; the B ring has a flattened 
C(9)-envelope conformation; and the C, D, and E rings have 
chair conformations. 

The structure of 18 is dominated by S H .  . .O hydrogen 
bonding which is not the same for the two independent mol- 
ecules. All of the hydroxyl groups are hydrogen bond do- 
nors, but the unprimed molecule O(1) accepts one strong 
H-bond and O(2) accepts two (one weak and one strong) 
while the primed molecule acts as an acceptor for only one 
hydrogen bond (via O(2')) (O(1)-H(49). .0(2),  O(2)- 
H(50). . .0(1),  O(1 ')-H(49'). . .0(2') ,  and O(2')-H(50') 
. .  0 ( 2 ) ; H . . . O =  2.41, 1.64, 1.83,and 1 . 7 0 A ; O . . . O =  
2.7 10(5), 2.710(5), 2.693(5), and 2.747(4) A; S H .  . .O 

= 117, 160, 134, and 167"; respectively). The A:B and B:C 
ring junctions are trans and the D : E junction is cis. The un- 
saturated C ring has a C(8)-sofa conformation and the other 
four rings all have chair conformations. 

In the solid state structure of 19.EtOH, molecules of 19 
are directly hydrogen-bonded to one another and to the 
ethanol solvate molecules, each of the three hydroxyl groups 
(two from 19 and that of the EtOH solvate) acting as both 
donor and acceptor (O(1)-H(54)- - .0(2),  O(2)-H(55) - 
0(3) ,  and O(3)-H(56)- . .0(1); H. . .O = 1.70, 1.66, and 
1.80 A; 0 .  . -0 = 2.758(4), 2.739(5), and 2.768(5) A; 
S H .  . .O = 163, 153, and 169"; respectively). The ring 
junctions and ring conformations within the triterpene skel- 
eton are as noted above for 18. 

Bond lengths and angles for all six structures are gener- 
ally as expected (see Tables A3 and A4). There is some 
shortening of distances resulting from thermal motion, for 
example in the EtOH solvate molecule of 19,EtOH, and some 
lengthening due to steric effects such as the long bond be- 
tween fully substituted ring junction atoms in 6(C(8)-€(14) 
= 1.592(4) A). 
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Diels-Alder reactions of bicyclic, heteroannular dienones' 

Lucro MINUTI, ROBERTA SELVAGGI, AND ALDO TATICCHI' 

Dipartimento di Chimica, Universita di Pericgia, 06100 Per-ugia, Italy 

AND 

MING GUO AND ERNEST WENKERT? 

Department of Chemistry (0.5061, University of California - San Diego, La Jolla, CA 92093, U.S.A. 

Received September 4 ,  199 1 

This paper is dedicated to Professor Zdenek (Denny) Valenta on the occasion of his 65th birthday 

Luclo MINUTI, ROBERTA SELVAGGI, ALDO TATICCHI, MING GUO, and ERNEST WENKERT. Can. J .  Chem. 70, 1481 (1992). 
Aluminum chloride catalyzed Diels-Alder reactions of bicyclic dienones of the hexalone type with 1,3-butadiene, is- 

oprene, (E)-piperylene, and (E)-I-methoxy-1.3-butadiene are described. Structure analysis of the adducts by NMR 
spectroscopy is presented. The site-, endo-e.ro-, and face-selectivity of the reactions are discussed. 

Luclo MINUTI, ROBERTA SELVAGGI, ALDO TA.TICCHI, MING GUO et ERNEST WENKERT. Can. J. Chem. 70, 1481 (1992). 
On dkcrlt des reactions de Diels-Alder catalysCes par le chlorure d'aluminium entre des dienones bicycliques du type 

de I'hexalone et le buta-1,3-dikne, l'isoprkne, le (E)-piperylene et le (E)-I-methoxybuta-l,3-dikne. On presente une analyse 
structurale des adduits qui est basee sur la spectroscopie RMN. On discute des sClectivitCs entre les sites, endo/e.ro et 
entre les faces de ces reactions. 

[Traduit par la rCdaction] 

Recently it was shown that hexalone 2a undergoes cy- 
cloaddition with (E)-1-methoxy-l,3-butadiene ( 3 4  and 2,3- 
dimethyl-1,3-butadiene at its least substituted (i.e., y, 6) 
carbon-carbon double bond site, providing a facile route of 
synthesis of functionalized hydrophenanthrenones (2). To 
determine the generality of the process, reactions now have 
been carried out with 1,3-butadiene (3a), isoprene (3b), and 
(E)-piperylene (3c). Furthermore, since the hydrophenan- 
threnones could be envisaged to serve as intermediates en 
route to steroids and (or) tricarbocyclic diterpenes, if the 
angular methyl group were located at the proper bridge- 
head, Diels-Alder reactions of hexalone 2b with dienes 3a- 
d were undertaken also.3 

1 2 3a, R = R ' = H  
a,  R = Me, R' = H; b, R = H, R' = Me b, R = H, R' = Me 

c, R = Me, R'= H 
d, R = O M e , R = H  

The cycloadditions of hexalones 2a and 2b, prepared from 
octalone l b  (4) by dehydrogenation with chloranil (2, 5), 
were performed in dry toluene solution under aluminum 
chloride catalysis except for the reaction with dienol ether 
3d, which was executed under non-catalytic, thermal con- 
ditions. Interactions of dienone 2a with 1,3-butadiene (3a) 
and isoprene (3b) afforded adducts 4a and 4b in 33 and 18% 
yield, respectively, and with (E)-piperylene (3c) a 9 :  1 mix- 
ture of adducts 4c and 5 in 62% yield. All products were ki- 
netically based Diels-Alder adducts, as shown by the 
constancy of the product ratio throughout the course of the 

' ~ i e l s - ~ l d e r  reactions of cycloalkenones. 23. For part 22 see 
ref. 1. 

' ~ u t h o r s  to whom correspondence may be addressed. 
 o or other, recent hydrophenanthrenone syntheses by the Diels- 

Alder reaction approach see, inter alia, ref. 3. 

last reaction, by the absence of appearance of other volatile 
products (monitored by gc analysis) during all reactions, and, 
finally, by the maintenance of product integrity on resub- 
mission of pure adducts 4 and 5 to the reaction conditions. 

b, R = H, R'= Me 
c, R = Me, R' = H - 

H 
5 

The Diels-Alder reaction of dienone 2b with 1,3-buta- 
diene (3a) furnished adducts 7a and 6a as a 2.3: 1 mixture 
in 37% yield. Observation of the reaction progress by gc 
analysis revealed isomerization of adduct 6a into ketone 7a. 
Furthermore, exposure of pure tricycle 7a to the reaction 
conditions led to its nearly quantitative recovery, whereas the 
same treatment of adduct 6a yielded a 6a-7a mixture en- 
riched in the latter ketone. The cycloaddition of dienone 2b 
with iso rene (3b) was so poor as to preclude isolation of any B adduct. On the other hand, interaction of hexalone 2b with 
(E)-piperylene (3c) gave products 8, 6b, and 7b as a 
1.4: 1.1 : 1 mixture in 45% yield. As in the aforementioned 
butadiene reaction, adduct 6b was transformed into ketone 
7b throughout the course of the reaction (gc analytically 
monitored). 

 h his experiment was duplicated in a reaction with 2,3-di- 
methyl-1.3-butadiene. 
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TABLE 1. Carbon shifts of ketones 4 and 5 

Carbons 40 4b 4c 5 

I 25.1 30.2 26.1 33.6" 
2 126.1 132.8 125.5 125.8 
3 123.5 117.5 130.2 134.1 
4 27.1 27.2 38.6 37.5 
4a 36.9 36.5 43.3 52.5 
4b 169.6 169.8 166.9 170.8 
5 123.1 123.2 124.7 128.1 
6 199.6 199.8 199.6 199.1 
7 33.6 33.7 33.4 33.8" 
8 38.4 38.4 37.2" 38.2 
8a 36.2 36.3 36.6 35.8 
9 37.0 37.0 36.5" 39.6 

10 26.2 26.1 26.4 27.7 
10a 34.9 35.3 33.4 35.6 

8a-Me 23.2 23.1 24.1 27.5 
Me - 23.4 17.1 20.6 

"Signals in any vertical colulnn may be interchanged. 

Finally, cycloaddition of dienone 2b with (E)-I-meth- 
oxy-1,3-butadiene (3d) at 170°C without catalyst led to ke- 
tones 6c, 9, 10, and 7c as a 6.3:4.6: 2.4: 1 mixture in 42% 
yield. Whereas samples of pure adducts 7c and 9 proved 
stable to the reaction conditions, adduct 10 was transformed 
into a 9-10 mixture and adduct 6c decomposed into intrac- 
table material. 

Product structures 
The structure determination of all cycloaddition products 

rests mostly on their NMR analyses. Comparison of the 
carbon shifts of the 2a-based adducts (Table 1) and inspec- 
tion of the 'H-'H and 'H-')c connectivities (COSY spec- 
tra) of the tricycles 46 and 4c reveals their regiochemistry. 
The all-cis arrangement of H(lOa), H(4a), and the &methyl 
group of compounds 4 emanates from the similarity of the 
chemical shifts of relevant carbons and the coupling char- 
acteristics of relevant hydrogens with those of Diels-Alder 
adducts of like stereochemistry and etablished configura- 
tion (2). Finally, the absence of a y-effect on C(l0a) and the 
observation of a strongperi interaction with H(5) (i.e., con- 
siderable deshielding of this hydrogen) shows the 4-methyl 
group of ketone 4c to be equatorial and hence a 4a substi- 
tuent. 

2D NMR analysis of adducts 5 and a strong @-effect ex- 
erted on C(4a) by the neighboring methyl group reveal the 
regiochemistry of ketone 5. The ca. 3 ppm deshielding of its 
angular methyl group (vs. the methyl shift of ketone l a  and 
ketones 4) indicates the removal of a y-effect (i.e., the loss 
of the axial H(4aP)) and thus an inversion of the C(4a) and 
C(l0a) stereochemistry. The deshielding of C(1) and C(9), 
showing the disappearance of a reciprocal y-effect, is in ac- 
cord with the inverted configuration at the two cycloaddi- 

tion centers. Finally, the absence of any H(3)-H(4) coupling, 
indicative of a ca. 90" H(3)-C(3)-C(4)-H(4) dihedral 
angle, limits the 4-methyl group to an equatorial (hence 4a)  
configuration. 

NMR analysis of the 26-based Diels-Alder adducts (Table 
2) shows them to fit into two structure patterns, a (6 and 10) 
and b (7 and 9), leaving ketone 8 as a unique system. The 
latter's carbonyl infrared absorption band (1707 cm-l) and 
carbonyl carbon shift (21 1.8 ppm) show tricycle 8, in con- 
trast to the other substances, to be a non-conjugated enone. 
Furthermore, the appearance of two strongly coupled 
(20 Hz) C(5) hydrogens (2.67 and 3.07 ppm) in the 'H NMR 
spectrum and of non-protonated, olefinic carbon signals in 
the I3c NMR spectrum is in accord with the P,y-unsatu- 
rated ketone structure depicted in formula 8. The simplest 
stereochemical differentiation of the adducts of structure type 
a from those of b is the strong, reciprocal y-effect exhibited 
by C(1) and C(9) in a-like compounds (as earlier in ketones 
4), indicative of the axiality of C(1) toward the central ring 
and hence of a cis+ relationship of the 4a-methyl group with 
H(8a) and H(l0a). 

Examination of the hydrogen connectivities (by the COSY 
method) of all cyclohexene-substituted substances reveals the 
secondary methyl group or the methoxy function to be at- 
tached to C(4), thus settling the regiochemistry of ketones 
6-10. Shift comparison of a-like ethers 6c and 10 shows 
C(l0a) of the latter strongly shielded, indicative of a y-ef- 
fect, of a 1,3-diaxial Me0-H(10a) relationship and of the 
presence of a P-methoxy group in ketone 10 and a 4a-ether 
in ketone 6c. Comparison of the angular methyl shifts of 
ethers 7c and 9 portrays the methyl group of the former to 
be strongly shielded (y-effect), characteristic of a cis meth- 
oxy-methyl relationship in compound 7c and a trans-diaxial 
one in ether 9. The H(3)-H(4) coupling behavior of the four 
ethers confirms their methoxy configurations. Thus 3-4 Hz 
coupling in ketones 9 and 10 is in agreement with the pres- 
ence of an equatorial H(4a) substituent in these com- 
pounds. Nearly zero coupling in ketones 6c and 7c, indicative 
of a ca. 90" dihedral H(3)-C(3)-C(4)-H(4) bonding ar- 
rangement, points to an axial H(4P) for these ethers. The C(4) 
shift of the ethers is also diagnostic of their configurations. 
The strong C(4) shielding of ketone 10 (vs. 6c) shows a y- 
effect from C(5), blocked by the methoxy group in ketone 
6c, and the strong C(4) shielding of cycloadduct 7c (vs. 9) 
due to y-effects exerted by C(8a) and C(10) is precluded in 
adduct 9 by the 4P-methoxy group. Great similarity of car- 
bon shifts of comparable sites of ketones 66 and 6c as well 
as of compounds 76 and 7c reveals that the secondary methyl 
compounds to possess stereochemistry identical to their ether 
counterparts. The shielding of the secondary methyl hydro- 
gens of tricycle 76 (vs. 66) reflects (as seen in models) the 
methyl function being more in the shielding zone of the 
C(4b)-C(5) double bond in this compound vs. its isomer 66. 
The interconvertibility of ketones 66 and 76 and the lack of 
isomerization of either substance into a P,y-unsaturated ke- 
tone (vide supra) suggests the immediate precursor of ke- 
tone 8 to be 4-epi-60 or 4-epi-76. The 'H NMR spectrum of 
the non-conjugated ketone reveals its secondary methyl hy- 
drogens to be quite shielded (0.87 ppm), a fact accommo- 
dated most readily by a trans-diaxial relationship of the two 
methyl groups, placing, as a consequence, the secondary 
methyl group within the shielding cone of the C(4b)-C(8b) 
double bond. 
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TABLE 2. Carbon shifts of ketones 6-10 

Carbons 6a 60 6c 7a 70 7c 8 9 10 

","Signals in any vertical column may be interchanged. 

Discussion 

Several interesting facts emerge from the above cycload- 
dition processes. Firstly, as in the earlier two examples (2), 
the reactions are fully site-selective and regioselective. Sec- 
ondly, reactions at y ,  6 sites of dienones afford lower prod- 
uct yields than those at a,  P sites of enones, especially with 
dienes, e.g., isoprene (3b), which are sterically encumber- 
ing in the transition state. Thirdly, the reactions of dienone 
2a are mostly anti-diastereoselective, in accord with expec- 
tations (6). Its interaction with (E)-piperylene (3c) leads 
predominantly to anti-endo product accompanied by some 
syn-exo product, reflecting the interplay of stabilizing sec- 
ondary orbital interactions with destabilizing nonbonded steric 
repulsions in the transition states resulting from diene attack 
on the two dienone faces in endo or ex0 mode (7). Fourthly, 
the major product of the 26-3c reaction (under either acid 
catalysis or thermal conditions) is a ketone (8) of anoma- 
lous structure, which could be shown experimentally not to 
be derived from its accompanying products 6b and 7b. It 
presumably represents a product of rapid double bond iso- 
merization of an elusive 4-epi-7. 

The most surprising result is the discovery of the Diels- 
Alder reactions of dienone 26 being strongly under ther- 
modynamic control, permitting conversion of anti adducts 
into syn adducts. [4+2] Cycloreversions are rare among 
substances liberating acyclic dienes and the reason for the 
facile cycloreversion of ketones 6 and 10 in the face of the 
stability of ketones 4 remains an enigma. 

Experimental section5 

4,4a,5,6-Tetr-ahydro-8-methyl-2(3 H)-rzaphthalerzor~e (2 b), pre- 
pared according to a known procedure (2, 5) by oxidation of oc- 
talone 10 (4) (H-8P isomer: 'H NMR 6: 0.95 (d, 3, J = 6 Hz, Me), 
5.70 (s, 1, H-1); ''C NMR 6: 17.1 (Me), 25.1 (C-6), 28.2 (C-4), 
34.3 (C-5), 35.1 (C-7), 36.0 (C-3), 37.9 (C-4a, C-8), 120.6 (C-1), 
170.8 (C-8a), 200.0 (C-2). H-8a isomer: ' H  NMR 6: 0.97 (d, 3, 
J = 6 Hz, Me), 5.67 (s, 1, H-I); "C NMR 6: 19.4 (C-6), 20.1 
(Me), 28.9 (C-4), 3 1.9 (C-7), 33.4 (C-4a), 34.0 (C-5), 36.1 (C-3), 
37.4 (C-8), 123.5 (C-l), 171.9 (C-8a), 199.9 (C-2)) with chlor- 

 or general experimental details, see ref. 7. 

anil in ter-t-butanol: colorless liquid (52% yield); bp 87-88"/0.15 
Torr ( I  Torr = 133.3 Pa); IR: C=O 1648 (s), C=C 1624 (s), 1581 
(m) cm-I; 'H  NMR 6: 1.84 (br s, 3, Me), 5.92 (s, 1 ,  H-I), 6.15 
(br s, I,  H-7); ',c NMR 6: 18.9 (Me), 25.9 (C-6). 29.5 (C-4), 30.2 
(C-5), 35.7 (C-44,  37.5 (C-3), 120.8 (C-I), 131.6 (C-8), 136.9 
(C-7), 159.1 (C-8a), 200.4 (C-2); MS m/e (rel. intensity): 162 (M', 
56), 134 (go), 1 19 (20), 105 (33), 91 (base), 77 (21). Anal. calcd. 
for CIIHl,O: C 81.44, H 8.70; found: C 81.40, H 8.70. 

General procedur-e for- the Diels-Alder- reactions 
The mixtures of the starting materials were prepared in a dry box 

and the cycloadditions were carried out in degassed solutions. Table 
3 delineates the conditions of the Diels-Alder reactions, the fol- 
lowing discussion describing the 2a-3a reaction in greater detail. 

A solution of 1 .OO g (6.2 mmol) of ketone 2a in 6.5 rnL of dry 
toluene was added slowly to 5.6 mL (5.6 rnrnol) of a stirring 
1.0 M solution of AICI, in nitrobenzene at room temperature and 
stirring was continued for 40 min. A 4.0 M toluene solution 
(18.5 mL, 74 mrnol) of 1,3-butadiene (3a) was added and the am- 
pule was sealed under vacuum and heated at 55OC for 117 h. The 
ampule was cooled and opened and the contents poured into ice 
water. The mixture was extracted with ether and the extract was 
washed with 10% NaHCO, solution and saturated brine, dried 
(NalSO,), and evaporated under vacuum. Nitrobenzene was re- 
moved by vacuum distillation and the residue purified by me- 
dium-pressure chron~atography on a prepacked Merck Lichoprep 
Si 60 column and elution with 33: 1 hexane - ethyl acetate, lead- 
ing to 400 rng (30%) of ketone 4a.  

8 a p  -Methyl-1,4,4ap, 8,8a,9,10, IOnp- ocrahydro-6(7H)-phert- 
arlthrenorle (421): colorless, crystalline solid; mp 84435°C (hex- 
ane); IR: C=O 1660 (s), C=C 16 10 (w) cm- '; 'H NMR 6: 1.29 
(s, 3,  Me), 2.76 (br t, 1, J = 4 Hz, H-44, 5.58 (s, 2, H-2, H-3), 
5.75 (s, 1, H-5); MS m/e (rel. intensity): 216 ( M ' ,  60), 134 (73), 
91 (base), 79 (56), 77 (55). Anal. calcd. for CI5H2()O: C 83.29, H 
9.32; found: C 83.40, H 9.35. 
2,8a~-Dirnethyl-l,4,4a~,8,8a,9,10,lOa~-octahydro-6(7H)- 

phetzarzrhrerlorze (4 b): colorless, crystalline solid; mp 1 18- 1 19°C 
(hexane): IR: C=O 1660 (s), C=C 1610 (w) cnl-'; 'H NMR 6: 
1.29 (s, 3, Me), 1.57 (br s, 3, 2-Me), 2.70 (br t, 1, J = 4 Hz, H- 
4a), 5.28 (br s, 1 ,  H-3), 5.74 (s, I ,  H-5); MS m/e (rel. intensity): 
230 (M', 53), 163 ( 9 3 ,  134 (base), 105 (43). 91 (70). Anal. calcd. 
for C16HaaO: C 83.43, H 9.63; found: C 84.00. H 9.60. 

4a,8aP-Dimethyl-1,4,4n P,8,8n,9,10,10n P -octahydro- 6(7H)- 
pherlarzrhrenorle (4c): colorless liquid (eluted with 8 :  1 : 1 hexanel 
EtOAc/MeOH); IR: C=O 1654 (s), C=C 1610 (w) cm-' ;  'H 
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TABLE 3. Reaction conditions of the Diels-Alder reactions of dienones 2 with dienes 3" 

Reactants ~lcl , /ketone" ~ i e n e l k e t o n e ~  Reaction time (h) Products yield (%)' 

"Complexation time (ref. 8): 40 min; complexation temperature (8): 22°C; ketone concentration: 0 .2  M; re- 
action temperature: 5 5 4 0 ° C .  

"Ratio of equivalents. 
"GC-based yields (those of isolated products being 3-10% lower). 
"Thermal reaction at 170°C. 
"Includes 6% yield of product of unknown constitution. 

NMR 6: 1.13 (d, 3,  J  = 6 Hz, 4-Me), 1.26 (s, 3,  Me), 2.6-2.8 
(m, 1, H-4), 2.77 (br t, 1, J  = 4 Hz, H-4a), 5.50 (s, 2, H-2, H-3), 
5.93 (s, 1, H-5); MS m/e (rel. intensity): 230 (M+, 67), 163 (72), 
134 (72), 105 (63), 91 (base), 77 (56). Anal. calcd. for C16H220: 
C 83.43, H 9.63; found: C 83.10; H 9.63. 

4a ,8a  ~-Dimethyl-1,4,4aa,8,8a,9,10,IOaa-octahydro-6(7H)- 
phenanthrenone (5): colorless, crystalline solid (eluted with 8:  1 : 1 
hexane/EtOAc[MeOH); rnp 63-64°C (hexane); IR: C=O 1654 
(s), C=C 1617 (m) cm-'; 'H NMR 6: 1.03 (d, 3, J  = 6 Hz, 4-Me), 
1.26 (s, 3, Me), 2.47 (ddd, 1, J  = 17, 11, 6 Hz, H-7), 5.50 (d, 1, 
J  = 10 Hz, H-3), 5.56-5.72 (rn, 1, H-2); MS m/e (rel. intensity): 
230 (M+, 30), 163 (base), 134 (70), 91 (48), 77 (29). Anal. calcd. 
for C16H220: C 83.43, H 9.63; found: C 83.20, H 9.65. 

2b-3a reaction. 
Chromatography of the crude product and elution with 20: 1 

hexane - ethyl acetate furnished pure ketone 7a and fractions of 
6a-7a mixtures. The combined fractions were evaporated under 
vacuum. HPLC of the residue (C-18 column) and elution with 2: 1 
MeCN/H20 yielded pure ketone 6a. 

4a p- Methyl-1,4,4a,8,8a P,9,10,IOa P- octahydro-6(7H)-phen- 
anthrenone (6a): colorless, crystalline solid; rnp 46-47°C (hex- 
ane); IR: C=O 1660 (s), C=C 1610 (w) cm-'; 'H NMR 6: 1.24 
(s, 3, Me), 2.62-2.75 (m, 1, H-8a), 5.5-5.6 (rn, 2, H-2, H-3), 5.88 
(s, 1, H-5); MS m/e (rel. intensity): 216 (M+, 51), 162 (71), 134 
(base), 91 (93 ,  79 (41), 77 (47). Anal. calcd. for C,,H,,O: C 83.29, 
H 9.32; found: C 83.50, H 9.32. 

4aa-Methyl-l,4,4a,8,8a P,9,IO,IOaa- octahydro-6(7H)-phen- 
anthrenone (7a): colorless, crystalline solid; rnp 58-59°C (hex- 
ane); IR: C=O 1660 (s), C=C 1608 (w) cm-'; 'H NMR 6: 1.16 
(s, 3, Me), 2.55-2.68 (m, 1, H-8a), 5.5-5.6 (rn, 2, H-2, H-3), 6.07 
(s, 1, H-5); MS m/e (re]. intensity): 216 (M+, 36), 162 ( 9 9 ,  134 
(base), 91 (58), 77 (27). Anal. calcd. for C15H,00: C 83.29, H 9.32; 
found: C 83.30, H 9.34. 

2b-3c reaction 
Chromatography of the crude product and elution with 20: 1 

hexane - ethyl acetate led to ketones 60, 7b, and 8. 
4a,4a  P-Dimethyl-l,4,4a,8,8a P,9,10,IOa P-octahydro-6(7H)- 

phenanthrenone (6b): colorless liquid; IR: C=O 1654 (s), C=C 
1607 (w) cm-I; 'H NMR 6: 1.15 (d, 3, J  = 7 Hz, 4-Me), 1.32 (s, 
3, Me), 5.4-5.6 (m, 2, H-2, H-3), 6.01 (d, I,  J  = 1 Hz, H-5); MS 
m/e (rel. intensity): 230 (Mf , 28), 163 (89), 134 (base), 105 (36), 
91 (78). Anal. calcd. for CI6Hz20:C 83.43, H 9.63; found: C 83.40, 
H 9.62. 
4a,4aa-Dimethyl-l,4,4a,8,8a P,9,10, IOaa-octahydro-6(7H)- 

phenanthrenorze (7b): colorless liquid; IR: C=O 1658 (s), C=C 
1602 (w) crn-'; 'H NMR 6: 0.76 (d, 3, J  = 7 Hz, 4-Me), 0.98 (s, 
3, Me), 5.39 (dd, 1, J  = 10, 2 Hz, H-3), 5.55-5.67 (m, 1 ,  H-2), 
6.03 (s, 1, H-5); MS m/e (rel. intensity); 230 (M+, l),  163 (base), 
134 (66), 91 (47), 77 (18). Anal. calcd. for ClhH220: C 83.43, H 
9.63; found: C 83.60, H 9.65. 

4 P,4aa- Dimethyl -1,4,4a, 7,8, 9,IO,IOaa- octahydro- 6(5H)- 
phenanthrenone (8):  colorless liquid; IR: C=O 1707 (s), C=C 
1630 (w) cm-'; 'H NMR 6: 0.87 (d, 3,  J  = 7 Hz, 4-Me), 1.06 (s, 
3, Me), 2.67 (d, 1 , J  = 20 Hz, H-5), 3.07 (d, 1 , J  = 20 Hz, H-5), 
5.5-5.6 (m, 2, H-2, H-3); MS m/e (rel. intensity): 230 (M+, 3), 
162 (base), 120 (24), 105 (26). Anal. calcd. for ClhH220: C 83.43, 
H 9.63; found: C 83.40, H 9.62. 

2b-3d reaction 
Repetitive column chromatographies and gradient elution (30: 1 

to 10: 1 hexane - ethyl acetate mixtures) led to ketones 6c, 7c, 9, 
and 10. 

4a-Methoxy-4a P-methyl-l,4,4a,8,8a P,9,IO,IOa P -octahydro- 
6(7H)-phenanthrenone (6c): colorless, crystalline solid; rnp 1 1 1- 
112°C (hexane); IR: C=O 1658 (s), C=C 1602 (w) cm-'; 'H NMR 
6: 1.38 (s, 3, Me), 3.38 (s, 3, OMe), 3.60 (br s, 1, H-4), 5.59 (dd, 
1 , J =  10,2Hz,H-2) ,5 .85  (brd, 1, J =  10Hz,H-3),6.35 (s, 1, 
H-5); MS m/e (rel. intensity): 246 (M+, l ) ,  134 (3), 91 (9), 84 
(base). Anal. calcd. for CI6Hz2O2: C 78.01, H 9.00; found: C 78.00, 
H 9.00. 

4 a -  Methoxy-4aa-methyl-1,4,4a,8,8a P,9,10,lOaa-octahydro- 
6(7H)-phenanthrenone (7c): colorless, crystalline solid; mp 55- 
56°C (hexane); IR: C=O 1660 (s), C=C 1608 (w) cm-'; 'H NMR 
6: 1.12 (s, 3,  Me), 2.43 (ddd, 1, J  = 16, 5, 5Hz, H-lOa), 3.30 (s, 
3, OMe), 4.10 (br s, 1, H-4), 5.68 (br s, 2, H-2, H-3), 6.13 (br S, 
1 H-5); MS m/e (rel. intensity): 246 (M+, 0.06), 91 (6), 84 (base), 
69 (16). Anal. calcd. for CI6HZ2O2: C 78.01, H 9.00; found: C 
78.20, H 9.03. 

4 P-Methoxy- 4aa-methyl-l,4,4a,8,8a P,9,IO,IOaa -0ctahydro- 
6(7 H)-phenanthrenone (9): colorless, crystalline solid; mp 65-66°C 
(hexane); IR: C=O 1660 (s), C=C 1604 (w) crn-'; 'H NMR 6: 
1.09 (s, 3, Me), 1.5-1.6 (m, 1, H-lOa), 2.88-2.92 (rn, 1, H-8a), 
3.00 (d, 1, J  = 4 Hz, H-4), 3.19 (s, 3,  OMe), 5.73 (ddd, 1, J  = 
lo,  5,  2 H z ,  H-2),5.81 (dd, 1, J =  10 ,4Hz ,H-3 ) ,6 .10 (d ,  1, 
J  = 2 Hz, H-5); MS m/e (rel. intensity): 246 (M+, 0. I),  91 (1 I), 
84 (base), 69 (18). Anal. calcd. for Cl6HZZO2: C 78.01, H. 9.00; 
found: C 78.09, H 9.05. 

4 p - Methoxy-4aP -methyl-1,4,8,8a P,9,10,10a P-octahydro-6(7H)- 
phenanthrenone (10): colorless liquid; IR: C=O 1656 (s), C=C 
1610 (w) cm-I; 'H NMR 6: 1.29 (s, 3, Me), 2.1-2.2 (m, 1, H-lOa), 
2.6-2.8 (m, 1, H-8a), 3.40 (s, 3, OMe), 3.52 (d, I ,  J  = 3 Hz, 
H-4), 5.77 (dm, I ,  J  = 10 Hz, H-2), 5.89 (s, 3, H-5), 5.95 (dd, 
1, J  = 10, 3 Hz, H-3); MS m/e (rel. intensity): 246 (M+, 3), 91 
(8), 84 (base), 69 ( 16). Anal. calcd. for C16H2202: C 78.01, H 9.00; 
found: C 77.90, H 9.09. 
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Directed ortho metalation - radical-induced cyclization synthetic connections. 
A route to highly substituted benzofurans' 
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MASAO TSUKAZAKI and VICTOR SNIECKUS. Can. J. Chem. 70,  1486 (1992). 
The synthesis of benzofurans 20a-c, which constitute analogues of 5-lipoxygenase inhibitors 4, is described. The route, 

representing a potential general method for benzofuran construction, proceeds from phenyl carbamate 11 and involves 
key directed ortho metalation (11 4 12), anionic ortho-Fries rearrangement (12 4 13a), and radical-induced cycliza- 
tion (17a-c + 18a-c) steps. 

- 

MASAO TSUKAZAKI et VICTOR SNIECKUS. Can. J.  Chem. 70 ,  1486 (1992). 
On decrit la synthkse des benzofuranes 200-c qui constituent des analogues des produits 4, des inhibiteurs de la 

5-IipoxygCnane. La voie, qui correspond a une methode gknkrale potentielle de synthkse des benzofuranes, utilise le 
carbarnate de phCnyle 11 comme produit de dCpart et elle implique une metallation orientCe en ortho (11 + 12), une 
transposit~on anionique orrho-Fries (12 4 13a) et une cyclisation induite par des radicaux (17a-c 4 180-c). 

[Traduit par la rtdaction] 

Steeped in the fundamental studies of radical reactivity (I),  
the 5-exo-trig ring closure of aryl butenyl systems has 
emerged as a versatile and broadly useful synthetic reaction 
especially for heteroannelation routes to benzofuran (2) and 
indole (3) ring systems. As part of a dominant theme of 
linking the directed ortho metalation strategy (4) to other 
modem synthetic methods (S), we previously developed a 
radical-induced cyclization route to benzodihydrofurans, 2 
+ 3 (Scheme 1) (2a) whose regiochemistry is determined by 
regiospecific halogen introduction, 1 4 2, courtesy of the 
synergistic effects of meta-related directed metalation groups 
(DMGs). The major consequence of this fact is the ability 
to derive, from rationally formulated aromatics ( I ) ,  a vari- 
ety of substituted benzofurans (3) whose construction nor- 
mally involves difficult and prolonged classical sequences 
(6). 

Since 2- and 3-substituents may be conveniently intro- 
duced into benzofurans by metalation (7) and electrophilic 
substitution (6), we focussed on demonstrating the value and 
efficacy of the combined metalation - radical cyclization 
chemistry by incorporating scope in the assemblage of 1. 
Thus the recent reports by Merck Frosst chemists of a new 
benzofuran class (4) of 5-lipoxygenase inhibitors, of poten- 
tial value in treatment of inflammatory and allergic dis- 
eases,' sparked our interest because of its display of a diverse 
array of benzene ring substituents. Herein we report a suc- 
cessful route to such systems (19, 20) that not only consti- 
tutes a new and potentially general benzofuran assemblage 
but also complements the previous very comprehensive 
synthetic work (9) in that it delivers unavailable substitution 
patterns in 4. The strategy is based on constructing penta- 
substituted benzenes 5 as key intermediates for radical cy- 
clization using 0-aryl carbamate metalation chemistry (6). 
The envisaged retrosynthesis, in-between metalation (step 
1) followed by anionic ortho-Fries rearrangement (10) (step 
2) and ipso bromo desilylation (1 1) (step 3), has previously 

' ~ e d i c a t e d  to Denny Valenta with appreciation and respect for 
his many imaginative leaps in synthetic organic chemistry. 

'see ref. 80 for chemistry, ref. 80 for chemistry and biology. or 
these compounds. 

found utility for the preparation of polysubstituted aromat- 
ics (10) and elaboration of natural products (12, 13). The 
faster rate of metal-halogen exchange compared to DMG- 
induced deprotonation (4) precludes consideration of direct 
introduction of the bromo substituent (step 3). 

In initial experiments, the synthesis of the differentially 
0-protected tetrasubstituted aromatic 10 (Scheme 2) was 
explored from the OMOM carbamate 7. Metalation fol- 
lowed by silylation afforded the expected 8, which upon a 
second metalation under standard -78°C conditions and 
chlorination led exclusively to the carbamoyl migration 
product 9. Although synthetically befitting in other situa- 
tions (12, 13) (see below), this result points to the facility of 
the anionic ortho-Fries rearrangement in sterically encum- 
bered systems (14). The required product 10 was obtained 
by carrying out the metalation and chlorination at - 100°C 
but in a yield (48%) that discouraged the continuation of this 
sequence. 

In the ultimately successful sequence, bis-carbamate 11 
(Scheme 3), prepared from commercial 4-chlororesorcinol, 
was subjected to metalation-silylation to give 12 with ex- 
cellent regioselectivity and in high yield. A minor amount 
of bis-silylated by-product was easily separated (see experi- 
mental section). Anionic ortho-Fries rearrangement pro- 
ceeded smoothly to give 13a, which, upon standard 
methylation, afforded 136. The silylation - carbamate rear- 
rangement was also carried out in a one-pot procedure to give 
a satisfactory yield (68%) of 13a. Although ipso bromode- 
silylation of 136 to give 16 occurred in high yield, the con- 
version of this product to the corresponding phenol was not 
achieved even under forcing conditions (20% NaOH/EtOH- 
H,O/reflux), presumably owing to steric effects. Attempts 
to hydrolyze the carbamate 13b under mild basic conditions. 
(3% LiOH/THF) furnished only the desilylated material 15a; 
only under more vigorous base treatment (10% NaOH/ 
EtOH-H,O) was decarbamoylation achieved but also with 
loss of the TMS group to give phenol 15b. With this mate- 
rial available and an eye on Occam's razor, classical elec- 
trophilic bromination was pursued and gave, pleasantly, the 
key bromophenol 14 in excellent yield. 

To set the stage for radical-induced cyclization, com- 
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TSUKAZAKI AND SNIECKUS 

R& 

OPG 

1 2 
X = I, Br 
Y = H 2 , 0  

DMG = Directed Metalation Group 
PG = Protecting Group 

OH 

OPG 

g 1. s-BuLi ITMEDA 
THFI-7S0C - 

0CONEt2 '. TMSC1 

7 (60%) 

1. s-BuLi 
TMEDA 

2. CCl,CCI, 

CONEt 2 

9 

OMOM 

pound 14 (Scheme 4) was converted into the 0-ally1 (17a), 
0-propargyl (17b), and 0-acryloyl (17c) derivatives. Ap- 
plication of standard cyclization conditions (Bu,SnH/AIBN/ 
PhH/reflux) afforded benzofurans 18a (93%), 186 (39%), 
and 18c (35%). The unsatisfactory yields of functionalized 
products 186 and 18c, expected for 176 (2a) and due to par- 
tial reduction for 17c, necessitated the development of de- 
hydrogenation conditions for conversion of 18a into 
benzofuran 19. After numerous attempts with reagents known 
to effect this transformation (DDQ/PhH or dioxan/reflux/ 
5-1 1 days (54-68%); NBS/CCl,/room temp./l2 h (35%); 
Pd-C/MeCN/reflux/24 h (0%), use of activated MnO, was 
found to give the desired 19 in reasonable yield and time 
frame. 

pK;, considerations (4, 15) argue in favor of deprotona- 
tion of 19 at the 2- rather than at the 6-position. In the event, 
treatment with n-BuLi/THF/O°C and LDA/THF/O°C fol- 
lowed by TMSCl quench (-78°C) afforded the 2-silylated 
benzofurans 20a in 54% and 7 1 % yield, respectively. Ap- 
plication of the more favorable conditions for benzoyl chlo- 
ride and p-anisaldehyde electrophiles led to the corresponding 
products 206 and 20c in similar yields. 

In summary, several new benzofuran analogues to the 
Merck Frosst 5-lipoxygenase inhibitors 4 have been synthe- 
sized.' The synthesis takes advantage of regiospecific di- 

'Selected compounds prepared in this study were subjected to 
broad screening by Merck Frosst Canada and showed insignifi- 
cant activity (Dr. R .  N .  Young, personal communication). 
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OCONEt, 1. t-BuLi 0CoNEt2 1. t-BuLilTHF 
THFl-78OC Q- - $(TMs 

-78 'C+RT Et2N0C - 
0CONEt2 2. TMSC1 O C O N E ~ ~  2. MeYK2C03 

Me2C0 0CONEt2 
C1 (85%) 

C1 C1 

/93%) 1 reflux E ~ P ~ ~ ~ ~ ~  

OMe OMe 

Et2N0c+ 

on 15b 
Br Br2 ~ 1 2 ~ 0 ~  ,$, E ~ ~ N O C  $Br - 
OH Et3N/CH2C12 OR 0CONEt2 

C1 (92%) C1 C1 

OMe OMe OMe 

R X-Y R X-Y 

OMe 
1. LDA 

THF/O°C - 
2. E?> -78OC 

OMe 

20 

a: E = T M S  (71%) 
b:  E = COPh (72%) 
c :  E = CH(OH)C6H,p-OMe (78%) 

rected ortho metalation and anionic rearrangement of 0-aryl analogous to 206 have previously been reported (9) and fur- 
, carbamates (11 + 12 + 13) to construct key intermediates ther directed metalation-mediated C-6 functionalization may 

(14) for radical-induced cyclization (17 + 18). In view of be feasible. 
1 the existing rich metalation chemistry (4), the use of this new 
I strategy for the general construction of benzofurans with ar- Experimental section 

omatic ring substitution patterns not readily achieved by other c;,,,,,,, procer~rrres 
methods is anticipated. For the potential preparation of con- Melting points were recorded on a Buchi SMP-20 apparatus and 
geners to 4, we note that reduction of 2-benzoyl derivatives are uncorrected. IR spectra were recorded on a Perkin-Elmer 983 
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TSUKAZAKI A N D  SNIECKUS 1489 

spectrometer. 'H NMR spectra were recorded on Bruker AM-250 
and AC-200 instruments in CDCI, with tetramethylsilane as an in- 
ternal standard. Microanalyses were performed by Oneida Re- 
search Services, Whitesboro, N.Y. Mass spectra were determined 
on a high-resolution Varian MAT-CH7 instrument. 

11-BuLi, s-BuLi, t-BuLi, diisopropylamine (DIA), N,N,N' ,Nr-  
tetramethylethylenediamine (TMEDA) and 4-chlororesorcinol were 
purchased from Aldrich Chemical Co. The titer of all alkyllith- 
iums were determined prior to use with 2,s-dirnethoxybenzylal- 
coho1 as a standard. DIA and TMEDA were dried and distilled from 
CaH2 and stored under argon. THF was freshly distilled from so- 
dium benzophenone ketyl prior to use. Metalation reactions were 
performed in oven- or flame-dried glassware under argon, using 
syringe - septum cap techniques. The phrase "standard work-up" 
is the equivalent of addition of saturated NH,CI solution, extrac- 
tion with diethyl ether, washing the organic extract with brine, 
drying (MgSO,), filtration, and evaporation to dryness irz vacrto. 
TLC was performed on E-Merck silica gel 60 strips and medium 
pressure column chromatography was canied out on BDH silica gel 
60 (0.04-0.063 and 0.063-0.20 mm with hexane/EtOAc (1 : 1 to 
10: I) eluent unless otherwise indicated. 

N,N-DierhylO-(3-rnethoxyrnetlzoxyphen)~/) carbarnate (7) 
To  a solution of N,N-diethyl 0-(3-methoxyphenyl) carbamate 

(17.8 g, 80.0 mmol) in CHzCll (200 mL) was added BBr, 
(1 1.3 mL, 120 rnrnol) at -78°C. The mixture was warmed to room 
temperature and stirred overnight. After cooling to -78"C, the re- 
action was quenched with MeOH. Standard work-up followed by 
recrystallization gave N,N-diethyl 0-(3-hydroxyphenyl) carba- 
mate (15.4 g, 92%): mp 62-63°C (EtzO-hexane) (lit. (16) mp 64- 
66°C); IR (CHCI,) v(max): 1695 cm-';  'H NMR 6 (CDCI,): 1.23 
(t, 6H, J = 7.1 Hz), 3.43 (q, 4H, J = 7.1 Hz), 6.52-6.74 (m, 3H), 
7.08-7.29 (m, 2H); MS m/e (re]. intensity): 209 (M+, 100). A 
solution of N,N-diethyl (3-hydroxyphenyl) carbamate (10.5 g, 
50.0 mmol) in DMF was added to a suspension of NaH 
(60 mmol) in DMF at O°C. After 1 h, chloromethyl methyl ether 
(4.56 mL, 60.0 mmol) was added and the mixture was warmed to 
room temperature and stirred overnight. Standard work-up fol- 
lowed by distillation afforded 7 (9.98 g, 79%): bp 138-140°C (1.2 
Torr); IR (neat) v(max): 1710 cm- ' ;  'H  NMR 6 (CDCI,): 1.21 (t, 
6 H , J  = 7.1 H z ) , 3 . 4 2 ( q , 4 H , J =  7.1 H z ) , 3 . 4 5 ( ~ , 3 H ) , 5 . 1 5 ( ~ ,  
2H), 6.71-6.94(m, 3H), 7.24(dd, lH,  J = 7.3 and 8.8 Hz); MS 
rn/e (rel. intensity): 253 (M', 100). Anal. calcd. for Cl3Hl9NO4: 
C 61.64, H 7.56, N 5.52; found: C 61.65, H 7.76, N 5.26. 

N,N-Diethyl 0-(3-rnerhoxyrnerhoxy-2-trirn~hylsilylpI1err)~/) 
carbarnare (8)  

A solution of 7 (5.06 g, 20.0 mmol) dissolved in dry THF 
(5 mL) was added dropwise to a stirred solution of 1 : 1 s-BuLi- 
TMEDA (24.0 mmol) mixture in dry THF (200 mL) at -78°C. 
After 1 h, TMSCl (3.8 1 mL, 30.0 rnrnol) was added slowly and 
the reaction mixture was allowed to warm to room temperature. 
Standard work-up afforded crude product, which was purified by 
column chromatography followed by distillation to give pure 8 
(3.84 g, 60%); bp 160- 162°C (1.5 Torr); IR (neat) ~ ( m a x ) :  17 16 
cm-'; 'H NMR 6 (CDCl,): 0.30 (s, 9H), 1.19 (t, 3H, J = 7.1 Hz), 
1.24 (t, 3H, J = 7.1 Hz), 3.38 (q, 2H, J = 7.1 Hz), 3.44 (q, 2H, 
J = 7.1 Hz), 3.46 (s, 3H), 5.15 (s, 2H), 6.62 (dd, lH,  J = 8.1 
and 0.6 Hz), 6.91 (dd, lH,  J = 8.3 and 0.6 Hz), 7.26 (dd, IH, 
J = 8.1 and 8.3 Hz); MS rn/e (rel. intensity): 325 (M+, 1). HRMS 
calcd. for C16H27No,Si: 325.17 10; found: 325.1687. 

N,N-Dierhyl2-h~~droxy-4-metl10xyrnerhoxy-3- 
rr-irnerhylsilylberzzar~~ide (9 )  

Using the above procedure, 8 (1.63 g, 5.00 mmol) was treated 
with s-BuLi-TMEDA (6.00 mmol) at -78OC. Standard work-up 
followed by column chromatography gave pure 9 (1.27 g,  78%); 
mp 49-50°C (Et20-hexane); IR (KBr) v(max): 1615 cm-I; ' H  
NMR 6 (CDCI,): 0.34 (s, 9H), 1.26 (t, 6H, J = 7.1 Hz), 3.47 (s, 
3H), 3 .49(q ,  4H, J = 7.1 Hz), 5 .16(s ,  2 H ) , 6 . 5 4 ( d ,  l H ,  J = 

8.7 Hz), 7.21 (d, IH, J = 8.7 Hz), 10.53 (s, 1H); MS m/e (rel. 
intensity): 325 (M+, 36). HRMS calcd. for C16H2,N0,Si: 325.1710; 
found: 325.1704. 

N,N-DierhylO-(6-chloro-3-methox~~1netI~oq-2-t1'i11~eth~~IsiI~~l) 
carbarnare (10) 

The procedure for the preparation of 8 was followed except that 
the metalation was carried out at - 100°C. From 8 (0.650 g, 
2.00 mmol) and s-BuLi-TMEDA (2.40 mmol) in THF and hexa- 
chloroethane (0.615 g, 2.60 mmol) as the electrophile, there was 
obtained 0.345 g (48%) of 10 as an oil; IR (neat) v(max): 1724 
c m - l .  1 , H NMR 6 (CDCI,): 0.30 (s, 9H), 1.20 (t, 3H, J = 7.2 Hz), 
1.29 (t, 3H, J = 7.2 Hz), 3.29-3.65 (m,  4H), 3.46 (s, 3H), 5.13 
(d, l H ,  J = 6.7 Hz), 5.15 (d, lH,  J = 6 .7  Hz), 6.90 (d, IH, J = 
8.8 HZ), 7.30 (d, 1 H, J = 8.8 Hz); MS m/e (rel. intensity): 359 
(Mi , 1). HRMS calcd. for C16H17N0,SiC1: 359.1321 ; found: 
359.1310. 

N,N-Die thy lO-[4-ch loro-3- (N,N-d ierhy lcarbar l1oy lo~~l l  
carbarnate (11) 

A solution of 4-chlororesorcinol (7.23 g, 50.0 mmol) and N,N- 
diethyl carbamoyl chloride (15.2 mL, 120 mmol) in pyridine 
(50 mL) was refluxed for 12 h. The solvent was removed and the 
resulting residue was dissolved in ether (200 mL). The ether layer 
was washed successively with water, 2 N HCI, 2 N NaOH, and 
brine and dried (MgSO,). Removal of ether in vacuo followed by 
distillation gave pure 11 (14.2 g,  83%, bp 178-18O0C/O. 1 Torr); 
IR (neat) v(max): 1717 cm-'; 'H NMR 6 (CDCI,): 1.07-1.33 (m, 
12H), 3.31-3.52(m, 8H), 6.96(dd. IH, J = 2.7and8.8 Hz), 7.11 
(d, I H , J =  2 . 7 H z ) , 7 . 3 7 ( d ,  I H , J =  8 , 8 H z ) ; M S m / e ( r e l .  in- 
tensity): 342 (M', 2). Anal. calcd. for Cl6H2,N2O4C1: C 56.06, H 
6.76, N 8.17; found: C 55.96, H 6.57, N 8.28. 

N,N-Diethyl 0- [4 -ch lor0 -3 - (N ,N-d i e r I z )~ l c~1rb~1n~o~) -2 -  
trir~zethylsilylphenyl] carbonlare (12) 

To a stirred solution of 11 (3.43 g, 10.0 mmol) in THF 
(150 mL) at -78°C was added a solution of t-BuLi (6.67 mL of 
1.65 M solution, I l .O mmol). After stirring for 30 min, the solu- 
tion was treated with TMSCl (1.90 mL, 15.0 mmol) and then al- 
lowed to warm to room temperature. Standard work-up followed 
by column chromatography gave 12 (3.53 g, 85%): mp 5 8 4 9 ° C  
(hexane); IR (KBr) v(max): 1717 cm-'; 'H NMR 6 (CDCl,): 0.30 
(s ,9H),  1 . 1 9 ( t , 3 H , J = 7 . 1  Hz), 1 . 2 0 ( t , 3 H , J = 7 . 1  Hz), 1.23 
(t, 3H, J = 6.8 Hz), 1.30 (t, 3H, J = 7.1 Hz), 3.26-3.66 (m, 8H), 
6.83 (d, IH, J = 8.7 Hz), 7.37 (d, LH, J = 8.7 Hz); MS m/e (rel. 
intensity): 415 (M' + 1, 92). Anal. calcd. for CI,,H1,N,O,SiC1: C 
54.99, H 7.53, N 6.75; found: C 54.96, H 7.53, N 6.7 1 

N,N-Dierhyl5-c/1loro-4-(N,N-diethylcarba111o~Io,~y)-2-/1~~dro.ry- 
3-trirrzerhylsilylber~zarnide ( I 3  a) 

According to the procedure for the preparation of 9, 12 (2.06 g, 
4.97 mml) was treated with s-BuLi-TMEDA (5.56 mmol). Stan- 
dard work-up followed by recrystallization gave 130 (1.64 g, 80%); 
mp 103-104°C (Et20-hexane); IR (KBr) v(max): 1616, 1717 cm-'; 
'H NMR 6 (CDCI,): 0.33 (s, 9H). 1.2 1 (t, 3H, J = 7.1 Hz), 1.27 
(t, 6H, J = 7.0 Hz), 1.31 (t, 3H, J = 7.0 Hz), 3.29-3.64 (m, 8H), 
7.29 (s, lH), 10.37 (s, 1H): MS rn/e (rel. intensity): 415 (M+ + 1, 
1). Anal. calcd. for Cl,H,,N20,SiC1: C 54.99, H 7.53, N 6.75; 
found: C 54.91, H 7.48, N 6.69. 

N,N-Dierl1yl5-c/zloro-4-(N,N-dierh)~/carbarnoyI0q)-2-1~1etho~r~~- 
3-trirnethylsil.ylber~zarnide ( I 3  b) 

A mixture of 130 (1.87 g, 4.52 mmol), methyl iodide 
(1.13 mL, 1.8 1 mmol), and K2C03 (6.21 g, 45.2 mmol) in ace- 
tone was refluxed for 1 h. Standard work-up followed by column 
chromatography and recrystallization gave 130 (1.63 g, 84%); mp 
85-86°C (Et20-hexane); IR (KBr) v(max): 1627, 1721 cm-'; 'H 
NMR 6 (CDC1,): 0 .3 1 (s, 9H), 1.07 (t, 3H, J = 7.0 Hz), 1.20 (t, 
3H, J = 7.0 Hz), 1.25 (t, 3H, J = 7.1 Hz), 1.29 (t, 3H, J = 
7.1 Hz), 3.18-3.7 1 (m, 8H), 3.76 (s, I H), 7.29 s,  1 H); MS m/e 
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(rel. intensity): 429 (Mi + 1, 1). Anal. calcd. for C2,,H3,N20,SiC1: 
C 55.99, H 7.75, N 6.53; found: C 55.99, H 7.82, N 6.56. 

N,N-Dietl1yl2-0romo-5-chloro-4-hyclroxy-2-t71ethosj~bet1zc1micle 
(14) 

To a stirred solution of 150 (4.34 g,  16.8 mn~ol)  and tricthyl- 
amine (3.51 mL. 25.2 mmol) in CHCI, at O°C was added drop- 
wise Brz (1.07 mL, 20.2 mmol). After stirring for 30 min, the 
mixture was quenched with 5% Na,Sz03 aqueous solution. Stan- 
dard work-up followed by recrystallization gave 14 (5.21 g, 92%); 
mp 150-15 1°C (CHzCII-EtaO); IR (KBr) ~ ( r n a x ) :  1608 crn-'; ' H  
NMR 6 (CDCI,): 1.06 (t, 3H, J = 7.1 Hz), 1.25 (t, 3H, J = 7.1 
Hz), 3.17 (q, 2H, J = 7.1 Hz), 3.37-3.82 (m, 2H), 3.87 (s,  3H), 
6.47 (br s,  IH), 7.20 (s, IH); MS trz/e (rel. intensity): 336 (M' + I ,  
25). Anal. calcd. for CI,HI,N0,CIBr: C 42.82. H 4.49, N 4.16; 
found: C 42.69, H 4.66, N 4.12. 

N ,N-Diethyl5-chlor-o-4-11ydr-o.~~~-2-rrzerl1o,r~~0etzzc1t~1icle (15 b) 
130 (5.15 g, 12.0 mmol) was dissolved into 10% NaOH/EtOH- 

H,O solution (100 mL) and refluxed for 4 h. After removal of 
EtOH, the solution was acidified with concentrated HCI. The re- 
sulting white solid was collected and recrystallized to give 150 
(2.78 g,  91%): mp 190-191°C (CH,CIa-EtO?); IR (KBr) ~ ( m a x ) :  
1617 cm-I; 'H NMR 6 (CDCI,): 1.05 (t. 3H, J = 7.1 Hz), 1.23 
(t, 3H, J =  7.1 H z ) , 3 . 1 6 ( q , 2 H ,  J =  7.1 Hz) ,3 .54(q ,  3H, J = 
7.1 Hz), 3.69 (s, 3H), 6.49 (s, 1 H), 7.06 (br s, 1 H), 7.09 (s, 1 H); 
MS m/e (rel. intensity) 258 (Mi + 1, 31). Anal. calcd. for 
C12H16N03C1: C 55.93, H 6.26, N 5.43; found: C 55.70, H 6.84, 
N 5.43. 

N,N-Die1hj~l3-br-ort~o-5-chloro-4-(N,N-cliethylcnr-barrloylo,r~~)-2- 
metho.rybet~zu~nicle (16) 

130 (0.429 g, I .OO rnmol) and Br, (0. l l mL, 2.0 mmol) were 
dissolved in CH,CI, (20 mL) and the solution was refluxed for 
2 h. Standard work-up followed by column chron~atography gave 
16 (0.413 g, 95%) as an oil; IR (neat) v(max): 1638, 1737 cm-I; 
I H NMR 6 (CDCI,): 1.06 (t, 3H, J = 7.1 Hz), 1.23 (t, 3H, J = 
7.1 Hz), 1.25 (t, 3H, J = 7.1 Hz), 1.35 (t, 3H, J = 7.1 Hz), 3.16 
(q, 2H, J = 7.1 Hz), 3.36-3.57 (m, 5H), 3.67-3.80 (m, IH), 3.87 
(s, 2H), 7.27 (s, 1H); MS rn/e (rel. intensity): 436 (M' + 2 ,  8) .  
HRMS calcd. for CI7H2,NzO,CIBr: 434.0609; found: 434.0598. 

N,N-Diethyl3-0r-orno-5-cl1lor-o-2-metl1oq-4-(2- 
17r-oper1~1o.r)-)ber~zarnicIe (1 7a) 

A mixture of 14 (0.522 g, 1.55 rnmol), ally1 bromide 
(0.27 mL, 3.1 mrnol), and K2CO3 (1.07 g ,  7.75 mrnol) in acetone 
was heated at reflux for 2 h. Standard work-up followed by col- 
umn chromatography gave 17a (0.574 g,  98%) as an oil; IR (neat) 
~(rnax): 1635 cm-'; 'H NMR 6 (CDC13): 1.07 (t, 3H, J = 7.1 Hz), 
1.25 (t, 3H, J = 7.1 Hz), 3 .16(q,  2H, J = 7.1 Hz), 3 .7 (m,  IH), 
3.8 (m, IH), 4.57 (ddd, 2H, J = 1.2, 1.3, and 5.9 Hz), 5.31 (dd, 
IH, J = 1.2, 1.4, and 10.3 Hz), 5.46(ddd, IH, J = 1.5, 1.6, and 
17.1 Hz), 6.17 (ddt, IH, J = 10.3, 17.1, and 5.9 Hz), 7.23 (s, IH); 
MS m/e (rel. intensity): 377 (M' + 2 ,  10). Anal. calcd. for 
C,SH19N03CIBr: C 47.83, H 5.08, N 3.72; found: 47.84, H 4.97, 
N 3.94. 

N,N-Die1l1yl3-brorno-5-cklor-o-2-merho,rjl-4-(2- 
p,-opj~r~~~lo,rj~)Der~znrnide (1 7 b) 

The procedure for the preparation of 17a was followed. From 14 
(0.337 g ,  l .OO rnmol), propargyl bromide (0.22 mL, 2.0 mmol), 
and K,CO, (0.69 g,  5.0 rnmol) there was obtained 0.367 g (98%) 
of 170 as an oil; IR (neat) v(max): 163 1 c m ' ;  'H NMR 6 (CDC13): 
1.07 (t, 3H, J = 7.1 Hz), 1.25 (t. 3H, J = 7.1 Hz), 2.58 (t, IH, 
J = 2.3 Hz), 3.15 (q, 2H, J = 7.1 Hz), 3.32-3.46 (In, IH), 3.66- 
3.80 (m, 1 H), 3.87 (s, 3H), 4.78 (d, 2H, J = 2.3 Hz), 7.24 (s, 1 H); 
MS m/e (rel. intensity): 375 (M' +2,  31). HRMS calcd. for 
C15H17NOxCIBr: 373.0081; found: 373.0083. 

N,N-Di~thyl4-tro~~~lo~~lo,rj~-3-br-o~~10-5-chloro-2- 
rne tkoryer~znide  (1 7c) 

To a solution of 14 (0.337 g, l .OO rnmol) in ether (20 rnL) at 0°C 
were successively added triethylamine (0.28 rnL, 2.0 mmol) and 

acryloyl chloride (0.12 mL, 1.5 rnmol). The reaction mixture was 
stirred for 3 h at O°C and warmed to room temperature. Standard 
work-up followed by column chromatography gave 17c (0.363 g, 
93%) as an oil; IR (neat) ~( rnax) :  1636, 1757 cm-';  'H NMR 6 
(CDCI,): 1.09 (t, 3H. J = 7.1 Hz), 1.26(t,  3H, J = 7.1 Hz), 3.21 
(9, 2H, J = 7.1 Hz), 3.32-3.50 (m, 1 H), 3.66-3.82 (m, IH), 3.88 
(s, 3H), 6 .14(dd ,  IH, J = 0 .6and  10.5 Hz), 6.39(dd, IH, J =  
10.5 and 17.2 Hz), 6.72 (dd, IH, J = 0.6 and 17.2 Hz), 7.30 (s, 
IH); MS trz/e (rel. intensity): 391 ( M t + 2 ,  17). HRMS calcd. for 
C15H17N0,C1Br: 389.0030; found: 388.9992. 

7-Chlor-o-5-( N,N-dic~tkylcarI7~1tno~~l)-4-tnetlzo,r~~-3-tnethjl-2,3- 
dil~y&oDetz~(~~ct~nt~ (1 8 a) 

A solution of 170 (1.13 g,  3.00 mmol), Bu,SnH (1.62 mL, 
6.00 mmol), and AIBN (15 mg) in benzene (300 mL) was re- 
fluxed for I h. After removal of benzene, the residue was dis- 
solved in CH,CN (200 mL), washed with hexane (30 mL X 3), and 
evaporated. The product was purified by column chromatography 
to give 180 (0.830 g, 93%); mp 64-65°C (Et,O-hexane); IR (KBr) 
v(max): 1624 cm-I; 'H NMR 6 (CDCI,): 1.07 (t, 3H, J = 7.1 Hz), 
1.24 (t, 3H, J = 7.1 Hz), 1.36 (d, 3H, J = 6.9 Hz), 3.20 (q, 2H, 
J = 7.1 Hz), 3.35-3.79 (m,  3H), 3.83 (s,  3H), 4.27 (dd, 1 H, J = 
5.5 and 8.9 Hz), 4.76 (t, IH,  J = 8.9 Hz), 7.01 (s, 1H); MS tn/e 
(rel. intensity): 297 (Mi,  25). Anal. calcd. for C,,H,,,NO,CI: C 
60.50, H 6.77, N 4.70; found: 60.42, H 6.75, N 4.65. 

7-Chlovo-5-( N,N-clie1hylcar0arr~oj~l)-4-merho.ry-3-t1/et1e-,3- 
dihydr-oberzzojilr-m (18 b) 

The procedure for the preparation of 18a was followed. From 170 
(0.356 g, 0.95 rnmol), Bu3SnH (0.5 1 rnL, 1.90 rnmol). and AIBN 
( I0 mg) there was obtained 0.109 g (39%) of 18a as an oil; IR (neat) 
~ ( m a x ) :  1620 crn-'; 'H NMR 6 (CDCI,): 1.07 (t, 3H, J = 7.1 Hz), 
1.25 (t, 3H, J = 7.1 Hz), 3.14-3.78 (m, 4H), 3.85 (s, 3H), 5.16- 
5.2 1 (m, 3H), 5.72-5.76 (m, l H), 7.07 (s, l H); MS m/e (rel. in- 
tensity): 295 (M', 4).  

7-Chlor-o-5-( N .N-diethylcarbnrnoyl)-4-rnetI~ox~y-3-rnethyl-2(3 H)- 
Der1zofiir-CIIIOII~ (18c) 

The procedure for the preparation of 18a was followed. From 17c 
(0.365 g, 0.93 mmol), Bu,SnH (0.50 mL, 1.07 mmol), and AIBN 
(10 rng) there was obtained 0.109 g (35%) of 18c as a oil; IR (neat) 
v(max): 1624, 1820 c ~ n - ' ;  'H  NMR 6 (CDCI,): 1.09 (t, 3H, J = 
7.1 Hz), 1 . 2 6 ( t , 3 H , J =  7.1 Hz), 1 . 6 4 ( d , 3 H , J =  7 .6Hz) ,3 .20  
(q, 2H, J = 7.1 Hz), 3.34-3.77 (m, 3H), 3.87 (s, 3H), 7.17 (s, 
I H); MS rn/e (rcl. intensity): 3 10 (M'. - 1, 66). HRMS calcd. for 
C15H18N0,CI: 31 1.0925; found: 31 1.0909. 

7-Chlor-o-5-(N,N-di~il1ylcc1r-bc11noyl)-4-rnethoxy-3- 
tnethylDer~zoficr-a11 (19) 

A nlixture of 180 (0.100 g ,  0.34 ~nrnol) and Mn0,  (0.29 g) in 
benzene was heated under reflux for 12 h with azeotropic removal 
of water. The MnO, was removed by filtration and the filtrate was 
evaporated to dryness. The crude material was subjected to col- 
umn chromatography to afford 19 (0.069 g,  69%); mp 90-91°C 
(Et20-hexane); IR (KBr) v(n1ax): 1624 cm-I; 'H NMR 6 (CDC13): 
1.06 (t, 3H, J = 7.1 Hz), 1.28 (t, 3H, J = 7.1 Hz), 2.36 (d, 3H, 
J = 1.3 Hz), 3.23-3.77 (m,  4H), 3.92 (s, 3H), 7.14 (s, IH), 7.41 
(q, IH, J = 1.3 Hz); MS rn/e (rel. intensity): 295 (M', 17). Anal. 
calcd. for Cl.iH,8N0,CI: C 60.9 I, H 6.13, N 4.74; found: C 60.96, 
H 6.17, N 4.70. 

7-Chlor-o-5-( N , N - d i e 1 h y l c a r - 0 a r n o ~ l ) - 4 - m e t l 1 o q - 3 - ~ -  
rr-irnetkylsilyl0~11:ofur-c1t1 ( 2 0 4  

To a solution of LDA (0.41 mmol, prepared irl sitrc from 11-BuLi 
and diisopropylamine) in THF (15 mL) was added a solution of 19 
(0.100 g, 0.41 rnrnol) in THF at -78'C. The solution was war~ned 
to O°C and stirrcd for 30 ~n in .  After cooling to -78'C again, TMSCI 
(0.064 mL, 0.5 1 mrnol) was added and the mixture was warmed 
to room temperature. Standard work-up followed by column chro- 
matography gave 20c1 (0.090 g,  7 1%); mp 86-87°C (EtzO-hex- 
ane); IR (KBr) ~( rnax) :  1635 cm-l; ' H  NMR 6 (CDCI,): 0.40 (s, 
9H), 1.04 (t ,  3H. J = 7.1 Hz), 1.27 (t, 3H, J = 7.1 Hz), 2.43 (s, 
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3H), 3.17-3.88 ( n ~ ,  4H), 3.89 (s, 3H), 7.10 (s, 1H); MS m/e (rel. 
intensity): 367 (M', 33). HRMS calcd. for C18C2(,N03SiC1: 
367.1372; found: 367.1356. 

2-Bet1zo~l-7-chlor0-5-(N,N-clie/hylcarbnmoyl)-4-ttze/ho,rj-3- 
tt~ethylDetzzofitr(rt~ (20 b) 

The procedure for the preparation of 200 was followed except 
that benzoyl chloride was added at - 100°C. From 19 (0.178 g ,  
0.60 mmol), LDA (0.78 mrnol), and benzoyl chloride (0.14 mL, 
1.20 mmol) there was obtained 0.172 g (72%) of 20b; n ~ p  89-90°C 
(Et,O-hexane); IR (KBr) "(max): 1624, 1646 cm-I; ' H  NMR 6 
(CDCI,): 1.08 (t, 3H, J = 7.1 Hz), 1.30 (t, 3H, J = 7.1 Hz), 2.80 
(s, 3H), 3.2 (ni, 2H), 3.4 (rn, 1 H), 3.8 ( n ~ ,  1 H), 3.97 (s, 3H), 7.32 
(s, I H), 7.49-7.67 (m, 3H), 8.12-8.16 (m, 2H); MS tn/e (rel. 
intensity): 399 ( M + ,  36). Anal. calcd. for C22H31N0,C1: C 66.08, 
H 5.55, N 3.50; found: C 66.05, H 5.45, N 3.48. 

7-Clllor-o-5-( N ,N-dietl1ylcnrbnrnoyl)-4-1~1etI1o,r~~-2 -[(4- 
rnetho.r~~plzer1yl)hydro~~~~tt1etIzyl]-3-ttzetlzl0tzojiirtz (20c) 

The procedure for the preparation of 20tr was followed. From 19 
(0.296 g, 1.00 mmol) LDA (1.20 nlmol), and p-anisaldehyde 
(0.164 mL, 1.20 n~rnol) there was obtained 0.328 g (76%) of 20c: 
mp 200-201°C (CHICll-hexane); IR (KBr) v(n1ax) 3371. 
1607 cm-I; NMR 6 (CDCl,): 1.03 (t, 3H, J = 7.1 Hz), 1.27 (t, 3H, 
J = 7.1 Hz), 2.35 (s, 3H), 2.78 (br s, 1 H), 3.2 (m, 2H), 3 4 (m, 
lH), 3 . 7 ( m ,  IH) ,3 .81  ( s , 3 H ) , 3 . 8 8 ( s ,  3 H ) , 5 . 9 6 ( d ,  IH, J =  
5 .6Hz) ,6 .91  ( d , 2 H , J = 8 . 7 H z ) , 7 . 0 9 ( ~ ,  l H ) , 7 . 4 2 ( d , 2 H , J =  
8.7 Hz); MS tn/e (rel. intensity): 431 ( M + ,  51). Anal. calcd. for 
C,,H26N0,C1: C 63.96, H 6.07, N 3.17; found: C 63.77. H 6.06, 
N 3.17. 
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The synthesis of norbornanes with functionalized carbon substituents at a 
bridgehead. 1-(3-Oxonorborn-1-y1)ethanone and 1-(3-oxonorborn-1-y1)-2-propanone 
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PETER YATES and MACDY KALDAS. Can. J .  Chem. 70, 1492 (1992). 

Treatment of 2-norobornene-1-carboxylic acid (7) with one equivalent of methyllithium in ether followed by a sec- 
ond molar equivalent after dilution with tetrahydrofuran gave 1-(norborn-2-en-1yl)ethanone (10) and only a trace of the 
tertiary alcohol 11. Reaction of 7 with formic acid followed by hydrolysis gave a 4 : 3  mixture of e-ro-3- and exo-2-hy- 
droxynorbornane-1-carboxylic acid (16 and 17), whereas oxymercuration-demercuration gave only the exo-3-hydroxy 
isomer 16. Oxidation of 16 and 17 gave 3- and 2-oxonorbomane-1-carboxylic acid (27 and 29), respectively. Oxymer- 
curation-demercuration of 10 gave exclusively 1-(exo-3-hydroxynorborn-1 -yl)ethanone (30), which was also prepared 
by treatment of 16 with methyllithium in analogous fashion to that used for the conversion of 7 to 10. Oxidation of 30 
gave 1 -(3-oxonorbom- 1 -yl)ethanone (1). Dehydrobromination of exo-2-bromonorbornane- 1 -acetic acid and dehydra- 
tion of 2-hydroxy-norbornane-2-acetic acid derivatives gave 1 -(norborn-2-y1idene)acetic acid derivatives to the exclu- 
sion of norbom-2-ene-1-acetic acid derivatives. Treatment of exo-5-acetyloxy-2-norobornanone (52) with ethyl 
bromoacetate and zinc gave ethyl exo-5-acetyloxy-2-hydroxynorbornane-exo- and etzdo-2-acetate (53 and 54). Reaction 
of 5 3  with hydrogen bromide gave initially ethyl endo-3-acetyloxy-exo-6-bromonorbomane-1-acetate (59), which was 
subsequently converted to a mixture of 59  and its exo-3-acetyloxy epimer 61. Catalytic hydrogenation of this mixture 
gave a mixture of ethyl endo- and exo-3-acetyloxynorbomane-1-acetate (62 and 63). Basic hydrolysis of this gave a mixture 
of the corresponding hydroxy acids, 70 and 71; the former was slowly converted to the latter at pH 5. Oxidation of the 
mixture of 70 and 71 gave 3-oxonorbornane-1-acetic acid (72). Treatment of the mixture with methyllithium as for 1 6  
gave a mixture of 1-(endo- and exo-3-hydroxynorborn-1-y1)-2-propanone (73 and 74), which was oxidized to 1-(3-0x0- 
norborn-1-y1)-2-propanone (2). Reaction of exo-2-hydroxynorbornane-1-acetic acid lactone (75) with methyllithium in 
ether gave (1-(exo-2-hydroxynorbom-1-y1)-2-propanone (76), which on oxidation gave the 2-0x0 isomer 78 of 2. 

PETER YATES et MACDY KALDAS. Can. J .  Chem. 70, 1492 (1992). 

Le traitement de l'acide norborn-2-he-1-carboxylique (7) par un Cquivalent de mkthyllithium dans l'kther, suivi par 
un deuxikme equivalent molaire aprks dilution avec du tktrahydrofurane, fournit de la 1-(norborn-2-&n-1-yl) Cthanone 
(10) et que des traces de l'alcool tertiaire 11. La rCaction du produit 7 avec de l'acide formique, suivie d'une hydrolyse, 
foumit un mklange 4 : 3 des acides exo-3- et e.ro-2-hydroxynorbornane-1-carboxyliques (16 et 17) alors que l'oxymer- 
curation suivie d'une dkmercuration ne donne que l'isomkre exo-3-hydroxy 16. Les oxydations des produits 16 et 17 
conduisent respectivement aux acides 3- et 2-oxonorbomane- 1-carboxyliques (27 et 29). L'oxymercuration-dkmercuration 
de 10 fournit exclusivement de la 1-(exo-3-hydroxynorborn-1-y1)kthanone (30) que l'on a aussi prkparCe par traitement 
du composC 1 6  avec du methyllithium d'une faqon analogue a celle utilisCe pour transformer le composk 7 et 10. L'ox- 
ydation de 30 fournit d la 1-(3-oxonorborn-1-y1)Cthanone (I) .  L'enlkvement d'acide bromhydrique de I'acide exo-2-bro- 
monorbomane-1-acktique et la deshydratation de dCrivCs de l'acide 2-hydroxy-norbomane-2-acCtique foumit des dCrivCs 
de l'acide 1 -(norborn-2-y1idkne)acktique a l'exclusion de derives de I'acide norbom-2-he- 1 -acktique. Le traitement de 
la exo-5-acCtyloxy-norboman-2-one (52) avec du bromoacktate d'ethyle et du zinc fournit des exo-5-acktyloxy-2-hy- 
droxynorbornane-exo- et endo-2-acCtates d'Cthyle (53 et 54). La rkaction du produit 5 3  avec du bromure d'hydrogkne 
foumit initialement du endo-3-acyloxy-exo-6-bromonorbornane-1-acetate d'Cthyle (59) qui se transforme subsCquemment 
en un mklange du produit 59  et de son kpimkre e,ro-3-acCtyloxy 61. L'hydrogenation catalytique de ce melange fournit 
un mClange des endo- et exo-3-acktyloxynorbornane- 1-acktates d'ethyle (62 et 63). L'hydrolyse basique de ce mClange 
foumit un melange des hydroxy-acides correspondants, 70 et 71; a un pH de 5,  le premier se transforme lentement vers 
le second. Une oxydation du mklange de 70 et de 71 fournit de I'acide 3-oxonorbornane-1-acetique (72). Le traitement 
du melange avec un mkthyllithium, suivant une procCdure analogue a celle utilisCe pour le composC 16, fournit un mClange 
des 1-(endo- et exo-3-hydroxynorborn-1-yl) propan-2-ones (73 et 74) que l'on peut oxyder en 1-(3-oxonorbomyl-1-yl) 
propan-2-one (2). Le reaction de la lactone de l'acide exo-2-hydroxynorbornane-1 -acCtique (75) avec du mCthyllithium 
dans 1'Cther donne de la 1-(exo-2-hydroxynorborn- I-yl) propan-2-one (76), qui par oxydation conduit a I'isomkre 2-0x0 
78 du produit 2. 

[Traduit par la rCdaction] 

In the course of  our  studies of  the photochemistry of  nor- tures of compounds 1 and 2 and their precursors' follow from 
bornanones (bicyclo(2.2. llheptanones) ( I ) ,  w e  undertook the their elemental composition and methods of preparation, and 
synthesis of  the diketones, I-(3-oxonorborn-1-y1)ethanone from their spectra and the relationship of  these to the spec- 
( I )  and I -(3-oxonorborn- 1 -yl)-2-propanone (2). These rel- tra of  related compounds (see ~ x ~ e r i m e n t a l )  .' 
atively simple molecules turned out to  b e  more difficult of  
access than w e  had anticipated. However ,  in  the course of ' ~ l l  products are racemic and their structures are drawn without 
o u r  synthetic investigations w e  made  a number of observa- any implication of their absolute configurations. 
tions of  intrinsic interest, which w e  now report. T h e  struc-  h heir I3c nmr spectra will be discussed elsewhere. 
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I-(3-Oxonorborrz-I -yl)ethanone (1 )  
Of the relatively few known norbomane derivatives with 

a functionalized carbon substituent at a bridgehead, we 
chose 2-norbornene-1-carboxylic acid (7) as the starting 
material. This was prepared by the method of Wilt et al. 
(2) from exo-2-bromonorbornane- 1 -carboxylic acid (5), it- 
self prepared from the diastereomeric mixture of norbor- 
nane-2-carboxylic acids (4) obtained on hydrogenation of 
the Diels-Alder adducts 3 of acrylic acid and cyclopen- 
tandiene (3) (Scheme 1). A key step in this sequence is the 
skeletal rearrangement in the bromination of 4 to give 5 (cf. 
ref. 4). The final dehydrobromination of the ester 6 fol- 
lowed by hydrolysis gives a mixture of the desired prod- 
uct 7 and the retro-rearrangement product 8 (cf. refs. 3 and 
5). We found that the ratio of these products is critically 
dependent on the quality of the potassium tert-butoxide used 
in the dehydrobromination. When commerical potassium 
tert-butoxide was used, only compound 8 was isolated: 
when freshly prepared potassium tert-butoxide was used 
under scrupulously anhydrous conditions compound 7 was 
obtained to the virtual exclusion of 8. We also found, as 
did Wilt et al. (2), that treatment of the bromo acid 5 with 
potassium tert-butoxide under anhydrous conditions gave 
predominantly the rearranged acid 8, and thus it appears that 
the formation of 8 from 6 results from hydrolysis of the 
latter to 5 by potassium hydroxide in the commerical po- 
tassium tert-butoxide. Facilitation of rearrangement in the 
acid can be interpreted as resulting from stabilization of the 
transition state 9 by the carboxylate ion (Scheme 2).' 

In our first route for the conversion of 7 to the target 1 ,  
we investigated its conversion to 1-(norborn-2-en-1- 
y1)ethanone (10). Treatment with two molar equivalents of 
methyllithium in ether gave a 10: 3 mixture of 10 and a ter- 
tiary alcohol that was not fully characterized, but which is 
considered to be 11 (Scheme 3). Although several of the 

3~lternatively, a- or p-lactonic intermediates may be involved 
(cf. ref. 2). 

modifications that are known to minimize the formation of 
the tertiary alcohol by-product (6) were exercised, forma- 
tion of 11 could not be avoided. However, the use of tetra- 
hydrofuran as solvent in the reaction with the second molar 
equivalent of methyllithium solved the problem. Our pro- 
cedure involved addition of the first molar equivalent of 
methyllithium under minimun solvation conditions, i.e., with 
enough ether to dissolve 7 but not its lithium salt 12, thus 
allowing the latter to precipitate, thereby rendering it rela- 
tively unreactive. After gas evolution had ceased, a second 
molar equivalent of ethereal methyllithium was added fol- 
lowed by tetrahydrofuran, which immediately dissolved 12, 
and complete reaction was rapidly achieved to give what is 
presumed to be 13. Aqueous acid work-up gave 10 contain- 
ing only a trace of 11; distillation provided pure 10 in 93% 
yield. 

In a second route for the conversion of 7 to l .we  inves- 
tigated the hydration of its ethylenic double bond. We 
considered that the use of methods involving cationic in- 
termediates would favor the formation of the desired 3-hy- 
droxy relative to the 2-hydroxy products because formation 
of an intermediate of type 14 rather than 15 would be pre- 
ferred owing to the greater electrostatic destabilization by 
the carboxyl group in the latter. Treatment of 7 with formic 
acid gave a mixture of formates that, on basic hydrolysis, 
afforded a 4 : 3 mixture of exo-3-hydroxy-norbornane- 1- 
carboxylic acid (16) and the known (5, 7) exo-2-hydroxy- 
norbornane- 1-carboxylic acid (17) (Scheme 4). Although 
this reaction was highly stereoselective, its regioselectivity 
is poor, albeit qualitatively in accord with expectation. The 
reaction of 7 with mercuric acetate followed by sodium 
hydroxide and sodium borohydride was next examined. 
Oxymercuration-demercuration occurred very rapidly with 
both high stereoselectivity and high regioselectivity to give 
the exo-3-hydroxy compound 16 as the sole product 
(Scheme 4). The stereoselectivity is in accord with pre- 
vious observations of exo nucleophilic attack on norbornyl 
cations (8). Brown et al .  (9), for example, have previ- 
ously observed high exo stereoselectivity in the addition of 
hydroxide ion to the intermediate 19, formed on mercura- 
tion of 1-methyl-2-norbornene (18), to give 20 and 21 
(Scheme 5). No significant regioselectivity was observed 
in this case. We consider that the high regioselectivity in 
the present case reflects both an electrostatic preference for 
22 over 23 (cf. 14 vs. 15) and interaction between the 

4 w: w 4 PC13 BI.2 (cat.) * 
Br 

C02H C02H C02H 
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I-(3-Oxonorborn-1 -yl)-2-propanone (2) 

Et ,O In our initial approaches to the synthesis of the diketone 
7 2 we sought to employ intermediates that we have utilized 

2. H30+ in the synthesis of 1. The hydroxyl group of the hydroxy acid 

0 5b + HO& 16 was protected by conversion of the latter to exo-3-ace- 
10 11 tyloxynorbornane-1-carboxylic acid (31) by treatment with 

MeLi lEh0 acetic anhydride, 4-(dimethylamino)pyridine, and triethyl- 
amine preparatory to attempting an Amdt-Esitert homolo- 
gation to 32. However, this sequence foundered when 31 
could not be converted to its acid chloride 33 with oxalyl 
chloride, giving instead the acid anhydride 34. An Arndt- 
Eistert homologation of exo-2-bromonorbornane- 1 -carbox- 
ylic acid (5) to 35 was also undertaken in the hope that the & ;;*Lio& 

latter could be converted to 2-norbomene-l-acetic acid (36).' 
Here there was no problem in preparing the acid chloride 37, 
which had been prepared previously (12), by treatment of 35 

C02Li with oxalyl chloride, but attempted conversion of this with 
OLi diazomethane to the a-diazo ketone 38 gave a mixture of 

12 13 products; this approach was discontinued owing to the dif- 

SCHEME 3 ficulty of separating the components of this mixture. 
We next investigated the utilization of ethyl e.xo-2-bro- 

monorbornane- 1-acetate (39), which is was planned to con- 

carbonyl group and mercury as in 24.4   hat the hydroxyl 
group of the carboxylic acid 7 is not involved as such in this 
effect was established by the demonstration that 25, the tert- 
butyl ester of 7, prepared by treatment of the bromo methyl 
ester 6 with potassim tert-butoxide and tert-butyl alcohol 
(2), gave the e.wo-3-hydroxy ester 26 (Scheme 6) with high 
regioselectivity and stereoselectivity upon oxymercura- 
tion-demercuration. 

Oxidation of exo-3-hydroxynorbomane- 1 -carboxylic acid 
(16) and its tert-butyl ester 26 with chromic acid and aqueous 
sulfuric acid in acetone (Jones reagent) gave 3-oxonorbor- 
nane-1-carboxylic acid (27) and its tert-butyl ester 28, 
respectively. For comparison, the known 2-oxonorbornane- 
1-carboxylic acid 29 (5, 7) was prepared by Jones oxidation 
(1 1)  of the 2-hydroxy acid 17, itself prepared by treatment 
of the bromo acid 5 with aqueous acid (Scheme 6). 

The two routes now converged on the target, 1-(3-0x0- 
norborn- 1 -y 1)ethanone (1). 1 -(Norborn-2-en- 1 -yl)ethanone 
(10) on oxymercuration-demercuration gave exclusively 
1 -(exo-3-hydroxynorborn- 1 -yl)ethanone (30), which on ox- 
idation with Jones reagent gave 1. Compound 16 on treat- 
ment with two molar equivalents of methyllithium in ether 
followed by one equivalent in tetrahydrofuran in analogous 
fashion to the conversion of 7 to 10, also gave 30 (Scheme 
7). 

vert to the unsaturated ester 40. The mixture of diastereomeric 
ethyl 2-hydroxynorbomane-2-carboxylates (41) prepared by 
the Reformatsky reaction of 2-norbomanone with ethyl bro- 
moacetate and zinc (13), on treatment with hydrogen bro- 
mide in acetic acid gave 39 as the major product, 
accompanied by the corresponding bromo acid 35, which is 
also obtained on hydrolysis of 39 with aqueous acid (Scheme 
8). These reactions, which find analogy in the conversion of 
camphene-8-carboxylic acid (42) to the chloro acid 43 on 
treatment with hydrogen chloride (14) (cf. ref. 15), must 
proceed via Wagner-Meerwein rearrangement as in 44. 
Treatment of 39 with potassium tert-butoxide in tert-butyl 
alcohol followed by hydrolysis gave a mixture of the rear- 
ranged dehydrobromination products ( E ) -  and @)-(nor- 
born-1-y1idene)acetic acid (45 and 46). These were formed 
in higher yield when 39 was treated with ethanolic sodium 
ethoxide followed by hydrolysis. In this case a third, un- 
conjugated unsaturated acid was detected, which is consid- 
ered to be 47. Compounds 45 and 46 and their ethyl esters 
48 and 49 are also formed on treatment of 35 and 41 with 
bases (Scheme 8). Compound 48 had been obtained previ- 
ously in low yield by metalation of norcamphene (50) with 
amylsodium followed by carboxylation (16) (cf., also, ref. 
17), and esters 48 and 49 by a Wittig reaction of 2-norbor- 
nanone ( 18). 

 o or a discussion of the effect of other C-1 substituents on the 
regioselectivity in the oxymercuration-demercuration and for- 
mylation of 2-norbornenes, see ref. 10. 

5 ~ i l t  et [ [ I .  (2) had previously prepared 36 by the Arndt-Eistert 
homologation of 7; however, the modesty of the overall yield (15%) 
led us to seek other methods for its preparation. 
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YATES AND KALDAS 

14 X = H  15 X = H  
22 X =  HgOAc 23 X=HgOAc 

C02H 1. HC02H s &OH C02H + doH C02H 

7 2. NaOH 
H,O 16 17 

1. Hg(OAc), 

2. NaOH 
3. NaBH4, NaOH 

HgOAc 

&OH 

HgOAc 
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1. MeLi 
Et 10 

2. MeLi. THF 

2. NaOH 
3. NaBH4, NaOH 

1. Hg(OAc& 
2. NaOH 
3. NaBH4, NaOH 

Et,O 
2. MeLi. THF 

C r 0 3  
OH H~SO, 

AcOH * 
Me2C0 
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YATES AND KALDAS 

HBr AcOH rO& A - +& OAc 1 
C02Et C02Et 

OH C02Et 

The rearrangement during dehydrobromination of halo 
acids and esters of these types to norborn-2-ylidene deriva- 
tives can be interpreted in terms of processes of the kind 
shown in 51, facilitated by conjugation of the developing 
ethylenic double bond with the carbonyl group. The overall 
sequences 41 + 39 (35) + 48, 49 (45, 46) represent rear- 
rangement - retro-rearrangement processes analogous to the 
sequence 4 + 5 + 8 and this type of route is not applicable 
to the synthesis of 2. 

In devising a different approach to 2 we sought a strategy 
that avoided dehydrobromination. This led us to investigate 

I the Reformatsky reaction of e-YO-5-acetyloxy-2-norborna- 
none (52) (19). Reaction with ethyl bromoacetate and zinc 
gave a mixture of ethyl 2-hydroxynorbornane-exo- and endo- 
2-acetates (53 and 54), from which the major component 
could be isolated in 57% yield by fractional distillation 
(Scheme 9). This is considered to be 53 on the ground that 
attack of the Reformatsky reagent would occur preferen- 

tially on the less hindered, exo face of 52. When methyl 
bromoacetate was used in the Reformatsky reaction a third 
product was obtained in addition to the hydroxy esters 55. 
This is considered to be the bromo ester 56, formed via re- 
duction of 52 followed by transesterification by methyl bro- 
moacetate. The introduction of the freshly activated zinc in 
small portions at a time and addition of a crystal of iodine 
increased the 55 : 56 product ratio. 

Treatment of the acetyloxy ester 53 with hydrogen bro- 
mide gave initially ethyl endo-3-acetyloxy-exo-6-brononor- 
bornane-1-acetate (59), which was partially converted to its 
exo-3-acetyloxy epimer 61 in the presence of hydrogen bro- 
mide. These products are considered to arise via Wagner- 
Meerwein rearrangement of cation 57 to 58 and by slower 
conversion of 59 to the cation 60 and reaction of this to give 
61 (Scheme 10). 

It was next necessary to remove reductively the bromine 
from compounds 59 and 61. Since these are unstable and 
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1. EtONa, EtOH 
2. H20 
3. H30+ 

decompose on standing at room temperature their separa- 
tion was not attempted; this did not present a problem, other 
than complicating spectroscopic interpretations, since the 

I acetyloxy groups were eventually destined to be converted 
to a carbonyl group. Reduction of the mixture with tributyl- 
tin hydride initiated by photolysis of azobisisobutyronitrile 
(AIBN) (20) gave a mixture of the desired products, ethyl 
exo- and endo-3-hydroxynorbornane- 1 -acetate (62 and 63); 
however, these were accompanied by other products and were 
difficult to purify. Treatment of the mixture of 59 and 6 1  with 
freshly activated zinc and acetic acid gave 63, together with 
ethyl ( E ) -  and (Z)-2-(exo-5-acetyloxynorborn-2-ylidene)- 

acetate (64 and 65), and two lactones, which are tentatively 
assigned structures 66 and 67 (Scheme 11). Treatment of the 
mixture of 59 and 6 1  with zinc and ethanol gave only 64 and 
65. Hydrolysis of this mixture with aqueous ethanolic po- 
tassium hydroxide gave a mixture of the unsaturated hy- 
droxy acids 68 and 69 whose spectra were identical with those 
of a mixture of 6 8  and 69  obtained by treatment of 53 with 
ethanolic sodium ethoxide followed by hydrolysis (Scheme 
12). 

The method of choice for the reduction of the mixture of 
59  and 6 1  to the desired acetyloxy esters 6 2  and 6 3  was dis- 
covered to be catalytic hydrogenation (Scheme 13). The 
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YATES AND KALDAS 

H7 (3.5 atm.) - .  

'0 Ac 
+ 59 + 61 

PdC12. MeOH * 
CaC03 

t 

I 1. KOH 
EtOH, H 2 0  

2. H,O+ 

4;0;. - :;:A. + $ 
AcOH 
Me2C0 

C02H C02H C02H 

1. 2MeLi 
E t 2 0  
P 

2. MeLi, THF 
3. H30+ 

latter mixture was hydrolyzed by base to give a mixture of 
etzdo- and em-3-hydroxynorbornane-1-acetic acids (70 and 
71). Treatment of this mixture with dilute hydrochloric acid 
at pH 5 slowly converted the endo isomer 70 to the exo iso- 
mer 71,'presumably via carbonium ion formation (cf. 59 -. 
61 via 60). This permitted the isolation of the pure exo iso- 

I mer 17; after treatment for 3 days at pH 5 crystallization gave ' 71 in 53% yield. Oxidation of the mixture of 70 and 71 with 
I Jones reagent gave a single keto acid, 3-oxonorbornane-l- 

acetic acid (72). 
The synthesis of 1 -(3-oxonorborn- 1 -yl)-2-propanone (2) 

was now completed by reaction of the mixture of hydroxy 
acids 70 and 71 with three molar equivalents of methyllith- 
ium in ether and tetrahydrofuran as in the case of 16 to give 
a mixture of l-(encio- and exo-3-hydroxynorborn-1-y1)-2- 
propanone (73 and 74), and oxidation of this with Jones 

reagent (Scheme 14; our overall synthetic route to 2 is sum- 
marized in Scheme 15). 

For the purpose of spectroscopic comparison the 2-keto 
isomer of 7 ,  1 -(2-oxonorborn- 1 -yl-2-propanone (78), was 
prepared via treatment of the lactone 75 with methyllithium 
in ether to give a mixture of l-(exo-2-hydroxy-norbom- 1-y1)- 
2-propanone (76) and the diol77. These were separated and 
oxidized individually with Jones reagent to give 78 and the 
hydroxy ketone 79 (Scheme 16). 

Experimental 

Melting points were taken with a Fisher-Johns melting point 
apparatus and are uncorrected. The ir spectra were recorded in 
chloroform and the ' H  nmr spectra were recorded at 60 MHz in 
deuterochloroform. Low-resolution mass spectra were recorded with 
a Bell and Howell CEC 21-490 mass spectrometer and Exact Mass 
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Br 4b OAc H2 (3.5 atm.) 1. EtOH, KOH H20 * 
C02Et PdC12, MeOH * OAc 2. H30+ 

CaC03 
59/61 

AcOH, Me2C0 
C02H 3. H30+ 
70171 

0 

measurements were made with an AEI MS-902 spectrometer on Trearmenr of 2-tzorbort~ene-I-carbo.~~lic acld (7) wirh 
samples whose homogeneity had been established by 'H nmr tnerhyllirhi~lm Formation of I -(tzorborn-2-en-1 -yl)erhanone 
spectroscopy and (or) thin-layer chromatography. Solutions in or- (10) 
ganic solvents were dried over anhydrous sodium sulfate and con- 2-Norbornene-1-carboxylic acd (7) was prepared by treatment 
centrated on a rotary evaporator under water-aspirator pressure. of methyl e.10-2-bromonorbornane-1-carboxylate (6) with freshly 
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YATES AND KALDAS 1501 

prepared potassium rerr-butoxide in rerr-butyl alcohol under scru- 
pulously anhydrous conditions followed by basic hydrolysis (2). 

(i) Under anhydrous conditions a solution of 7 (690 mg, 
5.00 mmol) in ether (20 mL) was cooled in an ice bath and stirred 
as a solution of methyllithium (1.3 M in ether; 10 rnmol) was added 
dropwise over ca. 90 min. The temperature was raised slowly to 
room temperature and the solution was stirred for 10 h. The reac- 
tion mixture was poured into cold 4 N hydrochloric acid (300 mL). 
Additional ether (300 mL) was added and the ether layer was 
washed with aqueous 5% sodium bicarbonate (100 mL) and water 
(3 X 50 rnL), dried, and concentrated under reduced pressure to 
give a yellow oil (655 mg), which was found by ' H  nmr spectros- 
copy to be a 10:3 mixture of 10 and an alcohol considered to be 
1-(2-norbomeny1)- l -methylethanol (11). The crude product was 
chrornatographed on a column of Florisil that had been packed in 
chloroform-benzene (1 : 1). Elution with the same solvent af- 
forded ketone 10 (354 mg, 52%) as a colorless oil. Molecular dis- 
tillation (63-64"C, 0.025 Torr) ( I  Torr = 133.3 Pa) gave an 
analytical sample; ir v,,,: 1700 (s) cm-'; 'H nmr 6: 0.80-2.15 (rn, 
6H), 2.24 (s, 3H), 2.9 (m, 1 H), 6.15 (m, 2H); ms m/z:  136 (25) 
M'). Anal. calcd. for C9HlZO: C 79.37, H 8.83; found: C 79.05, 
H 9.10. 

(ii) Under anhydrous conditions 7 (690 mg, 5.00 mmol) was 
stirred while a solution of methyllithium (1.38 M in ether; 
5.00 mrnol) was added dropwise at room temperature. The mix- 
ture was occasionally warmed in a water bath (40°C). After the 
evolution of gas had ceased, methyllithium (1.38 M in ether; 5 
mmol) was added dropwise at room temperature and stirring was 
continued for 3 h. Tetrahydrofuran (20 mL) was added to the stirred 
solution via a syringe. After 1 h the reaction mixture was poured 
into well-stirred hydrochloric acid - ice-water (pH 2; 750 mL). The 
combined mixture was thoroughly extracted with ether (5 X 100 
mL). The combined ether layers were washed with aqueous 5% 
sodium bicarbonate (100 mL) and water (2 x 50 mL), dried, and 
concentrated under reduced pressure to give a pale yellow oil that 
was molecularly distilled (60-65"C, 0.03 Torr) to give the ketone 
10 (53 1 mg, 78%) as a colorless oil. Its spectral data were identi- 
cal with those of 10 obtained by procedure (i) above. 

Trearnzenr of 7 with formic acid followed by basic hydrolysis. 
Formation of exo-3-11)~dt-osytzorbor.rzane-I -ccrrbox)~lic acid 
(16) and  exo-2-hydroxyt~orbornnne-I-carboxylic acid (17) 

A solution of acid 7 (500 mg, 3.6 mmol) in 90% formic acid 
(15 mL) was boiled under reflux for 12 h. The solution was cooled, 
poured into water (15 mL), and distilled to remove formic acid and 
water. Distillation of the residue afforded a mixture (5 10 mg, 77%) 
of exo-3- and exo-2-formyloxynorbomane-I -carboxylic acid; I H  nrnr 
S: 1.24-2.13 (m, 9H), 2.44 (m, IH), 4.90 (m, IH), 8.00 (s,  IH), 
10.92 (s, 1H; absent after D?O treatment); ms tn/z: 184 ( 3 ,  (Mf) .  

To a solution of the mixture (510 mg, 2.77 mmol) in ethanol 
(30 mL) and water (3 mL) potassium hydroxide (6 g) was added 
and the solution was heated on a steam bath for 3 h; it was then di- 
luted with water (150 mL) and distilled until the temperature reached 
98°C. The distillate was cooled in an ice bath and acidified with 
concentrated hydrochloric acid. The solution was extracted with 
ethyl acetate (2 X 100 mL), and the combined extracts were washed 
with water (2 x 100 mL), dried, and concentrated under reduced 
pressure to give a mixture of the hydroxy acids 16 and 17 as a 
viscous yellow oil that solidified on standing (294 mg, 68%); mp 
105-1 12°C; ir u,,,,,,: 3450-2380 (br, m), 1698 (s) cm-I; ' H  nmr 6: 
1.25-2.61 (m, 9H), 3.94 (m, lH), 7.34 (br s,; absent after D 2 0  
treatment; 2H); ms m/z: 156 ( lo)  (M '). Crystallization from ether 
gave 16 (134 mg, 31%), mp 118-1 19.5"C, whose ir, ' H  nmr, and 
mass spectra were identical with those of a sample of 16 prepared 
by oxymercuration-demercuration of 7 (vide it$-a). 

Oxymercur~zriotz-den~ercr<rariotz of 7. Forrr~~riorz oj'exo-3- 
hydroxynorbor7zane-I -carboxylic acid (16) 

To a stirred mixture of mercuric acetate (3.19 g ,  10.00 mmol) 
in water (10 mL) and tetrahydrofuran (10 mL) was added 7 

(1.38 g ,  10.00 mmol), and the mixture was stirred for 10 min at 
room temperature by which time the oxymercuration was com- 
plete. Aqueous sodium hydroxide (3 M, 10 mL) was added fol- 
lowed by a solution of sodium borohydride (0.5 M in 3 M aqueous 
NaOH, 10 mL). Reduction of the oxymercurial was almost in- 
stantaneous. The mercury was allowed to settle and was sepa- 
rated, and the aqueous layer was cooled, acidified with 6 N 
hydrochloric acid, saturated with sodium chloride, and extracted 
with ethyl acetate (3 x 25 mL). The ethyl acetate extracts were dried 
and concentrated under reduced pressure. The residue was crys- 
tallized from dichloromethane-ether to give 16 (889 mg, 57%) as 
colorless plates, mp 1 18- 1 19.5"C; ir urn:,,: 3450-2470 (m), 1700 
(s) cm-';  I H  nmr 6: 1.00-2.09 (m,  9H), 2.26 (m, IH), 3.90 (d of 
m, J,,, 5 Hz, IH, 7.43 (s, 2H; absent after D,0 treatment); ms rn/ 
z: 156 (12) (M '). Anal. calcd. for C8Hl,0,: C 61.52, H 7.74; found: 
C 61.21, H 7.73. 

Oxyn~ercrirarion-dc~rnercrlmion of tert-bllryl tzorbort~-2-ene-1- 
carboxylare (25). Formarion of tert-bug1 exo-3- 
/z)~dro.uyr~orbort~ntze-1 -cnrboxylare (26) 

To a stirred mixture of mercuric acetate (3.19 g, 10.00 mmol), 
water (10 mL), and tetrahydrofuran (20 mL) ester 25 (2), (2.10 g, 
10.00 mmol) was added and the mixture was stirred for 10 min at 
room temperature. Aqueous sodium hyroxide (3 M, 10 mL) was 
added followed by a solution of sodium borohydride (0.5 M in 
3 M aqueous NaOH, 10 mL). Reduction of the oxymercurial was 
almost instantaneous. The mercury was allowed to settle and re- 
moved. Additional tetrahydrofuran (50 mL) was added and the 
tetrahydrofuran layer was separated and concentrated under re- 
duced pressure. The residue was dissolved in dichloromethane, and 
the solution was dried and concentrated under reduced pressure to 
give 26 as a colorless oil ( 1.93 g, 9 1 %); ir v ,,,,,,: 35 10 (w), 3390 
(w), 1720 (s), c m l ;  'H nmr 6: 0.92-2.03 (m, with prominent s at 
1.50; 17H), 2.24 (m,  IH), 3.16 (s,  IH; absent after D 2 0  treat- 
ment), 3.86 (d of m,  J,,, = 5 Hz; lH) .  This was used without fur- 
ther purification. 

Oxidnrioiz of 16.  Formariorz of 3-oxotzorbortznne-I-cnrbo-rylic 
acid (2 7) 

A solution of 16 (780 mg, 5.00 mmol) in acetone was cooled to 
5-1O0C, stirred, and titrated with a freshly prepared solution of 
Jones reagent (1 I )  until the orange color persisted for 1 h. The ex- 
cess oxidant was destroyed by dropwise addition of methanol. The 
acetone layer was concentrated under reduced pressure, and the 
residue was dissolved in dichloromethane. The solution was dried, 
and the solvent was removed. Crystallization of the residue from 
dichloromethane-ether afforded 27 (732 mg, 95%) as white plates, 
mp 96-97°C; ir v,,;,: 3470-2450 (br m), 1751 (s), 1700 (s), cm-'; 
IH nmr 6: 1.24-2.45 (m, with prominent s at 2.00; 8H), 2.75 (m, 
lH), 10.00 (s, 1H; absent after D,O treatment); ms tn/z: 154 (50) 
(M'). Anal. calcd. for C8H,003: C 62.32, H 6.54; found: C 62.43; 
H 6.57. 

Oxidariorz of 26. Formariorz of tert-bury/ 3-oxorzorbor-rznne-l- 
carbo.uylare (28) 

A solution of 26 (1.696 g, 8.00 mmol) in acetone (100 mL) was 
cooled to ca. 5"C, stirred, and titrated with Jones reagent (1 1) until 
the orange color persisted for 30 min. The excess oxidant was de- 
stroyed by dropwise addition of methanol. The solution was con- 
centrated under reduced pressure and the residue was dissolved in 
dichloromethane. The solution was dried, and the solvent was re- 
moved under reduced pressure. Sublimation of the residue af- 
forded 26 as white needles (1.646 g, 98%) mp 53-54°C; ir v,,,,,: 
1740 (s), 1718 (s), c m - ' ;  ' H  nmr 6: 1.12-2.34 (m, with promi- 
nent s at 1.46; 17H), 2.67 (m, IH). Exact Mass calcd. for CllH180j: 
210.1252; found: 210.1252. Anal. calcd. for C I 2 H I H o 3 :  C 68.55, 
H 8.63; found: C 68.35, H 8.59. 

Treartnetzr of 1 6  with merhyllithiion. Forrnariotz of I-(exo-3- 
hydroxytzorborrz-1 -yl)erhatzotze (30) 

Under anhydrous conditions a solution of methyllithium 
(1.38 M in ether, 15.00 mmol) was added dropwise to a stirred 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1502 CAN. J.  CHEM. VOL. 70, 1992 

solution of 16 (780 mg, 5.00 mmol) in dry ether (30 mL), which 
was cooled in an ice bath. The temperature was raised slowly to 
room temperature and the solution was stirred for 8 h. The reac- 
tion mixture was poured into saturated aqueous ammonium chlo- 
ride (250 mL). Additional ether (250 mL) was added and the ether 
layer was washed with water (2 X 50 mL), dried, and concen- 
trated under reduced pressure to give a pale yellow oil that was 
chromatographed on a column of silica gel that had been packed 
in dichloromethane-ether (9: 1). Elution with the same solvent gave 
30 (43 1 mg, 56%) as a colorless oil that was molecularly distilled 
(1 23- 125"C, 0.025 Tom) to give an analytical sample of 30; ir v,,:,,: 
3610 (m), 3450 (m), 1695 (s), cm-I; 'H nmr 6: 1.10-2.24 (m. with 
prominent s at 2.15; 12H) 3.02 (br s. lH;  absent after DzO treat- 
ment), 3.85 (d of m, J,,, = 6 Hz; IH). Exact Mass calcd. for 
C,H,,O?: 154.0992; found: 154.1000. 

A further amount of 30 (218 mg, 28%) was obtained from the 
column by elution with ether. 

O,r)1mercltratiotz-dernet-c~trafiotl of 10. Fortnariot~ of 3 0  
To a stirred mixture of mercuric acetate (1.59 g ,  5.00 mmol), 

water (5 mL), and tetrahydrofuran (5 mL) unsaturated ketone 10 
(680 mg, 5.00 mmol) was added and the mixture was stirred for 
10 min at room temperature by which time the oxymercuration was 
completed. Aqueous sodium hydroxide (3 M, 5 mL) was added 
followed by a solution of sodium borohydride (0.5 M in 3 M 
aqueous NaOH, 5 mL). The mercury was immediately separated 
by three successive suction filtrations. Ether (50 mL) was added 
to the filtrate, and this was saturated with sodium chloride. The ether 
layer was separated, washed with cold aqueous 5% sodium bicar- 
bonate (10 mL), and water (2 X 10 mL), dried, and concentrated 
under reduced pressure. Molecular distillation of the residue gave 
30 (547 mg, 7 1 %) as a colorless oil. Its Rf value and spectra were 
identical with those of 30 obtained from the methyllithium treat- 
ment of 16 (vide srcpm). 

0,ridation of 30.  Fortn~~tiotl  of I-(3-osot~orborn-I-yl)etlzatzot1e 
(1) 

A solution of 30 (616 mg, 4.00 mmol) in acetone (75 mL) was 
cooled in an ice bath, stirred, and titrated with Jones reagent (I I) 
until the orange color persisted for 15 min. The excess oxidant was 
destroyed by dropwise addition of methanol until the solution was 
colorless. The solution was concentrated under reduced pressure, 
and the residue was dissolved in dichloromethane. The solution was 
dried. and concentrated under reduced pressure. Molecular distil- 
lation (153-156"C, 0.125 Tom) of the residue afforded l (547 mg, 
90%) as a colorless oil. ir v,,,,: 1754 (s), 1709 (s) cm- ' ;  'H nmr 6: 
1.10-2.20 (m, 8H), 2.22 (s, 3H), 2.66 (m, 1H). Anal. calcd. for 
C9HIZ02:  C 71.03, H 7.95; found: C 71.04, H 8.00. 

Acetylation of 16 .  Forttzation of exo-3-acer)~lox)~1~o,.Dorna,2e-I - 

acetic acid (31) 
To a solution of 16 (1.56 g, 10.0 mmol) in triethylamine (10 mL) 

was added acetic anhydride (2 g) and a catalytic amount of 4-(di- 
methy1amino)pyridine (100 mg). The mix was stirred at room 
temperature for 5 h. Water (100 mL) was added and the mixture 
was extracted with ethyl acetate (3 X 75 mL). The ethyl acetate 
extracts were combined, washed with water several times, and 
concentrated under reduced pressure. The residue was crystallized 
from ether - ethyl acetate and sublimed to give 31 (1.80 g ,  91%) 
as needles, rnp 86-88°C; ir v,,,,,: 3310-2880 (m), 1745 (s), 1704 
(s), cm - I ;  'H nmr 6: 1.17-2.00 (m, 8H), 2.03 (s, 3H), 2.41 (m, 
lH), 4.68 (m, lH),  10.90 (br s ,  1H; absent after D 2 0  treatment). 
Anal. calcd. for C,,,H,,O,: C 60.59, H 7.12; found: C 60.47, H 
7.13. 

T~-eat~nent of a t~lirtltre of ethyl 2-h)~dro.ptlorbo1.11~11le-exo- nnrl 
endo-2-acetate (41) with hydrogetz brotnide. For~nnfiotz of' 
exo-2-bro1nonorbor1za11e-I-acetic arid (35) nnrl its ethyl 
ester (39) 

A solution of a mixture of the epimeric esters 41, prepared by 
treatment of 2-norbomanone with zinc and ethyl bromoacetatc (13) 
( 1  .OO g ,  5.00 mmol) in a 32% solution of hydrogen bromide in 

acetic acid (10 mL) was stirred at room temperature. After 20 h the 
brown reaction mixture was poured into stirred ice-water (75 g) and 
extracted with ether (5 X 50 mL). The combined ether extracts were 
washed with aqueous 5% sodium bicarbonate (50 mL) and water 
(4 x 50 mL), and dried. The solvent was removed to give a yel- 
low oil, which was molecularly distilled (84-87"C, 0.125 Torr) to 
give the bromo ester 39 (970 mg, 72%) as a colorless oil; ir v,,,;,,: 
1730 (s) c m ' ;  'H nmr 6: I .  14-2.02 (m, with prominent t at 1.25, 

J = 7 Hz; lOH), 2.15-2.33 (m, 2H), 2.76 (ABq, J = 17 Hz; 2H), 
4.14 (q, J = 7 Hz; 2H), 4.23-4.47 (m, 1H); ms tn/z: 260 ( I ) ,  262 
( I),  (M ' ). Anal. calcd. for C ,  ,H,,Br02: C 50.59, H 6.56, Br 30.60; 
found: C 50.91, H 6.46, Br 30.90). 

The aqueous layer was cooled in an ice-salt bath, acidified (pH 
2) by dropwise addition of concentrated hydrochloric acid. and 
extracted immediately with ether (3 x 50 mL). The combined ether 
extracts were washed with water (2 X 50 mL) and dried, and the 
solvent was removed to give a yellowish white solid, which was 
crystallized from chloroform to give the bromo acid 35 (160 mg, 
14%) as needles. Sublimation (30°C, 0.125 Tom) gave long needles, 
mp 125-127°C; ir v,,,;,,: 3510-2325 (m), 1706 (s) cm- ' ;  'H nmr 6: 
1.14-2.00 (m, 6H), 2.20-2.36 (m, 3H), 2.86 (ABq, J , ,  = 
17 Hz; 2H), 4.28-4.50 (m, IH), 11.42 (br s ,  1H; absent after D,O 
treatment); ms m/z: 232 ( I ) ,  234 (1) (M+).  Anal. calcd. for 
C9H13Br02: C 46.37, H 5.62; found: C 46.89, H 5.66. 

Acid 35 could also be prepared by acidic hydrolysis of its ethyl 
ester 39. 

Treatment of 3 9  with ethatlolic sodiutn etho-ride. Fortnatiotz of 
ethyl (E)- and (Z)-(tzorbortz-2-y1idene)acetafe (48 and 49) 

Under anhydrous conditions. a solution of 39 (530 mg, 
2.00 mmol) in ethanol (25 mL) was added to a cold stirred solu- 
tion of sodium ethoxide (6.10 mmol) prepared by addition of  so- 
dium (140 mg) to ethanol (100 mL), and the mixture was boiled 
under reflux with stirring. After 6 h the mixture was cooled, neu- 
tralized with 3 N hydrochloric acid, and extracted with ether. The 
extract was washed with water several times and dried. Removal 
of solvent and molecular distillation (76"C, 0.05 Torr) afforded a 
mixture of the known (16) 48 and 49 as a colorless oil (188 mg, 
52%); ir v,,,,,: 1702 (s), 1658 (m) cm-I; 'H nmr 6: 1.12-2.34 (m, 
with prominent t at 1.29, J = 7 Hz; IOH), 2.49 (m, 2H), 2.82 (m, 
IH), 4.13 (q, J = 7 Hz, 2H), 5.53 and 5.73 (2 m in aratio of 1 :4 ,  
1H); ms tn/z: 180 (33) (M'). 

Dehydration of41 with ethat1olic sodiltnz ethoxicle. Fortnation of 
4 8  and 4 9  

Under anhydrous conditions, a solution of 41 (198 mg, 
l .OO mmol) in ethanol (20 mL) was added to a stirred solution of 
sodium ethoxide (1.20 mmol) prepared by addition of sodium (28 
mg) to ethanol (20 mL), and the mixture was boiled under reflux 
for 9 h. The mixture was cooled, neutralized with concentrated 
hydrochloric acid, and extracted with ether. The extract was washed 
with water several times, and dried. The solvent was removed to 
give 48 and 49 (164 mg, 91%) as a yellow oil, which displayed ir 
and 'H nmr spectra and tlc behavior identical with those of the 
mixture from the dehydrobromination of 39. 

H)~drol)~sis of 4 8  and  49. FOI-tnntiotl of (E)- atlcl (Z)-(norborn-2- 
v1idetze)nretic acid (45 atzd 46) 

A mixture of 48 and 49 (360 mg, 2.00 minol) and aqueous 5% 
sodium bicarbonate (300 mL) was stirred at room temperature. After 
58 h the solution was washed with ether, cooled in an ice bath, 
stirred, and acidified to pH 2 by dropwise addition of  concen- 
trated hydrochloric acid. The acidic solution was extracted with 
dichloroincthane (2 x 200 I ~ L ) .  The combined extracts were dried 
and the solvent was removed to give a viscous, colorless oil, which 
was sublimed to give a mixture of the known (14, 15) 45 and 46 
(131 ~ n g ,  43%) as a waxy white solid, mp 24-61°C; ir v,,,,,: 3450- 
2325 (br ~ n ) ,  1681 (s), 1656 (s) cm-I; 'H nmr 6: 1.00-2.90 (m, 
lOH), 55.53 and 5.73 ( 2 m  inarat ioof  1.3, IH), 11.12(brs ,  lH; 
absent after DzO treatment). Exact Mass calcd. for C9H,20,: 
152.0837; found: 152.0835. 
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YATES AND KALDAS 1503 

Treatment of 39  with ethatzolic sodium etl~o.xide follorved by 
hydrolysis. Formation of (E)- and (Z)-tzorborn-2- 
\jlidetze)acetic ~lcirl (45 and 46) 

under anhydrous conditions a solution of 39 (520 lng. 
2.00 mmol) in ethanol (30 mL) was added to a cold stirred solu- 
tion of sodium ethoxide (8.70 mmol) prepared by addition of so- 
dium (200 mg) to ethanol (100 mL), and the mixture was boiled 
under reflux with stirring. After 4 h, water (2 mL) was added and 
refluxing was continued for another 6 h. The reaction mixture was 
concentrated under reduced pressure, diluted with water (200 mL), 
and washed with ether (2 X 50 mL). The aqueous solution was 
cooled, acidified with 6 N hydrochloric acid, and extracted with 
chloroform (3 X 100 mL). The combined extracts were dried and 
the solvent was removed to give a 3 :  1 mixture of 45 and 46 ac- 
companied by a small amount of a third product, considered to be 
47 on the basis of 'H nnir spectroscopy. 

Treatment of 39 with potassium tert-butoxide in tert-butyl al- 
cohol followed by hydrolysis in analogous fashion also gives 45 and 
46. 

Reformatsky reaction of exo-5-ac~etyloxy-2-rzorbortz~1t~one (52). 
Forrnatiorz of ethyl endo- atzcl exo-2-hydroxy-exo-5- 
acetylon-yrzorbor~zatze-2-acetate (53 and 54) 

A mixture of 52 (19) (7.80 g) 46.40 mmol) and ethyl bromo- 
acetate (7.80 g, 46.40 mmol) in benzene (30 mL) was added 
dropwise to freshly activated zinc (2 1 ) (3.10 g) suspended in boil- 
ing benzene (25 mL). The mixture was boiled under reflux for 
28 h, cooled; and washed with 10% sulfuric acid, 5% sodium car- 
bonate, and water. The mixture was dried and the solvent was re- 
~iioved to give 53 and 54 (1 1.18 g, 93%) as a yellow oil. Fractional 
distillation gave 53 as a colorless oil (8.89 g, 57%), bp 64"C, 0.025 
Torr; ir v,,,,: 3495 (m), 1721 (s), 1712 (s) cm- ' ;  'H nmr 6: 1.04- 
2.80 (m, with prominent t at 1.29, J = 7 Hz, and s's at 2.00 and 
2.57; 16H), 3.51 (br s,  1H; absent after D 2 0  treatment), 4.16 (q, 
J = 7 Hz, 2H), 4.69 (d of d, J = 3 and 7 Hz; 1H). Exact Mass 
calcd. for C13H3005: 256.1309; found: 256.1320. Anal. calcd. for 
C,3H?00s: C 60.93, H 7.86; found: C 6 1.41, H 8.00. 

Trentmerzt of 53 with hydrogen bromide. Formation of erlljll exo- 
2-brotno-endo- and exo-5-acetylo.rynorbornnne-I-acetate 
(59 and 61) 

A solution of 53 (5.00 g, 19.50 mmol) in a 32% solution of hy- 
drogen bromide in acetic acid (50 mL) was stirred at room tem- 
perature. After 18 h the brown reaction mixture was poured into 
stirred ice-water (200 g) and the mixture was extracted with di- 
chloroniethane (3 X 100 mL). The combined extracts were washed 
with aqueous 5% sodium bicarbonate (100 mL) and water (2 x 
100 mL), and dried. The solvent was removed to give a yellow oil, 
which was molecularly distilled (92-95°C. 0.025 Torr) to give a 
1 : 1 mixture of 59 and 61 (5.85 g, 94%) as a colorless oil; ir v,,,,,: 
1730 (s) cm-I; 'H nmr 6: 1.0-2.8 (m, with pro~iiinent s at 1.98, 
A B q a t 2 . 6 6 ,  J = 16 .5Hz;  15H),4.07 (q, J = 7 H z ; 2 H ) , 4 . 1 0  
(m, IH), 4.40 (m, 0.5H). 4.72 (m, 0.5H). Exact Mass calcd. for 
C,,H,,BrO,: 3 18.0459, 320.0453; found: 318.0463, 320.0456. 

After shorter reaction times the 59:61 ratio was greater. 

Hydr-ogetzol~~sis of 5 9  and 61. For-rnntiotz of ethyl endo- arzd exo- 
3-acetylo~q~tzorbomane-1 -acetate (62 nrzd 63) 

To a solution of 1 : 1 mixture of 59 and 61 (3.19 g, 10.00 mmol) 
in methanol (300 mL) was added palladium chloiide (100 ing) and 
calcium carbonate (5.00 g), and the mixture was shaken under hy- 
drogen (3.5 atm (I atm = 101.325 kPa)) at ca. 50°C for 22 h. The 
reaction mixture was filtered and stripped of methanol under re- 
duced pressure to give a yellow oil (2.41 g), which was molecu- 
larly distilled (88-9IoC, 0.05 Torr) to give a 1 : 1 mixture of 62 and 
63 (2.26 g, 94%) as a colorless oil; ir v,,,,,: 1721 (s) cm-I; 'H nmr 
6: 1.10-3.00 (ni, with prominent t at 1.24, J = 7.5 Hz and s at 2.02; 
17H), 4.07 (q, J = 7.5 Hz; 2H), 4.52 (m, 0.5H), 4.92 (m. 0.5H); 
ms rn/z: 240 (33) (M'). Anal. calcd. for C13H200,: C 64.98, H 
8.39; found: C 64.95, H 8.23. 

Treatment of 59 and 61 with tributyltin hydride and azobisiso- 
butyronitrile initiated by photolysis (20) also gavc a niixture con- 

taining 62 and 63, as shown by ' H  nrnr spectroscopy, but these 
could not be purified. 

Tr-c,nfnzetlt of 59  and 61  with zinc and ethanol. Forrnatiorz of 
ethyl (E)- and (Z)-(exo-5-acetylo,ryryrzorbor.rl-2- 
y1iderze)ncetntes (64 nrzd 65) 

To a solution of 59 and 61 (362 mg, 1.19 mniol) in ethanol 
(10 mL) was added freshly activated zinc dust (155.6 mg, 2.38 
~nmol) and water (I mL). The mixture was boiled under reflux with 
stirring for 8 h, filtered to remove zinc, diluted with water (100 
nlL), and extracted with ether (3 x 100 1nL). After the extracts had 
been dried, the ether was removed under reduced pressure to give 
a viscous, yellow oil (273 mg). Its ' H  nmr and ir spectra indicated 
that it was a mixture of 64 and 65, which was confirmed by its hy- 
drolysis to a mixture of the corresponding hydroxy acids, 68 and 
69 (virlc> infr-tl) , 

Treatment of 59  atld 61  with zinc rind ncetic acid. Forrtzariotz of 
63-65, endo-5-trce!\~lo.~~~~-exo-2-I1ydro.x~~1~orbortzatze-l -acetic 
acid lactone (66) ntld endo-2-exo-5-dihyrlro.xyrzorbor~z~ine-I- 
acetic m i d  y-lnctotle (67) 

To a stirred solution of 59 and 61 (9.57 mg, 3.00 ml) in acetic 
acid (15 mL) was added freshly activated zinc dust (1.00 g). The 
mixture was heated at 90°C for 5 h, cooled to room temperature, 
and filtered. The filtrate was concentrated under reduced pres- 
sure, diluted with water, extracted with dichlo~.omethane (33 x 
100 mL), and the combined extracts were washed with water (4 X 

100 mL) and dried. The solvent was removed to give a yellow oil 
(921 mg), which was chromatographed on a silica-gel column that 
had been packed in dichloromethane/benzene (1 : 1). Elution with 
dichloromethane-benzene (1 : 1) and concentration of the eluate 
(260 mL) afforded the lactone 66 (120 mg, 19%), mp 9 1 - 9 6 " ~ . ~  
Crystallization from ether gave 66 as plates, nip 65-66°C; ir v,,,,,: 
1773 (s), 1764 (s) cm-I; 'H nmr 6: 1 .O-2.7 (with prominent s's at 
2.03 and 2.56, 12H); 4.27 (dd, J = 3 and 7 Hz, IH)), 5.10 (m, 
1H); ms m/z: 210 (7) (M'). Anal. calcd. for C ,  ]HI4o4:  C 62.84, 
H 6.71; found: C 62.21, H 6.73. 

Further elution with dichloromethane-benzene - ethyl acetate 
(5:4:  I) afforded a mixture of 63-65, as shown by 'H nmr spec- 
troscopy. 

Trentmetzt of 64 arzd 65  with base. Fort?zariotz of (E)- nrld (Z)- 
(exo-5-hylroqtzorbonz-2-ylir1etze)uceric acid (611 cind 69) 

The niixture of 64 and 65 formed from 59 and 61 was dissolved 
in ethanol (15 mL) and potassium hydroxide (1.00 g) was added 
with continuous swirling. The mixture was heated on a steam bath 
for 30 min followed by stirring without external heating for 3 h. 
Water (50 mL) was added, and the mixture was concentrated under 
reduced pressure to ca. 10 mL. The concentrate was cooled in ice- 
water and acidified to pH 5 with 6 N sulfuric acid. The solution was 
immediately extracted with ethyl acetate (5 X 10 mL) and dried. 
The solvent was removed and the residue was sublimed to give 
white plates (88.00 mg, 44%) of 68 and 69, mp 179-183°C; shown 
by ir. ' H  ninr, and tlc comparison to be identical with the products 
obtained below from treatment of 53 with basc. 

Treatt~letlt of 53 rvitlz base. Fornzatiotz of 6 8  nnd 69 
Under anhydrous conditions a solution of 53 (768 mg, 

3.00 mmol) in ethanol (20 mL) was added to a cold stirred solu- 
tion of sodium ethoxide (10.00 mmol) prepared by addition of so- 
dium (230 mg) to ethanol (10 mL), and the niixture was boiled 
under reflux with stirring. After 5 h, water (2 mL) was added. and 
boiling was continued for another 5 h. The reaction mixture was 
concentrated under reduced pressure, diluted with water 
(150 mL), and washed with ether (3 X 50 mL). The aqueous so- 

"his material contained a small amount of the lactone 67, as 
shown by 'H nnir spectroscopy. Compounds 66 and 67 have been 
independently synthesized (P. Yates and M. Kaldas, to be sub- 
mitted for publication). 
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lution was cooled, acidified with 6 N hydrochloric acid, and ex- 
tracted with dichloromethane (4 X 50 mL). The extracts were dried 
and the solvent was removed to give the crude product (408 mg, 
81 %) as a yellowish white solid. This was chromatographed on a 
column of silica gel (5 g) that had been packed in dichlorometh- 
ane; 100-mL fractions were collected. Elution with dichlorometh- 
ane (8 fractions) gave a mixture (3 1 mg) that was not investigated 
further. Elution with ether-methanol (9: 1) (2 fractions) gave 68 
and 69 in a 4 : 3  ratio (228 mg, 45%) as a white solid; mp 191- 
196°C; ir v,,,: 3585 (w), 35 10 (w), 168 1 (s), 1667 (m), cm-';  'H 
nmr (acetone-d6) 6: 1.09-2.80 (m, 8H), 3.87 (in, lH), 5.16 (br s; 
absent after D 2 0  treatment; 2H), 5 .53 and 5.73 (2 m, 1H). Exact 
Mass calcd. for C9HIZ03: 168.0785; found: 168.0786. Anal. calcd. 
for C9HI2o3:  64.27, H 7.19; found: C 63.88, H 7.20. 

Hydro1)lsis of 62 and 63. Forrnatiorl of endo- and exo-3- 
hydroxynorbornane-I -acetic acids (70 and 71) 

To a stirred solution of 62 and 63 (2.40 g,  10.00 mmol) in 95% 
ethanol (50 mL) was added potassium hydroxide (5.60 g). The 
mixture was heated on a steam bath for 1 h, cooled to room tem- 
perature, and stirred for 5 h. The solution was diluted with water 
(200 mL) and distilled to remove ethanol. The aqueous solution was 
cooled in an ice bath and titrated by dropwise addition of concen- 
trated hydrochloric acid with stirring to ca. pH 6.  The solution was 
extracted with ethyl acetate (3 X 100 mL), the combined extracts 
were dried, and the solvent was removed to give a mixture of 70 
and 71 as a white solid (I .30 g, 76%). This crude product was used 
for the preparation of 72 (vide infra). 

In a further run the product mixture was crystallized from ethyl 
acetate - ether to give the exo epimer 71 (663 mg, 39%) as needles, 
mp 113-4°C; ir v,,,: 3625-2835 (br, m), 1709 (s) cm-';  ' H  nmr 
(acetone-d6) 6: 1.28-2.15 (m, 9H), 2.18 (ABq, J = 20 Hz; 2H), 
3.62 (m, lH), 5.87 (br s,  2H); absent after D,O treatment); Exact 
Mass calcd. for C9H140,: 170.0941; found: 170.0941. 

In another run, after hydrolysis the solution was acidified with 
hydrochloric acid to pH 5 and stirred at room temperature for 3 
days. The solution was saturated with sodium chloride, and ex- 
tracted with ethyl acetate; the extract was dried and concentrated 
under reduced pressure. The residue was crystallized from ethyl 
acetate - ether to give the exo epimer 71 (901 mg, 53%). 

Oxidation of 70 and 71. Forrnation of 3-oxonorbornar~e-I -acetic 
acid (72)' 

A solution of 70 and 71 (646 mg, 3.80 mmol) in acetone was 
cooled in an ice bath, stirred, and titrated with Jones reagent (1 1) 
until the orange color persisted for 20 min. The excess oxidant was 
destroyed by dropwise addition of methanol until the solution be- 
came colorless. The solution was concentrated under reduced 
pressure, and the residue was dissolved in dichloromethane. The 
solution was dried and the solvent was removed. Molecular distil- 
lation (103-105"C, 0.05 Torr) of the residue afforded 72 (530 mg, 
83%) as a colorless oil that solidified on standing; mp 62-3°C; ir 
v,,,,: 3570-2440 (m), 1736 (s), 1706 (s) cm-';  'H nmr 6: 1.00-2.70 
(m, with prominent s's at 2.44 and 2.66; 1 lH), 1 1.15 (br s,  1H; 
absent after D,O treatment). Exact Mass calcd. for C9Hl,0,: 
168.0785; found: 168.0784. 

Treatment of 70 and 71 with methyllitl~ium. Forrnation of 
]-(endo- and exo-3-hydro,rynorborn-I-yl)-2-pt-opa1~one 
(73 and 74) 

Under anhydrous conditions a solution of methyllithiurn 
(1.48 M in ether, 6.00 mmol) was added dropwise to a stirred so- 
lution of a mixture of 70 and 71 (340 mg, 2.00 mmol) in dry ether 
(25 mL), and the mixture was stirred for 13 h. The reaction mix- 
ture was added dropwise to cold 3 N hydrochloric acid (200 mL) 
with stirring. Additional ether (100 mL) was added and the ether 
layer was washed with water (2 X 50 mL), dried. and concen- 
trated under reduced pressure to give a yellow oil that was molec- 
ularly distilled (7 I-73"C, 0.105 Tom) to give a mixture of 73 and 
74 as a colorless oil (205 mg, 61%); ir v,,,,: 35 10 (w), 3450 (w), 
1715 (s), cm-'; 'H nmr 6: 1.00-2.00 (m, H), 2.12 (s, 3H), 2.46 

(s, 2H), 2.53 (s, 1 H; absent after D 2 0  treatment), 3.67 (m, 0.56H), 
4.30 (m, 0.44H). Anal. calcd. for CloHl6o2:  C 71.39, H 9.59; 
found: C71 .28 ,  H 9.87. 

Oxidation of 73 and 74. Formation of 1 -(3-oxonorbort~-I-~~l)-2- 
propanone (2) 

A solution of 73 and 74 (168 mg, 1.00 mmol) in acetone 
(100 mL) was stirred and titrated with Jones reagent (1 I) until the 
orange color persisted for 20 min. The excess oxidant was de- 
stroyed by dropwise addition of methanol until the solution be- 
came colorless. The reaction mixture was concentrated under 
reduced pressure, and the residue was dissolved in dichlorometh- 
ane. The solution was dried, and the solvent was removed. Mo- 
lecular distillation (77-79"C, 0.025 Torr) of the residue gave 2 (165 
mg, 99%) as a colorless oil; ir v,,;,: 1751 (s), 1724 (s) cm-'; 'H nrnr 
6: 0.80-1.85 (m, 6H), 2.14 (s, 3H), 1.95-2.73 (m, 2H). Exact 
Mass calcd. for C,,H,,H,: 166.0992; found: 166.0996. Anal. calcd. 
for Cl,H14HZ: C 72.26, H 8.49; found: C 72.37, H 8.53. 

Treatment of exo-2-hydroxynorbornane-I -acetic acid lactone 
(75) with rnethyllithium. Fonnation of I-(exo-2- 
hydroxynorborn-1 -yl)-2-propanone (76) and 1-(2- 
hydro.~ynorbor-t~-l-yl)-2-methyl-2-prop~~nol (77) 

Under anhydrous conditions a solution of methyllithium (1.3 M 
in ether, 5.00 mmol) was added dropwise to a stirred solution of 
7S7 (760 mg, 5.00 mmol) in dry ether (15 mL), and the mixture was 
stirred for 6 h and poured into ice-cold 3 N hydrochloric acid 
(300 mL). Additional ether (200 mL) was added and the ether layer 
was washed with water (3 X 25 mL), dried, and concentrated under 
reduced pressure to give a pale yellow (819 mg) that was chro- 
matographed on a column of silica gel that had been packed in di- 
chloromethane. Elution with dichloromethane gave unchanged 
starting material (153 mg, 20%), followed by 76 as an oil (267 mg, 
32%); ir v,,, 3333 (m), 1710 (s) cm-'. Anal. calcd. for C,,HI6oZ: 
C 71.39, H 9.59; found: C 71.36, H 9.63. 

Further elution with ether afforded 77 (17 1 mg, lo%), which was 
crystallized from ether to give white needles, mp 90-92°C; ir v,,,,: 
3510 (w), 3335 (w), cm-';  'H nmr 6: 0.87-2.32 (m, with promi- 
nent s's at 1.27 and 1.33, and ABq at 1.90, J = 15 Hz; 17H), 3.86 
(d of m, 1 H), 4.36 (br s,  2H; absent after D,O treatment). Anal. 
calcd. for C,IH2002:  C 7 1.69, H 10.94; found: C 71.52, H 10.88. 

Oxidation of 76. Formation of I-(2-oxonorborn-I-y1)-2- 
propanone (78) 

A solution of 76 (260 mg, 1.60 mmol) in acetone was cooled in 
an ice bath, stirred, and titrated with a freshly prepared solution of 
Jones reagent until the orange color persisted for 10 min. The ex- 
cess oxidant was destroyed by dropwise addition of methanol until 
the solution became colorless. The solution was concentrated un- 
der reduced pressure, and the residue was dissolved in dichloro- 
methane. The solution was dried, and the solvent was removed. 
Molecular distillation (100-103"C, 0.125 Tom) of the residue af- 
forded 78 (23 1 mg, 88%) as a colorless oil; ir v,,,,,: 1754 (s), 1724 
(s), cm-'; 'H nlnr 6: 0.80-2.64 (m, with prominent s at 2.16; 12H), 
2.79 (ABq, J = 17 Hz; 2H). Exact Mass calcd. for C10H1402: 
166.0992; found: 166.1000. Anal. calcd. for CIOHI1O2: C 72.26, 
H 8.49; found: C 72.31, H 8.5 1 .  

Oxidation of 77. FOI-mation of I-(2-oxonorborn-l-yl)-2-methyl-2- 
propanol(79) 

A solution of 76 (162 mg, 0.90 mmol) in acetone as cooled in 
an ice bath, stirred, and titrated with a freshly prepared solution of 
Jones reagent (1 1) until the orange color persisted for 20 min. The 
excess oxidant was destroyed by dropwise addition of methanol until 
the solution became colorless. The solution was concentrated under 
reduced pressure, and the residue was dissolved in ether. The so- 

7 ~ a c t o n e  75 was prepared by treatment of 41 with strong acids 
(P. Yates and M. Kaldas, accepted for publication). 
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YATES AND KALDAS 1505 

lution was dried, and the solvent was removed. Molecular distil- 
lation (63-65"C, 0.025 Torr) of the residue afforded 79 (144 mg, 
90%) as a colorless oil; ir v,,,: 3390 (w), 1727 (s), cm-'; 'H nmr 
6: 1.24 (s, 6H), 1.24-2.40 (m, with an ABq at 2.09, J = 17 Hz; 
lOH), 2.60 (m, lH), 2.98 (br s, IH; absent after D,O treatment). 
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JANA PIKA, MARK TISCHLER, and RAYMOND J. ANDERSEN. Can. J. Chem. 70, 1506 (1992). 
The glaciasterols, a family of cytotoxic 9,ll-secosteroids, have been isolated from extracts of the northeastern Pacific 

sponge Aplysilla glacialis. The structures of glaciasterol A (2) and glaciasterol B (3) were elucidated by a combination 
of spectroscopic analysis and chemical interconversions on the native steroid 2 and the diacetate 5 of glaciasterol B (3). 

JANA PIKA, MARK TISCHLER et RAYMOND J .  ANDERSEN. Can. J. Chem. 70, 1506 (1992). 
On a is016 les glaciastCrols, appartenant a la famille des seco-9,11 stCroides cytotoxiques, L partir des extraits de I'Cponge 

du Pacifique Nord Est Aplysilla glacialis. On a ClucidC la structure du glaciastCro1 A (2) et du glaciastCro1 B (3) en fais- 
ant appel a l'analyse spectroscopique et a des interconversions chimiques du stCroide nature1 2 et du diacCtate 5 de gla- 
ciastCrol B (3). 

[Traduit par la rkdaction] 

Many highly oxygenated steroids ( I ) ,  including a small 
number of 9,ll-secosteroids (2-4), have been isolated from 
marine invertebrates in recent years. A representative ex- 
ample is herbasterol (I), which was isolated from Australian 
specimens of the sponge Dysidea herbacea (4). Herbasterol 
was found to have both icthyotoxic and antimicrobial prop- 
erties. As part of our earlier investigations of the terpenoid 
metabolism of the Northeastern Pacific marine sponge 
Aplysilla glacialis (5), we discovered that the polar frac- 
tions from silica gel chromatography purification of the or- 
ganic soluble A. glacialis metabolites exhibited moderate in 
vitro cytotoxicity. Further bioassay guided separation of the 
active fractions led to the isolation of the glaciasterols, a new 
family of cytotoxic 9,ll-secosteroids. In this paper we de- 
scribe the structural elucidation of glaciasterols A (2) and B 
(3). 

Samples of A. glacialis were collected in Sydney Inlet and 
Barkley Sound, British Columbia. Freshly collected sponge 
specimens were extracted sequentially with methanol and 1 : 1 
methanol/CH,C12 and the extracts were combined. Chro- 
matographic fractionation of the combined extracts yielded 
pure glaciasterol A (2) and an inseparable mixture of re- 
lated sterols. Acetylation of the inseparable mixture expe- 
dited the purification of one of the major components, 
glaciasterol B diacetate (5). 

Glaciasterol A (2) was isolated as a white amorphous solid 
that gave a parent ion in the EIHRMS at m / z  416.2936 Da 
appropriate for a molecular formula of C,,H4,O4 (AM +0.9 
mmu). The 'H NMR spectrum of glaciasterol A (Table 1) 
contained resonances that could be assigned to the two ter- 
tiary methyl groups (6 0.68, s ,  3H and 1.24, s, 3H) and three 
secondary methyl groups (6 0.94, d ,  J = 6.7 Hz, 6H and 
1.02, d ,  J = 6.8 Hz, 3H) that are typically present in ste- 
roids. Additional evidence in support of the steroidal nature 
of glaciasterol A came from the COSY data, which con- 
tained correlations that readily identified the truncated side 
chain i found in many C26 steroids (6) (Table 1: 6 1.02 
(Me21), 2.13 (H20), 5.27 (H22), 5.29 (H23), 2.22 (H24), 
0.94 (Me25 and Me26)). The NMR spectrum of gla- 
ciasterol A contained deshielded resonances that could 
be assigned to one disubstituted and one trisubstituted ole- 

' ~u tho r  to whom correspondence may be addressed. 

fin (Table 1: 6 132.2(CH), 134,2(C), 136.O(CH), and 
139.3(CH)) and to an a,P-unsaturated !<etone (6 201.8 (C)). 
Since there was no additional 13c NMR evidence for unsat- 
urated functional groups in glaciasterol A, the remaining four 
sites of unsaturation required by the molecular formula 
(C16H4004: requires 7 sites of unsaturation) were attributed 
to rings. 

Correlations in the COSY and 'H Detected Heteronuclear 
Multiple Quantum Coherence (HMQC) spectra of glacia- 
sterol A (2) identified proton (Table l : 6 3.69 and 3.8 l (H l l ,  
H 1 1 '); 1.15 and 1.63 (H 12, H 12')) and carbon resonances 
(Table 1: 6 59.1 (CH,, C l l )  and 40.4 (CH,, C12)) that could 
be assigned to an isolated ethyl fragment bearing an oxygen 
substituent at one terminus (i.e., C 1 1). Acetylation of 2 with 
acetic anhydride and pyridine gave the diacetate 4. The 
geminal methylene resonances found at 6 3.69 and 3.8 1 in 
2 were shifted downfield to 6 4.10 and 4.19 in 4,  demon- 
strating that the oxygen substituent on the ethyl fragment in 
2 was an alcohol functionality. Since the structure of the side 
chain in 2 had already been established as i ,  the spin-iso- 
lated ethyl fragment had to be present in the nucleus of gla- 
ciasterol A. This requirement demanded a ring-opened 
structure for the nucleus. The chemical shifts of the carbon 
atoms in the hydroxyethyl fragment in 2 were almost iden- 
tical to the chemical shifts assigned to the C1 I and C12 car- 
bon atoms (6 58.9 and 41.2) in herbasterol (1) (4), suggesting 
that glaciasterol was also a 9 , l  1-secosteroid. 

The formation of the diacetate 4 showed that two of the 
four oxygen atoms in glaciasterol A were part of alcohol 
functionalities and the I3c NMR data for 2 (6 201.8 (C)) 
showed that a third oxygen was part of an unsaturated ke- 
tone functionality. A pair of resonances at 6 63.3 (C) and 
53.5 (CH) in the I3c NMR spectrum of 2 were tentatively 
assigned to a trisubstituted epoxide functionality, which ac- 
counted for the final oxygen atom. Treatment of the diace- 
tate 4 with perchloric acid in THF followed by acetylation 
of the resulting diol gave the triacetate 6,  confirming the 
presence of an epoxide in glaciasterol A. Subtracting the 
epoxide ring from the total of four rings earlier determined 
to be present in glaciasterol A revealed that three carbo- 
cyclic rings were present in the remainder of the nucleus, in 
agreement with a secosteroid structure. 

COSY45, HMQC, and 'H Detected Multiple Bond Het- 
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eronuclear Multiple Quantum Coherence (HMBC) data for 
the diacetate 4 were used to establish the functionality on the 
A and B rings of glaciasterol A. Starting from a deshielded 
'H NMR resonance at 6 4.99 (HMQC correlation to 6 70.7), 
assigned to a methine proton attached to a carbon bearing an 
acetoxy group, COSY45 and HMQC correlations elabo- 
rated an isolated proton spin system consisting of -CH2-CH2- 
CHOAc-CH,- (Table 2: C1 to C4, respectively). This four- 
carbon fragment could only be accommodated by the A ring 
of a steroid skeleton. An HMBC correlation between a car- 
bon resonance at 6 27.6 (Cl),  assigned to the terminal 
methylene carbon furthest removed from the acetoxy func- 
tionality in the four-carbon fragment, and a proton reso- 
nance (6 1.22, s, 3H) assigned to Me19 situated the fragment 

in a manner such that the acetoxy functionality was at the 
standard C3 position in the A ring. Additional HMBC cor- 
relations from the Me19 proton resonance at 6 1.22 to the 
ketone carbonyl resonance at 6 200.0 and to the quaternary 
epoxide carbon resonance at 6 63.0 located the carbonyl 
functionality at C9 and the trisubstituted epoxide function- 
ality at C5, C6. The epoxide methine proton resonance at 6 
3.37 (H6: HMQC correlation to 6 53.4 (C6)) showed a 
COSY45 correlation to an olefinic resonance at 6 6.76 (d, J 
= 4.5 Hz: HMQC correlation to 6 138.6) indicating that there 
was a A7.' trisubstituted olefin in ring B. Conjugation be- 
tween the A7.' olefin and the C9 ketone accounted for the 
relatively shielded chemical shift of the ketone carbon res- 
onance (6 200 .O) in 4. 

HO. 

A second tertiary methyl resonance at 6 0.73 (s, 3H) in the 
'H  NMR spectrum of the diacetate 4 was assigned to Me18. 
HMBC correlations were observed between this methyl res- 
onance and carbon resonances at 6 36.7 (CH,: HMQC cor- 
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TABLE 1. 'H and I3c NMR data for glaciasterol A (1) (recorded in CDCI,) 

Carbon 
no. 'H (400 MHz) 

COSY 13c 
(400 MHz) (125 MHz)" 

1 - - 26.6' 
2 1.68 H2', H3 30.4' 
2' 2.13 H2, H3 - 

3 3.99, m H2, H2', H4, H4' 68.4 
4 1.59 H3, H4' 37.4 
4' 2.19, m H3, H4 - 

5 - - 63.5 
6 3.39, d, J = 4.6 Hz H7 53.5 
7 6.80, dd, J = 4.6, 0.9 Hz H6 139.3 
8 - - 134.2 
9 - - 201.8 

10 - - 45.6 
11 3.69, m H1 I ' ,  H12, H12' 59.1 
11' 3.81, m H11, H12, H12' - 

12 1.15 H l l ,  H l l ' ,  HI2 40.4 
12' 1.63 H l l ,  H l l ' ,  H12 - 
13 - - 46.1 
14 3.39, ddd, J = 11.3, 8.1, 0.9 Hz H15, H15' 43.9 
15 1.62 H14, H15' 26.9" 
15' 1.74 H14, H15 - 

16 - - 29.8" 
17 - 49.6 
18 0.68, s - 17.8 
19 1.24, s - 2 1.5 
20 2.13 H21, H22 38.5 
2 1 1.02, d, J = 6.8 Hz H20 21.3 
22 5.27, dd, J = 15.3, 7.6 Hz H20, H23 136.0 
23 5.29, dd, J = 15.3, 6.1 Hz H22, H24 132.2 
24 2.22, m H23, H25, H26 3 1 .O 
25 0.94, d, J = 6.7 Hz H24 22.6' 
26 0.94, d, J = 6.7 Hz H24 22.7" 

"Assigned from the HMQC spectrum. 
"-'May be interchanged. 

relation to 61.64, 1.26) and 43.8 (CH: HMQC correlation ciasterol A diacetate 4 and a side chain identical with the side 
to 6 3.22) assigned to C12 of the isolated acetoxyethyl frag- chain of cholesterol. 
ment and C14 of the D ring, respectively. The deshielded A number of spectroscopic and chemical experiments were 
chemical shift of the H14 resonance (6 3.22), which indi- used to unravel the stereochemistry of glaciasterols A (2) and 
cated that it was an allylic proton, was consistent with link- B (3). Simultaneous irradiation of the H20 (6 2.13) and H24 
age of the AB ring system to the D ring through a C8/C14 (6 2.22) resonances in the 'H NMR spectrum of 2 collapsed 
bond. HMBC correlations between H7 (6 6.76) and C14 (6 the H22/H23 multiple1 at 6 5.27-5.28 to an AB doublet with 
43.8) and between H14 (6 3.22) and C7 (6 138.6) and C8 (6 a coupling constant of 15.3 Hz consistent with an E olefinic 
141.2) confirmed the C8/C14 linkage. Diacetate 4 had a A,, geometry. The observation of a trans diaxial coupling be- 
254 nm in the UV spectrum, in close agreement with the re- tween H4,, (6 2.24, dd, J = 12.5, 12.6 Hz) and H3, in con- 
ported A,,,, 242 nm for the,model steroid 9 (7), once the junction with the observation of an NOE between the H4,, 
standard increment of 10 nm for the additional a-alkyl sub- (6 2.24) and Me19 (6 1.23) proton resonances in glaciaste- 
stituent in 4 was added (8). The NMR experiments de- rol B diacetate 5, showed that the A ring of the glaciasterols 
scribed above established the constitution of glaciasterol A; was in a chair conformation and that the 3-acetoxy substi- 
however, the small amounts of pure glaciasterol A (2) and tuent had the P configuration. Irradiation of the H14 reso- 
its diacetate 4 that were available were insufficient for com- nance (6 3.22) in glaciasterol B diacetate 5 induced an NOE 
plete elucidation of the stereochemical features of the mol- in one of the H11 resonances (6 4.10) consistent with the 
ecule. Therefore, the stereochemical details of glaciasterol expected trans relationship between H14 and Mel8. C17 and 
A and B were elucidated on the more accessible glaciasterol C20 were assumed to have the standard steroidal configu- 
B diacetate 5.  rations in the glaciasterols; however, these configurations 

Glaciasterol B diacetate 5 was isolated as white needles were not verified experimentally. 
(mp 55-57°C) that gave a parent ion in the EIHRMS at m/z  Spectroscopic evidence failed to unambiguously estab- 
516.3451 Da appropriate for a molecular formula of C,,H,,O, lish the 5,6-epoxide stereochemistry. Therefore, the diace- 
(AM 0.0 mmu). The NMR data for glaciasterol B diacetate tate 5 was treated with aqueous perchloric acid in THF to give 
5 (Table 2) showed that it had a nucleus identical with gla- the trans diol 7. It had previously been shown that the re- 
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TABLE 2. ' H  and "C NMR data for glaciasterol diacetate A (4) and glaciasterol B diacetate 5 (recorded in CDCI,) 

Glaciasterol A diacetate (4) Glaciasterol B diacetate (5) 

Carbon COSY 13c l3c 

no. 'H (400 MHz) (400 MHz) (125 MHz)" HMBC (500 MHz)' 'H (400 MHz) (75 MHz) 

1 1.77 
1 '  2.10 
2 1.70 
2' 2.17 
3 4.99, m 
4,,, 2.26, dd, J = 12.6, 12.5 Hz 
4',,, 1.65 
5 - 

6 3.37. d, J = 4.5  Hz 
7 6.76, d ,  J = 4.5 Hz 
8 - 
9 - 

10 - 

1 1  4.10, m 
11' 4.19.111 
12 1.26 
12' 1.64 
13 - 

14 3.23, dd, J = 10.7, 7.5 Hz 
15 1.57 
15' 1.71 
16 - 

16' - 

17 - 

18 0.73, s 
19 1.23, s 
20 2.17 
21 0.97, d ,  J = 6.8 Hz 
22 5.27, dd, J = 15.3, 6.2 Hz 
23 5.28, dd, J = 15.3, 6.2 Hz 
24 2.21 
25 0.87, d,  J = 6.8 Hz 
26 0.87, d ,  J = 6.8 Hz 
27 - 

OAc 2.01, s; 2.04, s 

- 

H l l ' ,  H12, H12' 
H l l ,  H12, H12' 
H11, H1 I ' ,  H12' 
H l l ,  H l l ' ,  HI2  

1.77 
2.10 
1.72 
2.17 
4.99, m 
2.24, dd, J = 12.6, 12.5 Hz 
1.64 

- - 

C7, C8, C13, C15, C18 3.23, dd, J = 10.8, 7.5 Hz 
- 1.58 
- 1.68 

- - 
- 1.83 
C12, C13, C14, C17 0.73, s 
C I ,  C5, C9, CIO 1.23, s 
- 1.44 
- 0.97, d. J = 6.7 Hz 

"Assigned from the HMQC spectrum. 
"'May be interchanged. 
"Assignments based on APT data and a con~parison with cholesterol. 
"Carbons in HMBC column are correlated to protons in Carbon no. column 

lated steroidal epoxide 10 underwent reaction with aqueous strated that the epoxide functionality in the glaciasterols had 
perchloric acid in THF to give the trans diol 11, resulting the 5ci,6ci configurations as shown. 
from backside nucleophilic attack of water at the allylic car- Glaciasterol A (2) showed in vitro cytotoxicity in murine 
bon rather than at the tertiary carbon of the epoxide (9). To leukemia L1210 (ED,, -- 7 p,g/mL) and human breast can- 
confirm that water had attacked the diacetate 5 at C6, a sep- cer (ED,, -- 20 p,g/mL) cell line assays.' 
arate ring opening experiment was carried out using per- 
chloric acid in = 1  : 1 H ~ ' ~ O / H , ~ ~ O  and THF. The "C NMR Experimental 

assigned by HMQC C6 (' 72'4) in Isolatiot~ and purificatiotl ofg/aciasterol A ( 2 )  and glaciasterol B 
the resulting isoto ically labelled diol 7 showed a 2.9 Hz 

t'6 diacetate (5) splitting due to the 0/"0 isotope shift and none of the other samples of A ,  glacialis was collected by hand using SCUBA 
resonances in the Spectrum showed splitting. Diol 7 was (-5 m) in Sydney Inlet and Barkley Sound, British Columbia. 
acetylated with acetic anhydride in pyridine to give the tri- 
acetste 8 .  Comparison of ;he 'H NMR data for-8 recorded .The murine leukemia L I Z I O  were conducted by T, 
in CDCI, with the data recorded in pyridine-4 revealed a Allen, Department of Pharmacology, University of Alberta, and 
large A6 for the H3ci resonance ($0.58 ppm), consistent with the breast cancer cell line assays were conducted by Dr. J.  
an ci configuration for the hydroxyl group at C5. The ring Emerman, Department of Anatomy, U.B.C. For bioassay details 
opening and pyridine shift experiments together demon- see ref. 10. 
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Freshly collected sponge specimens (160 g wet wt.) were ex- 
tracted with methanol and 1 : 1 methanol/CHzClz. The extracts were 
combined and concentrated in vacuo to give an aqueous suspen- 
sion that was partitioned between brine and ethyl acetate. Separa- 
tion of the ethyl acetate soluble materials by gradient silica gel flash 
chronlatography (hexanes/ethyl acetate/methanol) gave a frac- 
tion containing a complex mixture of glaciasterols (148 mg). The 
'H NMR spectrum of the mixture showed that the glaciasterols 
possessed a common nucleus attached to a variety of side chains. 
A small amount (=I  mg) of pure glaciasterol A (2) was obtained 
from the mixture by sequential application of AgNO, - silica gel 
radial TLC (ethyl acetate/benzene 2 :  3) and reversed phase HPLC 
(HzO/methanol 3:7). The remainder of the glaciasterols were not, 
separable in their native forms so the mixture was acetylated. Pure 
glaciasterol B diacetate (5) was obtained from the acetylated ste- 
roid mixture by sequential application of silica gel flash chroma- 
tography (methanol/CHzClz 1 :99), silica gel radial TLC (methanol/ 
CH,Cl, 1 : 99), and reversed phase HPLC (H?O/rnethanol 15 : 85). 

Glacinsrerol A (2):  amorphous white solid; ' H  NMR (Table 1); 
"C NMR (Table I); EILRMS m/z: 416,400, 383, 365, 301, 239, 
97; EIHRMS m/z: 416.2936 (C?,H,,,O,, AM + 0.9 nlmu). 

Acerylafiot~ of glnciasferol A (2 )  
Glaciasterol A (2) (1 mg) was stirred overnight with pyridine and 

acetic anhydride (0.5 mL each). Excess reagent was removed in 
vacuo to yield pure glnciasterol A diacetnte (4):  white solid; UV 
(CH,CIz) A,,,,: 254 nm (E = 2850); IR (film): 1737, 1685, 1240 
cm-I; 'H NMR (Table 2); I1C NMR (Table 2); EILRMS tn/z: 500, 
440, 424, 364, 349, 327, 267, 97; EIHRMS m/z: 500.3139 
(C30H.,.,06, AM +0.1 mmu). 

Acid-catalyzed ring opening of'rhe 5,6-epoxide ofglaciasterol A 
dincetate (4)  

Glaciasterol A diacetate (4) was stirred for 2 h with THF 
(0.5 mL) and perchloric acid (20 kL,  69-72%). Excess acid was 
neutralized with 5% NaHSO,(aq.) and the resulting aqueous so- 
lution was extracted with dichloromethane. The organic extracts 
were pooled, dried over Na2S04, filtered, and evaporated in vacuo. 
The resulting diol was acetylated as previously described and pu- 
rified by reversed phase HPLC (HzO/methanol 1 :4) to yield the 
triacetate 6: white solid; IR (film): 3402, 1738, 1688 cm-I. 'H NMR 
(400 MHz, CDC1,) 6: 0.68 (s, Me 18), 0.95 (d, J = 6.7 Hz, Me25, 
Me26), 1.03 (d, J = 6.8 Hz, Me21), 1.35 (s, Me19), 2.01 (s, 
OAc), 2.04 (s, OAc), 2.13 (s, OAc), 3.29 (dd, J = 10.4, 7.6 Hz, 
H14), 4.17-4.28 ( n ~ ,  HI1,  H l l ' ) ,  5.09 (m, H3), 5.19 (d, J = 

5.1 Hz, H6), 6.34 (d, J = 5.1 Hz, H7); EIHRMS tn/z: 560.3340 
(C3,H4,0,, AM -0.9 mmu). 

Glnciasterol B diacetate (5): white needles (HzO/methanol), mp 
55-57°C; IR (film): 1735, 1684 cm-I; CD (MeOH) Cotton ef- 
fects: A,,, (molar elipticities) 335 nm (+8.0 X lo'), 263 nm 
(- 1.7 X loJ), 201 nm (-2.6 X lo"); 'H NMR (Table 2); "C NMR 
(Table 2); EILRMS m/z (rel. intensity): 516(7), 456(34), 440(16), 
343(7: M+ - (HOAC + CxH17)); EIHRMS m/i: 516.3451 
(Cl,H,,06, AM 0.0 mmu). 

Acici-catalyzed ring opening of the 5,6-epoxide of glncinsterol B 
diacetnte (5)  

Glaciasterol B diacetate (5) (4 mg) was stirred for 4 h with THF 
(0.25 mL) and perchloric acid (25 kL). The reaction work-up was 
identical to that described above for the reaction of glaciasterol A 
diacetate (4). The resulting white solid was purified by reversed 
phase HPLC (H?O/methanol 1 :4) to yield 5a,6P-dihydroxy gla- 
ciasterol B diacetate (7). Acetylation of the diol, as described above, 
gave 5a-hydroxyglaciasterol B triacetate (8). 

5a,6~-Dihyciroxyglncic1srerol B dincetnte (7): white solid; IR 
(film): 1739, 17 14, 1677 cm-'; 'H NMR (400 MHz, CDCI,) 6: 0.76 
(s, Me18), 0.87 (d, J = 6.6 Hz, Me26, Me27), 0.99 (d, J = 
6.7 Hz, Me2 I), 1.38 (s, Me 19). 2.00 (s, OAc), 2.04 (s, OAc), 3.29 
(dd, J = 11.0, 8.6 Hz, H14), 4.03 (d, J = 5.1 Hz, H6), 4.12-4.25 

(m, HI 1 ,  HI I'), 5.1 1 (m, H3), 6.42 (d, J = 4.9 Hz, H7); I3C NMR 
(125 MHz, benzene-d6, partial assignments from HMQC data) 6: 
202.3(C9) 170.3(OAc), 170.1 (OAc), 138.2(C7), 137.3(C8), 
76.5(C5), 72.4(C6), 70.7(C3), 61.5(Cl l ) ,  50.5, 48.2, 46.4, 
43.2(C14), 39.9, 37.4, 35.9,35.8,  35.1,28.3,27.8,  27.1, 26.8, 
26.4, 25.0, 23.0(C27), 22.8(C26), 21.5(C19), 21.0, 20.7, 19.2, 
17.4(C18); EIHRMS m/z: 534.3560 (CjlHS0O7, AM f 0 . 3  mmu). 

5a-Hydroxyglaciasterol B trincerate (8):  white solid; IR (film): 
3448, 1739, 1683 c n l ' ;  'H NMR (400 MHz, benzene-d6) 6: 0.66 
(s, Me 18), 0.90 (d, J = 6.6 Hz, Me26, Me27), 0.98 (d, J = 
6.7 Hz, Me2 I), 1.27 (s, Me 19), 1.70 (s, OAc), 1.72 (s, 6H, OAc), 
3.40 (dd, J = 10.8, 8.9 Hz, H14), 4.44 (m, 2H, H l l ,  Hl l ' ) ,  5.04 
(d, J = 5.0 Hz, H6), 5.15 (m, H3), 6.27 (d, J = 5.1 Hz, H7); 
EIHRMS m/z: 576.3670 (C33H5?08r AM +0.8 mmu). 

Acid-cntalyzed ring oj>et~itlg of the 5,6-epoxide of glnciasterol B 
(Iiacetate (5) ~ ~ i r h  H?"O 

Glaciasterol B diacetate (5) (4 mg) was stirred for 4 h with THF 
(0.25 mL), H?O (100 kL), H2IXO (97.5 at.% "0 ,  125 pL), and 
perchloric acid (25 kL). The reaction work-up was identical to that 
described above to yield "0-labelled 5a,6P-dihydroxyglaciaste- 
rol B diacetate (7). 
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Molecular recognition XII. The binding of the H human blood group determinants 
and congeners by a lectin of Galactia tenuifloral 
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REMY CROMER, ULRIKE SPOHR, DEVESHWARI P. KHARE, JACQUES LEPENDU, and RAYMOND U. LEMIEUX. Can. J.  Chem. 
70. 151 1 (1992). 

The H-type 2 human blood group-related trisaccharide (a-L-Fuc-(lcj2b)-P-D-Gal-(] b4a)-P-D-GlcNAc-OMe (52)) 
IS bound by the anti-H lectin of Galnctin tenuiflora very differently than by the lectin I of Ulex europaeus. The reason 
why the Galactia lectin binds the H-type 1 related trisaccharide (a-~-Fuc-(lc~2b)-~-~-Gal-(lb3a)-~-~-GlcNAc-OMe 
(5)) more strongly and methyl a-L-fucopyranoside much more weakly than does the U1e.r lectin is that, for the Galactia 
lectin, the hydroxyl groups at positions 3a, 3b, 4b, and 4c are indispensable to complex formation whereas it is the hy- 
droxyl groups at positions 3b, 2c, 3c, and 4c which provide the key polar intractions in the case of the Ulex lectin. The 
H-type 2 (52) .  Galactia lectin complex appears to have the hydroxyl groups at positions 6b, 2c, and 3c at or near the 
periphery of the combining site and the three key hydroxyl groups hydrogen bonded to the protein deep within the com- 
bining site and sheltered from water. The CH'O-la, NHAc-2a, and CH,OH-6a groups likely remain in the aqueous phase 
remote from the surface of the protein. 

REMY CROMER, ULRIKE SPOHR, DEVESHWARI P. KHARE, JAQUES LEPENDU et RAYMOND U. LEMIEUX. Can. J .  Chem. 
70, 1511 (1992). 

On observe que la liaison entre le trisaccharide du groupe sanguin H-de type 2 (a-~-F~c-(Ic--t2b)-P-~-Gal-(lb+4a)- 
P-D-GlcNAc-OMe (52)) et la lectine anti-H de Galactia tenuiflora est trks differente de celle qui le lie 2 la lectine I de 
1'Ulex eziropaeus. La raison de la liaison entre la lectine de Galactia et le trisaccharide relie groupe H de type 1 (a-L- 
Fuc-(lc+2b)-P-~-Gal-(lb3a)-P-~-GlcNA~-OMe (5)) qui est plus forte - et la liaison avec l'a-L-fucopyranoside de 
mtthyle qui est beaucoup plus faible - que celles avec la lectine d'Ulex est que, pour la lectine de Galactia, les groupes 
hydroxyles aux positions 3a, 3b, 4b et 4c sont indispensables pour la formation de complexe alors que ce sont les groupes 
hydroxyles en positions 3b, 2c, 3c et 4c qui fournissent les interactions polaires cles dans le cas de la lectine d'Ule-r. Le 
complexe groupe H de type 2 (52). la lectine de Galactin semble possCder des groupes hydroxyles dans les positions 
6b, 2c et 3c au niveau de, ou k la proximite de, la ptriphCrie du site de liaison alors que les trois groupes hydroxyles 
clCs sont lies par des ponts hydrogenes avec la prottine qui se trouve 2 l'interieur du site de liaison, protege de I'eau. 
Les groupes CH,O-en la, NHAc- en 2a et Ch,OH- en 6a restent vraisemblablement dans la phase aqueuse qui se trouve 
CloignCe de la surface de la proteine. 

[Traduit par la rCdaction] 

Introduction 

NHAc 

HO 

0 OH 

We recently reported detailed studies of the binding of the 
, H-type 2 determinant (~-L-Fuc-(~+~)-P-D-G~~-(~+~)-P-D- 

GlcNAc-OMe (52)) both by the lectin I of Ulex europaeus 
(1, 2) and by a monoclonal anti-H-type 2 antibody (2). It was 
concluded that the interactions leading to complex forma- 
tion are very similar in that the 3b, 2c, 3c, and 4c hydroxyl 
groups provide the key polar interactions for binding by the 
Ulex lectin whereas that by the antibody involves the 3b, 2c, 
and 3c hydroxyl groups. In each case, the remaining hy- 

'part XI in this series is ref. 2. 
' ~ n i v e r s i t ~  de Nantes, Instltut National de la Santt et de la Re- 

cherche Medicale, 1, rue Gaston Veil, 44035 Nantes CCdex 01, 
France. 

' ~ u t h o r  to whom correspondence may be addressed. 

droxyl groups were found to reside either at the periphery of 
the combining site or remote from the protein and exposed 
to interaction with bulk water molecules. These similar 
interactions for a lectin and an antibody are in sharp con- 
trast to the difference between how the Lewis-b human 
blood group determinant-related tetrasaccharide (a-L-FUC-(I+ 
~)-P-D-G~~-(~~~)-[~-L-F~C-(~+~)]-P-D-G~CNAC-OM~) is 
bound by the lectin IV of Griffonia simplicifolin (3) and by 
a monoclonal anti-Lewis b antibody (4). In the case of the 
lectin, the key polar interactions are established by OH-3, 
OH-4 of the P-D-Gal unit and OH-4 of the a-L-Fuc-( 1-41 
unit, whereas for the antibody only the involvements of OH-3 
of the P-D-Gal and OH-2 of the a-L-FUC-(1+2) units are es- 
sential. We now report that the binding of the H-type 2 tri- 
saccharide (52) by a recently reported lectin from the seeds 
of the plant Galactin tenuijlora ( 5 )  is much different from 
that previously reported (1) for the lectin I of Ulex euro- 
paeus. 

Discussion 
Synthesis 

The starting material for the synthesis of the methyl gly- 
coside of the H-type 1 trisaccharide 5 (Scheme 1) was the 
alcohol 2 obtained from the previously described disaccha- 
ride 1 (6). Compound 2 was reacted with tri-0-benzyl fu- 
cosy1 bromide (3) (6, 7) under halide ion catalyzed conditions 
(8) to produce the trisaccharide 4 in 73% yield. Hydrogen- 
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BnO 

BnO $&:qoMe OR + ;:%OBn - 
NHAc Br 

BnO 
HO OMe 

ation of 4 over 5% palladium-on-carbon provided 5 in 82% 
yield. Treatment of 5 with 85% hydrazine hydrate at 140°C 
for 12 days afforded the arnine (6) in 66% yield. The 13c nrnr 
data presented in Table 1 and I H  nrnr parameters reported in 
the experimental section fully support the structural assign- 
ment. 

The syntheses of the 4a- and 6a-deoxy derivatives of 5 are 
outlined in Scheme 2. Reductive cleavage of the benzyli- 
dene ring of 1 with sodium cyanoborohydride - hydrogen 
chloride (9) produced both the alcohols 7 (73%) (6) and 8 
(17%). The Robins and Wilson modification (10) of the 
Barton-McCombie reaction ( 1  I )  was used to prepare the 
deoxy derivative 10 by way of 9 in 50% overall yield. The 
de-0-acetylated derivative (11) was a-L-fucosylated to 12 in 
57% yield and this product was de-0-benzylated in the usual 
fashion to provide 4a-deoxy-H-type 1-OMe (13) in 60% 
yield. 

The 6a-deoxy-H-type 1-OMe congener (19) was pre- 
pared first by tosylation of 8 to 14, then replacement of the 
tosyloxy group by iodine to form 15 followed by reduction 
with tributyltin hydride. The overall yield from 8 was 51%. 
Deacetylation to 17 and subsequent a-L-fucosylation pro- 
vided 18 in 90% yield which was de-0-benzylated in 98% 
yield to the desired compound 19. 

The 6b-deoxy-nor-compound 24 was prepared as out- 
lined in Scheme 3. The known disaccharide 20 (12) was de- 
acetylated to 21 and the 3b and 4b were positions protected 
by benzylidenation with a,a-dimethoxytoluene in the pres- 
ence of p-toluenesulfonic acid to provide 22 in 90% yield. 
a-L-Fucosylation in the usual way gave 23 in 81% yield. 
Catalytic hydrogenolysis removed both the benzyl and ben- 
zylidene groups to afford 24 in 92% yield. 

To synthesize 3a-deoxy H-type 2-OMe (33) (Scheme 4), 
the disaccharide 27 was prepared, in 53% yield, by reaction 
of the bromide 25 (13) with alcohol 26 (6) under Helferich 
conditions. Compound 27 was deallylated to the alcohol 28, 
which was deoxygenated at the 3a position in the manner 
described above for the conversion of 7 to 10. The origin of 
the 3-0-phenoxycarbonyl derivative of 28, isolated as a by- 
product in 8.3% yield, was not determined. The structural 

assignments were confirmed by fab-mass and 'H nmr spec- 
troscopy. Deacetylation of 30 gave the alcohol 31 which was 
a-L-fucosylated in the usual way to provide 32 in 69% yield. 
Catalytic hydrogenolysis afforded the desired congener (33). 
The overall yield from 27 was 42%. 

The coupling constants for H- la  and H-2a listed in Table 
2 for compounds 27, 30-32 in CDCl, are much smaller than 
the near 8 Hz expected should the substituted P-D-GlcNAc 
residue be in the conformation (A) that is normally ob- 
served for all-trans gluco compounds. Evidently, important 
contributions to these time-averaged coupling constants are 
made by these hydrogens in syn-clinal relationship. The 
presence of such conformers could arise from the forma- 
tion, in an aprotic solvent, of an intramolecular hydrogen 
bond between the AcN-H group and 0-4a in syn-axial rela- 
tionship as shown in Table 2 for the P-D-GlcNAc residue in 
either the 'c, (B) or "('B (C) conformations. This must be the 
case since, as seen in Table 2, the 4 ~ ,  conformation be- 
comes highly populated when the solvent is changed to 
CD30D. The actual ring conformational preferences are 
surely in between the extremes presented in Table 2, and, 
therefore, analyses of the coupling constants can only pro- 
vide qualitative assessments of the conformational equilib- 
ria. 

The influence of solvent on the equilibrium presented in 
Table 2 is reminiscent of the conformational preferences for 
1,3-diols (14). The fact that the alcohol 28 (R=OH) retains 
the 'c, conformation for the P-D-GlcNAc residue in CDC13 
can be attributed to the highly favorable 0-5twHO-3a in- 
tramolecular hydrogen bond (15). An importantly destabi- 
lizing nonbonded interaction is expected to occur in 27 
between the allyloxy group and 0-5b of the P - D - G ~ ~  unit. 
Therefore, the 0-4a-HN-2a hydrogen-bonded conformer 
becomes more abundant, as reflected by the smaller value 
for J1;,.2;,, when the allyloxy group is replaced by hydrogen. 
In an aprotic solvent, OH-2b of alcohol 31 (R=H) can be 
expected to tend to form a hydrogen bond with 0-4a and, 
thereby, weaken the competing 0-4a-H-N-2a bond. This 
would explain the larger value for Jla,?:, of 31 as compared 
to that of 30 (see Table 2). The fact that the substitution of 
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CROMER ET AL. 

TABLE 1 .  The "C nmr chemical shifts (ppm) for the H-type 1 blood group determinant (a-L-Fuc-(1+2)- 
P-D-G~I-(I+~)-P-D-G~cNAc-OM~ (5)) and related structures" 

Derivatives of H-type I-OMe (5) 

5b- 
H-type 1-OMe N-Deacetyl 4a-Deoxy 6a-Deoxy Dehydroxyrnethylene 

(5) (6) (14) (19) (24) 

f3-D-GlcNAc a-unit 

C- l 
C-2 
C-3 
C-4 
C-5 
C-6 
CH3O 
CH3C0 
CO 

P - D - G ~ ~  b-unit 

C- 1 
C-2 
C-3 
c-4  
C-5 
C-6 

a-L-Fuc c-unit 

C- 1 100.33 100.41 100.24 100.35 100.44 
C-2 68.95 68.52 68.96 68.92 68.91 
C-3 70.30 70.46 70.33 70.27 70.27 
C-4 72.68 72.54 72.65 72.67 72.65 
C-5 67.31 68.10 67.40 67.29 67.40 
C-6 16.03 16.24 16.07 16.02 16.07 

"0.05 M solutions in D,O with dioxane as internal standard at 67.4 ppm were measured at 75 MHz at 295". The 
assignments were made by inspection. 

"."The corresponding assignments of the chemical shifts are tentative and may be reversed. 

the 2b-0-acetyl group of 30 by the much bulkier 2,3,4-tri- 
0-benzyl-a-L-fucopyranosyl group of 32 has little effect on 
the conformational equilibrium in CDCl, is in accord with 
expectation based on an important contribution to confor- 
mational preference by the e>xo-anomeric effect (1 6). Since 
this stereoelectronic effect stabilizes the anti-periplanar re- 
lationship for the C-4a and C-2b atoms, it will favor projec- 
tion of the substituted P-D-GlcNAc unit away from the 
0-benzylated a-L-FUC residue. It is noteworthy that the val- 
ues of the coupling constants assigned to the P-D-GlcNAc unit 
of compounds 58 and 64 also indicate Important contribu- 
tions to the conformational equilibria in CDCl, by conform- 
ers that allow the intramolecular hydrogen bond depicted in 
Table 2. 

The syntheses of H-type 2-OMe (52) (17), which served 
as the reference inhibitor, and its 3b-, 2c-, 3c-, and 4c-deoxy 
congeners (53-56) are outlined in Scheme 5. Reductive 
cleavage (9) of methyl 2-acetamido-3-0-benzyl-4,6-0-ben- 
zylidene-2-deoxy-P-D-glucopyranoside (18) provided 39, 
which was condensed with bromide 40 (19) under Helferich 
conditions (66% yield). This product was deacetylated to 
produce 42. Benzylidenation with a,a-dimethoxytoluene in 
the presence of p-toluenesulfonic acid then provided the diol 
43 in 87% yield. Selective benzoylation of 43 with benzoyl 
chloride at -78°C provided 44, which was a-L-fucosylated 
to the blocked trisaccharide 45 in 74% yield. Debenzoyla- 

tion and hydrogenolysis of the product (46) then produced 
the H-type 2 trisaccharide as its methyl P-glycoside (52). The 
overall yield from the diol 43 was 4 1 %. 

The blocked trisaccharide 46 was also used for the prep- 
aration of blocked 3b-deoxy-H-type 2-OMe (48), in 52% 
overall yield, by way of the intermediate 3b-phenylthiono- 
carbonate (47). Since partial decomposition occurred in the 
course of the catalytic hydrogenation to remove the benzyl 
groups of 48, the product had to be processed by way of its 
acetate to obtain pure 3b-deoxy-H-type 2-OMe (53) and a 
meaningful yield cannot be provided. 

To prepare 2c-deoxy-H-type 2-OMe 54 (Scheme 5), the 
disaccharide 44 was reacted with a tenfold excess of bro- 
mide 38 (20) under halide-ion-catalyzed conditions. After 
deacetylation, 49 was isolated in 44% yield and was de- 
blocked by catalytic hydrogenolysis to provide 54 (79% 
yield). 

The 3- and 4-deoxy-a-L-fucopyranosyl bromides (36 and 
37) were prepared from 34 and 35, which were obtained by 
hydrolyses of methyl 2,4-di-0-benzyl-3,6-dideoxy- (21) and 
methyl 2,3-di-0-benzyl-4,6-dideoxy-a-L-xylo-hexopyrano- 
sides.4 ~alide-ion-catalyzed reactions of the bromides 36 and 
37 with 44 then produced the 3c- and 4c-deoxy blocked tri- 
saccharides 50 and 51 in 86 and 91% yields. Debenzoyla- 

-- 

'P. Bird and R.  U .  Lemieux, unpublished results. 
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BnO ~ o - $ o ~ ~  1 BnO 

BnO 0 Ac + BnO $x+E-&(''e 0 Ac 

NHAc NHAc 

BnO $x+o$-~'~ 1 BnO 

BnO BnO 

1 s;J-:Me 
OR1 

NHAc 
OR' 

NHAc 

9 R = O C ( S ) O P h ,  R - 14 R = OTs ,  R' = A c  
1 0  R = H ,  R1 = AC 1 5  R = I ,  R1= A c  

1 6  R = H ,  R1 = A c  
r 1 7 R = H , R ' = H  d 

RO OMe 
n 

SCHEME 2 

tion and subsequent catalytic hydrogenation led to the target Sti-uctui-a1 arzd coifoi-mational assigrzrneilts 
molecules 55 (61 % yield) and 56 (75% yield). The "C nmr data for H-type 2-OMe (52), H-type I-OMe 

Scheme 6 outlines the synthesis leading to the 6b-deoxy- (S), and congeners are reported in Tables 2 and 3. These data 
H-type 2 congener (62). Mercuric cyanide promoted gly- together with the 'H nmr parameters reported in the experi- 
cosylation of 39 with 6-deoxy acetobromogalactose (57) (22) mental section are in full agreement with the structural as- 
provided the blocked disaccharide 58 in 68% yield. Deace- signments. The characteristic interunit deshielding of H-lc 
tylation to 59 followed by benzylidenation with a,a-dime- for both 52 and 5 by 0.54 and 0.41 ppm, respectively, in 
thoxytoluene in the presence of p-toluenesulfonic acid comparison to H-1 of a-L-FucOMe, is interpreted as result- 
afforded the alcohol 60 in near quantitative yield. a-L-Fu- ing from the proximity of H-lc to 0-3b of the p ~ G a l  unit (23, 
cosylation of 60 provided 61 in 81% yield. The target com- 24). Similar specific interunit deshieldings of H-5c of 52 and 
pound 62 was then obtained in 78% yield by hydrogenolysis 5 by 0.19 and 0.26 ppm, respectively, can be attributed to 
in the usual manner. the proximity of H-5c to 0-4a in 52, and to 0-3a in 5 (23). 

For the synthesis of 4b-deoxy-H-type 2-OMe congener Except for 3b-deoxy-H-type 2-OMe (53), these deshield- 
(66) (Scheme 7), the alcohol 39 was glycosylated with the ings, relative to H-1 and H-5 of a-L-FucOMe and its mono- 
previously reported bromide 63 (12) under Helferich con- deoxy derivatives, are observed for all the H-type 2 and 
ditions. The disaccharide 64 was isolated in only 19% yield. H-type 1 congeners. However, whereas deoxygenation of 
Since sufficient material was obtained, no optimization was H-type 2-OMe at the 3b position to produce 53 did not af- 
attempted. Deacetylation of 64 was followed by a-L-fuco- fect the chemical shift for H-5c, the signal for H-lc was 
sylation with 3 to give 65 (62% yield). The benzyl groups shifted upfield by 0.33 ppm. A similar specific interunit ef- 
of 65 were then removed by catalytic hydrogenation to pro- fect of the chemical shift of H-Id was recently observed on 
vide the desired 4b-deoxy derivative (66) of 52 in 94% yield. deoxygenation of the 3b-position of the Lewis b tetrasac- 
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RO 

RO &opwoMe OR - ph < O & ; w O M e  OH 

NH Ac NHAc 

2 0  R = A c  2 2  
2 1 R = H  / 

ph <O&;qoMe 0 - HO Hbo+OH 0 OMe 

NHAc 

'$+ OBn NHAc 

OBn OH 

B nO 

BnO &&, + A l l 0  
-- .no 

0 Ac OR1 OBn 
Br NHAc 

2 5  2 6  
5 2 7  R = A110, R '  = A c  

2 8  R = H O ,  R1 = A C  
L) 2 9  R = P h O C ( S ) O ,  R1 = A c  

3 0  R = H, R '  = A c  
RO - 3 + 6 3 1 R = H , ~ l = H  

0 
OR 

Me 3 2 R = B n  
OR 3 3 R = H " 1  

charide (12). Thus, the ' H  nmr data indicate that the con- 
formational preferences for the interunit glycosidic bonds are 
not significantly changed by the structural modifications 
leading to the various H-type 1 and H-type 2 congeners. 
Consequently, the interpretations attached to the immuno- 
chemical data will be based on the HSEA conformers (23), 
which well accommodate the 'H nmr data. In fact, as will 
be seen below, the interpretations are highly attractive. 

lr~lm~~nochemical studies 
The immunochemical data are based on a previously re- 

ported solid-phase competitive radioimmunoassay (3) by 
which the amounts of haptens required for 50% inhibition of 
the binding of an "'I-labelled H-type 2-BSA artificial anti- 
gen by the immobilized lectin are determined. The results are 
reported in Tables 4-6. 

LePendu et nl. (5) reported that the Galactia lectin has a 
specificity for the H-type 2 blood group determinant. How- 
ever, the present investigation has revealed the lectin to also 
have an affinity for the H-type 1 trisaccharide (5) that is only 

2-3 times less than that for H-type 2 trisaccharide (52). To 
ensure that the H-type 1 specificity is due to a cross-reac- 
tion and not to the presence of a second lectin with an H-type 
1 affinity, the lectin preparations were affinity purified both 
on H-type 2- and H-type I-SynsorbO columns and the 
products examined by SDS gel electrophoresis under non- 
reducing conditions (25). Both the preparations provided 
bands at 27 and 29 kDa of the same relative intensity of 3 :  1 
as was found in previous preparations (5) and appeared 
identical. It is concluded, therefore, that the preparation is a 
single lectin that has an affini~y for both the type 1 and type 
2 structures (5 and 52, respectively) and that these epitopes 
share common structural features. This can be appreciated 
from the surfaces presented in Fig. 1 which conform with the 
following inhibition data. 

As seen in Table 4, the H-type 2 related structure (52) is 
only three times more potent an inhibitor of the H-type 2 ar- 
tificial antigen than is the diastereoisomeric H-type I-OMe 
(5). That the P-D-GlcNAc unit is involved in the binding of 
52 is surely indicated by the inactivity of its 3a-deoxy de- 
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TABLE 2. Effects of changes of substituents and solvent on the conformational equilibria of 
derivatives of lactosamine 

r OBn 

OMe 
('Y 

NAc D'A h~ A - - , - T .  

Compound 

"The structures for R'  are presented in Scheme 4. 
"The coupling constants for the other ring protons of the P-D-GlcNAc residues are in accord with the 

changes listed for J , , , ? ,  (see Experimental). 

rivative (33). Since the 4a-hydroxyl group of 5 is expected, 
as seen in Fig. 1, to project toward the P-D-Gal unit in a very 
similar manner as does OH-3a in 52 (I), the inactivity of 4a- 
deoxy-H-type 1-OMe (13) was not surprising. The difucose 
derivatives 68 and 76 were also inactive. In view of the high 
activity retained by the variety of compounds (69-75) ob- 
tained by modifying the CHzOH group of the GlcNAc unit 
of 52, this hydroxyl group is surely not involved in the 
binding and remains in the aqueous phase. It would be ex- 
pected, therefore, that N-deacetylation of 5 to produce 6 
would not materially affect the binding, as was indeed the 
case. Clearly, however, in the complex, the CHIOH-5a group 
of 52 and the NHAc-2a group of 5 must be at the periphery 
of the combining site (Table 4). This conclusion is in ac- 
cord with the conformational preferences assigned to these 
compounds (Fig. l) ,  which infer that these groups are in close 
proximity to OH-4c, one of the four hydroxyl groups that, 
as will be seen below, provide key polar interactions. In view 
of these observations, the remote methyl aglycons of 52 and 
5 were not expected to be directly involved in the complex- 
ation. This was confirmed by the high activity of 67. It ap- 
pears that the aglycon of 67 contributes a small hydrophobic 
stabilization of the complex. 

Since OH-3a of 52 (or OH-4a of 5) is essential to com- 
plex formation, it could be expected that an H-related di- 
saccharide would be inactive. However, as seen in Table 4, 
77 is only about 12 times less potent an inhibitor than is 52. 
Evidently, the polar group of the lectin that forms a hydro- 
gen bond with OH-3a of 52 (or OH-4a of 5) can come into 
contact with the aqueous phase. Therefore, it is not the loss 
of the hydrogen bond with the GlcNAc unit that leads to the 
inactivities displayed by the deoxy compounds 33 and 13. 
Instead, these inactivities must result from the resistance by 
the polar group of the protein to shed its water of hydration 
in order to form the complex when it is faced with the hy- 
drophobic environment presented by the deoxy compounds. 
This observation provides experimental support for the pos- 
tulation earlier made in this regard (26). The about 1.5 kcall 

mol lower stability of the complex provided by the H-disac- 
charide must be related to the changes in protein structure 
required to accommodate the water molecules that remain 
attached to the polar group of the combining site. 

The involvement of the P-D-Gal unit in the complex 
formed by the Galactia lectin with either H-type 2-OMe (52) 
or H-type 1-OMe (5) can be appreciated from the data pre- 
sented in Table 5 with reference to Fig. 1. It is seen in Fig. 
1 that the topography presented by this unit is the same for 
both the epitopes. Since the changes at the 3b or 4b posi- 
tions resulted in inactive compounds, these hydroxyl groups 
provide key polar interactions deep in the combining site 
where the resulting hydrogen bonds are sheltered from ex- 
change with water. The inactivity of the 6b-deoxy-nor de- 
rivative (24) of H-type 1-OMe (5) implies that the CHI-5b 
group comes into contact with the combining site. That this 
nonpolar interaction is at the periphery is indicated by the 
high activity of the 6b-deoxy H-type 2 compound (62). It is 
to be recognized that, as recently demonstrated (27), the re- 
duced activity does not necessarily mean that OH-6b be- 
comes engaged in a hydrogen bond with the protein. Instead, 
small changes in the stability of a complex that result from 
a structural modification of the ligand may indicate that the 
modification occurred near the surface of the protein and 
thereby affected the energy of hydration (28). 

The results presented in Table 6 require that both O H - 4 ~  
and Me-% of the fucose unit are involved in the complexa- 
tion of 52 by the Galactia lectin. Although the replacement 
of either one of these groups by hydrogen resulted in im- 
portant loss in activity, complex formation could be de- 
tected since the losses in stability were less than 2 kcal/mol. 
Whereas the removal of OH-4c leads to the loss of a polar 
interaction, the substitution of the methyl group by hydro- 
gen leads to a loss of complementarity. The OH-2c and 
OH-3c groups clearly remain in contact with the aqueous 
phase. It is noteworthy that the methyl glycosides of a-L- 
fucose (81) and N-acetyl-P-lactosamine (80) are essentially 
inactive although both provide structural features essential 
to the epitope. 
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R' R1 R2 R1 AcO 

3 4 R 1 = H ,  R2=OBn 3 6 R 1 = H ,  R ' = O B ~  
35  R1 = OBn, R2 = H 37  R1 = OBn, R' = H 

0 ~ e -  OMe AcO BnO 
0 Ac NHAc 

Br OR OBn 

4 3 R = H  
4 4 R = B z  

HO 
NHAc 

R s o w  0 OH OMe R R' R' R3 

3 4 45 OBz OBn OBn 

46 OH OBn OBn OBn 
47 OC(S)OPh OBn OBn OBn 4 
48 H OBn OBn OBn 4 

38 44 49 OH H OH OH 
36 4 50 OBz OBn H OBn 

R R1 R2 R3 
37 4 51 OBz OBn OBn H 

52 OH OH OH OH 
53 H OH OH OH 
54 OH H OH OH 

55 OH OH H OH 
56 OH OH OH H 

According to the foregoing interpretations of the experi- 
mental data, the lower activity of H-type 1-OMe (5) as 
compared to that of H-type 2-OMe (52) is related to the 
difference in hydration about the acetamido group of 52 to 
that about the hydroxymethyl group of the P-D-GlcNAc unit 
of 5 .  We have unequivocally established in the case of the 
binding of the Lewis b-OMe tetrasaccharide by the lectin 
IV of Griffonia sinzplicifolia (28) that decreases in the sta- 
bility of a complex by as much as 0.7 kcal/mol can occur 
by substitutional changes in groups that are near the pe- 
riphery of the combining site but remain in bulk water so- 
lution. These observations are of major significance to 
attempts at drawing conclusions as to the size of combin- 
ing sites. Thus, for example, the binding of linear, regular 
oligosaccharides has been observed on several occasions to 

increase with increasing chain length (29). Normally, after 
the trisaccharide level, the increases are less than 0.5 kcal/ 
mol. In view of the present findings (27), changes of this 
magnitude do not necessarily relate to the size of the com- 
bining site. Instead, these may be related to changes in the 
hydration of the complex that result from increasing the 
chain length by sugar units that are close to, but not in 
contact with, the protein. 

In contrast to the Galactia lectin, which binds the H-type 
2 trisaccharide (52) only three times more strongly than the 
H-type 1 isomer (5) (see Table 4), we have now determined 
that the lectin I of Ulex europaeus binds 52 100 times more 
strongly than it does 5 .  As previously reported (30), de-N- 
acetylation of 5 provides a much superior inhibitor. Indeed, 
we now find that the amine (6)  is only four times less potent 
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Me 

39 - 
AcO RO 

Br OR 
OBn 

57 58 R =Ac 
5 9 R = H  

NHAc 

+ 3  - 
60 

61 

OH 

62 

% + 39 - 
BnO Br B n &oe OAc OBn 

63 64 

NHAc - 3  
& o w O M e  BnO HO 

OB n OH 

OBn 
- 

Me OBn 

an inhibitor than is 52. These results are readily appreciated 
from the structures presented in Fig. 2. 

The probing of the combining site of the UIex lectin has 
shown (2) that the binding of 52  involves the polyamphi- 
philic surface presented in Fig. 2 wherein the four hydroxyl 
groups known to provide key polar interactions are dis- 
played. Much the same surface can be presented by the 
H-type 1 isomer (5). The main difference is that the aceta- 
mido group of 5 is projected to near the region that is bound. 
In view of the actlvity of 6 ,  the involvement of the aceta- 
inido group must be at the periphery of the combining site. 

Also the 6a-methylene group of the P-D-GlcNAc unit of  52 
must be at, or close to, the periphery of the co~nbining site 
since the 6a-hydroxyl group, in contrast to earlier indica-. 
tions ( l ) ,  is not directly involved in the binding reaction (2). 
These data therefore allow the important conclusion that the 
surface recognized by the lectin is much smaller than that 
suggested on the basis of probing experiments ( I ) .  Indeed, 
the binding appears to be restricted to the rather small hy- 
drophilic. but polyamphiphilic, surface presented in Fig. 2. 
The data also lend strong support to the conformational 
preferences assigned to the trisaccharides (5 and 52). 
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TABLE 3. The I3C nmr chemical shifts (ppm) for the H-type 2 blood group determinant (a-~-Fuc-(1+2)-P-~-Gal-(1+4)-P-~-GlcNAc- 
OMe (52)) (17) and related structures" 

Derivatives of H-type 2-OMe (52) 

P-D-GlcNAc a-unit 

C- 1 102.73 
C-2 56.03 
C-3 73.23 
C-4 77.26" 
C-5 76.14' 
C-6 61.10 
CH30 57.90 
CH3C0 23.05 
CO 175.41 

P-D-Gal b-unit 

C- 1 101.19 102.30 103.34 101.42 101.22 
C-2 77.32" 77.10 70.49 81.06 78.03 
C-3 74.43 74.45 34.69 72.15 74.64 
C-4 69.97 69.80 68.49' 35.36 72.58 
C-5 76.09' 75.94 79.30" 73.61 71.72 
C-6 61.87 61.68 62.10 64.36 16.05 

a-L-Fuc c-unit 

"0.05 M solutions in D 2 0  with dioxane as internal standard at 67.4 ppm were measured at 75 MHz at 295". The assignments were made by inspection. 
".'The corresponding assignments of the chemlcal shifts are tentative and may be reversed. 

Experimental 

Methods 
The isolation of the lectin of Galactia tenu~yora was carried out 

as described (5). Approximately 200 mg of the affinity-purified 
lectin were isolated from 50 g mature seeds. Stock solutions of the 
lectin in phosphate buffer solution (3) were of light brownish col- 
our. 

The radioimmunoassays were performed following the proce- 
dure recently described (3) using an '25~-labelled [a-L-Fuc-(1+2)- 
P-D-G~~-(~+~)-P-D-G~~NACO-(CH~)~CONH]~~-BSA antigen with 
an initial activity of 250 000 cpm/100 KL provided by Chembiomed 
Ltd., Edmonton, Canada. The coated polystyrene vials were pre- 
pared with the affinity-purified lectin at a concentration of 100 
pg/mL in PBS buffer. In the absence of inhibitor, the coated tubes 
acquired about 120 000 cpm. 

The 'H nmr spectra were measured at 300, 360, and 400 MHz 
(Bruker AM 300, WM 360, and WH 400) with tetramethylsilane 
as internal standard for CDC1, solutions. Reference standard for D20 
solutions was acetone (2.225 ppm). The I3C nmr spectra were re- 
corded at 100 and 75 MHz (Bruker WH 400 and AM 300) using 
as a solvent either CDC1, (77.0 ppm) or D20  with dioxane 
(67.4 ppm) as internal standard. Optical rotations were measured 
at room temperature (23 + 1°C) in a 1-dm cell on a Perkin Elmer 
241 polarimeter. Thin-layer chromatograms were performed on 
precoated plates of silica gel (60-F 254, E. Merck, Darmstadt) and 
visualized by spraying with 10% sulfuric acid in ethanol followed 
by heating. For column chromatography, silica gel 60 (230-240 
mesh, E. Merck) and distilled solvents were used. Solvents and 
reagents were purified and dried according to standard proce- 
dures. Melting points are uncorrected. 

Methyl 2-acetamido-4,6-0-benzylidene-2-deoxy-3-0-(3,4,6-tri- 
O-benzy~-~-~-galactopyranosyl)-~-~-g~ucopyranoside (2)  

Compound 1 (5.0 g, 6.27 mmol) (6) was dissolved in a mixture 
of methanolic 0.05 N sodium methoxide (I 10 mL) and dichloro- 
methane (50 mL) and left at room temperature for 1 day. Deioni- 
zation with Amberlite IRC 50 H+ followed by evaporation left a 
white solid that was recrystallized from chloroform - ethyl acetate 
to give pure 2 (4.12 g, 87%); mp 212-213°C; [a], -39 (c0.5, di- 
chloromethane); ' H  nmr (CDCI,) 6: 7.5-7.2 (m, 20H, 4Ph), 6.07 
(d, 1H, JNH,?= 7.0 HZ, NH), 5.52 (s, 1H, CHPh), 4.91 and 4.60 
(ABq, 2H, JA,B 12.0 HZ, CHrPh), 4.78 (d, lH,  J1,,& 8.5 Hz, H-la), 
4.65 and 4.63 (ABq, 2H, J,,, 12.0 Hz, CH2Ph), 4.42 and 4.39 
(ABq, 2H, JA,, 12.0 HZ, CH2Ph), 4.39 (d, overlapped by CH2Ph, 
J l b , Z b  -'. 8.0 HZ, H-lb), 4.35 (dd, 1H, J6a,6aa 10.5 HZ, J6a.5a 5.0 HZ, 
H-6a), 4.30 (t, lH,  J2,,,, 9.0 Hz, J,,,,, 9.0 Hz, H-3a), 4.0 (dt, 
1H, J?b,3b 9.5 HZ, J2b,0H 1.5 HZ, H-2b), 3.91 (d, 1H, J4b,)b 

2.5 Hz, H-4b), 3.79 (t, lH,  J,,.,,. 10.0 Hz, H-6a1), 3.65 (t, lH, 
J,,,,, 9.0 Hz, H-4a), 3.49 (s, overlapped, CH,O), 3.34 (dd, IH, 
H-3b), 2.9 (s, IH, OH), 1.91 (s, 3H, CH,CO). Anal. calcd. for 
C4,H4,NOI ,: C 68.33, H 6.53, N 1.85; found: C 67.92, H 6.44, N 
1.79. 

2,3,4-Tri-0-benzyl-a-~-fucopyranosyl bromide (3) (7) 
Bromide 3 was prepared just prior to use from 2,3,4-tri-0-ben- 

zyl-L-fucopyranose (7) as reported (6), which is according to the 
preparation of bromide 36. 
Methyl 2-acetamido-4,6-O-benzylidene-2-deoxy-3-0-[3,4,6-tri- 

0-benzyl-2-0-(2,3,4-tri-O-benzyl-a-~-fucopyranosyl)-~-~- 
galactopyranosyl]-P-D-glucopyranoside (4)  

A solution of freshly prepared bromide 3 (8.51 mmol) in di- 
chloromethane (10 mL) was added to a solution of 2 (3.0 g, 
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TABLE 4.  Involvement of the P-D-GlcNAc a-unit in the binding by the lectin of Gulucriu tenuifZora 

HO 

HO HO OMe 
0 R2 0 - 
I OH I OH NHR 

Substituent 
50% Inhibition, Relative AAG', 

Compound R R1 R' pmol/L potency kcal/mol 

H-type 2 related 

52(H-type2) CH, OH OH 290 100 0 
67 (CH2)8COOCH, OH OH 225 129 -0.15 
33 CH3 H OH 30% at 5055 Inactive - 

68 ( Y )  CH3 O ~ L F U C  OH 5% at 1450 Inactive - 
69 CH3 OH H 210 138 -0.19 
70 CH3 OH OCH, 302 96 0.02 
7 1 CH, OH F 326 89 0.07 
72 CH3 OH Cl 4 14 70 0.2 1 
73 CH3 OH NH2 254 114 -0.08 
74 CH3 OH NHAc 318 9 1 0.05 
75 CH3 OH NHPiv 349 83 0.11 

H-type I related 

5 (H-type 1) Ac OH OH 829 35 0.62 
6 H OH OH 833 35 0.62 
13 Ac H OH 23% at 3800 Inactive 
76 ( ~ e ~ )  Ac O ~ L F U C  OH 6% at 2500 Inactive 
19 Ac OH H 38 1 76 0.16 

H-related 

3.97 mmol) and tetraethylammonium bromide (840 mg, 4.00 mmol) 
in dichloromethane (15 mL) and N,N-dimethylformamide (4 mL) 
containing 4 A molecular sieves (10 g). The mixture was stirred for 
20 h, then methanol (2 mL) was added and stirnng continued for 
two more hours. It was diluted with dichloromethane, flltered 
through a pad of Celite, washed with aqueous saturated sodium 
hydrogencarbonate and water, dried, and evaporated. The crude 
product was applied to a silica gel column (hexane - ethyl acetate, 
2:  1; dichloromethane - ethyl acetate, 2:  1) to provide the title 
compound 4 (3.4 g ,  73%) as a foam; [a], -83 (c 0.5, dichloro- 
methane); IH nmr (CDCI,) 6: 7.5-7.1 (m, 35H, 7Ph), 6.46 (d, lH,  
JNH.= 7.5 HZ, NH), 5.52 (d, lH,  JI,, 3.5 HZ, H-lc), 5.50 (s, lH,  
CHPh), 3.49 (s, CH,O), 3.37 (m, 1 H, H-2a), 1.82 (s, 3H, CH,CO), 
1.22 (d, 3H, J5, ,, 6.5 Hz, H,-6c). Anal. calcd. for C70H77NOI,: 
C71 .72 ,  H 6 . 6 2 , N  1.19;found.C71.83,  H 6 . 5 8 , N 0 . 9 1 . F u r -  
ther development with ethyl acetate eluted the starting material 2 
(680 mg, 23%). 

Methyl 2-acetumido-2-deoxy-3-0-~-O-(a-~-fucop~~ranosyl)-~- 
galactopyranosyl]-P-D-glucopyranoside (5) 

Compound 4 (100 mg, 0.09 mmol) in 95% ethanol (7 mL) was 
hydrogenated for 2 days over 5% palladium-on-carbon (100 mg) 
at 110 psi (1 psi = 6 89 kPa). After filtration, evaporation of the 
solvent, and twofold precipitation of the product from methanol - 
ethyl acetate, compound 5 (38.0 mg, 82%) was obtained as a white 
powder; [a], -77.3 (c 0.62, water); 'H nmr ( ~ ' 0 )  6: 5.18 (d, IH, 
JIc,k 3.8 HZ, H-Ic), 4.63(d, lH,  Jib.,, 7.5 HZ, H-lb), 4.34 (d, lH,  
Jla,2a 8.5 Hz, H-la),  4.30 (q, lH ,  J,,.& 6.5 Hz, J,,,,, < 1.0 Hz, 
H-5c), 3.98 (dd, lH,  J,,,, 10.0 Hz, J3a.4a 8.5 Hz, H-3a), 3.94 (dd, 

lH,  J6a,6a. 12.0 HZ, J5a,6e 1.5 HZ, H-6a), 3.88 (dd, 1H, J,b,4b 

3.3 Hz, H-4b), 3.83 (dd, l H ,  J2b,,b 9.5 Hz, H-3b), 3.78 (H-2a), 
3.76 (H-6a1), 3.76 (H-4c), 3.75 (H-2c), 3.68 (H-3c), 3.67 +- 0.02 
(H-5b), 3.58 (dd, l H ,  H-2b), 3.49 (H-4a), 3.48 (H-5a), 3.48 
(CH,O), 2.04 (s, 3H, CH7CO), 1.22 (d, 3H, H,-6c). The "C nmr 
data are reported in Table 1. 

Methyl 2-amino-2-deo,~y-3-O-~-O-(a-~-fucopyranosyl)-~- 
galactopymnosyl]-P-D-glucopyranoside (6) 

A solution of 5 (35 mg, 0.06 mmol) in hydrazine hydrate 85% 
(6 mL) was heated in a metal bomb at 140°C for 12 days. After 
evaporation and codistillation with water and methanol, the crude 
product was applied to a column of Sephadex LH 20 and eluted with 
ethanol-water 1 : 1. After another gel filtration, the product was 
precipitated from methanol - ethyl acetate to provide 6 (21.3 mg, 
66%); [a], -69 (c 0.6 water); 'H nmr (D'O) 6: 5.30 (d, IH, Jlc,zc 
2.5 Hz, H-lc), 4.72 (d, lH,  7.8 HZ, H-lb), 4.37 (d, IH, JI,,, 

8 .0 Hz, H-la),  4.32 (q, 1 H,  J5,,, 6.5 Hz, H-5c), 3.94 (dd, over- 
lapped, J,,,,, 1.9 Hz, H-6a), 3.92 (overlapped, H-4b), 3.90 (dd, 
overlapped, J3b.db 3.3 HZ, H-3b), 3.81 (H-4c), 3.80 (H-2c), 3.74 
(H-6a1), 3.71 (H-3a), 3.70 (H-2b), 3.55 (CH,O), 3.48 (H-5a), 2.83 
(dd, IH, J2a,)a 10.0 Hz, H-2a), 1.22 (d, 3H, H,-6c). The "C nmr 
data are reported in Table 1. 

Methyl 2-acetatnido-3-O-(2-0-acetyl-3,4,6-tri-O-benzyl-~-~- 
gulactopyranosyl)-4-O-benzyl-2-deoxy-~-~-glucopyranoside 
(8) 

Compound 8 was obtained as a minor compound (1 7%) besides 
the main product 7 (73%) when 1 was treated with sodium cyano- 
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CROMER ET AL 

TABLE 5. Involvement of the P-D-Gal b-unit in the binding by the lectin of Galactia terzu1j7ora 

R2 ~3 Rl*o&iMe R HO HO&Jo+ OMe 

0 OH 0 
I OH I OH NHAc 

Substituent 
50% Inhibition, Relative AAG', 

Compound R R' R' R3 pmol/L potency kcal/mol 

H-type 2 related 

52 (H-type 2) OH H OH CH,OH 290 100 0 
53 H H OH CH,OH 25% at 3000 Inactive - 

66 OH H H CHzOH 6% at 2500 Inactive - 
78" OH OH H CHzOH 10% at 2400 Inactive - 

62 OH H OH CH3 970 30 0.7 1 

H-type 1 related 

24 - - H 31% at 5200 Inactive - 

"The (CH2),COOMe glycoside was used. 

TABLE 6. Involvement of the a-L-FUC c-unit in the binding by the lectin of Galactia tenuiflora 

NHAc 

HO 

0 OH 
I R 

Substituent 
50% Inhibition, Relative AAG', 

Compound R R1 R2 R3 pmol/L potency kcal/mol 

8% at 7900 Inactive - 

17% at 11200 Inactive - 

"The (CH2),COOMe glycoside was used. 
"stimated from extrapolation. 

borohydride as reported (6). Chromatography of the mother liquor 
of 7 on a column of silica gel (ethyl acetate) provided 8 as a white 
powder; [a], - 12.5 (c 1.0, chloroform); 'H nmr (CDCI,) 6: 7.40- 
7.20 (m, 20H, 4Ph), 6.03 (d, 1 H, JNH,,* 8.0 HZ, NH), 5.28 (dd, 
lH, JZb,3b 10.0 HZ, Jlb,2b 8.0 HZ, H-lb), 4.60 (d, lH,  H-lb), 4.45 
(d, lH,  Jla,2a 8.0 HZ, H-la), 4.10 (t, IH, J ,,,, - J,,.3, - 8.0 Hz, 
H-3a), 3.93 (bd, IH, J3, ,, 3.0 Hz, J4b.5b < 1 HZ, H-4b), 3.61 (t, 
lH, J4d,5a 8.0 HZ, H-4a), 3.52 (dd, overlapped, H-3b), 3.42 (s, 3H, 
CH30), 2.05 and 1.92 (2s, each 3H, 2CH3CO). Anal. calcd. for 
C45H53N012: C 67.57, H 6.68, N 1.75; found: C 67.66, H 6.74, N 
1.75. An analytical sample was acetylated conventionally (pyri- 

dine, acetic anhydride). The 'H nrnr spectrum of the resulting di- 
0-acetate showed a doublet (2H, JG,& - 4 HZ, Hz-6a) at 4.32 ppm. 

Methyl 2-acetamido-3-0-(2-0-acetyl-3,4,6-tri-0-benzyl-~-~- 
galactopyranosy1)-6-0-benzyl-2-deoxy-4-0- 
phenoxythiocarbonyl-m-glucopyranoside (9) 

A mixture of 7 (100 mg, 0.125 mmol), 4-dimethylaminopyri- 
dine (519 mg, 4.25 mmol), and phenyl chlorothionocarbonate 
(346 pL, 2.5 mmol) in dry acetonitrile (4 mL) was boiled under 
reflux for 20 h and then left at room temperature for 20 h. The 
mixture was diluted with dichloromethane and sequentially washed 
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FIG. 1. The surface common to the H-type 1 (5) and H-type 2 
(52) trisaccharides that is recognized by the lectin of Gnlncrin ren- 
uiflora is represented by the darkly colored atoms. The off-white 
groups are expected to remain solvated by water. 

FIG. 2. The surface of the H-type 2 trisaccharide (52) that is 
recognized by the lectin I of Ulex euroaeus and the very similar 
surface present in the H-type 1 trisaccharide (5). It is seen that de- 
N-acetylation of the H-type 1 compound will improve the comple- 
mentarity to the combining site of the lectin by rendering the sur- 
face more similar to that presented by the H-type 2 isomer. 

with ice-cold 0.5 N hydrochloric acid, saturated aqueous sodium 
hydrogencarbonate, and water, followed by drying and evapora- 
tion. The resultant material was recrystallized from methanol-ether- 
hexane to provide 9 (76 mg, 65%); mp 173.5-174°C; [a], + 17.5 
(C 0.5, chloroform); 'H nmr (CDCI,) 6: 7.40-7.00 (m, 25H, 5Ph), 
5.73 (d, lH,  JNH,& 8.0 HZ, NH), 5.51 (t, lH,  J3,,& - J4,,5, 7.5 HZ, 
H-4a), 5.29 (dd, 1 H, J2,,,, 10.0 HZ, J l b , 2 b  8.0 HZ, H-2b), 4.9 1 (d 
from ABq, IH, JA.B 12.0 HZ, 1CH2Ph), 4.78 (d, lH,  Jla.& 7.0 HZ, 
H-la),  4.47 (d, IH, H-lb), 3.96 (bd, lH,  J,,,,, 2.5 Hz, J j b . 5 ,  < 
1 Hz H-4b), 3.48 (s, 3H, CH30), 2.02 and 1.93 (2s, each 3H, 
2CH3CO). Anal. calcd. for C52H57N013S: C 66.72, H 6.14, N 1 SO, 
S 3.42; found: C 66.77, H 6.23, N 1.34, S 3.23. 

Methyl 2-acetamido-3-0-(2-0-aceryl-3,4,6-rri-0-benz)~l-~-~- 
galactopyranosyl)-6-O-bet~zyl-2,4-dideoxy-~-~-xylo- 
hexopyranoside (10) 

Argon was passed through a solution of 9 (290 mg, 0.3 1 mmol) 
in toluene (18 mL) for 50  min at 80°C. Then 2,2'-azo- 
bis(isobutyronitri1e) (46 mg, 0.28 mmol) and tributyltin hydride 
(0.83 mL, 3.1 mmol) were added. After 2 h at 80°C, the mixture 
was allowed to reach room temperature and was washed with 
aqueous potassium fluoride solution and water, followed by drying 
and evaporation. The crude product was applied to a column of 
silica gel (dichloromethane-methanol, 98:2) and eluted in 77% 
yield (188 mg). The analytical sample was recrystallized from 
methanol-ether-hexane; mp 201-203°C; [a], +4.2 (c 0.8, chlo- 
roform); 'H nmr (CDCI,) 6: 7.40-7.20 (m, 20H, 4Ph), 5.66 (d, IH, 

J N H , ~ ~  7.5 HZ, NH), 5.28 (dd, l H ,  J l b , Z b  8.0 HZ, JZb,), 10.0 HZ, 
H-2b), 4.90 (d, from ABq, IH, J A , B  12.0 HZ, lCH2Ph), 4.80 (d, 
lH,  Jl,,& 8.0 Hz, H-la), 4.65-4.30 (m, 7H, CH2Ph), 4.44 (d, IH, 
H-lb), 3.90 (bd, lH,  J3b,4b 3.0 HZ, J4b.5, < 1 HZ, H-4b), 3.66 (bm, 
lH,  H-5a), 3.47 (s, 3H, CH30), 2.94 (ddd, IH, JZa,3il - 9.0 HZ, 
H-24 ,  2.15 (bdd, 1H, J4,,q,4,,, 13.0 Hz, J3a.4aeq - 6 HZ, J4acq.5a - 
2 Hz, H-4aeq), 2.01 and 1.92 (2s, each 3H, 2CH3CO), 1.5 1 (q, 
lH,  J4 ,;,,, 5, - J78,48,X - 11 HZ, H-4aax). Anal. calcd. for 
CJ5HS3NOII: C 68.88, H 6.81, N 1.79; found: C 68.66, H 6.93, N 
1 7 c  

Methyl 2-acetatnido-6-O-bet1zyl-2,4-dideo.1y-3-0-(3,4,6-tri-O- 
ber?zy~-~-~-galactopyranosyl)-~-~-xylo-hexopyranoside (11) 

A solution of acetate 10 (180 mg, 0.23 mmol) in methanolic 0.05 
N sodium methoxide (25 mL) was kept overnight at room temper- 
ature. The mixture was neutralized with Amberlite IRC 50 (H') 
resin and evaporated to leave 11 (150 mg, 88%) as a solid. An an- 
alytical sample was recrystallized from dichloromethane-hexane; 
mp 202-204°C; [a], -4.7 (c 1.4, chloroform); 'H nmr (CDCl,) 
6: 7.40-7.20 (m, 20H, 4Ph), 6.19 (d, IH, JNH,?, 7.0 Hz, NH), 
4.85-4.37 (m, 8H, 4CH2Ph), 4.77 (d, IH, JI:,,2e 8.0 HZ, H-la), 
4.28 (d, lH,  Jlb,?, 8.0 HZ, H-lb), 3.90 (dd, lH,  10.0 HZ, 
H-2b), 3.85 (bd, 1 H, J3b,,, 3.0 HZ, J4b,5b < 1 HZ, H-4b), 3.70 (bm, 
lH,  H-5a), 3.48 (s, 3H, CH,O), 3.34 (dd, IH, H-3b), 3.11 (ddd, 
lH, J?,,,, 10.0 Hz, H-2a), 3.09 (bs, lH,  OH), 2.17 (bddd, IH, 
J4 :,,,, ,;,, 13.0 Hz, J3,,4,,q 5.5 Hz, JhL.q,5a 2.0 HZ, H-4aeq), 1.91 (s, 
3H, CH,CO), 1.5 1 (ddd, l H ,  J4aax,5;, - J3n,4enx 1 1.0 HZ, H-4aax). 
Anal. calcd. for C4,H5,NOl0: C 69.62, H 6.93, N 1.89; found: C 
69.73, H 6.89, N 1.83. 

Methyl 2-acetamido-6-0-benzyl- 2,4-dideoxy-3-0-[3,4,6-tri-0- 
betzzyl-2-0-(2,3,4-tri-O-ber2zyl-a-~-fucopyranosyl)-~-~- 
galactopyranosyl]-p-D-xylo-hexopyrarzoside (12) 

A solution of bromide 3 (0.62 mmol) in dichloromethane 
(0.7 mL) was transferred into a stirred mixture of alcohol 11 (150 
mg, 0.2020 mmol), tetraethylammonium bromide (63 mg, 0.30 
mmol), 4 A molecular sieves (powdered, 2g), and N,N-dimethyl- 
formamide (0.5 mL) in dichloromethane (3 mL). After stirring for 
24 h, methanol (0.5 mL) was added and stining continued for 1 h. 
Usual processing followed by column chromatography on silica gel 
(dichloromethane-methanol, 98.5: 1.5) provided pure 12 (134 mg, 
57%) after recrystallization from ether-hexane; mp 83-85°C; [a], 
-61.4 (c 0.8, chloroform); 'H nmr (CDC13) 6: 7.40-7.10 (m, 35H, 
7Ph), 5.95 (d, IH, JNH.2n 7.5 HZ, NH), 5.60 (d, IH, Jlc,2c 3.5 Hz, 
H-lc),  4.95-4.42 (m, 14H, 7CH2Ph), 4.46 (d, 1 H, H-1 b), 4.44 
(d, lH,  Jla.?= 8.0 HZ, H-la), 4.25 (q, IH, J,,,, 6.5 Hz, J4c,5e < 
1 HZ, H-5c), 4.16 (dd, IH, J2b,3b 9.5 HZ, Jlb,Zb 8.0 HZ, H-2b), 
-4.04 (bm, lH,  H-5a), 4.01 (dd, lH, J2c,3c 10.0 HZ, H-2c), -3.88 
(m, 2H, J,,.,, - 2.5 Hz, H-3c, H-4c), 3.77 (bd, 1 H, J3b,4b 2.5 Hz, 
J4b,5b < 1 HZ, H-4b), 3.45 (s, 3H, CH30), 3.38 (H-2a), 2.17 (bdd, 
lH,  J4qcqAaax 12.5 Hz, J,.,,, 4.5 Hz, J4q,5a - I HZ, H-4aeq), 1.86 
(s, 3H, CH3CO), 1.54 (bq, 1 H, J,,,4, = J4,,,, 12.0 Hz, H-4aax), 
1.18 (d, 3H, H3-6c). Anal. calcd. for C70H79NO14. IH20: C 71.45, 
H 6.94, N 1.19; found: C 71.21, H 6.88, N 1.27. 

Methyl 2-acetamido-2,4-dideoxy-3-O-~-O-(a-~-fucopyranosyl)- 
p-D-galactopyranosyl]-p-D-xylo-hexopyranosde (13) 

A mixture of 12 (I I0 mg, 0.095 mmol) and 5% palladium-on- 
carbon (I I5  mg) in 95% ethanol (20 mL) was hydrogenated at at- 
mospheric pressure for 16 h. Filtration and solvent evaporation left 
a residue that was passed through a column of Biogel P-2 (ethanol- 
water, 1 : 9). Freeze-drying an aqueous solution provided 13 (30 mg, 
60%) as a light white powder; [a], -88 (c 0.3, water); 'H nmr 
(D20) 6: 5.17 (d, IH, JI,,,, 4.0 HZ, H-lc),  4.60 (d, 1H, Jlb.~b 
8.0 HZ, H- 1 b), 4.25 (q, 1 H, J5c,Ec 6.5 Hz, Jk,5c < 1 HZ, H-5c), 4.24 
(d, lH,  Jl,.za 8.0 Hz, H-la), 4.08 (ddd, lH,  J3u,4m = J21,3a 11.0 HZ, 
J3a.4aeq 5.0 HZ, H-3a), 3.88 (bd, IH, J3,.,, 3.3 HZ, J 4 b I 5 b  < 1 HZ, 
H-4b), 3.80 (dd, H-3b), 3.53 (dd, IH, JzbS3, 9.8 HZ, J lb , ?b  8.0 HZ, 
H-2b), 3.46 (s, 3H, CH30),  2.14 (bdd, J4,,,48eq 13.0 HZ, J4aeq,5n 

1.3 Hz, H-4aeq), 2.03 (s, 3H, CH,CO), 1.47 (ddd, IH, J4n;u.~n 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CROME IR ET AL. 1523 

11.0 Hz, H-4aax), 1.19 (d, 3H, H3-6c). The I3c nmr data are re- 
ported in Table 1. 

Methyl 2-acetamido-3-0-(2-0-acetyI-3,4,6-tri-0-berzz~~l-~-~- 
galactopyranosy1)-4-0-benzyl-2-deoxy-6-0-p- 
toluenesulfonyl-P-D-glucopyranoside (14) 

A solution of p-toluenesulfonyl chloride (200 mg, 1.05 mmol) 
in dichlorornethane (8 mL) was added to a solution of 8 (644 mg, 
0.81 mmol) in pyridine (10 mL) at ice-bath temperature. After 
2 h, another portion of p-toluenesulfonyl chloride (150 mg, 
0.79 mmol) was added and the mixture was kept at room temper- 
ature for another two hours. It was poured into ice-water, ex- 
tracted with dichloromethane, evaporated and codistilled with 
toluene. The resulting material was purified on a column of silica 
gel (dichloromethane - ethyl acetate, 1 :2) to provide in the first 
main fraction compound 14 (565 mg, 74%) as a solid. The ana- 
lytical sample was recrystallized from ethyl acetate - hexane; mp 
146-147°C; [a], -1, -4 (C 0.6, chloroform); 'H nmr 
(CDCI,) 6: 7.80 (d, 2H, J = 8.0 Hz, Ts), 7.40-7.20 (m, 22H, Ph), 
5.80 (d, lH,  JNH,za  8.5 HZ, NH), 5.30 (dd, lH,  Jlb,2b 8.0 HZ, J Z b , ) b  

10.0 HZ, H-2b), 4.52 (d, lH,  H-lb), 4.45 (d, IH, Jla,2a 6.0 HZ, 
H-la), 4.26 and 4.21 (ABq, 2H, J6=,&. 10.0 HZ, J5=,,= 5.5 Hz, JSa,&. 

3.5 Hz, H-6a, H-6a1), 4.09 (t, lH,  Jz,,3, - J3s,4;, - 6.5 Hz, H-3a), 
3.93 (d, lH,  J3b,ab 3.0 HZ, Jab,5b < 1 HZ, H-4b), 3.75 (m, lH, 
H-5a), 3.65 (ddd, lH,  H-2a), 3.52-3.42 (m, 5H, H-4a, H-3b, 
H-5b, 2H-6b), 3.32 (m, 3H, CH,O), 2.40 (s, 3H, CH3-Ts), 2.00 
and 1.85 (2s, each 3H, CH,CO). Anal. calcd. for C52H59N014S: C 
65.46, H 6.23, N 1.47, S 3.35; found: C 65.35, H 6.14, N 1.63, 
S 3.57. 

Methyl 2-acetamido-3-0-(2-0-acetyI-3,4,6-tri-O-benzyl-~-~- 
galactopyranosyl)-4-O-benzyl-2,6-dideoxy-6-iodo-~-~- 
glucopyranoside (15) 

A mixture of 14 (1.09 g, 1.14 mmol) and potassium iodide 
(2.2 g, 13.3 mmol) in N,N-dimethylformamid (30 mL) was heated 
at 100°C for 5.5 h. It was diluted with dichloromethane, and washed 
successively with water, aqueous sodium thiosulfate solution, and 
water, followed by evaporation. The reaction product was puri- 
fied on a column of silica gel (dichloromethane -ethyl acetate, 1 : 1) 
to provide solid 15 (817 mg, 83%); mp 75-76°C; [a], 0, [a],,, 0 
(c 0.7, chloroform); 'H nmr (CDCl,) 6: 7.40-7.20 (m, 20H, 4Ph), 
5.80 (d, lH,  JNH,2;, 8.5 HZ, NH), 5.34 (dd, 1H, Jlb ,zb  8.0 HZ, JZb,)b  

10.0 Hz, H-2b), 4.96, 4.93, 4.67 (3d from 3ABq, each lH, J,., 
11.5, 10.5, 12.0 Hz, CH2Ph), 4.60-4.46 (m, 5H, CH2Ph, H-la, 
H-1 b), 4.38 and 4.30 (ABq, 2H, JA,, 12.0 Hz, CH2Ph), 4.20 (t, 
lH,  J3s,4a J2a.3a 7.5 HZ, H-3a), 3.94 (d, lH,  J3b,4b 3.0 HZ, 

< 1 HZ, H-4b), 3.44 (s, 3H, CH,O), 2.07 and 1.88 (2s, each 
3H, 2CH3CO). Anal. calcd. for C45H521NOIl: C 59.41, H 5.76, I 
13.95, N 1.54; found: C 59.26, H 5.61, I 13.79, N 1.57. 

Methyl 2-acetamido-3-O-(2-0-acetyl-3,4,6-tri-O-benzyl-P-~- 
galactopyranosy1)-4-0-benzyl-2 ,6-dideoxy-P-D- 
glucopyr-anoside (16) 

A mixture of 15 (775 mg, 0.85 mmol), 2,2'-azobis(isobu- 
tyronitrile) (35 mg, 0.21 mmol), and tributyltin hydride (1 mL, 
3.72 mmol) in toluene (10 mL) was heated at 80°C for 25 min. The 
solvent was evaporated and the reaction product was purified on a 
column of silica gel (hexane - ethyl acetate, 3 : 1, dichlorometh- 
ane - ethyl acetate, 2: 1, 1 : 1) to afford 16 (555 mg, 83%); mp 58- 
60°C; [a], -5 (c 0.5, chloroform); 'H nmr (CDCI,) 6: 7.40-7.20 
(m, 20H, 4Ph), 5.60 (d, lH, JNH.L 8.5 Hz, NH), 5.35 (dd, 1 H, Jlb.lb 
8.0 Hz, Jzb,,, 10.0 Hz, H-2b), 4.95 (d from 2ABq, 2H, JA,B 

12.0 Hz, CHZPh), 4.68 (d from ABq, 1 H, JA,, 12.0 Hz, CH2Ph), 
4.50(d, lH, JI,,2,8.0Hz, H-la),4.55 (d, lH, H-lb),4.36and4.28 
(ABq, 2H, JA,B 12.0 HZ, CHlPh), 4.18 (t, lH, JZr.3a - J3..,= 
8.5 Hz, H-3a), 3.92 (d, 1 H, J,,,,, 3.0 Hz, J j b , , b  < 1 HZ, H-4b), 
3.4 1 (s, 3H, CH,O), 3.18 (t, 1 H, J,,,,;, 8.0 Hz, H-4a), 2.05 and 1.90 
(2s, each 3H, 2CH3CO), 1.34 (d, 3H, J5a.6a 6.3 Hz, H,-6a). Anal. 
calcd. for C,,H,,NO,,: C 68.88, H 6.81, N 1.79; found: C 68.53, 
H 6.62, N 1.65. 

Methyl 2-acetarnido-4-O-benzyl-3-0-(3,4,6-tri-0-benzyl-~-~- 
ga~actopyranosyl)-2,6-dideoxy-P-~-glucopyranoside (17) 

Compound 16 (280 mg, 0.36 mmol) was treated with metha- 
nolic 0.05 N sodium methoxide (16 mL) for 1 day. The solution 
was made neutral with Amberlite IRC 50 (H+), filtered, and evap- 
orated to provide 17 (260 mg, 98%) as a solid. The analytical 
sample was purified by column chromatography on silica gel (di- 
chloromethane - ethyl acetate, 1 : 1); mp 58-60°C; [a], -9 (c 0.2, 
chloroform); IH nmr (CDCl,) 6: 7.40-7.20 (m, 20H, 4Ph), 6.20 
(d, 1H, JNH,2, 7.5 Hz, NH), 4.90 (d from 2ABq, 2H, JA,, 12.0 HZ, 
CHZPh), 4.72 (d from ABq, lH, JA., 12.0 HZ, CH2Ph), 4.71 (d, 
lH, J la ,2a  7.0 HZ, H-la), 4.64, 4.58, 4.54 (3d from 2ABq, J A , B  

12.0 Hz, CH2Ph), 4.36 and 4.30 (ABq, 2H, JA., 1 1.5 HZ, CH2Ph), 
4.36 (d, overlapped, lH, Jlb,2b 8.5 HZ, H-lb), 3.91 (d, 1H, J3b,4b 

3.0 Hz, H-4b), 3.46 (s, 3H, CH,O), 3.28 (t, 1 H, J4a,5a 8.0 HZ, 
H-4a), 3.3 1 (bs, 1 H, OH), 1.85 (s, 3H, CH,CO), 1.37 (d, 3H, J5a,6a 

6.5 Hz, H3-6a). Anal. calcd. for C4,H5,NOlo: C 69.62, H 6.93, N 
1.89; found: C 69.42, H 7.1 1, N 1.75. 

Methyl 2-acetamido-4-O-benzy1-2,6-dideoxy-3-0-[3,4,6-tri-O- 
benzyl-2-0-(2,3,4-tri-O-benzyl-a-~-fucopyrarzosyl)-~-~- 
galactopyranosyl]-P-D-glucopyranoside (18) 

A solution of bromide 3 (1.3 mrnol) in dichlorornethane (1.4 mL) 
was transferred into a stirred mixture of alcohol 17 (280 mg, 
O.a8 mmol), tetraethylammonium bromide (170 mg, 0.8 1 mmol), 
4 A molecular sieves (powdered, 4g), and N,N-dimethylformam- 
ide (1 mL) in dichloromethane (6 mL). After stirring for 30 h, 
methanol (0.5 mL) was added and stirring continued for 2 h. Usual 
work-up was followed by column chromatography on silica gel 
(hexane - ethyl acetate, 1 : 1 and dichlorornethane - ethyl acetate, 
3:  1) to provide crystalline 18 (392 mg, 90%). The analytical sam- 
ple was recrystallized from ether-hexane; mp 114-1 15°C; [a], 
-55.7 (c 0.7, chloroform); 'H nmr (CDCI,) 6: 7.40-7.08 (m, 35H, 
7Ph), 5.71 (d, lH, J1,,2, 4.0 HZ, H-lc), 5.68 (d, lH, JNH.& 8.0 HZ, 
NH), 4.55 (d, overlapped, 1 H, Jl b,zb 8.0 HZ, H- 1 b), 4.5 1 (d, ov- 
erlapped, Jla,2a 8.5 Hz, H-la), 4.37 (overlapped, H-5c), 4.24 (dd, 
IH, JZb,,b 9.0 HZ, H-2b), 4.17 (dd, lH, J3=,4, 8.0 HZ, JZa,)= 9.5 HZ, 
H-3a), 4.02 (dd, 1 H, J2c,3c 10.0 HZ, H - 2 ~ ) ,  3.97 (d, 1 H, J,b,,b 2.5 
HZ, Jab.5b < 1 HZ, H-4b), 3.92 (dd, 1 H, J3c,4c 2.5 HZ, H-3c), 3.85 
(bd, lH,  H-4c), 3.44 (s, 3H, CH,O), 3.06 (t, 1 H, J,,,,, 8.5 Hz, 
H-4a), 1.89 (s, 3H, CH,CO), 1.34 (d, 3H, J5a,6a 6.0 HZ, H3-6a), 
1.20 (d, 3H, J5c,6c 6.5 Hz, H,-6c). Anal. calcd. for C70H79NOl,: C 
72.58, H 6.87, N 1.21; found: C72.10, H 6.93, N 1.29. 

Methyl 2-acetamido-2,6-dideoxy-3-0-[2-0-(a-~-fucopyranosyl)- 
P-D-galactopyranosyl]-P-D-glucopyranoside (19) 

Compound 18 (150 mg, 0.13 mmol) and 5% palladium-on-car- 
bon (150 mg) in 95% ethanol (30 mL) were hydrogenated at at- 
mospheric pressure for 11 h. Work-up and gel filtration as described 
for 13 provided trisaccharide 19 (67 mg, 98%) as a light white 
powder after freeze-drying an aqueous solution. [a], -96.7 (c 0.3, 
water); 'H nmr (DzO) 6: 5.17 (d, lH, Jlc,2c 4.0 HZ, H-lc), 4.62 (d, 
lH,  J l b , Z b  7.8 Hz, H-lb), 4.32 (d, lH,  Jla,2a 8.2 Hz, H-la), 4.30 
(q, lH,  J S c , &  6.5 HZ, H-5c), 3.93 (dd, lH,  JIa.,.* 10.2 HZ, J3a.4s 

9.0 HZ, H-3a), 3.87 (d, lH,  J3b,,b 3.3 HZ, H-4b), 3.82 (dd, lH, 
J3b.2b 9.8 Hz, H-3b), 3.57 (dd, lH,  H-2b), 3.54 (dq, lH,  over- 
lapped by H-2b, J, ,,,, 9.5 Hz, J5a,6a 6.0 HZ, H-5a), 3.22 (t, lH,  
H-4a), 2.05 (s, 3H, CH,CO), 1.33 (d, 3H, H3-6a), 1.2 1 (d, 3H, 
H3-6c). The I3C nmr data are reported in Table 1. 

Methyl 2-acetamido-4,6-O-benzylidene-3-O-(3,4-O-benzylidene- 
a-~-arabinopyranosyl)-2-deoxy-~-~-glucopyranoside (22) 

A pure isomer 20 (12) (190 mg, 0.327 mmol) in 0.05 N meth- 
anolic sodium methoxide (15 mL) and dichloromethane (3 mL) was 
kept at room temperature for 5 h. After neutralization with 
Amberlite IRC 50 H+ ,  filtration, and evaporation to dryness, the 
resulting powder (21) was desolved in N,N-dimethylformamide 
(7 mL) and acetonitrile (15 mL) and then treated with a,a-dime- 
thoxytoluene (0.24 mL, 1.5 mmol) and p-toluenesulfonic acid 
(25 mg) for 1 day. The mixture was neutralized with triethylam- 
ine and evaporated to dryness. Recrystallization from dichloro- 
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methane-ether gave the title compound 22 (160 mg, 90%); mp 
255-257°C; [a],, -36.8 (c 0.7, chloroform); 'H nmr (CDCI,) 6: 
7.58-7.30 (m, 10H, 2Ph), 5.95 (s, IH, CHPh), 5.84 (d, 1H, JNHdn 

8.0 Hz, NH), 5.53 (s, IH, CHPh), 4.75, 4.45 (2d, each lH, J = 
8.5 Hz, J = 7.5 Hz, H-la, H-lb), 3.53 (s, 3H, CH30), 3.12 (d, 
lH,  JOH,2, 3.0 HZ, OH), 2.03 (s. 3H, CH3CO). Anal. calcd. for 
C28H33NOIO: C 61.87, H 6.12, N 2.58; found: C 61 .SO, H 5.97, N 
2.59. 

Methyl 2-acetamido-4,6-O-ber1zylider1e-3-0-[3,4-O-berzzylidene- 
2-0-(2,3,4-tri-0-ber1z~~l-a-~-f~~cop~~rar1osy/)-a-~- 
arabirzopyranosyl]-2-deoxy-P-D-glrtcoprnoside (23) 

Alcohol 22 (140 mg, 0.26 rnmol) was reacted with bromide 3 
(0.92 mmol) as described for the preparation of 4. Usual work-up 
after 30 h, followed by chromatography on a column of silica gel 
(dichloromethane-methanol, 98.5 : 1.5) and crystallization from 
dichloromethane-ether-hexane provided 23 (200 mg, 8 1 %); mp 
187-188°C; [a],, -67.1 (c 0.6, chloroform); 'H nrnr (CDC1,) 6: 
7.50-7.25 (rn, 25H, 5Ph), 5.90 (d, lH,  JNH.,, 8.5 Hz, NH), 5.82 
(s, IH, CHPh), 5.50 (s, lH,  CHPh), 5.44 (d, lH,  J1,,2, 4.0 Hz, 
H-Ic), 4.71 (d, lH, Jlb,Zb 7.5 HZ, H-lb), 4.64 (d, lH,  Jln,2s 8.0 HZ, 
H- la), 4.08 (q, lH,  J,,,, 6.5 Hz, H-5c), 3.45 (s, 3H, CH30), 1.82 
(s, 3H, CH3CO), 1.18 (d, 3H, H,-6c). Anal. calcd. for C55H61NOI,: 
C 68.8 1, H 6.40, N 1.46; found: 68.53, H 6.42, N 1.58. 

Methyl 2-acetamido-2-deoxy-3-0-[2-O-(a-~-fucopyranosyl)-a-~- 
arabirzopyranosyl]-P-D-gllccopyranoside (24) 

Compound 23 (150 mg, 0.16 mrnol) in 95% ethanol (35 mL) was 
hydrogenated in the presence of 5% palladium-on-carbon (150 mg) 
at atmospheric pressure for 22 h. Work-up and gel filtration as de- 
scribed for 13 provided 24 (74 rng, 92%) as a light white powder 
after freeze-drying an aqueous solution; [a],, -86 (c 0.4); 'H nrnr 
(D20) 6: 5.15 (d, IH, J,,,,, 4.0 Hz, H-lc), 4.56 (d, lH,  J,,,,, 
7.0Hz,H-lb),4.34(d,  1H,Jl,,,8.5 Hz,H-la),4.25(q, lH,J,,,, 
6.5 Hz, J,,,, < 1 Hz, H-5c), 3.93 (m, H-6a, H-Sbeq), 3.92 (H-4b), 
3.85 (dd, overlapped, J2h,3h 9.0 HZ, J3b,4b 3.3 HZ, H-3b), -3.83 
(H-3a, overlapped), 3.68 (dd, 1 H, J2c,3c 10.0 HZ, J3c.4c 3.0 HZ, 
H-3c), 3.59 (H-Sbax, overlapped by H-2b), 3.58 (H-2b), 3.48 (s, 
3H, CH30), 2.04 (s, 3H, CH3CO), 1.21 (d, 3H, H3-6c). The "C 
nmr data are reported in Table I. 

Methyl 2-acetatrzido-4-0-(2-0-acetyl-3,4,6-tri-o-berzzy/-~-~- 
galactop~~rar1os)~l)-3-O-allyl-6-O-benzyl-2-deo~ry-P-~- 
glucopyranoside (27) 

A solution of bromide 25 (13) (4.50 mrnol) in toluene-nitro- 
methane (1 : 1, 10 mL) was added to a stirred mixture of alcohol 26 
(6) (1.2 g, 3.28 mmol), mercuric cy!nide (1.6 g, 6.3 mmol), 
powdered calcium sulfate (1 g), and 4 A molecular sieves (1 g) in 
toluene-nitromethane (1: 1, 30 mL). After 3 h, the mixture was 
filtered through a pad of Celite and poured into a mixture of aqueous 
sodium hydrogencarbonate and dichloromethane. The organic so- 
lution was washed with water, dried, and evaporated. The reac- 
tion product was purified on a column of silica gel (hexane - ethyl 
acetate, 3:  1 to 1 : 2) to provide 27 (1.47 g, 53%) as a white solid; 
mp 132-133°C; [a],, -30.2 (c 0.6, chloroform); 'H nrnr (CDC13) 
6: 7.40-7.20 (m, 20H, 4Ph), 6.28 (d, IH, J N H , ~ ~  9.5 HZ, NH), 5.80 
(m, 1H, CH2=CH), 5.28 (dd, 1H, Jlb ,2b  8.0 HZ, J2h,3b 10.0 HZ, 
H-2b), 5.18 and 5.07 (2 m, 2H, CH2=CH), 4.92 (d from ABq, 
JA,B 12.0 Hz, lCH2Ph), 4.46 (d, IH, J ,;,, 1, 4.0 Hz, H-la), 4.33 (d, 
1 H, H- 1 b), 4.08 (m, 2H, CH2=CH-CH?), 4.00 (ddd, 1 H, J2il,31 = 
J ,,, 2, 4.0 Hz, H-2a), 3.96 (bd, lH,  J,,,,, - 2.5 Hz, J-lh.5h < I HZ. 
H-4b), 3.92 (t, lH,  J3a.4a - J4a,5a - 4 HZ, H-4a), 3.69 (t, lH,  H- 
3a), 3.40 (s, 3H, CH30), 2.02 and 2.00 (2s, each 3H, CH,CO). 
Anal. calcd. for C,aH,7N012: C 68.44, H 6.84, N 1.67; found: 
68.56, H 6.83, N 1.87. 

Methyl 2-acetamido-4-0-(2-0-acetyl-3,4,6-tri-0-benzyl-~-~- 
galaclopyranosyl)-6-0-benzyl-2-deoxy-~-~-glucopyranoside 
(28) 

A mixture of 27 (800 mg, 0.95 mmol), tris(tripheny1phos- 
phine)rhodium(I)chloride (75 mg, 0.08 mmol), and 1.4-diazabi- 
cyclo[2.2.2]octane (33 mg, 0.29 mmol) in 95% ethanol-toluene- 

water (7 : 3 : 1, 68 mL) was boiled under reflux for 19 h. The sol- 
vent was removed and the resulting material was taken up in ace- 
tone (60 mL) containing mercuric oxide (12 mg). A solution of 
mercuric chloride (1.87 g) in acetone-water (9: 1, 30 mL) was 
added and the mixture stirred for 30 min. Then the solvent was 
evaporated and the remainder dissolved in dichloromethane. The 
solution was washed with aqueous saturated potassium bromide and 
water, followed by drying with sodium sulfate and evaporation. 
Two recrystallizations from ethyl acetate gave pure 28 (603 mg). 
Chromatography of the mother liquor on a column of silica gel 
(ethyl acetate) provided more product (70 mg, total yield 88%); mp 
198-198.5; [a], $9.7 (c 0.4, chloroform); 'H nmr (CDCl,) 6: 
7.40-7.20 (m, 20H, 4Ph), 5.52 (d, 1 H, JNH,2a 8.0 HZ, NH), 5.33 
(dd, 1H, Jlb,2b 8.0 HZ, J2b,3b 10.0 HZ, H-2b), 4.9 1 (d, from ABq, 
lH, J,,, 12.0 Hz, CH2Ph), 4.59 (d, IH, Jla.la 8.0 HZ, H-la), 4.34 
(d, lH,  H-l b), 3.89 (d, overlapped, H-4b), 3.50 (s, 3H, CH30), 
3.42 (dd, lH,  J,,,,, 3.0 Hz, H-3b), 1.98 and 1.97 (2s, each 3H, 
2CH3CO); 'H nrnr after addition of trichloroacetyl isocyanate 
(CDCl,) 6: 7.40-7.20 (m, 20H, 4Ph), 6.17 (d, IH, JNH,2a 9.5 HZ, 
NH), 5.20 (dd, IH, J2,,,, lO.OHz, Jlb,2b 8.0 HZ, H-2b), 5.07 (dd, 
IH, J,,,,, 10.0 Hz, J,,,,;, 9.0 Hz, H-3a), 4.37 and 4.32 (2d, 2H, J 
8.0 Hz, H-la, H-lb), 4.13 (ddd, lH,  J2i,,3n 10.0 HZ, H-2a), 3.93 
(t, IH, J,,,,, 9.0 Hz, H-4a), 3.85 (d, 1 H, J,,,,, 3.0 Hz, H-4b), 3.74 
(d, 2H, J5a.6a 2.5 HZ, Hz-6a), 3.64 (dd, lH,  J6b,6b' 9.0 HZ, JSbbb 

6.5 Hz, H-6b), 3.53 (m, 2H, H-6bf, H-5a), 3.44 (s, 3H, CH30), 
3.40 (t, 1 H, J5,.,,. 6.5 HZ, H-5b), 3.34 (dd, lH, H-3b), 2.00, 1.89 
(2s. each 3H, 2CH3CO). Anal. calcd. for C4,HS3NOl2: C 67.57, H 
6.68, N 1.75; found: C 67.37, H 6.72, N 1.55. 

Methyl 2-acetamido-4-0-(2-0-acetyl-3,4,6-tri-0-benzyl-~-~- 
galactopyranosyl)-6-0-benzyl-2-deoxy-3-0- 
phenoxythiocarbonyl-m-glucopyranoside (29) 

A mixture of 28 (230 mg, 0.29 mmol) 4-dimethylaminopyri- 
dine (160 mg, 1.43 mmol), and phenyl chlorothionocarbonate 
(0.2 rnL, 1.45 mmol) in dry dichloromethane (10 mL) was stirred 
at room temperature under argon for 38 h. The yellowish mixture 
was then washed with water, dried, and evaporated to dryness. 
Flash chromatography on a column of silica gel (dichlororneth- 
ane-methanol, 99.5: 0.5) afforded 29 (208 mg, 77%) as a yellow- 
ish gum; [aID -16.5 (c 0.5, chloroform); 'H nrnr (CDC1,) 6: 7.40- 
7.00 (m, 25H, 5Ph), 5.94 (d, IH, JNH,%9.5 Hz, NH), 5.66 (t, lH, 
Jzn.3;, = J3a,4a 7.5 HZ, H-3a), 5.28 (dd, lH, Jib,,, 8.0 HZ, JZbJb 

10.0 Hz, H-2b), 4.89 (d from ABq, IH, J,,, 12.0 Hz, 1CH2Ph), 
4.47 (overlapped, J,,,,, 7.0 Hz, H- 1 a), 4.37 (overlapped, H- 1 b), 
4.23 (ddd, 1 H, H-2a), 4.07 (t, 1 H, J,,.,, 7.5 Hz, H-4a), 3.96 (bd, 
1H, J3,,,, 3.0 HZ, < 1 HZ, H-4b), 3.75 (d, 2H, J5n,ha4.0 HZ, 
Hz-6a), 3.68-3.47 (m, 4H, H-5a, H-5b, 2H-6b), 3.46 (s, 3H, 
CH,O), 3.41 (dd, IH, H-3b), 1.96 (s, 6H, 2CH3CO); fab-ms, m/z: 
958 (0.98, [M + Na]'), 936.5 (1.86, [M + HI+),  935.5 (0.35, 
M+), 904 (3.37, [M -  OM^]'). Anal. calcd. for CS2HS7NOI3S: C 
66.72, H 6.14, N 1.50; found: C 66.37, H 6.42, N 1.57. 

A minor compound (22 rng, 8.3%) was isolated on further elution 
of the column and identified as methyl 2-acetamido-4-0-(2-0- 
acety1,3,4,6- tri- 0- benzyl-P- D-galactopj~ranosy1)- 6-0-  berzzyl-2- 
deoqi-3-0-pherzoxycarborzyl-@-glu- mp 169- 17 1°C 
(methanol-ether); [a],, - 10 (c 0.2, chloroform); 'H  nrnr (CDC1,) 
6: 7.40;-6.95 (m, 25H, 5Ph), 5.8 1 (d, 1 H, JNH.2, 9.0 HZ, NH), 5.19 
(dd, 1H, J lb ,Zh  8.0 HZ, J2b,3b 10.0 HZ, H-2b), 4.90 (dd, IH, J3,,4, 

8.5 Hz, J2,,,,, 10.0 Hz, H-3a), 4.31, 4.27 (2d, each lH, J 8.0 Hz, 
H-la, H-1 b), 4.00 (ddd, lH, H-2a), 3.88 (d, t, 2H, J,,,,, - 3 Hz, 
H-4b, and J,,,,;, 8.5 Hz, H-4a), 3.36 (s, 3H, CH,O), 3.30 (dd, IH, 
H-3b), 1.85 and 1.65 (2s, each 3H, CH,CO); fab-ms, m/z: 942 
(0.24, [M + Na]+), 920.5 (1.28, [M + HI+), 9 19 (0.44, M+),  888 
(1.04, [M - OMe]+). Anal. calcd. for C52Hs7NOI,: C 67.89, H 
6.24, N 1.52; found: C 67.72, H 6.33, N 1.53. 

Merlz~l2-acetamiclo-4-0-(2-0-acetyl-3,4,6-ti-i-O-be~z~~~l-~-~- 
galactop~~rarzos~~l)-6-0-berzzyl-2,3-dicleo.~y-~-~-xylo- 
he.ropyrarzoside (30) 

Argon was passed through a solution of 29 (280 rng, 0.22 rnmol) 
in toluene (15 mL) at 80°C for 1 h. Then tributyltin hydride 
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(0.63 mL, 2.34 mmol) and 2,2'-azabis(isobutyronitri1e) (35 mg, CH30),  2.44 (td, IH, J,,,, ,,,,, 13.0 Hz, J,. ,,,,,, = J3aeq,2a 4.5 Hz, 
0.21 mmol) were added and heating was continued for 2 h. Evap- H-3aeq), 1.98 (s, 3H, CH,CO), 1.64 (td, IH, J,,,,,,, = JZn,,anx 
oration and recrystallization from dichloromethane-hexane af- 1 1.5 Hz, H-3aax), 1.22 (d, 3H, H,-6c). The I3c nmr data are re- 
forded 30 ( 16 1 mg, 92%); mp 16 1 - 163°C; [a], +40 (c 0.7, ported in Table 3.  
chloroform); 'H nmr (CDCI,) 6: 7.40-7.20 (m, 20H, 4Ph), 6.80 
(d, lH,  JNH,>, 9.0 HZ, NH), 5.36 (dd, 1H, Jlb.Zb 8 .0  HZ, J2h.3h 

2,4-Di-0-benzyl-3,6-dideoxy-~-xylo-hexopyrnnose (34) 

10.0 Hz, H-2b), 4.92 (d, from ABq, I H, JA.B 12.0 HZ, lCHrPh), Methyl 2,4-di-0-benzyl-3,6-dideoxy-a-~-xylo-hexopyranoside 

4.70-4.41 (m, 7H, CH2Ph), 4.36 (d, IH, J,;,,, 2.0 Hz, H-la), 4.26 (21) (2.3 g, 6.72 mmol) was in 60 mL of 70% 
(d, 1 H ,  H- lb), 4 .0 1 (bm, 1 H, H-2a), 3.96 (bd, 1 ~ ,  J,,,,, 3.0 H ~ ,  trifluoroacetic acid and kept at room temperature for 16 h. sol- 
H-4b), 3.87 (m, overlapped, H-4a), 3.52 (overlapped, H-3b), 3.37 vent removal and codistillation with toluene left a syrupy residue 
(s, 3H, CH,O), 2.17 (td, 1H, J,,,,.,,,, 15.0 Hz, J,,,,;, - J,,,?, - that was applied to a column of silica gel using hexane - ethyl 

4.5 H ~ ,  ~ - 3 ~ ) , 2 , 0 4  and 2.03 (2s, each 3H, 2CH,CO), 1.81 (btd, acetate (2:  1) as eluent. Evaporation of the main fraction gave 34 
J,,..,, - J,,.,2, - 3 Hz, H-3a'); I3c nmr (CDCI,) 6: 100.70 ( J ~ , ~  ( l .96  gy 89%) as a syrup. On storage in the fridge for several 
169.0 Hz, C-l b), 99.94 (J,,, 158.0 Hz, C-1 a). Anal. calcd, for months, very slow crystallization occurred.  he analytical sample 
C,,HS,NOI1: C 68.88, H 6.81, N 1.79; found: C 69.17, H 6.56, N Was recrystallized from ether-hexane; mp 67-70"~;  [a], - 17.6 
1.89. (C 0.8, methanol, no mutarotation after 24 h); 'H nmr (CDCI,, 

a : P  = 5:3)  6: 7.43-7.2 (m,  IOH, 2Ph), 5.29 (bs, H-la) ,  4.80- 
Methyl 2-acetamido-6-O-ber~z~~I-2,3-dideo.ry-4-0-(3,4,6-rri-O- 4.39 (m, 2CH2Ph and H-I P), 4.14 (dq, J,,, 6.5 Hz, J,,, 1.5 HZ, 

benq'l-P-~-galacto~~ranos~'l)-P-~-x~lo-hexo~~r-at~oside (31) H-5a) , 3.87 (ddd, J, .1 3.0 Hz, J2,,,, 5.0 Hz, J?,,,, 1 1 .5 Hz, H-2a), 
Compound 30 (140 mg, 0.18 mmol) was deacet~lated in meth- 3.67 (dq, J,.5 1.0 HZ, J,,, 6.5 Hz, H-SP), 3.53 (ddd, J1., 7.5 Hz, 

anolic 0.05 N sodium methoxide (15 mL) for 1 day. Neutraliza- J2,3eq 5.0 HZ, J2,3i,x 12.0 HZ, H-2P), 3.45 (bs, H-4a), 3.37 (bs, 
tion with Amberlite IRC 50 H + ,  filtration, evaporation, and H-4P), 2.37 (ddd, J,,,,,, 13.5 Hz, J,,, 3.0 Hz, H-3Peq), 2.16 (m, 
precipitation from dichloromethane-hexane afforded 31 ( mg, J,,q,3,, 13.0 HZ, J,,,,, 3.0 HZ, J3eq,l 1.0 HZ, H-3aeq), 1.84 (ddd, 
98%) as a powder; -7.1 (c 1.0, chloroform); IH nmr (CDC13) J1,,, 2.5 Hz, H-3aax), 1.46 (ddd, J,,., 2.5 Hz, H-3Pax), 1.26 (d, 
6: 7.40-7.20 (m, 20HT 4Ph), 6.44 (d, 1H, JNH.?, 8 .0 Hz, NH), H,-6P), 1.19 (d, H,-6a). Anal. calcd, for C20H2,04: C 73.15, H 
4.90-4.41 (m, 8H, 4CHzPh), 4.39 (d, 1H, JI, ,~, 4.0 Hz, H-la), 7.37; found: C 72.99, H 7.32. 
4.33 (d, lH,  Jlb,2b 7.5 Hz, H- l b), 3.94 (overlapped, H-4b), - 3.90 
(m, 3H with H-2a and H-2b), 3.40 (s, 3H, CH,O), 3.38 (dd, OV- 2,3-Di-0-benzyl-4,6-dide0.~~-~-x~lo-hexo~~r-anose (35) 
erlapped, J,,,,, 2.8 Hz, H-3b), 2.32 (ddd, J,,,,,,,,, 14.0 Hz, A solution of methyl 2,3-di-0-benzyl-4,6-dideoxy-a-L-xylo- 
J,,,,, - J ,~ , ,~  - 4 HZ, H-3a), 1.85 (s, 3H, CH,CO), 1.81 (td, I H ,  hexop~ranoside" (2.3 g ,  6.72 mmol) in 70% aqueous trifluoroac- 
J,,.,,, - J2c,,3n, - 6.5 Hz, H-3a'); I H  nmr (MeOD-d,, Me signal set etic acid (60 mL) was kept at room temperature for 13 h. Evapo- 
at 3.20 ppm) 6: 7.40-7.10 (m, 20H, 4ph), 4.70-4.30 (rn, 8 ~ ,  ration and codistillation with toluene left a syrupy residue that was 
4CH1Ph), 4.20 (d, lH,  Jla.2a 7.5 Hz, H- la), 4.14 (d, 1H, Jlb ,2b  purified by column chromatography (silica gel, hexane - ethyl 

8 .0 HZ, H-l b), 3.34 (s, 3H, CH30), 2.30 (td, IH, JLcq.3nax acetate, 3 :  1) to provide 35 (2.03 g, 92%) as a syrup; [a], -47.7 
13.0 HZ, J~,,,,,, = J,,,,,,, 5.0 HZ, H-3aeq), 1.78 (s, 3H, CH,O), (C 0.7. methanol, no mutarotation after 24 h); 'H nmr (CDC13, 
1.49 (td, lH,  Jz , , ,3  ,;,, - J3as,x,4n - 11 HZ, H-3aax). Anal. calcd, for a: P = 1: 1) 6: 7.44-7.20 (m, ]OH, 2Ph), 5.23 (t, J 1 . 1  3.5 HZ, J1.0~ 

C,3H51N010~ lH,O: C 68.14, H 7.04, N 1.85; found: 67.84, H 7.12, 2.0 Hz, H-la) ,  4.94-4.66 (m, 4H, 2CHzPh), 4.61 (dd, JI.? 7.5 Hz, 
N 1.68. JI.OH 5.5 HZ, H-IP), 4.13 (m, lH,  J,,, 6.5 HZ, J,,,, 12.0 HZ, Jkq,, 

2.0 Hz, H-5a), 3.90 (ddd, .I3,,, 5.0 Hz, J1.4, 12.0 HZ, J2,, 9.0 HZ, 
Methyl 2-acetatnido-6-O-bet~zyl-2,3-dideoxy-4-0-[3,4,6-tri-O- H-3a), 3.59 (ddd, J,,, 9.0 HZ, J,,,IX 12.0 HZ, J3,,cq 5.0 HZ, H-3P), 

benzyl-2-0-(2,3,4-tri-O-benzyl-a-~-ficcopyrat1osy~)-~-~- 3.56 (m, lH,  J,,, 6.0 Hz, J-,, 2.0 Hz, J ,,,,, 12.0 Hz, H-SP), 3.48 
galactopyrat~osyl]-PD-xylo-hexop~~ranoside (32) (dd, H-2a), 3.34 (d, OH-P), 3.24 (dd, IH, H-2P), 2.99 (d, IH, 

31 mg, l6 mmol) was reacted with bromide OH-a), 2.09 (ddd, J,,,,,,, 13.0 Hz, H-4aeq), 2.06 (ddd, J,,,.,,, 
(0.69 mmol) as described for the preparation of 4. After 24 h, 13.0 HZ, H - ~ P ~ ~ ) ,  1.44 (q, H-4pax), 1.36 (q, H-4aax), 1.27 (d, 

w o r k - u ~  was by On H3-6P), 1.18 (d, 3H, H3-6a). Anal. calcd. for C,,H,,O,: C 73.15, 
silica gel (dichloromethane-methanol, 98.5: 1.5) to provide the title H 7.37; found: c 73,46, H 7,46, 
compound 32 (130 mg, 69%) as a gum; [a], -40.7 (c  0.5, chlo- 
roform); 'H nmr (CDCI,) 6: 7.35-7.05 (m, 35H, 7Ph), 6.76 (d, I H, 2.4-Di-O-benz~~l-3,6-dideo.1y-a-~-xylo-he.vo~~ranosyl bromide 
J N H . 2 a 8 . 0 H ~ ,  NH), 5.73 (d, IH, J I , , 2 , - 3 . 8 H ~ ,  H-lc) ,4 .58 (ov- (36) 
erlapped, H- 1 b), 4.40 (H-Sc), 4.39 (d, J,,,,, 2.5 Hz, H- l a), 4.18 A solution of oxalyl bromide (0.25 mL, 2.5 mmol) in dichlo- 
(dd, IH, J2b,,b 9.5 Hz, J,,,,, 8.0 Hz, H-2b), 4.03 (dd, IH, J,,,,, 'omethane (1.5 mL) was added in portions to a stirred solution of 
10.0 Hz, H-2c), 3.96 (bd, IH, overlapped by H-3c, J,b.,b 2.5 Hz, 34 (650 mg, 1.98 mmol) in dichloromethane (3 mL) and N,N-di- 
Jab,,, < 1 Hz, H-4b), 3.94 (dd, lH,  J3c,4c 2.5 Hz, H-3c), 3.90 (bm, methylformamide (0.2 mL) under nitrogen. The mixture was stirred 
lH,  H-2a), 3.81 (bm, 2H, with H-4a), 3.74 (dd, IH, H-3b), 3.70 for 20 min, then diluted with dichloromethane and poured into ice- 
(bm, 2H, with H-4c), 3.47 (s, 3H, CH,O), 2.17 (ddd, 1 H, J,: ,,,,, water. The organic layer was washed three times with ice-water, 
14.0 Hz, J2n,,a - J3n.J3 3.5 Hz, H-3a), 1.94 (ddd, IH, J,,.,, = J?il,b. dried with sodium sulfate and 4 A molecular sieves, and concen- 
4.8 Hz, H-3af), 1.74 (s, 3H, CH,CO), 1.16 (d, 3H, .I5,,,, 6.5 Hz, trated to a smaller volume, before being transferred into the gly- 
H,-6c). Anal. calcd. for C70H7,NOI,: C 72.58, H 6.87, N 1.21; cosidation mixture. 36 was freshly prepared before use; 'H nmr 
found: C 72.53, H 7.15, N 1.10. (CDCI,) 6: 7.43-7.20 (m, I OH, 2Ph), 6.69 (bs, 1 H, H- I), 4.7-4.37 

Methyl 2-acetamido-2,3-dideo.ty-4-0-~-0-(a-~-ficcopyr-artos~~l)- 
P-D-galactopyt-anosyll-p-xylo-11exopyratoside (33) 

Compound 32 (1 12 mg, 0.097 mmol) in 95% ethanol (20 mL) 
was hydrogenated in the presence of 5% palladium-on-carbon 
(1 15 mg) for 14 h. Processing and gel filtration as described for the 
preparation of 13 provided 33 (51 mg, 97%) as a light white pow- 
der after freeze-drying an aqueous solution; 'H nmr (D,O) 6: 5.30 
(d, IH, J l c , 2 c 2 . 5 H ~ , H - l ~ ) , 4 . 5 2 ( d ,  IH, J lb,?b7.8 Hz, H-Ib), 4.42 
(d, IH, J,,,?, 8.5 Hz, H-la),  4.22 (q, lH, J,,,, 6.5 Hz, H-5c) 3.94 
(dd, IH, JS ,,,. 1.8 Hz, Jba,(,a. 12.0 Hz, H-6a), 3.88 (bd, lH,  J,,.,, 
3.0 HZ, < 1 HZ, H-4b), 3.65 (dd, 1 H, Jsb,6b 4.5 HZ, Jsh,6v 
7.5 HZ, H-Sb), 3.60 (dd, IH, J2h,,b 9.5 HZ, H-2b), 3.50 (s, 3H, 

(4H, CH2Ph), 4.12 (dq, IH,  J5,, 6.5 Hz, J,,, 1.0 HZ, H-5), 3.78 
(ddd, IH, JI,? 3.0 HZ, J2,3L.q 5.0 HZ, 10.0 HZ, H-2), 3.50 (bs, 
IH, H-4), 2.17 (m, lH,  J,,,,,,, 13.0 Hz, J3+ 3.0 HZ, J1,3,, - 
1 Hz, H-3eq). I .99 (ddd, l H ,  J,,,~, 2.5 Hz, H-3ax), 1.23 (d, 3H, 
H,-6). 

2,3-Di-0-be11~~1-4,6-dideox~~-a-~-xylo-11ev0pyrat10s1 bromide 
(3 7) 

Compound 35 (750 mg, 2.28 mmol) was reacted with oxalyl 
bromide (315 pL,  3.25 mmol) and N,N-dimethylformamide (0.2 
mL) to form 37 as described for the preparation of 36. It was pre- 
pared just prior to use. 'H nmr (CDCI,) 6: 7.4-7.2 (m. IOH, 2Ph), 
6.45 (d, IH, JI,1 3.5 Hz, H-I), 4.8-4.6 (4H, CH,Ph), 4.19 (m, IH, 
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J5.6 6.5 HZ, J,,,, 12.0 HZ, J*.s 2.0 HZ, H-5), 3.98 (ddd, lH,  J3,* 
5.0 HZ, J~,J~, 12.0 HZ, J2,, 9.0 HZ, H-3), 3.4 (dd, 1 H, H-2), 2.13 
(ddd, IH, J,,,,,,, 13.0 Hz, H-4eq), 1.48 (q, 1 H, H-4ax), 1.23 (d, 
3H, H,-6). 

Methyl 2-ncetamido-3,6-di-O-benzyl-2-deoxy-P-~- 
glucopyranoside (39) 

Ether saturated with hydrogen chloride was added at 0°C to a 
stirred mixture of methyl 2-acetamido-3-0-benzyl-4,6-0-benzyli- 
dene-2-deoxy-P-D-glucopyranoside (1 8) (7.5 g ,  18.1 mmol), so- 
dium cyanoborohydride (12.5 g, 198.9 mmol), and a crystal of 
methyl orange in dry tetrahydrofuran (200 mL) until the colour of 
the indicator turned red and gas evolution occurred. When tlc in- 
dicated the reaction to be complete, the mixture was diluted with 
dichloromethane and poured into aqueous saturated sodium hy- 
drogencarbonate. The organic solution was washed with water, 
dried, and evaporated. The reaction product was purified by col- 
umn chromatography on silica gel (dichloromethane-methanol. 
19: 1) and crystallization from ethyl acetate to afford 39 (5.0 g, 
66%); mp 169-170°C; [a], - 14.5 (c 1 .O, dichloromethane); 'H 
nmr (CDCl,) 6: 7.40-7.20 (m, 10H, 2Ph), 5.54 (d, 1 H ,  JNll,? 7.5 
Hz, NH), 4.80 and 4.71 (ABq, 2H, JA,, 12.0 Hz, CH,Ph), 4.76 
(d, IH, J,,? 7.5 Hz, H-1), 4.63 and 4.57 (ABq, 2H, JA,B 12.0 HZ, 
CH,Ph), 3.99 (dd, lH,  J,,, 10.0 Hz, J3,4 8.5 HZ, H-3), 3.79 and 
3.75 (ABq, 2H, Js.6 - J5,6' - 5 HZ, J6.6. 11.0 HZ, H-6, H-6'). 3.69 
(ddd, lH, J4,5 9.5 H Z , J , , ~  8.5 Hz, J,,,, 2.2 Hz, H-4), 3.54 (m, IH, 
H-5), 3.3 1 (m, 1 H, H-2), 2.8 1 (d, IH, OH), 1.90 (s, 3H, CH,CO). 
Addition of trichloroacetyl isocyanate into the nmr tube resulted in 
a new spectrum with 6 H-4 at 5.09 ppm (t, J3,, = J4,j 9.0 HZ); "C 
nmr (CDCI,) 6: 170.55 (CO), 100.97 (C-1). 56.91, 56.67 (C-2, 
CH30), 23.66 (CH,CO). Anal. calcd. for CZ,H,9iV06: C 66.49, H 
7.04, N 3.37; found: C 65.77, H 6.99, N 3.32. 

Methyl 2-acetamido-3,6-di-O-benzyl-2-deo.q~-4-0-(2,3,4,6-tetr-a- 
O-acetyl-~-~-galactop~~ratzosyl)-~-glycopyranoside (41) 

A solution of 2,3,4,6-tetra-0-acetyl-a-D-galactopyranosy bro- 
mide (40) (19) (5.34 g, 13.0 mmol) in benzene-nitron~ethane (1 : 1, 
25 mL) was added to a stirred mixture of 39 (3.6 g, 8.67 mmol), 
mercuric cyanide (4.38 g, 17.3 mmol), and powdered calcium 
sulfate (10.0 g) in the same solvent (175 mL). After stirring for 
6 h at 40°C, more bromide solution (5.34 g ,  13.0 mmol in 25 mL) 
was added and heating continued for 20 h. Then the reaction mix- 
ture was cooled to room temperature, diluted with dichlorometh- 
ane, and washed with aqueous saturated sodium hydrogen carbonate 
and water. 'The material obtained on evaporation was applied to a 
column of silica gel and eluted with dichloromethane-methanol 
(19: 1). Evaporation of the major fraction provided 41 (4.24 g, 
66%); mp 75-76°C; [a], -23 (c 1.1, dichloromethane); 'H  nmr 
(CDC1,) 6: 7.45-7.25 (m, 10H, 2Ph), 5.93 (d, 1 H, JNl,,z, 8.5 Hz, 
NH), 5.32 (d, lH,  J3b,,b 3.5 HZ, H-4b), 5.12 (dd, IH, J 2 b , , h  

10.0 Hz, Jlb,,b 8.0 HZ, H-2b), 4.91 (dd, lH, H-3b), 4.76 and 4.65 
(ABq, 2H, JA,, 12.0 HZ, CHZPh), 4.67 and 4.49 (ABq, 2H, JA,B 
12.0 Hz, CH,Ph), 4.65 (overlapped, H- la), 4.49 (overlapped, 
H-lb), 3.71 (m, lH,  H-2), 3.46 (s, 3H, CH30), 2.15-1.93 (5s, 
each 3H, SCH,CO); nmr (CDCI,) 6: 101.17, 99.83 (C-I and 
C-1'). Anal. calcd. for C37H47NOls: C 59.59, H 6.35, N 1.88; 
found: C 60.06, H 6.64, N 1.92. 

Methyl 2-acetamido-3,6-di-O-benzyl-2-deo.1~-4-O-(P-~- 
galactop)~rar~osyl)-w-glucopyrarzoside (42) 

Compound 41 (4.0 g, 5.37 mmol) was treated with methanolic 
0.08 N sodium methoxide (80 mL) for 16 h. Neutralization with 
Amberlite IRC 50 Hf  , evaporation, and column chromatography 
on silica gel (dichloromethane-methanol, 19: 1) provided 42 
(2.7 g ,  87%), which was crystallized from methanol-ether; mp 
105-106°C; [a], -6.3 (c 0.7, methanol). 

Methyl 2-acetarriido-3,6-di-O-bet~zyl-4-O-(4,6-O-be1~z~~lidet~e-~- 
~-ga/actop)~ranosy/)-2-deoxy-P-~-g/ucopyr-anoside (43) 

A mixture of 42 (2.0 g ,  3.46 mmol), a,a-dimethoxytoluene 
(1.02 mL, 6.80 mmol), and p-toluenesulfonic acid monohydrate 

(25 mg) in dry acetonitrile (35 mL) was stirred for 1 h at room 
temperature. Neutralization with triethylamine and solvent evap- 
oration gave a residue that was dissolved in methanol and precip- 
itated from ether as a white solid (2.0 g, 87%). An analytical sample 
was recrystallized from hot ethyl acetate; mp 204-205°C; [a], 
-5 1.5 (c 0.5, methanol); 'H nmr (CDC1,) 6: 7.50-7.20 (m, 15H, 
3Ph), 5.63 (d, lH,  JNll,t, 7.5 Hz, NH), 5.48 (s, 1H, CHPh), 4.75, 
4.51 (2d, each lH,  5 7 . 5  Hz, J 8 . 0  Hz, H-la ,  H-lb), 3.50 (s, 3H, 
CH,O), 1.90 (s, 3H, CH,CO). Anal. calcd. for C,6H,,NOl I :  C 
64.95, H 6.51, N 2.10; found: C 64.44, H 6.49. N 2.29. 

Methyl 2-acetnmido-4-0-(3-O-ber~zoyl-4,6-O-benzylidet~e-~-~- 
galac1opyrat~osyl)-3,6-di-0-berz~y.yl-2-deoxy-~-~- 
gl~lcopyrc~r1oside (44) 

Compound 43 (1.8 g, 2.70 mmol) and pyridine (1.4 mL, 
17.3 mmol) were dissolved in dry dichloromethane (50 mL). Ben- 
zoyl chloride (0.47 mL, 4.05 mmol) was added within 30 min at 
-78°C. Examination by tlc then showed the completion of the re- 
action. The excess of reagent was destroyed by the addition of 
methanol (1.0 mL). The mixture was allowed to reach room tem- 
perature and poured into ice-water. Washing of the organic layer 
with water, followed by drying and evaporation, left a white resi- 
due that was recrystallized from hot ethyl acetate to provide 44 (1.44 
g, 69%) as white needles; mp 207-208°C; [a], +5  1.7 (c 0.5, di- 
chloromethane); IH nmr (CDCI,) 6: 8.20, 7.60-7.20 (d, 2H, m, 
18H, 4Ph), 5.64 (d, lH,  JNtl,?A 7.5 HZ, NH), 5.44 (s, lH ,  CHPh), 
4.98 (dd, 1 H, JZh,,b 10.0 HZ, J,b,,b 3.5 Hz, H-3b), 4.78,4.65 (2d, 
each lH,  J 7.5 Hz, J 8.0 Hz, H-la ,  H-lb), 4.35 (d, lH, H-4b), 
3.48 (m, 3H, CH,O), 3.40 (m, H-2a), 1.90 (s, 3H, CH,CO); "C 
nmr (CDCI,) 6: 103.47, 101.10, 100.76 (C-la, C-lb, CHPh). Anal. 
calcd. for C,,H,,NO,,: C 67.09, H 6.15, N 1.82; found: C 66.69, 
H 6.16, N 1.92. 

Methyl 2-ace tanz ido -4 -0 - [3 -0 -benzoy l -4 ,6 -O-be~ t~e -2 -0 -  
(2,3,4-tri-O-bet1zy/-a-~-3icopyranosy/)-~-~- 
galactopyrnnosy/]-3,6-di-O-ber1zyl-2-deoxy-P-~- 
glucopyr-arloside (45) 

Bromide 3 (1.62 mmol) was reacted with alcohol 44 (500 mg, 
0.65 mmol) as described for the preparation of 4. After 20 h, the 
mixture was processed in the normal way and purified by column 
chromatography on silica gel (dichloromethane-methanol, 98 : 2) 
to provide 45 (570 mg, 74%). The analytical sample was recrys- 
tallized from methanol as white needles; mp 124-125°C; [a], -23.6 
(e 1 .O, dichloromethane); 'H nmr (CDCI,) 6: 7.97, 7.50-7.05 (d, 
2H, m,  33H, 7Ph), 5 .69 (d, IH, JNtl,,:, 7.5 Hz, NH), 5.45 (s, lH, 
CHPh), 5.43 (d, 1H, Jl,,z, 3.8 HZ, H-lc),  5.13 (dd, IH, J,h,,b 

10.0 HZ, Jjh.,b 3.5 HZ, H-3b), 4.78 (d, lH,  J,,,Z, 7.0 HZ, H-la),  
4.54 (d, 1 H, J l h , ? h  8 .0  HZ, H- 1 b), 4.40 (d, 1 H, H-4b), 4.33 (t, OV- 

erlapped, H-2b), 4.09 (t, 1 H,  J3 ,,,, - J,,,5, - 7.5 Hz, H-4a), 4.03 
(dd, 1 H,  J2a.3a 9.0 HZ, H-3a), 3.84 (dd, l H, J2c,3c 10.0 HZ, H-2c), 
3.47 (s, 3H, CH,O), 3.40 (m,  1 H, H-2a), 1.87 (s, 3H, CH,CO), 
1.21 (d, 3H, J5c,6c 6.5 Hz, H,-6c). "C nmr (CDCI,) 6: 170.32, 
165.85 (2CO), 101.19, 100.88, 100.75, 97.47 (C-la, C-lb, C-lc, 
PhCH), 23.58 (CH,CO), 16.79 (C-6c). Anal. calcd. for 
C70H75NOI(,: C 70.87, H 6.37, N 1.18; found: C 70.68, H 6.30, N 
1.18. 

Methyl 2-acetan~ido-3,6-di-0-bet~zyl-4-0-[4,6-0-ber~z~~lidet~~-2- 
0-(2,3,4-lri-0-benz)~~-a-~-fucopyrarzos~~~)-~-~- 
ga/ac1opyr-at1osyl]-2-deoxy-P-~-gl~1copyrat~oside (46) 

Con~pound 45 (500 mg, 0.42 mmol) was treated with metha- 
nolic 0.07 N sodium methoxide (14 mL) for 5 days. After neu- 
tralization with Amberlite IRC 50 (HC), filtration, and evaporation, 
the resulting product was chromatographed on a column of silica 
gel (dichloromethane-methanol, 19: 1) to provide 46 (400 mg, 
88%) as a white powder; [a], -65.8 (c 1 .O, dichloromethane); 'H 
nmr (CDCI,) 6: 7.50-7.10 (m, 30H, 6Ph), 5.67 (d, 1H, JNH.2a 7.5 
Hz, NH), 5.55 (s, 1 H, CHPh), 5.00 (overlapped by CH?Ph, H- lc), 
3.75 (dd, lH,  J 2 h , , b  9.5 HZ, H-2b), 3.45 (s, 3H, CH30), 1.12 (d, 
3H, J s c . 6 ~  6.5 HZ, H3-6~) .  
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CROMER E T  AL. 1527 

Methyl 2-acetar~zido-3,6-di-0-benzyl-4-0-[4,6-O-benzylicler~e-3- 
O-pheno.~~~thiocarbonyl-2-0-(2,3,4-tri-O-benzyl-a-~- 
j i~copyranosyl)-~-ga1a~topyranosyl]-2-deo~sy-~ -D- 
glucopyranoside (47) 

A mixture of 46 (300 mg, 0.28 mmol), 4-dimethylaminopyri- 
dine (180 mg, 1.47 mmol), and phenyl chlorothionocarbonate 
(0.13 mL, 0.94 mmol) in dry acetonitrile (20 mL) was kept at 50°C 
for 24 h. The solvent was evaporated and the resulting material was 
applied to a column of silica gel (hexane - ethyl acetate, 7 : 3) to 
provide 47 (273 mg, 80%) as a pale yellow solid; mp 88-89°C; [a], 
- 1 1.4 (c 0.9, dichloromethane); 'H nmr (CDC1,) 6: 7.50-6.85 (m, 
35H, 7Ph), 5.68 (d, IH, J N H , Z n  7 .0  HZ, NH), 5.52 (s, lH,  CH Ph), 
5.35 (dd, IH, J2b,3b 10.0 HZ, J j b , d b  3.5 HZ, H-3b), 5.33 (d, IH, Jl,,zc 
3.5 Hz, H-lc), 4.52 (d, overlapped, H-lb), 4.28 (dd, l H ,  Jlb,2b 
7.5 Hz, H-2b), 3.49 (s, 3H, CH,O), 3.35 (m, IH, H-2a), 1.86 (s, 
3H, CH3CO), 1.22 (d, 3H, J5c.6c 6.2 Hz, H,-6c). Anal. calcd. for 
C7,H7,NO17S: C 68. l I ,  H 6.13, N 1.13; found: C 68.66, H 6.17, 
N 1.23. 

Methyl 2-ncetamiclo-3,6-di-0-benz~~l-4-0-[4,6-0-benz~~licle1ze-3- 
deox)~-2-0-(2.3,4-tri-O-benz~~l-a-~-fucopyratzosyl)-~-~-xylo- 
hexop)~rn11osyl]-2-deo~~~-~-~-glucopyranoside (48) 

A solution of 47 (250 mg, 0.20 mmol) in dry toluene (15 mL) 
was heated to 75°C under nitrogen for 30 min. Then 2,2'-azo- 
bis(isobutyronitri1e) (45 mg, 0.27 mmol) and tributyltin hydr~de 
(0.8 mL, 2.97 mmol) were added. After 4 h at 75OC, the sol- 
vent was evaporated and the remainder purified on a column of 
silica gel (dichloromethane - ethyl acetate, 6:4) to provide 48 
(140 mg, 65%) as a white solid; mp 74-75°C; [aID -71.1 (c 1.0, 
dichloromethane); 'H nmr (CDCl,) 6: 7.50-7.20 (m, 30H, 6Ph), 
5.75 (d, I H, JNH.2a 7.5 HZ, NH), 5.46 (s, 1 H, CHPh), 4.95 (d, 
lH,  Jl,~zc 3.5 Hz, H-lc),  4.76 (d, IH, JIaZ, 7.0 Hz, H-la),  4.50 
(d, lH,  Jlb,Zb 7.5 HZ, H-Ib), 4.04 (dd, lH,  J2c,3L 10.0 HZ, H-Ic), 
3.48 (s, 3H, CH30), 3.46 (H-2a), 2.39 (m, 1 H, J,, ,, 13.5 Hz, 
H-3beq), 1.88 (s, 3H, CH,CO), 1.56 (m, l H ,  H-3bax), 1.17 (d, 
3H, J5c6c 6.5 Hz, H,-6c). "C nmr (CDCI,) 6: 170.20 (CO), 
103.14, 101.35, 101.06, 94.93 (C-la, C-lb,  C-lc ,  and PhCH), 
33.53 (C-3b), 23.59 (CH,CO), 16.78 (C-6c). Anal. calcd. for 
C63H71N014: C 70.97, H 6.71, N 1.31; found: C 70.08, H 6.60, 
N 1.56. 

Methyl 2-acetatnido-3,6-di-0-benzyl-4-0-[4.6-0-benzylicletze-2- 
0-(2,6-dideoxy-a-L-lyxo-hexopyranosy1)-P-D- 
galactopyrat1osyl]-2-deoxy-~-~-glucopyratzoside (49) 

A solution of freshly prepared 3,4-di-0-acetyl-2,6-dideoxy-a-L- 
lyxo-hexopyranosyl bromide (38, 1.30 mmol) (20) in dichloro- 
methane (3.0 mL) was added to a stlrred mixture of 44 
(100 mg, 0.13 ommol), tetraethylammonium bromide (37 mg, 
0.18 mmol), 4 A molecular sieves (powdered, 1 5 g), and N , N -  
dimethylfomamide (0.30 mL) In dichloromethane (3.0 mL). After 
stirring for 2 h, the reaction was quenched by the additlon of 
methanol (0.5 mL). Usual work-up was followed by column 
chromatography on silica gel (dichloromethane-methanol, 98:2). 
The resultant Impure product was deacylated in methanolic 
0.17 N sodium methoxide (3 mL) for 12 h. Neutralization with 
Amberlite IRC 50  H f ,  f~ltration, and evaporation gave a residue 
that was chromatographed on a column of silica gel (dichloro- 
methane-methanol, 19: I), to provide 49 (45 mg, 44%) as a white 
solid, mp 120-121°C; [a], -73 (c 0.6, dichloromethane); 'H nmr 
(CDC1,) 6: 7.40-7.20 (m, 15H, 3Ph), 5.65 (d, IH, J,,,,, 
7.5 HZ, NH), 5.50 (s, IH, CHPh), 5.44 (d, IH,  Jl,,zc;,, 3.5 HZ, 
JI,,2,,< I Hz, H- lc ) ,4 .83(d ,  lH, J l . , ,b ,7 .5Hz,  H- la ) ,4 .36(d ,  
lH,  Jlb,Zb 8 .0  HZ, H-lb), 4.24 (q, overlapped, JSc,6c 6.5 Hz, 
H-5c), 3.49 (s, 3H, CH,O), 3.30 (m, IH,  H-2a), 1.96 (bdd, 
J2aX.zccq 13.0 HZ, Jzceq,3c 4.5 Hz, H-2ceq), 1.91 (s, 3H, CH,CO), 
1.74 (ddd, IH, J3c,k;u 12.5 Hz, H-2cax), 1.29 (d, 3H, H,-6c); I3c 
nmr (CDCI,) 6: 170.40 (CO), 101.57, 101.03 (2C), 97.63 (C-la, 
C- lb, C-lc, PhCH), 32.74 (C-2c), 23.59 (CH3CO), 16.78 (C-6~).  
Anal. calcd. for C42H53NO14: C 63.38, H 6.71, N 1.76; found: 
C 62.49, H 6.68, N 1.82. 

Methyl 2-ncetnmido-4-0-[3-0-ben;oyl-4.6-O-be1zzylidene-2-0- 
(2,4-di-0-benz~~l-3,6-dideoxy-a-1~-xylo-hexopyra1zosyl)-~- 
galactopyranos)~l]-3, 6-di-0-benzyl-2-cleoxy-P-D- 
glucopyranoside (50) 

Freshly prepared bromide 36 (0.30 mmol) was reacted with al- 
cohol 44 (100 mg, 0.13 mmol) as described for the preparation of 
4. After stirring for 20 h, methanol (0.5 mL) was added, followed 
by the usual processing and column chromatography of the result- 
ing product on silica gel. Elution with dichloromethane-methanol 
(98:2) provided the title compound 50 (120 mg, 86%) as a white 
solid; mp 99-100°C; [a], -9.9 (c 1 .O, dichloromethane); ' H  nmr 
(CDC1,) 6: 8.02, 7.60-6.90 (d, 2H, m, 28H, 6Ph). 5.70 (d, IH, 
J N H . ~ ,  7.5 Hz, NH), 5.45 (s, 1 H, PhCH), 5.38 (d, 1 H, Jlu,2c 3.2 HZ, 
H-Ic), 5.19 (dd, lH,  J2b,3b 9.5 HZ, J3b,?b  3.5 HZ, H-3b), 4.78 (d, 
lH,  Jl,,z, 7.5 HZ, H-la),  4.62 (d, lH,  Jlb,zb 8.0 HZ, H-lb), 4.42 
(bd, lH,  H-4b), 4.39 (dd, lH,  H-2b), 4.09 and 4.05 (2t, AB, 2H, 
J,,,?, - JJn.Sa - 7.5 Hz, H-4a, J2a.3a 8.0 HZ, H-3a), 3.70 (td, lH,  
J2c.3cax 11.5 HZ, J2c,3cc', - 4.5 Hz, H-2c), 3.47 (s, 3H, CH,O), 3.41 
(m, lH,  H-2a), 1.98 '(dt, l H ,  J ,,,,,,,,,, 12.5 Hz, H-3ceq), 1.88 (s, 
3H, CH,CO), 1.7 1 (m, 1 H, J ,,,,.,, - 2 Hz, H-3cax), 1.24 (d, 3H, 
J5c.6c 6.5 Hz, H,-6c); "C nmr (CDCl,) 6: 170.27 and 165.84 (2CO), 
101.35, 100.99, 100.79, 96.76 (C-la, C- lb ,  C-lc ,  PhCH), 27.84 
(C-3c), 23.60 (CH,CO), 16.6 1 (C-6c). Anal. calcd. for C63H69N015: 
C 70.05, H 6.44, N 1.29; found: C 69.92, H 6.39, N 1.55. 

Methyl 2-acetamido-4-0-[3-O-be17zoyl-4,6-O-benzyliderze-2-0- 
(2,3-di-0-benzyl-4,6-dideoxy-a-L-xy lo-hexopyrat10sy1)-P-D- 
galactopyranosyl]-3,6-di-0-benzyl-2-deoxy -w- 
glucopyranoside (51) 

The disaccharide 44 (55 mg, 0.07 mmol) was glycosylated with 
bromide 37 (0.30 mmol) as described for the preparation of 4. After 
stirring for 20 h, the mixture was processed in the usual way. The 
resultant product was purified by column chromatography (di- 
chloromethane-methanol, 98:2) to provide the title compound 51 
(70 mg, 91%). Compound 51 had mp 94-95°C; + 21.9 (C 
0.9, dichloromethane); ' H  nmr (CDCI,) 6: 8.0, 7.5-7.05 (d, 2H, 
m, 28H, 6Ph), 5.72 (d, I H, JNH,2a 7.5 HZ, NH), 5.45 (s, IH, 
PhCH), 5.37 (d, IH, JI,,?, 3.5 HZ, H-Ic), 5.12 (dd, IH, J2b.36 

9.5 HZ, J3b,db 3.5 HZ, H-3b), 4.82 (d, IH, Jl,.?, 7.2 HZ, H-la), 4.54 
(d, IH, Jlh,Zh 8.0 HZ, H-l b), 4.39 (d, IH, H-4b), 4.33 (dd, I H, H- 
2b), 4.10 and 4.07 (2t, AB, 2H, J ,,,,, - J ,,,,, 7.5 Hz, H-4a, 
J2,,,, - 8.5 Hz, H-3a), 3.88 (dd, l H ,  J2c,3c 10.0 HZ, H-2c), 3.50 
(s, 3H, CH,O), 3.38 (overlapped, H-2a), 2.03 (m, IH, J4 ,,,, 4ccq 

12.5 Hz, J4,,q,5, - 2 Hz, JJoq,,, 5.0 Hz, H-4ceq), 1.88 (s, 3H, 
CH,CO), 1.32 (m, 1 H, J4 ,;,,, ,, - J4ca,,5c - 12 HZ, H-4cax), 1.20 
(d, 3H, JSc,(x 6.5 Hz, H,-6c). Anal. calcd. for C,,H6,NOIs: C 70.05, 
H 6.44, N 1.29; found: C 69.64, H 6.49, N 1.47. 

Methyl 2-acetatnido-2-deoxy-4-0-[2-0-(a-~-fucoj~yrc~11osy1)-~-~- 
galactop~~tanos~~l]-P-D-gl~lcopyt-anosie (52) 

Compound 46 (0.09 mmol) and 5% palladium-on-carbon 
(100 mg) in 95% ethanol (4 mL) were hydrogenated at 120 psi for 
18 h. Removal of the catalyst by filtration, evaporation, and gel 
filtration of the remainder through a column of Sephadex LH 20 
(ethanol-water, 1 : 1) provided 52 (40 mg, 80%) as a white solid 
after lyophilization of an aqueous solution. Compound 52 had mp 
215-216°C; [a], -94.3 (c 0.9, water) and 'H and "C nmr data 
identical to those reported previously (14) (Table 3). 

Methyl 2-acetarnido-2-deoxy-4-0-[3-deoxy-2-0-(a-~-f~c0py- 
rat~os~~/)-~-u-xylo-he,~op~~ranos~~~]-~-~-g~~c~py- 
ratloside (53) 

Trisaccharide 48 (125 mg, 0.12 mmol) and 5% palladium-on- 
carbon (125 mg) in 95% ethanol (8 mL) were hydrogenated at 
120 psi for 36 h. Examination by tlc (isopropanol-water, 4 :  I) in- 
dicated a mixture of three compounds. After removal of the cata- 
lyst and evaporation, the remainder was acetylated conventionally 
(pyridine - acetic anhydride, 2:  1) overnight. The product ob- 
tained on evaporation and codistillation with toluene was applied 
to a column of silica gel (dichloromethane-methanol, 49: 1). The 
major fraction was evaporated and the remainder was deacety- 
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lated conventionally in methanolic 0.1 N sodium methoxide, fol- 
lowed by neutralization with Amberlite IRC 50 H+ and evaporation. 
Purification on a column of Sephadex LH-20 (ethanol-water, 1 : 1) 
then provided 53 (20 mg, 32.3%) as a white powder after freeze- 
drying an aqueous solution; mp 209-210°C; [a], - 125.5 (c 0.8, 
water); 'H nmr (D20) 6: 4.98 (d, lH,  Jlc,Zc 3.5 Hz, H-lc), 4.63 (d, 
IH, Jlh,2b 7.8 HZ, H-lb), 4.46 (d, lH,  J l n , >  8.0 HZ, H-la),  4.17 
(bq, 1 H, J5c,6c 6.5 Hz, J,,., < 1 Hz, H-5c), 4.03 (H-4b), 4.01 (dd, 
overlapped, J6i,,6n' 12.0 HZ, J6a.5a 1.8 HZ, H-6a), 3.5 1 (s, 3H, 
CH30) ,  - 3.46 (overlapped, H-5a), 2.37 (ddd, l H ,  J3 ,,,. ,,,, 
14.0 HZ, J3heq,?b 5.0 HZ, J3beq,lb 3.5 HZ, H-3beq), 2.04 (s, 3H, 
CH,CO), 1.72 (ddd, 1 H, J3bax,?b 1 1.0 HZ, JXbs*,-lb 2.8 HZ, H-3bax), 
1.24 (d, 3H, H,-6c). I3C nmr data are reported in Table 3. 

Me~hy/2-ace~amido-2-deony-4-0-[2-0-(2,6-dideoxy-a-~-lyxo- 
he~vopyrarzosy/)-~-~-ga~actopyranosy/]-~-~-g/ucopyranoside 
(54) 

Trisaccharide 49 (40 mg, 0.05 mmol) and 5% palladium-on- 
carbon (40 mg) were hydrogenated as described for the prepara- 
tion of 52. Usual work-up and gel filtration provided 54 (21 mg, 
79%) as a white powder after freeze-drying an aqueous solution; 
mp 204-205°C; [a], -77.8 (c 0.4, water); I H  nmr (D,O) 6: 5.32 
(dd, IH, Jlc,zc,, 3.5 Hz, Jic.~ceq < 1 HZ, H-Ic), 4.47 (d, 1H, J lb . ?b  

7 .8  Hz, H-lb) ,  4.43 (dd, IH, JI,,>, 8.2 Hz, H-la),  4.12 (m, lH,  
J5c.6c 6.5 Hz, J,,,,, < I Hz, H-5c), 3.97 (m, 2H, H-6a and H-3c), 
3.90 (d, 1 H, J,,,,, 3.5 Hz, H-4c), 3.49 (s, 3H, CH,O), 3.46 (m, 
H-5a), 2.02 (s, 3H, CH,CO), 1.96 (dd, 1 H, J2cax,2ccq 13.2 Hz, JZccq,)c 

5.0 Hz, H-2ceq), 1.88 (dt, J2cax,3c 12.0 Hz, H-2cax), 1.22 (d, 3H, 
H3-6c). The "C nmr data are reported in Table 3. 

Methyl 2-acetarnido-2-deoxy-4-0-[2-0-(3,6-dideoxy-a-~-xylo- 
h e x o p y r a r z o s y / ) - P - D - g a I a c f o p y r a n o s y l ] - P  
(55) 

Compound 50 (100 mg, 0.09 mmol) was debenzoylated as de- 
scribed for the preparation of 46, followed by chroniatography on 
silica gel (dichloromethane-methanol, 19: 1). The debenzoylated 
material (80 mg) and 5% palladium-on-carbon (80 mg) were hy- 
drogenated in 95% ethanol (5 mL) at 120 psi for 20 h. Usual work- 
up and gel filtration as described for 52 provided 55 (30 mg, 61 %) 
as a white solid after freeze-drying an aqueous solution; mp 194- 
195°C; [a], -78 (c 0.8, water); 'H nrnr (D20) 6: 5.25 (d, lH,  Jl,,z, 
3.5 HZ, H-lc), 4.56 (d, lH, Jib,?, 7.8 HZ, H-lb), 4.45 (d, lH,  Jla.2a 

8.2 Hz, H-la), 4.18 (q, lH, J5c,6c 6.5 Hz, J,,,, < 1 Hz, H-5c), 4.04 
(td, overlapped by H-6a, J2,,,,, 1 1.5 Hz, J2c,3cul 5.0 HZ, H-2c), 4.03 
(dd, Jha,6a' 12.0 HZ, J5a,6n 2.0 HZ, H-6a), 3.66 (dd, J?b.lb 10.0 HZ, 
H-2b), 3.51 (s, 3H, CH,O), 3.47 (m, H-54,  2.04 (s, 3H, CH,CO), 
2.01 (ddd, lH, J ,,,,,,, 13.0 Hz, J,,,,, 3.0 Hz, H-3ceq), 1.92 (ddd, 
1 H, JL.., 2.5 Hz, H-3cax), 1.12 (d, 3H, H,-6c). The "C nmr data 
are reported in Table 3. 

Methyl 2-acetamido-2-deox),-4-0-[2-0-(4,6-dideoxy-a-~-xylo- 
hexopyranosy/)-~-~-~actopyranosy~]-~-~-g/ucopyranoside 

(56) 
Trisaccharide 51 (60 mg, 0.06 mmol) was debenzoylated as de- 

scribed for the preparation of 46, followed by chromatography on 
a column of silica gel (dichloromethane-methanol, 19: 1) to pro- 
vide a white solid (50 mg). This material and 5% palladium-on- 
carbon (50 mg) were hydrogenated with subsequent gel filtration 
of the hydrogenation product as described for 52. After lyophili- 
zation of an aqueous solution, 56 (22 mg, 75%) was obtained as a 
light white solid; mp 168-170°C; [a], -82 (c 0.5, water); 'H  nrnr 
(D20) 6: 5.32 (d, lH,  Jlc ,Zc  3.5 HZ, H-lc), 4.54 (d, IH, J lh ,2h  

7.8 Hz, H-lb), 4.45 (d, lH,  J,,,?, 8.2 Hz, H-la),  4.22 (m, IH, 
H-5c), 4.03 (dd, 1 H, J6;,,6a. 12.5 Hz, 56.,,5., 1.8 HZ, H-64,  3.65 (dd, 
overlapped, J,,,,, 10.0 Hz, H-2b), 3.51 (s, 3H, CH,O), 3.49 (dd, 
overlapped, J2c.3c 10.0 HZ, H-2c and H-54 ,  2.06 (ddd, J, ,,,,,,, , 
12.0 Hz, J ,,,,, 3, 5 .0  Hz, J,,,,,,, 2.0 Hz, H-4ceq). 2.04 (s, 3H, 
CH,CO), 1.40 (ddd, I H, J, .,,,, - J, ,,,, - 12.0 Hz, H-4cax), 1.22 
(d, 3H, JSc.6c 6.5 Hz, H,-6c). The "C nrnr data are reported in 
Table 3. 

Methyl 2-acetarnido-3,6-di-O-be1zzyl-2-deo,vj~-4-0-(2,3,4-tri-O- 
aceQ/-6-deo~y-~-~-galactopyrarzosy~)-~-~-g/ucopyranoside 
(58) 

A solution of freshly prepared bromide 57 (22) (1.7 mmol) in 
benzene-nitromethane (1 : 1, 5.0 mL) was added to a stirred mix- 
ture of 39 (200 mg, 0.48 mmol), mercuric cyanide (243 mg, 
0.96 mmol), and powdered calcium sulfate (1 g) in the same sol- 
vent (25 mL). After stirring for 48 h at 40°C, it was worked up in 
the usual way and the resulting niaterial was applied to a column 
of silica gel (dichloromethane-methanol, 19: 1). Evaporation of the 
major fraction gave a white foamy solid 58 (225 mg, 68%); mp 79- 
80"; [a], - 15.4 (c 1.1, dichloromethane); 'H nmr (CDCI,) 6: 5.98 
(d, lH,  JNI .1 ,2e  8.5 HZ, NH), 5.17 (bd, IH, Jdb,,, < I HZ, J3b,-lb 3.5 
HZ, H-4b), 5.1 1 (dd, lH,  J?b,)b 10.5 HZ, Jlb,2h 8.0 HZ, H-2b), 4.92 
(dd, 1 H, H-3b), 4.76 and 4.68 (ABq, 2H, J,,, 12.0 Hz, CH,Ph), 
4.64 and 4.50 (ABq, 2H, J,,, 12.0 Hz, CH,Ph), 4.62 (d, over- 
lapped, J ,,, , 5.0 Hz, H-la), 4.46 (d, lH, H-lb), 4.00 (t, lH, J,,,,, 
- J-ln.53 - 5.5 Hz, H - 4 4 ,  3.91 (t, lH,  J2n,3a - 6 HZ, H-34,  3.85 
(dd, overlapped by H-2a, J5,,ba 5.5 Hz, J,,,,,, 10.0 Hz, H-64, 3.79 
(dd, Js,,6;,t 4.5 HZ, H-6af), 3.67 (q, 1 H, H-%I), 3.55 (q, 1H, J5h,6b 

6.5 HZ, H-5b), 3.44 (s, 3H, CH,CO), 2.18, 2.04, 1.98, 1.95 ( 4 ,  
each 3H, 4CH,CO). Anal. calcd. for C35H-lSN013: C 61.12, H 6.60, 
N2.04; found:C61.25 ,H6.82 ,  N2.04 .  

Methyl 2-acetarnido-3,6-di-O-ber1zyl-2-deo.vj~-4-0-(6-deony-~-~- 
g~l/actopj~ranosy/)-P-D-g/ucopyranoside (59) 

Compound 58 (200 mg, 0.29 mmol) was deacetylated in meth- 
anolic 0.08 N sodium methoxide (4 mL) for 16 h. The solution was 
made neutral with Amberlite IRC 50 H' and the solvent evapo- 
rated. The remainder was subjected to column chromatography on 
silica gel (dichloromethane-methanol, 9: I) to provide 59 (150 ing, 
92%) as a white powder; mp 194-195°C; [a], + 0.8 (c 0.8, 
methanol). Anal. calcd. for C,7H,9NOlo: C 62.02, H 7.00, N 2.49; 
found: C 61.38, H 6.89, N 2.58. 

Merhyl2-acetarnid0-3,6-di-O-ber~~~~l-4-0-(3,4-O-ber1z~~lidene-6- 
rfeo,~-~-~-ga/actop)~rarzos)~/)-2-deos)~- P-D-gl~tcop)~ranoside 
(60) 

To a solution of 59 (140 mg, 0.25 mmol) in dry acetonitrile 
(5.0 niL) were added a,a-dimethoxytoluene (73 kL, 0.49 mmol) 
and p-toluenesulfonic acid monohydrate (3 mg). After 30 min, the 
reaction was neutralized and the solvent evaporated. The remain- 
der was purified by column chromatography on silica gel (dichlo- 
romethane-methanol, 19: 1) to provide 60 (160 mg, 99%) as a white 
powder. The 'H nmr data showed it to be a 1 : 1 mixture of two 
isomers with exo and erzdo phenyl groups; mp 89-90°C; [a], 
+ 162.3 (c 1.2, dichloromethane); 'H nmr (CDC1,) 6: 7.50-7.20 
(ni, 15H, 3Ph), 6.12, 5.93 (2s, 1 H, PhCH), 5.64 (d, 1 H, J,,l.zo 
7.5 Hz, NH), 3.48, 3.47 (2s, 3H, CH,O), 1.870, 1.865 (2s, 3H, 
CH,CO), 1.34, 1.29 (d, 3H, .!5b,6h 6.5 Hz, H,-6b). Anal. calcd. for 
C36H,3NOl,: C 66.55, H 6.67, N 2.16; found: C 65.75, H 6.5 1, N 
2.22. 

Metl~y/2-acetarnido-3,6-di-O-berzzj~/-4-O-[3,4-O-berzzy/ider~e-6- 
deoxy-2-0-(2,3,4-tri-O-berzzyl-a-~-fucopyrarzosj~l)-~-~- 
ga/actopyr-arzosj~/]-2-droxy-~-~-g/zicopjrarzoside (61) 

Disaccharide 60 (120 mg, 0.18 mmol) was fucosylated with 
bromide 3 (0.7 mmol) as described for the preparation of trisac- 
charide 4. After stirring for 20 h, the mixture was processed in the 
usual way and the resulting product was purified by column chro- 
matography on silica gel (dichloromethane-methanol, 98 : 2) to 
provide solid 61 (160 mg, 81%) as a 1 : 1 mixture of isomers with 
exo and erldo phenyl groups; mp 78-79°C; [a]" -41 (c 1.6, di- 
chloromethane); 'H nmr (CDC1,) 6: 7.50-7.20 (m, 30H, 6Ph), 
6.07, 5.89 (2s, lH,  PhCH), 5.69 (2d, lH, NH), 5.58, 5.47 (d, lH, 
Jl,,z, 3.5 HZ, H-lc),  3.48, 3.47 (2s, 3H, CH,O), 1.89, 1.84 (2s, 
3H, CH,CO), 1.34, 1.3 1 (2d, 3H, J5b,6b 6.5 Hz, H,-6b), 1.19, 1.13, 
(2d, 3H, 6.5 Hz, H,-6c). Anal. calcd. for C63H7lNo1-1: C 
70.97, H 6.71, N 1.31; found: C 70.73, H 6.77, N 1.41. 
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Methyl 2-acetarnido-2-deo,~-4-0-[6-deoxy-2-0-(a-~-fucopy- 
ranosyl)-~-~-ga/actopyrat?osy/]-~-g~ucopyranoside (62) 

Compound 62 (120 mg, 0. I I mmol) was hydrogenated in the 
presence of 5% palladium-on-carbon (120 mg) as described for 52. 
Gel filtration and freeze-drying of an aqueous solution provided 62 
(46 mg, 78%) as a white powder; mp 178-179°C; [a], - 107.8 (c 
0.8, water); 'H nmr (D20) 6: 5.34 (d, IH, JI,,l, 3.2 Hz, H- lc), 4.5 1 
(d, IH, J,,.,, 7.8 Hz, H-lb), 4.46 (d, IH, JI,,, 8.0 Hz, H-la), 4.24 
(9, IH, Js,,,, 6.5 Hz, J4c.5c < 1 HZ, H-5~1, 3.99 (dd, IH, J6a,6nf 

12.0 HZ, J5d,6d 1.5 HZ, H-6a), 3.88 (dd, IH, J2h 3h 10.0 HZ, J3b .4 ,  

- 3.5 Hz, H-3b), 3.74 (overlapped, H-2a), 3.64 (dd, IH, H-2b), 
3.52 (s, 3H, CHjO), 3.49 (H-5a), 2.05 (s, 3H, CH3CO), 1.25, 1.23 
(2d, J 6.5 Hz, H3-6c, H3-6b). The "C nmr data are reported in 
Table 3. 

Methyl 2 - a c e r a m i d o - 4 - 0 - ( 2 - 0 - a c e ~ l - 3 , 6 - d i - O - b e ~ - ~ -  
~-xylo-hexopjrat~os)~/)-3.6-di-O-benzyf-2-deo-~-~- 
glucopyranoside (64) 

Alcohol 39 (320 rng, 0.77 mmol) was glycosylated with 2-0- 
acetyl-3,6-di-O-benzyl-4-deoxy-a-~-xylo-hexopyranosyl bromide 
(53, 1.46 mmol) (12) as described for the preparation of 27. After 
16 h, the mixture was worked up and the resulting product was 
purified by column chromatography on silica gel (dichlorometh- 
ane-methanol, 98:2) to afford 64 (1 12 mg, 19%); mp 124- 126°C; 
[a], -6 (C 0.1, chloroform); IH nmr (CDC13) 6: 7.40-7.20 (m, 
20H, 4Ph), 6.07 (d, 1H, JNH.z;, 9.0 HZ, NH), 4.84 (dd, J lh .Zb  

8.0 Hz, 10.0 HZ, H-2b), 4.72-4.45 (m, 9H, 4CH2Ph, with 
H- la, d, at 4.5 l) ,  4.33 (d, 1 H, H- l b), 3.98 (m, overlapped, H-2a), 
3.96 (t, overlapped, J3,,4;, - J4&.ya 5.0 HZ, H-4a), 3.80 (d, 2H, J5a,6a 
5.0 Hz, Hz-6a), 3.76 (t, IH, J2a ,3a  5.5 Hz, H-3a), 3.70 (m, lH, 
H-5a), 3.42 (s, 3H, CH,O), 2.20 (ddd, I H, J,,,,,,, 12.0 Hz, J4h,5b 
2.0 Hz, J4bcq,3b 5.0 HZ, H-4beq), 2.04 and 1.94 (2s, each 3H, 
2CH3CO), I .50 (q, IH, J4bnx,3b = J J L ~ ~ , ~ ~  12.0 HZ, H-4bax); fab-ms, 
m/z:  807.76 (0.43, [MH + Nal+), 806.74 (0.98, [M + Na]+), 
784.74 (1.04, MH'), 783.67 (0.16, M+), 753.52 (1.73, [MH - 
 OM^]'), 752.50 (3.91, [M - OMe] '). 

Merhyl2-acemmido-3,6-di-O-benzyl-2-deox~~-4-0-[3,6-rli-0- 
bet1zy/-4-deo,~y-2-0-(2,3,4-tr5-O-bet~zyl-a-~-~~co~1~rr1t~os~/)- 
P - D - x y l o - h e x o p y r a n o s ) i f ] - P - D - g f u c o p y d  (65) 

Compound 64 (87 mg, 0.11 mmol) was treated with methanolic 
0.05 N sodium methoxide (5 mL) for 18 h. The solution was neu- 
tralized with Amberlite IRC 50 H+, evaporated to dryness. and the 
resulting alcohol crystallized from methanol-ether. This alcohol 
(85 mg, 0.11 mmol) was fucosylated with bromide 3 (0.77 mmol) 
as described for the preparation of 4. Usual work-up after 18 h and 
subsequent column chromatography on silica gel (dichlororneth- 
ane - ethyl acetate, 3:  1 )  of the crude product provided, after pre- 
cipitation from ether-hexane, trisaccharide 65 (80 mg, 62%) as a 
white powder; -35 (c 0.1, chloroform); 'H nmr (CDCI,) 6: 
7.40-7.10 (m, 35H, 7Ph), 5.73 (d, IH, Jl,.,, 4.0 Hz, H-lc), 5.64 
(d, IH, JN11.2;, 8.0 HZ. NH), 4.89-4.35 (m, 16H, 7CHZPh, with 
H- la ,H- lba t4 .72and4 .45) ,4 .31  (bq, lH,J5u.6c6.5Hz,J-lc,5c< 
1 H, H-5c), 4.03 (dd, 1 H, J?,.3, 10.0 Hz, H-2c), 3.95 (overlapped, 
J,,,, 2.5 HZ, H-4c), 3.83 (dd, 1 H, H-3c), 3.47 (s, 3H, CH,O), 2.22 
(bdd, I H, J-lbcrl.4bU 12.0 HZ, J?kq.sb - 1 HZ. J ~ h . 4 , ~  - 4 HZ, H-4beq), 
I .86 (s, 3H, CH3CO), I .38 (bq, J-lb;u,Sb - J3b,4b;rr - I2 HZ, H-4bax), 

. . . 
. . .  

1.2 1 (d, 3H, H3-6c); fab-ms, m/z: 1 18 1.57 (0.48, [MH + Na]+), 
- .  1180.53(0.61,IM+Nal+),1158.57(0.34,MH+),1157.51(0.06, 

M'), 1127.43 -(0.62 [MH - OMeIi), 1126.45 (0.81 ([M - 
OMe]+). 

Methyl 2-acerat~~id0-2-deox~~-4-0-[4-deo~ry-2-O-(a-~~f~1~o~~y- 
ranosy1)-P-n-xy l ~ - h e ~ r o p ~ r ( ~ t ~ o s y ~ ] - ~ - ~ - g / u c o ~ ~ ~ ~ -  
ranoside (66) 

Compound 66 (49 mg, 0 042 mmol) in 95% ethanol (5 mL) was 
hydrogenated over 10% pallad~um-on-carbon (22 mg) at 35 psi for 
14 h. Usual work-up and gel filtration on Sephadex LH 20 (ethanol- 
water, 1 : I )  provided 66 (21 mg, 94%) as a white powder after ly- 
ophilization of an aqueous solution; [a], - 136.5 (c 0.2, water), 'H 
nmr (DZO) 6: 5.35 (d, 1 H, J,, 3.0 Hz, H- l c), 4.50 (d, 1 H, J,, 2b 

8.0 Hz, H-lb), 4.44 (d, lH,  Jla., 8.5 Hz, H-la), 4.24 (q, IH, J5c,sc 
6.5 Hz, H-5c), 4.01 (dd, overlapped, H-6a), 3.98 (ddd, J2b,3b 10.0 
Hz, H-3b), -3.80 (m, H-2c, H-3c, H-4c), 3.51 (s, 3H, CH30), 
3.48 (H-5a), 3.39 (dd, lH, H-2b), 2.07 (s, 3H, CH3CO), 1.96 (ddd, 
1 H, J-lhtq.-lbax 12.5 Hz, J4kq,3b 5.0 HZ, J4ber1,5b 1.5 HZ, H-4beq), 1.48 
(q, IH, J-lb:u.~h - Jdbax,3b - 12.5 Hz, H-4bax), 1.23 (d, 3H, H3-6c). 
The 13c nmr data are reported in Table 3. 
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RUBEN SANCHEZ-OBREGON, ALEX G. FALLIS, and ARTHUR G. SZABO. Can. J .  Chem. 70, 1531 (1992) 
The synthesis of (-)-(R)-7-azatryptophan (2) from commercially available 7-azaindole (4) is described. The key step 

involved the diastereoselective alkylation of tert-butyl [(IR,4R)-bornylideneaminolacetate (3) with 1-(tert-butyloxycar- 
bonyl-3-(iodomethy1)-7-azaindole (19) derived from 3-formyl-7-azaindole (14). The alkylation, conducted at - 100°C 
in a THF/HMPA solvent using potassium hexamethyldisilazide as the base, afforded 7 in greater than 98% diastereo- 
meric excess. Hydrolysis and deprotection gave (-)-(R)-7-azatryptophan. 

RUBEN SANCHEZ-OBREGON, ALEX G. FALLIS et ARTHUR G.  SZABO. Can J .  Chem. 70, 153 1 (1992). 
On dCcrit la synthitse du (-)-(R)-7-azatryptophane (2) realisee a partir du 7-azaindole (4) disponible commerciale- 

ment. L'Ctape clC implique une alkylation disastCrCosC1ective du [(1R,4R)-bomylidenamino]acCtate de tert-butyle (3) par 
du l-(rer-r-butyloxycarbonyl-3-(iodom~thyl)-7-azaindoe (19) obtenu a partir du 3-fonnyl-7-azaindole (14). L'alkyla- 
tion, r6alisCe ?i 100"C, dans un mClange de THF/HMPA et utilisant de I'hexamtthyldisilazure de potassium comme base, 
conduit au composC 7 avec un excks de diastCrCo-isomitre de plus de 98%. Son hydrolyse et sa dCprotection fournissent 
le (-)-(R)-7-azatryptophane. 

[Traduit par la redaction] 

Introduction intermediacy of the (1R,4R)-camphor imine of tert-butyl 
glycinate 3. 

There is considerable current interest in the fluorescence 
decay of aromatic amino acids, such as tryptophan ( I ) ,  as a C02H C02H 
vehicle for probing the structure and dynamics of proteins 
and peptides. The sensitivity of molecular excited state re- &. dH & laxation rates to the local microenvironment has prompted / NH2 0 S I H ~  
the development of numerous fluorescence methods (1 )  and \ \ 

intense study of the photophysics of tryptophan (2-4). In spite \ 
N N 

of these studies the relationship between tryptophan fluo- H 
\ 
H N 

rescence decay and its ground state structure is not well 
understood. Consequently additional spectroscopic investi- 1 2 3 
gations continue to be reported on tryptophan derivatives 
using fluorescence ( 5 )  and related spectroscopic techniques Results and discussion 
(6). 

A promising candidate for further study owing to its unique 
spectroscopic properties and the fact that it can be substi- 
tuted for tryptophan in many biological systems is 7-aza- 
tryptophan (2). Unfortunately it 1s not available as a single 
enantiomer and efforts to resolve it have proved unreward- 
ing.3 7-Azatryptophan is of additional interest owing to its 
effect on nitrogen fixation in certain algae (7). The race- 
mate was synthesized several years ago from 7-azagramine 
(3-(dimethyaminomethy1)-7-azaindole) (8). We wish to re- 
port the first synthesis of (-)-(R)-7-azatryptophan (2) via the 

'Permanent address: Universidad Nacional Autonoma de Mex~co, 
Instituto de Quimica, Circuito Exterior, Ciudad Universitaria, 
Coyoacan 04510, Mexico, D.F. 

' ~ u t h o r  to whom correspondence may be addressed. 
h. G. Szabo and A. G. Fallis, unpublished results. 

In view of the commercial availability of 7-azaindole the 
most straightforward strategy for the synthesis of 2 was to 
effect the selective functionalization of the intact indole 
system and thus avoid de  novo construction of the hetero- 
cyclic nucleus. Provided a diastereoselective alkylation with 
a suitably functionalized indole species such as 5 was em- 
ployed, rapid preparation of the amino acid should be pas- 
sible. Asymmetric alkylation of glycine derivatives has 
received considerable attention with a variety of chiral aux- 
iliaries to provide amino acids of known configuration in high 
optical purity (9-14). In their study of the alkylation of the 
enolate, obtained from the (1R,4R)-camphor imine of tert- 
butyl glycinate McIntosh et al. (13) determined that the T 
electron density and steric effects in the electrophile signif- 
icantly influenced the diastereomeric excess. The best re- 
sults (>98% diasteromeric excess (de)) were achieved with 
benzyl bromides. The presence of an aryl moiety was criti- 
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cal in order to obtain high selectivity. It therefore appeared 
reasonable to anticipate a similarly high level of induction 
with the aromatic azaindole system, which is also capable 
of -IT complexation with the lithium atom of the enolate de- 
rived from 3. As illustrated in Scheme 1, alkylation of 3 
should generate species of type 6 that could be transformed 
into the desired amino acid. 

To investigate this possibility 7-azaindole (4) was treated 
under Mannich conditions to afford 7-azagramine (8) in 80% 
yield by analogy with previous studies with indole (15). 
Conversion of 8 into its ammonium salt 9 occurred readily 
with excess methyl iodide (Scheme 2). The (1R,4R)-cam- 
phor-imine 3 was prepared by BF, . Et,O mediated conden- 
sation of natural (1R,4R)-camphor with tert-butyl glycinate 

I (10) (15). The requisite amino ester 10 was synthesized fol- 
lowing literature procedures (16) commencing with tert-butyl 
bromoacetate followed by azide displacement and reduc- 
tion. 

As will become apparent, a detailed study of the alkyla- 
tion of 3 was necessary to achieve a respectable level of 
diastereomeric excess. The yield of 6 was 26% when the 
ammonium salt 9 was employed in tetrahydrofuran/di- 
methylformamide (THF/DMF) at -78°C using lithium di- 
isopropylamide (LDA) as the base. This was disappointing, 
but of greater concern was the absence of any diastereose- 
lectivity. This may be a consequence of the known ten- 
dency -of these systems to undergo facile Hofmann 
elimination so that the product probably arose by an elimi- 
nation-addition sequence involving the intermediacy of 11. 
Substitution of the indole nitrogen will block, or at least re- 
tard, this pathway and thus 7-azagramine (8) was converted 
to its tert-butyloxycarbonyl derivative 12. Excess methyl 
iodide afforded the blocked ammonium salt 13. As sum- 
marized in Table 1 (entries 2, 3), the alkylation reaction with 
this material was unsuccessful, although at - 10°C a 33% 
yield of the deprotected product was obtained. However, no 
diastereomeric excess was oberved, and thus it seems likely 
that deprotection preceded alkylation. To improve the reac- 
tivity better leaving groups were required. 

The aldehyde 14 was prepared from 8 with hexamethyl- 
enetetramine and aqueous propionic acid following the 
method of Robison and Robison (17). The tert-butyloxycar- 
bony1 derivative 15 was generated in a 96% yield and re- 
duced to the primary alcohol 16 with NaBH, (Scheme 2). 
Treatment of this alcohol separately with triphenylphos- 
phine/carbon tetrachloride and triphenylphosphine/carbon 
tetrabromide afforded the corresponding chloride 17 and 
bromide 18, respectively. The iodide 19 was prepared by 
displacement of the chloride with sodium iodide in acetone 
at room temDerature. However, even under these mild con- 
ditions it decomposed slowly and the bromide was also 

Me2NH, AcOH 
H2C0, 60°C 1 N M ~ ~  C H ~ I ,  / E ~ O H  

21'-O°C, 48 h, 72% - 
\ 

NaBH,, EtOH 
21°C, 4 h, 50% 

troublesome during chromatography on silica gel, so Florisil 
was utilized instead. 

Guided by the earlier studies of McIntosh and co-work- 
ers (13, 15) plus related investigations of diastereoselective 
conjugate additions of lithiated camphor imines of glycine 
esters (18), the additional alkylations listed in Table 1 were 
examined. Unfortunately in all cases the chemical yields were 
very modest. A referee has suggested that these yields are 
not satisfactory and we agree they are disappointing. How- 
ever, we have been unable to establish conditions that af- 
ford both a good chemical yield and retain a high level of 
diastereomeric excess in spite of considerable experimenta- 
tion. Nevertheless, results such as these help drive organic 
chemistry and may stimulate novel synthetic improvements 
for these and related cases in the future. A reactive alkylat- 
ing agent was required even for these allylic species since the 
chloride 17 was unreactive (entries 4-6) at the temperature 
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TABLE 1. Alkylation of the enolate of 3 with 7-azaindole derivatives 

3 9 R = H, X = NMe31 7 
13 R = r BOC, X = NMqI 
17R=rBOC,X=Cl  
18R=rBOC,X=Br  
1 9 R = r B O C , X = I  

Alkylating Yield" Diastereorneric 
Entry agent Solvent Base T("C) t (h) (%I excess (delb 

THF/DMF 
THF/DMF 
THF/DMF 

THF 
THF/HMPA 
THF 
THF/DMF 
THF/DMF 

THF 
THF 
THF 
THF/HMPA 
THF/HMPA 
THF/HMPA 

LDA 
LD A 
LD A 

LDA 
LD A 
LDA 
LD A 
LD A 

LDA 
LDA 
LD A 
LDA 
KNSi2Me6 
KNSi2Me6 

"Isolated yields. 
bDetermined by integration of the diastereomeric methyl signals in the 'H nmr spectra. 

examined. Unfortunately, raising the temperature in the case 
of the bromide 18 (entries 8 and 9) did not improve the 
chemical yield and resulted in a decrease in diastereoselec- 
tivity. T o  achieve reasonable success it was necessary to 
counterbalance several interrelated factors. These included 
the instability of the iodide 19 coupled with the limited sol- 
ubility of the reactants, including the enolate, at the low 
temperatures required. Previously McIntosh and Mishra (15b) 
had shown that one equivalent of hexamethylphosphoram- 
ide (HMPA) does not lower the selectivity but excess was 
deleterious. In spite of this potentially adverse effect, ex- 
cess HMPA was essential and reasonable results were 
achieved (entry 14) by conducting the alkylation at - 100°C 
in a THF/HMPA solvent using potassium hexamethyldisil- 
azide as the base. These conditions afforded 7 in greater than 
98% diastereomeric excess. 

The camphor methyl groups displayed separate, readily 
integrated singlets for each diastereomer in the 'H nmr 
spectrum, facilitating this analysis. In the case of entry 14 
only a single diastereomer could be detected. It should be 
noted (entries 12 and 13) that for reactions conducted under 
the same conditions the potassium base afforded both higher 
yields and better diastereomeric excess (65 vs. 83% de) than 
did LDA. Possibly other counterions will also facilitate this 
alkylation, improve the enolate solubility, and conse- 
quently the chemical yield in spite of the limitation of the low 
temperatures required for high diastereoselectivity. 

FIG. 1. n-Associated alkylation transition state. 

Consistent with the McIntosh model, preferential attack 
occurred from the sterically less emcumbered bottom (re face) 
of the enolate to afford the R product. Benzylic halides have 
been shown to introduce a favourable n-.rr electrostatic in- 
teraction with the enolate n-system in related systems. This 
resulted in an enhanced steric bias and higher selectivity. 
These features are illustrated in Fig. 1, which represents a 
possible n-associated transition state for the alkylation. 

To complete the synthesis a series of hydrolysis steps were 
required. The camphor auxiliary was removed in the pres- 
ence of  hydroxylamine hydrochloride and sodium acetate to 
provide the protected amino ester 20. The optically active tris- 
[3-(heptafluoropropylhydroxymethylene)-(+)-camphor eu- 
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ropium(II1) nmr shift reagent was added to a sample of 20 
but there was no evidence of the presence of the other en- 
antiomer. We were surmised to find that the o ~ t i c a l  rotation 
values were so small in these compounds in view of the fact 
that none of the minor diastereomer of 7 could be detected 
by 'H nmr analysis. To be certain that the values were ac- 
curate the rotations were also determined independently on 
a second polarimeter in a different institution. In spite of the 
efforts of Brewester several years ago to establish a predic- 
tive set of rules they are not suffiently general to allow an 
estimate of the 7-azaindoyl substituent (19). Hydrolysis of 
the tertiary butyl esters was accomplished with trifluoroace- 
tic acid at room temperature to afford (-)-(R)-7-azatrypto- 
phan (2) as a crystalline solid (from H20)  69% yield, mp 26- 
261°C(dec.) [a]: - 1.2 (c = 0.5 ,  H20) .  

In summary, a direct synthesis of 2 has been achieved via 
the (1R,4R)-camphor imine ester 3 as a chiral template. It is 
known that with lithium enolates HMPA can alter the ae- u 

gregation and chelation of the transition state complex owing 
to competition for lithium coordination (20). Further study 
is required, with potassium enolates in the presence of added 
salts and complexing agents, in order to increase our under- 
standing of these transition state interactions. In due course 
this knowledge will lead to improved chemical yields and 
more sophisticated applications. The majority of natural 
amino acids possess the S (or L) configuration and thus to 
obtain material for incorporation into peptides it will be 
necessary to repeat the synthesis commencing with tert- 
butyl[(lS,4S)-bornylideneaminolacetate, the enantiomer of 
3. It was established earlier that the steady-state absorption 
and fluorescence properties of 7-azatryptophan may be dis- 
tinguished from tryptophan so as to allow its use as a non- 
invasive irz situ probe of protein structure and dynamics (22).4 
The spectroscopy of 2 will be described in due course. 

Experimental 
Melting points were determined in capillary tubes with a 

Thomas-Hoover Uni-Melt or a Fisher-Johes melting point appa- 
ratus, and are uncorrected. Infrared (ir) spectra were recorded on 
a Perkin-Elmer 783 spectrophotometer or a Bomem MBlOO FTIR 
spectrometer. Proton magnetic resonance spectra ('H nmr) were 
measured at 200 MHz with a Varian Gemini spectrometer or at 
300 MHz with a Varian XL-300 spectrometer in deuterochloro- 
form unless otherwise stated. Carbon magnetic resonance spectra 
("c nmr) were measured at 50 MHz (Varian Gemini) or at 75 MHz 
(Varian XL-300). The residual solvent signal (CDCI,) was used as 
an internal lock; CDCI,; 'H: 6 7.262, I3C: 6 77.0. Chemical shifts 
are reported in ppm downfield from tetramethylsilane (6 scale) as 
an internal standard. The multiplicity, number of protons, cou- 
pling constants, and proton assignments are indicated in parenthe- 
ses. Mass spectra (ms) were determined on a V.G. micromass 7070 
HS instrument using an ionization energy of 70 eV. Elemental 
analyses were conducted by M-H-W Laboratories, Phoenix, Ariz., 
U.S.A. Optical rotations were measured using a Perkin-Elmer 243 
polarimeter (sodium light, cell length = 10 cm, c = g/100 mL). 
Analytical thin-layer chromatography (tlc) employed commercial 
aluminum sheets precoated (0.2 mm layer thickness) with silica gel 
60 F2,, (E. Merck). Flash column chromatography using E. Merck 
silica gel 60 (230-400 mesh) was employed for all column chro- 
matography. 

Petroleum (pet) ether refers to a fraction with boiling range 30- 
60°C. Anhydrous diethyl ether (ether) and diisopropylamine were 
obtained by distillation from LiAIH, and anhydrous tetrahydro- 

'A. G. Szabo, unpublished results. 

furan (THF) from potassium/benzophenone. Absolute ethanol was 
dried by distillation from magnesium. Dry benzene, dimethyl- 
formamide (DMF), and carbon tetrachloride (CCl,) were prepared 
by distillation from phosphorus pentoxide. Anhydrous hexame- 
thylphosphoramide (HMPA) was obtained by distillation from 
calcium hydride, and acetone was dried by distillation from an- 
hydrous K2C03. Solutions in organic solvents were dried over an- 
hydrous magnesium sulfate and stripped of solvents with a Biichi 
rotatory evaporator connected to a water aspirator. Unless other- 
wise indicated, all the alkylation reactions were conducted under 
an atmosphere of dry nitrogen. 

tea-Butyl glycinate 
This ester was prepared by the method of Moore and Rydon (17) 

using tert-butylbromoacetate (Aldrich) and oxalic acid to isolate the 
glycine tert-butyl ester; bp 55-62"C, 18 Torr (1 Torr = 133.3 Pa); 
(lit. (21) bp 68"C, 21 Torr); ir (neat): 3395, 3330 (NH), 1740 
( C V )  cm-I; 'H nmr 6: 3.28 (s, 2H, -CH,-), 1.43 (s, 9H, 
(CH,),C); ms m / z :  130 (M' - I). 

tert-Butyl [(IR,4R)-Bornylideneamino]acetate (3)  (ref. 15) 
(1R,4R)-(+)-Camphor (1.52 g, 0.01 mol), tert-butyl glycinate 

(1.31 g, 0.01 mol), dry benzene (40 mL), and BF, . Et20 (0.1 mL) 
were refluxed for 48 h in a Dean-Stark trap with azeotropic re- 
moval of water. The solution was cooled, washed with brine, dried, 
filtered, and concentrated. Chromatography (20% ethyl acetate/ 
hexane) afforded the imine 3 (1.9 g, 72%): ir (neat): 1690 (C=N), 
1745 (C*) cm-I; 'H nmr 6: 3.94 (AB q 2H, J = 16 Hz, 
N-CH2-CO), 2.35-2.20 (m, 1 H), 1.95-1.35 (m, 5H), 1.43 (s, 9H, 
t-Bu), 1.25-1.06 (m, 1 H), 0.95 (s, 3H, Me), 0.90 (s, 3H, Me), 
0 . 7 5 ( ~ , 3 H , M e ) ; ' ~ C n m r 6 :  187.0, 169.3,80.8,54.5,54.0,47.2, 
43.7, 35.6, 31.8, 28.0, 27.3, 19.5, 18.9, 11.2. Exact Mass calcd. 
for CI6H2,NO2: 265.204 1 ; found: 265.2024. 

3-(N-Dimethylaminomethyl)-7-azaindole (7-azagramine, 8)  
(ref. 17) 

Glacial acetic acid (7.2 g, 0.119 mol) was added to a stirred 40% 
aqueous dimethylamine solution (6 g, 0.054 mol) maintained at 5OC. 
Formalin (37%, 4.2 g, 0.051 mol) was added to this solution and 
the mixture was poured into the 7-azaindole (4) (6 g, 0.051 mol, 
Aldrich) and stirred until homogeneous. The reaction was heated 
at 60°C for 16 h and neutralized with aqueous NaOH (7.2 g in 
50 mL). Cooling afforded pale yellow crystals of 8 (7.15 g, 80%): 
mp 160-162°C (lit.(17) mp 1 57-158.S°C); ir (CHCI,): 3466, 3 147 
(N-H), 2819, 2776 (-CH-N<, -CH2-N-) cm-'; 'H nmr 6: 11.74 
(br, S, lH,  N-H); 8.33-8.22 (dd, IH, J = 1.6, 4.8 HZ), 8.07-7.96 
(dd, 1 H , J =  1 . 6 , 7 . 8 H z ) , 7 . 2 3 ( b r s ,  IH),2.1-7.0(dd, l H , J =  
4.8, 7 .8 Hz), 3.58 (s, 2H), 2.24 (s, 6H); ',c nmr 6: 148.8, 142.5, 
127.3, 124.9, 119.8, 115.1, 110.7, 54.5, 44.9. Exact Mass calcd. 
for CIOHI3N3: 175.11 17; found: 175.1 110. 

I -tert-Butyloxycarbonyl-3-(N-dimethylaminornethyl)-7-Azaindole 
(12)  

To a stirred suspension of sodium hydride (80% dispersion in 
mineral oil, 0 .3 g ,  0.01 mol, Aldrich) in HMPA (10 mL), was 
added 3-(N-Dimethylaminomethy1)-7-azaindole (8) (1.75 g, 0.01 
mol) in HMPA (15 mL). After stirring for 0.5 h, di-tert-butyl car- 
bonate (2.4 g, 0.01 1 mol, Aldrich) in HMPA (10 mL) was added 
and stirring continued at 21°C for 2 h. The reaction was quenched 
with water (40 mL), and extracted with ether (4 X 40 mL). The 
combined organic layers were washed with brine, water, dried, 
filtered, and concentrated. Chromatography (20% methanol/ethyl 
acetate) afforded 12 (1.87 g, 68%): mp 94-96°C (petroleum ether); 
ir (CHC1,): 2820, 2790 (-CH-N<, -CH,-N-), 1755 (C=O), 1425 
(C-N) cm-I; 'H nmr 6: 8.42-8.35 (dd, IH, J = 2.5, 5 Hz), 7.92- 
7 .87(dd ,  1 H , J =  2.5, 5 H z ) , 7 . 4 2 ( s ,  lH),7.11-7.01 (dd, IH, 
J = 5 .O, 5.0 Hz), 3.40 (s, 2H), 2.15 (s, 6H), 1 .55 (s, 9H); ',c nmr 
(DMSO-d6) 6: 148.5, 147.2, 145.0, 128.2, 124.5, 123.1, 118.2, 
1 15.6, 83.7, 54.6, 45.4, 28 .O. Exact Mass calcd. for C15H2,N,0: 
275.1634; found: 275.1622. 
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3-(N-Dimerhylaminornethy1)-7-azairtdole ammonium iodide (9) 
Methyl iodide (3 g, 0.02 mol) was added dropwise to a stirred 

solution of compound 8 (3 g, 0.02 mol) dissolved in anhydrous 
ethanol (60 mL). The mixture was allowed to stand at room tem- 
perature (2 1 "C) for 24 h followed by a further 24 h at O°C. The re- 
sulting salt 9 (4.8 g, 72%) was collected by filtration (water 
aspirator) and washed with anhydrous ethanol (3 X 10 mL) and 
anhydrous ether (3 X 30 mL); mp 205-207°C (dec.); ir (KBr): 3450 
(NH) cm-'; 'H nmr (DMSO-d6) 6: 8.40-8.22 (m, 2H), 7.92-7.8 1 
(m, lH), 7.30-7.17 (m, lH), 4.84 (s, lH), 4.72 (s, 1H); ms m/z: 
317 (M+). 

1 -(tea-Buty1oxycarbonyl)-3-(N-dimerhy laminotnethy1)-7- 
azaindole ammoniutn iodide (13) 

Methyl iodide (0.5 g, 3.5 mmol) was added dropwise to a stirred 
solution of 12 (0.83 g, 3 mmol) in anhydrous ethanol (10 mL) 
maintained at O°C with an external ice bath. The mixture was al- 
lowed to stand at O°C for l h and then at 5OC for 4 days. The prod- 
uct 13 (1.06 g, 84%) was collected by filtration, washed with 
anhydrous ether (3 x 3 mL), and dried under vacuum: mp 165- 
166°C (dec.); ir (KBr): 1750 (C=O) cm-'; 'H nmr 6: 8.64-8.52 
(dd, IH, J = 1.5, 8 Hz), 8.51-8.46 (dd, lH,  J = 1.5, 4.7 Hz), 
8.14 (s, lH), 7.29-7.19 (m, lH), 5.26 (s, 2H), 3.45 (s, 9H), 1.61 
(s, 9H); ms m/z: 275 (M+-CH31). 

3-Formyl-7-azaindole (14) 
This compound was prepared by the method of Robison and 

Robison (17) using a solution of 3-(N-dimethylaminomethy1)-7- 
azaindole (8) (15 g, 0.0857 mol) and hexamethylenetetramine 
(12 g, 0.0857 mol, Aldrich) in 66% aqueous propionic acid (65 
mL). This was added to a second solution of hexamethylenetetra- 
mine in propionic acid (45 mL). After 1 h at 21°C the reaction was 
heated at 100°C for 2 h, cooled, water added, and the mixture 
cooled further (0°C) to afford white crystals of 14 (6.24 g, 50%): 
mp 221-223°C (water) (lit. (17) mp 214-215°C); ir (KBr): 2788 
(C-H), 1658 (C=O) cm-'; 'H nmr (acetone-d6) 6: 10.03 (s, 1 H, 
H-C=O), 8.60-8.47 (dd, lH,  J = 1.3, 7.8 Hz, C(6)Ar-H), 8.39 
(br s, 2H, N - C H S ,  C(4)Ar-H), 7.39-7.25 (dd, lH, J = 4.7, 7.8 
Hz, C(5)Ar-H); I3C nmr (DMSO-d6) 6: 185.7, 149.5, 145.0, 138.9, 
129.3, 118.5, 116.7, 116.6; ms m/z: 146 (M+), 145 (M+-1). 

I -(tea-Butyloxycarbony1)-3-fortnyl-7-azaindole (15) 
3-Formyl-7-azaindole (14) (6 g, 0.041 mol) dissolved in dry 

HMPA (50 mL) was added dropwise to a stirred suspension of so- 
dium hydride (1.23 g, 0.041 mol, 80% dispersion in mineral oil) 
in HMPA (40 mL) at 21°C. Stirring was continued until a trans- 
parent solution was obtained, a solution of di-rerr-butyl dicarbon- 
ate (9.84 g, 0.045 mol, Aldrich) in HMPA (40 mL) added and the 
reaction stirred for a further 3 h. The reaction was quenched with 
water (200 mL), ether (200 mL) was added, and the organic layer 
seoarated. The aaueous laver was extracted with ether (2 X 200 mL) 
and the combined organic layers were washed with saturated 
aqueous NaHCO, solution (3 X 150 mL), brine, water dried, fil- 
tered, and concentrated. Recrystallization of the residue from 
hexane afforded compound 15 (9.9 g, 98%); mp 13-132°C (hex- 
ane); ir (CHCI,): 1763 (N-COO-), 1678 (C=O) cm-'; 'H nmr 6: 
10.04 (s, lH,  H - C S ) ,  8.64-848 (m, 2H, C(6)Ar-H, C(4)Ar-H), 
8.24 (s, lH,  N-CH=C), 7.4-7.25 (m, 1 H, C(5)Ar-H), 1.68 (s, 9H, 
r-Bu); 1 3 ~ n m r 6 :  185.4, 148.5, 146.9, 146.8, 136.3, 130.8, 120.3, 
119.0, 118.9, 85.9, 27.9. Exact Mass calcd. for CI3Hl4NZO3: 
246.1004; found: 246.10 18. 

1 -(tea-Butylo,r)~ca,-bony/)-3-(hydro- (16) 
1-(re1-r-Butyloxycarbonyl)-3-formyl-7-azaindoe 15  (8 g, 32.5 

mmol) and sodium borohydride (0.308 g ,  8.14 mmol) in 95% 
ethanol (65 mL) were stirred at 21°C for 4 h. The reaction was 
concentrated and the residual oil triturated with 1.0 N NaOH 
(98 mL). The alkaline solution was extracted with ether (1 X 200 
mL) and ethyl acetate (1 x 200 mL). The combined organic ex- 
tracts were washed with brine, water, dried, filtered, and concen- 
trated. Chromatography (50% ethyl acetate/hexane) yielded the 

alcohol 16 (4.85 g, 60%): mp 156-158°C (ethyl acetate); ir (CHCI,): 
3620 (-OH), 1752 (C=O) cm-I; 'H nmr 6: 8.52-8.47 (dd, IH, 
J = 1.4, 4.8 Hz, C(6)Ar-H), 7.98-7.92 (dd, lH, J = 1.4, 7.5 Hz, 
C(4)Ar-H), 7.59 (s, I H, N - C H S ) ,  7.22-7.14 (dd, 1 H, J = 4.8, 
7.58 Hz, C(5)Ar-H), 4.80 (br s, 2H, CH2-0), 1.64 (s, 9H, t-Bu); 
I3CnmrF: 148.3, 147.8, 145.1, 128.0, 123.7, 121.9, 118.3, 117.9, 
84.0,56.9,28.0; ms m/z: 248 (M+). Anal. calcd. for Cl3HI6NZO: 
C62.89, H 6.50, N 11.28; found: C63.00, H6.56,  N 11.40. 

1 -(tert-Butyloxycarbon~~l)-3-(chloromerhyl)-7-azaindole (1 7) 
1-(rerr-Butyloxycarbonyl)-3-(hydroxymethyl)-7-azaindoe (16) 

(4.5 g, 0.018 mol), triphenylphosphine (4.8 g, 0.018 mol, Aldrich), 
dry CCl, (1 10 mL), and dry DMF (40 mL) were stirred at room 
temperature (21°C) for 4.5 days. The solvents were removed with 
the aid of a vacuum pump (0.5 Torr). Chromatography (50% ethyl 
acetate/hexane) of the residue afforded the chloride 17 (2.19 g, 
45%): mp 87-89°C; ir (CHCI,): 1755 (C=O), 765 (C-CI) cm-'; 
'H nmr 6: 8.57-8.47 (m, lH, C(6)Ar-H), 8.02-7.92 (dd, lH, 
J = 1.6, 7.9 Hz, C(4)Ar-H), 7.65 (s, 1 H, N-CH=C), 7.26-7.17 
(m, 1 H, C(5)Ar-H), 4.7 1 (s, 2H, CH,-Cl), 1.63 (s, 9H, r-Bu); I3C 
nmr6: 148.1, 145.8, 145.7, 127.8, 125.2, 121.4, 118.6, 114.5, 
84.4, 37.6, 28.0; ms m/z = 266 (M+), 268 (M+ + 2). Anal. calcd. 
for C13Hl,NZ02C1: C 58.54, H 5.64, N 10.50, C1 13.29; found: C 
5873, H 5.96, N 1046, C1 13.46. 

I-(tert-Butyloxycarbonyl)-3-(bromomerhyl)-7-azai1zdole (18) 
l-(tert-Butyloxycarbonyl)-3-(hydroxymethyl)-7-azaindole (16) 

(0.124 g, 0.5 mmol), triphenylphosphine (0.137 g, 0.52 mmol, 
Aldrich), and carbon tetrabromide (0.175 g, 0.53 mmol, Aldrich) 
in dry DMF (2 mL) were stirred at 21°C for 20 h. The solvent was 
removed with the aid of a vacuum pump (0.5 Torr) and the resi- 
due chromatographed on Florisil (methylene chloride/ether) to give 
the bromo derivative 18 (0.060 g, 39%); mp 79-82°C; ir (CHCI,): 
1738 (C=O), 774 (C-Br) cm-'; I H  nmr 6: 8.61-8.5 (dd, IH, J = 
1.6, 4.8 Hz, C(6)Ar-H), 8.10-7.98 (dd, IH, J = 1.6, 7.9 Hz, 
C(4)Ar-H), 7.69 (s, IH, N - C H S ) ,  7.34-7.22 (m, IH, 
C(5)Ar-H), 4.61 (s, 2H, CH,-Br), 1.63 (s, 9H, r-Bu); ms m/z: 3 13 
(Mi  + 2). 

I-(tert-Bu~yloxycarbo1~yl)-3-(iodomerhyl)-7-azaindole (19) 
The chloroderivative 17 (2.10 g .  7.8 mmol) was dissolved in dry 

acetone (15 mL) and added to avstirred acetone solution (15 m ~ )  
of anhydrous NaI (1.2 g, 8 mmol). The reaction was stirred at 21°C 
for 24 h, and filtered. Concentration of the filtrate yielded the iodo 
compound 19 (2.7 g, 96%): mp 102-104°C; ir (CHCl,): 1748 
(C=O),  760 C-I) cm-l; 'H nmr 6: 8.54-8.43 (dd, lH, J = 1.5, 
4.7 Hz, C(6)Ar-H), 7.99-7.88 (dd, lH,  J = 1.6, 7.9 Hz, 
C(4)Ar-H), 7.70 (s, lH,  N-CH=C), 7.18-7.27 (m, lH, 
C(5)Ar-H), 4.48 (s, 2H, CH2-I), 1.60 (s, 9H, r-Bu); I3C nmr 6: 
145.8, 128.0, 123.9, 121.6, 118.3, 115.7, 84.4, 83.9, 28.0, 18.5; 
ms m/z: 23 1 (M+-I). 

General procedure for the alkylarion of camphor itnirze 3 

I .  LDA alkylarion 
LDA (1.25 mmol) was prepared at O°C in dry THF (5 mL) under 

nitrogen and then cooled to -78'C. Imine 3 (0.265 g, 1 mmol) in 
THF (2 mL) was added. The solution was stirred at - 100" to -78OC 
for 30 min and then the desired alkylating agent (9, 13, 17, 18, or 
19) dissolved in THF, or DMF, or HMPA was added (see Table 
1). The reaction was stirred at - 1000 to - 100C for 2-5 h depend- 
ing on the entry (Table 1). The reaction was quenched with water 
(5 mL) and allowed to warm to room temperature. Ether (10 mL) 
was added and the organic layer separated. The aqueous layer was 
extracted with ether (3 x 10 mL), the combined organic layers 
washed with brine, water, dried, filtered, concentrated, and chro- 
matographed (50% ethyl acetate/hexane) to give the product 6 
or 7. 

2 .  KNSi,Me, alkylarion 
Potassium bis(trimethylsily1)amide in toluene (7.5 mmol) was 

added to dry THF (15 mL) under nitrogen. The reaction was cooled 
to - 100" to -78'C and the camphor imine 3 (2 g, 7.5 mmol) in 
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dry THF (40 mL) was added accompanied by HMPA (2-4 equiv.). 
Stirring was continued for 30 min, then the alkylating agent 19 (1 
equiv.) dissolved in dry THF (40 mL) was added. The mixture was 
allowed to stir for 2.5-3 h (see Table l),  quenched with water 
(60 mL), allowed to warm to room temperature, and extracted with 
ether (3 x 80 mL). The combined organic extracts were washed 
with brine, water, dried, filtered, and concentrated. Chromatog- 
raphy (50% ethyl acetate/hexane) afforded the compound 7. 

Alkylation product 6: mp 1555157°C (ethyl acetate/hexane); ir 
(CHCI,): 3480 (N-H), 1735 (C*) cm-I; IH nmr 6: 8.9 (b, 1 H), 
8.28-8.19 (dd, lH,  J = 1.4, 4.7 HZ), 8.02-7.92 (bd, lH,  J = 
7.8 Hz), 7.12 (b, s, lH), 7.08-6.96 (m, IH), 4.12-3.98 (m, IH), 
3.41-3.06 (m, 2H), 2.27-2.07 (m, lH), 1.83-1.02 (m, 6H), 1.39 
and 1.37 (2s, 9H each 2 isomers), 0.92-0.68 (5s, for camphor 
CH,'s); I3c nmr 6: 184.9, 171.2, 170.9, 148.6, 142.3, 142.2, 
127.7, 123.6, 123.5, 120.4, 115.1, 115.0, 111.4, 111.2, 80.8, 
66.2, 65.9, 54.0, 53.8, 46.9, 46.4, 43.6, 43.4, 35.6, 31.9, 31.5, 
28.4, 28.0, 27.3, 27.1, 19.4, 18.8, 18.7, 18.4, 11.5, 11.3; ms m/z 
395 (M'). 

Alkylation product 7: [a]: -0.6 (c= 1, CHCI,); ir (neat): 1734 
( C 4 )  cm-I; IH nmr 6: 8.48-8.41 (dd, lH,  J = 1.5, 4.8 Hz, 
C(6)Ar-H), 7.96-7.82 (dd, lH,  J = 1.5, 7.8 HZ, C(4)Ar-H), 
7.38 (s, lH,  N-CH=C), 7.19-7.09 (dd, lH,  J = 4.8, 7.8 HZ, 
C(5)Ar-H), 4.04-3.93 (dd, 1 H, J = 4.2, 9.6 Hz, =N-CH-CO), 
3.33-3.28 (dd, lH, J = 4.2, 9.6 HZ, HC-Ar), 3.18-3.01 (dd, lH,  
J = 9.6, 12 Hz, HC-Ar), 2.3-1.61 (m, 6H), 1.58 (s, 9H, t-BOC), 
1.38 (s, 1 H, t-Bu), 0.93 (s, 3H, Me), 0.80 (s, 3H, Me), 0.69 (s, 
3H, Me); I3C nmr 6: 185.5, 170.7, 148.0, 145.0, 127.7, 124.6, 
123.3, 118.1, 114.7, 83.6, 81.1, 64.8, 53.9, 47.0, 43.4, 35.8, 
31.8,28.1,28.0,27.2, 19.4, 18.8, 11.5;msm/z495. Anal. calcd. 
for C29H41N304: C 70.27, H 8.33, N 8.47; found: C 70.14, H 8.23, 
N 8.27. 

A typical diastereomeric mixture displayed camphor methyl 
signals major (minor) as follows: 0.95(0.92), 0.82(0.79), 
0,7l(shoulder). The chemical shifts varied slightly with the mix- 
ture due to the anisotropic nature of the heterocyclic ring system. 

Hydrolysis of 7 to give tert-butyl a-amino-p-(I-tert- 
butyloxycarbonyl-7-azaindoly1)propionate (20) 

Hydroxylamine hydrochloride (0.12 g, 1.72 mmol), sodium 
acetate (0.14 g, 1.7 mmol), and 7 (0.85 g, 1.7 mmol) were added 
to 95% ethanol (8 mL) and stirred for 3 days at 21°C. The solvent 

I was evaporated with the aid of a vacuum pump (0.5 Torr) and the 
! residue triturated with THF (25 mL) and filtered. The filtrate was 

concentrated and chromatographed (ethyl acetate) to give the a- 
amino-~-(l-tert-butyloxycarbonyl-7-azaindole)propionic acid tert- 
butylester (20) (0.423 g, 69%) as a yellow viscous oil: [a]: -0.8 
(c = 1.24, CHCI,); ir (neat): 3392 (-NH), 1736 (C=O) cm-I; 'H 
nmr 6: 8.53-8.42 (dd, 1 H, J = 1.6, 4.8 Hz, C(6)Ar-H), 7.92-7.84 
(dd, 1 H, J = 1.6, 7.8 HZ, C(4)Ar-H), 7.44 (s, 1 H, N-CH=C), 
7.20-7.10, (dd, IH, J = 4.8, 7.8Hz,  C(5)Ar-H), 3.71-3.59 (m, 
1 H, HC-C02), 3.16-3.0 (dd, 1 H, J = 6, 14 HZ, HC-Ar), 3.0-2.82 
(dd, lH,  J = 8, 14 Hz, HC-Ar), 1.8-1.61 (br s, 2H, NH,), 1.60 
(s, 9H, t-BOC), 1.36 (s, 9H, C02t-Bu); I3c nmr 6: 174.1, 148.4, 
147.6, 145.2, 127.6, 124.4, 123.2, 118.2, 113.7, 83.9, 81.4, 55.1, 
30.4, 28.0, 27.9; ms m/z: 361 (M'). Anal. calcd. for C19H,,N,0,: 
C 63.14, H 7.53, N 11.63; found: C 62.44, H 7.65, N 11.35. 

Hydrolysis and deprotection of 20 : (-)-(R)-7-azatryptophan (2) 
The amino ester 20 (0.210 g, 0.582 mmol) was dissolved in tri- 

fluoroacetic acid (1.33 g, 0.9 mL, 11.68 mmol) and allowed to stir 

at 21°C for 2 h. Evaporation of the mixture with the aid of a vacuum 
pump (0.5 Torr) and addition of ammonium hydroxide afforded, 
after cooling and recrystallization from water, (-)-(R)-7-azatryp- 
tophan (2) (0.082 g, 69%): mp 260--261°C (dec.); [a]E - 1.2 (c 
= 0.5, H,O); ir (KBr): 3427-2338 (superimposed -OH and NH,' 
stretching bands), 1627, 1584, 1418 (-COO--) cm-'; IH nmr 
(DMSO-d6:D,0) 6: 8.2-8.0 (m, 2H), 7.28 (br s, lH), 7.19-7.10 
(m, lH), 3.85-3.73 (m, 1 H), 3.40-3.10 (m, 2H). Exact Mass 
calcd. for CloHI ,N,O,: 205.0855; found: 205.0865. 
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This paper is dedicated to Professor Zdenek (Denrry) Valerzta on the occasior~ of his 65th birthday 

J. ANDREW CLASE and THOMAS MONEY. Can. J .  Chem. 70, 1537 (1992). 
A simple enantiospecific route to a hydrindenone intermediate for steroid synthesis has been accomplished. The in- 

troduction of a wide variety of side-chain units is made possible by stereoselective alkylation of a bicyclic ester 13 de- 
rived from (+)-camphor 4. 

J. ANDREW CLASE et THOMAS MONEY. Can. J .  Chem. 70, 1537 ( 1  992). 
On a realist une synthhse CnantiospCcifique simple d'un intermediaire hydrindenone necessaire dans la synthhse de 

steroi'des. L'introduction d'une grande vari6tC de chaines laterales est rendue possible par l'alkylation stCrCosClective de 
I'ester bicyclique 13 obtenu i partir du (+)-camphre (4). 

[Traduit par la redaction] 

The recent resurgence of interest in steroid synthesis (1) 
is due, in part, to the important role of la,25-dihydroxy- 
cholecalciferol 1 and other metabolites of vitamin D, in cal- 
cium homeostasis (2a-e) and in the regulation of cell 
differentiation and proliferation (2 f-k). The important bio- 
logical activity of a variety of steroids with structurally 
diverse side chains (insect moulting hormones, plant growth- 
promoting steroids, anti-tumor steroids, marine steroids, etc.) 
has also provided a stimulus for synthetic efforts in this area. 
Most of the published synthetic effort (3) has concentrated 
on the development of imaginative new ways of synthesiz- 
ing hydrindanone and hydrindenone derivatives (cf. 2 and 
3) that may be regarded as synthetic precursors of the C,D 
ring system and side-chain unit in steroids. 

Our research objective was to develop a convenient, sim- 
ple route from camphor to a suitably functionalized hydrin- 
denone that could be used as an intermediate in the synthesis 
of steroids and triterpenoids. It is important to note that the 
late Professor R. V. Stevens and his co-workers previously 
established that the C,D ring system of steroids could be 
synthesized by ring cleavage of functionalized C(9) cam- 
phor derivatives (3a,b). The initial stages of our synthetic 
route (Scheme 1) are based on our previous investigations, 
which established that (+)-9,lO-dibromocamphor 5, readily 
derived (4, 5) from (+)-camphor 4, undergoes efficient ring 
cleavage (5) with base to provide hydroxy-acid 6 in 88% 
yield. The potential of this compound as a ring D synthon 
in steroid synthesis is obvious and, indeed, hydroxy-acid 6 

' ~ u t h o r  to whom correspondence may be addressed. 

was used as an intermediate in a recent synthesis of estrone 
(6). 

For the present purpose, hydroxy-acid 6 was converted to 
unsaturated diester 9, which was then reduced with Mg/ 
MeOH (7) to provide diester 10 in -80% overall yield. Cy- 
clization of the corresponding diacid 11 with trifluoroacetic 
anhydride (8) followed by methanol work-up produced hy- 
drindenone ester 12 in -80% yield. The chiral centres at 
C(13) and C(17) (steroid numbering) in ester 12 originate 
from the C(7) and C(4) positions in (+)-9,lO-dibromocam- 
phor 5 and have the same absolute configuration as the cor- 
responding centres in the steroid target compounds. The 
remaining objective was the stereoselective introduction of 
a side-chain unit into the C(20) position (steroid number- 
ing) of ester 12 and creation of the correct 20R stereochem- 
istry. Literature reports have shown that acyclic (9), 
monocyclic ( lo) ,  bicyclic ( 1 l ) ,  and steroidal esters (12) 
undergo stereoselective alkylation when the ester group is 
flanked by a chiral centre containing hydrogen and two 
groups with significantly different steric effects. In general, 
the diastereoselective alkylation of esters of this type has been 
explained by postulating approach of the electrophile from 
the less hindered face of the ester enolate ion (anti to largest 

group) in a conformation represented by 13a or, in the par- 
ticular case of ketal-ester 13, by conformation 13b. Evans 
described (13) this n-facial stereoselectivity as "stereora- 
tional extraannular chirality transfer" and theoretical expla- 
nations for this general phenomenon have been proposed (14- 
16). By analogy with the literature examples cited above, we 
expected that alkylation of ketal-ester 13 would be almost 
completely stereoselective (cf. 13b) and subsequent experi- 
ments confirmed this prediction. Thus alkylation of ketal-ester 
13 with 5-iodo-2-methylpent-2-ene followed by reduction 
with LiAlH, provided hydroxy-ketal 15 in -85% yield. The 
relative configuration of the C(20) position in hydroxy-ketal 
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o & - i-iv .&ir - v,vi F viii 

cf. refs. 4,5 cf. ref. 5 

1 ix, x 

xv xvi - - 
15, R = H 17 18 
16, R = COC(OMe)(CF,)Ph 

(i) Br,, HOAc(75%); (ii) Br,, CIS03H, 1 h (65%); (iii) Bra, CISO,H, 5 days; (iv) Zn, HOAc, Et,O, 0°C; (iii + iv, 40%); (v) KOH, 
DMSO:H,O(9: l ) ,  90°C, 24 h (88%); (vi) K2C03, DMF, MeI, 4 h (96%); (vii) (COC1)2, Me,SO, CH,CI,, -60°C; NEt,, 24 h (95%); (viii) 
NaH, THF, (MeO),P(0)CH2C02Me (86%); (ix) Mg, MeOH, 4 h (98%); (x) KOH, MeOH, HzO, 2 h (77%); (xi) (CF,CO),O, CH2C12, 
1.5 h; TsOH, MeOH, 24 h (82%); (xii) (CH20H),, PPTS, C6H6, reflux, 16 h (75%); (xiii) LDA, THF, -78°C; Me,CH=CHCHICH21, 
THF, -78-25°C (95%); (xiv) LiAlH,, THF (87%); (xv) MeS02CI, DMAP, NEt,, CH,C12; LiBHEt,, THF (84%); (xvi) HCI, Me2C0, 
H,O, reflux, 1 h (91 %). 

1 15 was established by X-ray crystallographic analysis2 and 
its diastereomeric purity was estimated to be - 100% by glc 
and by examination of the 'H NMR (400 MHz) spectrum of 
the corresponding Mosher (17) ester 16. However, the ' 9 ~  

NMR (282 MHz) spectrum of 16 did exhibit a small peak at 
4.896 ppm adjacent to the major signal at 4.936 ppm, sug- 
gesting that a small amount (-3-5%) of the 20s stereoiso- 
mer was formed during the alkylation of ketal-ester 13. 
Finally, conversion of hydroxy-ketal 15 to the correspond- 
ing mesylate, followed by reduction with lithium triethyl- 
boiohydride (1  8) and subsequent acid hydrolysis, provided 
the required hydrindenone 18 in 85% yield. 

The synthetic route described above (Scheme 1) can pro- 
vide intermediates (cf. 18) with the correct absolute config- 
uration at C(13), C( 17), and C(20) (steroid numbering) and 
in which the nature of the steroidal side-chain unit is pre- 
determined by the choice of an appropriate electrophilic re- 
agent in the alkylation of ketal-ester 13. The conversion of 
simple derivatives of 12 to steroids and triterpenoids may be 
possible by the application of literature methods (3i, 19-21) 
and this is the objective of current investigations in our lab- 
oratory. 

's. J. Rettig and J.  Trotter, unpublished results. 

Experimental 
All reagents used were of commercial grade and were not pun- 

fied unless otherwise specified. (+)-endo-3-Bromocamphor was 
purchased from Aldrich Chemical Co. Dry solvents and reagents 
were obtained as follows: diethyl ether (Et,O) was distilled from 
lithium aluminum hydride (LiAIH,); tetrahydrofuran(THF) was 
distilled from Na/benzophenone; benzene (C6H6), toluene, and 
dichloromethane (CH2CI2) were distilled from calcium hydride; 
methanol (MeOH) was distilled from Mg turnings in the presence 
of I?; triethylamine (Et,N) and pyridine were distilled from KOH; 
and dimethyl sulphoxide (DMSOb and hexamethyl phosphor- 
amide (HMPA) were stored over 4A molecular sieves. Low-boil- 
ing petroleum ether (PE, bp 30-60°C) was distilled prior to use in 
chromatography. 

All reactions involving air- or moisture-sensitive reagents were 
performed in flame- or oven-dried glassware under an atmosphere 
of argon. Where not specified, reactions were performed at room 
temperature (rt). Unless otherwise specified, all aqueous solutions 
of salts used in work-up were saturated. 

Thin-layer chromatography (TLC) was performed on Merck 5735 
Precoated Silica Gel 60, PF,,, on plastic sheets, visualizing the 
plates with either I2 (g) or an ammonium molybdate/H2S0, spray. 
Gas-liquid chromatography (GC) was performed on a Hewlett- 
Packard HP5830A instrument, using a 0.2 mm X 11 m column of 
OV-101, with He as the carrier gas. Column chromatography was 
performed on Merck Silica Gel 60, of either 70-230 or 230-400 
mesh, column dimensions are given as diameter x height. Radial 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CLASE AND MONEY 1539 

chromatography was performed under an atmosphere of argon on 
a Harrison Research ChromatotronB 7924T, using plates of Merck 
Silica Gel 60, PF,,,, containing gypsum, of 1, 2, or 4 mm thick- 
ness and 4.0-1 1.25 cm radius. 

Infrared (IR) spectra were recorded on a Perkin-Elmer 710B 
scanning spectrophotometer, either as neat films between NaCl 
plates or as solutions in NaCl cells of 0.1-mm path length. Proton 
nuclear magnetic resonance ( 'H NMR) spectra were recorded at 
300 MHz on a Varian XL-300 spectrometer, and at 400 MHz on 
a Bruker WH-400 spectrometer, with signal positions referenced 
to tetramethylsilane (TMS). "C NMR spectra were recorded at 
75 MHz on a Varian XL-300 spectrometer, with signal positions 
referenced to TMS. 1 9 ~  NMR spectra were recorded at 282 MHz 
on a Varian XL-300 spectrometer, with signal positions refer- 
enced to trifluoroacetic acid. Low-resolution mass spectra (MS) 
were recorded on a Kratos MS-80 spectrometer and high-resolu- 

tion mass spectra were recorded on a Kratos MS-50 spectrometer. 
Specific rotations ([a]) were recorded on a Perkin-Elmer 141 po- 
larimeter, in a l-dm cell at ambient temperature, using the sodium 
D line (589 nm); all compounds for which specific rotations were 
recorded were analytically pure and exhibited single spots on TLC 
and single peaks on GC. Melting points (mp) were measured on a 
Reichert heating stage, and are uncorrected. Boiling points (bp) 
were determined either as the temperature at the still head for those 
samples which were distilled in bulk, or as the temperature of the 
oil bath, when small-scale distillation was performed. Elemental 
analyses were performed by Mr. P. Borda, Microanalytical Lab- 
oratory, Department of Chemistry, U.B.C.; all compounds sub- 
mitted for elemental analysis exhibited a single spot by TLC and a 
single peak by GC, with the exception of those consisting of dia- 
stereomeric mixtures. X-ray structural determinations were per- 
formed by Dr. S .  Rettig, U.B.C. 

A solution of bromine (35 mL, 110 g,  0.68 mol) in chlorosul- 
phonic acid (80 mL) was added cautiously to a cooled flask con- 
taining (+)-endo-3-bromocamphor (100 g ,  0.43 mol) and after 
5 min the ice bath was removed. The reaction was then stirred at 
room temperature for 1.5 h before being quenched by carefully 
pouring the solution into a slurry of NaHSO, (25 g) and ice 
(250 g). The mixture was allowed to stand with occasional stir- 
ring, until the orange colour of bromine had faded. The aqueous 
solution was decanted and the residual off-white solid triturated with 
water (5 X 250 mL), collected by suction filtration, and washed 
further with NaHC0, (aq) (2 X 50 mL) and water (50 mL). The 
wet solid was dissolved in CH2Cl2 (500 mL), the water separated, 
and the solution dried over MgSO,. Methanol (75 mL) was added 
and the solvents removed by rotary evaporation until the first 
crystals appeared. The solution was then cooled and allowed to 
crystallize, affording (+)-endo-3,9-dibromocamphor as a white 
crystalline solid; yield: 80.0 g, 60%. The mother liquor was con- 
centrated and a second crop of pale yellow crystals (21 g) was ob- 
tained; total yield: 101 g ,  72%; mp 157-159°C (lit.(19) mp 157- 
159°C); [a]" 9 1 (c 0.43, CHCI,) (lit.(22) [all9 100(c 1 , CHCI,)). 
IR (CHC1,)u: 2980, 2895 (C-H); 1755 ( C 4 )  cm-'.  'H NMR 
(CDC1,)G: 1.02 (3H, s,  C(lO)H,), 1.10 (3H, s, C(8)H3), 1.48-1.57 
( l H ,  ddd, J = 16, 7, 5 Hz, C(6) endo H), 1.73 ( l H ,  ddd, J = 16, 
1 2 , 4  Hz, C(5) endo H), 1.84-1.94 ( lH,  m, C(5) exo H), 2.19 ( l H ,  
ddd, J = 16, 10, 4 H z ,  C(6)eeroH), 2.70(1H, t, J = 4 H z ,  C(4)H), 
3.29, 3.65 (2H, q,,, J = 1 l Hz, C(9)H2Br), 4.57 (1 H, dd, J = 4,  
1 Hz, C(3)H). MS (70 eV) m / z  (%): 3 12, 3 10, 308 (M+, 4.6, 9.5, 
5.4); 231, 229 (25.9, 27.1); 203, 201 (29.6, 32.1); 81 (100). Mass 
calcd. for C,,H,,Br,O: 31 1.9371, 309.9391, 307.941 1; mea- 
sured: 3 1 l .938 l ,  309.9387, 307.9433. (+)-3,9-Dibromocamphor 
(105 g,  0.34 mol) was placed in a 500 mL flask equipped with a 
stir bar, and cooled in an ice bath. A solution of bromine (26 mL, 
81 g, 0.51 mol) in chlorosulphonic acid (100 mL) was added cau- 
tiously. After sitrring at 0°C for 15 min the ice bath was removed 
and stirring was continued with bromine (10 mL) and chlorosul- 
phonic acid (10 rnL) being added after 3 days and again after 6 days. 
After 8 days, the reaction was quenched by cautiously pouring into 
a slurry of NaHSO, (50 g) and ice (500 g). The mixture was ex- 
tracted with CHC1, (2 X 250 mL), and the combined organic sol- 
vents were washed with water (100 mL) and NaHC0, (3 X 

100 mL, until the washings were basic), and dried over MgS04. 
Evaporation of the solvents yielded crude (+)-3,9,10-tribromo- 

camphor (124 g, 70% pure by GC) as an orange viscous oil, which 
was used without further purification. 

A solution of crude 3,9,1O-tribromocamphor in 1 : 1 Et,O:AcOH 
(500 mL) was cooled in an ice bath and stirred with an overhead 
mechanical stirrer. Zinc (50 g, 0.76 mol) was added in portions over 
90 min, maintaining the temperature below 20°C. Following the 
addition the mixture was stirred for a further 3 h, after which Celite 
(5 g) was added and the mixture filtered. The solution was washed 
with 50% brine (200 mL), water (2 x 100 mL), NaHCO, (6 x 
100 mL, until the washings were basic), and brine (100 mL), and 
dried over MgSO.,. The solvent was evaporated to provide an orange 
solid, which was triturated with methanol to give yellow crystals. 
Recrystallization from methanol provided (+)-9,lO-dibromocam- 
phor (5) as a white crystalline solid; yield: 55 g, 52% over two steps; 
mp 97-8°C (lit.(4) mp 98-100°C); [a]" 67(c 1.1, 
~ ~ ~ l , ) ( l i t . ( 4 ) [ a ] ' O  68(c = 2,  MeOH))). IR(CHC1,)u: 2975, 2900 
(C-H); 1740 (C=O) cm- ' .  'H NMR (CDC1,)G: 1.10(3H, S, 
C(8)H3), 1.43-l.58(2H, m, C(5) and C(6) endo H), 1.98 (1 H, d , ~ ,  
J = 18 Hz, C(3) endo H), 2.05(IH, dddAB, JAB = 18 HZ, J = 5 ,  
4 Hz, C(3) exo H), 2.25-2.35 (1 H, m, C(6) exo H), 2.4 l(1 H, dt, 
J = 19, 4 Hz, C(5) exo H), 2.60 ( l H ,  t, J = 5 Hz, C(4)H), 3.48 
and 3.59 (1H each), 3.70 (2H) (3d,,, J = 12 Hz, C(9)H'Br and 
C(lO)H,Br). MS (70 eV) m / z  (%): 3 12, 3 10, 308 (M+, 0.5, 0.9, 
0.4); 231, 229 (33.1, 33.4); 203, 201 (1.5, 1.3); 107 (100). Mass 
calcd. for CloH,,Br20: 31 1.9371, 309.9391, 307.941 1; mea- 
sured: 31 1.9377, 309.9396, 307.9449. 

Hyc1ro.v~)-ester 7 

Hydroxy-acid 6 (5) (2.33 g, 12.6 mmol) was dissolved in dry 
DMF (35 mL) and anhydrous K2C03 (3.50 g, 25.3 mmol) was 
added. The suspension was stirred under Ar for 1.5 h, after which 
CH,I (1.6 mL, 3.6 g ,  25 mmol) was added by syringe, and stir- 
ring continued in the dark for 3 h. The mixture was poured into 
brine (50 mL), extracted with Et,O (3 x 30 mL), and the com- 
bined extracts were washed with brine (30 mL) and water 
(30 mL), and dried over MgSOI. The solvents were evaporated to 
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provide a yellow oil, which was purified by column chromatog- 
raphy (15 x 3.5 cm, 230-400 mesh silica gel), eluting with 4:  1 
PE-Et20 to provide hydroxy-ester 7 as a pale yellow oil; yield: 
2.42 g, 96%; bp 102"C/0.05 Torr (1 Torr = 133.3 Pa); [a]" -25.1 
(C 1.66, CHCl,). IR   neat)^: 3450 (0-H); 3090 (vinyl C-H); 2950, 
2880 (C-H); 1730 ( C d ) ;  1655 ( C S H , ) ;  885 (vinyl C-H) cm-'. 
'H NMR (CDC1,)G: 0.87 (3H, s ,  CH,), 1.3 1-1.43 ( lH ,  m), 1.79 
( IH,  br s, -OH), 1.90-1.99 ( lH ,  m), 2.21 ( lH,  dd, J = 17, 
11 Hz), 2.28-2.40 ( lH,  m), 2.42-2.55 (3H, m), 3.41. 3.54 (2H, 
br qAB, J = 12 Hz, -CH,O), 3.70 (3H, s, -CO,CH,), 4.83 and 5.02 
(1Heach,2 t , J =  2Hz ,  2 H z , S H , ) .  MS (70eV)m/z(%): 198 
(M', 0.2), 180 (0.7), 168 (25.1), 167 (20.0). 135 (12.2), 107 (loo), 
94 (99.1). Anal. calcd. for C,  ,H,,O,: C 66.64, H 9.15%; found: 
C 66.45, H 9.15%. 

A solution of oxalyl chloride (2.64 mL, 3.85 g, 30.3 mmol) in 
dry CH,Cl, was cooled under Ar to -7X°C. A solution of DMSO 
(2.15 mL, 2.37 g, 30.3 mmol) in dry CH,C1,(20 mL) was added 
dropwise over 20 min, keeping the temperature below -60°C. After 
stirring an additional 15 min, a solution of hydroxy-ester 7 
(5.00 g, 25.2 mmol) in dry CH,C1,(40 mL) was added over 
20 min, again keeping the temperature below -60 "C. Following 
the addition, the solution was stirred for 1.5 h, after which trieth- 
ylamine (10.5 mL, 7.65 g, 75.6 mmol) was added and the tem- 
perature was allowed to increase to rt overnight. Water (50 mL) was 
added, the layers were separated, and the aqueous phase was ex- 
tracted with CH2C1,(25 mL). The combined organics were washed 
with 1 N HC1 (2 X 25 mL), NaHCO3(25 mL), and brine (25 mL), 
and dried over MgS04. Evaporation of the solvent afforded a pale 
orange oil, which was purified by column chromatography (70-230 
mesh SiO,, 4.5 x 15 cm), eluting with 5: 1 PE:Et,O to provide the 
aldehyde-ester 8 as a pale yellow mobile liquid; yield: 4.68 g, 95%; 
bp 75°C (0.1 Torr); [a]24 -47.4 (c 2.07, CHCl,). IR   neat)^: 3090 
(=C-H); 2960, 2895, 2850 (C-H); 2820, 2725 (-CO-H); 1740 
( C d ,  ester); 17 10 ( C 4 ,  aldehyde); 1650 (C==€); 895 (==€H,) 
cm-I. 'H NMR (CDC1,)G: 1.05 (3H, s, CH,), 1.51 ( lH,  qd, J = 
12, 8.5 Hz), 1.98-2.06 ( lH, m), 2.34(2H, dd, J = 7,  1.5 Hz, 
-CH2C02Me), 2.38-2.47 ( lH ,  m), 2.52 ( lH,  dABdq, J = 17, 8.5, 
2 Hz), 2.77 (IH, dq, J = 12, 7 Hz), 3.67 (3H, S, -OCHj), 4.78 
and 5.12 (1H each, 2 t, J = 2 Hz, 2Hz, =CH,), 9.30 ( lH,  s, 
-CHO). MS (70 eV) m/z (%): 182 (Mf ,  1 0 . 3 ,  168 (12.6), 167 
(24.5). 166 (11.8), 165 (17.4), 123 (19.9), 107 (100.0). Anal. 
calcd. for CllHl,03: C 67.32, H 8.22%; found: C 67.21, H 8.36%. 

Unsat~crated diester 9 

A suspension of NaH (1.35 g, 56.0 mmol) in dry THF 
(100 mL) was stirred under argon, and a solution of trimethyl 
phosphonoacetate (10.2 g, 56.0 mmol) in dry THF (50 mL) was 
added dropwise over 15 min, forming a thick white suspension. This 
was stirred an additional 1 h before a solution of the aldehyde-ester 
9 (9.16 g, 46.7 mmol) in dry THF (100 mL) was added dropwise 
over 30 min. The mixture was stirred overnight, after which water 
(100 mL) and Et,O (100 mL) were added. The layers were sepa- 
rated and the organic phase was washed with brine (2 x 50 mL). 
The combined aqueous phases were extracted with Et,O (2 X 

40 mL) and the combined organic solvents were dried over MgS04. 
Evaporation of the solvents produced a yellow oil, which was pu- 
rified by column chromatography (70-230 mesh S O 2 ,  6.5 x 
12 cm), eluting with 5 :  1 PE:Et20, to afford unsaturated diester 9 
as a pale yellow, mobile liquid; yield: 10.2 g, 86%. IR   neat)^: 3090 
(=C-H); 2960, 2925, 2855 (C-H); 1735 (C=O,  saturated); 1720 
( C d ,  unsaturated); 1650 (C=C); 890 ( S H , )  cm-I. 'H NMR 
(CDCIj)G: 1.02 (3H, s, CH,), 1.43-1.53 ( lH,  m), 1.97-2.05 ( lH, 
m), 2.1 1-2.20 ( lH ,  m), 2.28-2.39 (2H, m), 2.40-2.48 ( lH,  m), 
2.50-2.58 (I H, m), 3.65 and 3.75 (3H each, 2 s, 2 X -OCH,), 4.70 
and 4.93 (1H each, 2 t, J = 2.5 Hz, 2.5 Hz, ==€Hz), 5.85 ( l H ,  
d, J = 16 Hz, -C(O)CH=CH-), 6.88 (IH, d, J = 16 Hz, 
-C(O)CH=CH-). MS (70 eV) tn/z (%): 252 (M', 10.6), 232 (1.7), 
22 1 (23.6), 220 (72.6), 205 (8.4), 192 (26.8), 1 19 ( 100.0). Anal. 
calcd. for C14H2004: C 66.65, H 7.99%; found: C 66.76, H 7.90%. 

Diester 10 

A solution of unsaturated ester 9 (10.2 g, 40.4 mmol) in dry 
MeOH (300 mL) was cooled to 0°C and Mg (2.95 g, 120 mmol) 
was added in one portion. The suspension was stirred at O°C for 
2 h and at rt for a further 2 h before water (100 mL) was added. 
Just enough 6 N HCI was added to dissolve the solids and the 
mixture was diluted further with water (300 mL), extracted with 
1 : 1 PE:Et,O (4 X 200 mL), and the combined extracts were washed 
with NaHCO, (50 mL) and brine (50 mL), and dried over MgS04. 
The solvents were evaporated to provide the saturated diester 10 
as a pale yellow oil, which was used without further purification; 
yield: 10.1 g, 98%; bp 140°C (0.1 Torr); [a]" -29.8 (c 0.752, 
CHCI,). IR   neat)^: 3090 (=C-H); 2955,2880,2850 (C-H); 1740 
( C d ) ;  1650 ( C S ) ;  885 (==€H,) cm-'. 'H NMR (CDCI,)G: 0.89 
(3H, s, CH,), 1.27-1.37 ( lH ,  m), 1.70-1.85 (2H, m), 1.86-1.94 
(1 H, m), 2.10-2.18 (2H, m), 2.22-2.34 (3H, m), 2.36-2.47 (2H, 
m), 3.66 and 3.68 (3H each, 2 s, 2 x -OCH,), 4.73 and 4.93 (1H 
each, 2 t, J = 2 Hz, 2 Hz, S H , ) .  MS (70 eV) m/z (%): 254 (Mf,  
3.2), 224 (11.4), 223 (51.3), 222 (56.3), 220 (10.8), 207 (15.5), 
180 (65.2), 107 (100.0). Anal. calcd. for CI4H2?o4: C 66.12, H 
8.72%; C 66.1 1, H 8.65%. 

Diacid 11 

A solution of KOH (1 1.4 g, 0.20 mol) in water (200 mL) was 
added to a stirred solution of the diester 10 (10.1 g, 39.7 mmol) in 
MeOH (200 mL). After stirring for 2 h the solution was acidified 
to pH 2 with 6 N HCI and immediately extracted with EtOAc 
(4 x 100 mL). The combined extracts were washed with brine 
(2 x 50 mL) and dried over MgSO,. Evaporation of the solvent 
provided an off-white solid, which was recrystallized from hex- 
ane/EtOAc to afford diacid 11 as white crystals; yield: 7.08 g, 77%; 
mp 90-9 1°C; [a]23 -58.7 (C 1.54, CHClj). IR (CHClj)u: 3450- 
2300 (broad, -COOH); 2960, 2945 (C-H); 1710 (C=O);  1655 
( C S ) ;  885 (==€Hz) cm-l. 'H NMR (CDC1,)G: 0.89 (3H, S, CHj), 
1.30-1.42 ( IH,  m), 1.85 and 1.91 (2H, qABt, J = 14, 7.5 HZ, 
-CH2CH,C0,H), 2.00-2.10 (2H, m), 2.13-2.20 ( lH,  m), 2.24- 
2.38 (3H, m), 2.43-2.55 (2H, m), 4.72 and 4.93 (1H each, 2 t, 
J = 2.5 Hz, 2 Hz, ==€H,), 1 1.20- 12.50 (2H, broad, 2 x -COOH). 
MS (70 eV) m/z (%): 208 (M' -H20, 23.0), 190 (6.7), 180 ( 5 3 ,  
166 (50.7), 153 (100.0). Anal. calcd. for C, ,H180~: C 63.70, H 
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CLASE AND MONEY 1541 

8.02%; found: C 63.66, H 7.89%. Mass calcd.: 226.1205; mea- 
sured: 226.1205. 

Bicyclic enone-ester 12: Method A 
A solution of diacid 11 (285 mg, 1.26 mmol) in dry CH2C12 

(25 mL) was stirred under Ar, and trifluoroacetic anhydride 
(0.54 mL, 790 mg, 3.8 mmol) was added by syringe. The solu- 
tion was stirred for 1 h before the CH2C12 was removed and re- 
placed with MeOH (20 d ) .  Saturated NaHCO, (5 mL) was added 
and the solution was stirred for 1 h, after which it was diluted with 
water (30 mL), and acidified to pH 2 with 6 N HCI. The mixture 
was extracted with EtOAc (3 X 20 mL) and the combined extracts 
were washed with water (20 mL) and brine (20 mL), and dried over 

MgSO,. Evaporation of the solvent provided a viscous yellow oil, 
which was purified by column chromatography (60-100 mesh 
Florisil, 1 x 15 cm), eluting with 1 : 2  PE:Et,O, to provide the bi- 
cyclic enone-acid l l a  as a pale yellow oil; yield: 148 mg, 56%. IR 
(neat)v: 3700-2300 (broad, -COOH); 2980, 2900 (C-H); 1720 
( C 4 ,  acid); 1660 ( C 4 ,  enone) cm-'. 'H NMR (CDC1,)G: 1.06 
(3H, s, CH,), 1.50-1.67 ( lH,  m), 1.83 ( lH,  dABdd, J = 15, 14, 
5 Hz), 2.02 ( lH,  dABdd, J = 15, 6,  2 Hz), 2.07-2.20 (2H, m), 
2.29-2.36 ( lH, m), 2.37-2.44 ( lH, m), 2.47-2.61 (3H, m), 2.71 
( lH,  dABdt, J = 20, 11, 2 Hz), 5.81 (IH, broad s ,  <-H). MS 
(70 eV) m/z (%): 208 (M+, 21.1), 190 (11.1), 180 (1 1.3), 166, 
(15.0), 149 (20.9), 148 (24.7), 121 (100.0). Mass calcd. for 
C12Hl6o3: 208.1099; measured: 208.1100. 

Ho2c "2H od C02H Od C02Me 

____) - 
11 l l a  12 

The bicyclic enone-acid l l a  (203 mg, 0.97 mmol) was dis- 
solved in dry DMF (5 mL) and K2C03 (210 mg, 1.5 mmol) was 
added. The suspension was stirred vigorously for 1.5 h, after which 
CH,I (0.093 mL, 210 mg, 1.5 mmol) was added by syringe, and 
stirring was continued overnight in the dark. The mixture was di- 
luted with Et20 (30 mL) and washed with water (3 X 5 mL). The 
washings were extracted with Et20 (5 mL) and the combined Et20 
was washed with 10% Na2S2O3 (5 mL) and dried over MgS04. 
Evaporation of the solvent provided an orange oil, which was pu- 
rified by radial chromatography (1 mm plate), eluting with 1 : 1 
PE:Et20, to afford the ester 12 as a pale yellow oil; yield: 144 mg, 
66%; bp 1 10°C (0.1 Torr); [a]24 85.7 (c 0.62, CHCI,). IR   neat)^: 
2950 (C-H); 1740 ( C 4 ,  ester); 1660 (C=O, enone) cm-I. 'H 
NMR (CDC1,)G: 1.05 (3H, s, CH,), 1.54-1.66 ( lH, m), 1.80 ( lH, 
dABdd, J =  15, 14,5 HZ), 1.97(1H,dABdd, J =  15,6 ,2Hz) ,  2.05- 
2.14 (2H, m), 2.30 (IH, dABdr J = 15, 9 HZ), 2.39 ( lH,  dABdd, 
J = 18, 5,  2 Hz), 2.44-2.57 (3H, m), 2.68 ( lH,  dABdt, J  = 20, 
11, 2 Hz), 3.71 (3H, s, -OCH,), 5.80 ( lH,  s, <-H). MS 
(70 eV) m/z (%): 222 (M+, 33.6), 207 (15.4), 194 (22.4), 191 
(21.8), 180 (43.2), 121 (100.0). Anal. calcd. for Cl3HI8o3: C 
70.24, H 8.16%; found: C 69.98, H 8.00%. Mass calcd.: 222.1256; 
measured: 222.1260. 

Bicyclic enone-ester 12: Method B 

Trifluoroacetic anhydride (8.60 mL, 12.8 g, 60.8 mmol) was 
added by syringe to a solution of diacid 11 (5.50 g, 24.3 mmol) in 
dry CHzClz (350 mL) and the solution was stirred under Ar for 
1.25 h. The solvent was removed and replaced w~th  dry MeOH 
(100 mL), and TsOH (460 mg, 2.4 mmol) was added. The solu- 
tion was stirred overnight before the MeOH was evaporated and the 
orange-brown residue was partitioned between water (100 mL) and 
EtOAc (50 mL). The layers were separated and the aqueous phase 
was extracted w~th  EtOAc (2 X 50 mL). 'The combined organic 
solvents were washed with brlne (50 mL) and dried over MgS04. 
Evaporation of the solvents provided a viscous, orange oil, which 
was purified by column chromatography (70-230 mesh SiO,, 
4.5 X 16 cm), eluting with 2:3 PE:Et20 to afford the bicyclic 
enone-ester 12 as a pale yellow mobile oil; yield: 4.42 g, 82%. The 
spectral characteristics of this compound were identical to those 
described above. 

Further elution provided a small quantity (300 mg) of the cor- 
responding bicyclic enone-acid l l a  as a viscous, pale yellow oil. 

Ketal-ester 13 

A solution of ethylene glycol (1.70 mL, 1.86 g ,  30 mmol) and 
PPTS'~ (120 mg, 0.46 mmol) in dry C6H6 (50 mL) was refluxed 
in a Dean-Stark apparatus for 30 min. After cooling briefly, a so- 
lution of enone-ester 12 (684 mg, 3.08 mmol) in dry C6H6 
(10 mL) was added and the mixture was heated again to reflux, 
overnight. The solution was cooled, poured into brine (100 mL), 
and the layers were separated. The aqueous phase was extracted 
with Et,O (2 X 25 mL) and the combined organic solvents were 
dried over MgSO,. After evaporation of the solvents, the resultant 
orange oil was purified by column chromatography (70-230 mesh 
SiO,, 2 x 7 cm), eluting with 3: 1 PE:Et,O to afford ketal 13 as a 
pale yellow, mobile liquid; yield: 615 mg, 75%; [alZ5 16.6 (c 1.16, 
CHCl,). IR   neat)^: 3050 (<-H); 2960, 2900,2860 (C-H); 1740 
( ( 2 4 )  cm-I. 'H NMR (CDC1,)G: 0.92 (3H, s, CH,), 1.5 1-1.59 
(IH, m), 1.65-1.74 (2H, m), 1.79-1.88 ( lH, m), 1.99-2.07 (lH, 
m), 2.32-2.52 (6H, m), 3.67 (3H, s, -OCH,), 3.93-4.00 (4H, m, 
-O(CH2),0-), 5.33 (1 H, s, ==€-H). MS (70 eV) m/z (%): 266 (M*, 
2.1), 235 (1.2), 99 (100.0). Anal. calcd. for C15H2204: C 67.65, 
H 8.33%; found: C 67.47, H 8.30%. Mass calcd.: 266.1518; 
measured: 266.1522. 

A solution of diisopropylamine (0.30 mL, 210 mg, 2.1 mmol) 
in dry THF (10 mL) was cooled under argon to OOC and "BuLi (1.6 
M/hexane, 1.2 mL, 2.0 mmol) was added by syringe. After stir- 
ring at 0°C for 30 min, the solution was cooled to -78'C and a SO- 
lution of ketal-ester 13 (433 mg, 1.63 mmol) in dry THF (5 mL) 
was added by cannula. After a further 40 min, 5-iodo-2-methyl-2- 
pentene (526 mg, 2.50 mmol) was added by syringe and the SO- 
lution was stirred at -78'C for 1.5 h; the temperature was then 
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allowed to increase to rt overnight. NH,C1 (5 mL) and water 
(5 mL) were added, and the mixture was diluted with Et,O 
(30 mL). The layers were separated and the organic phase was 
washed with water (10 mL), 10% Na2S203 (10 mL), and brine 
(10 mL), and dried over MgSO,. Evaporation of the solvents af- 
forded an orange, mobile liquid, which was purified by radial 
chromatography (2-mm plate), eluting with 4 :  1 PE:Et20, to af- ~ ford the ketal-ester 14 as a pale yellow, mobile liquid; yield: 

I 541 mg, 95%; [a]" 26.0 (c 0.534, CHCI,). IR   neat)^: 3050 
! (=C-H); 2945, 2900 (C-H); 1735 ( C 4 )  cm-I. 'H NMR 

(CDC1,)S: 0.99 (3H, s, angular CH,), 1.47-1.67 (5H, m), 1.58 and 
. I . . .. ; 

1.69 (3H each, 2 s, 2 allylic CH3's), 173-1.79 ( lH,  m), 1.89 and 
. . .  . - . I  1.93 (2H, qAB, J = 8 HZ), 1.96-2.01 ( lH,  m), 2.17-2.24 ( lH,  m), 

I 2.31-2.42 (3H, m), 2.52 ( lH,  td, J = 11.5,4.5 Hz), 3.68 (3H, s, 
-OCH,), 3.9 1-3.98 (4H, m, -O(CH,),O-), 5.08 (1 H, t, J = 7 Hz, 
-CH2CH=C(CH,),), 5.3 1 ( lH,  s, ring = C H ) .  MS (70 eV) m/z 
(%): 348 (M+, 12.5), 317 (2.1), 267 (2.8), 266 (7.1), 99 (100.0). 
Anal. calcd. for C21H3204 (348.5): C 72.38, H 9.26%; found: C 
72.51, H 9.19%. Mass calcd.: 348.2300; measured: 348.2306. 

A suspension of LiAIH, (68 mg, 1.8 mmol) in dry THF 
(10 mL) was cooled under Ar to O°C. A solution of ester 14 
(514 mg, 1.47 mmol) in dry THF (5 mL) was added by cannula 
and the mixture was stirred at O°C for 1 h and then at rt for 2 h, 
before Na,SO,. lOH,O (100 mg) was added and the mixture was 
diluted with Et,O (10 mL). After stirring vigorously overnight, 
MgSO, was added and the mixture was filtered. Evaporation of the 
solvents provided a viscous, colourless oil, which was purified by 
radial chromatography (2-mm plate), eluting with 1 : 1 PE:ET20, 
to afford hydroxy-ketal 15 as a viscous, colourless oil that solidi- 
fied on standing; yield: 412 mg, 87%; mp 83-84°C; [a]25 19.8 (c 
0.656, CHCl,). Recrystallization of a small amount of ketal 15 from 
Et20/PE afforded white needles (mp 72-73"C), which were sub- 
mitted for X-ray structural determination. The X-ray structure in- 
dicated that the crystal contained 1/2 equivalent of water of 
crystallization. IR   neat)^: 3425 (0-H); 3060, 3040 (=C-H); 2975, 
2950,2900 (C-H); 1 190 (C-0) cm- I. 'H NMR (CDC1,)S: 0.97 (3H, 

s, angular CH,), 1.09-1.21 (IH, m), 1.35-1.42 (IH, m), 1.48- 
1.58 (2H, m), 1.61 and 1.69 (3H each, 2 s, 2 X allylic CH3), 
1.63-1.69 ( lH,  m), 1.71 ( lH,  broads, -OH), 1.80-2.08 (6H, m), 
2.3 1-2.40 (3H, m), 3.62 ( lH,  dABd, J = 12, 6 Hz) and 3.76 
( lH,  dABd, J = 12, 3.5 Hz, -CHCH,OH), 3.92-3.99 (4H, m, 
-O(CH2)?O-), 5.13 ( lH ,  t, J = 8 HZ, -CH2CHS(CH,)2), 5.34 
( lH,  s, ring =C-H). MS (70 eV) m / z  (%): 320 (Mf , 20.5), 302 
(4.9), 292 (5.1), 291 (5.4), 290 (15.9), 289 (15.8), 99 (100.0). 
Anal. calcd. for C20H3,03: C 72.91, H 10.10% (M + 1/2 H,O); 
found: C 72.62, H 10.16%. Mass calcd.: 320.2351; measured: 
320.2343. 
Mosher ester 16 

OH 0-(R)-MTPA 
I I 

Ketal 17 

OH OMS 

A solution of hydroxy-ketal 15 (301 mg, 0.94 mmol) in dry 
CH2C1, (10 mL) was stirred under argon, and pyridine (0.25 mL, 
250 mg, 3.1 mmol) and a solution of MTPACl (475 mg, 
2.0 mmol) in dry CH2CI2 (2 mL) were added by syringe. The so- 
lution was stirred for 3 days, when TLC indicated that none of the 
alcohol remained. After adding Et,O (20 mL), the solution was 
washed with water (2 x 5 mL), I N HC1 (5 mL), NaHC0, 
(5 mL), and brine (5 mL), and dried over MgSO,. Evaporation of 
the solvents provided a viscous, yellow oil, which was purified by 
radial chromatography (2-mm plate), eluting with 4:  1 PE:Et20 to 
afford ester 16 as a viscous, colourless oil; yield: 402 mg, 80%; 
29.1 (c 0.412, CHCl,). IR   neat)^: 3050 (=C-H); 2960, 2900 
(C-H); 1755 (C=O); 1460 (C4, aromatic), 800, 760, 715 (ar- 
omatic C-H bend cm-I). 'H NMR (CDC1,)S: 0.98 (3H, s, angular 
CH,), 120-1.30 ( lH,  m), 1.36-1.45 ( lH, m), 1.46-1.64 (2H, m), 
1.56 and 1.67 (3H each, 2 s, 2 allylic CH,'s), 1.74 ( lH ,  dt, J = 
13, 3 Hz), 1.81 ( lH ,  dABd, J = 14, 4 Hz), 1.84-2.05 (5H, m), 
2.29-2.41 (3H, m), 3.54 (3H, s, -OCH3), 4.15 (1 H, dABd, J = 12, 
6 Hz) and 4.56 ( lH,  dABd, J = 1 2 , 4  Hz, -CHCH,O-), 4.99 (IH, 
t, J = 8 Hz, -CH2CH==C(CH3)2), 5.3 1 ( lH,  s, ring ==€-H), 7.37- 
7.42 (3H, m) and 7.5 1-7.55 (2H, m). "F NMR (CDC13)G: 4.936 
(s, CF3 of major diastereomer), 4.896 (s, CF3 of minor diastereo- 
mer). MS (70 eV) m/z (5%): 536 (M', 0.2), 450 (0.3), 302 (1.3), 
189 (9.0), 99 (100.0). Anal. calcd. for C30H39F305: C 67.15, H 
7.33%; found: C 67.36, H 7.51%. Mass calcd.: 536.2749; mea- 
sured: 536.275 l .  

A solution of hydroxy-ketal 15 (88 mg, 0.27 mmol) and DMAP 
(cat.) in dry CHzC12 (2 mL) was stirred under argon and Et,N 
(0.27 mL, 190 mg, 1.9 mmol) and methanesulphonyl chloride 
(0.075 mL, 110 mg, 0.97 mmol) were added by syringe. The so- 
lution was stirred for 1.5 h after which i t  was diluted with Et20 
(15 mL) and water (5 mL). The layers were separated and the EtzO 
was washed with water (5 mL) and dried over MgSO,. Evapora- 
tion of the solvents provided mesylate 15n as a pale yellow, vis- 
cous oil, which was used without further purification, yield: 
120 mg. 

A solution of crude mesylate 150 (120 mg, 0.27 mmol maxi- 
mum) in dry THF (5 mL) was cooled to O°C under argon and 
LiEt,BH (1 M/THF, 1.1 mL, 1.1 mmol) was added by syringe. 
The solution was stirred for 3 h, allowing the temperature to in- 
crease to room temperature. Et,O (20 mL) was added and the so- 
lution was washed with l N HCI (2 x 5 mL) and brine (5 mL), and 
dried over MgSO,. Evaporation of the solvents provided a pale 
yellow oil, which was purified by radial chromatography (I-mm 
plate), eluting with 19: 1 PE:Et,O, to afford bicyclic ketal 17 as a 
colourless mobile liquid; yield: 69.2 mg, 84% over two steps; [a]24 
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21 (c 0.17, CHCI,). IR   neat)^: 3045 (<-H); 2960, 2945, 2900 
(C-H); 1 120, 1090 (C-0) ern-. 'H NMR (CDCl,)8: 0.95 (3H, d,  
J = 6 Hz, CH3CHRR1), 0.97 (3H, s, angular CH,), 1.05-1.15 ( lH,  
rn), 1.39-1.47 ( IH,  rn), 1.57-1.67 (3H, rn), 1.60 and 1.69 (3H 
each, 2 s,  2 allylic CH3's), 1.81-2.09 (5H, rn), 2.32-2.44 (4H, 
rn), 3.91-3.99 (4H, rn, -O(CH2)70-), 5.10 ( IH,  broad t, J = 
7.5 Hz, -CH2CH=C(CH3)2), 5.30 ( l H ,  broad s ,  ring 4-H). MS 
(70 eV) m/z (%): 304 (Mf , 1 . 3 ,  99 (100.0). Anal. calcd. for 
C20H3202: C 78.90, H 10.59%; found: C 79.12, H 10.50%. Mass 
calcd.: 304.2402; measured: 304.2398. 

Bicyclic enone 18 

A solution of ketal 17 (44.6 rng, 0.146 rnrnol) in acetone 
(4 rnL) and I N HC1 (2 rnL) was heated to reflux for 1 h. After di- 
luting with water (5 rnL), the solution was extracted with Et?O 
(3 x 10 rnL), and the combined extracts were washed with Na- 
HCO, (5 rnL) and dried over MgS04. Evaporation of the solvents 
provided a yellow oil, which was purified by radial chrornatogra- 
phy (I-rnrn plate), eluting with 9 :  1 PE:Et20, to afford bicyclic 
enone 18 as a pale yellow oil; yield: 38.4 rng, 91%; [a]" 73 (c 0.28, 
CHCl,). IR   neat)^: 3035 ( S - H ) ;  2960,2885 (C-H); 1670 ( C d )  
crn-'. 'H  NMR (CDC1,)G: 0.99 (3H, d ,  J = 3 Hz, CH3CHRRi), 
1.10 (3H, s ,  angular CH3), 1.12-1.20 ( IH,  rn), 1.39-1.60 (4H, 
rn), 1.62 and 1.70 (3H each, 2 s ,  2 allylic CH3's), 1.8 1-1.97 (2H, 
rn), 1.99-2.1 1 (2H, rn), 2.25 (1 H, ddd, J = 8, 3 ,  1 Hz), 2.29- 
2.37 ( lH,  rn), 2.38-2.46 ( lH,  rn), 2.48-2.58 ( lH,  rn), 2.62 ( lH,  
d,,dt, J = 10, 5.5, 1 Hz), 5.10 ( lH,  tq, J = 3.5, 1 Hz, 
-CH2CH=CMe,), 5.74 ( IH,  broad s, -C(O)CH=). MS (70 eV) 
m/z (%): 260 (M', 71.6), 245 (29.6), 218 (3 1.0), 203 (5.6), 189 
(10.7), 177 (30.7), 176 (27.2), 175 (61.4), 41 (100.0). Mass calcd. 
for C,8H2,0: 260.2140; measured: 260.214 1. 
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HSING-JANG LIU, GERARDO ULIBARRI,  and ERIC N. C. BROWNE. Can J. Chem. 70, 1545 (1992). 
Diels-Alder additions to keto ester 2 proceed in moderate to high yields with a variety of dienes under selected Lewis 

acid and thermal conditions. Thermal conditions provide the highest total yields for non-functionalized dienes, but Lewis 
acid catalysts, particularly stannic chloride, provide highly selective additions in greater net yields. A study of several 
functionalized dienes shows that zinc chloride is particularly effective in catalyzing additions to 2. No difference in 
stereoselectivity is observed between zinc chloride and thermal reactions for highly functionalized dienes. The signifi- 
cance of the regiochemical and stereochemical results of the Diels-Alder reactions is discussed. 

HSING-JANG LIU, GERARDO UL~BARRI  et ERIC N. C .  BROWNE. Can. J .  Chem. 70, 1545 (1992). 
Les reactions d'addition de Diels-Alder sur le ceto-ester 2 s'effectuent avec des rendements allant de modCrCs h trks 

ClevCs avec un certaln nombre de diknes dans certaines conditions therm~ques et avec certains acides de Lewis. Les con- 
ditions thermiques fournissent les rendements les plus ClevCs avec les diknes non fonctionnal~sts, mais les catalyseurs 
acides de Lewis, en particulier le chlorure stannique, conduisent h une addition hautement sClective avec un rendement 
net plus Clevt. Une Ctude de plusieurs diknes fonctionnalises montre que le chlorure de zinc est particulierernent effi- 
cace comme catalyseur des addit~ons sur le composC 2. On n'observe aucune difference de stCrCosClectivitC entre le chlorure 
de zinc et les rkactions thermiques impliquant les diknes trks fonct~onnalisCs. On discute de la signification des rCsultats 
rkgiochimiques et stereochimiques des reactions de Diels-Alder. 

[Traduit par la redaction] 

Introduction 
In conjunction with synthetic studies on the marine ses- 

quiterpene acetate spirodysin (1) (1) we have studied Diels- 
Alder reactions of the cyclopentenone ester 2. Cycloaddi- 
tion of 2 with a 1,3-difunctionalized Danishefsky-type diene 
would provide a key intermediate such as 3, which is ide- 
ally suited for conversion to spirodysin. While this group 
made a large-scale investigation of larger ringed cross-con- 
jugated dicarbonyl dienophiles (2-5) and Wenkert's group 
examined primarily cyclohexenones, in a series of papers,3 
relatively few examples (7-9) of Diels-Alder additions to 
cross-conjugated 5-membered ring unsaturated carbonyl 
compounds are known. 

Cyclopentenones have generally performed poorly in 
Diels-Alder additions (10-12) and consequently have not 
been extensively studied. Wenkert and co-workers (1 3 ,  14) 
demonstrated the expected improvement in reactivity of 
simple cyclopentenones 4 with Lewis acid catalysis. Caine 
er al. (7) reported a very brief study of enone ester 2 using 
a rationale based in part on our work. In the same report he 
also noted the complete failure of the simpler enone 5 to 
produce adducts. 

Detailed examination of the Diels-Alder reactivity of 2 
will expand on our previous studies and offer further insight 
into the stereoelectronic effects relating to Diels-Alder re- 
actions in general. Furthermore, this study should provide 
essential data required to select the specific diene best suited 
to use in the synthesis of spirodysin. 

Results and discussion 
The brief study of Caine er al. (7) used keto eter 2, which 

they prepared essentially in six steps from ethyl acetoace- 

tate via coupling of methyl 3-bromo-2-methoxycrotonate (15) 
and isobutyraldehyde in reportedly "low yield." For our 
Diels-Alder study and the planned synthesis of spirodysin 
we required a supply of 2 by a simpler route and in useful 
yield and so the efficient preparation of the reagent was ex- 
amined first. 

Several alternative approaches that might be applied to the 
formation of 2 are reported in the literature. One (16) em- 
ploys a protected acyloin condensation of the ethyl diester 
of 3,3-dimethylglutaric acid obtained (16) in 92% yield from 
the inexpensive commercial diacid. The intermediate bis-silyl 
en01 ether 6 is hydrolyzed to the unsaturated ketone 5 (63% 
overall yield in three steps). Another approach (17) to inter- 
mediate 5 in slightly lower yield uses vinylic oxidation of 
olefin aldehyde 7 obtained (18) in one step by coupling of 
isobutyraldehyde and ally1 alcohol. The resulting keto al- 
dehyde undergoes aldol condensation to give 5 in 49% overall 
yield (three steps) from isobutyraldehyde. Conversion of 5" 
from either route to dienophile 2 would require reduction of 
the double bond, regioselective carbomethoxylation,5 and 
oxidation to regenerate the double bond. Clearly, a simpler 
approach than either of these lengthy (six-step) procedures 
is desirable. 

In a fundamentally different approach, keto ester 8 was 
prepared (20) in high yield from commercial 3,3-dimethyl 
glutaric acid by a modified Dieckmann condensation on the 
dimethyl ester (67% overall yield in two steps). A fourth 
approach (21) to enone ester 2 uses a Wolff rearrangement 
of the diazoketone 9, which can be prepared (22) from di- 
medone, to give the keto ester 8 (72% overall yield in two 
steps). Oxidation of 8 at the a-position would provide dien- 
ophile 2. This last approach would be preferable since it 

'Taken in part from the Ph.D. thesis of Gerardo Ulibarri, The 
University of Alberta, 1991. 4Ketone 5 is available at very high cost from Aldrich Chem~cal 

'present address: Wyeth-Ayerst Research Inc., 1025 Laurentian Co. 
Blvd., St. Laurent, Que., H4R 156.  his carbomethoxylation has already been reported in 60-63%  or the most recent paper in the series see ref. 6 .  yield by two other groups (19, 20). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1546 CAN. J. CHEM. VOL. 70, 1992 

would produce the P-keto ester directly in highest yield in 
only three or four steps from commercial materials. 

Thus, photolysis of 9 by the established method (21) gave 
8, which was brominated with N-bromosuccinimide to give 
10 (93% yield). Dehydrobromination of 10 with 1,8-diaza- 
bicyclo[5.4.0]undec-7-ene (DBU) was unsuccessful and the 
use of lithium chloride in dimethylformamide (23) gave the 
desired product 2 in only 20% yield. Considering the ob- 
sewed difficulty in achieving dehydrobromination, we ex- 
amined the popular and reliable selenylation - oxidative 
elimination approach previously used successfully (24) to 
prepare 2 in unreported yield. Keto ester 8 was treated with 
phenylselenenyl chloride and pyridine (3, 25, 26). The in- 
termediate selenide was oxidized with hydrogen peroxide to 
give dienophile 2 in 95% overall yield from 8.  

In general enone ester 2 was reacted with a selection of 
Lewis acids and dienes in ether solution at ambient or sub- 
ambient temperatures with a stoichiometric excess of the 
diene and one equivalent or a slight excess of the Lewis acid. 
For comparison, a series of thermal Diels-Alder reactions 
was also run on a small scale (-50 mg). The reaction mix- 
tures (ether solutions) of 2 developed colorful complexes with 
some Lewis acids; pink-red with stannic chloride, violet with 
ferric chloride, and green with aluminum chloride. How- 
ever, these Lewis acids were accompanied by considerable 
polymerization of the diene. In contrast, the reactions with 
zinc chloride (27) and boron trifluoride etherate were col- 
orless, less polymerization occurred, and the purification of 
the adducts was considerably easier to accomplish. The de- 
tails of the reactions and structural assignments will be pre- 
sented individually for each diene studied, followed by 
discussion of the stereoelectronic effects that control the 
product structure. 

Reactions with isoprene 
The reactions of 2 with isoprene are summarized in Table 

1. In general, adducts are formed in moderate to high yields 
at routine temperatures. In each case a single adduct 11 was 
obtained, except with thermal and boron trifluoride etherate 

catalyzed conditions where an inseparable isomeric product 
12 was coproduced. Gross examination of the analytical data 
of the pure major product 11 clearly confirmed that a nor- 
mal Diels-Alder adduct had been formed and the regi- 
ochemistry was tentatively assigned on the basis of the 'H 
nmr spectrum. The C-6 vinylic proton (6 5.37) showed cou- 
plings to two gem-coupled (18 Hz) methylenic signals at 6 
2.86 (4 Hz) and 6 2.03 (2.5 Hz). As established in struc- 
tural analyses of similar adducts in these laboratories (2, 8), 
the downfield shift of the proton at 6 2.86 is characterisic of 
the peri-deshielding effect of the adjacent ketone carbonyl 
on the P-proton at C-7. 

The regiochemistry of 11 was conclusively demonstrated 
by conversion to keto enone 13 in 41% yield by photooxy- 
genation (28). The distinctive P-proton of the enone system 
at 6 6.58 appeared as a doublet of doublets with couplings 
to the ring junction (6 3.31, 5 Hz) and allylic methyl (6 1.85, 
2 Hz) protons. If the major Diels-Alder product were the 
anti-para adduct 12, the signal for the enone hydrogen in the 
photo-oxygenation derivative 14 would be a singlet.6 Also, 
in the 'H nmr spectrum of 13 the bridgehead hydrogen (6 
3.31) shows couplings to the vinylic proton (6 6.58, 5 Hz) 
and to the allylic methyl (6 1.85, 1.5 Hz). The isomeric de- 
rivative 14 would show no couplings between those protons 
but would show couplings between the bridgehead proton and 
the keto-methylene protons at C-4.' 

The structure of the inseparable minor adduct 12 was as- 
signed based on the 'H nmr and 13c nmr spectra of the 1 : 1 
mixture originating from the thermal reaction, which showed 
closely corresponding sets of peaks not present in the spec- 
tra of pure 11. Similar correspondence has been observed 
between isomeric adducts 15 and 16 obtained in a related 
study (2). 

Reactions with trans-piperylene 
Cycloadditions of 2 with trans-piperylene are summa- 

rized in Table 2. Adducts were easily obtained in moderate 
to high yields, giving almost invariably chromatographi- 
cally separable mixtures of the two epimeric products 17 and 
18 except in the case of boron trifluoride etherate where pure 
17 was obtained. 

'indeed the 'H nmr spectrum of 14 prepared by an unambigu- 
ous alternate route (vide infra) shows the P-proton as a very finely 
split doublet of quartets (6 6.69, J = J '  = 1 Hz) due to long-range 
couplings with the vinylic methyl (6 1.83) and the C-3a hydrogen 
(6 3.17). 

 h he proton of authentic 14 (vide infra) at 6 3.17 showed two 
identical couplings (5 Hz) to the C-4 methylenic protons (6 2.67). 
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LIU ET AL. 

TABLE 1. Lewis acid catalyzed Diels-Alder addition of isoprene to enone ester 2 

2 11 12 

Lewis acid (equiv.) Isoprene (equiv.) t (h) T ("C) Yield (%) Adduct (ratio) 

"Based on consumed starting material. 
'Starting material was recovered in 38%. 
'Starting material was recovered in 8%. 
"Ratio calculated by nmr integrals. 
'Reaction was run with no solvent. 

TABLE 2. Lewis acid catalyzed Diels-Alder addition of trans-piperyline to enone ester 2 

VH3+ Lewis acid - 
Ether 

E = COOCH3 
2 17 18 

Lewis acid (equiv.) trans-Pip. (equiv.) t (h) T ("C) Yield (%) Adduct (ratio) 

SnCI4 (1) 
FeC13 (1) 
ZnCI2 (I .2) 
BF3.0Et2 (1) 
Thermal' 

"Starting material was recovered in 34%. 
"Based on consumed starting material. 
'Reaction was run with no solvent. 

The gross structure of the pure major isomer 17 was evi- 
dent from the analytical data. The bridgehead proton (6 2.67) 
showed two couplings (7 and 2.5 Hz) to adjacent protons, 
one of which (6 2.39) also showed a geminal coupling 
(15 Hz) thus confirming the regiochemistry of the addition. 
For the pure minor isomer 18 the ring junction proton was 
obscured by a complex signal (6 2.35); however, the two 
adjacent gem-coupled (16 Hz) methylene protons were clearly 
identified (6 2.38, 6 2.06). Neither showed the effect of 
downfield shifting by an adjacent ketone carbonyl, con- 
firming the regiochemistry as shown and confirming that 18 
is epimeric with the major isomer 17. Preliminary indica- 
tion of the stereochemistry was defined by the shift of the C-7 
methine proton, which in 17 (6 2.85) showed the expected 
downfield shift due to the peri-effect of the ketone car- 
bonyl, while the same signal in 18 (part of the complex sig- 
nal at 6 2.35) showed no such deshielding. 

The stereochemistry of the methyl at C-7 was confirmed 
by nOe experiments on both epimers 17 and 18. Compound 

17 showed an enhancement of the ester methyl (6 3.75, 4%) 
and C-3a proton (6 2.67, 2%) signals upon irradiation of the 
C-7 methyl (6 1.18). Irradiation of the C-3a proton (6 2.67) 
enhanced the C-7 methyl (6 1.18, 1 1 %) and ester methyl (6 
3.75,  8%). Irradiation of the C-7 methyl of the minor iso- 
mer 18 (6 1.21) gave no enhancement to either the ester 
methyl (6 3.70) or  the C-3a proton (6 2.35). With these ob- 
servations we concluded that the stereochemistry of 17 and 
18 at C-7 is as shown. 

Reactions of fiiran 
Additions of furan to 2 (Table 3) gave modest to poor yield 

of the 1,4-addition product 1 9 ~  or decomposition products 

8 ~ h e  stereochemistry of this compound could not be unambig- 
uously assigned based on the available spectral data. The tentative 
assignment was made assuming that the facile epimerization of the 
P-keto ester system would allow for the exclusive formation of the 
more stable trans isomer. 
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TABLE 3. Lewis acid catalyzed addition of furan to enone ester 2 

B-"OCH3 + Y Ether * 
Lewis acid 

2 19 

Lewis acid (equiv.) Furan (equiv.) t (h) 7' ("C) Yield (%) Adduct (ratio) 

"Decomposition of starting material took place 
"Starting material was recovered in 100%. 
"Reaction was run with no solvent. 
"Starting material was recovered in 71%. 

TABLE 4. Lewis acid catalyzed Diels-Alder addition of C-l functionalized dienes 22u and 22b to 
enone ester 2 

Lewis Ether acid * @ +  (p 
- 

E = COOCH, 
2 22a: X =  OTMS 23a 24n 

22b: X  = OTBDMS 23b 24b 

Lewis acid (equiv.) Diene (equiv.) t (h) T ("C) Yield (76) Adduct (ratio) 

ZnCll ( 1 )  22a ( 10) 16 20 - <I 

FeC1, (1) 22tr ( 10) 2 0 - 

SnC1, (1) 22n ( 10) 28 - 25 - , 
~ h e r m a l "  22u (15) 12 150 86 23n/24n (1 : 1) 
ZnCl, (1) 22b (2) 168 20 17 23b/24b (1 : 1)' 
SnC1, (I)  22b (2) 5 - 10 - d 

"Decomposition took place. 
"Reaction was run with no solvent. 
'Starting material was recovered in 5296, ratio by nmr. 
"Starting material was recovered in 48%. 

rather than the expected Diels-Alder adduct 20. Production 
of a similar 1,4-addition product was previously observed for 
addition of furan to the unsaturated y-lactone dienophile 21 
(8). 

Reactions of C-I fiinctiotzalized dienes 22a and 22b 
A study of the Diels-Alder cycloaddition of functional- 

ized dienes to keto ester 2 was undertaken to determine which 
dienes would be suitable for the planned synthesis of spi- 
rodysin. The C-1 functionalized diene 22a (29) was pre- 
pared by condensation of trans-2-methyl-2-butenal (tiglic 
aldehyde) with trimethylsilyl chloride in the presence of zinc 
chloride and triethylamine. It was extremely sensitive to the 
acidity of the Lewis acid catalysts and could only be used 
successfully in the thermal Diels-Alder reaction (Table 4). 

The thermal reaction of 22a gave a mixture of epimers, 
which was separated by flash chromatography on silica gel. 
The 'H nmr spectrum of epimer 24a, which eluted first, 

displayed an allylic signal for the C-7 hydrogen at 6 4.72 as 
a singlet. The C-3a hydrogen was at 6 2.70 (dd, J = J' = 
8 Hz). The second epimer to be eluted was compound 23a. 
In its 'H  nmr spectrum the vinylic hydrogen appeared at 6 
5.67 (dd, J = 6 ,  J' = 5 Hz), the C-7 hydrogen at 6 4.40 
(singlet), and the C-3a hydrogen at 6 2.83 (dd, J = 7, J' = 
4 Hz). The multiplicity of these sets of signals confinned the 
regiochemistry of the two adducts. 

The stereochemistry at the C-7 carbon of the two epimers 
was confirmed by a simple nOe experiment. Irradiation of 
compound 240 at the C-3a proton (6 2.70) gave enhance- 
ment of the C-7 hydrogen signal (6 4.72, 2%). Irradiation at 
6 4.72 produced an enhancement of the ester methyl signal 
(6 3.68, 4%) and the C-3a proton (6 2.70, 2%). On the other 
hand, irradiation of the C-7 proton (6 4.40) of compound 23a 
produced no enhancement at C-3a (6 2.83). Based on these 
results, the stereochemistry at C-7 in epimers 23a and 24a 
was assigned as shown. 
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The regiochemistry of the Diels-Alder reaction was con- 
firmed by independent decarbomethoxylations of the epi- 
mers 23a and 24a using lithium iodide dihydrate in refluxing 
collidine (30). The same aromatic compound 25 was ob- 
tained in 54% yield in each case, apparently by concurrent 
displacement of the trimethylsiloxy group and aromatiza- 
tion of the resulting diene. The 'H nrnr of 25 showed a peri- 
deshielded signal for the C-7 aromatic proton at 6 7.50 as a 
broadened singlet, conclusively proving the position of the 
methyl at C-6. 

The tert-butyldimethylsilyloxy diene 22b was also stud- 
ied to determine if it would be more stable in the presence 
of a Lewis acid during the reaction. This diene could not be 
prepared by the method used for 220. Instead, tiglic alde- 
hyde was deprotonated with lithium diisopropylamide and 
the resulting enolate was trapped with tert-butyldimethyl- 
silyl chloride (31). The silyloxy diene 22b9 was slightly more 
stable to the acidic conditions of the Diels-Alder cycload- 
ditions and an adduct was obtained (Table 4) with zinc 
chloride as the catalyst. A poor yield (- 17% after 168 h) of 
an inseparable 1 : 1 mixture of epimers 23b and 24b that could 
not be completely purified was obtained. When stannic 
chloride was used, complete decomposition of the diene took 
place. The ratio of the mixture of adducts 23b and 24b was 
obtained from the 'H nrnr spectrum of the crude mixture. 

Reactiotis of C-2 functionalized diene 26 
Diene 26 (31) was prepared from 3-methyl-3-buten-2-one 

by deprotonation with lithium diisopropylamide and trap- 
ping of the resulting enolate produced with tert-butyldi- 
methylsilyl chloride. The diene was obtained in 80% yield 
after being distilled in a Kugelrohr apparatus at 90°C (15 Torr; 
1 Torr = 133.3 Pa). 

The Diels-Alder reaction of diene 26 with dienophile 2 
gave only adduct 27 (Table 5). The reaction proceeded very 
cleanly when zinc chloride was used, giving a better yield 
than with the thermal reaction. When stannic chloride was 
used as the catalyst a messy reaction took place and none of 
the adduct 27 or the starting material was recovered. In- 
stead only the difficult to purify hydrolyzed ketone 28 (3.8 : 1 ) 
was collected in low yield. Pure 28 was prepared directly 
from pure 27. Hydrolysis of silyl en01 ether 27 with dilute 
hydrochloric acid gave ketone 28 as a mixture (3.8 : 1) of 
epimers at C-6. The 'H nrnr spectrum of 28 displayed a 
complex set of doubled signals that did not allow confident 
assignment of stereochemistry at C-6 for each epimer. 

Reactiotis of difunctionalized diene 29 
Diene 29" can be prepared (3 1) from 4-ethoxy-3-methyl- 

3-buten-2-one (32) and purified by bulb-to-bulb distillation 
(2.0 Torr, 60°C). Diels-Alder cycloaddition of dienophile 

 his compound obtained in 40% yield showed the following 
spectral data: ' H  nrnr (400 MHz, CDC13) 6: 6.40 (br s, 1 H, 
-OCH=), 6.28 (dd, J = 16, J '  = 12 Hz, lH, -CH=), 4.97 (d, 
J = 16 Hz, lH, HHC=), 4.82 (d, J = 12 Hz, lH, HHC=), 1.70 
(s, 3H, =C(CH3)-), 0.93 (s, 9H, -SiC(CH,)3), and 0.15 (s, 6H, 
-Si(CH3)?); ir (neat): 1732 (C=C) and 1255 (Si-CH,) cm-'. 

10 This compound, obtained in 45% yield, showed the following 
spectral data: 'H nrnr (400 MHz, CDCI,) 6: 6.67 (br s ,  lH,  
-OCH=), 4.22 (d, J = I Hz, lH,  HHC=), 4.12 (d, J = 1 Hz, 
1H, HHC=), 3.87 (q, J = 6 HZ, 2H, -CH2CH3), 1.72 (s, 3H, 
=C(CH,)-), 1.28 (t, J = 6 HZ, 3H, -CH2CH3), 0.96 (s, 9H, 
-SiC(CH&), and 0.18 ( s ,  6H, -Si(CH,)2); ir (neat): 1641, 1657 
(C=C), and 1253.(Si-CH,) cm-'. 

2 with diene 29 (Table 6) proceeded smoothly when zinc 
chloride or thermal conditions were used, but when stannic 
chloride, a stronger Lewis acid, was used as a catalyst no 
initial Diels-Alder adduct could be isolated from the messy 
reaction. Instead, only the hydrolysis product ketone 14 was 
recovered in 36% yield. This again showed the great acid 
sensitivity of this type of dienes, making the Diels-Alder 
reactions with them subject to some limitations. Neverthe- 
less, use of the less acidic Lewis acid zinc chloride allowed 
cycloaddition to take place, giving a 1 : 1 mixture of epi- 
meric silyl en01 ethers 30 and 31 in good yield. The chro- 
matographic separation of the epimers was accomplished with 
great difficulty and was done only for the purpose of iden- 
tification since the C-7 chiral center would be destroyed upon 
hydrolysis of the en01 ethers in any planned synthetic scheme. 
Compound 30 was the first epimer to be eluted. The 'H nrnr 
spectrum of compound 30 displayed the C-7 hydrogen (6 
4.49) as a broad singlet, thus confirming the orientation of 
the addition. Interestingly, the methylenic hydrogens at the 
ethoxyl chain appeared as two sets of peaks at 6 3.46 (q, 
J = 7 Hz), and at 6 3.35 (q, J = 7 Hz). The C-3a hydrogen 
(6 2.91) appeared as a doublet of doublets ( J  = J '  = 8 Hz). 

The 'H nrnr spectrum of compound 31, the second epi- 
mer to be eluted, showed the C-7 hydrogen (6 4.35) as a 
singlet and the C-3a hydrogen (6 3.16) as a doublet of 
doublets ( J  = 7.5, J '  = 1.5 Hz), again confirming the re- 
giochemistry. The methylenic hydrogens of the ethoxyl group 
were displayed together at 6 3.42 (q, J = 7 Hz). Irradiation 
of the vinylic methyl signal at 6 1.63 (d, J = 2 Hz), to in- 
duce decoupling affected only the signal at 6 2.71 due to one 
of the C-4 methylenic protons, indicating a homo-allylic 
coupling with this particular hydrogen. 

Although a confident assignment of the stereochemistry 
at C-7 for epimers 30 and 31 was not possible with the data 
obtained from the 'H nmr spectrum, it was interesting to 
observe that the methylene hydrogens in the ethoxyl chain 
appeared as separate signals in the case of compound 30 at 
6 3.46 and 6 3.35 and in one single signal in compound 31 
at 6 3.42. If there were an interaction between the ethoxyl 
chain and the ester group causing the methylene hydrogens 
to appear as separate signals, then silyl en01 ether 30 would 
be the epimer with the ethoxyl group cis to the ester moiety. 
Also the C-3a hydrogen in compound 30 is at higher field (6 
2.9 1 )  in the 'H nrnr spectrum than the same hydrogen of the 
epimer 31 (6 3.16), indicating that the C-3a hydrogen in 
compound 30 could be within the shielding area of the ether 
oxygen. This is not the case for silyl en01 ether 31. Because 
the center at C-7 would be destroyed in a later stage in the 
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TABLE 5. Lewis acid catalyzed Diels-Alder addition of C-2 functionalized diene 26 to enone ester 
2 

0 COOCH3 rc:3 Lez;;id @ 
OTBDMS OTBDMS 

2 26 27 

Lewis acid (equiv.) 26 (equiv.) r (h) T ("C) Yield (%) Adduct ratio 

ZnC1, ( 1) 2.5 49 20 93 27 
SnCl, ( I )  1.1 9 - 10 37 27" 
~ h e r r n a l ~  7 12 150 77 27 

"Recovered as the ketone 28. 
hReaction was run with no solvent. 

TABLE 6. Lewis acid catalyzed Diels-Alder addition of C-I and C-3 difunctionalized diene 29 to 
enone ester 2 

QEt 

Lewis acid - 
Ether 

OTBDMS H 
E = COOCH3 
X = OTBDMS 

2 29 30 31 

Lewis acid (equiv.) 29 (equiv.) t (h) T ("C) Yield (%) Adduct (ratio) 

"The hydrolysis product ketone 14 was also recovered in 9%. 
"he hydrolysis product ketone 14 derived from 30/31 was the only product recovered in 36%. 
'Starting material was also recovered in 15%. 
"Benzene was used as solvent. 

planned synthesis of spirodysin, the stereochemistry at this 
position was not essential to our study. As the ratio of ster- 
eoisomers obtained was always 1: 1 there was no note- 
worthy stereoselectivity expressed in the Diels-Alder 
cycloaddition of 29. 

Degradation of the adduct mixture provided conclusive 
proof of the Diels-Alder orientation. Hydrolysis of the 
mixture of silyl en01 ethers 30 and 31 with aqueous 0.1 N 
hydrochloric acid in tetrahydrofuran gave the a,p-unsatu- 
rated ketone 14 in 70% yield. The 'H nmr spectrum of com- 
pound 14 displayed the C-7 hydrogen of the unsaturated 
ketone at 6 6.69 (dq, J = J '  = 1 Hz), with a long-range W- 
coupling to the vinylic methyl and to the C-3a hydrogen. The 
C-3a hydrogen was displayed at 6 3.17 (ddd, J = J'  = 5 ,  
J" = 1 Hz) and the adjacent C-4 hydrogens appeared to- 
gether at 6 2.67 (d, J = 5 Hz). 

Orientation effects 
As we demonstrated with related dienophiles (2-5, 8), 

additions to keto ester 2 showed stereochemical and elec- 
tronic influences in the orientations of the additions which 
were reflected in the structures of the adducts. Additions of 
isoprene showed significant proportions of the anti-para ad- 

duct 12  in the thermal and boron trifluoride catalyzed cases. 
We interpreted this result as due to the steric interaction be- 
tween diene and dienophile methyl groups in the keto-erzdo 
transition state A (R' = R' = H, R3 = CH3). Weaker Lewis 
acids capable of accepting bidentate ligand complexes showed 
complete predominance of the para product of addition by 
ester-endo transition state B (R' = R2 = H, R3 = CH3). In 
that transition state steric interaction between the methyl 
groups would be absent. 

Additions of trans-piperylene as well as functionalized 
dienes 22a and 22b proceeded exclusively according to the 
expected ortho rule and the complete regiospecificity ob- 
served in para addition of silyloxy diene 26 was in the di- 
rection predicted by normal empirical priority rules for 
predicting the controlling substituent. Similarly, additions 
of bifunctional diene 29 gave exclusively the ortho-rule 
products. 

Dienophile 2 was somewhat unusual relative to the other 
systems we studied in that exo-endo selectivity of the addi- 
tion was very low in most cases. High ratios of one epimer, 
in each case the product of ester-endo addition (transition state 
B, R'  = CH,; R' = R3 = H), were only obtained for trans- 
piperylene additions under boron trifluoride and stannic 
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chloride catalysis. The other dienophiles each showed a clear 
preference for keto-endo addition (2) or ester-endo addition 
(3-5, 8) under the various preferred reaction conditions. In 
fact we regard the production of the keto-endo product 3 1 ,  
which must be formed by addition of 29 through transition 
state A (R'  = OEt, R' = CH3,  R3 = OTBDMS), as quite 
remarkable. Steric interaction of the large silyloxy group with 
the gem-dimethyl of 2 should at first glance have a large de- 
stabilizing effect on the transition state and promote forma- 
tion of the epimeric product 3 0 .  The reasons for the absence 
of this expected steric effect and for the general exo-endo 
orientational ambivalence of additions to 2 are unclear. 
Further investigations into the effects influencing exo-endo 
selectivity in this and other cross conjugated dicarbonyl 
dienophiles is the subject of ongoing investigation in this 
laboratory. 

Conclusions 
Keto ester 2 is a general and potentially versatile inter- 

mediate for the assembly of indene ring synthons useful in 
the synthesis of natural products. As a dienophile, 2 shows 
the expected stereoelectronic influences on the regiochem- 
istry of the adducts. With functionalized dienes zinc chlo- 
ride is a particularly suitable choice as the catalyst. 

Towards the synthesis of spirodysin ( I ) ,  at this point it 
would only be necessary to modify an intermediate such as 
14 or 28 into a system that would allow for dialkylation at 
the a-position of the ketone in the cyclopentanone ring. 
Further studies on both intermediate ring systems are under 
way in these laboratories. 

Experimental 
General 

Melting points were measured on a Kofler hot stage apparatus 
and are uncorrected. Elemental analyses were carried out using a 
Perkin Elmer 240-B elemental analyzer for C ,  H, and N detec- 
tion. Infrared spectra (ir) were obtained on a Nicolet 7199 FTIR 
spectrophotometer. Mass spectra (ms) were determined using a AEI 
Kratos MS-50 high-resolution mass spectrometer attached to a Data 
General Nova 2 with Kratos DS-55 software. Proton nuclear mag- 
netic resonance spectra ('H nmr) were obtained using one of the 
following spectrometers: Bruker WH-200 (200 MHz), Bruker AM- 
300 (300 MHz), or Bruker AM-400 (400 MHz). Coupling con- 
stants are recorded to within *0.5 Hz. Carbon nuclear magnetic 
resonance spectra ("c nmr) were run on a Bruker AM-300 
(75 MHz), or a Bruker AM-400 (100.6 MHz). Two methods were 
used to determine the carbon-13 multiplicities: the distortionless 
enhancement by polarization transfer (DEPT) experiment with 
proton decoupling using a Bruker software microprogram 
(DETP.AUR) and the attached proton test (APT) (used for most 
compounds). Peaks in antiphase (a) with deuteriochloroform were 
assigned as methyls or methines, while peaks in phase (p) corre- 
spond to methylenes or quaternary carbons. Aldehydic carbonyls ' 

appear in antiphase with CDC1, and other carbonyls in phase with 
the deuteriochloroform signal. Nuclear Overhauser enhancement 

(nOe) experiments were obtained after computer subtraction of the 
uncoupled spectrum from the irradiated spectrum. Positive en- 
hancements are defined as signals in antiphase with the enhanced 
irradiated signal. Immediately before the experiment each sample 
was deoxygenated by passing helium gas through the solution for 
10 min. Reaction yields are quoted with a degree of purity better 
than 95% as determined by NMR spectroscopy. 

Mcrterials 
Products were purified either by flash chromatography using 

silica gel 60 (230-400 mesh), distillation using a bulb-to-bulb 
Kugelrohr apparatus, or by fractional crystallization. Reactions were 
monitored by thin-layer chromatography using Merck aluminum- 
backed plates precoated with silica gel 60 GFZ5,. Solvents were dried 
and distilled prior to use as follows: ethyl ether from a blue-pur- 
ple solution of sodium benzophenone ketyl under an argon atmo- 
sphere: benzene, pyridine, and dichloromethane from calcium 
hydride or lithium hydride. Dienes 22a (29) and 26 (3 1) were pre- 
pared according to the reported procedures. Dienes 220 and 29 were 
prepared from tratzs-2-methyl-2-butenal and 4-ethoxy-3-methyl-3- 
buten-2-one (32) respectively, using the same procedure as de- 
scribed for the preparation of diene 26 (3 I). 

I -Brotno-4,4-ditnethyl-2-ox-ocyclopentane-I - c a b o y l i c  crcid, 
tnethyl ester (10) 

2-Carboxymethoxy-4,4-dimethylcyclopentan-1-one (8) (0.70 g, 
4.1 nlmol) was dissolved in carbon tetrachloride (10 mL). N-Bro- 
mosuccinimide (890 mg, 5.0 mmol) was added and the solution was 
stirred at room temperature for 10 h. The solid formed during the 
reaction was filtered and the filtrate was concentrated to give a 
yellowish oil (950 mg, 3.8 mmol, 93%); ir (CHC1, cast): 1761 
(ester) and 1723 (ketone) cm-'; 'H nmr (400 MHz, CDCI,) 6: 3.80 
(s, 3H, -OCH,), 2.89 (d, J = 15 Hz, lH, -CHHCOCBr-), 2.50 (d, 
J = 15 Hz, lH,  -CHHCOCBr-), 2.41 (d, J = 10 Hz, lH,  
-COCBrCHH-), 2.37 (d, J = 10 HZ, lH, -COCBrCHH-), 1.28 (s, 
3H, -CH3), and 1.10 (s, 3H, -CH,); "C nmr APT (100.6 MHz, 
CDC1,) 6: 206.2 (a), 168.3 (a), 59.3 (a), 54.0 (p), 52.2 (a), 5 1.0 
(a), 34.0 (a), 29.6 (p), and 29.4 (p); ms; M+: 250.0026 (248.0027) 
(calcd. for C9H ,,O,Br: 250.0027 (248.0048)). 

3,3-Dimethyl-5-0x0-l -cyclopentetze-I-cat-60-rylic acid, tnethyl 
ester ( 2 )  

Phenylselenenyl chloride (7.5 g, 32 mmol) was dissolved in di- 
chloromethane (200 mL) and the solution was cooled in an ice- 
water bath. Dry pyridine (3.20 mL, 40 mmol) was slowly added 
and the solution was stirred for 45 min. Then 2-carboxymethoxy- 
4,4-dimethylcyclopentan-I-one (8) (5.46 g, 32 mmol) dissolved in 
dichloromethane (30 mL) was added to the reaction mixture. The 
solution was stirred at O°C for 45 min then poured into an ice - 5% 
hydrochloric acid mixture (200 mL). The organic layer was washed 
with aqueous 5% hydrochloric acid (3 X 10 mL) and dried 
(MgSO,). Hydrogen peroxide (30%, 6 mL) was added to the di- 
chloromethane solution at 0°C and allowed to react for 10 min. 
Additional hydrogen peroxide (30%, 6 mL) was then added. After 
another 10 min the reaction was quenched with water (20 mL). The 
aqueous layer was extracted with dichloromethane (3 X 5 mL). The 
organic extracts were combined, washed with water (2 X 5 mL), 
aqueous 5% sodium bicarbonate (1 X 5 mL) and brine (1 X 

5 mL), dried (MgSO,), filtered, and concentrated. Purification by 
flash chromatography on silica gel (0-20% ether in petroleum ether) 
gave a colorless oil (3.22 g, 20 mmol, 62%); ir (CHC1, cast): 1754 
(ester), 1724 (ketone), and 1621 (olefin) cm-I; 'H nmr (400 MHz, 
CDC1,) 6: 8.07 (s, lH, -C(COOCH,)=CH-), 3.74 (s, 3H, -OCH,), 
2.34 (s, 2H, -CHZCO-), and 1.20 (s, 6H, 2 X -CH,); "C nmr APT 
(100.6 MHz, CDCI,) 6: 202.2 (p), 180.2 (a), 162.2 (p), 133.7 (p), 
51.8 (a), 51.0 (p), 38.8 (p), and 27.3 (a); ms, M+: 168.0987 (calcd. 
for CgHllO,: 168.0987). Anal. calcd. for CPHI2OI: C 64.15, H 
6.95%; found: C 64.26, H 7.19%. 

Diels-Alclet- t-eactiotzs (dketo ester 2 
The reactions were carried out using the general procedures il- 

lustrated below for isoprene. Temperature and time of reactions as 
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well as quantities of diene and Lewis acid relative to 2 are noted 
in Tables 1-6. Purification and separation of the adducts were 
carried out using 0-10% ether in petroleum ether as eluant. When 
separation occurred, the products are reported in order of elution. 

7aa-Carbomethoxy-2,3,3aa,4,7,7a-hexahydro-3,3,5- 
trimethylindene-1 -one (11) and 7aa-carbometho~y- 
2,3,3aa,4,7,7a-hexahydro-3,3,6-trimethylinderz-he (12) 

Lewis acid catalyzed corzditions (other than zinc chloride) 
Keto ester 2 (25 mg, 0.15 mmol) was dissolved in dry ether 

(1 mL) and placed under an argon atmosphere. The reaction mix- 
ture was cooled with an ice-water bath. Tin(1V) chloride (18 pL, 
0.15 mmol) was added and the resulting mixture stirred for 
15 min. Isoprene (150 pL, 1.5 mmol) was introduced with a sy- 
ringe. The reaction mixture was stirred for 10 h at O°C, then 
quenched by the addition of saturated aqueous sodium bicarbon- 
ate (1 mL). The aqueous layer was extracted with ether (3 x 
1 mL). The organic extracts were combined, washed with water 
(2 X 2 mL) and brine (1 X 1 mL), dried (MgSO,), filtered, and 
concentrated. Purification by flash chromatography on silica gel (O- 
5% ether in petroleum ether) gave pure compound 11 (30 mg, 86%): 
ir (CHC1, cast): 1752 (ester) and 1731 (ketone) cm-I; 'H nmr 
(400 MHz, CDC1,) 6: 5.37 (br dd, J = 4, J '  = 2.5 Hz, lH,  
-C(CH,)=CH-), 3.71 (s, 3H, -OCH,), 2.86 (ddd, J = 18, J '  = 

4, J "  = 2 Hz, lH, -CHHCH=), 2.79 (br d, J = 8 Hz, lH, 
-C(CH,),CHCH,-), 2.37 (s, 2H, -CH?CO-), 2.17 (ddd, J = 18, 
J '  = 8, J "  = 2 HZ, lH, -CHCHHC(CH,)=), 2.03 (ddd, J = 18, 
J '  = 2.5, J "  = 2 Hz, -CHHCH=), 1.93 (br dd, J = 18, J '  = 
2 HZ, 1 H, -CHCHHC(CH,)=), 1.69 (s, 3H, -CH=C(CH3)-), 1.20 
(s, 3H, -CH,), and 0.88 (s, 3H, -CH,); "C nmr AFT 
(100.6 MHz, CDC1,) 6: 214.3 (p), 172.5 (p), 132.6 (p), 117.3 (a), 
57.4 (p), 53.1 (p), 52.8 (a), 47.1 (a), 37.2 (p), 30.0 (a), 27.2 (p), 
25.3 (p), 23.6 (a), and 23.5 (a); ms, Mf:  236.1413 (calcd. for 
C14Hm0,: 236.1413). Anal. calcd. for C,,H,,O,: C 71.14, H 8.53%; 
found: C 71.21, H 8.49%. 

Zinc chloride catalyzed Diels-Alder conditions 
Zinc chloride (45 mg, 0.33 mmol) was added to dry ether 

(2 mL) and stirred at room temperature until all the solid had dis- 
solved (-30 min). A solution of keto ester 2 (43 mg, 0.26 mmol) 
in dry ether (1 mL) was added to the cloudy solution of zinc chlo- 
ride followed immediately by isoprene (260 p,L, 2.6 mmol). The 
reaction mixture was stirred at room temperature for 10 h, then a 
saturated aqueous solution of sodium bicarbonate (1 mL) was added. 
The aqueous layer was extracted with ether (3 X 2 mL). The com- 
bined organic extracts were washed with water (2 X 2 rnL) and brine 
(1 x 2 mL), dried (MgSO,), filtered, and concentrated. Purifica- 
tion of the residual oil by flash chromatography on silica gel (O- 
5% ether in petroleum ether) gave adduct 11 (46 mg, 75%). 

Thermal conditions 
Keto ester 2 (50 mg, 0.30 mmol) was introduced into a small 

thick-walled glass container. Isoprene (0.90 mL, 9 mmol) was 
added with a syringe and argon was passed through the solution for 
5 rnin. The glass container was cooled with liquid nitrogen until the 
solution had solidified. While the ampule was still in the nitrogen 
it was sealed and allowed to warm to room temperature over 
20 min. The ampule was placed in a protected oven and heated to 
200°C for 10 h. The oven was turned off and the temperature was 
allowed to cool to ambient temperature. Concentration, followed 
by flash chromatography of the residue on silica gel (0-5% ether 
in petroleum ether) gave an inseparable I : 1 mixture of com- 
pounds 11 and 12 (70 mg, 98%). This mixture showed the follow- 
ing signals, which were not present in the spectra of pure compound 
11: 'H nmr (400 MHz, CDCI,) 6: 5.41 (br s, lH, -C(CH,)=CH-), 
3.68 (s, 3H, -OCH,), 2.71 (br s, 2H, -CH,C(CH,)=), 2.67 (d, 
J = 6 HZ, lH, -CHCH,CH=), 2.37 (s, 2H, -CH,CO-), 1.69 (s, 
3H, -CH=C(CH,)-), 1.18 (s, 3H, -CH,), and 0.88 (s, 3H, -CH,), 
other peaks were overlapped with those of isomer 11; "C nmr AFT 
(100.6 MHz, CDCI,) 6: 214.0 (p), 172.2 (p), 130.4 (p), 119.5 (a), 

58.9 (p), 53.2 (p), 52.6 (a), 46.1 (a), 37.1 (p), 3 1.1 (p), 30.0 (a), 
23.5 (a), 23.4 (a), and 21.1 (p). 

The other adducts showed the following spectral data. 

7a a-Carbomethoxy-2,3,3aa,4,7,7a-hexahydro-3,3,7a-tri- 
methylinden-I-one (17) and 7aa-carbomethoxy-2,3,3aa, 
4,7,7a-hexahydro,3,3,7P-trimethylinden-1 -one (18) 

Major isomer 17: ir (CHCI, cast): 1742 (ester) and 1729 (ke- 
tone) cm-'; 'H nmr (400 MHz, CDC1,) 6: 6.01 (ddd, J = 10, 
J '  = 6.5, J "  = 2.5 Hz, lH,  -CH(CH,)CH=CH-), 5.65 (ddd, J = 
10, J '  = 7, J" = 3 Hz, lH,  -CH(CH,)CH=CH-), 3.75 (s, 3H, 
-OCH,), 2.85 (complex m, 1 H, -CH (CH,)CH=CH-), 2.67 (dd, 
J = 7, J '  = 2.5 Hz, lH,  -C(CH,),CHCH,-), 2.39 (ddd, J = 15, 
J '  = 7,  J "  = 3 Hz, lH,  -CHCHHCH=CH-), 2.10 (complex m, 
3H, -CHCHHCH=CH- and -CH,CO-), 1.18 (d, J = 7 Hz, 3H, 
-CH(CH3)CH=CH-), 1.09 (s, 3H, -CH,), and 1.07 (s, 3H, -CH3); 
')c nmr DEFT (100.6 MHz, CDC1,) 6: 213.2 (s), 173.8 (s), 134.2 
(d), 128.3 (d), 65.4 (s), 55.4 (t), 52.6 (d), 37.0 (s), 35.1 (q), 31.6 
(d), 25.9 (q), 24.4 (t), 15.9 (q), and 5.8 (q); ms, Mf :  236.1413 
(calcd. for CI,H,,O3: 236.14 13). 
Minor isorner 18: ir (CHC1, cast): 1754 (ester) and 1732 (ke- 

tone) cm-I; 'H nmr (400 MHz, CDCI,) 6: 5.80 (ddd, J = 10, 
J '  = J "  = 2.5 Hz, lH,  -CH(CH,)CH=CH-), 5.51 (ddd, J = 10, 
J '  = 2.5, J "  = 2 Hz, lH,  -CH(CH,)CH=CH-), 3.70 (s, 3H, 
-OCH,), 2.38 (dd, J = 16, J '  = 2 Hz, lH,  -CHCHHCH=CH-), 
2.35 (complex, 4H, -CH(CH,)CH=CH-, -C(CH,),CHCH,- and 
-CH,CO-), 2.06 (ddd, J = 16, J '  = J "  = 2.5 HZ, lH,  
-CHCHHCH=CH-), 1.21 (d, J = 7 HZ, 3H, -CH(CH,)CH=CH-), 
1.15 (s, 3H, -CH,), and 1.00 (s, 3H, -CH,); I3C nmr DEFT (100.6 
MHz, CDC1,) 6: 213.6 (s), 171.5 (s), 130.0 (d), 125.2 (d), 60.2 
(s), 53.4 (t), 5 1.8 (d), 49.2 (q), 36.8 (s), 3 1.7 (d), 30.1 (q), 23.8 
(4). 21.4 (t). and 16.5 (q). 
2-(I-Furarzyl)-3,3-dirnethyl-5-oxocyclopentarzecarboxylic acid, 

rnethyl ester (19): ir (CHC1, cast): 1758 (ester), 1730 (ketone), 
and 738 (furan) cm-I; 'H nmr (400 MHz, CDCI,) 6: 7.36 (d, J = 
2 Hz, lH,  -OCH=CHCH=C-), 6.32 (dd, J = 3, J '  = 2 Hz, lH,  
-OCH=CHCH=C-), 6.14 (d, J = 3 Hz, lH,  -OCH=CHCH= 
C-), 3.78 (d, J = 12 Hz, lH, -COCH(COOCH,)CH-), 3.73 (s, 3H, 
-OCH,), 3.69 (d, J = 12 HZ, lH, -COCH(COOCH,)CH-), 2.40 
(s, 2H, -CH,COCH-), 1.30 (s, 3H, -CH,), and 0.80 (s, 3H, -CH3); 
'k nmr DEFT (100.6 MHz, CDC1,) 6: 208.8 (s), 168.8 (s), 151.9 
(s), 142.0 (d), 1 10.2 (d), 107.4 (d), 57.5 (d), 54.1 (t), 52.6 (q), 
49.5 (d), 38.4 (s), 27.7 (q), and 23.4 (q); ms, Mf:  236.1044 (calcd. 
for C,,H,,O,: 236.1049). 

7aa-Carbomethoxy-2,3,3aa,4,7,7a-hexahydro-3,3,6-trimethyl- 
7a-(trimethylsilyloxy)inderz-I-one (23a) and 7aa- 
carbomethoxy-2,3,3a a,4,7,7a-hexahydro-3,3,6-trirnethyl- 
7 P-(trirnethylsily1oxy)inden-I -one (24 a) 

Compound 23a: ir (CHCl, cast): 1757 (ester), 1734 (ketone), and 
1250 (Si-CH,) cm-I; 'H nmr (400 MHz, CDC1,) 6: 5.67 (dd, J = 
6,  J '  = 5 Hz, lH, -CH(OTMS)C(CH,)=CH-), 4.40 (s, lH,  
-CH(OTMS)C(CH,)=CH-), 3.68 (s, 3H, -OCH,), 2.83 (dd, J = 

7,  J '  = 4 HZ, lH, -C(CH,),CHCH,-), 2.50 (ddd, J = 16.5, J '  = 
7,  J "  = 5 Hz, 1 H, -CHCHHCH=C(CH,)-), 2.19 (d, J = 17 Hz, 
1 H, -CHHCO-), 2.08 (d, J = 17 HZ, 1 H, -CHHCO-), 2.0 (ddd, 
J = 16.5, J '  = 6 ,  J "  = 4 Hz, lH,  -CHCHHCH=C(CH,)-), 1.70 
(br s, 3H, -CHCH,CH=C(CH,)-), 1.05 (s, 3H, -CH,), 0.93 (s, 3H, 
-CH3), and 0.08 (s, 9H, -OSi(CH,),); "C nmr DEFT (100.6 MHz, 
CDCl,) 6: 2 12.1 (s), 170.1 (s), 136.7 (s), 124.8 (d), 72.9 (d), 68.2 
(s), 52.9 (t), 52.3 (q), 47.4 (d), 36.4 (s), 30.4 (q), 25.2 (q), 22.6 
(t), 21.0 (q), and 0.25 (q); ms, Mf:  324.1753 (calcd. for 
C17H2s04Si: 324.1757). 
Cornpo~ind 24a: ir (CHC1, cast): 1753 (ester), 1726 (ketone), and 

1251 (Si-CH,) cm-I; ' H  nmr (400 MHz, CDC1,) 6: 5.66 (ddd, J = 
6, J '  = 5,  J "  = 1.5 Hz, lH,  -CH(OTMS)C(CH,)=CH-), 4.72 (s, 
lH,  -CH (OTMS)C(CH,)=CH-), 3.68 (s, 3H, -OCH3), 2.70 (dd, 

J = J '  = 8 Hz, lH,  -C(CH,),CHCH,-), 2.30 (d, J = 16 Hz, lH, 
-CH HCO-), 2.35-2.25 (complex, 1 H, -CHCH HCH=C(CH,)-), 
2.14 (multiplet, 2H, -CHHCO-, -CHCHHCH=C(CH,)-), 1.79 (d, 
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J = 1.5 Hz, 3H, -CHCH2CH=C(CH,)-), 1.39 (s, 3H, -CH3), 1.20 -OCH2CH3), 0.98 (s, 3H, -CH,), 0.95 (s, 12H, -OSiC(CH3),, 
(s, 3H, -CH3), and 0.18 (s, 9H, -OSi(CH3)3); I3c nrnr APT (100.6 -CH3), 0.14 (s, 3H, -Si(CH3)Z), and 0.13 (s, 3H, -Si(CH,)& 
MHz, CDCI,) 6: 21 1.9 (p), 171.7 (p), 136.7 (p), 125.4 (a), 70.3 I3c nrnr APT (100.6 MHz, CDCI,) 6: 210.2 (p), 169.4 (p), 149.9 
(a),67.7(~),54.6(~),52.5(a),47.9(a),35.7(p),31.5(a),24.1 (p),110.7(p),81.5(a),67.7(p),64.4(p),53.0(p),52.6(a),46.0 
(a), 22.4 (p), 21.5 (a), and 0.17 (a); ms, M': 324.1750 (calcd. for (a), 36.7(p), 30.5 (a), 29.0 (p), 25.6 (a), 24.7 (a), 18.0 (p), 16.2 
CI,Hz8O4Si: 324.1757). (a), 15.3 (a), -3.7 (a), and -4.1 (a). 

7-[tert-Butyldirnethylsilylo~1y] 7a a-carbometlzo,~y-2,2,3a a,4,7, 
70-hexahydro-3,3,6-trirnethylinden-1 -ones (23b and 24b): ir (CHCI, 
cast): 1750 (ester), 1732 (ketone), and 1250 (Si-CH,) cm-I; 'H nmr 
(400 MHz, CDCI,) 6: 5.83 (br s, lH, =CH), 4.78 (s, H, -CHO-), 
4.68 (s, f H, -CHO-), 3.82 (s, 2 H, -OCH3), 3.74 (s, H, -OCH3), 
3.25 (brd,  J = 8 Hz, f H, -CHCH2-), 2.72(dd, J = 8, J '  = 3 Hz, 
i H, -CHCH,-), 2.65 (complex m, i H), 2.50 (d, J = 16 Hz, f H), 
2.45 (complex m, f H), 0.34 (d, J = 16 Hz, H), 2.30-2.05 
(complex, 2H), 1.90 (s, H, -C(CH,)=), 1.79 (s, 3 H, -C(CH,)=), 
1.25 (s, H, -CH,), 1.20 (s, H, -CH,), 1.12 (s, j H, -CH,), 1.10 
(s, 3 H, -CH3), 0.88 (s, % H, -SiC(CH,),), 0.86 (s, q H, -SiC(CH,),), 
0.14 (s, H, SIGH,), 0.12 (s, f H, -SiCH,), 0.08 (s, $ H, -SiCH,), 
and 0.05 (s, 3 H, -SiCH,); ms, M+: 366.2223 (calcd. for 
C20H340,Si: 366.2226). 
5-[tert-Butyldimetl1~~lsilylo.~l]-7aa - cnrbotnethoxy -2,3,3aa,4, 

7,7a-hexahydro-3,3,6-trimethylinden-1 -one (27): ir (CHC1, cast): 
1753 (ester), 1732 (ketone), and 1190 (Si-CH,) cm-I; 'H nmr (400 
MHz, CDCI,) 6: 3.70 (s, 3H, -OCH3), 2.87 (d, J = 8.5 Hz, lH,  
-CHCH2C(OTBDMS)=), 2.76 (dd, J = 16.5, J '  = 1.5 Hz, IH, 
-CHHC(CH3)=), 2.41 (d, J = 18 Hz, lH,  -CHHCO-), 2.34 (d, 
J = 18 Hz, lH,  -CHHCO-), 2.26 (ddd, J = 18, J '  = 8.5, J "  = 

1.5 HZ, lH, -CHCHHC(OTBDMS)=), 2.11 (d, J = 16.5 Hz, 
IH, -CHHC(CH;)=), 2.03 (d, J = 18 Hz, IH, -CHCHHC- 
(OTBDMS)=), 1.60 (s, 3H, -CH,C(CH,)=), 1.20 (s, 3H, 
-C(CH,),), 0.90 (complex, 12H, -C(CH3)?, -SiC(CH,),), 0.16 and 
0.14 (both s, 3H each, -Si(CH,),); I3c nrnr APT (100.6 MHz, 
CDC1,) 6: 213.5 (p), 172.1 (p), 141.8 (p), 107.9 (p), 58.7 (p), 52.9 
(p), 52.7 (a), 48.2 (a), 36.8 (p), 32.8 (p), 30.2 (a), 25 9 (p), 25.8 
(a), 25.6 (a), 23.7 (p), 18.1 (a), 16.1 (p), - 3.80 (a), and -4.00 
(a); ms, M': 366.2227 (calcd. for C20H3,04Si: 366.2227). 

5-[tert-Butyldimethylsilyloxy]-70 a-carbomethoq~-7a-ethoxy- 
2,3,3a (r,4,7,7a-hexnhydro-3,3,6-trimethylinden-1 -one (30) 
and 5-[tert-butyldimethylsilyloxy]-7aa-carbotnethoxy-7 P- 
ethox~~-2,3,3aa,4,7,7a-hexnhydro-3.3,6-trimetl1ylinden-l- 
one (31) 

Adduct 30: ir (CHC1, cast): 1753 (ester), 1728 (ketone), 1679 
(C=C), and 1253 (Si-CH,) cm-l; 'H  nrnr (400 MHz, CDC1,) 6: 
4.49 (br s, I H, -CH(OEt)-), 3.65 (s, 3H, -OCH,), 3.46 (q, J = 
7 HZ, lH, -OCHHCH3), 3.35 (q, J = 7 Hz, lH, -OCHHCH,), 2 91 
(dd, J = J '  = 8 Hz, lH,  -CHCH,C(OTBDMS)=), 2.46 (ddq, 
J = 15, J '  = 8, J "  = 1.5 Hz, lH, -CHCHHC(OTBDMS)=), 2.43 
(d, J = 17 HZ, lH, -CHHCO-), 2.25 (d, J = 17 HZ, lH,  
-CHHCO-), 2.08 (dd, J = 15, J '  = 8 Hz, lH,  -CHCHHC- 
(OTBDMS)=), 1.7 1 (d, J = 1.5 Hz, 3H, -CHC(CH,)=), 1.05 
(dd, J = J '  = 7 Hz, 3H, -OCH?CH,), 0.96 (s, 9H, -OSiC(CH,),), 
0.90 (s, 3H, -CH,), 0.86 (s, 3H, -CH3), 0.12 (s, 3H, -Si(CH3)2), 
and 0.1 1 (s, 3H, -Si(CH3)2); "C nrnr APT (100.6 MHz, CDC1;) 
6: 211.1 (p), 171.1 (p), 149.0(p), 112.2 (p), 80.0(a), 67.2 (p), 
65.2 (p), 54.5 (p), 52.6 (a), 49.0 (a), 35.4 (p), 3 1.4 (a), 28.5 (p), 
26.2 (a), 25.7 (a), 23.9 (a), 18.1 (p), 15.9 (a), 15.3 (a), -3.84 (a), 
and -3.95 (a); ms (CI), (M + H)': 41 1 (calcd. for C22H,805Si: 
41 1). Anal. calcd. for CZzH380sSi: C 64.35, H 9.33%; found: C 
64.10, H 9.50%. 
Adduct 31: ir (CHC1, cast): 1755 (ester), 1732 (ketone), 1679 

(C=C), and 1229 (Si-CH,) cm-l; 'H nrnr (400 MHz, CDC1,) 6: 
4.35 (s, lH,  -CH(OEt)-), 3.68 (s, 3H, -OCH,), 3.42 (q, J = 
7 HZ, 2H, -OCH?CH,), 3.16 (dd, J = 7.5, J '  = 1.5 Hz, lH,  
-CHCH2C(OTBDMS)=), 2.71 (ddq, J = 16.5, J '  = 7.5, J "  = 
2 Hz, lH,  -CHCHHC(OTBDMS)=), 2.16 (d, J = 17 Hz, lH,  
-CHHCO-), 2.07 (d, J = 17 HZ, lH,  -CHHCO-), 2.05 (dd, J = 

16.5, J '  = 1.5 HZ, lH, -CHCHHC(OTBDMS)=), 1.63 (d, J = 
2 Hz, 3H, -CH(OEt)C(CH,)=), 1.09 (t, J = 7 Hz, 3H, 

7a a-Carbomethoxy-3,3n a, 7,7a-tetrahydro-3,3,5-trimethyl-2 H- 
indene-I ,6-dione (13) 

Oxygen was passed for 10 min through a dichloromethane 
(0.5 mL) solution of keto ester 11 (25 mg, 0.10 mmol), dry pyri- 
dine (15 p1, 0.18 mmol), acetic anhydride (20 pL, 0.21 mmol), a 
catalytic quantity of 4-(dimethy1amino)pyridine (-5 mg), and a 
catalytic quantity of 5,10,15,20-tetraphenyl-21H,23H-porphine 
(-5 mg). The solution was irradiated with a tungsten lamp 
(200 W) for 10 h while oxygen was continuously passed through 
the solution. The reaction was quenched with saturated aqueous 
sodium bicarbonate solution (1 mL) and the aqueous layer was 
extracted with dichloromethane (3 x 2 mL). The organic extracts 
were combined and washed with aqueous 10% hydrochloride acid 
(3 x 2 mL), saturated aqueous copper(I1) sulfate (1 x 2 mL) and 
brine (1 X 2 mL), dried (MgS04), filtered, and concentrated. Pu- 
rification by flash chromatography on silica gel eluting with 0-10% 
ether in petroleum ether gave recovered keto ester 11 (5 mg, 20%). 
Further elution gave diketone 13 as a colorless oil (9 mg, 
0.036 mmol, 41% yield): ir (CHC13 cast): 1753 (ester), 1732 (ke- 
tone), and 1679 (enone) c m ' ;  'H nrnr (400 MHz, CDC1,) 6: 6.58 
(dq, J = 5,  J ' = 2 Hz, 1 H, -CHCH=C(CH,)CO-), 3.72 (s, 3H, 
-OCH3), 3.3 1 (dq, J = 5, J '  = 1.5 HZ, lH, -CH CH=C(CH3)CO-), 
3.14 (d, J = 17 Hz, lH,  -CHHCOC(CH,)=), 2.69 (d, J = 
17 Hz, lH,  -CHHCOC(CH3)=), 2.46 (d, J = 11 Hz, lH, 
-CH HCO-), 2.42 (d, J = 1 I HZ, 1 H, -CHHCO-), 1.85 (dd, J = 
2, J ' = 1.5 Hz, 3H, -CHCH=C(CH,)CO-), 1.40 (s, 3H, -CH3), 
and 1.05 (s, 3H, -CH3); "C nrnr APT (100.6 MHz, CDC1,) 6: 21 1.0 
(p), 194.4 (p), 171.8 (p), 139.1 (a), 136.3 (p), 63.7 (p), 55.1 (p), 
53.3 (a), 51.4 (a), 38.5 (p), 38.4 (p), 28.6 (a), 25.2 (a), and 16.3 
(a); ms, M': 250.1204 (calcd. for Cl4HI8o4: 250.1205). 

3.3,6-Trimethyl-2,3-dihydroirtden-1 -one (25) 
Compound 23a (24 mg, 0.074 mmol) was dissolved in 2,4,6- 

collidine under argon atmosphere. Anhydrous lithium iodide 
(40 mg, 5 equiv.) was added followed by water (14 pL, 
10 equiv.). The mixture was refluxed for 4 h, cooled down, and 
poured into aqueous 5% hydrochloric acid (2 mL). The aqueous 
layer was extracted with ether (3 x 2 mL). The organic layer was 
washed with aqueous 5% hydrochloric acid (2 X 2 mL), water 
(1 x 2 mL), and brine (1 x 2 mL), dried (MgSO,), filtered, and 
concentrated. Purification by flash chromatography on silica gel (O- 
3% ether in petroleum ether) gave pure compound 25 (7 mg, 54%): 
ir (CHCI, cast): 1736 (ketone) and 825 (aromatic) cm-I; 'H nrnr 
(400 MHz, CDC1,) 6: 7.50 (br s, 1 H, C-7 H), 7.44 (dd, J = 8, 
J '  = 1 Hz, IH, C-5 H), 7.38 (d, J = 8 Hz, C-4 H), 2.60 (s, 2H, 
-CH?CO-), 2.40 (s, 3H, C-6-CH,), 1.40 (s, 6H, -C(CH,)?); ms, M': 
174.1043 (calcd. for C12Hl,0: 174.1042). 

7aa-Carbomethox~~-2,3,3aa,4,7,7a-he,rahydro-3,3,6- 
tr-irnethylindene-I ,5-diones (28) 

Silyl en01 ether 27 (50 mg, 0.14 mmol) was hydrolyzed in tet- 
rahydrofuran (2 mL) with aqueous 0.1 N hydrochloric acid 
(1 mL). The solution was stirred at room temperature for 24 h. 
Water (2 mL) was added and the aqueous layer was extracted with 
ether (3 x 2 mL). The combined organic extracts were washed with 
water (2 x 2 mL) and brine (1 X 1 mL), dried (MgSO,), filtered, 
and concentrated. Purification of the resulting oil by flash chro- 
matography on silica gel (0-5% ether in petroleum ether) gave the 
epimeric mixture 28 (3.8: I) as a colorless oil (29 mg, 0.11 mmol, 
78%): ir (CHCI, cast): 1751 (ester), 1716 (ketone) cm-I: ' H  nrnr 
(400 MHz, CDCI,), major isomer, 6: 3.77 (s, 3H, -OCH,), 3.16 
(ddd. J = 7.5, J '  = 5,  J "  = 1 Hz, IH), 2.75-2.30 (complex, 4H), 
1.61 ( d d , J =  J 1 = 9 H z ,  1H). 1 . 3 5 ( d d , J =  6 , J r =  1 Hz,2H), 
1.18 (s, 3H, -CH,), 1.03 (d, J = 6 Hz, 3H, -CH,), and 0.95 (s, 
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3H, -CH3); minor isomer, 6: 3.72 (s, 3H, -OCH,), 3.09 (dd, J  = 
7 . 5 , J 1  = 5.5Hz,  lH), 1.96(dd, J =  12, J ' =  9 H z ,  lH), 1.15 
(s, 3H, -CH,), 1.04 (d, J  = 6 Hz, 3H, -CH,), and 0.91 (s, 3H, 
-CH,), other peaks were overlapped with those of the major iso- 
mer; I3C nmr APT (100.6 MHz, CDCI,), major isomer, 6: 21 1.9 
(p), 211.5 (p), 171.5 (p), 59.1 (p), 53.3 (p), 53.1 (a), 50.7 (a), 40.6 
(a), 37.2 (p), 37.0 (p), 34.8 (p), 29.3 (a), 24.5 (a), and 14.4 (a); 
minor isomer, 6: 212.8 (p), 21 1.2 (p), 172.2 (p), 63.7 (p), 59.9 (p), 
5 I .9 (p), 48.9 (a), 40.2 (a), 38.5 (p), 36.2 (p), 30.2 (a), 24.9 (a), 
17.7 (a), and 15.3 (a); ms, M+: 252.1359 (calcd. for C14H2004: 
252.1356). 

6. L. Minuti, L. Radics, A. Tatacchi, L. Venturini, and E. 
Wenkert. J .  Org. Chem. 55, 4261 (1990). 

7. D. Caine, C. R. Harrison, and D. G. VanDerveer. Tetrahe- 
dron Lett. 24, 1353 (1983). 

8. H. J. Liu, E. N. C. Browne, and P. R .  Pednekar. Can. J .  
Chem. 60, 921 (1982). 

9. T.  R. Hoye, A. J.  Caruso, and A. S. Magee. J .  Org. Chem. 
47,4152 (1982). 

10. E. Dane and K. Elder. Ann. Chem. 539, 207 (1939). 
11. R. Granger, P. F. G. Nau, and C. Francois. Bull. Soc. Chim. 

Fr. 1902 (1962). 

7a u-Carbomethoxy-3,3,a aa4,  7a-retrahYdro-3,3,6-trimsrhy,.2 H. 12. A ~chihara. d .  Kimura. K. Mori~asu,  and S. ~akamura.  
indene-1,5-dione (14) Tetrahedron Lett. 4331 (1977). 

A mixture of silyl enol ethers 30 and 31 (1 15 mg, 0.28 mmol) 13. F. Fringuelli, F. Pizzo, A. Taticchi, T. D. J.  ~ a l l s ,  and E. 

was hydrolyzed in tetrahydrofuran (THF, 2 mL) with aqueous Wenkert. J .  Org. Chem. 47, 5056 (1982). 

0.1 N hydrochloric acid (1 m ~ ) .  ~h~ solution was at room 14. F. Fringuelli, F. Pizzo, A. Taticchi, and E. Wenkert. J. Am. 

temperature for 24 h before water (2 mL) was added. The aqueous Chem. Soc. 48, 2802 (1983). 

layer was extracted with ether (3 X 2 mL). The combined organic 15. S. M. and J.  J. Am. Chem. 97, 2503 

extracts were washed with water (2 x 2 mL) and brine (1 x (1975). 

1 mL), dried (MgS04), filtered, and concentrated. Purification of 16. R. W. Holder, J .  P. Daub, W. E. Baker, R. H. Gilbert, and 

the resulting oil by flash chromatography on silica gel (0- 10% ether N. A. Graf. J.  Org. Chem. 47, 1445 (1982). 

in petroleum ether) gave compound 14 as a colorless oil (50 mg, 17. D. Pauley? F. Anderson, and T. Hudlicky. Org. ~ y n t h .  67, 121 
0.20 mmol, 70%): ir (CHC1, cast): 1756 (ester), 1727 (ketone), and (1989). 

1679 (enone) cm-'; 'H nmr (400 MHz, CDCI,) 6: 6.69 (dq, J  = 18. R. G. Salomon and S. Ghosh. Org. Synth. 62, 125 (1984). 

J~ = H ~ ,  1 ~ ,  3.77 (s, 3H, -oCH3), 3, 17 19. W. F. Berkowitz and S. C. Grenetz. J.  Org. Chem. 41, 10 

(ddd, J  = J '  = 5,  J"  = 1 Hz, IH, -CHCH2CO-), 2.67 (d, J  = (1976). 

5 H ~ ,  2 ~ ,  -CHCH,CO-), 2.50 (d, j = 17 H ~ ,  1 ~ ,  .CHHCO.), 2.29 20. K. Cooper and G. Pattenden. J.  Chem. Soc. Perkin Trans. 1, 

(d, J  = 17 Hz, IH, -CHHCO-), 1.83 (s, J  = 1 Hz, 3H, 799 (1984). 

I -CH=C(CH,)CO-), 1.24 (s, 3 ~ ,  -cH,), and 0.79 (s, 3H, -cH,); 21. J. Froborg and G. Magnusson. J.  Am.  hem. SOC. 100, 6728 
I I3C nmr DEPT (100.6 MHz, CDCI,) 6: 209.0 (s), 196.3 (s), 169.5 (1978). 
i 
I 

(s), 138.8 (d), 136.9 (s), 60.7 (s), 53.7 (t), 53.4 (q), 48.2 (d), 37.6 22. M. Rosenberger, P. Yates3 J.  B. HendricksOnl and W. 

(t), 33.9 (t), 27.6 (q), 23.5 (q), and 16.0 (q); ms, M+: 250.1200 Tetrahedron Lett. 2285 ( 1964). 

! (calcd. for CI4HI8O4: 250.1205). Anal. calcd. for Cl4HI8O4: C 23. J .  de P. Teresa, A. F. MateOs- and R. R. Tetrahe- 

67.17, H 7.25%; found: C 67.04, H 7.16%. dron Lett. 23, 3405 (1982). 
I 24. R .  L. Funk and M. M. Abelman. J. Org. Chem. 51, 3247 
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ZBIGNIEW CZARNOCKI, DENNIS SUH, DAVID B. MACLEAN, PHILIP G. HULTIN, and WALTER A. SZAREK. Can. J.  Chem. 
70, 1555 (1992). 

The 3,4-dihydroisoquinolinium salt 1 and its enantiomer have been converted readily and stereoselectively into (+)- 
and (-)-1,2,3,4-tetrahydro-6,7-dimethoxy-1-methylisoquinoline-l-carboxylic acids. The synthetic route described should 
be applicable to the enantioselective synthesis of a variety of l-alkyl- or 1-aryl-l,2,3,4-tetrahydroisoquinoline-l- 
carboxylic acids. The absolute configuration of the amino acid hydrochloride 11 was established to be as depicted in 
Scheme 2. 

ZBIGNIEW CZARNOCKI, DENNIS SUH, DAVID B. MACLEAN, PHILIP G. HULTIN et WALTER A. SZAREK. Can. J.  Chem. 70, 
I555 (1992). 

Le sel de 3,4-dihydroisoquinolCinium ( I )  et son Cnantiomkre ont pu facilement et stCrCosClectivement Ctre trans- 
formCs en acides (+)- et (-)-I ,2,3,4-tttrahydro-6,7-dimethoxy- I-mCthylisoquinolCine-l-carboxyliques. La voie de synthkse 
dCcrite devrait Ctre applicable 21 la synthkse Cnantioselective d'une variCtC d'acides I-alkyl- ou 1-aryl-1,2,3,4- 
tCtrahydroisoquinolCine-1-carboxyliques. On a pu dCterminC que la configuration absolue du chlorhydrate de l'acide amink 
11 est celle dCcrite dans le schCma 2. 

[Traduit par la rCdaction] 

Tetrahydroisoquinolines in which C-1 is a quaternary urated acids (7). Organic peroxy acids have been used also 
centre have been found in nature, and include a number of to convert imines into a mixture of nitrones and oxaziranes 
cactus alkaloids ( I ) ,  several mammalian alkaloids (2), and (8), and a mixture of hydrogen peroxide and sodium tungs- 
the spirobenzylisoquinoline alkaloids (3). Brossi and co- tate has been used to convert primary arnines into oximes (9). 
workers (4) have prepared enantiomeric l-alkyltetrahy- In our case, the conversion of imine 1 into nitrone 3 pro- 
droisoquinoline-l-carboxylic acids by resolution of racemic ceeded in 87% yield. The nitrone was characterized through 
mixtures. Here we describe an enantioselective synthesis of its spectroscopic properties. 
(+)- and (-)-tetrahydro-6,7-dimethoxy-l-methylisoquino- Alkylation of 3 was accomplished by treatment with a large 
line-l-carboxylic acids; the work is to our knowledge the first excess of methyllithium, a reaction that afforded hydroxyl- 
report of the enantioselective synthesis of this class of com- 
pounds. 

Domyei and Szantay (5) reported the preparation of 1 and 
showed that it undergoes stereoselective reduction with hy- 
drides, or with hydrogen in the presence of a catalyst, to the 
corresponding tetrahydroisoquinoline 2. We employed the 
enantiomer of 2 in the enantioselective synthesis of a num- 
ber of tetrahydroisoquinoline alkaloids having the (S) con- 
figuration at C-1 of the tetrahydroisoquinoline system (6). 
Here we show that 1 and its enantiomer may be converted 
readily and stereoselectively into (+)- and (-)-tetrahydro-6,7- 
dimethoxy- 1 -methylisoquinoline- 1 -carboxylic acids. 

The synthesis of the target amino acids from 1 or its en- 
antiomer requires alkylation at C-1 followed by transfor- 
mation of the three-carbon side chain at C-l into a carboxylic 
acid group. In the first approach to the synthesis we pro- 
ceeded through the nitrone 3 (Scheme 1). A variety of 
methods were investigated for the conversion of 1 into 3. The 
most satisfactory method proved to be an oxidation using 
hydrogen peroxide in the presence of sodium tungstate. This 
procedure was originally used for epoxidation of a,@-unsat- 

' ~ u t h o r s  to whom correspondence may be addressed. 

amine 4 in 40% yield. Addition of methyllithium to the car- 
bon-nitrogen double bond was accompanied by alkylation 
at the ester function to afford a tertiary alcohol. The struc- 
ture of 4 was deduced from its 'H and I3c nmr spectra. The 
I H  nmr spectrum had three singlets corresponding to C-Me 
groups, two singlets attributed to OMe groups, two signals 
attributed to adjacent CHOH groups, two signals corre- 
sponding to aromatic protons, and signals corresponding to 
the four protons associated with C-3 and C-4 of the tetrahy- 
droisoquinoline system. The signals were assigned through 
the use of nuclear Overhauser enhancement (nOe) differ- 
ence spectra and through ' H , ' ~ C  chemical-shift correlation 
experiments. The nOe experiments showed that irradiation 
of the C-Me signal at 6 1.59 enhanced the signals at 6.44 and 
4.25, whereas irradiation of the C-Me signal at 6 1.13 en- 
hanced the signals at 2.95 and 4.25. On this basis the signal 
at 1.59 was assigned to the methyl group at C-1 and that at 
1.13 to one of the two methyl groups at C-3'. It follows that 
the signals at 6 2.95, 4.25, and 6.44 may be assigned to H-2', 
H- 1 ', and H-8, respectively. Using these data and the infor- 
mation derived from the 'H,"c chemical-shift correlation 
experiments it was possible to assign virtually all signals in 
the 'H and "C nmr spectra of 4. 
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The oxidation of 4 with lead tetraacetate afforded an al- 
dehyde in low yield (13%) as an unstable oil that decom- 
posed rapidly at room temperature. Reduction of 4 with 
hydrogen over Adams' catalyst converted it in high yield into 
the secondary amine 5,  a stable compound, which appeared I 

I to be a suitable intermediate for elaboration to the target 
molecule. Thus, an alternative route to 5 was investigated 
in the hope that the compound might be obtained in higher 
overall yield. 

It was found that 1 upon treatment with an excess of 
methyllithium afforded 5 in 80% yield. This procedure pro- 
vided a convenient route to 5 and established that the addi- 
tion of methyllithium to the nitrone and to the imine 
proceeded in the same stereochemical sense; however, it was 
not possible at this stage to establish the configuration at C-1 
of 4 or5 .  

'The signals of the 'H and "C nmr spectra of 5 were as- 
signed in a manner similar to that used for 4 through appli- 
cation of nOe difference spectra and 'H,"c chemical-shift 
correlation experiments. Irradiation of the C-Me signal at 6 
1.55 enhanced the signals at 6 3.01, 4.07, and 6.45 whereas 
irradiation of the C-Me signal at 6 1.08 enhanced the signal 
at 2.98. Also, irradiation at 6 2.55 enhanced the signals at 
6.57 and 3.01. Thus, the nOe experiments enabled the sig- 
nals at 6 1.08, 1.55, 2.55, 2.98, 3.01, 4.07, 6.45, and 6.57 
to be assigned, respectively, to a C-Me at C-3', the C-Me at 
C-l , an H at C-4, H-2', a hydrogen at C-3 or C-4, H-1 ' , H-8, 
and H-5. These data, together with ' H , ' ~ c  chemical-shift 
correlation experiments, enabled us to assign the majority of 
signals in the 'H and "C spectra of 5. With the structure of 
5 secure it now remained to oxidize the side chain at C-1 to 
a carboxylic acid (Scheme 2). 

The oxidation of the side chain was effected with sodium 
periodate. When the starting material had been consumed a 
large excess of sodium borohydride was added to the reac- 
tion mixture in order to reduce the aldehyde formed in the 
oxidation step to a primary alcohol. Upon completion of the 

reduction reaction the alcohol 6 was isolated in 76% yield 
from the reaction mixture. Its spectroscopic properties were 
in agreement with the assigned structure. 

The amino alcohol 6 was converted into its 2-ethoxycar- 
bonyl derivative 7 by treatment of 6 with sodium hydroxide 
and ethyl chloroformate under carefully controlled condi- 
tions in a two-phase system. If the reaction time were ex- 
tended beyond the optimum, compound 7 was slowly 
converted into the 3H-oxazolo[4,3-a]isoquinolin-3-one 8; 
compound 8 was the major product when the reaction pe- 
riod was 2 h. Also, compound 8 was obtained when methyl 
chlorofonnate was substituted for ethyl chlorofonnate, under 
the conditions used to prepare 7. 

The oxidation of the primary alcohol group of 7 was now 
examined. Treatment of 7 with Jones' reagent or with a va- 
riety of other common oxidizing agents afforded the alde- 
hyde 9, which was seemingly impervious to further oxidation. 
Eventually it was found that oxidation to the carboxylic acid 
10 could be effected by treatment of 7 with ruthenium diox- 
ide and sodium periodate (10). Compound 7 was con- 
verted, first, into 9 and then much more slowly into 10. The 
final step in the synthesis, the hydrolysis of the ethoxycar- 
bonyl group, was effected with aqueous ethanolic hydro- 
chloric acid. The overall yield in the five steps from 1 to 11 
was 35%. The spectroscopic properties of compounds 6-11 
were in accord with the assigned structures. 

The absolute configuration of the amino acid 11 was es- 
tablished in the following manner. Brossi and co-workers (4) 
performed a resolution of racemic salsoline-1-carboxylic acid 
(12) in the form of its methyl ester 12a according to the se- 
quence outlined in Scheme 3. The critical step, the separa- 
tion of the diastereomers 13 and 14, was accomplished by 
chromatography. The diastereomerically pure ureas, 13 and 
14, were converted into the hydantoins, 15 and 16, respec- 
tively, and thence into the amino acid hydrochlorides, 17 and 
18. The (+)-enantiomer 17 as its hydrobromide salt was 
shown by X-ray diffraction to have the (S) configuration (4). 
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It follows, therefore, that the ureas, 13 and  14, and  hydan- 
toins, 15 and 16, must have the configurations depicted in 
Scheme 3. 

W e  prepared 13 and 14 by the procedure of Brossi and co- 
workers (4).  Treatment of  each isomer with diazomethane 
afforded the hydantoins, 19 and  20, respectively. In this re- 
action the phenolic hydroxyl group was  0-methylated and,  
surprisingly, the urea underwent cyclization to the hydan- 
toin. Vigorous hydrolysis of the (R,R) isomer 20 yielded 22, 
the (R)-( - )-amino acid hydrochloride. By inference the (+)- 
enantiomer 21 must have the (S) configuration. 

In our  synthesis the (+)-enantiomer was derived f rom 1, 
which o w e s  its chirality to L-(+)-tartaric acid ((R,R)-tar- 
taric acid). It is apparent that the methyl group is added from 
the top face of  the molecule to  the carbon-nitrogen double 
bond.  T h e  stereoselectivity of  the addition reaction may be 
accounted for  if o n e  assumes that the C-I' oxygen and the 
imine nitrogen are  coordinated with lithium in a five-mem- 
bered ring. Under these circumstances the bottom face of the 
molecule is effectively shielded, f rom attack, by C-2' and  
C-3' and their associated groups (see Fig. 1) .  T h e  enan-  
tiomeric amino acid 22 was  obtained through the same re- 

action sequence using D-(-)-tartaric acid ((S,S)-tartaric acid) 
a s  starting material. 

T h e  synthetic route described here should be  applicable 
to the enantioselective synthesis of  a variety of  I-alkyl- o r  
1-aryl-1,2,3,4-tetrahydroisoquinoline-l-carboxylic acids. 
Further application of  the methodology will b e  reported. 

Experimental 
The 'H nmr spectra were recorded on a Bruker AM400 or Bruker 

AM500 spectrometer at 400 or 500 MHz, or a Varian EM390 
spectrometer at 90 MHz; CDCI, was the solvent and tetramethyl- 
silane (TMS) was used as the internal standard, unless otherwise 
stated. Chemical shifts are reported in ppm (6) downfield from the 
signal of TMS. The symbols, s (singlet), d (doublet), t (triplet), q 
(quartet). m (multiplet), and br (broadened), are used to report the 
multiplicity and shape of signals. The "C nmr spectra were re- 
corded at 125.76 MHz on a Bruker AM500 FT spectrometer or at 
100.6 MHz on a Bruker AM400 spectrometer at ambient temper- 
ature. Nuclear Overhauser enhancement (nOe) difference spectra 
were obtained by subtraction of the off-resonance control FID from 
the on-resonance FID. The signal of interest was selectively satu- 
rated for 5.0 s and the decoupler was gated off during acquisition. 
This saturation period also served as the relaxation delay. Either 8 
or 16 scans were acquired for each irradiation with the cycle of ir- 
radiations repeated 4-10 times. Free induction decays were pro- 
cessed using exponential multiplication (line broadening: 4-5 Hz) 
before Fourier transformation. Samples were not degassed. El mass 
spectra were recorded on a VG Micromass 7070F mass spectrom- 
eter at an ionizing voltage of 70 eV or on a VG Analytical ZAB-E 
mass spectrometer, and CI spectra were recorded using NH3 at - I  
Torr (1 Torr = 133.3 Pa) as reagent gas; data are given as m / z  (% 
relative intensity.) The exact masses were determined under El  
conditions for those compounds which gave molecular ions in their 
EI spectra, and under CI conditions using methane as reagent gas 
for those compounds which did not have molecular ions in their El 
spectra. The high-resolution measurements were performed by peak 
matching using perfluorokerosene as a reference standard and at a 
resolution of -4000. 

Melting points were determined using a Gallenkamp or a Fisher- 
Johns apparatus and are uncorrected. Optical rotations were mea- 
sured using a Perkin-Elmer 247MC or 241 polarimeter in a l-mL 
microcell that is 1 dm in length. Flash chromatography was per- 
formed on Kieselgel 60 (230-400 mesh). Preparative high-pres- 
sure liquid chromatography (HPLC) was performed using a Waters 
PrepLC System 500 instrument fitted with a PrepPAK 500 silica 
column. 

The homogeneity of the products was established on the basis 
of chromatographic and spectroscopic ( 'H nmr and mass spectral) 
examination. 

Preparatiotl oj't t~e tzitrot~e 3 
A stirred solution of 1 (5) (7.10 g) in water (25 mL) was cooled 

to O°C in an ice-salt bath and treated first with sodium tungstate 
dihydrate (6.10 g) and then with a saturated aqueous solution of 
sodium hydrogencarbonate (50 mL). To the resulting mixture hy- 
drogen peroxide (30%, 10 mL) was added over a period of 10 min 
and the solution stirred for an additional 30 min. The solution was 
then treated with sodium chloride (10 g) and extracted four times 
with chloroform. The extract was washed with a saturated aqueous 
solution of sodium chloride, dried over sodium sulfate, and taken 
to dryness. The crystalline residue was recrystallized from chlo- 
roform-ether to afford 2 (5.83 g,  87%) as colorless crystals; mp 
178-180°C (dec.); [a]: - 150.24 (c  8.16, CHCI,); v,,,,,(KBr): 1600, 
1615, 1735, 1755 cm- ' ;  'H nmr (90 MHz) 6: 2.96-3.23 (2H, m, 
C-4 H's), 3.76 (3H, s ,  CO,CH,), 3.93 and 3.98 (3H each, s ,  2 X 

ArOCH,), 4.03-4.23 (2H, m, C-3 H's), 4.63 ( l H ,  d,  J = 3.6 Hz, 
H-2'), 5.27 ( I H ,  d ,  J = 3.6 Hz, H-I t ) ,  6.80 and 6.98 (1H each, 
s, H-5 and H-8), the OH protons appear as a broad signal in the 
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M e 0  

MeO%; LiO \ ~ i  

I S = solvent 
I 

FIG. 1. Rationalization of the stereoselectivity of the addition of 
methyllithium to 1 .  

region 3.5-4.5; ms (El): 325 (M+) ( lo) ,  308 ( lo) ,  248 (1 l ) ,  236 
(loo), 219 (82), 204 (14); ms (CI, NH,): 326 (M + H)' (95), 308 
(37), 292 ( lo) ,  276 (15), 220 (100). Exact Mass calcd. for 
C15H19N07: 325.1161; found (hrms): 325.1159. 

Treatmetzt of tutrone 3 with methyllithiutn 
A solution of methyllithium in diethyl ether (1 5 M, 55 inL) was 

added slowly over a period of 20 min to a stlrred solutlon of 3 
(3.00 g) in tetrahydrofuran (100 mL) at -70°C The nllxture was 
stirred at the same temperature for 40 mln, the cool~ng bath re- 
moved, and first methanol (20 mL), and then acetic acid (5 mL), 
were added slowly. The resulting mixture was evaporated to dry- 
ness and a saturated aqueous solution of sodlum chlor~de (30 mL) 
was added to the residue. The mixture was extracted three times 
with 30-mL portions of chloroform, and the extract was washed, 
dried, and evaporated to dryness. Chromatography of the residue 
on silica (Merck, 230-400 mesh) was effected w ~ t h  chloroform- 
methanol (98:2, v/v) to afford 4 as a brown 011 that crystallized 
on standing. Recrystallization from a mixture of chloroforn~ - dl- 
ethyl ether - petroleum ether gave 4 as long needles (40%), mp 
158-160°C (dec.); [a]h5 + 170.9 (c 1.5, CHC1,); 'H nmr 
(500 MHz) 6 1.09 and 1 13 (3H each, s, CH,'s at C-37, 1.59 (3H, 
s,  CH, at C-I) ,  2.62 ( IH,  d, J = 15.0 Hz, H-4,,), 2.95 ( l H ,  s,  H- 
2'), 3 08 and 3.12 (2H, m, H-3,,, H-3,,), 3.15 (1 H, m, H-4,,), 3.75 
and 3.79 (3H each, s,  2 X ArOCH,), 4.25 ( l H ,  s ,  H-1'), 6.43 and 
6 52 ( I H ,  each, s's, H-8 and H-5, resp.), the OH protons appear 
as 3 broad slgnals centered at 3.5 1, 5.35, and 7 SO; I3C nmr (CDCI?) 
6: 17.5 (CH, at C-I) ,  24 9 and 27.4 (CH,'s at C-3'), 29.4 (C-4), 

48.1 (C-3). 55.7 and 59.9 (OCH,), 67.9 (C- I), 74.0 (C-3'), 74.2 
(C-2'), 78.0 (C-1'), 108.6 (C-8), 111.2 (C-5), 126.3 (C-8a), 130.2 
(C-4a), 147.6 and 147.9 (C-6 and C-7); ms (CI, NH,): 342 (M + 
H)' ( l o ) ,  326 (12), 222 (50), 206 (loo), 190 (20). Exact Mass 
calcd. for C17H28N06 (M + H)+: 342.1916; found (hrms): 
342.1913. 

Reduction of hydro,ryla~nine 4 to atnine 5 
A sample of 4 (90 mg) was dissolved in methanol (30 mL) con- 

taining distilled water (10 mL) and acetic acid (4 drops), PtO, cat- 
alyst (20 mg) was added, and the stirred mixture was treated with 
hydrogen at atmospheric pressure for 4 h. The catalyst was re- 
moved, the volatile solvents evaporated, and the residual solution 
was made basic by addition of an aqueous solution of sodium car- 
bonate ( lo%, 10 mL) and then extracted with chloroform (3 x 
15 mL). The extract was washed, dried, and evaporated to afford 
a residue that was purified by chromatography on silica (230-400 
mesh). Residual starting material was eluted using chloroform- 
methanol (98 : 2, v/v) and the product 5 using chloroform-meth- 
an01 (4: 1, v/v). Compound 5 was obtained as a colorless oil 
(71 mg, 83%); [a]? + 8  1.9 (c 2.83, CHCI,). (See below for spec- 
troscopic data.) 

Preparatiot~ of 5 by trentmet1t of 1 n~ith methyllithium 
A suspension of 1 (4.50 g) in dry 1,2-dimethoxyethane 

(150 mL) at -10 to -5°C was treated with methyllithium in di- 
ethyl ether (1.5 M,  90 mL) over a period of 30 min under a nitro- 
gen atmosphere. The mixture was stirred at the same temperature 
for 3 h and then treated with methanol (30 mL) to destroy the ex- 
cess of reagent. The volatile solvents were removed by evapora- 
tion, water (45 mL) was added to the residue, and the mixture was 
extracted with chloroform (5 X 30 mL). The extract was washed, 
dried, and evaporated to afford a residue that was chromato- 
graphed on silica (70-230 mesh) using chloroform-methanol (98 : 2, 
V/V) to remove nonpolar impurities. Further elution using chlo- 
roform-methanol (4: 1, v/v) gave 5 as a brownish oil (3.37 g,  
80%); [a]k5 +80.5 ? 2  ( c  2.30, CHC1,) (the rotation was difficult 
to measure because of the dark solution); 'H nmr (500 MHz) 6: 1.08 
and 1.18 (3H each, s's, C-CH3's at C-37, 1.55 (3H, s,  CH, at C- I), 
2.55 ( lH,  m, H-4,,), 2.98 ( lH,  s,  H-2'), 2.99 (IH,  m, H-44 ,  3.01 
and 3.10 (2H, m, H-3's), 3.77 and 3.82 (3H each, s's, 2 X OCHj), 
4.07 ( IH,  s. H-1'), 6.45 and 6.57 (1H each, s's, H-8 and H-5, 
resp.), OH and NH signals appear as a broad singlet at 4.50; "C 
nmr (CDCI,) 6: 24.1 and 27.6 (CH,'s at C-3'), 25.7 (CH, at C- l ) ,  
29.8 (C-4), 37.9 (C-3), 59.7 (C-I), 74.0 (C-3'), 74.6 (C-2'), 75.5 
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(~)-1,2,3,4-Tetrahydr0-6-h)~droxy-7-metI1o~~y-l- 
rnethoxycnrborzyl-1-methylisoquinoline (12a) 

(3-Hydroxy-4-methoxyphenyl)ethylamine hydrochloride (1.905 
g, 9.35 mmol) was dissolved in aqueous ammonia (2.9 mL). Dis- 
tilled pyruvic acid (1.24 g, 14 mmol) was added cautiously, with 
cooling to control the vigorous exothermic reaction. The pH of the 
solution was adjusted to 7 with concentrated hydrochloric acid, and 
the reaction mixture was stirred at 32°C for 18 h. The precipitated 
product was isolated by filtration, and was dried under vacuum at 
50°C to afford the racemic amino acid 12 as pale yellow crystals 
(1.99 g ,  89%). An analytical sample was obtained by recrystalli- 
zation from water to afford white needles; mp 260°C (dec.) (lit. (1 1) 
mp 254°C (dec.)); 'H nmr (400 MHz, D 2 0 ,  K2CO3, sodium 3-(tri- 
methylsily1)-1-propanesulfonate as internal standard) 6: 1.46 (3H, 
s ,  CH, at C- 1). 2.51-2.68 (3H, m, H-4 and H-47, 2.97 (2H, rn, 
H-3 and H-37, 3.65 (3H, s ,  OCH,), 6.32 ( I  H, s ,  H-5), 6.80 (I H, 
S,  H-8). 

Acid 12 was immediately esterified (see ref. 4).  A suspension 
of the acid (1.99 g, 8.39 mmol) in dry methanol (20 mL) was cooled 
in an ice bath while thionyl chloride (4 niL, 50  mrnol) was slowly 
added. During the addition, the suspension cleared, and then be- 
came turbid again. The cooling was terminated, and the mixture 
was stirred at reflux temperature for 5 h and then at 20°C over- 
night. TLC (I-butanol-water - acetic acid (4: 1 : 1, v/v)) indi- 
cated that the reaction was incomplete; accordingly, the reaction 
mixture was heated at reflux temperature for an additional 1.5 h. 
The mixture was cooled, quenched with a saturated aqueous so- 
lution of sodium hydrogen carbonate (20 mL), and extracted with 
chloroform. The extract was dried over anhydrous magnesium 
sulfate and concentrated to give a solid. Recrystallization from di- 
chloromethane-hexanes gave the ester 12n (1.16 g, 55%); mp 154- 
156°C (lit. (4) mp 156-157°C); 'H nmr (400 MHz) 6: 1.62 (3H, s ,  
CHI at C- 1), 2.50-2.61 ( IH,  m, H-4), 2.68-2.80 (1 H, m, H-4'), 
3.00-3.09 (2H, m, H-3 and H-3'). 3.70 (3H, s,  ester OCH,), 3.85 
(3H, s,  ether OCH,), 6.60 (1 H, s,  H-5), 6.87 (1 H, s,  H-8). 

Acidification of the aqueous layer, concentration to dryness, and 
extraction of the solid residue with methanol allowed recovery of 
racemic 12 as its hydrochloride salt (0.522 g, 1.9 mmol). Taking 
this into account, the yield of 12~2 was 7 1 %. 

( I S ) - l , 2 , 3 , 4 - T e t r n h y d r o - 6 - h ) ~ ~ I r o , ~ ~ ~ - 7 - ~ - 1 -  
1netlzo.~ycnrborz)~I-l-1neth~l-2- [{(R)-1- 
phenylethyl}carbnmo)~1~is~~qi~inolirie (13) arirl its (ZR) 
cliaster-eorner (14) 

The ester 12a (1.159 g, 4 .6 1 mmol) was dissolved in dry chlo- 
roform (20 mL). The solution was cooled to O°C, and (R)-(+)-a- 
methylbenzyl isocyanate (730 pL, 5.08 rnmol) was added dropwise 
(see ref. 4). The reaction was allowed to proceed at 0°C for 2 h and 
then the mixture was warmed to 20°C. Removal of solvent af- 
forded a residue that solidified on standing under vacuum. The crude 
mixture of diastereomers (2.13 g) was resolved by preparative 
HPLC on silica using hexanes - ethyl acetate (3: 1, v/v) as eluant. 
The product fractions (500 mL) were identified by TLC; the plates 
were developed 6 times (hexanes - ethyl acetate (3: 1, v/v)) in or- 
der to separate the two diastereomers. The less-polar diastereomer 
13 (757 mg, 41%) was obtained as a glassy foam, and the more- 
polar isomer 14 (702 mg, 38%) as crystals. Compound 13: [a];; 
+61.9 (c  1.7, CHCI,) (lit. (4) [a]? +56.1 ( c  1.5, CHCI,)). Ac- 
cording to ref, 4 compound 13 has the (S,R) configuration; 'H nmr 
(400 MHz) 6: 1.46 (3H, d, J = 7.0 Hz, CHCH,), 1.77 (3H, s ,  CH, 
at C-1), 2.75 ( l H ,  ddd, J, :,,,,,, = 5.0 Hz, J3eq,,cq = 6.0 HZ, JS ,.,,l = 

- 15.0 Hz, H-4,,), 2.90 ( IH,  ddd, J ,,,,,~,, = 4.5 Hz, J ,,,,,;,, - 
8.0 Hz, J ,q,.,,, = 15.0 Hz, H-4,,,), 3.39 (3H, s ,  ester OCH,), 3.42- 
3.36 ( I H ,  m, H-3;,,), 3.56 ( l H ,  ddd, J,,,.,,, = 4.5 Hz, J, ,,,, ,,,, = 
6.0 Hz, J ,y,.,,, = 12.0 Hz, H-3,,), 3.78 (3H, s,  ether OCH,). 4 .73 
( l H , d , J  = 7 . 0 H z , N H ) , 4 . 9 8 ( l H , d q ,  J,,,.,, = 7,.0Hz, J,,,.,,, = 
7.0 Hz, benzylic H), 5.63 ( I  H! s ,  OH), 6.65 (IH. s, H-5 or H-8), 
6.69 ( I H ,  s ,  H-5 or H-8), 7.17-7.34 (5H, m, phenyl H's). Com- 
pound 14: mp 138-140°C; [a ]?  -36.5 (c 1.2, CHCI,) (lit.(4) mp 
139-140°C; [a]: -34.3 (c 1.2, CHCI,)). According to ref. 4 
con~pound 14 has the (R,R) configuration; ' H  nmr (400 MHz) 6: 

1.47 (3H, d, J = 7.0 Hz, CHCH,), 1.74 (3H, s, CH, at C-I), 2.78 
( I H ,  ddd, J,,,,,,, = 3.5 HZ, J 3  ,,, ,,, = 5.5 HZ. J,v,.,,, 15.5 HZ, 
H-4,,), 2.93 ( IH,  ddd, J3,,.,,, = 4.0 HZ, J,,,.,,, = 9.0 HZ, J ,,,,, = 

- 15.5 HZ, H-4,,), 3.32 ( I  H, ddd, J, ;,,, ,,, = 3.5 HZ, J3 :,,, ,,, - 
9.0 Hz, J ,,.,,, = 12.0 Hz, H-3,,), 3.62 (3H, s,  ester OCH,), 3.66- 
3.53 ( I H ,  In, H-3,,,), 3.80 (3H, s ,  ether OCH,), 4.69 ( I H ,  d, 

J t o h c n l y ~ i c t l  = 7.2 Hz, NH), 5 .03 ( IH,  dq, J,,.,, = 7.2 Hz, Jt, .I,, = 
7.0 Hz, benzylic H), 5.60 ( I  H, s,  OH), 6.66 (I H, s,  H-5 or H-8), 
6.72 (I  H, s,  H-5 or H-8), 7.20-7.40 (5H, m, phenyl H's). 

(IObS)-6,I0b-Dihy~lro-8,Y-climethoxy-l0b-niethyI-2-[(R)-l- 
pher~~le~/i~l]-5H-imidci~o[4,3-a]isor/ltinolir1e-l(2H),3(4H)- 
rliorie (19) 

The less-polar phenol 13 (620 mg, 1.56 mmol) was dissolved in 
methanol (5 mL), and the solution was cooled to O°C. A solution 
of  diazomethane in ether (-10 mmol) was added gradually. The 
cooling was terminated, and the reaction mixture was stirred for 
16 h at 23°C. The excess of diazomethane was evaporated under a 
stream of nitrogen, and the remaining solvent was evaporated. The 
resulting semi-solid was triturated with ether to afford 19 as white 
crystals (518 mg, 87%); mp 127-130°C; [a]? + 112.9 (c 1.15, 
CHCI,); ' H  nnir (400 MHz) 6: 1.61 (3H, s, CH, at C-lob), 1.77 
(3H, d, Jlo ,,,,,I,, 1, = 7.3 HZ, CHCH,), 2.59 ( IH,  dd, J5;!r.6~'~ = 
4.0 Hz, J ,v,.,,, = 16.3 Hz, H-6,,,), 2.95 ( l H ,  ddd, Jj ,,,, ,;,, = 6 . 0  Hz, 
J,,,, ,,, = 12.7 HZ, J ,,,,, = 16.3 Hz, H-6,,), 3.17 ( l H ,  ddd, 
Jjax.6cq = 4.0 HZ, JS;,x.~:nx = 12.7 Hz, J ,,.,,, = 13.3 Hz, H-5;,,), 3.85 
(3H, s ,  OCH, at C-9), 3.90 (3H, s ,  OCH, at C-8), 4.31 ( IH,  dd, 
J S e q , G . i , = 6 . 0 H ~ , J  So,, = 1 3 . 3 H ~ , H - 5 , , , ) , 5 . 3 3 ( 1 H , q , J = 7 . 3 H Z ,  
CHCH,), 6.56 ( l H ,  s ,  H-10). 7.24 ( 1  H, s ,  H-7), 7.22-7.46 (5H, 
tri-phenyl H's); ',c nmr (100.6 MHz, CDCl,) 6: 17.2(CHCH3), 26.4 
(CH, at C-lob), 27.5 (C-6), 35.4 (C-5), 50.5 (CHCH,), 55.8 
(OCH,), 56.0 (OCH,), 60.8 (C-lob), 108.6 (C-7), 11 1.3 (C-lo), 
124.8 (C-lOa), 125.8 (C-6a), 127.0 (0-phenyl C's), 127.5 (p-phenyl 
C), 128.4 (rn-phenyl C's), 140.1 (phenyl quaternary C), 147.9 (C- 
8 or C-9), 148.6 (C-8 or C-9), 155.6 (C-3), 175.0 (C-I). Exact 
Mass calcd. for C,2H2,NI0,: 380.1737; Pound (hrms): 380.1733. 

(1ObR)-6,106-Dihyrlro-8. Y-rlirnetho,r)'-10b-methyl-2-[(R)-l - 
pIier1yletkyl]-5H-i~nid~1zo[4,3-a]isoqitiriolit~e-I(2H),3(4H)- 
diorie (20) 

The more-polar phenol 14 (640 mg, 1.61 mmol) was treated with 
diazornethane as described above. Trituration and filtration pro- 
vided white crystals of 20 (612 mg, -100%). A sample was re- 
crystallized from diisopropyl ether to afford colorless needles; 
mp 132°C; [a]? -72.9 (c 1.29, CHCI,); v,,,,,(KBr): 1760 (m), 1700 
( s ) ,  1605. 1512, 1400, 1250cm-';  'H nmr(400 MHz) 6: 1.67 (3H, 
s, CH, at C-lob), 1.80 (3H, d ,  J = 7.3 Hz, CHCH,), 2.61 (1 H, 
dd, J5 :,,, ,,, = 4.0 Hz, J ,v,.,,, = 16.5 Hz, H-6,,,), 2.98 ( lH,  ddd, 
J s ~ ~ , . ( , : , ~  = 6.0 HZ, J53x,0;,, = 12.0 HZ, Js '.,,, = 16.5 Hz, H-6,,,), 3 .  16 
( l H ,  ddd, J, ;,,. ,,, = 4 . 0  Hz, J5 6:,x = 12.0 HZ, Jgr,), = 13.5 Hz, 
H-5,,), 3.85 (3H, s ,  OCH, at C-9), 3.91 (3H, s, OCH, at C-8), 4.28 
( IH,  dd, J, ,,,, ,,,, = 6 . 0  Hz, J, v,.,,, = 13.5 Hz, H - 5 4 ,  5.36 (IH,  q, 
J = 7.3 Hz, CHCH,), 6.57 (1 H, s, H-lo), 7.25 ( l H ,  s,  H-7), 7.23- 
7.46 (5H, rn-phenyl H's); "C nmr (100 MHz, CDC1,) 6: 17.3 
(CHCH,), 26.4 (CH, at C-lob), 27.4 (C-6), 35.3 (C-51, 50.3, 
(CHCH,), 55.8 (OCH,), 56.0 (OCH,), 61.1 (C-lob), 108.6 (C-71, 
1 1  1.3 (C-lo), 124.9 (C-lOa), 125.8 (C-6a), 127.0 (0-phenyl C's), 
127.6 (17-phenyl C),  128.4 (rn-phenyl C's) 140.0 (phenyl quater- 
nary C), 147.8 (C-8 or C-9), 148.6 (C-8 or C-9), 155.5 (C-3), 175.3 
(C-I). Exact Mass calcd. for C12H2,N20,: 380.1737; found (hrms): 
380.1744. 

(R)- 1.2,3,4-Tetrnhyclro-6,7-clirr1etho,~y- I -ttlethylisocl~titiolit~e-1- 
carbo.-\.lic acid A~clr.or~hloride (22) 

The (R,R)-hydantoin 20 (350 mg. 0.92 mmol) was dissolved in 
methyl cellosolve (3.5 mL). An aqueous 20% sodium hydroxide 
solution (3 rnL) was added, and the mixture was heated at reflux 
temperature for 3.5 h. The reaction mixture was cooled and aci- 
dified to pH 2 with concentrated hydrochloric acid. The mixture 
was filtered, the filtrate concentrated. and the residue taken up in 
2-propanol. The mixture was filtered and the filtrate was concen- 
trated to dryness. The residue was fractionated by column chro- 
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matography (I-butanol - acetic acid - methanol (5: 1 : 1, v/v)). 
Compound 22 was obtained as white crystals (78 mg, 31%) that 
were recrystallized from methanol - isopropyl ether; mp 255-262°C 
(dec.); [a12 -56.3 (c  1.2, HzO). The ' H  nmr spectrum 
(400 MHz, DzO) was identical with that obtained for compound 11. 
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F. GREIN and P. DESLONGCHAMPS. Can. J.  Chem. 70, 1562 (1992). 
Geometry optimizations at the 6-31G"" level were performed on various conformers of XH,,,CH,YH,, and XH,,,- 

cH,YH,,+,+ (protonated), with X, Y = N, 0. The resulting anomeric stabilization energies were decomposed into steric, 
electrostatic (lone pair - lone pair, lone pair - hydrogen), and electronic contributions. Using approximate values for 
steric and electrostatic terms, the electronic energy was determined to be about -2 kcal/mol for the anomeric effect to 
arise from 0 ,  and -2.5 kcal/mol if it arises from N. For protonated systems, an additional energy term for the reverse 
anomeric effect had to be added, having a value of -4 kcal/mol for 0 in OH-CH,-NH3+ and -5 kcal/mol for N in NH2- 
CH,-NH,+. The anomeric effect due to N drives NH2-CH,-OH2+ to a charge-dipole complex of the type 
NH,=CH,+. . .OH,. The energy parameters obtained have been applied to predict relative stabilities of various con- 
formers of methanetriol, aminomethanediol, and protonated methanetriol, with good success. 

F. GREIN et P. DESLONGCHAMPS. Can. J. Chem. 70, 1562 (1992). 
On a effectuC des optimisations de gComCtries, au niveau 6-31G'M,pour divers conformitres de XH,,,CH,YH,, et 

XH,,,CH,YH,,+,+ (protonCs) dans lesquels, X,  Y = N, 0 .  Les Cnergies de stabilisation anomCriques qui en rCsultent ont 
CtC dCcomposCes en contributions stCriques, Clectrostatiques (paire libre/paire libre, paire librelhydrogitne) et Clectroniques. 
Utilisant des valeurs approximatives pour les termes stCriques et ~ l e c t r o ~ t a t i ~ u e s ,  on a dCterminC que-l'~nergie Clectronique 
de l'effet anomkrique est d'environ -2,O kcal/mol s'il est dCi a l'oxygitne et d'environ -2,5 kcal/mol s'il est dfi 21 l'azote. 
Pour les systkmes protonCs, on a dfi ajouter un terme additionnel d'knergie pour I'effet anomCrique inverse; sa valeur 
est de -4 kcal/mol pour 0 dans HO-CH,-NH3+ et de -5 kcal/mol pour N dans NH2-CH,-NH3+. L'effet anomCrique 
dC au N force le NH,-CH,-OH,+ vers un complexe de charge dipolaire du type NH,=CH,+. . .OH,. On a appliquC les 
paramktres d'Cnergie obtenus pour prCdire avec succks les stabilitCs relatives de divers conformkres du methanetriol, de 
1'aminomCthanediol et du mkthanetriol protonC. 

[Traduit par la rCdaction] 

Introduction fect is found to result mainly from XCH,O interference in- 

A vast amount of literature, both experimental and theo- 
retical, has appeared on the anomeric effect. Suitable re- 
views can be found in the books by Deslongchamps ( I )  and 
Kirby ( 2 ) ,  and in the review article by ~ o r e n s t e i ~ ( 3 ) .  

It has been known for a long time that quantum chemical 
calculations are quite capable of reproducing the experi- 
mental findings on stabilization energies and geometry 
changes (4). Many theoretical studies have been performed 
on large systems, of immediate interest to the organic - - 

chemist, as well as on small model systems such as simple 
acetals and simple esters. The ease and speed of computa- 
tions on small systems allows for systematic investigations 
into the nature of the anomeric effect. 

In this paper, a model will be presented for decomposing 
the anomeric stabilization energy as obtained from ab initio 
calculations into components based upon familiar terms like 
steric, electrostatic, and electronic energies. 

In the literature, several energy decomposition schemes 
have appeared. Smits et al. ( 5 )  considered anti and gauche 
conformers of systems XH,,,CH,OH, with X = F, 0 ,  N, C. 
Using localized nonorthogonal molecular orbitals (MO), they 
write the one-electron density as a sum of quasi-classical, 
interference, and charge-transfer terms, and decompose the 
energy correspondingly. In this scheme, the anomeric ef- 

teractions, in particular from a weakening of the destructive 
CX-CO interference as the electronegativity of X increases. 

Reed and Schleyer (6, 7) used the concept of natural bond 
orbitals (NBO) for an analysis of the energy stabilization as 
well as geometry changes. By checking the occupancy of the 
n and a *  localized orbitals, the significance of n + a *  neg- 
ative hyperconjugation to the anomeric stabilization can be 
checked. Furthermore, by deleting in the Fock matrix the 
matrix element corresponding to n + a* ,  the calculated in- 
crease in energy can be taken as a measure of the energetic 
stabilization due to the n + a *  interaction. A detailed study 
of FSNH, with NBO's shows that the n, + as,* hypercon- 
jugation can account for the very strong anomeric effect in 
this system, as well as in others. 

Wiberg and Murcko (8) estimated for 0CH3-CH2-OCH3 
(DMM) a quantity corresponding to the lone pair - lone pair 
(lp) repulsion (notation of this paper) to be 1.4 kcal/mol, by 
calculating energy differences between corresponding con- 
formers of methyl propyl ether. From this, the anomeric 
stabilization energy of DMM, corrected for lp-lp repul- 
sions, is calculated to be 4.7 kcal/mol. 

Energy decomposition schemes can be developed in two 
ways. Either highly accurate energy terms (depending on the 
model) are obtained for one particular system, or average 
parameters are developed that fit a class of systems. In the 
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TABLE I .  Energy differences AE in kcal/mol for neutral systems, relative to most stable conformer, obtained by 6-3 lG*:" 
geometry optimizations 

XH,,,-CH2-YH,, OH-CH2-OH OH-CH?-OCH, OCH,-CH2-0CH3 NH2-CH?-NH2 NH2-CH2-OH 

16 when only the 180" component of the energy is consid- 
ered. (The 90" component V,, corresponding to the elec- 
tronic part of the anomeric energy, and the 60" component 
V,, corresponding to the repulsion between the rotating H 
with the three bonds on C, have been separated out). For the 
s-OH-CH,-OH system, V, = 3.82 kcal/mol (1 5). Starting 
from structure l b ,  in the first case the 180" rotation results 
in two lp-lp repulsions (la),  being 4.69 kcal/mol less sta- 
ble than l b ,  whereas in the second case the rotation results 
in in-plane H-H repulsion, being 3.82 kcal/mol less stable 
than 16. These data show that the lp-lp and H-H repul- 
sions are of similar magnitude. Therefore, the assumption r 
= I = I kcal/mol will be made, such that 1 + r 2 kcal/ 
mol as required. 

In the following, the electronic component of the ano- 
meric stabilization energy will be deduced for the systems 
investigated. In all cases, the above values of the parame- 
ters for steric and electrostatic effects will be retained. It is 
not the purpose of this work to optimize the values of the 
energy parameters for each individual system, but to allow 
for enough flexibility such that the energy decomposition 
model has predictive qualities. 

4. Results and energy analysis for neutral systems 
In Table 1 ,  the calculated (6-3 lG**) energy differences 

are given for the neutral systems XH,,,-CH,-YH,,, with X, Y 
= 0 ,  N. The various conformers, designated by the nota- 
tion 0 ae, 1 ae, and 2 ae, are shown in Fig. 1. In Table 2 ,  
the optimized CO and CN distances are given. Using MP2/ 
6-3 1G** geometry optimizations on OH-CH,-OH, the AE 
values are (in kcal/mol) 9.19 for 0 ae, 4.48 for 1 ae, and 0 
for 2 ae, while the CO distances are (in A) 1.402 for 0 ae, 
1.391 and 1.415 for 1 ae, and 1.406 for 2 ae. For the pur- 

pose of the general energy model to be applied here, the 
differences in AE between MP2 and RHF optimizations are 
of little significance. Bond distances generally increase when 
electron correlation is added to RHF wavefunctions that have 
polarization functions in the basis set. 

Table 1 shows that for all neutral systems the most stable 
conformer is 2 ae (AE = 0), while 0 ae is the least stable, as 
one would expect. However, there are large differences in 
AE (0 ae). While AE(0 ae) is about 8 ,  7 ,  and 5 kcal/mol, 
for systems with OH or OCH,, it is only 0.82 kcal/mol for 
NH2-CH,-NH,. It will be shown that such huge differences 
in the 0 ae energies can be explained by steric and electro- 
static effects, while the electronic components for anomeric 
stabilization are virtually the same in all cases. In Table 3, 
the energy analysis for the neutral systems is presented. For 
OH-CH,-OH, the 0 ae conformer has 2 lone pair repulsions 
(21), whereas 2 ae has 2 hydrogen bonds (2h) in addition to 
2e from the two anomeric effects. Using 1 = 1 and h = 

- 1 kcal/mol, one obtains e = -2 kcal/mol. On the other 
hand, for NH,-CHI-NH,, the 0 ae conformer has 2h, whereas 
2 ae has 2eN + 21.. Using I = I .  = -I1 = 1 kcal/mol leads to 
eN = -2.5 kcal/mol. In the process of going to the favor- 
able conforination 2 ae, the electrostatic effects destabilize 
whereas the electronic effects stabilize the molecule. In bal- 
ance, there is only a small energy gain of 0.82 kcal/mol be- 
tween 0 ae and 2 ae. 

For the mixed system NH,-CHI-OH, the previously ob- 
tained energy parameters, with eo = -2 and eN = -2.5 kcal/ 
mol, predict the calculated energy differences within 
0.5 kcal/mol. This is the first successful test of the model. 

Tables 1 and 3 also contain results for the methoxy com- 
pounds OH-CHI-OCH1 and OCH,-CH,-OCH,. Whereas the 
1,3-diaxial H-lp interaction was energy lowering (h = 
- 1 kcal/mol), a corresponding CH,-lp 1,3-diaxial inter- 
action is not expected to be. Therefore, in comparison with 
the OH compounds, the parameter h is omitted from the en- 
ergy formula for OCH,. This explains nicely why the 0 ae 
energy drops from 8.35 to 6.78 to 5.30 kcal/mol as one 
moves across the top of Table 1 from the hydroxyl to the 
methoxy compounds. It also provides justification, as men- 
tioned earlier, for the introduction of the energy parameter 
h, with an approximate value of - 1 kcal/mol. 

For neutral systems, the energy decomposition model gave 
values for the electronic parameter of -2 kcal/mol for OX- 
ygen, and -2.5 kcal/mol for nitrogen. 

5. Results and energy analysis for protonated systems 
In Tables 4 and 5 ,  AE values and optimized bond dis- 

tances are given for the various conformers of the proton- 
ated systems, as shown in Fig. 2. For the protonated systems 
XH,,,-CHI-YH,,, ,+, geometry optimizations often lead to 
unusual structures, mostly caused by the desire of the sys- 
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GREIN AND DESLONGCHAMPS 

FIG. 1 .  Conformers of OH-CH2-OH, NH2-CHI-NH2, and NH2-CH2-OH, corresponding to 0, 1 ,  and 2 anomeric effects. See text for 
details. 

TABLE 2. Optimized C-X and C-Y (X, Y = N, 0) bond distances in A for neutral systems. Basis set 6-31G:%* 

XH,,,-CH2-YH,, OH-CH?-OH OH-CH2-OCH, 0CH3-CH2-OCH, NH2-CH2-NH2 NH2-CH2-OH 

XHm-CH2-YHn I 1 ae (X) 

tem to move towards a charge-dipole complex, but unable 
to do so due to fixed dihedral angles for one XH,,, and one 
YH,,,, hydrogen, as are required for defining the confor- 
mation. The resulting energies also reflect unusual stabili- 
zation~, and are not suitable for an energy analysis. 
Therefore, the results of Tables 4 and 5 were obtained for a 
"restricted series" of optimizations, where the dihedral an- 
gles of all XH,,, and YH,,,, hydrogens have been frozen at 0 
or 2 120°, according to the diagrams in Fig. 2. 

Table 4 shows that for the systems OH-CH2-OH,+ and 
NH,-CH2-OH2+, the 2 ae conformer is no longer the most 
stable one. Similarly, for NH,-CHI-NH,+ and OH-CH2- 
NH,', unexpected situations occur. They will be discussed 

OH-CHZ-OH 

NHz-CH2-NH2 

NH2-CH2-OH 

1 ae (Y) I 2 ae 

are retained at the values 1 and - 1 kcal/mol, as before. Also, 
the electronic energy component e will be given the same 
values as before, -2 kcal/mol for anomeric stabilization due 
to a lone pair on 0 ,  and -2.5 kcal/mol due to a lone pair 
on N, except in the case of complex stabilization. Lone pairs 
on 0' (these are only formal charges, and do not imply ac- 
tual positive partial charges on 0) are expected to be weaker, 
and the electronic parameter eoj will be determined by 
comparison with the ab initio energies. 

Table 5 shows that two conformers of NH,-CH2-OH2+, 1 
ae(N) and 2 ae, optimized to charge-dipole complexes, with 
CO bonds of 2.381 A, and associated large stabilization 
energies ( 13 to 15 kcal/mol relative to 0 ae). 

H 

~ l \  x . 
N O *. / :;-> 4 3 

Hz H3 

in the light of the energy decomposition scheme. The energy decomposition scheme is given in Table 6. A 
For the energy analysis of the protonated systems, the choice of 0 for e,+ of OH-CH~-OH,+ gives AE values close 

parameters r, I ,  and h will be used again. For a start, they to the ab initio values for this system, with a maximum de- 

i 
H I 

, 
' 0  0 

4 :,:;> 4 T-. -. .' 

H x /H3 H' \ 
N N. 

4  ::;; 4 % 
Hz H4 

H p 
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H' \ 
N 0 

4 :2; 4 ?a. ..: 
Hz 

..*+ 
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0 
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TABLE 3. Energy decomposition for neutral systems. Energy parameters are I -  for H-H repulsion, 1 for Ip-lp repul- 
sion, h for internal hydrogen bonding, and e for electronic energy stabilization due to the anomeric effect. Given is the 
energy formula (first line), the values for the energy parameters (second line), and the relative energies AE according 

to this model, with the ab irzitio values of Table 1 in parentheses (third line). All energies in kcal/mol 

OH-CH2-OH OH-CH2-0CH3 0CH3-CH2-OCH, NH2-CH2-NH2 NH2-CH2-OH 

21 21 21 2h h + l  
0 ae 2 2 2 -2 -1 + 1 

8(8.35) 7(6.78) 6(5.30) l(0.82) 4.5(5.06) 

TABLE 4. Energy differences AE in kcal/mol for protonated sys- 
tems, obtained by 6-31G** geometry optimizations. Restricted 

series (see text) 

XH,,,-CH*-Y H,,+ OH-CH2-OH2+ NH2-CH2-OH2+ 

TABLE 6.  Energy decomposition for protonated systems. Energy 
parameters and format of table same as in Table 3. Parameter ZJ for 

reverse anomeric effect 

XH,,,-CH2-Y H,,+ OH-CH2-OH2+ N H ~ - C H ~ - O H ~ +  

0 ae 
1 ae 
Inverted 

TABLE 5. CX and CY distances (in I\) for protonated systems. Basis 
set 6-3 1 G**. Restricted series 

XH,,,-CH~-Y H,,+ OH-CH2-OH2+ NH2-CH2-OH2+ 

0 ae 1.424/1.513 1.365/1.501 
I ae 1.401/1.561 1.350/ 1.534 
Inverted 1.427/1.513 

ZIN + h 
Inverted -5 - 1  

-5.5(-5.62) 

viation of 0 .8  kcal/mol. For NH,-CH,-OH2+ a charge-di- 
pole complex is obtained whenever the lone pair on N is app 
to CO.  Therefore, the parameter eN has to be reevaluated. 
Using e,+ = 0 ,  eN is found to be - 15 kcal/mol, reflecting 
the large complex destabilization. Omitting in the formula h 
+ r for 1 ae(X) and 2 r  for 2 ae,  due to the large C O  dis- 

tance in NH2-CH,-OH2+, changes the prediction for 2 ae to 
0 kcal/mol from 2.  

A special situation is encountered for NH,-cH,-NH~+. 
When optimizing the 1 ae conformer, starting with dihedral 
angles of 2120" for the NH, hydrogens (relative to 
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GREIN AND DESLONGCHAMPS 

FIG. 2. Conformers of OH-CH2-OH2+, NH2-CH2-NH3+, OH-CH2-NH3+, and NH2-CH,-OH2+, corresponding to 0, 1, and 2 anomeric 
effects. See text for details. 

Z-C-N, structure 4a), the NH, group inverts, leading to 
structure 4b, which is 5.62 kcal/mol more stable than 4a. 
Situations where the expected anomeric stabilization does not 
take place, and another conformer is more stable, have been 
referred to as the "reverse anomeric effect" (rae). Lemieux 
and Morgan (16) and Lemieux (17), who introduced the term 
reverse anomeric effect, discovered that in certain pyridin- 
ium glycosides the pyridinium group acquired equatorial 
rather than the expected axial position, contrary to the pre- 
dictions for the anomeric effect. They attributed this excep- 
tional behavior to destabilizing electrostatic effects arising 
from a positively charged atom (usually N) in axial orien- 
tation at the anomeric center. In the spirit of the present 
model, one may attribute the increased stability of 4b over 
4a to the proximity of the lone pair on N to the positive 
charge on NH,', which supersedes the stabilization due to 
the antiperiplanar lone pair. It is known that a-pyridinium 
glycosides prefer to exist in the twist-boat rather than the chair 
conformation. Using our model, this unexpected behavior, 
referred to as the reverse anomeric effect, is simply ration- 
alized by the fact that there is maximum electrostatic attrac- 
tion between the ring oxygen lone pairs and the equatorially 
oriented pyridinium group when the tetrahydropyranyl ring 
adopts the twist-boat conformation. 

For the energy analysis, a new parameter v is required (11 

for reverse ae). For NH,-CH,-NH,', AE betwen 0 ae and 1 

1 ae (Y) I 2 ae XH,-CH2-YH,,, 

i 

ae is well explained with e N  = -2.5 kcal/mol. For the in- 
verted structure, however, a value of vN = -5 kcal/mol is 
needed to fit the ab  initio energies. 

The system OH-CH,-NH,' is clearly in favor of the re- 
verse ae, having 0 ae more stable than 1 ae. Retaining eo as 
-2 kcal/mol leads to vo = -4 kcal/mol, again showing that 
the rae stabilization exceeds the ae stabilization by a signif- 
icant amount. 

Obviously, it will be interesting to investigate changes in 
bond distances and atomic charges due to the reverse ano- 
meric effect. Such items, however, exceed the scope of the 
present paper, which deals exclusively with the energy 
model, and will be referred to future publications. 

1 ae (X) 

6. Application of energy decomposition model to 
methanetriol and aminomethanediol 

Figure 3 shows optimized C-0 distances for six of the 
seven conformers of methanetriol that can be formed by 
having a lone pair or hydrogen of one OH group antiperi- 
planar to one of the other C-0 bonds. In the triangular 
diagrams (see structure 5 as example) a lobe on O,, lined up 
with the line 0,-On, indicates that a lone pair on 0, is an- 
tipenplanar to 0,. A short line on O,, lined up with 0,-Oc, 
would indicate a hydrogen on 0, being antiperiplanar to C- 
Oc. The second lone pair on 0, is shown pointing to the in- 
side of the triangle, towards C. For this lone pair, 0-lp is 

O H - C H ~ - O H ~ +  

NH2-cH2-NH3+ 

O H - C H ~ - N H ~ +  

N H ~ - C H ~ - O H ~ +  

Hi 

4;;:: $ 8  4F.. 
H3 "" 

H1 \ 
N N. 4;;;. 

Hz 4 H5 

Hl 

N 0 ?., I s% 
5.' 

H3 '44 

N 

H1 H, H4 

0 

H 

Q o x+O 
4% 4 O. % 

HI ' Hz H, 

0 
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FIG. 3. Schematic diagrams of CH(OH),, showing 6 of the 7 conformers having a lone pair or hydrogen on 0 arzti relative to the other 
CO bond. The conventions are explained in text and structure 5 .  

TABLE 7. Energy decomposition for various conformers of meth- 
anetriol. Energy difference AE in kcal/mol, obtained from for- 

mula, and comparison with ab irutio values AE,,,, (4-3 1G) 

Structure Formula AE AE" AE,,,,, 

anti to CH. In this way, the triangular diagrams uniquely 
define the conformations of CH(OH), for the purpose of the 
present analysis. 

The number labelling the diagrams in Fig. 3, e.g., 4 in 4A, 
gives the number of anomeric effects, whereas the letter 
corresponds to an (arbitrary) sequence of conformations. In 
the diagrams of Fig. 3 (and following figures) the three CO 
distances are shown. The lone pairs or hydrogens on the in- 
side of the triangle have been omitted to allow for lines con- 
necting 0 with C. 

In Table 7, an energy analysis equivalent to the one per- 
formed on methanediol is applied. For example, for struc- 
ture 5 (4B of Fig. 3) there are four ae's (4e), four internal 
hydrogen bonds (4h), and two Ip-lp repulsions (21). Using 
e, = -2 kcal/mol, and 1 = r. = -h = 1 kcal/mol, as be- 
fore, leads to the prediction that structure 4A, 4B, or 5A 
should be the most stable one (column "AE"). In the last 
column of Table 7, the ab initio energy differences (4-3 1G 
basis set) are given. It is seen that 4B is most stable, and that 
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TABLE 8. Energy decomposition for various confor~ners of 
CHNH2(OH)2. Energy differences AE in kcal/niol, obta~ned from 

formula, and comparison with nb initio values AE,,,,, (3-2 1G) 

Structure Formula AE AEdhln 

! 
, 

1 i 2 A 28 
! , -- - .. -~ ~ . ~ 

I U 

j 

. - 

4A and 5A differ by 1-2 kcal/mol from 4B. In general, 
AE,,,,,, is larger than the formula value, the largest deviation 
(3.27 kcal/mol) occumng for structure 6A. In this case, the 
formula contains 31 + 3r ,  the maximum number of repul- 
sion terms. From this, an adjustment of the formula values 
of 1 and r, from 1 to 1.5 kcal/mol, is suggested, in order to 
achieve better agreement between AE and AE,,, , .  Adjusted 
formula values, AE:':, also given in Table 7 ,  show a marked 
improvement. Now the largest deviation occurs for 4A, which 
has the same formula as the most stable structure 4B,  and 
does therefore not benefit from a change of the repulsion 
parameters. Intuitively one expects repulsion on the more 
crowded methanetriols to be higher than in the correspond- 
ing methanediols. An adjustment of the repulsion parame- 
ters from 1 to 1.5 kcal/mol may not be necessary for 6-3 lG4' 
energy differences (assuming 6-3 IG* geometry optimiza- 
tions), since 6-3 1G" energy differences are usually smaller 
than corresponding 4-3 1G (or 3-21G) values. For lack of 
computer resources, only 4-31G optimizations were per- 
formed on methanetriol. Single point calculations in 
6-3 1G"'" using the 4-3 1G optimized geometries (6-3 lG""/ 
/4-31G), gave energies that were found less suitable for 
interpretation. 

Many other adjustments and refinements to the parame- 

. .. ~ 38 
.- .- -- .~~ .. - 

! 
i 

4 A 

i 
I 

FIG. 4. Schematic diagrams of CH(OH)?NH2, showing 6 of the 15 conformers having a lone pair or hydrogen on 0 and N n11ti to other 
CO or CN bond. For conventions see text and structure 5. 
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TABLE 9. Energy decomposition for various con- 
formers of protonated methanetriol. Energy differ- 
ences AE in kcal/mol, obtained from formula, and 

comparison with nb irzitio values AEabin (4-3 1G) 

Structure Formula AE AE,,,, 

ters, and to the formula, have been tried. For example, one 
might distinguish between "outer" and "inner" I, r, and h 
interactions, where ,"outern and "inner" are most easily de- 
fined by inspecting structure 5. However, it is important to 
retain the simplicity of the formula, and to have steric and 
electrostatic parameters as general and transferable as pos- 
sible. 

As another example, aminomethanediol may be investi- 
gated. There are 15 conformers having a lone pair or hydro- 
gen antiperiplaner to another CX bond. Figure 4 shows six 
of them. A simple energy analysis, with eo = 2, e,  = -2.5, 
1 = r = 1.5, and h = - 1 kcal/mol, predicts structure 3D to 
be most stable (Table 8). Indeed, this was found to be the 
case. Structure 2A is predicted to be least stable, again to be 
confirmed. Table 8 gives calculated AE values (3-21G basis 
set) and the formula for the energy analysis together with the 
predicted AE value. The agreement is quite satisfactory. 
Details for systems CHNH,(OH),, as well as CH(NH2),0H 
and CH(NH,),, will be published elsewhere. 

7. Application of energy decomposition model to 
protonated methanetriol 

In Fig. 5 six of the 15 conformers of CH(OH)?OH2+ are 
shown, where again either a lone pair or a hydrogen is app 
to one of the other C-0 bonds. The C-0 bond distances, 
optimized with the 4-31G basis set, are given. 

In Table 9 the energy formulae, as well as AE's obtained 
from the formula and AEabin values (4-31G), are given. The 
standard parameters for triols, e ,  = -2, eo3 = 0 ,  h = - 1, 
and 1 = r = 1.5 kcal/mol have been used. While the largest 
deviation between AE and mabin is 4.3 kcal/mol (2C), most 
AE's agree within 1-2 kcal/mol. Structure 3B has the 
lowest ab initio energy, predicted at 1.5 kcal/mol by the 
formula, while 4A has the lowest predicted energy, at 
1.72 kcal/mol by nb initio calculations. For a simple en- 
ergy decomposition model as applied here, the predictive 
ability is judged to be quite satisfactory. As was noticed for 
protonated methanediols, energy predictions for protonated 
systems are much more difficult to perform than for neutral 

systems. Special situations would arise in cases of the re- 
verse ae and of charge-dipole complexes. Details on pro- 
tonated triols, and on other protonated systems of the type 
CH(OH),,,(NH,),,H', with m + n = 3, will be published 
elsewhere. 

8. Discussion 
In the energy decomposition scheme presented in this 

paper, approximate energy parameters have been used in 
order to decompose anomeric stabilization energies for 
compounds XH,,,-CH,-YH,,, with X, Y = N, 0. After de- 
ducting steric (H-H interactions) and electrostatic (Ip-lp and 
lp-H interactions) terms from the stabilization energies, 
electronic components are left, having values of 2 for 0 and 
2.5 kcal/mol for N, and acting towards stabilization of the 
gauche over the anti conformer. The larger stabilization en- 
ergy of N, compared with 0, is explained by N being a bet- 
ter electron donor than 0 ,  and OH being a better leaving 
group than NH,. 

Frank ( 18) placed the experimental value of the anomeric 
stabilization energy (electronic part) for 0-alkyl systems at 
a minimum of 2.1 kcal/mol, whereas a previous estimate by 
Deslongchamps et al. (19) gave a minimum of 1.4 kcal/mol. 
Wolfe et nl. (20) found a theoretical value of 2.8 kcal/mol. 

A new theoretical interpretation of the reverse anomeric 
effect is offered. For the first time, to the best of our knowl- 
edge, estimates have been obtained for the energy stabili- 
zation due to this effect. The systems OH-CH~-NH,+ and 
NH,-CH2-NH,+ prefer comformations where the lone pair 
on 0 or N is not app to CN' but is located in the proximity 
of the (formal) positive charge on N. Apparently, the lp-N' 
electrostatic attraction exceeds the desire of lp delocaliza- 
tion, corresponding to the regular anomeric effect. The en- 
ergy parameters 11 for the reverse anomeric effect are found 
to be -4 for the OH, and - 5 kcal/mol for the NH2 system, 
twice the amounts obtained for the respective anomeric sta- 
bilization energies. 

In an investigation into the nature of the anomeric effect, 
Grein and Deslongchamps (15) studied the systems XH,,,- 
CH,-OH, with X = F, 0 ,  N, and C.  For a given confor- 
mation of XH,,,, the OH group was held at dihedral angles 
of 0°, 60°, 90°, 120°, and 180". By Fourier analysis, and by 
comparison with properties of the CH,=OH+ cation, it could 
be shown that anomeric stabilization for X = F and 0 is T- 
driven, whereby the CH2-OH portion of XH,,,-CH2-OH is 
trying to assume the optimal structure of CH2=OH'. For X 
= N and C, however, the OH gauche conformer is no longer 
the most stable one, and there is no anomeric stabilization 
due to the lone pair on oxygen. A similar analysis has been 
performed for systems XH,,,-CH,-NH, and for the corre- 
sponding protonated systems with OH or NH, rotation (to be 
published). The energy parameters obtained by Fourier 
analysis can be roughly classified as electronic, steric, and 
electrostatic, and therefore some relation can be obtained with 
the energy parameters of the present paper (the terms are not 
identical). It should be emphasized again that the energy 
parameters used in this work are approximate, designed to 
cover a wide range of compounds rather than one com- 
pound accurately. Applications to methanetriol and proton- 
ated methanetriol, as well as to aminomethanediol, allow for 
predicting the energies of all arzti conformers (lp or H in arlti 
position relative to other CO or CN) with reasonable accu- 
racy. Adjustment of the repulsion parameters 1 and r- from 1 
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GREIN AND DESLONGCHAMPS 

FK. 5. Schematic diagrams of CH(OH)@H2', showing 6 of the 15 conformers having a lone pair or hydrogen on 0 nrzti to other CO 
bond. For conventions see text and structure 5 .  

to 1.5 kcal/mol improves the agreement. Such increase either 
reflects the increased repulsion in triols over diols, or is due 
to the lower level basis sets used for calculations on the trio1 
systems (or both). 

9. Summary and future work 
A simple energy decomposition scheme, as proposed 

earlier by Grein and Deslongchamps (21), has been devel- 
oped. In this scheme, the anomeric stabilization energies for 
acetal and protonated acetal-type systems XH,,,-CH,-YH,, and 
XH,,,-CHI-YH,,,+,+, with X, Y = N, 0, are decomposed into 
steric (H-H), electrostatic (H-lp and Ip-lp), and electronic 
tenns. The validity of this model, which is easy to use, has 
been tested by application to methanetriol and protonated 
methanetriol, with good success. The important energy pa- 
rameter is the electronic energy of anomeric stabilizat~on, 
calculated by subtracting steric and electrostatic terms from 
the total energy of stabilization as obtained from ab initio 
calculations. The electronic energy is the basic underlying 
driving force in anomeric stabilizations, and has indeed been 
found to be very similar for all systems studied, even if the 
total energies of stabilization differ by large amounts. 

For protonated systems, the anomeric effect may be so 
strong that the molecule separates to form a charge-dipole 

complex. In such cases, the (formal) electronic energy of 
stabilization is very large. For two of the protonated sys- 
tems studied here, the confom~ation expected to be the most 
stable one was found to be less stable than a conformation 
allowing the lone pair(s) (on 0 or N) to be close to the (for- 
mal) positive charge (on N). A new parameter, for the re- 
verse anomeric effect, has been introduced, with energies 
exceeding, as expected, the electronic energy for the regu- 
lar anomeric effect. 

A recent paper by Schleifer et a / .  (22) concludes that based 
on a systematic analysis of hundreds of carbohydrate struc- 
tures "the structural parameters are the most characteristic 
manifestation of the anomeric effect rather than the energy 
(relative stability) factors". We believe that by accounting 
not only for steric but also for electrostatic effects, in the 
manner shown above, the remaining electronic energy can 
be a useful part of demonstrating the anomeric effect. How- 
ever, it is readily admitted that estimating steric and elec- 
trostatic energies is not always easy, and that accurate values 
for such energy components are hard to come by. We hope 
that the present paper opens the way for more work in this 
field. 

In future work, the energy decomposition scheme pre- 
sented here will be extended to anionic acetal systems as well 
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as to esters and protonated esters. A rationalization of the 
energy parameters on the basis of energy components ob- 
tained by Fourier analysis will be attempted. More detailed 
studies of the geometry changes occurring for systems that 
are governed by the reverse anomeric effect will be of inter- 
est. 
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Synthesis of the thymidine building blocks for a nonhydrolyzable DNA analogue 
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STEPHEN H. KAWAI, DAGUANG WANG, and GEORGE JUST. Can. J. Chem. 70, 1573 (1992). 
The 3'-deoxy-3'-C-(2"-hydroxyethy1)thymidine derivatives 4 and 13 were efficiently synthesized from either thymi- 

dine via a known 3'-radical allylation, or from the branched-chain furanose 5 involving the removal of the 2'-hydroxyl 
after stereospecific nucleosidation. The 5'-deoxy-5'-thiothymidine 20 was prepared via a regiospecific Mitsunobu cou- 
pling, providing the third unit required for the synthesis of sulfide-linked DNA analogues. 

STEPHEN H. KAWAI, DAGUANG WANG et GEORGE JUST. Can. J. Chem. 70, 1573 (1992). 
On peut synthktiser les derives 4 et 13 de la 3'-desoxy-3'-C-(2"-hydroxyethyl)thymidine d'une f a ~ o n  efficace soit 2 

partir de la thymine par le biais d'une allylation du radical-3' soit ti partir du furanose 5 a chaine ramifike en enlevant la 
fonction 2'-hydroxyle aprks une nucltosidation stkrkospecifique. On a prepark la 5'-desoxy-5'-thiothymidine 20 par le 
biais d'un couplage regiospecifique de Mitsunobu et l'on a ainsi obtenu la troisieme unite nkcessaire pour la synthkse 
d'analogues de 1'ADN lies par un pont sulfure. 

[Traduit par la redaction] 

Introduction atoms. Benner and co-workers have reported the details of 

Since the discovery, a decade ago, that bacterial gene 
expression is naturally regulated by the binding of specific 
messenger RNA species by complementary RNA strands, the 
antisense strategy has developed into a major field of inves- 
tigation (1). Much work has been devoted to both natural and 
modified oligonucleotides that are capable of forming sta- 
ble double-helices with complementary mRNA, thus block- 
ing translation to the protein product. Many of these systems 
bear uncharged phosphodiester group analogues that facili- 
tate the uptake of the oligonucleotide strands into cells and 
confer increased stability towards degradation by celular 
nucleases. 

A factor that makes these svstems attractive is the fact 
that they can be prepared in > relatively straightforward 
manner by small modifications to existing automated DNA 
synthetic techniques. However, such phosphate-modified 
systems, which include methylphosphonate (2), phosphor- 
amidate (3, 4), and phosphorothioate-linked (5) oligode- 
oxynucleotide analogues, possess some inherent drawbacks. 
Modification or replacement of one of the phosphoryl oxy- 
gens (or both by different groups) gives rise to a chiral 
phosphorus center that results in a mixture of diastereo- 
meric oligonucleotide products. In addition, the removal of 
the negative charge on the internucleoside linkage results in 
the loss of the high chemical stability associated with phos- 
phodiesters. The absence of the charged phosphodiester group 
has also been implicated in the reduced stability exhibited by 
hybrid (P-modified/natural) helices (6). 

As an alternative to phosphate-modified systems, a few 
examples of DNA analogues in which the nucleoside units 
are altered and joined by the natural phosphodiester link- 
ages have beei studied: These include both mixed and " 
homogeneous oligomers bearing a-anomeric (7, 8) and 
L-2'-deoxynucleosides (9, 10). There have also been a 
number of examples of DNA analogues in which the phos- 
phodiester groups have been replaced altogether with hy- 
drolytically stable, nonchiral linkages. Notable examples of 
such "dephospho" analogues are those containing sulphur 

' ~ u t h o r  to whom correspondence may be addressed. 

the syntheses of 3',5'-bis-homo-thionucieosides (1 l) ,  whose 
short polysulfone-oligomers were found to bind to comple- 
mentary RNA. A dinucleoside analogue in which the phos- 
phodiester is replaced with a sulfonyl ester and which exhibits 
surprising chemical stability was recently described (12). 

In tandem with our work with sulfide-linked oligoribonu- 
cleotide analogues (13), we are presently involved in the 
synthesis of nonhydrolyzable oligodeoxyribonucleotide 
strands of type A. In addition to the poly-sulfide (or sul- 
fone) homopolymers, systems in which short modified re- 
gions are incorporated into natural DNA are being prepared. 
Such mixed molecules are of interest since it has been shown 
that the addition of backbone-modified units to the 3' and 5' 
ends of otherwise unaltered DNA greatly increases the 
strands' stability towards nuclease degradation (2, 14, 15). 
W e  believe that proper protection or activation of the sul- 
phur-containing fragments (as in B) will allow for straight- 
forward incorporation of the pieces into DNA by standard 
automated techniques. 

In the present work, we describe the preparation of the 
three thymidine nucleoside units required for the construc- 
tion of systems such as A and B.  The syntheses are also im- 
portant in that they represent an efficient and general route 
to 2',3'-dideoxy-3'-C-substituted nucleosides, which are 
presently receiving much attention for their potential as an- 
tiviral agents ( 16). 

Results and discussion 

Key intermediates in the preparation of the target sulfide- 
linked DNA analogues are the 3'-deoxy-3'-C-(2"-hydroxy- 
ethy1)thymidine "5'-end" and "middle" units shown in 
Scheme 1. Two basic approaches exist for the synthesis of 
these molecules: the direct two-carbon homologation of nu- 
cleosides, or the preparation of the branched-chain sugar 
followed by the attachment of the nitrogenous base. The re- 
cent report (17) that the tributyltin-mediated radical allyla- 
tion using 3'-thiocarbonate derivatives of thymidine occurs 
with high stereoselectivity provided us with a rapid entry to 
the branched-chain system. The oxidative cleavage of the 
olefinic bond of the 3'-C-ally1 nucleoside 1 to the aldehyde 
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"middle 
Hs P OR' 

unitw I / I 
I 

AR "3'-end unit" A B 

has also been reported (18) but no experimental details were 
given. We found that treatment of 1 with osmium tetroxide 
and sodium periodate (Scheme 2) following the two-phase 
"ether-water method" (19) gave best results, the aldehyde 
2 being obtained in 74% yield. Subsequent reduction with 

I sodium borohydride in methanol cleanly provided, in 85% 

I 
yield, the 3'-C-(2"-hydroxyethyl) nucleoside 3. Mesylation 
afforded the thymidine "5'-unit" 4 in 90% yield. 

1 The principal drawback of this approach is that the radi- 
I cal allylation is not generally applicable to all the purines and 

I pyrimidines that will eventually be required. Attempts to 
allylate 2'-deoxy-3'-0-phenoxythiocarbonyl cytidine deriv- 
atives resulted in complex mixtures. In addition, 2'-deoxy- ~ nucleosides other than thymidine are very expensive starting 

I materials. We therefore developed a route to the branched- 
, chain nucleosides following the second approach, namely, 

attachment of the hydroxyethyl group prior to base attach- 
ment. 

This scheme proceeds from 3'-deoxy-3-C-(2'-hydroxy- 
ethyl)- 1 ,2-0-isopropylidene-5-0-trityl-D-ribofurnose 5 ,  
which is efficiently prepared in large scale from monoace- 
tone xylofuranose in four steps and in 61 % overall yield (20). 
The 2'-hydroxyl group of the sugar was protected as the p- 
methoxyphenyl ether, formed under Mitsunobu conditions 
using diethyl azodicarboxylate and triphenylphosphine in 
THF, to give 6 in 91% yield. The acetolysis of this sugar in 
a mixture of acetic acid and acetic anhydride containing 
camphorsulfonic acid heated to 70°C resulted in simulta- 
neous cleavage of both the trityl and isopropylidene groups, 
affording the p-triacetate 7 in 69% yield, accompanied by a 
small amount of the expected acetylated aldehydrol deriva- 
tives (20). The Vorbruggen coupling (21) of 7 and bis-(tri- 
methylsily1)thymine (22) in refluxing dichloroethane, using 
trimethylsilyl triflate as catalyst, proceeded smoothly to give 
nucleoside 8 in 91% yield. Subsequent deacetylation using 
methanolic ammonia afforded diol 9 in a quantitative man- 
ner that was selectively monosilylated to give the 5'-TBDMSi 
ether 10 in 86% yield. Having served its function (when 
acetylated) of directing the stereochemistry of the nucleosi- 
dation reaction, the 2'-OH was removed by forming the 

2'-0-phenoxythiocarbonate 11 followed by treatment with 
tributyltin hydride (AIBN initiation) in hot toluene (23). The 
2'-deoxy compound 12 was thus obtained in 81% yield for 
the two steps. The stereo- and regioselectivity of nucleoside 
formation was conclusively verified by comparing this 
product with the p-methoxyphenyl ether prepared from al- 
cohol 3 obtained via the 3'-radical allylation route. The two 
samples of nucleoside 12 were identical in all respects. The 
product was also identical to material prepared by a com- 
pletely different asymmetric synthesis (24) commencing from 
4-0-benzyl-3,4-dihydroxybutyne. 

The thymidine "middle unit" 13 was prepared from either 
compounds 9 or 12. The Mitsunobu coupling (25) of alco- 
hol 9 and thiolacetic acid employing diisopropyl azodicar- 
boxylate and triphenylphosphine proceeded regioselectively 
to afford thiolester 14 in 85% yield. However, the subse- 
quent removal of the remaining 2'-hydroxyl, again via the 
tributyltin hydride reduction of the phenoxythiocarbonate 15, 
gave only fair yields of 16, presumably due to interference 
with the radical reaction by the 5'-thiolester functionality. 
The target nucleoside was much more efficiently obtained 
by the desilylation, using tetra-n-butylammonium fluoride 
in THF, of the 2'-deoxynucleoside 12 to give alcohol 17, 
followed by Mitsunobu coupling with thiolacetic acid, which 
afforded the thiolester 16 in 87% yield for the two steps. The 
deprotection of the S-acetate was carried out in methanolic 
sodium hydroxide followed by neutralization with acidic 
resin. Careful deoxygenation of all of the solutions proved 
necessary to prevent the rapid oxidation of the resultant 
thiolate to the symmetrical disulfide. The reaction could also 
be performed using methanolic ammonia, again carefully 
removing and excluding any oxygen. The thiol 13 was thus 
obtained in 98% yield. 

The thymidine "3-end unit" was prepared in three steps 
from thymidine (Scheme 3). The Mitsunobu coupling of the 
free nucleoside and thiolacetic acid in a mixture of THF and 
DMF gave the 5'-monothiolester 18 in 52% yield that was 
converted to the 3'-silyl ether 19 in 92% yield. The deacet- 
ylation was again performed using methanolic hydroxide, 
being careful to exclude oxygen from the reaction, which 
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- b 

X OH OMS 

1 X = C H 2  3 4 
a ' = 2 X = 0  

RO e RO h - \ 
OR' pMeOC6H40 pMeOC6H40 

5 R = T r R ' = H  7 R = A c X = O A c  
d ' = 6 ~ = ~ r ~ ' = p ~ e ~ ~ 6 ~ 4  ik 8 R = Ac X = Thy 

9 R = H X = T h y  k i! i & O P h  
j 

k 

pMeOC6H40 pMeOC6H40 pMeOC6H40 
13  1 4 R = O H  17 

15 R = OCSOPh 

(a) 0s0,/NaI0,/Et20/H20; (b) NaBH,/MeOH; (c) MsCl/pyridine/CH,CI,; (d) p-~eOC,H,0H/DEAD/PPh3/THF; (e) AcOH/ 
Ac20/camphorsulfonic acid/70°C; (f) (TMSi),Thy/TMSiOTf/C1CH2CH2Cl/reflux; (g) NH,,,,/MeOH; (h) TBDMSiCl/imidazole/ 
DMF; (i) PhOSCCl/pyridine/CH,C12; (j) n-Bu,SnH/toluene/75"C; (k) AcSH/DIAD/PPh,/THF; (1) n-Bu4NF/THF; (m) conditions 

(g) or NaOH/MeOH 

SCHEME 2 

OH RO TBDMSO 

1 8 R = H  20 '= 19 R = TBDMS 

(a) AcSH/DIAD/PPh,/DMF/THF; (b) TBDMSiCl/imidazole/DMF; (c) NaOH/MeOH 

SCHEME 3 

gave the thiol 20 in quantitative yield. It should be pointed In summary, the thiothymidine and 3'-deoxy-3'-C-(2"- 
out that, unlike 5'-deoxy-5'-thiouridine derivatives that exist hydroxyethy1)thymidine derivatives 4, 13, and 20 required 
as Michael adducts with the pyrimidine base (26), the anal- for the preparation of a sulfide-linked DNA analogue have 
ogous derivatives of thymidine are stable as the free thiol. been efficiently synthesized by two routes. One of these ap- 
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proaches is applicable to all four bases and work in this re- 
gard is ongoing. The coupling of the units has been 
successfully carried out and, in the case of the dimer, the 
molecule has been deprotected and activated for incorpora- 
tion into DNA. The details of this work will be described 
shortly. 

Experimental 
General methods 

Melting points (mp) were determined using an Electrothermal 
MP apparatus and are uncorrected. Low-resolution chemical ion- 
ization mass spectra (CI) were obtained on an HP 5980A quadra- 
pole mass spectrometer in the direct-inlet mode. High-resolution 
CI and fast-atom bombardment (FAB) mass spectra (HRMS) were 
obtained on a VG ZAB-HS sector mass spectrometer, again, in the 
direct-inlet mode. The measurements were carried out at a resolv- 
ing power of 10 000. Elemental analyses were performed by Guelph 
Chemical Laboratories Ltd., Guelph, Ontario. All compounds were 
shown to be homogeneous by thin-layer chromatography (tlc) and 
high-field NMR and (or) to have a purity of >95% by elemental 
analysis. 

'H NMR spectra were recorded on either Varian XL200 or Varian 
' 

XL300 spectrometers and the assignments are based on homonu- 
clear decoupling and (or) COSY experiments. When deuterio- 
chloroform was employed as solvent, internal tetramethylsilane 
(TMS) was used as the reference. The residual proton signal or 
methanol, assigned a value of 3.30 ppm, was used as the refer- 
ence in this case. The multiplicities are recorded using the follow- 
ing abbreviations: s,  singlet; d, doublet; t, triplet; q ,  quartet; h7, 
heptet; m, multiplet; m", symmetical signal of tz lines; br, broad. 
"C NMR spectra were all obtained at 75.4 MHz using a Varian 
XL300 spectrometer. The "cDc~, and "cD,OD signals, as- 
signed values of 77.00 and 49.00 ppm, respectively, were used as 
references in these solvents. Peak assignments were, in some cases, 
made with the aid of APT or HETCOR experiments. 

Tetrahydrofuran was distilled from sodium benzophenone ketyl. 
Dichloromethane and 1,2-dichloroethane were distilled from P20S. 
Toluene was dried over sodium wire. Pyridine was distilled from 

1 calcium hydride. N,N-Dimethylformamide was dried by shaking 
I 
i with KOH followed by distillation, at reduced pressure, from BaO. 

'Thin-layer chromatography (tlc) was performed using Kieselgel 60 
FZ5, aluminium-backed plates (0.2 mm thickness) and visualized 
by UV and (or) dipping in a solution of ammonium molybdate 
(2.5 g) and ceric sulfate (I g) in 10% v/v aqueous sulphuric acid 
(100 mL), followed by heating. Kieselgel 60 (Merck 230-400 
mesh) silica gel was employed for column chromatography. 

Aldehyde (2) 
Osmium tetroxide (100 mg, 0.393 mmol) was added to a two- 

phase system comprising ethyl ether (8 mL) and water (8 mL) 
containing nucleoside 1 (1.00 g, 2.63 mmol). To the resulting 
brown mixture was then added sodium metaperiodate (1.24 g ,  
5.80 mmol) in small portions over 0.5 h. The reaction was stirred 
at ambient temperature under nitrogen in the dark. After an addi- 
tional 1 h the mixture was extracted with dichloromethane (2 x 
200 mL) and washed with aqueous sodium bicarbonate (5% w/v, 
300 mL) and water (300 mL). The combined organic phases were 
then dried (NaZSO,), filtered, and the solvent removed it1 vaclco 
yielding a colorless glass. Chromatography over silica gel (2: 1 to 
4: 1 ethyl acetate/hexanes, v/v) afforded aldehyde 2 as a white solid 
(740 mg, 74% yield); 'H NMR (CDCl,, 200 MHz) 6: 0.120 and 
0.122 (two s ,  6H, S N e ? ) ,  0.93 (s, 9H, t-Bu), 1.94 (fine d ,  3H, 
J = 1.2 Hz, 5-Me), 2.08 (A of ABXY, lH,  H2',), 2.32 (B of 
ABXY, IH, HZ',), 2.50-2.84 (m, 3H, HlUAB and H3'), 3.73-3.84 
(m, 2H, H5',, and H4'). 3.97 (dd, 1 H, H5I8), 6.14 (dd, lH,  H 1 '), 
7.54 (fine q, IH, J = 1.2 Hz, H6), 8.72 (br s, IH, NH), 9.80 (s, 
1 H, CHO), JHI,-C12'A = 6.7 HZ, JHI,-HZ,B = 5.2, Z ~ H 2 , A - H 2 , B  = - 13.5, 
J H ? . ~ - ~ > .  = 6.8. J H 2 ' 8 - ~ 3 ,  = 7.8; I3C NMR (CDCl,): 12.58 ppm 
(5-Me), 18.40 (CMe,). 25.90 (CMe, and SiMe,), 32.24 (C3'), 
38.57 (C2'), 46.72 (CI"), 63.25 (C5'), 84.65 and 85.36 (Cl '  and 

C4'), 110.58 (C5), 135.40 (C6), 150.50 (C2), 164.04 (C4), 199.80 
(CHO); MS (CI-NH,) m/e: 383 ([MH'], loo%), 274 ([M + 
NH,' - ThyH], 17), 257 ([MH' - ThyH], 68), 127 ([ThyH + 
H'], 10); HRMS (CI-NH,) m/e calcd. for C18H31NZ0sSi: 
383.20022; found: 383.22001 8. 

5'-O-tert-Butylditnethylsilyl-3'-deoq-3'-C-(2"- 
Izydroxyethy1)thymiditze (3)  

Sodium borohydride (34 mg, 0.90 mmol) was added to a stirred 
solution of aldehyde 2 (690 mg, 1.80 mmol) in methanol (16 mL) 
and the reaction was stirred at ambient temperature. After 1.5 h 
glacial acetic acid (200 mL) was added to the solution and the sol- 
vent evaporated it1 vacuo affording a colorless syrup that was ex- 
tracted with dichloromethane (150 + 100 mL) and washed with 
aqueous sodium bicarbonate (saturated, 300 mL) and brine 
(300 mL). The combined organic phases were then dried (Na2S0,), 
filtered, and the solvent removed in vacuo affording essentially pure 
alcohol 3 as a colorless glass (593 mg, 85% yield), which was used 
in the next step without further purification: 'H NMR (CDCI,, 
300 MHz) 6: 0.12 and 0.13 (two s, 6H, SiMe2), 0.94 (s, 9H, t-Bu), 
1.51-1.62 (m, lH,  HI",), 1.74-1.85 (m, lH,  Hl",), 1.92 (fined, 
3H, J = 1.3 Hz, 5-Me), 2.14 (A of ABXY, lH,  H2",), 2.25 (B 
of ABXY, IH, H2",), 2.37-2.49 (m, lH,  H3'), 3.65-3.81 (m, 5H, 
H5',\; H4'; HYAB and -OH), 4.01 (dd, lH,  HsfB) ,  6.08 (dd, l H ,  
H l ' ) ,  7.57 (fine q ,  l H ,  J = 1.3 Hz, H6), 8.34 (br s,  lH, NH),  
JHI,-kI2.A = 6.8 HZ, JHIp-H2tB = 3.9, ' J H ? ' A - ~ I ~ , B  = -13.5, 
Jp12.A_kl,, = 9.2, JH2,B-H,. = 7.6; "C NMR (CDCI,): 12.84 (5-Me), 
1942 (SiCMe,), 26.53 (SiCMe-T and SiMe?), 35.57 (C3'), 35.88 
(Cl"), 39.76 (C2'), 61.31 (C5'), 64.02 (C2"), 86.32and 87.94 (Cl '  
and C4'), 1 10.78 (C5), 137.80 (C6), 152.29 (C2), 166.42 (C4); 
MS (CI-NH,), m/e: 385 ([MH'], 17%), 276 ([M + NH,' - 

ThyH], 21), 259 ([MH' - ThyH], loo), 127 ([ThyH + H'], 10); 
HRMS (CI-NH,) mlC calcd. for C ~ ~ H , , N ~ O ~ S ~ :  385.2 1588; found: 
385.21593. 

5'-O-tert-Butyldimethylsi/yl-3'-deo.~y-3'-C-(2"-hydroxy~hyl)-2"- 
0-(methatzesulfotzyl)tlzyttziditze (4) 

Methanesulfonyl chloride (201 pL,  2.60 mmol) was added 
dropwise to a stirred solution of alcohol 3 (500 mg, 1.30 mmol) in 
dry dichloromethane (5 mL) containing pyridine (946 pL,  
11.7 mmol) and the resulting solution was stirred at room temper- 
ature under a nitrogen atmosphere. After 5 h the reaction was ex- 
tracted with dichloromethane (2 X 100 mL) and washed with dilute 
sulphuric acid (2.5% w/v, 200 mL), aqueous sodium bicarbonate 
(saturated, 200 mL) and water (200 mL). The combined organic 
phases were then dried (Na2S0,), filtered, and the solvent re- 
moved in vacuo. The resulting syrup was chromatographed over 
silica gel (8: 1 ethyl acetate/hexanes, v/v) to afford mesylate 4 as 
a crystalline solid (556 mg, 92% yield): mp 72-76°C (dec.); 'H 
NMR (CDCl,, 300 MHz) 6: 0.12 (s, 6H, SiMe,), 0.93 (s, 9H, 
t-Bu), 1.74 (m'", lH,  Hl",), 1.93 (fine d, 3H, J = 1.2 Hz, 5-Me), 
1.97-2.06 (m, lH,  2.16 (A of ABXY, lH,  H2IA). 2.27 (B 
of ABXY, IH, H2',), 2.40-2.52 (m, lH,  H3'), 3.03 (s, 3H, OMS), 
3.74-3.8 1 (nl, 2H, H4' and H5',), 4.00 (dd, 1 H, H5',), 4.23-4.35 
(m, 2H, HYAB), 6.12 (dd, lH,  H l ' ) ,  7.53 (fine q ,  lH,  J = 
1.2 Hz, H6), 8.73 (br s ,  IH, NH), JHI.-lIZ.A = 6.8 HZ, J t l l , - ~ 2 , ~  = 
4.4, Z ~ H Z - A _ H 2 . B  = - 13.5, JH2pA-H3. = 8.3, JH2.B-H,s = 8.0; I3C NMR 
(CDCI,): 12.54 ppm (5-Me), 18.36 (SiCMe,), 25.86 (SiCMe, and 
SiMe,), 31.72 (Cl"), 34.39 (C3'), 37.42 (OMS), 38.46 (C2'), 62.81 
(C5'), 67.67 (C2"), 84.70 and 85.60 ( C l '  and C4'),  1 10.40 (C5), 
135.40 (C6), 150.51 (C2), 164.04 (C4); MS (CI-NH,) m/e: 480 
([M + NH,'], 2.3%), 463 ([MH'], 87%), 354 ([M + NH4+ - 
ThyH], 51). 337 ([MHt - ThyH], 100); HRMS (CI-NH,) tn/e 
calcd. for C,,lH3SNZ07SSi: 463.19342; found: 463.19343. 

3-De0.q-3-C-(2 '-h~dro.~yc~thyl)-1,2-O-i~0~r0~~~lidetze-2'-O-para- 
nzethox)phetzyl-5-tri~l-cl.-riO~,f1ira1zose (6 )  

A solution of alcohol 5 (2.96 g ,  6.43 mmol), para-methoxy- 
phenol (2.39 g,  19.29 mmol), triphenylphosphine (2.19 g,  
8.36 mmol), and diethyl azodicarboxylate (1.32 mL, 8.36 mmol) 
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in dry tetrahydrofuran was refluxed for 20 min. The solvent was 
then removed irz vcrcuo yielding a violet syrup. Chromatography 
over silica gel (3 : 1 hexanes/ethyl acetate, v/v) afforded ether 6 
as a white solid (3.30 g, 91% yield). Recrystallization from di- 
chloromethane gave white crystals: mp 117-1 18°C; ' H  NMR 
(300 MHz, CDCI,) 6: 1.34 and 1.5 1 (two s, 6H, CMe), 1.69-1.95 
(m, 2H, H I I , , , ) ,  2.39 (h7, 1 H, H3), 3.10 (A of ABX, 1 H, H5,), 
3.40 (B of ABX, lH, H5,), 3.76 (s, 3H, OMe), 3.91-3.98 (in, 3H, 
H4 and H2',,), 4.70 ( t ,  I H, HZ), 5.90 (d, 1 H,  HI) ,  6.76 (appar- . . 

ent d, 4H, M ~ O P ~ O - ) ,  7.21-7.47 (two m, 15H, CPh,), Jlll_tI, = 

3.8, J t 1 2 - t ~  = 4.2, JH,-~[sA = 3.9, J H ~ - H S B  = 3.0. ' J ~ [ . S A - ~ I ~ B  = -10.6; 
"C NMR (CDCI,): 24.64 ppm (Cl ' ) ,  26.42 and 26.76 (CMe,), 
41.87 (C3), 55.69 (OMe), 63.15 (C5), 66.34 (C2'), 80.90 and 
81.03 (C2 and C4), 86.45 (CPh,), 104.99 (Cl) ,  11 1.42 (CMe?), 
1 14.55 and 1 15.27 (CH of MeOPhO-), 126.90; 127.76; 128.70 
(CH of Tr), 143.92 (4" of Tr), 152.83 and 153.69 (4" of Me- 
OPhO-), MS (CI-NH,), m/e: 567 ([MH'], 4.9%), 243 ([CPh, '], 
100). HRMS (CI-NH,) m/e calcd. for C36H390d: 567.27466; found: 
567.27489; Anal. calcd. for C36H3XOh: C 76.30, H 6.76; found: C 
76.04, H 7.14. 

1,2  ,5-Tr-i-O-aceryl-3-deoO~~~-3-C-(2'-hydr-oxyethyl)-2'-O-para- 
t~rerho.~)y~hetz~-a-D-ribofurnnose (7) 

Acetonide 6 (576 mg, l .OO mmol) was dissolved in glacial acetic 
acid ( I5  mL) containing acetic anhydride (2.37 mL, 25.0 mmol) 
and the solution was heated to 70°C and stirred for 15 niin. Cam- 
phorsulfonic acid (464 mg, 2.00 mmol) was then added and the 
resulting solution was stirred under nitrogen for 12 min. The so- 
lution was then cooled to 0°C and carefully poured into a solution 
of sodium carbonate (27.2 g) in water (170 mL) and the resulting 
suspension swirled occasionally over 30 min. The product was 
extracted with ethyl ether (2 X 200 mL) and washed with aqueous 
sodium bicarbonate (saturated, 200 mL) and water 200 mL). The 
combined ether extracts were then dried (MgSO,), filtered, and the 
solvent evaporated in vncuo affording a colorless syrup that was 
chromatographed over silica gel (3: 1 hexanes/ethyl acetate, v/v) 
to give triacetate 7 as a colorless syrup (282 mg, 69% yield): ' H  
NMR (300 MHz, CDCI,) 6: 1.72-2.16 (m, 2H, HIJAB), 2.06; 2.07, 
and 2.09 (three s, 9H, OAc), 2.49 (h7, 1 H, H3), 3.76 (s, 3H, OMe), 
3.86-4.05 (m, 2H, H2',,), 4.05-4.34 (m, 3H, H4, and H5,,), 
5.30 (d, 1 H, H2), 6.09 (s, lH,  H l ) ,  6.81 (s, 4H, MeOPhO-), 
J H l - H Z  - 0, JtlZ-H3 = 4.8; NMR (CDCI;): 20.16; 20.26, and 
20.64 ppm (OCOMe), 24.46 (Cl ' ) ,  38.98 (C3), 55.15 (OMe), 
64.98 (C5), 66.13 (C2'), 76.68 (C2), 82.36 (C4), 98.42 (Cl) ,  
114.22 and 114.76 (CH of MeOPhO-), 152.14 and 153.52 (4" of 
MeOPhO-), 168.62; 169.42, and 170.17 (COMe); MS (CI-NH,) 
m/e: 428 ([M + NH,'], 16%), 41 1 ([MH,'], 1.2), 351 ([MH' - 
AcOH] , 100); HRMS (CI-NH,) m/e calcd. for C,0H270cl: 4 1 1.1655; 
found: 41 1.1657. 

2 ' , 5 ' - D i - O - a c e ~ l - 3 ' - d e o . r y - 3 ' - C - ( 2 ~ y 1 ) - 2 " - 0 - p a r a -  
metho.rypheny1-(P-D-ribof~~r-nnosyl)rhj~nzirze (8)  

Trimethylsilyl trifluoromethanesulfonate (0.75 mL, 1.56 mmol) 
was added dropwise to a stirred solution of triacetate 7 (6.41 g, 
15.64 mmol) and bis-(trimethy1silyl)thymine (4.10 g, 17.20 mrnol) 
in dry 1,2-dichloroethane ( 1  20 mL) and the resulting solution was 
heated to reflux under a nitrogen atmosphere. After 6 h the solu- 
tion was cooled in an ice bath and poured into ice-cold aqueous 
sodium bicarbonate (5% w/v, 500 mL) and extracted with dichlo- 
romethane (500 mL). The organic phase was dried (Na2S0,), fil- 
tered, and the solvent removed in vncuo yielding a brown faam that 
was chromatographed over silica gel (2: 1 ethyl acetate/hexanes, 
V / V )  to give 8 as a white foam (6.78 g, 91% yield): ' H  NMR 
(300 MHz, CDCI,) 6: 1.93 (fine d, 3H, 5-Me, J = 0.7), 2.1 I and 
2.13 (two s, 6H, OAc), 2.55 (h7, lH,  H3'). 3.76 (s, 3H, OMe), 
3.89-4.00 (m, 2H, H2",,,), 4.20 (ddd, I H, H4'). 4.38 (A of ABX, 
IH, H5',), 4.45 (B ofABX, IH, H5',), 5.51 (dd, IH, H2'), 5.72 
(d, IH, H I f ) ,  6.80 (s, 4H, MeOPhO-), 7.26 (fine q, I H ,  J = 
0.8 Hz, H6), 8.74 (br s, IH, NH), Jt11,_t12, = 1.3, Jk12.-ll,. = 6.1, 
Jt13,-111. = 10.2. J t I ~ . - H l i . ~  = 4.8, J t I j . - I~~ .~  = 2.2, ' J ~ ~ , A ~  H ~ , B  = - 12.6; 
I3C NMR (CDCI,): 12.48 ppm (5-Me), 20.57 and 20.64 (COMe), 

24.48 (Cl"), 39.00 (C3'), 55.53 (OMe), 63.20 (C5'), 66.06 (C2"), 
77.31 (C2'), 82.00 (C4'), 91.23 (Cl ' ) ,  110.63 (C5), 114.52 
and 115.08 (CH of MeOPhO-), 135.64 (C6), 149.95; 152.35 
and 153.80 (C2 and 4" of MeOPhO-), 163.85 (C4), 169.50 and 
170.30 (COMe); MS (CI-NH3), rn/e: 477 ([MH'], loo%), 417 
([MH' - AcOH], 4.6), 351 ([MH' - ThyH], 86); HRMS (CI- 
NH,) rn/e calcd. for C23H20NIOL): 477.18730; found: 477.18742. 
Anal. calcd. for CI,HIxN20,: C 57.98. H 5.92, H 5.88; found: C 
57.99, H 6.27, N 5.75. 

3'-Deo.ry-3'-C-(2"-hj~droxj~~~fhyl)-2"-O-para-1~~et/~o.1~ph~~nj~l-(~-~- 
r-ibofur-nrzosj~l)thj~~~zine (9)  

Nucleoside 8 (107 mg, 0.20 mmol) was dissolved in methanol 
( 1  .OO mL), cooled to O°C, and a steady stream of NH, gas bub- 
bled through the solution for 10 min. The solution was then al- 
lowed to warm to ambient temperature and was stirred for 10 h. The 
solvent was removed in vncuo and the residue was chromato- 
graphed over silica gel (20: 1 dichloromethane/methanol, v/v) 
yielding the diol 9 as a white foam (92 mg, 100% yield): 'H NMR 
(300 MHz, CDCI,) 6: 1.88 (s, 3H, 5-Me), 1.76-1.92 (m, IH, 
HI",), 2.08-2.23 (m, IH, HI",), 2.33-2.41 (m, 1H, H3'), 3.75 
(s, 3H, OMe), 3.82 (br d, 1 H, H4'), 4.04 (br t, 2H, HYA8), 4.16 
(br t, 2H, H5IAB), 4.39 (d, IH, H2'), 5.55 (br s, 2H, -OH), 5.77 
(s, IH, HI'), 6.81 (s, 4H, MeOPhO-), 7.89 (s, IH, H6), 10.03 (s, 
lH,  NH), J t l I , - I I Z ,  - 0,  JI,?.-t13, = 4.16; 13C NMR (CDCI3): 
12.38 ppm (5-Me), 24.01 (Cl"), 37.73 (C3'). 55.60 (OMe), 60.74 
(C5'), 67.05 (C2"), 76.85 (C2'), 85.41 (C4'), 92.59 (Cl'),  109.85 
(C5), 114.58 and 115.32 (CH of MeOPhO-), 136.50 (C6), 150.88; 
152.49 and 153.85 (C2 and 4" of MeOPhO-), 164.70 (C4); MS 
(CI-NH,) m/e: 410 ([M + NH,'], 1. I%), 393 ([MH'], loo), 284 
([M + NH,' - ThyH], 4.0), 267 ([MH' - ThyH], 9.4), 127 
([ThyH + Hi], 0.8); HRMS (CI-NH,) tn/e calcd. for C19H25N207: 
393.16618; found: 393.16625. 

5'-O-tert-Butyldimethylsilyl-3'-deo.~~~-3'-C-(2"-~z~~dr0.~j~efhy1)-2"- 
O-para-merhoxypherzyl-(~-~-~'ib~$rirat~os)~I)rIz)ritze (10) 

To a solution of alcohol 9 (1.91 g, 4.00 mmol) in freshly dis- 
tilled N,N-dimethyformamide (4 mL) was added rer-r-butyldi- 
methylsilyl chloride (0.63 g, 4.20 mmol) and imidazole (598 mg, 
8.80 mmol) and the reaction was stirred at room temperature un- 
der a nitrogen atmosphere. After 18 h the solvent was removed in 
lnclio and the residue was extracted with ethyl acetate (2 X 300 mL) 
and washed with water (300 mL). The combined organic layers 
were then dried (Na2S0,), filtered, and evaporated in vncrio yield- 
ing a white foam that was chromatographed over silica gel (2: 1 
ethyl acetate/hexanes) to give silyl ether 10 as a white solid 
(2.12 g, 86% yield): 'H NMR (300 MHz, CDCI,) 6: 0.12 and 0.14 
(two s, 6H, SiMe,), 0.95 (s, 9H, CMe3), 1.91 (s, 3H, 5-Me), 1.71- 
1.81 (111, lH,  HI",), 2.05-2.18 (m, IH, HI",), 2.37 (h7, lH,  H3'), 
3.74-3.80 (overlapping s and m, 4H, H5', and OMe), 4.01 (br t, 
2H, H2",,), 4.14-4.20 (m, 2H, H4' and H5',), 4.36 (apparent t, 
IH, H2'), 4.81 (s, IH, -OH), 5.75 (s, IH, Hl ' ) ,  6 . 8 0 ( s , 4 H ,  
MeOPhO-), 7.8 1 (s, IH, H6), 10.08 (s, 1 H, NH), JHl,~tlz  - 0; I3C 
NMR (CDCI,): 12.72 ppm (5-Me), 18.64 (CMe,), 23.76 (Cl"), 
26.03 (CMe, and SiMe,), 36.71 (C3'), 55.69 (OMe), 61.47 ((25'1, 
66.33 (C2"), 76.58 (C2'), 85.61 (C4'), 92.97 (Cl ' ) ,  109.82 (C5), 
114.59 and 115.61 (CH of MeOPhO-), 135.89 (C6), 150.74; 
152.88 and 153.73 (C2 and 4" of MeOPhO-), 164.77 (C4); 
MS (FAB-glycerol) rn/e: 507 ([MH'], 1.8%), 171 (22), 127 
([ThyH + H'], 3.6); HRMS (FAB-glycerol) m/e calcd. for 
C15H3907N2Si: 507.25265; found 507.25277. Anal. calcd. for 
C15H3X07N1Si: C 59.26, H 7.56, N 5.53; found: C 58.87, H 7.83, 
N 5.30. 

5'-O-tert-B11tyldirnerhj~lsilj~l-3'-deoxj~-3'-C-(2"-hj~dr-oxyefhj~l)-2"- 
O-para-methoxy~1he,1yl-2'-O-phe1zo,~yrhiocnrbo1zyl-(~- 
rib($~~r-n~zosyl)rhj~~ni~ze (11) 

Phenyl chlorothionoFormate (595 kL, 4.30 mmol) was added 
dropwise to a stirred solution of nucleoside 10 (1.98 g, 3.91 mmol) 
in dry dichloromethane (10 mL), containing dry pyridine (2.5 mL) 
and the reaction was stirred under a nitrogen atmosphere at O."C. 
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After 1 h the brown solution was placed in a refrigerator for 20 h. 
The solvents were then removed in vacuo yielding a red syrup to 
which water (200 mL) was added and the resulting suspension 
shaken vigorously. The product was extracted with ether (2 x 
200 mL) and washed with dilute sulphuric acid (2% w/v, 200 mL), 
aqueous sodium bicarbonate (saturated, 200 mL), and water 
(300 mL). The combined ether phases were then dried (Na2S0,), 
filtered, and evaporated in vacuo to an orange solid that was chro- 
matographed over silica (2: 1 hexanes/ethyl acetate, v/v) to af- 
ford thiocarbonate 11 as a pale orange solid (2.20 g, 87% yield): 
'H NMR (300 MHz, CDC13) 6: 0.13 (s, 6H, SiMe,), 0.94 (s, 9H, 
CMe,), 1.93 (fine d ,  3H, J = 1.1 Hz, 5-Me), 1.84- 1.94 (m, lH, 
HI",), 2.04-2.16 (m, IH, HlwB), 2.91 (m9, lH,  H3'), 3.76 (s, 3H, 
OMe), 3.80 (dd, IH, H5',), 3.98-4.14 (m, 4H, H5',; H4' and 
H2",,), 5.94 (dd, lH,  H2'), 6.08 (d, IH, H l ' ) ,  6.83 (s, 4H, 
MeOPhO-), 7.08-7.41 (three m, 5H, CSOPh), 7.43 (fine q ,  IH, 
J = 1 . 1  Hz, H6), 8.28 (br S ,  IH, NH), J H I , - ~ ? ,  = 2.4, J l l r , - l~3r  = 
6.4; I3C NMR (CDC13): 12.47 ppm (5-Me), 18.37 (CMe,), 24.88 
(CI"), 25.87 (CMe, and SiMe,), 38.41 (C3'), 55.56 (OMe), 62.33 
(C5'), 66.38 (CY), 84.33 (C4'), 86.36 (Cl'),  89.14 (C2'), 11 1.02 
(C5), 114.56 and 115.16 (CH of MeOPhO-), 121.64 (0-CH of Ph), 
126.60 (p-CH of Ph), 129.44 (m-CH of Ph), 135.69 (C6), 150.08; 
152.55; 153.20 and 153.81 (C2 and 4" of MeOPhO- and Ph), 
163.96 (C4), 193.69 (CSOPh): MS (FAB - nitrobenzyl alcohol) 
m/e: 643 ([MH'], 6.7%), 527 ([MH' - ThyH], 14), 489 
([MH' - PhOCSOH], loo), 163 (73), 137 ([PhO=C=S'], 73), 
127 ([ThyH + H'], 27). Anal. calcd. for C32H,208N,SiS: C 59.79, 
H6.58,  N4.36, S4.99; found: C59.47, H6.70,  N4.43, S4.87.  

5'-O-tert-Butyldi~hylsilyl-3'-deoxy-3'-C-(2"-h~~dro~qethy1)-2"- 
0-(para-methoxypheny1)thyrnidine (12) 

Trl-rz-butyltin hydride (2.48 mL, 6.06 mmol) was added to a 
solution of thiocarbonate 11 (1.94 g, 3.03 mmol) and AIBN 
(0.61 g, 2.42 mmol) in dry toluene (15 mL). A stream of nitrogen 
was passed through the reaction for 20 min and the solution was 
heated to 75OC for 4 h. The solvent was then removed in vacuo and 
the residue chromatographed over silica (1 : 1 hexanes/ethyl ace- 
tate, v/v) to yield the 2'-deoxy nucleoside 12 as a white solid 
(1.38 g, 93% yield): 'H  NMR (300 MHz, CDCI3) 6: 0.116 and 
0.120 (two s, 6H, SiMe,), 0.94 (s, 9H, CMe3), 1.92 (d, 3H, J = 
1.0 Hz, 5-Me), 1.71-1.78 (m, IH, HI",), 1.95-2.06 (m, lH, 
HlVB), 2.14-2.3 1 (m, 2H, H2',,), 2.47-2.56 (m, IH, H3'), 3.75- 
3.83 and 3.92-4.06 (two m, 5H and 3H, -0Me; H5',,; H4'; and 
HY,,), 6.12 (dd, lH, HI'), 6.82 (apparent d, 4H, MeOPhO-), 7.61 
(fine 9,  lH,  J = 1 .O Hz, H6), 8.77 (br s, IH, NH), J t l l , - H Z ,  = 3.9 
and 6.5; I3C NMR (CDCl,): 12.55 ppm (5-Me), 18.41 (CMe,), 
25.87 (CMe, and SiMe,), 31.65 (Cl"), 34.32 (C3'), 39.12 (C2'), 
55.58 (OMe), 62.60 (C5'), 66.39 (CT), 84.83 and 86.18 (C4' and 
Cl'),  110.07 (C5), 114.56 and 115.10 (CH of MeOPhO-), 135.56 
(C6), 150.52; 152.59 and 153.77 (C2 and 4" of MeOPhO-), 164.18 
(C4); MS (FAB - nitrobenzyl alcohol) m/e 491 ([MH'], 16%), 365 
([MH+ - ThyH], 77), 163 (loo), 127 ([ThyH + H'], 51; HRMS 
( F A B - ~ ~ ~ C ~ ~ O I )  m/e calcd. for 491.25774; found: 
49 1.25772. 

3'-5'-Dideoxy-3'-C-(2"-hydroxyethyl)-2"-0-para-n2eth0xypheny1- 
5'-thiothymidine (13) 

A solution of thiolester 16 (455 mg, 1.05 mmol) in dry metha- 
nol (5 mL), previously saturated with nitrogen gas, was cooled to 
0°C and a stream of ammonia gas passed through for 15 min. The 
ice bath was removed and the reaction was stirred for 20 h. The 
solvent was then evaporated in vacuo yielding a white solid that was 
chromatographed over silica (4: 1 ethyl acetate/hexanes, v/v) to 
afford thiol 13 as a white solid (410 mg, 98% yield): 'H NMR (300 
MHz, CDCI,) 6: 1.59 (t, lH, -SH), 1.72-1.83 (m, lH, HI",), L .94 
(d, 3H, J = 1.2 Hz, 5-Me), 1.96-2.03 (m, 1 H, HI""), 2.24-2.29 
(m, 2H, H2',,), 2.38-2.52 (m, IH, H3'), 2.83 (A of ABX with 
an additional coupling to SH, IH, H5',), 3.01 (B of ABX with an 
additional coupling to SH, IH, H5',), 3.77 (s, 3H, OMe), 3.86- 
3.92 (m, IH, H4'), 3.94-4.00 (m, 2H, HY,,), 6.16 (t, 1H, HI'), 
6.93 (apparent d, 4H, MeOPhO-), 7.5 1 (fine q, lH,  J = 1.2 Hz, 

H6), 8.43 (br S, 1H, NH), JHI.-H1' - 5.4, J H ~ ' - H ~ ' ~  = 5.0, 
- 

J H ~ ' - H ~ ' B  - 3.7, 'JHS,~\_HS,B = -14.4, JHS,A-SH = 8.0, JH5,B-SH = 8.9; 
I3C NMR (CDCI,): 12.45 ppm (5-Me), 27.1 1 (Cl"), 31.45 (C2'), 
37.59 (C3'), 38.61 (C5'), 55.47 (OMe), 66.35 (CY), 84.03 and 
84.77 (Cl '  and C4'), 110.63 (C5), 114.49 and 115.11 (CH of 
MeOPhO-), 135.47 (C6), 150.48; 152.30 and 153.75 (C2 and 4" 
of MeOPhO-), 163.99 (C4); MS (FAB - nitrobenzyl alcohol) m/e: 
393 ([MH'], 12%), 267 ([MH' - ThyH], 4.3), 154 (loo), 137 
([MeOPhOCH,'], 65), 136 (68), 127 ([ThyH + H'], 25); HRMS 
(FAB-glycerol) m/e calcd. for CIBH2S05N2S: 393.14842; found: 
393.14849. Anal. calcd. for CI9H2.,O5N2S: C 58.15, H 6.16, N 
7.14, S 8.17;found: C57.84, H6.54,  N7.17, S7.88.  

5'-S-Acetyl-3',5'-dideoxy-3'-C-(2"-hydroxyethyl)-2"-O-para- 
methoxyphenyl-5'-thiothymidine (16) 

Diisopropyl azodicarboxylate (1.05 mL, 5.32 mmol) was added 
dropwise to a stirred solution of triphenylphosphine (1.39 g, 
5.32 mmol) in dry tetrahydrofuran (10 mL) cooled to O°C under 
nitrogen, resulting in a milky suspension. After 0.5 h a solution of 
nucleoside 17 ( 1 .OO g, 2.66 mmol) and thiolacetic acid (0.38 mL, 
5.32 mmol) in dry tetrahydrofuran (20 mL) was slowly added and 
the stirring at O°C continued for 0.5 h after which time the reac- 
tion was allowed to warm to room temperature. After 40 min the 
solvent was removed in vacrio and the resulting yellow syrup was 
chromatographed over silica (25 : 1 dichloromethane/methanol, v/v) 
affording thiolester 16 as a white solid (1 .OO g, 87% yield): 'H NMR 
(300 MHz, CDCl,) 6: 1.96 (s, 3H, 5-Me), 1.69-1.80 (m, IH, 
Hl",), 2.02-2.12 (m, IH, HI",), 2.16-2.31 (m, 3H, H3' and 
H2"AB), 2.38 (s, 3H, SAC), 3.26 (A of ABX, lH,  H5',), 3.36 (B 
of ABX, lH, H5',), 3.76 (s, 3H, OMe), 3.88 (m6, lH,  H4'), 3.96 
(apparent t, 2H, HYAB, J = 5.9), 6.08 (dd, IH, HI '), 6.82 (s, 4H, 
MeOPhO-), 7.36 (s, lH,  H6), 9.16 (br s, l H, NH), JHIa -H2 '  = 4.2 
and 6.0, J H 4 s - H 5 * ,  = 6.5, JH4f-H5t~ = 3.5, = - 14.4; "C 
NMR (CDCI,): 12.62 ppm (5-Me), 30.52 (SCOMe), 31.56 and 
31.67 (Cl" and C2'), 38.96 and 39.06 (C3' and C5'), 55.66 (OMe), 
66.50 (C2"), 83.74 and 84.75 (Cl'  and C4'), 110.67 (C5), 114.63 
and 115.22 (CH of MeOPhO-), 135.40 (C6), 150.3 1 ; 152.54 and 
153.89 (C2 and 4" of MeOPhO-), 163.85 (C4), 194.7 1 (SCOMe); 
MS (CI-NH,), m/e: 452 ([M + NH,'], 8.3%), 435 ([MH'], 100), 
326 ([M + NH,' - ThyH], 3.6), 309 ([MH' - Thylj], 53), 127 
([ThyH + H'], 2.8); HRMS (CI-NH,) m/e calcd. for CZIH2,N206S: 
435.15898; found: 435.15889. 

3'-Deo~q-3'-C-(2"-hydroxyethyl)-20-(para- 
tnetho.ryphenyl)thyrnidine (17) 

A stock solution of tetra-n-butylammonium fluoride (1 N in THF, 
7.9 mL, 7.9 mmol) was added to stirred solution of nucleoside 12 
(1.29 g, 2.64 mmol) in dry tetrahydrofuran (5 mL) and the result- 
ing solution was stirred at room temperature under a nitrogen at- 
mosphere. After 1.5 h the solvent was evaporated in vacuo and the 
residue chromatographed over silica (20: 1 dichloromethane/ 
methanol, v/v) affording nucleoside 17 as a white solid (0.99 g, 
quantitative): 'H NMR (200 MHz, CD,OD) 6: 1.86 (s, 3H, 5-Me), 
1.63-1.80 (m, IH, HI",), 1.91-2.07 (m, IH, HI",), 2.14-2.35 
(m, 2H, H2',,), 2.38-2.53 (m, lH, H3'), 3.69-3.81 and 3.89- 
4.00 (two m, 5H and 3H, -0Me; H5',,; H4'; and HY,,), 6.04 (dd, 
IH, HI '), 6.81 (s, 4H, MeOPhO-), 8.00 (s, lH,  H6), J ~ I I ' L H Z '  = 
3.2 and 6.7; ')c NMR (CDCI,): 12.40 ppm (5-Me), 31.45 (Cl"), 
34.53 (C3'), 39.09 (C2'), 55.59 (OMe), 61.50 (C5'), 66.74 (CY), 
84.95 and 86.41 (Cl '  and C4'), 110.19 (C5), 114.57 and 115.23 
(CH of MeOPhO-), 136.37 (C6), 150.45; 152.48 and 153.80 (C2 
and 4" of MeOPhO-), 164.22 (C4); MS (CI-NH,) m/e: 394 
([M + NH,+], 2.5%), 377 ([MH,'], 87), 268 ([M + NH,+ - 
ThyH], 23), 251 ([MH' - ThyH], loo), 127 ([ThyH + H'], 16); 
HRMS (CI-NH3) m/e calcd. for C19H25NZ06: 377.17126; found: 
377.17 1 14. Anal. calcd. for C19H25N206: C 60.63, H 6.43, N 7.44; 
found: C 60.23, H 6.77, N 7.30. 

5'-S-Acet?/l-5'-deoxy-5'-thiothymidirze (18) 
Diisopropyl azodicarboxylate (1.62 mL, 8.26 mmol) was added 

dropwise to a stirred solution of triphenylphosphine (2.16 g, 
8.26 mmol) in dry tetrahydrofuran (18 mL) cooled to O°C under 
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nitrogen resulting in a milky suspension. After 0.5 h a solution of 
thymidine (1.00 g, 4.13 mmol) and thiolacetic acid (0.59 mL, 
8.26 mmol) in dry N,N-dimethylformamide (15 mL) was slowly 
added and the stirring at 0°C continued for 0.5 h after which time 
the reaction was allowed to warm to room temperature. After 
0.5 h the solvent was removed in vacuo and the resulting brown 
syrup pumped for 2 h. The resulting glass was chromatographed 
over silica (25 : 1 to 15 : 1 dichloromethane/methanol, v/v) af- 
fording thiolester 16 as a white solid (650 mg, 52% yield): 'H NMR 
(300 MHz, CD,OD) 8: 1.90 (fine d, 3H, J = 1.2 Hz, 5-Me), 2.25 
(dd, 2H, H2',,), 2.35 (s, 3H, SAC), 3.23 (d, 2H, H5',,), 3.93 (td, 
lH,  H4'), 4.20 (td, lH, H3'), 6.19 (t, lH, Hl'),  7.44 (fine q4, lH, 
J = 1.2 HZ, H6), J H I . - H Z . A B  = 6.8 HZ, JH2'AB-H3' = 5.0, JH3,-H4' = 

3.5, JHI'-H5.AB = 6.2; I'c NMR (CD,OD): 12.38 ppm (5-Me), 30.43 
(COMe), 32.30 (C5'), 40.09 (C2'), 74.37 (C3'), 86.46 (2C, C1' 
and C4'), 11 1.83 (C5), 137.66 (C6), 152.25 (C2), 166.26 (C4), 
196.46 (COMe); MS (CI-NH,) m/e: 3 18 ([M + NH,'], 14%), 301 
([MH'], 100), 175 ([MH' - ThyH], 1. l ) ,  127 ([ThyH + H'], 17); 
HRMS (CI-NH,) m/e calcd. for C12H17NZOSS: 301.08582; found: 
301.08574. 

5'-S-Acetyl-3'-O-tert-butyldimethylsilyl-5'-deo~~-5'- 
thiothymidine (19) 

tert-Butylchlorodimethylsilane (309 mg, 2.05 mmol) and im- 
idazole (280 mg, 4.10 mmol) were successively added to a stirred 
solution of nucleoside 18 (560 mg, 1.86 mmol) in dry N,N-di- 
methylformamide (5 mL) and the reaction was stirred at ambient 
temperature under a nitrogen atmosphere. After 18 h the solution 
was poured into water (300 mL) and the product was extracted with 
dichloromethane (2 X 200 mL) and washed with water (2 X 

300 mL). The combined organic extracts were then dried (Na2S04), 
filtered, and the solvent removed in vaclco yielding a yellow syrup. 
Chromatography over silica gel (25: 1 dichloromethane/metha- 
nol, v/v) afforded the silyl ether 19 as a colorless solid (709 mg, 
92% yield): 'H NMR (300 MHz, CDC1,) 8: 0.08 and 0.10 (two s ,  
6H, SiMe,), 0.90 (s, 9H, t-Bu), 1.96 (fine d, J = 1.2 Hz, 5-Me), 
2.10 (A of ABXY, lH, H2',), 2.28 (B of ABXY, IH, H2',), 2.40 
(s, 3H, SAC), 3.21 (d, 2H, H5',,), 3.99 (td, lH,  H4'), 4.17 (dt, 
lH,  H3'), 6.21 (dd, IH, Hl ' ) ,  7.23 (find q4, lH,  J = 1.2 Hz, 
H6), 8.62 (br S, IH, NH), JHI'LH2.A = 7.5 HZ, JHl,L,,2,B = 6.1, 
Z ~ H Z , A - H Z . ~  = - 13.8, JHTA-H~' = 6.5, JHZ'B-H3' = 3.2, JH3f-H4f = 3.5, 
JH4.-H5.AB = 5.8; "C NMR (CDCI'): 12.60 ppm (5-Me), 17.87 
(SiCMe,), 25.64 (SiMe, and SiCMe3), 30.56 (COMe), 3 1.13 (C5'), 
40.44(C2'), 73.84(C3'), 85.13 and85.17 (C11andC4'), 111.10 
(C5), 135.32 (C6), 150.16 (C2), 163.74 (C4), 194.48 (COMe); MS 
(CI-NH,), m/e: 432 ([M + NH,'], 4.9%), 415 ([MH'], 100), 306 
([M + NH,' - ThyH], 1.8), 289 ([MH+ - ThyH], 1 l ) ,  127 
([ThyH + H'], 13); HRMS (CI-NH,) m/e calcd. for 
C18H31N205SSi: 415.17230; found: 415.17213. 

3'-O-tert-ButyldimethyIsilyl-5'-deoq-5'-thiothymidit1e (20)  
Methanolic sodium hydroxide solution (0.50 N, 7.7 mL, 

3.86 mmol), previously saturated with NZ gas, was slowly added 
to a stirred solution of thiolester 19 (800 mg, 1.93 mmol) in meth- 
anol (30 mL, deoxygenated) and the reaction allowed to stir at 
ambient temperature under nitrogen. After 1 h, the base was neu- 
tralized with Amberlite H' resin, which was filtered and washed 
thoroughly with methanol. Evaporation of the alcohol in vacuo af- 
forded the thiol 20, a colorless glass that crystallized upon stand- 
ing (738 mg, quantitative): mp 116-1 19°C (dec.); 'H NMR 
(300 Mhz, CDC1,) 6: 0.098 and 0.10 (two s, 6H, SNe, ) ,  0.90 (s, 
9H, t-Bu), 1.95 (fine d, 3H, J = 1.2 Hz, 5-Me), 1.53 (t, ex- 
changeable, lH,  SH), 2.16 (A of ABXY, IH, H2',), 2.30 (B 
of ABXY, lH, H2',), 2.78 (A of ABXY, lH, H5',), 2.89 (B 
of ABXY, lH, H5',), 3.95 (apparent q4, IH, H4'), 4.36 (dt, 
lH,  H3'), 6.25 (t, lH, Hl ' ) ,  7.34 (fine q4, lH,  J = 1.2 Hz, H5), 
8.41 (br S, 1 H, NH), JHI,-HZ.A = JHI.-HZ.B = 6.7 HZ, JHZ'A-H~' = 7.1, 
JH2,B-H3. = 4.3, 2 ~ H 2 ' A - H 2 ' B  = - 13.7, JH3.-H4, = 4.6, JH4.-H5.A = 
JH4*-H5'B = 4.6, Z ~ ~ 5 , A - ~ 5 , ~  = - 14.2, JSH-H5.,B = 8.3; I3c NMR 

(CDC1,): 12.65 ppm (5-Me), 17.87 (SiCMe,), 25.66 (SiMe, and 
SiCMe3), 26.41 (C5'), 40.54 (C2'), 72.50 (C3'), 84.46 and 85.97 
(Cl '  and C4'), 11 1.24 (C5), 135.51 (C6), 150.20 (C2), 163.65 
(C4); MS (CI-NH,) m/e: 390 ([M + NH,'], 1.4%), 373 ([MH'], 
loo), 247 ([MH' - ThyH], 2.7), 127 ([ThyH + H'], 28); HRMS 
(CI-NH') m/e calcd. for CI6HZ9NZO4SSi: 373.161733; found: 
373.161730. Anal. calcd. for CI6H2,N2O4SSi: C 51.58, H 7.58, N 
7.52, S 8.60; found: C 51.19, H 7.59, N 7.36, S 8.32. 

It was found that chromatography of the thiol over silica im- 
mediately after the reaction (1 : 1 hexanes/ethyl acetate, v/v) re- 
moves a small amount of impurity that accelerate~ the oxidation of 
the product to the symmetrical disulfide: 'H NMR (300 MHz, 
CD'OD) 8: 0.096 and 0.101 (two s, 6H, SiMe,), 0.90 (s, 9H, t-Bu), 
1.94 (fine d, 3H, J = 1.2 Hz, 5-Me), 2.16 (A of ABXY, lH, 
H2',), 2.30 (B of ABXY, lH, H2',), 3.02 (A of ABX, lH, H5',), 
3.07 (B of ABX, lH,  H5',), 4.10 (td, lH,  H4'), 4.35 (dt, 
lH,  H3'), 6.19 (apparent t, lH,  Hl ' ) ,  7.23 (fine q ,  lH,  J = 
1.2 Hz, H6), 8.95 (br s, lH,  nH), JHI'-H2'A = 7.1, J H ~ * - H ~ ' B  = 6.3, 

'JHZ.A-HZ'B = - 13.6, JHZ'A-H3' = 6.7, JH2'~-H3' = 3.5, JH3'-H# = 3.8, 
JH~'-H5'A = 6.0, JH4,-H5s~ = 5.4, 2 ~ H 5 s A - H 5 t ~  = -14.0; I3C NMR 
(CDCI,): 12.59 ppm (5-Me), 17.85 (SiCMe,), 25.64 (SiMe, and 
SiCMe3), 40.21 and 41.88 (C2' and C5'), 73.56 (C3'), 85.01 and 
85.54 (Cl '  and C4'), 111.1 1 (C5), 135.59 (C6), 150.26 (C2), 
163.95 (C4); MS (FAB-glycerol) m/e: 743 ([MH'], 8.4%), 437 
(46). 
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Micellar rate enhancement studies in mixed sodium fluorocarbon/hydrocarbon 
surfactant solutions 
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TERRENCE J. CONNOLLY and VINCENT C. REINSBOROUGH. Can. J. Chem. 70, 1581 (1992). 
Stopped-flow kinetic studies were conducted in mixed micellar solutions of fluorocarbon and hydrocarbon anionic 

surfactants to determine the prevalent micellar form. The probe reaction was the ~i,~~/~~ridine-2-azo-~-dimeth~lani- 
line (PADA) complexation, which is many times accelerated in the presence of anionic micelles. Binding constants for 
Ni,;+ and PADA partitioning between bulk solution and micelles were determined through the murexide technique and 
solubility measurements respectively and the molar reaction volume was obtained from the Robinson equation. The three 
binary surfactant systems investigated had sodium perfluoroheptanoate as the fluorocarbon surfactant while the hydro- 
carbon surfactants were sodium decylsulfate, sodium nonanesulfonate, and sodium octanesulfonate. The kinetic results 
were consistent with unimicellar composition in all three systems which was not the behaviour previously found with 
the sodium octane sulfonate / sodium perfluoroctanoate system. The difference was attributed to closer similarity in the 
surfactant pair hydrophobicities as revealed through their critical micelle concentrations. Another finding was that mixed 
micelles synergistically can lead to a much greater solubilization of PADA than is possible through either of the pure 
surfactants. 

TERRENCE J. CONNOLLY et VINCENT C. REINSBOROUGH. Can. J. Chem. 70, 158 1 (1992). 
Dans le but de determiner la forme micellaire prevalante, on a realis6 des Ctudes cinetiques a flux stoppC sur des so- 

lutions micellaires d'agents de surface anioniques fluoro- et hydro-carbonCs. La rCaction indicatrice utilisCe est la com- 
plexation ~ i ,~+/~~r id ine-2-azo-~-dim~th~lani l ine  (PADA) qui est fortement accC1CrCe en prCsence de micelles anioniques. 
Les constantes de fixation du Ni$+ et de partition du PADA entre la masse de la solution et les micelles ont CtC dCterminCes 
respectivement B l'aide de la technique du murexide et de mesures de solubilitC et on a CvaluC le volume molaire de la 
reaction grdce B 1'Cquation de Robinson. Les trois systkmes binaires d'agents de surface Ctudies contenaient du perfluo- 
roheptanoate de sodium comme agent de surface fluorocarbonC alors que les agents de surface hydrocarbonCs Ctaient le 
dCcylsulfate de sodium, nonanesulfonate de sodium et octanesulfonate de sodium. Dans les trois systbmes, les rCsultats 
cinetiques sont en accord avec la composition unirnicellaire; ce comportement est diffCrent de celui observe antkrieurement 
avec le systbme octanesulfonate de sodium / perfluorooctanoate de.sodium. On attribue la difference B la plus grande 
similarit6 dans les hydrophobicites des paires d'agents de surface qui sont rCvClCes par leurs concentrations micellaires 
critiques. Une autre observation a trait au fait que les micelles mixtes peuvent agir par synergie pour conduire i une so- 
lubilisation beaucoup plus grande du PADA que celle possible par chacun des agents de surface agissant seuls. 

[Traduit par la rCdaction] 

Introduction dium perfluoroheptanoate (SPFH) / sodium decylsulfate 

Mixing hydrocarbon and fluorocarbon surfactants is com- 
monplace in industry to achieve better wash results but the 
constitution and structure of the micelles responsible for this 
enhanced detergency are still not well understood. Models 
for binary surfactant mixes range from the extremes of two 
one-component micelles and a single two-component mi- 
celle to intermediate scenarios of two micelles with one richer 
than the other in one surfactant (refs. 1-4 and references cited 
therein). Impinging lately upon the situation is the growing 
realization that fluorocarbon micelles differ quite markedly 
from hydrocarbon micelles (5, 6). Recently, we investi- 
gated the rate enhancements that the complexation reaction 
between Ni,,'+ and the bidentate ligand pyridine-2-azo-p- 
dimethylaniline (PADA) experienced in the presence of 
mixed sodium perfluorooctanoate (SPFO) / sodium octane- 
sulfonate (SOS) micellar solutions (4). The kinetic results we 
obtained were consistent with there being two separate mi- 
celles of pure or almost pure composition present in solu- 
tion. In this surfactant mixture, the fluorocarbon surfactant 
had the greater hydrophobicity, the lower critical micelle 
concentration (CMC), and presumably the greater influence 
in determining properties of the mixed solutions. In the first 
phase of the present study, the roles of the surfactant types 

(SD~S)  micellar solutions. SPFH and SDeS have CMC val- 
ues of 0.068 mol dm-3 and 0.024 mol dm-3 respectively in 
millimolar nickel ion solutions. In this micellization situa- 
tion, the hydrocarbon surfactant is dominant and any differ- 
ences in micellar structure between the two mixed surfactant 
situations should be clear from the kinetic behaviour. Rate 
enhancements in micellar solution of the N~,;+/PADA 
complexation reaction find a ready explanation in the model 
of Robinson and co-workers (7-1 1) which is sufficiently 
refined to reveal major micellar structural differences. In the 
second part of this work, the system sodium perfluorohep- 
tanoate (SFPH) / sodium octanesulfonate(S0S) was in- 
vestigated kinetically. This combination of short-chained 
surfactants reverts to having the fluorocarbon dominant 
(CMC = 0.070 mol dm-3) with the hydrocarbon surfactant 
having a CMC of 0.15 mol dm-3. This second system is 
similar to the SPFO/SOS system investigated previously (4) 
except that the CMC values of the pure surfactants are closer 
together. The data from this second system suggested that a 
third hydrocarbon/fluorocarbon surfactant combination where 
the CMC values were almost coincident should be exam- 
ined. The system chosen in the third section was sodium 
perfluoroheptanoate / sodium nonanesulfonate (SPFH/SNS). 

were switcheh by conducting the same kinetic studies in so- Experimental 
A Cantech stopped-flow apparatus (deadtime 3 ms) with spec- 

' ~ u t h o r  to whom correspondence may be addressed. trophotometric detection was used to obtain rate constants under 
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20 0 R values for pure SDeS solutions agreed with previously 
published results with an R,,, of 150 + 20 and a CMC of 

R 24 mmol dm-3 as determined from the beginning of the 
steeply rising slope (9). Pure SPFH had not been investi- 

150 gated before in this context but its R,,, value of 115 was 
consistent with the R,,, value of 400 reported for the longer 
chained sodium perfluorooctanoate or SPFO (4). The re- 

100 
ported CMC values for SPFH lie in the range 80-85 mmol 
dm-3 (5, 13) and the value obtained in this work, of 70 mmol 
dm-3, undoubtedly reflects a slight lowering of the CMC due 
to the background mol dm-3 Ni,;+ in solution (in- 

5 0 creasing the ionic strength of surfactant solutions generally 
lowers the CMC). 

For the first mixed system, 3:  1 SDeS/SPFH, substitut- 
ing each fourth SDeS with a SPFH molecule made little dif- 

0 ference to the observed rate enhancements. Even though pure 
0 0.05 0.1 0 0.15 0.20 0.25 SPFH has a higher CMC than does pure SDeS, R,,, for the 

[ surfactant ] / mol dmJ 3: 1 SDeS/SPFH system was the same as for pure SDeS and 
the combined CMC was 28 mmol dm-3 in total surfactant. 

FIG. 1. Rate enhancements R of of the N~,'+/PADA complex- 
ation reaction in SDeS/SPFH solutions: (@) pure SDeS, (@) 1 : 1 The 1 : 1 SDeS/SPFH system showed more the effect of 

SDeS/SPFH, (9) 1 :3 SDeS/SPFH, (0) pure SPFH. lsurfactant] adding the "weaker" "lfactant as the Rm,X to 130 
= total surfactant concentration. and the mixed CMC rose to 43 mrnol dmp3. The 1 : 3 SDeS/ 

SPFH system dramatically reversed this trend with R,,, ris- 

pseudo-frst-order conditions for the formation of the N~,'+/PADA 
complex and the Ni,,'+/murexide complex in the mixed micellar 
solutions. The dye and Ni,'+ reactant solutions were adjusted to 
pH 7.2 2 0.1 before mixing in the PADA runs and to pH 6.0 2 
0.1 in the murexide runs. Equal concentrations of surfactant were 
used in both reactant syringes to avoid surfactant concentration 
jumps. Solubility measurements of PADA (Sigma) in surfactant 
solutions were carried out spectrophotometrically as described 
previously (8, 9). Solutions of the fluorocarbon surfactants were 
prepared in situ by neutralizing the acids (Aldrich and Fluka) with 
the highest quality sodium hydroxide (Aldrich). Sodium decylsul- 
fate or SDeS (Lancaster), sodium nonanesulfonate or SNS (Sigma), 
and sodium octanesulfonate or SOS (Sigma) were dried at room 

I 
temperature in vacuum and used without further purification. All 

! solutions were made from triply distilled water. 

Results and discussion 

SDeS/SPFH system 
In Fig. 1 the observed rate constants (kobs) for the com- 

plexation of Nia;+ with the dye ligand PADA in pure SDeS, 
pure SPFH, in 1 :3 SDeS/SPFH, and in 1: 1 SDeS/SPFH 
solutions at 25.0°C at various surfactant concentrations are 
given as R ,  the ratio of kobs in solution to kob, in pure water 
(9), which is (1.2 k 0.1) X lo3 dm3 mol-I s-' (1 1). In ad- 
dition to the 1 : 3 and 1 : 1 SDeS/SPFH systems, three other 
mixed systems were studied kinetically: the 3 : 1, 1 : 2, and 
1 : 6 mole ratios. The general concentration dependence of 
R was similar to that observed previously in other micellar 
systems, i.e., little change from unity until close to the CMC 
and then a more or less sharp rise to a maximum just be- 
yond the CMC followed in turn by a more gradual decline 
to a plateau in concentrated micellar solution. The increase 
in rate is a concentrative effect brought about when both 
reactants, metal cation and hydrophobic dye, are attracted 
strongly into the micellar surface region (7). Properly 
speaking, the micelles are not acting as catalysts since no new 
path is being provided for the reaction with the activation 
energy for the complexation reaction remaining the same with 
or without surfactant (7, 8). The values of R,,, for all six 
systems investigated are listed in Table 1. 

ing to 170 and the mixed CMC remaining unchanged. The 
R,,, value for the 1 :6 SDeS/SPFH system declined slightly 
to 152 but still was large in view of the 115 reading for pure 
SPFH. The mixed CMC for the 1 : 6  system of 62 mmol dm-3 
total surfactant also was low in view of the CMC of pure 
SPFH. It is clear that the 1 : 3 and the 1 : 6 systems demon- 
strate synergistic effects (14). Minor synergistic effects have 
been reported for some mixed anionic hydrocarbon micellar 
systems (12) but these were not found in the previously 
studied mixed fluorocarbon/hydrocarbon surfactant system 
(4). 

The Robinson model accounts quantitatively for micellar 
rate enhancements by the expression (8, 9, 11) 

where k",,, is the observed rate constant in surfactant solu- 
tion, k" is the second-order forward rate constant for the 
complexation in surfactant solution, C is the concentration 
of the surfactant in the form of micelles, i.e., the total con- 
centration less the CMC, and V is the molar reaction vol- 
ume of the surfactant. The parameter V is a measure of the 
tightness or density of the micellar surface region in which 
the probe reaction occurs. KNi  and KpADA represent parti- 
tioning coeficients for each reactant going on and corning off 
the micelles, e.g., KNi  = [Ni2+],/C[Ni2+], where subscripts 
s and b denote the micellar surface and bulk solution pseu- 
dophases respectively. KpADA is defined analogously. The 
value of k" is assumed equal to the rate constant in pure water 
(1. 2 X lo3 dm3 mol-I s-') (8). Values of KNi and KpADA are 
obtained independently by the murexide technique (4, 15) 
and by solubility measurements respectively (8, 9). Curve- 
fitting of the kinetic data yields parameter V and (or) KNi. The 
values of KNi (experimental and fitted), KpADA, and V are 
found in Table 1. 

First of all, the fitted binding constants of nickel ion to the 
micelles in all the pure and mixed surfactant systems agreed 
reasonably well with those obtained through the murexide 
technique, which speaks well for the kinetic model. Sec- 
ondly, KNi for pure SPFH of 55 was reasonable since KNi for 
sodium perfluorooctanoate was 250 (4). Rather surpris- 
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CONNOLLY AND REINSBOROUGH 

TABLE 1. Binding constants, reaction volumes, and R,,, values for micellar hydrocarbon/ 
fluorocarbon surfactant systems 

KPADA KNI(I K N ; ~  v 
System (dm3 mol-') (dm3 mol-') (dm3 mol-') (dm3 mol-') R,, 

(a) SDeS/SPFH 
Pure SDeS 

3: 1 
1 : l  
1:3 
1  :6 

Pure SPFH 

(b) SOS/SPFH 
Pure SOS 

1 : l  
Pure SPFH 

(c) SNS/SPFH 
Pure SNS 

1 : l  
Pure SPFH 

"Fitted values. 
bExperimental values 

ingly, the binding of the dye PADA to pure SPFH micelles 
(KpADA) was equally as strong as it was to the presumably 
larger pure SPFO micelles (4). This may be related to the 
anomalous nature of perfluorinated surfactants (5). A con- 
sistency with sodium perfluorooctanoate did develop, how- 
ever, in the remarkably low value of the reaction volume of 
0.15 dm3 mol-I for pure SPFH. The value of V for sodium 
heptanesulfonate of the same chain length is 0.89 dm3 mol-I 
(10) and, even allowing for the 1.5 factor Shinoda et al. (16) 
found should be used when comparing the properties of 
fluorocarbon surfactants with their hydrocarbon counter- 
parts, values of reaction volumes of 0.15 dm3 mol-' or 
0.16 dm3 mol-' as found with sodium perfluorooctanoate 
micelles seem grossly out of line (V for sodium dodecylsul- 
fate is 0.40 dm3 mol-' for the same reaction (1 1)). How- 
ever, the reaction volume should approximate the molar 
volume of the surfactant according to theory (17) and for 
SPFO this should be slightly less than the reported value of 
0.22 dm3 mol-I for sodium perfluorononanoate at 30°C (18). 
With short-chained hydrocarbon surfactants, V values often 
exceed the molar volume of the surfactant many times, sug- 
gesting that such micelles are loosely held together and (or) 
the reaction zone extends considerably into the solution from 
the rnicelle surface (10). Fluorinated surfactants on the other 
hand appear to maintain the tightness of micellar surface re- 
gion even with a seven-membered tail. Guo et al. (5) have 
noted that the so-called Stem layer of the perfluoroheptan- 
oic micelle is very compact as compared with ordinary or 
hydrocarbon surfactants, which is in agreement with our re- 
sults. The better than expected micellar "catalysis" effected 
by fluorocarbon surfactants on the N~,;+/PADA complex- 
ation reaction thus is not a result of any greater attraction of 
either of the reactants Ni,;+ or PADA into the micellar sur- 
face region but rather of a pronounced constriction of this part 
of the micelle. 

Remarkably, this contraction of the micellar surface re- 
gion persists when SDeS is added to pure SPFH micelles to 
at least 25 mol% SDeS where V is 0.17 dm3 mol-' (Table 

1). At this concentation, both KNi and KpADA have increased 
in keeping with the presence of 25 mol% SDeS for which 
these partitioning constants are higher. Thus, with in- 
creased K values and V remaining the same, the rate en- 
hancement increases overall as compared with the pure SPFH 
situation. At 50 mol% SDeS, the partitioning constants and 
the V values both increase, thus negating any overall in- 
crease in R as compared with the 25 mol% SDeS system. 
Thus, a maximum in R,,, occurs around 25 mol% SDeS in 
the SDeS/SPFH system. R,, values should be a practical 
indicator of the efficiency of anionic detergents because ac- 
cording to the kinetic analysis the value of R is decided by 
the effectiveness with which the micellar surfactant is able 
to attract metallic ions and organic material, and these con- 
stitute two important types of materials good detergents 
should remove from solution. In applications where this is 
desired, a mixed SDeS/SPFH soap with 25 mol% SDeS 
should be a more effective dirt remover than either of the pure 
surfactants. 

When SPFO was added to micellar SOS solutions to con- 
stitute a 10 mol% SPFO system, the rate enhancements in- 
creased dramatically, despite a countering decrease in KpmA. 
This increase resulted because the reaction volume under- 
went an eightfold decrease (4). This together with other 
evidence such as the common occurrence of two CMC's in 
many of the mixed systems was interpreted to indicate that 
relatively pure perfluorooctanoate micelles were formed, 
perhaps together with pure or almost pure octylsulfate mi- 
celles, and that the former micelles were almost entirely re- 
sponsible for the observed rate enhancements. On the other 
hand, in the mixed system reported here, the kinetic param- 
eters of even the 25 mol% SPFH system seem simply to re- 
flect more or less proportionately the mole ratios of each 
surfactant. Moreover, no systems gave evidence of having 
more than one CMC. Thus, it would appear that in the SDeS/ 
SPFH system one mixed-micelle was responsible for the 
observed rate enhancements. Perfluoroheptanoate mono- 
mers are apparently adsorbed and absorbed into decylsul- 
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sos l .J! - 
[surfactant] / mol dm-' 

FIG. 2. Rate enhancements R of the N~,,'+/PADA complexa- 
tion reaction in 1 : 1 SOS/SPFH solutions. Fitted curves for R are 
also shown for the pure surfactants. [surfactant] = total surfactant 
concentration. 

fate micelles where they bring about a roughly proportional 
diminution in the attraction experienced by each reactant into 
the micelle but cause an inordinately large shrinking of the 
micellar surface region in respect to the N~,;+/PADA com- 
plexation reaction. 

SOSISPFH system 
The rate enhancement plots for the 1 : 1 SPFH/SOS sys- 

tem as compared with the curves for pure SPFH and pure 
SOS are displayed in Fig. 2. The kinetic parameters for the 
system as obtained through stopped-flow murexide runs (KNi), 
solubility measurements (KpADA), and computer curve-fit- 
ting (V) are listed in Table 1. Three features especially are 
notable and these cause this sytem to resemble more closely 
the SPFH/SDeS system than the SPFO/SOS system. First 
of all, R,,, for the 1 : 1 combination is 75% of the R,,, value 
for pure SPFH or about nine times that for pure SOS. Sec- 
ondly, the reaction volume of the equimolar mixture in so- 
lution is remarkedly close to the reaction volume for pure 
SPFH. The fluorocarbon surfactant monomer controls this 
parameter, reducing it to a value four times lower than in pure 
SOS. Thirdly, the KpADA values indicate that the mixed sys- 
tem is a much more efficient PADA scavenger than either 
of the pure components, an observation not noted before in 
mixed surfactant systems. The solubility and the murexide 
curves gave no sign either of any second CMC's so that all 
indicators point to a one-micelle system as with the SDeS/ 
SPFH situation. 

SNSISPFH system 
From the results with the foregoing perfluorocarbon/hy- 

drocarbon surfactant combinations, whether one or two mi- 
celles were formed in these mixed systems seemed to depend 
on how close were the CMC values for the two pure surfac- 
tants. The CMC values for SOS and SPFO in rnol dm-3 
~i,;+ were 0.15 rnol dm-3 and around 0.02 rnol dm-3 re- 
spectively (4) and two micelles were apparently formed in 
the micellar solutions of the mixtures. SDeS and SPFH had 
CMC's of 0.024 rnol dm-3 and 0.070 rnol dm-3 respec- 
tively and their mixtures indicated only one micellar form was 
prevalent in solution. In the first case, the CMC's differed 
by a factor of seven while in the second case the factor was 

[surfactant] / mol dm-3 

FIG. 3. Rate enhancements R of the N~,,'+/PADA complexa- 
tion reaction in 1 : 1 SNS/SPFH solutions. Fitted curves for R for 
the pure surfactants are also shown. [surfactant] = total surfactant 
concentration. 

three. With the SOS/SPFH system, the CMC ratio was two 
and simply one micelle formed. To test this closeness-of- 
CMC hypothesis further, a hydrocarbon surfactant was mixed 
equimolarly with a fluorocarbon surfactant where the CMC 
values of the two pure components were even closer and rate 
enhancements for the probe reaction were obtained in these 
solutions. The selected two were sodium nonanesulfonate 
(SNS) and sodium perfluoroheptanoate (SPFH) with CMC's 
of 0.081 rnol dm-3 (10) and 0.070 rnol dm-3, respectively, 
or a CMC ratio of 1.2. The data (Fig. 3) and the kinetic pa- 
rameters from the Robinson analysis (Table l )  for the l : l 
SNS/SPFH system are best consistent with unimicellar 
composition. The molar reaction volume, in its intermedi- 
ate position between those of the pure surfactants, reflects a 
more equal input by each surfactant into its determination. 
Apparently, as the hydrocarbon and the fluorocarbon sur- 
factant approach each other in their CMC's and hence hy- 
drophobicities (the actual value of the CMC is usually viewed 
as a trade-off between the polarity of the ionic head of the 
surfactant and its hydrophobicity (19); changing ionic heads 
from sulfate to sulfonate or carboxylate is not as influential 
in modifying the CMC as changing the tail length), the two 
are more compatible in the micellar assembly. Our results 
indicate that a ratio in CMC values of the two pure short- 
chained surfactants of about five or greater is required for two 
types of micelles to be formed, whereas below five one mixed 
micelle is to be expected. Shinoda and Nomura state that 
micellar incompatibility or two micelles will be the case when 
the chain lengths of both surfactants are sufficiently long (20). 
For short-chained surfactant mixtures such as we are con- 
cerned with here, our work shows that a further condition for 
a single micellar form in solution is that the CMC's of the 
pure surfactants be close together. 

This mixed micelle formed in sufficiently concentrated 
hydrocarbon/fluorocarbon surfactant solutions has interest- 
ing properties born of synergism that may recommend its use 
for various applications. For example, in a 1 : 1 SNS/SPFH 
micellar solution, the organic dye PADA is solubilized much 
more effectively than in either of the pure micellar solutions 
and this increase in solubilization is more dramatic as the 
CMC values of the pure surfactant components approach each 
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other. Also curious is the dominant role often played by the 
fluorocabon surfactant in mixtures in compressing the mi- 
cellar surface region to a value differing little from that of 
the pure fluorocarbon surfactant. On the other hand, it is 
somewhat difficult to picture fluorocarbon and hydrocarbon 
chains with their different sizes and electron-withdrawing 
powers lining up amicably in a mixed micelle. Therefore, it 
may not be surprising that these differences are reconciled 
by the fluorocarbon having principal control over the forces 
at work in the micellar surface region. 
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Enthalpies of solution of naphthalene, N,N-dimethyl-1-naphthylamine, 
and 1,s-bis(dimethy1amino)naphthalene in 16 organic solvents 
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DANIEL FIGEYS, MAEGORZATA KOSCHMIDDER, and ROBERT L. BENOIT. Can. J. Chem. 70, 1586 (1992). 
The enthalpies of solution of naphthalene, N,N-dimethyl-1-naphthylamine, and 1,8-bis(dimethy1amino)naphthalene 

(proton sponge) were determined at 298.15 K in 16 organic solvents (n-hexane, cyclohexane, carbon tetrachloride, 
chloroform, 1,2-dichloroethane, benzene, chlorobenzene, dimethyl sulfoxide, N,N-dimethylformamide, ethyl acetate, 
1,4-dioxane, anisole, nitrobenzene, benzonitrile, methanol, ethanol). Additional determinations were made with ben- 
zene. Useful linear relationships are observed between the molar enthalpies of solution of the four compounds in the 
solvents. The molar enthalpies of solution were correlated with the solvatochromic paramete= of the solvents. The presence 
of N(CH3), groups on naphthalene does not significantly contribute to the solute-solvent interactions. 

DANIEL FIGEYS, MAEGORZATA KOSCHMIDDER et ROBERT L. BENOIT. Can. J. Chem. 70, 1586 (1992). 
OpCrant i 298.15 K, on a determine les enthalpies de solution du naphtalkne, de la N,N-dimkthyl-1-naphtylamine et 

du 1,8-bis(dim6thylamino)naphtalkne (Cponge i protons) dans 16 solvants organiques (n-hexane, cyclohexane, tktrachlorure 
de carbone, chloroforme, 1,2-dichloroethane, benzkne, chlorobenzkne, dimCthylsulfoxyde, N,N-dimkthylformamide, 
acetate d'kthyle, 1,4-dioxane, anisole, nitrobenzkne, benzonitrile, mCthanol et ethanol). On a effectut des mesures sup- 
plkmentaires dans le benzkne. On a observe des relations 1inCaires utiles entre les enthalpies molaires de solution des 
quatre composCs dans les solvants. I1 existe une correlation entre les enthalpies molaires et les paramktres solvatochro- 
miques des solvants. La presence de groupes N(CH3), sur le naphtalkne ne contribue pas d'une f a ~ o n  significative aux 
interactions solutCs-solvants. 

[Traduit par la rkdaction] 

Introduction 
The unusual structure of the aromatic diamine 1.8-bis- 

(dirnethy1amino)naphthalene (proton sponge, PS) confers to 
its conjugated cation, PSH', a nonspecific solvation. This 
property has been used to formulate an extrathermodynamic 
assumption leading to valuable single-ion enthalpies of 
transfer between solvents (1). To assess the validity of the 
assumption, we had to ascertain the absence of specific in- 
teractibns between PS as a solute and the solvents, such as 
H-bonding between protogenic solvents and the -NMe2 group 
of PS. We therefore determined the standard molar en- 
thalpy of solution of PS in a wide range of organic solvents. 
We present here the corresponding calorimetric data and their 
analysis in terms of solute-solvent interactions. To this- ef- 
fect we looked for correlations between the molar enthalpy 
of solution of PS and the solvatochromic parameters of the 
solvents (2). We also considered another approach related 
to that of Fuchs and Rodewald (3), who studied the differ- 
ence between the molar enthalpy of solution of substituted 
aromatic solutes and that of the parent compound. Thus we 
also determined the standard molar enthalpy of solution of 

thylamine (Aldrich, 99%) was used as received and naphthalene 
(Aldrich, 99%) was recrystallized from ethanol. Benzene 
(99.9% +), chlorobenzene (99.9%+), nitrobenzene (99%). ben- 
zonitrile (99%), ethyl acetate (99.9%+), 1,2-dichloroethane 
(99.8%), 1,4-dioxane (99.8%), anisol (99%), n-hexane (99% +), 
and carbon tetrachloride (Spectrograde) were supplied by Aldrich. 
Dimethyl sulfoxide (99.9%) was obtained from BDH, ethanol 
(anhydrous) from Anachemia. N,N-Dimethylformamide (reagent 
grade), cyclohexane (Spectrograde), and chloroform (spectro- 
grade) were from ACP and methanol (spectrograde) from American 
Chemicals. Chloroform was treated with 4A molecular sieves and 
distilled. 

The enthalpies of solution were measured at 298.15 2 0.01 K 
with an LKB model 8721-1 isoperibol calorimeter as previously 
described (1); the nu1 detector was connected to a digital-analog 
circuit and a Zenith computer. The amounts of compounds dis- 
solved in 0.100 dm3 of solvent were obtained from the weights of 
the 0.001 dm3 reaction ampoules. Two different types of am- 
poules were used, either a glass one whose neck was closed with 
Parafilm for unreactive solvents, or a small Teflon cylinder tightly 
closed with thin glass caps at both ends (5). The calorimetric mea- 
surements were made at different final solute concentrations, 0.001- 
0.02 mol dm-3. 

N,N-dimethyl- 1-naphthylamine (DMNA) and that of naph- Results and discussion 
thalene (NA) in the same series of solvents. The solvents used 
were selected so that their solvatoc~rom~c would The molar enthalpies of solution were calculated from a 

cover a wide of values. ~h~ poor solubility of NA and linear regression correlation of the heat change against sol- 

p s ,  however, imposed some restrictions on our choice of ute concentration. The uncertainties quoted are the standard 

solvents. deviations of the slopes. The enthalpy values obtained for 
each of the compounds are taken to be equal to the infinite 

Experimental dilution values A,,JI: because no concentration dependence 

Proton sponge (Aldrich, 99%) was purified according to the was observed in the low concentration range studied, 0.001- 

procedure of de Groat and Si*ema (4). N,N-Dimethyl-l-naph- 0.02 mol dm-'. The standard molar enthal~ies of solution 
at 298.15 K are listed in Table 1 for naphthalene, N,N-di- 

'present address: Department of Chemistry, University of methyl-l-naphth~lamine, and proton sponge. Our results for 
Alberta, Edmonton, Alta., Canada T6G 2G2. the solution of NA in dimethylformamide and methanol are 

'on leave from: Technical University, Gdarisk, Poland. in good agreement with previous values (3). 
3 ~ u t h o r  to whom correspondence may be addressed. We note that the three sets of A,,JI: values for NA, 
4Revision received December 18, 1991. DMNA, and PS in Table 1 vary within a narrow range of 
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TABLE 1. Standard molar enthalpies of solution of naphthalene, proton sponge, N,N-dimethyl-1-naphthyalmine, and benzene at 
298.15 K 

n.0 (J  112 cm3/2) 
ASOIH; (NA) A s o t f J ~  (PS) A,,~H; (DMNA,l) A,,,H; (Bz,~) 

Solvent (kJ mol-I) (kl mol-I) (kl mol-I) (kl mol-I) 

n-Hexane -0.08 14.9 21.2 + 0.2 18 2 1.5 4.94 + 0.09 3.3lbsC 
Cyclohexane 0 16.8 22.3 + 0.4 21.4 + 0.2 6.3 + 0.1 3.81b 
Carbon tetrachloride 0.28 17.6 18.6 + 0.5 16.3 + 0.3 1.11 + 0.07 0 .54~  
Chloroform 0.58 19.3 15.4 + 0.2 10.9 + 0.5 -4.4 2 0.1 
1,2-Dichloroethane 0.81 20.3 18.1 + 0.2 17.6 + 0.5 1.14 + 0.06 
Benzene 0.59 18.7 17.8 + 0.4 15.9 + 0.6 0.86 + 0.02 0 
Chlorobenzene 0.71 19.8 17.7 + 0.2 14.1 + 0.5 -0.71 + 0.05 0.06 ? 0.02 
Dimethylsulfoxide 1 .OO 26.6 19.7 + 0.3 23.1 + 0.5 5.2 + 0.1 
N,N-Dimethylformamide 0.88 24.1 16.3 + 0.3 19.2 + 0.3 1.14 + 0.01 
Ethylacetate 0.55 18.2 17.0 ? 0.1 18.6 2 0.2 1.45 + 0.07 
1,4-Dioxane 0.55 20.5 16.8 + 0.5 19.0 + 0.1 1.6 + 0.1 
Anisole 0.73 19.7 16.7 ? 0.5 16.0 2 0.1 -0.08 + 0.05 0.16 + 0.02 
Nitrobenzene 1.01 22.6 18.6 + 0.2 18.2 + 0.1 1.14 ? 0.03 1.07 2 0.07 
Benzonitrile 0.90 22.7 17.8 ? 0.4 16.3 + 0.1 0.00 ? 0.01" 0.15 + 0.01 
Methanol 0.60 29.3 19.1 + 0.3 20.7 + 0.5 4.30 + 0.06 
Ethanol 0.54 26.0 18.8 2 0.2 20.5 + 0.6 4.18 + 0.07 

"Reference 2 .  
bReference 7.'In n-heptane. 
dEstimated error. 

approximately 7 kJ mol-I (excluding the CHCI, values) in 
spite of the widely different properties of the solvents as can 
be assessed from their solvatochromic parameters (2). The 
solvents' parameters of interest for our set of solutes are: ti,, 
the Hildebrand solubility parameter, II*, a measure of the 
solvents dipolarity/polarizability, and a, the hydrogen-bond 
donor ability. The values of ti, and II* are listed in Table 1; 
the values of a are 0 except for chloroform (0.44), metha- 
nol (0.93), and ethanol (0.83), and the values of a,,, (a po- 
larizability correction) are l for the aromatic solvents, 0.5 
for the chloro solvents, and 0 for the other solvents. The 
A,,,H; values for DMNA are consistently some 15-20 kJ 
mol-' more exothermic than those for NA and PS. This is 
because at 298.15 K DMNA is a liquid while NA and PS are 
both solids. As a matter of fact, if we subtract the enthalpy 
of fusion of NA (+ 18.0 kJ mol-I) (6), the calculated values 
of the enthalpy of solution of supercooled liquid NA in the 
various solvents are now within a few kJ mol-' of the cor- 
responding values for liquid DMNA. 

Correlation between enthalpies of solution 
The plot of the molar enthalpies of solution of DMNA in 

the 16 solvents against those of NA in the same solvents 
shows some interesting features. If we attempt to use all the 
data the correlation is rather poor (r = 0.85, s.d. = 1.5) but 
if we divide the solvents into two groups we obtain two es- 
sentially parallel lines: 

Line a: 

[ 1 I A,,,H; (DMNA, 1) 

= (1.21 + 0.09) A,,,H; (NA) - (21 + 1.5) 

with N = 9, r = 0.982, s.d. = 0.5, where N is the number 
of solvents in the correlation; r denotes the correlation coef- 
ficient; s.d. is the standard deviation of the estimate. The nine 
solvents include n-hexane and cyclohexane, and the aro- 
matic and chlorosolvents (excluding CHCI,). For the re- 
maining six solvents we have 

Line b: 

P I  A,,P; (DMNA,l) 

= (1.24 + 0.07) A,,,H; (NA) - (19 + 1.3) 

withN = 6, r = 0.994, s.d. = 0.22. 
The correlations between the molar enthalpies of solution 

of PS and NA are not as good. We find 
Line a: 

[3] A,,,H (PS) = (1.2 k 0.2) A,,,H; (NA) - (5 2 4) 

withN = 9 , r  = 0.866,s.d. = 1.5. 
Line b: 

[41 AsOlH O, (PS) = (1.0 + 0.3) A,,,H (NA) + (2 2 5) 

with N = 6, r = 0.889, s.d. = 0.85. 
Finally, for benzene we obtain 
Line a: 

[51 AS0,HO, (Bz,l) 

= (0.78 k 0.07) A,,,H; (NA) - (14 k 1) 

with N = 9, r = 0.972, s.d. = 0.37. 
These correlations are clearly of practical interest. For 

example, for the solvent water, from a value of A,,,H; 
(NA) = + 29.9 kJ mol-I (6) and eq. [4] we calculate 
A,,,H; (PS) = + 32 kJ mol-I to be compared with the ex- 
perimental 30 + 5 kJ mol-' (1). However, the significance 
of these correlations is unclear since the two groups of sol- 
vents do not form well-defined families. Furthermore, the 
experimental uncertainties on the enthalpies do not account 
for the scatter of the points. 

Corrdations between enthalpies of solution and solvent 
parameters 

The enthalpy of solvation of a solute, i.e., its transfer from 
the gas phase to the solvent, can be taken to include a nurn- 
ber of additive enthalpy contributions that correspond to the 
creation of a cavity in the solvent, the solute-solvent dis- 
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persion and polar interactions, the structural changes pro- 
duced by the solute in the solvent, and specific interactions, 
such as H-bonding, between the solute and the solvent. 
Clearly, isolating the different contributions will lead to a 
better understanding of solute-solvent interactions and var- 
ious approaches have been tried to solve the problem (7). 
Recently, considerable success has been achieved in corre- 
lating a large number of physicochemical properties and 
reactivity parameters to solute and solvent properties through 
linear relationships (2). We have applied multiple linear 
regression analysis to correlate our molar enthalpies of so- 
lution, and other derived enthalpies, to the solvatochromic 
parameters of the solvents listed in Table 1. 

We obtained for solid NA and PS, and liquid DMNA the 
following equations where all the coefficients are statisti- 
cally significant at the confidence level of 95% according to 
Student's t-test. 

[6] A,,,H~ (NA) = (1.28 + 0.05) 6, 

where N = 16, R 2  = 0.9950, s.d. = 1.5. 

[7] A,,,HL (PS) = (1 .19 + 0.06) 6, 

- (10 + 2) n* - (8 + 1) a 

I where N = 16, R2 = 0.9946, s.d. = 1.5. 

1 where N = 15 (CHCl, excluded), R 2  = 0.847, s.d. = 1.3. 
For benzene there is no satisfactory correlation since R 2  

is only 0.65. 
The coefficients of the parameters S,, n*, and a of the 

equations make chemical sense in that the cavity term adds 
a positive contribution to As0,HL while the expected nega- 
tive contributions come from both polar interactions and 
H-bond interactions between the solutes and the H-bond 
donor solvents. Somewhat unexpectedly, the equations have 
no constant term; when the multiple regression program was 
run with a constant the R2 value dropped to -0.3. Using Si, 
which may be preferable to 6, (7), also gave poorer corre- 
lations. The equations do not include a term to account for 
possible electron donor-acceptor (EDA) interactions of the 
solutes with the chloro and aromatic solvents, in part be- 
cause there is no simple way to account for such interac- 
tions (8). At any rate the linear relationships between the 
A,,,H~ values of naphthalene and those of PS and DMNA 
would suggest that EDA interactions would only involve the 
solute's ll electrons and not the nitrogen lone pair. It may 
be that EDA interactions are accounted for, at least in part, 
in the n* term. It is somewhat difficult to compare the val- 
ues of the coefficients of the parameters for the three sol- 
utes. For NA and PS, which are both solids and with similar 
enthalpies of sublimation, the coefficients of 6, and a are 
nearly the same while those of n* are somewhat different, 
but there is a S,,, term that is significant for NA but not for 
PS. If we omit S,,, from the NA correlation we obtain: 

[9] A,,,H~ (NA) = (1.28 + 0.07) 6, 

This time the n* coefficients are the same within error for 
NA and PS. The closeness of the a coefficients for NA and 
PS would imply that H-bonding between the solvents and the 
-NMe2 groups plays only a minor role, if any, and that n 
electron - hydrogen bond interactions are more important. 
TO obtain a comparable equation for solid DMNA we added 
18 kJ mol-I, an estimated value of the molar enthalpy of fu- 
sion of DMNA, to the values of A,,,H~ (DMNA,l) and we 
found 

[ 101 A,,,H~ (DMNA) = (1.40 + 0.05) 6, 

where N = 15, R' = 0.996, s.d. = 1.5. 
The coefficients of S,, n*, and a are now near those for 

solid NA and PS. It is puzzling that eq. [lo] has no constant 
term, particularly in view of the fact that current work on the 
solution of pyridines leads to equations with constant terms 
whose values are related to the physical state of pyridines, 
whether gaseous, liquid, or solid. At any rate the terms in 
eq. [6], [7], [9], and [lo] should be regarded as measuring 
the differences between the solute-solvent interactions 
formed and the solute-solute interactions disrupted (9). 
Within these limitations the correlations between the molar 
enthalpies of solution and the solvatochromic parameters of 
the solvents permit us to estimate the respective contribu- 
tions of cavity, polar, and H-bonding terms. For example, 
for naphthalene the positive cavity contribution would vary 
between 20 and 40 kJ mol-' and would be counterbalanced 
by the negative contributions of 0-10 kJ mol-' each for polar 
and H-bonding terms. The correlations have also a good 
predictive value. Thus for the solution of NA in the solvent 
water, we calculate from the solvatochromic parameters and 
eq. [6] A,,,HL = +34 kJ mol-I, to be compared with a 
t 2 9 . 9  kJ mol-' experimental value (6). For the solution of 
PS in pyridine we calculate + 19 kJ mol-' while a recent 
experiment gave + 17.35 kJ mol-'. 

We also looked at correlations between the enthalpy of 
solvation (gas to solvent) and the solvatochromic parame- 
ters of the solvents, but the standard deviations were too high 
for good predictive value. Similarly, the correlations be- 
tween the heats of transfer of the solutes (taking cyclohex- 
ane as reference solvent) and the differences between the 
solvatochromic parameters were not satisfactory. Taking 
naphthalene as the parent compound for PS and correlating 
the differenes between the heats of transfer of both solutes 
(3) also lead to no meaningful results. Finally the compari- 
son of correlation, eqs. [7], [9], between A S o I H ~  (NA) and 
A,,,H~ (PS), and the solvatochromic parameters on the one 
hand, and the direct linear relation between A , , ~ H ~  (PS) 
and A,,,H~ (NA), eqs. [3], [4], on the other hand shows that 
these relations are not strictly compatible and this may 
account for the fact that the linear relation between 
A,,,H~ (PS) and A,,,H~ (NA) is only approximate. 
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Atrazine in mineral soil: the analytical chemistry of speciation' 
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DONALD S .  GAMBLE and L. ALI ISMAILY. Can. J. Chem. 70, 1590 (1992). 
The HPLC-microfiltration method previously described for determining atrazine and hydroxyatrazine species in or- 

ganic soil has been adapted to a mineral soil. The method was able to monitor atrazine concentrations of less than 1.0 
x M; which is over 40 times lower than the atrazine concentrations measured in the earlier organic soil experi- 
ments. During kinetics.experiments, it also monitored four free and sorbed chemical species instead of only one. Mea- 
surements were obtained with much better accuracy and productivity than can be obtained by conventional methods. The 
atrazine sorption capacity of the mineral soil was also measured. The analytical chemical data produced can support 
heterogeneous chemical kinetics calculations. 

DONALD S. GAMBLE et L. ALI ISMAILY. Can. J. Chem. 70, 1590 (1992). 
Dans le but de determiner des espbces atrazine et hydroxyatrazine dans des sols organiques, on a adapt6 a une huile 

minkrale la mkthode de CLHP/microfiltration dkcrite anterieurement. La methode permet d'kvaluer des concentrations 
d'atrazine de moins de 1,O x M, soit 40 fois moins que les concentrations d'atrazine mesurkes lors des expkriences 
anterieures avec des sols organiques. Au cours d'expkriences cinetiques, on peut aussi determiner quatre espkces chi- 
miques libres et sorbkes au lieu d'une seule. Des mesures ont kt6 rkaliskes avec une meilleure prkcision et une meilleure 
productivitk que celle possible avec des mkthodes conventionnelles. On a aussi measure la capacitk de sorption de 
l'atrazine a partir de l'huile minerale. Les donnkes analytiques chimiques ainsi produites peuvent supporter des calculs 
de cinktique chimique. 

[Traduit par la redaction] 

Introduction 
The herbicide atrazine, used extensively to control weeds 

in corn, has become associated with a number of environ- 
mental problems. Contamination of soil and groundwater is 
an example (2-4), and its plant toxicity is influenced by the 
extent to which it is free in solution or sorbed (5, 6). Math- 
ematical models for its persistence and mobility in soils must 
account for sorption-desorption kinetics and equilibria, and 
chemical degradation (7, 8). Hydrology models, which seek 
to predict movement and concentrations of contaminants in 
groundwater and soil, will consequently require analytical 
chemical data. The first requirement is that the chemical 
properties, including speciation, of the atrazine must be 
quantitatively known. A number of authors have already 
contributed information on the chemical reactions and spe- 
ciation of atrazine (9-17). The next requirement is that the 
relevant physical chemistry properties of particular soils must 
be measured. They include numbers and acid strengths of 
carboxyl groups, and atrazine sorption capacities. These 
physical chemical properties must then be monitored over the 
course of experiments with a particular soil and atrazine. 
Variables needed for the supporting calculations should be 
measured experimentally. It is not sufficient to measure total 
atrazine in an experimental sample because the calculations 
of parameters for hydrology models can only be done with 
measurements of free and bound forms. The physical na- 
ture and chemical reactivity of the soil will make a large 
contribution to the manner and rate of pesticide-soil inter- 
actions. In light of this, it is not practical to attempt to solve 
pesticide-soil interaction problems using only information 
about the chemistry of the pesticide, without information 
about the chemistry of the soils. To avoid experimental ar- 
tifacts the analytical chemical method for measuring the 
distribution of atrazine between a solution and the sus- 

'LRRc Contribution No. 90-9 1. 
' ~ u t h o r  to whom correspondence may be addressed 

pended solids must not disturb the distribution being mea- 
sured. This is equally true for both equilibrium and 
nonequilibrium distributions. 

A combination of acid-base titrations and HPLC with 
microfiltration has been designed to meet such require- 
ments. The basic HPLC-microfiltration method for chemi- 
cal kinetics speciation experiments was reported previously 
by us for organic soil (1). The analytical chemical methods 
must next be adapted to monitor the chemical speciation of 
atrazine as a function of time when mineral soils are used, 
because of their greater economic and environmental im- 
portance. With mineral soils two experimental problems are 
encountered that are not encountered with organic soils (1). 
The soil particles are harder to slurry properly because they 
are somewhat more dense than organic soil particles. In ad- 
dition it was anticipated that their sorption capacities and 
chemical reactivities would be substantially smaller than those 
of organic soil, because of smaller carboxyl group contents. 
Preliminary experiments have confirmed this. 

A conventional sorption experiment typically uses sev- 
eral samples, each of which has to be separately filtered or 
centrifuged and extracted for analysis. Each extraction 
commonly uses only 50-100 mL of extractant for each gram 
of soil. The preparation for HPLC or GC injection requires 
2 days for shaking, separation, volume reduction with a ro- 
tary evaporator, and adjustment of the residue to a known 
volume. This produces only about a dozen low-precision data 
points for the whole experiment, and the small-volume batch 
extractions woqld tend to disturb the solution-solid distri- 
butions of pesticide that they were supposed to measure. Such 
a method is not only labour intensive, but it also produces 
data that do not support detailed chemical kinetics calcula- 
tions very well. 

The objective of this work was to adapt the analytical 
chemical methods developed for atrazine interactions with 
an organic soil to the investigation of its interactions with a 
mineral soil. 
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TABLE 1. Mineral soil analyses. Components and some chemical properties of a New Brunswick Mineral Soila 

Organic 
Minerals % matter % 

(prnol/g of soil) 
Metal ion Exchangeable (meauiv. /g - 
extractants Fe A1 metal ions o f  soilj  - 

Sand 42.6 Organic C 8.18% Pyrophospate 0.2955 0.8006 c a 2 +  0.0090 
Silt 45.7 Oxalate 0.2975 1.008 1 Mg2+ 0.0019 
Clay 11.7 Dithionite 0.5694 0.9599 K+ 0.0016 

~ l ~ +  0.0440 
Total 0.0565 

"See Wang and McKeague (19). 

Theory 

The extraction method used in this study involves injec- 
tion of an aqueous slurry of soil into an HPLC fitted with 
inline microfilters. The inline fdters trap the soil particles and 
the flow of the mobile phase results in extraction of atra- 
zine. Analysis of the chromatogram shows the total concen- 
tration of a pesticide that was distributed between the solution 
and quickly accessible sorption sites on the suspended par- 
ticles. In a typical atrazine - mineral soil experiment, a 
20.0 pL injection of slurry contains approximately 4 X 

lop4 g of particles, which are trapped on the inline filters. 
With a mobile phase flow rate of 1.0 mL/min, a typical peak 
retention time of 6.0 min would give a ratio of extractant to 
sample approximately equal to 15.0 L/g of soil. The sub- 
traction of solution concentrations determines concentra- 
tions of labile sorbed pesticide. The inline extraction 
distinguishes between desorption that is fast, relative to the 
extraction time, and desorption that is slow. This distinc- 
tion should be directly relevant to bioavailability, since very 
slow desorption rates could limit plant uptake. 

Experimental section 

Equipment 

Titrations 
The automatic titrator used has been previously described (18). 

Chemical kinetics and speciation 
A Varian high-pressure liquid chromatograph was used. It con- 

sisted of a Star 9010 variable wavelength UV-visible detector, and 
a model 4400 Beckman integrator. The column was a Beckman 
C-18 Ultrasphere ODs,  5 p m  particle size, 4.6 mm x 25.0 cm. 
They were protected with Altech Guard Column Cartridges, C-18 
Adsorbosphere. Hamilton microliter syringes ranged in size from 
50 to 250 pL. A B-D 1-cm3 26G 3/7 Tuberculin syringe and pre- 
cision glide needle, and a B-D Yale 20 needle were also used. 
Preinjection filtration was done with MSI Cameo Nylon filters, 
3 mm diameter, 0.45 p m  pore size. Samples were thermostated at 
25 .0O0C in water-jacketed reaction vessels. 

Materials and reagents 

Mineral soil 
The location and properties of the B horizon mineral soil from 

Central New Brunswick were similar to the Sunbury soil docu- 
mented by Wang and McKeague (19). Some additional properties 
are listed in Table 1. 

Reagents and standard solutions 
Atrazine and hydroxyatrazine reagents and standard stock so- 

lutions were the same as previously described (1). Analytical 
chemical standards contained either 1.000 X M or 1.000 x 

M atrazine. 

Procedures 

Titrations 
About 1.0 g of mineral soil weighed to four decimal places was 

added to 10 mL of 1.0 N NaCI, and titrated with 0.1 N standard 
NaOH, at 25.0°C. The titrator was programmed to deliver 0.1 mL 
every 3.0 mins. Titrations using 0.1 N HCl were done in a similar 
way. Standard buffers were used. 

Kinetics chemical speciation experiments 
A 0.5 g portion of mineral soil was suspended with stirring in 

approximately 15 mL of redistilled H 2 0  for about 2 days. This 
wetted all of the surfaces and sorbed H 2 0  into soil particles. The 
hydrolysis reaction was started by the addition of atrazine stan- 
dard stock solution, with the total sample volume being adjusted 
to 25.0 mL. Some sorption experiments were done with high ini- 
tial concentration of atrazine (5.0 x M) in order to saturate 
the sorption sites and yield a measure of the atrazine sorption ca- 
pacity of the soil. Subsaturation experiments had an initial atra- 
zine concentration of 1.0 x M. From these experiments the 
rate of the sorption process was examined. vigorous stining 
maintained a uniform suspension of soil particles throughout the 
whole solution and thermostated water jackets maintained the slurry 
temperature at 25.0°C. Microfiltrate (0.45 pm) and whole slurry 
analyses were done as functions of time, essentially as previously 
described (1). The detector wavelength was set at 220 nm for atra- 
zine, and 240 nm for hydroxyatrazine. An additional inline filter, 
a 2-pm stainless steel frit, ahead of the guard column was used to 
prevent excess system pressures by catching some of the soil par- 
ticles. The system of inline microfilters and guard column was 
cleaned at the end of each work day. A methanol/H20 mobile 
phase, 80:20, with 1.58 X M HCl was used with a flow rate 
of 1.0 mL/min. Microcomputer spreadsheets were used for con- 
verting raw analytical chemical measurements and clock and cal- 
endar readings into chemical kinetics data for free and reversibly 
sorbed forms of atrazine and hydroxyatrazine. Table 2 sumrna- 
rizes the experimental conditions for the two types of kinetics- 
speciation experiments with atrazine and mineral soil. 

The determination of parameters 
Solution phase concentrations were determined by measuring 

filtrates obtained with 0.45 p m  Nylon 66 disposable filters. Sorp- 
tion was determined by injecting first the 0.45 p m  filtrate and next 
the whole slurries, and then calculation of the differences. Site 
saturation gave the sorption capacity, measured on the plateau of 
the sorption vs. solution concentration curve. Sorption equilib- 
rium functions were calculated from subsaturation experiments and 
the measured capacity. The early approach to sorption equilib- 
rium was used for the calculation of sorption and desorption rate 
constants. 

Results and discussion 

The high organic carbon content of the New Brunswick 
soil implies a relatively high total content of carboxyl and 
carboxylate groups. Several authors have demonstrated the 
central importance of humic carboxyl groups to pesticide - 
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TABLE 2. New Brunswick mineral soil: acid-base properties in 1.0 
N NaCl 

Initial values before titration: 
Apparent cation exchange capacitya 0.0565 (mequiv./g) 
Upper limit, mole fraction of acidic 

sites neutralizeda 0.246 
Degree of ionization 0.35 
KA 5.59 x lo-' 
u 0.06 x lo-' 

Equivalence 
point 

Titrant Calculation method (mequiv. /g) 

0.1 N NaOH Gran's plot 0.149 
0.1 N HCI Titration curve plot 0.0805 
Total 0.23 
u 0.05 

"From Table 1. 

0.6 0.8 1 1.2 1.4 1.6 

0.1N NaOH, rnL 

FIG. 1 .  MHVB, Gran's function plot for the New Brunswick 
mineral soil, 1.0 N NaCl. Y = (V,, - VB)antilog(-16.9 X E,,,) 
where V,, and VB are the volumes of the slurry and the base, re- 
spectively, and E,,, is the observed potential. 

soil interactions (1, 20-31). The extent to which the ex- 
tractable iron and aluminum of this New Brunswick soil 
might be blocking carboxyl or clay sorption sites is un- 
known. The best analytical chemical option available for this 
question is direct titration of the whole soil by standard base. 
The significance of the exchangeable metal ions is that the 
portion of them not held by inorganic cation exchange sites 
equals the number of carboxylate anions. The relative 
amounts of them held by carboxylate and clay sites were 
unknown, however, and the upper limit to the number of 
possible carboxylate anions corresponds to the case in which 
none of the exchangeable metal ions was held by clay or 
hydrous metal oxide ion exchange sites. 

The conventional appearance of the Gran's plot for titra- 
tion with standard base shown in Fig. 1 is important evi- 
dence indicating that the analytical chemical method is not 
susceptible to serious interference from the complicated 
mixture of components in a natural mineral soil. For exam- 
ple, it did not suffer from the type of weak acid polyelectro- 

0 1 2 3 4 

0.1N HCI, rnL 

FIG. 2. HCI titration curve for the New Brunswick mineral soil, 
1.0 N NaCl. 

equivalence point can also be obtained for the titration of the 
soil with standard acid, it should be a measure of all of the 
sites that can be protonated. This might include carboxylate 
anions and such inorganic bases as carbonates, bicarbon- 
ates, and hydrous metal oxides. A comparison of this 
equivalence point with the total ion exchangeable metal ions 
in Table 1 should be a useful clue to the nature of the sites 
being titrated. A satisfactory Gran's plot was not obtained 
for the titration with a standard acid. However, titration with 
standard HC1 produced a clearly defined equivalence point 
as shown in Fig. 2. The limiting slope of the curve after the 
early proton binding phase represents a simple dilution of the 
added H+. The equivalence point is the boundary between 
the H+ binding and H+ dilution regions of the curve. This is 
essentially th; same type of dilution curve used previously 
(33, 34) for the titration of fulvic acid with atrazine. In the 
absence of CO, evolution from carbonate or bicarbonate de- 
composition, the equivalence point should represent a total 
for carboxylates and hydrous metal oxides. It gives an upper 
limit for the number of carboxylate anions, for the particu- 
lar case in which no hydrous metal oxides are being ti- 
trated. 

A plot of the weighted average equilibrium function for 
the acid dissociation of acidic sites (35, 36), RA vs. a ,  is 
shown in Fig. 3. The use of 1.0 N NaCl ensured that a,+ was 
approximately the same in and on the soil particles as it was 
in the external solution (37, 38). Any experimental error in 
the determination of the number of protonated acid sites will 
be reflected in the numerical values of RA. In the present case, 
it cannot be assumed that the nonlinear regions of the two 
ends of the plot have real chemical meaning. Only the lin- 
ear middle region was used for subsequent calculations. 

If a mixture of carboxyl groups has a wide range of weak 
acid KA values, the RA determined macroscopically for the 
whole mixture can sometimes differ by one or two orders of 
magnitude from the KA values of individual components (39). 
This could confuse any attempt at molecular level interpre- 
tations of such phenomena as hydrogen-bonded sorption and 
Bronsted acid catalysis. This problem may be resolved by 
using the differential equilibrium function, calculated with 
the equation 

iyte buffering that makes sharp equivalence impossible 
KA = - 

d(a MH+) 
in fulvic acid titrations (32). The purpose of the 1.0 N NaCl da 
was to prevent the Donnan potential restriction of proton 
movement from particles into the external solution. If an MH+ and a are the H+ molarity and the degree of ionization. 
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CY, DEGREE OF IONIZATION 

FIG. 3. The weighted average equilibrium function (KA) vs. de- 
gree of ionization (a), for the acidic sites of the New Brunswick 
mineral soil. 

0.64 

0.38 0.42 0.46 0.50 0.54 0.58 0.62 0.66 0.70 

CY, DEGREE OF IONIZATION 

FIG. 4. The calculation of the differential equilibrium function 
for acid dissociation of the acidic sites in the New Brunswick 
mineral soil. KA = -[d(a M,+)/da]. 

In the present case, this is simply the slope of the straight line 
for which the least-squares fit is illustrated in Fig. 4 .  Al- 
though the KA cannot be identified with individual compo- 
nentiof the mixture, it is much more directly related to them 
than is the KA (39). In particular, the numerical values of K A  
will not be wrong by one or two orders of magnitude. They 
may therefore be used for the molecular level interpreta- 
tions of hydrogen-bonding and acid catalysis effects with- 
out major numerical errors. This is expected to remove some 
causes of data scatter and to improve the effectiveness of 
predictive calculations. 

The data from the acid and base titrations that are directly 
related to some of the causes of pesticide interactions with 
soil are listed in Table 2. For example, the KA,  a,  and base 
titration equivalence point govern hydrogen-bonded sorp- 
tion and Bronsted acid catalysis of atrazine. The acid titra- 
tion endpoint indicates the expected carboxylate contribution 
to the cation exchange capacity. The apparent ion exchange 
capacity from Table 1 and the HCl titration equivalence point 
from Table 2 are consistent with each other. At present there 
is no direct evidence that the apparent ion exchange capac- 
ity corresponds exactly to the number of carboxylate an- 
ions, and the most general case is that clays and hydrous 

Days 

FIG. 5. Chemical analysis of the slurry, using the HPLC-mi- 
crofiltration method, for a site saturation experiment. Concentra- 
tion of atrazine vs. time for -L, whole slurry, a = 2.0 x 
and -Ap, microfiltrate, 0.45 pm, a = 1.1 x 

metal oxides might contribute to the observed cation ex- 
change capacity. It is therefore only an upper limit for the 
number of free carboxylate anions. Carboxylate ligands in 
very stable transition metal chelates would not be free. Within 
the limits of experimental uncertainty, the apparent cation 
exchange capacity and the HCl titration equivalence point 
cannot be assumed to differ significantly. While the HCl 
equivalence point would be relevant to the ion exchange 
uptake of cationic pesticides such as Paraquat (20, 21, 40), 
it is the NaOH equivalence point that is appropriately used 
for the calculation of K A  and K A .  Because the plot in Fig. 4 
is linear, it produced the single numerical value for KA that 
is recorded in Table 2. There are two indications that the 
range of KA values in the New Brunswick mineral soil must 
be quite narrow. One is that only the single numerical value 
was obtainable from the data presented in Fig. 4.  The other 
is that KA is only 1.1-1.7 times larger than the & value for 
KA values in Fig. 3. There are at least two possible reasons 
for this in the natural, chemically unprocessed, mineral soil. 
One is that humic acids tend to have a narrower range of KA 
values than fulvic acids. Another is that a substantial frac- 
tion of the more strongly acidic carboxyl groups may be 
blocked by chelated Fe(II1) and Al(II1). Assuming the typi- 
cal values of 50% organic carbon in humic materials and 
approximately 3 mequiv./g of carboxyl groups in humic acid, 
the organic carbon analysis indicates that it would be rea- 
sonable to expect about 0.5 mequiv./g total carboxyl groups 
in the New Brunswick mineral soil. According to the Gran's 
equivalence point, no more than 30% of that amount was 
found to be protonated. If only a portion of the total car- 
boxyl groups were protonated, it would have been the most 
weakly acidic portion. 

The results of this atrazine analyses for a site saturation 
experiment obtained directly by the HPLC-microfiltration 
method are presented in Fig. 5. The raw data were fitted to 
polynomials by the method of least squares. The standard 
deviation for the slurry curve was 2.0 x and for the 
filtrate curve it was 1.1 x Atrazine recoverable from 
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Days 

FIG. 6. The amount of atrazine reversibly sorbed vs. time. The 
plateau region of the curve gives the atrazine sorption capacity of 
the soil. The sorption sites were saturated with atrazine. 

TABLE 3. Atrazine sorption ca- 
pacity of the New Brunswick 

soil 
- - 

Experiment Capacity 
no. ( ~ m o l / g )  

NBV 0.650 
NBVI 0.646 
NBVII 0.672 
Mean 0.656 
u 0.014 
Relative u 2.2% 

the whole slurry decreased slowly as a linear function of time, 
within the limits of experimental error. The solution phase 
concentration of atrazine decreased substantially during the 
first 8 days, after which there was a linear decrease. An ap- 
parent early drop in solution concentration was too fast to be 
monitored. Subtraction of the two fitted curves shown in Fig. 
5 gives the atrazine sorption curve shown in Fig. 6. It re- 
veals two important pieces of information. The first is that 
not all of the sorption was instantaneous. Several authors have 
reported that sorption and desorption of pesticides by soils 
can be slow, so that sorption-desorption kinetics should be 
accounted for (7, 27, 41-43). The data presented in Fig. 6 
clearly show an equilibration time of approximately 8 days. 
The other important information is that the plateau showed 
no net decrease. The total atrazine in the whole experimen- 
tal sample was somewhat greater than the amount required 
for maintaining site saturation. The results of the determi- 
nation of atrazine sorption capacity in this way for the New 
Brunswick mineral soil are summarized in Table 3. Its nu- 
merical value is critically important for the subsequent cal- 
culations of sorption equilibrium, sorption kinetics, and 
catalysed chemical reaction kinetics. 

The results of chemical analyses for hydroxyatrazine in a 
site saturation experiment shown in Figs. 7 and 8 are quite 

0  2 4  6 8 10 12 14 16 18 

Days 

FIG. 7. Chemical analysis of the slurry, using the HPLC-mi- 
crofiltration method, for a site saturation experiment. Concentra- 
tion of hydroxyatrazine vs. time for +, whole slurry, u = 1.8 
x and -A-, microfiltrate 0.45 pm, o = 4.9 X lo-'. 

o . o ~ l " " ' ~ ' t " ' ~ ' t ~ ' ~ '  
0  2  4 6  8  10 12 14 16 18 

Days 

FIG. 8. The amount of hydroxyatrazine reversibly sorbed vs. 
time. The atrazine sorption sites were saturated with atrazine. 

different from the corresponding atrazine curves. The stan- 
dard deviations for the slurry and filtrate curves are 1.8 x 

and 4.9 x lo-' respectively. The hydroxyatrazine 
analyses are more difficult than the atrazine analyses, and 
consequently less useful for subsequent calculations. Sig- 
nificant information is obtained from them, however. In 
contrast to the atrazine, which must initially be sorbed from 
the solution onto sorption sites, the hydroxyatrazine, from 
the hydrolysis of atrazine, initially appears on the catalytic 
sorption sites. Some of it then desorbs to appear in solution 
for the first time. At least 4 days were required for the es- 
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Days 

FIG. 9. Concentration of free and reversibly sorbed atrazine vs. 
time for a subsaturation experiment: -, in solution; and ----, 
reversibly sorbed. 

tablishrnent of sorption equilibrium. All three curves clearly 
reflect the continuous production of hydroxyatrazine; how- 
ever, not enough hydroxatrazine was produced to saturate its 
sorption sites. The site saturation experiments (Figs. 5-8) 
revealed four chemical species plus a material balance loss, 
all of which were monitored simultaneously during the ki- 
netics experiments. The material balance loss increased 
continuously with time and at 14 days it was equal to 
1.3 mol% of the initial atrazine concentration for a site sat- 
uration experiment. 
I A test of the experimental method with an initial atrazine 
concentration more than 40 times lower than the site satu- 
ration experiment gave slurry and filtrate analyses for atra- 
zine similar to those in Fig. 5. The standard deviations for 
the slurry and filtrate curves were 5.7 x lo-' and 2.8 x lo-' 
respectively. The solution phase and reversibly sorbed atra- 
zine determined as before are shown in Fig. 9. In these ex- 
periments, only 1-2 mol% of sorption sites were covered by 
atrazine. While sorption was clearly observed, no evidence 
was found for the production of hydroxyatrazine. This does 
not prove, however, that none was produced. If, as ex- 
pected, hydroxyatrazine was present, then its total amount 
must have been quite small. Some of it may have been ir- 
reversibly sorbed, and the concentrations of the remainder 
may simply have been below the detection limits of the an- 
alytical chemical method. The material balance loss for this 
experiment is 16.3 mol% after 14 days reaction time. This 
material balance loss is an order of magnitude larger than that 
for the site saturation experiment. The mol% of the material 
balance loss is evidently not proportional to the amount of 
reversibly sorbed atrazine; the processes governing the ma- 
terial balance loss warrant further investigation. 

Conclusions 
The experimental results presented here prove that the 

analytical chemical method with HPLC and microfiltration 
previously demonstrated for free and sorbed chemical spe- 
cies in an atrazine organic soil system (1) can be success- 

fully adapted to the environmentally more important case of 
atrazine in mineral soil systems. 

It is also concluded from these results that the method has 
a number of important advantages. Instead of only one free 
chemical species being monitored during kinetics experi- 
ment, as is common in heterogeneous catalysis research, all 
four of the free and reversibly sorbed chemical species were 
monitored simultaneously (I).  In addition, the usual mate- 
rial balance loss was monitored. This simultaneous moni- 
toring of five directly relevant experimental variables should 
substantially improve the subsequent chemical kinetics cal- 
culations. Each slurry injection completes an extraction with 
chemical analysis in only a matter of minutes, using ap- 
proximately 15 litres of mobile phase as extractant per gram 
of soil sample. Each kinetics experiment typically has 30- 
50 such extractions with analyses during its course. Sorp- 
tion equilibration is monitored as it happens, using only one 
experimental sample. 
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Atrazine in mineral soil: chemical species and catalysed hydrolysis' 
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DONALD S. GAMBLE and SHAHAMAT U. KHAN. Can. J. Chem. 70, 1597 (1992). 
Equilibrium and kinetics parameters have been evaluated at 25.0°C for the heterogeneous catalysis of atrazine hydro- 

lysis in slurries of a chemically characterized mineral soil. The fraction of acidic sites that accounts for sorption capac- 
ity, and the sorption equilibrium function resemble those for humic acid and organic soil. Sorption and desorption 
half-lives increased with increasing coverage of sorption sites. The sorption half-lives ranged from 3.6 to 735 days. 
The desorption half-lives ranged from 1 to 1 1 days. The hydrolysis half-lives ranged from 9.6 to 168 days and are con- 
sistent with Bronsted acid catalysis theory. The relationship of independent variables to data scatter has been analyzed. 
The information obtained should be useful for water and solute transport models. 

DONALD S. GAMBLE et SHAHAMAT U. KHAN. Can. J. Chem. 70, 1597 (1992). 
Operant 2 2S°C, on a kvaluk l'kquilibre et les paramktres cinktiques de la catalyse hkttrogtne de l'hydrolyse de 

l'atrazine, dklayke dans une huile minkrale de composition chimique definie. La fraction des sites acides qui explique 
la capacitk de sorption anisi que la fonction d'kquilibre de la sorption ressemblent 2 celles de l'acide humique et des sols 
organiques. Les temps de demi-vies de la sorption et de la dksorption augmentent avec une augmentation de la couver- 
ture des sites de sorption. Les demi-vies de sorption varient de 3,6 2 735 jours. La derni-vies de dksorption varient de 1 
2 11 jours. Les temps de demi-vies d'hydrolyse varient de 9,6 2 168 jours et ils sont en accord avec la thkorie de la cat- 
alyse acide de Bronsted. On a analysk la relation entre les variables indkpendantes et l'kparpillement des donnkes. L'in- 
formation obtenue devrait &re utile pour des modtles de transport par de l'eau et des solutks. 

[Traduit par la rkdaction] 

Introduction 
Villeneuve et al. (1) have observed that the increasing use 

of deterministic hydrology models for the persistence and 
leaching of pesticides in soils has increased the requirement 
for knowledge of pesticide sorption and degradation rate 
constants. Analysis of the sensitivity of the computed pes- 
ticide concentrations and distributions to the empirical pa- 
rameters used in computation (sensitivity analysis) has been 
reported by Villeneuve et al. (1). This sensitivity analysis (1) 
indicates that errors of 15-24% in the degradation constant 
or an error of 24% in the adsorption constant can cause a 
100% error in model predictions. A contributing cause to 
these large errors is the use of oversimplified theories for 
sorption and degradation. The physical and chemical phe- 
nomena responsible for sorption and degradation of pesti- 
cides need to be identified, measured, and accounted for in 
interpretive and predictive calculations. 

In a review of sorption theory for dilute solutions, Jaroniec 
and Madey (4) described both a distribution coefficient and 
an isotherm equation based on the law of mass action. 
However, the distribution coefficient does not account for 
the number of unoccupied sorption sites or for sorption ca- 
pacity and the isotherm did not account for site heteroge- 
neity. 

The literature reviewed by Jaroniec and Madey (4) does 
not describes a theory that uses both the weighted average 
concept to account for sorption site heterogeneity, and 
sorption capacity with the law of mass action to account for 
the effect of empty sorption sites. The present work seeks to 
develop such a theory with a single mathematical descrip- 
tion. The type of theoretical description being used deter- 
mines the types and amounts of experimental data that are 

'LRRC Contribution No. 91- 17. 
2 ~ u t h o r  to whom correspondence may be addressed. 

required. An analytical chemical method similar to that de- 
scribed earlier for an organic soil has been developed for this 
purpose (2, 3). It has been shown that organic matter dom- 
inates pesticide interactions with soils, and carboxyl groups 
have been identified as being important in these interactions 
(3, . A 5 ,  6). 

The objective of this work was to obtain separate numer- 
ical values for these sorption and chemical reaction param- 
eters that are required by hydrology models, such as PRZM. 
Villeneuve et al.  (1) for example, have discussed its appli- 
cation to the pesticide aldecarb. Atrazine interactions with 
the aqueous sluny of a mineral soil were used as a case study 
for the present work. In this study parameters for the persis- 
tence and leaching of atrazine in mineral soil were obtained 
which include the sorption equilibrium function, sorption and 
desorption rate constants, and a pseudo-first-order reaction 
rate constant for catalysed hydrolysis. Over the last 30 years 
atrazine has been the most heavily used herbicide in Canada 
and in the U.S.A. Residues of atrazine have been found in 
4,123 of 10,942 surface water samples and in 343 of 3,208 
ground water samples analysed (STORET, 1988, STORET 
water quality file, Office of Water, U.S. Environmental 
Protection Agency). 

Theory 
Atrazine sorption equilibrium 

When reversible sorption equilibrium has been estab- 
lished in an aqueous slurry of soil particles, the 1,aw of mass 
action may be applied to give the weighted average equilib- 
rium constant, K,, as described previously (3). 

MA, is atrazine molarity. CA, and 0,, are sorption sites on soil 
occupied by atrazine, in mol/L of slurry and mol/g of soil, 
respectively. Co and 8, are unoccupied sorption sites, in the 
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same units as those of CA, and €IA,. The numerical values of 
empty site variables Co and 8, depend on the definitions of 
sorption capacity: 

In the previous work with organic soil (3), C, and 0, were 
defined in terms of the number of protonated carboxyl groups 
in the soil. It has since been found, however, that generally 
only about 1 mol % or less of the protonated carboxyl groups 
act at any instant as sorption sites (7, 8). In the present min- 
eral soil study, C, and 0, are therefore defined in terms of 
experimentally measured apparent sorption capacities. This 
causes corresponding changes in the definitions and numer- 
ical values of K, and x, ,  the mole fraction of sorption sites 
covered, according to eqs. [4] and [5]. 

To provide a valid comparison of organic soil results to those 
for the mineral soil used in the present study, K, and X ,  val- 
ues must be translated to the revised definition of C, (or 0,). 
Otherwise, the numerical values would differ by about two 
orders of magnitude. 

The distribution coefficient KD that is in general use for 
pesticide sorption by soils and sediments may be defined in 
terms of moles of pesticide by eq. [6]. 

This is commonly used as an empirical constant. The cor- 
rect meaning and real properties of KD can be deduced, 
however, by the use of eqs. [ l ]  and [3] with its definition, 
eq. [6]. Eq. [7] gives the simple relationship 

It should be noted that under certain conditions.~, might be 
approximately constant. If for example, hydrogen bonding 
sites had a narrow range of weak acid strengths, it might be 
difficult to observe changes in K,. Even if K, is approxi- 
mately constant, however, KD must decrease when the site 
coverage €IA, increases. Since the sorption capacity 0, is now 
known to be a quite small portion of the protonated car- 
boxyl groups, this effect is somewhat more important than 
previously expected. Not only will different soils have dif- 
ferent sorption capacities 0,, but also a given soil can have 
different 0, values if different amounts of its carboxyl sites 
are neutralized. Lime applications, for example, could af- 
fect the amount of carboxyl groups neutralized. The practi- 
cal consequence is that the empirical use of KD without any 
consideration of sorption capacity or site loading will cause 
unnecessary data scatter. Brouwer et al. (9) have demon- 
strated that KD values can be scattered by factors of 20-50. 
It is important to note that this is not made necessary by the 
properties of soils. It is instead caused by the incorrect use 
of the parameter KD. Published correlations that work roughly 
with KD to give data scattered by factors of 20-50 (9) should 
work somewhat better if K, is used. Even the KO, coeffi- 
cient which has been normalized to constant amounts of soil 
organic matter has data scattered by factors of 2-6 (200- 
600%) (9). 

Atrazine sorption-desorption kinetics 
The sorption-desorption rate law described by eqs. [8]- 

[lo] has been previously used for atrazine-organic soil ex- 
periments (3). 

ks, is the pseudo-first-order rate constant for atrazine sorp- 
tion and k,, is the corresponding second-order rate con- 
stant. k,, is the first-order rate constant for atrazine 
desorption. It is evident that k,, depends on the extent of site 
loading as shown below: 

In addition it cannot be assumed that kBl is a constant. In- 
stead, it might very well have a distribution of values that 
represents sorption site heterogeneity. To account for these 
effects, especially when sorption site coverage is extensive, 
the integral rate law has been used in the form of eqs. [12] 
and [13]. 

MI and M, are the integration limits for the atrazine molar- 
ity, MA,. A spreadsheet and a curve-fitting program readily 
yield a value for kBl. ksl and ks2 are then obtained from eqs. 
[9] and 11 01. 
Atrazine hydrolysis kinetics 

The integral rate law in equations [14] and [15] has been 
used previously for atrazine hydrolysis in slurries of organic 
soil (3). 

CTl is the total measurable atrazine as described by eq. [16], 

V, and W, are solution volume and weight of soil sample. k, 
is the first-order rate constant for the hydrolysis of atrazine 
on the catalytic sorption sites. It is important to note that CTl, 
MA,, V,, and W, are all direct experimental measurements. 
K, and 8, are determined from direct measurements of the 
capacity C, and reversibly sorbed atrazine C,,. The practi- 
cal significance of this is that k, must be used for correla- 
tions and predictive calculations, because k,, is only an 
artifact of the experimental method. One can obtain any ar- 
bitrary value of k,, by manipulating the experimental ratio 
(V,/W,). Karickhoff and Morris (10) have stated that ap- 
parent rate constants depend on experimental methodology. 
Perdue and Wolfe (1 1, 12) pointed out that humic carboxyl 
groups are Bronsted acid catalysts. Therefore, k,, is ex- 
pected to depend on the weak acid constants, KA, of those 
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carboxyl groups. The relationship could be obscured or lost 
in plots with k,,. 

According to eq. [ 151, the numerical value of k,, will de- 
pend on the definitions used in ~ , 0 ,  = (OA,/M,,). The com- 
parison of the humic acid and organic soil results (3, 6) with 
present mineral soil results therefore requires that they be 
translated accordingly. 
Hydroxyatrazine appearance kinetics 

The apparent rate constant kp3 for the appearance of hy- 
dyroxyatrazine may be calculated with eq. [17] which' has 
been used for organic soil experiments (3). 

[I71 [ (1/cAT)dcT2 = kp3(t2 - tl) 

CT2 is the total measurable hydroxyatrazine. The molecular 
level interpretation of b3 and its relationship to 4, cannot be 
determined until the capacity and equilibrium function for 
hydroxyatrazine are known. According to Wang et al. (7), 
the structure, sorption capacity, and the sorption equilib- 
rium function K, for hydroxyatrazine should be different from 
those for atrazine. If this were the case, then the conversion 
of atrazine to hydroxyatrazine on the sorption sites would 
change the structure and properties of the sites. An impli- 
cation of this is that it cannot be assumed that monitoring 
atrazine disappearance and monitoring hydroxyatrazine ap- 
pearance will give the same information. Separate hydrox- 
yatrazine sorption-desorption experiments might therefore 
be useful. 
Categories of variables 

Three categories of variables should be clearly distin- 
guished from each other for the conduct, calculations, and 
molecular level interpretation of experiments with these en- 
vironmental chemistry systems. They are described below. 
Inner variables 

Inner variables are those identified by theory as being re- 
quired for totally specifying the state of a chemical system. 
They should be used for correlations, molecular level in- 
terpretive calculations, and predictive calculations. Typical 
examples include the numbers or concentrations of proton- 
ated carboxyl groups, and the mole fraction of sorption sites 
occupied by a sorbed pesticide. 

Outer variables 
Outer variables are the type that are manipulated opera- 

tionally for the conduct of an experiment. Typical examples 
include pH, total moles of pesticide or metal ion added to a 
sample, and the ratio of weight of solid sample to volume of 
experimental solution. They are more practical than inner 
variables for running many types of experiments,. and fre- 
quently inner variables cannot be used for that purpose. 
Background description variables 

These variables are useful as general background infor- 
mation, for developing qualitative insight or for making 
practical decisions. They are not used in chemical calcula- 
tions, and do not appear in the mathematical descriptions of 
the system. Typical examples include elemental analysis, and 
percent organic matter in a mineral soil. 

Incorrect use of the three types of variables can cause un- 
necessary data scatter and some confusion. For example, 
hydrogen-bonded structure formation (12) might cause a 
sorption rate constant to be a function of the mole fraction 

of the sorption sites covered by pesticide molecules. A plot 
of the rate constants for several soils against pH would likely 
show excessive data scatter. At one and the same pH, dif- 
ferent soils would have different numbers of protonated 
carboxyl groups and therefore different mole fractions of their 
sites covered. The outer variable pH would be no more than 
a pale, indirect reflection of the correct inner variable - the 
mole fraction of the sorption sites covered. Lf in this case pH 
were used for an empirical black box correlation, the result- 
ing fitted curve would represent only the particular experi- 
ment from which it had come. Because it would not represent 
the actual molecular level phenomena, it would lack the 
generality necessary for good predictive calculations. For the 
above reasons, it is important to compare experimentally 
measured dependent variables with the proper independent 
variable or at least be aware of the danger of using a vari- 
able from the wrong category. 

Materials and methods 

The reagents, New Brunswick mineral soil, and the ad- 
aptation of the speciation-kinetip method to the mineral soil 
are reported in a separate article (2). 

Results and discussion 

The fraction of acidic sites on mineral soil that is avail- 
able for binding atrazine was calculated. It was observed that 
about 0.44 mol% of the carboxyl groups accounted for the 
experimentally observed sorption on both mineral soil and 
dissolved fluvic acid while hurnic acid gave the higher value 
of 1.1 mol% (2). Since the value for the soil is less than the 
value for humic acid this observation is consistent with the 
postulate that a fraction of the humic acid carboxyl groups 
in the soil was the primary cause of atrazine sorption. 

Sorption capacities are unavailable for the hurnic acid and 
organic soil used in previous studies (3, 6). It is important, 
however, to test the results for generality. Demonstration 
values have therefore been obtained for the humic acid and 
organic soil. This was done for the hypothetical case of 1 
mol% of carboxyl groups available as sorption sites. Table 
1 presents these estimates. The comparison of sorption ca- 
pacities for different types of soil and organic matter war- 
rants further investigation. 

A number of authors have reported pesticide-soil sorp- 
tion equilibration times that range from hours to weeks (10, 
14-16). The sorption process has usually been assumed to 
follow first-order kinetics (15). According to the rate-law 
expressions previously developed (eqs . [8]-[13]) the kinet- 
ics are intrinsically second order, but should be pseudo-first 
order under appropriate experimental conditions. Figure 1 
shows results of kinetic experiments obtained using the 
HPLC-microfiltration method (2) for the present case. The 
second-order rate constant k,, has been calculated from these 
data. Any apparent deviation from linearity is less than the 
experimental errors. The function F(t) is defined by eq. [13], 
and the calculations were done with a spreadsheet. The most 
general case is that the kBl rate constants calculated as de- 
scribed above should depend on the mole fraction of sorp- 
tion sites covered, because the sites would have a mixture 
of structural and chemical properties. Figure 2 shows that k,, 
is dependent on the mole fraction of sorption sites covered. 
Duplicate subsaturation experiments, having site coverage 
of about 2 mol%, gave k,, values an order of magnitude 
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TABLE 1. Atrazine sorption equilibrium function, K, defined for sorption capacities which are small por- 
tions of the carboxyl groups 

X I  
Mole fraction Atrazine 

of sites sorption 
Experiment K, covered capacity 

No. ~ = 0 . 2 0  x lo4 ~ = 0 . 1 0  x (~~.mol/g) Comments 

Mineral soil 2.17 X lo4 2.01 X lo-2 0.656 Present work 
NBVIII a = 0.014 
Mineral soil 2.31 X lo4 1.99 X 0.656 Present work 
NBIX a = 0.014 

Demonstration values 

1 
of Kl,  estimated 

Chernozem 3.5 X lo4 0.5 28.3 for the hypothetical 
Humic acid capacities as 1 % of 

protonated carboxyls. 
Organic soil 4.7 x lo4 0 .5  7.08 Real Kl values could be 

higher. 

greater than the saturation experiments also shown in Fig. 
2. For comparison, a value from previous organic soil work 
(3) has been added. Now that the effectiveness of the ex- 
perimental method has been demonstrated, it should be 
possible to check the generality of this trend and to map it 
out over the whole range of site coverages. That would per- 
mit the extrapolation of laboratory measurements to field 
conditions. 

The pseudo-first order rate constant ksl for atrazine sorp- 
tion is inherently less rigorously correct than the second-order 
constant k,,, especially at high site loadings. Figure 3 shows 
the plot of ksl vs. X ,  which is useful for two reasons. One is 
that the data scatter is less because of the partial cancella- 
tion of measurement errors. The other is that it provides a 
fast, convenient way of estimating sorption half-lives. The 
resulting list of sorption half-lives in Table 2 demonstrates 
a strong dependence on site loading. Two practical impli- 

cations must be emphasized. The first is that sorption equi- 
librium is not instantaneous. The second is that any attempt 
to use a single, all purpose "black box" value of the half-life 
for modelling would almost certainly give flawed model 
predictions. The reason is that numerical values of the half- 
life would usually be wrong. The comparison of ksl with k,, 
can be made by multiplying kBl by the number of vacant 
sorption sites in the slurry. For this mineral soil the sorption 
capacity is 6.56 x lo-' mol/g of soil and the slurry con- 
tains 20 g of soil/L of water. Comparison shows that the ks, 
value is dependent on the Ws/Vs ratio, and is thus an arti- 
fact of the experimental method. 

The first-order rate constant for atrazine desorption in Fig. 
4 has an appearance very similar to that of the first-order 
sorption rate constant. Desorption is evidently faster, how- 
ever, as is indicated by the desorption half-lives in Table 3. 

Perdue and Wolfe (1 1, 12) presented both theory and ex- 

(t2 - t l ) ,  DAYS 

FIG. 1. Kinetic plot for atrazine sorption in a site saturation experiment. The slope gives the second-order rate constant, k , , ,  at 25.0°C. 
The plot is based on eq. [12], with F defined by eq. [13]. 
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GAMBLE AND KHAN 

X 1, MOLE FRACTION SlTE COVERAGE 

FIG. 2. Second-order rate constants for atrazine sorption at 25.0°C. X ,  M, Duplicate subsaturation experiments. 0 ,  +, Duplicate site 
saturation experiments. 0, Organic soil value, from published study (3). 

perimental proof for the Bronsted acid catalyst properties of sistent with the work of Perdue and Wolfe. The above cor- 
humic carboxyl groups. The pseudo-first-order rate con- relation suggests that the Bronsted acid catalyst properties 
stants for atrazine hydrolysis catalysed by hurnic carboxyl of the hurnic carboxyl groups in mineral soils should be 
groups determined in this work are given in Table 4, to- systematically measured for correlation to the hydrolysis of 
gether with K,  estimated for the corresponding soil. Table atrazine. There is a possibility that this could contribute to 
4 shows that the higher KA value of the organic matter gives the development of practical methods for predictive calcu- 
a higher rate constant for atrazine hydrolysis which is con- lations. If hydroxyatrazine desorption were sufficiently fast 

X I ,  MOLE FRACTION SlTE COVERAGE 

FIG. 3. Pseudo-first-order rate constants for atrazlne sorption at 25.0°C. x ,  W, Duplicate subsaturation experiments. 0,  +, Chord plots 
for duplicate site saturation experiments. 0, Organic soil value, from published work (3). 
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TABLE 2. Atrazine sorption half-lives at 25.0°C: the effect of site 
coverage 

Half-lives 
Site 

Experiment Days f u coverage 

NBIX 3.56 0.05 0.0199 
NBVIII 3.62 0.05 0.0201 
Organic soil 13.8 2.80 0.626 
NBVI 523 150 0.95 
NBVIII 735 150 0.95 

1 

XI, MOLE FRACTION SITE COVERAGE 

FIG. 4. First-order rate constants for atrazine desorption at 25.0°C. X , a, Duplicate subsaturation experiments. a, +, chord plots for 
duplicate site saturation experiments. 0, Organic soil value, from published work (3). 

TABLE 3. Atrazine desorption half-lives at 25.0°C: the effect of site 
coverage 

Half-lives 
Site 

Experiment Days fu coverage 

NBIX 1.03 0.03 0.0199 
NBVIII 1.07 0.03 0.0201 
Organic Soil 4.6 0.93 0.626 
NBVI 7.7 2.2 0.95 
NBVIII 10.9 2.2 0.95 

relative to its rate of production on the catalytic sorption sites, desorption is rate determining in this case. The next reason 
then its apparent rate constant k,, would be described by eq. is that the sorption sites and sorption capacity might very well 
[IS]: be different from those for atrazine, and the chemical reac- 

tion did not produce enough hydroxyatrazine to saturate its 

p3 - (7:) sorption sites. The 0,  value for hydroxyatrazine could there- 
[IS] k - - K,60kr, fore not be measured. The third reason is a consequence of 

the other two. Without a numerical value for 0,, & cannot 
There are three reasons why kr2 cannot at present be calcu- be calculated. The apparent k,, listed in Table 4 cannot of 
lated from k,, using eq. [IS]. The first is that there is some course be compared directly with k,. 
doubt about whether the hydrolysis reaction rather than the Systematic material balance losses were always observed 
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GAMBLE AND KHAN 1603 

TABLE 4 .  Atrazine hydrolysis rate constants in mineral soil slumes, 25.0°C; mole fraction of sites covered, X, = 1.0 

Acidic catalyst Rate constant Half-life 
sites Type of (days)-' 

first-order 
(days) 

Type of 
Compound KA u constant Value u t'I2 u determination 

Atrazine 5.59 x e0.06 X kr2 4 . 1 3 x 1 0 - ~  ? 0 . 3 2 ~ 1 0 - ~  168 213  Averageof3 
experiments 

Atrazine 76 x ~ o - ~  e1 .4  X10-4 k,, 72.1 X 2 10 x 9.6 2 1.3 Organic matter, 
published 
curve (3 )  

Hydroxyatrazine 5.59X 20 .06X  k ~ 3  3.65 X lo-' k0.42 X 190 e 2 2  Average of 2 
experiments 

in atrazine experiments with both the mineral soil used in the 
present study and the organic soil described earlier (3). As 
with the previous organic soil the loss was found, within the 
limits of analytical chemical errors, to be a linear function 
of time. While the site saturation experiments gave only 
qualitative results, the duplicate subsaturation experiments 
produced the rates, which compare favorably with each other 
as shown in Table 5. A I4c atrazine experiment with the New 
Bmnswick soil gave qualitative confirmation of the data in 
Table 5.  Also, the use of a I4c labelled atrazine sample in 
the organic soil experiments gave evidence that the material 
balance loss corresponded to a bound residue. While it might 
be thermal diffusion into the interiors of particles as some 
authors have suggested, the nature of this phenomenon re- 
quires further investigation. 

Hydrology models such as those investigated by Villeneuve 
et al. (1) typically have two empirical parameters with which 
to account for the distribution of species and the rate of re- 
action. The distribution coefficient KD, unlike the law of mass 
action function K,,  does not account for changes in either 
sorption capacity or site coverage and thus leads to unnec- 
essary data scatter. Use of K, and its quantitative relation- 
ship to KD should lead to a substantial reduction in data 
scatter. The other parameter is the rate constant k for the loss 
of a chemical species from solution. Without quantitative 
knowledge of the sorption, desorption, and catalysed chem- 
ical reaction rates, changes in these rates under field condi- 
tions cannot be predicted from laboratory column 
experiments. The practical solution to this problem is to de- 

TABLE 5.  Rate of material balance 
loss, 25.0°C 

Experiment dQ/dt 
NO. (~mol/g)/day 

NBVIII 4.68 X 

NBIX 4.95 x 1 0 - ~  
Mean 4.81 X 

Cr 0.19 x 1 0 - ~  
Relative u (76) 4.0 

velop mathematical equations that describe this k in terms of 
the quantitative behavior of the rate constants for sorption, 
desorption, and chemical reactions. The present work de- 
scribes the sorption equilibrium function, sorption and de- 
sorption rate constants, and a pseudo-first-order reaction rate 
constant which results in a substantial reduction in data scatter 
and provides practical solutions for making the hydrology 
models more effective for prediction. 

Future research should seek to determine the exact ef- 
fects of humic carboxyl KA values and sorption site loading 
on the various sorption and chemical reaction parameters. 
Much more information is needed on the relationship be- 
tween sorption capacities and numbers of protonated car- 
boxyl groups. In addition, the secondary effects of clays on 
the parameters should be assessed. 
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Mathematical analysis of reactive ion 'transport in dynamic equilibrium: 
The case of two ionic species 
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KOICHI IINUMA and MASAHIRO TAKEBE. Can. J. Chem. 70, 1604 (1992). 
An exact solution for the transport of two reacting ion species in a drift tube is developed. The calculation of the tem- 

poral variation of ion fluxes is simplified using an approximate formulation in terms of the reaction frequencies, drift 
velocities, and longitudinal diffusion coefficients. The exact and approximate formulations are compared for the case 
of (N,', N4+)/N2 with a view to establishing the approach to equilibrium. 

- 

KOICHI IINUMA et MASAHIRO TAKEBE. Can. J .  Chem. 70, 1604 (1992). 
On a dCvelopp4 une solution exacte pour le transport de deux esp&ces ioniques qui reagissent dans un tube & deplacernent. 

Utilisant une formulation approximative en termes de frequences de reaction, de vitesses de deplacernent et de coeffi- 
cients de diffusion longitudinaux, on a sirnplifie le calcul de la variation des flux ioniques en fonction du temps. Dans 
le but d'etablir I'approche i l'equilibre, on a compark les formulations exactes et approxirnatives pour le cas du (N2+, 
N4+)/N2. 

[Traduit par la redaction] 

Introduction 
The drift tube technique is a standard time-of-flight method 

for ion swarm experiments, where an instantaneous burst of 
ion swarms is released from a source and travels through the 
gas under the influence of an external electric field applied 
in a cylindrical tube. The times of arrival of the ions at the 
detector are measured and the data accumulated over many 
cycles until a statistically satisfactory spectrum of arrival 
times is obtained. Dynamic equilibrium is the final phase of 
the space-time evolution of interreacting ion swarms, where 
they reach stationary concentrations because of the dynamic 
balance between the forward and reverse reactions occur- 
ring in the system. One often observes in drift-tube experi- 
ments with mass spectrometers that the arrival time spectra 
(ATS) in this phase have similar Gaussian profiles at the same 
position with the same full width at half-maximum (FWHh4). 
This similarity of profiles occasionally makes it difficult to 
determine accurately the kinetic coefficients of each ionic 
species. Another experimental difficulty arises from the fact 
that the profiles start to broaden so that the current intensi- 
ties become much smaller than those in the nondynamic 
equilibrium phase. These difficulties have forced experi- 
mentalists to conclude that analysis in dynamic equilibrium 
should not be expected to be valid for determination of 
transport coefficients and that it is even incapable of fixing 
the forward and reverse reaction rates (see ref. 1 pp. 40-51 
and the references cited therein). The conclusion is theoret- 
ically attributed to insufficient quantitative understanding of 
the ion-swarm behavior subject to inseparable interplay be- 
tween their transport properties and reactions. If a better 
mathematical formulation is established, it may give us new 
insights that we have overlooked in the past in the analysis 
of reactive ion transport. 

We recently developed a general solution of the coupled 
transport equations for the analysis of multiple ion swarms 
in gases (2). A noteworthy result derived therefrom is that 
any information on the initial conditions including flux will 
vanish completely in the dynamic equilibrium phase. This 
is useful in drift-tube analysis because the kinetic coeffi- 
cients only characterize the shape and width of the ATS. 

Neither the initial number density of the ionic species, nor 
the geometrical form of an initial pulse of the ion swarm, 
need be considered. For this purpose we have explicitly de- 
rived the analytical expression of the ATS of two ionic spe- 
cies according to the general solution. This expansion- 
truncation technique is rather tedious, but an approximate 
solution yields surprisingly accurate profiles in the limit of 
infinite drift distance. This paper compares the approximate 
and exact solutions including a number of related formulas 
and their application to the (N2+, N4+)/N2 system. 

General analysis of two ion swarms 

The general scheme of reactions of two ionic species is 
depicted as follows: 

where p, and p2 are the number densities of first and second 
species, respectively, and at is the reaction frequency from 
species j to i (i, j = 1 ,  2; i # j). The space-time behavior of 
two ion swarms is governed by a coupled transport equa- 
tion. 

where D, and v,, are the diffusion tensor and the drift veloc- 
ity of the ith species, respectively. By introducing cylindri- 
cal coordinates ( r , z )  where the z axis is chosen to lie in the 
electric field direction, and using the method of separation 
of variables, we represent the solution as 

[31 pi(r,t) = ,n= 5 I a;, .Io(?) z i m ( z  , t )  

where a,, are constants to be determined from the initial 
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IINUMA AND TAKEBE 1605 

conditions, Jo is the zeroth-order Bessel function, P, is the mth root of the Bessel function, and ro is the drift-tube radius. 
Following the mathematical procedure in ref. 2, we solve the partial differential equation of Z,,(z,t) by means of a Fourier 
transform. The solution is 

1 rm 

where L is the imaginary unit and 

N ,  and N2 are the transformed initial conditions of the first and second species, respectively, and X I  and AZ are 

where subscripts, 1 and 2, attached to A correspond to the plus and minus sign in the brackets respectively. T I  and T 2  are 
expressed as 

where DZi and Dri are longitudinal and transverse diffusion coefficients of ith species, respectively. By applying the expan- 
sion technique in [5] and [6], we can derive an explicit form of the solutions as follows: 

where the two delta-functions are adopted as the initial conditions so that N ,  and N2 simply represent the input numbers of 
the first and second species, respectively. 

1 exp [% (Z - rlo2 
1111 fn,(z,t)= z + [ t -  

V K t  202, m?at I 
and H2, and H2,+, are the Hermite polynomials of 2sth and 2s+2th order, respectively. Other coefficients involved in [9]- 
[ l  11 are listed below: 

Analysis in dynamic equilibrium 
Owing to insufficient convergence of [91 and [lo] we have to take into account an enormous number of terms (several 

tens of terms even for a normal spectrum profile) in the infinite sum to generate two realistic spectra. However, the solu- 
tions suggest an analytical expression of the ATS entirely independent of the initial condition in dynamic equilibrium. Namely, 
every term connected to N ,  and N2 will automatically be cancelled, with the exception of the fundamental mode of the so- 
lution, f,(z,t). This mode generates a skewed Gaussian profile, similar to but not exactly the same as that we seek in this 
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phase. The reason may be attributed to the problem of the 
infinite sum in rn in [3]. The final solution will therefore as- 
sume an appreciably different mathematical form even if the 
Gaussian shape still holds. We can infer the actual form from 
the solution of one ionic species accompanied by a deplet- 
ing reaction as 

[13] lim8, = (Kio + L K ~ ~ o  + . . .) 
L--t- 

X exp(-~efftw2 - ~ v ~ ~ ~ ~ t ~  - aefft) 

Note that only the first terms in [5] and [61 will dominate the 
dynamical behavior of two ion swarms, because exp(A,t) 
decreases much faster than exp(A,t). The resulting coeffi- 
cients are listed below: 

(N, + N2)c.ulZ 
Kl, = 

(a,, + a,,) 

(Nl + N,)a,, 
K20 = 

[I41 (a12 + a21) 
[2N,a,1 - N2(a12 - a,,)] 

Kll = Vdf l l ,  
(a,, + 

[2N,a12 + N,(a,2 - a2,)l 
K21 = -.dfl21 

(a l2 + a2h3 

An inverse Fourier transform of [13] is straightforward and 
the solution is 

A remarkable feature of [ 181 is that the effective drift veloc- 
ity, vdm, is exactly the same as that proposed by Voshall et 
al. (3) in their experimental analysis of negative ions in ox- 
ygen gas, because in the dynamic equilibrium phase the ratio 
of concentrations of two ionic species is in accord with the 
reaction-frequency ratio. Somewhat unexpected is the ap- 
pearance of the second term in Deff, 1151, which is very much 
larger than the first term under the usual experimental con- 
ditions, and dominates the "apparent" diffusive effect. 

The solution [18] gives us the following insights; 
(i) the Kioth term (i = 1, 2) is a fundamental term to de- 

termine the basic structure of the Gaussian profile 
(ii) the ratio, K,,/K2,, yields the equilibrium constant in- 

dependent of the initial conditions 
(iii) the diminution of the ions arises only from the trans- 

verse-diffusion loss 
(iv) the K,,th term, which weakly depends on the initial 

I I I I 

750 850 950 1000 
DRIFT TIME (,us) 

FIG. 1. Comparison of two sets of ATS in a dynamic equilib- 
rium phase. udl = 2.5 X lo4 cm s-l,  ud2 = 2 X lo4 cm s-I, DZl = 
D,, = 125 cm2 s-I, DZ2 = Dr2 = 100 cm2 S-I, a2, = lo's-', a12 = 
2 X lo4 s- ' .  Two solid-line curves are exact arrival time spectra 
generated from [4]-[6] by using a numerical quadrature. The two 
broken-line curves are approximate ATS calculated from [18]. A 
delta-function was adopted as the initial condition for the first spe- 
cies. 

conditions, is a subordinate term, producing a subtle shift in 
the peak position in the K,th term 

(v) the FWHM of the anival time spectrum, tFWHM, is 
mainly determined by the Kioth term and the influence of the 
K,,th term is negligible, 

and 
(vi) the magnitude of the peak difference is independent 

of the initial conditions on account of the symmetric 
expression of K l l  and K,, with respect to the ionic species. 

A typical comparison of two hypothetical ATS generated 
from [4]-[6] (two solid-line curves) with those calculated 
from [18] (two broken-line curves) is shown in Fig. 1. Ex- 
cept for a slight decrease in the peak height in the approxi- 
mate solution the agreement is quite good. Note that these 
are number density profiles, the area-ratio of which yields 
the reaction-frequency ratio; p, : p, = a,, : a,, = 2 : 1.  Fig- 
ure 2 depicts their component spectra calculated separately 
from each term in [13], in which the Ki,th, K;,th, and Ki2th 
terms describe the first, second, and third component of each 
arrival time spectrum, respectively. As mentioned above, no 
peak difference between two first-component spectra can be 
observed. The FWHM of the composite anival time spectra 
of primary ions agrees with that of secondary ions and is not 
seriously affected by the second and third components. 

The expression of the peak difference can explicitly be 
derived from [18] as 
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.ND TAKEBE 1607 

DRIFT TIME ( p s )  

FIG. 2. TWO composite ATS (two solid-line curves) and their 
components. p,(sum) is composed of three subcomponents (three 
broken-line curves), Kloth, Kl ,th, and K12th terms. 0, 1, and 2 refer 
to the first, second, and third component, respectively. p,(sum) is 
also composed of K,,th, K,,th, and K,,th term (three dot-dash 
curves). Each subcomponent spectrum was generated from the 
corresponding term in [13] by using the quadrature with the same 
kinetic coefficients as those of Fig. 1. 

I I I I I I 
15 25 35 4 5 

DRIFT TIME ( p s )  

FIG. 3. TWO ATS in a nondynamic equilibrium phase gener- 
ated from [4]-[6]. z = 2 cm, vdl = 10' cm S - I ,  vd2 = 5 X lo4 cm 
s-I, Dz, = DT1 = 200 cm2 s-I, D2' = Da = 100 cm' s-', a', = 
5 x lo4 s-I, a,, = 2 x lo4 s-' . The ratio of the number densities 
adopted for the initial conditions was I, : I ,  = 1 : 0.7. tpl = 20 and 
tp, = 39.5 ps, which are peak times determined from the Gaussian 
components (two peaks on both sides) of I, and I,, respectively. 

The At,,, is a constant determined only from the drift ve- 
locities and reaction frequencies, and is completely inde- 
pendent of the initial conditions as well as the diffusion 
coefficients. As the drift distance increases, a peak differ- 
ence between two general ATS asymptotically converges to 
the At,,,, which is substantial in the limit of infinite drift 
distance. 

This formula is useful for determining the forward and 
reverse reaction frequencies. We now demonstrate this using 
two groups of simulation spectra calculated numerically from 
[4]-[6] with the same kinetic coefficients. The ATS in the 
first group shown in Fig. 3 correspond to the initial-phase (or 

300 400 500 600 
DRIFT TIME ( p s )  

FIG. 4. TWO ATS in a dynamic equilibrium phase. z = 30 cm, 
and other kinetic coefficients are the same as those of Fig. 3. At,& 
= 11.4 ps. 

nondynarnic equilibrium phase) spectra computed at the drift 
distance of 2 cm, while those in the second group in Fig. 4 
are the spectra in the dynamic equilibrium phase at 30 cm 
drift distance. 

In Fig. 3 two sharp peaks on both sides arise from the 
initially injected ions of first kind (the left peak) and second 
kind (the right peak), which give us their approximate drift 
velocities. They are calculated from the drift distance di- 
vided by the peak time in each amval time spectrum as 
v,, = 1.00 x lo5 and v,, = 5.06 X lo4 cm s-I. The area- 
ratio of two profiles in Fig. 4 is evaluated as I, : I ,  = l : l .26, 
which agrees with the ratio, N,,v,, : NZsvd2, provided that the 
drift component current dominates the arrival time spec- 
trum profile. N,, and N,, are stationary concentrations of the 
first and second ionic species, respectively, in the dynamic 
equilibrium phase. This assumption holds in typical experi- 
mental conditions (2). By using the above drift velocities we 
can evaluate the ratio of the concentrations as Nl,:N2, = 
1 : 2.49, which is equivalent to the ratio, a,?,: a,,. The mag- 
nitude of the peak difference is read from Fig. 4 as 1 1.4 ~ s .  
Substituting the value back into [21] and using the ratio 
a,, : a,, = 1 : 2.49, we determine the reaction frequencies to 
be a,, = 4.80 x lo4 and a,, = 1.93 x lo4 s-'. The errors 
arising from this direct determination from the figures are 
-4% for a,, and -3.5% for a,,. 

Despite its rather crude analysis, this method gives us 
surprisingly accurate reaction frequencies. If we require more 
precise measurements of the drift velocities, which are in- 
dispensable for the accurate determination of reaction fre- 
quencies, we can always resort to more sophisticated 
experimental techniques, including the use of a movable ion 
source and a suitable choice of the experimental conditions. 

We now examine the final problem in this part. It is one 
of the most difficult problems in reactive ion transport anal- 
ysis to predict exactly how long it takes before equilibrium 
is achieved. One seeks a relation between the kinetic coef- 
ficients and the drift distance where the dynamic equilib- 
rium develops. For this purpose we first introduce an average 
drift velocity of two general ATS, which may asymptoti- 
cally converge to v,, as the drift distance increases. We de- 
fine the velocity, (U,)(Z), as 
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1608 CAN. J. CHEM. VOL. 70, 1992 

Assuming the drift-tube radius to be infinite, we can obtain 
explicit forms of I ,  and Id as 

where the resulting coefficients in the integrands are 

Bn2 = (NI  + N2)Dz1Dz2 

The g ( o )  is expressed as 

- D , I ~ I Z  - Dz2a21)o + vdla12 + vd2a21 

Equation 1271 states that the three singular points in I,, and 
Id are all purely imaginary, and only one root, ~o,(o, > 0) 
for g(o)  = 0, provides for the appropriate formula of (vd)(z) .  
Under typical experimental conditions, we can adopt the 
following approximate expression for the root as 

The percentage deviation of (vd)(z)  from v,,,, is derived from 
[23], 1241, and [28] as 

where K is a constant determined from both the initial con- 
ditions and the kinetic coefficients. The other constant, z,, 
is 

It has the capability of becoming an important measure for 
estimating the drift distance required to achieve the dy- 
namic equilibrium phase. However, as will be discussed later, 
z, appears to be much smaller than expected so that the ATS 
at this drift distance will not be close to the complete Gaussian 
shape. More realistic parameters can be derived from [19] 
and [21]. The ratio of Atqc, to tWHM,  which is expected to 
vanish in the limit of infinite drift distance, is a plausible 
parameter for this prediction. By setting the ratio equal to an 
appropriately small value as 

we can derive therefrom the drift distance z,. If we set E to 
be 0.1, z, is expressed as follows: 

Adopting a rather crude but reasonable approximation for [15] 
as 

we obtain an extremely simple formula 

The magnitude of the first term in [15] is, in general, much 
less than one tenth of that of the second term. So, 1341 cer- 
tainly yields the expected drift distance and can be used as 
a rule of thumb. 

The only problem left is the derivative of the time re- 
quired to achieve dynamic equilibrium. Although [34] may 
suggest it to be 3 6 / ( a I 2  + a,,), this is incorrect owing to the 
fact that the average drift velocity is a function of drift dis- 
tance. An important clue is given by [29], which is consid- 
ered to be a differential equation of drift distance with respect 
to time. The mathematical analysis is rather cumbersome and 
is now underway. 

Application to experimental analysis 

We now analyze reactive ion transport for a real ion- 
molecule combination. The determination of mobilities, 
diffusion coefficients, and reaction rates of nitrogen ions in 
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IINUMA AND TAKEBE 1609 

nitrogen has been the subject of a large number of investi- 
gations since 1930 (4-1 3), among which the (N,+, N4+)/N2 
system is one of the most extensively analyzed. It is well 
known that the dynamic balance between the forward and 
reverse reactions for N,+ and N4+ ions, 

occurs in the intermediate energy range. 
Using the analysis in the nonequilibrium phase, McKnight 

et al. (5) and McDaniel and co-workers (6, 14, 15) mea- 
sured the kinetic coefficients in a wide energy range. By using 
a flow-drift tube, Lindinger et al. (8) measured mobilities of 
N,+ in N,. Bohringer and Arnold (1 1) also determined mo- 
bilities of N,+ and N,' in the temperature range 20-420 K 
using a low-temperature drift tube. The comparison be- 
tween those mobility data indicates that those of McDaniel 
and co-workers appear to be the more accurate. As far as the 
reaction rates of N,+ and N,+ are concerned, however, con- 
troversy still remains regarding their accuracy. So in this 
analysis we adopted the transport coefficients determined by 
McDaniel and co-workers and the reaction rates determined 
by McKnight et al. (5). Several useful ion-current profiles 
for the (N,+, N4+)/N2 system were obtained by McKnight 
et al. ( 3 ,  from which we find that the dynamic balance de- 
velops at E /N = 150 Td (1 Td = lo-'' V cm2). E/N is the 
ratio of the electric field strength to the neutral drift gas 
number density. Unfortunately, no real current profiles at this 
energy are available so we numerically generate two hypo- 
thetical ATS from the data. Then, we examine whether their 
shape and width reproduce the same data according to the 
appropriate formulas. In fact this kind of procedure is not an 
adequate analysis for determining the unknown kinetic 
coefficients, because two groups of ATS should be mea- 
sured and analyzed separately in two different phases in ac- 
tual experiments. Nevertheless, it will lead us to c o n f m  that 
the present formulation is consistent and useful. 

Two ATS for N,+ and N4+ ions in the initial phase at 
150 Td are shown in Fig. 5. We adopted a delta-function as 
the initial condition for N,+ ions only. By increasing the drift 
distance from 3 to 10 cm and the gas pressure from 0.845 to 
2.0 Torr (1 Torr = 133.3 Pa), we can shift the initial phase 
of Fig. 5 into a dynamic equilibrium phase of Fig. 6. In this 
procedure two reaction rates were kept constant, viz. k,, = 
2.7 X cm6 s-' and k,, = 2.0 X lo-'' cm3 s-'. From 
the ATS in Fig. 6 four kinetic coefficients, a,,, a,,, D,,, and 
D,, can be determined directly with the help of [15], [16], 
and [19]-[21], provided that the two drift velocities are 
known. The following relation is also assumed; 

[36] v,, : vd2 = D:, : D,, 

The At,,,, and t,,, in Fig. 6 are 2.1 and 20.0 ps, respec- 
tively. Using the method applied to Figs. 3 and 4, we ob- 
tain the reaction-frequency ratio as a,,: a,, = 0.87: 1. 
Determination of a,, and a,, by use of [21] is straightfor- 
ward, and the calculated values are a,, = 1.14 X lo5 and 
a,, = 1.3 1 X lo5 s-' . The corresponding values for gener- 
ating the ATS were 1.12 X lo5 and 1.29 X lo5 s-', respec- 
tively. Moreover, determination of D,, and D:, is possible 
according to [15], [19], and [20]. The values evaluated are 
D,, = 54.4 and D,, = 91.1 cm2 s-I. The adopted Dzl and D,, 

- 

25 30 40 50 60 
DRIFT TIME (ps)  

FIG. 5. The ATS of N2+ and N4+ ions in nitrogen in an initial 
phase. They were numerically generated from [4]-[6] by intro- 
ducing the experimental data; v,, = 5.92 x 10, cm s-I, u,, 
9.91 x lo4 cm s-I, D,, = 102 cm2 s- l ,  D,, = 171 cm2 s-', D,, = 
74 cm2 s-I, D,, = 123 cm2 s-I, a,, = 2 x 10, s-I, and a,, = 
5.44 x lo4 s-I. A delta-function was adopted as the initial condi- 
tion for the first species (N,+ ions; the labelled number as 1). 

1 1 1 , 1 1 1 1 1 1 1 1 1 1  

100 125 150 165 
DRIFT TIME (ps)  

FIG. 6. The ATS of N,+ and N,+ ions in nitrogen in a dynamic 
equilibrium phase. The kinetic coefficients were DzI = 43.2 cm2 
s-I, D,, = 72.2 cm' s-I, D,, = 31.1 cm2 s-I, Dd = 52 cm2 S-', 
a,, = 1.12 x 10' s-I, and a,, = 1.29 x 10' s-I. Two drift veloc- 
ities were the same as those of Fig. 5. At,, = 2.1 ps and tw,, = 
20.0 ps. 

are 43.2 and 72.2 cm2 s-', respectively. As far as the ac- 
curacy of the reaction frequency in this case is concerned, 
the discrepancy of less than 2% is surprisingly small, whereas 
that of the longitudinal diffusion coefficient exceeds 25%. 
Again, we emphasize that this test only proves the present 
method to be consistent. Without carrying out the separate 
measurements in different phases, we are not at the moment 
able to say anything about the measurement error of the ki- 
netic coefficients. 

Figure 7 presents the percent deviation of (vd)(z) from vd, 
as a function of drift length. The approximate formula [291 
works well under the present conditions, although only the 
case where the initial condition is set as (N,, N,) = (0,l) ap- 
pears to be unsatisfactory. The agreement between the re- 
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I I I I 

1 2 3 4 5 
DRIFT LENGTH (cm) 

FIG. 7. The percent deviation of (v,)(z) from vd, as a function 
of drift length. The kinetic coefficients adopted are the same as those 
of Fig. 5 except for the ratio of the initial number densities of N2+ 
and N,+, which is represented as (N,, N2) on the drawing. The solid- 
line curves are the results calculated exactly from the solution 
according to [22]-[27]. The broken-line curves are from the ap- 
proximate formula [29]. The filled circles and squares are ob- 
tained directly from the two arrival time spectra, the initial 
conditions of which are (1,O) and (0.2, 0.8), respectively. 

sults calculated from the exact solution (the solid-line curves) 
and the values obtained directly from the ATS (the filled 
circles and squares) is excellent. 

The percent deviation of the filled circle at z = 3 cm is 
- 1.28%, which is calculated from the ATS in Fig. 5.  Al- 
though this deviation is small enough to expect the ATS to 
be sufficiently close to equilibrium, the two profiles in Fig. 
5 are far from those we expect in this phase. This is a clear 
indication that the z, of [30] are not a suitable measure for 
predicting whether equilibrium has been achieved. The z,, 
on the other hand, yields a much more appropriate value than 
z,. The z, calculated from [32] and that from [34] by using 
the same parameters are 33.2 and 33.8 cm, respectively. In 
fact we have confirmed that the dynamic equilibrium phase 
is reached at these drift distances. 

Discussion 

The accurate measurement of reaction frequencies is one 
of the long-standing aims in the field of reactive ion trans- 
port and gas-phase ion chemistry. In contemporary drift-tube 
experiments, ion mobilities (or drift velocities) can be de- 
termined with an accuracy of about a 1 % in simple cases (1). 
Although measurement of lbngitudinal diffusion coeffi- 
cients is much more difficult than that of mobilities, its ex- 
perimental uncertainty is, in general, estimated to be less than 
'25% (15): Reaction rates are very much more difficult to 
measure than the transport coefficients, and the total ex- 
perimental error may exceed '50% at mean collision ener- 
gies ranging from thermal to several electronvolts (16). This 
may be attributed simply to the fact that most experimental- 
ists have limited their measurements to the nondynamic 
equilibrium phase, where the appropriate estimation of the 
initial condition would become indeed troublesome. The 
difficulty is encountered in various kinds of apparatus, es- 
pecially in the case of flow drift-tube instruments. 

The peak-time difference method in the dynamic equilib- 
rium phase has the potential to be useful in this respect. Even 
when the difference is difficult to measure under specific 
experimental conditions, we can resort to a numerical dif- 
ferential technique to determine the peak position in each 
ATS. Moreover, it has the advantage that the reaction fre- 
quency obtained from [21] is not very sensitive to the mea- 
sured difference. On the contrary, the longitudinal diffusion 
coefficient calculated from [15], [19], and [20] is very sen- 
sitive to the FWHM of the ATS. If we fail to measure it 
accurately, the D,, may occasionally be negative. This de- 
ficiency may suggest a further improvement in the present 
method. 

This means that the diffusive effect in dynamic equilib- 
rium is mainly dominated by the second term in [15], which 
is a function of the drift velocities and reaction frequencies. 
In other words, there is a possibility to determine the reac- 
tion frequencies from the FWHM of the observed spec- 
trum. The accuracy anticipated therefrom would be within 
'5% over a wide range of E / N .  The most important con- 
clusion to be drawn from the present analysis in dynamic 
equilibrium is that the shape and width of ATS depend 
strongly on the drift velocity and reaction frequency, and that 
the influence of the longitudinal diffusion coefficient is 
negligible. Again, the precise determination of the drift ve- 
locity is indispensable in carrying out the above procedure. 
As a final remark we strongly recommend a suitable choice 
of the above two methods, the initial phase analysis and the 
dynamic equilibrium phase analysis, for the sake of an ac- 
curate determination of the kinetic coefficients. The obser- 
vation of reactive ion transport phenomena from two different 
aspects will certainly lead to much deeper understanding. 

Conclusions 
A method for analyzing the space-time behavior of two ion 

swarms in dynamic equilibrium has been proposed. The an- 
alytic solution of ATS in this phase has been explicitly de- 
rived. Two important parameters are the effective diffusion 
coefficient and the effective drift velocity. By combining 
these parameters with the peak-time difference and the 
FWHM of the ATS, the forward and reverse reaction fre- 
quencies and the longitudinal diffusion coefficients cam be 
determined. Moreover, a measure of the drift distance where 
the dynamic equilibrium develops has been examined. The 
reactive transport process of the (N,+, N4+)/N2 system has 
been tested to find out whether the present method has the 
potential to be useful in drift-tube analysis. 

Acknowledgements 
The authors wish to thank Dr. K. Seto for introducing them 

to this interesting field. 

1. E. A. Mason and E. W. McDaniel. Transport properties of ions 
in gases. John Wiley and Sons, New York. 1988. 

2. K. Iinuma. Can. J. Chem. 69, 1090 (1991). 
3 .  R. E. Voshall, J. L. Pack, and A. V. Phelps. J. Chem. Phys. 

43, 1990 (1965). 
4. A. M. Tyndall and C. F. Powell. Proc. R. Soc. London A, 

129, 162 (1930). 
5 .  L. G. McKnight, K. B. McAfee, and D. P. Sipler. Phys. Rev. 

164, 62 (1967). 
6. J. T. Moseley, R. M. Snuggs, D. W. Martin, and E. W. 

McDaniel. Phys. Rev. 178, 240 (1969). 
7. W. Lindinger. J. Chem. Phys. 64, 3720 (1976). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



8. W. Lindinger, I. Dotan, D. L. Albritton, and F. C. Fehsenfeld. 
J. Chem. Phys. 68, 2607 (1978). 

9. D. Smith, N. G. Adams, and T. M. Miller. J. Chem. Phys. 
69, 308 (1978). 

10. H. Bohringer and F. Arnold. J. Chem. Phys. 77, 5534 (1982). 
1 1. H. Bohringer and F. Arnold. Int. J. Mass Spectrum. Ion Pro- 

cesses, 49, 61 (1983). 
12. P. A. M. van Koppen, P. R. Kemper, A. J. Illies, and M. T. 

Bowers. Int. J. Mass Spectrom. Ion Processes, 54, 263 (1983). 

IINUMA AND TAKEBE 1611 

13. P. A. M. van Koppen, M. F. Jarrold, M. T. Bowers, L. M. 
Bass, and K. R. Jennings. J. Chem. Phys. 81, 288 (1984). 

14. H. W. Ellis, R. Y. Pai, E. W. McDaniel, E. A. Mason, and 
L. A. Viehland. At. Data Nucl. Data Tables, 17, 177 (1976). 

15. H. W. Ellis, E. W. McDaniel, D. L. Albritton, L. A. 
Viehland, S. L. Lin, and E. A. Mason. At. Data Nucl. Tables, 
22, 179 (1978). 

16. M. T. Bowers (Editor). Gas phase ion chemistry. Vol. 1. 
Academic Press Inc.. New York. 1979. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NMR kinetic study of ethyl silicate hydrolysis by ammonia in alcoholic solvents 

IDRISS EL BAKALI, ESSAID EL RHESS, CHRISTOPHE ROUSSELOT, AND RENE MERCIER' 

Laboratoire d(e'1ectrochimie des solides, Unite Associde au Centre National de la recherche scientijique, 
no 436, UniversitP de Fratzche-Comte, 25030 Besanqon CEDEX, France 

AND 

MARIE-FRANCE MERCIER 
Centre de spectrome'trie, Universite' de Franche-Comte', 25030 Besanqon CEDEX, France 

Received June 1 1, 19912 

IDRISS EL BAKALI, ESSA~D EL RHESS, CHRISTOPHE ROUSSELOT, RENE MERCIER, and MARIE-FRANCE MERCIER. Can. J. 
Chem. 70, 1612 (1992). 

Hydrolysis of Si(OC2H5), by ammonia has been investigated using 'H and I3C NMR measurements in alcoholic media. 
Use of deuterated CD3CD20D and CD30D solvents proves the absence of transesterification by alkoxy exchange be- 
tween silicate and alcohols. The rate constant increases when CD30D replaces CD3CDZOD as the solvent (k = 2.8 X 

L mol-' min-' in CD3CD20D; 7.5 X L mol-' min-' in CD30D for similar experiments). 

IDRISS EL BAKALI, ESSAID EL RHESS, CHRISTOPHE ROUSSELOT, RE& MERCER et MARIE-FRANCE MERCIER. Can. J. Chem. 
70, 1612 (1992). 

O+rant en milieu alcoolique et utilisant des techniques de RMN du 'H et du 13C, on a h d i &  I'hydrolyse du Si(OC2H5),. 
L'utilisation du CD3CD20D et du CD30D comme solvants permet de demontrer qu'il n'y a pas de transesterification 
par &change de groupes alcoxyles entre le silicate et les alcools. La constante de vitesse augmente lorsqu'on remplace 
le CD3CD20D par du CD30D comme solvant (k = 2,8 X L mol-I min-' dans le CD3CD20D; 7,5 x L mol-' 
min-' dans le CD30D, pour des conditions experimentales semblables). 

[Traduit par la redaction] 

Introduction 
Obtaining sol-gel materials has been extensively studied 

in the last decade. In particular, Stober et al. (1) studied the 
hydrolysis of tetraethylorthosilicate Si(OC,H,), as reported 
in a paper on colloidal silica synthesis. He used an ammo- 
nia reactant to obtain homodispersed particles in the range 
of 0.1-1 Fm. He varied the ammonia and water concentra- 
tions, as well as the solvents, to obtain particles having final 
diameters that could be measured. Shimohira and Tomuro 

hydrolysis of Si(OC,H,), in two alcoholic media, CD,OD and 
CD3CD20D, using 'H NMR spectroscopy. Our experimen- 
tal conditions are the same as those required to obtain silica 
colloids by adding ammonia to alcoholic media. Assink and 
Kay (10-12) studied Si(OC,H,), and Si(OCH,), using 'H 
NMR, first in an acid medium and then in a basic (NH,OH) 
medium. 

We also wanted to determine if silicate and alcohol ex- 
change alkoxy groups and thus cause transesterification 

(2), Shimoda et al. (3), and Tan et al. (4) studied the effect Si(OC2HS), + 4 CD30D + Si(OCD3), + 4 CrH50D 
of temperature on final-diameter size. They found that when 
temperature increases, the final-diameter size decreases. The This reaction could occur in competition with the hydro- 
influence of all of the above varameters acting on the hv- lysis reaction. 
drolysis and condensation of S~~OC,H,), was revyewed in o;r 
laboratory by El Rhess ( 5 ) .  He studied the kinetics of the 
evolution of both particle diameter and particle concentra- 
tion for silica particles having an initial diameter of 10 nm. 

We wanted to observe the first steps of the hydrolysis and 
condensation of different alkoxyl silicates. The most effi- 
cient technique for this type of study is 2 9 ~ i  Nuclear Mag- 
netic Resonance (NMR). This technique has already been 
used by various researchers to follow the hydrolysis and 
condensation reaction of both methyl and ethyl silicate (in 
particular, Lin and Basil (6) for Si(OC,H,), and Artaki et al. 
(7), Balfe and Martinez (8), and Klemperer et al. (9) for 
Si(OCH,),). 2 9 ~ i  NMR reveals the identity of hydrolyzed 
molecules such as Si(OH)(OR),, Si(OH),(OR),, Si(OH),- 
(OR), and Si(OH), by a characteristic resonance line and the 
appearance of dimeric (Si-0-Si) and oligomeric species at 
distinct ranges of frequency. The experimental conditions 
used to study these hydrolyzed molecules do not, in gen- 
eral, coincide with the experimental conditions used in the 
synthesis of silica. This paper compares the kinetics of the 

' ~ u t h o r  to whom correspondence may be addressed. 
2~evision received December 18, 199 1. 

It is not possible, using solely 'H NMR, to determine 
if there is competition because deuterical species such as 
Si(0-CD,) do not produce signals. Therefore, in certain ex- 
periments, we used I3c NMR because it allowed us to dis- 
tinguish Si-OCD, from SiOCH, using proton coupling 
techniques, which produce singlets for ',cH, and multiplets 
for ',cD,. 

Experimental conditions 
We used wholly deuterated anhydrous alcohols (CD30D and 

C2D50D from Aldrich) as solvents. 'The silicate and the ammonia 
solution (NH3, H20) are in their protonated forms. Freshly dis- 
tilled ethyl silicate was used to avoid atmospheric hydrolysis. 
Si(OR),, R'OD, and concentrated ammonia were successively 
added to NMR tubes at 20°C, for example: 500 pL C2D50D + 
15 pL Si(OEt)4 + 90 pL NH40H (13.5 M). The different experi- 
ments are summarized in Table 1. 

Immediately after adding NH,OH, the tubes were stirred for 
15 s and then placed in the NMR instrument (Bruker Spectro- 
scopic AC 200 spectrometer linked to an ASPECT 3000 corn- 
puter). The 'H spectra were recorded at 200 MHz. The spectrum 
produced by the results of 16 pulses was immediately recorded, 
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TABLE 1. Designation of characteristics of the 'H NMR experiments 

[Silicate] [NH,] [H,Ol 
Code Solvent Silicate (M L - I )  (M L-I) (M L-') [HzO]/[-0-C,H5] 

giving a spectral record of 2 min. The I3C spectra were recorded 
at 50 MHz by using 'H broad-band decoupling: 256 pulses were 
recorded with a 5 s delay between each pulse. It took 30 min to 
record the I3C spectrum. The NMR apparatus was calibrated for D 
resonances for the alcohol chosen, by using anhydrous mixtures 
(silicate + alcohol). 

In Table 1, the four experiments are for the hydrolysis of 
Si(OC2H,),. The concentration of the solvent is about 14 M L-' 
(C2D50D) and 20 M L-' (CD30D). 

Chemical shifts, 6, are expressed in ppm (for I3C and 'H NMR), 
with respect to the zero value of TMS (1%). Using 'H NMR, we 
can easily follow the disappearance of silicate species and the ap- 
pearance of alcohol species formed during hydrolysis. 

Si(OR), + 2 H20 + SiO, + 4 ROH 

At the beginning of the kinetic study, 'H NMR signals corre- 
spond to Si-0-CH2-CH, or Si-0-CH, protons and to only one broad 
peak for both NH3 and H20 protons. During hydrolysis, this last 
peak encompasses all hydroxyl groups (R-OH, Si(0H)). 

Precise intensity measurements enable one to determine the ex- 
act [0-H]/[Si-0-R] ratio, as well as the evolution of [Si-0-R] 
groups as a function of time. 

The ETET 2 mixture corresponds to experimental conditions 
required for the synthesis of 300-nm silica particles at 20°C (12 
times more H,O than (OC2H5) in concentration). 

Results 
l3c NMR 

ETET 1 
With C2D,0D, the solvent is characterized by a quintu- 

plet at 56.8 pprn (CD,) and a heptaplet at 17.5 pprn (CD,) . 
Si(OC,H,), presents singlets at 59.74 and 18.39 ppm. After 
hydrolysis, there are CH,-CH20H singlets at 57.68 pprn 
(CH,) and 18.32 pprn (CH,). If transesterification were to 
occur, one should note the appearance of a Si(0-CD2-CD,) 
quintuplet at about 59.7 pprn at the beginning of the exper- 
iment. We never observed quintuplets in this case. 

MEET I 
By using CD,OD as alcohol and Si(OC2H5),, a fast trans- 

esterification could be expected. CD,OD is characterized by 
a heptaplet at 49.0 pprn and Si(OC,H,), by singlets at 
60.20 pprn (-0CH2-) and 18.40 pprn (-0-CH2-CH,). After 
8 days, without adding NH,OH, the spectrum did not change. 
This indicates that no substitution was detected. Adding 
NH,OH does not enhance substitution; only the hydrolysis 
of Si-OCH,CH, is detected by 'H NMR. When 80% of 
Si(OC2H5), is hydrolyzed, the ',c NMR spectrum shows only 
the appearance of a CH,CH,OH peak at 58.26 pprn and the 
residue of a Si(-OCH,CH,) peak at 60.20 ppm. 

These experiments demonstrate that alkoxy groups do not 
substitute from the solvent to the silicate. The hydrolysis and 
condensation of Si(OR), in R'OH as alcohol correspond to 
the following equation: 

R'OH 
Si(OR), + 2 H,O + Si0, + 4 ROH 

The solvent acts only as a solvent and not as a reactant, 
because the alkoxy group is not substituted. 

' H  NMR 
The solvents used for these experiments were C2D50D and 

CD30D. 
Because the solvents are deuterated, they are not de- 

tected by NMR. Therefore, the NMR spectra are very clear 
(Fig. 1) and they present the Si-0-CH,-CH, quadruplet (J = 
7 Hz; 3.870, 3.835, 3.800, 3.765 ppm) and the Si-0-CH2- 
CH, triplet (1.242, 1.207, and 1.172 ppm). To determine if 
water vapor contaminated the preparation, test tubes with- 
out NH, were monitored during several weeks. After 
1 month, only 4-6% of the solution was hydrolyzed, de- 
pending on the solvent. This contamination was not taken into 
account in the following kinetic studies, when adding NH,. 

In these four experiments, the evolution of the spectrum 
is identical. After adding NH,, the mobile 0 -H  species are 
characterized by a line at 4.8, 4.9 pprn and do not interfere 
with other 'H signals. The quadruplet for CH, silicate does 
not shift, except for a slight shoulder on each quadruplet line 
for experiments 3 and 4. The same phenomenon occurs for 
the -OCH,CH, triplet. The CH,CH,O H molecules appear 
as a quadruplet (3.63-3.53 ppm) and a triplet (1.20- 
1.13 ppm). 

The two quadruplets are in separate ranges. This simpli- 
fies the kinetic study. Intensities are integrated for each 
quadruplet, and the sum total is kept constant (+ /- 1 %) 
during the reaction. 

To discuss the kinetic laws, a and b designate respec- 
tively the initial concentrations in Si(OC,H,), and in H20.  
Many equations can be used to follow both the hydrolysis and 
the condensation. The simplest way is to consider the over- 
all reaction. 

If x is the molar concentration in SiO,, one can imagine a 
kinetic law, in which u is the rate of the reaction: 

Integration of this differential equation gives rise to: 

In (b/2) - = 2(b/2 - a) kt + ln(b/2a) 
a - x  

If the water concentration is much greater than that of the 
silicate, we find the classical law: 
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3:9 310 3.7 3.6 35 
PPM 

FIG. 1 .  'H NMR of Si(OC2H,), hydrolysis in C,D,OD (ETET 1) after (a) 2 min; (6) 66 rnin; (c) 276 min; (4 456 rnin. 

a 
In - - b'kt or 

a - x  

a - x  
In - - -btkt with b' - b 

As an example, Fig. 2 shows plots of the evolution of the 
silicate concentration (in In units) as a function of time for 
the two experiments ETET 1 and ETET 2. In each experi- 
ment, more than 80% of the initial silicate has disappeared. 

Two straight lines are obtained, which give rise to appar- 
ent rate constants kt = 0.0033 min-I (ETET 1) and k' = 
0.043 rnin-' (ETET 2). The ratio of 12 between them should 
correspond to a mean ratio of 12 between the "mean" b' 
values. The initial b values are in the ratio 3.6 and the value 
4.7 is obtained from the (b-a) ratio. 

For ETET 2 only, this approximation can be used (b/a - 
49) and the linearity of the plot is a proof that the law is in- 
deed of order 1 versus the silicate concentration. 

In Fig. 2, we have plotted the comparison of the experi- 
ments ETET 1 and MEET 1 in which the concentrations of 
both silicate and water (and NH,) are the same, the solvent 
being the only distinct parameter. The slopes of the lines 
show that, in CD,OD, the apparent rate constant kt is three 
times greater than for C2D50D (MEET 1, k' = 9 X 

min-'; ETET 1, kt = 3.3 X min-I). The k' values for 
all experiments are listed in Table 2. 

As mentioned above and in Table 1, the ratio b/a is not 
very great for ETET 1, MEET 1, and MEET 2 and it could 
be four times smaller if we consider the ratio (H20/(Si-0C2H5 
group). 

We have imagined four reactions and the most probable 
kinetic laws: 

k 
[ 1 I Si(OC2H5), + H 2 0  + SiOH(OC2H5)3 + C2HsOH 

a b 

v = k(4a-x) (b-x) = &/dt 

(total hydrolysis) 

hydrolysis + condensation 
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- 2.5 
0 50 100 150 200 250 300 350 LOO L50 500 

Time (min) 

FIG. 2. Evolution of the ethyl silicate concentration during NH3-H20 hydrolysis in C2D50D:[H20]/[Si-0C2H5] = 0, 12.3; A, 1.025. 

- 2.5 
0 50 100 150 200 250 300 350 LOO 450 500 

Time(min1 

Evolution of the ethyl silicate concentration during hydrolysis by NH3-H20 in A ,  CD,OD and 0, C2D50D:[H20]/[Si-0C2H51 
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TABLE 2. Kinetic results of Si(OC,H,), hydrolysis 

Si(OC,H,) kt k 
Experiment Solvent (M L-') [H,O]/[Si-OR] (min-I) L mol-I min-' 

- 

ETET 1 C2DSOD 0.40 1.025 0.0033 0.0028 
ETET2 C2DSOD 0.12 12.3 0.0430 0.0075 
MEET1 CD30D 0.40 1.025 0.0096 0.0075 
MEET2 CD30D 0.20 2.15 0.0134 0.0079 

0 l 
0 " " ' " "  l - ' . ' l - ' - *  w 

loo 2b0 300 LOO sdo 
Ti me (min) 

Frc. 4. Plots of ln[(b/2-x)/(a/x)] as a function of time for the four experiments corresponding to the global equation: Si(OC2H5), + 
2H20 + SiO, + 4C2H50H. u = k[Si(OC2H5)41 [H,Ol; a = [Si(OCZHS)dlini,,al; b = [HZOlini,ial. 

We have plotted, for these five kinetic laws, the evolu- 
tion of a term that is linear versus time (example: case [I]: 
ln[(b-x)/(a-x)] = (6-a)kt + ln(b/a). 

The best linearity for the four experiments was obtained 
by using eq. [4] and the kinetic law v = k(a-x) (b-2r) = 
dx/dt = -d(a-x)/dt. 

The four plots are collected in Fig. 4, in which ln[(b/2-x)/ 
(a-x)] is plotted as a function of time; the mean slope of each 
fitted straight line corresponds to 2(b/2-a)k. These values of 
k are listed in the last column of Table 2. 

The experimental equation v = k(a-x) (b-2x) followed by 
NMR measurements proves that the overall reaction [4] is 
not the elementary mechanism. It corresponds surely to a 
second-order hydrolysis reaction such as [I]. The decrease 
in silicate concentration, as measured by NMR, is slow 
compared to further condensation steps that release water. 

Discussion 
The solvent plays a considerable role. Hydrolysis rate in- 

creases by a factor of 3 when CD30D is used instead of 
CzD50D. 

We would expect two separate steps for Si-OCH-2-CH3: 
(i) hydrolysis leading to monomeric or oligomeric Si-OH 
species; (ii) condensation of these hydrolyzed species lead- 
ing to siloxane Si-0-Si bridges and to the growth of silica 
particles. 

But at mid-stage, the liquid is already milky. Therefore, 
during the synthesis of homodispersed silica particles 
(Si(OC2H5), + C,D50D), particles grow during the hydro- 
lysis step. 

The presence of large particles (I+ - 50 nm) leading to a 
milky aspect is accompanied by nonhydrolyzed Si-0-CH2- 
CH3 groups. The Ostwald (13) ripening model, described by 
Fischmeister and Grimwall (14), implies that nuclei are 
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formed as they grow. As particles smaller than a critical size 
dissolve, they are surrounded by a zone of excess solute that 
finds its way to particles larger than r*. This model does not 
seem in accordance with our experimental results in which 
large particles exist with Si-OR groups. Condensation and 
particle growth occur at the same time as hydrolysis. 

One can suppose that condensation reactions leading to 
dimers, polymers, and particles occur very rapidly after SiOH 
groups are formed by hydrolysis. The hydrolysis rate is 
therefore the slow step, but the water concentration does not 
follow eq. [3] for hydrolysis because condensation gives rise 
to water. If the condensation rate was very slow, the kinetic 
law should follow reaction [3]. This last model gives rise to 
curves instead of straight lines, which suggests that conden- 
sation is the fast step. A similar point of view has been de- 
veloped (8) in the case of the hydrolysis of Si(OCH,), in 
alkaline media (KOH 1 M) because the 2 9 ~ i  NMR signals do 
not display any intermediate molecules which apparent Si-OH 
group. Even if the final state in basic media when Si(OCH,), 
is used is a gel, which we have also seen in kinetic experi- 
ments with much greater rates than for Si(OC2H,),, and 
even if homodispersed Si02 particles are obtained when 
Si(OC,H,), is used as the starting material, this experiment 
suggests that, in both cases, condensation is the fast step, 
which enables one to give evidence of nonhydrolyzed Si- 
0C,H5 groups in silica particles. Even after a long time, such 
groups are still present and are only broken by a thermal 
treatment at 400°C (5 ) .  

Increase of the rate constant k by increasing the ratio H,O/ 
silicate in ETET 2 could result from differences in growth 
kinetics of the silica microparticles, because it has been 
proven3 that smaller concentrations of NH, and H,O give rise 
to smaller particles at the end of the experiments. The het- 
erogeneity of these systems may therefore contribute to dif- 
ferent rate constants. Nevertheless, we have definitely 
established that the role of the solvent (substitution of 
CD,CD20D by CD,OD) strongly modifies the kinetics law 
although we have proved that ethyl silicate does not lead to 
methyl silicate in CD30D by transesterification. The role of 
the solvent should involve the ionization of OH- in these 

,E. El Rhess, I. El Bakali, and R. Mercier. Manuscript submit- 
ted for publication. 

NH,-H20 solutions. The speciation of the protonic groups 
(OH-, NH,, H20) can be different in C2D,0D and CD,OD, 
arising from different dielectric constants (E methanol - 33; 
E ethanol - 24); the viscosity of the solvent could be an- 
other factor explaining this behaviour difference (20°C; 
qcH30H - 6 X lo-, Pa s; qCH3cH20H - 12 X Pa s). 

Conclusion 
The solvent affects the kinetics of hydrolysis. CD,OD is 

more effective than C2D50D. ',c NMR demonstrates that no 
transesterification occurs between the silicate and the alco- 
hol. Si(OC,H,), produces stable colloidal systems with SiO, 
particles in the 0.1-0.5 km range. The relative rates of hy- 
drolysis and condensation differ for both systems; the con- 
densation rate is much faster than the second-order hydrolysis 
reaction rate. A complete 2 9 ~ i  NMR study in alkaline media 
should provide further information about hydrolysis and 
condensation. 
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Electron thermalization distances and free-ion yields in dense gaseous 
and liquid benzene 
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NORMAN GEE and GORDON R. FREEMAN. Can J. Chem. 70, 161 8 (1992). 
Electron thermalization has been studied in gaseous and liquid benzene at 4.1 5 d/kg m-3 5 878 (temperatures 295- 

560 K) using measurements of the free-ion yield G; as a function of electric field strength E and temperature T. The 
measured (G;, E) values at each T were compared to those calculated using an extended Onsager model. Assumption 
of a three-dimensional Gaussian distribution of secondary electron thermalization distances YG resulted in too large a 
field dependence. The Gaussian with the small added tail, YGP, gave the correct dependence. Values of the yield ex- 
trapolated to zero field, G:, and of the most probable thermalization distance bGp were obtained. Variation of the den- 
sity-normalized distance bG& with reduced density d/d, (d, = critical fluid density) was expected to be similar to that 
in ethene, due to the T-electrons in the two compounds. Instead, it was similar to that in ethane. Throughout the liquid 
range, epithermal electrons were de-energized less efficiently than in the gas at d < 0.5 dc where the benzene molecules 
are further apart. As the density increases above 2 d, the values of bG& decreased as in other hydrocarbons, rather than 
like those in hexafluorobenzene, which increased sharply. Dielectric constants were also measured up to 560 K. 

NORMAN GEE et GORDON R. FREEMAN. Can. J.  Chem. 70, 1618 (1992). 
On a CtudiC la thermalisation Clectronique en operant en phase gazeuse et dans le benzkne liquide, 2 4 , l  5 d/kg m-3 

5 878 (temperatures de 295 5 560 K), en faisant appel a des mesures de rendement en ions libres, G:, en fonction de 
la force E du champ Clectrique et de la tem@rature T. On a comparC les valeurs mesurCes (G; et E) a chaque tem@rature 
avec celles calculCes en utilisant le modtle Clargi de Onsager. En faisant I'hypothkse qu'il existe une distribution gaus- 
sienne tridimensionnelle des distances YG de thermalisation des Clectrons secondaires, on obtient une dCpendance trop 
importante par rapport au champ. La gaussienne a laquelle on a ajoutC une petite trainCe conduit a la bonne dCpendance. 
On a obtenu les valeurs des rendements extrapolCs jusqu'h un champ nu], G:, ainsi que la distance de thermalisation la 
plus probable, bGp. A cause de la presence d'Clectrons T dans les deux systkmes, on s'attendait a ce que la variation de 
la distance normaliske pour la densitt, bGpd, en fonction de la densit6 rCduite, d/d,(d, = densit6 fluide critique) soit 
semblable 5 celle de 1'Cthtne. Toutefois, elle est semblable a celle de 1'Cthane. Dans toute la phase liquide, les Clectrons 
Cpithermiques perdent leur Cnergie moins facilement que dans le gaz, a d < 0,5 d,, oh les molCcules de benztne sont 
plus CloignCes les unes des autres. Lorsque la densit6 augmente au dessus de 2 dc, les valeurs de bGpd diminuent comme 
dans les autres hydrocarbures plut6t que comme dans I'hexafluorobenzkne dans lequel elles augmentent rapidement. On 
a aussi mesurC les constantes diClectriques jusqu'a 560 K. 

[Traduit par la rkdaction] 

I. Introduction stronger scattering of the electrons at these energies pro- 

Under irradiation by y-rays or high-energy electrons, some 
molecules of a fluid ionize, ejecting secondary electrons with 
excess kinetic energy. These secondary electrons move away 
from their sibling cations, undergoing in the course of their 
flight energy-transfer collisions with the surrounding fluid 
molecules, and eventually become thermalized at distances 
y from the cations (la).  The thermalization distances have a 
distribution F( y). The shape of [F( y),y] can be examined 
using measurements of the free ion yield G: over wide ranges 
of applied field strength E and temperature T, because the 
shape of F(y) affects the shape of the (G:, E) curve at each 
T(1b). 

For over 100 liquids the most suitable form for F(y) was 
found to be a hybrid function that is mainly a three-dimen- 
sional Gaussian, with a power tail that represents the out- 
ermost 5% of electrons (lc). This function, designated YGP, 
will be discussed further in Sect. 111. The most probable 
thermalization distance bGp is determined largely by the ability 
of the fluid to de-energize electrons from energies of 
-200 zJ to -10 zJ (160 zJ = 1 eV; z = zepto = 1 0 - ~ ' ) ; ~  

duces a smaller &, (2, 3). The thermalization distance is 
often inversely proportional to the mass density d (1 c, 3), so 
variations in b d  can be used to assess differences in the abil- 
ity of fluids to de-energize (thermalize) epithermal elec- 
trons. It is assumed that any effects of temperature (other than 
that on the densities of liquids and vapors at equilibrium) are 
small. This assumption is supported by measurements in the 
n-alkanes: (a) In moderately dense gases of methane, ethane, 
propane, and n-butane away from the critical region, so that 
gas molecules were too far apart for conduction band for- 
mation, values of b,& were constant, (5.5 + 0.2) x 

kg mP2, over -4-fold variation in density, although the 
temperature ranges were quite different (158-183 K in 
methane compared with 365-409 K in n-butane) (4, 5). (6) 
In liquid n-undecane and in liquid n-tetradecane, b,& val- 
ues were constant (A,, -3%) as densities were decreased 
-25% and temperatures were concomitantly increased from 
296 to 472 and 506 K respectively (6). 

Electron thermalization has recently been studied in hex- 
afluorobenzene (7). As the fluid density was increased from 
0.5 d,, values of b,& increased monotonically. An espe- 

' ~ u t h o r  to whom correspondence may be addressed. cially sharp increase occurred in the dense liquid at d > 26,. 
2 ~ .  Preston-T~omas, private  communication^ The following This behavior is somewhat different from that in most hy- 

prefixes were accepted by the ComitC International des Poids et drocarbons (Ic). Measurements in its hydrocarbon 
Mesures in Oct., 1990 to be put forward to the ConfCrence GCntrale benzene, have been limited to T < 370 K (d > 2.6 dc), and 
des Poids et Mesures for adoption in Oct., 1991: zepto, z; reported free-ion yields have differed by up to 1.8-fold (3, 
lo2', zetta, Z; yocto, y; loz4, yotta, Y. 8) . 
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In this work free-ion yields are given at densities of 4.1- 
878 kg m-3 (temperatures 295-560 K). Values of b,, were 
then obtained using the extended Onsager model ( lb) ,  and 
thermalization of epithermal electrons in benzene, C6H6, is 
used to bridge the comparison of thermalization in hydro- 
carbons to that in hexaflurobenzene, C6F6. 

11. Experimental 
Materials and sample preparation 

Benzene from Aldrich (HPLC grade, 99.9+%) was received 
stored under nitrogen. The liquid was poured into a storage bulb 
attached to a grease-free glass vacuum line, closed from the at- 
mosphere, and degassed using two freeze-pump-thaw cycles. The 
liquid was then transferred, in turn, into storage bulbs containing 
sulfuric acid, lithium aluminum hydride, and sodium-potassium 
alloy. To effect the transfers, the source bulb was surrounded with 
a water bath at -3 15 K and the receiver bulb was cooled using ice/ 
water slurry. The benzene sample was stirred slowly on the acid 
for 1 day, on the LiAlH, for 4 days, and on the Na-K alloy for 
7 days. The liquid was then held on the alloy until transfer to the 
conductance cell. 

Apparatus and techniques 
Details of the conductance cells, temperature control and mea- 

surement, irradiation and dosimetry procedure, and data collec- 
tion are in, or cited in, refs. 6 and 7. 

Physical properties 
Values of liquid densities were compiled from refs. 9-13. The 

agreement between data sets was -0.1% at T < 380 K and -0.3% 
at T < 559 K. It might be noted that liquid densities reported in ref. 
14 (not used here) were 0.9% higher than those in the other works. 
Critical fluid parameters reported by different sources varied widely 
but most values (refs. 9-14 and others cited by them) are within 
the limits d,  = 303 2 3 kg m-3 at T,  = 562.3 2 0.4 K. Vapor 
densities reported in refs. 9 ,  11, and 14 agreed within -2%. Ex- 
ceptions were densities from ref. 11 at 379-433 K, which oscil- 
lated about the values of refs. 9 and 14, and densities reported in 
ref. 14 at T > 478 K, which were up to 20% lower than those of 
refs. 9 and 11 at the same temperatures. The discordant values were 
not used. 

Relative dielectric permittivity E values reported in the litera- 
ture (15-18) did not cover the complete range of the present ex- 
perimental conditions, so values were measured as described in ref. 
19. The most recent works concentrated on measurements at con- 
stant temperature and increasing density (17, 18). The most ex- 
tensive earlier measurements in the liquid along the coexistence 
curve reported permittivities up to 473 K (15). The present mea- 
surements agreed with these values within 0.3%. Quadratic inter- 
polation of the present data gave E = 2.274 at 298.15 K, which is 
also the value recommended by the National Bureau of Standards 
(U.S.A.) at that temperature (20). 

111. Results and discussion 
Electron mobility 

The radiation-induced electron conductance transient 
(ECT) was measured at 295 K as a check on the purity of the 
liquid. At 0.4 I E/MV m-' I 1.3 the ECT signals de- 
cayed with a half life t,,, = 2.2 ps. Analysis by the conduc- 
tance method (A pendix of ref. 19 ave the electron mobility p 2, - 1  - 1  . ) g  
po = 1.1 x 10- m V s , in reasonable agreement with 
previously reported values, 1.1 X (21), 1.2 X (22), 
and 1.4 X m2 V-' s-' (23). 

Electron rhermalizarion and the extended Onsager model 
The passage of a high-energy (> 1 fJ) electron through a 

liquid results in a widely spaced sequence of activated mi- 
crozones with diameters of a few nanometers and separated 
by a few hundreds of nanometers (Id) .  Each microzone 

contains one or more spatially correlated ion-electron pairs. 
(We previously called these microzones by the traditional 
jargon name "spur." The name microzone (1) seems to be 
clearer to nonspecialists.) The ion-electron separation dis- 
tance y at which the electron thermalizes determines the 
probability that the electron will be drawn back to the cat- 
ion to recombine (geminate neutralization), or will escape 
the cation to diffuse freely in the bulk medium (free-ion for- 
mation). The free ions can be collected at electrodes and 
measured. The process can be represented as: 

(11 M - [ M + + e - ]  

[2] [M+ + e-] -+ M (geminate neutralization) 

[3] [M+ + e-] -+ M+ + e- (free-ion formation) 

[4] M+ :} electrodes 
e -, 

in which the wavy arrow indicates ionization and the square 
brackets indicate Coulombic attraction between the electron 
and the ion that is not negligible in comparison with kBT. The 
total yield G,,, of reaction [l] (expressed as the number of ion 
pairs formed per 16 aJ (100 eV) of energy absorbed by the 
fluid) can be measured chemically in the liquid or electri- 
cally in the gas phase. For ion pairs formed in dense media 
by X or P rays, the competition between eqs. [2] and [3] was 
first treated by Onsager (Id,  24). The competition depends 
on the relative dielectric permittivity, temperature, and col- 
lecting field E as well as on y. An extended Onsager model 
expressed the free-ion yield as ( Id )  

where +g(y) is the probability that an ion pair that becomes 
thermalized at a separation y will separate to form free ions 
when E = 0,  f ( ~ ,  E ,  y, T)  is a field enhancement term, and 
F(y) is the distribution of thermalization distances. Explicit 
forms for these terms and detailed discussions of them are 
given in ref. Id, and in shortened form in refs. 5, 21, and 
25. The most ,commonly used forms of F(y)  are based on a 
Gaussian or an exponential ( lb ,  3, 25-33). Comparison of 
free-ion yields calculated from eq. [5] with measured yields 
allows extrapolation to E = 0 to give G;, and gives infor- 
mation about F(  y) and thereby about electron energy-trans- 
fer interactions with the fluid. 

In most liquids where both E and T have been varied over 
wide ranges a modified Gaussian (see YGP below) is most 
suitable, whereas at a single T more than one F(y)  might 
provide a fitting to the set of [G:, El data (25, 27-29). For 
example, either a one-dimensional exponential or a three- 
dimensional Gaussian fits the data from neopentane at 
295 K (27). The problem was to find an F(y) distribution that 
would fit the largest number of systems over the widest range 
of conditions. 

The calculation of yields using eq. [5] also requires the 
value of G,,,. Most measurements were done in liquids below 
their normal boiling points, and often near 295 K. In such 
liquids, constant values of G: at high field identifiable with 
G,,, were not obtained even at E - 20 MV m-' (29). Appli- 
cation of yet higher fields causes the ionization pulse to 
trigger dielectric breakdown. Thus G,,, can be used as a free 
parameter, but in most cases the low-density gas value was 
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1 

FIG 1. Free-ion yields in liquid benzene at 295 K and 878 kg m-3 plotted against electric field strength. 0, measurements. - and 
--- were calculated from eq. [5], using G,,, = 4.3 (33) and F(y) = YGP with b,, = 3.4 x m, and F(y) = YG with bG = 4.1 
X m, respectively. 

FIG. 2 Free-ion yields in liquid benzene against electric field 
strength at (T/K, d/kg m-3): 0 (330, 841), (367, 798), A (443, 
703), A (503, 609), V (534, 530), and V (556, 430). Lines were 
calculated from eq. [ 5 ] ,  using G,,, = 4.3, For)  = YGP, and bGP of 
Table 1. 

used. Reference If and the entire Chap. 2 of ref. 1 should be 
read to understand this problem. If the value used for G,,, 
were 20% too small, the estimated value of bGp would be 5- 
10% too large. 
Measurements 

The free-ion yield in liquid benzene at 295 K increases 
linearly with increasing field strength (Fig. 1). Using eq. [5] 
and taking F(y)  to be a three-dimensional Gaussian, desig- 
nated YG, 

E/n (Td) 

FIG. 3. Free-ion yields in gaseous benzene at (T/K, 
d/kg m-3): (a) 0 (367,4.1), V (386, 6.5), and A (453, 25) against 
electric field strength normalized by number density (Td = 
lo-" V m2 molecule-'); (b) V (514, 73), A (535, 1 1  I), 0 (549, 
148), and (560, 227). Solid lines calculated as in Fig. 2. Dashed 
line indicates low density gas G,,, = 4.3 (32). 

and G,,, = 4.3 (34), the best-fit value bG = 4.1 X m 
(where bG is the dispersion parameter for the distribution and 
the most probable value of y) gave the dashed line in Fig. 1. 
The calculated field effect is greater than that observed ex- 
perimentally. This means that F(y) should extend more 
gradually to higher values of y than YG. The distribution 
YGP does this (16): 

[71 F(Y) = { 0.96 YG, y < 2.4 bGp 
0.96[YG + 0.5 (bEP/y3)], y > 2.4 bGp 

where bGp has replaced 6,. This distribution with bGp = 
3.4 X m and eq. [5] gave the solid line in Fig. I .  The 
extrapolated value for G: is 0.053, which is the same as that 
measured directly in ref. 3. Hence the present set of mea- 
surements (examples of which are given in Figs. 2 and 3) was 
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GEE AND FREEMAN 

I I , I I I 

280 350 450 550 

T (K) 
FIG. 4. Temperature dependence of free-ion yields at zero field strength: 0, Table 1; A, ref. 3; V ,  ref. 21 

TABLE 1. Summary of results 

T d" 
(K) (kg m-3) 

Liquid 

2.28 
2.21 
2.14 
2.07 
1.98 
1.88 
1.82 
1.78 
1.75 
1.70 
1.67 
1.62 
1.61 
1.59 
1.58 

Gas 

1.19 
1.18 
1.17 
1.16 
1.15 
1.12 
1.10 
1.08 
1.06 
l.03 
1.007 
1.004 

"Mass density. 
bStatic relative permittivity. 
'Free ion yield at E = 0 and most probable thermalization distance of 

F b )  = YGP. Assumed G,,, = 4.3, the experimental value in the low den- 
sity gas (32). Yields are in ion pairs/l6 aJ (100 eV). 

'critical fluid values are T, = 562.3 2 0.4 K and d, = 303 + 3 kg m-' 
(9-14). 

fitted using eq. [5] with F(y) = YGP. The required values 
for bGp and extrapolated G: values are summarized in Table 
1. In Fig. 4 the present values of G: are compared to those 
of refs. 3 and 21. Agreement with ref. 3 is within an aver- 

FIG. 5. Product of most probable thermalization distance and 
density, bG&, plotted against d/d, for electrons in ethane (ref. 4, 
- . -), ethene (ref. 5, - - -), benzene (a), and hexafluoro- 
benzene (ref. 7, A). Solid lines are visual aides. Arrows indicate 
liquid densities at freezing points. 

age deviation of 3%. Values from ref. 21 were too high, 
likely due to inaccurate dosimetry (6). 

It might be noted that the physical basis of F(y)  = YGP 
is the same as that of the Gaussian F(y) = YG. Over 90% 
of the ion-pair thermalization distances are in the Gaussian 
core of YGP (lb). The tail is a correction to the Onsager 
model, which assumes that only one ion pair is formed in 
each microzone. This is the case in -75% of the micro- 
zones but in - 15% two ion pairs are formed and in -10% 
three or more are formed (lb). In these multipair micro- 
zones, the innermost electrons of the distribution are rap- 
idly drawn back to the cluster of positive ions at the center 
(Id).  Only one cation and the outermost electron remains. 
It is the separation distances of these surviving ion pairs that 
is represented by the tail of YGP. The inverse cube depen- 
dence of the tail was determined empirically by varying x in 
tails of y-". Examples of functions y-* are given in refs. l b  
and 26. In liquids where the values of +: are low, x con- 
verged towards 3.  The crossover point y > 2.4 bGp is re- 
lated to the percent of contribution of the tail to F(y)  and 
affects d G ; / ~ E .  This point was also obtained experimen- 
tally. Hence both the power of the tail portion and the 
crossover point are simply empirical parameters. 

In Fig. 3a the yields are shown against E/n(n = number 
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density), although E rather than E/n appears in the field en- 
hancement term of eq. [5]. The reason is that in lower den- 
sity gases the interval 7 between collisions becomes 
significant because the space between molecules becomes 
large. The electrons are accelerated by the field during this 
time and the energy gained from the field depends on E/n 
(35). Hence in lower density gases the density-normalized 
field strength is a more suitable representation of the field 
strength. 
Therrnalizing ability 

The ability of the fluid to de-energize epithermal elec- 
trons (thermalizing ability) is inversely proportional to b,&. 
In Fig. 5 values of b,& are plotted against d/dc for elec- 
trons in ethane (4), ethene ( 3 ,  benzene (Table l) ,  and hex- 
afluorobenzene (7). The lower b,& values in ethene than in 
ethane indicate that the carbon-carbon n-bond in ethene de- 
energizes hot electrons more readily than does the carbon- 
carbon a-bond in ethane. In ethene the thermalizing ability 
of the fluid increases monotonically with density. In ethane 
the behavior is complex. 

Benzene molecules contain n-bonds. Hence it might be 
expected that the b,& curve would be similar to that in eth- 
ene. Instead the variation of b,& with d/dc resembled that 
in ethane (Fig. 5). At liquid densities the b,& values in 
benzene were larger than those in liquid ethene. The ability 
of benzene molecules to de-energize hot electrons is less 
when the molecules are close together than when they are far 
apart. 

Replacing all of the hydrogen atoms in benzene with flu- 
orine-atoms decreases b,& in the low-density gas, but in- 
creases it in the dense gas and liquid (Fig. 5). The curves for 
C6F6 and C6H6 are qualitatively similar up to d = 2dc. How- 
ever, as the density is further increased the molecules are 
squeezed closer together, and b,& values in hexafluoroben- 
zene increase sharply while those in benzene decrease as in 
other hydrocarbons. This is not a freezing point transition. 
In hydrocarbons the decrease in b,& with increasing d/dc 
has been attributed to stronger short-range interactions of the 
electron with the repulsive cores of the molecules, since the 
spaces between molecular cores are being decreased (le, 25). 
In hexafluorobenzene, it might be that as the molecules are 
being squeezed together the fluorine atoms form a separate 
conduction band from that of the aromatic rings (36), so that 
the thermalizing electrons can travel further away from their 
cations before losing their excess kinetic energy. One might 
expect similar behavior in hexamethylbenzene. Unfortu- 
nately, that high-melting-point compound (T, = 440 K) is 
difficult to purify sufficiently to obtain measurements over 
a wide range of temperatures (2 1). 
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The crystal structure of methyl 4,6-0-benzylidene-2,3-0-dibutylstannylene-a-D- 
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T. STANLEY CAMERON, PRADIP K. BAKSHI, RASIAH THANGARASA, and T. BRUCE GRINDLEY. Can. J .  Chem. 70, 1623 
(1992). 

The determination of the crystal structure of methyl 4,6-0-benzylidene-2,3-O-dibutylstannylene-a-~-glucopyrano- 
side (1) was repeated from data collected at -70°C because the previous assignment had a large R value (10.9%) and 
because this structure was the key link in assignment of structures of all stannylene acetals in solution. Crystals of 1 are 
orthorhombic, of space group P2,2,2,,  with a = 12.479(2), b = 19.202(5), c = 19.654(6) A, Z = 4 ,  R = 0.0597 (R,, = 
0.0612) for 3623 independent reflections with I > 3u(I). Compound 1 is a dimer linked together by a four-membered 
1,3-dioxa-2,4-distannetane ring containing the 0 - 3  atoms from the two glucose units. Deviations from C ,  symmetry are 
much smaller than reported earlier and lie mainly in the orientations of the butyl groups. The butyl groups are still sig- 
nificantly disordered at -70°C. It is suggested that steric effects of these flexible butyl groups may be an important fac- 
tor in the selectivity for dicoordinate oxygens previously observed in reactions of stannylene acetal dimers with 
electrophiles. 

T. STANLEY CAMERON, PRADIP K. BAKSHI, RASIAH THANGARASA et T. BRUCE GRLNDLEY. Can. J.  Chem. 70, 1623 (1992). 
On a redCtermin6 la structure cristalline du 4,6-0-benzylid~ne-2,3-O-dibutylstannylkne-a-~-glucopyranoside de mCthyle 

(1) a partir de donnCes recueillies i -70°C parce que l'attribution antCrieure n'avait CtC dCterminCe qu'avec une valeur 
ClevCe de R (10,9%) et que cette structure est un lien important dans l'attribution des structures de tous les acCtals de 
stannylkne, en solution. Les cristaux du composC 1 sont orthorhombiques, groupe d'espace P2,2,2,, avec a = 12,479(2), 
b = 19,202(5) et c = 19,654(6) A, Z = 4,  R = 0,0597 (R,, = 0,0612) pour 3623 reflexions indkpendantes avec I > 
3u(I). Le composC 1 est un dimkre reliC par un cycle a quatre chainons 1,3-dioxa-2,4-distannetane contenant les atomes 
0 - 3  de deux unitCs de glucose. Les dCviations par rapport a la symCtrie C ,  sont beaucoup plus faibles que celles rap- 

[ portCes anterieurement et elles se situent principalement dans les orientations des groupes butyles. M&me a -70°C, les 
I groupes butyles sont encore assez dCsordonnCs. On suggkre que les effets stbriques de ces groupes butyles flexibles peuvent 
I &tre un facteur important dans la sClectivitC pour les oxygknes dicoordonnCs observee antkrieurement dans les rkactions 

des dim&res d'acktal stannylbne avec les Clectrophiles. 
[Traduit par la rCdaction] 

Introduction structures of the dimers  resent. Thus. the conclusions drawn 

Since the first reports of their use in 1974 (I), stannylene 
acetals have become widely employed as intermediates for 
the regioselective monosubstitution of diols and polyols (2). 
Interest in the use of these compounds continues (3). 

Stannylene acetals exist as dimers and (or) higher oligo- 
mers in solution (4-6). When the two oxygen atoms in the 
stannylene acetal are diastereotopic, three dimers can be 
formed. We have shown that in many of the reactions of 
stannylene acetals where high regioselectivity is obtained, 
only one of the three possible dimers is present in solution 
at concentrations detectable by 'I9sn nrnr spectroscopy (6). 

. Only one of the several dibutylstannylene acetals studied by 
X-ray crystallography exists as a dimer in the solid state (7); 
the others are present as polymers (8-10) or, in one case, as 
a pentamer (1 1). 

The one stannylene acetal that has been studied by X-ray 
crystallography and found to be a dimer was methyl 4,6-0- 
benzylidene-2,3-O-dibutylstannylene-a-~-glucopyranoside 
(1). This compound was also present as a single dimer in 
solution and its structure was shown to be the same as that 
in the solid by comparison of the Il9sn and I3c nmr spectra 
of 1 from the two phases (6). Identification of the structures 
of the dimers present for other stannylene acetals were made 
by correlations of their spectral results with that of 1 and by 
reactivity arguments (6). The regioselectivities obtained in 
reactions of all stannylene acetals were then related to the 

' ~ u t h o r s  to whom correspondence may be addressed. 

about the cause of the regioselectivity in the reactions of all 
stannylene acetals depend on the assignment of the struc- 
ture of 1 in the solid state made by X-ray diffraction. 

Unfortunately, there are several difficulties with this de- 
termination (7). The R value obtained was 10.9% and three 
carbon atoms were not located. We therefore considered it 
important to redetermine this structure using low-tempera- 
ture data so that a better solution could be obtained. We also 
wanted accurate structural parameters for tin in this type of 
compound to obtain parameters for use in molecular me- 
chanics calculations. 

Experimental 
Methyl 4,6-0-benzylidene-a-D-glucopyranoside was prepared 

as previously and had physical constants in accord with literature 
values (6). It was converted to its 2,3-0-dibutylstannylene acetal 
by refluxing with an equivalent amount of dibutyltin oxide in ben- 
zene in an apparatus for the azeotropic removal of water (5, 6). 
Evaporation of the solvent on a vacuum line yielded a white pow- 
der. Distillation of dried hexane and toluene onto the sample, f01- 
lowed by heating and cooling cycles, gave colourless crystals 
suitable for study by X-ray diffraction. The crystals were trans- 
ferred into capillaries in a dry box and the capillaries were sealed. 
Crystal data and other experimental details are summarized in Table 
1. The data were collected on an Enraf-Nonius CAD4 diffracto- 
meter using graphite monochromated MoK,, radiation ( h  = 0.70926 
A) on crystals maintained at 203 2 3 K. The temperature was 
maintained by heating a stream of very cold nitrogen gas at a rate 
determined by a thermister and a feedback loop using a modified 
Varian NMR temperature controller. Cell dimensions were calcu- 
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TABLE 1. Crystal data for methyl 4,6-0-benzylidene-2,3-O-dibutylstannylene-a-~-~lu- 
copyranoside (1) 

Formula ( C Z Z H ~ ~ ~ ~ S ~ ) Z  
FW 1026.209 
Crystal system Orthorhombic 
Space group p212121 
44) 12.479(2) 
b(A) 19.202(5) 
44) 19.654(6) 
v(A3) 4710(12) 
Z 4 (dimers) 
Dcalod (g cm-3) 1.447 
T 203 K 
p(MoKa) (cm-') 11.175 
F(000) 21 12 
Crystal dimensions (mm) 0.15 X 0.2 X 0.4 
Scan type w/20 
w scan width (deg) 1.0 + 0.35 t a n 0  
0 range (deg) 3-23 
Range of h ,  k, 1 (deg) -1-13, 0-21, 0-21 
Measured reflections 4038 
Unique observed reflections {I > 3u(I)) 3623 
Parameters refined 627 
Final R ,  R,, indices" 0.0597, 0.0612 
Weighting scheme w = k / [ u 2 ~  + 0 . 0 0 0 3 5 ~ ~ 1 ,  k = 5.9570 
sb 7.62 
Highest peak (e &-3) 1.15 
Lowest peak (e A - ~ )  -2.08 

"R = [BI IF,J-IF,I I/B~F~I; R, = (Iw(~F,I-IF,~)~/~wF~~)'/~. 
'S = (XW(~F,(-IF,~)~/(~ - n)"'; m = No. of reflections, n = No. of variables 

lated from 25 reflections with 20 angles in the range 26-30'. The 
structure was solved by the direct (SHELXS-86) method (12). All 
non-hydrogen atoms were refined with anisotropic thermal pa- 
rameters. One atom, C(20), was found to be 50% disordered and 
was assigned two positions C(20) and C(20'). Hydrogen atoms were 
placed geometrically and refined with individual isotropic thermal 
parameters. No correction was made for extinction but an absorp- 
tion correction was applied using the program DIFABS (13). 
Atomic scattering factors for all atoms and corrections for anom- 
alous dispersion for Sn, C ,  and 0 were taken from the Intema- 
tional Tables for X-ray crystallography, Vol. IV (14), and applied 
by the program SHELX-76 (12).' Refinement using the rogram P SHELX-76 (1 2) minimized the function Zw(lFoI - IFcI). Struc- 
tures were drawn with the program CHEMGRAF (15). 

Results and discussion 

The structure of the compound showing thermal ellip- 
soids is shown in Fig. 1; a different perspective is 

ZSupplementary tables providing full crystal data, anisotropic 
thermal parameters, hydrogen atom positions, all heavy-atom bond 
lengths, bond angles, and torsional angles, observed and calcu- 
lated structure factors, and a comparison of the atomic positions 
from the previous study (7) with positions obtained from those in 
the current work transformed to the cell dimensions from the pre- 
vious study may be purchased from: The Depository of Unpub- 
lished Data, Document Delivery, CISTI, National Research Council 
Canada, Ottawa, Canada K2A 0S2. 

Tables of full crystal data, hydrogen atom positions, and bond 
lengths and angles have also been deposited with the Cambridge 
Crystallographic Data Centre and can be obtained on request from 
The Director, Cambridge Crystallographic Data Centre, Univer- 
sity Chemical ~ a b o r a t o 6 ,   ensf field koad, Cambridge, CB2 lEW, 
U.K. 

FIG. 1. The structure of methyl 4,6-0-benzylidene-2,3-0-di- 
butylstannylene-a-D-glucopyranoside (1). Only one position is 
shown for the disordered atom, C(20). 

in Fig. 2. The crystal data, atomic coordinates, and selected 
bond lengths, interbond angles, and torsional angles are listed 
in Tables 1-4. The numbering system used is based on car- 
bohydrate numbering; in the dimer unit, one monomer unit 
starts with C-1 as C(1). The tin atom in this f ~ s t  unit is Sn(1). 
The other monomer unit contains Sn(2) and numbering starts 
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CAMERON ET AL 

FIG. 2. A second view of the structure of methyl 4,6-0-benzylidene-2,3-O-dibutylstannylene--~-glucopyranoside (I), showing both 
positions for the disordered atom, C(20). 

with its carbohydrate C-1 as C(3 1). In Tables 3-5, values 
from the same locations in the two monomer units are placed 
on the same line. 

Although the space group and crystal dimensions are very 
similar here to the values obtained earlier (7), the atom po- 
sitions calculated here are different mainly because we have 
chosen to label the cell dimensions in the conventional order. 
A supplementary table gives a comparison of the atomic 
positions from the earlier study (7) with the atomic posi- 
tions from this study transformed to give positions based on 
the previous order of cell  dimension^.^ The resulting atomic 
positions are fairly similar to those from ref. 7 except for 
atoms in one of the butyl groups and the gross features of the 
present structure are the same as that obtained earlier (7). 
However, the small differences in atomic positions result in 
considerable differences in the structural details. 

Two major differences can be noted first. The differ- 
ences between the two monomer units constituting the di- 
mer are smaller in this determination than in the previous one. 
Recording the data at low temperature yielded more than 
twice as many unique reflections with I > 3u(I). Because of 
the additional data and the lesser degree of motion at 203 K, 
it was possible to find all of the carbon atoms. 

The three carbon atoms not found in the previous deter- 
mination were on two of the butyl groups. A particularly clear 
representation of the structure found previously (7) is given 
as Fig. 2 in ref. 8. Comparison of this figure with Fig. 2 here 

3 ~ h e  transformation used was -0.25 - z, 0.75 + y, 0.75 + x .  
We thank a referee for suggesting that we perform this compari- 
son. 

shows that the carbon atoms not located are among those with 
the largest anisotropic thermal parameters. The disorder ob- 
served for one of the P-carbon atoms on a butyl group (C-20) 
was such that two positions could be defined for it. Al- 
though no other disordered atoms were resolved into two 
positions, it is evident from the large thermal ellipsoids for 
the terminal two or three atoms in each butyl group that these 
atoms occupy considerable regions of space. As will be dis- 
cussed later, the thermal disorder is also evident in the value 
of one torsional angle. As a result, the value obtained for the 
goodness-of-fit parameter, S, is still rather high. 

Compound 1 is present as a dimer. Formation of a dimer 
requires that one oxygen in each monomer unit becomes tri- 
coordinate and dimer structures have been named by means 
of the numbers of the tricoordinate oxygens (6). Three dif- 
ferent dimer structures are possible for 1. The dimer ob- 
served here and previously (7) has the 3,3-structure. In 
theory, a 3,3-dimer has a C2 axis of symmetry perpendicu- 
lar to the plane of the central 1,3-dioxa-2,4-distannetane ring 
that relates the two tin atoms and the two glucose units. 
However, there are enough differences between the struc- 
tures of the two monomer segments of the dimer in the crystal 
(see Tables 3 and 4) to explain the observation of two peaks 
in the 'I9sn nmr spectrum of 1 in the solid and the doubling 
of several of the peaks in the I3c nmr spectrum of the solid 
(6). 

The structure is composed of two sets of three fused rings 
from the two monomer units held together by a central 1,3- 
dioxa-2,4-distannetane ring plus terminal phenyl, butyl, and 
methoxy groups. The atoms in the seven fused rings have 
relatively small anisotropic thermal parameters. The aniso- 
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TABLE 2. Fractional atomic coordinates, with estimated standard deviations in 
parentheses" 

Atom x / a  y / b  Z/C  mod)* 

Sn(1) -46203( 5) -54267( 4) -64005( 4) 372 
Sn(2) -17638( 5) -54836( 3) -64841( 3) 34 1 
O(3) -3210 ( 5) -4895 ( 3) -6147 ( 3) 3 8 
(33) -3438 ( 7) -4445 ( 5) -5556 ( 4) 29 
C(4) -2644 ( 8) -3842 ( 5) -5511 ( 5) 3 5 
o(2) -5249 ( 5) -4634 ( 4) -5831 ( 3) 46 
c(2) -4505 ( 8) -4121 ( 5) -5680 ( 5) 40 
c(1) -4818 ( 8) -3663 ( 5) -5096 ( 5) 4 1 
o(1) -4907 ( 6) -4076 ( 4) -4510 ( 4) 52 
C(14) -5335 (12) -3727 ( 9) -3953 ( 7) 85 
O(5) -4047 ( 6) -3121 ( 3) -5013 ( 4) 50 
(35) -3002 ( 8) -3403 ( 5) -4905 ( 6) 43 
(36) -2259 ( 9) -2804 ( 5) -4827 ( 7) 48 
O(6) -1179 ( 6) -3080 ( 4) -4736 ( 4) 56 
(37) -873 ( 9) -3508 ( 5) -5290 ( 5) 42 
O(4) -1572 ( 5) -4085 ( 3) -5359 ( 3) 35 
C(8) 245 ( 8) -3798 ( 5) -5148 ( 6) 42 
c(9) 1017 ( 8) -3766 ( 6) -5636 ( 6) 52 
c(10) 2001 (11) -4031 ( 7) -5508 ( 9) 83 
c(11) 2249 (10) -4345 ( 7) -4906 ( 8) 80 
c (  12) 1466 (12) -4350 ( 9) -4408 ( 9) 95 
C(13) 490 (11) -4099 ( 8) -4533 ( 8) 82 
0 0 2 )  -1115 ( 5) -6303 ( 4) -7022 ( 4) 49 
C(32) -1882 ( 8) -6620 ( 5) -7450 ( 5) 40 

-3170 ( 5) -5928 ( 3) -6865 ( 3) 39 
c(33) -2966 ( 7) -6641 ( 5) -7087 ( 5) 32 
(334) -3762 ( 8) -6922 ( 5 )  -7589 ( 5) 32 
(335) -3376 ( 7) -7646 ( 5) -7780 ( 5) 35 

-2379 ( 6) -7618 ( 4) -8110 ( 3) 43 
c (3  1) -1568 ( 8) -7348 ( 5) -7678 ( 5) 40 
O(3 1) -1393 ( 6) -7766 ( 4) -7106 ( 4) 54 
c(44) -1036 (11) -8447 ( 6) -7283 ( 8) 74 
C(36) -4191 ( 8) -7958 ( 6) -8262 ( 5) 42 
O(36) -5217 ( 5) -7972 ( 3) -7923 ( 3) 4 1 
c(37) -5553 ( 8) -7282 ( 5) -7760 ( 6) 39 

-4814 ( 5) -6980 ( 3) -7288 ( 3) 34 
C(38) -6610 ( 7) -7327 ( 5) -7438 ( 5) 36 
c(39) -6729 (10) -7532 ( 7) -6770 ( 7) 62 
c(40) -7755 (12) -7559 ( 8) -6461 ( 7) 82 
c(4  1 ) -8640 (11) -7343 ( 7) -6798 ( 8) 74 
C(42) -8521 (12) -7167 ( 9) -7465 ( 9) 99 
(743) -7472 ( 9) -7165 ( 7) -7797 ( 7) 69 
c (  15) -1372 (10) -5819 ( 6) -5493 ( 6) 63 
c (  16) -206 (11) -5997 (10) -5351 ( 7) 98 
C( 17) -77 (13) -6273 (14) -4622 (10) 158 
C(18) 1053 (17) -6421 (14) -4439 (14) 226 
C(19) -1180 ( 9) -4619 ( 6) -7022 ( 5) 54 
c(20) -1979 (18) -4228 ( 9) -7520 ( 9) 5 1 
C(20f)' -1230 (21) -4604 (18) -7779 (12) 154 
c (2  1) -2421 (13) -4660 ( 9) -8040 ( 7) 106 
c(22) -2377 (19) -4637 (13) -8770 ( 9) 217 
c(23) -4925 (13) -6259 ( 7) -5756 ( 6) 8 1 
(324) -4665 (16) -6158 ( 9) -5039 ( 8) 132 
C(25) . -5022 (16) -6647 (14) -4515 (10) 180 
(326) -6064 (16) -7001 (13) -4633 (11) 179 
~ ( 2 7 )  -5243 ( 8) -5130 ( 7) -7377 ( 6) 62 
(328) -6418 ( 9) -4915 ( 7) -7359 ( 7) 7 1 
C(29) -7139 (11) -5435 ( 9) -7040 (11) 130 
C(30) -8343 (10) -5262 ( 8) -7143 (10) 110 

"Sn atoms X lo5, C and 0 atoms X 10'. 
'Urn, = 1/3 ( U , ,  + U2? + U13); values for Sn atoms X lo', for other atoms X lo3 .  
'C(20) has a 1 : 1 disorder. 
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CAMERON ET AL. 

TABLE 3. Selected bond lengths (A), with estimated standard deviations in parenthesesa 

Bond Length Bond Length 

"C(20) is disordered. 

tropic thermal parameters for all of the side groups are larger, 
but those for the butyl groups are particularly large. 

The central 1,3-dioxa-2,4-distannetane ring is almost 
planar with torsional angles averaging 8.6(5)". The fused 
1,3,2-dioxastannolane rings adopt conformations interme- 
diate between twist (C'2'~c(3,) and envelope conformations 
(E,,,,). The bond about which the substituents are closest to 
being eclipsed is Sn(1)-O(2) (or in the other half of the 
dimer Sn(2)-O(32)) and the other small torsional angle is 
about the Sn(1)-O(3) (or Sn(2)-O(33)) bond. 

Pyranose rings are normally flattened with the smallest 
torsional angles about the C(2)-C(3) and C(3)-C(4) bonds 
with values in the 50-55" range (16, 17). In this structure, 
the two C(1)-C(2)-C(3)-C(4) torsional angles average 
61. 1(20°). As a result of the ring flattening, the O(2)- 
C(2)-C(3)-O(3) torsional angle in pyranose rings is nor- 
mally somewhat larger than 60" (17). Here, this torsional 
angle averages 52.3(8)", about 10" smaller than the typical 
value. These deviations from values normally observed for 
torsional angles in pyranose rings suggest that formation of 
stannylene acetals across trans-diols on pyranose rings is 
accompanied by a certain amount of strain. 

When carbohydrates having both cis- and trans-diol units 
unprotected are reacted with dibutyltin oxide, followed by 
an electrophile, substitution normally occurs regioselec- 
tively on one of the hydroxyls of the cis-diol unit (2, 18). 
These observations suggest that the strain involved in for- 
mation of a stannylene acetal across a trans-diol is suffi- 
cient to cause it to be present in too low concentrations to 
react to a significant extent when the substrate also contains 
a cis-diol unit. 

Coordination about tin 
The tin atoms are pentacoordinate in severely distorted 

trigonal bipyramids. The butyl carbon atoms are equatorial 
but the average C-Sn-C bond angle is large, 131.0(31)". 
The two dicoordinate oxygen atoms are apical to the tin atoms 
while the tricoordinate oxygen atoms are apical to one tin 
atom but equatorial to the other. The average 0-Sn-0 
bond angle involving the apical oxygens is 148.6(6)", far 
from the ideal 180" value. The apical-equatorial G-Sn-0 
bond angles average 80.4(4)" inside the five-membered ring 
and 68.4(3)" inside the four-membered rings. The 0-Sn-C 
bond angles between the dicoordinate oxygen atoms and the 
a-butyl carbon atoms average 99.8(17)" but in an ideal tri- 
gonal bipyramid would be 90". The 0-Sn-C bond angles 
between the apical tricoordinate oxygen atoms and the a-butyl 
carbon atoms have average values closer to ideal, 93.0(12)". 
The 0-Sn-C bond angles between the equatorial tricoor- 
dinate oxygen atoms and the a-butyl carbon atoms average 
1 13.7(15)", less than the expected 120" value. 

The bond lengths inside the monomer units are shorter 
(average 2.073(25) A) than those between monomer units 
(average 2.237(13) A) but the difference is not nearly as large 
as in dibutylstannylene acetals in which the tin atom is 
hexacoordinate (8, 10). 

Each of the four butyl groups adopt different conforma- 
tions. The two butyl groups on Sn(1) assume anti, gauche 
and gauche, anti conformations about the C-a, C-P, and 
C-f3, C-7 bonds respectively. As can be seen from Fig. 2, 
the carbon atoms become increasingly disordered away from 
the tin atom. One butyl group on Sn(2) adopts an anti, 
anti conformation while the other is disordered, adopting 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 70, 1992 

TABLE 4. Selected bond angles ("), with estimated standard deviations in parentheses 

Bonds Angle Bonds Angle 

(+)-gauche, eclipsed and (-)-gauche, anti conformations 
equally. The observed eclipsed conformation probably arises 
from 1 : 1 disordered arrangements between gauche and anti 
conformations of the terminal methyl with respect to C-m in 
the half of the butyl chains that have Sn and C-y in the (+)- 
gauche conformation. These results suggest that each butyl 
group will rotate relatively freely among a number of con- 
formational minima in solution. 

Glucose units 
The methoxy group adopts the conformation expected from 

the exo-anomeric effect and normally observed with methyl 
glycosides (16, 17). The normal pattern for 1,3-dioxane rings 
is to be puckered near the acetal centre but flattened at the 
other end (19, 20). One benzylidene ring fits this pattern 
exactly, the other to a lesser extent. The thermal parameters 
for the two phenyl rings suggest there is some motion oc- 
cumng about the C(7)-C(8) and C(37)-C(38) bonds. The 
torsional angles about these bonds indicate that the average 
conformation of each of the phenyl rings is slightly differ- 
ent than the most favourable (19, 21) "parallel" conforma- 
tion, which has the acetal hydrogen eclipsed with the phenyl 
ring. An angle of tilt can be calculated by averaging the dif- 
ferences between the torsional angles about the acetal car- 

bon - phenyl ipso carbon and the ideal torsional angle for a 
parallel conformation, e.g. the difference between the 
O(6)-C(7)-C(8)-C(9) torsional angle and 120" or be- 
tween the O(4)-C(7)-C(8)-C(13) torsional angle and 60". 
The angles of tilt away from the parallel conformation cal- 
culated were 1 1.7 k 0.3 and 17.7 k 0.8" starting with the 
ring with the lower numbered atoms. The tilts of the two 
phenyl rings are in opposite directions; the phenyl ring tilted 
further from the parallel conformation had the carbon from 
the edge of its benzene ring on the same face of the mole- 
cule as the anomeric oxygen closer to O(34) than to O(36). 

Cause of regioselectivity 
Compound 1 was found to give exclusive reactions at 0 -2  

under a variety of conditions: with benzoyl chloride in ben- 
zene or in dioxane containing triethylamine (22-24); with 
toluenesulfonyl chloride in dioxane containing triethyl- 
arnine (22); and with bromine in dichloromethane to give the 
2-keto derivative (23). Under more forcing conditions, spe- 
cifically, on heating in N,N-dimethylformamide, it gave se- 
lective benzylation (7 : 2) (25) and methylation (57 : 30) (23) 
at 0 -2 .  

The regioselectivity obtained has been linked to the 
structures of the stannylene acetals present in solution. Highly 
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CAMERON ET AL 

TABLE 5. Selected torsional angles (O), with estimated standard deviations in parentheses 

Atoms Angle Atoms Angle 

(a) Around the 1,3-dioxa-2,4-distannetane ring 

O(3)-Sn(1)-O(33)-Sn(2) 8.8(3) 
O(33)-Sn(1)-O(3)-Sn(2) -8.3(3) 
O(2)-Sn(1)-O(33)-Sn(2) 1 1.4(6) 
C(23)-Sn(1 )-O(3)-C(3) -77.9(6) 
C(27)-Sn(1 )-O(3)-C(3) 114.1(6) 
C(l5)-Sn(2)-O(3)-C(3) 40.7(8) 
C(l9)-Sn(2)-O(3)-C(3) -88.4(8) 
O(32)-Sn(2)-O(3)-C(3) 154.5(7) 

(b) In the 1,3,2-dioxastannolane rings 

O(2)-Sn(1)-O(3)-C(3) 18.6(5) 
Sn(1)-O(3)-C(3)-C(2) - 42.0(7) 
O(3)-C(3)-C(2)-O(2) 52.1(8) 
Sn(1)-O(2)-C(2)-C(3) -36.7(8) 
O(3)-Sn(1)-O(2)-C(2) 10.0(6) 

(c) In the butyl groups 

Sn(1)-C(23)-C(24)-C(25) 168.4(14) 
C(23)-C(24)-C(25)-C(26) -32.1(23) 
Sn( 1)-C(27)-C(28)-C(29) -53.1(12) 

(d) Around the pyranose rings 

C(4)-C(3)-C(2)-C(l) 
C(2)-C(3)-C(4)-C(5) 
C(3)-C(4)-C(5)-O(5) 
C(1)-O(5)-C(5)-C(4) 
C(2)-C(1)-O(5)-C(5) 
C(3)-C(2)-C(1)-O(5) 
O(2)-C(2)-C(1)-O(1) 
O(3)-C(3)-C(2)-O(2) 
O(3)-C(3)-C(4)-O(4) 
C(6)-O(6)-C(7)-O(4) 
C(2)-C(1)-O(1)-C(14) 
O(5)-C(1)-O(1)-C(14) 

regioselective reactions of trans-diols on pyranose rings are 
obtained when one dimer predominates in the reaction mix- 
ture and the product results from substitution on the dicoor- 
dinate oxygen in the dimer as has been observed for 1 (6). 
One possible explanation for the regioselectivity was that the 
tricoordinate oxygen became positively charged on dimer 
formation as expected on the basis of Lewis structures and 
hence unreactive with electrophiles, whereas the dicoordi- 
nate oxygen atoms assumed apical positions at tin and be- 
came more reactive on dimer formation (4). This suggestion 
of positive tricoordinate oxygen atoms in dimeric structures 
was not supported by changes in the I3c nmr chemical shifts 
of attached carbon atoms on stannylene acetal formation (6). 
An alternative suggestion was that electron shifts only took 
place in the transition state for reaction (6). 

The present X-ray structure demonstrates that the two butyl 
groups on each tin atom are approximately perpendicular to 
the plane of the 1,3-dioxa-2,4-distannetane ring and are 
highly mobile. Another possible explanation of the regio- 
selectivity is that the tricoordinate oxygens are simply bet- 
ter shielded from electrophiles by the four butyl groups on 
the two adjacent tin atoms than are the dicoordinate oxy- 

gens by the two butyl groups on their single adjacent tin atom. 
This explanation is currently being tested. 
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A model of nonelectrolytic behaviour: activity coefficients 
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PREM P. SINGH and SANJEEV MAKEN. Can. J. Chem. 70, 163 1 (1 992). 
A model is presented for binary mixtures of nonelectrolytes that reproduces successfully the activity coefficient (y,, 

yj; xi) data for even those (i + j )  mixtures that are known to be characterized by the presence of 1 : 1 or 1 : 1 and 1 :2  
molecular complexes or have components that differ appreciably in their molar volumes when only limited (yr, y,'; xi = 
0.5) or (y,"; ye, xi = 0.5) or (y:) data are available). 

PREM P. SINGH et  SANIEEV MAKEN. Can. J. Chem. 70, 163 1 (1 992). 
On prksente un modkle pour les mClanges binaires de non-Clectrolytes qui reproduit bien les donnees relatives aux 

coefficients d'activitC (y, y,; x,). Le modkle s'applique mCme aux melanges (i + j )  qui sont connus pour contenir des 
complexes molCculaires 1 : 1 ou 1 : 1 et 1 : 2 ou ceux qui contiennent des composants dont les volumes molaires dif- 
ferent beaucoup et pour lesquels il n'y a que des donnCes fragmentaires (y:, y,'; x, = 0,5) ou (yp"; y:, x,  = 0,5) ou (yp") 
de disponibles. 

[Traduit par la rkdaction] 

Introduction 
A binary (i + j )  mixture is characterized by the replace- 

ment of like contacts in the pure components by unlike i-j 
contacts in the mixture. The activity coefficient of compo- 
nent i in such a mixture would then depend primarily on the 
i-j interactions and can, in principle; be computed (1) from 
the conventional molar excess Gibbs free energy GE,  pro- 
vided a reliable equation of state is available for the mix- 
ture. The development (2) of the equation of state for a 
mixture via its canonical partition function involves the use 
of assumptions of doubtful validity (3-6) with the result that 
we are still far away (lb) from a general theory of liquid 
mixtures. Activity coefficients of the components of a bi- 
nary mixture have, however, been evaluated from the com- 
positional dependence of its G E  data, but most of the 
equations that relate G~ to the composition of the mixture are 
empirical (1) in nature. This calls for an alternative ap- 
proach. 

Theoretical aspects of the approach and results 
If we consider the component i in the (i + j )  mixture then 

the interaction of i with j would depend directly not only on 
the surface fraction of j that comes into effective i-j con- 
tacts but also on the magnitude of the molar i-j interaction 
energy, xii The thermal energy would also influence the 
magnitude of the xij energy. Based on these considerations 
we expressed (7) the activity coefficient of i, y,, in an (i + 
j )  mixture by the expression [ I ]  

[ ' I  ] In yi = xijxjV,/RT CxiVi 

the j th  components of the (i + j )  mixture have nearly the 
same molar volumes so that the introduction of the j th  com- 
ponent into the ith component does not cause drastic changes 
in their surroundings. This assumption is bound to fail if the 
components of the binary mixture differ in their molar vol- 
umes. In such a situation the activity coefficient of compo- 
nent i would be determined not only by the i-j interactions 
but also by the work done in accommodating the j th  com- 
ponent into the matrix of the ith component. The introduc- 
tion of the jth component into the matrix of the ith component 
would require that an appropriate cavity be first created in 
the matrix of i. This would then bring the jth component into 
i-j contact with the surrounding i molecules. The work 
necessary to accommodate the j th  component into the ma- 
trix of the ith component would then be proportional not only 
to the difference (Vi - V,) in the molar volumes of i and j 
but also to the interaction of the j th  component with the i 
components in the cavity. The interaction of the j th com- 
ponent with the surrounding i components in the cavity would 
evidently be dictated by the mole fraction xi of i so that if S, 
is the surface fraction of j that is brought into i-j contact with 
the surrounding i molecules then the work due to i-j inter- 
actions between j and i components in the cavity will be 
proportional to xisj. The net work done, G;, to accommo- 
date the j th  component into the matrix of the ith component 
over and above the i-i or j-j interactions could then be ex- 
pressed by G; xiSj(Vi - V,). But Sj = x,Vj/CxiVi (8), so 
that G; would be given by 

where p is a const 
where the standard state of i is that of pure i. The activity 

an (i + j) coefficient of the j th  component in the (i + j )  mixture was 
then evaluated (7) via the Gibbs-Duhem equation, in the by 

:ant. The activity coefficients of i and j in 
:, due to this effect, would then be given 

form 141 RT(ln y i ) ~  = l a (nT~~>/an i ln , .T .p  

[ I and 
[2] In yj = (xijV,/RTVi) In - - xi V,/CxiVi 

[51 RT(ln yj)w = [a(n~G;)/anjl , , , ,~,~ 

In deriving eqs. [ l ]  and [2] it was asumed that the ith and If the effects due to i-j interactions above (neglecting the 
difference in molar volumes of i and j )  (eq. [I]) and that due 

Author to whom correspondence may be addressed. to the difference in the molar volumes of i and j are as- 
2 ~ e v i s i o n  received January 23, 1992. sumed to make independent contributions to the activity 
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coefficients of the components of a binary (i + j )  mixture, 
then In y, and In yj would be given by 

and 

Substitution of eq. [3] into eqs. [4] and [5] then yields (in 
view of eqs. [6] and [7]) 

and 

It thus appears that if the two variables x,, and P of a binary 
(i + j )  mixture are evaluated from eqs. [8] and [9] using the 
activity coefficient data of its components at a single com- 
position, then it should be possible to evaluate the activity 
coefficient data of these components of the binary mixture 
at any other composition. Such (y,, y,; x,) data3 at various x, 
values for some-selected (i + i )  mixtures are recorded in 
Table I and are also compared with their corresponding ex- 
perimental (yr, yj') values (9- 13). 

Examination of Table I clearly shows that such (y,, yi; xi) 
data for the components of the various (i + j )  mixtures 
compare well with their corresponding experimental (y;, y:; 
xi) values, even for those (i + j )  mixture that contain I : 1 or 
1 : 1 and 1 : 2 molecular complexes though no direct cogni- 
zance has been taken of them in deriving eqs. [8] and [9]. 
The success of these expressions in reproducing well the (yyF, 
y;; xi) data of the components of these mixtures may be as- 
cribed to the fact that the use of the (yyF, y;; xi = 0.5) data to 
evaluate them using eqs. [8] and [9] takes sufficient ac- 
count of them. 

Alternatively, as xi + 0, xj + 1 so that the activity coef- 
ficient of i at infinite dilution in j would be given (in view 
of eq. [81) by 

The activity coefficients of the ith and the jth components 
of an (i + j )  mixture can then be expressed in terms of In y: 
by 

and 

Consequently if the y, datum of i at any x, is avaialble (or can 
be determined by appropriate experimentation) and as y: can 

3~ables comparing (yi, yj; xi) data (evaluated from the experi- 
mental (y;, y,'; xi = 0.5), (yy; y:, X, = 0.5), and (yy; yi = 1, xi = 
0.9999) data) with their corresponding experimental (y:, y,'; x,) data 
for some 30 mixturees may be purchased from: The Depository of 
Unpublished Data, Document Delivery CISTI, National Research 
Council Canada, Ottawa, Canada KIA 0S2. 

be determined easily (14, 15) by gas-liquid chromatogra- 
phy, eqs. [ l  1 ] and [12] should provide a convenient method 
to predict yi and yj data of both the components of an (i + 
j )  mixture at any xi value. (The functional form of eq. [9] is 
such that it is not possible to derive an expression for In yJm 
analogous to In y". Since it is the usual practice to report yi 
and yj data as functions of xi, ym has to first be evaluated for 
the mixture by either plotting the experimental y, data (9-13) 
for the various + j )  mixtures as functions of xi and then 
interpolating them to infinite dilution or from the composi- 
tional dependence of G~ data utilizing the reported compo- 
sitional parameters. Such yy data for an (i + j )  mixture can 
next be combined with (y,; xi = 0.5, arbitrary composition) 
data to calculate (via eqs. [lo] and [ l  11) not only its x,; and 
p+ parameters but also the y, and yj data for both compp 
nents of the mixture at various other xi values. Such (y,, yj; 
xi) data for some selected (i + j )  mixtures are reported (as 
y', y;; xi) in Table 1 and are also compared with their cor- 
responding experimental values (9- 13). 

Examination of Table 1 shows that such (y:, y;; xi) data 
for an (i + j )  mixture compare as closely with the corre- 
sponding experimental (yr, yj'; xi) data as do those evalu- 
ated for it from the (yr, y;; xi = 0.5) data via eqs. [8] and 
[9], even for those binary mixtures that are known to be 
characterized by the presence of either 1 : I or I : 1 and 1 : 2 
molecular complexes. The success of eqs. [ l  I] and [I  21 to 
reproduce the experimental activity coefficient data may again 
be traced to the same reasons as were advanced to deduce 
them from (yr, yj'; xi = 0.5) data using eqs. [8] and [9]. 

On the other hand, since the standard state of i in eq. [ I  I 
has been taken (7) to be that of the pure i, i.e., y, = 1 at 
xi = 1, it may still be possible to predict (y,, yj; xi) data via 
eqs. [lo]-[I21 for an (i + j )  mixture when its yy datum alone 
is available or can be determined experimentally by gas- 
liquid chromatography. 

To test this hypothesis we utilized (y;) with yi = I at xi = 
0.9999 (the functional form of eq. [ I  1] is such that we have 
to make this assumption about the y, value for an (i + j )  
mixture) to evaluate its xjj and p parameters (via eqs. [lo] 
and [I  I]), which were subsequently used to predict its (y,, 
yj; xi) data using eqs. [ l  11 and [12]. Such (yi, y,; xi) data for 
some selected mixtures are recorded (as y,+, y,+) in Table I 
and are also compared with their corresponding experimen- 
tal values, and it is apparent from Table I that such (y*, y?; 
xi) data compare well with the corresponding experimental 
data for those (i + j )  mixturees that are not characterized by 
specific interactions between their components. Examina- 
tion of Table 1 further reveals that, barring the two extreme 
ends of the composition scale, the (yT, y,+; xi) data calcu- 
lated from eqs. [ 101-[12] compare reasonably well with the 
corresponding experimental (yr, yj'; x,) data even for those 
(i + j )  mixture that are known to contain 1 : 1 or I : I and 1 :2 
molecular complexes. 

Again, if the boiling temperatures of i and j in an (i + j )  
mixture do not differ significantly, the xii and Pii parameters 
may be taken, for practical applications, to be independent 
of temperature; the effect of pressure on liquid phase prop- 
erties is usually small except at higher pressures and at con- 
ditions near the critical temperature. In that event, the Vi and 
V, data at any temperature T coupled with the (y;, yj'; xi = 
0,5) or y" yyF; xi = 0.5) or (y;; yr = 1, xi = 0.9999) data at 
moderate pressures should be expected to yield a reason- 
ably good estimate of the activity coefficient data of the 
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SINGH AND MAKEN 1633 

TABLE 1. Comparison of (y,, y,, x,) data (evaluated from eqs. [8]-[12] (see text) utilizing (y:, y,'; x, = 0.5), (y:; y:, x, = 0.5), and (y:; 
y, = 1, x, = 0.9999) data) with their corresponding experimental data for the components of (i + j )  mixtures; also included are the cor- 

responding x,,, etc. and P, etc. parameters. 

Mole fraction I, 
x v  P 7 

Property 0.1 0.2 0.3 0.4 0.6 0.7 0.8 0.9 cal mol-' cal cm-' 

Cyclooctane (i) + 2,3-dimethylbutane ( j ) ,  T = 288.15 K 

1.1573 1.1145 1.0463 1.0265 1.0102 1.0032 
1.0272 1.0483 1.1141 1.1552 1.2071 1.2654 
1.1625 1.1 169 1.0508 1.2087 1.0131 1.0036 
1.0283 1.0507 1.1168 1.1618 1.2164 1.2831 
1.1594 1.1 157 1.0516 1.0298 1.0142 1.0043 
1.0271 1.0486 1.1125 1.1566 1.2110 1.2804 
1.1552 1.1111 1.0473 1.0262 1.0115 1.0028 
1.0277 1.0495 1.1 133 1.1563 1.2076 1.2675 

Pyridine (i) + chloroform ( j ) ,  T = 303.15 K 

0.6092 0.7188 0.8996 0.9560 0.9874 0.9989 
0.8883 0.8127 0.6517 0.5827 0.5297 0.4978 
0.6092 0.7172 0.9062 0.9727 1.0124 1.0218 
0.8890 0.8143 0.6458 0.5666 0.5035 0.4826 
0.6107 0.7179 0.9056 0.9718 1.01 14 1.0211 
0.8900 0.8159 0.6480 0.5689 0.5056 0.4835 
0.5661 0.6583 0.8304 0.9007 0.9546 0.9884 
0.9008 0.8306 0.6584 0.5661 0.4756 0.3903 

Acetone (i) + chloroform ( j ) ,  T = 323.15 K 

0.6938 0.7721 0.8993 0.9444 0.9760 0.9942 
0.9235 0.8719 0.7494 0.6844 0.6203 0.5587 
0.6890 0.7678 0.9057 0.9571 0.9918 1.8068 
0.9285 0.8760 0.7428 0.6705 0.6031 0.5566 
0.6810 0.7639 0.9089 0.9622 0.9972 1.0105 
0.9241 0.8687 0.7305 0.6573 0.5912 0.5516 
0.6529 0.7273 0.8639 0.9197 0.9629 0.9904 
0.9304 0.8778 0.7386 0.6575 0.5729 0.4881 

Chloroform (i) + 1,4-dioxane ( j ) ,  T = 303.15 K 

0.5306 0.5918 0.7542 0.8426 0.9218 0.9786 
0.9632 0.9076 0.7074 0.5753 0.4388 0.3319 
0.5473 0.6061 0.7323 0.7985 0.8658 0.9333 
0.9401 0.8896 0.7335 0.6238 0.4876 0.3131 
0.5769 0.6202 0.7210 0.7799 0.8454 0.9184 
0.9613 0.9244 0.7913 0.6829 0.5336 0.3262 
0.6818 0.7523 0.8786. 0.9290 0.9674 0.9917 
0.9357 0.8874 0.7596 0.6848 0.6063 0.5269 

n-Pronanol (i) + water ( j )  

0.9331 1.4992 1.1402 1.0662 1.0253 1.0055 
1.3212 1.5130 1.9725 .2.2322 2.5077 2.7963 
1.8142 1.4549 1.1621 1.0951 1.0510 1.0210 
1.3788 1.5504 1.9277 2.1518 2.4346 2.8802 
1.7222 1.4310 1 .I700 1.1041 1.0582 1.0249 
1.2848 1.4179 1.7259 1.9217 2.1842 2.6313 
1.3996 1.2007 1.0509 1.0230 1.0084 1.0018 
1.2925 1.4018 1.5914 1.6722 1.7448 1.8103 

components of the mixture at any composition. Since the 
boiling temperatures for the components of the n-propanol 
(i)  + water ( j )  mixture vary from 87.8 to 100°C at a con- 
stant pressure of 1.013 bar (1 bar = 100 kPa), it would be 
an ideal mixture to test the validity of this hypothesis. 

For this purpose we utilized density data (16, 17) at 298.15 
K to evaluate Vi and V, data for the n-propanol (i) + water 
( j )  mixture. These values of Vi and V, were next coupled with 

the (yp, y,"; xi = 0.5) or (y" yyF, xi = 0.5) or (y" yi = 1, xi = 
0.9999) data (in the manner explained above) to yield activ- 
ity coefficient (y,, y,; xi) or (y', y:; xi) or (y*, y;*; xi) data. 
Such data are recorded in Table 1 ,  and are also compared 
with the corresponding experimental data (13). It is appar- 
ent that the activity coefficient data evaluated by either of the 
present approaches reproduce reasonably well the corre- 
sponding experimental activity coefficient data. 
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The present study thus provides, for the first time, a very 
simple method that successfully reproduces the experimen- 
tal (yf, y;; xi) data for the components of an ( i  + j) mixture 
when only limited (y;, yj'; xi = 0.5) or (y" y:, xi = 0.5) or 
(y;; yi = 1, xi = 0.9999) data are available. 
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SALVADOR B. ASENSIO, ENRIQUE LOPEZ-CANTARERO, and JUAN LLOR. Can. J. Chem. 70, 1635 (1992). 
A potentiometric method has been used to determine the thermodynamic equilibrium constants for the macroscopic 

ionization processes of 3-hydroxypyridine and pyridoxine in water-dioxane mixtures (0-70% weight fraction in diox- 
ane) at temperatures from 10 to 50°C. From these data the reaction standard thermodynamic function changes were obr 
tained for the processes in various water-dioxane mixtures at 25'C. It was found, in both molecules, that during the fxst 
ionization process the contributions of entropy and enthalpy to free energy are similar but that during the second ioni- 
zation the main contribution comes from entropy, especially in mixtures with a high dioxane content. The effect of the 
solvent on the tautomeric equilibrium in the net zero charge specie could explain this behaviour. 

SALVADOR B. ASENSIO, ENRIQUE LOPEZ-CANTARERO et JUAN LLOR. Can. J. Chem. 70, 1635 (1992). 
On a fait appel a une methode potentiomktnque pour determiner les constantes thermodynamiques d'equilibre des 

processus macroscopiques d'ionisation de la 3-hydroxypyridine et de la pyridoxine, dans des melanges eau-dioxane (0- 
70% en poids de dioxane), 2 des temperatures allant de 10 2 50°C. A partir de ces donnCes, on a CvaluC les changements 
dans la fonction thermodynamique standard de la reaction pour les processus qui se produisent dans des melanges eau- 
dioxane, B 25°C. On a trouvC que, pour les deux molCcules, les contributions de l'entropie et de I'enthalpie B 1'Cnergie 
libre du premier processus d'ionisation sont semblables, mais que dans la deuxikme ionisation la contribution principale 
provient de l'entropie, s@cialement dans des melanges contenant une grande quantitC de dioxane. Ce comportement peut 
&tre explique par l'effet de solvant sur I'equilibre tautomerique sur la charge nette zero. 

[Traduit par la rkdaction] 

Introduction 

We have reported in recent papers on the solution equi- 
libria of compounds belonging to the vitamin B6 group and 
other analogous compounds in water-dioxane, with special 
emphasis on the ionization processes (1-6). T o  cany  out 
these studies we designed an experimental method that al- 
lows us to calculate the macroscopic ionization equilibrium 
constants corrected to zero ionic strength, that is to say, the 
thermodynamic ionization equilibrium constants (1-3), with 
great saving in time and materials. 

Many of the studies camed out on vitamin B6 dependent 
enzymes were directed to an understanding of the roles played 
by the chemical groups of the coenzyme in the catalytic 
mechanism. Since one important way that the enzyme can 
influence the reactivity of the coenzyme is through selec- 
tive protonation or deprotonation of the various functional 
groups, it is important to understand these effects in the vi- 
tamin B6 group. 

A study of the ionization of this group of molecules in 
water and other solvents with less polarity than water, such 
as water-organic solvent mixtures, is of interest (7). Rela- 
tively little work has been done in general on the thermo- 
dynamics of the dissociation processes of acids in mixed 
solvent systems. These results are also of interest in order to 
know the properties and the solute-solvent interactions in 
these media. 

In this paper we report the macroscopic ionization equi- 
librium constants of 3-hydroxypyridine and pyridoxine (pK, 
and pK, (see Scheme 1)) in water-dioxane mixtures (0-70% 
weight fraction in dioxane) at temperatures ranging from 10 
to 50°C, from which we  have obtained the standard ther- 
modynamic function changes of the macroscopic ionization 
processes. 

'Author to whom correspondence may be addressed. 

SCHEME 1. 3-Hydroxypyridine, R' = R~ = R5 = H; pyridoxine, 
R2 = CH3; R4 = R5 = CHIOH. 

Experimental 

Materials 
Dioxane (Ferosa) was purified by the method described in ref. 

1. 3-Hydroxypyridine (Merck-Schuchardt, synthesis grade) was 
transformed into its hydrochloride salt and crystallized by adding 
acetone-ethanol-ether. Pyridoxine hydrochloride (Fluka Puriss.) 
was dissolved in hydrochloric acid and recrystallized in a cold 
ethanol-ether mixture. Carbonate-free KOH was prepared as de- 
scribed elsewhere (8, 9). All the other chemicals used were of the 
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best quality available. All measurements were made under nitro- 
gen. 

3-Hydroxypyridine concentrations were obtained by weight. 
Pyridoxine concentrations were determined by dilution in 0.1 M 
NaOH (E = 7000 M-' cm-' at 308 nm) (10). Concentrations of 
KOH and HCI were determined by titration with potassium acid 
phthalate and KOH, respectively. Three separate measurements 
were made each time. 

pH measurements 
The pH measurements were made with an Ingold EA 120 com- 

bined electrode and a Crison Digit 501 pH-meter, capable of de- 
tecting 0.01 pH units. The scale of the pH-meter was adjusted using 
standard aqueous buffers (Radiometer). 

The pH-meter readings in dioxane-water mixtures (B) were 
corrected into pH (-log aH) according to van Uitert and Haas (1 1), 
using eq. [I]: 

where log U: is the correction factor (1 1, 12). This correction factor 
is a function of the temperature and solvent, but not of the ionic 
strength. The log U: values in the different mixtures and temper- 
atures were taken from ref. 13. All the pH values used in this work 
were calculated from the pH-meter reading (B) and the subsequent 
application of eq. [I]. 

Potentiometric measurements 
The potentiometric data were obtained by a method similar to that 

described by Woolley and co-workers (14-16) based on the dilu- 
tion of an aqueous solution with the organic cosolvent (1, 2). The 
advantage of this experimental procedure is that it makes it possi- 
ble to determine the ionization equilibrium constants in a wide range 
of water-dioxane mixtures in one single experiment, saving both 
time and cosolvent. 

Results and discussion 

The thermodynamic ionization constants of acids in water- 
dioxane mixtures can be determined from pH measure- 
ments of solutions containing concentrations similar to the 
conjugated acidic and basic species. In this way the pH val- 
ues are close to the pK value, thus reducing experimental 
error to a minimum. 

The proper equation to be used for the calculation'of pK 
depends upon the ionization to be measured (pK, and pK,) 
and the initial ionic species of the substance in question 
(hydrochloride salt, free base, etc.) (2). 

The calculation of pK, for both compounds was canied out 
using eq. [2], 

[2] pK, = B  +  log^: + logy, 

while eq. [3] was used to calculate pK,: 

[3] pK2 = B + log U: - log y, 

TABLE 1. Selected valuesa of pK, and pK, (molar scale) of 3-hy- 
droxypyridine and pyridoxine in water and water-dioxane mix- 

tures at 20°C and at 50°C. XD, weight fraction of dioxane 

3-Hydroxypyridine Pyridoxine 

pK1 pK2 PKI pK2 

XD 20°C 50°C 20°C 50°C 20°C 50°C 20°C 50°C 

0.0000 4.86 4.69 8.67 8.54 4.90 4.82 9.05 8.73 
0.1213 4.80 4.58 8.82 8.73 4.92 4.78 9.11 8.80 
0.2565 4.67 4.44 9.10 9.04 4.95 4.77 9.26 8.98 
0.3697 4.51 4.30 9.43 9.36 4.97 4.73 9.49 9.21 
0.5086 4.28 4.11 9.95 9.93 4.94 4.73 9.89 9.69 
0.6330 4.13 4.05 10.66 10.62 4.96 4.75 10.52 10.36 
0.7072 4.03 4.00 11.19 11.22 4.97 4.85 11.04 1O.M 

"See footnote 2 in text. 

where, for both eqs. [2] and [3], a is the analytical concen- 
tration of the compound to be studied and b that of the KOH 
added to the solution to make the conjugated acid and base 
concentrations analogous. Equations [2] and [3] were ob- 
tained from the corresponding defining expressions for the 
thermodynamic ionization constants and the charge and ma- 
terial balances. The activity coefficients of the uncharged 
species were always taken as being 1 and those of the 
chemical species with a net charge + 1 and - 1 were as- 
sumed to be equal to the average ionic activity coefficients 
of HCl (y k) at the same ionic strength and in the same media 
and were calculated by Debye-Hiickel's equation: 

(1.825 x 1 0 6 ) d m  
[4] log y, = - 

1 + 2 2 9 . 8 v E 1  

where do is the density, E the dielectric constant of the sol- 
vent, and I the ionic strength on the molal scale. The ioni- 
zation constant of water (K,) and the dielectric constants for 
the various water-dioxane mixtures and temperatures were 
taken from Harned and Owen (17). The densities of the 
mixtures come from Hovorka et al. (18). 

This method is valid for both monoprotic and polyprotic 
acids whenever the successive pK's are sufficiently far apart 
(about 4 units or more), as is the case with 3-hydroxypyri- 
dine and pyridoxine in all of the water-dioxane mixtures and 
at all of the temperatures studied. 

We determined the macroscopic ionization equilibrium 
constants for 3-hydroxypyridine and pyridoxine in water- 
dioxane mixtures between 0 and 0.7072 (expressed as a 
weight fraction of dioxane) at 10, 20, 30, 40, and 50°C (Table 
I ) . ~  All these constants have been corrected to an ionic 
strength of zero, and thus are thermodynamic in character. 

All the pK values are the average of at least two, and 
usually three, measurements camed out with solutions con- 
taining various concentrations of the substance in question 
(between 2 x and 5 x M), and thus different ionic 

- 

'~ables of pK, and pK2 values for 3-hydroxypyridine and pyri- 
doxine vs. temperature and the weight fraction of dioxane in water- 
dioxane mixtures may be purchased from the Depository of Un- 
published Data, Document Delivery, CISTI, National Research 
Council Canada, Ottawa, Canada KIA 0S2. 
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strengths. The mean errors in the measurements were al- 
ways less than 0.05 pK units. According to Panichajakul and 
Woolley (16) discrepancies of around 0.08 unit are to be 
expected with this method and thus our error range is ac- 
ceptable. 

In the equations used to calculate the pK values the 
log(acid/base) term is usually close to zero because the 
conjugated acid and base concentrations are approximately 
the same. As the log y + term is also generally small it is clear 
that B and log U: are the measurements that have the great- 
est effect on the precision of the macroscopic ionization 
constants. Our pKl and pK2 values (Table 1) (see footnote 
2) for 3-hydroxypyridine and pyridoxine agree with those 
previously reported in the literature (19-22) in pure water. 
We have not found data for these compounds in water- 
dioxane or other water-organic solvent mixtures. 

The uncharged species of 3-hydroxypyridine and pyri- 
doxine are mixtures of two tautomeric forms (see Scheme 1). 
For this reason the pK values obtained are in fact macro- 
scopic, i.e., they cannot be attributed to any particular 
ionizable group. By calculating the constants for the tauto- 
merization processes we can then anive at the microscopic 
ionization equilibrium constants, i.e., those attributable to a 
specific group. In general, the pK values corresponding to 
phenol ionization increase with the proportions of dioxane 
owing to the fact that two ions are generated for each neu- 
tral molecule. On the other hand, the pK's for the ionization 
of the pyridium ions either do not change or else diminish 
slightly with an increase in dioxane because no change in the 
number of ions occurs (23). In our case pKl for 3-hydroxy- 
pyridine decreases as dioxane increases while pKl for pyri- 
doxine increases slightly under the same conditions (Table 
1; see also footnote 2). pK2, however, increases in both cases, 
more so with for 3-hydroxypyridine (Table 1; see also foot- 
note 2). 

As pK, is macroscopic (and thus reflects simultaneously 
the ionization of NH+ and OH in the form +f (see Scheme 
1)) we may say that the pK, values for 3-hydroxypyridine are 
mainly due to the ionization of NH+ while for pyridoxine they 
are due to that of OH. This is confirmed by the tautomeri- 
zation constant values for the equilibrium Of--*f (see Scheme 
1) at 25°C for these two compounds (I),  which indicate that 

' 

the proportion of dipolar form is greater in pyridoxine than 
in 3-hydroxypyridine for the same water-dioxane mixture. 
The same reasoning is sufficient to explain the rise in the pK, 
values in both cases and that this increase is greater for 3- 
hydroxypyridine than for pyridoxine. 

As the pK values are macroscopic, we have not studied the 
quantitative effect of the solvent on the equilibrium con- 
stants. 

Using the pK, and pK2 values for different temperatures 
we calculated the standard thermodynamic function changes 
for the first and second ionization of both compounds in the 
various water-dioxane mixtures. A general equation has been 
developed by Clarke and Glew (24) to represent the temper- 
ature dependence of reaction equilibrium constants in terms 
of the standard thermodynamic function changes at a cho- 
sen reference temperature, 8. This equation can be rewrit- 
ten as 

where the terms ti are a function of the temperature (25), and 
the b, terms are directly proportional to the standard ther- 

modynamic function changes at 0 = 298.15 K. Equation [5] 
gives us a general representation of R In K as a function of 
tem erature and four undetermined constants containing B AGO, AH:, AC;,, and (dAcg,/d~),. 

We have made a regression analysis, successively in- 
creasing the number of terms in Eq. [5] and stopping when 
an F-test (25) revealed that the confidence level in the intro- 
duction of a new term was less than 95%. 

To apply eq. [5] it is essential that the concentration scale 
used should not depend on temperature. Throughout the 
study, however, we have used the temperature-dependent 
molar scale and so it is necessary to obtain the equilibrium 
constants in the molal scale using 

where n is the increase in the stoichiometric number of par- 
ticles whose activity is involved in the equilibrium con- 
stant, K(m) and K(c) are the equilibrium constants in the 
molal and molar scales, respectively, and do the density of 
the solvent. 

We obtained the values and the standard errors for the 
standard thermodynamic function changes by a least-squares 
fitting (26, 27). Typical standard errors in the determination 
of AG:, AH:, and -BAS: turned out to be t o .  12, k 2 ,  and 
2 2  kJ mol-I, respectively. 

The optimum values, in the molar scale, of the standard 
thermodynamic function changes calculated in this way are 
given in Figs. 1-4. Because of the limited precision of our 
experimental pK values and the requirement of at least 95% 
confidence level, we have not calculated either the Ac:, 
values or their derivatives. 

The dissociations of the two compounds studied have very 
similar characteristics. In the first ionization (Figs. 1 and 3) 
AH: and -BAS: are analogous, with -BAS: somewhat 
higher in mixtures with high dioxane content and AH: in low 
dioxane content. In the second ionization (Figs. 2 and 4), 
however, -0AS: is always much higher than AH: in all the 
water-dioxane mixtures studied. We may conclude that the 
values for -BAS: are practically always larger than the cor- 
responding AH: and thus established the trend in AG:. Both 
components always contribute to the free energy in the same 
direction. 

We can see that the - 0 ~ s :  values are partially compen- 
sated by the AH: values so that changes in AG: are smaller 
than the increments in either enthalpy or entropy with changes 
in the chemical systems. This sort of compensation has been 
observed many times before for other ionization reactions and 
also for other reactions in solution (14). 

The similarity between the AH: of the dissociation pro- 
cess of these acids in water and in water-dioxane mixtures 
indicates a similar pattern of solvation in these solvents. The 
 AS: values are always negative but are more so in water- 
dioxane mixtures (except for the first ionization at low 
dioxane content). This mav be due to the fact that the de- 
gree of reorientation and partial immobilization of the diox- 
ane and water molecules by H+ and the neutral and anionic 
species is greater in water-dioxane mixtures than in pure 
water. 

It is difficult to interpret the effect of the solvent u on the ! AH: and -BAS: values. The trends in AH: and -0AS, (Figs. 
1-4) could be interpreted in terms of the solvation of the 
reactant and products (16) but it must not be forgotten that 
these values correspond to the macroscopic ionization pro- 
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Weight fraction In dioxane 
" 0 0.2 0.4 0.6 0.8 

Welght fraction In dioxane 

FIG. 1. Standard thermodynamic function changes correspond- FIG. 3.  Standard thermodynamic function changes correspond- 
ing to the first macroscopic ionization process of 3-hydroxypyri- ing to the first macroscopic ionization process of pyridoxine ver- 
dine versus the weight fraction in dioxane, in water-dioxane sus the weight fraction in dioxane, in water-dioxane mixtures, at 
mixtures. at 25OC. 25°C. 

" 0 0.2 0.4 0.6 0.8 
Weight fraction In dloxane 

0 0.2 0.4 0.6 0.8 
Welght fraction in dloxane 

FIG. 2 .  Standard thermodynamic function changes correspond- FIG. 4. Standard thermodynamic function changes correspond- 
ing to the second macroscopic ionization process of 3-hydroxy- ing to the second macroscopic ionization process of pyridoxine 
pyridine versus the weight fraction in dioxane, in water-dioxane versus the weight fraction in dioxane, in water-dioxane mixtures, 
mixtures, at 25°C. at 25°C. 

cesses and that the species with a zero net charge exists in Since polar solvents per se are usually more structured than 
two forms (neutral and dipolar (see Scheme I ) ,  the propor- apolar solvents, proportionally fewer negative entropy 
tion of which changes according to the solvent composi- changes are obtained in the more polar solvent such as water 
tion. The different effects of the solvent upon the two (28). This occurs during the second ionization but not dur- 
microscopic ionizations (NH+ and OH) and the tautomeric ing the first (Figs. 1 and 3) where the values of BAS:, al- 
process may explain the overall effect shown in Figs. 1-4. though negative, initially increase and then decrease with the 
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rise in dioxane content. This may be explained qualitatively 
if we accept that the overall effect upon entropy and en- 
thalpy is the sum of two contributory factors: (a) the "nor- 
mal" effect of the solvent, as mentioned above; (6) the effect 
of the solvent upon the tautomerization equilibrium Of = 'f. 

If we take into account the equations defining AS: for the 
first and second macroscopic ionization we get: 

[71 (As:>,s, ion = (f ('f >s('f > + f (Of)s(Y)) 

181 (A5':>2n, ion = s(-f 1 + S(H+) 

and thus: 

[9I (As:)lS, ion - (AS:)2nd ion 

where f (i) is the molar fraction of the i form in the net zero 
charge species (see Scheme 1). 

This difference is always positive and increases, in both 
compounds, with increasing proportion of dioxane. Bearing 
in mind that f (Of) rises with the quantity of dioxane (1) it 
would be appear that s(Of) > S('f ), and that this disparity 
increases with the proportion of dioxane. 

If this be the case, the effect of the tautomeric equilib- 
rium for the first ionization (eq. [7]) should give rise to an 
increase in (AS:),,,,,. This is in fact seen with low dioxane 
contents, whilst with high dioxane proportions 
diminishes notably, owing to the fact that f (?f) becomes very 
small and the "normal" effect of the solvent predominates. 

With the second protonation (eq. [8]) the same line of 
reasoning leads us to believe that the (AS:),,,,, should di- 
minish because of the tautomerization equilibria, which, to- 
gether with the decrease brought about by the "normal" effect 
of the solvent, causes its value to diminish steadily and sig- 
nificantly as the proportion of dioxane increases, and, in fact, 
this is what we observed experimentally. 

Thus the above hypotheses (a) and (6) would explain the 
general behaviour of the thermodynamic magnitudes for the 
fust and second macroscopic protonation (Fi s. 1-4) and also E the differences between the values of AH, and -0As: for 
both protonations (Figs. 1 and 2; Figs. 3 and 4). 
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Intramolecular hydrogen bonding in ribonucleoside sugar hydroxyls. 
An ab initio study 
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ENRIC BOSCH, MIQUEL MORENO, and JOSE M. LLUCH. Can. J. Chem. 70, 1640 (1 992). 
Ab initio self-consistent field (SCF) calculations were done for a model of a ribonucleoside where only the ring part 

of the furanoside form of D-ribose is considered. Full geometry optimization and direct location of stationary points were 
used in order to characterize the geometry of the minimum energy structure and of the transition state for the proton transfer 
reaction in the anion. Topological analysis of the charge density and its Laplacian for the minimum energy structure allow 
us to find clear electronic and geometrical evidence of an intramolecular hydrogen bond. On the other hand, our results 
show a very low energy barrier for the proton transfer so that the proton jumps easily between the two oxygen atoms. 

ENRIC BOSCH, MIQUEL MORENO et JOSE M. LLUCH. Can. J. Chem. 70, 1640 (1992). 
On a effectuC des calculs ab initio en champ auto-cohCrent (SCF) sur un modkle de ribonuclCoside dans lequel on ne 

considkre que la partie cyclique de la forme furanoside du D-ribose. On a utilisC une optimisation compltte de la gComCtrie 
et une location directe des points stationnaires pour caractkriser la gComCtrie de la structure posskdant une tnergie min- 
imale et de 1'Ctat de transition de la rCaction du transfert de proton dans l'anion. Une analyse topologique de la densit6 
de charge et de son laplacien pour la structure d'Cnergie minimale nous permet d'obtenir des donnCes Clectronique et 
gComCtrique non-ambigues concernant une liaison hydrogkne intramolCculaire. Par ailleurs, nos rCsultats montrent que 
la barritre d'energie pour le transfert du proton est faible; il en rksulte que le proton passe facilement d'un oxygtne 2 
l'autre. 

[Traduit par la rCdaction] 

Introduction 
It is well known that the sugar hydroxyls of ribonucleo- 

sides have enhanced acidities (1-3). This fact has been at- 
tributed to the presence of the vicinal cis 2'-OH and 3'-OH 
groups and the ability of these to stabilize the anionic form 
via an intramolecular hydrogen bond O(3')-H - . . O(2') or 
O(3') . . . H-O(2') (see Fig. 1). 

The main goal of this paper is to present theoretical evi- 
dence of the existence of such an intramolecular hydrogen 
bond. This kind of work is of relevance given that Izatt et al. 
(1) have suggested that the acidity of the ribose in RNA is a 
result of the combined effect of both hydroxyl groups. Since 
the known chemical reactivity of the 2'- and 3'-positions in 
nucleic acids would be expected to parallel the acidity of the 
OH group, the different biological functions of RNA and 
DNA may be closely related to the acidity differences aris- 
ing from the lack of the second hydroxyl group in DNA. 

Analysis of the results will be performed by means of the 
theory of molecular structure proposed by Bader and co- 
workers (4-1 1). According to this methodology, the total 
electronic charge density p(r) and its Laplacian VZp(r) are 
considered. 

The Laplacian of the charge density is defined as the sum 
of the three principal curvatures of the function at each point 
in space. That is: 

When two neighbouring atoms are chemically bonded to 
one another, a bond critical point (r,) in the charge density 
appears between them. At the bond critical point Vp(rc) = 
0, the charge density being a minimum at rc along the bond 
path but a maximum along any orthogonal displacement. In 
turn, the Laplacian of the charge density at a point r in space 

'Author to whom correspondence may be addressed. 

determines where electronic charge is locally concentrated 
(VZp(r) < 0) or depleted (VZp(r) > 0). So when VZp(rc) is 
negative the electronic charge is locally concentrated in the 
internuclear region. This occurs due to shared (covalent) in- 
teractions. Conversely, for closed-shell interactions vZp(rc) 
is positive. These last kind of interactions are dominated by 
the contraction of charge away from the interatomic surface 
towards each of the nuclei. In a closed-shell interaction the 
atoms are bonded as a consequence of the charge that is 
concentrated within the basin of each atom. Taking all this 
into account, a hydrogen bond (1 1) is defined as one in which 
a hydrogen atom is bound to the acid fragment by a shared 
interaction and to the base by a closed-shell interaction. 

Method of calculation 
Ab initio self-consistent field (SCF) calculations were 

carried out with the GAUSSIAN 86 series of programs (12) 
using the split valence basis set 3-21+G (13, 14), which 
contains a diffuse sp shell on atoms other than hydrogens. 
To obtain a computationally available model of a ribonu- 
cleoside, only the ring part of the furanoside form of the 
D-ribose was considered. That is, we took into account nei- 
ther the 5' carbon nor the heterocyclic niaogenated base (see 
Fig 1). 

Full geometry optimization and direct location of station- 
ary points were done by means of the Schlegel gradient op- 
timization algorithm (15). Analytical second derivatives of 
the energy with respect to the Cartesian coordinates (16) were 
computed to test the nature of each stationary point. 

The influence of the correlation energy was determined by 
using the M~ller-Plesset perturbation theory up to second 
order (MP2) (17). 

Topological analysis of the charge density was per- 
formed by means of programs developed in our group that 
make use of the density matrix as obtained from a GAUSSIAN 

86 run. 
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FIG. 1. Model of the ribonucleoside used and scheme of the proton transfer reaction. Numeration of atoms is used in the text. 

FIG. 2. Geometry of the minimum energy structure located at 3-21+G level. (a) Bond lengths (A) and angles (deg) are given. (b) Mulliken 
atomic charges on heavy atoms and the oxygen-attached hydrogen are given in au. The charges in the rest of the hydrogen atoms range 
from +0.20 to +0.26 au. 

FIG. 3. Isodensity contour plots of p(r) in the O(3')-H . . . O(2') 
plane at the minimum energy structure for the ribonucleoside model. 
Numbers indicate the p(r) values at the bond critical points in au. 

Results and discussion 
In Fig. 2a the structure of minimum energy found for the 

anion is depicted along with the more significant bond lengths 
and angles. It has to be noted that the molecule is not planar, 
belonging to the C,  symmetry group. The four carbon atoms 

lie almost in a plane but the oxygen in the furanoside ring is 
above this plane whereas the O(2') and O(3') atoms are 
placed below it. 

Two facts seem to indicate the existence of a hydrogen 
bond. First, from a geometrical point of view, the short dis- 
tance between hydrogen and oxygen (2') is noteworthy (see 
Figure 2a). Second, the Mulliken population analysis (1 8) 
discloses that oxygen O(2') and hydrogen atoms possess net 
charges of opposite sign (see Fig. 26). This last point is of 
special importance as a reminder that hydrogen bonds are 
mainly due to electrostatic interactions. 

Figures 3 and 4, respectively, present the isodensity con- 
tour plots of p(r) and V2p(r) in the O(3')-Ha . . O(2') plane 
at the structure of minimum energy shown in Fig. 2. The 
positions of the bond critical points are marked with a dot in 
Figs. 3 and 4. Simultaneous inspection of topological prop- 
erties of p(r) and V2p(r) allow us to identify four covalent 
bonds in the molecular region represented in Figs. 3 and 4: 
two C-0, one C-C, and the O(3')-H bonds. In addi- 
tion, a clear hydrogen bond H - - - O(2') appears, its bond 
critical point being found clearly inside the positive region 
of the Laplacian. 

As noted by Boyd and Choi (19), the charge density at 
the bond critical point of the hydrogen bond is paralleled by 
the increase in the hydrogen bond strength. In this sense, the 
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TABLE 1 .  Energies (au) for the proton transfer reaction 

EsCF (3-21 + G )  ZPEa MP2/3-21 +G//3-21 + G ~  

Reactant -378.06894 0.1 1961 -0.76388 
Transition state -378.06431 0.11593 -0.76855 

"Zero point energy correction. 
'Second order M~ller-Plesset correction. 

FIG. 4 .  Isodensity contour plots of the Laplacian V2p(r) in the FIG. 6.  Isodensity contour plots of p(r) in the O(3') -H.  . . O(2 ' )  
O(3')-H . . . O ( 2 ' )  plane at the minimum energy structure for the plane at the transition state for intramolecular proton transfer re- 
ribonucleoside model. Dashed lines correspond to regions in which action in the ribonucleoside model. Numbers indicate the p(r) val- 
V2p(r) < 0 and solid lines correspond to regions in which V2p(r) ues at the bond critical points in au. 
> 0 .  Numbers indicate the V2p(r) values at the bond critical points 
in au. The solid line closest to the dashed lines corresponds to the 
zero value. The increment between consecutive lines is 0.1 au. 

FIG. 7 .  Isodensity contour plots of the Laplacian V2p(r) in the 

TS 
O(3')-H . . . O ( 2 ' )  plane at the transition state for intramolecular 
proton transfer in the ribonucleoside model. Dashed lines corre- 
spond to regions in which VZp(r )  < 0 ,  and solid lines correspond 

FIG. 5 .  Geometry of the transition state for intramolecular pro- to regions in which V2p(r) > 0 .  Numbers indicate the VZp(r)  val- 
ton transffr reaction in the ribonucleoside model. Bond lengths are ues at the bond critical points in au. The solid line closest to the 
given in A and angles in degrees. dashed lines corresponds to the zero value. The increment be- 

tween consecutive lines is 0.1 au. 

present value of 0.055 is intermediate between the values we 
obtained for the water dimer (0.035) and the H20 .  . . OH- tached to one oxygen but it may easily switch between ox- 
hydrogen bond (0.15) at the same 3-21+G basis set level by ygens O(2') and O(3'). In fact a transition state for the 
using the corresponding optimized geometries. These val- intramolecular proton transfer has been localized (Fig. 5). 
ues are always low when compared with the typical values This structure belongs to the C, symmetry group as now both 
of covalent bonds, as is readily seen by inspection of Fig. 3. oxygen-hydrogen distances are equal. 

Interestingly, we have also seen that the proton is not at- Table 1 shows the total energies for the minimum energy 
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BOSCH ET AL. 1643 

FIG. 8 .  Isodensity contour plots of p(r) in the C ( l l ) ,  C(2 ' ) ,  and 
C(3')  plane at the minimum energy structure ( a )  and the transition 
state (b)  for intramolecular proton transfer reaction in the ribonu- 
cleoside model. Numbers indicate the p(r) values at the bond crit- 
ical points in au. 

FIG. 9 .  Isodensity contour plots of the Laplacian V2p(r) in the 
C ( l l ) ,  C(2 ' ) ,  and C(3') plane at the minimum energy structure (a)  
and the transition state (b)  for intramolecular proton transfer in the 
ribonucleoside model. Dashed lines correspond to regions in which 
V2p(r) < 0 ,  and solid lines correspond to regions in which V2p(r) 
> 0 .  Numbers indicate the V2p(r) values at the bond critical points 
in au. The solid line closest to the dashed lines corresponds to the 
zero value. The increment between consecutive lines is 0.1  au. 

structure and the transition state at the SCF 3-21 + G  level. 
Zero Point Energy (ZPE) and correlation energy corrections 
are also presented. From the data presented in Table 1 the 
energy barrier obtained for the proton transfer through this 
transition state is only 2.91 kcal/mol at the 3-21+G level, 
which reduces to 0.59 kcal/mol when ZPE is calculated 
through the harmonic frequencies obtained by diagonaliz- 
ing the energy second derivatives matrix (20). This small 
barrier disappears when correlation energy is introduced 
within the Moiler-Plesset perturbation theory up to second 
order (MP2), 3-21 + G  geometries being kept unchanged. 
Though it is known that the MP2 level tends to exaggerate 
the effect of electron correlation (21-23), this result con- 
firms that the proton jumping between both oxygen atoms 
O(2') and O(3') is very easy. 

To  discuss the electronic distribution of the transition state, 
the isodensity contour plots of p(r) and V2p(r) in the 
O(3')-H . O(2') plane are respectively depicted in Figs. 
6 and 7. 

As seen in the figures, the transfemng hydrogen is bonded 
with the same strength to both oxygens. In addition, the 
Laplacian plot discloses that the corresponding bond critical 
points are now inside the positive region of the Laplacian, 
so that these two bonds have a closed-shell character and the 
transferring hydrogen behaves as a proton. This situation is 

quite different to the one found for the minimum energy 
structure. 

Another interesting point is to see what. is happening in the 
rest of the anion while proton transfer is occurring. T o  this 
aim, in Figs. 8 and 9 we show the isodensity contour plots 
of p(r) and V2p(r), respectively, in the plane of the C ( l  I), 
C(2'), and C(3') carbon atoms for both the minimum en- 
ergy structure and the transition state. It has to be recalled 
here that the oxygen in the furanoside ring is above this plane 
in both structures. It is seen that the electronic distribution 
in the furanoside ring does not noticeably change along the 
reaction. Only minor modifications appear, due to the fact 
that the furanoside oxygen is closer to the plane in the tran- 
sition state than in the minimum energy structure. 

Conclusions 
In this paper we have presented high level ab initio cal- 

culations for a model of a ribonucleoside. By analizing the 
topology of the total electronic charge density and its 
Laplacian, we have found clear evidence of the existence of 
an intramolecular hydrogen bond. 

We  have also seen that the hydroxylic hydrogen is not at- 
tached to one oxygen but it jumps between oxygens O(2') 
and 0 (3 ' ) ,  through a small or  null barrier. Analysis of the 
transition state reveals that the transferring hydrogen be- 
haves as a proton. 
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A. C .  CHIALVO. Can. J.  Chem. 70, 1645 (1992). 
An integral method to determine infinite dilution activity coefficients (7:) from data sets of finite concentration activ- 

ity coefficients is proposed for binary systems. This method is based upon the integration of the experimental depen- 
dence of In y,/x,' over different composition ranges. The limiting behavior of this function is analysed, in order to improve 
the precision of its integration. The accuracy of this method is demonstrated by the calculation of y: for several sys- 
tems. 

A. C. CHIALVO. Can. J.  Chem. 70, 1645 (1992). 
On propose une mkthode dlintCgration permettant, pour les systkmes binaires, de determiner les coefficients d'activ- 

it6 B dilution infinie (y:) a partir des donnees relatives aux coefficients d'activitC B concentrations finies. La methode est 
basee sur I'intCgration de la relation exp6rimentale de In yi/xj2 sur diffkrents ensembles de composition. Afin d'arnkliorer 
la prCcision de I'intCgration, on a analysC le comportement limitant de cette fonction. On a dCrnontrC I'exactitude de la . 
mCthode par le calcul du y"e plusieurs systkmes. 

[Traduit par la redaction] 

Introduction 
One of the sources more commonly used to obtain the in- 

finite dilution activity coefficients (y:) is undoubtedly the 
vapor-liquid equilibrium (VLE). The reduction of VLE data 
to obtain the y," values varies from the graphical or analyti- 
cal extrapolation of a In yi -xi data set (1) to the determi- 
nation of the limiting slope of temperature or pressure with 
respect to the liquid phase composition (2-6). All of these 
processes require experimental determinations in the com- 
position range near to that of the pure components. How- 
ever, a method that allows us to verify the thermodynamic 
consistency of these data is not available. The present work 
intends to cover these important aspects by the development 
of a process that permits us to evaluate the y," value starting 
from an entire or partial In yi - xi data set. 

Fundamentals 

The Gibbs-Diihem equation for activity coefficients at 
constant temperature and pressure in a binary system can be 
written in the form: 

The integration of eq. [ I]  can be carried out using different 
limits. Taking into account the limiting behaviour of the ac- 
tivity coefficients (7), it is possible to arrive at the follow- 
ing useful expressions: 

venient to analyze the limiting behavior of the integrand 
function. 

Limiting behaviour of the function In yi/xj2 
Taking into account that, when xi = 1, In yi = 0 and d In 

yi/dxi = 0: 

The right-hand side of eq. [4] can be evaluated by deriva- 
tion of the classical form of the Gibbs-Diihem equation and 
application of limiting conditions: 

Substituting into eq. [4]: 

The behaviour of the integrand function on the other inte- 
gration limit is 

Besides, by derivation of the integrand function with re- 
spect to xi,  

where g E  = G ~ / R T  and G E  is the excess Gibbs energy. the limiting slopes can be found. For x, + 0: 

These equations allow us to determine the infinite dilu- 
tion activity coefficients. Nevertheless, in order to improve [9] lim 
the evaluation of the integrals in eqs. [2] and [3] it is con- 
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TABLE 1. Limiting behavior of the integrand functions 

lirn 
I d X l  

lim - 

x.-I dx2 - 6 Ldr:] 

TABLE 2. Calculated and experimental infinite dilution activity coefficients 

In r;" (Y;) In r7 (r7) 

Present work Experimental f Present work Experimental lim g E / ~ 2  
System r e 0  

Dichloromethane(1)- 1.0717 1.0777 (ref. 8) 1.08 2.3140 
methanol(2) 25°C (ref. 8) (2.920) (2.938) (2.945) (10.115) 

2.3343 (ref. 8) 
(10.322) 

For xi + 1, the right-hand side of eq. [8] becomes indeter- Estimate of the limiting values 
minant. Through the application of L'Hopital's rule twice, As stated before, the evaluation of eqs. [2] and [3] can be 
the following limit is obtained: improved if the limiting values of the integrand function are 

known. For such an estimate, the supplementary function 
g E / ~ i  is used. It provides the following relationships: 
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CHIALVO 

FIG. 1. Dependence of the function gE/x i  upon the composition for the system 1-propanol(1)-n-heptane(2) at 45OC. 

FIG. 2 .  Dependence of the integrand function upon the composition for the system 1-propanol(1)-n-heptane(2) at 45OC. (a) i = 1; 
(0) i = 2. 

d g 1 d lny ,  A summary of the limiting equations derived here is shown 
[12] lim- ['I = 5 [_la= -z [?I in Table 1. These expressions can be applied to evaluate the 

x,+o dx, x, y: from experimental isobaric (P) or isothermic (T) activity 
coefficient data, obtained from VLE studies. These data re- 

Hence, eq. [9] can be rewritten as follows: quire a point-to-point temperature or pressure correction and 
therefore information about the excess enthalpy (hE)  or ex- 
cess volume ( v E )  function under the same conditions as the 
VLE measurements is necessary. However, the weak de- 
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0.00 0.04 0.08 0.00 0.04 0.0 8 

x1 x2 

FIG. 3. Dependence of the function gE/x, upon the composition for the system methanol(1)-cyclohexene(2) at 45OC. 

I I I I 

- 

- -- - 

FIG. 4. Dependence of the integrand function upon the composition for the system methanol(1)-cyclohexene(2) at 45°C. (e) i = 1;  
(0) i = 2. 

slope:  -4.9 

- I I 

pendence of the activity coefficient on pressure makes the 
correction for isothermic data quite negligible. For this rea- 
son, isothermic data were used in this paper to illustrate the 
expressions obtained. 

slope:  - 4.5 

I 1 

Applications 
The following general procedure is proposed for the cal- 

culation of the infinite dilution activity coefficients on the 
basis of the expressions deduced above: (i) Estimation of the 

limiting behavior of the integrand function starting from the 
limiting behavior of g E / ~ i ,  through eqs. [Ill-[13]. (ii) 
Evaluation of the integrand function from the corrected In yi 
- x i  data set. (iii) Calculation of y>hrough eqs. [2] or [3] 
according to the data set used. 

The proposed procedure was used to calculate y l  for sev- 
eral systems. The experimental data were obtained from the 
literature and the results are summarized in Table 2. The 
calculations for two of these systems are described here in 
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CHIALVO 1649 

order to illustrate the procedure. From data of Van Ness et 
al. (9) for the system 1-propanol(1)-n-Heptane(2) at 45"C, 
the auxiliary plots were drawn for the estimation of the lim- 
iting integrand functions (Fig. 1). With these values, the In 
y,/xf vs. x, plot was completed (Fig. 2). The following val- 
ues were obtained from the integration: In y;" = 3.325 (y;" = 
27.798) and In yy = 1.978 (yy = 7.228). 

The second example is the methanol(1)-cyclohexane(2) 
system at 45°C reported by Madhovan and Murti (1 1). This 
mixture exhibits phase separation with the compositions (16): 
xi = 0.425 and x; = 0.590. The ,g E/x, vs. x, and In y,/x? vs. 
x, plots are shown in Figs. 3 and 4, respectively. The fol- 
lowing integration limits were used: (i) for In yy, x2 = 0.902 
(,gE = 0.25426) andx, = 1, and (ii) for In y;, x ,  = 0.8515 
(,gE = 0.3407) and x, = 1 (Fig. 4). The application of eq. 
[3] gave the following results: In y;" = 3.043 (y; = 20.968) 
and In y; = 2.889 (yy = 17.975). 

Discussion 
The proposed method is based on a suitable solution of the 

Gibbs-Diihem equation at constant temperature (T) and 
pressure (P). It provides thermodynamically consistent 
y:(T,P) values from corrected y, (T,PcxpP,x,) or y, (TexpP,P,x,) 
data sets. In this work the calculations that illustrate the 
proposed procedure were made from isothermic data with- 
out pressure correction. The error of this approximation can 
be estimated with the following expression: 

For the different systems analysed, eq. [14] shows that this 
correction term is less than and therefore negligible 
compared to the In y, values. Nevertheless, in the case where 
the pressure variation is appreciable, the correction should 
be made. 

It is important to note that the limiting values were esti- 
mated from the ,gE/x, VS. X, plot, which exhibits a limiting 
slope value that is one-half of that of the In y, vs. x, plot (eq. 
[12]) and consequently represents a better extrapolation 
condition. The accuracy obtained in the analysed systems was 
good, as can be observed in Table 2, for the final evaluation 
of the v10. 

A different approach could be made in order to take into 

account, for example, the pressure effect. In this case, eq. 
[ l ]  becomes 

The use of this expression is similar to that derived above 
and, in this case, information about the vE(xi) at similar 
conditions of the activity coefficient data and the total va- 
por pressure dependence upon the composition of VLE is 
necessary. The corresponding form of eq. [6] is now 

It can be concluded, on the basis of the results obtained, 
that the proposed method allows us to evaluate the activity 
coefficient at infinite dilution with accuracy and reliability. 
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Molecular geometry of M(NO), complexes: single crystal X-ray structure of 
Co(NO),(C5H5N),+BF4-, lability of the pyridine ligands of Co(NO),(C5H5N),+, 

and its relevance to the formation of the Co2(NO),+ bimetallic core 
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JEAN-Lours ROUSTAN, NASRIN ANSARI, YVON LE PAGE, and JEAN-PIERRE CHARLAND. Can. J. Chem. 70, 1650 (1992). 
The BPh4- and BF4- derivatives of C O ( N O ) ~ ( P ~ ) ~ +  3 (Py = pyridine) have been prepared. In solution, whereas 

CO(NO),(L),+BP~,- (L = phosphane) and 3-BF4- are inert, 3-BPh4- decomposes rapidly in the absence of an excess 
of Py. Complex 3-BF4- crystallizes in the monoclinic system with two independent molecules, A and B, in the asym- 
metric unit, space group P 2 , / a ,  a = 14.7633(6) A, b = 13.9739(5) A, c = 15.1667(6) A, P = 109.334(4)", 2225 re- 
flections, R = 0.054, Rw = 0.023. The cobalt coordination polyhedron is a distorted tetrahedron. The comparison of 
the (O)N--Co-N(0) angles of 115.6(3)" (molecule A) and 115.9(3)" (molecule B) with those of other DZ?,, pseudo- 
tetrahedral dinitrosyl complexes suggests that the lability of the Py ligands of cation 3 reflects the compression experi- 
enced by the Co(NO),+ molecular portion. 

JEAN-LOUISE ROUSTAN, NASRIN ANSARI, YVON LE PAGE et JEAN-PIERRE CHARLAND. Can. J. Chem. 70, 1650 (1992). 
Les dCrivCs BPh4- et BF4- de CO(NO),(P~)~+ 3 (Py = pyridine) ont CtC prCparCs. En solution, alors que Co(NO),- 

(L),+BP~,- (L = phosphane) et 3-BF4- sont inertes, 3-BPh4- est dCcomposC rapidement en l'absence d'un excks de Py. 
Le complexe 3-BF4- cristallise dans le systkme monoc!inique avec deux molCcules indCpend$ntes, A et B, dans 1'unitC 
asymCtrique, groupe d'espace P 2 , / a ,  a = 14,7633(6) A, b = 13,9739(5) A, c = 15,1667(6) A, P = 109,334(4)", 2225 
reflexions, R = 0,054, Rw = 0,023. Le polykdre de coordination du cobalt est un tCtrakdre dCformC. La comparaison 
des angles (O)N--Co-N(0) de 115,6(3)" (molCcule A) et 115,9(3)" (molCcule B) avec ceux d'autres complexes dini- 
trosyles pseudotCtraCdriques du type DZ?,, suggkre que la labilitC des ligands Py du cation 3 est la consCquence de la 
compression & laquelle est soumis le fragment molCculaire Co(NO),+. 

Introduction 
Recently, the reaction of BPh4- with Co(NO),(PN)I 1 

containing the diphenyl(2-pyridy1)phosphine ligand P(C6H5)2- 
(2-C5H4N) (abbreviated as PN henceforth) was shown (1) to 
yield the C d o  bonded bimetallic CO~(NO),(PN)~+BP~,-  
2. Complex 2 can be viewed as containing two Co(NO), 
subunits sharing the same p2-NO bridging ligand with one 
cobalt further bounded to two pyridyl N atoms and the other 
to two P atoms. To obtain information suggestive of a pos- 
sible mode of formation, the previously unknown cobalt 
dinitrosyl bispyridine cation Co(NO),(Py),+ 3 was synthe- 
sized with either BF4- or BPh4- as the gegenanion. In this 
paper, we report the observations pertaining to the behavior 
in solution of these complexes and the single crystal X-ray 
structure of the BF4- derivative that allow us to comment 
upon the possible role of BPh4- in the reactions ultimately 
yielding bimetallic 2. 

Experimental 
All operations were conducted under argon or vacuum with argon 

saturated solvents. The IR spectra were recorded on a Perkin-Elmer 
783. "B NMR spectra were recorded on a Varian FT80 with 
BF3(Et20) as external reference. Elemental analyses were per- 
formed by Guelph Chemical Laboratories Ltd, Guelph, Ontario. 

Preparation of CO(NO)~(P~)~+BF~-,~-BF~- 
(CO(NO)~I)~ (2.38 g) (2) and 1.6 mL of pyridine (Py) were dis- 

solved in 20 mL of absolute ethanol at 20°C. To the stirred solu- 
tion was added dropwise 1.88 g of AgBF, in 10 mL of ethanol. 
After stirring an additional hour, solid AgI was separated by fil- 

' ~ u t h o r s  to whom correspondence may be addressed. 
'Revision received January 2, 1992. 

tration and the solution was evaporated to dryness under vacuum 
at 20°C. The residue was recrystallized in CH2C1,-hexane to yield 
2.68 g of dark microcrystalline crystals. vNO (CH2C12) = 1876, 
1798 cm-'. Anal. calcd. (found) for CloHloBCoF4N402: %C 
33.0(33.2), %H 2.8(3.1), %N 15.4(15.0). In the solid state, the 
complex can be handled in air for a brief period of time, but is very 
air sensitive in solution. Under argon, it is stable in CH2C12 in the 
absence of added pyridine. 

Preparation of CO(NO)~(P~)~+BP~~-,~-BP~~- 
To a stirred solution of 0.55 g of (CO(NO),I)~ and 0.37 mL of 

pyridine in 22 mL of absolute ethanol was added dropwise 0.77 g 
of NaBPh, in 15 mL of ethanol. Olive-green microcrystals precip- 
itated rapidly. After an additional 30 min of stirring, the crystals 
were separated by filtration and dried under vacuum (1.18 g). The 
compound was recrystallized in CH2C12-hexane in the presence of 
an excess of pyridine. vNO(CH,CI,) = 1870, 1790 cm-' (unsta- 
ble in solution in the absence of added pyridine). (Anal. 
calcd.(found) for C34H30BCoN402.CH2C12: %C 61.7(62.4), %H 
4.7(5.1), %N 8.2(9.0)). 

Preparation of C O ( N O ) ~ ( P N ) ~ + B P ~ ~ -  
To a solution of 0.54 g of (Co(NO),I), in 30 mL of absolute 

ethanol heated at 50°C in a water bath was added 0.30 g of 
P(C6H5),(2-C5H4N) (PN) (3). After stirring 20 min at the same 
temperature, 0.59 g of NaBPh, in 10 mL of ethanol was added 
dropwise. The reaction mixture was stirred an additional 20 min 
and subsequently cooled down to 20°C. The precipitate that had 
formed was separated by filtration and dried under vacuum to yield 
0.49 g of product, recrystallized in CH,Cl,-ether. vNO(CH2Cl,) 
= 1845, 1795 cm-I (stable in solution in the absence of added li- 
gand). Anal. calcd. (found) for C5,H,,BCoN4O2P2.CH2Cl2: %C 67.4 
(67.7) %H 4.8(5.0), %N S.S(S.4). 

Crystallographic studies 
Single crystals of CO(NO),(P~),+BF,- were grown by slow dif- 
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ROUSTAN ET AL 

TABLE 1. Crystal data and refinement indicators for C,,H,,BCoF,02 

Parameter Value Parameter Value 

fw 
Crystal system 
Minimum transmission factor 
Sptce group 
a ,  A 
b ,  4 
c ,  A 

363.83 
Monoclinic 
0.87 
PZI/a 
14.7633(6) 
13.9739(5) 
15.1667(6) 
109.334(4) 
2952.5 
8 
1.638 
1455.63 

Radiation 
p., mm-I 
Maximum transmission factor 
20",,,, deg 
Measured reflections 
Un. reflections 
Observed reflections (m)" 
Parameters varied (n) 
R:' 
wRpC 
GOF' 
max(A/u) 

MoKa 
1.21 
0.90 
45 
6038 
3820 
2225 
45 8 
0.054 
0.023 
2.462 
0.1 

"I 2 2.5 u(Inc,).  
"RF = E[(FoI - IFcll/El<ol. 
'wRF = [Ew(lF,I - I F , ~ ) - / E W ~ F ~ ~ ~ ] ~ I ~ .  
"GOF = [EW(IF,I - I~ , l ) ' / (m  - n)]ll ' .  

fusion of an upper layer of toluene into a concentrated solution of 
the complex in methylene chloride. Crystals were mounted on a 

. . 
. . glass rod and subsequently coated with a protective layer of epoxy 

resin. 
A dark crystal, 0.15 X 0.15 X 0.30 mm, was selected for in- 

tensity measurement at 296 K up to 20 45" with graphite mono- 
chromatized MoKa radiation on an Enraf-Nonius CAD-4 
diffractometer (4). A total of 6038 intensity measurements were 
performed, which reduced to 3820 unique reflections. Among these, 
2225 reflections having I,,,, larger than 2.5 counting statistic stig- 
mas were considered to be observed. The P2 , /a  space-group as- 
signment was made from the systematic absence of the classes of 
reflections OkO with k odd and h01 with h odd. The data reduction 
assuming this space group comprised corrections for Lorentz and 
polarization effects using the measured polarization ratio of 0.97 
for the monochromator used, but no absorption correction (p. = 
1.2 1 /mm). The cell parameters (Table 1) were derived from the 
angular settings of 45 strong reflections in the 20 range 40-45" using 
MoKa, wavelength (0.70930 A). 

The initial positions for the heavy atoms were proposed by the 
MULTAN program (5). Successive refinement and difference- 
Fourier cycles progressively disclosed all atoms, including the hy- 
drogens. The final refinement with full matrix was performed on 
all atoms minimizing ZW((F,]-IF,~)~ where w-' = u2(Fo), with fixed 
isotropic thermal motion for the hydrogens and refined aniso- 
tropic motion for the other ones, and included an extinction cor- 
rection. The scattering factors were those of Cromer and Mann (6). 
The final residuals on the 2225 observed reflections were RF = 

0.054 and wRp = 0.023. The largest shift was Oblu in the final cycle 
and the highest residual density was 0.47 e / ~ ~ .  All calculations 
were performed with the NRCVAX system of programs (7). The 
final atomic positions are given in Table 2. The list of observed and 
calculated structure amplitudes, parameters for the H atoms, and 
U,,'s for the non-hydrogen atoms have been deposited as supple- 
mentary material.3 

3 ~ h e s e  data may be purchased from: The Depository of Unpub- 
lished Data, Document Delivery, CISTI, National Research Council 
Canada, Ottawa, Canada K I A  052. 

Tables of H-atom parameters and bond lengths and angles as- 
sociated with the pyridine and NO ligands have also been depos- 
ited with the Cambridge Crystallographic Data Centre and can be 
obtained on request from the Director, Cambridge Crystallo- 
graphic Centre, University Chemical Laboratory, Lensfield Road, 
Cambridge CB2 IEW, U.K. 

Re'sults 

Reactivity of cationic Co/NO/Py  complexes 
The cobalt dinitrosyl bispyridine cation co(~O),(Py),+ 3 

was prepared by the room temperature reaction of an etha- 
nolic solution of (Co(NO),I), and pyridine in excess, with 
either AgBF, or NaBPh,. The nature of the counteranion had 
a marked influence on the stability of cation 3 in solution. 
Whereas the BF4- derivative, 3-BF4-, was inert in CH2C12 
at room temperature, the BPh,- derivative, 3-BPh4-, de- 
composed rapidly. Infrared monitoring of the decomposi- 
tion showed the formation of a transient intermediate with 
at least one vNO at 1720 cm-I clearly separated from those 
of 3-BPh4- at 1870 and 1790 cm-I. The magnitude of the 
vNO shift toward lower frequencies points to the formation 
of an uncharged intermediate. However, the latter is also very 
labile for after a few minutes no absorption remained in the 
1900-1700 cm-I region. No cobalt derivative could be iso- 
lated from the decomposed solutions. Under the same con- 
ditions, in the "B NMR spectra, the initial sharp BPh4- 
resonance of 3-BPh,- at -5.9 ppm was rapidly replaced by 
a broad resonance centered at $6.0 ppm suggestive (8) of 
the formation of BPh,. 

Alternatively, 3-BPh4- could be recrystallized without 
decomposition in CH2C1,-hexane provided an excess of 
pyridine was also present. From this inhibitory effect of 
pyridine, it can be concluded that dissociation of a Py li- 
gand from Co(NO),(Py),+ is a prerequisite for the decom- 
position to proceed. Moreover, when dissociation occurs, the 
only ligand available in the medium for occupying the va- 
cated coordination site has to come from BPh4-. Conse- 
quently, in line with the documented ability of BPh4- to 
phenylate metallic centers (9), the decomposition is likely 
to involve the formation of an uncharged u-phenyl deriva- 
tive such as Co(NO),(Py)-Ph with BPh, as a co-product. For 
comparison, with no excess of free ligand present, Co(NO),- 
(PN),+BPh,-, in which the two PN ligands should be 
P-bonded to Co, as in the structurally characterized BF4- 
derivative (lo), was stable in solution, as well as Co(NO),- 
(PPh,),+BPh-(11) and Co(N0),(~(0Me),),+ BPh4- (12). To 
identify a possible cause for the lability of the pyridine li- 
gands of Co(NO),(Py),+, an X-ray diffraction study was 
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CAN. J .  CHEM. VOL. 70, 1992 

TABLE 2. Atomic parameters x ,  y, z, and Bi,, for [CO(NO),(C5H5N)2]+ [BFJ-; esd's 
refer to the last digit printed 

CO A  
N  1 A  
N 2 A  
N  3  A  
N  4  A  
0 1 A  
0 2 A  
C I A  
C 2 A  
C 3 A  
C 4 A  
C 5 A  
C 6 A  
C  7 A  
C  8  A  
C  9 A  
ClO A  
CO B  
N I B  
N 2 B  
N  3  B  
N  4  B  
0 1 B  
0 2 B  
C  1 B  
C 2 B  
C 3 B  
C 4 B  
C 5 B  
C  6  B  
C 7 B  
C 8 B  
C 9 B  
C10 B  
B  A  
F  1 A  
F  2  A  
F 3 A  
F 4 A  
B  B  
F I B  
F  2  B 
F 3 B  
F 4 B  

"B,,, is the mean of the principal axes of the thermal ellipsoid. 

undertaken with co(No),(Py),+B~,-, which provided suit- 
able crystals. 

Single crystal structure of CO(NO)~(P~)~+BF,- 
The crystal structure consists of discrete Co(NO),(Py),+ 

cations and BF4- anions. The compound crystallizes with two 
independent molecules, A and B, in the asymmetric unit. A 

I perspective view is presented in Fig. 1 together with the 
I numbering scheme, and a summary of selected bond lengths 
, and angles is given in Table 3. An ordered model for the BF4- 

anion was considered as satisfactory, although a slight dis- 
order of the F atoms around the calculated positions given 
in Table 2 might actually exist, in light of the values of their 
thermal parameters. 

The general features are consistent in molecules A and B. 

Each cobalt is coordinated to two pyridyl and two nitrosylic 
N atoms located at the comers of a distorted tetrahedron. The 
(Py)N-C-N(Py) and (0)N--C-N(0) planes are per- 
pendicular, with dihedral angles of 89.3(3)" and 89.2(3)" for 
molecules A and B respectively. The aromatic rings are 
planar within experimental errors (supplementary mat~rial, 
footnote 3). The C w N ( P y )  distances of 2.012(6) A for 
molecule A and 2.0 13(6) and 2.01 6(6) A for molecule B fall 
near the lower range of the reported value? for CCF-N(Py) 
bond lengths, which can vary by ca. 0.2 A ,  as sbown for 
example by the values 1.917(2) and 2.203(10) A for, re- 
spectively, ( r l S - ~ s ~ e , ) ~ o ~ l ( ~ y )  (1 3) and CO,(DBA)~(P~)~ 
(14) (DBA = 1,5-diphenyl- l,3,5-pentadionato). The Co--N 
and N - 0  bond lengths (Table 3) are normal when they are 
compared to other cobalt nitrosyl complexes (see for ex- 
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ROUSTAN ET AL. 

FIG. 1. Perspective view of the two independent cations of CO(NO)~(P~) ,+  3 with the numbering scheme (the BF4- anions have been 
omitted for clarity). 

ample the compila9on in Table IV of Ref. 15 with ranges of 
1.645(3)-1.68(2) A for Co-N and 1.05(2)-1.174(6) A for 
N--0). In both molecules, the O(N). .Co. .(N)O angle sus- 
tended at Co by the two nitrosylic 0 atoms and the (0)N-Co- 
N(0) angle nicely follow the linear relationship of Martin and 
Taylor (16). 

The shortest intramolecular nonbonded contacts (Table 3) 
involve the nitrosylic N atoms and the ortho H atoms of the 
Py ligands. They fall in the range 2.65(6)-2.86(7) A, not 
significantly different from that of 2.66-2.89 A reported (17) 
for the H(pheny1) ... C/N intramolecular separations in 
Co(CO),(NO)(PPH,), (x + y = 3; x = 1,2). The latter have 
been regarded as reflecting short H.. .C/N contacts. 

. . . . 
Discussion 

. . 
. . .  The structural result of interest pertains to the values of the 

( 0 ) N - C o - N ( 0 )  angles of 1 15.6(3)" (molecule A) and 
115.9(3)" (molecule B) when they are compared to that of 
128.0(8)" reported (18) for Co(NO),(P(OMe),),' BPh4-, 
which, together with co(~o),(Py),+BF,-, is a member of 
the D&:,, family of pseudotetrahedral monometallic dini- 
trosyl complexes of general formula M(NO),(L)," (x = 0, 
+ I ) . ~  

In DZ,, complexes, the standard model (16, 21-23) to 

4A monometallic complex [M](NO),, contains a DKz;,, metallic 
center M ,  when the formal removal of the n NO ligands as neutral 
NO leaves a 8 = D ~ ~ ~ ~ ,  metallic element in the NO-free species 
[MI. The numbers "an and "n" are respectively the electronic and 
structural parameters; any change in the value of "a" during a re- 
action implies the occurence of a non-temporary redox change at 
M (see ref. 19). To  derive the da configuration, the non-n~trosylic 
ligands are separated from the metal according to the usual rules 
(see for example ref. 20). By extension, the cation [CO,(NO)~- 
(PN),]' contains a bimetallic core, for C 0 2 +  with 17 va- 
lence electrons would be obtained following the formal removal of 
three NO molecules and of the two PN ligands. 

account for the variations of the (0)N-M-N(0) angle 
(abbreviated as the a angle henceforth) places the emphasis 
on the electronic influence of the M(L), molecular portion 
of the M(NO), moiety. According to this model, an in- 
crease in the M to NO .rr back-bonding, as it increases the 
electronic population of the M-NO bonds, enhances their 
mutual electrostatic repulsions, which favors an opening of 
the a angle. The nonbonded repulsive influence of a NO li- 
gand can therefore be considered as a sensitive increasing 
function of the M to NO back-bonding. In this model, the 
variations of a are considered to be largely independent of 
the steric requirement of the supporting ligands L (16). 

Some observations are in agreement with this proposal. 
For example the closing of a from 136.7(4)" in Co- 
(N0),(PPh3),+P~,- (24) (vNO(Nujo1) = 1836, 1784 cm-' 
(25)) to 128.0(8)" in CO(NO),(P(OM~),),+BP~,- (1 8) 
(vNO(CH,Cl,) = 1876, 1817 cm-I (12)) has been inter- 
preted (18) in terms of a decrease in the ligand @-donor/ 
.rr-acceptor ratio. 

However, other results are not as readily interpreted. 
For example, from Fe(NO),(PPh3)2(~NO(C2C14) = 1724, 
1678 cm-I (26)) to CO(NO),(PP~,),+PF,-, whereas the M 
to NO back-bonding decreases, as shown by an increase in 
the vNO values, the a angle opens up by ca. 13" from 
123.8(4) (22) to 136.7(4)" (24). The same observation ap- 
plies upon going from the neutral to the cationic complex of 
the isoelectronic pairs {M(NO),(PPh,),, M'(N0)2(PPh3)2+} 
containing second (Ru, Rh+) or third row (Os, Ir+) metallic 
elements .(see the data in Table VIII of Ref. 27). We sug- 
gest that these angular variations are more easily accounted 
for by taking the alternate view that the nonbonded repul- 
sions in the M(NO)(L) moieties might be at least as impor- 
tant as those in the M(NO), molecular portion, and might 
eventually provide the controlling factor. 

In Fig. 2 is shown an idealized representation of a pseu- 
dotetrahedral D&:,, complex with mm2 point symmetry at 
M. A chemical change that would lessen the NO repulsive 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1654 CAN. J. CHEM. VOL. 70, 1992 

TABLE 3. Selected bond distances (A) and angles (") with esd's for the two independent molecules 
A and B of CO(NO),(P~),+BF,- 

Molecule A Molecule B 
range range 

(averagea) (averagea) 

Pyridine ligand 

C-N 1.324(14)-1.360(13) 
(1.344[15]) 

C - C  1.338(17)-1.390(16) 
(1.368[19]) 

C-H 0.69(5)-1.25(6) 
(1.04[11]) 

N 4 - C  122.8(8)-124.3(7) 
(123.3[7]) 

C - C - C  118.6(8)-119.5(8) 
(1 19.1[4]) 

N 4 - H  1 lO(5)-117(3) 
(1 12[31) 

C 4 - H  107(5)-133(5) 
(120[71) 

C I A - N l A 4 5 A  115.4(7) 
C 6 A - N 2 A 4  10A 1 17.0(7) 

Nitrosyl ligands 

N 3 A 4 1 A  1.130(8) 
N 4 A 4 2 A  1.156(8) 
C o A - N 3 A 4 1 A  170.2(6) 
C o A - N 4 A 4 2 A  170.1(6) 

Cobalt coordination sphere 

CoA-N 1 A 2.012(6) 
CoA-N2A 2.012(6) 
CoA-N3A 1.654(6) 
CoA-N4A 1 .644(6) 
N1 AXoA-N2A 93.5(3) 
N3AXoA-N4A 1 15.6(3) 
Nl AXoA-N3A 1 12.0(3) 
N 1 AXoA-N4A 1 1 1.6(3) 
N2A-CoA-N3A 1 10.2(3) 
N2AXoA-N4A 1 1 1.7(3) 
01A..CoA..02A 107.6(2) 

BF4- anion 

B-F 

F-B- 

C 1 B-N 1 B 4 5 B  
C 6 B - N 2 B 4  10B 

Selected nonbonded intramolecular contacts (A) 
NlA..N3A 3.045(3) NlB..N3B 
NlA..N4A 3.032(8) NlB..N4B 
N2A..N3A 3.0 14(9) N2B. .N3B 
N2A.. N4A 3.033(9) N2B. .N4B 
N3A. .HlA 2.81(6) N3B..HlB 
N4A. .HlOA 2.86(7) N4B..HlOB 

"Standard deviations of mean values are calculated as c(@ = (x, - a 2 / ( n  - I )  ' I 2 .  I 
influence, but leave invariant parameters r,, r,, and p, would are the most influential. Taking the structures of Fe(N0)2- 
result in either a decrease in the dN.., separation, and con- (PPh,), and Co(NO),(PPh,),+PF,- as a specific example, 
sequently a closing of a (eq. [I]), if the repulsions in M(NO), upon going from the Fe to the Co+ derivative, the values of 
are the predominant factor involved, or a decrease in dL,,,, r,, r,, and p vary little, as shown by a comparison of the data 
and an opening of a (eq. [2]), if the M(NO)(L) repulsions given in refs. 22 and 24. The observed increase in a by ca. 
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ROUSTAN ET AL. 1655 

[ I ]  dNN = 2 ,  rN sin ( a / 2 )  
2 2 2 d,, = r, + r, + 2.  r,. r, . cos (a /2 ) . cos (@/2 )  

FIG. 2. Distances and angles involving the L and NO ligands of 
a pseudotetrahedral M(NO),(L), complex with Clv symmetry. 

13" supports the view that the repulsive interactions in 
M(NO)(L) have a predominent role.5 

A similar situation is encountered in comparing the struc- 
ture of CO(NO),(P(OM~),),'BP~,- (vNO(CH,Cl,) = 1876, 
18 17 cm-') and Co(NO),(Py),'BF,- (vNO(CH,Cl~ = 1876, 
1798 cm-'). Upon replacing the P(OMe,) ligands by pyri- 
dine, the closing of the a angle by ca. 13" from 128.0(8)" to 
115.6(3)"/115.9(3)" is not associated with a decrease in the 
extent of Co to NO back-bonding, as inferred from the vNO 
values. Consequently, there should be no lessening of the 
nonbonded influence of the NO ligands. This implies that in 

'In the series of M(NO),(L); (L = PPh,, x = 0 ,  + 1) deriva- 
tives, the behaviour of both the u (N-M-N) and P (P-M-P) 
angles upon replacing a first row metal by the better back-bonder 
second row metal of the same group is of interest. Whereas u in- 
creases in every case, p is little affected in the cationic series 
(1 13.5(2)" (Co+ (24)), 1 15.8(5)" (Rh' (28))), but decreases sig- 
nificantly in the neutral series (from 11 1.9(1)" (Fe (22)), to 
103.85(6)" (Ru (21))), which increases the compression in M(L),. 
A simple rationalization would be to assume that in the Ru com- 
plex, in which the M to NO back-bonding should be the most in- 
tense, the nonbonded influence of a NO ligand has reached a 
threshold forcing the P angle to close, in order to achieve a more 
favorable rebalancing of the nonbonded forces within the M(NO),, 
M(NO)(L), and M(L), moieties. In support of this hypothesis, based 
on the vNO values, the nonbonded influence of the NO ligands in 
Ir(NO)(CO)(PPh,), (vNO (CHCI,) = 1640 cm-' (29)) and in 
Ru(NO),(PPh,), (vNO (Nujol) = 1665, 16 15 cm- (28), (vNO) = 
1640 cm-I) should be comparable, and the P-h-P angle of the 
Ir complex is found at 103.9(1)' (30), identical to the equivalent 
angle in the Ru derivative. In sharp contrast, in Ir(N0)2(PPh3)2+ 
with fewer electron-rich, and consequently fewer sterically de- 
manding, NO ligands (vNO (Nujol) = 1760, 1715 cm-I (28), 
(vNO) = 1738 cm-I), the P-Ir-P angle has expanded to 116.3(2)' 
(31). 

the pyridine complex (i) the Co(NO), moiety is more com- 
pressed than in the P(OMe), derivative, (ii) the repulsions in 
Co(NO), do not predominate over the Co(NO)(Py) ones in 
fixing the value of the a angle. This closing of a is inter- 
preted as the response of the Co(NO), moiety to the large 
decrease in the C-L bond lengths from 2.209(4)- 
2.214(5) A in the P(OMe), complex (18) to 2.012(6)- 
2.016(6) A in the pyridine derivative, in order to prevent an 
excessive buildup of compression in the Co(NO)(Py) frag- 
ments. The facile dissociation of a Py ligand from 
CO(NO)~(P~),+ becomes then easily understandable as a 
means to provide a decompression of the Co(NO), molecu- 
lar portion. 

The lability of a Py ligand, when it is bound to a CO(NO),+ 
functional group, might be a key factor for the synthesis of 
CO,(NO)~(PN),+BP~,- 2. The formation of complex 2, a 
D~$,,, bimetallic (see footnote 4), requires the condensa- 
tion of two monometallic fragments derived from the 
D%&,, monometallic iodo reactant Co(NO),(PN)I 1. In ad- 
dition, a reductive denitrosylation is necessarily involved, 
for a simple condensation of two DG&,, monometallic spe- 
cies would yield a ~ ~ " o ' ( ~ ~ , ,  bimetallic with an electronic pa- 
rameter one unit less than in the observed product 2, and the 
converse for the structural parameter (footnote 4). 

An already documented (1 l),  but less involved, case of a 
reductive denitrosylation also involving cobalt complexes of 
the same type as 1 is provided by the nearly quantitative 
formation of Co(NO)(PPh,), (D~~, , , )  from a room temper- 
ature reaction in THF of NaBH, with a mixture of the 
DGC0, derivatives Co(NO),(PPh,)Cl and CO(NO),(PP~,),+- 
C1- in the presence of an excess of PPh,. Together with the 
contrasting solution behaviour of Co(NO),(L),' (L = Py, 
phosphane), this allows us to consider the reaction scheme 
of Fig. 3 as a viable reaction pathway for the BPh4- in- 
duced transformation of complex 1 into bimetallic 2. In an 
intermediate such as 4, one of the two possible bimetallics 
that could result from the ionisation of the C-I bond of 1, 
only the cobalt center attached to the N sites of the PN ligand 
would be prone to a phenyl transfer involving BPh4-. How- 
ever, contrary to Co(NO),(Py),+ 3, due to the geometry of 
the PN ligand, the pyridinyl moiety that has to dissociate prior 
to the phenylation step is forced to stay in the vicinity of the 
metallic center and remains available for recomplexation at 
a latter stage. It is recognized that alternatives in which for- 
mation of the C o - C o  bond and (or) the p,-NO bridge pre- 
cedes the reductive denitrosylation step cannot be dismissed 
at present, and synthesis of more stable analogs of the pos- 
tulated intermediate 4 is therefore of interest. 

Conclusion 

In the single crystal X-ray structure of the two indepen- 
dent molecules of CO(NO),(P~),+BF~-, the values of the 
(0)N-4-N(0) angles, when they are compared to those 
of closely related structures, are not readily accounted for in 
terms of the usual assumption that in M(NO),(L)," (x = 0, 
+ 1) the repulsions in the M(NO), portion are the most in- 
fluential factor. Instead, the observed changes from one 
structure to another are more consistent with the notion that 
the repulsions in the M(NO)(L) fragments are the predomi- 
nant ones, the same applies to pentacoordinated complexes 
containing one M(XO)(CO) (X=C, N) moiety (32). 
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The "a" and "n" values of the D;:" type of the cobalt centers 

are indicated as [a+ n 1 

FIG. 3. Suggested reaction pathway for the formation of CO~(NO)~(PN), 'BP~~- 2 in the BPh,- induced partial denitrosylation of 
Co(NO),(PN)I 1. 

With respect to the reactivity of nitrosyl complexes, the 
facile dissociation of the Py ligand from CO(NO),(P~),+ of- 
fers interesting prospects for catalysis (for example, BPh,- 
has a beneficial influence for the catalytic dimerization of 
norbornadiene in the presence of (Co(NO),Cl), (33)). In ad- 
dition, regarding the synthesis of polymetallics containing 
pyridylphosphines as bridging ligands (see for example the 
references quoted in ref. 34), the functionalization of their 
N(Py) donor sites with M(N0) first row metallic fragments 
might result in nonbonded repulsions within the M(NO)(Py) 
moieties that are sufficiently destabilizing for opening up 
reaction pathways leading to the formation of unusual 
structures, as exemplified by the formation of Co,(NO),- 
(PN),+BP4-. 
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A pulse radiolysis study of the reaction of OH with I, and the decay of 1,- 
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A. JOHN ELLIOT. Can. J.  Chem. 70, 1658 (1992). 
The rate constant for the reaction of the hydroxyl radical with iodine was estimated to be (9.5 k 1 .O) x lo9 dm3 mol-I 

s-' at 20°C from fitting the time dependence of the decrease in the absorption of iodine at 460 nm. A number of rate 
constants associated with the decay of 1,- that were required for this fitting process were also determined. They were 
the reaction of 11- with I1-(2k = (4.60 f 0.05) x lo9 dm3 mol-I s-') at an ionic strength of 1.2 x lo-' mol dm-3; 1,- 
with I (k = (4.6 t 1.6) x lo9 dm3 mol-' s-I); and I with I (2k = (3.0 k 1.0) x 10" dm3 mol-' s-I). 

A. JOHN ELLIOT. Can. J. Chem. 70, 1658 (1992). 
En se basant sur un ajustement de la diminution de l'absorption de l'iode a 460 nm en fonction du temps, on a CvaluC 

que, h 20°C, la constante de vitesse de la reaction du radical hydroxyle avec l'iode est Cgale a (9,5 f 1,O) x lo9 dm3 
mol-' s- ' .  On a aussi dCterminC un grand nombre de constantes de vitesses associkes a la dCcroissance de I?- qui Ctaient 
necessaires pour le processus d'ajustement. 11 s'agit de la reaction de 1,- avec I?- (2k = 4,60 k 0,02) x lo9 dm3 mol-' 
S-I), une force ionique de 1,2 x lo-' mol dm-3; de 1,- avec I (k = 4,6 ? 1,6) x lo9 dm3 mol- s-') et de I avec I 
(2k = 3,O I+- 1,O) x 10" dm3 mol-I s-I). 

[Traduit par la rkdaction] 

Introduction 
Since the release of radioactive iodine compounds to the 

environment represents one of the hazards in a nuclear ac- 
I 

cident, considerable effort has been expended to understand 
I iodine chemistry in order to contain these species. An inter- 

I 
mediate goal of this research is to develop a computer sim- 

, ulation package that can be used to model the experimental 
results from such large-scale experiments as the Radio- 
iodine Test Facility (RTF) at Whiteshell Laboratories in 

I 

Manitoba, Canada (1, 2). Once this is successful, the sim- 
I ulation package can then be used to help develop contain- 

ment procedures. As kinetic simulations are only as good as 
the rate constants which are used, many of the rate con- 
stants reported in the early literature of flash and pulse ra- 
diolysis need to be re-evaluated or confirmed in the light of 
the current understandings in iodine chemistry. 

In this publication we report on the rate constants for re- 
actions [ l ]  and [5]-[7] at 20°C. 

[ l ]  OH + I, + I + HOI 

kl = 9.5 x lo9 dm3 mol-I s- '  (this work) 

[3] HOI- + I + OH- k3 = 1.2 x lo8 s-' (4) 

[4] I + I- * 1,- K4 = 1.28 X lo5 dm3 mol-' (see text) 

kdf = 8.8 X lo9 dm3 mol-I s.-' (this work) 

[5] I ?  + 12- + 13- + 1- 

2k5 = 4.6 X lo9 dm3 mol-' s-I (this work) 

kg = 4.6 x lo9 dm3 mol-I s-I (this work) 

[7] I + I + I2 2k7 = 3.0 X 10" dm3 mol-' s-' (this work) 

Based on the minimal loss of 1, in steady-state y-radi- 
olysis of deaerated I, solutions, it was initially assumed that 

OH did not react with I, (5). However, Schwartz and Bielski 
(6 ) ,  in a pulse radiolysis study on N,O-saturated I, solu- 
tions, reported a rate constant of 1.1 X 10" dm3 mol-' s-' 
for reaction [I]. In their experiment they monitored the build- 
up of the absorption at 280 nm where H01 (E = 200 dm3 
mol-' cm-') (7) and I (E = 750 dm3 mol-I cm-') (8) both 
absorb, but mentioned no measurements made at 460 nm, 
the A,,, for 12. 

This system was reinvestigated because the kinetics might 
have been distorted by the production of small amounts of 
1,- which absorbs strongly at 280 nrn (E = 37 000 dm3 mol-I 
cm-I) (9). 1,- can be produced through reactions [5] and [61 
from 1,- formed in equilibrium [4] and in reaction [9] from 
the atomic hydrogen formed in the radiolysis of water. 

[9] H + I2 + 1,- + H+ k9 = 3.5 X 10" mol dm-3 s-I (6) 

Furthermore, the solutions in this pulse radiolysis study (6) 
were multiply-pulsed for signal averaging purposes (dose per 
pulse about 3 Gy) so that other iodine species were also 
present during the experiments (Private communication from 
H.A. Schwartz to N.H. Sagert). 

Experimental 
Potassium iodide, sodium sulphate, and iodine (resublimed) were 

reagent grade quality and were purchased from Anachemia; per- 
chloric acid (69-72%) was Baker Instra-analysed grade; all chem- 
icals were used as supplied. The water used to prepare the solutions 
was distilled once, passed through a Millipore Milli-Q2 system, and 
then redistilled from alkaline permanganate. 

The iodine solutions were prepared by stirring iodine crystals in 
perchloric acid solutions (pH 3.3) for about half an hour in the dark. 
Acidic solutions were used to minimize the hydrolysis of the io- 
dine (reactions [ lo]  and [ l l ] )  (7). 

Immediately after the iodine solutions were prepared, they were 
saturated with N 2 0  by the syringe-bubbler technique. The con- 
centrations of the iodine, I,', and I- in the solution were calcu- 
lated from the UV-vis spectra recorded on a Hewlett-Packard HP 
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TlME (s) 

FIG. 1. The experimental and fitted time profile of the formation and decay of 1,- at 725 nm in N20-saturated potassium iodide solu- 
tions. The iodide concentration and dose per pulse for upper, middle, and lower traces were: 1.2 x mol dm-' and 10.4 Gy; 1.2 X 

mol dm-3 and 9.9 Gy; and 3.7 x mol dm-3 and 9.2 Gy, respectively. The ionic strength was adjusted to 1.2 x lo-' mol dm-3 
with sodium sulphate. 

7000 

5000 

Z 3000 
P 
I- 
U 
Z - 
I- ; 1000 
L3 

-1000 

-3000 
-2.00E-06 2.00E-06 6.00E-06 1.00E-05 

TlME (s) 

FIG. 2. The experimental and fitted time profiles of the absorption at 385 nm (upper) and 460 nm (lower) observed in N,O-saturated 
1.1 x mol dm-3 iodine solution after a 9.8 and 7.8 Gy pulse, respectively. For the simulations of the 385-nm (upper) trace, the 
concentration of iodide ion was 1.0 x mol dm-3 (-.-.- ), 1.25 X mol dm-3 (-), 1.5 x mol dm-3 (---). For simula- 
tions of the 460-nm (lower) trace the value for k, was 10 X 1 O9 dm3 mol-' s- (---.- ), 9 X lo9 dm3 mol-I s-' (-), 8 x 10' dm3 mol-' 
s-' (---), respectively. 
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C O ~ C ~ U S ~ O ~ S  4. D. H. Elision, G. A. Salmon, and F. Wilkinson. Proc. R. Soc. 

The principal conclusion from this work is that the hy- 
droxyl radical does react rapidly with iodine, in agreement 
with Schwartz and Bielski (6). However, the minimal loss 
of iodine observed in the y-radiolysis of deaerated solutions 
of iodine referred to by Sellers (5) can be accounted for by 
regeneration of iodine from the overall reactions [16] and [17] 
(20) and the reduction of the iodate by the radiolytically 
generated hydrogen peroxide to iodine (20). 
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HEE MOON PARK, DAVID M. PIATAK, JOHN R. PETERSON, and ALICE M. CLARK. Can. J. Chem. 70, 1662 (1992). 
Several sugar glutararnide combinations, wherein the aldehyde group of the sugar was incorporated as C-4 of the imide 

ring, were prepared to provide molecules with chemotherapeutic potential. The most interesting bioassay results were 
seen in the inhibition of the bacteria Mycobacterium intracellularae by the glutarimide combinations with D- and L-xy- 
lose. 

HEE MOON PARK, DAVID M. PIATAK, JOHN R. PETERSON et ALICE M. CLARK. Can. J. Chem. 70, 1662 (1992). 
Dans le but d'obtenir des molCcules possCdant un pouvoir chemothirapeutique, on a prCparC plusieurs combinaisons 

de glutarimides de sucre dans lesquelles le groupe aldChydique du sucre a CtC incorpore h la poisition C-4 du cycle imide. 
Les rksultats d'essais biologiques les plus intCressants ont CtC obtenus lors de l'inhibition de la bactCrie Mycobacterium 
intracellularae par les combinaisons de la glutarimide avec les D- et L-xyloses. 

[Traduit par la rkdaction] 

In an effort to identify new molecules with potential as droxyl moieties, benzylation of the free hydroxyl groups, and 
chemotherapeutic agents, combination of the glutarimide periodate oxidation (7). 
ring, a salient feature of the antibiotic cycloheximide and the Construction of the glutarimide ring fragment was now 
antineoplastic sesbanimide, with sugars seemed attractive. begun as patterned after procedures used in the total synthe- 
It was envisioned that such combinations might increase the sis of sesbanimide (8). First, the carbon chain was extended 
solubility characteristics of molecules possessing a glutar- through Wittig condensation of the free aldehyde with 
imide ring and simulate a modified A/B ring partial struc- Ph3P=CHC02Me. Although both Z and E isomers 5* en- 
ture of sesbanimide for evaluation. Although it has been sued, the E form represented over 90% of the product as es- 
demonstrated (1) that rings A and B of sesbanimide possess tablished by 'H NMR signals at 6 6.88 (d, lH ,  J = 7.9 Hz) 
no antineoplastic activity, other biological properties, such and 5.99 (d, lH ,  J = 7.9 Hz). Introduction of the remain- 
as antibacterial and (or) anticonvulsant action, were envis- ing glutarimide ring components and closure to the imide ring 
aged. Our previous experience (2, 3) and reports by 6* was achieved in a one-pot procedure initiated by Michael 
Makaiyama et al. (4) and Yamashita and co-workers (5) with condensation of the unsaturated ester and tert-butyl malon- 
cycloheximide analogues in this context, as well as a recent amide. These products 6* were mixtures of diastereoiso- 
paper (6) on anticonvulsant activity for 2-benzylglutar- mers owing to the creation of new epimeric chiral centers at 
imides, further stimulated exploration of other synthetic the tert-butyl ester group attachment site. Multiplicity of 
combinations incorporating a glutarimide ring. NMR signals, in particular, the 13c NMR signals at 6 165- 

TO ensure appropriate inertness of the sugar h ~ d r o x ~ l s  in 171 for the two orientations of the tert-butyl ester (see Table 
subsequent manipulations of the aldehyde group and to af- 2), permitted this evaluation. 
ford reasonable solubility in reaction media, the synthetic Removal of the tert-butyl ester to yield 7* proceeded in 
procedure began with protection of these moieties. Benzyl- good yield by, first, expulsion of isobutylene with trifluo- 
ation was most attractive since catalytic reduction could be roacetic acid and then dec~boxylation of the acid 
employed in the final step for their removal without affect- by heating in 1 ,2-dimethoxyethane. It was noted later that 
ing the other functional groups. We had noted earlier (2, 3) the decarboxylation was best accomplished by stirring at 
that aqueous acidic or basic conditions that are often used to temperature for 16 h since this obviated glutarimide 
remove many other protecting groups sever the glutarimide cleavage. Spectral of products 7* included 
ring amide linkage and generate a lactone ring in the pres- absorptions at 1720 and 1695 cm-l for the imide system and 
ence of available h ~ d r o x ~ l  groups. the two I3c NMR SignalS at ca. 6 172 for the imide carbonyls. 
hyde groups of the "gars were first protected as To complete the synthetic sequence to the final products 
d i ( e t h ~ l t ~ ~ o ) ~ ~ ~ ~ ~ ~ ~  2,  the h ~ d r o x ~ l s  were c o m ~ l e t e l ~  g* the benzyl protective groups were removed by catalytic 
z~ la ted  with ~a~ and benzyl in and lhen 

reduction. The usual procedure utilizing 5% Pd-C was found the aldehyde groups were regenerated with mercuric chlo- to proceed very slowly, most likely owing to the multiple 
ride and cadmium carbonate to finally afford the benzylated functionalities present. A more efficient catalytic transfer 
sugars 3*. 

To provide for the incorporation of glyceraldehyde into the procedure (9) using 20% palladium hydroxide on carbon and 
cyclohexene as the hydrogen donor was eventually adopted. glutarimide ring 2,3-0,O-dibenzyl-D-glyceraldehyde 3g * was 

secured from D-mannitol by selective protection of the hy- Complete displacement of the benzyl groups was estab- 
lished by the appearance of broad OH absorption in the in- 

' ~ u t h o r  to whom correspondence may be addressed. frared and the absence of any aromatic proton signals in 'H 
'hesent address: Panlabs Inc., 11804 N. Creek Parkway South, NMR spectra. Signals at ca. 6 174 confirmed that the glu- 

Bothell, WA 9801 1-8805, U.S.A. tarimide ring remained intact (see Table 2). 
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To determine the type of biological action of the sugar- 
glutarimide ring combination, in vitro assays for anti- 
candidal, antifungal, antibacterial, anti-Rhino viral, and 
anti-Herpes properties were undertaken. In the anticandidal 
test marginal activity was seen in a 48 h period, while in the 
antifungal procedures Aspergillusflavus, Aspergillus fumi- 
gatus, Tricophyton mentagrophytes, and Sacchromyces 
cerevisiae were unaffected. No effect was seen with both viral 
agents. 

The most interesting results occurred with the bacteria M. 
intracellularae (see Table 3 ) .  Four of the six D- and L-xy- 

lose combinations had strong antibacterial action within the 
72 h test period. Two of the target combinations 8b and 8c 
had reasonable activity, but the L-xylose intermediate 6c* 
with the glutarimide ring epirnerically substituted by the tert- 
butyl ester and the sugar portion fully benzylated exhibited 
the highest degree of inhibition. The structure-activity cor- 
relations are not yet fully apparent although it can be noted 
that combination with L-xylose appears to be favored. With 
the other bacterial agents employed, Candida neoformans, 
Escherichia coli, Staphylococcus aureus, Bacillis subtilis, 
or Pseudomonas aeruginosa, no positive results were seen. 

PhCH,Cl CH(SEt)2 HgCI, C H O  (Ph),P=CHCO,Me C H  = C H C 0 2 M e  
- I  
NaH R* 

- I CdCO, R *  I 
R * 

DMSO 

H H 

K/'BUOH 

H,NCOCH,CO~BU 2. D M E  

R* R* 

6 7 8 

R = normal sugar residue R *  = fully benzylated sugar residue 

Experimental 
All commercial reagents were used as obtained unless other- 

wise specified. Melting points (mp) were taken on a Fisher-Johns 
block and are uncorrected. IR spectra were recorded with a Sargent- 
Welch 3-200 spectrophotometer as KBr pellets or neat; 'H and I3c 
NMR spectra were obtained with an IBM-NR 200 spectrometer on 
samples dissolved in deuteriochloroform with tetramethylsilane as 

. an internal standard unless otherwise stated; and elemental anal- 
yses were performed on a Perkin-Elmer 240 elemental analyzer by 
Ms. P. Rider. 

Column chromatography was done on Silica Gel 60, and ana- 
lytical TLC on precoated sheets of Silica Gel 60 F254 supplied by 
EM Reagents. All solvents were redistilled in glass systems. Or- 
ganic phases were dried over magnesium sulfate before solvent 
removal. 

Formation of di(ethy1thio)acetals 
The thioacetals 2 were formed by reported procedures (10-13) 

using ethyl mercaptan and concentrated HCI (see Table 1). 

Benzylation of thioacetals 
In a typical experiment NaH (2.5 g, 50% oil dispersion) was 

added to DMSO (10 mL) under nitrogen. The dithioacetal of D- 
glucose ( l a ,  2.0 g) dissolved in DMSO (10 mL) was added drop- 
wise, then stirred for 40 min, after which benzyl chloride (4.8 mL) 
was added. 'The excess NaH was destroyed with methanol (2 mL) 
after 2.5 h, followed by 20 mL of water. The product was ex- 
tracted into ethyl acetate (3 X 30 mL) and washed with water 

(2 x 20 mL). Purification of the oily syrup (4.2 g) by column 
chromatography afforded 3.4 g of product 2a*. See Tables 1 and 
2 for yield and spectral data for this compound and others. 

Removal of the thioacetal moieties 
Although mercuric perchlorate (13) reacted more quickly and 

gave somewhat better yields, mercuric chloride-cadmium car- 
bonate was found to be less expensive for larger scale reactions. 
Typically, benzylated D-xylose thioacetal 3b* (46.26 g), mercuric 
chloride (100 g), cadmium carbonate (100 g), acetone (750 mL), 
and water (125 mL) were stirred at ambient temperature for 22 h. 
The solids were removed by filtration, the residual oil from the 
filtrate was taken up into ethyl acetate, and the organic layer was 
washed with water, 10% potassium iodide, and water. The prod- 
uct was purified by column chromatography (20% ethyl acetate/ 
hexane) to yield 4b* as a colorless oil (30.6 g; 76%). See Tables 
1 and 2 for additional data and other examples. 

Wittig reaction with benzylated sugars 
In a typical experiment a mixture of benzylated D-xylose 4b* 

(685 mg) and methyl(triphenylphosphoranylidene)acetate (538 mg; 
1.1 equiv.) in benzene (15 mL) was stirred in a nitrogen atmo- 
sphere at reflux for 24 h. The solution was filtered through a short 
silica gel column to remove triphenylphosphine oxide. Removal of 
the solvent gave an oily product, which was column chromato- 
graphed (10% ethyl acetate/hexane) to afford 671 mg (88%; Rp 
0.35) of syrupy 5b*.  See Tables 1 and 2 for additional data and 
other examples. 
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TABLE 1. Reaction yields (%) and physical data for productsa 

Michael 
reaction 

Thioketal Wittig tert-Butyl Benzyl Melting point of final 
removal product Product Recovered removal removal product ("C) 

Base sugar used 4* 5* 6* 5* 7* 8 8 

D-Glucose a 72% 95 29 35 87 53 170-171 
D-Xylose b 76 87 44 29 82 75 129-131 
L-Xylose c 5 1 70 59 32 95 72 130-133 
2-Deoxy-D-galactose d 84 96 70 29 95 85 168-169 
2-Deoxy-D-glucose e 56 98 68 3 1 97 71 157-160 
2-Deoxy-D-ribose f 78 99 56 27 68 76 125-127 
D-Glyceraldehyde g - 85 61 27 97 76 129-130 

"CHN elemental analyses of products were with 0 . 4 .  

TABLE 2. Selected I3c NMR data for intermediates and productsa 

Thioketal Wittig Michael terr-Butyl Final 
removal product productb.' removal productb 

4* 5* 6* 7* 8 

(C=O) 
Base sugar used (C=O) (CHd (CH=) (CH,) (CH,) (COO) (CH,) (C=O) (C-4 H) (CH,) (C=O) (C-4 H) (CH,OH) 

D-Glucose a 200.6 145.6 166.3 168.6 172.3 31.6 174.1 32.4 63.5 
122.4 51.4 172.1 173.9 

D-Xylose b 201 .O 145.5 166.4 168.1 172.5 31.7 173.6 32.6 62.7 
122.5 51.5 172.3 173.3 

L-Xylose c 201.0 145.5 165.6 167.3 172.4 31.6 173.6 32.6 62.3 
122.5 51.5 172.2 173.3 

2-Deoxy-D-galactose d 200.2 45.3 146.5 166.7 33.6 168.6 35.6 172.4 26.9 35.8 173.4 26.7 63.0 
122.7 51.3 165.6 35.0 172.3 173.3 

2-Deoxy-D-glucose e 200.9 45.6 145.6 166.6 34.2 168.3 35.3 172.4 27.1 173.7 27.0 63.8 
123.0 51.3 165.9 33.4 172.2 173.6 

2-Deoxy-D-ribose f 200.7 45.0 145.9 166.7 33.6 168.6 35.8 172.1 27.0 35.5 173.5 26.9 62.5 
123.1 51.3 166.1 32.9 171.9 173.3 

D-glyceraldehyde g 200.8 147.3 166.2 169.1 172.7 32.2 173.5 32.1 63.0 
122.4 51.3 167.1 172.6 173.4 

"Signals for -CHOCH,- were 6 68.5-81.5 and, for -C6H,, 126.8-138.7 for most derivatives. 
bTaken in DMSO-d6 solution. 
'Multiple signals were seen in most instances owing to diastereomers formed. 

Michael condensation of unsaturated sugar ester 
Freshly cut potassium metal (17.2 mg; 0.44 mmol) was added 

to tert-butyl alcohol (3 mL) distilled from calcium hydride. After 
the metal had reacted, tert-butyl a-aminocarbonyl acetate (83.4 mg; 
0.53 mmol) was added. After 30 min a solution of the 2-deoxy-D- 
ribose unsaturated methyl ester Sf* (30 mg; 0.44 mmol) in tert-butyl 
alcohol (1.0 mL) was added and the reaction was stirred overnight 
under argon. 

The reaction was quenched with acetic acid (1 mL), then with 
water (10 mL). The product was extracted into ethyl acetate (2 x 
5 mL), washed with water (2 X 5 mL) and saturated sodium bi- 
carbonate, and dried. The resultant yellow syrup was purified by 
column chromatography (30% ethyl acetate/hexane) to yield pure 
6f* (169 mg; 56%; R, 0.40). See Tables 1 and 2 for additional data 
and other examples. 

Removal of the tert-butoxycarbonyl moiety 
In a typical experiment, the Michael product from 2-deoxy-D- 

ribose 6f* (5.74 g) in methylene chloride (100 mL) was intro- 
duced into trifluoroacetic acid (50 mL) and the mixture was stirred 
at ambient temperature for 16 h. The solvent was then removed in 
vacuo overnight, and the residue was dissolved in dimethoxy- 
ethane (100 mL) and stirred at room temperature for 16 h. The crude 

benzylated sugar glutarimide was purified by column chromatog- 
raphy (10% acetone/chloroform) to give syrupy 7f * (3.06 g; 68%). 
Additional data and other examples may be found in Tables 1 
and 2. 

Removal of benzyl protecting groups 
Palladium hydroxide on carbon (14) (20%; 50 mg; usually 10: 1 

or 4 :  1 substrate:catalyst ratio by weight) was introduced into a 
solution of the benzylated L-xylose glutarimide 7c* (441 mg) in 
ethanol (8 mL) and cyclohexene (4 mL). The suspension was stirred 
under reflux and monitored by TLC. The catalyst was removed by 
filtration, the filtrate evaporated to dryness, and the product crys- 
tallized directly or purified by column chromatography (30% 
methanol/chloroform). The yield of 8 c  was 321 mg (72%); mp 
130-133°C. Tables 1 and 2 contain additional data and other ex- 
amples. 

Bioassays 
Activity of a synthetic agent was measured with an in vitro assay 

in which the measure of effectiveness was achieved by the inhi- 
bition of candidal, fungal, microbial, or viral growth with a known 
amount of the agent. Antifungal and antimicrobial assays were 
conducted by an agar-well diffusion assay as described in ref. 15 
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TABLE 3. Significant antibacterial results with M. intracellularae 

MIC" 
Compound 48 h 72 h ( ~ g / m L )  

~ - G l u c o s e ~  
tert-butoxyimide 6a* - 5' 

D-Xylose 
tert-butoxyimide 6b * - 2 
benzyl product 7b * - 3 
final product 8b - 10 50 

L-Xylose 
tert-butoxyimide 6c* - 10 <0.2 
benzyl product 7c* - 23 1.56 
final product 8c -- 15 100 

Standard 
Rifampin 24 

"Minimum inhibitory concentration. 
bInitial sugar used. 
'Zone of inhibition in mm. 

with some minor modifications. Qualitative activity is reported as 
the average of the zone of inhibition measured in millimetres from 
the edge of the well containing the compound to the edge of the 
zone. A zone of 1-3 mm = marginal activity; 4-7 mm = mod- 
erate-good; 8-12 mm = good; and > 12 = excellent. 

Pure compounds were tested at 1 mg/mL with 100 p,L applied, 
and the test was conducted for a specified time interval. The min- 
imum inhibitory concentration (MIC) was also a factor since lower 
concentrations with similar zones of inhibition would denote a more 
active compound. The method used for the MIC determination was 
the twofold serial broth dilution assay (16). Test data were com- 
pared with standards such as amphotericin B and ketoconazole. See 
Table 3 for test data of compounds with more than marginal activ- 
ity. 

Antiviral assays (17) were performed on confluent monolayers 
of Vero cells infected by virus diluted with Eagle's Minimum Es- 
sential Medium (EMEM) in 6% bovine serum in microtiter plates 
wells. After 1 h adsorption time, 150 p,L/well of each sample di- 
lution was added and the plates incubated. Activity of a com- 
pound was defined as 50% or greater inhibition of the cytopathic 
effect, by comparison with viral controls, in at least one dilution 
of sample. For anti-Rhino assays, disoxiral was used as the posi- 
tive control, and for anti-Herpes assays, ganciclovir was em- 

ployed. Further details about either type of assay may be obtained 
from the authors. 
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ANDREW W. HAKIN and COLIN L. BESWICK. Can. J. Chem. 70, 1666 (1992). 
In this paper we report enthalpies of solution at infinite dilution (AH3 at 298.15 K for tetraphenylarsonium chloride 

(Ph,AsCl), sodium tetraphenylborate (NaBPh,), sodium chloride (NaCl), sodium bromide (NaBr), and sodium iodide 
(NaI) in water and aqueous solutions containing 5, 10, 20, and 30% urea by weight. Enthalpies of transfer from water 
to aqueous urea solutions are reported. Single-ion enthalpies of transfer (AH:) have been calculated using the tetra- 
phenylarsonium tetraphenylborate, (TATB) reference electrolyte assumption. These single-ion enthalpy data have been 
combined with single-ion Gibbs functions of transfer (AG:) reported in the literature to obtain single-ion entropies of 
transfer (AS:) for the urea + water mixed solvent system. The results of this single-ion analysis are discussed in terms 
of the impact of electrolytes on the structure of aqueous urea solutions. 

ANDREW W. HAKIN et COLIN L. BESWICK. Can. J. Chem. 70, 1666 (1992). 
Dans ce travail, on a mesure les enthalpies de solution h dilution infinie (AH:), i 298,15 K, des chlorure de 

t6traphCnylarsonium (Ph,AsCl), tCtraphCnylborate de sodium (NaBPh,), chlorure de sodium (NaCl), bromure de so- 
dium (NaBr) et iodure de sodium (NaI) dans l'eau et dans des solutions aqueuses contenant 5,  10, 20 et 30% d'urCe en 
poids. On rapporte aussi les enthalpies de transfert de l'eau vers les solutions aqueuses d'uree. On a calculC les enthal- 
pies de transfert des ions uniques (AH:) utilisant l'hypothese de l'electrolyte de reference tktraphenylborate de 
tetraphenylarsoniurn (TBTA). Dans le but d'obtenir les entropies de transfert pour ions uniques (AS:) pour le systeme 
de solvant mixte uree/eau, on a combine ces donnees d'enthalpie pour ions uniques avec les fonctions de transfert de 
Gibbs pour des ions uniques (AG:) rapportees dans la litterature. On discute des rksultats de cette analyse pour ions uniques 
en fonction de l'impact des Clectrolytes sur la structure des solutions aqueuses de l'uree. 

[Traduit par la rkdaction] 

Introduction single-ion enthalpies with published (1 1-13) single-ion Gibbs 

Single-ion thermodynamic transfer functions of solutes 
from one solvent (often water) to another find applications 
in many areas of chemistry. By far the most studied of these 
thermodynamic properties are Gibbs energies of transfer (1- 
4). These data have been used to interpret patterns observed 
in rate constants (5), and also to relate pH values in a given 
solvent to the conventional aqueous pH scale (3). Less ex- 
tensive compilations of single-ion data exist for enthalpies 
(6-8) and entropies (8-10) of transfer. These data provide 
information on the structural interactions of ions with sur- 
rounding solvent. 

In this paper we concentrate on enthalpies and entropies 
of transfer for solutes in the urea + water solvent system. AG: 
data (5a, 10, 1 I), and the AH: and AS: data reported in this 
paper are some of the essential building blocks that provide 
a basis for a critical analysis of extrathermodynamic as- 
sumptions used in the calculation of single-ion thermody- 
namic properties, with particular emphasis on temperature 
and pressure derivatives of Gibbs energies (H, S ,  C,). 

This paper reports enthalpies of solution at infinite dilu- 
tion (AH:) at 298.15 K for NaC1, NaBr, NaI, Ph4AsC1, and 
NaBPh, in water and aqueous urea solutions containing 5 ,  
10, 20, and 30% urea by weight. These data have been used 
to calculate enthalpies of transfer and subsequently single-ion 
enthalpies of transfer (AH:), using the tetraphenylarsonium 
tetraphenylborate (TATB) reference electrolyte assump- 
tion. In addition we report single-ion entropies of transfer 
(AS:) for solutes from water to aqueous urea solutions; these 
entropies have been calculated from the combination of our 

' ~ u t h o r  to whom correspondence may be addressed 
2~evision received January 6, 1992. 

energies. 
Extensive thermodynamic functions of transfer for a 1 : 1 

salt M X  transferred from water (1) to another solvent, or 
solvent mixture (2), are defined by 

where Y represents the extensive thermodynamic function of 
interest, for example Gibbs energy, enthalpy, or volume; 
subscript t indicates a transfer property, and subscript s re- 
fers to a solid + solution property. The symbol 8 indicates 
that we are dealing with thermodynamic functions for infi- 
nitely dilute solutions. 

Various extrathermodynamic assumptions have been used 
to convert the bulk thermodynamic functions of eq. [ I ]  into 
single-ion properties (1). Of these we are especially con- 
cerned with the TATB reference electrolyte extrathermo- 
dynamic assumption (1). 

The reference electrolytye assumption is based on the idea 
that specific, oppositely charged, large ions of equal size and 
similar structure have equal interactions with the solvent. The 
TATB reference electrolyte extrathermodynamic assump- 
tion method is summarized by eq.  [2]: 

Unfortunately Ph,AsBPh, is only sparingly soluble in water 
and aqueous urea solutions, which complicates calorimetric 
measurements. It is convenient to obtain transfer data for 
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HAKIN AND BESWICK 1667 

this salt by combining relevant transfer data for Ph,AsCl, 
NaBPh,, and NaCl using eq. [3].: 

Experimental 
Urea (certified A.C.S. grade, Fisher Chemicals Ltd.) was used 

without further purification, after drying for 24 h in a vacuum oven 
at 50°C over phosphorus pentoxide. Sodium tetraphenylborate 
(99.5% + , Aldrich Chemical Company) was used without further 
purification. Tetraphenylarsonium chloride (K & K laboratories) 
was recrystallized several times, using the method of Kalfoglou and 
Bowen (14). NaI (Aldrich Chemical Company) was recrystallized 
from water and dried in vacuo at 100°C. NaCl and NaBr (Aldrich 
Chemical Company) were both 99.99% pure and were used with- 
out further purification. All of these inorganic salts were stored in 
a vacuum oven at 70°C over phosphorus pentoxide. 

Doubly distilled water was used in all of our experiments. 
Enthalpies of solution were measured with a homemade isoper- 

ibol solution calorimeter (15) and with a LKB 8700-1 precision 
calorimetry system. Both systems were tested at regular intervals 
by measuring the enthalpy of solution of tris(hydroxymethy1)- 
aminomethane in excess 0.1 M hydrochloric acid at 2S°C (16). 
Results of these tests are reflected in estimates of our calorimetric 
uncertainties. Enthalpies of solution, at 298.15 K,  were measured 
for tetraphenylarsonium chloride, sodium tetraphenylborate, so- 
dium chloride, sodium bromide, and sodium iodide in water and 
in solutions containing 5 ,  10, 20, and 30% urea by weight. The 
molalities (defined as the number of moles of salt in 1 kg of mixed 
solvent) of the electrolyte solutions investigated were in the range 
5 x - 5 x mol kg-'. This focus on ions at low concen- 
tration provides information about ion-solvent interactions, and 
excludes effects of ion-ion interactions, which become increas- 
ingly important at higher concentrations. 

Results 
Single-ion enthalpies of transfer (AH:) 

Enthalpies of solution at infinite dilution (AH!), were ob- 
tained from measured enthalpies of solution at finite con- 
centration by using the extended Debye-Huckel extrapolation 
method proposed by Guggenheim and Prue (17) and devel- 
oped by others (1 8, 19). 

[4] p = AH! - 2 - 303 R T ~  (g) (u+u-m) 

where 

U 

[51 p = AH, - - I z + z - ~  ~~d a 
2 

and 

Where a ( d )  is a function of the ionic strength, I, and B is 
a constant at a given temperature. Debye-Huckel limiting 
slopes, AH, for aqueous urea solutions were interpolated from 
the data of Verrall and Dickson (20). Values for AH! ob- 

tained from plots of p vs. m are reported in Table 1, along 
with AH! values previously reported by others. We esti- 
mate that our total uncertainties (calorimetry, chemicals, and 
extrapolation) are about 0.25 kJ mol-' for PbAsCl and about 
0.10 kJ mol-' for the other salts. Our results are in good 
agreement with the few AH: values previously reported. Our 
AH: data were used in conjunction with eq. [ l ]  to calculate 
the enthalpies of transfer reported in Table 2. Figure 1 illus- 
trates the dependence of the transfer enthalpies for the salts 
investigated on the weight per cent of urea present in solu- 
tion. 

Single-ion enthalpy of transfer values reported in Table 3 
were calculated using the TATB assumption (see eq. [2]). 
Although this method of calculation has been recom- 
mended, it should be noted that it represents only one ap- 
proach to the calculation of single-ion thermodynamic 
quantities. The adoption of other assumptions (1) may lead 
to different single-ion values. 

Included in Table 3 are single-ion enthalpies of transfer 
for other ions calculated from the combination of our own 
single-ion parameters with additional enthalpy of transfer data 
available in the literature (8, 33). Trends in these enthalpy 
data as functions of weight per cent urea present in solution 
are shown in Figs. 2-4. 

Single-ion entropies of transfer (AS:) 
Gibbs functions of transfer at 298.15 K have been calcu- 

lated, on the molar (c) scale, using the solubility product data 
at 298.15 K reported by Kundu and co-workers ( 1 1, 12), and 
eq. [8]: 

The TATB reference electrolyte assumption has been used 
to divide bulk Gibbs energies of transfer into single-ion 
contributions. Single-ion enthalpies of transfer for solutions 
containing 1 1.52, 20.31, and 29.64 wt.% urea pertinent to 
Kundu's AG! values were interpolated from our enthalpies. 
Single-ion entropies of transfer (molar scale), AS;(C), were 
calculated by combining these enthalpies with single-ion 
Gibbs energies of transfer (molar scale), AG;(C). The sin- 
gle-ion entropies calculated from this procedure are re- 
ported in Table 4. 

Discussion 
Comparison of our single-ion enthalpies of transfer with 

those that can be calculated from Gibbs energy and entropy 
data reported by Kundu and co-workers (1 1) identifies dif- 
ferences that are larger than the sum of estimated uncertain- 
ties in their results and ours. These discrepancies cannot be 
attributed to the choice of reference electrolyte assumption. 
In general, single-ion enthalpies calculated from calorimet- 
ric enthalpy data are supposed to be more reliable than their 
estimation from Gibbs energy data collected at various tem- 
peratures. 

Several authors (20, 33, 34) have used changes in sol- 
vent organization brought about by cosphere overlap be- 
tween cosolvent and transferred ion to explain patterns 
observed in single-ion entropies and enthalpies of transfer. 

Urea is regarded as a hydrophilic structure disrupter in 
aqueous solution (21-23), the amount of structure disrup- 
tion increasing with increased urea concentration. Hydro- 
philic cosolvent, hydrophobic ion cosphere overlap results 
in an overall loss of water molecules from the structured 
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TABLE 1. Enthalpies of solution at infinite dilution for aqueous urea solutions at 298.15 K (kJ mol-I) 

Weight % urea 

Salt 0 5 10 20 30 

Ph4AsC1 - 10.62 -9.93 -10.26 -10.83 -11.10 
-10.75 2 0.2Y 

NaCl 3.90 3.00 2.16 0.93 -0.13 
3.90 ? 0 . 0 8 ~  
4.12 2 0.08' 

3 . 8 ~ 3 ~  
3.85 2 0.21' 2.24 ? 0.21' 0.92 2 0.21" -0.12 2 0.21' 

NaBr -0.53 - 1.55 -2.49 -4.15 -5.28 
-0.63 a 0.08" 
-0.50 2 0.04b 

-0.60~ 

NaI -7.54 -8.60 -9.43 -11.17 - 12.61 
-7.53* - 10.18 2 0.04' - 11.59 2 0.04' - 13.36 ? 0.08' 

"Reference 7. 
b~eference 29. 
'Reference 22. 
dReference 30. 
'Reference 8. 
/Reference 3 1 .  
SReference 32. 
hReference 6. 

TABLE 2. Enthalpies of transfer from water to aqueous urea solu- 
tions at 298.15 K (kJ mol-I) 

Weight % urea 

Salt 5 % 10% 20% 30% 

Ph4AsC1 0.69 0.36 -0.21 -0.48 
NaBPh4 1.11 2.36 4.09 5.54 

Ph,AsBPh, 2.69 4.47 6.86 9.09 
NaCl -0.90 - 1.75 -2.98 -4.03 
NaBr -1.02 -1.96 -3.62 -4.75 
NaI - 1.07 -1.90 -3.63 -5.08 

hydration zones. In effect, the presence of urea diminishes 
the structure-promoting capacity of the hydrophobic ion. In 
the transfer processes water is released from the structured 
cosphere environment to the bulk solvent, hence increasing 
the disorder of the solvent system, which results in positive 
entropies of transfer. A loss of water molecules from the 
cospheres is accompanied by hydrogen bond breaking and 
therefore positive enthalpies of transfer are observed. Hy- 
drophilic cosolvent, hydrophilic ion cosphere overlap re- 
sults in an incorporation of water molecules from the bulk 
solvent into the more structured cosphere environment. This 
overlap process decreases the degree of disorder in the sol- 
vent system (i.e., negative entropies of transfer) and pro- 
motes hydrogen bonding in the cospheres (i.e., negative 
enthalpies of transfer). In other words both urea and the 

0 5  1 0  1 5  2 0 2 5  3 0 

Weight per cent urea 

FIG. I. .Enthalpies of transfer (W mol-I) from water to aqueous 
urea solutions at 298.15 K for selected electrolytes. (0) Ph4AsC1; 
(0) NaBPh,; (0) Ph4AsBPh4; ( X )  NaC1; (0) NaBr; (A) NaI. 

transferred ion disrupt water structure; therefore in aqueous 
urea solution the structure disrupting capacity of the ion is 
decreased. 

Figure 1 reports enthalpies of transfer for several salts as 
a function of urea concentration in aqueous solution. Four 
of these salts contain the same cation (sodium) and there- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HAKIN AND BESWICK 1669 

TABLE 3. Single-ion enthalpies of transfer from water to aqueous 
urea solutions at 298.15 K (kJ mol-I) 

Weight % urea 

Ion 5 % 10% 20% 30% 

Ph,As+ 
BPh4- 
Na' 
c1- 
Br- 
1- 

K+O 
Rb'" 
CS+" 

NH4+" 
M ~ ~ N + ~  
Et4N+b 
B U , N + ~  

"Calculated from data contained in  ref. 8. 
bCalculated from data contained in  ref. 33. 

Weight per cent urea 

FIG. 2. Single-ion enthalpies of transfer (W mol-I) from water 
to aqueous urea solutions at 298.15 K for selected anions. ( 0 )  BPb-; 
(0) c1-; (0) Br-; (X) I-. 

fore the differences observed in their enthal~ies  of transfer 
can be attributed to the effects of the anion. From this view- 
point it is clear that aqueous urea solutions accommodate 
Ph4B- ions in a different manner from the way in which they 
accommodate halide ions. Single-ion enthalpies of transfer 
calculated using the TATB assumption are reported for sev- 
eral anions and cations in Figs. 2 and 3 respectively. These 
figures indicate that Ph4As+ and Ph4B- can be regarded as 
structure enhancers (positive AH:) whereas the halide an- 
ions should be classed as structure disrupters (negative w) 
in aqueous urea solutions. The structuring capacity of the 
alkali metal cations appears to be linked to cation size. The 
structure disruption capacity following the order Na' < K' 
< Rb' < Cs+. This relations hi^ between ion size and struc- 
ture disruption capacity appears to be paralleled by the ha- 
lide ions. Figure 4 displays trends in single-ion enthalpies of 
transfer for ammonium and alkvlammonium cations as a 
function of urea concentration in aqueous solution. The trends 

0  5  1 0  1 5  2 0  2 5  30  3  5  

Weight per cent urea 

FIG. 3. Single-ion enthalpies of transfer (kJ mol-I) from water 
to aqueous urea solutions at 298.15 K for selected cations. ( 0 )  
Ph4As'; (0) Na'; (+) K+;  ( x )  Rb'; ( a )  CS'. 

0  5 1 0  1 5  2 0 2 5 3  0  35  

Weight per cent urea 

FIG. 4. Single-ion enthalpies of transfer (kJ mol-I) from water 
to aqueous urea solutions at 298.15 K for the ammonium cation and 
alkylammonium cations. ( 0 )  NH:; (0) Me,N'; (+) Et,N+; ( a )  
BU,N+. 

observed suggest that Me4N+ and Et4N' behave as structure 
disrupters whereas Bu4N+ behaves as a structure enhancer 
in aqueous urea solutions. Such classifications are in agree- 
ment with previous studies (24-27). The trends observed in 
single-ion entropies reported in Table 4 are consistent with 
the structure enhancing/disrupting classifications described 
above. 

The transfer of a halide ion from water to an aqueous urea 
solution is a spontaneous process, as indicated by a nega- 
tive Gibbs energy of transfer (5a, 11). Halide ions are sta- 
bilized in aqueous urea solutions, and enthalpy/entropy 
compensation calculations suggest that the transfer pro- 
cesses are enthalpy controlled. However, the transfer of an 
alkali metal ion from water to an aqueous urea solution is a 
non-spontaneous process, i.e., positive AG (5a, 1 1). Al- 
kali metal cations are destabilized in aqueous urea solutions 
and enthalpy/entropy compensation calculations suggest that 
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TABLE 4. Single-ion entropies of transfer (molar scale) 6. M. H. Abraham, T. Hill, H. C.  Ling, R. A. Schulz, and R. 
from water to aqueous urea solutions at 298.15 K (J K-' A. C. Watt. J. Chem. Soc. Faraday Trans. 1, 80, 489 (1984). 

mol-l) 7. M. Booij and G. Somsen. Electrochim. Acta, 28, 1883 (1983). 
8. Y. Pointud and J. Juillard. J. Chem. Soc. Faraday Trans. 1, 

Weight % urea 73, 1048 (1977). 
9. A. F. Danil de Namor and H. Beroa de Ponce. J. Chem. Soc. 

Ion 11.52% 20.31% 29.64% Faraday Trans. 1, 84, 1671 (1988). 

the transfer processes are entropy controlled. These results 
indicate that aqueous urea solutions accommodate anions 
differently from the manner in which they accommodate 
cations. Such an observation is common to other aqueous 
solvent mixtures (6, 28). 
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Equilibrium constants and heats of formation of methyl esters and N,N-dimethyl 
amides of substituted benzoic acids 
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J. PETER GUTHRIE, DAVID C. PIKE, and YIU-CHUNG LEE. Can. J. Chem. 70, 1671 (1992). 
Heats of methanolysis and dimethylaminolysis of substituted benzoyl chlorides (4-X-C6H4-COC1, X = H, CH,, 0CH3, 

C1, NO,) have been measured, as have the heats of hydrolysis of the esters, permitting the calculation of the heats of 
formation of the benzoyl chlorides (4-X-C6H4-COCl, X, DHf: CH30, -80.29 + 0.70; CH,, -48.10 + 1.46; NO,, 
-47.70 2 0.87), methyl benzoate esters (4-X-C6H4-COOCH,, X, DH,: CH30, - 124.50 + 0.39; CH,, -93.99 t 0.58; 
C1, -92.09 + 0.53; NO,, -92.55 5 0.3 l) ,  and N,N-dimethylbenzamides (4-X-C6H4-CON(CH3),, X, DHf: CH30, 
-75.87 + 1.42; CH,, -46.62 t 1.99; H, -40.96 2 1.41; C1, -49.33 + 1.09; NO,, -48.05 + 1.53). Free energies 
of transfer from methanol to water and from gas to water were determined for the esters and amides. Free energies of 
formation in aqueous solution were calculated for the acids, esters and amides, making use of thermodynamic estima- 
tion procedures where necessary. Equilibrium constants were measured for ester formation in water (X, K (M-I): CH30, 
0.14; CH,, 0.14; H, 0.12; C1, 0.15; NO,, 0.13) and N,N-dimethylaminolysis in methanol (X, K (M-I): CH30, 8.16; 
CH,, 17.5; H, 26.5; C1, 22.6; NO,, 41.0). Partition constants for esters and amides were measured for methanol/do- 
decane and dodecane/water, permitting calculation of the free energy of transfer from methanol to water (4-X-C6H4- 
COOCH,, X, DG,,: CH30, 3.12; CH,, 3.17; H, 3.01; C1, 3.43; NO,, 2.89; 4-X-C6H4-CON(CH,),, X, DG,,: CH30, 
0.96; CH,, 1.48; H, 0.92; Cl, 1.77; NO2, 0.99). These data permit calculation of the equilibrium constants for dime- 
thylaminolysis of substituted methyl benzoates in water, and for amide formation in water (4-X-C6H4-CON(CH,),, X, 
K(M-', reactants and products as neutral molecules): CH30, 767; CH,, 752; H, 2050; C1, 1020; NO,, 2350). In the course 
of our calorimetric measurements we derived an improved value for the heat of solution of HC1 in methanol. 

J. PETER GUTHRIE, DAVID C. PIKE et YIU-CHUNG LEE. Can. J. Chem. 70, 167 1 (1992). 
On a mesure les chaleurs de methanolyse et de dimethylaminolyse de chlorures de benzyles substitues (4-X-C6&-COC1, 

X = H, CH,, 0CH3, C1 et NO,) ainsi que les chaleurs d'hydrolyse des esters, permettant de calculer les chaleurs de 
formation des chlorures de benzoyles (4-X-C6H4-COC1, X, DHf : CH30, -80,29 t 0,70; CH,, -48,lO ? 1,46; NO,, 
-47,70 2 0,87), des benzoates de methyle (4-X-C,H4-COOCH,, X, DHf : CH30, - 124,50 + 0,39; CH,, -93,99 r 
0,58; C1, -92,09 2 0,53; NO,, -92,55 + 0,311 et des N,N-dimkthylbenzarnides (4-X-C6&-CON(CH,),, X, DHr : CH30, 
-75,87 2 1,42; CH,, -46, 62 + 1,99; H, -40,96 2 1,41; C1, -49,33 + 1,09; NO,, -48,05 + 133). On a aussi 
determine les Cnergies libre de transfert du methanol 21 l'eau et de la phase gazeuse B l'eau pour les esters et les amides. 
Faisant appel B des mkthodes d'Cvaluations thermodynamiques lorsque necessaire, on a calcule les energies de forma- 
tion en solution aqueuse pour les acides, les esters et les amides. On a mesure les constantes d'kquilibre pour la for- 
mation des esters dans I'eau (X, K (M-')) : CH,), 0,14; CH,, 0,14; H, 0,12; C1, 0,15; NO,, 0,13) et pour la 
dimCthylaminolyse dans le methanol (X, K (M-I)) : CH30, 8,16; CH,, 17,5; H, 26,5; C1, 22,6; NO,, 41,O). On a me- 
sure les constantes de partition des esters et des amides entre le mCthanol/dodCcane et le dodecaneleau, ce qui permet 
de calculer les energies libres de transfert du methanol 2I I'eau (4-X-C6H4-COOCH,, X, DG,, : CH30, 3,12; CH,, 3,17; 
H, 3,Ol; C1, 3,43; NO,, 2,89; 4-X-C,&-CON(CH,),, X, DG, : CH30, 0,96; CH,, 1,48; H, 0,92; C1, 1,77; NO,, 0,99). 
Ces donnkes permettent de calculer les constantes d'equilibre pour la dimCthylaminolyse de benzoates de methyle sub- 
stitues dans l'eau et pour la formation des amides dans l'eau (4-X-C6H4-CON(CH3),, X, K (M-'), rkactifs et produits 
sous la forme de molCcules neutres) : CH,O, 767; CH,, 752; H, 2050; C1, 1020; NO,, 2350). Dans le cadre de nos me- 
sures calorimCtriques, on a obtenu une valeur amelioree pour la chaleur de solution du HCI dans le methanol. 

[Traduit par la redaction] 

Introduction 

We have been interested for some time in the energetics 
of acyl transfer reactions (1) and in the energy levels of tet- 
rahedral intermediates in ester (2, 3) and amide (4) hydro- 
lyses. As part of a project aimed at extending this study to a 
series of substituted benzamides, we determined heats of 
formation of several N,N-dimethylbenzamides and methyl 
benzoates. These data permit calculation of the heats of 
aminolysis. Ester aminolysis is a curious reaction, which is 
not often useful because it is slow, even though it should be 
thermodynamically favorable. We find that the heats of di- 
methyl aminolysis for substituted methyl benzoates are small 
and not very sensitive to substituents. We also measured 
equilibrium constants for ester formation in water, and of 
dimethylaminolysis of the methyl esters in methanol, to- 

'Author to whom correspondence may be addressed. 

gether with partition coefficients permitting the calculation 
of equilibrium constants for dimethylaminolysis in water. 
From equilibrium constants for ester formation and di- 
methylaminolysis we can calculate equilibrium constants for 
N,N-dimethylbenzamide formation. 

Results 
Heats of formation 

In all cases the heat of formation of the substituted ben- 
zoic acid was known; methyl benzoate was the only ester for 
which a heat of formation had been reported (3). Heats of 
formation of the substituted methyl benzoates were deter- 
mined by measuring the heat of reaction with tetraethylam- 
monium hydroxide in aqueous DMSO. Heats of formation 
for benzoyl chloride and p-chlorobenzoyl chloride are known 
(14); for the others we determined the heat of formation by 
measuring the heat of reaction with methanol. The reaction 
of substituted benzoyl chlorides with methanol was slow; in 
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TABLE 1. Heats of reaction and solution determined in this worka 

Compound AH(Me0H) AH(Me2NH/MeOH) AH(TEAH/DMSO) 

(a )  Heats of reaction with methanol and methanolic dimethylamine 

CH3-CO-Cl (1) -20.77 (0.23) 
pMeO-C6H4-CO-CI (s) - 16.29 (0.78) -32.70 (0.22) 
pMe-C6H4-CO-Cl (1) -20.44 (1.30) -38.60 (0.84) 
C6H5-CO-C1 (1) - 19.47 (1.20) -39.89 (0.92) 
pCl-C6H4-CO-Cl (1) -21.23 (0.66) -39.89 (0.09) 
pN02-C6H4-CO-CI (s) - 18.55 (0.72) -35.66 (0.68) 

(b) Heats of solution in methanolic dimethylamine 

pMeO-C6H4-CO-NMe, (1) 0.07 (0.04) 
pMe-C6H4-CO-NMe2 (1) -0.11 (0.03) 
C6H5-CO-NMe, (s) 3.37 (0.11) 
pel-C6H4-CO-NMe, (s) 3.60 (0.06) 
pN0,-C6H4-CO-NMe2 (s) 4.66 (0.11) 
Me,NH (1) -3.26 (0.17) 
Me2NH.HCl (s) 1.67 (0.02) 

(c) Heats of reaction with tetraethylammonium hydroxide in aqueous DMSO and heats of so- 
lution in methanol 

CH,-CO-OMe (1) 0.76 (0.06) 
pMeO-C6H4-CO-OMe (s) 5.71 (0.10) -11.28 (0.18) 
pMe-C6H4-CO-OMe (s) 5.41 (0.04) - 11.09 (0.14) 
C6H5-CO-OMe (1) 0.79 (0.05) - 17.44 (0.45)~ 
pCI-C6H4-CO-OMe (s) 5.50 (0.06) - 12.41 (0.21) 
pNOZ-C6H4-CO-OMe (s) 6.56 (0.20) - 12.48 (0.20) 

(d) Heats of solution/reaction with tetraethylammonium hydroxide in aqueous dimethyl sulf- 
oxide 

pMeO-C6H4-CO-OH (s) -12.51 (0.31) 
pMe-C6H4-CO-OH (s) -13.35 (0.44) 
C6H5-CO-OH (s) - 14.09 (0.54)~ 
pCI-C6H4-CO-OH (s) - 12.98 (0.41) 
pN02-C6H4-CO-OH (s) - 13.99 (0.07) 
MeOH (1) - 1.53 (0.04)~ 
Hz0 (1) - 1.36 (0.03)' 

"All at 25°C; solvents made up as described in the experimental section. Values in parentheses are stan- 
dard deviations calculated from replicate determinations. Units are kcal mol-'. 

bReference 3. 

fact this was a serious source of experimental error. Al- 
though a heat of solution for HCl in methanol was available 
from the literature, this value led to inconsistent results. 
Accordingly we evaluated it by measuring the heat of reac- 
tion of several acid chlorides, (acetyl chloride, benzoyl 
chloride, and p-chlorobenzoyl chloride) with methanol; when 
the heat of formation of the acid chloride is known, the only 
unknown quantity is the heat of solution of HCl in metha- 
nol. Heats of formation of the amides were determined by 
measuring the heat of reaction of the substituted benzoyl 
chloride with methanolic dimethylamine. The reaction of 
substituted benzoyl chlorides with dimethyIamine in meth- 
anol was fast. HPLC analysis showed that the product of re- 
action with methanolic dimethylamine was the amide. Heats 
of reaction and solution are found in Table 1. In this way we 
completed the set of heats of formation of the acid chlo- 
rides, esters, and N,N-dimethylamides of the five benzoic 
acids that we have studied. This allowed calculation of the 
heats of formation in Table 2. 

Estimation of boiling points 
For several of the solid esters, amides, and acid chlorides 

used in this work, no atmospheric pressure boiling points 

could be found in the literature, and, particularly for the nitro 
derivatives, the compounds are expected to be very high 
boiling. We endeavored to estimate approximate boiiing 
points as a starting point for later estimation of the vapor 
pressure at 25OC, using the boiling point number approach 
of Kinney (5, 6). To do this we calculated the boiling point 
numbers for benzene, chlorobenzene, toluene, anisole, ni- 
trobenzene, methyl benzoate, N,N-dimethylbenzamide, and 
benzoyl chloride using boiling points from ref. (7) and 
Kinney's formula (5). 

BPN = ((bp + 543)/230.14), 

We then calculated the increments for replacement of H on 
a benzene ring by C1, 5.38; CH,, 3.06; CH,O, 8.05; NO,, 
15.31; COOCH,, 13.75; CON(CH,),, 24.56; and COCl, 
13.40. With these values it was straightforward to estimate 
boiling points for the substituted derivatives as: ester, X = 
Cl, 234; X = CH,, 217 (obs. 217 (8)); X = CH,O, 250 (obs. 
256 (8)); X = NO,, 295; amide, X = C1, 305; X = CH,, 291; 
X = CH,O, 319; X = NO,, 357; acid chloride, X = C1, 235 
( o ~ s .  221 (9)); X = CH,, 219 (obs. 216 (10)); X = CH@, 
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GUTHRIE ET AL. 1673 

TABLE 2. Thermodynamic quantities for compounds discussed in this papera 

Compound AH: (1 or s ) ~  AHvo; AH? (g)d SVgY AG? (g)' AG,R AG: 

(a) Compounds for which AG; (aq) has not been reported previously 

4-X-C6H,-COC1 

CH30 -80 .29 t  0.70 17.71 t 1.00 -62.58 * 1.22 106.46 t 2.00 -35.96 -C 1.64 
CH3 -48.10 t 1.46 14.71 t 1.00 -33.39 ? 1.77 96.09 2 2.00 -10.98 -C 2.08 
H -37.67 t 0.14' 13.00 ? 1.02' -24.67 t 1.03 87.36 + 0.15 -9.36 t 1.03 
C1 -45.81 t 0.26 15.00 + 1.00'' -30.81 t 1.03 94.37 t 2.00 - 1 4 . 3 0 t  1.50 
NO, -47.70k0.87 23 .64 t1 .50  -24.06k1.74 102 .03 t2 .00  3.65 k 2.05 

4-X-C6b-COOCH, 

CH30 - 124.50 5 0.39 21.02 t 1.50 - 103.49 k 1.55 112.96 t 2.00 -65.08 t 1.90 -3.43 + 0.50 -68.50 + 1.96 
. . , . . .  CH3 -93.99 2 0.58 1 9 . 2 7 t  1.50 -74.71 ? 1.61 102.59t 2.00 -40.51 t 1.94 -1.88 + 0.50 -42.39 + 2.01 

H -77.51 t 0.72' 13.28 + 0.01 -64.23 t 0.72 93.86k 0.15' -37 .14 t  0.72 -2.38 + 0.10 -39.52 + 0.73 
CI -92.09 2 0.53 19.29 t 2.50 -72.80 t 2.55 100.87 + 2.00 -44.50 * 2.78 -1.75 + 0.50 -46.26 + 2.82 
NO2 -92.55 + 0.31 23.89 + 2.50 -68.66 2 2.52 108.53 t 2.00 -29.16 + 2.75 -4.98 2 0.50 -34.14 + 2.79 

~-X-C~&-CON(CH~)I 

CH30 -75.87 t 1.42 22.19 2 1.50 -53 .67 t  2.07 115.74 + 2.00 -2.21 + 2.34 -9.11 t 0.50 -11.32 t 2.39 
-18.16 t 1.98" 

CH3 -46.62 1.99 19.69 t 1.50 -26.93 + 2.49 105.37 + 2.00 20.32 2 2.72 - 7 . 8 6 t  0.50 12.46 t 2.76 
7.91 2.02" 

H -40.96 t 1.41 21.08 t 1.50 -19.89 + 2.06 96.64 t 0.50 20.25 + 2.08 -7.39 2 0.50 12.86 t 2.14 
. . . . 

10.22 t 0.77" 
. .  . . . 

C1 -49.33 ? 1.09 22.88 2 2.50 -26.45 t 2.73 103.65 + 2.00 14.89 ? 2.94 -7.38 2 0.50 7.51 + 2.98 
4.12 2 2.83" 

NO, -48.05 2 1.53 27.48 t 2.50 -20.57 2.93 111.31 + 2.00 31.98 + 3.13 -10.05 0.50 21.93 2 3.17 
15.61 t 2.80" 

4-X-C6H,-COOH 

CH30 - 134.25 t 0 .19  26.24 k 0.14" -108.01 t 0.24 107.25 t 2.00 -77.61 + 1.12 -5.92 t 0.50 -83.53 t 1.22 
CH3 -102.50 2 0.24' 23.21 + 0.13" -79.37 t 0.27 96.88 + 2.00 -53.18 2 1.12 - 5 . 7 6 t  0.50 -58.94 k 1.23 
H -92.07 -C 0.12' 21.78 t 0.52' -70.29 -C 0.53 88.15 t 0.50 -51.21 + 0.60 -5.80 2 0.19 -57.01 t 0.63 
C1 -102.51 t0 .24 '  24.51 -C0.09q -78 .00 t0 .26  95.16* 2.00 -57.72 2 1.12 -5 .89a0 .50  -63.61 + 1.23 
NO, -102.03 0.22' 28.33 t 2.00' -73.70k 2.01 102.82 + 2.00 -42.21 2 2.29 -9.02 2 0.50 -51.23 2 2.34 

(b)  Compounds needed for estimation of additivity parameters 

(c )  Compounds for which AH, or AG: (aq) has been reported previously 

Compound AH: (1 or s) A(.? (aq) 

CH,OH -57.15 t 0.05' -41.88' 
(CH3)zNH - 10.4 + 0.1' 13.84" 
(CH3),NH2Cl -69.57 t 0.02' 
H a  (g) -22.06 k 0.02 (g)' 
H,O -56.69 

. . .  . . .  . . . .  
. . .  . . . . . . .  . .  "All at 25°C; standard states are pure liquid, pure crystalline solid, ideal gas at 1 atm (101.3 KPa) pressure, and 1 M aqueous solution with an infinitely 

dilute reference state; units are kcal mol-I, and cal deg-I mol-I. 
bHeat of formation for the liquid or crystalline solid; determined in this work, Table 1, unless otherwise noted. 
'Heat of vaporization for a liquid or heat of sublimation for a solid; evaluated as described in the text and Table 3 unless otherwise noted. 
"Heat of formation of the ideal gas; calculated from the heat of formation in condensed phase and the heat of vaporization or sublimation. 
'Standard entropy of the ideal gas; evaluated as described in the text unless otherwise noted. 
'Free energy of formation of the ideal gas; calculated from the heat of formation and the standard entropy. 
RFree energy of transfer from the ideal gas at 1 atm to 1 M aqueous solution. Values for esters and amides are from Table 7. Values for carboxylic 

acids are based on the values for benzoic acid (3) and the group contributions in Table 9. 
hFree energy of formation in aqueous solution; calculated from the free energy of formation in the gas phase and the free energy of transfer. 
'Reference 14. 
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TABLE 2 (concluded) 

'Reference 55. 
Qeference 3. 
'Reference 28. 
"Based on the equilibrium constant for dimethylaminolysis of the corresponding methyl ester (Table 10) and the free energies of formation of metha- 

nol, dimethylamine, and the ester, from this table. 
"Reference 57. 
"Reference 56. 
"Reference 6 1. 
Teference 58. 
'Estimated as described in the text. 
'Reference 2. 
'Reference 21. 
"Reference 4. 
"Reference 59. 
"Reference 60. 

252 (obs. 260 (1 1)); X = NO,, 297. For the cases where at- 
mospheric pressure boiling points were available the agree- 
ment is good. 
Estimation of heats of vaporization 

We estimated heats of vaporization from the boiling p i n t  
data, using a method that we had previously devised to use 
boiling points at various pressures (12). The boiling points 
and derived heats of vaporization are found in Table 3. The 
expected error for this estimation procedure is 0.28 kcal 
mol-I (12); the uncertainty limits in Table 3 are taken as 
0.28 kcal mol-I or the standard deviation of the various es- 
timates from different boiling point values, whichever is 
larger. As a check and in order to estimate values where no 
vapor pressure data were available, we used an additivity 
scheme derived from the group additivity scheme we re- 
cently published (13). The value for the benzene nucleus with 
two para substituents was taken as 4[CBH]; contributions for 
H and C1 were taken as [CBH] and [CBCl] respectively; the 
contribution for CH, was taken as [CB(C)] + [CH3(CB)]; 
the contributions for 0-CH,, -NO2, -COOCH,, and 
CON(CH,), were calculated from the heats of vaporization 
of anisole ( 14), nitrobenzene (14), methyl benzoate (1 4), 
N,N-dimethylbenzamide (calculated from the boiling point, 
as already described), and benzoyl chloride (calculated from 
the boiling point, as already described). The values so ob- 
tained were: p-C6H4, 5.36; H, 1.34; C1, 2.91; CH,, 2.47; 
OCH,, 4.49; NO2, 6.45; COOCH,, 6.58; CON(CH3)2, 1 1.30; 
COCl, 6.30. Using these values we could estimate heats of 
vaporization for the remaining compounds; the values so 
estimated are found in Table 3. Comparison of heats of va- 
porization estimated by additivity and corresponding values 
estimated from the boiling points at various pressures shows 
that the agreement is generally good, but differences can be 
as large as 1.5 kcal mol-I; this is taken as the uncertainty in 
estimates based on additivity. 

Estimation of heats of fusion 
Fuchs and Rodewald have reported heats of solution of 

aromatic compounds in methanol (15). For the liquids, the 
heat of solution is invariably small, with a magnitude less 
than 1 kcal mol-I. For solids the heat of solution is larger. 
For two 1,4-disubstituted benzenes both heat of solution and 
heat of fusion are available, allowing the calculation of the 
heat of solution for the hypothetical supercooled liquid; the 
values so calculated are again small, with magnitudes less 
than 1 kcal mol-I. To obtain approximate values for the heats 
of fusion of the solid esters and amides studied here, we 

subtracted the average heat of solution of the liquid ana- 
log(~)  from the observed heat of solution of the solid com- 
pounds. The values so obtained are found in Table 4. As a 
check we estimated the heats of fusion from the melting 
points, using the average value for the entropy of fusion, 
13.0 cal deg-' mol-' , reported by Yalkowsky and co-work- 
ers (16). Yalkowsky and co-workers could find no depen- 
dence of the entropy of fusion upon structural features. The 
values of ASfus ranged from 9.1 to 18.9 cal deg-I mol-' for 
disubstituted benzenes. The agreement between the two es- 
timates for our compounds must be considered satisfactory, 
and the entropies of fusion calculated assuming the en- 
thalpy values derived from heats of solution are not unrea- 
sonable. We consider the uncertainty in these estimated heats 
of fusion to be 1 kcal mol-I, the approximate scatter in heats 
of solution in methanol for liquid aromatic compounds sim- 
ilar to those of interest here. 

For p-nitrobenzoic acid we needed to estimate a heat of 
sublimation at 25°C. We have procedures for estimating the 
heat of vaporization of the liquid by atomic additivity (13), 
but need a heat of fusion. The heat of fusion has been re- 
ported at the melting point, 239.2"C (17), but this must be 
corrected to 25°C. To do this we need the heat capacity of 
fusion. The heat capacity of the solid at 25°C is available: 
43.02 cal deg-I mol-I (17). We can estimate the heat ca- 
pacity change on vaporization by additivity (18) as -28.48. 
To estimate the heat capacity of gaseous p-nitrobenzoic acid 
we need a contribution for the group [CBN02]. This was 
calculated from C, for nitrobenzene, which in turn was cal- 
culated by statistical mechanics from the vibrational spec- 
trum ( 19) and barriers to internal rotation (20), as was done 
for entropy; vide inffa. In this way we obtained: C, (g, 25°C) 
[Ph-NO,] = 28.56 cal deg-' mol-I; [CBNO,] = 12.36 cal 
deg-' mol-I; C, (g, 25°C) [p-NO,-C&-COOH] = 33.85 cal 
deg-I mol-I using a contribution for COOH based on C,(g) 
for benzoic acid (21); Cp(l, 25°C) [p-NO2-C6H4-COOHI = 
62.33 cal deg-' mol-I; AC,(fusion) [p-NO,-C6H4-COOHI 
= 19.31 cal degP' mol-I. Since AHfusion (239°C) [p-NO,- 
C6H4-COOHI = 8.84 kcal mol-' (1 7), we can now C ~ ~ C U -  

late that AHfusion (25°C) [p-NO2-C6H4-COOH] = 4.71 kcal 
mol-'. A similar calculation for benzoic acid using the heat 
of fusion (1 7), C,(s) (17), C,(g) (2 I),  and AHsu, (14), leads 
to AC,(fusion) = 10.70 cal deg-I mol-I, AHfUsion(25"C) = 
3.76 kcal mol-l, and, for the hypothetical supercooled liq- 
uid at 25"C, AH,,, = 18.52 kcal mol-I. Then by group ad- 
ditivity estimation we arrive at a value, for the hypothetical 
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GUTHRIE ET AL 

TABLE 3.  Data permitting estimation of vapor pressures and heats of vaporization" 

Boiling point 
Melting 

Compound pointb AHI,,C t P AHvape Acvai ~ 2 5 '  

4-X-C6H4-COOCH3 

C H 3 0  48h.i 4.17 123 12' 16.67 * 0.28',' -28.44 0.0090 
CH3 

33h.m 3.98 91 8" 14.62 + 0.28"." -23.75 0.091 
H 83 10" 13.28 * 0.Olq.' -22.10 0.3 1 
C1 44h.5 4.12 234 760' 14.85 + 1.50" -24.32 0.052 
No2 96h.v 4.80 295 760' 18.39 * 1.50" -29.53 1.3 X 

4-X-C6H4-CON(CH3)2 

C H 3 0  32h.v 3.97 107 0.25" 22.19 +- 0.43k.r -31.03 1 .1  X 

CH3 
40h.r 4.07 97 0.32"" 19.69 + 0 . 4 2 " ~ ~  -26.34 6.0 X 

H 43h.0~ 4.11 130 1lad 17.71 * 0.28","' -24.69 4.4 X 

C1 5gll.af 4.30 305 760' 19.28 + 1.50" -26.91 3.0 X 

NO2 9711.a' 4.81 357 760' 23.82 * 1.50" -37.42 1.03 X 

4-X-C6H4-COCl 

CH30 91 1.'" 17.71 * 0.32k.ai -24.32 5.7 X 

CH3 73  4.5"' 14.71 * 0.36~."~  -20.20 0.17 
H 50 2.7"' 13.30 2 0.18~.."" - 17.98 0.50 
C1 80 2.0"" 15.00*0.34k~a0 -19.63 0.046 
NO2 75h.a~ 3.13 136 4.0q 19.11 * 0.52""' -25.41 2.5 X 

"Many of the data are from Beilstein, "Handbuch der organischen chemie", for which references are given in short 
form as: Beil, volume, supplement, page. All thermodynamic quantities refer to 25°C. 

bSelected value. 
'Estimated from the melting point as described in the text. 
%elected value; the literature bp at the lowest pressure that led to a heat of vaporization consistent with the rest of 

the data was used where possible. When no literature value was available, a value was estimated by the Boiling Point 
Number method as described in the text. 

'Selected value or selected estimate; for all compounds, values estimated by additivity are given in the footnotes. 
Uncertainties based on standard deviations for values estimated from bp data as described in the text and docu- 
mented in the footnotes. 

'Estimated by atomic additivity as described in the text. 
Vapor pressure at 25'C, in Torr, estimated as described in the text, using the selected values of boiling point, 

pressure, heat of vaporization, heat of fusion if appropriate, heat capacity of vaporization, and heat capacity of sub- 
limation if appropriate. 

hSelected value. 
'Literature values of mp ("C) were as follows: 45, 46, 46-47, Beil 10 H 159; 48.5-49.5, this work; 49, ref. 7; 

48.3, 46, Beil 10 171; 49-49.5, 48, Beil 10 I1 95; 48, Beil 10 111 297. 
'Beil, 10, 111, 297. 
'Estimated from the boiling point as described in the text. 
'Literature values of bp ("C) [and associated heats of vaporization] were as follows: 254-255 at 760, Beil 10 H 

159 [16.96']; 160 at 20 (7) [18.96'; omitted from the average]; 244-245 at 760, Beil 10 111 297; [16.25']; 123.8 at 
12, Beil 10 111 297; [16.75']; average 16.67 0.28; additivity 16.80". 

"Literature values of mp were 32, 33, 34, 34-35, Beil 9 H 484; 33.2, Beil 9 I 193; 33, Beil9 111 2337; 35.5-36, 
Beil 9 IV 1726; 34-35, this work; 33.2 (7). 

"Beil9 111 2337. 
"Literature values of bp ("C) [and associated heats of vaporization] were 103.2-103.5 at 15, Beil9 111 2337, [14.717; 

91 at 8, Beil 9 111 2337, [14.72']; 69.5 at 0.4, Beil9 IV 1726, [17. 12'1; average 14.62 k 0.10; additivity 14.70". 
"Beil, 9, 111, 381. 
qReference 14. 
'Literature values of bp ("C) [and associated heats of vaporization] were 199.6 at 760. (7) [13.43'] 199.35 at 760., 

Beil, 9, IV,  283, [13.45'] 130. at loo., Beil, 9, IV,  283, [13.2gk]; 81. at 16., Beil, 9,  IV,  283, [12.97']; 86. at 15., 
Beil, 9, IV,  283, [13.41k]; 52. at l . ,  Beil, 9, IV,  283, [14.40k]; 183.3 at 507.5, Beil, 9, 111, 381, [13.37']; 110.3 at 
57., Beil, 9, 111, 381, [12.98']; 95. at 25., Beil, 9, 111, 381, [13.27']; 83. at 10.. Beil, 9, 111, 381, [13.79']; average 
13.33 + 0.24. 

'Literature values of mp ("C) were 44, Beil 9 H 340; 43-43.5, Beil9 H 340; 43, Beil9 H 340; 42, Beil 9 H 340; 
43-44, this work; 44 (7). 

Estimated using boiling point numbers as described in the text. 
"Estimated by the modified group additivity scheme described in the text. 
"Literature values of mp ("C) were 96, Beil 9, H, 390; 97, Beil9, 111, 1710; 94.5-95.5, this work; 96 (7). 
"'Literature values of mp ("C) were 29-32, Beil9 H 340; 29-32 (43). 
"Reference 49. 
'Literature values of bp ("C) [and associated heats of vaporization] were 124-126 at 0.16, Beil9 H 340, [24.79']; 

107-108 at 0.25 (49), [21.87'1; 122-123 at 0.4 (50), [22.96']; average 22.19 2 0.43; additivity 20.88". 
'Literature values of mp were: 37-40°C (43). 
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TABLE 3 (concluded) 

"This work. 
ObLiterature values of bp ("C) [and associated heats of vaporization] were 95-98 at 0.32, this work, [20.42']; 148- 

151 at 10 (48), [19.52']; 15 1-152 at 13 (49), [19.06']; 108 at 0.8 (50). [20.02"]; average 19.69 f 0.42; additivity 
18.48". 

"'Literature values of mp ("C) were 40-43, this work; 43-44 (43); 43 (44). 
"Beil 9 111 1068. 
"'Literature values of bp ("C) [and associated heats of vaporization] were 132-133 at 15, Beil9 I11 1068, [17.04']; 

142 at 14, Beil9 III 1068, [18.077; 130-131 at 11, Beil9 III 1068, [17.477; average 17.71 * 0.42; additivity 18.00". 
"'Literature values of mp ("C) were 57-58, Beil9 IV 985; 57.5-58.5, this work; 59-60 (48); 58-59 (43); 58-59 

(49). 
"#Literature values of mp ("C) were 97-98, this work; 96, ref. 48; 95-97, ref. 43; 97, refs. 51, 52; 96-97, ref. 

49. 
"*Bed, 10, 111, 337. 
"'Literature values of bp ("C) [and associated heats of vaporization] were 260. at 760., Beil, 10, 111, 337, [17.3 1'1; 

163. at 40., Beil, 10, 111, 337, [17.66']; 137.7 at 14., Beil, 10, 111, 337, [17.68']; 127.5 at 4., Beil, 10, 111, 337, 
[19.15'; omitted from the average]; 158. at 30.. Beil, 10, 111, 337, [17.87']; 143. at 13., Beil, 10,111, 337, [18.31k]; 
134. at 12., Beil, 10, III, 337, [17.667; 90.8 at l . ,  Beil, 10, III, 337, [17.89"]; 145. at 20., Beil, 10, IV, 430, [17.6m; 
142. at 20.. Beil, 10, IV, 430, [17.347; 106.5 at 4., Beil, 10, IV, 430, [17.167; 137. at 15., Beil, 1 0 , I I ,  100, [17.487; 
140. at 14., Beil, 10, II, 100, [17.897; 136. at 12., Beil, 10, II, 100, [17.84';1; 145. at 14., Beil, 10, H, 163, [18.347; 
162. at 35., Beil, 10, H, 163, [17.88']; 263. at 760.. Beil, 10, H, 163, [17.52']; average 17.71 f 0.32; additivity 
16.17". 

"'Beil, 9, 111, 2342. 
"'Literature values of bp ("C) [and associated heats of vaporization] were 216. at 760.. Beil, 9, 11, 329, [14.44']; 

184. at 260., Beil, 9, 11, 329, [14.92']; 125. at 36., Beil, 9, 11, 329, [14.83']; 102. at 16., Beil, 9, 11, 329, [14.49']; 
102.7 at 14., Beil, 9, 111, 2342, [14.76']; 72.9 at 4.5, Beil, 9, 111, 2342, [14.14']; 118. at 20., Beil, 9, IV, 1733, 
[15.35']; 57. at 0.3, Beil, 9, IV,  1733, [16.29'; omitted from the average]; average 14.71 f 0.36; additivity 14.13". 

"'Beil, 9, 111, 1058. 
"mLiterature values of bp ("C) [and associated heats of vaporization] were 196.4 at 761.3, Beil, 9, III, 1058, [13.28']; 

198. at 760.. Beil, 9, III, 1058, [13.377; 197.3 at 754., Beil, 9, III, 1058, [13.35']; 196.8 at 745., Beil, 9, III, 1058, 
[13.35']; 82. at 12., Beil, 9, m, 1058, [13.45']; 74.1 at 9.5, Beil, 9, 111, 1058, [13.217; 78. at 8., Beil, 9, III, 1058, 
[13.73']; 67.70 at 7.5, Beil, 9, 111, 1058, [13.07']; 50. at 2.7, Beil, 9, 111, 1058, [13.07']; 77. at 2., Beil, 9, 111, 
1058, [15.60k; omitted from the average]; 71. at 9., Beil, 9, 11, 159, [13.07"; 122. at 35.5, Beil, 9, 11, 159, [14.63*; 
omitted from the average]; 197.2 at 760., Beil, 9, H,  182, [13.33']; 198. at 749.4, Beil, 9, H, 182, [13.40k]; 194. 
at 747.2, Beil, 9, H, 182, [13.18k]; average, 13.30 f 0.18. 

""Beil, 9, 111, 1362. 
""Literature values of bp ("C) [and associated heats of vaporization] were 100.2 at 12.5, Beil, 9, III, 1362, [14.757; 

99.6 at 11 ., Beil, 9, III, 1362, [14.917; 93.8 at 9., Beil, 9, III, 1362, [14.77']; 79.6 at 2., Beil, 9, III, 1362, [15.837; 
97.5 at 10.5, Beil, 9, 11, 227, L14.827; 119. at 27.5, Beil, 9, II, 227, [14.86']; 119.5 at 22., Beil, 9, 11, 227, [15.307; 
221. at 760., Beil, 9, H, 341, [14.74']; 111.5 at 18.. Beil, 9, H,  341, [15.03']; average 15.00 2 0.34; additivity 
14.57". 

""Literature values of mp ("C) were 75, Beil, 9, 111, 1709; 74, Beil, 9, UI, 1709; 73, Beil, 9, ILI, 1709; 71.5-71.7, 
Beil, 9, 111, 1709; 75, Beil, 9, H, 394. 

"qBeil, 9, 111, 1709. 
"'Literature values of bp ("C) [and associated heats of vaporization] were 154. at 12., Beil, 9,  I,  162, [19.52']; 

197. at 73., Beil, 9, III, 1709, [19.137; 155. at 20.. Beil, 9, III, 1709, [18.5m; 136.1 at 4., Beil, 9, III, 1709, [20.02']; 
204. at 105., Beil, 9, H, 394, [18.75']; 151. at 15., Beil, 9, H, 394, [18.757; average 19.11 f 0.52; additivity 18.11". 

supercooled liquid p-nitrobenzoic acid, of AHV,,(25"C) = stituents, assuming no significant interactions. From the 
23.63 kcal mol-I, and finally AH,,, = 28.33 kcal mol-I. entropies for benzene, 64.34 (21), toluene, 76.64 (2 l ) ,  an- 

isole, 87.0 1 (28), chlorobenzene, 74.92 (2 l),  nitrobenzene, 
Entropies 

The entropy of gaseous nitrobenzene could be calculated 77.28 (this work), methyl benzoate, 93.86 (28), benzoyl 
chloride, 87.36 (this work), N,N-dimethylbenzarnide, 96.64 

by statistical mechanics from the vibrational spectrum (19), (this work), we evaluate the following increments in en- moments of inertia (22), and barrier to internal rotation (20). tropy for replacement of H: CH,, 10.92; CH,O, 21.29; C1, 
The entropy of gaseous N,N-dimethylbenzamide was es- 

timated, following Benson (23), by using estimated vibra- 7.01; NO,, 10.75; COOCH,, 28.14; COCl, 19.45; CON- 

tional frequencies and rotational barriers. We took frequencies (CH,),, 34.49. In these calculations it is necessary to make 
suitable corrections for symmetry (23). The entropies so es- associated with the N(CH,), group from the assignment for 
timated are found in Table 2. N,N-dimethylacetamide (24) and the frequencies associated 

with the benzoyl portion from the assignment for methyl 
benzoate (25). The hindered rotations were assigned bar- 
riers of 20, CO-N; 5, C,-CO; 3, N-CH,. Moments of iner- 
tia for the molecule and fragments of it were calculated from 
the MM2 geometry. 

For benzoyl chloride we calculated the entropy from the 
published frequencies (26), and the rotational barrier (27). 

To estimate entropies for substituted benzoyl chlorides, 
benzoic acids, methyl benzoates, and N,N-dimethylbenz- 
amides, we evaluated additivity contributions for the sub- 

Equilibrium constants for ester formation 
For each of the esters, the equilibrium constant was de- 

termined by direct analysis, approaching the equilibrium both 
from the acid and from the ester. The concentration of ester 
was determined by HPLC analysis, and from ester concen- 
trations as a function of time, fitted to a pseudo-first-order 
rate law, we could calculate the equilibrium constant from 
the infinity values. The agreement for the two directions was 
good in each case. The results of these experiments are 
summarized in Table 5. The equilibrium constants for methyl 
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GUTHRIE ET AL. 1677 

TABLE 4. Enthalpies of fusion" ately sensitive to the nature of the substituent upon the 
benzene ring; p = 0.59 + 0.19. 

X A f f f u s b  Affso,,' A f f f u r d  
Free energies of transfer 

4-X-C6H,COOCH3 Values for methyl benzoate and benzoic acid have been 

CH30 4.17 5.71 (0.10) 4.92 14,4 reported previously (3). To calculate the free energies of 

CH3 3.98 5.41 (0.04) 4.62 16,1 transfer we need solubilities and vapor pressures for each 
H 0.79 (0.05) compound. The solubilities of the esters and amides were 
Cl 4.12 5.50 (0.06) 4.71 14.9 measured by determining the UV absorbance of saturated 
NOp 4.80 6.56 (0.20) 5.77 15.6 solutions; the values that we determined are found in Table 

4-X-C6H4CON(CH3)2 7. Vapor pressures were estimated as previously proposed 
(1 2) by a modification of an equation derived by Prausnitz 

CH30 3.97 0.07 (0.04) and co-workers (31), using the boiling point at the lowest 
CH3 4.07 -0.11 (0.03) 
H 4 .11  3.37 (0.11) 3.37 10.7 available pressure, the heat of vaporization, and the heat 

Cl 4.30 3.60 (0.06) 3.60 capacity of vaporization. The latter were estimated by atomic 
NO2 4.81 4.66 (0.11) 4.66 12.6 additivity as previously proposed (18). Where a compound 

is solid at room temperature, the vapor pressure was calcu- 
" ~ l l  at 25°C; units are kcal mol-I and cal deg-' mol-' lated at the melting point using the heat of vaporization and 
hEst~mated using an average value for AS, = 13 0 cal deg-I mol-' (16); 

Table 3. 
heat capacity of vaporization for the liquid to gas transition, 

'Heat of solution in methanol; from Table 1. and then from the melting point to 25°C the calculations were 
dCalculated using the average value for the 11qu1d esters or am~des as the done in the same way, using the heat of sublimation, cal- 

value for all, as AH,, = AH ,,,,, (sohd) - AH $,,, ( l~q) .  culated as heat of vaporization + heat of fusion, and the heat 
'Calculated from the mp (Table 3) and the value of AH,, der~ved from 

AH,,,, as described in the text. 
capacity of sublimation, taken as -2R (32, 33). Vapor 
pressures so calculated, and the values used to obtain them 
(Table 3), are found in Table 7, as are the free energies of 

ester formation show negligible effects of the substituent on transfer. Free energies of transfer for substituted benzoic acids 

the benzene ring (p = + 0.05), in striking to were estimated using group additivity corrections, assum- 

the strong dependence of ester formation equilibrium con- ing no interactions of the para substituents. 

stants upon the nature of the alcohol (29). For dimethylamine we could find no data in the literature 
for the activity of dimethylamine in methanol at low con- 

Equilibrium constants for ester aminolysis centrations, but suitable data were available for a number of 
For each of the esters, we determined the equilibrium amines, including diethylamine (34), for which AGHzO MeOH 

constant for dimethylaminolysis in methanol, using HPLC = - 1.41 kcal mol-I. From the data in ref. 34 we could 
analysis. Analyses were camed out at intervals, and equi- evaluate the contribution for [CH,(X),] = -0.67 kcal mol-'. 
librium constants calculated by the method of Fersht and This allowed the calculation of AGH20-MeOH = -0.07 kcal 
Requenna (30), as well as being calculated from the final mol-' for dimethylamine. 
results when equilibrium could be attained. It was neces- To calculate equilibrium constants in water from equilib- 
sary to correct for a small amount of accompanying hydro- rium constants in methanol it was necessary to determine free 
lysis. The results of these experiments are summarized in energies of transfer from methanol to water. This was done 
Table 6. The equilibrium constants for aminolysis are, un- by the method of Toullec and El Alaoui (35), using dode- 
like the equilibrium constants for ester formation, moder- cane as an intermediary solvent, immiscible with both water 

TABLE 5. Time dependence of ester concentrations, and derived equilibrium constants for ester formationa 

X-Ph-COOCH, [Acid],, [Esterlo a ,  a2 a3 Kb KavgC 

H" 2050.00 0.0 27. (0.002) -28. (0.002) 0.0594 (0.01 1) 0.13 
H 2020.00 0.0 231. (0.006) -233. (0.007) 0.0730 (0.005) 0.13 
H" 0.00 2190.0 33. (0.013) 2250. (0.088) 0.0585 (0.003) 0.15 
H 0.00 2190.0 165. (0.121) 2060. (0.10) 0.0549 (0.009) 0.08 0.12 
p-NO? 200.50 22.15 (0.46) -22.15 (0.46) 0.0612 (0.004) 0.12 
p-NO1 202.6 23.37(0.45) 182.8 (4.2) 0.0575 (0.002) 0.13 0.13 
p-Me0 201.80 23.46 (0.64) -23.46 (0.64) 0.0353 (0.002) 0.13 
p-Me0 200.4 24.53 (1.7) 164.9 (5.7) 0.0315 (0.002) 0.14 0.14 
p-Me 206.40 24.27 (0.65) -24.27 (0.65) 0.0517 (0.004) 0.13 
p-Me 204.8 25.38 (1.8) 173.9 (13.8) 0.0588 (0.006) 0.14 0.14 
p-C1 200.80 27.39 (1.6) -27.39 (1.6) 0.0224 (0.003) 0.16 
p-C1 201.5 25.49 (0.84) 176.0 (0.95) 0.0682 (0.004) 0.14 0.15 

"All in water at 25°C. All concentrations In p,M Methanol concentration was 1.0 M unless otherwise noted. The unit for tlme 
is days, and for rate constants 1s days-'. Concentrat~on-t~me data were fitted to: conc. = a ,  + a?  exp (-a,t) by nonlinear least 
squares. 

bK = [Ester]/[Acid][MeOH], M- I. 
'Average equilibr~um constant for an ester. 
d[MeOH] = 0.1 M. 
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TABLE 6. Equilibrium constants for dimethylaminolysis of 4-substituted methyl benzoates in methanola 

[Ester], [Amide], [Me,NH] [MeO-] t [Ester], [Amide], [Acid], K K (best) 
x (lo4 M) (lo4 M) (10, M) (M) (days) (104M) (104M) (104M) (M-') 

H 4.99 0.00 5.98 0.504 49 1.46 2.312 1.22 26.4 26.5 & 0.1 
I 0.00 5.00 1.57 2.49 0.945 26.6 
1 C1 5.00 0.00 5.27 0.504 27 1.27 1.49 1.93 22.3 22.62 * 0.31 

0.00 5.01 5.27 0.504 1.38 1.66 1.90 22.9 
Me0 5.00 0.00 5.27 0.504 145 2.41 1.04 1.55 8.17 8.16 * 0.01 

I 0.00 5.01 3.08 1.32 0.604 8.15 
Me 5.00 0.00 5.27 0.504 104 1.84 1.68 1.47 17.4 17.49 2 0.13 

0.00 4.99 1.70 1.58 1.71 17.6 
No2 5 .OO 0.00 4.21 0.0524 16 1.03 1.80 2.14 41.5 40.96 * 0.53 

0.00 5.00 1.51 2.57 1.14 40.4 

"At 25'C in dry methanol. K = [amide]/[ester] [Me2NH]. 

TABLE 7. Free energies of transfer from gas phase to watera 

pb cC 
Compound (atm) (mM) A G , ~  

"All at 25°C; standard states are the ideal gas at 1 atm, and 1 M aqueous 
solution with an infinitely dilute reference state. 

bVapor pressure at 25'C, estimated as described in the text. 
'Solubility in water at 25'C, measured as described in the text. 
"Free energy of transfer from gas at 1 atm to 1 M ideal aqueous solution 

with an infinitely dilute reference state. 
'Because the solubilities of N,N-dimethylbenzamide and N,N-di- 

methyl-p-methoxybenzamide were high, we calculated the 'ideal solubil- 
ity" from the experimentally determined solubilities in dodecane, 0.188 and 
0.0693 M respectively, and the partition constants for transfer from do- 
decane to water (Table 8). 

and methanol. Partition coefficients for water to dodecane 
and methanol to dodecane were determined, and from these 
we could determine partition coefficients from methanol to 
water; the values so determined are found in Table 8. Since 
methanol is not totally insoluble in dodecane (it is soluble to 
the extent of 0.3%, w/w (estimated), <0.5% (detection limit) 
(36)), it was important to determine whether it was neces- 
sary to make a correction for the difference in the nature of 
the dodecane solvent between experiments involving parti- 
tion with methanol and water. We did this by determining 
the partition coefficient from water to dodecane and from 
water to dodecane containing 0.5% 1-octanol. This latter 
solvent would have the same hydroxyl group concentration 
as methanol-saturated dodecane, but would not lose any of 

ing that the effect of the alcohol would be linear in alcohol 
content and in u, from the values determined for N,N-di- 
methyl-p-methoxybenzamide and N,N-dimethyl-p-nitro- 
benzamide. The corrections were made for 0.3% alcohol in 
dodecane, based on a reasonable estimate of the unmeasur- 
ably low solubility (36). The correction is quite small, so even 
in the worst case the effect on the final result is essentially 
trivial. 

Dodecane is appreciably soluble in methanol (8% w/w 
(36)) so that there could be a free energy of transfer from 
methanol to methanol saturated with dodecane. Our com- 
pounds are very soluble in methanol, so it is not easy to do 
direct experiments to determine the magnitude of this ef- 
fect. Toullec et al. (36) demonstrated that the free energy 
correction was trivial (0.003 kcal mol-' for 4-nitroaceto- 
phenone and 0.08 kcal mol-' for 4-nitroacetophenone di- 
methyl acetal (36)). Since these model compounds are closely 
related to the compounds used in this work, we assume that 
the effects of dodecane in methanol will be similarly negli- 
gible. Because of these small errors we assign errors of 
0.20 kcal mol-' to the free energies of transfer from water - 

to methanol. 
As a check on the thermodynamic quantities evaluated in 

this work, we have calculated the appropriate group contri- 
butions to AH:(g), AH,,,, AG,, and A~:(aq). These are pre- 
liminary values, because in many cases they are based on 
only one compound, but should be useful guides until more 
fumly established values become available. The source data 
are included in Table 2. The group contributions used for 
these checks on internal consistency of our values are found 
in Table 9 .  

Discussion 
We have reported above experimental measurements of 

the heats of formation of a series of substituted benzoic acid 
esters and amides as the solid or liquid, and heats of soh-  
tion in methanol permitting calculation of the heats of for- 
mation in methanolic solution. These values permit 
calculation of the heats of aminolysis of the esters for the 
reaction: 

Ar-COOMe + HNMe2 = Ar-CONMe, + HOMe 

the alcohol molecules upon extraction with water (34). 6 the The values so calculated are found in Table 10. The aver- 
event we found that the effect of the octanol cosolvent was age value is - 1.97 * 1.54 kcal mol-', and there is no dis- 
negligible for the esters but not quite negligible for the cernible dependence upon substituents: p = 0.13 k 2.4. The 
amides. We made a small correction for the amides, assum- major impression is one of scatter, which caused us concern 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE 8. Free energies of transfer from methanol to wa te f  

Partition coefficientsb 

Compound MeOH/DOD DOD/water MeOH/water AGM,OH.H,OC 

X-C6H4-COOMe 

H 2.14 * 0.02 75.16 ? 0.99 160.54 * 2.12 3.01 t 0.01 
C1 1.47 * 0.01 219.63 ? 3.00 323.45 t 4.42 3.43 * 0.01 
M e 0  3.31 * 0.01 58.24 ? 0.94 193.05 * 3.13 3.12 ? 0.01 
M e  1.72 t 0.01 121.50 t 2.86 208.39 t 4.90 3.17 ? 0.01 
NO2 4.74 ? 0.03 27.73 ? 0.34 131.44 -1- 1.63 2.89 2 0.01 

X-C6H4-CONMe2 

H 25.68 * 0.68d 0.126 t 0.004 3.23 t 0.17 0.70 * 0.20 
C1 17.90 2 0 .64~  0.786 t 0.009 14.15 ? 0.63 1.57 ? 0.20 
M e 0  32.87 ? 0.86d 0.101 * 0.002 3.33 0.13 0.71 t 0.20 
M e  17.14 t 0.49d 0.475 ? 0.01 1 8.14 ? 0.40 1.24 2 0.20 
No2 67.51 -t 0.93d 0.061 2 0.001 4.13 ? 0.08 0.84 t 0.20 

Me2NH -0.07' 
MeOH -0.26' 

"All at 25°C. 
bMeOH/DOD means [compound]M,oH/[compound]DoD; DOD is dodecane. 
Tree energy of transfer from methanol to water; standard states are 1 M ideal solutions in each solvent. 
"Corrected for the presence of methanol in the dodecane phase as described in the text. The partition con- 

stants from water to dodecane containing 0.5% 1-octanol were as follows: p-NO2-Ca,-COOMe, 29.4; p-MeO- 
C6H,-CONMe2, 0.143; p-NO2-C6H,-CONMe,, 0.0752. 

'Calculated as described in the text. 
'Calculated from the free energies of formation of liquid methanol and 1 M aqueous methanol (60). 

TABLE 9. Group contributions to thermodynamic quantities for substituted benzenesa 

Group m v a p  AH, (g) so (g) AG? (g) AGl AG: ( 4  

- -  

"All at 25°C. Dimensions are kcal mol-' for enthalpy and free energy, and cal deg-' mol-' for en- 
tropy. For convenience the "groups" [C,CH,] and [C,OCH,] are defined by adding the contribu- 
tions of the contributing groups, [CB(C)] + [CH3(CB)] and [C,(O)] + [O(C,)(C)] + [CH,(O)] 
respectively. Unless otherwise noted, values for AH&) and So(g) are from ref. 23, values for AG, 
are calculated from values for log y in ref. 37, and values for AGXg) and AGXaq) are calculated from 
other values in the table. 

bBased on AH,,, for anisole: Table 2. 
'Reference 28. 
d ~ h i s  work. 

about possible errors. As a check we examined the data at 
each stage in the calculation procedure to see if our results 
were credible. 

First we will look at the heats of formation in solution. 
Heats of formation in the standard state are not directly 
comparable because some of the compounds are solids, with 
contributions from the heat of fusion. We use instead the heat 
of formation in methanol, which can be calculated from data 
in Tables 1 and 2. We made the approximation that since 
M,ol,,lo, is small for the liquids, group contributions to 
MXsolution) will be equal to the contributions to MXg)  + 
AH,,,. We will compare the observed and expected incre- 
ments in MXsolution) for replacement of 4-H by the var- 
ious substituents. These increments are mostly within 1 kcal 
mol-I or so of the expected value, which may be as much 
as can be expected, although for p-CH3-C6H4COOCH3, p-  

CH30C6H4CON(CH3)2, and p-N02C6H4CON(CH3)2 the de- 
viations are larger. Only for p-CH3-C6H4COOCH3 is the 
deviation larger than twice the standard deviation. 

It should be noted that in using Benson additivity for di- 
substituted benzenes we are in effect assuming negligible 
substituent effects, which may not be correct. 

This assumption of Benson additivity also leads to an ex- 
pectation of a constant value of Maminolysis, which is ap- 
proximately what we observe, though with considerable 
scatter. 

Now we turn to the heats of formation in the gas phase. 
Here there is a test, since literature values are available for 
all but one of the acids. For the substituted benzoic acids the 
agreement with Benson additivity is quite good. For the acid 
chlorides, using our estimated heats of vaporization for the 
compounds for which experimental values are not avail- 
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TABLE 10. Enthalpies and free energies of ester hydrolysis, ester aminolysis, and amide formation for p-substituted 
benzoic acid derivativesa 

(a )  Methanol 

Ester aminolysis 

Compound K ( M - ' ) ~  K c  AG 0 d . e  AH Of 

- - 

(b) Water 

Ester hydrolysis Ester aminolysis Amide formation 

Compound K (M)" AG O' Kc AG O".C K' AGO' 

"Standard states are 1 M ideal solution in the solvent indicated, with infinitely dilute reference states. The standard state for the 
solvent is either pure liquid or " 1 M solution" in itself. Units are kcal mol-' for free energies and enthalpies and cal deg-' mol-' for 
entropies. 
'K = [amide]/[ester] [Me,NH]. 
'K = [amide] [MeOH]/[ester] [Me,NH]. 
dAGO and AS0 refer to the 1 M standard state for methanol. 
'Calculated from the equilibrium constant. 
'Calculated from the heats of solution and reaction in Table 1. 
Talculated from the AGO and AH0 values in this table. 
hK = [acid] [MeOH]/[ester]. 
'AGO refers to the pure liquid standard state for water. 
'K = [amide]/[acid] [amine], all reactants and products as the neutral molecules. 

able, we again find good agreement, except for p-nitroben- 
zoyl chloride where the deviation from expectation is 4 kcal 
mol-'. For the esters the agreement is reasonable except for 
methyl p-methylbenzoate, which deviates from expectation 
by 2.5 kcal mol-I. For the amides both N,N-dimethyl-p- 
methoxybenzamide and N,N-dimethyl-p-nitrobenzamide dif- 
fer from expectation by more than 3 kcal mol-I. 

Free energies of transfer were found to be in satisfactory 
agreement with expectation except for the p-methoxy com- 
pounds, where AG, is more negative than expected by sim- 
ple additivity. Since conjugative interactions might well lead 
to a distant polar interaction (37) for this substituent, this 
behavior is not necessarily surprising. 

The striking feature of ester aminolysis is that the reac- 
tion is exergonic, yet is known to be a poor reaction syn- 
thetically. For unactivated alkyl esters the reaction with 
primary or secondary amines is generally quite slow, and 
must be accelerated either by heating (as in formation of 
benzylamides by boiling with benzylamine (38)) or by ad- 
dition of base (as in the use of methoxide in methanol to 
catalyze aminolysis, and in the case of primary amines, to 
displace the equilibrium by salt formation from the second- 
ary amide (39)). For formate esters, esters of a-haloacids, 
or esters with good leaving groups, the reaction is generally 
fast (40). Labelle and Gravel reported an unusually rapid 
reaction of P-ketoesters, the novelty of which emphasizes the 
normal unreactivity of simple esters (41). What we have 
found is that the equilibrium is favorable by about 4 kcal 

mol-I, so that under synthetic conditions the amide would 
be overwhelmingly favored, i.e., over 99.9% at 1 M di- 
methylamine, but the reaction is quite slow at room temper- 
ature. In the case of p-CH30-C6H,-COOCH,, attainment of 
equilibrium required months even with 0.5 M NaOMe. The 
equilibrium is dependent on the nature of the acyl substitu- 
ent, even though p for benzoate esters seems quite small, 
0.59 + 0.19, because the equilibrium free energy changes 
for the dimethylaminolysis of methyl formate, methyl ace- 
tate, and methyl benzoate are - 11.3 (4), -6.8 (4), and -5.0. 
This is in striking contrast to the analogous equilibrium for 
methyl ester formation, for which the free energy changes 
are 1.38 (42), 1.30 (42), and 1.26. 

Free energies of ester hydrolysis in water are available both 
from direct measurement of equilibrium constants and from 
the free energies of formation of the esters and acids calcu- 
lated, as summarized in Table 2. The values so calculated 
are found in Table 11. The agreement is quite reasonable in 
terms of the uncertainties in the thermochemical data. 

Free energies of dimethylaminolysis in water are avail- 
able both from direct measurements of the equilibrium con- 
stants, corrected from methanol to water using free energies 
of transfer, and by free energies of formation of the esters 
and amides, calculated as summarized in Table 2. The two 
sets of values are found in Table 11. The agreement is poorer 
than one would wish, though in fact about as good as can be 
expected given the cumulation of errors in calculating free 
energies of formation in aqueous solution from the avail- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



GUTHRIE ET AL. 1681 

TABLE 11. Free energies of dimethylaminolysis and esterification 
in aqueous solution" 

(a) Free energies of dimethylaminolysis 

Ester AGO, AGO, 

X-PhCOOMe thermochemical direct measurement 

Me0  1.46 ? 3.09 -5.37 -' 0.20 
Me -0.87 + 3.42 -5.34 + 0.20 
H -3.34 + 2.26 -5.98 ? 0.20 
C1 -1.93 +. 4.11 -5.42 + 0.20 
NOz 0.35 + 4.22 -5.97 -+ 0.20 

(b) Free energies of esterification 

Ester AGO, AGO, 

X-PhCOOMe thermochemical direct measurement 

"All in aqueous solution at 25°C; standard state for all species except water 
is 1 M ideal solution with an infinitely dilute reference state. For water the 
standard state is the pure liquid. 

able information. Although we have tried to make realistic 
assessments of the uncertainties in the thermochemical cal- 
culations, the disagreements are in all but one case greater 
than the sum of the estimated standard deviations for the 
thermochemical and the equilibrium values. Thus we must 
consider the possibility of systematic errors. 

Although we cannot see any source of systematic error in 
our measurements, there are some disturbing inconsisten- 
cies, particularly in the amide data. For the moment we 
conclude that the best values for the free energies of for- 
mation of substituted N,N-dimethylbenzamides in aqueous 
solution will come from the free energies of formation of the 
esters by way of the equilibrium constants for. dimethylami- 
nolvsis. Values so calculated are included in Table 2. 

From our measurements of equilibrium constants for 
methyl ester formation and dimethylaminolysis, we can cal- 
culate equilibrium constants and free energy changes for N,N- 
dimethylbenzamide formation. These are, we believe, the 
first measurements of equilibrium constants for benzamide 
formation. Attem~ts at direct measurement were carried out. 
but the amount of amide formed at equilibrium in alkaline 
solution was very small, and the reactions were slow, even 
at elevated temperatures.' 

In the course of our investigations we found that we did 
not obtain consistent results using the heat of solution for HCl 
in methanol reported some years ago based on direct calo- 
rimetric studies. An indirect determination of the heat of 
solution of HCl, using the heats of methanolysis of three acyl 
chlorides, led to a value that gave us internally consistent 
results. We are forced to conclude that the earlier value is in 
error; the directly measured value is too high, suggesting that 
there might be a systematic error from canying droplets of 
H2S04 from the gas buret into the calorimeter. In any case 
we recommend our value for the heat of solution of HCl into 
pure methanol. 

*D. C. Pike, unpublished observations. 

Experimental 
Materials 

Benzoyl chloride (BDH) was redistilled, bp 79-80°C (13 Tom; 
1 Torr = 133.3 Pa) (lit. (7) bp 71°C (9 Torr)). N,N-Dimethyl- 
benzamide (Pfaltz and Bauer) was redistilled, bp 76-78°C (0.3 
Torr), mp 40-43°C (lit. (43) mp 43-44"C, (44) mp 43°C). p- 
Chlorobenzoyl chloride (Aldrich) was redistilled, bp 96-98°C (10 
Torr) (lit. (45) bp 99.6"C (1 1 Torr)). p-Methylbenzoyl chloride 
(Aldrich) was redistilled, bp 102-104°C (15 Torr) (lit. (46) bp 
102.7"C (14 Torr)). p-Nitrobenzoyl chloride (Aldrich), was sub- 
limed, mp 7 1-72°C (lit. (47) mp 75°C). 

N,N-Dimethyl p-chlorobenzamide was prepared from p-chlo- 
robenzoyl chloride and dimethylamine, crystallized from CH2CI2, 
and sublimed, mp 57.5-58.5"C (lit. (48) mp 59-60°C, (43) mp 58- 
59"C, (49) mp 58-59°C); 'H nmr (200 MHz, CDC13/TMS) 6: 3.032 
(d, 6H), 7.37 (d, 4H). N,N-Dimethyl p-methoxybenzamide was 
prepared from p-methoxybenzoyl chloride and dimethylamine, bp 
107- 108°C (0.25 Tom) (lit. (49) bp 122-123°C (0.4 Torr), (43) mp 
29-32°C); 'H nmr (60 MHz, CDC13/TMS) 6: 3.02 (s, 6H), 7.37 
(d, 4H). Methyl p-methylbenzoate was prepared from p-methyl- 
benzoyl chloride and methanol, mp 34-35°C (lit. (7) rnp 33.2"C); 
'H nmr (200 MHz, CDCIJTMS) 6: 2.363 (s, 3H), 3.865 (s, 3H), 
7.195 (d, 2H), 7.9 16 (d, 2H). N-N-Dimethyl-p-methylbenzamide 
was prepared from p-methylbenzoyl chloride and dimethylamine, 
bp 95-98°C (0.32 Torr) (lit. (48) bp 148-15 1°C (10 Torr), (49) bp 
151-152°C (13 Torr), (50) bp 108°C (0.8 Torr); lit. (43) mp 37- 
40°C); 'H nmr (200 MHz, CDCIJTMS) 6: 2.327 (s, 3H), 2.993 
(d, 6H), 7.228 (dd, 4H). N,N-Dimethyl-p-nitrobenzamide was 
prepared from p-nitrobenzoyl chloride and dimethylamine, crys- 
tallized from ethanol, and sublimed, mp 97-98°C (lit. (48) mp 
96"C, (43) 95-97"C, (51, 52) 97"C, (49) 96-97°C); 'H nmr 
(60 MHz, CDCl,/TMS) 6: 3.05 (bd, 6H), 7.85 (dd, 4H). 

Methyl benzoate (Matheson), methyl p-chlorobenzoate (Aldrich), 
p-methoxybenzoyl chloride (Aldrich), methyl p-methoxybenzoate 
(Aldrich), methyl p-nitrobenzoate (Aldrich), dimethylamine 
(Eastman), and dimethylamine hydrochloride (Eastman) were used 
without further purification. 

Calorimetry solvents: 0.1 M dimethylamine in methanol was 
prepared by adding 2.70 mL dimethylamine to 400 mL methanol 
with stirring. 0.1 M Tetraethylammonium hydroxide in aqueous 
DMSO was prepared by adding 70 mL tetraethylammonium hy- 
droxide (Aldrich, 20 wt.%), and 30 mL water to enough DMSO 
to make up to 1.0 L. Methanol was Baker or BDH reagent grade, 
used without further purification. 

Methods 
Solubility: Saturated solutions were prepared in aqueous pH 7 

phosphate buffer or dodecane, and equilibrated at 25°C with oc- 
casional shaking for 1 1 days. The solutions were centrifuged, and 
a sample of the supernatant was withdrawn. Analysis by uv spec- 
troscopy, after suitable dilution, gave the concentration of the sat- 
urated solutions. 

Calorimetry was carried out as previously described (4). Boil- 
ing points at various pressures were determined as previously de- 
scribed (53). 

Equilibrium constants for ester formation in aqueous solution 

X-Ph-COOH + MeOH k X-Ph-COOMe + HzO 

Four solutions were prepared by dissolving benzoic acid or 
methylbenzoate with methanol and hydrochloric acid in 100.0 rnL 
with water. Six 2-mL aliquots of each of these solutions were sealed 
into glass tubes and immersed in a 25°C water bath. For each of 
the other esters, four pairs of solutions were prepared. For the nitro, 
methoxyl, and methyl para-substituted methyl benzoates and ben- 
zoic acids the acid or ester was weighed into a 1.0 L volumetric 
flask and the volume made up with 40.5 mL methanol, 80 mL 
concentrated hydrochloric acid, and water. Solution required sev- 
eral hours stirring. Because of the slower solution rate for p-chloro 
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TABLE 12. Analytical conditions for benzoate esters and N,N-di- 
methylbenzamidesa 

HPLC solvent 
Wavelength 

X-Ph-COY (nm) % ~ u f f e r ~  % Methanol 

(a) Esterification reactions 

M e 0  260 
Me 240 
H 230 
C1 240 
NO2 265 

(b) Aminolysis reactions 

M e 0  250 
M e  235 
H 230 
C1 235 
NO2 265 

- - - 

"Eluted at 3.0 (esterifications) or 2.0 (aminolyses) mL min-' through a 
C18 Waters radial Pak column. The effluent was monitored by a Waters 
490 uv detector and the peak height for the ester in the resulting trace 
compared to the peak height from a standard solution. 

b10 mM Aqueous ammonium phosphate pH 4.0 for analysis of esteri- 
fications, 20 mM aqueous ammonium phosphate pH 6.6 for analysis of 
aminolyses. 

methyl benzoate and p-chlorobenzoic acid, the acid and ester were 
each dissolved in 100 mL methanol and then 25 mL diluted with 
15.5 mL methanol, 80 mL concentrated hydrochloric acid, and 
water to 1.0 L. The initial concentration of reagents in the eight 
reaction mixtures was 1.0 M methanol, 1.0 M hydrochloric acid, 
and para-substituted methyl benzoate or benzoic acid as listed 
below. Seven 1-mL aliquots of each of these solutions were sealed 
into glass tubes and immersed in a 25°C water bath. 

The concentrations of para-substituted methyl benzoates were 
determined by HPLC using the solvent mixtures and wavelengths 
listed in Table 12, with a C18 Waters radial Pak column and a flow 
rate of 3.0 mL min-I. The effluent was monitored by a Waters 490 
uv detector and the peak height for the ester in the resulting trace 
compared to the peak height from a standard solution. The criteria 
for the choice of an HPLC elution solvent were, first, that the peak 
height per mole of ester be as large as possible for maximum sen- 
sitivity and, second, that the ester peak be separate from that of other 
components. Each of the reaction solutions contains 1.0 M HCl. 
Injection of 1.0 M HCl into the HPLC system produces two peaks, 
a sharp one at 2-3 min, just after the void volume, and a broad peak 
at 5-7 min with a long tail. The exact retention times depended on 
the elution solvent. The peak heights increased with decreasing 
detector wavelength over the range 270-230 nm. The composi- 
tion of these peaks is unknown although it is suspected that they 
are derived from an interaction between the acid and the pre-col- 
umn or column packing material. 

The concentration of substituted methyl benzoate in the reac- 
tion mixtures was assayed by HPLC every few days. The equilib- 
rium constants were estimated at each time by the method of Fersht 
(30). These values were in good agreement with the final values 
calculated as described below. 

We fitted the ester concentration vs. time data to equations of the 
form; 

[Ester] = a ,  + a 2  exp (-a$) 

Ester concentrations are in pM. Reaction pairs consist of those 
initiated with benzoate esters and those initiated with benzoic acids. 

The equilibrium constants were calculated from the above data, 
using the infinity values of ester concentration, i.e., the a ,  values, 
and the final acid concentrations, calculated from the initial acid 

or ester concentration and the final ester concentration. The equi- 
librium constants so calculated are given in Table 5. 

Equilibrium constants for dimethylarninolysis in methanol 
Methanol was dried using magnesium (54). Dimethylamine was 

dried by passing as a stream of gas through a diying tower filled 
with sodium hydroxide pellets. Solutions of dimethylamine, so- 
dium methoxide, and ester or amide were made up, and sealed in 
ampoules. The ampoules were incubated at 25OC, and analyzed at 
suitable times by HPLC. The analytical conditions are given in 
Table 12. To  avoid interference between the acid and the amide it 
was necessary to use pH 6.6 buffer as the aqueous component of 
the mixed solvent for elution; this caused the acid to elute at or near 
the solvent peak, so that direct quantitation of the acid was not ac- 
curate. Hydrolysis to the acid was a side reaction, presumably the 
result of traces of water. This poses a problem for the calculation 
of equilibrium constants from data before equilibration was com- 
plete (30) because these calculations assume identical initial con- 
centrations, yet hydrolysis at short times is more important for 
reactions starting with ester than with amide. We corrected for 
hydrolysis by scaling from the peak observed at a particular [ester] 
+ [amide] to the hypothetical peak that would have been observed 
with no acid formation. Equilibrium constants calculated in this way 
are in good agreement with those calculated from data for fully 
equilibrated solutions. The equilibrium constants derived from these 
experiments are found in Table 6 .  
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AHMED HASSAN, H. A. AZAB, S .  A. EL GYAR, and Z. A. KHAFAGY. Can. J.  Chem. 70, 1684 (1992). 
The second-stage dissociation constant values of N-(2-acetamido)imino diacetic acid (H,ADA) were determined at 

25 + O.l°C by potentiometric titration in different mixed-solvent mixtures (methanol, ethanol, dimethylformamide (DMF), 
dimethyl sulfoxide (DMSO), acetone, and dioxane). It was observed that the pK, value is slightly influenced as the sol- 
vent is enriched in methanol and ethanol, and remains practically constant in the presence of different amounts of DMF 
and DMSO. A prounounced change in the pK, value was observed as the solvent is enriched in acetone or dioxane. These 
'results are discussed in terms of various solvent characteristics. It is concluded that the electrostatic effect has only a 
relatively small influence on the dissociation equilibrium of the imino group (-NH+ <). Other solvent effects such as 
solvent basicity, different stabilization of the free base of the conjugate acid by hydrogen bonding interactions in aquo- 
organic solvent media relative to pure aqueous media, as well as proton-solvent interaction play an important role in 
the acid dissociation equilibrium. 

AHMED HASSAN, H. A. AZAB, S .  A. EL GYAR et Z. A. KHAFAGY. Can. J. Chem. 70, 1684 (1992). 
Operant a 25 O,l°C et faisant appel a un titrage potentiomktrique, on a determine le deuxieme stade des valeurs des 

constantes de dissociation de l'acide N-(2-acCtamido)iminodiacttique (H,ADA) dans divers melanges de solvants mixtes 
(methanol, ethanol, dimCthylformamide (DMF), dimethylsulfoxyde (DMSO), acetone et dioxane). On a observe que la 
valeur du pK, est legkrement influencee lorsque le solvant est enrichi en methanol ou en ethanol et qu'elle demeure pra- 
tiquement constante avec des concentrations de plus en plus grandes de DMF ou de DMSO. On observe une change- 
ment prononce de la valeur du pK, lorsqu'on enrichit le solvant en acetone ou en dioxane. On discute de ces resultats 
en fonction de diverses caracteristiques des solvants. On en conclut que I'effet Clectrostatique n'a qu'une legere influ- 
ence sur l'equilibre de dissociation du groupe imino (-NH+<).  D'autres effets de solvant, tels la basicit6 du solvant, 
des stabilisations differentes de la base libre de l'acide conjugue par des liaisons hydrogenes dans les solvants mixtes 
organiques/eau par rapport au milieu aqueux pur ainsi que l'interaction proton/solvant, jouent un r61e important dans 
l'equilibre de dissociation de l'acide. 

[Traduit par la redaction] 

Introduction 
N-(2-Acetamido)imino diacetic acid (H,ADA) was first 

prepared, by Schwarzenbach et al. (I),  in 1955. The choice 
of alternative buffers has increased with the commercial 
availability of zwitterionic amino acids, mainly N-substi- 
tuted taurines or N-substituted glycines prepared by Good et 
al. (2), so that organic buffers suitable for use in biochem- 
istry now include N-(2-acetamido)imino diacetic acid 
(H2ADA). Zwitterionic buffers, comparable to amino acids, 
show significant advantages over conventional buffers: in- 
significant penetration through biological membrane, max- 
imum buffer capacity at physiological pH range 6-8.50, and 
no enzyme substrate or enzyme inhibitor properties. Though 
studies on the dissociation constants of acids and bases in 
mixed and nonaqueous solvents have been extensive, rela- 
tively little work has been done to determine the dissocia- 
tion constants of the biologically important zwitterionic 
buffers (3-7). 

In this paper the effect of the medium on the second dis- 
sociation constant of N-(2-acetamido)imino diacetic acid 
(H2ADA) has been reported using potentiometric titrations. 
The organic solvents used are amphiprotic solvents (meth- 
anol and ethanol), dipolar aprotic solvents (DMF and 
DMSO), a low basic aprotic solvent (acetone), and a non- 
polar solvent (dioxane). 

Experimental 
Chemicals and solutions: H2N-CO-CH,-N(CH,COOH)2 (H,ADA) 

was analytical grade (BDH) with purity 98% and was used with- 

' ~ u t h o r  to whom correspondence may be addressed. 

out further purification. Since the solubility of free acid N-(2-acet- 
amido)imino diacetic acid is very low, the monosodium salt 
(NaHADA) was prepared by dissolving 0.1902 g HzADA in 10 mL 
NaOH (0.1 mol dm-,) and diluting to 100 rnL with bidistilled water. 

The organic solvents methanol, ethanol, dimethylformamide, 
dimethyl sulfoxide, acetone, and dioxane were of high purity (A.R. 
or Spectrograde products). 

Carbonate-free NaOH was prepared and was standardized by ti- 
tration with KH-phthalate. The molarity of HNO, was checked by 
titration with standard NaOH solution. Generally, dilute solutions 
were prepared by appropriate dilution of the stock. 

Procedure 
The pK,, values of N-(2-acetamido)imino diacetic acid in the 

different organic solvent-water mixtures under investigation were 
determined by adopting the Irving and Rossotti pH-titration tech- 
nique (8, 9). The following solutions were titrated potentiometri- 
cally against standard carbonate-free sodium hydroxide (0.1 rnol 
dm-3) solution: (a) 4 x lo-, mol dm-3 HNO,; (b) solution (a) in 
the presence of 1 x mol dm-) NaHADA. Both the solutions 
(a) and (b) contain the same proportion (w/w) of the different or- 
ganic solvents studied. 

The total volume was adjusted to 50 cm3 in each case by adding 
double-distilled water. The titrations were performed at 25 + O.I°C 
and p = 0.1 mol dm-, (KNO,). A Fisher Accumet pH/ion meter 
model 2301 was used for potentiometric measurements and cali- 
brated by using two aqueous buffer solutions at pH 4.0 1 and 9.18. 

The pH-meter readings were corrected in accordance with the 
method described by Douheret (10, 1 1). This was done to account 
for the difference in acidity, basicity, dielectric constant, and ion 
activities in partially aqueous solutions relative to the pure sol- 
vent. 

The pK,, values were calculated by a graphical method (aver- 
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TABLE 1. The mean pK,*, valuesa of H2ADA in the different or- 
ganic solvent-water mixtures 

Organic 
solvent % w/w solvent PK=, 

Methanol 00.0 
10.0 
20.0 
30.0 
40.0 
50.0 

Ethanol 

DMF 

DMSO 

Acetone 

Dioxane 00.0 
10.0 
20.0 
30.0 
40.0 
50.0 
55.0 

"pK$: corrected pK., values according to Douheret (lo, 11). 

age value method) and the linear plot method. A PDP-81E mini- 
computer was programmed to, calculate pK,, values from simul- 
taneous equations. 

Results and discussion 
The mean pKa2 values of N-(2-acetamido)imino diacetic 

acid in the different aquo-organic solvent mixtures are given 
in Table 1. Careful examination of the results reveals three 
important features: 

1. With an increase in amphiprotic methanol or ethanol 
solvent concentration in aqueous medium, the change in 
pKa2 is quite small, in most cases it decreases slightly. 

2. With an increase in the DMF or DMSO content, the 
pKa2 remains practically constant. 

3. By increasing the concentration of acetone or dioxane 
(nonpolar solvents) in aqueous medium, the pKa2 value in- 
creases. 
Effect of the amphiprotic solvent 

Solvent effects on acid-base phenomena in amphiprotic 
media of intermediate and high dielectric constant (metha- 
nol, ethanol) are often successfully interpreted in terms of 
changes in the dielectric constant (electrostatic effects) and 
in the basicity (non-electrostatic effects). 

Consider an acid HA at molality m in mixed amphiprotic 
solvent (SH). It is assumed that the dielectric constant of the 
mixed solvent is sufficiently large to permit a certain amount 
of ionization. The proton activity aH, as a measure of acid- 
ity, can be expressed (12) in terms of KHA and KsH, which 
are, respectively, the acidity constants of HA and SH,+; v 
is the activity coefficient: 

A decrease in the dielectric constant usually causes vSH2+/vHA 
and vA-/vHA to increase, and it is possible that both of these 
ratios will increase by about the same amount (13). Hence, 
according to eq. [I], a lowering of the dielectric constant due 
to addition of methanol or ethanol may have a small effect 
on the acidity of an unbuffered solution of N-(2-aceta- 
mido)imino diacetic acid. With respect to the solvent basic- 
ity effect, the autoprotolysis constant of water is slightly 
influenced by addition of methanol or ethanol (pK of pure 
water is changed from 14.0 to 14.90 mol dm-3 for a 50% 
w/w ethanol-water mixture (HA+SH SH,+ + A+). Ac- 
cordingly, one can deduce that changing the basicity of the 
medium by increasing additions of methanol or ethanol to the 
aqueous medium has a small influence on the second-stage 
dissociation constant of N-(2-acetamido)imino diacetic acid. 

Generally, it is recognized that properties of solvents such 
as dielectric constant, acidic or basic strengths, play a major 
but not exclusive role. Other factors such as stabilization of 
the different species existing in equilibrium through hydro- 
gen bonding together with ion-solvent interaction and dis- 
persion forces play an important role in the ionization of weak 
acids. Accordingly, the observed slight changes in pKa2 of 
H2ADA as the solvent is enriched in methanol or ethanol can 
be mainly interpreted as resulting from the following two 
factors: 

1. The relatively high stabilization of the conjugate base 

by a donor hydrogen bond in a pure aqueous medium rela- 
tive to that in the presence of methanol or ethanol. This is 
due to the greater tendency of water molecules as compared 
with other solvent molecules to donate hydrogen (14). Thus, 
an increase in the proportion of methanol or ethanol in the 
aqueous medium will result in an increase in the activity 
coefficient of the conjugate base, thereby causing a slight 
increase in the pKa2 value. 

2. The greater stabilization of the proton in methanol- 
water or ethanol-water mixtures relative to that in pure water 
through ion-solvent interaction (15, 16). This effect will 
generate a low activity coefficient of the proton in alcohol- 
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water mixtures compared to that in pure aqueous medium, 
therefore causing a slight decrease in pKa2. 

Effect of dipolar aprotic solvents (DMF and DMSO) 
The observed constancy in the pKa2 value of H2ADA in the 

presence of varying amounts of DMF and DMSO can mainly 
be explained as resulting from the following two opposing 
effects: 

1. A DMF-water or DMSO-water mixture is consid- 
ered to be more basic than water (17). This behaviour is then 
based on the building up of a strong acceptor hydrogen bond 
from the -NH+ group of the N-(2-acetamido)imino di- 
acetic acid in the former medium as compared to that in 
water, thus facilitating the ionization process of the imino 
group i.e., a low pKa2 value. 

2. The expected low stabilization of the conjugate N- 
(2-acetamido)imino diacetic acid free base by hydrogen 
bonding with solvent molecules in the DMF-water or 
DMSO-water mixtures com~ared to its stabilization due to 
hydrogen bonding with water molecules in pure aqueous 
medium. This in turn results in a high pKa2 value. 
Effect of a low basic aprotic acetone solvent 

The presence of acetone as co-organic solvent exerts a 
pronounced effect on the pKa2 of H , A ~ A  as compared to the 
effect of the other co-organic solvents studied (methanol, 
ethanol, dimethyl sulfoxide, and D m .  Though ethanol and 
acetone have nearly the same dielectric constant (24.30 and 
20.70, respectively), the pKa2 values of H2ADA in ethanol- 
water and in acetone-water mixtures of the same composi- 
tion are different. This behaviour can be considered as con- 
vincing evidence for the above conclusion that the 
electroitatic effect will have a relatively small influence on 
the second-stage dissociation constant of N-(2-aceta- 
mido)imino diacetic acid. Thus. the observed increase in 
pKa2 when the amount of the co-organic solvent acetone in 
the medium is increased can be mainly attributed to the fol- 
lowing effects. 

1. solvent basicity effect: acetone is considered to be a 
very weakly basic solvent (18-21), therefore one can ex- 
pect that the basicity of acetone mixtures with water is lower 
than that of a pure aqueous medium (17). This leads to lower 
ionization of the NH+ group in the former media as com- 
pared to that in the latter one, i.e., a high pKa2 value. 

2. Solute-solvent interactions effect: acetone is consid- 
ered to be both a poorer acceptor as well as donor of hydro- 
gen bonds than is water (22). Thus, one may expect a low 
stabilization of the free H2ADA conjugate base by hydro- 
gen bonding interactions in the presence of this co-organic 
solvent. This leads to higher pKa2 values in such media than 
those obtained in pure aqueous solution. 

3. Proton-solvent interaction effect: it has been recog- 
nized that the special type of solvation of the H+ ion, namely, 
hydrogen ion-solvent interaction, plays a vital role in acid- 
base equilibria (21). Since acetone is a weakly basic sol- 
vent, one must therefore expect that the H+ ion becomes less 
stabilized in the presence of this co-organic solvent. Thus, 
increasing the acetone proportion in the aqueous medium 
results in a high activity coefficient of the proton, i.e., a high 
pKa2 value. 
Effect of an aprotic nonionizing dioxane solvent 

The observed increase in the pKa2 value of H2ADA as the 
solvent is enriched in dioxane may be attributed to lowering 
of the dielectric constant, which increases the fraction of 

associated ions to form Bjerrum ion pairs (23) and higher 
aggregates such as triple ions and dipole aggregates (24). In 
this aprotic nonionizing medium, the concentration of free 
ions is very low and acidity phenomena are governed largely 
by ionic association reactions, as Kolthoff and Bruckenstein 
have shown so convincingly (25). 

Conclusion 
H2ADA (pKa2 6.60) is a diprotic organic acid in the class 

of Good buffers (2). It is a potentially useful zwitterionic 
buffer for use in biochemistry in the physiological pH range 
(6-8.50), because of its low toxicity. This paper describes 
solvent effects on the measured ionization constants of 
H2ADA. The organic solvents used are methanol, ethanol, 
DMF, DMSO, and acetone. Methanol and ethanol were 
chosen as representatives of amphiprotic solvents. We have 
chosen N,N-dimethylformamide (DMF) and dimethyl sulf- 
oxide (DMSO) as aprotic polar solvents to study the pKaZ 
variations of H2ADA because their dielectric constants are 
relatively high, but lower than that of water. Acetone and 
dioxane have been chosen as a low basic aprotic solvent and 
an aprotic nonionizing solvent. All the solvents chosen are 
of frequent use in biochemistry and biology. The new ex- 
perimental pH and pKaz data reported in this paper for H2ADA 
dissolved in the above-mentioned binary aqueous-organic 
solvent mixtures should be of great use in a number of areas 
of chemistry, biochemistry, and biology. 
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The sodium perchlorate complex of cis-syn-cis dicyclohexano-24-crown-8 ether. 
X-ray crystal structure and solution conformations as studied by variable 

temperature 13c NMR spectroscopy at 125 MHz. An example of 
eight-coordinate sodium1 
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Ottawa, Ont.,  Canada KIS 5B6 

Received November 28, 1991 

G. W. BUCHANAN, Y. LEAR, and C. BENSIMON. Can. J. Chem. 70, 1688 (1992). 
The major isomer obtained by hydrogenation of dibenzo-24-crown-8 ether is shown to have the cis-syn-cis configu- 

ration as determined from the crystal structure of its sodium perchlorate complex. This material possesses eight-coor- 
dinate sodium with Na-0 distances ranging from 2.54 to 2.78 A. The complex is shown to exist in a single asymmetric 
conformation below 240 K as determined by I3C NMR at 125 MHz. From NMR coalescence temperature measure- 
ment, the free energy of activation for cyclohexane ring inversion in this complex has been determined to be 51.0 * 
0.6 kJ/mol. 

G. W. BUCHANAN, Y. LEAR et C. BENSIMON. Can. J .  Chem. 70, 1688 (1992). 
En se basant sur la structure cristalline du perchlorate, on a determine que l'isomkre majeur obtenu par hydrogenation 

de 1'Cther dibenzo-24-couronne-8 posskde la configurati~n~cis-syn-cis. Dans ce produit, il y a huit atomes de sodium de 
cordonnes et les distances Na-0 varient de 2,54 a 2,78 A. Grice a la RMN du I3C a 125 MHz, on a dCmontr6 que, 2i 
une temperature inferieure 240 K, le complexe existe sous une seule conformation asymetrique. Sur la base de me- 
sures de temperatures de coalescence, on a determine que l'energie libre d'interconversion du cyclohexane est egale 2i 
51,O c 0,6 kJ/mol. 

[Traduit par la redaction] 

Introduction perature have permitted assignment of the preferred confor- 

~ l t h ~ ~ ~ h  the dibenzo-24-crown-8 ether system shown mation of this complex at low temperature in solution as well 

below has been known since the pioneering work of Pedersen as representing a measure of the free energy for conforma- 

( I ) ,  the only report of its dicyclohexano derivatives is con- tiOnal interconversion. 

fined to that describing a mixture of isomers (2) Results and discussion 

In view of our continuing interest in the solution and solid 
state stereochemistry of related molecules with a variety of 
macrocyclic ring sizes (3-7), we wish to report the deter- 
mination of the configuration of the major isomer obtained 
from catalytic hydrogenation of dibenzo-24-crown-8. This 
isomer has been identified as the cis-syn-cis form (below) via 
the X-ray crystal structure of its sodium perchlorate com- 
plex. 

High-field I3c NMR measurements as a function of tem- 

'Taken in part from the B.Sc. Honours Thesis of Yvonne Lear, 
De artment of Chemistry, Carleton University, April 1990. 

Guthor to whom correspondence may be addressed. 

Figure 1 contains the structural formula and numbering 
scheme for the NaClO, complex of cis-syn-cis-dicyclohex- 
ano-24-crown-8 ether (1). Figure 2 shows the ORTEP plot 
for this complex, while Fig. 3 shows the I3c NMR spectra 
of 1 at ambient temperature in CD2C12 solution as well as in 
the slow exchange limit of 240 K. Bond lengths and angles 
for 1 are listed in Table 1 while torsional angles involving 
ring skeletal atoms and the sodium ion are colGcted in ~ a b c  
2. The I3c chemical shifts are presented in Table 3 ,  with the 
crystallographic data in Table 4 and the atomic parameters 
in Table 5. Lists of structure factors and anisotropic tem- 
perature factors are available as supplementary material.3 
(i) X-ray crystallographic structure 

The ORTEP diagram in Fig. 2 clearly shows that, in the 
crystal, the 24-membered ring adopts a conformation that 
allows all eight crown ether oxygens to be coordinated to the 
sodium ion. This type of coordination of a sodium cation 
within a single crown ether appears to be ucique. The range 
of Na-0 distances is from 2.54 to 2.78 A. In the case of 
both 1 : 1 and 1 : 2 complexes of dibenzo-24-crown-8 with 

3 ~ h e s e  tables may be purchased from: The Depository of Un- 
published Data, Document Delivery, CISTI, National Research 
Council Canada, Ottawa, Canada KIA 0S2. 

A table of hydrogen atom parameters has also been deposited 
with the Cambridge Crystallographic Data Centre and can be ob- 
tained on request from The Director, Cambridge Crystallographic 
Data Centre, University Chemical Laboratory, Lensfield Road, 
Cambridge CB2 lEW, U.K. 
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sodium o-nitrophenolate, the coordination number is six, with 
distances from the crown tther oxygens to the ~ a '  ion 
ranging from 2.47 to 2.61 A (8). In the 18-crown-6 com- 
plex with NaNCS . H 2 0  (9) the Na' ion is heptacoordinate 
with the water molecule providing the extra coordination sit:, 
and the range of Na-0 distances is from 2.32 to 2.62 A. 
The only reported instance of eight-coordinate sodium in 
crown ether chemistry occurs in the 2 :  1 octahydrate com- 
plex of 12-crown-4 ether with NaOH (10). In this case the 
sodium ion forms an eight-coordinated sandwich complex 
of approximate D, symmetry with the two crown ether rings. 
The oxygen atoms are arranged at the comers of a square 
antiprism-type structure with an average Na-0 distance of 
2.49 A. Thus in 1, the Na-0 distances are significantly 
longer than in other crown ether complexes involvi~g so- 
dium ion?. Considering the atomic radii of Na' (0.97 A) and 
0 (1.40 A), one would expect the optimal Nao-0 distance 
to be near the sum of these values, i.e., 2.37 A. The stabil- 
ity of 1 in spite of the longer Na-0 distances is, accord- 
ingly, remarkable. 

With respect to the conformation of the crown ether moiety 

e~ Na in 1, the eight 0-C-C-0 networks of the macrocycle 
have torsional angles ranging from 49.9" for the 08-C23- 

FIG. 1. Structure and numbering scheme C24-01 unit to 62" for the 06-C19-C20-07 case. 
These values are in the normal range for crown ethers where 
gauche 0-C-C-0 networks are energetically favoured 
(I I). By contrast, the C-0-C-C networks, which in 
"ideal" crown ether conformations are transoid (1 I), show 
a wide range of values in 1. In fact, of the 16 such networks 
in the macrocyclic portion of 1, only eight have transoid 
geometries (i.e., 160-1 80"). Five others exhibit gauche-type 
geometries (70-79") with the remaining three having dihe- 
dral angles of 117.6, 138.4, and 145.6" respectively. De- 
spite the difference in coordination number at sodium, there 
are some common features between the macrocyclic ring 
conformation of 1 and that present in the 2 :  1 sodium-o- 
nitrophenolate complex of dibenzo-24-crown-8 ether (8). In 
both cases, there is a "propellor" type conformation present 
in the central portion of the macrocycle as depicted in 
Fig. 1. 

Unfortunately, the free ligand is an oil, so that no direct 
comparison of "free" vs. complexed macrocyclic ring con- 
formations can be made for this cis-syrz-cis-dicyclohexano- 
24-crown-8 ether system. 

(ii) ' 3 ~  NMR spectra 
Figure 3 illustrates the 125.76 MHz I3c NMR spectra of 

1 in CD,CI, solution at 303 and 240 K.  The spectrum re- 
corded at 303 K is consistent with a situation in which all 
conformational interconversions in 1 are fast on the NMR 
time scale, giving rise to only six singlet resonances. The 
broadened high-field and low-field lines represent sites whose 
rates of conformational interchange are beginning to ap- 
proach their slow exchange chemical shift differences (in Hz). 
From results of the APT test (12) the lowest-field resonance 
at 76.01 ppm arises from the methine carbons 1, 2, 13, and 
18. From well-documented effects of oxygenated substi- 

21 tuents on cyclohexyl carbon shifts (13), the highest-field line 
FIG 2. ORTEP diagram for 1 at 22.11 ppm can be confidently assigned to the carbons most 

remote from the oxygen atoms, namely C-4, 5,  15, and 16. 
By elimination, the resonance at 27.32 ppm can be attrib- 
uted to the C-3, 6, 14, and 17 sites. In the 'H spectrum at 
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TABLE 1. (a) Atomic distances in A 

Na-O( 1 ) 2.578(7) Na-O(2) 2.560(7) Na-O(3) 2.539(7) 
Na-O(4) 2.585(7) Na-O(5) 2.600(6) Na-O(6) 2.614(7) 
Na-O(7) 2.557(7) Na-O(8) 2.775(9) 

C1-O(9) 1.303(9) C1-O(10) 1.412(10) C1-O(11) 1.376(10) 
Cl-O( 12) 1.419(11) 

o (  1 )-c( 1) 1.441(12) O(1)-C(24) 1.447(12) O(2)-C(2) 1.446(11) 
0(2)-C(7) 1.423(12) O(3)-C(8) 1.428(14) O(3)-C(9) 1.439(13) 
O(4)-C(l0) 1.403( 12) O(4)-C(11) 1.43 l(11) O(5)-C(12) 1.424(10) 
O(5)-C(l3) 1.447(11) O(6)-C(18) 1.435( 10) O(6)-C(19) 1.450(11) 
O(7)-C(20) 1.4 15(13) O(7)-C(2 1) 1.465(14) O(8)-C(22) 1.453(16) 
O(8)-C(23) 1.334(16) 

c (  1 )-c(2) 1.513(14) C(1)-C(6) 1.526(15) C(2)-C(3) 1.510(14) 
c(3)--c(4) 1.5 18(14) C(4)-C(5) 1.503(16) C(5)-C(6) 1.529(16) 
C(7)-C(8) 1.485(15) C(9)-C(10) 1.505(16) C(11)-C(12) 1.496(14) 
C(l3)-C(l4) 1.509(13) C(l3)-C(l8) 1.548(13) C(14)-C(15) 1.518(14) 
C(l5)-C(l6) 1.507(14) C(16)-C( 17) 1.522(13) C(17)-C(18) 1.552(13) 
C(l9)-C(20) 1.521(14) C(21)-C(22) 1.392(19) C(23)-C(24) 1.388(18) 

(b) Bond angles in degrees 
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~rs ion  angles 

02-Na-0 1 -C24 
03-Na-0 1 -C24 
04-Na-0 1 -C24 
05-Na-0 1-C24 
06-Na-0 1 -C24 
07-Na-0 1-C24 
08-Na-0 1 -C24 
0 1 -Na-02-C7 
03-Na-02-C7 
04-Na-02-C7 
05-Na-02-C7 
06-Na-02-C7 
07-Na-02-C7 
08-Na-02-C7 
0 1 -Na-03-C9 
02-Na-03-C9 
04-Na-03-C9 
05-Na-03-C9 
06-Na-03-C9 
07-Na-03-C9 
08-Na-03-C9 
0 1  -Na-04-C 1 1 
02-Na-04-C 1 1 
03-Na-04-C11 
05-Na-04-C 1 1 
06-Na-04-C11 
07-Na-04-C11 
08-Na-04-C11 
0 1  -Na-05-C 13 
02-Na-05-C 13 
03-Na-05-C 13 
04-Na-05-C 13 
06-Na-05-C 13 
07-Na-05-C 13 
08-Na-05-C 13 
0 1-Na-06-C 19 
02-Na-06-C 19 
03-Na-06-C 19 
04-Na-06-C 19 
05-Na-06-C 19 
07-Na-06-C 19 
08-Na-06-C 19 
01-Na-07-C2 1 
02-Na-07-C2 1 
03-Na-07-C2 1 
04-Na-07-C21 
05-Na-07-C21 
06-Na-07-C21 
08-Na-07-C2 1 
0 1 -Na-08-C23 
02-Na-08-C23 
03-Na-08-C23 
04-Na-08-C23 
05-Na-08-C23 
06-Na-08-C23 
07-Na-08-C23 
Na-0 1 -C 1 -C6 
C24-0 1 -C 1-C6 
C 1-0 1 -C24-C23 
Na-02-C2-C3 
C7-02-C2-C3 
C2-02-C7-C8 
C9-03-C8-C7 
C8-03-C9-C 10 
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TABLE 2 (concluded) 

TABLE 3. 13c NMR chemical shifts 
(ppm from TMS 7 0.01)" 

Carbon 1 (303 K) 1 (240 K) 

"0.05 M in CD2CI, solution. 
"-hDenote possible interchange of as- 

signments. 

TABLE 4. Crystal data for 1 

Empirical formula NaC10 ,2C24H44 

Formula weight 583.04 

Crystal shape plate 

Crystal dimensions 0.3 X 0.2 X 0.4 

Crystal system Monoclinic 

No. reflections used for unit 
cell dimension (28 range) 

Lattice parameters 

Space group 

Z value 

P- 

No. of reflections measured 
No. of reflections unique 
No. of reflections observed 
No. of atoms 
No. of variables 

R ,  (sign. refl.) 
R ,  (sign. refl.) 
R,  (all refl.) 
R ,  (all refl.) 
Goodness of fit 

Last difference Fourier map 
max peak 
min peak - 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BUCHANAN ET AL 

I I 1 I I I I I I I I I I 
8 0 75 7 0 6 5 6 0 55 5 0 45 4 0 3 5 3 0 25 2 0 

PPM 

I 1 I I I I I I 1 I I 1 1 
8 0 75 7 0 65 6 0 55 5 0 45 40 35 3 0 25 20 

PPM 

FIG. 3. 125.76 MHz I3c NMR spectra of 1 at 303 and 240 K .  
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TABLE 5. Atomic parameters x ,  y,  2 and B,,, for 1; esds refer to the last digit printed 

Atom x Y z B,,," 

"B,,,, is the mean of the principal axes of the thermal ellipsoid 

303 K,  the protons on the central carbons of the macrocy- 
cle, namely C-9, 10, 21, and 22 appear as a sharp singlet at 
3.60 ppm. From the 'J HETCOR experiment, these can be 
shown to correlate with the I3c resonance at 66.62 ppm. By 
contrast, the protons on carbons 7, 8; 11, 12; 19, 20; and 
23,24 give rise to complex AA'BB' spin systems and ex- 
tensive overlap is present even at 500 MHz, thereby pre- 
cluding unambiguous assignment of the attached carbons. 

As the temperature is lowered, decoalescence occurs, 
starting with the resonance for C-1, 2, 13, and 18 at 76.01 
ppm. At 240 K, the limiting low-temperature spectrum is 
obtained wherein four resonances of approximately equal 
intensity are observed at 78.45, 78.17, 70.68, and 69.75 
ppm. Based on well-documented trends of axial and equa- 
torial substituent effects on oxygenated carbon chemical shifts 
(14, 15), one can attribute the most deshielded resonances 
to C-2 and C- 18, i.e., the carbons bearing equatorial substi- 
tuents. No unambiguous distinction between these, how- 
ever, can be made, as is indicated in Table 3. The methine 
carbons bearing axial oxygen give rise to lines at 70.68 and 

69.75 ppm, again with no distinction between C-1 and C-13 
being possible at this time. The fact that four equally in- 
tense resonances are seen in the methine carbon region sug- 
gests that 1 exists at 240 K in a single conformation that lacks 
any symmetry elements. 

The region of the spectrum (64.81-67.43 ppm) that con- 
tains the CH,-0 resonances shows eight resolved lines at 240 
K in the ratio of 1 : 1 : 1 : 1 : 3 : 3 : 1 : 1 (high-field to low-field 
direction). The small chemical shift differences coupled with 
several instances of accidental chemical shift equivalence 
preclude any unambiguous assignment of resonances, but the 
pattern of relative intensities is consistent with the afore- 
mentioned conformational postulate. The cyclohexyl car- 
bons p to oxygen show four resonances of approximately 
equal intensity in the range of 25.35-27.08 pprn at 240 K. 
This is also consistent with the notion of a single preferred 
asymmetric conformer at this temperature. The more de- 
shielded pair are attributed to sites P to equatorial oxygen b~ 
analogy with earlier work (14, 15), although again no dis- 
tinction between C-3 and C-17 is possible. 
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Finally, the cyclohexyl sites most remote from the oxy- 
gen show only two separate resonances at 240 K. The most 
shielded, at 18.75 ppm, is attributed to the C-5,15 pair, which 
are y-gauche to axial oxygen and thus most shielded (13-15). 
The corresponding C-4,16 sites, being trans-y to the equa- 
torial oxygens, are deshielded by ca. 5 ppm. Apparently the 
shift differences between C-5 vs. C-15 and C-4 vs. C-16 are 
too small to be resolved even at 125 MHz. 

From the coalescence temperature of this upfield reso- 
nance (278 K) and the limiting low-temperature chemical 
shift difference of 5.11 ppm (642.9 Hz), one can employ the 
Eyring equation to obtain a free energy of activation, AG*, 
for the conformational interconversion process. With a tem- 
perature uncertainty of 7 3  K, AG* is calculated to be 51.0 
T 0.6 kJ/mol. This value is ca. 8 kJ/mol higher than that 
for cycylohexane ring inversion in cis-l,2-disubstituted cy- 
cylohexanes (16) and 4 kJ/mol higher than for K+ com- 
plexes of related dicyclohexano- 18-crown-6 systems (1 5). 
The enhanced value of AG' here can be attributed to the ri- 
gidity imposed on the macrocyclic portion of the molecule 
due to the coordination of all eight oxygen atoms with the 
~ a +  ion. Since conformational reorganization of the macro- 
cycle must accompany cyclohexane ring reversal, any fac- 
tors that retard the flexibility of the 24-membered ring will 
also retard the rate of chair-chair interconversion of the cy- 
clohexyl moieties. 

Experimental 
(i) Materials 

Dibenzo-24-crown-8 ether (2) was purchased from the Aldrich 
Chemical Co. Hydrogenation of 2 was accomplished using an 
American Instrument Co. 50 000 psi (1 psi = 6.9 kPa) maximum 
pressure high-pressure apparatus. In 60 mL of distilled 1-butanol, 
1.0 g (0.0022 mol) of 2 and 0.75 g of 5% ruthenium on alumina 
catalyst were dissolved. A pressure of 1000 psi was used and the 
reaction was continued for 16 h at a temperature of 100°C. The 
catalyst was removed via filtration and the butanol by rotary evap- 
oration at 70°C to yield 0.9 g of a yellow-brown oil. From I3c NMR 
there appeared to be two configurational isomers present in the ratio 
of ca, 3 : 1. Column chromatography of the crude product using 
activated silica gel of mesh size 100-200 and a mixture of 25% 
hexane, 25% dichloromethane, and 50% diethyl ether afforded 0.1 
g of an oil as the first fraction eluted. This material was deemed to 
be at least 90% pure by I3c NMR, with characteristic resonances 
at 78.53, 71.64, 7 1.56, 69.07, 28.57, and 23.02 ppm. An equi- 
molar amount of this material and NaClO, were dissolved in a 
minimum amount of dry ethanol. After allowing the mixture to 
stand for 3 h, the solvent was removed by rotary evaporation. Re- 
crystallization from hexane - methylene chloride solvent pair 
yielded 1 ,  mp. 165-166°C. 

(ii) Crystallographic measurements and structure solution 
In Table 4 are collected the complete set of crystal data for 1. A 

single crystal of 1 was mounted on a glass capillary and studied at 
23°C on a Rigaku diffractometer with MoKa radiation. Cell con- 
stants and an orientation matrix for data collection were obtained 
from a least-squares refinement using the setting angles of 25 re- 
flections in the range 40 < 28 < 47 corresponding to a monoclinic 
cell of dimensions as described in Table 4. Based on systematic 
absences the space group was determined to be P21 / n .  A total of 

4480 reflections were collected. The unique data set contains only 
4273 reflections. The standards were measured after every 150 re- 
flections and no crystal decay was noticed. Data were corrected for 
Lorentz and polarization effects (17). 

The structure was solved by direct methods. All the atoms were 
refined anisotropically except hydrogen. The hydrogen atom po- 
sitions were calculated but not refined. Weights based on count- 
ing statistics were used and all calculations were performed using 
the NRCVAX crystallographic software package (18). 

(iii) "C NMR spectra 
The 13c NMR spectra at 125.76 MHz were obtained on a Bruker. 

AM-500 spectrometer under conditions of complete 'H noise de- 
coupling. The sample was at a concentration of 0.05 M in CDZC12 
solution. Typical sweep width was 10 000 Hz, and acquisition time 
1.6 s with 32 K data points, with a pulse delay of 1 s.  Line broad- 
ening was 2.0 Hz. With 45" observed pulses under these condi- 
tions, satisfactory signal-to-noise ratios were obtained at 240 K after 
200 accumulations. Temperatures are deemed accurate to 7 3 "  and 
chemical shifts are referenced to internal TMS. 
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The duodecet rule: Part 3. Fluoro species of the third period elements 
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This paper is dedicated to the memory of Professor Thomas Birchall 

E. A. ROBINSON. Can. J. Chem. 70, 1696 (1992). 
On the basis of the suggested new value of 54 pm for the single bond covalent radius of fluorine, the previously es- 

tablished duodecet rule for period 3 elements in molecular species with highly electronegative ligands is extended to 
fluorides. It is shown, for species such as SiF,, (F3Si),0, F3SiNH2, F3P0,  and PF,, that the observed bond lengths are 
consistent with significant partial double bonding involving all the ligands, including fluorine, and with a total of six 
electron pairs in the valence shell of the central atom. Empirical rules based on d /d , ,  the ratio of an observed bond length 
to the corresponding single bond length calculated from the sum of covalent radii, are developed as a simple approxi- 
mate guide to the extent of partial double bonding in bonds to third period elements. It is also shown that bond lengths 
in species such as A12F6, ~ 1 0 2 - ,  and Al(NH,),- are consistent with a duodecet rule. 

E.  A. ROBINSON. Can. J. Chem. 70, 1696 (1992). 
En se basant sur la nouvelle valeur de 54 pm pour le rayon covalent d'une liaison simple du fluor, on a Ctendu au 

fluor la regle du duodCcet Ctablie antkrieurement pour les ClCments de la pCriode 3 dans des espkces molCculaires com- 
portant des ligands fortement ClectronCgatifs. Pour les especes comme SiF,, (F3Si),0, F3SiNH2, F3P0 et PF,, on montre 
que les longueurs de liaisons observCes sont en accord avec la prksence d'une double liaison partielle importante impli- 
quant tous les ligands, y compris le fluor, et un total de six paires dlClectrons dans la couche de valence de I'atome cen- 
tral. On a dCveloppt5 les regles empiriques basCes sur d /d , ,  le rapport d'une longueur de liaison observCe sur la longueur 
de la simple liaison correspondante calculCe B partir de la somme des rayons covalents, comme guide approximatif sim- 
ple de 1'Ctendue de la double liaison partielle dans les ClCments de la troisieme pCriode. On montre aussi que les lon- 
gueurs de liaison dans des espkces comme A12F6, ~ 1 0 2 -  et A1(NH2),- sont en accord avec une regle du duodCcet. 

[Traduit par la rkdaction] 

Introduction 
In previous papers, by combining linear relationships be- 

tween log d and log k, and bond order, n, and k, where d is 
the observed length of a bond, k is its stretching force con- 
stant, and n 'is defined as the average number of electron pairs 
per bond, we estimated bond orders, n, from the observed 
bond lengths in many group 3 species (2). While the bond 
length - force constant relationships are established entirely 
on the basis of experimental results, the bond order - force 
constant relationships are based on the judicious choice of 
appropriate force constants for a minimum of at least two 
bonds of assumed order, most conveniently a single bond and 
a double bond. Justification for our choice was given pre- 
viously (2). These calculations demonstrated that for a large 
number of species containing Si-0, P-0, S-0, C1-0, 
Si-N, P-N, S-N, and S-C bonds, the calculated total 
bond order of all the bonds to the central atom was close to 
6 when there are no unshared electron pairs in the valence - 
shell of the central atom, as in Si(IV), P(V), S(VI), and 
Cl(VI1) species. In other words, the structures are consis- 
tent with a duodecet rule rather than the octet rule. 

This result is consistent with the generalized valence bond 
description proposed by Messmer (3), in contrast to the mo- 
lecular orbital description of Reed and Schleyer (4), which 
gives a description of the bonding in isoelectronic species 
such as F,PO, SO:-, and S02C12 in terms of four polar a -  
bonds and partial n-bonding due to strong n + a *  negative 
hyperconjugation as a consequence of donation of ligand lone 
pairs into the a-antiboding orbitals concentrated between the 
central atom and adjacent ligands. 

We noted previously (2), that a duodecet rule is consis- 
tent with the occurrence of species such as A~F;-, S~F?-, 

PF6-, SF,, and :ClF,. We also drew attention to the great 
variation in, for example, P-F bond lengths in a variety of 
P(V) and P(II1) species, but were unable to further analyze 
X-F bond lengths because there was uncertainty about what 
length to assign to a single X-F bond. Single bond lengths 
calculated using either Pauling's value of 64 pm for the 
covalent radius of F, or half the bond length in the F2 mol- 
ecule of 72 pm, and other standard single bond covalent radii 
are much longer than those observed for the majority of flu- 
oro species (Table 1). Recently, we proposed the new value 
of 54 pm for the covalent single bond radius of fluorine (I),  
which clears up many of the difficulties previously encoun- 
tered in the interpretation of X-F bond lengths (Table 1) and 
enables observed bond lengths to fluorine to be discussed 
systematically. 

Results and discussion 

We have previously shown that the Douglas-Clark linear 
log d/log k relationship, 

log kxy + A log dxy = constant 

where kxy is the stretching force constant of a bond XY of 
length dxy, and A is a constant ( 3 ,  is valid for many bond 
types (2), and that by combining it with our linear bond order, 
nxy, force constant, kxy, relationship (6), 

nxy = Bxy + constant 

where B is a constant, correlations between bond lengths and 
bond orders can be obtained for a number of bond types. 
Unfortunately, it has previously not been possible to apply 
this approach to all bonds of interest because of the lack of 
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ROBINSON 

TABLE 1. Some observed and predicted normal X-F single bond lengths 

C I X - F  (pred) (pm) A (pm)b 
X-F rx 
bond dX-F covU c d d E Ref. 

B-F 
C-F 
N-F 
AI-F 
Si-F 
P-F 
S-F 
Cl-F 
Ga-F 
Ge-F 
AS-F 
Se-F 
Br-F 

"r, = covalent radius of X. 
"Difference between dx-, (predicted) and dx-, (observed). 
'r, (covalent radius of F) = 72 prn. 
"r, = 64 prn. 
' r ,  = 54 prn. 
'140.6 pm in NH,BF, and 141 pm in NaBF, (ref. 8). 
"132.0 prn in CF,. Tables of interatomic distances. Edited by L. Sutton. Chern. Soc. Special Pub. Nos. 

I1 and 18. 
"(1) 130 prn in NF,'BF,- (ref. 9); (2) 122 pm in N2FtAsF6- (ref. 17). 
'(I) 181 pm in Na,AIF, (ref. 18); (2) 181.2(3) prn in [(CH,),AIF], (ref. 19); (3) 181 prn (avg.) in linked 

AIF, octahedra in Hg,AIF,. 2H10 (ref. 20); (4) 178.2 pm in K[Me,Al-F-AIMe,] (ref. 21); (5) 182 pm 
(avg.) in A10,F2 octahedra in [Sr,Al,F,(OH),] . 2Hz0 (ref. 22). 

'171 pm in M,SiF, (M = Cs, K, NH,, Rb, T1) (ref. 23). 
"1) 163.0 pm in PO,F,- (ref. 24); (2) 163.8 pm in (C6H,),PF2 (ref. 25); (3) 164 prn (avg.) in NaPF,. H20 

(ref. 26). 
'(1) 156.2 pm in SF6. H. Kelly and M. Fink (ref. 27); (2) 156.0 (avg.) in (SF,),O (ref. 28); (3) 156.5 

prn (avg.) in SOF, (ref. 29). 
"(1) 157 pm for axial bond in ClF, (ref. 12, p. 151); (2) 158 pm in CIF,'SbF,- (ref. 10); (3) 156.6 pm 

in CIF,'RuF,- Inorg. Chem. 30, (ref. 30); (4) 154.1 pm in C1F2+AsC1,- (ref. 31). 
"(1) 190 pm (avg.) in LiMnGaF, (ref. 32); (2) 177.5 pm in GaF (ref. 33). 
"(1) 177 pm in Rb,GeF, (ref. 34); (2) 176 pm (avg.) in GeF, octahedra in Ge,F,, (ref. 35); (3) 174 prn 

in [CO(H,O)~]G~F, (ref. 36). 
P(I) 177 pm in C,H6NkAsF6-. (ref. 8); (2) 180(5) in KAsF6 (ref. 37); (3) 171.9(3) in KAsF, (ref. 38); 

(4) 172 pm in HON(CH,)CF,'AsF, (ref. 39); (5) 173 prn (avg.) in H,O'AsF,- (ref. 40); (6) 176 pm (avg.) 
in (CS+),(F,AS)~O'- (ref. 4 1). 

"(1) 168.4 pm in SeF, (ref. 42); (2) 173 prn (avg.) in SeF, (ref. 43); (3) 167.4 pm (avg.) in (F,Se),O 
(ref. 44). 

'(1) 168.9(4) pm for axial bond in BrF, (ref. 45); (2) 17 1.8(10) pm in BrO,F (ref. 46); (3) 169 pm in 
BrF,+SbF,- (ref. 10). 

TABLE 2 .  Constancy of d / d ,  ratios for bonds of the same bond order" 

Bond 
order BN CC CN CO NN NO S i x  PX SX ClX 

"See ref. I and Table I I 

comprehensive stretching force constant data. However, it same period (1, 2). This is illustrated in Table 2. Thus, it 
has been apparent from our work that most X-Y bonds of seems reasonable to extrapolate some of the relationships 
the same bond order have very similar values of the ratio already established, for example those for X-0 bonds, to 
d / d l ,  where d  is an observed bond length and dl  is the sin- X-N, X-C, and X-F bonds. In this paper we present 
gle bond length calculated from the sum of the single bond some bond orders calculated using this method. Standard 
covalent radii of X and Y, provided the Y atoms are from the single bond lengths are calculated from standard single bond 
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TABLE 3 .  Some species with standard single bond lengthsa 

Bond Species ~ X Y  (pm) Bond Species d x u  (pm) 

S-0 -03s-0NH3+ 
(F5S-012 
(-03s)20 
HO-SO3- 
F5S-OF 

C-S F3C-SF5 
P-0 
P-N H3N+-p03'- 

S-N - 03S-NH3+ 
(FsS)INH 
(FsS)~NF 

Si-0 
Si-N ' 
CI-0 HO-c103 

(03c1120 
c1,o 

"For X-F bonds, see Table I 
hOctahedrally coordinated SI  in Sl,O(PO,), 
'See ref 47 
"In tr~s(o-pheny1enedloxy)phosphate 

A 
FPF 

A 
FPF 

~ P F  (pm) P-F BOND ORDER 

FIG. 1.  (a) P-F bond length versus FPF bond angle; (b) P-F bond order versus FPF bond angle. 

covalent radii, except that we use the values 62 pm, and 54 
pm for the radii of 0 ,  and F, respectively.' 
Phosphorus(V) andfluorophosphorus species 

On the basis of a single bond length of (1 10 + 62) = 
172 pm for a PO single bond, and our previous analysis of 
PO bonds (2), we obtain the relationship 

and we assume that the same equation applies to P-N bonds 
(dl = 180 pm), and to P-F bonds (d, = 164 pm). The choice 
of these standard single bond lengths is amply justified by 
the observed bond lengths in species where it seems reason- 

' ~ a s e d  upon a correlation of electronegativity with covalent ra- 
dius, 62 pm for ro is consistent with 54  pm for r ~ ,  70 pm for r ~ ,  
and 77 pm for rc, and with the data in Table 3 (E. A. Robinson, 
unpublished). 

able to assume that the bonds are normal single bonds (Table 
3). Bond orders calculated using this equation are give in 
Table 4. In all cases the total bond order at the central P(V) 
atom is close to six. Similar calculation of bond orders for 
P-F bonds in some P(II1) species are shown in Table 5, 
which also lists the observed FPF bond angles in a variety 
of fluorophosphorus species. PF bond length and PF bond 
order are plotted against LFPF in Fig. 1. There is a steady 
increase in bond angle with increasing PF bond order, and 
diminishing bond length, as might be anticipated and has been 
shown to be the case previously for, for example, S-0 
bonds (7). As has also been observed for the 0 .  . . . 0  dis- 
tance in SO, groups (7), the F .  . . . F distance in PF2 groups 
is approximately constant (at about 235 + 2 pm), which un- 
doubtedly warrants further investigation. For P(V) species, 
when ligands with atoms such as N, 0 ,  and F compete for 
partial lone electron pair delocalization onto a central phos- 
phorus atom, the extent of lone pair delocalization de- 
creases in the order of increasing electronegativity, N > 0 
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ROBINSON 

TABLE 4. Bond lengths, bond orders, and total bond orders at phosphorus for some P(V) 
species 

Species Bond Length, d (pm)" did, Bond order, n Enb Ref. 

PO 
POP 

PO 
POP 

PO 
POC 

PO 
PO 

PO 
PN 

PO 
PN 

PO 
PN 

PO 
PF 

PF 
PF 

PO 
PF 

PO 
PF 

PN 
PF 
PF 

PF 
PN 

PF 
PN 

PF 
PN 

PO 
PF 
PH 

PF 
PF 
PN 

PN 
PF 
PF 

PF 
PF 
PC 

PF 
PF 
PC 

"Bond type, bond length, and number of bonds of this length. 
'Total bond order at phosphorus. 

N-S-N 
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TABLE 5. Observed bond lengths and bond angles, and calculated 
bond orders for some fluorophosphorus species 

Species dPF (prn) Bond order, n LFPF(") Ref. 

PF3 157.0 1. 146 97.8 62 
0PF3 152.4 1.27, 101.3 63 
RbF2P02 156.2 1.167 96 64 
HPF, 158.2 1 . 1 1 ~  99.0 65 
HP(O)F, 153.9 1.23, 99.8 66 
F2P-PF2 158.7 1. lo5 99.1 67 
F2P-0-PF2 156.8 1.15, 99.2 68 
POF3. 2SbF5 147.5 1 .467 105.7 69 
F3P . BH3 153.8 1 .235 99.8 70 
Ni(PF314 156.1 1 .  170 99.3 71 
H2NPF2 158.3 1.10, 95.3 72 
Me2NPF2 162.8 1.02, 91.5 72 
Me2NPF2. B4H8 158.3 1.11, 96.4 73 
F3P . B4F6 152.5 1 ,276 101.5 74 
F3PS 153.8 1.23, 99.6 75 
HF2PS 155.1 1.197 98.6 76 
(F2P0)3PO 158.1 1.11, 96.5 77 
F2PCN 157.0 1. 146 97.9 78 
F,PCNO 156.4 I . l6? 97.9 79 
F2PNCS 156.7 1.15, 99.4 79 

> F. Moreover, for all the P(V) species, the calculated total 
bond order at phosphorus is found to be in the range 6.0 + 
0.1, in accord with the duodecet rule.2 Although PF,+ salts 

 he calculated bond order is very sensitive to d / d , .  For most 
bonds an error of I% in d / d l  translates into a change in bond order 
of about 5%, or 0.2-0.3 for all the bonds to a central atom. Thus, 
a calculated total bond order of say 6.0 * 0.2 may certainly be taken 
as consistent with a duodecet rule. 

have not yet been synthesized, the predicted bond length is 
close to 148 pm. 
Silicon andfluorosilicon species 

On the basis of a value of (62 + 117) = 179 pm for a sin- 
gle Si-0 bond, our previous correlation for Si-0 bonds 
(2) gives the equation 

We will assume that the same equation also applies to Si-F 
bonds (d l  = 171 pm), to Si-N bonds ( d l  = 187 pm), and 
to Si-C bonds (d l  = 194 pm), (Table 3). Analysis of bond 
length data for some silicon species is shown in Table 6. In 
all cases the total bond order at silicon is close to six (aver- 
age 5.9 2 0.2). 
S~tlfur(VI) andjluorosulfur species 

The calculated S-F single bond length is dl  = (104 + 54) 
= 158 pm, and in most fluorosulfur species the S-F bond 
lengths are within 7% percent of this value (Table 7), com- 
pared to a variation of 10-1 1% for P-F bonds and Si-F 
bonds. Apparently lone pair delocalization from F to S is 
normally of lesser importance, consistent with the trend in 
which the extent of lone pair delocalization into an X-F 
bond diminishes with the increasing electronegativity of X, 
presumably as a consequence of the decreasing size of the 
valence shell of X with increasing electronegativity. Unlike 
SiF and PF species where bond lengths are always either 
equal or less than d l ,  S-F bonds in molecules with lone pairs 
on sulfur, such as FSSF, NSF, and the axial bonds in SF, and 
(CF&SF2 (Table 7), are anomalously long; there are more 
lone pairs, and the increased crowding in the valence shell 
of sulfur compared to that in Si or P lengthens the S-F 
bonds. Nevertheless, there are a few notably short S-F bond 

TABLE 6. Bond lengths, bond orders, and total bond orders at silicon for some Si(1V) 
species 

Species Bond length d  (pm)" d / d l  Bond order, n Cn-ef. 

(SiO2), SiO 161 (4) 
Sio44- SiO 162 (4) 
Si(OMe), SiO 161 (4) 
Si(C02Me)4 SiO 162.5 (4) 

~ 0 5 0 ~ ' -  SiO 162 (3) 
SiOH 168 (1) 

(HO),S~O,'- SiO 160.1 (2) 
SiOH 166.5 (2) 

(sio3,-), S i 0  157 (2) 0.877 
SiOSi 168 (2) 0.938 

Si6OIni2- SiO 159.3 (2) 0.890 
SiOSi 164.7 (2) 0.920 

SiF, SiF 155.5 (4) 0.909 
SiF 155.2 (4) 0.908 

(F3Si)2O SiF 155.6 (3) 0.910 
SiO 158.1 (1) 0.883 

F3SiOMe SiF 156.1 (3) 0.912 
SiO 158.1 (1) 0.883 

F3SiNMe2 SiF 156.9 (3) 0.918 
SiN 165.6 ( I )  0.886 

"Bond type, bond length, and number of bonds of this length. 
'Total bond order at silicon. 
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TABLE 7.  Observed S-F bond lengths" ( r  = 158 pm) 

Species rs, (pm) Species r,, (pm) Species r~~ (pm) 

S=SF2 159.8 F3CN=SF2 158.3 F2S(0)NH2 

SF, 158.9 SF4 164.6 F2S(0)NCl 
154.5 

FS-SF 163.5 (CF3)~SC2 168.1 F4S0 

"Data from ref. 91 

TABLE 8. Bond lengths, bond orders, and total bond orders at sulfur for some S(V1) 
species 

- - 

Species Bond length, d (pm)" d/d,  Bond order, tl Enb Ref. 

SO 

SO 
SOH 

SO 
SN 

SO 
SOH 

SO 

SO 
SO 
SOS 

SO 
SOS 

SO 
SOS 

SN 
SO 

SN 
SO 

SF 
SO 

SF 
SF 
SO 

SF 
SO 

SF 
SO 
SC 

SC 
SO 

SF 
SN 

"Bond type, bond length, and number of bonds of this length 
'Total bond order at sulfur. 
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TABLE 9. O b s e ~ e d  Cl=F bond lengths (dl = 153 prn) 

Species r ~ r ~  (pm) Ref. Species ~ C I F  (prn) Ref. 

CIF 162.8 100 FC102 169.7 10 
C I F ~  159.8 (eq) 101 CIF2+AsC16- 154 103 

169.8 (ax) 
CIF, 167 (eq) 12 C1F2+SbF6- 158 10 

157 (ax) 
FCIO~ 162.0 102 C~F~+RUF,-  156.6 104 

TABLE 10. Bond lengths, bond orders, and total bond orders at chlorine for some 
Cl(VI1) species 

Species Bond length, d(prn)" d/d, Bond order, n Enb Ref. 

c10,- C10 

~ 0 ~ 1 0 ~  cio 
ClOH 

~ 1 ~ 0 ,  c10 
ClOCl 

FClO, C10 
C1F 

C10 
ClOM 

d CIO 
ClOM 

r. I C10 
C10 
ClOM 
ClOM 

I1 C10 
C10 
ClOM 
ClOM 

144 (4) 

140.8 (3) 
163.5 (1) 

140.6 (3) 
171.1 (1) 

140.5 (3) 
162.0 (1) 

139 (1) 
145 (3) 

138 (2) 
148 (2) 

150.7 (1) 
152.0 (1) 
138.0 (I) 
140.8 (I)  

150.0 (1) 
151.2 (1) 
139.2 (1) 
139.9 (1) 

"Bond type, bond length, and number of bonds of this length. 
Votal bond order at chlorine. 
'Tridentate C10,- in Ni(ClO,),. 

'Bidentate C10,- in Ti(CIO,),; two different CIO, groups, I and 11. 

TABLE 11. Calculated d/d, ratios for bonds of specific bond order 

Bond order, Bond Bond Bond Bond d/d, 
n Si-X P-X S-X C1-X average 

lengths, for example, in the ion OSF,', and perhaps in mol- 
ecules such as S02F2 and the equatorial bonds in molecules 
such as SOF, (Table 7). 

On the basis of d l  (SO) = 166 pm and our previous cor- 
relation for S O  bonds ( 2 ) ,  we obtain 

-7.4 

n = 0.41 (z )  + 0.59 

Assuming that this equation is also valid for S-C, S-N, 
and S-F bonds, with dl(SC) = 186 (3), dl(SN) = 174, 
d,(SO) = 166, and dl(SF) = 158 pm, some calculated bond 
orders are shown in Table 8. The average total bond order 
is 6.0 + 0.05. 
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TABLE 12. Some presumed AI-0 and AI-N single bond lengths 

Species d ~ ~ o  (pm) Ref. 

KA10207a 
AlP0, . 2H20a 
(metavariscite) 
Tris-tropolonato 
aluminum" 
A1 [C6(C02)6] ' 1 6H20a 
Sr2A12F8(OH)2 . 2H20' 

189-193~ 111 
198' 
189 112 

A10 186-189 113 
AlOH 189-195 

188.4 114 
189.0 
186- 190 115 

A10 189- 190 116 
A1F 180- 183 

Species ~ A I N  (pm) Ref. 

172 pm, respectively (12). Applying the simple rules devel- 
oped above to A1,F6, we obtain the following results: 
Al-F,,,i,,I, d/d, = 0.88, n = 1.7; Al-F,,,,,, did, = 0.94, 
n = 1.2,, for a total bond order at A1 of 5.8, strongly sug- 
gesting that, in A12F6, aluminum also obeys the duodecet rule. 

For A10 bonds, the A10 bond length in PLi5A104 con- 
taining the ~ 1 0 , ~ -  ion is 172 pm (13), and in a number of 
substances containing A10, octahedra the bond length is close 
to 190 pm (Table 12). Thus, the predicted value for an A10 
bond of order 1112 is (0.90 x 190) = 17 1 pm. Apparently 
A ~ o ~ ~ - ,  isoelectronic with s~o,"-, PO:-, SO:-, and C1O4-, 
also obeys the duodecet rule. 

For A1-N bonds, taking r ,  as 200 pm (Table 12), the 
expected length of a bond of order 1112 is 180 pm, which is 
to be compared with 178 pm observed in cyclic [CH,AlNR,],, 
where R is 2,6-isopropylphenyl (14), and 180 pm in 
MAl(NH,), salts (M' = ~ a + ,  K+,  and Cs+) (15); appar- 
ently A1 in Al(NH2),- obeys the duodecet rule. In lithium 
tetrakis(di-tert-butylmethyleneamino)aluminate, two of the 
AlN bonds have lengths of 187 pm, and the other two have 
lengths of 178 pm (16). The corresponding d id ,  values of 
0.93 and 0.89 give bond orders of approximately 1.3 and 
1.6, for an estimated total bond order at aluminum of close 
to a. 

"AlO, octahedra. Conclusions 
bMonodentate AIONO, (191 pm avg.) and bidentate AIOzNO groups. An estimate of the extent of partial X-F double bonding 
'Contains A102F4 octahedra. in many fluorosilicon and fluorophosphorus species, and a 

few fluorosulfur species, provides support for the extension 

Chlorine(VII) andfluorochlorine species 
Because chlorine is the most electronegative of the third 

period elements, substantial crowding of electron pairs is 
anticipated in its valence shell and almost all Cl-F bond 
lengths are longer than the sum of the covalent single bond 
radii, dl = (99 + 54) = 153 pm (Table 9). Only ClF2+AsF6- 
(lo), and for the apical bond in C1F5, does the ClF bond 
length have the single bond value (1). Based on the pre- 
vious correlations for C1-0 bonds, with dl(C1O) = 161 pm, 
we derive the correlation 

Assuming that this equation is valid for both C1-0 and 
C1-F bonds, some calculated bond orders are given in Table 
10; the total bond order at Cl(VI1) is close to six. 
Extension to some aluminum species 

Since a duodecet rule seems to be justified for Si(IV), 
P(V), S(VI), and Cl(VI1) species with electronegative li- 
gands, such as N, 0 ,  and F, we will now consider some 
aluminum species. 

Table 11 shows that for third period central atoms, bonds 
to second period atoms with a particular bond order, n, have 
essentially the same bond length/single bond length ratio, 
did,. We will assume that the average values given in Table 
11 are also valid for calculating bond orders for AlF, A10, 
and A1N bonds. The sum of the single bond covalent radii 
of A1 and F is (126 + 54) = 180 pm, which is the observed 
bond length in the A~F,,- ion (1 l ) ,  and this same distance is 
found for the A1-F bond in a number of species with pre- 
sumed single A1-F bonds (Table 12). In dimeric A1,F6, the 
terminal and bridge Al-F bonds have lengths 160 pm and 

to them of a duodecet rule for the ihird period elements. 
Apparently, when the valence shell of X is formally incom- 
plete, ligands containing atoms such as N, 0 ,  and F delo- 
calize unshared electron pairs into the valence shell of X until 
it contains 12 electrons. When these ligands compete, the 
extent of lone pair delocalization decreases in the order of 
their increasing electronegativities; N > 0 > F. We have also 
demonstrated that consideration should be given to a duo- 
decet rule in interpreting bond length data for some alumi- 
num species. Despite the controversy surrounding the 
theoretical treatment of bonding in third period species (3, 
4), there seems to be growing support for the empirical 
interpretation of bond lengths for many species formed by 
the elements of the third period in terms of a duodecet rule, 
rather than the octet rule. 
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A. BRUCE MCKAGUE, DOUGLAS W. REEVE, STEVEN J. RETTIG, and JAMES TROTTER. Can. J. Chem. 70, 1706 (1992). 
Reaction of tetrachloro-o-benzoquinone 1 with aqueous sodium hydroxide resulted in a Cannizzaro-type dispropor- 

tionation into tetrachloromuconic acid and tetrachlorocatechol. 'The tetrachloromuconic acid was isolated and identified 
by X-ray crystallography as the methyl es!er of the cyclized lactone 3. Crystals of C,H3C1,O4, 4, are orthorhombic, a = 
9.991 (2), b = 7.981 (I), c = 24.626(2) A, Z = 8, space group Pna2,. The structure was solved by direct methods and 
was refined by full-matrix least-squares procedures to R = 0.033 for 1609 reflections with I ?  3u(l). 

A. BRUCE MCKAGUE, DOUGLAS W. REEVE, STEVEN J. RETTIG et JAMES TROTTER. Can. J. Chem. 70, 1706 (1992). 
La rkaction de la tktrachloro-o-benzoquinone (1) avec une solution aqueuse d'hydroxyde de sodium donne lieu a une 

rkaction de dismutation du type de Cannizzaro conduisant a de l'acide tktrachloromuconique et a du t~trachlorocatCchol. 
On a isolk l'acide tktrachloromuconique et, par diffraction des rayons X, l'a identifik comme l'ester mkthylique de la 
lactone cyclique 3. Les cristaux de C,H3C1304, 4, sont orthorhombiques, avec a = 9,991(2), b = 7,981(1) et c = 24,626(2) 
A, Z = 8 et groupe d'espace Pna2,. On a rCsolu la structure par des mkthodes directes et on l'a affinke par la mCthode 
des moindres carrks jusqu'a une valeur de R = 0,033 pour 1609 rkflexions avec I ? 3u(l). 

[Traduit par la rkdaction] 

Introduction Experimental 

Muconic acids can be produced from phenols or  qui- 
nones by chemical or enzymatic oxidation (1 -5). Depend- 
ing on the substituents present and the geometry of the double 
bonds, the muconic acids may cyclize to form lactones. In 
the case of pulp bleaching with chlorine, chlorinated mu- 
conic acids have been proposed as the terminal products of 
chlorination of lignin-type phenols (6). To date, neither 
chlorinated muconic acids nor their cyclized lactone coun- 
terparts have been identified in effluents from chlorine 
bleaching. In the case of one report in which trichloro- 
p-methylmuconic acid was identified as a chlorination 
product of the model compound 4-methylguaiacol, firm 
structural evidence was ilot provided (7). 

The chemistry of pulp bleaching with chlorine is ex- 
tremely intriging and complicated. Regulatory and market 
pressures have now driven the pulp and paper industry to 
replace chlorine with bleaching agents such as chlorine 
dioxide and oxygen. As a result, chlorine bleaching may be 
phased out before its chemistry is well understood. In the 
accompanying paper (8) we report the conversion of the 
model compound 4-methyltrichlorocatechol to an unusual 

1 

chlorohydroxycyclohexenone by aqueous chlorine. Treat- 
ment of the latter with aqueous sodium hydroxide results in 
a benzilic acid rearrangement to a chlorohydroxycyclopen- 

I tenecarboxylic acid. This paper reports the conversion of 
tetrachloro-o-benzoquinone, a product of classical chlorine 
bleaching, to tetrachloromuconic acid via a Cannizzaro-type 
reaction with alkali in the absence of any oxidant. 

' ~ u t h o r  to whom correspondence may be addressed. Also with 
CanSyn Chem. Corp., Toronto, Canada. 

Melting points were taken on a Fisher Johns melting point ap- 
paratus and are uncorrected. Infrared (IR) spectra were recorded 
on a Perkin Elmer model 598 infrared spectrophotometer and ul- 
traviolet (UV) spectra on a Beckman model DU-7U spectropho- 
tometer. Carbon magnetic resonance ("C NMR) spectra were 
recorded in CD,OD or CDCl, solution using a Bruker AM 500 MHz 
high resolution spectrometer. Signal positions are given in ppm (6) 
relative to Me4Si. Mass spectra were obtained on a VG analytical 
ZAB-SE high-mass high-resolution mass spectrometer. Silica gel 
used for chromatography was 100-200 mesh. Gas chromatogra- 
phy (GC) was done on a Hewlett Packard HP 5890 gas chroma- 
tograph equipped with a flame ionization detector and 25 m HP1 
capillary column. Temperature was programmed from 185 to 260°C 
at 1O0/min. 

Reaction of tetrachloro-o-benzoquinone I with alkali 
Tetrachloro-o-benzoquinone (3.0 g) was added to 2.5% NaOH 

(300 mL) with stirring at 60°C. The resultant mixture was stirred 
20 min at 60°C, then cooled to room temperature. Sodium chlo- 
ride (30 g) was added, the product acidified with concentrated 
hydrochloric acid and extracted with ether (5 X 100 mL). The 
combined extracts were washed with water (3 X 25 mL), dried 
(MgSO,), and evaporated to give the crude product (3.1 g). GC 
analysis showed the two products 3 and 5 with retention times of 
2.5 and 5.3 min respectively. Fractionation on silica gel (250 g) 
and elution with hexane:ether, 2: 1 gave the furanone 3 (0.8 g) 
as a light brown oil. Crystallization from hexane containing a lit- 
tle ether gave tan prisms of 3; mp 164-165°C; IR (Nujol): 18 15, 
1720 cm-l; UV (ethanol) A,,,: 310 nm (E 20 800); I3C NMR 6: 
163.6 (C1 or CS), 160.9 (C1 or CS), 145.5, 139.9, 126.4, 112.6 
(C3); MS m/e: 246 (7%), 244 (21), 242 (22), 200 (38), 198 (401, 
165 (22), 163 (36), 122 (20), 89 (33), 87 (100). Anal. calcd. for 
C6HC1304: C 29.60, H 0.41, C143.69; found: C 29.79, H < 0.5, 
C1 42.78. Continued elution with the same solvent and hex- 
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TABLE 1. Crystallographic dataa 

Compound 
Formula 
fw 
Color, habit 
Crystal size, mm 
Crystal system 
Space group 
a ,  A 
b, A 
c, A 
v, A3 
z 
P c a ~ c ,  g/cm3 
F(000) 
p,(Cu-K,), cm-I 
Transmission factors 
Scan type 
Scan range, deg in w 
Scan speed, deg/min 
Data collected 
2+,,, deg 
C j s t a l  decay 
Total reflections 
Unique reflections 
Reflcns. with I ?  3u(Z) 
No. of variables 
R 
R,,, 
g 0 f 
Max A/u (final cyclt) 
Residual density, e / ~ ~  

4 
C7H3C1304 
257.46 
Colorless, prism 
0.07 X 0.20 X 0.40 
Orthorhombic 
Pna2, 
9.991(2) 
7.981(1) 
24.626(2) 
1963.6(4) 
8 (two molecules per asymmetric unit) 
1.742 
1024 
85.75 
0.39-1 .OO 
0-20 
1.05 + 0.20 tan 0 
32 
+h,+k,+l  
155 
5.5% 
2289 
2289 
1609 
253 
0.033 
0.036 
1.94 
0.26 
-0.21 to +0.20 

TABLE 2. Final atomic coordinates (fractional) and B,, (A2)" 

Atom 

Temperature 294 K,  Rigaku AFC6S diffractometer, Cu-K, radiation 
(A = 1.54178 A), graphite monochromator, takeoff angle 6.0°, aperture 
6.0 x 6.0 mm at adisiance of 285 mm from the crystal, station& back- 
ground counts at each end of the scan (scan/background time ratio 2: 1, processed2 and corrected for Lorentz and polarization effects, 

up to 8 rescans), u? (F') [s'(c + 4B) + ( O , o l F ~ ) ' l ~ ~ p ?  (S = scan rate, decay, and absorption (empirical, based on azimuthal scans for 
C = scan count, B = normalized background count), function minimized four reflections). 
BW(~F,I-IF,~)~ where w = 4 F ~ / u 2 ( F ~ ) ,  R = BIIF~I-JF~JI/BIF~~, R,r = The structure analysis was initiated in the noncentrosyrnmetric 
(B~(~FoI-IF,I)~/B~~FoI~)'~~, and gof = [Bw(lF~I-IF,l)'/(m-n)'l'. Values space group Pna2, on the basis of the E-statistics, this choice being 
given for R, R,.. and gof are based on those reflections with I 2 3uQ. confirmed by the subsequent successful solution and refinement of 

ane:ether 1 : 1 gave a mixture of 3 and 5 (0.2 g) followed by 5 
(1.6 g), identical to an authentic sample prepared by the chlori- 
nation of catechol. 

Preparation of the methylester 4 
The furanone 3 (150 mg) was dissolved in methanol (2 mL) 

and treated with a solution of diazomethane in ether (20 mL). The 
solution was allowed to stand at room temperature 1 h, then 
washed with water, dried (MgS04), and evaporated to give the 
product. Crystallization from hexane containing a little ether gave 
colourless prisms of 4; mp 100-101°C; IR (Nujol): 1805, 1740 
cm-'; UV (ethanol) A,,: 296 nm (E 23 700); I3c NMR 6: 161.3 
(C1 or C5), 159.3 (C1 or C5), 145.1, 139.0, 125.6, 110.8 (C3), 
54.0 (OCH,); MS m/e: 258 (21), 256 (22), 225 (20), 227 (18), 
141 (41), 143 (40), 87 (68), 59 (100). Anal. calcd. for 
C7H3C1304: C 32.65, H 1.17, C1 41.31; found: C 32.68, H 1.25, 
C1 40.75. 

the structure. The structure was solved by direct methods, the co- 
ordinates of the non-hydrogen atoms being determined from an E- 
map. There are two molecules in the asymmetric unit, related to 
one another by a pseudo-inversion centre. The non-hydrogen atoms 
were refined with anisotropic thermal parameters and the hydro- 
gen atoms were fixed in calculated positions (orientation based on 
observed Fourier map positions, C-H = 0.98 A, BH = 1.2 Bbanded 
,,,,). A correction for secondary extinction was applied, the final 
value of the extinction coefficient being 1.69 x Neutral atom 
scattering factors for all atoms and anomalous dispersion correc- 
tions for the non-hydrogen atoms were taken from the Interna- 
tional tables for X-ray crystallography (9). A parallel refinement 
of the structure having the opposite polarity gave higher residuals, 
the R and R,, factor ratios being 1.05 and 1.04, respectively. Final 
atomic coordinates and equivalent isotropic thermal parameters, 
bond lengths, and bond angles appear in Tables 2-4, respec- 
tively. A stereoview of the packing arrangement, hydrogen atom 
parameters, anisotropic thermal parameters, bond lengths and bond 
angles involving hydrogen, torsion angles, intermolecular con- 

- 

X-ray crystallographic analyses of 4 2 ~ ~ ~ ~ ~ ~ / ~ ~ ~ ~ ~ ~  structure analysis package (Molecular 
Crystallographic data appear in Table 1. The final unit-cell pa- Structure Corp., 1985) which includes versions of the following: 

rameters were obtained by least-squares on the setting angles for DIRDIF, direct methods for difference structures, by P. T. 
25 reflections with 20 = 55.0-86.4'. The intensities of three Beurskens; ORFLS, full-matrix least squares, and ORFFE, func- 
standard reflections, measured every 200 reflections throughout tion and errors, by W. R. Busing, K. 0 .  Martin, and H. A. Levy; 
the data collections, decreased uniformly by 5.5%. The data were ORTEP 11, illustrations, by C.  K. Johnson. 
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TABLE 3. Bond lengths (A) with estimated standard deviations 

Atoms Distance Atoms Distance 

tacts, least-squares planes, and measured and calculated structure 
factor amplitudes have been supplied as supplementary material.3 

Results and discussion 

The product resulting from treatment of tetrachloro-o- 
benzoquinone with alkali was found to consist of two com- 
ponents by G C  analysis. Neither of the components had a 
retention time that matched that of chloranilic acid, a com- 

3~upplementary material mentioned in the text may be pur- 
chased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council of Canada, Ottawa, 
Canada K 1 A OR6. 

Tables of hydrogen atom parameters, bond lengths and angles 
involving hydrogen, and intermolecular distances for non-hydro- 
gen atoms have also been deposited with the Cambridge Crystal- 
lographic Data Centre and can be obtained on request from The 
Director, Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, Lensfield Road, Cambridge, CB2 lEW, 
U.K. 

pound suggested as a possible product of this reaction (10). 
The retention time of one of the components matched that 
of tetrachlorocatechol and the identity of this component was 
confirmed by subsequent comparison of material isolated by 
fractionation of the product on SiO, with a standard. The 
other product eluted from SiO, prior to tetrachlorocatechol 
and gave crystals having melting point 164-165°C. This 
compound and its methyl derivative had infrared absorption 
bands at 181 5 and 1805 cm- '  respectively, which suggested 
they were five-membered ring lactones. The structure of the 
methyl derivative was determined as the methyl ester 4 by 
X-ray crystallography described below. 

Identification of the methyl derivative of one of the two 
major reaction products as the methyl ester of the lactone 3 
indicated tetrachloro-o-benzoquinone 1 had undergone a 
simple oxidation-reduction with alkali, most likely via a 
Cannizzaro-type reaction as shown in Scheme 1. The inter- 
mediate muconic acid 2 has previously been reported to cy- 
clize to the lactone (1). 

The melting point of the lactone 3 obtained in this work 
is 164-165"C, close to that reported in the literature for the 
lactone formed on melting tetrachloromuconic acid and which 
was reported (1) to be a mixture of the two possible geo- 
metrical isomers of 3. The melting point is also lower than 
that of 182°C reported by Karrer and Testa for the lactone 
obtained by peracetic acid oxidation of 1 (1 1). The material 
reported in the present work appeared homogeneous by GC 
and I3c NMR, and gave almost entirely one product on 
methylation that had a melting point of 100-10l°C, slightly 
lower than that of 107°C reported by Karrer and Testa for the 
methyl ester obtained in their work. Since the structure was 
determined as the isomer 4 by X-ray crystallography, it is not 
possible to explain the differences in the reported melting 
points for the lactone 3. 

The observation that tetrachloro-o-benzoquinone under- 
goes a Cannizzaro-type oxidation-reduction reaction with 
alkali indicates that chloromuconic acids may be formed in 

TABLE 4. Bond angles (deg) with estimated standard deviations 

Atoms Angle Atoms Angle 
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ROOC C1 CI 
CHCICOOH 

HCI 
I I 

C1 C1 -0 HO 

0 0 C1 C1 C1 

3 R = H  
4 R  = CH, 

FIG. 1.  Stereoscopic view of one of the two crystallographically independent molecules of 4 showing atom labelling; 33% probability 
thermal ellipsoids are shown for the non-hydrogen atoms. 

the alkaline (E) stage of bleaching rather than in the chlori- 
nation (C) stage. 

Bond lengths and angles for the two crystallographically 
independent molecules of 4 (side-by-side in Tables 3 and 4 
for ease of comparison, Fig. 1) are generally equal within 
experimental error and are as expected. The five-membered 
rings are planar within 0.020(7) and 0.025(7) A in the A and 
B molecules respectively. The ester functions are planar 
within experimental error for both molecules and are ori- 
ented roughly perpendicular to the five-membered rings 
(angles between normals to the mean planes are 112. l o  and 
113.7" for the A and B molecules). The packing is domi- 

nated by a herring-bone arrangement of slipped stacks, the 
five-membered rings of one layer interacting with chlorine 
atoms or ester groups of the adjacent layer. The shortest in- 
termolecular distances between adjacent layers are O(3A) 
- .  . C(1A) = 2.963(8), O(3B) C(1B) = 2.979(9), 
Cl(1A) 0 . .  O(2A) = 3.076(5), and Cl(1B) . . . O(2B) = 
3.010(4) A. 
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A. BRUCE MCKAGUE, DOUGLAS W. REEVE, STEVEN J. RETTIG, and JAMES TROTTER. Can. J. Chem. 70, 171 1 (1992). 
Aqueous chlorination of 4-methyltrichlorocatechol 2 gave the tetrachlorohydroxycyclohexenone 4, which crystal- 

lized as the hydrate 5. Reaction of 4 with aqueous sodium hydroxide resulted in a benzilic acid rearrangement to the 
tetrachlorodihydroxycyclopentenecarboxylic acid 6 .  These reactions have important implications with respect to under- 
standing how lignin is removed during pulp bleaching. Crystals of the tetrachlorotrihydroxycyclohexenone 5 are 
monoclinic, a = 1 1.4420(6), b = 7.5873(9), c = 12.6443(6) A,  P = 101.266(4)", Z = 4 ,  space group P2,/c,  and those 
of the methyl tetrachlorodihydroxycyclopentenecarboxylate 7 are monoclinic, a = 28.447(1), b = 6.929(1), c = 
12.597(1) A,  P = 103.074(5)", Z = 8 ,  space group C2/c.  The structures were solved by direct methods and were re- 
fined by full-matrix least-squares procedures to R = 0.028 and 0.034 for 1716 and 2164 reflections with I ? 3u(I),  re- 
spectively. 

A. BRUCE MCKAGUE, DOUGLAS W. REEVE, STEVEN J. RETTIG et JAMES TROTTER. Can. J .  Chem. 70, 171 1 (1992). 
La chloration aqueuse du 4-mCthyltrichlorocat&chol, 2, conduit a la t~trachlorohydroxycyclohexCnone, 4, qui cristal- 

lise sous la forme de I'hydrate 5. La reaction du composC 4 avec de I'hydroxyde de sodium aqueux donne lieu a un 
rearrangement benzylique conduisant i I'acide tetrachlorodihydroxycyclopentanecarboxylique, 6 .  Ces reactions ont des 
implications importantes pour la comprehension de la fason dont la lignine est enlevee au cours du blanchiment de la 
pulpe. Les cristauz de la t~trachlorohydroxycyclohexCnone, 5, sont monocliniques, a = 11,4420(6), b = 7,5873(9) et 
c = 12,6443(6) A, P = 101,266(4)", Z = 4, groupe d'espace P2, /c ,  et ceux du t~trachloro~ihydroxycyclopen- 
tknecarboxylate de methyle, 7, sont monocliniques, a = 28,447(1), b = 6,929(1) et c = 12,597(1) A, P = 103,074(5)", 
Z = 8 ,  groupe d'espace C2/c.  On a resolu les structures par des methodes directes et on les affinees par la methode des 
moindres carres (matrice complbte) jusqu'a des valeurs de R = 0,028 et 0,034 respectivement pour 1716 et 2164 reflexions 
avec 1 2 3u(I). 

[Traduit par la redaction] 

Introduction 
The chemistry of classical chlorine bleaching of wood pulp 

has been a subject of extensive study over the past 30 years. 
A number of reviews that describe our current understand- 
ing of how residual lignin is removed from pulp by bleach- 
ing (1-3) have been published in textbooks and scientific 
journals. 

In spite of the large number of studies performed, there is 
still a basic lack of information regarding the mechanism of 
degradation of aromatic structures present in lignin. There 
are many examples in the literature that establish that loss of 
aromaticity can occur via chlorination and oxidation to qui- 
nones, but further reactions of the quinones have not been 
defined and it is not known whether other reaction mecha- 
nisms play a significant role in removing aromaticity. The 
proposed conversion of chlorinated quinones to muconic acids 
is supported by only one example in which the structure of 
the muconic acid was not rigorously established (4). Also it 
was recently reported that tetrachlorocatechol and tetra- 
chloro-o-benzoquinone are converted to 2,2,4,5-tetra- 
chlorocyclopentene-l,3-dione by aqueous chlorine (S), which 
indicates another mechanism is involved in this case. 

In connection with studies designed to provide more in- 
formation on the chemical structure of lignin degraded by 

' ~ u t h o r  to whom correspondence may be addressed. Also with 
CanSyn Chem. Corp., Toronto, Canada. 

chlorine bleaching, we have initiated studies to determine the 
fate of the more generalized lignin model structure 1. In this 
paper we report the identification of products obtained by 
reacting 4-methyltrichlorocatechol 2 successively with 
aqueous chlorine and sodium hydroxide. 

Experimental 
Melting points were taken on a Fisher Johns melting point ap- 

paratus and are uncorrected. Infrared (IR) spectra were recorded 
on a Perkin Elmer model 598 infrared spectrophotometer and ul- 
traviolet (UV) spectra on a Beckman model DU-7U spectropho- 
tometer. Proton magnetic resonance ('H NMR) spectra were 
recorded in CDC1, solution using a Bruker AM 500 MHz high 
resolution spectrometer. Signal positions are given in ppm (6) rel- 
ative to Me,Si. Mass spectra were obtained on a VG analytical 
ZAB-SE high-mass high-resolution mass spectrometer. Silica gel 
used for chromatography was 100-200 mesh. Methyltrichlorocat- 
echo1 was prepared by chlorinating 4-methylcatechol as described 
in the literature (4). 
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TABLE I. Crystallographic data" 

Compound 5 
Formula C7H6C1404 
fw 295.93 
Color, habit Colorless, prism 
Crystal size, mm 0.08 X 0.10 X 0.35 
Crystal system Monoclinic 
Space group P ~ I / c  
a ,  1 1 .4420(6) 
b, A 7.5873(9) 
c,  A 12.6443(6) 
Po 101.266(4) 
v, A3 1076.6(1) 
z 4 
pcalc, g/cm3 1.826 
F(000) 592 
~(CU-K,), cm-' 102.09 
Transmission factors 0.76- 1 .OO 
Scan type W-20 
Scan range, deg in w 1.15 + 0.20 tan 0 
Scan speed, deg/min 16 
Data collected k h ,  +k, +I 
2emax, deg 155 
Crystal decay 4.6% 
Total reflections 2493 
Unique reflections 2206 
Rnzergc 0.014 
Reflcns. with I ?  3o(I) 1716 
No. of variables 161 
R 0.028 
RtV 0.030 
go f 2.33 
Max A/o (final cycl5) 0.01 
Residual density, e / ~ '  -0.26 to f0 .27  

7 
C8HsC140~ 
309.96 
Colorless, prism 
0.25 X 0.35 X 0.45 
Monoclinic 
C2/c 
28.447(1) 
6.929(1) 
12.597(1) 
103.074(5) 
2418.7(8) 
8 
1.702 
1248 
91.17 
0.45-1 .OO 
W-20 
1.26 + 0.20 tan 0 
32 
k h ,  +k, +1 
155 
Negligible 
2705 
2428 
0.033 
2164 
178 
0.034 
0.042 
3.81 
0.13 
-0.43 to f0 .28  

"Temperature 294 K,  Rigaku AFC6S diffractometer, Cu-K, radiation (A = 1.54178 A), 
graphite monochromator, takeoff angle 6.0°, aperture 6.0 x 6.0 mm at a distance of 
285 mm from the crystal, stationary background counts at each end of the scan (scan/back- 
ground time ratio 2:1, up to 8 rescans), u2(F') = [S'(C + 4B)]/LpZ(S = scan rate, C = scan 
count, B = normalized background count), function minimized Xw(lF,,I - IF,I)' where w = 

4F;/u2(Ft), R = xIlF,,I - IFAI/~IF,>I, R,,. = (Zw(IF,,I - IF.-I)'/~WIF<,I')'/'. and gof = [Xw(lF,,I 
- I~,/)'/(rn - I Z ) ] ' / ~ .  Values given for R,  R,.,, and gof are based on those reflections with I 
2 3u(I). 

Chlorination of 4-methyltrichlorocatechol2 
Chlorine was gently bubbled through a stirred suspension of 4- 

methyltrichlorocatechol 2 (1.0 g) in water (500 mL) at 50°C for 
15 min. After cooling to room temperature, the solution was ex- 
tracted with ether. The combined extracts were washed with water, 
dried (MgS04), and evaporated to give a red gum (1.1 g). The 
product was fractionated on silica gel (50 g) and 4-methyltrichlo- 
robenzoquinone 3 (130 mg, 13% yield) eluted with hexane:ether, 
4: I. Treatment with ether gave 3 as a bright red powder, mp 103- 
104°C (lit. (6) mp 104-104S°C); MS, m/e: 226 (21 %), 224 (21), 
200 (32), 198 (97), 196 (loo), 191 (25), 189 (38), 170 (32), 168 
(33), 163 (24), 161 (37), 135 (48), 133 (75). Reduction of 3 with 
NaBH, gave back 2. Elution with hexane:ether, 1 : 1, then gave 4 
(800 mg, 62% yield), which solidified on cooling. Crystallization 
from hexane gave tan needles of 4 as the hydrate 5, mp 91-93°C; 
IR (Nujol):3460, 3370, 3270, 1720, 1570 cm-'; UV (CHCI,) A,,,: 
266 nm (E 1 1 400); 'H NMR 6: 1.9 1 (s, 3H), 4.29, 4.49, 5.34 (s, 
s, s,  1H each, D 2 0  exchangeable); MS, m/e: 2 17 (32), 2 15 (97), 
213 (loo), 168 (40), 166 (57). Anal. calcd. for C7H6C140A: C 28.41, 
H 2.04, C 1 47.92; found: C 28.70, H 1.95, C 1 47.50. 

The same product 4 was obtained by chlorinating the quinone 3. 
Reaction of 4 with sodi~rrn tzydro-xide 

A mixture of the crude chlorination product obtained above 

(1.1 g) and 2.5% NaOH (100 mL) was stirred in a bath at 60°C for 
20 min. The product was cooled, acidified with concentrated hy- 
drochloric aci'd, and extracted as described above to give a light 
brown gum (600 mg). One half the crude product 6 was treated with 
diazomethane in ethe~methanol 9: 1 (25 mL) for 1 h. After evap- 
oration of the solvent the crude product was fractionated on silica 
gel (25 g) and the product 7 (205 mg) eluted with hexane:ether, 4: 1. 
Crystallization from hexane gave colourless prisms of 7 mp 93- 
94°C; IR (Nujol):3300, 1720, 1630 cm-'; 'H NMR 6: 1.67 (s, 3H), 
3.98 (s, 3H), 4.08 (s, 1 H, D20  exchangeable), 4.17 (m, 1 H, D2O 
exchangeable). Anal. calcd. for C8H8CI4O4: C 3 1 .OO H 2.60, C1 
45.76; found: C 30.84, H 2.40, C1 45.92. The same product was 
obtained from crystallized 4 by the above procedure. 

X-ray crysrallographic analyses of the tetrachlororrihydr~~ry- 
cyclohe~xetzone, 5, and the methyl tetrachlorodihydrozry- 
cyclopeizteilecarboxylate, 7 

Crystallographic data for 5 and 7 appear in Table 1. The final 
unit-cell parameters were obtained by least-squares on the setting 
angles for 25 reflections with 20 = 80.9°-100.00 and 109.8"- 
1 14.0°, respectively. The intensities of three standard reflec- 
tions, measured every 200 reflections throughout the data col- 
lections, showed only small random variations. The data were 
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TABLE 2. Final atomic coordinates (fractional) and B,,(A')" 

Atom 

"Bcq = ( ~ ) T ? x z u , , ~ , * ~ , * ( ~ ,  . a,). 

processed2 and corrected for Lorentz and polarization effects, 
decay (for 5), and absorption (empirical, based on azimuthal scans 
for four reflections). 

The structure analysis of 7 was initiated in the centrosymmetric 
space group C2/c on the basis of the E-statistics, this choice being 
confmed by the subsequent successful solution and refinement of 
the structure. Both structures were solved by direct methods, the 
coordinates of the non-hydrogen atoms being determined from 
E-maps and those of the hydrogen atoms from subsequent differ- 
ence Fourier syntheses. The non-hydrogen atoms were refined with 
anisotropic thermal parameters and the hydrogen atoms were re- 
fined with isotropic thermal parameters. Corrections for second- 
ary extinction were applied for both compounds, the final values 
of the extinction coefficients being 4.58 X for 5 and 2.48 x 
lo-' for 7. Neutral atom scattering factors and anomalous disper- 
sion corrections for the non-hydrogen atoms were taken from the 
International tables for X-ray ctystallograp/zy (7). Final atomic 
coordinates and equivalent isotropic thermal parameters, bond 
lengths, bond angles, and hydrogen bonding parameters appear in 
Tables 2-5, respectively. Hydrogen atom parameters, anisotropic 

'TEXSAN/TEXRAY structure analysis package (Molecular Struc- 
ture Corp., 1985), which includes versions of the following: DIRDIF, 

direct methods for difference structures, by P. T. Beurskens; ORFLS, 

full-matrix least squares, and ORFFE, function and errors, by W. R. 
Busing, K. 0. Martin, and H. A. Levy; ORTEP 11, illustrations, by 
C. K. Johnson. 

thermal parameters, tables of bond lengths and bond angles in- 
volving hydrogen, torsion angles, intermolecular contacts, least- 
squares planes, and measured and calculated structure factor am- 
plitudes are included as supplementary  material^.^ 

Results and discussion 
Chlorination of 4-methyltrichlorocatechol2 gave the qui- 

none 3 and the tetrachlorohydroxycyclohexenone 4 (Scheme 
l ) ,  which crystallized as the hydrate 5 in yields of 13 and 
62% respectively. The quinone 3 was readily identified by 
its melting point, which agreed with the literature, its mass 
spectrum, and reduction back to the starting catechol2. The 
hydrate 5 had hydrogen-bonded hydroxyl absorption at 3200- 
3500 cm-' in the IR spectrum. Carbonyl absorption oc- 
curred at 1720 cm-' and olefinic absorption at 1570 cm-'. 
Ultraviolet absorption occurred at 266 nm, in good agree- 
ment for a substituted a ,  @-unsaturated ketone, but the 
presence of three D,O exchangeable protons in the 'H NMR 
spectrum initially caused some difficulty in determining the 
structure. As a result of a complete structure determination 
by X-ray crystallography described in the following pages, 
crystals of compound 4 were found to be in the hydrated form 
5. Isolation as the hydrate indicates that the electron-with- 
drawing chlorine atoms on the a-carbon atom activate the 
carbonyl group toward hydrate formation in a manner sim- 
ilar to that of the aldehyde chloral. 

Formation of main product 4 is most easily explained by 
addition of hypochlorous acid to the quinone 3 as shown in 
Scheme 1. This is supported by the fact that chlorination of 
the quinone 3 also yields 4 as the major product. Other 
mechanisms involving chlorination of the catechol 2 at the 
carbon bearing the methyl group followed by displacement 
of the chlorine by water may also be involved in formation 
of the product 4 . A  similar mechanism was previously pro- 
posed to account for the formation of a spirocyclohexenone 
obtained by chlorination of dihydroconiferyl alcohol (8). 

Reaction of the cyclohexenone 4 with aqueous NaOH at 
60°C rapidly produced a clear solution. The product of 
6 could not be obtained crystalline but formed the methyl- 
ester 7 when derivatized with diazomethane. The ester 
had hydroxyl absorption at 3300 cm-', ester absorption at 
1720 cm-' ,  and olefinic absorption at 1630 cm-' in the IR 
spectrum. The 'H NMR had methyl singlets at 6 1.67 and 
3.98, and D,O-exchangeable hydroxyl groups at 6 4.08 and 
4.17. The complete structure was determined by X-ray 
crystallography as described below. 

The tetrachlorocyclohexenone 4 evidently undergoes a 
benzilic acid rearrangement in alkaline solution rather than 
displacement of chlorine at the position a to the hydrated 
carbonyl group as might be expected. This suggests the car- 
bony1 group retains its gerninal diol structure in solution, thus 

3~upplementary material mentioned in the text may be pur- 
chased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K 1 A 0R6. 

Tables of hydrogen atom coordinates, distances and angles in- 
volving the hydrogen atoms, and intermolecular distances involv- 
ing the non-hydrogen atoms for 5 and 7 have also been deposited 
with the Cambridge Crystallographic Data Centre and can be ob- 
tained on request from The Director, Cambridge Crystallographic 
Data Centre, University Chemical Laboratory, Lensfield Road, 
Cambridge, CB2 lEW, U.K. 
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TABLE 3. (a) Bond lengths (A) and (b) angles (deg) with estimated standard de- 
viations for 5 

(a) 

Atoms Distance Atoms Distance 

(b) 

Atoms Angle Atoms Angle 

TABLE 4. (a) Bond lengths (A) and (b) angles (deg) with estimated standard de- 
viations for 7 

(a) 

Atoms Distance Atoms Distance 

Atoms Angle Atoms Angle 
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TABLE 5. Hydrogen bond geometry 

Interaction &H (A) H . . . O  (A) O . . . O  (A) &H . . . 0 (") 

HO COOR 

I I 

C1 / Cl C1 C1 C1 

3 
4 R,R' = carbonyl 6 R = H  
5 R = R 1 = O H  7 R = C H 3  

C L l  H5 Q H4 

FIG 1. Stereoscopic views of 5 (top) and 7 (bottom) showing 
hydrogen atoms. 

atom labelling; 33% probability thermal ellipsoids are shown for the non- 
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protecting the chlorine atoms on the adjacent carbon atoms 
from simple nucleophilic displacement. The 'H NMR spec- 
trum had indicated that three D,O-exchangeable protons were 
present. Also surprising was the fact that epoxide formation 
was not observed. 

Elucidation of the reaction pathway of 4-methyltrichlo- 
rocatechol 2 under conditions of classical chlorine bleach- 
ing indicates further research on mechanisms for the 
degradation of aromatic structures in lignin is needed. 
Formation of the quinone 3 by chlorination of 4-methyl- 
guaiacol 1 (R = CH,) and its subsequent conversion to 3- 
methyltrichloromuconic acid has been previously reported 
although, as mentioned in the introduction, structural proof 
was not provided. The results of the present study, a; well 
as the previous report on the conversion of tetrachlorocate- 
chol and tetrachloro-o-benzoquinone to 2,2,4,5-tetrachloro- 
cyclopentene-1, 3-dione, indicate chlorinated muconic acids 
are not necessarily formed during chlorine bleaching. Fur- 
ther studies are presently underway to determine reaction 
pathways of the more generalized lignin model 1. 

Bond lengths and angles for the tetrachlorotrihydroxycy- 
clohexenone 5 (Table 3, Fig. 1 )  are as expected, showing 
some lengthening of ring bonds between fully substituted 
carbon atoms. The cyclohexene ring has C(5)-envelope 
conformation, C(5) being displaced 0.62 A from the mean 
plane of the remaining fiye ring carbon atoms, which are 
coplanar to within 0.10 A. There are two intramolecular 
S H . .  . 0 hydrogen bonds (see Table 5). In the solid state, 
molecules are linked into infinite chains about the twofold 
screw axis by W H  . . . 0 hydrogen bonding, all other in- 
termolecular distances corresponding to normal van der Waals 
interactions. 

The structure of the rearrangement product 7 is shown in 
Fig. 1. As noted above for 5,  bond lengths and angles for 7 
(Table 4) are generally as expected with bonds between fully 
substituted carbon atoms showing significant lengthening 
(particularly those involving C(3) and C(4)). The cyclopen- 

I tene ring has a C(4)-envelope conformation and the mole- 

cule is stabilized by by an intramolecular 0-H. . .O 
hydrogen bond between the pseudo-axial hydroxyl substitu- 
ent on C(5) and the carbonyl oxygen atom of the pseudo-axial 
carbomethoxy substituent on C(3) (see Table 5). In the solid, 
molecules are 0-H . .O hydrogen-bonded to form infinite 
chains along b, all other intermolecular distances corre- 
sponding to van der Waals interactions. 
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Reactions of 2-phenyl-4H-1,3,2-benzodioxaborin, a stable ortho-quinone 
methide precursor 
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JEFFREY D. CHAMBERS, JASON CRAWFORD, HAYDN W. R. WILLIAMS, CLAUDE DUFRESNE, JOHN SCHEIGETZ, MICHAEL 
A. BERNSTEIN, and CHEUK K. LAU. Can. J. Chem. 70, 17 17 (1992). 

Thermolysis of 1-phenyl-4H-1,3,2-benzodioxaborins generated the corresponding ortho-quinone methides, which were 
found to undergo intermolecular cycloaddition reactions with ethyl vinyl ether, dihydropyran, p-methylstyrene, cyclo- 
hexene, and 1-ethoxy-1-z-trimethylsiloxy-1-propenes to give various substituted chromans. Intramolecular trapping of 
the quinone methides with an olefin led to the syntheses of several analogs of tetrahydrocannabinols. ortho-Quinone 
methides, generated by treatment of the 2-phenyl-4H-1,3,2-benzodioxaborins with a Lewis acid, react with various nu- 
cleophiles to give the corresponding 1,4-addition products. Thus, alkyl and aryl thiols, alcohols, amine, hydride, ally1 
trimethylsilane, acetophenone, and diethylmalonate as well as some aryl compounds react with the quinone methide to 
give various 2-substituted phenols. Intramolecular reaction of the quinone methide with an aryl group led to the prepa- 
ration of some 4-phenylchromans and tetralins. 

JEFFREY D. CHAMBERS, JASON CRAWFORD, HAYDN W. R. WILLIAMS, CLAUDE DUFRESNE, JOHN SCHEIGETZ, MICHAEL 
A. BERNSTEIN et CHEUK K. LAU. Can. J. Chem. 70, 1717 (1992). 

La thermolyse des 2-phknyl-4H-1,3,2-benzodioxaborines conduit aux ortho-quinomkthanes correspondantes qui su- 
bissent des rkactions de cycloaddition interrnolkculaires avec l'ethoxykthkne, le dihydropyrane, le p-mkthylstyrkne, le 
cyclohexkne et les 1 -6thoxy- 1 -z-trimkthylsiloxyprop- 1 -knes pour conduire a divers chromanes substituks. Le pikgeage 
intrarnolkculaire des quinomkthanes avec une olefine permet la synthkse de plusieurs analogues des tktrahydrocannabinols. 
Les ortho-quinomkthanes, prCparCs par traitement des 2-phknyl-4H-1,3,2-benzodioxaborines avec un acide de Lewis, 
rkagissent avec divers nuclkophiles pour donner les produits d'additions-1,4 correspondants. Ainsi, les alkyl- et aryl-thiols, 
les alcools, les amines, les hydrures, l'allyltrim~thylsilane, I'acCtophknone et le malonate d'kthyle ainsi que certains 
composks aromatiques rkagissent avec le quinomkthane pour conduire a divers phknols substituks en position 2. La reaction 
intramolCculaire des quinomkthanes avec un groupe aryle conduit a la prkparation de quelques 4-phknylchromanes et de 
tktralines. 

[Traduit par la rkdaction] 

Introduction 

ortho-Quinone methides 1 are known to be very reactive 
and unstable intermediates in synthesis (1, 2). As a conse- 
quence of this reactivity, di- or trimerization in which one 
molecule acts as heterodiene and another as dienophile has 
led to some interesting chroman fused-ring systems (3-6). 
However, in the presence of electron-rich dienophiles they 
often react preferentially with these species to form poten- 
tially complex chromans (7-1 1). Intramolecular trapping of 
these quinone methides by otherwise unreactive dienophiles 
has also been documented ( 12- 18). In the presence of nu- 
cleophiles, ortho-quinone methides generated in situ undergo 
Michael addition to give ortho-substituted phenols (5, 17, 
19). 

A variety of methods of ortho-quinone methide genera- 
tion have been reported (2), including pyrolysis of ortho- 
(methoxyaky1)- or ortho-(hydroxyaky1)phenols (3, 6-8, 12, 
13), dehydrohalogenation of 2-chloromethylphenol (4, 20), 
one-electron oxidation of ortho-substituted phenols (5, 9), 
desilylation of disilylated ortho-hydroxybenzyl alcohol (15), 
photochemical decarbonylation of benzofuran-2(3H)-one (10) 
and treatment of ortho-(1-(alkylthio)alkyl)phenols with a 
variety of metal oxides under mild conditions (1 1, 16, 17). 
Recently we reported the preparation of a variety of ortho- 
alkyl, ortho-akoxakyl, and ortho-thioakyl phenols from 2- 
phenyl-4H-1,3,2-benzodioxaborins, presumably via the 
quinone methide intermediate (21). Substituted 2-phenyl-4H- 

' ~ u t h o r  to whom correspondence may be addressed. 

1,3,2-benzodioxaborins are stable compounds that can be 
stored indefinitely at room temperature. They are prepared 
by refluxing a mixture of the corresponding phenol, alde- 
hyde, and phenyl boronic acid in the presence of a catalytic 
amount of propionic acid in toluene (22, 23). We now re- 
port the successful use of these benzodioxaborins as stable 
precursors of quinone methides in inter- and intramolecular 
cycloaddition reactions with different dienophiles under py- 
rolytic conditions as well as their reactions with aryl and akyl 
nucleophiles under Lewis acid condition (Scheme 1). 

Results and discussion 

Cycloaddition of ortho-quinone methides 
ortho-Quinone methide has been generated by pyroly- 

sis of the sulfite ester of 2-hydroxymethylphenol with elim- 
ination of sulphur dioxide (24). It was rationalized that 
2-phenyl-4H- 1,3,2-dioxaborin might eliminate phenylbo- 
ronic anhydride in a similar fashion under pyrolytic condi- 
tion to give the corresponding quinone methide. Thus, 
pyrolysis of the unsubstituted 2-phenyl-4H-1,3,2-benzo- 
dioxaborin 2a in the presence of various dienophiles was 
studied first, to examine the scope and limitation of the re- 
action. Ethyl vinyl ether was known to trap ortho-quinone 
methides in a [4+2] cycloaddition fashion to give 2-ethoxy 
chromans (7-1 1). Heating a solution of 2a in ethyl vinyl ether 
in a base-washed degassed heavy-walled Pyrex tube at 300°C 
for 72 h gave a 75% yield of the corresponding 2-ethoxy- 
chroman 3a after chromatography. Similarly, pyrolysis of 
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2a in dihydropyran gave the expected tetrahydropyrano- 
benzopyran 3b (4) in a 52% yield in only 5 h. As expected 
for a cycloaddition reaction, only the cis-fused ring com- 
pound was obtained. Thus the feasibility of the method as 
well as the quinone methide intermediacy was established. 
The results are summarized in Table 1. Attempts to trap the 
quinone methide with 1 -ethoxy- 1 -trimethylsiloxypropene 
initially met with some difficulty, due to the extensive 
polymerization of the dienophile that made the isolation of 
the initial cycloadduct 3c impossible. Eventually, a solution 
of 2a and 1 -ethoxy- 1 -trimethylsiloxypropene in benzene was 
heated in a sealed tube at 230°C for 18 h. After removal of 
the volatiles, the crude mixture was treated with tetra-n-bu- 
tylammonium fluoride in tetrahydrofuran. Chromatography 
of the resulting crude product after normal work-up gave a 
23% yield of 3-methyl-2-chromanone 3d and 10% of the ethyl 
3-(2-hydroxypheny1)-2-methyl propionate 4a. Both 3d and 
4a are the expected desilylation products of the initially 
formed silyl orthoester 3c, as shown in Scheme 2. Pyrolysis 
of 2a with the less electron-rich dienophile, P-methylsty- 
rene, in benzene at 240°C for 48 h in a stainless steel bomb 
gave the expected trans-3-methyl-2-phenylchroman 3e in a 
50% yield. An unexpected product, 2-benzylphenol (4b), was 
also isolated in a 20% yield. It is not unlikely that the sol- 
vent benzene may have participated in the reaction with the 
ortho-quinone methide to give 4b. The reaction was re- 
peated in cyclohexane. Again, 3e was isolated in 50% yield 
and 4b was obtained in 20% yield. Similarly, reaction of 2a 
with cyclohexene in cyclohexane at 240°C for 48 h gave 22% 
of the expected hexahydrodibenzopyran 3f having a cis-fused 
ring junction, and 11% of 2-benzylphenol4b. These results 
indicate that the phenyl group must have been derived from 
the benzodioxaborin. This was confirmed by thermolysis of 
2u in cyclohexane at 240°C for 20 h, which gave 4b in -20% 
yield. Scheme 3 outlines a proposed mechanism of the for- 
mation of 4b from 2a; this may also shed some light on the 
mechanism of the cycloaddition reaction. Presumably, ther- 
molysis of 2u could generate the intermediate 5, which could 
expel phenylboronic anhydride to give the free ortho-qui- 
none method 1. In the presence of electron-rich dienophile, 
either 1 or 5 could react to give the corresponding chroman. 
In the presence of a less reactive dienophile, compound 5 
could undergo a phenyl migration analogous to a [ I ,  51 sig- 
matropic phenyl shift (25-29) to give intermediate 6, which 
upon work-up gave compound 4b. Compound 6 most likely 
exists as the trimer 7 similar to the formation of trimethoxy- 

boroxine (30). It is interesting to note that no dimer or tri- 
mer of the ortho-quinone methide was ever isolated in this 
study. It is likely that intermediate 5 is the reactive species 
in the cycloaddition reaction instead of the free quinone 
methide 1, analogous to the Lewis-acid catalyzed Diels- 
Alder reaction. The bulky phenyl group on boron may hinder 
the formation of dimers and trimers. 

Indole has been utilized as dienophile in inverse electron 
demand Diels-Alder reactions (31-33). It is of interest to 
see if indole would undergo cycloaddition with ortho-qui- 
none methide. Pyrolysis of a solution of 2a and 5-methoxy- 
indole in cyclohexane at 245OC for 6 h gave a 41 % yield of 
3-(2-hydroxypheny1)methyl-5-methoxyindole 4c and 1 1 % of 
2-(2-hydroxyphenyl)methyl~5-methoxyindole 4d. Compound 
4c may have formed directly from 1,4-addition of the in- 
dole to the ortho-quinone methide, or via ring opening of the 
cycloadduct 3g (Scheme 4). If the reaction is truly a [4+2] 
cycloadditon, the ring opening reaction of the resulting cy- 
cloadduct may be blocked by placing a substituent on the 
position 3 of indole. However, thermolysis of 2u with methyl 
3-indolepropionate gave only methyl 3-(2-(2-hydroxy- 
pheny1)methylindole)propionate 4f in a 40% yield. None of 
the cycloadduct 3h was obtained. Presumably, Michael ad- 
dition of the indole to the ortho-quinone methide gave the 
3,3-disubstituted compound 4e, which rearranged to give 4f 
(Scheme 4). Similarly, compound 4d is most likely the 
rearranged product of 4c. 

The effect of substituents on the 2-phenyl-4H-1,3,2-ben- 
zodioxaborin upon the reactivity of the resulting ortho-qui- 
none methide was also studied. Several substituted 
benzodioxaborin derivatives were pyrolized in the presence 
of ethyl vinyl ether and dihydropyran. The results are 
summarized in Table 1. Thus, reaction of 2-phenyl-4-ethyl- 
1,3,2-benzodioxaborin 2b with ethyl vinyl ether gave the 
expected 2-ethoxy-4-ethylchroman 3i in 90% yield as a 1 : 1 
mixture of cisltrans isomers. In contrast, a predominant cis 
isomer was obtained by Inoue et al. (1 1, 17), and Arduini 
et al. (7) who prepared similar compounds using different 
methods of quinone methide generation. This is probably due 
to the presence of the phenylboron group on the ortho-qui- 
none methide intermediate 5 (Scheme 3) that perturbed the 
normal endo approach of the ethyl vinyl ether towards the 
quinone methide in the transition state (7). When 26 was al- 
lowed to react with dihydropyran at various temperatures, 
no cycloaddition product was obtained. Instead, a 60 : 40 
mixture of 2-(1-propeny1)phenol 8 and its corresponding 
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CHAMBERS ET AL 

TABLE 1. Therrnolysis of 2-pheny l-4H- l,3,2-benzodioxaborins in various dienophiles 

R R' DIENOPHILE TEMP (OCI TIME (h] PRODUCTS IYIELD:%I 

DHP 

DHP 
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TABLE 1 (concluded) 

R R' DlENOPHlLE TEMP f°C) TIME (hl PRODUCTS (YIELD?%) 

DHP 260 5.5 

'ISOLATED YIELD, b ~ l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

tetrahydropyranyl ether 9 was isolated in 72% combined 
yield. The reactivity of 2-phenyl-4-(2-phenoxyethy1)- 1,3,2- 
benzodioxaborin 2c is very similar to the 4-ethyl analog just 
described. Reaction of 2c with ethyl vinyl ether at 250°C for 
5.5 h gave 2-ethoxy-4-(2-phenoxyethy1)chroman 3j in 56% 
yield as a 1 : 1 mixture of cisltrans isomers. As well, no de- 
sired cycloaddition product was obtained with dihydro- 
pyran. The 'H NMR spectra of 3i and 3j (CDC1, solution) 
were in accord with the observations made previously on 
similar compounds (7). Here, rapid interconversion of the 
half-chair conformation of the cis product results in smaller 
J2., couplings being observed. In both cases spectral com- 
plexity precluded the measurement of J,, and J3,4z at this field 
(300 MHz). Thus, J2,3 = 4.4 Hz and J,.,, = 2.7 Hz for trans 
3j (6H.2 = 5.25), and J2,, = 4.9 Hz and J2,3, = 2.9 Hz for cis 
3j (6,., = 5.23). The relative stereochemistry was deter- 
mined in a series of nuclear Overhauser effect (nOe) exper- 

iments. When the higher-field H-4 signal (6 3.20) was 
irradiated, a 1.6% nOe was observed in that diastereomer's 
H-2 signal (6 5.23). This must result from the close contact 
between these protons in the cis molecule where the in- 
volved protons are both pseudoaxial. No nOe resulting from 
such a 1,3 interaction was observed when the H-4 proton of 
the other diastereomer (6 3.30) was irradiated. 2D COSY 
experiments confirmed the overall structure of the mole- 
cules. 

An electron-withdrawing substituent like chlorine on the 
phenolic ring (2d) appears to have no significant effect on 
the reactivity of the cycloaddition reaction with ethyl vinyl 
ether. The corresponding 2-ethoxychroman 3k was isolated 
in 77% yield. However, reaction of 2d with dihydropyran 
under various reaction conditions gave at best 10% yield 
of the corresponding tetrahydropyranobenzopyran 31. 
Electron-donating groups on the phenolic ring seem to in- 
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CHAMBERS ET AL. 

crease the reactivity of 2 in the cycloaddition reaction. tuted benzodioxaborins, 2e did not give any cycloadduct 
Complete reaction of 4-ethyl-6-methoxy-2-phenyl-4H-1,3,2- when reacted with dihydropyran. The more complex sub- 
benzodioxaborin 2e with ethyl vinyl ether occurred in only strate methyl 9-methyl-2-phenyl-l,3,2-dioxaborinbenz0f - 
3 h at 300°C compared to 72 h for 2a or 18 h for 2b. The 8-carboxylate, 2g, was found to react readily with both ethyl 
desired product 3m was obtained in 56% yield as a 1 : 1 vinyl ether and dihydropyran to give the corresponding ben- 
mixture of cisltrans isomers. Again, like other 4-substi- zopyran 30 and tetrahydropyranobenzopyran 3p in 44 and 
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TABLE 2. Intramolecular cyclization of 2-phenyl-4H-4-(4-penteny1)- 1,3,2-benzodioxa- 
borins 

R SOLVENT TEMP ('Cl TIME Ihl PRODUCTS (YIELD, %I 

2 h  H C6H5N(Etl2 270 0.5 1 0 ~  (44) 11 (30) 

BENZENE 300 33 1 0 a  (15) 11 (32) 

C6H4C12 230 7 11 (48) 

2i 7-OMe BENZENE 230 48 l o b  (43) 11 (27) 

42% yield respectively in less than 6 h. Again, compound 
3p has the expected cis ring junction. The success of the 
latter reaction exemplifies the potential utility of the 2-phenyl- 
4H- 1,3,2-benzodiozaborins in the formation of highly com- 
plex, functionalized fused-ring systems. 

Intramolecular trapping of the ortho-quinone methide 
generated by this method was also achieved by heating 4-(4- 
penteny1)-l,3,2-benzodioxaborin 2h in N,N-diethylaniline 

I 
at 270°C for 0.5 h to give the hexahydrocyclopentabenzo- 
pyran 10a in 44% yield as a mixture of cis/trans (ratio, 
15 : 85) isomers. A significant amount (30%) of ortho-(1,5- 
hexadieny1)phenol l l a  was also isolated. The result is in 
contrast to the report by Hug et al. (12) that thermolysis of 
ortho-(l,5-hexadieny1)phenol at 270°C in diethylaniline yields 
a mixture of 2,6-methanol-3,4,5,6-tetrahydro-2H- 1 -ben- 
zoxocin and hexahydrocyclopentabenzopyran of almost equal 
proportion. The thermolysis of 2h in different solvents was 
studied and the results are summarized in Table 2. In ben- 
zene, at 300°C, only 15% yield of the desired cyclopenta- 
benzopyran 10a was obtained after 33 h. The major product 
is diene l l a  (32%). In meta-dichlorobenzene, after 7 h at 
230°C, the only product isolated was the diene l l a  (48%). 
At higher temperature and prolonged heating, extensive de- 
composition resulted. With an electron-donating group on 
the phenol ring, as in the 7-methoxy compound 2i, the in- 
creased reactivity due to the substituent allowed the reac- 
tion to be performed in benzene at lower temperature (230°C) 
to give 43% of the cyclopentabenzopyran lob  as a mixture 
of cis/trans isomers (ratio, 1 : 4) with only 27% yield of the 
diene l l b .  The ring-junction stereochemistry of the major 
isomer of lob  was confirmed to be trans with 'H NMR ex- 
periments. The two J2,, values were 11.3 and 4.1 Hz and this 
left the literature values (12) ambiguous. There, values of 10 
and 4 Hz for these protons indicated a trans, and 9 and 5 Hz 
indicated a cis, ring junction. Careful analysis identified H-3 
(6 2.37) as having two large couplings of about 11.5 Hz, and 
a 6.8 Hz and a 1.25 Hz coupling. Upon irradiation of H-4 
(6 1.73), one of the large couplings collapsed. Molecular 
models predicted the trans isomer would have a 12.2 Hz 
coupling for the ring-junction protons, and 8.0 Hz for the cis 
compound. 

Synthesis of cannabinoids 
The successs with the intramolecular [4+2] cycloaddition 

of the ortho-quinone methides generated from the 2-phenyl- 
4H- 1,3,2-benzodioxaborins described above prompted us to 
investigate its application to the synthesis of hexahydrocan- 
nabinol analogs. Stereocontrolled syntheses of enantio- 
meric pure (+)- and (-)-hexahydrocannabinols (HHC) and 
analogs via intramolecular Diels-Alder reactions of ortho- 
quinone methide have previously been rpeorted (2, 13, 15- 
18). Using the normal procedure to prepare 2-phenyl-4H- 
1,3,2-benzodioxaborins, reaction of 3-methoxyphenol with 
(R)-(+)-citronela12 gave a 70% isolated yield of the o ti 

2 P  : cally active (-)-hexahydrodibenzo[b,d]pyran 12a ([a], 
31 (c 0.7, CHCI,)) in only 1.5 h. The expected initial prod- 
uct of this reaction, the dioxaborin derivative 2m, was also 
isolated in 10% yield as a mixture of diastereomers. Re- 
fluxing the latter in dichlorobenzene gave the same com- 
pound, 12a. The optical rotation of 12a is consistent with 
other HHC analogs (18). The stereochemistry of 12a was 
confirmed with NMR experiments and references to the 
analysis of similar compounds described elsewhere (34-36). 
The deshielded aliphatic signals corresponding to H-lOa and 
H-lOeq (CDC1, solution) at about 6 2.4 suffered consider- 
able overlap and the vicinal coupling constant across the ring 
junction, J(6a, 10a) was measured to be 11.2 Hz from the 
H-6a signal (6 1.34); this is consistent with a trans ring 
junction. The equatorial orientation of the 9-Me group and 
boat conformation of the saturated carbonaceous ring was 
deduced from analysis of the (highest field) H-lOax (6 0.88). 
This proton signal appears as a quartet, due to approxi- 
mately equal geminal and two trans diaxial vicinal J's. H-9 
is therefore axial, and the methyl substituent is equatorial. 
The nOe experiments (data not given) confirm these assign- 
ments and show H-lOa clearly to be a doubleted triplet, as 
expected. Finally, 13c NMR spectral analysis was consis- 
tent with the given structure (18). 

Reaction of orcinol with (R)-(+)-citronella1 gave a mix- 
ture of two regioisomers of the dioxaborin derivatives 20 and 
2p in 82% yield, in the ratio of 2:3. Thermolysis of the 
mixture in benzene at 215°C for 18 h gave the desired HHC 
analogs 12b and 12c in 60% yield in the same ratio as the 
starting dioxaborin. Analytical samples of 12b and 12c were 
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CHAMBERS ET AL. 1723 

obtained. The spectral data of 12b are virtually identically 
to those reported (18b). The results are summarized in 
Scheme 5. 

Reaction of 3-methoxyphenol with citral gave 45% yield 
of the cannabichromene analog 13a. Similarly with farne- 
sal, compound 13b was obtained in 80% yield. No trace of 
the corresponding dioxaborin intermediate was observed in 
either case. The formation of 13a and 13b has been inter- 
preted as proceeding via the electrocyclization of the inter- 
mediate ortho-quinone methide with the a-double bond as 
shown in structure 14 of Scheme 5 (37, 38). 
Alkylation of ortho-quinone methides 

ortho-Quinone methide is known to react not only as het- 
erodiene in the Diels-Alder reaction but also as a Michael 

acceptor (5, 17, 19). Previously we reported the reaction of 
2-phenyl-1,3,2-benzodioxaborins with an alcohol, an alkyl- 
thiol, or tert-butylamine borane in the presence of a Lewis 
acid or protic acid to give the corresponding 2-substituted 
phenols (2 1). Presumably, the reaction involves Michael 
addition of nucleophiles to the ortho-quinone methide inter- 
mediate. We now report the alkylation of the ortho-quinone 
methide with carbon nucleophiles to give 2-alkyl phenols. 
Thus reaction of 2b, 2e, 2d, and 2 j  with ally1 trimethylsi- 
lane in the presence of boron trifluoride etherate gave the 
corresponding 2-(3-buteny1)phenol derivatives 4g-4j. The 
results are summarized in Table 3. With the exception of the 
6-chloro derivative 2d, the yields are reasonable, between 
70 and 80%. Reaction of 2a with acetophenone in the pres- 
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TABLE 3. Reaction of 2-phenyl-4H-l,3,2-benzodioxaborins with aliphatic nucleophiles 

'Nu L 
ACID Nu 

- 

NUCLEOPHILES SOLVENT TEMP (OC) TIME (h) ACID (MOL EQUIV.) PRODUCTS (YIELD %I  

ence of boron trifluoride etherate gave 31% of 2-(30x0- 
3-phenylpropy1)phenol 4k. Reaction of 2f with diethyl 
malonate in the presence of titanium tetrachloride gave ethyl 
2-0x0-7-methoxybenzopyran-3-carboxylate 41 in 25% iso- 
lated yield. The latter is the result of lactonization of the 
initially formed 2-alkylphenol. 

Arylation of ortho-quinone methide 
ortho-Quinone methide generated from 2-phenyl-4H- 1,3,2- 

benzodioxaborin under acidic conditions can be viewed as 
either a protonated quinone methide or a stabilized benzylic 
cation. Friedel-Crafts alkylations of aromatic systems with 
benzylic cations are well documented (39). It is thus ex- 
pected that 2-phenyl-4H-l,3,2-benzodioxaborins should react 
readily with aromatic compounds under acidic conditions to 
give 2-arylmethyl phenols. Treatment of 242 with a Lewis acid 
in the presence of various aryl substrates gave the expected 
2-substituted phenols 4m-4t. The results are summarized in 
Table 4 .  With a less reactive substrate such as benzene or 
toluene, which also serves as the solvent, a stronger Lewis 
acid, titanium tetrachloride, was used as the catalyst. At room 
temperature after 1.5 h, benzene reacted with 2-phenyl-1,3,2- 
benzodioxaborin to give 2-benzyl phenol 4b in 23% yield. 

Toluene under similar conditions gave 76% of the 2-(4- 
methylbenzy1)phenol 4m. With the electron-rich anisole and 
phenol, the reaction was performed in dichloroethane at room 
temperature with boron trifluoride etherate as catalyst. Both 
gave a mixture of ortho- and para-substituted 2-benzyl phenol 
in the ratio of 1 : 4  and 1 : 2 respectively. With thiophene, the 
reaction was performed at O°C using aluminum chloride as 
catalyst. The corresponding product 4t was isolated in 56% 
yield. Reaction of 4-ethyl-2-phenyl- l,3,2-benzodioxaborin 
2b with toluene, anisol, and thiophene gave similar results 
to those obtained with 2a (Table 4). Reaction of the dioxa- 
borin derivative of 2-(2-phenylethy1)-5-hydroxy-2,3-dihy- 
drobenzofuran 2 j  with thiophene in trifluoroacetic acid at 
room temperature gave 54% of the desired 6-thiopenyl methyl 
derivative 4y. 

Intramolecular alkylation of phenols via trapping of the 
ortho-quinone methide intermediate has been described (40). 
It was found that the ortho-quinone methides generated from 
2-phenyl-l,3,2-benzodioxaborins under acidic conditions also 
react very readily intramolecularly with an aryl substituent. 
Treatment of 2-phenyl-4-(2-phenoxyethy1)- 1,3,2-benzodi- 
oxaborin 2c with boron trifluoride etherate in dichlorometh- 
ane at room temperature for 72 h gave the corresponding 
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TABLE 4. Reaction of 2-phenyl-4H-l,3,2-benzodioxaborins with aryl substrates 

ArH - 
ACID Ar 

AIH SOLVENT TEMP (OCI TIME I ~ I  ACID (MOL EOUIV.) PRODUCTS (YIELD, %I 

BENZENE 

TOLUENE 

CH2ClCHzCl 

CH2ClZ 

TOLUENE 

TFA 

4-(2-hydroxypheny1)chroman 16a in 99% yield (Table 5). 
Similarly, with the dihydrobenzofuran derivative 2k ,  the 
corresponding 4-substituted chroman 16b was obtained in 
78% yield. With 7-methoxy-2-phenyl-4-(3-(3-tert-butyldi- 
phenylsiloxphenyl)propyl)-4H- 1,3,2-benzodioxaborin 21, the 
resulting tetraline 16c was obtained in 53% yield as a mix- 
ture of 6- and 8-tert-butyldiphenylsiloxy derivatives in the 
ratio of 1 : 3. These reactions represent a very efficient route 
to 4-phenyl substituted chromans and tetralins. 

In summary, we have shown that 2-phenyl- 1,3,2-benzo- 
dioxaborins serve as stable quinone methide precursors that 

can be prepared readily from phenols and aldehydes with 
varying degrees of substitution. These highly substituted 
benzodioxaborins can react inter- and intramolecularly with 
different dienophiles to generate potentially complex poly- 
cyclic chroman systems without any dimer- or trimerization 
of the corresponding quinone methide intermediate. Trap- 
ping of the ortho-quinone methide intermediates generated 
under acidic conditions with various carbon nucleophiles or 
an aryl substrate expands the utility of 2-phenyl-1-3,2-ben- 
zodioxaborins in the ortho-alkylation of phenols (20). Intra- 
molecular trapping of the quinone methides with an aryl 
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TABLE 5. Intramolecular reactions of 2-phenyl-l,3,2-benzodioxaborins with aryl substituents 

SUBSTRATE SOLVENT TEMP. OC TIME (hl LEWIS ACID PRODUCTS (YIELD % I  
(MOL EQU1V.I 

TFA 

substituent provides an efficient route to 4-phenyl-substi- 
tuted chromans and tetralines (Scheme 6). 

Experimental 

General information 
Proton nuclear magnetic resonance spectra were obtained on a 

Bruker AM250 spectrometer or AM300 spectrometer. Reported 
boiling points are those observed during distillation with a Kugelrohr 
apparatus and are uncorrected. Melting points were measured on a 
Buchi 510 melting point apparatus and are uncorrected. Low-res- 
olution mass spectral analyses were performed by the Morgan- 
Schaffer Corporation, Montreal. Exact masses were obtained by 
high-resolution mass spectroscopy performed by Dr. 0 .  Maimer 
of McGill University, Montreal, Quebec. Elemental analyses were 
performed by Guelph Chemical Laboratories Ltd., Guelph, Ontario. 
Flash chromatography was performed using Merck silica gel 60, 
230-400 mesh, and tlc using Merck silica gel 60F 254 sheets. 

General procedirre A 

Preparation of 4-ethyl-2-phenyl-4H-I ,3,2-benzodioxaborin 
(2b) 

A mixture of phenol (31 g, 0.33 mol), phenylboronic acid 
(64.5 g, 0.527 mol), propionaldehyde (58 g, 1 mol), and pro- 
pionic acid (7.3 g, 0.1 mol) in toluene was heated under reflux for 
20 h, with azeotropic removal of water using a Dean-Stark trap. The 
reaction mixture was concentrated and the resulting oil was chro- 
matographed (eluting with 5% ethyl acetate in hexane) to give 
64 g (82%) of the title compound; mp 43-45°C; 'H nmr (250 MHz, 
CDCl,), 6: 1.05 (t, 3H, J = 8.34 Hz, CH,), 1.75-2.1 (m, 2H, 
CH,), 5.25 (dd, 1 H, J = 8.34 Hz, J' = 4.1 Hz, benzylic), 7.00- 
7.55 (m, 7H), 8.0 (dd, 2H, J = 9.38 Hz, J' = 2.1 Hz). Anal. calcd. 

forCISHI5BO2: C 75.66, H 6.35, B 4.54; found: C 75.56, H 6.64, 
B 4.68. 

4-(2-Pherzoxyethyl)-2-phenyl-4H-1,3,2-benzodioxaborin (2c) 
According to the general procedure A, using 3-phenoxypro- 

pionaldehyde, the title compound was obtained in 80% yield after 
chromatography; mp 9 1-93°C; 'H nmr (250 MHz, CDCI,), 6: 2.18- 
2.35 (m, lH), 2.35-2.51 (m, IH), 4.08-4.20 (m, lH, 0CH2), 
4.26-4.40 (m, lH, OCH,), 5.50 (dd, 1 H, J = 9.3 Hz, J' = 4 Hz, 
PhCH), 6.85-7.55 (m, 12H, 7.98, dd, 2H, J = 7.5 Hz, J' = 
1.7 Hz). Exact Mass calcd. for C2,HI9BO,: 330.1427; found: 
330.1423. 

6-Chloro-2-phenyl-4H-1,3,2-benzodioxaborin (2d) 
According to the general procedure A, using 4-chlorophenol and 

paraformaldehyde, the title compound was obtained in 59% yield 
after chromatography; mp 86-90°C; 'H nmr (250 MHz, CDCl,), 
6: 5.34 (s, 2H, PhCH), 7.15-7.65 (6H, m), 8.05-8.10 (m, 2H), 
Anal. calcd. for C13Hl,02BCI: C 63.87, H 4.12, B 4.42, C1 14.50; 
found: C 63.17, H 4.13, B 4.34, C1 14.62. 

4-Ethyl-6-methoxy-2-phenyl-4H-1 ,3,2-benzodioxaborin (2e) 
According to the general procedure A, using 4-methoxyphenol, 

the title compound was obtained as an oil in 56% yield after chro- 
matography on silica gel; 'H nmr (250 MHz, CDCI,), 6: 1.05 (t, 
3H, J = 7 Hz), 1.70-2.15 (m, 2H), 3.80 (s, 3H, OCH,), 5.20 (t, 
lH,  J = 5.7 Hz, PhCH), 6.55 (d, lH,  J = 3 Hz), 6.75 (dd, 1H, 
J = 10 Hz, J' = 3 Hz), 7.0 (d, lH, J = 10 Hz), 7.35-7.6 (m, 3H), 
8.0 (d, 2H, J = 8 Hz). Anal. calcd. for CI6Hl7O3B: C 71.68, H 
6.39, B 4.03; found: C 71.89, H 6.53, B 4.10. 

4-Ethyl-7-methoxy-2-phenyl-1,3,2-benzodioxaborin (2f) 
According to the general procedure A, using 4-methoxyphenol, 

the title compound was obtained as an oil in 56% yield after chro- 
matography; 'H nmr (250 MHz, CDCl,), 6: 1.00 (t, 3H, J = 
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CHAMBERS ET AL. 

R' = -(CH2)aXAr 
LEWIS ACID 7 AIC13 

R R2s"I 
R' OH 

6.25 Hz), 1.69-2.05 (m, 2H), 3.8 (s, 3H, OCH,), 5.19 (dd, lH,  
J = 12.5 Hz, J' = 6.25 Hz, benzylic), 6.6 (dd, lH,  J = 12.5 Hz, 
J ' =  3Hz) ,6 ,65(d ,  l H , J =  3Hz) ,6 .9(d ,  l H , J =  12Hz),7.3- 
7.55 (m, 3H), 7.95 (d, 2H, J = 9.37 Hz). Exact Mass calcd. for 
CI6Hl8O3B (M + 1): 269.1348; found: 269.1346. 

4-(4-Penteny1)-2-phenyl-l,3,2-benzodioxaborin (2h) 
According to the general procedure A, using 5-heptenal, the title 

compound was obtained as an oil in 44% yield after chromatog- 
raphy; 'H nmr (250 MHz, CDCI,), 6: 1.54-2.22 (m, 6H), 4.90- 
5.10(m, 2H,=CH2), 5.25 (dd, lH,  J = 7.8 Hz, J' = 3.8 Hz, 
PhCH), 5.70-5.90 (m, lH, CH=), 7.0-7.6 (m, 7H), 7.97 (d, 2H, 
J = 8 Hz). Exact. Mass calcd. for CI8Hl9BO2: 278.1478; found: 
278.1475. 

7-Methoxy-4-(4-pentenyl)-2-phenyl-4H-l,3,2-benzodioxabori11 
(2i) 

According to the general procedure A, using 5-heptenal and 3- 
methoxyphenol, the title compound was obtained as an oil in 85% 
yield after chromatography; IH nmr (250 MHz, CDCI,), 6: 1.55- 
2.2 (m, 6H), 3.78 (s, 3H), 4.95 (m, 2H, olefinic), 5.25 (dd, lH,  
J = 9.37 Hz, J' = 6.25 Hz), 5.7-5.9 (m, lH,  olefinic), 6.62 (dd, 
l H , J =  12.5Hz,J1 = 3Hz),6.65(d,  1 H , J =  Hz),6.95(d, lH,  
J = 10.9 Hz), 7.38-7.55 (m, 3H, aromatic), 8.0 (dd, 2H, J = 9.37, 
J' = 3 Hz). Exact Mass calcd. for C19H2203B(M + 1): 309.1662; 
found: 309.1658. 

7,8-Dihydr0-2-phenyl-2-(2-phenylethyl)-4H-r0 3 ]  ,3,2- 
benzodioxaborin (2j) 

According to the general procedure A, using 2,3-dihydro-2-(2- 
phenyethyl)5-benzofuranol and paraformaldehyde, the title com- 
pound was obtained in 94% yield; mp 93-96°C; 'H nmr (250 MHz, 
CDCI,), 6: 1.88-2.25 (m, 2H), 2,7-2.92 (m, 3H), 3.28 (dd, lH,  
J = 7.5 Hz), 4.79 (m, IH), 5.18 (s, 2H), 6.41 (s, lH), 6.91 (s, 
lH), 7.14-7.35 (m, 5H), 7.35-7.55 (m, 5H), 7.95 (d, 2H, J = 
6 Hz). Anal. calcd. for C2,H2,B03: C 77.52, H 5.89, B 3.03; found: 

C 77.69, H 5.85, B 3.09. Exact Mass calcd. for C2,Hz2B03(M + 
1): 357.1662; found: 357.1659. 

7,8-Dihydro-2-phenyl-7-(2-phenylethyl)-4-(2-phenoqethyl)- 
4HTfuroQ ,3-g]-I ,3,2-benzodioxaborin (2k) 

According to the general procedure A, using 2,3-dihydro-2-(2- 
phenyethyl)5-benzofuranol and 3-phenoxypropionaldehyde, the title 
compound was obtained in 90% yield after chromatography; mp 
90-92°C; 'H nmr (250 MHz, CDCI,), 6: 1.88-2.07 (m, lH), 2.07- 
2.27 (m, 2H), 2.34-2.48 (m, lH), 2.70-2.9 1 (m, 3H), 3.27 (dd, 
J = 15 Hz, J' = 9 Hz), 4.09-4.18 (m, lH), 4.25-4.36 (m, lH), 
4.70-4.75 (m, lH), 5.45 (d br, 1 H, PhCOH), 6.49 (d, 1H J = 
2Hz), 6.90-6.97 (m, 3H), 7.16-7.52 (m, 1 lH), 7.94 (dd, 2H, 
J = 7 Hz, J' = 2 Hz). Exact Mass calcd. for C31H,904B + NH,+: 
494.2502; found: 494.2499. 

4-[3-(3-tert-Butyldiphenylsiloxphenyl)propyl]-4-phenyl-4H- 
1,3,2-benzodioxaborin (21) 

According to the general procedure A, using 3-methoxyphenol 
and 4-(3-tert-butyldiphenyl)butylaldehyde, the title compound was 
obtained in 66% yield; 'H nmr (250 MHz, CDCl,), 6: 1.1 (s, 9H, 
tert-butyl), 1.6-1.85 (m, 4H), 2.45 (m, 2H), 3.75 (s, 3H, OCH,), 
5.15 (m, lH, benzylic), 6.55-6.70 (m, 5H), 6.82 (d, lH,  J = 
9.3 Hz), 6.95 (t, lH,  J = 7.5 Hz), 7.25-7.55 (m, 9H), 7.7 (d, 4H, 
J = 9.3 Hz), 7.95 (d, 2H, J = 9.3 Hz). Anal. calcd. for 
C39H4,04SiB: C 76.47, H 6.70, B 1.76, Si 4.58; found: C 76.41, 
H 6.98, B 2.01, Si 4.75. Exact Mass calcd. for C3&I4,O4SiB - 
(t-Bu): 555.2162; found: 555.2162. 

General procedure B 
Therrnolysis of 2-phenyl-4H-l,3,2-benzodioxaborin (2a) in 

ethyl vinyl ether and dihydropyran 
A solution of the dioxaborin 2a (0.212 g, 1 mmol) in ethyl 

vinyl ether (3 mL) was placed in a base-washed heavy-walled Pyrex 
tube equipped with a Teflon stopper. The solution was degassed 
for 2 min and then sealed under nitrogen. The tube was heated at 
300°C for 72 h. Upon cooling, the reaction mixture was concen- 
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trated under vacuum. The residual oil was chromatographed on 
silica gel (eluted with 2.5% ethyl acetate in hexane) to give 2- 
ethoxychroman 3a (0.134 g, 75%) (17); 'H nmr (300 MHz, CDCl,), 
6 1.19 (t, 3H, J = 7 Hz), 1.89-2.10 (m, 2H), 2.57-2.72 (m, lH), 
2.90-3.07 (m, lH), 3.57-3.71 (m, lH), 3.83-3.97 (m, lH), 5.26 
(t, lH, J = 3 Hz, OCHO), 6.80-6.92 (m, 2H), 7.02-7.17 (m, 2H). 
Anal. calcd. for ClIHl4O2: C 74.13, H 7.92; found: C 74.14, H 
8.15. Similarly, pyrolysis of 2a in dihydropyran for 5 h at 300°C 
gave the expected 3,4,4a, 10a-tetrahydro-cis-2H, 5H-pyrano[2,3- 
b][l]benzopyran 3b (3) in 52% yield; 'H nmr (300 MHz, CDCI,), 
6: 1.59-1.77 (m, 4H), 2.10-2.26 (m, lH), 2.66 (dd, lH, J = 
16.6 Hz, J' = 4.8 HZ), 2.89-3.01 (dd, lH, J = 16.6 Hz, J' = 
4.8 Hz), 3.69-3.79 (m, lH), 3.96-4.11 (m, lH), 5.34 (d, lH, 
J = 2.6 Hz, OCHO, cis-fused), 6.8 1-6.93 (m, 2H), 7.00-7.17 (m, 
2H), Exact Mass calcd. for C12H1402: 190.0993; found: 190.0993. 

Therrnolysis of 2-phenyl-4H-I ,3,2-benzodioxaborin (2a) 
in I -ethoxy-I -trirnethylsiloxy-I -propene 

According to the general procedure B,  a mixture of 2-phenyl-4H- 
1,3,2-benzodioxaborin 2a (3 18 mg, 1.5 mmol) and l-ethoxy-l- 
himethylsiloxy-1-propene (1.04 g, 6 mmol) in benzene (6 mL) was 
heated to 230°C for 18 h in a stainless steel bomb. The crude 
reaction mixture was treated with 1 equivalent of tetra-n-butyl 
ammonium fluoride, followed by normal work-up and chroma- 
tography, to give a mixture of 3-methyl-2-chromanone 3d (23%) 
and ethyl 3-(2-hydroxypheny1)-2-methylpropionate 4a (10%). 3d: 
mp 57-59°C; ir (film): 1770 (C=O) cm-I; 'H nmr (250 MHz, 
CDCI,), 6: 1.29 (d, 3H, J = 6.2 Hz, CH,), 2.7-3.1 (m, 3H), 6.9- 
7.4 (m, 4H). Anal. calcd. for CloHl0O2: C 74.06; H 6.21; found: 
C 74.09, H 6 . 3 3 . 4 ~ :  ir (film): 3400 (OH), 1710 (C=O) cm-'; 'H 
nmr (250 MHz, CD3COCD3), 6: 1.10 (t, 3H, J = 7 Hz, CH,), 2.6- 
3.0 (m, 3H), 4.01 (q, 2H, J = 7 Hz), 6.60-7.10 (m, 2H), 8.28 
(s, lH, OH). 

Therrnolysis of 2-phenyl-4H-1,3,2-benzodioxaborin (2a) in the 
presence of trans-P-methylstyrene 

According to the general procedure B, a mixture of 2-phenyl-4H- 
1,3,2-benzodioxaborin 2a (420 mg, 2 mmol) and trans-P-meth- 
ylstyrene (708 mg, 6 mmol) in benzene (6 mL) was heated to 240°C 
for 48 h in a stainless steel bomb. The trans-3-methyl-2-phenyl- 
chroman 3e was isolated in 50% yield after chromatography. An- 
other product, the 2-benzylphenol 4b was obtained in 20% yield. 
3e: mp 68-70°C; 'H nmr (250 MHz, CDCl,), 6: 0.85 (d, 3H, J = 
6.3 Hz, CH,), 2.20 (m, lH), 2.65 (dd, lH, J = 16.8 Hz, J' = 
11 Hz, PhCH), 2.87 (dd, lH, J = 16.8 Hz, J' = 6.2 Hz, PhCH), 
4.6 1 (d, lH, J = 8.7 Hz, OCH), 6.7-7.5 (m, 9H). Anal. calcd. 
for CI6Hl60: C 85.68, H 7.19; found: C 85.73, H 7.27. 4b: ir (film): 
3530 (OH) cm-'; IH nmr (250 MH3, CDCl,), 6: 3.99 (s, 2H), 6.7- 
7.4 (m, 9H). Spectral data identical to commercial material. 

The reaction was repeated in cyclohexane under identical con- 
dition. Compound 3e was obtained in 48% and 4b was isolated in 
17% yield. 

Therrnolysis of 2-phenyl-4H-I ,3,2-benzodioxaborin (2a) in the 
presence of cyclohexene 

According to the general procedure B, a mixture of 2-phenyl-4H- 
1,3,2-benzodioxaborin 2a (420 mg, 2 mmol) and cyclohexene 
(492 mg, 6 mmol) in cyclohexane (6 mL) was heated to 240°C for 
48 h in a stainless steel bomb. The 1,2,3,4,4a,lOa-hexahydrodi- 
benzopyran 3f was isolated in 22% yield after chromatography on 
silica gel; mp 78-79°C; 'H nmr (250 MHz, CDCl,), 6: 1.3-1.8 (m, 
8H), 2.0 (m, lH), 2.48 (dd, lH, J = 16.7 Hz, J' = 2.6 Hz, PhCH), 
3.0(dd, lH, J = 16.7Hz, J' = 6Hz, PhCH), 4.2 (m,' lH, OCH), 
6.7-6.9 (m, 2H), 6.95-7.20 (m, 2H). Anal. calcd. for C13H160: 
C 82.94, H 8.57; found: C 82.88, H 8.83. Compound 4b was also 
isolated in 1 1 %. 

Therrnolysis of 2-phenyl-4H-1,3,2-benzodioxaborin (2a) in the 
presence of 5-rnethoxy indole 

According to the general procedure B, a mixture of 2-phenylL4H- 
1,3,2-benzodioxaborin 2a (420 mg, 2 mmol) and 5-methoxyin- 
dole (883 mg, 6 mmol) in cyclohexane (6 mL) was heated to 245OC 

for 6 h in a stainless steel bomb. 3-(2-Hydroxypheny1)methyl-5- 
methoxyindole 4c was isolated in 41% yield and 2-(2-hydroxy- 
pheny1)methyl-5-methoxyindole 4d was obtained in 11% yield after 
chromatography of the crude mixture. Compound 4c: 'H nmr 
(250 MHz, CD3COCD3), 6: 3.75 (s, 3H, OCH,), 4.05 (s, 2H, 
PhCH,), 6.65-7.20 (m, 7H), 7.25 (d, lH, J = 8.9 Hz), 8.25 (s, 
lH, OH), 9.85 (bs, lH, NH). Exact Mass calcd. for C16H16- 
N02(M + 1): 254.1181; found 254.1181. 4d: 'H nmr (250 MHz, 
CD3COCD3), 6: 3.72 (s, 3H, OCH,), 4.08 (s, 2H, PhCH,), 6.12 
(s, lH, H-3 indole), 6.6-7.3 (m, 7H), 8.46 (bs, lH, OH), 9.26 (bs, 
lH, NH). Exact Mass calcd. for C16Hl,N02(M + 1): 254.1181; 
found 254.1 18 1. 

Therrnolysis of 2-phenyl-4H-1,3,2-benzodioxaborin (2a) in the 
presence of methyl 3-(3-indo1e)propionate 

According to the general procedure B, a mixture of 2-phenyl-4H- 
1,3,2-benzodioxaborin 2a (420 mg, 2 mmol) and methyl 3-(3-in- 
dole) propionate (406 mg, 2 mmol) in cyclohexane (6 mL) was 
heated to 245OC for 4 h to give, after chromatography, 241 mg 
(40%) of methyl 3-(2-(2-hydroxyphenyl)methylindole) ropionate 
41: ir (film): 3410 (OH, NH), 1715 (C=O) cm-< IH nmr 
(250 MHz, CDCI,), 6: 2.58 (t, 2H, J = 8 Hz), 3.10 (t, 2H, J = 
8 Hz), 3.57 (s, 3H, OCH,), 4.1 1 (s, 2H, PhCH), 6.65-7.10 (m, 
6H), 7.26 (dd, lH, J = 6Hz ,  J' = 1.8 Hz), 7.47 (dd, J = 6 Hz, 
J' = 1.8 Hz), 8.55 (s, lH, OH), 9.71 (s, lH, NH). Anal. calcd. 
for Cl,Hl,OIN: C 73.77, H 6.19, N 4.53; found: C 73.23, H 6.06, 
N 4.49. Exact Mass calcd. for c,,H,,,No,(M + 1): 3 10.1443; found 
3 10.1442. 

Therrnolysis of 4-ethyl-2 -phenyl-4H-I ,3,2-benzodioxaborin 
(2b) in ethyl vinyl ether 

According to the general procedure B, thermolysis of 2b in ethyl 
vinyl ether at 300°C for 18 h gave 90% yield after chromatogra- 
phy of 2-ethoxy-4-ethylchroman 3i as a mixture of 1 : 1 cis/trans 
isomers (17); 'H nmr (300 MHz, CDC1,) assignment was based on 
nOe experiments; resolved signals of cis-3i: 6: 2.75-2.88 (m, lH, 
PhCH), 5.16 (dd, lH, J = 7 Hz, J' = 3 Hz, OCHO); resolved 
signals of trans-3i: 6: 2.90-3.03 (m, lH, PhCH), 5.26 (t, lH, 
J = 3 Hz). Other resonances: 0.94-1.05 (m, 3H), 1.15-1.33 (m, 
3H), 1.53-2.23 (m, 4H), 3.56-3.73 (m, lH), 3.83-4.10 (m, lH), 
6.80-6.99 (m, 2H), 7.06-7.29 (m, 2H). Anal. calcd. for C,3H1802: 
C 75.69, H 8.80; found: C 75.7 1, H 8.82. 

Therrnolysis of 4-ethyl-2-phenyl-4H-I ,3,2-benzodioxaborin 
(2b) in dihydropyran 

According to the general procedure B,  thermolysis of 2b in di- 
hydropyran at 250°C for 9.5 h gave a mixture of trans-2-(1-pro- 
peny1)phenol 8 and its corresponding tetrahydropyranyl ether 9 in 
a ratio of 60:40 and a combined yield of 72%. Spectral data of 
compound 8 are identical to commercial material. 

Therrnolysis of 4-(3-phenoxypropy1)-2-phenyl-4H-1,3,2- 
benzodioxaborin (2c) in ethyl vinyl ether 

According to the general procedure B, thermolysis of 2c in ethyl 
vinyl ether at 250°C for 5.5 h gave 56% yield of 2-ethoxy-4-(2- 
phenoxyethy1)chroman 3 j  as a 1 : 1 mixture of cis-trans isomer after 
chromatography; 'H nmr (300 MHz, CDCI,) assignment was based 
on nOe experiment; trans-3j: 6: 1.21 (t, 3H, J = 3 Hz), 1.80-2.24 
(m, 4H), 2.49-2.54 (m, lH), 3.16-3.36 (m, lH, 3.51-3.71 (m, 
lH), 3.82-4.00 (m, lH), 4.09 (t, 2H, J = 7 Hz), 5.25 (dd, lH, 
J = 4.4 Hz, J' = 2.7 Hz), 6.73-7.39 (m, 9H); cis-3j: 6: 1.19 (t, 
3H, J = 7 Hz), 1.88-2.06 (m, lH), 2.09-2.28 (m, 2H), 2.33-2.49 
(m, lH), 3.12-3.28 (m, lH), 3.52-3.67 (m, lH), 3.87-4.03 (m, 
IH), 4.11 (t, 2H, J = 7 Hz), 5.23 (dd, IH, J = 4.9 Hz, J' = 
2.9 Hz), 6.76-7.37 (m, 9H); ms, rn/z: 298 (M', 1.7), 253 (91), 
177 (28), 159 (37), 133 (loo), 131 (26). Exact Mass calcd. for 
C17Hl7O2: (M - 0CrH5): 253.1227; found: 253.1228. 

Therrnolysis of 6-chlor0-2-phenyl-4H-1,3,2-benzodioxabori~ 
(2d) in ethyl vinyl ether 

According to the general procedure B, thermolysis of 2d in ethyl 
vinyl ether in a stainless steel bomb at 225OC for 18 h gave, after 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1730 CAN. J .  CHEM. 

155.1 (s). Exact Mass calcd. for C17H2502 (M + 1): 261.1855; 
found: 261.1853. 12c, 'H nmr (500 MHz, CDCI,), 6: 0.79 (q, lH, 
H-lo,, J (lo,, 10,) = J (lo,, 9) = J (lo,, 10a) = 11.5 Hz), 0.95 
(d, 3H, 9-Me, J = 6.6 Hz), 1.03 (s, 3H, 6-Me), 1.10 (m, 2H, 
H-7,,, H-8,,), 1.36 (s, 3H, 6-Me), 1 .SO (dt, lH, 6a, J (6a, 10a) = 
J (6a, 7,,) = 10.9 HZ, J (6a, 7,,) = 2.2 Hz), 1.64 (m, lH, H-9), 
1.8 (m, 2H, H-7,, and H-8,,), 2.30 (s, 3H, 3-Me), 2.38 (dt, 1 H, 
H-lOa, J(lOa, 6a) = J(lOa, lo,,) = 10.9 Hz, J (lOa, lo,,) = 
2.3 Hz), 2.47 (br d, lH, H-lo,,, J = 13.0 Hz), 4.46 (br s, lH, OH), 
6.13 (d, lH, J = 2.6 Hz), 6.22 (d, lH, J = 2.6 Hz); "C nmr 
(1 25 MHz, CDCl,), 6: 18.8 (q, Ar-Me), 2 1.8 (q, Me), 22.8 (q, 
Me), 27.8 (q, Me), 28.5 (t, C-7), 33.1 (d, C-9), 35.7 (t, C-8), 37.4 
(d, C-lOa), 40.9 (t, C-lo), 50.4 (d, C6a), 102.1 (d), 110.5 (d), 
117.6 (s), 138.7 (s), 154.3 (s), 155.2 (s). Exact Mass calcd. for 
CI7Hz5O2 (M + 1): 261.1855; found: 261.1853. 

Preparation of 7-methoxy-2-(4-methyl-3-pe11tenyl)-2H-I- 
benzopyran (13a) 

According to the general procedure A, using 4-methoxyphenol 
and citral, the title compound was obtained in 45% yield, after 
chromatography, as an oil after 1.5 h reflux in toluene; 'H nmr 
(250 MHz, CDCI,), 6: 1.4 (s, 3H), 1.55 (s, 3H), 1.7 (m, 5H), 
2.05-2.2 (m, 2H), 3.78 (s, 3H, OCH,), 5.1 (t, lH, J = 6.25 Hz), 
5.45 (d, lH, J = 12.5 Hz), 6.30 (d, IH, J = 12.5 Hz), 6.35 (s, 
lH), 6.38 (dd, lH, J = 12.5, J' = 3Hz) ,  6.85 (d, lH, J = 

12.5 Hz). Anal. calcd. for C17H2202: C 79.06, H 8.52; found: C 
78.61, H 8.68. Exact Mass calcd. for CI7Hz3o2 (M + 1): 259.1696; 
found: 259.1698. 

Preparation of 7-methoq-2-(4,8-dimethyl-3,7-nonadienyl)-2- 
H-I-benzopyran (13b) 

According to the general procedure A, using 4-methoxyphenol 
and famesal, the title compound was obtained in 80% yield as an 
oil after 1.5 h reflux in toluene; 'H nmr (250 MHz, CDCI,), 6: 1.38 
(s, 3H), 1.55-1.75 (m, 13H), 1.90-2.2 (m, 4H), 3.75 (s, 3H, 
OCH,), 5.1 (m, 2H), 5.45 (dd, lH, J = 12.5 Hz, J' = 3 Hz), 6.35 
(d, lH, J = 12.5 Hz), 6.40 (m, 2H), 6.85 (d, lH, J = 9.4Hz). 

General Procedure C 

Preparation of 2-(I -ethylbut-3-eny1)phenol (4g) 
To a solution of 4-ethyl-2-phenyl-1,3,2-benzodioxaborin (2b) 

(0.238 g, 1.0 mmol) and allyltrimethylsilane (0.456 g, 4.0 mmol) 
in dichloroethane (10 mL) was added boron trifluoride etherate 
(0.568 g, 4.0 mmol). The mixture was warmed to 70°C for 20 h. 
The resulting solution was cooled, and then poured into an aqueous 
solution of ammonium acetate (20%). Extraction with ethyl ace- 
tate followed by chromatography of the concentrated extracts gave 
136 mg (77%) of the title compound as an oil; 'H nmr (250 MHz, 
CDCI,), 6: 0.82 (t, 3H, J = 7.3 Hz), 1.55- 1.80 (m, 2H), 2.33- 
2.40 (m, 2H), 2.80-2.95 (m, 1H, PhCH), 4.60 (s, lH), 4.70-5.0 
(m, 2H, =CH,), 5.55-5.80 (m, lH, =CH), 6.5-7.2 (m, 4H). 
Exact Mass calcd. for CI2Hl60-N~,+:  194.1544; found: 194.1544. 

2-(1-Ethylbut-3-ene)-4-methoqphenol(4h) 
According to the general procedure C, from 2e, the title com- 

pound was obtained in 70% yield as an oil; 'H nmr (250 MHz, 
CDCI,), 6: 0.82 (t, 3H, J = 7.3 Hz), 1 .SO- 1.80 (m, 2H), 2.33- 
2.40 (m, 2H), 2.80-3.00 (m, lH, PhCH), 3.76 (s, 3H, OCH,), 
4.67 (s, lH, OH), 4.96 (m, 2H, =CH,), 5.65-5.85 (m, lH, 
=CH), 6.58-6.72 (m, 3H). Exact Mass calcd. for C,,H,~O~.NH,+: 
224.1650; found: 224.1650. 

4-Chloro-2-(l-ethylbut-3-eneyl)phenol(4i) 
According to the general procedure C, from 2d, the title com- 

pound was obtained in 21% as an oil; 'H nmr (300 MHz, CDCl,), 
6: 2.29-2.43 (m, 2H), 2.62-2.75 (m, 2H), 4.68 (s, 1 H, OH), 4.97- 
5.15 (m, 2H, =CH,), 5.78-5.97 (m, 1 H, =CH), 6.69 (d, 1 H, 
J = 7.5 Hz), 7.04(dd, lH, J = 7.5Hz, J' = 2Hz),  7.10(d, lH, 
J = 2 Hz). Anal. calcd for CIJIl,C1O: C 65.76, H 6.07, C1 19.41; 
found: C 65.03 H 5.97, C1 19.42. 

6-Butenyl-2,3-dihydro-2(2-phenyledzyl)-5-benzofuranol(4j) 
According to the general procedure C, from 2j, the title com- 

pound was obtained in 80% as an oil; ir (film): 3401 (OH) cm-'; 
'H nmr (250 MHz, CDCl,), 6: 1.85-2.20 (m, 2H), 2.30-2.45 (m, 
2H), 2.60-2.90 (m, 5H), 3.50 (dd, 1 H, J = 15.4 Hz, J' = 8.7 Hz), 
4.3 1 (s, lH, OH), 4.65-4.85 (m, lH, OCH), 4.97-5.12 (m, 2H, 
=CH2), 5.84-5.95 (m, lH, =CH), 6.56 (s, lH), 6.62 (s, lH), 
7.16-7.32 (m, 5H). Exact Mass calcd. for C20Hz20z.NH4+: 
312.1963; found: 312.1965. 

Preparation of 2-(3-0x0-3-phenylpropyl)phenol(4k) 
Boron trifluoride etherate (3.0 mL, 25 mmol) was added to a 

solution of 2-phenyl-4H-l,3,2-benzodioxaborin 2a (1.05 g, 5 mmol) 
and acetophenone (1.8 g, 15 mmol) in 1,2-dichloroethane (15 mL). 
The mixture was refluxed for 30 min and then washed with water. 
The organic layer was dried (MgSO,), filtered, concentrated, and 
the residue chromatographed using 5% ethyl acetate in hexane to 
give 350 mg (3 1%) of the title compound as an oil; ir (film): 1655 
(C=O) cm-'; 'H nmr (250 MHz, CDCI,), 6: 2.6 (s, 4H), 7.1-8.1 
(m, 9H). 

Preparation of ethyl 4-ethyl-2-0x0-7-methoqlbenzopyran-3- 
carboqlate (41) 

To a cooled (0°C) solution of TiCl, (90 pL, 0.82 mmol) in 
CH2Cl2 (10 mL) was added diethylmalonate (1 13 pL, 0.746 rnmol). 
The mixture was stirred for 10 min at O°C, then 4-ethyl-7-meth- 
oxy-2-phenyl-l,3,2-benzodioxaborin (0.2 g, 0.746 mmol) was 
added. After stirring for another 5 min, triethylamine (1 13 pL, 
0.858 mmol) was added. The mixture was stirred at 9OC for 30 rnin 
and then overnight at room temperature. Another equivalent of TiCI, 
(0.746 pL, 82 mmol) was added. The mixture was stirred at room 
temperature overnight. The reaction mixture was quenched with 
cold ammonium acetate (20%) and extracted with ethyl acetate. The 
extract was dried over Na2S04 and evaporated to dryness. The 
residue was chromatographed, eluting with 5% ethyl acetate/hex- 
ane. The title compound was obtained as an oil in 25% yield; 'H 
nmr (250 MHz, CDCI,) 6: 0.95 (t, 3H, J = 9.4 Hz), 1.05 (t, 3H, 
J = 9.4 Hz), 1.5-1.75 (m, 2H), 3.2 (m, lH), 3.75 (d, lH, J = 
3 Hz), 3.80 (s, 3H, methoxy), 4.05 (m, 2H), 6.65-6.7 (m, 2H), 
7.05 (d, lH, J = 9.4 Hz). Exact Mass calcd. for C15H1905 (M + 
1); 279.1232; found: 279.1232. 

General Procedure D 

Preparation of 2-benzyl phenol (4b) 
Titanium tetrachloride (0.94 g, 5 mmol) was added to a solu- 

tion of 2-pheny I-4H- l,3,2-benzodioxaborin 2a (1.05 g, 5 mmol) 
in benzene (15 mL) and the resultant solution stirred for 1.5 h at 
room temperature. The solution was cooled to 5°C and excess 1 N 
HC1 added. The mixture was stirred until two clear layers were 
formed. The organic layers was separated, dried (MgSO,), fil- 
tered, and concentrated. The resulting oil was chromatographed on 
silica gel using 10% ethyl acetate in hexane as eluent to give 
0.21 g (23%) of the title compound as an oil; 'H nmr (250 MHz, 
CDCl,), 6: 3.99 (s, 2H, PhCH,), 6.7-7.4 (m, 9H). Spectral data 
identical to commercial material. 

Preparation of 2-(4-met/zylbenzyl)phenol(4m) 
According to the general procedure D, using toluene as solvent, 

the title compound was obtained in 76% yield as an oil after 45 min 
at room temperature with only 2 mol equivalent of titanium tetra- 
chloride; 'H nmr (250 MHz, CDC13), 6: 2.3 (s, 3H, CH,), 3.9 (s, 
2H, PhCH,), 6.7-7.3 (m, 8H). Exact Mass calcd. for Cl,H15O 
(M + 1): 199.1122; found: 199.1122. 

Preparation of 2-[I-(4-methylphe~~yl)propyl]phenol (4u) 
According to the general procedure D, using 2b in toluene as 

solvent, the title compound was obtained in 75% yield as an oil after 
45 min at O°C with only 2 mol equivalent of titanium tetrachlo- 
ride; 'H  nmr (250 MHz, CDC13), 6: 0.93 (t, 3H, J = 7 Hz), 1.9- 
2.2 (m, 2H), 4.01 (t, IH, J = 7 Hz, PhCH), 4.61 (s, lH, OH), 
6.7-7.3 (m, 8H). Exact Mass calcd. for C16H190 (M + 1): 
227.1436; found: 227.1435. 
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General Procedure E 

Preparation of 2-(4-methyoxybenzyl)pheno1(4q) and 
2-(2-methoxybenzyl)phenol(4p) 

Boron trifluoride etherate (3.0 mL, 25 mmol) was added to a 
solution of 2-phenyl-4H-l,3,2-benzodioxaborin 2a (1.0 g, 5 mmol) 
and anisole (1.6 g, 15 mmol) in 1,2-dichloroethane (15 mL). After 
stirring for 2 days at room temperature the mixture was washed with 
H,O, dried (MgSO,), filtered, and concentrated. The residue was 
chromatographed using 15% ethyl acetate in hexane to give 
0.63 g (58%) of an isomeric mixture of the title compounds in a 
ratio of 4: 1 in favor of the more polarpara isomer 4q: mp 80-82°C; 
'H nmr (250 MHz, CDCI,), 6: 3.8 (s, 3H, OCH,), 3.9 (s, 2H, 
PhCH,), 6.7-7.4 (m, 8H). Anal. calcd. for Cl4HI4o2: C 78.47, H 
6.58; found: C 78.08, H 7.06; ortho isomer 4p: oil; 'H nmr 
(250 MHz, CDCl,), 6: 3.92 (s, 2H, PhCH2), 3.97 (s, 3H, 0CH3), 
6.8-7.4 (m, 8H). Exact Mass calcd. for C14HIS02 (M + 1): 
215.1072; found: 215.1072. 

Preparation of 2-(4-hydroxy)benzyl phenol (4s) and 
2-(2-hydroxy)benzyl phenol (4r) 

According to the general procedure E, using phenol, after 24 h 
an isomeric mixture of the title compounds was isolated in 66% 
yield in a ratio of 2: 1 in favor of the more polar para isomer 4s: 
mp 1 15- 1 17°C; 'H nmr (250 MHz, CDCI,), 6: 3.9 (s, 2H, PhCH,), 
6.7-7.2 (m, 8H). Anal. calcd. for Cl3HI2o2: C 77.97, H 6.04; 
found: C 77.98, H 5.87; ortho isomer 4r: mp 1 12- 1 14°C; 'H nmr 
(250 MHz, CDCI,), 6: 3.9 (s, 2H, PhCH,), 6.7-7.22 (m, 8H). 
Anal. calcd. for CI3Hl2O2: C 77.97, H 6.04; found: C 77.76, H 
6.70. 

Preparation of 2-[I -(4-methoxyphenyl)propyl]phenol(4w) and 
2-[I -(2-methoxypheny)propylljlhenol(4v) 

According to the general procedure E, using 26 and anisol, after 
21 h an isomeric mixture of the title compounds was isolated in 60% 
yield in a ratio of 5 : 1 in favor of the more polar para isomer 4w: 
mp 69-71%C; ir (KBr): 3403 (OH) cm-'; 'H nmr (250 MHz, 
CDCl,), 6: 0.92 (t, 3H, J  = 7 Hz), 1.90-2.20 (m, 2H), 4.0 (t, 1 H, 
J  = 7 Hz, PhCH), 4.68 (s, lH, OH), 6.75 (d, lH, J  = 7.5 Hz), 
6.82 (d, 2H, J  = 8 Hz), 6.90-8.0 (m, 1 H), 7.05-7.30 (m, 2H), 
7.16 (d, 2H, J  = 8 Hz). Anal calcd. for CI6Hl6o2: C 79.30, H 7.48; 
found: C 79.60, H 7.52. Exact Mass calcd. for Cl6HI9o2 (M + 1): 
243.1385; found: 243.1385. ortho Isomer: oil; ir (film): 3432 (OH) 
cm-'; 'H nmr (250 MHz, CDCl,), 6: 0.91 (t, 3H, J  = 7 Hz), 1.90- 
2.20 (m, 2H), 4.38 (t, 3H, J  = 7 Hz, PhCH), 4.65 (s, lH, OH), 
6.7-7.3 (m, 8H). Exact Mass calcd. for Cl6HI9o2 (M + 1): 
243.1385; found: 243.1384. 

Preparation of 2-(2-thiophenylmethyl)phenol(4t) 
To a solution of 2-phenyl-4H-l,3,2-benzodioxaborin 2a 

(0.848 g, 4 mmol) and thiophene (1.01 g, 12 mmol) in dichloro- 
methane (12 mL) at O°C was added aluminum chloride (1.6 g, 
12 mmol) in portions. The reaction mixture was stirred at room 
temperature for 10 min. Ammonium acetate solution (20%) was 
added slowly and the mixture was extracted with ethyl acetate. The 
combined organic extract was dried over MgSO, and then concen- 
trated in vacuo. Chromatography of the residue on silica gel, elut- 
ing with 10% ethyl acetate in hexane, gave 420 mg (56%) of the 
title compound as an oil; ir (film): 3459 (OH) cm-'; 'H nmr 
(250 MHz, CDCl,), 6: 4.18 (s, 2H, PhCH2), 4.78 (s, 1 H), 6.75- 
7.0 (m, 4H), 7.1-7.3 (m, 3H). Exact Mass calcd. for CllHloOS: 
190.0452; found: 190.0453. 

Preparation of 2-[I -(2-thiophenyl)propyl]pheno1(4x) 
Following the same procedure described for the preparation of 

4t, using 4-ethyl-2phenyl-4H-1,3,2-benzodioxaborin 2b as start- 
ing material, the title compound was obtained as an oil in 75% yield; 
'H nmr (250 MHz, CDCI,), 6: 0.95 (t, 3H, J  = 3.75 Hz), 2.15 (m, 
2H), 4.35 (t, lH, J  = 11.25 Hz, PhCH), 4.85 (s, lH), 6.75 (d, lH, 
J  = 7.5 Hz), 6.92 (m, 3H), 7.1-7.2 (m, 2H), 7.25 (d, lH, J  = 
7.5 Hz). Anal. calcd. for C13H140S: C 71.55, H 6.42, S 14.67; 
found: C 71.62, H 6.39, S 14.85. 

Preparation of 2,3-dihydro-2-(2-phenylethy1)-6- 
(2-thiopheny1)methyl-5-benzofuranol(4y) 

To a solution of 2j (1.3 g, 3.66 mmol) in trifluoroacetic acid 
(20 mL) was added thiophene (0.92 g,  10.98 mmol). The reaction 
mixture was stirred at room temperature for 2 h. The mixture was 
diluted with H,O (50 mL) and neutralized with solid potassium 
carbonate. The mixture was extracted with ethyl acetate and the 
combined organic extract was concentrated in vacuo after drying 
over anhydrous MgSO,. Chromatography of the residue on silica 
gel (eluted with 10% ethyl acetate) gave 600 mg (54%) of the title 
compound; 'H nmr (250 MHz, CDCI,), 6: 1.9-2.05 (m, lH), 2.05- 
2.25 (m, lH), 2.7-2.95 (m, 3H), 3.22 (dd, lH, J  = 9.4 Hz), 4.1 
(s, 2H, PhCH,), 4.75 (m, lH, OCH), 6.6 (m, 2H), 6.8-7.0 (m, 
2H), 7.1-7.35 (m, 6H), Anal. calcd. for CzIHzoO2S: C 74.97, H 
5.99, S 9.52; found: C 74.88, H 6.32, S 9.60. 

General Procedure F 

Preparation of 2.3-dihydro-4-(2-hydroxypheny1)benzopyran 
(164 

Boron trifluoride etherate (0.5 mL, 4 mmol) was added to a so- 
lution of 2-phenyl-4-(2-phenoxyethyl)-4H-1,3,2-dioxaborin 2c 
(1.0 g, 3 mmol) in dichloromethane (10 mL). The mixture was 
stirred at room temperature for 72 h and then diluted with 1 N hy- 
drochloric acid. After stimng for 5 min the organic layer was sep- 
arated, dried (MgSO,), filtered, and concentrated. The residue was 
chromatographed using 10% ethyl acetate in hexane to obtain 
67 mg (99%) of the title compound; mp 81-86°C; 'H nmr 
(250 MHz, CDCI,), 6: 2.1-2.4 (m, 2H), 4.19 (t, 2H, J  = 4.5 Hz, 
OCH,), 4.4 (t, lH, J  = 5.5 HZ, PhCH), 4.75 (s, lH, OH), 6.7- 
7.2 (m, 8H). Anal. calcd. for Cl5HI4o2: C 79.62, H 6.23; found: 
C 79.38, H 6.33. 

2,3-Dihydro-6-(4-benzopyranyl)-2-(2-phenylethyl)-5- 
benzofuranol(16b) 

According to the general procedure F, using 2k, the title com- 
pound was obtained in 78% as an oil; 'H nmr (300 MHz, CDCI,), 
6: 1.87-2.01 (m, lH), 2.03-2.30 (m, 3H), 2.65-2.89 (m, 3H), 
3.20 (dd, lH, J  = 14.9 Hz, J' = 8.2 Hz), 4.10-4.28 (m, 2H, 
OCH,), 4.38 (t, IH, J  = 5.6 Hz, PhCHPh), 4.63-4.77 (m, lH, 
OCH), 6.34 (s, 1 H), 6.6 1 (s, 1 H, 6.76-6.95 (m, 3H), 7.08-7.32 
(m, 6H); I3C nmr (CDCl,), 6: 155.25, 153.37, 147.00, 141.40, 
131.13, 130.29, 128.40, 127.86, 125.91, 125.57, 123.94, 123.89, 
120.56, 116.82, 112.58, 110.72, 82.53, 64.05, 63.99, 37.73, 
37.67,35.72, 35.44,31.83, 29.05. Exact Mass calcd. for C25H2403: 
372.1725; found: 372.1726. 

3-Methoxy-6-(6-tert-butyldiphenylsiloxy-I ,2,3,4- 
hexahydronaphthalenyl)phenol(16c) and 3-methoxy- 
6-(8-tert-butyldiphenylsiloxy-1,2,3,4- 
hexahydronaphthalenyl)phenol(16d) 

According to the general procedure F, using 21, the title com- 
pounds 16c and 16d were obtained in 53% yield as an oil in the ratio 
of 3: 1 respectively; 16c: 'H nmr (250 MHz, CDCl,), 6: 1.1 (s, 9H), 
1.55-2.0 (m, 4H), 2.6 (m, 2H), 3.75 (s, 3H, OCH,), 4.35 (t, 1 H, 
J =  6.25Hz),4.75 (s, lH,OH), 6.25 (dd, lH, J =  12.5, J ' =  
3 Hz), 6.35-6.60 (m, 5H), 7.3-7.45 (m, 6H), 7.75 (d, 4H, J  = 
9.4 Hz). Exact Mass calcd. for C3,H3,O3Si (M + 1): 509.25 1 1 ; 
found: 509.2513. 16d: 'H nmr (250 MHz, CDCl,) 6: 1.1 (s, 9H), 
1.6-2.05 (m, 4H), 2.6-2.75 (m, 2H), 3.75 (s, 3H, OCH,), 4.05 
(m, lH), 4.6 (s, lH, OH), 6.35-6.50 (m, 3H), 6.6 (d, IH, J  = 3 
Hz), 6.7 (d, lH, J  = 9.4 Hz), 6.8 (d, lH, J  = 9.4 Hz), 7.4 (m, 
6H), 7.7 (d, 4H, J  = 9.4 Hz). Exact Mass calcd. for C3,H3,03Si 
(M + 1): 509.2511; found: 509.2513. 
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Chiral organosilicon compounds in synthesis. Preparation and stereoselective 
alkylations of silylcinnamyl carbanionsl 
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S. LAMOTHE, K.  L. COOK, and T. H. CHAN. Can. J. Chem. 70, 1733 (1992). 
Silylallyl carbanions of type 13 bearing a chiral lithium complexing substituent remote from silicon can be alkylated 

regio- and stereoselectively at the a-position by small electrophiles in nonpolar solvents. The regiochemical outcome of 
the reaction was found to be highly dependent on the size of the incoming electrophile. Secondary alkyl halides react 
preferentially at the y-center and good levels of stereoselectivity are still obtained in nonpolar solvents despite the rather 
long distance between the reacting center and the chiral auxiliary. Transformation of the alkylated allylsilanes into op- 
tically active alcohols and carboxylic acids may represent a potential synthetic application of the method. 

- 

S.  LAMOTHE, K.  L.  COOK et T. H. CHAN. Can. J. Chem. 70, 1733 (1992). 
Des carbanions allyliques siliciks de type 13 porteur d'un substituant chiral pouvant complexer le lithium et distant 

de I'atome de silicium peuvent &tre alkylCs rCgio- et stCreoselectivement a la position a par de petits electrophiles dans 
des solvants non-polaires. La r6giosClectivite de la reaction est fortement influencke par le volume sterique de I'electrophile. 
Les halogknures d'alkyle secondaires reagissent preferentiellement a la position y offrant tout de m&me de hauts ni- 
veaux de stCrCosClectivite dans les solvants non-polaires malgre la grande distance entre le centre reactif et l'auxiliaire 
chiral. La transformation des allylsilanes alkyles en alcools et acides carboxyliques optiquement actifs represente une 
application synthktique potentielle pour la methode. 

Introduction 
The extensive use of allylsilanes in organic chemistry 

clearly demonstrates the power of that synthetic tool (2). 
Among the various possible reactions available to these 
compounds are alkylations of their derived car bani on^.^ It is 
well-known that allylsilanes 1 (Scheme 1) can be deproton- 
ated to give the corresponding silylallyl carbanions 2 which 
react with alkylating agents preferentialy at the y-position 
yielding vinylsilanes 3 as major products (3). 

However, it was recently demonstrated in this laboratory 
that the use of chelating substituents on silicon can favor the 
formation of a-alkylated derivatives 4 through internal 
complexation of lithium (4). Moreover, preliminary results 
have shown that in addition to regioselectivity, stereoselec- 
tivity of alkylations can also be controlled when using a chiral 
ligand. As an example, when proline derived ligand in 5 
(Scheme 2) was used, the a-alkylated allylsilanes 6 were 
obtained as single diastereoisomers. Such an approach has 
also been used to control stereoselectivity in the alkylations 
of benzylic silane 7 (5). The alkylated derivatives 8 could 
then be transformed into alcohols 9 (>95% ee) via oxida- 
tive cleavage of the carbon-silicon bond with retention of 
stereochemical integrity (6). To extend the scope of this 
method we decided to investigate the alkylations of chiral 
silylcinnamyl carbanions. 

Results 
Preparation and methylations of 10 

Our first target was the chiral cinnamylsilane 10 (Scheme 
3) which was readily prepared in two steps from commer- 
cially available starting  material^.^ In the event, allylben- 

'For a preliminary account of this work, see ref. 1. 
'NSERC postdoctoral fellow (1 990- 199 1). 
3~~~~~ undergraduate research program participant (summer 

1990). 
4 ~ u t h o r  to whom correspondence may be addressed. 
 or a review on the subject, see ref. 17. 
6 ~ l d r i c h  Chemical Co. 

zene (11) was metallated (7) with sec-BuLi in ether and 
the resulting allylanion was quenched with chloro(chloro- 
methy1)dimethylsilane affording 12 in 90% yield. Conden- 
sation of 12 with (s)-(+)-methoxymethylpyrrolidine7 gave 
the requisite chiral allylsilane 10 in 80% yield. 

Deprotonation of 10 with sec-BuLi presumably leads to 
an internally chelated carbanion 13 (Scheme 4) on which 
lithium would lie closer to the a-position (4). Upon alkyla- 
tion with various electrophiles, a-silylcinnamyl carbanion 13 
can lead to 8 stereoisomers, depending on olefin stereo- 
chemistry and absolute configuration at the alkylated cen- 
ter. In all the reactions that were canied out, the a-E and y-E 
isomers 14a-d and 15a-d accounted for most of the alky- 
lated products balance. The remainder consisted of Z-iso- 
mers which were apparent by spectral analysis although 
further characterisation was not pursued. 

Alkylation of 10 was fmt canied out in THF using methyl 
iodide as the electrophile (Table 1, entry 1). Deprotonation 
of 10 using sec-BuLi went smoothly at -78°C and alkyla- 
tion was instantaneous at that same temperature. Although 
quite clean in giving essentially the a-E (14a) and y-E (15a) 
ispmers in high combined yield, the reaction showed dis- 
appointing regio- and stereochemical control. However, when 
THF was replaced by diethyl ether as the solvent (entry 2), 
the increase in a-regioselectivity was quite spectacular. 
Moreover, the a-E isomer was essentially obtained as a pure 
diastereoisomer and the absolute configuration of the newly 
created stereocenter was determined by oxidative cleavage 
of the carbon-silicon bond (vide infra). The fact that some 
starting material was recovered could have been due to the 
reduced rate of either deprotonation or alkylation in ether 
relative to THF. By carrying out the deprotonation over a 
longer period of time (3 h instead of 0.5, entry 3) we ob- 
tained after 0.5 h alkylation time essentially the same amount 
of starting material, showing that the alkylation process was 
the one that had slowed down upon solvent change. To speed 

' ~ 0 t h  enantiomers are available by preparation from (D)- or (L)- 

proline (see ref. 8). 
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f i S i R 3  I Base -SIR, 
7-0:  

up the reaction, the mixture was allowed to warm up to room 
temperature after the addition of methyl iodide (entry 4). This 
procedure led to slightly lower a-selectivity while main- 
taining a high level of diastereoselectivity. 

Another way to obtain a sufficient rate of alkylation at 
-78°C was to add a large excess of alkylating agent (entry 
5). Under these conditions, the reaction was completed within 
0.5 h at -78"C, thereby insuring excellent a-regio- and 
diastereoselectivity. 

Among other solvents investigated, DME (entry 6) gave 
results comparable to THF while diisopropyl ether (entry 7) 
was comparable to diethyl ether. Since decreasing solvent 

polarity (or complexing ability) seemed to be the key to bet- 
ter control, the reaction was carried out in nonpolar media. 
While hexanes (entry 8) led to results comparable to ether, 
some solubility problems were encountered. However, when 
toluene was used (entry 9), the best overall results were ob- 
tained as the a -E adduct 14a accounted for 90% of the al- 
kylation products. Moreover, excellent diastereoselectivity 
was obtained for this isomer. Since regioisomers can be 
separated easily by column chromatography on silica gel, 
pure a -E isomer can thus be obtained in high overall yield. 

Other alkylations of 10 
Regioselectivity in the alkylation of the carbanion de- 

rived from 10 shows great dependence on the size of the in- 
coming electrophiles (4). Reaction of carbanion 13 with ethyl 
iodide in THF (Table 2, entry 1) results in low regio- and 
diastereoselection reminiscent of the methyl iodide case. Use 
of ether (entry 2), again increased the ratio of a-E isomer 14b 
(68%) and at the same time provided excellent diastereose- 
lectivity. To improve the extent of a-alkylation, leaving group 
ability was briefly examined as a potential source of regio- 
chemical control. Reaction with ethyl bromide resulted in low 
yields and decreased a-selectivity (not shown in Table 2) 
while ethyl triflate (entry 3) gave a :  y (14b: 15b) ratios 
comparable to those obtained with the corresponding iodide 
under similar conditions. 

Equilibration of the carbanion by warming it up to room 
temperature prior to alkylation at -78°C (entry 4) did not 
affect the outcome of the reaction. 

As in the case of methylation, it was found that alkyl- 
ation with ethyl iodide at -78°C (entry 5) could improve 
a-selectivity at the expense of using a large excess of alkyl- 
ating agent (20 equiv.) and longer reaction time. 

Alkylations in DME (entry 6), diisopropyl ether (entry 7), 
and pentane (entry 8) followed the same trend as the meth- 
ylation reactions. Again, use of toluene (entry 9) led to the 
cleanest reaction as only a -E (14b) and y-E (15b) isomers 
were detected. In this case, a-selectivity was around 4:  1 with 
excellent diastereoselection (>90%). 

Alkylation of 10 with n-hexyl iodide (entries 10, 11) led 
to regioisomer as well as diastereoisomer ratios (14c: 15c) 
similar to those obtained with ethyl iodide under similar 
conditions. 

When a secondary iodide such as isopropyl iodide was 
used as the electrophile, the reaction showed a totally dif- 
ferent outcome. As the bulk of the alkylating agent is in- 
creased, y-alkylation takes over as the major pathway. 
Performing the reaction in THF (entry 12) offered as high as 

 or similar observations see ref. 9. 
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sec-BuLi 
Solvent 

+ 
10 or 16 - 

R' 

M e O R a  Me0 4 
a-E 7-E 

14a-d (R = H) 15a-d (R = H) 
20a,b (R = MeO) 21a,b (R = MeO) 

a: R' = Me 
b: R' = Et 
c: R' = Hex 
d: R' = i-Pr 

TABLE 1.  Alkylations of 10 with methyl iodide 

Product distribution (%)" 
Deprotonation' 

conditions ~lk~lat ion '  yield3 a-E 7 - E  
Entry (solvent) conditions (%) (de (%)5, ~onf ig .~)  (de (%)5, ~onfig.~)  Others 

1 A (THF) 
2 A (ether) 
3 B (ether) 
4 A (ether) 
5 A (ether) 
6 A (DME) 
7 A (i-Pr20) 
8 A (hexane) 
9 A (toluene) 

'A: 1.5-2 equiv. sec-BuLI, -78"C, 30-60 min. B: 2 equiv. sec-BuLi, -78"C, 3 h. 
'A: 2 equiv. MeI, -78°C. 5 min. B: 2 equiv. MeI, -78"C, 30 min. C: 2 equiv. MeI, -78"C, 5 min to 10 min. D: l0equiv.  MeI, 

-78"C, I h. E: 5 equiv. MeI, -7S°C, 5 min to 15 min. F: 10 equiv. MeI, -78°C. 30 min to 5 min. 
'Crude yield of isomer mixture. 
'Determined by capillary GC and (or) 'H NMR analysis. 
'Determined by 'H NMR analysis; >90% indicates that only one diastereomer was found. 
6Absolute configuration of alkylated center was determined as described in the text. 
'Ratios based on 15% starting material recovered. 
'Ratios based on 17% starting material recovered. 
9 ~ a t i o s  based on 25% starting material recovered. 

90% y-selectivity, but as for other reactions in that solvent, 
low diastereoselectivity (4%) was observed for the major 
adduct. Interestingly, changing the solvent to ether (entry 13) 
increased diastereocontrol on y-adduct 15d, which was still 
the favored regioisomer. This control was even better in 
toluene (entry 14) where 85% y-selectivity was observed with 
the major regioisomer obtained as an 8 : 1 mixture of diaste- 
reoisomers. 

Effect of substitution on the aromatic ring 
To improve a-regioselectivity we briefly examined the 

effect of adding an electron-releasing substituent on the ar- 
omatic ring. According to the allopolarisation concept on 
regioselectivity in reactions of ambident nucleophiles (lo),  
the presence of such a substituent should drive alkylation 
away from its point of attachment which is in this case the 
y-position. Allylsilane 16 bearing a para-methoxy group 
(Scheme 3) was prepared from para-methoxyallylbenzene 
(17) through chlorosilane 18  using the same strategy as be- 
fore. In this case, however, yields were lower in the initial 

step leading to 18 due to problems associated with in- 
creased reactivity of the allylanion. 

Nevertheless, methylation of silylallyl carbanion 19 
(Scheme 4) in THF (Table 3, entry 1) afforded, as ex- 
pected, increased a-selectivity relative to the parent non- 
methoxylated derivative as a -E isomer 20a accounted for 
75% of the alkylated product mixture. However, as was noted 
in previous alkylations using this solvent, diastereoselec- 
tion was poor. Using ether as the solvent (entry 2) increased 
stereoselectivity on all levels. Interestingly, alkylation with 
ethyl iodide (entry 3) furnished the a-E adduct 20b with 88% 
selectivity which represents an improvement in regioselec- 
tivity compared to ethylation of the parent unsubstituted de- 
rivative 10. 

Variations in the chiral auxiliary 
Effects of the variations in the chiral auxiliary of the al- 

lylsilane were also investigated. Condensation of chlorosi- 
lane 12 (Scheme 5) with 0-methylated (-)-ephedrin 22 (1 1) 
furnished allylsilane 23 using the standard procedure. Al- 
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TABLE 2. Other alkylations of 10 

Product distribution (%)" 
Deprotonationl ~ l k ~ l a t i o n '  

conditions conditions yield" a-E y-E 
Entry (solvent) (electrophile) (%) (de (%)5, ~ o n f i g . ~ )  (de (%)5, ~ o n f i g . ~ )  Others 

1 A (THF) 
2 A (ether) 
3 A (ether) 
4 B (ether) 
5 A (ether) 
6 A (DME) 
7 A (i-Pr20) 
8 A (pentane) 
9 A (toluene) 

10 A (toluene) 
11 A (ether) 

12 A (THF) 
13 A (ether) 
14 A (toluene) 

F (HexI) 
D (HexI) 

'A: 1.5 -2 equiv. see-BuLi, -78°C. 30-60 min. B: 2 equiv. see-BuLi, -78°C. 5 min to room temperature, 15 min. 
'A: 2 equiv. RX, -78"C, 5 min. B: 2 equiv. RX, -78°C. 5 rnin to room temperature, 10 min. C: 20 equiv. RX, -78°C. 3 h. D: 

10 equiv. RX, -78"C, 30-60 min. E: 10 equiv. RX, -78°C. 30 min to room temperature, 10 min. F: 1.5 equiv. RX, -78"C, 15 
min. G: 2 equiv. RX, -78"C, 30 min. 

'Crude yield of isomer mixture. 
'Determined by capillary GC and (or) 'H NMR analysis. 
'Determined by 'H NMR analysis unless otherwise stated; >90% indicates that only one diastereomer was found. 
'Absolute configuration of alkylated center was determined as described in the text. 
'Value obtained from derived alcohol 33. 
'Assumed stereochemistry based on spectral correlation with methyl and ethyl derivatives. 
'Ratios based on 11 % starting material recovered. 
"Ratios based on 30% starting material recovered. 

TABLE 3. Alkylations of various allylsilanes 

Product distribution (%)" 
~ e ~ r o t o n a t i o n l  ~ l k ~ l a t i o n '  

Starting conditions conditions Y ield3 a-E 
Entry material (solvent) (electrophile) (%) (de (%)', ~ o n f i ~ . ~ )  y-E Others 

A (THF) 
A (ether) 
A (ether) 

B (ether) 
B (THF) 

A (ether) 

C (THF) 
C (ether) 

A (MeI) 
A (MeI) 
A (EtI) 

B (MeI) 
C (MeI) 

D (MeI) 

A (MeI) 
E (MeI) 

'A: 2 equiv. see-BuLi, -78"C, 30-60 min. B: 1.5 equiv. see-BuLi, -78°C. 30  min. C: 2 equiv, see-BuLi, -78°C. 30 min to 
-40°C, 15 min. 

'A: 2 equiv. RX, -78"C, 15-60 min. B: 1.5 equiv. RX, -78"C, 5 min to room temperature, 20 min. C: 1.5 equiv. RX, -78"C, 
10 min. D: 10 equiv. RX, -78°C. 30 min to room temperature. E: 2 equiv. RX, -78"C, 15 min to room temperature. 

'Crude yield of isomer mixture. 
*Determined by capillary GC and (or) 'H NMR analysis. 
'Determined by 'H NMR analysis; >90% indicates that only one diastereomer was found. 
'Absolute configuration of alkylated center was determined as described in text. 

kylations of this compound with methyl iodide in ether or Alternatively, (S)-(+)- 1 -(2-pyrrolidinylmethyl)pyrrolidi~~ 
THF (Table 3, entries 4 and 5) followed a regioselectivity (25, Scheme 5) was used to prepare chiral allylsilane 26. 
pattern similar to the one observed for compound 10. How- Unfortunately, its alkylation with methyl iodide in ether 
ever, the diastereoselectivity of these reactions was poor in (Table 3, entry 6) led to no improvement in a-regioselectiv- 
both solvents, making this auxiliary much less satisfactory ity. On the other hand, diastereoselectivity of a-alkylation 
than the pyrrolidine derivative. was maintained. 
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LAMOTHE ET AL 

I (1) sec-BuLi 
solvent 

(2) Me1 

(1) sec-BuLi resulting alcohol was found to be "S" showing that reaction 
Et ,O in these solvents afforded isomers 34 (Scheme 8).9 

Ph- (2)TMSCl * 
Ph SiMe, In the case of the y-adducts 15a and 15d (Scheme 6), the 

olefin was cleaved by oxidation with RuCl,/NaIO, accord- 
11 ing to the procedure described by Sharpless et al. (14). This 

reaction afforded substituted phenylacetic acids 35 and 36 
(15) for which optical rotation values were compared with 
previously reported ones. As it turned out, the major enan- 
tiomer obtained for product 36 issued from alkylation in 
toluene or ether had the "Sn configuration. This implies that 

(2) Me1 the precursor allvlsilane had the "R" configuration at the al- 
kylated center9 i s  shown in structure 37 ( G e e  8). 

Ph + SiMe, + Ph + SiMe, + others 

Determination of absolute configuration at alkylated 
centers 

The absolute stereochemistry of the newly created asym- 
metric centers in alkylated allylsilanes was determined by 
chemical transformations into derivatives of known stereo- 
chemistry. The a-adducts were treated according to the pro- 
cedure described for alkylated benzylic silanes 7 (Scheme 2) 
(5, 6). Methylated derivatives 14a and 24a (Scheme 7) af- 
forded alcohol 32 (12) while ethyl alkylated derivative 14b 
gave alcohol 33 (13). For both 14a and 14b obtained by re- 
action in toluene or ether, the absolute configuration of the 

Reactions of achiral silylcinnamyl carbanions 
We have also examined the alkylation reactions of sim- 

ple silylcinnamyl carbanions in order to understand the fac- 
tors controlling the regioselection in these systems. The 
allylsilane 28 (Scheme 5) was prepared from pyrrolidine and 
12. When compound 28 was reacted with methyl iodide in 
THF (Table 3, entry 7), the a-E and y-E adducts 29a and 29b 
were obtained in a ratio (1 : 1.15) similar to the one ob- 
served with the methoxymethyl group present on the ring 
(i.e., 1 : 1.13). However, when this same reaction was car- 
ried out in ether (entry 8) and contrary to the case where ox- 
ygen function is present, the a: y ratio remains essentially 
unchanged. 

Furthermore, the alkylation of the carbanion derived from 
cinnamyltrimethylsilane 30 (prepared from 11, Scheme 6) 
was also examined. Methylation under similar conditions 

me he absolute configuration for the alkylated center in 15d and 
36 have opposite "R, S" designations due to a change in priority 
sequence. 
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14a (R = Me) 
146 (R = Et) 

I 
R 

32 (R = Me) 

15a (R = Me) 35 (R = Me) 
15d (R = i-Pr) 36 (R = i-Pr) 

SCHEME 7 

gave a low yield of the alkylated products due to competing 
reactions by addition of the base to the styrene system. 
Nevertheless, the alkylated products still showed an a -E :  
y-E ratio (31a : 31b) close to 1 : 1. 

Discussion 
In our previous study on the alkylation of silylallyl an- 

ions, we have demonstrated that the regioselectivity of the 

reactions can be controlled by having metal-ion cornplexing 
substituents on silicon (4). In the silylcinnamyl carbanions, 
the presence of the phenyl substituent on the allylic system 
modulates the regioselection somewhat. Whereas methyl- 
ation of simple trimethylsilylallyl anion gives predomi- 
nantly the y-E alkylated product, the same methylation of 
timethylsilylcinnamyl anion 30 gives an a-E:y-E ratio close 
to 1 : 1. Regioselectivity of the reaction can be similarly af- 
fected by internal complexation with the introduction of 
metal-ion complexing substituents on silicon. The effective 
substituents seem to require a bidentate ligand since pyrrol- 
idine itself in 28  does not give enhanced a-regioselection. 
Of the three carbanions with bidentate ligands derived from 
10, 23, and 26, the preference for a-alkylation is in fact 
poorer for 26 even though it is generally assumed that the 
diamino-type ligand complexes more strongly with lithium 
ion. A possible explanation is that the pyrrolidinylmethyl 
group in 26 is sterically bulkier, and it is well established that 
sterically bulky substituents on silicon favors y-regioselec- 
tion (3). Solvent plays an important role. In general, ether, 
toluene, and hexane favour higher a-alkylation whereas THF 
and DME reduce a-selection. This can be attributed to the 
competition of solvent with the internal complexation of the 
lithium ion. Of the three chiral auxiliaries used in 10, 23, and 
26, it is clear that the ephedrine ligand is relatively ineffec- 
tive in confemng high stereoselectivity even though it is quite 
effective in controlling regioselectivity. All in all, me- 
thoxymethylprrolidine appears to be the ligand of choice in 
giving the best regioselection as well as stereoselection. In 
ether or toluene as the solvent, the carbanion derived from 
10 alkylates with primary alkyl halides to give mainly the 
a-E alkylated products with excellent stereoselection (>90% 
de). Alkylation with isopropyl iodide gives mainly the y-E- 
alkylated product with high stereoselection (78% de). This 
stereoselectivity is quite remarkable because the newly cre- 
ated asymmetric center is separated from the resident chiral 
center by a chain of 7 atoms. The absolute configurations of 
the major enantiomers obtained for the alkylation products 
34 and 37  (Scheme 8) issued from alkylation in toluene or 
ether have "S" and "R" configurations respectively. These 
results show that for reactions occuring in less coordinating 
solvents (toluene or ether), the transoid silylallyl carbanion 
13 is alkylated from the same face whether the electrophile 
is large (y-selective) or small (a-selective). 

Conclusion 
This work shows that the use of chiral coordinating sub- 

stituents remote from silicon can efficiently control alkyl- 
ation pathways of silylallyl carbanions. The best substrate 
for that purpose was found to be allylsilane 10  bearing a 
proline derived chiral ligand. Alkylations of this compound 
with small electrophiles in non-polar solvents were highly 
a-selective and diastereoselectivity was excellent in all cases. 
Reaction with larger electrophiles favored y-alkylation but 
still gave good diastereocontrol despite the distance be- 
tween the chiral auxiliary and the reacting center. Transfor- 
mation of the alkylated materials into optically active alcohols 
and carboxylic acids represents a potential synthetic appli- 
cation of the method. 

Experimental 
All reactions were canied out under argon atmosphere. The in- 

frared spectra (IR) were recorded on an Analect FT, AQS-18 in- 
strument. 'H and "C NMR spectra were recorded on Varian XL-200 
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LAMOTHE ET AL 1739 

or XL-300 or on a Gemini-200 instruments. All NMR spectra were 
recorded in CDC1, as solvent and internal standard. Abbrevia- 
tions used are m ,  multiplet, br, broad, s, singlet, d ,  doublet, t ,  
triplet, q ,  quartet, qn, quintet, dd, double doublets, dt, double 
triplets. Low resolution mass spectra were recorded on a Kratos 
MS25RFA or on a HP-5980A instruments and are reported as mass 
(% intensity). High resolution mass spectra were recorded on a ZAB 
2F HS spectrometer. Capillary gas chromatographic analysis was 
performed on a Hewlett-Packard 5890A instrument fitted with a 
25 m X 0.2 m m  high performance column (cross-linked methyl- 
silicon, film thickness o f  0.33 pm). GC/MS analysis were ob- 
tained using a Finnigan Mat 700 ion trap detector coupled to a 
Varian 3500 capillary gas chromatograph. Column chrornatogra- 
phy purifications were performed on Merck silica gel 60 (230-400 
mesh ASTM). 

~innam~ldimeth~l-~~)-2'-methoxymethylpyrrolidinyl]- 
methylsilane Z O  

A mixture o f  chloride 12 (1.53 g, 6.8 mmol) and (S)-2-me- 
thoxyrnethylpyrrolidine (1.57 g ,  13.6 rnmol) was heated at 80°C 
(oil bath temperature) for 24 h. After cooling to room tempera- 
ture, ether and brine were added and the layers were separated. The 
aqueous layer was extracted with ether and the combined organic 
layers were dried over MgSO,, filtered, and concentrated under 
reduced pressure to afford an oil which was purified by flash 
chromatography (25-100% ethyl acetate in hexane) yielding pure 
arninosilane 10 (1.69 g, 81%) as a pale yellow oil: -77.8 
(c 2.54, CHCl,); IR (CHCl,): 3023, 2955, 2875, 1113 cm-I; 'H 
NMR (200 MHz, CDCl,) 6: 7.40-7.10 (SH, m ) ,  6.40-6.20 (2H, 
m),3.42(1H,dd,J=9and4.5Hz),3.34(3H,s),3.24(1H,dd, 
J =  9and6.5Hz) ,3 .09(1H,m),2 .53(1H,d ,  J =  14Hz),2.37 
( l H ,  m) ,  2.09 ( l H ,  q,  J  = 8.5 Hz), 2.00-1.50 (7H, rn), 0.11 (3H, 
s), 0.08 (3H, s); 13c NMR (75.4 MHz, CDCl,) 6: 138.32, 128.31, 
128.26, 127.46, 126.04, 125.34, 76.34, 67.40, 58.90, 57.40, 
44.70, 28.30, 23.10, 22.20, -3.10, -3.30; HRMS (CI, NH,) 
calcd. for CI8Hz90NSi + H' : 304.2098; found: 304.2097. 

Chloromethyl(cinnamy1)dimethylsilane (12) 
To a solution of  allylbenzene (11) (1.0 g, 8.5 rnrnol) in ether 

(15 mL) at 0°C was added sec-BuLi (1.3 M in cyclohexane, 8.1 
mL,  10.6 mrnol). After the addition, the mixture was warmed to 
room temperature and stirred for 2 h after which time it was cooled 
to -78°C. Chloro(chloromethyl)dirnethylsilane (1.34 g, 9.3 mrnol) 
was added and the mixture was stirred for 30 min at -78OC. Sat- 
urated NH4C1 was then added followed by ether. The layers were 
separated and the aqueous layer was extracted twice with ether. The 
combined organic layers were washed with brine, dried over 
MgSO,, filtered, and concentrated under reduced pressure (0.1 Torr; 
1 Torr = 133.3 Pa) to afford crude chloride 12 (1.7 g ,  90%) as a 
pale yellow oil; IR (neat): 3082, 3060, 3023, 2960, 2925, 1643, 
1598, 1496, 1250 cm-I; 'H NMR (200 MHz, CDCI,) 6: 7.1-7.4 
(SH, rn), 6.15-6.40 (2H, m) ,  2.86 (2H, s), 1.85 (2H, d, J  = 7 Hz), 
0.20 (6H, s); I3c NMR (75.4 MHz, CDCl,) 6: 138.2, 129.5, 128.6, 
126.6, 126.1, 125.7, 29.5, 20.38, -5.06; HRMS (CI, NH,) calcd. 
for C12H17SiC1 + NH4' :242.1132; found: 242.1133. 

General procedure for allylsilane alkylations 
T o  a solution of  allylsilane (50 mg) in solvent ( 1  mL) at -78°C 

was added sec-BuLi (1.3 M in cyclohexane). The amount o f  base 
and length o f  time needed for deprotonation are listed in Tables 1- 
3. The electrophile was then added and the various conditions used 
for alkylations are also listed in Tables 1-3. The resulting mixture 
was quenched with saturated NH4C1 solution and was extracted with 
ether. The combined organic layers were washed with brine and 
dried over MgSO,. Evaporation o f  the solvents gave crude alkyl- 
ation products mixtures which were anlaysed by 'H NMR as well 
as capillary GC and (or) GCMS. I f  desired, in most instances, re- 
gioisomers could be separated by column chromatography on sil- 
ica gel using hexane/ethyl acetate mixtures as eluent. The following 
is a representative example. 

Methyl alkylated derivatives Z4a ("S") ,  Z4a ( "R")  and 15ai0 
T o  a solution o f  allylsilane 10 (50 mg) in ether ( 1  ml) at -78OC 

was added sec-BuLi (2  equiv., 1.3 M in cyclohexane). The rnix- 
ture was stirred for 60 min. T o  the mixture, methyl iodide (10 
equiv.) was added and stirred for 1 h at -78OC. The resulting 
mixture was quenched with saturated NH4C1 solution and ex- 
tracted with ether. The combined organic layers were washed with 
brine and dried over MgSO,. Evaporation of  solvents gave the crude 
alkylation products mixture which was chrornatographed on silica 
gel using hexane/ethyl acetate as eluent to give the methyl alkyl- 
ated derivative 14a and 15a in 89 and 5% yield respectively based 
on GC and 'H NMR analyses. 'H NMR (300 MHz, CDCI,) 6: 
7.40-7.10 (SH, m ,  14a ("S"),  14a ("R"),  15a), 6.38 ( l H ,  dd, 
J  = 16.0 and 8.0 Hz, 14a ("S"),  14a ("R")),  6.24 ( l H ,  dd, J  = 
18.5 and6.0Hz, 15a), 6.21 ( lH ,dm,  J =  16.0Hz, 14a("Sn), 14a 
("R")) ,  5.70 ( l H ,  dd, J  = 18.5 and 1.5 Hz, 15a), 3.48 ( l H ,  qn, 
J  = 7.1 Hz, 15a), 3.50-3.40 ( l H ,  m ,  14a ("Sn),  14a ("R"), 15a), 
3.34 (3H, S ,  15a), 3.33 (3H, s, 14a ("S"),  14a ("R")),  3.30-3.15 
( l H ,  m ,  14a ("S"),  14a ("R") ,  15a), 3.06 ( l H ,  m ,  14a ("Sn) ,  14a 
("R"), 15a), 2.57 ( l H ,  d ,  J  = 14.5 Hz, 14a ("Sn),  14a ("Rn)),  2.48 
( l H ,  d ,  J  = 14.5 Hz, 15a), 2.37 ( l H ,  m ,  14a ("S"),  14a ("R"),  
15a), 2.11 ( l H ,  m ,  14a ("S"),  14a ("R"), 15a), 2.00-1.50 (SH, 
m ,  15a and 6H, m ,  14a ("S") ,  14a ("Rn)) ,  1.36 (3H, d ,  J  = 
7.0 Hz, 15a), 1.21 (3H, d ,  J  = 7.0 Hz, 14a ("Rn)) ,  1.20 (3H, d ,  
J  = 7.0 Hz, 14a ("Sn)),  0.12 (3H, s, 15a), 0.11 (3H, s, 14a ("Sn)), 
0.10 (3H, S ,  14a ("R") ,  15a), 0.04 (3H, s, 14a ("Rn)) ,  0.03 (3H, 
S ,  14a ("Sn));  GCMS m/e  (EI): isomers 14a ("Sn),  14a ("Rn) (not 
resolved), 272 (M' - CH20CH,, loo), 186 (81), 154 (38), 131 
(26), 128 (56); isomers 15a, 272 (M' - CH20CH3, 100), 166 (7), 
131 (7) ,  128 (22). 

Ethyl alkylated derivatives Z4b ( "S" ) ,  Z4b ("R")  and Z5b 
The general procedure was followed; for additional details see 

Table 2. 'H NMR (200 MHz, CDCl,) 6: 7.40-7.10 (SH, m ,  146 
("S"),  146 ("R"),  156), 6.26 ( l H ,  d ,  J  = 16.0, 146 ("S")) ,  6.25 
( l H ,  d ,  J  = 16.0, 146 ("R")), 6.17 ( l H ,  d d ,  J  = 18.5 and 7.0 Hz, 
156), 6.13 ( l H ,  dd, J  = 16.0 and 8.5 Hz, 146 ("S")) ,  6.09 ( l H ,  
dd, J  = 16.0 and 9.0 Hz, 146 ("Rn)) ,  5.67 ( l H ,  dd, J  = 18.5 and 
1 .O Hz, 156), 3.50-3.35 ( l H ,  rn, 146 ("Sn),  146 ("Rn),  156), 3.33 
(3H, s, 156), 3.32 (3H, s, 146 ("R")),  3.31 (3H, s, 146 ("S")) ,  
3.30-2.95 (2H, rn, 146 ("S"),  146 ("R") and 3H, rn, 156), 2.55 
( l H ,  d ,  J  = 14.0 Hz, 146 ( "Sn) ,  146 ("R")),  2.46 ( l H ,  d ,  J  = 
14.5 Hz, 156), 2.35-2.25 ( l H ,  m ,  146 ("S"),  146 ("R"),  156), 
2.20-2.00 ( l H ,  m ,  146 ("S"),  146 ("R"),  156), 2.00-1.40 (7H, 
m ,  156 and 8H, m ,  146 ("Sn) ,  146 ("Rn)) ,  0.95 (3H, t ,  J  = 7.0 
Hz, 146 ( "Sn) ,  146 ("R")),  0.85 (3H, t ,  J  = 7.5 Hz, 156), 0.11 
(3H, S ,  156), 0.10 (3H, s, 146 ("S") and 156*), 0.08 (3H, S ,  146 
("Rn),  156), 0.07 (3H, S ,  156*), 0.04 (3H, S ,  146 ("R")), 0.02 (3H, 
S ,  146 ("S")); GCMS m/e (EI): isomers 146 ("S"), 146 ("R") (not 
resolved), 286 (M' - CH20CH3, 89), 186 (91), 154 (40), 145 (1% 
144 (17), 128 (100); isomers 156,286 (M' - CH20CH3, 100), 166 
(6) ,  135 ( l o ) ,  128 (18),  115 (6).  

Hexyl alkylated derivatives Z4c ("S") ,  Z4c ("R")  and Z5c 
The general procedure was followed; for additional details see 

Table 2. 'H NMR (200 MHz, CDCI,) 6: 7.40-7.10 (SH, m ,  14c 
("S"),  14c ("R"),  15c), 6.24 ( l H ,  d ,  J  = 16.0, 14c ("S")) ,  6.23 
( l H ,  d ,  J =  16.0, 14c("Rn)),  6.16(1H, dd, J  = 18.5and7.5Hz, 
15c), 6.13 ( l H ,  dd, J  = 16.0 and 8.5 Hz, 14c ("S")) ,  6.09 ( l H ,  
dd, J  = 16.0 and 9.0 Hz, 14c ("R")),  5.65 ( l H ,  dd, J  = 18.5 and 
1.0 Hz, 15c), 3.45-3.35 ( l H ,  m ,  14c ("Sn), 14c ("R"), 15c), 3.33 
(3H, s, 15c), 3.32 (3H, s, 14c ("R")),  3.31 (3H, s, 14c ("S")) ,  
3.30-3.15 ( l H ,  m ,  14c ("S") ,  14c ("R") and 2H, m ,  15c), 3.04 
( l H ,  m ,  14c ("S"),  14c ("R"),  15c), 2.55 ( l H ,  d ,  J  = 14.5 Hz, 
14c ("S"), 14c ("R")), 2.46 ( l H ,  d ,  J  = 14.0 Hz, 15c), 2.40-2.25 
( l H ,  m ,  14c ("S") ,  14c ( "Rn) ,  15c), 2.20-1.40 (SH, m ,  15c and 
6H, m ,  14c ("S"),  14c ("R")) ,  1.35-1.10 (8H, m ,  14c ( "Sn) ,  14c 
("R"),  15c), 0.95-0.80 (3H, rn, 14c ("Sn) ,  14c ("R") ,  15c), 0.1 1 

'"The "S",  "R" designation refers to absolute configuration at 
the alkylated center. 
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1740 C A N .  J .  C H E M .  

(3H, s, 15c), 0.10 (3H, s, 14c ("S") and 15c*), 0.08 (3H, s, 14c 
("R"), 15c), 0.07 (3H, S ,  15c*), 0.04 (3H, S ,  14c ("R")), 0.02 (3H, 
s, 14c ("S"));  GCMS m/e (EI): isomers 14c ("S"), 14c ("R") (not 
resolved), 342 ( M f  - CH20CH3, loo),  186 (91), 154 (24), 128 
(36), 59 (40); isomers 15c, 342 ( M f  - CH20CH3, loo),  285 (4) ,  
207 (14), 128 (24), 84 (65). 

Isopropyl alkylated derivatives 14d, 15d ("R")  and 15d (3") 
The general procedure was followed; foradditional details see 

Table 2. 'H NMR (200 MHz, CDC1,) 6: 7.40-7.10 (SH, m ,  15d 
("R"),  15d ("S"),  1 4 4 ,  6.35-6.20 (2H, m ,  1 4 4 ,  6.23 ( l H ,  dd, 
J = 18.5 and 8.5 Hz, 15d ("S")) ,  6.22 ( l H ,  dd, J = 18.5 and 
8.5 Hz, 15d ("R")), 5.66 ( l H ,  dd, J = 18.5 and 1.0 Hz, 15d ("Rn),  
15d ("S")) ,  3.40 ( l H ,  dd, J = 9.5 and 4.5 Hz, 15d ( "Rn) ) ,  3.45- 
3.34 ( 1  H, m ,  15d ("Sn),  14d), 3.33 (3H, s, 15d ("Rn),  15d ("Sn)),  
3.30 (3H, s, 1 4 4 ,  3.19 ( l H ,  dd, J = 9.5 and 6.5 Hz, 15d ("R")) ,  
3.30-3.10 ( l H ,  m ,  15d ("S"), 14d), 3.10-2.92 ( l H ,  m ,  15d ("R"), 
l5d ("S") ,  1 4 4 ,  2.90 ( l H ,  t,  J = 8.5 Hz, 15d ( "Rn) ,  15d ("S")) ,  
2.58 ( l H ,  d ,  J = 14.5 Hz, 1 4 4 ,  2.46 ( l H ,  d ,  J = 14.5 Hz, 15d 
("R"),  15d ("S")) ,  2.42-2.25 ( l H ,  m ,  15d (R) ,  15d ( "Sn) ,  1 4 4 ,  
2.20-1.40 (6H, m ,  15d ( "Rn) ,  7H,  m ,  15d ("S"),  8H, m ,  1 4 4 ) ,  
1.74 ( l H ,  d ,  J = 14.2 Hz, 15d ("R")),  1.00 (3H, d ,  J = 5.0 Hz, 
1 4 4 ,  0.97 (3H, d ,  J = 4.5 Hz, 1 4 4 ,  0.94 (3H, d ,  J = 6.5 Hz, 
15d ("Rn) ,  15d ("S")) ,  0.75 (3H, d ,  J = 6.5 Hz, 15d ( "Rn) ,  15d 
("S")) ,  0.15 (3H, S ,  1 4 4 ,  0.10 (3H, S ,  15d ("S")) ,  0.09 (3H, S ,  

15d ("Rn)),  0.08 (3H, s, 15d ("Rn)),  0.07 (3H, s, 15d ("Sn)),  0.06 
(3H, s, 1 4 4 ;  GCMS m/e (EI): isomers 15d ("R") ,  15d ("S") (not 
resolved), 346 (M' + H f ,  lo ) ,  345 (M', 3) ,  330 (6) ,  314 (12), 
300 ( loo) ,  257 ( I ) ,  186 (3) ,  166 (4) ,  128 (20); isomers 14d (re- 
solved): isomer 1, 300 (M' - CH,OCH,, 99), 186 (100), 154 (41), 
128 (65),  115 (20), 89 (25), 73 (48), 59 (50); isomer 2 ,  300 
( M f  - CH20CH3, loo), 186 (98), 154 (38), 128 (56), 115 (20), 
89 (24), 73 (39), 59 (54). 

Dimethyl-(p-rnethoxylcinnarny1)-[(S)-2'- 
methoxymethylpyrrolidinylmethyl]silane 16 

A mixture o f  chloride 18 (100 mg, 0.39 mmol) and methoxy- 
methylpyrrolidine (91 mg, 0.79 mrnol) was heated at 80°C (oil bath 
temperature) for 20 h. After cooling to room temperature, ether and 
brine were added and the layers were separated. The aqueous layer 
was extracted with ether and the combined organic layers were dried 
over MgS04, filtered, and concentrated under reduced pressure to 
afford an oil which was purified by column chromatography (25- 
100% ethyl acetate in hexane) yielding pure aminosilane 16 
( 1  12 mg, 85%) as a pale yellow oil: [a]25,  -66.4 ( c  2.49, CHCI,); 
IR (neat): 3029, 3016, 2952, 291 8, 2876, 2835, 2808, 1609, 1509, 
1247, 839 cm-'; ' H  NMR (200 MHz, CDCI,) 6: 7.25 (2H, m),  6.84 
(2H, m ) ,  6.21 ( l H ,  d ,  J = 15.5 Hz), 6.10 ( l H ,  dt, J = 15.5 and 
7 Hz), 3.79 (3H, s) ,  3.41 ( l H ,  dd, J = 9 and 4.5 Hz), 3.33 (3H, 
s), 3.23 ( l H ,  d d ,  J = 9 and 6.5 Hz), 3.10 ( l H ,  m ) ,  2.50 ( l H ,  d ,  
J = 14 Hz), 2.38 ( I H ,  m) ,  2.12 ( l H ,  q ,  J = 8.5 Hz), 1.50-2.00 
(7H, m) ,  0.09 (3H, s), 0.06 (3H, s); I3c NMR (50.3 MHz, CDCI,) 
6: 158.4, 131.5, 127.9, 125.4, 113.9,76.3, 67.5, 59.0,57.4, 55.1, 
44.8, 28.2, 23.0, 21.9, -3.4, -3.5; MS rn/e (CI, NH,): 334 
(MH', loo), 302 (0.  l ) ,  288 (2.3); HRMS (CI, NH,) calcd. for 
C19H3,N02Si + H':334.2202; found: 334.2202. 

Chlorornerhyl-dirnethyl-(p-rnethonycinnamyl)silate 18 
T o  a solution o f  4-allylanisole (17) (10.0 g, 67 mmol) in ether 

(100 mL)  at 0°C was added sec-BuLi (1.3 M in cyclohexane, 
67.5 mL, 87 mmol). After the addition, the mixture was warmed 
to room temperature and stirred for 5 h after which time it was 
cooled to -78OC. Chloro(chloromethyl)dimethylsilane ( 1  1.6 mL,  
87 mmol) was added dropwise and the mixture was stirred for 30 
min at -78OC. Saturated NH4Cl was then added followed by ether. 
The layers were separated and the aqueous layer was extracted twice 
with ether. The combined organic layers were washed with brine, 
dried over MgS04, filtered, and concentrated under reduced pres- 
sure (0.1 Torr, oil bath 85-90°C) to afford crude chloride 18. This 
material was purified by column chromatography on silica gel (2% 
ethyl acetate in hexane) yielding pure 18 (1.94 g, 1 1 %) as a pale 

yellow oil: IR (neat): 3005, 2958,2933,2913,2836, 1609, 1577, 
1514, 1509, 1260, 847, 815 cm-';  'H NMR (200 MHz, CDCI,) 
6:7 .25(2H,  m ) ,  6.84(2H, m ) ,  6.25 ( IH ,  b r d , J =  16Hz),  6.06 
( l H ,  dt, J = 16 and 8 Hz), 3.80 (3H, s), 2.82 (2H, s) ,  1.78 (2H, 
dd, J = 8 and 1 Hz), 0.16 (6H, s); ',c NMR (75.4 MHz, CDCl,) 
6: 158.6, 131.1, 128.8, 126.7, 123.7, 113.9, 55.1, 29.5, 20.1, 
-5.1; GC/MS m/e  (EI): 254 ( M f  , 75) ,  239 (a), 219 (33), 205 
(6) ,  147 (100); HRMS (CI, NH,) calcd. for CI2H1,SiC1 + H f :  
255.0973; found: 255.0972. 

Methyl alkylated derivatives 20a ("S") ,  20a ("R")  and 21a 
The general procedure was followed; for additional details see 

Table 3. ' H  NMR (200 MHz, CDCI,) 6: 7.25 (2H, m ,  20a ("S"),  
20a("R")),  7.10(2H, m ,  21a), 6.83 (2H, m ,  21a), 6.82(2H, m ,  
20a ("Sn),  20a ("R")),  6.30-6.10 (2H, m ,  20a ("S"), 20a ("R")), 
6.20 ( l H ,  dd, J = 18.5 and 6.0 Hz, 21a), 5.65 ( l H ,  dd, J = 18.5 
and 1.5 Hz, 21a), 3.79 (3H, s 20a ("Sn) ,  20a ("Rn)) ,  3.78 (3H, 
s, 21a), 3.42 ( l H ,  m ,  20a ("Sn),  20a ("Rn) and 2H, m ,  21a), 3.34 
and 3.33 (3H, 2s, both diastereomers o f  21a), 3.32 (3H, s, 20a 
("S") ,  200 ("R")) ,  3.22 ( l H ,  m ,  20a ("S"),  20a ("R"),  21a), 3.05 
( l H ,  m ,  20a ("S") ,  20a ("R"),  21a), 2.55 ( l H ,  d ,  J = 14.5 Hz, 
20a ("S"), 20a ("Rn)),  2.47 ( l H ,  d ,  J = 14.5 Hz, 21a), 2.37 ( l H ,  
m ,  20a ("S"), 20a ("Rn),  21a), 2.10 ( lH ,  m, 20a ("S"), 20a ("R"), 
21a), 2.00-1.45 (SH, m ,  21a and 6H, m ,  20a ( "Sn) ,  20a ("R")),  
1.31 (3H, d ,  J = 7.0 Hz, 21a), 1.18 (3H, d ,  J = 7.0 Hz, 20a 
("R")) ,  1.17 (3H, d ,  J = 7.0 Hz, 20a ( "Sn) ) ,  0.11 (3H, s, 21a), 
0.08 (3H, s, 20a ("Sn),  21a), 0.078 (3H, s, 20a ("R")), 0.02 (3H, 
s, 20a ( "Rn) ) ,  0.01 (3H, s, 20a ("Sn)) .  

Ethyl alkylated derivatives 20b ("S")  and 21b 
The general procedure was followed; for additional details see 

Table 3. ' H  NMR (200 MHz, CDCI,) 6: 7.26 (2H, m ,  206 ("S")) ,  
7.07 (2H, m ,  21b), 6.83 (2H, m ,  20b ("Sn),  21b), 6.30-6.00 ( l H ,  
m ,  21b), 6.19 ( l H ,  d,  J = 16.0,20b ("S")), 5.96 ( IH ,  dd, J = 16.0 
and 9.0 Hz, 20b ("S")) ,  5.63 ( l H ,  dd, J = 19.0 and 1.0 Hz, 21b), 
3.79 (3H, s, 20b ("S")) ,  3.78 (3H, s, 21b), 3.41 ( l H ,  dd, J = 9.5 
and 4.6 Hz, 20b ("S") and 2H, m ,  21b), 3.33 (3H, s, 21b), 3.31 
(3H, s, 20b) ("S")) ,  3.22 ( l H ,  dd, J = 9.0 and 7.0 Hz, 20b ("S") 
and l H ,  m ,  21b), 3.05 ( l H ,  m ,  20b ("S"),  21b), 2.54 ( l H ,  d ,  J = 
14.5 Hz, 20b ("S")) ,  2.37 ( I H ,  m ,  20b ("S")) ,  2.08 ( l H ,  q ,  J = 
8.5 HZ, 20b ( "Sn) ) ,  1.70 ( l H ,  d ,  J = 14.0 Hz, 20b ("S")) ,  2.00- 
1.30 (7H, m ,  20b ("S")) ,  2.50- 1.30 (7H, m ,  21b), 0.94 (3H, t ,  

J = 6.5 Hz, 20b ("S")) ,  0.83 (3H, t ,  J = 7.0 Hz, 21b), 0.09 (3H, 
s, 20b ("S")) ,  0.01 (3H, s, 20b ("S")) ,  the singlets for methyl 
groups on silicon for isomer 21b were not characterised precisely 
but occur between 0.05 and 0.15 ppm. 

Cinnarnyldirnethyl-[l'-(R)-methyl-2'-(S)-phenyl-2-rnethoxyethyl- 
N-rnethylarnitzomethyl]silane 23 

A mixture o f  chloride 12 (467 mg, 2.1 mmol) and O-methyl- 
ated (-) ephedrine (22) ( 1  1 )  (1.3 g, 7.3 mmol; this compound was 
contaminated with the bis-0,N-methylated derivative o f  (-) 
ephedrine) was heated at 13S°C (oil bath temperature) for 15 h. 
After cooling to room temperature, ether and brine were added and 
the layers were separated. The aqueous layer was extracted with 
ether and the combined organic layers were dried over MgS04, 
filtered, and concentrated under reduced pressure to afford an oil 
(1.32 g). The remaining starting materials were distilled o f f  (0.05 
Torr, 40-45°C) and the residue was purified by column chroma- 
tography (10-50% ethyl acetate in hexane) yielding pure amino- 
silane 23 (285 mg, 37%) as a pale yellow oil: [a]25,  -31.8 ( c  2.0, 
CHC1,); IR (neat): 3083, 3063, 3023, 2986, 2960, 2859, 2819, 
1641, 1601, 1496, 1248, 1097, 835 cm-';  ' H  NMR (200 MHz, 
CDC1,) 6: 7.10-7.45 (lOH, m) ,  6.05-6.30 (2H, m ) ,  4.17 ( I H ,  d, 
J =  6Hz),3.21 (3H,s ) ,2 .72(1H,qn ,J= 6 .5Hz) ,2 .24(3H,s) ,  
2 .03(2H,d,J=3.5Hz) ,  1.57(2H,m), 1 . 0 5 ( 3 H , d , J = 6 . 5 H ~ ) ,  
-0.03 (6H, s); 13c NMR (50.3 MHz, CDC1,) 6: 141.7, 138.5, 
128.7, 128.2, 128.0, 127.8, 127.1, 126.1, 125.5, 85.8,66.7, 56.7, 
44.3,41.0, 22.2, 7.6,  -3.2, -3 .4;MSm/e(EI):  367(M', 
352 (0.6), 336 (0.3), 246 (100); HRMS (EI) calcd. for C,,H,,ONSi 
- CH,: 352.2098; found: 352.2097. 
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Methyl alkylated derivatives 24a ("R"), 24a ("S"), and 24b 
The general procedure was followed; for additional details see 

Table 3. 'H NMR (200 MHz, CDC1,) (in some sections of the NMR 
spectrum, the diastereoisomers of 246 could be distinguished and 
are designated as maj (major) and min (minor) 6: 7.45-7.10 (1 OH, 
m, 24a ("R"), 24a ("S"), 24b), 6.25 (lH, dd, J = 16.0 and 7.0 
Hz, 24a ("R")), 6.23 (lH, dd, J = 16.0 and 6.5 Hz, 24a ("S")), 
6.17 (lH, dd, J = 18.5 and 6.0 Hz, 24bmaj), 6.16 (lH, dd, J = 
18.5 and 6.0 Hz, 24bmin), 6.12 (lH, d, J = 16.0 Hz, 24a ("R"), 
240 ("S")), 5.61 (lH, dd, J = 18.5 and 1.5 Hz, Nbmin), 5.60 (lH, 
dd, J = 18.5 and 1.5 Hz, Nbmaj), 4.18 (lH, d, J = 6.0 Hz, 24b), 
3.21 (3H, s, 24b), 3.20 (3H, s, 24a ("R"), 24a ("S")), 2.72 (lH, 
m, 240 ("R"), 240 ("S"), 2&), 2.23 (3H, s, 240 ("R"), 240 ("S")), 
2.22 (3H, s, 24b), 2.10 (2H, m, 24a ("R"), 24a ("S"), 24b), 1.73 
(lH, qn, J = 6.5 Hz, 24a ("S")), 1.70 (lH, qn, J = 7.0 Hz, 24a 
("R")), 1.33 (3H, d, J = 7.0 Hz, 24b), 1.10 (3H, d,  J = 7.0 Hz, 
24a ("S")), 1.08 (3H, d, J = 6.0 Hz, 24a ("R")), 1.04 (3H, d, 
J = 6.5 Hz, 240 ("R"), 240 ("S")), 1.00 (3H, d, J = 6.5 Hz, 24b), 
-0.02 and -0.03 (6H, 4s, 2&), -0.05 (3H, S, 240 ("S")), -0.07 
(6H, s, 24a ("R")), -0.08 (3H, s, 24a ("S")). 

Cinnamyldimethyl-[(S)-2'-(pyrrolidinylmethy1)- 
pyrrolidinylmethyl]silane 26 

A mixture of chloride 12 (280 mg, 1.29 mmol) and (S)-(+)-2- 
(1'-pyrrolidinylmethy1)pyrrolidine (25) (400 mg, 2.60 mmol) was 
heated at 80°C (oil bath temperature) for 15 h. After cooling to room 
temperature, ether and brine were added and the layers were sep- 
arated. The aqueous layer was extracted with ether and the com- 
bined organic layers were dried over MgSO,, filtered, and 
concentrated under reduced pressure to afford an oil which was 
purified by flash chromatography (hexane : EtOAc : CH2C12 
80 : 10 : 10 then EtOAc : MeOH 50 : 50) yielding pure aminosilane 
26 (174 mg, 40%) as a pale yellow oil: -90.7 (c 1.7, CHCl,); 
IR (neat): 3082, 3058, 3023, 2965,2960, 2939, 2905, 2875, 2785, 
1641, 1601, 1496, 1248, 862, 835 cm-'; 'H NMR (200 MHz, 
CDCl,) 6: 7.40-7.10 (5H, m), 6.40-6.15 (2H, m), 3.10 (lH, m), 
2.75- 1.50 (20H, m), 0.1 1 (3H, s), 0.07 (3H, s); ',c NMR (50.3 
MHz, CDC1,) 6: 138.6, 128.5 (2C), 127.8, 126.3, 125.6, 67.9, 
61.5, 57.2, 54.9, 44.4, 30.2, 23.2, 22.8, 22.2, -3.2, -3.4; MS 
m/e (EI): 342 (M', 0. l), 327 (0.6), 258 (loo), 226 (17); HRMS 
(EI) calcd. for C21H34N2Si - CH,: 327.2256; found: 327.2256. 

Methyl alkylated derivatives 27a, 27b 
The general procedure was followed; for additional details see 

Table 3. 'H NMR (200 MHz, CDCI,) 6: 7.40-7.10 (5H, m, 27a, 
27b), 6.38 (lH, dd, J = 16.0 and 7.5 Hz, 27a), 6.23 (lH, dd, 
J = 18.5 and 6.0 Hz, 27b), 6.20 (lH, dd, J = 16.0 and 1.0 Hz, 
27a),5.68(1H,dd,J= 18.5and 1.5Hz,276),3.48(1H,rn,27b), 
3.06 (lH, m, 27a, 27b), 2.70-1.50 (19H, m, 27a and 18H, m, 
27b), 1.34 (3H, d, J = 7.0 Hz, 27b), 1.18 (3H, d, J = 7.0 Hz, 
27a), 0.1 1 (3H, s, 27b), 0.10 (3H, s, 27a), 0.09 (3H, s, 27b), 0.01 
(3H, s, 27a). 

Cinnamyldimethylpyrrolidinylmethylsilane 28 
A mixture of chloride 12 (1 1.0 g, 49.0 mmol) and pyrrolidine 

(13.9 g, 196 mmol) was heated at 80°C (oil bath temperature) for 
20 h. After cooling to room temperature, ether and brine were added 
and the layers were separated. The aqueous layer was extracted with 
ether and the combined organic layers were dried over MgSO,, 
filtered, and concentrated under reduced pressure to afford crude 
28 (1 1.6 g, 91%) as an oil which was suitable for use in the next 
reaction. If desired, the compound could be purified by column 
chromatography (10-50% EtOAc in hexane); IR (neat): 3023,2986, 
2962, 2952, 2904, 2773, 1641, 1601, 1496, 1247, 861, 835 cm-'; 
'H NMR (200 MHz, CDCI,) 6: 7.40-7.10 (5H, m), 6.40-6.15 (2H, 
m), 2.48 (4H, m), 2.08 (2H, s), 1.75 (6H, m), 0.12 (6H, s); 13c 
NMR (50.3 MHz, CDC1,) 6: 138.5, 128.7, 128.5, 127.6, 126.3, 
125.6, 58.1, 46.0, 23.7, 22.3, -3.4; MS m/e (EI): 259 (M' , l), 
244 (1. l), 175 (0.5), 142 (loo), 84 (76). 

Methyl alkylated derivatives 29a, 29b 
The general procedure was followed; for additional details see 

Table 3. 'H NMR (200 MHz, CDCl,) 6: 7.40-7.10 (5H, m, 29a, 
29b), 6.35 (lH, dd, J = 16.0 and 7.0 Hz, 29a), 6.23 (lH, dd, 
J = 18.5 and 6.0 Hz, 29b), 6.20 (lH, d, J = 16.0 Hz, 29a), 5.70 
(lH, dd, J = 18.5 Hz, 29b), 3.48 (lH, br qn, J = 6.0 Hz, 29b), 
2.45 (4H, m, 29a, 29b), 2.08 (2H, s, 29a), 2.06 (2H, s, 29b), 1.89 
(lH, qn, J = 6.8 Hz, 29a), 1.75 (4H, m, 29a, 29b), 1.35 (3H, d, 
J = 7.0 Hz, 29b), 1.19 (3H, d, J = 7.0 Hz, 29a), 0.13 and 0.12 
(3H, s,  29b), 0.10 and 0.09 (3H, s, 29a). 

Cinnamyltrimethylsilane (30) (16) 
To a solution of allylbenzene (11) (1 .O g, 8.5 mmol) in ether (15 

mL) at 0°C was added sec-BuLi (1.3 M in cyclohexane, 8.1 mL, 
10.6 mmol). After the addition, the mixture was warmed up to room 
temperature and stirred for 2 h after which time it was cooled to 
-78°C. Chlorotrimethylsilane (1 .O1 g, 9.3 mmol) was added and 
the mixture was stirred for 45 min at -78'C. Saturated NH4CI was 
then added followed by ether. The layers were separated and the 
aqueous layer was extracted twice with ether. The combined or- 
ganic layers were washed with brine, dried over MgSO,, filtered, 
and concentrated under reduced pressure (0.1 Torr overnight) to 
afford allylsilane 30 (1.29 g, 80%) as a pale yellow oil: IR (neat): 
3082, 3060, 3023, 2955, 2917, 2896, 1643, 1599, 1496, 1248, 
962, 863, 841, 740, 694 cm-I; 'H NMR (200 MHz, CDC1,) 6: 
7.40-7.10 (5H, m), 6.40-6.15 (2H, m), 1.68 (2H, m), 0.08 (9H, 
s); I3c NMR (50.3 MHz,CDC13) 6: 138.6, 128.5, 128.4, 127.9, 
126.3, 125.6, 23.7, -2.1; MS m/e (EI): 190 (M', 9.3), 175 (2.4), 
117 (2.5), 73 (100). 

Methyl alkylated derivatives 31a, 31 b 
The general procedure was followed. 'H NMR (200 MHz, 

CDC1,) 6: 7.40-7.10 (5H, m, 31a, 31b), 6.32 (lH, dd, J = 16.0 
and 7.0 Hz, 31a), 6.20 (lH, d, J = 16.0, 31a), 6.20 (lH, dd, 
J = 18.5 and 6.0 Hz, 31b), 5.68 (lH, dd, J = 18.5 Hz, 31b), 3.48 
(lH, m, 31b), 1.80 (lH, m, 31a), 1.36 (3H, d, J = 7.0 Hz, 31b), 
1.18 (3H, d, J = 7.5Hz,31a),O.O6(9H, s,31b), 0.03(9H, S, 
31a); other compounds owing to addition of the base to the start- 
ing olefin were detected in this reaction but did not interfere with 
the evaluation of the a /y  ratio. 

Typical procedure for the oxidative degradation of a-alkylated 
derivatives 

To a solution of allylsilane 14a (42 mg, 0.132 mmol) in meth- 
anol (0.5 mL) and THF (0.5 mL) were added potassium bicarbon- 
ate (26 mg, 0.26 mmol) and potassium fluoride (15 mg, 0.26 mmol) 
followed by hydrogen peroxide (30%, 0.125 mL). The resulting 
mixture was stirred at room temperature for 24 h after which time 
it was diluted with brine and ether. The layers were separated and 
the aqueous layer was extracted twice with ether. The combined 
organic layers were washed with bisulfite and brine and were dried 
over MgSO,. The residue obtained after evaporation was purified 
by column chromatography on silica gel (eluent 25% ethyl acetate 
in hexane) to afford alcohol 32 (9.4 mg, 48%) as an amorphous 
solid; the [alZ5, value was compared with values obtained else- 
where (12, 13) (see text). 

Typical procedure for the oxidative degradation of y-alkylated 
derivatives 

To a solution of vinylsilane 15d (62 mg, 0.18 mmol) in aceto- 
nitrile (0.5 mL), water (0.5 mL), and carbon tetrachloride (0.5 mL) 
were added sodium periodate (232 mg, 1.07 mmol) and rutheni- 
um trichloride heptahydrate (0.8 mg, 0.004 mmol). The resulting 
mixture was stirred at room temperature for 2 h after which time 
it was diluted with dichloromethane. The layers were separated and 
the aqueous layer was extracted twice with dichloromethane. The 
combined organic layers were washed with brine and were dried 
over MgS0,. The residue obtained after evaporation was purified 
by column chromatography on silica gel (eluent 10-50% ethyl 
acetate in hexane) to afford acid 36 (12.2 mg, 42%); the value 
was compared with values obtained elsewhere (15) (see text). 
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SYLVIE TONDU, GERARD JAOUEN, MICHAEL F. D'AGOSTINO, KRISZTLNA L. MALISZA, and MICHAEL J. MCGLINCHEY. Can. 
J. Chem. 70, 1743 (1992). 

The reaction of (C,H,),Mo,(CO), with the steroidal hormone 11P-(4-dimethylaminopheny1)-17P-hydroxy-17a-(1- 
propyny1)-estra-4,9-dien-3-one (RU 38486) or with propynylborneol yields in each case a chiral cluster that exhibits two 
cyclopentadienyl resonances in both the 'H and I3c NMR regimes. At low temperature the interconversion of diaster- 
eomers arising from the different orientations of the semi-bridging carbonyl ligand can be slowed on the NMR time scale. 
The barrier to diastereomer interchange has been determined for the terpenoid cluster and the mechanism of this process 
is discussed. 

SYLVIE TONDU, GERARD JAOUEN, MICHAEL F. D'AGOSTINO, KRISZTINA L. MALISZA et MICHAEL J.  MCGLINCHEY. Call. 
J. Chem. 70, 1743 (1992). 

La reaction du (C,H,)IMo,(CO)4 avec l'hormone steroidale 11~-(4-dim~thylamino)-17~-hydroxy-17a-(l-propynyl)- 
estra-4,9-dikn-3-one (RU 38486) ou avec le propynylborneol conduit dans chaque cas h un cluster chiral qui presente 
deux resonances de cyclopentadienyles en RMN tant du 'H que du I3c. A basses temperatures, sur 17Cchelle de temps 
de la RMN, on peut ralentir l'interconversion des diaster~oisom&res provenant des differentes orientations dans le li- 
gand carbonyle agissant comme demi-pont. 

[Traduit par la redaction] 

Introduction 

In continuation of our studies on metal complexes of hor- 
monal steroids and related systems (1-6), we have synthe- 
sized a number of dimetalla-alkyne clusters, e.g., 1, 2, and 
3. These molecules, in which the M2Cz tetrahedral moiety 
is situated on the a-face of the steroid, are known to bind to 
various steroidal receptor sites (7, 8). Moreover, it has been 
demonstrated that one can take advantage of the intense metal 
carbonyl infrared stretching absorptions to assay the recep- 
tor sites without any of the inconveniences associated with 
radio-labels (9, 10). Perhaps the most fascinating of these is 
the dimolybdenum complex 3, which is derived from 11 P- 
(4- dimethylaminopheny1)- 17P -hydroxy- 17a- (1-propyny1)- 
estra-4,9-dien-3-one, 4, the now famous "morning-after pill" 
originally known as RU 38486 and recently marketed by 
Roussel-Uclaf as Mifepristone. 

Any attempts to carry out substitution reactions on these 
systems (either to displace a carbonyl ligand or to replace an 
entire metal vertex with an isolobal group) must take ac- 
count of the chiral nature of the molecules and consequent 
diastereotopic character of the metal centers (1 1 - 13). This 
phenomenon is clearly reflected in the NMR spectra of 
molecules 2 and 3, each of which give rise to two cyclopen- 
tadienyl resonances in both the 'H and I3c regimes (14). We 
were particularly intrigued by the observation that these pairs 
of cyclopentadienyl peaks were further split on cooling, thus 
indicating the presence of more than one diastereomer. We 

'Dedicated to the memory of our friend and colleague Tom 
Birchall. 

, ~ u t h o r s  to whom correspondence may be addressed. 

here describe a variable-temperature NMR study carried out 
to clarify and extend these observations. 

Results and discussion 
The molecular structures and fluxional behavior of clus- 

ters of the type C~,(CO),M,(R~~%CR~), where M = Mo or 
W, were first described by Cotton and co-workers (15). In 
the solid state, three of the carbonyl ligands are terminally 
bonded while the fourth is in a semi-bridging environment. 
This situation also obtains in solution and the asymmetric 
nature of the bonding renders all four carbonyls nonequi- 
valent as evidenced by the I3c NMR spectrum at low tem- 
perature. Now, for those cases where R1 = R ~ ,  increasing the 
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SCHEME I .  Exchange process that interconverts carbonyl li- 
gands in semi-bridging and in terminal environments. 

temperature brings about a coalescence of the four I3c0 NMR 
signals to two, and ultimately yields a single resonance. The 
first exchange process, which has an activation energy of 
approximately 8 kcal mol-I, was suggested to involve a 
twitching motion by which the semi-bridging carbonyl on one 
molybdenum and a terminal CO ligand on the other molyb- 
denum are equilibrated; the effective symmetry would then 
be C, rather than C, and this process would also intercon- 
vert the two cyclopentadienyl environments, as in Scheme 
1. The observation of a single I3c0 peak requires that the 
time-averaged symmetry be raised to C,, as would be the case 
if partial rotation of the CpMo(CO), groups were to occur; 
this latter process has a barrier ranging from 9.5 to 12.5 kcal 
mol-' depending on the steric bulk of the substituents borne 
by the cyclopentadienyl ligands (16, 17). A moment's re- 
flection leads to the realization that for those systems where 
R' # R2 the maximum symmetry attainable is C, and so the 
four 13c0 resonances at low temperature can at best be- 
come two even when both fluxional processes are fast on the 
NMR time scale. It is further apparent that when one of the 
alkyne substituents is chiral the four carbonyl ligands are 
always nonequivalent. Likewise, in a molecule such as 3, 
where the alkyne bears a hormonal steroid as one substi- 
tuent, the cyclopentadienyl groups will also retain their 
chemical shift difference. 

As shown in Fig. 1, the 'H NMR spectrum of 3 in the cy- 
clopentadienyl region changes quite noticeably upon raising 
the temperature from -40°C to +20°C. The low-tempera- 
ture spectrum shows the presence of two molecular species 
in an approximate 80: 20 ratio. Upon increasing the temper- 
ature, these two species are equilibrated and the four cyclo- 
pentadienyl resonances coalesce to yield only two peaks. 

As shown in Fig. 2, the I3c NMR spectrum of 3, re- 
corded at -40aC, reveals the anticipated eight resonances in 
the metal carbonyl region; four of these I3c0 peaks are as- 
signed to the major diastereomer and the other four to its less 

SCHEME 2. Synthetic routes to chiral clusters. 

abundant partner. Further examination of the 'H spectra re- 
veals that one of the C5H5 rings in the major diastereomer is 
markedly deshielded from the remaining cyclopentadienyl 
protons; one is led to the suspicion that this particular Cp ring 
may be situated near the edge of the aromatic ring attached 

Me 

to C-11 of the steroid and so lies in the deshielding region 
of the diamagnetic anisotropy associated with the arene. This 
idea is buttressed by the observation that the resonances at- 
tributable to the Me,N group and also the ring protons ortho 
to this substituent are clearly separated in the two diaster- 
eomers. Furthermore, these chemical shift differences are 
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TONDU ET AL 

FIG. 1. Section of the 250 MHz 'H NMR spectrum of 3 at 233 K.  Peaks attributable to the minor diastereomer are marked with an 
asterisk (*). The cyclopentadienyl resonances are also shown ( a )  at 275 K, (b )  at 283 K, and (c) at 293 K. 

detectable not only for the methyl groups situated at C-13 but 
also for the CH3's attached to the alkyne that are likewise split 
in a 4 :  1 ratio at low temperature. Clearly, X-ray crystallo- 
graphic data would be valuable in elucidating the detailed 
structures of these diastereomers. These observations are 
relevant to the recent report describing the variable-temper- 
ature NMR spectra of the alkyne cluster [(C5H5)ZM~Z- 
(HC~CR)] ' ,  where R is a cationic steroidal substituent (1 8). 
In this. cation there are intimations of a very low-energy 
fluxional process in which extra cyclopentadienyl reso- 
nances are observed. Subsequently, there has been specu- 
lation about the possibility of evaluating the barrier to rotation 
of the (C,H,)Mo(CO), vertices (19). 

The results of these variable-temperature NMR experi- 
ments prompted us to look in more detail at another di-mo- 
lybdenum cluster in which the alkyne possessed a chiral 
substituent. We recently described convenient routes to a 
variety of chiral di-cobalt, di-molybdenum, or di-tungsten 
clusters as well as those containing Co-Mo or Co-W units 

(12, 20). Molecules such as 5 or 6 are obtainable in multi- 
gram quantities by reaction of the appropriate organometal- 
lic precursor with 2-propynylbomeol, as shown in Scheme 
2. Furthermore, 13c0 enrichment of 5 is a straightforward 
process and greatly facilitates the acquisition of the van- 
able-temperature spectra. 

The I3c NMR spectrum of 5 has been recorded over the 
temperature range +30°C to -80°C and a selection of these 
spectra appear in Fig. 3, together with those simulated by 
using the program EXCHANGE. We note immediately that there 
is a coalescence phenomenon that interchanges pairs of I3c0 
resonances in quite different environments (see Fig. 4). This 
is in complete accord with Cotton's original proposal in which 
a semi-bridging carbonyl on one metal exchanges with a 
terminal CO ligand on the other metal. The X-ray crystal 
structure of 5 appears as Fig. 5 and reveals that the three 
terminal carbonyl ligands are oriented very differently with 
respect to the terpenoid substituent (20) and so would be 
expected to have noticeably different chemical shifts. The 
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FIG. 2. Section of the 62.86 MHz I3c NMR spectrum of 3, in the metal carbonyl region, recorded at 233 K; data collection time 12 h. 

SCHEME 3 .  Proposed mechanism of interconversion of enantiomeric clusters via C, rather than C2" intermediates. 
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240 235 230 
I I 

-1 000-+ 
PPM Hz 

FIG. 3. Experimental and simulated 125.7 MHz I3C variable-temperature NMR spectra of 5 in the metal carbonyl region. 

crystallographically characterized molecule is presumably the 
major diastereomer and the minor isomer can arise simply 
by invoking semi-bridging of a different carbonyl ligand. The 
activation energy barrier for this fluxional process (obtained 
from a knowledge of the experimental temperatures and the 
rate constants given by the spectral simulations) is 11.2 + 
0.4 kcal mol-' and is in the range found for other systems 
with modestly large steric requirements (16). 

In this case the simulation is decidedly non-trivial since 
the relative populations of major and minor diastereomers 
change with temperature; that is, the simulation requires a 
knowledge not only of the rate constant but also of the equi- 
librium constant at each temperature for which experimen- 
tal data are available. The ratio at the low-temperature limit 
is of course directly measurable from peak intensities; the 
diastereomer ratio at +30°C is calculable from the peak po- 
sitions, which reflect the weighted average of the chemical 
shifts of the individual molecules. The eauilibrium con- 
stants for the intermediate temperatures were obtained by 
interpolation of the measured values at -80°C and +30"C; 
these data allowed the simulation of the variable-tempera- 
ture NMR spectra, shown in Fig. 3, and yielded the above- 
mentioned activation energy of 11.2 + 0.4 kcal mol-'. The 

variation of K,, with temperature corresponds to a prefer- 
ential stabilization of one of the two diastereomers by -0.2 
kcal mol-'. 

As noted already, this chemical exchange process in- 
volves not merely the carbonyl ligands but also requires the 
swivelling of the CpMo(CO), fragments so as to intercon- 
vert enantiomers (when R' = R2) or diastereomers (when one 
of the R groups is chiral, as in the present case). The more 
fundamental question perhaps concerns the course of the 
molecular rearrangement that interconverts the rotamers A 
and B in Scheme 3. The low-energy twitching process gen- 
erates a pair of molecules, each of which has effective C2 
symmetry; that is, when R' = R2 we have an enantiomeric 
pair, that must be equilibrated by the high-energy process. 
Thus when both processes have large rate constants the time- 
averaged symmetry is C2, However, this does not mandate 
that the molecule actually adopt the CZv geometry during the 
course of the rearrangement. Indeed. such a transition state 

'2 

would be disfavored on entropic grounds since this would 
require a synchronous swivelling motion of both CpMo(CO), 
groups about imaginary axes joining each molybdenum to 
the tetrahedral center. One possible technique is to use the 
Biirgi-Dunitz approach in which the crystal structures of a 
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that there is a gradual bending of a carbonyl ligand (i.e., a 
decrease in the M=C=O bond angle) as it migrates from a 
terminal to a bridging environment (22). While the detailed 
analysis of more than 30 crystal structures is deferred to an- 
other paper,3 we note that the published data on molecules 
of the type [CpM(CO),],(X=Y), where M = Mo or W ,  and 
X=Y can be R E C R ,  R E M L , ,  A e A s ,  G P ,  RNEC, 
etc., are of the C2 or CS types than the C,, structures (see 
Scheme 3). One might conclude that the reaction proceeds 
via successive rotations of single CpM(CO), vertices rather 
than by concerted motion of both. These conclusions are 
supported by EHMO calculations, which likewise favor the 
stepwise process (23). 

In summary, we present the first direct observations on 
chiral dimetal-alkyne clusters in which equilibration of a 
semi-bridging carbonyl on one metal and a terminal car- 
bony1 ligand on the other brings about diastereomerization. 
The observation of four C O  resonances at room tempera- 
ture also provides definitive evidence that there is no inter- 
metallic carbonyl migration. 

Experimental 
All reactions were canied out under an atmosphere of dry nitro- 

gen employing conventional benchtop and glovebag techniques. All 
I I I I I I I I solvents were dried according to standard procedures before use 

238 236 234 232 230 228 226 
PPH (24). NMR spectra were recorded using Bruker AM500 and 

WM250 spectrometers; chemical shifts reported were referenced 
FIG. 4. Coalescence pattern of the metal carbonyl resonances of to tetrarnethylsilane. The I3c spectra of 3 were acquired on a Bruker 

5 over the temperature range -80°C to +30°C, showing equili- WM 250 spectrometer operating at 62.86 MHz at 5.87 T. The 
bration of CO ligands in very different environments. Peaks of the spectrum of the metal carbonyl region of 3 at 233 K was obtained 
minor diastereomer are labelled with an asterisk (*). as the result of an overnight run; the sample was not enriched in 

13 CO. The I3C spectra of 5 were acquired on a Bruker AM 500 
spectrometer operating at 125.7 MHz at 11.74 T. Typically, 5000 
scans were required to achieve adequate signal-to-noise with a 
digital resolution of 1.9 Hz/point. The complexes 3 and 5 were 
prepared via reaction of freshly prepared (C5H5)2M~2(C0)4 and the 
appropriate alkyne as described previously (10, 20); to facilitate the 
observation of minor isomers, in the "C spectra, 5 was enriched 
by stining a dichloromethane solution for 1 week under an atmo- 
sphere of I3CO. NMR spectral simulations were carried out on an 
IBM PS50 personal computer by using the multisite EXCHANGE 

program generously provided by Professor R.E.D. McClung 
(University of Alberta at Edmonton). 
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I FIG. 5. X-ray crystal structure of 5 using data taken from ref. 
20. 

large number of closely related molecules are analyzed (21). 
By this means one can obtain a profile of the reaction path- 
way whereby a suitably arranged series of structures maps 
out the trajectory followed by the interacting species. This 
method has been adopted by Crabtree and Lavin who showed 
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The solvent dependence of the small internal barrier to rotation 
in 3,s-dichlorobenzyl fluoride 
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TED SCHAEFER, JAMES R. MANSFIELD, FRANK E. HRUSKA, and RUDY SEBASTIAN. Can. J. Chem. 70, 1750 (1992). 
The 'H and "F nuclear magnetic resonance spectra of 3,5-dichlorobenzyl fluoride, dissolved in solvents of varying 

polarity, are analyzed to yield precise values of the long-range coupling constants between ring protons and the nuclei 
in the fluoromethyl group. The conformational properties of these coupling constants, dependent on the angle by which 
the C-H and C-F bonds of the side chain twist out of the aromatic plane, are used to determine the solvent depen- 
dence of the predominantly twofold barrier to rotation about the ~ s p ~ - - ~ s p ~  bond. In all solvents, the conformer in which 
the C-F bond lies in the aromatic plane represents the minimum in the internal rotational potential. The magnitude of 
the twofold potential changes from 3.2(2) kJ/mol in the nonpolar medium, C6D,,, to 0.6(2) kJ/mol in the polar sol- 
vent, CD3CN. Intermediate magnitudes occur for solvents of intermediate dielectric constant. Comparisons are made with 
the parent molecule, benzyl fluoride, for which the perpendicular conformer is most stable in the same solvents. Such 
comparisons indicate that for the free molecules, the in-plane conformer of the dichloro derivative is also more stable 
than the same conformer of benzyl fluoride. This indication is in qualitative agreement with molecular orbital predic- 
tions. 

TED SCHAEFER, JAMES R. MANSFIELD, FRANK E. HRUSKA et RUDY SEBASTIAN. Can. J. Chem. 70, 1750 (1992). 
On a analysk les spectres en rksonance magnktique nuclkaire du 'H et du I9F du fluorure de 3,5-dichlorobenzyle dis- 

sous dans des solvants de polaritks diffkrentes pour obtenir des valeurs prkcises pour les constantes de couplage ?i lon- 
gue distance entre les protons du cycles et les noyaux du groupe fluoromkthyle. On utilise les propriktks conformationnelles 
de ces constantes de couplage, qui varient avec l'angle de torsion qui existe entre les liaisons C-H et C-F de la chaine 
laterale et le plan du noyau aromatique, pour determiner l'influence du solvant sur la barrikre principalement binaire B 
la rotation autour de la liaison ~ s p ~ - ~ s p ~ .  Dans tous les solvants, le conformkre dans lequel la liaison C-F se trouve 
dans le plan du noyau aromatique correspond ?i un minimum dans le potentiel de la rotation interne. L'amplitude des 
potentiels binaires varie de 3,2(2) kJ/mol dans un solvant non-polaire, le C6D,,, B 0,6(2) kJ/mol dans un solvant po- 
laire, CD3CN. Avec des solvants de constante diklectrique intermkdiaire, on observe des amplitudes intermkdiaires. On 
a effectuC des comparaisons avec la molCcule parente, le fluorure de benzyle, dans laquelle le conformkre perpendicu- 
laire est le plus stable dans les m&mes solvants. Ces comparaisons indiquent que, pour les molCcules libres, le con- 
formkre dans le plan du dkrivk dichlork est aussi plus stable que le m&me conformkre du fluorure de benzyle. Cette 
indication est en accord qualitatif avec les prkdictions faites B l'aide de calculs d'orbitales molkculaires. 

[Traduit par la rkdaction] 

Introduction 

The internal barrier to rotation in benzyl fluoride, 1, is 
small and solvent dependent (1, 2). In solution, long-range 

spin-spin coupling constants, between nuclei in the side chain 
and those in the phenyl group, imply an apparent twofold 
barrier to rotation about the ~ s p ~ - - ~ s p ~  bond that ranges 
from 3.2 k 0.2  kJ/mol in the polar solvent, CD3CN, to 0 .7  
5 0.2 kJ/mol in the nonpolar solvent, C6DI2 (2). In both 
instances, the conformer corresponding to the minimum in 
the internal rotational potential is 3. Such an interpretation 

' ~ u t h o r  to whom correspondence may be addressed. 

is consistent with motionally averaged dipolar coupling 
constants measured for 1 in liquid crystalline solvents. These 
measurements yield twofold barriers of 0.30 + 0.02 and 1.50 
k 0.08 kJ/mol in two such solvents; the former number ap- 
plies to the less polar solvent (1). Again, the temperature 
dependence of the ' 9 ~  chemical shift in acetone solution 
suggests 3 as the conformer of lowest energy (3). An ex- 
trapolation of the twofold barrier magnitudes, based on a 
dielectric model, yields 4 as the most stable conformer for 
the free molecule, perhaps by about 1 kJ/mol (2). This re- 
sult agrees qualitatively with ab initio molecular orbital 
computations, various bases yielding 4 as the stable con- 
former but with large variations in the barrier height (2). 
Electron diffraction patterns of the vapor imply a conformer 
of minimum energy near a cp of 60" and a barrier height near 
1.7 kJ/mol (4). Furthermore, excitation spectroscopy, mass- 
resolved, of a supersonic jet of benzyl fluoride has 3 as the 
conformation at very low temperatures ( 5 ) ,  based on certain 
similarities in the spectra of 1 and benzyl alcohol. In view 
of all these results, it would be of interest to have rather 
higher level molecular orbital calculations on 1, preferably 
those including (expensive) allowance for electron correla- 
tion, as well as studies using techniques such as far infrared 
and high-resolution microwave spectroscopies. A recent 
temperature-dependent, low-resolution, microwave study of 
the benzyl halides in the vapor phase (6) showed that the 
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TABLE 1. The 'H and "F nmr spectral parameters for 3,5-dichlorobenzyl fluoride at 300 K in various solvents 

Parameter C6D12a CS; CC4'  CD2C12d (CD,)*C=O' CD,CN* 

v(CH2)' 1545.584 
V2.6 

?(H, F) 
'J2i 
4 ~ ( ~ ,  F) 
4 ~ ( ~ ,  H) 
6 ~ ( ~ ,  F) 
6 ~ ( ~ ,  H) 
Calcd. transitions 
Assigned trans. 
Peaks observed 
Largest difference 
Root mean square 

deviation 

"5.2 mol% in C6D12, containing also 0.5 mol% of tetrarnethylsilane (TMS) and 0.25 mol% of C6F6. 
b5.0 mol% in CS,, containing also 10 mol% of C6D12, 0.25 mol% of C6F6, and TMS as in ". 
'5.1 mol% in CCl,, containing also 10 mol% of C6D,,, 0.25 mol% of C6F6, and TMS as in ". 
d4.4 mol% in CD,Cl2, also containing TMS and C z 6  as in '. 
'5.0 mol% in acetone-d6, with TMS and C6F6 as in '. 
'5.6 mol% in CD,CN, with TMS and C& as in '. 

Hz at 282.36264 MHz to low frequency (more shielded) of internal C6F6. 
hAll standard deviations in the spectral parameters are 0 . 0 0 1  Hz, as given by the iterative analyses 
'In Hz at 300.13493 MHz to high frequency of internal TMS. 
T h e  coupling constant between the ring protons, ortho and para to CH,F. 

heavier halides are nonplanar, but that the conformation of 
the fluoride was not deducible. 

Now, the minimal basis set, of all those used, appears to 
agree best with the experimental indications of a very low 
barrier to internal rotation in 1. Furthermore, this basis pre- 
dicts a significant substituent dependence of the barrier 
height. Specifically, the twofold barrier is computed as 
2.4 kJ/mol for 2, R = C1, that is, that 4 is about 1 kJ/mol 
lower in energy in 2 than in the parent molecule, 1. Hence, 
depending on the accuracy of the computations and also on 
the extent by which the solvent shifts the minimum in the 
internal potential, perhaps towards 3 from 4, the possibility 
arises that, in 2, the lowest internal barrier will exist in the 
most polar solvent, in direct contrast to the behaviour of 1. 
We report here the results of such experiments on 2 in six 
solvents, polar and nonpolar, using long-range 'H, 'H and 
'H, "F coupling constants. 

Experimental 

The fluorination of 3,5-dichlorobenzyl alcohol with morpholi- 
nosulfur trifluoride (morph-DAST), both compounds coming from 
Aldrich, followed the literature procedure (7) to give 3,5-dichlo- 
robenzyl fluoride, 2. Dilute solutions of 2 in various solvent mix- 
tures (see Table 1 for details) were filtered into 5 mm 0.d. nmr 
sample tubes, degassed by at least four freeze-pump-thaw cycles, 
and were then flame-sealed under vacuum. 

The 'H and "F nmr spectra were obtained with a 'H/"F probe 
on a Bruker AM300 spectrometer using acquisition times of 41 s 
and, typically, 32 free induction decays were coadded. The digital 
resolution was 0.012 Hz/point, followed by zero-filling to four 
times the original data table (8). A small amount of resolution 
enhancement produced line widths at half-height of as little as 
0.05 Hz. Final shimming procedures used the free induction de- 

cays from the internal reference compounds. The probe tempera- 
ture was maintained at 300 K.  

Results and discussion 
Spectral analyses 

The 'H and "F nrnr spectra arise from an AB,X,R spin 
system. Relatively straightforward iterative analyses with the 
substantially modified algorithm, NUMARIT (9), produce 
the spectral parameters in Table 1. The standard deviations 
in chemical shifts and coupling constants are less than or 
equal to 0.001 Hz. 

6 ~ ( ~ , ~ )  and 6 ~ ( ~ ,  H) a s  indicators of the internal barriers 
Previous, detailed, discussions concluded that 6 ~ ( ~ , F )  and 

6 J(H,H) are u-n coupling constants and, as such, are pro- 
portional, respectively, to sin2cp and sin2€) (2, lo), as in eqs. 
[ l ]  and [2]. 

Together with the approximation, (sin2€)) = 0.75 - 0.5 
(sin2cp), obviously holding rigorously for a tetrahedral ge- 
ometry at the side chain, angular brackets indicating expec- 
tation values arising from the internal rotation, only the 
extema in 6 ~ ( ~ , F )  and 6 ~ ( ~ , ~ ) ) ,  those for cp and 8 at 90°, are 
needed to deduce (sin2€)) and (sin2cp) in the various solvents. 
The extrema follow from simultaneous equations applicable 
to the different solvents. Picking a nonpolar solvent, say CS2, 
and a polar solvent, say acetone-d6, and noting that the ex- 
rectation values are different in the two solvents, yields 
Jg,(H,F) as -2.909(2) Hz and 6 ~ g , ( ~ , ~ )  as -0.934(2) Hz 
for the two solutions. On the assumption that these extreme 
values are applicable to all the solvents in Table 1, values 
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TABLE 2. Apparent twofold barriers to internal rotation in 33-  
dichlorobenzyl fluoride, 2, and benzyl fluoride, 1, in various so- 

lutions 

Solventa (sin 2q)b (sin 20)' V2,2' V2,1f 

"See Table 1 for solvent details. 
bBased on ' J ( H ,  F) in Table 1 and a ' J ,  ( H ,  F) of -2.909 H z ,  but see d .  

'Based on ' J ( H ,  H )  in Table 1 and a ' J ,  ( H ,  H )  of -0.934 H z ,  but 
see d .  

d ~ h e s e  values obey exactly the equation, (sin '8) = 0. 75-0.5 (sin 2q) ,  

see text. The other values in these columns also satisfy this relationship to 
within an average deviation of 0.002. 

'The formal error is less than 0.1 kJ/mol, but is quoted as 0.2 kJ/mol. 
!From ref. 2. 

of (sin28) and (sin2q) follow immediately from the ratio of 
the measured coupling constants, e.g., (sin28) = 6 ~ ( ~ , ~ ) /  
6 J,,(H,H). A check on self-consistency is then provided by 
the relationship above between (sin28) and (sin2q) (see foot- 
notes to Table 2). 

The 6 ~ 9 , ( ~ , ~ )  of - 0.934(2) Hz for 3,5-dichlorobenzyl 
fluoride differs by very little from that of -0.941(4) Hz de- 
duced for benzyl fluoride (2), as expected from a large data 
set indicating that 6 ~ ( ~ , ~ )  in toluene and benzyl derivatives 
is sensitive to the electronegativity of the a substituent but 
insensitive to ring substitution. For benzyl fluoride, 6 ~ w ( ~ , F )  
is -2.856(4) Hz (2), somewhat smaller in magnitude than 

I the -2.909(2) Hz in the 3,5-dichloro derivative. It is antic- 
I ipated that the composite, a-IT, hyperfine parameter for the ~ C-F bond will evince a greater sensitivity to substitution 
I than will that of a C-H bond. 

The apparent twofold barrier to rotation about the 
C S ~ ' - C S ~ '  bond follows from a hindered rotor model (1 1, 
12), or from a classical averaging procedure, relating (sin28) 
and (sin2q) to the barrier magnitude. The two procedures yield 
the same barriers in the present instance, very likely be- 
cause thermal energies at 300 K are large compared to the 
discrete spacings of the hindered rotor energies. The STO- 
3G MO computations (2) for 2 yield the internal rotational 
potential as 2.41(2) sin2q + 0.13(2) sin22q, so that the 
fourfold is only about 5% of the twofold component. 

The solvent dependence of the barrier 
The apparent twofold barriers, V2, are given in Table 2. 

With reference to the in-plane, 4, and perpendicular, 3, 
conformers, the (sin2q) numbers demonstrate 4 as lying at 
the minimum of the twofold potential. A rigid 4 corre- 
sponds to a vanishing (sin"), a rigid 3 to unity, and a value 
of 0.5 to a negligible internal barrier. Similarly, (sin28) for 
a rigid 3 is 0.25 and, for 4, it is 0.75. The most polar sol- 
vent, CD,CN, causes a decrease of 2.6(4) kJ/mol in V,, re- 
flecting the tendency, also seen for V2 of benzyl fluoride, to 
shift the phase of V2 by 90". In other words, a medium of high 
dielectric constant stabilizes 3 relative to 4 for both mole- 
cules. 

The opposite trend in V2 for the two molecules in Table 2 
simply reflects the greater stability of the in-plane con- 
former of 3,5-dichlorobenzyl fluoride, 2, in the nonpolar 

solvents. For benzyl fluoride, the perpendicular conformer 
is most stable even in C6DI2 solution. If an extrapolation to 
a medium of unit dielectric constant is valid (2), then the free 
molecule of 2 is more stable in the in-plane than in the per- 
pendicular conformation by 4.5-5.5 kJ/mol. For benzyl 
fluoride, 1, this relative stability was estimated as 1.1 5 
0.7 kJ/mol (2). Qualitatively, the relative stability agrees with 
the STO-3G MO data (2). 

Increased barriers to internal rotation, due to meta halo- 
gen substituents, are known experimentally for thioanisoles 
(13, 14), thiophenols (15), and theoretically for phenols (1 6). 
The hydroxyl and thiomethyl groups are IT electron donors; 
the substituent effects on the barriers have been discussed in 
terms of perturbational molecular orbital (PMO) theory (1 5, 
16). meta Substitution by fluorine in benzaldehyde causes a 
decrease in the internal barrier (17-19); the formyl group is 
a IT electron acceptor. For benzyl fluoride, an interpretation 
of a stable in-plane conformer for the free molecule in terms 
of PMO theory is somewhat ambiguous; an attraction be- 
tween C+-F- and ortho C--He dipoles has been in- 
voked (20). If this interpretation is correct, then it is possible 
that the electronegative chlorine substituents enhance the 
polarity of the ortho C-H bonds, accounting for the in- 
creased stability of the planar conformer. 

According to Table 2, the stabilization by solvents of the 
perpendicular conformer is roughly the same for benzyl flu- 
oride and its 3,5-dichloro derivative. The best estimates of 
the dipole moments of the perpendicular, 2.10 D, and in- 
plane, 1.74 D, conformers of 1 come from a 6-3 lG* basis 
(2). The difference is not large enough to account for the 
observed solvent stabilization of the perpendicular con- 
former in polar solvents (2 1, 22), so that quadrupolar terms 
in reaction field theory may be important. Similar remarks 
must apply to the 3,5-dichloro derivative, for which the 
minimal basis set predicts a dipole moment lower by 0.1 D 
for the perpendicular, relative to the in-plane, conformer. 
The coupling constants, 4 ~ ( ~ ,  F )  and 4 J ( ~ ,  H) 

The ortho benzylic coupling constant, 4 ~ ( ~ , ~ ) ,  in tol- 
uene has a-IT and a components (23), written as 4 ~ ( ~ , ~ )  = 
4 Jw sin28 + 4 ~ u  cos28, 4 ~ w  being - 1.08 Hz and 4 ~ ,  -0.32 Hz 
(23, 24). Because (sin28) is known for 3,5-dichlorobenzyl 
fluoride, derivations of 4 ~ , o ( ~ , ~ )  and 4J" are possible, as- 
suming the applicability of such a relationship to this mol- 
ecule. It turns out that 4 ~ 9 0 ( ~ , ~ )  is - l .23,Hz, while 4 ~ "  is 
0.002 Hz or less. Neglect of 4 ~ "  and use of (sin28) deduced 
from 6 ~ ( ~ , ~ ) ,  together with this 4J,o(H,H), reproduces the 
4 ~ ( ~ , ~ )  values in Table 1 to within a mean deviation of 0.002 
Hz (for the CCl, solution the deviation is 0.005 Hz). The 
range of 4 ~ ( ~ , ~ )  is 0.062(2) Hz. The increase in magnitude 
of 4 ~ w ( ~ , ~ )  relative to toluene, whereas that of 6 ~ 9 0 ( ~ , ~ )  
decreases (23), is perhaps unexpected, as is the apparent 
absence of a a component of 4 ~ ( ~ , ~ ) .  The present com- 
pound may be unique in this respect; further work is indi- 
cated. 

Turning to 4 J ( ~ , ~ ) ,  the assumption of a 8 dependence 
similar to 4 ~ ( ~ , ~ )  yields 4 ~ ( H , F ) / ~ z  = -3.25, (sin2q) 
-0.134, (cos2q). The values of (sin2q) in Table 2, derived 
from 6 ~ ( ~ , ~ ) ,  reproduce 4 ~ ( ~  ,F) in Table 1 with an average 
deviation of 0.004, Hz; the range of 4 ~ ( ~ , ~ )  is 0.283(2) Hz. 
Of course, this result does not prove the relationship, al- 
though a large a-IT component, proportional to sin2q, is 
expected. 
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Nevertheless, this discussion of 4 ~ ( ~ , ~ )  and 4 ~ ( ~ , ~ )  sug- 
gests the possibility of the derivation of internal rotational 
potentials in various solvents for a series of para-substi- 
tuted benzyl fluorides; 6 ~ ( ~ , ~ )  and 6 ~ ( ~ , ~ )  are not present 
in such compounds. 

The solvent dependence of 4 ~ 2 4  

This intraring coupling constant is sensitive to the polar- 
ity of the medium, increasing by 0.050(2) Hz between the 
solvents, C6DI2 and CD3CN. A solvent dependence of3.4,5 
J(H,H) in various monosubstituted benzenes is known from 
unpublished work in this laboratory. A regular pattern is 
observed, apparently independent of the polarity of the sub- 
stituent, X, being the same, for example, for phenylacety- 
lene and phenyl cyanide. The magnitudes of the changes in 
these coupling constants are comparable to  those of 4 ~ 2 4  in 
2. This point is made to allay suspicion that the variation of 
4 ~ 2 4  in 2 might be an artifact of the analyses. 
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SHEN AND VAN HEININGEN 

OCH, 
OH 
a 

OCH, 
OR 

OCH, 
OR 

OCH, 
OR 

R = CH, or CH2-Ph 

OCH, 
OR 

2 R =  CH, 
6 R = CH2-Ph 

CH20H CH20H 

cH2-o  c H  L - o ~ c H 2 0 H  I - c H - o Q - c H 2 0 H  I I - 

CHOH I OCH, CHOH I OCH, CHOH I OCH, 

(l OCH, 

8 
8 a (erythro) 

a. anhydrous K2C0,, absolute EtOH, reflux, 1 h; b. formalin, K2C0,, EtOH, 3S°C, 1.5 h; c. NaBH,, EtOH, r.t. 1 h; d. S%Pd-BaS04/ 
H,, r.t. 2 h .  

To prepare some chloro-organic products that are closer 
to those generated during pulp bleaching, compounds 3 and 
4 were chlorinated with different ratios of chlorine in aqueous 
solution containing a small amount of alcohol at room tem- 
perature. The corresponding chlorinated derivatives 10, 11, 
12a, 12b, and 13 in Scheme 2 were isolated from the chlo- 
rination products by column chromatography using tol- 
uene-ethyl acetate as eluent. Their analytical and 
spectroscopic data are summarized in Tables 1 and 3.  The 
dichlorinated dimers 10 and 12 resulted from electrophilic 
substitution by chlorine, which took place predominantly at 
positions para to the methoxyl groups in both aromatic rings. 
No products substituted at the ortho positions were isolated. 
This demonstrates that the para position relative to the 
methoxyl group is much more reactive than the ortho posi- 
tion. The structures of compounds 10 and 12 (Fig. 1) were 
assigned by comparison of their 'H NMR spectra with those 
of known monomers (18), chlorovanillyl alcohol diacety- 
lated derivatives 14 and 15 (Fig. 1). It is found that when 

chlorine is substituted at the 6 position, as in 14, no long- 
range coupling is observed between protons H-2 and H-5 of 
the aromatic ring, because these two protons are para. When 
the chlorine is substituted at the 5 position, as in 15, be- 
cause the two protons H-2 and H-6, are meta, their signals 
are split into a doublet in which J2,6 = 1.7 HZ. The peak 
patterns of the protons of the two aromatic rings for com- 
pound 10 or 12 are similar to those of 6-chlorinated com- 
pound 14. Furthermore, the results previously obtained for 
chlorination of the nonphenolic monomer, veratryl alcohol, 
in aqueous solution also showed that substitution by chlo- 
rine occurred at the position para to the methoxyl group (18). 
With increasing chlorine ratio, 11 and 13 were formed by 
electrophilic displacement of the hydroxymethyl group of 10 
and 12 by chlorine. The chlorinated derivative, 13, was ob- 
tained as a mixture of two diastereoisomers and 12 as pure 
isomers, 12a (erythro form) and 12b (threo form), respec- 
tively. Their configuration was assigned according to 13c and 
'H NMR spectroscopy by comparison with the spectra of 
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TABLE 1.  Analytical and spectroscopic data for the compounds 

Melting 
point ("C) 

Yield 
(%) 

Anal. calcd. found 
MS 

C H C H m/e (M+) 

65.04 6.08 65.33 6.31 

Compound Formula 

a-(4-Hydroxymethyl-2-methoxyphen- 
oxy)-P-hydroxy-3,4-dimethoxypropio- 
phenone 2 

1 -(3,4-Dimethoxypheny 1)-2-(4-hydroxy- 
methyl-2-methoxyphenoxy)- 1- 
ethanol 3 

1-(3,4-Dimethoxypheny1)-2-(4-hydroxy- 
methyl-2-methoxyphenoxy)- 1,3-propa- 
nediol 4 

a-(4-Hydroxymethyl-2-methoxyphen- 
oxy)-4-benzyloxy-3-methoxyaceto- 
phenone 5 

a-(4-Hydroxymethyl-2-methoxyphen- 
oxy)-P-hydroxy-4-benzyloxy-3-meth- 
oxypropiophenone 6 

1-(4-Hydroxy-3-methoxyphenyl)-2-(4-hy- 
droxymethyl-2-methoxyphenoxy)- 1,3- 
propanediol 8 

8a (erythro) 

1-(4-Benzyloxy-3-methoxypheny1)-2-(4- 
hydroxymethyl-2-methoxyphenoxy)-2- 
propen- 1 -one 9 

1-(6-Chloro-3,4-dimethoxypheny1)-2-(4, 
5-dichloro-2-methoxyphenoxy)- 1 - 
ethanol 11 

1 -(6-Chloro-3,4-dimethoxypheny1)-2-(5- 
chloro-4-hydroxymethyl-2-methoxy- 
phenoxy- l,3-propanediol 12a (erythro) 

12b (threo) 

1-(6-Chloro-3,4-dimethoxypheny1)-2-(4, 
5-dichloro-2-methoxyphenoxy)- 1,3- 
propanediol 13 

compounds 4, 7, and 8. Their I3c and 'H NMR data are 
listed, respectively, in Tables 4 and 5. 

on silica gel (Merck 230-240 mesh ASTM). I H  and I3c NMR 
spectra were recorded at 25°C with a Varian XL 200 or XL 300 
NMR spectrometer and tetramethylsilane as an internal standard. 
Solid state infrared spectra were recorded using an FT-IR spec- 
trometer (Mattson Instruments, model IR10100) equipped with a 
photoacoustic detector. Mass spectra were obtained with a Kratos 
MS25RFA analytic spectrometer with a direct insertion probe 
(70 eV at 250°C). 

Analytical and spectroscopic data for the following compounds 
are summarized in Tables 1-3. 

Experimental 
General methods 

Solutions were usually evaporated under diminished pressure at 
a bath temperature not exceeding 40°C. Melting points were de- 
termined with a Fisher-Johns melting-point apparatus, and are 
uncorrected. Elemental analyses were performed with a CEC model 
240XA CHN analyzer. Thin-layer chromatography (TLC) was 
carried out with precoated silica gel plates using toluene and ethyl 
acetate in different ratios as developing solvent, and the spots were 
detected by charring with 8% aqueous sulfuric acid. All reactions 
were monitored by TLC. Column chromatography was performed 

a-(4-Hydroxymethyl-2-methoxyphenoxy)-3~ 
acetophenone Z 

TO a solution of a-bromo-acetoveratrone (18 g, 0.069 mol) (13) 
and vanillyl alcohol (12.8 g ,  0.083 mol) in absolute alcohol 
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TABLE 2. IH N M R  spectroscopic data for the compounds (chemical shifta/ppm) 

Ar-H 
' Compound a-OH 

no. a-H P-H y -H p or y-OH a'-H a'-OH 0CH3 6'H 5'H 5H 3'H 2H 6H 

1 5.30(s) 4.61(d) 1.78 3.90 3.94 3.96 6.79 6.83 6.91 6.97 7.60 7.68 
Jaz,0H=5.7 (t)  ( s )  ( s )  ( s )  (d) (dd) (d) (dl (4 (dd) 

J5,,6, = 8.0, J3,,5, = 1.6, 
55.6 = 8.4, 52.6 = 2.0 

2 5.43(t) 4.09(dd) 3.30(t) 4.62(d) 1.97 3.85 3.93 3.96 6.84 6.79 6.90 6.96 7.62 7.76 
J,,, = 5.1 JpDH = 6.8 Ja,,OH = 5.2 ( t )  ( s )  (s )  (s) (4 (dd) (4 (d) (d) (dd) 

J5,,6, = 8.0, J3,,5, = 1.6, 
55.6 = 8.5, J2,6 = 2.0 $ z 

3b 5.05(dd) 3.96(dd,plH) 4.13(dd,p2H) 4.61(s) 3.84 3.88 3.90 6.84-7.03 9 
Z 

J,,pl = 9.08 JpIno2 = 9.93 J,,p2 = 2.95 (s )  ( s )  (s)  (m ,  6H) o < 
4 4.93(dd) 4.01 ( m ,  threo) 3.30-3.92 2.84(m) 4.66(d) 2.02 3.30-3.92 6.80-7.30 

9 
Z 

Ja,p = 4.8 4.11 (m,  erythro) ( m )  3.30-3.92(m) J,,,oH = 5.4 ( t )  ( m )  ( m ,  6H) % 
(erythro) J,,, = 7.8 (threo) 2 

5 5.28(s) 4.61(d) 1.61 3.89 3.94 5.24 6.78 6.81 6.90 6.95 7.60 7.58 
2 

J,f,oH=5.6 (t)  6 )  ( 5 )  (s.OcH2) (d) (dd) (dl (4 (4 (dd) 
J5,,6, = 8.2, J3,,5, = 1.6, 

55.6 = 8.3, 52.6 = 2.0 
7.29-7.45 ( m ,  5H, Ph) 

6 5.41(t) 4.06(dd) 3.28(t) 4.61(d) 1.96 3.83 3.93 5.24 6.82 6.77 6.90 6.94 7.63 7.67 
J,,, = 5.2 JP,oH = 6.6 J,2,0H=5.7 ( t )  ( s )  ( s )  (s,OCHS) (4 (dd) (d) (d) (dl (dd) 

J5,,6, = 8.0. J3,,5, = 1.5, 
55.6 = 8.3, 52.6 = 2.0 

7.29-7.46 ( m ,  5H, Ph) 

7b 4.96(d) 4.04(m, threo) 3.20-3.88 
JmVp = 4.8 4.15(m, erythro) (m)  4.62(s) 3.20-3.88 5.15 6.80-7.30 7.30-7.50 
(erythro) J,,, = 7.7 (threo) ( m )  (s,OCH2) ( m ,  6H, 2Ar) ( m ,  5H, Ph) 

"Solvent: CDCl,. 
bSolvent: CDCl, + D,O. 
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TABLE 3. 'H NMR spectroscopic data for the compounds (chemical shifta/ppm) 

Compound a-OH 
no. a-H P-H y-H p or y-OH a'-H a'-OH OCH, 

4.97(dd) 
J,,, = 5.0 
(eryfhro) 

4.04(m, fhreo) 3.46-3.98 3.46-3.98 4.67(d) 
4.15(m, eryfhro) (m) (m) J,.,,, = 5.4 
Jo.p = 7.7 (threo) 2.68(m) 

6.80-7.30 (m, 6H) 

4.15(m) 3.66(dd, y2H) 3.90 
J,,,, = 3.40 J I ,  = 12.11 (m, ylH) 4.67(s) 

6.82-7.01 (m, 6H) 

F 
6.92 6.91 7.04 7.03 7.65 7.74 

(d) (dd) (d) (d) (dl (dd) n 
J, . , .  = 8.2, J,.,,. = 2.0, 3 

J, ,  = 8.3, J , . ~  = 2.0 n 
< 

6.85 6.93 7.04 7.22 
(4% 4H) -2 

0 

6.88 6.93 6.97 7.19 w - 
(4% 4H) w N 

3.82 (dd, P2H) 
Jo.P2 = 9.07 

4.25(dd,PlH) 
J , I . P ,  = 9.87 

4.20 (dd, PlH) 
J, , , , ,  = 9.82 

3.64(dd, y2H) 
J,,,,, = 12.38 

3.75(dd,y2H) 
J,l ,z  = 12.38 

3.67(dd,y2H) 
J,,,,, = 12.34 

3.73(dd,y2H) 
J,,,,, = 12.41 

5.44 (dd) 
Jo, , ,  = 2.40 

5.33(d) 
J,,, = 3.66 

"Solvent: CDCI,. 
bSolvent: CDCI, + D20. 
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SHEN AND VAN HEININGEN 

TABLE 4. 13c NMR data for some model compounds and chlorinated derivatives 

Chemical shift (ppm)' 

Compound Isomer P-c  a-C a ' -C Y-c 
3 76.21 72.32 64.60 

4b E 86.53 73.09 64.76 61.15 
T 88.49 73.87 64.76 61.15 

"Solvent: CDCI,. 
bFrom analysis of a diastereomeric mixture. 

TABLE 5. 'H NMR data for some model compounds and rated to yield a colorless syrup, which was crystallized from tol- 
chlorinated derivatives uene-ethyl acetate to give 18 g (80%) of white crystalline 2. 

Chemical shift/ppm 
(JIHz)" 

Compound Isomer a-H P-H 

4' E 4.93 (4.8) 4.1 1 
T 4.93 (7.8) 4.01 

"Solvent: CDC1, + DzO. 
bMultiplet. 
Trom analysis of a diastereomeric mixture. 

(100 mL), anhydrous potassium carbonate (18 g, 0.13 mol) was 
added, and the mixture was refluxed with vigorous stirring for about 
1 h, then diluted with water and extracted with methylene chlo- 
ride. The extract was freed from excess vanillyl alcohol by wash- 
ing with sodium hydroxide solution, then with water, dried over 
anhydrous sodium sulfate, and evaporated to gave a yellow resi- 
due, which was recrystallized from methanol or methylene chlo- 
ride-petroleum ether (bp 30-60°C) to yield 20 g (87%) of white 
crystalline 1. 

~~-(4-Hydroxyrnethyl-2-methoxyphenoxy)-P-hydroxy-3,4- 
dirnethoxypropiophenone 2 

To a suspension of 1 (20.6 g, 0.062 mol) in ethanol (150 mL), 
potassium carbonate (1.1 g, 0.008 mol) and formalin (10 mL, 37%) 
were added and the reaction mixture was vigorously stirred for 
1.5 h at about 3S°C, then diluted with water and extracted with 
methylene chloride. The extract was washed, dried, and evapo- 

I -(3,4-Dirnethoxypheny1)-2-(4-hydroxymethyl-2- 
methoxyphenoxy)-1 -ethanol 3 

Sodium borohydride (1.6 g, 0.042 mol) was added to a suspen- 
sion of compound 1 (20 g, 0.06 mol) in ethanol (160 mL) and the 
mixture was stirred at room temperature for approximately 1 h. The 
reaction solution was diluted with water and neutralized with di- 
luted acetic acid, then extracted several times with methylene 
chloride. The extract was washed with aqueous sodium bicarbon- 
ate solution, then water, dried, and evaporated. The colorless res- 
idue was crystallized from acetone-petroleum ether (bp 30-60°C) 
to give 18.5 g (92%) of white crystalline 3. 

1 -(3,4-Dimethoxypheny1)-2-(4-hydroxyrnethyl-2- 
methoxyphenoxy)-1.3-propanediol4 

Compound 2 (18 g, 0.05 mol) was treated in the same way as 
for the synthesis of 3 and purified by column chromatography using 
toluene-ethyl acetate (1 :4) as eluent to give 17.1 g (94%) of col- 
orless foaming substance, 4 (a mixture of two diastereomers). 

~~-(4-Hydroxyrnethyl-2-rnethoxyphenoxy)-4-benzyloxy-3- 
methoxyacetophenone 5 

A mixture of 0-benzyl-a-bromo-acetovanillone (17 g, 0.051 mol) 
(7), vanillyl alcohol (9.4 g, 0.061 mol), and anhydrous potassium 
carbonate (13.8 g, 0.1 mol) in absolute alcohol (150 mL) was 
treated in the same way as for the preparation of 1 to yield 18.3 g 
(88%) of colorless prisms, 5, from methanol. 

~~-(4-Hydroxymethyl-2-rnethoxyphenoxy)-P-hydroxy)-4- 
benzyloxy-3-rnethoxypropiophenone 6 

A white powder 6 (14.9 g, 79%) was obtained from 5 (17.5 g, 
0.043 mol) according to the procedure described for the prepara- 
tion of 2. 

1-(4-Benzyloxy-3-methoxyphenyl)-2-(4-hydroxyrnethyl-2- 
rnethoxyphenoxy)-1,3-propanediol7 

The ketol derivative 6 (13.8 g, 0.031 mol) was treated in the same 
way as 4 to give 13 g (95%) of colorless foaming substance, 7, a 
mixture of two diastereomers. 

rnethoxyphenoxy)-1 ,3-propanediol 8 
Compound 7 (10 g, 0.023 mol) was dissolved in methanol 

(100 mL) and 5% palladium on barium sulfate (10 g) was added. 
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CHOH 0/H3 

Q, Cl,(H,O + EtOH) 
> 

r.t. 2 h 
OCH, 

OCH, 

3 R = H  10 R = H  
4 R = CH,OH 12a R = C H 2 0 H  (erythro) 

' 
12b R = CH20H (threo) 

CHOH 0/H3 

C1,(H20 + EtOH) 

r.t. 2 h . 
OCH, 

I 2 y 3 ,  

0CH3 
CH,OAc 

OCH, OCH, C1 OCH, 

OCH, OAc 0 Ac 

The mixture was shaken for 2 h at room temperature under hydro- mixture of two diastereomers (0.158 g, 36%), was isolated as a 
gen. The catalyst was then filtered off and washed with methanol. major product at a molar ratio of 3.5 (C1,:4). 
The filtrate and the washings were combined and concentrated under Compound 3 (0.334 g, 1 mmol) was treated in the same way as 
reduced pressure to yield a colorless glass 8 (7.7 g, 96%), a mix- for the preparation of 12 and 13, and was separated by column 
ture of two diastereomers. A white crystalline erythro isomer 8a chromatography with toluene-ethyl acetate (1 : 1) as eluent to yield 
(mp 106-107°C) was crystallized from the mixture of two diaster- compound 10 (0.185 g, 46%), at a molar ratio of 2.5 (C1,:3), and 
eomers by adding ethyl acetate. 11 (0.155 g, 38%), at a molar ratio of 3.5 (C1,:3). 

Chlorination treatment of compounds 3 and 4 
Compound 4 (0.364 g, 1 mmol) was dissolved in ethanol 

(10 mL), diluted with distilled water (50 mL), and aqueous chlo- 
rine solution was added under vigorous stirring. The mixture was 
stirred at room temperature for 2 h. The reaction was stopped by 
adding a small amount of sodium sulfite and extracted with meth- 
ylene chloride. The extract was washed with water, dried over an- 
hydrous sodium sulfate, and evaporated. The mixture residue was 
separated by column chromatography with toluene-ethyl acetate 
(1 : 2) as eluent. White crystalline 12a (erythro) (0.108 g, 25%) and 
12b (threo) (0.086 g, 20%) were sequentialy obtained as major 
products in a molar ratio of 2.5 (Cl, :4). A colorless glass 13, a 
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Hydrogen bonding and internal rotation barriers of glycine and its zwitterion 
(hypothetical) in the gas phase 
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DAKE Yu, DAVID A. ARMSTRONG, and ARVI RAUK. Can. J. Chem. 70, 1762 (1 992). 
The structures of the major glycine conformers, and several transition state structures, were optimized at HF/6-31G* 

and HF/6-31+G* levels of theory and the correlation energies were calculated at MP2/6-31G* and MP2/6-31+G** 
levels on these geometries, respectively. The heat of formation of gas phase glycine is calculated to be AH; (298.15) = 
-389.6 Id/mol. Thermodynamic properties, c:, S O ,  H 0  - H:, AH:, etc. are calculated as functions of temperature us- 
ing standard statistical thermodynamic methods. MP2/6-31 +G* optimization was carried out on the zwitterion, found 
by HF/6-31+G* optimization to be a local minimum. The results suggest that glycine in the zwitterionic form in the 
gas phase is not a stationary point. Zwitterionic glycine does not exist in the gas phase. 

DAKE Yu, DAVID A. ARMSTRONG et ARVI RAUK. Can. J. Chem. 70, 1762 (1992). 
Operant aux niveaux HF/6-3 lG* et HF/6-3 1 +G*, on a optimisC les structures des principaux conformbres de la gly- 

cine et de plusieurs Ctats de transition et on a calculC les energies de correlation de ces geometries aux niveau MP2/6-31G* 
et MP2/6-31+G** respectivement. On a CvaluC que la chaleur de formation de la phase gazeuse de la glycine est 
AHy(298,15) = -389,6 kJ/mol. Utilisant les mCthodes standard de la thermodynamique statistique, on a calculC les 
propriktes thermodynamiques, c:, SO, H 0  - H:, Mf:, etc. en fonction de la tempirature. Opirant au niveau MP2/6-31 +G*, 
on a effectuC une optimisation du zwitterion qui, par une optimisation HF/6-31 +G*,  correspond & un minimum local. 
Les rCsultats suggbrent que la forme zwitterionique de la glycine en phase gazeuse n'est pas un point stationnaire. La 
glycine sous la forme zwitterionique n'existe pas en phase gazeuse. 

[Traduit par la rkdaction] 

1. Introduction 

Amino acids are the fundamental structural units of pro- 
teins. Glycine is the simplest of the a-amino acids and one 
of the first to be isolated. It serves as an important model 
compound in biophysics and biochemistry and, because of 
its small size, has been the subject of numerous theoretical 
investigations, by both semi-empirical (1-1 l ) ,  and ab initio 
(7-25) methods. Although it is the smallest amino acid, 
glycine is nevertheless sufficiently large and has enough 
conformational flexibility that its complete description poses 
a formidable challenge to computational chemists. All of the 
early work suffered to some extent or other from the neces- 
sity to use approximate theory or rather small basis sets, or 
from the inability to carry out complete searches of the con- 
formational space. ~ndeed, specific knowledge of major as- 
pects of its potential energy surface and its thermochemistry 
even in the gas phase are as yet lacking. Both are necessary 
for an understanding of protein conformations and dynam- 
ics (26). We review briefly below current theoretical and 
experimental knowledge of the structures and energetics of 
glycine and its zwitterion. The purpose of this communica- 
tion is to extend the quantitative knowledge of the struc- 
tures of glycine in the gas phase, specifically addressing the 
interplay of intramolecular hydrogen bonding as a structure 
determining factor. We also provide a detailed analysis of 
the thermodynamics of glycine. The work is directly rele- 
vant to the ;each for glycine in interstellar space (27) and 
is intended to lay the groundwork for a study of glycine in 
solution which is in progress. This study also serves to pro- 
vide comparisons with experimental results. 

~ l ~ c i n e  is known to exist in a variety of structures de- 
pending on its environment. In water at neutral pH, it exists 
as the zwitterion, H3N+CH2COO-; at high pH, it exists 
as glycinate, H2NCH2COO-; at low pH, as glycinium, 

'Author to whom correspondence may be addressed. 

H,N+CH,COOH. In the solid state, glycine is zwitterionic. 
Measurements of the dielectric properties of amino acids in 
nonaqueous solutions suggests that the dominant form is 
probably the intermolecularly hydrogen-bonded neutral 
species (28). The insolubility of glycine in nonpolar sol- 
vents may be largely due to its crystal lattice strength. In 
the isolated state, glycine adopts the neutral form, 
H,NCH,COOH, as found by several independent millime- 
ter wave (13, 14, 29) and microwave investigations (30), and 
by spectroscopic studies on the low-temperature matrix-iso- 
lated products of sublimation (31). Structures l a  and lc  have 
been identified as components in the gas phase. The struc- 
ture deduced from the first spectroscopic experiments, lc, 
did not correspond to the most stable structure, la,  pre- 

H H *; I 
C H"',,,, / \ /O 

H-N C 

dicted by virtually all theoretical studies. The discrepancy 
has been explained (1 3, 18) as due to the rather weak dipole 
moment of l a  compared with that of the structure respon- 
sible for the observed rotational spectrum, lc. 

Clearly, glycine in the vapor phase exists as two and pas- 
sibly more conformers. The strength of a hydrogen bond, 20- 
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FIG. 1. Nuclear numbering system of glycine and definitions of 
a, p, and y for their intermolecular rotations. 

30 kJ/mol, is normally larger than rotational barriers about 
single bonds, which fall in the range 4-15 W/mol. Since 
glycine contains basic units NH, and =0 ,  and polar NH and 
OH bonds, the conformations of glycine would be expected 
to be governed by several H-bonding possibilities. Relative 
stabilities of the conformers and magnitudes of internal ro- 
tation barriers will reflect the strength of the H bonds. There 
are three internal rotational degrees of freedom, which we 
define as a, P, and y for C-N, C-C, and C-0 rota- 
tions, respectively, as shown in Fig. 1. The first two corre- 
spond to the parameters, @ and 'P, respectively, used by 
biochemists to discuss the conformations of proteins. The 
structure observed experimentally in the gas phase, l c ,  is 
unusual in having an anti orientation of the 0-H bond rel- 
ative to the C=O group. By analogy with esters (32), this 
orientation must be at the expense of approximately 20 kJ/ 
mol stabilization. If it were quasiplanar, an additional cost 
of 6-8 kJ/mol would ensue from the eclipsing of the NH, 
group with the CH, group. Apparently, formation of the 
N. .H-0 bond more than compensates for these undesir- 
able features. In the most stable structure, l a ,  the 0-H, 
NH,, and CH, groups are in their normal orientations and 
additional stabilization may be obtained from a bifurcated 
hydrogen-bonding arrangement. The bifurcated arrange- 
ment of H bonds is itself unusual, an almost linear arrange- 
ment with a single hydrogen bridge being the norm (33). 

The most thorough theoretical study to date, which ap- 
peared while the present work was in progress, is due to  
Jensen and Gordon (1 1) (JG), who determined all of the 
minima and transition structures at the restricted Hartree-Fock 
level of theory with the 6-31G* basis set (RHF/6-31G*). 
Correlation energy contributions were determined at the level 
of second-order Moller-Plesset perturbation theory. Eight 
stationary points corresponding to minima on the neutral 
glycine hypersurface were located. Structure l c  was found 
to be 7.5 kJ/mol less stable than l a ,  the global minimum. 
A second structure, Id,  at relative energy 7.1 kJ/mol, was 
also found to be more stable than l c ,  and a third structure, 
l b ,  relative energy 8.9 kJ/mol, is slightly less stable. The 
population of l c  at 298OC in the vapour phase was predicted 
to be about 5%. Even given the higher dipole moment of lc ,  
it would appear that the spectroscopic data would indicate a 
higher proportion than the predicted 5%. The comprehen- 
sive work of JG follows partial ab  initio investigations of the 
glycine potential energy surface by ~ i shveshwia  and Pople 
(17), Schafer and co-workers (13, 18), Palla and co-work- 

ers (7, 22), Luck et al. (34), and Ramek and co-workers (24, 
25), who investigated at various levels of theory structures 
l a ,  l c ,  Id, and several other structures with C, symmetry. 
All investigations agree on the global minimum, l a .  

The relationship between the neutral and zwitterionic forms 
of glycine has been the subject of several investigations. All 
calculations yield the same gas-phase structure for the zwit- 
terion, namely 2u, but depending on the theoretical method, 
a wide range of values for the gas-phase energy difference 
has been obtained (W/mol): CND0/2, 421 (2); MNDO, 257 
(6); STO-3G, 344 (22); 4-31G, 121 (6, 19); 6-31G, 180 (20); 
Dunning's DZP, 156 (9). The high values obtained with the 
semiempirical methods reflect their inability to describe hy- 
drogen bonding correctly. The effect of solvation on the 
relative stabilities has been simulated by MNDO using an 
effective charge model (6). Structures l a  and 2u were found 
also to be the most stable 'in solution' but the relative ener- 
gies were reversed from 257 kJ/mol to -46 kJ mol. Ab in- 
itio calculations, wherein mutual solute-solvent polarization 
effects are accommodated by an additional potential term 
added to the Hamiltonian, have yielded accurate values for 
the heat of solvation at 298 K for the process, neutral (gas) 
+ zwitterion (solution), AH = -81.6 W/mol (22) at 4-31G 
level of theory, compared with experiment, -80 + 4 W/mol 
(35). The relative energy of the two forms in solution by this 
approach is -79.0 W/mol. Specific solvation of three of the 
neutral forms of glycine by a single water molecule (the 
'supermolecule' approach) has been investigated by Basch 
and Stevens (23) using a DZP basis set and compact effec- 
tive potentials for the core electrons. The complex la-H,O 
is still the most stable, while lc-H,O is 20.5 kJ/mol less 
stable than Id-H,O. The zwitterionic form was not consid- 
ered. 

In the present work, we have investigated the eight stable 
neutral glycine conformers and a number of the transition 
structures in the gas phase with the objective of refining ex- 
isting estimates of relative stabilities and geometrical differ- 
ences among glycine conformers. In Sect. 2, we briefly 
describe the levels of ab  initio theory used for evaluating the 
conformational and energetic properties of glycine and its 
zwitterion. In Sect. 3 we present the results of stationary point 
calculations, reporting the fully optimized geometries for all 
of the minima and transition structures at the HF/6-3 1 +G* 
levels, corrected for correlation effects by MP2/6-31 +G** 
single point calculations on the HF/6-31 +G* structures. For 
zwitterion glycine the results at this level indicated that it 
might not correspond to a stationary point in the potential 
energy surface. MP2/6-3 1 +G* optimization was carried out 
and the results confirmed that the zwitterion form does not 
exist as a stable molecule in the gas phase at this level of 
theory. Also presented in this section are some thermody- 
namic properties, as functions of temperature, calculated with 
standard statistical thermodynamic methods. Then we dis- 
cuss the general features of these calculations and the hy- 
drogen bonding and rotation barriers of the glycine 
conformers. Finally in Sect. 4 we summarize our main re- 
sults and conclusions. 

2. Computational details 

All a b  initio calculations presented here were performed 
with the Gaussian 88 and Gaussian 90 (36) molecular or- 
bital packages. The geometries were optimized with the 
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standard restricted Hartree-Fock method. Convergence of the 
geometry was to the limits imposed internallyoin Gaussian 
90, which correspond approximately to k0.002 A and +0. 1". 
The 6-31G* split-valence basis set was used for the initial 
evaluations. The larger 6-31 +G* basis was used for the final 
geometry optimizations, as it has been quite successful in 
studies of hydrogen-bonding systems, where the need for 
diffuse functions was recognized (37). No symmetry con- 
straints were assumed at the beginning of each geometry 
optimization, but if the optimization ended with a nearly 
symmetric structure, the conformer's symmetry was veri- 
fied. Vibrational freauencies were calculated to confirm the 
nature of the station& points and to provide the vibrational 
zero-point energy (ZPE). The ZPE values were scaled by a 
factor of 0.9 in considering the relative energies of the con- 
formers to take account of known inadequacies in frequen- 
.cies calculated at this level (38). The HF/6-31+G* structures 
were also used for single-point calculations with the 6- 
3 1 +G** basis set, at the second-order Moller-Plesset (MP2) 
level of theory. The MF'2 method with an extended basis such 
as 6-3 1 +G** recovers much of the electron correlation en- 
ergy neglected in HF theory, and significantly improves HF 
relative energies. For the zwitterionic form of glycine, MP2/ 
6-3 1 +G* optimization was also carried out, since it was 
apparent from single-point calculations that correlation has 
a significant effect on the geometry of this isomer. 

Ideal gas thermodynamic functions c;, SO, H 0  - HE, and 
(Go - H:)/T in the temperature range 0-1500 K and 1 atm 
pressure were calculated by standard statistical thermody- 
namic methods based on the rigid rotor - harmonic oscilla- 
tor model. The computed vibrational frequencies were scaled 
by a factor of 0.9 in calculating the vibrational contribu- 
tions to the above thermodynamic functions. The rotations 
about angles a and p were treated as hindered internal ro- 
tors in the first instance and an improved calculation was 
canied out by direct summation eve; the en,ergy levels using 
rotational potentials as given by V = 2, yV,,(l - cos n$) 
(+ = a or p). The calculation of the temperature depen- 
dence of AH:(T), and hence AG:(T) and KAT), for glycine 
requires knowledge of the enthalpy of formation of at least 
one of its conformers at a reference temperature. In the ab- 
sence of an experimental value for the heat of formation for 
glycine in the gas phase, the method of isodesmic reactions 
was used to determine a theoretical value. Thus, ab  initio 
calculations were performed on the hypothetical reaction 

H2NCH2CH, + H3CCOOH + Glycine (la) + C2H6 

The experimental heats of formation for H2NCH2CH3, 
H3CCOOH, and C2H6 are available (39). These can be used 
together with the reaction energy for the above reaction from 
ab initio calculations (MP2/6-31 +G**//6-31 +G* + ZPE), 
to obtain a value for AH:(T = 0). The reliability of such a 
procedure and the criteria for the choice of components for 
the hypothetical reaction have been discussed elsewhere (40). 
The thermodynamic properties listed in Table 4 are derived 
for the equilibrium mixture at a given temperature, assum- 
ing a Boltzman distribution of the conformers. 

3. Results and discussion 

Optimized geometric parameters of the seven most stable 
glycine conformers are reported in Table l (a  and b), in the 
2-matrix format as actually used in the calculations. The 

nuclear numbering scheme is defined in Fig. 1 and the 
structures in Fig. 2. The data for a number of transition 
structures are also included in Table 1 and Fig. 2. Table 2 
collects electronic energies at HF and MP2 levels, the zero- 
point vibrational energies, and the dipole moments for all of 
the structures. The transition structures are verified to have 
one and only one imaginary frequency (Table 2). All of the 
minimum energy and transition structures described in this 
work have also been described to some extent by JG (1 1). 
In addition, the basis set dependence of the relative SCF 
energies of structures l a ,  l c ,  Id,  lcc, and ldd  has been in- 
vestigated by Ramek, Cheng, Frey, Newton, and Schafer 
(,RCFNS) (25). The present results, obtained with a some- 
what better basis set than that of JG and approaching the best 
of RCFNS, are only quantitatively different from JG. Table 
3 lists the relative energies at different levels of calcula- 
tions, including the MP2/6-31G*/6-31G* results of JG and 
the largest basis set results of RCFNS. A curious conse- 
quence of the presence of diffuse functions in the basis set 
is that the relative (to la) energies of all structures are lower 
than those of JG. The differences are in the range 0.6-6.1 
kJ/mol for the minima, and 1.5-8 kJ/mol for the transition 
structures (for which comparison could be made). In the few 
cases where comparison is possible, our results are within 
0.3 kJ/mol of those obtained by RCFNS. We discuss the 
structures in some detail from the point of view of attempt- 
ing to isolate structure-determining factors, hydrogen bond- 
ing, bond-bond repulsions, and special properties of carbonyl 
groups. 

Hydrogen bonding, rotational barriers, and relative 
stability of neutral glycine conformers 

Bifurcated H bonding? The most stable of the neutral 
glycine conformers is l a ,  as previously found using other 
semiempirical and ab initio calculations. Structure l a  has two 
NH bonds which are symmetrically disposed to the car- 
bony1 oxygen atom. The molecular point group is C,. It is 
tempting to describe the configuration of l a  as evidence of 
bifurcated hydrogen bonding. As alluded to earlier, bifur- 
cated H bonding is not the preferred mode in most H-bonded 
systems. Deviation of the NCC angle from its normal tet- 
rahedral value, or proximity of the N-H protons to the ox- 
ygen atom may be sought as evidence of attractive or 
repulsive interactions. The extended value of the NCC angle 
(3-2-1, Table 1) of l a ,  115.4" is consistent with the lack of 
an attractive interaction. Accordin5 to the calculations, the 
He . .O nonbonded distance, 2.8 1 A, is well outside of v!n 
der Wads separation, but the 0 and N, separated by 2.84 A, 
are just in van der Waals contact. Indeed it is possible that 
there is little if any attractive interaction between the NH, and 
the carbonyl 0 .  One must conclude that considerations other 
than hydrogen bonding are probably responsible for the 
predominance of l a .  It is well documented (for a review, see 
ref.41) that in compounds of the class, XCH2C(0)Y, where 
X is a polar group or alkyl and Y is H, alkyl, or alkoxy, the 
group X tends to adopt a position eclipsing the carbonyl 
group. This occurs even in nonpolar solvents where the 
coalignment of bond dipoles is disfavoured. The explana- 
tion for this effect is uncertain. It may have little to do with 
the polar group itself, but rather may be driven by the ne- 
cessity to optimize the orientation of the best donor group (the 
CH2 group) for electron delocalization into the T* orbital of 
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TABLE l(a). HF/6-3 1 +G* optimized geometriesa and rotational constants of glycine conformers (minima)b 

"Bond lengths in A,  angles in deg. 
?he parameters are listed in Gaussian 90 'Z-matrix' format. See Fig. 1 for the numbering scheme. 
'Rotational constants in gigahertz. 

the carbonyl group. In addition, structure l a  has the ideal 
staggered arrangement of N-H and C-H bonds. 

Two other 'bifurcated' structures are shown in Fig. 2. A 
fourth, found by JG to be 35.1 kJ/mol higher than l a ,  and 
GLY5 in their notation, is not considered here. Rotation about 
the C-C bond (P rotation) yields the 'bifurcated' struc- 
ture, Id, 6.4 kJ/mol less stable than l a .  This structure has 
an even more extended NCC angle, 118.2", a consequence 
of steric repulsion between the NH, group and the OH group 
due to the highly constricted CCO(H) angle of the carbox- 
ylate group. Its skeletal point group is C , .  The C, structure 
with two symmetric N-H bonds bracketing the OH group 
ldd is a saddle point between Id and its enantiomer, posing 
a barrier of only 0.2 kJ/mol for the interconversion. The 
energy of Id relative to l a  may be taken to be the energy cost 

of assuming the anti orientation of the C-N and C=O 
bonds. The two transition structures between l a  and Id have 
a nearly perpendicular orientation of the -COOH moiety, 
and present barriers of 10.3 kJ/mol from l a  to Id and 
3.9 kJ/mol in the reverse direction. Conformer l f  also has 
a bifurcated arrangement of N-H bonds. The NCC angle 
of If is almost identical to that found in l a .  Conformer I f  
differs from l a  in having an anti orientation of the acidic 
0-H group. This orientation is known to be unfavorable in 
esters (32) and by extension should be unfavourable in acids 
as well. This structure lies 24.9 kJ/mol above l a .  The en- 
ergy difference represents the energy cost of assuming the 
anti orientation of the OH group. The energy difference be- 
tween structures l b  and l g ,  which also differ in this one re- 
spect, is similar, 25.4 kJ/mol. 
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TABLE l(b). HF/6-3 1 +G* optimized geometries" of glycine conformers (transition structures)* 

lab  lad laf lbb  lbe lbe' lcc lcd lc-2a ldd lde 2aa 
Cl c, Cl cs Cl Cl cs Cl Cl c r  Cl cs 

"Bond lengths in A, angles in deg. 
?he parameters are listed in Gaussian 90 'Z-matrix' format. See Fig. 1 for the numbering scheme. 

Each of the structures la, Id, and If has a correspond- 
ing structure in which a single N-H bond projects more 
or less toward an oxygen of the carboxylate group. These 
are lb, le, and lg, respectively. In each, the correspond- 
ing structure is higher in energy than the structure with the 
'bifurcated' configuration, by 5.6, 3.3, and 6.2 kJ/mol. 
Nevertheless, the NCC angle in each case is less, by 4.9, 
6.8, and 5.0°, respectively. The contraction of the angle 
would normally be interpreted as evidence of increased at- 
traction, or decreased repulsion between the NH, group and 
the carboxyl oxygen atom, and a lowering of the energy 
would be expected. The nonbonded H- . SO separation in lb 
is 2.45 A, a value which is shorter than the sum of van der 
Waals radii for the two atoms, 2.6 A. Evidence for a weak 
bonding interaction may also be gleaned from the obser- 
vation that both the N-H and C=O bonds are twisted out 
of the NCC plane in such a way as to maintain contact. The 
higher energy of each of these three structures relative to the 
corresponding 'bifurcated' species probably ensues from the 

imposition of an eclipsing interaction between the N-H 
bond and the skeletal C-C bond in the 'singly H-bonded' 
configuration. 

Conformer lb, which we find to be second in stability, 
is connected to la through an a rotation (107") without 
significant change of P and y. This structure was calcu- 
lated to be 9.2 kJ/mol above la by JG (11) and not con- 
sidered by RCFNS (25). The barrier for conversion of la 
to lb is 7.1 kJ/mol but only 1.5 kJ/mol in the reverse di- 
rection. Since lb has comparable stability to lc, the reason 
why lb has not been observed experimentally is probably 
due to its relatively small dipole moment (Table 2). The 
enantiomeric form of lb, namely a, is reached via the 
transition structure lbb, which has C, symmetry. The ro- 
tation from lb to Ib is also dominated by the a motion with 
a barrier of 12.5 kJ/mol. This relatively high barrier for a 
rotation is due to the eclipsed arrangement of hydrogen 
atoms in the CH, and NH, groups in lbb. In fact, the en- 
ergy difference between lbb and la, 18 kJ/mol, may be 
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TABLE 2. Electronic and vibrational energies of glycine conformers 

HF (hartree) zPEb (kJ/mol) MP2 (hartree) 
Conformef 6-3 1 +G*//6-3 1 +G* 6-31+G* 6-3 1 +G**//6-3 1 +G* Dipolec 

Minima 

l a  C ,  -282.841051 226.98 (79.1) -283.665217 1.36 
l b  -282.838249 226.77 (97.0) -283.662999 2.41 
IC -282.836778 228.50 (96.0) -283.663566 5.87 
Id -282.838230 227.03 (2 1.9) -283.662804 2.06 
1 e -282.83691 1 227.15 (78.3) -283.661581 2.86 
I f  cs -282.829975 226.25 (90.1) -283.655476 3.48 
I S  -282.826814 225.75 (95.1) -283.652958 4.95 

Transition structures 

lab  -282.837434 
lad -282.836560 
laf -282.819825 

lbb  C,  -282.832632 
lbe -282.833833 
lbe' -282.83 1727 

lcc C,  -282.836497 
1 cd -282.819196 
lc-2a -282.798249 

ldd C,  -282.838214 
lde -282.833519 

2aa C,  -282.795467 

"See Fig. 2 for the structures. 
?he numbers in parentheses are the lowest vibrational frequencies in cm-'. 
'In Debye, from MP2/6-31 +G**//6-31 +G*. 

taken as a measure of the energy cost of assuming the 
eclipsed orientation of the CH, and NH, groups, as op- 
posed to the staggered orientation. 

The experimentally observed (29, 30) structure lc ,  which 
is the obvious precursor to the zwitterionic form, has al- 
most the same energy as that of l b .  The strong hydrogen 
bond between the basic nitrogen atom and the acidic CT- 
boxyl H is evidenced by the short N. . .H distance (2.06 A 
compared with the van der Waals distance 2.7 A). In lc ,  the 
strong H bond is countered by a number of unfavorable in- 
teractions between the NH, and CH, groups (partially 
eclipsed, + 18 kJ/mol), the arrangement of the hydrogen 
atom of the carboxylic acid group (anti, +25 kJ/mol), and 
the orientation of the C-N bond relative to the C=O (anti, 
+6 kJ/mol). The relative energy of l c  is 5.7 kJ/mol. The 
difference provides an estimate for the strength of the H bond 
between a carboxylic acid and an amine, approximately 
43 kJ/mol. The relative stability of l c  is appreciably less than 
predicted by MNDO (4) and smaller basis set (4-21G) ab  
initio (13) studies and is essentially the same as found by JG 
(6.3 kJ/mol (1 I)). The MNDO method is unable to account 
for hydrogen bonding. The results also emphasize the in- 
adequacy of small basis sets in ab initio studies. The only 
experimental value of relative energy of glycine conformers 
was for l c  (versus la ) ,  given by Schafer et al. (13) as 5.86 
+ 1.79 kJ/mol. This is in excellent agreement with the 
present result. It should be noted that without the diffuse 
functions (i.e., MP2/6-31G*//6-31G* +ZPE, this work or 
ref. 1 I), a higher relative energy is predicted for l c ,  7.9 kJ/ 

mol (the number listed in Table IV of ref. 11 does not in- 
clude the ZPE contribution). 

Structure l c  is isolated on the glycine hypersurface. The 
nearest conformer, Id ,  is similar in energy, being less sta- 
ble by 0.7 kJ/mol, but is separated from l c  by a substantial 
barrier of 46 kJ/mol. The rotational motion involves cou- 
pled a and p rotations. The barrier originates from the ne- 
cessity to disrupt the TT-bonding character of the C-0 bond 
in a manner analogous to the C-N rotation of amides, and 
from the effort required to break the strong H bond in l c .  A 
notable change in NCC angle is found again, the angle de- 
creasing by 6" from I d  to l c .  Structure l c  is chiral. An a 
rotation leads l c  to its mirror image conformer. The transi- 
tion structure for the interconversion, lcc, which has C, 
symmetry, is only 0.4 kJ/mol above l c  at the MP2 level. 
Addition of the ZPE contribution reverses the relative sta- 
bility to -0.6 kJ/mol, an indication that l c  exists in a very 
shallow double-welled potential and that the actual struc- 
ture is probably planar in the heavy-atom skeleton. From l c  
to covers about 148" of a rotation with only 15" change 
in p and l o  in y. 

Parallel to the la-ld pair, the interchange between 16 and 
l e  is also through the P rotation. l e  is only 3.3 kJ/mol above 
l b  but they are well separated by a barrier of 9.1 or 11.1 kJ/ 
mol, if rotating along the opposite direction. Another pos- 
sible change of conformer from l e  is through a simulta- 
neous rotation of a and p, passing over a barrier of 7.4 kJ/ 
mol to Id.  The p rotation introduces no sig~ificant change 
in bond lengths and bond angles, about 0.05 A and 2.5" from 
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l b  l c  

FIG. 2. Glycine conformers. Structures labelled with a single letter correspond to local minima; structures labelled with two letters are 
transition structures; thus lab is the transition structure connecting l a  and l b .  The nuclear numbering can be found in Fig. 1. 
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TABLE 3. Relative energies (kJ/mol) of glycine conformers 

HF MP2 MP2 + ZPE" M P ~ ~  
Conformef 6-31 +G*//6-31+G* 6-3 1 +G**//6-31 +G* 6-31 +G**//6-31 +G* 6-31G*//6-31G* 

Minima 
l a  C, 0.00 
l b  7.36 
l c  11.22(11.28)' 
Id 7.41(7.63)' 
l e  10.87 
I f  c3 29.08 
lg  37.38 

2a C, 110.02 

Transition structures 

lab 9.50 
lad 11.79 
laf 55.73 

lbb C, 22.10 
lbe 18.95 
lbe' 24.48 

lcc C, 11.96(11.73)' 
1 cd 57.38 
lc-2a 112.38 

ldd C, 7.45(7.74)' 
1 de 19.78 

2aa C, 119.68 

"ZPE from 6-3 1 +G* calculation and scaled uniformly by a factor of 0.9 (38). 
bReference 11. 
'Optimized at the RHF/6-31 ++G** level, ref. 25. 
dOptimized at the MP2/6-311G** level, ref. 25. 

l a  to Id or l b  to l e .  Changing the 'bifurcated' bonds to hy- 
drogen in Id to a single hydrogen bridge in l e  narrows the 
NCC angle by 7". 

The two high-energy conformers If and l g  are character- 
ized by the repulsions between the hydrogens from CH, and 
carbonyl groups. The connections with l a  or l b  through y 
rotation is less likely to happen at room temperature. From 
l a  to l f  the rotational baniers are as high as 50.6 or 25.7 kJ/ 
mol from the other side and it is expected that from l b  to l g  
the barrier will be similar, if not higher. 

The zwitterionic form of glycine, a hypothetical molecule 
in the gas phase 

A number of theoretical studies on the zwitterionic form 
of glycine in the gas phase have been carried out. The re- 
sults depend strongly on the methods or the basis sets used, 
the relative energy of the zwitterion relative to l a  ranging 
from 121-421 kJ/mol. Tse et al .  (19) have reported the 
transition structure for proton transfer from neutral glycine 
to 2a .  The barrier for the H migration was found to be only 
2 kJ/mol, located at N-H distance 1.18 A and H-0 dis- 
tance 1.41 A. In the present work, a stationary point 2a, the 
zwitterion form of glycine was located on the HF potential 
energy surface by HF/6-3 1 +G* optimization. It is charac- 
terized by a hydrogen bond between a single NH bond and 
one of the carbonyl oxygen atoms. The structure has C, 
symmetry. The ammonium group conformation is such that 
one proton is in the molecular plane. At the present level of 
theory, the H F  structure 2a,  corresponding to zwitterionic 

glycine, is 80.6 kJ/mol less stable than the most stable neu- 
tral form, l a .  A second stationary point, h, was also found 
at this level of calculation. It has one imaginary frequency 
and corresponds to the saddle point for CN rotation. The 
transition state for the neutral glycine-zwitterion exchange, 
lc -2a,  was found by HF/6-3 1 +G* geometry optimiza- 
tion. Harmonic frequency analysis shows one fairly large 
imaginary frequency (Table 2). Transition structure lc-2a 
is 2.4 kJ/mol above 2a and the geometric parameters are 
essentially the same as found by Tse et a l .  (19). However, 
at the MP2/6-3 1 +G** level, the energy at this 'saddle point', 
lc -2a,  is 13 kJ/mol lower than that of 2a! MP2/6-31 +g* 
optimization, started at the HF/6-3 1 + G* geomtry, 2a,  re- 
sults in a smooth transition to a structure similar to l c .  Thus, 
the present results suggest that the zwitterionic form of gly- 
cine rearranges without activation to conformation l c  of 
neutral glycine. 

Effects of basis set, correlation, and zero point energy 
A comparison of the relative energies of the glycine min- 

ima and transition structures as a function of level of theory 
is presented in Table 3. Data by the MP2/6-3 1G*//6-3 lG* 
method are those of JG (1 1). Correlation corrections have 
been previously shown to have significant effects on the 
structures and relative energies of H-bonded systems (42). 
Comparison of columns 2 and 3 of Table 3 ,  reveals that all 
structures are stabilized by electron correlation relative to the 
global minimum, l a .  Stated a different way, structure l a  has 
a smaller correlation energy correction than any of the other 
structures. In most cases the differences are small, less than 
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TABLE 4. ldeal gas thermodynamic properties of glycine 

T C so -(GO - HO)/T HO - HE AG; 
(K) (J K-I mo1-I) (J K-I mo1-') (kl K-' mo1-I) (kl mo1-') (kJ (kl mo1-I) log Kf 

Neutral glycine 

0 0.00 
100 46.94 
200 67.27 
298.15 93.04 
300 87.42 
400 106.83 
500 123.67 
600 137.65 
700 149.25 
800 158.98 
900 167.27 

1000 174.40 
1100 180.57 
1200 185.94 
1300 190.61 
1400 194.69 
1500 198.27 

Zwitterionic form (2a)  

0 0.00 
100 46.00 
200 63.01 
298.15 82.03 
300 82.40 
400 101.91 
500 119.35 
600 134.16 
700 146.59 
800 157.09 
900 166.02 

1000 173.65 
1100 180.21 
1200 185.86 
1300 190.75 
1400 194.98 
1500 198.66 

2 kJ/mol. However, in the case of the two structures which 
have clearly defined H bonds, stabilization due to correla- 
tion is very important. The relative energy of l c  is reduced 
from 11.22 to 4.33 W/mol (from 12.40 to 2.93 W/mol after 
MP2/6-311G** optimization according to RCFNS (25), and 
the relative energy of the zwitterionic structure, 2a, is low- 
ered by over 30 W/mol. The HF 'transition structure' for H 
transfer, l c -k ,  is lowered even more, by 45.27 W/mol. In 
other words, a qualitative change in the nature of the poten- 
tial energy surface is predicted. Of special interest is the 
comparison of the effect of the correlation correction on 2a 
and 2aa. The former has a strong single H bond, while the 
latter structure has a bifurcated geometry. Stabilization of the 
latter by correlation correction is only about half of the for- 
mer, 16.24 kJ/mol. 

The ZPE of neutral glycine conformers vary from 222 to 
229 kJ/mol. The largest difference, after scaling (38), cor- 
responds to a change of as much as 6 kJ/mol in relative sta- 
bility or barrier height. As shown in Table 3, the vibrational 
contributuion makes l b  a more stable conformer than lc,  and 
the transition state lcc for the interconversion of the enan- 
tiomeric forms of l c  is actually lower in energy than lc.  It 

is clear that it is important to include ZPE in considering the 
total energy in studies involving a few molecules or con- 
formers with similar electronic energies. The relative ener- 
gies of the glycine conformers as reported by JG (1 l ) ,  or 
RCFNS (25), and which are listed in Table 3 do not appear 
to include the ZPE correction. 

The addition of diffuse functions on the heavy atoms and 
polarization functions on hydrogen atoms is normally not 
required to achieve qualitatively correct geometries and rel- 
ative energies. The most pronounced effect of diffuse func- 
tions is on species which have nonbonded electron pairs, 
especially if they are also negatively charged. Polarization 
functions on H are most important when H bonding is in- 
volved. In this sense, glycine which has both nonbonded lone 
pairs (and a negatively charged region in the zwitterionic 
form) and H bonds is a worst case for description by use of 
the normally sufficient 6-31G* basis set. Some measure of 
the importance of the expansion of the basis set may be gar- 
nered by comparison of columns 3 and 5 of Table 3. The 
latter are the MP2/6-31G*//6-31G* results of JG ( l l ) ,  
the former our MP2/6-3 1 +G**//6-31 +G* results. The 
comparison is not precise because our basis set contains the 
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Structure effects in copper coordination compounds of ligands with thioether, 
aromatic nitrogen, and ether donors 
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SHUANG LIU, C. ROBERT LUCAS, ROSEMARY C. HYNES, and JEAN-PIERRE CHARLAND. Can. J. Chem. 70, 1773 (1992). 
Preparations of the ligands 1,9-bis(2-pyridy1)-2,5,8-trithianonane (Ll) and 1,9-bis(2-pyridyl)-5-oxa-2,8-dithianon- 

ane (L2) and their copper(I1) complex cations [CU(LI)]~+ and [Cu(L2)12+ as C104-, CF,S03-, or BF4- salts are de- 
scribed. X-ray structures of both complex cations as pe!chlorates are reported. For [Cu(L 1)](c1o4),: space group Pbca, 
a = 10.4896(5), b = 12.9376(6), c = 33.3943(13) A, Z = 8, Rf = 0.067, R, = 0.074 for 1769 reflections. For 
[C~(L2)1(C10,)~: space group P2, /c ,  a = 14.388(2), b = 9.990(5), c = 16.076(3) A ,  P = 107.919(12)0, Z = 4, Rf = 
0.069, R, = 0.089 for 2813 reflections. Both are slightly distorted square pyramidal species having interactions in the 
solids between their Clod- anions and one of the pyridine rings in the L1 complex and the copper atom in the L2 com- 
plex. The complexes have been examined by electron spin resonance, electronic spectroscopy, and cyclic voltammetry. 
The effects of anion coordination, solvation, and removal or alteration of the apical donor atom are assessed by com- 
parisons involving the new complexes and published data on related substances. 

SHUANG LIU, C. ROBERT LUCAS, ROSEMARY C. HYNES et JEAN-PIERRE CHARLAND. Can. J. Chem. 70, 1773 (1992). 
On dCcrit la preparation des ligands 1,9-bis(2-pyridy1)-2,5,8-trithianonane (L1) et 1,9-bis(2-pyridyl)-5-oxa-2,8-dithi- 

anonane (L2) ainsi que celle de leurs complexes cationiques du cuivre(II), [cuLI)'+] et [cu(L~)]'+, sous forme de sels 
du C104-, CF3S03- ou BF4-. On a determine les structures cristallographiques des deux complexes cationiques, sous 
la forme de erchlorates. Pour le [CU(LI)](CIO,)~ : groupe d'espace Pbca, a = 10,4896(5), b = 12,9376(6) et c = 
33,3943(13) X, Z = 8, Rf = 0,067 et R. = 0,074 pour 1769 riflexions. Pour le [ C U ( L ~ ) ] ( C ~ O ~ ) ~  : groupe d'espace P2,/c, 
a = 14,388(2), b = 9,990(5) et c = 16,076(3) A, P = 107,919", Z = 4, R, = 0,069 et R, = 0,089 pour 2813 reflexions. 
Les deux cations sont des espkces pyramidales carrCes 1Cgkrement deformees qui, dans le solide, posskdent des inter- 
actions avec leurs anions C10,- et l'un des cycles pyridiniques dans le complexe L1 et avec I'atome de cuivre dans le 
complexe L2. On a examine les complexes par resonance paramagnktique Clectronique, par spectroscopie Clectronique 
et par voltampCromCtrie cyclique. En se basant sur une comparaison de ces nouveaux complexes avec les donnCes pub- 
likes pour des substances apparentees, on a CvaluC les effets de la coordination par I'anion, de la solvatation et de 
I'enlkvement ou de I'altCration de I'atome donneur apical. 

[Traduit par la redaction] 

Introduction a thioether-S, and, in the case of the azurin, by a weakly 
Continuing attempts to model the active sites in copper bonded O-donor as well- Careful studies by several groups 

proteins have generated considerable new knowledge of the (5-8) of various specific characteristics of the "blue" or "type 
behaviour of simple coordination compounds of copper (1). 1" copper centers have revealed the factors responsible for 
Interest in the "type 1" copper site in proteins has led to each Property, with the possible exception of the unique ESR 
successful mimicking of several of its distinctive features signature for which the explanation is still mostly phenom- 

as colour, redox potential, electron spin resonance (ESR) enological. The ESR properties have ken in some 

parameters, rapid electron transfer kinetics, and specific Addison and cO-workers (6, 99 lo), Urbach and cO- 

structural details using simple coordination compounds as workers ( 3 ,  and others (1 1) and it is clear that donor atom 

models. A short, general discussion of these efforts has been identity, coordination geometry, and, in particular, distor- 

given by Solomon (2) while individual properties of both the tion from regular geometry are important influences, al- 

enzymes and the model compounds are addressed in greater though in model compounds only limited success has been 

detail by other authors (1, 2). Knowledge of the specific achieved in duplicating simultaneously both the ESR pa- 

structural details to mimic in small model molecules has been rameters and the other characteristics of the natural mate- 

greatly assisted by the availability of high-resolution ?-ray rials. As part of our continuing interest in the chemistry of 

structural determinations of poplar plastocyanin (1.6 4 res- sulfur-containing coordination compounds (1 2-14), we have 

olution) (3) and alcaligenes denitrificans azurin (1.8 A res- examined the influence of adding a fifth donor of change- 

olution) (4), both of which indicate that copper(I1) is able type to the coordination sphere of copper atoms al- 

surrounded by two aromatic N-donors, a mercaptide-S and ready surrounded by a pair of aromatic nitrogens and a pair 
of thioether sulfurs. Four-coordinate copper(I1) surrounded 

'Author to whom correspondence may be addressed. by N2S2 ligands has been widely studiedwas a model of the 
'present address: Department of Chemistry, McGill University, ''blue" copper centers and the literature provides many ex- 

801 Sherbrooke St. W.,  Montreal, Que., Canada H3A 2K6. amples with which to compare our five-coordinate systems. 
3~resent address: Canmet, B.C.C. Building 3, Energy Research In this report we examine the ESR, electronic SpeCtrO- 

Labs, 555 Booth Street, Ottawa, Ont., Canada KIA OGl. scopic, electrochemical, and structural properties of cop- 
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per(I1) complexes of the ligands L1 and L2 and compare them 
to those of related four-coordinate copper complexes in the 
literature. 

Experimental 
Reagents were obtained from the Aldrich Chemical Co. or from 

Morton Thiokol Alfa Products and were used without further pu- 
rification. Spectroscopic data were obtained using the following 
instruments: IR, Perkin Elmer model 283; NMR, General Electric 
300-NB; mass spectra, VG micromass 7070 HS; UV/VIS, Cary 
model 17; ESR, Bruker ESP-300 X-band spectrometer. Cyclic 
voltammetry data were obtained using a BAS CV27 voltammo- 
graph with an electrode configuration designed to minimize iR drop 
and a Houston 2000 Omnigraph X-Y recorder. Electrochemical 
measurements were carried out under a nitrogen atmosphere at room 
temperature. Solution concentrations were 10-I mol/L in com- 

and lo-' mol/L in supporting electrolyte (tetraethylammon- 
ium perchlorate). Voltammograms were recorded using a glassy 
carbon working electrode, a platinum counter electrode, and an 
aqueous saturated calomel reference electrode checked periodi- 
cally relative to a 1.0 X mol/L solution of ferrocene in di- 
methyl sulfoxide containing 0.1 mol/L tetraethylammonium 
perchlorate for which the ferrocenium/ferrocene reduction poten- 
tial was 400 mV and AE, was 72 mV at a scan rate of 100 mV/s. 
The reference electrode was separated from the bulk of the solu- 
tion by a porous Vycor tube. Junction potential corrections were 
not used and potentials reported versus the normal hydrogen elec- 
trode were obtained by adding 0.244 V to values obtained versus 
the saturated calomel electrode. X-ray diffraction data were col- 
lected using a Picker diffractometer. Analyses were performed by 
Canadian Microanalytical Service Ltd. 

Preparative 

(a) 1,9-Bis(2-pyridy1)-2.5,8-trithianonane (ligand LI)  
Sodium (4.6 g, 0.2 mol) was dissolved in commercial absolute 

ethanol (300 mL) under an atmosphere of dry nitrogen and 2-mer- 
captoethyl sulfide (7.7 g, 0.05 mol) was added slowly. The re- 
sulting mixture was heated to reflux and a solution of 2-picolyl 
chloride hydrochloride (16.3 g, 0.1 mol) in absolute ethanol 
(200 mL) was added dropwise with stining over 2 h. Refluxing and 
stirring were continued for an additional hour. Volatiles were re- 
moved on a rotary evaporator, the residue extracted with chloro- 
form (3 x 50 mL), washed with water several times, dried over 
anhydrous CaCI,, and taken to dryness to yield a brown oil that was 
further purified by chromatography on A1203 in CHC13/ethyl ace- 
tate (50: 50) to give 15.5 g (92.2%) of a yellow oil. Attempts to 
purify the oil by vacuum distillation led only to decomposition. 
NMR spectrum (CDCI,, ppm from TMS internal standard, as- 
signments from heteronuclear and homonuclear correlation, posi- 
tion identification from Fig. l), ',c: 30.3 (C7,C10), 30.4 (C6,Cl l),  
36.6 (C8,C9), 120.9 (C2,C15), 122.0 (C4,C13), 135.6 (C3,C14), 
148.0 (Cl,C16), 157.6 (C5,C12); 'H: 8.49 (m,2H,Cl,Cl6), 7.63 
(m,2H,C3,C14), 7.35 (m,2H,C4,C13), 7.13 (m,2H,C2,C15), 3.84 
(s,4H,C6,Cll), 2.67 (m,8H,C7,C8,C9,ClO). Mass spectrum: 

parent ion, calcd. for [C16H20N2S3]f, m/e = 336; found: m/e = 
336. 

(b) I ,9-Bis(2-pyridyl)-5-oxa-2,8-dithianonane (Ligand L2) 
This preparation was similar to that in (a) except that 6.9 g 

(0.05 mol) of 2-mercaptoethyl ether was used instead of 2-mer- 
captoethyl sulfide. The yield was 15.3 g (95.5%) of a yellow oil, 
which was decomposed by attempts at vacuum distillation. NMR 
spectrum (CDCI,, ppm from TMS internal standard, assignments 
from heteronuclear and homonuclear correlation, position identi- 
fication from Fig. 2), "c: 31.3 (C7,C10), 38.0 (C6,Cll), 70.1 
(C8,C9), 122.0 (C2,C15), 123.1 (C4,C13), 136.8 (C3,C14), 148.5 
(Cl,C16), 158.7 (C5,C12); 'H: 8.51 (m,2H,Cl,C16), 7.63 
(m,2H,C3,C14), 7.35 (m,2H,C4,C13), 7.15 (m,2H,C2,C15), 3.87 
(s,4H,C6,Cll), 3.59 (t, J = 6.8 Hz, C8, C9), 2.66 (t, J = 
6.8 Hz, C7, C10). Mass spectrum: parent ion, calcd. for 
[CI6HION2OS2]+, m/e = 320; found: m/e = 320. 

(c) fCu(LI)I(C104), 
CAUTION: This compound explodes when melted or pow- 

dered by grinding. Use of the triflate salt, which appears to be 
similar in most respects, is recommended instead of the perchlo- 
rate. 

Solutions of Cu(C1O4),~6H,O (0.37 g, 1.0 mmol) in methanol 
(20 mL) and ligand L1 (0.40 g, 1.2 mmol) in acetone (5 mL) were 
mixed. The resulting deep blue solution was filtered immediately 
and the filtrate left to evaporate slowly. The blue crystals that 
formed were separated, washed with acetone, and dried in air to 
give 0.48 g (80%) of product, mp 181°C (explodes). Anal. calcd. 
for C16H,oC12CuN208S3: C 32.08, H 3.36, Cu 10.61; found: C 
32.16, H 3.35, Cu 10.50. 

(d) fcu(Ll)l(cF3so3)z 
Preparation of this compound is similar to (c) except that 

CU(CF~SO,)~ was used as starting material. Green crystals (mp 187- 
190°C (dec.)) were obtained in 85% yield. Anal. calcd. for 
C18H20C~F6N206S5: C 30.96, H 2.89, N 4.01; found: C 30.91, H 
2.89, N 3.94. 

(e) fCu(L2)l(C104), 
Solutions of C ~ ( C 1 0 , ) ~ . 6 H ~ 0  (0.19 g, 0.51 mmol) in methanol 

(15 mL) and ligand L2 (0.19 g, 0.60 mmol) in methanol (5 mL) 
were mixed by adding the ligand solution to the metal salt solu- 
tion to give a deep green solution, which was filtered and left to 
evaporate slowly. The green crystals that formed were separated, 
washed with dichloromethane, acetone, and a small amount of 
diethyl ether to give 0.25 g (84%) of product. Anal. calcd. for 
C16H20C12C~N209S2: C 32.97, H 3.46, N 4.80, Cu 10.9; found: C 
33 .03 ,H3.47,N4.80,Cu 11.0. 

(f) fCu(L2)1(BF,), 
Preparation of this green crystalline compound is similar to (e) 

except that Cu(BF,),.xH,O was used as starting material. Anal. 
calcd. for C,6H,B,CuF,N,0S2: C 34.46, H 3.62, N 5.02, Cu 1 1.4; 
foundC 34.71, H 3.65, N5.02, Cu 11.3. 

X-ray 
A summary of crystallographic data for [CU(L~)] (C~O,)~  and 

[Cu(L2)](CI04), is given in Table 1. The diffraction intensities were 
collected at 295 K using the 8/28 scan technique with profile 
analysis (15) at a scan speed of 4"/min. Three standards were 
measured after every 100 reflections and no significant crystal decay 
was detected. The space group was determined by systematic ab- 
sences. Unit cell parameters (Table 1) were determined by a least- 
squares refinement of the setting angles for 36 reflections (90" 5 

28 5 100") for [CU(LI)](C~O,)~ and of 26 reflections (90" 5 28 5 

120") for [Cu(L2)](CI04),. Lorentz and polarization factors were 
applied and corrections were made for absorption. The structures 
were solved by MULTAN (16) plus a difference Fourier map and re- 
fined by full-matrix least squares with unit weights. H-atom posi- 
tions were calculated but their parameters were not refined. All 
heavier atoms were refined anisotropically. All calculations were 
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TABLE 1. Crystal data for [Cu(L I )](C104)2 and [Cu(L2)](CI04), 
- - 

Value 

Parameter [Cu(Ll )j(C104)2 [Cu(L2)j(C104)2 

Empirical formula 
Formula weight 
Crystal dimensions, mm 
Space group 
a ,  A 
b, 8, 
c, A 
P, deg 
Z (molecules/cell) 
F (0,0,0) electrons 
v, A3 
d c a ~ c ,  g/cm3 
Linear absopion coefficient (p,) mm-' 
Radiation. A 

2e(max), deg 
No. reflections measured 
No. unique reflections 
No. unique refl. I,,, > nul,,,, 
Last least-squares cycle calcd. with 

Rf (sig. refl.) 
R, (sig. refl.) 
Goodness of fit (last cycle) 
Rf (all refl.) 
R, (all refl.) 
Max. shift/u 
Last D-map 

deepest hole, e / g  
highest peak, e / ~ ~  

Secondary extinction coeff. 

0.20 x 0.20 x 0.20 
Orthorhombic, Pbca 
10.4896(5)" 
12.9376(6) 
33.3943(13) 
90.00 
8 
2303.65 
453 1.9(3) 
1.756 
5.42 
1.54056 
(CuKu,) 
120.0 
5716 
3377 
1769 (n = 2.5) 
52 atoms 
290 parameters 
1769 reflections 
0.067~ 
0.074' 
2.46d 
0.067~ 
0.074' 
0.208 

C16H20C12CuN209S2 
552.88 
0.20 X 0.20 X 0.15 
Monoclinic, P2,/c 
14.388(2)" 
9.990(5) 
16.076(3) 
107.919(12) 
4 
1123.87 
2198.7(12) 
1.670 
5.85 
1.54056 
(CuKu,) 
119.9 
3920 
3244 
2813 (n = 2.5) 
52 atoms 
290 parameters 
28 1 1 reflections 
0 .069~ 
0.089' 
10.36" 
0.076~ 
0.091' 
0.236 

Throughout this work esd's are in parentheses and refer to the last digit printed. 
'Rr = FOI - I F,((/CIFoI. 
'R,  = [Cw(l F,I - I F,I)'/C(wl F,()~]'I' where w = 1 /crZI. 
"Goodness of fi t  = [Zw(l F0I - 1 F,()'/(no. of reflections - no. of parameters)]'1'. 

performing with the NRCVAX Crystal Structure Programs (17). 
Scattering factors were taken from the usual source (18). 

Results 
The new ligands L1 and L2 and their complexes with 

copper(I1) as perchlorate and triflate salts have been pre- 
pared and characterized. The final atomic positional param- 
eters, equivalent isotropic temperature factors, and important 
bond lengths and angles from X-ray studies of the explosive 
perchlorate salt of [CU(L~) ]~+  and of [cu(L~)]'+ are listed 
in Tables 2-5. Figures 1 and 2 show views of the cations and 
their atomic numbering schemes. Anisotropic thermal pa- 
rameters, a full listing of bond lengths and angles, and final 
structure factors are available as supplementary data.4 ~ l e c -  
tronic spectra in water, N,N-dimethylformamide, dimethyl 

4~ complete set of data may be purchased from: The Deposi- 
tory of Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada KIA 0S2. 

Tables of bond lengths and angles and atomic parameters have 
also been deposited with the Cambridge Crystallographic Data 
Centre and can be obtained on request from The Director, Cam- 
bridge Crystallographic Data Centre, University Chemical Labo- 
ratory, Lensfield Road, Cambridge CB2 IEW, U.K. 

sulfoxide, nitromethane, methanol, and acetonitrile, mull IR 
spectra, and ESR spectra of both microcrystalline samples 
and N,N-dimethylforrnamide solution glasses at 77 K have 
been determined as have the cyclic voltammograms of the 
compounds in acetonitrile and water. The spectroscopic and 
other data are given in Tables 6 and 7 and in Figures 3-6 and 
will be introduced at appropriate points in the discussion that 
follows. 

Discussion 
The cations [CU(L~)]~+ and [cu(L~)]'+ (Figs. 1 and 2) both 

have distorted square pyramidal arrays of ligand donor atoms 
about a copper atom. In both, there are N2S2 donor sets in 
the basal planes while the apical sites are occupied either by 
thioether sulfur S2 of ligand L1 or by the analogous ether 
oxygen in ligand L2. Although both cations have essen- 
tially square pyramidal arrangements of ligand donors about 
their central copper atoms, the conformations of the two li- 
gands are different, which leads to a facial arrangement of 
the three sulfur atoms of L1 but a meridional arrangement 
of the analogous S 2 0  donor set of L2. For [Cu(L2):l[C1O412, 
there is an interaction between copper and a perchlorate OX- 
ygen in the copper's sixth or octahedral coordination site 
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1776 CAN. J.  CHEM. VOL. 70, 1992 

FIG. 1. Structure of [CU(LI)]'+. 

FIG. 2. Structure of [Cu(L2)I2+ 

that has no parallel in the [Cu(L1)[C1O4I2 structure. This 
Cu-O(perchlorate) distance (2.469(10) A) in [Cu(L2)]- 
[ClO,], is roughly comparable to others of its type that are 
normally in the range 2.52-2.68 A, but it is significantla, 
longer than the Cu-O(perchlorate) distance of 2.264(5) A 
in perchlorato(l,8-bis-(2-pyridyl)-3,6-dithiaoctane)copper(II) 
ion (19). In the basal planes of the two ions, corresponding 
bonds are similar in lensth. For [cu(L1)12+, Cu-N = 
2.017(12) and 1.993(12) A yhereas for [cu(L2)12+, Cu-N 
= 2.020(6) and 2.007(6) A. For [ C u ( ~ l ) ] ~ + ,  Cu-S = 
2.3324(5) and 2.360(5) A whereas for [Cu(L2)12+, Cu-S 
= 2.373(2) and 2.376(3) A. The apical b9nd lengths are 
unremarkable with apicd Cu--So= 2.454(4) A for [cu(L1)12+ 
and apical C u - 0  = 2.413(5) A for [cu(L2)12+. 

These distances may be compared with Cu-S(basa1) 
distances of 2.349(3) and 2.358(3) A in (CuCl,.L), (L = 
2,5,9-trithia[9](2,5)thiophenophane) (20), with Cu-S(apicd) 
distances of 2.814(1) A in the six-coordinate complex of 
1 ,6-bis(5'omethylimidazol-4'-yl)-2,5-dithiahexane (21) and 
2.398(2) A in the five-coordinate complex of 1,4,7,10,13- 
pentathiacyclopentadecane (8) and with Cu-N(basa1) dis- 

TABLE 2. Positional parameters and equivalent isotropic temper- 
ature factors for [ C U ( L ~ ) ] ( C ~ O ~ ) ~  

Atom x Y z Bisl 

"B,,,  is the mean of the principal axes of the thermal ellipsoid. 

TABLE 3. Selected bond lengths and angles in [CU(LI)](CIO~)~ 

Bond Distance (A) Bonds Angle (deg) 
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LIU ET AL. 1777 

TABLE 4. Positional parameters and equivalent isotropic temper- 
ature factors for [CU(L~)](CIO~)~ 

Atom x Y z Bis: 

"B,,, is the mean of the principal axes of the thermal ellipsoid 

tances of 1.997(4) and 1.950(4) A in the five-coordinate 
complex of 1,7-bis(N-methylbenzimidazol-2'-yl)-2,6-dithia- 
heptane (22). The basal Cu-S and Cu-N distances are thus 
normal and the apical Cu-S in the L1 complex, while 
somewhat longer than the basal Cu-S distances, is signif- 
icantly less than the sum of the van der Waals' radii 
(3.20 A) (23) of copper and sulfur. There is no interaction 
in [Cu(L1:1][C10,]~ between copper and the perchlorate an- 
ions like that in [CU(L~)][C~O,]~ (vide supra), the closest 
approach to copper in the L1 complex by a perchlorate ox- 
ygen being 3.727(4) A. There is, however, a close ap- 
proach by one of the perchlorate oxygens to hydrogens on 
both C15 and C16 of the pyridine ring of L1 that lies more 
or less in the base plane of the ion (Fig. 1). The distances 
between the perchlorate oxygen atom and both H15 and H16 
are approximately equal to the sumoof the oxygen and hy- 
drogen van der Waals' radii (2.70 A) (23). These contacts 
have a quite profound effect on the structure and properties 
of the cation (vide infra). 

The copper atom in [CU(L~)]~' is displaced 0.091 A in the 
direction of N2 from the plane defined by the apical and two 
basal sites (N1 and S3) of the coordination sphere. The best 
plane in the ion, however, is that defined by three of the basal 
donors S l ,  S3, and N2. The copper atom lies 0.052 A be- 
low that plane while N1, the other basal donor, lies 1.318 A 
below the plane, indicating that it is bent down sharply from 

TABLE 5. Selected bond lengths and angles in [Cu(L2)](C104)2 

Bond Distance (A) Bonds Angle (deg) 

its expected position thereby giving an angle between the 
apex and N1 of 125.8(4)". As usual with coordination num- 
ber five, the question raised by this distortion is whether the 
complex is best regarded as trigonal bipyramidal or square 
pyramidal. The question is answered satisfactorily by the ESR 
spectrum (vide infra), which is that of a distorted square 
pyramid. 

The copper atom in [ cu (L~) ]~+  is displaced 0.1 1 A to- 
wards the apex from either of the planes defined by the two 
nitrogen atoms and one sulfur, while theoremaining sulfur is 
also displaced towards the apex by 1.07 A in each case. This 
ion's structure therefore appears less distorted than that of 
[cu(L~)]~+ and it is of interest that there is no difference near 
1025 and 615 cm-I, where perchlorate bands occur, be- 
tween its perchlorate salt's mull IR spectrum and that of the 
perchlorate salt of the L l  complex cation. In other words, 
the perchlorate interaction with copper revealed by the X-ray 
study of the L2 complex must be weak. Finally, it may be 
noted that there is a change from cis-pyridines in [cu(L~)]'+ 
to trans-pyridines in [cu(L~)]'+ that is caused primarily by 
the apical bond length requirements and resulting chelate ring 
strain, which favour meridional coordination by the S U S  
system with its short apical bond while the S-S-S system 
with a longer apical bond favours facial coordination. 

Comparison of ESR and electronic spectra and cyclic 
voltammetric behaviour of these compounds having N2S3, 
N2S20, or N2S,02 donor sets with literature data from re- 
lated species containing N2S2 donor sets reveals the influ- 
ence of the added apical thioether or ether donor as well as 
the influence of anion or solvent interactions in vacant CO- 

ordination sites. Table 6 contains electronic and ESR spec- 
tral data for the new compounds. 

The structure of these complex cations is very sensitive to 
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TABLE 6.  Electronic and ESR spectral data 

Electronic spectrum 
A in nm (E) ESR 

Compound Solid" Solutionb Powder Glassc 

"Nujol mull. 
b ~ n  methanol, water, nitromethane, acetonitrile, or N,N-dimethylformarnide. 
'In N,N-dimethylformamide at 77 K unless noted. 
I n  cm-' . 
Teference 5; UV/VIS in acetonitrile; ESR at 77 K in methanol/ethanol glass; pdthx, pdthp, pdto, 

pdtn are bis(pyridy1)-dithioether ligands, py(CHZ),S(CH2),S(CH,),py; pdthx x = I ,  y = 2; pdthp x = 1, 
y = 3; pdto x = 2, y = 2; pdtn x = 2, y = 3. 

the presence of coordinating anions or solvent. For exam- 
ple, ESR spectra of microcrystalline samples of the L1 
complex are quite different depending upon the identity of 
the anion (Fig. 3, Table 6). When the anion is perchlorate, 
the spectrum shows only a minor rhombic distortion from a 
typical axial situation but when the anion is triflate, this dis- 
tortion is much greater. Based on the X-ray results for 
[Cu(L1)](C1O4),, it seems likely that this cation's preferred 
coordination geometry, in the absence of a donor in the sixth 

1 
octahedral site, is that of a square pyramid distorted to- 

I wards trigonal bipyramidal, as indicated by the ESR for 
[CU(LI)](CF,SO~)~. In solid state [Cu(L1)](C1O4),, how- 
ever, interaction between a perchlorate oxygen and hydro- 
gens on C15 and C16, mentioned earlier, "lifts" one of the 
pyridine rings. The structure is then a square pyramid with 
the "unsupported" pyridine ring drooping. This anion-re- 
lated structural change in the solid state has ramifications for 
the electronic structure of the cation that are immediately 
apparent simply from the colour of the compounds. The 
perchlorate salt is a deep rich blue in the solid state while the 

triflate salt is deep green. In the electronic spectra of these 
substances as Nujol mulls (Table 6), the effect is also ap- 
parent as a shift in the frequency of the d-d envelope as well 
as appearance in the spectrum of [Cu(L1)](C104), of a 
shoulder at 560 nm of nearly equal intensity to that of the 
main peak at 640 nm. Powder ESR spectra of the L2 com- 
plex cation (Fig. 4) also vary with the identity of the anion, 
indicating a rhombic distorted axial coordination sphere when 
the anion is perchlorate and interacting with copper, but in- 
dicating trigonal bipyramidal geometry about copper when 
the anion is BF,- and presumably not interacting. 

In frozen solutions, all the ESR spectra (Fig. 5 ,  Table 6) 
are indicative of axial species, which argues for a change of 
both [CU(L~)](CF~SO,)~ and [Cu(L2)](BF4), from their ge- 
ometries in the solid state to pseudo-octahedral as a result of 
interactions either with solvent or with their anions. As noted 
above, the impact of this structural change in solution is vi- 
sually apparent for [ c u ( L ~ ) ] ~ + .  Upon dissolving green crys- 
tals of [Cu(Ll)](CF,SO,), in any of a variety of solvents 
(Table 6), the solution colour becomes blue. Solution elec- 
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LIU ET AL. 

FIG. 3. ESR of microcrystalline samples of [ C U ( L ~ ) ~ +  as (a) Clod- and (b )  CF3S03-. 

tronic spectra of the triflate and perchlorate salts of 
[ c u ( L ~ ) ] ~ +  are indistinguishable and invariant with solvent 
except for dimethyl sulfoxide, which decomposes them af- 
fording green solutions with altered spectral characteristics. 
Several authors have noted a solvent dependence of the 
d-d band position or intensity in electronic spectra of planar 
or square pyramidal copper(I1) species and have interpreted 
this as indication of solvent interactions in open coordina- 
tion sites on copper(I1) ( 5 ,  20). In this regard, it may be sig- 
nificant that, for [CU(L~ :I 12+, the electronic spectrum is 
invariant in the d-d region over a range of solvents, sug- 
gesting that its anions (C104- or CF,S03-) are associated with 
the copper atom in solution even though they are not in the 
solid state. This interpretation would account both for the 
axial species in solution detected by ESR and for the invar- 
iance of the electronic spectra with solvent. In support of this 
conclusion, it may be noted that spectra of [cu(L2)l2+ in 
acetonitrile as its C104- and BF4- salts have different val- 
ues of A,,, in the d-d region, suggesting that the perchlo- 

rate anion associated with copper in the solid state as revealed 
by the X-ray study remains associated in solution while the 
BF4-, which is apparently not associated in the solid state, 
either associates in solution or solvent occupies the sixth 
coordination site on copper so that the two [ C U ( L ~ ) ] ~ +  spe- 
cies become different in solution. In this regard, it is rele- 
vant that Ochrymowycz, Rorabacher, and co-workers (24- 
26) have reported evidence for adduct formation between 
copper complexes and several anions, including both Clod- 
and BF4-, that are normally considered to be noncomplex- 
ing. In view of the observation that the electrochemical be- 
haviour of [cu(L~)]~+ as its perchlorate and tetrafluoroborate 
salts is quite different and yet the ESR behaviour of the two 
salts in N,N-dimethylformamide is similar, it seems likely 
that in acetonitrile the anions remain associated with copper 
but in N,N-dimethylformamide they are replaced by sol- 
vent. 

It is interesting to note (Fig. 5 )  that at least for [ C U ( L ~ ) ~ ~ +  
in dimethylformamide, there is a dissociative equilibrium 
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FIG. 4. ESR of microcrystalline samples of [Cu(L2)I2+ as ( a )  
(210,- and (b )  BF4-. 

involving ligand and solvent revealed by the ESR spectra 
recorded at different concentrations. Spectra at 77 K of 
glasses formed from these solutions appear as a superposi- 
tioning of spectra of the cation and cupric triflate or per- 
chlorate. The spectra show clearly separated peaks in the gll 
region that belong to the two species and, as the solution is 
diluted, those belonging to cupric triflate or perchlorate grow 
relative to those due to the cation. The glass spectra show no 
resolved hyperfine structure or rhombic splitting in the g, 
region although the line width is at least as large as that in 
the corresponding part of the spectrum of [Cu(bmdhp)- 
(OH,)](C104)2 (bmdhp = 1,7-bis(N-methylbenzimidazol-2'- 
y1)-2,6-dithiaheptane) under similar conditions (22). For that 
compound, small rhombic splitting and hyperfine coupling 
in the g, region were proposed on the basis of spectral sim- 

ulation. It may be, therefore, that [cu(L~)]'+ is also dis- 
torted in solution in a manner similar to the distortion we have 
shown for its perchlorate salt in the solid state. Unfortu- 
nately, the value of lAlll (152 X cm-') observed for this 
ion is far too large to be a satisfactory simulation of the val- 
ues found in "blue" copper proteins (typically, = 31 x 
10-~-63 x cm-I, gll = 2.226-2.288, g, = 2.052- 
2.080) (27) even though other properties of the cation sug- 
gest similarities to the natural materials. Assuming the ob- 
servations concerning the magnitude of l ~ ~ ~ l  in four-coordinate 
structures (28) are applicable in a general way to five-coor- 
dinate structures, adjustment of some of the bond angles at 
copper should help to correct this model's shortcomings. We 
are addressing this problem and the results will be reported 
shortly. 

Having established both the solid state and solution struc- 
tures of the two cations, it is useful to compare their prop- 
erties with each other and with related substances in the 
literature to observe the effects of replacing or removing axial 
donors. A similar evaluation of effects in equatorial posi- 
tions was conducted by Urbach and co-workers (5) and their 
series of N,S, ligand complexes are convenient for compar- 
ison. Electronic spectra of their compounds are similar to 
ours. Thus, bands near 260 nm are assigned to overlapping 
pyridine n -+ n* and N(u) -+ Cu(I1) LMCT transitions; those 
near 360 nm to an S(u) -+ Cu(I1) LMCT, and those of 
wavelength 600 nm or greater to d-d transitions enhanced, 
particularly below 600 nm, by intensity borrowing from 
nearby charge transfer bands. Urbach and co-workers ( 5 )  
proposed that [ ~ u ( ~ d t h x ) ' +  consists of a Cu(I1) surrounded 
by two trans-aromatic nitrogens, a thioether in the equato- 
rial plane, and one in an axial position. From our work it 
seems likely there is also an associated perchlorate in the 
remaining axial position and solvent in the other equatorial 
site. Comparison of the data for this ion with that of our 
[cu(L~)'+ (Table 6) shows that adding a thioether to the 
equatorial plane has surprisingly little effect on the elec- 
tronic spectrum. Replacing an apical thioether by ether, 
however, appears to alter significantly the relative spacings 
of the d orbital energies so that the various d-d transitions 
are much closer in energy and the longer wavelength tran- 
sition near 915 nm in [cu(L~)]'+ (as either perchlorate or 
triflate) moves under other d-d bands at 675 nm in 
[cu(L2)l2+. These changes can be understood in terms of the 
differing abilities of 0 and S to participate in back-bonding 
and the differences in the size of their orbitals. Thus, the 
d2~-d;,z gap in [cu(L2)12+ is somewhat larger than in 
[Cu(L1)12+ due to a lesser extension of the oxygen orbitals 
compared to sulfur. There is, hence, a lesser interaction by 
0 than S with the d,z on copper so that d2 lies lower in en- 
ergy. Both the d,, and d,,, are less able to participate in back- 
bonding with 0 than they are with S so they are raised in 
energy in [cu(L~)]'+ making the dx,,d,,-d.r2-y2 gap smaller 
and shifting the 596 nm band in [cu(L~)]'+ to 675 nm in 
[cu(L~)]'+. 

Comparison of the electrochemistry of [cu(L~)]'+ with 
C~(~d thx ) '+  (Table 7) shows that removal of a thioether 
donor causes a change in El,, in acetonitrile from 734 to 
510 mV, which is consistent with the influence of thioether 
sulfur previously reported (5). Unfortunately, we cannot view 
by itself the influence of adding a thioether donor in the api- 
cal site because changes in chelate ring size are also occur- 
ring in the present series of compounds and these are known 
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LIU ET AL 

FIG. 5. ESR in DMF glass at 77 K of (a) [Cu(L1):I[CF3SO3I2,* = CU(CF,SO,)~ from dissociation of L1; (b)  CU(CF,SO~)~ under iden- 
tical conditions; ( c )  [Cu(L2):I[C1O4I2. 

(7) to affect Ell,. We can estimate the effect of added apical 
thioether, however, by recognizing that the change from 
~ u ( ~ d t h ~ ) , +  to ~ u ( ~ d t n ) ' +  (Table 7) gives a change in E , / ,  
from 547 to 659 mV (or 112 mV) due to the change from 5-, 
6-, and 5-membered chelate rings to 6, 6, and 6. Assuming 
a comparable effect upon changing from ~ u ( ~ d t h ~ ) ' +  to 
[cu(L1)12+, the total observed change from 547 to 734 mV 
(or 187 mV) is due in part (- 1 12 mV) to relieved strain be- 
tween the two equatorial S atoms, and the remainder 
(-75 mV) is due to addition of an a ical thioether donor. 
Likewise, the change from [Cu(Ll$+ to [cu(L2)12+, or 
changing apical S into 0, changes E,/, from 734 to 696 mV 
(or -38 mV). These values are substantially smaller than the 
150-350 mV changes observed (5, 7) when altering basal 

or equatorial sites from 0 or N to S. This observation is 
perhaps not so surprising if it is the apical donor that is lost 
when Cu(I1) is reduced to Cu(1) and X-ray studies of the 
Cu(I1) and Cu(1) complexes of pdto (19) show folding of the 
complex and loss of its apical donor on reduction. The cyclic 
voltammetric behaviour of [ c u ( L ~ ) ~ +  in water (Fig. 6) is 
somewhat different from that in acetonitrile and may be re- 
lated to solvation or anation changes in the apical sites as a 
result of the solvent change. Typical voltammograms (Fig. 
6, Table 7) show that the potential but not the peak-to-peak 
separation of the wave is rather sensitive to solvent. In both 
water and acetonitrile, AE, = 80 mV, but in water, El/! = 
524 mV instead of 734 mV versus NHE as in acetonitnle. 
These potentials do not match Addison's criteria for con- 
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TABLE 7. Cyclic voltammetric data 

Compound El// (mV) up (mvy 

"In acetonitrile vs. NHE. 
bReference 5 and footnote (e), Table 6. 
'At 100 mV/s unless otherwise indicated. 

verting potentials in CH,CN to water (7) but it should also 
be noted that those criteria probably do not apply in this case 
because the ratio of i,/i,, in water is not one, as it is in ace- 
tonitrile, although it approaches one as the scan rate is in- 
creased. It seems likely that the process in water is different 
than in acetonitrile and may involve rearrangement of a sol- 
vated species that occurs relatively slowly in water and either 
does not occur at all or is very rapid in acetonitrile. This as- 

pect of the [Cu(L1)12+ cation's properties is under continu- 
ing investigation. 

It is clear from comparison of the ESR parameters for 
Cu(pdto)(ClO,)+ in different solvents (5, 6) that axial sol- 
vent interactions affect both gll and IAlll. This axial effect is 
apparent in spectra of [cu(L~)]" and [cu(L2)12+ (Table 6) 
where replacement of apical S by 0 causes a decrease in gll 
from 2.36 to 2.25 and a somewhat smaller decrease in g, 
from 2.05 to 2.04. Interestingly, there is almost no change 
in IAlll. Others have noted variations in gll and (All( with struc- 
ture and have commented on correlations with bond angle 
distortion at copper, with anionic charge, with thermody- 
namic stability, or with axial perturbations of the complex 
species' symmetry (6, 9-1 1, 29). Usually, there is an in- 
verse relationship between gll and lAlll for a given donor set 
and it is probable that for the L l  and L2 complexes this rule 
is violated because of the change in ligand donor at the api- 
cal position. 

Conclusions 
Solid state and solution structures of the copper(I1) spe- 

cies described in this report are very sensitive to interac- 
tions with anions and solvents. Structure changes that 
accompany anation or solvation may be as minor as small 
alterations of bond angles in the coordination sphere or they 

FIG. 6. Cyclic voltammograms of [C~(Ll)][C10~1~ ( a )  in acetonitrile at scan rates of 50, 100, 200, and 400 mV s-' and (b) in water 
at scan rates of 20, 50, 100, 200, and 400 mV s-'. 
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may be as major as dissociation of the ligand but all affect 
significantly the electronic and ESR spectra as well as the 
redox properties of the copper complexes. The greatest ef- 
fect of changes in ligand donor atom is expressed through the 
basal or  equatorial planes of pseudo-square pyramidal or  
octahedral complexes while the effect at the apical site is 
smaller but still detectable by ESR, electronic spectros- 
copy, or  cyclic voltammetry. Changing the apical donor to 
0 from S shortens the metal-apex bond length, which may 
also change the way in which the ligand surrounds the metal 
from meridional to facial in order to minimize strain. In- 
creasing the chain length between basal sites while span- 
ning the apical site (or even linking basal sites directly) 
influences the ease with which tetrahedral geometry in Cu(1) 
can be achieved upon reduction, and consequently in- 
creases the magnitude of E,/,. Changing from apical 0 to S 
increases Ell, by -38 mV; it increases the wavelength of the 
d-d band envelope by -240 nm; it increases gll by -0.11, 
g, by -0.01, and leaves IAIlI unchanged within experimen- 
tal error. Adding apical S or 0 donors, thereby converting 
formally four-coordinate species into five-coordinate ones, 
causes the expected appearance of a long-wavelength tail on 
the d-d band envelope or even appearance of a further low- 
intensity band at longer wavelength (-925 nm) and an in- 
crease in El l ,  of 75-190 mV. Although different solvent 
systems were used for the five-coordinate and four-coordi- 
nate ESR studies and therefore conclusions about ESR trends 
should be treated with caution, a small increase in gll ac- 
companied by a small decrease in lAlll while g, remains 
constant within experimental error is noted upon adding an 
apical donor. ESR evidence suggests that N,N-dimethylfor- 
mamide competes with ligand for copper(I1) in an equilib- 
rium process. 
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Laser flash photolysis studies of the formation and reactivities 
of phenyl(naphthy1)methyl carbocations generated 

from phosphonium salt precursors1 
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E. 0 .  ALONSO, L. J. JOHNSTON, J. C. SCAIANO, and V.  G. TOSCANO. Can. J. Chem. 70, 1784 (1992). 
The photolysis of several substituted phenyl(naphthy1)methyl triphenylphosphonium chlorides has been examined using 

a combination of laser flash photolysis experiments and product studies. Both carbocation and radical intermediates have 
been characterized in the transient experiments, with the relative yields depending strongly on the solvent. For exam- 
ple, in alcohols, acetonitrile, or aqueous solvents cation formation predominates while acetonitrile/dioxane mixtures (5- 
10%) are required for the observation of radicals. Quantum yields for cation formation vary from 0.79 in methanol to 
0.093 in 1 : 4  acetonitrile/dioxane, as measured by product studies and transient experiments, respectively. The addi- 
tion of perchlorate salts leads to dramatic enhancements in the cation lifetimes; the effects are particularly pronounced 
for acetonitrile/dioxane mixtures where the cation yields also increase by factors of 3-4. In this case the effects are at- 
tributed primarily to replacement of chloride by perchlorate in the initial ion pairs. The combined data from both sol- 
vent and perchlorate salt effects on the cation lifetimes and yields suggest that the excited state of the phosphonium salt 
cleaves homolytically, followed by electron transfer within the initial radical/triphenylphosphine radical cation pair to 
generate carbocation, as opposed to direct heterolytic cleavage. The cation yields also indicate that back reaction to re- 
generate starting material, as well as product formation within the initial geminate cage, occur in some solvents. The 
effects of solvent and added perchlorate salts on the rate constants for reaction with nucleophiles have been examined. 
For example, rate constants that vary by an order of magnitude have been measured for quenching by azide ion in var- 
ious aqueous acetonitrile and trifluoroethanol mixtures. 

E. 0. ALONSO, L. J. JOHNSTON, J. C. SCAIANO et V. G. TOSCANO. Can. J. Chem. 70, 1784 (1992). 
Faisant appel a une combinaison d'expkriences de photolyse kclair au laser et d'ktudes des produits, on a examink la 

photolyse de plusieurs chlorures de phCnyl(naphty1)mkthyl triphknyl phosphonium. On a caractkrisk des intermkdiaires 
tant cationiques que radicalaires dans les expkriences impliquant les espkces transitoires; les rendements relatifs dependent 
beaucoup du solvant. Par exemple, dans les alcools, l'acktonitrile ou des solvants aqueux, il y a formation prkdominante 
de cations alors qu'il faut un mklange d'acktonitrile/dioxane (5-10%) pour observer des radicaux. Les rendements 
quantiques pour la formation des cations, tels que mesurks respectivement par des ktudes de produits et des expkriences 
sur les espbces transitoires, varient de 0,79 dans le mkthanol a 0,093 dans un mklange 1 : 4 d'acktonitrile/dioxane. 
L'addition de sels de perchlorate conduit une augmentation dramatique des temps de vie des cations; les effets sont 
particulibrement prononcks pour les mklanges acktonitrile/dioxane dans lesquels les rendements en cations augmentent 
aussi par des facteurs de 3-4. Dans ce cas, on attribue les effets principalement a une substitution du chlorure par le 
perchlorate dans les paires d'ions initiales. Les donnbes combinkes des effets tant de solvant que de sel perchlorate sur 
les temps de vie des cations et sur les rendements suggerent que l'ktat excite du phosphonium subit plut6t un clivage 
homolytique, suivie d'un transfert d'klectrons a l'intkrieur de la paire initiale radical/cation radicalaire de la 
triphknylphosphine conduisant a un carbocation qu'un clivage hktkrolytique direct. Les rendements de cation indiquent 
aussi que la rktro-rkaction rkgknkrant le produit de dkpart, ainsi que le formation de produit a l'intkrieur de la cage gkrninke 
initiale, se produit dans certains solvants. On a aussi examink les effets du solvant et de l'addition de perchlorate sur les 
constantes de vitesse pour les rkactions avec les nuclCophiles. Par exemple, on a mesurk les constantes de vitesse qui 
varient par un ordre de grandeur en pikgeant avec l'ion azoture, dans divers melanges aqueux d'acktonitrile et de tri- 
fluoroCthano1. 

[Traduit par la rkdaction] 

A number of recent reports demonstrate that a variety of 
di- and triarylmethyl substituted cations can be readily gen- 
erated by photoheterolysis of suitable precursors. This tech- 
nique was used to generate transient carbocations and to 
examine their reactivity using direct time-resolved tech- 
niques such as laser flash photolysis and time-resolved con- 
ductivity (1 -15). These methods have considerable 
advantages over the use of acidic media to generate stable 
cations for spectroscopic studies and the examination of 
reactivities using indirect competitive product studies. The 
direct examination of transient cations allows the measure- 
ment of cation lifetimes and reactivities in a variety of re- 

'1ssued as NRCC No. 33302. 
2 ~ r e s e n t  address: (a) Instituto de Quimica, Universidade de Sao 

Paulo, C.P. 20780, 01498 Sao Paulo, Brazil; (b) Department of 
Chemistry, University of Ottawa, Ottawa, Ont. Canada KIN 6N5. 

active solvents such as alcohols and aqueous mixtures and 
does not rely on the use of nucleophiles such as azide ion as 
"clocks. " 

Precursors with leaving groups such as halide, acetate, 
tosylate, and 4-cyanophenoxide have been frequently used 
for the generation of cations via photoheterolysis. For many 
of these precursors homolysis to generate radicals competes 
with cation formation. We recently reported that phosphon- 
ium salts 1 and 2 show a marked preference for heterolysis 
to generate cations in a variety of polar solvents (16). Al- 
though the competition between homolysis and heterolysis 
in the photolysis of a variety of naphthylmethyl systems has 
been examined using conventional steady state techniques 
(17-22), transient techniques were not previously applied to 
the study of carbocations in these systems. We have now 
examined the generation of naphthylphenylmethyl cations and 
radicals from several phosphonium salts (1-3, 11). The ef- 
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fects of solvent and added salts such as lithium perchlorate Results 
on the relative amounts of cation and radical and on the Characterization of cations 
lifetimes of the cations have been examined. Further, we have Laser excitation of phosphonium salt 1 (-5 x lop5 M; 308 
observed a wide variation in the reactivity of the cation to- nm) has been demonstrated to result in efficient formation 
wards nucleophiles such as azide ion. Preliminary results for of cation 4 in a variety of polar solvents such as acetonitrile 
some of these systems have already been reported (16). and 2,2,2-trifluoroethanol (TFE) (16). This cation has X,,, 

OCH, 
I 

+ 
CHPh ;H< <xi d 
OCH, 

4 5 

at 500 nm with a small second absorption band at -360 nm 
and has lifetimes of -2.5 ps in acetonitrile and in excess of 
100 ps in TFE. The cation assignment was confirmed by 
quenching with nucleophiles such as azide and chloride ions 
and by the insensitivity of the transient lifetime to the pres- 
ence of oxygen. 

Similar to the results observed with salt 1 ,  laser excita- 
tion of salt 2 (-2.5 X M) also produced a strongly ab- 
sorbing transient with X,, at 550 nm and a weaker absorption 
band at 370 nm in aerated or deaerated trifluoroethanol as 
shown in Fig. 1. This species had a lifetime of >35 ps, and 
was assigned to cation 5. The same cation could be readily 
produced as a stable solution from the parent alcohol in TFE/ 
trifluoroacetic acid, and under these conditions the spec- 
trum was identical to that shown in Fig. 1. A similar tran- 
sient was produced from salt 2 in acetonitrile, although in this 
case the lifetime was shortened to 350 ns (Table 1). 

Excitation (308 nm) of M salt 3 generated cation 6 
with X,, at 445 nm and with a weaker band between 500 and 
600 nm (Fig. 1). Decay traces monitored at 445 or 560 nm 
gave identical lifetimes of 450 ns in TFE and 50 ns in ace- 
tonitrile. However, our previous observation of shorter life- 
times for cation 4 at higher concentrations of the precursor 
salt suggested that these lifetimes were at least partly a re- 
flection of an increased rate for reaction with chloride ion 
(present as the phosphonium salt counterion) at the higher 
salt concentration required to obtain sufficient absorption at 
the laser wavelength. Accordingly, the same cation was 
produced via 266 nm excitation of 5 x M salt 3 in ace- 
tonitrile; in this case the spectrum of the cation was identi- 
cal to that measured using 308 nm excitation but the lifetime 
was 0.5 ws. 

The assignment of the observed transients from salts 2 and 
3 to cations 5 and 6 ,  respectively, was confirmed by their 
insensitivity towards oxygen and their characteristic 
quenching by azide ion. Rate constants of 2.4 X lo9 and 4.5 
x lo9 M-' s-' were obtained from plots of the rate constant 
for cation decay (k,,,) versus [azide] for 5 and 6 ,  respec- 
tively, in 10% aqueous TFE (Table 2). 

Cation 6 was also generated from 1-naphthyl(pheny1)- 
methyl chloride (7) in acetonitrile. The cation spectrum using 
this precursor was identical to that obtained from the phos- 
phonium salt (3) but the lifetime was substantially longer (1.0 
ps) and was independent of the precursor concentration. 
Similarly cation 4 generated from chloride 8 was also longer- 
lived than that from the phosphonium salt precursor, and no 
difference in the spectra could be detected. The latter chlo- 
ride was very rapidly solvolyzed in solvents containing small 
amounts of either water or alcohols and was, thus, not very 
suitable for the transient experiments. These observations 
suggest that reaction with the chloride ion associated with the 
phosphonium salts is responsible for the shorter cation life- 
times at higher salt concentrations. This is further supported 
by two additional observations. Firstly, chloride ion added 
as either the sodium or potassium salt reacted with various 
cations, as discussed in more detail below. Secondly, the 
lifetime of cation 6 generated from chloride 7 in acetonitrile 
decreased substantially in the presence of added phospho- 
nium salts. For example, rate constants of 9 X lo9 and 
-1 x 10" M-I  s-' were measured for quenching of 6 by di- 
(4-methoxyphenyl)methyltriphenylphosphonium chloride (9) 
and (1-naphthylmethyl)triphenylphosphonium chloride (10) 
in acetonitrile. Note that excitation of these salts (9 and 10) 
alone in the absence of 7 and at the maximum concentra- 
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Wavelength, nrn 

FIG. I.  Transient absorption spectra for cations 4, 5, 6 and 12 
produced by 308 nrn (266 nrn for 12) excitation of aerated or ox- 
ygenated TFE solutions of the corresponding phosphoniurn salts. 

tions used in the quenching experiments did not produce any 
transients since they had very low optical densities at 308 nm. 
Furthermore, addition of 1 -naphthylmethyltriphenylphos- 
phonium tetrafluoroborate had no effect on the lifetime of 
cation 6 ,  indicating that a nucleophilic counterion such as 
chloride is required to observe the effect. 

TABLE 1. Room temperature lifetimes of cations 4-6 under a va- 
riety of conditions 

Cation Solvent T, psa Precursor, M 

4 TFE 
Acetonitrile 
Methanol 
1 : I Acetonitrile/dioxane 
5% Water/acetonitrile 

5 TFE 
Acetonitrile 
Methanol 
3 : 7 Methanol/TFE 
1 : 1 Acetonitrile/dioxane 
5% Water/acetonitrile 

6 TFE 
~ c e t o n i t r i l e ~  
Acetonitrile' 
~ c e t o n i t r i l e ~  
Acetonitrile" 
1 : 1 Acetonitrile/dioxane 
5% Water/acetonitrile 

"Typical errors are ? 10%. 
'308 nm excitation. 
'266 nm excitation. 

+ 
CHPPh ,c1- 
I 

4-Methoxy-1-naphthylmethyltriphenylphosphonium chlo- 
ride (11) was also examined in TFE using both 266 and 308 
nm excitation. The spectrum of cation 12 produced by 266 
nm excitation of 11 in oxygenated TFE is shown in Fig. 1. 
Under these conditions the cation lifetime was 7.5 ps. Sur- 
prisingly, repeating the same experiment using 308 nm ex- 
citation resulted in considerably weaker transient absorption 
signals due to 12, despite the fact that the laser energies and 
optical densities of the precursor at the laser wavelength were 
comparable in each case. This wavelength dependence may 
be related to photochemistry from an upper dissociative state 
in the case of 266 nm e ~ c i t a t i o n . ~  

OCH, 
11 

3~ detailed study of the photochemistry of salt 11 is obviously 
required to sort out this unusual wavelength dependence. 
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TABLE 2. Rate constants for quenching of cations 4, 5, and 6 with a variety of nucleo- 
philes 

Cation Quencher Solvent k,, M - I  s-I 

4 NaN, 5% aq. ACN" 
5% aq. ACN + 0.1 M LiClO, 
5% aq. ACN + 0.01 M LiClO, 
5% aq. ACN + 0.0012 M LiC10, 
5% aq. TFE 
5% aq. TFE + 0.0012 M LiClO, 
10% aq. TFE 

5 NaN, 10% aq. TFE 
6 NaN, 10% aq. TFE 

4 NaBr 5% aq. ACN 
5% aq. ACN + 0.1 M LiClO, 

4 KC1 5% aq. ACN 
5% aq. ACN + 0.0014 M LiClO, 
3% aq. ACN 
10% aq. ACN 

5 KC1 10% aq. ACN 

4 LiCl 5% aq. ACN 

"ACN = acetonitrile. 
'Plot shown as insert in Fig. 7. 

Table 1 gives lifetimes for cations 4, 5,  and 6 under a va- 
riety of conditions. Since most of these were measured using 
phosphonium chlorides as precursors, they reflect a combi- 
nation of reaction of the cation with chloride ion and sol- 
vent, with the relative importance of each varying with 
solvent. Note that the results are further complicated by the 
fact that the rate of chloride ion quenching is also expected 
to be solvent dependent (see below). However, the much 
shorter lifetimes in methanol are attributed to nucleophilic 
reaction with solvent, which is present in much larger con- 
centration than chloride ion. 

One rather surprising observation was the substantially 
longer lifetimes observed for cations 4 and 5 in aqueous 
acetonitrile as compared to acetonitrile (Table 1). In con- 
trast, cation 6 generated from either the salt or chloride pre- 
cursor reacted rapidly with small amounts of water and was 
too short-lived to measure in >5% water. Since solvolysis 
of the appropriate naphthylphenylmethyl chlorides in aqueous 
solvents was rapid, it was not possible to use these sub- 
strates to compare results obtained for the two precursors. 
Therefore. the effect of water on the lifetime of cation 13 
produced from 9 was examined as a function of the concen- 
tration of water in acetonitrile. In this case literature results 
are available for the same cation generated from the 4-cy- 
anophenoxy ether in aqueous acetonitrile mixtures (4). As 
observed for cation 4, the lifetime of 13 (with 9 as the pre- 
cursor) initially increased with added water and then lev- 
elled off to a constant value of 6 ks at 80% water (Fig. 2). 
This is in direct contrast to the literature results, which in- 
dicated lifetimes of 16.0, 7.3, and 10 ks for the same cat- 
ion in 7, 17, and 80% aqueous acetonitrile.' These results 
appear to be specific to the phosphonium salt precursors and 

?these are approximate values since they were read from a graph 
in ref. 4. 

are thought to be related to variations in the rate constants 
for chloride quenching of 4 and 5 in the different solvent 
mixtures, as discussed below. Thus, even in aqueous sol- 
vents the lifetimes for 4, 5, and 13 are determined by reac- 
tion with chloride counterion. In the case of 6, the cation is 
more reactive and its lifetime in aqueous acetonitrile is lim- 
ited by reaction with water rather than chloride ion. 

13 

Characterization of naphthylphenylmethyl radicals 
As previously reported (16), excitation of 1 in less polar 

solvents than TFE or acetonitrile (e.g., acetonitrile/dioxane 

0 .00  
0  2 0  4 0  6 0  8 0  1 0 0  

% Water 

FIG. 2. Effect of water on the lifetime of cation 13 in acetoni- 
trile: (a) this work; (+) data from ref. 4. 
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mixtures) led to the detection of radical 14 with X,,, at 
400 nm. The yields of radical varied considerably with the 
solvent composition with only radical observed between 1 
and 5% acetonitrile in dioxane and only cation in pure ace- 
tonitrile or in 4: 1 acetonitrile/dioxane. As expected, the 
radical was relatively long-lived (> 10 ps), did not decay by 
first-order kinetics, and reacted efficiently with oxygen, but 
not with 1,3-cyclohexadiene. The latter served to differen- 
tiate the radical from any naphthalene-containing triplet, 
which would be expected to absorb in a similar region (23) 
but which would be quenched by dienes. The same radical 
could be readily generated from (4-methoxy-1-naphthy1)- 
phenylmethyl chloride in nonpolar solvsnts such as cyclo- 
hexane. 

Salt 2 also produced some radical in acetonitrile/dioxane 
mixtures, as shown in Fig. 3. In contrast to the large shifts 
that are observed in the cation spectra upon methoxy substi- 
tution, the spectrum of radical 15 is very similar to that of 
14. This is to be expected based on the known insensitivity 
of arylmethyl-substituted radicals to changes in substituents 
on the aromatic rings (10, 24, 25). Similarly to the results 
observed with salt 1, mixtures of both radical and cation were 
produced by excitation of 2 in acetonitrile/dioxane mix- 
tures. 

OCH, 
14 

spectra with maxima at -420 nm (23). However, in none of 
the transient experiments with salts 1 and 2 did we find any 
evidence for species other than either the corresponding 
cations or radicals. Note that it is important to use flow sys- 
tem in these experiments to eliminate the possibility of sig- 
nals due to the accumulation of photoproducts that have 
strong triplet absorptions. However, for salt 3 in deaerated 
acetonitrile/dioxane mixtures there was a weak triplet sig- 
nal at 420 nm in addition to radical 16. It was also possible 
to observe weak and long-lived transients at 420 nm due to 
the triplets of 2- and 3-methoxy-1-naphthylmethyl tri- 
phenylphosphonium chlorides. 

Cation yields 
Two approaches were used to measure the yields of cat- 

ions produced by photolysis of the phosphonium salts. The 
first of these involves determination of quantum yields for 
product formation. The second method is based on measur- 
ing the yields of transient cations using a suitable actinom- 
eter. 

Photolysis of salt 2 in methanol at low conversions gave 
a single product that was isolated and shown to be ether 17 
(reaction [I]), the expected product of methanol trapping of 
the intermediate carbocation. Both triphenylphosphine and 
triphenylphosphine oxide were also observed by HPLC 
analysis. The latter may result from either the oxidation of 

The spectrum of the (2-naphthy1)phenylmethyl radical (16) 
was obtained by 266 nm excitation of salt 3 in acetonitrile/ 
dioxane mixtures. The radical was clearly visible without 
interference from cation signals at > 1 ps delays after the laser 
and had X,,, at 340 nm with weaker bands at 400 and 680 
nm. The decay kinetics measured at the three wavelengths 
were similar, indicating that all three bands belonged to the 
same species. Further, this species reacted efficiently with 
oxygen, demonstrating that the observed transient is not a 
naphthalene radical cation, which has also been reported to 
absorb in the 650-700 nm region and which is readily de- 
tectable in oxygenated solutions (26a).' A similar spectrum 
for radical 16 was also observed from the chloride precur- 
sor in cyclohexane and acetonitrile (Fig. 3). The shift in X,,, 
from 400 nm for radicals 14 and 15 to 340 nm for 16 is in 
line with the reported spectra for the 1- and 2-naphthyl- 
methyl radicals, which have absorption maxima at 365 nm, 
whereas the (1-bromo-2-naphthy1)methyl radical has X,,, at 
350 nm (25, 27). The long-wavelength absorption is rather 
unusual since the lowest energy band in most naphthyl- 
methyl radicals is too weak to be observed in absorption, 
although its fluorescence is readily detectable in various 
systems (24). 

A variety of naphthalenes have triplet-triplet absorption 

triphenylphosphine or the reaction of triphenylphosphine 
radical cation with water (28). The quantum yield for for- 
mation of 17 upon 313 nm photolysis of 3 x M 2 in 
methanol was measured using the formation of acetophe- 
none from valerophenone in cyclohexane = 0.4) as the 
actinometer (29, 30). An average of six determinations gave 
a value of 0.71 + 0.10 (Table 3). A quantum yield for ether 
production of 0.39 (two determinations) was measured in 3 : 7 
(v/v) methanol/TFE. This particular solvent was selected 
since 30% methanol was sufficient to give a clean yield of 
17. Irradiation of 2 in TFE alone gave a number of addi- 
tional products. Irradiation of 2 in acetonitrile also gave a 
complex product mixture. Previous studies of diarylmethyl 
cations have shown that there is the added complication of 
reversible addition of the cation to the solvent, which re- 
sults in lower than expected yields of amide products in 
acetonitrile (4). Therefore, quantitative measurements were 
not attempted in this solvent. 

'In a few experiments using high 266 nm power there were some 
additional broad absorptions at A > 650 nm that may be due to 
radical cations generated by photoionization. Note that reactions 
of radical cations with oxygen are relatively slow (lo6 M-' s-') and 
do not compete with other decay pathways (under laser flash pho- 
tolysis conditions) at the oxygen concentrations present in most 
organic solvents (266). 
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0.00 
300 400 500  6 0 0  7 0 0  8 0 0  

Wavelength, nm 

FIG. 3.  Spectra of radicals 15 and 16 produced by 308 nm ex- 
citation of 2 in deaerated 5% acetonitrile/dioxane and 266 nm ex- 
citation of 7 in deaerated acetonitrile, respectively. 

2 17 

It should be noted that trapping of cation 5 by chloride ion 
to give 18 might be expected to be a complication in the 
above quantum yield determinations. However, 18 was not 

TABLE 3.  Yields of cation 5 produced by photolysis of 2 
under various conditions 

Solvent @ Method" 

Methanol 0.71 Products 
3 : 7 Methanol/TFE 0.39 Products 
3 : 7 Methanol/TFE 0.18 Transient 
TFE 0.15 Transient 
Acetonitrile 0.53 Transient 
Acetonitrile + 0.1 M LICIO, 0.58 Transient 
1 :4 Water/acetonitrile 0.53 Transient 
1 :4 Acetonitrile/dioxane 0.093 Transient 
1 :4 Acetonitrile/dioxane + 

0.1 M LiC10, 0.32 Transient 

"The quantum yields were determined from product studies 
or laser flash photolysis measurements. 

stable in methanol due to its rapid solvolysis to ether 17. 
Therefore, the measured quantum yields for ether formation 
are a suitable measure of the cation yields, since under our 
reaction conditions trapping by either solvent or chloride will 
give the same product. Another potential source of error is 
trapping of the cation by triphenylphosphine accumulated as 
a D ~ O ~ U C ~  of the reaction. To test whether this was a ~ o s s i -  
ble complication the reactivity of cation 6 (generated from 
chloride 7) towards triphenylphosphine was examined. A rate 
constant of 5 x lo9 M-' s-' was measured from a plot of the 
observed rate constant for cation decay as a function of added 
triphenylphosphine in acetonitrile. However, despite the high 
rate constant, at low conversions the amount of triphenyl- - .  

phosphine generated would not be able to compete with sol- 
vent for trapping of the cation, given the observed 20 ns 
lifetime for 6 in methan01.~ 

The yields of cation 5 in a variety of solvents were mea- 
sured using transient absorption techniques. This approach 
has the advantage of being readily applicable to solvents in 
which complex mixtures of products are formed. The tech- 
nique requires a suitable actinometer that absorbs in the same 
region as the cation precursor and knowledge of the extinc- 
tion coefficient of the cation. Aberchrome-540 (19), which 
undergoes photocyclization with a quantum yield of 0.20 
in toluene, was used as the actinometer (31, 32). The ex- 
tinction coefficient for 5 was measured by generating the 
cation from the parent alcohol in strong acid. The value of 
43 000 M-I cm-I (at 550 nm) used in our experiments was 
the average of determinations in concentrated sulfuric acid, 
trifluoroacetic acid, and 1 : 1 TFE/trifluoroacetic acid, all of 
which gave similar results. The measured cation yields in 
various solvents are listed in Table 3. These numbers were 
calculated assuming that the extinction coefficient of 5 was 
identical in all the solvents. This is a reasonable assumption 
based on the fact that the transient spectra in various polar 
solvents are virtually superimposable with those for the cat- 
ion in strong acid. Thus, a change in E also implies a change 
in oscillator strength, which is unlikely (33). 

The quantum Gelds in acetonitrile and aqueous acetoni- 
trile are comparable to the value obtained by product anal- 
ysis in methanol. It should be noted that the transient 
measurements are not affected by the decay pathway for the 
cation, although they will not account for cations that give 
products within the initial geminate cage. There is a sub- 
stantial difference between the cation yields measured by 
transient techniques and product studies for 3 : 7 methanol/ 
TFE. The lower yields in the transient experiment suggest 
that, at least in this particular solvent, there is a consider- 
able amount of product formation within the initial gemi- 
nate cage. Despite this discrepancy between the two methods, 

6 ~ t  5% conversion the concentration of triphenylphosphine would 
be only 1.5 X lo-%, which in combination with the measured 
rate constant gives k,,, = 7.35 x lo5 s-'. This is almost two or- 
ders of magnitude less than the measured rate constant for decay 
of 5 in methanol (5 X lo7 s-I) .  
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both the transient experiments and the product studies indi- 3 0 
cate that the cation yields in TFE are significantly lower than 
those in other solvents. Thus, although TFE stabilizes the 
cation, less cation is actually generated by photolysis of the 
phosphonium salt in this solvent. 
Salt effects on cation lifetimes and yields 2 2 0  

Our previous observation (16) of the remarkable en- 
hancement in cation lifetime in the presence of lithium per- .- e 
chlorate has now been investigated in more detail. Some of - a 
these results are tabulated in Table 4 and shown in Fig. 4. 1 0  
For example, the lifetime of 4 increased from 3 to 40 ps in 
the presence of 0.4 M LiC10, in acetonitrile, with a con- 
comitant increase of -80% in the signal intensity. Spectra 
of the cation in the presence and absence of LiC10, are shown 
in Fig. 5 and indicate that there is virtually no effect of the 0 
salt on the transient absorption. It should also be noted that - 6 
the added salt did not hav; a measurable effect on the ground 
state absorption of the precursor (1). Much more modest ef- 
fects on both the lifetime and signal intensities were ob- 
served in mixed solvents such as 10% aqueous acetonitrile 
or 15% methanol in acetonitrile and in TFE (Table 4). In 
acetonitrile, the effect of added LiClO, starts to appear at 
-1 x lop4 M, at which concentration the cation lifetime has 
increased by 50%. 

The effect of added LiClO, was also examined in 1 :4  
acetonitrile/dioxane, under which conditions both radical and 
cation are readily detectable. In this case the effects were even 
more dramatic than those outlined above. Figure 6 shows 
spectra obtained in the mixed solvent with and without 
0.2 M LiClO, under a nitrogen atmosphere. In the presence 
of perchlorate there is an approximately sevenfold increase 
in the amount of cation and the radical yield (X,,, 400 nm) 
is substantially lower; most of the radical has disappeared, 
although overlap of its spectrum with the 360 nm band of the 
cation would make it difficult to detect a small amount of this 
species. These results demonstrate that the added salt has a 
large effect on the processes occurring in the initial gemi- 
nate cage. Under these conditions the cation lifetime in- 
creases from 0.7 ps in the absence of the salt to -50 ps in 
the presence of 0.2 M LiC10,. Furthermore, 0.01 M Li- 
C10, is sufficient to almost completely suppress radical for- 

log ([perchlorate], M) 

FIG. 4. Effect of added perchlorate salts on the lifetime of 4: (+), 
LiClO, in acetonitrile; (a) NaClO, in acetonitrile; (m) MgClO, in 
acetonitrile; (A) LiClO, in 1 :4 acetonitrile/dioxane. 

Wavelength, nrn 

FIG. 5. Transient absorption spectra of 4 in acetonitrile (A) with 
and (B) without 0.4 M LiClO,. 

TABLE 4. Effect of added LiClO, on the lifetimes and signal intensities of cations 4 and 
5 in various solvents 

Cation Solvent Salt, M 7, psa AOD 

4 Acetonitrile - 
0.001 M LiC10, 
0.4 M LiClO, 

10% Water/ACN - 
0.4 M LiC10, 

15% MeOH/ACN - 
0.4 M LiC10, 

20% ACN/dioxane - 
2.9 x M LiClO, 
0.2 M LiC10, 

20% Water/TFE - 

0.4 M LiClO, 
5 Acetonitrile - 

0.44 M LiClO, 
6 Acetonitrile - 

1.4 x 10-' M LiClO, 

Typical errors are + 10%. 
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300 400 500 600 700 

Wavelength, nm 

FIG. 6. Transient absorption spectra produced by 308 nm exci- 
tation of 1 in 1 :4 acetonitrile/dioxane (A) with and (B) without 0 . 2  
M LiC10,. 

mation and under these conditions the intensity of the cation 
signal has only increased by a factor of roughly 2.5. The ef- 
fects of LiClO, on the cation lifetime start to appear at much 
more moderate concentrations than those discussed above. 
For example, the cation lifetime is already 16 ps at 2.9 X 

M salt (Table 4). The lifetime of the radical is not af- 
fected by the addition of salt under any of these conditions. 

Similar salt effects were also observed for cation 5, which 
had a lifetime of 9.8 ps in the presence of 0.44 M salt in 
acetonitrile. The quantum yields of cation formation were also 
measured in acetonitrile and 1 : 4 acetonitrile/dioxane in the 
presence of 0.1 M LiClO, (Table 3). In the former solvent 
the addition of the salt gave only a modest increase in the 
yield of cation. In contrast, 0.1 M salt increased the yield of 
cation by a factor of 3.5 in the mixed solvent. 

Sodium and magnesium perchlorates showed similar ef- 

fects to those discussed above for LiClO,. For the sodium salt 
the effects of 4 were larger than those for lithium at the same 
concentration (Fig. 4). This effect is consistent with the de- 
gree of dissociation of these salts in acetonitrile (34). A 
lifetime of 19.5 ps was measured for 4 in acetonitrile con- 
taining M MgC10,. The effect of potassium tetrafluo- 
roborate was also examined. In this case the low solubility 
of the salt in acetonitrile required the use of a partly aqueous 
solution. The lifetime for 4 increased from 5.1 ps in 
10% aqueous acetonitrile to 5.6 ps in the presence of 3.1 x 

M KBF,; use of LiC10, gave identical results. 
Reactions of cations with nucleophiles 

Rate constants for azide quenching for 4-6 in 10% aqueous 
trifluoroethanol are listed in Table 2. We also examined the 
quenching of 4 by azide in other solvents and in the pres- 
ence of varying amounts of LiClO,; representative plots are 
shown in Fig. 7. The results demonstrate an order of mag- 
nitude difference in the rate constant for azide uenching in Y - -  going from 5% aqueous acetonitrile (1.8 x 10' M ' s ') to 
5% aqueous TFE (1.7 X lo9 M-' s-'). Further, the addition 
of 0.01 and 0.1 M LiC10, to 5% aqueous acetonitrile causes 
2- and 5-fold decreases, respectively, in the azide quench- 
ing rate constants. 

The effects of the medium on bromide quenching of 4 were 
also examined and are listed in Table 2. The rate constant in 
5% aqueous acetonitrile was close to diffusion controlled and 
again the measured rate constants were considerably lower 
in the presence of LiClO,. 

Quenching of 4 by chloride ion was examined under a 
variety of conditions (Table 2). Rate constants of -2 X 

lo9 M-' s-' were measured for quenching by potassium 
chloride in 5% aqueous acetonitrile with and without 1.4 x 

M LiC10,. However, the rate constants for chloride 
quenching were quite sensitive to the water content. For ex- 
ample rate constants of 5.3 X lo9 and 9.5 X 10' M-' s-' were 
measured in 3 and 10% aqueous acetonitrile, respectively. 

0 0.4  0.8 1 .2  1 . 6  2  

[azide], mM 

FIG. 7. Plots of the rate constant for decay of 4 as a function of the concentration of azide ion in 5% aqueous acetonitrile (o), 5% aqueous 
acetonitrile + 0.01 M LiClO, (o), 5% aqueous acetonitrile + 0.1 M LiClO, (A), and 5% aqueous TFE (0); the insert shows the plot ob- 
tained for reaction of 4 with lithium chloride in 5% aqueous acetonitrile. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1792 CAN. J .  CHEM. VOL. 70, 1992 

In some cases the plots of k,,, versus [Cl-] showed negative 
curvature at higher concentrations (>I-2 mM; Fig. 7), 
probably as a result of changes in the ionic strength of the 
solution due to the addition of the salt. Solubility problems 
prevented the measurement of a rate constant for chloride 
quenching in neat acetonitrile. However, addition of 1.3 x 
lop4 M lithium chloride to an acetonitrile solution of 1 con- 
taining 4.5 x loe4 M 18-6 crown ether (to solubilize the 
lithium salt) decreased the lifetime of 4 to 0.56 ~ s .  The crown 
ether alone had no effect on the cation lifetime. In 5% 
aqueous acetonitrile a rate constant of - 1.4 X 10' M-' s-' 
was measured for quenching by LiCl; a curved quenching plot 
was obtained in this case and the estimated rate constant is 
based on the slope (based on a quadratic fit of the data) of 
the rate constant versus concentration plot at [Cl-] = 0. 

Discussion 
The present laser flash photolysis results indicate that 

photolysis of diarylmethyl triphenylphosphonium salts such 
as 1-3 produces both radical and cation intermediates, with 
the relative yields of each depending on the solvent. For ex- 
ample, in polar solvents such as acetonitrile and alcohols 
these salts give exclusively cation formation, whereas in less 
polar solvents such as dioxane there are substantial yields of 
radical. These results are in line with those obtained for ir- 
radiation of similar iodonium and sulfonium salts for which 
heterolytic and homolytic cleavage reactions have been re- 
ported (35-37). One advantage of the phosphonium salts is 
their stability in aqueous and alcohol solvents under condi- 
tions where other typically used cation precursors, such as 
halides, undergo rapid ground state solvolysis. 

The various mechanistic possibilities in the photochem- 
istry of the phosphonium salts are outlined in Scheme 1. Note 
that the phosphonium salts will exist as either fully solvated 
species or solvent-separated or contact ion pairs, depending 
on the solvent, although these possibilities are not explicitly 
shown in the scheme. Cleavage of the C-P bond may occur 

either homolytically to give a diarylmethyl radical and tri- 
phenylphosphine radical cation or heterolytically to yield a 
diarylmethyl cation and triphenylphosphine. The excited state 
responsible for the photochemistry must be very short-lived 
based on the fact that we have been unable to observe any 
fluorescence that could be reliably assigned to emission from 
the first excited singlet states of salts 1-3. This is in line with 
recent AM1 calculations for substituted arylmethylsulfo- 
nium salts that suggest that the lowest excited singlet is a 
dissociative a* state centered on the C-S bond rather than 
a IT* state when the aromatic substituent is phenyl, naph- 
thyl, or anthryl (35). A similar ordering of the excited state 
energy levels has also been postulated for phosphonium salts 
(35). Further, there is no evidence for the intermediacy of a 
reactive triplet state for salts 1-3. In those cases where a 
triplet has been observed, it is definitely not the precursor to 
either the cation or radical. 

An alternate mechanism to heterolytic cleavage to pro- 
duce the observed diarylmethyl cation is electron transfer 
within the initial radical/radical cation pair (Scheme 1). Such 
a pathway has recently been demonstrated to be responsible 
for cation formation in the photochemical cleavage of a se- 
ries of substituted 1-naphthylmethyl esters (21). It is there- 
fore of interest to investigate the generality of this process 
in the formation of carbocation intermediates. In our case an 
electron transfer pathway would be exothermic by approxi- 
mately 1 V based on the redox potentials of 1.33 V (aceto- 
nitrile, vs. SCE) for triphenylphosphine (38) and 0.2-0.4 V 
for various substituted diarylmethyl radicals (39). This 
mechanism would be consistent with the increased yield of 
carbocation in polar solvents that would stabilize the car- 
bocation. Compare, for example, the data for acetonitrile and 
1 :4  acetonitrile/dioxane in Table 3. 

At first sight the low yield of cation 5 in TFE compared 
with acetonitrile (Table 3) may appear inconsistent with a 
mechanism where cation stabilization would determine the 
efficiency of radical pair to carbocation evolution via elec- 
tron transfer. However, the dominant effect in this case is 
probably the difference in viscosity for the two solvents; thus, 
the viscosity of TFE is 1.99 cP (20°C) compared with 
0.36 cP for acetonitrile. Therefore, one should anticipate 
increased geminate processes (including back reaction) in the 
case of TFE. The importance of geminate processes in 
modulating the observable cation yields is also apparent in 
the differences between "transient" and "product" determi- 
nations of quantum yields (see Table 3). 

The diarylmethyl cation can decay by a number of path- 
ways. Firstly, recombination with triphenylphosphine within 
the initial geminate cage can regenerate starting material. 
Note that the reaction of cation 6 with triphenylphosphine has 
been shown to occur at close to the diffusion-controlled rate. 
Secondly, in solvents where the phosphonium salt exists as 
ion pairs, reaction with chloride ion may also compete with 
cage escape. The cation can also be trapped with external 
nucleophiles such as solvent. The discrepancy between the 
cation yields measured by product studies and transient 
techniques for 5 in methanol/TFE suggests that there is a 
substantial fraction of the initial cations that reacts rapidly 
within the solvent cage to give product and, as a conse- 
quence, is not detectable in the transient experiments. This 
provides support for reaction with chloride before cage es- 
cape since trapping by triphenylphosphine would not ac- 
count for the differences between the two methods for 
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estimating the cation yields and since the cation lifetime 
(0.65 p,s, Table 1) in this solvent is too long for methanol 
trapping to compete efficiently with cage escape. 

The present results show that there are substantial effects 
of solvent and added salts on both the yields and lifetimes 
of cations 4-6. For example, the yield of cation 5 varies from 
0.71 in methanol to 0.093 in the less polar solvent 1 :4  ace- 
tonitrile/dioxane. These observations could be explained by 
changes in the rate of the initial cleavage, the electron 
transfer, or the back reaction to regenerate starting mate- 
rial, or by some combination of these factors. The effects of 
added perchlorate salt on the cation yields are modest (520% 
increases, Table 4) in alcohols and acetonitrile and aqueous 
mixtures of these solvents, presumably due to efficient sol- 
vation of the ions in these solvents. However, the addition 
of even low concentrations of perchlorate (e.g . , 0.29 mM) 
to 1 :4  acetonitrile/dioxane leads to over a threefold en- 
hancement in the yield of cation. In this less polar solvent 
the effect is best explained on the basis of replacement of 
chloride by perchlorate in the initial phosphonium salt ion 
pairs. The subsequent stabilization of the cation by the non- 
nucleophilic perchlorate ion prevents reaction with chloride 
or back reaction with triphenylphosphine. Note that stabili- 
zation of the triphenylphosphine radical cation by perchlo- 
rate may also lead to less back reaction from the radical/ 
radical ion pair and this may be a factor if some o r  all of the 
cation is formed via the electron transfer route. The results 
shown in Fig. 6 for 4 indicate that the increased cation yield 
in the presence of perchlorate in acetonitrile/dioxane is ac- 
companied by a concomitant decrease in the radical yield. 
This is consistent with homolytic cleavage to give a radi- 
cal/radical cation pair, followed by electron transfer. The 
results also demonstrate the important role that salts can play 
in determining the outcome of cage processes. 

The cation lifetimes tabulated in Table 1 are in manv cases 
limited by reaction with the chloride counterion of the pre- 
cursor salt. However, the short lifetimes in methanol reflect 
predominantly reaction of the cation with solvent. The un- 
usual effects of water on the lifetime of 4 are also explica- 
ble on the basis of changes in the rate constants for chloride 
quenching for the various solvents. For example, the rate 
constant for reaction of 4 with chloride ion decreases by a 
factor of 5.6 when the water content is increased from 3 to 
10%. Thus, the apparent increases in the cation lifetime in 
the presence of water are a result of the lower efficiency of 
chloride ion quenching in aqueous solution. For example, if 
we assume that in 5% aqueous acetonitrile all of the chlo- 
ride counterions are available for quenching, then at 4 x 

M salt precursor the rate for chloride quenching would 
be - lo6 s-'. The same calculation for 10% water gives a rate 
of 7.6 x lo4 s-I. The addition of perchlorate ion also has a 
substantial effect on the lifetimes of 4-6, even at submilli- 
molar concentration. These effects probably reflect a com- 
bination of both stabilization of the cation by ion pairing with 
the nonnucleophilic perchlorate anion and of ionic strength 
effects at higher salt concentrations. 

The data in Table 4 demonstrate that there are very sub- 
stantial effects of both solvent and added salt on the mea- 
sured rate constants for reaction of 4 with nucleo~hiles.  For 
example, even for azide ion the rate constants vary by over 
an order of magnitude in comparing aqueous acetonitrile and 
TFE. These effects are in line with those recently reported 
for substituent and solvent effects on the reactivities of tri- 

arylmethyl and diarylmethyl carbocations (40). Further, the 
addition of 0.1 M perchlorate decreases the rate constant for 
azide quenching by a factor of five in 5% aqueous acetoni- 
trile. These effects are of considerable importance given the 
frequent assum tion of a diffusion-controlled rate constant 
of 5 X 10' M-'s-' for reaction of azide with various cat- 
ions and the use of this number as a "clock" to obtain ab- 
solute rate constants from product ratios measured in 
competitive experiments (4 1, 42). 

Experimental 
Materials and general techniques 

Spectrograde solvents (Aldrich or BDH) and triphenylphos- 
phine were used as received. Lithium, sodium, and magnesium 
perchlorates (Aldrich, anhydrous) were stored in a desiccator. 
Lithium chloride was dried at 160°C for 20 h and stored in a des- 
iccator over Pz05. GC analyses were done on a Perkin-Elmer 8320 
gas chromatograph with a 12-m BPI on vitreous silica column. 
HPLC measurements were carried out on a Hewlett-Packard 1090 
liquid chromatograph equipped with a diode array detector and a 
reverse-phase column (RP-18; 5 pm). Methanol/water solvent 
mixtures were used; analysis of the phosphonium salts required the 
addition of 4 x lo-) M sodium dodecyl sulfate to the methanol. 
GC/MS measurements were done on a Hewlett-Packard 5995 in- 
strument. NMR spectra were recorded on a Varian 200 MHz 
instrument. UV-visible spectra were measured using a Hewlett- 
Packard 845 1A diode array spectrometer. 

Synthesis 
Phosphonium salts were synthesized by refluxing a mixture of 

the corresponding chlorides and triphenylphosphine (30% excess) 
for 12 h in benzene or toluene. In most cases the salt precipitated 
during the reaction or upon cooling and was filtered, washed with 
benzene or ether, and recrystallized from isopropanol/ethyl ether. 
The chlorides were obtained by refluxing the corresponding alco- 
hols with thionyl chloride in benzene for 1.5 h and were recrystal- 
lized from hexane. The alcohol precursors for salts 1 and 2 were 
obtained by Grignard reactions of 4-methoxy-1-naphthaldehyde (1) 
with phenylmagnesium bromide and p-anisaldehyde (2) with 1- 
naphthylmagnesium bromide. The alcohol precursors for salts 3 and 
9 were prepared by sodium borohydride reduction of the commer- 
cially available ketones. Analytical data for the various salts and 
chlorides are listed below. 

Salt 1: mp 183°C (dec.); 'H NMR(CDC1,) S(ppm): 8.6 (d, lH), 
8.3-6.5 (m, 26H), 3.9 (s, 3H). Anal. calcd. for C36H300PC1: C 
79.33%, H 5.55%; found: C 79.50%, H 5.66%. 

Salt 2: mp 160°C (dec.); 'H NMR(CDC1,) S(ppm): 8.8 (d, lH), 
7.8-6.6 (m, 26 H), 3.7 (s, 3H). Anal. calcd. for C36H300PC1: C 
79.33%, H 5.55%; found: C 79.15%, H 5.6 1%. 

Salt 3: mp 220°C (dec.); 'H NMR(CDC1,) S(ppm): 8.8 (d, lH), 
7.9-7.2 (m, 27H), 4.0 (s, lH), 1.2 (d, 6H). Anal. calcd. for 
C35H28PCI. C3H80: C 79.36%, H 6.3 1%; found: C 79.03%, H 
6.39%. 

Chloride 7: mp 70-72°C; 'H NMR(CDC1,) S(ppm): 7.9-7.2 (m, 
12H), 6.3 (s, 1H). Anal. calcd. for CI,H13C1: C 80.79%, H 5.18%; 
found: C 81.00%, H 5.34%. 

Chloride 8: mp 117-121°C; 'H NMR(CDC1,) S(ppm): 8.3-6.7 
(m, 11 H), 6.8 (s, lH), 4.0 (s, 3H). Anal. calcd. for C18H150C1: 
C 76.46%, H 5.35%, found: C 76.35%, H 5.47%. 

Salt 9: mp (dec.); 'H NMR(CDC1,) S(ppm): 8.3 (d, lH), 7.8- 
6.6 (m, 23H), 3.7 (s, 6H). Anal. calcd. for C3,H,,02PC1: C 
75.49%, H 5.76%; found C 73.41%, H 5.78%. 

Salt 11: mp 241-242°C (dec.); 'H NMR(CDC1,) S(ppm): 8.2- 
6.5 (m, 21H), 5.8 (s, 2H), 3.9 (s, 3H). Anal. calcd. for 
C30H260PC1: C 76.83%, H 5.59%; found: C 77.09%, H 5.75%. 
Laserflash photolysis 

Detailed descriptions of the laser flash photolysis system have 
been published (43, 44). For these experiments either a Lumonics 
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TE-860-2 excimer laser with a Xe-HC1 gas mixture (308 nm; -5-ns 
pulses; <20 mJ/pulse) or a Lumonics HY750 Nd:YAG (fourth 
harmonic, 266 nm; 10-ns pulses; <25 mJ/pulse) was used for ex- 
citation. The samples were contained in 7 X 7 mm2 quartz flow 
cells. The use of flow samples was essential to prevent signals due 
to the buildup of photoproducts. Samples were either aerated or 
were purged with nitrogen. Some of the transient spectra were re- 
corded using an EG&G gated intensified optical multichannel 
analyzer equipped with a 20-11s gate. 

The yields of cation 5 were determined by preparing samples of 
2 and the actinometer (Aberchrome-540) with matched optical 
densities at 308 nm. The signals due to 5 at 550 nm and the col- 
ored form of Aberchrome-540 at 494 nm were then measured as a 
function of the laser intensity. The ratio of optical densities was 
taken as the slopes of the AOD versus laser intensity plots, extrap- 
olated to zero laser intensity. 

Product studies 

Preparative photolysis of salt 2 
A solution of 2 in methanol (250 mL, 3.7 x M) was 

deaerated by nitrogen purging and irradiated for 3 h using 300-nm 
Rayonet lamps. The ether photoproduct (17) was isolated by col- 
umn chromatography on silica using ethyl acetate/hexane mix- 
tures and was further purified by chromatography on a 
Chromatotron (5% ethyl acetate/hexane). It was obtained as a 
colorless oil; GC/MS: m/e 278 (M'). 

Quantum yields 
Samples of salt 2 in methanol (1 mL, 2.9 x M) and val- 

erophenone in cyclohexane (6.7 X lo-' M) with matched optical 
densities at 313 nm were degassed by purging with nitrogen. The 
samples were irradiated in a merry-go-round in front of a Hanovia 
200-W Hg/Xe lamp with a neutral density filter and a potassium 
chromate filter solution to isolate the 313-nm line. The valero- 
phenone actinometer solutions were irradiated 1.5 h and the salt 
solutions for periods of 2-5 rnin at the beginning, middle, and end 
of the actinometer irradiations. An internal standard (biphenyl) was 
added to the irradiated salt solutions and they were analyzed by 
HPLC, using mixtures of pure compounds for calibration pur- 
poses. The production of acetophenone (Q = 0.40) from the acti- 
nometer samples was measured by GC with hexadecane as the 
internal standard. 
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MARGARET ANN JAMES, OSVALD KNOP, and T. STANLEY CAMERON. Can. J. Chem. 70, 1795 (1992). 
The crystal structures of the follo~ing four compounds have been determined: (n-Pr,N),SnC16 (A; Pbca, a 

29.073 A, b = 15.825 A, c = 14.851 A, Z = 8), (n-Pr4N)[TeC14(OH)] (B; C2/c or Cg, a = 10.800&, b = 17.429 A, 
c = 10.604 A ,  P = 93.81°, Z = 4), (n-Pr4N),[Te2CllO] (C, nominal composition; P 1, a = 9.635 A, b = 10.900 A, 
c = 11.547 A, a = 73;34", P = 70.44", y = 68.15", Z = l), and (n-Pr4N),[Se202C16] (D; P l ,  a = 9.252 A, b = 
11.691 A, c = 18.304 A, a = 110.18", P = 92.57", y = 97.72", Z = 2). B contains a s uare pyramidal TeC14(OH)- 
anion. The actual composition of the centrosymmetric p2-dimer in C is Te2Cls(Cl, OH)!-, the replacement of C1 by 
OH being at the axial ligand positions of the TeC1,- halves of the dimer. In the centrosymmetric p 2 - ~ e 2 0 2 ~ 1 2 -  dimer 
in D the Se-0 bonds are perpendicular to the Se(Cl),Se bridge plane and trans to the presumed lone-electron pairs on 
the Se atoms. It is shown that the Z-Hal bonds in the known centrosymmetric homoligand p2-&~al,,2"- (Z = Se, Te) 
and p,-&~al:- (Z = As, Sb, Bi) as well as in the p 2 - ~ e 2 ~ 2 ~ a 1 2 -  dimers exhibit a uniform stereochemistry, in which 
the d(Z-Hal) bond lengths in pairs of opposing bonds trans to each other are consistently related by the trans effect 
(TE). Empirical quantification of Te for the Se and Te dimers is exploited to authenticate the composition of the dimer 
in situations where the nature of the ligand is in doubt (in the present case on partial hydrolysis). The asymmetry of the 
Z(Hal),Z double bridge is examined in relation to the overall stereochemistry of the dimer. Also examined are circum- 
stances that may lead to the occurrence, in a crystal, of a &~al,,2"- dimer on the one hand and of a discrete ZHa1,"- 
monomer on the other, in situations which otherwise are chemically closely similar. TLS analysis of the thermal motion 
is used to judge the strength of association of the two monomer halves in a k-dimer, with results that are important when 
correcting bond lengths for the effects of thermal motion. A variety of general observations on p,-dimers in crystals is 
proffered for good measure. 

MARGARET ANN JAMES, OSVALD KNOP et T. STANLEY CAMERON. Can. J. Chem. 70, 1795 (1992). 
On a determine les structures cristallines des quatre composes suivants: (n-Pr4N),SnC16 (A; Pbca, a = 29,073, b = 

15,825 et c = 14,851 A, Z = 8), (n-Pr4N)[TeC14(OH)] (B; C2/c ou-Cc, a = 10,800, b = 17,429 et c = 10,604 A, 
p = 93,81°, Z = 4), (n-Pr4N),[Te2C1,,] (C, composition nominale; P!, a = 9,635, b = 10,900 et c = 11,547 4, a = 
73,34, P = 70,44 et y = 68,15", Z = 1) et (n-Pr4N)[Se202C16] (D; P 1, a = 9,252, b = 1 1,691 et c = 18,304 A, a = 
110,18, P = 92,57 et y = 97,72", Z = 2). Le composC B contient un anion TeC14(OH)- & pyramide carrCe. La com- 
position rCelle du dimkre-p2 centrosymCtrique du produit C est Te2Cls(Cl,0H),2-, le OH qui remplace le C1 se trouvant 
dans les positions des ligands axiaux des portions TeC1,- du dimere. Dans le dimkre centrosymCtrique p 2 - ~ e 2 0 2 ~ 1 2 -  
du composC D, les liaisons Se-0 sont perpendiculaires au plan du pont Se(Cl),Se et trans par rapport aux presumees 
paires d'klectrons libres sur les atomes de Se. On a montrC que les liaisons Z-Hal dans les dimkres centrosymCtriques 
homoligand p2-&Hal,?- (Z = AS, Sb, Bi) et p2-~2~al:- (Z = Se, Te) connus ainsi que les dimkres p 2 - ~ e 2 0 2 ~ a 1 2 -  
presentent une stereochimie uniforme dans laquelle les longueurs des liaisons d(Z-Hal) dans les paires des liaisons trans 
s'opposant les unes aux autres sont toujours liees par l'effet trans (TE). On exploite une quantification empirique du TE 
pour les dimkres du Se et du Te pour authentifier la composition de dimkres dans des situations oh la nature du ligand 
n'est pas certaine (dans le cas examine ici, il s'agit du produit d'hydrolyse partielle). On a examine I'asymCtrie du dou- 
ble pont Z(Hal)2Z en rapport avec la stCrCochimie globale du dimkre. On a aussi examine les circonstances qui peuvent 
conduire, dans un cristal, & la presence d'une part d'un dimkre ~ , ~ a l , , 2 " -  et d'un monomkre ZHa1,"- individuel, dans 
des conditions chimiques qui sont par ailleurs chimiquement semblables. On a utilisC l'analyse TLS du mouvement 
thermique pour juger de la force de l'association de deux parties de monomeres dans un dimkre-p,; les resultats sont 
importants pour coniger les longueurs de liaison pour les effets des mouvements thermiques. On prksente aussi un nombre 
d'observations gCnCrales sur dimeres-p2 dans les cristaux. 

[Traduit par la redaction] 

In the course of investigating the actual geometry of tallographic studies showed three of them (see title) to con- 
octahedral 12- and 14-valence-electron ML,"- anions in tain uncommon Se(1V)- and Te(1V)-derived anions and thus 
crystals (cf. ref. 1) we obtained, serendipitously, several tetra- to merit closer investigation. The crystal structures of these 
n-propylammonium salts not useful for the intended salts, together with that of (n-Pr,N),SnCl, (A), are de- 
purpose but interesting in their own right. Preliminary crys- scribed below and the stereochemistry of the anions is com- 

pared with that previously reported in the literature. The 
'Author to whom correspondence may be addressed. conditions under which the three salts were formed were ill- 
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TABLE 1. Crystal dataa of (n-Pr4N)2SnC16 (A), (n-Pr4N)[TeCl4(0H)] (B), ( n - ~ r ~ ~ ) ~ [ ~ e ~ ~ l , , ] ~  (C), and 
(n-Pr4N)2[Se202C161 (D) 

Parameter A B C D 

Formula C2,HS6Cl6N2Sn C12H29C14NOTec C24H56Cl10N2Te2 C24H56C16N202Se2 
f.w. 704.1 472.8 982.5 775.2 
0 range, deg 2-23 2-23 2-23 3-25 
FMO, cm-l 12.4 20.3 20.7 24.6 
~ a ? / m i n ~  1.402/0.779 1.266/0.792 1.426/0.509 1.956/0.525 
a ,  A 29.073(8)' 10.800(3) 9.635(2) 9.252(4) 
6, 8, 15.826(4)' 17.429(3) 10.900(2) 11.691(7) 
C, 8, 14.851(5)' 10.604(2) 1 1.547(2) 18.304(9) 
a, deg 90 90 73.34(1) 110.18(4) 
EL deg 90 93.81(2) 70.44(1) 92.57(4) 
r, tees 90 90 68.15(2) 97.72(4) 
V, 6833(6) 1992(2) 1042(1) 1833(3) 
Z 8 4 1 2 
PC. g/cm3 1.369(1)~ 1.577(2) 1 ._566(2) 1 ,905 (2) 
Space group Pbca(no.61) C2/c(no.15) P 1 (no. 2) P l  (no. 2) 
F (000) , e 2928 944 488 800 
Reflections: 

total measured 6168 1703 3037 6703 
unique total 4709 1382 2872 6425 
unique used 3 178S 1009 2384S 3092" 

1OORmerg 4.84 3.01 1.23 2.64 
10.6 9.1 13.5 8.1 

1OOR; lOOR, 5.8; 6.7 4.6; 5.4 6.2; 6.9 9.4; 10.0 
G.O.F. 1.11 2.16 4.85 0.89 

"Mo Ka,, A = 0.70926 A (graphite monochromator); T - 18°C. 
bNominal composition; partially hydrolyzed. In refinement, all ligands assumed to be C1; for alternative refine- 

ments see text. 
'Disorder in anion. For refinement of the ordered structure in Cc see text. 
dMax/min empirical absorption corrections, cf. ref. 3. 
'The axial ratio from optical measurements in ref. 4 is 0.7852: 1 : 1.8018. 
'p, = 1.356 g/cm3 (21°C). Ries (5) gives 1.314 g/cm3 for his orthorhombic (Dz,) and 1.548 g/cm3 for his triclinic 

form. 
*I > 2u(I). 
* I  > 3u(I). 

defined; the complexity of the solution and crystal chemis- 
try of such anionic species, which is reflected in their com- 
positions, can be gleaned from the recent review by Krebs 
and Ahlers (2) and from the references therein. Nor were the 
determinations of these three structures without problems, 
though in the end having to deal with some of the compli- 
cations was repaid by a broadened chemical insight. 

Preliminary observations (Sect. I) are followed by a de- 
scription and discussion of the crystal structures of the title 
compounds (Sect. 11) and by observations on the structural 
aspects of ~,Hal,,2"-, ~ ,Hal?- ,  and ~e,0,Hal,2- (Z = Se, 
Te; As, Sb, Bi) dimers (Sect. 111). Experimental detail is 
relegated to the end of the paper (Sect. IV). Where no ref- 
erence is given the result is from the present investigation. 
All bond lengths quoted are uncorrected for thermal motion 
except where stated otherwise; the appropriateness of cor- 
rections is discussed in Sect. 111. The abbreviations TE and 
RBM stand for the trans effect and for rigid-body motion, 
respectively. 

I. Preliminary observations 
The crystal data of the title compounds are assembled in 

Table 1. Standard execution of the structure determinations 
(supported by evidence from ir spectra, see Sect. IV) showed 
unambiguously that the structures of A and B corresponded 

FIG. 1. Standardized anion configurations (schematic): ZLIL,"- 
(in B, TeC14(OH)-), &~, ,2"-  (in C,  nominally ~e,cl,:-, actually 
Te2C1,(C1, OH),'- with L,, La' mixed ligands), and Z2LI2LSn- (in 
D, s~~O,CI,'-). The longest Z-L distance in the dimers is Z-LC'. 

to the stated compositions. The structures of C and D turned 
out to contain centrosymmetric dimers ~e,c1,,2- and 
Se202c1,2-, respectively (Fig. 1). This finding was unex- 
pected but accepted as correct, since the existence of these 
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TABLE 2. Bond lengths and interatomic distances (A) in &~al, , ,-  and s~,o,H~I,'- dimers (cf. Fig. 1) 

Code Cation da db dc 4' dd de z.. .zl 
s~cI,,,- 

Ca Ph4As (- 130°C) ( 1  4) 2.217(3) 2.306(3) 2.519(2) 2.803(1) 2.401(2) 
Cb C14H13ClN3 (13)" 2.210(2) 2.208(2) 2.725(2) 2.733(2) 2.384(2) 
CC S4N3 (15) 2.189(2) 2.222(3) 2.688(2) 2.816(3) 2.338(2) 
Cd Et4N (- 133°C) (* lb  2.205(3) 2.265(3) 2.576(3) 2.799(3) 2.382(2) 

~ e ~ ~ r ~ ~ ~ -  

Ce Et4N (-20°C) (*) 2.393(3) 2.432(4) 2.756(4) 2.877(4) 2.556(3) 

Pseudo T~ ,F~ , , -  

Cf Et4N (2, *) 1.872 1.958 1.961 3.186 1.944 
cg Cs (16) 1.81(2) 1.91(1) 1.95(1) 3.11 1.91(1) 

Te2Cl1,'- 

Ch Ph4As (- 130°C) (12) 2.336(1) 2.436(1) 2.653(1) 3.010(1) 2.517(1) 
Ci Ph3PCI (*) 2.353(5) 2.407(5) 2.704(6) 2.950(6) 2.507(5) 

'jl Ph4As (6, 7, *)' 2.162(7) 2.458(4) 2.570(4) 3.306(4) 2.505(3) 
Cj2 2.310(3) 2.406(4) 2.692(4) 2.945(4) 2.485(3) 
C n-Pr4N (this work)' 2.312(4) 2.456(3) 2.564(3) 3.241(5) 2.465(3) 

Te2Brlo2- 

Ck Ph4P (8) 2.530(2) 2.579(2) 2.876(2) 3.000(2) 2.698(2) 
Cm Et4N (2, *) 2.569 2.566 2.920 2.930 2.671 

T ~ ~ I , , , -  

Cn (p-tolyl)Et3N (2, *) 2.791 2.841 3.069 3.186 2.933 
CO Et4N (*) 2.822 2.824 3.096 3.129 2.916 

Se20zClsz- 
Da Et4N (1 1) 2.270(1) 2.351(2) 2.698(1) 2.920(1) 1.589(4)~ 
Db Ph,P (10) 2.266 (2) 2.329(2) 2.667(1) 2.851(1) 1.597(4)~ 

n-PoN (this work) 2.278(5) 2.357(4) 2.645(4) 2.940(5) 1 .59(lld 
2.249(5) 2.382(4) 2.605(4) 3.064(5) 1.57(l)d 

Se20,Br;- 

Dc Ph4P (9, 10) 2.469(1) 2.464(1) 2.878(1) 2.980(1) 1.584(6)d 
Dd Ph4As (10)' 

Related to Se2O2~1,'- 

De Ph4As (- 135°C) (9, 11)' 2.234(1) 2.430(1) 2.475(1) - 1 .601(31d 
D f C9H8N0 (17)' 2.234(4) 2.271(4) 2.963(3) 2.992(3) 1 .594(9)d 

" [N-(N-Chlorobenzirnidoyl)benzamidiurn] [Se2CI,,] .2MeCN. 
~Et4N)4[Se2Hal,ol[Se2Hal,l,. 
'Partially hydrolyzed, see text. Structure refined on assumption that all ligands are C1. 
dSe-O bond. 
'Isostructural with Db. 
f(Ph4As)SeOC13; contains SeOC1,- monomer. 
p(8-Hydroxyquinolinium)SeOC1,; contains chains of [SeOCl,] quasi-octahedra sharing two CI-C1 edges. 
htrans to the oxygen atom. 
*B. Krebs. Personal communication to O.K. 

- see text 
[3.380(4)]" - 4.47 1 (2) 

and related dimers had been previously (2, 6-13) reported 
in salts of these anions with several organic cations. How- 
ever, the thermal parameters of some of the anion ligand 
$toms in C were large and the Tee . .Te' distance, 4.418(1) 
A, was well in excess of the corresponding distances in the 
ph4As+ (Ch, Table 2) and Ph,PCl+ (Ci) salts, 4.033(1) and 
4.040(1) A, respectively. Closer attention to this difficulty 
revealed a precedent: the Te. . .Ter distance in C j  (origi- 
nally reported as having the $omposition (P~,AS)~[T~,C~, , ] ,  
refs. 6 and 7) was 4.430(3) A in one (Cj l )  and 4.153(3) A 
in the other (Cj2) of the two nonequivalent ~ e ~ ~ l ~ ~ ~ -  anions 
in the unit cell. Moreover, the shortest bond, T e C l , ,  was 

significantly shorter in C j  than in Ch and Ci, while the 
longest bond, Te--Cl,' (bridging bond trans to Te--Clh, was 
significantly longer in C j  than in Ch and Ci. Because of these 
discrepancies the structure of C j  was later (B. Krebs, per- 
sonal communication) reformulated as corresponding to 
(Ph,As),[Te,Cl ,,I [Te2C18Cl, (OH),-,], i .e., to partially hy- 
drolyzed (Ph4As),[Te2C1,,]. In view of this it appeared in- 
dispensable for a proper interpretation of our own results for 
C to establish a standard for the variation of the Z-C1 bond 
lengths in z2C1,;- and ~e ,O,~1 ,2-  dimers with which the 
bond lengths observed in C and D could be compared. For 
this an analysis of the observed complete geometries of the 
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dimers is required. Two questions will be asked: (1) Are 
differences in the Z-Hal bond lengths within a dimer and 
between nonidentical dimers of the same composition ran- 
dom (i.e., due to accidents of crystal packing and interion 
interaction) or  systematic? (2) If the differences are system- 
atic, do relationships between the bond lengths exist and, if 
they do, can they be used to authenticate Z-Hal bond lengths 
in crystals? 

Differences in bond lengths 
The geometries of the ~ , ~ a l , , ~ -  (Z = Se, Te) and 

s e , ~ , ~ a l ~ ~ -  dimers are standardized in Fig. 1, and Table 2 
contains a synoptic presentation of the reported Z-Hal, 
Z. . .Z' , and Se-0 distances (d, = d(Z-Hal,) etc.). 

By and large, d, appears to be the shortest and d,' the 
longest of the Z-Hal bonds in a ~ , ~ a l , ; -  dimer, the latter 
bond in T~ ,c I , ,~ -  being at least 0 .2  A longer than any of the 
other bonds in this ion. The dimer may thus be regarded, at 
least formally at this point, as a pair of square-pyramidal 
TeHa1,- ions, with Hal, and Hal,' as the axial ligands, and 
weakly bonded through Z-Hal,'. This is consistent with the 
observation that in the square-pyramidal TeF,- monomer the 
$xial Te-F bond (corresponding to Z-Hal,) is about 0.1 
A shorter than the equatorial Te-F bonds., Furthermore, as 
pointed out by Krebs et al. (2, lo),  the difference between 
the bridging bonds in a ~ e , ~ a l , , ' -  dimer (and thus the 
asymmetry of the double bridge) increases with the de- 
creasing atomic number of Hal, until ultimately for Hal = F 
the dimer becomes a centrosymmetric pair of TeF,- mono- 
mers with the Te- - .FCr distance (in Cf) about 60% longer than 
Te-F, and with the Te-F bond lengths in the monomer 
virtually indistinguishable from those in the discrete TeF,- 
iom3 In such circumstances one might expect the equatorial 
Te-Hal bond lengths in each TeHa1,- monomer half to be 
the same, save for possible differences arising from acci- 
dents of packing in each particular crystal structure. 

In T~,cI,,'-, for which three sets of authentic Te-C1 bond 
lengths are available (Ch, Ci, ~ j 2 ) , ~  analysis of variance and 
t tests show that the following hypotheses can be rejected at 
the 99.5% significance level or better: (i) the means {d,) = 
2.416(17) A, (d,) = 2.683(27) A, (d,) = 2.503(16) A, and 
(d,) = 2.480(3) A are from the same population; (ii) (db), (d,), 
and (d,) are from the same population; (iii) (d,) and (d,) are 
from the same population. Conclusions ii and iii in fact hold 
for the entire set C h ,  Ci,  C j l ,  Cj2, and C. However, the 

* ~ f ,  d(T-F,) = 1.872 A; (d(Te--F,)) = 1.95!(10) A. Means 
from other monomers, (d(Te--F,,)) = 1.868(33) A, (d(Te--F,,)) 
= 1.963(44) A (cf. Table 10). 

 h he occurrence of the centrosymmetric pairs of TeF5- ions in 
Cf, with closest interion F. . .F approaches equal to or exceeding 
the sum of the van der Waals radii and with Te. . .F separations of 
-3.2 A raises the quation, to what extent is the existence of such 
pairs in A '~e~a1 , -  crystals due to external factors (minimization 
of lattice energy, maximization of packing density) rather than to 
an intrinsic tendency of TeHal,- to form ~ e , ~ a l , ; -  dimers (see 
Sect. 111). 

?he structures of Ca, Ch, and De were determined from low- 
temperature data (Table 2). It is difficult to know how to adjust the 
bond lengths obtained from these determinations to room-temper- 
ature values. The original bond lengths have therefore been re- 
tained throughout. From a qualitative estimate of the magnitude of 
the required corrections (based on the assumption that dV/dT - 
0.01%/K and that the bond lengthening is isotropic) it appears 
doubtful that substitution of the true room-temperature bond lengths 
would significantly alter any of the conclusions below. 

hypothesis that (d,) and (d,) come from the same population 
can be rejected at only the 8% significance level for Ch,  Ci, 
and Cj2, and at the 10% level for all five Te2ClI,,- sets in 
Table 2. 

In sum, then, the differences between d,, d,, and (d,, d,) 
persist regardless of the nature of the counter cation and may 
be regarded as stereochemical class differences reflecting the 
existence of an underlying bonding scheme for the dimer. 
Significant for the view that the differentiation of the equa- 
torial bonds in the monomer halves is due to the bridge for- 
mation is the fact that the bonds Te-C1, and Te-Cl, 
perpendicular to the bridge plane remain undifferentiated 
between themselves, whereas those in the bridge plane and 
trans to each other, Te-Cl, and Te-Cl,, now belong to 
different classes (contrast this with the lack of differentia- 
tion in the pseudo dimer T~ ,F , ,~-  in Cf).2.5 

Corresponding statistical scrutiny of the Se-Cl bond 
lengths in S~,O,C!,~- (Dl ,  D2, Da, Db) shows that the means 
(dJ = 2.266(12) A, (d,) = 2.355(22) A, and (d,) = 2.654(39) 
A do not come from the same population (significance level, 
>> 99.9%), nor do (d,) and (db) (significance level, 
>99.9%). These means differ from the bond lengths ob- 
served in the SeOC1,- monomer (De): (d,) is b a r ~ l y  within 
3m of d, in De, but db and d, in De differ by 0.045 A, whereas 
in the dimer the difference between (d,) and (d,) is 0.30(5) 
A, i.e., there is disproportionation in the two trans Se-Cl 
bond lengths in the dimer. In s ~ ~ o ~ B ~ ~ ~ -  (Dc) the Se-Br, 
bond is clearly the longest of the three, but d, and db are now 
almost identical, the asymmetry of the double bridge not- 
withstanding .6 

Relationship between 2-Hal bonds: the trans effect 
From the preceding it appears that Z-Hal bonds in a dimer 

that belong to distinct stereochemical classes are also metri- 
cally different. Closer examination of the spatial relation- 
ships of these bonds reveals that, in bonds trans to each other, 
the shorter the one bond the longer the other. This compen- 
sation, which is nonlinear but not severely so over the ob- 
served Z-Hal ranges, is referred to as the trans effect. The 
effect is electronic in nature and reflects in part the response 
of a molecule or molecule-ion to its incorporation in a crys- 
tal. The pervasive occurrence of TE in the structural chem- 
istry of Se(1V) and Te(IV) halogeno species has been 
repeatedly pointed out by Krebs (1 1, 18, 19) and others (20). 
However, TE is not confined to these species or to halogens 
as ligands. It has been empirically quantified for Ll-Z-L, 
trans bonds with chemically nonequivalent ligands (21), and 
some of its general aspects are discussed in detail in ref. 22. 

The regularity of TE, for a given pair of elements, should 
make it possible to demonstrate whether a set of d,d* bond 
lengths (d* r d )  in pairs of conjugate trans bonds7 con- 
forms to the same bonding principle, and to test whether a 
particular d ,d* pair can legitimately be included in the set. 

'Similar conclusions appear to hold for se2cll;-, ~ e * ~ r , ; - ,  
T~*I,,'-, and also for the corresponding &~al,:- dimers with Z 
from Group V (see I11 for details and further discussion. 

6 ~ n  As7Brs2- (3, 4, and 5; Table 9), the hypothesis that (d,, db, 
d,) comes from the same population as (d,, d,') can be rejected ab- 
solutely. However, the hypothesis that (d>, (d,), and (dd) come from 
the same population must be accepted at the 30% significance level, 
and ditto for (d,), (d,'), (21% significance level), and (dh, (4)  (62% 
significance level). 

'In bridged species d refers to the terminal and d* to the bridged 
ligands. In all the cases considered in this paper, d,,,i,,~ 5 db"d,,. 
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2.1 2.4 2.7 3.0 3.3 
\ \ I I I I 

FIG.  2 .  Variation of the Z-Hal bond lengths d* with d 5 d* 
in pairs of conjugated trans bonds in ~ , ~ a l , , ' -  and Se202~12- 
anions (cf. Table 2 ) .  The curves represent the DPF regressions of 
Table 3. T~,cI, ,~-: thick line and full circles, data set a (n = 6); 
thin line and full and open circles, data set b (n = 14); crossed cir- 
cle, Cjl(d,, d,'), mixed-ligand Te-(Cl, OH) bond. se2o2c12-: the 
two open circles are for Df (not included in the regressions). 

Specifically, TE should be able to indicate whether or not 
some of the bonds assumed in the structure refinement of Cj 
and C to be T-Cl bonds had in fact undergone hydroly- 
sis. 

To date no satisfactory theory-based general function 
d *  = f(d) appears to have been proposed. However, TE in 
Z(II1)-Hal (AsBr, SbBr, SbI) bonds has recently been 
successfully quantified by Sheldrick et al. (23, 57), who 
modified Pauling's (24) relation D(n)  = D( l )  - B log n to 

assuming in addition that, for a d,d* pair, s + s * = 1 and 
B = bo + b, (d - do). Here do is the Z-Hal bond length in 
ZHal,(g), s and s * are the conjugate bond orders, and bo and 
b, are parameters of least-squares refinement.' This treat- 
ment is referred to in the following as CSBO (constant sum 
of bond orders). A purely empirical alternative to CSBO, free 
from particular model assumptions, is the function 

(difference power fit, DPF; see ref. 22). To determine which 
of the bond lengths in Cj and C quality as proper T-Cl 
bond lengths we examined the DPF, CSBO, and other 
schemes (Table 3, Fig. 2), using in the regressions (a) the 
T-Cl distances in Ch and Ci, and (b) all the pairs of 
T-Cl distances in Table 2 except da,dCf in Cjl, which 
produced a gross visual misfit in the d*  vs. d plot and for 
which the reported d was unacceptably short for a T-C1 
bond length. Since the T-Cl bond lengths in the free TeCl, 
molecule are not known, the limiting do (T-Cl) bond length 

 or the history and limitations of these assumptions see ref. 22. 

was treated as a parameter of regression. The figures of merit 
resulting from the three-parameter nonlinear optimizations 
(Table 3 and Sect. TV) indicate that both CSBO and DPF (as 
well as PF2) are good approximations to the variation of d *  
with d in ~ e , ~ 1 , , 2 -  and that these regressions describe the 
variation in each of the two sets equally satisfactorily though 
not identically. 

From Fig. 2 it is clear that the bond length in Cjl re- 
ported as d (TeC1 , )  is inconsistent with any of the regres- 
sions. If the associated distance d(T-LC1) is assumed to be 
the correct distance for L = C1, then the reported d(T-La) 
deviates by 57u from the DPF regression line for data set a 
and by more than 9u  from that for set b. This legitimizes 
Krebs's reinterpretation (personal communication) of this 
distance as resulting from a partial replacement of C1 in the 
T-La bond by OH. As for the T-La bonds in Cj2 and C, 
the point for Cj2 is - 1 l a  below the regression line a and 
- 2 . 2 ~  below the regression line for b. The deviations of the 
other points for Cjl and C from the regression lines, how- 
ever, are within -3u for line a and - l a  for line b, in a re- 
gion of the plot which is well.determined by points of data 
set a .  It thus appears that the partial hydrolysis of anion Cjl 
was sufficiently serious to reduce the apparent T-La = 
Te--La, bond length to a value disqualified for inclusion in 
the d ( T H 1 )  data set. However, the hydrolysis was selec- 
tive in that it affected, preferentially, the axial ligand much 
more than any of the equatorial ligands; curiously enough, 
its effect on Cj2, the second anion in the same crystal, was 
considerably less. 

If the difference between d ( T H 1 )  and d(Te-4) is es- 
timated as -0.5 A (see Sect. II), on the average less than one 
half of the C1, in the Cjl anions would seem to have been 
replaced by OH. However, this was sufficient to increase 
d(T. . .Tel) by -0.4 P\ relative to Ch and Ci. Significantly, 
the lesser degree of C1, substitution in Cj2 is associate! with 
a smaller increase in d(Te. - .Tel), only about 0.12 A. Al- 
though these changes are relatively small and on the whole 
affect only one of the two types of anions in a structure oth- 
erwise chemically the same as Ch, they were sufficient to 
produce changes in the triclinic crystal structure such that 
Gretenkord (12) was unable to reconcile the unit cell of Ch 
(- 130°C) with that of Cj (room temperature). 

The implication of these findings is that our own com- 
pound C may also have undergone partial hydrolysis and that 
this may have been the reason for some of the unsatisfac- 
tory features of the structure refinement that assumed all the 
ligands to be C1. The d(T-La) and d(Te-.  .Tel) values 
(Table 2) would support this possibility, but the position of 
the point for C(da,dC1) above the regression lines in Fig. 2 
poses a contradiction. Attempts to resolve this problem are 
described in Sect. 11. 

The operation of TE in ~ e , ~ 1 , , 2 -  receives support from an 
examination of the data available for ~ e , ~ 1 , , 2 - ,  ~ e , ~ r , ; - ,  
and T~,I ,~ ' -  (Fig. 2, Table 2). The regressions (Table 3) gave 
on the whole satisfactory agreement for these data sets. In- 
terestingly, the regression line for the ~ e , ~ r , , , -  set shows 
very little curvature although a curvature intermediate be- 
tween ~ e , ~ l , , , -  and T~,I,:- might be expected. Additional 
Te,Br,,,- dimers are required to see whether the behaviour 
of the existing set is a real phenomenon or merely a statis- 
tical oddity. 

The TE in the ~e,0,~1,2- anions also exhibits good inter- 
nal consistency (Fig. 2, Table 3). The regression line ac- 
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TABLE 3 .  Regressions o f  d* 2 d o n  d for bond lengths i n  pairs o f  trans 2-Hal bonds  i n  and S~,O,CI;- dimers using d i f feren t  
model  functions 

Model  
functionn 

-- 

Parameter* 

r 2  cr, A do, A K c bo, A b I dcqua,, A 

LIN 
PF 1 
PF2 
DPF 
C S B O  

LIN 
PF 1 
PF2 
DPF 
C S B O  

LIN 
PF 1 
PF2 
DPF 
C S B O  

PF2 
DPF 
C S B O  

LIN 
PF2 
DPF 
C S B O  

PF2 
DPF 
C S B O  

( a )  T e , ~ l , ; -  ( n  = 6)' 

( b )  T e 2 c l 1 t -  ( n  = 14)' 

"LIN, d* = bo + b,d; PFI, d* = Kd-'; PF2, d* = K ( d  - do)-'; DPF, difference power fit,  d* - do = K ( d  - do)-'; CSBO,  constant sum o f  bond 
orders fit,  d* = do - [bo + b,(d - do)] In [l  - exp {-(d - do)/[bo + b,(d - do)]}].  

bd.,.,, = d = d * . 
'Ch and Ci. 
'Note that for As(II1)-Br, Sb(II1)-Br, and Sb(II1)-I bonds b ,  > 0 (23 ,  57). 
'Ch, Ci, Cjl, Cj2, and C but excluding Cj l (d , ,  d,'). 
'Da, Db, Dl, D2, and De(d,, d,). 
"a, Cb, Cc, and Cd. 
*Ck and Cm. The  very large probable errors on the regression coefficients render the nonlinear regressions questionable (see text). 
'Cn and Co. 

commodates well also the two d,d* pairs in the linear 
[SeOC12Cl,,,], chains in Df and the trans S d l  pairs in the 
SeOC1,- monomer De. The S M l  bond length involving 
the unopposed C1 ligand in the latter is at the limit of the 
~ e ~ 0 ~ ~ 1 ~ ~ -  data set (Fig. 2). 

The data sets of Fig. 2 and Table 3 are statistically inad- 
equate for trends in the fitted parameter values to emerge.g 
The exception is d,,,,,, which does not depend critically on 
the curvature of the regression line (i.e., on the distribution 
of the d,d* pairs and the assumed model function), pro- 

 or a discussion o f  t h e  existence o f  such  trends see r e f .  22. 

vided there are well-behaved d,d* pairs sufficiently close to 
the d = d *  line. Regression of the d,,,,, from the ~ e , ~ a l , ; -  
(n = 6) data sets on Shannon's r(Ha1-) radii (25) gaye 
d,, = 0.4357 + 1.1368r(Hal-), r 2  = 0.999, a = 0.009 4; 
extrapolation to r (F-) = 1.33 A yielded d,,,,, = 1.948 A, 
which compares well with the (d(Te-F,,)) value of 
1.964(33) A (Table 10). 

11. Crystal structures 

The atom coordinates and thermal parameters of the non- 
hydrogen atoms in the title compounds are listed in Tables 
4-7, and the bond lengths and bond angles for all four are 
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ET AL. 1801 

listed in Table 8. The atom coordinates of the hydrogen atoms 
and tables of structure factors have been deposited (see Sect. 
IV) . 
(n-Pr4N),SnCl6 (A)  

The salt investigated here is probably the D,, form of (n- 
Pr,N),SnCl, of Ries (4, 5), although the density he reports 
is too low and the axial ratio from his optical measurements 
bears no obvious relation to the unit-cell dimensions of A.I0 

The structure consists of an anti-fluorite-type arrange- 
ment of fully extended n-Pr,N+ cations 1 and 2 and only 
slightly distorted-~n~12- octahedra of symmetry Cl (Fig. 3). 
The Pbca C Pa  3 unit cell may be regarded as an anti-fluor- 
ite Pbcm cell doubled on the a axis, the contents of the two 
Pbcm halves being related by a chromatic a /2  translation; 
the chromatic operation on the Bravais Pa lattice is inver- 
sion of the ion orientation. The relation between the ion ori- 
entations in the structure can thus be described by the 
dichromatic space group Pabca - 2 ~ b c m l ~ b c a .  This ar- 
rangement appears to be novel for A2MX6 salts containing 
small, relatively symmetric cations (cf. refs. 1 and 26). 

The U,, values of Sn and C1 are satisfactorily explained on 
the RBM model (cf. Table 1 1). The librational motion of the 
SnC1, octahedron is quite uniform; the libration axis L, is 
nearly parallel to a .  

(n-Pr&)fleC14(OH)l (B)  
As described in Sect. IV, the structure was solved in the 

centrosymmetric space group C2/c and subsequently re- 
fined both in C2/c (with the Te and 0 atoms each in two- 
fold positional disorder) and in Cc' (as a fully ordered 
structure). The two refinements differ essentially only in 
details of the anion structure. 

The fully extended n-Pr4N+ cations and the TeCl,(OH)- 
anions are arranged in an anti-NiAs-type packing." The c 
axis of B corresponds to the c axis of the hexagonal NiAs 
structure (P6,mc 3 Cc C C2/c),  and b(B)/a(B) = 
1.614 - fi. The cations are arranged in columns parallel 
to c. 

In the Cc refinement the spread of the T d 1  bond lengths 
is considerably smaller than in the C2/c refinement, but 
the means are the same, 2.49(!) and 2.50(1) A, respectively. 
This compares with (2.48(1)) A in (Ph,As)[TeCl,(OH)]. H,O 
(56), (2.496) in (H,O,)[TeCl,(OH)] . H20  (2, 18), and 
(2.51(4)) A forl anion 1 and (2.50(2)) A for anion 2 in 
K(TeC1, (OH)] . 5H20 (58), f ie  mean for the five anions being 
2.50(10) A. 

The Te atom is on the opposite side of the best plane 
through the four C1 ligands from the oxygen atom, 0.06 
from the plane in the Cc and 0.15 A in the C2/c refine- 
ment. This is consistent with the expectation from the VSEPR 
rules. 'These two distances are shorter than the correspond- 
ing distance in the ordered anion 2 of the K+ salt, 0.21 P\; 
in the C2/c refinement of the Ph4As+ salt the Te atom was 
placed at a centre of symmetry and is therefore coplanar with 
the C1 atoms. 

Up to this point the refinements in C2/c and Cc do not 

'''The second form reported by Ries is triclinic, with the im- 
probably high density of 1.548 g/cm3 (a misprint?). 

"In the (Ph,As)[TeCl,(OH)] . H20  structure the packing is reg- 
ular but not clearly related to yny of the simple types of 1 : 1 ionic 
structures. In K[TeC14(OH)] . ?H20 the ions are arranged in a dis- 
torted CsC1-type packing, with columns of K+ ions and 0(H20)  
atoms parallel to c. 

differ appreciably. However, the T e - 0  bond length is 
1.87(1) A in the C2/c and 1.73(2) in the Cc refinement, 
a significant difference. Interestingly, the latter value is the 
same as in the Ph4As+ salt, 1.74(1) A, whereas the values 
in the H904+ and K+ salts are 1.93 and 1.91(2) A, respec- 
tively. The paucity of known TeCl,(OH)- structures makes 
rationalization of these differences difficult, and there are 
other obstacles: a similar difficulty of choice between C2/c 
and Cc was encountered in the structure refinement of the 
Ph,As+ salt; a full account of the H904+ salt structure is yet, 
to be published; one of the anions in the K+ salt is partially 
disordered; and three of the four relevant compounds are 
hydrated. Nevertheless, since hydrogen bonding was sus- 
pected to be a possible factor responsible for the discrep- 
ancy, the four structures were examined in detail for whatever 
evidence for this possibility could be found. The pertinent 
structural detail is presented in Fig. 4. 

In the H904+ salt the hydroxyl oxygen is involved in an 
0-H. - -O(H20) bond to the nearest water (not H904+) OX- 

ygen. The 0- - .O separation of 2.64 A indicates a strong H- 
bonding interaction, comparable to that in NaOH a ~ ~ 0 . ' ~  The 
O(0H) oxygen is also hydrogen-bonded to a H,O,+ oxygen 
at 2.84 A. 

In the other ]structure containing long T e - 0  bonds, 
K[TeCl,(OH)] 5H20, anion 1 is orientationally disordered, 
d[Te(ll+O(ll)] = 1.905(17) A, d[Te(12+0(12)] = 
2.15 A (sic). In the ordered anion 2, d [Te(2+0(2)] = 
1.908(13) A. Although the OH hydrogens in this structure 
have not been located, the direction of the T e ( 2 w ( 2 )  bond 
is compatible with the existence of an almost symmetrically 
bifurcated 0(2+H(2). . .C1(23a),C1(24b) hydrogen bond, 
in which d [0(2). - -C1(23a)] = 3.66 A and d [0(2). - -C1(24b)] 
= 3.69 A (Fig. 4; a, (-x, -y, -z); b, (-x, 1 - y, -z)). 
The midpoint M of the Cl(23a). eCl(24b) distance forms a 
Te(2+0(2+M angle of 113", i.e., not far from tetrahe- 
dral, and is -2.40 A from H(2), if the latter is placed in ac- 
cordance with the geometry normally expected for a 
T&H group. In that case, the H(2). . .C1(23a),C1(24a) 
distance would be -3.0 A. which would qualify 
0(2+H(2). . .C1(23a),C1(24b) for at least a moderately 
strong hydrogen bond. 13.14 

By contrast, consideration of admissible atom. .atom 
separations in the (Ph,As)[TeCl,(OH)] - H20  structure (as 
refined in C2/c, oxygens in half occupancy) shows that the 
only atom that could conceivably function as an acceptor of 
the hydroxyl hydrogen H(l) is the water oxygen O(2) (Fig. 
4). However, the large O(1). - -0(2) distance, 3.04 A, and 
the T d ( l W ( 2 )  angle of 134" are both unfavourable 
to the existence of an effective hydrogen bond. TFe oxygen 
of the water molecule, 0(2),  is nominally -3.2 A from the 
nearest chlorines Cl(1') and Cl(2). Weak 0-Ha .C1 hy- 

121n NaOH . H20 the O(0H). . -O(H20) distances are reported as 
2.64 and 2.66 A (59, 60). 

"The disorder proposed in ref. 58 for anion 1 complicates eval- 
uation of the H-bonding eng9gement of this anion. 'The distance 
d [0 (12 )  . .0(H20)] = 2.26 A is too short for any interaction that 
might occur in that crystal. However, at d [0(11). .0(H20)] = 
2.52 A the Te(l1)-0(1 1)-0(H20) angle is -1 18", which strongly 
implies the existence of a Te(1 1)-0(1 1 )  . -O(H,O) bond of 
moderate strength. 

14 It should be possible to demonstrate the bifurcated character 
of this bond from the temperature dependence of the v(0D) fre- 
quency of the weakly deuterated compound (cf. refs. 61 and 62). 
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CAN. J .  CHEM. VOL. 70, 1992 

FIG. 3. Projection of the structure of (n-Pr4N),SnC16 (A) on (001). The octahedra represent snc16'-, the tetrahedra n-P~,N'. The anion 
and the cations in positions listed in Table 4 are marked A. 

drogen bonding at this distance is possible, but it is unlikely 
that both H20  hydrogens could be simultaneously engaged 
in hydro en bonds unless dyn!mically. The large U,,,[0(2)], F 0.113 A compared to 0.059 for 0(1), would support the 
latter, though it might be imprudent to place too much weight 
on the refinement of the water oxygen in half occupancy. It 
should be noted that although the placement of the oxygen 
atoms in the anion columns of Fig. 4 requires full order within 
a column, orientational disorder between columns will sat- 
isfy the oxygen disorder assumed in ref. 56. 

If participation of the hydroxyl oxygen of the P ~ , A S +  salt 
in a hydrogen bond is improbable, it is no less so in the an- 
hydrous B. The only possible H-bond acceptor for the OH 
group is C1(2Ac), at 3.20 A and a T m l ( 2 A c )  angle of 
142". This geometry would result at best in a weak 
@-He - -C1 bond. 

From this examination of the four structures it would seem 
that the discrepancy in the reported T 4  bond lengths could 
be explained by the presence or the absence of significant 
hydrogen bonding that involves the OH group of the anion. 
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JAMES ET AL. 

FIG. 4. Hydrogen Ponding of the TeCI,(OH)- anion in B (ordered structure; left), (PhAs)[TeCl,(OH)] . H20 (disordered oxygens; centre), 
and K[TeCl,(OH)] . 5H20 (right). Double circles, atoms overlapping in projection; dashed lines, putative hydrogen bonds. Dotted lines 
indicate distances between atoms. 

Still, a T d  bond length of 1.74 A seems rather short and then only in a minority of the dimers. The attempts made to 
the possibility that it may be, to some extent at least, an ar- refine the occupancy factor at the mixed-ligand site a in order 
tefact of refinement cannot be discounted. Clearly, further to resolve the C1, and 0, positions are described in Sect. IV. 
accumulation of structural information is required. As for B, However, these attempts cannot be regarded as completely 
on balance the ordered structure, as refined in Cc, appears successful. The seemingly large U,, values in the "chlorines 
marginally preferable to the disordered structure as de- onlyn refinement can be accounted for on a RBM model (cf. 
scribed in C2/c. Sect. 111), but since the mixed ligands could not be cleanly 

(n-Pr4N),[Te2Cl,d (nominal) (C)  
The ion packing in C is of the anti-CdI, type (cf. Sect. III). 

The results of refinement on the assumption that all the Te 
ligands are C1 atoms are presented in Tables 2, 6, and 8. As 
pointed out in Sect. I, the short T e C l ( 1 )  (= "Te-Cl,") 
bond length and the large Uij of the C1 atoms were puzzling 
even for a structure containing the nonrigid n-Pr,N+ cations 
until Krebs's reinterpretation (personal communication) of 
the composition of the anion Cj, which had been reported 
previously (6, 7) as ~ e , ~ l , , ' -  but which in reality was par- 
tially hydrolyzed to Te2C1,(C1,  OH),^-. Comparison of the 
T e C 1  bond lengths with those in the Cj dimers on the one 
hand and those in the authentic ~e,cl,:- dimers Ch and Ci 
on the other revealed that only one bond length in C was 
shorter than expected for a T e C l  bond, namely the pre- 
sumed T e C l ( 1 ) .  It was about the same as d ( T e L 3  in Cj2 
but not nearly as short as d ( T e L 3  in Cjl. From this it was 
assumed that only C1, had undergone replacement by OH and 

resolved, the position of the d,,dCf point above the regres- 
sion line in Fig. 2 remains unexplained. Additional elabo- 
ration of the mixed-ligands model having been deemed 
unpromising, further attempts to resolve the site occupancy 
at a were abandoned. 

Since the partial hydrolysis made the C dimer unsuitable 
for a discussion of the T e C l  bond lengths in ~ e , ~ l , ; - ,  in 
the following we rely on the authentic ~ e , ~ l , , ~ -  dimers Ch 
and Ci. A closer look at their geometryo shows that in both 
these anions the Te atom is only 0.10 A from the centroid 
of the C1a,b,c,c.,d,, octahedron. In Ch the Te atom is only 
0.033 A below the best plane through Cl,,,,,,,, i.e., coplanar 
with these atoms (a = 0.044 A; C1, is 2.30 A from this best 
plane). l 5  

It is curious that partial replacement of C1, by OH should 
cause a 10% increase in the Te- . .Tef distance in ~ e , ~ l , ~ ~ -  
and have a significant effect on the shape of the unit cell 

- 

15 For projections of the T~,CI,;- dimer Ch see Fig. 12. 
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TABLE 4 .  (n-Pr4N),SnC1, (A): positional ( X  lo4) and thermal ( x  lo3) parameters of nonhydrogen atoms 

X u11 u12 X UI I u12 

Y U?Z U13 Y u22 U13 

Atom z u33 u23 Atom z u33 u23 
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JAMES ET AL 

TABLE 5.  (n-Pr4N)[TeC14(OH)] (B): positional ( X  lo4) and thermal ( X  lo3) parameters of 
nonhydrogen atoms (refinements in C2/c and Cc)" 

Atom 
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TABLE 5 (concluded) 

X Ul I U l ?  

Y U?2 U13 

Atom z u 3 3  u2 3 

c(22) 070 l(7) 0715(23) 62(5) 96(15) 4(4) -3(9) 
-3482(4) -3408(10) 57(5) 47(11) O(4) - 12(8) 

485 l(7) 4854(16) 50(5) 11(7) 3(4) 8(7) 

C(23A) -0682(26) lOO(18) 16(13) 
-4098(15) 99( 17) 7(11) 
-0961(18) 31(11) -36(11) 

"First column, C 2 / c ;  second column, C c .  Values in italics, occupancy factor f.  

TABLE 6. (n-Pr4)2[Te2C110] (C): positional (X lo4) and thermal (X lo3) parameters of nonhydrogen atoms 

X u1 1 u 1 2  X U l  1 u 1 2  

Y u22 U13 Y U22 U13 

Atom z u 3 3  u2 3 Atom z u 3 3  u2 3 

"Structure refined on the assumption that all the anion ligands are CI atoms (see text). 
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JAMES ET AL. 

TABLE 7.  (n-Pr4N),[Se202C1,] (D): positional (X lo4) and thermal (X lo3) parameters of nonhydrogen atoms 

X Ul 1 u12 .Y Ul I u12 

Y u 2 2  u13 Y u22 U ~ 3  

Atom z u33 uz3 Atom z u33 u2 3 
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TABLE 8. Interatomic distances (A) and bond angles (deg) in the anions of com- 
pounds A ,  B, C , and D 

Atoms Distancea Atoms Angle 

Sn-Cl(1) 
Sn-Cl(2) 
Sn-Cl(3) 
Sn-Cl(4) 
Sn-Cl(5) 
Sn-Cl(6) 
Mean 

Te-Cl(1) 
Te-CI(1a) 
Te-Cl(2) 
Te-Cl(2a) 
Mean 
Te-0 
Te. -O(a) 
Te. . .Te(a) 
Cl(1)- - .C1(2) 
Cl(1) - .C1(2a) 
0. . -C1(1) 
0. . .Cl(la) 
0. . -C1(2) 
0. . Cl(2a) 
*0.  . .C1(2b) 
*O. - .O(b) 

Te-Cl(1) 
Te-Cl(l A) 
Te-Cl(2) 
Te-Cl(2A) 
Mean 
Te-0 
Cl(1) . .C1(2) 
Cl(1). . .C1(2A) 
Cl(1A). . .C1(2) 
Cl(1A). . .C1(2A) 
0. . .Cl(l) 
0. . sCl(1A) 
0. . .C1(2) 
0. . .C1(2A) 
*0 .  . Cl(2Ac) 

Compound 
2.442/20 Cl(1)-Sn-Cl(2) 
2.430/21 Cl(1)-Sn-Cl(3) 
2.410/20 Cl(1)-Sn-Cl(4) 
2.420/2 1 Cl(1)-Sn-Cl(5) 
2.418/19 Cl(1)-Sn-Cl(6) 
2.434/20 Cl(2)-Sn-Cl(3) 
2.426( 1 1)/20 Cl(2)-Sn-Cl(4) 

Cl(2)-Sn-Cl(5) 
Cl(2)-Sn-Cl(6) 
Cl(3)-Sn-Cl(4) 
Cl(3)-Sn-Cl(5) 
Cl(3)-Sn-Cl(6) 
Cl(4)-Sn-Cl(5) 
Cl(4)-Sn-Cl(6) 
Cl(5)-Sn-Cl(6) 

Compound B (refinement in C2/c)' 
2.590(8) Cl(1)-Te-Cl(l a) 
2.372(7) Cl(1)-Te-Cl(2) 
2.573(12) Cl(1)-Te-Cl(2a) 
2.461(12) Cl(1 a)-Te-Cl(2) 
2.50(9) Cl(1 a)-Te-Cl(2a) 
1.869(15) Cl(2)-Te-Cl(2a) 
1.581(15) 0-Te-Cl(1) 
0.387(16) 0-Te-Cl(1 a) 
3.520(3) 0-Te-Cl(2) 
3.531(3) 0-Te-Cl(2a) 
3.062(9) Te-0-Cl(2b) 
2.967(17) 0-Te-O(a) 
3.084(14) C1(2)-Cl(l)-C1(2a) 
3.001(12) Cl(1 )-Cl(2)-Cl(1a) 
3.129(12) 
2.844(23) 

Compound B (refinement in Cc)' 
2.459(8) C1( 1 )-Te-Cl(1 A) 
2.489(7) Cl(1 )-Te-Cl(2) 
2.506(11) C1( 1 )-Te-Cl(2A) 
2.517(11) Cl(1 A)-Te-Cl(2) 
2.493(22) Cl(1 A)-Te-Cl(2A) 
1.726(13) Cl(2)-Te-Cl(2A) 
3.508(14) 0-Te-Cl(1) 
3.554(10) 0-Te-Cl(1 A) 
3.508(9) 0-Te-Cl(2) 
3.526(13) 0-Te-Cl(2A) 
3.032(9) Te-0-Cl(2Ac) 
2.955(19) Cl(2)-Cl(1)-Cl(2A) 
3.027(15) Cl(1 )-Cl(2)-Cl(1A) 
2.977(20) 
3.200(14) 

Compound CCvd 
2.312(4) Cl(1 )-Te-Cl(2) 
2.456(3) Cl(1)-Te-Cl(3) 
2.564(3) Cl(1)-Te-Cl(3e) 
3.241(4) Cl(1)-Te-Cl(4) 
2.465(3) Cl(1)-Te-Cl(5) 
2.484(4) Cl(2)-Te-Cl(3) 
4.418(1) Cl(2)-Te-Cl(3e) 

Cl(2)-Te-Cl(4) 
Cl(2)-Te-Cl(5) 
Cl(3)-Te-Cl(3e) 
Cl(3)-Te-Cl(4) 
Cl(3)-Te-Cl(5) 
Cl(4)-Te-Cl(5) 
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JAMES ET AL. 

TABLE 8 (concluded) 

Atoms Distancea Atoms Angle 

Compound D' 
2.278(5) Cl(l1)-Se(1)-Cl(l2) 
2.357(4) Cl( 1 1 )-Se(1)-Cl(l3) 
2.645 (4) Cl(l1)-Se(1)-Cl(13a) 
2.940(4) Cl(1 1)-Se(1)-O(1) 
1.593(9) Cl(11)-Se(1)-Se(1a) 
4.163(2) Cl(12)-Se(1)-Cl(13) 
2.249(5) Cl(12)-Se(1)-Cl(13a) 
2.382(4) Cl(l2)-Se(1)-O(1) 
2.605(4) Cl(12)-Se(1)-Se(1a) 
3.064(4) Cl(13)-Se(1)-Cl(13a) 
1.572(10) Cl(l3)-Se(1)-O(1) 
4.142(2) Cl(13a)-Se(1)-O(1) 
3.320(6) O(1)-Se(1)-Se(1a) 
3.485(5) Se( 1)-Cl(13)-Se(1 a) 
3.732(5) Cl(21)-Se(2)-Cl(22) 
3.735(3) Cl(2 1)-Se(2)-Cl(23) 
3.054(12) C1(2 1 )-Se(2)-Cl(23a) 
3.027(10) Cl(2 1 )--Se(2)-O(2) 
3.289(9) Cl(2 1)-Se(2)-Se(2a) 
3.523(12) Cl(22)-Se(2)-Cl(23) 
3.285(7) C1(22)-Se(2)-C1(23a) 
3.479(5) Cl(22)-Se(2)-O(2) 
3.718(5) C1(22)-Se(2)-Se(2a) 
3.898(5) Cl(23)-Se(2)-Cl(23a) 
3.026(12) Cl(23)-Se(2)-O(2) 
3.070(10) Cl(23a)-Se(2)-O(2) 
3.169(11) O(2)-Se(2)-Se(2a) 
3.736(14) Se(2)-Cl(23)-Se(2a) 

T h e  number ( X  lo-') after the oblique stroke is fie correction for t heea l  motion (RBM model, 
see text). The standard deviations of the means u(d) are [(l/n)C(d, - d)]'12. Inter-ion distances 
are marked *. 

besd(bond length) = 0.003 Ai esd(bond angle) = 0. lo. 
'a, (-x, -Y, -z); b, (-x, Y, I - z); c,  (x, -Y, i + z); d,  (x, -Y, z - b ; e ,  ( - x ,  - y ,  I - z). 
'Structure refined on the assumption that all the ligands are chlorine atoms. 

TABLE 9. Group V anion dimers and other species examined in this work 

1 (PhNMeH2)2[As2C181 (32) 17 (C2HloN4S)2[Bi2Cllo] .4H20 (42) 
2 (Ph4P)2[As2C181 (33) 18 Bi2ClI0 in (C,H,),FeBiCl, (43) 
3 (PhNMeH2)2[AszBr8] (34) 19 Bi2Cl10 in (pyH),Bi4ClI8 (44) 
4 ( P ~ ~ P ) ~ [ A S ~ B F ~ ]  (23) 20 Na7[BiBr6][Bi2Brl0]. 18H20 (45) 
5 (n-Pr4N),[As2Br8] (23) 21 [Sr(H20)8:12[Bi2Br101 (46) 
6 ( ~ - B u ~ N ) ~ [ A s ~ I ~ ]  (35) 22 K4[Bi2Brlo] .4H20, dimer symmetry C,  (47) 
7 ( C I O H ~ N ~ H ~ ) ~ [ S ~ ~ C ~ I O ]  (36) 23 &[T12Cllo] .4H20 (48) 
8 Sb2Cllo in [Fe(~r-cp)(C0)~C1]~(SbC1~)~, molecule 1 (37) 26 (PC14)z[Ti2C110] (49) 
9 Ditto, molecule 2 27 (S4N5)z[TizC1101 (50) 

10 Kz[SbC15] (38) 28 (S4N4Cl)z[Zr2Cllo], anion 1 (5 1) 
11 sb2c18'- in (Ph2NH2)(SbCl3)C1 (39) 29 Ditto, anion 2 
12 (n-Pr4N),[Sb2C18], anion 1 (40) 30 (Ph4P)z[MozC1101 (52) 
13 Ditto, anion 2 31 (n-Bu4N)z[OszC110] (53) 
14 (n-B~~N)~[cis-Sb~Cl~] ,  the Sb(1) half (40) 32 ( ~ - B U ~ N ) ~ [ O ~ ~ B ~ ~ ~ ]  (54) 
15 Ditto, the Sb(2) half 33 Nb2Brlo in a-NbBr,, dimer symmetry C,  (55) 
16 (Ph4P)z[Sb2Br8] .MeCN (41) 

(cf. Sect. I). In our attempts to establish the site occu- since the "chlori~es only" refinement already gave a 
pancy at a the Te. . .Tel distance was noted to increase T e  . .Tel of 4.42 A, manipulating the Cl/OH ratio further 
slightly with the degree of substitution of C1 by OH, but seemed pointless. 
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TABLE 10. Mean Z-Hal bond lengths (C) (A) in &Hallo2"-, &Hal;-. and 
se202~a1:- dimers (cf. Fig. 8)" 

T h e  number after the oblique stroke represents the number n of dimers in the sample. The 
figure in parentheses is the dispersion (standard deviation) o of the n individual means. 

*In the Cf monomer half, 1.934(32) A, the same as in KTeF, (27). The mean for TeF,- 
in KTeF,, NH,TeF, (two anions) (28), RbTeF, (two anions) (78), NaTeF, (77), and 
K,[TeF,]NO, (29) is 1.943(51) A (1.941(48) A with the Cf monomer included). Overall 
means for Te-F, and Te-F.,, 1.880(15) and 1.964(33) A,  respectively. 
7n (NH4),[SbF,], 2.043(64) A; Sb-Fa,, 1.9 16(4), Sb-F. , 2.075(3) A (30). 
dMean for SbC1;- in 10 and (NH,),SbCI, (31). 2.628(40) 1; mean in 10 if formulated as 

containing a pseudo dimer Sb,Cl,,,-, 2.80(50) A. Overall means for Sb-C1, and SbCI , ,  
2.37(2) and 2.64(9) A,  respectively. 

'In the SeOC1,- monomer (De), 2.380 A.  

Cf, 10 

t 
cg 

(dc- dh)red 

FIG. 5. Variation of the bridge asymmetry parameter (d,' - d,),d with (d, - db)red in dimers. For code see Tables 2 and 9. 

(n-Pr,N)dSe2O2Cld ( D )  varying degree of distortion, in the structures containing the 
The structure consists of n-Pr,N+ cations 1 and 2 and Da, Db, and Dc dimers. Both cations have fully extended 

centrosymmetric Se202~162- anion dimers D l  and D2 ar- conformations. 
ranged in a distorted anti-Cd12-type packing, with the layers The C1 atoms in the dimers are nearly coplanar, the mean 
1/(010). This is the same type of packing as is found, with deviation from the best plane p through the chlorines being 
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JAMES ET AL. 

(dc-db)red 

FIG. 6. Variation of (d,' - daIred with (d, - db),ca in dimers. For code see Tables 2 and 9. Note the expanded scale in the inset. 

FREE ZH~I,"- MONOMER Z , H ~ I ~ ~ ~ -  DIMER 

FIG. 7. Effect of dimerization on the Z-Hal bond lengths in 
~ , ~ a l , ~ ~ -  dimers (cf. the trans effect plots of Fig. 2). d,,, d,,, 
Z-Hal,,; 4 1 ,  db2, d,,, dc2, Z-Hal,,; dc2, dcZf. Z-Halbridgc. 

0.041 A in D l  and 0.014 A in D2. The oxygen atom is 
2.00 A above p in D l  and 1.91 A in D2. The Se atom is on 
the same side of p as the respective oxygen atom Ji.e., in- 
side the distorte! OC1, square pyramid), at 0.4 1 A from p 
in D l  and 0.35 A in D2. This compares with 0.41 A in Da, 
0.31 A in Db, and 0.39 A in Dc. The angle formed by the 

Se-0 vector with p is 88.6" in D l  and 86.9" in D2. Inter- 
estingly, the perpendicular distances of 0 and Se from p and 
the p (Se-0) angles are not very different from those rel- 
ative to the C1,-Clb-Cl, plane in the SeOC1,- monomer De: 
0-p, 1.90 A; Se-p, 0.3 1 A; p l(Se-0), 83 .OO. 

The d, and db = d(Se-0) bond lengths in S~,O,CI?-, 
averaged over D l ,  D2, Da, and Db, are 2.266(11) and 
1.588(10) A, respectively,'6 and thus quite similar to the 
corresponding bond lengths in the SeOC1,- monomer De and 
in the [SeOCl,Cl,,,]~ chains in Df. However, the (db) and (d,) 
for the dimers are significantly different from db and dc 
in De and Df, although the mean (d,, db, d,) in the dimers, 
2.43(17) A, is statistically !he same as the d(Se-C1) mean 
in the monomer, 2.38(1) A. These differences are consis- 
tent with the operation of TE in Se(1V)-Cl bonds (22). 

The means of the 0-Se-Cl angles over Dl,  D2, Da, and 
Db are 102.4(9)" for Cl,, 98.6(17)" for Cl,, 95.7(27)" for Cl,, 
and 99.2(22)" for Cl,'. Here again the angle involving C1, is 
the largest and compares to the corresponding (also largest) 
angles in De and Df, 105.1(1)" and 104.0(3)", respectively. 

111. Observations on dimers 
Earlier on3 the question was raised, is the formation of 

z,Hal,,Z"- and ~ e , ~ , ~ a l : -  dimers the result of exigencies 
of crystal packing, i.e., accidents of crystallization, or is there 
a genuine tendency of the ZL,- or ZL,- monomers (which 

'?he d ( S ~ 0 )  average over D l ,  D2, Da, Db, Dc, De, and Df 
is 1.590(9) A,  i.e., indistinguishable from the above value. 
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FIG. 8. Variation of the relative standard deviation u((C))/(C) with the mean (C) of all the Z-Hal bond lengths in a dimer: Z2Hallo 
and T2Hal,o skeletons (bottom); &Hal8 and Se2O2Hal6 skeletons (top). For code see Tables 2 and 9. The widths of the dashed-line bands 
are 2 0  of the respective linear regression (see text). 

may not be known as discrete entities) to associate for rea- 
sons that are explicitly chemical? In an attempt to discover 
what evidence bearing on this uestion can be obtained from 
the available crystallographicX information, we shall ex- 
amine (a) the asymmetry of the double bridge and (b) its ri- 
gidity, in so far as the latter is ascertainable from the 
parameters of thermal motion. In doing so we shall con- 
sider not only Group VI dimers but also the more abundant 
Group V z,~al,:- and ~ , ~ a l , ~ -  anion dimers (Table 9). 

Bridge asymmetry 
As mentioned in Sect. I, the decrease in the asymmetry 

of the bridge from ~ e ~ 0 , ~ 1 , 2 -  to s e202~r ,2 -  has been pointed 
out by Krebs (lo), who also notes (2, 18) that in Cf the 
centrosymmetric TeF5-. . .TeF5- pair may be regarded as a 
pseudo dimer T~,F,;- with the Te. . SF,' distance about 60% 
longer than Te-F,. This appears to suggest that the bridge 
asymmetry is a manifestation of a systematic effect that de- 
pends on the nature of the Z,Hal combination. It will be 
convenient to denote the mean of all the Z-Hal bond lengths 
in a dimer by (2) (Table 10). The asymmetry of the bridge 
can then be measured by the difference d,' - d, or by the 
corresponding normalized difference (d,' - d,)/(C) = (d,' 
- dc)rcd. 

The dependence of the bridge asymmetry on the Z,Hal 
combination emerges when (d,' - d,),, is plotted against 
(d, - d,),, (Fig. 5). Keeping in mind the various limita- 

I 7 ~ o r  ambiguity of evidence from vibrational spectra see ref. 40. 

tions of the available data set, one is bound to acknowledge 
that this plot for ~ ~ ~ a l , , ' " -  successfully maps the dimers, 
at first sight according to the type of ligand but more prob- 
ably according to the mean Z-Hal bond length (see Table 
10 and below)." The latter view is supported by the seg- 
regation of the Se and Te dimers in three clearly defined 
regions; the points for the Bi dimers appear to be out of 
place when only the size of the ligand is considered. 

Since, in normalizing d,' - d, and d, - db by (C), ac- 
count has already been taken of the size disparity of the 
ligands, it is clear that the segregation of the dimers in Fig. 
5 must reflect the effect of dimerization on the strength of 
the Z-Hal,, bonds, via TE in the Halb-Z-Hal, grouping. 
Stated differently, the variation in the bridge asymmetry 
cannot be considered in isolation but must be related to the 
dimer geometry as a whole and, more particularly, to the 
normalized magnitudes of TE in the bridge plane. 

The interrelation of the bond length adjustments in 
z,~al,,,- (Z = Se, Te) dimers is rendered even more im- 
pressive by comparing, instead of the bridge asymmetry, 
the normalized magnitudes of TE in the axial bond pairs, 
(d,' - d,),,, and the equatorial bond pairs, (d, - d,),, (Fig. 
6). Here again the dimers are segregated in a pattern similar 
to that in Fig. 5 .  However, whereas the (d, - db),, and 
(d,' - d,),, values in a dimer are comparable in magnitude, 
- 

18 The mean (dd, d,) of the Z-Hal bond lengths perpendicular to 
the bridge plane would be an acceptable experimental variable in 
the present discussion. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ET AL. 1813 JAMES 

2.8 1 I I I 

FIG. 9. Variation of d* with d in T2Hallo, and 
~ 1 ~ ~ 1 ~ 2 -  dimers. Full circles, trans bonds perpendicular to bridge 
plane, T-H& and T-H&; open circles, T-Hal bonds in bridge 
plane. T2Hallo2-: TiCl, 26, 27; ZrC1, 28, 29; MoCl, 30; OsC1, 31; 
OsBr, 32. T2Hallo: M0C15 (63), NbC1, (64), Ta15 (65); ReCl, (66), 
UCl, (67), P-PaBr, (68), a-NbBr,, 33. ~ l ~ ~ l , ~ ~ - ,  23. 

the (dC1 - d,),, value is significantly larger than the asso- 
ciated (dc - d,),,, value, the difference decreasing from C1 
to I. This indicates that the bridge asymmetry is ultimately 
determined by the difference in the Z-Hal,, and Z-Hal,, 
bond lengths in the free monomer limit and by the func- 
tional form of TE for Z,Hal (Fig. 7). It is therefore not 
surprising to find the points for the C and C j l  dimers in 
the partially hydrolyzed compounds away from the other 
&~1,:- dimers in Fig. 6: replacement of C1, by OH in the 
two dimers further shortens the T e L ,  bond (without sig- 
nificantly affecting the Te-Cl,, bonds) and thus directly 
affects the (d,' - d,) value. 

Although only one of the five ~ e , ~ , ~ a l ; -  dimers in Table 
2 is a bromide, Figs. 5 and 6 seem to suggest that similar 
trends are followed as for the Z , H ~ I ~ , ~ -  dimers. 

For the Group V ~ , ~ a l ; -  dimers the situation is less 
clear-cut. In some of them there is, in the crystal, covalent 
or hydrogen-bonding interaction between the bridging halo- 
gens and external atoms (I?, 3, l l ) . I9 However, even if 
these contentious cases are disregarded, the segregation is 
not nearly as well defined as for the Se and Te dimers. It 
is possible that the geometry of the Z2Hal, skeletons is less 
rigid than that of the Z2Hallo (and perhaps even the 
Se202Hal,) skeletons because of the incomplete coordina- 
tion sphere of Z and is thus more susceptible to external 

19~his  is also the case for the z ~ H ~ ~ , , Z " -  dimers 8 and 9 and 
possibly also 7 and 17. 

influences in the crystal, which would account for the less 
regular trends. 20 

The desirability of considering the geometry of the whole 
dimer instead of focusing on the bridge asymmetry alone 
is demonstrated in yet another way by the variation of the 
standard deivation u of (2) expressed as a fraction of (2). 
This fraction decreases as (2) increases, and although the 
variation is not strong, the trend is unmistakable (Fig. 8).,' 
The distribution of the Z,Hal groups in this plot is well 
resolved and permits a comparison with ~1,~1, , , ' -  (23) and 
the transition-element ~,Hal,;- (26-32) dimers, none of 
which contains lone electron pairs on the nonhalogen atom. 

Characteristically, the ~ , ~ a l , , ' -  dimers show practically 
no bridge asymmetry (Fig. 9). Their u((2))/(2) values are 
less than half those encountered with Z2Hal,,2"- dimers of 
comparable (2) (Fig. 8), i.e., the difference betw$en the 
bridge and terminal bond lengths is small, 50.25 A. The 
difference between d,e,i,,, for bonds in the bridge plane and 
tpose perpendicular to the bridge plane is well within 0.1 
A; the dtfference between T-Hal, and T-Hal, is very small, 
-0.07 A or less. 

It is interesting that the d,d* relations for the ~,Hal,:- 
dimers in Fig. 9 are very similar to those in the neutral 
T2Hallo dimers (compare MO,C~,;- and Mo,Cl,,), the more 
so as the molecular geometry of the neutral dimers results 
from the filling, by T atoms, of interstices in close-packed 
arrays of the halogen atoms in THal, crystals (cf. refs. 65 
and 69), whereas the corresponding ~,~al,:-  dimers in 26- 
32 are discrete anions in ionic structures containing com- 
posite univalent counter cations. The question as to whether 
the existence of a lone electron pair on the central atom is 
essential for a significant bridge asymmetry to be observed 
will be touched upon in ref. 22. 

While the above account does not explain details of the 
geometry of the dimers in fundamental terms, it does offer 
a qualitative insight into the factors involved and sets forth 
criteria which a detailed model will have to satisfy. Clearly, 
the existing data set no more than sketches out the distri- 
bution of dimers in Figs. 5, 6 ,  and 8. Although it is prob- 
able that subtler trends exist, e.g., those differentiating Group 
VI from Group V and ~e,~,Hal;- dimers, it would be dif- 
ficult at this stage to extract them with any confidence from 
the accidental causes of the observed spread (packing, hy- 
drogen-bonding and interion effects, inadequacies of crys- 
tal-structure determinations). 

Thermal motion: doing what comes naturally 
If it is assumed that a centrosymmetric ~ , ~ a l , , 2 " -  dimer 

consists of two ZHa1,- monomer halves held together by a 
Z. . -HalC',Zf . . .Hal, interaction of a strength ranging (as 
measured by the d,' - d, difference) from very weak to 
comparable to that in the Z-Hal, bond, it is not unrea- 
sonable to suppose that the strength of this interaction will 
be reflected in the thermal motion of the dimer. More spe- 
cifically, each monomer half by itself would be expected 
to approximate to RBM behaviour more closely than the 
dimer as a whole, if indeed the RBM model applies. The 
closeness of approximation to RBM behaviour is measured 

20 Results of TLS analysis (see below) are inconclusive on this 
point. 

2 1 Linear regression on the 21 &~al,,Z"- oints in Fig. 8 (ex- 
cluding CE, Cg, 10, and the T dimers) gave rP= 0.67, u = 0.010, 
a(@))/@) = 0.3 17 - 0.0942(C). 
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rms (esd 1 

FIG. 10. Applicability of the RBM model to the thermal motion of Z,Hal,,'"-, z,Hal:-, and ~ e , ~ , ~ a l :  anions considered as dimers 
(right) and as the respective monomer halves (left). For definitions of rms(U,,) and rms(esd) (A') see text. For code see Tables 2 and 9. 

by the magnitude of R(U,,.) or rms(U,,.) as obtained from 
the TLS analysis, and by comparing rms(U,,.) = [ ( l / n )  
C ( ~ ~ , , . ) ~ ] ' / \ i t h  the rms[esd(U,,.)] = [ ( l / n ) C [ e s d ( ~ , ) ~ ] ~ / ~  
(= rms(esd) for short) from the crystal-structure refine- 
ment. The decrease in rigidity of the binuclear unit relative 
to the monomer can then be estimated from the rms,/, = 
rms(Uij)dimer/rm~(U,,.)monomer ratio." The magnitude of this 
ratio can in turn be examined for dependence on the bridge 
asymmetry dC1 - dc or (dCf - d,),,,. 

It must be emphasized that utilization of the results of 
TLS analysis can be fraught with uncertainties, and con- 
siderable caution must be exercised if the interpretation is 
to have physical meaning. The TLS figures of merit for a 
particular composite anion may vary widely from one struc- 
ture to another, both because of real differences in the de- 
gree of applicability of the RBM model and because of the 
uneven quality of the crystal-structure determinations. In 
the present discussion we shall consider the s ~ c & -  ion in 
A and the undoubted SeOC1,- monomer De (Fig. 10) as 
anions for which the TLS criteria of RBM are reasonably 
well satisfied and which may therefore be regarded as stan- 
dards for judging the rigidity of the other anions. In neither 
case is there effective H-bonding interaction between the 

7,  --R(U,,) is less suitable for this purpose than rms(Uii), as the 
contribution to R(U,,) of numerically small Uij (i # j )  values suf- 
fering from a large percentage error is out of all proportion to their 
importance and may create a misleading impression of how well 
the thermal motion approximates to RBM behaviour. 

anion and the counter cation, and the single positive charge 
on the counter cation is in both crystals so diffuse that di- 
rectional Coulombic interactions are unlikely to come into 
play. The R(U,,.) and rms(U,,.) values for both anions are 
small and the Uii values are accounted for on the RBM model 
collectively within the experimental rms(esd). Similarly small 
figures of merit for the ZHa1,- monomers will therefore be 
taken to indicate that the RBM model adequately describes 
the thermal motion of the monomer as an independent in- 
ertial unit. 

In the following the U,,. values of most of the reported 
~ ~ H a l , , ' " -  as well as z2Hal,'- and Se,O,Hal:- anions will 
have been subjected to scrutiny, some 35 species in all. The 
results are presented in Table J (deposited, see Experimen- 
tal) and Figs. 10 and 1 1 .', 

" ~ n  a number of cases execution of the standard TLS program 
(70) ended up in physically unreasonable results (not shown in Table 
J and Fig. 1 O), with negative values for the squares of one of the 
three mean librational amplitudes L about the principal axes of li- 
bration, in some instances for the monomer, in others for the dimer, 
and in yet others for both the monomer and the dimer. The reason 
for this behaviour appears to be a weak ill-conditioning of the Uij 
data set. In general, a single minor adjustment of the tolerance 
criteria (70) will produce a set of positive L values, with only a small 
increase in rms(Ui,). The rrns',, ratios obtained in this way may, 
faute de mieux, still be considered reasonable indicators of the rel- 
ative rigidity of the dimers, albeit inferior to rms2/, obtained from 
properly behaved Uo sets and within the limitations discussed in the 
text. Such rms2/, values are indicated in Fig. 11 by underlining. 
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FIG. 11. Variation of the RBM "rigidity indicatorn rmsz,, = 
r m ~ ( U ~ ) ~ ~ , / r r n s ( U ~ ) ~ ~ ~ ~  with the bridge asymrnehy (d,' - d,),, 
in dimers. For code see Tables 2 and 9; for the underlined code 
numbers see text. 

The rms(esd) values are, with the exception of 20 and 21, 
all smaller than -0.0025 A2, indicating that the quality of 
the U,) data is generally acceptable. However, the rms(U,])/ 
rms(esd) ratio is greater than unity for all but a few of the 
species examined. This means that the RBM model does not 
describe the thermal motion of even the monomers ade- 
quately, the mismatch being the greater the larger the value 
of the ratio. This finding thus immediately calls for a scru- 
tiny of the assumption that RBM is an appropriate model on 
which to correct bond lengths for the effects of thermal mo- 
tion (see below). 

The extent of conformity to the RBM model notwith- 
standing, the rms(U,)/rms(esd) ratio for a dimer is always 
larger than that for the corresponding monomer, i.e., the ri- 
gidity of the dimer is always inferior to that of the mono- 
mer. Indeed, none of the dimers with rms(esd) 5 0.0025 A2 
in Fig. 10 has an rms(U,,)/rms(esd) value smaller than 2. 
There are no clearly discernible trends in Fig. 10, not even 
between the 6-coordinate and the 5-coordinate Z species: 
statistical tests show that the probability of the rms(U,))/ 
rms(esd) means for the ZL, and the ZL5 coordination classes 
to come from the same population is high. The incomplete- 
ness of the coordination sphere of Z in the ZL5-type mono- 
mers or dimers does not therefore appear to be a significant 
rigidity-determining factor, at least in the present sample. 

Since the rms(esd) for a centrosymmetric dimer is the same 
as for each of the monomer halves, [rms(U,,)/rms(esd)],,,/ 
[rms(U,)/rms(esd)],,,,, = rms,/!. On plotting rms,/,, which 
ranges from -1.4 to -3.6, agalnst the bridge asymmetry 
parameter (dC1 - d,), a considerable scatter results (Fig. 11). 
The ratio can be claimed to increase with (dCf - d,),, if the 
TLS result for the clearly crystallographic dimer ~b,cl,;- 

dimer in 10 is accepted as legitimizing the direction of the 
presumed trend. 

Obviously, additional experimental data for dimers must 
be obtained before a statistically valid trend can be claimed. 
This conclusion is somewhat disappointing vis-2-vis the ini- 
tial expectation that rms,!, as a measure of decrease of the 
rigidity of the dimer relative to the monomer varies with the 
bridge asymmetry, but if the existence of such a trend is 
substantiated, an augmented Fig. 11 would be a useful de- 
vice for clarifying the relationship between chemical and 
crystallographic dimers. 

Bond-length corrections for thermal motion 
From the above it follows that the RBM model describes 

the motions of the anions only to the extent indicated by 
rms(UV). The results of a TLS analysis cannot be used as a 
basis of bond-length corrections unless rms(UF) is small, and 
where the latter is not stated, the meaning of the corrections 
is uncertain. However, where the observed UF are satisfac- 
torily explained, collectively, on the assumption of RBM but 
significantly better so for the separate monomer halves than 
for the dimer, corrections to bond lengths and angles should 
be made on the basis of the monomer RBM rather than that 
of the dimer. This in practice may not make appreciable 
difference measured against the accuracy of the crystal- 
structure determination, but in principle the distinction of 
course matters, for the corrections in the two cases arise from 
RBM's about entirely different centroids and axes (cf. Figs. 
12 and 13). 

Some idea of the importance of the differences in the cor- 
rections to bond lengths calculated on the assumption of RBM 
in the monomer and the dimer, respectively, can be gained 
from Table K (deposited, see Experimental). The differ- 
ences are small, but the corrections to the individual bond 
lengths in general follow a different pattern as to magnitude 
for the monomer and the dimer. These findings raise ques- 
tions about the practical meaning of the corrected bond 
lengths when these are reported without indication of the 
comparative figures of merit and physical significance of the 
underlying TLS analysis. 
Chemical or crystallographic dimers? 

Where the dC1 distance in Groups VI and V dimers is long 
but explained without contradiction as a consistent response 
to TE, it qualifies as corresponding to a weak bonding in- 
teraction and the dimers qualify as "chemical" dimers. At 
the other extreme, a crystal structure may contain widely 
separated, clearly identifiable discrete monomers in posi- 
tions and mutual orientations that give no indication of a 
tendency to dimerize, e .g . , Na+[TeF5]- (see below). 

We shall now turn to intermediate situations, i.e., to crystal 
structures in which ZHa1,"- or related anions reported as 
monomeric occur in centrosymmetric pairs and in mutual 
orientations such that the two monomers would form an un- 
doubted p,,-dimer if the distance between them were de- 
creased. Examples of such pro-dimer pairs are TeF5-. . .TeF5- 
in Cf and Cg and the ~ b c l , ~ - -  . . ~ b c l , ~ -  pair in 10; the de- 
scription of the anions in Cf in ref. 2 as "quasi-monomeric 
pseudo-octahedral anions with almost negligible bonding 
interaction within the pseudo dimer" testifies to the ambi- 
guity with which such situations are approached. 

The centrosymrnetric ZHal,"- pairs in Cf, Cg, and 10 may 
be regarded formally as dimers in which dC1 is -65% longer 
than the mean of the other five Z-Hal bond lengths in the 
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FIG. 12. Librational motions of the ~ e ~ ~ l , t -  (Ch) ion consid- 
ered as a dimer (left) and as two monomer halves (right). Projec- 
tion down principal axes of libration, in the decreasing order of the 
mean librational amplitude (L, > L2 > L,). The centroids of the 
motions are indicated by black dots. 

Cf and Cg monomer halves and 50% longer in 10. The po- 
sitions of the points for Cf and Cg (regarded as dimers) in 
Figs. 5 ,  6, and 8 are extreme relative to the ~e,Hal,;- (Hal 
# F) dimers. It could conceivably be argued that a nonlin- 
ear relationship may exist in these plots that would recon- 
cile the positions of these two points with the rest of the 
dimers, but such an argument would be difficult to sustain 
from these two isolated cases alone, no other z,F,,~"- dimer 
or pseudo dimer structures being known at present. 

In 10 the orientation of the two ~ b C 1 , ~ -  ions is such as to 
suggest the existence of a highly a s y ~ m e t r i c  double bridge, 
but the S b  . -ClC1 separation of 3.88 A is not consistent with 
the presence of even a weak Sb. .C1 bond. In addition, the 
very small rms(UC) and rms(UU)/rms(esd) values for the 
monomer point to the autonomous character of the ~ b ~ 1 , ~ -  
unit. 

In none of the Cf, Cg, and 10 pairs can dcr be related to 

the respective da by TE. In 10 this is obvious from the shape 
of the T E ( S b C 1 )  line (22); the d C r ( S b C 1 )  expected for da 
( S b C l )  = 2.39 A would be in the vicinity of 3.2 A, i.e., 
-0.7 A below the observed dcr. In Cf and Cg the dcr to be 
expected from TE(Te--F) cannot be assessed, for the cur- 
vature of the TE line is very poorly defined by the data cur- 
rently available. Such indications as there are seem 
compatible with the conclusion that the observed dC1Ve--F) 
is longer than would be expected from TE. 

From these observations one could conclude, tentatively, 
that the centrosymmetric ZHa1,"- pairs found in Cf, Cg, and 
10 are "crystallographic" rather than "chemical" dirners, i.e., 
ZHal,"- pairs that owe their existence to external factors and 
not to a strong intrinsic tendency of the ZHa1,"- units to di- 
merize. If such tendency exists, it is not sufficiently strong 
to overcome other forces implicit in the formation of the 
crystal from solution. 

It is significant in this context that the compounds in Ta- 
bles 2 and 9 that are of the [cation+],[dimer2-] type and in 
which the cation is composite but not highly asymmetric 
crystallize, without exception and regardless of the specific 
chemistry of the dimer (e.g., ~e,Hal,;-, ~e,o,Hal,2-, 
AS,B~;-, -Mo2ClIo2-, OS,C~,;-), in one of the three sp_ace 
groups P I ,  P 2 , / c  I= P2, /a ,  P2,/n),  or Pbca; P 1  C 
P 2 , / c  C Pbca ( 3 P a 3 ) .  In molecular crystals these space 
groups (plus C2/c) describe the symmetries of closest-packed 
arrangements of molecules of Ci symmetry, but the P 1 and 
P2 , /c  symmetries can also be realized by close packing of 
completely asymmetric molecules (71). The close-packed 
layers are found in one, two, or three systems of planes, de- 
pending on the particular space group. The [cation+],- 
[dimer2-] crystals of course are not molecular, but the 
dimers, because of their size relative to the cations,24 dom- 
inate the packing, with the result that the overall structure 
consists of a close packing of the dimers with the cations in- 
terstitial to it. The dimer centres form an oblique layer mesh 
with a coordination number 6 and a minimum plane-group 
symmetry p2;  the Z. . .Zr vectors are at an arbitrary tilt to the 
axial directions of the layer lattice. The cations are situated 
either between or in the close-packed dimer layers, depend- 
ing on the cation shape and size and on the number of li- 
gands in the dimer, the latter two factors determining the 
Z. . .Z1 tilt. The tendency of the dimers to form such layers 
explains the preponderance of the anti-Cd1,-type structures 
among these compounds. 

When the cation is small, it will not fill the space be- 
tween the dimers properly. This will result in an inefficient 
utilization of space. Furthermore, in contrast to composite 
cations, in which the distribution of ionic charge is diffuse, 
in a simple univalent cation the full charge is spatially much 
more concentrated and thus likely to lead to strong local in- 
teractions with atoms of the dimers.,, If the monomer an- 
ions were to dimerize, the distribution of ionic charge in such 
a [cation+],[dimer2-] crystal would compete with the ener- 
getically more favourable as well as better space-filling ar- 

24 The nuclear skeleton of a &Hal,,,- dimer may be approxi- 
mated for the present purpose by an elliptical cylinder about 8 A 
long and 4-6 A in diameter. 

25 This is also the case with composite cations capable of hydro- 
gen bonding, e.g., NH4+ and the alkylammonium cations. 
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JAMES ET AL 

FIG. 13. Librational motions of the Se202CI,'- (Db, left) and AS,I,'- (6 ,  centre) dimers and of the monomer half of A S ~ I , ~ -  (right). 
TLS analysis based on parameter values from refs. 10 and 35, respectively. The oxygen atom in s~ ,o~c~~ ' -  corresponds to the I, atom 
in AS,I,~-. Cf. also caption of Fig. 12. 

rangement that is obtained when the monomer halves in the 
crystal exist as separate anions. The close packing of the 
anion dimers is then likely to give way to a more typically 
ionic crystal structure with a regular three-dimensional cat- 
ion-anion alternation. This is arguably the case with K[TeF,] 
(27, 72), which has a distorted (Pbcm) CsC1-type packing, 
and with Na[TeF,] (77), both of which contain discrete TeF,- 
monomers. 

The centrosymmetric TeF,-- - .TeF,- pairs in Cf (P2,/n) 
and Cg (Pnma) as well as the sbclS2-. .sbclS2- pair in 10 
(P2,/c) constitute situations intermediate between obvious 
& ~ a l , , ~ -  dimers and discrete ZHal,"- monomers. While the 
Hal,-Z-Hal,' angle in these pairs is small compared to that 
in the true dimers (148" in Cf, 138" in Cg, 144" in 10, but 
177" in Ch), the relative orientation of the monomer halves 
is such that it would take only a minor adjustment of the tilt 
and of d(Z. - .Z') to convert the pair to a true dimer. These 
pairs may therefore be regarded as frustrated dimers. In 
Rb[TeF,] (Pnma, refs. 78 and 79) and NH,[TeF,] (Pn 2,a, 
refs. 28 and 80) the situation is more complicated in that the 
two crystallographically nopequivalent TeF,- anipns in a pair 
(d [Te(l). . .Te(2)] = 4.40 A in the Rb and 4.34 A in the NH, 
compound) are not related by a symmetry operation, and 
single-bridging T e  - .F approaches at unfavourable Tee . .F 
distances (Te - .F - 3.0, 3.4 A) and F-Te-F angles occur 

between TeF,- pairs in the chain-like arrangements of an- 
ions. However, rotational adjustments about the Te atoms 
of the TeF,- units would result in pseudo dimer pairs simi- 
lar to those in Cf and Cg. 

These general arguments do not account completely for 
the differences between the four chemically closely similar 
structures containing the centrosymmetric SeOC1,-a - .Se- 
OCl,- pairs and formulated (cf. Table 2) as 

Examination of these crystal structures may in fact provide 
a clue to the above title question. 

The dimensional and chemical differences between P~,P+ 
and P h , ~ s +  being trivial, it is not surprising that Db and Dd 
are isostructural. They consist of almost close-packed planar 
layers of identically oriented ~e ,0 ,~a l ,2-  dimers inter- 
leaved with planar layers of the cations; the P (or As) atoms 
in the cation layers are arranged in zigzag chains, d(P. . .P) - 6.5 A (Fig. 14). The structure containing Dc approxi- 
mates even more closely to the anti-Cd1,-type arrangement. 
The centres of the dimers form a slightly distorted hexago- 
nal planar network with alternating orientations of the di- 
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CAN. J. CHEM. VOL. 70, 1992 

FIG. 14. Projections displaying the anti-CdIz-type packing of cations and SeOHal, . .SeOHa13 pairs in (PhP)SeOCI, (Db), (PhP)SeOBr3 
(Dc), and (Ph,As)SeOCl3 (De). Black circles, Se; open circles, oxygen atoms. The centres of the SeOHa13. . .SeOHa13 pairs (at zero el- 
evation) are in the plane of the paper; the elevations of the Se and P (or As) atoms are indicated by the respective fractional coordinates 
x 100. The cations are represented by the PC, and AsC, tetrahedra. The basic anti-Cd1,-type cell in the (Ph4P),[SeOHa13. . .SeOHa131 
and (P~ ,AS)~[S~OCI~ .  . .SeOCI,I structures (dashed lines) contains a centrosymmetric cation pair (marked cat); in Dc and De, columns 
of these cells /la alternate in an antiferro arrangement. 

mers at the comers of the anti-CdI, cells (Fig. 14), so that 
two cells are required to define the structure translationally. 

When properly presented the structure containing De is 
seen to have an ion packing intermediate between those of 
Db and Dc (Fig. 14). The anions are arranged, formally, in 
centrosymmetric pairs the centres of which define a dis- 
torted hexagonal array at relative height h = 0, similar to Db 
and Dc, and with alternating orientations of these pairs, 
similar to Dc. However, unlike Dc but similar to Db, the 
centre atoms of alll the cations are found in quasi-planar lay- 
ers halfway (h - :) between the h = 0 layers of the pnion- 
pair centres; in Dc hal$ the P atoms are located at h - ;, with 
the other half at h - 7. The orientation of the SeOC1,- units 

I in these pairs is favourable to dimerization through $1, and 
Clbf , but the See - .Clbf ,Set. . .C1, distances are 5.3 A, i.e., 
much too long for significant bonding interaction. The next- 
shortest S e  . .C1 distances, in centrosymmetric pairs in- 
volving other SeOC1,- neighbours, are considerably longer, 
6.23 and 7.76 A, with less favourable SeOC1,- orienta- 

tions. The De structure, although pro-dimer, is therefore 
properly described as formulated above, viz. a monomer salt. 

Comparison of the volumes per formula unit shows that 
the monomer-containing structureo indeed represents 9 more 
efficient packing Vl(Db) = 594 A3, V,(Dc) = 617 A3, and 
V,(Dd) = 6 19 A ~ ,  whereas V,(De, - 135°C) = 569 A3. The 
ytimated (see footnote 4) room-temperature Vl(De) is 580 
A3, i.e., still significantly inferior to VI(Db). 

Since the spatial organization of the ions in these struc- 
tures is basically the same, one is led to the conclusion that 
there is no fundamental chemical difference between the 
SeOC1,- monomer and the S~,O,CI;- dimer anions in such 
crystals. Which of the two will prevail in any given situa- 
tion will be determined by unpredictable details of ion 
packing. In any event the energy associated with the for- 
mation of the dimer from (or its dissocation into) SeOCl3- 
monomer units is of a magnitude such that changes in lat- 
tice energy arising from relatively minor positional and ori- 
entational displacements of the ions are sufficient to decide 
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the outcome of the monomer/dimer competition. In other 
words, the dimer is always a crystallographic dirner, but once 
formed it assumes a chemical identity of its own and be- 
haves like a chemical species in its own right (underlying 
bonding scheme, conformation to TE). 

Conclusions 
1. In a free ZHa1,"- (Z = Se, Te; Bi) ion, of symmetry 

C,,, d(Z-Hal,,) < d(Z-Hal,,). When two such ions in a 
crystal associate to form a centrosyrnmetric &~al ,$-  dimer, 
the resulting differentiation in the d(Z-Hal,,) and length- 
ening of d(Z-Hal,) are consistently interrelated through the 
operation of TE (Figs. 1 and 2). The asymmetry of the dou- 
ble bridge in ~ , ~ a l , $ -  is thus a property of the dimer as a 
whole; it decreases from C1 to I and with the increasing dif- 
ference in the Z-Hal, bond lengths in the bridge plane (Fig. 
5). The limits of the bridge asymmetry appear to be set by 
the d(Z-Hal,,) and d(Z-Hal,,) values in the free mono- 
mer (Fig. 7). 

2. The empirical quantification of TE makes it possible 
to authenticate Z-L bonds as Z-Hal bonds in cases where 
the nature of the ligand is in doubt, e.g., on partial replace- 
ment of a Hal ligand by OH. 

3. Where the RBM model is applicable, analysis of the 
thermal motion of a centrosyrnmetric &HalIo2'- dimer shows 
that the rigidity of the dimer is smaller than that of each 
Wal,"- nomoner half. As a consequence, corrections of bond 
lengths for the effects of thermal motion should be made on 
the basis of the monomer as the rigid inertial unit. In prac- 
tice the differences between corrections made for the mono- 
mer and for the dimer are not large, but their magnitudes 
follow different patterns in the two models. There are indi- 
cations that the rigidity of the dimer relative to the mono- 
mer half (rms,,,, Fig. 11) may decrease with the increasing 
asymmetry of the bridge and thus in the direction of de- 
creasing strength of association of the monomer halves. 

4. All centrosymmetric ~ , ~ a l , , 2 " -  dimers are crystallo- 
graphic by virtue of the presence of a crystallographic in- 
version centre. The difference between a chemical and a 
crystallographic dimer is probably continuous, the limit for 
the latter being an inversion-related pair of well-separated 
monomers, and is believed to be the outcome of a fine bal- 
ance of crystal forces, unpredictable at present. 

IV. Experimental 
Structure determination (Table 2) 

A C A D 4  four-circle diffractometer (0: 20 scans) was used in the 
data acquisition. Lorentz, polarization, and empirical absorption 
corrections (3) were applied. Scattering factors for neutral atoms 
and corrections for anomalous scattering were taken from ref. 73. 
The structures were solved with the SHELX-76 and SHELXS-86 pro- 
grams (74, 75). After the nonhydrogen atoms had been located, full- 
matrix least-squares (wAl F 1 = minimum) refinement was carried 
out with isotropic temperature factors until R was reduced to a 
reasonably low value. The hydrogen atoms were then placed, 
consistent with the difference maps, and the refinement was con- 
tinued with anisotropic temperature factors on the nonhydrogen and 
isotropic factors on the hydrogen atoms. The H atoms were con- 
strained to ride on their respective C atoms. The final difference 
maps were featureless except as noted. The anisotropic tempera- 
ture factor is defined as ~ X ~ [ - ~ I T ' ( U ,  ,h2a *' + uZ2k2b *' + U33l2c *? 

+ 2UZ3klb*c* + 2UI3hla*c* + 2UI2hka*b*)]. The TLS and best 
plane calculations were performed with CRYSTALS (70). 

The following material has been deposited:26 
Table A. (n-Pr4N),SnC16 (A): positional parameters and isotro- 

pic temperature factors of hydrogen atoms. 
Table B. (n-Pr4N)[TeC14(OH)] (B): positional parameters and 

isotropic temperature factors of hydrogen atoms. 
Table C. (n-Pr,N),[Te,Cl,,] (C): positional parameters and iso- 

tropic temperature factors of hydrogen atoms. 
Table D. (n-Pr4N),[Se2OzCl6] (D): positional parameters of hy- 

drogen atoms. 
Table E. Observed and calculated structure factors for A. 
Table F. Ditto for B (refinement in C2/c).  
Table G .  Ditto for C (all ligands assumed to be Cl). 
Table H. Ditto for D. 
Table J.  TLS analysis of anion dimers treated as monomers or 

dimers. 
Table K. Corrections Ed for thermal motion (in A) to be 

added to Z-Hal bond lengths in the anions. 

Compound A 
This salt was prepared by neutralizing aqueous n-Pr4NOH with 

HC1, adding to the resulting solution an equivalent amount of SnC1, 
dissolved in water strongly acidified with HC1, and allowing A to 
crystallize by slow evaporation at room temperature. 

Systematic absences: hkO, h odd; Okl, k odd; h01,l odd; consis- 
tent with Pbca. The Sn position was found from a Patterson map 
and the remaining nonhydrogen atoms from Fourier syntheses. The 
isotropic temperature factors on the H atoms were refined, one value 
reported for each cation. The weighting scheme was w = 1.18/ 
[u2(F) + 0.005F2]. Two reflections were omitted from the final 
refinement because of suspected extinctjon. The highest residual 
peak in the final difference map, 0.68 e / ~ ~ ,  was near the Sn atom. 

Compound B 
Intended product composition, (n-Pr4N),TeC16. The solution 

obtained by dissolving 0.56 g Te02 in 5 rnL of 6 M HCl was added, 
with stirring, to 14 mL of a 0.5 M aqueous solution of n-Pr4NC1. 
The resulting clear, colourless solution was allowed to crystallize 
by slow evaporation at room temperature. The crystal used in the 
structure determination came from the crop of clear, pale yellow 
crystals that appeared after 1 day. 

The systematic absences (hkl, h + k odd; h01, h,l  odd) pointed 
to C 2 / c  or Cc as possible space groups, the E-statistic favouring 
the centrosymmetric group. The Te atom was found from a 
Patterson map, at or near the origin. Only four instead of the ex- 
pected six C1 atoms per Te were located in a Fourier map. The lT-ir  
spectrum of the product (Fluorolube mull, CaF, plates) taken at this 
stage contained a strong, broad (v,,, - 270 cm-I) OH-stretching 
absorption at 3397(10) cm-' on a regular background but no dis- 
cernible E(H,O) absorption. These findings, together with chemi- 
cal considerations, suggested that the composition of the crystal was 
(n-Pr,N)[TeCl,(OH)], with Z = 4 and a square-pyramidal 
[TeCl,(OH)]- anion. We therefore proceeded with solution of the 
structure on this assumption, all the remaining nonhydrogen atoms 
having been located from difference maps. It was clear, however, 
that for a solution in C2/c  the Te and 0 atoms had to be treated 
as positionally disordered. Both were placed in general positions 
with half occupancy, the Te  atom close to the origin, and the 
structure was refined to R = 4.6%, with anisotropic temperature 
factors on the nonhydrogen atoms and isotropic factors on the hy- 
drogens. The weighting scheme was w = 2.45/[02(F) + 0.0015F-1. 

26 These tables may be purchased from: The Depository of Un- 
published Data, Document Delivery, CISTI, National Research 
Council Canada, Ottawa, Canada K I A  0S2. 

Tables A-D have also been deposited with the Cambridge 
Crystallographic Data Centre and can be obtained on request from 
The Director, Cambridge Crystallographic Data Centre, Univer- 
sity Chemical Laboratory, Lensfield Road, Cambridge, CB2 IEW, 
U.K. 
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Three reflections were omitted from the final refinement because 
of suspected extinction. The highest residual peak in the final dif- 
ference map was 0.8 e/A3, near ~ 1 ( 2 ) .  

The refined structure with Te and 0 in disorder gave reasonable 
bond lengths and confirmed the assumed anion geometry. The H 
atom of the OH group could not be located, but examination of the 
0. . .C1 separations and Te-0-C1 angles revealed that C l(2) in 
a neighbouring anion was the only atom at a distance and angle that 
could qualify as an acceptor in a 0 - H .  . .C1 hydrogen bond. 

Since placing Te  and 0 in the general position of the noncen- 
trosymmetric subgroup Cc of C 2 / c  would result in a fully ordered 
structure, B was also refined in Cc. The final xyz values from the 
refinement in C2/c  were used as the initial parameters. With an- 
isotropic temperature factors on the nonhydrogen atoms, one UiSo 
each for H(CH3) and H(CH2), and w = 1 .76/[u2(F) + 0.00 15F2], 
the structure refined to R = 4.2% (R, = 4.7%, d/p = 5.7, G.O.F. 
= 1.53). The hi hest residual peaks in the final difference map, 
0.55 and 0.46 e n 3 ,  were near Cl(2) and C1(2A), respectively. The 
enantiomorph was also refined but the results were not signifi- 
cantly different. 

While the refinement in Cc gave a lower R value and more uni- 
form Te-Cl bond lengths, the Te-0 bond length was signifi- 
cantly shorter than that from the refinement in C2/c. The ordered 
and partially disordered structures are compared in Sect. 11. 

Compound C 
Intended product composition, (r~-Pr,N)~Tecl,. The canary yel- 

low paste that resulted on adding an equivalent amount of a con- 
centrated aqueous solution of n-Pr4NC1 to a solution of Te02  in a 
slight excess of concentrated HCl was separated from the mother 
liquor by decantation and redissolved in concentrated HCI. This 
solution was concentrated by heating and allowed to stand at room 
temperature. The deep yellow crystals that formed after 3 days were 
filtered off, pressed dry between layers of filter paper, and air-dried. 

Systematic absences, npne; consistent with P 1 and P 1. The 
structure was solved in P 1. The Te  atom was found in a general 
position from a Patterson map and the other nonhydrogen atoms 
from Fourier syntheses. It was clear at this stage that the compo- 
sition of the crystal did not correspond to the above intended com- 
position. From the combined crystallographic and chemical 
evidence the crystal was taken to be (n-Pr4N)2[Te2C1,0], the essen- 
tial correctness of which assumption was borne out by subsequent 
refinement. The isoh-opic temperature factors on the H atoms were 
refined, one for the methyl hydrogens and another for the remain- 
ing hydrogens. The weighting scheme was w = 4.22/[u2(F) + 
0.000633F2]. Six reflections were omitted from the final refine- 
ment because of suspected extinction. The highest residual peak in 
the final difference map, 1.1 e/A3, was near the Te atom. 

After the realization that the ~ e , ~ l , , , -  dimer in C was in fact 
partially hydrolyzed at the La site the refinement was repeated in 
order to estimate the degree of replacement of CI, by OH. The 
Te-0, and Te-Cl, distances were f i x ~ d  to 1.90 and 2.33 A,  re- 
spectively, with a tolerance of 0.005 A. All nonhydrogen atoms 
were refined with anisotropic temperature factors except Cl, and 
O,, which were r e f i ~ e d  with equal isotropic temperature factors, 
initially set at 0.06 A ~ ;  the site occupancy factor at a was fixed at 
0.84 C1 + 0.16 0 ,  as estimated from an exploratory refinement. 
After refinement to convergence the site occupancy factor was al- 
lowed to refine, giving 0.52 for C1 and 0.48 for oxygen. A final 
refinement fixing the site occupancy factor at these values and re- 
fining C1, and 0, with anisotropic temperature factors (w = 5.30/ 
[ u 2 ( ~ )  + 0.000633F2]) gave the following result: R = 7.3%, 
R,, = 8.1%, G.O.F. = 6.53, d(Te-0,) = 1.92(1) A,  
d(Te-C1,) = 2.35(1) A; population at site a ,  0.515(2) C1 + 
0.485(2) 0 ;  highest residual peak, 1. l e/A3, near the Te atom. 

Compound D 
Intended product composition, (n-Pr4N),SeC16. Equivalent 

amounts of Se02 dissolved in 6 M HC1 and a concentrated aqueous 
solution of n-Pr4NC1 were combined and the resulting solution was 

allowed to stand at room temperature. The clear, pale yellow 
crystals that appeared after 3 months were dried between layers of 
filter paper and subsequently air-dried. 

Systematic absence, none; consistent with P i and P 1. When the 
two nonequivalent SeCl, units were found using SHELXS-86 and most 
of the nonhydrogen atoms were located from Fourier syntheses, it 
became clear that the cation: Se ratio was not 2: 1 as intended but 
1 : 1, with the Se and C1 atoms forming two distinct centrosym- 
metric K ~ - C I ~ S ~ ( C I ) ~ S ~ C ~ ,  dimers. Further refinement revealed the 
presence of oxygen as the ligand perpendicular to the bridge plane. 
This established the composition as (n-Pr,N)2[Se202C16]. The re- 
finement was continued on this basis to convergence at R = 9.4%. 
The probable cause of this high R value was the progressive dete- 
rioration of the crystal, which on exposure to the X-ray beam turned 
black. The intensities of the three standard reflections dropped un- 
evenly in the course of the collection by between 15 and 20%, most 
of the decrease occuning toward the end of the data collection. 
Omission of a block of these last reflections, deemed to be most 
affected (ca. 8% of the total used), and re-refinement reduced R 
insignificantly, leaving the final parameter values virtually un- 
changed. In spite of the large final R value the structure appears to 
be adequately refined (cf. the reasonable esd's on the final param- 
eter values). 

The bighest residual peaks in the final difference map, 1.2 and 
1.4 e / ~ ~ ,  were near the Se(1) and Se(2) atoms, respectively. The 
weighting scheme was w = 4. 17/[u2(F) + 0.100F-1. Ten reflec- 
tions were omitted from the final refinement because of suspected 
extinction. 

Nonlinear optimization 
The model function was fitted to the d,d* data pairs using a 

nonlinear least-squares procedure that minimizes SSE = C(d*,,, 
- d*,,,J2, and a statistical package comprising a Gauss-Newton 
algorithm described in ref. 76. Approximate standard errors on the 
parameter estimates were obtained from the inverse of the ex- 
pected information matrix, which contains sums of squares and 
cross products of the model partial derivatives with respect to the 
parameters. A measure of the overall agreement between the ob- 
served and fitted values is given by i2 = 1 - SSE/TSS, where TSS 
= C(d*obs - d*obs)2. 
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G. L. MALLI, A. B. F. DA SILVA, and YASUYUKI ISHIKAWA. Can. J. Chem, 70, 1822 (1992). 
Matrix Dirac-Fock-Coulomb and Dirac-Fock-Breit self-consistent field calculations are performed for a number of 

neutral atoms, He (Z = 2) through Xe (Z = 54) ,  using the universal Gaussian basis set ( l 8 s ,  12p, 1 l d )  reported recently 
by Da Silva et al .  The total Dirac-Fock-Coulomb, the Dirac-Fock-Breit, and the Breit interaction energies calculated 
with this universal Gaussian basis set are in good agreement with the corresponding values obtained by using an exten- 
sive well-tempered Gaussian basis set for the He through Ca (Z = 20) atoms. Although this universal Gaussian basis set 
is inadequate for the calculation of total Dirac-Fock-Coulomb and Dirac-Fock-Breit energies for the Kr, Sr, and Xe 
atoms, the Breit interaction energies calculated with this basis for these three atoms are in very good agreement with the 
corresponding Breit interaction energies obtained by using the extensive well-tempered Gaussian basis sets. Work is in 
progress to generate a more extensive and energetically better universal Gaussian basis set for He through Xe for its use 
in non-relativistic Hartree-Fock as well as Dirac-Fock self-consistent field calculations on polyatomics involving heavy 
atoms. 

G.  L. MALLI, A. B. F. DA SILVA et YASUYUKI ISHIKAWA. Can. J .  Chem. 70, 1822 (1992). 
Utilisant la base gaussienne universelle (18s, 12p, 1 Id) proposCe rCcemment par Da Silva et a l . ,  on a effectuC des 

calculs en champ auto-coherent des matrices de Dirac-Fock-Coulomb et de Dirac-Fock-Breit d'un certain nombre 
d'atomes neutres, He (Z = 2) a Xe (Z = 54). Les Cnergies totales d'interaction de Dirac-Fock-Coulomb, et les Cnergies 
d'interaction de Dirac-Fock-Breit et de Breit sont en bon accord avec les valeurs correspondantes obtenues par l'util- 
isation d'une base gaussienne extensive bien tempCrCe pour les atomes de He a Ca (Z = 20).  MCme si cette base gaus- 
sienne universelle est inadequate pour calculer les Cnergies totales de Dirac-Fock-Coulomb et de Dirac-Fock-Breit des 
atomes de Kr, Sr et Xe, les Cnergies d'interaction de Breit calculCes pour ces trois atomes ti l'aide de cette base sont en 
bon accord avec les Cnergies correspondantes d'interaction de Breit obtenues en utilisant la base gaussienne extensive 
bien tempCree. Des travaux sont en cours dans le but de gCnCrer une base gaussienne universelle plus Ctendue et meil- 
leure d'un point de vue de 1'Cnergie que l'on pourrait appliquer du He au Xe et qui pourrait &tre utilisCe dans des calculs 
en champ auto-coherent non-relativiste de Hartree-Fock ainsi que de Dirac-Fock pour des ensembles polyatomiques 
impliquant des atomes lourds. 

[Traduit par la rCdaction] 

Introduction 
Ab initio electronic structure calculations for atoms and 

especially for molecules in general are mostly camed out 
within the finite basis set expansion method of Roothaan (1). 
There is a considerable degree of freedom in choosing the 
basis functions for atomic and molecular calculations, since 
any complete set of functions can be employed. 

Although Slater-type basis functions (STF) have been 
widely used for atoms and diatomics, Gaussian-type basis 
functions (GTF) are invariably the popular choice for poly- 
atomic calculations. The prime reason for the preference of 
the GTF as basis for polyatomics lies in the fact that all the 
multicenter integrals can be evaluated exactly by closed an- 
alytical formulas. However, a much larger basis set of GTF 
is needed than the basis set of STF because the GTF's be- 
have incorrectly both in the region near the nucleus (if ap- 
proximated as a point nucleus) and in the long range. 

These deficiencies are, however, relevant to the non-re- 
lativistic quantum chemistry based upon the Schrodinger 

' ~ u t h o r  to whom correspondence may be addressed. 
'permanent address: Departamento de Fisica e Quimica Molec- 

ular, Instituto de Fisica e Quimica de S5o Carlos, Universidade de 
S l o  Paulo, C.P. 369, 13560 SHo Carlos, SP, Brazil. 

equation where the point nucleus approximation is usually 
employed. Relativistic quantum chemistry, however, is based 
on the Dirac equation whose solutions for an electron in a 
finite nucleus have been shown to be Gaussians (2, 3). Thus 
the GTF basis set is the natural choice for ab initio relativ- 
istic quantum chemistry, and spherical Gaussians were in- 
troduced as basis sets in relativistic quantum chemistry more 
than a decade ago (4). 

Since the computational cost of finite basis set atomic and 
molecular calculations increases as -p (where N is the 
number of basis functions used), various attempts have been 
made to economize the cost as much as possible by adopt- 
ing various strategies. One such approach was the introduc- 
tion of the universal STF basis set ( 5 )  for atoms following 
the earlier work on the even-tempered STF and GTF basis 
sets (6, 7). As a result of extensive studies, it was observed 
that the optimum exponents of the rigorously optimized GTF 
for ab initio non-relativistic Hartree-Fock (HF) atomic cal- 
culations could be related by Gaussian rule (8). The exis- 
tence of such a rule suggested a high degree of universality 
in the optimum GTF representation of different atoms, and 
it is obvious that considerable computational savings would 
accrue if a universal Gaussian basis set were employed for 
each atom in a molecular calculation. The transferability 
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alone of all the one- and two-electron integrals over the 
primitive universal GTF from system to system (with trivial 
multiplicative scale factors due to change in nuclear charges) 
would lead to remarkable computational savings. There- 
fore, there has been a considerable effort involved in the 
design of the so-called "universal Gaussian basis set" (8-10). 
A universal basis set is a single, sufficiently flexible basis 
set that can be used for any atomic or molecular environ- 
ment without much loss of accuracy (9). Needless to reiter- 
ate, it is always possible to construct a basis set for an atom 
which is smaller and still as accurate as the universal basis 
set; however, the design of such basis sets involves nonlin- 
ear exponent optimization for each atom, which is compu- 
tationally very expensive and time consuming. 

Recently, well-tempered GTF (1 I), geometrical GTF, and 
various other GTF basis sets have been used for Dirac-Fock- 
Coulomb (DFC) and Dirac-Fock-Breit (DFB) (1 2- 15) 
calculations without exponent reoptimization along with the 
"kinetic balance" and the finite model of the atomic nu- 
cleus. The results have been very encouraging not only for 
DFC and DFB calculations, but also for relativistic many- 
body perturbation theory calculations on atoms (1 6). In this 
paper, we report the results of the DFC and DFB calcula- 
tions for a number of atoms, He (Z = 2) through Xe (Z = 
54), using the universal Gaussian type functions (UGTF) 
(18s, 12p, 1 ld) basis set reported recently by Da Silva et al. 
(10). The purpose of the present study is to assess the per- 
formance of the UGTF in atomic Dirac-Fock calculations. 
The calculations are performed using the matrix Dirac-Fock- 
Breit SCF methodology detailed by us previously (15). 

Gaussian basis set for relativistic calculations 
The basis set expansion method for relativistic calcula- 

tions was pioneered by Kim (17), who introduced the STF 
basis set with a non-integer exponent of r and developed the 
Dirac-Fock-Roothaan SCF method for closed-shell atoms. 
Kagawa (18) extended Kim's method to open-shell atoms and 
results were reported for a large number of transition ele- 
ments (18) and Rn (19). In these studies, the same STF ba- 
sis set was used for the large and small radial components, 
and often the problem of so-called variational failure was 
encountered. The spherical Gaussian basis set was intro- 
duced in relativistic atomic structure calculations by Malli 
(4), and in Dirac-Fock-Roothaan molecular calculations by 
Matsuoka et al. (21). Recently, there has been great interest 
in the use of GTF as a basis set for Dirac-Fock-Coulomb, 
Dirac-Fock-Breit, and relativistic many-body perturbation 
calculations (12-16). This is mainly due to the work of 
Ishikawa et al. (2, 3, 12, 15, 16), who have emphasized that 
the imposition of finite nuclear boundary conditions for so- 
lutions of the Dirac-Fock equation results in a solution that 
is Gaussian at the origin and, therefore, the GTF of integer 
power of r are appropriate basis functions for the finite nu- 
clear model. Moreover, it has been shown that the failure to 
satisfy proper boundary conditions near the origin can lead 
to a spurious solution. The Gaussian-type functions that sat- 
isfy the boundary conditions for the finite nucleus automat- 
ically satisfy the condition of the so-called "kinetic balance" 
for a finite speed of light. This is due to the fact that the ex- 
ponent of r for the GTF does not depend on the speed of light, 
c,  in contrast to the non-integer STF whose exponent de- 
pends on the speed of light and, thus, does not satisfy the 
kinetic balance conditions for a finite value of c (3). The ki- 

TABLE 1 .  Orbital exponents of the universal Gaus- 
sian basis set (18s,  12p, 1 ld) taken from ref. 10 

netic balance simply guarantees that the solutions of the 
matrix DFC and DFB equations approach the correct non- 
relativistic limit as c approaches infinity (3). 

Choice of the universal Gaussian basis set 

There are a great variety of GTF's to be used in relativ- 
istic atomic and molecular calculations; however, if the GTF 
basis is sufficiently large and flexible, the particular choice 
of the GTF basis is not expected to be reflected in the cal- 
culated properties. One is forced, however, to use a mod- 
erately large basis set, since its flexibility in general increases 
as it is extended. It is also well established that it is gener- 
ally more profitable to increase the basis set size rather than 
optimize the individual basis function exponent since the 
exponent optimization is computationally very costly. The 
concept of a universal basis set arose from these consider- 
ations and basis set exponent non-optimization has been so 
far almost the rule in relativistic quantum chemistry. We 
chose to adopt the UGTF (18s, 12p, 116) basis set recently 
reported by Da Silva et al. (lo), which is based on the ear- 
lier work of Mohallem et al. (22). The significance of the 
UGTF basis set (10, 22) lies in the fact that no a priori in- 
formation is forced on an atom, which is characterized in the 
SCF algorithm only by the atomic number in the Fock op- 
erator, i.e., an atom is characterized only by its Harniltonian. 
This method of designing a UGTF basis introduces a new 
algorithm for basis set exponent selection. The basis set ex- 
ponents are not adjustable parameters to optimize a prop- 
erty (e.g., energy), but values generated by a certain criterion 
for the integration of the SCF equations for the atom, i.e., 
the exponent values are generated by discretization of an in- 
tegral equation (with the best numerical integration as the 
goal). The number of basis functions, N, is related to the 
number of discretization points, and as the number N is in- 
creased, better numerical integration is achieved. We be- 
lieve that this procedure of generating UGTF basis has sound 
theoretical background and deserves further investigation both 
in non-relativistic and relativistic quantum chemistry. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J.  CHEM. VOL. 70, 1992 

TABLE 2. Total DFC SCF, DFB SCF, and variational Breit interaction energies of 
the rare-gas and alkaline-earth atoms (in au) 

Atom UGTF GTP ~umerical~ 

"Calculated by using well-tempered GTF basis (15). 
bNurnerical finite-difference calculations (15). 
'Calculated by using even-tempered GTF basis (15). 

Results and discussion 

The UGTF (I&, 12p, 1 Id) basis set was used for the atoms 
He, Be, Ne, Mg, Ar, Ca, Kr, Sr, and Xe. The exponents of 
this basis set are derived from the non-relativistic generator 
coordinate version of the Hartree-Fock equations (22) and 
are collected in Table 1. The exponents were used in our DFC 
and DFB SCF calculations without further optimization. The 
radial functions with different K quantum number but of the 
same C quantum number are expanded in terms of the same 
set of basis functions, e.g., the radial functions of p,/, and 
p3i2 symmetries are expanded in the same set of p-type GTF's 
listed in Table 1. The speed of light used in our calculations 
is 137.0370 au (atomic units). The nuclei are modeled as 
spheres as uniform proton charge distribution and the atomic 
masses used for the rare gas atoms He, Ne, Ar, Kr, and Xe 
are, respectively, 4.0026, 20.18, 39.948, 83.80, and 13 1.30. 
The atomic masses used for the alkaline earth atoms Be, Mg, 
Ca, and Sr are, respectively, 9.0122, 24.3 12, 40.08, and 
87.62. 

The results of the calculated DFC, DFB, and Breit inter- 
action energies (designated as EDFc, EDFB, and E B ,  respec- 
tively) using the UGTF (18s, 12p, 1 Id)  basis are given in 
Table 2, where we have also included the results obtained 
using large well-tempered (1 1) GTF basis sets (6). In the last 
column of Table 2, the DFC energies obtained by using the 

numerical finite-difference Dirac-Fock program (20) are also 
tabulated. Here, E,  denotes the variational Breit interaction 
energy computed as the difference EDFB - EDFC The varia- 
tional Breit energy is the level shift in the total SCF energy 
due to the inclusion of the Breit term in the SCF process. The 
results clearly demonstrate that the total DFC and DFB 
energies computed with the UGTF basis set are in very good 
agreement with those obtained by using large well-tem- 
pered GTF for He, Be, Ne, Mg, Ar, and Ca atoms. How- 
ever, for Kr, Sr, and Xe atoms, the calculated DFC and DFB 
energies are relatively poor in comparison with those ob- 
tained from the well-tempered GTF basis set calculations 
(15); the differences in EDFc and EDFB for the case of the Sr 
atom are 0.209448 and 0.208795 au, respectively. For the 
Xe atom, these differences are an order of magnitude larger 
than in the case of the Sr atom, viz., 2.3 1688 and 2.302588 
au, respectively. 

Moreover, it turns out that both ED, and ED, are in error 
by almost the same amount for each atom and, therefore, the 
variational Breit interaction energies predicted by using both 
the UGTF and well-tempered GTF basis sets are in excel- 
lent agreement for all the atoms, He through Xe, treated in 
this paper. 

Although the UGTF ( 18s, 12p, 1 ld) basis is inadequate 
for the calculations of EDFc and ED,, for the Kr, Sr and Xe 
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TABLE 3. DFC and DFB orbital energies of Xe (in au) 

Orbital energies 

DFC SCF DFB SCF 

Orbital UGTP G T F ~  UGTP G T ~  

"Computed by using UGTF basis set (l8s, 12p, 1 I d )  (10) 
bComputed by using well-tempered 23s21p14d GTF basis set (15) 

atoms, EB calculated with this UGTF basis set is in very good Acknowledgments 
agreement with the corresponding EB obtained from using an 
extensive GTF basis set. We also performed calculations for 
these atomic systems using the UGTF (18s, 18p, 1 8 4  basis 
set. Although the basis set is much larger for the p and d 
symmetries, only a marginal improvement in EDFc and ED, 
over the results of UGTF (18s, 12p, 1 1 4  was obtained for 
the heavier atoms Kr, Sr,  and Xe. 

The calculated orbital energies for the Xe atom obtained 
by using the UGTF and well-tempered GTF (15) are col- 
lected in Table 3. A comparison of the orbital energies cal- 
culated by using these two basis sets indicates significant 
differences for the innermost shells. An improvement of the 
UGTF basis is therefore expected to lead to better total DFC 
and DFB energies and also the orbital energies of the inner- 
most shells. 

Conclusion 
The universal Gaussian basis set employed in our calcu- 

lations is fairly good for the DFC and DFB calculations for 
the atoms He through Ca. However, this basis set needs much 
improvement for the Kr, Sr, and Xe atoms, since the DFC 
and DFB energies calculated with this basis set for these three 
atoms are rather poor. The errors in the calculated DFC and 
DFB energies are, however, of the same magnitude and, 
therefore, the calculated Breit interaction energies even for 
these three atoms are in perfect agreement with those ob- 
tained by using the well-tempered GTF basis set (1 1, 15). 

It is clear that there is an urgent need for an improved 
UGTF basis set for He through Xe atoms. Work is in prog- 
ress in the design of the improved UGTF basis set that can 
consistently provide more accurate results for the calcula- 
tions of ED, and ED, for many-electron atoms. The im- 
proved UGTF basis set should lead to remarkable savings in 
computations for non-relativistic as well as relativistic cal- 
culations on molecular systems. 
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Identification of 2-deoxy-D-ribono-l,4-lactone at the site of benzophenone 
photosensitized release of guanine in 2'-deoxyguanosine 

and thymidylyl-(3'-5')-2'-deoxyguanosine 
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GARRY W. BUCHKO and JEAN CADET. Can. J. Chem. 70, 1827 (1992). 
Benzophenone-mediated photosensitization of 2'-deoxyguanosine (dG) and thymidylyl-(3'-5')-2'-deoxyguanosine 

(d(TpG)) at 350 nm in oxygen-saturated aqueous solution produces 2-deoxy-D-ribono-1 ,4-lactone (dL) and thymidylyl- 
(3'-5')-2-deoxy-D-ribono-1 ,4-lactone (d(TpL)), respectively. These photoproducts have been isolated by reverse phase 
high-performance liquid chromatography and characterized by proton magnetic resonance spectroscopy and fast atom 
bombardment mass spectroscopy. Conformational analysis of d(TpG) and d(TpL) in aqueous solution using coupling 
constant data suggests no major conformational differences between the two dinucleoside monophosphates. 

GARRY W. BUCHKO et JEAN CADET. Can. J. Chem. 70, 1827 (1992). 
Les photosensibilisations de la 2'-dCsoxyguanosine (dG) et de la thymidylyl-(3', 5')-2'-dCsoxyguanosine (d(TpG)), 5 

l'aide de la benzophknone, a 350 nm, dans une solution aqueuse saturee d'oxygkne, conduisent respectivement B la 2- 
dCsoxy-D-ribono-1 $lactone (dL) et 2 la thymidylyl-(3'-5')-2-dCsoxy-D-ribono-1 ,4-lactone ((d(TpL)). On a is016 ces 
photoproduits par chromatographie liquide B haute performance en phase inverske et on les a caractCrisCs par spectros- 
copie de resonance magnCtique nuclCaire et par spectroscopie de masse avec bombardement avec des atomes rapides. 
L'analyse conformationnelle du d(TpG) et de la d(TpL) en phase aqueuse, en se basant sur les donnCes relatives aux 
constantes de couplage, suggbre qu'il n'y a aucune diffkrence conformationnelle importante entre les deux monophos- 
phates de dinuclCoside. 

[Traduit par la rCdaction] 

Introduction 

The exposure of living organisms to solar radiation span- 
ning the near ultraviolet (280-380 nrn) to visible regions may 
induce mutagenic and lethal effects as a result of photooxi- 
dative modifications to genomic DNA (1, 2). The type of 
photochemical modifications that occur depend on the 
wavelength of the incident radiation. At wavelengths shorter 
than 290 nm the DNA directly absorbs the energy and the 
majority of photoproducts produced involve the pyrimidine 
bases. On the other hand, at wavelengths in the UV-A re- 
gion (320-400 nm) the primary photochemical target is 
guanine (2-5). The latter reactions occur through the agency 
of endogenous and exogenous photosensitizers, which are 
initially excited to the triplet state and generate oxidation 
products via their decay to the ground state through two 
principal competitive mechanisms labelled Type I and Type 
I1 (6). Type I mechanisms involve initial electron or  hydro- 
gen transfer by the excited photosensitizer to, or from, the 
substrate. Type I1 mechanisms involve the initial generation 
of singlet oxygen by the excited photosensitizer and subse- 
quent reaction with the substrate. The end result of these two 
mechanisms is a different set of photoproducts (2, 5 ,  7). 

Benzophenone acts primarily through a Type I mecha- 
nism (8) and for this reason was chosen to investigate more 
specifically the formation of the related guanine photooxi- 
dation products. Even so, the benzophenone photooxida- 
tion of the dinucleoside monophosphate d(TpG) still produced 
a large variety of photoproducts involving (i) modified 
guanine bases, (ii) intrabase thymine-guanine covalent cross- 
links, (iii) phosphodiester bond cleavages, and (iv) glyco- 

'Author to whom correspondence may be addressed. Present 
address: Department of Radiobiology, Cross Cancer Institute, 1 1560 
University Ave., Edmonton, Alberta, T6G 122. 

FIG. 1. Structure and proton numbering scheme for 2-deoxy-D- 
ribono-1 &lactone, dL, the modified component of d(TpL). 

sylation (9). Our attention here focuses on one product of the 
later event, thymidylyl-(3'-5')-2-deoxy-D-ribono- 1,4-lac- 
tone, d(TpL). A 2-deoxy-D-ribono- l,4-lactone (dL) (Fig. 1) 
was previously identified at (i) the internal residue of 
d(ApCpA) (10) and d(GpCpG) (1 1) upon UV irradiation at 
acidic pH (4.0), (ii) the terminal residue of d(ApGpC) fol- 
lowing reaction with the neocarzinostatin chromophore (12), 
and (iii) in oligonucleotide duplexes containing 5-bromour- 
acil following photolysis (1 3). Exposure of 2'-deoxyguano- 
sine (dG) to y-radiation in oxygen-free aqueous solution (14) 
and to hydrogen peroxide (15) also produces this lactone. The 
isolation of d L  and d(TpL) from the starting material dG and 
d(TpG), respectively, constitutes the first examples of the 
formation of 2-deoxy-D-ribono-1 ,4-lactone as a product of 
the photosensitization of DNA components. 

Experimental 

Materials and methods 
The dinucleoside monophosphate d(TpG) was synthesized in 

solution by using the phosphotriester approach (16, 17). Benzo- 
phenone (1.0 mg) (Merck) was added to 50 rnL of 1.0 rnM d(TpG) 
in a flat, round-bottom flask and irradiated for 1 h with 16 350-nm 
black lamps in a photochemical reactor (Rayonet, Southern New 
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England Ultraviolet Company, Hander, Conn.). During the irra- 
diation, oxygen was continuously bubbled through the solution to 
maintain its saturation with oxygen. The water was removed by 
rotary evaporation (30°C) and the solids resuspended in the 
minimum volume of water for high-performance liquid chroma- 
tography (HPLC). Identical conditions were employed for 2'- 
deoxyguanosine (Genofit) photosensitization using 50 mL of a 7.5 
rnM solution irradiated for 16 h. Control experiments with dG and 
d(TpG) were performed in the absence of photosensitizer. 

Chromatography of photoproducts 
Samples were injected onto a 5-pm Hypersil (10 mm x 25 cm) 

semipreparative octadecyl silica gel reverse-phase column. After 
1 min of 100% 0.1 M ammonium acetate (pH = 6.0), a linear 
gradient of methanol was introduced at a rate of change of 0.5%/ 
min and a flow rate of 2.0 mL/min. The product profile was 
.monitored by UV absorbance at 230 nm. The major bands were 
collected, pooled, and concentrated by rotary evaporation. Frac- 
tions containing 2-deoxy-D-ribono-l,4-lactone were further puri- 
fied by HPLC as described above, using acetonitrile instead of 
methanol. The products were then lyophilized a minimum of 3 x  
to remove the ammonium acetate. 

Fast Atom Bombardment (FAB) mass spectrometry 
Negative ion mode FAB mass spectra (glycerol matrix, 8-keV 

xenon atoms) were obtained on a VG ZAB 2-EQ mass spectrom- 
eter. Some of the more prominent peaks are reported here as fol- 
lows: m/z(relative intensity, [ionic species]), with the relative 
intensity normalized to the molecular ion [M - HI-. d(TpL): 435 
(100, [M - HI-), 527 (11, [M + glycerol - HI-), 211 (56, 
[S'dLMP - HI-), 321 (32, [3'dTMP - HI-). d(TpG): 570 (100, 
[M - HI-), 346 (20, [S'dGMP - HI-), 321 (42, [3'dTMP - HI-), 
150(51, [guanine - HI-), 125 (72, [thymine - HI-. dL: no 
prominent ions. 

Proton Nuclear Magnetic Resonarice ('H NMR) spectroscopy 
Samples were lyophilized twice from 99.8% D,O prior to re- 

suspension in 400 pL of NMR buffer (pD = 7.0) consisting of 0.1 
M sodium chloride, 0.01 M sodium phosphate, and 0.001 M 
ethylenediaminotetraacetic acid. A trace of tert-butanol was added 
to serve as an internal NMR reference (assigned a chemical shift 
of 1.231 ppm on the DSS scale). The proton spectra were re- 
corded at 400.135 MHz (Bruker AM400), except for d(TpG), which 
was obtained at 500.135 MHz (Bruker WM500). Free induction 
decay data were obtained in 16K of computer memory, processed 
with a Lorentz-to-Gaussian lineshape transform (GB = 0.2, LB = 
-2.0), and zero-filling to 32K prior to Fourier transformation. The 
digital resolution of the processed spectra was 0.23 (400.135 MHz) 
and 0.30 (500.135 MHz) Hz/point. Conventional homonuclear 
decoupling, nuclear Overhauser enhancement and two-dimen- 
sional coherence (18), and relay coherence spectroscopy (19) ex- 
periments were carried out for proton spectral assignments. The H5' 
was assigned downfield of H5" according to Remin and Shugar (20) 
whereas the H2'/H2" assignments were based on coupling con- 
stant arguments (21, 22). To verify the assignments and to obtain 
accurate coupling constants, all the spectra were simulated using 
the Bruker PANIC program. 

Results and discussion 

Isolation and characterization of the lactone photoproducts 
It is not surprising to observe d(TpL) as a final product of 

benzophenone-sensitized irradiation of d(TpG) after identi- 
fying dL as one of the final products of benzophenone pho- 
tosensitization of dG in oxygen-saturated aqueous solution. 
Proton NMR evidence for the latter is apparent from the data 
in Tables 1 and 2 that illustrate the key spectral features of 
2-deoxy-D-ribono- l,4-lactone: (i) the absence of an ano- 
meric proton resonance, (ii) the absence of a downfield non- 
exchangeable base proton resonance, and (iii) a geminal 
coupling of - 18.6 Hz between the 2' and 2" protons. The 

TABLE 1. Proton chemical shifts (6, ppm from DSS) of d(TpG), 
d(TpL), and dLa 

~ ( T P G )  d(TpL) 

TP PG TP PL dL 

1 ' 6.06 6.18 6.30 - - 
2' 1.64 2.82 2.40 3.09 3.04 
2" 2.23 2.50 2.51 2.55 2.57 
3' 4.61 4.76 4.72 4.64 4.53 
4' 4.05 4.17 4.17 4.70 4.57 
5' 3.64 4.05 3.82 4.14 3.86 
5" 3.64 4.05 3.77 4.09 3.76 
6 or 8 7.41 8.04 7.64 - - 
Me5 1.84 - 1.89 - - 

"Data for d(TpG) taken from ref. 23. Spectra obtained in 0.1 M NaCl, 
d(TpG) at 500.1 MHz (1O0C), d(TpL) and dL at 400.1 MHz (23°C). 

TABLE 2. Proton coupling constants (J, Hz) of d(TpG), d(TpL), 
and dLa 

1'2' 8.9 6.9 7.4 - - 

1'2" 5.6 6.6 6.4 - - 
2'2" -14.0 -13.9 -14.4 -18.7 -18.6 
2'3' 5.9 6.6 7.1 6.9 7.0 
2"3' 2.1 4.2 3.3 2.2 2.8 
3'4' 2.1 3.7 3.1 2.1 2.7 
4'5' 4.2b 2.8b 3.4 2.9 3.1 
4'5" 4.2b 2.8b 4.9 3.2 4.6 
5'5" - 1 2 . 8 ~  -11 .8~  -12.5 -11.8 -12.9 
3'P 6.0 - 6.0 - - 
4'P - 2.8 - - - 
5'P - 3.6b - 5.3 - 
5"P - 3.6b - 5.0 - 
6045) 1.3 - 1.3 - - 

"Data for d(TpG) taken from ref. 23. Spectra obtained in 0.1 M NaCI, 
d(TpG) at 500.1 MHz (lO°C), d(TpL) and dL at 400.1 MHz (23°C). 

%hen 65' -- 65", 'J(5'5") is arbitrary and only the sums of the con- 
nected coupling constants are significant. 

latter observation represents a 4.5 Hz increase relative to dG 
and is consistent with the addition of a substituent adjacent 
to C2' containing a double bond (24, 25). Furthermore, the 
chemical shifts and coupling constants tabulated herein for 
dL are nearly identical to those published by Berger and 
Cadet (14) for authentic dL and dL obtained after y radi- 
olysis of a deaerated aqueous solution of dG. The only 
anomalies are misprints by Berger and Cadet that reverse 
J(4'5') and J(4'5") and J(2'3') and J(2"3') (this is clearly 
evident in their published spectrum for dL). 

The 'H NMR features that distinguish dL also serve to 
identify the lactone in the dinucleoside monophosphate as 
tabulated in Tables 1 and 2 and illustrated in Fig. 2. First, 
only the H6 and H 1' resonances of the Tp unit appear in the 
downfield part of the spectrum; the guanine H8 and HI '  are 
absent. Moreover, these Tp H6 and H1' resonances of d(TpL) 
are downfield relative to those of d(TpG) as expected in the 
absence of ring current effects from the pL unit. Second, the 
2' and 2" protons assigned to the pL unit by COSY and 
relay coherence transfer experiments have a geminal cou- 
pling of - 18.7 Hz and chemical shifts nearly identical to 
those of the nucleoside, dL. Third, the chemical shifts of the 
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BUCHKO AND CADET 

PPM 
FIG. 2. High-field (top), mid-field (middle), and low-field (bottom) 400 MHz 'H NMR spectra of d(TpL) in 0.1 M NaCl (23°C). Tp 

and pL represent the 3'- and 5'-linked nucleotidyl units, respectively. Unidentified resonances of impurities are labelled with an asterisk 
(*). 

pL protons are within 0.1 ppm of those for dL with the ex- 
ception of H5'/H5", which are downfield due to the pres- 
ence of a phosphate group at the 5' position. 

FAB mass spectrometry 
Figure 3 contains the negative ion mode FAB mass spec- 

trum of d(TpL). A pseudomolecular ion at m/z 435 (100, 
[M - HI-) and a glycerol adduct at m/z 527 (1 1, [M + 
glycerol - HI-) are indicative of a species with a mo- 
lecular weight of 436. Fragmentation ions at m/z 21 1 (56, 
[S'dLMP - HI-) and m/z 321 (32, [3'dTMP - Y]-) fur- 
ther support the structure implied from the 'H NMR data. 

Conformational features 
(a) Sugar conformation 
The 2-deoxyribose ring can be evaluated in terms of a 2'- 

endo (S) G 3'-endo (N) equilibrium from the vicinal proton 

coupling constants J(1'2') through J(3'4'), or from certain 
sums of these couplings (26). In this manner it is possible to 
estimate the %S conformer population from the equation 
%S = [(J(l12') + J(1'2")) - 9.8]/5.9 (26) using the data in 
Table 2. It is observed (Table 3) that there is a decrease in 
the %S conformer of the Tp unit in going from d(TpG) (80%) 
to the apurinic d(TpL) (68%). Such an observation suggests 
more freedom of movement in d(TpL) in comparison to 
d(TpG), as may be expected in the absence of any possible 
base-stacking interactions. 

The sum of J(1'2') and J(1'2") cannot be used to analyse 
the 2-deoxy-D-ribono-1 ,4-lactone conformation because of 
the lack of an anomeric proton. However, the X-ray struc- 
ture of a similar D-pentono- l,4-lactone, D-arabino-1 ,4-lac- 
tone, shows the 5-member ring to exhikit an 3~ envelope 
conformation with C3' displaced 0.57 A above the mean 
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x 

HO-P=O 

FIG. 3. Negative ion mode fast atom bombardment mass spectrum of d(TpL). Glycerol ions are identified with an x. 

TABLE 3. Furanose conformations and exocyclic bonds rotamer 
distributions for d(TpG), d(TpL), and dL" 

Molecule %S %y- %yl %y+ % P' 

"%S and %y calculated according to ref. 26 and %P calculated accord- 
ing to ref. 3 1 using the data in Table 2. 

"Calculated according to ref. 28. 

plane of C 4 ' 4 1  ' - C 1  ' - C 2 '  (27). In solution, the con- 
formation of D-pentono-1 ,4-lactones has been described in 
terms of a dynamic equilibrium between this 3~ (IV) con- 
former and an other E3 (S) envelope form that has C3' dis- 
placed below the plane of C 4 ' 4 1  ' - C 1  ' - C 2 '  (14, 28, 29) 
(Fig. 4). The contribution of the 3~ conformer to the 3~ 

E3 blend may be estimated using the equation % 3 ~  = 

[J(2"3')/9.5] X 100 (28) and the data in Table 2. It is ob- 
served that the E3 conformer predominates at both the nu- 
cleoside (71%) and the dinucleoside monophosphate level 
(77%) in the range typical of deoxyribodinucleoside mono- 
phosphates (56-8 1 %S) (30). 

(b)  The C4'-C5' ( y )  bond 
Table 3 gives the populations for the ,gauche+ (g'), trans 

(t), and gauche- (g-) conformers about the y bond of d(TpG), 
d(TpL), and dL calculated from the J(4'5') and J(4'5") data 
according to Haasnoot et al. (31). In all cases there is a 
preference for g+ followed by g', then g-, as expected for 
small DNA oligomers (32). Also expected, and observed, 
are the smaller g+ populations for the Tp units (53%) in 
comparison to the pN units (75 and 80%) due to more free- 
dom of movement at the 5'-end of oligonucleotides (33). 

(c) The C5'-05' (P)  bond 
Table 3 gives the populations of the preferred trans (t) 

conformation of the p bond of the pN units estimated from 
2 = J(5'P) + J(5"P) (32). For d(TpL) the %P' population is 
72% while for d(TpG) it is 88%, the former population below 
the low end of the range typically observed for deoxyribod- 
inucleoside monophosphates composed of poorly stacking 
pyrimidine units (74-82%) (30). This observation, together 
with the y-bond information, suggests that there are no gross 
distortions in the sugar-phosphate backbone of d(TpL) rel- 
ative to d(TpG) but only less order in the former due to the 
lack of any base-stacking interactions. 

Mechanisms and biological significance 
Neither dL nor d(TpL) was detected by HPLC chroma- 

tography after 350 nm irradiation in the absence of benzo- 
phenone, even upon extension of the period of irradiation. 

FIG. 4. Structures of the 3~ and E3 envelope conformers of dL. 
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BUCHKO AND CADET 

FIG. 5. Proposed mechanism for the free radical mediated formation of 2-deoxy-D-ribono-1 ,4-lactone. PS = photosensitizer, Red = 
reduction. 

Such an observation dictates that the lactone is generated 
u 

through a photosensitization process. Furthermore, neither 
dL nor d(TpL) was observed, at least in detectable quan- 
tities, when phthalocyanine derivatives, which generate 
products primarily through a Type IT mechanism, were used 
as the photosensitizer (34). Hence, while the exact mecha- 
nism of lactone formation via benzophenone photosensiti- 
zation is not clear, if it is occumng through a Type I pathway 
then proton or electron abstraction from the guanine base is 
likely the initial step as indicated in Figure 5. The next event 
may involve deprotonation at C1' by the guanine radical ca- 
tion (although another possible mechanism that cannot be 
ruled out is the photoexcited benzophenone directly ab- 
stracting this hydrogen). Molecular oxygen is expected to 
react with the C1'-centered radical producing a peroxyl rad- 
ical intermediate, which is converted into the corresponding 
alcohol. Subsequent hydrolysis of the weakened N-glycos- 
idic bond of the latter compound will give rise to the 2-deoxy- 
D-ribono- l,4-lactone with concomitant release of the free base 
(35). 

While d(TpL) was not the major photoproduct of benzo- 
phenone-sensitized irradiation of d(TpG) (9), the biological 
significance of a DNA lesion is not determined solely by 
quantity but by its susceptibility to DNA repair systems (36). 
Lactone lesions show resistance to certain AP and UV en- 
donucleases (37, 38) and, hence, may have great biological 
significance even though they are produced in low yield. 
Because the coupling constant data demonstrate no major 
conformational differences between d(TpG) and d(TpL) in 
aqueous solution, our data, if extendable to oligonucleo- 
tides, suggest such biological consequences are likely due 
to the presence of the C1' keto group. 
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YAN XIANG and GILLES VILLEMURE. Can. J. Chem. 70, 1833 (1992). 
The cyclic voltammograms of tris (2,2'-bipyridyl) iron(I1) ([Fe(bpy),12+) adsorbed in clay-modified electrodes made 

from a range of different smectites were recorded. In all cases, at low scan speed (1 mV/s), the initial anodic peak cur- 
rent was much larger than the initial cathodic peak current. Partial reduction of the clay structural iron further increased 
the initial anodic to cathodic current ratio, suggesting that the discrepancy between the charge transferred in the anodic 
and cathodic scans was due to a slow electron transfer between the clay structural Fe(I1) a i d  the oxidized bipyridyl ca- 
tions. However, no clear quantitative relation was found between the measured FeO contents of the different clays and 
the observed excess anodic currents. In fact, of all the clays tested only one, montmorillonite SWy-1, contained enough 
Fe(I1) for it to account for all of the excess anodic charge transferred in the initial scan. 

YAN XIANG et GILLES VILLEMURE. Can. J. Chem. 70, 1833 (1992). 
Une etude par voltamCtrie cyclique de l'ion fer(I1) tris(2,2'-bipyridyl) ( [ ~ e ( b ~ ~ ) ~ ] ~ + )  adsorb6 dans des Clectrodes 

modifiees par des films d'argile montre qu'au cours du premier cycle, le courant anodique est plus ClevC que le courant 
cathodique, lorsque la vitesse de balayage est de 1 mV/s. Cette difference augmente lorsque la reduction partielle des 
sites Fe(II1) de l'argile augmente son contenu en fer(II), ce  qui suggbre que le courant anodique supplCmentaire est dii 
a un transfert d'klectron entre les sites fer(I1) de l'argile et les ions fer(III)tris(2,2'-bipyridyl). Cependant, il ne semble 
pas y avoir de relation quantitative entre cette difference et la quantiti totale de fer(I1) prCsente dans les argiles. En fait, 
de toutes les argiles CtudiCes une seule, la montmorillonite SWy-1, contenait suffisamrnent de Fe(II) pour que l'on puisse 
leur attribuer la totalite de l'exctdant de charge anodique transfCrCe au cour du premier cycle. 

Introduction lays to transfer electrons from the adsorbed cations to the 

Recently, we found that the anodic peak currents were 
much larger than the cathodic peak currents in the first scan 
of the cyclic voltammograms of [ ~ e ( b ~ ~ ) , ] ~ +  cations ad- 
sorbed in electrodes modified with films of montmorillonite 
(1). Discrepancies between the charge transfened in the ca- 
thodic and anodic waves have also been reported for 
[ ~ u ( b p y ) ~ ] ~ '  (2, 3) and [RU(NH,),]~+ (4, 5 )  adsorbed in clay- 
modified electrodes. These differences have generally been 
attributed to electron transfer between the adsorbed elec- 
troactive cations and iron sites in the clay lattices. Iron atoms 
in clay minerals have been known to act as electron donor/ 
acceptor sites since the work of Solomon, more than 20 years 
ago (6). 

Electron transfer between acceptor/donor sites in the clay 
lattice and adsorbed cations could help alleviate the prob- 
lem of electron transport in clay-modified electrodes (CME) 
(7, 8). The electronic conductivity of clay minerals is low 
(9). Electron transport in CME must therefore depend on a 
combination of diffusion of the adsorbates through the films, 
and electron hopping between adsorbed species. The low 
mobility of cations in clay films means that only a small 
fraction of them, only those that are adsorbed in the vicinity 
of defects in the film structure. can reach the conductive 
substrate to participate in the electrochemical reaction (1); 
These small electroactive fractions greatly limit the useful- 
ness of clays as electrode surface modifiers (10, 11). A more 
efficient electron transport mechanism, one which would be 
independent of the adsorbate mobility, would greatly in- 
crease the usefulness of CME. 

One way to improve charge transport in CME would be 
to make use of the clay lattice acceptor/donor sites as re- 

' ~ u t h o r  to whom correspondence may be addressed. 

cdnductive substrates. We therefore undertook a systematic 
investigation of the electrochemical behaviour of [~e(bpy),]~+ 
adsorbed in CME made from a range of smectites contain- 
ing different Fe(I1) concentrations. The objective was to es- 
tablish the involvement of structural iron(@ in the anomalous 
initial peak current ratios. 

Experimental 

Materials 
[Fe(bpy),]Cl, was prepared by adding 3 equivalents of 2,2'-bi- 

pyridyl (Aldrich) to an aqueous solution of ferrous sulphate (12). 
Addition of a saturated solution of NaCl gave a dark red solid on 
cooling. 

The clay samples used are listed in Table 1. They were ob- 
tained from the Source Clay Minerals Repository (University of 
Missouri, Columbia, Mo). Sodium forms were prepared and the 
<0.2 pm (esd) fractions separated by literature procedures (13, 14). 
The clays' Fe(I1) and the total iron contents were determined by a 
spectrophotometric method using 1,lO-phenanthroline according 
to a published procedure (15, 16). Results are shown in Table 2, 
along with corresponding literature data. 

A fraction of the structural Fe(II1) in samples of SWy-1 and STx- 
1 was reduced to Fe(I1) by heating to 70°C with sodium dithionite 
for 8 days according to a l i t e ra tu i  procedure (18). For each clay, 
two identical samples were reduced in the same conditions. One 
of them was used to determine the iron(I1) and the total iron con- 
tents of the treated clays by the above method, the other to pre- 
pare the clay-modified electrodes., 

Methods 
Cyclic voltammetry experiments were performed using a 

Princeton Applied Research (Princeton, N.J.) PARC model 270-1 

, ~ u r i n ~  the preparation of the modified electrodes the reduced 
clays were exposed to air. This could result in partial reoxidation 
even if clay oxidation by oxygen is slow at room temperature. 
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TABLE 1. Clay samples used 

Sample Source 

Nontronite 
SWa-1 Grant County, Washington 
NG- 1 Holen Hagen, Federal Republic of Germany 

Montmorillonite 
SWy-1 Cook County, Wyoming 
STx- 1 Gonzales County, Texas 
SAz- 1 Apache County, Arizona 

Hectorite 
SHCa- 1 San Bernardino County, California 

TABLE 2. Weight percent of FeO and Fe203 in the clay samples 

This work Literaturea 

Clay FeO Fe203 FeO Fe203 

Nontronite 
SWa-1 0.23 24.1 0.07 17.6 
NG- 1 0.12 33.3 0.12 20.0 

Montmorillonite 
SWy-1 0.14 4.13 0.12 3.85 
STX- 1 0.03 1.49 0.04 1.17 
SAZ- 1 0.02 1.75 - - 

Hectorite 
SHCa- 1 0.01 0.52 - - 

'Values are for the <2.0 pm fractions of the clays. They were taken from 
ref. 16 for the nontronites and ref. 17 for the montmorillonites. 

electrochemical analysis system. All electrochemical experiments 
were done in an undivided three-electrode cell. The counter elec- 
trode was a Pt gauze and the reference electrode was a saturated 
calomel electrode (SCE). The 0.1 M Na2S04 electrolyte solutions 
were degassed by bubbling with N2 prior to the measurements. 

The clay-modified electrodes were prepared by spin coating (1, 
20). The supports were 1 X 2 cm pieces of indium-doped SnO, 
coated glass (Delta Technologies, Stillwater, Minn.), cleaned by 
three cycles of sonication in EtOH. One drop of H2SO4 (10% v/v) 
was added to a 10 g/L suspension of the clay in distilled water to 
make a low-viscosity gel. Drops of the clay gel were spin coated 
at 3000 rpm (Headway Research, Photo-Resist spinner, Garland, 
Tex.). This gave films (1 cm2) with interference colours from pur- 
ple to yellow with estimated thickness of about 300 nm (1). 

All the clay films were presoaked in 0.1 mM solutions of 
[ ~ e ( b ~ ~ ) , ] ~ +  overnight. The volumes of the soaking solutions were 
selected so that the adsorption of the cations by the films would 
result in a 25-40% decrease of their concentrations. The amounts 
of [ ~ e ( b ~ ~ ) ~ ] ~ +  adsorbed by the films were determined by measur- 
ing this decrease by UV-visible spectroscopy. As described in a 
previous report (19), this method gives more reliable measure- 
ments of the total amount of this type of cation adsorbed by clay 
films. 

Results and discussions 

The first three scans in the cyclic voltammogram of 
[ ~ e ( b ~ ~ ) , ] ~ '  adsorbed in an electrode modified with a film 
of nontronite SWa-1, recorded at 1 mV/s, are shown in Fig. 
1. In the initial scan the ratio of anodic to cathodic current 
was found to be 2.04. The anodic peak current I,, was much 
larger than the cathodic peak current I,. In subsequent scans 
this difference became smaller. By the third scan (dashed 

1 .O 0.8 0.6 0.4 
E N  vs. SCE 

FIG. 1. Cyclic voltammogram of a SWa-1 CME (300 nm thick) 
presoaked overnight in 0.1 mM [ ~ e ( b ~ ~ ) , ] ~ + ,  recorded at 1 mV/s 
in 0.1 M Na2S04. 

TABLE 3. Cyclic voltammetry data of CME containing [ ~ e ( b p ~ ) ~ ] ~ +  
recorded at 1 mV/s in 0.1 M Na2S04 

Clay Ipa,lIFl Ip,311F3 (E1/2)1 (El/2)3 

Nontronite 
SWa-1 2.04 1.24 0.85 0.82 
NG- 1 1.92 1.20 0.85 0.82 

Montmorillonite 
SWy-1 2.36 1.29 0.86 0.84 
STX- 1 2.29 1.40 0.85 0.82 
SAz- 1 2.25 1.26 0.84 0.81 

Hectorite 
SHCa- 1 1.27 1.12 0.86 0.83 

line) the ratio of I,/I, was down to 1.24. Table 3 shows that 
this was a general result for [ ~ e ( b ~ ~ ) , ] ~ '  adsorbed in elec- 
trodes modified with a range of different montmorillonites 
and nontronites. Only for the electrode modified with hec- 
torite (SHCa-1) was the initial current ratio close to 1, and 
for all CME the current ratio decreased in subsequent scans. 
The waves also became sharper (smaller aE) and shifted to 
lower potentials. 

It appears that in the initial scan more electrons were 
passing during the oxidation than during the reduction of 
adsorbed [Fe(bpy),12' cations. This would suggest that we 
are tapping an electron well in the clay films. One possible 
source of the additional electrons, first suggested by Oyama 
and Anson (4), is structural iron(I1) sites in the clay lattice. 
To confirm the involvement of structural iron(I1) sites in the 
anomalous initial current ratios, the concentrations of iron@) 
in samples of montmorillonites STx-1 and SWy-1 were in- 
creased by the partial reduction of their iron(II1). Figure 2 
and Table 4 show that this resulted in a definite increase of 
the initial I,,/I, ratios. However, Table 4 also shows that this 
increase was much smaller than could have been expected 
based on the 10-fold increase in the clay iron(I1) contents. 

That brings up the question of just how much additional 
anodic current can electron transfer from the clays' struc- 
tural Fe(I1) sites be expected to produce. To answer this 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



XIANG AND VILLEMURE 1835 

L I I 
1 .O 0.8 0.6 0.4 

E/V vs. SCE 

I 8 I 
1 .O 0.8 0.6 0.4 

E/V vs. SCE 

FIG. 2. Cyclic voltammograms of STx-1 CME (300 nm thick) 
presoaked overnight in 0.1 mM [ ~ e ( b ~ ~ ) ~ ] ~ + ,  recorded at 1 mV/s 
in 0.1 M Na2S0,, prepared from (a) untreated and (b) partially re- 
duced STx-1 (see Table 4). 

TABLE 4. Effect of partial reduction of 
clay structural iron on the initial anodic 

to cathodic current ratio. 

Clay %FeO I,= I /I, I a 

SWy-1 0.14 2.36 
Reduced SWy- 1 1.40 2.80 

STX- 1 0.03 2.29 
Reduced STx-l 0.30 3.10 

"Values of the current ratio are the aver- 
ages of duplicate measurements. They were 
reproducible within 0 . 0 5 .  

question we have to look, not at the initial current ratio, but 
at the difference between the first scan anodic and cathodic 
peak currents. The additional current due to electron trans- 
fer from the clay Fe(I1) sites can be estimated from the film 
volume, the clay density, and its iron content, using the thin- 

TABLE 5 .  Comparison of the observed difference between the ini- . 
tial I,, and I, with that estimated from the clay FeO contents 

Estimated from %FeO Observed 
Clay %FeO IPa - I,/pA I,, - I,/cLA 

Nontronite 
SWa-1 0.23 2.39 5.8 
NG- 1 0.12 1.25 4.6 

Montmorillonite 
SWy-1 0.14 1.45 1.1 

Re-SWy-1 1.40 14.5 1.5 
STX- 1 0.03 0.3 1 3.3 

Re-STx- 1 0.30 3.11 5.8 
SAz- 1 0.02 0.21 4.9 

Hectorite 
SHCa- 1 0.01 0.10 0.4 

layer equation (20)., When the results are compared with the 
observed current differences in Table 5, it is found that, ex- 
cept for SWy-1, the clays contained far too little iron(I1) to 
account for the magnitude of the difference. 

Table 5 also shows that in the case of partially reduced 
STx- 1 the increase in the I, - I, difference of 2.5 pA found 
was close to the increase of 2.8 pA expected. But, in the case 
of partially reduced SWy-1, the small 0.4 pA increase found 
was nowhere near the 13 pA expected on the basis of the 
additional iron(I1) present in the clay. 

We also investigated the possibility that the discrepancy 
between the initial anodic and cathodic currents was due not 
only to an additional source of electrons, but also to the 
leaching of the adsorbed electroactive cations from the films 
by the electrolyte. Examination of Figs. 1 and 2 shows that 
there was a decrease in the magnitudes of both the anodic and 
cathodic peak currents. In Fig. 1, for example, I,, was 2.7 
pA lower in the third scan than in the first scan. Although 
this decrease was smaller than that of I,,, 7.7 pA, it is not a 
negligible variation. This observation, combined with the 
finding that soaking the electrodes in the electrolyte soh-  
tion for 24 h prior to recording the voltammograms reduced 
both the cathodic and anodic currents to less than 5% of their 
original values, suggests that the adsorbed electroactive 
[ ~ e ( b ~ ~ ) , ] "  cations were gradually washed away from the 
clay films by the electrolyte. This lost of activity was essen- 
tially unaffected by whether or not the potential was scanned 
continously, showing that the desorption of [~e(bpy),I~' was 
not significantly faster than that of [~e(b~y),] '+.  

A closer examination of the voltammograms, however, 
shows that the simple loss of electroactive [~e(b~y), l '+ can- 
not account for all of the change in the anodic current. For 
example, in Fig. 2a the second scan anodic peak current (I@) 
is 2.7 pA larger than the first scan cathodic peak current 
(I,,,), 2.6 FA. This is the reverse of what would be found if 
the decrease in current was due solely to a slow desorption 
of the [Fe(bpy),12' cations with soaking time. 

More convincing evidence that leaching of the adsorbed 
cations by the electrolyte does not account for all of the 

3 ~ h e  additional currents obtained by this method are probably 
overestimated since the transfer of electron is not expected to be 
reversible, nor to be completed in the first scan, and the anodic 
peaks do not have the symmetrical shapes of surface waves. 
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1 .O 0.8 0.6 0.4 
E N  vs. SCE 

I I I I I I 
1 .O 0.8 0.6 0.4 

E/V vs. SCE 

FIG. 3. Cyclic voltammograms of STx-1 CME (300 nm thick) 
presoaked overnight in 0.1 mM [Fe(bpy),12+, recorded at 1 mV/s 
in 0.1 M Na2S0, electrolyte containing 0.04 mM [Fe(bpy),12+;(a) 
first three scans, (b) after 24 hours. 

variation in anodic current is provided by the results shown 
in Fig. 3. To remove, or at least reduce, the importance of 
leaching, [Fe(bpy),12+ was added to the electrolyte solution 
in which the voltammograms were recorded. As expected, 
the variation of I,, all but d i ~ a ~ ~ e a r e d ~ . ~ .  In fact, there was 
little change in I, even when the electrode was soaked in the 
electrolyte for 24 prior to recording the voltammograms (see 
Fig. 3b). As mentioned above, when there was no 
[Fe(bpy),12+ in the electrolyte, soaking of the electrode for 
24 reduced I,, by more than 95%. However Figs. 3a and 3b 
show that significant differences between the first and sec- 
ond scan I,, remained. In fact the initial I,,/I,, ratio in Fig. 
3a is 2.26, very close to the value found when there was no 

4Since the concentration of the [~e(bpy),]~+ in the electrolyte was 
lower than that of the soaking solution, some slight change in I, 
remained until complete equilibration occurred. 

' ~ x c e ~ t  for an increase in the background noise, stirring the so- 
lution during the measurement had no significant effect on the cyclic 
voltammograms, confirming that the waves were due only to the 
cations adsorbed in the clay films and not to solution cations. 

[Fe(bpy),12+ in the electrolyte solution (see Table 3). De- 
spite the relatively rapid loss of adsorbed electroactive 
[Fe(bpy),12+ cations from CME when there was no 
[Fe(bpy),12+ in the electrolyte solution, this desorption does 
not appear to have a significant effect on the initial current 
ratio. 

How then can we account for the excess anodic currents 
observed? Simply assuming that the oxidation of [Fe(bpy),12+ 
in CME is not reversible does not explain our results. As- 
suming that some of the [Fe(bpy),13+ produced is lost, either 
because of faster leaching or decomposition of the oxidized 
complex, would explain why I, is lower than I,,. However, 
it would not account for the variation of the current ratio. 
Why would a process that is irreversible in the first scan be- 
come more reversible in subsequent scans? Further, an ir- 
reversible loss of [Fe(bpy),13+ would not allow for the second 
scan anodic current (I,,) to be larger than the first scan ca- 
thodic current (I,,,). Although the difference between these 
two peak currents was generally small, it was quite com- 
mon, especially for the montmorillonite electrodes, for I,,, 
to be larger than I,,, . 

That leaves three possibilities to account for our results. 
First, there is an additional source of electrons we have not 
considered. For example, the iron(I1) contents measured in 
the bulk clay powders may not reflect the state of oxidation 
of the clay in the film electrodes. All clay samples con- 
tained enough total iron that the reduction of only a fraction 
of it would account for the observed current differences. 

A second possibility is that there are two types of elec- 
troactive [Fe(bpy),12+ cations. There are in the clay films a 
limited number of sites in which adsorbed [Fe(bpy),12+ can 
only be irreversibly oxidized. This irreversible oxidation is 
slow, so it takes several scans to complete. After it is com- 
pleted, only the wave for the other type of electroactive cat- 
ions, those that can be reversibly oxihized, remains. 

Finally, we cannot exclude the possibility that the anom- 
alous initial current ratios are due to more complex phe- 
nomena. For example, our results can be explained by 
assuming that there was an irreversible change in the film 
structure, induced by the electrogenerated [Fe(bpy),13+ cat- 
ions, that was complete after a few scans and that reduced 
the mobility of the adsorbed cations. This would explain why 
both the anodic and cathodic current decreased with scan- 
ning, and how an oxidation that was initially not reversible 
becomes more reversible after a few scans, when this change 
was comvlete. 

suppoi for the occurrence of an irreversible change of the 
clay films is provided by the observation that the activity of 
a CME that is resoaked in the [Fe(bpy),12+ solution after re- 
cording of the cyclic voltammograms does not recover. For 
example, the initial I,, found for a STx-1 modified elec- 
trode was 5.9 FA. AS mentioned above, this current was 
reduced by more than 95% after 24 h in the electrolyte. The 
initial anodic current found for this same electrode after it was 
resoaking in a solution of [Fe(bpy),12+ was only 1.5 FA. This 
change in the film structure would be analogous, in its ef- 
fect on the current, to an increase in the cross-linking of a 
polymer-modified electrode (21). The problem with this 
interpretation is that it does not allow for the second scan 
anodic current (I,,,) to be larger than the first scan cathodic 
current (I,,). 
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XIANG AND VILLEMURE 1837 

Conclusion 1. G. Villemure and A. J. Bard. J. Electroanal. Chem. 282, 107 

At slow scan speed in the initial scan, the anodic peak 
current of [~e(bpy),]" adsorbed in a range of clay-modi- 
fied electrodes is larger than the cathodic peak current, in- 
dicating that more electrons are passing during the oxidation 
than during the reduction of the adsorbed species. This re- 
mains true even after the rapid loss of activity of the films 
due to leaching is taken into account. Increasing the con- 
centration of structural iron(I1) sites in the clays, by the par- 
tial reduction of the their structural iron(III), was found to 
result in a further increase of the initial anodic to cathodic 
current ratio. However, except for montmorillonite SWy-1, 
the clays did not contain enough Fe(I1) to account for all of 
the discrepancy between the charge transferred in the ca- 
thodic and anodic scans, unless we assume that the bulk FeO 
contents did not reflect the FeO contents of the clay films 
used to modify the electrodes. 

Unless there is another source of electrons in the clay films 
that we have not considered, the remaining difference be- 
tween the initial anodic and cathodic currents must be due 
to other phenomena. The most straightforward explanation 
is that the film contained two types of electroactive cations, 
one for which the oxidation was reversible and one for which 
the oxidation was irreversible. However, we cannot ex- 
clude the possibility of more complex mechanisms, such as 
changes in the film structure. 

W e  are pursuing our study of the involvement of struc- 
tural iron in the anomalous initial scan current ratio found for 
[ ~ e ( b p ~ ) , ] ' +  adsorbed in CME. Investigations of leaching, 
decomposition of the redox species, and the effect of oxi- 
dation state on transport in the clay films and on the film 
structures are also underway. 
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DEAN R. ARTIS, IN-SEOP CHO, and JOSEPH M. MUCHOWSKI. Can. J. Chem. 70, 1838 (1992). 
Short, efficient, and convergent syntheses of ketorolac (1) based on the inter- or intramolecular oxidative addition of 

malonyl and substituted malonyl radicals to 2-benzoylpyrrole and derivatives thereof are described. 

DEAN R. ARTIS, IN-SEOP CHO et JOSEPH M. MUCHOWSKI. Can. J. Chem. 70, 1838 (1992). 
On dkcrit des synthkses B la fois courtes, efficaces et convergentes du kCtorolac 1 qui sont basees sur I'addition oxy- 

dante inter- ou intra-molCculaire de radicaux malonyles ou malonyles substitues sur le 2-benzoylpyrrole et ses d6rivCs. 
[Traduit par la redaction] 

Ketorolac (5-benzoyl- 1 ,2-dihydro-3H-pyrrolo[1,2-alpyr- 
role- 1 -carboxylic acid (1, Scheme 1) is a powerful non-nar- 
cotic analgesic that is used clinically for the management of 
moderate to severe pain states (1). Both linear (2) and con- 
vergent (3, 4) syntheses of this compound, and its deriva- 
tives, based on "ionic" bond formation processes have been 
reported. This paper describes new synthetic approaches to 
ketorolac in which the salient feature is the oxidative addi- 
tion of an "electrophilic" radical species to a 2-benzoylpyr- 
role derivative. 

Malonate anions of type 2 (X = C1, Br, S0,Me) readily 
cyclize to the bicyclic esters 3 and consequently they are 
valuable intermediates in the synthesis of ketorolac and 
congeners thereof (3, 4). It seemed to us that the alkylmalo- 
nyl radical 4 might add intramolecularly to the relatively 
electron-rich pyrrole nucleus to give the bicyclic radical 5 ,  
which on oxidation to the cationic species 6 and proton loss 
therefrom would provide another route to the diester 3. The 
recently described manganese(II1) acetate induced cycliza- 
tions of P-arylethyl-, A-arylpropyl-, P-aryloxyethyl-, and A- 
aryloxypropylmalonates are the first reported examples of just 
such a process (5). 

To ascertain if ketorolac could indeed be obtained by an 
oxidative radical cyclization process, the known (6) N-chlo- 
roethylpyrrole 7 (Scheme 2) was converted into the corre- 
sponding solvolytically sensitive iodide 8 (sodium iodide in 
boiling acetonitrile), which was immediately reacted with the 
sodium salt of diethyl malonate in dimethylformamide (DMF) 
solution. Reaction of the alkylmalonate 9 thus obtained with 
2.5 equivalents of manganese(II1) acetate (generated in situ 
from Mn(OAc), . 4 ~ , 0 ) , 4  in acetic acid solution at 80°C, gave 
the cyclic diester 11 in nearly quantitative yield. The amount 
of Mn(II1) could be reduced by 60%, without a diminution 
in the yield of 11, by using sodium persulfate (in the pres- 
ence of Ag(1) as a cocatalyst) to reoxidize Mn(I1) to Mn(II1) 
(8). This result indicates that the latter process might well be 
made catalytic in Mn(II1) but this possibility was not ex- 
amined. Saponification of 11 and decarboxylation of the 

diacid gave ketorolac (1) in over 50% yield based on 2-ben- 
zoylpynole, the immediate precursor of 7. 

The conversion of 9 to 11 could also be effected by ab- 
straction of Br. from the bromomalonate 10 mediated by the 
aerial oxidation of triethylborane (9, 10). The nature of the 
specie(s) responsible for the transformation of the bicyclic 
radical (i.e., corresponding to 5) to 11 is not known. Com- 
pound 10 was synthesized by bromination of the sodium salt 
of 9 with N-bromosuccinimide. 

It was of considerable interest to determine if diethyl 5- 
benzoylpyrrole-2-malonate (14, Scheme 3) could be syn- 
thesized by the reaction of the diethyl malonyl radical with 
2-benzoylpyrrole (12). Compound 14 is of obvious syn- 
thetic importance because base-induced alkylation with an 
appropriate 1,2-disubstituted ethane derivative would most 
certainly produce the bicyclic ester 11. 

The Mn(II1)-induced reaction of diethyl malonate with 
2-benzoylpyrrole gave the a-acetoxy derivative 13 as the 
major product. The formation of this substance was not un- 
expected (1 1) nor was it prevented by the use of diethyl 
chloromalonate, a stratagem that has been utilized to ob- 
viate such overoxidation (12, 13). The desired malonate 14 
could be obtained from 13, albeit in modest yield, by tri- 
ethylsilane - trifluoracetic acid reduction. Compound 14 
could, however, be directly prepared from 2-benzoylpyr- 
role in excellent yield (86%) when the diethyl malonyl rad- 
ical was generated from diethyl bromomalonate by the 
triethylborane-autoxidation process. 

As expected, potassium carbonate induced alkylation of 
14 with 1,2-dichloroethane (reactant and solvent), in the 
presence of 1 equivalent of tetra-n-butylammonium bro- 
mide, gave the bicyclic ester 11 in ca. 70% yield. 

We have recently shown (14) that electron-rich aromatic 
systems undergo Mn(m)-induced tri(ethoxycarbony1)methyl- 
ation with triethyl methanetricarboxylate and that the 
triester 15  is formed as the only product (86%) from 2-ben- 
zoylpyrrole. The dealkoxycarbonylation of trialkyl alkane- 
1 ,1 ,1  -tricarboxylates under basic conditions is known to be 
facile (15) and the conversion of 15  to 14 could be effi- 

'Contribution no. 832 from the Syntex Institute of Organic ciently effected with sodium ethoxide in DMF at room tem- 

Chemistry. perature. Thus, this process not only constitutes a simple 

'~yntex Research Postdoctorate Fellow, 1989-1990. solution to the overoxidation problem, it also means that 15 
3~uthor  to whom correspondence may be addressed. is functionally equivalent to the malonate ester 14. Indeed, 
4KMn04 was used as the oxidant (7). This method obviates the reaction of 1 5  with 1,2-dichloroethane under conditions 

need to purchase the costly Mn(II1) reagent. identical to those used with 14 gave the bicyclic diester 11 
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ARTIS ET AL. 

2 Mn(OAc)3 
HOAc / NaOAc 

I 1 N a O H  
2. HCI 

directly in 80% yield. This, therefore, is the shortest and most 
efficient (64% overall yield from 2-benzoylpyrrole) synthe- 
sis of ketorolac published to date. 

The regiospecificity of the reaction of the diethyl mal- 
onyl, diethyl chloromalonyl, and tri(ethoxycarbony1)methyl 
radicals with 2-benzoylpyrrole is especially noteworthy. The 
outcome of these reactions can be accounted for on the basis 

of the principles of the Frontier Molecular Orbital Theory, 
the regiospecificity being related to the relative values of the 
squares of the coefficients of the appropriate molecular or- 
bitals of the potential positions of substitution (16). The at- 
tacking radicals are all electron deficient and therefore one 
would expect that the SOMO's thereof would interact pref- 
erentially with the HOMO of 2-benzoylpyrrole. Examina- 
tion of the squares of the coefficients of both the HOMO and 
the LUMO of 2-benzoylpyrrole (Table 1) indicates a strong 
preference for substitution at C-5, as is observed, if the re- 
actions occur through the HOMO. 

Experimental 
The melting points were determined in a Thomas Hoover "uni 

meltn capillary melting point apparatus and are not corrected. The 
infrared spectra were measured with a Nicolet 5 PC FT infrared 
spectrophotometer. The 'H nmr spectra were recorded with a Bruker 
WM 300 or a Bruker AM 500 nmr spectrometer in deuteriochlo- 
roform and are expressed as parts per million (6) from internal tet- 
ramethylsilane. The high-resolution mass spectra were obtained with 
a Finnigan MAT 3 1 1A mass spectrometer on samples that were at 
least 95% pure as judged by n& spectrometry. 

The terms "worked up in the usual mannern or "the usual work- 
up" signify that the extract was washed with water, dried over SO- 
dium sulfate, and evaporated in vacuo. 

I-(2-lodoethyl)-2-benzoylpyrrole (8) 
A solution of the known (6) chloro compound 7 (1 1.4 g, 

49 mmol) in acetonitrile (250 mL) containing sodium iodide 
(14.7 g ,  98 mmol) was heated at reflux temperature for 24 h. The 
cooled solution was concentrated to a small volume in vacuo, water 
was added to the residue, and the product was extracted into ethyl 
acetate. After the usual work-up, the residue was subjected to col- 
umn chromatographic purification on silica gel using hexane - ethyl 
acetate (97: 3) as the eluting solvent. Compound 8, which because 
of its solvolytic sensitivity should be used immediately in the next 
step, was obtained as an oil (12.7 g ,  80%); ir (neat): 1623 cm-'; 
nmr (300) 6: 3.58 (t, 2H, J = 6.84 Hz, CH21), 4.71 (t, 2H, J = 
6.84 Hz, NCH,), 6.20 (dd, l H ,  J,,, = 4.06 Hz, J4,5 = 2.58 Hz, 
H-4), 6.8 1 (dd, 1 H, J3,4 = 4.06 HZ, J3.5 = 1.67 HZ, H-3) 7.04 (t, 
l H ,  H-5), 7.43-7.58 (m, 3H), 7.79 (dd, 2H, J, = 8.27 Hz, J, = 
1.4 Hz); m / e  calcd. for C,,H,,INO: 324.9962; found: 324.9960. 

I-(3,3-Diethoxycarbonylpropy1)-2-benzoyyrroe (9) 
Sodium hydride (60% in mineral oil, 1.35 g, 34 mmol) was 

added portionwise to a stirred solution of diethyl malonate (5.4 g, 
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RCH(C02Et)L 
Mn(lll) 

0 H HOAc - NaOAc 

w' c(co2Et)2 I 

R=H,CI 
O OAc 

13 
I HOAc - NaOAc 

NaOEt / DMF 

TABLE 1. Squares of the coefficients of the 
pyrrole HOMO'S and LUMO's of 2-ben- 

zoylpyrrolea 

Position HOMO LUMO 

"The molecular orbital coefficients are derived 
from semi-empirical molecular orbital calcula- 
tions on fully optimized structures. The calcula- 
tions were camed out using the MNDO 
Hamiltonian within the implementation of MO- 
PAC 4.0 as released in SYBYL 5.32. 

34 mmol) in dry DMF (50 mL) at 0°C. The reaction mixture was 
then stirred at room temperature for 0.5 h after which time a so- 
lution of the iodo compound 8 (1 1.0 g, 34 mmol) in dry DMF 
(50 mL) was added. The reaction mixture was stirred at room 
temperature for 16 h, poured into water, and extracted with ethyl 
acetate. The extract was washed with water and with saturated NaCl 
solution, then it was dried (Na,SO,) and evaporated in vacuo. The 
residual oil was purified by column chromatography on silica gel 
using hexane - ethyl acetate (9: 1) to elute the malonate ester 9 
(9.85 g, 82%) as an oil; ir (neat): 1748, 1732, 1628 cm-I; nmr (500) 
6: 1.22 (t, 6H, J = 7.0 Hz, Me), 2.40 (q, 2H, J = 7.2 Hz, CH,CH), 
3.32 (t, lH, J = 7.3 Hz, CH), 4.15 (q, 4H, J = 7.0 Hz, OCH,), 
4.47 (t, 2H, J = 7.0 HZ, NCHT), 6.14 (dd, lH,  J3r4 = 4.12 Hz, 
J4,5 = 2.58 HZ, H-4), 6.70 (dd, lH,  J3,4 = 4.12 HZ, J3,s = 
1.76 Hz, H-3), 6.94 (t, 1 H, H-5), 7.40 (m, 2H), 7.47 (m, 1 H), 7.74 
(m, 2H); m/e calcd. for C20H23N05: 357.1576, found: 357.1580. 

I -(3,3-Diethoxycarbonyl-3-bromopropyl)-2-benz0y1pyrr01e (10) 
Sodium hydride (60% in mineral oil, 0.14 g, 3.45 mmol) was 

added portionwise to a stirred solution of compound 9 (1.12 g, 
3.14 mmol) in dry THF (50 mL) at 0°C. The reaction mixture was 
then agitated at room temperature for 0.5 h after which time N- 

bromosuccinirnide (0.64 g, 3.45 mmol) was added. After a fur- 
ther 0.5 h, the reaction mixture was poured into water and the 
product was extracted into ether. The extract was washed with water 
and with saturated NaCl solution, and then it was dried and evap- 
orated in in vacuo. The residue was subjected to column chro- 
matographic purification on silica gel using hexane - ethyl acetate 
(9: 1) to elute the bromo compound 10 ( I .  15 g, 84%) as an oil; ir 
(neat): 1741, 1627 cm-I; nmr (300) 6: 1.29 (t, 6H, J = 7.13 Hz, 
Me), 2.87 (t, 2H, J = 7.37 Hz, CHI), 4.26 (m, 4H, OCH,), 4.61 
(d, 2H, J = 7.37; NCH,), 6.17 (dd, lH, J3., = 4.07 HZ, J 4 , 5  = 2.55 
HZ, H-4), 6.73 (dd, lH,  53.4 = 4.07 HZ, J3., = 1.68 HZ, 
H-3), 7.26 (t, IH, H-5), 7.44-7.56 (m, 3H), 7.77 (dd, 2H, J, = 
8.2 Hz, J, = 1.4 Hz). Anal. calcd. for C20H22BrN05: C 55.05; H 
5.08, N 3.21; found: C 54.98, H 5.25, N 3.17. 

(a) From 2-benzoylpyrrole and diethyl malonate 
A solution of 2-benzoylpyrrole (0.855 g ,  5 mmol) and diethyl 

malonate (0.800 g, 5 mmol) in acetic acid (30 mL) containing 
manganese triacetate trihydrate (4.56 g, 15 mrnol) and sodium 
acetate (0.820 g ,  10 mmol) was stirred at 70°C under a nitrogen 
atmosphere for 4 h. The reaction mixture was cooled, diluted with 
ether, and filtered. The filtrate was washed with 10% NaOH so- 
lution and saturated NaCl solution, and then it was dried and 
evaporated in vacuo. The residue was subjected to column chro- 
matographic purification on silica gel using hexane - ethyl acetate 
(7: 3) to elute the a-acetoxy compound 13 (1.10 g, 57%) as an oil; 
ir (neat): 3426, 3263, 1753, 1629 cm- I; nmr (300) 6: 1.30 (t, 6H, 
J = 7.13 Hz, Me), 2.25 (s, 3H, MeCO), 4.33 (m, 4H, OCH,), 6.40 
(dd, lH,  J3.4 = 3.97 Hz, JNH,3 = 2.65 Hz, H-3), 6.78 (dd, lH,  
J3., = 3.97 Hz, JNHV4 = 2.65 Hz, H-4), 7.47-7.58 (m, 3H), 7.87 
( d d , 2 H , J o =  8 . 3 0 H z , J m =  1.4Hz), 10.31 (bs, lH,NH);m/e  
calcd. for C20H21N07: 387.1318; found: 387.1326. 

(b) From 2-benzoylpyrrole and diethyl chloromalonate 
The reaction was carried out exactly as in (a) and on the same 

scale but diethyl chloromalonate was used. Compound 13 was ob- 
tained in 75% yield. 
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(a) By reduction of acetoxy compound 13 
Trifluoroacetic acid (0.168 g, 1.47 mmol) was added to a so- 

lution of the acetoxy compound 13 (0.142 g, 0.367 mmol) 
in dichloromethane (10 mL) containing triethylsilane (0.102 g ,  
0.440 mmol) and the solution was then stirred at 40°C for 24 h. 
Additional triethylsilane (0.102 g) and trifluoroacetic acid 
(0.168 g) were added and stining at 40°C was continued for a fur- 
ther 24 h. The cooled solution was washed with cold 10% NaOH 
solution and then worked up in the usual manner. The residue was 
subjected to column chromatographic purification on silica gel, the 
product (0.060 g, 50%) being eluted with hexane - ethyl acetate 
(87: 13) as an oil; ir (neat): 3264, 1739, 161 1 cm'; nmr (300) 6: 1.30 
(t, 6H, J = 7.23 Hz, Me), 4.26 (m, 4H, 0CH2), 4.81 (s, lH ,  CH), 
6.29 (d, l H ,  J3,4 = 3.9 Hz, H-3),5 6.80 (d, l H ,  J3, ,  = 3.98 Hz, 
H-4) ,5 7.45-7.56 (m, 3H), 7.88 (m 2H), 10.19 (bs, 1 H, NH). Anal. 
calcd. for CI8Hl9NO5: C 65.64, H 5.8 1, N 4.25; found: C 65.61, 
H 5.80, N 4.25. 

(b) From 2-benzoylpyrrole and diethyl bromomalorzate 
A 1.0 M solution of triethylborane in hexane (2 mL) was added 

to a stirred solution of 2-benzoylpyrrole (0.171 g, 1.0 mmol) and 
diethyl bromomalonate (1.185 g, 5 .0  mmol) in benzene (20 mL) 
that was open to the atmosphere. Additional triethylborane solu- 
tion was added at the end of 1 h (2 mL) and 2 h (1 mL) at room 
temperature. The reaction mixture was poured into water and ex- 
tracted with ether. The ether extract was washed with saturated NaCl 
solution and then worked up in the usual manner. After purifica- 
tion of the crude product as described above, the pure malonate 14 
was obtained as an oil (0.284 g, 86%) identical to that prepared by 
method (a). 

(c) By deethoxycarborzylation of triester 15 
Ethanol (0.176 mL, 0.138 g, 3.0 mmol) was added to a stirred 

suspension of 50% sodium hydride in mineral oil (0.048 g ,  
1.0 mmol) in anhydrous DMF (10 mL). After ca. 10 min a solu- 
tion of 15 (0.403 g, 1 mmol) in dry DMF (5 mL) was added and 
stirring was continued for 2 h at room temperature. The reaction 
mixture was poured into aqueous ammonium chloride solution and 
the product was extracted into ethyl acetate. After the usual work- 
up the crude malonate ester 14 was purified by column chroma- 
tography on silica gel (40 g) using hexane - ethyl acetate (4: 1) as 
the eluting solvent. Pure 14 was obtained as an oil (0.273 g, 83%) 
identical to material prepared by methods (a) or (b). 

Diethyl5-benzoyl-1,2-dihydro-3H-pyrrolo[1,2-a]pyrrole-l ,1- 
dicarboxylate (11) 

(a) By Mn(Il1) induced cyclizatiorz of 9 
Potassium permanganate (0.138 g ,  0.875 mmol), acetic anhy- 

dride (1.25 mL, 1.35 g, 10.5 mmol), and sodium acetate (0.420 g, 
5 mmol) were added sequentially to a stirred solution of man- 
ganese diacetate tetrahydrate (0.858 g,  3.5 mmol) in acetic acid 
(8 mL) at 80°C. A solution of the malonate ester 9 (0.500 g, 
1.40 mmol) in acetic acid (2 mL) was added thereto and the solu- 
tion was stirred at 80°C for 6 h. The solution was poured into water 
and the product was extracted into toluene. After the usual work- 
up the.bicyclic ester 11 was obtained as an oil (0.478 g ,  96%), 
which was pure as judged by nmr spectroscopy; ir (neat): 1738, 
1626 cm-';  nmr (500) 6: 1.29 (t, 6H, J = 7.10 Hz, Me), 3.13 (t, 
2H, J = 7.0 Hz, CH,C), 4.26 (q, 4H, J = 7.10 Hz, OCH,), 4.54 
(t, 2H, J = 7.0 Hz, NCH2), 6.27 (d, IH, J6, ,  = 4.07 Hz, H-7), 
6.84 (d, 1 H, J6, ,  = 4.07 Hz, H-6), 7.43-7.54 (m, 3H), 7.82 (dd, 
2H, J ,  = 8.3 Hz, J,,, = 1.4 Hz); m/e calcd. for C2,H2,NO5: 
355.1420; found: 355.1413. 

(b) From 9 using Mn(I1) and  sodium persulfate 
A solution of manganese diacetate tetrahydrate (0.343 g, 

1.40 mmol), silver nitrate (0.024 g ,  0.14 mmol), sodium acetate 

5 ~ f t e r  exchange with D,O. 
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(0.420 g, 5 mrnol), acetic anhydride (0.5 mL, 0.54 g, 4.20 mrnol), 
and sodium persulfate (0.333 g ,  1.40 mmol) in acetic acid (8 mL) 
was stirred at 80°C for 0.5 h. A solution of the malonate ester 9 
(0.500 g, 1.4 mmol) in acetic acid (2 mL) and additional sodium 
persulfate (0.333 g, 1.4 mmol) were added and the solution was 
stirred at 80°C for 12 h. After work-up of the reaction mixture as 
described in (a) compound 11, identical to that obtained above, was 
isolated as an oil (0.475 g ,  95%). 

(c) By the triethylborarze induced cyclization of 
brombmalonate 1 0  

This reaction was carried out exactly as described for the 
synthesis of compound 14 from 2-benzoylpyrrole and diethyl bro- 
momalonate. The crude product was purified by column chroma- 
tography on silica gel using hexane - ethyl acetate (85: 15). 
Compound 11 was isolated in 75% yield. 

(d) From malonate ester 1 4  and  1,2-dichloroethane 
A mixture of tetra-n-butylammonium bromide (0.130 g ,  

0.40 mmol) and potassium carbonate (2.76 g, 20 mmol) in 1,2- 
dichloroethane (16 mL) containing compound 14 (0.132 g, 
0.40 mmol) was stirred at reflux temperature until the starting ma- 
terial had disappeared (- 24 h). The mixture was filtered and the 
filtrate was evaporated in vacuo. The residue was taken up in ether 
and after the usual work-up the crude material was purified by 
column chromatography on silica gel using hexane - ethyl acetate 
(9: 1) as the eluant. The product was isolated in 67% yield. 

(e) From triester 15 and  1,2-dichloroethane 
A reaction performed on a 5 mmol scale exactly as described in 

(d)  gave 11 in 80% yield. 

5-Benzoyl-l,2-dihydro-3H-pyrrolo[1,2-alpyrrole-1 -carboxylic 
acid (1, ketorolac) 

A biphasic mixture of the diester 11 (0.600 g, 1.69 mmol) in 
ether (20 mL) and 20% aqueous NaOH (10 mL) was vigorously 
stirred at reflux temperature for 24 h. The aqueous layer was washed 
with ether, carefully made acidic with concentrated hydrochloric 
acid, and extracted with ethyl acetate. The extract was heated at 
70°C for 4 h and then evaporated in vacuo to give 1 (0.400 g, 93%) 
as a solid identical in all respects to an authentic specimen of ke- 
torolac. 

Acknowledgement 
We thank Saul Jaime for converting the triester 15 to the 

malonate ester 14 and for preparing an analytical specimen 
of the latter compound. 

1. J. M. Muchowski. 111 Advances in medicinal chemistry. Vol. 
1. Edited by B. A. Maryanoff and C.  Maryanoff. JAI Press 
Inc., Greenwich, Conn. 1992. pp. 109-135. 

2. J. M. Muchowski, S .  H. Unger, J. Ackrell, P. Cheung, G. F. 
Cooper, J .  Cook, P. Gallegra, 0. Halpern, R.  Koehler, A. F. 
Kluge, A. R. Van Horn, Y. Antonio, H. Carpio, F. Franco, 
E. Galeazzi, I. Garcia, R. Greenhouse, A. Guzman, J. Iriarte, 
A. Leon, A. Pena, V. Perez, D. Valdez, N.  Ackerman, S. A. 
Ballaron, D. V. Krishna Murthy, J. R. Rovito, A. J. 
Tomolonis, J. M.  Young, and W. H. Rooks. J .  Med. Chem. 
28, 1037 (1985). 

3. F.  Franco, R. Greenhouse, and J. M. Muchowski. J. Org. 
Chem. 47, 1682 (1982). 

4. J. M. Muchowski and R. Greenhouse. U.S. Patent, 4,873,340 
(1989); Chem. Abstr. 112, 178,658q (1990); J.  M. Muchowski 
and R. Greenhouse. U.S. Patent, 4,988,822 (1991). 

5. A. Citterio, D. Fancelli, C. Finzi, L. Pesce, and R. Santi. J. 
Org. Chem. 54, 2713 (1989). 

6 .  C .  Gonzalez, R. Greenhouse, R. Tallabs, and J. M. 
Muchowski. Can. J .  Chem. 61, 1697 (1983). 

7. E.  I. Heiba, R. M. Dessau, A. L.  Williams, and P. G.  
Rodewald. Org. Synth. 61, 22 (1983) 

8. H. Skarzewski. Tetrahedron, 40, 4997 (1984). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1842 CAN. J .  CHEM. VOL. 70, 1992 

9. B. Giese. In Radicals in organic synthesis: formation of car- 13. B. B. Snider, J. J. Patricia, and S. A. Kates. J. Org. Chem. 
bon-carbon bonds. Pergamon Press, Oxford. 1986. pp. 86- 53, 2137 (1988). 
89. 14. I. Cho and J. M. Muchowski. Synthesis, 567 (1991). 

10. P. G. Allies and P. B. Brindley. J. Chem. Soc. (B), 1126 15. H. C. Padgett, 1. G. Csendes, H. Rapport. J. Org. Chem. 44, 
(1969). 3492 (1979). 

11. A. Citterio, R. Santi, T. Fiorani, and S. Strologo. J. Org. 16. L. Salem. In Molecular orbital theory of conjugated systems. 
Chem. 54, 2703 (1989). W. A. Benjamin, Menlo Park, Calif. 1966. pp. 326-332. 

12. E. J. Corey and A. W. Gross. Tetrahedron Lett. 26, 4291 
(1985). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Dktermination par voie klectrochimique des propriktks acido-basiques et 
oxydo-rkductrices des solutions concentrkes en acide phosphorique 

progressivement neutralides par la soude 

J. BESSIERE' ET M. K. AROUA 
Laboratoire de chimie et d'e'lectrochimie analytique, Universite' de Nancy 1, 54506 Vandoeuvre-12s-Nancy, France 

Requ le 25 avril 1991' 

J.  BESSIERE et M. K. AROUA. Can. J.  Chem. 70, 1843 (1992). 
Les propriCtCs acido-basiques des milieux H3P04 7 M progressivement neutralisCs par la soude sont caractCrisCs par 

la fonction d'aciditC R(H) et les fonctions basiques R(H2P04-), R(HPO,'-), R(PO;-) qui representent repectivement 
13activitC du proton et le pouvoir donneur des ions H2P04-, HPO,'-, PO:-. Le niveau d'aciditC de ces milieux 
(Na/P = 0,O-1,6) passe de R(H) = -2,7 a R(H) = +7,5. Le domaine des potentiels accessibles dans les differents 
milieux est voisin de 1,23 V. Les valeurs de 1'activitC en eau des solutions varient entre 0,66 et 0,81. Les domaines 
d'ClectroactivitC aux electrodes de platine, de carbone et de mercure sont Cgalement prCcisCs. 

J. BESSIERE and M. K. AROUA. Can. J. Chem. 70, 1843 (1992). 
Acid-base properties in 7 M H3P04 medium neutralized by soda are characterized with an R(H) acidity function and 

R(H2P04-), R(HPO,'-), R(PO:-) basicity functions, which respectively represent the H+ activity in these media and 
their ability to donate H2PO4-, HPO,'-, PO:- ions. The acidity level of these media (Na/P = 0.0-1.6), changes from 
R(H) = -2.7 to R(H) = +7.5. The accessible potential domain for the media studied is close to 1.23 V. Activities of 
these solutions in water vary between 0.66 and 0.81. The ranges of electroactivity for platinum, carbon, and mercury 
electrodes are also determined. 

Introduction 

L'analyse et la prCvision des rCactions dans les milieux 
phosphoriques neutralisks prCsentent un intCrCt majeur dans 
le domaine de la synthbse des engrais et de 1'Claboration de 
produits purs destines h l'industrie alimentaire et au traite- 
ment de surface (1-3). Au cours des op6rations de synthkse, 
la concentration ainsi que le rapport base/acide sont sus- 
ceptible~ de varier dans une large gamme. De la teneur en 
acide et du rapport base/acide vont dCpendre le pouvoir 
oxydo-rCducteur des solutCs, la stabilitC de nombreux com- 
pods, la protonation des bases, la quantitativitk des reactions 
de titrage in situ, le pouvoir extractant des agents chelatants 
en milieu non miscible ou des rCsines Cchangeuses d'ions. 
Les caractkristiques Clectrochimiques du solvant et des so- 
lutCs sont Cgalement modifiCes ainsi que les grandeurs 
cinktiques. 

La prCvision de nombreuses reactions dans les milieux 
concentrCs s'effectue a partir des diagrammes potentiel - 
niveau d'aciditC, en adoptant les m&m& raisonnements que 
dans l'eau (4-1 1). 

On peut a partir de ces diagrammes Cvaluer les coeffi- 
cients de transfert de solvatation des diffkrentes espkces et 
prCvoir les constantes thermodynamiques dans ces milieux 
rkactionnels connaissant celles en solutions aqueuses di- 
luCes. 

Plusieurs auteurs (7, 9) ont signal6 l'importance du fac- 
teur activitC de l'eau dans la fixation du niveau dlaciditC des 
milieux eau-acide. 

Comme dans les cas des solutions aqueuses concentrCes 
en sel (12-16), la rCctivitC des especes dans les milieux 
concentrCs en acide, neutralisks ou non, dCpend a la fois de 
I'activitC de l'eau et de la solvatation spkcifique des solutCs 
par les ions du solvant. I1 est important d'kvaluer la part re- 
spective de ces deux influences pour prCvoir ensuite les 

' ~ u t e u r  correspondant. 
'~Cvision reque le 25 fCvrier 1992. 

rkactions en fonction de taux de neutralisation de l'acide. 
Cette dkmarche justifie donc la mesure de 1'activitC en eau 
dans une premikre Ctape. I1 conviendra ensuite de comparer 
les Cquilibres dans les milieux phosphoriques et dans les 
milieux non complexants prksentant la mCme activitk en eau 
(milieux isopiestiques) . 

Avant d'envisager 1'Ctude de la rCactivitC des solutCs dans 
les milieux H,O-H3P04-NaOH, il importe, tant du point 
de vue industriel que du point de vue fondamental de la 
connaissance des milieux rkactionnels, de prCciser les 
propriCtCs caractkristiques du solvant : niveau d'aciditk, 
propriCtCs redox, activitC en eau, aptitude ceder les ions 
phosphate, domaine d'Clectroactivit6 aux electrodes de pla- 
tine, mercure et carbone. 

L'examen a port6 sur la neutralisation de l'acide H3P0, 
7 M par une solution de soude 18 M (50% en poids). Ces 
concentrations correspondent aux conditions habituellement 
rencontrCes dans l'industrie du tripolyphosphate de sodium. 

Partie experimentale 

Re'actifs 
Tous les rCactifs utilisCs sont de qualite pour analyse. 
Acid phosphorique : Prolabo; soude en pastilles : Prolabo; fer- 

rockne : Sigma; 3,4,5,6-tetrachloro-l,2-benzoquinone (o-chlora- 
nile) : Fluka; reactif de Karl-Fisher : Merck; phosphate acide 
mercureux : prepare par oxydation Clectrochimique du mercure dans 
H3P04 5,5 M. 

Prbparation des solutions 
L'acide phosphorique 7 M est neutralis6 par une solution de soude 

18 M (environ 50%). L'opCration est rCalisCe A tempCrature con- 
tr6lCe (80°C) et sous reflux. Le taux de neutralisation, exprim6 par 
le rapport molaire Na/P, varie de 0,O 1,6. Au dela de cette va- 
leur, il y a cristallisation a temperature ambiante. Les concentra- 
tions des espkces NaH'PO, et Na,HPO, sont alors respectivement 
Cgales a 1,7 et 2,6 M.  

La solution mkre de ferricinium (FC+ 0 , l  M) est prCparCe en 
rkalisant l'oxydation du ferrockne par le p-chloranile en milieu bi- 
phasique tolukne-H,P04 7 M (17). 
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Equipements 
Les mesures potentiomCtriques A intensite nulle ont CtC faites au 

moyen du millivoltmktre Minisis 6000 Tacussel. Les traces vol- 
tampCromCtriques sur electrodes solides ont CtC rCalisCs en utili- 
sant un montage classique i trois Clectrodes et un ensemble Tipol 
EPL 2 Tacussel. Le dCgazage des milieux rkactionnels est effec- 
tuC par barbotage d'azote. 

Les diffkrentes electrodes de travail utiliskes sont 1'Clectrode 
tournante de platine (ED1 controvit Tacussel) et 1'Clectrode tour- 
nante i pite  de carbone (ED1 controvit Tacussel). La vitesse de 
rotation est de 600 tours/min. 

L'Clectrode au calomel aqueuse, placCe dans un compartiment 
sCparC contenant H3P0, 0 , l  M, est utilisCe comme Clectrode de 
reference. 

L'Clectrode auxiliaire est constituCe par un fil de platine. 
L'Clectrode pite de carbone, contenant 1'0-chloranile peu so- 

luble, est prCparCe selon le mCthode dCcrite par Adams et ul. (18, 
19). L'o-chloranile insCrCe dans 1'Clectrode est sous la forme qui- 
nonique. L'Clectrode est portCe a un potentiel suffisamment 
rkducteur pour que la forme rCduite se forme it l'interface solide- 
liquide. On rCalise ensuite les tracks voltampCromCtriques qui 
permettent d'apprkcier la rCversibilitC et la rapidit6 du systkme 
considere. Le melange o-chloranile-hydrochloranile peut Cgalement 
&tre utilisC directement. 

L'Clectrode a pite de carbone, a base de phosphate mercureux, 
est prCparCe de la m&me manikre que la precCdente. 

L'activitC en eau des diffkrents milieux est dCterminCe 51 25°C par 
la mCthode de transpiration, partir de la mesure des pressions 
partielles d'eau. Le dispositif utilisC, represent6 figure 1, est si- 
milaire 21 celui dCcrit par Davis et De Bruin (20), Bent et France1 
(21) et Majima et coll. (22). Le capteur d'eau est remplacC par 
l'appareil Karl-Fisher Metrohm. On peut ainsi rCduire con- 
siderablement le temps de mesure qui devient infCrieur a 3 h. 

L'eau contenue damo I'azote est CliminCe par passage a travers 
un tarnis molCculaire (3A). L'azote, rCgulC i un dCbit constant, passe 

dans un prksaturateur D,  contenant 2-5 cm3 de la solution i ana- 
lyser, puis dans le saturateur E et la cellule de dosage cou- 
lomktrique H. Le saturateur, contenant environ 40 cm3 de la 
solution, et le prC-saturateur sont maintenus a tempkrature cons- 
tante (25 2 0,5"C). Le tube entre le saturateur et la cellule est 
chauffC pour Cviter la condensation de l'eau. 

La masse d'eau en gramme (WHlO) transportCe par un volume 
(V,,) d'azote est determinee par dosage coulomttrique par la 
mCthode Karl-Fisher. 

La pression partielle de l'eau est donnCe par la relation : 

oh WH,, est la masse d'eau dosee au cours de l'exptrience et Vest 
le volume de la phase gaseuse, donnC par la relation : 

La valeur de V,, est calculte a partir du debit de gaz et de la duree 
de l'expkience, alors que VHZO est determink a partir de WHfl et de 
la pression atmosphCrique pendant I'expCrience. 

Resultats et discussions 

I .  Fonction d'acidite' R(H) des milieux H20-H3P04- 
NaOH 

Le niveau d'aciditC est caractCrisC par la fonction d'aci- 
ditC R (H) qui peut 2b-e dCtermink expkrimentalement i partir 
de la mesure du potentiel pris par une electrode indicatrice 
de pH en utilisant le systkme ferricinium/ferrockne (~c+/Fc)  
comme rCfCrence de potentiel. 

Lorsque l'on utilise le systkme quinone/hydroquinone 
(Q (s)/QH,(s)), la fonction R (H) est donnCe par la relation : 

E: Saluraleur 

G: Bain thermostal6 

H: Vers la c6llule de dosage Karl-Fisher 

FIG. 1 .  SchCma du dispositif utilisC pour la mesure de I'activitC en eau. 
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TABLEAU 1. Variation des proprietes acido-basiques des milieux H3P04 7 M progressivernent neutralises par la soude, en 
fonction du taux de neutralisation (Na/P) 

Na/P 

0,O 0 2  0,4 0,6 0,8 0,9 1,1 1 2  1,4 1,6 

Fc+/Fc 
(rnV vs. ECS) -85 - 30 + 30 + 90 

oii ~ c z $ ~ ~ ~ ~ , ~ ,  est le potentiel standard du systkme Q(s)/ 
QH2(s) dans I'eau et E & ~ ) ~ ~ ~ ~ ( ~ )  son potentiel dans la solu- 
tion Ctudite, exprimts par rapport au systkme Fc+/Fc. 

La fonction R(H) s'identifie au pH si l'on admet que le 
potentiel standard du systeme femcinium/ferrockne est 
independant de la nature du solvant (23, 24). Dans la rela- 
tion 

les coefficients d'activite fFc et. fFc+ sont alors Cgaux, 1'Ctat de 
rCference Ctant la solution aqueuse infiniment dilute. 

1 . I .  Syste'me de comparaison : ferricinium/ferroce'ne 
(FC+ /FC) 

La rapidit6 et la rCversibilitC du systkme Fc+/Fc dans les 
milieux concentrks en acide phosphorique ont CtC dCmontrCes 
par voltampCromCtrie cyclique sur electrode de carbone vi- 
treux ainsi que sur electrode fixe de mercure (9, 28). 

Dans tout le domaine Na/P envisage, seul un signal 
correspondant h la rCduction rapide de l'espece Fc+ est 
mis en Cvidence en voltampCromCtrie sur I'Clectrode tour- 
nante de platine : l'analyse mathkmatique des tracks vol- 
tamp6romCtriques donne des pentes comprises entre 55 et 60 
mV. 

~ t a n t  donnCes les caractCristiques de rapidite et de 
rCversibilitC du systkme Fc+/Fc, son potentiel normal est pris 
Cgal au potentiel de demi-vague de reduction de Fc+. Les 
valeurs expCrimentales figurent dans le tableau 1. 

1.2. Syste'me indicateur de H +  : chloranile/ 
hydrochloranile (C(,,/CH2(,,) 

Le systkme indicateur d'aciditt engage le couple de l'o- 
chloranile. L'o-chloranile et l'hydrochloranile etant insolu- 
bles, le potentiel du systkme 

[5] C,,, + 2H+ + 2e- * CH2(,, 

ne depend que du niveau d'aciditC. Le bon fonctionnement 
de 1'Clectrode 5 p$te de carbone dans laquelle est insCrC l'o- 
chloranile a CtC vCrifiC dans plusieurs milieux acides con- 
centrks (7, 17). Les courbes intensite-potentiel montrent que 
le potentiel 5 intensit6 nulle est bien dCfini et stable. 

FIG. 2. Variation de la fonction R(H) des milieux 7 M 
progressivernent neutralisks par la soude, en fonction du rapport 
Na/P. Cornparaison avec la variation de pH calculC. 

I .3'. Fonction R(H) 
La fonction d'aciditk R(H), reprCsentCe figure 2, varie de 

10,2 unites lorsque le rapport Na/P passe de 0,O B 1,6. Elle 
rend compte de deux effets : (i) le premier est directement 
liC au taux de neutralisation de l'acide fix6 par la valeur du 
rapport Na/P; (ii) le second traduit l'influence de l'eau ap- 
portCe d'une part par la solution aqueuse de soude et d'autre 
part par la neutralisation elle m&me. 

Les rCsultats recents de N. Medouni (27) concernant la 
neutralisation de H,PO, 5,5 M par les pastilles de soude 
montrent que pour une meme valeur du rapport (Na/P = 
1,0), le niveau d'aciditC est moins ClevC (R(H) = +3,2 au 
lieu de +4,0 environ d'aprks la figure 2). 

11 est intCressant de comparer la fonction R(H) des mi- 
lieux neutralisks avec les valeurs du pH calculees en utili- 
sant la formule appliquCe en solution diluke. Pour un rapport 
Na/P infkrieur a 1,0, on a la relation : 

pour les rapports Na/P supCrieurs 5 1,O et inferieurs 2 2,0, 
on a la relation : 
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FIG. 3. Variation du niveau d'aciditC avec I'activitC en eau. 
Milieux H3P04 7,O M neutralis6 et diluC. 

On constate (figure 2) que la difference pH,,, - R(H) de- 
vient supCrieure 5 1,5 unites pour des taux de neutralisation 
Na/P infkrieurs a 0,6. La fonction R(H) ne fait pas ap- 
paraitre l'effet tampon comme les valeurs du pH,,,. yar 
contre, pour des taux de neutralisation supCrieurs 0,6, on 
note des Ccarts rCduits au voisinage de la demi-neutralisa- 
tion de la deuxikme fonction acide ou les deux courbes sont 
pratiquement confondues. 

2. Activite' en eau dans les milieux H,0-H.3P04-NaOH 
Les valeurs de regroupCes dans le tableau 1, sont 

donnCes i 5% prks. La neutralisation de l'acide H3P04 7 M 
se traduit par une faible variation de I'activitC en eau des so- 
lutions. Celle-ci augmente 1Cgkrement jusqu'a Na/P = 0,9. 
Au dela de 1,2, I'activitC en eau dCcroit. 

La solution correspondant a Na/P = 1,O a une molalitk 
en NaH2P04 de 7,3 mol/kg. La valeur correspondante de 
a,,, (0,80) est en bon accord avec les donnCes de Robinson 
et Stokes (0,82) (25). Dans le cas oh la neutralisation est 
rialiste avec de la soude en pastilles, l'activitt en eau et le 
niveau dlaciditC sont respectivement Cgaux B 0,74 et +3,2. 

La comparaison des courbes R (H) = f(1og a,,,) (figure 
3) relatives aux solutions diluCes de l'acide 7 M d'une part 
et aux solutions neutralisees d'autre part montre que la vari- 
ation du terme log a,,, est infkrieur a 0 , l  unite pour les so- 
lutions neutralisees. On peut dks B present affirmer que la 
variation de rCactivitC des espbces ioniques qui sera ob- 
servCe au cours de la neutralisation est due principalement a 
une modification de leur solvatation spCcifique par les ions 
phosphate du milieu, 1'activitC en eau ne variant pratique- 
ment pas, contrairement ii ce que l'on observe dans le cas de 
l'acide 7 M progressivement diluC. 

3 .  Domaines d'e'lectroactivite' et de potentiel accessible 
dans les milieux H20-H,P04-NaOH 

Les domaines d'ClectroactivitC aux Clectrodes de mer- 
cure, carbone vitreux et platine sont ttablis pour une den- 
sit6 de courant de 0,2 rn~/cm' .  Les rtsultats sont prCsentCs 
en fonction de R(H) dans la figure 4. On remarque que 
1'Ctendue du domaine d'ClectroactivitC varie 1Cgkrement avec 
le taux de neutralisation (0,3 V de Na/P = 0,O-1,4). Les 
electrodes CtudiCes permettent d'explorer un large domaine 

FIG. 4. Domaines d'ClectroactivitC aux Clectrodes de mercure, 
carbone vitreux et platine dans les milieux H3P04 7,O M progres- 
sivement neutralisCs par la soude (densite maximale de courant 0,2 
m A/cm2). 

de potentiel, environ 3 V, peu different de celui dans l'eau. 
On utilisera I'Clectrode de mercure pour explorer les poten- 
tiels reducteurs et 1'Clectrode de platine pour les potentiels 
oxydants. 

D'un point de vue thermodynamique, le domaine des po- 
tentiels accessibles dans les milieux H20-H3P04-NaOH est 
limit6 par les propriCtCs oxydantes du proton et les pro- 
priCtCs rkductrices de l'eau. Les limites sont fixCes par la 
variation des potentiels des systkmes H+/H2(g) et 02(g)/H20 
avec le taux de neutralisation. 

La variation du pouvoir oxydant du solvant ne depend que 
du niveau d'aciditC : L'Cquilibre 

est caractkrisC par la relation 

ou -0,400 V represente le potentiel normal du systkme de 
l'hydrogkne dans l'eau par rapport au systkme du ferrockne 
(23). 

La limite thermodynarnique des potentiels accessibles en 
oxydation correspond a l'oxydation des molkcules d'eau. Ell: 
depend donc du niveau dlaciditC et de llactivitC en eau. A 
l'equilibre 

correspond la relation 

La valeur 0,829 reprCsente le potentiel normal de l'oxygkne 
dans l'eau par rapport au ferrockne (9). 

Les valeurs calculCes a partir des expressions prCcCdentes 
sont rassemblkes dans le tableau 1 et prCsentCes figure 5. 
L'Ctendue du domaine thermodynamique reste trks proche 
de 1,23 V compte tenu de la faible variation de I'activitC en 
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FIG 5. Propritt6s oxydo-rCductrices, dCteminees par voie FIG. 6. Aptitude des milieux H3P04 7,O M progressivement 
electrochimique, des milieux H,PO, 7,o M progressivement neu- neutralises par la soude, B cCder leurs espkces. Fonction d'acidite 
tralisCs par la soude. et fonctions basiques. 

eau. On retrouve un rksultat similaire dans les milieux H20- 
H3P04 (7). 
4. Fonctions basiques des milieux H20-H3P04-NaOH 

La fonction R(H) traduit I'aptitude des milieux H20- 
H3P04-NaOH B ceder la particule H'. Par analogie, les 
fonctions R (H,PO;), R (HPO,~-) et R  PO,^-) sont dCfinies 
pour caractkriser l'aptitude des milieux H20-H3P04-NaOH 
B cCder les particules H2P04-, HPO:- et  PO,^-. 

Elles peuvent &re dCterminCes expCrimentalement B par- 
tir de la mesure du potentiel pris par une electrode dont le 
fonctionnement fait intervenir un Cquilibre Clectrochimique 
engageant l'une des especes phosphate comme seule espkce 
soluble. Ainsi, le potentiel d'une Clectrode phosphate mer- 
cureux/mercure, qui correspond k 1'Cquilibre Clectrochimique 

ne dCpend que de I'activitC de I'espkce HPO,'- (1'Ctat de 
rCference Ctant la solution infiniment diluCe dans l'eau) : 

[13] E = Eizo  - 0,029 log a,,,: 

et R(H2P04-) soient dans ce cas Cgales. Elles sont proches 
de 0,O. 

Ces fonctions sont necessaires pour prCvoir au cours de la 
neutralisation 1'Cvolution de la solubilitC de phosphates 
minCraux ou des Cquilibres de partage par solvant lorsque 
ceux-ci engagent les particules phosphates. 

Conclusion 

On a caractCrisC le niveau d'aciditk des solutions d'acide 
H3P04 7 M progressivement neutralisCes par la fonction 
d'aciditk R (H). Sa variation est de 10,2 unitCs lorsque le 
rapport Na/P passe de 0,O a 1,6. Ces rksultats permettront 
de prCciser I'influence du niveau d'aciditk sur le pouvoir 
oxydo-rkducteur de nombreux systkmes. L'Ctendue ther- 
modynamique du domaine des potentiels accessibles reste 
proche de 1,23 V. On dispose ainsi des limites thermodyna- 
miques de stabilitk des oxydants et des rCducteurs dans ces 
milieux. 

La faible variation de l'activitk en eau observCe au cours 
de la neutralisation implique que les changements de rCactivitC 
des solutCs s'interprkteront essentiellement a partir d'inth- 
actions spCcifiques avec les ions du solvant. 

E i l0  re~resente le potentiel normal du systkme &2HPO,(s)/ L'utilisation du systbme Clectrochimique du mercure a 
Hg(s) dans l'eau exprim6 Par rapport au systeme Fc*/Fc. permis de dCterminer les fonctions R(H2P04-), R(HPO,~-) 

La connaissance de des fonctiOns R(HPo:-), et R(Po,'-). Elles seront utiles pour Cvaluer les variations 
R(H,PO,-) et R(Po,'-) permet de dkte-ner les deux autres themodynamiques de solubilitC des phosphates mineraux 
a partir des relations avec le taux de neutralisation. 

[15] R (H) + R(Po,~-) - R(HPo,~-) = 12,4 

Les valeurs 7,2 et 12,4 reprksentent les valeurs de pK, et 
pK3 de l'acide H3P04 dans l'eau (26). 

L'ensemble des rCsultats sont rassemblCs dans le tableau 
1 et figure 6.  

La dCcroissance des fonctions basiques avec le taux de 
neutralisation indique clairement l'aptitude plus grande que 
prCsente ces milieux 2 cCder les ions phosphate correspon- 
dants. Compte tenu de la valeur de R(H) Cgale 2 7,2 pour 
Na/P tgal a 1,5, il est logique que les fonctions R (HPO:-) 
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The tranecis isomerisation of bis(dioxolene)bis(pyridine) ruthenium complexes 
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Yu-HONG TSE, PAMELA R. AUBURN, and A. B. P. LEVER. Can. J.  Chem. 70, 1849 (1992). 
The isomerisation of trans to cis bis(3,5-di-t-butylbenzosemiquinonato)bis(R-pyndine)ruthenium, Ru(R- 

Py),(DTBDiox),, is induced by warming with an excess of R-pyridine, where R = 3-chloro, 4-methyl, 4-phenyl, or 4- 
butyl. The rates of these reactions, for the species with R-Py = 3-chloropyridine, were monitored in o-dichlorobenzene 
by UV-visible spectroscopy against varying 3-chloropyridine and varying trans-[R~(3-CIPy),(DTBDiox)~] concentra- 
tion. The data were found to obey first-order kinetics, -d[Ru(3-clPy),(DTBDio~)~/dt = kobsd[R~(3-C1Py)2(DTBDiox)2], 
over a considerable range of pyndine concentration. A plot of l/k,,,, vs. [3-chloropyridine] is linear with a positive in- 
tercept. A dissociative mechanism is proposed for the isomerisation reaction. i he activation parameters were deter- 
mined for the specific case of R-Py = 3-chloropyridine. Electronic and electrochemical features of these species are briefly 
discussed. 

Yu-HONG TSE, PAMELA R. AUBURN et A. B. P. LEVER. Can. J. Chem. 70, 1849 (1992). 
L'isomerisation du bis(3,5-di-tert-butylbenzosemiquinonato)bis(R-pyridine)ruth~nium, Ru(R-Py),(DTBDiox),, trans 

en cis est induite par un chauffage avec un excks de R-pyridine, ou R = 3-chloro, 4-methyl, 4-phknyl ou 4-butyl. O@rant 
en solution dans le o-dichlorobenz6ne et faisant appel la spectroscopie UV-visible, on a determine les vitesses de ces 
reactions, pour les especes ou R-Py = 3-chloropyridine, pour diverses concentrations de 3-chloropyridine et de trans- 
[Ru(3-clPy),(DTBDio~)~]. On a trouve que, sur une plage importante de concentrations en pyridine, les donnees 
experimentales peuvent &tre relikes par l'tquation de cinetique du premier ordre, -d[Ru(3-ClPy),(DTBDiox),]/dt = 
~,,[Ru(~-C~P~),(DTBD~OX)~]. Une droite de Ilk,, vs. [3-chloropyridine] est lineaire, avec une ordonnee 5 l'origine qui 
est positive. On propose un mecanisme dissociatif pour la reaction d'isomCrisation. On a determine les parametres d'ac- 
tivation pour le cas specifique de R-Py = 3-chloropyridine. On discute bri6vement des caractkristiques Clectroniques et 
Clectrochimiques de ces esp6ces. 

[Traduit par la redaction] 

Introduction 
The series of complexes Ru(NN),(diox) (1-3) and 

Ru(NN)(diox), (3-7) have been described, where NN may 
be 2,2'-bipyridine or two substituted pyridines, R-Py, and 
(diox) is a dioxolene ligand which may exist in the ca- 
techol, semiquinone, or quinone oxidation states. These 
complexes form redox series whose electronic structures have 
been probed by a range of techniques including X-ray crys- 
tallography, NMR, ESR, magnetism and UV-VIS-FTIR, 
PES, and resonance Raman (rR) spectroscopy. The bipyri- 
dine-bis(dioxo1ene) complexes are necessarily cis, where the 
R-Py analogues could be either cis or trans. 

The previously described trans-Ru(R-Py),(diox), series of 
complexes ( 5 ,  7) are found to be isomerised to a cis config- 
uration when warmed with an excess of pyridine. Here we 
describe studies of the isomerisation reaction and electro- 
chemical and optical data characterising these new cis spe- 
cies. 

Experimental section 

Equipment 
All absorbance measurements were performed on a Hitachi - 

Perkin Elmer microprocessor model 340 spectrometer equipped with 
an electrically heated cell compartment connected to a built-in 
thermostat for temperature measurement and control. Fourier 
transform infrared (FTIR) data were obtained using a Nicolet SX20 
spectrometer. 'H NMR and I3C NMR spectra were obtained with 
a Bruker AM300FT NMR spectrometer using samples dissolved 
in CDC13. 

Electrochemical data were obtained with a Pine Instruments 
RDE-3 potentiostat. Cyclic voltammetry was canied out, in di- 

'Author to whom correspondence may be addressed. 
,~ev is ion  received February 28, 1992. 

chloroethane (DCE), using platinum wires as working and counter 
electrodes, and a AgCl/Ag quasi-reference electrode with ferrocene 
(Fc) as an internal standard. The ~ c / F c +  couple lies at t-0.425 V 
vs. SCE (7). 

Materials 
Tetrabutylammonium perchlorate (TBAP, Kodak) was recrys- 

tallised from absolute ethanol and dried in vacuo at 50°C for 2 days. 
1,2-Dichlorobenzene (DCB) (Aldrich, HPLC grade) and toluene- 
d, were used as supplied. 1,2-Dichloroethane (DCE) was frac- 
tionally distilled from P205. 3-Chloropyridine (Aldrich) and 
4-methylpyridine (Aldrich) were fractionally distilled under re- 
duced pressure. Other substituted pyridines (Aldrich) were used as 
supplied without any further purification. 

Syntheses 
The species trans-Ru(R-Py),(DTBDiox), were prepared by the 

methods given previously (5, 7). 

c ~ s - R u ( R - P ~ ) ~ ( D T B D ~ o x ) ~  
T~~~~-R~(R-P~),(DTBD~OX)~ (36 mg, ca. 5 .0 X lo-' mmol) 

was dissolved in toluene (10 mL). R-pyridine (R = 3-chloro, 
4-methyl, or 4-phenyl) (2.1 mmol) was added. The resulting mix- 
ture was refluxed under nitrogen for 12 h, filtered hot, and then 
concentrated by rotary evaporation; methanol (1 mL) was then 
added to initiate crystallisation. The products were filtered, washed 
with cold methanol, and air dried; yield -80%. Anal. found: C 
59.48, H 6.27; N 3.64; calcd.: C 59.37, H 6.29, N 3.64 for R = 
3-chloro; found: C 64.70, H 7.44, N 3.88; calcd.: C 64.40, 
H 7.60, N 3.76 for R = 4-methyl, monohydrate; found: C 68.70, 
H 6.86, N 3.53; calcd.: C 69.0, H 6.95, N 3.21 for R = 4-phenyl, 
monohydrate. The trans species used for the kinetic measure- 
ments had acceptable C ,  H,  N analysis (7). 

'H NMR data for R = 3-chloropyridine species, in CDCI,. Data 
for the trans isomer from ref. 7 (s = singlet, d = doublet, dd = 
doublet-doublet, m = multiplet): trans isomer, 7.74 (d, J = 
2.2 Hz, 2H), 7.63 (d, J = 2.0 Hz, 2H), 7 .6 (dd, J = 5.4, 1.1 Hz, 
2H), 7.23 (m, 2H), 6.87 (dd, J 8.2, 5.7 Hz, 2H), 6.17 (br s,  2H), 
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Wavelength (nm)  

FIG. 1. Visible - near infrared spectra for (.) cis- and (-) trans- 
Ru(3-ClPy),(DTBDiox), in 1,2-dichloroethane. 

1.62 (s, 18H), 1.35 (s, 18H); cis isomer, 8.54 (m), 8.27 (m), 8.04 
(d, J = 2.2 Hz), 7.73 (m), 7.57 (m), 7.14 (m), 6.90 (m), 6.80 (m), 
6.70 (d, J = 2.1 Hz), 1.77 (s), 1.67 (s), 1.37 (s), 1.36 (s), 
1.33 (s), 1.20 (s), 0.89 (s), 0.88 (s). 

Kinetic studies 
DCB was used as the solvent for the rate studies unless 

otherwise stated. The liquid 3-chloropyridine (8.40 X lo-' to 
1.05 X mol) was mixed with 4 mL of a stock solution of 
trans-Ru(3-C1Py),(DTBDiox), and diluted to 5 mL ((rrans- 
Ru(~-C~P~) , (DTBD~OX)~ = (2.07 X M)). The reaction mix- 
ture was transferred to a 1-cm cell which was placed into a 
preheated cell compartment; the temperature of the solution inside 
the cell was measured before and after each experiment (variation 
+0.25"C). Successive spectra were collected at time intervals from 
2.8 to 100 min, depending upon the temperature and concentra- 
tion range involved. 

The isomerisation from trans-to cis-Ru(3-ClPy),(DTBDiox), was 
monitored by observing the growth of a new absorption band lying 
close to 600 nm (6) observed for the cis isomer. The trans isomer 
possesses very weak absorption at this wavelength (Fig. 1). 

For the pseudo-first-order conditions, the observed rate con- 
stants (kobsd) were obtained from the Guggenheim plots (8). The 
reactions were allowed to proceed for 3-4 half-lives. The delay time 
was about 2 half-lives. 

Rate constants for isomerisation of tran~-Ru(3-ClPy)~(DTBDiox), 
(2.07 X 1 0-4 M) in DCB at various temperatures from 9 1 to 1 10°C 
are presented here as a function of the concentration of 3-chloro- 
pyridine. Values of [3-chloropyridine] are tabulated, together with 
kobsd (all values to be multiplied by s-I), followed by the 
standard deviation in parentheses. 

Data were also obtained, at 90°C, for constant [3-chloropyri- 
dine] = 0.16 M and varying [tran~-Ru(3-CIPy)~(DTBDiox),] over 
the range from about 1 x to 3.4 X M, with no signifi- 
cant variation in k,,,,. 

The isomerisation of R U ( ~ - C I P ~ ) ~ ( D T B D ~ ~ X ) ~  in toluene-d, at 
93°C was followed by 'H NMR ( [RU(~-C~PY)~(DTBD~OX)~]  = 
2.72 x M; [3-chloropyridine] = 0.5 M). 

Results and discussion 
The trans-Ru(R-Py),(DTBDiox), species are best re- 

garded as fully delocalised trans-Ru(III)(R-Py),(DTBCat- 
(-2))(DTBSq(- I)) species (so-called (S) (starting) species in 
previous discussions) (3-5, 7). Their electronic spectra are 
typified by a very intense absorption near 1100 nm attrib- 
uted to diox (T) + R u ( d ~ )  + diox (T*) IL + LMCT (Fig. 
1). They display only weak absorption in the visible region 
(near 580 nm (7)). 

Synthesis of the cis complexes and background literature 
When a trans-Ru(R-Py),(DTBDiox), complex is warmed 

with a pyridine, a band near 600 nm (Table 1) grows in at 
a rate which depends upon temperature, concentration of 
pyridine, and nature of the R substituent (Fig. 2). Isomer- 
isation proceeds within a fairly narrow range of pyridine 
concentrations. If a large excess of pyridine (> lo4  [Ru(R- 
Py),(DTBDiox),]) is used, a side reaction takes place, 
probably forming the tetrapyridine species, and the isosbestic 
point is lost. The trans isomer undergoes another side re- 
action if insufficient pyridine (< 10 [RU(R-P~),(DTBD~O~)~]) 
is used. Heating either the cis or trans isomer in an inert 
solvent, in the absence of an excess of pyridine ligand, led 
to eventual decomposition. Isomerisation occurs cleanly when 
the pyridine to ruthenium ratio lay approximately in the range 
lo2 - lo3. 

The final electronic spectrum has the same overall band 
envelope as that (6) of cis-Ru(bpy)(DTBDiox), (save for the 
absence of the Ru + bpy CT transition), providing evi- 
dence that isomerisation has occurred. The absorption near 
600 nm (Table 1) corresponds with an n + T* semiquinone 
transition allowed in the cis isomer but forbidden in the trans 
isomer (5, 7). Further, cis complexes were isolated (see Ex- 
perimental) and their NMR spectra (see Experimental) leave 
no doubt that ~ ~ S - R U ( R - P ~ ) , ( D T B D ~ ~ X ) ~  species have been 
formed. Under the experimental conditions used to prepare 
the trans isomer, no cis isomer is isolated (7). 

A number of cis-trans isomerisations of ruthenium com- 
plexes have been previously reported. It is revealing to con- 
trast their behaviour. The species C ~ S - [ R U ( ~ ~ ~ ) ~ ( H ~ O ) ~ ] ~ '  is 
photoisomerised to the trans species by a dissociative path- 
way (9), but no thermal route was reported. The species 
trans-Ru(dppm),Cl, (dppm = bis-diphenylphosphinome- 
thane) can readily be thermally isomerised to the cis isomer 
in halocarbon solvents (at 83°C (reflux) in DCE) (10). This 
may be reversed (cis + trans) photochemically (10). Oxi- 
dation of c i s - ~ u " ( d ~ ~ m ) , ~ l ,  leads to isomerisation to the 
trans-Rul" species and the formation of trans-Ru(dppm)2Clz 
upon subsequent reduction (10). The complex cation trans- 
[RU(~C~C)~(CH,CN),]" is thermally isomerised to the cis 
species at 30°C with a half-life of about 9 days (1 1). Data for 
cis- and t r a n s - [ ~ u ~ l ( ~ ~ ) ( b ~ ~ ) ~ ] ~ +  have been reported 
(12), but no interconversion experiments were reported. 
Some bis(dithiocarbamate)nitrosyl complexes of ruthen- 
ium, such as cis-Ru(NO)(S,CNMe,)SCN, can be thermally 
converted to the corresponding trans isomer, in the solid 
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TSE ET AL. 

TABLE 1. Electronic spectroscopic data for cis-Ru(R-Py),(DTBDiox),, (S), and cis- 
[Ru(R-Py),(DTBDiox),l+, (Ol) ,  ~ o m ~ l e x e s " ~ ~  

Complex Amax (nm) 

394 
362(sh) 
412 
366 
379(sh), 305(sh) 
378(sh), 315(sh) 
369(sh) 
37 1 (sh) 

"Solvent DCE. Data for the cis (S) species from solid starting materials. 
bOxidised (01) species are prepared by the oxidation of S species with Ag' ions in DCE, 

followed by filtration through Celite. 

Wavelength tnm) 

FIG. 2. A typical data set showing successive scans of the visible spectrum during the isomerisation of trans-Ru(3-ClPy),(DTBDiox)2 
(2.07 x M) in the presence of an excess of 3-chloropyridine (1.0 x lo - '  M) at 100°C in o-dichlorobenzene. The first scan in the 
experiment was not recorded on the spectrum. 

state, at 220°C (13). Transformations in the rather more 
complex Ru(AzPy),Cl, (AzPy = 2-phenylazopyridine) have 
also been explored (14). A very detailed contribution dis- 
cusses the formation of all trans, ttt-Ru(CO),Cl,(PR,), spe- 
cies which isomerise in chloroform at from 50°C (actual 
temperature depending upon the phosphine) to the all cis, ccc- 
Ru(CO),CI,(PR,)~ species which then isomerise to the ther- 
modynamically stable CC~-RU(CO)~C~,(PR~)~ species (15). 
Our systems appear to be the first ruthenium species to be 
reported where isomers may be isolated by addition of an 
external common ligand (vide infra). 

Nuclear magnetic resonance studies 
trans-Ru(R-Py),(DTBDiox), complexes can exist in two 

forms with C,,, and C,, symmetry depending upon the rela- 
tive orientation of the t-butyl groups. Previously we have 
demonstrated (7) that for all of these complexes, only two t- 
butyl resonances are observed for the DTBDiox ligands, in- 
dicative of a single isomer having been prepared. The X-ray 
data (3) for both the (S) trans-Ru(4-t-BuPy),(DTBDio~)~ and 
the oxidised (01) t r a n s - [ ~ u ( 3 - ~ 1 ~ ~ ) , ( ~ ~ ~ D i o x ) ~ ] +  cation 
show that these trans isomers in the solid state have Cz,, 
symmetry. 
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TABLE 2. Rate constants k, and k-,/k, for 
isomerisation of trans-R~(3-clPy)~ 

(DTBDiox), at different temperaturesa 

"Data derived from the k,, data cited in the 
experimental section. Standard deviation in 
parenthesis. 

The cis-Ru(R-Py),(DTBDiox), species can exist as three 
different geometric isomers that could give rise to eight r- 
butyl resonances in their 'H NMR spectra (see Experimen- 
tal). Four different t-butyl resonances arise from two cis 
isomers with same C,  symmetry (so-called symmetric iso- 
mers). Another four different t-butyl resonances come from 
the third cis isomer which has C, symmetry (asymmetric 
isomer). In fact, these eight t-butyl resonances are observed 
for cis-Ru(3-ClPy),(DTBDiox),, although we have been 
unable to separate these three cis isomers. 

When isomerisation of the trans-Ru(3-ClPy),(DTBDiox), 
species was followed by NMR, in toluene-d,, the reso- 
nances for all three cis isomers grew at approximately the 
same rate.3 

Electrochemistry 
The electrochemical behaviour of the cis-Ru(R-Py),- 

(DTBDiox), species is very similar to that of the trans ana- 
logues (Table 3). Assignments have been discussed in 
depth previously (6, 7). Arguments have been expressed in 
the literature relating differences in the electrochemical be- 
haviour of cis and trans pairs to differences in electronic 
structure. Thus the ruthenium-centred waves observed with 
the cis- and t r a n s - [ ~ u ~ l ( ~ ~ ) ( b ~ y ) ~ ] ~ +  nitrosyl species (1 2) 
differ by only 10 mV, but there is a substantial difference 
(170 mV) in the nitrosyl reduction wave for these two iso- 

mers, implying some marked structurally dependent elec- 
tronic changes localised on the nitrosyl group. The M"'/M" 
potentials for the pairs of cis and trans isomers M(dppm),Cl, 
(M = Os, Ru) (10) differ by 370 mV (Ru) and 460 rnV (0s) 
with the cis isomers being the most difficult to oxidise, the 
difference being attributed to the difference in r-back- 
bonding capability in the pairs of isomers. Where more than 
one r-accepting ligand is present, such as in the series 
[Ru(dppm),(CO)XI+ and [~u(bpy)(dppe)(CO)XI+ (X = C1, 
Br, I) (16), the trans isomer is more difficult to oxidise by 
up to 450 mV. In our dioxolene system, cou le V (Table 3) R is most closely associated with the RU"'/RU couple (6, 7). 
The lack of any shift in this couple between cis and trans 
isomer arises because at this oxidation level the RU' is bound 
to the non-r-accepting catechol. The remaining couples in- 
volve redox processes which are more localised on the 
dioxolene residues and are, accordingly, less sensitive to the 
geometry of the isomer. 

Kinetic studies 
The kinetics of the isomerisation reactions of Ru(3- 

ClPy),(DTBDiox), (2.07 x M) were investigated at 
various temperatures with 3-chloropyridine concentrations 
ranging between 1.6 x lo-' and 2 X 10-I M (see Experi- 
mental). Values of kob, were derived from a Guggenheim plot 
(8) (Fig. 3). The reaction followed pseudo-first-order kinet- 
ics 

over at least four half-lives. Values of kob,, at constant [3- 
chloropyridine] were independent of the concentration of 
Ru(3-ClPy),(DTBDiox),. 

Plots of 1 /k,, against 13-chloropyridine] were linear (Fig. 
4). This linearity is consistent with the following rnecha- 
nism: 

 his in fact differs from the behaviour of the corresponding bi- k, 
pyridine complexes, in which only two of the three possible iso- 13] R u ( ~ - C ~ P Y ) ( D T B D ~ ~ ~ ) ~  [ R ~ ( ~ - C ~ P Y ) ( D T B D ~ ~ ~ ) ~ I *  
mers are obtained. Previously (6), we reported that all three isomers 
were present. This was in error, the seven peaks in the t-butyl re- [4] [Ru(3-ClPy)(DTBDiox),1* + 3-ClPy 

gion of the 'H NMR spectra being due to two isomers (CI and C, cis-Ru(3-ClPy),(DTBDio~)2 
symmetry) and to water. The presence of only two isomers was 
clearly confirmed by TLC. Assuming step [4] is fast and using the steady-state ap- 

TABLE 3. Electrochemical data for Ru(NN),(DTBDiox), complexesa 

Ell? (V) VS. SCE 

Complex I1 I11 IV V 

- - 

"Measurements were made using 1.2-dichloroethane solutions of the starting materials 
( lo - )  M) containing 0 . 2  M TBAP. EtI2  values are obtained from cyclic voltammetry at 
100 m V s-I; qr = quasi-reversible. 

b.'For assignment of  the redox couples, see refs. 6 and 7: ref. 7b; ref. 6'. The assumed po- 
sition of  the Fc'/Fc couple used in ref. 6 differed by +O. 115 V relative to that assumed here. 
The potentials taken from ref. 6 have been appropriately corrected. 
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-1.8 I I I I 
0 1000 2000 3000 

Time (s) 

FIG. 3. Guggenheim plot using data from Fig. 2 at wavelength 
600 nm for the isomerisation of the trans-R~(3-ClPy),(DTBDiox)~ 
complex. The delay time in the Guggenheim plots is approxi- 
mately two half-lives. 

0 
0.0 0.1 0 . 2  0.3 

[3-chloropyridine] (M) 

FIG. 4. Plots of Ilkabsd VS. [3-chloropyridine] for the isomer- 
isation of Ru(3-ClPy),(DTBDiox), at 100°C in o-dichlorobenzene 
at (from upper to lower) 91, 96, 100, 105, and 1 10°C. 

proximation (8) for [Ru(3-ClPy)(DTBDiox),], the rate of 
isomerisation is 

= {(k, k,/k-, [3-chloropyridine] + kJ} 

The calculated k, and k-,/kc derived respectively from the 
intercept (l/k,) and the slope (k-,/k,k,) are listed in Table 
2. An Arrhenius plot of ln(k,) versus inverse temperature 
led to an activation energy of 148 k 6 kJ/mol and, using 
the Eyring expression (8), an activation entropy of 88 k 
17 J/mol. 

The data (Fig. 4) are consistent with a dissociative mech- 
anism in which a pyridine ligand is lost to form a five-co- 
ordinate intermediate which can either reattach the pyridine 
ligand and return to the trans isomer or undergo a twist, first 
to form two different trigonal bipyramidal intermediates (e.g., 
see ref. 15) differing in the orientation of the t-butyl groups 
on the dioxolene ligands. These two intermediates can be 
interchanged by a pseudo-rotation. When the pyridine ligand 
is reattached to these intermediates, all three cis isomers are 
formed. Ligand loss and formation of the five-coordinate 
intermediate lead to alternative decomposition pathways when 
insufficient pyridine is present to trap the intermediate. 

The positive activation entropy value associated with re- 
action [l] is consistent with the dissociative mechanism (15, 
17-20). Indeed both the advation enthalpy and entropy have 
values close to those reported previously for mechanisms 
involving the loss of a ligand from a six-coordinate ruthen- 
ium(I1) species (1 5,  19). Specifically there is a close simi- 
larity between the activation data reported here and those 
detailed for the isomerisation of the Ru(CO),Cl,(PR,), spe- 
cies (15). 

A mixed-ligand experiment shows that the rate of iso- 
merisation of trans-Ru(3-ClPy),(DTBDiox), in the pres- 
ence of bulk 4-methylpyridine is different from that with bulk 
3-chloropyridine (and vice versa). Although additional ki- 
netic data cannot readily be extracted because the electronic 
spectra of the various R-Py species do not differ suffi- 
ciently, the result supports the proposed mechanism. 
Electronic spectra 

The electronic spectra of the new cis species reveal some 
subtle but important differences from the previously re- 
ported (7) spectra of the trans species. The NIR band in the 
cis-S species shifts slightly to lower energy with more elec- 
tron-donating pyridine ligands (Table l), consistent with the 
MLCT Ru(d) * semiquinone (T*) transition previously as- 
signed in the spectra of the analogous bipyridine species (6). 
The lower energy of this band in the pyridine series relative 
to the bipyridine series arises from the greater stabilisation 
of the d orbitals by the bipyridine ligand. There is no shift 
with pyridine substituent in the spectra of the trans-S spe- 
cies (7) for the corresponding band which has little CT 
character . 

The behaviour of the second band, near 600 nm, is more 
ambiguous, but does shift to the red with the more electron- 
accepting 3-chloro substituent. This is an n + T* transition 
that evidently has some LMCT character. 

The third band, near 400 nm, is evidently R u ( d ~ )  + 
R-PY(T*), since it shifts to lower energy in the sequence 
4-methyl > 3-chloro > 4-phenyl, this last having an espe- 
cially low energy T* orbital extending over the phenyl group. 

To confirm certain subtle conclusions concerning the dif- 
ferences in electronic structure between the cis and trans 
series, some of these species were oxidised with silver ion 
to the 0 1  species, to obtain their electronic spectra. These 
0 1  complexes, which were not isolated, have spectra more 
closely related to the spectra of the cis-01 bipyridine ana- 
logues (6) than to their trans-01 relatives. Thus the main 
band has MLCT R u ( d ~ )  + semiquinone(.rr*) character and 
shifts to lower energy with the more electron-donating pyr- 
idines. The corresponding band in the trans species (transi- 
tion 0 1 ,  II) (7) has LMCT character and shifts in the opposite 
sense with pyridine substituent. The shifts in the second band, 
near 520 nm, are too small to comment upon. 
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These data support previous assignments (6, 7) and in- 
deed add useful corroboratory evidence. The contrasting 
dependencies upon dioxolene and pyridine substituents arise 
from changes in the degree of mixing of metal and ligand 
orbitals owing to the symmetry restrictions imposed by the 
two geometries (7). The cis isomers are concluded to par- 
allel the bipyridine species in having somewhat more RU" 
character than their trans analogues (7). 

Conclusion 
The trans-Ru(R-Py),(DTBDiox), (C2h) species are kinet- 

ically favoured products during synthesis and are isomer- 
ised to their corresponding cis isomers by warming with an 
excess of a pyridine. A dissociative mechanism for this trans 
-+ cis isomerisation is proposed. 

The electrochemical and optical data for the trans and cis 
'isomers of Ru(R-Py),(DTBDiox), are compared. The elec- 
tronic spectra support previous assignments given for the 
corresponding cis-bpy complexes (6). Detailed analysis fur- 
ther corroborates earlier arguments (5-7, 21) concerning the 
degree of mixing between metal and ligand orbitals and the 
formal oxidation states of the species. 
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The molecular and electronic structure of 1-pyrazolylphosphazenes 
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KEITH D. GALLICANO, NORMAN L. PADDOCK, STEVEN J. R E ~ G ,  and JAMES TROTIFR. Can. J. Chem. 70, 1855 (1992). 
The nature of the interactions between pyrazolyl and phosphazene rings has been investigated through the study of 

the structures of bis(1 -pyrazolyl)methane, CH2(H2pz),, 1, bis[l-(3,5-dimethylpyrazolyl)]methane, CH,(Me,pz),, 2, the 
pyrazolylphosphazenes N,p,(Me,p~)~, 3, N4P4(H2pz),, 4, and N,P,(Me2pz),, 5, and the partially substituted gem- 
N,P,ph,(Me,p~)~, 6. Crystal data are as follows: 1, orthorhombic, P2'2'2,, a = 7.997(2), b = 9.287(2), c = 
;0.049(2) A, Z = 4, R = 0.034 for 647 reflections; 2, monoclinic, C2/c, a = 19.1 15(4), b = 4.2690(8), c = 14.543(3) 
A, p = 98.9 1(2)", Z = 4, R = 0.064 for 528 reflections; 3, monoclinic, C2/c, a = 16.778(2), b = 12.1083(9), c = 
19.269(4) A, P = 113.885(6)", Z = 4, R = 0.039 for 2716 reflections; 4, monoclinic P2,/n, a =- 10.4223(9), b = 
8.1879(7), c = 19.403(2) A, P = 94.381(7)", Z = 2, R = 0.059 for 2937 reflections; 5, triclinic, P1, a = 11.5 16(2), 
b = 13.121(3), c = 18.142(3) A, c-r = 77.96(1), P = 79.20(1), y = 66.5$(2)", Z = 2, R = 0.036 for 5300 reflections; 
6,  monoclinic, P2,/c, a = 10.3598(4), b = 17.8827(4), c = 19.085 l(6) A, P = 94.675(2)", Z = 4,  R = 0.053 for 4867 
reflections. Interpretation of the structures through iterative extended Hiickel calculations shows that conjugative inter- 
actions lead to a quinonoid deformation of the pyrazole ring, similar to that in bis(1-pyrazoly1)carbonyl. a-Electron transfer 
to the phosphazene ring, facilitated by the use of acceptor d orbitals on phosphorus, is accompanied by a synergic a transfer 
to the pyrazole ring. The pyrazolyl group acts both as a strongly electronegative group and as a good potential donor. 
The calculations account satisfactorily for the bond lengths in the pyrazolyl group, the large bond angles at nitrogen in 
4 and 5, the bond length inequalities in the phosphazene ring of 6,  and the reactivity of the pyrazolylphosphazenes. 

KEITH D. GALLICANO, NORMAN L. PADDOCK, STEVEN J. RETTIG et JAMES TROTTER. Can J. Chem. 70, 1855 (1992). 
On a dCterminC la nature des interactions entre les noyaux pyrazolyle et phosphazkne grgce B une Ctude des structures 

du bis(1 -pyrazoly l)mCthane, CH2(H2pz),, 1, du bis[l-(3,s-dimCthylpyrazolyl)]mCthane, CH2(Me,pz),, 2, des pyrazo- 
lylphosphazknes N,P,(Me,pz),, 3, N4P4(H2pz),, 4, et N4P4(Me2pz),. 5, et du gem-N,P,Ph,(Me,pz),, 6,  partiellement 
substituC. Les donnCes cristallographiques sont les suivantes: 1, orthorhombique, P212121, a = 7,997(2), b = 9,287(2) 
et c = 10,049(2) A, Z = 4, R = 0,034 pour 647 rkflexions; 2, monoclinique, C2/c, a = 19,115(4), b = 4,2690(8) et 
c = 14,543(3) A, P = 98,91(;)", Z = 4, R = 0,064 pour 528 rkflexions; 3, monoclinique, C2/c, a = 16,778(2), b = 
12,1083(9) et c = 19,269(4) A, P = 113,885(6)", Z = 4, R = 0,039 pour 2716 rkflexions; 4, monoclinique, P2,/n, 
a = 10,4_223(9), b = 8,1879(7) et c = 19,403(2) A, P = 94,381(7)", Z = 2, R = 0,059 pour 2937 rkflexions; 5, tricli- 
nique, P1, a = 11,516(2), b = 13,121(3) et c = 18,142(3) A, c-r = 77,96(1), p = 79,20(1) et y = 66,54(2)', Z = 2, 
R = 0,036 pour 5300 rCflexions; 6, monoclinique, P2'/c, a = 10,3598(4), b = 17,8827(4) et c = 19,0851(6) A,  P = 
94,675(2)", Z = 4, R = 0,053 pour 4867 rkflexions. L'interprCtation des structures B I'aide de calculs de Hiickel Ctendus 
montrent que les interactions de conjugaison conduisent B une deformation quinonoi'dale du noyau pyrazole, semblable 
B celle observCe dans le bis(1-pyrazoly1)carbonyle. Le transfert d'Clectrons a vers le noyau phosphazkne, facilitk par 
l'utilisation d'un accepteur d'orbitales d sur le phosphore, s'accompagne d'un transfert a synergique vers le noyau pyr- 
azole. Le groupe pyrazolyle agit B la fois comme une groupe fortement ClectronCgatif et comme un bon donneur poten- 
tiel. Les calculs rendent bien compte des longueurs des liaisons dans le groupe pyrazolyle, des angles de liaison Clargis 
au niveau de l'azote des composCs 4 et 5, des inCgalitCs dans les longueurs des liaisons dans le cycle phosphazkne du 
produit 6 ainsi que de la rCactivitC des pyrazolylphosphazknes. 

[Traduit par la redaction] 

Introduction 

Although the detailed electronic structure of phospha- 
zenes is complex, the interaction of a phosphazene ring with 
its substituents is usually interpreted simply in terms of in- 
duction and conjugation, concepts primarily appropriate to 
organic molecules. Although such a classification seems 
valid, the details are different for phosphazenes, because the 
number of d orbitals available at phosphorus exceeds that 
formally required for IT bonding, and their potential inter- 
actions are diverse. The balance of o and IT effects is differ- 
ent from that in carbon-based molecules and is an important 
topic of this paper. Apart from their specific applications, the 
results obtained may also help in the elucidation of the di- 
rectional effects found in the substitution reactions of phos- 
phazenes (1). 

At the lowest level, Hiickel methods applied to  IT inter- 

'Revision received February 20, 1992. 

actions within the ring have proved valuable in the interpre- 
tation of the structures and behaviour of phosphazenes 
(2-4). Notably, the possibility of both homomorphic and 
heteromorphic interactions in both the in-plane (IT) and 
out-of-plane IT systems (IT') has been recognized. The 
homomorphic IT' system is presumably responsible for the 
oscillatory behaviour of the ionization energy of (NPF,), as 
a function of ring size (3, and the heteromorphic IT system 
for the thermochemical stability of the high polymer rela- 
tive to the halides of smaller ring size (6). 

Calculations at this level suggest that ring perturbation 
involves significant charge transfer, showing the need for a 
theoretical method with some degree of self-consistency, 
so allowing for u-IT interaction. EHMO calculations on 
(NPCl,), showed the d.Tz,dy, contributions to be unequal (7), 
and the possible importance in (NPF,), of such orbital com- 
binations as PX2(o*), as acceptors alternative to atomic d 
functions (8). CND0/2 calculations (9) show that the order 
of the IT,IT' systems depends on the substituent, the HOMO 
being IT' in (NPF2), and IT in (NPCI,),. By the X,SW method, 
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the HOMO is found to be homomorphic in both (NPF,),, and 
(NPCl,),, and contributions from PIT-PIT and du bonding 
were also recognized (10). 

The first non-empirical study of cyclotriphosphazenes 
verfied the significant effect of d orbitals, beyond that of 
ordinary polarization functions, in inducing substantial IT 

contractions; bond lengths and angles were satisfactorily re- 
produced (1 1). In later calculations (12) on (NPH,),, (NPF,),, 
and (NPF,),, using a larger basis set, the d contributions were 
found to be smaller, but nevertheless involved in IT and IT' 

bonding, the dependence on substituent electronegativity 
being confirmed. 

The experimental evidence on ring-substituent interac- 
tions is more extensive than the calculations relating to 
them. ' 9 ~  nmr spectroscopy (13) shows that the withdrawal 
of electrons from phenyl by a fluorophosphazenyl group 
is similar to that by a nitro group, but UV (14) and PE 
spectroscopy (15) suggest that conjugation is weak, the in- 
teraction being largely inductive, through the u system. Ex- 
perimentally, strong IT conjugation requires donation from 
the substituent (16), inducing a planar configuration of the 
exo-N atoms in alkylamino derivatives, shortening the exo- 
P-N bond, and, in agreement with CNDO calculations of 
electron density (17), making a ring-nitrogen atom the basic 
centre (18). A band in the UV spectra of the l-methyl-2- 
(fluorophosphazenyl)pyrroles N,,P,,Fh-, - CJ-I,NMe (n = 3- 
6) is attributed to  IT-PIT charge transfer, its variation with 
ring size and the conformation of the tetrameric molecule 
being consistent with conjugation to a homomorphic system 
(19). Later work (20) on the ESR spectrum of a phenalen- 
ylphosphazene radical specifically designed to allow spiro 
conjugation only through the phosphorus d,, orbital showed 
at least half of the ring nuclei to be ESR active. IT Interac- 
tions have also been detected by UV spectroscopy (21) 
between the 1-aziridinyl and other groups attached to a 
phosphazene nucleus, but in this case the detailed mecha- 
nism is unknown. 

HMO methods, although useful, cannot help if there is 
significant u-IT mixing. At the other extreme, in an ab ini- 
tio study of the model compound 1,l-diaminocyclodiphos- 
phazene (22), the substituents were found to stabilize the ring 
inductively, without much mesomeric conjugation, though 
these latter contributions would be expected to be strength- 
ened in corresponding halogeno derivatives. 

The electronic structure of pyrazolylphosphazenes is of 
interest, because complex formation takes place through the 
pyridinic nitrogen atom rather than the phosphazene ring (23, 
24), conjugative release being limited by the competition for 
IT electrons between the pyrazolyl ring and the exo-P-N 
bond (Fig. 1). Because the pyrazolyl group is unsymmetri- 
cal, its geometry is sensitive to substitution and the changes 
induced in it by a phosphazenyl ring can be used to discrim- 
inate the interactions between the rings. 

The structure of pyrazole itself, as determined by micro- 
wave spectroscopy (25), has limited comparative value, be- 
cause the spectroscopic and X-ray diffraction results refer to 
molecules in different vibrational states (26) and, in the 
structures determined by X-ray (26) and neutron (27) dif- 
fraction, the ring geometry is affected by hydrogen bond- 
ing. We have therefore determined the structures of the 
dipyrazolylmethanes 1 and 2 (in which no conjugation is 
expected), the pyrazolylphosphazenes 3-5, and the par- 
tially substituted derivative 6 .  

FIG. 1. Inductive (a) and conjugative (b) interactions of a py- 
razolyl group with a phosphazene ring. 

Experimental 
The preparation of compounds 3-6 is described in ref. 2. De- 

tails on the preparation of 1 and 2 are reported in 'ref. 28. 

Crystallographic analyses of 1-6 
Crystallographic data for the six compounds appear in Table 1. 

Final unit-cell parameters were obtained from least-squares re- 
finement of 2 sin 8/h values for 25 reflections with 28 = 22-3 1, 
50-83, 35-44, 35-40, 35-41, and 64-84" for 1-6, respectively. 
The intensities of three standard reflections, measured each hour 
of X-ray exposure time, were essentially constant throughout the 
data collections, except for compound 2 which showed a uniform 
decay of 32%. Data for compounds 2-4 and 6 were corrected for 
absorption (numerical integration12 and data for 2 were scaled for 
linear decay. 

The structures of 1 and 2 were solved by direct methods and those 
of 3-6 by conventional heavy-atom methods. For 2, 3, and 5, there 
were choices between centrosymmetric and noncentrosymmetric 
space groups, the structure analyses being initiated in the former 
in each case on the basis of the E statistics. These choices were 
confirmed by the subsequent successful solutions and refinements 
of the structures. The pyrazole rings in 4 were all found to be dis- 
ordered, (1 : 1) twofold disordered models being refined for each 
ring. Attempts to refine an ordered model of 4 in the lower sym- 
metry space groups P2,  and Pn  were not successful. 

All non-hydrogen atoms were refined with anisotropic thermal 
parameters. Hydrogen atoms were refined with isotropic thermal 
parameters (1-3) or fixed in idealized positions (4-6, methyl oti- 
entations based on difference map peaks, c(sp3)-H = 0.98 A, 
C(sp2)-H = 0.97 A, UH (Y Ubanded atom). Isotropic extinction pa- 
rameters (29-31) were refined for l and 6, the final values of g 
being 4.4(9) x lo4 and 0.66(9) x lo4, respectively. Neutral-atom 
scattering factors and anomalous dispersion corrections (for P) were 
taken from ref. 32. No attempt was made to determine the abso- 
lute configuration of 1. Final coordinates and equivalent isotropic 
thermal parameters (U, = 1 /3 trace of diagonalized U )  for the non- 
hydrogen atoms are given in Table 2 (those for the disordered 4 are 

2 ~ h e  computer programs used include locally written programs 
for data processing and locally modified versions of the follow- 
ing: ORFLS, full-matrix least-squares, and ORFFE, function and 
errors, by W. R. Busing, K. 0 .  Martin, and H. A. Levy; FORDAP, 
Petterson and Fourier syntheses, by A. Zalkin; ORTEP 11, illus- 
trations, by C. K. Johnson; AGNOST, absorption corrections, by 
J. A. Ibers; MULTAN 80, multisolution program, by P. Main, S. 
J. Fiske, S .  E. Hull, L. Lessinger, G. Germain, J. P. Declercq, and 
M. M. Woolfson. 
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TABLE 1. Crystallographic dataa 

Compound 
Formula 
fw 
Crystal system 
Sp5ce group 
a ("y 
b ('$) 
c (A) 
a (deg) 
P (deg) 

~. 
z 
Dc (g/cm3) 
F (000) 
Radiation 
P (cm-l) 
Crystal dimensions (mm) 
Transmission factors 
Scan type 
Scan range (deg in o )  
Scan speed (deg/min) 
Data collected 
20max (deg) 
Crystal decay 
Unique reflections 
Reflections with I ?  3u(I) 
Number of variables 
R 
R,v 
S 
Mean A/u (final cycle) 
Max A/u (final cycle) 
Residual density (e/A3) 

CHZ(PZ)Z, 1 
C7H8N4 
148.17 
Orthorhombic 

9.287(2) 
10.049(2) 
90 
90 
90 
746.3(3) 
4 
1.319 
312 
Mo 
0.82 
0.15 x 0.30 x 0.45 
- 

w - 20 
0.70 + 0.35 tan 0 
0.7-6.7 
+ h ,  + k ,  + 1  
55 
Negligible 
1010 
647 
133 
0.034 
0.035 
1.486 
0.004 
0.03 
0.17 

CHZ(M~ZPZ)Z, 2 
C l 1 ~ 1 6 ~ 4  
204.27 
Monoclinic 
C2/c 
19.115(4) 
4.2690(8) 
14.543(3) 
90 
98.91(2) 
90 
1172.4(4) 
4 
1.157 
440 
Cu 
5.46 
0.08 X 0.23 X 0.53 
0.828-0.959 
w - 0 
0.75 + 0.14 tan 0 
1 .o-10.1 
+ h ,  -k ,  + 1  
150 
32% 
1206 
528 
101 
0.064 
0.073 
2.923 
0.02 
0.14 
0.42 

P3N3(Me2~~)6, 3 
C30~42~15~3 
705.68 
Monoclinic 
C2/c 
16.778(2) 
12.1083(9) 
19.269(4) 
90 
113.885(6) 
90 
3579.3(7) 
4 
1.310 
1488 
Mo 
2.05 
0.25 x 0.26 x 0.55 
0.941-0.957 
o - 20 
0.60 + 0.35 tan 0 
1 .o-10.1 
+ h ,  + k ,  ? 1  
55 
Negligible 
4088 
2716 
302 
0.039 
0.049 
1.992 
0.04 
0.22 
0.29 

P4N4(~~)89 4 
C24H24N20P4 
716.49 
Monoclinic 
p21/n 
10.4223(9) 
8.1879(7) 
19.403(2) 
90 
94.381(7) 
90 
1650.9(4) 
2 
1.441 
736 
Mo 
2.33 
0.20 X 0.26 X 0.33 
0.950-0.958 
o - 20 
0.50 + 0.35 tan 0 
1.2-10.1 
+ h ,  + k ,  ? 1  
55 
Negligible 
3780 
2937 
36 1 
0.059 
0.092 
3.350 
0.04 
0.29 
0.81 

P4N4(Me2pz)s, 5 
C40~56~20~4 
940.92 
T~jclinic 
P1 
11.516(2) 
13.121(3) 
18.142(3) 
77.96(1) 
79.20(1) 
66.54(2) 
2442.5(9) 
2 
1.279 
922 
Mo 
1.66 
0.30 X 0.35 X 0.40 
- 
o - 20 
0.50 + 0.35 tan 0 
0.4-4.0 
k h ,  ? k ,  + 1  
50 
Negligible 
8598 
5300 
577 
0.036 
0.046 
1.489 
0.06 
0.33 
0.26 

P ~ N ~ ( P z ) ~ P ~ z ,  6 
C3zH3aNl lP3 

669.66 
Monoclinic 
P21/c 
10.3598(4) 
17.8827(4) 
19.0851(6) 
90 
94.675(2) 
90 
3523.9(3) 
4 
1.262 
1408 
Cu 
17.6 
0.22 x 0.26 x 0.54 
0.506-0.723 
o - 20 
0.75 + 0.20 tan 0 
1.1-6.7 
+ h ,  + k ,  ? 1  
150 
Negligible 
7223 
4867 
416 
0.053 
0.068 
1.677 
0.03 
0.20 
0.39 

"Temperature 295 K ,  Enraf-Nonius CAD4-F diffractometer, graphite monochromatized Mo-K, radiation (A,, = 0.70930, A,,, = 0.71359 A), or CU-K, radiation (A,, = 1.540562, AKaz = 
1.544390 A), takeoff angle 2.7". aperture (2.0 + tan 0) x 4.0 mm at a distance of 173 mm from the crystal, scan range extended by 25% on both sides for background measurement, a2(I) = C + 28  + 
10.04(C - B)I2 (C = scan count, B = normalized background count), function minimized: Cw(lF,I - IFC1), where w = l/a2(F), R = XIIF,( - IF,(J/XIF,I, R,,. = (Xw(lF,I - IF,I)~/XWIF,~~)~/~, S = 
(XwlF,I - IF,l)'/(m - n))"'. Values given for R, R,,., and S are based on those reflections with I 2 3a(I). 
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TABLE 2. Final positional (fractional x lo4, P x 10') and isotro- 
pic thermal parameters (U X lo3 A*) with estimated standard de- 

viations in parentheses 

TABLE 2 (continued) 

x Y z Atom 

Atom 

1 

2 506( 4) 
1819( 4) 
5 059( 4) 
5 747( 4) 
1 841( 6) 

679( 5) 
713( 5) 

5 605( 5) 
6 710( 5) 
6 752( 5) 
3 823( 6) 

2 

3 580( 7) 
2 584( 8) 

864(10) 
797(13) 

2 526(11) 
5 441(16) 
-544(21) 
3 218(24) 

3 (all x 10') 

34 405( 6) 
54 11 1( 5) 
41 097(14) 
60 353(20) 
25 553(15) 
17 897(17) 
58 579(15) 
53 807(16) 
58 426(15) 
69 128(15) 
22 565(23) 
13 195(27) 
10 577(21) 
28 688(52) 

790(34) 
66 7 19(20) 
66 865(24) 
58 887(20) 
73 630(38) 
55 695(34) 
53 729(18) 
61 381(20) 
70 694( 18) 
42 53 l(22) 
81 362(24) 

5 

7 906( 6) 
13 097( 6) 
66321( 6) 
47 467( 6) 

1 171( 2) 
477( 2) 

5 950( 2) 
3 680( 2) 
1 222( 2) 
1 570( 2) 
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GALLICANO ET AL. 

TABLE 2 (concluded) 

Atom x Y z ue, 

in the Depository material3). Hydrogen-atom coordinates, aniso- 
tropic thermal parameters, bond lengths and angles, intra-annular 
torsion angles, and observed ind calculated structure factor am- 
plitudes for all six compounds are included as supplementary ma- 

Bond lengths for compounds 1,2,  and 5 have been corrected 
for thermal libration using the TLS model (33, 34). The structures 
1-3, 5, 6 are shown in Figs. 2-6, respectively (4 in Depository 
material3). The geometry of the phosphazene rings in 3-6 is sum- 
marized in Fig. 7 and comparison data for the tetrameric rings are 
given in Table 3. 

3 ~ h e s e  may be purchased from: The Depository of Unpublished 
Data, Document Delivery, CISTI, National Research Council 
Canada, Ottawa, Canada, KIA 0S2. 

Tables of hydrogen atom coordinates, bond lengths and angles, 
and positional parameters and view for compound 4 have also been 
deposited with the Cambridge Crystallographic Data Centre and can 
be obtained on request from the Director, Cambridge Crystallo- 
graphic Data Centre, University Chemical Laboratory, Lensfield 
Road, Cambridge, CB2 IEW, U.K. 

Results and discussion 
General characteristics of the structures 

The geometry of hexakis[l-(3,5-dirnethylpyrazolyl)]cyclo- 
triphosphazene, 3, is based on a nearly planar N3P3 frame- 
work; the torsion angles about successive ring bonds are 
-2.0, 3.9, - 1.9", the remaining angles being related by the 
crystallographic C ,  axis through P(1) and N(2). The mean 
length of the exocyclic P-N bond (1.682 A) suggests some 
exocyclic conjugation. The mean ring bond length (1.577 A) 
is closer to the 1.58 1 A in N3P3C16 (35) than to the 1.605 A 
in N3P3Me6 (36) or 1.597 A in N3P3Ph6 (37), and the simi- 
larity of the structural effects of chlorine and the dimethyl- 
pyrazolyl group is confirmed by a comparison of the 
inequalities in the ring bonds of 6 ,  compared with those in 
N3P3Ph2C14 (38) and N3P3Ph2F4 (39). If methylation reduces 
electron withdrawal by the pyrazole group, the unsubsti- 
tuted pyrazolyl group should be even more electronegative, 
in agreement with the structures of the two tetramers 4 and 
5, which are compared with other tetramers in Table 3. The 
mean angle at nitrogen in the phosphazene ring is larger in 
4 (146.2") than in 5 (136.S0), and the PN framework is 
therefore flatter in 4 (mean deviation of the pho!phorus atoms 
from the plane of the nitrogen atoms = 0.08 A) than in the 
two crystal lo graphical^ independent molecules of 5 (mean 
deviations 0.28, 0.38 A). The ring geometry of 4 resembles 
that of N4P4F, (45) more than that of the other tetramers 
(Table 3) and the possibility that the unsubstituted pyrazolyl 
group is almost as effectively electronegative as fluorine (to 
the phosphazene ring) is reinforced by the spectroscopic re- 
sults (24). Steric interactions may also contribute to the ap- 
parent effects of methylation. Calculations of non-bonded 
interactions show that in the most stable conformations of an 
isolated M(pz), group (M = C, P; pz = H2pz, Me2pz), the 
two pyrazolyl groups are related by a twofold axis, but the 
conformational energy is, over large ranges, insensitive to 
the torsion angle about the M-N bonds; measured angles 
are given in Table 4. The twofold axis is exact in 2 and at 
P(l) in 3, and close in 1. The approximate correspondence 
otherwise holds except at P(2) in 4 where, because of the 
disorder, the pyrazolyl groups are related by either an ap- 
proximate local plane of symmetry or by an approximate 
twofold axis. In 3 and 6 ,  the three sets of torsion angles all 
have the same sign, so that, numerical inequalities apart, 3 
approaches threefold symmetry. In 5, the angles at the 
phosphazene nitrogen atoms are larger than those in the tri- 
meric phosphazenes, 3 and 6 ,  tending to decrease Me . - Me 
distances, unacceptably so if the torsion angle is increased. 
In fact, in 5 (both molecules) the pairs of pyrazolyl groups 
on alternate phosphorus atoms are enantiomerically related, 
so preserving locally favourable conformations while re- 
lieving steric repulsion between the groups on neighboring 
phosphorus atoms. Methyl-methyl interactions are still 
significant in controlling the conformation. In 5 (molecule 
1) the shortest Me.  . . Me distances are C(25) - . . C(27) 
(4.09 A, same center) and C(25) . - . C(30) (4.27 A, differ- 
ent); in molecule 2 th$y are C(38) . . . C(35') (4.00 A) and 
C(37) . . - C(36') (4.05 A) (both different), and C(33) . . - C(35) 
(4.25 A, same). The results as a whole suggest no bamer to 
rotation about the exocyclic P-N bond other than that aris- 
ing from non-bonded interactions. 
Geometry of the pyrazolyl group 

The nature of the electronic interactions between the rings 
is reflected in the detailed structures of the pyrazolyl groups. 
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FIG. 2. Stereoview of bis(1-pyrazolyl)methane, 1; 50% probability thermal ellipsoids are shown for the non-hydrogen atoms. 

FIG. 3. Stereoview of bis[l-(3,s-dimethylpyrazolyl)]methane, 2 ;  50% probability thermal ellipsoids are shown for the non-hydrogen 
atoms. Shaded non-hydrogen atoms comprise the asymmetric unit. 

For each of molecules 1, 2, 3, 5, 6, the pyrazolyl groups are 
insignificantly different; average structures are shown in Fig. 
8. The structure of 4 is not included because the pyrazolyl 
rings are disordered. 

Since the pyrazole ring is planar, the u and IT systems are 
geometrically separable, their mutual influence being indi- 
rect, through charge density effects; the IT electrons have no 
direct effect on ring angles. The bond lengths can be ex- 
pected to be controlled jointly by the electron density in both 
a and IT bonds. The measured length L is analyzed here in 
terms of a length L,  characteristic of the a bond, the differ- 
ence L, = L,  - L being attributed solely to IT bonding, and 

referred to below as a IT contraction. L ,  is assumed to de- 
pend on the u hybridization state only and, over a limited 
range, the atomic contribution to the u-bond length is lin- 
early related to the p-electron density in the relevant hybrid 
orbital (46), calculated from the geometry. This technique, 
which has been applied to phosphazenes ( 2 ) ,  is appropriate 
to a discussion of the ring bonds; its limitations have been 
discussed by Salem (47). The molecules contain too many 
heavy atoms for the IT contributions to be determined by non- 
empirical methods, but since substantial charge migration is 
involved, simple EHMO calculations are inadequate. 

The geometrical changes induced by IT bonding, how- 
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GALLICANO ET AL 

FIG. 4. TWO stereoviews of hexakis[l-(3,5-dimethylpyrazolyl)]cyclotnphosphazene, 3; 50% probability thermal ellipsoids are shown 
for the non-hydrogen atoms. 

FIG. 5. Stereoview of one of the two crystallographically independent molecules of octakis[l-(3,s-dimethylpyrazolyl)]cyclo- 
tetraphosphazene, 5; 25% probability thermal ellipsoids are shown for the non-hydrogen atoms. Labeled non-hydrogen atoms comprise 
the asymmetric unit. 

ever, have been satisfactorily assessed by iterative EHMO through the dependence of the Coulomb parameters H,, on 
calculations4 that allow some degree of CT-IT interaction atomic charge, followed by a Mulliken population analysis. 

Madelung corrections were applied where appropriate. The 
4~~~~ Program 344, J. Howell, A. Rossi, D. Wallace, and R. coordinates used were based on the structures of 1 and 

Hoffmann and QCMPO11, the same program adapted for per- 2, modelled in the calculations by 1-methylpyrazole and 
sonal computers by J. E.  Bartmess and D. Thomas. 1,3,5-trimethylpyrazole, respectively. A least-squares anal- 
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FIG. 6. Stereoview of gem-diphenyltetrakis[l-(3,5-dimethylpyrazt 
shown for the non-hydrogen atoms. 

5 
Molecule 1 Molecule 2 

FIG. 7. Summarized phosphazene ring geometry of 3-6 

ysis (R = 0.997) showed the .rr populations to be related to 
the .rr contra~tions (Lz) by L, = 0.957 X (.rr popn.), with er- 
rors 0.005 A (mean) and 0.010 A (max., bond 5-1 in I),  
compa5able to the experimental mean standard deviation of 
0.005 A. The individual bond lengths (measd. and calcd.) 
are given in Table 5. A more stringent test of the theoretical 
method is provided by the small differences in bond lengths 
between 1 and 2 that result from 3,5-dimethylation. Except 
for bond 5-1, for which the discrepancy between calculated 
and observed bond lengths is greatest, the predicted differ- 

>lyl)]cyclotriphosphazene, 6; 50% probability thermal ellipsoids are 

ences (Table 5) are of the right sign, though on average 
0.008 A too small. This underestimation of bond length 
changes may well be a limitation of the theoretical method, 
which nevertheless seems good enough to reproduce the main 
effects of substituent interactions. 
Substituent effects on the pyrazolyl group 

We are concerned with the effect of substituents on the 
pyrazole ring, chiefly at N(l) (where they may have both 
inductive and conjugative interactions), and at N(2), in re- 
lation to complex f ~ r m a t i o n . ~  The effect of an electroposi- 
tive interaction at N(l) is illustrated by comparative cal- 
culations on pyrazole and l-methylpyrazole. Relative to 
hydrogen, the methyl group releases 0.068 electrons to the 
ring, raising a, at N(1), N(2) by 0.38, 0.29 eV. Other as- 
pects of methyl substitution are shown by the comparative 
calculated energy levels of pyrazole, 1-methylpyrazole, and 
1,3,5-trimethylpyrazole (Fig. 9). All occupied levels are 
raised without change of order. The HOMO is the N(2) lone- 
pair orbital; the negative charge on this atom is increased from 
0.332 to 0.343 to 0.365 electrons. The effect arises princi- 
pally from the transfer of 0.174 electrons from the N-methyl 
group to the ring; the 3- and 5-methyl groups are them- 
selves weak acceptors. The general effect of an electroposi- 
tive perturbation at N(l) is to strengthen bonds 1-2, 3-4, and 
5-1 at the expense of 2-3 and 4-5. A purely inductive in- 
teraction at N(2) is simulated by protonation of 1,3,5-tri- 
methylpyrazole and is considered briefly at the end of the 
paper. 

Conjugative interactions are to be expected between py- 
razolyl and phosphazenyl rings, though they should be 
smaller than in pyrrolylphosphazenes (19). They are dis- 
cussed first in relation to the simpler molecule bis(1 -pyraz- 
01yl)carbonyl 7 (48). Calculations of electron density are 
summarized in Table 6 for 1-methypyrazole and l-formyl- 
pyrazole, both with and without6 exocyclic N-C conjuga- 
tion. The pyrazole ring is a net acceptor in all cases, the slight 
decrease (0.013) from (a) to (b) arising from the greater 
electronegativity of CHO relative to CH,. Conjugation, in 
(c), greatly reduces the ring charge, as a result of a large .rr 
donation (0.175) to the formyl group, partly offset and fa- 
cilitated by a a transfer of 0.060 from the formyl group. 

'K. D. Gallicano, N. L. Paddock, S. J .  Rettig, and J.  Trotter. 
Manuscript in preparation. 

6~xocyclic (N)pa-(C)pa overlap integral set to zero. 
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TABLE 3. Summarized geometry of homogeneously substituted tetraphosphazenes, N,P,X, 

X XPX (deg) NPN (deg) PNP (deg) PN (A) Conformation Ref. 
- 
4 40 
4 - 4 1 
4 42 
4 - 43 
1 - 44 
1 - 45 
1 - This work 
1 This work 

T w o  polymorphic forms. 
bForm stable at room temperature; planar skeleton. 

TABLE 4. Torsion angles (deg) about bonds to 
pyrazolyl groupa 

Compound Torsion angles 

1 -9, -5 
2 -177, -177 
3, p(l)  -28, -28 
3, p(2) -23, -48 
4, p(1) 174, 180 
4, p(2) 4, 177 
5, molecule 1, P(l) 136, 143 
5, molecule 1, P(2) -22, -34 
5, molecule 2, P(3) 30,43 
5, molecule 2, P(4) -140, -155 
6, P(2) -22, -1 
6, P(3) -2, -26 

"Pairs of angles 0,  + are related enantiomencally 
to those with a - 0 ,  a-+ The angles shown are tor- C 
sion angles about the C-N(pz) or P-N(pz) bond, 
zero for the open-book conformat~on, In wh~ch the 
normal to the pyrazolyl ring is coplanar w ~ t h  the 
N(pz)-P(C)-N(pz) plane. 

Structurally, the effect of conjugation is seen in the planar- 
ity of the molecule as a whole and in the calculated and 
measured differences in bond length between 7 and 1 (Table 
7). The inductive and conjugative effects are of the same sign 
and qualitatively indistinguishable; both reproduce the pat- P P 
tern of bond lengths correctly. However, in the absence of 
conjugation, the~haracteristic shortening of bonds 2-3 and 
4-5, ca. 0.005 A, would be undetectable. The conjugative 
effects are not much greater, but correspond fairly well to the 
measured differences, though again the experimental values 
are signifitantly greater than those calculated. The mean error 
is 0.006 A. As expected, the inclusion of conjugation de- H C 
creases the total bond population in the ring (by 0.025) and 
in the carbonyl group (by 0.043), but the molecule as a whole 
is stabilized by the additional .rr population in the exocyclic 
N-C bond (0.116). The enhanced .rr donation from the ring 
makes the ring atoms more electronegative, but the compe- 
tition for .rr electrons between the ring and the carbonyl group 
restricts conjugation: so that the exocyclic N-C (1.393 A) 
and C-0 (1.195 A) bonds are, respectively, somewhat 
longer and shocer than those characteristic of simple arnides P 
(1.333, 1.235 A) (49). The calculations agree with the ear- 
lier crystallographic investigation (48) that delocalization is 
not extensive, but add the point that the partial quinonoid 
localization is largely a result of conjugation with the car- FIG. 8. Summarized pyrazolyl geometry of l ( a ) ,  2(b), 3(c), 5(d), 
bony1 group. and 6(e). 
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TABLE 5. Measured and calculated bond lengths (A) in CH2(H2pz),, 1, and 
CH2(Me2~~)2, 2' 

Bond 1-2 2-3 3-4 4-5 5-1 

Molecule 1 
Length (calcd.) 1.361 1.327 1.393 1.362 1.367 
Length (measd.) 1.359 1.333 1.390 1.360 1.357 

Molecule 2 
Length (calcd.) 1.373 1.343 1.388 1.373 1.359 
Length (measd.) 1.382 1.349 1.382 1.374 1.361 

Difference 2 - 1 
Calculated 0.012 0.016 -0.005 0.011 -0.008 
Measured 0.023 0.016 -0.008 0.014 0.004 

"The calculation of u lengths from atom 2 depends on the lone pair direction, assumed to 
be along the external bisector of the C-N-N angle. 

TABLE 6. Calculated deviations (electrons) from formal charges on ring atoms in 1-methylpyrazole, 1-formylpyrazole, and l-phosphi- 
nylpy razole, H,pzP(H,)O0 

1-Phosphinylpyrazole, I-Phosphinylpyrazole, 1-Phosphinylpyrazole, 
1-Formylpyrazole, no 1-Formylpyrazole, with s ,p;  no exo s ,p;  with exo s,p,d; with exo 

1-Methylpyrazole (a) exo conjugation (b)  exo conjugation ( c )  conjugation ( d )  conjugation ( e )  conjugationb Cf) 

u n Total u n Total u n Total u n Total u n Total u n Total 

0.216 -0.007 0.209 0.201 -0.005 0.196 0.261 -0.180 0.081 0.094 0.188 0.282 0.106 0.157 0.263 0.290 -0.189 0.101 

"a,= -3eV. 
bFor ad = - 1 eV, u, n, total are 0.276, -0.128, 0.147 respectively. The total withdrawal is increased, mainly by decreased donations to the a levels. 

Pyrazolyl-monophophazene interactions 
The dimethylpyrazolyl group attached to a phosphazene 

ring shows the same structural evidence of bond localiza- 
tion, but the quinonoid shortening of bonds 2-3 and 4-5 is 

TABLE 7. Bond lengths in bis(1-pyrazoly1)carbonyl (48) relative 
to 1 

Bond 1-2 2-3 3-4 4-5 5-1 

~easured (A) 0.021 -0.016 0.018 -0.015 0.026 
Calculateda 0.005 -0.005 0.004 -0.005 0.010 
calculatedb 0.01 1 -0.008 0.014 -0.01 1 0.020 

FIG. 9. The calculated highest occupied orbitals (eV) in (a) 
pyrazole, (6) 1-methylpyrazole, (c) 1,3,5-trimethylpyrazole. The 
LUMO ( 7 ~ )  is higher by 3.58, 3.49, 3.45 eV respectively. 

"Inductive only. 
bInductive plus conjugative effect. 

more marked. The pyrazolyl groups in 3 and 5 do not differ 
significantly, either within or between the separate mole- 
cules. Both show significant shortening of the 2-3 and 4-5 
bonds relative to 2 (Fig. 10). The pattern of inequalities is 
the same as in 7, and, although there are differences in d ~ -  
tail, the mean absolute difference between 7 and 1 0.q19 A) 
is almost the same as t$at between 3 and 2 (0.020 A) and 
between 5 and 2 (0.018 A). The interactions between the two 
rings in 3, 4, and 5 evidently have a significant conjugative 
component, comparable in magnitude to that in 7. These in- 
teractions were modelled initially by calculations on 1- 
phosphinylpyrazole. 

The -H,PO group differs from the -CHO group in that, 
in an sp basis, a and .rr bonding are competitive. In valence- 
bond terms, all three p orbitals are formally required for a 
bonding; none are available exclusively for .rr bonding. De- 
viations from formal charges are given in Table 6 (d, e). The 
ring is now a stronger acceptor, and in the absence of exo- 
cyclic N-P conjugatior,, the phosphinyl group transfers both 
a and T electrons. When conjugation is permitted, the elec- 
tron release to the ring is reduced, but not drastically. The 
biggest change from 1 -formy1 to 1 -phosphinylpyrazole (sp 
basis, both conjugated) is in the reversal of sign of the large 
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TABLE 8. Effect of exocyclic conjugation on a- 
bond population in H2pzP(H2)Oa 

H2pz ring N-P P-0 Total 

(a) 0.958 0.0 0.106 1.064 
(b)  0.951 0.043 0.098 1.093 
(c) 1.020 0.132 0.318 1.470 

"(a) No P-N conjugation. (b) pa-pa  N-P conju- 
gation only. ( c )  pa-pa  + pa-da  conjugation: a, = 
-1 eV. 

FIG. 10. Differences between average bond lengths (A) in 3 and 
2 (upper figures) and 5 and 2 (lower figures). 

We consider the three classes, phosphine oxides, pyra- 
zolyl-monophosphazenes, and the pyrazolylcyclophospha- 
zenes 3-6. The effect of d orbitals on the charge distribution 
in 1-phosphinylpyrazole H,pzP(H2)0 is shown in Table 6f; 
compared with the sp basis, the phosphoryl group becomes 
a strong a acceptor rather than a strong a donor, the trans- 
fer being coupled with a return of electrons to the u system 
of the pyrazole ring. The final distribution is similar to that 
in 1 -formylpyrazole (Table 6). The synergic process by which 
it is attained is the key to the structural and chemical char- 
acteristics of the pyrazolylphosphazenes. 

Although no structure of a pyrazolylphosphine oxide 
has been determined, there is extensive spectroscopic, 
thermochemical, and structural evidence for conjugative in- 
teractions in phosphine oxides R,PO in which R is an elec- 
tron-releasing group (50). Table 8 shows that the N-P a 

component of a charge, from -0.180 to 0.157 electrons 
(Table 6); the pyrazole ring is now a strong a acceptor. There 
is little competition from the phosphinyl bond, in which the 
a population is 0.098, compared with 0.315 for the car- 
bony1 bond. The expected differences from 1 have the wrong 
pattern and the wrong sign, and are too small numerically. 
The sp basis does not allow the strengthening of the 2-3 and 
4-5 bonds found for the dimethylpyrazolylphosphazenes 
(Fig. 10). 

Comparability of phosphinyl and carbonyl compounds is 
achieved by the introduction of acceptor orbitals at phos- 
phorus, which in the present semiempirical method are va- 
lence-shell d orbitals. Several comments are required. First, 
the geometry at phosphorus is non-planar, so that the sim- 
ple @/a division loses some of its value; a particular d or- 
bital may contibute to bonding of both classes. Second, 
although a-bond populations can still be defined and as- 
sumed proportional to a contraction, the proportionality 
constant is unlikely to be the same as for pa-pa bonding. 
Third, there is no agreement on the best d-orbital parame- 
ters. The exponent was taken to be 1.400, the Coulomb pa- 
rameters being determined jointly by the assumed VSIE 
parameters and the electronegativities of the neighboring 
atoms. The final value, after iteration, was typically 2.5 eV 
more negative than the initial value (a,), usually taken to be 
in the range 0 to -5 eV, the converged value then being 
about 8-10 eV above the 3p orbitals. Although a, was fre- 
quently taken to be -3 eV, the bond populations (as dis- 
tinct from charge densities) were found to be insensitive to 
the choice and, in spite of the limitations referred to above, 
useful conclusions are possible. 

population characteristic of a conjugated system is small in 
an sp basis. The introduction of d orbitals strengthens this 
interaction significantly, and the a populations of the phos- 
phoryl bond even more. The calculated a populations in the 
pyrazole ring show the expected strengthening of the 2-3 and 
4-5 bonds, similar to that in 1-formylpyrazole. 

More detail on the electronic effects of the pyrazolyl groups 
is provided by calculations on the monophosphazenes 
RP(H2)NH (R = Ph, C1, Me2pz) (Table 9) and the methyl 
derivatives 1-methylpyrazole and 1,3,5-trimethylpyrazole. 
To a methyl group, the pyrazolyl and dimethylpyrazolyl 
groups are poorer acceptors than a chlorine atom, their net 
charges being -0.174, -0.177, and -0.198 (C1 in MeC1). 
In the monophosphazenes, the negative charge on R in- 
creases in the order R = Ph < C1 < Me,Pz, but although it 
decreases in the last case as the d orbitals are made more 
electronegative, the pyrazolyl group is still a better acceptor 
than chlorine. The phenyl group is calculated to be a weak 

TABLE 9. Calculated charges and -r populations in RP(H2)=NH 

Charge on R 
Charge on P 
Charge on N(H) 
d population 
-r populations P-R 
P 
d 

a populations P-N(H) 
P 
d 
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TABLE 10. Calculated pyrazolyl bond lengths in Cl5N3P3(H2pz)," 
FSN3P3(H2pz)," and M ~ ~ ~ Z P ( H ~ ) N H ~  

Bond 1-2 2-3 3-4 4-5 5-1 

CISN3P3(H2pz) 1.371 1.332 1.398 1.360 1.370 
F5N3P3(H2pz) 1.378 1.330 1.401 1.355 1.378 
Me2pzP(H2)NH 1.383 1.335 1.397 1.364 1.372 
Measured (5) 1.389 1.319 1.393 1.357 1.380 

"a, = - 1.0 eV. 
= -3.0 eV. 

acceptor, and only weakly conjugated to the phosphazene 
group (in agreement with experiments (14, 15)). As a, is 
made more electronegative, the d population and the IT 

components increase greatly, while the positive charge on 
'phosphorus decreases. Conjugation again strengthens, as 
expected, the 2-3 and 4-5 bonds of the pyrazolyl group at 
the expense of the others, to an extent which is embodied in 
the bond-length calculations (Table 10). 
Cyclic phosphazenes 

The phosphazene ring bonds, also, are affected by in- 
teraction with the pyrazolyl group. Although the cyclic 
phosphazenes 3-6 and even the mono(dimethylpyrazolyl)- 
cyclotriphosphazene are all too large for direct calculation, 
their structural and chemical properties can be elucidated by 
comparison of the effects of chlorine, fluorine, and the py- 
razolyl group on the phosphazene ring. Comparative calcu- 
lations on N3P3H6 and N3P,H5Cl show the expected features; 
electron withdrawal by chlorine (greater than in the mono- 
phosphazene) and alternating IT-bond populations, the larg- 
est being in the bonds to the P(H)Cl group (Table 11). The 
pyrazolyl group is a better acceptor than chlorine and, for the 
same a,, the population alternation is more marked. In 
N3P3Cl,(H2pz), the net negative charge on the pyrazolyl group 
is reduced, but because C1 is more electronegative than H, 
the scale of the alternation is decreased, though it still has 
the same sense. In N3P3F5(H2pz), the negative charge on 
pyrazole is reduced further, but it is still greater than that on 
C1 in N3P3H,Cl. The most important point is that the sense 
of the alternation in bond populations is reversed, the IT bonds 

to P(F) (H2pz) being the weakest. We can conclude that the 
structural effect of a pyrazolyl group is approximately the 
mean of those of the chlorine and fluorine atoms, i.e., it be- 
haves as a strongly electronegative group. In view of these 
results, and the calculated minor effect of dimethylation on 
the acceptor properties of the pyrazole group, it is surpris- 
ing that the difference between the Ph2P-N and N-P 
(Me2pz), bonds in 6 (0.042 A) is smaller than the corre- 
sponding difference in Ph2P3N3Cl, (0.060 A) (38). It may be 
that the calculational method is inadequate, as it is in pre- 
dicting the difference between 1 and 2 (Table 5). The cal- 
culations nevertheless reproduce satisfactorily the bond 
lengths in the pyrazole rings of 5 (Table 10). 

The remaining structural feature for comment is the length 
of the inter-ring P-N bond, which should reflect the degree 
of conjugative interaction between the rings. The (weighted) 
mean exo-P-N b ~ n d  length in 3 , 4 ,  and 5 is 1.684 A (mean 
derivation 0.009 A), but the assessment of the IT contraction 
is not straightforward, because the a-bond length cannot be 
calculated accurately. We prefer to use a direct comparison, 
specifically with the structure of (octakisdimethylaminocy- 
clotetraphosphazene)tetracarbonyltungsten (5 l ) ,  in which 
coordination of one dimethylamido group to tungsten pre- 
vents donation of its lone pair to the phosp?azene ring. The 
exo-P-N bond length is increased to 1.77 A. If we take this 
to be the approp+ate a-bond length, the 7;r contraction in 3 ,  
4, and 5 is 0.09 A, compared with 0.1 1 A for the compari- 
son molecule. It is likely that this is an overestimate and we 
prefer to take 0.06 A as a probable IT contraction, though the 
quinonoid deformation of the pyrazolyl ring is better evi- 
dence of conjugation. The important point, however, is that 
although the demands of the aromatic sextet reduce the exo- 
P-N IT bonding to about half what it might otherwise be, 
there is still an effective conjugative interaction between the 
rings. 

We discuss two chemical points, reactivity and donor 
properties. An electronegative substituent on phosphorus 
increases the mean positive charge on phosphorus and, es- 
pecially, the charge on the substituted atom. Accelerated 
nucleophilic attack is thereby promoted and in fact no par- 
tially substituted derivatives have yet been reported from the 

TABLE 11. Calculated quantities for monosubstituted cyclotriphosphazenes 

Substituents on P3N3" H5,Cl [31 H,,H2pz 131 CI5,H2pz [I] Cls,H2pz [31 Fs,H,pz 111 

Pyrazolyl ring 
Charge on H2pz -0.187(Cl) -0.335 -0.313 -0.265 -0.231 
Charge on N(2)(pz) -0.335 -0.335 -0.331 -0.323 
Exo =-bond popn.b 0.079 0.125 0.090 0.130 0.136 

PN ring: bond P(l)N(l) 
Charge on P(1)' 1.012 1.039 1.373 1.133 1.606 
=-bond popn. 0.230 0.236 0.199 0.238 0.208 

PN ring: bond N(l)P(2) 
Charge on N(l) -0.745 -0.722 -0.872 -0.731 -0.812 
T-bond popn. 0.214 0.212 0.190 0.229 0.232 

PN ring: bond P(2)N(2) 
Charge on P(2) 0.941 0.941 1.282 1.046 1.838 
=-bond popn. 0.219 0.221 0.192 0.232 0.223 
Charge on N(2) -0.742 -0.738 -0.875 -0.736 -0.812 

Mean ring .rr popn.' 0.221 0.223 0.194 0.233 0.221 

T h e  number in square brackets is -ad,  as used in the VSIE parameters. 
bFor all P-N bonds, p a - d a  interactions account for 60-70% of the total bond population. 
'For N3P3H,, P charge = 0.944, ring bond a population = 0.216. 
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reaction of a pyrazolide ion with (NPCI,),. From Table 11, 
non-geminal derivatives might be most easily obtainable from 
reactions with (NPF,),. The  reactivity of a pyrazolyl-phos- 
phazene bond, once formed, is less simple. In the related 
compound hexa(imidazolyl)cyclotriphosphazene (8), the 
calculated ligand-PN interactions are almost the same as in 
the pyrazolyl $ompounds, as shown by the exo-PN bond 
length (1.680 A) (52), but 8 is nevertheless much less sta- 
ble to hydrolysis. The  kinetics of the reaction are complex 
(53), but the first step probably involves the electrophilic 
interaction of water with the pyridinic nitrogen atom. If the 
same mechanism applies to the hydrolysis of pyrazolyl- 
phosphazenes, the difference between the reactivity of the 
two series can be ascribed to a difference between electron 
availability there. Although the calculated negative charge 
is only 0.04 greater in imidazole, the lone-pair orbital lies 
0.82 eV higher (probably because the two nitrogen atoms are 
further apart) and is expected to interact more strongly with 
a water molecule. In an apparently similar pair of reactions, 
N-acetylimidazole is hydrolysed 22 times faster than N-ace- 
tylpyrazole (54), the rates paralleling the base strengths of 
the parent heterocycles (pKBH+ = 2.47(pzH), 6.95(imH)) 
(55). The  calculations generally support Kauffmann's (56) 
suggestion that azoles containing more than one N atom 
bound by way of an N atom correspond to halogen and other 
good leaving groups. 

The  same considerations are important to complex for- 
mation. Dimethylamidophosphazenes ordinarily coordinate 
to a positive centre through the nitrogen atoms on the PN 
ring, the ligands having lost much of their electron density 
to the ring by conjugation. Such back-donation is suffi- 
ciently restricted in 3-6 to allow the formation of stable 
complexes through N(2) (23, 24). We  mention two signifi- 
cant features of the calculations. (a)  Because of the exten- 
sive a withdrawal from the PN ring (simulated in the 
calculations by a phosphinyl group), the proton affinity of 
the dimethylpyrazolyl group is greater (by about 0.2 eV) than 
when it is attached to a methyl group at N(1). (b) As the d 
orbitals are made more electronegative, the phosphazene ring 
tends to be favoured as a protonation site. More detail is given 
elsewhere (see footnote 5). 
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L'ion positif gemine intervient-il sur le destin de l'electron piege incompletement 
relaxe dans les liquides polaires irradies? 

J.-P. JAY-GERIN 
Groupe du Conseil de recherches mPdicales du Canada en sciences des radiations. 

DPpartement de mkdecine nucliaire et de radiobiologie, FacultP de mkdecine, UniversitP de Sherbrooke, 
Sherbrooke (QuPbec), Canada J I H  5N4 

C. FERRADINI 
Laboratoire de chimie-physique (ClnitP associPe de recherche no 400 du Centre national de la recherche scienrifique), 

UniversitP RenP-Descartes, 45, Rue des Saints-PPres, 75270 Paris CE-DEE 06, France 

J.-P. JAY-GERIN et C. FERRADINI. Can. J. Chem. 70, 1869 (1992). 
Un modkle concernant l'influence possible de l'ion positif gtminC sur le destin de l'electron piCgC incomplktement 

relax6 (e,,-) dans les liquides polaires irradiks est propose. Ce modkle est base sur l'ejection, par un mecanisme d'effet 
tunnel et (ou) de saut de piege a pikge dans le champ coulombien du cation, des Clectrons occupant des Ctats localises 
peu profonds preexistant dans le solvant au-dessous du bas de la bande de conduction de celui-ci. Les Clectrons eject& 
pourraient soit se recombiner avec l'ion positif gemink, soit se pikger 2 nouveau. Globalement, le vidage des pikges peu 
profonds se ferait au profit des pieges plus profonds, contribuant ainsi a la diminution de la partie infra-rouge du spectre 
d'absorption de 1'Clectron traduisant les tout premiers stades de la solvatation. Un tel processus impliquerait donc l'ex- 
istence d'un maximum du spectre d'absorption de l'klectron e,,-. 

J.-P. JAY-GERIN and C.  FERRADINI. Can. J. Chem. 70, 1869 (1992). 
A model is proposed concerning the influence of the parent positive ion on the fate of the incompletely relaxed trapped 

electron (ei,-) in irradiated polar liquids. This model is based on the release, by a tunneling and (or) a trap-hopping 
mechanism in the Coulomb field of the cation, of the electrons captured in preexisting shallow localized states below 
the bottom of the conduction band of the solvent. The released electrons would either recombine with the parent posi- 
tive ion or get retrapped. The net effect would be an accumulation of electrons in deeper traps. The removal of weakly 
trapped electrons would contribute to the decrease of the infrared part of the optical absorption spectrum during the very 
early time dynamics of electron solvation. Such a process would imply, as a consequence, the existence of a maximum 
of the ei,- absorption spectrum. 

De nombreux travaux de radiolyse, tant thCoriques 
qu'ex@rirnentaux, concernant le processus de solvatation de 
1'Clectron dans les liquides polaires, ont CtC dCveloppCs (pour 
des revues d'ensemble rtcentes, voir, par exemple, refs. 1- 
4) sans toutefois que les mCcanismes alors mis en jeu soient 
complktement ClucidCs. Bien que la recombinaison entre l'ion 
positif gCminC et l'tlectron thermalis6 ait toujours CtC con- 
sidtrte comme se produisant 2 un stade trks primaire (voir, 
par exemple, rtf. 2), un tel processus n'a CtC que rarement 
invoquC pour expliquer les anomalies spectrales ou cinCtiques 
frCquemment observCes dans cette mCme Cchelle de temps. 
Truong (5 )  a cependant suggCrC que, dans certains verres non 
polaires irradiCs, la dtcroissance rapide d'une partie des 
Clectrons piCgCs pourrait &tre attribuCe au fait que ces Clectrons 
se trouvaient au voisinage de I'ion positif gCminC et que la 
recombinaison par effet tunnel se trouvait ainsi facilitk. Une 
hypothkse analogue a CtC proposCe par van Leeuwen et al. 
(6) pour expliquer le dtclin de la composante absorbant dans 
le rouge du spectre de 1'Clectron piCgC mesurC dans un verre 
8 M en NaOH. D'autres suggestions reposant sur des bases 
diffkrentes ont Cgalement CtC Cmises (pour une revue d'en- 
semble rCcente, voir, par exemple, rCf. 7), ainsi la partie 
<<rouge>> du spectre a CtC attribuCe a l'tlectron piCgC dans un 
environnement mettant en jeu des molCcules d'eau non likes 

'~Cvision resue le 22 avril 1992. 

dans le verre (8). Cette dern5re hypothkse est nCanmoins 
difficile i gCnCraliser B tous les cas pour lesquels des obser- 
vations analogues ont CtC faites et en particulier l'eau et cer- 
tains alcools en phase liquide. 

Nous envisageons ici un modkle, inspire de celui dCjh 
proposC dans le cas de la radiolyse de solides arnorphes (voir, 
par exemple, refs. 9-1 l ) ,  visant i prendre en compte l'in- 
fluence possible de l'ion positif lors de la description du 
spectre d'absorption de l'entitt negative dans les phases li- 
quides pendant les tout premiers stades de la solvatation de 
celle-ci. 

Les consCquences spatiales et temporelles de la presence 
de l'ion positif peuvent Ctre schCmatisCes de la manikre sui- 
vante (voir figure 1). 

La figure l a  reprCsente une distribution typique des dis- 
tances de thermalisation d'un Clectron secondaire, l'ion positif 
gCminC Ctant situC B l'origine des axes. A titre d'exemple, 
rappelons que, pour l'eau liquide irradiCe, la distance $la plus 
probable) de thermalisation est estimte 2 environ 20 A (voir, 
par exemple, refs. 2,  12 et 13). 

Une fois thermalis6 au bas de la bande de conduction du 
solvant (que l'on denote gtntralement par 1'Cnergie Vo en 
rCfCrence au niveau du vide), 1'Clectron se localise dans un 
des pikges preexistants de celui-ci. I1 devient alors un Clectron 
dit ccincomplktement relax&, not6 ei,-, par opposition 21 
1'Clectron aprks solvatation dit <ccompl&tement relaxkn (2). 
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FIG. 1. (a) Allure de la distribution des distances de thermali- 
sation en fonction de la distance entre I'tlectron CjectC et l'ion po- 
sitif gCminC, ce dernier Ctant supposC 5 I'origine des axes. (b) Allure 
de la distribution CnergCtique des pikges prtexistants du solvant, 
decrite par une bande dlUrbach. Cette bande d'Ctats localisCs s'Ctend 
au-dessous du bas de la bande de conduction, dCnotC par Vo, i 
l'intkrieur de la bande d'Cnergie interdite du liquide. Sa dCcroissance 
suit une loi sensiblement exponentielle en fonction de 1'Cnergie des 
Ctats de pikge. Cette loi est, bien sor, caractkristique du solvant 
considCrC. (c) Illustration de l'action de l'ion positif gCminC. La 
courbe en trait plein montre la variation, due au champ coulom- 
bien U(r) cree par I'ion positif, du bas de la bande de conduction 
Vo du liquide en fonction de la distance r i celui-ci. L'Cchappement 
vers la bande de conduction, par effet tunnel et (ou) par saut de 
pikge a pikge i travers la barrikre de potentiel, d'un Clectron lo- 
calisC initialement dans un pikge peu profond de la bande dlUrbach 
est indiquC par la flkche 1. L'Clectron ainsi CjectC 5. Vo est quasi- 
libre. I1 peut alors soit se recombiner avec le cation parent, soit se 
relocaliser sur un site voisin aprks un nouvel Cchantillonnage de 
I'ensemble de la distribution des pikges de la bande d'Urbach (nous 
supposons bien sfir que chaque pikge posskde la meme section ef- 
ficace de capture Clectronique). Ces deux processus ont CtC in- 
diquCs schkmatiquement par les flCches 2 et 3. Comme la probabilitk 
d7echappement d'un Clectron piCgC est d'autant plus faible que la 
profondeur du pikge est plus grande, on voit ainsi que, globale- 
ment, le processus favorise le vidage des p i k ~ e s  de faible Cnergie 
au profit des pikges de grande Cnergie. (d) Evolution du spectre 
d'absorption de l'electron piCgC incomplktement relaxe (e,-) en 
fonction du temps. Le temps initial to correspond au remplissage 
<<primaire>> uniforme de tous les pikges preexistants de la bande 
d'Urbach du solvant. Les temps t ,  et t ,  montrent la diminution 

La distribution 6nergCtique de ces pikges peut Ctre d6crite par 
une bande d'urbach, caractkristique des milieux desordomCs 
et situCe a I'intCrieur de la bande d'Cnergie interdite du li- 
quide, juste au-dessous du bas de la bande de conduction (14- 
16). De nombreux travaux ont montrC que la densit6 d'etats 
1ocalisCs dans cette bande d'Urbach dkroissait B partir de V, 
selon une loi sensiblement exponentielle en fonction de 
1'Cnergie des Ctats de pikge (figure 16) (voir, par exemple, 
refs. 17-19). 

Un Clectron ainsi piCgC se trouve soumis a l'action de l'ion 
positif, rCgie par la loi coulombienne U(r) = -leJ/(4.rreo)er, 
ou e est la charge de l'Clectron, E, la permittivitk du vide, E 

la constante dielectrique du milieu et r la distance sCparant 
les deux charges (figure lc). Cette action confee B l'electron 
eir- une probabilitk d'etre Cjecte de son pikge par un 
mecanisme d'effet tunnel et (ou) de saut de pikge 2 pibge a 
travers la barribre de potentiel qui lui est offerte dans le champ 
coulombien du cation, et dlCtre ainsi ramen6 a 1'Ctat quasi- 
libre dans la bande de conduction B une distance plus rap- 
prochCe du cation. Compte-tenu de la forme sensiblement 
cctriangulaire>> de la barrikre, cette probabilitk est Cvidemment 
d'autant plus grande que la profondeur du pikge est plus fai- 
ble. Chaque fois qu'un Clectron est ainsi CjectC, il peut soit 
se recombiner avec l'ion positif gCmine, soit se localiser a 
nouveau dans un pibge de-la bande d9Urbach aprbs avoir eu 
une nouvelle chance d'echantillonner l'ensemble de la dis- 
tribution des pikges existants. En supposant que chaque pikge 
posskde la mCme section efficace de capture Clectronique, 
le processus global favorise ainsi le vidage des pikges de 
faible Cnergie au profit du remplissage des pikges de grande 
Cnergie; I'absorption correspondante manquera donc dans le 
spectre de 1'Clectron piegC, incomplbtement relaxC. Ty- 
piquement, on peut estimer qu'un tel processus de vidage 
interviendrait a des Cnergies de pikge infkrieures ou de l'ordre 
de 1'Clectron-volt. 

L'Cvolution du spectre d'absorption de 1'Clectron eir- est 
schCmatisCe sur la figure Id pour-trois temps to, t, et t2. Le 
temps le plus initial, to, correspond au remplissage ccpri- 
mairen uniforme des pikges prkxistants de la bande d'Urbach 
du solvant. Les temps ultCrieurs t ,  et t2 montrent la dispari- 
tion progressive, selon le processus precedent, des Clectrons 
faiblement piCgCs tandis que la redistribution conduit 5 une 
augmentation de la densite optique aux grandes Cnergies. Un 
tel processus impliquerait donc l'existence d'un maximum 
du spectre d'absorption de 1'Clectron eir- dans les solvants 
polaires irradib. La plupart des expkriences menCes en ra- 
diolyse pulsCe, autant dans le cas des alcools liquides a 
300 K ou refroidis B basse tempCrature (20-24) que dans le 
cas d'alcools solides (7, 25, 26), n'ont toutefois pas permis, . - 

5 ce jour, la mise en Cvidence d'un maximum du spectre des 
Clectrons avant relaxation. En raison surtout de leurs limi- 
tations a la rCgion infra-rouge en d e ~ i  de 800-1300 nm, ces 

progressive de l'absorbance dans la partie <<rouge>> du spectre par 
vidage des pikges de faible Cnergie et I'augmentation concomi- 
tante de celle-ci dans la partie <<bleue>> due au remplissage des pikges 
de grande Cnergie. Nous supposons ici que I'absorption optique 
observCe rCsulte d'une transition Clectronique directe Ctat liC - 
continuum 2 Vo (voir, par exemple, rCf. 19). L'intervention de I'ion 
positif gemink sur le destin de 1'Clectron avant relaxation impli- 
querait donc, selon ce processus, l'existence d'un maximum du 
spectre d'absorption de 1'Clectron eir-, de sorte que le passage 
subskquent de 1'Clectron ei,- i1'Clectron solvat6 serait facilitC. 
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expkriences n'ont en fait montrC, aux temps les plus courts, 
qu'une absorbance croissant de faqon monotone dans toute 
la gamrne des longueurs d'onde CtudiCes. Signalons cepen- 
dant que Klassen et Teather (27), gr2ce ?I des mesures prkcises 
slCtendant jusqu'a 2200 nrn, semblent avoir nettement Ctabli 
l'existence d'un tel maximum, vers 2000 nm (-0,62 eV), 
dans le spectre <<initial>> ?I 100 ns des Clectrons piCgCs dans 
des verres irradies de propanol- 1, butanol- 1 et pentanol- 1 ?I 
6 K. 

Le destin des electrons avant relaxation dans les liquides 
irradiCs et principalement 1'Cvolution spectrale aux faibles 
energies pourraient donc Ctre expliquCs, non pas unique- 
ment par la dynamique de solvatation, mais aussi par l'ac- 
tion de l'ion positif gCminC. Un tel effet devrait Cgalement 
Ctre pris en compte dans I'interprCtation des rCsultats con- 
cernant la dynamique de la solvatation de 1'Clectron ob- 
servCe en photolyse ultra-rapide, compte-tenu de la proximite, 
au moment de leur crCation, de 1'Clectron piCgC et du cation 
parent (28). Le passage de 1'Clectron e,,- 2 1'Clectron sol- 
vat6 se trouverait ainsi favorisC. Les mesures rCcentes de 
Long et al. (29) en photolyse femtoseconde semblent d'ail- 
leurs avoir rCvClC, dans le cas de l'eau, la presence d'un 
maximum dans le spectre d'absorption de 1'Clectron e,,- situC 
vers 900 nm (-1,4 eV) 2 180 fs. Ces auteurs ont de plus 
remarque que ce spectre prksentait une certaine similarit6 avec 
celui de 1'Clectron hydratC, ce dernier se formant en 540 fs 
(29). I1 est d'autre part fort probable que l'intervention de 
l'ion positif g~minkdans lestout premiers stades de la sol- 
vatation conduirait 2 une non-conservation du nombre total 
d'klectrons, empCchant ainsi l'observation d'un point iso- 
beste. La possibilitC pour 1'Clectron e,- de rCagir chimique- 
ment avec l'eau et les alcools avant solvatation, telle 
qu'CvoquCe prCcCdernrnent par les auteurs (4, 30), pourrait 
aussi arnulifier la non-conservation du nombre d'klectrons. 
La question de l'existence ou non d'un point isobeste dans 
le cas de l'eau liquide fait actuellement l'objet d'une con- 
troverse (3 1, 32). Enfin, comme il a dCj5 CtC soulignC au- 
paravant (28, 33), le modkle proposC ici montre 2 nouveau 
llintCr&t d'inclure le r61e de l'ion positif dans les calculs de 
simulation numCrique de la dynamique de solvatation de 
1'Clectron. 
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ADDITIONS AND CORRECTIONS/AJOUTS ET CORRECTIONS 

Ted Schaefer, Kerry J. Cox, and Rudy Sebastian. The conformational distribution of 2-cyanobenzaldehyde and 
3-cyanobenzaldehyde in solution and in the vapor. Can. J. Chem 69, 1039 (1991). 

In the fourth column of Table 1 the spectral data are incorrect. The correct Table 1 is presented here. There are two con- 
sequences. First, the fractional population of the o-trans conformer in CS2 solution is now 0.55(2) instead of 0.52(2) and, 
in the vapor, is now 0.58(2) instead of 0.52(2). Second, the solvent dependence of the intraring proton coupling constants 
in 3-cyanobenzaldehyde, while present, is now similar to that observed for 2-cyanobenzaldehyde and not significantly larger, 
as previously stated. 

TABLE 1. The 'H nmr spectral data for 2-cyanobenzaldehyde and 3-cyanobenzaldehyde at 300 K 

Compound 

Parameter 2CNB (CS2)" 2CNB (acetone)" 3CNB (CS,)" 3CNB ( a ~ e t o n e ) ~  

v(CH0) 
"2 

'J3 

'J4 

'J5 

v6 

3 ~ 3 4  

3 ~ 4 5  

3 ~ 5 6  

'524 

'526 

'535 

4 ~ 4 6  

5 ~ 2 5  

5 ~ 3 6  

4 ~ ( 2 , ~ H O )  
4 ~ ( 6  ,CHO) 
5 ~ ( 3  ,CHO) 
5 ~ ( 5  ,CHO) 
6 ~ ( 4 , ~ ~ 0 )  
calcd. transitions 
assigned transitions 
peaks observed 
largest difference 
Root-mean-square deviation 

"A saturated solution in CS2, being considerably less than 2 mol% in 2CNB or 3CNB. containing also 10 mol% of C6D,,, and 0.5 
mol% of TMS. 

'4.0 mol% in acetone-d6, containing also 0.5 mol% of TMS. 
T h e  'H nmr chemical shifts are in Hz at 300. 13S2 MHz to high frequency of internal TMS. 
"Standard deviations in the last significant figure are all less than or equal to 0.001, except for those given in parentheses. 
'Simulations with various values imply that -0.020 < 6J(4,CHO) < 0.00 Hz. 
'Appears to be negative or, possibly, zero, by simulation; see Fig. 1. 
Simulations suggest -0.015 < 6 ~ ( 4 , C ~ O )  < 0.020 Hz. 
" Again, spectral simulations imply that -0.010 < 'J(4,CHO) < 0.010 Hz. 
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Studies of complex formation from permittivity measurements: 
a statistical reexamination 

OTTO EXNER 
Institute of Organic Chemistry and Biochemistry, Czechoslovak Academy of Sciences, 166 10 Prague, Czechoslovakia 

Received May 1, 1991 ' 

O n o  EXNER. Can. J. Chem. 70, 1873 (1992). 
Permittivity measurements on solutions of two compounds present in a variable ratio may reveal complex formation: 

both the equilibrium constant and the dipole moment of the complex can be in principle estimated. However, an incor- 
rect statistical treatment involving transformation of variables is used quite often, for example, in the classical method 
of Few and Smith. In this case the estimates obtained are usually biased, or loaded with such a great uncertainty that 
they are practically worthless. The results of numerous papers, even some recent ones, are thus completely at variance 
with facts. This is shown in this paper by recalculating equilibrium constants and dipole moments of the complex in 17 
examples from the literature. Simultaneously, a correct and simple statistical procedure is suggested. The danger of an 
incorrect and (or) incomplete statistical treatment may be encountered, for the same reason, even in other, quite differ- 
ent, areas. 

O n o  EXNER. Can. J. Chem. 70, 1873 (1992). 
Des mesures de permittivite effectukes sur deux composCs presents 3 des rapports variables peut permettre de dtceler 

la formation de complexes : on peut en principe evaluer la constante d'kquilibre ainsi que le moment dipolaire du com- 
plexe. Toutefois, un traitement statistique errone, impliquant la transformation de variables, est souvent utilisk, comme 
dans la mCthode classique de Few et Smith. Dans ce cas, les evaluations obtenues sont genCralement biaisCes ou elles 
comportent de telles incertitudes qu'elles sont pratiquement inutiles. Les rksultats de plusieurs Ctudes antkrieures, m&me 
de Ctudes recentes, diffkrent de la r6alitC. Dans ce travail, on demontre ce fait en recalculant les constantes d'equilibre 
et les moments dipolaires de complexes rapport& dans 17 exemples citCs dans la litteratwe. SimultanCment, on suggkre 
une methode statistique simple et correcte. Enfin, le danger d'un traitement statistique incorrect et (ou) incomplet peut 
&tre rencontre, pour la m&me raison, dans d'autres domaines trks differents. 

[Traduit par la rCdaction] 

Dielectric measurements have been used many times for 
detecting complex formation, either of the same or of dif- 
ferent molecules (1). In the former case, the permittivity E 

of a solution is measured by the dependence on concentra- 
tion (expressed as the weight fraction w,): three parameters, 
p , ~ ,  p,D, K ,  can be in principle estimated from eq. [ l ]  where 
the function f has been theoretically derived (2-6). In the 
latter case (e.g., refs. 7-1 1) solutions of two components, 
A and B, are prepared in a variable ratio and eq. [2] con- 
tains four parameters, p,,, p,,, kAB, and K. 

Of all the parameters the dipole moments of the dimer, p , ~ ,  
or of the complex, kAB, are most valuable while the equilib- 
rium constant K may also be determined by other, possibly 
more efficient, methods. The dipole moments of the com- 
ponents, p,, and p,,, are always obtainable from separate 
measurements and can be considered as known in eq. [2]: 
sometimes this holds also for the dipole moment of the 
monomer, p,w Nevertheless, p , ~  and K in eq. [I] or F~~ and 
K in eq. [2] are as a rule estimated simultaneously from the 
same set of data. This introduces serious statistical prob- 
lems. Our recent reinvestigation (12, 13) revealed that al- 
most all the values of K and p , ~  published to date (e.g., refs. 
2-4) are completely wrong due to two defects in the statis- 
tical processing. On the one hand eq. [I] was rearranged (2, 
4) so that the same variable appeared on both sides; on the 
other hand the errors of the results were underestimated and 
their mutual dependence was not accounted for (6). 

'Revision received March 20, 1992. 

The whole problem has much broader consequences than 
those concerning dipole moments or complexes: it is a gen- 
eral problem of correct statistical processing of experimen- 
tal data, in particular of the use or misuse of the linear 
regression. For this reason we considered this problem worth 
one more paper, in which we extend our criticism to the 
measurements of complex formation according to eq. [21. 
Compared to eq. [ 11, this case seems to be more favourable 
since the weight fractions w, and w, can be varied indepen- 
dently and the data set obtained is more extensive. Never- 
theless, some rearrangements of the equation had also been 
used, with the result that the statistical estimates are biased 
and their errors underestimated. This is the case with the 
classical method of Few and Smith (8), which has been used 
many times in the literature. The approach may be ex- 
plained using three recent papers from this journal (9-1 1) that 
have the advantage of giving explicitly all the necessary data. 
The measurements are divided into subsets, each with a 
constant excess (w,) of the component B. For each subset, 
the polarization P,* is obtained from the experimental per- 
mittivities with variable component A, considering B pro- 
visionally as a component of the solvent. Values of Pz are 
then input in the regression eq. [3] where Pa is the value for 
w, = 0, and P, is determined separately on pure B. Equa- 
tion [3] may be viewed as an implicit form of the general 
equation [2] since P,* involves E and w,. 

Y intercept slope x 

From the intercept of the 'regression one gets PA, and from 
it the dipole moment of the complex p,,,. From the slope one 
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gets K if PA, is already known. The question is whether the 
premises of a linear regression (see, for example, ref. 14) are 
met. The explanatory variable x may be considered as a 
practically exact quantity since its combined error would be 
less than 0.1% according to the estimated errors (8) of w, and 
d. However, the errors in the response function y are not in- 
dependent of x but increase with decreasing concentration. 
In the examples of Table 1 this estimated rise might be at least 
from 1 to 3% in example 4, but from 4 to 100% in example 
3. The measurements at the lowest concentrations could be 
better omitted but the number of degrees of freedom would 
be reduced too much. Another improvement with the same 
consequence was estimating Pa in eq. [3] as the third dis- 
posable parameter (lo), instead of using the experimental 
value measured with the pure component A. This value Pa 
was essentially arbitrary since optimizing three parameters 
on the basis of five measurements cannot be trustworthy. 

In this paper we have recalculated, according to a statis- 
tically correct procedure, several examples from the litera- 
ture, where the method of Few and Smith (8) was applied. 
Our intention was to put right the previous erroneous results 
and to show clearly the difference between a correct and in- 
correct statistical treatment. Particular attention was given 
to recent papers (9-1 1) since it is important to stop prolif- 
eration of the error. It was not our intention to recalculate all 
the examples appearing in the literature: this was not even 
possible since the original data are not always published. 

Results and discussion 
Our approach to the problem will proceed in three steps: 
1. Checking the calculated values of K and PA, given in 

the literature (8- 1 1, 15-20). 
2. Suggesting an acceptable statistical method for un- 

biased estimation of these parameters. 
3. Estimating the errors of these parameters with respect 

to their mutual dependence. 
1. There is a simple and efficient procedure for testing any 

theory, with or without optimized parameters. It requires that 
we calculate back the expected original experimental val- 
ues, as they should be to correspond to the theory exactly, 
and to compare with the values actually measured (12, 13, 
21, 22). In our case the value of Pz may be taken as the 
original experimental quantity since it is obtained from in- 
dependent experiments with a reasonably constant error. In 
this way we calculated the expected values Pz in 17 sys- 
tems from the literature. The standard deviations, s, from the 
values actually measured are listed in the last column of Table 
1, last line in each section. (Table 1 is divided into sections: 
the first line in each section represents the recalculation we 
consider our best one, the last line reproduces the parame- 
ters given in the literature and the pertinent standard devia- 
tion calculated by us.) The values of s range from 0.28 to as 
much as 206 cm . With respect to the estimated experimen- 
tal error, less than 1 cm3, values up to 1.5 cm3 could be ac- 
ceptable. It follows that in one half of all examples there is 
no fit of the theory with experiments. Note still that for a 
comparison not only the overall standard deviation is im- 
portant but also the distribution of the errors on the individ- 
ual points (see later Figs. 1 and 2). 

2. The suggested statistical treatment is still based on the 
method of least squares but minimizes the sum of squares 
(SSQ) in Pz according to eq. [4], not in 1/(Pz - Pa). The 
optimum values of the parameters K and. PA, can be calcu- 

lated by successive approximations. For an assumed value 
of K one gets the corresponding best value of PA, (i.e., op- 
timized for this given K) by differentiating eq. [4] with re- 
spect to PA,, eq. [5]. The corresponding SSQ and hence the 
standard deviation are given by eq. [4]. The procedure is 
repeated for various values of K to get the minimum SSQ: 
this may be easily programmed. 

[41 SSQ = (PX - Pg, calc)' 

= ' (PZ - Pi - 
K(PA, - pa - PB) 2 - 

) - min 
K + MB/wBd 

In this way the optimum values of K and PA, as well as 
the corresponding standard deviations were calculated for the 
17 examples mentioned. The results are given in Table 1, first 
line of each section. Of course, the standard deviations must 
be smaller than those based on literature data since they are 
least-squares estimates (the same criterion both for optimi- 
zation and estimation of accuracy). However, the differ- 
ence is sometimes tremendous, e.g., in examples 1 1, 14, and 
15. In these cases the calculations used in the literature have 
nothing in common with reality, as seen very objectively from 
a graphical comparison of experimental and calculated Pz 
values in one example (Fig. 1). 

In the above calculations Pa was the experimental quan- 
tity for the component A. It would be possible to treat even 
Pa as a disposable parameter, but the number of available 
data (four to eight items) is too small for adjusting three pa- 
rameters (K, PA,, Pa) reliably. Only in cases when an opti- 
mized Pa was suggested in the literature (10) have we added 
calculations with this Pa and with the optimum values of K 
and PA, for this given Pa. The results (Table 1, middle line 
in examples 3-5) are sometimes more precise than without 
adjusting PA (first lines) but they have one less degree of 
freedom. Use of the third disposable parameter is in our 
opinion not justified. This conclusion is well demonstrated 
by the graphical representation (Fig. 2) in which the exam- 
ple selected was relatively the most favourable of those given 
in ref. 10. To show finer differences, relative Pz values were 
plotted instead of the absolute values as plotted in Fig. 1. The 
least-squares calculation with two parameters (K and P,) was 
chosen as a reference line (line 1, the x-axis). When the ex- 
perimental points are pictured with an error of 2 2  cm3, they 
are well distributed with almost random deviations. The 
calculations with three parameters (line 2) display only a little 
better fit for most points: the errors are concentrated on the 
first, rejected point, pertinent to the pure component A. In 
our opinion there is no reason for such a treatment. On the 
contrary, the first point should be known with a better ac- 
curacy than the others. Moreover it is not evident from Fig. 
1 why Pa should acquire just the particular value given; by 
no means can it viewed as an "extrapolated value of PA to 
w, -+ 0" (10). Our results, recalculated with Pa from the 
literature (10) and K and PA, optimized (Table 1, middle line 
in example 4), are not much better than in the literature (last 
line in example 4), they only reveal that calculations with few 
degrees of freedom are sensitive to small changes. We con- 
sider as established that the treatment according to eq. [4], 
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EXNER 1875 

TABLE 1. Equilibrium constants and dipole moments of the complexes as determined from dielectric measurements according to the method 
of Few and Smith (8): a recalculation" 

Example Compounds A and B K" PAB' C L A B ~  se 

CH3COCH2CONHPh + NEt3 
ref. 9 

C6H,COCH,CONHPh + NEt, 
ref. 9 

CH3COCH2COCH3 + NEt3 
with PA" 
ref. 10 

C6HSCOCHzCOCH3 + NEt3 
with PA'' 
ref. 10 

C6HSCOCH2COC6HS + NEt3 
with PA" 
ref. 10 

Acrylonitrile + styrene 
ref. 1 1 

Acrylonitrile + C6H6 
ref. 1 1 

Acrylonitrile + EtOCH=CH2 
ref. 1 1 

PhNHz + dioxan 
ref. 8 
corr.' 
ref. 8' 

PhNO1 + 2-bromoaniline 
ref. 15j 

PhN02 + C6H6 
ref. 16" 

PhOH + pyridine 
ref. 17 

CH3C02CH, + PhOH 
ref. 18 

CH3C02C6H5 + PhOH 
ref. 18 

Acetone + PhOH 
ref. 19 

11-C4HgOH + pyridine 
ref. 20 

t-C4H90H + pyridine 
ref. 20 

<o. 1f 
357 k I0 

<o. 1" 
600 k 18 

<o. 1f 
1875 
1203 * 36 

108 1 [340-22901 
1448 
1178 2 35 

26 [0- 1 1001 
994 
777.2 k 2.3 

705 [520-9 101 
606.6 

447 [135-9901 
457.5 

40 [0-2121 
185.1 

75 [56-971 
128 
88 [70-1081 

116 

12 850 [3900-46 0001 
12 950 

55 [0- 1901 
64 k 3 

36 800 [26 000-53 0001 
36 000 

929 [160-21001 
7150 

1310 [850-18901 
8710 

2305 [1360-36401 
143.2 

2390 [2060-27701 
2000 

1885 [1160-29401 
1200 

"Experimental data taken from the references as given in the second column. Our calculations are based on eqs. [4] and [5], confidence intervals for 
2s given in brackets only if they are of any significance. The results from the original literature given in italics. 

b~quilibrium constant in cm3 mol-'. 
'Polarization of the complex in c m b o l o l - ' .  
"Dipole moment of the complex in D; in our calculations correction for the atomic polarization 5% of R,. 
'Standard deviation of the fit, calculated by us according to eq. [4], similarly also for parameters given in the literature (degrees of freedom in paren- 

theses). 
INo convergence. 
RNo convergence, not improved even when the first point is deleted. 
"Calculated with Pa as the third adjustable parameter, its value taken as it was given in the literature (10). 
'With a special correction for solvent effect (8). 
'The experimental data are of low quality: particularly, the fourth point is evidently in error and was omitted from the calculations. Omitting the third 

point still does not improve the precision significantly. 
tOrnitting the third point improves s only to 5.6, the enormous discrepancy with literature parameters is not removed. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN.  J .  CHEM. VOL. 70, 1992 

FIG. 1. Comparison of experimental and calculated polarizations P i  (absolute values) for complex formation of phenyl acetate with 
phenol in benzene; 1: the best least-squares fit with K = 1310 cm3, PAB = 275 cm3; 2: calculated according to ref. 18. Experimental points 
(18) are shown with uncertainties ?2  cm3. (Example 14, Table 1.) 

FIG. 2. Comparison of experimental and calculated polarizations P i  (relative values) for complex formation of benzoylacetone with 
triethylamine in cyclohexane; 1: the best least-squares fit with K = 1081 cm3, PAB = 427 cm3, as reference line; 2: calculated according 
to ref. 10 with an arbitrary parameter Pa = 226.7; 3: calculated with the same parameter and least-squares values for K and PA,. Ex- 
perimental points (10) are shown with uncertainties of ?2  cm3. (Example 4 ,  Table 1 .) 

with only two parameters adjusted, gives the most realistic 
estimates. It follows that almost one half of the examples of 
Table 1 do not yield acceptable results with any statistical 
treatment. Some possible reasons might be low experimen- 
tal accuracy or too small a value of K (no complex forma- 
tion). 

3. To complete the statistical treatment it is necessary to 
give at least an estimate of the reliability of the parameters. 

Since the least-squares problem is not linear, we prefer the 
following simple and telling procedure (13). If the lowest 
possible standard deviation (in Pz) is known, one can choose 
its arbitrary multiple, usually between 2s and 3s, and cal- 
culate all possible combinations of the parameters (K and P,) 
that reproduce the experiments within this accuracy. It is very 
important that the parameters are strongly dependent on each 
other: one of them can even be strongly shifted from its op- 
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EXNER 1877 

timum value when the second is shifted too (in the opposite 
direction). Graphical representation of this dependence is a 
contour diagram (Fig. 3) where the same example was cho- 
sen as in Fig. 2,  i.e., a relatively favourable one. The pairs 
of parameters giving the same overall fit (2s or 3s) are con- 
nected by a curve. The confidence interval is given by the 
extreme points of the whole curve and corresponds to the 
confidence coefficients 95% or 99.7%, respectively. These 
intervals are also given in Table 1,  but only in those exam- 
ples when they are actually meaningful. The mutual depen- 
dence of parameters is strong: the greatest K belongs to the 
smallest PA,,  and conversely. There is a widespread mis- 
take (in the field of dipole moments, e.g. ,  ref. 6) that the 
confidence interval of one parameter is given with the con- 
dition that the second one be kept constant. In the graphical 
representation it means to intersect the curve in Fig. 3 by a 
horizontal or vertical straight line and to read off the dis- 
tance of the two points of intersection. In this way the ac- 
tual uncertainty may be badly underestimated, e.g., in Fig. 
3 by more than one order of magnitude. See also the un- 
realistic estimates of the errors in the literature (Table 1) 
compared to the actual uncertainty. 

Until now, K and PA,  have been considered as parame- 
ters that are to be estimated by the statistical approach. U1- 
timately, it is necessary to calculate pAB from PAB and from 
the molar refraction RAB.  We always estimated RAB as the sum 
of molar refractions of the components: RAB = RA + RB.  The 
values of R A  and RB themselves were known either from ex- 
perimental determination on the liquids or were calculated 
by us from Vogel's increments (23). In the literature (9-1 1) 
a sophisticated procedure was also reported, determining RAB 
similarly to PA,, with the same statistical shortcoming. The 
results obtained are quite unreliable but affect the final val- 
ues of pAB rather little: this mistake is negligible compared 
to the much more important mistake in determining PA,.  In 
some other cases our calculations might differ from the lit- 

erature by applying a 5% correction for atomic polarization: 
even here the possible error is negligible. 

Conclusions 
It has been shown here that the method of Few and Smith 

(8) is principally wrong from the statistical point of view: all 
the results reported must be considered as untrustworthy. 
Note, however, that the results of a correct approach must 
be correct, while the results of an incorrect approach need 
not be always wrong. This means that they need not differ 
too much from the best estimates in each particular case. In 
our case the estimates of K are more sensitive to errors that 
than those of pAB. Among the 17 examples of Table 1 we 
may characterize the following typical cases: 

(a) The fit in the correct treatment is acceptable in rela- 
tion to the experimental error (s should be less than 1 cm3 but 
we have allowed even 1.4 cm3). The estimated parameters 
may be accepted within the given limits of uncertainty. The 
fit of the Few-Smith procedure is somewhat worse (still 
s < 1.7 cm3) but the estimated parameters fall within the 
uncertainty limits (examples 6 ,  7 ,  and 17 in Table I), or ex- 
ceed these limits but slightly (examples 9 and 16). In this case 
use of the Few-Smith method has no great consequences. 

(b) The fit of the correct procedure is as good as above 
(s < 1 cm3) but the Few-Smith procedure gives no fit and 
very biased estimates of the parameters (example 14). In this 
treatment the fit usually remains unknown and the results may 
be completely at variance with reality. On the other hand, 
we may say that in the six examples cited in (a) and (b) the 
parameters K and pAB have actually been determined when 
a correct procedure was used. Note that with few degrees of 
freedom the fit must be very good to accept the result as 
significant. 

(c) The fit is as good as above but the uncertainty in the 
parameters is too great, particularly in K, including even the 
value K = 0 (examples 5 and 8). The reasons for this be- 

FIG. 3. Mutual dependence of parameters for the same example as in Fig. 2-the contour diagram. Full lines: the dependence of PAB 
on K for a given standard deviation (twice or three times its minimum value); broken line: the optimum values of PAB for a given K; *: 
absolute optimum values; empty oval: values from ref. 10, with their given uncertainties. 
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haviour are difficult to guess; possibly the experiments are 
insufficiently precise when K is small. The Few-Smith 
procedure is again at variance with facts: the estimates are 
biased and their errors badly underestimated. 

(d )  When a good fit cannot be obtained, there is no sense 
in discussing the values of the parameters and comparing 
correct and incorrect procedures (examples 10, 1 1,  and 12). 
When s can be no longer considered as an estimate of the 
experimental error, our suggested confidence interval for the 
parameters has little meaning. The reasons may be bad ex- 
periments, sometimes even misprints in the literature, or a 
bad theoretical model (different stoichiometry of complex 
formation, large solvent effects of the component B). Again 
the Few-Smith procedure may be very untrustworthy since 
it does not reveal that the fit is bad. In two borderline cases 
the fit evidently exceeded the experimental error (s 2.8 cm3) 
but the fit of the Few-Smith procedure was dramatically 
worsened (examples 13 and 15). In another case (example 
4) the fit remained almost unchanged and the parameters were 
not much shifted. This example is shown in Fig. 2. The 
reason for this indeterminate behaviour may be that rela- 
tively imprecise data are connected with few degrees of 
freedom. 

( e )  In some cases no convergence was reached and the 
optimum value of K approached zero (examples 1, 2, and 3); 
simultaneously PA,  grew without limits. It is possible that 
practically no complex formation occurs but in this case P A  
should be constant. The model evidently fails and the ob- 
served changes of P z  must have another reason, say, too 
large solvent effects of the component B. This cannot be 
unraveled within the framework of the Few-Smith ap- 
proach: apparent values of the parameters that have no real 
significance are obtained instead. 

Still more important than a criticism of the Few-Smith 
method are general conclusions for processing experimental 
data using regression analysis. In the time of computers there 
is no need for rearrangement into linear equations. The least- 
squares principle must be applied to the sum of squares in 
the original experimental quantity, not in any function. An 
additional problem arises when two or more parameters are 
estimated together from the same set of data: then their con- 
fidence intervals must be determined with respect to their 

mutual dependence. Neglecting these requirements has led 
to both biased estimates and overestimated reliability: this 
happened in quite different fields of chemistry (21, 22). The 
results of many papers are thus completely worthless. We 
dare to say that this is one of the most widespread mistakes 
in contemporary science. In same cases it cannot be either 
revealed or corrected since the original data were not pub- 
lished. 
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Intramolecular electron transfer in the photochemistry of substituted 
1-naphthylmethyl esters of benzoic acids 
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D. P. DECOSTA and J. A. PINCOCK. Can. J. Chem. 70, 1879 (1992). 
Direct excitation of the esters 5 in methanol solvent leads to rapid intramolecular exciplex formation (kc, = 1 0 ' ~ s - '  

for X = CH30,  Y = CN) with electron transfer from the naphthalene to the benzoate ring. This process dominates the 
usual fluorescence and reaction of the excited singlet state. The rate of this process can be varied over lo3 by suitable 
change in the substituents X and Y. The electron-transfer rates can be correlated with the two-parameter Hammett equa- 
tion: log kc, = 8.48 - l .5u+ + 0.775. For cases where the rate of exciplex formation is slow, the usual homolytic car- 
bon-oxygen bond cleavage occurs from the excited singlet state. The eventual products result from the ion pair since 
the rate of electron transfer in the radical pair to form the ion pair is considerably faster than the rate of decarboxylation 
of the benzoyloxy radical. 

D.  P. DECOSTA et J. A. PLNCOCK. Can. J. Chem. 70, 1879 (1992). 
L'excitation directe des esters 5 dans le methanol conduit ?i une formation intramoleculaire rapide de l'exciplexe 

(k,, = 10" s-I pour X = CH30,  Y = CN) impliquant un transfert dlClectron du naphtalene vers le noyau benzoate. Ce  
processus domine la fluorescence habituelle et la reaction de 1'Ctat excite singulet. La vitesse de processus peut varier 
par un facteur de plus de lo3 en faisant varier convenablement les substituants X et Y .  I1 existe une correlation entre les 
vitesses de transfert de charge et les deux parametres de I'Cquation de Hammett: log k,, = 8,48-1,5u+ + 0 ,771~.  Dans 
les cas oh la vitesse de formation de l'exciplexe est lente, il se produit le clivage homolytique habitue1 de la liaison car- 
bone-oxygene B partir de 1'Ctat singulet excite. Les produits Cventuels proviennent de la paire d'ions puisque la vitesse 
de transfert d'Clectron dans la paire de radicaux, conduisant a la paire d'ions, est beaucoup plus rapide que la vitesse de 
dCcarboxylation du radical benzoyloxy. 

[Traduit par la rCdaction] 

Introduction 
The photochemistry of benzylic compounds with leaving 

groups (ArCH2-LG) is well known (1) to give products that 
result from both arylmethyl cations and radicals. The parti- 
tioning between these two intermediates is controlled by a 
variety of factors such as the leaving group, the structure of 
the aromatic ring including substituent effects, the nature of 
the excited state (singlet or triplet), and the solvent. In gen- 
eral, these factors are still so poorly understood that a reli- 
able prediction about the products for any new system is 
impossible. 

Recently, we have reported (2-4) a detailed study of the 
photochemistry of 1-naphthylmethyl esters, 1, in the nu- 
cleophilic solvent methanol. As shown in eq. [ I]  (A = 
CloH7-,, X,,), three major products are normally observed. The 
ether 2 and the carboxylic acid 3 are formed by methanol 
trapping of the 1-naphthylmethyl cation and the carboxylate 
anion, respectively. The hydrocarbon 4 is formed by in-cage 
coupling of the 1-naphthylmethyl radical with R which is 
formed by loss of carbon dioxide from the initially formed 
acyloxy radical. The product-yield results for a large num- 
ber of esters where both substituents on the naphthalene ring 

(2) and the structure of the R group (3,4) were varied could 
best be explained by the mechanism outlined in Scheme 1. 
We have suggested that for these esters the excited singlet 
state (the triplet state for 1-naphthylmethyl esters is unreac- 
tive (5,6)) cleaves exclusively to the radical pair. Competi- 
tion between electron transfer converting the radical pair to 
the ion pair (k,) and decarboxylation (kc,?) then controls the 
product distribution. This proposal is quite different from 
previously suggested mechanisms that assumed that prod- 
uct distribution was mainly controlled by the initial compe- 
tition between heterolytic and homolytic cleavage of the 
benzylic ester bond in the excited state. 

During the course of these studies, we observed that 1- 

' ~ u t h o r  to whom correspondence may be addressed. 

naphthylmethyl benzoate (eq. [ I] ,  R = Ph, n = 0) behaved 
anomalously. The first fact noticed was the abnormally long 
time required in preparative scale photolyses for conversion 
of the ester to products when compared with, e.g., 1-naph- 
thylmethyl phenylacetate (eq. [I], R = PhCH,, n = 0). Since 
the absorbing chromophore for both these esters is the 
naphthalene ring, a reasonable expectation would be that 
excited-state carbon-oxygen bond cleavage would occur with 
about the same efficiency. The second observation was the 
very low quantum yield of fluorescence for the benzoate es- 
ters. Normally unsubstituted 1-naphthylmethyl esters have 
values of about 0.14 (3,4) independent of the structure of R. 
However, for the benzoate with R = Ph, a value of 0.005 was 
obtained. Third, there was no observable phosphorescence 
although intersystem crossing followed by emission is a 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1880 CAN. J. CHEM. VOL. 70, 1992 

h v 
ACH2-0,C-R - ACH,-O~C-R(S,) 

1 7'Y 
k ET 

ACH; -0 ,C-R+ ACH,' '0,C-R 

SCHEME 1. General mechanism for the photolysis of l-naph- 
thylmethyl esters (A = C,,H,_,X,) in methanol. 

reasonably efficient process for naphthalene derivatives. Fi- 
nally, the products obtained from the very slow photolysis 
were almost entirely those resulting from ionic intermedi- 
ates, i .e . ,  2 and 3. 

A reasonable suggestion for these observations was that 
the excited singlet state was being quenched by intramolec- 
ular electron transfer, as is well documented for bichromo- 
phoric systems where the chromophores are separated by a 
three-carbon saturated chain (7,8). To investigate this pos- 
sibility the set of substituted benzoates 5a-g was synthe- 
sized and their excited-state behaviour examined. During the 
course of this work a similar electron-transfer pathway was 
proposed to explain the fluorescence behaviour of some 1- 
pyrenylmethyl esters 6 (R being 1-naphthyl, 9-anthryl, and 
4-tolyl (9,lO)) and 7 (R being 9-anthryl (1 1)). As will be 
discussed below these results can be usefully compared to 
ours. 

6 
5 

a , X = H , Y = H  (CH,),-0-OC-R 

b ,  X = H, Y = C H 3 0  

c, X = H, Y = CN 

d,  X = CH30,  Y = H 
(y$ / / 

e, X = CH30,  Y = CN 7 
f , X = C N , Y  = H  
g ,  X = CN, Y = C H 3 0  

Experimental  

General experimetztal 
All melting points were determined on a Fisher-Johns melting 

point apparatus and are uncorrected. Infrared spectra were re- 
corded on a Perkin-Elmer 237B spectrometer and are reported in 
wavenumbers (cm-'). 'H nmr spectra were recorded on a Nicolet- 
360 spectrometer and are reported with chemical shift relative to 
internal TMS. Mass spectra were obtained on a CEC 21-104 
spectrometer; all signals greater than 10% of the base peak are re- 
ported as m/e (relative intensity). HPLC analyses were performed 
on a Waters system equipped with model 450 variable wavelength 
detector. A Brownlee RP-8 analytical column was used with the 
normal eluting solvent being an 80% methanol-water mixture and 
detection at 280 nm. Fluorescence spectra were obtained on a 
Perkin-Elmer MPF 66 spectrometer with samples in methanol that 
were degassed by three freeze-pump-thaw cycles; quantum yields 
were determined relative to a value of 0.21 (12) for l-methyl- 
naphthalene. Fluorescence lifetimes were obtained from the same 
samples using a PRA system 3000 instrument with a hydrogen flash 
lamp of pulse width 0.8 ns. Microanalyses were by Canadian Mi- 
croanalytical Service Ltd., Delta, B.C., Canada. 

Preparation of esters 
To a solution of the alcohol (20 mmol) in 75 mL of benzene and 

1 mL of pyridine was added a solution of the acid chloride 
(22 mmol) in 20 mL of benzene. After 6 h, the mixture was poured 
into 50 mL of water and the organic layer was separated, washed 

with 40 ml each of 10% HC1, 5% NaOH, and water, dried over 
MgSO,, filtered, and the benzene evaporated. This crude material 
was chromatographed on silica gel with 30% dichloromethane/ 
hexane as eluant. The esters were then purified by either recrys- 
tallization or bulb-to-bulb distillation. Physical properties are given 
below. 

Benzoyl chloride and 4-cyanobenzoyl chloride were from 
Aldrich; 4-methoxybenzoyl chloride was made from the acid 
(Aldrich) with thionyl chloride. 

1-Naphthylmethanol was from Aldrich; 4-methoxy-1-naphthyl- 
methanol (13) and 4-cyano-1-naphthylmethanol (14) were pre- 
pared by literature procedures. 

Physical properties of esters 
5a: mp 36-37°C; 'H nmr (CDCI,) 6: 8.1 1 (d, lH, J  = 8.3 Hz, 

H8), 8.05 (d, 2H, J  = 8.1 Hz, H2'), 7.85 (d, lH, J  = 8.0 Hz, H5), 
7.86 (d, lH, J  = 8.5 Hz, H4), 7.63 (d, lH, J =  6.7 Hz, H4'), 
7.57-7.47 (m, 3H, H6, 7, 3), 7.45 (d, lH, J  = 7.0 Hz, H2), 7.39 
(t, 2H, J  = 7.7 Hz, H3'), 5.81 (s, 2H, NpCH,); ir (neat): 3060, 
2950, 1725, 1275, 1100 cm-I; mass spectrum, m/e: 263(15), 
262(73), 141(67), 140(30), 139(12), 115(13), 105(100), 77(19). 
Anal. calcd. for Cl8Hl4O2: C 82.42, H 5.34; found: C 82.43, H 
5.34. 

5b: mp 68-69°C; I H  nmr (CDC1,) 6: 8.07 (d, lH, J  = 8.1 Hz, 
H8), 7.97 (d, 2H, J  = 8.1 Hz, H2'), 7.84 (d, lH, J  = 8.4 Hz, H5), 
7.81 (d, lH, J  = 8.5 Hz, H4), 7.58 (d, lH, J  = 7.0 Hz, H2), 7.51 
(t, lH, J  = 8.0 Hz, H7), 7.49 (t, lH, J  = 8.0 Hz, H6), 7.42 (t, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DECOSTA AND PINCOCK 188 1 

IH, J = 7.1 Hz, H3), 6.81 (d, 2H, J = 7.4Hz, H3'), 5.75 (s, 2H, 
NpCH2) 3.73 (s, 3H, OCH,); ir (Nujol): 1695, 1240, 1010 cm-I; 
mass spectrum, m/e: 293 (lo), 292 (46), 142 (lo), 141 (80). 140 
( lo) ,  136 ( lo) ,  135 (loo), 115 (1 1). Anal. calcd. for C19Hlh03: C 
78.06, H 5.52; found: C 77.69; H 5.39. 

5c: mp 142-143°C; 'H nmr (CDCI,) 6: 8.08 (d, 2H, J = 8.3 Hz, 
H3'), 8.05 (d, lH,  J = 8.3 Hz, H8), 7.88 (d, lH, J = 7.6Hz, H5), 
7.86 (d, lH,  J = 7.6 Hz, H4), 7.63 (d, 2H, J = 8.4, H2'), 7.60 
(d, lH,  J = 6.7 Hz, H2), 7.56 (t, IH, J = 6.9 Hz, H6), 7.51 (t, 
IH, J = 6.8 Hz, H7), 7.45 (t, lH,  J = 7.3 Hz, H3), 5.81 (s, 2H, 
NpCH?); ir (Nujol): 2205, 1710, 1270, 1100 cm-'; mass spec- 
trum, m/e:  288(13), 287(60), 142(16), 141(100), 128(20), 115(15). 
Anal. calcd. for Cl,Hl,N02: C 79.43, H 4.56, N 4.88; found: C 
79.25, H 4.47, N 4.85. 

5d: mp 77-78°C; 'H nmr (CDCI,) 6: 8.32 (d, lH,  J = 8.2 Hz, 
H8), 8.06 (d, IH, J = 8.3 Hz, H5), 8.01 (d, 2H, J = 7.4 Hz, H2'), 
7.58-7.46 (m, 4H, H6, 7 ,  2, 4'),  7.35 (t, 2H, J = 7.4 Hz, H3'), 
6.76 (d, 1 H, J = 7.8 Hz, H3), 5.72 (s, NpCH,), 3.98 (s, 3H, 
OCH,); ir (Nuiol): 1720, 1260, 1080 cm-I; mass spectrum, m/e: 
293(14), 292(63), 172(14), 171(100), 136(17), <15(14). Anal. 
calcd. for CZOHI8o3: C 78.06, H 5.52; found: C 78.17, H 5.66. 

5e: mp 112-1 13°C; 'H nmr (CDCI,) 6: 8.33 (d, IH, J = 8.0 Hz, 
H8), 8.07 (d, 2H, J = 7.6 Hz, H3'), 8.02 (d, IH, J = 8.2 Hz, H4), 
7.64 (d, 2H, J = 7.6 Hz, H2' ), 7.57 (t, lH, J = 7.5 Hz, H7), 7.52 
(d, lH,  J = 7.9 Hz, H2), 7.51 (t, IH, J = 7.5 Hz, H6), 6.77 (d, 
1 H, J = 8.0 Hz, H3), 5.74 (s, 2H, NpCH2), 3.99 (s, 3H, OCH,); 
ir (Nujol): 2210, 1700, 1240, 1080 cm-I; mass spectrum, m/e: 
318(14), 317(65), 172(14), 171(100), 128(18), 102(10). Anal. 
calcd. for C,,H,,NO,: C 75.70, H 4.76, N 4.41; found: C 75.62, 
H 4.93, N 4.37. 

Sf: mp 122-123°C; 'H nrnr (CDCI,) 6: 8.31 (d, lH, J = 8.2 Hz, 
H8), 8.17 (d, lH,  J = 7.9 Hz, H5), 8.07 (d, 2H, J = 7.7 Hz, H2'), 
7.92(d, l H , J =  7.4Hz,H3),7.74(t ,  l H , J =  6 .6Hz,H6) ,7 .70  
(t, lH,  J = 7.3 Hz, H7), 7.70 (d, lH,  J = 7.4Hz, H2), 7.58 (t, 
lH, J =  7.3 Hz, H4'),7.44(t, 2H, J =  7.7Hz, H3'), 5.86(s, 2H, 
NpCH,); ir (Nujol): 2200, 1700, 1280, 1105 cm-'; mass spec- 
trum, m/e: 288(7), 287(3 l ) ,  166(32), 165(10), 105(100), 77(24). 
Anal. calcd. for C19H13N0,: C 79.33, H 4.56, N 4.88; found: C 
79.00, H 4.59, N 4.86. 

5g:  mp 140-141°C; 'H nmr (CDCI,) 6: 8.29 (d, lH, J = 8.2 Hz, 
H8), 8.15 (d, lH, J = 8.2 Hz, H5), 8.02 (d, 2H, J = 8.9 Hz, H2'), 
7.90 (d, lH,  J = 7.3 Hz, H3), 7.73 (t, IH, J = 7.2 Hz, H6), 7.69 
(t, lH,  J = 7.2 Hz, H7), 7.68 (d, lH,  J = 7.3 Hz, H2), 6.91 (d, 
2H, J = 8.9 Hz, H3'), 5.8 1 (s, 2H, NpCH2), 3.84 (s, 3H, OCH,); 

ir (Nujol): 2200, 1700, 1260, 1080 cm-'; mass spectrum, m/e: 
318(4), 317(20), 166(35), 136(10), 135(100). Anal. calcd. for 
CmH15N03: C 75.70, H 4.76, N 4.41 ; found: C 75.43, H 4.89, N 
4.42. 

Photolysis of esters 
Irradiations were with a 200-W medium pressure Hanovia mer- 

cury lamp in a Pyrex immersion well. Normally about 300 mg of 
the ester was dissolved in 300 mL of methanol and irradiations were 
continued until more than 90% of the esters was consumed. Re- 
actions were purged with a steady stream of nitrogen gas. Yields 
were determined by calibrated HPLC using solutions of the prod- 
ucts of known concentration. Dark reactions were negligibly slow. 

For isolation of the carboxylic acid photoproducts, the reaction 
mixtures were first concentrated under vacuum to about 10 mL and 
then dissolved in 30 mL of dichloromethane. The dichlorometh- 
ane was extracted with 2 X 25 mL of 5% NaOH and the extract 
acidified with conc. HC1. Extraction and concentration gave the acid 
which was identified by 'H nrnr and the yield determined by weight. 

Results and discussion 
Fluorescence quantum yields 

Fluorescence quantum yields for the esters 5a-g are re- 
ported in Table 1. Clearly, there is a large range in the val- 
ues from a maximum of 0.20 for 5g to a minimum of 0.003 
for 5c.  If these changes reflect charge-transfer quenching of 
the excited singlet state by an intramolecular process, then 
the expected direction of this charge transfer should be to- 
wards the benzoate aromatic ring which is the better elec- 
tron acceptor. This suggestion has been confi ied for 7 (1 1). 
The exciplex would have radical anion/radical cation char- 
acter as in 8. If this is true the efficiency of formation of this 
species should be highest when the naphthalene ring has a 
lower oxidation potential because of an electron-donating 
substituent (X = CH30) and the benzene ring a lower re- 
duction potential because of an electron-withdrawing sub- 
stituent (X = CN). This is the ester 5e,  which has the lowest 
C$F. The reverse case, 5g (X = CN, Y = CH30), has the 
highest C$,. The obvious conclusion is that intramolecular 
charge transfer to form an exciplex in the excited singlet state 
completes with the usual fluorescence emission of the 
naphthalene ring. 

Often, intramolecular exciplex formation of this type re- methanol solvent, only 5d showed the expected broad 
sults in a new fluorescence emission (7). For the esters 5 ,  in structureless band at longer wavelength (A,, - 440 nm) than 
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TABLE 1. Fluorescence quantum yields for esters 5a-g 

Ester X Y +: " 4 "." 7PA x I o9 b ( ~ -  I )  log kc, 

"Values in parentheses are singlet lifetimes in nanoseconds. 
bFor the corresponding phenyiacetate 9, see D. P. DeCosta and J .  A.  Pincock, to be pub- 

lished. 
'The error in log kc,, given in parentheses underneath, is calculated assuming a * 10% error 

in both +: and +:. 
"A value of 0.05 was obtained in hexane. 

the normal fluorescence for 4-methoxy naphthalene deriva- 
tives at 340 nm. The intensity of this exciplex emission was 
about 20% that of the normal emission. The same com- 
pound in hexane solvent gave an exciplex band about seven 
times as strong as that observed in methanol. A more de- 
tailed study (10) of solvent effects on excimer emission for 
6 (R = 9-anthryl) showed the same effect. In an earlier study 
(9), the same authors also confirmed that not all intramolec- 
ular exciplexes of this general structure are emissive. For 6 
(R = 1-naphthyl), the quenching of the normal fluores- 
cence occurred, but no new bands were observed. 

The fluorescence quantum yield data for 5a-g can be 
analyzed in a more quantitative way as follows. As a model 
for the fluorescence of these compounds, the corresponding 
phenylacetate esters, 9, seem ideal. The excited singlet-state 
properties of these substrates should be the same as those of 
5, except now intramolecular exciplex formation is no longer 
occurring. This must be so since the quantum yield (4) of 
fluorescence (0.14) of the phenylacetate ester 9a is identi- 
cal to that of the related acetate ester (3) which does not have 
a good electron-accepting functional group. The quantum 
yield of fluorescence (+;) of the compounds 9 will be given 
by eq. [2], where the rate constants are for reactivity of the 
excited singlet state: fluorescence, radiationless decay (inter- 

[2] +; = kf/(kf + kd + k,) = kf 7; 

system crossing and internal conversion), and reaction (car- 
bon-oxygen bond cleavage), respectively. The reciprocal of 
the denominator of eq. [2] is the singlet lifetime 7:. 

A similar expression for the compounds 5 is given in eq. 
[3], where the only additional term is k,,, the rate of intra- 
molecular exciplex formation. 

Division of eq. [2] by eq. [3] gives eq. [4]. 

Values for the fluorescence quantum yields and singlet life- 

times for 9a-c are given in Table 1 ,  as are the calculated 
values for k,, (in logarithmic form). The values of k,, span 
almost three orders of magnitude and, as expected, the fast- 
est rate is for 5e and the slowest for 5g. For 5e, therefore, 
exciplex formation dominates the processes available to the 
excited singlet, whereas for 5g exciplex formation is too slow 
to compete with normal emission. 

Some comment is necessary concerning the accuracy of 
this method for determining k,, values. For some.cases, the 
+, values are very small (50.005). Determining accurate 
fluorescence efficiencies for weakly emissive compounds is 
inherently difficult but perhaps even more so for these cases. 
All the esters were made from the corresponding l-naph- 
thylmethanols which have high quantum yields of fluores- 
cence (0.2-0.4). Therefore, if the alcohols (or other highly 
emissive naphthalene derivatives) are present as even very 
low percentage impurities in the esters, significant error in 
the quantum yields could result. We have, of course, used 
highly purified samples and made measurements on more 
than one sample of each compound. We therefore feel con- 
fident that the values reported are accurate within the % 10% 
error limits given in Table 1. Even these error limits can lead 
to quite large errors in the values estimated for log k,,, par- 
ticularly where +: and +: are quite similar as for Sf and 5g. 
A better experimental way to arrive at these values might be 
to use singlet lifetimes. Unfortunately most of the com- 
pounds studied here have singlet lifetimes which are shorter 
than the limit of -1 ns for our single-photon counting 
equipment. For those cases (56, Sf, and 5g) where singlet 
lifetimes are available, the ratio of 7:/7: is, within experi- 
mental error, close enough to +:/I$: to give us confidence 
in the accuracy of the fluorescence quantum yields. 

The values for log k,, can be put on a more quantitative 
basis by application of a linear free energy approach. As- 
suming that the exciplex can be represented by a charge- 
separated structure like 8, then the rates of its formation might 
be expected to follow a two-parameter Hammett function as 
in eq. [5]. 
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[S] log k,, = K + piai + pa 

DECOSTA AND PINCOCK 1883 

As a confirmation of this electron-transfer quenching 

The p'ai term would be for the oxidation of the naphtha- 
lene ring. Recent results (15) for the electrochemical oxi- 
dation of substituted methylnaphthalenes show a good 
correlation of E,,, (CH3CN vs. SCE) with a+ (p+ = -8.4 V /  
a+) .  The pa term would be for the reduction of the ben- 
zoate functional group. There is some question of what sigma 
value to use here. The available literature data (16) for the 
reduction potentials of substituted benzoates or even substi- 
tuted acetophenones or benzaldehydes with resonance elec- 
tron-withdrawing groups is insufficient to decide if the 
reduction process should correlate with a or a - .  Recent ab 
initio calculations at the STO-3G level (17) for the radical 
anion of 4-cyanobenzaldehyde indicate that 27% of the 
negative charge is on the carbonyl oxygen and a similar 
amount is on the nitrile nitrogen. 

A plot of the data in Table 1 according to eq. [5] is shown 
in Fig. 1. The calculated line is eq. [6] (R' = 0.95), where 
the values in parentheses are the standard deviations.' The 

process, the intermolecular quenching of I-methoxynaph- 
thalene by methyl benzoate was examined. The fluores- 
cence intensity results gave a good Stern-Volmer plot 
(kq7 = 13.7 2 0.8 M-I) which along with the measured sin- 
glet lifetime (7 = 11 ns) gives a quenching rate constant 
k, = 1.2 X lo9 M-' s-I. The value for the similar intramo- 
lecular case, 5d is somewhat faster (7.2 x lo9 s-I). How- 
ever, the two processes may not, in fact, be too closely 
related. The mechanism for intramolecular electron transfer 
in 7 has been suggested (1 1) to occur through the bonds fol- 
lowed by a Coulombic attraction that enables rotation about 
the ester functional group to the conformation with the two 
chromophores sitting face-to-face as required for a stable 
exciplex. The conclusion from this section is that for suita- 
bly substituted derivatives of 5 ,  intramolecular exciplex 
formation by charge transfer can be fast enough to domi- 
nate other possible processes of the excited singlet state. The 
effect that this process has on actual photoreactivity will be 
discussed next. 

[6] log k,, = 8.48(0.12) - 1.5(0.2)a' + 0.77(0.37)a Photolysis of esters 5 
correlation is reasonably good and certainly shows the ex- The products for the photolysis of the esters 5b, d, f ,  g are 
pected trend with a negative p' value for the naphthalene ring given in eq. [7] and the product yields in Table 2. The 
and a positive p for the benzoate ring. products 10 and 11 are those expected from the photolysis 

CH,-0-OC 

PI @ + HO-oc 

X X 11 
5 10 

X X 

12 13 

of other esters (eq. [ l ]  and Scheme 1). However, the prod- 
ucts 12 and 13 derived from the 1-naphthylmethyl radical 
intermediate are no longer resulting from decarboxylation of 
the acyloxy radical. This is not surprising since aromatic 
acyloxy radicals are known (18) to decarboxylate quite slowly 
(kcoz - lo6 s-I). Therefore in Scheme 1, kET should domi- 
nate kco2. Normally, this would lead to products resulting 
entirely from the 1-naphthylmethyl cation and the acyloxy 
anion. This is seen to be true for 5b and 5d where kET is ex- 
pected to be relatively fast (2) because of the stability of the 
1-naphthylmethyl cation that is formed. Note that the yield 
determined for the carboxylic acid 11 is lower than ex- 
pected, but this is explicable since the value is obtained by 
weight of isolated material after extraction. The yield of the 

'The corresponding equation for u- (log k,, = 8.43 (0.16) - 1.6 
(0.3 ui + 0.55 (0.36) u-; R2 = 0.93) is not significantly differ- 
ent. 

ether 10, determined by calibrated HPLC on the photolysis 
solutions, gives a better measure of the intervention of ionic 
intermediates. 

For the esters 5f and 5g significant yields of products de- 
rived from the 1-naphthylmethyl radical are now formed. AS 
mentioned above, the coupling product 4 is not formed be- 
cause decarboxylation of the aromatic acyloxy radical is slow. 
However, now kET is also expected to be slower because of 
the effect the 4-cyano group has on the oxidation potential 
of the 1-naphthylmethyl radical (2,15). Therefore, the pro- 
cess that competes with electron transfer in the radical pair 
is cage escape. Since the 1-naphthylmethyl radical is not 
expected to efficiently abstract a hydrogen atom from meth- 
anol (the process is endothermic by about 46 kJ mol-I) (5), 
the product formed is the dimer. 1-Methylnaphthalene, 13, 
is formed in low yield but the source of the hydrogen atom 
is likely the reactive methylene group in either the starting 
ester 5 or the product ether 10. This conclusion is substan- 
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log k,, (calcd) 

FIG. 1. Plot of log kc, versus log kc, (calcd.) = 8.48 - 1.5 a+ 
+ 0.77 o (R' = 0.95, s = 0.31) for intramolecular exciplex for- 
mation for the esters 5a-5g. The error bars assume a * 10% error 
in the measurement of +,. 

TABLE 2. Product yields (%) for photolysis of esters 5 in metha- 
nol 

Substrate 10" llb 12" 13" 

5b (X = H, Y = CH30) 88 70 < 2 <2 
5d (X = CH,O, Y = H) 92 80 <2 <2 
5f(X = CN, Y = H) 66' 55 22 5 

5 9  40 2 40 
5g (X = CN, Y = CH30) 66" 100 22 5 

6 6  61 2 39 

"Yield determined by calibrated HPLC. 
'Yield determined by weight of acid isolated by basic extraction of the 

phosolysis reaction mixture. 
'Molarity of S f :  8.1 X lo-'. 
*Molarity of S f :  3.5 X lo-'. 
'Molarity o f 5 g :  6.4 X lo-'. 
'Molarity of 5 g :  2.2 X lo-'. 

tiated by the observation that the yield of 13 rises dramati- 
cally if the starting concentration of the ester 5 is increased 
(footnotes d and f in Table 2). 

The conclusion from this section is that the product yields 
from these esters can be explained by the normal mecha- 
nism outlined in Scheme 1 with the change that kco2 is too 
slow to have any importance. For substrates like 5b and 5d 
where intramolecular exciplex formation (k,,) is fast, the 
quantum efficiency for bond cleavage is very low but those 
molecules that do react behave normally. Inefficiency of bond 
cleavage for substrates 6 where intramolecular exciplex for- 
mation leads to fluorescence quenching has also been ob- 
served (9). For Sf and 5g where kc, is small, normal 
efficiencies for the excited singlet-state carbon-oxygen bond 
cleavage reaction are observed. 

It is perhaps surprising that the intramolecular exciplex, 
as described by structure 8, does not react by efficient 
cleavage of the carbon-oxygen bond of the ester. We know 
this is not true since substrates like 5b and 5d must be form- 

SCHEME 2. Thermodynamic cycle for estimating AGq (hetero- 
lytic cleavage) and AG, (homolytic cleavage) of the intramolecu- 
lar exciplex 8. 

ing 8 with efficiencies approaching loo%, but the reaction 
efficiency is extremely low (quantum efficiencies well be- 
low 1%). The process of bond cleavage in charge-transfer 
species has been well documented (19) for the intramolecu- 
lar radical anion/radical cation pairs of highly substituted 
ethane carbon-carbon bonds. As the authors state, "Radi- 
cal ion pairs of the kind described herein (and related ones) 
can, in principle, cleave to yield either a pair of ions or neu- 
tral radicals. This is easy to describe (on paper, at least) in 
terms of electron "pushing".3 If the carbon-oxygen bond 
electron pair in 8 is shifted to the naphthalene side (hetero- 
lytic cleavage), then the radical pair results; if one electron 
is shifted to the naphthalene and one to the benzoate side 
(homolytic cleavage), then the ion pair results. 

An estimate for the thermodynamic feasibility of these two 
processes can be made by the now very commonly used cycle 
shown in Scheme 2. The values of interest are AG, (heter- 
olytic cleavage) and AG, (homolytic cleavage). A value of 
AG, = 268 kJ mol-I can be estimated from the carbon-ox- 
ygen bond dissociation energy of 280 kJ mol-' (20) for 
benzyl acetate minus 12 kJ mol-' for the stabilization (21) 
of the 1-naphthylmethyl radical relative to the benzyl radi- 
cal. A value of AG, = 355 kJ mol -' is estimated from the 
oxidation potential of 1-methylnaphthalene (1.59 V vs. SCE 
in CH,CN) (15) and the reduction potential of methyl ben- 
zoate (2.12 V vs. SCE in ethanol) (16). This ignores the 
electrostatic stabilization of 8.  Molecular models show that 
the two rings in 8 can be coplanar as close as 2 P\. Assum- 
ing the dielectric constant to be used is that the bulk me- 
dium, methanol, the value of this term4 (e2/er)  is about 21 
kJ mol-l. A value of AG, = - 105 kJ mol-' (in acetonitrile) 
can be estimated (15) from the oxidation potential of the 1- 
naphthylmethyl radical and the reduction potential of the 
acetyloxy radical. This leads to values of AG, = -66 kJ 
mol-' and AG, = - 192 kJ mol -I. Both bond cleavage pos- 
sibilities (heterolytic or homolytic) are clearly thermody- 
namically possible. The most reasonable explanation for lack 
of efficient bond cleavage in 8 is that back electron transfer 
to regenerate the ground state is faster. Note that molecular 
models indicate that there is no particular stereo-electronic 
inhibition to bond cleavage, as has been observed for some 
radical cations (22). Finally, as mentioned above, the 

' ~ o t e  that the authors have the electron "pushing" facts re- 
versed in the rest of the paragraph and in Scheme I1 (19). If one 
apportions one electron of the central bond to each of the two parts, 
the result is the ion pair not the radical pair. 

'NOTE ADDED 1N PROOF: Suppan (23) recently proposed a Very 
different model for contact ion pairs that gives this term a much 
larger value of -150 kJ mol-l. This, of course, leads to a very 
different conclusion about the stability of 8. 
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~henvlacetate esters 9 do not form intramolecular exci- 8. P. Hirayama. J. Chem. Phys. 42, 3163 (1965). . d 

plexes. However, if an electron-donating group such as 9. M. Iwamura, K. Tokuda, N. Koga, and H. Iwamura. Chem. 

4-CH30 is on the benzene ring as in 14, decreased fluores- Lett. 1729 (1987). 

cence is again observed (3). The explanation again is intra- 10. M. Iwamura, K. Takuma, N. Koga, and H. Iwamura. Chem. 
Lett. 1249 (1988). 

molecular exciplex formation, but from the benzene ring to T, Kamisuki, N ,  Akamatsu, Y. Adachi, C. Hirose, N. 
the naphthalene ring. Moreover, in this case, bond cleavage Yamamoto, K. Takuma, and M. Iwamura. Bull. Chem. Soc. 
to radical pairs competes efficiently with back electron Jpn. 62, 1415 (1989). 
transfer. 
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Coordination chemistry of thioether-pyridazine macrocycles. I. Synthetic, 
structural, and spectroscopic studies of Cu(I1) and Cu(1) complexes of novel 

thioether-pyridazine macrocycles that contain two or three pyridazine subunits 
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Received January 15, 1992 

LIQIN CHEN, LAURENCE K. THOMPSON, and JOHN N. BRIDSON. Can. J. Chem. 70, 1886 (1992). 
The preparations of thioether-pyridazine macrocycles containing three (Ll) and two (L2) pyridazine subunits and their 

copper complexes are described. The ligands are characterized by 'H nuclear magnetic resonance and mass spectrom- 
etry and in one case by X-ray crystallography, and the complexes by infrared, electronic, and electron spin resonance 
(esr) spectra and in some cascs by X-ray crystallo~raphy. The compJex [ C U ~ ( L ~ ) ~ C I ~ ]  .2CHC13 (1) crystallized in the 
triclinic system, space group P1 with a = 13.661(2) A, b = 14.174(3) A, c = 9.412(2) A, a = 101.08(2)", P = 96.94(2)", 
y = 75.76(2)", V = 1728.2(6) A ~ ,  and Z = 2 (R = 0.056, R,,. = 0.048 for 2080 reflections). Two monodentate pyri- 
dazine rings in each ligand bind to one square-planar copper centre with the third monodentate pyridazine in each ligand 
linking the two to the central square-planar copper. The comple? [Cu(L2)C12] (2) ~rystallized in the orthorhombic sys- 
tem, space group Pnma, with a = 8.571(1) A,  b = 16.104(3) A, c = 13.961(2) A, V = 1927(1) A ~ ,  and Z = 4 (R = 
0.037, R,,, = 0.033 for 1070 reflections). A cis square-planar structure exists for 2 with monodentate pyridazines. 
[Cu(L2)J .6C1O4),. CH3CN .SHC13 (5) crystallized in the triclinic system, space group P1, yith a = 12.888(4) A, b = 
17.462(6) A, c = 10.906(1) A, a = 96.07(2)", P = 104.18(2)", y = 94.51(2)", V = 2352(1) A ~ ,  andZ = 2 (R = 0.053, 
R,, = 0.044 for 2941 reflections). Two ligands involving monodentate pyridazine rings bind to a square-planar cop- 
per(I1) centre. The protoaated ligand salt [L2HI(C1O4). H20J6) crystallized in the monoclinic system, space group P2,/ 
n ,  with a = 14.762(4) A, b = 8.637(5) A, c = 16.267(4) A, P = 92.78(2)", V = 2072(1) A3, andZ = 4 (R = 0.064, 
R,, = 0.053 for 1456 reflections). No sulfur coordination is observed in these complexes and there is no apparent spin 
exchange in the trinuclear derivative. 

LIQIN CHEN, LAURENCE K. THOMPSON et JOHN N. BRIDSON. Can. J .  Chem. 70, 1886 (1992). 
On decrit les preparations de macrocyles de thioether-pyridazine contenant trois sous-unitCs (LI) et deux (L2) et de 

leurs complexes de cuivre. Les coordinats ont CtC caractCrises par resonance magnitique nucleaire du 'H et par spec- 
tromCtrie de masse et, dans un cas, par diffraction des rayons X; les complexes ont CtC caractLrisCs par leurs spectres 
infrarouges, Clectroniques et rksonance paramagnetique Clectronique et, dans quelques cas, par diffraction des rayons 
X. Le complexe [CU~(LI)~CI~] .  2CHC13 (1) cristallise dans le systbme triclinique, groupe d ' e space l  avec a = 13,661(2), 
b = 14,174(3) et c = 9,412 A, a = 101,08(2), P = 96,94(2) et y = 75,76(2)", V = 1728,2(6) e t Z  = 2 (R = 0,056, 
R,, = 0,048 pour 2080 rkflexions). Deux cycles pyridazines monodentates dans chaque coordinat se lient 2 un cuivre 
central plan-carrC alors que la troisieme pyridazine monodentate de chaque coordinat relie les deux au cuivre central du 
plan-carre. Le complexe [Cu(L2)ClZ] (2) cristallise dans l e s  stbme orthorhombique, groupe d'espace Pnma, avec a = 
8,571(1), b = 16,104(3) et c = 13,961(2) A, V = 1927(1) AYetZ = 4 (R = 0,037 et R. = 0,033 pour 1070 reflexions). 
Pour le composC 2, il existe une structure plan carre cis portant des pyridazines monodentates. Le 
[Cu(L2)>] . (C104)>. CH3CN. CH$l3 (5) cristallise dans le systbme triclinique, groupe d'espace, PI2 avec a = 12,888(4), 
b = 17,462(6) et c = 10,906(1) A, a = 96,07(2), P = 104,18(2) et y = 94,51(2)", V = 2352(1) e tZ  = 2 (R = 0,053 
et R,, = 0,044 pour 2941 rkflexions). Deux coordinats impliquant les cycles pyridazines monodentates se lient 2 une 
cuivre(I1) central plan-carre. Le sel du ligand protone [L2H](CI04). H,O (6) ~ristallise dans le systeme mono~linique, 
groupe d'espace P2,/n,  avec a = 14,762(4), b = 8,637(5) et c = 16,267(4) A, P = 92,78(2)", V = 2072(1) et Z = 
4 (R = 0,064 et R,, = 0,053 pour 1456 rkflexions). Aucun de ces complexes ne prCsente de coordination par le soufre 
et il ne semble pas se produire d'kchange de spin dans le derive trinucleaire. 

[Traduit par la redaction] 

Introduction considerable number of homoleptic, thioether complexes of 

The discovery of the structure of the "blue" copper pro- 
teins plastocyanin (1, 2) and azurin (3, 4) has demonstrated 
thioether sulfur coordination to the copper ion and although 
the intense visible absorption in these systems is associated 
with cysteine (thiolate) to copper charge transfer (5), the high 
reduction potentials are likely to be a function of both types 
of sulfur site. To clarify the relationship between electronic 
and molecular structure numerous studies have been di- 
rected towards the synthesis of copper complexes with co- 
ordination spheres similar to those of the proteins (6-15). 
Homoleptic thioether complexes represent the most prom- 
ising synthetic systems to explain the electronic conse- 
quences of thioether coordination. For this reason a 

'Author to whom correspondence may be addressed. 

four, five, and six-coordinate cippe; have been studied (16- 
23). In addition, the coordination chemistry of chelating 
agents with built-in thioether and azole groups (15), and 
macrocyclic ligands with thioether and amino, amido, pyr- 
idine, furan, and thiophene subunits, has also been ex- 
plored (24-33). 

Our interest in mixed sulfur-nitrogen ligands involving 
thioether and diazine linkages stems from our earlier stud- 
ies on open-chain tetradentate (N,) thioether-pyridazine li- 
gands (34-39), which involved non-coordinating thioether 
linkages and formed binuclear copper(I1) complexes with, 
in some cases, positive (0 + + 0.5 V vs. SCE) reduction 
potentials. The combination of pyridazine and thioether 
groups, suitably disposed for simultaneous coordination, 
might be expected to produce binuclear copper(I1) com- 
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CHEN ET AL. 1887 

FIG. 1. Structural representation of the ligands 

plexes with more positive reduction potentials. Our initial 
studies in this area have involved the synthesis of a series of 
new macrocyclic thioether-pyridazine ligands and this paper 
describes the spectroscopic and structural investigation of 
copper(I1) and copper(1) complexes of two oligomeric li- 
gands (Ll ,  L2, Fig. 1) derived from the reaction of 3,6- 
dichloropyridazine and 1,3-propanedithiol. 

Experimental section 
Commercially available reagents (Aldrich) were used without 

further purification. Infrared spectra were recorded using a Mattson 
Polaris FT instrument and electronic spectra with a Cary 17 spec- 
trometer. The epr spectra were recorded with a Bruker ESP 300 
X-band spectrometer at room temperature and 77 K. Mass spectra 
were obtained using a VG Micromass 7070 HS spectrometer and 
nrnr spectra using a GE 300 MHz instrument. X-ray diffraction data 
were collected using a Rigaku AFC6S instrument and magnetic 
susceptibility data were measured by the Faraday method using a 
Cahn 7600 magnetic susceptibility system. Elemental analyses were 
performed by Canadian Microanalytical Service, Delta, British 
Columbia, Canada. 

Synthesis of ligands and complexes 

LI and L2 
1,3-Propanedithiol (2.82 g ,  25 mmol) was added to anhydrous 

ethanol (100 mL), in which sodium metal (1.15 g, 50 mmol) had 
been dissolved and the resulting solution was stirred for 1 h. 3,6- 
Dichloropyridazine (3.84 g, 26 mmol) was dissolved in anhy- 
drous ethanol (100 mL) and both solutions were added dropwise, 
simultaneously, to refluxing anhydrous ethanol (500 mL) by using 
pressure equalizing funnels, under a dry nitrogen atmosphere. The 
addition took place over a period of 6 h, during which time a white 
precipitate formed. The mixture was stirred and refluxed for a fur- 
ther 2 h and then stirred at room temperature overnight. The white 
solid (L l )  was filtered off, washed with anhydrous ethanol (3 x 
80 mL), and deionized water (3 X 100 mL), dried in vacuo, and 
recrystallized twice from CHCI,. Yield: 150 mg (3.2%); mp 190- 
210°C. Further recrystallization from MeNO, produced white 
crystals, mp 188-190°C; 'H nmr (CDC1,) (6 (relative inten- 
sity)):2.25 (6) (multiplet, CH,a), 3.36(12) (multiplet, CH,b), 7.00 
(6) (singlet, pyridazine). Mass spectrum, major mass peaks ( m / e  
(relative intensity)):552(5) P, 5 19(4),367(7), 2 18(22), 184(43), 
144(40), 106(39), 73(40), 41(100). 

The initial filtrate obtained after isolation of L1 was removed on 
a rotary evaporator and the residual solid extracted with CHCI,; the 
extract was washed several times with water and dried over Na,SO4. 
The concentrated extract was chromatographed on silica gel, eluted 
with CHCl,, and the volume of the solution reduced to a few mil- 
lilitres on a rotary evaporator and placed in a refrigerator. Colour- 
less crystals of L2 were obtained. Yield: 0.52 g (1 1.3%); mp 215- 
217°C; 'H nmr (CDCI,) (8 (relative intensity)):2.43(4) (multiplet, 

CH2a), 3.34(8) (multiplet, CH2b), 7.00(4) (singlet, pyridazine). 
Mass spectrum, major mass peaks ( tn/e  (relative inten- 
sity)):368(88) P,  217(33), 191(31), 185(66), 151(100), 144(81), 
1 14(62), 96(34), 79(49), 73(66). 

[ C U ~ ( L I ) ~ C ~ ~ ] .  2CHC13 ( I )  
CuC12. 2H20 (0.17 g ,  1.0 mmol) was dissolved in CH,CN 

(20 mL) and added to a solution of L1 (0.11 g, 0.2 mmol) in CHC1, 
(20 mL). The resulting deep-green solution was filtered immedi- 
ately and allowed to stand at room temperature overnight. A very 
small amount of an unidentified green solid formed, that was fil- 
tered off and the filtrate allowed to stand at room temperature for 
1 week. Bluish-green crystals formed, which were filtered off, 
washed with CH3CN and CHCI,, and air dried (yield 31 mg). Anal. 
calcd. for [C42H56N12S1,C16C~3] . 2CHC1,: C 30.24, H 2.88, N 9.62; 
found: C 30.66, H 3.04, N 9.81. 

[Cu(L2)C~21 ( 2 )  
CuC12.2H20 (0.14 g ,  0.80 mmol) was dissolved in CH3CN 

(20 mL) and added to a solution of L2 (0.14 g, 0.38 mmol) in 
CHCI, (20 mL). The resulting dark-green solution was filtered 
immediately and allowed to stand at room temperature overnight. 
Bright green crystals formed, which were filtered off, washed with 
CH3CN and CHCl,, and air dried (yield 0.16 g). Anal. calcd. for 
[C14H16N4S4C12Cu]: C 33.43, H 3.21, N 1 1.14; found: C 33.38, H 
3.19, N 11.19. 

[Cu(L2)Br,] (3) and [CU(L~)(NO,)~]  (4) were prepared in a 
similar manner. Anal. calcd. for [CI4Hl6N4S4Br2Cu] (3): C 28.41, 
H 2.72, N 9.47; found: C 28.3 1, H 2.67, N 9.49. Anal. calcd. for 
[C14H16N606S4C~] (4): C 30.35, H 2.90, N 15.11 found: C 30.24, 
H 2.91, N 15.31. 

[ C U ( L ~ ) , ] ( C ~ O , ) ~  . CH3CN. CHC13 (S), [L2H](C104) , H 2 0  (6) 
Cu(C104),. 6H20 (0.15 g, 0.40 mmol) was dissolved in CH3CN 

(10 mL) and added to a solution of L2 (0.15 g, 0.40 mmol) in 
CHCl, (10 mL). The resulting brown solution was filtered and al- 
lowed to stand at room temperature for several days. A small 
quantity (15 mg) of pale yellow crystals (6) formed, which were 
filtered off and the brown filtrate evaporated slowly at room tem- 
perature. Red-brown crystals (5) formed, which were filtered off, 
washed with CH,CN and CHCl,, and air dried (yield 0.10 g). Anal. 
cdcd. for [C28H32N8S8C~] . (C104)2. CH3CN . CHC1, (5): C 32.10, 
H 3.13, N 10.87; found: C 32.1 1, H 3.20, N 10.90. Anal. calcd. 
for [Cl4Hl7N4](ClO1). H 2 0  (6): C 34.53, H 3.93, N 11.50; found: 
C 34.23, H 3.96, N 11.46. 

[Cu(L2)C11(6) 
Copper powder (0.19 g, 3.0 mmol) was added to a solution of 

CuCl, . 2H,O (0.05 1 g ,  0.30 mmol) in CH3CN (20 mL), the mix- 
ture stirred under a nitrogen atmosphere until the solution became 
colourless, and then filtered into a solution of L2 (0.074 g, 
0.20 mmol) in CHCl, (20 mL) under a nitrogen atmosphere. The 
resulting orange solution was allowed to stand at room tempera- 
ture overnight. Red crystals formed, which were filtered off, washed 
with CH,CN and CHCI,, and air dried (yield 0.058 g). Anal. calcd. 
for [C14Nl,N4S,ClCu]: C 35.96, H 3.45, N 11.98; found: C 36.06, 
H 3.44, N 11.94. [Cu(L2)Br] (7) was prepared in a similar manner 
and obtained as red-brown crystals. Anal. calcd. for [C14H16- 
N4S4BrCu] .0.5H20: C 32.30, H 3.27, N 10.76; found: C 32.40, 
H 2.97, N 10.78. 

X-ray crystallographic ar~alysis of [Cu(L2)CW ( 2 )  
The diffraction intensities of a green parallelepiped crystal of 

[Cu(L2)C12] of approximate dimensions 0.2 x 0.15 X 0.05 mm 
were collected using a Rigaku AFC6S diffractometer with graph- 
ite monochromatized MoKa radiation. Cell constants and the ori- 
entation matrix were obtained by the least-squares refinement of 
the setting angles of 25 carefully centred reflections in the range 
26.23" < 28 < 38.84". Based on systematic absences, packing 
considerations, a statistical analysis of the intensity distribution, and 
the successful solution and refinement of the structure, the space 
group was determined to be Pnma. Machine and data collection 
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TABLE 1. Summary of crystal data, intensity collection, and structure refinement for 1 ,  2, 5,  and 6 

[Cu3(L 1 )?C16] . 2CHC13 [C~(L2)2](C104), . CH3CN. CHC13 [L2H](C104) . H20  
(1) [CU(L~)C~ZI  (2) (5) (6) 

Formula 
Crystal colour 
(habit) 
Formula weight 
Crystal system 
Space group 
a (4) 
b (4) 
c (A) 
a (deg) 
P (deg) 
Y (deg) 
Volume (A3) 
Density (g ~ m - ~ )  
calcd. 
z 
Absorption coeff., 
P (cm-l) 
Radiation, A (A) 
Temperature ("C) 
Fwo 
Scan rate (deg min-I) 
28,,, (deg) 
Data collected 
Number of unique 

data (I > 3 . 0 ~  (I)) 
Number of variables 
Goodness of fit 
R 
R,,, 

CZZH?SCU 1 .sC16N6S6 
Blue-green 
(regular polyhedron) 
873.88 
T~iclinic 
P 1 (No. 2) 
13.661(2) 
14.174(3) 
9.412(2) 
101.08(2) 
96.94(2) 
75.76(3) 
1728.2(6) 

17.77 
MoKa, 0.71069 
26 
88 1 
4.0 ( o  scan) 
45.0 
4754 

C I ~ H I ~ C U C ~ Z N ~ S ~  
Green 
(parallelepiped) 
503.00 
Orthorhombic 
Pnrna (No. 62) 
8.571(1) 
16.104(3) 
13.961(2) 
- 

18.39 
MoKa, 0.71069 
25 
1020 
8.0 (w scan) 
50.0 
1979 

C ~ I H ~ ~ C U C ~ ~ N @ ~ S ~  
Brown 
(regular polyhedron) 
1159.97 
T~iclinic 
P1 (No. 2) 
12.888(4) 
17.462(6) 
10.906(1) 
96.07(2) 
104.18(2) 
94.51(2) 
2352(1) 

11.47 
MoKa, 0.7 1069 
25 
1182 
16.0 ( o  scan) 
50.0 
8673 

CI4Hl9C1N405S4 
Pale yellow 
(polyhedron) 
487.02 
Monoclinic 
P2,/n (No. 14) 
14.762(4) 
8.637(5) 
16.267(4) 
- 

92.78(2) 
- 

2072(1) 

6.03 
MoKa, 0.71069 
25 
1008 
16.0 (w scan) 
50.1 
4083 

1456 (I > 2 . 0 ~  (I)) 
266 
1.95 
0.063 
0.052 

parameters and crystal data are given in Table 1. The data were 
collected at 25 r 1°C using the 0-28 scan technique to a maxi- 
mum 28 value of 50.0". Omega scans of several intense reflec- 
tions, made prior to data collection, had an average width at 
half-height of 0.26" with a take-off angle of 6.0". Scans of 
(1.15 + 0.30 tan 8)" were made at a speed of 8.0°/min (in o). The 
weak reflections (I < 10.0 a (I)) were rescanned (maximum of two 
rescans) and the counts were accumulated to assure good counting 
statistics. Stationary background counts were recorded on each side 
of the reflection. The ratio of peak counting time to background 
counting time was 2: 1. 

A total of 1979 reflections were collected. The intensities of three 
representative reflections, which were measured after every 150 
reflections, remained constant during data collection (no decay 
correction applied). An empirical absorption correction was ap- 
plied, using the program DIFABS (40), which resulted in trans- 
mission factors ranging from 0.94 to 1.08. The data were corrected 
for Lorentz and polarization effects. 

The structure was solved by direct methods (41, 42). The non- 
hydrogen atoms were refined anisotropically. The final cycle of 
full-matrix least-squares refinement was based on 1070 observed 
reflections (I > 3.00 a (I)) and 119 variable parameters and con- 
verged with unweighted and weighted agreement factors of R = 

2llF0l,- IFcll/21F,I = 0.037 and R,, = [(Cw(lF,I - IF,I)'/ 
CWF,-)]~'~ = 0.033. The standard deviation of an observation of 
unit weight was 1.26. The weighting scheme was based on count- 
ing statistics and included a factor (p = 0.01) to downweight the 
intense reflections. Plots of Cw(lF,I -  IF,^)' versus (F,I, reflection 
order in data collection, sin 8/A, and various classes of indices 
showed no unusual trends. The maximum and minimum peaks on 
the final difference Fourier map corresponded to 0.40 and -0.43 

TABLE 2. Positional parameters and B(eq) values (esd's) for 
[Cu(L2)C121 (2) 

Atom x Y z 

electrons/A3 respectively and have no chemical significance. 
Neutral atom scattering factors (43) and anomalous dispersion terms 
(44, 45) were taken from the usual sources. All calculations were 
performed using the TEXSAN (46) crystallographic software 
package using a VAX 3100 workstation. Hydrogen atoms were 
located in a difference map but not refined. Thermal parameters 
were set at 1.2 times the isotropic thermal parameter of the bonded 
C atoms. 

Atomic positional parameters are given in Table 2 and selected 
bond distances and angles are given in Table 5. Thermal parame- 
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CHEN ET AL 1889 

ters (Table S-1), hydrogen atom parameters (Table S-2), a full 
I listing of bond distances and angles (Table S-3), and observed and 

calculated structure factors (101F,I and 10)~ , I )  (Table S-4) are de- 
posited as supplementary material.2 

I 

1 X-ray crystallographic analysis of [ C U ~ ( L I ) ~ C ~ , ] .  2CHC13 ( I )  ' The diffraction intensities of a blue-green regular polyhedral 
crystal of 1 of approximate dimensions 0.30 X 0.25 x 0.15 mm 
were collected in a similar manner to 2. Crystal data, intensity 

i collection, and refinement details are summarized in Table 1. Hy- 
i drogen atoms were placed in calculated positions (C-H 0.95A) 

and not refined. Thermal parameters were set at 1.2 times the iso- I tropic thermal parameter of the bonded C atoms. The chloroform 
I molecule was disordered and was modelled with two chlorines and 

the carbon disordered over two positions with 50% occupancy. 
I Atomic positional parameters are given in Table 3 and selected bond 
1 distances and angles are given in Table 6.  Thermal parameters 
1 (Table S-5), hydrogen atom parameters (Table S-6), a full listing 
I of bond distances and angles (Table S-7), and observed and cal- 

culated structure factors (10IF01,and 101F,I) (Table S-8) are depos- 
I ited as supplementary material.- 

Least-squares planes data for 2, 5, 6, (Tables S-17 to S-19 re- 
! spectively) and torsional angles data for 1 ,  2, 5, 6 (Tables S-20 to 

i S-23 respectively) are deposited as supplementary materiaL2 

X-ray crystallographic analysis of [ C U ( L ~ ) , ] ( C ~ O ~ ) ~  . 
2CH3CN. CHC13 (5) 

The diffraction intensities of a brown, regular polyhedral crys- 
tal of 5 of approximate dimensions 0.30 X 0.25 X 0.15 mm were 
collected in a similar manner to 2. Crystal data, intensity collec- 
tion, and refinement details are summarized in Table 1. oHydrogen 
atoms were placed in calculated positions (C-H 0.95 A) and not 
refined. Thermal parameters were set at 1.2 times the isotropic 
thermal parameter of the bonded C atoms. Atomic positional pa- 
rameters are given in Table 4 and selected bond distances and an- 
gles are given in Table 8. Thermal parameters (Table S-9), 
hydrogen atom parameters (Table S-lo),  a full listing of bond dis- 
tances and angles (Table S-11), and observed and calculated 
structure factors (101F,I and 101F,() (Table S-12) are deposited as 
supplementary materiaL2 

X-ray crystallographic analysis of [L2H](C104) . H20 (6) 
The diffraction intensities of a colourless, polyhedral crystal of 

6 of approximate dimensions 0.25 X 0.25 X 0.20 mm were col- 
lected in a similar manner to 2. Crystal data, intensity collection, 
and refinement details are summarized in Table 1. Hydrogens on 
the water molecule and on N4 were located from difference maps. 
The position of HN4 was allowed to refine during an early round 
of least squares, where it remained in a sensible position. How- 
ever, because of a somewhat limited data set, this hydrogen was 
fixed in final rounds. Other hydrogens insluding that at N1 were 
put in calculated positions (C-H 0.95 A and isotropic thermal 
parameters set at 1.2 times the isotropic value of the bonded car- 
bon). Occupancy of the hydrogens on N1 and N4 was set at 0.5, 
but no attempt was made to refine this. The final round of least 
squares included all hydrogen atoms, none of which were refined. 
The perchlorate ion appears to be disordered around the C1-01 
axis and the occupancies of the two images used to model the dis- 
order were arbitrarily set at 0.7 and 0.3. A limited data set was 

2~upplementary Tables S-1 to S-23 may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada K I A  0 S 2 .  

Tables of atomic positional parameters and bond distances and 
angles for 1, 2, 5, and 6 have also been deposited with the 
Cambridge Crystallographic Data Centre and can be obtained on 
request from the Director, Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, CB2 
IEZ, U.K. 

TABLE 3. Positional parameters and B(eq) values (esd's) for 
[ c ~ ~ ( L l ) ~ C l ~ ]  . 2CHC13 ( I )  

Atom x Y z B(eq) 

obtained for this compound and a sigma cut-off of 2.0 was chosen 
to give a better ratio of data to refined variables. Atomic posi- 
tional parameters are given in Table 5 and selected bond distances 
and angles are given in Table 9. Thermal parameters (Table S-13), 
hydrogen atom parameters (Table S-14), a full listing of bond dis- 
tances and angles (Table S-IS), and observed and calculated 
structure factors (101~,I and 101~~1)  (Table S-16) are deposited as 
supplementary material.2 

Results and discussion 
Although macrocyclic thioether ligands containing aro- 

matic and heterocyclic rings, e.g., pyridine, are well known 
(28, 31,47), we are not aware of any reports of such thioether 
macrocycles involving pyridazine subunits. Polythia(3,6)- 
pyridazinophanes can be synthesized, usually in reasonable 
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Atom 

Cl(1) 
Cl(2) 
Cl(3) 
Cl(4) 
Cl(5) 
S(1) 
S(2) 
S(3) 
S(4) 
S(5) 
S(6) 
S(7) 
S(8) 
O(1) 
O(2) 
0 0 )  
O(4) 
O(5) 
O(6) 
o(7) 
O(8) 
N(1) 
N(2) 
N(3) 
N(4) 
N(5) 
N(6) 
N(7) 
N(8) 
N(9) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
(39) 
C(10) 
(311) 
C( 12) 
(313) 
C(14) 
C(15) 
C(16) 
C( 17) 
C(18) 
C( 19) 
C(20) 
C(2 1)  
C(22) 
C(23) 
(324) 
C(25) 
C(26) 
C(27) 
C(28) 
C(29) 
C(30) 
C(3 1) 

4. Positional parameters and B(eq) values 
[CLI(L~)~](CIO~), . CH3CN. CHC13 (5) 

X Y Z 

0.8072(1) 0.25610(8) 0.4367(1) 
0.1566(3) 0.3602(2) 0.0741(4) 
0.4380(3) 0.1891(2) 0.7563(3) 
0.4677(3) 0.0870(2) 0.2098(4) 
0.2696(4) 0.1229(3) 0.0561(4) 
0.3474(3) -0.0221(3) -0.001 l(4) 
0.7951(3) 0.2581(2) 0.1315(3) 
0.4000(3) 0.3170(2) 0.3430(4) 
0.7342(3) 0.3538(2) 0.6744(3) 
0.91 13(3) 0.5279(2) 0.2906(4) 
1.0620(3) 0.2739(2) 0.4248(3) 
0.9313(3) 0.1689(2) 0.8949(3) 
0.6337(3) 0.1268(2) 0.5158(3) 
0.9533(3) 0.0167(2) 0.2 104(4) 
0.0694(8) 0.3697(6) -0.028(1) 
0.1 18(1) 0.3381(7) 0.174(1) 
0.2205(8) 0.3070(7) 0.037(1) 
0.3905(9) 0.1656(5) 0.6262(8) 
0.533(1) 0.2372(7) 0.775(1) 
0.467(1) 0.1229(7) 0.815(1) 
0.221(1) 0.43 lO(7) 0.120(1) 
0.368(1) 0.221(1) 0.813(1) 
0.6803(7) 0.2706(5) 0.2987(8) 
0.5970(8) 0.2833(5) 0.3504(8) 
0.8226(7) 0.3708(5) 0.4847(9) 
0.8644(7) 0.4059(6) 0.4000(8) 
0.9359(7) 0.2398(5) 0.5685(8) 
0.9024(7) 0.2180(5) 0.67 19(9) 
0.7844(7) 0.1402(5) 0.3934(8) 
0.8547(8) 0.1 197(5) 0.3260(9) 
0.598(1) 0.4809(8) 0.258(1) 
0.675(1) 0.2722(6) 0.176(1) 
0.576(1) 0.2842(7) 0.095(1) 
0.491(1) 0.2956(8) 0.143(1) 
0.505(1) 0.2973(7) 0.274(1) 
0.471(1) 0.3279(8) 0.51 l(1) 
0.539(1) 0.4060(8) 0.559(1) 
0.621(1) 0.4057(8) 0.686(1) 
0.7878(9) 0.4098(7) 0.575(1) 
0.796(1) 0.49 12(7) 0.587(1) 
0.834(1) 0.5254(7) 0.498(1) 
0.867(1) 0.4807(7) 0.405(1) 
0.916(1) 0.4469(7) 0.177(1) 
0.805(1) 0.4166(7) 0.091(1) 
0.798(1) 0.3323(8) 0.029(1) 
1.0377(9) 0.2456(5) 0.565(1) 
1.118(1) 0.2308(7) 0.672(1) 
1.085(1) 0.2109(8) 0.774(1) 
0.977(1) 0.2023(6) 0.770(1) 
0.789(1) 0.1443(8) 0.818(1) 
0.763(1) 0.0703(7) 0.727(1) 
0.649(1) 0.0626(7) 0.637(1) 
0.7195(9) 0.0898(7) 0.428(1) 
0.718(1) 0.0095(7) 0.389(1) 
0.788(1) -0.0130(7) 0.321(1) 
0.858(1) 0.0449(8) 0.291(1) 
1.035(1) 0.1062(8) 0.231(1) 
1.113(1) 0.1252(8) 0.360(1) 
1.159(1) 0.21 16(8) 0.395(1) 
0.382(1) 0.0752(8) 0.055(1) 
0.605(1) 0.525(1) 0.193(2) 
0.626(2) 0.580(1) 0.1 lO(2) 

(esd's) for TABLE 5. Positional parameters and B(eq) values (esd's) for [L2H] 
(C104). H20 (6) 

Atom 

TABLE 6. Selected bond distances (A) and 
angles (deg) for [Cu(L2)C12] (2) 

yields, by the condensation of 3,6-dichloropyridazine with 
a dithiol under high-dilution conditions in basic media. In this 
report we examine the copper coordination chemistry of two 
low-yield, oligomeric (3:3, L1; 2:2, L2; Fig. 1) thiapyri- 
dazinophanes derived from the reaction of 1,3-propane-di- 
thiol with 3,6-dichloropyridazine. Other longer chain S3 and 
S4 a, o-dithiols produce just 1 : 1 or 2:  2 macrocycles on re- 
action with 3,6-dichloropyridazine and their coordination 
chemistry will be described e l~ewhere .~  

The appearance of the perchlorate salt of L2 as a minor 
product during the synthesis of [Cu(L2),](C104), . CH3CN - 
CHC1, (5) was a surprise, but nevertheless a fortuitous one 
since crystals of L2 itself, obtained after several recrystal- 
lizations, were found to be unsuitable for structural analy- 

3 ~ .  Chen and L. K.  Thompson, unpublished results. 
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TABLE 7. Selected bond distances (A) and angles (deg) for 
[Cu3(L 1)zC16] . 2CHC13 (1) 

c u ( l F N ( 1 )  1.99(1) Cu( lFN(1)a  1.99(1) 
C u ( l H l ( 1 )  2.246(4) Cu( 1 H l ( 1 ) a  2.246(4) 
Cu( 1 F N ( 4 )  2.02(1) 
Cu(ZFN(6) 2.00(1) 
C u ( 2 H 1 ( 2 )  2.206(4) 
C u ( 2 H 1 ( 3 )  2.229(4) 

TABLE 8. Selected bond distances (A) and 
angles (deg) for [Cu(L2),] (C10J2 . 

CH3CN . CHC13 (5) 

FIG. 2. Molecular structure of [CU~(L~)~CI , ]  (1) (40% proba- 
bility ellipsoids). 

TABLE 9. Selected bond distances (A) and angles (deg) for [L2H] 
(ClO,). H1O (6) 

N ( l H ( 1 )  1.33(1) N ( 4 H ( l l )  1.31(1) 
N ( l F N ( 2 )  1.35(1) N(3+N(4) 1.35(1) 
N ( Z H ( 4 )  1.33(1) N ( 3 H ( 8 )  1.31(1) 

C(l l+N(4FN(3) 123.8(9) C ( l F N ( 1  F N ( 2 )  123.7(9) 
N(4FN(3-(8) 116.1(9) N ( l F N ( 2 W ( 4 )  116.6(9) 

sis. We attribute the formation of the salt to the presence of 
residual perchloric acid impurity in the commercial cop- 
per(I1) perchlorate. 

Description of the structures of [Cu,(Ll),Cl,]. 2CHC13 (I), 
Cu(L2)C12 (2) ,  [ C U ( L ~ ) ~ ] ( C ~ O ~ ) ~  . CH3CN. CHCl3 (5), 
and [L2H](C104. H,O (6) 

The structure of [Cu,(Ll),Cl,] (1) is unique (Fig. 2) in that 
it contains a trinuclear arrangement of copper(I1) centres in 
which the central copper (Cul) bridges two ligands that en- 
compass one copper each. The molecule has a centre of 
symmetry at Cul with the result that the three copeers are 
colinear. The Cul-Cu2 separation is 7.360(2) A. The 
central copper has an almost square-planar trans-CuN2C12 
arrangement of ligand donors involving one pyridazine ni- 
trogen from each ligand. Copper-nitrogen and copper- 

chlorine distances are normal for ligands of this sort. In 
contrast the terminal coppers (Cu2) have an almost square- 
planar cis structure, with comparable Cu-N and Cu-Cl 
separations to those around Cu 1. Each ligand coordinates in 
a tridentate (N,) fashion, with each pyridazine fragment uti- 
lizing one nitrogen only. L1 is a 27-membered macrocycle 
and effectively uses just two pyridazine nitrogens in coor- 
dination to the endocyclic metal (Cu2). This creates a most 
unusual situation where the ligand forms two very large 
chelate rings, one involving 11 atoms and the other 20. This 
is seen, in part, as a consequence of the juxtaposition of the 
sulfur and nitrogen centres, such that simultaneous coordi- 
nation of adjacent sulfur and nitrogen atoms would be highly 
unlikely due to the formation of a four-membered chelate 
ring. The hard nature of the copper(I1) centre and the pres- 
ence of relatively strong chlorine ligands would also miti- 
gate against sulfur coordination. 

The structure of [CuL2C12] (2) is illustrated in Fig. 3 and 
consists of an almost square-planar cis copper(I1) centre 
bound by two pyridazine nitrogens, o2e from each pyrida- 
zine ring. Cop~er-chlorine (2.246(2) A) and copper-nitro- 
gen (2.028(4) A) distances are normal and the square plane 
is slightly compressed (Cll-Cul-Cl I 94.39(8)", C11- 
Cul-N1 88.8(1)") with the copper centre displaced by 
0.082 A from the mean C12N, plane. The tetrathiapyrida- 
zinophane ligand L2 utilizes two nitrogen donor atoms on the 
same relative side of the macrocyclic ring as opposed to op- 
posite sides for each endo-macrocyclic copper centre in 1. 
This results in the creation of two chelate rings of different 
size ( 10-membered and 12-membered). The two pyridazine 
ring least-squares planes are separated by a dihedral angle 
of 83.5". 

The structure of [cu(L~)~]'+ (6) is illustrated in Fig. 4 and 
involves two cis-bidentate N2 ligands bound to a slightly 
distorted square-planar copper(I1) centre. Each ligand uti- 
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FIG. 3. Molecular structure of [Cu(L2)CI,] (2) (40% probabil- 
ity ellipsoids). 

FIG. 4. Molecular structure of [ C U ( L ~ ) ~ ] ~ +  (5) (40% probabil- 
ity ellipsoids). 

lizes one nitrogen donor per pyridazine ring but, unlike the 
situation in 2, opposite pyridazine nitrogens are involved. 
This produces a situation where the two chelate rings within 
each macrocyclic half are 1 1-membered. The four copper- 
nitrogen bond distances are very similar and the copper 
square plane is compressed slightly within each chelating half 
(Nl-Cul-N2 86.6(4)", N5-Cul-N7 86.3(4)"). The 
copper cectre is displaced slightly from the mean N4 plane 
by 0.01 1 A. A packing diagram (Fig. 5)  shows that there are 
no significant associations between cations and that per- 
chlorate oxygens are not involved in coordination. The di- 
hedral angle between the pyridazine rings defined by N1 and 

L 

FIG. 5. Packing diagram for [CU(L~),](CIO,)~ . CH3CN . CHC1, 
(5). 

CIO 

C3 C9  

FIG. 6. Molecular structure of [L~H]'  (hydrogens omitted) (40% 
probability ellipsoids). 

N3 is 76. lo ,  while that between the pyridazine rings de- 
fined by N5 and N7 is 8 1.8". 

The structure of [L2H]' is illustrated in Fig. 6. The pro- 
tonated ligand adopts a crownlike conformation with the 
pyridazine rings canted inwards such that the nitrogen lone 
pairs point towards the roof of the crown, and with a dihe- 
dral angle of 95.7" between the pyridazine least-squares 
planes. The sulfur lone pairs are exodentate to the ring. 
Torsional angles N 1-C 1-S 1-C 14 (- 13(1)"), N2-C4- 
S2-C5 (12(1)"), N3-C8-S3-C7 (- 10(1)"), and N4- 
C11-S4-C12 (1 l(1)") indicate a slight twisting of the al- 
iphatic C-S bonds relative to the pyridazine planes. The 
inward canting of the pyridazine rings appears to present the 
nitrogen lone pairs in a favourable orientation for coordi- 
nation as a tetradentate N4 ligand to two metal centres. Mo- 
lecular models confirm these possibilities, although some 
reorganization of the aliphatic chains would be required to 
prevent serious steric problems involving the C-H bonds. 
However, even with anionic groups (e.g., C1, Br) that could 
occupy vacant copper coordination sites, such binuclear 
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structures have not occurred with L2. This is somewhat sur- 
prising because for [Cu(L2)Cl,] (2) (Fig. 3) the torsional 
angle N1-C3-S 1-C2 of - 120.1(5)" indicates quite 
clearly that the aliphatic fragment can readily reorient to ac- 
commodate one planar copper(I1) centre bound to nitrogen 
atoms N 1. The other torsional angle, N2-C6-S2-C7 
(13.6(6)") is comparable with that in L2H+. Molecular 
models indicate that an N-C-S-C torsional angle of about 
120" at both ends of each pyridazine would be sufficient to 
accommodate two metals. The foregoing discussion makes 
the assumption that the conformation of the free ligand, L2, 
would be comparable with that in 6. 

The hydrogen atoms on the water molecule and that on N4 
were located from difference maps and the location of H-N4 
was tested by allowing its position to refine during an early 
round of least squares, where it remained at a sensible po- 
sition and no peaks were seen at other possible protonation 
sites. Refinement was completed with the nitrogen-hydro- 
gen located at N4 and a reasonable result was obtained (R = 
0.064, R,,, = 0.053, GOF = 1.99). However, significant 
differences in pyridazine nitrogen ring angles resulted in both 
pyridazine rings (Cl l-N4-N3 124.9(9)", N4-N3-C8 
115.2(9)", N2-Nl-Cl 122.4(9)", N1-N2-C4 
117.4(9)"). This situation would not be anticipated if the N-H 
proton were located on just one pyridazine nitrogen. The 
unprotonated ligand 3,6-bis-(2-pyridy1thio)pyridazine has two 
virtually identical ring nitrogen angles (1 19.3(2)", 1 19.4(2)") 
(39) and in compounds 1, 2, and 5 significant differences are 
observed in the pyridazine nitrogen ring angles with the larger 
angle occurring at the coordinated ring nitrogen site. With 
all these factors taken into account the refinement was 
redone with an arbitrarily chosen half occupancy of the 
N-H proton at N1 and N4, with a resulting slight improve- 
ment in R values. The pyridazine nitrogen ring angles 
(C11-N4-N3 123.8(9)", N4-N3-C8 116.1(9)", N2- 
N 1-C 1 123.7(9)", N1-N2-C4 1 16.6(9)") are again found 
to be significantly different consistent with this new model. 

Spectroscopy and magnetism 
Both ligands L1 and L2 have simple infrared spectra with 

weak vCN bands at 1573 and 1570 cm-' respectively, strong 
bands at 1146 and 1150 cm-' respectively, and weaker ab- 
sorptions in the range 720-820 cm-I. Coordination of the 
pyridazine rings, all of which are ligands in the compounds 
that have been structurally characterized, does not cause a 
major shift in the CN stretching frequency. Shifts of - 10 (I),  
- 11 (2), and -5 (5) cm-I are observed for those cases where 
the pyridazine rings have been shown to coordinate via one 
nitrogen atom. In each case the absorption appears as a sin- 
gle, sharp band, even though two different CN groups would 
be expected in the coordinated ligand. 

The infrared spectra of [Cu(L2)C12] (2) and [Cu(L2)Br,] 
(3) are identical in the range 4000-500 cm-', indicating an 
identical cis structure. The nitrate complex [Cu(L2)(N03),] 
(5) exhibits a vCN band at 1564 cm-', shifted by 6 cm-' to 
lower energy than the free ligand, indicating coordinated 
pyridazine. Prominent combination (v, + v,) nitrate bands 
are observed at 1708 and 1747 cm-' (48), and the differ- 
ence between these bands (39 cm-') strongly suggests a bi- 
dentate role for coordinated nitrate. In view of the cis 
coordination of L2 in compounds 2 and 5 a similar bonding 
situation would be expected for 4 with a six-coordinate cis 
structural arrangement. 

The copper(1) complexes Cu(L2)Cl (6) and Cu(L2)Br (7) 
have virtually identical infrared spectra, with a very slight 
increase in energy of the vCN band (+2, + 1 cm-' respec- 
tively) compared with the free ligand. This suggests that the 
pyridazine rings are not bound to the copper centres and that 
the likely donors are sulfur atoms. No structural data are 
available for these compounds, but the copper(1) chloride 
complex of the 1 : 1 macrocyclic ligand formed by conden- 
sation of 3,6-dichloropyridazine and 1,4,7,1 l-tetrathiaun- 
decane involves a polymeric structure with just sulfur 
coordination and tetrahedral CuS,Cl, metal centres (see 
footnote 3). 

A comparison of the far infrared spectrum of 1 (Table 10) 
with that of the free ligand L 1 reveals three strong bands as- 
sociated with copper-ligand stretching. The bands at 320 and 
308 cm-' are assigned to Cu-C1 stretch, while the single band 
at 288 cm-I is assigned to Cu-N stretch. A cis-CuN,Cl, 
system, with local C,, symmetry, would require the pres- 
ence of two Cu-Cl stretching bands, while the trans square- 
planar CuN2Cl, system, with local C2h symmetry would 
require just one Cu-Cl stretch. Although 1 contains two 
pseudo cis square-planar centres and one pseudo trans square- 
planar centre, it does not appear to be reflected in the 
far-infrared spectrum and the third absorption is probably 
hidden in the general Cu-Cl stretching envelope. 

The cis square-planar structure of [Cu(L2)Cl,] (2) is clearly 
reflected in the far infrared with two strong bands at 320, 
304 cm-' assigned to Cu-C1 stretch and two bands at 287, 
273 cm-' assigned to Cu-N stretch. The analogous bromo- 
complex (3) shows two pairs of bands at 264, 257 cm-' 
(vCu-N) and 248, 235 cm-I (vCu-Br) consistent with a cis- 
CuN,Br, structure. The nitrate complex exhibits three very 
strong far-infrared bands associated with Cu-0 stretch and 
two bands associated with Cu-N stretch, nominally consis- 
tent with the proposed structure. The perchlorate complex, 
[Cu(L2),](C104), . CH3CN . CHCl, (5) involves a slightly 
compressed square-planar arrangement of four monoden- 
tate pyridazine rings from two ligands. The presence of two 
far infrared bands at 270, 264 cm-', assigned to Cu-N 
stretch, is consistent with such a structure, and assumes an 
idealized CZv local site symmetry. 

Room temperature magnetic moments for compounds 1- 
5 all exceed the spin-only value for a one-unpaired electron 
system and suggest the presence of dilute copper(I1) centres 
in all cases, with no spin exchange. Solid state, mull trans- 
mittance electronic spectra are characterized by the pres- 
ence of one major visible absorption for compounds 1-4, 
while 5 exhibits two high-energy bands. No distinction can 
be made between the different CuN,Cl, sites in I ,  while the 
slightly lower energy bands associated with [CuL2Br,l, 
compared with [CUL~CI,], are consistent with a structurally 
analogous bromo complex. The lower energy absorption 
associated with 4 is consistent with a six-coordinate cop- 
per(I1) centre, especially when compared with the square- 
planar complex 5. 

The room temperature, solid state esr spectrum of 1 (Fig. 
7) (Table 10) is rather complicated, but can be considered 
as the superposition of two axial species. A consideration of 
the solid spectrum of 2 is useful in assigning the g values. 2 
exhibits an axial spectrum associated with a cis-CuNzClz, 
square-planar species, with gll = 2.155 and g, = 2.081. 
Assuming that the cis-CuN2C12 centre in 1 is comparable with 
that in 2, then the resonance with gll = 2.125 and g, = 2.043 
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TABLE 10. Infrared, magnetic, electronic spectral, and esr data 

Ptrr UV/VIS 
Compound Colour Infrared bands (cm-') (BM)(RT) (cm-')" ESR 

Blue-green 

Green 

Yellow-brown 

Green 

g,, = 2.08" 

1564 (wCN), 1747, 1708 
(w, + v, NO3-), 334, 320, 298 
(vCu-0). 284, 270 sh (vCu-N) 

g,,, = 2.07" 

Brown gl = 2.215, g, = 2.065' 
Ali  = 210 x LO-' cm-I, A ,  = 35.7 X lO-'cm-' 

Pale yellow 

Red 

Red-brown 

"Mull transmittance (shoulder). 
"Solid (RT). 
'MeN02 solution. 

DPPH 

FIG. 7. Solid state esr spectrum (9.77 GHz) (room temperature) of [ C U ~ ( L ~ ) ~ C ~ ~ ]  . 2CHC13 (1) 

is assigned to the trans-CuN2C12 centre in 1. Compounds 3 a unique axial species. A similar spectrum is also observed 
and 4 have uninformative isotropic spectra at both room at 77 K. It closely resembles the frozen nitromethane glass 
temperature and at 77 K. (77 K) spectrum (Fig. 9) of the same compound. In fact 

The square-planar perchlorate complex (5) exhibits a most values of gll, g,, and All observed in the solid state are very 
unusual solid state spectrum (Fig. 8) at room temperature, close to those observed in the frozen glass (Table 10). The 
which is not an averaged spectrum, but appears to be due to high values of gll and All are typical of square-planar CuN4 
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FIG. 8. Solid state esr spectrum (9.76 GHz, room temperature) of [C~(L2)~1(C10,), . CH3CN. CHC1, (5). 

DPPH 

i FIG. 9. Frozen glass (nitromethane, 77 K) esr spectrum (9.52 GHz) of [CU(L~)~](C~O. , )~ .  CH,CN. CHC1, (5). 

I chromophores and the values of g and the hyperfine cou- 
pling constants are comparable with those observed for the 
square-planar complex [Cu(LP),](ClO,), (LP = 1 ,2-bis (4,5- 

I dihydroimidazol-2-yl) benzene), which has comparable di- 
I mensions (gll = 2.232, g, = 2.044, All = 198 X lo-, cm-', 1 
I A, = 46.7 X cm-I) (49). 
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DAVID M. WARDLAW. Can J. Chem. 70, 1897 (1992). 
Coupling coefficients and normal mode frequencies appearing in the reaction path Hamiltonian formulated by Miller, 

Handy, and Adams have been calculated for the title reactions as a function of distance along the reaction path. The cal- 
culation of the coupling coefficients requires the use of symmetry coordinates which are described herein. It is found 
that the carbon-hydrogen separation provides an excellent representation of the reaction path coordinate, being linearly 
related to it. The coupling coefficients for CH, + H and CH, + D are approximately the same in the region of varia- 
tional transition states and do not support the suggestion that an apparent isotope anomaly in the experimentally derived 
rates of these reactions might be attributable to different dynamics along the reaction path. The relative magnitudes of 
coupling coefficients for CH, + H are used to assess some of the usual assumptions in variational transition state theory 
concerning separability of different types of motion in the transition state region. 

DAVID M. WARDLAW. Can. J. Chem. 70, 1897 (1992). 
On a calculk les coefficients de couplage et les frCquences du mode normal apparaissant dans l'hamiltonien de la voie 

rkactionnelle formulke par Miller, Handy et Adams pour les reactions mentionnkes dans le titre, en fonction de la dis- 
tance parcourue sur la voie rCactionnelle. Pour calculer les coefficients de couplage, il est nkcessaire d'utiliser les coor- 
donnCes de symktrie prksentkes ici. On a trouvC que la skparation carbone-hydrogkne fournit une excellente reprisentation 
des coordonnCes de la voie rkactionnelle puisqu'elle lui est reliCe d'une fa~on linCaire. Les coefficients de couplage pour 
les rkactions CH, + H et CH, + D sont approximativement les mCmes dans la rkgion des &tats de vibration variation- 
nels et ils ne supportent pas la suggestion a l'effet qu'une anomalie isotopique apparente dans les vitesses obtenues 
expkrimentalement pour ces rkactions peut Ctre attribuable B des dynamiques le long de la voie reactionnelle. On a uti- 
lisC les amplitudes relatives des coefficients de couplage pour CH, + H pour Cvaluer les hypoth6ses usuelles de la thCorie 
de I'etat de transition variationnel concernant la possibilitk de sCparer les divers types de mouvements dans la rkgion de 
l'ktat de transition. 

[Traduit par la redaction] 

Introduction 
The reaction path (RP) Hamiltonian, as formulated by 

Miller et al. ( I )  in 1980, has provided a useful framework, 
both conceptual and practical, for theoretical treatments of 
chemical reaction dynamics. This approximation to the full 
Hamiltonian is parameterized by a reaction coordinate s 
which is defined as the distance along the steepest descent/ 
ascent path (in mass-weighted Cartesian coordinates) from 
reactants to products. For an N-atom system with zero total 
angular momentum, the R P  Hamiltonian is 

Here p, is the momentum conjugate to s (labelled as the 
3N - 6th degree of freedom) and V,(s) is the potential en- 
ergy along the RP. {Q,; i = 1,2,. . . ,3N - 7) are normal mode 
displacement coordinates for the 3N - 7 vibrations orthog- 
onal to the R P  and {Pi) are the corresponding conjugate mo- 
menta. The six degrees of freedom not represented in eq. [ I ]  
are center-of-mass translation and rotation of the entire sys- 
tem about the center-of-mass (i = 3N - 5,3N - 4,. . .,3N). 

The normal mode frequencies {w,(s); k = 1,2,. . . ,3N - 7) 
are obtained by diagonalizing the projected force constant 
matrix 

where F is the 3NX3N mass-weighted, Cartesian force con- 
stant matrix and P is a 3NX3N matrix which projects out 
motion directed along the normalized gradient vector (which 
locally defines the RP) and along unit vectors correspond- 
ing to infinitesimal rotations and translations of the entire 
system. The eigenvalues of FP for these seven degrees of 
freedom (i = 3N - 6, .  . . ,3N) are zero. Explicit forms for 
the gradient vector, the force constant matrix, and the pro- 
jection matrix are provided in ref. 1. The sets of coeffi- 
cients {Bij(s)) and {Bi,3N-6(~)) appearing in the last term of eq. 
[ l ]  describe coupling between the pairs of normal modes 
induced by reaction coordinate motion, and between the re- 
action coordinate and individual normal modes, respec- 
tively. These coupling coefficients are defined in terms of 
the frequencies wi and eigenvectors L, = (L, , , ,  L2,,, . . . ,L3N,i) 
associated (1, 2) with the ith eigenvalue, w;, of FP: 

[3b] BiVi(s) = - - ( s ) )  wi i 0 
as 

'Natural Sciences and Engineering Research Council of Canada 
University Research Fellow. 
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The general case of nonzero total angular momentum (J # 
0) is treated in ref. 1; rotational effects within the RP 
Hamiltonian framework are under study in this laboratory but 
are not considered here. 

In many applications it is satisfactory to retain only the first 
two terms of eq. [ I] ,  i.e., the coupling coefficients are im- 
plicitly set equal to zero, resulting in a separable approxi- 
mation to the RP Hamiltonian, 

A noteworthy example of this approach is the thorough RP 
Hamiltonian study of the isomerization of the methoxy rad- 
ical by Colwell(3). Less effort has been made to exploit the 
dynamical information contained in the coupling coeffi- 
cients. Miller (2, 4) has shown how symmetry along the RP 
leads to selection mles in the coupling embodied in the third 
term of eq. [ I]  and hence to a symmetry-adapted transition 
state theory (TST). For the particular case of formaldehyde 
decomposition the difference between symmetry-adapted and 
ordinary TST rate coefficients is found to be most pro- 
nounced at low energies just below and above threshold and 
to vanish at high energies. Miller has also demonstrated the 
role of the B,,,-, coefficients in estimating a critical energy 
up to which TST is exact (5). Ryaboy (6) has shown how 
strong coupling of transverse vibrations to each other and to 
the reaction coordinate can significantly affect the kinetics 
of gas-phase nucleophilic substitution (S,2) reactions. Ex- 
plicit calculations of coupling coefficients for particular 
systems include H- + CH3F + CH, + F- by Ryaboy (6), 
HNC + HCN isomerization by Gray et al. (7) ,  three- 
dimensional H + H2 by Shwartz and Miller (8), and vlnyli- 
dene + acetylene isomerization by Carrington, Jr. et al. (9). 

In this paper coupling coefficients for the radical recom- 
bination reactions 

on the so-called Hirst potential energy surface (10, 11) are 
presented and discussed. The motivation is twofold. First, 
it is of interest to compare coupling coefficients for these two 
reactions to assess the possibility that differential dynamical 
effects along the RP are responsible for an apparent isotope 
anomaly in the high-pressure rate coefficients determined by 
Pilling and co-workers ( 12, 13). Second, knowledge of the 
relative magnitude of the coupling coefficients for CH, + 
H + CH, is useful in assessing assumptions about mode 
separability inherent in several versions of variational tran- 
sition state theory (VTST) that have been applied to this re- 
action employing the same potential energy surface (10, 14, 
15). In order to obtain {Bitj) and {Biz,,-,) for these reactions 
it is necessary to transform from Cartesian coordinates to 
symmetry coordinates; these are derived and discussed in 
Sect. 2. Symmetry coordinates are appealing because, as has 
been pointed out by Miller (2), coupling coefficients be- 
tween modes belonging to different irreducible representa- 
tions are identically zero. In the particular case of CH3 + X 

(X = H, D), which has C,, symmetry along the RP and hence 
a doubly degenerate irreducible representation (E), it is es- 
sential to use them. Otherwise the (arbitrary) orientation of 
a pair of degenerate eigenvectors (Li,Li+,) in their two-di- 
mensional subspace evolves erratically as a function of s and 
the derivative aL, , /ds  in eq. [3] is ill-defined. The results of 
the coupling coefficient calculation are presented in Sect. 3 
and the implications discussed in Sect. 4. 

Symmetry coordinates for CH3 + X 

The use and derivation of symmetry coordinates is stan- 
dard practice in the field of molecular spectroscopy but this 
does not appear to be the case in the field of reaction dy- 
namics where they are rarely required. Since symmetry co- 
ordinates are necessary for the calculation of RP coupling 
coefficients and since no details of the associated method- 
ology have previously appeared in the literature on the RP 
Hamiltonian, their derivation is presented here for CH3 + X. 
Adaptation of'the method to systems having different sym- 
metry along the reaction path should be straightforward. 

The symmetry coordinates listed in Table 1 are linear 
combinations of the mass-weighted Cartesian atomic dis- 
placement coordinates ri = (xi,yj,zj) where i = 1 denotes the 
carbon atom, i = 2,3,4 denote the three (equivalent) hydro- 
gen atoms, and i = 5 denotes atom X (X = H or D). The z 
axis is aligned with the C, axis of the CH,. . .X reaction path 
structure and the orientation of the CH, about the z axis is 
chosen such that yZ = 0. The 15 symmetry coordinates con- 
stitute an orthogonal set of unit displacement vectors and are 
related to the original mass-weighted Cartesian displace- 
ments by a 15 x 15 orthogonal transformation matrix S. In 
Table 1 the symmetry coordinates are labeled s?', i = 
1,. . . ,n, where n, is the number of coordinates belonging to 
irreducible representation (species) y = A , ,  A,, E. Coordi- 
nates belonging to irreducible representation E are further 
classified as s$' or s!:' depending on the coordinate being 
even (a) or odd (b) with respect to reflection in the x-z plane. 
The derivation of the symmetry coordinates is described in 
the Appendix and follows the method of Wilson, Jr. et al. 
(16). 

Since center-of-mass translation does not couple to any of 
the internal motions nor to overall rotation, it is expedient 
to construct a modified set of symmetry coordinates of which 
three are unit vectors T,,Ty,TZ for infinitesimal translations. 
Explicit expressions for T,,T,,,T, are readily obtained as lin- 
ear combinations within the respective subsets {sf'), {S$f'), 
{s?") (i = 1,2,3) of original symmetry coordinates by not- 
ing that the general form of T A  (X = x,y,z) is 

where N is the number of atoms and mi is the mass of the ith 
atom. The two remaining modified symmetry coordinates 
within each subset were obtained by inspection. The com- 
plete set of modified symmetry coordinates, expressed as 
linear combinations of the original symmetry coordinates, 
is provided in the lower portion of Table 1. The associated 
modified orthogonal transformation matrix S' which links the 
Cartesian displacement coordinates to the modified sym- 
metry coordinates is used in Sect. 3. 
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TABLE 1.  Symmetry coordinates for CH3X 

Original set in terms of mass-weighted Cartesian displacement coordinates 

1 
s'A" = - 

I f i2  
(2~2  - f i x 3  - y3 + fi,r4 - y,) 

Unit vectors for infinitesimal rotations 

1 v 3 m H  
R, = - ( - 6  a,, sit' - 6 a, ,  sit' - 6 fig: s$,) + - f l lT  sit? 
K 2 

Rz = 6 S??' 
Modified set in terms of original set 

1 s~'* I '  = T: = - ( s H  s?" + 6 Syl' + 6 sY'? 
FM 

For completeness, the unit vectors R,,R,,RZ correspond- corresponds to the only symmetry coordinate belonging to 
ing to infinitesimal rotations of the entire system are ex- A2 whereas R,  and R, form a doubly degenerate pair. Ex- 

{ pressed as linear combinations of the original symmetry plicitly evaluating the expressions for R,,R,,R, in Table 1 in 
I coordinates in the middle portion of Table 1. Note that R, terms of mass-weighted Cartesian displacements yields the , 
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standard result (e.g., eq. ( 4 . 8 ~ )  of ref. 1, or p. 22 of ref. 16), 

where I, is the inertia tensor for the reaction path configu- 
ration which is specified by a; (i = 1 ,. . . ,5) in mass-weighted 
Cartesian coordinates. 

Calculations 
All numerical results reported herein were obtained by 

following the negative gradient vector (reaction path) on the 
Hirst potential energy surface for CH, + H using the VENUS 
program' with several modifications. The first modification 
consisted of applying a similarity transformation to FP (eq. 
[2]) to yield the "symmetrized" projected force constant 
matrix (FP),. arising from the modified symmetry coordi- 
nate basis: 

The matrix (Fp),, has the anticipated block diagonal struc- 
ture: one 1 x 1 block containing a zero and corresponding to 
R: = s;(A!). , three 1 x 1 blocks each containing a zero and 

corresponding to T ,  = s;:~', T ,  = s i r ' ,  and Tz = S;'A"; one 
3 x 3 block corresponding to the remaining coordinates of A ,  
type; two identical 4 x 4  blocks corresponding to the re- 
maining coordinates of E type. The evaluation of frequen- 
cies and coupling coefficients is now substantially simplified 
since it is only necessary to diagonalize one 3 X3 and one 4 x 4  
matrix. The square roots of the seven eigenvalues yield fre- 
quencies which will be labeled here by symmetry type and 
arranged in order of increasing magnitude: {wj ' " ' ,w~" ,o~") ,  
{(,,'E', (El o(E) (El , o2 , , ,w4 }. In all calculations undertaken it was 
found, as expected, that one frequency in each group ( o r 1 )  
and wy') was zero (to two decimal place accuracy). The 
corresponding eigenvectors S'('"" and s;"~' are accordingly 
associated with reaction path motion (which always belongs 
to the totally symmetric representation) and rotational mo- 
tion about the x (or y) axis. The remaining five nonzero fre- 
quencies agreed with values obtained from our previous 
reaction path analysis on the Hirst surface (14) in which 
symmetry coordinates were not employed and FP was dia- 
gonalized. Equation [3a] for the coupling coefficients can be 
rewritten in terms of the eigenvectors {s;"""} and {S;"E'} re- 
sulting from diagonalization of the 3 x 3  and 4 x 4  blocks, 
respectively, as 

where s$:' is the coefficient of the kth symmetry displace- 
ment coordinate of the eigenvector s:'". The diagonal cou- 
pling coefficients are given by eq. [3b] but, since oyl' = 
W ( ~ )  = 0 , B(AI)  ,,, and B!:: are not defined. There are thus nine 

off-diagonal and five diagonal nonzero coupling coeffi- 
cients to report and their evaluation required a second mod- 

'W. L. Hase, R. J.  Duchovic, X. Hu, K. F. Lim, D.-H. Lu, K.  
N. Swamy, S. R. Vande Linde, and R. J. Wolf. VENUS. to be 
submitted to QCPE. 

ification of the VENUS program as described immediately 
below. 

Numerical values of wp' and B::! were determined on a grid 
of 3 1 values of the reaction coord~nate, the grid correspond- 
ing to O,1 A increments of the C . . X distance rcx from 1.4 
to 4.4 A. To assess the suitability of rcx as a convenient 
substitute for s ,  the derivative arcx/as was also determined. 
All derivatives df(s)/ds (f = of", S;','?', or rcx) were ap- 
proximated by 

where 6 = -0.000125 amu"' A is the (fixed) step size sup- 
plied to the VENUS program for integration along the RP 
beginning at rcx = 4.5 A. At each grid value of s each cou- 
pling coefficient (eqs. [3b] and [9]), as well as arCx/as, was 
calculated via eq. [lo] for each of the three As values 
(26,46,66) to establish the accuracy of this approach., For 
each quantity, the results for the three As values agreed to 
four significant figures. It was observed that rcx and s are 
linearly related for both reactions: arcx/as = 1.034 ? 0.003 
and 0.758 + 0.003 for CH, + H and CH, + D ,  respec- 
tively, over the range of rcx considered (1.4-4.4 A). Note 
that the ratio of slopes [arC,/as]/[arc,/as] = 1.36 is close 
to the mass ratio v z  = 1.4 1 of the mass scaled Carte- 
sian coordinates for atom X. In applications of VTST to re- 
combination processes having no intrinsic barrier to the 
reverse dissociation process, it is quite common to use a bond 
coordinate to represent distance along the RP. For CH, + 
H/D, such a substitution is certainly justified and is used in 
Sect. 4 to provide a common reaction coordinate to facili- 
tate the comparison of CH, + H and CH, + D frequencies 
and coupling coefficients. The latter are thus re-expressed 
as 

However, it must be emphasized that the more subtle and 
complex issue of the physically correct description of the 
transitional modes within VTST is not addressed by a sim- 
ple change of variable (17). Within a RP Hamiltonian 
framework, the information pertinent to this issue is con- 
tained in the eigenvectors s:"~' whose s-dependent compo- 
sition requires an appropriate and detailed analysis. 

Results and discussion 
Frequencies 

Figure 1 displays the five nonzero frequencies for CH, + 
H (solid curves) and CH, + D (dashed c~rves)  as a function 
of rcx (X = H,D) on the range 1.4-4.4 A. The reaction path 
dependence of the CH, + H frequencies has been displayed 
and discussed elsewhere (15), but the comparison to the 
CH, + D frequencies has not previously been considered. 

3With f = SE!?' a minor technical difficulty was encountered. The 
sign of the coefficients s;!' was found to alternate unpredictably 
as a function of s because of the sign ambiguity in the eigenvec- 
tors s:"~', i.e., the sets +{S:''Y'} and -{Sl(u)} are both acceptable, 
being physically indistinguishable. This ambiguity was removed 
by arbitrarily selecting a sign convention at a grid value of the re- 
action coordinate and requiring that the coefficients of adjacent ei- 
genvectors at s 2 6, s 2 26, s t 36 evolve smoothly as a function 
of s. 
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3000 1.2 0 
2.2 3.2 4.2 

C - X d is tance (A) 
FIG. 1. Harmonic frequencies of modes orthogonal to the re- 

action path for CH, + H (solid curves) and CH, + D (dashed 
curves) as a function of distance along the reaction path as param- 
eterized by the C-X distance (X = H or D). 

At large separations, the frequencies are those of the nor- 
mal modes of CH, reactant and are independent of the iden- 
tity of X. A comparison of these methyl radical frequencies 
with experimentally derived ones and with another set of 
theoretical ones is provided in ref. 14. Small differences 
between some pairs of H and D frequencies appear !s rcx is 
decreased t: the smallest value considered (1.4 A). Be- 
tween 1.4 A and the equilibrium value in CH3X (- 1.1 A), 
one anticipates a relatively rapid variation of some frequen- 
cies in order that the magnitudes and symmetry types of the 
CH4 and CH3D product frequencies be reprodpced ( 1 9). 
Reaction path calculations were stopped at 1.4 A since the 
fitting of V,(rcx) to Hirst's ab  initio data was designed to be 
accurate only for rcx larger than this value, i.e., the poten- 
tial energy surface is intended to be reliable in the region of 
variational transition state locations. Three of the frequen- 
cies (wF', o(;lll, wy') are almost independent of rcx and the 
remaining two (oyl', oy') vary substantially with rcx. Of the 
latter two frequencies, one (wy') goes to zero as rcx in- 
creases. 

In a particular version of VTST, known as flexible tran- 
sition state theory (FTST) and described elsewhere (15, 20), 
modes orthogonal to the reaction path are classified as con- 

C - X d is tance (A) 
FIG. 2. Reaction path Harniltonian coupling coefficients for CH, 

+ H (solid curves) and CH, + D (dashed curves) as a function of 
C-X distance. The arrows on the abscissa indicate lower and upper 
bounds to the range of variational transition state locations as de- 
termined by flexible transition state theory. 

served or transitional and coupling between a mode of one 
type and any mode of the other type is assumed neglible. 
Conserved modes are vibrations whose character is qualita- 
tively the same in reactants and products, whereas transi- 
tional modes are inter-fragment relative motions whose 
attributes change drastically in going from reactants to 
products. On these grounds, the CH, umbrella vibration 
(w,'A1'), the CH, in-plane bending (w,'"'), and the CH 
stretching (w,'"", w,'"') can be classified as conserved modes; 
the two transitional modes correspond to free relative rota- 
tion of reactants (with a frequency of zero and to degenerate 
CH, deformation in CH,X. Within the RP Hamiltonian de- 
scription, which is valid in the vicinity of the minimum en- 
ergy path, the two transitional modes are doubly degenerate 
harmonic CH, rocking vibrations of frequency oy'.  At in- 
termediate and large separations the transitional motion is 
generally 2-d hindered rotation and 2-d free rotation, re- 
spectively. It is well known that such large amplitude mo- 
tion renders the RP Hamiltonian treatment of the transitional 
modes invalid. A reliable treatment of these modes within 
the RP Hamiltonian framework can be achieved by the ad  
hoc replacement of their normal mode description with a 
hindered rotor model in which the dependence of the hind- 
ering barrier height on the reaction coordinate is obtained 
from the full potential energy surface. Several applications 
of VTST to CH, + X have adopted this approach (21, 22). 

Coupling coefficients 
Figures 2-6 display 12 of 14 coupling coefficients for 

CH, + H (solid curves) and CH, + D (dashed curves) ver- 
sus rcx in the ran e 1.4-4.4 A. The two missing coeffi- ("9 cients, BY;) and B 4 , ,  , are each an order of magnitude less than 
the smallest coefficient included, B:: in Fig. 6. The arrows 
in Figs. 1-6 indicate upper and lower bounds to tbe range 
of transition state locations rEx (2.1 < rLx < 4.1 A) deter- 
mined by Aubanel and Wardlaw (14) in their application of 
microcanonical FTST to these reactions on the Hirst sur- 
face. This range of rEx arose from the minimization, with 
respect to variation in the reaction coordinate, of the sum of 
states for motion orthogonal to the RP for the wide range of 
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FIG. 3. Same as Fig. 2 except for different scale of ordinate. FIG. 6. Same as Fig. 2 except for different scale of ordinate. 

energy and angular momentum values involved in the cal- 
0.6 culation of thermally averaged rate coefficients in the 300- 

A - 
I 

05 
u 

2500 K temperature range. 
Examination of Figs. 1-6 reveals no major differences in 

magnitude or rcx dependence of the frequencies or coupling 
coefficients for these two related reactions on the range of 
variational transition states and does not support the conjec- 
ture that different dynamics along the RP might lead to 
"differences in recrossing of the dividing surface separating 
reactants and products" (12). This suggestion is one of sev- 
eral made by Pilling and co-workers as possible explana- 
tions of an apparent isotope anomaly in the experimental 

C value of the ratio p = k H / k D  of thermal rate coefficients kH 
. - - and kD for these two reactions. Specifically, these authors find 

(12, 13) the experimental ratio p,,,, = 2.5 in the 300-400 K 
range, whereas VTST treatments on several potential en- 

1.2 2.2 3.2 4.2 
ergy surfaces by Hase et al. (10) and our FTST treatment on 

C - X distance (A) the Hirst surface (14) yield p,,,, = 1.4 = V Z .  In ab- 
solute terms, the VTST and experimental values for k, agree 

FIG. 4. Same as Fig. 2 except for different scale of ordinate. but the experimental values for kH in this temperature range 
significantly exceed the VTST values, contrary to the ex- 
pectation that transition state theory should provide an up- 
per bound to the rate. It is apparent from Figs. 1-6 that a 
sum-of-states calculation based on the RP Harniltonian of eq. 
[I] would yield approximately the same results for CH, + A 

7 . 
o& 0 1 2  - 

u 
c 
a, . - 
0 0.08 - . - +- + 
a, 
0 
0 

0.04 - 
c . - - 
a 
3 
o 
0 0.00 

1.2 

, . H an! CH, + D anywhere in the transition state range 2.1- 
4.1 A. Such sums of states could then be used to determine 
VTST rate coefficients kH and k ,  whose ratio p,, would be 
essentially determined by the ratio of reactant state densi- 
ties. This latter ratio reduces to the ratio of partition func- 
tions for relative translation and thus p,, = v z ,  in 
agreement with p,,,,. It is still conceivable, as suggested in 
ref. 12, that coupling differences in the product molecules 
CH, and CH3D could be responsible for the isotope anom- 
aly. Some coupling differences in CH, and CH3D are cer- 
tainly expected and indeed begin to appear in the 1.4-2.0 A 
range in Figs. 2-6. Dynamical coupling mechanisms be- 
tween C-H stretching vibrations and other normal modes in 

2.2 3.2 4.2 CHD,, CHT,, and CH,D have been examined in a theoret- 
C - X distance (A) ical treatment by Voth et al. (23) who discuss the implica- 

tions for intramolecular vibrational energy redistribution. 
FIG. 5 .  Same as Fig. 2 except for different scale of ordinate. Whether such differences can account for the anomaly in the 
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WARDLAW 1903 

FIG. 7. The nine largest coupling coefficients for CH, + H as a 
function of ro. The arrows on the abscissa are as in Fig. 2. The 
connection between the alphabetic labels and coupling coeffi- 
cients is as follows: (a )  B:;), (b) B$?, (c) B\?, ( d )  ~ 1 ~ 2 ,  ( e )  BY;), 
(f) BY?, (g)  BFl, (h)  BY. ,  (i) @f.. 

observed rates for CH, + H and CH, + D cannot be ascer- 
tained from the presFnt study since RP calculations were not 
done for rcx < 1.4 A, the region in which the potential is not 
accurately fit to the ab initio data. A recent trajectory study 
by Hu and Hase (24) on a modified version of the Hirst po- 
tential (so that it has proper asymptotic behavior at large rcx) 
yields thermal rate coefficients (at 300 and 1000 K for 
CH, + H and at 300 K for CH, + D) that are in excellent 
agreement with microcanonical FTST values obtained by 
Aubanel and Wardlaw (14) and whose ratio p,,,. = 1.3 at 
300 K is close to pvTsT - 1.4. The trajectory results do not 
account for the isotope anomaly as characterized by p,,,, = 
2.5 on 300-400 K and suggest that the coupling differences 
in CH, and CH,D are not responsible for it. 

The paper concludes with an assessment of the relative 
magnitudes of the larger coupling coefficients for CH, + H 
+ CH,. The nine largest coefficients are presented in Fig. 7 
where they are labeled (a)-(i); the arrows at 2.1 and 4.1 A 
on the abscissa again denote the FTST range of transition 
states for this system. The two largest coupling coefficients 
in this range are the diagonal ones B:;' (curve a) and B:; 
(curve b) arising from the variation in frequency with rcx of 
the CH, umbrella motion and the transitional modes, re- 
spectively. That these two coefficients would be the largest 
diagonal bnes is immediately evident from Fig. 1. The three 
remaining diagonal coefficients are sufficiently small on the 
scale of the ordinate in Fig. 7 that they could not be distin- 
guished from the abscissa and were not included. The rela- 
tively large value of B:" (curve a)  indicates that, within a 
harmonic description of the umbrella mode, it may be im- 
portant to observe semiclassical vibrational selection rules 
arising from the term involving B:;' in the RP Hamiltonian 
(2). Namely, if all other couplings among A,-type modes (the 
next largest of which are BY;' and BY;) (curves e ,  f))  are ig- 
nored, then umbrella vibrational states with even and odd 
quantum numbers are uncoupled. The associated even and 
odd sums of states for motion orthogonal to the RP lead to 
even and odd microcanonical rate coefficients. The influ- 

ence on thermal rate coefficients kH(T) is unknown but is 
likely small in the 300-2500 K temperature range. In any 
case, the umbrella mode is highly anharmonic in isolated CH, 
and becomes progressively more harmonic (for the Hirst 
potential) as rcx is decreased to its equilibrium value in CH,. 
Inclusion of this behavior in microcanonical FTST has been 
shown to affect significantly the magnitude and temperature 
dependence of kH(T). 

Among off-diagonal coefficients of E type, we first ex- 
amine those involving the transitional modes (mode 2): 
B:; (curve c) ,  B:; (curve d ) ,  B?: (curve g )  which describe 
coupling of the transitional modes to overall rotation, to the 
degenerate CH, in-plane bend, and to degenerate C-H 
stretching, respectively. Notwithstanding the poor descrip- 
tion of the transitional modes provided by the normal mode 
treatment of the RP Hamiltonian, the relative magnitudes 
agree with intuitive predictions based on the type and fre- 
quency of the modes involved. In all implementations of 
VTST for this reaction, coupling between transitional and 
conserved modes is assumed negligible. From a RP 
Hamiltonian perspective this corresponds to setting B F ~  and 
B:: to zero. The largest off-diagonal coefficient involving 
the transitional modes is BY;, which most implementations 
of VTST also ignore except for FTST which implicitly in- 
cludes coupling between the transitional modes and overall 
rotation via a rigorous treatment of conservation of angular 
momentum. The two remaining off-diagonal E-type coeffi- 
cients in Fig. 7 are B F ~  (curve h)  and B:: (curve i). They 
describe coupling of (high frequency) C-H stretching to 
overall rotation and to CH, bending, respectively, and are 
relatively small on the entire range of rcx values, as would 
be expected. The two off-diagonal A,-type coefficients in- 
cluded in Fig. 7 are B e '  (curve e) and BY;) (curve f )  de- 
scribing coupling of the reaction path to the CH, umbrella 
mode and to (nondegenerate) C-H stretching, respectively. 
The fact that they are nonzero indicates that RP motion in- 
duces changes in the vibrational state of these two modes, 
an effect which is ignored in existing implementations of 
VTST but whose significance therein is unknown. 
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Appendix 
The construction of symmetry coordinates is based on eq. 

[ l ]  of Sect. 6-5 in ref. 16: 

Here N is a normalization constant, R (= E, C,, c:, u,, mi, 
or u:l) is a symmetry operation of C,,,, Xp' is the character of 
R in irreducible representation y, and [ is one of, or a sim- 
ple linear combination of, the mass-weighted Cartesian dis- 
placement coordinates. R[ is the result of operating on 6 with 
the symmetry operation R and, in this case, was determined 

diagramatically following Fig. 6-6 of ref. 16. The proce- 
dure is considerably simplified by identifying sets of atoms 
whose Cartesian displacements are not mixed by the group's 
symmetry operations. In the present case there are three such 
sets: {xl ,y, ,z,), {x5,y5,z5), and {x2,y,,z,,x3,. . . ,z,). A further 
simplification is achieved by subdividing each set into two 
groups on the grounds that none of the z coordinates are 
mixed with x or y coordinates by application of any of the 
symmetry operations of C,,,. This results in six sets: {x,,y,), 
{-r5,~5), {x~,Y~,x~,Y~,x~,Y,), {z]), {z5), and {z,,z3,z4). For A ,, the 
symmetry coordinates are generated by applying eq. [All 
with y = A, to x,,x5,x2,zl,z5, and z?; for Ar to yl,y5,y2,zI,z5, 
and z?. This yields six symmetry coordinates for each spe- 
cies. However, two of these are zero for A, and five are zero 
for A,; the surviving coordinates appear in Table 1. Apply- 
ing eq. [All to all coordinates in a set with two or more 
members is unnecessary since no additional nonzero sym- 
metry coordinates result. To generate symmetry coordi- 
nates belonging to the two-dimensional E representation it 
is necessary to select within each of the six sets listed above 
pairs (a, b) of Cartesian coordinates, or of linear combina- 
tions of Cartesian coordinates, that are orthogonal and are 
symmetric or antisymmetric with respect to a chosen set of 
group operations constituting a subgroup. This procedure 
removes the aforementioned ambiguity in the orientation of 
degenerate sets of symmetry coordinates belonging to spe- 
cies E. In this case we chose the subgroup (E, u,). Clearly 
such a pair which is even(a)/odd(b) with respect to u, can- 
not be created from the one element sets {z,) or {z,). The 
elements of the sets {x,,y,), {x,,y,) themselves provide two 
such pairs. The set {z,,z,,z,) provides the pair (zZ,z3 - z,) and 
the set {x2.y2,. . .,y4) provides two pairs: (x2 + x, + x4,y3 - 
y,) and (y, + y3 + y4,x3 - x,). Alternative combinations such 
as (x2,y3 - y,) or (z, + z, + z,,z, - z,) satisfying the stated 
criteria are possible but not useful. Applying eq. [All with 
y = E to these five pairs yields the 10 E-type symmetry co- 
ordinates in Table 1. 
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Sirosterol and dehydroazasirosterol, unusual steroidal adducts 
from a Sirococcus species 
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WILLIAM A. AYER and Yu-TING MA. J .  Chem. 70, 1905 (1992). 
Two unusual compounds, which are made up of a sterol portion fused at C-5 and C-6 to an atrovenetin-like part, have 

been isolated from a fungus that causes Sirococcus shoot blight of spruce. The structures of these compounds, sirosterol 
(4) and dehydroazasirosterol (13), were determined by spectroscopic methods and comparison with appropriate model 
compounds. Sirosterol is an adduct of ergosterol and atrovenetin (5) and dehydroazasirosterol is an adduct of 9(1l)-de- 
hydroergosterol and an azaatrovenetin. Both compounds give a monomethyl ether when treated with diazomethane and 
both have been transformed to the corresponding 3-ketosteroids. The preparation of the triol 6 resulting from the selec- 
tive hydroxylation of the 5,6-double bond in ergosterol is described. A possible biogenesis of sirosterol from ergosterol 
endoperoxide and a desoxyatrovenetin is discussed. 

WILLIAM A. AYER et Yu-TING MA. Can. J.  Chem. 70, 1905 (1992). 
On a isole deux composCs inhabituels, faits d'une portion steroidale condensCe par les carbones 5 et 6 a une partie de 

type atrovCnCtine, a partir d'un champignon qui provoque la rouille des pousses de I'Cpinette par le Sirococcus. On a 
dCterminC la structure de ces composCs, le sirostCrol (4) et le dChydroazasirostCro1 (13), grice a des mCthodes spectro- 
scopiques et par comparaison avec des composes modeles appropriCs. Le sirostCro1 est un adduit de l'ergosterol avec 
1'atrovCnCtine (5) alors que le dChydroazasirostCrol est un adduit du 9(11)-dChydroergostCro1 avec une azaatrovCnttine. 
Lorsqu'on les traite avec du diazomkthane, les deux composCs fournissent un Cther mkthylique; on a aussi pu les trans- 
former tous les deux dans les 3-cCtostCroides correspondants. On dCcrit la prkparation du triol 6 qui rCsulte de l'hydrox- 
ylation sClective de la double liaison en 5,6 de 1'ergostCrol. On discute d'une voie de biogenese possible a partir de 
l'endoperoxyde de 1'ergostCrol et d'une dCsoxyatrovCnCtine. 

[Traduit par la rCdaction] 

Introduction 
We previously reported on the metabolites produced by 

two strains of fungi responsible for the so-called Sirococcus 
shoot blight of spruce (1). Our interest in these fungi arose 
from our work on the related disease of pine known as 
Scleroderris canker (2). We now report on two new metab- 
olites isolated from the mycelium of a strain (strain 35B) of 
the Sirococcus disease fungus from the mountains of south- 
e m  ~ e r m a n ~ . '  In addition to the two previously unreported 
compounds, racemic sclerodin (I),  atrovenetinone (2, as its 
acetone adduct), Scleroderris blue (3) (3), and the ubiqui- 
tous fungal sterols ergosterol and 9(11)-dehydroergosterol 
endoperoxide, were isolated from this stain. 

Results and discussion 
The methylene chloride extract of the mycelium of 

Sirococcus 35B (UAMH 5401) was separated by silica gel 
column chromatography into nonpolar, intermediate, and 
polar fractions and these fractions were further separated by 
flash chromatography to provide the individual compo- 
nents. When the yellow sirosterol (4) was initially isolated 
it appeared to be a mixture of a sterol and a phenalenone type 
compound. High-resolution electron impact mass spec- 
trometry (hrms) and chemical ionization mass spectrometry 

' ~ u t h o r  to whom correspondence may be addressed. 
' ~hese  cultures were provided by Prof. 0 .  Kander, Botanisches 

Institute der Universitat Miinchen, and are deposited at the Uni- 
versity of Alberta Microfungus Herbarium as Sirococcus 35B 
(UAMH 540 1 ). 

(cims) gave confusing results. Methylation (diazomethane) 
provided a new material, which also showed a single spot on 
thin-layer chromatography (tlc). Fast atom bombardment 
mass spectrometry (fabms) of sirosterol (4) showed a peak 
at 737 [M + H]+ corresponding to a molecular formula of 
C47H6007, suggesting that the compound was an adduct of a 
sterol and an atrovenitin (5) related compound. The ir spec- 
trum of sirosterol shows hydroxyl absorption and a strongly 
chelated carbonyl at 161 1 cm-I. The phenalenone portion of 
the molecule gives rise to signals for: two exchangeable 
phenolic hydrogens, one strongly chelated (6 17.16), one free 
(6 9.56); an aromatic methyl (6 2.83) and hydrogen (6 6.93); 
signals due to the isopentyl portion (methyl singlets at 6 1.56 
and 6 1.32, doublet at 6 1.47, methine quartet at 6 4.65). 
These chemical shifts are very similar to those of atroveni- 
tin trimethyl ether (5a) (4). The "sterol" portion of the mol- 
ecule gave rise to 'H nrnr signals very similar to those of the 
triol 6 prepared (see below) from ergosterol. Thus, the methyl 
groups of the sterol portion give rise to singlets at 6 0.57 
(C-18 in 6 ,  6 0.57) and 6 1.14 (C-19 in 6 ,  0.98), doublets 
at 60 .80 ,  0.81, 0.88, and 1.00 (0.83, 0.84, 0.93, and 1.03 
in 6). The two side-chain alkenic hydrogens give rise to an 
unresolved multiplet at 6 5.15 in 4 and at 6 5.20 in 6 ,  and 
the steroidal C-7 hydrogen appears at 6 4.99 in 4 and 6 5.03 
in 6. The C-7" hydrogen in 4 is vicinally coupled to the 
methine signal ( H - 6 )  at 6 4.91. In 6 ,  the C-6 hydrogen ap- 
pears at 6 3.98, indicating a difference in the C-6 substi- 
tuent. The broad methine doublet at 6 4.05 in 4 and 6 4 .0 i  
in 6 has the normal complexity of a steroidal 3a-carbinol 
hydrogen. The downfield shift of the 3 a  hydrogen is char- 
acteristic of 3P-hydroxysterols bearing a 5a oxygen suhsti- 
tuent (5). It seemed clear at this stage that sirostercll consicted 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J. CHEM. VOL. 70. 1992 

of an "atrovenitin" portion fused to an ergosterol-derived 
sterol portion through ether linkages at C-5 and C-6 of the 
sterol portion to C-1 and C-2 (or C-2 and C-3 of the tauto- 
meric form) of atrovenitin. A strong nuclear Overhauser 
enhancement (nOe) effect between the hydrogen at C - 6  and 
the 19 methyl group in 4, along with the very small cou- 
pling between this hydrogen and the C-7 hydrogen, indi- 
cates that the C - 6  substituent is in the a-orientation. To 
distinguish between 4 and the other structural isomers pos- 
sible (7, 8, and 9), several derivatives of sirosterol were 
prepared. 

Treatment of sirosterol with diazomethane in ether pro- 
vided the monomethyl ether 10. The fabms indicated a mo- 
lecular weight of 750 amu. The ir spectrum shows the 

presence of hydroxyl (3300 cm-') and strongly chelated 
carbonyl (161 1 cm-I), and the 'H nrnr spectrum shows the 
hydrogen of the chelated carbonyl at 6 17.95, indicating that 
the non-chelated phenolic hydroxyl is the one methylated. 
The methoxyl hydrogens appear at 6 4.05. The remainder of 
the spectrum is very similar to that of sirosterol itself. Strong 
nOe enhancement of the aromatic hydrogen is observed when 
the methoxyl hydrogens are irradiated and when the aro- 
matic methyl hydrogens are irradiated. This indicates that the 
methoxyl is located at C-9, thus the non-chelated phenolic 
hydrogen in 4 is at C-9. On this basis, structures 8 and 9 for 
sirosterol are ruled out. The nOe results with 10 also serve 
to confirm the stereochemistry at C - 6 .  Irradiation of the 
C-19" methyl causes enhancement (10.4%) of the signal at 
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AYER AND MA 1907 

6 4.83 (C-6) .  Irradiation of the hydrogen at 6 4.83 also 
causes enhancement of the alkenic hydrogen at 6 4.99 (C-7"), 
and vice versa. This further supports the proximate rela- 
tionship of these two hydrogens. The I3c nmr spectrum of 
10 adds further support to the structural assignment. As 
shown in Table 1, the signals for the "atrovenitin" portion 
correspond much better with those of atrovenitin trimethyl 
yellow (11) than with those of atrovenitin trimethyl orange 
(5a) (4). A comparison of the 13c nrnr signals of the "sterol" 
portion of 10 with those of the trio1 6 is provided in Table 
2. The upfield shifts of C-1, C-4, C-7, and C-10 relative to 
those of 6 are consistent with the expected substituent steric 
effects (6). 

CH, 
H3C CH, 

Acetylation of sirosterol methyl ether (10) provided the 
acetyl derivative 10a. The C-3" hydrogen is shifted down- 
field to 6 5.05, indicating the position of acetylation. Acet- 
ylation of sirosterol (4) itself provided the diacetyl derivative 
lob.  The ir spectrum of lob shows chelated carbonyl 
(1620 cm-'), alkyl acetate (1734 cm-I), and aryl acetate 
(1753 cm-I) absorption. The signal for the chelated pheno- 
lic hydrogen appears at 6 17.41 in the 'H nmr spectrum. 
Comparison of the 'H nrnr spectra of sirosterol (4) and its 
derivatives 10, 10a, and lob leads us to favor structure 4 over 
structure 7 for the metabolites. Table 3 provides a compar- 
ison of the chemical shifts of H-6" and H-7" in these four 
compounds and Fig. 1 shows conformation drawings of 4 and 

OCH, 

CH3 11 

10 R = H, R' = CH, 
10a R = Ac, R' = CH, 
106 R = R ' =  Ac 

, 7. As can be seen in Fig. 1, the unchelated phenolic hy- the C-9 hydroxyl induces significant chemical shifts of H-6" 
! droxyl group (at C-9 in 4) is much closer to H - 6  and H-7" and, to a lesser extent, H-7". We feel that these anisotropic 

in 4 than in 7. Methylation and, particularly, acetylation of shifts are best explained if sirosterol possesses structure 4 
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R'O 

rather than 7. Since sirosterol was not available in large 
quantities (approximately I mg/L of culture broth) we car- 
ried out only a limited number of further e ~ ~ e r i m e n t s . ~  All 
attempts to bring about acid-catalyzed hydrolysis (aqueous 
trifluoroacetic acid, 50% sulphuric acid, p-toluenesulfonic 
acid in acetone) of sirosterol methyl ether (10) were unsuc- 
cessful. Aqueous base had no effect. Attempted hydrogen- 
olysis of the allylic ether at C - 6  was unsuccessful, both with 
the ether 10 and the diacetate lob  and utilizing both plati- 
num and palladium catalysts. In every case the side-chain 
double bond was hydrogenated and the corresponding di- 

I 
hydro compound was obtained. The C-7", 8" double bond was 
not reduced and no hydrogenolysis was observed. Oxida- 

I tion of sirosterol using the Swern procedure (7) provided 
, ketone 12, which shows carbonyl absorption at 1722 cm-' 

in the ir. The 'H nrnr spectrum of 12 is similar to that of 

'~irosterol and its derivatives are obtained as amorphous pow- 
ders. All attempts to prepare suitable crystals for X-ray crystallo- 
graphic studies were unsuccessful. 

sirosterol except that the signal at 6 4.05 (C-3" H) is not 
present. Attempts to bring about (acid and base catalyzed) 
p-elimination of the C-5" functionality in ketone 12 were not 
successful. 

Sirosterol (4), which is optically active, is a mixture of 
diastereoisomers at C-2' (ca. 2: 1) as indicated by the mul- 
tiplicity of the signal for H-2' (two superimposed quartets, 
J = 6 Hz) in sirosterol and its derivatives. These diastereo- 
isomers could not be separated (tlc, hplc). Since the phen- 
alenone metabolites from Sirococcus are partially racemic 
( I ) ,  it is not surprising that sirosterol exists in diastereo- 
meric forms. 

A second yellow phenalenone-sterol adduct, which we call 
dehydroazasirosterol, was present (ca. 0.4 mg/L of cul- 
ture) among the metabolites of Sirococcus 35B. The fabms 
showed an M + H+ peak at 734 amu corresponding to a 
molecular formula C,,H5,0,N. The 'H nmr spectrum of de- 
hydroazasirosterol (13) was very similar to that of sirosterol 
(4) with the exception of signals at 6 5.73 (1 H, d, J -- 6 Hz) 
and at 6 4.01 (1 H, s, D,O exchangeable). Since all the sig- 
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AYER AND MA 1909 

TABLE 1. The 13c nmr spectra of sirosterol methyl ether 10 (non- 
steroidal portion), atrovenitin trimethyl yellow (11), and atroven- 

itin orange (5a) in CDCI, 

Compound 10 11" 5b" 

"From ref. 4. 

TABLE 2. The I3C nmr spectra of sirosterol methyl ether 10 (ste- 
roidal portion) and trio1 6 in CDCI, 

Compound 10" 6b Compound lob 6b 

C- 1 27.97" 30.68" C-15 
C-2 30.61 31.60 C-16 
C-3 66.90 67.44 C-17 
C-4 31.16 38.72 C-18 
C-5 75.96 76.05 C-19 
C-6 73.42 70.35 C-29 
C-7 115.35 119.52 C-21 
C-8 143.42 142.08 C-22 
C-9 42.86 42.81 C-23 
C-10 35.43 38.51 C-24 
C-11 21.23 21.41 C-25 
C-12 39.03 39.23 C-26 
C-13 43.72 43.33 C-27 
C-14 54.29 54.70 C-28 

"Signals interchangeable within the column. 
"Determined at 75 MHz. 
"etermined at 90 MHz. 

TABLE 3. Comparison of 'H nmr spectral data for H - 6  and H-7" 
in compounds 4, 10, 10a, lob 

Compound 4 10 1Oa lob 

nals for the "atrovenitin" portion of the molecule were ob- 
served, the signal at 6 5.73 appeared to arise from the sterol 
portion of the molecule. The presence of an additional ole- 
finic double bond was apparent from the I3c nmr spectrum 
of 13. Since 9(11)-dehydroergosterol endoperoxide (14) is 

FIG. 1.  Conformational drawings of possible structures of si- 
roster01 . 

present among the metabolites of this fungus, the location 
of the additional unsaturation at C-9, C- 11 seemed reason- 
able. In fact, the chemical shifts (Table 4) of the non-side- 
chain alkenic carbons (6 117.1, 124.8, 139.2, 140.6) 
suggest a conjugated diene (8). Whereas the I3c nmr spec- 
trum of 4 shows the presence of three oxygenated sterol 
carbons (6 76.0 (s), 73.4 (d), 66.9 (d)), the spectrum of 13 
(Table 4) shows only the secondary oxygenated carbons (6 
75.7, 66.9) and a new quaternary carbon signal at 6 55.7, 
consistent with the replacement of oxygen by nitrogen. The 
exchangeable hydrogen at 6 4.01 may then be assigned to NH 
and structure 13 (or 15) results for dehydroazasirosterol. 

Treatment of dehydroazasirosterol (13) with ethereal di- 
azomethane provided the monomethyl ether 13a. The fabms 
shows the protonated molecular ion at 748 amu and the 'H 
nmr spectrum shows an aromatic methoxyl (6 4.07) and a 
chelated OH (6 17.65). In the COSY 2D nmr spectrum the 
alkenic hydrogen at 6 5.67 (H-11") is weakly correlated with 
a hydrogen at 6 5.03 (H-7") and this in turn is coupled to the 
hydrogen at 6 4.81 (H-6"). The latter hydrogen is correlated 
with the NH hydrogen (6 3.99). As with sirosterol methyl 
ether, nOe experiments confirmed the position of methyl- 
ation and the stereochemistry at C-6". Irradiation of the C-1 1" 
hydrogen and the NH hydrogen did not lead to observable 
nOe enhancements. Acetylation of dehydroazasirosterol 13 
provides the 0 ,  0-diacetyl derivative 13b and acetylation of 
methyl ether 13a provides the monoacetyl ether 13c. The 0 ,  
0-diacetyl derivative 13b shows ir absorption bands for ar- 
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TABLE 4. The I3c nmr spectra of dehydroazasirosterol(13) and its 
monomethyl ether (13a) 

Compound Compound 

Carbon 13" 13a" Carbon 13" 13a" 

C- 1 
C-2 
C-3 
C-3a 
C-3b 
C-4 
C-5 
C-6 
C-6a 
C-7 
C-8 
C-9 
C-9a 
C-10 
C-1' 
C-2' 
C-3' 
C-4' 
C-5' 
OMe 
C-1" 
C-2" 
C-3" 
C-4" 

"APT spectrum measured at 75 MHz. 
"Obtained at 90 MHz. 

ucts. We are not aware of other examples where sterols and 
phenalenones are fused by means of dioxene or dihydro-1,4- 
oxazine ring systems. A simplistic scheme that illustrates a 
possible biogenetic pathway uniting ergosterol endoperox- 
ide and an atrovenitin-type molecule is shown in Scheme 1. 
A related free radical pathway may be written to achieve the 
same result. 

The triol 6 mentioned earlier was prepared by m-chloro- 
perbenzoic acid oxidation of ergosterol that provides the ester 
6a. Hydrolysis of 6a (KOH, methanol) gives triol 6. Trio1 6 

omatic acetate (1770 cm--I) and aliphatic acetate (1739 cm-I). 
The 'H nmr spectrum shows acetate methyls at 6 2.40 and 
1.96 and the chelated OH at 6 17.01 . The remaining signals 
are similar to those of the parent compound 13. As is the case 
with sirosterol (4, Fig. l),  the signals for H-6" and H-7" are 
shifted upfield in the derivatives 13a, 136, and 13c, favor- 
ing structure 13 over structure 15 for dehydroazasirosterol. 
Biogenetic precedent for the location of nitrogen at C-2 in 
the atrovenitin portion of the molecule, as in Scleroderris blue 
(3), also argues in favor of this arrangement. 

Oxidation of dehydroazasirosterol (13) using the Swern 
procedure (7) gave the 3"-ketone 16, ir 1720 cm-I. At- 
tempts to bring about p-elimination to give the a,p-unsatu- 
rated enone 17 were unsuccessful. Considering that the 
"open" form 17 might be thermodynamically less favored 
than the "closed" form 16, we heated 16 in acetic anhy- 
dride in the presence of triethylamine for 2 h in an attempt 
to trap 17 as the N-acetyl derivative. Only the 0-acetyl de- 
rivative 16a and the a2" en01 acetate of 16a were obtained. 
The en01 acetate does not show ketonic carbonyl absorption 
in the ir, only ester absorption (1753 cm-I). The 'H nmr 
spectrum of the en01 acetate shows a signal for H-2" at 6 5.50 
(d, J - 5 Hz) and two acetyl methyls (6 2.04, 2.41). 

As is the case with sirosterol (4), dehydroazasirosterol (13) 
is isolated as a mixture of diastereoisomers at C-2'. This is 
indicated by two pairs of signals for the phenolic hydrogens 
at 6 17.84 and 9.76. The ratio of the two epimers for dehy- 
droazasirosterol (ca. 5 : 1) is different than that for sirosterol 
(ca. 2:  1). 

Sirosterol (4) and dehydroazasirosterol (13) represent a 
unique combination of two different classes of natural prod- 

was first prepared by Windaus and Luttringhaus in 1930 (9) 
by perbenzoic acid oxidation of ergosterol followed by hy- 
drolysis of the benzoate thus obtained and later by Crie ee P et al.  (10) by osmium tetroxide oxidation of ergosterol. In 
agreement with the assigned stereochemistry, irradiation of 
the methyl group at C-10 in 6 gives rise to a nOe effect 
(7.5%) on the signal for H-6. 

4For an interesting discussion of the proof of the stereochemis- 
try of 6 see ref. 11. 
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AYER AND MA 

Experimental 
For general experimental details see ref. 1 

Growth and harvesting of the fungi 
Stock cultures of Sirococcus 35B (UAMH 5401) were main- 

tained in slant tube culture on potato dextrose agar at 4°C. To ini- 
tiate large-scale cultures, small fragments of agar containing the 
mycelium were aseptically transferred to Erlenmeyer flasks con- 
taining sterile culture medium (200 mL). The medium used was 
Difco potato dextrose broth containing 0.04% (w/v) yeast ex- 
tract. The cultures were shaken for 10 days at 15-17"C, then used 
to inoculate five 2.8-L Fernbach flasks containing the same liquid 
medium (1 L, still culture). After 50-60 days at 15-17"C, the 
mycelium was separated from the broth by gravity filtration through 
cheese cloth. The air-dried mycelium was extracted with methy- 
lene chloride in a Soxhlet extractor for 2 days. Concentration of the 
methylene chloride extracts gave the crude mycelial extract (3.0 g). 
Most of the metabolites were present in the mycelial extract and 
only a small amount (ca. 0.04 g) in the broth extract. 

Separation of the metabolites 
The methylene chloride extract (3.0 g) from the mycelium was 

separated into nonpolar, medium polar, and polar fractions by sil- 
ica gel column chromatography (gradient elution; hexanes-tol- 
uene-ethyl acetate-methanol). The nonpolar and medium polar 
fractions were separated by repeated flash chromatography over 
silica gel. Fatty acids, triglycerides, sclerodin (1, 140 mg), ergos- 
terol (36 mg), 9(11)-dehydroergosterol endoperoxide (3 mg), er- 
gosta-4,6,8(14) ,22-tetraen-3-one (3 mg), sirocodilide (1 7 mg), 
sirosterol (4, 5 mg), and dehydroazasirosterol (13, 2mg) were iso- 
lated. Scleroderris blue (3, 3 mg) was isolated from the polar frac- 
tion by flash chromatography. Atrovenetinone (2) was isolated as 
its acetone adduct from the metabolites grown on Wort medium. 
Compounds 4 and 13 were not isolated from the Wort medium 
growth. 

Sirosterol(4) 
Sirosterol was isolated as an amorphous powder that showed a 

single spot on tlc. However, the IH nmr spectrum indicates that it 
is a mixture of diastereoisomers (both configurations at C-2', su- 
perimposed quartets at 6 4.65 in CDCI,); ir v-: 3390, 3384, 1730 
(w), 1660(w), 1611, 1576, 1444, 1416, 1375, 1339, 1307, 1281, 
1239, 1190 cm-'; 'H nmr (360 MHz) 6: 0.57 (3 H, s, 18"-CH?), 
0.80 (3 H, d, 5.3 Hz, 26-CH,), 0.8 1 (3 H, d, 5.3 Hz, 27"-CH;), 
0.88 (3 H, d, 6 Hz, 28"-CH,), 1 .OO (3 H, d, 6 Hz, 21"-CH,), 1.14 
(3 H, s, 19-CH,), 1.25 (1 H, brs, OH), 1.32 (3 H, s, 4'-CH,), 1.47 
(3 H, d, 6 HZ, 1'-CH,), 1.56 (3 H, s 5'-CH,), 2.82 (3 H, s, ArCH,), 
4.05 (1 H, m, H-3"), 4.65 (1 H, q, 6 Hz, H-2'), 4.91 (1 H, brs, 
H-6"), 4.99 (1 H, brs, H-7"), 5.15 (2 H, m, H-22", 23"), 6.83 (1 
H, s, ArH), 9.56 (1 H, s, 9-OH), 17.16 (1 H, s, 4-OH); 'H nmr 
(CDC1, + C5DSN, 360 MHz) 6: 0.57 (3H, s, 1 8-CH,), 0.80 (3 H, 
d, 5.3 Hz, 26-CH,), 0.82 (3 H, d, 5.3 Hz, 27"-CH,), 0.90 (3 H, 
d, 6 Hz, 28"-CH,), 1.02 (3 H, d, 6 Hz, 21"-CH,), 1.14 (3 H, s, 1 9 -  
CH,), 1.27 (1 H, brs, OH), 1.31 (3 H, S, 4'-CH,), 1.45 (3 H, d, 
6 Hz, 1'-CH,), 1.59 (3 H, s, 5'-CH,), 2.83 (3 H, s, ArCH,), 4.16 
(1 H, m, H-3"), 4.66 (1 H, q, 6 Hz, H-27, 4.90 (1 H, brs, H-6),  
5.05 (1 H, brs, H-7"), 5.20 (2 H, m, H-22", 23"), 6.88 (1 H, s, 

ArH), 9.82 (1 H, s, 9-OH), 17.55 (1 H, s, 4-OH); fabms, m/z: 
737.48 (M + H+, calcd. for C47H6107: 737.4417, 2.67%), 341 (6), 
309 (9). 

Methylsirosterol(Z0) 
Sirosterol(5 mg) was treated with an excess of diazomethane in 

ether solution at room temperature for 24 hs. The solvent was 
evaporated and the residue was purified by flash chromatography 
(hexanes-acetone 3:  1) to give an amorphous solid (10, 5 mg), 
[ a ] ~  + 79.1 (c 0.22, CHCI,); ir v-: 3300, 2956, 2932, 1718 (w), 
1642(w), 1611, 1444, 1375, 1220, 1181, 1162, 1106, 1060, 1037, 
1012 cm-I; 'H nmr (360 MHz) 6: 0.57 (3 H, s, 18-CH,), 0.81 (3 
H, d, 5.3 H, 26-CH3), 0.82 (3 H, d, 5.3 HZ, 27"-CH,), 0.89 (3 
H, d, 6 Hz, 28"-CH,), 1.09 (3 H, d, 6 Hz, 21"-CH,), 1.13 (3 H, 
s, 19-CH,), 1.26 (1 H, brs, OH), 1.32 (3 H, s, 4'-CH,), 1.48 (3 
H, d, 6 Hz, 1'-CH,), 1.57 (3 H, s, 5'-CH,), 2.89 (3 H, s, ArCH3), 
4.05 (1 H, m, H-3"), 4.05 (3 H, s, OCH,), 4.65 (1 H, q, 6 Hz, 
H-2'), 4.83 (1 H, brs, H-6),  4.99 (I H, brs, H-7"), 5.14 (2 H, m, 
H-22", 23"), 6.85 (1 H, s, ArH), 17.95 (1 H, s, 4-OH); I3c nmr 
(75 MHz) see Tables 1 and 2; hrms, m/z: 396.3385 (calcd. for 
CznHU0: 396.3392, (28%), 376 (CznH,, 13), 356 (C20H2006, 63), 
341 (CI9Hl7o6, loo), 323 (20), 251 (33); fabms, m/z: 75 1.64 
(M + H', calcd. for C48H6307: 751.4574, 10. I%), 377.53 (1.97), 
357.14 (8.94), 341.07 (5.19). 

Methylacetylsirosterol(Z0a) 
Acetic anhydride (1 mL) and pyridine (1 mL) were added to a 

solution of methyl sirosterol (1 mg) in methylene chloride (2 mL). 
The mixture was stirred at room temperature for 18 hs. The solu- 
tion was concentrated and the residue was purified by flash chro- 
matography (hexanes-acetone 4 :  1) to give 10a (1 mg) as an oil, 
ir v-: 3320, 2957, 2936, 2933, 2870, 1736, 1614, 1590 cm-'; 'H 
nmr (360 MHz) 6: 0.56 (3 H, s, 18"-CH,), 0.80 (3 H, d, 5.3 Hz, 
26-CH,), 0.81 (3 H, d, 5.3 Hz, 27"-CH,), 0.89 (3 H, d, 6 Hz, 28"- 
CH,), 1.01 (3 H, d, 6Hz ,  21"-CH,), 1.15 (3 H, s, 19"-CH,), 1.32 
(3 H, s, 4'-CH,), 1.47 (3 H, d, 6 H, 1'-CH,), 1.57 (3 H, s, 5'-CH,), 
1.9 1 (3 H, s, COCH,), 2.90 (3 H, s, ArCH,), 4.04 (3 H, s, OCH,), 
4.63 (1 H, q, 6 Hz, H-2'), 4.82 (1 H, brs, H-6) ,  4.96 (1 H, brs, 
H-7"), 5.05 (1 H, m, H-3"), 5.16 (2 H, m, H-22", 23"), 6.85 (1 H, 
s, ArH), 17.97 (1 H, s, 4-OH); fabms, m/z: 793.59 (M + H', 
calcd. for C50H6508: 793.4679, 2.46%), 356.85 (2.72), 340.80 
(1.62), 308.80 (5.62). 

Diacetylsirosterol (ZOb) 
Sirosterol (0.5 mg) was dissolved in a solution of acetic anhy- 

dride (1 mL) and pyridine (1 mL) in methylene chloride (2 mL). 
The mixture was stirred at room temperature for 17 hs. The sol- 
vent was coevaporated with ethanol and the residue was purified 
by flash chromatography (hexane-acetone 5 : 1) providing lob 
(0.5 mg); ir urn: 3400, 2975, 2927, 1753, 1734, 1620, 1593, 1456, 
1443, 1376, 1366, 1265, 1242, 1226, 1195, 1176 cm-I; IH nmr 
(360 MHz) 6: 0.56 (3 H, s, 18"-CH,), 0.80 (3 H, d, 5.3 Hz, 2 6 -  
CH,), 0.81 (3 H, d, 5.3 HZ, 27"-CH3), 0.88 (3 H, d, 6 HZ, 2 8 -  
CH,), 1.00 (3 H, d, 6 Hz, 21"-CH,), 1.15 (3 H, s, 19-CH,), 1.32 
(3 H, s, 4'-CH,), 1.47 (3 H, d, 6 Hz, 1'-CH,), 1.57 (3 H, s, 
5'-CH,), 1.96 (3 H, s ,  COCH,), 2.38 (3 H, s, COCH,), 2.86 
(3 H, s, ArCH,), 4.66 (1 H, q, 6 Hz, H-2'), 4.68 (1 H, brs, H-6),  
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4.9 1 (1 H, brs, H-7"), 5.02 (1 H, m, H-3"), 5.16 (2 H, m, H-22, 
23"), 6.94 (1 H, s, ArH), 17.41 (1 H, s, 4-OH); fabms, nz/z: 821.56 
(M + H f ,  calcd. for CSIHh5o9: 821.5107, 0.87%). 

Dehydrosirosterol(I2) 
Trifluoroacetic anhydride (10 pL) was added dropwise to a stirred 

solution of dimethyl sulfoxide (10 pL) in 3 mL of methylene 
chloride at -78OC. After 10 min, sirosterol (1 mg) in methylene 
chloride (2 mL) was added and the solution was stirred for 40 min 
at the same temperature. Triethylamine (50 pL) was then added and 
the reaction was kept for another 40 min at -78'C. The reaction 
mixture was allowed to warm to room temperature and water (3 mL) 
was added. The aqueous layer was separated and extracted twice 
with methylene chloride. The combined organic extracts were 
washed, dried, and evaporated. The residue was purified by flash 
chromatography (hexanes - ethyl acetate 7:3) providing 12 (0.8 
mg) as an amorphous solid; ir v-: 3390, 2957, 2927,2871, 2855, 
1722, 1610, 1454, 1445, 1377, 1306, 1280, 1237, 1223, 1189, 
1171, 1157, 1135, 1101, 1063, 1036 cm-I; 'H nmr (360 MHz) 6: 
0.60 (3 H, s, 18"-CH,), 0.8 1 (3 H, d, 6 Hz, 26-CH,), 0.83 (3 H, 
d, 6 H, 27"-CH,), 0.90 (3 H, d, 6.5 Hz, 28"-CH,), 1.02 (3 H, d, 
6.5 H, 21"-CH,), 1.3 1 (3 H, s, 19-CH,), 1.34 (3 H, s, 4'-CH,), 
1.49 (3 H, d, 6.5 Hz, 1'-CH,), 1.56 (3 H, s, 5'-CH,), 2.82 (3 H, 
s, ArCH,), 4.65 (1 H, q, 6.5 Hz, H-2'), 5.03 (2 H, brs, H - 6  and 
H-7"), 5.18 (2 H, m, H-22", 23"), 6.83 (1 H, s, ArH), 9.43 (1 H, 
s, 9-OH), 17.03 (1 H, s, 4-OH); fabms, m/z: 735.17 (M + H', 
calcd. for C47H5907: 735.4261, 6%), 394.16 (2), 340.68 (29). 
Dehydroazasirosterol(13) 

Dehydroazasirosterol (13) was isolated as an amorphous pow- 
der that showed a single spot on tlc. The 'H nmr spectrum shows 
that it is a mixture of diastereoisomers (at C-2'). This is indicated 
by the fact that the phenolic hydrogens at 6 17.84 and 6 9.76 each 
appear as two closely spaced singlets. This is also true of the low- 
field chelated phenol signal in 13a and 136. Dehydroazasirosterol 
shows the following spectral properties: ir v-: 3398, 3388, 3380, 
2956, 2869, 1610, 1569, 1455, 1428, 1384, 1371, 1296, 1249, 
1226, 1193, 1134, 1101, 1048, 1032 c m ' ;  'H nmr (360 MHz) 6: 
0.55 (3 H, s, 18"-CH,), 0.80 (3 H, d, 6 Hz, 26-CH,), 0.82 (3 H, 
d, 6 Hz, 27"-CH,), 0.89 (3 H, d, 6 HZ, 28"-CH,), 1.00 (3 H, d, 
6.5 Hz, 2 1 "-CH,), 1 .29 (3 H, s, 1 9"-CH,), 1.30 (3 H , s, 4'-CH,), 
1.48 (3 H, d, 6.5 Hz, 1 '-CH,), 1.57 (3 H, s, 5'-CH,), 2.82 (3 H, 
s, At€H3),4.01 (1 H, s,NH),4.12(1 H, m,H-3"),4.89(1 H, brs, 
H-6"), 5.04 (1 H, brs, H-7"), 5.16 (2 H, m, H-22, 23"), 5.73 (1 
H,d,6Hz,H-l lU) ,6 .84(1 H,s,ArH),9.76(1 H,s,9-OH), 17.84 
(1 H, S, 4-OH); ',c nmr (75 MHz) see Table 4; fabms, m/z: 734.55 
(M + H+ , cdcd. for C47H6006N: 734.4421,0.72%), 733.55 (0.81), 
375.30 (2), 339.89 (9). 

Methyl dehydroazasirosterol(I3a) 
Dehydroazasirosterol (13a, 5 mg) was treated with an excess of 

diazomethane in ether at room temperature for 24 hs. Evaporation 
of the solvent and purification of the residue by flash chromatog- 
raphy (hexanes - ethyl acetate 5: 1) provided 13a (5 mg) as an 
amorphous solid, ir v,,,: 3400, 2957, 2924, 2850, 1612, 1590, 
1552 cm-I; 'H nmr (360 MHz) 6: 0.54 (3 H, s, 18"-CH,), 0.80 (3 
H, d, 6 Hz, 26-CH,), 0.81 (3 H, d, 6 Hz, 27"-CH,), 0.89 (3 H, 
d, 6 Hz, 28"-CH,), 1.00 (3 H, d, 6 Hz, 2 1 "-CH,), 1.27 (3 H, s, 19 -  
CH3), 1.32 (3 H, S, 4'-CH3), 1.48 (3 H, d, 6 HZ, 1 '-CH,), 1.55 (3 
H, s, 5'-CH,), 2.88 (3H, S, Arch3), 3.99 (1 H, S, NH), 4.07 (3 H, 
s, OCH,), 4.13 (1 H, m, H-3"), 4.64 (1 H, q, 6 Hz, H-2'), 4.81 
(1 H, brs, H-6"), 5.03 (1 H, brs, H-7"), 5.16 (2 H, m, H-2", 23"), 
5.67 (1 H, d, 6 Hz, H-11"), 6.90 (1 H, s, ArH), 17.65 (1 H, s, 
4-OH); "C nmr (90 MHz) see Table 4; hrms, m/z: 394.3231 
(C28H420, 14%), 376 (C28&, 16), 355.1419 (C2J12105N, 54), 340 
(C19H180sN, 41), 25 1 (74), 57 (100); fabms, m/z: 748.33 (M + 
Hf , calcd. for C4,H,,O&: 748.4577,7.27%), 747.32 (6.5), 354.19 
(15). 
Methyl acetyldehydroazasirosterol(I3c) 

Methyl dehydroazasirosterol (1 mg) was dissolved in acetic an- 
hydride (2 mL), pyridine (1 mL), and methylene chloride (2 mL). 

The mixture was stirred at room temperature for 22 h. The solvent 
was coevaporated with ethanol. The residue was purified by flash 
chromatography (hexanes - ethyl acetate 5: 1) providing 13c (0.9 
mg). ir v,,,,: 3398, 2956, 1729, 1610, 1590 cm-'; 'H nmr (360 
MHz) 6: 0.53 (3 H, s, 18"-CH,), 0.79 (3 H, d, 5.3 Hz, 26-CH,), 
0.8 1 (3 H, d, 5.3 HZ, 27"-CH,), 0.88 (3 H, d, 6 HZ, 28"-CH,), 0.99 
(3 H, d, 6 Hz, 21"-CH,), 1.26 (3 H, s, 19-CH,), 1.30 (3 H, s, 
4'-CH,), 1.48 (3 H, d, 6.5 Hz, 1 '-CH,), 1.56 (3 H, s, 5'-CH,), 1.94 
(3 H, S, COCH,), 2.87 (3 H, s ,  ArCH,), 4.03 (1 H, s, NH), 4.06 
(3 H, s, OCH,), 4.62 (1 H, q, 6.5 Hz, H-27, 4.81 (1 H, brs, H-6'3, 
5.01 (1 H, brs, H-7"), 5 .15(2H,  m, H-22", 23"), 5.68(1 H , d ,  
6 Hz, H-1 l"), 6.88 (1 H, s, ArH), 17.66 (1 H, s, 4-OH); fabms, 
m/z: 790.77 (M + Hf , calcd. for CSOH6407N: 790.4683,2.56%), 
789.74 (2.36), 355.98 (7), 353.95 (8). 

Diacetyldehydroazasirosterol (I3b) 
Acetic anhydride (1 mL) were added to a solution of sirocodi- 

nine (0.5 mg) in methylene chloride (1 mL). The mixture was stirred 
at room temperature for 16 hs. The solvent was evaporated and the 
residue was redissolved in methylene chloride. The organic phase 
was washed with 5% HC1, and then evaporated to dryness. The 
residue was purified by passing through a short Florisil column 
giving 13b (0.4 mg), ir v-: 3400, 2955, 2870, 1770, 1739, 1619, 
1596 cm-'; 'H nmr (360 MHz) 6: 0.53 (3 H, s, 18"-CH,), 0.78 (3 
H, d, 6 Hz, 26-CH,), 0.80 (3 H, d, 6 Hz, 27"-CH,), 0.9 1 (3 H, 
d, 6 Hz, 28"-CH,), 0.99 (3 H, d, 6.5 Hz, 21"-CH,), 1.31 (3 H, s, 
19-CH,), 1.32 (3 H, s, 4'-CH,), 1.48 (3 H, d, 6.5 Hz, 1'-CH,), 
1.57 (3 H, S, 5'-CH,), 1.96 (3 H, S, COCH,), 2.40 (3 H, S, 
COCH,), 2.85 (3 H, s, ACH,), 4.06 (1 H, s, NH), 4.64 (1 H, brs, 
H-6), 4.66 (1 H, q, 6.5 Hz, H-2'), 4.99 (1 H, brs, H-7"), 5.15 (2 
H, m, H-22", 23'3, 5.68 (1 H, d, 6 Hz, H-11"), 6.93 (1 H, s, ArH), 
17.01 (1 H, s, 4-OH); fabms, m/z: 818.80 (M + H', calcd. for 
CSIHWO8N: 818.4632, 0.99%), 817.78 (1.06), 382.33 (6), 368.37 
(1 l) ,  340.12 (12). 

Oxidation of dehydroaznsirosterol(I3) 
Trifluoroacetic anhydride (30 pL) was added dropwise to a stirred 

solution of dimethyl sulfoxide (30 pL) in 3 mL of methylene 
chloride at -78OC. After 10 min, dehydroazasirosterol (2 mg) in 
methylene chloride (2 mL) was added and the solution was al- 
lowed to stir at the same temperature for 40 min. Triethylamine 
(100 pL) was then added and the mixture was kept at -78'C for 
another 40 min. The reaction mixture was allowed to warm up to 
room temperature. Water (3 mL) was added and the aqueous layer 
was separated and extracted twice with methylene chloride. The 
combined organic extracts were washed with brine, dried, and 
evaporated. Purification of the crude product by flash chromatog- 
raphy (hexanes - ethyl acetate 70:30) yielded 16 (1.2 mg), ir urn: 
3420, 2958, 2927, 2871, 1720, 1607, 1571 cm-I; 'H nmr (360 
MHz) 6: 0.57 (3 H, s, 1 8"-CH,), 0.80 (3 H, d, 6 Hz, 26-CH,), 0.82 
(3 H, d, 6 Hz, 27"-CH,), 0.89 (3 H, d, 6.5 HZ, 28"-CH,), 1.0 1 (3 
H, d, 6.5 Hz, 21"-CH,), 1.30 (3 H, s, 19-CH,), 1.32 (3 H, s, 4'- 
CH,), 1.47 (3 H, d, 6.5 Hz, 1 '-CH,), 1.54 (3 H, s, 5'-CH,), 2.82 
(3 H, s, ArCH,), 4.00 (1 H, s, NH), 4.66 (1 H, q, 6.5 Hz, H-2'), 
5.01 (1 H, brs,H-6"),5.10(1 H,brs,H-7"),5.20(2H,m,H-22", 
23"),5.83(1 H , d , 6 H z ,  H-11"), 6.84(1 H, s,ArH),9.63(1 H, 
s, 9-OH), 16.70 (1 H, s, 4-OH); fabms, m/z: 732.62 (M + Hf ,  
calcd. for C47H580hN: 732.4264, 0.67%), 73 1.63 (1.02), 341.44 
(1 I), 340.43 (1 I), 339.43 (21). 

Monoacetare 16a and erzol acetate of 16a 
Ketone 16 (1.2 mg) in acetic anhydride (2 mL) and triethylam- 

ine (2 mL) was heated under reflux for 2 hs. The mixture was 
poured onto crushed ice. The aqueous layer was extracted with 
methylene chloride twice and the organic layer was washed with 
brine, dried, and evaporated. The residue was separated by silica 
gel chromatography (hexanes - ethyl acetate 70: 30) giving mono- 
acetate 16a (0.5 mg) and the A"' en01 acetate (0.6 mg). 16a: ir urn: 
3400, 2929, 1767, 1744, 1717, 1620, 1594 cm-'; 'H nmr (360 
MHz) 6: 0.57 (3 H, s, 18"-CH,), 0.80 (3 H, d, 6 Hz, 26-CH,), 0.8 1 
(3 H, d, 6 Hz, 27"-CH,), 0.88 (3 H, d, 6.5 Hz, 28"-CH,), 1.00 (3 
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H, d, 6.5 Hz, 21"-CH,), 1.30 (3 H, s, 19-CH,), 1.32 (3 H, s, 
4-CH,), 1.45 (3 H, d, 6.5 Hz, 1'-CH,), 1.50 (3 H, s, 5'-CH,), 2.38 
(3 H, s, OCOCH,), 2.85 (3 H, s, ArCH,), 4.10 (1 H, s, NH), 4.67 
(1 H, q, 6.5 Hz, H-2'), 4.78 (1 H, brs, H-6),  5.05 (1 H, brs, H-7"), 
5.20 (2 H, m, H-22", 23"). 5.79 (1 H, d, 6 Hz, H-1 I"), 6.94 (1 H, 
s, ArH), 16.88 (1 H, s, 4-OH); fabms, m/z: 774.53 (M + H+,  
calcd. for C,,H,O,N: 774.4370, 2.15%), 773.55 (1.65), 339.86 
(6), 308.85 (9). En01 acetate: ir v,,,: 3400, 2957, 2925, 2869, 
2853, 1753, 1621, 1596 c m ' ;  'H nmr (360 MHz) 6: 0.55 (3 H, s, 
18"-CH,), 0.80 (3 H, d, 6 Hz, 26-CH,), 0.82 (3 H, d, 6 Hz, 27"- 
CH,), 0.89 (3 H, d, 6.5 Hz, 28"-CH,), 1.00 (3 H, d, 6.5 Hz, 21"- 
CH,), 1.24 (3 H, S, 19"-CH3), 1.32 (3 H, S, 4'-CH,), 1.48 (3 H, 
d, 6.5 Hz, 1'-CH,), 1.54 (3 H, s, 5'-CH,), 2.04 (3 H, s, COCH,), 
2.41 (3 H, s, COCH,), 2.85 (3 H, s, ArCH,), 4.48 (1 H, s ,  NH), 
4.67 (1 H, q, 6.5 Hz, H-27, 4.83 (1 H, brs, H-6), 5.09 (1 H, brs, 
H-7"), 5.16 (2 H, m, H-22", 23"), 5.50 (1 H, d, 5 Hz, H-2"), 5.66 
(1 H, d, H-1 I"), 6.95 (1 H, s, ArH), 16.96 (1 H, s, 4-OH); fabms, 
m/z: 816.67 (M + H', calcd. for C5,H6,O8N: 816.4475, 0.28%), 
815.68 (0.35), 339.89 (2). 

Preparation of 5a, 6a-dihydroxydihydroergosterol (6) 
m-Chloroperbenzoic acid (81 mg of 80%, 0.376 mmol) was 

added to a solution of ergosterol (149 mg, 0.376 mmol) in meth- 
ylene chloride (12 mL). The mixture was stirred at room temper- 
ature for 5 hs, then further m-chloroperbenzoic acid (20 mg) was 
added and the mixture was stirred for 19 hs. The solution was 
washed twice with sodium thiosulfate solution, then twice with 
sodium bicarbonate solution. The organic layer was dried and 
evaporated. The residue was separated by flash chromatography 
(hexanes - ethy 1 acetate 8 : 3) to give the 6-O-m-chlorobenzoate 6a 
(95 mg): mp 196-198°C; ir v,,,: 3560, 3220, 2956, 2870, 1705, 
1660, 1575 cm-'; 'H nmr (360 MHz) 6: 0.60 (3 H, s, 18-CH,), 0.83 
(3 H, d, 6 Hz, 26-CH,), 0.84 (3 H, d, 6 Hz, 27-CH,), 0.92 (3 H, 
d, 6.5 Hz, 28-CH,), 1.04 (3 H, d, 6.5 Hz, 21-CH,), 1.09 (3 H, s, 
19-CH,), 4.03 (1 H, m, H-3), 5.03 (1 H, brs, H-7), 5.19 (2 H, m, 
H-22, 23), 5.55 (1 H, brs, H-6), 7.40 (1 H, dd, 8, 8 Hz), 7.55 
(1 H,ddd,  2, 2, 8 H z ) , 7 . 9 5 ( 1  H,ddd,  2 , 2 ,  8Hz) ,  8.03 (1 H, 
dd, 2,2 HZ); 'H nmr (C6Ds, 360 MHz) 6: 0.47 (3 H, S, 18-CH3), 
0.84 (9 H, m), 0.91 (3 H, d, 7 Hz, 28-CH,), 1 .OO (3 H, d ,  6 Hz, 
21-CH,), 4.07 (1 H, m, H-3), 5.1 1 (1 H, brs, H-7), 5.18 (2 H, m, 
H-22, 23), 5.72 (1 H, brs, H-6), 6.80 (1 H, dd, 8, 8 Hz), 7.12 
(1 H, brd, 8 Hz), 7.89 (1 H, d, 8 Hz), 8.18 (1 H, brs); hrms, m / z :  
4 12.3348 (Mt - C7H502C1, calcd. for C28H4402: 412.3341,4%), 
394 (Mt - C7HS02C1 - H20, 12), 376 (M+ - C7H502CI - 2 HzO, 
18), 251 (36), 158 (17), 156 (53), 139 (58), 69 (100). The m- 

chlorobenzoate 6a (61 mg) was stirred with 5% KOH in methanol 
for 24 hs. Removal of the methanol, addition of water, and ex- 
traction with ethyl acetate provided the crude product. Trio1 6 
(33 mg) was obtained after flash chromatography (methylene 
chloride - acetone 50:50) and crystallization from methanol: 227- 
229°C; [ a ] ~  + 13.3 (c 0.18, CHCI,); ir v,,,: 3323, 3273, 2889, 
2870, 2850, 1660 cm-'; 'H nmr (360 MHz) 6 0.57 (3 H, s ,  18- 
CH,), 0.83 (3 H, d, 6 Hz, 26-CH,), 0.84 (3 H, d, 6Hz, 27-CH,), 
0.93 (3 H, d, 7 Hz, 28-CH,), 0.98 (3 H, s, 19-CH,), 1.03 (3 H, 
d,6.5Hz,  21-CH,), 3.98(1 H, brs, H-6),4.01 (1 H, m, H-3),5.03 
(1 H, brs, H-7), 5.20 (2 H, m, H-22, 23); I3C nmr (90 MHz) see 
Table 2; hrms, m/z: 412.3341 (M - H20, calcd. for C,,H,,O,: 
412.3341, loo%), 394 (M - 2 H20, 13), 379 (26), 269 ( l l ) ,  251 
(17). 
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Reduction of two-component CuO-Cr,O, mixed oxides and their catalytic activity 

V. M U ~ K A  
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115 19 Prague 1 ,  Czechoslovakia 

Received July 10, 1991. 

V.  MUCKA. Can. J. Chem. 70, 1914 (1992). 
The reduction with hydrogen of the two-component mixed oxides CuO-Cr,03 containing various amounts of both 

components in the whole range from 0 to 100% was studied, as well as some physico-chemical and catalytic properties. 
The hydrogen peroxide decomposition served as a test catalytic reaction. A significant effect of the reduction on the rate 
constant of the test reaction was found, as well as on the value of its apparent activation energy. Pronounced changes 
were observed, especially in the border ranges of the composition. This fact may be connected with the mutual influ- 
ence of both components in the catalyst. 

V.  MUCKA. Can. J. Chem. 70, 1914 (1992). 
On a CtudiC quelques propriCtCs physico-chimiques et catalytiques ainsi que la rkduction par de l'hydrogkne des oxydes 

mixtes CuO-Crz03 a deux composants contenant diverses quantitCs de chacun sur l'ensemble des compositions allant 
de 0 2 100%. On a utilisC le dCcomposition du peroxyde d'hydrogkne comme reaction catalytique tCmoin. On a trouvC 
qu'il existe un effet important de la rtduction sur la constante de vitesse de la rkaction temoin ainsi que sur la valeur de 
son Cnergie d'activation apparente. On a observk des changements importants, spkcialement dans les regions de com- 
position limite. On peut relier ce fait avec I'influence mutuelle des deux composants dans le catalyseur. 

[Traduit par la rkdaction] 

Introduction 
A notable effect of the degree of reduction on the cata- 

lytic properties of the CuO-Cr203 catalyst containing about 
77 wt.% of CuO was found earlier (1). This phenomenon 
may be due to the changes in the oxidation state of both 
metals present in the catalyst after its reduction. The cata- 
lytic activity of the mixture composed of cupric and cu- 
prous oxides was found (2) to be higher than the activity of 
the oxides CuO or Cu20 separately. Hence, the catalytic sites 
of the CuO may be connected in some way with the redox 
CuO-Cu20 system (3). The catalytic activity of the chro- 
mium sesquioxide was found to be proportional to surface 
over-stoichiometric oxygen (4, 5 ) ,  which is probably com- 
pensated by the presence of hexavalent chromium in the form 
of insoluble chromate (6-8). That is probably why the oxi- 
dized chromic catalysts showed notably higher activity than 
the reduced ones (9). Hence, one can assume (10) that the 
cr3+ and cr6+ ions serve as donor and acceptor sites, re- 
spectively. Nevertheless, no linear relation was found be- 
tween the concentration of cr6+ ions present in the chromium 
sesquioxide and the rate constant of hydrogen peroxide de- 
composition. 

For this reason it seemed of interest to investigate sys- 
tematically the catalytic properties of CuO-Cr203 two- 
component catalysts of various composition after reduction 
and to compare them with those of nonreduced samples. 

Experimental 
The mixed catalysts were prepared from the solutions of the re- 

spective nitrates (analytical grade) mixed in such ratios that the 
resulting catalysts covered the whole range of composition, i.e., 
from 0 to 100%. The nitrates were precipitated using a solution of 
sodium carbonate (analytical grade). After washing (until no so- 
dium carbonate was detected) and after filtering, the precipitate was 
dried and calcinated for 4 h in air at a temperature of 400°C. The 
completeness of the decomposition of the carbonates under these 

'Revision received January 28, 1992. 

conditions were confirmed by means of the study of thermal de- 
composition of the uncalcinated samples (the thermoanalyser of 
Netzsch was used for this purpose). The soluble chromates were 
washed out of the samples by distilled water. The washed samples 
were dried at room temperature for 7-10 days. Prior to their use 
all samples were reduced with hydrogen (at a hydrogen flow rate 
of 56  mL min-I) at a constant temperature of 400°C. The reduc- 
tion was performed in a glass basket hanging on the arm of a mi- 
crobalance (Sartorius) and immersed in a hydrogen stream, up to 
the maximum loss in weight of the sample (maximum degree of 
reduction). The maximum degree of reduction R (%) was defined 
by the following relation 

a - b  
R = x lo4 

P a [ l  - (MC~/MC~O)I 

where a and b are the weights of the sample before and after the 
reduction, respectively, p is the percentage content of the CuO in 
the sample, and M,, and M,,, represent the molecular weights of 
copper and cupric oxide, respectively. The decrease in the weight 
of the sample was monitored during its reduction. The reduction 
was stopped by introducing nitrogen instead of hydrogen afrer which 
weight loss was no longer detectable (the precision of this opera- 
tion was determined by the sensitivity of the microbalance and was 
20 .1  mg). After reduction, the samples were cooled to room tem- 
perature in a flow of nitrogen. 

The catalytic activity of the samples was measured by the de- 
composition of the aqueous solution of hydrogen peroxide (ana- 
lytical grade) in a concentration of l .2 mol L-' at temperatures of 
30, 35, 40, and 45°C. 

A more detailed description of the methods used for prepara- 
tion, chemical analysis, measurement of some physical proper- 
ties, and catalytic activities of the samples was reported earlier (1). 

Results and discussion 
The prepared catalysts were found to be composed mainly 

of cupric oxide, CuO, and chromium sesquioxide, Cr203 
(Table 1). It is evident from the results of X-ray diffraction 
that the system also contains both the cubic and the tetrag- 
onal spinel structure of CuCr,O, (Table l) ,  mainly in the 
middle region (samples 6-14) of composition of the Sam- 
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TABLE I .  Results of the chemical and X-ray analysis of the catalysts 

CuO Cr,03 
Sample (wt.%) (wt.%) Phase" 

Cr103 
Cr203 
Cr203 
Cr203 

Cr7O3 
Cr203,CuCr204 (T) 
Cr203,CuCr204 (T), partly CuCr20, (C) 
Defective CuCr20, (C), traces of CuCr20, (T) 
CuCr,O, (C), CuO 

1 decreasing 1 increasing 
conc. conc. 

CuO, traces of CuCr,O, (C) 
CuO, traces of C U C ~ ~ O ~  (C) 
c u o  
c u o  
cuo 
cuo 

"(T), tetragonal, (C), cubic. 

ples (the creation of this substance has, of course, no effect 
on the weight of the reduced sample). 

The reduction of the system studied leads, under the given 
conditions, just to the reduction of the cupric oxide to me- 
tallic copper while the Cr203 oxide remains unreduced. This 
was confirmed earlier (1 1) by thermal analysis of the sam- 
ples. Nevertheless, the cr6' ions present in the chromium 
sesquioxide may be reduced to cr3' ions (8). As can be seen 
from the nonmonotonic and rather complicated dependence 
of the maximum degree of reduction on the catalyst com- 
position (Fig. l ) ,  the reduction of the CuO was, neverthe- 
less, significantly affected by the presence of the Cr203 in 
the catalyst. According to earlier results (11) the samples 
containing a high excess of cupric oxide were fully reduced 
under these conditions. The degree of reduction dropped 

80 - 

60 - - 
8 - 
or 

40 - 

20 - 

0 I I I 

0 20 40 60 80 100 
CuO (wt.%) 

rapidly and nonmonotonically to a value of 10% for the 
sample containing about 70 wt.% of Cr,03 with increasing 
content of Cr203 in the sample. The chromium sesquioxide 
probably blocks those centers serving as the sites initiating 
the reduction of the CuO. Further increase in the Cr203 con- 
tent led, of course, to a higher degree of reduction, up to the 
maximum of 40% for the sample containing about 90 wt.% 
of Cr203 (i.e. of 10 wt.% of CuO). After this maximum the 
degree of reduction increased again with increasing content 
of the Cr203. The abovementioned maximum shows that the 
manner in which the chromium sesquioxide affects the cu- 
pric oxide reduction is probably more complicated than just 
the blocking of the reduction sites. 

The reduction of the system studied resulted in an in- 
crease in values of the specific surface area of the samples. 
But the general character of the dependence of specific sur- 
face areas on sample composition was found to be main- 
tained after the reduction (Fig. 2). That means that the mu- 

4 F ~ G .  1. Dependence of the maximum degree of reduction R on FIG. 2. Specific surface area values S of nonreduced (1) and re- 
composition of the catalysts. duced (2) samples of various composition. 
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tual interaction between the oxides, resulting also in the 
creation of spinel structures with a higher specific surface - 110- 

0 
area, survives also after the reduction of the oxide. - 

The catalytic activity of the reduced samples (character- 
ized by the first-order rate constant of the hydrogen perox- E 90- 
ide decomposition normalized to the surface area of the 
catalysts) increased notably and nonlinearly with increasing 
content of the cupric oxide in the catalyst (Fig. 3, curve 2). 
Therefore one may assume that, similar to the case of non- 
reduced samples (Fig. 3, curve I ) ,  the mutual influence of 
the catalytic properties of both oxides also takes place after 
the reduction of the samples. Hence, the resulting catalytic 0 20 40 6 0 80 I OC 
activities of the two-component reduced catalysts seem to be CuO (wt.%) 

non-additive. As well, the catalytic activity values of most Flc, 4,  Apparent activation energies E ,  of the test reaction car. 
of the reduced samples were found practically unchanged. ried out on nonreduced (1 )  and reduced (2) catalysts of different 
On the other hand, a significant difference in the extent of composition. 
the catalytic activities of both reduced and the nonreduced 
samples of various compositions was observed: non-typical 
maxima at 10 and 95 wt:% of CuO were observed in the-case 
of reduced samples (Fig. 3, curve 2) in contrast to the non- 
reduced ones (Fig. 3, curve 1). The maxima at 10 and 95 
wt.% of CuO may be due to the mutual influence of the two 
basic oxides. The reduction leads, probably, to a system 
without this influence. As the reduction of the samples with 
10 and 95 wt.% of CuO leads simultaneously to lower val- 
ues of the apparent activation energy of the test reaction (Fig. 
4), we may assume that some new catalytic centres with a 
higher efficiency are created in the course of the reduction. 
Their concentration is, of course, lower than those of the 

CuO (wt %) 

FIG. 3. Specific catalytic activity k, (L m-' min-I) at 40°C prior 
to ( 1 )  and after (2) reduction of the catalysts of different compo- 

I 
sition; @, stored reduced samples. 

centres active before reduction. The stability of the newly 
created centres seems to be relatively high because the cat- 
alytic activity of the reduced samples remains unchanged 
during their storage at room temperature in air for a few 
months (Fig. 3, a). These observations show that the cata- 
lysts with 10 and 95 wt.% of CuO possess the highest sen- 
sitivity to reduction. 

Conclusions 
The following conclusions can be drawn from the study 

of the two-component CuO-Cr,O, catalysts after their re- 
duction: 

1. The presence of the chromium sesquioxide in the two- 
component CuO-Cr,O, catalyst significantly affects the re- 
ducibility of the cupric oxide. 

2. The changes in the oxidation state of the metal ions 
present in catalysts result in significant changes in the cata- 
lytic properties of the system studied. 
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Electronic configuration and structure of paramagnetic iron dinitrosyl complexes' 

TRACI R. BRYAR AND DONALD R. EATON' 

Department of Chemistry, McMnster University, Hamillon, Ont. ,  Cnnndn L8S 4M1 

Received September 18, 199 1 

TRACI R. BRYAR and DONALD R. EATON. Can. J .  Chem. 70, 19 17 (1992). 
The electronic and geometric structures of paramagnetic iron dinitrosyl complexes have been investigated using elec- 

tron spin resonance, infrared spectroscopy, and X-ray crystallography. It is concluded that these compounds are best 
described as 17 electron complexes with a d 9  configuration rather than the d 7  configuration assumed by most previous 
investigators. The anisotropy of the g values, determined from the electron spin resonance spectra of frozen solutions, 
varies considerably from complex to complex. The results are consistent with the supposition that all of the complexes 
have a distorted tetrahedral geometry, but the nature of the distortion changes as the ligands are varied. As a result of 
this variation there are changes in the nature of the spin-containing d orbital. Ligands containing hard, nonpolarizable 
donor atoms such as oxygen or fluorine produce a distortion towards a planar geometry, placing the odd electron in a 
predominantly d,2-,2 orbital, while those containing softer donor atoms such as  phosphorus or sulfur give complexes with 
a different type of distortion, leading to placement of the odd electron in a predominantly dz2 orbital. Nitrogen and ha- 
lide donor ligands produce smaller distortions, leading to spin-containing molecular orbitals with contributions from a 
mixture of d orbitals. In accordance with this model, the crystal structure of [Fe(NO),I,]- has been found to be only slightly 
distorted from regular tetrahedral coordination about the iron atom. 

TRACI R. BRYAR et DONALD R. EATON. Can. J .  Chem. 70, 1917 (1992). 
Faisant appel 2 la resonance paramagnetique Clectronique (rpe), a la spectroscopie infrarouge et i la diffraction des 

rayons X, on a CtudiC les structures Clectroniques et geometriques des complexes paramagnetiques du dinitrosyl fer. On 
en conclut que la meilleure f a ~ o n  de dCcrire ces composCs est de les considerer comme des complexes 2 17 klectrons 
possidant une configuration d 9  plut6t que la configuration d7 utilisee par la plupart des auteurs qui en ont trait6 
anterieurement. L'anisotropie des valeurs g,  determinee par les spectres rpe de solutions congelees, varie beaucoup d'un 
complexe 2 l'autre. Les resultats sont en accord avec l'hypothkse selon laquelle tous les complexes possedent une gkomktrie 
tCtraCdrique dCformCe, mais que la nature de la distorsion varie avec la nature des ligands. Un rksultat de cette variation 
amkne des changements dans la nature de l'orbitale contenant le spin. Les ligands contenant des atomes donneurs durs 
et non-polarisables, comme l'oxygkne ou le fluor, provoquent une distorsion vers une gComCtrie plane forqant 1'Clectron 
celibataire 21 occuper une orbitale principalement dX2-y2 alors que ceux qui contient des atomes donneurs plus mous, comme 
le phosphore ou le soufre, donnent des complexes~avec un type de distorsion different, conduisant . une presence de 
1'Clectron cklibataire dans une orbitale qui est principalement d,?. Les ligands contenant des atomes d'azote et d'halogknure 
comme donneurs provoquent des distortions plus faibles conduisant 21 des orbitales moltculaires contenant le spin dans 
lesquelles un melange d'orbitales d contribuent. En accord avec ce modkle, on a trouve que la structure cristalline du 
[Fe(NO),I,]- n'est que legkrement dCformCe par rapport B la coordination tetraedrique regulikre autour de l'atome de 
fer. 

[Traduit par la rkdaction] 

Introduction 

The structure of paramagnetic iron dinitrosyl complexes 
was first investigated by McDonald, Phillips, and Mower in 
1965 (1). These compounds are easily produced in aqueous 
solution from Fe(I1) salts and nitric oxide. However, they 
have been found to be fairly unstable and difficult to iso- 
late. The majority of researchers have used Electron Para- 
magnetic Resonance (EPR) spectroscopy to study the 
complexes (2). Most of these investigations were carried out 
at room temperature and in solution since the compounds 
were prepared in an aqueous medium. A wide variety of li- 
gands, including halides, phosphines, mercaptans, and var- 
ious nitrogen-bonded ligands, will complex to the Fe(NO), 
group. The hyperfine coupling observed indicates that the 
complexes are four-coordinate with the general stoichiom- 
etry [Fe(NO),XYIn. The only notable exception, estab- 
lished by the fluorine hyperfine coupling, is the six-coordinate 

'A preliminary description of these structures, based on data 
available in the literature, was presented at the 69th Conference of 
the Canadian Institute of Chemistry and is contained in the pro- 
ceedings of an ESR symposium published as Electron Magnetic 
Resonance of the Solid State, edited by J. A. Weil. 

2 ~ u t h o r  to whom correspondence may be addressed. 

complex, [F~(NO),F,]~-, which can be prepared in solution 
if the fluoride concentration is high. The solution EPR spectra 
also have been used to demonstrate that the complexes are 
quite labile. The Fe(NO), unit remains intact while the other 
two ligands exchange. 

Potentially, solid state EPR studies are more informative 
than solution studies. Only a limited number of such stud- 
ies, all carried out on frozen solutions, have been reported 
(3). In general, the components of the g tensor vary consid- 
erably for different dinitrosyl complexes, indicating the 
possibility of more than one structure for these compounds. 
The EPR data were interpreted on the basis of a d 7  elec- 
tronic configuration for iron and the possible geometries 
suggested by these authors included tetrahedral, octahedral 
with trans NO groups, octahedral with cis NO groups, 
square-planar, and square-pyramidal. 

The first successful isolation of one of these compounds 
occurred in 1973 when deep purple crystals of Fe(NO),- 
(PPh,)Cl were prepared by the reaction of triphenyl- 
phosphine with [Fe(NO),Cl,]- (4). In 1976, Connelly and 
Gardner reported the isolation and characterization of 
[N(PPh3),)][FE(NO),X,] where X = C1, Br, or I (5). The 
analytical data confirmed the stoichiometry and the EPR 
spectra were consistent with those obtained with dinitrosyl 
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complexes prepared in solution. Magnetic susceptibility 
measurements indicated the presence of one unpaired elec- 
tron and revealed the absence of dimerization in the solid 
state. In 1986, black crystals of [NEt4][Fe(NO)2(SPh)2] (6) 
were synthesized from the diamagnetic cluster, [Fe,S,(NO),]- 
(2k). Only two other paramagnetic iron dinitrosyl com- 
pounds have been isolated. Both of these have the stoichi- 
ometry Fe(NO),L where L is a bidentate ligand. In one case, 
the ligand is coordinated through sulfur atoms [-SCH2CH2NH- 
(CH3)CH2CH2CH2N(CH3)CH2CH2S-] (7), while in the other 
molecule, the 2-methyl-8-quinolinolate ion is coordinated 
through N and 0 (8). X-ray structure determinations have 
been reported for only three of the six crystalline solids. The 
geometry of the Fe(NO), complex with the bidentate sulfur 
ligand was found to be pseudotetrahedral, with the angles 
showing only small deviations from the true tetrahedral val- 
ues (7). The [Fe(NO),(SPh),]- anion was described to be a 
distorted tetrahedron, but the deviations from tetrahedral were 
larger than for the other sulfur complex (6). Kopf and 
Schmidt described the structure of Fe(NO),(PPh,)Cl as a 
trigonal bipyramid with one axial ligand missing, although 
the angles deviate somewhat from this idealized geometry 
(9). 

Although the stoichiometry of the paramagnetic iron di- 
nitrosyl complexes has been clearly established, the litera- 
ture contains ambiguous and conflicting reports for both the 
electronic and geometric structure. The question concern- 
ing the electronic structure revolves around the formal oxi- 
dation state of the iron atom. These are clearly 17-electron 
compounds, but it is plausible to assign either 7 d electrons 
to the metal atom, giving an ~ e + l  ion, or 9 d electrons giv- 
ing an ~ e - '  ion. The original investigators of these com- 
plexes preferred the d 7  formulation, but three arguments have 
been used to favour the d 9  alternative. These arguments are 
based on Fe-N--0 bond angles, on infrared NO stretching 
frequencies, and on the small values of the nitrogen hyper- 
fine coupling constants observed by solution EPR. None of 
these arguments are unambiguous since the ranges of pos- 
sible parameters tend to overlap. Thus the uncertainties 
caused by the use of infrared data to infer the bonding in the 
NO ligand, and by inference the oxidation state of Fe,  have 
been discussed by Mingos and Ibexs (10). Most EPR inves- 
tigators have opted for a d 7  configuration, although one re- 
cent group of publications, concerned with dinitrosyls with 
sulfur-containing ligands, assumed d 9  (2k-20). The only 
evidence quoted was the small nitrogen hyperfine coupling 
constant compared to compounds of known d 7  configura- 
tion; this argument is not completely convincing. There are 
17 electrons to be assigned to molecular orbitals whether the 
complex is regarded as d 7  or d9 ,  and so  the nitrogen hyper- 
fine coupling constant is determined by the detailed nature 
of the spin-containing molecular orbital. M O  calculations 
(2m, 30), particularly at the EHMO level, are probably not 
sufficiently reliable to answer the question with certainty. 

In the present paper we will use the g value anisotropies 
obtained from frozen solution EPR to argue for a d 9  config- 
uration. This approach has two advantages. Firstly it relies 
on qualitative arguments on the relative magnitudes of the 
different components of the g tensor, rather than on quanti- 
tative calculations. The reliability of qualitative crystal field 
arguments in transition metal chemistry is generally ac- 
cepted. Secondly it enables us to correlate electronic struc- 
ture with molecular geometry. X-ray crystallographic 
evidence has proved the existence of at least two different 

structures in the solid state. At least one of these complexes 
has been shown to exhibit catalytic activity (1 1) and it is of 
interest to enquire whether this activity is related to struc- 
ture. The objective of this paper is therefore to confirm the 
previously suggested d 9  configuration of these iron dinitro- 
syl complexes and to relate their electronic and molecular 
structures. Frozen solution EPR spectroscopy has been the 
primary method of investigation, but supporting data from 
X-ray crystallography and from IR spectroscopy will also be 
presented. 

Experimental 
All complexes were prepared using established literature tech- 

niques. Nitric oxide gas (Matheson) was purified by passage through 
aqueous NaOH and a -78°C trap. All reactions were carried out 
under argon or nitrogen atmospheres in dry, degassed organic sol- 
vents. HNEt3[Fe(N0)2C12] and Fe(N0)2(PPh3)Cl were prepared 
using the method of Gwost and Caulton (4). [N(PPh3)2][Fe(NO)212] 
and its precursor [N(PPh3)2][Fe(CO)3NO] were prepared by the 
method of Connelly and Gardner (5). Fe(NO)2(thiourea)I was pre- 
pared from the addition of excess thiourea to [Fe(N0)212]- in 
CH2C12. Fe(N0)2(thiourea)C1 was prepared in an analogous man- 
ner from [Fe(N0)2C12]- in ethanol. The identity of the two thio- 
urea complexes prepared using this technique was confirmed by 
EPR spectroscopy but no analytical data are available since the 
compounds could not be isolated as pure crystalline solids. Solu- 
tions of the remaining complexes in methanol or ethanol were 
prepared by adding excess anionic ligand to M FeC12 fol- 
lowed by the passage of NO gas for 5 min (2). The ligands used 
were MeO-, EtO-, and anions of urea and 4-nitroimidazole. 

All EPR spectra were recorded on a Bruker ER-100D spec- 
trometer, operated in the X-band microwave region. The wave- 
meter allowed measurements of microwave frequency to 0.08% 
precision. M solutions of each complex in organic solvents 
were analyzed in 3 mm quartz tubes at ambient temperature and 
again at 125 K. The solvents used are listed in Table 4 with the EPR 
data. Aqueous solutions were avoided to circumvent experimental 
difficulties at 125 K. Each spectrum was simulated to confirm the 
choice of parameters (12). The same M solutions of the 
Fe(NO), complexes were then examined using a Nicolet model 7 199 
FT-IR spectrometer with 0.1 mm solution cells. Most of the vi- 
bration modes were masked by the solvent but in all cases the NO 
stretching bands were visible and provide significant information. 

The X-ray crystal structure of [N(PPh3)2][Fe(N0)212] was deter- 
mined. Crystals of [N(PPh3)2][Fe(N0)212] were grown from CH2C12/ 
ethanol. The density was determined by suspension in CCl,/ 
C2H2Br4. Red-black plate-shaped crystals were examined under a 
polarizing microscope for homogeneity. A well-formed crystal, 
0.3 mm x 0.2 mm x 0.133 mm, was selected and sealed in a 
Lindemann capillary. Unit cell parameters were obtained from a 
least-squares fit of X ,  +' and 20 for 15 reflections in the range 
19.5" < 20 < 23.5", recorded on a Nicolet P2, diffractometer with 
tbe use of graphite monochromated MoKa radiation (A = 0.71069 
A) at 22°C. Intensity data were also recorded on a Nicolet P2, dif- 
fractometer with a coupled 0(crystal)-20(counter) scan, over h, k k ,  
f 1 resulting in 4999 reflections with 20 5 45". Corrections for 
Lorentz-polarization effects and absorption were applied to all re- 
flections. Two standard reflections (-4,3,4; 1.54% and 6,1,-7; 
1.47%) monitored every 48 reflections showed no sign of crystal 
decomposition or instrument instability. After reduction and av- 
eraging of redundant data (agreement factor R,, = 0.017) there were 
4791 unique reflections, and 4514 reflections with I > 3u(I). 
Maximum error in F, was calculated to be 9.5%. Empirical ab- 
sorption corrections were estimated from psi-scan observations 
on 19 selected reflections. The crystal data are summarized in 
Table 1. 

The structure was solved by determination of the phases by di- 
rect methods with the use of 46 reflections with E > 11.21 and 12 
sets of starting phases. The positional parameters for the iodine and 
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BRYAR AND EATON 

TABLE 1. Crystal data for [N(PPh,),][Fe(NO),I,] 

Formula FeC36H30N30,P 
F.W. 908.26 
Crystal shape; size, mm Plate; 0.30 X 0.20 X 0.133 
System Triclinic 
Systematic absences None 
Space group P 1 
a ,  4 1 1.943(3) 
b,  A 10.090(3) 
c, A 17.590(4) 
a 1 13.09(2)" 
P 105.43(2)" 
Y 92.87(2)" 
v, A3 1850.9(9) 
z 2 
D(calc), g c K 3  1.63 
D(obs), g 1.64 
F(000) 888.31 
Diffractometer Nicolet P2, 
Temperature 22°C 
Radiation MoKa, h = 0.71069 A 
p(MoKa), cm-' 22.26 
Absorption coefficient limits 1.29 5 A* 5 1.56 
No. reflections for cell detn. 15 (19.5" 5 20 5 23.5") 
Standard reflections (%) -4,3,4 (1.54) 

6,1,-7 (1.47) 
Data collected h,  2 k, 2 I 
Max. 20 reflections collected 45" 
No. reflections collected 4999 
No. independent reflections 479 1 
Rint" 0.017 
No. with I > 3u(I) 4514 
Final shift/error max. (ave.); No. variables Block 1: 0.240 (0.034); 65 

Block 2: 0.053 (0.008); 353 
R ] ~ , R ~ '  0.040, 0.047 
Weighting scheme w = (u2F + 0.000323~~)- '  
Error in obsv. of unit weightd Block 1: 1.19 

Block 2: 1.23 
Secondary extincJion, xe 0.00016 
Highest peak, e A - ~  0.476 
Location 0.0819, 0.7979, 0.6816 
 owes st valley, e k3 -0.576 

. = J"'" - 
; rn = no. of reflections; n = no. of variables. 

m - n 
1 - 0.0001 X F 2  

'F* = F 
sin 9 

iron atoms were found in the subsequent E-map. A series of full- 
matrix least-squares refinements that minimized ZW(JF,J -  IF,^)^ 
(w = l /[u2F0 + 0.000323~,2]) revealed the positional parameters 
of all non-hydrogen atoms. Temperature factors of all non-hydro- 
gen atoms were then made anisotropic. Further least-squares re- 
finement required the use of two block-matrices, one for 
[N(PPh3),]+ and the other for [Fe(N0)212]-. Corrections were made 
for secondary extinction by the method in SHELX (13). Refinement 
was complete when the maximum shift/error reached 0.240 for the 
anion and 0.053 for the cation. Final R '  = 0.040, R2 = 0.047, and 
S = 1 . I9  for the iron dinitrosyl anion. The final difference map 

revealed no significant regions of electron density with a maxi- 
mum of 0.476 and a minimum of -0.576 e A-3. Throughout re- 
finement, scattering factors were taken from ref. 14 and anomalous 
dispersion corrections from ref. 15 were applied to the curve for 
iron. All calculations were performed on a VAX 8600 computer. 
Programs used: XTAL (16) for data reduction, TAPER (17) for ab- 
sorption correction, SHELX-86 (13) for structure solution, SHELX-76 
(18) for structure refinement, MOLGEOM (19) for molecular geom- 
etry and SNOOPI (20) for diagrams. The atomic positions are listed 
in Table 2 ,  while the structure of [Fe(NO),I,]- is shown in Fig. 1. 
Selected bond angles and bond lengths are listed in Table 3. An- 
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TABLE 2. Positional parameters ( X  lo5) and U,, ( X  lo4) for 
[N(PPh,),:I[Fe(NO),M (standard errors in parentheses) 

Atom I Y z u,,(A')" 

isotropic temperature factors (Table S l ) ,  H-atom coordinates (Table 
S2), and a listing of structure factor amplitudes (Table S3) are 
available as supplementary material.3 

An attempt to correlate the conclusions based on EPR results with 

3~ complete set of supplementary material may be purchased 
from the Depository of Unpublished Data, Document Delivery, 
CISTI, National Research Council Canada, Ottawa, Canada KIA 
os2 .  

Table S2 has also been deposited with the Cambridge Crystal- 
lographic Data Centre and can be obtained on request from The 
Director, Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, Lensfield Road, Cambridge CB2 lEW, U.K. 

FIG. 1. ORTEP view of [Fe(NO),I,] 

Extended Hiickel molecular orbital calculations was made. The 
calculations were performed using the 1 c o ~ 8  package (21) with 
weighted Hij's (22). The d orbital exponents have been removed 
for C1, I,  and P. EHMO calculations were carried out for repre- 
sentative complexes of each geometry. Crystal structure parame- 
ters provided the positional coordinates for Fe(N0),(PPh3)C1 and 
[Fe(NO),I,]-, but it was necessary to estimate the Cartesian co- 
ordinates for [Fe(NO),F,]-. 

Results 
EPR spectra of each complex were recorded at ambient 

temperature and at 125 K. The g values and hyperfine cou- 
pling constants are given in Table 4 along with those for a 
few relevant complexes from the literature. The isotropic 
solution g values vary from 2.02 to 2.08 with no obvious 
correlation between g value and the type of ligand coordi- 
nated to iron. Examination of the hyperfine coupling con- 
stants in Table 4 reveals the presence of two NO groups and 
coupling from two other ligands can be resolved in some 
cases. The spectra for [Fe(NO),I:,]- are shown in Fig. 2 along 
with their simulations. The 11-line solution spectrum shows 
coupling from two iodine atoms (I = 5/2). The frozen so- 
lution EPR spectrum of [Fe(NO),I,]- is much more compli- 
cated than the room temperature spectrum and simulation of 
the spectrum was necessary to confirm the correct choice of 
the three g values. Most frozen EPR spectra were far less 
complex than this, allowing unambiguous interpretation of 
the spectra. Two additional frozen solution EPR spectra are 
illustrated in Fig. 3. The spectrum for [Fe(NO),Cl,]- (Fig. 
3a) has three different g values, just like [Fe(NO),I,]-, but 
the spectrum is quite simple because the hyperfine coupling 
is not resolved. Not all spectra had three different principal 
values for the g matrix. Figure 3b illustrates the frozen so- 
lution spectrum of [Fe(NO),(MeO),]-, which has only two 
g values. In this spectrum g, is upfield of gll, which indi- 
cates that gll > g,. Overall, it was found that the frozen so- 
lution EPR spectra of all of the complexes fell into three 
categories. These are listed as parts A, B, and C of Table 4. 
Type A spectra had g, > gll. Only complexes containing li- 
gands bonded through phosphorus or sulfur gave this type 
of frozen solution spectrum. Dinitrosyl complexes with the 
halides, C1, Br, I, or ligands bonded through nitrogen are 
listed in part B of the table. All of these spectra have three 
different principal values of the g matrix. Finally, the spec- 
tra in part C of Table 4 have gll > g,. Only complexes con- 
taining fluoride or ligands bonded through oxygen have this 
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BRYAR AND EATON 

TABLE 3. Selected intramolecular distances and angles for the [Fe(NO),I,]- anion 

(a) Intramolecular distances 

Atom Atom Distance (A) Atom Atom Distance (A) 

(b )  Intramolecular angles 

Atom Atom Atom Angle (deg) Atom Atom Atom Angle (deg) 

TABLE 4. EPR g values and hyperfine coupling constants of paramagnetic iron dinitrosyl complexes 

Part A: g, > gll 

Compound Solvent ge," A,,, (GI" g~~ glib A (Wb 

Fe(NO),(PPh,)Cl MeOH 2.037 Ap = 49 G 2.046 2.016 A, = 46 G 
Fe(NO),(thiourea)Cl EtOH 2.035 A N  = 2.2 2.042 2.015 - 
Fe(N0)2(thiourea)I CHIClz 2.059 A, = 17.5 2.085 2.010 A[ = 19 
[Fe(NO)2(n-propylthiol)2-c Isoamyl alcohol" 2.028 - 2.039 2.013 - 

Part B: g, > g2 > g3 

Compound Solvent giso Aiso (G)  g~ g2 g3 A ((3) 

[N(PPh,),:I [Fe(N0)211 THF 2.077 A, = 20.2 2.125 2.074 2.015 A, = 20.5 
HNEt,[Fe(NO),Cl,I MeOH 2.033 A3sCl = 6.0 2.042 2.032 2.015 - 

A31CI = 5.0 
[Fe(NO),(4-NO2-C3H3N2)21- MeOH 2.028 - 2.047 2.025 2.013 - 
[Fe(N0)2(NCS)21-'' Isoamyl alcohol 2.034 AN = 2.6 2.055 2.027 2.01 1 - 

Part C: gll > g, 

Compound Solvent giso Aiso (G) g~ gll A ((3) 

Na[Fe(NO),(MeO)21 MeOH 2.020 - 2.036 2.01 1 - 
Na[Fe(NO),(EtO),] EtOH 2.025 - 2.040 2.017 - 
Na[Fe(N0)2(urea)2] EtOH 2.024 - 2.041 2.013 - 
[F~(NO),F,]~-~ 80% EtOHg 2.033 A, = 20.4 2.017 2.052 - 

"g and A values from solution EPR spectra. 
bg and A values from frozen solution EPR spectra at 125 K. 
'Reference 3c. 
dIsoamyl alcohol. 
'Reference 2f. 
lSolution EPR parameters from ref. 2a. Solid state EPR parameters from ref. 3e 

Ethanol, 20% water. 

type of spectrum. In general, the nature of a frozen solution iron dinitrosyl complexes have the same electronic config- 
EPR spectrum depends upon the type of orbital that con- uration, then there must be three different geometries for these 
tains the unpaired electron. Therefore, to have three differ- compounds. 
ent types of frozen solution EPR spectra for a homologous Further information on the structure and bonding of these 
series of complexes, there must be corresponding differ- complexes can be obtained from infrared spectroscopy and 
ences in the spin-containing orbital. If all the paramagnetic from X-ray crystallography. The NO' ion has a stretching 
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2048- 

2018- 

( b) 

)1 

2. 
U 

U 
.d 

(0 
.d C 
U1 w 0-- 
C 
a, 0.- 

U 
C 

U H 
C 
H 

1 
-P01B, I 

-20487 
3HIO 3350 3400 3500 MOO 

I 
F X ) O  3100 3300 3500 1700 F i e l d  (GI 

F i e l d  (GI 
FIG. 3. Electron paramagnetic spectra at 125 K (with simulated 

FIG. 2 Electron paramagnetic spectra of [Fe(N0)2I21- (with powder spectra shown below) (a) [Fe(NO),12]-; (b) [Fe(NO),- 
simulated spectra shown below) (a) at ambient temperature; (b) at (ocH,),I-, 
125 K .  

frequency of 2220 cm-' while the frequency for the neutral 
NO molecule, with the extra electron in a IT* orbital, is 
1876 cm-' (23). These data reflect the increased multiple 
bond character in the cation. Complexation considerably re- 
duces these frequencies since backbonding, increasing the 
positive charge on the nitrosyl group, is possible. Stretch- 
ing frequencies in the range of 1940 to 1650 cm-' are indic- 
ative of complexed NO+, while neutral or negatively charged 
NO ligands have stretching frequencies even lower (1525- 
1690 cm-I) (23, 24). Since there is considerable overlap in 
these frequencies, discretion must be used when attempting 
to determine the nature of NO ligands from IR data. The NO 
stretching frequencies for a selection of paramagnetic iron 
dinitrosyl complexes are shown in Table 5, with those for 
some diamagnetic complexes included for comparison. The 
paramagnetic dinitrosyls show two bands in the NO region 
corresponding to the symmetric and asymmetric stretches of 
the NO ligands. There is some variation in the frequencies 
for the different dinitrosyl complexes but, in general, the 
range of frequencies is reasonably small (1690-1808 cm-I). 
In comparison, the nitroprusside ion, a diamagnetic, Fe2+ 
complex with formally NO+ ligands, has an NO stretching 
frequency of 1939 cm-' (25). If nitroprusside is reduced, 
[F~(cN),NO]~-, which has 19-electron configuration, is 
formed. Not surprisingly, the electron does not remain on the 

TABLE 5. Infrared NO stretching frequencies of paramagnetic iron 
dinitrosyl complexes 

Compound NO frequency (cm-') 

1800, 1738 
1787, 1730 
1789, 1731" 
1804, 1740 
1775, 1719 
1779, 1706~ 
1755, 1686 
1756, 1695 
1755, 1690 
180'8, 1730' 

1939~  NO+, d6  
1755' NO+, d7 
1580' NO, d6  

"Reference 2h. 
bReference 4. 
'Reference 34. 
qeference 25. 
'Reference 26. 
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BRYAR AND EATON 

TABLE 6. Comparison of [Fe(NO)?12]- bond angles to Fe(NO),(PPh,)Cl and trigonal bipyramid and tet- 
rahedral geometries 

Trigonal 
[Fe(NO)212]- [Fe(NO)2(SPh)21- Fe(NO),(PPh,)Cl bipyramidal Tetrahedral 

Bond angle (all angles in degrees) 

metal but moves to the NO ligand. This formally reduces the 
NO+ group to NO, leaving the iron in the +2 oxidation state. 
Accordingly, the stretching frequency for the NO group drops 
to 1580 wavenumbers (26). Usually, stretching frequencies 
for iron nitrosyl compounds are not quite as high as that for 
nitroprusside. For example, nitroprusside can also be re- 
duced to five-coordinate [F~(cN),NO]~- (26). The complex 
has lost a cyanide group and the nitrosyl group remains as 
NO+. The NO stretching frequency for this complex is 
1755 cm-'. The NO stretching frequencies for the paramag- 
netic iron dinitrosyl compounds compare closely with this 
frequency. Overall, the frequencies are too high for the NO 
groups to be considered neutral or NO-. 

Data pertaining to the crystal structure determination of 
the [Fe(NO),I,]- ion are given in Tables 1-3. The [Fe-(NO), 
Iz]- anion is illustrated in Fig. 1. Bond lengths and 
bond angles are compared with those reported for 
Fe(NO),(PPh,)Cl, [Fe(N0)2(SPh)2]-, and for idealized ge- 
ometries in Table 6. The structure of [Fe(NO),I,]- obtained 
differs only slightly from that of a regular tetrahedral array 
of ligands around the iron atom. The deviations are mark- 
edly less than those found for Fe(NO),(PPh,)Cl and [Fe- 
(NO),(SPh),]-. It is notable that this complex occurs in part 
B of Table 4, showing three distinct g values. We would 
anticipate that other compounds in this group, with chloride 
or nitrogen-bonded ligands, would have similar close to 
regular tetrahedral geometries. 

The relationship between molecular geometry and the EPR 
parameters 

The components of the g tensor for a paramagnetic tran- 
sition metal complex are determined by the nature of the or- 
bital(~) containing the unpaired electron(s). The ordering of 
the metal d orbitals is in turn determined by the molecular 
geometry and can be predicted from crystal field theory. In 
the present section simple crystal field considerations are used 
to make qualitative predictions concerning the g tensor. 

The geometries possible for a four-coordinated complex 
are square-planar, tetrahedral, and various distortions of these 
simple geometries. If the complex has a formula MX,, the 
relevant point groups are T, (tetrahedral) or D,, (square- 
planar). If, as in the present case, the formula is MX2L2 the 
point group becomes C2, (tetrahedral), D2, (trans-square- 
planar), or C2, (cis-square-planar). If the complex is of the 
form MXYL,, or if the geometry is not regular tetrahedral 
or square-planar, less symmetry is present and any degen- 
eracy of the d orbitals is completely removed. This is the case 
for the complexes under present consideration. As far as the 
g tensor is concerned, to zero-order approximation all the 

components will have a value equal to the free electron g 
value, g,. To a first-order approximation, spin orbit cou- 
pling mixes the different d orbitals and deviations from the 
g, will occur. This potentially leads to different values for 
different components of the g tensor. If the distortions are 
not too great, we would still expect to observe an EPR 
spectrum corresponding to separate gll and g,, if this is re- 
quired by the undistorted symmetry. The differences in g 
values vary according to the geometry assumed, and this al- 
lows deductions concerning the molecular geometry to be 
made from qualitative observations on the form of the g 
tensor. 

The necessary calculations involve first determining the 
nature of the orbital containing the odd electron, and then 
considering the contribution of spin orbit coupling for the 
different orientations of the molecule in the magnetic field. 
The theory for all the cases of interest is available in the lit- 
erature (27). The resulting conclusions concerning the g value 
anisotropies are contained in Table 7. Thus for example, in 
a d9  complex with a square-planar geometry, the odd elec- 
tron will occupy the ds+ orbital and spin orbit coupling 
mixes this orbital with d,, leading to the prediction that gll 
> g, > g,. If the complex had a d 7  configuration, the odd 
electron would be in the d, orbital and the prediction be- 
comes g, > g, > g~,. A qualitative measurement of the g 
tensor will clearly distinguish between these possibilities. It 
should be noted that this result is also applicable to a tetrag- 
onally distorted octahedral complex, a conclusion that is 
pertinent to consideration of the complex [F~(NO),F,]'-. 

The situation is a little more complex for compounds that 
have an overall tetrahedral geometry. Even for an MX, 
complex, distortion from T, symmetry will occur due to the 
Jahn-Teller effect. For a d 9  complex there can only be a 
single unpaired electron. Since the maximum symmetry is 
C,,, the odd electron must be in an orbitally non-degenerate 
orbital. Three different g values are predicted, all of them 
being greater than g,. The ordering of these g values de- 
pends on the nature of the distortion from T, symmetry. A 
special case arises if the distortion is towards a complex with 
basically the geometry of a trigonal bipyramid that is miss- 
ing an axial ligand, as has been suggested by an X-ray crys- 
tal structure (9). For this case the approximate threefold 
symmetry leads to the prediction of only two observable g 
values with g, > g, and gll = g, (see Table 7). For a d 7  
complex the nature of the spectrum depends on the magni- 
tude of the distortion. If a threefold axis remains, there will 
be a very large positive shift in gll and, if the molecule is 
fluxional, very rapid electron spin relaxation, preventing the 
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TABLE 7. Summary of conclusions for the EPR spectra of Fe(NO),LX complexes 

Configuration Geometry Conclusion 

d9 Square planar" SI > > g~ 
d9  Distorted tetrahedral gl > g2 > SI > g, 
d9  Tetrahedral distorted towards tbp g~ > g = gc 
d7 Square planar" A'L > g~ > ~ I I  
d7 Distorted tetrahedral (low symmetry)b g ,  > g, > g, > g, 
d7 Distorted tetrahedral with 3-fold axist' g l  % g, > g, 

"The same conclusion is true for tetragonally distorted octahedral complexes. 
"If the molecule is fluxional the EPR spectrum will be unobservable as a result of very 

rapid spin relaxation. 

observation of a solution EPR spectrum.' If the distortions 
are large and the symmetry is low, it is predicted that two of 
the g values will be less than g, and one greater. For the 
special case of a d 7  complex with a distortion towards a py- 
ramidal structure the most likely outcome is that the solu- 
tion spectrum will be unobservable, contrary to experiment, 
due to rapid electron spin relaxation as noted above. All these 
deductions are summarized in Table 7. 

Discussion 
Our strategy for the interpretation of the present results is 

to first establish the d electron configuration of the com- 
plexes, to next use the EPR data to deduce the geometries, 
and to finally examine the data for internal consistency. We 
note initially that all the g values reported in Table 4 are 
comfortably greater than g,, which considerably limits the 
geometries possible for a d 7  configuration. However, sup- 
porting evidence for the configuration is provided by the in- 
frared results. 

From an examination of the IR stretching frequencies, it 
can be concluded that the nitrosyl ligands in the paramag- 
netic Fe(N0)2 complexes are better regarded as NO+ rather 
than neutral or negatively charged NO. NO stretching fre- 
quencies vary considerably from compound to compound, 
even when the charges on the ligands are formally the same, 
and are therefore not reliable indicators of bond type. How- 
ever, the frequencies reported in Table 5 are clearly closer 
to the literature examples containing formally positively 
charged NO than those containing formally neutral NO. This 
implies that the iron is formally Fe(-I) in these com- 
pounds, and the electronic configuration is d 9 .  

This conclusion has some structural im lications. Nitro- g syl ligands that are formally NO- or NO would theoreti- 
cally result in a 120" F e - N 4  angle, while the F e - N 4  
angle would be linear for NO with a formal + 1 charge. In 
practice, the angles in dinitrosyl complexes tend to deviate 
from these theoretical values by as much as 20". For exam- 
ple, the bent M - N 4  group in Ru(NO)~(PP~, )~CI  is 138" 
rather than 120" (28). Linear F p N 4  angles also show 
large deviations from 180" especially for dinitrosyl com- 
plexes with cis NO groups (29). Summerville and Hoffmann 
found that the large deviations were a direct result of the acute 
N-M-N angle in these dinitrosyl complexes (30). The 
bending of the NO ligand occurs to stabilize the interaction 
between the NO ligand and the metal. Crystallographic evi- 
dence shows that the F p N 4  angles in paramagnetic iron 

'We are indebted to a referee for drawing our attention to this 
case. 

dinitrosyl complexes range from 164" to 170". These angles 
are indicative of the linear bonded nitrosyl with a + 1 for- 
mal charge. Therefore, as inferred from the infrared results: 
ni el-(NO)+(NO)+] is the most appropriate representation 01 
the complexes, resulting in a d 9  electronic configuration foi 
iron. 

Interpretation of the solid state EPR data by earlier au- 
thors was based on the assumption that all of the complexes 
had a d 7  electronic configuration. This led to some interpre- 
tational difficulties. These occurred particularly for frozen 
solution EPR spectra for complexes with F or 0 bonded li- 
gands (3). These compounds all have EPR spectra with gl > 
g, > g,. If it is assumed that the iron complexes had a d' 
configuration, none of the geometries described above gave 
the appropriate EPR spectrum and it was necessary to pos- 
tulate a compressed octahedral geometry with trans-NO 
groups for these complexes. However, this structure is not 
consistent with the available data because a complex with D4h 
symmetry would have only a single NO stretching fre- 
quency in the infrared spectrum. All the paramagnetic iron 
dinitrosyl complexes have two NO stretching frequencies. 
These difficulties are removed if the iron dinitrosyl com- 
pounds are described as d 9  complexes. The EPR spectra of 
the fluorine and oxygen complexes then match that calcu- 
lated for square-planar geometry. A coordination number of 
six is possible for complexes with the fluoride ion. There- 
fore, it is important to note that a tetragonally elongated oc- 
tahedron with a d 9  electron configuration also results in a 
frozen EPR spectrum with gll > g, > g, as is observed. 

A second class of iron dinitrosyl compounds have com- 
pletely different EPR spectra. For complexes with S or P 
bonded ligands, g, > gll > g,. The unpaired electron must 
occupy an orbital other than d.r~-y2. An example of a com- 
plex with g, > gli is Fe(N0)2(PPh3)CI. Examination of the 
crystal smcture of this compound shows a geometry that can 
be loosely described as a trigonal bipyramid with one axial 
ligand missing. This can be regarded as a distorted tetrahe- 
dron but the nature of the distortion differs from that ob- 
served with "hard" ligands. The phosphine is in the axial 
position, so that the dZz orbital becomes the highest energy 
metal orbital. If the paramagnetic iron dinitrosyl complexes 
have a d 9  configuration, the pyramidal structure predicts an 
EPR spectrum with g, > gll as observed. It is plausible that 
all paramagnetic iron dinitrosyl compounds with g, > gll have 
a similar structure. 

The two suggested geometries represent the extremes of 
the possible distortions from a regular tetrahedron. The 
complexes with fluoride or oxygen are formed from a tet- 
rahedron that is flattened towids  a square-planar geometry 
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with increased solvent interaction. For the complexes with 
sulfur or phosphorus ligands, the tetrahedron is distorted by 
dropping the metal atom onto a triangular face with the ni- 
trosyls at two of the apices of the triangle. The geometry does 
not fit this idealized geometry exactly. An examination of 
the bond angles in Fe(NO),(PPh,)Cl given in Table 6 indi- 
cates that the complex is better described as a tetrahedron 
distorted towards the trigonal bipyramidal (tbp) geometry. 
The existence of a third group of Fe(NO), complexes, with 
three different principal values of the g matrix, suggests that 
intermediate geometries are also possible. These complexes 
would have low symmetry and could only be described as 
distorted tetrahedra. The considerations of the previous sec- 
tion c o n f m  that d9  complexes with this geometry do in fact 
have EPR spectra with three g values all greater than g,. 

Some extended Hiickel calculations have been carried out 
to obtain further insight into the bonding in these com- 
plexes. The calculations indicate that the spin-containing 
molecular orbital (SOMO) is composed of approximately 
70% d orbital character. This was expected since the hyper- 
fine coupling constant AN was only 2 G. Hyperfine cou- 
pling is normally much larger (ca. 10-14 G) in nitrosyls 
where nitrogen orbitals hold the unpaired electron. These 
results are in agreement with EHMO calculations carried out 

1 by Butler et al. for [Fe(NO),(SR),]- (2m). They found that 
! the SOMO was a n-type orbital with respect to the Fe-N 
I bonds. For Fe(NO),(PPh,)Cl, the calculations indicate that 

the molecular orbital (MO) containing the unpaired electron 
is primarily composed of the d,2 metal orbital as predicted. 
Since the geometry is not a perfect triangular pyramid, the 
MO also contains some d,, orbital. This tilts the 4 2  to more 
effectively overlap with the C1 ligand. The spin-containing 
MO includes a slight bonding interaction between iron and 
the NO groups but iron is antibonding with respect to phos- 
phorus and chloride. The unpaired electron in [Fe(NO),I,]- 
resides in a molecular orbital that is primarily a mixture of 
metal dyZ, d+;, and dz2 orbitals. This is also in agreement 
with predictions based on EPR data. The results obtained for 
[Fe(NO),F,]- in a planar geometry were almost identical to 
those for tetragonally distorted [F~(NO)?F,]~-. In both of 
these complexes, the metal orbital containing the unpaired 
electron was d.r2-y~ as predicted. In addition, there was a 
slightly larger contribution to the singly occupied MO from 
the NO orbitals. There was a small bonding interaction be- 
tween iron and nitrogen, but the N-0 interaction was anti- 
bonding. In general, the molecular orbital calculations for 
the representative molecules support the conclusions drawn 
aboutthe structure of the paramagnetic iron dinitrosyl com- 
plexes. 

The chemistry of the iron dinitrosyl complexes is com- 
parable to other first row d 9  transition metal compounds. 
Structural information for d9  complexes is relatively rare 
compared to other first row transition metal configurations. 
Copper(I1) compounds are the most common. These com- 
plexes are generally square-planar with weak interactions with 
fifth and sixth ligands (31). The iron dinitrosyl complexes 
with hard, ionic ligands such as fluoride, hydroxide, and 
methoxide are analogous to these CU'+ compounds. In fact, 
it is possible to prepare six-coordinate [F~(NO),F,]~- under 
conditions with high fluoride concentrations. Softer donor 
ligands such as thehalides and N-bonded ligands encourage 
more .sr bonding to the NO ligands. There is a subsequent 
change in the nature of the distortion to accommodate better 

.sr bonding. This case is analogous to nickel(1) complexes, 
which, although rare, are known to adopt tetrahedral ge- 
ometries (32). X-ray crystal structure data have shown that 
a trigonal bipyramidal structure with one axial ligand miss- 
ing is the approximate geometry adopted by the Fe(N0)'- 
(PPh3)C1 complex. With this arrangement, d, and d.+,~ can 
form in-plane .sr bonds with the nitrosyl ligands and d.iZ and 
dyL participate in out-of-plane .sr bonding. In this way, the 

orbital is available to interact with the triphenylphos- 
phine ligand. It is possible that another reason for the dis- 
tortion from the tetrahedral shape is the maximization of n 
bonding within the Fe(NO), moiety. Evidence in support of 
this is the higher NO stretching frequencies for Fe(NO), 
complexes with n acceptor ligands such as CN- or PPh,, 
compared to those observed for the complexes with meth- 
oxide and ethoxide. Cobalt(0) complexes also have the d' 
electronic configuration. However, the structure and bond- 
ing in Co(0) compounds does not parallel that of Fe(-I) 
complexes as do the Cu(I1) and Ni(1) species. Co-Co bonds 
tend to be formed in cobalt chemistry in accordance with the 
18-electron rule. The paramagnetic iron dinitrosyls also di- 
merize to form diamagnetic compounds such as [Fe(NO),- 
(p-I)]?. However, the interaction is not as strong as in the 
case of cobalt. The interaction is better compared to Cu(I1) 
dimers with carboxylate or triazinate bridges, in which there 
are antiferromagnetic couplings of the unpaired spins (33). 
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Thermally stable coordination compounds intercalated in montmorillonite 
clay mineral 
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N. K.  LABHSETWAR and 0. P.  SHRIVASTAVA. Can. J. Chem. 70, 1927 (1992). 
Montmorillonite is a natural layered clay mineral having myriad applications due mainly to its remarkable ion ex- 

change, intercalation, and swelling properties. It can act as a good host for several compounds. Two intercalated coor- 
dination compounds of Cu(I1) and Ni(I1) with 2,2'-bipyridyl have been prepared in the interlayer spaces of montmorillonite 
structure. They are characterized on the basis of elemental analysis, infrared spectroscopy, magnetic studies, and X-ray 
diffraction. Both compounds show similarity in their structure and properties with the respective normal complexes of 
similar composition. These compounds show good thermal stability. The present intercalated compounds might be use- 
ful for their nitrogen-immobilizing properties and high-temperature applications. 

N. K. LABHSETWAR et 0. P. SHRIVASTAVA. Can. J. Chem. 70, 1927 (1992) 
La montmorillonite est une argile minerale naturelle en couche qui a des myriades d'applications relikes a ses pro- 

priCtCs remarquables pour 1'Cchange ionique, I'intercalation et le gonflement. Elle peut agir comme h6te pour plusieurs 
composCs. Dans les espaces interstitiels de la structure de la montmorillonite, on a prepare deux composCs de coordi- 
nation intercalks du Cu(I1) et du Ni(I1) avec le 2,2'-pyridyle. On les a caractCrisCs par des analyses ClCmentaires, par 
spectroscopie infrarouge, des Ctudes magnetiques et par diffraction des rayons X. Les deux composes ont des similar- 
itCs de structure et de propriCtCs par rapport a leurs complexes respectifs normaux de composition semblable. Ces com- 
posCs prCsentent une bonne stabilitC thermique. Ces composes pourraient s'avCrer utiles i. cause de leurs propriCtCs 
permettant d'immobiliser l'azote et de leurs applications i hautes tempkratures. 

[Traduit par la rCdaction] 

Introduction 

Ion exchange properties of clay minerals have been 
investigated by several workers with different cations and 
also with charged large organic moieties (1-5). The mont- 
morillonite group of clays having the general formula 
A14Si,020(OH)4. n H 2 0  show cation exchange and can also 
take up extraneous molecules between the structural layers 
(6 ,  7). Intercalation behaviour of montmorillonite clay is of 
interest and many attempts have been made to introduce 
macromolecules in the interlayer spaces of this layered clay 
mineral (7-30). Earlier Traynor et al. also reported tris-bi- 
pyridyl-metal complexes supported on the layer-lattice- 
silicate hectorite (31). Cruz et al. investigated the Ru-(bi- 
pyridyl)2-(~20)2+ complex adsorbed on hectorite (32). These 
compounds were prepared by ion exchange or adsorption of 
charged complex ions with layered clay. Traynor et al. ob- 
served that a metal-bipyridyl complex can be supported on 
hectorite beyond its ion-exchange capacity. This additional 
binding of the metal complex to the mineral occurs through 
intercalation of the metal complex salt. The present paper 
reports physicochemical data on intercalated coordination 
compounds of Cu(I1)- and Ni(I1)-exchanged montmorillon- 
ites with 2,2'-bipyridyl. 

Experimental 
Cu(I1)- and Ni(I1)-exchanged montmorillonites were prepared by 

shaking 5.0 g of finely powdered (mesh size 150) USGS mont- 
morillonite clay sample with 0.5 M aqueous metal-ion solution at 
25°C for 10 days (30). The metal-exchanged clay was separated and 
thoroughly washed with deionized water before drying at 70°C for 
8 h. Cu(I1)- and Ni(I1)-saturated montmorillonites were thus ob- 
tained. The metal-bipyridyl complexes were prepared by reflux- 
ing the metal-exchanged montmorillonite with 0.5 M 2,2'-bipyridyl 

i 
; ' ~ u t h o r  to whom correspondence may be addressed. 
1 '~evis ion received March 23, 1992. 
I 

solution in acetone for 15 h. By the end of the reaction the colour 
of both compounds had changed completely. The products thus 
obtained were washed with acetone and dried over P.,Olo before 
analysis. In earlier studies most of the clay-supported coordina- 
tion compounds were prepared either by ion-exchange of charged 
complex molecules with interlayer exchangeable cations of clay 
mineral or adsorption of complex molecules on a large surface area 
of clay. In the present case uptake of the bound metal-bipyridyl 
complex to the montmorillonite is within its ion-exchange capac- 
ity where the cation-exchanged clay is treated with a stoichiomet- 
ric quantity of ligands. 

The metal content was determined spectrophotometrically in both 
compounds using standard methods (33). Nitrogen was estimated 
using a Coleman Analyser. The IR absorption spectra of the com- 
pounds were recorded on a Perkin-Elmer-397 IR spectrophoto- 
meter. The sample was used as KBr pellets. Room temperature 
magnetic susceptibilities of the compounds were determined by 
Gouy's method using Hg[Co(NCS),] as the standard. X-ray pow- 
der diffraction patterns of the compounds were recorded on a 
Phillips X-ray machine attached to a microprocessed PW-1700 
(iffractometric system using Cu-K, radiation of wavelength 1.542 
A Thermogravimetric analysis was carried out on a Perkin-Elmer 
thermal analyser using inert atmosphere. The heating rate was 
maintained at 12.5OC min-' in the temperature range 60-1000°C. 
All chemicals used were of A. R./E. Merck grade. 

Results and discussion 

The rnontmorillonite clay mineral consists of negatively 
charged aluminosilicate layers with interlayer cations com- 
pensating the positive charge deficiency. The empirical for- 
mula of the present rnontmorillonite sample is 

The charge deficiency in rnontmorillonite is mainly due to 
isomorphous substitution of si4+ by ~ l ~ + .  The interlayer 
spaces in montmorillonite clay are substantial enough for it 
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n H  0 
2 

Exchangeable  Cations 

-- b Axis A 

FIG. 1. Schematic presentation of the structure of montmoril- 
lonite (ref. 14). 

to act as a host compound, and, therefore, it is possible to 
prepare intercalation compounds of the exchanged cations 
that are formed in the interlayer spaces along with water 
molecules (6, 30, 34, 35) (Fig. 1). 

The treatment with 2,2'-bipyridyl (hereafter bipy) turns 
Cu(I1)-montmorillonite to violet and Ni(I1)-montmorillonite 
to pink-coloured materials. This indicates the interaction of 
the ligand molecules with cation-exchanged montmorillon- 
ite clay. Chemical analysis of the compounds is summa- 
rized in Table 1. The metal to ligand molar ratio is observed 

as 1 : 2 in both cases. This stoichiometric ligand content of 
intercalated compounds shows the formation of coordina- 
tion compounds of Cu(I1) and Ni(I1) in montmorillonite. The 
IR absorption spectra of metal-exchanged montmorillonite 
show all the characteristic absorptions of montmorillonite clay 
(hereafter mnt) (Table 2). In addition to this, absorption due 
to coordinated water also appears in the case of metal-ex- 
changed clay (Fig. 2). IR absorption spectra of intercalated 
compounds consist of several prominent absorptions, char- 
acteristic of bipy-complex with metal ions (Figs. 2, 3). These 
data have been presented in Table 2 along with their assign- 
ments. On comparison of IR spectra of the intercalated 
compounds with those of the free ligand (36-38) it is ob- 
served that the ring vibrations and other modes are shifted 
towards the higher energy side. This shift towards lower 
wavelength indicates the tightening of the ring on coordi- 
nation through the nitrogen atoms of the ligand molecules. 
The Ni(I1)-mnt compound also shows IR absorption due to 
coordinated water. A remarkable feature of the IR spectra of 
intercalated compounds is the broadening of the character- 
istic Si-0 stretching absorption in comparison to that in 
metal-exchanged mnt. This absorption is directly related to 
the composition and structure of the silicate layers in mnt and 
is thus expected to alter with the changes in silicate layer (34, 
39, 40). It is also established that the exchanged cations are 
present on the interlayer surfaces of the mnt (30, 34, 35). 
Chemical and IR absorption data suggest the formation of 
coordination compounds of the exchanged metal ions; 
therefore, the formation of these coordination compounds in 
the interlayer space of the clay structure may be predicted. 

A significant increase in magnetic susceptibility of mnt is 
observed after exchange of metal ions (Table 1). This could 
be due to the incorporation of cu2+ ions in mnt. The ob- 
served Bohr magneton value (k,) for bipy-Cu(I1)-mnt is 
2.18. Analytical data (Table 1) give the metal to ligand 
stoichiometry as 1 : 2. This ratio fits in well with the biden- 
tate nature of the bipy ligand, satisfying the coordination 
number [4] for Cu(I1). Square-planar is the most favourable 
geometry in a tetracoordinated Cu(I1) complex. The pres- 
ence of coordinated water in a Ni(I1)-mnt intercalated com- 
pound suggests hexacoordinated nickel. The bipy adduct of 
Ni(I1)-mnt has a k, value of 2.98. This value suggests the 
intercalated Ni ion in octahedral field corresponding to two 
unpaired electrons. Thus it may be concluded that the pres- 

TABLE 1. Analytical, magnetic, and thermal data 

Chemical analysis 
(mrnol/lOO g) 

Bohr magneton Weight loss in wt.% 
Compound Metal Ligand at 300 K (kB) (Temperature range, "C) 

Montmorillonite - - 0.56 18.05 
(60- 175) 

Cu(I1)-montmorillonite 50.1 - 2.07 18.00 
(60- 175) 

Ni(I1)-montmorillonite 55.2 - 2.92 20.00 
(60- 1 80) 

Bipy-Cu(I1)- 43.42 88.10 2.18 3.0 
montmorillonite (60- 120) 

Bipy-Ni(I1)- 46.2b 94.21 2.98 6.8 
montmorillonite (60- 180) 
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TABLE 3. dm, layer spacings of metal-exchanged montmorillonites and 2,2'-bi- 
pyridyl derivatives 

Sample 
no. Compound dm, spacing (A) 

exchanged montmoflllonite with interlayer-coordinated water 
gives dm, = 11.9 A. This small difference in dm, could be 
due to "keying" of water molecules into the ditrigonal holes 
of the clay surface, as it is of small molecular size (7). Thus 
replacement of water molecules from interlayer spaces does 
not make a significant change in the interlayer spacings of 
the clay, as is evident from the thermal and X-ray diffrac- 
tion data (Tables 1 and 3) of the intercalated compounds. 

Thermogravimetric analyses of the intercalated com- 
pounds were carried out in order to investigate their thermal 
stability. Cu(I1)- and Ni(I1)-exchanged mnt show almost 
similar thermal decomposition patterns with about 19% 
weight loss up to - 180°C. This can be attributed to the loss 
of interlayer and coordinated water. The second weight loss 
step between 480 and 780°C is due to structural loss, i.e., 
breaking of OH groups (34, 41, 42). Intercalated com- 
pounds show an additional weight loss, which starts from 
360°C in the case of the Cu(I1) compound and from 470°C 
for the Ni(I1) compound. In this major decomposition step 
the intercalated complex molecules break and-oxidation of 
ligand takes place. The interlayer water content of metal- 
exchanged mnt is found to be significantly decreased after 
formation of intercalation compounds. This suggests the re- 
placement of interlayer water of cation-exchanged mont- 
morillonite by the bipy molecules. These intercalation 
compounds are observed to be thermally very stable in 
comparison to the corresponding complexes of Cu(I1) and 
Ni(I1) with similar composition (43, 44). This might be due 
to the silicate shielding of intercalated coordination com- 
pounds in the interlayer spaces of montmorillonite clay 
mineral. 

Owing to the large-scale applications of intercalation and 
complex compounds in catalysis, N-fixation, medicines, 
and other important areas, the intercalation compounds of 
cation-exchanged expandable clays need to be explored 
thoroughly. Such compounds promise application as nitro- 
gen-immobilizing and microencapsulating agents. It has been 
established that montmorillonite clay has extraordinary in- 
tercalation and retention properties; however, reported work 
(8-13, 19, 24, 25, 30) and the present study infer that these 
properties are even better in the case of a metal-exchanged 
clay mineral, particularly in respect of the substances that can 
form coordination compounds with those exchanged metal 
ions. High thermal stability of the intercalated compounds 
can be exploited in industrial applications. In this regard, the 
normal behaviour of the intercalated coordination com- 
pounds is remarkable. 

Thanks are also due to the Head, Department of Chemistry, 
Dr. H.S. Gour University, Sagar, for providing research fa- 
cilities. 
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Ground and excited state dipole moments of planar vs. twisted 
p-N,N-(dimethy1amino)benzonitrile systems: maximum charge transfer 

for minimum overlap 

HEMANT K.  SINHA, ' S. MURALIDHARAN, AND KEITH YATES 
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HEMANT K. SINHA, S. MURALIDHARAN, and KEITH YATES. Can. J. Chem. 70, 1932 (1992). 
Electric field induced change in the absorption spectrum (electrochromism) has been employed to obtain the ground 

and excited state dipole moments of planar and sterically hindered (twisted) p-N,N-(dimethylamino)benzonitriles in dioxane 
solution. These studies support the twisted intramolecular charge transfer (TICT) hypothesis and provide additional in- 
sight to the TICT concept. The charge transfer nature of the excited state has been found to directly depend on the tor- 
sional angle of the N,N-dimethylamino group with respect to the benzonitrile moiety. It is suggested that solvent coupling 
is essential to initiate twisting by affecting the intramolecular degrees of freedom and the existence of the highly dipolar 
excited state is a result of such twisting of the donor-acceptor bond. Theoretical calculations have been performed to 
explain the observed changes in dipole moment values. 

HEMANT K. SINHA, S. MURALIDHARAN et KEITH YATES. Can J .  Chem. 70, 1932 (1992). 
On a utilisC le changement induit de champ electrique dans le spectre d'absorption (Clectrochromisme) pour obtenir 

les moments polaires des Ctats fondamental et excite des conformations plane et stkriquement emp&chCe (dCformCe) des 
p-N,N-(dimethylamino)benzonitriles, en solution dans le dioxane. Les rksultats obtenus sont en accord avec l'hy- 
pothese d'un transfert de charge intramolCculaire deform& (TCID) et ils fournissent des donnCes supplCmentaires pour 
comprendre le concept de TCID. On a trouve que la nature du transfert de charge de 1'Ctat excite depend directement de 
l'angle de torsion du groupe N,N-dimkthylamine par rapport i la portion benzonitrile. On suggkre que le couplage de 
solvant est essentiel pour initier la deformation en affectant les degrks de libertk intramolCculaire et que l'existence d'etats 
dipolaires hautement excites est un resultat d'une telle deformation de la liaison donneur/accepteur. On a effectue des 
calculs theorique pour expliquer les changements observes dans les valeurs des moments dipolaires. 

[Traduit par la redaction] 

Introduction 
The concept of twisted intramolecular charge transfer 

(TICT) has received considerable attention in the recent past 
owing to its intriguing characteristics (1). The most remark- 
able one is the idea that the charge transfer can be of maxi- 
mum limiting value (complete one-electron transfer) when 
the molecular orbitals involved are orthogonally positioned 
rather than in the same plane, which was believed to be the 
case prior to the discovery of the TICT concept. This led to 
the proposition of a minimum overlap rule, which operates 
in certain types of molecules exhibiting TICT character. 

The molecule that led to the foundation of TICT concept 
is p-N,N-(dimethylamino) benzonitrile (DMABN). This dates 
back almost to three decades when Lippert et al. reported the 
unusual nature of fluorescence from this molecule (2). 
However, the correct interpretation of results from Lippert's 
report was demonstrated by Grabowski et al. much later by 
their elegant experimental studies on the TICT concept (3). 
This mechanism suggests that the intramolecular charge 
transfer of the DMABN molecule is induced by rotation 
around the C-NMe, bond. The short-wavelength emitting 
species, identified with the planar form of DMABN, and the 
long-wavelength emitting species, the perpendicular form, 
are in equilibrium in the excited (S,) state. Since then there 
have been numerous studies that have given this mecha- 
nism a strong basis. 

However, controversy still exists regarding the role of 
solvent molecules in creating the TICT state (4, 5 ) .  For ex- 

'Author to whom correspondence may be addressed at the De- 
partment of Chemistry, University of Saskatchewan, Saskatoon, 
Sask., Canada S7N OW0 

ample, it has been proposed that local coupling of solvent 
molecules, with a particular local configuration, and the 
reactant (DMABN) is essential for the twisting of the 
C-NMe, bond (4e, 5 ) .  This is very clear from the fact that 
isolated DMABN molecules in the gas phase do not emit 
from the TICT state even when they are allowed to complex 
with a specific number of solvent molecules (6). On the other 
hand, the fact that 2,6-N,N-(tetramethy1amino)benzonitrile 
(TMABN), which has the -NMe, group already twisted in 
the ground state, shows distinct TICT emission in the gas 
phase proves beyond reasonable doubt that internal twisting 
of the C-NMe, bond is the sole reason behind TICT emis- 
sion (7). Recent results from advanced spectroscopic tech- 
niques suggest that solvent fluctuation plays a minor role, 
whereas the dominant contribution to intramolecular charge 
transfer involves fluctuations in the intramolecular degrees 
of freedom (8). If this is true, then the primary function of 
polar solvents in the formation of the TICT state is to in- 
duce twisting rather than charge transfer by disturbing the 
intramolecular vibrational modes. Once the twisting is 
achieved the resultant dipolar molecule can further interact 
electrostatically with solvent dipoles to produce strongly 
Stokes-shifted solvent dependent emission. 

This paper attempts to clarify the above concept on the 
basis of experimental results obtained from electrochromic 
measurements. Electrochromism has been claimed to be the 
best method to probe the charge transfer characteristics of 
suitable molecules both in the ground and excited states (9). 
Both absorption and fluorescence electrochromic measure- 
ments are well documented in the literature (9, 10). The 
former method is employed here to examine the effect of 
internal twisting of the C-NMe, bond on the magnitude of 
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intramolecular charge transfer. Since this method looks at the 
vertical excited state, any contribution from solvent fluctua- 
tion modes to intramolecular charge transfer can be totally 
avoided. This has the advantage over fluorescence electro- 
chromic methods because the latter probe the thermally re- 
laxed excited state where the perturbation due to solvent 
coupling, if at all present, has already been manifested. 
However, comparison of results obtained from both meth- 
ods will be useful in analysing the changes that take place 
when the molecule relaxes from its initially created vertical 
excited state to its thermally relaxed excited state. Our re- 
sults mainly focus on the change in the dipole moment upon 
electronic excitation of planar vs. twisted DMABN systems 
and present a coherent picture that sudden polarization upon 
excitation can be achieved by orbitally decoupling the donor 
and acceptor groups and thereby affecting the intramolecu- 
lar degrees of freedom. This study particularly emphasizes 
the fact that torsional motion of the C-NMe, bond should 
be initiated by solvent coupling during the relaxation from 
the initially created excited state. Theoretical dipole mo- 
ments were also obtained from simple molecular orbital 
calculations and compared with the experimental values. 

Theory of electrochromism 
An intense electric field affects the intensity of both ab- 

sorption and fluorescence, and such electric field effects were 
first quantitatively interpreted by Labhart (1 l ) ,  Czekalla (12), 
and Liptay ( 13) independently. The basic principles of elec- 
trochromic measurements with appropriate theoretical rea- 
soning were reviewed by Liptay (9b). In addition, our 
previous papers also present a complete experimental and 
physical description of electro-optical absorption measure- 
ments on macroscopic systems (14). Hence this will not be 
repeated, but the basic principles will be summarized here. 

For a dipolar molecule the perturbation due to the pres- 
ence of an external electric field on the electronic absorp- 
tion intensity is mainly due to two factors; (i) anisotropic 
molecular distribution and (ii) change in the electronic tran- 
sition energy if the ground state dipole moment p,g is differ- 
ent from the excited state dipole moment The theoretical 
expression relating the change in extinction coefficient AE 
to the frequency v of the incident light, the internal field 
strength Fin,, and the angle x between the direction of the 
applied field and the polarization direction of incident light, 
according to Liptay (9b), is 

where 

TABLE 1. Ground state dipole moment data obtained from dielec- 
tric measurements 

DMABN DMMBN TMABN 

p = ( k ~ ) - '  where k is Boltzmann's constant and T is the 
temperature. 

Materials and methods 
p-N,N-(Dimethy1amino)benzonitrile (DMABN) was obtained 

from Aldrich chemicals. N, N-Dimethyl-2-(methy1amino)benzo- 
nitrile (DMMBN) and N,N-2,6-(tetramethy1amino)benzonitrile 
(TMABN) were prepared from the corresponding p-bromoaniline 
derivatives (obtained from Aldrich) by treating with CuCN, fol- 
lowed by N-methylation with freshly distilled dimethyl sulphate (15, 
20a). All the compounds were recrystallized from appropriate sol- 
vents and the purity was checked by standard spectroscopic meth- 
ods. Spectrograde dioxane and cyclohexane from Aldrich were used 
without further purification. Absorption spectra were recorded on 
a Cary 2000 spectrometer and their first and second derivatives (see 
eq. [I]) were computed numerically. 

Ground state dipole moments 
Dielectric constants and refractive indices of solutions were 

measured with a Dekameter (WTW GmbH DK 03), which uses 
resonance technique to measure cell capacitance, and a refractom- 
eter (Valentine 800) respectively. The pg7s were calculated by the 
method of Guggenheim (16) as modified by Smith (17). Cyclo- 
hexane was used as solvent and all the measurements were done 
at 22°C. Assuming that ( = nt, Smith's equation for pg becomes 

The subscript refers to the solvent, N is Avogadro's number, T is 
the temperature in K, M is the molecular weight in grams, p is the 
density in g/cm3, ( is the measured dielectric constant, and n is the 
refractive index. The parameters a and c are determined by as- 
suming that the solution dielectric constant and refractive index vary 
linearly with mole fraction of the solute X2 for dilute solutions, as 

The complete dielectric constant data for the three compounds are 
compiled in Table 1. 

Excited state dipole moments 
The apparatus used for the p, determination has been described 

in detail elsewhere (14). The value of the effective external field 
F,,, is 3.768 x lo4 V/cm for each molecule. The externally ap- 
plied field was converted to an internal field by using the spheri- 
cal cavity approximation (18), given by 

[3] B, = AF) + (3 cosZX - 1) 
where ( is the dielectric constant of the solvent. Since dioxane (( = 

X P[3(P . pg)(P . AF) - (p,g - AF)] 2.209) was used as solvent in the electric field experiment Fin[ = 
1 ? ? A  r 
I .LL'+ re.(. 

[4] C, = 5AF2 + (3 cosZX - 1)[3(P. hp.12 - AF2] For each molecule the electric field signals were collected at three 
different values of x and for several wavelengths A within the ab- 

In these equations, J? is a unit vector in the direction of the sorption band of interest. The experimentally obtained AE, which 
molecular transition moment, h is Planck's constant, and is obtained from the equation 
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TABLE 2. Heteroatom parameters used in the HMO 
calculation 

Hii Hij 

N(NMe2) = 0.95 C-N(C-NMe2) = 0.8 
N(C--N) = 0.5 C=N = 1.66 

TABLE 3. Molecular parameters obtained from 
theoretical calculations 

8" kg A P P e  M" ,YC 

0 3.9 9.9 13.9 M: 0 
45 2.8 10.4 13.1 MI 0 
90 1.6 18.9 20.5 - - 

"Angle between the dimethylamino group and the 
benzene ring. 

*Transition moment direction. 
'Angle between the transition moment and dipole mo- 

ment vectors. 

where AI is the difference in the transmitted light intensities in the 
presence and absence of the electric field, I is the transmitted light 
intensity in absence of the electric field, c is the concentration, and 
I is the path length of the electric field cell, was least-squares-fit- 
ted with the derivative terms, as shown in eq [I], to obtain the 
values of A,, B,, and C,. The contribution from the second deriv- 
ative term (see eq. [I]) to the electric field signal was found to be 
very small, as observed for several other polar molecule (14, 19). 
Therefore this term has been neglected in the regression analysis. 
Finally, the molecular parameters were calculated from the slopes 
and intercepts of least-squares plots of A, and B, versus (3 coslX - 
1). 

No correction was made for the effect of dipole reaction field or 
for the contribution of molecular polarizability to the electric field 
signal in the calculation of dipole moment parameters. Since these 
will be approximately of the same order of magnitude for each 
molecule studied here, direct comparison of their dipolar charac- 
ter will not be subject to serious error due to lack of the above cor- 
rections. In fact, a more detailed investigation on similar molecules 
shows that polarizability effects can be neglected as compared to 
dipole moments (20). Furthermore, recent electric field measure- 
ments comparing the gas phase and solution phase results on sim- 
ilar molecules show that the combined error due to lack of the above 
corrections amounts to less than 10% (21). 

Theoretical calculations 
The basic Hiickel molecular orbital method was modified em- 

pirically as described earlier (14). The Coulomb integral H,; and the 
bond integral H ,  terms used for heteroatoms, obtained after em- 
pirical modification, are given in Table 2. For the aromatic ring, 
standard values of Hii and H ,  were used unmodified. The electron 
density distribution in the HOMO was used to calculate the ground 
state dipole moments. Excited state dipole moments were calcu- 
lated by promoting one electron from the HOMO to the LUMO and 
recalculating the qi terms. The calculated dipole moments are shown 
in Table 3. In addition, the symmetries of the calculated HOMO 
and LUMO could be used to predict the directions of the transi- 
tion moments. 

Results 
The electric field signals for DMABN and TMABN at 

polarization angle x = 0 are shown in Fig. 1. The continu- 

ous lines in these figures were computed from the least- 
squares values of A, and B,  using eq.  [I] .  The excellent 
agreement between the observed and calculated electric field 
spectrum suggests that eq. [ l ]  adequately describes the field- 
induced changes in the absorption spectrum. The molecular 
parameters obtained from electric field experiments are 
compiled in Table 4.  The dipole moment values reported 
from electro-optical emission measurements by Baumann and 
co-workers (20b, 22) are also shown in Table 4 for the sake 
of comparison. 

The intensity of the strong charge transfer (CT) transition 
of DMABN (A,,, = 290 mm; E = 26 870) was found to de- 
crease significantly with a simultaneous red shift in the long 
wavelength absorption maxima upon twisting the C-NMe2 
bond by substituting the methyl group(s) at the ortho posi- 
tions. Similar observations have also been reported for the 
N,N-dimethyl-4-nitroaniline system (19b). For DMMBN and 
TMABN the absorption maxima and the E values are, re- 
spectively, 286 nm; 12 900 and 310 nm; 3450. Substitution 
of methyl group(s) at the 2 and 6 positions, as in TMABN, 
results in a ground state configuration where the -NMe2 group 
lies in a plane that is twisted nearly 80" with respect to  the 
phenyl plane (23). This angle would be close to 90" in the 
solution phase because of minimum steric repulsion. In 
the case of DMMBN, where only one ortho methyl group is 
substituted, this angle has been predicted to be nearly 40" 
(24), which is intermediate between 0" (DMABN) and 90" 
(TMABN) twist. The gradual decrease in the intensity of CT 
absorption upon increasing the twist angle could be ex- 
plained on the basis of orbital decoupling of donor (D) and 
acceptor (A) groups, which inhibits the mixing of CT and LE 
(locally elicited) wave functions, consequently affecting the 
oscillator strength of the CT transition. 

Further evidence for such decoupling comes from the pg 
values (see Tables 1, 3 ,  and 4). Maximum resonance inter- 
action in the planar form, where the D and A groups have 
maximum overlap of molecular orbitals, is the main reason 
for the high pg values observed for such systems. As a re- 
sult, in such systems, pg generally exceeds the value pre- 
dicted by the addition of corresponding group moments of 
the substituents. The pg values obtained by dielectric mea- 
surements, as shown in Table l ,  indicate that p, decreases 
as the twisting angle increases. This behaviour is expected, 
since the contribution of ionic forms to the molecular wave 
functions in the HOMO will be maximum in the planar form 
(DMABN) and minimum for the perpendicular form 
(TMABN). This is also reflected in the calculated kg's  ob- 
tained by the HMO method (see Table 3). 

Assuming that these molecules belong to point groups of 
Cz,, symmetry, which seems to be valid for DMABN and 
TMABN, the pg can be calculated from eq. [2]. This is be- 
cause the dipole moment and the transition moment vectors 
must be either parallel or  perpendicular in such a case. The 
pg values obtained by electrochromic measurements also 
manifest a similar trend (see Table 4); however, the mag- 
nitudes are smaller than those obtained from dielectric 
method. This discrepancy could be due to the uncertainty in 
the transition moment direction with respect to the dipole 
moment. However, a similar calculation done by Varma and 
co-workers using Baumann's experimental data shows 
better agreement in the pg7s in the case of DMABN (25). 
The difference between the p, reported here and that by 
Varma for DMABN using the same method is nearly 
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A x =  0.148 2 0.006 

Bx=  0.66520.047 1.61 

1 FIG. 1. Electric field spectra of DMABN and TMABN (X = 0) in dioxane solution at 298 K.  
I 

TABLE 4. Molecular parameters obtained from electric field study 

Compound p," A p .  pg 4 pe(FC) Y 
i / DMABN 4.5 2 0.5 29.8 2 2 4.8 2 0.5 11.0 2 0.5 0 

(1 1.2."6.2') 
I 

~. 
I DMMBN 2.9 + 0.4 34.8 2 2 6.8 2 0.6 11.9 ? 0.6 0 

' TMABN 2.8 ? 0.5 42.1 ? 2 10.0 ? 0.5 14.5 ? 0.6 0 
(15.2)' 

! "Obtained by assuming the $ and pg are parallel (see eq 2). 
j *Obtained by electrochromism on the b-fluorescence band (S,(sr) state) 
I (see ref. 1 b). 1 'Obtained by electrochromism on the a-fluorescence band (S,(tict:sr) 
I state) (see refs, Ib, 20b and 24). The kc value of DMMBN reported by 
/ Rotkiewicz (24) may have a large error due to strong overlap of a- and b- 
/ fluorescence. 

- .  :.I 
. .  . . ,  . . .  ! 

, 5 x C . m, which could arise due to the experimental 
uncertainties. This observation of decrease of dipole mo- 

1 ment on deconjugation is in line with the generally accepted 
maximum overlap rule, which has always been understood 
to be the necessary condition for maximum charge transfer 

I to occur. 
1 However, p, values obtained by electrochromic measure- 
1 ments show a dramatically reversed trend (see Table 4). 
1 Similar results have also been reported from electro-optical 

fluorescence measurements (20). For example, the A p  value, 
which is an absolute measure of the change in the charge 

a 

distribution due to electronic excitation, reveals that CT is 
/ at a maximum when the orbitals involved are orthogonally 

positioned. Furthermore, comparison of values of Ap's for 
) the three compounds, where the twist angle is varied sys- 

tematically, suggests that the extent of charge transfer in the 
excited state is directly related to the twist angle of the 
C-NMe, bond with respect to the benzene ring. 

In all three cases the dipole moment and the transition / moment vectors are found to be nearly in the same direc- 
1 tion, i.e., along the direction of the long molecular axis. This 

LUMO LUMO 

HOMO so  HOMO 

(a (b) 
FIG. 2. Schematic drawings of the HOMO and LUMO of 

DMABN in both the planar (a )  and perpendicular (b) conforma- 
tions. 

conclusion is made from the fact that for all three molecules 
the slope of A, vs. (3 - 1) plot was positive and large. 

Even though a number of different types of semiempiri- 
cal theoretical calculations have been reported, to rational- 
ize the energetics of TICT formation (26), our attempt here 
employs a simple method to offer an explanation for the ob- 
served change in the dipole moments upon electronic exci- 
tation based on the molecular orbital diagram. The molecular 
orbital (MO) diagrams of planar and twisted DMABN sys- 
tems are shown in Fig. 2. The symmetry characteristics of 
the HOMO and the LUMO obtained by this simple method 
are essentially the same as predicted by several other au- 
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thors ( lb ,  26), by adopting more sophisticated methods, such 
as PPP, CNDO, A M l ,  etc. It is apparent that the difference 
in the C T  characteristics of the planar and twisted confor- 
mations arises primarily because of the specific localization 
of the HOMO and LUMO upon twisting the NMe, group. 
In the twisted conformation the electron density is com- 
pletely localized on the NMe, group and the electronic ex- 
citation results in a LUMO where the charge localization is 
predominantly on the benzonitrile group. Therefore, elec- 
tronic excitation results in extensive charge transfer from a 
pure -NMe2 orbital to an antibonding orbital of the benzoni- 
trile group. On the other hand, in the planar conformation 
both the HOMO and the LUMO have mixed character, where 
the charge is delocalized over the whole molecular skele- 
ton. Hence the charge transfer upon electronic excitation is 
moderate. This is also indicated experimentally by a mod- 
erate change in the dipole moment upon electronic excita- 
tion. The calculated and the observed dipole moments (pg 
and Ap) essentially follow the same trend (see Tables 3 and 
4). 

As shown in Fig. 2, in the planar form the HOMO(b,) to 
the LUMO(b2) transition is A, type and hence, should be 
polarized along the Mz direction i.e., along the long molec- 
ular axis. However, other semiempirical methods that take 
into consideration configuration interaction (CI) predict that 
a B, type transition (M, polarized), having a very low oscil- 
lator strength, will be the lowest energy transition and that 
the second transition is A l  type with a very high oscillator 
strength ( lb) .  The calculations also show that upon decon- 
jugating the -NMe2 group (twisted form) the ICT character 
of the I L ,  state becomes more pronounced while the lowest 
energy transition becomes forbidden (A2 type). This behav- 
iour is also consistent with those predicted by other meth- 
ods ( l b ,  26). It is worth pointing out that the simple 
calculations provide results that are very similar to those 
obtained by other theoretical methods, particularly in terms 
of the nature of the HOMO and the LUMO. 

Discussion 
The absorption and fluorescence characteristics of 

DMABN and TMABN can essentially be represented by the 
schematics shown in Fig. 3.  The excitation of DMABN 
(initially planar) results in the normal fluorescence (F,) from 
the state S,(sr) (sr: solvent relaxed) and the second anom- 
alous emission (Fa) originates from the state S,(tict:sr) in 
polar solvents. From the solvent-dependent study (solvato- 
chromism) it is evident that the intrinsic difference between 
these two emitting states is mainly in terms of polarity. This 
has also been directly identified by fluorescence electro- 
chromic studies (20b, 22), which reveal that indeed the 
S,(tict:sr) state is significantly more polar (16.2 D) than the 
S,(sr) state (1 1.2 D). However, excitation of TMABN (ini- 
tially nonplanar) results in direct population of the TICT state, 
and therefore only the band corresponding to F, in DMABN 
is observed both in polar and nonpolar solvents (Fig. 3b). The 
observed pe (- 15 D) from electrochromic fluorescence 
measurements also reflects a magnitude similar to that ob- 
served for the S ,  (tict:sr) state of DMABN. These observa- 
tions provide clear evidence for the fact that Fa originates 
from a geometry that is twisted in the excited state and has 
a large intramolecular charge transfer character. 

However, what is still ambiguous is the question of how 
the role of solvent can be defined in creating the TICT state 

PLANAR (DMABN) TWISTED (TMABN 

FIG. 3. Schematic representations of the absorption and fluo- 
rescence processes in planar and sterically hindered (twisted) con- 
formations of DMABN showing the origin of the normal (F,) and 
anomalous (F,) fluorescence. ( a )  In planar DMABN, absorption 
of photons results in a planar Franck-Condon excited state (S,(FC)). 
Emissions Fb and F,, occur from a solvent-relaxed planar excited 
state (S,(sr)) and a solvent-relaxed twisted excited state (S,(tict:sr)) 
respectively to give a FC ground state having a planar geometry (So 
(FC)) and a FC ground state having twisted geometry (So(tict:FC)). 
(b)  In twisted DMABN (TMABN), absorption of photons results 
in a twisted FC excited state (S,(tict:FC)) and the only emission F, 
occurs from a solvent-relaxed twisted excited state (S,(tict:sr)). 

from the planar molecule. Does it have a direct role or an 
indirect one? The fact that solvent plays a direct role comes 
from the following experiments. Experimental studies on 
DMABN in a supersonic jet expansion show that isolated 
molecules show only F, fluorescence and hence do not 
undergo twisting (6). Further evidence from spectroscopic 
and picosecond studies indicates that a short-range coupling 
interaction between a specific number of solvent molecules 
and the solute, either in the ground or exited state, is essen- 
tial for TICT formation (4e. 5). 

On the other hand, the fact that solvent does not play a 
major role can be argued on the basis of the fact that exci- 
tation of TMABN in a supersonic jet expansion gives prompt 
TICT emission even in the absence of the solvent (7). Fur- 
thermore, recent time-resolved emission studies to deter- 
mine the electron transfer rate in DMABN indicate that the 
dominant contribution to the electron transfer rate comes from 
the fluctuation in intramolecular degrees of freedom and 
solvent fluctuation seems to play a minor role, though this 
seems to depend on the nature of the solvent (8). 

Our results on experimental dipole moments may be con- 
sidered as a method of resolving the above question and 
provide additional insight into the TICT concept. Since the 
measurements were done on the absorption spectrum, here 
we deal only with the Franck-Condon (FC) excited state. 
This is unlike the electro-o~tical fluorescence studies. which 
investigate the solvent-relaxed excited state, where all in- 
formation concerning the transition from the S1(FC) to the 
S,(tict) state may be lost. In the FC excited state one would 
expect that the surrounding medium would be in the same 
arrangement as in the solvent-equilibrated ground state. 
Therefore, the solvent fluctuation mode, which would con- 
tribute to fluorescence electrochromic measurements, will 
not be of concern here. 
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The three model molecules studied here have different 
torsional angles between the -NMe, group and the phenyl 
ring, which range from 0" in the case of DMABN to nearly 
80" in the case of TMABN. It can be clearly seen from Table 
4 that as the torsional angle increases p,, decreases, whereas 
Ap, and p,e increase significantly. These dipole moments are 
a direct measure of the charge transfer. Since the solvent 
system remains the same, it can be concluded that it is the 
torsional angle which directly influences Ap,. This obser- 
vation is in agreement with the gas phase measurements, 
which clearly indicate that CT in the excited state is linked 
to the twisting of the phenyl-dimethylamino bond (6, 7). 

Since the charge separation can be directly achieved in the 
vertical excited state it could be termed a sudden polariza- 
tion, as indicated earlier by Salem (27). It is also clear that 
sudden polarization is more effective when the orbitals in- 
volved in charge transfer are totally decoupled. A direct 
comparison between our results and those from fluores- 
cence electrochromism measurements (see Table 4) indi- 
cates that the solvent relaxation around the excited state dipole 
does not drastically affect the magnitude of charge transfer. 
In fact, within experimental uncertainty, p,,(FC = p,,(sr) and 
p,,(tict: FC) = p,,(tict: sr). 

These results seem to provide a clear picture in regard to 
the role of the solvent in the TICT formation in DMABN. 
Since the charge transfer, as evident from Ap, and kc, is in- 
duced by twisting, it is not unreasonable to conclude that a 
polar solvent induces twisting motion by affecting the intra- 
molecular degrees of freedom, and the result of such twist- 
ing motion is-extensive charge transfer. Our explanation is 
in accord with those results reported by Su and Simon based 
on time-dependent spectroscopic studies (3, in which they 
suggested that fluctuations in the sorrounding solvent polar- 
ization may not play a dominant role in the rate of electron 
transfer in DMABN and the main contribution to the rate 
comes from the fluctuations in intramolecular vibrational 
coordinates. These results were interpreted in terms of the 
dynamical electron transfer theories of Nadler and Marcus 
(28), which address the influence of fluctuations in both 
solvent polarization and intramolecular vibrational coordi- 
nates on the rate of electron transfer. We would stress that 
this is different from solvent-induced charge transfer, where 
the solvent is directly involved, i.e., i n c a s e s  where the 
rate of electron transfer correlates directly with the inverse 
of longitudinal relaxation time of the solvent (29). Since, 
p,,(FC) is different from p,,(tict), the TICT state should 
continuously evolve along the solvent relaxation coordi- 
nate in DMABN, which would be the prime reason for the 
time-dependent shift in the emission spectrum. Finally, the 
charge-separated species will be further stabilized by strong 
electrostatic interaction with the solvent, which would ac- 
count for the strong solvent dependency of the emission 
spectrum of DMABN. This explanation also fits well with 
the recent theoretical model by Schenter and Duke, which 
was used to simulate the twisting dynamics of DMABN in 
polar solvent (30). In the case of TMABN, the TICT state 
charge distribution is directly produced in the FC excited state 
and then it responds to the electrostatic interaction with sol- 
vent. This phenomenon is strongly corroborated by the re- 
sults obtained by Baumann and co-workers (20, 22). The 
strong solvent-dependent dipole moment obtained by elec- 
tro-optical emission studies (20) can only be explained on the 
basis of a solvent-polarity-dependent average torsional angle 

around the phenyl to dimethylamino group bond since the 
magnitude of induced dipole moment has been found to be 
very small. Their results show excellent agreement with the 
results reported here. 

It is very apparent from these results that the disturbance 
in the intramolecular degrees of freedom, which results in 
twisting, comes as a result of coupling of polar solvent mol- 
ecules with the DMABN. The solvent coupling is essential 
for the twisting motion and twisting is the requirement for 
strong charge transfer. This explanation provides a consis- 
tent picture that the TICT state originates from a confor- 
mation where the -NMe, group is forced into a position nearly 
orthogonal to the phenyl plane. 

The theoretical results reported here are almost parallel to 
those predicted by other methods, except for the fact that our 
approach is very simple. The dipole moments calculated are 
in fair to good agreement with the observed values and show 
similar trends. These values, combined with those recently 
obtained for several nitroaromatics (14b, 19b,c) suggest that 
this method can be used as a tool in predicting the charge 
transfer behaviour of molecules both in the ground and ex- 
cited states. The difference in the charge transfer nature of 
the planar and twisted systems is a reflection of the nature 
of the HOMO and LUMO involved in the electronic transi- 
tion. This can be seen from the fact that charge transfer can 
be directly related to the ionization potential (IP) and elec- 
tron affinity (EA), whose values are dependent upon the na- 
ture of the HOMO and LUMO respectively (19b). A change 
in these values, which can be produced by deconjugating the 
functional groups, makes a direct impact on the charge 
transfer characteristics. 
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The synthesis of optically active 14P-hydroxy steroids via base-catalyzed reactions is reported 

REJEAN RUEL et PIERRE DESLONGCHAMPS. Can J. Chem 70, 1939 (1992). 
On dkcrit la synthese de stkroi'des 14P-hydroxylks optiquernent actifs via des rkactions catalyskes par des bases. 

Introduction 

Steroidal cardiotonic glycosides are of considerable im- 
portance in the treatment of heart disease (1, 2). However, 
the naturally occurring cardenolides show a rather narrow 
margin of safety as most patients receive 60% of the toxic 
dose (3). Cardenolides have thus stimulated several struc- 
tural (4) and synthetic (5, 6) studies. In most synthetic stud- 
ies, steroidal starting materials were employed (5) while in 
others (6), the construction of the skeleton was carried out 
by total synthesis via an intramolecular aldol addition of ABD 
tricyclic compounds. In the last approach, the tricyclic aldol 
precursors used were all synthesized via a modification of 
the original Torgov sequence (7). 

An original report from our laboratories described the one- 
step stereocontrolled synthesis of 14a-hydroxy steroid 3 
(Scheme 1) via a new polycyclization method (8). Anionic 
cycloaddition of 2-carbomethoxycyclohex-2-en-1-one (1) and 
cyclopentane- l,3-dione P-ketoester 2 first gave enolate 4 
bearing three new stereocontrolled centers (9). This enolate 
was then trapped in situ to give tetracyclic compound 5 which 
gave 14a-hydroxy steroid 3 after selective decarboxylation. 
Further investigations allowed us to find two ways to cor- 
rect the stereochemistries of the C13 and C14 carbon centers 
into the more desired 13P-methyl 14P-hydroxy configura- 
tion. The first way involved aldol addition of dienol 6 that 
gave a 3 : 2  mixture of steroids 7 and 8 as previously de- 
scribed in this journal (10). We also synthesized optically 
active 14P-hydroxy steroid 11 from anionic cycloaddition of 
chiral precursors 9 and 10a (1 I). This account describes the 
detailed synthesis of (+)-methyl 17P-benzoyloxy-14P-hy- 
droxy-3P-methylethenyl- 1,7-dioxo-5P-androstan- 19-oate (11) 
as well as other results observed in the synthesis of related 
compounds. Preliminary results indicating that optically ac- 
tive 14P-hydroxy steroids can be synthesized from achiral 
cyclopentane-1,3-dione P-ketoester 2 and chiral cyclohex- 
enone 9 are also included. 

Results and discussion 

1.  Synthesis of substituted Nazarov reagents 1Oa and l o b  
The synthesis of the requisite chiral substituted Nazarov 

reagent 10a (R = COPh) is depicted in Scheme 2. The se- 
quence was also applied to tert-butyl ether l o b  (R = 

C(CH,),). Ozonolysis (12) of chiral enone 12 (1 3) gave ke- 
toacid 13 in 71% yield. Selective borane reduction (14) of 
ketoacid 13 gave ketoalcohol 14 existing in solution as a 4 :  1 

' ~ u t h o r  to whom correspondence may be addressed 

mixture of ketone-hemiketal forms. Diol 15a (14a: 15a,  
5.6:  1) was also isolated from the reaction. This was ob- 
viously not a problem since the following oxidation step in- 
volving 14 and 15 gave the same desired ketoaldehyde 17. 
Nevertheless, the absolute configuration assigned to the 
secondary carbinolic center in 15a was secured with the 
formation of its tribenzoylated derivative. 

Dibenzoylation of diol 15a gave indeed tribenzoate 16. The 
alternative meso structure was ruled out based on the fol- 
lowing arguments. The methynes of the five-membered ring 
are not equivalent in the 'H nrnr spectrum and compound 16 
is optically active ( [a]g  +80.8 (c 1.3, CHCI,). Oxidation of 
the 5 .6:  1 mixture of alcohols 1 4  and 15 with pyridinium 
chlorochromate (15) then gave ketoaldehyde 17 in 50% yield 
from enone 12. This aldehyde was treated with (formyl- 
methy1ene)triphenylphosphorane (16) to give trans unsatu- 
rated aldehyde 18 along with traces of undesired cis isomer. 
The Reformatsky reagent of tert-butylbromoacetate was then 
added to unsaturated aldehyde 18 and the resulting diaster- 
eoisomeric allylic alcohols 1 9  were converted into the de- 
sired substituted Nazarov reagent 1 0  upon oxidation with 
manganese dioxide. Comparable yields for the transforma- 
tion of enone 1 2  to P-ketoester 1 0  were obtained in both se- 
ries (a,  R = COPh and b,  R = C(CH,),) (25% overall). 

2.  Cycloadditions of 2-carbomethoxycyclohexenones with 
substituted Nazarov reagents 

T o  compare the reactivity of substituted Nazarov re- 
agents 1 0  with cyclopentanedione p-ketoester 2 (8), we first 
carried out the cycloaddition of tert-butyl ether l o b  with 
2-carbomethoxycyclohex-2-en-1-one (1) (Scheme 3). As will 
be evidenced by the following results, this model experi- 
ment clearly shows that, contrary to the case involving re- 
agent 2,  polycyclization did not occur since no tetracyclic 
compound was obtained from the reaction. The reaction of 
precursors 1 and l o b  with cesium carbonate in chloroform 
gave (after acid treatment that induced decarboxylation and 
cleavage of the tert-butyl ether) a - 1 : 1 mixture of two 
diastereoisomers in 44% yield (two steps). One diastereo- 
isomer has structure 20 whereas the other has the same ab- 
solute configuration around the five-membered ring, but with 
the opposite configuration at C5, C9, and C10. Upon oxi- 
dation with tetrapropylammonium permthenate (17), this 
diastereoisomeric mixture led to racemic tetraketone 2 1  in 
61 % yield. Thus, while anionic cycloaddition of reagents 1 
and 2 gave tetracyclic compound 5 (8), reaction of 1 and l o b  
did not yield directly any steroidal skeleton. 

Cycloaddition of 1 and l o b  generated enolate 22, which, 
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unlike enolate 4, did not cyclize in situ, probably because 
isomerization to conjugated enolate 23 took place predomi- 
nantly. Enolates related to 4 also failed to react in the 
polycyclization process as indicated by other results ob- 
tained in our laboratory (18).' The above results led us to 
reexamine the original polycyclization result (1 + 2 + 5). 
Although the direct formation of tetracyclic compound 5 was 
supported by strong spectroscopic arguments (19), these new 
results prompted us to find supplementary evidence. The 
crude compound obtained from cycloaddition of 1 and 2 was 
directly treated with sodium hydride and diethyl chloro- 
phosphate in tetrahydrofuran (20, 21) to yield en01 phos- 
phate 24 in 76% yield (based on recovered starting material, 
see Experimental). Compound 5 was thus directly formed in 
a polycyclization process. 

The chiral cyclohexenone 9 (Scheme 4), synthesized as 
previously described (18, 22), and compound 10a were 

treated with cesium carbonate in chloroform giving, after 
decarboxylation, triketone 25 (60% yield), which was ob- 
tained pure by chromatography. The cesium carbonate-cat- 
alyzed aldol condensation was then carried out in refluxing 
acetonitrile and produced 14P-hydroxy steroid 11 in 32% 
yield (47% based on recovered starting material). Although 
this reaction proceeded in low yield, it should be pointed out 
here that steroid 11 was the only new product formed in the 
aldol reaction we found to be at equilibrium. In fact, when 
the purified steroid 11 was resubmitted to the reaction con- 
ditions, a 1 : 1 mixture of compounds 25 and 11 was ob- 
tained. Structure 11 was secured by a single crystal X-ray 
analysis. 

Our next task then consisted in finding ways to improve 
the yield of the aldol reaction carried out on triketone 25. All 
attempts to improve the yield by modifications of reaction 
conditions proved unsuccessful, but one case led to a very 

' ~ l s o ,  C. Spino. Unpublished results. UniversitC de Sherbrooke, 'M. Drouin and A. G. Michel. Structure determination to be 
1990. submitted to Acta Crystallogr. Sect. C. 
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i: (1) 0 3 ,  MeOH, -78°C; (2) NalO,, H20; ii: BH3. THF, THF; iii: PCC, CH2C12; iv: Ph3PCHCH0, C6H6,h; v: BrZnCH,CO,t-Bu, THF; 
vi; MnO,, AcOEt 

interesting observation. Thus, warming a solution of potas- 
sium bis(trimethysily1)amide and triketone 25 in tetrahydro- 
furan did not afford the expected trans (C8-C9) steroid 11, 
but a new aldol product for which we have proposed struc- 
ture 26 having the cis C8-C9 junction. Compound 26 was 
converted to 11 (Cs2C03, CH3CN, reflux) while dehydra- 
tion under acidic conditions (PTSA, benzene, reflux) of both 
11 and 26 gave the same compound 33 (Scheme 5). Also, 
compound 26 was further characterized through its conver- 
sion to the silyl ether derivative 27. The implications of this 
observation on the aldol reaction transition state will be dis- 
cussed in Sec. 3. To improve the yield of the aldol reaction, 
we also considered modifications on triketone 25. Com- 
pounds 28 and 29 were then synthesized from benzoylated 
triketone 25. Thus benzoate cleavage (MeONa, MeOH) gave 
alcohol 28 (73%), which afforded carbonate 29 (71%) upon 
treatment with phenyl chloroformate in pyridine. The ce- 
sium carbonate-catalyzed aldol condensation carried out on 
alcohol 28 gave diol 30 in low yield (30%). It was hoped that 
intramolecular hydrogen bonding between hydroxyl groups 
in 30 could eventually shift the equilibrium aldol reaction but 
starting material was again recovered as a result of the re- 
versibility of this reaction. This idea was, however, the basis 
for the synthesis of carbonate 29. Upon aldol condensation, 
the equilibrium reaction would hopefully be shifted through 

formation of six-membered ring carbonate 31. Therefore, the 
cesium carbonate-catalyzed aldol condensation was then 
carried out on carbonate 29 and, as expected, starting ma- 
terial was totally consumed. However, six-membered ring 
carbonate 31 could not be isolated because of an elimina- 
tion that gave allylic alcohol 32 (5 1%) and carbon dioxide. 

Acid-catalyzed aldol condensation was also camed out on 
benzoate 25 and carbonate 29 (Scheme 5). Reaction of 25 
and p-toluenesulfonic acid in refluxing benzene gave com- 
pound 33 in 77% yield. In this case, not only did dehydra- 
tion occur but the C3 isopropenyl substituent also isomerized 
to the cyclohex-2-en-1-one 33. Acid-catalyzed aldol con- 
densation of carbonate 29 gave bis-enones 34 (74%) in a 
similar manner. 

3 .  Cycloaddition of chiral2-carbomethonycyclohexenone 9 
with achiral substituted Nazarov reagent 2 

Application to the synthesis of 14P-hydrony steroids 
We described in Scheme 1 the one-step stereocontrolled 

construction of a 14a-hydroxy steroid from cycloaddition of 
compounds 1 and 2 (8). Our next goal was then to study the 
reactivity of chiral cyclohexenone 9 with achiral substituted 
Nazarov reagent 2. Thus, a 1 : 1 mixture of tetraketone 35 and 
14a-hydroxy steroid 36 (44% total yield, two steps) was 
obtained from selective decarboxylation of the cycloaddi- 
tion product resulting from the reaction of precursors 2 and 
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9 (Scheme 6). No tetraketone product (like 35) was ob- 
tained in the previous reaction (1 + 2 + 3). This difference 
in reactivity might be explained on the following basis: as 
previously stated (8), tetracyclic compound 5 is likely to be 
formed from intermediate enolate 39 (Scheme 7); similarly, 
steroid 41 would arise from enolate 40 and decarboxylation 
of 41 would then give steroid 36. The C3 isopropenyl sub- 
stituent in 40 may, however, induce conformational change 
to 42. If so, such conformational bias may then allow suf- 
ficient time for isomerization of the enolate to the more sta- 
ble (C6-C7) position and a tetracyclic compound cannot be 
formed if such isomerization occurs. 

With respect to the synthesis of 14P-hydroxy steroids, 
tricyclic compounds like 35 may be of considerable impor- 
tance as suggested by the following preliminary results. Base- 
catalyzed aldol condensation (6) of tetraketone 35 gave 14P- 
hydroxy steroid 37 having a cis relationship between C8 and 
C9 carbon centers (Scheme 6). Equilibration of steroid 37 
gave 14P-hydroxy steroid 38. The structure of the latter 
compound was ascertained by chemical correlation since it 
was obtained from 14P-hydroxy steroid 11 by methanolysis 
and oxidation (see Experimental). Although the yield (29%) 
of the aldol condensation reaction (35 + 37) remains yet to 

be optimized, the synthesis of enantiomerically pure 14P- 
hydroxy steroid 37 (or 38) is of interest since six new ster- 
eocenters were controlled starting from a single asymmetric 
center (i.e., 9 + 2 + 35 + 37). Also, cis (C8-C9) isomer 
37 could, like 26, be effectively isolated. Compounds 26 and 
37 were both showing a rather interesting characteristic in 
their 'H nmr spectrum. They both displayed a doublet (J 
2 Hz) for the tertiary alcohol, that usually stands as a sin- 
glet. A possible explanation for this is apparent considering 
the rigid structure 43 (Scheme 8). This phenomenon could 
originate from a W-type coupling between Ha at C15 and the 
hydroxyl group that would be involved in hydrogen bond- 
ing with the C7 carbonyl oxygen. 

The formation of the cis B-C ring junction in products 26 
and 37 must involve aldol addition on the P face of enolate 
44. Such aldol reaction would be precluded in the case of 
enolate 45 because of severe steric interactions involving the 
axial tert-butyl ester group (Scheme 8). Aldol addition on the 
p face of enolate 46 to give the cis B-C ring junction could 
also take place following stereoelectronic control require- 
ments (23). However, the formation of cis B-C ring prod- 
ucts 26 and 37 probably comes from the reaction on 
conformation 44 rather than 46, because the resulting aldol 
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the latter. In  conclusion, the above considerations show that 
the stepwise synthesis of  tetracyclic compounds 37 and  38 
was by  far  more advantageous than the (synchronous) 
polycyclization leading t o  41 (and 36 after decarboxylation) 
as only the former afforded 14P-hydroxy steroids. 

compound is produced having rings B a n d  C in a chair con- form as solvent. All reactions were carried out under an argon at- 
formation in the former case a n d  in a boat conformation i n  mosphere unless otherwise noted. 

Ketoacid 13a 
Ozone is bubbled into a cold (-78°C) solution of enone 12a 

(10 g ,  37.0 mmol) in methanol (200 mL) for 2.5 h (although the 

Experimental 

Melting points were determined on a Reichert Hot Stage appa- 
ratus and are uncorrected. Chromatographic separations were made 
using Merck Kieselgel 60  (230-400 mesh ASTM). The infrared 
(ir) spectra were taken on a Perkin-Elmer 68 1 spectrophotometer. 
Proton nuclear magnetic resonance ('H nmr) and carbon ("c nmr) 
spectra were recorded on a Bruker WM-250 instrument. Chemical 
shifts are reported in 6 values relative to chloroform as internal 
standard. The following abbreviations have been used: s, singlet; 
d, doublet; t, triplet, dd, double doublets; m, multiplet; br, broad. 
Mass spectral assays were obtained using a VG Micromass ZAB-1F 
spectrometer. Optical rotation values ([a],) were determined at 25'C 
in a 1-dm cell on a Perkin-Elmer 141-B polarimeter with chloro- 

solution becomes bluish after 5 min, ozone bubbling is main- 
tained until TLC analysis shows disappearance of starting mate- 
rial). Dimethyl sulfide (13.6 d ,  0.19 mol) is then added and the 
resulting yellow solution is stirred at room temperature for 12 h. 
Saturated sodium bicarbonate solution is then added until pH 
reaches 7 and the solution volume is reduced to 25% by evapora- 
tion under reduced pressure. Water (100 mL) and sodium per- 
iodate (9.0 g, 42.1 mmol) are added to the resulting mixture and 
the new mixture is vigorously stirred at room temperature for 2 h. 
The mixture is extracted with methy lene chloride (5 x 100 d )  and 
the combined organic layers are washed with brine, dried (MgSO4), 
filtered, and evaporated. The crude ketoacid 13a can be used 
without purification but pure material can be obtained by liquid- 
liquid extraction involving the carboxylic acid salt of 13a: 1 N so- 
dium hydroxide solution (37 mL) is added at O°C to the crude ke- 
toacid 13a (10.7 g, 37 rnmol) in methylene chloride. The separated 
aqueous layer is acidified (pH = 2) with hydrochloric acid and ex- 
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tracted with methylene chloride. This extraction yields 7.6 g (71%) 4.7 Hz, -CHOCOC6H,), 2.47-1.86 (8H, m), 1.13 (3H, s, -CH,); 
of pure ketoacid 13a; ir (CH,CI,, v cm-I): 3620-2400 (OH), 1740 ms, m / e :  290 (M'), 275 (M' -CH3), 272 (M+-H,o), 262 
(C=O ester), 1720 (C=O ketone and acid); IH nmr (250 MHz, (M+-CO). Exact Mass calcd. for CI6Hl8o5 (M'): 290.1154; found: 
CDCI3)6ppm:8.04,7.57,7.45(5H,3m,-C,H,,5.45(1H,t,J= 290.1149. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1946 CAN. J. CHEM. 1 

Ketoacid 13b 
Ketoacid 13b is synthesized from enone 12b following the same 

procedure; ir (CH2C1,, v cm-I): 3680-2400 (OH), 1750-1700 
(C=O ketone and acid); 'H nmr (250 MHz, CDCI,) 6 ppm: 3.87 
( lH, t, J = 5.8 Hz, -CHOC(CH,),), 2.53-1.71 (8H, m), 1.19 (9H, 
s, -C(CH3),), 0.96 (3H, S, -CH3); ms, m/e: 242 (weak, M+), 186 
(MH+-C4H9). Exact Mass calcd. for C9HI4o4 (MH+-C4H9): 
186.0892; found: 186.0891. 

Ketoalcohol l 4a  
A solution of carboxylic acid 13a (1 1.3 g, 39.0 mmol) in tetra- 

hydrofuran (250 mL) is added to a cold (0°C) stirred solution of 
borane-THF complex (1 M/THF, 40 mL) in tetrahydrofuran 
(250 mL). After stirring for 2 h at O°C, water (100 mL) is added 
and the separated aqueous layer is extracted with ethyl acetate 
(5 x 200 mL). The combined organic layers are washed with brine, 
dried (MgS04), filtered, and evaporated. The crude product is used 
without further purification. Pure materials may, however, be ob- 
tained by flash chromatography (ethyl acetate - hexane, 4 :  1) of a 
portion of the residue which yields a 5.6: 1 mixture of alcohol 14a 
and diol 15a. Ketoalcohol 14a: [a], +36.3 (c 1); ir (CH2C12, 
v cm-I): 3620, 3500 (OH), 1745 (C=O ester), 1720 (C=O ke- 
tone); I H  nmr (250 MHz, CDC1,) 6 ppm: 8.01, 7.56, 7.45 (SH, 3m, 
- C a 5 ) ,  5.52 ( lH,  t, J = 5.0 Hz, -CHOCOC6H5), 3.62 (2H, m, 
-CHIOH, becomes t, J = 5.9 Hz upon exchange with D,O), 2.45- 
1.56 (8H, m), 1.13 (3H, s, -CH3), and the following signals can 
be attributed to the hemiketal form: 5.65 (<1H, br t, J = 6.2 Hz, 
-CHOCOC6H5), 1.11 (<3H, s, -CH3); ',c nmr (62.9 MHz, CDCI,) 
6ppm: 218.9, 165.8, 133.2, 129.5, 128.5, 103.5,77.9,76.5,62.6, 
60.9, 52.3, 35.7, 34.7, 31.5, 27.3, 27.1, 25.5, 25.3, 20.9, 18.5, 
15.9; ms, m/e: 277 (MH+), 261 (M+-CH,), 258 (M+-H20). 
Exact Mass calcd. for C16H2104 (MH+): 277.1440; found: 
277.1434. Diol 15a: ir (CH2C12, v cm-I): 3620, 3400 (OH), 1715 
(C=O ester); 'H nmr (250 MHz, CDCI,) 6 ppm: 8.03, 7.55, 7.44 
(5H, 3m, -Ca , ) ,  5.24 ( lH,  dd, J = 8.5,6.5 Hz, -CHOCOC6H5), 
4.00 (1 H, dd, J = 6.0, 2.4 Hz, -CHOH), 3.67 (2H, m, -CH,OH), 
2.45-1.47 (8H, m), 1.04 (3H, s, -CH3); ms, m/e: 279 (MH+). 
Dibenzoylation of this diol 15a gives tribenzoylated derivative 16. 
Tribenzoate 16: [a], +80.8 (c 1.3); 'H nmr (250 MHz, CDCI,) 6 
ppm: 8.04, 7.90, 7.45 (15H, m, 3 x - C a 5 ) ,  5.36, 5.26 (2H, 2m, 
2 x -CHOCOC6H5), 4.26 (2H, m, -CH,0COC6H5), 2.60-1.60 
(8H, m), 1.22 (3H, s, -CH,); ms, m/e: 486 (M+), 381 
(M+-COC6H5), 365 (M+-OCOCJI,). Exact Mass calcd. for 
C30H3006 (M'): 486.2042; found: 486.2038. 

KetoalcoholI4b 
Ketoalcohol 14b is synthesized from ketoacid 13b following the 

procedure described for the synthesis of ketoalcohol 14a. Ketoal- 
coho1 14b: IH nmr (250 MHz, CDCl,) 6 ppm: 3.95 ( lH,  t, J = 
6.0 Hz, -CHOCC(CH3)3), 3.60 (2H, m, -CH,OH), 2.53-2.40 (8H, 
m), 1.19 (9H, s, -C(CH,),), 1.15 (<9H, s, -C(CH3),, hemiketal 
form), 0.96 (3H, s, -CH3), 0.88 (<3H, s, -CH3, hemiketal form). 

Aldehyde 17a 
To a stirred solution of crude alcohol 14a (10.8 g, 39.1 mmol) 

in methylene chloride (200 mL) at room temperature is added pyr- 
idinium chlorochromate (25.2 g, 1 17.4 mmol). After stirring at 
room temperature for 3 h, the mixture is diluted with ether 
(1.5 mL) and filtered on silica gel. Concentration under reduced 
pressure and flash chromatography (ethyl acetate - hexane, 2: 3) 
of the resulting residue yields 5.4 g (50% from enone 12a) of al- 
dehyde 17a; [a], +43. l (c 4); ir (CH2C12, v cm-l): 1740 (C=O 
ester), 1720 (C=O ketone and aldehyde); 'H nmr (250 MHz, 
CDC1,) 6 ppm: 9.76 ( lH, s, -CHO), 8.01, 7.59, 7.45 (SH, 3m, 
- C a 5 ) ,  5.44 ( lH, t, J = 5.0 HZ, -CHOCOC6H5), 2.73- 1.80 (8H, 
m), 1.1 1 (3H, s, -CH3); ms, m/e: 274 (M+). exact mass calcu- 
lated for C1JII8O4 (M+): 274.1205; found: 274.1 199. 

Aldehyde 17b: ir (CH,Cl,, v cm-I): 1730 (C=O ketone and al- 
dehyde); 'H nmr (250 MHz, CDCI,) 6 ppm: 9.75 ( lH, t, J = 
1.3 HZ, -CHO), 3.86 ( lH, t, J = 5.9 HZ, -CHOC(CH3),), 2.62- 
1.57 (8H,m), 1.19 (9H, s, -C(CH,),), 0.96 (3H, s, -CH,). 

Unsaturated aldehyde 18a 
TO a stirred solution of aldehyde 17a (1.0 g, 3.6 mmol) in ben- 

zene (70 mL) at room temperature is added (formylmethylene) tri- 
phenylphosphorane (1.3 g, 4.4 mmol). The mixture is heated at 
reflux for 48 h and then cooled down at room temperature. Con- 
centration under reduced pressure and flash chromatography (ethyl 
acetate - hexane, 2: 3) of the resulting residue yields 799 mg of the 
desired trans unsaturated aldehyde (73%) and a minor amount 
(<5%) of undesired cis isomer; [a], f65 .9  (c 1); ir (CH2C1,, v 
cm-I): 2880 (CH aldehyde), 1740- 1720 C=O ester and ketone), 
1680 (C=O conjugated aldehyde); 'H nmr (250 MHz, CDC1,) 6 
ppm: 9.48 ( lH,  d, J = 7.8 Hz, -CH=CH-CHO), 8.03, 7.58, 7.47 
(SH, 3m, - C a 5 ) ,  6.80 ( lH,  dt, J = 15.7, 6.8 Hz, -CH=CH- 
CHO), 6.16 ( lH,  ddt, J = 15.7, 7.8, 1.5 Hz, -CH=CH-CHO), 
5.52 ( lH, t, J = 6.1 Hz, -CHOCOC6H,), 2.65-1.66 (8H, m), 1.16 
(3H, s ,  -CH3); ms, m/e: 298 (M+-2H), 273 (MH+-CO), 231 
(M+-C4H50). Exact Mass calcd. for C18H1804 (M+-2H): 
298.1205; found: 298.1202. 

Unsaturated aldehyde 18b: 'H nmr (250 MHz, CDC1,) 6 ppm: 
9.48 (1 H, d, J = 7.8 Hz, -CH=CH-CHO), 6.81 ( lH, dt, J = 
15.6, 6.8 HZ, -CH=CH-CHO), 6.10 ( lH,  ddt, J = 15.7, 7.8, 
1.5 Hz, -CH=CH-CHO), 3.92 ( lH,  m, -CHOC(CH,),), 2.60- 
1.51 (8H, m), 1.20 (9H, s, -C(H,),), 0.98 (3H, s, -CH,). 

P-Hydroxyester 19a 
To a suspension of granular zinc (549 mg, 8.4 mmol) in tetra- 

hydrofuran (20 mL) at room temperature are added tert-butyl bro- 
moacetate (0.9 mL, 5.6 mmol) and one crystal of iodine. The 
resulting mixture is heated at reflux for 1 h and then cooled down 
at O°C. A solution of trans unsaturated aldehyde 18a (1.1 g, 
3.7 mmol) in tetrahydrofuran (20 mL) is then added to the reac- 
tion mixture at O°C. After stirring at O°C for 90 min, saturated 
aqueous ammonium chloride (20 mL), water (5 mL), and ether 
(20 mL) are added. The separated aqueous layer is extracted with 
ethyl acetate (4 x 15 mL) and the combined organic layers are 
washed with brine, dried (MgS04), filtered, and evaporated. Flash 
chromatography (ethyl acetate - hexane, 2: 3 to 3.2) of the resi- 
due yields 1.3 g (85%) of an unseparated (1 : 1) mixture of diaster- 
eomers; ir (neat, v cm-I): 3480 (OH), 1730 (C=O ester and 
ketone); 'H nmr (250 MHz, CDCl,) 6 ppm: 8.01, 7.59, 7.45 (lOH, 
3m, 2 x -Ca5) ,  5.56 (6H, m, 2 x -CH=CH and -CHOCOC6H5), 
4.43 (2H, m, 2 x -CHOH), 3.09, 3.07 (2 x lH,  2d, J = 3.7 Hz, 
2 x -OH), 2.60-1 .50 (20H, m, 2 x -CH,)), 1.46 (9H, s, 
-C(CH3),), 1.45 (9H, S, -C(CH3),), 1.12 (3H, S, -CH3), 1.1 1 (3H, 
s, -CH3); ms, m/e: 343 (M+-OC(CH,),). 

P-Hydroxyester 19b: ir (neat, v cm-I); 3460 (OH), 1730 (C=O 
ester and ketone); IH nmr (250 MHz, CDCI,) 6 ppm: 5.73-5.40 
(4H, m, 2 x -CH=CH), 4.42 (2H, m, 2 x -CHOH), 3.92 (2H, 
m, 2 x -CHOC(CH,),), 3.09 (2H, br s, 2 X -OH), 2.55-1.70 (20H, 
m, 2 x (5 x -CH,)), 1.46 (9H, s, -OC(CH,),), 1.45 (9H, s, 
-OC(CH3),), 1.20 (9H, S, -C(CH3),), 1.19 (9H, S, -C(CH3),), 0.94 
(6H, s, 2 x -CH3). 

P-Ketoester IOa 
To a stirred solution of P-hydroxyester 19a (802 mg, 1.93 mrnol) 

in ethyl acetate (80 mL) at room temperature was added man- 
ganese dioxide (3.35 g, 38.5 mmol). After vigorous stirring at room 
temperature for 8 h, the mixture is filtered on silica gel and evap- 
orated under reduced pressure. Flash chromatography (ethyl ace- 
tate - hexane, 2:3) of the residue yields 464 mg (58%) of P- 
ketoester 10a along with 27% of recovered starting material; ir 
(neat, v cm-I): 1735 (C=O ester), 1690 (C=O conjugated ke- 
tone); 'H nrnr (250 MHz, CDCI,) 6 ppm: 12.00 (<lH,  br s, 
-OH, en01 form), 8.0 1, 7.57, 7.45 (SH, 3m, -Ca, ) ,  6.85-6.55 
( lH, 2dt, J = 15.9, 6.8 Hz, -CH2CH=CH-, P-ketoester and en01 
forms), 6.15-5.75 ( lH, 2m, -CH,CH=CH-), 5.51 ( lH,  m, 
-CHOCOC6H,), 4.86 (< lH,  s, -C=CHC02_, en01 form), 3.45 
(<2H, s, -COCH,C02_), 2.65-1.58 (8H, m), 1.48, 1.47 (9H, 2s, 
-C(CH,),, P-ketoester and en01 forms), 1.14 (3H, s, -CH3); ms, 
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RUEL AND DESL 

m/e: 383 (M+-OCH,), 357 (M+-C,H,). Exact Mass calcd. for 
C20H2106 (M+-C4H9): 357.1338; found: 357.1333. 

P-Ketoesrer lob: ir (neat, v cm-'): 1735 (C=O ester), 1690 
(C=O conjugated ketone); 'H nmr (250 MHz, CDC1,) 6 ppm: 
12.00(<1H, m, -OH, en01 form), 6.85-6.51 ( lH,  2dt, J = 15.9, 
6.8 Hz, P-ketoester and en01 forms), 6.17-5.70 ( l H ,  2m, -CH,- 
CH=CH-), 4.88 (<1H, s,  -C=CHCO,, en01 form), 3.92 ( lH,  
2t, J = 6.0 HZ, -CHOC(CH,),), 3.47 (2H, S, -COCH2C02_), 
2.60- 1.40 (8H, m), 1.49, 1.45 (9H, 2s, -C02C(CH3),, P-ketoes- 
ter and en01 forms), 1.20 (9H, s ,  -OC(CH,),), 0.96 (3H, s,  -CH,). 

Triketone 2 0  
A solution of 2-carbomethoxycyclohex-2-en-I-one (1) (42 mg, 

0.27 mmol) in chloroform (2.0 mL) is added to a stirred mixture 
of P-ketoester l o b  (72 mg, 0.2 mmol) and cesium carbonate 
(32 mg, 0.1 mmol) in chloroform (3.0 mL) at room temperature 
over 20 mins. After stimng for 1 h at room temperature, the mix- 
ture is filtered on silica gel and evaporated under reduced pres- 
sure. The residue is dissolved in trifluoroacetic acid (4 mL) and 
evaporated under reduced pressure. The new residue is then dis- 
solved in benzene (10 mL) and heated at reflux for 2 h. The solu- 
tion is cooled down at room temperature and evaporated under 
reduced pressure. Flash chromatography (ethyl acetate - hexane, 
9 :  1) of the residue yields 3 1.2 mg (44%) of a 1 : 1 mixture of dias- 
tereomers; ir (neat, v cm-I): 3450 (OH), 1740-1720 (C=O ester 
and ketones); 'H nmr (250 MHz, CDC1,) 6 ppm: 4.10 ( l H ,  m, 
-CHOH), 3.77, 3.76 (3H, s,  -C02CH3), 3.10 ( l H ,  m,  -CH,CHC- 
(C02CH3)), 2.74-0.95 (1 9H, m), 0.93, 0.92 (3H, s,  -CH3); ms, 
m/e: 364 (M+), 346 (M+-H,O), 305 (M+-cO,CH,). 

Tetraketone 21  
Tetrapropylammonium permthenate (0.001 mmol) is added tp 

a vigorously stirred mixture of alcohol 20 (9 mg, 0.025 mmol), 4A 
molecular sieves (5 mg), and 4-methylmorpholine N-oxide (4.3 mg, 
0.03 mmol) in methylene chloride (1 mL) at room temperature. 
After stimng for 15 h at room temperature, methylene chloride 
(20 mL), 5% aqueous sodium sulfite solution (10 mL), and brine 
(10 mL) are added. The separated organic layer is dried (MgSO,), 
filtered, and evaporated. Flash chromatography (ethyl acetate - 
hexane, 3 : 2) of the residue yields 5.4 mg (6 1 %) of tetraketone 21: 
ir (CH,Cl,, v cm-I): 1740-1720 (C=0 ester and ketones); 'H nmr 
(250 MHz, CDC1,) 6 ppm: 3.76 (3H, s,  -CO,CH,), 3.05 ( l H ,  m, 
-CH,CH(C-COOCH,)CH,J, 2.73 (4H, m, -OC(CH,),CO-), 2.65- 
0.93 (15H, m), 1.07 (3H, s ,  -CH3); ms, m/e: 362 (M+), 344 
(M+-H,O), 330 (M+-CH,OH). Exact Mass calcd. for C20H2606 
(M+): 362.1729; found: 362.1727. 

En01 phosphate 24  
A solution of crude compound 5 (60 mg, 0.13 mmol) in tetra- 

hydrofuran is added to a stirred suspension of sodium hydride 
(6 mg, 0.26 mmol) in tetrahydrofuran (1 mL) at 0°C. Diethyl 
chlorophosphate (28 pL,  0.19 mrnol) is then added to the result- 
ing yellow solution at 0°C and the mixture is stirred at room tem- 
perature for 16 h. Saturated aqueous ammonium chloride (5 mL) 
and ethyl acetate (5 mL) are added and the separated aqueous layer 
is extracted with ethyl acetate (4 X 10 mL). The combined or- 
ganic layers are washed with brine, dried (MgSO,), filtered, and 
evaporated. Flash chromatography (ethyl acetate - hexane, 4 :  1) 
of the residue yields 21.6 mg (28%) of en01 phosphate 24 along 
with 63% of recovered starting material. Recovered starting ma- 
terial could be recycled to give the same compound 24 in compa- 
rable yield (to ascertain that the aldol reaction was not observed 
using these conditions, a control experiment was run without di- 
ethyl chlorophosphate. In this case, starting material remained un- 
changed); ir (CH,Cl,, v cm-I): 3580, 3470 (OH), 1740 (C=O 
ester), 1730-1710 (C=O ketones and conjugated ester); 'H nmr 
(250 MHz, CDCI,) 6 ppm: 4.16 (4H, qd, J = 7.1, 4.0 Hz, 
-OP(0)(OCH2CH3)z), 4.15 ( lH,  S, -OH), 3.69 (3H, S, -C02CH3), 
3.65 ( l H ,  m, HPCS), 3.00-1.10 (16H, m), 1.50 (9H, s,  -CO,C- 
(CH,),), 1.35 (6H, td, J = 7.1, 1.1 HZ, -OP(0)(OCH2CH3),), 1.06 

(3H, s ,  -CH,); ms, m/e:  598 (M+), 584 (MH+-CH,), 567 
(M+-OCH,), 542 (MH+-C4H9). 

Trikerorze 25 
A solution of chiral cyclohexenone 9 (567 mg, 2.9 mmol) in 

chloroform (18 mL) is added to a stirred mixture of P-ketoester 10a 
(803 mg, 1.9 mmol) and cesium carbonate (285 mg, 0.9 mmol) in 
chloroform (30 mL) at room temperature. After stirring for 6 h at 
room temperature, the mixture is filtered on silica gel and evapo- 
rated under reduced pressure. The residue is dissolved in trifluo- 
roacetic acid (20 mL) and evaporated under reduced pressure. The 
new residue is then dissolved in benzene (30 rnL) and heated at 
reflux for 5 h. The solution is cooled down at room temperature and 
evaporated under reduced pressure. Flash chromatography (ethyl 
acetate - hexane, 1 : 3 to 2:  3) of the residue yields 587 mg (60%) 
of compound 25 along with 104 mg (1 1%) of uncharacterized 
diastereomer; [a], f 8 3 . 6  (c 1); ir (CH2C12, v cm-I): 1740 (C=0 
ester), 1720, 1710 (C=O ketones); 'H nmr (250 MHz, CDCI,) 6 
ppm: 7.99, 7.58, 7.43 (SH, m, -C&15), 5.37 ( l H ,  t, J = 5.6 Hz, 
-CHOCOC6H5), 4.80, 4.72 (2H, 2 br s ,  -C=CH2), 3.73 (3H, s,  
-CO,CH,), 3.15 ( lH,  m, -CH,CH(C-COOCH3)CH2.), 2.76- 1.10 
(18H, m), 1.71 (3H, s ,  =C-CH,), 1.06 (3H, s ,  -CH,); ms, m/e: 
508 (M+), 490 (M+-H,O), 476 (M+-cH,OH). Exact Mass calcd. 
for C30H3607 (M+): 508.246 1 ; found: 508.2457. Diastereoisomer: 
'H nmr (250 MHz, CDCl,) 6 ppm: 8.01, 7.57, 7.45 (SH, 3m, 
-C&15), 5.46 ( l H ,  t, J = 6.7 Hz, -CHOCOC6H5), 4.82,4.78 (2H, 
2 br s,  -C=CH2), 3.73 (3H, s ,  -C02CH3), 3.10 ( lH,  m, 
-CH,CH(C-C02Ch3)CH,_), 2.46-1.20 (18H, m), 1.75 (3H, s ,  =C- 
CH,), 1.06 (3H, s ,  -CH,). 

Methyl 17~-benzoyloxy-14~-hydroxy-3/3-methylethenyl-l,7- 
dioxo-5P-arzdrostan-19-oate (1 I) 

To a stirred solution of triketone 25 (94 mg, 0.19 mmol) in ace- 
tonitrile (5 mL) at room temperature is added cesium carbonate 
(36 mg, 0.11 mmol). The mixture is heated at reflux for 20 h, 
cooled down at room temperature, filtered on silica gel, and evap- 
orated under reduced pressure. Flash chromatography of the resi- 
due (ethyl acetate - hexane, 7 :  13) yields 30 mg (32%) of steroid 
11 along with 3 1 % recovered starting material; mp 156- 157°C; 
[a], f61 .5  (c 1); ir (CH,Cl,, v cm-I): 3520-3500 (OH), 1740 
(C=O ester), 1720-1710 (C=O ketones); 'H nmr (250 MHz, 
CDC1,) 6 ppm: 8.08, 7.53, 7.42 (SH, 3m, -C&15), 5 .O1 ( lH,  m, 
HaC17), 4.84, 4.73 (2H, 2s, -C=CH,), 4.01 ( l H ,  s,  -OH), 3.81 
(3H, s ,  -CO,CH,), 3.19 ( l H ,  m, HPCS), 2.79 ( l H ,  d ,  J = 
13.6 Hz, HPC8), 2.64-1.35 (16H, m), 1.72 (3H, s ,  =C-CH,), 
1.07 (3H, s,  -CH3); I3c nmr (62.9 MHz, CDC1,) 6 ppm: 214.8, 
206.3, 171.5, 166.5, 146.0, 132.7, 129.6, 128.3, 111.1, 84.1, 
82.9, 82.3, 62.8, 52.7, 52.4, 50.5, 45.2, 42.5, 40.8, 36.6, 35.1, 
34.1, 32.6, 28.9, 28.0, 23.5, 20.7, 13.2; ms, m/e: 508 (M+), 490 
(M+-H20), 476 (M+-CH,OH), 449 (M+-COOCH,). Exact Mass 
calcd. for C30H360, (M+): 508.2461 ; found: 508.2472. 

Compound I I  is also obtained from 2 6  under the same condi- 
tions. 

Methyl 17P-benzoyloxy-14P-hydroxy-3P-methylethenyl-1, 7- 
dioxo-5/3,8cu-androstan-19-oate (26) 

To  a stirred solution of triketone 25 (16 mg, 0.03 mmol) in tet- 
rahydrofuran (1 mL), at -78'C, is added a solution of potassium 
bis(trimethylsily1)amide (82 pL,  0.5 M, 0.04 mmol) in toluene. 
After stimng for 30 min at -78OC, the reaction mixture is warmed 
to room temperature and, after an additional 20 min, quenched with 
saturated aqueous ammonium chloride (2 mL). Ethyl acetate 
(10 mL) is added and the separated aqueous layer is extracted with 
a 1: 1 mixture of ether and ethyl acetate (4 x 10 mL). The com- 
bined organic layers are washed with brine, dried (MgSO,), fil- 
tered, and evaporated. Flash chromatography (ethyl acetate - 
hexane, 3.7) of the residue yields 4 mg (25%) of steroid 26 along 
with 30% recovered starting material; ir (CH,Cl,, v cm-I): 3500 
(OH), 1740-1700 (C=O ketones and ester); 'H nmr (250 MHz, 
CDCI,) 6 ppm: 8.07, 7.53, 7.43 (SH, 3m, -C&15), 5.03 ( l H ,  dd, 
J = 7.5, 2.5 Hz, -CHOCOC6H5), 4.82,475 (2H, 2 br s,  -C=CH2), 
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4.64 ( lH, d, J = 2.0 Hz, -OH), 3.78 (3H, s, -CO?CH,) 3.30-1.00 trile (15 mL) at room temperature. The mixture is heated at reflux 
(18H, m), 1.71 (3H, s, -C(CH3)=CH2), 1.09 (3H, s, -CH3). for 6 h, cooled down at room temperature, filtered, and evapo- 

Methyl 17P-benzoyloxy-2P-methylethenyl-1,7-dioxo-14P- 
trimethylsilyloxy-5PP8a-androstan-19-a (27) 

Trimethylsilylchloride (5 pL, 0.04 mmol) is added to a stirred 
solution of alcohol 26 (9 mg, 0.02 mmol) and imidazole (3 mg, 
0.04 mmol) in dimethylformamide (0.1 mL) at room temperature. 
After stirring for 12 h at room temperature, saturated aqueous am- 
monium chloride (1 mL) and ether (1 mL) are added. The sepa- 
rated aaueous laver is extracted with ether (3 x 10 mL) and the 
combined organfc layers are washed with biine, dried (M~so,), 
filtered, and evaporated. Flash chromatography (ethyl acetate - 
hexane, 1 :4) of the residue yields 8 mg (79%) of trimethylsilyl ether 
27; 'H nmr (250 MHz, CDC1,) 6 ppm: 8.08, 7.55, 7.44 (SH, 3m, 
- C a 5 ) ,  4.90 (1 H, m, CHOCOC6H5), 4.81, 4.74 (2H, 2 br s, 
-C=CH,), 3.76 (3H, s, -CO,CH,), 3.40-0.80 (18H, m), 1.72 (3H, 
s, -C(CH3)=CH2), 1.15 (3H, s, -CH3), 0.08 (9H, s, -Si(CH,),); 
ms, m/e: 580 (M'), 565 (M'-CH,). 

Tricyclic alcohol 28  
To a stirred solution of benzoate 25 (95 mg, 0.19 mmol) in 

methanol (2 mL) at room temperature is added a solution of so- 
dium methoxide (190 pL, 0.5 M) in methanol. After stirring for 
15 h at room temperature, the mixture is neutralized with weakly 
acidic Dowex IRC-50 resin, filtered, and evaporated. Flash chro- 
matography (ethyl acetate - hexane, 7:3) of the residue yields 
55 mg (73%) of alcohol 28; 'H nmr (250 MHz, CDC1,) 6 ppm: 
4.8 1,4.73 (2H, 2 br s, -C=CH,), 4.08 ( lH, m, -CHOH) 3.76 (3H, 
s, -CO2CH3), 3.15 (lH, m, -CH,CH(C-COOCH,) CH,], 2.81-0.98 
(19H, m), 1.72 (3H, s, -C=C(CH,)), 0.94 (3H, s, -CH3); ms, 
m/e: 404 (M'), 386 (M'-H,O), 372 (M'-CH,OH). Exact Mass 
calcd. for C23H3206 (M'): 404.2199; found: 404.2191. 

Tricyclic carbonate 29 
To a stirred solution of alcohol 28 (50 mg, 0.12 mmol) in pyr- 

idine (0.2 mL) at room temperature, is added phenyl chlorofor- 
mate (23 pL, 0.18 mmol). After stirring for 24 h at room 
temperature, the mixture is quenched with ice and saturated aqueous 
sodium bicarbonate (10 mL) and ether (10 mL) are added. The 
separated aqueous layer is extracted with ether (3 X 10 mL) and 
the combined organic layers are washed with brine, dried (MgSO,), 
filtered, and evaporated. Flash chromatography (ethyl acetate - 
hexane, 7 : 13) of the residue yields 46 mg (7 1 %) of carbonate 29; 
'H nmr (250 MHz, CDCl,) 6 ppm: 7.40, 7.24 (SH, 2m, - C a 5 ) ,  
5.07 (1 H, br t, J = 6.0 Hz, -CHOCO2C6H5), 4.8 1, 4.7 1 (2H, br 
s, -C=CH,), 3.74 (3H, s, -C02CH3), 3.18 ( lH,  m, -CH,CH(C- 
C02CH3)CH2_), 2.72-1.20 (18H, m), 1.72 (3H, s, C=C(CH3)), 
1.04 (3H, s, -CH3); ms, m/e: 524 (M'), 506 (M'-H,O), 492 
(M'-CH,OH). Exact Mass calcd. for C30H3608 (M'): 524.2410; 
found: 524.2405. 

Methyl 14P,17~-dihydroxy-3P-methylethenyl-l,7-dioxo-5P- 
androstan-19-oate (30) 

To a stirred solution of triketone 28 (60 mg, 0.15 mmol) in ace- 
tonitrile (4 mL) at room temperature is added cesium carbonate 
(36 mg, 0.11 mmol). The mixture is heated at reflux for 20 h, 
cooled down at room temperature, filtered, and evaporated under 
reduced pressure. Flash chromatography (ethyl acetate - hexane, 
7 : 3) of the residue yields 18 mg (30%) of steroid 30 along with 30% 
recovered starting material; 'H nmr (250 MHz, CDC1,) 6 ppm: 4.84, 
4.73 (2H, 2s, -C=CH,), 4.21 ( lH,  s, -OH tertiary), 3.82 (3H, s, 
-C02CH3), 3.55 ( lH, m, HaC17), 3.16 ( lH, d, J = 11.3 Hz, -OH 
secondary), 3.15 ( lH,  m, HPCS), 2.75 ( lH,  d, J = 13.6 Hz, 
HPCS), 2.60-1.20 (16H, m), 1.72 (3H, s, C=C(CH,)), 1.10 (3H, 
s, -CH3); ms, m/e: 386 (M'-H20); 368 ( M ' - 2 ~ ~ 0 ) .  Exact Mass 
calcd. for C23H3005 (M+-H20): 386.2093; found: 386.2100. 

rated under reduced pressure.  lash chromatography (ethyl ace- 
tate - hexane, 1 : 1) of the residue yields 37.5 mg (51 %) of allylic 
alcohol 32; ir (CH,Cl,, v cm-I):-3600, 3500 (OH), 1740 (C=O 
ester), 1710 (C=O ketone), 1690 (C=O conjugated ketone); 'H 
nmr (250 MHz, CDC1,) 6 ppm: 4.82,4.73 (2H, 2s, -C=CH2), 3.78 
(3H, S, -CO,CH,), 3.71 ( lH ,  m, HaC17), 3.43 ( lH,  m, HPCS), 
3.15-1.23 (17H, m), 1.72 (3H, s, -C=C(CH,)), 0.98 (3H, s, 
-CH3); ms, m/e: 386 (M'), 368 (M'-H20), 354 (M'-CH,OH). 

Tetraketone 35 und methyl 14a-hydroxy-3P-methyletherzyl- 
1,7,17-trioxo-5~-13a-androstan-19-oate (36) 

TO a stirred mixture of cyclopentanedione P-ketoester 2 
(80 mg, 0.3 mmol) and cesium carbonate (50 mg, 0.2 mmol) in 
chloroform (3 mL) at room temperature is added a solution of chiral 
cyclohexenone 9 (101 mg, 0.5 mmol) in chloroform (3 mL). After 
stirring for 6 h at room temperature, the mixture is filtered on sil- 
ica gel and evaporated under reduced pressure. The residue is dis- 
solved in trifluoroacetic acid (5 mL) and evaporated under reduced 
pressure. The new residue is then dissolved in benzene (15 mL) and 
heated at reflux for 5 h. The solution is cooled down at room tem- 
perature and evaporated under reduced pressure. Flash chroma- 
tography (ethyl acetate - hexane, 1: 1) of the residue yields 
22.5 mg (22%) of tricyclic compound 35 and 22.5 mg (22%) of 
steroid 36. Tricyclic tetraketone 35 (Rf 0.31): ir (CH,Cl,, v cm-I): 
1770 (C=O P-diketone), 1750-1710 (C=O ester and ketones); 
'H nmr (250 MHz, CDC1,) 6 ppm: 4.81, 4.72 (2H, 2 br s, 
-C(CH3)=CH,), 3.77 (3H, s, -C0,CH3), 3.10 ( lH ,  m, -CH,- 
CHCH2-), 2.74 (4H, m, -OC(CH,),CO-), 2.70-1 .OO (1 8H, m), 
1.71 (3H, s, -C(CH3)=CH,), 1.07 (3H, s, -CH,); ms, m/e: 402 
(M'), 384 (M'-H20), 352 (M'-H20-CH,OH); a minor diaster- 
eomeric compound corresponding to 35 was not isolated. 14a- 
Hydroxy steroid 36 (Rf 0.43): ir (CH2C12, v cm- I): 3500 (OH), 1735 
(C=O ester), 1710 (C=O ketones); 'H nmr (250 MHz, CDCl,) 6 
ppm: 4.91, 4.72 (2H, 2br s, -C(CH,)=CH,), 4.15 ( lH,  s, -OH; 
exchanges upon treatment with D,O), 3.73 (3H, s, -COOCH,), 3.10 
( lH,  m, HPCS), 2.77 ( lH,  d, J = 12.4 Hz, HPC8), 2.70-1.15 
(16H, m), 1.73 (3H, s, -C(CH3)=CH2), 1.01 (3H, s, -CH,); ms 
m/e: 402 (M'), 384 ( M ' - ~ ~ 0 ) .  Steroid 36 was accompanied by 
a minor diastereomeric compound: its corresponding signals could 
be seen in the 'H nmr spectrum at 6 ppm: 4.82, 4.74 (2H, 2br s, 
-C(CH,=CH,), 4.32 ( lH, s, -OH; exchanges upon treatment with 
D20), 3.76 (3H, S,  -C01,CH3), 1.05 (3H, s, -CH3). 

Methyl 14P-hydroxy-3P-methylethenyl-l , 7,17-trioxo-5P,8a- 
androstan-19-oate (37) 

Potassium tert butoxide (44 mg, 0.4 mmol) is added to a stirred 
solution of tetraketone 35 (40 mg, 0.1 mmol) in a mixture of tert- 
butanol (0.3 mL), tetrahydrofuran (0.3 mL), and benzene (0.3 mL) 
at room temperature. After stirring for 15 min at room tempera- 
ture, saturated aqueous ammonium chloride (5 mL) is added and 
the separated aqueous layer is extracted with ethyl acetate 
(4 x 10 mL). The combined organic layers are washed with brine, 
dried (MgSO,), filtered, and evaporated under reduced pressure. 
Flash chromatography (ethyl acetate - hexane, 3:7) of the residue 
yields 11.6 mg (29%) of 14P-hydroxy steroid 37 and traces of iso- 
mer 38; ir (CH2C1,, v cm-I): 3500 (OH), 1750-1700 (C=O ester 
and ketones); 'H nmr (250 MHz, CDC1,) 6 ppm: 4.82, 4.74 (2H, 
2s, -C(CH3)=CH,), 4.66 ( lH ,  d, J = 2.5 HZ, -OH), 3.77 (3H, S, 
-CO,CH,), 3.25-0.98 (18H, m), 1.72 (3H, s, -C(CH3)=CH2), 1.11 
(3H, s, -CH3); ms, m/e: 402 (M'), 384 (M'-H,O), 369 
(M' -H,O-CH,). 

Methyl 14P-hydroxy-3P-methylethenyl-1,7,17-trioxo-5~- 
androstan-19-oate (38) 

Methyl 17P-hydroxy-3P-methylethenyl-I, 7-dioxo-5P-androst- From isomerization of 3 7  
8(14)-en-19-oate (32) To a stirred solution of steroid 37 (8 mg, 0.02 mmol) in aceto- 

Cesium carbonate (25 mg, 0.08 mmol) is added to a stirred so- nitrile (2 mL) at room temperature is added cesium carbonate (6 mg, 
lution of tricyclic carbonate 29 (100 mg, 0.19 mmol) in acetoni- 0.02 mmol). The mixture is heated at reflux for 2 h, cooled down 
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at room temperature, filtered, and evaporated. Flash chromatog- 
raphy (ethyl acetate - hexane, 2:3) of the residue yields 3.5 mg 
(45%) of steroid 38 along with 13% of recovered starting mate- 
rial. 

From rnethanolysis and oxidation of steroid 11 
To a stirred solution of steroid 11 (20 mg, 0.04 mmol) in meth- 

anol (0.1 mL) at room temperature is added a solution of sodium 
methoxide (40 p,L, 0.5 M) in methanol. After stining for 16 at room 
temperature, weakly acidic Dowex IRC-50 resin is added to the 
reaction mixture until pH reaches -7. The mixture is then filtered 
on Celite and evaporated under reduced pressure. The residue is 
dissolved in methylene chloride (5 mL) and pyridinium chloro- 
chromate (25 mg, 0.12 mmol) is added portionwise. After stirring 
for 2 h at room temperature, ether (50 mL) is added and the mix- 
ture is filtered on silica gel and evaporated. Flash chromatography 
(ethyl acetate - hexane, 2:3) of the residue yields 4.5 mg (30%, 2 
steps) of a material identical to that obtained from isomerization of 
37; ir (CH2C12, v cm-I): 3500 (OH), 1740 (C=O ester), 1715 
(C=O ketones); 'H nmr (250 MHz, CDC1,) 8 ppm: 4.85,4.74 (2H, 
2s, -C(CH,)=CH,), 3.97 (1 H, s, -OH; exchanges upon treatment 
with D20), 3.82 (3H, s, -CO,CH,), 2.80 ( lH,  d, J = 12.3 Hz, 
HPC8), 3.15-1 .OO (17H, m), 1.73 (3H, s, -C(CH3=CH,), 1.05 
(3H, s, -CH3); ms, m/e: 402 (Mf).  

Methyl 17P-benzoyloxy-3-isopropyl-I ,7-dioxo-5P-androsta- 
2,8(14)-dien-19-oate (33) 

To a stirred solution of triketone 25 (60 mg, 0.12 mmol) in 
benzene (10 mL) at room temperature is added p-toluenesulfonic 
acid (34 mg, 0.18 mmol). The mixture is heated at reflux for 16 h 
and then cooled down at room temperature, Water (10 rnL) is added 
and the separated aqueous layer is extracted with ether (3 X 

10 mL). The combined organic layers are washed with saturated 
aqueous sodium bicarbonate (10 mL), brine, dried (MgSO,), fil- 
tered, and evaporated. Flash chromatography (ethyl acetate - hex- 
ane, 2:3) of the residue yields 44.5 mg (77%) of 33, which may 
be recrystallized from heptane; mp 137-139°C; [a], - 106.4 (c 1); 
ir (CH2C1,, v cm-I): 1740, 1720 (C=0 esters), 1670 (C=0 con- 
jugated ketones); 'H nmr (250 MHz, CDCl,) 8 ppm: 8.05, 7.55, 
7.45 (5H, 3m, -C,H,), 5.94 ( lH,  br s, HC2), 4.99 ( lH ,  dd, J = 
10.4, 7.6 Hz, HaC17), 3.75 (3H, s, -C02CH3), 3.32-3.07 (2H, 
m, HPC5 and HaC9), 2.89-1.34 (13H, m), 1.36 (3H, s, -CH,), 
1.13, 1.12 (6H, 2d, J = 6.8 Hz, -CH(CH,)J; ms, m/e: 490 (Mf), 
459 M+-OCH,), 431 (M+-C02CH3). Exact Mass calcd. for 
C30H3406 (M'): 490.2355; found: 490.2352. 

This compound is also obtained by submitting 26 or 11 to the 
same conditions. 

Methyl 3-isopropyl-l,7-dioxo-l7~-phenyloxycarbonyloxy-5~- 
androsta-2,8(14)-dien-19-oate (34) 

The preceding procedure is applied using carbonate 29 (25 mg, 
0.05 mmol) and p-toluenesulfonic acid (13.6 mg, 0.07 mmol) in 
benzene (5 mL). Flash chromatography (ethyl acetate - hexane, 
2:3) of the residue yields 17.8 mg (74%) of compound 34; 'H nmr 
(250 MHz, CDCl,) 8 ppm: 7.38,7.20 (5H, 2m, -OC,H,), 5.95 ( lH,  
br s, HC2), 4.72 ( lH,  dd, J = 10.5, 7.4 Hz, HaC17), 3.75 (3H, 
s, -C0,CH3), 3.22-3.10 (2H, m, HPC5 and HaC9), 2.87-1.16 
(13H, m), 1.30 (3H, s, -CH3), 1.12 (6H, d ,  J = 6.8 Hz, 
-CH(CH&. 
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Combined use of NMR, distance geometry, and restrained energy minimization 
for the conformational analysis of 8-lysine-vasopressin 
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CHIN Yu, TA-HORNC YANG, CHAO-JUNG YEH, and LI-CHIN CHUANG. Can. J. Chem. 70, 1950 (1992). 
The conformation of the neurohypophyseal hormone, 8-lysine-vasopressin, in DMSO solution has been determined 

from 2D-NMR and distance geometry followed by the restrained energy minimization calculation. The conformation of 
8-lysin-vasopressin in the 20-membered ring region is well defined but the acyclic tripeptide tail region is disordered. 

CHIN Yu, TA-HORNG YANG, CHAO-JUNG YEH et LI-CHIN CHUANC. Can. J .  Chem. 70, 1950 (1992). 
En se basant sur les spectres RMN-2D et la gkomktrie des distances, suivie de calculs de minimisation des energies 

restreintes, on a dktermink la conformation de l'hormone neurohypophysaire, 8-lysine-vasopressine. La conformation 
de ce compose est bien define dans la rkgion du cycle a 20 chainon; elle est toutefois dksordonnee dans la region de queue 
comportant le tripeptide acyclique. 

[Traduit par la rkdaction] 

Introduction complex data points. For each free induction, the decays were 
~ o u A e r  transfoimed in w2 using a Kaiser window and in using 8-L~sine-vaso~ressin (L~sVP) consists of nine acid a 45" phase-shifted sine-bell window, All two-dimensional data 

residues with the following sequence: were processed on a computer ( ~ V a x  III), using FTNMR soft- 

It has a 20-membered disulfide-containing ring and an acylic 
tripeptide tail. LysVP has important biological properties (1, 
2) such as milk ejecting, uterine contracting, and antidi- 
uretic functions. It also interacts noncovalently with neuro- 
physin protein (MW approx. 10 000) within the neuro- 
secretory granules of the hypothalamo-neurohypophyseal tract 
(3). Many different models have been proposed for the 3D 
structure of LysVP on the basis of potential energy mini- 
mization (4), and NMR (5-1 1) and CD (12) spectrosco- 
pies. However, determination of the detailed structure of the 
LysVP molecule is incomplete and thus remains to be solved. 

Recently, two-dimensional nuclear magnetic resonance 
(2D NMR) (13) and distance geometry (DG) (14-17) tech- 
niques have been combined to determine 3D molecular 
structure in solution. In DG techniques, a complete distance 
matrix is set up using a random choice of atom-atom dis- 
tance (obtained by nuclear Overhauser enhancement (NOE) 
measurements and the covalent structure of the molecule). 
The matrix obtained is then embedded in 3D space and the 
resulting 3D structure is optimized to reduce the remaining 
atom-atom distance violations. 

In the present study, the conformational properties of 
LysVP in DMSO solution were examined by NMR data and 
distance geometry calculation followed by restrained en- 
ergy minimization. 

Experimental 
LysVP was obtain commercially (Auspep). LysVP (10 mg) was 

dissolved in 500 p L  DMSO-d, (Aldrich) solution to make the 
concentration -20 mmol L-I. 4,4-Dimethyl-4-silapentane-1-sul- 
fonate was used as an internal standard. The NMR tube was de- 
gassed and sealed. Phase-sensitive NOESY (18) spectra with four 
different mixing periods (7, = 60, 100, 180, and 300 ms) were 
recorded on a 400 MHz spectrometer (Bruker AM-400). Quadra- 
ture detection in w, was achieved using time-proportional phase 
incrementation (19); 5 12 t, increments were recorded, with 2048 

'Author to whom correspondence may be addressed. 

ware provided by Dr. D. Hare. 
To plot the NOE buildup curves, the cross peaks of four NOESY 

spectra were volume integrated, and the curves were best fitted by 
least squares. The interproton distances, d,], were calculated ac- 
cording to the following relation (20) 

in which dlm stands for a known calibrated distance (1.78 A for 
geminalprotons), and UI,,,, ui, stand for the cross relaxation (NOE 
buildup) rate for spin 1, m and spin i, j respectively (obtained from 
the initial slope of the NOE buildup curve). The DGEOM (21) pro- 
gram was acquired from QCPE, and pseudo atoms were taken into 
account in setting upper and lower bounds for the DG calculation 
(22). Restrained energy minimization calculations were per- 
formed on a Silicon Graphic 4D/25G computer by the program 
CHARMM (22). The molecular graphic program QUANTA (Polygen, 
Version 3.0) was used for displaying, analyzing, and plotting the 
structures. 

A potential energy term representing the interproton distance 
restraints, ENoE(ri1), was added to the total energy of the system 
given by 

( r  - r )  if r, > r: 
ENOE = 

C2(ril - riy), if rij < r,," 
where r ,  and r: are the calculated and target interproton distances 
respectively, and C ,  and C2 are force constants given by 

where kB is the Boltzmann constant, T the absolute temperature, S 
a scale factor, and A,]+ and A,,- the positive and negative error es- 
timates, respectively, of rb. 

Structures were minimized by using the adopted basis Newton- 
Raphson algorithm (23). All hydrogen atoms capable of forming 
hydrogen bonds were included explicitly, but molecular bond 
lengths involving these atoms were kept fixed through the use of 
the constraint procedure SHAKE (24). 

Results and discussion 
Extraction of the NMR parameters 

The 'H NMR resonances were previously assigned (5-1 1). 
The NOESY spectra were particularly helpful in identifying 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FIG. 1. NOESY spectrum (7, = 180 ms) of LysVP. Only amide 
protons are shown. 

the conformation of LysVP. A contour plot of the NOESY 
(7, = 180 ms) spectrum observed for the arnide proton range 
(w,) is shown in Fig. 1. A total of 57 observable NOE's were 
used to set up distance constraints to define the conforma- 
tion of the LysVP. 

Initial cross-relaxation rates for each proton pair of NOE's 
were obtained from NOESY spectra recorded with four dif- 
ferent mixing times and the interproton distances were cal- 
culated as described in the experimental section. The time 
dependence of some NOE's measured from NOESY spec- 
tra are shown in Fig. 2.  valuation of the dependence of these 
cross peaks showed that the first few points were still in the 
domain in which buildup is linear with time. 

The distances obtained by this approach were estimated 

MIXING TIME (ms)  

FIG. 2. Time dependence of some NOE's in LysVP measured 
from four different mixing times of NOESY spectra. The NOE 
buildup curves for corresponding cross peaks are identified by the 
IUPAC-IUB one-letter symbols for amino acids. The plot is of the 
volume of cross peaks against mixing time. The vertical scale is 
arbitrary since the cross-peak volumes were only measured rela- 
tive to each other. 

to have a precision better than k0.5 A, and the distance 
contraints used in the DG calculation are listed in Table 1. 
Pseudo atoms were taken into consideration as described by 
Wiithrich et a l .  (22). 

Distance geometry structures 
The distance geometry technique was repeatedly applied 

to LysVP using the 57 distance constraints given in Table 1. 
The 29 structures obtained were grouped into nine general 
conformational families by the SAS cluster analysis method 
(25). As shown in Table 2, root-mean-square distance 
(RMSD) values between all pairs among conformers are 
listed. The conformers correlated within a family are set off 
as rectangular sections. 

Restrained energy minirnization (REM) 
For each of the nine families, we chose the structure 

nearest the center of the cluster as a representative,, and it 
was subjected to a final energy minimization with 57 dis- 
tance restraints as described inthe experimental section. 

The results obtained by this procedure show that the co- 
ordinates of the side-chain atoms after restrained energy 
minimization (REM) vary somewhat from those of the DG 
structures, implying that the side chains move to energeti- 
cally more favored positions. Figure 3 shows these nine REM 
structures (thin lines) superposed over the X-ray crystal 
structure (26) of pressionic acid (thick line), the cyclic moiety 
of vasopressin. It reveals clearly the similarities of solution 
conformations in the ring region of vasopressin with those 
of the crystal structure of pressionic acid. Table 3 shows the 
RMS difference values among nine REM structures. The 
positions of the backbone atoms of nine REM structures show 
smaller RMSD values in Table 3 ,  indicating that the NMR 
constraints define the basic backbone folding of the mole- 
cule. From the superposition of nine REM structures (Fig. 

'5. M. Blaney, private communication. 
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TABLE 1. Input distance constraints (A) for distance geometry calculation on LysVP 

Cys- 1 - 
CaH 
CaH 

Tyr-2 - 
NH 
NH 
CPH 
CaH 
CaH 
CaH 

Phe-3 - 
NH 
CaH 
CPH 
C ~ H  
NH 
CPH 
CaH 
NH 
CaH 
C'H 

Gln-4 
- 
CaH 
NH 
CaH 
CaH 
CYH 
C ~ H  
CaH 

Cys- 1 
C y s-6 

Tyr-2 
Tyr-2 
Tyr-2 
Tyr-2 
Tyr-2 
Phe-3 

Phe-3 
Phe-3 
Phe-3 
Asn-5 
Tyr-2 
Asn-5 
Phe-3 
Phe-3 
Gln-4 
Asn-5 

Gln-4 
Gln-4 
Gln-4 
Gln-4 
Gln-4 
Gln-4 
Asn-5 

c P H  
CaH 

CaH 
C ~ H  
C ~ H  
C'H 
C ~ H  
NH 

CaH 
C'H 
C ~ H  
cPH 
CPH 
NH 
CPH 
CPH 
NH 
NH 

NH 
CPH 
CYH 
CPH 
C'H 
CYH 
NH 

CPH 
CaH 
CPH 
C ~ H  
NH 
NH 
cPH 
CYH 

CaH 
c P H  
CPH 
C'H 
C ~ H  
C'H 
C'H 
NH 

CPH 
C'H 
NH 

CaH 
CPH 
CYH 
CPH 
C ~ H  
NH 
CYH 
CYH 
NH 
CPH 

NH 

Lower and upper bounds are given for each constraint. The letters a, b, c, and d after the upper distance bounds indicate that additional factors 1.0, 
1 .O, 0.6, and 2.4 A, respectively, were added to the upper distance bounds. The additional terms corresponding to the letters a, b, c, and d account for 
lack of stereospecific assignments for methyl, methylene (long range), methylene (intraresidue), and ring protons, respectively. 

FIG. 3. Superposition of backbone atoms for nine restrained energy-minimized (REM) structures of LysVP (thin lines) and the X-ray 
crystal structure of pressionic acid (thick line), the cyclic moiety of LysVP. The sequence numbers are labeled at the C" carbons in the 
20-membered tocin ring. The disulfide bond is not shown. 
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TABLE 3. The RMS differences for nine energy-minimized structures of vaso- 
pressin computed for the main chain atoms 

- 

R M D structures 

I I1 111 IV v VI VII VIII IX 

f- 

I 1.62 
I1 1.72 
I11 1.97 2.00 
IV 1.52 1.54 
V 1.70 1.78 
VI 2.22 2.45 
VII 1.30 1.40 
VIII 1.64 1.79 
IX 2.05 2.31 

for all residues- 

For cyclic residuesu 
1.33 0.87 1.54 1.22 
1.60 1.33 1.70 1.36 
0.67 1.05 1.25 1.36 
0.90 0.80 1.53 1.15 
0.58 1.06 1.19 1.51 

1.12 1.12 1.43 
2.32 1.36 1.03 
2.15 1.71 1.49 
1.60 2.27 2.31 

'The upper triangular values were computed for the cyclic (six) residues. The lower tri- 
angular values refer to all residues. 

TABLE 4. Backbone dihedral angles of the nine selected structures of 8-lysine-vasopressin 

Dihedral 
Residue angle I I1 111 IV V VI VII VIII IX 

Cys 1 $ 163 1 64 - 80 - 62 -55 -130 96 72 128 
Tyr 2 4 -79 -101 -50 - 11 -6 -177 -141 -122 - 94 
Tyr 2 4J -172 -131 -148 -143 -145 -146 -174 -56 -177 
Phe 3 4 64 52 60 54 67 69 54 - 78 -78 
Phe 3 4J -109 -125 -90 -133 -71 - 69 -99 61 -166 
Gln 4 4 -151 -136 -166 -90 -178 -172 -75 68 72 
Gln 4 4J - 50 26 -53 - 46 -50 - 50 56 - 47 -71 
Asn 5 4 -104 -147 -70 -133 -63 - 86 56 -63 -161 
Asn 5 4J 138 109 138 143 8 1 106 75 73 162 
CYS 6 4 -174 -125 -160 -110 -127 -113 -86 -128 -169 
Cys 6 4 - 48 - 49 -51 - 45 70 126 105 77 -61 
Pro 7 4 - 65 - 66 - 46 -4 -112 - 14 -97 - 54 - 65 
Pro 7 4J 163 -180 -73 -124 -70 -134 -171 - 65 -47 
Lys 8 4 54 - 35 50 -176 -153 -143 -62 66 64 
Lys 8 4J 5 1 - 69 5 1 68 159 3 1 - 47 48 3 8 
Gly 9 4 - 70 7 1 -73 - 72 -65 177 72 -175 63 

3, thin lines), it is readily apparent that the overall shape of by research grants from the National Science Council of the 
the vasopressin fold is well reproduced. To emphasize this, Republic of China (NSC8 1-0208-M007-81). 
the backbone dihedral angles of the nine REM structures are 
listed in Table 4. All REM structures in Fig. 3 show a 
somewhat similar pattern of backbone folding in the 20- 
membered ring, forming a p-turn comprising the sequence 
~ ~ r ~ - ~ h e ~ - ~ l n ~ - ~ s n ~ .  This is consistent with the observa- 
tion of long-term stability of the 20-membered tocin ring in 
the vasopressin molecule by molecular dynamics simula- 
tion (27). On the other hand, the acyclic tripeptide tail does 
not have a defined conformation and there are no specific 
interactions between the core and tail regions. The disorder 
of the acyclic tripeptide tail might be due to its conforma- 
tional freedom, and this is consistent with observations in 
thin-film dialysis (28) and I3c spin-lattice relaxation studies 
(29). 
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Syntheses du P-L-rhamnopyranoside d'hordenine et 
d'acylgluco-L-rhamnopyranoses peracetyles 

Laboratoire de phnrmacognosie de 1' Universite' Rene'-Descartes, Unite' nssocie'e nu Centre national de la recherche 
scientifique, no 1310, Faculte' de pharmacie, 4 ,  Avenue de I'Observntoire, 75006 Paris, France 

R e p  le 5 dCcembre 1991 

NADIA BOUGHANDJIOUA, LIN RUI CHAO, ALEXIOS-LEANDROS SKALTSOUNIS, ELISABETH SEGUIN, FRANCOIS TILLEQUIN et 
MICHEL KOCH. Can. J.  Chem. 70, 1956 (1992). 

La synthitse stCrCosClective du P-L-rhamnopyranoside d'hordCnine (3) a CtC possible gr2ce a l'emploi du bromure de 
4-0-acCtyl-2,3-0-carbonyl-a-L-rhamnopyranose (14). Les synthitses rtgiosptcifiques des peracCtyl-(E)-0-(6-0-cin- 
namoyl-P-D-glucopyranosyl)-(1 + 2)-, (1 + 3)- et (1 + 4)-a-L-rhamnopyranoses et de leurs homologues 4- 
acttoxycinnamiques ont CtC rCalisCes griice a I'emploi de dtrivts du rhamnose de type 1,2-0-orthoester pour la serie (I 
+ 2), 2,3-0-orthoester pour la sCrie (1 + 3) et 2,3-0-isopropyliditne pour la sCrie ( 1  + 4). 

NADIA BOUGHANDJIOUA, LIN RUI CHAO, ALEXIOS-LEANDROS SKALTSOUNIS, ELISABETH SEGUIN, FRANCOIS TILLEQUIN, and 
MICHEL KOCH. Can. J. Chem. 70, 1956 (1992). 

The stereoselective synthesis of hordenine P-L-rhamnopyranoside (3) was achieved using 4-0-acetyl-2,3-0-car- 
bonyl-a-L-rhamnopyranosyl bromide (14) as key intermediate. The regiospecific syntheses of the peracetyl derivatives 
of (E)-O-(6-O-cinnamoyl-~-~-glucopyranosyl)-(1 + 2)-, ( 1  + 3)-, and (1  + 4)-a-L-rhamnopyranoses and of their 4- 
acetoxycinnamoyl counterparts were achieved through the use of various types of rhamnose-derived intermediates, i.e., 
1,2-0-orthoester for the (1 + 2) series, 2,3-0-orthoester for the (1 + 3) series, and 2,3-0-isopropylidene for the (1 + 
4) series. 

L'Ctude chirnique de  Selagirzella doederleinii Hieron, 
plante largernent utiliste en mCdecine traditionnelle chi- 
noise pour le traiternent de  diverses affections cardiovascu- 
laires ( I ) ,  a conduit anttrieurernent 2 l'isolernent de divers 
glucoalcaloi'des dtrivts de  llhordCnine (2). Les deux consti- 
tuants rnajoritaires sont l'a-L-rharnnopyranoside d'hordCnine 
(1) et le (E)-0-(6-0-cinnarnoyl-P-D-glucopyranosy1)-(1 + 
3)-a-L-rharnnopyranoside d'hordtnine (2). La  structure de 
ce demier a Ctt dtfinitivement ttablie a la suite d'une synthese 
totale non rCgiospCcifique de  son dt r iv t  acCtylt (3). Par ail- 
leurs, le rntlange nature1 des glucoalcaloi'des isolCs de  la 
plante montre, aprks administration orale chez le rat, une 
activitt hypertensive rnarquCe B rapprocher des effets 
therapeutiques observCs en rntdecine traditionnelle chinoise 
(4). Souhaitant disposer de  glucoalcaloi'des purs et d'ana- 
logues en quantitC suffisante pour Ctudier l'influence de  di- 
vers parametres structuraux sur l'activitt pharmacologique, 
nous dtcrivons ici, d'une part la synthese du P-L-rharnno- 
pyranoside d'hordknine (3), d'autre part la synthkse 
rtgiosptcifique des (E)-0-(6-0-cinnamoyl-PD-glucopyra- 
nosy1)-(1 + 2)-, (1 + 3)- et (1 + 4)-a-L-rharnnopyranoses 
et  des (E)-O-[6-O-(4-hydroxycinnarnoyl)-~-~-glucopyrano- 
syll-(1 + 2)-, (1 + 3)- et (1 + 4)-a-L-rharnnopyranoses, 
sous forme de  leurs dCrivCs peracttylts, prtcurseurs des 
glucoalcaloi'des correspondants, 4 ,  5 ,  6 ,  7, 8 et 9 (3). 

La condensation de I'hordCnine (10) avec le 1,2,3,4-tetra- 
0-acttyl-a, P-L-rhamnopyranose en prksence de tktrachlorure 
d'ttain avait conduit au 2,3,4-tri-0-acCtyl-a-L-rhamnopy- 
ranoside d'hordCnine (11) avec un rendernent de  46% (3). 
L'ttude des produits secondaires de  cette reaction a permis 
ulttrieurernent l'isolernent d'une faible quantitt (rende- 
rnent : 4%) de  l'anornkre p correspondant, 12.  Nous avons 

donc realist la rn&rne rtaction en utilisant cornrne donneu~ 
de glycosyle le 1 ,4-di-0-acttyl-2,3-0-carbonyl-a,P-L-rha- 
nopyranose (13) (5), dtpourvu de  groupernent acttyle par- 
ticipant en position 2 ,  afin d e  favoriser la formation de 
l'anornkre p (5-1 1). Le rendernent global rnCdiocre de  cette 
derniere reaction (29%) et sa faible stCrtostlectivitt ( a /@ 
7 : 3) nous ont conduit a envisager l'emploi du bromure de 
4-0-acttyl-2,3-0-carbonyl-a-L-rharnnopyranosyle (14) (5) 
cornme agent glycosylant. En effet, des reactifs associant de: 
groupernents 1-bromo et 2,3-0-carbonyl sur une unite 
rhamnose avaient t t t  prtctdemment utilises avec succks lorz 
des syntheses des deux 0-P-L-rharnnopyranosides d'aryle 
anttrieurernent dtcrits : ceux d e  4-nitrophtnyle (12) et de 
quercet-3-yle (13). La condensation de  llhordCnine (10) avec 
14, dans des conditions de transfert de  phase, prtctdemrneni 
employees pour l'obtention de P-D-rnannopyranosides d'aryle 
(14) et de  P-L-rhamnopyranosides d'aryle (13), n'a toute- 
fois pas conduit au produit escornptt, rnais au seul4-0-acttyl- 
2,3-0-carbonyl-a-L-rhamnopyranoside d'hordtnine (15) avec 
un rendement d e  60%. 11 sernble donc probable que, souc 
l'influence du bromure de  benzyltriCthylarnrnoniurn, le bro- 
mure de  4-0-acCtyl-2,3-0-carbonyl-a-L-rharnnopyranosylc 
(14) se soit transform6 en anomere P correspondant avant 12 
rtaction de  glycosidation. De telles inversions de configu- 
ration en position anomCrique sous l'influence d'arnrnoni- 
urns quatemaires ont d'ailleurs t t t  anttrieurernent observCe5 
en stries D-glucose, D-galactose et L-fucose (15). Finale- 
rnent, la condensation d e  l'hordtnine (10) avec le brornurc 
14,  en presence de  carbonate d'argent (16, 17) a permi: 
l'obtention, avec un rendernent global de  83%, du melange 
des glycosides anomkres 15 (a )  et 16 (P), dans un rappon 
1 : 9 ,  en faveur d e  l'anornkre 8.  Les glycosides 15 et 16 - - 

1. Adresse pemanente : DCpartement de phmacie, Institut inseparables, ant kt6 d t p r o t ~ ~ t s  par mCthanolyse, ~ u i :  
national d'enseignement sup6rieur en sciences mCdicales, B.P. 205, ac t t~ lCs  Pour dormer les deux g l~cos ides  a c k t ~ l t s  11 (a)  el 
23000 Annaba, AlgCrie. 1 2  (P) qui ont pu alors etre aiskrnent sCparCs par chrornato- 

2. Auteur correspondant. graphie sur colonne de  silice. 11s se diffkrencient netternenl 
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BOUGHANDJIOUA ET AL. 1957 

par leurs spectres de rmn 'H. Les signaux des protons H-1' l'observation de couplages a longue distance entre H-1' et 
et H-5' de l'anomkre P (12) apparaissent comme prkvu (18) H-4' d'une part et H-1' et H-6' d'autre part, couplages qui 
a champs plus forts que les signaux homologues de 11. De n'ont pas CtC observes dans le cas de l'anomkre P (12) (19). 
plus, des experiences de COSY a acquisition retardke effec- La mkthanolyse du derive acetylt 12 a fourni le P-L-rham- 
tuCes sur 11 et 12 ont permis, dans le cas de l'anomere a, nopyranoside d'hordenine (3) recherche. 

/CH, 
I 

1 = r N \ c H 3  R2 = ~3 = R4 = ~5 = H 

0 
1 /CH, 

1 
3 R' = ~3 = R4 = ~5 = H R' = ,3-N\cH3 

0 

i /CH3 

11 ~1 = rN\ CH3 R ~ = H  R3 = R4 = R5 = COCH, 

I \ 
0 

I 
1 

, 2 3 3  

12 R1 = H ~2 = r N \ C H 3  R3 = R4 = R5 = COCH, 
\ 

0 
I /CH3 
1 

! 15 R I  = fJ"-N\ CH3 R ~ = H  R3 + R4 = CO R5 = COCH, 
\ 

I 0 
/ CH3 

I I 16 ~1 = H ~2 = r N \ C H 3  R3 + R4 = CO R5 = COCH, 

I \ 

I 0 
I 13 R' = OCOCH, R2 = H R3 + R4 = CO R5 = COCH, 

(R' = H 
I R2 = OCOCH, 
I 14 R' = Br R2 = H R3 + R4 = CO R5 = COCH, 

I 
18 R' = OCH, R2 = H R 3 = C O C H 3  R ~ = R ~  =CH2C6H5 

1 19 R' = OCH, R~ = R3 = H R4 = R5 = CH2C6H5 
28 R1 = OCH, R2 = R4 = H R3 = R5 = COC6H5 
29 R1 = OCH, ~2 = R3 = R4 = ~5 = H 
40 R' = OCH, R~ = R4 = H R' = R5 = COCH, 
43 R1 = OCH, ~2 = ~5 = H R3 + R4 = C(CH3)' 

i 
1 La synthkse rCgiospCcifique des composCs 4 et 7 suppose mkthyle (19) (24). La glycosylation de ce dernier par le 
1 la synthese prealable d'un derive du rhamnose convenable- bromure de 2,3,4-tri-0-acCtyl-6-0-chloroacCty1-a-D-gluco- 
1 1 ment protege en positions 1, 3 et 4. Un tel derive peut Etre pyranosyle (20) (25, 26), en presence de cyanure mercu- 
j obtenu 5 partir d'un 1,2-0-alkylorthoester, selon une ap- rique n'a perrnis l'obtention du disaccharide recherche 21 que 
proche initialement developpee en sCrie mannose (20, 21). lorsque la reaction a CtC effectuee dans le nitromethane an- 

; Le traitement du 0-exo-3,4-di-0-benzyl- 1,2-0-(1 -methoxy- hydre (27, 28). Tous les autres essais de couplage rkalises, 
I Cthylid6ne)-P-L-rhamnopyranose (17) (22), par le tetra- en particulier dans l'acetonitrile, n'ont en effet permis l'ob- 
/ chlorure d'Ctain dans le dichloromethane (23) a foumi tention que du seul orthoester 22. L'hydrogCnolyse de 21 a 
le 2-0-acCtyl-3,4-di-0-benzyl-a-L-rhamnopyranoside de me- foumi le diol 23, aisement transforme en derive acCtylC 24 / thyle (18) qui a kt6 desacety16 par la methode de Zemplen par acetolyse-acetylation (5, 29). La deprotection selective 

I pour conduire au 3,4-di-0-benzyl-a-L-rhamnopyranoside de du groupement chloroacetyle de 24, rkalisk par action de la 
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BOUGHANDJIOUA ET AL 1959 

mtthyle (29) par le trimCthylorthoacCtate, suivi de 1'acCty- tri-0-acCtyl-6-0-cinnamoyl-a-D-glucopyranosyle (41) (3) 
lation de l'orthoester intermtdiaire et de son hydrolyse ou de (E)-6-O-(4-acCtoxycinnamoyl)-2,3,4-tri-O-acCtyl-a- 
acide a conduit au 2,4-di-0-acCtyl-a-L-rhamnopyranoside de D-glucopyranosyle (42) (3) a donnC ensuite les glucorham- 
mCthyle (40), avec un rendement de 85%, en accord avec nosides acylCs 36 et 37 qui ont CtC soumis 21 une acCtolyse 
des donnCes publikes trks rCcemment en sCrie rhamnose pour fournir les disaccharides peracCtylCs 38 et 39. 
(37). La glycosylation de 40 par le bromure de (E)-2,3,4- La synthkse rCgiospCcifique des disaccharides peracC- 

,CH3 

4 R' I r N \ C H 3  \ R' = R3 = COCH, 

21 R' = CH, R' = CH2C6H5 R~ = COCH, 
23 R1 = CH, R' = H R3 = COCH, 
24 ~1 = R' = R3 = COCH, R4 = COCH,CI 
25 R1 = R' = R3 = COCH, R4 = H 

R" .J% 
' OCOCH, 

R4 = COCH,Cl 
R4 = COCH,Cl 

26 R' = R' = R~ = COCH, R4 = j% 
/ 

0 

27 R' = R2 = R3 = COCH, 

OCOCH, 

1 tylds prkcurseurs des composks 6 et 9 (3) a mis ?I profit la 
1 condensation du 2,3-0-isopropylidkne-a-L-rhamnopyrano- 
I side de mCthyle (43) antkrieurement dCcrit (29) avec les 
1 bromures de glucopyranosyle 41 ou 42 (3), en prCsence de 

cyanure mercurique dans I'acCtonitrile. Les groupements 
isopropylidkne des glucorhamnosides de mCthyle 44 et 45 

1 obtenus ont kt6 ensuite hydrolysCs par l'acide trifluo- 
I roacktique dans le chloroforme (29) pour conduire aux diols 
1 46 et 47. L'acCtolyse-acttylation de ces demiers (5, 29) a 
I foumi les disaccharides acCtylCs recherchCs 48 et 49. 
I 

I Partie experimentale 
Me'thodes ge'ne'rales 

Les points de fusion sont determines au moyen d'un micro- 
scope & platine chauffante Reichert et ne sont pas corriges. Les 
pouvoirs rotatoires sont mesures ti 20°C 2 l'aide d'un polarimktre 

/ Perkin-Elmer 241, les spectres ir enregistrks sur un appareil Unicam 
SP 3-200. Les spectres de masse sont effectues en dksorption - 

I .  
I ionisation chimique (dic) sur un spectromktre Nermag R10-IOC, 
1 en utilisant l'ammoniac comme gaz reactant. Les spectres de rmn 
1 du proton sont realises en solution dans le CDC1, (sauf ind~cation 

contraire), en utilisant le tetramkthylsilane comme etalon interne, 
B l'aide d'un appareil Bruker HX 270 (270 MHz). 

1 

I 

Aprks extraction des milieux rtactionnels, les solvants orga- 
niques sont s6chCs sur Na,SO, et tvapores sous pression rkduite k 
40°C. Les chromatographies sur colonne sont rkalisees i l'aide de 
gel de silice Merck 60 (230-400 mesh) ou 60H. 

2.3.4-Tri-0-nce'tyl-/3-L-rharnnopyranoside d'horde'nine (12) 
On ajoute, sous agitation magnetique, une solution de bro- 

mure de 4-0-acttyl-2,3-0-carbonyl-a-L-rhamnopyranosye (14) (5) 
(0,6 g) dans le dichloromCthane anhydre (5 mL) a un melange 
d'hordknine (10) (0,088 g, 0,53 mmol), de carbonate d'argent 
(0,7 g) et de tamis molCculaire 4 a (1 g) dans du dichloromkthane 
anhydre (10 mL). Le milieu rkactionnel est maintenu sous agita- 
tion B 20°C pendant 14 h, puis filtrk et evapore a sec. Aprks chro- 
matographie (CH,Cl,-CH,OH-ammoniaque B 34%, 90 : 10 : I), 
on obtient 0,116 g (83%) d'un melange non separable de rham- 
nosides 15 et 16. Ce melange est additionnk de methanolate de so- 
dium 0,l  N dans le methanol (2 mL) puis maintenu 30 min 
sous agitation magnetique. La solution est neutralisee par addi- 
tion de resine Amberlite IRC 50 H', filtree et CvaporCe B sec. On 
obtient 0,130 g d'un melange de rhamnosides 1 et 3 non skparables. 
Ce melange, dissous dans la pyridine (1 mL), est additionne d'an- 
hydride acCtique (1 mL), abandonne 24 h 21 20°C, puis Cvapork 
a sec. Aprks chromatographie (CH,Cl,-CH,OH, 95 : 5), on ob- 
tient successivement le 2,3,4-tri-0-acCtyl-a-L-rhamnopyranoside 
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dlhordCnine (11) (0,016 g, 7%) et le 2,3,4-tri-0-acetyl-P-L-rham- dd, J 9, 3 Hz, H-3'), 3,65 (IH dq, J 9,  6 Hz, H-5'), 2,73 (2H, m, 
nopyranoside d'hordknine (12) (0,144 g, 74%) : [a], -2 (c 0,5, CH,-7), 2,49 (2H, m, CH,-8), 2,27 (6H, s, N(CH,),), 2,23 2,06, 
CHC1,); ir (KBr) : 2960, 1750, 1610, 1510, 1375, 1225, 1130, 2,OL (3x3H, 3s, 30COCH3), 1,33 (3H, d ,  J 6 Hz, CH3-6'); sm 
1020, 920, 830, cm-'; rmn 'H : 7,11 (2H, d, J 8,5 HZ, H-3, H-5), (dic) m/z : 438 (M + H)', 396, 166. Anal. calc. pour C22H31NOt 
6,91(2Hd,J8,5Hz,H-2,H-6),5,62(1H,dd,J3,0,5Hz,H-2'), :C60 ,40 ;H7 ,14 ;N3 ,20 ; t rouv~ :C60 ,61 ;H7 ,12 ;N3 ,23 .  
5,15 ( lH, d, J 0,5 HZ, H-1'), 5,11 ( lH, t, J 9 HZ, H-40, 5,05 ( lH, 

44 R' = CH3 R" R' = C(CH3)2 R4 = COCH, 

45 R' = CH, R' + R3 = C(CH,), RJ = COCH, 

46 R' = CH, RL ~3 = H R" COCH, 

47 R' = CH3 R' = R' = H R3 = COCH, 

R' = 

OCOCH, 

R" = 

OCOCH, 

R' = 

OCOCH, 

P-L-Rhamnopyranoside d'horde'nine (3) 
Une solution de 2,3,4-tri-0-acetyl-P-L-rhamnopyranoside 

d'hordknine (12) (0,04 g, 0.09 mmol) dans le mkthanolate de so- 
dium 0,  l N dans le mkthanol (2 mL) est maintenue sous agitation 
magnktique i 20°C pendant 30 min. Aprks neutralisation par ad- 
dition de rtsine Amberlite IRC 50 H f ,  filtration et evaporation sous 
pression rCduite on obtient le p-L-rhamnopyranoside d'hordknine 
(3) (0,025 g, 89%) : [a], +44 (c 0,4, EtOH); ir (KBr) : 3400, 2940, 
1620, 1520, 1240, 1130, 1070, 1025, 990, 830 em-' ; rmn 'H 
(DMSO-d6) : 7,33 (2H, d, J 9 Hz, H-3, H-5), 6 3 8  (2H, d, J 9 Hz, 
H-2, H-6), 5,12 ( lH, d, J 0,5 Hz, H-1'), 3,86 ( lH ,  dd, J 3,  
0,5 Hz, H-2'), 3,37 ( lH,  dd, J 9, 3 HZ, H-3'), 3,30 ( lH ,  dq, J 9, 

6 Hz, H-5'), 3,20 (IH, t, J 9 Hz, H-4'), 2,65 (2H, t, J 9 HZ 
CH2-7), 2,43 (2H, t, J 9 HZ, CH2-S), 2,24 (6H, S, N(CH,),), 1,1! 
(3H, d, J 6 Hz, CH3-6'); sm (dic) m/z : 3 12 (M + H)', 222, 166 
Anal. calc. pour C16H25N05 : C 61,7 1; H 8,09; N 4,50; trouve : C 
61,67; H 8,12; N 4,47. 

3,4-Di-0-bet1zyl-2-(2,3,4-tri-0-ace'tyl-6-O-~hloroack~l-~-~- 
glucopyranosyl)-a-L-rhamnopyranoside de me'rhyle (21) 

Une solution de 3,4-di-0-benzyl-a-L-rharnnoside de methyle (19: 
(24) (0,358 g, 1 mmol) dans un mClange de benzene anhydrr 
(20 mL) et de nitromethane (20 mL) est distillee i pression at 
mosphtrique jusqu'h Climination de la moitie du mklange solvant 
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BOUGHANDJIOUA ET AL. 1961 

Aprks refroidissement B 45"C, on ajoute du cyanure mercurique 
(0,5 g) et du bromure de 2,3,4-tri-0-acCtyl-6-0-chloroacCty1-a-~- 
glucopyranosyle (20) (25, 26) (0,9 g, 2 mmol). Le milieu 
reactionnel est agitC 24 h B temperature ambiante, diluC par addi- 
tion de chloroforme (20 mL), puis CvaporC B sec. Le rCsidu est 
dissous dans le chloroforme (50 mL), filtrk, puis lavC par une so- 
lution aqueuse de KI B 5% (2 x 25 mL) et par de l'eau (5 x 
25 mL). La phase organique fournit un residu qui, aprks chroma- 
tographie (hexane-EtOAc, 85 : 15), permet d'obtenir le disaccha- 
ride 21 (0,197 g, 27%) : [a], +27 (c 2, MeOH); ir (CHCl,) : 2920, 
1750, 1600, 1500, 1440, 1365, 1310, 1130, 1030, 975, 885 cm-I; 

rmn 'H : 7,35-7,30 (lOH, m, Ar-H), 5,22 ( lH ,  t, J 9 Hz, H-3'), 
5,06 ( lH,  dd, J 9,  8 Hz, H-27, 5,02 ( lH ,  t,  J 9 Hz, H-4'), 4,79, 
4,69,4,59,4,58(4 X 1 H , 4 d , J l l  Hz,20CH2-Ar),4,68(1H,d,  
J 2 Hz, H-1), 4,60 (1 H, d, J 8 Hz, H-1 '), 4,29 (2H, m, CH2-6'), 
4,09 (2H, s, 0COCH2C1), 3,85 (1 H, dd, J 3, 2 Hz, H-2), 3,80 ( lH,  
dd, J 9, 3 Hz, H-3), 3,62 (2H, m, H-5, H-5'), 3,34 ( lH, t, J 9 Hz, 
H-4), 3,31 (3H, s, OCH,), 2,03, 2,01, 1,97 (3 X 3H, 3s, 
30COCH3), 1,30 (3H, d, J 6,5 Hz, CH3-6); sm (dic) rn/z : 742 
(M + NH,)', 740 (M + NH,)+, 708, 706, 376, 367, 365, 108, 91. 
Anal. calc. pour C,,H,,O,,Cl : C 58,13; H 5,99; C14,90; trouve : 
C 58,05; H 6,Ol; C14,93. 

20 R = COCH,CI 

30 R = COCH, 
0 
II 

3,4-Di-0-ace'tyl-6-0-chloroace'tyl-1 ,2-0-(3,4-di-0-benzyl-0-L- 
rharnnopyranoside-2-y1 de rne'thy1e)-orthoace'tyl-cr-o- 
glucopyranose (22) 

On ajoute du cyanure mercurique (0,125 g), puis du bromure de 
2,3,4-tri-0-ac~tyl-6-O-chloroacCtyl-a-~-glucopyranosyle (20) (25, 
26) (0,45 g, 1 mmol) et du tamis molCculaire 3 A (0,5 g) B une so- 
lution de 3,4-di-0-benzyl-a-L-rhamnopyranoside de mCthyle (19) 
(24) (0,115 g, 0,3 rnmol) dans I'acCtonitrile anhydre (5 mL). Aprks 
agitation pendant 6 h B temperature ambiante, on ajoute du chlo- 
rure mercurique sec (0,125 g). L'agitation est poursuivie pendant 

24 h, puis le milieu rCactionnel est filtrC sur CClite, concentrk et le 
rCsidu sirupeux obtenu, en solution dans du dichloromCthane 
(20 mL), est lavC successivement par une solution aqueuse saturke 
de NaHCO, (2 X 15 mL), une solution aqueuse de KI B 10% 
(15 mL) et par de l'eau (3 x 15 mL). La phase organique est sCchCe 
et concentrke. Par chromatographie (hexane-EtOAc, 85 : 15) du 
rksidu, on obtient l'orthoester 22 (0,093 g, 43%) : [a], +24 (c 2, 
MeOH); ir (CHCl,) : 2920, 2840, 1750, 1600, 1370, 1 1 10, 1045, 
985, 905 cm-I; rmn 'H : 7,29-7,24 (lOH, m, Ar-H), 5,68 ( lH, d, 
J 5  Hz, H-1'), 5,05 ( lH,  t, J 3 Hz, H-3'), 4,88,4,75, 4,64, 4,60, 
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(4 X lH, 4d, J 11 HZ, 20-CH2-Ar), 4,84 (IH, dd, J 9, 3 HZ, H-4'), 
4 3 7  ( lH, d ,  J 2 HZ, H-I), 4,50 ( lH ,  dd, J 5,  3 HZ, H-2'), 4,26 
(2H, m, CH,-67, 4,09 (2H, s, OCOCH,Cl), 4,00 ( lH ,  dd, J 3, 
2 H z ,  H-2), 3,91 (IH,ddd,  J 9 , 5 , 2 , 5 H z , H - 5 ' ) 3 , 8 0 ( 1 H , d d ,  
J9,  3 Hz, H-3), 3,62 ( lH ,  dq, J 9,  6,5 Hz, H-5), 3,43 (IH, t, J 
9 Hz, H-4), 3,30 (3H, s, OCH,), 2,10, 2,02 (2 X 3H, 2s, 
20COCH3), 1,71 (3H, S, CCH,), 1,32 (3H, d, J 6,5 HZ, CH3-6); 
sm (dic) m/z : 742 (M + NH4)+, 740 (M + N%)+, 427, 376, 367, 
365, 344, 108,91. Anal. calc. pour C,,H,,O,,Cl : C 58,13; H 5,99; 
C14,90; trouvC : C58,29; H 5,97; C14,88. 

2-0-(2,3,4-Tri-O-ac~tyl-6-O-chloroacPtyl-~-gluc0pyran0sy1)- 
a-L-rhamnopyranoside de mtthyle (23) 

Une solution du disaccharide 21 (0,256 g, 0,35 mmol) dans le 
mCthanol (10 mL) est additionnee de palladium 10% sur char- 
bon (0,2 g), puis maintenue 2 h sous atmosphbre d'hydrogene a la 
pression atmosphCrique. Le catalyseur est CliminC par filtration et 
la solution concentrke. Le rCsidu obtenu fournit, aprbs chromato- 
graphie (CH,Cl,-CH,OH, 98 : 2), le diol 23 (0,12 g, 62%) : [a], 
+21 (c 1 3 ,  MeOH) ; ir (CHCI,) : 3580, 2920,2840, 1750, 1605, 
1370, 1135, 1060, 970, 895 cm-' ; rmn 'H : 5,19 ( lH,  t, J 9 Hz, 
H-37, 5,03 ( lH, t, J 9 Hz, H-4'), 5,03 ( lH,  dd, J 9,  8 Hz, H-27, 
4,78(1H, d, J 1 HZ, H-l) ,4,65 ( lH ,  d, J ~ H z ,  H-1'), 4,23 (2H, 
m, CH,-6'), 4,10 (2H, s, OCOCH,Cl), 3,82 ( lH,  dd, J 3, 1 Hz, 
H-2), 3,7 1 (2H, m, H-3, H-5'), 3,56 (1 H, dq, J 9,  6,5 Hz, H-5), 
3,33 (3H, s, OCH,), 3,30 ( lH, t, J 9 Hz, H-4), 2,30 ( lH, s, large, 
Cch. D,O, OH), 2,02, 2,00, 1,99 (3 X 3H, 3s, 30COCH3), 1,66 
( lH,  s large, Cch. DzO, OH), 1,30 (3H, d, J 6,5 Hz, CH3-6); sm 
(dic) m/z : 562 (M + NH,)', 560 (M + NH,)+, 526, 366, 362, 
337, 289, 178. Anal. calc. pour C21H31014CI : C 46,45; H 5,75; 
C1 6,52; TrouvC : C 46,28; H 5,73; CI 6,55. 

1,3,4-Tri-O-ace'tyl-2-0-(2,3,4-tri-O-acttyl-6-O-chloroac~tyl-~- 
D-glucopyranosy1)-a-L-rhamnopyranose (24) 

Une solution de diol 23 (0,100 g ,  0,18 mmol) dans l'anhydride 
acCtique (0,3 mL) est additionnee d'anhydride acCtique contenant 
1% d'H,S04 (0,3 mL), puis agitee 1 h a 20°C. Apres addition d'eau 
(20 mL), l'agitation est poursuivie pendant 2 h, puis la solution 
extraite par le dichloromethane (2 X 20 mL). La solution orga- 
nique est lavCe par une solution aqueuse saturCe de NaHCO, (2 X 

20 mL), par de l'eau (20 mL), s&chCe, puis concentrCe pour don- 
ner le disaccharide 24 (0,095 g, 77%) : [a], 2 0  (c 1, MeOH); ir 
(CHCl,) : 2920, 2840, 1750, 1600, 1370, 1130, 1035, 980, 
910 cm-'; rmn 'H : 6,11 ( lH, d, J 2 Hz, H-1), 5,22 ( lH,  t, J 
9 Hz, H-37, 5,16 ( lH, dd, J 9,  3 Hz, H-3), 5,05 (2H, m, H-2', 
H-4'), 4,97 ( lH,  t,  J 9  HZ, H-4), 4,53 ( lH,  d ,  J 8 HZ, H-1'), 4,33 
( lH,  dd, J 12, 7,5 Hz, H-6'a), 4,18 ( lH, dd, J 12, 2 Hz, H-6'b), 
4.14 (2H, S, OCOCH,Cl), 4,01 (lH, dd, J 3, 2 HZ, H-2), 3,89 ( lH, 
d q , J 9 , 6 , 5 H z ,  H-5), 3 ,75 ( lH ,ddd , J9 ,7 ,5 ,2Hz ,  H-50, 2,11, 
2,06, 1,99 (3 x 6 H, 3s, 60COCH3), 1,19 (3H, d, J 6,5 Hz, 
CH3-6); sm (dic) m/z : 674 (M + NH,)+, 672 (M + NH4)+, 638, 
596, 480, 408, 365, 331, 155. Anal. calc. pour C26H35017C1 : C 
47,67; H 5,38; C15,41; trouvC : C 47,74; H 5,40; C1 5,42. 

I , 3 , 4 - T r i - O - a c e ' t y l - 2 - 0 - ( 2 , 3 , 4 - t r i - O - a c ~ l ) -  
a-L-rhamnopyranose (25) 

On ajoute de la thiouree (0,l g) dans le mCthanol (5 mL) a une 
solution du disaccharide 24 (0,070 g, O,11 mmol) dans le methanol 
(18 mL). Le milieu rkactionnel est agitC 60 h a 20°C, puis CvaporC 
a sec. Le rksidu obtenu fournit, aprbs chromatographie (CH2C12- 
CH,OH, 99 : I), l'alcool 25 (0,031 g, 50%) : [a], -19 (c 0,5, 
MeOH); ir (CHCI,) : 3540, 1750, 1600, 1370, 1135, 1030, 950, 
cm-'; rmn 'H : 6,16 ( lH, d, J 1,5 Hz, H-1), 5,24 ( lH,  t, J 9 Hz, 
H-3'), 5,14 ( lH, dd, J 9, 2,5 HZ, H-3), 5,03 ( lH, t, J 9 Hz, H-4'), 
4,97 ( lH, dd, J 9, 8 HZ, H-2'), 4,87 ( lH, t, J 9 HZ, H-4), 4,49 
(IH, d, J 8 Hz, H-1'), 4,01 (lH, dd, J2 ,5 ,  1,5 HZ, H-2), 3,94 ( lH, 
dq, J 9,  6,5 Hz, H-5), 3,59 (3H, m, H-5', H-6'a, H-6'b), 2,12, 
2,06, 2,02 (3 x 6H, 3s, 60COCH3), 1,21 (3H, d, J 6,5 Hz, 
CH3-6); sm (dic) m/z : 596 (M + NH,)', 306,23 1. Anal. calc. pour 
C24H34016 : C,  49,82; H, 5,92; trouve : C,  49,9 1; H, 5,89. 

( E ) - l , 3 , 4 - T r i - O - a c t t y l - 2 - 0 - ( 2 , 3 , 4 - t r i - O - a c ~ l - ~ -  
D-glucopyranosy1)-a-L-rhamnopyranose (26) 

On ajoute, O°C, du chlorure de (E)-cinnamoyle (0,lO g) et de 
la 4-dimCthylaminopyridine (0,Ol g) a une solution de l'alcool25 
(0,058 g, 0 , l  mmol) dans la pyridine (3 mL). Le milieu rkactionnel 
est agitC a 20°C pendant 5 jours, puis CvaporC a siccite. Le rCsidu 
obtenu fournit, apres chromatographie (hexane-EtOAc, 90 : 10, 
70 : 30, 50 : 50), le cinnamate 26 (0,059 g, 83%), identique a un 
Cchantillon authentique (3). 

( E ) - 1 , 3 , 4 - T r i - O - a c e ' t y 1 - 2 - 0 - [ 6 - 0 - ( 4 - a c ~ 1 ) - 2 , 3 , 4 - t r i -  
0-ace'tyl-P-D-glucopyranosyl]-a-L-rhamnopyranoe (27) 

La technique dCcrite pour la preparation de 26 appliquCe a 25 
(0,058 g, 0 , l  mmol) et au chlorure de (E)-4-acCtoxycinnamoyle 
(0,lO g), permet d'obtenir le 4-acetoxycinnamate 27 (0,067 g, 
87%), identique a un Cchantillon authentique (3). 

2,4-Di-0-benzoyl-3-0-(2,3.4,6-te'tra-0-ace'tyl-~-~- 
glucopyranosy1)-a-L-rhamnopyranoside de me'thyle (31) et 
2,4-di-0-benzoyl-3-0-(2,3,4,6-t~tra-0-ace'tyl-a-~- 
glucopyranosy1)-a-L-rhamnopyranoside de mtthyle (32) 

La condensation du 2,4-di-0-benzoyl-a-L-rhamnopyranoside de 
methyle (28) (33) (1,9 g, 5 mmol) avec le bromure de 2,3,4,6-tetra- 
0-acCtyl-a-D-glucopyranosyle (30) (5 g), dans des conditions 
analogues a celles dCcrites pour la preparation de 21, permit 
d'obtenir un rCsidu qui fournit successivement, aprbs chromato- 
graphie (CH,Cl,), les deux disaccharides suivants. 

(i) L'anomere a (32) (0,103 g, 2,8%) : [a], +86 (c 1,5, CHCI,); 
ir (KBr) : 2995, 2940, 1755, 1725, 1600, 1450, 1370, 1270, 1220, 
1180, 11 10, 1070, 1040, 920, 800, 715 cm-'; rmn 'H : 8,15-7,46 
(lOH, m, 1OAr-H), 5,60 ( lH,  t, J 10 Hz, H-4), 5,51 (IH, dd, J 3 ,  
1,5 HZ, H-2), 5,23 ( lH,  d ,  J 4 HZ, H-1'), 5,14 ( lH,  t, J 9 HZ, 
H-37, 4,84 (2H, m, H-2', H-47, 4,81 ( lH, d, J 1,5 Hz, H-1), 4,40 
( lH ,dd ,  J10 ,  3Hz,H-3) ,4 ,06(1H,dq,  J 10 ,6Hz,H-5) ,  3,86 
(3H, m, H-5', H-6'a, H-6'b), 3,46 (3H, s ,  OCH,), 2,07, 1,87, 
1,64, 1,50, (4 X 3H, 4s, 40COCH3), 1,35 (3H, d, J 6 Hz, CH3-6); 
sm (dic) m/z : 734 (M + NH,)+, 331, 105. Anal. calc. pour 
C3,H,,OI6 : C 58,65; H 5,62; TrouvC : C 58,57; H 5,65. 

(ii) L'anomere p (31) (1,45 g, 55%) : [a], +38 (c I ,  CHC1,); ir 
(KBr) : 2990, 2940, 1755, 1720, 1600, 1450, 1370, 1320, 1265, 
1220, 1180, 11 10, 1070,980,910, 800,715, cm-I; mu1 'H : 8 , l l -  
7 3 1  (lOH, m, 10 Ar-H), 5,48 ( lH, t, J 9 Hz, H-4), 5,44 ( lH,  dd, 
J2 ,5 ,  1 HZ, H-2), 5,01 ( lH,  t, 5 8  Hz, H-3'), 4,94(1H, t, J 8  HZ, 
H-4'1, 4,87 ( lH ,  d, J 1 HZ, H-1), 4,86 ( lH, t, 5 8  HZ, H-2'), 4,67 
( lH, d, J ~ H z ,  H-1'), 4,35 ( lH,  dd, 5 9 ,  2,5 Hz, H-3),4,14(1H, 
dd, J 12, 5 Hz, H-6'a), 4,08 ( lH, dd, J 12, 2 Hz, H-6'b), 4,02 (lH, 
dq, J 9, 6 Hz, H-5), 3,66 ( lH, ddd, J 8, 5, 2 Hz, H-5'), 3,48 (3H, 
s, OCH,), 1,96, 1,94, 1,88, 1,38, (4 X 3H, 4s, 40COCH3), 1,31 
(3H, d, J 6 Hz, CH3-6); sm (dic) m/z : 734 (M + NH,)+, 614, 331, 
105. Anal. calc. pour C3,H4,Ol6 : C 58,65; H 5,62; trouvC : C 58,71; 
H 5,64. 

0-P-D-Glucopyranosyl-(I --, 3)-a-L-rhamnopyranoside de 
me'thyle (33) 

Le disaccharide 31 (1,43 g, 2 mmol) est dissout dans une solu- 
tion mkthanolique de methanolate de sodium (0,4 N, 6 mL) et le 
mClange est agitC pendant 2 h 20°C. La solution est neutraliske 
par addition de resine Amberlite IRC 50 HC,  filtrCe et CvaporCe a 
sec. Aprbs chromatographie du residu obtenu sur silice greffee 
en phase inverse (Lichroprep RP 18, solvant : H,O), on obtient 
le P-D-glucopyranosyl-a-L-rhamnopyranoside de mCthyle (33) 
(0,666 g, 98%) : [&lo -48 (c 0,5 EtOH); ir (KBr) : 3400, 2910, 
1450, 1390, 1200, 1130, 1080, 1050, 980, 900, cm-'; rmn 'H 
(CD30D) : 4,63 ( lH ,  d, J 1 HZ, H-1), 43.5 ( lH ,  d ,  J 8  HZ, H-1'), 
4,14 ( lH ,  dd J 3, 1 Hz, H-2), 3,87 ( lH ,  dd, J 12, 2 Hz, H-6'a), 
3,77 ( lH,  dd, J 12, 4 Hz, H-6'b), 3,75-3,25 (7H, m, H-3, H-4, 
H-5, H-2', H-3', H-4', H-5'), 1,20 (3H, d, J 6 Hz, CH3-6); sm (dic) 
m/z : 358 (M + NH,)+, 196, 180, 164. Anal. calc. pour 
C13H24010 : C 45,88; H 7 , l l ;  trouve : C 45,67; H 7,08. 
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rupeux qui est dissous dans du dichloromethane (20 mL), puis IavC 
par une solution aqueuse 1 M de KBr (2 X 10 mL), par une solu- 
tion aqueuse saturCe de NaHCO, (10 mL), par de I'eau (2 X 

10 mL), puis sCchC et concentrC. Aprks chromatographie (hex- 
ane-EtOAc, 80 : 20), on obtient le disaccharide 44 (0,865 g, 85%) 
: [a], -8 (C 0,5, CHC1,); ir (KBr) : 3000, 2950, 1760, 1720, 1640, 
1455, 1380, 1250, 1225, 1170, 1090, 1045, 980, 910, 875, 775, 
690 cnl-'; rmn 'H : 7,72 ( lH,  d, J 16 Hz, H-7"), 7,56 (2H, m, H-2", 
H-6) ,  7,40 (3H, m, H-3", H-4", H-5"), 6,43 ( lH,  d, J 16 Hz, H-8"), 
5 ,28(1H, t , J 9 H z , H - 3 ' ) , 5 , 1 1  ( l H ,  t , J 9 H z , H - 4 ' ) , 5 , 0 1  (2H, 
m, H-1', H-2'), 4,86 (IH,  d, J 1 Hz, H-1), 4,39 (IH,  dd, J 12, 
2 Hz, H-6'b), 4,28 ( lH,  dd, J 12, 5 Hz, H-6'a), 4,08 (2H, m, H-2, 
H-3), 3,79 ( lH,  ddd, J 9,  5 ,  2 Hz, H-5'), 3,59 (2H, m, H-4, H-5), 
3,34 (3H, s,  OCH,), 2,07, 2,06, 2,05 (3 x 3H, 3s, 30COCH3), 
1,54, 1,36 (2 X 3H, 2s, C(CH,),), 1,29 (3H, d, J 6 HZ, CH3-6); 
sm (dic) tn/z : 654 (M + NH,)+, 234, 201, 143, 131. Anal. calc. 
pour C3,H,,OI, : C 58,48; H 6,33; trouve : C 58,42; H 6,36. 

(E)-2,3-O-IsopropylirlPne-4-0-[6-0-(4-ac~to,~citznamoyl)-2,3,4- 
tri-O-ace'tyl-~-~-glucopyranosylj-a-~-rhamnopyrnoside de 
me'thyle (45) 

La condensation du 2,3-0-isopropylidkne-a-L-rhamnopyrano- 
side de rnCthyle (43) (29) (0,33 g, 1,5 mmol) avec le bromure 42 
(1 g, 2 , l  rnmol), dans des conditions analogues a celles dCcrites 
pour la synthkse de 44 permet d'obtenir, aprks chromatographie 
(hexane-EtOAc, 80 : 20), le disaccharide 45 (0,780 g, 75%) : 
-3  (C 1, CHCI,); ir (KBr) : 3000,2950, 1760, 1720, 1640, 1605, 
1510, 1375, 1250, 1225, 1170, 1095, 1045, 1025,985,915, 865, 
790, 740 cm-I; rmn 'H : 7,77 ( lH,  d ,  J 16 Hz, H-7"), 7,60 (2H, 
d, J 9 HZ, H-2", H-6), 7,19 (2H, d, J 9 HZ, H-3", H-5"), 6.41 ( lH,  
d, J 16 Hz, H-8"), 5,33 ( lH,  t, 5 9  Hz, H-3'), 5,17 ( l H ,  t, J 9  Hz, 
H-4'),5,05(2H, m, H - l l , H - 2 ' ) , 4 , 8 8 ( 1 H , d , J  1 H z , H - l ) , 4 , 4 4  
( lH,  dd, J 12, 2 Hz, H-6'b), 4,29 ( lH,  dd, J 12 ,6  Hz, H-6'a), 4,12 
(2H, m, H-2, H-3), 3,8 1 ( l H ,  ddd, J 9,  6 ,  2 Hz, H-57, 3,6 1 (2H, 
m, H-4, H-5), 3,38 (3H, s,  OCH,), 2,35 (3H, s,  ArOCOCH3), 
2,09, 2,08, 2,04 (3 x 3H, 3s, 3ROCOCH3), 1,55, 1,36 (2 x 3H, 
2s, C(CH3),), 1,29 (3H, d, J 6 Hz, CH3-6). sm (dic) m/z : 712 
(M + NH,)', 234, 210, 143. Anal. calc. pour C 3 3 b 2 0 1 6  : C 57,06; 
H 6,09; trouve : C 56,98; H 6,lO. 

(E)-4-0-(2,3,4-Tri-O-ac~tyl-6-O-cintzatnoyl-~-~- 
glucopyranosy1)-a-L-rhamnopyranoside de mtthyle (46) 

Une solution de I'acCtal 44 (0,64 g, 1 mmol) dans le chloro- 
forme (3 1,5 mL), est additionnee d'acide trifluoroacetique con- 
tenant 1% d'eau (3,5 mL), puis abandonnee 1 h a temperature 
ambiante. Le solvant est CliminC par Cvaporation et l'acide trifluo- 
roacCtique par codistillation avec le benzene. Le rCsidu obtenu 
fournit, aprks chromatographie (hexane-EtOAc, 80 : 20, 50 : 50), 
le diol46 (0,44 g, 73%) : [a], -41 (c 0,5, CHCI,); ir (KBr) : 3500, 
2950, 1760, 1715, 1640, 1455, 1380, 1250, 1225, 1170, 1065, 
1040, 980, 910, 775, 690 cm-I; rmn 'H : 7,74 ( l H ,  d, J 16 Hz, 
H-7"), 7,57 (2H, m, H-2", H-6) ,  7,41 (3H, m, H-3", H-4", H-5"), 
6,46(1H, d, J 16Hz,  H-8"), 5,24(1H, t, J 9 H z ,  H-3'), 5,12(1H, 
t, J 9 Hz, H-47, 5,01 ( l H ,  dd, J 9, 8 Hz, H-2'), 4,89 ( l H ,  d ,  J 
8 HZ, H-1'), 4,66 ( lH,  d, J 1,5 HZ, H-1), 4,41 (IH,  dd, J 12, 
2 Hz, H-6'b), 4,26 ( l H ,  dd, J 12, 6 Hz, H-6'a), 3,92 ( IH,  dd, J 
5,  1,5 Hz, H-2), 3,89 (2H, m, H-5, H-57, 3,67 ( l H ,  dd, J 9,  
5 Hz, H-3), 3,56 (1 H, t, J 9 Hz, H-4), 3,34 (3H, s ,  OCH,), 2,80, 
2,39 (2 X lH,  2s larges, Cch. D,O, OH-2, OH-3), 2,08, 2,06, 2,01 
(3 x 3H, 3s, 30COCH3), 1,31 (3H, d, J 6 Hz, CH3-6); sm (dic) 
m/z : 614 (M + NH4)+. Anal. calc. pour C28H36014 : C 56,37; H 
6,08; trouvk : C 56,41; H 6,07. 

(E)-4-0-[6-0-(4-Ace'toxycinnamoyl)-2,3,4-tri-O-ace'tyl-~- 
glucopyranosylj-a-L-rharnnopyranoside de mtthyle (47) 

Le traitement de I'acCtal 45  (0.70 g ,  1 mmol), dans des condi- 
tions analogues 2 celles decrites pour l'obtention de 46, donne, apres 
chromatographie (hexane-EtOAc, 60 : 40), le diol 47 (0,51 g, 
78%) : [a], -32 (c 0,5, CHC13); ir (KBr) : 3500, 3000, 2950, 1760, 
1710, 1640, 1455, 1380, 1310, 1250, 1225, 1160, 1060, 1040, 
980, 910, 790, 740 cm-';  rmn 'H : 7,70 ( l H ,  d, J 16 Hz, H-7"), 

7 3 9  (2H, d, J 9 HZ, H-2". H-6) .  7,14 (2H, d, J 9 HZ, H-3", H-5"), 
6,42 (IH, d, J 16 Hz, H-8"). 5,28 (IH, t, J 9  Hz, H-37, 5,14 (IH, 
t, J 9 H z , H - 4 ' ) , 5 , 0 1  ( l H , d d ,  J 9 ,  8 H z , H - 2 ' ) , 4 , 9 2 ( 1 H , d , J  
8 HZ, H-1') 4,63 ( l H ,  d ,  J 1,5 HZ, H-1), 4,42 ( l H ,  dd, J 12, 
2 Hz, H-6'b), 4,27 ( IH,  dd, J 12, 5 Hz, H-6'a), 3,90 ( IH,  dd, J 
3, 1,5 Hz, H-2), 3,82 (2H, m, H-5, H-5'), 3,64 (1 H, dd, J 9, 
3 Hz, H-3), 3,55 (IH,  t, J 9 Hz, H-4), 3,35 (3H, s ,  OCH,), 2,92 
(2H, m large, ech. D 2 0 ,  OH-2, OH-3), 2,31 (3H, s,  Ar- 
OCOCH,), 2,08, 2,06, 2,01 (3 X 3H, 3 ~ ,  3 ROCOCH,), 1,30 (3H, 
d, J 6 Hz, CH3-6). sm (dic) m/z : 672 (M + NH4)+. Anal. calc. 
pour C30H3X016 : C 55,04; H 5 85; trouvC : C 55,09; H 5,85. 

(E)-l,2,3-Tri-0-nce'tyl-4-0-(2,3,4, -tri-0-acttyl-6-0-citzt~amoyl- 
p-D-gfucopyrat~os)lf)-a-L-rhatnnopyratzose (48) 

Le traitement du diol 46 (0,40 g,  0,67 mmol), dans des con- 
ditions identiques a celles dCcrites pour la preparation de 24, 
fournit, aprks chromatographie (hexane-EtOAc, 60 : 40), le di- 
saccharide 48 (0,325 g, 68%), identique 2 un Cchantillon authen- 
tique (3). 

(E)-I , 2 , 3 - T r i - O - n c t t y l - 4 - 0 - [ 6 - 0 - ( 4 - a c ~ l ) - 2 , 3 , 4 - t r i -  
O-ace'ty~-~-~-g~~tcopyranosylj-a-~-rhamnop)rntose (49) 

Le traitement du diol 47 (0,45 g ,  0.68 mmol), dans des condi- 
tions analogues a celles dCcrites pour la priparation de 24, foumit, 
aprks chromatographie (hexane-EtOAc, 60 : 40), le disaccharide 
49 (0,344 g, 68%), identique 2 un Cchantillon authentique (3). 
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Diurnal and seasonal modelling of the tropospheric half-lives of polycyclic 
aromatic hydrocarbons 
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NIGEL J .  BUNCE and HELENA G. DRYFHOUT. Can. J. Chem. 70, 1966 (1992). 
The half-lives of polycyclic aromatic hydrocarbons (PAH) were calculated under different conditions of location, season, 

and time of day, based on the reaction of PAH with the hydroxyl radical OH as the major sink. The calculations re- 
quired a method of estimating the diurnal variation in the concentration of OH, which is not normally available experi- 
mentally. For naphthalene as a prototype PAH, the half-lives were of the order of several hours, but varied by more than 
an order of magnitude with season and geographical location. The previously developed model applicable to rural at- 
mospheres was modified to estimate the half-lives of PAH in the urban troposphere by including of the reaction of OH 
with NO2 as a major urban sink for OH. The half-lives of several PAH were estimated for North York, Ontario, under 
different conditions of NO2 and ozone concentrations during a period of high tropospheric air pollution in July 1988. 

NIGEL J. BUNCE et HELENA G. DRYFHOUT. Can. J .  Chem. 70, 1966 (1992). 
Utilisant le reaction des HAP avec le radical OH cornme rnodkle pour leur mode principal d'klirnination, on a calcule 

les derni-vies des hydrocarbures aromatiques polycycliques (HAP) dans diverses conditions, comme le lieu, la saison et 
l'heure du jour. Pour ces calculs, il a ete necessaire d'evaluer la variation diurne de la concentration en OH; cette valeur 
n'est genkralernent pas disponible d'une f a ~ o n  experimentale. Pour le naphtalkne cornrne prototype des HAP, les derni- 
vies sont de I'ordre de plusieurs heures; elles varient toutefois par plus d'un ordre de grandeur avec la saison et l'em- 
placement giographique. Dans le but d'kvaluer les derni-vies de HAP dans des troposphkres urbaines, on a modifik le 
modkle dCveloppC anterieurernent et applicable aux atmospheres ruraux en incluant le reaction de OH avec NO- , cornrne 
pikge urbain principal pour les OH. Utilisant diverses concentrations de NO2 et d'ozone durant une pCriode de haute 
pollution de l'air troposphkrique, en juillet 1988, on a Cvalue les derni-vies de plusieurs HAP pour North York, Ontario. 

[Traduit par la redaction] 

Introduction 

Tropospheric pollutants may be removed from a given 
region of the atmosphere by physical removal involving either 
wet or dry deposition, by transport out of the area through 
the movement of air masses, and by chemical reaction. The 
tropospheric lifetime of the pollutant depends on the rates of 
all three processes, whereas the rate of chemical reaction 
relative to those of the other processes determines whether 
the pollutant will eventually be deposited in its original form 
or as a secondary pollutant. 

Chemical transformation in the lower atmosphere may 
occur through photolysis by sunlight, provided that the pol- 
lutant contains a chromophore that absorbs in the range of 
wavelengths of tropospheric solar radiation (A > 290 nm). 
Alternatively, a substrate may react with one of several re- 
active substances which are present at low concentrations in 
the troposphere. These include hydroxyl radicals, ozone, and 
nitrate radicals, the latter being significant only at night. 

In daylight hours, the predominant reactive substance is 
usually the hydroxyl radical, whose characteristic reactions 
are hydrogen-atom abstraction and addition to an unsatu- 
rated centre, the latter process occumng both for inorganic 
molecules such as NO, and SO,, and for unsaturated or- 
ganic substances (alkenes and aromatics). The reaction with 
OH is normally second-order kinetically, and so both the rate 
constant and the concentration of OH must be known in order 
to estimate the rate of the reaction or the half-life of the 
substance (eq. [I]). 

[ I ]  rate = k [substrate] [OH] 

Many gas-phase rate constants of interest have been mea- 

' ~ u t h o r  to whom correspondence may be addressed. 

[21 NO, 
h v ,  h < 400 nm , NO + O ~ P )  

[3] o(") + 0, * 0 3  

[41 0 3  
h v ,  h < 320 nrn , oJ 'A~) + o('D) 

[S] o('D) + H,O - 20H 

sured in the laboratory (1). Rates of reaction have often been 
calculated by using globally, seasonally, and diurnally av- 
eraged estimates of OH concentrations (2), an approach 
which is appropriate for long-lived tropospheric gases. 
However, the assumption of a constant concentration of OH 
fails for short-lived gases: the concentration of OH in the 
troposphere varies diurnally, seasonally, and geographi- 
cally according to the solar photon intensity, since OH is 
formed by a photochemical reaction sequence (Scheme 1). 
These dependencies of the concentration of OH must be 
known in order to estimate the lifetimes of short-lived sub- 
strates. Unfortunately, the OH concentration is difficult to 
obtain in the field, because OH has few convenient absorp- 
tion bands that are easily distinguished from those of other 
chemicals in the atmosphere and also because its concentra- 
tion is always extremely low (< 10-l4 atm). 

Polycyclic aromatic hydrocarbons (PAH) are tropo- 
spheric pollutants that result from incomplete combustion of 
fuels, notably vehicular emissions (e.g., ref. 3), and hence 
are present at higher concentrations in the urban tropo- 
sphere than in the rural troposphere. PAH containing four or 
fewer benzene rings exist almost exclusively in the gas phase 
under tropospheric conditions. Previous research has shown 
that PAH are rather short lived in the troposphere and that 
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BUNCE AND DRYFHOUT 1967 

they react predominantly by way of hydroxyl radical attack TABLE 1. Rate constants for reaction of PAH with OH 

(4). 
The fate of PAH in the troposphere is important because Chemical k (cm3/(molec s)) t~,?(h) 

of the well-documented toxicit; of some members of the 
Acenaphthene 1.03 X 1.6 

family and because they are transformed in the troposphere 'cenapthylene 1.10 X lo-'"" 1.5 
into a wide variety of secondary pollutants, including phe- Anthracene 1.1 x 10-'Ob 1.5 
nolics, nitro-PAH, and nitrophenols. Although the corn- Biphenyl 8.1 x lo-"" 1.9 
plete spectrum of products has not yet been identified, even Fluoranthene 5.0 x lo-"' 2.5 
for reactants as simple as toluene and naphthalene (4), some Naphthalene 2.2 x 3.9 
of the known secondary products are more toxic than the Phenanthrene 3.4 x 3.4 
parent PAH on the basis of mutagenicity assays ( 5 ) .  Pyrene 5 .0  x lo-"' 2.5 

Styrene 5.9 x lo-"" 2.2 

Methodology 

We recently developed a simple computational model to 
estimate the half-lives of pollutants in the atmosphere with 
respect to photolysis and (or) reaction with OH radicals (6). 
The model was developed following observations by Platt 
et al. (7) which imply that the OH concentration in the rural 
troposphere is directly proportional to the rate of photolysis 
of (tropospheric) ozone (eq. [6]). 

[6] [OH] = constant X J(O,) X [O,] 

J(O,) is the rate constant for the photolysis of ozone, which 
depends on the intensity of sunlight. J(O,) can be calculated 
at any time of day for any location and date by making use 
of tables of tropospheric intensity vs. wavelength for de- 
fined zenith angles (8). The zenith angle can be calculated 
for any time, date, and location, and the solar intensities at 
each wavelength interpolated from the tabulated data. J(03) 
can then be calculated at a single wavelength, knowing the 
absorption cross section of ozone u, and the quantum yield 
4, for reaction [4] at that wavelength (eq. [7]). 

J(O,), must then be summed over all the tropospheric 
wavelengths at which ozone absorbs. Once J(03)  is known, 
the rate of reaction of the pollutant with OH follows by ap- 
plication of eq. [6] and [I].  

Equation [8] is the expression for the concentration of 
[OH], assuming an instantaneous steady state. 

In eq. [8], cx is the proportionality constant to convert the rate 
of photolysis of ozone to the rate of formation of OH, Ckf[Y] 
is the rate of other source reactions of OH, and Ck,[X] is the 
combined rate of all sink reactions (eq. [I]).  The experi- 
mental finding that [OH] a J(O,), eq. [6], implies that the 
predominant source of OH is the photolysis of ozone (cxJ(03) 
[03] > > Ckf[Y]), at least in the rural area where the mea- 
surements were made (7). Under these conditions, eq. [8] 
simplifies to eq. [9]. 

The hydroxyl radical reacts rapidly and irreversibly with 
NO,, eq. [lCI]. This reaction is relatively unimportant in the 
unpolluted troposphere where [NO2] is low, but becomes a 

"Reference 9. 
"Reference 14. 
'Estimated as described in ref. 15. 

major sink for OH in the urban troposphere whenever [NOz] 
exceeds a few ppbv (9). 

The relationship between [NO2] and [OH] is therefore com- 
plex; NO2 is both a precursor of OH (Scheme 1) and a sink 
(eq. [ 101). The inclusion of reaction [lo] as a major sink for 
OH changes eq. [9] to eq. [ l  11 , in which subscripts u and r 
refer to urban and rural. 

By equating Ckl [XI in eqs . [9] and [ 1 I 1, the urban OH con- 
centration can be approximated by eq. [12]. 

This equation was incorporated into the model developed for 
rural atmospheres (6). An attempt to validate the revised 
model was made by using it to estimate the OH concentra- 
tion for the data set reported by Dom et al. (9). 

Results and discussion 
Although PAH can in principle be altered chemically both 

by photolysis and reaction with OH, the latter reaction is their 
principal chemical sink (4) and so quantum yields of pho- 
tolysis were taken to be zero. 

The half-lives of several PAH were estimated under dif- 
ferent conditions of time, place, and date. Rate constants for 
the reaction of OH with several PAH are given in Table 1 
along with half-life estimates for various PAH at latitude 
43.70"N, the same latitude as Toronto, Ontario (43.70"N, 
79.47"W) on March 21, starting at 8:00 a.m., and assuming 
a single, instantaneous emission of the PAH. These initial 
calculations employed the original (rural) model and hence 
apply to the latitude of Toronto, rather than to Toronto it- 
self. Because of the high rate constants of OH with PAH, all 
the half-lives are very short, a few hours, hence a globally 
and seasonally averaged concentration of OH would be in- 
appropriate for modelling the behaviour of PAH. 

Figures 1-3 show the results of calculations involving 
naphthalene as a prototype PAH, again using the rural model. 
Figure 1 shows the half-life of naphthalene at 43.70°N on 
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7 8 9 10 1 1  12 13 

Time of introduction of chemical 

FIG. 1 Variation of the half-life of naphthalene using rural model 
at 43.7"N on March 21 according to the time of emission. 

Jan. Feb. Mar. Ap. May June July Aug.Sept. Oct. Nov. Dec 

FIG. 2 Monthly variation of the half-life of naphthalene at 43.7"N 
using rural model: emission at 8:00 a.m. on the 21st of the month. 

0 10 20 30 40 50 60 70 

Latitude 

FIG. 3 Estimate of half-life of naphthalene at different latitudes 
using the rural model: emission at 8:00 a.m. on March 21. 

March 2 1, with the single emission of naphthalene occur- 
ring at different times of the day. The half-life is, as ex- 
pected, shortest when there is the maximum exposure to the 
highest solar intensities near noon. A late afternoon emis- 
sion gives a longer lifetime, because any PAH not de- 
stroyed by sunset will survive the night unchanged.' 

'1n practice, this statement is an approximation, because the 
model does not take account of the nighttime reaction of PAH with 
the NO3 radical. 

Time 

FIG. 4 Verification of urban model using experimental mea- 
surements from Dom et al. (9) in Julich, Germany, on July 14, 
1987. Symbols represent experimental measurements. Lower solid 
line, calculated OH concentration ( X  radicals cm-3; dotted 
line, ozone concentration ( x  lo- '  ppbv); upper solid line NO2 
concentration (ppbv). 

Figure 2 is a similar calculation for a single emission of 
naphthalene at 8:00 a.m. at different seasons, again at 
43.70°N. A substantial difference exists between winter 
- 2 days) and summer (t,/' - 2-3 h). In winter the zenith 
angle of the sun is greater, leading to a slower rate of pho- 
tolysis of ozone and therefore a lower OH concentration. 
Other calculations (not shown) demonstrate that the diver- 
gence between winter and summer increases at higher lati- 
tudes. Figure 3 illustrates the variation in half-life with 
latitude, again for a single emission of naphthalene at 8:00 
a.m. on March 21. These calculations with the rural model 
exemplify the variation of half-life with time of day, sea- 
son, and place for a short-lived tropospheric component such 
as PAH, but do not attempt to simulate urban conditions. 

Verification of the urban model 
The NO, and ozone concentrations reported by Dorn et al. 

(9) for Julich, Germany, for July 14, 1987, were used to 
determine how well the model reproduced the experimental 
concentrations of OH. The importance of this data set is that 
the diurnal variations of OH, NO,, and 0, were all mea- 
sured. The calculated concentration of OH is shown in Fig. 
4 along with the experimental values for the concentrations 
of NO,, ozone, and OH. For purposes of calculation, the 
concentrations of NO, and 0, from the paper were approx- 
imated by the functions below (t = hours elapsed since 8 
a.m.). 

0, (ppbv) = 20 + 9.2t (time < 1700 h) 

= 130 (time > 1700 h) 

NOz (ppbv) = 16.5 - 5.33t + 0.532' (time < 1320 h) 

= 3.0 ppb (time > 1320 h) 

Figure 4 shows an acceptable concordance between the cal- 
culated and the experimental values of [OH]. In this con- 
text, acceptable means that the experimental trend in OH was 
reproduced and the quantitative agreement between calcu- 
lation and experiment was within a factor of 2. As we have 
stated previously (lo), the models presented here were de- 
signed to provide a rapid estimate of tropospheric lifetimes 
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using only spreadsheet software, and that additional preci- 
sion would be computationally much more in ten~ive .~  

Reaction [lo] is important in regulating the concentration 
of OH. The high NO, concentrations early in the day in Fig. 
4 result from early morning rush hour traffic, which pro- 
duces NO, subsequently oxidized to NO, by agents such as 
O3 and HO,. The OH concentration remains very low dur- 
ing this period due to low photon intensity (slow reaction [4]) 
coupled with high [NO,] (fast reaction [lo]). As the mom- 
ing proceeds, rising solar intensity increases the rate of for- 
mation of OH, and the removal of NO, by reaction [lo] 
outstrips its rate of emission. The concentration of NO, 
therefore falls, allowing the OH radical concentration to build 
up. The afternoon rush hour does not greatly increase the 
concentration of NO,, since reaction [lo] removes NO, as it 
forms. 

A serious limitation of the present model is the lack of data 
with which to validate it-so far, only the set of measure- 
ments of OH concentrations in the urban troposphere re- 
ported by Dorn et al. (9). More measurements of this sort are 
clearly needed. 

Application of the urban model 
The data set of Dorn et al .  (9) is unique in providing ex- 

perimental measurements of the diurnal variation of O,, NO,, 
and OH. As stated earlier, [OH] cannot yet be routinely 
measured, and so its concentration must be calculated in order 
to estimate the half-lives of pollutants such as PAH. Cal- 
culations with the urban model require time-dependent con- 
centrations of 0, and NO, to be provided in order to calculate 
the time-dependent concentration of OH. The diurnal vari- 
ations of O3 and NO, are only available for a limited num- 
ber of locations. An especially useful data set has been 
collected by the Ontario Ministry of the ~nvi ronment .~  The 
data used in the present paper are from the monitoring sta- 
tion at North York and relate to a period in July 1988 when 
Southern Ontario experienced a protracted hot, dry spell with 
severe air pollution. Three days were modelled on which very 
different NO, (actually measured as [NO, - NO]) and ozone 
concentrations were recorded. The experimental and calcu- 
lated OH concentrations for July 27, July 7, and July 18 are 
shown in Figs. 5-7. 

The NO, and O3 concentrations for July 27 (Fig. 5 )  ex- 
emplify a normal summer day. The pattern is similar both 
to the validation data set from Julich, Germany (except that 
the concentration of NO, increases in the afternoon rather than 
decreases), and to the "textbook" diurnal patterns of pollut- 

'In particular, eq. [I 11 and [12] do not account for all sources 
and sinks of OH. For example, the photolysis of HONO is some- 
times the chief source of OH in the early morning, and under some 
conditions reaction cycles involving OH-initiated reactions of hy- 
drocarbons can be a net producer of OH. Under conditions of high 
[NO], the reaction of OH with CO may not lead to a net loss of OH 
due to the cycle below. 

CO + O H + C O ,  + H 
H + 02+ H 0 2  
HO, + N O +  NO, + OH 

Likewise, we have not included in the model the effect of the par- 
tial pressure of water (which affects the source strength of OH; 
Scheme 1) or other sinks for PAH such as reaction with NO, dur- 
ing darkness. 

4~ersona l  communication from Annette Deane, Air Resources 
Branch, Ontario Ministry of the Environment. 

I DRYFHOUT 1969 

7.5 , I 

Time 

FIG. 5 Estimate of OH concentration in North York, Ont., on 
July 27, 1988. Symbols represent actual experimental measure- 
ments; symbols represent experimental measurements. Solid line 
(no symbols), calculated OH concentration (X radicals cm-)); 
symbols: dotted line and filled triangles, ozone concentration 
( x  lo- '  ppbv); dashed line and open triangles, NO2 concentration 
(ppbv). 

8 1 2  16 2 0 

Time 

FIG. 6 Estimate of OH concentration in North York, Ont., on 
July 7,  1988. Symbols and lines as in Fig. 5.  

8 1 2  16 2 0 

Time 

FIG. 7 Estimate of O H  concentration in North York, Ont., on 
July 18, 1988. Symbols and lines as in Fig. 5 .  

ants which have been observed in Los Angeles, California, 
since the late 1940's. The calculated OH concentration peaks 
at about 6 x lo6 molec cmP3. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1970 CAN. J .  CHEM. VOL. 70, 1992 

aca ocy ant  f lo nap  phe PYr s t y  

FIG. 8 Estimate of half-life of several PAH using the urban model 
in North York for the dates July 7, 18, and 27, 1988: emission of 
PAH at 8:00 a.m. Abbreviations: aca, acenaphthene; acy, acena- 
phthylene; ant, anthracene; flo, fluoranthrene; nap, naphthalene; 
phe, phenanthrene; pyr, pyrene; sty, styrene. 

The ozone concentrations on July 7 (Fig. 6) were unusu- 
ally high. This produced very high concentrations of O H  
because the rate of photolysis of ozone is proportional to the 
concentration of ozone. This is consistent with an experi- 
mental data set reported from Glendora, California, for Au- 
gust 1986 when, during a protracted period of high air 
pollution, 12-h average concentrations of O H  of 2 X lo6 
radicals cm-3 were recorded (1 1). The negligible concen- 
tration of NO, in the afternoon of July 7 was presumably due 
to the efficient removal of NO, by the high concentration of 
O H  (reaction [lo]) .  

On July 18 (Fig. 7), the ozone concentration was unusu- 
ally low and [NO,] increased as the day progressed. These 
factors combined to limit the rate of formation of O H  and to 
maximize its rate of removal, and so on July 18 the O H  
concentration was unusually low. 

The estimated half-lives of several PAH under these urban 
conditions are shown in Fig. 8.  For example, the value for 
the half-life of naphthalene calculated on the "typicaln day 
July 27 is about 2.5 h. On July 7 ,  when the concentrations 
of O H  were extremely high, the half-life was less than 2 h. 
Conversely on July 18, when concentrations of OH were very 
low, the half-life tripled to just under 6 h. 

The O H  concentration depends in a complex manner on 
the composition of the urban troposphere. According to 
Scheme 1,  high [NO,] leads to high [o,], and hence to in- 
creased rates of formation of OH. High concentrations of NO, 
and PAH provide sinks for OH,  while reactions with sub- 
stances involved in cyclic reactions of O H  (e.g., C O  and al- 
iphatic hydrocarbons) may cause a net increase or  decrease 
in the concentration of OH, depending on the conditions. The 
instantaneous steady-state concentration of O H  thus de- 
pends on the interplay of these factors. Recent work (12) 
implies that the long term global trend in [OH] may be 
downward, owing to greater sink strengths, especially in- 
creased global concentrations of methane. In the polluted 

urban troposphere, the trend in [OH] is predicted to be up- 
ward, due to high levels of ground level ozone. 

Urban concentrations of PAH are important because of 
concerns over the toxicity of the parent PAH and some of 
their tropospheric products. The present work suggests that 
high levels of ozone should be associated with a greater sink 
strength for PAH, due to increased production of OH.  A 
different explanation was provided by Flessel and Levaggi 
(13), who noted that high levels of ground level ozone were 
associated with low levels of PAH, and concluded that re- 
action with ozone itself must be a strong sink for PAH. 
However, later work (4) suggested that reaction with ozone 
is rapid only for five-membered ring PAH such as acena- 
phthylene. Trends in the concentration of PAH are impor- 
tant in assessing the success of vehicular emission controls; 
however, a lower ambient level of PAH could be achieved 
either by reduced emission, reducing the source strength, or 
by faster reaction due to a higher concentration of OH,  in- 
creasing the sink strength. To  distinguish these possibilities 
it will be necessary to monitor concurrently the diurnal 
variation of [PAH] and [O,] at different seasons, thus al- 
lowing the concentration of OH, and hence the sink strength, 
to be estimated. 
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Computational and ultraviolet photoelectron spectroscopic evidence that 
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I NICK HENRY WERSTIUK, GEORGE TIMMINS, JIANGONG MA, and TIMOTHY A. WILDMAN. Can. J. Chem. 70, 1971 (1992). 
A redetermination of the ultraviolet photoelectron (pe) spectrum of (Z)-2-methyl-l,3-pentadiene has led to a correc- 

tion of the published spectrum. By studying (a-2-methyl-1,3,-pentadiene ( la)  and (E)-2-methyl-1,3-pentadiene (lb) with 
MMX, MNDO, A M l ,  and a b  initio MO computational methods and pe spectroscopy, we have shown that a combina- 
tion of these methods provides useful insights on the conformational behaviour of methyl-substituted 1,3-dienes in the 
gas phase. Synthetic pe spectra, derived from the computed potential energy surfaces and angle-dependent orbital ener- 
gies, are in good agreement with experiment. Thus, the E isomer prefers the s-trans conformer but the Z isomer prefers 
twisted s-cis conformations in the gas phase. 

NICK HENRY WERSTIUK, GEORGE TIMMINS, JIANGONG MA et TIMOTHY A. WILDMAN. Can. J .  Chem. 70, 1971 (1992). ~ Une redetermination du spectre photoelectronique ultraviolet (pe) du (a-2-mCthylpenta-l,3-dikne a conduit i une I correction du spectre publie antkrieurement. En Ctudiant les (Z) et (E)-2-methylpenta-l,3-diknes, respectivement l a  et 
l b ,  par des mCthodes de calculs d'orbitales moleculaires MMX, MNDO, AM1 et a b  initio et par spectroscopie pe, on 
a montre qu'une combinaison de ces methodes permet d'avoir des idees utiles sur le comportement conformationnel en 
phase gazeuse de ces 1,3-diknes substituCs par des mCthyles. Les spectres pe synthetiques, calculCs a partlr des surfaces 

I 
d'Cnergie potentielle et des energies orbitalaires qui dependent des angles, sont en bon accord avec les valeurs 
experimentales. Ainsi, en phase gazeuse, l'isomkre E existe prkferentiellement comme conformkre s-trans alors que 

I l'isomkre Z prefkre les conformations s-cis dkformkes. 
[Traduit par la redaction] 

Introduction 
A comprehensive study of the effect of methyl and ethyl 

substituents on the conformations of conjugated dienes by 
ultraviolet photoelectron spectroscopy (UPS) and by empir- 
ical (MMX), semiempirical (AM 1, MNDO), and ab initio 
MO calculations was initiated recently (1, 2). This work was 
undertaken for several reasons. The primary goal was to es- 
tablish whether or not AM1 (3) is useful for carrying out 
conformational analyses and for detailing conjugative and 
homoconjugative interactions in dienes. In our view, this 
research is timely because there is renewed interest (4-8) in 
the conformational analysis of dienes, a subject which oc- 
cupied the attention of experimentalists and theoreticians for 
decades.' Our plan was to study a series of alkyl-substituted 
1,3-dienes computationally to calculate heats of formation 
or total energies as a function of the dihedral (twist) angle 
between the double bonds in order to identify the stable 
conformations and to calculate the a_, a+ splittings of planar 
(s-cis and s-trans) and twisted conformations. By compar- 
ing the latter values with the splittings obtained experimen- 
tally by UPS, we hoped to establish whether combined AM 1 / 
UPS could be of general use in the study of conformational 
behaviour and of conjugative or homoconjugative interac- 
tions of alkyl-substituted polyenes in the gas phase. More- 
over, because structure determines the conformational 
behaviour of these molecules, these studies would establish 
whether AMl/UPS could be used to elucidate the geomet- 
rical structure of highly alkylated dienes and polyenes, es- 
pecially where there are no vicinal protons on the double 
bonds; the classical approach of using 'H coupling con- 
stants to determine stereochemistry cannot be used in these 

' ~ u t h o r s  to whom correspondence may be addressed. 
'~evis ion received February 20, 1992. 
3 ~ e e  ref. 4 for a comprehensive list. 

cases. We were motivated to undertake this comprehensive 
study primarily by a report that the three lowest ionization 
energies of (a-2-methyl-l,3-pentadiene ( la )  and (E)-2- 
methyl- 1,3-pentadiene ( lb)  are identical within experimen- 
tal error (8.43, 10.49, 11.53 eV for l a  and 8.42, 10.46, and 
11 .50 eV for lb )  (9). In preparing l a  in order to repeat the 
work of Masclet and co-workers (9), we established that the 
commercial product claimed to be predominantly (3-2-  
methyl-1,3-pentadiene was in fact the E isomer. The pho- 
toelectron (pe) spectra of l a  (Fig. 1A) and l b  (Fig. 1B) are 
different. On the basis of the a+, a- splitting and MMX 
calculations, we concluded that twisted ;-cis conformers of 
l a  are preferentially populated in the gas phase and pub- 
lished a communication to document the results. 

Q R2 

1 

a ,  R1 = CH,, R2 = H 

b, R' = H, R2 = CH, 

In this paper, we give a full account of our study of l a  and 
l b  that includes comprehensive computational studies and 
synthetic pe spectra derived from those studies. 

Results and discussion 

Preparation and pe spectroscopy of (Z)-2-methyl-] ,3- 
pentadiene (la) and (E)-2-methyl-1,3-pentadiene ( lb )  

Samples that were supposedly l a  and l b  were first iso- 
lated from a commercial product that was labelled as 80% 
l a  and 20% l b  by Aldrich Chemical Co. The major com- 
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FIG 1. Partial ultraviolet photoelectron spectra of (Z)-2-methyl- 
1,3-pentadiene (A) and (E)-2-methyl-1,3-pentadiene (B) recorded 
at 300 + 5 K.  

ponent exhibited three discernable low-IE bands at 8.42 (T-), 
10.46 (T+), and 11.50 eV, in agreement with the pe spec- 
trum reported by Masclet and co-workers (9). The T-, T+ 

splitting was 2.04 + 0.05 eV. However, the 'H NMR spec- 
trum of this sample corresponded closely to the spectrum of 
(E)-2-methyl-1,3- entadiene (10). The key feature was that P the vicinal vinylic H coupling constant of 15.6 Hz fell in the 
range expected for trans vinylic hydrogens (1 1). Further- 
more, the 'H NMR spectrum of the sample which was sup- 
posedly l b  (20% of the commercial material) corresponded 
to the spectrum of 4-methyl- l,3-pentadiene (10). Here the 
key feature was a broad singlet at 1.75 ppm of relative area 
six. As was reported in the preliminary account of this work 
(I),  different conformational preferences for l a  (crosses in 
Fig. 2) and l b  (circles in Fig. 2) were indicated by MMX 
calculations in which the nonplanar option was used for the 
double bonds. Unlike l b ,  for which the planar s-trans con- 
formation is the most stable structure, s-cis conformations 
with dihedral angles in the region of 60" are predicted to be 
the most stable structures of l a .  On this basis, a T-, T+ 

splitting less than the observed value of 2.04 eV would be 
expected for l a  (12). The NMR data and the MMX calcu- 
lations coupled with the magnitude of the T-, T+ splitting 
indicated that the major component of the commercial 
material was not l a  and that the pe spectrum reported pre- 
viously (9) was not the spectrum of (a-2-methyl- 1,3-pen- 
tadiene ( l a ) .  

Analysis of the Aldrich product on a 1,2,3-tris-(2-cya- 
noethoxy)-propane (TCEP) column at ambient temperature 

S-CIS Cl-C2-C3-C4 DIHEDRAL ANGLE /DEG S-TRANS 

FIG. 2. Calculated relative heat of formation of 2-methyl-1,3- 
pentadiene from MMX. Dashed lines correspond to planar double 
bonds and solid lines correspond to twisted, nonplanar double 
bonds. Crosses correspond to l a ,  circles to l b .  

established that three components, A, B, and C, with rela- 
tive retention times of 1 : 1.40: 1.55 were present in a ratio of 
1 (2%): 39 (78%): 10 (20%) respectively. Based on the 
assumption that the commercial material was actually com- 
posed predominately of a mixture of (E)-2-methyl-1,3-pen- 
tadiene ( l b )  (78%) and 4-methyl-1,3-pentadiene (20%), an 
attempt was made to prepare l a  by photochemical isomeri- 
zation of l b  (13). To that end, the commercial product was 
photolyzed at 300 nm in pentane in a Rayonet reactor in the 
presence of acetophenone as a sensitizer. Photolysis reac- 
tions were monitored by gc (TCEP) and stopped when the 
yield of peak A reached a maximum, usually after 8-10 h. 
For one photolysis, the ratio of peaks A:B :C was 
1 : 1.84:0.87 after 9 h. These components were isolated by 
preparative gc (TCEP) and 'H NMR spectra were obtained. 
Because the 'H NMR spectra of the compounds A, B, and 
C correspond closely to the spectra reported for l a  (14), l b  
(lo), and 4-methyl- 1,3-pentadiene (lo), the commerical 
product was deemed to be a mixture of l b  and 4-methyl-1,3- 
pentadiene, not l a  and l b  as indicated on the label. The 
partial pe spectra of l a  and l b  are shown as Fig. 1(A and B), 
respectively. 

Computational studies of dienes l a  and 1 b 
The heats of formation (AH,) of l a  and l b  were com- 

puted with MMX as the C1-C2-C3-C4 dihedral angle 
was driven from 180" to 0" in 15" increments. When planar- 
ity of the double bonds was enforced, planar s-trans confor- 
mations were computed to be the most stable structures of 
l a  and l b ,  as shown by dashed lines in Fig. 2. On the other 
hand, when the non-planar optimization option was used, 
torsional distortion of the double bonds of l a  occurred and 
twisted s-cis conformers with C1-C2-C3-C4 dihedral 
angles in the region of 60" were the most stable structures, 
as shown by crosses on solid lines in Fig. 2. Clearly, this 
version of MMX (15) is not generally useful for studying 
conformational preferences of highly substituted 1,3-dienes. 

MNDO and AM1 calculations were also carried out to 
compute AH, as a function of the C1-C2-C3-C4 dihe- 
dral angle. The keyword PRECISE was specified in order to 
tighten the convergence criteria. As shown by the dashed 
lines in Fig.3(A and B), the MNDO results wrongly indi- 
cate that 90" conformations are the most stable structures of 
l a  and l b .  This is presumably a consequence of the under- 
estimation of the resonance stabilization of the planar con- 
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WERSTIUK ET AL 

TABLE 1. Heats of formation of diene con- 
formers computed with AM1 

Diene" 
C 1 -C2-C3-C4 

dihedral angle l a  l b  

180 (s-trans) 68.33 55.65 
165 67.88 56.01 
150 66.93 57.19 
135 66.48 58.62 
120 65.26 59.96 
105 64.77 61.24 
90 64.98 61.63 
75 64.42 60.77 
60 62.93 58.92 
45 61.64 56.74 
30 61.89 55.35 
15 63.95 55.1 1 
0 (s-cis) 65.28 55.22 

"Heat of formation is given in kJ/rnol. 

S-CIS Cl-C2-C3.01 DIHEDRAL ANGLE /DEG S-TRANS 

S-CIS Cl-C2-C3-C4 DIHEDRAL ANGLE /DEG S-TRANS 

FIG. 3. Calculated heat of formation or relative total energy of 
2-methyl-l,3-pentadiene from MNDO (dashed line), AM1 (dot- 
dashed line), and STO-3G (solid line): Z isomer ( la)  in A, E iso- 
mer (lb) in B. 

formations and the consistent overestimation of steric 
repulsions in MNDO (3). 

According to the AM1 results (see Table 1 and the dot- 
dashed lines in Fig. 3) the planar s-trans conformation of l b  
is only marginally less stable than the s-cis structure. The 
AM1 barrier to interconversion of the planar s-trans to the 
planar s-cis conformation is only 6.5 kJ/mol. This low bar- 
rier is consistent with the results of a previous AM1 com- 

S-CIS Cl-C2-C3-C4 DIHEDRAL ANGLE /DEG S-TRANS 

FIG. 4. Calculated angle dependence of the IT-, IT, and highest 
a MO energies of (Z)-2-methyl-l,3-pentadiene (solid lines) and (E)- 
2-methyl-l,3-pentadiene (dashed lines) from AM1. 

putational study of butadiene (2). AM1 underestimates the 
torsional banier in 1,3-butadiene by approximately 12 kJ/mol 
and AM, between the planar s-trans and planar s-cis con- 
formations by approximately 4 kJ/mol. Twisted (45") s-cis 
conformations of l a  are computed to be more stable than the 
planar s-trans and s-cis conformations (Fig. 3A). Contrary 
to the MMX results, there is no significant torsional distor- 
tion of the double bonds at the AM1 level. It is not clear why 
the AM1 surface for l a  compares closely to the 4-31G// 
STO-3G surface (vide infra) and yet AM1 fails to repro- 
duce the relative stabilities of the planar s-cis and planar 
s-trans conformations of l b .  A possible explanation runs as 
follows. As with MNDO, the AM1 torsional barrier for bu- 
tadiene is low, probably because the resonance stabilization 
of the planar s-cis and planar s-trans conformations is 
underestimated. If the 1,3-methyl-methyl and methyl-vinyl 
steric interactions in the planar s-trans and planar s-cis con- 
formations are also underestimated, a fortuitous cancella- 
tion of errors may occur for l a  but not for l b ,  in which steric 
repulsions are less important. 

Figure 4 shows how the IT-, IT, and highest a orbital 
energies of l a  and l b  change as a function of the 
C1-C2-C3-C4 dihedral angle with AM1. As for 2,3- and 
2,4-dimethyl-2,4-hexadiene (2), IT- is less sensitive to twist 
angle than IT,. This can be rationalized on the basis of a ho- 
mohyperconjugative interaction between the methyl group 
at C2 and the IT system of the diene (16). 

At the STO-3G level, the computed torsional barrier for 
conversion of s-trans-lb to s-cis-lb is 18 kJ/mol and hE for 
the planar s-trans and planar s-cis conformati'ons is 5 kJ/mol, 
shown in Fig. 3B) as the solid-line plot. Like the AM1 re- 
sults, the STO-3G calculations indicate that twisted s-cis 
conformers of l a  are the most stable. The results are shown 
graphically on the solid-line plot in Fig. 3A. The optimum 
STO-3G structures of four conformations of l a  ( l a  (18O0), 
l a  (90°), l a  (45"), and l a  (0")) and three conformations of 
1 b (1  b (1 80°), 1 b (90°), 1 b (0")) are given in Fig. 5. The point 
here is that the terminal methyl of l a  undergoes a 180" ro- 
tation as the C 1-C2-C3-C4 dihedral is driven from 180" 
to 0". The total energies are given in Table 2. The IT-, IT, 

splittings from STO-3G, 4-3 lG//STO-3G, and AM 1 cal- 
culations on l a  and l b  appear in Tables 3 and 4. On the basis 
of the STO-3G results, the n-, IT, splitting expected for l b  
is about 2.99 eV. The experimental value is only 2.04 + 
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FIG. 5. Geometry-optimized STO-3G structures of l a  at C1-C2-C3-C4 dihedral angles of 180°, goo, 45", and 0°, and of l b  at 
180°, 90°, and 0". Notice the internal rotation about C4-C5 in l a .  

TABLE 2. Total energies of diene conformers 

Diene" 

l a  l b  
C1-C2-C3-C4 

dihedral angle STO-3G 4-3 lG//STO-3G STO-3G 4-3 lG//STO-3G 

180 (s-trans) 
165 
150 
135 
120 
105 
90 
75 
60 
45 
30 
15 
0 (s-cis) 

"Total energies are given in hartrees; 1H corresponds to 2625.5001 kJ/rnol. 

0.05 e ~ . ~  Computations with the 4-31G basis at the STO-3G conformation of l a  is 1.34 eV, in modest agreement with the 
optimum geometry provide some reduction in the IT-, IT+ experimental value of 1.50 1+- 0.05 eV. The STO-3G and 
splitting, but the values are still significantly larger than that 4-31GNSTO-3G values are 1.98 eV and 1.86 eV, respec- 
observed. On the other hand, AM1 provides 2.08 eV, in tively. However, such direct comparisons fail to account for 
splendid agreement with the experimental value. All of the conformational distribution. 
methods indicate that the IT-, &+ splitting for l a  should be 
smaller than that for l b .  The AM1 orbital energies are used 
in the pe spectrum syntheses for two reasons: (i) STO-3G 
overestimates the I - - ,  IT+ splitting and (ii) AM1 computes 
these splittings with good accuracy for methyl-substituted 1,3- 
dienes (2). The AM1 IT-, IT+ splitting of the 45"-twisted s-cis 

?his differs slightly from the value we reported previously 
(2.14 eV). 

Synthesis of photoelectron spectra 
In this work, the bands of primary interest show sensitiv- 

ity to conformational behaviour. The spectral intensity S(1) 
at ionization energy I due to a particular conformation, cor- 
responding to a dihedral angle +, depends upon the thermal 
population density of conformations about + and upon the 
angular dependence of I itself (17-19). Thus if I were in- 
dependent of +, the spectrum would consist of a sharp line 
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WERSTIUK ET AL. 1975 

TABLE 3. Computed T-, T+ splitting (eV) of (2)-2-methyl-1,3- 
pentadiene 

C1 -C2-C3-C4 2 
dihedral angle AM 1 4-3 lG//STO-3G STO-3G > 2 

W 

180 (s-trans) 2.22 2.83 3.02 z W 

165 2.10 2.73 2.91 W 

150 1.77 2.42 2.57 5 
135 1.35 1.87 1.96 w a 
120 0.92 1.19 1.24 
105 0.46 0.60 0.61 
90 0.02 0.08 0.09 
75 0.53 0.78 0.83 
60 0.98 1.37 1.45 S-CIS C I - ~ 2 . ~ 3 ~ 4  DIHEDRAL ANGLE DEG S-TRANS 

45 1.33 1.86 1.98 
30 1.65 2.24 FIG. 6.  Relative total energy of l a  and l b  (circles) from4-3 1G// 

15 1.87 2.51 
2'40 

STO-3G calculations as a function of the C1-C2-C3-C4 di- 

0 (s-cis) 1.96 2.62 
2.68 

hedral angle. The interpolated angle dependence used in the syn- 2.81 
thesis of spectra is represented by a solid line for l a  and a dashed 
line for lb .  

TABLE 4. Computed T - ,  T +  splittings (eV) of (E)-2-methyl-] ,3- N 

pentadiene 
I,,(+) = C c,,, cos (n+) 

dihedral angle 4-31GNST0-3G where a is an orbital label and V,,,, c,,, are coefficients. For 

180 (s-tt-atls) 2.08 2.78 2.99 a dataset {{+), {V(+)), (1, (+I), {I,(+)),. . .), the coefficients 
165 1.98 2.90 are found by solution of the appropriate set of linear equa- 
150 1.74 2.65 tions. In this work, M = N is the number of angles for which 

at this ionization energy, but if 1 were strongly angle depen- 
dent, the intensity would be distributed over a range of ion- 
ization energies, although the integrated intensity would be 
the same. 

data is available. Clearly, the dataset must include suffi- 
cient angles to define the features of V(+) and all of the I(+). 

Spectral bands for each orbital, s,(l), were generated 
separately and then summed. For a particular spectral range, 
the ionization energy I was scanned at the desired digital 
resolution. When I fell within the range of i,(+), the corre- 
sponding angles were found as the zeros off(+) = I,(+) - 
I. In general, +(I,) is not single valued so the algorithm 
searches for a maximum of 2N angles. The spectral inten- 
sity due to orbital a,  s,(l) d l ,  is proportional to the Boltzmann 
population density, exp[-V(+)/k,T] d+, summed over all 
of the angles found. The intensity s,(l) in the digitized 
spectrum is given by 

+2  

~ ~ ( 1 )  = [ exp [-V(+)/k.TI d+ 
To  provide a comparison between the experimental ob- J + ,  

sewations and the computational results, the relative con- 
formational energies and angle-dependent orbital energies 
from the MO calculations were used to synthesize photo- 
electron spectra. Because these computational results form 
a discrete set, it was necessary to construct interpolating 
functions to represent them. The scheme is similar to one 
proposed by Honegger and Heilbronner (1 9), but more gen- 
eral. 

Relative conformational energies and orbital energies are 
periodic functions of + and can be expressed as Fourier se- 
ries. For the molecules of present interest, these functions 
must also have even parity, i .e. ,  they are symmetric with 
respect to reflection through + = 0". 

M 

v(+) = C v,,, cos ( m 4 )  
m=O 

and similarly 

where +, and +, correspond to the energies I + M/2, where 
Al is the digital resolution. The intensity distribution is folded 
with a Gaussian lineshape (FWHH = 0 . 3  eV) to approxi- 
mate the Franck-Condon profile. The integrated intensity of 
each band s,(l) is normalized. Admittedly the Gaussian 
convolution is quite crude, but normal coordinate analyses 
for the electronic ground state and for each corresponding ion 
would be required in order to calculate Franck-Condon 
factors and thus more realistic vibrational fine structure. Such 
calculations are beyond our resources. 

For l a ,  V(+) was satisfactorily defined by data at 15O in- 
crements on the interval [0°, 180°]. Relative energies from 
4-3 lG//STO-3G calculations and relative heats of forma- 
tion from AM1 were used. The ab initio potential energy 
surface appears in Fig. 6 (solid-line plot). Fourier coeffi- 
cients appear in Table 5.  The corresponding STO-3G ener- 
gies are given in Table 2. The AM1 energies of the three 
highest occupied MOs appear in Fig. 4 and were used in the 
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TABLE 5.  Fourier coefficients for computed diene potentials 

V,,,/(kJ/mol) 

spectrum calculation, for reasons given above. Because the 
potential energy surface for l b  is adequately described by 
one- and two-fold components, only the data for 4 = 0°, 90°, 
and 180" were used to define the interpolating functions, as 
shown by the dashed-line plot of Fig. 6. 

The synthetic spectra of l a  and l b  appear in Figs. 7A and 
7B, respectively. The solid lines correspond to the 4-3 1G// 
STO-3G potentials and the dashed lines correspond to the 
AM1 potentials in Fig. 3. The spectra are clearly sensitive 
to details of the potentials. particularly if the thermal distri- 
bution of conformers is wide, as expected from Fig. 3A. 
Comparison of Fig. 1 and Fig. 7 suggests that the synthetic 
spectra from the 4-31G//STO-3G potentials correspond more 
closely to the experimental spectra than do those from AM1 
potentials. The n- ,  n+ splitting for l a  is only 1.3 eV, both 
n bands are broader than for l b ,  and the lower intensity 
maximum for the n+ band indicates that n+ has a stronger 
angle dependence than n- . 
Thermal [I  ,5] sigmatropic shifts in (Z)-I  ,3-pentadiene 

and 1 a 
The thermal [ 1,5] sigmatropic hydrogen shift in (2)- 1,3- 

pentadiene has been the subject of much attention because 
the reaction proceeds via vibrationally assisted hydrogen 
transfer (20). Calculations on this molecule suggest that the 
twisted s-cis conformer, which is a secondary minimum on 
the potential energy surface, is the reactive species rather than 
the s-trans. The conformational equilibrium masks any in- 
dications of non-Arrhenius temperature dependence in the 
rate constant. However, if our understanding of the hydro- 
gen transfer process in (2)-1,3-pentadiene is good, we would 
predict more rapid intramolecular hydrogen transfer in (2)- 
2-methyl- l,3-pentadiene. On the basis of the AM 1 poten- 
tial, eb, for the 2-methyl derivative should be an order of 
magnitude larger (10-j/s) at 475 K and two orders of mag- 
nitude larger (10-~/s) at room temperature. The primary 
deuterium isotope effect should be near 5 at 475 K, as for (2)- 
1.3-pentadiene itself, but it should increase dramatically as 
T decreases (20). Because the twisted s-cis conformer is 
preferred, non-Arrhenius behaviour should occur below 
75 K,  but ebS is expected to be on the order of 10-19/s at 
75 K, which implies unobservably slow exchange. 

. VOL. 70, 1992 

p 3.5, I 

IONIZATION ENERGY k V  

IONIZATION ENERGY lev 

FIG. 7. Synthetic photoelectron spectra of la (A) and l b  (B) 
derived from the angle-dependent relative energies and orbital 
energies in Fig. 6 .  Solid lines are from 431GNSTO-3G poten- 
tials. Dashed lines are from AM1 potentials. Spectra have been 
convoluted with a Gaussian lineshape with a full width at half height 
of 0.3 eV. The sample temperature was taken to be 300 K. 

Conclusions 
This study has shown that a combination of AM 1, ab in- 

itio, and UPS studies coupled with synthesis of pe spectra 
will be generally useful for studying the conformational be- 
haviour of alkyl-substituted 1,3-dienes. The results also 
confirm that the previous conclusions reached about the 
conformational behaviour of 2,3- and 2,4-dimethyl-2,4- 
hexadienes based solely on an AMl/UPS study are valid (2). 
Synthetic pe spectra derived from the computed potential 
energy surfaces and angle-dependent orbital energies are in 
good agreement with experiment. Thus, the E isomer pre- 
fers the s-trans conformer but the Z isomer prefers twisted 
s-cis conformations in the gas phase. 

Experimental 
Preparation of (Z)-2-methyl-1.3-pentadiene ( l a )  

A mixture of (E)-2-methyl-l,3-pentadiene (785), 4-methyl-1,3- 
pentadiene (20%), and (Z)-2-methyl-1,3-pentadiene (2%) (0.25 g) 
from Aldrich Chemical Co. and acetophenone (0.036 g) were dis- 
solved in spectral grade pentane (30 mL) in a quartz vessel. The 
solution was cooled with ice-water, deoxygenated with N2 for 
20 min, and photolyzed at 300 nm for 9 h in a Rayonet reactor 
equipped with 8 lamps. Gc analysis of the mixture on a 3.3 m x 
5 mm 18% TCEP on Supelcoport 100/120 column (He flow rate 
40 mL/min) maintained at ambient temperature (-30") showed that 
three major components, corresponding to peaks A (24.1%), B 
(44.4%), and C (21 .I%), were present. These had the same rela- 
tive retention times as the starting components (1 : 1.40:1.55). An 
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additional product (10.4%) not present in the starting material had 
a retention time only slightly longer than solvent pentane. The major 
components were separated and purified using the TCEP column. 
Peak A ( l a )  exhibited resonances (500 MHz, CDCl,) at 5.85 (d, 
J = 11.7 Hz, lH), 5.51 (d of q, J = 11.7, 6.5 Hz, lH), 4.96 (s, 
lH), 4.83 (s, IH), 1.88 (s, 3H), and 1.81 (d, 6.5 Hz, 3H) ppm. 
Peak B (lb) exhibited resonances (200 MHz, CDCl,) at 6.15 (d with 
fine structure, J = 15.6 Hz, IH), 5.66 (d of 1, J = 15.6, 6.6 Hz, 
lH), 4.83 (s, 2H), 1.82 (s, 3H), and 1.77 (d, J = 6.6, Hz, 3H) 
ppm. Peak C (4-methyl-1,3-pentadiene) exhibited resonances 
(200 MHz, CDC1,) 6.55 (d o f t ,  J = 16.8, 9.8 Hz, lH), 5.81 (d, 
J = 10.8 Hz, lH), 5.05 (d, J = 16.8 Hz, lH), 4.94 (d, J = 
9.8 Hz, lH), and 1.75 (b, 3H) ppm. 

Photoelectron spectra of l a  and l b  
The pe spectra of l a  and l b  were obtained on a non-commer- 

cia1 instrument (21). The spectra were obtained by signal averag- 
ing 20-30 scans and argon was used as a calibrant. 

Complctatioizal studies 
The MMX calculations were canied out using MMX Version 

87.200 (15) running on an IBM PS/2 55Z microcomputer equipped 
with a math coprocessor. The MNDO and AM 1 calculations were 
carried out using AMPAC Version 2.10 (22) ported to a MIPS 2030 
workstation. All optimizations were carried out using the key- 
word PRECISE to tighten the convergence criteria. The ab initio 
calculations were carried out using GAMESS (23) ported to a MIPS 
2030 workstation equipped with 16 MB RAM and a 1.2 GB Wren 
VII SCSI hard drive. 

Synthetic spectra were calculated from the MO results using a 
FORTRAN program (PESPEC) written by TAW and running on a 
microcomputer or a Sun3/60 workstation. For convenience, the 
results were output in Matlab"' (The Mathworks Inc., 24 Prime 
Pkwy, Natick, MA 01760) file format for plotting. 
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R. Scorr DANIELS, DONALD C. WIGFIELD, and KENNETH S. WILLIAMS. Can. J. Chem. 70, 1978 (1992). 
A mathematical model is presented to establish a relationship between the quantity of trace analyte vapor lost to the 

surface of delivery tubing and the tubing diameter, while in transit between stages of an instrument. Cold-vapor atomic 
absorption spectrometry for mercury, hydride generation techniques, and interfaces like the interface between electro- 
thermal vaporization and inductively coupled plasma mass spectrometry all risk significant analyte loss before measure- 
ment. The results of this modelling substantiate the results of limited experimental work published elsewhere suggesting 
the use of the smallest possible tubing diameter for the delivery of atomic vapor through a tube. This diameter is cal- 
culable using Poiseuille's formula. Using this model, kinetic theory, and experimental data, the sticking probability for 
mercury on latex tubing is calculated to be approximately 1.6 X 

R. Scorr DANIELS, DONALD C.  WIGFIELD et KENNETH S. WILLIAMS. Can. J. Chem. 70, 1978 (1992). 
On prCsente un modkle mathkmatique permettant d'ktablir une relation entre le diamktre du tube et la quantitC d'une 

trace a analyser en phase vapeur qui est perdue sur la surface du tube de transfert entre deux stades d'u" instrument. 
Dans les techniques de gCnCration d'hydrure de la spectroscopie d'absorption atomique de vapeurs froides pour le mer- 
cure et dans les interfaces comme celle qui existe entre la vaporisation Clectrothermique et la spectromCtrie de masse 
aux plasmas couplCs d'une f a ~ o n  inductive, il existe des risques importants de perte des produits a analyser. Les rksultats 
de notre modkle permettent de circonstancier les rksultats expkrimentaux limitks qui ont CtC publiCs ailleurs et qui suggkrent 
qu'il est utile d'utiliser des tubes ayant des diamktres les plus faibles que possible pour transfkrer une vapeur atomique 
a travers un tube. On peut calculer ce diamktre ti l'aide de la formule de Poiseuille. Utilisant ce modkle, la theone cinCtique 
et les donnCes expkrimentales, on a calculC que le probabilitC d'adhCrence du mercure sur un tube de latex est approxi- 
mativement 1,6 x lo6. 

[Traduit par la rCdaction] 

I. Introduction 
The substance of this communication lies in a single 

question; that is, for a given standard flow rate of a carrier 
gas containing a trace analyte, which is the best for mini- 
mizing analyte loss to the surface of the delivery tubing: a 
small diameter tube, a large diameter tube, or is there an 
optimum diameter?3 

Cold-vapor atomic absorption spectrometry, hydride 
generation techniques, electrothermal vaporization induc- 
tively coupled plasma mass spectrometry, and gas chroma- 
tography graphite furnace atomic absorption share one thing 
in common: the transport of trace molecular or atomic vapor, 
or aerosols, through delivery tubing. To ensure optimum 
analytical sensitivity, it is necessary to provide conditions to 
minimize analyte loss due to surface interactions along the 
walls of the delivery tubing. An earlier communication ad- 
dressed the question of tubing type and optimum tubing di- 
ameter from an experimental perspective (1). Due to a limited 
number of available tubing diameters for testing, it was felt 
that a mathematical model of atom loss in tubing, particu- 
larly as a function of tubing diameter and flow rate, would 
add further justification to, and understanding of, the trends 
observed for the limited number of diameters tested. In ad- 

' ~ u t h o r  to whom correspondence may be addressed. 
'~evis ion received March 2,  1992. 
 h here is an analogous question, and an apparent lack of a sci- 

entific answer for this question, pertaining to minimizing the heat 
loss during the transport of a warm gas through optimum piping 
diameters. 

dition, this model would permit predictions beyond the scope 
of readily available tubing diameters. A brief summary of 
transport efficiency and particle size is given by Lubman (2). 
Although omitting a sticking probability factor that is intro- 
duced in this model, a solution to the ratio of the number of 
particles at the exit of a tube to the number at the entrance 
is given by Gormley and Kennedy (3). Their model is most 
applicable to mass transport of larger particles and aerosols 
transported by a carrier gas through a horizontal tube. 

The presentation of this model will be in two parts: a 
simple intuitive approach will be given, followed by a more 
detailed model of atom loss. 

11. Experimental section 
An evaluation of the atom loss dependence on the tubing di- 

ameter used 3.7 m lengths of latex tubing (Fisher Cat. No. 14-150) 
of varying diameters. While the tube was attached to the inlet of 
the spectrometer, and ambient air was being drawn by a pump 
through the tubing, 10 p,L H ~ O  vapor (21-23"C, approximately 
0.15 ng) injections were made alternately at a port directly adja- 
cent to the inlet to the spectrometer and at an injection port at- 
tached to the end of the 3.7 m length of tubing. 

Apparatus 
A Laboratory Data Control/Milton Roy UVD 253.7 nm spec- 

trometer was used for measuring the integrated absorbance sig- 
nals. The fluid flow cell from the UVD monitor was removed and 
the detector was fixed to the end of a 30-cm double beam gas flow 
cell. Data acquisition was performed using a Jones Chromatogra- 
phy 6000 data system. Mercury vapor injections were performed 
using a 10-p,L gas-tight syringe (Hamilton, 1801RN-3). The mer- 
cury vapor was housed in a septum-sealed 25-mL volumetric flask 
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containing 5 mL of elemental mercury. Temperature-sensitive 
fluctuations of the vapor pressure of mercury were minimized by 
partially immersing the volumetric flask in water contained in a 
double-insulated 200-mL beaker. The flow rate was monitored using 
a bubble-meter calibrated mass flow meter (Matheson 0-2000 
standard mL min-' , model 8 1 1 1 1-0423). 

111. Results and discussiod 

I I I .  I .  A simplified perspective of atom loss 
Consider a segment of tubing of length 1 (cm), diameter d 

(cm), standard flow rate f (mL min-I), volume v (cm3), and 
internal surface area, s (cm2). As a plug of vapor traverses 
the length of the tube there is some function h,  describing 
atom loss, that depends both on the mean atom residence time 
T (s) (4), and the tube surface to volume ratio s / v ,  eq. [ I 1. 

[2] loss = h,(d) 

Since the standard flow rate is to be considered constant, then 
the new loss function h , ,  eq. [2], is some unknown function 
of the delivery tube diameter. In eq. [ l ]  it is not immedi- 
ately clear how T and s / v  will be a function of atom loss, but 
it is reasonable to argue that an increased atom residence 
time, and (or) an increased surface to volume ratio (i.e., de- 
creased diameter), would result in increased atom loss. A 
longer atom residence time would give a higher probability 
of a surface adsorption, and the greater the amount of sur- 
face, the higher would be the probability of a surface inter- 
action. Clearly then, as the tube diameter is varied, these two 
factors act in opposition insofar as atom loss is concerned. 
To  illustrate this Fig. 1 shows how T and s / v  vary with the 
tube diameter at a constant flow rate. If the loss function is 
an algebraic sum of the contributions from T and s / v  (curve 
3, a simplistic view, yet mathematically incorrect), then there 
would be a local minimum in the loss function versus tube 
radius. This will be shown to be incorrect. 

To overcome the inadequacies of this simplified view of 
atom loss, a detailed model of atom loss will permit a rig- 
orous evaluation of h ,  . 

111.2. A detailed model of atom loss 
The development of this detailed atom loss model entails 

12 assumptions listed below: 
1. No mercury atoms are instantaneously injected into a 

flow of ambient nitrogen canier gas such that the mercury 
atoms are evenly distributed across a plug volume of radius 
r and length x .  

2. In the time increment 1 / Z ,  all atoms a distance A or 
less from the tube surface are lost to the tube wall. Z is the 
collision frequency and A is the mean free path of mercury 
atoms with nitrogen molecules under ambient conditions. 
This assumption disregards the sticking probability p, and the 
kinetic geometry term, g. See Appendix. 

3. No pressure drop occurs along the tube length, for all 
tube radii and flow rates, omitting the Poiseuille pressure 
drop. 

4. Following each 1 /Z increment, the remaining atoms 

0.010 0.110 0.210 0.310 0.410 0.510 

Tube diameter / cm 

FIG. 1 .  Variation of atom residence time (1); surface to volume 
ratio (2); and their sum4 (3); with tube diameter at 100 mL min-l. 

instantaneously redistribute themselves across the plug vol- 
ume v .  

5.  No axial diffusional broadening of the plug occurs as 
it moves along the length of the tube. 

6. There will exist a uniform non-parabolic velocity 
distribution along the tube cross section. 

7. The tube wall surface is ideal: no eddies. 
8. Syringe injection produces a homogeneous disk dis- 

tribution of mercury vapor in nitrogen. 
9. Nitrogen, N2(g), and mercury, H ~ O ( ~ ) ,  behave as ideal 

gases. 
10. Flow is generated by draw from the atmosphere, 

through the tubing, to a vacuum pump. 
11. The tube radius will not be less than the mean free 

path A. 
12. The tube wall is flat, not curved. See Appendix. 
The philosophy adopted for developing this model has been 

to obtain a mathematical solution for the simplest case: 
making all the assumptions above, for model 1, then re- 
moving the assumptions sequentially until it is felt that there 
is sufficient agreement with experimental data. This out- 
look has resulted in three models presented in the order of 
making (1) all the assumptions above, (2) assumptions 3-8 
above, and (3) assumptions 4-8 above. 

111.3. Model I 
The goal of model 1 is to obtain a mathematical expres- 

sion for the ratio of the number of atoms lost at the tube sur- 

4Arithmetically incorrect, but presented for illustrative pur- 
poses. 
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TABLE 1. Model 1 : incremental atom loss 

Time Number of atoms lost, N Number of atoms remaining 

0 0 
1 /z Atom density X rim volume 

[ { r  ( r  - A)'' 
where K = 

rim volume 
- 

I 
plug volume 

2 / z  N&(l - K) No(] - K)? 
3 /z N&(l - K)' No(] - K ) ~  
4 / z  N&(l - K ) ~  No(l - K ) ~  

face to the number of atoms before any loss, N/No. The fol- 
lowing notation will be used: 

Term Symbol Units 

Carrier gas N2 
Carrier gas viscosity 
Flow rate 
Tube length 

F 
1 

Tube radius r 
Plug length x 
Plug volume u 
Plug, atom residence time T 

Mean free path of X 
in N,(g) 

Collision frequency, Z 
~gO(g)  with N2(g) 

The total number of atoms lost is the sum of the number of 
atoms lost in each of q time increments of 1/Z, where q is 
the floor5 of the product of the collision frequency Z and the 
plug residence time T. Table 1 lists the number of atoms lost 
to the tube wall, and the number of atoms remaining, for each 
of the first four of q, 1/Z increments of time. The number 
of atoms lost in the first time increment of 1/Z is the num- 
ber of atoms contained in the rim of the disk whose thick- 
ness is A, the mean free path of a mercury atom in nitrogen 
(approximately 45.7 nm, for 20°C), and whose len th is x. H This number is the product of the rim volume, xr{r - (r - 
A)') and the initial atom density No/v. 

Similarly, the number of atoms lost at the time 2/Z is the 
product of the new atom density (No - N&)/v and the rim 
volume. As shown in Table 1,  this number is merely the 
product of the remaining number of atoms in the plug vol- 
ume (No - N&) and K, where K is the ratio of the rim vol- 
ume to the plug volume. 

The total number N of atoms lost is 

where 

 h he floor operator ([x]) takes the integer portion of its argu- 
ment; for example, [3.7] = 3. 

Summing the geometric series gives eq. [ 5 ] ,  

where v = xrr2 .  
Figure 2 is a plot of the adsorptional loss, N/No, versus 

the log of the tube radius. This model, like the simplified 
view of Fig. 1, also predicts a local minimum in the loss 
function versus tube radius. In model 1 ,  increased tube length 
has two effects: a shift in optimum diameter to larger radii, 
and greater losses at all radii. 

111.4. Model 2 
Model 2 corrects for the certainty that not every atom 

striking the tube surface is lost. It also corrects for the fact 
that not all atoms at a distance A or less from the tube wall 
will have trajectories in the direction of the wall. The cor- 
rection terms will be p and g respectively. In fact, only one 
quarter of the atoms ,within the distance A from the wall will 
strike the wall (g = i, Appendix). Table 2 is a modification 
of Table 1, taking into account the sticking probability p, and 
the geometry factor, g. 

Summipg the geometric series as in model 1, and substi- 
tution of i for g, gives eq. [6], 

Figure 3 is a plot of the adsorptional loss, N/No, versus the 
log of the tube radius, for p values of lop4, lo-', and 1 . Like 
the previous model, this model also predicts the existence of 
a local minimum in the loss functions of Fig. 3 at radii of 
7.6A. 

According to this intermediate and still very naive model, 
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log (radiudmm) 

FIG. 2. Atom loss model 1. Plot of N/No versus log(tube ra- 
dius) for 100 mL min-' and tube lengths/nm: (1) (2) 40; (3) 
400. 

TABLE 2. Model 2: incremental atom loss 

Time Number of atoms lost, N 

1 /z gp x atom density X rim volume 
No 

gp - {x-rr[r2 - (r - A)~]}  = pN& 
u 

x-rr[r2 - (r - A ) ~ : )  
where K = 

2 / z  gpN&( 1 - ~ P K )  
3 /Z gpN&( 1 - gpK12 
4 / z  gpN&(l - gpK13 

the limiting tube radius would be A ,  when, in this limit, the 
loss, N / N , ,  would approach a value of pg. Very small di- 
ameters lead to the ludicrous situation of linear atomic tra- 
jectories surpassing the speed of light: in fact, 3c, for a flow 
rate of 100 mL min-' and a tube radius of A/2! The real 
limiting diameter would be the diameter, calculable from the 
Poiseuille equation, for a given standard flow rate through a 
defined length of tubing, and the condition of a pressure drop 
of 1 atmosphere along the length of the tube. This limiting 
diameter is best illustrated in Model 3. 

111.5. Model 3 
This, the third and final model, takes into account the 

pressure drop at some distance y along the tube length 1. As 
the pressure drops in the direction of the vacuum pump, from 
ambient pressure PI at the open end of the tube to some lower 
pressure P2 at the pump end of the tube, the kinetic proper- 
ties Z, the flow rate f, and A change. P2 is a function of y. 

FIG. 3. Atom loss model 2. Plot of N/No versus log(tube ra- 
dius) for: f = 100 mL min-', 1 = 1.0 mm, and sticking probabil- 
ity, p: (1) 1; (2) lo-'; (3) 

log (radiudmm) 

FIG. 4. Atom loss model 3. Plot of N/No versus log(tube ra- 
dius) for: 1 = 1.0 m, p = and f/(mL min-I): (1) 10; (2) 100; 
(3) 1000. 
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To correct for this, the mean values of Z, f, and A  are calculated and used in place of the fixed values in model 2 .  The 
variables Z ' ,  f ', and A' ,  are the values of Z, f, and A  respectively under ambient conditions, and are defined collectively in 
eq. [7] as follows: 

and dy is some infinitesimal of the tube length 1. Solving the Poiseuille equation: 

for P,, and substitution into the previous integral eqs. [7] gives equation set [9]. 

The solution for these integral equations is given in eq. [lo]. 

Substitution of these average values of 2, f, and A  into the general solution from model 2 gives eq. [ l  11, the general solution 
for model 3. 

where 

A plot of this equation using 1 = 1.0 m, p = and IJ, = 1.76 x lop5 kg m-I s-' is given in Fig. 4 for f ' = 10, 100, and 
1000 mL min-'. The model 3 functions are truncated at radii predicted by the Poiseuille equation. These limiting radii get 
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TABLE 3. Estimation of the latex sticking probability, p, by comparison of experimental and theoretical 
loss data 

Loss N / N ,  

Experimental Theory: model 3 
Flow rate Internal radius 

(mL min-') (mm) Day 1 Day 2 p = 1.6 x p = 1.6 x lo-' 

solution of Table 3 according to the conditions that pre- 
vailed while data was collected. An estimate of p = 1.6 x 

gives model 3 solutions for N / N o  that agree satisfac- 
torily with experimental values shown in Table 3. The 
mathematical model is more sensitive to a change in loss, 
with changing tube radii, than is observed experimentally. 
At higher flow rates, there is a larger uncertainty and poor 
reproducibility between days, in experimental values of N/No. 
This model, in addition to predicting trends, was expected 
to give values of p, at best, to within an order of magnitude 
of its real value. Calculated values are listed in Table 3 
showing the model 3 estimates for N/No at 50 rnL mine' and 
for three radii, when a value of p 1.6 X was used, which 
varies by an order of magnitude from the best estimate of p. 
IV. Conclusions 

The atom loss model has been developed to the point at 
which it vredicts loss trends as a function of varied tube radii 

FIG. 5 .  Solution for the geometry term g: the fraction of atoms for all possible flow rates, sticking probabilities, and tube 
within the distance A from the tube wall that strike the wall. lengths. The primary trend, that is, trace analyte loss in- 

creases with increasing tube diameter. was confirmed with 
u 

this model, and corroborates inferences by the solution pro- 
posed by Gormley and Kennedy ( 2 ) .  Further to this and in 

smaller as the flow rate decreases. Just as predicted by the conjunction with experimental data, the model allowed the 
experimental data of ~ ~ b l ~  3, the ideal conditions to mini- estimation of a sticking probability. For latex tubing it was 
mize analyte loss to tubing surfaces are (1) use the smallest found that One mercury in 0.83 (P = 
tube diameter possible, and ( 2 )  use the highest flow rate 10-4 that strikes the tube wall surface actually remains 
possible. adsorbed for a sufficient length of time to be termed "lost." 

111.6. Estimating a value of p, the sticking probability for V. Acknowledgements 
latex We are grateful to Dr. Steve Brooks of the Department of 

I Using the general solution of model 3 above, combined Biology, Carleton University, and Mr. Andrew Forrest, 
1 with experimental data for N/No, an estimate of the real value P.Eng., for extensive discussions and contributions to this 
] of p may finally be made. Variables are used in the model 3 work. 
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Appendix 
Solution for the geometry term g: the fraction of atoms 

within the distance A from the tube wall that strike 
the wall 

In Fig. 5, consider a wall at some distance b, 0 5 b 5 A, 
from an atom at the origin.6 On this microscale, where X is 
the mean free distance travelled by a mercury atom before 
collision with a nitrogen molecule, the tube wall will be 
considered to be flat and not curved. 

The geometry term, g,  represents the probability that an 
atom, at some distance less than or equal to X from a wall, 
will strike the wall before hitting a nitrogen molecule. g is 
the ratio of the average sector-area of a sphere swept out by 
revolving the curve y = (X2 - x2)'l2, b 5 x 5 X, for 0 5 

b 5 X, about the x-axis to the total sphere surface area 47rX2. 
The general area of a surface, a sector-area of a sphere, 

swept out by revolving the curve y = f(x), a 5 x 5 b, about 
the x-axis (5) is given in eq. [13]. 

Therefore eq. [14] gives the sector-area of a sphere swept out 
by revolving the curve J? = (X2 - x2)'12, b 5 x 5 A, about 
the x-axis, where X is the sphere radius, and eq. [15] gives 
the general sector-area A, swept out by revolving the curve 
y = (X2 - x2)'I2 about the x-axis. 

6 ~ t  is more convenient to consider an atom at the origin and the 
wall at different distances from the origin, than the reverse case. 

Equation [16] gives the average A, of the general sector-area 
A, swept out by revolving the curve y = (X2 - x2)'I2 about 
the x-axis, for 0 r x 5 X. 

Therefore, g,  eq. [17], is the ratio of A, to the total sphere 
surface area 47rX2 
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MARGARET M. KAYSER, KRISTA L. HATI., and DONALD L.  HOOPER. Can. J. Chem. 70, 1985 (1992). 
The reactions of stabilized phosphoranes with cyclic anhydrides give enol-lactones as final products. The initial con- 

densation, however, leads to the formation of acyclic adducts that are observable by NMR, can be easily trapped, and. 
in some cases, can be isolated. A study of the mechanism of these condensations by NMR spectroscopic methods and 
by various trapping experiments is described and the reaction pathway is proposed. 

MARGARET M. KAYSER, KRISTA L. HATI. et DONALD L.  HOOPER. Can. J .  Chem. 70, 1985 (1992). 
Les reactions des phosphoranes stabilises avec des anhydrides cycliques fournissent des Cnol-lactones comme produit 

finals. Toutefois, la condensation initiale conduit 2t la formation d'adduits acycliques que l'on peut observer par RMN, 
I qui peuvent facilement Ctre piCgCs et qui, dans quelques cas, peuvent &tre isoles. On dkcrit une Ctude du mCcanisme de 

ces condensations b a k e  sur des methodes de RMN et sur diverses experiences de piCgeages et on propose la voie 
reactionnelle. 

[Tradult par la redaction] 

Introduction 
Originally, the reaction of an ylide and a simple aldehyde 

or ketone was described as a stepwise ionic process involv- 
ing a betaine intermediate (1, 2). This mechanism, how- 
ever, was challenged when studies on the solvent effects in 
Wittig condensations showed a nonpolar transition state for 
the reactions of stabilized ylides (3). Since lithium-free be- 
taine intermediates have not been detected in the course of 
Wittig condensations, it was questioned whether such spe- 
cies could even exist in a "salt-free" environment (4). This 
problem was settled when independently generated lithium- 
free betaines were found to collapse to alkenes too rapidly 
to be detected by NMR (4-6). 

While betaine in the "salt-free" environment remained 
elusive, for reactions of an ylide with aldehyde or ketone, 
experimental evidence was obtained for the formation of an 
oxaphosphetane (5, 7-9). Ab initio studies of a model re- 
action between H , M H ,  and HCHO further supported the 
mechanism involving a direct formation of the oxaphosphe- 
tane via a concerted-low-energy addition of the ylide to the 
carbonyl substrate (10, 1 1). 

Recently, Vedejs and Marth (7) demonstrated through a 
series of equilibrium studies on independently generated 
betaines, that betaines are unlikely intermediates in Wittig 
reactions for aldehydes and ketones, and that these conden- 
sations proceed via a "4-centre mechanism" leading di- 
rectly to formation of more or less stable oxaphosphetane 
intermediates (7, 12, 13). 

Carbonyl-stabilized phosphoranes are unreactive vis-h-vis 
ketones but are readily condensed with aldehydes and with 
5-member cyclic anhydrides, the latter reactions leading to 
synthetically and biologically important enol-lactones (14). 
Although a number of researchers have employed these 
condensations as a route to enol-lactones (15), there has been 
no systematic investigation of their mechanism comparable 
to the studies carried out for the Wittig olefination of alde- 
hydes and ketones (4-7). 

The condensations of phthalic anhydride with various 
carbonyl-stabilized ylides were frst  investigated by Chopard 
et al. (reaction [ 11). The enol-lactones produced in these re- 
actions showed a surprisingly high stereoselectivity in fa- 
vour of E geometry (16). 

1 To account for this selectivity, Chopard suggested a cyclic According to this scheme, the electron-rich system inter- 
transition state with the COX group of the ylide in the plane acts with the electron-deficient aromatic ring to give pref- 

1 parallel to the phenyl ring of phthalic anhydride, Fig. 1. erentially the E product (16). The fact that E selectivity was 
shown to increase with the electron-donating capacity of the 

I Author to whom correspondence may be addressed. X group gave support for the proposed transition state. 
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FIG. 1. Transition state proposed for the addition of stabilized 
ylides to phthalic anhydride (16). 

Chopard's hypothesis appeared to be further strengthened by 
subsequent studies, indicating that the 4-centre mechanism 
is the only obligatory route in the kinetically controlled re- 
actions of aldehydes with carbonyl-stabilized ylides, vide 
supra (7, 12, 13). 

Two pieces of experimental evidence, however, put in 
question this interpretation. Firstly, it was soon discovered 
that the condensations of stabilized ylides with succinic and 
maleic anhydrides gave also E enol-lactones as major prod- 
ucts (17). Secondly, open-ring acylated phosphoranes such 
as 3b. Scheme 1, were observed as intermediates in the 
condensations with cyclic anhydrides (16-20). The latter 
discovery suggested a mechanism that included betaine as 
an obligatory (albeit, possibly, very short-lived) intermedi- 
ate (17). 

The topic of the reversibility of Wittig reactions has been 
discussed extensively in relation to the stereochemistry of the 
products (21-24). The crossover experiments carried out by 
several groups showed that the formation of oxaphosphe- 
tane intermediates is reversible in the reactions of non-sta- 

bilized ylides with aromatic aldehydes (21) and appears to 
be irreversible with aliphatic aldehydes and ketones (22-24). 
Recently, parallel behaviour was observed for the reactions 
of moderated and ester-stabilized ylides with aromatic and 
aliphatic aldehydes (12). 

Reversibility (or irreversibility) and its effects on the ste- 
reo- and regioselectivity of reactions is equally important in 
condensations of cyclic anhydrides with stabilized phos- 
phoranes. Here an additional complication arises from the 
fact that acyclic adducts are produced as intermediates and 
consequently betaine as well as oxaphosphetane must be 
considered as an obligatory intermediate along the mecha- 
nistic pathway (26). 

In this paper we report an NMR study of Wittig conden- 
sations between carbonyl-stabilized ylides and phthalic, 
phenyl maleic, and succinic anhydrides, all of which were 
found to be reversible at the stage of an acyclic intermedi- 
ate. Various trapping experiments that support and refine the 
mechanistic pathway of these reactions are also discussed. 

Results and discussion 
Structural studies 

During a low-temperature 'H NMR study of the reaction 
between methyl (triphenylphosphorany1idene)acetate 2 and 
phthalic anhydride 1, an intermediate with a signal for the 
methoxy group at an unusually high field (2.98 ppm) was 
observed and identified, from trapping experiments, as cor- 
responding to the rapidly exchanging 3a-3b pair produced 
as a result of the opening of the anhydride ring. 

All trapping experiments, outlined in Schemes 1-4 were 
carried out at the time of the highest build-up of the inter- 
mediate (70% after 30 min at 0°C) as established from sev- 
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KAYSER ET AL. 

era1 prior low-temperature studies. The reaction of the 
intermediate 3a with trimethyloxonium tetrafluoroborate, 
(CH,),OBF,, gave the 0-alkylated compound 5 and some 
conjugate acid 2a ,  the latter resulting from proton exchange 
between the short-lived intermediate 5a and ylide 2 (Scheme 
1). 

The softer alkylating agent, methyl iodide, was expected 
to give the C-alkylated acid 6 (Scheme 2). However, under 
conditions similar to those for the reaction with (CH,),OBF,, 
trapping with methyl iodide produced a mixture consisting 
of 5 (1 1 %), enol-lactone 3 E  (30%), and conjugate acids 2a 
(20%) and 4a (39%), the last resulting from the C-alkyla- 
tion of 4 (Scheme 3). The large proportion of 2a and 4a (59% 
total) trapped at the time when the concentration of ylide 2 
was reduced to 30%, indicates that the formation of acyclic 
intermediates is a reversible process. 

The trapping with diazomethane, which reacts rapidly with 
acidic intermediate 3b, gave phosphorane 5 as the only 
product (Scheme 3). The above results indicate that the ad- 
dition of ylide 2 to phthalic anhydride leading to the acyclic 
intermediates (3a and 3b) is an equilibrium. Trimethylox- 
onium tetrafluoroborate reacts preferentially at the carbox- 
ylate oxygen atom, shifting the equilibrium from 3b to 3a.  
On the other hand, diazomethane reacts with 3b, shifting the 

equilibrium in the opposite direction. Methyl iodide does not 
react with 3b because the highly delocalized charge on the 
ylide's carbon atom is slow to C-alkylate, permitting the 
competing reactions, 0-alkylation of 3a  and C-alkylation of 
ylide 2 ,  to occur. 

The reaction of phthalic anhydride with freshly crystal- 
lized ylide 4 leads to an intermediate, 7a ,  which does not 
possess an exchangeable proton. This unstable species (ob- 
servable as a broad transient signal at 27.58 ppm in the 3 1 ~  

NMR spectrum) exists at low temperatures (-35 to -30°C) 
in equilibrium with the reagents, but we were unable to trap 
it as its ethyl ester with triethyloxonium tetrafluoroborate. 
As 7a collapses to the product, only 7 E  and a slight excess 
of the conjugate acid of ylide 4 can be detected in the 'H 
NMR spectrum of the reaction mixture (Scheme 4). 

The structure of the 0-methylated product 5 was verified 
by NMR studies and by derivatization. The methoxy group 
from the ylide appears at a relatively high field (3.01 ppm). 
In solution it apparently occupies the space in the shielding 
region of the phenyl rings similar to its conformation shown 
in the X-ray crystal structure of compound 5,  Fig. 2.' The 
low-field I3c NMR signal for C1 of phosphorane 5 
(71.17 ppm) suggests that ylide 5 should be quite unreac- 
tive (25). In fact all attempted condensations with benzal- 
dehyde failed as only the starting materials were recovered, 
even after 24 h reflux in toluene. 

Since the highly shielded methoxy group appears to be 
fixed in the vicinity of the triphenylphosphorane group, we 
expected an important contribution of the trans-enolate 
structure with the oxygen atom bearing a significant nega- 

'x-ray crystal structure, M. M. Kayser and F. Rochon. Unpub- 
lished results. 
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tive charge as shown in 9. However, trapping with tri- 
ethyloxonium tetrafluoroborane at 0 and -78°C ave only H the C-alkylated product 8 as shown by 'H and C NMR, 
Fig. 3. 

Ph 

X-ray crystallographic analysis of the parent compound 5 
provided some insight into its structure and the resulting 
preference for C-alkylation. Judging from the bond lengths, 
there is more delocalization of the negative charge into the 
neighbouring (C3-03) keto group than toward the ester 
function. Predictably, the keto function occupies a position 
cis to the positively charged triphenylphospho group. As a 
result of such electron delocalization, if an 0-akylation were 
to occur, it should occur at 0 3  rather than 0 2 .  It appears, 
however, that the charge is too diffused for the 0-alkylation 
to take place since only C-alkylation is observed. 

Comparison of bond lengths in compound 5 with those 
reported for the related compound l l b  (Table 1) shows that 
although the C 1 4 3  bonds are shorter than C 1 4 3  in both 

5 and l l b  the C H 3  bond is significantly longer in the latter 
ylide. This suggests more single bond character and higher 
negative charge on the 0 3  atom of the keto carbonyl func- 
tion in l l b ,  which should lead to a more facile O-alkyla- 
tion. A series of parallel experiments carried out for the 
succinic anhydride 10 supports this forecast, as the alkyla- 
tion with triethyloxonium tetrafluoroborate gives only one 
product, the 0-alkylated compound 13 in 83% yield, 
Scheme 5. 
Reactivities of stabilized ylides in condensations with 

phthalic anhydride 
Once the identities of the observable intermediates were 

confirmed, we monitored by NMR the course of the reac- 
tion leading to their formation and we studied the condi- 
tions necessary for the re-cyclization to the corresponding 
enol-lactones. In the course of the reaction of phthalic an- 
hydride with phosphorane 2, followed by 'H NMR, after 
10 min at -30°C the mixture consisted of the acyclic inter- 
mediate (42%) and the ylide (52%). A typical run is shown 
in Table 2. When the temperature was not allowed to rise 
above O°C, only 4% of the final product was formed after 
2 h, while the intermediate and the ylide accounted for 66% 
and 30%, respectively. 

The same reaction proceeded to completion quite rapidly 
at room temperature. Within 5 min at 25"C, 33% of the in- 
termediate and 6% of the product could be observed in the 
'H NMR spectrum. After 90 min the reaction mixture con- 
tained 35% product, 20% intermediate, and 45% ylide. The 
signal for the ylide was broadened and had shifted to a 
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i FIG. 2. The crystal structure of compound 5. 

slightly lower field, suggesting that equilibria are set up 
among the ylide, acyclic intermediates (3a and 3b), and the 
conjugate acid 2a, formed as a by-product during the con- 
densation reaction. After 18 h, the product accounted for 
65%, the intermediate was gone, and so was the ylide, which 
had been converted completely into its conjugate acid 2a. 

I 
The downfield shifts of the ylide's signal were more pro- 

, nounced during the experiments in which no particular pre- 
caution was taken to dry the solvent and to purify the ylide 
and phthalic anhydride. During several runs monitored by 
31 P NMR, the ylide's signal drifted visibly downfield as 
shown in Fig. 4. When such a reaction was left overnight, 
the only signals remaining the following morning were the 

1 product Ph3P0 and the conjugate acid 2a. 
The condensation carried out under anhydrous conditions 

between freshly recrystallized phthalic anhydride and ylide 
2, pretreated with BuLi (or NaH) to remove traces of its 
conjugate acid 2a, was initially slightly slower; however, as 
the reaction progressed, the rate became comparable to that 
measured in previous studies, as illustrated in Fig. 5. 

This experiment supports the previously postulated cata- 
1 lytic effect of acidic protons on the reactivity of stabilized 

ylides (25a, b). In a prior communication we discussed ex- 
periments that established that removing all sources of acidic 

I protons, including traces of the conjugated acid, results in a 
I considerable slowing down of the reaction between a stabi- 
I lized ylide and benzaldehyde (25a). In the absence of acidic 
I protons, the stabilized ylides, Ph3PCHCOOR, exist as the 
' slow-reacting cis-trans enolate mixture. The presence of Li' 

or ~ a +  counterions appears to stabilize the enolic forms, 
hence retarding rather than accelerating the reactions with 
aldehydes (25, 27). However, during the condensations of 
ylides such as 2 with anhydrides, even after all sources of 
acidic protons are removed, the first step generates an equi- 
librating pair of acyclic structures (3b and 3b), each bearing 
an acidic proton that can serve as a catalyst. Thus, the re- 
action is self-catalyzed. 

To further confirm the catalytic role of a proton, we stud- 
ied the condensation of phthalic anhydride with ylide 4, 
which leads to the formation of an intermediate lacking an 
acidic proton. Ylide 4 is more moisture sensitive than 2, and 
commercial samples always contain small quantities of its 
conjugate acid 4a. The room temperature reaction between 
phthalic anhydride and 4, in the presence of traces of 4a, is 
50% complete in 5 mins. In contrast, when 4 is pretreated 
to remove traces of the conjugate acid 4a immediately prior 
to the addition of phthalic anhydride, the reaction run under 
anhydrous conditions is considerably slower. After 3 h at 
25"C, only 40% of the enol-lactone is observable in the re- 
action mixture as shown in Fig. 6. 

It is important to note that in the reaction of ylide 2 with 
phthalic anhydride, each of the intermediates within the 3a,3b 
pair can be expected to undergo proton transfer to give the 
other member of the pair, at a.rate very much faster than the 
recyclization and the cleavage to the products, enol-lac- 
tones and triphenylphosphine oxide. In view of the above, 
the lifetime of the 3a,3b pair should be much longer than the 
lifetime of an intermediate with no internal proton transfer 
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~ " " l " " l " ' " a " ' l t ~ 8 g ~ ~ g g s ~ w v ~ ' ~ 1 ~ ~ 1 ~ ~ ~ @ ~ 1 ~ ~ ~ ' 1 8 ~ ~ ~ ~ ~ ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ g 1 ~ ~ T 1 1 ~ ~ ~ ~ ~ ~ ~ ~ ~  
180 160 140 120 100 80 60 4 0 20 0 

PPM 

FIG. 3. The 'H and I3c NMR spectra of compound 8. 

to compete with the reaction leading to the Wittig product. 4 (a broad signal centred on 24.55 ppm) and collapses rap- 
The latter case is illustrated by the reaction of ylide 4; here, idly to the products. In this case the sluggishness of the re- 
the intermediate 7a is observable only as a transient species action carried out in the absence of acidic protons can be 
in the 3 1 ~  spectrum at -35°C (a broad peak at 27.50 ppm). directly linked to the slower initial attack of the ylide on the 
At -20°C this intermediate exists in equilibrium with ylide carbonyl group of the anhydride. 
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L 1 

110 / l l b  
CH2N2 

TABLE 1. Selected bond lengths (A) for compounds 5 at O°C, and the reaction, warmed to room temperature, was 
and llb followed by NMR. After 2 h only methyl cinnamate and 

traces of products 3E and 3 2  could be detected. Upon chro- 
matography, methyl cinnamate was isolated in 87% yield 
(based on b e n ~ a l d e h ~ d e ) . ~  

In a similar series of experiments we were able to estab- 
lish the reversibility of phenyl maleic and succinic anhy- 

OCH, OH drides; the last result is in contrast to the earlier report of 
0 0 Abell and Westropp (18). The condensation of succinic an- 

hydride with ylide 2 was followed by 'H NMR until the 
Atoms Ylide 5 Ylide llb acyclic intermediates constituted 90% of the reaction mix- 

P 4 1  1.762 1.75 tuie. At that stage freshly distilled benzaldehyde was added, 

C 1 4 2  1.462 1.452 and the room-temperature reaction was monitored by 'H 
C 1 4 3  1.419 1.425 NMR. The reappearance of the succinic anhydride and the 

I C2-02 1.211 1.205 formation of cinnamate could be readily observed. After 
C3-03 1 240 1.256 70 h the reaction mixture consisted of methyl cinnamate, 

I Study of the reversibility of the reaction between ylide 2 
I and 5-member cyclic anhydrides 
1 The condensation of ylide 2 with several cyclic anhy- 
1 drides was initially investigated by Abell and Westropp (18), 
1 who reported that the formation of an acyclic intermediate 

was reversible for the reaction with phthalic anhydride and , irreversible with succinic anhydride. Our studies of the 
I condensation of phthalic anhydride with ylide 2 monitored 

succinic anhydride, and traces of enol-lactone 11E, see 
Scheme 6 .  

The condensation of ylide 2 with unsubstituted maleic 
anhydride at -30°C leads to the formation of an acyclic in- 
termediate, as witnessed by an instantaneous appearance of 
a new, highly shielded methoxy signal at 3.10 ppm. The re- 
action, however, does not lead to the corresponding enol- 
lactone since rapid polymerization competitively consumes 
the reagents, shifting the equilibrium and depleting the in- 
termediate. consequently, trapping experiments and re- 

I by NMR suggested that formation of the acyclic intermedi- 
30ne referee suggested a double crossover experiment to fur- ate pair 3a and 3b is an and hence ther confirm reversibility of these condensations, However, / Unequivocal proof for reversibility was provided by the fol- an experiment, in which phthalic anhydride reacts with Ph3P= 

lowing experiment. CHCOOMe to give intermediate A and 3-chlorophthalic anhy- 
Under the conditions corresponding to the maximum dride reacts with Ph3P==€HCOOEt to give two intermediates B and 

buildup of acyclic intermediates (3a and 3b ,  70%), a solu- C, leads to 12 overlapping products upon mixing of the A, B, and 
, tion of freshly distilled benzaldehyde in CHCl, was added C, and is difficult to interpret. 
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TABLE 2. IH NMR followed reaction of phthalic anhydride 1 with ylide 2 

Intermediate 
Ylide 2 3 Product 

Temperature Time 
("c) (min) ( P P ~ )  % ( P P ~ )  % ( P P ~ )  % 

PHTHALIC ANH. 

FIG. 4. Reaction of ylide 2 with phthalic anhydride monitored by "P NMR. In this experiment no precaution was taken to eliminate 
acidic protons. Here, the ylide's signal formed at 18.78 ppm upon mixing is visibly drifting downfield during the reaction. 
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--+-- BuLi E l  
0 500 1000 1500 

TIME (mln) 
FIG. 5. Room temperature reaction of phthalic anhydride with 

ylide 2, as obtained from the supplier -EL, and pretreated with BuLi -+-. 

---t-- BuLi 

0 
0 50 100 150 200 250 

TIME (mln) 
FIG. 6. Room-temperature reaction of phthalic anhydride with 

ylide 4 obtained from the supplier G, and pretreated with BuLi -+-. 

versibility studies were canied out on phenylmaleic anhy- 
dride 14. The principle acyclic intermediate 15b was trapped 
when the reaction carried- out at -5OC for 35 rnin was treated 

with diazomethane to give the corresponding ester 16. When 
acetaldehyde, instead of diazomethane, was added at that 
time, the product mixture consisted of methylcrotonate 17, 
phenylmaleic anhydride 14, and a small quantity of enol- 
lactone 18, confirming that the reversibility of the first con- 
densation step is general to the three classes of cyclic an- 
hydrides, Scheme 7.  

Conclusion 
The principal goal of this study was to investigate the 

mechanism of the condensation of stabilized phospho- 
ylides, such as Ph,PCHCOOCH,, 2, with cyclic anhy- 
drides. To  accomplish that, the observable intermediates were 
trapped and their identity was established. The reversibility 
of the condensation step, leading to the formation of acyclic 
intermediates, was demonstrated for phthalic, phenyl ma- 
leic. and succinic anhvdrides. in a series of reverse reac- 
tions between the acyclic intermediates and highly reactive 
aldehydes such as benzaldehyde or acetaldehyde. 

Trapping experiments also confirmed that an equilibrium 
is established between reactants and acyclic intermediates and 
that the intermediates themselves are in equilibrium with a 
strong bias toward the stabilized ylide forms such as 3b, 116, 
or 15b. 

We were unable to observe directly any oxaphosphetane 
or betaine intermediates. This is not particularly surprising 
in view of unsuccessful efforts of other investigators to ob- 
serve such species in the reactions between aldehydes and 
stabilized ylides (4, 12). Although the betaine intermediate 
was calculated to be of considerably higher energy than the 
corresponding oxaphosphetane for the model reaction of al- 
dehyde with ylide (1 l ) ,  it seems to us that the most feasible 
route to the acyclic intermediates in the reactions of stabi- 
lized ylides with 5-member cyclic anhydrides is through a 
very short-lived betaine or a betaine-like transition state. 

In all cases studied, the reversible formation of cyclic ad- 
ducts is a lower energy process than the formationof prod- 
uct enol-lactones. This suggests that in the condensations of 
stabilized phosphoranes with cyclic anhydrides, the oxa- 
phosphetane is formed either through betaine or a betaine-like 
transition state, or that there is an independent, competing, 
slightly higher energy pathway to enol-lactones via a 4-centre 
t r a n ~ i t i o n . ~  At this stage it is not possible to distinguish be- 
tween the two mechanistic pathways. 

The study of condensations of cyclic anhydrides with 
methyl (triphenylphosphoranylidene) acetate 2 and (carbo- 
ethoxy-ethylidene) triphenylphosphorane 4 in the absence of 
all external sources of acidic protons (including traces of the 
corresponding conjugate acids), strengthens our earlier ob- 
servation that Wittig condensations with stabilized ylides 
appear to be catalyzed by traces of protic acids (25, 27). 

Experimental 
Nuclear magnetic resonance spectra were recorded at 361 MHz 

('H), 91 MHz (I3C), and 146 MHz (,'P) on the Nicolet 360 NB 
spectrometer of the Atlantic Region Magnetic Resonance Centre, 
and some "P spectra were recorded at 81 MHz on the Varian 
XL-200 spectrometer of the University of New Brunswick. All 
spectra were in CDCl, solutions unless otherwise indicated. Cali- 
bration of the spectra was done with respect to TMS as internal 

'M. M. Kayser, K. L. Hatt, and D. Hooper. Manuscript in 
preparation. 
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Ph 
\ /" 
/"=% 

H CHO 

reference ('H and I3c) or 85% H3PO4 as external standard (,'P). 
Temperature control was by the usual Nicolet method. Calibration 
of the thermocouple showed an estimated error of less than 1°C in 
the temperature range used. 

For all experiments carried out under anhydrous conditions, an- 
hydrides were freshly crystallized from dry chloroform; methyl 
(triphenylphosphorany1idene)acetate 2 (obtained from Aldrich) and 
(carboethoxyethylidene)-tripheny~phosph~rane 4 (obtained from 
Lancaster) were subjected to azeotropic drying with benzene. To 
remove traces of conjugate acids, treatment with BuLi or MeLi was 
necessary. CDCI, (Silanor C*) was dried over molecular sieves and 

all glassware and NMR tubes were oven-dried at 150°C for 2 h and 
cooled under stream of argon. 

Room temperature reaction ofphthalic anhydride 1 with ylide 2 
monitored by 'H NMR. Formation of 3E and 32 

Methyl(triphenylphosphorany1idene)acetate 2 (100.5 mg, 0.3 
rnmol) was dissolved in 0.3 mL of C X l , ,  and the spectrum of the 
ylide was recorded. Phthalic anhydride 1 (44.5 mg, 0.3 mmol) 
suspended in 0.5 mL of CDCI, was added to the ylide solution and 
the spectrum was recorded immediately. The composition of the 
reaction mixture was established from the integration of 'H NMR 
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spectra taken at regular intervals for 24 h. After approximately tones; 6: 3.84 (s, 3H, OCH,, E + Z), 5.96 (s, 1 H, CH, Z), 6.13 

I 
I 

20 h at room temperature the reaction was completed. The prod- (s, lH,  CH, E), 7.86-7.26 (Aromatic H's); 5: 'H NMR 6: 3.01 (s, 
uct, the (E/Z) mixture of enol-lactones (65%), was separated from 3H, OCH,), 3.81 (s, 3H, OCH,), 7.86-7.26 aromatic H's). 
the conjugate acid 2a (35%) and triphenylphosphine oxide by 
chromatography on silica gel. The major (E)  isomer (80%) was 
eluted first (10:90 ether:petroleum ether) followed by the minor (Z) 
isomer (20%) (50:50 ether:petroleum ether). Methyl (E)-3-0x0-1,3- 
dihydro-isobenzofuran-1-ylideneacetate 3E, 'H NMR 6: 3.77 (s, 
3H, OCH,), 6.09 (s, lH,  CH), 7.92-7.60 (m, 4H, aromatic), 9.05 
(d, lH,  o-aromatic). Methyl (Z)-3-0x0-l,3-dihydroisobenzofuran- 
1-ylideneacetate 32, 'H NMR 6: 3.79 (s, 3H, OCH,), 5.83 (s, lH, 
CH), 7.92-7.60 (m, 4H, aromatic). 

Room temperature reaction of phthalic anhydride I with ylide 2 
pretreated with BuLi, monitored by 'H NMR 

The solution of ylide 2 (100 mg, 0.3 mmol in 0.3 rnL of CDCI,) 
was treated with a few drops of BuLi until the spectrum resolved 
into two isomeric forms. At that point the suspension of phthalic 
anhydride (44.4 mg, 0.3 mmol) in CDCl, (0.5 mL) was added and 
the reaction was monitored by 'H NMR as described above. 

Room temperature reaction of phthalic anhydride I with ylide 4 
monitored by 'H NMR Formation of 7E 

(Carbethoxyethy1idene)triphenylphosphorane 4 (109 mg, 0.3 
mmol) was dissolved in 0.3 mL of CDCI, and the spectrum was 
taken. Phthalic anhydride 1 (45 mg, 0.3 mmol) suspended in 
0.5 mL of CDCI, was added to the ylide solution and a spectrum 
was recorded immediately after mixing. At this point, approxi- 
mately half of the ylide was already converted to product. After 
1 h all ylide was consumed. The products, (E) enol-lactone and 
triphenylphosphine oxide, were isolated by chromatography on 
silica gel. Ethyl (E)-3-oxo-l,3-d~hydroiso-benzofuran-~-y~~dene(2'- 
propanoate) 7E, 40 mg (61%) was eluted with ether:petroleum 
ether (20:80) 'H NMR 6: 1.39 (t, 3H, 0CH2,CH3), 2.27 (s, 3H, 
CH,), 4.36 (q, 2H, OCH,CH,), 8.57-7.58 (m, 4H, aromatic); tri- 
phenylphosphine oxide, 67 mg (80%), was eluted with ether. 

Room temperature reaction of phthalic anhydride I with ylide 4 
pretreated with BuLi, monitored by 'H NMR 

The solution of 4 (109 mg, 0.3 mmol) in CDC1, (0.3 mL) was 
treated with a few drops of BuLi until the spectrum indicated 
presence of the two isomeric forms. At that point a suspension of 
phthalic anhydride (45 mg, 0.3 mmol) in CDCl, (0.5 mL) was 
added and the reaction was monitored by 'H NMR as described 
above. 

Trapping with Me30BF4: phthalic anhydride I + ylide 2 
Ylide 2 (571 mg, 1.71 mmol) dissolved in 15 mL of CHCI, and 

cooled to O°C was added to an ice-cold suspension of phthalic an- 
hydride 1 (253 mg, 1.71 mmol) in 15 mL CHCI,. The reaction was 
allowed to proceed for 30 min at 0°C under N, atmosphere. After 
addition of Me,OBF, (253 mg, 1.71 mmol) the reaction was stirred 
at 0°C for another 30 min. The solution was warmed to room tem- 
perature and the solvent was evaporated. The products were iden- 
tified by 'H NMR as a 50: 50 mixture of the conjugate acid 2a and 
the 0-alkylated acyclic intermediate 5: 'H NMR 6: 3.01 (s, 3H, 
OCH,), 3.81 (s, 3H, OCH,), 7.86-7.26 (aromatic H's). 

Trapping with MeI: phthalic anhydride I + ylide 2 
Ylide 2 (388 mg, 1.16 mmol) dissolved in 15 mL of CHC1, and 

cooled to O°C was added to phthalic anhydride 1 (172 mg, 
1.16 mmol) suspended in 15 rnL CHC1, at O°C. After 30 rnin at O°C, 
the reaction mixture was treated with excess Me1 (0.1 mL); and 
stining was continued at that temperature for additional 30 mins. 
The solution was allowed to warm to room temperature and the 
solvent was evaporated. The products were identified by 'H NMR 
as: conjugate acid 2a (20%), 4a (39%), 3E/Z mixture of enol-lac- 
tones (30%), and acyclic intermediate 5 (1 1%). 2a: 'H NMR 6: 3.59 
(s, 3H, OCH,), 5.22 (d, 2H, 2, .IpH = 13.6 Hz, I- counterion), 
7.86-7.26 (aromatic H's); for 4a, 1.68 (dd, 3H, CH,, JpH = 
18.3 Hz, JpH = 7.3 Hz), 3.56 (s, 3H, OCH,), 6.20 (m, lH,  CH, 
I- counterion), 7.86-7.26 (aromatic H's); for 3E and 32 enol-lac- 

Trapping with CH2NZ: phthalic anhydride I + ylide 2 .  
Formation of 5 

Ylide 2 (670 mg, 2.0 mmol) was added to phthalic anhydride 1 
(297 mg, 2.0 mmol) suspended in 10 rnL CHC1, and cooled to P C .  
The reaction mixture was stirred for 30 mins at P C  before 
quenching with excess ethereal solution of diazomethane (0.2 M 
in Et,O). The product 5 was isolated by chromatography on silica 
gel using 100% ether as elutant and was subsequently recrystal- 
lized from ether to give pure 5 as white crystals, 660 mg (66%), 
mp 182-184°C; 'H NMR 6: 3.01 (s, 3H, OCH,), 3.83 (s, 3H, 
OCH,), 7.25-7.92 (aromatic H's); I3C NMR 6: 49.57, 51.85,7 1.17 
(J, 112 Hz), 133.4-125.3 (aromatic), 146.57 (JK8.2 Hz), 167.12, 
167.57 (Jpc 14.8 Hz), 192.68 (Jpc 5:4 Hz); ,'P NMR 6: 17.73; 
HRMS: m / e  496.1465; (M+) requires 496.1439; 463, 437, 361, 
262, 201. 183, 163. 

Trapping of compound 5 with Et30BF4. Formation of 8 
1-Methoxycarbonyl-2 -(2'-methoxy-carbonylpheny1)-2- oxoethyl- 

idene-triphenylphosphorane 5 ,  (225 mg, 0.45 mmol) was dis- 
solved in 20 mL of CH,Cl, (distilled from CaH,) and cooled to O°C 
in a dry three-necked flask under N, atmosphere. An excess of 
triethyloxonium tetrafluoroborate (300 mg, 1.6 mmol), dissolved 
in dry CH2CI,, was added to the solution. The reaction mixture was 
stirred for 10 min at O°C, then was allowed to warm to room tem- 
perature and the solvent was evaporated. The resulting creamy-white 
solid was recrystallized from ether to give 1-methoxycarbonyl-2- 
(2- methoxy-carbonylphenyl) - 1 - oxobutan -2 -triphenylphosphonium 
tetrafluoroborate 8, 195 mg (82%), mp 169-171°C; 'H NMR 6: 
0.46 (t, 3H, CH2CH3), 2.94 (s, 3H, OCH,), 3.45 (dq, 2H, 
CH2CH3), 3.99 (s, 3H, OCH,), 8.09-7.41 (aromatic H's); I3C NMR 
6: - 13.62, 52.28, 53.03, 69.03, 89.73 (Jpc 92.5 Hz), 119.00, 
120.84, 129.04-134.57 (aromatic), 163.53 (J, 10.0 Hz), 165.87, 
182.22; ,'P NMR 6: 14.84; HRMS: m/e  496.1413; (M' - 29) re- 
quires 496.1439, 463, 277, 201, 187. The reaction carried out at 
-78°C for 3 h gave the identical product. Note: C7 was shown to 
be the correct assignment by APT experiments. 

Trapping with CH,N,: succirlic anhydride 10 + ylide 2.  
Formation of 12 

Ylide 2 (2.1 g, 6.3 mmol) was added to succinic anhydride 10 
(631 mg, 6.3 mmol) suspended in 50 mL of CHCI,. The reaction 
mixture was stirred for 2 h at room temperature, quenched with 
excess diazomethane, and left overnight to allow the excess di- 
azomethane to escape. After evaporation of the solvent, the prod- 
uct mixture consisted of 12 (60%), dimethyl succinate (lo%), and 
small quantities of unreacted ylide 2 and the conjugate acid 2a in 
addition to triphenylphosphine oxide. Triphenylphosphine oxide 
was removed by crystallization from ether. The trapped interme- 
diate, dimethyl 3-0x0-2-(triphenylphosphorany1idene)adipate 12, 
was isolated by chromatography on silica gel with 100% ether. The 
isolated yield was 914 mg (32%); mp 113-1 15°C; 'H NMR 6: 2.53 
(t, 2H, CH,), 3.13 (s, 3H, OCH,), 3.24 (t, 2H, CH,), 3.53 (s, 3H, 
OCH,), 7.70-7.34 (aromatic); "C NMR 6: 28.15, 34.32 (J, 
3.8 HZ), 48.45, 50.23, 69.6 (Jpc, 110 HZ), 132.71-124.98 (XO- 
matic), 167.05 (JPc 15.4 Hz), 173.09, 193.97; ,'P NMR 6: 16.46; 
HRMS: m/e:  448.1560; (M+) requires 448.1439, 417, 361, 277, 
201, 183, 77. 

Trapping of compound 12 with Et30BF4. Formation of 13 
Triethyloxonium tetrafluoroborate (0.25 mL, 0.25 mmol) was 

added to the solution of compound 12 (100 mg, 0.22 mmol) dis- 
solved in 10 mL CH2C1, (freshly distilled from CaH,) and cooled 
to -78'C under N2. The reaction mixture was stirred for 1 h at 
-78"C, then warned to room temperature. The solvent was evap- 
orated to give single product identified from its NMR spectra as 0 3  
alkylated compound 13. 'H NMR 6: 0.51 (t, 3H, CH,), 2.79 (t, 2H, 
CH,), 3.24 (t, 2H, CH2), 3.28 (s, 3H, 0CH3), 3.71 (s, 3H, 0CH3), 
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4.07 (q, 2H, OCH,), 7.54-7.79 (m, 15H, aromatic H's); 13c NMR 
6: 13.49, 25.81, 31.61, 52.33, 52.49, 67.68, 91.00 ( ' J ~  100 HZ), 
117.74-135.27 (aromatic), 164.07 ('JpC = 8.7 HZ), 171.89, 184.83 
('J,, = 8.9 Hz). 

Trapping ~virlz CH2N2: pherzylrnaleic anhydride 14 + ylide 2. 
Forrnation of 16 

Ylide 2 (835 mg, 2.5 rnrnol) was added to phenylmaleic anhy- 
dride 14 (435 mg, 2.5 rnrnol) suspended in 20 mL of CHCI, at 
-5°C. The reaction mixture was stirred for 35 rnin at 0°C. At that 
point only the intermediate pair 15a, 156 and the product 18 were 
observable in the 'H NMR spectrum. After quenching with excess 
diazomethane, the reaction mixture was left overnight to allow the 
excess diazornethane to escape. The solvent was evaporated and 
triphenylphosphine oxide was removed by crystallization from 
ether. The remaining products were separated by chromatography 
on silica gel. The enol-lactone 18 was eluted first, followed by 16 
eluted with ether: petroleum ether (50:50) to give 417 mg (32%): 
'H NMR 6: 3.17 (s.3H), 3.47 (s, 3H), 7.2-7.7 (rn. 20H), 7.93 (s, 
1H); "P NMR 6: 17.1 1; m/e: 522 (M+), 277, 262, 201, 199, 174, 
102. 

Reversibility study: phthalic anhydride 1 + ylide 2 
Phthalic anhydride 1 (100 mg, 0.7 rnrnol) was added to the so- 

lution of 2 (227 rng, 0.7 rnrnol) in 50 mL CHCI, cooled to O°C. 
After 30 rnin at O°C, the reaction was quenched with benzalde- 
hyde and was stirred for an additional 2 h at 0°C. After evapora- 
tion of the solvent, the products were separated by chromatography 
on silica gel. trans-Methylcinnarnate, 96 mg (87%), was eluted first 
with ether: petroleum ether (5:95); 'H NMR 6: 3.79 (s, 3H, 0CH3), 
6.44 (d, l H ,  CH), 8.00-7.20 (rn, 6H, aromatic + CH), followed 
by trace amounts of enol-lactone(s) eluted with ether: petroleum 
ether (10:90) and triphenylphosphine oxide 189 mg (79%) eluted 
with 100% ether. 
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V. KANAZIREV and T. TSONCHEVA. Can. J .  Chem. 70, 1997 (1992). 
An important characteristic of the methanol-to-hydrocarbons reaction is its autocatalytic behaviour under certain con- 

ditions. In this paper, self-acceleration in the conversion of MeOH over various zeolites, e.g.,  H-ZSM-5, H-Cay, 
H-offretite, and H-mordenite, in a flow reactor is examined. Self-acceleration is considered as a step of the nonstation- 
ary state changes taking place as a result of the interaction between the reaction medium and the catalyst. The effect on 
this process of factors such as partial pressure of methanol and the presence of hydrogen in the reaction mixture are in- 
vestigated. Conclusions regarding the mechanism of C-C bond formation are considered. The course of the nonsta- 
tionary process may be used for preliminary selection of catalysts for synthesis of hydrocarbons from methanol. 

V. KANAZIREV et T. TSONCHEVA. Can. J .  Chem. 70, 1997 (1992). 
Une caractkristique importante de la rtaction du methanol en hydrocarbures est son comportement autocatalytique, 

dans certaines conditions. Dans ce travail, on a examine l'auto-accC1Cration de la conversion du MeOH sur divers zkolites, 
comme la H-ZSM-5, la H-Cay, la H-offretite et la H-mordenite dans un recteur a Ccoulement. L'auto-accC1Cration est 
considCrCe comme une Ctape des changements de 1'Ctat non-stationnaire qui se produit par l'interaction entre le milieu 
reactionnel et le catalyseur. On a aussi examine I'effet, sur ce processus, de facteurs comme la pression partielle du 
mithanol et la presence d'hydrogene dans le milieu rkactionnel. On considere les conclusions a tirer au sujet du mCcanisme 
de la formation de la liaison C-C. On peut utiliser le cours du processus non-stationnaire pour la selection preliminaire 
des catalyseurs a utiliser pour la synthese d'hydrocarbure a partir du methanol. 

[Traduit par la rkdaction] 

1 Introduction 

I T h e  methanol-to-hydrocarbons conversion is one  of the 
most intensively studied catalytic processes because of  its 
scientific interest and practical significance. 

A n  important characteristic of this reaction is its self- 
acceleration, i.e., autocatalytic course under certain con- 
ditions (1-5). Self-acceleration during the conversion of 
methanol has been observed for different zeolites, i .e . ,  
ZSM-5 (1-3); X (5), Y (4), as well as for copper dodeca- 
tungstophosphate (6). Self-acceleration takes place in a re- 
circulation system (3) as well as in an  open f low reactor (1,  
2, 4 ,  5) ,  and has been indicated by characteristic tempera- 
ture dependence ( 3 - 3 ,  existence of an  induction period (3- 
5), and an increase of activity during the experiments (5, 7). 
Additional evidence for the autocatalytic character of the 
conversion is the shortening of the induction period in the 
presence of certain substances, such as olefins (3, 21, 23) and 
alcohols (7). T h e  induction period is also affected by the 
acidity of the catalyst (1, 21,  22), its particle size, methanol 
pressure, reaction temperature, and the presence of water in 
the reaction mixture (2). 

T h e  mechanism of self-acceleration is not completely 
known. I n  the case of  zeolite catalysts, the autocatalytic 
course of the reaction is associated with the formation and 
generation of reactive intermediates (C,  particles), which 

I react at a high rate with olefins (or aromatics) (1-3, 7 ,  8, 21, 
24). An alternative possibility is discussed by Baba and Ono 

, (6). They  show an  increase in the number of acidic centres 
during the reaction o n  the copper dodecatungstophosphate 
catalyst due  to the reductive influence of hydrogen mole- 
cules (or atoms) produced by the decomposition of metha- 
nol. Prinz and Riekert (22) assume that the formation of some , reactive hydrocarbons in  the zeolite is a necessary interme- 
diate s tep in  the reaction. Espinoza (25, 26)  considers that 

i 1 Author to whom correspondence may be addressed. ' 2 Revision received April 13, 1992. 

C-containing particles modify the catalyst and because of that 
the reaction deviates into a faster course. 

In  the present investigation, self-acceleration i s  consid- 
ered as a step in the nonstationary state changes taking place 
as a result of the interaction between the reaction medium and 
the catalyst. Also discussed is  the extent to  which the non- 
stationary process is  indicative of the intrinsic capability of 
different zeolites to accelerate C-C bond formation from 
methanol. T h e  effect on  the nonstationary process of fac- 
tors such as the partial pressure of methanol and the pres- 
ence of hydrogen in the reaction f low is also investigated. 

Experimental 

Catalysts 

H-ZSM-5 
The sample was obtained via crystallization in the presence of 

tetrapropylammonium cations (9); Si02/A1203-89; (98% degree of 
decationization). 

H-offretite (H-off) 
The sample was obtained via crystallization in a tetramethylam- 

monium cations medium according to known procedure (10); Si02/ 
Al2O3-9, 9; (90% degree of decationization). 

H-mordenite (H-mord) 
The sample was prepared on the basis of synthetic mordenite 

kindly provided by Leuna, Germany; Si02/A1203-10; (90% de- 
gree of decationazation). 

H-Cay 
This was obtained on the basis of the sodium form of the zeolite 

kindly provided by Leuna, Germany; the content of each of the 
cations (H+ and ca2+) is 36% equivalents, respectively. 

The H-modifications of all samples were prepared via ion ex- 
change with NH,+ followed by thermal decomposition of the am- 
monium at 813 K.  The H-Cay sample was prepared via ion 
exchange in the presence of NH,' and ca2+ ions. The organic ca- 
tions in the cases of H-ZSM-5 and H-off were removed before- 
hand by heating in an air flow at 813 K for 6 h. In the catalytic 
reactor all samples were subjected to additional thermal treatment 
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TABLE 1.  Temperature dependence of the selective de- 
hydration of methanol to DME, Ro,,, = 3.85 kPa 

Catalyst Temperature, K Yield DME, % 

by means of consecutive heating at 703 K for 6 h in air, argon, and 
hydrogen flow. 

Procedure and apparatus 
The flow system consists of a glass microreactor, a calibrated 

saturator, and a gas inlet system (for argon and hydrogen) (1 1). This 
instrumental setup permits easy variation of the temperature, flow 
rate, and partial pressure of the components; it also allows a peri- 
odic check of thecatalyst activity under standard conditions, as well 
as monitoring colour changes in the catalyst during the experi- 
ments. The reaction mixture is analysed on-line by means of gas 
chromatography using a 2-m Porapak Q column. The quantitative 
evaluation was conducted using an absolute calibration with au- 
tomatic computation of the chromatographic data. A carbon base 
was used for-the product yield calculation. 

The experiment includes the following stages: preliminary ther- 
mal treatment of the catalyst; adjustment and determination of the 
methanol partial pressure in a by-pass line; running the reaction 
mixture through the reactor, followed by chromatographic analy- 
sis at 4-7 min intervals. The catalytic experiments were canied out 
in a temperature range of 400-650 K at a weight hourly space 
velocity (WHSV) 1.5 h-' and partial pressure of methanol 1.57- 
3.85 kPa. The catalyst (0.1 g), with a particle size of 0.2- 
0.8 mrn, was diluted threefold with glass of the same particle size. 

Results 

Start and course of the nonstationary process 
The temperature dependence of methanol (Me0H)-to-di- 

methyl ether (DME) conversion is registered for each sam- 
ple (Table 1). With all samples examined, a near-equilibrium 
conversion into DME is reached. The nonstationary process 
under isothermal conditions (the temperature in the catalyst 
bed is kept constant within lo) begins in all cases after the 
appearance of the first hydrocarbon products in the gas phase. 
As can be seen in Fig. 1, in the example of H-Cay and H-off 
zeolites the nonstationary process includes the following 
steps: (i)  rapid increase of the hydrocarbon products, mainly 
C2-C4 olefins (only C2-C, hydrocarbons are given in Fig. 
1); (i i)  decrease in the DME and methanol content; (iii) sub- 
sequent complex changes in the distribution of the prod- 
ucts. The nonstationary process reveals in its course specific 
characteristics for each of the catalysts examined. Lower 
initial temperature, appearance of CH,, significantly lower 
yields of C,-C, hydrocarbons, and a specific change in the 
DME content are typical for the H-off sample. The H-mor- 
denite catalyst behaves (Fig. 2) in a manner similar to that 

of the H-Cay and H-off samples. However, the changes take 
place more rapidly and in 1 h the catalytic activity is totally 
lost. In comparison with the other samples, the high meth- 
ane concentration and the continuous decrease of the DME 
with time on-stream are worth noting. Among the hydro- 
carbons in the gas phase, the C,-C, ones predominate (over 
90%). The temperature at which the nonstationary process 
starts is higher than that for H-off but lower than for H-Cay. 

In Fig. 3 data are presented for the H-ZSM-5 catalyst at 
three different temperatures. It can be seen that the C,-C, 
hydrocarbons appear in the gas phase for the first time at 
547 K,  the ethylene yield being about 50% greater than the 
propylene yield; thus after 15 min there are 0.1 % of c:- and 
0.06% of c ,~ - ,  while after 40 min there are 0.25% and 
0.18%, respectively. The rate of composition change grows 
when the temperature is increased to 561 K: the c:-/c,~- 
ratio is already in favour of propylene and small amounts of 
C4 are also present. For example, 14 min after the temper- 
ature increase the amounts of C,, C,, and C4 hydrocarbons 
are 2.88, 4.43, and 0.53% respectively, but after 38 rnin they 
are 3.87, 6.23, and 0.83%. A very sharp change in the 
product distribution is observed after further raising the 
temperature to 593 K. 

Influence of the partial pressure ( P )  of MeOH and the 
presence of Hz in the reactionflow 

The effect of the partial pressure of MeOH was examined 
in the case of the H-Cay sample. The decrease of P from 3.6 
down to 1.2 kPa was achieved by dilution with Ar or H, (Fig. 
4). 

Comparison of the data from Fig. 1 and Fig. 4 shows that 
the decrease in the methanol partial pressure and the pres- 
ence of H, in the reaction mixture do not affect significantly 
the basic characteristics of the nonstationary process. A trend 
towards a smoother running of this process is, however, no- 
ticeable. The effect of H, is more pronounced in the for- 
mation of C,-C, hydrocarbons when their yield decreases 
with a corresponding increase of C4+ hydrocarbons between 
the 20th and 120th minutes of the experiment (Table 2). 

However, no increase of methane in the gas phase is ob- 
served. Its concentration remains, as in the case of Ar-di- 
lution, lower than 0.5%. 

Deposition of nondesorbable products during the 
experiment 

The material balance during the experiments can be fol- 
lowed with an accuracy of about 5% using absolute calibra- 
tion of the chromatographic signals. The material balance data 
indicate that a part of the carbon content of the reactant flow 
remains deposited on the catalyst, when the self-accelera- 
tion of the methanol conversion proceeds under isothermal 
conditions. The deposit formation, as evaluated from the 
deficiency of the material balance, decreases in the se- 
quence: H-mord > H-off > H-Cay > H-ZSM-5, and can be 
determined with sufficient accuracy only in the case of the 
H-mord catalyst. The loss in the material balance together 
with the changes in the CH4 concentration (Ar or H2 as di- 
luent gas) are shown in Fig. 5. It can be'clearly seen that the 
rate of deposit formation follows the course of the nonsta- 
tionary process, as presented with the typical changes in the 
methane content of the gas phase. The inclusion of H, in the 
reaction flow has no significant effect on this phenomenon. 

It should also be mentioned that the deposition of non- 
desorbable products and the nonstationary state process are 
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KANAZIREV AND TSONCHEVA 

5 0 100 150 200 
T, min 

FIG. 1. Change in the distribution of the products ( x ,  mol%) with time on-stream ( t ,  min) in the MeOH conversion over H-off (T = 
, 5 1 7 K ) a n d H - C a y  ( T =  5 6 0 K ) , P C H O H  = 3.85kPa. 

accompanied, in the case of all zeolites studied, by a series 
of colour changes of the catalyst, i.e., from light-yellow 
through dark-yellow to orange, also various shades of brown 
to dark-brown, dark-gray, and finally black. The rate of the 
colour changes generally follows the dynamics of the non- 
stationary process and, accordingly, is highest in the case of 
H-mord. The process is not so intensive and the colour 
changes are especially slow in the case of H-ZSM-5 zeolite. 

Discussion 
Autocatalysis during the methanol-to-hydrocarbons con- 

version was first observed in the case of ZSM-5 zeolites (1- 
3). It is found in the present study that this phenomenon may 
be even more marked in the presence of acidic forms of other 
structural types of zeolites. Moreover, the self-acceleration 
(autocatalysis) can be considered as one stage in the com- 
plex sequence of interactions between the reaction flow and 
the catalyst. The following stages of this nonstationary pro- 
cess can be distinguished under isothermal conditions: 

A. An increase in the hydrocarbon concentration and si- 
multaneous decrease in the MeOH and DME content (au- 
tocatalysis, self-acceleration). 

B. A period of stable catalytic activity and selectivity. 
C. A deactivation with respect to hydrocarbon formation. 

At the same time the activity in the dehydration of MeOH 
to DME resumes (H-off, H-Cay). 

D. A continuing deactivation in both hydrocarbon as well 
, as DME formation (H-off, H-mord). 
' The indicated stages take place to a different degree for 

the catalysts studied. The whole process in the case of 
H-mordenite is so fast that step B cannot practically be ob- 
served, while in the presence of the H-ZSM-5 sample step 
A is rather prolonged and hydrocarbons take several hours 
to form. 

We assume that the self-acceleration and the deactivation 
during the methanol conversion are two sides of one and the 
same nonstationary process. There are some indications that 
deposits on the catalyst play an important role in this pro- 
cess: (ii) there is parallelism between the rate of deposit for- 
mation and the colour changes of the catalyst on the one hand 
and the changes in the composition of the gas phase with time 
on the other hand; (ii) the nonstationary process can be re- 
peated in all its details after burning of the deposits in the 
presence of air; (iii) the autocatalytic stage can be stopped 
and even reversed in the presence of H, in the case of Pt- 
containing zeolites (1 1). 

The chosen conditions, i.e., small amounts of catalyst 
diluted with an inert material, low partial pressure of meth- 
anol, and a high flow rate, preclude the influence of macro- 
factors, such as temperature and concentration gradients, and 
limit the process to the formation mainly of C,-C4 hydro- 
carbons. The general assumption in this paper is that the 
self-acceleration of the methanol conversion is closely as- 
sociated with a buildup of reactive deposits on the zeolite 
catalyst. Similar, to some proposals in the relevant litera- 
ture (29), we suggest that the carboneous residues at differ- 
ent stages of their growth may possess proton-donating 
capability and hence enhanced catalytic activity in the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 70, 1992 

5 0 100 
T. rnin 

FIG. 2. Product distribution ( x ,  mol%) in the MeOH conver- 
sion over H-mor vs. time on-stream (t, min) at 547 K. 

methanol conversion. The increase of the catalytic activity 
with time on-stream is a well-known phenomenon in the case 
of the conversion of aromatic hydrocarbons on zeolite cat- 

alysts (30, 31). The following steps of the nonstationary 
process, i.e., the deactivation, can be envisaged as a further 
transformation of the deposits via hydrogen depletion. The 
observed decrease in the rate of deactivation, i.e., morden- 
ite > offretite > type Y > ZSM-5, fully corresponds to the 
decrease in the tendency toward coke-formation, which is the 
same for other acid-base reactions (4). 

The course of the nonstationary process in principle con- 
tains information regarding the capability of the catalyst to 
accelerate C-C bond formation from methanol. Ono et al. 
( I ) ,  on the basis of the observation that the autocatalytic re- 
action begins at different temperatures, concluded that the 
ZSM-5 sample with Si0,/A1,03-134 is less active than 
similar zeolites with a lower Si0,/A1,03 ratio. 

In the present study the samples differ in the initial tem- 
perature at which, under isothermal conditions, an increase 
of the hydrocarbons formation starts: 

Judging from this, it can be assumed that the capability of 
initiating and conducting the process of C-C bond forma- 
tion from methanol is most pronounced in the case of the 
zeolite H-offretite. On the other hand, the behaviour of the 
ZSM-5 catalytic systems is characterized by a rather mod- 
erate rate of the nonstationary process. A much higher tem- 
perature, i.e., 593 K,  is needed for the completion of the 
above process. Information regarding the primary products 
was obtained in the present study. All investigated zeolite 
catalysts favour ethylene production at the beginning of the 
self-acceleration, but the C2/C3 ratio quickly diminishes to 
finally become less than unity. 

The H-mordenite catalyst only leads to methane prepon- 
derance after the initial appearance of C, and C, for a cer- 

50 100 150 200 
T ,  min 

FIG. 3. Product distribution (x ,  mol%) in the MeOH conversion over H-ZSM-5 vs. time ( t ,  min) at different temperatures. 
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KANAZIREV AND TSONCHEVA 

FIG. 4. The effect of presence of hydrogen on the product distribution in the MeOH conversion over H-Cay at 563 K; PCH OH = 
1.57 kPa. 

60 

TABLE 2. Content of C4 hydrocarbons (mol%) in the reactor ef- 
tluent (the same experimental conditions as in Fig. 4) 

Time on-stream (min) 
Diluent 

gas 24 57 85 104 113 

DME MeOH C2+C3 
O 

tain time period, after which the C,-C, hydrocarbons begin 
to predominate. The results obtained from conducting the 
process under nonstationary conditions support the assump- 
tion that evolution of ethylene in the gas phase is favoured 
in the initial stage of the process. Under the reaction con- 
ditions employed in the present study, the partial pressure 
exerted by hydrogen exceeds that of methanol by about a 
factor of 20 and can therefore affect significantly the reac- 
tion steps proceeding with absorption or evolution of hydro- 
gen. The observation that with the catalysts H-mordenite and 
H-Cay the reaction course remained essentially unaffected, 
the basic features of the nonstationary process being re- 
tained, indicates that hydrogen is unlikely to participate in 
the key step, directly or via adsorption-chemical equilibria. 
The observed changes in the product composition occurring 
during a part of the activity interval of the H-Cay catalyst 
can be explained by peculiarities in the secondary conver- 
sions undergone by olefins in the presence of hydrogen, as 
reported recently by Blackmond et al. (19) on the basis of 
IR data. In the literature (12-18) are discussed such key re- 
actions and intermediates as should be significantly affected 
by the presence of hydrogen in the reaction mixture. Thus, 
the interaction between carbenes and hydrogen should shift 
the process towards methane formation, as illustrated in the 
photolysis reaction of ketene and diazomethane (20), or in 
the interaction between methylene and sodium vapours in a 
hydrogen atmosphere (1 1, 27, 28). The fact that the process 

X 

nondesorbed a 
compounds 

25 50 75 
T, rnin 

FIG. 5. Conversion of MeOH (x ,  mol%) to CH, and nonde- 
sorbable compounds during experiments in Ar or Hp as diluent gases 
(T = 547 K ) .  

preserves its nonstationary character in the presence of hy- 
drogen also indicates a lower degree of dehydrogenation and 
hydrogenation reactions in the mechanistic route of the 
methanol-to-hydrocarbons reaction. 

Conclusion 
Self-acceleration in the methanol-to-hydrocarbons con- 

version is considered as one step of the nonstationary pro- 
cess taking place in the interaction between zeolite catalyst, 
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methanol, and DME. This nonstationary process is more 
pronounced with catalytic systems possessing a higher den- 
sity of active centers than in the case of high silica zeolites. 
The  course of the nonstationary process over various cata- 
lysts reflects the importance of some surface reactions lead- 
ing to the formation and conversion of coke precursors on 
the catalyst surface. The investigation of the nonstationary 
process and the tracing out of the influence of H, can be an 
important source of information about the mechanism of 
C-C bond formation and the choice of an appropriate cat- 
alyst for methanol-to-hydrocarbons conversion. 
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SHEN WEIGUO and ARTHUR G. WILLIAMSON. Can. J. Chem. 70, 2003 (1992). 
Measurements at 25OC are reported for the volumes of mixing of binary mixtures of n-dodecane + 2 methyl pentane 

and of ternary mixtures created by mixing an equimolar mixture of (n-decane + n-tetradecane) with each of the isomers 
of hexane. The results are compared with the work of Hamam el al. for binary mixtures of n-dodecane with the hexane 
isomers and shown to be in accord with the principle of congruence within the limits of experimental accuracy of the 
measurements. 

SHEN WEIGUO et ARTHUR G. WILLIAMSON. Can. J .  Chem. 70,2003 (1992) 
OpCrant A 25"C, on a effectuC des mesures de volumes de mClanges binaries du n-dodecane avec le 2-methylhexane 

et des melanges ternaires obtenus par melange d'une quantiti CquimolCculaire de (n-dCcane + n-tetradecane) avec cha- 
cun des isomeres de l'hexane. On compare les resultats avec ceux obtenus par Hamam et al. pour des melanges binaires 
du n-dodecane avec les isomeres de l'hexane et on montre que, dans les limites de l'exactitude experimentale des me- 
sures, ces rCsultats sont en accord avec le principe de congruence. 

[Traduit par la redaction] 

Introduction 

As a part of the study of the applicability of the principle 
of congruence to ternary mixtures ( I ) ,  this work reports the 
excess volumes of n-dodecane + 2-methylpentane and of 
pseudo n-dodecane prepared from equimolar quantities of n- 
decane and n-tetradecane + each of the four branched hex- 
ane isomers at 298.15 K. 

Experimental 

Volumes of mixing were deduced from accurate density mea- 
surements using a vibrating tube densimeter. As was pointed out 
by previous authors (2), a major problem with such measurements 
on mixtures of volatile components is the preparation of mixtures 
whose compositions are known to an accuracy consistent with that 
of the density measurements. 

In an attempt to eliminate errors due to vaporization of volatile 
components we examined two methods of preparing mixtures. In 
the first procedure, the mixture was prepared by weighing the liq- 
uids into an evacuated cell shown in Fig. l(a).  

The weighing cell, which had two septa, was initially evacu- 
ated by inserting a hypodermic needle through one of the septa and 
drawing air out of the cell with a vacuum pump. The liquids were 
then injected into the weighed cell in succession and the cell was 
weighed after each addition. For any chosen composition the 
amounts of liquids were chosen so as to almost completely fill the 
cell. When the mixture was withdrawn from the cell through one 
septum with a hypodermic syringe a hypodermic needle was in- 
serted into other septum and mercury was drawn into the vessel as 
the liquid was withdrawn. With these procedures buoyancy cor- 
rections and vapour corrections were kept to a minimum. 

A second procedure used a Precision Safety Corporation "pres- 
sure lok" gas-tight glass and Teflon syringe with a built-in slide 
valve as shown in Fig. I(b). In this case the syringe was weighed, 
then the liquids were drawn into the syringe in succession and the 
syringe was weighed after each addition. After mixing in the sy- 
ringe, the mixture was injected directly into the densimeter. With 

' ~ u t h o r  to whom correspondence may be addressed. 

both of these techniques of preparation of mixtures, the mole frac- 
tion is believed to be accurate to about 5 x lo-'. 

Pseudo dodecane was prepared in a stoppered flask by weigh- 
ing an empty flask, then the flask with n-tetradecane, and finally 
the flask with n-decane + n-tetradecane. 

Density measurements were made using a Mettler DMA 60/ 
DMA 602H vibrating tube densimeter with a precision of 2 1.5 X 

g ~ m - ~ .  The stability of temperature in the sample chamber 
of the densimeter was 20.003 K. The period of vibration T for the 
vibrating capillary tube in the densimeter is related to the density 
p of the fluid in the tube by 

[I]  p = a + b ~  

where a and b are constants. Degassed distilled water and air were 
used to calibrate the densimeter to obtain the instrument constants 
a and b. The density of water was taken from ref. 3 and the den- 
sity of moist air was calculated by the following equation (3) 

where B is the barometric pressure (Torr; 1 Torr = 133.3 Pa), T is 
absolute temperature (K), and e is the vapour pressure of the 
moisture in the air (Torr); which can be determined by the mea- 
surement of dew point (3). In this work the dew point was mea- 
sured with an EG & G Digital Humidity Analyzer, model 91 l ,  with 
an accuracy of 2 0 . 5  K. 

To reduce the errors caused by the drift of the densimeter and 
the density change of the pseudo alkanes due to vaporization of 
volatile component, the densimeter was recalibrated and the den- 
sities of the "pure" components were measured again after each two 
or three measurements of the densities of mixtures. 

To test the methods, measurements were made on the system 
benzene and cyclohexane at 298.15 K.  The results for the system 
are believed to be reproducible to 20.002 cm3 mol-'. 

Materials 
Benzene and cyclohexane were analytical reagents from M & B, 

and BDH, respectively, with quoted purities better than 99.8 and 
99.5%. Branched hexanes were from Aldrich with quoted purities 
better than 98% for 2,2-dimethylpentane, 97% for 2,3-dimethyl- 
butane, 99% for 2-methylpentane and 3-methylpentane, and n-al- 
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Septum 2 

Silicone rubber 

reoded sleeve glued 

Slide volve 

Teflon 

FIG. 1. Diagram of (a) weighing cell; ( b )  gas-tight glass and Teflon syringe 

TABLE 1. Densities/g of chemicals used in this work at 298.15 K 

Source of data 

Compound This work Ref. 5 Ref. 6 Ref. 7 Ref. 8 Ref. 9 

Benzene 

Cyclohexane 

Decane 

Dodecane 

Tetradecane 

2-MP 

"The density of 2-MP used in measurement of VE of n-dodecane + 2-MP. Both samples came from the same 
company. 

TABLE 2. Experimental densities and excess volumes for cyclohexane (1) 

P vE R P vE R 
~ ( 1 )  (g/cm3) (cm3/mol) (cm3/mol) ~ ( 1 )  (g/cm3) (cm3/mol) (cm3/mol) 

Mixing cell 

0.54438 
0.0004 0.59061 

-0.0009 0.70218 
0.0015 0.78747 

-0.0009 0.90021 
0.0003 1 

Syringe 

0.48489 
-0.0008 0.63489 

0.0013 0.73431 
0.0002 0.80318 

-0.0020 0.90936 
0.0020 1 
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WEIGUO AND WILLIAMSON 2005 

TABLE 3. Values of parameters in eq. [4] for cyclohexane + ben- An equation of the type 
zene (298.15 K) 

A 2 A3 A4 R [4] vE/cm3 mol-I = xi( l  - xi) XA,(1 - 2,)'-I 
N A1 Source 

10 2.6099 -0.0958 0.0444 -0.0136 0.0004" Ref. 2 
29 2.61313 -0.10497 0.0017 Ref. 10 
10 2.6059 -0.1236 0.0367 0.0013 Mixing cell 
10 2.6156 -0.0891 0.0315 -0.0484 0.0014 Syringe 

"Average deviation 

kanes were "puriss" grade from Koch-Light, with quoted purities 
of 99% minimum. 

Their measured densities are compared with literature values in 
Table 1. 

Results and discussion 

Excess volumes were calculated from the densities of the 
two "pure" components and their mixtures in the whole range 
of mole fractions by the equation 

where p, p,, p2 are the densities of mixture, component 1, 
and component 2, respectively, and x, is the mole fraction 
of component 1. 

was fitted to each set of results by the method of least squares 
with all points weighted equally. 

The densities of mixtures of cyclohexane + benzene pre- 
pared by the mixing cell and syringe methods were mea- 
sured separately and the excess volumes were determined 
from the measured densities of the pure components and their 
mixtures by eq. [3]. The results are listed in Table 2. The 
excess volumes were fitted to eq. [4] for which the param- 
eters and the standard deviations (R) are listed and com- 
pared with the literature values in Table 3 in which N is the 
number of measurements in each set. The differences be- 
tween the results of our work and those of other workers and 
between our two methods of preparation of mixtures were 
less than 4 X cm3 mol-I. The deviations of the fitting 
eq. [4] are compared with literature data in Fig. 2. 

The densities and the excess volumes of n-dodecane + 2- 
methylpentane (2-MP) determined by using the syringe 
method are listed in Table 4. The parameters in eq. [4] and 
the standard deviation (R) are listed and compared with those 
obtained by Hamam et al. (4) in rows 1 and 2 of Table 5. 
The two sets of measurements agreed within 5 x cm3 

FIG. 2. Deviations of excess volumes for cyclohexane + benzene at 298.15 K. Curves: calculated with eq. [4] are (1) vE (syringe method) 
- vE (mixing cell); (2) vE (syringe method) - vE (Ki ohara et al.); (3) vE (syringe method) - vE (Goates et al.). +, vE calculated with B eq. [4] (syringe method) - vE (exp) (syringe); W ,  V calculated with eq. [4] (syringe method) - vE (exp) (mixing cell); 0,  vE calcu- 
lated with eq. [4] (syringe method) - v . ~  (exp) (Kiyohara et al.); A,  vE calculated with eq. [4] (syringe method) - vE (exp) (Goates et 
al.). 
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TABLE 4. Experimental densities and excess volumes for n-dodecane + hexane isomers at 298.15 K 

P vE R P vE R 
XU) (g/cm3) (cm3/mol) (cm3/mol) X(I )  (g/cm3) (cm3/mol) (cm3/mol) 

n-dodecane,,, + 2-MP(2, 

0 0.648613 0.63046 0.722080 -0.3934 0.0015 
0.11102 0.666910 -0.2610 0.0001 0.70458 0.727378 -0.3306 -0.0012 
0.25050 0.685786 -0.4409 -0.0003 0.82028 0.734964 -0.2193 0.0012 
0.34763 0.696826 -0.4882 0.0003 0.86913 0.737880 -0.1626 -0.0008 
0.49401 0.710964 -0.4712 0.0006 1 0.745097 
0.55943 0.716462 -0.4373 -0.0014 

(0.500 n-Decane + 0.500 n-tetradecane)(,, + 2-MPo, 

0 0.648526 0.55575 0.716149 -0.4425 0.0020 
0.10447 0.665845 -0.2534 -0.0003 0.62089 0.721277 -0.3983 -0.0015 
0.19053 0.678074 -0.3834 -0.0012 0.71076 0.727788 -0.3267 -0.0009 
0.29181 0.690559 -0.4615 -0.0018 0.75091 0.730507 -0.2914 0.0013 
0.40122 0.702228 -0.4844 0.0013 0.89030 0.739088 -0.1381 -0.0002 
0.51252 0.712502 -0.4601 -0.001 1 1 0.745072 

(0.500 n-Decane + 0.500 n-tetradecane),,, + 3-MP(2, 

0 0.659602 0.59701 0.722436 -0.3002 0.0003 
0.09883 0.674212 -0.1763 -0.0013 0.69308 0.728733 - 0.2486 0.0012 
0.20678 0.687704 -0.2914 0.0018 0.80843 0.735465 -0.1642 -0.0015 
0.29558 0.697254 -0.3351 -0.0003 0.91040 0.748070 -0.0813 0.0007 
0.42063 0.708869 -0.3489 - 0.0007 1 0.745085 
0.49307 0.714790 -0.3371 -0.0004 

(0.500 n-Decane + 0.500 n-tetrade~ane),~, + 2,3-DMB(2, 
I 

I 0 0.656768 0.57750 0.720397 -0.3733 -0.0043 
0.09996 0.672129 -0.2171 0.0010 0.68273 0.727622 -0.3096 0.0005 
0.19630 0.684679 -0.3388 -0.0013 0.70236 0.728872 -0.2938 0.0002 

I 
I 0.29587 0.695866 -0.4067 0.0002 0.78190 0.733681 -0.2242 0.0009 

0.41934 0.707727 -0.4260 -0.0002 0.89197 0.739712 -0.11 14 -0.0006 
0.49767 0.714327 -0.4129 0.0018 1 0.745073 
0.52294 0.716320 -0.4043 0.0019 

(0.500 n-Decane + 0.500 n-tetrade~ane)(~, + 2,2-DMB(2, 

0 0.644314 0.56867 0.716279 -0.5689 0.0012 
0.10041 0.661931 -0.3189 0.0004 0.69146 0.725845 -0.4478 -0.001 1 
0.19842 0.676518 -0.5071 -0.0016 0.74679 0.729766 -0.3828 0.0015 
0.28459 0.687670 -0.6020 0.0018 0.84940 0.736427 -0.2382 0.0001 
0.42029 0.702654 -0.6372 0.0005 0.91892 0.740578 -0.1302 0.0008 
0.50004 0.710276 -0.6091 -0.0022 1 0.74507 1 

TABLE 5. Values of parameters in eq. [4] for n-dodecane + hexane isomers at 
298.15 K 

Systemsa -A 1 -A 2 -A 3 -A 4 A 5 A6 

"Systems: 1,2: n-dodecane + 2-MP; 3: pseudo n-dodecane + 2-MP; 4: n-dodecane + 3- 
MP; 5: pseudo n-dodecane + 3-MP; 6: n-dodecane + 2,3-DMB; 7: pseudo n-dodecane + 
2,3-DMB; 8: n-dodecane + 2,2-DMB; 9: pseudo n-dodecane + 2,2-DMB; *: from Hamam 
et al. (4). 
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WEIGUO A N D  WILLIAMSON 

X (n- Dodecane) 

FIG 3. Deviations of excess volumes for n-dodecane + 2-MP at 298.15 K. Curve V" calculated with eq. [4] (syringe method) - V" 
calculated with eq. [4] (Hamam et 01.). +, vE calculated with eq. [4] (syringe method) - vE (exp) (syringe); @, V" calculated with eq. 
[4] (syringe method) - V" (exp) (Hamam et 01.). 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
X (Dodecane) 

FIG. 4. Excess volumes for n-dodecane and hexane isomers. Dotted curve: eq. [4] with parameters from Table 5, system 2,  for n-do- 
decane + 2-MP; solid curve: eq. [4] with parameters from Table 5, for (1) n-dodecane + 3-MP (system 4), (2) n-dodecane + 2,3-DMB 

, (system 6), (3) n-dodecane + 2,2-DMB (system 8). Experimental results: X,  pseudo n-dodecane (10: 14) + 2-MP; @, pseudo n-dode- 
i cane (10 : 14) + 3-MP; A, pseudo n-dodecane (10 : 14) + 2,3-DMB; H, pseudo n-dodecane (10 : 14) + 2,2-DMB. 
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mol-'. The deviations from eq. [4] are compared with those Acknowledgement 
of Hamam et al. in Fig. 3. This work was supported by the grants from Lanzhou 

The measured densities and excess volumes of pseudo n- university, peoplels Republic of china,  and The N~~ 
dodecanes + 2-MP are also listed in Table 4 and the param- zealand university G~~~~~ committee. 
eters in eq. [4] and standard deviations are listed in Table 5. 
The magnitude of the excess volumes of pseudo n-dodec- 
ane + isomers of hexane decreases in order: 2,2-DMB > 
2-MP > 2,3 DMB > 3-MP, just as Hamam et al. observed 
from their measurements for n-dodecane + hexane iso- 
mers. 

We believe that the agreement of our results and those of 
Hamam et al. justifies direct comparison of our measure- 
ment for ternary mixtures with the corresponding binary data 
of Hamam et al. within 5 X lop3 cm3 mol-I. These com- 
parisons are shown in Fig. 4. The curves are from values 
calculated by eq. [4] with the parameters from this work for 
n-dodecane + 2-MP (dotted curve), and from Hamam et al. 
for n-dodecane + the other three hexane isomers (solid 
curve). The points are the experimental volumes for the ter- 
nary mixtures. The difference of less than 1% seems to be 
random in the range of experimental errors. This excellent 
agreement between binary and ternary mixture behaviour is 
consistent with the principle of congruence in its broader 
sense ( I  I). 
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Structure-reactivity correlations of substituted 2-phenylthiazolidines 
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R. UMARANI and G. RADHAKRISHNAN. Can. J. Chem. 70, 2009 (1992). 
Systematic investigations of the kinetics of the reactions of ethyl bromoacetate (EBA) and of picryl bromide (PB) with 

2-phenylthiazolidines (PT) in 100% ethanol were undertaken at 30, 35, 40, and 45°C. The most incisive information 
concerning the Hammett equation comes from the extensive studies on the substituted 2-phenylthiazolidines, establish- 
ing linear Hammett plots with negative p values. The kinetic data, plotted in a Bransted fashion against pK, of the cor- 
responding thiazolidinium ions, yield linear relationships. The activation parameters were computed. The linear 
relationships between AHf and ASf signify a consistent mechanism throughout the series. 

R. UMARANI et G. RADHAKRISHNAN. Can. J. Chem. 70, 2009 (1992). 
Op6rant B 30, 35, 40 et 45"C, dans des solutions d'ethanol h 100%, on a entrepris une etude systematique de la cinetique 

des reactions du bromoacetate d'Cthyle (BAE) et du bromure de picryle (BP) avec les 2-phenylthiazolidines (PT). L'in- 
formation la plus pertinente concernant l'equation de Hammett provient d'etudes extensives sur les 2-phenylthiazolidines 
substituees qui permettent dlCtablir des courbes de Hammett lineaires comportant des valeurs de p negatives. Le graphi- 
que des donnees cinetiques, etabli de la manikre de Bransted en fonction des pK, des ions thiazolidinium correspon- 
dants, conduit B des relations 1inCaires. Les relations lineaires entre AHf et ASf signifient que le mecanisme est le m&me 
dans toute la sCrie. 

[Traduit par la redaction] 

Introduction ters towards nucleophiles, ethyl bromoacetate (EBA) was 
studies of thiazolidines are of great interest because of the chosen for the reaction with 2-phenylthiazolidines. To com- 

presence of the thiazolidine moiety in the important anti- pare the mechanistic aspects with the SNAr reaction, the ki- 
biotic, penicillin. 2-Phenylthiazolidine (PT) is a potential netics of n with picry1 bromide (PB) were also investigated. 
radioprotectant. (1) ~ ~ t i ~ ~ d i ~ t i ~ ~  activity has been reported The detailed kinetic analysis of these reactions provides in- 
for a variety of thiazolidines, could provide a means sight into the modified reactivities and activities of substi- 
of latentiating a typical radioprotective thiol (NCS linkage) tuted thiazOlidine rings. 

(2). 
The transmission of electronic effects from the substi- 

tuents to the thiazolidine heterocycle in substituted 2- 
henylthiazolidines has been analyzed by 'H NMR(3) and 

'C NMR. (4) Electron-withdrawing groups substituted at the 
nitrogen stabilize the thiazolidine ring. Because of their sta- 
bility and their biological importance, ( 5 )  studies of N-sub- 
stituted thiazolidines have assumed particular significance. 
Synthetic aspects of the acylation of the thiazolidines by 
benzoyl chloride, (6) acetic anhydride, (7) N-glycylation, (8) 
etc. have been studied so far. Detailed work on the kinetics 
of acidic and alkaline hydrolysis of N-butyl, N-phenyl, and 
N-acyl 2-phenyl-l , 3-thiazolidine derivatives has been pre- 
sented by T.  H. Fife et al. (9) and the alkaline hydrolysis of 
N-methyl compounds and its mechanistic aspects were 
studied by Luhowy and Meneghini (10). Recently the thia- 
zolidine ring opening in penicillin derivatives was studied by 
A. M. Davis et al. (1 1) In the literature considerable inter- 
est has been focused on SNAr reactions with amine nucleo- 
philes, (12) and the most suitable mechanism has been the 
one that passes through Meisenheimer-type intermediates. 
Aminolysis of a-haloketones and a-halogeno esters with 
amines was studied by Pearson et al. (13b) and Mohanty et 
al. (13a) Because of the higher reactivity of a-halogeno es- 

' ~ u t h o r  to whom correspondence may be addressed. Present 
address: Chemistry Department, Queen's University, Kingston, 
Ont. Canada K7L 3N6. 

Experimental 
2-Phenylthiazolidine and its meta- and para-substituted com- 

pounds (la-lOa) were prepared by Tsukermann's general proce- 
dure, which is reported elsewhere. (3) Crystalline picryl bromide 
was synthesized and had a melting point of 120°C. ( 13) Ethyl bro- 
moacetate (Fluka) was used after distillation. Studies of the kinet- 
ics of the reaction of ethyl bromoacetate with 2-phenylthiazolidines 
were canied out in 100% ethanol at 3 0 , 3 5 , 4 0 ,  and 45°C. The ex- 
periments were done under second-order rate conditions, [PT] = 
0.04 M; [EBA] = 0.01 M; and the rate of the reaction was moni- 
tored by Volhard's method. The rate constants were calculated using 
the second-order rate equation (eq. [I]) where a is the concentra- 
tion of thiazolidine (PT), b is the concentration of ethyl bromo- 
acetate (EBA), and x is the concentration of EBA reacted in 
time t. 

The stoichiometry of the reaction was determined for the reac- 
tion of 2-phenylthiazolidine with ethyl bromoacetate by taking a 
known excess of EBA relative to the PT. Upon completion of the 
reaction the amount of EBA consumed was estimated by Volhard's 
method and the stoichiometry was found to be in the ratio 2:  1 for 
PT:EBA. For product analysis the substrate and EBA were taken 
in the same proportion as used in the kinetic measurements, and 
were kept at 40°C in 100% ethanol for several days. The material 
obtained after work-up was purified by column chromatography on 
silica gel (1 : 1 petroleum ether - ethyl acetate). The low-melting 
products were characterized by elemental analysis and identified 
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as N-carbethoxymethylene-2-phenylthiazolidines (lb-lob). The 
details of their elemental analysis and spectral data are given below. 

N-Carbethoxymethylene-2-phenylthiazolidine, Ib: 'H NMR 
(CD-Cl,) 6: 1.1- 1.3 (t, 3H, NCH2COOCH2CH3), 2.7-3.1 (m, 4H, 
NCH2CH2S), 3.52 (s, 2H, NCH2COO-), 3.9-4.2 (q, 2H, 
COOCH2CH3), 5.3 (s, lH, SCHNPh), 7.2-7.4 (m, 5H, Ph). Anal. 
calcd. :C 62.12, H 6.82; found: C 62.6, H 6.7%. 
N-Carbethoxymethylene-2(4'-mettzoxyphenyl)thiazolidine, 2b: 

'H NMR (CDCI,) 6: 1.1- 1.3 (t, 3H), 2.2-3.2 (m, 4H), 3.5 (s, 2H), 
3.8 (s, 3H), 4.0-4.3 (q, 2H), 5.4 (s, IH), 7.2-7.7 (m, 4H). Anal. 
Calcd.: C 57.75, H 6.81 ; found: C 59.7, H 6.8%. 

N-Carbethoxymethylene-2(4'-methylphenyl)thiazolidine 3b: 'H 
NMR (CDCI,) 6: 1.2-1.3 (t, 3H), 2.4 (s, 3), 2.6-3.3 (m, 4H), 3.32 
(s.2H), 3.8 (s, 3H), 4.0-4.3 (q, 2H), 5.5 (s, lH), 7.1-7.4(m, 4H). 
Anal. calcd.: C 63.36, H 7.2; found: C 63.28, H 7.25%. 
N-Carbethoxymethylene-2(4'-chlorophenyl)thiazolidine, 7b: 'H 

NMR (CDCI,) 6: 1.2-1.4 (t, 3H), 2.2-3.4 (m, 4H), 3.3 (s, 2H), 
4.1-4.4 (q, 2H), 5.4 (s, lH), 7.2-7.7 (m, 4H). Anal. calcd.: C 
54.63, H 5.64; found: C 54, 69, H 5.58%. 

N - C a r b e t h o x y m e t h y l e n e - 2 ( 4 ' - n i t r o p h e n y 1 ) t e  lob: 'H 
NMR (CDCI,) 6: 1.2-1.4 (t, 3H); 3.2-3.5 (m, 4H); 2.42 (s, 2H); 
4.1-4.4 (q, 2H); 5.5 (s, 1H); 7.1-8.5 (m, 4H). Anal. calcd.: C 
52.58, H 5.44; found: C 52.58, H 5.49%. 

The missing frequency at 3215 cm-' in the IR spectra of these 
compounds shows that the substitution has taken place at the ni- 
trogen atom. Due to the solubility problem in preparing a 0.04 M 
solution of 2(4'-nitropheny1)thiazolidine in ethanol at 30 and 35"C, 
the kinetics measurements were not carried out for this compound 
at these temperatures and the activation parameters are not calcu- 
lated for the reaction with 2(4'-nitropheny1)thiazolidine. 

The kinetics of the reaction of 2-phenylthiazolidines with picryl 
bromide was studied spectrophotometrically. A double-beam 810 
UV/VIS Kontron spectrometer was used with 1 cm quartz cells. 
In all cases pseudo-first-order kinetics ([PT] = 5 X M; 
[PB] = 0.8 X lo-' M) were observed. The kinetics was followed 
by monitoring the increase in absorption at 400 nm corresponding 
to the products formed. The rate constants k,, were calculated using 
eq. [2]: 

[2] k,,, t = In E, - In(E, - El) 

where E, is the optical density at infinite time, which was taken after 
at least 10 half-lives. El is the absorption at time t .  The stoichi- 
ometry was determined by studying the reaction of 2-phenylthia- 
zolidine with excess picryl bromide relative to 2-phenylthiazolidine 
at 45°C. After the completion of the reaction, the consumed picryl 
bromide was estimated by Volhard's method and it was found that 
2 moles of PT reacted with 1 mole of PB, establishing a 2: 1 stoi- 
chiometry. For the product analysis the substrate and picryl bro- 
mide were taken in the same proportion as that used in the kinetic 
measurements and allowed to react at 45'C for several days. After 
completion of the reaction, the product was purified by column 
chromatography on silica gel (petroleum ether - benzene (3: 1)) as 
eluent. The products were identified as N-(2',4',6'-trinitro- 
pheny1)-2-phenylthiazolidines (lc-lOc) and their elemental anal- 
yses and 'H NMR spectral values are as follows. 
N-(2',4',6'-Trinitrophenyl-2-phenylthiazoidie Ic: 'H NMR 

(CDCI,) 6: 3.3-34.4 (m, 4H, NCH2CH2S), 3.9-4.2, 5.7 (s, IH, 
SCHNPh), 7.0-7.4 (m, 5H, Ph), 3.7 (s, 2H, picryl). Anal. calcd.: 
C 47.87, H 3.19; found: C 47.58, H 3.23%. 

N-(2 ' ,4 ' ,6 ' -Tr in i t ropheny l ) -2 (4 ' -me thoxypheny l ) t e ,  2c: 
'H NMR (CDCI,) 6: 3.1-3.7 (m, 4H), 3.93 (s, 2H), 5.7 (s, IH), 
7 .O-7.8 (m, 4H), 9.1 (s, 2H). Anal. calcd. : C 47.28, H 3.47; found: 
C 47.2, H 3.51%. 
N-(2',4',6'-Trinitrophenyl)-2(4'-1neti1ylp1enyl)thiazolidine, 3c: 

'H NMR (CDCI,) 6: 2.4 (s, 3), 3.3-4.3 (m, 4H), 5.75 (s, lH), 7.1- 
7.4 (m, 4H), 8.75 (s, 2H). Anal. calcd.: C 49.22, H 3.61; found: 
C 49.02, H 3.62%. 
N-(2',4',6'-Trinitrophenyl)-2(4'-chlorop1er2y1)thiaz01idine, 7c: 

'H NMR (CDCI,) 6: 2.3-2.4 and 3.2-3.4 (m, 4H), 5.7 (s, 1 H), 

TABLE 1. The pK, values of 2-phenylthia- 
zolidinium ions at 27'C in water 

Compound no. Substituent X pK, 

7.2-7.7 (m, 4H), 3.65 (s, 2H). Anal. calcd.: C 43.75, H 2.86; 
found: C 43.6, H 2.7%. 
N-(2',4',6'-Trir2itrophenyl)-2(4'-nitrophenyl)thiazolidine, IOc: 

'H NMR (CDCI,) 6: 2.4-3.6 (m, 4H), 5.8 (s, lH), 7.3-8.2 (m, 
4H), 9.1 (s, 2H). Anal. calcd.: C 42.75, H 2.61; found: C 42.6, 
H 2.3%. 

The UV spectra of these compounds in ethanol show A, at 260, 
330, and 400 nm. 

The energies of activation were calculated from the linear 
regression of In k2 versus 1/T by the least-squares method, and the 
entropies of activation ASZ and collision frequency factor (log PZ) 
were calculated by the standard formula derived from the absolute 
theory of reaction rates. 

The dissociation constants (pK,) of the conjugate acids of the 
substituted 2-phenylthiazolidines were determined by a potentio- 
metric titration method. The pH meter was periodically calibrated 
by using a buffer solution of 0.05 M potassium hydrogen phthal- 
ate of pH 4.00 and a solution of 0.02 M KH2P04 and 0.025 M 
Na2HP04 with pH = 6.8. 2-Phenylthiazolidine was dissolved in HC1 
of known concentration and the ionic strength of the solution was 
maintained at 0.1 M using KCI. The temperature was held con- 
stant at 27'C. The acid dissociation constants were determined by 
titrating the acid in the absence and in the presence of a known 
concentration of the 2~phenylthiazolidines with a standard KOH 
titrant. The pK, values of the conjugate acid were read from the half- 
neutralization point and were accurate to within 20.02 units. The 
values for the different thiazolidines are shown in Table 1. 

Results and discussion 

It was observed that these nucleophilic substitution reac- 
tions of (i) picryl bromide (ii) ethyl bromoacetate with 2- 
phenylthiazolidines followed second-order kinetics, first order 
in each reactant. Since the stoichiometry is 2:  1, it is sup- 
posed that 2-phenylthiazolidine protonated preferentially by 
the acid liberated in the reaction, so that a second molecule 
reacts, but following the rate-determining step. The above 
situation describes that the reactions (eqs. [3] and [4]) are 
stoichiometrically termolecular but kinetically second order 
and the expected rate equation is then eq. [ 5 ] ,  where a is the 
concentration of the nucleophiles (PT), b is the concentra- 
tion of the EBA or PB, and x is the concentration of EBA or 
PB reacted in time t. The rate constants for various meta- and 
para-substituted 2-phenylthiazolidines reveal that electron- 
donating substituents increase the reaction rate while elec- 
tron-attracting substituents decrease it. The observed rate 
conforms to the following order of reactivity for both reac- 
tions: 4'-OH > 4'-OMe > 4'-Me > 3'-Me > H > 3'-OMe 
> 4'-Br, 4'-C1 > 3'-I > 3'-NO, > 4'-NO,. 
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UMARANI AND RADHAKRISHNAN 201 1 

TABLE 2. Second-order rate constants and activation parameters for the reaction between substituted 2-phenylthiazolidines and ethyl 
bromoacetate 

kz X 1 0 4 ( ~  mol-I s-I) 

Substituent 30°C 35°C 40°C 45°C E, ( k ~  M-')  AH# ( k ~  M-I) A (J M K )  log PZ 

Compound 1 2 3 4 5 6 7 8 9 10 11 
no. 

Substituent H 4'-OH 4'-OMe 4'-Me 3'-Me 3'-OMe 4'-Br 4'-C1 3'-I 3'-NO, 4'-NO, 
X 

dx 
[5] - = k(a - 2x) (b - x) 

dt 

The activation energies in both reactions thus show a reg- 
ular variation with substituents: electron-releasing substi- 
tuents decrease and electron-withdrawing substituents 
increase E, as shown in Tables 2 and 3. 

The entropies of activation are found to be negative as 
expected for bimolecular reactions with a highly polar tran- 
sition state (ranges from - 11.9 to 109.83 J M-' K - I  in the 
EBA reaction and ranges from - 169 to -223 J M-' K-' in 
the PB reaction). This is consistent with the fact that charge 
is developed in the transition state formed from neutral 
reactant molecules. Since the activated complex is more 
highly solvated than the neutral reactants, it is evident that 
the spontaneous process of solvation tends to reduce the po- 
tential energy. This type of solvent participation must, 
however, lower the entropy of activation because more 

molecules are now involved in the structure of the transition 
state species, and considerable loss of freedom of the sol- 
vent occurs. The transition state (Scheme 1) for the a-halo- 
geno ester and arnine analogous to the transition state for the 
aminolysis of a-halogeno ketone(l3) has been formulated. 

The transition state for the reaction of picryl bromide with 
2-phenylthiazolidine has been assigned as in Scheme 2. This 
is similar to a mechanism suggested for related reac- 
tions(l4). Some degree of hydrogen bonding between amino 
and ortho-nitro groups further decreases the entropy of ac- 
tivation and, as shown in Table 3, the AS' for picryl bro- 
mide reactions (e.g., for compound 1, AS' -208.32 J M-I  

K-I) are more negative than those for the ethyl bromoace- 
tate reactions (Table 2, for compound 1, AS' = -65.77 J 
M-' K - ~ ) .  

BrQnsted correlation 
The magnitude of the Bronsted coefficient in the Bronsted 

relationship has usually been related to the extent of bond 
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TABLE 3. Second-order rate constants and activation parameters for the reaction between picryi bromide and sub- 
stituted 2-phenylthiazolidines 

Substituent 35°C 40°C 45°C E, (kJ M-I) AHf (kJ M-') -ASf (J M-I K-l) log PZ 

n 
[+sQ 

+ BrCH2COOEt C-, X - product 

E~O-c-'c,H, 

X 
11  
0 

formation in the transition state, and when an intermediate 
is formed along the reaction path, a large Bronsted coeffi- 
cient is expected. The correlation has been represented 
graphically by plotting the logarithm of the rate constants 
against the pK, values of the corresponding conjugate acids 
in 100% water. A good Bronsted plot was obtained for these 
reactions, as shown in Fig 1 .  

The value of P ,  the Bronsted coefficient was found to be 
0.584 for the PB reaction and 0.918 for the EBA reaction at 
40°C. The positive value of P is in accordance with the ex- 
pectation for the bimolecular nucleophilic substitution re- 
action, i.e., the rate increases with increasing basicity of the 
molecule. According to the significance generally attached 
to the Bronsted coefficient (15- 17), P > 0.3 indicates that 
the bond formation between the nucleophile and the reac- 
tion centre at the rate-limiting transition state is pronounced 
in both the picryl bromide and the ethyl bromoacetate reac- 
tions. 

Harnrnett plot 
The rate constants for reactions involving meta- and para- 

substituted 2-phenylthiazolidines very closely fit the Harnrnett 
equation (log k/k, = pcr) for both reactions; the p values are 

negative in both cases, implying that a similar electronic 
transfer occurs from the nucleophile to the substrate. The p 
values are -0.647, -0.771, -0.843, and -0.959 at 45, 40, 
35, and 30°C, respectively, for the EBA reaction and 
-0.418, -0.485, and -0.505 at 45, 40 and 35°C for the PB 
reaction. These values, according to the significance gen- 
erally attached to them, seem to indicate that the substituent 
effect in the EBA reaction is greater than that in the PB re- 
action. A Plot of the logarithm of the rate constants of the 
nucleophilic substitution reaction of PB against the loga- 
rithm of the rate constants of the reaction of EBA of the 
correspondingly substituted 2-phenylthiazolidines at 45°C is 
shown as a straight line. The existence of a linear relation- 
ship in this case indicates that the charge delocalization that 
occurs with various substituents in the EBA reaction paral- 
lels that in the PB reaction. The positive slope of the plot 
indicates that the factors that favour the EBA reaction play 
a parallel role in the PB reaction. 

Arrhenius plot 
Linear relationships between the enthalpies of activation 

AHZ and the entropies of activation AS' have been ob- 
served for the reactions of ethyl bromoacetate and picryl 
bromide with 2-phenylthiazolidines. In the Arrhenius equa- 
tion AHZ = AHZ + pBZ; P has a value of 400 K in the ethyl 
bromoacetate reaction and 385 K for the picryl bromide re- 
action. The continuous relationship shown by the majority 
of the substituents signifies a mechanism constant in its main 
detail ( 1  8).  

By Exner analysis (19), a plot of log k2 (45°C) against log 
k2 (35°C) for the PB reaction gives a least-squares slope of 
0.836 ( r  = 0.99, s = 0.061). Using eq. [6] 
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UMARANI AND RADHAKRISHNAN 

4.5 6.9 5.3 5.7 

pKa of substituted 2-phenylthiazolidinium ion 

. ( a )  Bronsted plot for EBA reaction with PT; ( b )  BrGnsted plot for PB reaction with PT 

where 76 = T 2 / T I ,  T2 > T I ,  P is predicted to be 379.8 K, 
which is in adequate agreement with the least-squares value 
of 385 K from the AS# versus AH# plot. From the plot of log 
k2 (45°C) against log k2 (40°C) for the EBA reaction, the least- 
squares slope b is 0.928 and therefore P is calculated to be 
399 K (r = 0.986, s = 0.038), which closely corresponds 
to the value of 400 K obtained from the versus AS# plot. 
These results indicate the experimental temperatures are well 
below the isokinetic temperature, and the mechanism for 
these reactions remains constant over the temperature range 
studied. 

Conclusions 

The Hammett relationship, Bronsted correlation, and ac- 
tivation parameters obtained in both reactions indicate that 
there is a constant mechanism in these reactions and that the 
reactivity depends on the substituents in the phenyl ring and 
the nature of the substrate. 
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Structural studies of organoboron compounds. LII.' N-Ethylhydroxylamine- 
(O-B)1,7-diethyl-3,5-diphenyl-2,4,6-trioxa-7-aza-l-azonia-3-bora-5- 

boratabicyclo[3.3.0]octane2 
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WOLFGANG KLIEGEL, GOTTFRIED LUBKOWITZ, STEVEN J. RETTIG, and JAMES TROTTER. Can. J. Chem. 70, 2015 (1992). 

The reaction of N,N1-diethyl-N,N1-dihydroxymethanediamine with oxybis(dipheny1borane) in absolute ethanol yields 
N-ethylhydroxylamine(O-B)1,7-diethyl-3,5-diphenyl-2,4,6-trioxa-7-aza- l-azonia-3-bora-5-boratabicyclo[3.3.0]octane 
[3-(l-oxa-2-azoniabutyl)-1,7-diethyl-3,5-diphenyl-2,4,6-trioxa-7-aza-l-azonia-3,5-diboratabicyclo[3.~.O]octane], 76, 
in good yield. Crystals of this material are monoclinic, a = 16.396(2), b = 1 1.303(2), c = 22.898(4) A, p = 92.78(1)", 
Z = 8 (two molecules per asymmetric unit), space group P2,/a.  The structure was solved by direct methods and was 
refined by full-matrix least-squares procedures to R = 0.041 and R,. = 0.050 for 3602 reflections with I 2 3u(I). The 
product 7b is formed by O+B coordination between N-ethylhydroxylamine and the bicyclic bis-phenylboronate of N,N1- 
diethyl-N,N1-dihydroxymethanediamine. Compound 7b is only the second structurally characterized example of an N- 
alkylhydroxylamine(0-B)boron complex having an open-chain B,N-betaine structure. Bond lengths about boron are: 
B-O(N) 1.467(4)-1.527(4), B-O(B) = 1.433(4)-1.451(4), B-N = 1.688(4) and 1.707(4), B-C = 1.586(4)- 
1.606(5) A. 

WOLFGANG KLIEGEL, G O ~ F R I E D  LUBKOWITZ, STEVEN J. RETTIG et JAMES T R O ~ E R .  Can. J. Chem. 70, 2015 (1992). 

La reaction de la N,N1-diethyl-N,N1-dihydroxymethanediarnine avec l'oxybis(diphCnylborane), dans 1'Cthanol absolu, 
fournit la N-$thylhydroxylamine(O-B) 1,7-diCthyl-3,5-diph$nyl-2,4,6-trioxa-7-aza-1-azonia-3-bora-5-boratabicyclo- 
[3.3.0]octane[3-(l-oxa-2-azoniabutyl)-1,7-diCthyl-3,5-diphCnyl-2,4,6-trioxa-7-aza-l-azonia-3,5-dib0tabicyc10[33.O]oc- 
tane], 7b, avec un bon rendement. Les cristaux de ce produit sont monocliniques, a = 16,396(2), b = 11,303(2), c = 
22,898(4) A, P = 92,78(1)", Z = 8 (deux rnolCcules par unitk asymetrique) et groupe d'espace P2,/a. On a rksolu la 
structure par des mkthodes directes et on I'a affinCe par la mCthode des moindres carres jusqu'a des valeurs de R = 0,041 
et R,, = 0,050 pour 3602 reflexions avec I 2 3u(I). Le produit 7b est form& par une coordination O + B  entre la N- 
Cthylhydroxylamine et le bis-phknylboronate bicyclique de la N,N1-diethyl-N,N1-dihydroxymCthanediamine. Le com- 
pose 7b n'est que le deuxikme exemple de sbucture caractCrisCe d'un complexe N-alkylhydroxylamine(O+B)bore possedant 
une structure B,N-betai'ne en chaine ouverte. Les longueurs des liaisons autour du bore sont : B-O(y) = 1,467(4)- 
1,527(4), B-O(B) = 1,433(4)-1,45 1(4), B-N = 1,688(4) et 1,707(4), B-C = 1,586(4)-1.606(5) A.  

[Traduit par la redaction] 

Introduction 

The N,N1-dihydroxyaminal 1 was reacted with the anhy- 
dride of diphenylborinic acid in absolute ethanol with the 
intention of synthesizing the six-membered diphenylboron 
chelate 2. Compound 2 would be analogous to the seven- 
membered ring derivative 3 which had been obtained by a 
similar method from an N,N1-dihydroxy- l,2-ethanediamine 
and diphenylborinic acid. The structure of 3 has been estab- 
lished by X-ray analysis (1). Contrary to expectations, the 
crystalline material obtained from the reaction of 1 and 
oxybis(dipheny1borane) did not give the typical blue color 
reaction with diphenylcarbazone (2) which would indicate 
the presence of an intact diphenylboron moiety (by trapping 
of Ph,B+). The reddish color of this reaction solution indi- 
cated the presence of a monophenyl substitution at boron (2) 
suggesting that a dephenylation had taken place. The ele- 

'~revious paper in this series: ref. 11. 
23- (1-Oxa-2-azoniabutyl) - 1,7-diethyl-3,s -diphenyl- 2,4,6-trioxa- 

7-aza- 1-azonia-3,s-diboratabicyclo[3.3 .O]octane. 

mental analysis, however, did not agree with a simple cyclic 
phenylboronate 4 that could result from 2 by the elimina- 
tion of 1 mol of benzene, but shows an additional content of 
1 mol "PhBO" and 1 mol "EtNHOH". The 'H nrnr spec- 
trum displays two signals for exchangeable OH/NH pro- 
tons, one appearing at fairly low field (6 = 11.57 ppm) as 
is usually observed for acidic protons and (or) strongly 
hydrogen-bonded protons. This is also confirmed by the in- 
frared spectrum with lowered 0-H/N-H stretching fre- 
quencies (between 2500 and 2700 cm-I). 

The analytical data are in agreement with several possible 
condensation and addition products. The six-membered cy- 
cloboronate 4 is not expected to be stable with respect to the 
substitution pattern. Stability of a type 4 compound could be 
achieved by reducing the basicity of the aminal nitrogen atoms 
(e.g., by a-cyanoalkyl or by P-nitroalkyl substitution) and, 
furthermore, by impeding the Lewis acidity of the boronic 
acid itself by a combination of steric and inductive/meso- 
meric effects (3). At best, an adduct of 4 to the phenyl- 
borinic monoester of N-ethylhydroxylamine could exist in the 
BONBON form 5a or in the BNOBON form 5b, the former 
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76 [crystal] 8 [crystal] 

ring system being well documented in the literature (4). (7a) or through the oxygen atom (7b) to the trigonal planar 
Other possible isomers that would be supported by the spec- boron centre of the bicyclic compound, must also be consid- 
troscopic data q e  the bicyclic structures 6a (with a transan- ered. The structure of the bicyclic skeleton has been estab- 
nular N-B bridge) or 6b (containing a pyroboronate BOB lished by an X-ray crystallographic analysis of the N-methyl 
bridge). Finally, an adduct of N-ethylhydroxylamine to an derivative 8 [crystal] (5). For a definite structural assign- 
eight-membered bicyclic ring system, in which the hydrox- ment (at least in the solid state) an X-ray analysis was un- 
ylamine would coordinate either through the nitrogen atom dertaken. 
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KLIEGEL ET AL.: I 

TABLE 1 .  Final atomic coordinates (fractional) and B,, (A2)" 

Atom x Y z B,, Occ. 

"B., = (8/3).rr2ZZCJi,a,*a,*(ai. a,) 
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TABLE 2. Bond lengths (A) with estimated standard deviations in 
parentheses 

Molecule 1 

Atoms Distance 

Molecule 2 

Atoms Distance 

0(5)-N(4) 1.424(3) 
0(5)-B(3) 1.527(4) 
0(6)--B(3) 1.440(4) 
0(6)-B(4) 1.433(4) 
0(7)-N(5) 1.454(3) 
0(7)-B(4) 1.470(4) 
0(8)-N(6) 1.415(3) 
0(8)-B(3) 1.494(4) 
N(4)-C(20) 1.468(4) 
N(4)-C(2 1) 1.48 l(4) 
N(4)-B(4) 1.688(4) 
N(5)-C(20) 1.458(4) 
N(5)-C(23) 1.521(5) 
N(6)-C(25) 1.472(4) 
C(21)-C(22) 1.518(5) 
C(23)-C(24) 1.472(7) 
C(25)-C(26) 1.461(7) 
C(25)-C(26A) 1.37(3) 
C(27)-C(28) 1.381(5) 
C(27)-C(32) 1.376(5) 
C(27)-B(3) 1.606(5) 
C(28)-C(29) 1.376(5) 
C(29)-C(30) 1.358(6) 
C(30)-C(31) 1.362(6) 
C(3 1 )-C(32) 1.397(6) 
C(33)-C(34) 1.379(4) 
C(33)-C(38) 1.393(4) 
C(33)-B(4) 1.599(5) 
C(34)-C(35) 1.379(4) 
C(35)-C(36) 1.358(5) 
C(36)-C(37) 1.364(5) 
C(37)-C(38) 1.392(5) 

Experimental 
N-Ethylhydroxylamine(0-B)1 ,7-diethyl-3,5-diphenyl-2,4,6- 

trioxa-7-aza-1 -azonia-3-bora-5-boratabicyclo[3.3.0]- 
octane, 7b 

N,N1-Diethyl-N,N1-dihydroxymethanediamine, 1, (6, 7) (0.54 g, 
4 mmol) and oxybis(dipheny1borane) (0.69 g, 2 mmol) was dis- 
solved in 5 rnL absolute ethanol and the reaction mixture was heated 
for several minutes until crystallization cornrnen~ed.~ Cooling of the 
solution yielded 0.55 g (71%, corresponding to 2 mmol (Ph,B),O) 
of colorless material which was recrystallized from ethanol: mp 140- 
143°C. Infrared (KBr): 2700, 2550 cm-I (N-H). 'H nmr (400 
MHz, CDC13/TMS) 6 (ppm): 0.97-1.06 (m, 2CH3), 1.14-1.23 (m, 
CH,), 2.29-2.41 (m, lH, CH2N+), 3.01-3.09 (m, lH, CH2N+), 
3.12/4.14 (d/d, J = 7 Hz, N-CH2-N), 7.08-7.29 (m, 6 arom. 
H and NH), 7.48 (s, broad, 2 arom. ortho-H), 7.78 (d, 2 arom. 
ortho-H), 11.57 (s, NH). "B nrnr (64 MHz, CDC13/Et20BF,) 6 
(ppm): 10.0 (broad). Anal. calcd. for C19H29B2N304: C 59.26, H 
7.95, B 5.61, N 10.9l;found:C59.26, H7.67, B 5.53, N 10.82. 

The substance gives a reddish color reaction with diphenylcar- 
bazone in methanol, indicating a phenylboronic acid component (2). 
Crystals suitable for X-ray analysis were obtained by recrystalli- 
zation from absolute ethanol. 

X-ray crystallographic analysis of 7b 
A crystal ca. 0.40 X 0.45 X 0.50 mm in size was mounted on 

a glass fiber. Unit-cell parameters were refined by least-squares on 

3 ~ h e  reaction can also be carried out at room temperature, but 
more solvent and more time are required. The yield of crystals ob- 
tained from the cooled solution is smaller in this case. 

setting angles for 25 reflections (28 = 20.0-24. 10)omeasured on a 
diffractometer with Mo-K, radiation (X = 0.71069 A). Crystal data 
at 2 1 "C are as follows 
C 19H29BzN304 fw = 285.08 
Monoclinic, a = 16.396(?), b = 11.303(2), c = 22.898(4) A, P = 
92.78(1)", V = 4239(1) A ~ ,  Z = 8, p, = 1.207 Mg m-), F(000) = 
1648, ~(Mo-K,) = 0.77 cm-I. Absent reflections OkO, k odd, and 
hOl, h odd, uniquely indicate the space group P2,/a (No. 14). 

Intensities were measured with graphite-monochromated Mo-K, 
radiation on a Rigaku AFC6S diffractometer. An o-28 scan at 32' 
min-' over a range of (1.25 + 0.35 tan 8)" in o (with up to 8 re- 
scans, background/scan time ratio = 0.5) was employed. Data were 
measured to 28 = 50". The intensities of three check reflections, 
measured every 150 reflections throughout the data collection, 
showed only small random variations. After data r ed~c t ion ,~  an 
empirical absorption correction, based on azimuthal scans for three 
reflections, was applied. Transmission factors range from 0.97 to 
1.00. Of the 8146 reflections measured, 7893 were unique (R,,, = 
0.026) and 3602 had intensities greater than or equal to 3u(F2) 
above background where u2(F') = [s'(c + 4B) + ( O . O ~ F ~ ) ' ] / L ~ ~  
with S = scan speed, C = scan count, B = total background count, 
and Lp = Lorentz-polarization factor. 

The structure was solved by direct methods. Minor disordering 
of the terminal carbon atom of the C(25)-C(26) ethyl group was 
modelled by split-atom refinement. The relative site occupancy 
factors were estimated from Fourier map peak heights and were 
subsequently adjusted to give approximately equal equivalent iso- 
tropic thermal parameters for the two component atoms. All non- 
hydrogen atoms except the low-occupancy carbon atom C(26A) 
were refined with anisotropic thermal parameters and the hydro- 
gen a!oms were fixed in idealized positions (N-H/C-H = 
0.98 A, BH = 1.2 B ,,,,,,,,, ). A correction for secondary extinc- 
tion was applied, the final value of the extinction coefficient being 
1.49 X lo-'. Scattering factors for all atoms and anomalous dis- 
persion corrections for-the non-hydrogen atoms were taken from 
ref. 8. The weighting scheme w = 4F,2/u2(FO2) gave uniform av- 
erage values of w(lFJI - 1 ~ ~ 1 ) ~  over ranges of both IF,I and sin 8/X 
and was employed in the final stages of full-matrix least-squares 
refinement of 506 variables. Reflections with I < 3u(I) were not 
included in the refinement. Convergence was reached at R = 0.041 
and R,,, = 0.050 for 3602 reflections with I 2 3u(I). The function 
minimized was Zw(lF,( -  IF,^)^, R = ZIIF~~ - IF,IIZW~F,I, R,, = 
(&(I F,I - I F , I ) ~ ~ z ~ I F , I ~ ) ~ / ~ .  , -,. . 

0; the final cvcle 'of'rifinement the maximum Darameter shift 
corresponded to 0 . 0 1 ~ .  The mean error in an observation of unit 
weight was 1.86. Thc final difference map showed maximum fluc- 
tuations of 0 . 1 7  e A - ~ .  The final positional and (equivalent) iso- 
tropic thermal parameters for the non-hydrogen atoms appear in Table 
1. Bond lengths and angles are given in Tables 2 and 3 and intra- 
annular torsion angles in Table 4. Hydrogen-atom parameters, an- 
isotropic thermal parameters, torsion angles, intermolecular con- 
tacts, least-squares planes, and structure factors have been deposited.' 

4 T E X S ~ N / ~ ~ ~ ~ ~ ~  structure analysis package which in- 
cludes versions of the following: MITHRIL, integrated direct 
methods, by C. J.  Gilmore; DIRDIF, direct methods for differ- 
ence structures, by P. T. Beurskens; ORFLS, full-matrix least- 
squares, and ORFFE, function and errors, by W. R. Busing, K. 0. 
Martin, and H. A. Levy; ORTEP 11, illustrations, by C. K. Johnson. 

' ~ u ~ ~ l e r n e n t a r y  material mentioned in the text may be pur- 
chased from the Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K 1 A 0R6. 

Tables of hydrogen atom coordinates and intermolecular dis- 
tances have also been deposited with the Cambridge Crystallo- 
graphic Data Centre and can be obtained on request from the 
Director, Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, Lensfield Road, Cambridge, CB2 lEW, 
U.K. 
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KLIEGEL ET AL . I 

TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 

Molecule 1 Molecule 2 

Atoms Angle Atoms Angle 

Results and discussion N-ethylhydroxylamine adduct 7b. The two crystallographi- 

The X-ray analysis confirms the solid-state structure 7b cally independent molecules show some small, but statisti- 

(Fig. l), formed by O+B coordination between N-ethyl- cally significant, geometrical differences (see Tables 2-4). 

hydroxylamine and the bicyclic bis-phenylboronate of the The centrosymmetric crystal structure contains equal num- 

N,Nf-diethyl-N,N1-dihydroxyarninal 1. If benzene is used as bers of the (lR,3R,5S,7R) and (lS,3S,5R,7S) enantiomers, 

solvent (20 mL, 5 min reflux), and the product recrystal- the former being depicted in Fig. 1 .' The yield of the reac- 

lized from toluene/petroleum ether, only the bicyclic tion between 1 and oxybis(dipheny1borane) (over 70%) 

bisphenylboronate6 (7) is isolated (70% yield) and not the suggests that an extensive dephenylation of the diphenyl- 
borinic acid or of its primary reaction product (possibly the 
chelate 2) has taken place. The subsequent formation of the 

? h e  synthesis of the bicyclic bis-phenylboronate (1,7-diethyl- 
3,5-diphenyl- 2,4,6 -trioxa-7- aza-3- bora- 5- boratabicyclo[3.3.0]- 7 ~ h e  chiral centres correspond to atoms N(l),  B(l) ,  B(2), and 
octane) has already been described (7). N(2) in molecule 1 and N(4), B(3), B(4), and N(5) in molecule 2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J.  CHEM. VOL. 70, 1992 

TABLE 4. Intra-annular torsion angles (deg) with estimated standard deviations in parenthe- 
ses 

Molecule I Molecule 2 

Atoms Value (deg) Atoms Value (deg) 

FIG. 1. Stereoview of one of the two independent N-ethylhydroxylamine(O-B)1,7-diethyl-3,5-diphenyl-2,4,6-hioxa-7-aza-1-azonia-3- 
bora-5-boratabicyclo[3.3.0]octane molecules; 33% probability thermal ellipsoids are shown for the non-hydrogen atoms. Fine line rep- 
resents a hydrogen bond. 

bicyclo[3.3.0]octane skeleton via the incorporation of a 
second molar equivalent of phenylboronic acid into the de- 
phenylation product (a monophenylboronate of 1) would 
liberate one mol of the dihydroxyaminal 1 as a potential 
source of the free N-ethylhydroxylamine base (7). 

The O-+B coordinated addition product is further stabi- 
lized by an intramolecular N-H - . - N hydrogen bond 
(N(3)-H(l) . . N(2) and N(6)-H(3) . - . N(5), N . . H 
1.88 and 1.97 A, N . .  . N  = 2.863(3) and 2.977(4) A, 
N-H . . . N = 177 and 178", respectively), at least in the solid 
state of 7b (cf. formula 7b[crystal]). The N . . . N distances 
for the +N-H . - N interactions in 7b are longer than those 
observed for +N-H . . . N hydrogen bonds in monocationic 
"proton spongen compounds which range up to 2.626 A fod 
linear systems (9) and similar to the mean value of 2.949 A 
for noncationic N-H . . . N hydrogen bonds in crystalline 
organic compounds (10). The remaining hydrogen atom of 
each protonated hydroxylarnine nitrogen atom is hydrogen 
bonded to a pyroboronate oxygen atom to result in hydro- 
gen-bonded, centrosymmetric dirners (N(3)-H(2). . .0(2)(1 
- x,-y,l - z) and N(6)-H(4) 0(6)(-x,-y,-z), He . . O  
= 1.81 and 1.79 A, N . e . 0  = 2.762(3) and 2.753(3) A,  
N-H . . . 0 = 163 and 165", respectively). 

Compared with the bicyclic compound 8 (5) containing one 
tetracoordinated sp3 boron atom and one nearly planar tri- 

gonal sp2 boron atom in a pyroboronate linkage with a typ- 
ical short (sp2)~-O(B) bond (typically about 1.34 A in most 
BOBON rings of teis type (5)) and a longer ( s p 3 ) ~ - 0 ( ~ )  
bond (about 1.46 A), the hydroxylamine adduct 7b pos- 
sesses a (sp3)~-0-(sp3)~ system with two slightly dif- 
ferent B-0 bonds (1.435(4) and 1.451(3), 1.433(4) and 
1.440(4) A, respectively, for the two molecules). This 
demonstrates once again the strength of the 0-B pp(r)  in- 
teraction for trigonal planar boron, and the marked 0-B 
bond length increase associated with tetracoordination of the 
boron atom. The transannular N-B bond in 7b (1.707(4) 
and 1.688(4) A in the two molecules) is sli htly shorter than 
the corresponding bond (mean 1.733(4) f ) in the bicyclic 
"parent" compound 8 (5). The intramolecular non-bonding 
distances N(2) - - - B(l) = 3.374(4) and N(5) . . B(3) = 
3.444(5) A in 7b, however, are lengthened relatiye to the 
corresponding N . . B distance in 8 (mean 3.083 A) by the 
insertion of the N-ethylhydroxylamine moiety. The dihedral 
angles between the normals to the mean planes of the 
BOBON and the approximately planar OBNC portions of the 
BONCN rings average 1 13.6" in 8 whereas the correspond- 
ing values for the two molecules of 7b are 116.3 and 116.7", 
the slightly larger value for molecule 2 of 76 being consis- 
tent with the longer N - . . N distance in the intramolecular 
N-H . . . N hydrogen bond. The five-membered BOBON 
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ring is nearly planar (mean deviations from the mean plane 
= 0.028 and 0.059 A for the two molecules), whereas the 
BONCN ring has a slightly irregular N(2)/N(5)-envelope 
conformation (see Table 4). The degree of pyramidalization 
at N(2) and N(5) in 7b (bond angles sums = 321.7 and 
315.1") is essentially the same as that observed for the tri- 
valent nitrogen atoms in 8 (bond angles sums = 319.3 and 
317.5"). 

The central N-C bond distances of the aminal group of 
7 b  are different from one another, the differences being 
marginally smaller than those observed for 8 (5) (the mean 
N-C, mean C-N+, and the gifference between them are 
1.447(4), 1.475(4), 0.028(6) A for 8; 1.448(4), 1.476(4), 
0.028(6) A for 7b (molecule 1); and 1.458(4), 1.468(4), and 
0.010(6) A for 7 b  (molecule 2)). The strength of the inter- 
action between the tertiary arnine function and the Lewis-acid 
boronate function in 8 appears to be similar to that between 
the tertiary arnine and the proton-acid in 7b. The N-0 bond 
lengths in the two molecules of 7 b  differ by less than one 
standard deviation. The longest of the N-0 bonds is that 
involving the trivalent nitrogen atom inothe BONCN ring 
(mean 1.453(2) A for 7b, mean 1.459(1) A for 8), that in the 
BOBON ring being shorter (mean 1.426(2) A for 7b ,  mean 
1.447(4) A for 8), while the shortest N-0 bond is that in 
the added N-ethyjhydroxylamine base of the 7 b  molecule 
(mean 1.417(2) A). As expected, the B-0 bonds to the 
differently bound N-ethylhydroxylamines show the oppo- 
site trend, but there are some statistically significant differ- 
ences between corresponding bonds in the two independent 
molecules. The longest B-O(N) bond involves the added 
N-ethylhydroxylamine base (1.508(4) and 1.494(4) A) and 
is similar in length to the corresponding mean B-O(N) 
distance of 1.490(6) A in the N-methylhydroxylamine com- 
plex 9 (1 1). The B-O(N) distances of 1.508(3) and 1.527(4) 
A in the five-membered BOBON ring are somewhat shorter, 
whereas those in the five-membered BONCN ring are the 
shortest (1.467(4) and 1.470(4) A). The B-C(pheny1) bond 
lengths range from 1.586(4) to 1.606(5) A, typical values for 
compounds of this type (e.g., 1.581(5) A in 8 (5) and 
1.589(6) A in 9 (1 1)). 

The sum of bond lengths about B(l) and B(3), having 
"PhBO," ligand sets, are 6.065 and 6.067 A, respectively. 

These values are similar to that of 6.100 A for theo "PhBO," 
compound 9 (1 1) and values of 6.083 to 6.101 A reported 
for other related compounds (1 1 and references therein). 
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Structural studies of organoboron compounds. LIII.' N,N-Diethylhydroxylamine- 
(O-B)1,7-dimethyl-3,5-diphenyl-2,4,6-trioxa-7-aza-l-azonia-3-bora-5- 
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WOLFGANG KLLEGEL, GOTTFRIED LUBKOWITZ, STEVEN J.  RETTIG, and JAMES TROTTER. Can. J. Chem. 70,2022 (1992). 
Reaction of the condensation product of N,N'-dimethyl-N,N'-dihydroxymethanediamine and phenylboronic acid with 

N,N-diethylhydroxylamine gives N,N-diethylhydroxylamine(O-B)1,7-dimethyl-3,5-diphenyl-2,4,6-trioxa-7-aza-I-azonia- 
3-bora-5-boratabicyclo[3.3.O]octane [3-(2-ethyl-1-oxa-2-azoniabutyl)-1,7-dimethyl-3,5-diphenyl-2,4,6-trioxa-7-aza-l- 
azonia-3,5-diboratabicyclo[3.3.~]octane, 31 in'high yield. Crystals of 3 are orthorhombic, a = 11.8132(1 I), b = 
15.4768(1 l ) ,  c = 11.7325(16) A, Z = 4,  space group P2 ,2 ,2 , .  The structure was solved by direct methods and was re- 
fined by full-matrix least-squares procedures to R = 0.039 and R,,. = 0.044 for 1729 reflections with I > 2 4 1 ) .  The title 
compound is the second example of this recently characterized class of 0 - B  coordinaFed hydroxylamine complexes, 
stabilized by an intramolecular 'N-H.. . N hydrogen bond ( N . .  . N = 2.796(6) A). Bond lengths about boron 
are: B-q(N) = 1.482(4)-1.526(4), B-O(B) = 1.412(4) and 1.420(4), B-N = 1.712(4), B-C = 1.591(5) and 
1.602(5) A. 

WOLFGANG KLIEGEL, GOTTFRIED LUBKOWITZ, STEVEN J. RETTIG et JAMES TROTTER. Can. J. Chem. 70, 2022 (1992). 
La rCaction du produit de condensation de la N,N1-dimCthyl-N,N1-dihydroxymCthanediamie et de l'acide phCnyl- 

boronique avec la N,N-diCthylhydroxylamine foumit la N,N-diCthylhydroxylamine(O-B)1,7-dimCthyl-3,5-diphtnyl-2,4,6- 
trioxa-7-aza- 1 -azonia-3-bora-5-boratabicyclo[3.3 .O]octane [3-(2-Cthyl- 1-oxa-2-azoniabutyl)-1,7-dimCthyl-3,5-diphCnyl- 
2,4,6-trioxa-7-aza-l-azonia-3,5-diboratabicyclo[3.3.0]octane], 3 ,  avec un excelltnt rendement. Les cristaux de ce 
produit sont orthorhombiques, a = 11,8132(1 I), b = 15,4768(1 I), c = 11,7325(16) A, Z = 4 et groupe d'espace P2,2,2,.  
On a rCsolu la structure par des mkthodes directes et on l'a affinee par la mCthode des moindres carrCs jusqu'g des va- 
leurs de R = 0,039 et R,, = 0,044 pour 1729 rkflexions avec I 2 2u(I). Le composC 3 n'est que le deuxikme exemple 
la classe des complexes de l'hydroxylarnine comportant une coordination 0 - B  qui a CtC caracLCrisCe rCcemment et qui 
sont stabilisCs par une liaison hydroghne intramoleculaire 'N-H . . . N (N . . . N = 2,796(6) A). Les longueurs des li- 
aisons autour du bore sont: B60(N) = 1,482(4)-1,526(4), B-O(B) = 1,412(4) et 1,420(4), B-N = 1,712(4), 
B-C = 1,591(5) et 1,602(5) A. 

[Traduit par la redaction] 

Introduction ably an intramolecular 'N-H - . . N hydrogen bond is pre- 

The findings reported in the preceding work (1) prompted 
us to attempt the addition of some Lewis bases to the bi- 
cyclic compound 2 synthesized by condensation of the N,N1- 
dihydroxyaminal 1 and phenylboronic acid (2, 3). The 
reaction of 2 with N,N-diethylhydroxylamine yielded a 
crystalline product having the elemental analysis of a 1 : 1 
adduct and was expected to be a further example of an 0 - B  
coordinated hydroxylamine complex stabilized by an intra- 
molecular hydrogen bond with the postulated structure 3. 
Experiments with tert-amine N-oxides having no hydrogen 
available at the nitrogen atom for the formation of the intra- 
molecular +N-H . . N interaction failed to give stable 
complexes by coordination of the N-oxide to the sp2 boron 
centre at the trigonal boronate function of 2. No adducts of 

- - 
cluded on steric grounds in this case, disallowing the 
formation of stable crystalline addition compounds. In con- 
trast, the reaction product of 2 and N,N-diethylhydroxyl- 
amine could be isolated in good yield. 

Infrared and 'H nmr spectra of the reaction product con- 
firm the existence of a relatively strong hydrogen bond with 
a broad low-frequency band for the N-H stretch and a low- 
field signal for associated NH protons, respectively. The "B 
nmr spectrum displays one main broadened signal at 6(Et2- 
OBF,) = 9.6 ppm which is consistent with tetracoordinated 
boron, comparable to the 6 value observed for the N-ethyl- 
hydroxylamine derivative (1). A second less intense signal 
at 21.0 ppm is indicative of the presence of a small amount 
of the free bicyclic compound 2 which could originate from " 

this type have thus far been obtained from the reaction of 2 a dissociation process in so~ut ion .~  Parallel 'H nmr spin-de- 
with simple primary or secondary amines that do offer an coupling experiments suggest that in CDCl, solution 27% of 
N-H group for intramolecular hydrogen bonding. Presum- 

3 ~ n  even less intense signal in the "B nrnr spectrum, at 
'Previous paper in this series: ref. 1. 6(Et20BF,) = 30.0 ppm, is consistent with the presence of a minor 
23 - (2 -Ethyl- 1 - oxa-2 - azoniabutyl) - 1,7- dimethyl- 3,5 -diphenyl- component containing a trigonal planar sp2 boron (4), such as that 

2,4,6-trioxa-7-aza- 1-azonia-3,5-diboratabicyclo[3.3 .O]octane. in a trigonal planar phenylboronate grouping. 
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TABLE 1. Final atomic coordinates (fractional) and Beq (A2)" 

Atom Be, Occ. 

"B., = (8/3).rr2ZZU,,a,*a,*(a,. a,). 

TABLE 2. Bond lengths (A) with estimated standard deviations 

Atom Atom Distance Atom Atom Distance 

the uncoordinated species 2 and 27% of free N,N-diethyl- 
hydroxylamine accompany 73% of the intact 1 : 1 complex. 
To be sure that the postulated structure 3 is realized, rather 
than the possible alternatives discussed before (1) (an N-B 
coordinated adduct, for example), an X-ray crystallo- 
graphic analysis has been carried out to allow an unambig- 
uous assignment of the solid-state molecular structure. 

Experimental 

N,N-Diethylhydroxylamine(0-B)l, 7-dimethyl-3,5-diphenyl- 
2,4,6-trioxa-7-aza-1 -azonia-3-bora-5- 
boratabicyclo[3.3 .O]octane, 3 

Compound 2, prepared by condensation of 1 and phenylboronic 
acid as previously reported (2), (0.59 g, 2 mmol) and N.N-di- 
ethylhydroxylamine (0.18 g, 2 mmol) were dissolved in 3 mL 
boiling ethanol. The hot solution was filtered, cooled, and kept at 
- 18°C for 6 h. The precipitated substance was recrystallized from 
absolute ethanol. Yield: 0.65 g (84%); mp 125-126°C (from EtOH). 
Infrared (KBr): 2100-2800 cm-' (N-H). 'H n m  (400 MHz, 
CDC13/TMS) 6 (ppm): 1.09-1.19 (m, 27% of 6H, 2CH2CH3), 1.36 
(t, J = 7.3 Hz, 73% of 3H, CH2CH3), 1.38 (t, J = 7.4 Hz, 73% 
of 3H, CH2CH3), 2.44 (s, 73% of 3H, N-CH,), 2.67-2.74 (m, 
27% of 4H, CH2CH3), 2.76 (s, 27% of 6H, 2N-CH,), 2.84 (s, 
73% of 3H, 'N-CH,), 3.11-3.22 (m, 73% of lH,  CH2CH3), 
3.22-3.31 (m, 73% of lH,  CH2CH,), 3.29 and 4.16 (d and d, 
J = 7.8 Hz, 73% of 2H, N-CH2-N), 3.49-3.61 (m, 73% of lH, 
CH2CH3), 3.71-3.84 (m, 73% of lH,  CH2CH,), 3.74 (s, 27% of 
2H, N-CH2-N), 7.19-7.45 (m, 6 arom. H), 7.65-7.85 (m, 4 
arom. H), 12.40 (s, broad, 73% of lH,  'NH, e ~ c h a n ~ e a b l e ) . ~  "B 
nrnr (64 MHz, CDC1,/Et20BF3) 6 (ppm): 9.6 (broad, highest in- 
tensity), 21.0 (broad, small), 30.0 (broad, very small). Anal. calcd. 
for C19H29B2N304: C 59.26, H 7.59, B 5.61, N 10.91; found: C 
59.17, H 7.62, B 5.89, N 10.85. 

X-ray crystallographic analysis of 3 
A crystal ca. 0.25 X 0.35 X 0.45 mm in size was mounted on 

a glass fiber. Unit-cell parameters were refined by least-squares on 
setting angles for 25 reflections (20 = 54.9-88.6")omeasured on a 
diffractometer with Cu-K, radiation (A = 1.541 78 A). Crystal data 
at 21 "C are as follows 
C19H29B2N304 fw = 385.08 
O~thnrhombic~ a = 11.8132(!1), b = 15.4768(11), c = 
11.7325(16) A, V = 2145.0(3) A,, Z = 4,  p, = 1.192 Mg m-3, 
F(000) = 824, ~(CU-K,) = 6.27 cm-'. Absent reflections: hOO, h 
odd, OkQ, k odd, and 001, 1 odd, uniquely indicate the space group 
P212121 (NO. 19). 

Intensities were measured with graphite-monochromated Cu-K, 
radiation on a Rigaku AFC6S diffractometer. An o-20 scan at 32' 
min-I over a range of (1.00 + 0.20 tan 0)" in w (with up to 8 re- 
scans, background/scan time ratio = 0.5) was employed. Data were 

427% of 1H (free or otherwise associated Et2NOH base) re- 
mained undetected. 
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TABLE 3. Bond angles (deg) with estimated standard deviations 

Atom Atom Atom Angle Atom Atom Atom Angle 

TABLE 4.  Intra-annular torsion angles (deg) 
with estimated standard deviations in paren- 

theses 

Atoms Value (deg) 

B(1)-N(2)-O(2)-B(2) - 9 3 3 )  
N(2)-O(2)-B(2)-O(3) 6.3(3) 
O(2)-B(2)-O(3)-B(l) 0.7(4) 
B(2)-O(3)-B(1)-N(2) -5.9(3) 
O(3)-B(1)-N(2)-O(2) 9.3(3) 

measured to 28 = 155". The intensities of three check reflections, 
measured every 200 reflections throughout the data collection, 
showed a linear decline of 7.8%. After data reduction,' an empir- 
ical absorption correction, based on azimuthal scans for three re- 
flections, &d a linear decay correction were applied. Transmission 
factors range from 0.96 to 1.00. Of the 2269 independent reflec- 
tions measured, 1729 had intensities greater than or equal to 2u(F2) 
above background, where u2(F2) = [s*(c + 4B) + (O.OIF*)~]/L~* 
with S = scan speed, C = scan count, B = total background count, 
and Lp = Lorentz-polarization factor. 

'TEXSAN/TEXRAY structure analysis package which in- 
cludes versions of the following: MITHRIL, integrated direct 
methods, by C.  J. Gilmore; DIRDIF, direct methods for differ- 
ence structures, by P. T. Beurskens; ORFLS, full-matrix least- 
squares, and ORFFE, function and errors, by W. R. Busing, K. 0. 
Martin, and H. A. Levy; ORTEP 11, illustrations, by C. K. Johnson. 

The structure was solved by direct methods. The non-hydrogen 
atoms were refined with anisotropic thermal parameters, the N-H 
proton was refined with an isotropic thermal parameter, and 
the remaining hydrogen atoms were fixed in idealized positions 
(C-H = 0.98 A, BH = 1.2Bbandedaram). The C(6),C(7) ethyl group 
of the N,N-diethylhydroxylamine moiety was found to be 1 : 1 dis- 
ordered over two positions; the split carbon atoms were refined with 
anisotropic thermal parameters. The site occcupancy factor of C(6A) 
was initially refined with the constraints that the occupancy fac- 
tors for C(6A) and C(6B) sum to 1 .OO and that site occupancies of 
the P-carbons (C(7A) and C(7B)) be equal to those of the a-car- 
bons. The refined occupancy of C(6A) converged at 0.501. In the 
final stages of the refinement the occupancy factors were fixed at 
0.50. The geometry at N(3) suggests that the entire Et2NH+ moiety 
may be disordered, but attempts to refine a disordered model for 
atoms N(3), C(4), C(5), and H(l)  were not successful. A correc- 
tion for secondary extinction was applied, the final value of the 
extinction coefficient being 8.43 X Scattering factors for all 
atoms and anomalous dispersion corrections for the non-hydrogen 
atoms were taken from ref. 5. The weighting scheme w = 4F:/ 
u2(F,2) gave uniform average values of w(JF,J -  IF,^)* over ranges 
of both IF,I and sin 8/A and was employed in the final stages of full- 
matrix least-squares refinement of 276 variables. Reflections with 
I < 2u(I) were not included in the refinement. Convergence was 
reached at R = 0.039, R,, = 0.044, and S = 2.50 for 1729 reflec- 
tions with I 2 2u(I). The function minimized was Zw((F,I - I FC1)*, 
R = CIIFol - IF,(I/C(F,(, R,, = (Cw(lF,I - ~ ~ , ~ ) 2 / ~ ~ ~ ~ o ~ * ~ ' ~ * ~  S = 
(Xw(lF,I - IFC))*/(rn - n))'/* (where rn = number of observations 
and n = number of variables). 

On the final cycle of refinement the maximum parameter shift 
corresponded to 0 . 3 1 ~ .  The final difference map showed maxi- 
mum fluctuations of -0.10 to +o. 13 e A-'. A parallel refinement 
of the opposite enantiomer resulted in marginally higher resid- 
uals, the R and R,, factors ratios being 1.002 and 1.003, respec- 
tively. The final positional and (equivalent) isotropic thermal 
parameters for the non-hydrogen atoms appear in Table 1. Bond 
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KLIEGEL ET AL.: 2 

FIG. 1 .  Stereoview of 3; 20% probability thermal ellipsoids are shown for the non-hydrogen atoms. For the sake of clarity, only one 
component of the disordered C(6),C(7) ethyl group is shown. 

lengths and angles are given in Tables 2 and 3 and intra-annular 
torsion angles in Table 4. Hydrogen-atom parameters, anisotropic 
thermal parameters, torsion angles, intermolecular contacts, least- 
squares planes, and structure factors have been deposited.6 

Results and discussion 
The postulated structure 3, featuring 0 - B  coordination of 

the N,N-diethylhydroxylamine, is established by the X-ray 
analysis. The molecule shown in Fig. 1 is the (lS,3S,5R,7S) 
enantiomer (chiral centres N(2), B(2), B(1), and N(l)  re- 
spectively) and is the only one present in the particular crystal 
chosen for the X-ray analysis; the bulk sample is racemic. 
This type of adduct is essentially the same as that found for 
the N-monoethylhydroxylamine complex, 4, reported in the 
preceding paper (I) ,  the hydroxylamine being bonded through 
the oxygen atom of the N-oxide form to the acceptor boron- 
ate group. The complex is stabilized by a relatively strong 
intramolecular +N-H . . . N bydrogen bond (N(31- 
H(1). - . N ( l ) ,  N-H = 1.27(6) A, N . - 3  H = 1.54(6) A, 
N . . N = 2.796(6) A, N-H . . . N = 166(5)"). There are 
no additional inter-molecular hydrogen bonds involving the 
protonated nitrogen atom of 3 as were observed in the struc- 
ture of 4 (1) which has two NH protons associated with the 
hydroxylamine ligand. All intermolecular distances corre- 
spond to normal van der Waals interactions, the shortest in- 
termolecular contact involvjng non-hydrogen atoms being 
C(1). . . C(13) = 3.363(5) A. 

The overall geometry of the ring system of 3 is quite sim- 
ilar to that reported for 4 (1) but there are several significant 
differences between the two molecules. The bonds at the 

6~upplementary material mentioned in the text may be pur- 
chased from the Depository of Unpublished Data, Document De- 
livery, CISTI, National Research Council Canada, Ottawa, Canada 
KIA OR6. 

Tables of hydrogen atom coordinates and intermolecular dis- 
tances have also been deposited with the Cambridge Crystallo- 
graphic Data Centre and can be obtained on request from the 
Director, Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, Lensfield Road, Cambridge, CB2 lEW, 
U.K. 

pyroboronate connection are shorter in 3 than in 4' (OTB 
= 1.412(4) and 1.420(4) vs. 1.434(4) and 1.446(4) A), 
whereas the (N)O-B bond involving the hydroxylamine 
ldgand is longer in the present complex (1.526(4) vs. 1.501(4) 
A). The intramolecular 'N-H . . - N hydrogen bond is sig- 
nificantly stronger in 3, the N - . - N distance being 0.124 A 
shorter than the mean distance of 2.920 A reported for 4. The 
transannular noa-bonding distance between N(l)  and B(2) 
in 3 (3:3 18(5) A) is shorter than the corresponding mean of 
3.409 A in the N-ethylhydroxylarnine complex 4 (I), whereas 
both of these distantes are longer than that in the parent 
compound 2 (3.083 A) (3). Both the stronger +N-H . N 
hydrogen bond and the shorter transannular non-bonding 
N . . . B distance in 3 relative to those in 4 may be a result of 
the absence of a second hydrogen (and the associated inter- 
molecular hydrogen bonding) at the hydroxylamine nitro- 
gen atom. 

The five-membered BOBON ring in 3 has a flattened N(2)- 
envelope sonformation (see Table 4) and is planar to within 
0.083(3) A, similar to the corresponding ring in 4. The five- 
membered BONCN ring has a slightly distorted N(1)-enve- 
lope conformation. The angle between the normals to the 
mean planes of the BOBON ring and the approximately (to 
within 0.023(4) A) planar O(l)B(l)N(2)C(l) portion of the 
BONCN ring of 116.0" is identical to the value reported for 
2 (3). The degree of pyramidalization at N(l)  in 3 is com- 
parable to that observed for 4 ( I ) ,  the sums of bond angles 
about N(1) being 319.7 and 318.4" (mean), res~ct ively .  The 
sum of the bond distances about B(2) (6.058 A) is similar 
to those reported for 4 and other anionic PhBO, complexes 
(ref. 1 and references therein). 
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7~istances quoted for compound 4 are average values for the two 
crystallographically independent molecules and the standard de- 
viations are the larger of the two individual values. 
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Structural studies of organoboron compounds. LIV.' 4-Cyclohexyl-2-methyl-3,6,8- 
triphenyl-5,7,9-trioxa-4-aza-l-azonia-8-bora-6-boratabicyclo[4.3.Q]nonane 
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WOLFGANG KLIEGEL, GOTTFRIED LUBKOWITZ, STEVEN J. RETTIG, and JAMES TROTTER. Can. J. Chem. 70, 2027 (1992). 
The synthesis of N~-cyclohexyl-~',~2-dihydroxy-l-phenyl-l ,2-propanediamine and its reaction with phenylboronic 

acid to produce 4-cyclohexyl-2-methy1-3,6,8-triphenyl-5,7,9-trioxa-4-aza-l-azonia-8-bora-6-boratabicyclo[4.3.O]nonane, 
5, in moderate yield are described. Crystals of the organoboron derivative 5 are triclinic, a = 11.4142(8), b = 12.4719(8), 
c = 10.2154(6) A, a = 75.177(6), P = 112.306(5), y = 105.000(6)", Z = 2, space group P1. The structure was solved 
by direct methods and was refined by full-matrix least-squares procedures to R = 0.037 and R,, = 0.053 for 4232 re- 
flections with I ?  3o(I). The bicyclo[4.3.0]nonane system consists of a six-membered BONCNN ring and a five-mem- 
bered BOBOF ring cis-fused about the transannular NAB bond. Bond lengths involving boron are: (sp2)~-O(B) = 
1.336(2), (sp-)B-O(N) = 1.411(2), (sp2)~-~(aryl) = 1.557(2), (sp3)B-O(B) = 1.457(2), (sp3)B-00) = 1.434(2), 
(sp3)B-N = 1.706(2), and ( s p 3 ) B - ~ ( ~ 1 )  = 1.593(2) A.  

WOLFGANG KLIEGEL, GOTTFRIED LUBKOWITZ, STEVEN J. RETTIG et JAMES TROTTER. Can. J. Chem. 70, 2027 (1992). 
On dkcrit la synthkse de la ~'-c~clohex~l-~',~'-dih~drox~-l-~h~n~l-~ro~ane-l,2-diamine et sa reaction avec l'ac- 

ide phenylboronique pour donner le 4-cyclohexyl-2-m~thy1-3,6,8-triph~nyl-5,7,9-trioxa-4-aza- 1-azonia-8-bora-6-bora- 
tabicyclo[4.3.0]nonane, 5, avec up modeste rendement. Les cristaux de ce produit sont tricliniques, a = 11,4142(8), 
b = 12,4719(8), c = 10,2154(6) A, a = 75,177(6), P = 1 12,306(5), y = 105,000(6)", Z = 2 et groupe d'espace PI. 
On a resolu la structure par des methodes directes et on l'a affinee par la methode des moindres carres jusqu'8 des va- 
leurs de R = 0,037 et R, = 0.053 pour 4232 reflexions avec I 1 3o(I). Le systttme bicyclo[4.3.0]nonane comprend un 
cycle B six chainons BONCCN et un cycle B cinq chainons BOBON condenses d'une f a ~ o n  cis avec une liaison tran- 
sannulaire NAB. Les longueurs des liaisons impliquant le bore sont: (sp2)B-O(B) = 1,336(2), (sp2)B-O(N) = 1,411(2), 
(sp2)B-C(ary1) = 1,557(2), (sp3)~-O(B) = 1,457(2), (sp3)B-O(N) = 1,434(2), ( s p 3 ) ~ - ~  = 1,706(2) et 
(sp3)B-~(aryl) = 1,593(2) A. 

[Traduit par la redaction] 

Introduction 
As part of our continuing study of polycyclic boron 

complexes with hydroxylamine ligands the N'-substituted 
1,2-bishydroxylamine 3 has been synthesized from the ni- 
tropropene derivative l (1) followed by the addition of N- 
cyclohexylhydroxylamine and a subsequent reduction of the 
nitro group of the addition product 2.2 

The bishydroxylamine 3 was then reacted with 2 molar 
equivalents of phenylboronic acid targeting the preparation 
of a cyclic pyroboronate with transannular N-B coordi- 
nation, similar to the bicyclic compound 7 which had 
been obtained from a symmetrically substituted bishydrox- 
ylamine (3). A crystalline compound with an elemental 
analysis consistent with the desired 2: 1 condensate of 
phenylboronic acid and 3 was isolated from this reaction, the 
infrared and 'H nmr spectra confirming a bisphenylboron- 
ate constitution. Based on the crystallographically estab- 

, 'Previous paper in this series: ref. 12. 
1 2 ~ h e  addition of the N-cyclohexylhydroxylamine seems to be ' quite stereoselective since only one of the possible diastereomers 

of 2 was obtained (61%). Narrow melting ranges and unambigu- 
ous 'H nmr spectra of 2 (as well as of the reduction product 3) in- 
dicate the formation of only one of the diastereomers which should 
be present as a racemate. Similar diastereoselectivity has been re- 
ported for the addition of cyclohexylamine to 2-nitro-1-phenyl- 
propene (2). 

lished structure 7 (3), a similar bicyclononane skeleton was 
also expected for this product. In contrast to compound 7, 
the unsymmetrically substituted ligand of the new deriva- 
tive allows two alternative transannular bonds between dif- 
ferent nitrogen and boron bridgeheads, as in 4 and 5, 
respectively. Structure 5 would furthermore offer another site 
for-protonation and could isomerize by proton migration to 
6.3 

Infrared and 'H nmr data are insufficient for a definitive 
structural assignment. In the solid state (KBr tablet) in- 
frared spectrum a sharp absorption band at 3210 cm-' could 
be assigned to an N-H stretching mode, consistent with the 
ammonium function present in both 5 and 6.  Related hy- 
droxylamine derivatives with quatemized nitrogen like 8 (4, 
5) or 9 (6) also display distinct N-H bands in their in- 
frared spectra, though at somewhat lower frequencies be- 
tween 3050 and 3150 cm-'. A compound of structure 4 
would be expected to display an N-H stretching frequency 
similar to, but not as distinct as, those reported for 0,N-di- 
substituted hydroxylamine derivatives which absorb at about 
3200 cm-' (7, 8). The 'H nmr spectrum displays a signal for 
one exchangeable proton at 6 = 6.50 ppm in CDC1, solu- 

30ther less probable polycyclic skeleton isomers that could be 
formed have been discussed in a previous report (2) and will not 
be dealt with here. 
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Me Me 
/Ph 

Me 
\ R-NHOH \ Zn/NH; 

C=CH-Ph I 

\ /Ph 

/ (~=c~c lohexy6  FH-CH \ /CH-CH 
HO-N 

\ 
O2N O2N /N-OH \ /N-OH 

R Ph R R 

I Ph-B - B  ] / 

\o, 1 -0. N-H Ph --B - N 

tion and at 10.02 ppm in DMSO-d, solution. No coupling is 
observed between the N-H proton and the vicinal C-H 
proton which could be possible for all three structures 4, 5 ,  
and 6. All of these isomers have structures consistent with 
the entire 'H nrnr spectra produced in either solvent. The 
possible temperature-dependent fluxional processes of to- 
pomerization (4-5) and (or) prototropy (5-6) could cause 
signal coalescence in the nrnr experiments and must be taken 
into consideration. 

The question of which of the three isomers 4 ,5 ,  or 6 would 
be "frozen" in a single crystal of this material was therefore 
of great interest. An X-ray crystallographic analysis was 
undertaken to establish the solid-state molecular structure. 

Experimental 

N-Cyclohexyl-N-hydroxy-2 -nitro-1-phenylpropanarnine, 
2 (R = C ~ H I I )  

2-Nitro-1-phenylpropene (1) (4.89 g, 30 mmol) and cyclohex- 
ylhydroxylamine (3.46 g, 30 mmol) were dissolved in 50 mL of 
methanol and refluxed for 2 h. The solvent was removed in vacuo 
and the remaining oil was dissolved in 10 mL of absolute ethanol. 
Crystallization at -30°C yields 5.10 g (61%) of a colorless sub- 
stance, mp 100-101°C (from absolute ethanol). Infrared (KBr): 
35 10 (0-H), 1550 cm-' (NO,). 'H nmr (CDCl,/TMS) 6 (ppm): 
0.85-2.05 (m, (CH,),), 1.29 (d, J = 6 Hz, CH,), 2.16-2.48 (m, 
N-CH(CH,),), 4.30 (d, J = 11 Hz, CH-Ph), 4.80 (s, ex- 
changeable, OH), 5.38 (%, CH-Me), 7.2-8.5 (m, (28,). Anal. 

calcd. for C,,H,,N,O,: C 64.73, H 7.97, N 10.06; found: C a . 6 6 ,  
H 8.00, N 10.12. 

- .., 
~~~~clohex~l-~-h~drox~-2-nitro-l-phenylpropanamine, 2 (8.34 

g, 30 mmol) was dissolved in 100 mL ethanol (96%). After addi- 
tion of a solution of ammonium chloride (6 g) in 25 mL water, zinc 
dust .(l 1 g) was added in small portions under vigorous stirring such 
that the temperature of the solution did not exceed 30°C. Stining 
was continued for 2 h, the precipitate was filtered off and washed 
with boiling tetrahydrofuran (2 x 150 mL). The combined solu- 
tions were evaporated in vacuo, and the dry residue recrystallized 
from tetrahydrofuran. Yield: 5.91 g (75%), mp 168-169°C (from 
THF). Infrared (KBr): 3370 (0-H), 2260 cm-' (broad, 0-H, 
associated). 'H nmr (DMSO-d,/TMS) 6 (ppm): 0.72 (d, J = 
7 Hz, CH,), 0.85-1.93 (m, (CH,),), 1.98-2.30 (m, N-CH(CH,),), 
3.54 (m, CH-Me), 3.79 (d, J = 9 Hz, CH-Ph), 6.01,6.89, and 
7.58 (3 s, exchangeable, 20H and NH), 7.1-7.4 (m, C8,) .  Anal. 
calcd. for CI5HZ4N2O2: C 68.15, H 9.15, N 10.60; found: C 68.04, 
H 9.27, N 10.44. 

4-Cyclohexyl-2-rnethyl-3,6,8-triphenyl-5,7,9-trioxa-4-aza-l- 
azonia-8-bora-6-boratabicyclo[4.3.0]nonane, 5 (R  = 

C6H11) 
N' -Cyclohexyl -N1 ,  N2-dihydroxy - 1 -phenyl- 1,2-propanedi- 

amine, 3 (0.53 g, 2 mmol) and phenylboronic acid (0.49 g, 4 rnrnol) 
were suspended in 10 mL of tetrachloromethane and refluxed for 
1.5 h with continuous removal of reaction water. The solution was 
evaporated in vacuo to half of its original volume and diluted with 
170 mL of petroleum ether (bp 30-70°C). At - 18°C a colorless 
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TABLE 1. Final atomic coordinates (fractional) and Be, (A')" 

Atom x Y z Be, 

"B,, = ( 8 / 3 ) n 2 B B ~ , , a : a f ( a i .  a,). 

substance crystallized. Yield: 0.60 g (66%), mp 168-17 1°C (from 
CCl,/petroleum ether). Infrared (KBr): 3210 (sharp, N-H), 
1595 cm-' (aromatic C=C). 'H nmr (CDCl,/TMS 6 (ppm): 0.6- 
2.5 (m, C6Hl ,), 1.39 (d, J = 6 Hz, CH,), 3.55 ( q ,  CH-Me), 3.94 
(d, 8 Hz, CH-Ph), 6.50 (s, exchangeable, NH), 7.1-7.5 (m, 9 
arom. H), 7.5-7.7 (m, 4 arom. H), 7.8-7.9 (m, 2 arom. H); 
(DMSO-d6) S (ppm): 0.5-2.4 (m, C6Hll), 1.30 (d, J = 6 HZ, CH3), 
3.43 ( q ,  CH-Me), 3.95 (d, 8 Hz, CH-Ph), 7.2-7.5 (m, 9 arom. 
H), 7.6-7.9 (m, 6 arom. H), 10.02 (s, exchangeable, NH). Anal. 
calcd. for C27H32B2N203: C 7 1.40, H 7.10, B 4.76, N 6.17; found: 
C 71.48. H 7.22. B 4.86, N 6.14. 

crystals suitable for x:ray analysis were obtained by recrystal- 
lization from toluene/petroleum ether. 

X-ray crystallographic analysis of 5 (R = C6Hll) 
A crystal ca. 0.15 X 0.25 X 0.35 mm in size was mounted 

on a glass fiber. Unit-cell parameters were refined by least-squares 
on setting angles for 25 reflections (20 = 101.7-120.6") mea- 
sured on a diffractometer with Cu-K, radiation (A = 1.54178 A). 
Crystal data at 21°C are as follows 
C27H32B2N203 fw = 454.19 
Triclinic, a = 11.4142(8), b = 12.4719(8), c = 10.2154(6) A, 
u = 75.177(6), P = 112.306(5), y = 105.000(6)", V = 1279.2(2) 
A3, Z = 2, p, = 1.179 Mg m-3, F(000) = 484, ~(CU-K,) = 
5.60 cm-I. Absent reflections: none, space group Pi (No. 2) from 
structure analysis. 

Intensities were measured with graphite-monochromated Cu-K, 
radiation on a Rigaku AFC6S diffractometer. An 0-20 scan at 

32" min-I over a range of (1.26 + 0.25 tan 0)" in o (with up to 8 
rescans, background/scan time ratio = 0.5) was employed. Data 
were measured to 20 = 155". The intensities of three check reflec- 
tions, measured every 150 reflections throughout the data collec- 
tion, showed only small random variations. After data reduction,, 
an empirical absorption correction, based on azimuthal scans for 
three reflections, was applied. Transmission factors range from 0.89 
to 1.00. Of the 5486 reflections measured, 5206 were unique 
(R,,, = 0.007), and 4232 had intensities greater than or equal to 
3a(FZ) above background where a2(F2) = [S2(C + 4B) + 
( 0 . 0 2 5 ~ ~ ) ' ] / ~ ~ '  with S = scan speed, C = scan count, B = total 
background count, and Lp = Lorentz-polarization factor. 

The structure was solved by direct methods. The non-hydrogen 
atoms were refined with anisotropic thermal parameters and the 
hydrogen atoms with isotropic thermal parameters. A correction for 
secondary extinction was applied, the final value of the extinction 
coefficient being 2.2 1 x Scattering factors for all atoms and 
anomalous dispersion corrections for the non-hydrogen atoms were 
taken from ref. 9. The weighting scheme w = 4F;/a2(F:) gave 
uniform average values of w(lFol - 1~~1) '  over ranges of both IF0I 
and sin 0/h and was employed in the final stages of full-matrix least- 
squares refinement of 436 variables. Reflections with I < ~U(F:) 
were not included in the refinement. Convergence was reached at 
R = 0.037 and R, = 0.053 for 4232 reflections with I r ~D(F;). 
The function minimized was Cw(lF0I -  IF,^)', R = CIIFoI - IFcll/ 
cIF,I, R,. = (Cw(lFo( - ~F,~)~/CWIF,I~)'/~. 

On the final cycle of refinement the maximum parameter shift 
corresponded to 0 . 0 0 6 ~ .  The mean error in an observation of unit 
weight was 2.65. The final difference map showed maximum 
fluctuations of -0.12 to +0.14 e A-,. The final positional and 
(equivalent) isotropic thermal parameters for the non-hydrogen 
atoms appear in Table 1. Bond lengths and angles are given in Ta- 
bles 2 and 3 and intra-annular torsion angles in Table 4. Hydrogen 
atom parameters, anisotropic thermal parameters, torsion angles, 
intermolecular contacts, least-squares planes, bond lengths and 
angles involving hydrogen, and structu& factors have been depos- 
ited.5 

Results and discussion 
The structure analysis shows that in the solid state the bi- 

cyclic form 5 is present (Fig. 1). The transannular N+B 
coordinative bond dividing the cyclononane system into a six- 
membered BONCCN ring and a five-membered BOBON ring 
originates from the unsubstituted nitrogen atom N(2), pre- 
sumably due to the presence of less steric hindrance (less "F- 
strainn (10)) at this Lewis-basic centre relative to that at N(1). 
The overall geometry of the bicyclo[4.3.0]nonane skeleton 
resembles that of compound 7 (3). The BOBON ring is ax- 
ially fused to the side of the slightly distorted boat of the 
BONCCN ring, the annellation site being the coordinative 
B(2)-N(2) bond. The five-membered BOBON ring has a 

VEXS AN/TEXRAY structure analysis package which in- 
cludes versions of the following: MITHRIL, integrated direct 
methods, by C. J. Gilmore; DIRDIF, direct methods for differ- 
ence structures, by P. T. Beurskens; ORFLS, full-matrix least- 
squares, and ORFFE, function and errors, by W. R. Busing, K. 0. 
Martin, and H. A. Levy; ORTEP 11, illustrations, by C. K. Johnson. 

5Supplementary material mentioned in the text may be pur- 
chased from the Depository of Unpublished Data, Document De- 
livery, CISTI, National Research Council Canada, Ottawa, Canada 
K1A OR6. 

Tables of hydrogen atom parameters, intermolecular contacts, 
and bond lengths and angles involving hydrogen have also been 
deposited with the Cambridge Crystallographic Data Centre and can 
be obtained on request from The Director, Cambridge Crystallo- 
graphic Data Centre, University Chemical Laboratory, Lensfield 
Road, Cambridge, CB2 IEW, U.K. 
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TABLE 2. Bond lengths (A) with estimated standard deviations in parentheses 

Atom Atom Distance Atom Atom Distance 

TABLE 3 .  Bond angles (deg) with estimated standard deviations in parentheses 

Atom Atom Atom Angle Atom Atom Atom Angle 

flattened B(2)-envelope conformation. The alkyl and aryl spectively, are similar to those reported for compounds 7 (3) 
substituents of the six-membered BONCCN ring all occupy (1.45 1, 1.332, 1.401, 1.451 A), 8 (R' = R2 = Me, R~ = 
equatorial positions. R4 = H) (4) (1.467, 1.337, 1.404, 1.440 A), and other sim- 

The bond lengths in the BOBON ring, B(2)-O(3)- ilar compounds cited in ref. 3. The shortest bond in this type 
B(1)-O(2)-N(2) = 1.457, 1.336, 1.41 1,  1.444 A, re- of BOBON ring is the ( s p 2 ) ~ - 0  bond in the anhydridic 
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KLIEGEL ET AL.: 3 

FIG 1. Stereoview of 5;  50% probability thermal ellipsoids are shown for the nonhydrogen atoms. 

TABLE 4.  Intra-annular torsion angles (deg) 
with estimated standard deviations in paren- 

theses 

Atoms Value (deg) 

(sp2)~-0-(sp3)~ segment in all cases reported to date, this 
distance ranging from 1.329 to 1.339 A (3). The B-0 
.rr-bond order can be estimated as about 0.7 from a bond 
length versus .rr-bond order plot (1 1); this can be regarded as 
evidence for a considerable 0-B pp(.rr) back-donation. 
Partial .rr-bond character can also be seen at the B(1)-O(2) 
bond, although it is of lesser magnitude in this portion of the 
ring. This is consistent with relative bond lengths observed 
for comparable B-0 bonds in the BOBON rings of 7 (3), 
8 (4), and the other structurally characterized BOBON rings 
(3). The approximate (or actual) planarity of these five- 
membered BOBON rings is consistent with the assumption 
of significant .rr-interactions. 

The phenyl substituent at B(l) is nearly coplanar with the 
BOBON ring (dihedral angle between the normals to the 
mean planes = 5.6'7, and the B(1)-C(16) bond length is 
exactly the same as the ( sp2 )~ -~ (a ry l )  bond lengths in 7 
(3) and 8 (R' = R2 = Me, R~ = R4 = H) (4): 1.557 A. The 
distance between B(2) and C(22) in 5 (1.593(2) A), how- 
ever, is longer than the ( sp3)~-~(ary l )  distanc~ in 7 
(1.579 A) (3). This corresponds to the short (1.706 A) tran- 
sannular N+B bond in 5 relative to that in 7 (1.756 A), and 
is consistent with the previously noted observation (ref.3 and 
references therein) that, for a given set of ligand atoms, the 
sum of bond lengths about boron remains essentially con- 

stant. There is nearly no pyramidalization at B(1), the sum 
of bond angles at the trigonal planar boron centre being 
359.8". At N ( l )  the bond angle sum is 33 1. 1". The geome- 
try at N(1) would allow a coordinative interaction with B(l), 
the non-bonding distance N(1). . .B(1) of 2.855(2) A being 
significantly shorter than the sum of van der Waals radii 
(-3.15 A) and also shorter than the corresponding non- 
bonding distance of 2.972 A in 7.  The bicyclic skeleton of 
5 appears to be more compact than that of 7,  with both the 
transannular N-B bond and transannular non-bonding N. - .B 
contact shorter, possibly a result of reduced steric repulsion 
in 5.  

Unlike compound 8 (R' = R2 = Me, R3 = R4 = H) (4) in 
which the 'N-H moiety forms an intermolecular hydro- 
gen bond with a ring (B)O(C) oxygen atom, the 'N-H 
proton in 5 is not involved in any hydrogen bonding. This is 
presumably the result of steric blocking, both intramolec- 
ular and intermolecular, of the possible acceptor oxygen 
atoms by bulky phenyl and cyclohexyl groups. The crystal 
structure of 5 consists of molecules separated by normal 
van der Waals distances, the shortest intermolecular dis- 
tance between non-hydrogen atoms being N(2). . eC(21) = 
3.313(2) A. 
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Structural studies of organoboron compounds. LV.~ N,Nf-Di-tert-butyl-N,Nf- 
dihydroxypropane-l,3-diamine(0-~)ethoxydiphenylborane~ and N1,N2-di-tert-butyl- 
~~,~~-dih~drox~-l-~hen~l~ro~ane-1,3-diamine(~~-0-~)h~drox~di~hen~lborane~ 
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WOLFGANG KLIEGEL, GOT~FRIED LUBKOWIIZ, STEVEN J. RET~IG, and JAMES T R O ~ R .  Can. J. Chem. 70, 2033 (1992). 
The 1,3-propanediamine derivatives N,N1-di-tert-butyl-N,N1-dihydroxy-1 ,3-propanediamine and N,N1-di-tert-butyl- 

N,N1-dihydroxy-1-phenyl-1 ,3-propanediamine have been prepared and reacted with oxybis(dipheny1borane) to yield, 
respectively, the crystalline organoboron compounds N,N'-di-tert-butyl-N,N'-dihydroxypropane-l,3-diamine(O-B)- 
ethoxydiphenylborane, 5a, and N' , N~-di-tert-butyl-N' , ~ ' - d i h ~ d r o x ~ -  l-phenylpropane- 1,3-diamine(~~-0-B)-h~drox~- 
diphenylborane, 56. Crystals of 5a are monoclinic, C2/c, a = 35.402(1), b = 9.212(2), c = 18.101(2) A, P = 
116.688(3)", Z = 8,  p, = 1.079 g cm-', and crystals of 56 are monoclinic, P2'/c, a = 12.899(4), b = 12.571(4), c = 
17.412(3) A, P = 90.02(2)", Z = 4,  p, = 1.121 g c K 3 .  The structures were solved by direct methods and were refined 
by full-matrix least-squares procedures to final R values of 0.047 and 0.041 for 2492 and 3334 reflections with I ?  3u(I), 
respectively. Compounds 5a and 5b are open-chain hydroxylamine adducts of diphenylborinic acid and ethyl diphenyl- 
borinate, respectively. Both of these compounds are stabilized by a system of three intramolecular hydrogen bonds 
(0-H . . . 0 ,  N-H . . . 0 ,  and N-H . . . N). Bond lengths involving the tetrahedralJy coordinated boron atoms are: 
(C)O-B = 1.457(3), (N)O-B = 1.558(3), and C-B 1.613(4) and 1.615(4) A for 5a; (H)O-B = 1.475(3), 
(N)O-B = 1.562(2), and C-B = 1.618(3) and 1.619(3) A for 56. 

WOLFGANG KLIEGEL, GOITFRIED LUBKOWITZ, STEVEN J. REITIG et JAMES TROTTER. Can. J. Chem. 70, 2033 (1992). 
On a prCparC les dCrivCs de la propane-l,3-diamine, N,N'-di-tert-butyl-N,N'-dihydroxypropane-l,3-diamine et la 

N,N'-di-tert-butyl-N,N'-dihydro~y-l-phCnyl-propane-l,3-diamine, et on les a fait rCagir avec l'oxybis(diphCny1borane) 
pour obtenir respectivement les composCs organoborCs, le N,N'-di-tert-butyl-N,N'-dihydroxypropane-l,3-diamine- 
(0-B)CthoxydiphCnylborane, 5a, et le N,N'-di-tert-butyl-N,N'-dihydroxy-l-ph~nyl-propane-l,3-diamine(~~-0-~)h~- 
droxydiphCnylb:rane, 56. Les cristaux du produit 5a sont monocliniques, C2/c avec a = 35,402(1), b = 9,212(2), et 
c = 18,101(2) A, P = 116,688(3)", Z = 8 et p, = 1,079 g c K 3  a l ~ r s  que les cristaux du composC 56 sont monocli- 
niques, P2,/c  avec a = 12,899(4), b = 12,571(4) et c = 17,412(3) A, P = 90,02(2)", Z = 4 et p, = 1,121 g c K 3 .  On 
a rCsolu les structures par les mCthodes directes et on les a affinCes par la mtthode des moindres carrCs (matrice entiere) 
jusqu'i des valeurs de R de 0,047 et 0,041 respectivement pour 2492 et 3334 reflexions avec I ? 3u(I). Les composCs 
5a et 5b existent sous la forme des chaines ouvertes d'adduits d'hydroxylamine sur respectivement I'acide diphCnylborinique 
et le diphenylborinate d'Cthyle. Ces deux composCs sont stabilisCs par un systkme de trois liaisons hydrogknes (0-H . . . 0 ,  
N-H . . . 0 ,  et N-H . . . N). Les longueurs des liaisons impliquant les atomes de bore co~rdonnCs d'une f a~on  tetraedrique 
sont : (C)O-B = 1,457(3), (N)O-B = 1,558(3), et C-B = 1,612(4) et 1,615(4) A pour le composC 5a; (H)O-B 
= 1,475(3), (N)O-B = 1,562(2), et C-B = 1,618(4) et 1,619(3) A pour le composk 56. 

[Traduit par la redaction] 

Introduction 
Our investigation of boron chelates of alkylene-bis-hy- 

droxylamines led to the preparation of the 1,3-propanedi- 
amine derivatives 2 by reduction of the nitrone 1 (1) with 
either NaBH, or phenylmagnesium bromide. The 1,3-bis- 
hydroxylamines 2 (R = H or C,H,) were then reacted with 
oxybis(dipheny1borane) in ethanolic solution in order to 
prepare the eight-membered diphenylboron chelates 3.  These 
compounds would be analogous to the seven-membered 
chelate 4 that is obtained under the same conditions from a 
1,2-bis-hydroxylamine (2). The crystalline reaction prod- 
ucts derived from 2u and 26 show the elemental analyses and 
'H nrnr spectra of the expected derivatives plus 1 molar 

equivalent of ethanol in the case of 3a, and 1 molar equiv- 
alent of water in the case of 36. These supposed "solvate" 
components could not be removed by recrystallization or by 
drying in vacuo. The nature of the bonding or association of 
the ethanol and water molecules, respectively, in these 
compounds cannot be ascertained from the infrared and 'H 
nmr spectral data. In addition to the assumed solvate struc- 
tures of both diphenylboron chelates (3a . EtOH and 36 . H20) 
the 1 : 1 adducts, 2 a .  Ph2BOEt and 26 - Ph2BOH, had to be 
considered as isomeric structural alternatives. These ad- 
ducts could arise from complex formation through the oxy- 
gen atom of one of the hydroxylamine groups of 2a leading 
to 5a, or of 2b leading to 56 or 5b1,  respectively. Further- 
more, the coordination of the hydroxylarnine function via the 

'~revious paper in this series: ref. 13. 
'~lternative nomenclature: 3,7-di-tert-butyl-1-ethoxy-1,l-di- 

nitrogen atom to boron, leading to the isomeric N+B co- 

phenyl-2,8-dioxa-7-aza-3-azonia- 1-borataoctane. ordinated complexes 6a and 6b or 6b1,  had to be consid- 
3~ltemative nomenclature: 3 .7-di-tert-butvl- 1 -hvdroxv- 1.1.6- ered. This possibility has already been discussed for other . . .  

triphenyl-2,8-dioxa-7-aza-3-azonia- 1-borataoctane. adducts of hydroxylamines (3). 
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3a EtOH 
3b. H 2 0  

X-ray crystallographic analyses have been carried out for 
both compounds to distinguish between the three possible 
molecular structures in the solid state: the "solvate" ( 3 a .  
EtOH and 3b - H20), the -B coordinated complex (5a and 
5b or  5b1) ,  and the N-B coordinated complex (6a and 6b 
or  6b') .  

Ph Ph 

+NQN% 
/ "H" \ 

+ D N %  
/ "H" \ y'I% + N..+ ,.N 

HO 0 HO 0 - \OH -7 -7 u 
EtO- B\ Ph HO-B\ \E-< 

1 / ph Ph' \ 
Ph Ph Ph 

EtO HO 

Experimental 
N,N'-Di-tert-butyl-N,N'-dihydroxy-1,3-propanediamine, 2a 
N-tert-Buty1-3-[tert-butyl-(hydroxy)amino]propylidenamine-N- 

oxide, 1 (I) ,  (1.08 g, 5 mmol) is dissolved in 60 mL of isopro- 
pan01 and 10 mL of water. After addition of NaBH, (0.38 g, 
10 mmol), the solution is refluxed for 2 h. Excess NaBH, is de- 
composed with tartaric acid, and the solution is adjusted to pH 9- 
10 using a solution of Na,CO,. Evaporation to a small volume in- 
duces crystallization of a colorless substance. Yield: 1.02 g (93%); 
mp 87-88°C (from petroleum ether, bp 30-75°C). Infrared (KBr): 
3360 cm-' (broad, 0-H); 'H nmr (90 MHz, CDCl,/TMS) 6 (ppm): 
1.15 (s, 2 (CH3)3C), 1.70- 1.99 (m, C-CH,-C), 2.80 (t, J = 6 Hz, 
2 CH,N), 7.00 (s, very broad, exchangeable, 2 OH). Anal. calcd. 
for Cl,H,,N,O2: C 60.51, H 12.00, N 12.83; found: C 60.57, H 
12.19, N 12.83. 

N,N1-Di-tert-butyl-N,N1-dihydroxy-1 -phenyl-1.3- 
propanediamine, 2b 

N-tert-Butyl-3-[tert-butyl-(hydroxy)amino]propylidenamine-N- 
oxide, 1 (I) ,  (2.16 g, 10 mmol) is dissolved in 100 mL of abso- 
lute ether and mixed, under vigorous stirring within 15 min, with 

a Grignard reagent prepared from bromobenzene (9.42 g, 60 mmol) 
and magnesium (1.46 g, 60 mmol) in 100 mL of absolute ether. 
After refluxing for 1 h the reaction mixture is hydrolyzed with water 
under cooling with ice, the precipitated magnesium hydroxide 
dissolved with 2 N HC1, and the acid solution neutralized with 
NaHCO,. The ether layer is separated, and the aqueous solution 
extracted twice with 50 mL of ether. The combined ether solu- 
tions are dried with MgSO, and evaporated to a small volume. At 
- 18°C a colorless substance crystallizes. Yield: 1.65 g (56%); mp 
81°C (from ether). Infrared (KBr): 3380 cm-' (broad, 0-H); 'H nmr 
(90 MHz, CDCl,/TMS) 6 (ppm): 0.97 (s, (CH,),C), 1.18 (s, 
(CH3),C), 1.49-3.23 (m, CH,-CH,N), 3.95 and 4.06 (d and d, 
N-CH-Ph), 6.20 (s, very broad, exchangeable, 2 OH), 7.13-7.28 
(m, 3 aromatic H), 7.39-7.55 (m, 2 aromatic H). Anal. calcd. for 
C17H30N202: C 69.35, H 10.27, N 9.51; found: C69.37, H 10.30, 
N 9.51. 

N,N'-Di-tert-butyl-N,N'-dihydroxypropane-l,3-diamine (0-B) 
ethoxydiphetzylboratze, 5a 

2a (0.22 g, 1 mmol) is dissolved in 1 rnL of absolute ethanol and 
mixed, stirring continuously, with a solution of oxybis(dipheny1- 
borane) (0.17 g, 0.5 mmol) in 0.5 mL of ethanol. The reaction 
mixture is cooled to - 1 8'C for 24 h, and the precipitate is recrys- 
tallized from ethanol. Yield: 0.30 g (70%); mp 74°C (from ethanol). 
Infrared (KBr): 3570 (sharp, 0-H/N-H), 3460 and 3210 cm-' 
(broadened, 0-H/N-H); 'H nmr (DMSO-d6/TMS) 6 (ppm): 1 .O1 
(s, 2 (CH3),C), 1.09 (t, CH3CH2), 1.5 1-1.88 (m, C-CH,-C), 2.42- 
2.65 (m, 2 CH,N), 3.35-3.65 (m, CH,CH,), 4.25 and 6.92 (s and 
s, broad exchangeable, OH and NH), 7.09-7.72 (m, 2 C6H5). Anal. 
calcd. for CZ5H4,BN203: C 70.09, H 9.65, B 2.52, N 6.54; found: 
C 69.89, H 9.68, B 2.57, N 6.40. 

Crystals suitable for X-ray analysis were obtained by recrystal- 
lization from absolute ethanol. 

N' ,N2-~i-tert-butyl-N' , ~ " d i h ~ d r o x ~ - l  -pherzylpropane-l ,3- 
diamirze (N2-0-B) hydroxydiphenylborane, 5b 

2b (0.59 g, 2 mmol) in 2 mL of ethanol and oxybis(di- 
phenylborane) (0.35 g, 1 mmol) in 1 mL of ethanol are reacted as 
described above. Yield: 0.59 g (62%); mp 105-107°C (from 
ben~ene ) .~  Infrared (KBr): 3650 (sharp, 0-H/N-H), 3250 cm-' 
(broadened, 0-H/N-H); 'H nmr (DMSO-d6/TMS) G (ppm): 0.90 
(s, (CH3),C), 1 .OO (s, (CH3),C), 1.68-1.88 and 2.06-2.24 (m and 
m, C-CH,-C), 2.39-2.68 (m, CH,N), 3.89-4.13 (m, N-CH-Ph), 
7.12-7.79 (m, 3 C6H5r 2 OH, NH). Anal. calcd. for C29&IBN203: 
C 73.10, H 8.67, N 5.88; found: C 73.05, H 8.66, N 5.69. 

4Recrystallization of 5b from ethanol yielded an unstable com- 
pound (mp 101-102"C, dec.) whose elemental analysis and 'H nmr 
spectrum suggest the incorporation of 1 mol of ethanol, analogous 
to 5a. 
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KLIEGEL ET AL.: 4 

Table 1.  Crystallographic data" 

Compound 
Formula 
fw 
Crystal system 
S p a ~ e  group 
a .  A 

z 
Pcn~c ,  g/cm3 
F(000) 
p,(Cu-K,), cm- ' 
Crystal size, mm 
Relative transmission factors 
Scan type 
Scan range, deg in w 
Scan speed, deg/min 
Data collected 
2~ma,, deg 
Crystal decay 
Total reflections 
Total unique reflections 
Rmergc 
No. of reflcns with I ?  3u(4 
No. of variables 
R 
R,,, 
go f 
Max A/u (final cycl~)  
Residual density e / ~ ~  

5a 
C75H41BN703 
428.42 
Monoclinic 
C2/c 
35.402(1) 
9.212(2) 
18.101(2) 
116.688(3) 
5274(1) 
8 
1.079 
1872 
5.13 
0.15 X 0.35 X 0.35 
0.73-1 .OO 
W-20 
1.10 + 0.20 tan 0 
32 (8 rescans) 
+h,  +k, ?I 
155 
15.0% 
566 1 
5566 
0.015 
2492 
289 
0.047 
0.058 
2.15 
0.08 
-0.26 to +O. 11 

5b 
C29H41BN703 
476.46 
Monoclinic 
p2,/c 
12.899(4) 
12.571(4) 
17.412(3) 
90.02(2) 
2824(1) 
4 
1.121 
1032 
5.27 
0.25 X 0.35 X 0.45 
0.79-1 .OO 
W-20 
0.94 + 0.20 tan 0 
32 (8 rescans) 
+h, +k, 21 
155 
6.9% 
6196 
5939 
0.042 
3334 
329 
0.041 
0.053 
1.66 
0.02 
-0.1 1 to +0.15 

"Temperature 294 K,  Rigaku AFC6S diffractometer, Cu-K, radiation (X = 1.54178 A), 
graphite monochromator, takeoff angle 6.0°, aperture 6.0 X 6.0 mm at a distance of 285 mm 
from the crystal, stationary background counts at each end of the scan (scan/background time 
ratio 2: 1). u2(F') = [S2(C + 4B) + (0.03F2)2]/Lp2 (S = scan rate, C = scan count, B = nor- 
malized background count), function minimized ZW(~F,I-JF,I)' where w = 4FOZ/o'(F,'), R = 

Xl1F.l - IF.II/ZIF.I, R,, = (ZW(IF.I - IF.I)'/ZWIF~I')~/' and gof = [Xw(lF,I- IF,l)'/(,n - n ~ ) " ~ .  Val- 
ues given for R ,  R,.., and gof are based on those reflections with I 2 3u(I). 

Crystals suitable for X-ray analysis were obtained by recrystal- determined from E-maps or from subsequent difference Fourier 
lization from absolute benzene. syntheses. The non-hydrogen atoms were refined with anisotropic 

X-ray crystallographic analyses of 5a and 5b 
Crystallographic data for the two complexes appear in Table 1. 

The final unit-cell parameters were obtained by least squares on the 
setting angles for 25 reflections with 20 = 55.0-78.5" for 5a 
and 45.5-64.5' for 5b. Although the P angle for compound 56 
(90.02(2)") suggests an orthorhombic unit cell, a check of the Laue 
symmetry clearly indicated monoclinic rather than orthorhombic 
symmetry. The intensities of three standard reflections, measured 
every 200 reflections throughout the data collections, showed lin- 
ear decays of 15.0% for 5a and 6.9% for 5b. The data were pro- 
~ e s s e d , ~  and corrected for Lorentz and polarization effects, decay, 
and absorption (empirical, based on azimuthal scans for four re- 
flections) .- 

The structure analysis of 5a was initiated in the centrosymme- 
tric space group C2/c on the basis of E-statistics, this choice being 
confirmed by subsequent calculations. The structures were solved 
by direct methods, the coordinates of the non-hydrogen atoms being 

5 ~ ~ ~ ~ ~ ~ / T E X R A ~  structure analysis package which includes 
versions of the following: DIRDIF, direct methods for difference 
structures, by P. T. Beurskens; ORFLS, full-matrix least-squares, 
and ORFFE, function and errors, by W. R. Busing, K. 0 .  Martin, 
and H. A. Levy; ORTEP 11, illustrations, by C. K. Johnson. 

- - 
thermal parameters, OH and NH hydrogen atoms were refined 
with isotropic thermal parameters, and carbon-bound hydrogen 
atoms were fixed in idealized positions (C-H = 0.98 A, BH = 

1.2 Bbanded Neutral atom scattering factors and anomalous 
dispersion corrections for the non-hydrogen atoms were taken from 
the International tables for X-ray crystallography (4). Final atomic 
coordinates and equivalent isotropic thermal parameters, bond 
lengths, and bond angles appear in Tables 2-4, respectively. Hy- 
drogen atom parameters, anisotropic thermal parameters, torsion 
angles, intermolecular contacts, and least-squares planes, and 
measured and calculated structure factor amplitudes for the both 
structures are available as supplementary material.6 

6~upplementary material mentioned in the text may be pur- 
chased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K 1 A 0R6. 

Tables of hydrogen atom parameters and inter- and intramolec- 
ular contacts involving hydrogen have also been deposited with the 
Cambridge Crystallographic Data Centre and can be obtained on 
request from The Director, Cambridge Crystallographic Data 
Centre, University Chemical Laboratory, 11 Union Road, 
Cambridge CB2 1EZ U.K. 
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TABLE 2. Final atomic coordinates (fractional) and Be, (A2)" 

Atom x Y z Be, 

TABLE 2 (concluded) 

Atom x Y z Be, 

"B,, = ( 8 / 3 ) 2  xxU,,a, * a, * ( a , .  a,). 

TABLE 3. Bond lengths (A) with estimated standard deviations 

Atom Atom Distance Atom Atom Distance 

Results and discussion 

The X-ray analyses confirm the suggested constitutions 5a 
and 56, respectively, for the crystalline adducts (see Fig. 1). 
In both compounds one of the hydroxylamine groups coor- 
dinates the borinic acid derivative via the oxygen atom. This 
results in a B,N-betainic complex structure similar to those 
reported for the related hydroxylamine-boron adducts 8 (5) 
and 9 (3). In compounds 8 and 9 the hydroxylamine-boron 
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KLIEGEL ET AL.: 4 

TABLE 4. Bond angles (deg) with estimated standard deviations 

Atom Atom Atom Angle Atom Atom Atom Angle 

( 0 - B )  adducts are stabilized by hydrogen bonding involving 
the quaternized nitrogen atoms: intramolecular in 8, and in- 
termolecular (to form dimers) in 9, at least in the solid state. 
In compounds 5a and 5b, stabilization is achieved by the 
formation of three intramolecular hydrogen bonds (cf. the 
general formula 7) resulting in a basic skeletal structure that 
is geometrically similar in the two derivatives. The mani- 
fold intramolecular hydrogen bonding is a consequence of 

the polyfunctionality of this type of compound, containing 
five nucleophilic centres available for interaction with the 
acidic functions within the same molecule. The 0-H . . -0  
hydrogen bonds are strongest in both compounds (O(2)- 
H . - - 0(3), Cb-H = 1.07(5) and 0.92(3), H - . S O  = 1.65(5) 
and 1.76(3), 0. - -0  = 2.703(3) and 2.674(2) A, @-He . 0 
= 167(4) and 170(2)", respectively for 5a and Sb), the 
N-H . . . 0 interactions are of intermediate strength (N(1)- 
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FIG. 1.  Stereoviews of 5a (top) and 5b (bottom); 33% probability thermal ellipsoids are shown for the non-hydrogen atoms 

H . . .0(3),  N-H = 0.93(2) and 0.97(2), H . . . 0 = 2.20(3) 
and 2.13(2), N . . . 0 = 2.752(3) and 2.702(2) A, N-H . . . 
0 = 117(2) and 116(2)"), while the N-H . . . N interac- 
tions are weakest (N(1)-H . . . N(2), N-H = 0.93(2) and 
0.97(2), H .  - . N = 2.29(3) and 2.30(2), N . . . N = 3.024(4) 
and 3.054(2) A,  N-H . . . N = 135(2) and 133(2)"). The 
intramolecular hydrogen-bonding system in each com- 
pound contains a bifurcation at the N(1)-positioned proton 
(H(2) in 5a, H(3) in 5h) that interacts simultaneously with 
both O(3) and N(2); the oxygen atom O(3) accepts two hy- 
drogen atoms (H(1) and H(2) in 5a, H(l)  and H(3) in 5b). 

The 1,3-diamine moieties of both molecules are cyclized 
by the hydrogen bridges to form six-membered proton che- 
lates C(1)-N(1)-H . . . N(2)-C(3)-C(2). These rings 
have distorted "envelopev-like conformations with C(2) on 
the flap in both compounds. All of the tert-butyl groups in 
5a and 56, and the phenyl substituent in 56, occupy 
(pseudo)equatorial positions, while the oxygen atoms O(1) 
and O(2) both occupy (pseudo)axial positions with respect 
to these proton chelate rings. Thus the two fused five-mem- 
bered ring systems, also formed by hydrogen bonds 
(H . . . 0-B-0-N and H . . . 0  . . . H-0-N), are con- 
nected (pseudo)axially to the six-membered ring system of 
the 1,3-diamine moiety in both compounds. 

Bonds lengths are similar in the two derivatives 5a and 56 
(see Table 3). A significant difference is noted for the 
B(1)-O(3) bond: in 5a this bond is 0.018(4) A shorter than 
that in 56 reflecting the increased nucleophilicity of the EtO- 
ligand in 5a relative to that of the HOP ligand in 5b. This 
influence also manifests itself in the O(3) - . . H(l)  distance, 
which is nearly 0.1 A shorter in 5a than in 56. Not surpris- 
ingly, the phenyl substituent at C(3) in compound 56 causes 
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lengthening of the adjacent bonds relative to those i; 5a: 
C(3)-C(2) and C(3)-N(2) = 1.5 12(4) and 1.464(4) A for 
5a,  1.533(3) and 1.486(2) A for 56.  In both of the com- 
pounds the N-0 bonds at t h ~  quaternized nitro#en atom 
N(l) (1.401(3) and 1.407(2) A) are about 0.05 A shorter 
than those at the trivalent nitrogen N(2) (1.456(4) and 
1.45 l(2) A), Correspondingly, the N-C bonds at N(l) are 
about 0.04 A longer than those at N(2) in both compounds. 
The geminal B-phenyl groups of both 5a and 5b show nearly 
equal B-C bond lengths, averaging 1.614 in the former 
and 1.619 A in the latter. These B-C distances can be 
compared to the mean values of 1.624 A in 4 (2), 1.600 A 
in compounds of the type 8 ( 3 ,  1.589 A in 9 (3), and sim- 
ilar values reported for other diphenylboron chelates (6-1 1). 
The (N)O-B distances (O(1)-B(1) = 1.558(3) and 
1.562(2) for 5a and 5b,  respectively) are longer than the 
corresponding bonds in other hydro:ylamine(O-B)boron 
complexes such as 8 (average 1 .509 A) (5) or 9 (average 
1.494 A) (3), but resemble the 0-B bond lengths in di- 
phenylboron chelates of hydroxylamine derivatives like 4 
(2) and other related compounds (6-11) having cyclic 
+ N-0-B- betaine structures. 

The tetracoordination at B(l) arising from the adduct for- 
mation causes, as expected, rehybridization of the trigonal 
planar (sp2) boron atom in diphenylborinic acid (12) to a 

/ tetrahedral sp3 boron atom in both the diphenylborinic ester 
complex 5a and the diphenylborinic acid complex 5b.  As- 

! sociated with this rehybridization is the usual lengthening of 
j both the B-C and 0-B bonds. 
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ALAN R. KATRITZKY, JRINA V. SHCHERBAKOVA, ROBERT D. TACK, and PETER J. STEEL. Can J. Chem. 70, 2040 (1992). 
Reactions of N-f0rmylmorpholine/POC1~ with several unactivated olefins yield the corresponding a,P-unsaturated 

aldehydes. Norbornene affords with dimethylformamide/POC13 a product formed by a novel inverse-electron demand 
Diels-Alder reaction of an acyclic 2-azoniodiene. The structure ofthis product was confirmed by X-ray analysis. Crys- 
tals are monoclinic: a = 8.025(3), b = 11.670(3), c = 9.309(4) A, P = 108.03(3)", P2, ,Z = 2; the structure was re- 
fined to R = 0.044 for 1379 independent observed reflections. 

ALAN R. KATRITZKY, IRINA V.  SHCHERBAKOVA, ROBERT D. TACK et PETER J. STEEL. Can. J. Chem. 70, 2040 (1992). 
Les reactions du couple N-formylmorpholine/POC13 avec plusieurs olefines inactives foumit les aldehydes a,p-in- 

saturks correspondants. Le norbornbne qui rkagit avec le couple dimCthylformamide/POC13 par une nouvelle reaction 
de Diels-Alder comportant une demande inverse d'electrons fournit un 2-azoniodibne acyclique dont on a dktermink la 
structure par diffraction des rayons-X. Les cristaux sont monocliniques, groupe d'espace P 2 , ,  avec a = 8,025(3), b = 
11,670(3) et c = 9,309(4) A, P = 108,03(3)" et Z = 2; on a affine la structure jusqu'h une valeur de R = 0,044 pour 
1379 reflexions independantes observees. 

[Traduit par la redaction] 

Introduction 
Vilsmeier reagents have been used for the formylation of 

aromatic secondary and tertiary amines ( 1, 2), and applied 
in numerous synthetic transformations of carbonyl com- 
pounds to give P-chlorovinylaldehydes (3, 4) and derived 
cyanines (5, 6). Both vinyl ketones (7, 8) on the one hand 
and olefinic systems activated towards electrophilic attack 
(vinyl ethers (9), vinylamines (lo), and vinyl halides 
(1 I)) on the other have all been thus employed. Terminal 
olefins and 1,l-disubstituted ethylenes can also be for- 
mylated; however, for these compounds further reactions 
often take place and the nature of the product depends on 
the environment of the vinyl or vinylidine group. Methyl- 
enecyclohexane consumed 2 mol of the Vilsmeier reagent 
to produce 1-dimethylamino-3-dimethylimmonio-2-[cyclo- 
hexen- 1 -yl]prop- 1 -ene, isolated as the perchlorate (1 2). 2- 
Methylenebornane underwent triformylation and subsequent 
transformation to furnish a formylpyridine derivative (1 2). 
Similarly, isobutene and 2-phenylpropene afford 2,7-naph- 
thyridine-4-aldehyde and 4-phenylpyridine-3-aldehyde, re- 
spectively, each involving triformylation (1 3). However, in 
terminal olefins and 1,l-disubstituted ethylenes in which 
migration of the double bond to the adjacent position is 
blocked, Vilsmeier reactions favour monoformylation. Thus, 
camphene or 1,1,2,3,5,6-hexamethyl-4-methylene cyclo- 
hexa-2,5-diene (13) undergo monoformylation to a,p-un- 
saturated aldehydes. The monoformylation of steroids having 
an exocyclic methylene group (12, 14) is known. Monofor- 
mylation (40% yield) of a nonexocyclic methylene group in 
lirnonene along with isomerization to terpinolene (37% yield) 
was reported (15). Mono-, bi-, and tri-formylations of vi- 

' ~ u t h o r  to whom correspondence may be addressed. 

nylcyclopropane derivatives have been intensively studied 
(16, 17). The present paper is concerned with a more gen- 
eral procedure for the preparation of a,P-unsaturated alde- 
hydes by the monoformylation of unactivated olefins with 
an excess of the Vilsmeier reagent. We also describe an in- 
teresting example of a hetero Diels-Alder reaction of novel 
type under conditions of the Vilsmeier reaction: the course 
of the last transformation was supported by an X-ray anal- 
ysis of the product. 

Results and discussion 

a,P-Unsaturated aldehydes are important in synthetic or- 
ganic chemistry (18) and previous preparations include: (i) 
from ketones by one-carbon homologation procedures (19, 
20); (ii) from methyl vinyl ethers by photooxidation (18); (iii) 
from aldehydes via organolithium derivatives (20, 22-24) 
or by oxidation via a-chloroaldimines (1 8); (iv) from a-bro- 
moaldehydes via N, N-dimethylhydrazones (25) or piperi- 
dine enarnines (26); (v) from a-lithiated allenic sulfides (27); 
and (vi) a single example (for l-cyclohexenecarboxalde- 
hyde) from a nitromethylolefin (28). 

We now report that the Vilsmeier reagent N-formylmor- 
pholine/phosphorus oxychloride, previously applied to the 
formylation of vinyl ketones (8), readily converts the unac- 
tivated olefines 1, 3, 4, and 6 into the a,P-unsaturated al- 
dehydes 2, 5, and 7 (Scheme l ) .  However, two alternative 
Vilsmeier reagents (dimethylformamide/phosphorus oxy- 
chloride or N-formylmethylaniline/phosphorus oxychloride) 
failed to effect these transformations, although they had 
earlier (12, 13) successfully monoformylated exocyclic meth- 
ylene groups in hydrocarbons. 

The present reactions were conducted in trichloroethyl- 
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on;= CHCl >i/ 
CHO 

2~ (E-) 2 6  (Z-) 

Yield 85% 

on;= CHCl 
I 

CCl,=CHCl. 50-55"C.* 2u + 2b 
48 h Yield 85% 

5 
Yield 80% 

on;= CHCl 
I 

CCl,=CHCl. 50-55'C. * 
48 h 

7 
Yield 35% 

ene solution at 50°C for 48 h. Olefin, N-formylmorpholine, 
and POCl, were used in a molar ratio of 1 :2.5 : 1.5, and the 
yields of aldehydes 2, 5, and 7 were 85, 80, and 35% re- 
spectively. When the reaction was carried out at 70-80°C for 
24 hs, the yields of aldehydes 2 and 5 decreased somewhere 
to 60-70%, and cyclohexene gave a low yield of 
aldehyde 7 (15%). Interestingly, the use of stoichiomet- 
ric amounts of 2,4,4-trimethylpent-1-ene (I) ,  N-formyl- 
morpholine, and POCl, in the absence of solvent at 80°C for 
12 h yielded 55% of the corresponding aldehyde 2. 

The formylations of 2,4,4-trimethylpent-1-ene (1) and the 
-2-ene (3) both yield mixtures of the E-(2a) and the Z-(2b) 
isomers. The 'H nmr integrals and the gc data show an ap- 
proximate ratio of 2:  1 for the isomers. The spectroscopic 
assignments are presented in Table 1. The preparation of 
3,5,5-trimethyl-2-hexenal2 as an unseparated mixture of E/Z 
isomers in a 7: 3 ratio ('H nrnr data) has recently been re- 
ported (27). The isomerization of 3 to 1 is easily explained 
as shown in Scheme 1. Some traces of air moisture can ini- 
tiate the proton formation. The similar isomerization was 
observed also for some vinylcyclopropane derivatives on 
conditions of the Vilsmeier reaction (17) and was explained 
by the tendency of a double bond to have less steric hin- 

drance. The formylation of 3,3-dimethylbut- 1 -ene 4 yields 
only the E isomer 5 as is clearly indicated by the coupling 
constant for the vinyl protons (J = 16 Hz, Table 1). The 
chemical shifts of the proton and carbon signals in 7 (Table 
1) clearly established the structure as 1-cyclohexene car- 
boxaldehyde. 

Norbomene 8 did not give the expected aldehyde (21, 29) 
under the conditions described above. We isolated an un- 
stable colourless viscous oil that decomposed on keeping. The 
nmr spectra of this oil in CDCl,, recorded immediately after 
isolation, showed signals for two aldehyde grou s at 6 9.85 P and 10.15 ('H nmr) and at 198.50 and 199.15 ( '  C nrnr) and 
clearly indicated the presence of two bicyclo[2.2. llheptyl 
residues. We failed to isolate any solid aldehyde derivative 
from this oil. Surprisingly, in contrast to its lack of reactiv- 
ity with olefins 1,  3, 4, and 6, the use of DMF/POCl, as a 
formylating agent was effective for norbomene 8. Treat- 
ment of the hydrolyzed reaction mixture with 70% perchlo- 
ric acid yielded a stable colourless crystalline perchlorate 
(85% yield) of such low solubility that nmr spectra could not 
be obtained. The low resolution mass spectrum gave a mo- 
lecular ion at m / z  244, and along with the elemental analy- 
sis data demonstrated the composition c,,H,,N+C~O,-. 
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TABLE 1. a,P-Unsaturated aldehydes 

Boiling 
point Infrared 

Compound ("C/Torr) (cm-I) 'H nmr I 
Yield 

3~ nmr (%) Literature 

2a(E)" 79-80/14 1675, 0.97 (s, 9H), 2.23 (d, J = 1 Hz, 3H), 
1635 2.13 (m, 2H), 5.81 (d, J = 8 Hz, 

lH), 10.00 (d, J = 8 Hz, 1H) 

2b(Z)" 1.01 (s, 9H), 2.03 (d, J = 1 Hz, 3H), 
2.52 (m, 2H), 5.99 (d, J = 8 Hz, 
lH), 9.87 (d, J = 8 Hz, 1H) 

5 45-50/14 1695, 1.15 (s, 9H), 6.03 (dd, J = 7.3 and 16 
1638 Hz, 1H) 6.83 (d, J = 16 Hz, lH), 

9.56 (d, J = 7.3 Hz, 1H) 
7 72/15 1685, 1.65(m,4H),2.21(m,4H),6.66(m, 

1645 lH), 9.35 (s, 1H) 

"The isomers have not been separated; the mixtures o f  2a and 2b in a ratio o f  2 :  1 were obtained from 1 and 3 

Structure determination by X-ray crystallography revealed 
the spiro dimeric azinium salt 11 (Scheme 2 and Fig. 1). The 
proposed mechanism for the formation of 11 is shown in 
Scheme 2. The expected intermediate cation 9 is postulated 
to undergo a thermally allowed suprafacial [1,5]-hydrogen 
shift to give the isomeric cation 10 which then undergoes 
Diels-Alder reaction with more norbornene to give 11. The 
X-ray structure determination demonstrates that the Diels- 
Alder reaction occurs in a diastereofacially selective man- 
ner on the exo face of both diene and dienophile. Diels-Alder 
reactions with inverse electron demand involving a 2-azo- 
niobutadiene unit as part of a quaternary heteroaromatic ring 
(30, 31) or of N-arylimmonium ions (32) are well recog- 
nized, but we have not found any previous example in which 
the azoniobutadiene unit is acyclic. 

The interaction of perchlorate 11 with aqueous alkali so- 
lution yields the hydroxide adduct 12 (Scheme 2) which is 

easily reconverted into 11 by treatment with 70% perchloric 
acid in ethanol solution. The structure 12 was established on 
the basis of elemental analysis and its ir spectrum (a hy- 
droxyl band at 3350 cm-'). The electron impact mass spec- 
trum showed self-chemical ionization of the molecular ion 
to give the cation 11, whereas the chemical ionization mass 
spectrum at high resolution gives the molecular ion of 12. 
We failed to obtain the nrnr spectra of 12 in DMSO-d,, the 
only solvent which allows a sufficient concentration. It gives 
an unstable solution and the compound decomposed before 
a spectrum could be acquired. 

Experimental 

Apparatus, materials, and methods 
Melting points were determined on a Thomas-Hoover capillary 

mp apparatus and are uncorrected. 'H and "C nmr spectra were 
recorded on a Varian VXR 300 spectrometer (300 and 75 MHz, 
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I FIG. 1. Perspective view and atom labelling of the X-ray structure. 

respectively), using CDC1, as solvent and tetramethylsilane as an 
internal reference. Infrared spectra were recorded as neat samples 
(unless otherwise stated) on a Perkin-Elmer 1600 series FTIR. Mass 
spectra were recorded on a Krafts AEI MS 30 spectrometer. Ele- 
mental analyses were performed on a Carbo Erba 1106 elemental 
analyser. Commercially available reagent grade solvents were dried 
over BDH-type 4A molecular sieves prior to use. Flash column 
chromatography was run over silica gel (EM Merck 60, 230-400 
mesh). 

X-ray crystnllographic a~zalysis 
A colorless crystal with approximate dimensions 0.46 X 0.14 X 

0.08 mm was cooled to approximately - 100°C in a stream of cold 
nitrogen (controlled boil-off system) in a Nicolet R3/m four-cir- 
cle diffractometer. Unit cell dimensions were determined by least- 
squares refinement of 25 accurately centred reflections (20 = 13- 
33"). Crystal data are: 
C,7H26CIN04 fw = 343.8 
Monoclinic, a = 8.025(3), b = 11.670(3), c = 9.309(4), P = 
108.03(3), V = 829.0(5), Z = 2, p, = 1.377 Mg m-3, F(000) = 
368, p(Mo-Ka) = 2.47 cm-', space group P2,. 

Intensities yere measured using graphite-monochromated Mo-Ka 
(A = 0.7107 A) radiation with w-20 scans to 20 = 60" ( k h ,  + k ,  
+I). The intensities of three check reflections (210, 051, 005), 
measured every 100 reflections throughout the data collection, 
showed only small random fluctuations. The data were corrected 
for Lorentz and polarization effects but no correction for absorp- 
tion was deemed necessary. Of the 2645 reflections measured, 251 1 
were unique (R,,, = 0.020) and 1379 had intensities greater than 
three times their standard deviations. 

The structure was solved2 by direct methods and refined by full- 

'AH calculations, includin the drawing of diagrams, were per- 
formed with SHELXTL PCqM, Version 4.1 (1990), by G. M. 
Sheldrick and available from Siemens Analytical X-Ray Instru- 
ments Inc. The scattering factors used were those employed by 
SHELXTL pcTM. 

TABLE 2. Atomic coordinates (X 10') and equivalent isotropic 
displacement coefficients (A' X lo3) with esd's in parentheses for 
4-methyl-4-aziniumtricyclo[6.2.1 .02.7]undec-4-ene-6-spiro-2'-bi- 

cyclo[2.2. llheptane perchlorate (11) 

Atom x Y z UC; 

c(1)  6328(5) 65 1 l(4) 8524(5) 25 
N(2) 8209(5) 656 l(3) 945 l(4) 25 
c(2) 8610(6) 6329(5) 11081(5) 3 9 
(33) 9383(6) 6805(4) 8836(5) 24 
c(4) 8935(5) 7028(4) 7 182(5) 2 1 
C(4a) 7293(5) 7824(4) 6662(4) 2 1 
c(5) 7595(6) 9105(4) 705 l(5) 29 
C(6) 5975(6) 9773(4) 6094(5) 36 
c(7) 4568(6) 9460(4) 6860(5) 35 
C(8) 5558(7) 8648(4) 8 132(6) 3 2 
C(8a) 5832(6) 7515(4) 7403(5) 24 
(39) 7365(6) 9197(4) 8638(5) 34 
c (  1 ') 8566(6) 5876(4) 6270(4) 24 
(33') 10562(5) 7506(4) 6740(5) 3 1 
c(4') 10976(6) 6578(5) 5782(5) 34 
c(5') 1 1695(6) 5525(5) 68 13.5) 3 8 
(36') 9990(6) 4996(4) 7032(5) 32 
c(7') 9172(6) 6181(5) 4876(5) 32 

641 l(2) 3003~  831 l(1) 30 
o(1)  6343(5) 1998(3) 9183(4) 40 
o(2) 7587(5) 381 l(3) 93 15(4) 57 
o(3) 4705(6) 3508(4) 778 l(5) 8 1 
O(4) 7024(6) 2734(4) 7075(5) 77 

"Equivalent isotropic U defined as one third of the trace of the ortho- 
gonalized U ,  tensor. 

bOrigin-defining coordinate. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 70. 1992 

TABLE 3. Bond lengths (A) and angles (") with esd's in parentheses 

matrix least-squares procedures. All non-hydrogen atoms were re- 
fined with anisotropic displacement parameters and hy<rogen atoms 
were included in calculated positions (C-H = 0.96 A) with fixed 
isotropic parameters (the orientations of the methyl group hydro- 
gens were based on difference map peaks). The function mini- 
mized was Cw(lF,I -  IF,^)^, with w = [~2(~o)+0 .00005~,2] - ' .  The 
absolute configuration was deemed to be that which gave the bet- 
ter of two otherwise identical refinements. In the final cycles 01 
refinement the maximum parameter shift correspondedo to 0.005 a. 
A final difference map showed no features >0.35 e- A - ~ .  Refine- 
ment converged3 with R = 0.044, wR = 0.036 and S = 1.41 for 
the 1379 reflections with I > 3a(I).  

The final positional and equivalent isotropic displacement pa- 
rameters for the non-hydrogen atoms are given in Table 2. Bond 
lengths and angles are listed in Table 3. Anisotropic displace- 
ment parameters and tables of observed and calculated structure 
factors have been deposited.4 The bonding geometries at N(2) and 
C(3) (Table 3) clearly locate the double bond between these two 
atoms. It is also noteworthy that the bonds to C(4) are some- 
what elongated, which reflects the steric congestion about this 
spiro-center. 

3~ = c(lFol - IFcl)/clF,I; WR = {Cw(lF,I - ( F , I ) ~ / ~ W ( I F ~ I ) ~ } ~ / ~ ;  
S = {cw(lFoI - IF=I)~ /~  - m}1'2. 

4A complete set of tables may be purchased from: The Deposi- 
tory of Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada K I A  0S2. 

A table of hydrogen atom coordinates has also been deposited 
with the Cambridge Crystallographic Data Centre and can be ob- 
tained on request from The Director, Cambridge Crystallographic 
Data Centre, University Chemical Laboratory, 12 Union Road, 
Cambridge, CB2, lEZ, U.K. 

General procedure for preparation of a,P-unsaturated aldehydes 
Freshly distilled phosphorus oxychloride (7.0 g, 45.8 mrnol) was 

added to a stirred mixture of N-formylmorpholine (6.9 g, 60 mmol) 
and trichloroethylene (10 mL) over 5 min at 5'C. After stirring the 
resultant solution for 10 min at 20°C, the appropriate olefin 
(24 mmol) was added dropwise at 15-20°C. The mixture was then 
stirred at 50-55OC for 48 h and cooled. Methylene chloride 
(25 mL) was added, and the reaction mixture was brought to pH 7 
with a solution of sodium carbonate (12.5 g ,  0.12 M) in water 
(75 mL). The aqueous layer was extracted with methylene chlo- 
ride (3 x 50 mL). The combined organic layers were washed with 
water (60 mL) and dried over MgS04. The solvent was removed 
under vacuum at room temperature and the residue distilled under 
vacuum or purified by flash column chromatography with ether as 
eluent. The spectroscopic data of aldehydes 2, 5, and 7 are pre- 
sented in Table 1. 

4-Methyl-4-aziniurntricyclo[6.2.1 .d.7]undec-4-ene-6-spiro-2'- 
bicycloQ .2 .I]heptane perchlorate (11) 

A solution of POCl, (4.5 mL, 50 mmol) in DMF (5 mL) was 
slowly added to DMF (10 mL) at 5°C. After stining the resultant 
mixture for 5 min at 5"C, a solution of norbornene 8 (4.7 g, 
50 mmol) in DMF (5 mL) was added dropwise at 15-20°C. The 
mixture was stirred at room temperature for 48 h and at 70-80°C 
for 2 h. The product was poured onto ice (150 g) and treated with 
70% perchloric acid (5 mL). The colourless crystalline precipitate 
was filtered off, dried, and recrystallized from ethanol to give 
7.30 g (85%) of 11, mp 253°C. Anal. calcd. for Cl,H,6ClN04: C 
59.38, H 7.52, N 4.00; found: C 59.38, H 7.82, N 3.63. 

4-Methyl-4-aza-5-hydroqtricyclo[6.2 .I .d.7]undecan-6-spiro-2'- 
bicycloc .2.l]heptane (12) 

A suspension of perchlorate 11 (0.34 g ,  0.001 M) in 25% 
aqueous NaOH solution (10 mL) and ether (10 mL) was stirred for 
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KATRITZKY ET AL. 2045 

2 h at room temperature. The ether layer was separated, washed 
with water (10 mL), and dried over MgS04. The solvent was re- 
moved under vacuum to give colourless crystals of 12 (0.25 g, 
98%), mp 157- 158°C after recrystallization from ethanol; ir (v,,,, 
Nujol): 3350 (OH) cm-'. Anal. calcd. for C,,H,,NO: C 79.16, H 
10.54, N 5.36; found: C 79.38, H 10.80, N 5.32. Exact mass 
(hrms/ci) calcd. for C,,H,,NO: 26 1.2092; found: 26 1.2 105. 
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Oxidation of L-rhamnose and D-mannose by Cr(V1) in perchloric acid. 
A comparative study1 
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The oxidation of L-rhamnose and D-mannose by Cr(V1) in perchloric acid follows the rate law: 

- d[Cr(VI)] (ko + k, [h,]') K [aldose] [Cr(VI)] 
- - 

dt 1 + K [aldose] 

K = 5.40, k, = 0.00138 M-' s-I, k, = 6.71 x M - ~  S- '  for D-mannose and K = 2.63, k, = 2.51 x M-I s-I, 
k, = 2.74 X M - ~  S - I  for L-rhamnose. This rate law corresponds to the reaction leading to the formation of L-1 ,4- 
rhamnonelactone and D-1 ,4-mannonelactone. No cleavage to carbon dioxide takes place when a 20-fold or higher excess 
of aldose over Cr(V1) is employed. Relative values of kinetic constants are interpreted in terms of primary hydroxyl group 
participation in the chromic ester formed in the fust reaction step. The free radicals formed during the reaction react with 
Cr(V1) to yield Cr(V). Two signals (gis, = 1.977 and gi,, = 1.970) ascribed to intermediate Cr(V) complexes were ob- 
served by electron paramagnetic resonance (epr) of 0.25-1 N HC1O4 solutions saturated with L-rhamnose and cr207'-. 
At higher pH (3-7), only the signal at g = 1.977 was detected. For D-mannose only one signal at g = 1.978 was ob- 
served over the whole range of HCIO,, concentrations. 

LUIS F. SALA, SANDRA R. SIGNORELLA, MARCELA RIZZOTTO, MAR~A I. FRASCAROLI et FABIO GANDOLFO. Can. J. Chem. 
70, 2046 (1992). 

L'oxydation du L-rhamnose et du D-mannose par le Cr(VI), dans l'acide perchlorique, suit 1'Cquation de vitesse sui- 
vante : 

- d[Cr(VI)] (ko + k, [h,]') K [aldose] [Cr(VI)] 
- - 

dt 1 + K [aldose] 
dans laquelle K = 5,40, ko = 0,00138 M-I s-I, k, = 6,71 X lo-' M - ~  S - I  pour le D-mannose et K = 2,63, k, = 2,51 X 

lo-) M-I  s-I , k, = 2,74 X M - ~  S - I  pour le L-rhamnose. Cette equation de vitesse correspond a la reaction con- 
duisant a la formation de la L-1 ,4-rhamnonelactone et de la D-1 ,4-mannonelactone. I1 ne se produit pas de clivage en 
dioxyde de carbone lorsque la quantite d'aldose utilisee depasse de 20 fois ou plus la quantite de Cr(V1). On interprkte 
les valeurs relatives des constantes cinktiques en fonction d'une participation du groupe hydroxyle primaire dans 1.kster 
chromique qui se forme au cours de la premikre Ctape de la reaction. Les radicaux libres qui se forment au cours de la 
reaction reagissent avec le Cr(V1) pour former du Cr(V). On attribue deux signaux (gi,, = 1,977 et gi,, = 1,970) ob- 
serves par resonance paramagnetique Clectronique (rpe) sur des solutions de 0,25 1 N de HC10, saturees en L-rham- 
nose et en c~,o,'-, aux complexes du Cr(V) intermediaire. A des pH supkrieurs (3-7), on n'a detecte que le signal a 
g = 1,977. Pour le D-mannose, on n'observe que le signal a g = 1,978 ti toutes les concentrations de HC104. 

[Traduit par la redaction] 

Introduction stabilize Cr(V) intermediates after further interaction with 

Sugars are very attractive natural ligands for both toxic and 
essential metal ions. Besides acting simply as effective che- 
lators (I), in many cases they are also reducing agents; e.g., 
for metal ions such as Ce(IV), V(V), Co(III), Fe(II1) (refs. 
2, 3, 4, 5 respectively), depending on the acidity of the me- 
dium. There is also an indication that some sugars, or their 
derivatives, may play an important role in the chemistry of 
chromium, specially in the environment (6-8), where Cr(V1) 
may present a serious hazard because of its mutagenic and 

biological reductants such as glutathione. 
It was considered worthwhile to revise the degradative 

oxidation of aldoses by action of Cr(V1) (10-15) in order to 
determine: (a)  the extension of ester chromate formation; (b) 
the detection of Cr(V) (not yet reported for the oxidation of 
aldoses); (c )  the availability of the hydroxyl groups to bind 
Cr(V1). 

We started by studying the degradative oxidation of two 
aldohexoses: L-rhamnose and D-mannose. 

carcinogenic activity. It has recently been reported that the Experimental 
major coordination sites involved in chromium binding in 
natural systems may be the hydroxyl (e.g., nucleic acids, L-Rhamnose and D-Mannose (Sigma pure) were used without 

further purification. Potassium dichromate (BDH reagent) was used po1ysaccharides) and thiO1 (in peptides and proteins) donors for the kinetic runs, while the sodium salt (BDH reagent) was used 
(9).  esters Or thiOesters with chromate and for the products analysis, where the high concentrations cause 

precipitation of potassium perchlorate. Mixtures of sodium per- 
pe he present work was presented at the XIX Latin American chlorate (Aldrich puriss.) and perchloric acid (Merck reagent) were 

Meeting on Chemistry, Buenos Aires, Argentina (1990). used to maintain a constant ionic strength of 2.0 M at different hy- 
' ~ u t h o r  to whom correspondence may be addressed. drogen ion concentrations. Stock solutions of perchloric acid were 
3~evis ion  received April 15, 1992. analyzed by titration employing standard analytical methods (16). 
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TABLE 1. Effect of oxidant on the oxidation 
of L-rhamnose and D-mannose. [aldose] = 

0.08 M; [HCIO,] = 2 N; T = 3 5 0 ~  

FIG. 1 .  Time dependence of ln(abs) at 350 nm. T = 33°C; 
[Cr(VI)] = 0.0008 M, [rhamnose] = 0.016 M, [HCIO,] = I .75 M; 

Kinetics 
Kinetic measurements were made at 350 nm by monitoring the 

absorbance changes on a Guilford Response I1 spectrophotometer 
with fully thermostated cell compartments. The concentration of 
Cr(V1) was kept constant at a 8 X M, while the aldose con- 
centrations were varied between 0.016 and 0.16 M (0.28 M in some 
cases), at a constant ionic strength of 2.0 M. 

For both D-mannose and L-rhamnose, pseudo-first-order rate 
constants were calculated from the slopes of the linear part of the 
ln(abs) vs. time plots (Fig. 1). Rate constants obtained from mul- 
tiple determinations were within ?5% of each other. 

Products analysis 
The stoichiometry of the chromic oxidation of L-rhamnose and 

D-mannose was determined by mixing chromic acid and aldose 
solutions to final concentrations of 0.112 M and 0.0158 M re- 
spectively, in 2 N HClO, at 80°C, during 2 days. After the reac- 
tion went to completion, yield of carbon dioxide per mole of aldose 
was determined as follows. 

A slow stream of pure nitrogen was flushed through the reac- 
tion mixture to sweep the carbon dioxide formed into a barium 
hydroxide solution. The barium carbonate was filtered and the fil- 
trate titrated against standard potassium hydrogen phthalate. The 
molar amount of barium hydroxide consumed and the barium car- 
bonate weighed were always the same. On successive experi- 
ments carbon dioxide was also trapped in a sodium hydroxide 
solution of known titre and back-titrated, obtaining the same yield 
of carbon dioxide as by the previous method. 

In this way, 4 moles of CO, were produced per mole of L-rham- 
nose and 6 moles of C 0 2  per mole of D-mannose. 

The amount of reacted Cr(V1) was determined spectrophoto- 
metrically. Six moles of Cr(V1) were consumed per mole of L- 
rhamnose, while 3 moles of D-mannose consumed 22 moles of 
Cr(V1). 

From these experimental data, the stoichiometry for total oxi- 
dative degradation of L-rhamnose and D-mannose by Cr(V1) is: 

Under conditions used in the kinetic measurements CO- , was 
never detected. In excess of substrate (ratios of aldose over Cr(V1) 
from 20 to 200), qualitative identification of reaction products was 
carried out by paper chromatography. L- 1,4-Rhamnonelactone and 
D- 1,4-mannonelactone were identified against authentic samples, 
using n-butanol - acetic acid - water (4: 1 :5) as eluent. Paper 
chromatograms were visualized by two kinds of development re- 
agents: a three-stage dip of silver nitrate, sodium hydroxide, and 

sodium thiosulfate (17) and p-anisidine reagent, specific for al- 
doses detection ( l 8). 

The EPR tneasurernents 
The epr spectra were recorded with a Bruker spectrometer model 

ER-200. g values were measured by refence to diphenylpicrylhy- 
dracyl (DPPH, g = 2.0036). Spectra were acquired at a frequency 
of ca. 9.8 GHz with a center field of 3550 G, a sweep width of 20- 
1000 G,  and a variable modulation amplitude. The cavity and 
sample tube were kept at 25OC. 0.25-1 N HCIO, solutions satu- 
rated with Cr20,'- were used for Cr(V) detection. Under these ex- 
perimental conditions the reaction went to completion in ca. 30 h, 
but Cr(V) could be followed during no longer than 30 min. 

Results and discussion 
Kinetic results 

The observed rate constants were deduced from absor- 
bance data obtained at 350 nm. The pseudo-first-order rate 
constants were calculated at various [Cr(VI)], but at con- 
stant [aldose],, ionic strength (I = 2 N), and temperature. The 
rate was found to increase with increase in [Cr(VI)lo. The 
values of kobs [C~(VI)]~/[C~,O,'-] at various [Cr(VI)IO were 
calculated at 35°C. The results (Table 1) indicate that the 
dimeric species, viz. crzO,'- is the effective oxidant. The 
equilibrium HCr04-/~r20, '-  (K = 76 (19)) was used to 
calculate [c~,o,'-1, neglecting the subsidiary equilibrium 
HC~O,-/C~O,'- because of the high [HClO,] employed. 
Table 2 summarizes values of kobs for various concentra- 
tions of aldoses at fixed concentrations of perchloric acid. 
Plots of 1 /kobs vs. l/[aldose], for both L-rhamnose and D- 
mannose, are given in Figs. 2 and 3. Effect of the aldose 
concentration on kobs can be written as: 

kK [aldose] 
[31 kobs = 

1 + K [aldose] 

Values of k and K for different perchloric acid concentra- 
tions are given in Table 3. It is observed that while K is 
clearly acidity independent over the whole range of hydro- 
gen ion concentrations, k varies with acidity between 0.5 M 
and 2.0 M. Due to the high acidities employed in this study, 
the concentration of hydrogen ions was replaced by the 
acidity function ho (20). Plots of k vs. h: give straight lines 
with a positive intercept (Fig. 4) for both L-rharnnose and D- 
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TABLE 2. Pseudo-first-order rate constants for the oxidation of L- 
rhamnose and D-mannose by Cr(V1). T = 33°C; [Cr(VI)],,, = 8 X 

M; I = 2 M; A = 350 nm 

k o b t  x lo4 (s-I) for [HC104]/M of 

FIG. 3. Effect of [mannose] on k,,,. T = 33°C; I = 2.0 M; 
[HClO4] = (+) 0.75 M, (*) 1.0 M, ( 0 )  1.25 M, (X) 1.5 M, ( 0 )  
1.75 M. 

k o b t  x lo4 (s-I) for [HC104]/M of 

TABLE 3. Rate constants for the oxidation of 
L-rhamnose and D-mannose by Cr(V1). T = 

33°C; [Cr(VI)] = 8 x M; I = 2.00 M 

"Rate constants obtained from multiple determinations 

FIG. 2. Effect of [rhamnose] on k,,,. T = 33°C; I = 2.0 M; 
[HClO,] = (*) 0.5 M, (W) 0.75 M, ( 0 )  1.0 M, (+) 1.25 M, (9) 
1.5 M. 

mannose, showing that the acidity dependence of k can be 
written as: 

where ko = 2.51 x M-'s- ' ,  k, = 2.74 X lop3 MP3 S-' 

for L-rhamnose and k, = 1.38 x lop3 M-' s-', k, = 6.71 x 
lop4 M - ~  S - I  for D-mannose. 

The complete rate law for the reaction thus is given by: 

FIG. 4. Effect of acidity (ho) on k .  T = 33°C; I = 2.0 M; (+) D- 

mannose; (W) L-rhamnose. 

- - (k, + k, h;) K [aldose:I[Cr(VI)], 

1 + K [aldose] Detection of Cr(V) 
No Cr(V) epr signals were detected in the dilute solutions 

used for kinetic measurements. The fact that no signals were where [Cr(VI)], represents the total Cr(V1) concentration. 
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FIG. 5 .  The epr signal of a mixture of L-rharnnose and Cr(V1) 
(10: 1 mole ratio) in HClO, (a) 0.25 N,  5 min after solution prep- 
aration; (b) 1 N, 3 min after mixing; and (c) 0.01 N,  3 h after so- 
lution preparation. T = 25°C. 

observed does not necessarily mean that they are not pres- 
ent. All it means is that the sensivity of the instrumentation 
used was not sufficient to detect them, if they were present. 
Given the high concentrations of chromium that were re- 
quired to detect the signals in other experiments, we believe 
that it is highly likely that Cr(V) signals are present in all of 
the experiments, but that they were not detected due to sen- 
sitivity problems of the measurements. When aldose and 
Cr(V1) saturated solutions were used, two different patterns 
of signals were observed for L-rhamnose-Cr(V) and D- 
mannose-Cr(V) complexes. Figure 5 shows the epr spec- 
trum of an aqueous solution of Cr(V1) and rhamnose in 10: 1 
mole ratio in 0.25 N HCIO,. This spectrum was measured 
5 min after solution preparation. The spectrum is domi- 
nated by a band at g,,, = 1.977, with its four weak 5 3 ~ r  
(9.55% abundance, I = 3/2) hyperfine bands at 17.8 G 
spacing, and a superhyperfine (shf) splitting value of 0.90 
G. The shf pattern clearly indicates that the Cr(V) ion co- 
ordinates to one sugar molecule via two hydroxyl oxygens 
and that the shf structure derives from the coupling with the 
two protons bound to the carbons. At this [HClO,] a minor 
band (g,,, = 1.970) is observed. 

As the rharnnose:Cr(VI) ratio was decreased (10: 1 to 1 : l), 
the signal at g = 1.977 was always the major one. Both sig- 
nals decayed with time, but the major band decayed faster 
than the band at g = 1.970. 

Variation of the solution pH within the range 3-7 af- 
forded the signal at g = 1.977, which remains during ca. 1 
week. However, extra bands were not detected, even when 
different rhamnose:Cr(VI) mole ratios were used (Fig. 5). 

In the range of 0.25-1 N [HClO,] the signal at g = 1.970 
grew and became the dominant feature (Fig. 5) .  

These results show that interaction of L-rhamnose and 
Cr(V1) in perchloric acid solution produces at least two rel- 
atively long-lived Cr(V) species, characterized by their epr 

FIG. 6. Peak-to-peak heights of epr signal due to Cr(V) at g = 
1.977 vs. time. [HClO,] = 0.25 N,  [Cr(VI)] = 0.34 M, [rharn- 
nose] = 0.77 M; T = 25°C. 

bands at g = 1.977 and g = 1.970, with the latter being 
strongly dependent upon [HCIO,] . 

g,,, = 1.977 and A,,, = 17.8 are typical of five-coordi- 
nate oxochromate(V) complexes (21, 22) and the structure 
of this complex is most likely a square-pyramidal [cI===O]~+ 
species with the molecule of aldohexose bound in bidentate 
fashion through two syn-hydroxyl groups. Analysis of the 
signal at g = 1.970 is very difficult because of the low in- 
tensity of this signal and its badly resolved superhyperfine 
structure. 

Figure 6 shows a typical growth and decay curve for peak- 
to-peak heights of the Cr(V) epr signal at g = 1.977 vs. time, 
obtained on a reacting solution. This signal grows and de- 
cays in a very short time (t,,, = 8 min). This means that at 
high hydrogen ion concentrations the L-rhamnose/Cr(V) 
complex behaves like stationary stage that decomposes as it 
is formed. 

An epr signal (g = 1.978) assigned to the Cr(V)-D-man- 
nose complex has already been reported for the Cr(VI)/D- 
mannose reaction mixture at pH = 7.4 (23). We observed 
this signal in 0.25 N HClO, solution saturated with reac- 
tants, and, unlike L-rhamnose, no other signal was de- 
tected. This complex had been ascribed to Cr(V) coordinated 
to one sugar molecule via the two hydroxyl oxygens at C2 
and C3. We propose a different structure for this species 
observed in the reaction of Cr(V1) with D-mannose. D-Man- 
nose differs from L-rhamnose in the C6 hydroxyl group, so 
a different behavior in forming complexes with Cr(V) could 
be related to this structural difference. Examination of CPK 
models showed that, if the sugar is in the boat conforma- 
tion, spatial disposition of hydroxyl groups on C1, C2, and 
C6 is appropriate to form a square-pyramidal [Cr=0l3+ 
complex bound to the D-mannose, acting as tridentate li- 
gand, and a water molecule in the fourth site of coordina- 
tion. This structure seems to better reflect the formation of 
only one Cr(V) complex, such as proposed in Fig. 7, and it 
should be considered as a tentative hypothesis. 

Mechanism 
The observed deviation from first-order decay of ln(abs) 

at 350 nm at short times (Fig. 1) has already been observed 
in other systems where Cr(V) was detected (24). However, 
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nose or D-mannose in the kinetic studies supports this 
hypothesis. 

From all experimental data, the following mechanism is 
deduced: 

K 1 
[6] cr207'- + aldose = [Cr107 - aldosel- 

A 

k2 
FIG. 7.  Proposed structure for Cr(V)/mannose complex. [71 A + Cr(IV) + RC50,H7 + HCr04- 

[9] 2HCr0,- Cr207'- + H20  

where R = CH3 for L-rhamnose or R = CH,OH for D-man- 
nose. 

The first step represents the formation of the rather stable 
anionic complex between Cr(V1) and the aldohexose (25). 
Possibly several linkage isomers might be formed by coor- 
dination of the sugar with Cr(V1) via any properly disposed 
hydroxyl group. In eq. [6] A (with the anomeric hydroxyl 
bound to Cr(V1)) has been chosen, since it should be the 
precursor of the lactone. This complex may decompose, di- 
rectly to the products or may be doubly protonated to form 
a new complex in the slow step, which decomposes rapidly 
to the products. We propose that redox paths, involving either 
the anionic or the cationic complex, are two-electron steps, 
and Cr(IV) is formed with the lactone. 

According to the proposed mechanism, the full rate law 
320 I I nm I I 750 for the chromic acid oxidation of aldoses, under conditions 

studied in the kinetic measurements, can be written (eq. [lo]): 
FIG. 8. Time evolution of UV/VIS spectrum of a mixture of D- 

mannose (0.18 M) and Cr(V1) (0.018 M). [HClO,] = 0.55 M; dCr(V1) 

dt 
- (k2 + k3 [H+12) [A1 T = 30°C. Spectra 1-1 1 represent measurements taken over a pe- [lo] -- - 

riod of ca. 70 min. 
= (k2 + k3 [ H + ] ~ )  K,  [aldose] [ ~ r ~ 0 ~ ~ - ]  

neither L-rhamnose nor D-mannose forms Cr(V) complexes 
stable enough to be detected under conditions used in the 
kinetic measurements. All attempts to observe Cr(V) at 
750 nm were unsuccessful, even when saturated solutions 
were used. Besides, it was not possible to detect such a 
complex by epr measurements of dilute solutions of aldose/ 
Cr(V1) mixtures. It might be observed by employing more 
sophisticated equipment. Only when aldose/Cr(VI) satu- 
rated solutions were mixed, could Cr(V) complexes be ob- 
served by epr. On the other hand, these Cr(V) complexes 
grow and decay in a very short time compared to Cr(V1) de- 
cay under the same reaction conditions. These results mean 
that the decomposition rate of Cr(V) has to be much larger 
than that of Cr(VI), and that Cr(V) concentration is not high 
enough to interfere significantly with the absorbances ob- 
served at 350 nm over a very short time, whereas k,,, values 
obtained from the linear part of the ln(abs) vs. time plot 
should not be further modified by Cr(V) absorbance. 

Another suitable explanation for this initial deviation from 
linearity may be the formation of the chromic ester with al- 
dose in a pre-equilibrium process. The maximum absor- 
bance of these esters must not differ too much from that of 
chromic acid. The shoulder at 380 nm in the spectra ob- 
tained from wavelength scanning of aldose/Cr(VI) mix- 
tures at different times may be attributed to the chromic ester 
(Fig. 8). Effect of the substrate concentration on the absor- 
bance of Cr(V1) at 350 nm in the presence of either L-rham- 

Since 

[I I] [Cr(Vj)], = cr207'- + [A] 

= [ C ~ ~ O , ~ - ]  {l + K I  [aldose]) 

Replacing [c~,o,'-] in eq. [lo] 

dCr(V1) (k, + k3 [H+]') K, [aldose] 
- [12] 

dt 1 + K l  [aldose] 
[Cr(VI)I, 

There are at least three possible explanations for the ob- 
served rate law: 

1. HCI-0,- is the major Cr(V1) species in solution (which 
is inconsistent with other data). 

2. The reactive complex is a monoester of dichromate in- 
stead of chromate. 

3. The reactive intermediate is a diester of Cr(V1). 
The experimental data are better fixed for possibility num- 
ber two according to the proposed observed rate law. After 
the slow step, reactions [13], [14], and [15] may take place: 

[I31 Cr(1V) + aldose + Cr(II1) + aldose' 

[I41 Aldose' + Cr(V1) + Cr(V) + lactone 

[I51 Cr(V) + aldose = [aldose - Cr(V)] + Cr(II1) + lactone 

Because under the conditions used in the kinetic mea- 
surements (20 to 200-fold ratio of aldohexose to Cr(V1)) the 
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TABLE 4. Effect of acrylonitrile on the yield of carbon dioxide. thirds of the carbon dioxide, starting from the radical steps, 
T = 70°C; [L-rhamnose] = 4 x M; [Cr(VI)I = 6 x lo-' M; is not produced. 

[HCIO,] = 1 M; time = 24 h 
[28] 3 Rhamnose + 18Cr(VI) 

Moles of acrylonitrile - 0.2 0.5 0.9 1.7 2.0 2.3 
Moles of C07/mole -, 

L-rhamnose 4.0 3.4 2.7 2.3 1.7 1.4 1.4 Thus, in the presence of a sufficient excess of free-radi- 
cal scavenger to trap all RCOOH' radicals, the yield of car- 

only product detected is the lactone, eqs. [6]-[9] and [13]- 
[15] represent the total reaction: 

However, when a 10-fold ratio of substrate to Cr(V1) was 
employed, the a-keto acid was observed by paper chroma- 
tography as a minor product, as well as the lactone (main 
product). Oxidation of the secondary hydroxyl group to ke- 
tone requires a two-electron step. Equations [17]-[20] are 
proposed to explain this reaction product: 

[17] Lactone + Cr(V1) + Cr(IV) + RCOCOOH 

[18] Cr(IV) + lactone + Cr(II1) + R'COOH' 

[I9 j R'COOH' + Cr(V1) + Cr(V) + RCOCOOH 

[20] Cr(V) + lactone + Cr(II1) + RCOCOOH 

where lactone refers either to L-1 ,4-rhamnonelactone or D- 
1,4-mannonelactone; R = C4O3H9 or C404H9 and R' = 

C504H, I Or C5°5H I I .  

Test for free radicals 
If the oxidation is carried out in the presence of acrylo- 

nitrile (free-radical scavenger) the formation of polymers 
indicates the presence of free-radical intermediates. W e  in- 
vestigated the effect of the concentration of acrylonitrile on 
the yield of carbon dioxide in order to check if carbon diox- 
ide formation involves the proposed free-radical steps. The 
blank experiments in absence of aldose or potassium di- 
chromate did not show the formation of any precipitate. The 
yield of carbon dioxide is reduced in the presence of acryl- 
onitrile and a limiting value is reached when the yield of C 0 2  
is reduced to one third of the stoichiometric amount (Table 
4). These results fit well with a mechanism given by eqs. [6]- 
[9] and [13]-[24] for degradation of aldose to the lower 
carboxylic acid and eqs. [25]-[27] for total degradation of 
L-rhamnose in excess of Cr(V1). 

[21] RCOCOOH + Cr(V1) + Cr(IV) + C02 + RCOOH 

[22] Cr(IV) + RCOCOOH + Cr(II1) + RCOCOOH' 

bon dioxide should be reduced from 12 molecules to four 
molecules per three molecules of L-rhamnose. 

These results may be extended to the total degradation of 
D-mannose. 

Conclusions 
From the previous results, it is evident that both D-man- 

nose and L-rhamnose react in a similar fashion with Cr(V1) 
in perchloric acid. However, an important difference must 
be pointed out. The equilibrium constant K is twice as high 
for the D-mannose/Cr(VI) complex as for L-rhamnose, while 
the oxidation rate is faster for the L-rhamnose/Cr(VI) com- 
plex. This difference has to be related to a difference in 
structural features between these complexes. Additional work 
is in progress to determine the structure of such complexes 
exactly. 

Since either glyceraldehyde (11, 26) or lower sugars 
without possibility of cyclic forms (15), under the same ex- 
perimental conditions, do  not show kinetic evidence of 
chromic-ester formation, we propose cyclic hemiacetal forms 
as the reactive forms for aldohexoses, where hydroxyl groups 
are better disposed to bind Cr(V1) (27). This is in agree- 
ment with the great stability observed for Cr(V)/aldohex- 
ose complexes at higher pH (23): oxidation rates of both 
aldose/Cr(VI) and aldose/ Cr(V) complexes (as can be de- 
duced from epr measurements) are strongly pH dependent; 
so, at higher pH, oxidation is negligible and aldohexoses 
coordinate to Cr(V1) or Cr(V) without reducing them. 

Finally, we are in a position to state that, when an excess 
of Cr(V1) over the sugar is used, further oxidation of the 
lactone formed in the first reaction stages occurs by abstrac- 
tion of the a -H to yield the a-keto acid, preceding the de- 
carboxylation process. 
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GRACIELA M. ESCANDAR and LUIS F. SALA. Can. J. Chem. 70, 2053 (1992). 
A quantitative study of the equilibria involved in the interaction of Cu(I1) ion with D-glucoheptonic, D-gluconic, D- 

galactonic, D-ribonic, D-glucuronic, and D-galacturonic acids in aqueous medium has been carried out by means of 
potentiometric measurements of hydrogen ion concentrations at a constant temperature of 20°C and an ionic strength of 
0.10 (NaNO,). The equilibrium data were processed with the FORTRAN computer program BEST. It was found that 
Cu(I1) interacts with D-aldonic acids to form 1: 1, 2:2,  and 1:2 (M/L) complexes. The copper(I1) complexes with 
D-galacturonic and D-glucuronic acids are considerably weaker than those of Dlaldonic acid. Possible structures of the 
complex species formed are discussed. 

GRACIELA M. ESCANDAR et LUIS F. SALA. Can. J. Chem. 70, 2053 (1992). 
Faisant appel B des mesures potentiomCtriques de concentrations en ion hydrogene, i une temperature constante de 

20°C et B une force ionique de 0,10 (NaNO,), on a effectuC une Ctude quantitative des Cquilibres impliquCs dans l'in- 
teraction du Cu(I1) avec les acides D-glucoheptonique, D-gluconique, D-galactonique, D-ribonique, D-glucoronique et D- 
galacturonique en milieu aqueux. On a examine les donnCes a I'aide du programme d'ordinateur BEST Ccrit en FORTRAN. 
On a trouve que le Cu(I1) interagit avec les acides D-aldoniques pour former des complexes 1 : 1, 2 : 2 et 1 : 2 (M/L). 
Les complexes du Cu(I1) avec les acides D-galacturonique et D-glucuronique sont beaucoup plus faibles que ceux avec 
les acides D-aldoniques. On discute des structures possibles pour les espkces complexes qui se foment .  

[Traduit par la redaction] 

Introduction Experimental section 
Reagents 

The aldonic and uronic acids (Scheme 1) play an impor- ~ 1 1  the sugars were obtained commercially from Sigma Chem- 
tant role in and are cornPo- ical Co. The lactones of the D-aldonic acids investigated were 
nents of many polysaccharides of biological importance. opened to the sodium salt in order to work with the carboxylate 
These sugars, characterized by a terminal carboxylate group, form. In the case of D-gluconic acid both the sodium salt and the 
are able to bind both essential and toxic metal ions. formine 1.5 lactone were employed, obtaining the same results. The D-al- " soluble complexes Uronic acids, 'present in cells, duronic acids were purchased as D-galacturonic acid monohydrate 

and D-glucuronic acid free form. The purity of ligands was checked activate the solubilization of metal ions through complex by pH titration. Stock solutions of Cu(N03),, Na(OH), and HNO, 
formation, mobilizing them f r ~ m  poorly salts (*). were prepared and standardized according to the method reported 
Besides, D-gluconic acid is used as sequestering agent for earlie; (5). 

- 
metal ions in medical, industrial, and agricultural areas (3). 
Recently, following a study of the chemical speciation of 
metal ions in aquatic environments, Haas made an investi- 
gation of sugar-metal complexes in seawater and their sig- 
nificance in marine processes (4). . . 

The purpose of the present discussion, as part of a gen- 
eral program of analysis of metal-sugar acid chelates, is to 
define the quantitative interaction between these ligands and 
Cu(I1) ion. A complete study of the cupric complexes formed 
by D-aldonic acid has not yet been made, and the results re- 
ported for D-alduronic acid by different authors are conflict- 
ing (5-8). 

The computer program selected to process the data, al- 
lowed us to provide an accurate description of the aqueous 
coordination chemistry of Cu(I1) for this series of saccha- 
rides. At the same time the stability constant values of the 
different species present in the systems under study were 
computed. 

' ~ u t h o r  to whom correspondence may be addressed. 

Potentiornetry 
The procedures and apparatus used for potentiometric measure- 

ments were described previously in detail (10). Briefly, measure- 
ments were made at 20.0 ? O.l°C and 0.10 M (NaN03) ionic 
strength. The pH meter was standardized by titrations of HN03 and 
acetic acid to read -log[Hf] rather than hydrogen ion activity. 
Concentrations of reactants in the experimental solutions were of 
the order of 2 X M for each component. D-Aldonic acids were 
investigated at 1 : 1 and 1 : 2 (M/L) ratios. Because of the low sta- 
bility of the cupric complexes with D-alduronic acids, potentio- 
metric titrations were performed at a high ligand-to-metal ratio. 

The lactones were dissolved in standard base and the lower end 
of the equilibrium curves developed from a back titration, by 
stepwise addition of standard acid. 

Computations 
Since the chelates studied are not completely formed at low pH, 

their stability constants were obtained directly by potentiometric 
measurements with the program BEST (1 1). 

Results and djscussion 
The protonation constants of the ligands studied in this 

work are listed in Table 1. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 70, 1992 

D-ALDONIC ACIDS 

D-glucoheptonic acid 

D-galactonic acid 

D-ALDURONIC ACIDS 

COOH 

HO H HO H 
p p 

+cooH HOCH, 
HO H 

D-ribonic acid 

D-gluconic acid 

COOH 

D-galacturonic acid D-glucuronic acid 

TABLE 1. Protonation constants ( p  = 0.10 (NaNO,), 20°C) 

Ligand log K Lit. values 

D-Glucoheptonic acid 3.38 2 0.008 
D-Gluconic acid 3.40 2 0.01 3.56," 3.439b 
D-Galactonic acid 3.49 -C 0.01 
D-Ribonic acid 4.02 * 0.03 
D-GIucuronic acid 2.98 2 0.01 2.95,' 3.07" 
D-Galacturonic acid 3.19 0.01 3.17,' 3.29" 

"Reference 12. 
bReference 13. 
'Reference 5 .  
qeference 7. 

Cu(I1) - D-aldonic acid I : I systems 
The Cu(I1) - D-gluconic acid system was studied in 

strongly basic medium by Pecsok and Juvet, and two differ- 
ent species Cu2H-,L2- and CU,H-,L;- in less basic solu- 
tion were proposed by these authors (14). Other D-aldonic 
acids have not been previously investigated with Cu(I1). 

The potentiometric behavior of D-gluconic, D-galactonic, 
and D-ribonic acids with Cu(I1) was found to be similar. To 
explain the potentiometric results of these systems, it was 
necessary to introduce the macroscopic equilibria [I]-[4]: 

FIG. 1. Distribution of species as a function of p[Hf] in a 1: 1 
Cu(I1)-D-gluconic acid system. Concentration of ligand and metal 
ion = 2.00 x lo-, M; p = 0.10 (NaNO,); t = 20.0°C 

where the negative stoichiometric coefficient for H repre- 
sents the protons displaced in the complex formation. 

A comparison of the relative positions of the titration 
curves at different concentration levels of Cu(I1) and ligand 
was employed as a qualitative indication of dimer forma- 
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ESCANDAR AND SALA 

TABLE 2. Stability constants and deprotonation constants of chelates between D-aldonic acids and Cu(I1) at 20°C 
and y = 0.10 M (NaN0,) 

log K 

u-Glucoheptonic D-Gluconic D-Galactonic D-Ribonic 
acid acid acid acid Quotient 

cr fit 

[CUL'] /[Cu'+:I [ L ] '  
[CuH- ,L,-] [H+]/[CuL,] 
[CUH-,L2-] [H']'/[cuLJ 

a fit 

"Calculated from the 1 : 2 (M/L) system 
( )See text. 

Cu(II) - D-aldonic acid (1 :2 )  systems 
Analysis of the equilibrium data for Cu(I1) - D-aldonic 

acids (1 : 2) showed the formation of complexes with this ra- 
tio. Figure 2 shows the distribution diagram for the Cu(I1) - 
D-ribonic acid (1 : 2) system. 

It is interesting to point out the presence of the CUH-,L*- 
1 : 1 complex in very basic solutions in all the 1 :2  systems. 
The dimer Cu2H-,L2- complex is only detected in the D- 
gluconic acid system, over a wide range of pH. The corre- 
sponding equilibrium constants are shown in Table 2. 

Cu(II) - D-alduronic acid systems 
In recent years, the Cu(I1) - D-uronic acid systems have 

been studied by different authors (5-8). Although the CuL' 
complex formation is generally accepted, the other species 
in equilibrium and the coordination centers with the metal 
ion are controversial (see Table 3). 

The potentiometric curves of the Cu(I1) - D-galacturonic 
acid (Fig. 3) and Cu(I1) - D-glucuronic acid in a ratio 1 :5  
(M/L) show a first jump at a = 5 and another one at a = 6.8. 
Since precipitate formation occurs about a = 5.5 and equi- 

FIG. 2. Distribution of species as a function of p[H'] in a 1 : 2 
Cu(I1)-D-ribonic acid system. Concentration of Cu(I1) = 2.00 X 

lo-, M; p = 0. I0 (NaNO,); t = 20.0°C. 

tion (15). Polymeric copper(I1) chelates have been reported 
previously (16). It was found that CuH-,L does not possess 
enough stability to be important relative to the strong ten- 
dency to form CuH-,L-. The dimer CU,H-,L,-* was not 
found in the systems investigated. 

The species distribution - pH diagram in Fig. 1 points out 
the interplay of the above equilibria for the Cu(I1) - D-glu- 
conic acid (1 : 1) system. The stability constants are listed in 
Table 2. Since the presence of the more deprotonated 
CUH-,L,- complex is found at high pH, where potentio- 
metric measurements become less accurate, the last depro- 
tonation constant values are reported within parentheses. 

The titration curve for the Cu(I1) - D-glucoheptonic acid 
( 1  : 1) system showed precipitate formation above a = 0.5 
(a  : mol of NaOH added per mol of ligand or metal ion). 
Beyond a = 2 the insoluble species (probably the neutral 
CuH-,L-complex) dissolved to give a completely clear, 
green solution. The measurement of useful potentiometric 
data for a stability constant computation was not possible. 

librium analysis in the presence of solid phase is difficult, 
constant computations were found necessary in each solu- 
ble region. The solid phase present in both systems is attrib- 
uted to Cu(OH)? and prevents the evaluation of complex 
formation in alkaline medium. 

The species formed in the D-galacturonic system at low pH 
are CuL+ and CuH-,L and their stability constants are listed 
in Table 3. In our working conditions, the CuL+ D-glucu- 
ronic acid complex was not found. The CuH_,L complex was 
detected at very low concentration just before precipitation 
occurred, therefore its stability constant value could not be 
determined. Cu(I1) - D-alduronic acid 1 : 2 complexes were 
not found in the pH range investigated. 

Conclusions 

In the Cu(I1) - D-aldonic acids (1 : 1) systems, the CuL+ 
formation may be explained by the interaction of the Cu(I1) 
with the carboxylate and a-hydroxyl groups (Scheme 2). The 
fact that the formation constant of this complex is more than 
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TABLE 3.  Stability constants of Cu(I1) with D-galacturonic acid 

Complex stoichiometry log K 
(Cu,L,H,) 
P4r Ref. 5" Ref. 6" Ref. 7" Ref. 8" This workb 

"25°C and p = 1 M. 
"20°C and p = 0.10 M (NaNO,). 
Standard deviation is given in parentheses. 
K refers to the reaction p Cu + q L + r H = Cu,L,H, 

L .  

L O -  

8 - 

6 - 

4 - 

1 - 

0 ,  
0 1 4 6 8 H 20. 

a 
... pmclpltde cu2+ 

I' \ 

FIG. 3. Potentiometric equilibrium curve of C~(II)-D-galact- H20' I \ 
(H, OH) 

uronic acid (1 :5) system; p = 0.10 (NaN03); t = 20.0°C. 
H 

one log unit higher than the copper acetate complex (log 
KML = 1.83 at 25°C and IJ, = 0.1 M) (12) supports the con- 
clusion that the a-hydroxyl group of the ligands interacts with 
the metal center. In addition, the magnitude of the 
D-hydroxypropanoic acid constant formation (log KML = 3.02 
at 25°C and IJ, = 0) (12) compares more favorably to the 
D-aldonic acids. The subsequent deprotonation reactions in 
the 1 : 1 systems should be associated with the hydroxyl 
groups of the sugar chain with chelate ring formation. A large 
chelate effect should explain the high stability of the 
CUH-,L~- complex, which is even detected in the 1 : 2 M/L 
systems. Examination of CPK models suggests different 
possibilities of binding with the metal center to form square- 
planar complexes. To get more rigorous structural infor- 

(a) 

(H, OH) (H, OH) 

OH \ O  
R 

mation, spectroscopic studies should be made. The structure 
of the Cu2H-,L- dimer may be as proposed in Scheme 3. 
The coordinate bonding structures for the complexes in- 
volving two moles of ligand to copper ion could be repre- 
sented by Scheme 4. The cupric-D-aldonic acid chelates are 
stable enough to avoid the precipitation of the hydroxide. By 
contrast, the D-alduronic complexes are considerably weaker 
than the former, and Cu(OH), is separated in basic solution. 

It is interesting to note that while some authors postulate 
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L -I CuL 2 

Cu(I1) - D-galacturonic acid 1 : 2 complex formation, in the 
present work it was found necessary to introduce only two 
1 : 1 Cu(I1)-to-ligand species to bring the calculated and ex- 
perimental p[H] values into line, at low pH. 

The generally accepted bindings in the CuL' galact- 
uronic acid complex involve the carboxylate group and the 

endocyclic sugar oxygen. The position of the proton liber- 
ated in the CuH-,L complex cannot be decided by potenti- 
ometric data. Studies of complex formation of various metal 
ions with alduronic acids have demonstrated that D-galact- 
uronic acid complexes are more stable than D-glucuronic acid 
complexes (5 ) .  This fact suggests that the oxygen atom on 
C-4 is probably involved in the metal-ligand binding. 
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EDWARD PIERS, TIMOTHY WONG, and KEITH A. ELLIS. Can. J .  Chem. 70, 2058 (1992). 
Reaction of functionalized alkyl 2-alkynoates (e.g., 13-19) with lithium (trimethylstannyl)(cyano)cuprate (3) under 

two sets of carefully defined experimental conditions provides, efficiently and stereoselectively, either alkyl (Z)- or (E)- 
3-trimethylstannyl-2-alkenoates (e.g., 23, 26-31 and 24, 32-37, respectively). 

EDWARD PIERS, TIMOTHY WONG et KEITH A. ELLIS. Can. J .  Chem. 70, 2058 (1992). 
La reaction de 2-alcynoates d'alkyles fonctionnalisks (comme 13-19) avec le (trimkthylstannyl)(cyano)cuprate de lithium 

(3), dans deux ensembles de conditions expkrimentales bien definies, fournit soit les (Z)- ou (E)-3-trimtthylstannyl-2- 
alcknoates d'alkyles (comme 23, 26-31 et 24, 32-37, respectivement) d'une f a ~ o n  ii la fois efficace et stCr6osklective. 

[Traduit par la rkdaction] 

Introduction 
W e  previously reported ( I ) ,  inter alia, that reaction (tet- 

rahydrofuran (THF), -78°C) of a,&acetylenic esters 5 with 
lithium (phenylthio)(trimethylstannyl)cuprate (1) (2) in the 
presence of a proton source provides, highly stereoselec- 
tively, the corresponding alkyl (E)-3-trimethylstannyl-2-al- 
kenoates 6 (eq. [I]). Furthermore, it was shown (1) that the 
stereoselective conversion of 5 into 6 could also be accom- 
plished by use of the (trimethylstannyl)copper(I) reagents 2 
(2) and 4 (2) (eq. [2]). Importantly, from a synthetic view- 
point, related investigations disclosed (1) that reaction of 5 
with 1 under reaction conditions somewhat different than 
those given in eq. 111 provides, also highly stereoselec- 
tively, alkyl (Z)-3-trimethylstannyl-2-alkenoates 7 (eq. 131). 
Thus, use of reagent 1 ,  along with selection of appropriate 
reaction conditions, allows one to control experimentally the 
stereochemical outcome of the overall addition of the ele- 
ments of Me3Sn-H across the triple bond of 5.  Interest- 
ingly, reagents 2 and 4 proved to be ineffective for the 
stereocontrolled transformation of 5 into 7. 

Recently, we required a number of new P-trimethylstan- 
nyl a,P-unsaturated esters of general formula 7. Although 
reagent 1 had sewed quite well for the conversion of 5 into 
7, this method (eq. [3]) does have drawbacks. Phenylthio- 
copper(1) (PhSCu), which is used to prepare reagent 1 (2), 
is somewhat tedious to make (3). Furthermore, the latter 
preparation requires the use of thiophenol, a substance with 
a notably offensive odour. More importantly, PhSCu, like 
many'copper(1) salts, is not particularly stable. Thus, the 
occasionally capricious nature of reactions employing the 
(pheny1thio)cuprate 1 can nearly invariably be traced to 
the fact that PhSCu, after it has been stored for a period of 
time, no longer serves as a useful material for the prepara- 
tion of synthetically effective cuprates. 

Copper(1) cyanide is readily available, is a reasonably 
stable substance (CuCN is more stable than copper(I1) cya- 
nide (4)), and has been used extensively in organocuprate 
chemistry (5). Therefore, we have carried out a brief study 
to determine whether or not the lower order cuprate 
[Me,SnCuCN]Li (3), which is readily prepared by reaction 

' ~ u t h o r  to whom correspondence may be addressed. 

of Me3SnLi with CuCN in THF (2), would serve as an ef- 
fective reagent, alternative to 1 ,  for the stereoselective con- 
version of 5 into 7. The results derived from this study are 
presented below. 

1 R =  SPh 4 
2 R = C E  C-C(OMe)Me2 
3 R = C N  

R 
1, THF 

[ l ]  R-CEC-C02R' 
R'OH, -78°C * 

I. 2 or 4, THF, -48°C 

[21 R-cEc-c02R'2. NH,CI NH,OH, H20 Me3Sn gH 

1.1, THF, -48°C 
[3] R-CEC-C02RJ 

2. R'OH M 
Me3Sn C02R' 

Results and discussion 
( a )  Preparation of the a,P-acetylenic esters 13-19 

The structural formulas of the a,P-acetylenic esters 13-19 
employed in this investigation are shown in Chart 1. Ethyl 
2-pentynoate (13) is commercially available. Each of the 
remaining substances, except 16 ,  was prepared by treat- 
ment of the corresponding 1-alkyne (see 8-12, Chart 1) with 
methyllithium in THF,  followed by reaction of the resultant 
lithium acetylide with either ethyl or  methyl chloroformate. 
Of the required 1-alkynes 8-12, substances 11 and 1 2  are 
commercially available. Compounds.8 and 9 are readily de- 
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PIERS ET AL 

8 R = (i-Pr),SiOCH2 13 R = Et, R' = Et 
9 R = MeOCH2CH20CH,0CH2 14 R = (i-Pr),SiOCH2, R' = Et 

10 R = t-BuMe2SiO(CH2), 15 R = MeOCH2CH,0CH,0CH2, R' = Et 
11 R = CI(CH2)3 16 R = c-HexCH,, R' = Et 
12 R = H-C-C(CH2)3 17 R = t-BuMe,SiO(CH2),, R' = Me 

18 R = CI(CH2),, R' = Me 
19 R = H-C=C(CH,),, R'  = Me 

rived from 2-propyn-1-01, while 10 is similarly prepared from material by a combination of flash chromatography (9) on 
4-pentyn- 1-01. Details of these preparations are provided in silica gel (which removed 24) and distillation (25 remained 
the experimental section. In general, the reactions em- in the still-pot) provided the desired Z enoate 23 in 72% yield. 
ployed were straightforward and the yields were good to 
excellent. Et 

Ethyl 4-cyclohexyl-2-butynoate (16) was synthesized as ">=(" shown in eq. [4]. Oxidation of the commercially available M ~ ~ s ~  C O ~ E ~  M ~ ~ s ~  x2"' 
alcohol 20 with pyridinium chlorochromate (6), followed by 
reaction of the resultant aldehyde 21 with dibromomethy- 23 24 25 

lenetriphenylphosphorane in dichloromethane (7), gave the 
1,l-dibromo-1-alkene 22. Conversion of 22 into 16 was 
readily accomplished by means of a published method (7). 

NaO Ac 

20 21 

d- 
CmC-C02Et 

1. n-BuLi, THF 
2. CIC02Et 

(b) Conversion of the a,@-acetylenic esters 13-19 into the 
alkyl (Z)-3-trimethylstannyl-2-alkenoates 23 and 26- 
31 

The reaction of [Me,SnCuCN]Li (3) with ethyl 2-pentyn- 
oate (13) in THF was investigated under a variety of ex- 
perimental conditions. It was found that when the reaction 
was carried out at -48°C for fairly short periods of time 
(5 1 h) and then was warmed to 0°C and subjected to work- 
up, the major (desired) product 23 was accompanied by minor 
(<lo%) and significant (-20%) amounts of the geometric 
isomer 24 and ethyl (E)-2,3-bis(trimethylstanny1)-2-penten- 
oate (25),2 respectively. However, further experimentation 
eventually revealed reaction conditions that effected a rela- 
tively clean conversion of 13 into 23. Thus, reaction of 13 
with approximately 1.1 equivalents of the cuprate 3 at -48°C 
for 2 h and then at 0°C for 2 h, followed by work-up, gave 
a product that consisted nearly entirely of 23, accompanied 
by very minor amounts of 24 and 25. Purification of this 

'For a previous report regarding the preparation of alkyl (E)-2,3- 
bis(trimethylstanny1)-2-alkenoates by reaction of a,P-acetylenic 
esters with Me,SnCu . Me2S (4), see ref. 8. 

Subjection of the a,P-acetylenic esters 14-19 to reaction 
conditions very similar to those outlined above afforded the 
corresponding akyl (Z)-3-trimethylstannyl-2-akenoates 26- 
31 in very good yields. The results of these experiments are 
summarized in Table 1. In each case, the crude product 
contained minor amounts (<5%), of the corresponding (E)- 
3-trimethylstannyl-2-akenoate and (E)-2,3-bis(trimethy1stan- 
ny1)-2-alkenoate. The pure desired substances 26-31 could 
readily be obtained by subjection of the crude products to 
sequential flash chromatography and distillation. 

As shown in Table 1, this procedure for the preparation 
of alkyl (2)-3-trimethylstannyl-2-alkenoates can be accom- 
plished successfully on substrates containing a variety of 
functional groups. Thus, silyl ethers (entries 2 and 5), ace- 
tals (entry 3), primary alkyl chlorides (entry 6), and termi- 
nal alkyne functions (entry 7) are stable to the reaction 
conditions. 

( c )  Conversion of the a,P-acetylenic esters 13-19 into the 
alkyl (E)-3-trimethylstannyl-2-alkenoates 24 and 
32-37 

For other ongoing research projects in our laboratory, we 
also required the a,P-unsaturated esters that are geometri- 
cally isomeric with the Z enoates listed in Table 1. There- 
fore, we carried out a short investigation to determine whether 
the cyanocuprate 3 could also be employed to effect the ef- 
ficient, stereoselective conversion of a,P-acetylenic esters 
into alkyl (E)-3-trimethylstannyl-2-alkenoates. 

Reaction (THF, -7S°C, 4 h) of ethyl 2-pentynoate (13) 
with 1.3 equivalents of reagent 3 in the presence of 1.3 
equivalents of ethanol provided a crude product that con- 
sisted of a mixture of the E and Z 2-pentenoates 24 and 23 
in a ratio of -97 : 3, respectively. Purification of this mate- 
rial by flash chromatography (9) and distillation provided pure 
24 in 74% yield. 

Reaction of the acetylenic esters 14-19 with the cuprate 
3 under conditions similar to those described above pro- 
duced the corresponding alkyl (E)-3-trimethylstannyl-2-al- 
kenoates 32-37 in very good yields (see Table 2). The major, 
desired products were accompanied by small amounts (1-4%) 
of the Z isomers, but, in each case, the pure E isomer could 
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TABLE 1. Preparation of alkyl (Z)-3-trimethylstannyl-2-alkenoates 

R H 
1. [Me3SnCuCN]Li (3), THF 

R-C=C-C02R' -4g°C, 2h; O°C, 2h 
t 

2. NH4Cl, NH40H, H20 

Acetylenic Equiv. of Producta 
Entry ester R R' cuprate (yield, %)b 

1 13 Et Et 1.09 23 (72) 
2 14 (i-Pr),SiOCHz Et 1.06 26 (76) 
3 15 MEMOCH,' Et 1.06 27 (72) 
4 16 c-HexCH: Et 1.04 28 (81) 
5 17 t-BuMe2SiO(CH2), Me 1.05 29 (78) 
6 18 C1(CH2)3 Me 1.05 30 (79) 
7 19 HC-C-(CH2), Me 1.01 31 (78) 

"The isolated crude products contained small amounts (- 1-4% and - 1-270, respectively) of the corre- 
sponding alkyl (E)-3-trimethylstannyl-2-alkenoates and alkyl (a-2,3-bis-trimethylstannyl-2-alkenoates. These 
minor products could, in each case, be removed by a combination of flash chromatography and distillation. 

bYields refer to purified, distilled products. 
'MEM = CH,0CH2CH20CH2. 
"c-Hex = cyclohexyl. 

TABLE 2. Preparation of alkyl (E)-3-trimethylstannyl-2-alkenoates 

R 
1. [Me3SnCuCN]Li (3), THF 

R-C3C-C02Rf 
R'OH, -7g°C, 4h 

2. NH4C1, NH40H, H20 

Acetylenic Equiv. of Equiv. of Producta 
ester R R' cuprate R'OH (yield, %)' 

"The isolated crude products contained small amounts (- 1-5%) of the corresponding alkyl (Z)-3-trime- 
thylstannyl-2-alkenoates. Flash chromatography of these crude materials provided pure desired products. 

bYields refer to purified, distilled products. 
'MEM = CH,0CH2CH,0CH2. 
dc-Hex = cyclohexyl. 
T h e  reaction time in this experiment was 7 h rather than 4 h. 

readily be obtained by subjection of the mixture to flash than other lower order (trimethylstanny1)cuprates such as 
chromatography (9) and distillation. [Me3SnCuSPh]Li (1). 

Conclusion Experimental 

This brief study has disclosed that the lower order cu- General inforrnation 
prate reagent [Me,SnCuCN]Li (3) can be used effectively for Distillation temperatures, which refer to short path (Kugelrohr) 
the synthetically useful, stereoselective conversion of &,P- distillations, and melting points are uncorrected. Proton nuclear 
acetyienic esters (e.g., 13-19) into either alkyl (Z)-3-tri- magnetic resonance ( 'H nmr) spectra were recorded on CDCI, so- 
methylstannyl-2-alkenoates (e .g., 23, 26-31, respectively, lutions. Signal positions (6 values) were measured relative to those 

of tetramethylsilane (6 = 0) or CHCl, (6 = 7.25). The tin-proton 
Or alkyl E-3-trimethy1stanny1-2-a1ken0ates (e.g.' 24y 

coupling constants (Js,-,) are given as an average of the Il7sn and 
32-37, respectively, Table 2). The advantages of the Pro- 

1 1 9 ~ ~  values. carbon nuclear magnetic resonance ( 1 3 ~  nm) spec- 
cedures described herein over those reported earlier (1) are ba were taken on cDCi3 solutions and the signal positions are given 
related to the nature of cuprate 3. This reagent is conve- relative to that of CDCl, (6 = 77.0). Infrared (ir) spectra were ob- 
niently prepared (2) from the stable copper(1) salt CuCN and, tained on liquid films (NaCl plates) employing a Perkin-Elmer 
in terms of reaction efficacy, is significantly less capricious model 1710 Fourier transform spectrophotometer with internal 
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PIERS ET AL. 206 1 

calibration. For compounds containing the Me,Sn moiety, high- 
resolution mass spectrometric measurements are based on "OSn and 
were made on the (M' - Me) peak. Flash chromatography (9) was 
carried out with 230-400 mesh silica gel (E. Merck). Gas-liquid 
chromatography (glc) was carried out on an instrument equipped 
with a flame-ionization detector and a 25 m X 0.32 mm fused sil- 
ica column coated with cross-linked 5% phenylmethyl silicone. 
Thin-layer chromatography (tlc) was carried out with commer- 
cial, aluminum-backed silica gel plates. 

Reagents and solvents were purified and dried using standard 
methods. Petroleum ether refers to a hydrocarbon mixture with bp 
35-60°C. Copper(1) cyanide was purchased from Aldrich Chemi- 
cal Co., Inc., and was used without further purification. 

Aqueous NH,Cl-NH,OH (pH 8) refers to a solution prepared by 
addition of -50 mL of aqueous NH,OH (58%) to -1 L of satu- 
rated aqueous NH,Cl. 

Note: All reactions were carried out under an atmosphere of argon 
in flame- or oven-dried glassware. 

3-(Triisopropj~lsi1oxy)propyne (8) 
To a stirred solution of 2-propyn-1-01 (1.02 g, 18.2 mmol) in 

dry CH2CI, (30 mL) was added sequentially imidazole (1.86 g, 
27.3 mmol) and triisopropylsilyl chloride (3.33 g, 17.3 mmol) 
and the resultant mixture was stirred at room temperature for 2 h. 
Aqueous NH,CI-NH,OH (pH 8) (25 mL) was added and the mix- 
ture was extracted thoroughly with CH2C12. The combined ex- 
tracts were washed with brine and then were dried (MgSO,) and 
concentrated. Flash chromatography (35 g silica gel, hexanes) 
of the remaining material and distillation (45-47"C/0.15 Torr 
(1 Torr = 133.3 Pa)) of the acquired oil gave 2.75 g (75%, based 
on (i-Pr),SiCI) of 8, a colorless oil that displayed ir (neat): 3313, 
2123, 1465, 1107 cm-I; 'H nmr (400 MHz) 6: 1.06 (d, 18H, J = 
6.0 Hz), 1.10 (m, 3H), 2.46 (t, lH,  J = 2.0 Hz), 4.37 (d, 2H, 
J =  2.0Hz); '3~nmr(100.6MHz)6:  11.9, 17.8, 51.7,72.5, 82.4. 
Anal. calcd. for CI2H2,0Si: C 67.86, H 11.39; found: C 67.86, H 
11.43. Exact Mass calcd.: 212.1598; found: 212.1604. 

3-[(2-Methoxyethoxy)methoql]propyne (9) 
To a cold (PC),  stirred solution of 2-propyn-1-01 (1.02 g, 

18.2 mmol) and (i-Pr),NEt (3.53 g, 27.3 mmol) in dry CH2CI, 
(30 mL) was added, over a period of 1 min, 2.16 g (17.3 mmol) 
of MeOCH,CH20CH2CI and the resulting mixture was stirred at 
0°C for 3.5 h. Hydrochloric acid (2 N,  15 mL) was added and the 
mixture was extracted with CH,Cl, (3 x 20 mL). The combined 
extracts were washed with brine, dried (MgSO,), and concen- 
trated. Flash chromatography (50 g silica gel, 4:  1 hexanes-Et20) 
of the remaining oil and distillation (65-68"C/10 Torr) of the liq- 
uid thus obtained gave 1.98 g (79%) of the alkyne 9, a colorless 
oil that showed ir (neat): 3262, 21 18, 1454, 11 10 cm-I; 'H nmr 
(400 MHz) 6: 2.40 (t, lH, J = 2.0 Hz), 3.38 (s, 3H), 3.54 (m, 2H), 
3.70 (m, 2H), 4.22 (d, 2H, J = 2.0 Hz), 4.78 (s, 2H); "C nmr 
(100.6 MHz) 6: 54.1, 58.9, 67.1, 71.6, 74.2, 79.3, 93.8. Anal. 
calcd. for C1Hl2O3: C 58.32, H 8.39; found: C 58.56, H 8.49. Exact 
Mass calcd. for C,H, '0, (M' - H): 143.0704; found: 143.0700. 

(5-tert-butyldimeth~~lsi1oxy)-1 -pentyne (10) 
A solution of 4-pentyn-1-01 (1.81 g, 21.5 mmol), tert-butyldi- 

methylsilyl chloride (4.25 g, 28.2 mmol), and imidazole (3.70 g, 
54.3 rnmol) in dry N,N-dimethylformamide (10 mL) was stirred 
at room temperature for 16 h. Saturated aqueous NaHCO, and E t a  
(10 mL) were added and the mixture was extracted with Et,O 
(3 x 20 mL). The combined extracts were washed with brine 
(2 X 60 mL), and then were dried (MgSO,) and concentrated. Flash 
chromatography (150 g silica gel, 200:3 petroleum ether - Et,O) 
of the crude product and distillation (65-9O0C/0.2 Torr) of the oil 
thus obtained afforded 4.04 g (95%) of the 1-pentyne 10, a col- 
orless liquid that exhibited ir (neat): 3315, 2121, 1109, 632 cm-I; 
'H nmr (400 MHz) 6: 0.03 (s, 6H), 0.87 (s, 9H), 1.69 (quintet, 2H, 
J = 7.0 Hz), 1.89 (t, lH,  J = 2.5 Hz), 2.24 (dt, 2H, J = 2.5, 
7.0 Hz), 3.67 (t, 2H, J = 7.0 Hz); "C nmr (50.3 MHz) 6: -5.4, 
14.8, 18.2, 25.9, 31.5, 61.3, 68.2, 84.1. Anal. calcd. for CIl-  

H2,0Si: C 66.60, H 1 1.18; found: C 66.80, H 11.30. Exact Mass 
calcd. for C,H130Si (M' - t-Bu): 141.0736; found: 141.0728. 

Ethyl 4-(triisopropylsi1oxy)-2-butynoate (14) 
To a cold (-78"C), stirred solution of the 1-alkyne 8 (0.5 g, 

2.36 mrnol) in 15 mL of dry THF was added, dropwise, a solution 
of methyllithium (2.36 mmol) in Et20. After the solution had been 
stirred at -78OC for 15 min and at -20°C for 1 h, ethyl chloro- 
formate (256 mg, 2.36 mmol) was added. The mixture was stirred 
at -20°C for 1 h and at room temperature for 1 h. Saturated aqueous 
NaHCO, (15 mL) was added and the mixture was extracted thor- 
oughly with Et,O. The combined extracts were washed twice with 
brine and then were dried (MgSO,) and concentrated. Distillation 
(98-9g°C/0. 11 Ton) of the remaining oil yielded 512 mg (76%) 
of 14, a colorless oil that exhibited ir (neat): 2241, 1718, 1465, 
1258 cm-'; 'H nmr (400 MHz) 6: 1.04 (d, 18H, J = 6.0 Hz), 1.10 
(m, 3H), 1.29 (t, 3H, J = 7.0 Hz), 4.20 (q, 2H, J = 7.0 Hz), 4.49 
(s, 2H); 1 3 ~ n m r ( 1 0 0 . 6 ~ ~ z )  6: 11.9, 13.9, 17.7, 51.4, 61.9,76.4, 
85.7, 155.5. Anal. calcd. for C15H,B03Si: C 63.33, H 9.92; found: 
C 63.34, H 9.84. Exact Mass calcd. for C12H2,03Si (M' - i-Pr): 
241.1260; found: 241.1261. 

Ethyl 4-[(2-metho.ryetlzoxy)methoxyl-2-butynoae (15) 
This substance was prepared via a procedure very similar to that 

described above. The quantities of reagents and solvents em- 
ployed were as follows: starting material 9, 0.5 g (3.47 rnmol); 
THF, 15 rnL; MeLi, 3.47 mmol; Et02CC1, 377 mg (3.47 mmol); 
saturated aqueous NaHCO,, 15 mL. Distillation (85-87"C/ 
0.11 Torr) of the crude product afforded 595 mg (79%) of 15, a 
colorless oil that displayed ir (neat): 1718, 1450, 1254, 1045 cm-'; 
'H nmr (400 MHz) 6: 1.30 (t, 3H, J = 7.5 Hz), 3.39 (s, 3H), 3.53 
(m, 2H), 3.7 1 (m, 2H), 4.20 (q, 2H, J = 7.5 Hz), 4.34 (s, 2H), 
4.77 (s, 2H); I3c nmr (100.6 MHz) 6: 14.0, 54.0, 59.0, 62.1, 67.4, 
71.6, 77.8, 83.0, 94.3, 153.1. Anal. calcd. for CloH1605: C 55.55, 
H 7.46; found: C 55.51, H 7.47. Exact Mass calcd.: 215.0920; 
found: 215.0918. 

Methyl 6-(tert-butyldimethy1siloxy)-2-hexynoate (1 7) 
A procedure similar to that given above was employed. The 

quantities of reagents and solvents used were as follows: substrate 
10, 3.59 g (18.1 mmol); THF, 36 mL; MeLi, 20.3 rnmol; Me- 
02CC1, 1.65 mL (21.4 mmol); saturated aqueous NaHCO,, 25 mL. 
Distillation (80-100"C/0.2 Torr) of the crude product gave 3.82 g 
(82%) of 17, a colorless oil that showed ir (neat): 2238, 1719, 1260, 
1109, i074 cm-'; 'H nmr (400 MHz) 6: 0.07 (s, 6H), 0.90 (s, 9H), 
1.78 (quintet, 2H, J = 7.0 Hz), 2.44 (t, 2H, J = 7.0 Hz), 3.68 (t, 
2H, J = 7.0 Hz), 3.75 (s, 3H); "C nmr (50.3 MHz) 6: -5.4, 15.2, 
18.2, 25.9, 30.6, 52.5, 61.1, 72.9, 89.5, 154.2. Anal. calcd. for 
C13H2403Si: C 60.89, H 9.43; found: C 61.10, H 9.60. Exact Mass 
calcd. for C12H2,03Si (M+ - Me): 24 1.1260; found: 241.1260. 

Methyl 6-chloro-2-hexynoate (18) 
A procedure similar to that described above was used. The 

quantities of reagents and solvents used were as follows: substrate 
11, 2.0 mL (18.9 mmol); THF, 40 mL; MeLi, 20.6 mmol; Me- 
02CC1, 1.8 mL (23.3 mmol); saturated aqueous NaHCO,, 80 mL. 
Flash chromatography (40 g silica gel, 9: 1 petroleum ether - Et@) 
of the crude product, followed by distillation (50-7O0C/0.6 Torr) 
of the acquired liquid, produced 2.45 g (81%) of 18, a colorless oil 
that exhibited ir (neat): 2240, 1718, 1262 cm-'; 'H nmr (400 MHz) 
6: 2.04 (quintet, 2H, J = 7.0 Hz), 2.55 (t, 2H, J = 7.0 Hz), 3.65 
(t, 2H, J = 7.0 Hz), 3.78 (s, 3H); I3c nmr (50.3 MHz) 6: 16.0, 
30.2, 43.2, 52.3, 73.6, 87.4, 153.9. Anal. calcd. for C,H9C102: 
C 52.35, H 5.65, CI 22.08; found: C 52.42, H 5.72, Cl 21.90. 
Exact Mass calcd. for ClH, ' )5~I~, :  160.0292;. found: 160.0282. 

Methy 1 2,7-octadiynoate (19)~ 
This material was prepared via a procedure similar to that out- 

lined above. The quantities of reagents and solvents used were as 

 his experiment was canied out by Mr. Philip Coish. We are 
very grateful to Mr. Coish for a generous sample of compound 19. 
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follows: substrate 12, 10.0 g (109 mmol); THF, 200 mL; MeLi, 
109 mmol; Me0,CCI (rapid addition!), 33.7 mL (436 mmol); sat- 
urated aqueous NaHCO,, 150 mL. Distillation (80-100°C/0.3 Torr) 
of the crude product gave 13.2 g (81 %) of 19, a colorless oil that 
displayed ir (neat): 3292,2239, 17 14, 1435, 1264, 1078 cm-'; 'H 
nmr (400 MHz) 6: 1.78 (quintet, 2H, J = 7.0 Hz), 1.96 (t, lH, 
J = 2.5 Hz), 2.32(dt, 2H, J = 7.0, 2.5Hz),  2.47 (t, 2H, J = 

7.0 Hz), 3.73 (s, 3H); I3C nrnr (50.3 MHz) 6: 17.5, 17.6, 26.4, 
52.5, 69.4, 73.4, 82.6, 88.4, 154.1. Anal. calcd. for C,Hl0O,: C 
71.98, H 6.71; found: C 71.72, H 6.78. Exact Mass calcd. for 
C9H9O2 (M+ - H): 149.0602; found: 149.0593. 

1 ,I  -Dibromo-3-cyclohexylpropene (22) 
To a stirred mixture of pyridinium chlorochromate (33.7 g, 

156 mmol) and sodium acetate (3.2 g, 39 mmol) in dry CH2C12 
(200 mL) was added a solution of 2-cyclohexylethanol (20) 
(10.0 g, 78 mmol) in dry CH,CI, (300 mL). The mixture was stirred 
at room temperature for 2 h. Diethyl ether (400 mL) was added and 
the resultant mixture was filtered through a column of Florisil 
(6 cm diameter, 7.5 cm depth). The column was eluted with 1 L 
of Et20. Concentration of the combined eluant, followed by dis- 
tillation (50-56"C/15 Torr) of the remaining liquid, gave 9.03 g 
(91%) of cyclohexylethanal (21), a colorless oil that exhibited ir 
(neat): 1725 cm-I; I3c nrnr (75 MHz) 6: 25.9, 26.0, 33.0, 34.7, 
41.7, 5 1.4, 203.1. Exact Mass calcd. for C,H,,O: 125.0966; found: 
125.0960. 

To a solution of CBr, (18.71 g, 56.4 mmol) in dry CH,CI, 
(150 mL) was added slowly (at a rate such that the temperature of 
the reaction mixture remained below 50°C) a solution of tri- 
phenylphosphine (29.59 g, 1 12.8 mmol) in dry CH2C1, (150 mL). 
After the resultant mixture had been stirred for 5 min, a solution 
of the aldehyde 21 (3.55 g, 28.2 mmol) in dry CH2CI, (300 mL) 
was added over a period of 10 rnin and the mixture was then stirred 
at room temperature for an additional 30 min. Pentane (500 mL) 
was added and the resultant mixture was filtered through a col- 
umn of Florisil (6 cm diameter, 7.5 cm depth). The column was 
washed with 1 L of pentane. The combined eluant was concen- 
trated and the remaining oil was distilled (125-130°C/15 Torr) to 
provide 6.56 g (86%) of 22, a colorless oil that displayed ir (neat): 
1448,785 cm-I; 'H nrnr (400 MHz) 6: 0.90-1.05 (m, 2H), 1.10- 
1.30 (m, 3H), 1.35-1.50 (m, lH), 1.55-1.90 (m, 5H), 2.05 (t, 
2H, J = 7.0 Hz), 6.42 (t, IH, J = 7.0 Hz); I3C nmr (75 MHz) 6: 
26.2, 26.3, 32.9, 37.2, 40.6, 88.7, 137.8. Anal. calcd. for 
C9HI4Br2: C 38.33, H 5.00; found: C 38.60, H 5.13. Exact Mass 
calcd.: 281.9443; found: 28 1.9440. 

Ethyl 4-cycloheayl-2 -butytloate (16) 
To a cold (-78"C), stirred solution of compound 22 (2.5 g, 

8.9 mmol) in dry THF (I 15 mL) was added, dropwise, a solution 
of 11-butyllithium (22.2 mmol) in hexanes. The mixture was stirred 
at -78°C for 1 h, at room temperature for 1 h, and then was re- 
cooled to -20°C. Ethyl chloroformate (1.06 g, 9.76 mmol) was 
added and the mixture was stirred at -20°C for 1 h and at room 
temperature for 1 h. Saturated aqueous NaHCO, (100 mL) was 
added and the mixture was extracted thoroughly with Et20. The 
combined extracts were washed with brine, dried (MgSO,), and 
concentrated. Flash chromatography (75 g silica gel, 95:5 petro- 
leum ether - Et,O) of the crude product and distillation (90-96"C/ 
12 Torr) of the acquired liquid provided 1.55 g (90%) of 16, a 
colorless oil that showed ir (neat): 2232, 17 13, 1249, 1076 cm-I; 
'H nmr(40O MHz) 6: 0.97-1.08 (m, 2H), 1.12-1.30 (m, 2H), 1.32 
(t, 3H, J = 7.0 Hz), 1 SO-1.60 (m, 2H), 1.65-1.87 (m, 5H), 2.25 
(d, 2H, J = 7.0 Hz), 4.24 (q, 2H, J = 7.0 Hz); ',c nrnr 
(100.6 MHz) 6: 14.1, 25.8, 25.9, 26.4, 32.7, 36.7, 61.8, 74.0, 
88.6, 153.8. Anal. calcd. for CI2Hl8o2: C 74.22, H 9.35; found: 
C 74.40, H 9.41. Exact Mass calcd.: 194.1307; found: 194.1309. 

Lithium (trimethylstannyl) (cyano)cuprate (3)  
To a cold (-48"C), stirred solution of trimethylstannyllithium 

in dry THF (2) was added solid copper(1) cyanide (1 equiv.). The 

resultant mixture was stirred at -48OC for 20 min to produce a pale 
yellow solution of the cuprate 3. 

General procedure for the conversion of alkyl2-alkynoates into 
alkyl (Z)-3-trimethylstanny-2-alkenoates 

To a cold (-48"C), stirred solution of [Me,SnCuCN]Li (3) 
(1 .01- 1.09 equiv.) in dry THF was added, dropwise, a solution of 
the a,a-acetylenic ester (1 equiv.) in dry THF. The mixture was 
stirred at -48OC for 2 h and at O°C for 2 h. Aqueous NH4C1- 
NH40H (pH 8) (one-half the volume of the total volume of the re- 
action mixture) was added, the mixture was opened to the atmo- 
sphere, was allowed to warm to room temperature, and then was 
stirred until the aqueous phase became deep blue. The organic phase 
was separated and the aqueous layer was extracted thoroughly with 
Et,O. The combined organic phases were washed with brine, dried 
(MgSO,), and concentrated. The crude product was purified by flash 
chromatography, followed by distillation. 

The following substances were prepared via this general proce- 
dure. 

Ethyl (Z)-3-trimethylstannyl-2-pentenoate (23) 
The following amounts of reagents and solvents were used: 

[Me,SnCuCN]Li (3), 4.38 mmol, in THF, 20 mL; substrate 13, 
507 mg (4.02 mmol), in THF, 4 mL. Flash chromatography (80 g 
silica gel, 200: 3 petroleum ether - Et,O) of the crude product and 
distillation (54-84"C/0.6 Torr) of the acquired liquid afforded 
843 mg (72%) of the (a-pentenoate 23, a colorless oil that dis- 
played ir (neat): 1703, 1601, 1201, 772 cm-'; 'H nmr (400 MHz) 
6: 0.18 (s, 9H, 2~s , -k I  = 55 Hz), 1.04 (t, 3H, J = 7.0 Hz), 1.29 (t, 
3H, J = 7.0Hz), 2.45(qd, 2H, J =  7.0, 1.5Hz, ,J,,-, = 43Hz), 
4.18 (q, 2H, J = 7.0 Hz), 6.36 (t, IH, J = 1.5 HZ, ,JS,-H = 

1 2 0 H ~ ) ; ' ~ ~ n m r ( 5 0 . 3 H z ) 6 :  -7.5, 13.6, 14.3,32.9,60.2, 126.9, 
168.1, 177.1. Anal. calcd. for CloH,oO,Sn: C 41.28, H 6.93; found: 
C 41.47, H 7.09. Exact Mass calcd. for C9H,,0,Sn (M+ - Me): 
277.0250; found: 277.0244. 

Ethyl (Z)-4-(triisopropylsiloay)-3-trimethylstannyl-2-butenoate 
(26) 

The following quantities of reagents and solvents were used: 
[Me,SnCuCN]Li (3), 0.37 mmol, in THF, 3 mL; substrate 14, 
100 mg (0.35 mmol), in THF, 0.5 mL. Flash chromatography 
(10 g silica gel, 97:3 hexanes-Et,O) of the crude product, fol- 
lowed by distillation (100-104"C/O. 11 Torr) of the acquired liq- 
uid, provided 120 mg (76%) of 26, a colorless oil that exhibited ir 
(neat): 1702, 1609, 1465, 1299, 1191, 1044 cm-'; 'H nmr 
(400 MHz) 6: 0.18 (s, 9H, 'J~,-, = 56 Hz), 1.05 (d, 18H, J = 
6.0 Hz), 1.10 (m, 3H), 1.27 (t, 3H, J = 7.0 Hz), 4.15 (q, 2H, 
J = 7.0 Hz), 4.52 (d, 2H, J = 2.0 Hz, ,J~,-, = 19 Hz), 6.72 (t, 
lH, J = 2 Hz, 3~s , -H = 114 HZ); I3C nrnr (100.6 MHz) 6: -7.9, 
11.9, 14.2, 17.9, 60.3, 68.6, 124.6, 168.3, 171.6. Anal. calcd. 
for C,,H,,O,SiSn: C 48.12, H 8.52; found: C 48.14, H 8.60. Exact 
Mass calcd. for C17H3503SiSn (M' - Me): 435.1376; found: 
435.1360. 

Ethyl (Z)-4-[(2-methoayethoay)methoay]-3-tritnethylstannyl-2- 
butenoate (27) 

The following amounts of reagents and solvents were used: 
[Me,SnCuCN]Li (3), 0.49 mmol, in THF, 4 mL; substrate 15, 
100 mg (0.46 mmol), in THF, 0.5 mL. Flash chromatography 
(10 g silica gel, 85: 15 hexanes-Et20) of the crude product and 
distillation (95-9g°C/0. 11 Torr) of the liquid thus obtained pro- 
duced 127 mg (72%) of 27, a colorless oil that displayed ir (neat): 
1702, 1608, 1368, 1198 cm-I; 'H nrnr (400 MHz) 6: 0.18 (s, 9H, 
,J~,_, = 56 Hz), 1.28 (t, 3H, J = 7.5 Hz), 3.37 (s, 3H), 3.52 (m, 
2H),3.71 (m,2H) ,4 .17(q ,  2 H , J = 7 . 5 H z ) , 4 . 3 8 ( d , 2 H , J =  
2.0 Hz, ,J~,-, = 20 Hz), 4.75 (s, 2H), 6.63 (t, lH,  J = 2.0 Hz, 
,J~,_, = 112 Hz); 13c nmr (100.6 MHz) 6: -7.7, 14.2, 58.9, 60.4, 
66.9, 71.7, 72.4, 95.0, 125.8, 167.5, 168.7. Anal. calcd. for 
Cl3HZ6o5Sn: C 40.98, H 6.88; found: C 41.20, H 7.01. Exact Mass 
calcd. for C12HZ305Sn (M' - Me): 367.0567; found: 367.0575. 
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Ethyl (Z)-4-cyclolzexyl-3-trirnethylstannyl-2-butet~oate (28) 
The following amounts of reagents and solvents were em- 

ployed: [Me,SnCuCN]Li (3), 0.54 mmol, in THF, 4.5 mL; 
substrate 16, 100 mg (0.52 mmol), in THF, 1.0 mL. Flash chro- 
matography (12 g silica gel, 97:3 hexanes-Et,O) of the crude 
product and distillation (104-107"C/O. 12 Tom) of the acquired 
liquid afforded 149 mg (81%) of 28, a colorless oil that exhibited 
ir (neat): 1703, 1599, 1064 cm-I; 'H nmr (400 MHz) 6: 0.15 (s, 
9H, 'Js,_, = 55 Hz), 0.84 (m, 2H), 1.10-1.21 (m, 4H), 1.27 (t, 
3H, J =  7.0Hz), 1.30(m, lH), 1.63-1.70(m,4H), 2.28(d, 2H, 
J = 6.0 Hz, 'J,,_, = 54 Hz), 4.15 (q, 2H, J = 7.0 Hz), 6.25 (s, 
lH, 3~s,-H = 124 HZ); I3C nmr (75 MHz) 6: -7.3, 14.3, 26.4, 26.5, 
33.2, 37.5, 47.9, 60.3, 129.1, 167.8, 174.7. Anal. calcd. for 
C15H2802Sn: C 50.17, H 7.86; found: C 50.10, H 7.82. Exact Mass 
calcd. for C1,H,,O2Sn (M+ - Me): 345.0877; found: 345.0871. 

Methyl (Z)-6-(tert-b~ctyldimeth~~lsiloxy)-3-trimeth~~lstar~1zy/-2- 
hexenoate (29) 

The following quantities of reagents and solvents were used: 
[Me,SnCuCN]Li (3), 1.26 mmol, in THF, 6 mL; substrate 17, 
273 mg (1.20 mmol), in THF, 1.2 mL. Flash chromatography 
(20 g silica gel, 200: 3 petroleum ether - Et20) of the crude prod- 
uct and distillation (100-13O0C/0.6 Tom) of the liquid thus ob- 
tained gave 397 mg (78%) of the product 29, a colorless oil that 
solidified when cooled and exhibited mp 22-23°C; ir (neat): 1709, 
1601, 1329, 1210, 1104,837,776 cm-I; 'H nmr(400 MHz) 6: 0.03 
(s, 6H), 0.16 (s, 9H, 2 ~ s , _ H  = 55 Hz), 0.88 (s, 9H), 1.53-1.62 (m, 
2H), 2.47 (dt, 2H, J = 1.0, 7.0 Hz, 'Js,-, = 48 Hz), 3.59 (t, 2H, 
J = 6.0 HZ), 3.70 (s, 3H), 6.36 (t, lH,  J = 1.0 HZ, 3 ~ S n _ H  = 
120 Hz); I3c nmr (50.3 MHz) 6: -7.4, -5.3, 18.3, 25.9, 32.2, 
36.4, 51.4, 62.3, 127.7, 168.3, 175.7. Anal. calcd. for 
CI6H3,O3SiSn: C 45.51, H 8.12; found: C 45.80, H 8.21. Exact 
Mass calcd. for CI5H3,O3SiSn (M+ - Me): 407.1065; found: 
407.1071. 

Methyl (Z)-6-chloro-3-trimeth~~lstannyl-2-hexenoate (30) 
The following amounts of reagents and solvents were used: 

[Me3SnCuCN]Li (3), 2.28 mmol, in THF, 10 mL; substrate 18, 
351 mg (2.18 mmol), in THF, 2 mL. Flash chromatography (45 g 
silica gel, 200:3 petroleum ether - Et20) of the crude product, 
followed by distillation (75-90°C/0.6 Tom) of the acquired liquid 
provided 565 mg (79%) of the chloro ester 30, a colorless oil that 
exhibited ir (neat): 1708, 1601, 1213, 774 cm-l; 'H nmr (400 MHz) 
6: 0.19 (s, 9H, 'Js,-, = 55 Hz), 1.87 (quintet, 2H, J = 7.0 Hz), 
2.59 (dt, 2H, J = 1.0, 7.0 Hz, 3 ~ s , - H  = 47 HZ), 3.52 (t, 2H, J = 
7.OHz) ,3 .73(~,3H) ,6 .40( t ,  l H , J =  ~ . ~ H Z , ~ J ~ , - ~ =  116Hz); 
I3c nmr(50.3 MHz) 6: -7.4, 31.7, 36.9,44.0, 51.6, 128.7, 168.1, 
174.0. Anal. calcd. for CI,JIl9C1O2Sn: C 36.91, H 5.89, C1 10.90; 
found: C 37.10, H 5.96, C1 10.77. Exact Mass calcd. for 
C9HlFC102Sn (M+ - Me): 310.9862; found: 310.9862. 

Methyl (Z)-3-tritnethylstannyl-2-octen-7-ynoate (31) 
The following amounts of reagents and solvents were em- 

ployed: [Me,SnCuCN]Li (3), 1.04 mmol, in THF, 5.5 mL; 
substrate 19, 155 mg (1.03 mmol), in THF, 1.0 mL. Flash 
chromatography (20 g silica gel, 200:3 petroleum ether - Et20) of 
the crude product and distillation (50-7O0C/0.6 Torr) of the liq- 
uid thus obtained produced 254 mg (78%) of the alkyne ester 31, 
a colorless oil that showed ir (neat): 3310, 2120, 1708, 1600, 1212, 
774, 636 cm-I; 'H nmr (400 MHz) 6: 0.20 (s, 9H, 2~s,-H = 54 Hz), 
1.62 (quintet, 2H, J = 7.0 Hz), 1.98 (t, lH, J = 2.5 Hz), 2.20 (dt, 
2H, J = 2.5, 7.0 Hz), 2.55 (dt, 2H, J = 1.0, 7.0 Hz, 3 ~ s n - H  = 

48 Hz), 3.73 (s, 3H), 6.39 (t, lH,  J = 1.0 Hz, 3 ~ s , _ H  = 119 HZ); 
13 C nmr (50.3 Hz) 6: -7.4, 17.9, 27.7, 38.7, 51.5, 68.9, 83.7, 
128.3, 168.2, 174.8. Anal. calcd. for CI2H,,O2Sn: C 45.76, H 6.40; 
found: C 46.03, H 6.49. Exact Mass calcd. for C,  ,H1702Sn (Mf - 
Me): 301.025 1 ; found: 301.0247. 

General procedure for the conversion of alkyl2-alkynoates into 
alkyl (E)-3-trimethylstannyl-2-alkenoates 

To a cold (-78"C), stirred solution of [Me3SnCuCN]Li (3) 
(1.30-1 .SO equiv.) in dry THF was added dry ethanol (1.30-1 .50 

equiv., for ethyl ester substrates) or dry methanol (1.30-1.35 
equiv., for methyl ester substrates). After 5 min, a solution of the 
a,P-acetylenic ester (1.0 equiv.) in dry THF was added dropwise 
over a period of about 2 min and the mixture was stirred at -78°C 
for 4 h. Aqueous NH,Cl-NH,OH (pH 8) (one-half the volume of 
the total volume of the reaction mixture) was added, the mixture 
was opened to the atmosphere, was allowed to warm to room tem- 
perature, and was stirred vigorously until the aqueous phase be- 
came deep blue. The phases were separated and the aqueous phase 
was extracted thoroughly with Et20. The combined organic ex- 
tracts were washed with brine, dried (MgSO,), and concentrated. 
The crude product was purified by flash chromatography and dis- 
tillation. 

The following substances were prepared by means of this gen- 
eral procedure. 

Ethyl (E)-3-trimethylstannyl-2-pentenoate (24) 
The following amounts of reagents and solvents were used: 

[Me,SnCuCN]Li (3), 64.4 mmol, in THF, 200 mL; EtOH, 3.80 
mL (64.7 mmol); substrate 13, 6.25 g (49.5 mmol), in THF, 30 
mL. Flash chromatography (250 g silica gel, 200:3 petroleum ether 
- Et,O) of the crude product and distillation (50-7O0C/0.6 Tom) 
of the acquired liquid afforded 10.7 g (74%) of the ester 24, a col- 
orless oil that displayed ir (neat): 1718, 1598, 1 179, 774 cm-I; I H  

nmr (400 MHz) 6: 0.21 (s, 9H, 'JS,-, = 53 Hz), 1.05 (t, 3H, J = 
8.0Hz), 1.29(t, 3 H , J =  7.0Hz),2.89(qd,2H, J =  8.0, l.OHz, 
,JS.-H = 64 HZ), 4.16 (q, 2H, J = 7.0 HZ), 5.94 (t, lH, J = 
1.0 HZ, 3 ~ s , - ~  = 74Hz); C nmr(50.3 MHz) 6: -9.1, 14.1, 14.3, 
27.9, 59.6, 126.9, 164.3, 174.5. Anal. calcd. for Cl,J12002Sn: C 
41.28, H 6.93; found: C 41.08, H 6.87. Exact Mass calcd. for 
C9Hl7O2Sn (M+ - Me): 277.0250; found: 277.0250. 

Ethyl (E)-4-(triisopropylsiloxy)-3-trimethylstannyl-2-butetzoate 
(32) 

The following amounts of reagents and solvents were used: 
[Me,SnCuCN]Li (3), 0.46 mmol, in THF, 3 mL; EtOH, 0.027 mL 
(0.46 mmol); substrate 14, 100 mg (0.35 mmol), in THF, 0.5 mL. 
Flash chromatography (10 g silica gel, 97 :3 hexanes-Et20) of the 
crude product and distillation (1 15-120°C/0.1 1 Tom) of the ac- 
quired liquid afforded 117 mg (74%) of the product 32, a color- 
less oil that showed ir (neat): 1712, 1603, 1184, 1047 cm-'; 'H nmr 
(400 MHz) 6: 0.21 (s, 9H, 2~s , -H = 57 Hz), 1.05 (d, 18H, J = 
6.0Hz), 1.12 (m, 3H), 1.27 (t, 3H, J = 7.0Hz), 4.12 (q, 2H, J = 
7.0 Hz), 4.95 (d, 2H, J = 2.5 Hz, 3Js,_H = 30 HZ), 5.79 (t, lH ,  
J = 2.5 HZ, 3~s ,_H = 78 HZ); 13c nmr (100.6 MHz) 6: -7.9, 11.9, 
14.3, 18.0, 59.8, 67.2, 123.4, 161.8, 178.5. Anal. calcd. for 
C18H3803SiSn: C 48.12, H 8.52; found: C 48.23, H 8.58. Exact 
Mass calcd. for C,7H3503SiSn (M+ - Me): 435.1376; found: 
435.1374. 

Ethyl (E)-4-[(2-methoxyethoxy)metho~]-3-trimeth~~lstannyl-2- 
butenoate (33) 

The following quantities of reagents and solvents were used: 
[Me,SnCuCN]Li (3), 0.60 mmol, in THF, 4 mL; EtOH, 0. 035 mL 
(0.60 mmol); substrate 15, 100 mg (0.46 mmol), in THF, 0.5 mL. 
Flash chromatography (10 g silica gel, 3: 1 hexanes-Et20) of 
the crude product and distillation (85-93"C/0.11 Torr) of the 
acquired liquid provided 122 mg (70%) of 33, a colorless oil 
that displayed ir (neat): 1709, 1608, 1370, 1186 cm-I; 'H nmr 
(400 MHz) 6: 0.19 (s, 9H, 2~s , -H = 56 Hz), 1.26 (t, 3H, J = 
7.0 Hz), 3.37 (s, 3H), 3.53 (m, 2H), 3.65 (m, 2H), 4.13 (q, 2H, 
J = 7.0Hz),  4.72 (s, 2H), 4.79 (d, 2 H , J  = 2.5 Hz, 3 ~ s , _ H  = 
30 Hz), 5.92 (t, lH,  J = 2.5 Hz, 3 ~ s , _ H  = 73 Hz); ',c nmr 
(100.6MHz)6: -8.1, 14.2,59.0,59.9,66.9,71.7,72.1,95.2, 
124.5, 164.3, 173.6. Anal. calcd. for C13H2605Sn: C 40.98, H 6.88; 
found: C 41.23, H 7.01. Exact Mass calcd. for CI2H2,O5Sn (M+ - 
Me): 367.0567; found: 367.0564. 

Ethyl (E)-4-c~~clohe.ryl-3-trimethylstannyl-2-butenoate (34) 
The following quantities of reagents and solvents were em- 

ployed: [Me,SnCuCN]Li (3), 30.9 mmol, in THF, 320 mL; EtOH, 
1.4 g (30.9 mmol); substrate 16, 4.0 g (20.6 mmol), in THF, 
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10 mL. In this experiment, the reaction time was 7 h instead of 
4 h. Flash chromatography (50 g silica gel, 97: 3 petroleum ether 
- Et,O) of the crude product, followed by distillation (100-1 10°C/ 
0.12 Torr) of the acquired liquid, gave 5.98 g (81%) of the ester 
34, a colorless oil that showed ir (neat): 1718, 1598, 1177, 
770 cm-I; 'H nmr (400 MHz) 6: 0.19 (s, 9H, 2 ~ S n _ H  = 56 Hz), 
0.95-1.05 (m, 2H), 1.13-1.23 (m, 3H), 1.29 (t, 3H, J = 7.0 Hz), 
1.32-1.40 (m, IH), 1.60-1.75 (m, 5H), 2.83 (d, 2H, J = 8.0 Hz, 
3 ~ ~ n - ~  = 61 HZ), 4.16 (9, 2H, J = 7.0 HZ), 6.03 (s, lH, 3 ~ ~ n - ~  = 
82 Hz); I3c nmr (75 MHz) 6: -9.0, 14.3, 26.4 (3C), 33.2, 38.7, 
41.9, 59.6, 128.4, 164.5, 172.4. Anal. calcd. for C15H2802Sn: C 
50.17, H 7.86; found: C 50.40, H 7.88. Exact Mass calcd. for 
C14H2502Sn (M+ - Me): 345.0877; found: 345.0881. 

Methyl (E)-6-(tert-butyldimethylsiloxy)-3-trimethylstant1yl-2- 
hexenoate (35) 

The following amounts of reagents and solvents were used: 
[Me,SnCuCN]Li (3), 1.78 mmol, in THF, 9 mL; MeOH, 0.075 mL 
(1.85 mmol); substrate 17, 312 mg (1.37 mmol), in THF, 1.4 mL. 
Flash chromatography (30 g silica gel, 200:3 petroleum ether - 
Et,O) of the crude product and distillation (1 10-130°C/0.6 Tom) 
of the acquired oil produced 446 mg (77%) of the ester 35, a col- 
orless oil that exhibited ir (neat): 1720, 1597, 1256, 1169, 1098, 
836, 776 cm-I; 1Hnmr(400MHz) 6: 0.05 (s, 6H), 0.21 (s, 9H, 
2 ~ s n - H  = 54 Hz), 0.90 (s, 9H), 1.58-1.67 (m, 2H), 2.95 (br t, 2H, 
J = 8.0 Hz, 3 ~ s n - H  = 62 Hz), 3.64 (t, 2H, J = 6.0 Hz), 3.69 (s, 
3H), 5.98 (br s, 1 H, 'JSJs,-, = 73 Hz); 13c nrnr (50.3 MHz) 6: -9.1, 
-5.7, 18.3, 25.9, 31.5, 32.8, 50.8, 63.0, 127.2, 164.6, 173.3. 
Anal. calcd. for C16H3403SiSn: C 45.51, H 8.12; found: C 45.80, 
H 8.08. Exact Mass calcd. for C,,H3,03SiSn (M' - Me): 407.1065; 
found: 407.1070. 

Methyl (E)-6-chloro-3-trirnethylstannyl-2-hexenoate (36) 
The following amounts of reagents and solvents were em- 

ployed: [Me3SnCuCN]Li (3), 2.95 mmol, in THF, 15 mL; MeOH, 
0.12 mL (2.96 mmol); substrate 18, 364 mg (2.27 mmol), in THF, 
2 mL. Flash chromatography (45 g silica gel, 200: 3 petroleum ether 
- Et,O) of the crude product and distillation (70-90°C/0.6 Torr) 
of the liquid thus obtained provided 590 mg (80%) of the ester 36, 
a colorless oil that exhibited ir (neat): 1718, 1598, 1176, 1152, 
772 cm-I; 'H nmr (400 MHz) 6: 0.23 (s, 9H, ,Js,_, = 54 Hz), 
1.89 (quintet, 2H, J = 7.0 Hz), 3.01 (dt, 2H, J = 1 .O, 7.0 Hz, 
3 ~ s , - H  = 60 Hz), 3.56 (t, 2H, J = 7.0 Hz), 3.70 (s, 3H), 6.02 (t, 
lH, J = 1.0 HZ, 3 ~ S n _ ~  = 71 HZ); I3C nmr (50.3 MHz) 6: -9.2, 

32.2, 32.5, 44.6, 50.9, 128.2, 164.4, 171.5. Anal. calcd. for 
CloHI9C1O2Sn: C 36.91, H 5.89, C1 10.90; found: C 37.1 1, H 5.90, 
C1 10.75. Exact Mass calcd. for C 9 H 1 6 3 5 ~ ~ 0 2 S n  (M+ - Me): 
3 10.9862; found: 3 10.9860. 

Methyl (E)-3-trimethylstant1yl-2-octen-7-ynoate (37) 
The following amounts of reagents and solvents were used: [Me3- 

SnCuCNILi (3), 2.52 mmol, in THF, 12 mL; MeOH, 0.105 mL 
(2.59 mmol); substrate 19, 293 mg (1.95 mmol), in THF, 2 mL. 
Flash chromatography (30 g silica gel, 200:3 petroleum ether - 
Et2O) of the crude product and distillation (64-84"C/0.6 Tom) of 
the acquired liquid afforded 444 mg (72%) of the ester 37, a col- 
orless oil that displayed ir (neat): 3309, 2218, 1719, 1597, 1262, 
1161, 774, 635 cm-I; 'H nmr (400 MHz) 6: 0.22 (s, 9H, Z ~ S n - H  = 
54 Hz), 1.60-1.72 (m, 2H), 1.96 (t, lH, J = 2.5 Hz), 2.23 (dt, 
2H, J = 2.5, 8.0 Hz), 2.98 (dt, 2H, J = 1.0, 7.0 Hz, 3Js,-H = 
61 Hz), 3.70 (s, 3H), 6.00 (t, lH, J = 1.0 Hz, 3 ~ s , - H  = 73 Hz); 
I3cnmr (100.6 MHz) 6: -9.1, 18.5, 28.4, 33.9, 50.9, 68.6, 84.1, 
127.8, 164.5, 172.3. Anal. calcd. for C12H2002Sn: C 45.76, H 6.40; 
found: C 46.01, H 5.63. Exact Mass calcd. for C,,H,,O,Sn 
(M' - Me): 301.0251; found: 301.0253. 
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GEORGE R. ELIA, RONALD F. CHILDS, and GARY S. SHAW. Can. J. Chem. 70, 2065 (1992). 
Protonated 2,4-hexadienal (IH) and 2,4,6-octatrienal (2H), prepared by protonation of the analogous aldehydes in 

FS03H, isomerized to give cyclized products 3H and 4H at 30°C and -20°C respectively. The rate constants for the 
cyclization of 1H were measured in both FS03H and CF3S03H. It was found that the rate constant for isomerization de- 
creased when CF3S03H was used as the reaction medium. It is suggested that the thermal cyclizations of 1H and 2H 
involve diprotonated species with protonation occurring on oxygen. 1H and 2H underwent photoisomerization at -78°C 
in FS03H to yield 5H and 7H respectively. It was found that 5H underwent a cyclization reaction at -40°C to give 6H, 
which subsequently rearranged to give 3H at - 10°C. However, 7H was found to isomerize to 2H at -50°C. The mech- 
anisms of the thermal isomerization are discussed. 

GEORGE R. ELIA, RONALD F. CHILDS et GARY S. SHAW. Can J .  Chem 70, 2065 (1992). 
L'hexa-2,4-diknan (IH) et l'octa-2,4,6-triknal (2H protonts, prCpares par protonation des aldehydes correspondants 

par le FS03H, s'isomCrisent pour donner les produits cycliques 3H et 4H, a 30°C et -20°C respectivement. On a me- 
surC les constantes de vitesse pour la cyclisation du produit lH ,  tant dans le FS03H que dans le CF3S03H. On a trouvC 
que la constante de vitesse pour 1'isomCrisation diminue lorsqu'on utilise le CF3S03H comme milieu rkactionnel. I1 est 
suggCrC que les cyclisations thermiques des composes 1H et 2H impliquent des espkces diprotonCes dans lesquelles la 
protonation se fait sur l'oxygkne. Dans le FS03H, 2 -78"C, les composCs 1H et 2H subissent des photo-isomkrisations 
qui conduisent respectivement aux composCs 5H et 7H. On a trouvC que le composC 5H subit une reaction de cyclisa- 
tion i -40°C qui conduit au produit 6H qui se transpose subsCquemment pour donner le compose 3H a - 10°C. Tou- 
tefois, on a trouvC que, a -50"C, le composC 7H s'isomkrise en composC 2H. On discute des mecanismes des 
isomCrisations thkrmiques. 

[Traduit par la redaction] 

The chemistry of polyenyl carbocations has been inves- 
tigated extensively (1 -3). The characteristic reaction of this 
important class of carbenium ions is ring closure of a pen- 
tadienyl fragment to form a substituted cyclopentenyl cat- 
ion. This cyclization reaction has been shown to proceed via 
a stereoselective 4-n electron electrocyclic ring closure (4, 
5). These reactions are generally facile, occurring, for ex- 
ample, at very low temperatures when the ions are gener- 
ated as long-lived species in strong acid media. 

There have been fewer studies reported on the chemistry 
on the hydroxy- or alkoxy-substituted polyenyl carbenium 
ions, despite the ease by which these ions can be prepared 
by the protonation of unsaturated carbonyl compounds and 
their derivatives (6). One important example is the cycliza- 
tion of protonated cross-conjugated dienones to form pro- 
tonated cyclopentenones, a reaction that forms the key step 
in what has become known as the Nazarov reaction (7). This 
cationic cyclization reaction parallels the cyclization reac- 
tions observed with the parent polyenyl cations referred to 
above (8). The Nazarov reaction is of synthetic importance 
as a route to cyclopentenones. 

In contrast to the many examples of the thermal isomeri- 
zation of protonated cross-conjugated dienones, no reports 
have appeared on the chemistry of the corresponding l-hy- 
droxy-pentadienyl or higher polyenyl cations. This is sur- 
prising given the ready availability of the corresponding 
unsaturated carbonyl compounds, the importance of this type 
of functionality in a variety of natural systems2 and the po- 
tential use of cyclization reactions to prepare a variety of 

' ~ u t h o r  to whom correspondence may be addressed. 
'~ndeed, this work was prompted by an enquiry from Drs. P. 

Yates and J. J. F. Krepinsky about the possible role of carboca- 

cyclopentenones (5). In this work we report on the proton- 
ation and isomerization of a variety of such  system^.^ 

Results and discussion 

The cations selected for study were 1H and 2H. These 
cations were prepared by the protonation of the correspond- 
ing carbonyl compounds, 1 and 2.  The ions were character- 
ized by their low-temperature 'H and I3c NMR spectra, 
which were consistent with the assigned structures, Tables 
1 and 2. The chemical shifts of the various proton reso- 
nances and coupling constants corresponded to those re- 
ported for the simpler enones (6, 11) and cyclic dienones 
(12). The E conformation about the formal double bonds was 
clearly shown by the characteristic 14.0 + 0 .4  Hz coupling 
constant observed between the two protons trans to each other 
on the bonds. 

Detailed examination of the 'H NMR spectra of these ions 
showed in each case that minor isomers were present. These 
isomers were shown to be the 4-2 isomer in the case of 1 and 
the 6 - 2  isomer in the case of 2.  In each case the 'H/'H cou- 
pling constant across the Z bond was found to be 1 1.1 + 
0 . 3  Hz; a value characteristic of a Z configuration in com- 
parable cations (1 1). Both of these Z isomers were shown to 
be present in the neutral aldehydes prior to protonation, Table 
3. As can be seen from the data in Table 3, in the case of 2 
partial isomerization about the various C=C bonds to form 
the all-E isomer occurred on protonation and NMR charac- 
terization of the cation. The all-E isomer 2H is expected to 
be the most thermodynamically stable conformer of this 
cation. 

Rotational barriers about the formal C-C single bonds of 
cations comparable to 1H and 2H are expected to be low and, 

tion species in accounting for the mutagenic and carcinogenic 
properties of fecapentaenes (9). 3 ~ h i s  work was previously presented at a CIC Conference (10). 
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TABLE 1. ' H  chemical shifts of cations 

"In pprn relative to CD2CI, (6 = 5.32 ppm) in FSO3H/CD2Cl2; d = doublet, t = triplet, dq = doublet 
of quartets, m = multiplet, s = singlet, bs = broad singlet. dd = doublet of doublets. Measured at 20°C. 

"Coupling constants for l H ,  5H,  2H, and 7H were very similar. H,H ,,,,,,, = 14.0 t 0.4 Hz; H,H,,, = 
11.1 t 0 . 3 H z ; v i n y l H , C H 3 = 7 . 2  t 0.1 Hz. 

'Measured at -60°C. 

as such, rotation about these bonds will be fast on the NMR studies (14). A crystallographic study of a dioxolynium cat- 
time scale at temperatures above - 100°C (13). The ther- ion corresponding to 1H has shown it has an E configura- 
modynamically preferred conformations about the "single" tion about each of the formal C-C and C=C bonds (15). 
bonds of 1H and 2H are also expected to be E. This was Crystal structures of conjugated iminium salts have also 
shown previously for 1-hydroxyallyl cations and conju- shown the all-E conformation to be the present in the solid 
gated iminium salts through low-temperature I3c NMR state (16, 17). 

Thermal isomerizations 
The I-hydroxy cations 1H and 2H were stable in FS03H 

for several hours at -60°C. Thermal stability at higher tem- 
peratures was assessed using 'H NMR and monitoring the 
resulting spectrum as the temperature was increased. The 
samples were maintained at each temperature for about 

TABLE 2. NMR chemical shifts of 1-hydroxyallyl cations and 
corresponding aldehydes 

Compounda 

Position lb lHc 2b 2Hc 

"In ppm. 
bReferenced to CDC1, at 77.3 oorn. Measured at 21°C 
'Referenced to CD,C~, at 53 .8  ppm in FS03H/CD2C12. Measured at 

- 60°C. 

30 min while spectra were being acquired. From these spectra 
it was evident that 1H isomerized to form a second species 
as the temperature was increased above 30°C. The cation 2H 
was found to undergo a more facile reaction, with it form- 
ing another species at temperatures as low as -20°C. In both 
cases the isomerizations proceeded quantitatively. 

The thermal products of 1H and 2H were identified as the 
protonated cyclopentenone, 3H, and the cation, 4H, re- 
spectively, on the basis of their 'H NMR spectra, Table 1. 
In the case of the isomerization of l H ,  a key feature in the 
spectrum used in the identification of 3H was the disap- 
pearance of all but one of the vinylic proton resonances. The 
presence of two methylene groups was evident from the two 

TABLE 3. Isomeric composition of aldehydes 
and corresponding I-hydroxyallyl cations 

All E 85.5 87.4 68.5 88.9 
2-2 nd" nd 2.7 nd 
4 - 2  14.5 12.6 11.0 nd 
6 - 2  - - 17.8 11.1 

"Not detected. 
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ELIA ET AL. 2067 

The acid solutions of 3H and 4H were neutralized in order 
to retrieve the cyclopentene derivatives 3 and 4. This proved 
to be a facile task in the case of 3,  which was recovered and 
purified by gas chromatography. The identification of 3 was 
confirmed through an independent synthesis following the 
method of Ho and Liu (19). Protonation of 2-methyl-2-cy- 
clopentenone in FS03H afforded a cation with the identical 
'H NMR spectrum to that of 3H derived from the isomeri- 
zation of 1H. 

Neutralization of an FS0,H solution containing the cat- 
ion 4H led to the formation of a mixture of compounds. The 
major product was identified as 2-methyl-2-cyclopentyli- 
dene acetaldehyde by its 'H NMR spectrum although isola- 
tion of a pure sample of this material proved to be difficult. 
The major product had an identical 'H NMR spectrum to that 
described by Gilbert and Smith for 4 (20). 

The overall steps in the isomerization of 1H would most 
reasonably involve E to Z isomerization about both the 
C ( l S ( 3 )  formal double and C(3-(4) single bonds of 
the starting cation, Scheme 1. The intermediary 2-2 isomer 
5H could then undergo cyclization and subsequent hydride 
shifts to give 3H(21). 

To test this suggested mechanism the 2-2 isomer 5H was 
prepared by photoisomerization of 1H (6, 11). An FS03H 
solution of 1H (A,,, 338 nm (log E = 4.1)) was irradiated at 
low temperature for about 6 h. A single isomer of the start- 
ing protonated aldehyde was formed (ca. 30% conversion), 
which was identified as 5H on the basis of its 'H NMR 
spectrum, Table 1. The spectrum of 5H exhibited an 
11.2 Hz coupling constant between the two protons at- 
tached to the C(2)C(3) partial double bond, clearly indicat- 
ing the Z configuration of this bond. On continued irradiation 
beyond this point the 'H NMR spectrum of the mixture of 
cations became more complex, suggesting the formation of 
other isomers such as the di-Z isomers. These cations were 
not identified. 

The thermal isomerization of 5H was examined by fol- 

lowing the reactions by NMR. Heating a mixture of 1H 
(70%) and 5H (30%) to -40°C caused the latter isomer to 
isomerize to give 6H. This new cation was identified as 6H 
on the basis of its NMR spectrum, Table 1. On further heat- 
ing the reaction mixture to - 10°C, the cation 6H was found 
to isomerize to give 3H. 

It is clear from these results that the isomerization could 
proceed via the formation of the thermodynamically less 
stable 2-2 isomer 5H. Given the thermal lability of 5H and 
its ring closure product 6H, these isomers would not be de- 
tected at temperatures required for the isomerization of 1H. 
The intermediacy of 6H and its subsequent transformation 
to the thermodynamically most stable ion 3H parallels the 
report of Olah et al.  on the protonation of 3-cyclopentenone 
(18). 

Further information on the mechanism of the thermal iso- 
merization of 1H was obtained by examining the reaction in 
media of different acidity. The rate constants for the iso- 
merization of 1H to the cyclopentenone cation 3H were 
measured in both FS03H and CF3S03H. The isomerizations 
followed first-order kinetics. The rate constants and activa- 
tion parameters for the isomerizations are given in Table 4. 

As can be seen from the data in Table 4, the isomeriza- 
tion of 1H to 3H is significantly faster in FS03H than in 
CF3S03H. FS03H is a stronger acid than CF3S03H(22). The 
faster rate of isomerization in the stronger acid medium 
suggests that the reaction is acid catalysed. The large nega- 
tive entropy of activation (-42.5 cal K-' mol-' at 60°C) 
measured for the isomerization of 1H to 3H is fully consis- 
tent with protonation on oxygen to form a dication, Scheme 
1. It is not clear whether it is a dication that undergoes ring 
closure or if a proton loss to form 5H occurs prior to cycli- 

- + OH,- < I\\. 
I 

- - 

mutually coupled resonances appearing at 3.26 ppm and r 

3.34 ppm (18). Elucidation of the structure of 4H proved to 
be a more difficult task than in the case of 3H. The pres- 
ence of the cyclopentene ring moiety was evidenced by 'H A ,  FSO, H 

1H ;---------, 
NMR signals arising from two adjacent methylene groups as 
in the case of 3H. The doublet at 9.25 ppm, characteristic 
of an aldehydic proton coupled to an adjacent vinyl proton, 

+OH,- 

{ ; 
I 

NOE experiment confirmed that the protonated carbonyl 
group was trans to the methyl group substituted on the cy- 
clopentene ring. 

$ *&. - - 

indicated that ring closure occurred between C3 and C7. An - IOH - 

{ '-. 
1 
I & L8 + ? 5  - - - 5H - 

+OH 
3 4 

4 4H 

I I 

3 4  

3 3H t +  L - a 

0 
L- 
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TABLE 4. Rate constants and activation parameters for the isomerization of 1H to 3H 

Temperature, 
"C Acid k (s-lx AS* (cal ~ - l rno l - ' )  E (kcal mol-I) AG* (kcal mol-I) 

zation. Earlier work in this group has shown that the Z to E 
isomerizations of 3-aryl-1-methoxyallyl (23) and N-aryl-3- 
arylpropenylidene iminium salts (24) can involve protona- 
tion on the heteroatom to form a dication. There is growing 
evidence to suggest that comparable dications are involved 
in a range of other organic reactions (25). 

The surprising feature of the isomerization of 2H is the 
regioselectivity of the process. The other product that could 
have formed is 9H (26); however, no such product could be 
detected in the NMR spectrum of the reaction mixture dur- 
ing the isomerization. 

T o  examine this regioselectivity the 2-2 isomer of 2H was 
prepared by irradiation. The cation 2H exhibited a UV 
spectrum with a long-wavelength band at 425 nm (log E = 
4.0). Irradiation of an FS03H solution of 2H at low temper- 
ature for about 6 h led to the formation of 7H (45% conver- 
sion). The photoproduct was again identified as the 
corresponding 2-2  isomer 7H on the basis of its 'H NMR 
spectra, Table 1. On continued irradiation of the 2H/7H 
mixture, the vinyl region in the ' H  NMR spectrum for both 
cations became complex suggesting the formation of the di-Z 
isomers. These cations were not identified. 

Warming the FS03H mixture of 7H (45%) and 2H (55%) 
to -50°C caused this ion to revert completely to 2H. No 
cyclic products were formed under these conditions. The all-Z 
isomer 2H was stable in the acid solution at -50°C and did 

not isomerize to 4H until the solution was heated to -20°C. 
It is clear from these results that, while 7H might well be 
thermally accessible from 2H this isomer does not undergo 
a ring closure reaction. 

The formation of 4H from 2H would seem to proceed via 
the 4-2  isomer 8H. As 2H is expected to be more basic than 
lH ,  isomerization about the formal C - C  bonds of 2H will 
again involve protonation on oxygen to form the dication 
1lH. This dication can be considered to be a substituted 
heptatrienyl cation and should exhibit behaviour more typi- 
cal of a trienyl cation than 6 a protonated heptatrienal. Baird 
has shown by calculation that the barriers to rotation about 
the central partial double bonds of trienyl cations are lower 
than those of the terminal partial double bonds (13). As such 
it would be expected that 8H could be produced preferen- 
tially in solutions of 2H in FS03H. The lowest energy cy- 
clization process available to 8H is C(3-(7) bonding to 
eventually form 4H rather than a C ( l s ( 5 )  bonding reac- 
tion. 

Experimental section 

General 
'H NMR spectra were recorded on a Varian EM-390 or on a 

Bruker AM-500 spectrometer. The latter was used for all low- 
temperature studies and 13c NMR spectra (125.78 MHz). UV 
spectra were recorded on a Hewlett Packard 8451A diode array 
spectrophotometer using FS03H as solvent. Centrifugal chrorna- 
tography was carried out on silica (Merck Kieselgel 60PF2,) coated 
plates (coating 2 or 4 mm) spinning in a Chromatotron model 7924T 
apparatus. 

Materials 
All solvents were available commercially and were purified by 

standard procedures. Compound 1 was also commercially avail- 
able and distilled before use. Purity was checked using 'H and I3c 
NMR. FS03H and CF3S03H were distilled twice under N2 before 
use, and stored in sealed glass ampules. 

2,4,6-Octatrienal(2) 
A mixture of butenal (11.0 g, 0.16 mol). glacial acetic acid 

(1.5 mL, 0.025 mol), and piperidine (0.15 mL, 0.0015 mol) was 
heated over a steam bath for 10 min under an N2 atmosphere and 
subsequently cooled in an ice bath. The entire contents of the flask 
were distilled under 0.05 Torr pressure (1 Torr = 133.3 Pa) and 
the fraction boiling at 65OC removed. A centrifugal chromatogra- 
phy separation using 10% ether/hexanes as solvent was carried out 
and the second band (RF = 0.2) taken. The solvent was removed 
to give 2 as the major product with a small amount of cis isomers 
representing the minor products. 'H NMR (CD,Cl,) 6: 1.80 (d, 
J = 7 Hz, CH3, 3H), 6.05(m, H2, H,, 2H), 6.18 (dd, J = 11 Hz, 
15 HZ, H6, lH), 6.33 (dd, J = 11 Hz, 15 Hz, H,, lH), 6.66 (dd, 
J = 11 HZ, 15 HZ, H5 lH), 7.14 (dd, J = 11 Hz, 15 Hz, H,, IH), 
9.46 (d, J = 8 HZ, HI,  1H). 

Preparation of cations 
FS0,H (1 mL) was cooled to -78OC and slowly added to a 

CD2C12 solution of the appropriate aldehyde (40-50 mg) also at 
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-78°C. CF,SO,H was cooled to -5°C and added in a similar 6 .  R. F. Childs, T .  DiClemente, E. F. Lund-lucas, T .  J. 
manner. Richardson, and C.  V. Rogerson. Can. J. Chem. 61, 856 

Irradiations 
All photoisomerizations were carried out using a photoreactor 

that consisted of 10 reactor lamps (Southern New England Ultra- 
violet Co.,  RPR 3000A or 3500A) arranged in a circle around a 
quartz Dewar. The samples were placed inside the Dewar and 
cooled using a FTS Systems Flexi-cooler refrigeration system and 
methanol. The photoisomerizations were monitored by 'H NMR. 

Rate measurements 
The isomerization rates of protonated 2,4-hexadienal were de- 

termined by placing medium-walled NMR tubes containing the 
cation in a constant temperature bath. After a given time interval, 
the reaction was quenched by rapidly cooling the samples in an ice 
bath, and the reaction assayed by 'H NMR at 20°C. Each spec- 
trum was scanned twice and the extent of reaction determined by 
the average of integrations of methyl resonance of each species. In 
each rate determination some six to eight different points were 
taken, and first-order kinetics were observed. Each rate constant 
was determined in duplicate using independent samples. 
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A CAD study of isobaric (CH,), SiArH' ions (ArH = benzene, toluene) formed by 
association and protonation 
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XIAOPING LI and JOHN A.  STONE. Can. J. Chern. 70, 2070 (1992). 
Collision-assisted dissociation has been used to compare the ions formed by (a) the addition of trirnethylsilylium 

((CH,),Si+) to benzene and toluene, and (b) the protonation of trirnethylsilyl-substituted aromatics. The spectra of the 
isobaric ions are essentially identical at both high (8 keV) and low (<I5 eV) collision energies. Proton transfer to tri- 
rnethylarnine is observed for all ions at centre of mass collision energies below 1.5 eV. The results show that the de- 
composing and reacting structures are the same for all these isobaric ions, whether formed by protonation or by addition 
of trimethylsilyliurn to aromatic, but they do not definitively resolve the question of the structure of their ground state, 
i.e., whether (CH3),Si is IT or u bonded. 

XIAOPING LI et JOHN A .  STONE. Can. J. Chern. 70, 2070 (1992). 
On a utilisk une dissociation assistke par collision pour cornparer les ions qui se forrnent par (a) l'addition du 

trirnCthylsilyliurn ((cH,),Si+) au benzkne et au tolukne et (b) la protonation de produits arornatiques substitutes par des 
groupes trirnCthylsilyles. Les spectres des ions isobares sont pratiquernent identiques aux Cnergies de collision tant klevkes 
(8 keV) que basses (<15 eV). On a observk un transfert de proton vers la trimkthylamine pour tous les ions au centre 
d'knergies de collision de rnasse infkrieures a 1,5 eV. Les rksultats rnontrent que les structures qui rCagissent et qui se 
dkcomposent sont les m&rnes pour tous ces ions isobares, qu'ils se forment par protonation ou par addition de 
trimkthylsilylium a un produit arornatique; toutefois, ils ne permettent pas de rCsoudre d'une fa~on dkfinitive la question 
de la structure de leur &tat fondarnental, a savoir si le (CH,),Si est l iC par des Clectrons 6 ou IT. 

[Traduit par La rCdaction] 

Introduction 

y-Radiolysis of CH,/(CH,),Si/ArH mixtures (ArH = ar- 
omatic = benzene, toluene, xylene) at pressures of around 
1 atmosphere (1 atm = 101.3 kPa) leads to the formation of 
the silylated aromatics (CH,),SiAr (1, 2). The suggested 
mechanism has the u-bonded structure I as an intermediate. 

For example, in the case of benzene the proposed mecha- 
nism involves initial formation of (CH,),Si+ by dissociative 
protonation of (CH,),Si followed by addition of (CH,),Si+ 
to benzene and subsequent deprotonation of the adduct by a 
base B. 

The base employed was (CIH,),N which has high Bronsted 
basicity but relatively low nucleophilicity. Preliminary ex- 
periments using ion cyclotron resonance spectroscopy showed 
that molecules with basic oxygen sites, such as cyclohexa- 
none, which might be expected to deprotonate the sug- 

'Department of Chemistry, University of Toronto. 

gested arenium ion, did not do so and only (CH,),Si+ transfer 
was observed (2). 

Earlier studies of the association of (CH,),Si+ with aromat- 
ics in a high-pressure mass spectrometer (HPMS) source (2- 
4.5 Torr; 1 Torr = 133.3 Pa) led to the suggestion that the 
observed stabilized (CH,),SiArH+ ions had the n-complex 
structure I1 rather than being u-complexes (3). Later HPMS 
studies failed to find convincing evidence for arenium ion 
structures (4). Adducts were formed by the addition of either 
(CH3),Si+ or (CH3),C+ to perdeuterated benzene and tol- 
uene and (C2H,),N was used as a deprotonating agent. The 
appearance of (C,H,),ND+ was taken as evidence that de- 
protonation of an arenium ion had occurred according to re- 
action [2]. The disappearance of (cH,),CC&,+, for example, 
was accompanied by an almost equal increase in (C2HS),ND+, 
which characterizes (CH,),C+ adducts as arenium ions. Al- 
though the (CH,),Si+ adducts of perdeuterated aromatics 
disappeared as rapidly as did the analogous (cH,),C+ ad- 
ducts in the presence of (C2H,),N, the accompanying for- 
mation of (C,H,),ND+ was far less than expected; 
(C,H,),NH+ was the major product. Therefore, although the 
results with the (CH,),~'  adducts show that HPMS is able 
to provide good evidence for the presence of arenium ions, 
the evidence obtained with the (CH,),Si+ adducts is incon- 
clusive. 

In this paper we report on a further investigation of the 
structures of the (CH,),SiArH+ complexes, this time using 
collision-assisted dissociation (CAD). In particular, a com- 
parison is made of the CAD spectra of (CH,),SiArH+ ions 
formed by the addition of (CH,),Si+ to benzene and toluene 
and the isobaric ions formed by protonation of trimethylsil- 
ylbenzene and trimethylsilyltoluene. The evidence suggests 
that the isobaric (CH,),SiArH+ ions formed by the two dif- 
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ferent methods decompose from a common structure and that 
the ions probably do have the arenium ion structure I. 

Experimental 
All experiments were carried out using the ZAB-2FQ (BEQQ 

geometry) mass spectrometer located at the Ontario Regional Ion 
Centre at the University of Toronto. Two different ion sources were 
employed, the standard VG EI/CI source and a 'recently con- 
structed high pressure source (HP) (5). The advantage of the latter 
is that since the electron-emitting filament is -5 cm from the ion 
source block there is no heating of the block by the filament and 
temperatures as low as 300 K may be used. This aids in the for- 
mation of usable beams of ions that are susceptible to thermal 
decomposition. In addition, the HP source was operable at signif- 
icantly higher pressures, 4 Torr vs. -0.5 Torr. 

Metastable spectra, due to the unimolecular decomposition of 
ions of unique m/z values in the second field free region between 
the magnetic and electrostatic sectors were obtained by scanning 
the electrostatic field at fixed acceleration voltage and magnet field 
(MIKES scan). Collisional-activated dissociations were carried out 
in the second field free region (high energy (HE)) or in the first of 
the two quadrupole mass filters, which was operated in the RF only 
mode (low energy (LE)). For HE studies the ion beam energy was 
usually 8 keV while for LE studies the energies of the decelerated 
ions ranged from 0.5 to 50 eV. Daughter ions from HE dissocia- 
tions were analyzed using the electric sector and those from LE 
dissociations by using the second quadrupole analyzer. Helium was 
used as the collision-gas at HE while both nitrogen and trimethyl- 
amine were used at LE. This latter collision gas adsorbs strongly FIG. 1. The metastable spectra for ni/z 15 1 formed by ( a )  the 

addition of (CH,),Si+ to C6H6, and (b) the protonation of on all surfaces and persisted for a considerable length of time in the 
system after its flow was turned off. The pressure reading of an (CH3)3SiCGH5. Main beam energy 8 keV. 

ionization gauge well downstream was not a reliable measure of the 
pressure in the collision region. For example, changes in gauge 
reading did not correlate well with spectral changes and when N2 
was introduced as collision gas immediately after (CH3),N had been 
used, spectra at low beam energy (<6 eV) contained ions due to 
collisions with (CH,),N. Multiple scans (10-100) were summed 
in a multichannel analyser to obtain each of the spectra presented 
in this paper. Pressure readings downstream from the collision cell 
were used as a rough guide to set up operating conditions for HE 
CAD studies but the main criterion to be met in obtaining the 
spectral data was a decrease in main-beam intensity of approxi- 
mately 10-20%. With this attenuation the problem of multiple 
collisions was minimized. Of course identical parent ions should 
yield identical spectra under the same conditions whether they are 
in the single or multiple collision regime. A range of beam atten- 
uations was used for CAD studies at low pressure to gain infor- 
mation on the observed ion-molecule reactions. 

Trimethylsilylbenzene and trimethylsilyltoluene were obtained 
from PCR Laboratories Ltd. Tetramethylsilane (TMS), benzene-cl,, 
toluene-d,, and toluene-a,a,a-d3 were from Merck Sharpe and 
Dohme and all other chemicals were from the Aldrich Chemical 
Company Limited. All chemicals were used as received. 

Results 

The (CH,),S~+ adducts of benzene, benzene-d,, toluene 
and toluene-a,a,a-d,, and mesitylene were readily formed 
in both the HP source and the EI/CI source by addition of 
(cH,),s~+ to the aromatic via reactions [ l ]  and [2]. Higher 
relative intensities of the adducts were obtained using the HP 
source because of more efficient third-body stabilization but 
the observed metastable and CAD spectra obtained were 
independent of the source employed. Ions of the same 
m/z values as the (CH,),S~+ adducts of benzene and tolvene 
were also formed by protonation of (CH,),SiC6H5 and p- 
(CH,),SiC,H,CH,. (Henceforth for convenience, such ions, 
no matter how formed, with elemental composition (CH3),- 

SiArH+ (ArH = aromatic) will be designated MH'.) MH' 
formed by protonation was always of very low intensity even 
when the HP source was operated at 300 K and this was also 
the case if either the strong protonating reagent ion cH,+ was 
used or the much weaker i-C,H7+ (PA(C,H,) = 180 kcal 
mol-' (6)), generated in CH,/C,H, mixtures. The reason for 
the weak signal was that protonization by CH,+ can lead to 
extensive desilylation rather than protonation, while with 
i-C,H7+ displacement of (cH,),S~+ competes with protona- 
tion (7). In addition there was always a significant M' peak 
(-60% the intensity of MH+), which has a 2 9 ~ i  isotopic 
component isobaric with MH+. Presumably M+ originated 
by direct electron impact ionization (8). The possibility was 
therefore present of metastable decomposition or collisional 
dissociation of M' interfering with studies of MH+. M+ was 
generated in the absence of MH+ by electron impact on 
(CH,),SiC,H, and (CH,),SiC6H,CH, in the EI/CI source at 
low pressure and the metastable and CAD spectra were re- 
corded. A very intense [M - 15]+ peak was the only meta- 
stable decomposition observed and this peak was also 
dominant in the HE CAD spectrum, constituting >80% total 
ion intensity. 
Metastable (unimolecular) decompositions 

The metastable decomposition spectra observed in the 
second field free region of MH+ (ArH = C6H6) formed by 
the two different methods are compared in Fig. 1. The sig- 
nificant difference between the two spectra, apart from the 
obvious difference in intensity, is the pair of relatively large 
peaks attributed to loss of CH, (m/z 136) and CH, (m/z 135) 
from MH+ formed by protonation. The peak at m/z 136 may 
be due, wholly or in part, to the unimolecular decomposi- 
tion of the isobaric M+ containing 2 9 ~ i ,  for which CH, loss 
constitutes the major, and very intense, metastable decom- 
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FIG. 2. The CAD spectra of m/z  151 formed by (a) the addi- 
tion of (CH,),Si+ to C6&, and (b) the protonation of (CH3),SiC6H5. 
Main beam energy 8 keV, target gas He. 

position. Loss of CH, occurs for all MH+ but constitutes a 
greater fraction of the total for ions formed by protonation. 
This may be due to a slightly different energy content for 
these ions although most ions from the high-pressure source 
should be thermalized since the average ion suffers more than 
10, collisions before exiting the source. The results for the 
metastable decomposition of MH' (ArH = C6H5CH3), which 
are not shown, are similar to the results for MH' (ArH = 
C6H6) but the intensity of [MH - 151' is only 5% of m/z 73 
for the ion formed by protonation and only m/z 73 is ob- 
served for MH' formed by association. 

The metastable spectra from decompositions subsequent 
to deceleration were observed at ion energies of 50 eV. The 
results confirm those described above, with loss of aro- 
matic to yield (cH,),s~+ (m/z 73) being the major decom- 
position path. Peaks due to loss of CH, but only from 
protonated M, (mainly from * ' ~ i  containing M'?) and CH, 
are also observed. 

CAD spectra 
HE CAD spectra for MH' (ArH = C,H6) are shown in Fig. 

2. The data from these figures are presented in Table 1, as 
are the data for MH+ (ArH = C6H5CH3). Also shown in the 
table are the assigned neutral losses. The assignments for 
MH+ formed by association could be partially checked using 
C6D6 and C6D5CD3. The loss of 16 mass units for the C6H6 
adduct becomes 17 mass units with C6D6, i.e., the methane 
lost is composed of CH, from (CH,),Si and H from the ar- 
omatic ring. The CH, lost is entirely from the (CH,),Si group 
as is loss of C,H6 (ArH = C6D6) but loss of both masses 30 

and 33 in almost equal proportions (C,H6 and C,H,D,) is 
observed with C6D,CD3. This interesting observation of an 
apparent combination of ring and silicon methyls was not 
pursued. Losses of masses 46, 44, and 42 from MH+ 
(ArH = benzene) becomes losses of 47, 45, and 43 with 
C6D6. The lost neutrals are presumed not to contain silicon 
(for example 46 amu could be loss of H,*~s~cH,) since this 
implies significant rearrangement, which is not usually en- 
countered in HE CAD. 

LE CAD spectra of MHf were studied using either N, or 
(CH,),N as collision gas. With a beam energy of 50 eV there 
was no difference between the results obtained for any MH+, 
loss of aromatic to give (CH3),Sif being the only decom- 
position path. This path was the only one for N, CAD at all 
lower energies but at very low laboratory energies (<6 eV) 
other paths opened up with (CH,),N. Figure 3 shows rep- 
resentative CAD spectra for MH+ (ArH = C6H6) formed by 
both protonation of (CH3),SiC6H, and by addition of 
(CH,),Si+ to C6H6 with (CH,),N as collision gas. When C6D6 
rather than C6H6 was complexed with (CH,),Si+ to form 
MHf,  the peaks at m/z 73 and 132 were unchanged and 
m/z 60 became 61. The major peaks are identified as 
(CH,),NH+ (m/z 60), (CH,),S~+ (m/z 73), and (CH3),- 
SiN(CH,),+ (m/z 132). The minor peak at m/z 1 19 is the 
proton-bound dimer ((CH,),N)*H+ but the identity of the 
small m/z 104 peak is not immediately evident. Although it 
is present in the two spectra of Fig. 3 it was absent when C@, 
was used instead of C6H6 in forming the complex with 
(CH,),Si+. This peak also appeared in the CAD spectrum of 
the toluene adduct and may be due to an impurity in the 
(CH,),N. For all MH+, a lowering of ion translational en- 
ergy to -0.5 eV resulted in the presence of essentially only 
two CAD ions, viz. m/z 60 and m/z 132, m/z 73 being of 
very low intensity. 

The (CH,),Si+ adduct of 1,3,5-trimethylbenzene (mesi- 
tylene) was also examined in the same manner as those of 
benzene and toluene. The only metastable decomposition 
peak was due to loss of aromatic to give (cH,),Si+. The HE 
CAD spectrum was more intense than for the lower aromat- 
ics with large peaks for losses of CH,, C2H6, and (cH,),s~+. 
An equally large peak at m/z 105 could be loss of (CH,),Si. 
LE CAD with nitrogen as collision gas led only to m/z 73, 
i.e., loss of mesitylene. The same result occurred with 
(CH,),N as collision gas at centre of mass energies greater 
than 1 eV, but below this energy the (CH3),Sif adduct of 
trimethylamine was formed. (CH,),NH+ was present but in 
a far diminished yield (<5% relative abundance) compared 
with those from the benzene and toluene adducts. 

Discussion 
Comparison of Figs. 2a and 2b and the data in Table 1 

strongly suggests that the decomposing forms of MH+ ions 
for ArH = benzene, whether formed by association or pro- 
tonation, have the same structure. For ArH = toluene the 
relative intensities of CAD ions for MH+ formed by the two 
methods are not as well matched as those for benzene but the 
intensity patterns are comparable. The contribution of 
metastable decomposition to each of the spectra was as- 
sessed by biasing the collision cell by 1 kV to separate CAD 
and metastable ions. Very small metastable contributions 
(< 10% of the intensity of each peak) were observed for m/z 
73 in all spectra. Metastable decomposition of MH' formed 
by protonation also showed a small contribution to the ion 
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LI AND STONE 2073 

TABLE 1. Relative ion abundances (RA) in the CAD spectra of MH-' formed by the association of (cH,),S~+ with aromatic and by the 
protonation of trimethylsilyl aromatic 

RA(%) 

LOSS ( c H ~ ) ~ S ~ +  + C6H6 (CH3),SiC6H5 + H+ (CH3),Si + C6H5CH3 (CH3)3SiC6H4CH3 + H+ 

H2 
CH3 
CH4 
CzH6 
C2H8 

C2H10 
C3H6 

C3H8 
C 3 H ~ 0  

C4H12(C2H8Si) 
C4H,o(C2H4Si) 
C ~ H S ( C ~ H ~ S ~ )  
C3H,Si 
C3HIoSi 
ArH 
ArH2 

This is the expected ion if the dissociation is that of either 
a .rr or a a complex since the positive charge will tend 
to remain with the fragment of lowest ionization energy 
(IE(C6H6) = 9.25 eV, IE ((CH,),Si) = 6.5 eV (9)). It is to 
be noted that a small peak corresponding to loss of (CH,),Si 
as neutral is also observed in all HE CAD spectra. The 
presence of this ion shows a minimum energy input in the 
collision process of IE(C&16) - IE((CH,),Si) + D((CH,),S~+- 
C6H6) = 3.76 eV for ArH = C6H6. The observation of this 
ion requires activating collisions leading to excitation to upper 
electronic states of (CH,),SiArH+. 

Most of the He CAD ions not discussed above arise from 
alkyl and alkene losses from the (CH,),Si group alone; losses 
of CH,, C2H6, and C,H, are particularly prominent. Of par- 
ticular note is that loss of CH, becomes loss minimum en- 
ergy input in the collision process of IE(C&16) - IE((CH,),Si) 
+ D((CH,),Si+ - C6H6) = 3.76 eV for ArH = C6H6. The 
observation of this ion requires activating collisions leading 
to excitation to upper electronic states of (c~ , ) , s iArH+.  

Most of the He CAD ions not discussed above arise from 
alkyl and alkene losses from the (CH,),Si group alone; losses 
of CH,, C2H6, and C,H, are particularly prominent. Of par- 
ticular note is that loss of CH, becomes loss of CH3D for 
MH+ formed by association of (CH,),Si+ with a perdeuter- 
ated aromatic. This methane loss results in the formation of 
the very stable (CH,),SiAr+ ion, which is the most intense 
ion in the electron impact mass spectra of (CH,),SiAr (Ar = 
C6H5, CH3C6H4), demonstrating the greater stability of 
(CH,),SiAr+ compared with (CH,),Si+. 

Figure 26 shows significant peaks due to loss of one and 
two mass units that are not present in Fig. 2a. We have no 

FIG. 3. The CAD spectra of m/z  151 formed by (a) the addi- explanation for their presence and assume that they are not 
tion of (cH3),Si+ to C6&, and (b) the protonation of (CH3I3SiC6H5. significant. These peaks were not observed in the LE CAD 
Main beam energy 1.5 eV, target gas (CH3),N. spectra of this same ion or indeed in any other spectrum. In 

particular, no such peaks were observed in the HE CAD 

formed by loss of 15 amu, i .e., CH,. The major CAD ion in spectrum of M+. 

all spectra is m / z  73 ( (c~ , ) ,S i+)  formed by loss of the aro- The LE CAD spectra with N2 or (CH,),N as collision gas 

matic molecule. with laboratory ion energies in the range 6-50 eV show only 
loss of aromatic for all MH+. There are no competing dis- 

[4] (cH,)~S~A~H+ + (CH3)3Si+ + ArH sociation paths. Dissociation under LE conditions is &rib- 
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utable to vibrational excitation of the ground electronic state 
(10). This is the reverse of the association, which occurs on 
the ground state electronic energy surface and for which the 
reversible association has been studied in a high-pressure 
mass spectrometer to yield (cH,),s~+-A~H binding ener- 
gies of 23.9 * 0.4 kcal mol-' (ArH = C6H6) (1 1) and 
28.4 k 0.4 kcal mol-I (ArH = C6H5CH3) (4). 

Ion-molecule reactions in addition to collisional dis- 
sociation occur between MH+ and (CH3),N below 6 eV 
laboratory energy; for MH+ (ArH = C6H6) this energy cor- 
responds to a centre of mass energy of 2.8 eV. Proton transfer 
(reaction [5]) and displacement (reaction [6]) together with 
collisional dissociation (reaction [7]) are observed. The 
presence of a small amount of ((cH,),N),H+ shows that 
multiple collisions are occurring. This ion is not significant 
(< 1 % total ion intensity) at nominal (CH,),N pressures less 
than 1 x 1 oP6 Torr. 

With decreasing energy the (CH,),Si+ peak decreases and 
is insignificant at a centre of mass energy -0.14 eV. At this 
very low energy the relative rates of reactions [5] and [6] 
appear, within the aforementioned limitations of pressure 
measurement, to be independent of (CH,),N pressure below 
a pressure gauge reading of 9 X Torr. From the rela- 
tive peak heights k5/k6 = 1.9 * 0.2 for (CH3),N pressure 
readings from 1 to 9 X Torr. Both reactions [5] and [6] 
are highly exothermic. The binding energies of (CH,),Si+ to 
C6H6 and (CH,),N are 24 (3) and >60 kcal mol-' (1 1) re- 
spectively. If the proton affinity of (CH3),SiC6H5 is taken to 
be roughly that of (CH3),CC6H5 (193 kcal mol-I (7)) then 
reaction [5] is exothermic by -30 kcal mol-I. The impor- 
tant conclusion to be drawn from these LE CAD studies is 
that they do not differentiate between MH+ ions formed by 
the two methods, association and protonation. 

The evidence cited in this paper strongly supports the idea 
that MH+ has the same structure for a given aromatic whether 
it is formed by association of (CH,),Si+ with ArH or by 
protonation of (CH,),SiAr. Kebarle and co-workers (12) 
verified the identity of the (CH,),C+ adduct of benzene and 
protonated tert-butyl benzene by showing the consistency of 
binding enthalpy with proton affinity. Such a thermochem- 
ical proof is not possible for the analogous silicon com- 
pounds discussed in this paper because of the lack of the 
required thermochemical data, namely the proton affinity and 
enthalpy of formation of (CH3),SiC6H,. The uncertainties in 
any estimations of these values are such that no confidence 
could be placed in the conclusions drawn from their use. 

The identity of the HE CAD spectra of protonated iso- 
propyl-n-butyl benzene and the ion formed by the addition 
of the isopropylcarbenium ion to n-butyl benzene was taken 
by Holman and Gross as evidence not only that such reac- 
tions produce identical MH+ species that collisionally de- 
compose from identical structures but also that their 
ionization-threshold structures are the same (13). They ar- 
gued that as the size of the alkyl group increases, its ability 
to accommodate carbenium ion character also increases. This 
ability also increases with branching in a given alkyl group, 
for example for butyl in the order n-butyl < sec-butyl < tert- 

butyl. This is also the order of stability of protonated butyl- 
benzenes, the n-butyl and sec-butyl members of which, with 
suitable excitation, can isomerize to the more branched 
structures. Such an isomerization is presumed to occur via a 
T-complex and supporting evidence for this statement is the 
observation of hydrogen scrambling between the aromatic 
and alkyl hydrogens (1 3- 15). This scrambling is envisaged 
to occur via the proton-bound structure V with the T-com- 
plex IV as a distinct intermediate on the potential energy 
surface. 

111 IV v 
Structure V must be of relatively high energy for the 
(CH3),Si+ and (CH,),C+ adducts of benzene and toluene since 
no isotopic hydrog& scrambling between the ring and methyl 
hydrogens of (CH,),X is observed when the equilibrium as- 
sociation is studied using C6D6 or C6D5CD3 (4). Presumably 
under the experimental conditions, the much higher proton 
affinities of (CH,),X=CH, (PA((CH,),C=CH,) = 196 kcal 
mol-I (6), PA((CH,),Si=CH,) = 228 kcal mol-' (16)) than 
of benzene (PA = 181 kcal mol-l) and toluene (190 kcal 
mol-l) do not allow structures such as V to be accessible. A 
strong BrGnsted base such as (C,H,),N will proton transfer 
via I or I11 for silicon and carbon adducts respectively. A 
strong oxygen-containing nucleophile such as cyclohexa- 
none but which has much weaker Br~nsted basic properties 
than (C,H,),N reacts via 11, the very strong Si-0 bond 
formed favouring a displacement reaction rather than pro- 
ton transfer. 

Little proton transfer is observed from the (cH,),S~+ ad- 
duct of 1,3,5-trimethylbenzene to (C,H,),N. This is in 
agreement with the observation that trimethylsilylation of 
mesitylene was not observed in the radiolysis of (CH,),Si/ 
C6H3(CH3),/(C,H5),N mixtures (2). The explanation of steric 
hindrance in the deprotonation step given for the radiolytic 
result is consistent with our observations. The enthalpy of 
binding of (CH,),Si+ to mesitylene is 7 kcal mol-I greater 
than to benzene (3). The proton affinity of 2,4,6-trimethyl- 
1-trimethylsilylbenzene will be only slightly greater than the 
201 kcal mol-I of mesitylene. Reactions analogous to [5] and 
[6] will therefore still be highly exothermic with mesitylene 
and should be fast and competitive. The preponderance of 
the displacement reaction over the proton transfer reaction 
is indicative of significant steric hindrance in the latter re- 
action. 
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Electrochemical behavior of C-methoxy, amino, cyano, and mercapto nitrones 
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BRUCE J. ACKEN, DAVID E. GALLIS, JAMES A. WARSHAW, and DELANSON R. CRIST. Can. J .  Chem. 70, 2076 (1992). 
The redox behavior of various C-substituted nitrones was investigated by cyclic voltammetry in acetonitrile. These 

included C-methoxynitrones (Me0)CR = N(0)t-Bu with R = C6H5(la), p-MeOC6H4 (lb),  p-NOZC6H4 (lc),  and H ( Id)  
and nitrones YCH = N(0)t-Bu with Y = n-BUS (2a), CN (2b), and C6H5NH (2c). All gave anodic peaks which can be 
identified as oxidations of the nitrone function. Controlled potential electrolysis of l a  at 1.05 V (SCE) showed that its 
oxidation was a one-electron process. Reduction of l a  occurs stepwise at -2.08 and at -2.47 V,  the same potential for 
reduction of methyl N-tert-butylbenzimidate (Me0)CPh = Nt-Bu. With electrochemical windows of ca. 3 V ,  all of the 
nitrones studied appear suitable for spin-trapping experiments. 

BRUCE J. ACKEN, DAVID E. GALLIS, JAMES A. WARSHAW et DELANSON R. CRIST. Can. J.  Chem. 70, 2076 (1992). 
Operant dans l'acktonitrile et faisant appel a la voltampCromCtrie cyclique, on a CtudiC le comportement rCdox de di- 

verses nitrones C-substituCes dont les C-methyoxynitrones (Me0)CR = N(0)t-Bu dans lesquelles R = C6H5 ( la) ,  p -  
MeOC6H, (lb),  p-NO2C6H4 ( lc)  et H ( I d )  et les nitrones YCH = N(0)t-Bu dans lesquelles Y = n-BUS (2a), CN (26) 
et C&NH (2c). Tous ces produits donnent des pics anodiques que l'on peut identifier comme des oxydations de la fonction 
nitrone. Une Clectrolyse du composC l a  i un potentiel contr6lC de 1,05 V (SCE) montre que cette oxydation est un pro- 
cessus impliquant un electron. La reduction du composC l a  se produit par Ctapes a -2,08 et a -2,47 V,  les m&mes po- 
tentiels que ceux observes lors de la reduction du N-tert-butylbenzimidate de mkthyle (Me0)CPh = Nt-Bu. Avec des 
plages Clectrochimiques d'environ 3 V,  toutes les nitrones CtudiCes semblent approprikes pour des Ctudes de piCgeage 
de spin. 

[Traduit par la redaction] 

Most of the attention devoted to nitrone chemistry in re- 
cent years has concerned applications as synthetic interme- 
diates (1) or as spin-trapping agents (2). In connection with 
spin-trapping applications Blount and co-workers (3) ex- 
amined nitrone electrochemistry in aqueous and nonaque- 
ous media in order to determine windows of inactivity 
suitable for electrochemical generation of free radicals. In 
acetonitrile most aldonitrones were oxidized at potentials 
greater than 1 V (vs. SCE) and reduced at ca. -2.0 V, a 
relatively wide window, in one-electron oxidation and two- 
electron-reduction processes. 

We now present electrochemical results on nitrones bear- 
ing RO, RS, R2N, or CN at the a position. If the nitronyl 
function is considered analogous to a carbonyl group, these 
nitrones are related to esters, thio esters, ketonitriles, and 
amides, respectively. The effective spin-trapping ability of 
C-methoxy-C-aryl-N-tert-butylnitrones has previously been 
reported (4). 

Results 
Various C-methoxynitrones 1 and aldonitrones 2(a-c) 

shown in Scheme 1 were prepared as previously described 
(5) and their electrochemistry studied by cyclic voltamme- 
try. Also investigated as references were the well-known C- 
phenyl-N-tert-butylnitrone (PBN) 2d, imine 3a, and imi- 
date 3b. 

Cyclic voltammograms were taken in acetonitrile con- 
taining 0.1 M tetraethylammonium perchlorate, with oxi- 
dations at a platinum electrode (range ca. 2.5 to - 1.8 V vs. 
SCE) and reductions at a hanging mercury drop electrode 
(HMDE) (range ca. 0.6 to -2.7 V vs. SCE). 

'Present address: Pfizer, Inc., Groton, CT 06340, U.S.A. 
'present address: Environmental Resources Management, Inc., 

Exton, PA 19341, U.S.A. 
3 ~ u t h o r  to whom correspondence may be addressed. 

C-Methoxynitrones 
Nitrone l a  is irreversibly oxidized at 0.91 V at Pt (Fig. 

1A). Controlled potential electrolysis showed that this oxi- 
dation released 1.06 electrons. Reduction of l a  is an irre- 
versible two-step process with E,(,, = -2.08 and -2.47 V 
(Fig. IB). The heights of the two reduction peaks in the cyclic 
voltammogram are essentially the same and the position of 
the second peak is the same as that for authentic benzimi- 
date 3b. 

To determine the substituent effect on the electrochemi- 
cal characteristics of C-alkoxynitrones, cyclic voltammo- 
grams of l b  and l c  were also recorded and the data are 
summarized in Table 1. In the case of the nitro derivative 
there is an extra multi-step reduction at ca. - 1.4 V corre- 
sponding (6) to a four-electron reduction of -NO, to 
-NHOH (Fig. 1C). Thus, the nitrone reduced at -2.04 V 
is N-hydroxylaminonitrone 5,  eq. [I],  a similar conclusion 
reached for reduction of C-p-nitrophenyl-~-methylnitrone (7). 

Electrochemical oxidation of Id is similar to the other C- 
alkoxynitrones studied. It is oxidized in an irreversible one- 
step oxidation at 1 .OO V (Fig. ID). However, its reduction 
is quite different in that it undergoes a quasi-reversible one- 
step reduction at - 1 .96 V (Fig. 1 E). 

Other nitrones 
C-n-Butylmercaptonitrone 2a undergoes a two-step irre- 

versible oxidation at 1.17 and 1.77 V (Fig. 2A). There was 
no reduction of this compound prior to the solvent dis- 
charge. Sulfides are known to undergo two-electron oxida- 
tions to either the sulfoxide or a pseudo-dirner depending on 
the amount of water present (8). Since the peak at 1.17 V is 
approximately twice the size of the peak at 1.77 V and since 
aldonitrones are known to undergo one-electron oxidations 
in nonaqueous media (3), it is reasonable to assign the peak 
at 1.17 V to oxidation of the sulfide portion of the molecule 
and the peak at 1.77 V to nitrone oxidation. 
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Me0 , t-Bu Y 0 
> N \  >=N< 2E). Anilines are known (12) to be oxidized in two steps, 

R 0 H t-Bu each with two-electron, coupled anodic and cathodic peaks, 
so that the quasi-reversible oxidations at 0.63 and 1.3 1 V 

C-Cyanonitrone 2b undergoes a one-step irreversible ox- 
idation at 0.88 V (Fig. 2B) and a two-step irreversible re- 
duction at - 1.14 and - 1.79 V (Fig. 2C). The extra reduction 
step at - 1.14 V, as compared with aldonitrones Id  and PBN 
(see below), is in the region for reduction of CN by various 
processes (9-1 1). C-Anilinonitrone (2c) undergoes a series 
of oxidations (Fig. 2D) at 0.63, 1.01, and 1.3 1 V and an ir- 
reversible two-step reduction at -2.06 and -2.66 V (Fig. 

probably represent oxidation of the anilino group. 
An aldonitrone, PBN (2d), and two model compounds 

were also studied. PBN undergoes an irreversible one-elec- 
tron oxidation at 1.34 V and a one-step, two-electron re- 
duction at -2.28 V (Fig. 2F). Benzylidene-tert-butylamine 
(3a) is irreversibly oxidized at 2.04 V and reduced irrever- 
sibly at -2.43 V. Methyl N-tert-butylbenzimidate (3b) is 
irreversibly oxidized at 2.08 V and reduced at -2.46 V. 

Discussion 
C-Methoxynitrones 

Nitrones 1, 2b, and 2d all undergo an irreversible 
one-electron oxidation as reported for other nitrones in non- 
aqueous media (3). Oxidation of nitrones 2a and 2c in- 
volves prior oxidation of the n-butylmercapto and anilino 
groups, respectively. Attempts to characterize the product 
of oxidation of l a  were inconclusive. In the case of phen- 
azine-N, N'-dioxide the radical cation produced dimerized 
(13). 

The process for reduction of C-alkoxynitrone l a  shown 

FIG. 1. Cyclic voltammograms of C-methoxynitrones 1 in acetonitrile containing 0.1 M Et4NC104, sweep rate 50 mV/s, x axis in V 
vs. SCE. ( A  and B) l a  at Pt and HMDE, respectively; (C) l c  at HMDE; (D and E) Id at Pt and HMDE, respectively. 
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B 

FIG. 2. Cyclic voltammograms of nitrones 2 in acetonitrile containing 0.1 M Et4NC104, sweep rate 50 mV/s, x axis in V vs. SCE. 
( A )  2a at Pt; ( B  and C) 2b at Pt and HMDE, respectively; (D and E) 2c at Pt and HMDE, respectively; (F) 2d at HMDE. 

in eq. [2] is consistent with two reduction peaks of nearly the 
same heights, and thus involving the same number of elec- 
trons (14), and the fact that the second peak occurred at the 
same potential as that for authentic 3b. 

The first step is analogous to reduction of N-phenylni- 
trones in aqueous acid (7, 15) and the second to reduction 
of imidates to aminals (1 6) and imines to amines (1 7). Un- 
like the present case, the double bond is reduced for PBN and 
other N-tert-butylnitrones in acetonitrile giving N-hydroxy- 
amines (3) which are not reduced further (6). 
Structural effects 

Electron-withdrawing groups hindered oxidation of C-al- 
koxynitrones 1,  as shown by increasing EH,, for the series lb ,  
l a ,  and l c  (see Table 1). This is an expected result, since 
electron withdrawal from the nitrone function should make 
it more difficult to remove an electron, as reported for sub- 
stituted pyridine N-oxides (1 8). 

For reduction, the electron-donating p-Me0 substituent 
retarded addition of electrons, since E,(,, is -2.26 V for l b  
compared with -2.08 V for the unsubstituted phenyl l a .  The 
value of -2.04 V for the p-NO, derivative l c  is similar to 
that for p-MeO, since prior reduction of NO, gives a ni- 
trone containing the electron-donating p-NHOH group on 
phenyl, eq. [ I  1. These results are in general agreement with 
the usual trend that substrates with electron-donating groups 

have more negative polarographic half-wave potentials (19), 
as reported specifically for C-aryl-N-methylnitrones (7). 

Model compounds 2d, 3a, and 3b and alkoxynitrone l a  
have peak potentials (Table 1) that give the following order4 
for ease of oxidation and reduction: 

imidate < imine < aldonitrone < alkoxynitrone 

Aromatic hydrocarbons exhibit the same behavior in that the 
one more easily oxidized is also more easily reduced (20). 

Electrochemical windows 
It has been shown (21) that nitrones can be used as spin 

traps in experiments using electrochemical generation of 
radicals. For this use, the range of electrochemical inactiv- 
ity must first be known. For the nitrones in the present study, 
possible useful potentials would occur between the least 
positive E,,,, and least negative E,(,, listed in Table 1. A 
graphical representation of these resulting maximum elec- 
trochemical windows is shown in Fig. 3. Also included is C- 
phenyl-N-tert-butylnitrone 2d for comparison purposes. 

The C-alkoxynitrones studied all have more narrow elec- 
trochemical windows than PBN. In the case of l c ,  the win- 

4 ~ , ( , ,  values for these compounds correlated with HOMO ener- 
gies calculated by MNDO, but Eg,, did not show a relationship with 
LUMO energies (unpublished work). 
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TABLE 1. Anodic and cathodic peak potentials of nitrone and other 
functional groups" 

EP(Z!, EP(C, 

Compound Nitrone Other Nitrone Other 

"In acetonitrile containing 0.1 M Et.,NClO, with oxidations at Pt, re- 
ductions at a HMDE; all potentials in volts with respect to SCE. See text 
for tentative assignments of peaks to the nitrone function or to other groups 
in the molecule. 

"eduction of a modified nitrone due to prior reduction of other func- 
tional groups (see text). 

'Part of a complex series. 
"Oxidation of a modified nitrone due to prior oxidation of other func- 

tional group (see text). 
'Assignments of these functional groups may be interchanged. 

+ lb' 

V (SCE) 

FIG. 3. Electrochemical windows of C-substituted nitrones. 
Limits are defined as the anodic and cathodic peak potentials of 
nitrone or other electroactive function (see text). 

dow is narrowed considerably by reduction of the nitro group 
(6). Similarly, electrochemical reactions of the Y group in 
2a,  2b, and 2c determine the width of the window, not the 
nitrone function itself. As is apparent from Fig. 3, how- 
ever, all of the nitrones studied here would be suitable for 
electrochemical spin-trapping experiments. Most of these 
compounds have electrochemical windows of 3 V, the 
greatest being C-n-butylmercaptonitrone 2a which has a 
window of 3.95 V. 

Experimental 

Nuclear magnetic resonance (NMR) spectra were obtained on a 
Bruker (Aspect 3000) 300 MHz spectrometer with absorptions given 
in ppm from internal tetramethylsilane. Cyclic voltammograms were 
obtained on an IBM Instruments EC/225 Voltammetric Analyzer. 
The working electrodes were either Pt (Bioanalytical Systems) or 
a HMDE (Metroh E-410). The reference electrode was a double 
junction, saturated calomel electrode (EG&G). Controlled poten- 
tial electrolyses were done on a coulometer built by W. Craig, 
Georgetown University, with Pt gauze or a Hg pool as working 
electrodes. 

Materials 
All electrochemical studies were done in acetonitrile (Baker) that 

had been passed through alumina under Ar and stored over Mo- 
lecular Sieves (Linde 4 A, previously heated at 400°C for 4 h). 
Nitrones 1 were prepared by alkylation of the hydroxamic acids with 
methyl triflate and deprotonation on silica gel/methanol as previ- 
ously described (5). After evaporation of methanol at O°C under N2 
the nitrone was taken up in 20 mL of acetonitrile containing 0.1 M 
Et,NCIO, to give a solution ca. 1 mM in nitrone. Nitrones 2a,  2b, 
and 2c, prepared frcm I d  as previously described (4), were puri- 
fied by preparative thin-layer chromatography on 0.5 rnm silica gel 
plates (CH2Cl2/MeOH 9:  1). The nitrone band was scraped and 
eluted from silica with methanol. Solutions ca. 1 mM in nitrone in 
acetonitrile with 0.1 M Et4NCI04 were made as above. Imine 3a 
(22) and imidate 3b (23) were prepared as previously described and 
nitrone 2d was obtained from Kodak. 

Cyclic voltamrnetry 
Oxidations were done at a platinum electrode and reductions at 

a hanging mercury drop electrode (HMDE). In both cases the 
auxiliary electrode was platinum. All potentials are with respect to 
an aqueous saturated calomel electrode, separated from the sam- 
ple solution by a double junction containing 0.1 M Et,NC104 in 
acetonitrile. The reference electrode was standardized to the re- 
duction of ferrocinium+ to ferrocene, = 0.307 V in acetoni- 
trile (0.2 M LiC10,). Acetonitrile solutions of the species under 
study, 1-8 mM in substrate and 0.1 M in Et,NCI04, were de- 
gassed with Ar for 10-15 min prior to taking a voltammogram. The 
sweep rate was typically 50 mV/s and the current sensitivity 10 FA. 

Cyclic voltammograms were run on similar solutions of methyl 
benzoate and N-tert-butylhydroxylamine, possible products of hy- 
drolysis of l a .  The ester showed no oxidation prior to solvent dis- 
charge and an irreversible reduction with E,(,, = -2.42 V. The 
hydroxylamine was irreversibly oxidized with Ep(,, = 0.59 V but 
showed no reduction prior to solvent discharge. 

Controlled potetztial electrolysis of l a  
For oxidation, a solution of 4 mg of l a  in 20 mL of acetonitrile 

0.1 M in Et4NC1O4 was degassed for 15 min with Ar. Exhaustive 
electrolysis was done at + 1.05 V vs. SCE at a platinum gauze 
electrode. The auxiliary electrode was separated from the solution 
by a glass-fritted chamber containing acetonitrile 0.1 M in 
Et4NC10,. The solution was electrolyzed until the current-time 
curve reached a plateau. A solution containing only the support- 
ing electrolyte was deoxygenated and electrolyzed. The differ- 
ence in coulombs between these two currents, when converted to 
electrons, corresponds to a 1.06 electron oxidation. After removal 
of solvent at O°C under a stream of N,, the residue was taken up in 
CDC1,. 'H NMR showed only signals due to methyl benzoate 6 
(CDCl,): 3.92 (s, 3H, OCH,), 7.40-7.46 (m, 2H, ArH), 7.52-7.58 
(m, l H ,  ArH), 8.02-8.05 (m, 2H, ArH) and N-tert-butylhydrox- 
ylamine 6 (CDCl,): 1.13 (s, 9H, N-t-Bu). 

For reduction, a solution of 3 mg of l a  was made as above. Ex- 
haustive reduction was done at -2.20 V vs. SCE at a mercury pool 
electrode. The auxiliary electrode was separated from the solution 
by a glass-fritted chamber containing acetonitrile 0.1 M in 
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Et4NC104. Electrolysis data indicated an apparent 8 electrons/mol 
nitrone, but this high value may be caused by reduction of the 
supporting electrolyte (24). After removal of solvent as described 
above, the residue was taken up in CDCI,. 'H NMR of the solu- 
tion indicated a complex mixture containing a minor amount of 
methyl N-tert-butylbenzimidate 6 (CDCI,): 1.2 1 (s, 9H, N-t-Bu), 
3.62 (s, 3H, OCH,), 7.35 (s, 5H, ArH). 
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Reactions of hydriodic acid with aldonolactones and n-alkanolactones. 
Interconversions between lactones and iodocarboxylic acids 
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ZHENGCHUN LIU, ALESSANDRO GRANATA, XINHUA SHEN, and ARTHUR S.  PERLIN. Can. J.  Chem. 70, 2081 (1992). 
Aldonolactones containing from four to eight carbon atoms, and lactones of the related monohydroxy-n-alkanoic acids, 

were subjected to reaction with 57% hydriodic acid at 125°C. As in the classical studies of Kiliani, the reduction of D- 

glycero-D-ido-heptono- 1,4-lactone yielded mainly y-heptanolactone. Analogously, the corresponding y-alkanolactones 
were obtained as major products from the 1,4-lactones of the D-xylono-, D-allono-, and D-erythro-L-talo-octono config- 
uration. Monoiodo-n-alkanoic acids were also formed in admixture with the lactones in all of these reactions. D-Ery- 
throno-1,4-lactone was unique among the aldonolactones in that it led only to an acid, i.e., 3-iodo-n-butanoic acid.   he 
latter was also the product of the non-reductive reaction of hydriodic acid with P-butyrolactone whereas, by contrast, y- 
butyrolactone afforded 4-iodobutanoic acid. Among compounds in the five to eight carbon series, it was found that under 
conditions close to equilibrium the ratio of lactone to iodoacid decreased progressively with the length of the carbon chain; 
e.g., in the 4 h reactions of y-valero-, y-capro-, y-heptano-, and y-octanolactone, the ratios were 2.4, 1.2, 0.2, and 0.1, 
respectively. An accompanying characteristic of these reactions is a progression in the number of isomeric iodoacids 
formed. Whereas y-valerolactone was accompanied by 4-iodopentanoic acid, there were two isomers (4- and 5-) of io- 
dohexanoic acid, three monoiodo- (including 6-iodo-) heptanoic acids, and four (including 7-iodo-) octanoic acids. In 
all instances, the isomer substituted at the penultimate carbon was major. An interplay of several individual reactions, 
including ring-opening displacements, eliminations-additions, and rearrangements, as well as a probable influence of 
entropy changes on the lactone-acid equilibria, appear to account largely for these observations. 

ZHENGCHUN LIU, ALESSANDRO GRANATA, XINHUA SHEN et ARTHUR S.  PERLIN. Can. J. Chem. 70, 2081 (1992). 
On a soumis des aldonolactones contenant de quatre B huit atomes de carbone ainsi que les lactones des acides mono- 

hydroxy-n-alcano'iques apparentes B une reaction avec de I'acide periodique i 57%, B 125°C. Comme il a kt15 observe 
dans les etudes classiques de Kiliani, la reduction de la D-glyce'ro-D-ido-heptono-1 ,4-lactone fournit principalement la 
y-heptanolactone. De la m&me rnaniere, on a obtenu les y-alcanolactones comrne produits principaux i partir des 1,4- 
lactones de configurations D-xylono, D-allono- et D-e'rythro-L-talo-octono. On observe aussi la formation des acides 
rnonoiodo-n-alcanoi'ques en melange avec les lactones obtenues dans toutes ces reactions. La D-Crythrono-1 ,4-lactone 
est unique parmi les aldonolactones puisqu'elle ne fournit qu'un acide, soit l'acide 3-iodo-n-butanGque. Cet acide est 
aussi le produit de la reaction non-reductive de l'acide hydriodique avec la P-butyrolactone alors que, par contraste, la 
y-butyrolactone fournit I'acide 4-iodobutanoi'que. Parmi les composes de la serie contenant de cinq i huit atomes de 
carbone, on a trouve que, dans des conditions proches de celles de l'equilibre, le rapport entre la quantiti lactone et celle 
d'acide iode diminue progressivement avec une augmentation de la longueur de la chaine carbonee; par exernple, dans 
les reactions de 4 h de y-valCro-, y-capro-, y-heptano- et y-octanolactone, les rapports sont respectivement de 2,4, 1,2, 
0,2 et 0 , l .  Une autre caracteristique de ces reactions est une progression dans le nombre des acides iodes isornkres qui 
se forment. Alors que la y-valCrolactone est accompagnee par de I'acide 4-iodopentanoi'que, il se forme deux isomeres 
(4- et 5-) de l'acide iodohexanoique, trois acides monoiodo (incluant le 6-iodo-) heptanoiques et quatre acides mono- 
iodo (y compris le 7-iodo-) octano'iques. Dans tous les cas, I'isomkre substituk sur le penultikme atome de carbone est 
l'isomkre principal. I1 semble que l'interaction de plusieurs reactions individuelles, y compris des substitutions avec 
ouverture de cycle, des eliminations avec additions et des transpositions, ainsi que I'influence probable de changement 
entropique sur l'kquilibre lactone/acide, soient largement responsables de ces observations. 

[Traduit par la redaction] 

Introduction aldonolactones and also to the related lactones of monohv- 

One of the early proofs that D-glucose is an aldo-hexose 
(1) is attributable to Kiliani (l) ,  who converted the sugar via 
the cyanohydrin into a heptoglyconic acid (2), which on re- 
duction (2) with hydriodic acid (HI), followed by zinc - hy- 
drochloric acid, gave heptanoic acid (3). Only a low yield 
of 3 was obtained (3) from a crystalline y-(1,4)-lactone form 
of 2, i.e., 4, whereas 60-70% of the product was y-hep- 
tanolactone (5). Although this could imply that the lactone 
ring had remained intact, product 5 has been found 
subsequently2 to be racemic, and hence the configuration at 
C-4 of 4 (and C-3 of 1) is not retained in the process. This 
result, and a broader interest in the reactions of HI, led to the 
present examination of its chemistry as applied to a group of 

'Author to whom correspondence may be addressed. 
2 ~ .  S .  Perlin and R. K. Hill, unpublished. 

droxy-n-alkanoic acids (i.e., dihydro-2 (3H) furanone and 
several of its 5-alkyl derivatives). 

Results and discussion 
Compounds based on n-butanoic acid 

Using reaction conditions similar to those in earlier stud- 
ies (3), D-erythrono- l,4-lactone (6) was heated under reflux 
with 57% HI for 1 h. Extraction into methylene chloride af- 
forded, on evaporation of solvent, a solid in 71 % yield that, 
according to its 'H and I3c n m  spectra, consisted primarily 
of one compound (see Fig. l a  for the 'H spectrum). Its mass 
spectrum indicated that the product was a monoiodobuta- 
noic acid, and the fact that the methyl signal was a doublet 
(6 2.0) and the H-3 multiplet was strongly deshielded (6 4.4), 
verified that the structure is 3-iodobutanoic acid (7). Also 
consistent with the latter designation is the pair of doublet 
of doublets at 6 - 3.1, attributable to diastereotopic H-2 and 
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FIG. 1. The 'H nmr spectra of the products (extracted into methylene chloride) from the reaction with 57% HI at 125OC of ( a )  D-ery- 
throno-1,4-lactone (6) (1 h reaction); signals 1, 2 ,  and 3 are those of CH,, H-2,2', and H-3, respectively, of 3-iodobutanoic acid (7), and 
signals 4 and 5 are those of H-3 and H-2, respectively, of E-2-butanoic acid (12), (b)  y-valerolactone (14) (4 h reaction); signals 1 and 4 
are due to CH, and H-4, respectively, of 14 and signals 2 and 3 are those of CH, and H-4, respectively, of 4-iodopentanoic acid (16). 

H-2'. (The two minor, downfield, signals are referred to 
later.) 

This inference that a four-carbon lactone may be un- 
stable, e.g., relative to the seven-carbon homolog (S), 
received support from three other experiments. First, D- 
erythronic acid (8) gave virtually the same result as 6 ,  as 
shown by its 'H nmr spectrum and mass spectral data. Al- 
though some isomerization to 6 in the HI solution was to be 
anticipated, little or no lactone was detected in the product. 
Second, a similar result, i.e., a 74% yield of 7 was ob- 
tained when the reflux period was extended to 4 h. Iodide 7 
also was obtained, in 92% yield, from the 1 or 4 h reaction 
of P-butyrolactone (9) with HI. Third, complete ring open- 
ing was observed with y-butyrolactone (10) although, in this 
instance, the product was found to be 4-iodobutanoic acid 
( l l ) ,  on the basis of its 'H nmr spectrum, I3c nmr spec- 
trum, and mass spectrum. 

Formation of the 4-iodo product (11) is consistent with 
observations on macrocyclic o-lactones, which showed (4, 
5) that ring opening with HI affords the corresponding o-io- 
docarboxylic acids. The fact that the p-lactone (9) was con- 
verted into the 3-iodide (7) appears (5, 6) to be an analogous 
example of a ring-opening displacement reaction. How- 
ever, the formation of 7 from erythro derivatives 6 and 8 is 
clearly not accommodated by the same type of mechanism. 
Likely, such an intermediate as 2-butenoic acid (12) ac- 
counts for its formation. The occurrence of 12 as a minor 
reaction product is shown by the relatively weak signals in 
Fig. l a  at 6 7.15 and 5.90, which are coincident in chemi- 

cal shift with resonances of the known E isomer of 12 (con- 
firmed by introducing some E isomer into the solution used 
to obtain Fig. la). Electrophilic addition of HI to 12 would 
be expected (7) to lead regioselectively to the 3-iodide (7). 
Another indication of equilibration between these two spe- 
cies, was the presence ('H nmr evidence) of a trace propor- 
tion of 12 in admixture with 7 obtained from P-butyrolactone 
(9), whereas none of it was detected in the reaction product 
(11) of y-butyrolactone (10). 

Compounds based on n-perztanoic acid 
In this series, the lactone - iodocarboxylic acid equilib- 

rium lies mainly in favor of the cyclic form, which con- 
trasts strikingly with that of the four-carbon compounds. 

The reaction of D-xylono-1 ,4-lactone (13) with HI for 4 h 
afforded an oil soluble in methylene chloride, which ac- 
counted for about a 70% yield of y-valerolactone (14). That 
is, both the 'H and I3c nmr spectra of the crude product 
consisted primarily of signals superimposable on those of 
authentic 14, although the presence of minor components, 
including olefinic ones, was evident as well. By analogy with 
the comparison of the erythrono homologues, when D-xy- 
lonic acid (15) was subjected to the same reaction for 4 h, 
its product was indistinguishable from that of 13. The rela- 
tive stability of the y-lactone structure in this series was 
verified additionally by the finding that when pure y-vale- 
rolactone was heated with HI for 4 h, 63% of it was re- 
covered intact although, as the 'H nmr spectrum (Fig. lb) 
shows, it was accompanied by 26% of 4-iodopentanoic acid 
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H-C-OH 
I 
CH20H 

I COOH 

(16). The ratio of 14 to 16 is given by the relative intensi- 
ties of their H-4 signals (6 4.7 and 4.3, respectively), both 
being located relatively far downfield due to deshielding by 
the ring 0 atom (of 14) or the I atom (of 16). Also each CH, 
signal is a doublet, attributable to the presence of only one 
vicinal 'H, the signal at 6 1.95 reflecting the particularly 
strong deshielding effect (-0.9 ppm) of the neighboring I 
atom. (An analogous signal for CH, of 7 is the doublet at 6 
1.95 in Fig. la.) Supporting evidence for the structure of 16 
was given by 13c nrnr data, presented later, as well as by mass 
spectrometry (M = 228). 

Virtually the same spectrum as represented by Fig. 16 was 
obtained from the product (95% yield) of the 4 h reaction of 
HI with p-valerolactone (17). This showed that 17 had been 
isomerized into y-valerolactone (14) and, possibly (al- 
though see later), that -25% of the latter had undergone a 
ring-opening displacement to give 4-iodo-n-pentanoic acid 
(16). 

Consistent with the reaction of other w-lactones with HI, 

COOH 

CH2-I 

6-valerolactone (18) afforded 5-iodopentanoic acid (19) in 
97% yield (at both 1 and 4 h). 

Compounds based on hexa-, hepta-, and octanoic acid 
In the reactions of HI with lactones (other than w) having 

six, seven, or eight carbon atoms, the product ratios are 
progressively more in favor of the iodinated carboxylic acids 
as the number of carbons increases. In 4 h, both D-allono- 
1,4-lactone (20) and D-glucono- l,5-lactone (21) (see also ref. 
2) were converted into 6 5 6 7 %  of y-caprolactone (22), ac- 
companied by about 20% of mixed iodohexanoic acids. 
(Lactone 22 was also a major product of the reaction of 6- 
caprolactone (23) with HI.) With a seven-carbon example, 
i.e., D-glycero-D-ido-heptanoic- 1,4-lactone (24 = 4), the 
yield of y-heptanolactone (25) in 1-4 h was about 60%, in 
agreement with the earlier results reported (3). A mixture of 
iodocarboxylic acids made up the remaining 30-34% of the 
product. The corresponding yields in the reaction of D-ery- 
throno-L-talo-octono- 1,4-lactone (26) with HI were 46% of 
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COOH COOH COOH 
COOH 
I 

I I I 
lCH-\. (FH2 13 (vH2)4 ($H2)5 

y-octanolactone (27) and 35% of a mixture of iodocarbox- 
ylic acids. 

Turning to the structurally related lactones of the mono- 
hydroxy-n-alkanoic acids, their reactions with HI show even 
more clearly the pronounced trend towards the iodoacid in 
the lactone-acid equilibrium. This is illustrated by 'H nrnr 
spectra of the reaction mixtures produced in 4 h from y- 
caprolactone (22) and y-octanolactone (27) (Figs. 242 and 2b, 
respectively). A comparison of the intensity of the lactone 
H-4 multiplet (6 4.5) with that of the broad signal (6 -4.2) 
attributable to a proton a to an iodine substituent, gives a 
lactone-to-iodocarboxylic acid ratio of 1.2 for 22, and 0.11 
for 27; a ratio of 0.2 was found for y-heptanolactone (25). 

A relationship between the number of carbon atoms in the 
individual y-lactones, and the percentage of those lactones 
remaining intact after reaction with HI for 1 h and 4 h, is 
depicted in Fig. 3. As most of the transformation into io- 
docarboxylic acid is seen to have taken place during the first 
period, the 4 h values must be close to equilibrium. Ac- 
cordingly, the proportion of iodocarboxylic acid becomes 

progressively greater as the carbon chain is elongated from 
five to eight atoms. 

Comparative data are included in Fig. 3 for the products 
of reduction of the aldonolactones at 4 h. When these iso- 
lated products, in turn, were subjected to reaction with fresh 
HI for 2 h, the percentage of lactone remaining decreased, 
and approached the values obtained for the alkanolactones. 

The formation of monoiodo-n-alkanoic acids 
Various isomeric iodo-n-alkanoic acids were recovered 

from the reaction of HI with either aldonolactones or al- 
donic acids, or with n-alkanoic lactones. As reported by 
others, when the lactone ring involved a primary carbon 
atom, the corresponding w-iodo carboxylic acid was pro- 
duced in high yield. Examples of this are described above 
for y-butyrolactone and &valerolactone, and this also proved 
to be true for E-caprolactone (28), which afforded 6-iodo- 
hexanoic acid (29). These correspond to a ring-opening dis- 
placement by iodide, as in an S,2 type reaction. Although 
the conversion of P-butyrolactone into 3-iodo-n-butanoic acid 
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/ FIG. 2. The 'H nrnr spectra of the products (extracted into methylene chloride) from the 4 h reaction with 57% HI at 12S°C of ( a )  y- 
caprolactone (22); signals 1 and 4 are those of CH, and H-4, respectively of 22, signal 2 is that of CH, of 5-iodohexanoic acid (32), and 
signal 3 is that of HC-I of the monoiodohexanoic acids, ( b )  y-octanolactone (27); signal 1 is that of CH, of 7-iodooctanoic acid ( 3 4 ,  sig- 1 nal 2 is that of HC-I of the monoiodooctanoic acids, and signal 3 is that of H-4 of 27. 

(7) may be accommodated in the same way, the latter was 
also the product of reduction of D-erythrono-1 ,4-lactone (as 
well as the acid form). Had y-butyrolactone rather than 2- 
butenoic acid been an intermediate, then 4-iodo-n-butanoic 
acid should have been obtained instead. 

With the presence of a fifth carbon atom in the substrate, 
i.e., D-~~l0n0-l ,4- la~t0ne (13) (as well as the correspond- 
ing acid), the formation of an iodocarboxylic acid was now 
a minor event, as the preponderant product (71% in 4 h) was 
y-valerolactone (14). When the latter was subjected to the 
HI reaction, it gave about 25% 4-iodopentanoic acid (16), 
in what appears to have been a ring-opening displacement. 
However, as seen with the D-erythrono homologues, the lo- 
cation of the iodine atom in the product is not necessarily the 
same as that of the lactone bridge initially. Another exam- 
ple of this is found in the fact that f3-valerolactone (17) also 
yielded the 4-iodide (16) as well as y-valerolactone (14) in 
a ratio of -1 :3. Both of these represent rearrangement 
products, the formation of which likely involved the 3-io- 
dide (30) and perhaps an intermediate such as 31 (Scheme 
1). This could account for the finding that both the iodine 
atom of 16 and the lactone bridge in 14 occur at a position 
different from that in 17. Evidence that 30 was a transient 
product was obtained from 'H and 13c nmr spectra of the re- 
action components at 1 h, at which time no 17 remained and 
30 was the major product. However, at 4 h the 'H nmr 

spectrum was now essentially the same as that represented 
by Fig. lb, showing that the final product consisted of a 2.5 : 1 
mixture of 14 and 16. 

Analogous effects are observed in the six-carbon series: 
5-iodohexanoic acid (32) was the major acid species pro- 
duced from either D-allono- l,4-lactone (20) or y-caprolac- 
tone (22), whereas the 4-iodo isomer constituted one third 
of the acid mixture. These then, are additional examples of 
a rearrangement accompanying the opening of the lactone 
ring, as is the fact that the same mixture of acids was ob- 
tained from D-glucono-1 ,5-lactone (21) and 6-caprolactone 
(23). The presence of 32 was apparent from its strong CH3 
doublet observable at 6 1.95 (Fig. 2a), comparable to that 
for the CH3 group of 16 (Fig. lb); supporting data from the 
I3c nmr spectrum are given later. 

The occurrence of isomers bearing an iodine atom at the 
carbon adjacent to the terminal methyl group is found even 
with the more extended n-alkyl chains of the 7- and 8-car- 
bon compounds. Thus, the 'H nmr spectra of the products 
from the aldoheptono-l,4-lactone (24) or y-heptanolactone 
(25), and from the aldooctono-l,4-lactone (26) or y-octan- 
olactone (27) (see Fig. 2b), all contain a strong doublet at 6 
1.95, diagnostic for the CH, group adjacent to the H-C-I 
group. This corresponds to the formation of 6-iodohepta- 
noic acid (33) and 7-iodooctanoic acid (34). 

The absence of a 3-iodo-n-alkanoic acid, analogous to 7, 
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NUMBER OF CARBONS 

FIG. 3. (Solid lines) Percentages of the initial y-n-alkanolac- 
tones, comprising from 4 to 8 carbon atoms, remaining after re- 
action with 57% HI at 125°C for 4 h (1)  and 1 h (2). (Broken line) 
Comparative values for products of the HI reduction (4 h) of al- 
donolactones comprising from 4 to 8 carbon atoms. (Here, the 
joining of the points to form smooth curves is not intended to imply 
defined mathematical relationships between the parameters used but, 
rather, to highlight differences.) 

among the products from the 5 to 8-carbon aldonolactones 
is noteworthy in suggesting that electronic factors restrict the 
iodine atom to positions more remote from the carboxyl 
group. Whereas it is reasonable to find the iodine at posi- 
tion 4 of 16 in equilibrium with a y-lactone (14), as in 
Scheme 1, migration of the iodine atom to C-5 would have 
required the intermediacy of the less stable, A-4,5 isomer of 
31, and also anti-Markovnikov addition of HI. The 5-iodo- 
carboxylic acid (19) was accessible, nevertheless, through a 
direct displacement at C-5 of 18, and hence was not accom- 
panied by rearrangement products. 

In the 6-carbon series, the formation of y-caprolactone (22) 
from 6-lactones 21 and 23 finds precedence in many rear- 
rangements of the 6- to the more stable y-lactones (see, e.g., 
ref. 8). However, the occurrence of 5-iodohexanoic acid (32) 
among the products from the y- as well as the 6-lactones is 

noteworthy. By analogy with Scheme 1, 4-iodohexanoic acid 
and 4-hexenoic acid could be feasible intermediates in the 
formation of 32, and the fact that there was more of the lat- 
ter present than of the 4-iodo isomer, may indicate the oc- 
currence of competitive lactone-ring closure reactions in 
which an iodo substituent on C-4 is more frequently dis- 
placed than one on C-5. 

More unexpected is the appearance of the 6-iodo- (33) and 
7-iodo- (34) carboxylic acids as major species admixed with 
y-heptanolactone (25) and y-octanolactone (27), respec- 
tively, as well as among the products of the reaction of al- 
donolactones 24 and 26 with HI. That is, it is unclear why 
an iodine atom should appear at a location beyond C-4 or 
C-5, because those positions correspond to the more prob- 
able outcome of ring-opening and -;losing displacement re- 
actions envisaged for y- and 6-lactones, respectively. 

In all these instances, isomeric iodocarboxylic acids were 
present in minor proportions. Evidence for the co-occur- 
rence of the minor isomers was most clearly afforded by I3c 

nmr spectra (see later), based on the total number of re- 
solved I3c resonances and their relatively low intensities. The 
hexanoic acids were found to comprisL a 2 :  1 mixture of the 
5-iodo- (32) and 4-iodo isomers, whereas heptanoic and oc- 
tanoic acid derivatives 33 and 34 were both accompanied by 
at least two. lesser. isomeric iodides. As would be ex- 
pected, these minor products were characterized by rela- 
tively weak I3c signals in the region 6 13.4-14.3 (and also 
'H signals at 6 - 1.0), diagnostic for species in which the CH3 
group is more remote from the iodine atom than in 32, 33, 
or 34. Most likely, therefore, they are 4- and 5-iodohepta- 
noic acids and 4-, 5-, and (or) 6-iodooctanoic acids. 

It is worth noting that none of the parent, non-iodinated, 
n-alkanoic acids were detected among the reaction prod- 
ucts. Although this appears to be at variance with the earlier 
reports (1-3) of such products as n-heptanoic acid (3), those 
studies involved an additional step in which the material 
isolated from the HI reaction was subjected to reduction with 
zinc/hydrochloric acid (1, 2) or catalytic hydrogenation (3), 
which would have displaced iodine atoms. 

Overall, then, whereas only one secondary iodocarbox- 
ylic acid isomer is feasible in the 4-carbon (3-iodo, 7) and 
5-carbon (4-iodo, 16) series, the higher homologues allow 
for isomeric secondary iodide structures. This helps to 
accommodate the formation of two 6-, three 7-, and four 
8-carbon isomers. A related characteristic is the striking 
tendency for migration of the iodine atom toward the penul- 
timate carbon of the carboxylic acid chain, which occurs to 
a lesser extent as the chain length increases. As to how far 
from the carboxyl group this tendency occurs remains to 
be determined, as well as if it also applies for the other 
halogens. Undoubtedly, the relatively severe conditions that 
these reactions with HI entail are conducive to extensive 
rearrangements, as well as to racemization and some de- 
composition of the aldonola~tones.~ Olefinic products, de- 

3However, an example of a lactone that is relatively unaffected 
under these conditions is 3,3-dimethyl-2-hydroxy-y-butyrolactone 
(pantolactone) (35). In contrast to the quantitative ring-opening 
reaction of y-butyrolactone, two thirds of 35 was recovered after 
treatment for 1 h and 4 h. The product was the 4-iodoacid (36), 
which suggested that the gem dimethyl structure hindered not only 
the displacement at C-4, but also reduction of the hydroxyl group. 
Even more resistant was the "y-butyrolactonen ring incorporated 
within norbornane derivative 37. 
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TABLE 1. I3c chemical shifts for monoiodo derivatives of n-alkanoic acids 

6, carbon no. 

Carboxylic acid I 2 3 4 5 6 7 8 

Butanoic 179.6 36.3 18.5 13.4 
3-iodo (7) 177.0 48.0 17.3 29.0 
4-iodo (11) 179.5 34.8 28.3 5.3 

Pentanoic 179.7 34.1 27.0 22.0 13.5 
4-iodo (16) 175.1 34.5 37.6 28.8 29.1 
5-iodo (19) 180.6 33.2 25.7 32.8 6.0 

Hexanoic 181.0 34.5 25.2 32.6 23.7 14.8 
4-iodo 176.5 34.0 35.0 40.0 34.2 13.4 
5-iod0 (32) 178.3 32.2 28.9 41.1 29.7 29.1 
6-iodo (29) 180.9 34.1 23.8 30.1 33.3 6.6 

Heptanoic 181.1 35.1 26.0 30.5 33.7 24.2 15.4 
6-iodo (33) 179.6 (42.1 40.6 33.6 32.9 29.6 28.7) 
4- and 5-iodo (179.3" 39.0 33.4 28.9 24.4 23.5 13.0) 

( 1 7 8 . 5 ~  42.4 37.5 34.9 24.0 22.5 13.5) 
Octanoic 

7-iodo (34) 181.0 42.7 40.0 34.2 30.7 29.6 29.1 24.6 
4-, 5-, and 6-iodo 180.8 14.3 

180.5 16 signals between 6 41.9 and 22.1 14.2 
179.9 13.4 

"Signals of lower intensity than those of 33. 
bSignals of lowest intensity. 

tected in some instances, may be involved as intermediates, 
although such other possibilities as rearrangements of tran- 
sient carbocations (or, perhaps, free radicals) may be envis- 
aged as well. The possibility that there are several competing 
reactions is strengthened by a different type of observation: 
when a specimen of 8-valerolactone (23) deuterated at C-5 
(by deuteride reduction of the corresponding 5-ketoacid), was 
subjected to reaction with HI for 4 h, about 50% of the deu- 
terium was exchanged (MS evidence). 

C=O COOH 
I D, 

Finally, the progressive decrease observed in the ratio of 
lactone to iodocarboxylic acid with lengthening of the car- 
bon chain may reflect incremental increases in entropy as- 
sociated with greater numbers of isomeric iodoacid species 
generated in the lactone-acid equilibria. 

';'c nuclear magnetic resonance spectral data 
This source of information was particularly helpful for the 

detection and identification of the iodocarboxylic acids. In 
many instances, the 13c assignments were facilitated by use 
of the DEPT technique (9). 

An iodine substituent introduces distinctive shielding char- 
acteristics, some of which have been recognized (10, 1 1) with 
other classes of compounds. For example, C-3 and C-4 of 
4-iodo-n-butanoic acid (11) resonate downfield (by 10 ppm) 
and upfield (by 8 ppm), respectively of the corresponding 
nuclei of butanoic acid (Table 1). Similarly, these opposing 

effects are found for pentanoic acid and its 5-iodo deriva- 
tive (19), as well as hexanoic acid and its 6-iodide (29). 

Verification of the structure of 3-iodobutanoic acid (7) was 
provided by evidence (DEPT) that the signals at 8 17.3 and 
29.0 (Table 1) are due to methine and methyl groups, re- 
spectively. Hence, the presence of an iodine atom at C-3 
causes only a small increase in shielding, relative to the C-3 
of butanoic acid, whereas the neighboring I3c nuclei expe- 
rience strong deshielding, by 12 ppm (C-2) and 15 ppm 
(C-4). In 4-iodo~entanoic acid (16) the effect of the halo- . , 

;en atom is deshielding, not only for C-3 and C-5, but also 
for C-4. 

Two secondary iodo isomers of hexanoic acid were rec- 
ognized, in a ratio of -2: 1. The group of major signals was 
assigned to the 5-iodo isomer (32), because the appropriate 
methyl 13c is strongly deshielded (relative to n-hexanoic 
acid), and hence is adjacent to the methine I3c (C-5). By 
contrast, the chemical shift of the smaller methyl signal (8 
13.4) is consistent with a CH3CH, structure, and that of the 
methine I3c with the expectation that C-4 contains the sub- 
stituent. 

There are a total of 20 resolved signals in the spectrum of 
the product mixture obtained from y-heptanolactone (25) (in 
addition to minor signals of the lactone), corresponding to 
three isomeric iodo-n-heptanoic acids in a ratio of about 
1.5: 1.0:0.5. Among the minor signals are two, at 8 13.5 and 
13.0, which identifies their origin as groups. 
However, as all of the major signals appear below 8 28, they 
must be due to the 6-iodo derivative (33), containing a 
CH3CHI arrangement for which 'H data have already been 
cited. As the individual resonances have not all been as- 
signed, the chemical shifts are listed (Table 1) only accord- 
ing to sets for each isomer. 

A similar assessment of the I3c spectrum of the 8-carbon 
product mixture points to the co-occurrence of four iso- 
meric iodocarboxylic acids. Aside from minor signals due 
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to  y-octanolactone (27), the spectrum contains 30 resolved 
resonances out of the 32 required, and  their integral values 
correspond to an isomer ratio of  roughly 2: 1 : 1 : 1. Once  
again,  the minor species were found to possess terminal 
CH3CH, structures by virtue of  their upfield 1 3 ~ ~ 3  reso- 
nances, at 6 14.3, 14.2, and 13.4. By elimination, the major 
set of  signals, all of  which are  found downfield of  6 2 4 ,  is 
alloted to  the 7-iodo isomer (34). 

Experimental 

Nuclear magnetic resonance spectra were recorded with a Var- 
ian XL-200, XL-300, or Gemini 200 spectrometer, operating at 
200 MHz or 300 MHz for 'H, and 50 MHz for I3c. The solvent 
was CDCl,, and chemical shifts are given with respect to the sig- 
nal for internal Me,Si (6 0.0). Chemical ionization mass spectra 
were obtained with isobutane as the ionization reagent. Extracts of 
reaction mixtures were concentrated under diminished pressure at 
a bath temperature of 40°C. Hydriodic acid (57%) was obtained 
from Aldrich Chemical Co.,  as also were samples of P- and 
y-butyrolactone, y- and 6-valerolactone, y-caprolactone, 5-keto- 
hexanoic acid, E-caprolactone, and y-octanolactone. The aldono- 
lactones were prepared by established procedures. Potassium 
D-erythronate and ammonium D-xylonate were obtained from 
Pfanstiehl Laboratories, Waukegan, Ill. 

Representative of reactions of the lactones with HI are the fol- 
lowing: 

Reaction of D-erythrono-1 ,4-lactone (6) with hydriodic acid 
A solution D-erythrono-l,4-lactone (0.60 g, 5.0 mmol) in hy- 

driodic acid (57%, 5 mL) was heated under reflux at 125°C for 
1 h. Saturated aqueous NaCl (10 mL) was added after cooling to 
room temperature and the mixture was extracted into dichloro- 
methane (50 mL). The organic layer was washed successively with 
saturated aqueous Na2S203 (10 mL) and saturated aqueous NaCl 
(3 X 10 mL), dried (anhydrous MgSO,), and concentrated. The 
dark, solid, residue was recrystallized from dichloroethane - pe- 
troleum ether, affording yellow crystals (0.77g, 7 l %); mp 35-36°C; 
[aID + 1.4 (4.6 c ,  CHCI,). I3c nmr data are given in Table 1. The 
'H nmr spectrum of the crude product extracted is shown in Fig. 
l a ;  the introduction of authentic E-crotonic acid produced an in- 
crease in the relative intensities of the signals at cr 7.15 and 5.85. 
EI-mass spectrum: m/z 214 [M, 22.3%], m/z 127 [I, 25.0%], m/z  
87 [(M - I), loo%]. 

Reaction of D-allono-1 ,4-lactone (20) with HI 
A solution of the lactone (0.60 g, 3.3 mmol) in HI (57%, 5 mL) 

was heated under reflux for 4 h. After being cooled to room tem- 
perature the reaction mixture was processed as described for 6 .  The 
dichloromethane extract afforded a reddish-brown oil (0.44 g, 88%), 
which, according to its I H  and I3c nmr spectra (see Fig. l b  and 
Table l ) ,  consisted primarily of a mixture of y-caprolactone (22) 
(67%), 5-iodohexanoic acid (32) (14%), and 4-iodohexanoic acid 

(7%). CI-mass spectrum: m/z [(M + H, iodoacid), 9.3%], m/z  115 
[(M + H ,  lactone and (or) M iodoacid-I), loo%]. 

Reaction of y-octanolactone (27) with HI 
A solution of the lactone (0.60 g, 4.2 mmol) in HI (57%, 5 mL) 

was heated under reflux for 4 h, and the reaction mixture was pro- 
cessed as described for compound (20). The dichloromethane ex- 
tract afforded a yellow oil (1.16 g, 98%), which, according to 
the 'H and I3c nmr spectra (see Fig. 2b and Table 1) consisted 
primarily of the lactone (27) (9%) and a mixture of monoiodo- 
octanoic acids (89%). CI-mass spectrum: m/z  271 [(M + H, 
iodoacid), 12.2%], m/z  143 [(M + H, lactone and (or) M iodo- 
acid-I), loo%]. 

5-Iodo-n-pentanoic acid (19) 
Isolated, as above, from the reaction of 6-valerolactone (18) in 

90% yield (1.2 g); yellow crystals, mp 59-60°C (lit. (5) mp 58°C); 
13 C nmr data are given in Table 1. 

CI-mass spectral data for iodoacids produced from 
aldonolactones and 6-caprolactone-5-'H 
D-Xyl0n0-l,4-la~t0ne: m/z  229 [(M + H), 15.7%] 
D-Glucono-l ,4-lactone: m/z  243 [(M + H), 4.6%] 
D-Glycero-D-idoheptono-1 ,4-lactone: m / z  257 [(M + H), 

2.5%] 
D-Erythro-L-talooctono-1,4-lactone: m/z  271 [(M + H), 

12.0%] 
6-Caprolactone-5-'H: m / z  244 [(M + H, 6. I%)], 243 [(M - 

50% 'H + H), 61%], 116 [(M - HI), 93.6%], 115 [(M - 
50% 2H - HI), 100%]. 
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Preparation and NMR spectra of PF4(N-N)+ and SiF4(N-N), where N-N = 
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TUAN Q. NGUYEN, FANQI Qu,  XIAOLING HUANG, and ALEXANDER F. JANZEN. Can. J. Chem. 70, 2089 (1992). 
Cationic complexes PF,(N-N)', where N-N = 2,2'-bipyridine (bpy), 4-fluoro-2,2'-bipyridine (fbpy), and 1,lO- 

phenanthroline (phen), were prepared in modest yield and identified by their A2B2 and AIBC fluorine NMR spectra, which 
are similar to those of the isoelectronic SiF4(N-N) adducts. The ligands bpy, fbpy, and phen may be useful for moni- 
toring reactions of HF and H,O, or other fluorinated compounds, with glass apparatus because any liberated SiF, is then 
trapped as SiF,(N-N), which can be readily detected by NMR spectroscopy. 

TUAN Q. NGUYEN, FANQI Qu,  XIAOLING HUANG et ALEXANDER F. JANZEN. Can. J .  Chem. 70,2089 (1992). 
On a prCparC les complexes cationiques PF,(N-N)', dans lesquels N-N = 2,2'-pyridine (bpy), 4-fluoro-2,2'-bipyri- 

dine (fbpy) et 1, 10-phenanthroline (phen), avec de modestes rendements et on les a identifies par leurs spectres RMN 
A,B, et A,BC du fluor qui sont semblables ceux des adduits isoClectroniques SiF,(N-N). Di3 au fait que tout SiF, libed 
peut Etre piCge sous la forme de SiF4(N-N) que l'on peut facilement detecter par spectroscopie RMN, les ligands bpy, 
fbpy et phen peuvent Etre utiles pour suivre les reactions du HF, de l'eau ou d'autres composCs fluorCs avec les appar- 
eils de verre. 

[Traduit par la redaction] 

Fluorophosphonium cations PF,', RPF,', R2PF2', R,PF', 
and PF4(donor),' are known (I),  but a reported reaction be- 
tween PF, and phenanthroline did not give the expected ca- 
tion PF4(phen)' (2), although PC14(phen)' is stable (2, 3). 
We have studied the reaction of PF, with bidentate ligands 
N-N, where N-N = 2,2'-bipyridine (bpy), 4-fluoro-2,2'-bi- 
pyridine (fbpy), and 1,lO-phenanthroline (phen), in an at- 
tempt to identify the PF4(N-N)' cation. During the course 

of this work it was observed that extraneous reactions with 
glass apparatus produced SiF4(N-N); its convenient detec- 
tion by NMR provides a way of monitoring the reactions of 
fluorinated compounds with glassware. 

The synthesis of 4-fluoro-2,2'-bipyridine (fbpy) was car- 
ried out in four stages and fbpy was characterized by means 
of mass spectrometry, ',N (4), 1 9 ~ ,  I3c, I H  NMR, and by its 
reactions with iron and cobalt salts (4). 

~ - c ~ c ~ H ~ c o , H ~  > 

\ N  
HNO, 

I I 

When the reaction of PF, with bidentate ligands bpy, fbpy, 
and phen was carried out in dichloromethane solution, 
using a glass vacuum line and a glass reaction tube with a 
PTFE insert, it was found that the cation PF4(N-N)' was 
prepared in yields of 10-20%. The cations were identified 

- 196 to 25°C 
2PF5 + N-N , PF,(N-N)'PF~- 

CH2C12 

(10-20% yield) N-N = bpy, fbpy, phen 

by "F NMR (Table 1) and showed an A2B2 spin system for 

'Visiting scientist. Permanent address: Department of Chemis- 
try, Wuhan University, Wuhan, China. 

' ~ u t h o r  to whom correspondence may be addressed. 

PF4(bpy)' and PF4(phen)' and an A2BC pattern for 
PF4(fbpy)', consistent with an octahedral structure of the 
cation. 

The isoelectronic adducts SiF4(N-N) were prepared in es- 
sentially quantitative yield and their NMR spectra are in 
agreement with the assignments for PF4(N-N)' (Table 1). 

- 196 to 25'C 
SiF, + N-N SiF4(N-N) 

CH2C12 

N-N = bpy, fbpy, phen 

The crystal structure and the 19F NMR and infrared spec- 
tra of SiF4(bpy) have been reported previously (5). Al- 
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TABLE 1. I9F NMR data of SiF,(N-N) and PF,(N-N)+, where N-N = bpy, fbpy, and phen" 

F spin 
Compound system FA F" FC ~( fbpy)  ' J ( F ~ F ~ )  'J(F~FC) ' J ( F ~ ~ )  I J ( F ~ M )  'J(F~M) IJ(F~M) Solvent 

S i ~ , ( b ~ ~ ) ~  A,B, - 120.4 - 143.9 14 161 141 DMSO 
SiF,(phen) AzB2 - 120.1 - 144.9 17 158 142 DMSO 
SiF,(fbpy)' A,BC -120.1 -143.3 -144.0 -91.4 14 14 28 161 141 142 DMSO 
PF4(bpy)+ A2B2 -52.5 -80.3 62 844 825 DMSO 
PF,(phen): A2B2 -50.8 -8 1.5 65 867 833 CD3CN 
PF,(fbpy) A,BC -51.3 -79.9 -80.7 -77.9 62 62 62 846 8 25 827 CD3CN 

- - 

"Recorded on Bmker AM300 NMR spectrometer. Chemical shifts in ppm and coupling constants in Hz; internal reference is C6F6 (- 162.9 ppm), 
"9Si NMR (DMSO): - 176 ppm. 
'"Si NMR (DMSO): - 176 ppm. 

though the symmetry of the octahedral complexes allows a cently by the coordination model of reaction mechanisms (6) 
unique assignment of the F~ ligands, the assignment of F~ as a two-step pathway, P(4,2), in which the first step is 
versus in ~ ~ , ( f b p y ) +  and SiF,(fbpy) remains uncertain. viewed as a diffusion-controlled formation of a five-coor- 

The reaction of SiF, with bpy, fbpy, and phen occurs on dinate SF4-bpy adduct, followed by a rapid entropy-fa- 
warming the reaction mixture from - 196 to 25OC, and the voured five-center step to give the six-coordinate adduct 
mechanism of formation of SiF,(bpy) was described re- SiF,(bpy), as illustrated in Scheme 1. 

N-N = bpy, phen N-N = bpy, phen 

It is reasonable to propose a similar path for the forma- 
tion of PF,(N-N)+, except that a fluorine ligand must be 
transferred, presumably via a fluorine-bridged intermedi- 
ate, as shown in Scheme 2. 

The formation of PF,(N-N)+ also occurs on warming the 
reaction mixture from - 196 to 25°C but, as seen in Scheme 
2,  this reaction involves cleavage of a bridging P-F-P 
bond; however, such cleavage of bridging bonds in phos- 
phorus fluorides is known to be a rapid process, even on the 
NMR time scale (7). Numerous other four- and five-coor- 
dinate metal halides react with bidentate ligands (8) in a 
manner entirely analogous to that proposed for SiF, and PF5; 
consequently, pathways P(4,2) and P(8,4) may also be pro- 
posed for these reactions. 

M& + L-L 4 X,M(L-L) 

2MX5 + L-L + x,M(L-L)+MX~- 
3 1 P and "F NMR examination showed that the forma- 

tion of PF4(N-N)+ was accompanied by the following prod- 
ucts: (N-NH)+PF,-, F2P(0)OH, FP(O)(OH),, P(O)(OH),, 
SiF4(N-N), and BF4-, thus demonstrating that reaction with 
glass and moisture was the major reason for the low yield 
(10-20%) of formation of PF,(N-N)+. These reactions were 
carried out in Teflon-lined tubes; however, PF5 was han- 
dled in a glass vacuum line and there was partial exposure 
to glass valves during the reaction. Once formed, the cation 
PF4(N-N)+ is stable in the reaction mixture. 

No ligand exchange was observed when fbpy was added 
to SiF4(fbpy) nor when SiF,(fbpy) was added to SiF4(phen), 

F 

SiF, + N-N + N-N-SibF 

S 

SCHEME 1. Proposed mechanism3 of reaction of SiF, and N-N. 
Minimum set of CN: Si(4) Si(5) Si(6) N(2) N(3); pathway P(4,2). 

nor was there line-broadening in the "F NMR spectrum of 
SiF,(N-N) or PF4(N-N)+ in DMSO solution if 1 equivalent 
of H 2 0 ,  CF,COOH, or PhCOOH was added. Ligand 

3 ~ r a p h  P(X,C) consists of a vertex set X of reactants, interme- 
diates, and products, and an ed e set C consisting of coordination F numh.r operators +C, -C, +C , and -cC, which are drawn above 
the edges for forward steps and below for reverse steps; dashed lines 
refer to intermolecular steps and solid lines to intramolecular steps, 
as described previously (6). 
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NGUYEN ET AL. 209 1 

SCHEME 2. Proposed mechanism3 of formation of PF,(N-N)+PF,-. N-N is bpy, fbpy, or phen; minimum set of CN: P(5) P(6) N(2) 
N(3) F(l) F(2); pathway P(8,4). 

exchange did occur when excess PF, was added to 
PF,(N-N)+PF6- in CH2C12 solution, but rapid fluorine ex- 
change occurred only between anionic PF6- and PF,, a known 
process (7), but not between cationic PF,(N-N)+ and PF,, and 
this difference, as well as the fluorine transfer step of Scheme 
2, may be attributed to the selective cleavage of bridging P- 
F-P bonds in the postulated intermediates, as shown below. 

It was found that exchange between PF6- and excess PF, 
could be observed in CD3CN, but not in DMSO solution, and 

this may be attributed to the relative stability of the PF, 
(solvent) adducts; dissociation of PF,(NCCD3) gives free PF,, 
however, the PF,(DMSO) adduct is more stable and there- 
fore PF, is not available for exchange with PF6-. Exchange 
between PF,(NCCH3) and PF6- was also observed by Il'in 
and co-workers in their study of the interaction of PF, with 
phosphorus oxides (9). The NMR spectra of bpy and phen 
complexes, but not those of fbpy complexes, were there- 
fore generally recorded in DMSO solution. 

On adding DMSO to the reaction mixture containing PF, 
(fbpy)+, there was immediate loss of the fluorine substi- 
tuent from the bound fbpy ligand and the appearance of a new 
A2BC "F NMR spectrum assigned to ~ , p ( X b p ~ ) + ;  further- 
more, any SiF,(fbpy) was also converted to SiF,(Xbpy), but 
the identity of X was not established. 

The fluorine chemical shift of free fbpy (- 103.2 ppm) 
differs significantly from that of bound fbpy, e.g., SiF,(fbpy) 
(-91.4 ppm) or PF,(fbpy)+ (-77.9 pprn), and it was pos- 
sible to show in a qualitative way that adduct formation oc- 
curs in 3:l mixtures of fbpy/SbCl, (-95 pprn), fbpy/SnCl, 
(-87.6 pprn), fbpy/SnI, (-87.8 pprn), and fbpy/SiI, 
(-94 ppm), all in acetone solution, and fbpy/TeCl, 
(-95 ppm) in CH3N02/CDC13 solution, but the stoichiom- 
etry of the adducts was not investigated further. 

Borosilicate glass, Lewis acids, and halogen-bridged 
intermediates 

When alcohols and water are handled in Pyrex or quartz 
vessels, boron and silicon esters and their hydrolysis prod- 
ucts are usually present (10); furthermore, hydrogen fluo- 

ride and water, even in minute amounts, also react with 
borosilicate glass to produce boron and silicon fluorides and 
removal of these impurities can stop ligand exchange or 
isomerization reactions of various fluorinated compounds 
(1 1). 

In some previous NMR studies of ligand exchange, we 
attempted to identify trace amounts of glass-produced boron 
and silicon fluorides but, although BF4- can be readily de- 
tected by NMR because of the characteristic "BF,-/~OBF,- 

pattern, it is difficult to detect small amounts of silicon flu- 
orides because these compounds can undergo a variety of 
fluorine exchange processes involving SiF,, SiF,-, S~F?-, 
SiF,(donor), and SiF,(donor)-(12, 13), which complicates 
the positive identification of silicon fluorides in solution. 

It was therefore of interest to find in this study that dur- 
ing the reactions of PF, with bpy, fbpy, and phen, small 
amounts of SiF,(bpy), SiF,(fbpy), and SiF,(phen), along with 
BF,-, were invariably present, although glass was the only 
source of silicon and boron in these reactions. These 
SiF4(N-N) complexes are all "rigid" on the NMR time scale, 
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NGUYEN ET AL. 2093 

in dried and redistilled CH,Cl, in a reaction tube connected to a 
vacuum line. The mixture was warmed to room temperature and 
reaction occurred within 5 min. Removal of volatile material gave 
a white solid in quantitative yield identified as SiF4(bpy) by '% and 
"Si NMR (Table 1). 

A similar procedure was used for the preparation of SiF4(fbpy) 
and SiF4(phen) and their 1 9 ~  NMR data are found in Table 1. 
SiF4(bpy), SiF4(phen), and SiF,(fbpy) are stable in CH2Cl,, CH3CN, 
and DMSO solution; however, a slow conversion of SiF4(fbpy) to 
SiF,(Xbpy) occurs over a period of several weeks in DMSO so- 
lution, analogous to the conversion of PF4(fbpy)' to PFdfbpy)' in 
DMSO described above. SiF4(Xbpy); A,BC ' F NMR (300 MHz; 
(CD3)2SO): -1 19.4 ( F ~ ,  J A B  = 14, JAC = 14), -142.5 ( F ~ ,  JBC = 
28), - 143.5 (p). 

Small amounts of SiF4(N-N) and BF4- were always observed 
during the reactions of PF, and N-N although the only source of 
silicon and boron was the glass apparatus (see text). 
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70, 2094 (1992). 

Thujone, a waste by-product of the Canadian forest industry, has been utilized as a starting material to develop a ver- 
satile synthetic route to the darnascones (rose oil ketones) and related analogues. The synthetic sequence provides a route 
to P-cyclocitral ( 4 9 ,  the latter having been previously converted to P-damascone (2). In addition, thujone-derived in- 
termediates are converted to P-damascenone (48) and to intermediates that can be utilized for the preparation of damas- 
cone analogues. In conjunction with the above, an efficient route to safronitrile (42), P-cyclogeranonitrile (43), and 
P-cyclocitral (45) from 2,6-dimethylcyclohexanone has been developed. In summary, these studies afford an attractive 
versatile route to these important perfumery materials. 

JAMES P. KUTNEY, PHILIP J. GUNNING, ROBIN G.  CLEWLEY, JOHN SOMERVILLE et STEVEN J. R E ~ I G .  Can. J. Chem. 70, 
2094 (1992). 

On a utilisC le thuyone, un sous-produit de l'industrie forestibre canadienne, comme produit de depart pour dCvelopper 
une voie de synthkse versatile conduisant aux damascones (cktones de l'huile de rose) et ?i des produits apparent&. La 
voie de synthbse conduit au P-cyclocitral (45) qui a CtC transform6 antkrieurement en P-damascone. De plus, des in- 
termkdiaires dCrivCs de la thuyone peuvent &tre transformCs en P-damascknone (48) et en d'autres intermkdiaires qui peuvent 
&tre utilisCs pour la prkparation d'analogues de la damascone. En relation avec les travaux mentionnCs plus haut, on a 
aussi dCveloppC une voie efficace de synthbse du safronitrile (42), du P-cyclogCranonitrile (43) et du P-cyclocitral ?i partir 
de la 2,6-dimCthylcyclohexanone. En bref, ces travaux ont permis de dCvelopper une voie versatile de synthkse de ces 
produits importants en parfumerie. 

[Traduit par la rkdaction] 

The damascones or "rose oil ketones," as exemplified by 
a -  and P-damascone (1 and 2 respectively) are a family of 
natural products found as minor constituents in tea, to- 
bacco, and in rose and geranium oils (2). Their importance 
as perfumery agents is well known (2) and the impractical- 
ity of their isolation from such natural sources, particularly 
rose oil, has stimulated interest in their laboratory syntheses. 
Major efforts by the group at Firmenich in Geneva, 
Switzerland, have provided commercial routes to these 
compounds (3-5) and other groups have also made sub- 
stantial contributions to this field (6- 13). In our program 
directed toward the use of thujone (3), a waste by-product 
of the Canadian forest industry, as a starting material for the 
syntheses of various natural products, biologically active and 
commercially important substances, we have directed our 
attention toward the development of a versatile route to the 
damascones and, in particular, to novel analogues of these 
compounds, the latter as potential perfumery agents. This 
publication presents results that satisfy these objectives. 

The synthetic strategy for the synthesis of P-damascone 
(2) from thujone (3) is summarized in Scheme 1. Methyl- 
ation of thujone would give a trimethylated bicy- 
clo[3.1 .O]cyclohexanone system (4) that could serve as a key 

 or Part XV, see ref. 1. 
' ~ u t h o r  to whom correspondence may be addressed. 

intermediate. Two routes from this intermediate to the da- 
mascones are shown in Scheme 1. The first route, 4 + 5, 
6 + 2 involves attachment of the side chain present in the 
damascones either through a direct nucleophilic attack on the 
carbonyl group so as to attach the complete side chain, or by 
initial attack with a nucleophile, such as cyanide ion, fol- 
lowed by a chain extension. Cyclopropane ring-opening and 
isopropyl side-chain cleavage would lead to the damas- 
cones. The second route, 4 + 7 + 2, involves cyclopro- 
pane ring-opening and isopropyl side-chain cleavage directly 
after methylation of thujone to obtain a cyclohexenone sys- 
tem to which the desired side chain could be attached. The 
strategy employed should allow the synthesis of damascone 
analogues with substitution at C2', C3', C4', C5', and C6' 
positions of the "cyclohexane" part of the damascones, as 
well as numerous analogues in which the side chain is al- 
tered. Even the cyclopropane and isopropyl functionalities 
present in thujone could be retained for the synthesis of in- 
teresting analogues. 

A large number of experiments concerning the best route 
to 4 were conducted. These involved studies with various 
bases (KOH, NaH, K-tert-butoxide) in different solvents 
(methanol, THF, tert-butanol) and iodomethane or di- 
methyl sulphate as alkylating agents. With KOH, in meth- 
anol, the only observed reaction was isomerization of the C-4 
methyl group to afford an equilibrium mixture of (-)-iso- 
thujone (3, C-4 methyl in p-orientation) and (+)-thujone (3, 
C-4 methyl in a-orientation) in a ratio 2: 3 respectively. The 
stronger base, NaH in THF and iodomethane as alkylating 
agent (3 equivalents of each), afforded a mixture of un- 
reacted 3 (13%), the monomethylated product 8 (58%), and 
the dialkylated product 9 (14%) while replacement of NaH 
by potassium tert-butoxide (2.5 equivalents) afforded 8 (48%) 
and the fully alkylated ketone 10 (15%). In all cases, the re- 
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KUTNEY ET AL.: I 

SCHEME 1. Synthetic strategy for synthesis of P-damascone (2) from thujone (3). 

sulting reaction mixture was difficult to separate so a "one- 
step" alkylation process to provide the desired 9 (or its C-2 
isomer) was clearly undesirable. Thus regiospecific mono- 
alkylation of 3 at the C-4 position became the primary focus 
in the hope that 8 could be converted in higher overall yield 
to 9 in a subsequent reaction. Table 1 summarizes the 

results obtained in studies directed to optimize yields of 8. 
The high yields obtained (entries 2 and 3, Table 1) were en- 
couraging and these conditions were employed in all sub- 
sequent studies. For purposes of compound characterization, 
8 could be separated from 9 by repeated flash chromatog- 
raphy. Since it was expected that the rate of alkylation of 8 
to 9 would be higher than 9 to undesired 10, the mixture of 
8 and 9 ,  as obtained in these studies, could be employed di- 
rectly in the subsequent alkylation experiments. 

The minor component 9 ,  which was eluted first from the 
column, showed a molecular ion peak at m/z  = 180 in the 
mass spectrum. The 'H NMR spectrum showed two sin- 
glets at 6 0.99 and 1.09 ppm, a doublet at 6 0.98 ppm and 
two overlapping doublets at 6 1.03 ppm each integrating for 
three protons, the three cyclopropane protons at high field, 
and the characteristic septet of the isopropyl group. A quar- 

tet of doublets at 6 2.80 ppm, assigned to the C-2 proton, was 
shown by decoupling to be coupled to one of the methyl 
doublets at 6 1.03 ppm and also to one of the cyclopropane 
protons by a W-coupling. Hence the C-2 methyl had to be 
cis to the cyclopropane ring (endo form or explicitly the R 
conf igurat i~n)~ to allow for a W-coupling of the C-2 proton 
with a C-6 proton (see 9a). Also the C-6 Ha, proton at 6 
0.54 ppm could be assigned through this W-coupling. 

The 'H NMR spectrum of the monomethylated ketone 8 
(M' at m/z = 166) clearly showed two methyl singlets at 6 
1.12 and 1.03 ppm, and an AX system for the protons at C-2 
(6 2.09 and 2.66 ppm). The signal at 6 2.66 ppm has long- 
range coupling (J = 2.5 Hz) corresponding to a W-coupling 
with C-6-Ha, (6 0.64 ppm), and so could be assigned as the 
exo C-2 proton. 

Given the high yield of monomethylated thujone deriva- 
tive 8, a second methylation was required for the produc- 
tion of the desired dimethylated thujone 9. Since the use of 
excess potassium tert-butoxide in the methylation of thu- 
jone gave rise to significant amounts of product 10, as well 
as the desired products, it was decided to use lithium diiso- 
propylamide as the base. Using 1 equivalent of lithium di- 
isopropylarnide in tetrahydrofuran in the reaction with 8, and 
subsequent alkylation with iodomethane, gave a mixture, 
separable by spinning band distillation and column chro- 
matography, that contained a predominance of two iso- 
meric dimethylated compounds 9 (25%) and 11 (57%), with 

3~revious workers (14) have used the term "pseudo-axial" and 
"pseudo-equatorial" for describing substituents on the thujone 
system. However, since the five-membered ring is very close to 
planarity, and so can be distorted by substituents into either a "boatn 
or "chair"-like conformation, these terms do seem very ambigu- 
ous. For this work the terms exo and endo have been used to de- 
scribe substituents on the bicyclic system. The term endo is used 
when the substituent is closer to the longer of the two unsubsti- 
tuted bridges (see 9a). 
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TABLE 1. Methylation of thujone with potassium tert-butoxide and iodomethane 

Percent composition" 
Expt. Equiv. of Equiv. of Total yield 
No. KO'Bu Solvent Me1 of products 3 8 9 10 

1 2.5 THF 2.5 Quantitative - 37 48 15 
2 1.5 THF/'BuOH 1.5 95 - 91 9 - 

3 1 .O THF/'BuOH 1 .O 8 1 13 86 - 

"Determined by GC analysis. 

some starting material 8 (7%) and the fully methylated 
product 10 (6%). The overall yield of 9 and 11 from this re- 
action was 77%. It was found that after the methylation re- 
action had ceased, prolonging the reaction time resulted in 
an increase in the ratio of 9 to 11 with no change in the 
amount of 8 or 10. It was believed that the diisopropyl- 
amine present was effecting an isomerization of 11 into 9. 
Subsequently, the reaction mixture was treated with alco- 
holic potassium hydroxide to result in an almost complete 
isomerization of 11 to 9. Since the methylation of the eno- 

late generated from 8 is a kinetically controlled process, 
compounds 11 and 9 are both formed in the methylation of 
8. Approach of iodomethane can occur from either side of 
the enolate, with the exo face preferred (since the C-6-endo 
proton hinders attack from the endo face) giving rise to a 
predominance of 11 over 9.  However, ketone 9 is the more 
thermodynamically stable compound and thus becomes pre- 
dominant on equilibration of the mixture. Both 10 and 11 
were characterized from the usual spectroscopic data (see 
Experimental). 

s (a) LDA, THF 

(b) Me1 6 

The isomerization of 11 to 9 was investigated. Treatment 
of either pure 11 or pure 9 with alcoholic potassium hy- 
droxide, resulted in an identical mixture of 9 : 11 = 99 : 1. 
Treatment of a mixture of 8, 9, 11, and 10 (9: 11 = 38: 28) 
with thionyl chloride in methanol (a source of alcoholic hy- 
drogen chloride) also resulted in isomerization of 11 to 9 
( 9 : l l )  = 65:3). The isomerization of 11 to 9 would be ex- 
pected, since in 11 the near-planarity of the cyclopentane ring 
forces an eclipsing relationship between the exo C-2 methyl 
group and the isopropyl group. On isomerization to 9,  the 
C-2 methyl group is cis to the cyclopropane ring, which is 
expected to be less sterically demanding than the isopropyl 
group. 

The above detailed studies provided some understanding 
of the alkylation of thujone (3) to the ultimate desired prod- 
uct (9 and (or) 11) and allowed satisfactory yields of these 
compounds. 

In summary, by the use of a two-step alkylation process, 
using initially potassium tert-butoxide and iodomethane to 
afford 8 as a major component, and without isolation, re- 
action with lithium diisopropylamide and iodomethane, fol- 
lowed by treatment of the latter mixture with potassium 
hydroxide, a 77% overall yield of 9 from 3 could be real- 
ized. 

With the desired 9 in hand, the elaboration of the side 
chain, as required for the damascone series, and ring-open- 
ing of the cyclopropyl group was now considered. Prelimi- 
nary investigations in our laboratory revealed that direct 
introduction of the four-carbon side chain, that is, the se- 
quence, 4 -+ 7 -+ 2 or 4 + 6 + 2 (Scheme 1) would pro- 

vide difficulties and the route, 4 + 5 + 2, shown in Scheme 
1 was pursued. 

In considering the conversion of 9 (shown in general terms 
as 4 in Scheme 1) to the cyanohydrin 5, it was deemed un- 
necessary to prepawe a pure isomer of the two possible cy- 
anohydrins since subsequent elimination of the hydroxyl 
function to generate the required double bond in 2 would not 
necessitate a specific stereochemistry in cyanohydrin 5.  For 
this purpose, studies involving direct addition of cyanide ion 
to 9 under a variety of conditions were pursued but no 
formation of 5 could be observed. However, the use of tri- 
methylsilyl cyanide (15-17) (1.05 equivalents) with tetra-n- 
butylammonium cyanide (0.1 equivalent) as catalyst in the 
absence of solvent at 70-80°C did afford an essentially 
quantitative yield of the trimethylsilyl cyanides 12 and 13 in 
a ratio of 70: 28 respectively (GC analysis). No attempt was 
made, either chemically or spectroscopically, to establish the 
configuration of each compound at this stage, though, fol- 
lowing a literature search on the stereochemical outcome of 
this reaction, some conclusions as to the stereochemistry can 
be inferred. Evans et al. (18) established the stereochemical 
course of the trimethylsilyl cyanide addition to the rela- 
tively unhindered, but conformationally locked, 4-tert-b~- 
tylcyclohexanone. Kinetically the cyanide ion preferentially 
attacks the carbonyl from its axial face. A thermodynamic 
equilibrium can be established in which the axial cyanide 
isomer also predominates. With the trimethylsilyl cyanohy- 
drins from 9,  the isomer with the cyano group endo to the 
cyclopropane ring is likely to predominate in a thermody- 
namic equilibrium, since the periplanar interaction of the C-2 
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methyl and the nitrile would be less than the equivalent in- to be 12."eparation of the isomers for characterization 
teraction of the C-2 methyl and the oxysilyl group. Since the proved difficult. As the trimethylsilyl group was intended to 
use of tetra-n-butylammonium cyanide as a catalyst induces be eliminated at a later stage, there was no need to separate 
thermodynamic equilibrium (16), the major isomer is likely the isomers for the synthesis of the damascones. 

Along with the above mixture of isomeric silyl cyanohy- 
drins we obtained the silyl en01 ether 14 as a very minor 
product (2% by GC). In larger scale reactions, 14 was sep- 
arated from the silyl cyanohydrins. The generation of silyl 
en01 ethers in the reaction of trimethylsilyl cyanide with ke- 
tones has been noted before (15). 

With the desired introduction of the nitrile group in hand, 
attention was focussed on opening the cyclopropane ring to 
generate a six-membered ring system. The strategy em- 
ployed here was based on an earlier observation in our lab- 
oratory (1) that ozonation of thujone-derived intermediates 
allows selective introduction of a hydroxyl group exclu- 
sively at the tertiary carbon atom of the isopropyl group, and 
the product thus formed can be elaborated to the desired 
system by successive treatment with mineral acid and tri-n- 
butyltin hydride. Application of this strategy of cyclopro- 
pane-opening/isopropyl cleavage to the present study was 
highly successful. Treatment of the mixture of silyl cyano- 
hydrins 12/13 in ethyl acetate at O°C with a stream of ozone 
for 8 h resulted in complete consumption of the starting ma- 
terial. The products, isolated as three separate mixtures 
of isomers, were the epimeric olefins 15/16 (I%), the 
epimeric ketones 17/18 (45%), and the epimeric alcohols 
19/20 (21%). Attempts to separate the individual epimers 

CN CN CN 

OTMS OTMS OTMS 

from each of the mixtures by column chromatography for a 
detailed characterization resulted only in the enrichment of 
each isomer in the mixture. Pure compounds were not ob- 
tained in this study. The mixture of alcohols 19 and 20, oc- 
curring as a white solid, consisted of a 66: 34 mixture of the 
epimers similar to the ratio present in the starting material. 
The assumption is that the major product has the nitrile group 
endo to the cyclopropane ring. The ratio of isomers was de- 
termined by GC, and by integration in the 'H NMR spec- 
trum. Since mixtures greatly enriched in either of the alcohols 
could be obtained by chromatography, identification of the 
resonances in the 'H NMR spectrum was possible. 

The ketones 17 and 18, obtained in 45% yield, occurred 
as an inseparable mixture (7 1 : 29) while the third mixture, 
obtained in 1% yield, was shown to be the alkenes 15 and 

16, present as a 60: 40 mixture as determined by integration 
of the 'H NMR resonances at 6 4.78 and 4.85 ppm corre- 
sponding to the terminal methylene protons. 

Initial investigation of the ring-opening of the cyclopro- 
pane ring began with the alcohols 19 and 20. Treatment of 
a mixture of the alcohols dissolved in dichloromethane with 
concentrated hydrochloric acid gave a mixture of three iso- 
meric chlorides in 52% overall yield, of which 21 was the 
predominant compound (83% of the mixture). Repeated pu- 
rification by column chromatography resulted in a pure 
sample of 21. The mass spectrum showed it to be a chloride 
of formula CI6H,,ClNOSi. The 'H NMR spectrum readily 
established 21 as the isolated product and not the alternative 
six-membered structure 22. 

OTMS 

4 5  CN 
CN 

On monitoring the reaction of 19 and 20 with hydrochlo- 
ric acid by GC, it was found that an initial product was 
formed, which then decreased as the percentage of the chlo- 
ride mixture containing 21 increased. By performing the same 
reaction at O°C, the initial product could be obtained after 
careful work-up. The product was a highly unstable 60: 40 
mixture of the chlorides 23 and 24, that rapidly decom- 
posed to the alkenes 15 and 16. 

It was subsequently found that performing a sequence of 
reactions in which the chlorides were not purified led to sig- 
nificant increases in the yields. It was believed that the 
moderate yield of the chlorination step was due to the puri- 
fication process. 

The five-membered ring chloride 21  was not an unex- 
pected product since, as noted earlier, studies in our labo- 
ratory (1) had provided a similar ring-opening reaction. 

In parallel experiments, it was found that treatment of the 
mixture of chlorides (containing 21) with tri-n-butyltin hy- 
dride afforded the alkenes 27 and 28 (83 : 17) in 69% yield. 
The 'H nrnr spectrum of 27 clearly showed that a rearrange- 
ment had occurred, since the methyl group doublet that would 
result from direct replacement of chlorine in 21 was absent. 

?his argument assumes a near-planarity of the five-membered 
ring in the products 12 and 13. It has been shown (19) that in 3- 
thujone (3) the five-membered ring is only slightly distorted from 
planarity. 
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pcN OTMS 

OTMS - OTMS - ~ 1 " ' .  3 1 

'*jj@, Cl---. ,boo 4 5 CN 
'%,, 

Such a radical rearrangement had been noted previously (1). 
Treatment of the chlorides with tri-n-butyltin hydride (20) 
leads to homolytic cleavage of the C-Cl bond to generate 
a free radical. Usually, this radical abstracts a hydrogen atom 
from the tin hydride to propagate the free-radical chain re- 
action. However, the radical can rearrange to a more stable 
radical before abstraction, as has apparently happened in this 
case (21 -+ 25 + 26 -+ 27/28). The primary radical 25 
generated from 21 by tri-n-butyltin hydride may rearrange 

OTMS OTMS 

CN - 
"o,, 

CN 

to the secondary radical 26. This secondary radical is then 
trapped by a hydrogen atom. Davies and co-workers (21) and 
Mariano and Bay (22) investigated cyclopropyl radical rear- 
rangements in which either the primary or secondary radi- 
cals were obtained on ring-opening, depending on the 
conditions and the initial stereochemistry of the cyclopropyl 
radicals. 

At this stage it was decided, since the alcohols 19/20 could 
be converted to the six-membered ring alkenes 27/28, which 
on ozonolysis should be converted to the ketones 29/30, that 
a study involving the conversion of the ketones 17/18 into 
the ketones 29/30 should also be investigated. 

As discussed previously, the ketones 17 and 18 (7 1 : 29) 
were produced in 45% yield in the prolonged ozonation of 
12 and 13. Reduction with sodium borohydride gave, in 92% 
yield, a mixture of four isomeric alcohols 31, 32, 33, and 34 
(38:35: 14: 13 as shown by integration of the C-7 proton 

resonances in the 'H nmr spectrum). It was not considered 
necessary to obtain pure alcohols for the subsequent reac- 
tions, since it was expected that eventually a common prod- 
uct would be obtained from all of the isomers. Analysis of 
the product ratios in relation to the composition of the start- 
ing material suggested that, for each ketone, the reducing 
reagent attacked both the re or si face at equal rates. 

Reaction of this mixture of alcohols with hydrochloric acid 
resulted in the production of two chlorides 35 and 36 (63 : 37). 
(63 : 37). Traces of the five-membered ring chlorides were 
detected. Compounds 35 and 36 were clearly identified by 
the presence in the 'H NMR spectrum of the signals corre- 
sponding to the cyclopropane protons, and the two signals 
at 6 3.75 and 4.11 ppm corresponding to the protons at- 
tached to the carbon atoms bearing chlorine. The simplifi- 
cation of the mixture from four isomers (for the alcohols) to 
two isomers (for the chlorides) was somewhat surprising, as 
was the retention of the cyclopropane functionality since, with 
the alcohols 19 and 20, ring-opening to the five-membered 
ring chloride 21 occurred under the same conditions. 

The formation of the chlorides 35 and 36 was of concern, 
since treatment with tri-n-butyltin hydride might result in the 
eventual retention of the cyclopropane functionality. Fortu- 
nately, on treatment with this reagent a rearrangement of the 
initial radical, formed by the homolytic cleavage of the C-C1 
bond, resulted in an efficient conversion of the chloride into 
the alkenes 37 and 38 (37:38 = 72:28) in 95% yield, pos- 
sessing the desired six-membered ring. The two alkenes were 
epimeric about the silyl cyanohydrin functionality. Support 
for the structures of 37 and 38 was provided by the presence 
of the two vinylic protons at 6 5.20 and 5.41 ppm, and the 
absence of resonances corresponding to the cyclopropyl 
protons in the 'H NMR spectrum. The stereochemistry about 
the double bond could not be determined from the regular 
proton spectrum. Since the stereochemistry was to be de- 
stroyed in the next step, further experiments to determine this 
stereochemistry were not undertaken. 

Ozonolysis of the mixture 37 and 38 gave, in high yield 
(93%), the six-membered ring ketone, 29, contaminated with 
5% of the epimer 30 (further purification gave samples of 29 
of 98.5% purity). This result was highly surprising. Ob- 
viously an epimerisation a to the carbonyl had occurred 
(Scheme 2). The isomer 29 must consist of a pair of enan- 
tiomers to account for the high yield of the reaction after 
starting with a mixture of diasteroisomers of 72:28 ratio. 
Although the product had [a], = -28, it would be ex- 
pected that 29 was not optically pure. Attempts at using a 
chiral shift reagent in the separation of the signals in the 'H 
NMR spectrum were unsuccessful. The determination of the 
relative stereochemistry of 29 was based on 'H NMR nOe 
difference experiments performed on 29, reinforced by an 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KUTNEY E T  AL . 1 

enantiomers 
30 

0 

OTMS 

CN 

[ 0 0 

enantiomers 
29 

I' 

SCHEME 2. Conversion of isomeric trirnethylsilyl cyanohydrins 37/38 into ketones 29/30. 

CN NaBH,, EtOH CN 
OTMS OTMS + 

pcN 
,~~, CN CN ~N CN 

OTMS + HCI, 
"OTMS m2 OTMS + 

''fi),, 

'I4' OTMS 
"*> %? '%,, 

H OH CI CI 

pcN OTMS + pc~ Bu3SnH ~ O T M S  + 
"&,OTMS - "' CN 

"#. '4*, '",,, 'd4, 

C1 CI 

'H NMR nOe difference experiment performed on a subse- 
quent structure derived from 29 (see later). 

For preparative purposes, the above studies now afforded 
the opportunity to develop an efficient route from thujone (3), 
via 9, to the desired ketones 29 (or 30). It was clear that 
isolation of the various intermediates discussed above is not 
essential since on further reaction these various compounds 
will lead to the same end product along the sequence. Thus 
9 is converted to the mixture of 12 and 13, the latter is di- 
rectly treated with ozone to afford a mixture of 15-20 that, 
without further separation, is reacted successively with so- 
dium borohydride, hydrochloric acid, tri-n-butyltin hy- 
dride, and finally ozone. The latter mixture, on purification, 

provides ketones 29 and 30 in a ratio of 95 : 5 respectively and 
in 35% overall yield for this six-step process. 

A further overall improvement of the above process was 
developed when it was noted that a crude reaction mixture 
resulting from the methylation of thujone, that is, conver- 
sion of 3 to 9 and 10, discussed earlier, could be employed 
in the reaction with trimethylsilyl cyanide. The sterically 
hindered carbonyl group in 10 does not undergo conversion 
to the corresponding nitrile and 10 is consequently readily 
separated from 12 and 13. 

Having obtained ketone 29 via the rather efficient overall 
reaction sequence from thujone, elaboration of the side chain 
to afford a versatile route to the damascones and (or) novel 
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analogues thereof was now considered. Reduction of the ni- 
trile function in 29 to the corresponding aldehyde by the 
classical reagent diisobutylaluminum hydride (23) was only 
moderately successful (41 % yield) with reduction of nitrile 
and carbonyl functions as well as removal of the trimethyl- 
silyl group occurring simultaneously. An alternative route 

Compound 40 was now envisaged to be a key intermedi- 
ate in the production of P-damascenone. Elimination of the 
hydroxyl group to generate the unsaturated nitrile 42 would 
give access to the damascenones, whilst a reductive elimi- 
nation would lead to the a,p-unsaturated nitrile 43, which 
would give access to the damascone series. 

Compound 40 was converted to the bromide 41 in 92% 
yield by treatment with phosphorus tribromide in petroleum 
ether at 0°C (molecular ion peaks at m/z = 229 and 227 in 
the mass spectrum). Reduction of the bromide, accom- 
plished by sodium borohydride in dimethyl sulphoxide (26, 
27) gave, in 95% yield, the a,P-unsaturated nitrile 43 and 
the non-conjugated nitrile 44, as a 90: 10 mixture. 

The nitrile 43 has been reported previously in the litera- 
ture (28, 29). Ohloff and co-workers (29) have mentioned 
that an equilibrium mixture of 43 and 44 contained 92% 44 
and 8% 43. 

p-TsOH, 
toluene I 

CN CN 
DBU 
__f 

The conversion of 43 into P-cyclocitral (45) would con- 
stitute a formal synthesis of P-damascone (2) since 45 had 
been already converted to 2 (29, 30). For this purpose, our 
attention turned to the reduction of 43 with diisobutylalu- 
minum hydride. While this research was in progress, Picard 
et al. (31) published results complementary to procedures we 
were employing. It was reported that the reduction of 43 by 
diisobutylaluminum hydride, with a work-up involving 5% 
sulphuric acid, gave the aldehyde, P-cyclocitral (45) in 70% 
yield. Repetition of this procedure with slight modifications 
(change in solvent and reaction time) afforded 45 in 90% 

involved treatment of 29 with thionyl chloride in methanol 
to afford an enone (39) and the latter, upon reduction with 
sodium borohydride in the presence of cerium I11 salts (24, 
25) provided 40 in essentially quantitative yield. These re- 
actions can be accomplished without isolation of interme- 
diates and an overall 92% yield of 40 from 29 is achieved. 

yield after distillation. The presence of the unsaturated al- 
dehyde functionality was shown by the absorbance at 
1665 cm-' in the infrared spectrum, and by the singlet at 6 
10.11 ppm in the 'H nmr spectrum. The facile oxidation of 
45 to the corresponding acid required careful manipulation 
of the reaction mixture in order to obtain optimum yields of 
45. An alternative approach to 45 has also been published 
(32). 

Having completed a formal synthesis of P-damascone, the 
production of P-damascenone was investigated. Treatment 
of 41 with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) re- 
sulted in the formation of the diene 42 in 27% yield. The 
conjugated diene was characterized by the absorbances at 
1640 and 1575 cm-' in the infrared spectrum and by the 
maximum at 285 nm in the ultraviolet spectrum corre- 
sponding to the chromophore of the unsaturated nitrile. The 
synthesis of 42, trivially named safronitrile, from the alco- 
hol 40 by acid-catalyzed dehydration has been reported (28), 
though no yields or procedure were presented. It was found 
in our laboratory that treatment of 40 with para-toluenesul- 
phonic acid (0.18 equivalent) in toluene, with azeotropic 
removal of water, resulted in dehydration to give the diene 
42 in 75% yield. 

Elongation of the side chain, utilizing 42 as starting ma- 
terial, was considered via the sequence, 42 + 45 -. 46/47. 
Reduction of 42 with diisobutylaluminum hydride afforded 
the expected aldehyde 45 (63% yield) and the latter was im- 
mediately subjected to reaction with 1 -propenylmagnesium 
bromide to give a 1 : 1 mixture of the allylic alcohols 46 and 
47. The two alcohols are formed since the commercial sup- 
ply of 1-bromopropene, used in the generation of the 
Grignard reagent, exists as a 1 : 1 mixture of geometric iso- 
mers. It was found that the Z isomer, 47, was unstable to 
chromatography, possibly undergoing an acid-catalyzed 
rearrangement, while 46 was completely stable and could be 
isolated pure (43% overall yield) by chromatography of the 
mixture on silica gel. Assignments of stereochemistry at C-2 
and C-3 were made based on conversion to subsequent 
structures and relating the configuration back through to 46 
and 47. 

Mild oxidation of 46 with 20 equivalents of "active" 
manganese dioxide (33) gave quantitatively P-damascenone 
(48), which had spectral data consistent with the natural 
product. 

Oxidation of the mixture of alcohols 46 and 47 (49: 5 1) 
under the same conditions afforded a mixture of the ketones 
P-damascenone (48) and its Z-isomer (49) (49 : 5 1) in quan- 
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titative yield. p-Damascenone (48) showed the two olefinic 
protons of the side chain at S 6.20 and 6.85 ppm with a 
coupling constant of 16 Hz. Ketone 49 showed the equiva- 
lent protons as a multiplet resonating at S 6.20 ppm. The 
coupling constant indicated that the double bond has the E 
configuration in p-damascenone (48). 

p-TsOH, THF 
J 1 

Separation of the mixture 48 and 49 was not required since 
it has been reported (34) that acid-catalyzed isomerization 
of 49 to 48 occurs. Treatment of the mixture with para-to- 
luenesulphonic acid in tetrahydrofuran resulted in the pro- 
duction of pure p-damascenone (48) exclusively, in 76% 
yield after purification. 

In summary, the total synthesis of 48 from thujone has 
been accomplished in 6% overall yield via the 15-step route 
outlined in Scheme 3. A majority of the intermediates noted 

need not be isolated, thereby increasing the efficiency of the 
overall process. Specifically the synthesis can be accom- 
plished as a "several-pot" process: (i) 3 + + 9; (ii) 9 + -+ 
29/30; (iii) 29/30 + 40; (iv) 40 + + 42; (v) 42 + 45; (vi) 
45 + + 48. 

As noted at the outset, it was the purpose of this investi- 
gation to develop a synthetic route to intermediates that could, 
in turn, allow the synthesis of novel damascone analogues 
that may reveal interesting perfumery or aroma properties. 
The intermediates 12/13, 19/20, and 27/28, obtained in 
several steps from the readily available and inexpensive 
thujone, can, in conjunction with the chemistry developed 
herein, be utilized for this purpose. Studies in this direction 
will be presented later. 

While the above studies were underway, an alternate route 
to 42 was undertaken from commercially available 2,6-di- 
methylcyclohexanone (50). The sequence under investiga- 
tion is summarized in Scheme 4. 

2,2,6-Trimethylcyclohexanone (51) was synthesized in 
85% yield from commercially available 2,6-dimethylcy- 
clohexanone (30), by treatment with lithium diisopropyl- 
amide and iodomethane, by a modification of the procedure 
reported by Fitjer and Quabeck (35). The product (51) con- 
tained a minor amount (3%) of 2,2,6,6-tetramethylcyclo- 
hexanone (52) (as shown by GC). This impurity was tolerated 

- - I OTMS 

QcN 

L CN - OTMS - OTMS 
r/a,,,, %* 

O H  
R = H,Me R = H,Me 

SCHEME 3. Overall summary in conversion of thujone (3) to damascenone (48). 
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SCHEME 4. Synthesis of safronitrile (42) from 2,2,6-trimethyl- 
cyclohexanone (51). 

in preference to the impurity of cis/trans 2,6-dimethylcy- 
clohexanone as in the synthesis of trimethylcyclohexanone 
reported by Fitjer. 

0 
(a) LDA, THF 

> 
(b) Me1 

Reaction of 51 with sodium cyanide in aqueous sodium 
bisulphite solution, a procedure described by Stille and co- 
workers (36), gave a quantitative yield of a white solid, 
shown by GC and 'H nmr spectroscopy to contain a 23 : 77 
mixture of the cyanohydrins 53 and 54 respectively.5 The 
stereochemistry shown in 53 and 54 follows from a single 
crystal X-ray analysis of a subsequent product (see later). 

The dehydration of the mixture of 53 and 54, in order to 
achieve a synthesis of 43, was attempted with thionyl chlo- 
ride and pyridine in refluxing benzene and in accord with the 
procedure employed by Stille (36) in which a high yielding 

conversion of a closely related cyanohydrin had been ob- 
tained. However, in the present study, the mixture of 53 and 
54 was shown to convert to a mixture of nitriles 43 and 55 
(94% overall yield) and in an unfavorable ratio (3: 14 = 
26: 74). Apart from the spectral data (see Experimental), 
further proof of the structure of 55 was provided by ozono- 

5~onventionally only one of each pair of enantiomers is drawn. 
The terms "cis" and "trans" have been adopted for compounds like 
53 and 54 to indicate the stereochemistry of a P-proton relative to 
the hydroxyl group. A "cis" compound would have the hydroxyl 
group and the P-proton on the same side of the ring plane. This 
convention has been used by others, i.e., Picard et al. (37) and 
Holm (38). 

lysis. The resulting ketone possessed all the characteristic 
spectral data consistent with 56. 

SOC12, pyridine 

toluene 
H 

The isolation of 43 and 55 is explicable in conforma- 
tional terms according to Scheme 5 wherein 43 is obtained 
via diaxial elimination of water from 53 while 54 undergoes 
rearrangement due to inaccessibility of the requisite P-hy- 
drogen atom for such an elimination process. 

An extensive series of experiments was conducted in the 
hope of altering the ratio of 43:55 in the desired direction 
(Table 2) but, in all cases studied, 55 was observed as the 
major product. Consequently, attention was focussed on 
developing a procedure in which the desired nitrile 43 could 
be obtained efficiently from the mixture of 53 and 54 and, 
if possible, without isolation of the individual compounds. 

Acetylation of the mixture of 53/54 (acetic anhydride, 
acetyl bromide) afforded a 72:28 mixture of the corre- 
sponding acetates 56 and 57 respectively (79% overall yield). 
Subjecting this mixture to vacuum pyrolysis with a furnace 
temperature of 450°C afforded the desired nitrile 43 (72% 
yield) and recovery of starting material (ratio of 56:57 of 
91 :9,  28% yield). This result was encouraging in that it in- 
dicated a highly selective cis elimination occurring with 57 
and thereby a possible route to optimizing the yield of the 
desired 43 from the original mixture of 53 and 54. 

Reaction of the mixture of 53 and 54 (ratio of 53:54 of 
20: 80) with thionyl chloride and pyridine at 4°C in toluene 
(17 h) revealed selective dehydration of 53 to 43; the result- 
ing mixture of 43 and 54 is directly acetylated to afford a 
mixture of 43 and 57 from which the latter could be iso- 
lated, for the first time, as a pure crystalline solid. Single 
crystal X-ray analysis (Fig. 1) established the structure and 
stereochemistry of 57 and, in turn, the earlier proposed 
structures for the cyanohydrins 53 and 54. 

Based on the above results, an extremely efficient syn- 
thesis of the nitrile 43 from 2,2,6-trimethylcyclohexanone 
(51) was achieved without intermediate purification (Scheme 
6). The steps followed were treatment of 51 with cyanide, 
treatment of the resultant mixture with thionyl chloride and 
pyridine at 4°C ("trans" elimination), followed by acetyla- 
tion of the remaining "cis" isomer and finally "cis" pyro- 
lytic elimination to give the desired nitrile 43. The overall 
yield of 43, from this four-step conversion, was 8 1 %. 

While the above studies were underway, we became aware 
of an independent program by Picard et a l .  (37), relating to 
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KUTNEY ET AL.: 1 

54 - OSOCI - 
I 

CN 55 

SCHEME 5. Rationale for the conversion of isomeric cyanohydrins 53 and 54 to 43 and 55 respectively, 

TABLE 2. Formation of cyanohydrins 53 and 54 from 2,2,6-tri- 
methylcyclohexanone 

Expt . Temperature Yield 
No. Reagent ( " 0  ( %  "cis" . . " tr~ztzsoa 

1 TMSCN 75-80 97 88: 12" 
2 NaCN 0-5 100 80:20 
3 NaCN 0-15 100 77 : 23 
4 NaCN 20 100 80:20 
5 NaCN 60 97 70:30 
6 Et2AlCN -15-+5 97 65 : 35 

"Ratios determined by 'H NMR analysis. 
"Obtained as the trimethylsilyl cyanohydrins. Conversion of these cy- 

anohydrins to 53 and 54 was achieved by reaction with HCI, MeOH. 

the above. Through private exchange of information,"t is 
clear that their route involving the reaction of 51 with tri- 
methylsilyl cyanide, separation of the resultant cis and trans 
products, and subsequent elaboration of the hans isomer to 
43 is completely different from the sequence described herein. 

In conclusion, the process involving the "one-pot" con- 
version of 51 to 43 (81% overall yield), which in turn af- 

'we are very grateful to Dr. Picard for informing us of his un- 
published results. 

fords 42 (47% overall yield from 51) and 45, when coupled 
with the earlier described chemistry provides a highly at- 
tractive route to the various damascones from cyclohexa- 
none. In addition, these compounds are important building 
units; for example, 43 can be efficiently converted to the 
widespread natural terpenoid P-cyclocitral (45) and the lat- 
ter, in turn, serves as a starting material in the syntheses of 
various natural products: thujopsene (39), safranal (32, 40, 
damascenone (48) (41), and widdrol (42) as examples. 

Experimental 

Melting points (with the recrystallization solvents given in pa- 
rentheses) were determined using a Kofler block melting point ap- 
paratus and are uncorrected. Optical rotations were recorded on a 
Perkin-Elmer 141 automatic polarimeter in chloroform solution 
using a quartz cell of 10 cm pathlength with the concentration (in 
g/100 mL) given in parentheses. The infrared spectra were re- 
corded on Perkin-Elmer 710, 710B, and 1710 spectrometers in 
chloroform solution (using NaCl cells of 0.1 mm pathlength) or as 
thin film (using NaCl plates). The ultraviolet spectra were re- 
corded on Cary 15 or Unicam SP800 spectrometers using quartz 
cells of 1 cm pathlength. The 'H NMR spectra were recorded on 
Bruker WH-400, AE-200, or Varian XL-300 spectrometers (with 
solvent given in parentheses) and the chemical shifts are reported 
on the delta (6)  scale in ppm relative to tetramethylsilane. Assign- 
ments, where given, are based on a combination of chemical shift, 

FIG. 1 .  Stereoview of 57; 33% probability thermal ellipsoids are shown for the non-hydrogen atoms. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J.  CHEM. VOL. 70, 1992 

tra17s 
> __t 

elimination 

H 

SCHEME 6. A highly efficient synthesis of P-cyclogeranotrile (43) from 2,2,6-trimethylcyclohexanone (51). 

coupling constant, decoupling, and nOe difference data. The ',c 
NMR spectra were recorded on Bruker AE-200 or Varian XL-300 
spectrometers and the chemical shifts are reported on the delta (6) 
scale in ppm relative to tetramethylsilane. The mass spectra were 
recorded on AEI-MS-9 or Kratos-MS-50 (using the electron im- 
pact ionization method for low and high-resolution analysis) or Delsi 
Nermag R10-IOC (using the chemical ionization method) spec- 
trometers. High-resolution mass measurements were obtained on 
samples that gave one peak on GC analysis or, in the case of mix- 
tures of isomers, no unidentified peaks on GC analysis. Gas chro- 
matography - mass spectroscopy (GC-MS) analyses were 
performed using a Varian 6000 chromatograph coupled to a Delsi 
Nermag R10-IOC mass spectrometer. Elemental analyses were 
determined using a combustion technique by Mr. P. Borda, Mi- 
croanalytical Laboratory, University of British Columbia. Gas 
chromatography (GC) was performed on a Hewlett-Packard 5890A 
gas chromatograph, using a flame ionization detector and a 
25 m x 0.2 mm fused silica capillary column coated with cross- 
linked methyl silicone gum (HP1) or a 14.5 m x 0.252 mm fused 
silica capillary column coated with cyanopropylphenyl silicone gum 
(DP1701). Column chromatography was performed unless other- 
wise stated by modified "flash chromatography" (43) using col- 
umns of silica gel (230-400 mesh) with nitrogen gas pressure to 
obtain a suitable flow. Bulb-to-bulb distillation was performed using 
a Kugelrohr distillation apparatus obtained from Aldrich Chemi- 
cal Co. with the air bath temperature at which distillation oc- 
curred given in parentheses. 

All reactions were performed under a positive pressure of dry 
nitrogen at room temperature unless otherwise stated. Reactions 
performed at -78°C were cooled using a Dry Ice/acetone bath. All 
chromatography solvents were distilled prior to use. The term 
"petroleum ether" refers to commercially available hydrocarbons 
boiling in the 35-60°C range. "Active" manganese dioxide was 
prepared by the method of Attenburrow et al. (44) and tested by 
the method of Fatiadi (33). The source of "thujone" was redis- 
tilled Western red cedar leaf oil, which had a total thujone content 
ranging from 80 to 96%. Western red cedar leaf oil was obtained 
as a gift from Intrinsic Research and Development Incorporated. 

Single crystal X-ray structure determinations were performed by 
Dr. S. Rettig with data obtained on a Rigaku AFC6S diffracto- 
meter (crystal structure data are available in the Appendix). 

(lS,SS) 4,4-Dimethyl-1-(1 -methylethyl)-bicyclo[3.1 .O]hexan-3- 
one (8) and (IS,2R,SS) I-(I-methylethyl)-2,4,4- 
trimethylbicyclo[3.1 .O]hexan-3-one (9) 

The source of "thujone" was redistilled cedar leaf oil, which had 
a total 3-(-)-isothujone/3-(+)-thujone content of 86%. Potas- 
sium rert-butoxide (157.6 g, 1.40 mol) was dissolved in tert-bu- 
tan01 (750 mL), diluted with anhydrous tetrahydrofuran (1500 mL), 
and the resulting solution heated to reflux. To this solution was 
added dropwise a solution of cedar leaf oil (158.6 g, 0.989 mol 
of thujone) in anhydrous tetrahydrofuran (750 mL) over 15 min. 
The reaction was stirred at reflux for a further 3 h, then cooled to 
room temperature. Iodomethane (88 mL, 1.4 mol) was added to 
the mixture, which was stirred for 85 min and then added to brine 
(2500 mL). The aqueous layer was extracted with petroleum ether 
(3 x 250 mL). The combined organic fractions were washed with 
brine (2 X 500 mL), dried (over MgSO,), filtered, and evaporated 
in vacuo to give a yellow oil (164.2 g) that contained monometh- 
ylated thujone 8 (78.6%) and dimethylated thujone 9 (8.3%) by GC 
(I-menthol as internal standard). Based on the purity of the start- 
ing material, the yield for 8 is 86.4% and for 9 is 8.4%. It is pos- 
sible to separate 8 from 9 either by repeated flash chromatography 
using diethyl ether/petroleum ether (1 : 19) as eluent, or by spin- 
ning band distillation. 

Monomethylated thujone 8: bp 68"C/8 Torr; (1 Torr = 133.3 Pa); 
[a]i2 -22.2 (CHCI,, c 0.144); IR v,,, (thin film): 2940, 2855, 
1735 cm-I; I H  NMR (400 MHz, CDC1,) 6: 0.01 ( lH,  dd, J = 6,  
4 HZ, C6-Hendo), 0.64 (IH, ddd, J = 8, 6, 2.5 Hz, C6-H,,), 0.96 
(3H, d, J = 7 Hz, C7-CH,), 1.02 (3H, d, J = 7 Hz, C7-CH,), 1.03 
(3H, S, C4-CH3), 1.12 (3H, S ,  C4-CH,), 1.17 (IH, dd, J = 8,  
4 Hz, C5-H), 1.39 (IH, septet, J = 7 Hz, C7-H), 2.09 (IH, d, 
J = 19 Hz, C2-He&), 2.66 (1 H, dd, J = 19, 2.5 Hz, C2-H,) ppm; 
MS m/z: 166 (M+), 41 (100); high-resolution mass measurement 
calcd. for CllH180: 166.1358; found: 166.1351. Anal. calcd. for 
CllH180: C 79.47, H 10.91; found: C 79.53, H 10.90. 'H NMR 
decoupling experiment: irradiation of the doublet of doublets res- 
onating at 6 2.66 ppm collapsed the resonance at 6 2.09 ppm to a 
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singlet and simplified the doublet of doublet of doublets resonat- 
ing at 6 0.64 pprn to a doublet of doublets ( J  = !", 6 Hz). 

Dimethylated thujone 9: bp 68"C/8 Torr; [a]; -49.2 (CHCl,, 
c 3.282); IR v,,, (thin film): 2950, 2855, 1740 cm-';  'H NMR 
(400 MHz, CDC1,) 6: -0.16 ( lH ,  dd, J = 6,  4 Hz, C6-H ,,,, ,,), 0.54 
( lH ,  ddd, J = 8,  6, 2 Hz, C6-H,,), 0.98 (3H, d ,  J = 7 Hz, 
C7-CH,), 0.99 (3H, s ,  C4-CH,), 1.03 (3H, d, J = 7 Hz, 
C2-CH, ,,,,, ), 1.03 (3H, d, J = 7 Hz, C7-CH,), 1.09 (3H, s ,  
C4-CH,), 1.12 ( lH ,  m, C5-H), 1.5 1 ( lH ,  septet, J = 7 Hz, C7- 
H), 2.80 ( lH ,  qd, J = 7, 2 Hz, C2-H,,) ppm; MS m/z: 180 (M+), 
165, 137, 123, 109, 83 (100); high-resolution mass measurement 
calcd. for C,,H,,O: 180.1514; found: 180.15 10. Anal. calcd. for 
C12H200: C 79.96, H 11.18; found: C 79.99, H 11.17. 'H NMR 
decoupling experiment: irradiation of the quartet of doublets res- 
onating at 6 2.80 pprn collapsed the doublet resonating at 6 1.03 
pprn to a singlet and simplified the signal resonating at 6 0.54 ppm 
to a doublet of doublets ( J  = 8,  6 Hz). 

(1 S,2R,5S) I-(I-Methylethyl)-2,4,4-trimethylbicyclo[3.1.0] 
hexan-3-one (9), (lS,2S,5S) 1-(I-methylethyl)-2,4,4- 
trimethylbicyclo[3.1 .O]hexan-3-one ( I I ) ,  and (IS,5S) I-(1- 
methylethyl)-2,2.4,4-tetramethyl-bicyc10[3 . I  .O]hexan-3- 
one (10) 

To a solution of anhydrous diisopropylamine (0.93 mL, 6.6 
mmol) in anhydrous tetrahydrofuran (50 mL) at -78°C was added 
n-butyllithium (1.55 M in hexanes, 4.25 mL, 6.58 mmol). The 
reaction was stirred for 50 min, then monomethylated thujone 8 
(1.103 g,  6.64 mmol) in anhydrous tetrahydrofuran (20 mL) was 
added. The reaction was stirred at -78°C for 100 min, warmed to 
1O0C, and stirred for a further 60 min. Freshly purified iodometh- 
ane (1.23 mL, 19.8 mmol) was added and stimng continued for 
40 min. The reaction was quenched by the addition of saturated 
ammonium chloride solution (30 mL) and extracted with diethyl 
ether (3 X 30 mL). The combined organic fractions were diluted 
with petroleum ether (150 mL), washed with brine (50 mL), dried 
(over MgSO,), filtered, and evaporated in vacrlo to give a yellow 
oil (1.132 g) that contained (by GC, I-menthol as an internal stan- 
dard) monomethylated thujone 8 (7. I%), dimethylated thujone 9 
(24.9%), dimethylated thujone 11 (56.6%), and trimethylated 
thujone 10 (5.7%). Yield based on the calibration: 8 (7.3%); 9 
(23.6%); 11 (53.6%); 10 (5.0%). To this oil (1.126 g) dissolved 
in ethanol (25 mL) was added potassium hydroxide (ca. 100 mg). 
The reaction was stirred for 7 h and the solvent evaporated in vacuo. 
The residue was diluted with diethyl ether (100 mL), washed 
with saturated ammonium chloride solution (3 X 50 mL), water 
(50 mL), dried (over MgSO,), filtered, and evaporated in vacuo to 
give a yellow oil (0.9706 g) that contained (by GC, 1-menthol as 
an internal standard) 8 (7.2%), 9 (83.2%), 11 (1.5%), and 10 
(6.0%). 

In subsequent reactions a mixture of 8 and 9 was used. Thus, 
using the above procedure with 8 :9  = 79:8 (54.405 g), 1.04 
equivalents of lithium diisopropylamide, and 3 equivalents of io- 
domethane, an oil was obtained that was shown by GC (I-men- 
tho1 as an internal standard) to contain 8 (24%), 9 (34%), 11 (25%), 
and 10 (10%). A solution of this oil and potassium hydroxide 
(4.20 g) in ethanol (400 mL) was stirred for 4.5 h. The reaction was 
quenched with saturated ammonium chloride solution (200 rnL) and 
the organic solvent evaporated in vacico. The residue was diluted 
with dichloromethane (200 mL) and the aqueous layer extracted 
with dichloromethane (2 X 200 mL). The combined organic lay- 
ers were dried (over MgSOj), filtered, and evaporated in vacuo to 
afford an oil (56.34 g) that was shown by GC (I-menthol as an in- 
ternal standard) to contain 8 (22%), 9 (54%), 11 (]%),  and 10 
(1 1 %). 

Spinning band distillation followed by column chromatography 
on silica using diethyl ether/petroleum ether (1 : 19), followed by 
chromatography using diethyl ether/petroleum ether (2:98) gave 

pure samples of each of the four compounds. Dimethylated thu- 
jone 11: mp 53-54°C; bp 67"C/8 Torr; [a]: +15.6 (CHCl,, c 
0.63); IR v,,,, (CHCl,): 2960, 1740 cm-'; 'H NMR (400 MHz, 
CDC1,) 6: -0.26 ( l H ,  dd, J = 6,  5 Hz, C6-H,,,,), 0.71 (3H, d, 
J = 7 Hz, C7-CH,), 0.72 ( lH ,  m, C6-H,,), 0.98 (3H, d ,  J = 
7 HZ, C7-CH3), 1.03 (3H, s ,  C4-CH,), 1.17 (3H, S, C4-CH,), 1.26 
(3H, d ,  J = 8 Hz, C2-CH,,,,), 1.40 ( lH ,  dd, J = 9, 5 Hz, C5-H), 
2.16 ( lH ,  septet, J = 7 Hz, C7-H), 2.31 ( lH ,  q ,  J = 8 Hz, 
C2-H,,do) ppm; MS m/z: 180 (M'), 165, 152, 137, 83 (100); high- 
resolution mass measurement calcd. for CI2HZ00: 180.1514; found: 
180.151 1. Anal. calcd. for C,,H,,O: C 79.96, H 11.18; found: C 
79.84, H 1 1.17. 'H NMR decoupling experiments: irradiation of 
the signal resonating at 6 -0.26 pprn affected the multiplet reso- 
nating at 6 0.72 pprn and simplified the doublet of doublets reso- 
nating at 6 1.40 pprn to a doublet ( J  = 9 Hz); irradiation of the 
doublet resonating at 6 1.26 pprn collapsed the quartet resonating 
at 6 2.31 pprn to a singlet. 

Trimethylated thujone 10: bp 68"C/8 Torr; [a];* + 15.7 (CHCl,, 
c 0.70); IR v,,, (CHCl,): 2975, 1735 cm-'; 'H NMR (400 MHz, 
CDCI,) 6: -0.24 ( lH ,  dd, J = 6.5, 4 Hz, C6-H,,,), 0.66 ( lH,  dd, 
J = 8.5, 4 Hz, C6-H,,,), 0.76 (3H, d ,  J = 7 Hz, C7-CH,), 1 .OO 
(3H, d, J = 7 HZ, C7-CH,), 1 .O1 (3H, s), 1.07 (3H, s), 1.19 (3H, 
s), 1.22 (3H, s), 1.39 ( lH,  dd, J = 8.5, 6.5 Hz, C5-H), 2.20 (IH,  
septet, J = 7 Hz, C7-H) ppm; MS m/z: 194 (M'), 179, 166, 123 
(100); high-resolution mass measurement calcd. for C,,H2,0: 
194.1671; found: 194.1666. Anal. calcd. for C13H,,0: C 80.36, 
H 11.41; found: C 80.5 1, H 11.39. 'H NMR decoupling experi- 
ments: irradiation of the doublet of doublets resonating at 6 
-0.24 pprn simplified the doublet of doublets resonating at 6 0.66 
pprn to a doublet (J = 8.5 Hz) and simplified the doublet of doub- 
lets resonating at 6 1.39 pprn to a doublet ( J  = 8.5 Hz); irradiation 
of the septet resonating at 6 2.20 pprn collapsed the doublet reso- 
nating at 6 0.76 pprn to a singlet and collapsed the doublet reso- 
nating at 6 1 .OO pprn to a singlet. 

Equilibration of 9 and 11 
A solution of dimethylthujone 11 (260.5 mg, 1.45 mmol) and 

potassium hydroxide (128 mg, 2.29 mmol) in ethanol (8 mL) was 
stirred for 4 h, then quenched with saturated ammonium chloride 
solution (20 mL). The organic solvent was evaporated in vacuo and 
the residue extracted with diethyl ether (3 X 30 mL). The com- 
bined organic fractions were dried (over MgSO,), filtered, and 
evaporated in vacuo to leave a yellow oil (182.0 mg). Purification 
by flash chromatography using diethyl ether/petroleum ether (1 : 19) 
as eluent afforded a colourless oil (169.4 mg, 65% recovery) that 
was shown by GC (1-menthol as an internal standard) to contain 9 
(98.6%) and 11 (1.4%). 

A solution of dimethylthujone 9 (149.0 mg, 0.83 mmol) and 
potassium hydroxide (60 mg, 1.1 mmol) in ethanol (4 mL) was 
stirred for 4 h. The solvent was evaporated in vacuo and diethyl 
ether (30 mL) was added. The solution was washed with saturated 
ammonium chloride solution (10 mL), dried (over MgSO,), fil- 
tered, and evaporated in vacuo to leave a yellow oil. Purification 
by flash chromatography using diethyl ether/petroleum ether (1 : 19) 
as eluent afforded a colourless oil (85.9 mg, 58% recovery) that was 
shown by GC (1-menthol as an internal standard) to contain 9 
(98.8%) and 11 (1.2%). 

(1 S,2R,3S,5S) I-(1 -Methylethyl)-2,4,4-trimethyl-3- 
trirnethylsilonybicyck$3 . I  .O]hexane-3-carbonitrile (12) and 
(lS,2R,3R,5S) 1 -(I -methylethyl)-2,4,4-trimethyl-3- 
trimethylsilonybicyclo[3.1 .O]hexane-3-carbonitrile (13) 

To  a mixture of ketone 9 (906 mg, 5.03 mmol) and tetra-n- 
butylammonium cyanide (157 mg, 0.577 mmol) was added tri- 
methylsilylcyanide (1.0 mL, 7.3 mmol). The solution was stirred 
at 75°C for 8 h, cooled, and added to pentane (50 mL) (the flask 
being washed with dichloromethane (3 mL)). The solution was 
filtered, evaporated in vacuo, and the residue dissolved in pentane 
(20 mL). Filtration through Celite followed by evaporation in vacuo 
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gave a yellow oil (1.379 g, 98%) that was shown by GC to con- 
tain trimethylsilyl en01 ether 14 (2%), trimethylsilyl cyanohydrin 
12 (70%), and trimethylsilyl cyanohydrin 13 (28%). The material 
was used in subsequent reactions without further purification. 

Repeating the reaction on a larger scale followed by purifica- 
tion by flash chromatography using hexanes as eluent afforded a 
pure sample of trimethylsilyl en01 ether 14. Mixtures of 12 and 1 3  
enriched in either 12 or 13  (up to 84%) were obtained. 

Silyl cyanohydrins 12/13: IR v,, (thin film): 2955, 2220 (weak) 
cm- ' ;  'H NMR (400 MHz, CDC1,) (signals corresponding to 12) 
6: 0.15 (IH,  ddd, J = 8, 5, 1 Hz, C6-H , ,  ), 0.23 (9H, s, Si-(CH,),), 
0.85 (3H, d ,  J = 7 Hz, C7-CH,), 0.87 (2H, m, C5-H, C6-H ,,,,,,, ), 
0.95 (3H, d, J = 7 Hz, C7-CH,), 1.06 (3H, s, C4-CH,), 1.07 (3H, 
d ,  J = 7 Hz, C2-CH,), 1.24 (3H, s ,  C4-CH,), 1.50 ( IH,  septet, 
J = 7 Hz, C7-H), 2.72 ( lH ,  qd, J = 7 ,  1 Hz, C2-H ,,,) ppm; (sig- 
nals corresponding to 13) 6: 0.24 (9H, s, Si-(CH,),), 0.25 (1 H, m), 
0.86 (3H, d ,  J = 7 Hz, C7-CH,), 0.88 ( IH,  m), 0.96 (3H, d ,  J = 
7 Hz, C7-CH3), 1 .OO (3H, s, C4-CH3), 1.22 (3H, d, J = 7 Hz, C2- 
CH,), 1.24 (3H, s, C4-CH,), 1.26 (1 H, m), 1.44 (1 H, septet, J = 
7 Hz, C7-H), 2.40 ( lH,  qd, J = 7, 1 Hz, C2-H,,) ppm; MS m/z: 
264 (M+-15), 252, 237 (100); CI MS (NH,): 297 (M + NH,+), 
264; high-resolution mass measurement calcd. for C,,H,,NSiO: 
264.1783; found: 264.1782. Anal. calcd. for C16H2,NSiO: C 68.76, 
H 10.46, N 5.01; found: C 68.82, H 10.35, N 5.04. 

(IS,2R,5S) I-(Met/zylethyle11e)-2,4,4-tritnethyl-3-tri1nethyl- 
siloxybicyclo[3.1.0]hexatze-3-carbo1zitrile (15/16), 
(IS,2R,5S) I-aceryl-2, 4, 4-tritnethyl-3-trimethylsiloxybi- 
cyclo[3.1 .O]hexane-3-carbo-nitrile (17/18) and (IS,2R,5S) 
I -(I -hydroxy-I -methylet/1yl)-2,4,4-trirnethyl-3-trimethyl- 
siloxybicyclo[3.1 .O]hexane-3-carbonitrile (19/20) 

Ozone was bubbled through a solution of trimethylsilyl cyano- . . 

hydrins7 (12: 1 3  = 28:70, 1.899 g ,  6.79 mmol) and sodium bicar- 
bonate (2.25 g) in ethyl acetate (400 mL) at O°C for 8 h. The 
reaction was flushed with nitrogen, filtered, and evaporated in vacuo 
to give an oil (4.082 g). The residue was dissolved in dichloro- 
methane (80 mL), washed with sodium bicarbonate solution 
(25 mL), dried (over MgS04), filtered, and evaporated in vacuo to 
give an oil (2.355 g). Purification of a portion of this oil (1.330 g) 
by flash chromatography using ethyl acetate/petroleum ether (1 : 39) 
as eluent gave a mixture of epimeric alkenes 15:16 (60:40) 
(16.1 mg, 1%) as a colourless oil. Further elution with ethyl ace- 
tate/petroleum ether (1 : 19) gave a mixture of epimeric ketones 
17: 18  (71 :29) (486 mg, 45%) as a colourless oil. Further elution 
with ethyl acetate/petroleum ether (1 :9) gave a mixture of epi- 
meric alcohols 19:20 (66: 34) (241 mg, 21%) as a white solid. 

Alkenes 15/16: 'H NMR (400 MHz, CDCI,) (signals corre- 
sponding to 15) 6: 0.23 (9H, s, Si(CH,),), 0.58 ( IH,  ddd, J = 8,  
4.5, 1.5 Hz, C6-H,,), 1.03 (3H, d, J = 7 HZ, CZCH,), 1.08 (3H, 
s ,  C4-CH,), 1.08 ( IH,  m), 1.27 ( IH,  m), 1.28 (3H, s ,  C4-CH,), 
1.70 (3H, br s ,  whr2 = 3 Hz, C7-CH,), 2.88 ( l H ,  qd, J = 7,  
1.5 Hz, C2-H), 4.78 (IH,  br s ,  whI2 = 4 Hz, C8-H), 4.85 ( I H, br 
s ,  Wh/? = 5 HZ, (28-H) ppm; (signals corresponding to 16) 6: 0.23 
(9H, s ,  Si(CH,),), 0.69 ( IH,  ddd, J = 8,  6.5, 1.5 Hz, C6-H,,), 
1.05 (3H, s ,  C4-CH,), 1.08 ( IH,  m), 1.18 (3H, d ,  J = 7 Hz, 
C2-CH,), 1.25 (3H, s ,  C4-CH,), 1.27 ( lH ,  m), 1.70 (3H, br s ,  
whI2 = 3 Hz, C7-CH,), 2.56 (1 H, qd, J = 7, 1.5 Hz, C2-H), 4.78 
(IH,  br s, wh12 = 4 HZ, C8-H), 4.85 (IH,  br s, wh/, = 5 Hz, C8-H) 
ppm; MS m/z: 277(Mf), 262, 250, 235, 107 (100); high-resolu- 
tion mass measurement calcd. for C16H27NOSi: 277.1862; found: 
277.1863. 

Ketones 17/18: IR v,,, (thin film): 2960, 1690 cm-I; 'H NMR 
(400 MHz, CDCI,) (signals corresponding to 17) 6: 0.24 (9H, s ,  
Si(CH,),), 1.12 (3H, s, C4-CH,), 1. I3 (3H, d ,  J = 7 Hz, C2-CH,), 
1.24 (3H, s, C4-CH,), 1.25 (IH,  m), 1.59 (1 H, t, J = 6 Hz), 1.69 
( lH ,  dd, J = 8,  6 Hz), 1.92 (3H, s ,  COCH,), 3.37 ( IH,  qd, J = 
7,  1 Hz, C2-H) ppm; (signals corresponding to 18) 6: 0.23 (9H, s ,  

7~on t a in s  2% trimethylsilyl en01 ether 14. 

Si(CH,),, 1.02 (3H, s ,  CCCH,), 1.25 ( lH ,  m), 1.29 (3H, d ,  J = 
7 HZ, C2-CH,), 1.29 (3H, s, C4-CH,), 1.52 ( lH ,  dd, J = 8, 6 HZ), 
1.71 ( lH ,  dd, J = 9,  6 Hz), 1.94 (3H, s, COCH,), 2.95 ( lH ,  qd, 
J = 7,  1 Hz, C2-H) ppm; MS m/z: 279(M+), 264, 252; high-res- 
olution mass measurement calcd. for Cl,H2,N0,Si: 279.1654; 
found: 279.1658. Anal. calcd. for C,,H2,N02Si: C64. 47, H 9.02, 
N 5.01; found: C 64.25, H 9.20, N 5.00. 

Alcohols 19/20: mp 3537°C;  IR v,,,,, (CHCI,): 3601 (sharp), 
2972 cm-'; 'H NMR (400 MHz, CDC1,) (signals corresponding to 
19) 6: 0.23 (9H, s ,  Si(CH,),), 0.45 ( IH,  ddd, J = 8.5, 5 ,  1.5 Hz, 
C6-H,,,), 0.95 (IH,  t, J = 5 Hz), 1.06 (3H, s, C4-CH,), 1.10 ( IH,  
dd, J = 8.5, 5 Hz), 1.11 ( lH ,  br s ,  whr2 = 8 Hz, exchangeable, 
OH), 1.15 (3H, d, J = 7 HZ, C2-CH,), 1.16 (3H, s, C4-CH,), 1.24 
(3H, S, C7-CH,), 1.26 (3H, S, C7-CH,), 2.92 ( lH ,  qd, J = 7 ,  
1.5 Hz, C2-H) ppm; (signals corresponding to 20) 6: 0.23 (9H, s ,  
Si(CHd3), 0.58 (IH, ddd, J = 8.5, 6.5, 1.5 Hz, C6-H,,), 0.90 (IH,  
dd, J = 6.5, 4 Hz), 1.02 (3H, s ,  C4-CH,), 1.1 1 ( lH ,  br s, wh/, = 
8 Hz, exchangeable, OH), 1.13 (IH,  m), 1.19 (3H, s,  C4-CH,), 
1.24 (3H, S, C7-CH,), 1.26 (3H, s ,  C7-CH3), 1.30 (3H, d, J = 
7 Hz, C2-CH,), 2.58 ( lH,  qd, J = 7, 1.5 Hz, C2-H) ppm; MS m/z: 
295 (M+), 280, 277, 262; high-resolution mass measurement calcd. 
for C16H2yN02Si: 295.1968; found: 295.1966. Anal. calcd. for 
C16H2yN02Si: C 65.04, H 9.89, N 4.74; found: C 64.81, H 9.93, 
N 4.87. 'H NMR decoupling experiments: irradiation of the quar- 
tet of doublets resonating at 6 2.58 ppm collapsed the doublet res- 
onating at 6 1.30 ppm to a singlet and simplified the doublet of 
doublet of doublets resonating at 6 0.58 ppm to a doublet of doub- 
let (J = 8.5, 6.5 Hz); irradiation of the quartet of doublets reso- 
nating at 6 2.92 ppm collapsed the doublet resonating at 6 1.15 ppm 
to a singlet and simplified the doublet of doublet of doublets res- 
onating at 6 0.45 ppm to a doublet of doublet (J = 8.5, 5 Hz). 

(IS,2 R,5S) I -(I -C/zloro-1 -methylethyl)-2,4,4-trimethyl-3- 
(tri~nethylsiloxyjbicyclo[3.1 .O]hexane-3-carbonitrile (23/24) 

To a solution of alcohols 19:20 (60:40, 59.0 mg, 0.227 mmol) 
in dichloromethane (2 mL) at 0°C was added cold concentrated 
hydrochloric acid (2 mL). After vigorous stirring for 20 min, the 
organic fraction was separated, diluted with cold dichloromethane 
(10 mL), washed with cold brine (10 mL), dried (over MgSO,), 
filtered, and evaporated in vacico to give a red oil. GC analysis in- 
dicated a 60:40 mixture of the unstable chlorides 23/24. Partial 'H 
NMR (400 MHz, CDCI,) (approximately 30% decomposition to 
alkenes) (signals corresponding to 23) 6: 0.63 ( l H ,  ddd, J = 8,  6 ,  
1.5 Hz, C6-H,,,), 3.1 1 ( lH ,  qd, J = 7,  1.5 Hz, C2-H) ppm; (sig- 
nals corresponding to 24) 6: 0.75 ( IH,  ddd, J = 9,  7 ,  1.5 Hz, 
C6-H,,), 2.78 ( IH,  qd, J = 7,  1.5 Hz, C2-H) ppm; MS tn/z: 
3 15/313 (M+), 300/298, 277. 

(2R,4S) 4-Chloromethyl-3-(l-methylethylidene)-2,5,5-trirnethyl- 
I -(trimethylsiloxy)cyclopenta~~e-1 -carbonitrile (21) 

To a solution of alcohols 19:20 (60:40, 192.0 mg, 0.650 mmol) 
in dichloromethane ( I0 mL) was added concentrated hydrochloric 
acid (10 mL). The reaction was stirred vigorously for 88 h. The 
aqueous layer was extracted with dichloromethane (2 X 50 mL). 

T h e  combined organic fractions were washed with sodium bicar- 
bonate (50 mL), dried (over MgSOJ, filtered, and evaporated in 
vacuo to give a red oil. Purification by flash chromatography using 
ethyl acetate/petroleum ether (1 : 19) as eluent afforded a mixture 
of these three isomeric chlorides (105.4 mg, 52%), of which 21  is 
predominant (83%): IR v,,, (thin film): 2974, 2232, 1673 cm-'. 
Anal. calcd. for C16H2,NOSiCl: C 61.22, H 8.99, N 4.46; found: 
C 61 .SO, H 9.10, N 4.63. 

Further repeated chromatography using diethyl ether/petro- 
leum ether (3 : 97) as eluent gave a pure sample of chloride 21 as a 
colourless oil: 'H NMR (400 MHz, CDCI,) 6: 0.28 (9H, s ,  
Si(CH,),), 1.10 (3H, s ,  C5-CH,), 1.15 (3H, d ,  J = 7 Hz, C2-CH,), 
1.25 (3H, s ,  C5-CH,), 1.70 (3H, br s ,  whr2 = 3 Hz, C=C-CH3), 
1.75 (3H, br s ,  wh,, = 3 Hz, C=C-CH,), 2.67 ( lH ,  dd, J = 8,  
5.5 HZ, C4-H), 3.16 ( IH,  br q ,  J = 7 HA, C2-H), 3.47 (IH, dd, 
J =  11.5,5.5H~,C4-CHC1),3.87(IH,dd,J= 11.5, 8 H z , C 4 -  
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CHCI) ppm; MS m/z: 315/313 (M+), 300/298, 277, 262; high- NMR (400 MHz, CDC1,) (partial assignment of signals corre- 
resolution mass measurement calcd. for C ~ ~ H ~ ~ N O S ~ " C I :  313.1629; sponding to 35) 6: 0.23 (9H, s, Si(CH,),), 0.47 (IH, ddd, J = 9, 
found: 313.1631. 7,  1.5 Hz, C6-H ,.,, ), 1.08 (3H, s, C4-CH3), 1.13 (3H, d, J = 7 Hz, 

(2R) 3-(1 -Methyleth~~lidet~e)-2,6,6-trimethyl-l-(tritnethylsiloxy)- 
cyclohexane-1 -carbonitrile (27/28) 

A solution of the chlorides obtained in the preceeding section 
(314.0 mg, 1 .OO mmol, containing 21 (83%)), 2,2 azobis(2-meth- 
ylpropionitrile) (AIBN, 33.0 mg, 0.20 mmol), and tri-n-butyltin 
hydride (1.08 mL, 4.00 mmol) in anhydrous toluene (10 mL) was 
heated at reflux for 4 h. The solvent was evaporated in vacuo to 
leave an oil (> 1 g). Purification by flash chromatography using 
petroleum ether as eluent removed the tin compound present. Fur- 
ther elution using diethyl ether/petroleum ether (1: 199) gave a 
mixture of alkenes 27/28 (83 : 17, 193.0 mg, 69%). Further puri- 
fication by flash chromatography using diethyl ether/petroleum 
ether (1 : 199) afforded a pure sample of 27: 'H NMR (400 MHz, 
CDCI,) 6: 0.29 (9H, s, Si(CH3),), 1.03 (3H, s, C6-CH,), 1.07 (3H, 
d, J = 7 Hz, C2-CH,), 1.09 (3H, s, C6-CH,), 1.48 (2H, m, C5-Hz), 
1.72 (6H, br s, w ~ , ~  = 4 HZ, C=C-(CH3)2), 2.03 (IH, m, C4-H), 
2.44 ( lH ,  dtd, J = 14, 3, 1 Hz, C4-H), 3.28 ( lH,  q ,  J = 7 Hz, 
C2-H) ppm. 

(IS,2 R,5S) 1 -(I -Hydro~yethyl)-2,4,4-tritnethyl-3- 
(tritnethylsiloxy)bicyclo[3.1 .O]he.rarle-3-carborlitrile (31, 
32, 33, 34) 

To a solution of ketones 17/18~ (504 mg, 1.80 mmol) in ethanol 
(20 mL) was added sodium borohydride (130 mg, 3.42 mmol). 
After stirring for 1.5 h at room temperature, the solvent was re- 
moved irz vacuo. Diethyl ether (50 mL) and saturated ammonium 
chloride solution (50 mL) were added to the residue. The organic 
layer was washed with brine (20 mL), dried (over MgS04), fil- 
tered, and evaporated it1 vacuo to give an oil (554 mg). Purifica- 
tion by flash chromatography using ethyl acetate/petroleum ether 
(1 :9) as eluent afforded a mixture of four isomeric alcohols 31, 32, 
33,34 (38:35: 14: 13) (41 1.6 mg, 92% based on purity of starting 
material) as a colourless oil: IR v,,, (thin film): 3475 (br), 2960, 
2210 (weak) cm-'; 'H nmr (400 MHz, CDCI,) (partial assign- 
ments for 31) 6: 0.23 (9H, s, Si(CH,),), 2.94 ( IH,  qd, J = 7,  
1 Hz, C2-H), 3.60 (IH, q, J = 6.5 Hz, C7-H) ppm; (partial as- 
signments for 32) 6: 0.23 (9H, s, Si(CH,),), 2.82 ( lH,  qd, J = 7, 
1 Hz, C2-H), 3.70 (IH, q, J = 6.5 Hz, C7-H) ppm; (partial as- 
signments for 33) 6: 0.23 (9H, s, Si(CH,),), 1.28 (3H, d, J = 
7 HZ, C2-CH,), 2.60 ( lH, qd, J = 7,  1 HZ, C2-H), 3.56 ( lH,  q ,  
J = 6.5 Hz, C7-H) ppm; (partial assignments for 34) 6: 0.23 (9H, 
s, Si(CH,),), 0.45 ( lH,  ddd, J = 7,  6, 1 Hz, C6-H ,,.,,, ), 1.02 (3H, 
s, C4-CH,), 1.27 (3H, d, J = 7 Hz, C2-CH,), 2.50 ( lH,  qd, J = 

7 ,  1 Hz, C2-H), 3.66 (1 H, q, J = 6.5 Hz, C7-H) ppm; MS m/z: 
281 (M+), 279, 266, 263, 248, 239, 236; high-resolution mass 
measurement calcd. for C15HZ7N02Si: 28 1.18 1 1 ; found: 28 1.1807. 
Anal. calcd. for C15H27NOZSi: C 64.00, H 9.67, N 4.98; found: C 
63.89, H 9.76, N 4.90. 

(I S,2R,SS) I-(] -Chloroethyl)-2,4,4-trimethyl-3- 
(trirneth~~lsiloxy)bicyclo[3.1 .O]hexane-3-carbonitrile (35/36) 

To a solution of alcohols 31, 32, 33, 34 (38:35:14:13, 
397.2 mg, 1.41 mmol) in dichloromethane (15 mL) was added 
concentrated hydrochloric acid (17 mL) and the reaction was stirred 
vigorously for 31 h. The aqueous layer was extracted with dichlo- 
romethane (10 mL). The combined organic layers were washed with 
water (25 mL), dried (over MgSO,), filtered, and evaporated in 
vac~co to give a red oil (419.6 mg), which was shown by GC to 
contain no starting alcohols. Purification by flash chromatography 
using diethyl ether/petroleum ether (1 : 19) as eluent gave a mix- 
ture of chlorides 35/36 (63 :37, 139.0 mg, 33%, 83% based on 
recovered starting material). Further elution afforded recovery of 
starting material (240.0 mg, 60%). 

Chlorides 35/36: IR v,, (thin film): 2950, 2210, 1660 cm-'; 'H 

'sample contained alcohols 19/20 (60.3 mg). 

C2-CH-(), 1.28 ( 3 ~ ,  s, C4-CH,), 1.40 ( 3 ~ ,  d, J = 7 Hz, C7-CH,), 
3.03 ( lH, qd, J = 7, 1.5 HZ, C2-H), 4.1 1 ( lH,  q, J = 7 Hz, C7-H) 
ppm; (partial assignment of signals corresponding to 36) 6: 0.23 
(9H, s, Si(CH,),), 0.40 (lH, ddd, J = 9, 6, 1.5 Hz, C6-H ,!, ), 1.07 
(3H, s, C4-CH3), 1.17 (3H, d, J = 7 Hz, C2-CH,), 1.29 (3H, S, 
C4-CH,), 1.55 (3H, d, J = 7 Hz, C7-CH,), 3.04 (1 H, m, C2-H), 
3.75 ( lH,  q, J = 7 Hz, C7-H) ppm; MS tn/z: 301/299 (M'), 2861 
284, 263; high-resolution mass measurement calcd. for 
C 1 5 H 2 6 ~ ~ ~ i 3 5 ~ ~ :  299.1472; found: 299.147 1. 

(2R) 3-(I-Ethy1idene)-2,6,6-trirnethyl-1 -(trimethylsiloxy)cyclo- 
hexane-l -carbonitrile (37/38) 

To a solution of chlorides 35/36 (63:37, 152.3 mg, 0.508 rnmol) 
and AIBN (ca. 10 mg) in anhydrous toluene (4 mL) was added tri- 
n-butylin hydride (179 p1, 0.632 mmol). The reaction was heated 
at reflux for 2 h, cooled, and diluted with petroleum ether (50 mL). 
The reaction was washed with water (50 mL), dried (over MgSOj), 
filtered, and evaporated in vaclto to give an oil (664.0 mg). Puri- 
fication by flash chromatography using petroleum ether as eluent 
removed the tin by-products. Further elution with diethyl ether/ 
petroleum ether (1 :49) gave a mixture of predominantly two al- 
kenes 37/38 (72:28) as a colourless oil (127.6 mg, 95%): IR v,,;,, 
(thin film): 2960, 1660 cm-'; ' H  NMR (400 MHz, CDCI,) (par- 
tial assignment of signals corresponding to 37) 6: 0.21 (9H, s, 
Si(CH,),), 1.05 (3H, s, C6-CH,), 1.20 (3H, d, J = 7 Hz, C2-CH,), 
1.24 (3H, s, C6-CH,), 1.62 (3H, br d, J = 7 Hz, C7-CH,), 1.95 
( lH,  m), 2.48 ( lH,  dt, J = 14, 4 Hz, C4-H), 2.65 ( lH ,  br q, J = 
7 Hz, C2-H), 5.20 ( lH ,  br q, J = 7 Hz, C7-H) ppm; (partial as- 
signment of signals corresponding to 38) 6: 0.29 (9H, s, Si(CH,),), 
1.04 (3H, S, C6-CH,), 1.11 (3H, d, J = 7 HZ, C2-CH,), 1.1 1 (3H, 
s, C6-CH,), 1.65 (3H, dd, J = 7,  1 Hz, C7-CH,), 1.93 ( lH ,  m), 
3.27 (1 H, q ,  J = 7 HZ, C2-H), 5.41 ( lH, qd, J = 7,  1.5 HZ, C7-H) 
ppm; MS m/z:  265 (M'), 250, 238, 223. 

(2R",3S") 2,4,4-Trimetl1yl-3-tri1nethylsiloqcyclohexa11-1-017e-3- 
carbonitrile (29) and (2R",3R") 2,4,4-trimethyl-3- 
trimethylsilo.~~~cyclohexarr-1 -one-3-carbonitrile (30) 

Method A 
Ozone was bubbled through a solution of alkenes 37:38 (72:28) 

(80.3 mg, 0.303 mmol) in ethyl acetate (10 mL) at -78'C for 30 
min. Dimethyl sulphide (0.5 mL) was then added and the reaction 
allowed to warm to room temperature. The reaction was diluted with 
diethyl ether (25 mL), washed with sodium bicarbonate solution 
(25 mL), dried (over MgSOJ, filtered, and evaporated it1 vacrco to 
give an oil (1 19.3 mg). Purification by flash chromatography using 
ethyl acetate/petroleum ether (1 :9) as eluent gave ketone 29 
(70.9 mg, 93%), slightly contaminated with its isomer 30 (5%). 
Further purification gave enriched purity to ketone 29 (purity 
98.5%), and a sample enriched in 30 (17%). 

Ketone 29: [a]g--  28.0 (CHCI,, c = 0.'3); IR v,,, (thin film): 
2950, 1725 cm-'; 'H NMR (400 MHz, CDCI,) 6: 0.23 (9H, s, 
Si(CH,),), 1.17 (3H, s, C4-CH,), 1.23 (3H, d, J = 7 Hz, C2-CH,), 
1.41 (3H, S, C4-CH,), 1.60 (IH, ddd, J = 14, 6.5, 2 HZ, C 5 - b ) ,  
2.01 ( lH,  td, J =  14,5Hz,C5-H,,), 2 . 3 4 ( 1 H , d d d , J =  14 ,5 ,  
2Hz,C6-HC,),2.45(lH, t d , J =  14,6.5Hz,C6-Ha,) ,2.89(1H, 
q, J = 7 Hz, C2-Ha,) ppm; MS m/z: 253 (Mf),  238 (100); high- 
resolution mass measurement calcd. for C,,HZ3N02Si: 253.1498; 
found: 253.1496. Anal. calcd. for C13H2,N02Si: C 61.62, H 9.15, 
N 5.53; found: C 61.80, H 9.20, N 5.60. 'H NMR decoupling ex- 
periment: irradiation of the quartet resonating at 6 2.89 pm col- 
lapsed the doublet resonating at 8 1.23 ppm to a singlet. 'H NMR 
nOe difference experiment: irradiation of the quartet resonating at 
6 2.89 ppm led to enhancement of the signals resonating at 6 1.23, 
1.41, and 2.45 ppm; irradiation of the singlet resonating at 6 
0.23 ppm led to enhancement of the signals resonating at 6 1.17 
and 1.23 ppm. 

Ketone 30: 'H NMR (400 MHz, CDCI,) (partial signals corre- 
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sponding to 30) 6: 0.26 (9H, s, Si(CH,),), I .74 ( lH, ddd, J  = 14, 
7, 3Hz), 1.81 ( lH, td, J =  14,6Hz), 2.74(1H, q , J =  7Hz)ppm. 
GC-MS of second isomer m/z: 253 (M'), 238. 

Method B 
To a solution of cyanohydrins 12: 13 (63:37) (5.6656 g, 20.27 

mmol) in ethyl acetate (300 mL) was added solid sodium bicar- 
bonate (2.0 g). The mixture was cooled to 0°C and ozone bubbled 
through for 9.5 h. The reaction was flushed with oxygen, diluted 
with ethyl acetate (400 mL), washed with saturated sodium bicar- 
bonate solution (2 x 100 mL), water (100 mL), dried (over 
MgSO,), filtered, and evaporated it1 vacuo. The residue was dis- 
solved in ethanol (200 mL) and sodium borohydride (800 mg, 
21.1 mmol) was added. After stirring for 30 min, the solvent was 
evaporated in vacuo. The residue was dissolved in diethyl ether 
(300 mL), washed with saturated ammonium chloride solution 
(2 X 100 mL), water (100 mL), dried (over MgSO,), filtered, and 
evaporated in vacuo to give a colourless oil (6.50 g). This was 
dissolved in dichloromethane (300 mL) and concentrated hydro- 
chloric acid (300 mL). After stirring vigorously for 78.5 h, the 
aqueous layer was separated and extracted with dichloromethane 
(100 mL). The combined organic fractions were washed with water 
(2 x 200 mL), dried (over MgSO,), filtered, and evaporated in 
vacuo to give a yellow oil (5.00 g). To a solution of this oil in an- 
hydrous toluene (165 mL) was added AIBN (400 mg, 2.8 mmol) 
and tri-n-butyltin hydride (8.0 mL, 30 mmol). The reaction was 
heated at reflux for 4.5 h, cooled, washed with water (100 mL), 
dried (over MgSO,), filtered, and evaporated in vacuo to give an 
oil (12.11 g). Purification by flash chromatography using petro- 
leum ether as eluent removed the tin compounds present. Further 
elution gave a mixture of alkenes (3.3427 g). This oil was dis- 
solved in ethyl acetate (200 mL) and cooled to -78°C. Ozone was 
bubbled through the solution for 30 min until a blue colouration 
persists. Dimethyl sulphide (1 mL) was added and the reaction al- 
lowed to warm to room temperature. Most of the solvent was re- 
moved in vacuo and ethyl acetate (200 mL) was added. The solution 
was washed with saturated sodium bicarbonate solution (50 mL), 
water (50 mL), dried (over MgSO,), filtered, and evaporated in 
vacuo to leave a colourless oil (3.21 g). Purification by flash 
chromatography using ethyl acetate/petroleum ether (1 : 9) as eluent 
gave ketone 30 contaminated with 5% of ketone 31 (1.8153 g, 35% 
for five steps). 

2,4,4-Trimethylcyclohex-2-en-I-one-3-carbonitrile (39) 
Thionyl chloride (2.1 mL, 29 mmol) was added slowly to a so- 

lution of cyanohydrin 29 (1.0000 g, 3.953 mmol) in methanol 
(55 mL) and the reaction was stirred for 2 h. The solvent was 
evaporated in vacuo, and diethyl ether (75 mL) was added to the 
residue. The organic solution was washed with saturated sodium 
bicarbonate solution (30 mL), brine (30 mL), dried (over MgSO,), 
filtered, and evaporated it1 vacuo to leave an oil (820 mg). Purifi- 
cation by flash chromatography using diethyl ether/petroleum ether 
(1 :9) as eluent gave an unidentified compound as an unstable oil 
(337.0 mg, 52%). Further elution gave ketone 39 as a colourless 
oil (306.1 mg, 48%). 

Unidentified compound: IR v,,, (thin film): 3500 (br), 2950, 
2195, 1645, 1580 cm-I; UV A,,, (MeOH): 306 nm (E = 4400), 
217 nm (E = 4550); 'H NMR (400 MHz, CDC1,) 6: 1.13 (6H, s, 
C6-(CH,),), 2.05 (3H, S, C2-CH,), 2.22 (2H, d, J  = 6 HZ, C5-H2), 
4.88 ( lH,  t, J  = 6 Hz, C4-H) ppm; MS m/z: 162 (M+- 1, 100). 

Ketone 39: IR v,, (thin film): 2950, 2200, 1690, 1645 cm-'; 
UV A,,, (MeOH): 248 nm (E = 12 000); 'H NMR (400 MHz, 
CDCI,) 6: 1.22 (6H, s, C4-(CH,),), 1.94 (2H, t, J = 7 Hz, C5-H,), 
2.06 (3H, s, C2-CH,), 2.57 (2H, t, J  = 7 Hz, C6-H,) ppm; MS 
m/z: 163 (Mf),  148, 135, 121, 120 (100); high-resolution mass 
measurement calcd. for CIOH1,NO: 163.0997; found: 163.0994. 

2,4,4-Trimethylgclohex-2-en-I-ol-3-carbonitrile (40) 

Method A 
To a solution of enone 39 (163.0 mg, 1 .OO mmol) in methanol 

(2.5 mL) was added cerium IU chloride heptahydrate (372 mg, 1.00 

mmol) followed by sodium borohydride (38.0 mg, 1 .OO mmol). 
After stirring for 5 min, the reaction was quenched by addition of 
saturated ammonium chloride solution (30 mL), diluted with di- 
ethyl ether (30 mL), and the aqueous layer extracted with diethyl 
ether (10 mL). The combined organic extracts were washed with 
water ( I  0 mL), dried (over MgSO,), filtered, and evaporated in 
vacuo to give allylic alcohol 40 (163.3 mg, 99%) as a viscous oil 
that crystallized on cooling: mp 25-26°C; 1R v,, (thin film): 3400, 
2950, 2220, 1645 cm-I; UV A,, (MeOH): 216 nm (E = 8100); 'H 
NMR (400 MHz, CDCI,) 6: 1.11 (3H, s, C4-CH,), 1.17 (3H, s ,  
C4-CH,), 1.48 ( lH,  ddd, J  = 13.5, 9,  3 Hz) 1.68 (2H, m), 1.90 
( lH, m), 2.08 (3H, s, C2-CH,), 2.58 ( lH,  br s, w,,, = 28 Hz, ex- 
changeable, OH), 4.03 ( lH, t, J  = 6 Hz, C1-H) ppm; I3C NMR 
(50 MHz, CDC1,) 6: 19.8, 27.9, 28.0, 28.3, 33.0, 33.7, 68.3, 
117.2, 119.9, 151.9 ppm; MS m/z: 165 (M+), 150, 123, 109 (100); 
high-resolution mass measurement: calcd. for C,&,,NO: 165.1154; 
found: 165.1 15. Anal. calcd. for CloH;l,NO: C 72.70, H 9.15, N 
8.48; found: C 72.73, H 9.30, N 8.35. 

Method B 
Thionyl chloride (1.0 mL, 13 mmol) was added slowly to a so- 

lution of cyanohydrin 29 (1.659 g, 6.55 mmol) in methanol (65 mL) 
at - 10°C. The reaction was warmed to room temperature, and 
stirred for 2.5 h. The solvent was evaporated in vacuo and diethyl 
ether (70 mL) was added to the residue. The organic solution was 
washed with saturated sodium bicarbonate solution (50 mL), water 
(50 mL), dried (over MgSO,), filtered, and evaporated in vacuo 
to leave an oil (1.0033 g). This oil was dissolved in methanol 
(15.5 mL) and cerium 111 chloride heptahydrate (2.291 g, 
6.15 mmol) was added. After cooling to -7S°C, sodium boro- 
hydride (245.0 mg, 6.48 mmol) was added in small portions. The 
reaction was allowed immediately to warm to room temperature 
with stirring proceeding at this temperature for 30 min. The reac- 
tion was diluted with diethyl ether (100 mL) and saturated am- 
monium chloride solution (50 mL). The aqueous layer was extracted 
with diethyl ether (2 X 50 mL). The combined organic layers were 
washed with water (20 mL), dried (over MgSO,), filtered, and 
evaporated in vacuo to leave a yellow oil (1.028 mg). Purification 
by flash chromatography using ethyl acetate/petroleum ether (3 :7) 
as eluent gave alcohol 40 (990.5 mg, 92%) as a colourless oil that 
crystallized on cooling. 

Method C 
To a solution of unsaturated nitrile 43 (1.1254 g, 7.54 mmol) in 

carbon tetrachloride (25 mL) was added N-bromosuccinimide 
(1.520 g, 8.54 mmol) and benzoyl peroxide (40 mg, 1.7 X 

lo-'  mmol). The reaction was heated at reflux for 40 min, then 
cooled and filtered to give a crude sample of bromide 41 
(1.8548 g) as a red oil. Water (55 mL) and calcium carbonate 
(1.07 g, 10 mmol) were added and the reaction heated at reflux for 
19 h. The reaction was cooled, diluted with diethyl ether (75 mL), 
and the aqueous layer extracted with diethyl ether (2 X 75 mL). The 
combined organic layers were washed with water (50 mL), dried 
(over MgSOJ, filtered, and evaporated in vacuo to give a yellow 
oil. Purification by flash chromatography using ethyl acetate/pe- 
troleum ether (3 :7) as eluent gave enone 39 (144.8 mg, 12%) as a 
colourless oil. Further elution afforded alcohol 40 (987.4 mg, 79%) 
as a colourless oil that crystallized on cooling. 

2,6,6-Trimethyl-3-bromocyclohex-I -ene-I -carbonitrile (41) 
To a solution of alcohol 40 (355.2 mg, 2.15 mmol) in petro- 

leum ether (5 mL) at O°C was added phosphorus tribromide 
(225 kL, 2.37 mmol). The reaction was stirred for 1 h at O°C, then 
diluted with petroleum ether (25 mL), washed with sodium bicar- 
bonate solution (2 X 20 mL), dried (over MgSO,), filtered, and 
evaporated in vacuo to give bromide 41 (449.0 mg, 92%) as a col- 
ourless oil: IR v,,, (thin film): 2965, 2210, 1626 cm-I; UV A,,, 
(MeOH): 229 nm (E = 12 300); IH NMR (400 MHz, CDCI,) 6: 
1.1 1 (3H, S, C6-CH,), 1.24 (3H, s, C6-CH,), 1.57 ( lH, dt, J  = 
13, 3.5 HZ, C5-H), 1.96 (lH, ddd, J  = 13, 10, 6 HZ, C5-H), 2.10 
(2H, m, C4-H,), 2.13 (3H, s, C2-CH,), 4.63 ( lH, t, J  = 3 Hz, 
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ET AL.: I 2109 

C3-H) ppm; MS m/z: 229/227 (M'), 214/212, 148 (100); high- 
resolution mass measurement calcd. for C , ~ H , ~ N ~ ~ B ~ :  229.0291; 
found: 229.0288. Anal. calcd. for CloH,,NBr: C 52.64, H 6.18, 
N6.16; found: C52.85, H6.19,  N6.30. 

2,6,6-Trimethylcyclohex-I -ene-1 -carbonitre (43) 
A solution of bromide 41 (1.088 g, 4.77 mmol) and sodium io- 

dide (980 mg, 6.54 mmol) in anhydrous dimethyl sulphoxide 
(100 mL) was stirred at room temperature for 15 min, at which time 
sodium borohydride (630 mg, 16.5 mmol) and methanol (600 kL, 
14.8 mmol) were added. After stirring for a further 1.5 h, the re- 
action was quenched with water (50 mL) and extracted with die- 
thy1 ether (2 x 100 mL). The combined organic layers were dried 
(over MgSO,), filtered, and evaporated in vacuo to give a colour- 
less oil (932.6 mg). Purification by flash chromatography using 
diethyl ether/petroleum ether (1 :49) as eluent afforded a mixture 
of nitriles 43 and 44 (22:3, 501.9 mg, 71%). Further elution af- 
forded a pure sample of nitrile 43 (99.8 mg, 14%) as a colourless 
oil. 

Nitrile 43: IR v,,, (thin film): 2930, 2200, 1635 cm-'; UV A,,, 
(MeOH): 214 nm (E = 11 400); 'H NMR (400 MHz, CDC1,) 6: 
1.16 (6H, s, C6-(CH3)2), 1.46 (2H, m, C5-H,), 1.61 (2H, m, 
C4-H,), 1.96 (3H, s, C2-CH,), 2.07 (2H, t, J = 6 Hz, C3-H,) ppm; 
I3C NMR (50 MHz, CDC1,) 6: 19, 24, 28, 32, 34, 37, 116, 118, 
152 ppm; MS m/z: 149 (M'), 134 (100); high-resolution mass 
measurement calcd. for CIJIISN: 149.1204; found: 149.1204. Anal. 
calcd. for CloHl,N: C 80.48, H 10.13, N 9.39; found: C 80.18, H 
9.99, N 9.48. 'H NMR decoupling experiment: irradiation of the 
triplet resonating at 6 2.07 pprn affected the multiplet resonating 
at 6 1.61 ppm. 

Nitrile 44: 'H NMR (400 MHz, CDCI,) (partial signals) 6: 1.82 
(3H, br s, wh/, = 7 Hz, C2-CH,), 2.75 ( lH,  s, C1-H), 5.65 ( lH,  
br s, wh/, = 8 HZ, C3-H) ppm. 

2,6,6-Trimethylcyclohexa-I ,3-diene-I -carbonitrile (127) 

Method A 
A solution of alcohol 40 (24.6956 g, 149.5 mmol) and para-to- 

luenesulphonic acid (5.00 g, 26.3 rnmol) was heated at reflux with 
azeotropic removal of water for 30 h. The reaction was cooled, 
diluted with diethyl ether (1 L), washed with water (2 X 200 mL), 
dried (over MgSO,), filtered, and evaporated in vacuo to leave a 
red oil (22.6472 g). Purification by distillation (100-12O0C, 
11 Torr) gave safronitrile (42) (16.4631 g, 75%) as a colourless 
liquid: IR v,,, (thin film): 2950, 2180, 1640, 1575 cm-'; UV A,,,, 
(MeOH): 285 nrn (E = 7200); 'H NMR (400 MHz, CDC1,) 6: 1.17 
(6H, s, C6-CH,), 2.08 (3H, s, C2-CH,), 2.22 (2H, dd, J = 4,  
2 Hz, C5-H,), 5.93 ( lH,  dt, J = 9, 2 Hz, C3-H), 6.07 ( lH,  dt, 
J = 9,  4 Hz, C4-H) pprn; I3C NMR (50 MHz, CDCI,) 6: 21.8, 
27.7, 32.5, 37.7, 114.5, 118.2, 127.2, 131.9, 146.3ppm; MS m/z: 
147(M+), 132; high-resolution mass measurement cald. for 
CloH,,N: 147.1048; found: 147.1046. Anal. calcd. for CloH13N: 
C81.59, H 8.90,N9.51;found:C81.76, H8.83, N9.49. 

Method B 
A solution of bromide 41 (151.6 mg, 0.664 mmol) and DBU 

(300 kL, 2.0 mrnol) in benzene (10 mL) was heated at reflux for 
4 h. After cooling, the reaction was diluted with diethyl ether 
(30 mL), washed with saturated ammonium chloride solution 
(10 mL), water (10 mL), dried (over MgSO,), filtered, and evap- 
orated in vacuo to leave an oil (153.2 mg). Purification by flash 
chromatography using diethyl ether/petroleum ether (1 :9) as eluent 
gave 42 (26.5 mg, 27%) as a colourless oil. 

2,6,6-Trimethylcyclohexa-1,3-diene-I -curbaldehyde (45) 
To a solution of safronitrile 42 (580.0 mg, 3.94 mmol) in an- 

hydrous benzene (3.5 mL) at ODC was added DIBAL-H (1.5 M in 
toluene, 4.9 mL, 7.4 mmol). The reaction was stirred for 2.5 h at 
room temperature, then added to deoxygenated 5% sulphuric acid 
(30 mL) along with diethyl ether (20 mL). After stirring vigor- 
ously for 15 rnin, the aqueous layer was extracted with diethyl ether 
(3 X 50 mL). The combined organic layers were washed with water 

(50 mL), dried (over MgSO,), filtered, and evaporated in vacuo to 
leave an orange oil (543 mg). Purification by bulb-to-bulb distil- 
lation (100-105"C, l l Torr) afforded pure safronal (45) (371.6 mg, 
63%) as a colourless oil: IR v,,, (thin film): 2960, 2930, 2870, 
1665, 1635 cm-'; UV A,, (MeOH): 309 nm (E = 7500); 'H NMR 
(400 MHz, CDCl,) 6 1.20 (6H, s, C6-CH,), 2.16 (2H, dd, J = 4, 
2 HZ, C5-H,), 2.18 (3H, s, C2-CH,), 5.93 ( lH,  dt, J = 10, 2 Hz, 
C3-H), 6.17 ( lH ,  dt, J = 10, 4 HZ, C4-H), 10.15 ( lH,  S, CHO) 
ppm; MS m/z: 150 (M'), 135, 121, 107 (100); high-resolution mass 
measurement calcd. for CI@HI40: 150.1045; found: 150.1045. Anal. 
calcd. for C,oH140: C 79.96, H 9.39; found: C 80.18, H 9.42. 

(E)-I -(2,6,6-Trimethylcyclohexa- I ,3-dieny1)-but-2-en-] -01 (46) 
and (Z)-1-(2,6,6-tritnethylcyclohexa-1,3-dienyl)-but-2-en- 
1-01 (47) 

To a solution of safronal (45) (256.7 mg, 1.71 mmol) in anhy- 
drous tetrahydrofuran (12 mL) at O°C was added l-propenylmag- 
nesium bromide9 (1.21 M in tetrahydrofuran, 2.0 mL, 2.4 mmol). 
The reaction was stirred at O°C for 10 min, quenched with satu- 
rated ammonium chloride solution (15 mL), and extracted with 
diethyl ether (2 X 30 mL). The combined organic layers were 
washed with water (50 mL), dried (over MgS04), filtered, and 
evaporated in vacuo to leave a yellow oil (344.2 mg). Purification 
by bulb-to-bulb distillation (1 15-125"C, 11 Torr) afforded a mix- 
ture of alcohols 46 and 47 (49:51, 293.9 mg, 89%) as a colour- 
less oil: IR v,,, (thin film): 3400 (br), 2960, 1680 (br) cm-l; 'H 
NMR (400 MHz, CDCI,) (partial signals corresponding to 47) 6: 
1.06 (3H, s, C6'-CH,), 1.1 1 (3H, s, C6'-CH,), 1.40 ( lH, br s, 
wh/, = 8 Hz, exchangeable, 0-H), 1.74 (3H, dd, J = 8, 1 Hz, 
C4-H3), 1.95 (3H, S, C2'-CH,), 2.07 (2H, t, J = 3 HZ, C5'-Hz), 
5.40 ( lH,  d ,  J = 9 Hz, C1-H), 5.58 ( lH,  dqd, J = 11, 8, 1 Hz, 
C3-H), 5.74 (2H, m, C3'-H, C4'-H), 5.83 ( lH,  ddq, J = 11, 9,  
1 HZ, C2-H) ppm. Purification by flash chromatography of a por- 
tion of this oil using ethyl acetate/petroleum ether (1 : 19) as eluent 
afforded pure trans-alcohol 46 (79.2 mg, 43% overall) as a col- 
ourless oil: IR v,,, (thin film): 3400 (br), 2960, 1680 (br) cm-'; 
UV A,, (MeOH): 271 nm (E = 9040); 'H NMR (400 MHz, CDCI,) 
6: 1.04 (3H, s, C6'-CH,), 1.10 (3H, s, C6'-CH,), 1.53 ( lH, br s, 
wh12 = 6 Hz, exchangeable, 0-H), 1.72 (3H, dd, J = 7, 1 Hz, 
C4-H3), 1.88 (3H, S, C2'-CH,), 2.06 (2H, t, J = 4 HZ, C5'-Hz), 
5.03 ( lH,  br d, J = 5 Hz, C1-H), 5.73 (4H, m, C3'-H, C4'-H, 
C2-H, C3-H) ppm; MS m/z: 192 (M'), 177, 174, 159, 121 (100); 
high-resolution mass measurement calcd. for C13H200: 192.1514; 
found: 192.15 16. 'H NMR decoupling experiments: irradiation of 
the doublet of doublets resonating at 6 1.74 pprn simplified the 
signal resonating at 6 5.58 ppm to a doublet of doublets (J  = 11, 
1 Hz) and simplified the signal resonating at 6 5.83 ppm to a doublet 
of doublets (J  = 11, 9 Hz); irradiation of the doublet resonating at 
6 5.40 pprn simplified the signal resonating at 6 5.83 pprn to a 
doublet of quartets (J = 11, 1 Hz) and affected the signal resonat- 
ing at 6 5.58 ppm. 

The cis-alcohol 47 decomposed on chromatography. 

(E)-I-(2,6,6-Trimethylcyclohexa-I ,3-dieny1)-but-2-en-I-one 
(P-damascenone) (48) 

Method A 
To a solution of trans-alcohol 46 (18.9 mg, 0.098 mmol) in pe- 

troleum ether (3 mL) was added "active" manganese dioxide (170 
mg, 1.95 mmol). After stimng for 1 h the reaction was filtered and 
evaporated in vacuo to afford P-damascenone (48) (16.7 mg, 100%) 
as a colourless oil: IR v,,, (thin film): 2980, 2950, 1670, 1635, 
1610 cm-'; UV A,,, (MeOH): 305 nm (E = 2220), 226 nm (E = 
13 800); 'H NMR (400 MHz, CDCI,) 6: 1.05 (6H , s, C6'-(CH,),), 
1.64 (3H, s ,  C2'-CH,), 1.94 (3H, dd, J = 7,  2 Hz, C4-H,), 2.12 
(2H, dd, J = 5, 1 Hz, C5'-H,), 5.84 (2H, m, C3'-H, C4'-H), 6.20 
( lH, dq, J = 16, 2 Hz, C2-H), 6.85 ( lH, dq, J = 16, 7 Hz, C3-H) 
ppm; MS m/z: 190 (M'), 175, 159, 121, 69 (100); high-resolu- 
tion mass measurement calcd. for Cl3HI80: 190.1357; found: 

'prepared as a mixture of isomers 49 : 5 1. 
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190.1355. 'H NMR decoupling experiments: irradiation of the 
doublet of quartets resonating at 6 6.20 pprn simplified the signals 
resonating at 6 1.94 pprn to a doublet ( J  = 7 Hz) and simplified 
the signal resonating at 6 6.85 ppm; irradiation of the signal reso- 
nating at 6 6.85 pprn simplified the doublet of doublets resonating 
at 6 1.94 pprn to a doublet ( J  = 2 Hz) and affected the signal res- 
onating at 6 6.20 ppm; irradiation of the doublet of doublets res- 
onating at 6 2.12 pprn simplified the signal resonating at 6 5.84 pprn 
to an AB quartet; irradiation of the signal resonating at 6 1.94 pprn 
simplified the signal resonating at 6 6.20 pprn to a doublet ( J  = 
16 Hz) and simplified the signal resonating at 6 6.85 pprn to a 
doublet ( J  = 16 Hz). 

Method B 
To a solution of alcohols 46 and 47 (49:51, 139.4 mg, 0.725 

mmol) in petroleum ether (30 mL) was added "active" manganese 
dioxide (700 mg, 8.05 mmol). After stirring for 2 h, a further por- 
tion of manganese dioxide (700 mg, 8.05 mmol) was added. After 
stirring for 1.5 h, the reaction was filtered and evaporated it2 vacuo 
to afford a mixture of P-damascenone (48) and enone 49 
(48: 49 = 49: 5 1, 138.7 mg, 100%) as a colourless oil. 'H NMR 
(400 MHz, CDC1,) (signals corresponding to enone 49) 6: 1.10 (6H, 
s, C6'-(CH,)?), 1.74 (3H, s, C2'-CH,), 2.11 (2H, dd, J = 5, 1 Hz, 
C5'-Hz), 2.16 (3H, d, J = 7 Hz, C4-H,), 5.84 (2H, m, C3'-H, 
C4'-H), 6.20 (2H, m, C2-H, C3-H) ppm. The mixture of ketones 
and para-toluenesulphonic acid (20 mg, 0.1 mmol) in anhydrous 
tetrahydrofuran was heated at reflux for 20 h. The reaction was 
cooled and diluted with diethyl ether (150 mL). The organic layer 
was washed with water (30 mL), saturated sodium bicarbonate so- 
lution (50 mL), water (30 mL), dried (over MgSO?), filtered, and 
evaporated in vacuo to give a colourless oil (136.2 mg). Purifica- 
tion by flash chromatography using ethyl acetate/petroleum ether 
(1 : 19) as eluent afforded pure P-damascenone (48) (105.0 mg, 
76%) as a colourless oil. 

2,2,6-Trimethylcyclohexanone (51) 
This procedure is a modification of that reported by Fitzer and 

Quabeck (35). 
To a solution of diisopropylamine (90 mL, 640 mmol) in an- 

hydrous tetrahydrofuran (2 L) at -78'C was added t~-butyllithium 
(1.6 M in hexanes, 405 mL, 648 mmol) dropwise. After the 
addition was complete, the reaction was stirred for a further 
45 min at -78'C and then 2,6-dimethylcyclohexanone10 (75.00 g ,  
594.3 mmol) in anhydrous tetrahydrofuran (50 mL) was added over 
5 min. The reaction was stirred at -78'C for I h, warmed to O°C, 
and stirred at this temperature for a further I h. Iodomethane 
(120 mL, 1.93 mol) was added over 15 rnin, and the reaction was 
stirred for a further 20 rnin at 0°C. After quenching with saturated 
ammonium chloride solution (900 mL), the reaction was extracted 
with petroleum ether (3 X 600 mL). The combined organic ex- 
tracts were washed with water (500 mL), dried (over MgSO,), fil- 
tered, and evaporated in vacuo to leave a red oil. Purification by 
distillation at atmospheric pressure gave a fraction (70.85 g ,  85%) 
that was shown by GC and 'H NMR to contain 97% 2,2,6-tri- 
methylcyclohexanone 51 and 3% 2,2,6,6-tetramethylcyclohexan- 
one 52. 

(1 R*,6R*) I -Hydrox),-2,2,6-trimethylc~~clohexane-I -carbonitrile 
(53) and  (IR*,6S*) I-hydroq-2,2,6-trimethylcyclohexane- 
I -carbonitrile (54) 

To a mixture of 2,2,6 trimethylcyclohexanonell (51) (12.6188 
g ,  89.94 mmol) and powdered sodium cyanide (9.166 g ,  187.0 

10 Obtained form Aldrich Chemical Co. as a 77:23 mixture of 
isomers. 

I I Contains 3% 2,2,6,6-tetramethylcyclohexanone. In this and 
subsequent reactions this impurity reacted in a similar manner to 
2,2,6-trimethylcyclohexanone (except in elimination reactions). 
However, no compounds derived from this compound were iso- 
lated or even characterized in the various spectra. Crude yields re- 
flect the presence of these derivatives, however. 

mmol) in water (23 mL) at o"c," was added a solution of sodium 
bisulphite (17.587 g) in water (40 mL). The reaction was stirred 
for 6 h at 0-15"C, then extracted with diethyl ether (4 x 100 mL). 
The combined organic layers were dried (over MgSO,), filtered, 
and evaporated in vacuo to give an oil (15.0255 g, 100%) that so- 
lidified on standing. GC and I H  NMR analysis indicated a mix: 
ture of cyanohydrins 54:53 = 77:23. Purification by column 
chromatography using either silica (230-400 mesh) or ~ l o r i s i l ~  
resulted in partial reversion to 2,2,6-trimethylcyclohexanone: mp 
38-40°C; IR v,,,,, (CHC1,): 3580 (sharp), 3450 (br), 2930, 2250 
(weak) cm-l; 'H NMR (400 MHz, CDCI,) (signals corresponding 
to 53) 6: 1.13 (3H, d ,  J = 7 Hz, C6-CH,), 1.15 (3H, s,  C2-CH,), 
1.17 (3H, s ,  C2-CH,), 1.40- 1.60 (6H, m), 2.06 (1 H, m, C6-H), 
2.35 ( l H ,  br s,  whlZ = 100 Hz, exchangeable, OH) ppm; (signals 
corresponding to 13) 6: l .O1 (3H, s,  C2-CH,), 1.13 (3H, d ,  J = 
7 Hz, C6-CH,), 1.20 (3H, s, C2-CH,), 1.33- 1.62 (5H, m), 1.72 
( lH,  m), 1.91 ( IH,  m,  C6-H), 2.35 ( l H ,  br s,  wh/, = 100 Hz, ex- 
changeable, OH) ppm; I3C nmr (50 MHz, CDC1,) (signals corre- 
sponding to 53) 6: 16.1, 17.1, 23.2, 26.2, 27.7, 32.6, 35.1, 38.0, 
78.2, 121.0 ppm; (signals corresponding to 13) 6: 16.4, 19.2, 20.6, 
26.8, 32.2, 36.3, 37.6, 38.4, 81.4, 119.6ppm;MSm/z: 167(M+), 
166, 152, 140, 82 (100); high-resolution mass measurement calcd. 
for CloH17NO: 167.13 10; found: 167.1306. Anal. calcd. for 
Cl0Hl7NO: C 71.80, H 10.25, N 8.41; found: C 71.60, H 10.24, 
N 8.31. 

(I R", 6R") I -Acetoxy-2.2,6-tritnethylcyclo/zexat~e-I -carbonifrile 
(56) and  (IRe,6S*) I -acetoq-2,2,6-frimethylcyclohexnr2e- 
I -carbonitrile (57) 

Merhod A 
A mixture of cyanohydrins 53 and 54  (30:70, 1.0332 g, 6.18 

mmol), acetic anhydride (1.40 mL, 14.8 mmol), and acetyl bro- 
mide (100 pL,  1.35 mmol) was heated at 120°C for 6.5 h. The 
cooled reaction was poured into water (30 mL) and extracted with 
diethyl ether (100 mL). The organic layer was washed with water 
(50 mL), saturated sodium bicarbonate solution (2 X 50 mL), water 
(30 mL), dried (over MgSO?), filtered, and evaporated in vaclto to 
leave a deep red oil (1.2004 g). Purification by flash chromatog- 
raphy using ethyl acetate/petroleum ether (I :9) as eluent afforded 
a mixture of cyanohydrin acetates 56  and 57 (28:72, 1.0200 g ,  
79%) as a white solid: IR v,, (CHC1,): 2950, 1750 cm-';  'H NMR 
(400 MHz, CDC1,) 6: 2.10 (0.72 X 3H, s), 2.12 (0.22 X 3H, s) 
ppm. Data on pure 5 7  is given below (Method B). 

Method B 
To a solution of cyanohydrins 53 and 54 (30:70, 328.5 mg, 

1.96 mmol) and N,N-dimethylaminopyridine (DMAP, 72 mg, 
0.59 mmol) in dichloromethane (25 mL) was added triethylamine 
(400 pL,  2.87 mmol) and acetic anhydride (300 pL, 3.18 mmol). 
After stirring for 78 h at room temperature, the reaction was added 
to iced water (100 mL). The aqueous layer was extracted with di- 
chloromethane (50 mL). The combined organic layers were washed 
with water (30 mL), dried (over MgSO,), filtered, and evaporated 
in vaclco to give a brown oil (540.8 mg). Purification by flash 
chromatography using ethyl acetate/petroleum ether (1 : 19) as 
eluent afforded in order of elution: 2,2,6-trimethylcyclohexanone 
(51) (135.1 mg, 51%), a pure sample of acetate 57 (56.3 mg, 14%) 
as a white solid, and a mixture of acetates 56  and 57 ( 1 4 ~ 8 6 ,  
41.0 mg, 10%). 

Acetate 57: mp 67-68°C (ether/hexanes); IR v,, (CHCI,): 2950, 
1750 cm-'; 'H NMR (400 MHz, CDCI,) 6: 1.06 (3H, s,  C2-CH,), 
1.07 (3H, d, J = 7 Hz, C6-CH,), 1.16 (3H, S, C2-CH,), 1.48 (4H, 
m), 1.74 (2H, m), 2.10 (3H, s,  OCOCH,), 2.12 ( l H ,  m, C6-H) 
ppm; MS m/z: 209 (Mf) ,  194, 167 (100); high-resolution mass 
measurement calcd, for CI2Hl9NO2: 209.1416; found: 209.1414. 
Anal. calcd. for C12H19N02: C 68.87, H 9.15, N 6.69; found: C 

' ? h e  reaction was repeated at various temperatures, O°C, 20°C, 
30°C, 80°C, with the ratio varying from 20: 80 at 0°C up to 30:70 
at 60°C. 
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69.05, H 9.09, N 6.69. Single crystal X-ray structure data is given 
in the Appendix. 

Method C 
A mixture of nitrile 4 3  and cyanohydrin 54  (30:70 by GC, de- 

rived as indicated below, Method B, 1.0077 g), acetic anhydride 
(1.0 mL, 10 mmol), and acetyl bromide (70 pL, 0.95 mmol) was 
heated at 120°C for 8 h. The cooled reaction was added to iced water 
(50 ml) and extracted with diethyl ether (3 X 70 mL). The com- 
bined organic layers were washed with water (50 mL), saturated 
sodium bicarbonate solution (50 mL), dried (over MgSO,), fil- 
tered, and evaporated in vacuo to leave a red oil (1.4386 g). Pu- 
rification by flash chromatography using ethyl acetate/petroleum 
ether ( I  : 19) as eluent afforded pure nitrile 43 (289.3 mg, 29%) as 
a colourless oil. Further elution afforded pure "cisn-acetate 57 
(807.6 mg, 63%) as a white solid. 

2,6,6-Trimethylcyclohex-l -ene-I-carbonitrile (43) atzd Z-methyl- 
I -(I -methylet/zylene)-cyclopetztatze-I -carbonitrile (55) 

Method A 
To a solution of cyanohydrins 53 and 54 (23 :77, 567.6 mg, 3.39 

mmol) in anhydrous benzene (2.5 mL) at O°C were added pyridine 
(700 pL, 8.65 mmol) and thionyl chloride (500 pL, 6.36 mmol). 
The reaction was heated at reflux for 1 h. The cooled reaction was 
poured into water (10 mL) and extracted with diethyl ether (4 X 

30 mL). The combined organic layers were washed with 2 M hy- 
drochloric acid (20 mL), saturated sodium bicarbonate solution 
(1 0 mL), water (20 mL), dried (over MgSO,), filtered, and evap- 
orated in vacuo to leave an oil (664.6 mg). Purification by flash 
chromatography using diethyl ether/petroleum ether (1 :24) as 
eluent afforded pure nitrile 55  (82.9 mg, 16%), a mixture of ni- 
triles 55  and 43 (81: 19, 335. l mg, 66%), and pure nitrile 43 
(63.2 mg, 12%) as colourless oils. 

Nitrile 55: IR v,, (thin film): 3000, 2910, 2260, 1650 cm-'; 'H 
NMR (400 MHz, CDCI3) 6: 1.10 (3H, d, J = 7 Hz, C2-CH,), 1.58 
( lH,  m), 1.75 (1H, m), 1.79 (3H, br s,  Wh12 = 3 HZ, C1'-CH,), 1.95 
(3H, m), 2.13 (2H, m), 5.02 (IH, br s,  wh12 = 4 HZ, C1'-H), 5.24 
( l H ,  s ,  CI'-H) ppm; ',c NMR (50 MHz, CDCl,) 6: 15.0, 18.5, 
21.7, 32.1, 37.2,41.2, 55.4, 114.1, 121.6, 140.6 ppm; MS tn/z: 
149 (Mt), 148, 134, 121, 107, 94 (100); high-resolution mass 
measurement calcd. for CIOH15N: 149.1204; found: 149.1206. Anal. 
calcd. for CIOHISN: C 80.48, H 10.13, N 9.39; found: C 80.30, H 
10.00, N 9.60. 'H NMR decoupling experiment: irradiation of the 
doublet resonating at 6 1.10 ppm affected the multiplet resonating 
at 6 2.13 ppm. 

Method B 
To  a solution of cyanohydrins 53 and 54 (20:80, 6.371 g, 

38.08 mmol) in anhydrous toluene (30 mL) at 0°C was added 
pyridine (8.0 mL, 98 mmol) and thionyl chloride (5.6 mL, 
71 mmol). The reaction was stirred at 4'C for 17 h. The reaction 
was poured into water (200 mL) and extracted with diethyl ether 
(4 X 200 mL). The combined organic layers were washed with 
2 M hydrochloric acid (100 mL), water (100 mL), dried (over 
MgSO,), filtered, and evaporated in vacuo to leave an oil. Purifi- 
cation by flash chromatography using ethyl acetate/petroleum ether 
(1: 19) as eluent afforded a mixture of nitrile 4 3  and 2,2,6-tri- 
methylcyclohexanone (51)(1.3677 g). Further elution gave a mix- 
ture of "cisn-cyanohydrin 54 and 2,2,6-trimethylcyclohexanone (51) 
(4.696 g). 

Repetition of this experiment (using 53:54 = 30:70) without 
purification afforded a mixture of 4 3  and 54  (30:70, 97%). 

Method C 
A mixture of acetates 56  and 5 7  (23 : 77, 3 18.0 mg, 1.52 mmol) 

was vacuum pyrolyzed (furnace temperature 450°C, 11 Torr) to 
obtain a colourless oil that was dissolved in diethyl ether (100 mL), 
washed with water (50 mL), dried (over MgSO,), filtered, and 
evaporated in vacuo to give a colourless oil (306.7 mg). Purifica- 
tion by flash chromatography using ethyl acetate/petroleum ether 
(1 : 19) as eluent afforded pure nitrile 4 3  (163.3 mg, 72%). Fur- 

ther elution afforded a mixture of acetates 56 and 57 (91 :9, 
89.1 mg, 28% recovery). 

Method D 
To a solution of 2,2,6-trimethylcyclohexanone (51) (60.00 g, 

428.0 mmol) and powdered sodium cyanide (30.00 g, 612.0 mrnol) 
in water (108 mL) was added a solution of sodium bisulphite 
(84 g ,  800 mmol) in water (192 mL). The reaction was stirred for 
48 h at room temperature, then diluted with water (500 mL) and 
diethyl ether (500 mL). The aqueous layer was extracted with die- 
thy1 ether (2 X 500 mL). The combined organic layers were dried 
(over MgSO,), filtered, and evaporated in vacuo to give an oil 
(71.05 g, 99%) that solidified on standing. GC and 'H NMR anal- 
ysis indicated a mixture of cyanohydrins 53:54 = 20: 80. This solid 
was dissolved in anhydrous toluene (300 mL), cooled to O°C, and 
the pyridine (87 mL, 1.1 mol) and thionyl chloride (61 mL, 
780 mmol) were added. The reaction was stirred at 4°C for 3 days. 
The reaction was poured into water (1 L) and extracted with di- 
ethyl ether (3 x 500 mL). The combined organic layers were 
washed with 2 M hydrochloric acid (300 mL), water (300 mL), 
dried (over MgSOJ, filtered, and evaporated in vacuo to leave a 
yellow oil (70.52 g). This oil was gently heated at reflux with acetic 
anhydride (75 mL, 790 mmol) and acetyl bromide (4.5 mL, 
61 mmol) for 12 h. The cooled reaction was poured into water 
(1 L) and extracted with diethyl ether (3 X 500 mL). The com- 
bined organic layers were washed with water (300 mL), saturated 
sodium bicarbonate solution (300 mL), dried (over MgSO,), fil- 
tered, and evaporated in vacuo to leave a deep red oil (1 10 mL). 
This oil was flash pyrolyzed (furnace temperature 525-550°C) in 
20-25 mL batches. The fractions collected were combined, di- 
luted with diethyl ether (1.5 L), washed with water (300 mL), sat- 
urated sodium bicarbonate solution (300 mL), dried (over MgSO,), 
filtered, and evaporated in vacuo to leave, a deep red oil (65.8 g). 
Purification by distillation afforded nitrile 43 (bp 99-102"C/ 
11 Torr, 51.95 g, 81% for 4 steps). 

( I  R" ,ZR") I -Acetyl-2-methvl-cyclopentane-1 -carbotzitrile (56) 
A stream of ozone was bubbled into a solution of nitrile 55 

(68.9 mg, 0.46 mmol) in ethyl acetate (7 mL) at -78°C until a 
persistent blue coloration was present. Dimethyl sulphide (300 pL) 
was added stirring continued for a further 10 min. The reaction was 
diluted with ethyl acetate (30 mL), washed with saturated sodium 
bicarbonate solution (30 mL), dried (over MgSO,), filtered, and 
evaporated it1 vacuo to give a colourless oil. Purification by flash 
chromatography using diethyl ether/petroleum ether (1:24) as 
eluent afforded ketone 56 (50.9 me. 73%) as a colourless oil: IR 
v,,, (thin film):2980, 2260, 172C'cm-I;' 'H NMR (400 MHz, 
CDC13) 6: 1.19 (3H, d ,  J = 8 Hz, C2-CH,), 1.55 ( l H ,  m, C2-H), 
1.80 ( l H ,  m), 1.98 (2H, m), 2.25 (2H, m), 2.40 ( l H ,  m), 2.41 
(3H, s ,  -COCH3) ppm; ',c NMR (50 MHz, CDC13) 6: 17, 23, 29, 
34, 38 ,43 ,  61, 120, 201 ppm; MS m/z: 151 (Mf) ,  136, 109, 94, 
82, 43 (100); high-resolution mass measurement calcd. for 
CgHl3NO: 15 1.0997; found: 15 1.0994. Anal. calcd. for C9HI3NO: 
C71.49, H8.66, N9.26;found:C71.30,H8.68, N9.10. 'HNMR 
decoupling experiment: irradiation of the doublet resonating at 6 
1.19 ppm affected the multiplet resonating at 6 1.55 ppm. 

2,6,6-Tritnethylcyclohex-I-ene-1 -curbaldehyde (45) 
This procedure is a modification of that reported by Picard et. 

al.  (37). 
To a solution of nitrile 4 3  (500 mg, 3.4 mmol) in anhydrous 

benzene (3 mL) at O°C was added DIBAL-H (1.5 M in toluene, 
3.2 mL, 4.8 mmol). The reaction was stirred for 1.5 h at O°C after 
which a further portion of DIBAL-H (1.5 M, 1.0 mL, 1.5 mmol) 
was added. The reaction was stirred at O°C for a further 30 min, 
then added to deoxygenated 5% sulphuric acid (25 mL) along with 
diethyl ether (20 mL). After stining vigorously for 15 min, the 
aqueous layer was extracted with diethyl ether (3 X 50  mL). The 
combined organic layers were washed with water (40 mL), dried 
(over MgS04), filtered, and evaporated in vacuo to leave a yellow 
oil (546 mg). Purification by bulb-to-bulb distillation (10O0C, 
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15 Tom) afforded pure P-cyclocitral (45) (461.1 rng, 90%) as a 30. E. Dernole, P. Enggist, U. Sauberli, M. Stoll, and E. Kovats. 
colourless oil: IR v,,, (CHCl,): 2950, 1665, 1610 crn-I; 'H NMR Helv. Chirn. Acta, 53, 541 (1970). 
(400 MHz, CDC1,) 6: 1.20 (6H, S, C6-CHJ, 1.45 (2H, rn), 1.64 31. J .  P. Picard, G. Nzabarnwita, F. Lacoste, R. Calas, and J. 
(2H, rn), 2.1 1 (3H, s, C2-CH-,), 2.21 (2H, t, J = 7 Hz, C3-H?), Dunogues. Synth. Cornrnun. 19, 135 (1989). 
10.11 (IH, s, -CHO pprn; I3c nmr (50 MHZ, CDCM 6: 18.6, 19.3, 32. C. Fehr and J. Galindo. J .  Org. Chern. 53, 1828 (1988). 
21.4, 27.8, 33.0, 35.7, 40.5, 128.2, 129.0, 192.2 ppm; MS m/z: 33. A. J.  Fatiadi. Synthesis, 65 (1976). 
152 (M'), 137, (100). 34. R. L. Snowden. S. M. Linder. B. L. Muller. and K. H. 
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Appendix: X-ray crystallographic analysis 
of compound 57 

Experimental 
Crystallographic data appear in Table A l .  The final unit- 

cell parameters were obtained by least squares on the set- 
ting angles for 25 reflections with 28 = 79.5-91.1'. The 
intensities of three standard reflections, measured every 200 
reflections throughout the data collection, remained essen- 
tially constant. The data were processed'3 and corrected for 
Lorentz and polarization effects, and absorption (empirical, 
based on azimuthal scans for four reflections). 

The structure was solved by direct methods, the coordi- 
nates of the non-hydrogen atoms being determined from an 
E-map and those of the hydrogen atoms from subsequent 
difference Fourier syntheses. The non-hydrogen atoms were 
refined with anisotropic thermal parameters and the hydro- 
gen atoms were refined with isotropic thermal parameters. 
Neutral atom scattering factors and anomalous dispersion 
corrections for the non-hydrogen atoms were taken from the 
International tables for X-ray crystallography (45). Final 
atomic coordinates and equivalent isotropic thermal param- 
eters, bond lengths, and bond angles appear in Tables A2- 
A4, respectively. Hydrogen atom parameters, anisotropic 
thermal parameters, bond lengths and angles involving hy- 
drogen, torsion angles, packing diagram, and measured and 

' 3 ~ ~ ~ ~ ~ ~ / T ~ ~ ~ ~ ~  structure analysis package, which in- 
cludes versions of the following: MITHRIL, integrated direct 
methods, by C. J. Gilrnore; DIRDIF, direct methods for differ- 
ence structures, by P. T. Beurskens; ORFLS, full-rnatrix least- 
squares, and ORFFE, function and errors, by W. R. Busing, K. 0 .  
Martin, and H. A. Levy; ORTEP 11, illustrations, by C. K. Johnson. 
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Discussion of crystal structure 
The crystal structure of 57 consists of well-separated 

molecules, the shortest intermolecular distance between no?- 
hydrogen atoms (O(2) . . . C(12)(-x, - y ,  -z) = 3.562(4) A) 
corresponding to a normal van der Waals interaction. The 
cyclohexane ring has a relatively undistorted chair confor- 
mation with the bulky substituents occupying equatorial po- 
sitions (e.g., at C(1): the -OC(O)CH, group is equatorial and 
the -CN group axial; at C(6): the methyl group is equato- 

rial). The ester function is planar within experimental error. 
Bond lengths and angles (Tables A3 and A4) are generally 
as expected. The C(1)-C(2) bond, between two fully sub- 
stituted ring carbon atoms, is lengthened to 1.563(2) A. The 
cyano group shows a significant deviation from linearity, 
N(1)-C(9)-C(l) = 171.0(2)", presumably as a result of 
packing forces (N(1). . . H(8)(1 - x, - 1/2 - y,  1/2 - 
z) = 2.76(3) A). 
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Studies with plant cell cultures of Catharanthus roseus. Oxidative coupling of 
dibenzylbutanolides catalyzed by plant cell culture extracts 

JAMES P. KUTNEY,' G.  M. HEWITT, TERENCE C. JARVIS, JAN PALATY, AND STEVEN J. RETTIG 
Depurtmerzt of Chemistry, University of British Col~irnbiu, 2036 Main Mall, Vancouver. B.C., Canudu V6T 121 
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JAMES P. KUTNEY, G. M. HEWITT, TERENCE C. JARVIS, JAN PALATY, and STEVEN J. R E ~ I G .  Can. J. Chem. 70, 21 15 
(1992). 

Utilizing appropriate dibenzylbutanolides, for example 7, obtained via an efficient synthetic route from readily avail- 
able aldehydes, and cell-free extracts obtained from Carlzcrr-arzthus roseus cell cultures, it was possible to achieve en- 
zyme-catalyzed oxidative coupling of 7 to picropodophyllotoxin analogues. Studies are presently underway to convert 
such compounds to intermediates employed in the synthesis of the commercially important anti-cancer drug, etoposide. 

JAMES P. KU~NEY, G. M. H E W I ~ ,  TERENCE C. JARVIS, JAN PALATY et STEVEN J. R E ~ I G .  Can. J. Chem. 70, 21 15 
( 1 992). 

Utilisant des buttnolides approprits, comme le compost 7, obtenus par une mtthode de synthtse efficace 1 partir 
d'aldthydes facilement disponibles, et des extraits sans cellules obtenus 1 partir des cultures de cellules du Cathararz- 
thus roseus, on a pu rtaliser un couplage oxydant, catalyst par les enzymes, du compost 7 conduisant 5 des analogues 
de la picropodophyllotoxine. Des Ctudes sont en cours pour transformer de tels composCs en intermkdiaires utilists dans 
la synthitse de l'ttoposide, une drogue anticanctreuse commercialement importante. 

[Traduit par la redaction] 

The podophyllotoxin family of natural products exempli- 
fied by the structures 1-5 have received considerable atten- 
tion over the years. Excellent reviews (1, 2) of the earlier 
investigations pertaining to their chemistry and pharmacol- 
ogy are available and the most recent interest due to the im- 
portant anti-cancer activity of the clinical drug, etoposide (6), 
also extensively reviewed (3, 4), has stimulated continued 
pursuit of synthetic (5-23) and biosynthetic studies (24). The 
synthesis of 6 from podophyllotoxin (1) is also well estab- 
lished (25-27) and presently provides the commercial route 
to this clinical drug. However, the latter route requires the 

Podophyllotoxin 1: R = H;  R' = OH; R" = CH, 
Epipodophyllotoxin 2: R = OH; R'  = H;  R" = CH, 

Deoxypodophyllotoxin 2: R = OH; R' = H; R" = CH, 

Deoxypodophyllotoxin3: R = R'  = H; R" = CH, 

4'-Dernethylpodophyllotoxin 4: R = H; R'  = OH; R = H 
4'-Demethylepipodophyllotoxin 5: R = OH; R' = H;  R = H 
Etoposic 6 :  R = CH, 

3*, 
isolation of 1 via extraction of Podophyllum peltatum plants, 
followed by a two-step chemical process to 4'-demethyle- 
pipodophyllotoxin (4), the latter being the crucial interme- 
diate for synthesis of 6. 

' ~ u t h o r  to whom correspondence may be addressed. 

In our program concerning the combined utilization of 
synthetic chemistry and biotechnological methods, specifi- 
cally plant cell culture, to develop efficient routes to com- 
plex natural products and related biologically active 
substances (28, 29), we focussed our attention on deriving 
an efficient route to 4. In this study, the primary focus was 
eliminating the dependence on plant extraction and, hope- 
fully, also eliminating some chemical conversions, so as to 
obtain a more direct synthesis of 4. This publication pre- 
sents some results of our studies in this direction. 

Our general strategy in utilizing plant cell cultures or en- 
zymes derived from within the cells as "reagents" in or- 
ganic synthesis, requires initial consideration of "target" 
synthetic molecules that can subsequently be biotrans- 
formed into the desired end products. For this purpose, an 
understanding of the biosynthetic pathway leading to the 
podophyllotoxin family is required. It was clear from the 
detailed studies by Dewick and co-workers (24) that "ap- 
propriate" dibenzylbutanolides could act as substrates in 
enzyme-catalyzed oxidative cyclization reactions to the cor- 
responding podophyllotoxins. In effect, this type of process 
(see 7 + 9, Scheme 2) is expected to involve radical inter- 
mediates and, within living systems, the latter are usually 
generated by peroxidase enzymes (30, 31). Indeed such 
peroxidase enzymes had been produced within our plant cell 
culture line (coded as AC3) of Catharanthus roseus and their 
role evaluated in the biosynthesis of the clinical anti-cancer 
drugs vinblastine and vincristine (28). The question as to 
whether these enzymes could act as "reagents" in catalyz- 
ing the cyclization of dibenzylbutanolides to the podophyl- 
lotoxin system was of interest and required evaluation. 

The first substrate to be studied in incubation experi- 
ments with enzymes derived from C. roseus plant cell cul- 
tures was the butanolide 7 prepared according to Scheme l .  

Isovanillin (1) was treated with benzyl chloride and po- 
tassium carbonate to give the benzyl ether 2 in quantitative 
yield and the latter was then subjected to a Stobbe conden- 
sation with dimethylsuccinate to afford the conjugated hem- 
isuccinate 3 in 73% yield. Spectral data (see Experimental) 
indicated that only one geometrical isomer (probably cis) was 
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SCHEME 1. Synthesis of dibenzylbutanolide 7. 

present, as expected, by comparison with the results re- 
ported for the analogous reaction with piperonal (32). The 
double bond of the hemiester 3 was reduced with magne- 
sium in methanol (33) to ive the unconjugated hemisuc- F cinate 4 in 89% yield. The H NMR spectrum of the product 
showed H(2), H(3), and H(7') proton signals as either mul- 
tiplets or doublets of doublets due to the creation of a chiral 
centre at C-2. The carbonyl frequency in the IR spectrum, 
in comparison with that of 3, had increased to 1720 cm-I, 
demonstrating the loss of conjugation of the ester group with 
the aromatic ring. 

The reductive lactonization of the hemisuccinate 4 to the 

butanolide 5 was initially performed using the potassium salt 
of 4 and calcium borohydride prepared in situ (34). How- 
ever, the crude reaction product was very complex and the 
yields of 5 were low, but by using the stronger reducing agent 
lithium borohydride (35) directly with the hemisuccinate 4, 
satisfactory yields of pure 5 could be realized. The butan- 
olide 5 was characterized by its 'H NMR spectrum, which 
showed the two new methylene protons (H(4)) as doublets 
of doublets at S 3.9 1 and S 4.21, respectively. Formation of 
the lactone ring was demonstrated by the IR spectrum, which 
showed the carbonyl absorption at a frequency of 1770 cm-', 
well above the value observed for the hemisuccinate 4. 
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Alkylation of 5 with the bromide 8 (prepared by the lit- 
erature procedure (36)) gave the dibenzylbutanolide 6 in 80% 
yield. The 'H NMR spectrum of the product, in comparison 
with that of 5, showed the loss of one H(2) signal but the 
expected trans orientation of the two substituents with re- 
spect to the lactone ring could not be confirmed owing to the 
close proximity of the complex H(2) and H(3) signals. 

Finally, the benzyl protecting groups of the butanolide 6 
were quantitatively cleaved by hydrogenolysis using palla- 
dium-on-carbon as a catalyst, to afford the bis(hydroxy- 
benzy1)butanolide 7 in 87% yield. The 'H NMR spectrum of 
7 showed the C(3') and C(4") phenolic hydroxyl group sin- 
glets, which disappeared with D,O addition, at 6 5.42 and 6 
5.58 respectively. The I3c NMR spectrum showed two 
benzyl methylene carbon signals (C(7') and C(7")), which 
were identified by the attached proton test (APT). The EI 
mass spectrum of 7 clearly showed the molecular ion at m/z 
388 and revealed a fragmentation pattern consistent with the 
structural assignment. In summary, the dibenzylbutanolide 
7 was prepared from isovanillin in six steps in 40% overall 
yield. 

With 7 on hand, studies concerning the biotransforma- 
tion of this compound with an enzyme preparation (cell-free 
extract, CFE) previously obtained from our C .  roseus cell 
line (AC3) (37-40) were initiated. A large number of ex- 
periments with 7 and CFE (prepared as indicated in the ex- 
perimental section) were conducted. The reaction parameters 
(pH, H,O, as cofactor, units of peroxidase enzyme per rnrnol 
substrate, reaction time) were evaluated in small-scale ex- 
periments (10-15 mg of 7) in order to derive optimum con- 
ditions for the biotransformation of 7 to 9 (Scheme 2) and 
only a summary of the most pertinent features is provided 
here. 

One of the important parameters was the pH (pH,, the pH 
of the buffer used to prepare the CFE, Fig. 1) and its effect 
on the enzymatic activity. Figure 1 summarizes the changes 
in peroxidase activity and specific activity of the CFE with 
pH of buffer employed (see Experimental for procedures to 
measure these activities). A value of 6.3 appeared to be a 
good compromise between high peroxidase activity and 
specific activity, or the quotient of peroxidase activity and 
soluble protein concentration. The protein concentration was 
determined spectrophotometrically by complexing the dis- 
solved protein with a commercial dye solution (41, 42). 

The ideal ratio of peroxidase to substrate was determined 
using an arbitrary amount of 2.0 molar equivalents of hy- 
drogen peroxide and conducting the reaction at pH 6.3. As 
shown in Fig. 2 , 7  was very nearly consumed within 15 min 
when an amount of CFE corresponding to 400 units perox- 
idase per millimole of substrate was used. Increasing the 
peroxidase: substrate ratio or the reaction time (180 min, Fig. 
3) failed to completely convert 7 to 9: instead, the sole ef- 
fect was to promote the reaction of aryltetralin 9 to 10 
(Scheme 2), a species subsequently identified as the dimer 
of 9 (see later). 

It was concluded that a peroxidase: substrate ratio of ap- 
proximately 250 units per millimole of butanolide 7 would 
give optimum yields of the aryltetralin 9.  Higher values 
promoted dimerization while lower values resulted in in- 
complete conversion of substrate. The complete structure and 
stereochemistry of the desired cyclic analogue 9 was estab- 
lished by X-ray diffraction analysis (Fig. 4). 

The dimer 10, also obtained in the biotransformation of 7 
was characterized by its 'H NMR and mass spectra. The 'H 

NMR spectrum of 10 strongly resembled that of the mono- 
mer 9 but there was a second signal of equal intensity for all 
protons shown by 9 except H(5), which is not present. This 
doubling represents the proton signals of the two diastereo- 
mers of the dimer molecules since the monomer units are 
racemic. The dimeric nature of the compound was demon- 
strated more clearly by the mass spectrum obtained using 
desorption chemical ionization (DCI) with ammonia, which 
showed a peak at m/z 788 corresponding to (10 + NH,)+. 
There was a very weak molecular ion peak in the EI mas 
spectrum at m/z 770, as well as peaks at m/z 784, 798, and 
812 resulting from the intermolecular transfer of methyl 
radicals. In addition, the high degree of fragmentation and 
the low intensity of the monomer peak at m/z 386, in rela- 
tion to the fragments at m/z 167 and 154, were in sharp 
contrast to the pattern observed in the EI spectrum of the 
monomer 9. Unfortunately, neither the EI nor the DCI spectra 
showed any significant fragments in the region spanned by 
the molecular weights of the monomer and the dimer, sug- 
gesting that the bond between the monomer units is very 
weak. 

In larger scale experiments, a third very minor compo- 
nent could be isolated and based on its spectral data was as- 
signed structure 11. Its El  mass spectrum was virtually 
identical to that of 9. The 'H NMR spectrum was also quite 
similar except for two ortho-coupled (J  = 8 Hz) proton sig- 
nals noted at 6 6.77 and 6.85, thereby suggesting that the ring 
B hydroxyl group is at C(8) of the aryltetralin rather than at 
C(6) as in 9.  Other significant features of the spectrum were 
the three separate methoxy proton signals at 6 3.59, 3.80, and 
3.89 and the two meta-coupled ( J  = 2.5 Hz) doublets at 6 
5.56 and 6.09, which implied nonequivalence of the two 
sides of ring E due to the loss of its ability to rotate about the 
C(1)-C(1') bond. This was not surprising in view of the 
proximity of the C(8) hydroxyl to ring E. The low yield of 
this compound (0.53%) is readily explained by these major 
steric interactions of the C(8) hydroxyl with ring E. 

The optimum hydrogen peroxide: substrate ratio was de- 
termined using 250 units peroxidase per millimole of 7 in 
buffer at pH 6.3. In the absence of hydrogen peroxide, no 
reaction occurred after 15 min (Fig. 5). A similar result was 
noted when the reaction was allowed to proceed for 180 min. 
The yield of 9 and 10 then increased with hydrogen perox- 
ide concentration but remained approximately constant at 
about 80% when more than 2.0 molar equivalents (3.1 nM) 
were present. However, these results clearly did not repre- 
sent the exclusive requirements of the oxidative coupling 
reactions of 7 and 9 in view of the ability of the CFE alone 
to consume hydrogen peroxide. This property was demon- 
strated when the CFE was stirred for 15 min with hydrogen 
peroxide prior to precursor addition. The yield of 9 was only 
28% (vs. 64% for the control, where precursor 7,  hydrogen 
peroxide, and CFE were added simultaneously) after 1 h but 
had increased sharply to 50% 1 h after a further 2.0 equiv- 
alents of hydrogen peroxide were added. These competing 
processes may have involved the catalytic decomposition of 
hydrogen peroxide (catalyzed by peroxidase, catalase, or 
metal ions) or the oxidation of cell material. 

It was concluded that 2.0 molar equivalents of hydrogen 
peroxide would give optimum yields of 9. Lower values re- 
sulted in incomplete biotransformation of 7 while higher ra- 
tios promoted the dimerization of 9 to 10. There appeared 
to be a distinct decrease in enzyme activity when more than 
3 equivalents of hydrogen peroxide were used as cofactors. 
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SCHEME 2. Biotransformation of dibenzylbutanolide 7 with cell free extracts of Catharanthus roseus cell cultures. 

The optimum biotransformation pH (pH,) for the cycli- 
zation of 7 to 9 could now be reliably determined, as the ideal 

1.8 1.4 peroxidase: substrate and peroxide: substrate ratios had been 

Z 

- 
c established. Up to this point, a value of pH 6.3 had been used - 

and found to give good results but it was clearly desirable to 
E 
% v, 1.6 g identify the optimum value of pH, more closely. This value - - 
e (Fig. 6) was found to be about 6.3 based on the yield of 9,  
3 - g using the optimum conditions established previously. The 
). 1.0 = - - c yield of 9 showed only minor variations over the pH range 
> - a - - 1.4 6.0-6.6 but decreased markedly at more basic values. 
2 ). - - Finally, it was determined that the CFE solution, when 
a 0.8 2 
v, 5 stored at 4OC, was quite stable with respect to both the oxi- 
m 
'0 - a dation of pyrogallol (peroxidase assay) and the biotrcnsfor- 
x 1.2 0 

P 
= mation of 7. The age of the CFE was thus not a significant 

z factor in the reproducibility of individual experiments. In 
a summary, it was found that the biotransformation of 7 to 9 

0.4 could be accomplished most efficiently using the conditions 
1 .o 

5.8 6.0 6.2 6.4 6.6 6.8 7.0 7.2 described in Table 1. The yields of 9 were consistently 70% 
or higher in the subsequent larger scale experiments (gen- 
erally 1 g of 7) and the dimer 10 could be completely sup- 

PHh pressed. In these latter studies, a further minor product 
FIG. 1. Effect of pH, on peroxidase activity and specific activ- (usually 1% yield) was isolated and shown to possess the 

ity . 0, Peroxidase activity, +, specific activity. spirodienone structure 12. The latter was characterized by 
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seus cell cultures, originally developed for the production of 
indole alkaloids, could tolerate "foreign" substrates of the 
dibenzylbutanolide family and afford high yields of the de- 
sired podophyllotoxin analogues. 

It is of interest to note that for the sake of comparison, the 
biotransformation of 7 to 9 was investigated with commer- 
cial horseradish peroxidase. The reaction mixture was com- 
plex and the best yields of 9 were 15- 19%, thereby revealing 
that the C. roseus derived enzymes are far superior for the 
present study. 

In further studies involving enzyme-catalyzed cyclization 
of dibenzylbutanolides, it was of interest to ascertain whether 
functionality other than that present in 7 could be tolerated 
by the C. roseus derived enzymes. For this purpose, the bu- 
tanolide 20 (Scheme 3) was selected as the next substrate to 
study. 

An alternative, superior route to 20 was developed as 
0 shown in Scheme 3. The crucial step in the sequence in- ' ' O0 200 300 500 600 volved a tandem conjugate addition method (44,45) in which 

the anion of 14 is reacted with butenolide 15 and the result- 
ing intermediate 16, without isolation, is reacted with 8 to 

FIG. 2. Effect of peroxidase: substrate ratio on biotransforma- afford 17. 
tion of 7. Reaction time = 15 min; *, 7; 0, 9; E, 10. The dithioacetal 14 was obtained from piperonal (l3), as 

shown in Scheme 3 ,  in 98% yield (46). The dithioketal 17 
was then prepared in overall 55% yield, as shown, using but- 
2-en-4-olide (IS), the latter obtained by a standard proce- 

1 00 " dure (47). The IR spectrum of 17 showed a strong carbonyl 
band at 1770 cm-', a frequency substantially higher than that 
observed for the butenolide (1740 cm-I). The EI mass 
spectrum showed no significant peaks with m/z values greater 
than 584 ((M' - SPh) + H) but the fast atom bombardment 
ionization (FAB) mass spectrum revealed a weak molecular 
ion at m/z 693. 

Considerable problems were encountered in the subse- 
quent conversion of the dithioketal 17 to the ketone 18 (R = 
H or CH,Ph). Treatment of 17 with perchloric acid (Method 
1 in Experimental) (48) gave complex mixtures and poor 
yields of 18 (R = CH2Ph) along with the hydroxy ketone 18 
(R = H) as a minor product. Varying the reaction time and 
the amount of perchloric acid failed to improve these re- 
sults. Treatment of 17 with sulfuryl chloride and wet silica 
gel (Method 2) (49) gave complex mixtures containing no 
readily identifiable products. Oxidation with iodine in 

loo 200 300 500 600 methanol followed by acid hydrolysis (Method 3) (50), 

Pemxidase: 7 (units/rnrnol) 

FIG. 3 .  Effect of peroxidase: substrate ratio on biotransforma- 
tion of 7.  Reaction time = 180 min; +, 7; 0, 9; E, 10. 

IR, 'H NMR, and mass spectroscopy. Its IR spectrum 
showed, in addition to the lactone carbonyl (1774 cm-I), a 
second carbonyl band at 1673 cm-' that was associated with 
the C(4') dienone. The mass spectrum showed the molecu- 
lar ion as the base peak at m/z 386 and virtually no frag- 
mentation. The 'H NMR spectrum showed three distinct 
methoxy proton signals, two H(6) proton signals (assigned 
by decoupling H(7)), and two sharp doublets (J = 2.8 Hz) 
at 6 6.13 and 6.25 that represent H(2') and H (6'). The 
chemical shift and coupling constant values of H(2') and 
H(6') were very similar to those reported for a related com- 
pound (43). 

In summary, it was now clear that the enzymes of C. ro- 

however, gave good yields of the ketone 18 (R = CH2Ph), 
which was characterized by 'H NMR, mass, and IR spec- 
troscopy. The 'H NMR spectrum, in comparison with that 
of the dithioketal 17, showed a reduction in the number of 
aromatic protons to five and a considerable downfield shift 
of the H(3) signal to 6 4.01. The EI mass spectrum exhib- 
ited a molecular ion peak at m/z 490, and other character- 
istic fragments consistent with structure 17. 

Hydrogenation (Hz, Pd/C) of 18 (R = CH,Ph) afforded a 
mixture of 18 (R = H, 46%) and the alcohol 19 (R = H, 
30%), the latter occurring as a mixture of alcohols epimeric 
at C(7') (approx. ratio of 3 :  1). The major isomer was ten- 
tatively identified as the alcohol with a p-orientation of the 
C(7') hydroxyl for the depicted enantiomer, based on the 
relative accessibility of the faces of the C(7') carbonyl group 
in the most favourable conformation of 18 (R = CH2Ph) ac- 
cording to Dreiding models, and the results of reductions of 
closely related dibenzylbutanolides (48). The 'H NMR 
spectrum of this alcohol mixture showed doublets at 6 1.94 
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FIG. 4. Stereoview of 9; 33% probability thermal ellipsoids are shown for the non-hydrogen atoms. Fine lines represent hydrogen bonds. 

H202 (equivalents) 

FIG. 5. Effect of hydrogen peroxide concentration on biotrans- 
formation of 7. Reaction time = 15 min; *, 7; 0, 9; B, 10. 

and 2.00 and a phenolic hydroxyl singlet at 6 5.40, all of 
which disappeared upon D 2 0  addition. The doublets corre- 
spond to the C(7') a and P hydroxyl protons, respectively. 
The H(3)-H(7') coupling constants of the two epimers (7.6 
and 6.7 Hz for minor and major isomers, respectively) were 
too similar to be useful in assigning the C(7') stereochem- 
istry of the individual isomers. 

A much preferable route to the alcohol 19 was achieved 
by low-temperature reduction with sodium borohydride to 
afford a quantitative yield of 19 (R = CH2Ph) as an epi- 
meric mixture (4.9: 1 in favor of the C(7') P-hydroxyl group). 
Studies with the sterically hindered reagent, lithium alumi- 
num tri-tertbutoxy hydride at -7g°C, improved the epi- 
meric ratio (5.7: 1) but the yields were substantially lower 
(60%). 

When the above mixture of alcohol 19 (R = CH,Ph) was 

n 15 rnin 
180 rnin 

FIG. 6.  Effect of pH, in biotransforrnation of 7. 0, 15 min; *, 
180 min. 

TABLE 1. Optimum conditions for C. roseus 
CFE-catalyzed biotransformation of butanolide 

7 to aryltetralin 9 

P H ~  6.3 
P H ~  6.3 
Hydrogen peroxide (equivalents) 2 .0 
CFE (units peroxidase per mmol7) 250 
Reaction time (min) 180 

treated under varying conditions with boron trichloride (4- 
6 equivalents and different time periods, 30-120 min), the 
desired dibenzylbutanolide 20 was obtained but only in low 
yield (generally 25%). Difficulties in chromatographic sep- 
aration of this very polar compound (recovery of 50% on 
silica and 67% on Fluorosil) and compound instability are 
major factors influencing the yield of pure product. 

In summary, 20 is available in 12% overall yield for the 
five-step conversion from piperonal (13). 
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SCHEME 3. Synthesis of dibenzylbutanolide 20. 

We then proceeded to investigate the biotransformation of 
20 by the C. roseus CFE with the intention of performing the 
oxidative coupling of 20 to the aryltetralin 21 and (or) the 
quinone (22) (Scheme 4) since both compounds could be 
converted readily to podophyllotoxin analogues bearing the 
desired methylene dioxy function in ring B as required for 
etoposide synthesis. Since catechols are known to react very 
readily with peroxidase to form ortho-quinones (51) and the 
corresponding diacids (52), the biotransformation of 20, as 
described in Table 2, was conducted under oxidizing con- 
ditions considerably milder than those employed for 7. In 
addition to lower peroxidase:substrate ratio, a higher pH was 
employed in order to achieve a lower peroxidase reactivity. 
Nevertheless, the color of the reaction mixture changed from 
an initial pale yellow to dark purple within 1 min, suggest- 
ing extensive oxidation of starting material to quinones. No 
such color change had been observed in the biotransforma- 
tion of 7. A control experiment was also performed in order 
to determine if hydrogen peroxide, in the absence of CFE, 

was able to oxidize 20 under the conditions used in the bio- 
transformation. Extraction of the reaction mixture gave 96% 
recovery of a material consisting exclusively of 20. No color 
change was observed. It was concluded that hydrogen per- 
oxide alone was unable to oxidize 20 under the given con- 
ditions. 

A great deal of difficulty was encountered in the isolation 
of identifiable products from the various biotransformation 
experiments with 20. Recovery of material into organic ex- 
tracts (ethyl acetate or methanol, for example) was poor and 
it was clear that extensive decomposition was occurring even 
in short time incubations (for example, 10 min, Table 2). 
After much effort, the extraction procedure summarized in 
Scheme 5 was developed in which sodium borohydride was 
employed to reduce any resulting unstable quinones and (or) 
diazomethane was used to convert highly polar and possibly 
water-soluble carboxylic acids to esters. Under these con- 
ditions recovery of identifiable products could be achieved 
(Table 3). 
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TABLE 2. Catharanthus roseus CFE biotrans- 
formation of dibenzylbutanolide 20 

SCHEME 4. Proposed biotransformation of dibenzylbutanolide 20 with cell free extracts of Catharanthus roseus cell cultures. 

- -  - 

Substrate 20 (mg) 73 
pH,, PHC 7.0 
Hydrogen peroxide (equivalents) 2.0 
CFE (units peroxidase per mmol 20) 120 
Reaction time (min) 10 

Ethyl acetate extract (mg) 68 
Methanol extract (mg) 205 

Direct analysis of the ethyl acetate extract by TLC showed 
the presence of only 20 and very polar unidentified com- 
pounds. Addition of sodium borohydride (Table 3 ,  Entry 1) 
gave a second major component, according to TLC, even 
prior to the reaction being quenched with dilute hydrochlo- 
ric acid. The 'H NMR spectrum and other spectral proper- 
ties were identical with a product obtained in our earlier 
studies involving the reaction of boron trichloride with 19 
(R = H) to which the "retro-lignan" type structure 26 
(Scheme 6) had been assigned. The 'H NMR spectrum of 26 
showed singlets at 6 3.18 and 3.87 (methoxy protons), sin- 
glets at 6 7.12, 7.54, and 7.56 (hydroxyl protons) that dis- 
appeared upon D,O addition, and a total of only four aromatic 
protons. The trisubstituted ring B aromatic signal pattern was 
present but the H(2") signal appeared as only a single pro- 
ton at 6 6.65. The EI mass spectrum of 26 in contrast to that 
of 20, showed a very strong molecular ion peak at m/z 372 
and a low degree of fragmentation. The proposed mecha- 
nism for the formation of 26 from 20 is shown in Scheme 6. 

Only the substrate 20 and partially methylated 20 (27) were 
obtained when the ethyl acetate extract was treated with 
diazomethane (Entry 2, Table 3). The butanolide 27 was seen 
as a single spot on TLC analysis and spectroscopic data were 
consistent with the structural assignment. The 'H NMR 
spectrum was nearly identical with that of 20 except for two 
additional methoxy proton signals and an apparent doubling 

C. roseus CFE 
H20, 

reaction 

1 NaBH, 
Aqueous solution 

1 r-- 
of 

products 

Evaporation / (l)NaBH, , 

I (2) CH,N, 
CH,N2 

no products 
identified 

1 (1)NaBH4 - 
(2) CH31, K2C03 

Residue 

SCHEME 5. Extraction procedure for reaction mixture obtained 
in biotransformation of 20 with cell free extracts of Catharanthus 
roseus cell cultures. 

of all signals that suggested two very similar compounds 
(27a, 27b). 

Successive treatments of the ethyl acetate extract with large 
excesses of sodium borohydride and freshly prepared dia- 
zomethane (Entry 3 ,  Table 3) afforded two new products. 
One of these, assigned the structure 28, was characterized 
by an 'H NMR spectrum that showed a broad doublet at 6 
4.22 (H(4)) and an aromatic signal pattern consistent with 
the trisubstituted aromatic ring at C(4), and the EI mass 
spectrum that clearly showed the molecular ion at m/z 414. 
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KUTNEY E T  AL 2 

TABLE 3. Compounds isolated from ethyl acetate extract of biotransformation of 
butanolide 20 

Yield Recovery" 
Entry Reagent(s) Products (%I (%I 

1 Sodium borohydride 20 12 39 
26 14 

2 Diazomethane 20 9 59 
27 15 

3 (1) Sodium Borohydride 28 20 82 
(2) Diazomethane 29 25 

"Total recovery of material from chromatographic column or preparative TLC plate 

1 SCHEME 6. Biotransfonnation of dibenzylbutanolide 20 with cell free extracts of Catharanthus roseus cell cultures. 

However, the 'H NMR and mass spectral data for the other lactone to the hydroxy acid 29. Such a structure would be 
product, tentatively assigned structure 29, did not p e p i t  an consistent with the polarity of this compound, as acetone was 
unambiguous structural assignment to be made. It is pro- required to elute 29 from the chromatographic column of 
posed that the large excess of sodium borohydride in an silica. Further support is provided by the presence of a broad 
aqueous medium may have resulted in the hydrolysis of the 0-H stretch at 3320 cm-' and a carbonyl band at 1670 cm-' 
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in the IR spectrum, both of which resemble the character- 
istic stretching frequencies of a carboxylic acid. Both the EI 
and DCI mass spectra of 29 exhibited a very high degree of 
fragmentation and peaks of low intensity, as expected for an 
acyclic compound. However, the acid moiety produced 
by saponification should have reacted with diazomethane in 
the subsequent step to afford an ester and this was clearly not 
the case. Due to its low yield and no direct relevance to 

27a: R = M;R1 = CH, 
27b: R = CH,; R'  = H 

RO 3' \ ,, 

R'O 9:::: / 

R, R', R = H or CH, 
29 

the objectives of this study, more detailed investigations to 
establish a more definitive structure for 29 were not pur- 
sued. 

The nature of the unrecovered biotransformation prod- 
ucts of 20 is not known. The total recovery of material from 
the chromatographic separation of the ethyl acetate extract, 
which had been subjected to reduction and methylation (Entry 
3 ,  Table 3), was 82% but only 30% of this material showed 
aromatic proton signals as determined by 'H NMR spec- 
troscopy. Consequently, the methanol extract of the bio- 
transformation mixture was expected to contain a significant 
portion of the biotransformation products but TLC analysis 
showed only baseline (Rf 0)  material after treatment with 
sodium borohydride or diazomethane. Treatment with ex- 
cess sodium borohydride followed by methylation and iso- 
lation of material with an Rf value greater than zero by silica 
TLC analysis gave only minor amounts of an unidentified 
compound, assumed to be derived from the CFE. 

Although the studies with 20 were not entirely conclusive 
because of the poor recovery of starting material and prod- 
ucts, it gave no evidence of the formation of either the de- 
sired aryltetralin 21 or its ortho-quinone 22 (Scheme 4). It 
was thus concluded that the oxidation of ring B in 20 to some 
unidentified species was too rapid to permit the formation of 
the quinone methide intermediates required for cyclization 
to 21. The low recovery values were probably also the re- 

sult of a highly reactive substrate resulting from the pres- 
ence of a catechol-like functionality in ring B. 

In conclusion. these studies have thus far indicated that C. 
roseus cell culture derived enzymes, originally developed for 
production of indole alkaloids, are capable of biotransform- 
ing selected dibenzylbutanolides, via oxidative coupling, to 
compounds closely related to the podophyllotoxins. The 
process can be highly efficient if the substrate, as in the case 
of 7, possesses a hydroxyl group at C(3') of the dibenzyl- 
butanolide system. On the other hand, further activation of 
the ring system, as in 20 where hydroxyl functionality is 
present at two adjacent centers (C(3') and C(4')), leads to 
competitive facile oxidation and ring closure reactions be- 
come of minimal significance. With these data in hand, fur- 
ther studies with various dibenzylbutanolides and cell cultures 
of Podophyllurn peltaturn, the plant from which the podo- 
phyllotoxins are isolated, will be presented in further pub- 
lications. 

Experimental 
Melting points were determined using a Reichert melting point 

apparatus and are uncorrected. The recrystallization solvents are 
given in parentheses. Infrared spectra were recorded on Perkin 
Elmer 1710, 710, or 710B spectrometers, using sodium chloride 
cells, as a chloroform solution (0.1 mm path length), thin film, or 
Nujol mull. Band frequencies are reported relative to polystyrene 
(1601 cm-I). Ultraviolet spectra were recorded as methanol solu- 
tions on a Cary 15 spectrometer using 1 cm quartz cells. 'H NMR 
spectra were recorded on Bruker WH-400, Bruker AC 200, or 
Varian XL-300 spectrometers. Chemical shift values are reported 
in ppm relative to tetramethylsilane as an internal standard. 'H 
COSY NMR spectra were recorded on a Bruker AC 200 spec- 
trometer. ' 3 ~  NMR spectra were recorded on a Varian XL-300 
spectrometer at 75.3 MHz or a Bruker AC-200 spectrometer at 50.2 
MHz. Signals with a negative intensity in the attached proton test 
(APT) are indicated as such by "(-)" and imply the attachment of 
an odd number of protons. Mass spectra were recorded on AEI-MS- 
9 (low resolution) or Kratos-MS-50 (high resolution) spectrome- 
ters, employing electron impact, fast atom bombardment, or de- 
s~r~t ion~chemical  ionization methods. Elemental analyses were 
performed using combustion analysis by Mr. P. Borda, Microan- 
alytical Laboratory, University of British Columbia. Determina- 
tion of structures by X-ray crystallography was performed by the 
X-ray Crystallography Laboratory, University of British Columbia. 

Cell suspension culture of the AC3 line of C .  roseus was ob- 
tained from Biological Services of the Department of Chemistry, 
University of British Columbia. Column chromatography (re- 
ferred to as "flash chromatography") (53) was performed using 
columns of silica gel (230-400 mesh, Merck art. 9385) or Florisil 
(60-100 mesh, Fisher F-100) with air or nitrogen gas pressure to 
obtain a rapid flow rate. Thin-layer chromatography was per- 
formed using commercial aluminum-backed silica gel plates (Merck 
art. 5554). Visualization was accomplished by spraying with 5% 
ammonium molybdate in 10% aqueous sulfuric acid followed by 
heating. High-pressure liquid chromatography was performed using 
a Waters c'* "Radial Pak" liquid chromatography cartridge, a 
Waters 440 absorbance detector set at 280 nm, and a methanol/ 
water eluent. Circular dichroism analysis was performed using a 
Jasco 5-20 automatic recording spectropolarimeter. 

3-Benzyloq-4-methoqbenzaldehyde (2)  
A suspension of isovanillin (1, 24.9 g, 164 mmol), potassium 

carbonate (24.8 g, 179 mmol), benzyl chloride (24.8 g, 194 mmol), 
sodium iodide (1.0 g, 6.7 mmol), and ethanol (75 mL) was re- 
fluxed for 4.5 h while stirring with a mechanical stirrer. Water 
(50 mL) was added and the ethanol removed in vacuo. The sluny 
was poured into a mixture of 1 M sodium hydroxide (125 mL) and 
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ice (50 g). The solids were filtered off and washed with ice-cold 
water (3 x 25 mL). Drying it1 vacuo gave the benzyl ether 2 
(40.2 g ,  100%) as a tan solid. A sample was recrystallized from 
ethyl acetate/hexanes for analysis. 

Physical properties of 2: mp 60.0-60.5"C (ethyl acetate/hex- 
anes), IR v ,,,,, (CHCII): 1690 cm-I; UV A,,, (log E): 273 (4.03), 
305 (3.91) nm; 'H  NMR 6: 3.97 (3H, s ,  -OCH,), 5.20 (2H, s ,  
-OCH,Ph), 7.01 ( l H ,  d ,  H(5), J - 8 Hz), 7.30-7.49 (7H, m, 
aromatic), 9.81 ( l H ,  br s,  -CHO); MS m/z: 242 (M'), 214, 181, 
168. High-resolution molecular weight determination calcd. for 
CISH,,O3: 242.0943; found: 242.0942. Anal. calcd. for CI5HI4O3: 
C 74.36, H 5.82; found: C 74.25, H 5.82. 

E-2-(3-Berrzyloxy-4-t~1ethoxybenzylidene)bittedioic acid 
1 -methyl ester (3) 

A solution of sodium methoxide was prepared by the careful 
addition of sodium (14.6 g, 633 mmol) to dry methanol (250 mL) 
under nitrogen. A solution of the benzyl ether 2 (95.7 g, 395 mmol) 
in dimethylsuccinate (8 1.6 g, 558 mmol) was added dropwise over 
40 min at reflux. After an additional 70 min of stirring at reflux, 
the bulk of the solvent was removed it2 vacuo. The suspension was 
cooled to 0 ° C  and acidified with 6 M hydrochloric acid. The sol- 
ids were removed by filtration and the filtrate extracted with di- 
chloromethane (2 x 400 mL). The solids were added to the organic 
extract, washed with brine (400 mL), dried over magnesium sul- 
fate, filtered, and evaporated in vacuo to yield an oily yellow solid, 
which was recrystallized from ethyl acetate/hexanes to give the 
hemisuccinate 3 (102.1 g, 73%) as a yellowish powder. 

Physical properties of 3: mp 123-125°C (ethyl acetate/hex- 
anes); IR v,,, (CHC1,): 1700 cm-I; UV A,,, (log E): 290 (4.03), 
307 (4.03) nm; 'H NMR 6: 3.51 (2H, s, H(2)), 3.86,3.93 (3H each, 
s ,  s ,  -C02CH3, Ar-0CH3), 5.22 (2H, s,  -OCH2Ph), 6.94 ( l H ,  d, 
H(5'), J = 8 H z ) ,  7.05 (IH,  dd, H(6'), J = 8 ,  1 Hz), 7 .10(1H,  
d, H(2'), J = 1 Hz), 7.37-7.45 (5H, m, phenyl), 7.81 ( l H ,  s ,  
H(7')). MS m/z: 356 (M'), 324, 296. High-resolution molecular 
weight determination calcd. for C20H2006: 356.1260; found: 
356.1268. 

(~)-2-(3-Benz~~lo~q-4-tnef~zoxybenzyl)butanedioic acid I-tnethyl 
ester (4) 

Hemisuccinate 3 (96.4 g, 271 mmol) was added to a suspen- 
sion of magnesium shavings (66.2 g, 2.72 mol) in dry methanol 
(750 mL) under nitrogen. After a few minutes stirring, the reac- 
tion vessel was immersed in an ice bath and stirred at O°C for 5 h. 
The suspension was acidified with 6 M hydrochloric acid and 
the remaining solids were removed by filtration. The filtrate 
was extracted with dichloromethane (3 X 400 ml), washed with 
brine (500 mL), dried over magnesium sulfate, filtered, and evap- 
orated in vacuo to give the hemisuccinate 4 (86.4 g, 89%) as an 
amber resin that solidified upon standing at 3OC. 

Physical properties of 4: mp 7 8 4 2 ° C ;  IR v,,, (CHC13): 1720 
cm-I; UV A,,, (log E): 279 (3.49) nm; 'H NMR 6: 2.34 ( l H ,  dd, 
H(3), J = 18, 4.5 Hz), 2.58-2.72 (2H, m, H(3), H(2)), 2.90-3.10 
(2H, m, H(7')), 3.66 (3H, s,  -C02CH3), 3.88 (3H, s ,  Ar-OCH,), 
5.13 (2H, s,  -OCH2Ph), 6.70 (2H, m,  H(2'), H(6')), 6.82 ( l H ,  d ,  
H(5'), J = 7.8 Hz), 7.25-7.50 (5H, m, phenyl); MS m/z: 358 
(M'), 308, 281. High-resolution molecular weight determination 
calcd. for C20H2206: 358.1417; found: 358.1413. 

(~)-3-(3-Ben~ylo~q-4-rnethoxybenzyl)butanolide (5) 

Method 1 
The hemisuccinate 4 (2.1 g, 5.7 mmol) was dissolved at O°C in 

water (5 mL) with 2 M potassium hydroxide. The solution was 
neutralized and evaporated in vacrto to yield the potassium salt of 
4. A solution of calcium borohydride was prepared by adding a 
solution of calcium chloride (3.29 g, 28.5 mmol) in methanol 
(60 mL) to a solution of sodium borohydride (1.62 g, 40.7 mmol) 
in ethanol (60 mL) at -20°C. Potassium hydroxide (180 mg, 
3.2 mmol) was added followed by the potassium salt of 4 dis- 

solved in ethanol (50 mL). The solution was allowed to warm to 
room temperature and stirred for 4.5 days before being cooled to 
O°C, and acidified with 6 M hydrochloric acid. The solution was 
concentrated in vacuo, extracted with dichloromethane (3 X 

100 mL), dried over magnesium sulfate, filtered, and evaporated 
in vacrio. Purification by flash chromatography using ethyl ace- 
tate/petroleum ether (9: 11, v/v) gave the P-benzylbutanolide 5 
(1.16 g, 65%) as a yellowish oil that solidified upon standing. 

Method 2 
Lithium borohydride (0.91 g, 42 mmol) in dry THF (150 mL) 

was added carefully to a solution of the hemisuccinate 4 (14.7 g, 
40.9 mmol) in THF (250 mL) at reflux under nitrogen. The solu- 
tion was stirred for 2 h at reflux and then cooled to room temper- 
ature. Water (2 mL) and 6 M hydrochloric acid (9 mL) were added 
and the solution was stirred at room temperature for 2.5 h. The bulk 
of the solvent was removed by evaporation it2 vaclto and the re- 
sultant mixture extracted with ether (50 mL). The organic extract 
was washed with saturated sodium bicarbonate (3 x 25 mL) 
and water (25 mL) before being dried over magnesium sulfate, 
filtered, and evaporated in vacuo to give the pure P-butanolide 5 
(1 1.4 g ,  88%) as a clear oil that solidified upon standing. 

Physical properties of 5: mp 51-54°C; IR v,,, (CHCl,): 
1770 cm-I; UV A,,, (log E): 279 (3.48) nm; 'H  NMR 6: 2.19 ( l H ,  
dd, H(2), J = 17.6, 6.7 Hz), 2.50 ( IH,  dd, H(2), J = 17.6, 
7.9 Hz), 2.61-2.80 (3H, m, H(3), H(7')), 3.89 (3H, s, -OCH3), 
3.91 ( l H ,  dd, H(4), J = 9.1, 6.0 Hz), 4.21 ( lH,  dd, H(4), J = 9.1, 
7.0 Hz), 5.16 (2H, s,  -OCH2Ph), 6.65 ( l H ,  d, H(2'), J = 1 Hz), 
6.71 ( l H ,  dd, H(6'), J = 8 ,  lHz), 6.85 ( l H ,  d, H(5'), J = 8 Hz); 
MS m/z: 312 (M'), 222, 137. High-resolution molecular weight 
determination calcd. for C19H,nOl: 3 12.1362; found: 3 12.137 1. .. -- . 

(~)-trans-2-(4-Benzyloxy-3,5-dimerhoxybenzyl)-3-(3-berl;yloxy- 
4-methoxybenzy1)buranolide (6) 

To a solution of diisopropylamine (2.9 mL, 21 mmol) in dry THF 
(30 mL) at -78°C was added butyllithium (I 1 mL, 1.6 M solu- 
tion, 17 mmol) and stining continued for 15 min at -7S°C and then 
for 30 min at 0°C. The clear solution was cooled to -7S°C, P-bu- 
tanolide 5 (4.3 g, 14 mmol) in THF (15 mL) was added, and the 
bright yellow solution stirred for 90 min prior to the addition of the 
bromide 8 (5.5 g, 16 mmol) in THF (15 mL) and stirring for 8 h 
at -78°C. The solution was warmed to O°C, acidified with 1 M 
hydrochloric acid, and extracted with dichloromethane (2 X 

150 mL). The combined organic extracts were washed with water 
(80 mL), dried over magnesium sulfate, filtered, and evaporated 
irl vacuo. Flash chromatography using ethyl acetate/petroleum ether 
(9: 11, V/V) gave the dibenzylbutanolide 6 (6.2 g, 80%) as a yel- 
lowish foam. 

Physical properties of 6: mp 35-37"C, IR v,,, (CHCI,): 1770 
cm-I; UV A,,, (log E): 278 (3.55) nm; 'H NMR 6: 2.32 ( l H ,  dd, 
H(7"), J = 14.4, 8.2 Hz), 2.45-2.70 (3H, m,  H(7"), H(2), H(3)), 
3.06 ( l H ,  dd, H(7'), J = 14.0, 8.0 Hz), 3.32 ( lH,  dd, H(7'), J = 
14.0, 5.4 Hz), 3.74 ( l H ,  dd, H(4), J = 9,  8 Hz), 3.80 (6H, s,  
-OCH3(3", 5")), 3.88 (3H, S, -OCH3(4')), 3.99 ( l H ,  dd, H(4), 
J = 9.2, 7.0 Hz), 5.05, 5.13 (2H each, s, s, -OCH2Ph), 6.52-6.58 
(3H, m, H(2"), H(6')), 6.69 ( l H ,  s ,  H(2')), 6.77 ( l H ,  d, H(5'), 
J = 8.0 Hz), 7.25-7.49 (lOH, m, phenyl); MS m/z: 568 (M+), 402, 
3 12, 167, 137, 91. High-resolution molecular weight determina- 
tion calcd. for C35H3607: 568.2461; found: 568.2457. 

(t )-trans-2-(3,5, -Dimethoxy-4-hydroxybenzy1)-3-(3-hydroxy-4- 
methoxybenzy1)butanolide (7) 

Palladium-on-charcoal (5%, 1.05 g) was suspended in ethanol 
(40 mL) and stirred under hydrogen at atmospheric pressure for 
1.5 h. The dibenzylbutanolide 6 (6.2 g, 11 mmol) was added 
as an ethyl acetate/ethanol solution (1 : 3, v/v, 40 mL) and the re- 
sultant suspension stirred for 5 h. The catalyst was filtered off and 
the solvent evaporated in vacuo to yield the bis(hydroxy- 
benzy1)butanolide 7 (3.7 g, 87%) as an amorphous white solid after 
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flash chromatography using ethyl acetate/petroleum ether (1 1 :9, 
v/v). Small samples were crystallized from diethyl ether/petro- 
leum ether for melting point determination or distilled (240°C 
0.15 Torr; 1 Torr = 133.3 Pa) for microanalysis. 

Physical properties of 7: mp 68-69°C (diethyl ether/petroleum 
ether); IR v,,, (CHCl,): 3540, 1770 cm-I; UV A,,,, (log E): 279 
(3.57) nm; 'H NMR 6: 2.45-2.65 (4H, m, H(2), H(3), H(7")), 2.88 
(IH, dd, H(7'), J = 14.6, 5.7 Hz), 2.93 ( lH, dd, H(7'), J = 14.6, 
6.4 Hz), 3.87-3.89 (10 H, m, -OCH,, H(4)), 4.15 ( lH,  dd, H(4), 
J = 7.5, 3.0 HZ), 5.42 ( lH,  S, -OH(4)), 5.58 ( lH ,  S, -OH(3')), 
6.49(1H, dd,H(6'),  J =  8.5,2.1 Hz), 6.62(1H, d,H(2') ,  J = 
2.1 Hz), 6.73 ( lH,  d, H(5'), J = 8.5 Hz). All hydroxyl sig- 
nals disappear upon addition of D,O. I3C NMR 6: 35.363 (C(7"). 
38.147 (C(7')), 41.891(-), 47.055(-), 56.175(-), 56.531(-) 
(-OCH,(3")), 71.756 (C(4)), 107.549(-) (C(2")), 1 12.307(-), 
116.348(-), 120.434(-), 129.383, 132.645, 135.354, 146.894, 
147.280, 148.544, 179.051 (C(1)); MS ms/z: 388 (M'), 167, 153, 
137. High-resolution molecular weight determination calcd. for 
C21H2407: 388.1522; found: 388.1520. Anal. calcd. for C21H2407: 
C 64.94, H 6.23; calcd. for CZIH2608 (58 + HzO): C 62.06, H 6.45; 
found: C 62.31, H 6.25. 

1 -Bis(phenylthio)tnethyl-3,4-methylenedioxybenzene (14) 
To a solution of piperonal 13 (1 .O g, 6,7 mmol) in dry chloro- 

form (10 mL) at -40°C under argon was added thiophenol (1.4 mL, 
14 mmol) and boron trifluoride etherate (4.6 mL, 45% solution, 
17 mmol). The solution was stirred for 15 min at -40°C and then 
poured into ice-cold water (10 mL). The organic layer was drawn 
off and the aqueous layer extracted with chloroform (30 mL). The 
combined organic extracts were washed with 7% potassium hy- 
droxide (2 x 25 mL), water (25 mL), and brine (25 mL) before 
being dried over potassium carbonate, filtered, and evaporated in 
vacuo to yield the pure dithioacetal 14 (2.3 g, 98%) as a yellowish 
oil. The physical properties of 14 were determined using a dis- 
tilled (190°C, 0.15 Tom) sample. 

Physical properties of 14: iR v,,, (neat): 2890, 1490 cm-'; UV 
A,,, (log E): 248 (4.14), 282 (3.88) nm; 'H NMR 6: 5.37 ( lH ,  s, 
-CH (SPh),), 5.96 (2H, S, -OCH20-), 6.67 ( lH, d, H(5), J = 4 HZ), 
6.78 (IH, dd, H(6), J = 4, 2 Hz), 6.98 ( lH,  d, H(2), J = 2 Hz), 
7.23-7.32 (6H, m, phenyl), 7.34-7.42 (4H, m, phenyl); MS 
m/z: 352 (M'), 243. High-resolution molecular weight determi- 
nation calcd. for C20H1602S2: 352.0592; found: 352.0598. Anal. 
calcd. for C2,HI6OzS2: C 68.15, H 4.58; found: C 68.11, H 4.63. 

(~)-trans-2-(4-Benzyloxy-3,5-ditnet/zoqbenzyl)-3-(3,4- 
methylenedioq)-a,a-bis(phetzylthio)benzyl)butanolide (17) 

Butyllithium (3.60 mL, 1.6 M solution, 5.76 mmol) was added 
to a solution of dithioacetal 14 (2.00 g, 5.69 mmol) in dry THF 
(10 mL) at -78°C and the purple solution was stirred for 2.5 h. But- 
2-en-4-olide (15, 0.481 g, 5.73 mmol) in THF (8 mL) was added 
and the solution stirred for 2.5 h at -78OC prior to the addition of 
the bromide 8 (2.06 g, 6.10 mmol) in THF ( 10 mL). The solution 
was allowed to warm slowly to room temperature overnight. Water 
(25 mL) was added and the mixture extracted with ethyl acetate 
(160 mL). The organic extract was washed with water (2 X 25 mL) 
before being dried over magnesium sulfate, filtered, and evapo- 
rated in vacuo. Purification by flash chromatography using di- 
chloromethane gave the expected dithioketal 16 (replace OLi by 
carbonyl) (2.16 g. 55%) as an amorphous solid. 

Physical properties of 17: mp 55-57°C (acetone); IR v,,, 
(CHCl,): 1770 cm-'; UV A,,, (log E): 279 (3.82), 286 (3.80) nm; 
'H NMR 6: 2.79 ( lH,  dd, H(7"), J = 14, 5 Hz), 2.85-2.90 ( lH ,  
m, H(2)), 3.12 ( lH, dd, H(7"), J = 14, 4 Hz), 3.29-3.34 (IH, m, 
H(3)), 3.49 (1 H, dd, H(4), J = 10, 8 Hz), 3.70 (6H, s, -OCH,), 
4.46 ( lH,  dd, H(4), J = 10, 3 HZ), 5.02 (2H, S, -OCH2Ph), 6.00, 
6.01 (2H total, d, d, -OCH20-, J = 1 Hz each), 6.18 (2H, s, H(2)) ,  
6 .73( lH,d ,  H(S1),J = 8Hz) ,7 .13(1H,dd,H(6 ' ) , J  = 8 , 2 H z ) ,  
7.21-7.38 (14H, m, phenyl, H(2')), 7.43-7.47 (2H, m, phenyl); 

FAB MS m/z:  693 (M'), 584, 473, 383, 218, 185, 167, 154, 135; 
MS m/z: 584, 583, 383, 218, 185, 167, 154, 135. High-reso- 
lution molecular weight determination calcd. for C,,H,,O,S 
(M+-SP~) :  583.1790; found: 583.1792. Anal. calcd. for Cdo- 
H3607S2: C 69.34, H 5.24, S 9.25; found: C 69.18, H 5.42, S 9.23. 

(-+)-tran~-2-(4-Bet~zyloxy-3,5-dimerhoxybenzyl)-3-(3,4- 
metlzylenedioxybenzoyl)butanolide (18, R = CH2Ph) and 
(-+)-trans-2-(3,5-dimethoxy-4-hyd1'oqbenzyl)-3-(3,4- 
methylenedioxybenzoy1)butanolide (18, R = H )  

Method 1 
Dithioketal 16 (replace OLi by carbonyl) (34.5 mg, 50.0 pmol) 

was dissolved in ethyl acetate (6 mL). Perchloric acid (70%, 1 drop) 
was added and the solution stirred for 4 h. Water (1 mL and ethyl 
acetate (10 mL) were added and the phases separated. The or- 
ganic extract was washed with brine (2 mL) and saturated sodium 
bicarbonate (2 X 2 mL), dried over magnesium sulfate, filtered, 
and evaporated in vacuo. Flash chromatography using acetate/ 
dichloromethane (1 : 19, v/v) gave the ketones 18 (R = CH2Ph) 
(10.8 mg, 44%) and 18 (R = H) (2.0 mg, 10%). 

Method 2 
Sulfuryl chloride (1 1.8 mg, 87.4 pmol) in dichloromethane (0.4 

mL) was added to a mixture of dithioketal 16 (replace OLi by car- 
bonyl) (48.7 mg, 70.3 pmol), silica gel (230-400 mesh, 30 mg), 
and water (30 mg) in dichloromethane (0.35 mL). After stimng for 
2 h, finely powdered anhydrous potassium carbonate was added and 
stimng continued for 0.5 h. The solids were filtered off and washed 
with dichloromethane. The filtrate was evaporated in vacuo and 
purified by flash chromatography using acetone/dichloromethane 
(1 :49, v/v) but neither 18 (R = CHZPh) nor 18 (R = H) could be 
identified by 'H NMR spectroscopy of the major fractions. 

Method 3 
Iodine (1.46 g, 11.5 mmol) was added to a solution of dithiok- 

eta1 16 (replace OLi by carbonyl) (1.85 g, 2.68 mmol) in metha- 
nol (50 mL) and THF (5 mL). The solution was then stirred at reflux 
for 1.5 h prior to the addition of saturated sodium thiosulfate 
(10 mL), brine (1 0 mL), and water (20 mL). The mixture was ex- 
tracted with ethyl acetate (100 mL), diluted with water (10 rnL) and 
brine (10 mL), and re-extracted with ethyl acetate (100 mL). The 
organic extract was washed with water (20 mL), dried over mag- 
nesium sulfate, filtered, and evaporated in vacuo. THF (5 mL) and 
3 M hydrochloric acid (6 mL) were added and the suspension stirred 
at room temperature for 1 h before being diluted with water (10 mL) 
and extracted with dichloromethane (2 x 50 mL). The organic ex- 
tract was washed with water (2 x 20 mL), dried over magnesium 
sulfate, filtered, and evaporated in vacuo. Ether (25 mL) was added 
and the suspension sonicated for 5 min, stored at 3'C for 3 days, 
filtered, and washed with ice-cold ether (2 x 5 mL) to give the 
ketone 18 (R = CH2Ph) as a white powder (0.920 g). The filtrate 
was evaporated and purified by flash chromatography using ace- 
tone/dichloromethane (0: 1 to 1 :49 gradient, v/v) to afford 18  
(R = CH2Ph) (134 mg) for a total yield of 80%. 

Physical properties of 18 (R = CH,Ph): mp 43-44°C (diethyl 
ether); IR v,,, (CHCl,): 1770, 1670 cm-'; UV A,,, (log E): 275 
(3.82), 314 (3.90) nm; 'H NMR 6: 3.00 (IH, dd, H(7"), J = 14, 
6 Hz), 3.09 ( lH,  dd, H(7"), J = 14, 5 Hz), 3.55-3.61 ( lH,  m, 
H(2)), 3.70 (6H, s, -OCH,), 4.01 ( lH,  ddd, H(3) J = 8,  8, 8 Hz), 
4.10(1H, dd, H(4), J = 9,  8 Hz), 4.38 ( lH ,  dd, H(4), J = 9,  
8 Hz), 4.92 (2H s, -OCH2Ph), 6.01, 6.04 (1H each, d, d, -0CH2O-, 
J = 1 Hz each), 6.28 (2H, s, H(2")), 6.80 ( lH, d, H(5'), J = 8 Hz), 
7.24-7.38 (5H, m, H(2'), H(6'), phenyl), 7.47 (2H, dd, phenyl, 
J = 7,  1 Hz); MS m/z: 490 (M'), 399, 223, 149, 91. High- 
resolution molecular weight determination calcd. for C28H2608: 
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KUTNEY E T  AL.: 2 2127 

490.1627; found: 490.1627. Anal. calcd. for C28H2608: C 68.56, 
H 5.34; found: C 68.78, H 5.56. 

Physical properties of 18 (R = H): mp 56-58°C; IR v,, (CHCI,): 
3530, 1770, 1670 cm-'; UV A,,, (log E): 276 (3.80), 3 14 (3.86) 
nm; 'H NMR 6: 3.01 (IH, d, H(7I1), J  = 14, 7 Hz), 3.07 (IH, dd, 
H(7"), J  = 14, 6 Hz), 3.53-3.60 ( lH,  m, H(2)), 3.78 (6H, s, 
-OCH3), 4.02 ( lH, ddd, H(3), J  = 9, 9, 9 Hz), 4.12 (lH, dd, H(4), 
J  = 9, 9 Hz), 4.41 (lH, dd, H(4), J  = 9, 9 HZ), 5.37 ( lH,  S, -OH, 
disappears with D,O), 6.07 (2H, m, -OCH20-), 6.30 (2H, s, H(2")), 
6.81 ( lH,  d, H(5'), J  = 8 Hz), 7.23 (lH, d, H(2'), J  = 2 Hz), 7.27 
( lH,  dd, H(6'), J  = 8, 2 Hz); MS m/z: 400 (M+), 224, 167, 149. 
High-resolution molecular weight determination calcd. for CZIHZ008: 
400.1 158; found: 400.1 164. 

Method 1 
Palladium-on-charcoal (lo%, 1.676 g) was suspended in ethanol 

(100 mL) and stirred for 1 h under hydrogen at atmospheric pres- 
sure. A solution of the ketone 18 (R = CH,Ph) (4.50 g, 9.16 mmol) 
in ethyl acetate (100 mL) was added and the resultant suspension 
stirred for 7 h. The catalyst was filtered off and the solution evap- 
orated in vacuo. The residue was purified by column chromatog- 
raphy using acetone/dichloromethane (1 : 19 to 1 : 9 gradient, v/v) 
to give ketone 18 (R = Ch,Ph) (0.685 g, IS%), ketone 18 (R = 
H) (1.686 g, 46%), and alcohol 19 (R = H) (1.1 13 g, 3070, 3.3: 1 
mixture of C(7') epimers according to 'H NMR spectroscopy). 

Method 2 
Sodium borohydride (47 mg, 1.2 mmol) was added to a sus- 

pension of the ketone 18 (R = H) (464 mg, 1.16 mmol) in dry 
methanol (50 mL) at 0°C under nitrogen. After stining for 2.5 h at 
O°C, 1 M hydrochloric acid (2 mL) was added to the resultant clear 
solution, which was then concentrated in vacuo, diluted with water 
(5 mL) and brine (5 mL), and extracted with ethyl acetate (2 X 

50 mL). The combined organic extracts were washed with water 
(15 mL), dried over magnesium sulfate, filtered, and evaporated 
in vacuo to give the alcohol 19 (R = H) (443 mg, 95%) as an 
amorphous white solid. 'H NMR spectroscopy showed the prod- 
uct to be a 6: 1 mixture of C(7') epimers. 

Properties of 3.3: 1 mixture of 19 (R = H) (C(7') P-hydroxyl 
epimer assumed as major): IR v,,, (CHCI,): 3600, 3530, 
1770 cm-'; UV A,,, (log E): 282 (3.60) nm; 'H NMR (integrals 
relative to minor (a) epimer) 6: 1.94 (lH, d, -OH(7', a) ,  J  = 3 Hz), 
2 .00(3 .3H,  d, -OH(7', P ) , J =  3Hz),2.51-3.11 (17.2H, m, 
H(7"), H(2), H(3)), 3.85 (6H, s, -OCH,(a)), 3.87 (19.8 H, s, 
-OCH,(P)), 3.92-3.96 (6.6 H, m, H(4, P)), 4.17 ( lH,  dd, H(4, 
a) ,  J  = 9.6, 7.6 Hz), 4.37 ( lH,  dd, H(7', a), J  = 8.0, 2.5 Hz), 
4.40 ( lH,  dd, H(4, a ) ,  J  = 9.6, 6.1 Hz), 4.62 (3.3 H, dd, H(7', 
p), J  = 6.7, 2.9Hz),5.40(4.3H, s, -OH(@)), 5.97, 5.98 (3.3 H 
each, d, d, -OCH20-(P), J  =.1  Hz), 5.99, 6.00 (1H each, d, d, 
-OCH,O-(a), J  = 1 Hz), 6.27 (2H, s, H(2", a)), 6.40 (6.6 H, s, 
H(2", P)), 6.61-6.76 (12.9 H, m, H(2'), H(5'), H(6')). Upon ad- 
dition of DZO, all hydroxyl signals disappear and the H(7') signals 
collapse to doublets. MS m/z: 402 (M+), 384, 178, 167, 224, 151, 
135, 123. High-resolution molecular weight determination calcd. 
for C21H2008: 402.1314; found: 402.1302. Anal. calcd. for 
C21H2208: C 62.28, H 5.51; found: C 62.33, H 5.80. 

Physical properties of 6: 1 mixture of 19 (R = H): mp 43-51°C. 

(~)-trans-2-(3,5-Dimethoxy-4-hydroxybenzyl)-3-(3,4-dihydro~- 
a-hydroxybenzy1)butanolide (20) and (4) -4- (3 ,4-  
dihydroxypheny1)-5,7-dimethoxy-6-hydroxy-2- 
hydroxymethyl-l,2,3,4-tetrahydro-2-tzaphthoic acid y 
lactone (26) 

Method 1 
Alcohol mixture 19 (R = H) (210 mg, 0.52 mmol) dissolved in 

dichloromethane (10 mL) was added to a solution of boron trich- 

loride (3.1 mmol) in dichloromethane (23.5 mL) at -7S°C. After 
stirring for 2 h at -7S°C, saturated potassium bicarbonate (2 mL) 
was added and the suspension allowed to warm to room tempera- 
ture. Water (5 mL) and brine (1 mL) were added and the mixture 
was extracted with ethyl acetate (2 x 50 mL). The organic extract 
was dried over magnesium sulfate, filtered, and evaporated in 
vacuo. Acetone (4 mL), water (5 mL), and calcium carbonate 
(330 mg) were added and the suspension stirred for 1.5 h at 65OC. 
The solids were dissolved by the addition of 6 M hydrochloric acid 
and the clear solution extracted with ethyl acetate (2 X 50 mL). The 
organic extract was washed with water (15 mL), dried over mag- 
nesium sulfate, filtered, and evaporated in vacuo. Flash chroma- 
tography using acetone/dichloromethane (2: 8 to 3 : 8, v/v) gave 
the aryltetralin 26 (78 mg, 40%) and the catechol 20 (49 mg, 24%, 
single epimer by 'H NMR spectroscopy) as amorphous white sol- 
ids. A sample of 26 was recrystallized from methanol/chloroform 
for analysis. 

Method 2 
Alcohol 19 (R = CH,Ph) (161 mg, 0.327 mmol) dissolved in 

dichloromethane (6.5 mL) was added to a stirred solution of 
boron trichloride (2.0 mmol) in dichloromethane (15.3 mL) at 
-78°C. After stirring for 2 h, water (3 mL), saturated potassium 
hydrogen carbonate (1 mL), and brine (I mL) were added and the 
mixture allowed to warm to room temperature. The mixture was 
extracted with ethyl acetate (2 X 40 mL), dried over magnesium 
sulfate, filtered, and evaporated in vacuo. Acetone (3 mL), water 
(6.5 mL), and calcium carbonate (210 mg) were added and the 
suspension stirred for 1.5 h at 65°C. The soids were dissolved with 
6 M hydrochloric acid and the solution extracted with ethyl ace- 
tate (2 X 40 mL). The organic extracts were washed with water 
(10 mL), dried over magnesium sulfate, filtered, and evaporated 
in vacuo to afford a yellowish foam. Flash chromatography using 
acetone/dichloromethane (1 :4  to 3:2 gradient, v/v) afforded the 
alcohols 19 (R = H) (42 mg, 32%, 5:  1 mixture of epimers by IH 
NMR spectroscopy) and 20 (33 mg, 26%). 

Physical properties of 20: mp 49-56°C; IR v,,, (Nujol): 3380, 
1740 cm-'; UV A,,, (log E): 28 1 (3.57) nm; 'H NMR 6: 2.64-2.77, 
2.95-3.05 (4H total, m, m, H(7"), H(2), H(3)), 3.80 (6H, s, 
-OCH,), 3.93 (IH, dd, H(4), J  = 17, 9 Hz), 3.98 ( lH,  dd, H(4), 
J  = 17, 8 HZ), 4.55 ( lH,  d, -OH(7'), J =  3.6 HZ), 4.68 ( lH,  dd, 
H(7'), J  = 6.0, 3.6 Hz), 6.42 (2H, s, H(2I1)), 6.68 ( lH, dd, H(6'), 
J =  8 , 2 H z ) , 6 . 8 0 ( 1 H , d , H ( S f ) , J =  8Hz) ,6 .88(1H,d ,  H(2'), 
J  = 2 Hz), 6.91 ( lH ,  brs, -OH(4")), 7.80 (2H, brs, -OH(3'), 
-OH(4')). Upon addition of D20, all hydroxyl signals disappear and 
the H(7') signal collapses to a doublet. I3C NMR 6: 35.619 (C(7I1)), 
43.787(-), 45.709(-), 56.464(-) (-OCH,), 68.892 (C(4)), 
74.217(-) (C(7')), 107.994(-) (C(2")), 114.086(-), 115.787(-), 
118.432(-), 129.114, 135.743; 145.227, 145.826, 148.339, 
179.568 (C(1)); MS m/z: 390 (Mf), 372, 167, 154, 123, 110. High- 
resolution molecular weight calcd. for CZ,,H2208: 390.1315; found: 
390.1313. 

Physical properties of 26: mp 222-224°C (methanol/chloro- 
form); IR v,,, (Nujol): 3400, 3250, 1730 cm-'; UV A,, (log E): 
283 (3.70) nm; 'H NMR 6: 2.30-2.41 ( lH,  m, H(3)), 2.51 ( lH, 
ddd, H(2), J  = 13.6, 11.7,4.5 Hz), 2.88-2.92 (lH, m, H(l)), 3.03 
( lH,  dd, H(l) ,  J  = 15.3, 4.5 HZ), 3.18 (3H, S, -OCH,(5)), 3.87 
(3H, s, 0CH3(7)), 4.04 ( lH,  brd, H(4), J  = 10.8 Hz), 4.16-4.20 
(2H, m, H(lI)), 6.50(1H, dd, H(6'), J =  8,  2Hz),  6.55 ( lH,  d, 
H(2'), J  = 2 Hz), 6.65 ( lH,  s, H(8)), 6.74 (IH, d, H(5'), J  = 8 
Hz), 7.12 ( lH ,  s, -OH(6)), 7.54, 7.56 (1H each, s, s, -OH(3'), 
-OH(4')). All hydroxyl signals disappear upon addition of D20. 
I3c NMR 6: 41.595(-), 46.525(-), 50.499(-), 56.255(-), 
58.614(-), 72.246, 101.389, 107.912(-), 114.565(-), 
115(779(-), 118.991(-), 127.733, 139.071, 139.320, 143.913, 
145.686, 177.2 (C(1)); MS m/z: 372 (M+), 262. High-resolution 
molecular weight determination calcd. for CZOH2007: 372.1219; 
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found: 372.1217. Anal. calcd. for CZOH2007: C 64.5 1, H 5.41; 
found: C 63.58, H 5.57. 

Method 1 
Sodium borohydride (19 mg, 0.51 mmol) was added to a sus- 

pension of ketone 1 8  (R = Ch,Ph) (173 mg, 0.352 mmol) in dry 
methanol (25 mL) at O°C under nitrogen. After stirring for 5 h at 
O°C, 1 M hydrochloric acid (3 mL) was added to the resultant clear 
solution, which was then concentrated in vncrto, diluted with brine 
(2 mL), and extracted with dichloromethane (2 X 40 mL). The 
combined organic extracts were washed with water (8 mL), dried 
over magnesium sulfate, filtered, and evaporated in vacuo to give 
alcohol 19  (R = CH,Ph) (172 mg, 99%) as an amorphous white 
solid. IH NMR spectroscopy indicated that the product was a 4.9: 1 
mixture of epimers. 

Method 2 
Lithium aluminum tri-tert-butoxy hydride (690 mg, 2.7 mmol) 

in THF (8 mL) was added to a stirred suspension of the ketone 1 8  
(R = ChzPh) (380 mg, 0.78 mmol) in dry ether (25 mL) and THF 
(5 mL) under nitrogen at -78°C. The mixture was stirred for 3 h 
and then acidified with 1 M hydrochloric acid (6 mL), diluted with 
water (15 mL), and extracted with ethyl acetate (2 x 50 mL). The 
organic extract was washed with saturated sodium bicarbonate 
(2 x 15 mL) and water ( I 0  mL), dried over magnesium sulfate, 
filtered, and evaporated in vacuo to afford a foam (329 mg) that, 
by I H  NMR spectroscopy, contained the alcohol 19  (R = CHzPh) 
(70%, 5.7: 1 mixture of epimers) and the ketone 18 (R = CH,Ph). 

Physical properties of 4.9: 1 mixture of 19  (R = CH,Ph) (C(7') 
P-hydroxyl epimer assumed as major): mp 46-49"C, IR v,,,, 
(CHCl,): 3450, 1770 cm-I; UV A,,,, (log E): 284 (3.55) nm; IH 
NMR 6: 1.87 ( lh ,  d, OH(7', a ) ,  J = 3 Hz), 1.96 (4.9 M, d, -OH(7', 
p), J = 2.8 Hz), 2.47-3.10 (23.6 H, m, H(2), H(3), H(7')), 3.78- 
3.79 (35.4 H, m, -OCH,), 3.89-3.96 (9.8 H, m, H(4, P)), 4.15- 
4.17 ( l H ,  m, H(4, a ) ) ,4 .33  ( l H ,  dd, H(7', a ) ,  J = 7.1, 3 Hz), 
4.37 ( l H ,  dd, H(4, a ) ,  J = 9.3, 6.4 Hz), 4.60 (4.9 H, dd, H(7', 
p), J = 7.1, 2.8 Hz), 5.00 (1 1.8 H, s, -OCH2Ph), 5.93-6.01 (1 1.8 
H, m, -OCH,O-), 6.25 (2H, s,  H(2", a)), 6.38 (9.8 H, s,  H(2", P)), 
6.57-6.78 (17.7 H, m, H(2'), H(5'), H(6')), 7.22-7.50 (29.5 H, 
m, phenyl). Upon D,O addition, both hydroxyl signals disappear 
and H(7') signals collapse to doublets. MS m/z: 492 (M+), 474, 
16 1, 149, 13 1, 91. High-resolution molecular weight determina- 
tion calcd. for C28H2808: 492.1784, found: 492.1784. 

Preparation of C. roseus cell-free extract (CFE) 
Cathnranthus roseus (AC 3 line) cell suspension culture was 

grown in shake flasks in the dark in a 1B5 medium (54) (500 mL) 
containing agar (7-8 g) at pH 5.5. The cell line was subcultured 
every 10 days using a 12% (60 mL) inoculum and harvested at age 
11 days. The whole cell suspension was filtered with Miracloth, 
drained thoroughly, washed with water (75 mL/flask), and drained 
again. The rest of the procedure was carried out at 0-4'C. Potas- 
sium phosphate buffer (0.100 M, pHh, 0.50 mL/g fresh weight) 
was added and the suspension homogenized with an Ultra-Turrax 
blender at 20 000 rpm in four 30-s periods with 30-s intervals. The 
material was centrifuged, using a Sorvall RC-5B centrifuge and 
Sorvall GSA rotor, at 10 000 g for 30 min and the supernatant (CFE) 
analyzed for peroxidase activity (55) and protein concentration 
(41,42,56) using a Bausch and Lomb Spectronic 20 spectropho- 
tometer. 

Determination of hydrogen peroxide consumption by C. roseus 
CFE 

An aliquot (3.00 mL) of a solution of 7 (15.3 mg, 39.3 kmol) 
in ethanol/water (8: 17, v/v) was added to water (3.00 mL) and 
hydrogen peroxide (1.00 mL, 81.6 mM solution, 81.6 kmol). Po- 

tassium phosphate buffer (0.100 M,  pH 6.3, 10.70 mL) and CFE 
(pH 6.3, specific activity 0.98 units/mg, 7.30 mL, 9.83 units) were 
added and the solution (Solution A) stirred for 3 h. An identical 
solution of water, hydrogen peroxide, buffer, and CFE was stirred 
for 15 min upon the addition of CFE: an aliquot of 7 was then added 
as before and the solution (solution B) stirred for an additional 
3 h. After each solution had been stirred 1 h following addition of 
7 ,  hydrogen peroxide (1.00 mL, 81.6 kmol) was added to Solu- 
tion B and water (1 .OO mL) to Solution A. HPLC analysis was then 
performed. 

(*)-I -(3,5-Dirnetlzox~~-4-hydroxypl1enyl)-6-l1yclro~~-3-lzyclroq- 
methyl-7-methoxy-I ,2,3,4-tetrahydro-2-naphihoic acid y 
lnctone 9; (*-5,5'-bis(l-(3,5-clirnethoxy-4-hyclroxyj1henyl)- 
6-kydroxy-3-hyclroxyrnethyl-7-metho-ydro- 
2-nnpkthoic acicl y lactor~e ( lo) ,  nr1cl(*)-l-(3,5-dirnethoxy- 
4-hyclroxypherzyl)-8-hyclroxy-3-hydro.~~~rnetl1yl-7-methoxy - 
I ,2,3,4-tetrahydr-o-2-nnpkthoic acid y lnctone (11) 

Cathnrnntlzics roseus CFE (pH 6.3, specific activity 1.5 units/ 
mg, 215 mL, 330 units) was added to a solution containing butan- 
olide 7 (1.860 g, 4.79 mrnol) in ethanol (25 mL), water (100 mL), 
and hydrogen peroxide (20 mL, 0.17 M solution, 3.4 mmol). After 
stining for 1 h, further hydrogen peroxide (10 mL, 1.7 mmol) was 
added and stirring continued for an additional 4.5 h. The reaction 
mixture was diluted with dichloromethane (500 mL), filtered 
through Celite, and the organic extract dried over anhydrous mag- 
nesium sulfate. The dichloromethane extract was purified by col- 
umn chromatography using acetone/dichloromethane (1 :4-1: 0 ,  
v/v) to afford aryltetralin 9 (901 mg, 48%), dimer 10 (680 mg, 
37%), and aryltetralin 11 (9.8 mg, 0.53%). 

Physical properties of 9: mp 240-241°C (chloroform); IR v,,, 
(CHCI,): 3530, 1778 cm-'; UV A,,,, (log E): 282 (3.53) nm; IH 
NMR 6: 2.47 ( l H ,  dd, H(2), J = 14, 11 Hz), 2.59 ( l H ,  m, H(3)), 
2.90 (IH,  br dd, H(4), J = 15, 11 Hz), 2.97 ( lH,  dd, H(4), J = 
14, 5 HZ), 3.64 (3H, S, -OCH3(7)), 3.85 (6H, S, -OCH3(3")), 3.98 
( l H ,  dd, H(l I), J = 11, 8 Hz), 4.07 ( l H ,  br d, H(1), J = I 1  Hz), 
4.52 ( l H ,  dd, H(11), J = 11, 7 Hz), 5.43, 5.51 (1H each, s ,  s, 
-OH(4'), -OH(6)), 6.34, 6.70 (1H each, s,  s,  H(5), H(8)), 6.45 2H, 
s, H(2')). Both hydroxyl signals disappear upon addition of D,0. 
I3 C NMR 6: 32.661 (C(4)), 40.68(-). 47.037(-), 48.544(-), 
56.106(-), 56.558(-), (-0CH3(3')), 71.384 (C(1 I)), 107.810(-) 
C(2')), 1 13.754(-), 115.696(-), 1 15.777(-), 176(C(l)). MS m/z: 
386 (M'), 232, 167, 154, 139. High-resolution molecular weight 
determination calcd. for C21H2207: 386.1366; found: 386.1366. 
Anal. calcd. for C21H2207: C 65.28, H 5.74; found: C 65.12, H 
5.72. Circular dichroism analysis: no Cotton effect observed for 
0.208 nM methanol solution (250-320 nm). A sample crystal- 
lized from chloroform/dichloromethane (1 : 1, v/v) by slow evap- 
oration was submitted for X-ray analysis. The X-ray data are 
attached as an Appendix 1. 

Physical properties of 10: mp 156- 168°C; IR v,, (CHCI,): 3540, 
1780 cm-';  IH NMR 6: 2.40-2.52 (3H, m, H(2) (twice), H(4)), 
2.55-2.68 (2H, m, H(3)), 2.90 ( lH,  br dd, H(4), J = 14, 13 Hz), 
2.98 ( lH,  dd, H(4), J = 14, 4 Hz), 3.48-3.55 (IH, m, H(4)), 3.61 
(3H, s,  0CH3(7)), 3.67, 3.67 (3H total, s, s, -OCH3(7)), 3.75 (6H, 
s,  -OCH3(3')), 3.83, 3.83 (6H total, s ,  s,  -OCH3(3')), 3.95-4.03 
(2H, m, H(l I)), 4.14 (2H, br d ,  H(1), J = 12 Hz), 4.48-4.56 (2H, 
m, H(l I)), 5.44, 5.55, 6.02, 6.05 (4H total, s ,  s,  s, s,  -OH), 6.18 
( lH,  S, -OH(6)), 6.36, 6.36 (1H total, s,  s,  H(8)), 6.45 (2H, br s,  
H(2')), 6.51 (2H, br s ,  H(2')), 6.73 ( l H ,  s ,  H(8)). All hydroxyl 
signals disappear upon addition of D 2 0 .  DCI MS m/z: 788 (83 + 
NH,)+, 404. EI MS m/z: 770 (M'), 400, 386, 167, 154. 

Physical properties of 11: 'H NMR 6: 2.36 ( lH,  m, H(2)), 2.59- 
2.74 (2H, m, H(3), H(4)), 3.08 (1 H, dd, H(4), J = 16, 2 Hz), 3.60 
(3H, S, -OCH3), 3.74 ( l H ,  d ,  H(1), J = 11 HZ), 3.80, 3.89 (3H 
each, s,  s,  -OCH3), 4.09 ( lH,  dd, H(l l ) ,  J = 10, 9 Hz), 4.61 ( lH,  
dd, H(11), J = 10, 7 Hz), 5.38, 5.43 (1 H each, s, s,  -OH(6), 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
7.

78
.4

.1
12

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KUTNEY ET AL.: 2 2129 

-OH(4')), 5.56, 6.09 (1H each, d, d, H(2'), H(6'), J = 2.5 Hz (4.6 mL), water (14.5 mL), and phosphate buffer (0.100 M, 
each), 6.77, 6.85 (1H each, d, d, H(5), H(6), J = 8 Hz each); MS pH 7.00, 63.7 mL). The solution turned dark purple within 1 min. 
m/z: 386 (M'), 154, 139. High-resolution molecular weight de- After 10 min of stirring, ethyl acetate (80 mL) and Celite were 
termination calcd. for C21H2207: 386.1366; found: 386.1373. added and the suspension was stirred vigorously for an additional 

Attempted biotransformation of trans-2-(3,5-dimethoxy-4- 
hydroxybenzyl)-3-(3-hydroxy-4-methoxybenzyl)butanolide 
(7) without hydrogen peroxide 

Catharanthus roseus CFE (ph 6.3, specific activity 2.5 units/mg, 
30.4 mL, 47 units) was added to a solution containing butanolide 
7 (61.0 mg, 2.32 mmol), ethanol (3.8 mL), potassium phosphate 
buffer (0.100 M, pH 6.3, 43.0 mL), and water (20.2 mL). The 
solution was stirred for 3 h and extracted by the above procedure 
to afford butanolide 7 (59.3 mg, 97% recovery), which was pure 
by IH NMR spectroscopy. 

Attempted dimerization of 1 -(3,5-dimethoxy-4-hydroxypheny1)-6- 
hydroxy-3-hydroxymethyl-7-methoxy-l,2,3,4-tetrahydro-2- 
naphthoic acid y lactone (9) without C F E  

Aryltetralin 9 (15.2 mg, 39.3 pmol) was dissolved in a solution 
of ethanol (7.3 mL), water (6.7 mL), hydrogen peroxide (2.16 mL, 
81.6 rnM solution, 1.76 mmol), and potassium phosphate buffer 
(0.100 M, pH 6.3, 8.9 mL). The solution was stirred for 17 h and 
analyzed by HPLC; no products were detected. 

(*)-2-Hydroxy-8-hydroxymethyl-6,7,8,9-tetrahydro-3,3',5'- 
trimethoxyspiro [SH-benzocycloheptene-5.1 '-cyclohexa-2', 
5'-dienl-4'-one-7-oic acid y lactone (12) 

Catharanthus roseus CFE (pH 6.3, specific activity 2.5 units/ 
mg, 450 mL, 690 units), was added to a solution containing bu- 
tanolide 7 (900 mg, 2.32 mmol), ethanol (90 d ) ,  water (150 mL), 
and hydrogen peroxide (30 mL, 0.17 M solution, 5.1 mmol). The 
solution was stirred for 3 h and extracted by the standard proce- 
dure. The dichloromethane extract was purified by column chro- 
matography using ethyl acetate/chloroform (1 :4-9: 11, v/v) to 
afford aryltetralin 9 (633 mg, 71%), butanolide 7 (56 mg, 6%), and 
spirodienone 12 (9.7 mg, 1.1 %). 

Physical properties of 12: mp 225-230°C; IR v,, (CHC1,): 3539, 
1774, 1673 cm-I; UV A,, (log E): 272 (3.83) nm; 'H NMR 6: 2.03 
( l H , d d , H ( 6 ) , J =  13.3, 12 .8Hz) ,2 .32(1H,dd ,H(6) , J=  13.7, 
2.6),2.32-2.44(1H,m,H(8)),2.68(1H,ddd,H(7),5= 12.6, 
12.6, 2.6Hz),2.97(1H, dd,H(9), J =  15, 2.3Hz), 3.07(1H,dd, 
H(9), J = 14, 10.9 Hz), 3.65 (3H, s, -OCH3(3)), 3.79, 3.84 (3H 
each, s, s, -OCH3(3'), -OCH3(5')), 3.98 ( lH, dd, -CH20CO-, J = 
9, 8.4 HZ), 4.51 ( lH,  dd, -CH20CO-, J = 9,  7.6 HZ), 5.55 ( lH,  
br s, -OH(2), disappears upon addition of D20), 6.13, 6.25 (1H 
each, d, d, H(2'), H(6'), J = 2.8 Hz each), 6.78, 6.92 (1H each, 
s, s, H(1), H(4)). Irradiation of H(7) collapses H(6) signals to 
doublets (J  = 13.6 Hz each) and simplifies H(8) multiplet. MS m/z: 
386 (M+). High-resolution molecular weight determination calcd. 
for C21H2207: 386.1366; found: 386.1362. 

Control experiment with butanolide 20 
Butanolide 20 (4.20 mg, 10.8 pmol) was dissolved in a solu- 

tion of ethanol (0.28 mL), water (0.87 mL), and potassium phos- 
phate buffer (0.100 M, pH 7.0, 5.16 mL). Hydrogen peroxide 
(0.28 mL, 81.6 mM solution, 23 ~ m o l )  was added and the solu- 
tion was stirred for 10 min prior to being extracted with ethyl ace- 
tate (2 x 50 mL). The organic extract was dried over magnesium 
sulfate, filtered, and evaporated in vacuo. The product (4.01 mg, 
95% recovery) was found to be pure butanolide 7 by 'H NMR 
spectroscopy and TLC. 

5 min and then filtered. Additional ethyl acetate (320 mL) was 
added and the phases were separated. The organic extract was dried 
over magnesium sulfate, filtered, and evaporated in vacuo to yield 
a brown solid (60.3 mg). The aqueous residue was subjected to a 
continuous extraction with ethyl acetate for 2 days. The organic 
extract was dried over magnesium sulfate, filtered, and evapo- 
rated in vacuo to afford a brown solid (7.6 mg), which was com- 
bined with the previous ethyl acetate extract. The aqueous residue 
was evaporated in vacuo and stirred in refluxing methanol (100 mL) 
for 16 h. The suspension was filtered while hot and evaporated in 
vacuo to yield brown solids (205.1 mg). 

Reduction of ethyl acetate extract (Entry I ,  Table 3): (+)-4-(3,4- 
dihydroxyphenyl)-5,7-dimethoxy-6-hydroxy-2-hydroxy- 
methyl-1,2,3,4-terahydro-2-naphthoic acid y lactone (26) 

A sample of the ethyl acetate extract from the above experi- 
ment (Scheme 5, Entry 1, Table 3) (15.47 mg) was dissolved in a 
mixture of methanol (5 mL) and water (1 mL). Sodium borohy- 
dride (1.6 mg, 42 pmol) was added, resulting in an instantaneous 
color change of the solution from reddish-brown to yellow. After 
stirring for 5 min, 2 M hydrochloric acid (2 drops) was added, 
followed by water (2 mL) and brine (1 mL). The mixture was ex- 
tracted with ethyl acetate (30 mL) and the organic extract was dried 
over magnesium sulfate, filtered, and evaporated in vacuo to af- 
ford a brown oil (16.62 mg). Purification by preparative TLC using 
acetone/dichloromethane (2:3, v/v) gave the aryltetralin 26 (2.23 
mg, 14.0%) and 20 (2.06 mg, 12.3%). 

Methylation of ethyl acetate extract (Entry 2, Table 3): (+)-2- 
(3,5-dimethoxy-4-hydroxybenzy1)-3-(3-hyd-4- 
rnethoxybenzyl-a-hydroxy)butanolide (27a) and (4)-2-(3,5- 
dimethoxy-4-hydroxybenzyl)-3-(4-hydroxy-3-methoxybenzyl- 
a-hydroxy)butanolide (27b) 

Diazomethane in ethereal solution (approximately 0.4 M) was 
added to a sample of the ethyl acetate extract from the above ex- 
periment (23.19 mg) dissolved in dry methanol (5 mL) until no 
further effervescence was observed. After stining for 22 h, aqueous 
acetic acid (lo%, 2 drops) was added and the solution evaporated 
in vacuo. The residue was purified by preparative TLC using ace- 
tone/dichloromethane (1 :4, v/v) to yield 20 (3.66 mg, 15%) and 
27a and 276 (2.38 mg, 9%, 1: 1 mixture of isomers by 'H NMR 
spectroscopy). 

Physical properties of 27a and 276: 1R v,, (CHCI,): 3600,3540, 
1770 cm-I; 'H NMR 6: 2.64-2.85, 2.85-3.02 (8H total, m, m, 
H(2), H(3), H(7")), 4.02-4.15 (4H, m, H(4)), 4.72 ( lH, d, H(7'), 
J = 5.1 Hz), 4.76 ( lH, d, H(7'), J = 5.1 Hz), 6.39 (2H, s, H(2")), 
6.40 (2H, s, H(2")), 6.70-6.92 (6H, m, H(2'), H(5'), H(6')); EI 
MS m/z: 418 (M+), 400, 181, 167, 153. High-resolution molec- 
ular weight determination calcd. for C22H2608: 418.1628; found: 
418.1633. 

Reduction and methylation of ethyl acetate extract (Entry 3, 
Table 3): (+)-4-(3,4-dimethoxypheny1)-3-hydroxymethyl- 
1,2,3,4-tetrahydro-5.6.7-trirnerhoxy-2-naphthoic acid y 
lactone (28) and unidentified compound (29) 

Sodium borohydride (42 mg, 1.1 mmol) was added to a sample 
of the ethyl acetate extract from the above experiment (26.94 mg) 

Biotransformation of (+)-trans-2-(3,5-dimethoxy-4-hydroxy- dissolved-in a mixture of methanol (4.5 m ~ f a n d  water (0.5 2) 
benzy1)-3-(3,4-dihydroxy-a-hydroxyben-e (20) and the bright yellow solution was stirred at room temperature for 

Hydrogen peroxide (4.58 mL, 81.6 mM solution, 0.37 mmol) 1 h. The solution was acidified with 1 M hydrochloric acid, and 
and C .  roseus CFE (pH 7.0, specific activity 0.51 units/mg, water (5 mL) and brine (2 mL) were added. The solution was ex- 
22.1 mL, 150 units) were added in rapid succession to a solution tracted with ethyl acetate (2 x 60 mL) and the extract was dried 
containing butanolide 20 (73.2 mg, 0.187 mmol), ethanol over magnesium sulfate, filtered, and evaporated in vacuo before 
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being redissolved in ethanol (5 mL). Freshly prepared ethereal 
diazomethane (approximately 0.3 g, 7 mmol) was added and the 
solution stirred for 15 h. Aqueous acetic acid ( lo%, 0.2 mL) was 
added and the solution evaporated in vacuo to afford a yellow oil 
(67.5 mg), which was separated by column chromatography using 
acetone/dichloromethane (1: 19 to 1 : 0  gradient, v/v) to afford 
42.92 mg (64%) of eluted products, including 29 (8.56 mg, 25%) 
and 28 (6.00 mg, 20%). The column packing was removed and 
stirred in a mixture of acetate (50 mL), water (30 mL), and cal- 
cium carbonate (700 mg) at 45OC for l h. The mixture was acidi- 
fied with 2 M hydrochloric acid and the solids filtered and washed 
with warm acetone (2 X 30 mL). The filtrate was evaporated in 
vacuo and the final traces of silica removed to afford a yellow oil 
(12.27 mg, no identifiable material by 'H NMR spectroscopy) for 
a total column recovery of 82%. 

Physical properties of 28: IR v,, (CHCI,): 1770 cm-I; 'H NMR 
S: 2.29-2.74 (2H, m, H(2),H(3)), 2.97-3.09 (1 H, m), 3.14 (3H, 
s,  -OCH3(5)), 3.37 ( l H ,  dd, J = 7.0, 6.6 Hz), 3.5-3.6 ( l H ,  m), 
3.69-3.91 (12H, m, -OCH,), 4.04-4.18 (IH,  m), 4.22 ( I H ,  br 
d ,  H(4), J = 8.0 Hz), 6.60 ( lH,  m, H(6')), 6.72-6.84 (2H, m, m 
H(2'), H(8)), 6.90 ( lH,  d, H(5'), J = 8 Hz); EI MS m/z:  414 (M'), 
400, 18 1, 15 1, 137. High-resolution molecular weight determi- 
nation calcd. for C23H2607: 414.1679; found: 414.1678. 

Physical properties of 29: IR v,,, (CHCI,): 3320, 2970, 2940, 
2870, 1670 cm-I; MS m/z:  432 (M'-H20?), 418, 282, 167. 

Methylation of tnethanol extract (Scheme 5 )  
Diazomethane in ethereal solution (approximately 0.4 M) was 

added to a sample of the methanol extract obtained from the above 
experiment and, in accord with Scheme 5 (90.82 mg), dissolved 
in dry methanol (10 mL) until no further effervescence was ob- 
served. The yellow solution was stirred overnight. Analysis by silica 
TLC showed no new spots in comparison with the initial methanol 
extract. In both cases no spots with an R f  value greater than zero 
were observed using acetone/dichloromethane (1 :4, v/v). 

Reduction and methylation of methanol extract (Scheme 5 )  
Sodium borohydride (137 mg, 3.6 mmol) was added to a sam- 

ple of the methanol extract obtained from the above experiment 
(108.65 rng) dissolved in a mixture of methanol (9 mL) and water 
(1 mL) and the solution was stirred at room temperature for 1 h. 
The solution was acidified with 1 M hydrochloric acid, and water 
(5 rnL) and brine (2 mL) were added. The solution was extracted 
with ethyl acetate (3 X 60 mL) and the extract was.dried over 
magnesium sulfate, filtered, and evaporated in vacuo before being 
redissolved in dry THF (10 mL). Potassium carbonate (180 mg, 
1.3 mmol) and methyl iodide (0.5 mL, 8 mmol) were added and 
the solution stirred for 1 h. Water (2 mL) was added and the mix- 
ture acidified with 2 M hydrochloric acid before being extracted 
with ethyl acetate (2 x 20 mL). The organic extract was dried over 
magnesium sulfate, filtered, and evaporated in vacuo to afford 
brown solids (43.9 mg). Sonication in dichloromethane followed 
by filtration and evaporation in vacuo gave tan solids (5.35 mg), 
which exhibited no aromatic proton signals by 'H NMR spectros- 
COPY. 
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Appendix: X-ray crystallographic analysis 
of compound 9 

Experimental 
Crystallographic data appear in Table A l .  The final unit- 

cell parameters were obtained by least squares on the set- 
ting angles for 25 reflections with 20  = 79.5-91. lo. The 
intensities of three standard reflections, measured every 150 
reflections throughout the data collection, remained essen- 
tially constant. The data were processed2 and corrected for 

'TEXSAN/TEXRAY structure analysis package, which in- 
cludes versions of the following: MITHRIL, integrated direct 
methods, by C. J. Gilmore; DIRDIF, direct methods for differ- 
ence structures, by P. T .  Beurskens; ORFLS, full-matrix least- 
squares, and ORFFE, function and errors, by W. R. Busing, K. 0 .  
Martin, and H. A. Levy; ORTEP 11, illustrations, by C. K. 
Johnson. 

TABLE A1 . Crystallographic data" 

Compound 
Formula 
fw 
Crystal system 
S p a ~ e  group 
a ,  A 
b, A 
c ,  A 
Po 
v, A' 
z 
Pca~c r g/cm3 
F(000) 
~(Mo-K,),  cm-' 
Crystal size, mm 
Transmission factors 
Scan type 
Scan range, deg in w 
Scan speed, deg/min 
Data collected 
20,,,,,, deg 
Crystal decay 
Total reflections 
Total unique reflections 
Rlnerge 

No. of reflcns with I 2 3 0 0  
No. of variables 
R 
RN 
gof 
Max A/u (final cyclt) 
Residual density, e / ~ '  

9 . CHC13 
C21H2Z07 .CHC13 . 
505.78 
Monoclinic 
P2,/n 
27.957(1) 
7.427(2) 
11.204(1) 
99.129(5) 
2296.8(7) 
4 
1.462 
1048 
4.39 
0.10 X 0.15 X 0.23 
0.92-1 .OO 
w 
1.25 + 0.35 tan 0 
16 (9 rescans) 
+h,  +k, * 1  
55 
Negligible 
5544 
5277 
0.43 
1564 
297 
0.045 
0.040 
1.89 
0.02 
-0.28 to $0.27 

"Temperature 294 K ,  Rigaku AFC6S diffractometer, Mo-K, 
radiation (A = 0.71069 A), graphite monochromator, takeoff 
angle 6.0°, apenure 6.0 X 6.0 mm at a distance of 285 mm 
from the crystal, stationary background counts at each end of 
the scan (scan/background time ratio 2 :  1, up to 9 rescans), 
u2(F2) = [S2(C + 4B) + (O.OIF')']/L~~ (S = scan rate, C = scan 
count, B = normalized background count), function minimized 
Zw(lF,I-IFJ)' where w = 4~,'/u'(F,'), R = ZIIFoI-IFcII/ZIFoI, 
R,. = ( ~ ~ ( ~ F ~ I - I F ~ I ) ~ / Z W I F , I ' ) " ' ,  and gof = [BW(~F,I-IF,I)~/ 
(rn-n)]"'. Values given for R,  R,,., and gof are based on those 
reflections with I ?  3 o ( I ) .  

Lorentz and polarization effects, and absorption (empirical, 
based on azimuthal scans for four reflections). 

The structure was solved by direct methods, the coordi- 
nates of the non-hydrogen atoms being determined from an 
E-map. There is one molecule of chloroform in the asym- 
metric unit along with the molecule of 9. The non-hydrogen 
atoms were refined with anisotropic thermal parameters, the 
OH hydrogen atoms were refined with isotropic thermal pa- 
rameters, and the remaining hydrogen atoms were fixed in 
calculated positions (C-H = 0.98 A, BH = 1 . 2  B,,,,, ,,,,). 
Neutral atom scattering factors and anomalous dispersion 
corrections for the non-hydrogen atoms were taken from the 
International tables for X-ray crystallography (57). Final 
atomic coordinates and equivalent isotropic thermal param- 
eters, bond lengths, bond angles, and hydrogen-bond data 
appear in Tables A2-A5,  respectively. Hydrogen atom pa- 
rameters, anisotropic thermal parameters, bond lengths and 
angles involving hydrogen, torsion angles, packing dia- 
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TABLE A2. Final atomic coordinates (fractional) and B,, (A')" TABLE A3. Bond lengths (A) with estimated standard deviations 

Atom x Y z Be, Atom Atom Distance Atom Atom Distance 

gram, and measured and calculated structure factor ampli- 
tudes are included as supplementary material. 

3~upplementary material mentioned in the text may be pur- 
chased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K 1 A 0R6. 

Tables of hydrogen atom parameters, bond lengths and angles 
involving hydrogen, and the packing diagram have also been de- 
posited with The Cambridge Crystallographic Data Centre and can 
be obtained on request from The Director, Cambridge Crystallo- 
graphic Data Centre, University Chemical Laboratory, Lensfield 
Road, Cambridge, CB2 lEW, U.K. 

TABLE A4. Bond angles (deg) with estimated standard deviations 
- 

Atom Atom Atom Angle Atom Atom Atom Angle 

c(7) O(3) C(12) 116.9(4) C(l) C(8A) C(4A) 123.1(4) 
C(9) O(l0) C( l l )  109.5(4) C(1) C(8A) C(8) 118.5(4) 
C(3') o(1') C(7') 116.5(4) C(4A) C(8A) C(8) 118.3(4) 
C(5') O(3') C(8') 116.6(4) O(1) c(9) O(10) 120.9(5) 
c(2) c(1) C(8A) 108.9(4) O(1) c(9) c(2) 130.7(5) 
c(2) c(1) C(1') 110.8(4) O(10) C(9) c(2) 108.4(5) 
C(8A) C(1) C(1') 113.5(4) O(10) C(11) C(3) 104.2(4) 
c(1) c(2) (33) 113.8(4) C(l) C(13) Cl(2) 11.3(3) 
c(1) c(2) c(9) 119.0(4) C(l) C(13) Cl(3) 11 1.5(4) 
(33) c(2) c(9) 101.6(4) C(2) C( 13) Cl(3) 1 1 1.4(4) 
c(2) (23) c(4) 109.6(4) C(l) C(1') C(2') 120.0(5) 
c(2) (33) C(11) 100.0(4) C(1) C(1') C(6') 120.4(5) 
c(4) (33) c(11) 119.2(4) C(2') C(1') C(6') 119.5(4) 
c(3) c(4) 109.1(4) C( 1 ') C(2') C(3') 120.5(5) 
C(4) C(4A) C(5) 1 17.9(4) O( 1 ') C(3') C(2') 125.9(6) 
c(4) C(4A) C(8A) 123.2(4) O(1') C(3') C(4') 114.2(5) 
c(5) C(4A) C(8A) 118.9(5) C(2') C(3') C(4') 119.9(5) 
C(4A) C(5) C(6) 122.0(5) O(2') C(4') C(3') 118.1(5) 
o(2) c(6) c(5) 118.6(5) O(2') C(4') C(5') 121.7(6) 
o(2) c(6) c(7) 121.8(5) C(3') C(4') C(5') 120.2(5) 
C(5) (36) C(7) 119.6(5) O(3') C(5') C(4') 114.1(5) 
O(3) (37) (36) 1 14.4(4) 0 0 ' )  C(5') C(6') 126.2(5) 
o(3) (37) c(8) 126.3(4) C(4') C(5') C(6') 119.7(5) 
C(6) C(7) C(8) 1 19.3(5) C(1') C(6') ~ ( 5 ' )  120.3(5) 
(37) c(8) C(8A) 121.9(4) 
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KUTNEY ET AL.: 2 2133 

TABLE A5. Hydrogen bond geometry 

Interaction G-H (A) H . . . o ( A )  o . . . o ( A )  G - H . . . C I / O ~ )  

Discussion of crystal structure 
The crystal structure of 9 . CHC1, is dominated by weak 

hydrogen bonding. The two hydroxyl hydrogen atoms (H(1) 
and H(1')) and the chloroform hydrogen atom (H(14)) are 
each involved in bifurcated hydrogen bonding arrange- 
ments (see Table A5). H(l) is intramolecularly H-bonded to 
O(3) and intermolecularly H-bonded along the c axis to O(1). 
H(1') is similarly hydrogen-bonded, intrarnolecularly to O(3') 
and intermolecularly to O(1') of a molecule related by the 
twofold screw axis along b. The chloroform solvate mole- 
cule is linked by a pair of C-H - .  . O  hydrogen bonds to 

O(1') and O(2') of the same molecule. The molecule 9 is 
shown in Fig. 1. The junction between the five-membered 
lactone ring and the central six-membered ring is trans. The 
lactone ring has a C(3)-envelope conformation and the cen- 
tral cyclohexene ring has C(2) and C(3) displaced in oppo- 
site directions from the plane defined by C(l), C(8a), C(4a), 
and C(4). The bulky 4-OH-3,5-(OMe),-C,H, substituent at 
C(l) occupies a pseudo-equatorial position. The two aro- 
matic rings are planar to within experimental error. Bond 
lengths and angles (Tables A3 and A4) are as expected. 
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Phosphonolipids. 3. Phosphonic acid analogues of phosphatidylinositol 
and related rnateria~s''~ 

CLIFFORD PRATT, YUE-JIN LIU, TING-YI CHU, KARIN MELKONIAN, BURTON E. TROPP, AND ROBERT EN GEL^ 
Depnrtmerzt of Chenzistty and Biochemistry, Queens Collage of the City University of New York, 

Flushing, NY 11367, U . S . A .  

Received February 6, 1992 

CLIFFORD PRATT, YUE-JIN LIU, TING-YI CHU, KARIN MELKONIAN, BURTON E. TROPP, and ROBERT ENGEL. Can. J .  Chem. 
70, 2135 (1992). 

A convergent synthesis of an isosteric phosphonic acid analogue of phosphatidylinositol has been accomplished in which 
a non-hydrolyzable P-C-C linkage is present in place of the normal P-0-C esteric linkage joining the phosphate 
and diacylglycerol portions of the molecule. The synthetic route used provides the configuration at each stereogenic center 
to correspond to that present in the biologically generated phospholipid. In addition, the approach provides asymmetric 
introduction of acyl functions, placing saturated and unsaturated acyl groups in the terminal and internal positions re- 
spectively of the backbone portion of the analogue, corresponding to that present in the biologically generated phospho- 
lipid. 

CLIFFORD PRATT, YUE-JIN LIU, TING-YI CHU, KARIN MELKONIAN, BURTON E. TROPP et ROBERT ENGEL. Can. J.  Chem. 
70, 2135 (1992). 

On a realis6 une synthtse convergente d'un acide phosphonique isosttre analogue du phosphatidylinositol dans le- 
quel on rencontre une liaison P-C-C B la place de la liaison normale P-0-C de l'ester qui relie les portions phos- 
phate et diacylglyckrol de la moltcule. La voie de synthtse utiliske permet d'ttablir que la configuration b e  chacun des 
centres sttreogtnes correspond i celle qui est prtsente dans la phospholipide gentre d'une faqon biologique. De plus, 
cette approche permet d'introduire des fonctions acyles d'une faqon asymktrique, plaqant des groupes saturks et insa- 
turts respectivement dans les positions terminales et internes du squelette de ['analogue, comrne on les retrouve dans le 
phospholipide gtnCrk d'une faqon biologique. 

[Traduit par la rtdaction] 

Introduction 

Phosphoinositides have been the subject of intensive in- 
vestigation in recent years owing to the recognition of their 
role for intracellular signalling in response to extracellular 
stimuli (3). Following the recognition of this biological role 
for phosphoinositides have come efforts toward the labora- 
tory synthesis of not only phosphatidylinositol (a phosphate 
diester) (4), but of a variety of analogues designed to probe 
details of the mechanism of signalling and the potential for 
regulation of the biochemical processes involved ( 1 ,  5 ) .  

In the continuing effort of our laboratory concerning the 
synthesis and investigation of isosteric phosphonic acid an- 
alogues of biological phosphates (2, 6 ) ,  the preparation of 
an analogue of phosphatidylinositol (I)  that incorporates all 
but one of the functional and stereochemical characteristics 
of the biological material has been undertaken. The struc- 
tural variation of this analogue (2), which is of particular 
interest and described herein, involves the introduction of a 
P-C-C linkage in place of the normal P-0-C linkage 
connecting the phosphate with the diacylglycerol backbone 
of phosphatidylinositol. In 2 the entire remaining structural 
elements have been maintained in correspondence with the 
biological material. Specifically, the configuration at each 
stereogenic site in 2, both in the inositol and modified dia- 
cylglycerol portions, matches that of the corresponding site 
of the biological material. Further, the analogue 2 is gener- - - - 
ated with regiospecific disposition of the acyl groups, satu- 
rated (R,) at the terminal position and unsaturated (R,) at the 

phatidylinositol exhibiting preferential interaction with 
phosphatidylinositol-specific phospholipase C (7). 

The route used for the preparation of 2 is a convergent one, 
separate syntheses of the protected inositol and lipid por- 
tions being performed, followed by a coupling and final de- 
protection sequence. Two approaches are described for the 
synthesis of the lipid portion, itself an analogue of phospha- 
tidic acid, these being a classical protection/deprotection 
route and a regioselective epoxide-opening procedure. The 
latter general approach has also been used for the prepara- 
tion of a phosphonic acid analogue of P A F . ~  

The analogue 2, bearing a non-hydrolyzable ester linkage 
in the phospholipid portion of the molecule, is anticipated 
to be of use in the ,investigation of phospholipase C me- 
diated processes of phosphatidylinositol. 

Results and discussion 

internal position. This disposition is in accord with phos- The synthesis of the lipid component of 2, an isosteric 
phosphonic acid analogue of phosphatidic acid, has been 

 o or preliminary reports of this work see ref. 1. 
'paper 2 in this series is ref. 2. ' ~ . - j .  Liu, B. E. Tropp, and R. Engel, unpublished results of 
' ~ u t h o r  to whom correspondence may be addressed. this laboratory. 
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P R A l T  ET AL. 

i. acetone, ZnCl,; Pb(OAc),; tetraisopropyl methylenebisphosphonate/BuLi; aq. acid: ii. p-toluenesulfonyl chloride, pyridine; K2C03, 
methanol (76% yield): iii. BF, etherate, stearic acid (70% yield): iv. oleic anhydride, DMF, pyridine, DMAP, 0°C-r.t. (84% yield) 

SCHEME 3 

1 - 
OH OBn 1 iii 

v iv 

BnO 
BnO 

BnO OH 
OBn 

vii 
OH 

OBn OB n 

(racemic) 11 
(optically active) 

i. DMSO, 2,2-dimethoxypropane, p-TsOH (50% yield): ii. DMF, 97% NaH, benzyl bromide (70% yield): iii. 0.9 M HC1 in methanol 
(75% yield): iv. benzene, NaOH, allyl bromide (58% yield): v. benzene, 97% NaH, benzyl bromide (90% yield): vi. aqueous methanol, 
p-TsOH, 10% Pd/C (38% yield): vii. methylene chloride, triethylamine, (S)-(-)-camphanic acid chloride (95% yield); HPLC separation 
of diastereoisomers, Lichrosorb Si-60, 1% diethyl ether in methylene chloride eluent; 0.1 M KOH in ethanol (98% yield). 

vestigated and is to be published separately . 5 )  Finally, 10 
was acylated at the internal position using a procedure 
known not to involve acyl migration in structurally related 
systems (12). The materials 6 and 7 from the two ap- 
proaches were identical. 

Once prepared, the analogue 7 of phosphatidic acid was 
ready for coupling with a suitably protected, optically ac- 
tive derivative 11 of inositol for the generation of the target 
material 2. The overall route for the preparation of the pro- 
tected inositol 11 is one that involves modifications of in- 
ositol-related and allyl ether cleavage processes previously 
reported (15-17) and is outlined in Scheme 4. 

Resolution of the pentabenzyl-myo-inositol is accom- 
plished by the generation of a diastereoisomeric ester mix- 
ture using (5')-camphanic acid chloride followed by separation 
of the diastereoisomers using HPLC. The synthesis of 2 is 
completed by the coupling of 11 with the independently 
prepared 7 and deprotection as shown in Scheme 5. 

% - j .  Liu and R. Engel, unpublished results of this laboratory. 

The use of (S)-camphanic acid chloride for the resolution 
of 2,3,4,5,6-penta-0-benzyl-myo-inositol has been dis- 
cussed recently (1 8). The coupling using trichloroacetoni- 
trile is an adaptation of a procedure used previously in this 
laboratory and elsewhere (19). The deprotection using io- 
d~trimeth~lsilane (20) rapidly cleaves bknzyl ether linkages 
selectively compared to other ether linkages and ester link- 
ages, liberating the target material without reduction of the 
olefinic linkages. 

This procedure represents the first preparation of a nom- 
inally isosteric phosphonic acid analogue of phosphatidyl 
inositol in which the esteric oxygen of the normal diacyl- 
glycerol backbone has been replaced by a carbon-phospho- 
rus linkage. 

Experimental 
General 

All chemicals were of reagent quality and used without further 
purification with the following exceptions: chloroform was dis- 
tilled over phosphorus pentoxide; pyridine was dried over calcium 
hydride and distilled; dimethylformamide (DMF) was dried over 
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C17H33C02 

OBn 7 
BnO-0 BnO -p=o 

OBn I 
OH 

i. pyridine, trichloroacetonitrile, 5OoC, 72 h (20% yield): ii. chlo- 
roform, iodotrimethylsilane, 20 min (85% yield). 

molecular sieves 4A prior to use; oleoyl chloride (commercial 
source) was kept in the sealed ampoule until immediately prior to 
use; methanol for chromatographic purposes was distilled prior to 
use. 

(S)-(E)-3,4-Dihydroxybut-1-enylphosphonic acid diisopropyl 
ester (3) and its precursors were prepared as previously described 
(10). Racemic I-0-allyl-2,3,4,5,6-tetra-0-benzyl-myo-ioito and 
its precursors were prepared as previously described (15). Thin-layer 
chromatography (TLC) was performed using Polygram Sil N-HR 
sheets (Brinkmann)(PS) or Kodak Chromagram sheets (Eastman) 
(KC). Silica gel for flash chromatography was from EM Science 
(230-300 mesh). HPLC was performed using a Waters 6000A in- 
strument with either a Lichrosorb Si60 (10 pm) column or a 
Bakerbond Chiral DNBPG (Coval) (5 pm) column. Infrared spec- 
tra were measured using a Perkin-Elmer 1600 FTIR instrument, 
and ' H  NMR spectra were measured using an IBM-Bruker 
WP200SY instrument. Optical rotations were measured using a 
JASCO DIP-140 digital polarimeter. Elemental analyses were 
performed by Desert Analytics of Tucson, Arizona, and by 
Schwarzkopf Microanalytical Laboratories of Woodside, New 
York. 

Preparation of (S)-(E)-4-tert-butyldit1zeth~~I~iIo.ry-3-h~~drox~~but-l- 
enylphosphonic acid diisopropyl ester (4) 

The (S)-(E)-3,4-dihydroxy but- 1 -enylphosphonic acid diisopro- 
pyl ester (3)(16.14 g, 64 mmol) was dissolved in dry DMF 
(200 mL) and there was added to it with stirring at room temper- 
ature tert-butyldimethylsilyl chloride (9.96 g, 66 mmol) and im- 
idazole (10.90 g,  160 mmol). The reaction mixture was stirred at 
room temperature for 72 h after which time the volatile materials 
were evaporated under reduced pressure. Water (150 mL) was 
added to the residue and the aqueous solution was extracted with 

ethyl acetate (3 X 200 mL). The extracts were combined, dried over 
calcium chloride, filtered, and volatile materials were evaporated 
under reduced pressure. The residue was subjected to flash chro- 
matography on a silica gel column (120 g, 5 cm diameter) packed 
with methylene chloride. The elution of the column was per- 
formed with the following order of solvents: 525 mL methylene 
chloride; 375 mL 1: 1 methylene chloride:chloroform; 75 mL 
chloroform; 150 mL ch1oroform:ethyl acetate; 775 mL ethyl ace- 
tate. Fractions from the ethyl acetate portion of the elution exhib- 
iting a single spot of R, = 0.67 on TLC (KC, ethyl acetate) as 
visualized with phosphomolybdate spray reagent were combined 
to give the pure desired material (15.48 g, 0.042 mol, 66%), which 
exhibited IR and NMR spectra in accord with the proposed struc- 
ture (4). Specific rotation: [a], -34.0 (0.16 M,  ethanol). The 'H  
NMR (CDCI,) exhibited the following signals: 6 0.1, singlet, 6H; 
6 0.9, singlet, 9H; 6 1.4, doublet of doublets, 12H; 6 3.5-3.9, 
multiplet, 3H; 6 4.3, broad, IH; 6 4.7, multiplet, 2H; 6 5.8-7.5, 
multiplet, 2H. Anal. calcd. for C,,H,,O,PSi: C 52.43, H 9.62%; 
found: C 52.46, H 9.69%. A small amount of material eluted im- 
mediately prior to the desired material and exhibited ' H  NMR and 
IR spectra indicating it to be the result of silylation at both hy- 
droxyl groups of the starting diol. 

Preparation of (S)-(E)-4-tert-bu~ldimetlz~~lsilox~~-3-aceto.~but-I - 
enylphosphonic acid diisopropyl ester (8)  

A sample of 4 (100 mg, 0.27 mmol) was dissolved in acetic an- 
hydride (10 mL) and heated at 100°C for 4 h. After this time all 
volatile materials were removed under reduced pressure. The solid 
residue was found to exhibit a single spot of R, = 0.15 on TLC (KC, 
chloroform) visualized with phosphomolybdate spray reagent. This 
material exhibited IR and 'H NMR spectra in accord with the pro- 
posed structure (8) (I 12 mg, 98.5%). Specific rotation: [a], - 1.1 
(0.054 M, ethanol). The 'H NMR (CDC1,) spectrum exhibited the 
following signals: 6 0 .  I ,  singlet, 6H; 6 0.9, singlet, 9H; 6 1.4, 
doublet of doublets, 12H; 6 2.2, singlet, 3H; 6 3.7, multiplet, 2H; 
6 4.4, multiplet, 2H; 6 4.7, multiplet, 1H; 6 5.8-7.5, multiplet, 
2H. Anal. calcd. for C,,H,,O,PSi: C 52.92, H 9.13%; found: C 
53.22, H 9.19%. 

Preparatiotz of (S)-(E)-4-hydroxy-3-01eoyloxybur-I- 
etzylphosphonic acid diisopropyl ester (5) 

The material (4) (2.16 g, 5.89 mmol) was dissolved in chloro- 
form (40 mL) and cooled to 0°C in an ice bath. There was then 
added to it pyridine (0.9 g, 11.38 mmol) and a catalytic amount of 
4-dimethylaminopyridine (0.050 g) followed by a solution of oleoyl 
chloride (2.95 g, 9 .8 mmol) in chloroform (5 mL). The reaction 
mixture was allowed to come to room temperature and was stirred 
for 4 days. The volatile materials were then removed under re- 
duced pressure, the residue was dissolved in tetrahydrofuran 
(10 mL), and there was added tetrabutylammonium fluoride 
(0.7 g, 3.23 mmol) and the reaction mixture was stirred at room 
temperature for 12 h. Chloroform (100 mL) and water (50 mL) were 
then added and the mixture was stirred vigorously. The layers were 
separated and the aqueous layer was washed with chloroform 
(50 mL). The organic solutions were combined, dried over so- 
dium sulfate, filtered, and volatile materials were removed under 
reduced pressure. The residue exhibited a single spot of Rf  = 0.70 
on TLC (KC, ethyl acetate) and IR and 'H NMR spectra in accord 
with the proposed structure (5) (1.09 g, 36%). Specific rotation: 
[a], - 1.6 (0.05 M,  ethanol). The 'H NMR (CDC1,) spectrum ex- 
hibited the following signals: 6 0.9, broad triplet, 3H; 6 1.2- 1.7, 
broad, 34H; 6 2.0, multiplet, 5H (including OH); 6 2.2, multi- 
plet, 2H; 6 3.9, multiplet, 2H; 6 4.7, multiplet, 2H; 6 5.1, multi- 
plet, 2H; 6 5.3, triplet, 1H; 6 5.8-7.5, multiplet, 2H. Anal. calcd. 
for C2,H,,0,P: C 65.09, H 10.34%; found: C 64.89, H 10.5 1 %. 

Prepccration of (S)-(E)-3,4-epox)1b~ct-l -et~yIphosphorzi ac.irl 
diisopt-opyl ester (9) 

The material (3) (2.0 g, 7.93 mmol) was dissolved in chloro- 
form (7.8 mL) and cooled to 0°C with an ice bath. Pyridine 
(1.26 mL) was then added followed by p-toluenesulfonyl chloride 
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(2.22 g ,  11.6 mmol) and the reaction mixture was stirred for 2 h. 
After this time ether (25 mL) and water (6 mL) were added to the 
reaction mixture. The organic layer was separated and washed with 
water (2 x 16 mL), dried over calcium chloride, filtered, and the 
volatile materials were removed under reduced pressure. The 'H 
NMR (CDCI,) of the crude material (2.2 g) indicated the desired 
material to be present, exhibiting the following signals: 6 1.4, 
doublet of doublets, 12H; 6 2.2, broad, 1H; 6 2.5, singlet, 3H; 6 
3.5-3.9, multiplet, 3H; 6 4.8, multiplet, 2H; 6 5.8-7.5, multi- 
plet, 2H; 6 7.8 AA'BB', 4H. The material exhibited one major spot 
of R, = 0.25 on TLC (KC, 1 : 15 ethyl acetate: hexane) as visual- 
ized with phosphomolybdate spray reagent and was used without 
further purification. The isolated tosylate (2.2 g) was dissolved 
in methanol (24 mL) under nitrogen and potassium carbonate 
(0.98 g ,  7.08 mmol) was added. 'The reaction mixture was stirred 
for 2 h at - 10°C. After this time ether (24 mL) was added and the 
mixture was filtered twice through a pad of silica gel. The crude 
material (1.41 g ,  76%) exhibited one major spot of R, = 0.59 on 
TLC (KC, ethyl acetate) visualized with phosphomolybdate spray 
reagent and IR and 'H NMR spectra in accord with the proposed 
structure. The 'H NMR (CDCl,) spectrum exhibited the following 
signals: 6 1.4, doublet of doublets, 12H; 6 2.7, multiplet, l H; 6 3.1, 
multiplet, 1H; 6 3.4, multiplet, 1H; 6 4.7, multiplet 2H; 6 6.0-7.8, 
multiplet, 2H. The material proved to be too reactive for storage 
or elemental analysis and was used immediately upon isolation. 

Preparation of (S)-(E)-3-hydroxy-4 stearoyloxybut-l- 
enylphosphonic acid diisopropyl ester (10) 

Stearic acid (0.34 g, 1.20 mmol), (S)-(E)-3,4-epoxybut-1-en- 
ylphosphonic acid diisopropyl ester (9) (0.28 g, 1.20 mmol), and 
boron trifluoride etherate (0.082 g ,  1.20 mmol) in ether (total vol- 
ume 1 1  mL) were stirred overnight at room temperature. Volatile 
materials were removed under reduced pressure and the residue was 
subjected to flash chromatography (20 g, 2 cm diameter) packed 
and eluted with chloroform. Fractions exhibiting a single spot of 
R, = 0.18 on TLC (KC, chloroform) as visualized with phos- 
phomolybdate spray reagent were combined to give the pure de- 
sired material (0.436 g ,  70%) which exhibited IR and 'H NMR 
spectra in accord with the proposed structure (10). The 'H NMR 
(CDCl,) exhibited the following signals: 6 0.9, triplet, 3H; 6 1.2, 
broad, 42H; 6 2.3, triplet, 2H; 6 3.3, broad, 1H; 6 3.7, multiplet, 
1H; 6 4.1-4.9, multiplet, 4H; 6 5.8-7.6, multiplet, 2H. Analy- 
sis, C28C5506P requires C 64.83%, H 10.69%; found: C 64.71%, 
H 10.82%. Specific rotation: [aID = 8.9 (0.176 M, chloroform). 

Preparation of (S)-(E)-3-oleoyloxy-4-stearoyloxybut-1- 
enylphosphonic acid diisopropyl ester (6) 

Method A: from 5 
To (S)-(E)-4-hydroxy-3-oleoyloxybut-l-enylphosphonic acid di- 

isopropyl ester (5)(1.66 g, 3.21 mmol) dissolved in chloroform 
(15 mL) cooled to O°C with an ice bath was added pyridine (0.9 g, 
1 1.38 mmol) with a catalytic amount of 4-dimethylaminopyridine 
(0.050 g). There was then added stearic anhydride (1.57 g ,  
5.52 mmol) under a nitrogen atmosphere and the reaction mixture 
was stirred for 3 days, being allowed to come to room tempera- 
ture. The volatile materials were removed under reduced pressure 
and the residue was subjected to flash chromatography (20 g,  2 cm 
diameter) packed with chloroform and eluted with ethyl acetate. 
Fractions exhibiting a single spot of Rf = 0.33 on TLC (KC, ethyl 
acetate) as visualized with phosphomolybdate spray reagent were 
combined to give the pure desired material (1.71 g, 68%), which 
exhibited IR and NMR spectra in accord with the proposed struc- 
ture (5). Specific rotation [a], 0.18 (0.2 M, ethyl acetate). The ' H  
NMR (CDC1,) exhibited the following signals: 6 0.9, broad, 6H; 
6 1.3, broad, 64H; 6 1.8-2.5, multiplet, 8H; 6 4.1-5. I ,  multi- 
plet, 5H; 6 5.3, triplet, 2H; 6 5.8-7.5 multiplet, 2H. Anal. calcd. 
for C,,H,,O,P: C 70.55, H 1 1.20%; found: C 70.4 1 ,  H I 1.24%. 

Method B:fiom I 0  
To  (S)-(E)-3-hydroxy-4-stearoyloxybut- l -enylphosphonic acid 

diisopropyl ester (10) (160 mg, 0.305 mmol) in dry dimethyl 

formamide (2.5 mL) with pyridine (0.25 mL) and 4-dimethyl- 
aminopyridine (0.05 g) at 0°C was added oleic anhydride (0.2 g, 
0.366 mmol). The reaction mixture was stirred and allowed to come 
to room temperature overnight. Volatile materials were removed 
under reduced pressure and the residue was subjected to flash 
chromatography (20 g, 2 cm diameter) packed with chloroform and 
eluted with ethyl acetate:chloroform 3: 1. Fractions exhibiting a 
single spot of R, = 0.33 on TLC (KC, ethyl acetate) as visualized 
with phosphomolybdate spray reagent were combined to give the 
pure desired material (201 mg, 84%), which exhibited IR and 'H 
NMR spectra and optical rotations identical to those noted for 6 
prepared in Method A as noted previously. 

Preparation of (S)-(E)-oleoyloxy-4-slearoylo.rybut-1- 
enlyphosphonic acid (7) 

Under a nitrogen atmosphere (S)-(E)-3-oleoyloxy-4-stearoy- 
loxybut- 1 -enylphosphonic acid diisopropyl ester (6) (0.70 g, 
0.89 mmol) was added to diethyl ether (15 mL). To  the solution 
was added dropwise bromotrimethylsilane (0.46 g, 3.0 mmol) and 
the resultant mixture was stirred at room temperature overnight. The 
reactant mixture was then washed with water (3 X 35 mL) and the 
organic layer was separated, dried over anhydrous sodium sulfate, 
filtered, and evaporated under reduced pressure. The resulting solid 
was recrystallized from a minimum volume of methanol and the 
precipitate was subjected to flash chromatography (20 g,  5 cm di- 
ameter) packed with chloroform and eluted with chloroform 
(200 m ~ j  followed by ethyl acetate (4 X 200 mL). Fractions of the 
ethyl acetate eluent exhibiting a single spot of Rf = 0.14 on TLC 
(KC, chloroform) as visualized with phosphomolybdate spray re- 
agent were combined to give the pure desired material (466 mg, 
75%), which exhibited IR and 'H NMR spectra in accord with the 
proposed structure (7). Specific rotation: [aID 1.42 (0.13 M, chlo- 
roform). The 'H NMR (CDCl,) exhibited the following signals: 6 
0.9, broad triplet, 6H; 6 1.2, broad, 52H; 6 1.8-2.5, multiplet, 8H; 
4.3-4.9, multiplet, 3H; 6 5.3, triplet, 2H; 6 5.8-7.5, multiplet, 2H; 
6 11.5, singlet, 2H. Anal. calcd. for C,oH7s07P: C 68.73, H 
10.82%; found: C 68.73, H 11.01%. 

Preparation of (&)-2,3,4,5,6-penta-O-benzyl-myo-inositol (~)- 
(11) 

The racemic 1-0-allyl-2,3,4,5,6-penta-0-benzyl-myo-inositol 
(4.38 g, 6.72 mmol) was dissolved in methanol (10 mL) to which 
water (10 mL) was added. There was then added 10% Pd/C 
(0.44 g) along with p-toluenesulfonic acid monohydrate (0.44 g) 
and the resulting mixture was heated at reflux for 24 h. Solid ma- 
terials were removed by filtration and the volatile materials of the 
filtrate were removed under reduced pressure to leave an oily 
residue. This residue was partitioned between a water/ether mix- 
ture (80 mL of each) and the ether layer was collected, dried 
over anhydrous magnesium sulfate, filtered, and evaporated under 
reduced pressure. The oily residue was subjected to flash chro- 
matography (40 g, 2 cm diameter) packed and eluted with chlo- 
roform:ether 50: 1. Fractions exhibiting a single spot of Rf = 0.62 
on TLC (PS, ch1oroform:ether 50: I) as visualized with iodine were 
combined to give the pure desired material (1.55 g, 38%) as a clear 
oil, which crystallized on standing to give white crystals that ex- 
hibited IR and 'H  NMR spectra in accord with the proposed struc- 
ture and a melting point in agreement with that previously reported 
(15). The 'H NMR (CDCI,) exhibited the following signals: 6 2.05- 
2.46, broad singlet, 1H; 6 3.33-3.62, multiplet, 3H; 6 3.74-3.94, 
multiplet, 1H; 6 3.96-4.20 multiplet, 2H; 6 4.56-5.13, multi- 
plet, 10H; 6 7.10-7.62, multiplet, 25H. 

Resolution of (&)-2,3,4,5,6-penta-0-benzyl-myo-inosito (*)- 
(11) 

The (2)-2,3,4,5,6-penta-0-benzyl-myo-inositol (1.55 g,  2.46 
mmol) was dissolved in methylene chloride (37 mL) and to it was 
added DMAP (0.033 g ,  0.27 mmol), triethylamine (0.75 g, 
7.43 mrnol), and (-)-camphanic acid chloride (0.64 g, 2.95 mmol). 
The reaction mixture was stirred at room temperature for 24 h, after 
which time it was washed with water (2 X 30 mL) and saturated 
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aqueous sodium chloride solution (20 mL). It was then dried over 
anhydrous magnesium sulfate, filtered, and the volatile materials 
were evaporated under reduced pressure. The residual solid was 
subjected to flash chromatography (40 g, 2 cm diameter) packed 
and eluted using methylene ch1oride:ether 99: 1. Material exhib- 
iting R, between 0.5 and 0.75 on TLC (PS, methylene chlo- 
ride: ether 99 : 1) as visualized using iodine was separated into two 
components using HPLC (Lichrosorb Si-60 10 pm) eluting with 
methylene ch1oride:ether 99: 1. In this way two components (less 
polar ester, R, = 0.73, 1.03 g, and more polar ester, R, = 0.60, 
0.99 g, using the above noted TLC conditions) were isolated as pure 
materials, which exhibited IR and 'H NMR spectra in accord with 
their proposed structures and which were separately subjected to 
hydrolysis. The 'H NMR (CDC1,) exhibited the following signals: 
(less polar ester) 6 0.83-0.96, singlet, 3H; 6 0.96-1.05, singlet, 
3H; 6 1.05-1.19, singlet, 3H; 6 1.48-2.02, multiplet, 3H; 6 2.15- 
2.43, multiplet, 1H; 6 3.50-3.73, multiplet, 2H; 6 4.01-4.32, 
multiplet, 3H; 6 4.50-5.17, multiplet, 11H; 6 6.90-7.54, multi- 
plet, 25H; (more polar ester) 6 0.74-0.90, singlet, 3H; 6 0.90- 1.03, 
singlet, 3H; 6 1.03-1.22, singlet, 3H; 6 1.43-2.10, multiplet; 3H; 
6 2.15-2.46, multiplet, 1H; 6 3.43-3.80, multiplet, 2H; 6 3.90- 
4.40, multiplet, 3H; 6 4.44-5.70, multiplet, 11H; 6 6.93-7.68, 
multiplet, 25H. 

The more polar and less polar esters were each separately hy- 
drolyzed using the procedure as described here for the more polar 
ester. The more polar ester (0.99 g, 1.22 mmol) was added to 
a 0.1 M solution of potassium by hydroxide in ethanol (100 mL) 
and the mixture was stirred at room temperature for 24 h. After 
this time the volatile materials were evaporated under reduced 
pressure and the residue was partitioned between ether:water 10:7 
(170 mL). The layers were separated and the aqueous layer was 
extracted with ether (35 mL). The organic layers were combined, 
dried over magnesium sulfate, filtered, and volatile materials were 
evaporated under reduced pressure. The oily residue was sub- 
jected to flash chromatography (20 g, 2 cm diameter) packed and 
eluted with hexane:ether 1 : 3. The fractions exhibiting a single spot 
of Rf = 0.8 1 (PS, hexane: ether 1 : 3) were combined to give the pure 
desired material (0.725 g, 94.2%), which exhibited IR and 'H NMR 
spectra in accord with the proposed structure (-)-(11). Specific 
rotation: [a], -9.0 (0.11 M, ethanol). The 'H NMR (CDCI,) ex- 
hibited the following signals: 6 2.02-2.26, broad doublet, 1H; 6 
3.25-3.60, multiplet, 3H; 6 3.60-3.87, multiplet, 1H; 6 3.87-4.14, 
multiplet, 2H; 6 4.46-5.08, multiplet, 10H; 6 6.94-7.55, multi- 
plet, 25H. 

The equivalent procedure was performed using the less polar ester 
(1.03 g, 1.27 mmol) leading to the isolation of (+)-(11) (0.726 g, 
90.9%), which exhibited IR, TLC, and NMR data in accord with 
the proposed structure. Specific rotation: [a], +8.8 (0.11 M, 
ethanol). The 'H NMR (CDCI,) exhibited the following signals: 6 
2.08-2.25, broad doublet, 1H; 6 3.22-3.53, multiplet, 3H; 6 3.60- 
3.84, multiplet, 1H; 6 3.86-4.08, multiplet, 2H: 6 4.40-5.04, 
multiplet, 10H; 6 6.88-7.47, multiplet, 25H. 

~ h k  observed specific rotations were in accord with those pre- 
viously reported (16). 

Preparation of (S)-(E)-3-oleoyloxy-4-stearoyloqbut-1 -enyl- 
phosphonic acid 2,3,4,5,6-penta-0-benzyl-myo-inosit-1-yl 
ester (12) 

To (S)-(E)-3-oleoyloxy-4-stearoyloxybut-l-enylphosphonic acid 
(7) (70 mg, 0.10 mmol) dissolved in freshly distilled pyridine 
(0.5 mL) was added (-)-2,3,4,5,6-penta-0-benzyl-myo-inositol 
(-)-(11) (50 mg, 0.08 mmol), followed by an excess of trichlo- 
roacetonitrile (0.45 g). The reaction flask was stoppered under a 
nitrogen atmosphere and the reaction mixture was stirred for 3 days 
using a controlled temperature water bath at 51°C. After this time 
volatile materials were evaporated under reduced pressure and the 
residue was purified by flash chromatography (10 g, 2 cm diame- 
ter) packed and eluted using methylene ch1oride:ether 50: 1. The 
fractions exhibiting Rf = 0.85 on TLC (PS, methylene chlo- 

ride:ether 50: 1) as visualized with phosphomolybdate spray re- 
agent were combined to give the pure desired material (21 mg, 
20%), which exhibited IR and 'H NMR spectra in accord with the 
proposed structure (12). Specific rotation: [a], -2.47 (0.0014 M, 
CC1,). The 'H NMR (CDC1,) exhibited the following signals: 6 0.9, 
broad multiplet, 6H; 6 1.1-1.4, broad multiplet, 52H; 6 1.9-2.5, 
multiplet, 8H; 6 3.3-3.6, multiplet, 3H; 6 3.8-4.0, multiplet, 2H; 
6 4.0-5.0, multiplet, 13H; 6 5.2, multiplet, 1H; 6 5.4, triplet, 2H; 
6 5.6-7.8, multiplet, 2H; 6 7.0-7.4, multiplet, 25H; 6 12.1, sin- 
glet, lH. Anal. calcd. for C8,H,,,OI,P: C 74.17, H 8.84%; found: 
C 73.91, H 9.14%. 

Preparation of (S)-(E)-3-oleoyloq-4-stearoyloqbut-I- 
enylphosphonic acid myo-inosit-1 -yl ester (2)  

The material (S)-(E)-3-oleoyloxy-4-stearoyloxybut- 1 -enylphos- 
phonic acid 2,3,4,5,6-penta-0-benzyl-myo-inosit-1-yl ester (12) 
(7.3 mg, 0.0056 mmol) was dissolved in chloroform (0.5 mL), an 
excess of iodotrimethylsilane (0.25 mL) was added, and the reac- 
tion mixture was stirred at room temperature for 15 min. The re- 
action was quenched by the addition of methanol (0.75 mL). 
Volatile materials were removed under reduced pressure and di- 
ethyl ether (1 mL) was added to the residue. Saturated aqueous 
sodium bisulfite solution (2 drops) was added until the material 
became clear. Volatile materials were removed again under re- 
duced pressure and the residue was subjected to flash chromatog- 
raphy (20 g, 2 cm diameter) packed and eluted with chloroform. 
Those fractions exhibiting a single spot of R, = 0.31 (PS, chloro- 
form) were combined to give the pure desired material (3.7 mg, 
76.7%), which exhibited IR and 'H NMR spectra in accord 
with the proposed structure (2). Specific rotation: [a], -6.38 
(0.0021 M, CHC1,). The 'H NMR exhibited the following sig- 
nals: 6 0.9, broad multiplet, 6H; 6 1 .O- 1.6, broad multiplet, 52H; 
6 1.6-2.5, broad, 8H; 6 3.6, 6H, singlet; 6 3.7-4.5, broad mul- 
tiplet, 9H; 6 5.4,, triplet, 2H; 6 5.7-7.8, multiplet, 2H. Anal. calcd. 
for C46H8501ZP: C 64.16, H 9.95%; found: C 63.90, H 10.10%. 
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Studies on novel carbacephem analogs: synthesis of 7-methoxy-homo-PS-5 
and a 7-methoxy-8-epi-homothienamycin intermediate 
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S. R. SHAKYA and T. DURST. Can. J .  Chem. 70, 2142 (1992). 
The synthesis of two carbacephems bearing a 7-methoxy group and either an additional ethyl (PS-5) or hydroxyethyl 

(thienamycin) side chain has been completed. Rhodium carbenoid insertion methodology was used to generate the bi- 
cyclic ring systems. 

S. R. SHAKYA et T .  DURST. Can. J.  Chem. 70, 2142 (1992) 
On a rCussi la synthkse de deux carbactphkmes portant un groupe 7-mtthoxy ainsi que des chaines lattrales addition- 

nelles Cthyle (PS-5) ou hydroxyCthyle (thitnamycine). On a utilist la mCthodologie d'insertion d'un carbCnoide de rhodium 
pour gCnCrer les systkmes bicycliques. 

[Traduit par la rCdaction] 

Introduction 
As a part of program of synthesizing unusual bicyclic P- 

lactams bearing two substituents a to the p-lactam carbonyl 
group2 we would like to report our work concerning the 
preparation of the carbacephem analogs 1 and 2, which carry 
a 7P-methoxy group in addition to either an ethyl or hy- 
droxyethyl group typical of PS-5 or thienamycin (2, for 
general reference) antibiotics, respectively. The most impor- 

COO-Na + C O O  - 

tant methodology for the construction of the bicyclic ring 
system of both carbapenems and carba-cephems is the 
rhodium carbenoid insertion route developed by Cama3 and 
co-workers at Merck (3).4 Surprisingly, this cyclization 
procedure has not been applied to examples that carry a 
methoxy group at C-6 or C-7 in the final product (4). Suc- 
cess in such cases is by no means assured' since intramolec- 
ular trapping of carbenoids by ether oxygen (eq. [ I 1) has often 
been observed and studied in considerable detail (5).%i- 

' ~ u t h o r  to whom correspondence may be addressed. 
'see ref. 1. 
 h his reaction was first developed by Cama and Christensen in 

oxapenam cyclization (176) and extended to carbapeneins by 
Ratcliffe et ul. (30). 

 or rhodium carbenoid cvclizations to ( 1 ) carba~enems: ref. 30 . , 
and (2) carbacephems: ref. 9. For other cyclization methods, see 
refs. 3b and 3c for carbapenems 3d-3r- and 7c for carbacephems. 
For other methods of preparing P-ketoester precursors for rho- 
dium cyclization: refs. 3s-3u. 

'~uccessful rhodium carbenoid cyclizations were reported in 
synthesis of I -methoxy-carbapenem ( 16), l -oxapena(e)m (1 7) and 
I-oxacepham nuclei (18). In these examples the ethereal oxygen 
is one or two carbons removed from the carbenoid centre. These 
results do not undermine the importance of the present study since 
the distance and stereochemical relationship of methoxy groups to 
the carbenoid center are quite different in the problem at hand. 

 or intramolecular insertion into ether yielding a six-mem- 
bered ring, see ref. 5g. 

trogen substituents,' when present at these positions, were 
shown to interfere in the cyclization process as shown in eq. 
PI (6). 

PNBOOC 

Rh(I1) 

C , H , ,  50°C 
0 N, OPNB 

The combination of ring size and the 7,7-disubstitution 
pattern of 1 and 2 are also of interest for structure-activity 
studies. Carbacephems having a typical amide substituent at 
C-7 are chemically more stable than the analogous cepha- 
losporins but tend to have comparable biological activity (7). 
The replacement of the amide nitrogen by an ester oxygen 
at the carbon a to the p-lactam carbonyl in penicillin and 
cephalosporin was found to diminish the activity (8). Ho- 
mothienamycin is more stable than thienamycin, but inac- 
tive (9). Some activity has been reported in oxacephems 
bearing a hydroxyethyl substituent (10). These results indi- 
cate that the compounds may not have the high antimicro- 
bial activity displayed by thienamycin. Thus compounds 1 
and 2 were considered worthwhile targets, as model com- 
pounds, froin the methodology point of view. 

Results and discussion 
Preparation of the P-ketoesters 7 and 11 

Both 3,3-disubstituted azetidinones 3 and 8 were avail- 
able in multigram quantity via reaction of the p-lactam 

7~uccessful annulations have been reported in the case of car- 
bacephem (3s) and carbapenem (19) with an a-nitrogen substi- 
tuent. It appears that the substituent and stereochemical relationship 
govern the product. Oxacephem having an a-nitrogen group has 
been prepared by this methodology (180). These authors reported 
a small amount of product derived from the insertion of the car- 
benoid into the NH bond at C-7. 
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SHAKYA AND DURST 

OMc OMe 

131 /'rph / - a - / Y " p h a , " c H O  / N\ / 

0 PMP 0 PMP - 'kph 0 PMP 

(a) LDA, THF, EtI, -78 to -30°C or CH,CHO, -78°C; (b) PCC, CH2C12, NaOAc, 4 A mol. sieves, 25°C; (c) L-Selectride, TMEDA, 
THF, -78°C 

enolate derived from N-p-methoxyphenyl-4-cinnamyl-3- 
methoxyazetidin-2-one (1 1) with ethyl iodide and acetalde- 
hyde, respectively (eq. [3]). 

Diastereomerically pure 8 was obtained by oxidation of the 
initially produced mixture of 3-hydroxyethyl adducts to the 
3-acetyl derivative followed by L-Selectride reduction under 
non-chelating conditions (1 1). The p-methoxyphenyl (PMP) 
group in 3 was cleaved using ceric ammonium nitrate (CAN) 
at -25 to -30°C (12). Ozonolysis of the N-TBDMS deriv- 
ative (tert-butyldimethylsilyl triflate, TBDMSOTf (13)) 4 was 
camed out in  dichloromethane with traces of methanol and 
molecular sieves to yield 5 (ir: 1755 and 1740 cm-'; 'H nmr: 
9.61 ppm) in 43% overall yield from 3 (Scheme 1). 

The two-carbon homologation to 6 was achieved in ex- 
cellent yield and in a practical manner on a multigram scale 
using benzyl(triphenylphosphoranylidene)acetate;x both re- 
duction of the double bond and the debenzylation occurred 
upon hydrogenation with 10% Pd on C .  The further elabo- 
ration of 6 to P-ketoester was achieved by activation with 
carbonyldiimidazole and subsequent reaction with the mag- 
nesium salt of mono-p-nitrobenzylester of malonic acid fol- 
lowing the Masamune protocol (14). Methanolic HCl 
treatment of the N-silyl P-ketoester gave the key desilylated 
compound 7. 

A similar sequence was used to obtain the intermediate 11 
having both the 7-methoxy and epithienamycin type side 
chains at C-3. Thus compound 8 was silylated (TBDMSOTf 
and 2,6-lutidine) and cleaved with ozone to afford the al- 
dehyde 9 in 81% overall yield from 8.' Removal of the 
p-methoxyphenyl group with CAN afforded the expected 
aldehyde, which was rather unstable and difficult to handle 
compared to the N-silylated aldehyde 5. Therefore the al- 
dehyde was quickly purified by column chromatography to 
a usable state and subjected to the Wittig homologation se- 
quence described above. 'The carboxylic acid 10 was ob- 
tained in 36% overall yield from 9. The homologation of 10 
to P-keto ester 11 was again achieved using Masamune's 
method (Scheme 2). 

Annulatiori 
Diazo transfer between 7 or 11 and 4-carboxybenezene- 

sulfonazide was catalyzed by triethylamine (15). The re- 
sulting diazo compounds were refluxed in benzene with about 
0.3 mol% of Rhl(OAc), to give 12 (60% from 7) and 13 
(32% from l l ) ,  respectively. No other major products were 
evident by tlc, thus indicating that interference by the me- 

'wittig reaction resulting in four-carbon homologations wing 
(triphenylphosphoranylidene) -2,2,6- trimethyl -4H- 1,3 -dioxin -4-  
one has been reported (3t). This suggested an alternate route from 
5 to 7 .  However, in our hands this reagent proved to be difficult to 
prepare and purify especially on a rnultigram scale. 

'see ref. 1 for experimental details of this conversion. 

OMe , wCH0 
6~, 

0 TBDMS 0 /k~\ TBDMS 

(a) CAN, MeCN, H20,  -25 to -30°C; (b) TBDMSOTf, 2,641- 
tidine, CH2C12, 0-25°C; (c) 0 3 ,  CH2CI, MeOH, -78"C, DMS, 
-78-25°C; (d) Ph,P=CHCOOBn, toluene, reflux; (e) Hz, Pd-C, 
EtOH, 25°C; (f) CDI, THF, Mg(OOCCH,COOPNB),, THF, 25°C; 
(g) 10% HC1, MeOH, 25°C 

thoxy group in the carbenoid cyclization was not of major 
concern. The formation of the second ring in both products 
is evident from the 'H  nmr1° and ir spectra. The appearance 
of an AB pattern for the benzylic protons (6 = 5.25 ppm ( lH,  
d ,  J = 13.9 Hz) and 5.47 ppm ( I H ,  d ,  J = 13.4 Hz)) and 
shift of the p-lactam carbonyl from 1740 (monocyclic pre- 
cursor) to 1752 cm-' (bicyclic ketoester) are expected 
changes in going from 7 to 12. The conversion of 11 to 13 
shows similar changes. The benzylic protons in 11 (6 = 
5.23 ppm (s)) became a quartet in 13 (6 = 5.24 ppm ( l H ,  
d, J = 13.7 Hz) and 5.45 ppm (d, J = 13.4 Hz). A con- 

10 Proton and "C nmr spectra for all key compounds have been 
deposited as Supplementary Material and may be purchased from: 
The Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2. 
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TBDMSO - a, b, c TBDMSO 

0.' \ 
PMP 

OMe 

HO 

(a) CAN, MeCN, H,O, - 10°C; (b) Ph ,MHCOOBn,  toluene, 
reflux; (c) H,, Pd-C, EtOH, 25°C; (d) CDI, THF, 
Mg(00CCH2COOPNB)2, THF, 25°C; (g) 6 N HCI, MeOH, 25°C 

12 X = H, (60%) 
13 X = OH, (32%) 

14 X = H, R = Ac (81%) 
15 X = OH, R = COPNB (68%) 

(a) 4-HOOCPhS02N3, Et,N, MeCN, 0°C; (b) Rh2(OAc),, C6H6, 
reflux; (c) (PhO),POCI, DIPEA, MeCN, O°C, HSCH,CH,NHR, 
DIPEA, 0°C; (d) H,, Pd-C, THF: H20 

comitant shift for the p-lactam carbonyl from 1740 to 
1750 cm-'  was also observed. 

The conversion of 12 to 14 involved the activation of the 
en01 group with diphenylchlorophosphate followed by ad- 
dition of N-acetylaminoethanethiol in the presence of di- 
isopropylethylamine (DIPEA). The epi-homothienamycin 
analog 15 was obtained in similar manner using carbo-p-ni- 
trobenzyloxyaminoethanethiol. Removal of the p-nitroben- 
zyl groups from 14 and 15 via catalytic hydrogenation 
afforded the crude carboxylic acids (Scheme 3). Reverse- 
phase column chromatography purification and lyophiliza- 
tion of the resultant aqueous solution gave the compound 1 
as a white powder; mp: becomes translucent at 177- 178°C 
and chars at or above 2 17°C; ir (KBr): 1742 (p-lactam C 4 )  
cm-'. In vitro antibacterial activity of 1 was determined by 
conventional microtiter dilution procedures. The MIC's were 
higher than 64 kg /mL for organisms such as Streptococcus 
pneumoniae, Streptococcus pyogenes, and Haemophilus in- 
fluenzae, and 128 kg/mL for Enterococcus faecalis, Enter- 

ococcus faecium, Staphylococcus aureus, Staphylococcus 
epidermidis, Staphylococcus haemolypticus, Escherichia coli, 
Klebsiella pneumoniae, Enterobacter cloacae, Proteus 
mirabilis, Proteus vulgaris, Morganella morganii, Proteus 
rettgeri, Serrafia marcescens, Pseudomonas aeruginosa, 
Pseudomonas cepacia, and Xanthomonas maltophilia. The 
purification of carboxylic acid derived from 15 was unsuc- 
cessful on the first attempt. Due to lack of material and the 
discouraging results observed in the studies of antibacterial 
activity of 1, purification of this compound was not re- 
peated. 

Conclusion 

7-Methoxyhomo-PS-5, 1, was found to be inactive as an 
antibacterial compound. From a methodology point of view, 
this study did indicate that the rhodium carbenoid annula- 
tion can be applied in p-lactams having a methoxy group a 
to the lactam carbonyl. We  have successfully applied this 
methodology to the preparation of several 6-methoxy car- 
bapenems including 6-methoxy-PS 5. None of these exam- 
ples display intervention by the a-methoxy group; which will 
be reported shortly. 

Experimental 
The analytical instruments used in spectral analysis are given in 

ref. 1. In addition to these, Bomem Michelson MBlOO and Kratos 
concept 2H instruments were used for infrared and mass spectra, 
respectively. Solvent purification and chromatographic separation 
have also been described (I) .  

I -tert-Bu~ldimethylsilyl-4-cinnnmyl-3-e1hyl-3-methoqazetidin-2- 
one (4) 

A solution of the azetidinone 3 (6.50 g, 19.3 mmol) in 250 mL 
of MeCN was cooled to -25 to -30°C. (Some material precipi- 
tated out after 10 min but the procedure was continued without 
further addition of the solvent.) CAN (32 g, 58.4 mmol) in 60 mL 
of ice-cold water was added dropwise over 20 min. The initial 
greenish-black color turned yellow and at the end of the reaction 
time, the homogeneous solution was brown. Usual work-up using 
ethyl acetate for extraction gave a yellow solid, which on tritura- 
tion with ether gave the free NH p-lactam as a white solid 
(2.30 g, 52%). 

A solution of this intermediate in 50 mL of dry CH2C1, was 
cooled to O°C and 2,6-lutidine (2.32 mL, 19.9 mmol) and 
TBDMSOTf (3.43 mL, 14.9 mmol) was added via syringe. The 
reaction mixture was stirred for 30 min at O°C and 1.5 h at room 
temperature. Usual work-up and purification by column chroma- 
tography ( I  : 15 EtOAc: hexanes) gave 3.40 g (99%) of a pale yel- 
lowish oil 4; ir (film): 1744 (p-lactam C=O) cm-l; 'H nmr 6: 0.15 
(3H, s, CH,Si), 0.21 (3H, s, CH,Si), 0.93 (9H, s, tBuSi), 0.97 (3H, 
t, J = 7.3 Hz, CH,CH,), 1.79-2.01 (2H, m, CH,CH,), 3.43 (3H, 
s, OCH,), 3.98 ( lH,  d, J = 8.7 Hz, CHN), 6.22 (IH, dd, J = 16.0, 
8.9 Hz, CH=CHPh), 6.54 ( 1  H, d, J = 16.0 Hz, CH=CHPh), 
7.10-7.30 (5H, m, Ph); ms (4): 345 (M+, 1 I), 330 (M+ - 15, 18), 
302 (M' - 15-28,4), 288 (M+ - 57,3),  188 (M+ - 157, 100). 
Exact Mass (HRMS) calcd. for C,,H,,NO,Si: 345.21 12; found: 
345.2118. 

I -tert-B~c~ldimet/zylsilyl-3-eth~~l-4-forrnyl-3-me1l~oqazetidin-2- 
orze (5) 

Ozone was passed through a solution of 4 (3.40 g, 9.85 mmol) 
in 50 mL yf dry CHzClz and 5 mL of MeOH containing about 
0.50 g of 4A molecular sieves at -78'C till the solution was bluish. 
Excess ozone was removed by bubbling dry nitrogen through the 
reaction mixture and 3 mL of dimethyl sulfide was added. The re- 
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sulting reaction mixture was warmed slowly to 25°C and kept for 
18 h. After removal of the solvent, the crude product was purified 
by column chromatography (1 : 10 Et0Ac:hexanes) to yield 2.20 g 
(82%) of aldehyde 5 as a colorless oil; ir (film): 1740 (CHO), 1755 
(p-lactam C=O) cm-'; 'H nmr 6: 0.10 (3H, s, CH,Si), 0.29 (3H, 
s, CH,Si), 0.94 (9H, s, tBu), 1 .O 1 (3H, t, J = 7.3 Hz, CH,CH,), 
1.68- 1.88 (1 H, m, CH,CH,), 1.94-2.12 (1 H, m, CH2CH3), 3.40 
(3H,s,0CH3),3.81 ( l H , d , J =  3.1 Hz,CHN),9.61 ( l H , d , J =  
3.0 Hz, CHO); ms (ei): 272 (M' + 1 ,  3), 244 (M' + 1-28, 3), 
214 (M+ - 57, 29), 187 (M' + 1-28-57, 87), 171 (M+ - 100, 
3). 

I -tea-Bu~ldimethylsilyl-4-(2-carbo&l)-3-ethyl-3- 
methnxynzetidin-2-one (6) 

The solution of benzyl(triphenylphosphorany11dene)acetate (3.99 
g, 9.73 mmol) in 100 mL of toluene was stirred with the aldehyde 
4 (2.20 g, 8.12 mmol) at 50-60°C for 18 h. Toluene was removed 
and the residue was triturated with 100 mL of hexanes. Triphenyl- 
phosphine oxide was filtered off and the filtrate was concentrated 
to a yellow oil, which on purification by column chromatography 
(1: 10 Et0Ac:hexanes) gave 3.10 g (95%) of a cis-rrarzs (1 :4) 
mixture of the corresponding a , p  unsaturated ester as a colorless 
011. 

This ester (3.10 g, 7.69 mmol) was dissolved in 10 mL of EtOH 
and hydrogenated in the presence of 2 g of Pd-C (10%) at 20 psi 
(1 psi = 6.9 kPa) for 18 h. Usual work-up gave 2.40 g (99%) of 
acid 6 as a colorless oil; ir (film): 3127 (COOH), 1741 (C=O), 
1676 (COOH) cm-I; 'H nmr 6: 0.18 (3H, s, CH,Si), 0.21 (3H, s, 
CH3Si), 0.87-0.94 (12H, t with overlapping s, CH,CH,, tBu), 
1.48-1.68 ( lH,  m, CH,CH,), 1.90-2.12 (3H, m, CH,CH,, CH,), 
2.21-2.61 (2H, m, CH2CO), 3.37 ( lH,  dd, J = 4.8, 9.2 Hz, 
CHN), 3.47 (3H, s, OCH,); ms (ei): 315 (M', 5 ) ,  300 (M+ - 15, 
14), 272 (M+ - 15-28,5), 258 (M+ - 57, 12), 243 (258-15, 1). 
Exact Mass (HRMS) calcd. for CI5Hz9NO,Si: 315.1868; found: 
315.1867. 

3-te~-Butyldimethylsilyloxyerhyl-4-(2-carbox~~eth~~l)-3- 
methoxyazetidin-2-one (10) 

The aldehyde 9 (7.10 g, 18 mmol) was reacted with CAN 
(29.59 g, 54 mmol) at - 10°C to yield 3.50 g (66%) of N-depro- 
tected aldehyde as a brown oil after column chromatography (1 :4  
Et0Ac:hexanes). This compound showed the aldehyde proton at 
9.6 1 ppm and was judged to be about 60% pure by 'H nmr. It was 
used as such. 

Reaction of the aldehyde (3.50 g, 12 mmol) with ben- 
zyl(tripheny1phosphoranylidene)acetate (7.35 g, 17.9 mrnol) gave 
2.70 g (36% from 9) of a brownish oil after column chromatog- 
raphy (1 :4 Et0Ac:hexanes). The resultant oil was hydrogenated 
to yield 2.10 g (99%) of 10 as a brown oil; ir (film): 3362 (COOH), 
1740 (C=O) cm-'; 'H nmr 6: 0.02 (3H, s, CH3Si), 0.04 (3H, s ,  
CH,Si), 0.84 (9H, s, tBu), 1.21 (3H, d, J = 6.4 Hz, CH3CH2), 
1.80- 1.93 (2H, m, CH2COO), 2.20-2.55 (2H, m, CH,CH,COO), 
3.58 (3H, s, OCH,), 3.59-3.72 ( lH, m, overlaps with 3.58 of 
0CH3,CHN),4.10(1H,q, J = 6.4Hz,CHO),6.73(1H,br,NH); 
ms (ei): 316 (M' - 15,2), 302 (M+ - 29, l ) ,  287 (Mf - 44, 3), 
274 (M+ - 57, 26), 230 (Mf - 101, 21). Exact Mass (HRMS) 
calcd. for C14H2hN05Si (Mf - 15): 316.1576; found: 316.1578. 

3-Ethyl-3-methoxy-4-(4'-p-nirrobenz~~loxyca1-bo1zyl-3- 
oxobuty1)azetidin-2-one (7) 

Carbonyldiimidazole (CDI, 1.50 g, 9.52 mmol) was added to a 
solution of the acid 6 (2.00 g, 6.35 mmol) in 10 mL of THF and 
the mixture was stirred at 25°C for 3.75 h. The suspension of the 
magnesium salt of the mono-p-nitrobenzyl ester of malonic acid" 
(3.20 g, 6.39 mmol) was added by cannula and stirred vigorously 
for 16 h. The reaction mixture was diluted with EtOAc and washed 
with saturated NaCl solution. Column chromatography (1 :4  

Et0Ac:hexanes) of the resulting crude product afforded 0.70 g 
(22%) of a colorless oil. 

The p-ketoester thus obtained (0.70 g, 1.42 mmol) in 10 mL of 
MeOH was stirred overnight with 1 mL of 10% aqueous HCI. Ex- 
cess of the acid was neutralized by adding solid NaHC03. The crude 
product obtained after work-up using EtOAc for extraction was 
purified by column chromatography (6:4 hexanes:EtOAc) to yield 
0.39 g (73%) of 7 as a pale yellowish oil; ir (film): 3292 (NH), 1740 
(C=O), 1720 (COOR), 1522 and 1348 (NO,) cm-'; 'H nmr 6: 0.91 
(3H, t, J = 7.4 Hz, CH,CH,); 1.62-1.69 ( lH, m, CH2CH3), 1.86- 
2.03 (3H, m, CH2CH3, CH,), 2.54-2.69 (2H, m, CH,CO), 3.41- 
3.52 (6H, m, overlapping with s at 3.48, OCH,, COCH,COOR, 
CHN), 5.24 (2H, s, CH2PNB), 5.90 ( lH,  br, NH), 7.50 (2H, d, 
J = 8.9 Hz, PNB), 8.21 (2H, d, J = 8.9 Hz, PNB); ms (ci): 379 
(M+ + 1, 9), 35 1 (M+ + 1-28, 50), 333 (M+ + 1-28- 18, 12), 
319 (M' + 1-60, 33), 301 (319-18, 1). 

3-H~~dro~ethyl-3-methoxy-4-(4-p-nitrobenzylo~carbo1zyl-3- 
oxobuty1)azetidin-2-one (11) 

The carboxylic acid 10 (2.13 g, 6.43 mmol) gave 1.2 g (37%) 
of P-ketoester as a yellow oil using the above homologation pro- 
cedure. 

0-Desilylation of the P-ketoester obtained above was effected 
by treating the methanolic solution of this ester (1.2 g, 2.36 rnmol) 
with 2 mL of 6 N HC1 dropwise at 0-25°C for 18 h to afford 
630 mg (68%) of 11, after passage of the crude product through a 
short silica gel column using EtOAc, as a yellow oil; ir (CH2C12): 
3327 (NH), 1740 (broad CEO), 1523 and 1348 (NO?) cm- '; 'H 
nmr 6: 1.20 (3H, overlapping with EtOAc, CH,CH?), 1.80-2.10 
(2H, m, CH,), 2.30-2.70 (2H, m, CH,), 3.56-3.65 (6H, m with 
overlapping s due to OCH,, CHN, CH?), 4.12 ( lH,  overlapping 
with EtOAc), 5.23 (2H, s, CH2PNB), 6.20 ( lH, s, br, NH), 7.49 
(2H, d, J = 8.2 Hz, PNB), 8.20 (2H, d, J = 8.8 Hz, PNB); ms 
(ci): 353 (M+ + 1-42, 2), 279 (M' + 1 - 116, 2), 274 (M' 
+1-120, 20). 259 (M+ +1-136, I), 215 (M' + 1-180, 6). This 
compound was purified after conversion to the corresponding diazo 
compound. 

p-Nitrobenzyl(7-ethyl-7-methoxy)-3-hydro- -carba-I -dethia-3- 
cephemcarboxylate (12) 

4-Carboxybenzenesulfonazide (0.37 g, 1.63 mmol) was added 
to a solution of the compound 7 (0.38 g, 1 .OO mmol) in 25 mL of 
dry MeCN at 0°C. The resulting suspension turned to a clear so- 
lution after addition of Et3N (0.56 mL, 4.02 rnmol) and was stirred 
for 6 h. The cloudy reaction mixture was diluted with EtOAc and 
washed successively with 5% NaHCO, and saturated NH4C1. Pu- 
rification of the crude product by column chromatography (2:5 
Et0Ac:hexanes) gave 0.35 g (85%) of diazo compound as a col- 
orless oil. 

The diazo compound obtained above (0.35 g, 0.86 mmol) was 
dissolved in 30 mL of dry benzene and 15 mL of solvent was dis- 
tilled off. After cooling to 25°C under N2, about 1 mg of Rh,(OAc), 
was added and the solution was refluxed overnight. Purification of 
the crude product by column chromatography (2: 5 Et0Ac:hexanes) 
furnished 0.23 g (70%) of the product 12  as a white solid; mp 125- 
126°C; ir (KBr): 3435 (br OH), 1752 (C=O), 15 18 and 1344 (NO?) 
cm-'; 'H nmr 6: 1 .OO (3H, t,  J = 7.4 Hz, CH,CH,), 1.55 ( lH ,  br, 
OH), 1.79-2.21 (4H, m, CH,CH,, CH,), 2.47-2.54 (2H, m, 
CH2CO), 3.40-3.48 (4H, dd, J = 10.3, 4.4 Hz, overlapping with 
s, CHN, OCH,), 5.25 ( lH,  d ,  J = 13.9 Hz, CHAHBPNB), 5.47 
( lH,  d, J = 13.4Hz,  CHBHAPNB), 7.66 (2H, d, J = 8 .9Hz ,  
PNB), 8.21 (2H, d, J = 8.9 Hz, PNB); ms (ei): 376 (M+, 2), 348 
(M+ - 28,5), 318 (M' - 28-30,2), 302 (318-16,0.3), 240 (M+ 
- 136, 2). Exact Mass (HRMS) calcd. for C18H2,N207: 376.1268; 
found: 376.1256. 

p-Nitrobenzyl[3-hydroxy-7-]-(I -hydroxyethyl)-7-methoxyI-I- 
cnrba-1 -dethia-3-cephemcarbo,~~~Inte (13) 

Compound 11 (610 mg, 1.55 mmol) when subjected to the diazo 
transfer reaction yielded 520 mg (80%) of a yellowish semisolid "see refs. 9 and 14. 
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(ir: 2120 cm-') after usual work-up and column chromatography 
( 1 : 2, acetone:hexanes). 

The rhodium carbenoid insertion reaction of the diazo com- 
pound (400 mg, 0.950 mmol) and purification by column chro- 
matography (2:3, acetone:hexanes) gave 370 mg (40%) of 13 as a 
yellowish oil; ir (film): 1710-1780 (broad peak centered at 1750 
C=O), 1520 and 1350 (NO,) cm-'; 'H nmr 6: 1.26 (3H, d, J  = 
6.5 Hz, CH3CH,), 1.97-2.14 (2H, m, CH,CO), 2.48-2.60 (2H, 
m, CH,CH,CO), 3.64 (4H, 2s due to OCH, overlapping with 
CHN), 3.83 ( lH,  s, COCHCOO), 4.38 ( lH, q, J  = 6.7 Hz, CHO), 
5.24 ( lH,  d, J =  13.7 HZ, CHAHBPNB), 5.45 ( lH,  d, J  = 
13.4 Hz, CHBHAPNB), 7.63 (2H, d, J  = 8.3 Hz, PNB), 8.20 (2H, 
d ,  J  = 9.8 Hz, PNB); nmr looks like a mixture of ketoenol tauto- 
mers based on the complexity of the spectrum and two methoxy 
peaks; ms (ei): 391 (M+ - 1, 0.4), 277 (M+ - 115, 100), 27 1 (MC 
- 121, 15), 256 (M+ - 136, 2), 21 1 (M+ - 180, 11). 

p-Nitrobenzyl(7-ethyl-7-methog)-3-N-acele/zae/zio-l -carba- 
I -dethia-3-cephemcarboglate (14) 

Compound 12 (0.20 g, 0.53 mmol) in 5 mL of dry MeCN was 
cooled to 0°C under N,. Addition of DIPEA (0.12 rnL, 0.69 mmol) 
gave a yellow-colored solution that disappeared when the reaction 
mixture was stirred for 1 h after addition of diphenylchlorophos- 
phate (0.13 mL, 0.63 mmol). A solution of N-acetylaminoetha- 
nethiol (0.12 g, 1.01 mmol) in 2 mL of dry MeCN and DIPEA 
(0.12 mL, 0.69 mmol) was added and the reaction mixture was 
stirred for 1 h. After usual work-up using EtOAc as solvent, the 
column chromatography of the crude product was carried out using 
a gradient of solvents. Et0Ac:hexanes (1 :2) gave starting com- 
pound 12; Et0Ac:hexanes (3: 1) gave N-acetylaminoethanethiol; 
and hexanes:EtOAc:MeCN (20:40:40) gave 0.20 g (81%) of the 
desired product 14 as a yellowish oil; ir (CHCI,): 3329 (br, NH), 
1755 (p-lactam C=O), 1713 (COOR), 1660 (CONH), 1530 and 
1361 (NO,) cm-'; 'H nmr 6: 0.98 (3H, t, J  = 7.4 Hz, CH,CH,), 
1.75-2.10 (7H, m with overlapping s at 1.90 due to CH,CO, CH,, 
CH,CH3), 2.43-2.76 (2H, m, CH,), 2.79 (2H, t, J  = 5.8 Hz, 
CH2S), 3.25-3.46 (6H, m, with overlapping s at 3.35 due to OCH,, 
CH2N, CHN), 5.20 ( lH,  d, J = 13.6 HZ, CHAHBPNB), 5.30 (lH, 
d, J  = 13.7 Hz, CHBHAPNB), 6.76 (1 H), br t, NH), 7.52 (2H, d, 
J  = 8.9 Hz, PNB), 8.09 (2H, d, J = 8.9 Hz, PNB); I3c nmr 6: 7.3 
(CH,), 21.3 (CH,), 22.7 (CH,), 22.8 (CH,), 26.6 (CH,), 30.1 
(CH,), 38.9 (CH,), 52.7 (CH,O), 56.7 (CH), 65.7 (CH,PNB), 90.7 
(C-7), 122.6 (C=C), 123.6 (CH of PNB), 128.4 (CH of PNB), 
133.2 (C=C), 142.9 (C of PNB), 147.6 (C of PNB), 162.1 
(C=O), 166.3 (C=O), 170.7 (C=O); ms : no M+ ion in ei or ci, 
356 (MC - 121. 1). 328 (356-28+, 4). . . .  

p-Nitrobenzyl(7-hydroxyethyl-7-metho,~y-3-N-ncetylethnnethio)- 
I -cnrba-I -dethia-3-cepherncnrboxylate (15) 

Purification solvent mixture (20: 20: 80 EtOAc : hexanes : MeCN); 
a yellow oil (68%); ir (film): 3400 (br, OH), 1700-1770 (broad, 
C=O), 1520 and 1350 (NO,) cm-'; 'H nmr 6: 1.26 (3H, d ,  J  = 
6.4 Hz, CH3CH,), 1.80-2.60 (4H, m, CH7CH2), 2.88-2.94 (2H, 
m, CH,N), 3.34-3.59 (2H, m, CH,S), 3.60 (3H, s, CH,O), 3.63- 
3.68 (IH, m, CHN), 4.38 ( lH, q, J  = 6.5 Hz, CHO), 5.16 (2H, 
S ,  CH?PNB), 5.27 (IH, d, J  = 13.5 HZ, CHAHBPNB), 5.39 ( lH,  
d, J = 13.4 Hz, CHBHAPNB), 5.59 ( lH ,  br, NH), 7.48 (2H, d ,  
J = 8.8 Hz, PNB), 7.58 (2H, d, J  = 9.0 Hz, PNB), 8.19 (4H, d ,  
J = 8.8 Hz, PNB); ms (ei): highest peak is 238 (MW = 630). 

1661 (CONH), 1610 (COO-) cm-'; 'H  nmr (D20) 6: 0.99 (3H, t,  
J  = 7.4 Hz, CH3CHI), 1.79- 1.9 1 (I H, m, CH2CH3), 1.98 (3H, 
S, CH3CO), 2.00-2.17 (3H, m, CH,CH3, CH,), 2.42-2.54 (2H, 
m, CH,), 2.80-2.86 (2H, m, CH2S), 3.3 1-3.42 (2H, m, CHIN), 
3.44 (3H, s, OCH,), 3.68 ( lH,  dd, J  = 11.7, 3.4Hz,  CHN); I3c 
nmr (D,O) 6: 9.6 (CH,), 24.1 (CH,), 24.6 (CH,), 25.4 (CH,), 28.8 
(CH,), 32.5 (CH,), 42.1 (CH,), 55.5 (CH,O), 60.6 (CH), 94.2 (C- 
7), 120.4 (C=C), 134.7 (C=C), 169.7 (C=O), 172.8 (C=O), 
177.2 (C=O); ms (ei) of free acid: 342 (M+, 0.4), 341 (M+ - 1, 
2), 314 (M+ -28, 8), 270 (M+ - 72,5), 242 (M+ - 100, 2). Exact 
Mass (HRMS) calcd. for CISH2,NZO5S (free acid); 342.1235; found: 
342.1242. 
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Sodium (7-ethyl-7-methog)-3-N-acetylethanethio -cnrba-I- 
dethia-3-cephemcarboxylate (I) 

The PNB ester 14 (0.20 g, 0.42 mmol) in 20 mL of THF:H,O 
(1 : 1) was hydrogenated in the presence of 0.12 g of Pd-C (10%) 
at 40 psi and 25°C for 7 h. After removal of the catalyst and THF, 4. 
the suspension was treated with 36 mg of NaHCO,. The resulting 
mixture was washed with EtOAc and the aqueous layer was ly- 
ophilized to give 0.14 g of crude product. Reverse phase column 
chromatography (10% MeCN in H,O) yielded 0.13 g (77%) of 1 
as a white solid; mp: becomes translucent at 177-178°C and chars 
at or above 217°C; ir (KBr): 3396 (br, NH), 1742 (p-lactam C=O), 
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Ascorbate: antioxidant activity determined in a hydrocarbon phase using 
quaternary ammonium salts as phase-transfer agents 
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L. Ross C. BARCLAY, KELLY A. DAKIN, and HAYDER A. ZAHALKA. Can. J.  Chem. 70, 2148 (1992). 
By shaking sodium ascorbate with tetra-n-butyl ammonium bromide in a two-phase system consisting of water and 

organic phases, such as 1,1,2,2-tetrachloroethane (TCE) or chlorobenzene, sufficient concentrations of the quaternary 
ammonium-ascorbate (quat-ascorbate) are transferred into the organic phase to be useful for antioxidant studies in non- 
polar solvents. The antioxidant activity of the quat-ascorbate was determined by measurement of the (inhibition) rate 
constant, kin,, for the inhibition of autoxidation of styrene initiated thermally by azobisisobutyrylnitrile (AIBN) at 30°C. 
The k,,, of ascorbate in styrene, found to be (9.63 * 2.0) x lo4 M-' s-I, is very much lower than that found for ascor- 
byl-6-palmitate, kin, = (1 10 * 11) X lo4 M-' s-I under these conditions. The differences are discussed in terms of the 
relative effectiveness of hydrogen-atom transfer from the enolic hydroxyl at position 2 of the ascorbate ion compared 
with the more facile such transfer from position 3 of ascorbyl 6-palmitate in a nonpolar medium. 

L. Ross C. BARCLAY, KELLY A.  DAKIN et HAYDER A. ZAHALKA. Can. J. Chem. 70, 2148 (1992). 
Lorsqu'on agite de l'ascorbate de sodium avec du bromure de tetra-n-butyl-ammonium dans un systkme a deux phases 

form6 des phases aqueuses et organiques comme le 1,1,2,2-tCtrachloroCthane (TCE) ou le chlorobenzkne, les concen- 
trations du complexe d'ascorbate qui sont transfCrCes vers la phase organique sont utiles pour des Ctudes d'anti-oxydant 
dans des solvants non-polaires. On a dCtermirC I'activitC anti-oxydante d'ascorbate ainsi transfCrC en mesurant la con- 
stante de vitesse de I'inhibition, k,,,, de l'auto-oxydation du styrkne initiCe thermiquement par I'azobisisobutyronitrile 
(AIBN), a 30°C. La constante d'inhibition de l'ascorbate dans le styrkne, k,,,, = (9,63 * 2,O) X 10' M-' s-I, est beau- 
coup plus faible que celle observ6e avec le palmitate du 6-ascorbyle pour lequel kin, = (1 10 * 1 1) x 10'' M-' s-' dans 
les msmes conditions. On discute des diffkrences en fonction des efficacitks relatives du transfert de l'atome d'hy- 
drogkne port6 par I'hydroxyle Cnolique en position 2 de l'ion ascorbate par rapport a celui port6 en position 3 du pal- 
mitate du 6-ascorbyle dans un milieu non-polaire. 

[Traduit par la redaction] 

Introduction 
The antioxidant property of ascorbic acid is widely rec- 

ognized and several detailed reviews have appeared on this 
subject (1-5). The antioxidant action of ascorbate as well as 
the cooperative or  synergistic antioxidant action between 
ascorbate and vitamin E has been reported in a wide variety 
of media including homogeneous solution (6, 7), in mi- 
celles (8), phospholipid bilayers (9-12), low density lipo- 
proteins (13), and blood platelets (14), but there is recent 
evidence that vitamin C does not "spare" vitamin E "in vivo" 
(15, 16). 

Several anomalies are reported for the antioxidant or 
prooxidant behaviour of ascorbic acid and derivatives and 
results obtained frequently depend on the phase selected for 
the study. Ascorbate alone is not an effective antioxidant 
when autoxidation is initiated in the lipid phase of bilayers, 
whereas it is an active antioxidant against peroxyls in the 
aqueous phase (1 1, 12); and it is reported to be the out- 
standing antioxidant in human blood plasma (17). Pryor et 
al. (18) found that, in a SDS micellar system, lipid-soluble 
(micellar) 6-ascorbyl palmitate has 65  times the activity of 
water-soluble ascorbate. However, ascorbic acid has about 
the same reactivity as 6-steryl ascorbate with a vitamin E 
radical in solution, whereas the ascorbic ester substituted at 
the 2 and 6 positions was only 0.01 times as reactive as 
ascorbic acid (19). Derivatives having an ester group at po- 
sition 2 were reported by Niki and co-workers (20) to not act 

' ~ u t h o r  to whom correspondence may be addressed 

as antioxidants in homogeneous solution, suggesting that the 
enolic 2-OH is the hydrogen donor in inhibition reactions. 
However, others report that the 2-0-alkylascorbic acids (21) 
or 3-0-alkylascorbic acids (22) exhibit potent inhibition of 
lipid peroxidation in rat brain homogenates, indicating that 
both enolic OH groups can act as H-atom donors. Studies of - .  

the antioxidant properties of ascorbate are further compli- 
cated by its ease of oxidation (23-25) and its reported be- 
haviour as a prooxidant under certain conditions, such as in 
aqueous solution containing heavy metal ions (26-28). 

Considering the significance of vitamin C in biological 
systems and its potential for application as an inhibitor in 
other systems, such as inhibition of coloration of wood 
pulps,' it is very surprising that its intrinsic antioxidant ac- 
tivity against peroxyl radicals is not yet known. T o  address 
this problem properly, several basic requirements need be 
met: 

1. It is necessary to generate peroxyl radicals in an ap- 
propriate system at a constant and known rate, the rate of 
chain initiation ( R , ) ,  and where the rate constant of chain 
propagation, k,, is reliably known. 

2. The antioxidant activity of the ascorbate ion, AH-, 
should be determined in a nonpolar medium where polar 
solvation effects, known to strongly affect antioxidant ac- 
tivities (29), are absent. 

3. The antioxidant activity of ascorbate, AH-, should be 

'J. A. Schmidt and C. Heitner. Private communication, Pulp and 
Paper Research Institute of Canada, Pointe Claire, Quebec. 
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compared with an unionized derivative, such as a solvent- 
soluble derivative. 

T o  meet requirement 1, we selected the inhibited autoxi- 
dation of styrene method (30) where the Ri can be con- 
trolled and measured and the k, is known. The suppressed 
oxygen uptake with antioxidant present is given by eq. [I]: 

where n, the stoichiometric factor, is the number of peroxyl 
radicals trapped per molecule of inhibitor, Inh, and can be 
determined when the Ri is known from measurement of the 
inhibition period, T, using eq. [2]: 

Condition 2 is met by using a quaternary ammonium salt 
(Qf X-) to form the ion-pair quaternary ammonium ascor- 
bate (AH-Q') under solid-liquid phase transfer conditions 
(3 1) and transferring this into an organic solvent where the 
concentration of the salt is measured. The third condition is 
met by employing the organic solvent-soluble ester 6-ascor- 
by1 palmitate as antioxidant. In addition, antioxidant activ- 
ities of the ascorbate salt, AH-, and the ester are compared 
with that of 2,2,5,7,8-pentamethyl-6-hydroxychroinan 
(PMHC), which has a known activity, kin,, under these con- 
ditions (30). 

Results 
Formation of quaternary ammonium ascorbate (AHPQ+) 

Equilibration of sodium ascorbate with tetra-n-butyl am- 
monium bromide between water and a larger volume of or- 
ganic solvent (chlorobenzene or 1,1,2,2-tetrachloroethane) 
(TCE) by stirring or shaking the mixture under argon gave 
organic solutions containing ascorbate concentrations suit- 
able for inhibition studies. The procedure using a shaken sealed 
ampoule yielded more reproducible results and is the pre- 
ferred method. With the TCE solvent, transferred-ascorbate 
concentrations were determined spectrophotometrically by 
reference to a calibration curve using sodium ascorbate in 
water: methanol (20:80) where ~(ascorbate) at 268 nm = 

12 090 M-'  cm-'. Under the conditions used, shaking in TCE 
in a sealed ampoule under argon at 30°C, the equilibration 
time to reach a constant ascorbate concentration (4.0 X 

M) was approximately 2 h. Aliquots of this ascorbate 
concentration were used for studies of antioxidant activi- 
ties. 

Inhibition rate constants for ascorbate and ascorbyl 
palmitate compared with PMHC 

The AIBN-initiated autoxidation of styrene has certain 
known advantages as a system to measure antioxidant ac- 
tivities and the inhibition rate constants for a variety of phe- 
nolic inhibitors are known in this medium (30). Typical 
experimental traces for the antioxidant action of phase- 
transferred ascorbate (AH-Q+) ascorbyl palmitate, and 
PMHC for the inhibited autoxidation of styrene are illus- 
trated in Fig. 1. Experimental traces for AH-Qf induction 
periods typically gave indistinct breaks and a slow return to 
the uninhibited rate (e.g., Fig. I(IB)), a feature observed 
before with inefficient inhibitors (29). ~, 

Inhibition rate constants (kin,) were obtained from mea- 
surements of oxygen uptake during the inhibition periods by 
using the integration expression, eq. [3], for the kinetics 
during inhibition as explained previously (18, 29, 30): 

FIG. I. Antioxidant action on peroxidation of styrene (2.00 mL) 
thermally initiated by AIBN at 30°C. (I) AIBN, 3.69 X mol; 
(A) uninhibited reaction; (B) inhibited by ascorbate (AH-Qf), 
3.23 x lo-* mol; (C) inhibited by PMHC, 9.17 X mol; R, = 
2.62 X lo-' M s- ' .  (11) AIBN, 3.66 X mol; (A) uninhibited 
reaction; (B) inhibited by ascorbyl 6- almitate 1 01 x lo-' mol; 
(C) inhibited by PMHC, 7.67 x loq mol; ~ ~ ' = . 2 . 7 4  X M 
s-I. 

where T is the total inhibition period, and the oxygen up- 
take, [02],, is measured at various times, t, during the inhi- 
bition period. The rate of chain initiation (R,) in each 
experiment was measured by injecting measured amounts of 
PMHC, known to be an efficient antioxidant which traps two 
peroxyl radicals per molecule, e.g. ,  its stoichiometric fac- 
tor, n = 2 (30). The kin, for PMHC under these conditions 
was calculated for each run from the slopes of the plots of 
A[O,] versus -In(l - t / ~ )  and using the known k, for sty- 
rene autoxidation, 41 M-' s- '  (30). These plots were linear 
for PMHC inhibition at least 70% through the induction pe- 
riod (Fig. 2). The results are summarized in Table l .  The 
average kin,, 354 5 31 M-' s - ' ,  agrees with the literature 
value (30) within experimental error. 

The results for determination of k,,, for the ascorbate ion 
and ascorbyl 6-palmitate are summarized in Table 2. Linear 
plots were obtained for A[02] versus -ln(l - t / ~ )  through 
about 50% of the inhibition period (Fig. 2) but were nonlin- 
ear near the end of the induction period for ascorbate as the 
chain lengths increased. Concentrations of quat-ascorbate in 
chlorobenzene were not measured. Calculations of antioxi- 
dant activities by the slope method (eq. [3]) do  not require 
the concentration of inhibitor nor the stoichiometric factor 
n.  This factor has been reported to be less than integral val- 
ues for ascorbate and derivatives due to the loss of inhibitor 
in other "wasting" reactions. For example, n is reported as 
1.5 for ascorbyl palmitate in SDS micelles (18) and it is 
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FIG. 2. Plots of oxygen uptake during inhibition periods versus 
- In (1  - t / r )  during autoxidation of styrene (2.00 mL) thermally 
initiated by AIBN (3.65 X lo-' mol) at 30°C. (I) Inhibited by 
AH-Q+, 8.54 x lo-' mol. (11) (A) Inhibited by ascorbyl 6-pal- 
mitate, 1.01 x 10-"01; (B) inhibited by PMHC, 7.71 X lo-' mol. 

known to be concentration dependent for vitamin C in 
aqueous solutions, varying from 2 at low initial concentra- 
tions (1 pM) to a low value at high concentrations (1 mM), 
due to its ease of autoxidation (32). Under our conditions 
(C = 5 pM), we determined the stoichiometric factor for 
ascorbyl 6-palmitate to be 0.7 by measurements of the in- 
duction period, T, for this inhibitor under conditions where 
the Ri was determined by PMHC (e.g., eq. [2]. 

A few experiments were carried out to determine if 
ascorbate, (AH-Q+), and ascorbyl palmitate could act co- 

operatively with PMHC, a phenomenon observed before with 
vitamins C and E (6-12). Combinations of PMHC with 
AH-Q' extend the efficient inhibition periods of PMHC as 
illustrated in a typical example in Fig. 3. Similar results were 
obtained for combinations of PMHC and ascorbyl palmitate 
(not shown). The extension of the efficient PMHC by AH-Q' 
is indicative of reductive regeneration of PMHC from its 
phenoxyl radical. The product of the extension of the in- 
duction period of PMHC in each case and the R; is a mea- 
sure of the stoichiometric factor, e. g. ,  eq. [4], 

The values of n,  under these conditions, are 0.96 for AH-Q' 
and 0.8 1 for ascorbyl palmitate. 

A variation in the stoichiometric factor for ascorbate can 
cause quite large errors in determination of k,,, because of 
the loss of antioxidant by reactions other than inhibition 
during the measurement, especially at high initial inhibitor 
concentration. Therefore, inhibition rate constants for the 
ascorbate ion-pair were determined for a range of initial 
concentrations (1.7-16 pM) and the results are given in Table 
2. Reasonably consistent k,,%e calculated within any given 
run as illustrated for the detailed results given in Run No. 1, 
but variations occur by as much as a factor of 2 between runs, 
probably due to the loss of ascorbate by autoxidation. A range 
of k,,, for ascorbate ion-pair is taken as (8-12) X 10'' M-' 
s-' or an average of (9.63 2 2.0) x 10%- s- I .  The value 
for ascorbyl palmitate determined under these conditions is 
significantly higher, (1 10 2 1 1) x 1 O4 M- ' s- I .  

Discussion 

In the aprotic hydrocarbon medium in our studies, ascor- 
by1 6-palmitate is expected to be present as the nonionic form 
1, whereas the ascorbate ion-pair is represented by 2. Struc- 
ture 1 has two enolic hydrogens at positions 2 and 3 that 
might act as hydrogen-atom donors to peroxyl radicals. 
However, only the radical at position 3 can be stabilized by 
delocalization over the entire conjugated 5-atom system as 
represented by 3. On the other hand, the ascorbate in ion-pair 
2 can only donate an enolic hydrogen atom from position 2, 
resulting initially in a less favoured cross-conjugated enolic 
radical. Structure 2 can be regarded as a model for the usual 
form of ascorbate under physiological conditions (pH 7) 

TABLE 1. Antioxidant activity of PMHC for AIBN thermally initiated peroxidation of 
styrene at 30°C 

Antioxidant R," klnhd 
No. PMHC (mol X 10" (M s-' X lo') v' range (M-' s-' x loM4) 

- 

"2.00 mL styrene and 3.65 X lo-' mol AIBN were used. 
'The R,, rate of chain initiation, as measured by the inhibition period method, eq. [2] of text, 

by PMHC. 
'The chain length, v ,  calculated at points along the inhibition period from the equation: 

v, = ([O,], - [O]r=O)/rt[AH],, (I - 117) In( l - I/T) (refs. 29, 30) 
'%alculated from the slope of the plot of AIO1] versus -In(l - I/T), eq. [3], using k, = 41 M ' 

s- '  (30). 
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TABLE 2. Determination of klnh of ascorbate (AH-Q+) and ascorbyl palmitate (asc-pal) for AIBN thermally initiated peroxidation of sty- 
rene at 30°C" 

Antioxidant R~~ [Od khnh 

No. (mol x lo9) (M S- '  x lo9) t / ~  -In(l - t / ~ )  (M x lo4) vC (M-I S- '  x 

1 14.6 (AH-) 570 9.77 
650 8.88 
710 8.43 
772 8.06 
830 7.80 
876 7.70 
918 7.66 
976 7.53 
1028 7.49 

1080 7.49 
1126 7.55 
1182 7.59 
1244 7.64 

k,,, = 7.97" t 0.68 
312-1162 11.9 + 2.5 

c 8.82 t 0.44 
C 12.4 2 1.5 
c 8.06 t 0.57 

142-552 8.63 + 1.4 
46-58 117 2 15 
22-28 102 2 12 

2 19.1 (AH-) 
3 3.41 (AH-) 
4 3.76 (AH-) 
5 5.29 (AH-) 
6 32.6 (AH-) 
7 10.1 (asc-pal) 
8 23.5 (asc-pal) 

"Each run used 2.00 mL styrene and AIBN (3.35 X - 3.70 X 1 0 -  mol). 
"R, obtained with PMHC injected immediately before injection of AH-Q' or asc-pal. 
'See Table 1 ,  footnote '; approximating n = 1, for AH- and asc-pal (see text). The ranges of v were: No. 2, 300-1 100; No. 6, 140-500 to 3000 for 

Nos. 3-5. 
"k,,, calcd. by the slope method = 7.38 X lo3 M- 's- ' .  

CHOH 

I 
CH20R 

CHOH 

I 
CH20H 

FIG. 3. Cooperative action of antioxidants on peroxidation of I 
styrene thermally initiated by AIBN (3.69 X lo-' mol) at 30°C. (A) )\C-OH /'%-OH 
Uninhibited reaction; (B) inhibited by PMHC, 5.99 x mol; 0 I I - 0  I 
(C) inhibited by PMHC (5.99 X 10 -9 mol) and AH-Q+ (2.29 X \H,c-o* \H,C=O 
lo-' mol). C C 

I I 
where it would be present in such an ionized form, since 

CHOH 
I 

CHOH 

I 
CH20R pKaI = 4.2. 

Some rate constants for the reaction of ascorbic acid and 
6-ascorbyl palmitate with peroxyl radicals, reported by var- 
ious researchers as illustrated in Table 3, indicate remarka- 

3 

ble variations. There is no precedent for the determination R = pallnitate 
of k,, for ascorbic acid or ascorbate under the conditions we 
used. Various factors could account for such differences in volved, the effect of the medium, since protic solvents are 
rate constants including the reactivities of the peroxyls in- known to lower the k i n ,  values of phenolic antioxidants (29) 
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TABLE 3. Some absolute rate constants for the reaction of ascorbic acid with peroxyl radicals 

No. Radical" ~ e t h o d ~  Medium k (M-' S-I) Reference 

1 CH300 Pr aq. alcohol (pH7) 2.2 X lo6 
2 C1,COO. Pr aq. alcohol (pH 7) 2.0 x lo8 
3 HOO. P aq. (pH 0.3-1 .O) 1.6 x lo4 
4 LinOO. la TBA/CH30H 7.5 x lo4 
5 LinOO. ia SDS/micelles (pH 7) 3.2 x lo3 asc 

2.10 x lo5 asc-pal 
6 Polystyryl 00. ia Styrene 9.6 x lo4 AH-Q+ 
6 Polystyryl 0 0 .  ia Styrene 1.10 x lo6 asc-pal 

34 
34 
24 

6 
18 
18 

This work 
This work 

"LinOO refers to the peroxyl radical formed during peroxidation of linoleate. 
hpr, pulse radiolysis and ia, inhibition of autoxidation methods. 

(and presumably of ascorbic acid), and the experimental 
method. W e  employed the method of inhibited autoxidation 
of styrene developed by Ingold and co-workers (30), be- 
cause it is reproducible and their value for PMHC was ob- 
tained in the nonpolar medium of neat styrene. The reaction 
of HOO. with ascorbic acid would occur by hydrogen-atom 
donation (Table 3 ,  No. 3) but hydrogen bonding in the 
aqueous medium is expected to lower the reactivity of the 
peroxyl radical (33) and reduce the H-atom donating ability 
of ascorbic acid. Similar solvation effects could account at 
least in part for lower rate constant values observed in al- 
cohols (No. 4) and aqueous micelles (No. 5). We find the 
ratios of antioxidant activities of ascorbyl palmitate - ascor- 
bate = 11.5 in styrene significantly different from that of 65.6 
reported in SDS micelles (Table 3 ,  Nos. 5 and 6). Solvation 
effects of the biphasic aqueous-micellar system probably 
results in differences in absolute and relative reactivities 
compared with homogenous solution in styrene. 

The antioxidant activity of ascorbyl palmitate, 1 ,  (k,,, = 
110 x lo3  M-' s-') compares favourably with that of phe- 
nolic antioxidants or even of the hydroxy chroman, Trolox 
(klnh = 110 X lo4  M-' S-I), where activities were deter- 
mined under similar conditions (30). This relatively high 
activity is interpreted as arising by hydrogen-atom donation 
to peroxyl radicals from the enolic hydrogen at position 3 of 
1 ;  that is, the k,,, is controlled by the stability of the result- 
ing radical, 3. On the other hand, the ion-pair, 2, would do- 
nate a hydrogen from position 2 in the rate-controlling step 
resulting in a less stable radical. W e  realize that this is 
probably an oversimplification of the mechanism of antiox- 
idant action of ascorbic acid and the ascorbate ion. Our re- 
sults do  not distinguish between other possibilities; for 
example, electron transfer from ascorbate, 2, to peroxyls 
followed by hydrogen-ion transfer would be equivalent 
overall to hydrogen-atom abstraction from 2 by peroxyls. We  
also note that our interpretation does not account for the rather 
surprising finding that ascorbic acid with an ester group at 
the 2-position is reported not to act as an antioxidant in the 
oxidation of methyl linoleate in homogeneous solution (20). 
It is possible that a steric effect may be operating to inhibit 
the attack of linoleoyl peroxyl at the 3-position when posi- 
tion 2 is occupied by a fatty acid ester. 

Our results do  distinguish for the first time between the 
antioxidant action of ascorbic acid as its 6-ester, a remark- 
ably effective antioxidant, and ascorbate ion, a relatively poor 
one, under comparable conditions in arz aprotic medium. It 
is anticipated that these quantitative results will aid our un- 

derstanding of the varying behaviour of ascorbic acid and 
ascorbate ion as antioxidants, including antioxidant activi- 
ties under conditions in which it is either in the protic form 
or in the ionic form at pH ranges approaching physiological 
conditions. 

Experimental 

Chemiculs urld preparations 
Common solvents used, methanol and water, were of HPLC 

quality. Chlorobenzene, Aldrich highest purity, was distilled from 
glass and 1,1,2,2-tetrachloroethane was obtained from Fisher Sci- 
entific. Styrene (Aldrich) was distilled under reduced pressure and 
passed through basic alumina to remove traces of peroxides just 
before use. The quaternary salt, tetrabutylammonium bromide 
(Aldrich) was dissolved in tetrachloroethane; 90-93 mM. Solu- 
tions of 2,2'-azobisisobutyronitrile (AIBN), Polysciences, Inc., 
were prepared in chlorobenzene and stored at -2°C. Solutions of 
the inhibitors ascorbyl 6-palmitate, ICN Nutritional Biochemi- 
cals, in chlorobenzene ((2.2-4.6) x M) and 2,2,5,7,8-pen- 
tamethyl-6-hydroxychroman (PMHC), a gift from Dr. Graham 
Burton, National Research Council of Canada, Ottawa, in chlo- 
robenzene ((3.6-4.6) X lo-' M) were stored at -30°C in the dark. 
Sodium ascorbate (Aldrich) was used as received. 

Phase transfer and ur~czljsis of ascorbate 
In a typical phase-transfer experiment, a mixture of solid so- 

dium ascorbate (0.160 g), water (100 pL), tetrachloroethane 
(4 mL), followed by the addition of 4 mL of a solution of tetra- 
butylammonium bromide (93 mM) in tetrachloroethane, was either 
magnetically stirred under argon in a round-bottom flask or shaken 
in a sealed glass ampoule at 30°C. The latter gave the more con- 
sistent analytical results for ascorbate and was used in the inhibi- 
tion experiments. 

Measurement of the concentration of the quat-ascorbate, AH-Q+, 
in the organic phase required the determination of the A,,, and E 

of ascorbate. For this purpose, a calibration plot was prepared for 
various known concentrations of sodium ascorbate in 
water: methanol (20: 80) containing comparable amounts of tetra- 
chloroethane. The E for ascorbate under these conditions was 
12 090 at 268 nm. 

Determination of the quat-ascorbate concentration was carried 
out on the samples after centrifugation to remove possible traces 
of sodium ascorbate. Aliquots (100 pL) of the organic phase were 
diluted to 5.0 mL in water:methanol (20:80) and the absorbance 
measured at 268 nm with the same solvent containing tetrachlo- 
roethane as reference. These experiments were conducted after 
various mixing (or shaking) times to estimate the equilibrium con- 
centration of quat-ascorbate in the organic phase. 
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Autoxidation and inhibition studies 
Autoxidation was carried out on neat styrene (2.00 mL) at 30°C 

at an initial pressure of 760 Torr (1 Torr = 133.3 Pa) of oxygen 
using the calibrated dual-channel apparatus described previously 
(29). The rate of uninhibited oxygen uptake was measured. This 
was followed by determination of the rate of chain initiation (R,) 
by injection of a known amount of PMHC and measurement of the 
resulting inhibition period. Then known amounts of quat-ascor- 
bate ion-pair solutions, typically 20-30 p,L of chlorobenzene or 
tetrachloroethane containing 4.0 x AH-Q', or ascorbyl pal- 
mitate, were injected and inhibition periods measured. Separate 
blank experiments were canied out by injections of similar amounts 
of these solvents mixed with water and tetra-n-butyl ammonium 
bromide (e.g., without ascorbate). There was no observed effect 
on the rate or induction period. Some measurements were also made 
with mixtures of PMHC and ascorbate or ascorbyl palmitate. 
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A study of computed rotational barriers of methyl groups and 'H and 13c 
spin-lattice relaxation rates in some steroids 
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LAWRENCE D. COLEBROOK and NING QING. Can. J. Chem. 70, 2 154 (1992). 
'H and I3C spin-lattice relaxation rates of the methyl groups of 15 steroids have been measured, and rotational bar- 

riers of the methyl groups have been calculated, using force field methods. Correlations between relaxation rates and 
computed rotational barriers have been investigated. 'H and "C relaxation rates are consistent, and correlate with rota- 
tional barriers in simpler steroids. Steroids that are highly substituted with polar groups, and that must be investigated 
in polar solvents, tend to show poor correlations, an observation that is attributed to limitations in the computational model 
employed, which does not account for the effects of specific solvation or molecular association. 

LAWRENCE D. COLEBROOK et NING QING. Can. J .  Chem. 70, 2154 (1992). 
On a mesure les vitesses de relaxation spin-rCseau 'H et I3C des groupes mCthyles de 15 steroides et on a calcult les 

barribres rotationelles des groupes mCthyles en utilisant des methodes de champs de force. On a CtudiC les corrClations 
entre les vitesses de correlation et les valeurs calculCes pour les barribres a la rotation. Les constantes de relaxation 'H 
et I3C sont coherentes et il existe une corrClation avec les barribres rotationnelles dans des stCroides plus simples. Les 
stero'ides portant plusieurs groupements fortement polaires, qui doivent Ctre CtudiCs dans des solvants polaires, ont tend- 
ance a presenter de mauvaises corrClations; cette observation est attribuCe aux limitations dans la mCthode de calcul util- 
isCe qui ne tient pas compte des effets de solvatation spCcifique ou d'associations molCculaires. 

[Traduit par la redaction] 

In dilute solution (50 .1  M in a deuteriated solvent) the 
spin-lattice relaxation of most 'H and I3c nuclei is domi- 
nated by the intramolecular dipole-dipole mechanism. For a 
molecule tumbling isotropically, the dipole-dipole contri- 
bution, R,(dd), to the overall relaxation rate is given by eq. 
[ l ]  in terms of the relaxation contribution between two non- 
equivalent nuclei, i, j: 

where y, and yj are the magnetogyric ratios of the i and j nu- 
clei, r i j  is their internuclear separation, and s,.(i, j) is the 
motional correlation time of the vector between them. The 
net R,  value for a nucleus is dependent on the overall tum- 
bling rate of the molecule as a unit, plus the contribution from 
any additional motion of a substituent group that carries that 
particular nucleus. Because of the l / r6  term in eq. [ l ] ,  the 
influence of a relaxation pathway is attenuated very rapidly 
with increasing distance between nuclei, so that it is the near 
neighbours of a nucleus which dominate its relaxation. 

A methyl proton relaxes largely to its neighbouring pro- 
tons on the same carbon atom. The carbon atom of a methyl 
group is relaxed almost exclusively by the protons it car- 
ries. Differences between the I H  relaxation rates of methyl 
groups in the same molecule arise, therefore, largely from 
differences in the correlation times for local rotational mo- 
tion of the methyl groups, while differences between the I3c 
relaxation rates of methyl groups in the same molecule arise 
almost exclusively from this origin (1). An increase in the 
rate of methyl group rotation reduces the efficiency of the 
dipole-dipole relaxation mechanism. 

Relaxation in small molecules, which experience fast 
tumbling and fast methyl group rotation, may be compli- 

' ~ u t h o r  to whom correspondence may be addressed. 
'~ev is ion  received January 14, 1992. 

cated by contributions from the spin-rotation mechanism (2), 
which has an inverse dependence on the rotational rate of the 
methyl group (3). The effect of the spin-rotation contribu- 
tion is to reduce the sensitivity of the overall relaxation rate, 
which is usually dominated by the dipole-dipole mechanism 
(I) ,  to steric factors that influence the methyl group rota- 
tional rate. 

The sensitivity of methyl group relaxation in steroids to 
steric factors was first systematically investigated by 
ApSimon et ul. (4). They measured the "C relaxation times 
of the 18- and 19-methyl groups for a number of com- 
pounds, and proposed a model for methyl group rotation and 
relaxation based on the number and type of steric interac- 
tions experienced by each methyl group. It was assumed that 
the ground-state and transition-state conformations of these 
methyl groups in steroids approximate to those in ethane, the 
former being the usual staggered conformation and the lat- 
ter the eclipsed. The model assumes that a decrease in steric 
hindrance from a neighbouring group will stabilize the ground 
state more than the transition state, thereby increasing the 
activation energy for rotation of the methyl group with re- 
spect to the rest of the molecule. The net effect of the resul- 
tant decrease in rotation rate will be an increase in the 
observed R l  value. The relative rates of rotation of the 18- 
and 19-methyl groups of the trans-anti-trans androstanel 
cholestane system were rationalized in terms of the number 
of syn-clinal interactions with axial hydrogen atoms of rings 
A, B ,  and C ,  plus smaller interactions with hydrogen atoms 
of ring D. Provided that the transition states for rotation are 
closely similar, it follows from this analysis that the rate of 
rotation of the 18-methyl group of androstane should be 
lower, and hence its R l  value should be greater than that of 
the 19-methyl group. In a later study, Colebrook and Hall 
( 5 )  investigated 'H spin-lattice relaxation in a similar group 
of steroids. The experimental data of both groups were con- 
sistent with this model. Introduction of a double bond at 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COLEBROOK AND Q ~ N G  2155 

C-1(2), C-4(5), or C-5(6), with resultant reduction in the 
number of interactions involving the 19-methyl group, in- 
creases the relaxation rate of that group but leaves the 18- 
methyl group largely unaffected, in accord with the model. 

A severe limitation of this qualitative model is the diffi- 
culty in predicting the magnitude of the steric interactions 
affecting a methyl group. The two studies quoted show that 
it can work well when the methyl group can adopt a stag- 
gered, ethane-like geometry, with easily visualized syn-clinal 
interactions, but the predictions become much more diffi- 
cult when other interactions are involved (5). The net steric 
influence on the rotational barrier of a methyl group will be 
the sum of a number of interactions of varying magnitude, 
which may affect both the ground and the transition states 
for rotation. What is needed is a quantitative, nonsubjective 
method for estimating methyl group rotational barriers. 

The increasing accessibility and simplicity of operation of 
molecular mechanics calculations make computation of the 
barriers to rotation of methyl groups feasible. This offers the 
possibility of using quantitative estimates of methyl group 
rotational barriers with experimentally determined R, val- 
ues to interpret 'H and "C relaxation rates. The calculations 
can readily be carried out using a suitably equipped per- 
sonal computer or workstation. We have evaluated this pro- 
cedure for a number of steroids containing two or more 
methyl groups. 

A molecular dynamics study of methyl group rotation in 
some podocarpanes, using force field calculations and "C 
relaxation times, has been reported by Bernassau and co- 
workers (6). Agreement was found between methyl group 
rotational barriers c o m ~ u t e d  from nmr relaxation measure- 
ments and from force field calculations. 

Methyl group rotational barriers may be calculated using 
the "dihedral driver" option of the MM2 and MMP2 algo- 
rithms (7), following optimization of the molecular struc- 
ture (8). In this procedure, the energy of the structure is 
minimized for each chosen dihedral angle of the group being 
rotated, so that the energy calculated for the transition state 
for rotation allows for conformational changes in the rest of 
the molecule to accommodate rotation. All rotational bar- 
riers reported here were calculated by the full dihedral driver 
procedure. 

'H methyl group relaxation is complicated by the pres- 
ence of factors that can lead to bi-exponential decay in the 
relaxation recovery curve used to determine Rl  (9-1 1). 
However, by working with data in the. initial slope region of 
the recovery curve (12), where the effects of dipolar cross- 
correlation have been shown to be negligible (9), the R, data 
can be accurately characterized by a single exponential. 

Results and discussion 
The steroids examined in this study were classified into 

four groups according to the effects of structural changes on 
the 18- and 19-methyl groups: 

Series I :  Compounds 1-5. Double bonds were succes- 
sively introduced into ring A,  so that nonbonded interac- 
tions involving the 19-methyl group were affected, but the 
18-methyl group remained essentially unaffected. 

Series 11: Compounds 6 and 7. The configurations of 
substituents (H, CH,) at C-16 were interchanged, with con- 
sequent changes in nonbonded interactions with the 18-methyl 
groups. 

Series Ill: Compounds 8-11. The configuration of a hy- 

droxyl group at C-1 1 was inverted and it was replaced by an 
0x0 group to study the influence on rotational barriers and 
relaxation rates of both the 18- and the 19-methyl groups. 

Series IV: Compounds 12-14. The configurations of hy- 
droxyl groups and the oxidation state at C-1 1 were varied for 
another series of compounds with a different substitution 
pattern at C- 17. 

The influences of structural changes on the rotational 
barriers and relaxation rates of the 18- and 19-methyl groups 
were investigated using two types of comparisons. Interrzal 
comparison pem~itted direct study of 'H and '-'c spin-lattice 
relaxation rates of the 18- and 19-methyl groups and their - .  

computed rotational barriers within a molecule as structural 
changes were introduced (Series I and 11). Since the relax- 
ation rates of the 18- and 19-methyl groups are being com- 
pared within a single molecule, both groups experience 
similar influences from overall molecular tumbling. Exam- 
ination of the "C relaxation rates of the protonated ring car- 
bon atoms of testosterone, 2 ,  showed no evidence for 
anisotropic motion of the ring backbone (13), and it is as- 
sumed that any effects of overall anisotropic motion on 18- 
and 19-methyl group relaxation are negligible in all of the 
compounds examined. Exterrzal comparison was necessary 
when the effects of structural changes influence both the 18- 
and 19-methyl groups, requiring study of the relaxation rates 
and computed rotational barriers in different compounds 
(Series 111 and IV). Normalization of the relaxation rates to 
that of a nucleus remote from the site of structural change is 
essential when external comparisons are being made, since 
the effects of differing experimental conditions and molec- 
ular tumbling rates must be eliminated (1). 

Chemical shift assignmerzts 
Reliable 'H chemical shift assignments based on NOED 

measurements have been reported for progesterone acetate 
(14) and 1-dehydrotestosterone, 3 (15). The 18- and 19- 
methyl group chemical shifts in prednisolone, 9, were also 
assigned using this technique. The remaining steroids in this 
study were assigned (Table 1) by comparing their chemical 
shifts with those of the models, or by correlation with pre- 
viously assigned "C spectra. 

Spin-lattice relaxation rates 
Since Bernassau and co-workers (6) established that the 

dipole-dipole mechanism is the sole "C relaxation mecha- 
nism in their podocarpanes, which are similar in molecular 
weight and geometry to steroids, it was considered unlikely 
that spin-rotation would make a significant contribution to 
methyl group relaxation in the present group of compounds. 
This assumption was verified through "c-{'H} heteronu- 
clear NOED measurements on 1 la-hydroxyprogesterone, 12. 
No significant reduction in the intensities of the "C 18- and 
19-methyl group signals that would be characteristic of a 
contribution from a nondipolar mechanism was seen ( 1 ) .  It 
is assumed that contributions to 'H relaxation mechanisms 
will parallel those of the I3c nucleus of the same methyl 
group. 

'H  and "C 18- and 19-methyl group R, values are re- 
ported for 15 steroids (Tables 2-4). In Series I, androstan- 
olone, 1, testosterone, 2 ,  and dehydrotestosterone, 3, double 
bonds are successively introduced into the A ring, the rest 
of the molecule remaining unchanged. Similarly, the pair of 
compounds, 5a-pregnane-3,20-dione, 4 ,  and progesterone, 
5,  differ by the introduction of a A, double bond into the latter 
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TABLE 1. Chemical shifts" of the 18- and 19-methyl groups of ste- 
roids 

'H (ppm) I3C ( P P ~ )  

Compound 18 19 18 19 

1 Androstanolone 0.76 1.03 
2 Testosterone 0.81 1.21 
3 1-Dehydrotestosterone 0.82 1.25 
4 Pregnanedione 0.60 1.00 
5 Progesterone 0.65 1.18 
6 16a-Methylpregnenolone 0.66 1.02 
7 16P-Methylpregnenolone 0.96 1 .OO 
8 Prednisonec 0.50 1.40 
9 Prednisolonec 0.80 1.40 

10 Cortisone" 0.46 1.30 
11 Dihydrocortisonec 0.74 1.36 
12 1 la-Hydroxyprogesterone 0.70 1.32 
13 1 lP-Hydroxyprogesterone 0 .92~  1 .46d 
14 1 1 -Ketoprogesterone 0.62 1.40 
15 Cortisone acetate 0.61 1.36 

"CDCI, solution, unless otherwise noted. 
hUncertain assignment. 
'DMSO-d, solution. 
dAssigned by comparison with progesterone, 5. 

(Table 2). It was demonstrated previously that removal of 
1,3-nonbonded interactions between axial A-ring hydro- 
gens and the 19-methyl group following the introduction of 
double bonds influences the 'H and I3c relaxation rates of 
this group (4, 5). Using qualitative arguments, this effect has 
been attributed to changes in the rate of rotation of the group 
resulting from changes in steric interference. 

Removal of 1,3-nonbonded interactions is predicted to 
cause an increase in the rotational barrier of the methyl group. 
In androstanolone, 1, the compound with the maximum 
number of nonbonded interactions, the methyl group has no 
energetically favorable conformation available - its rot- 
ational ground state energy is high. As nonbonded inter- 
actions are removed, available conformations become 
energetically more favorable, and the differences between 
rotational ground and transition state energies increase - the 
rotational barrier increases (4). 

In Series I, the computed rotational barriers for the 18- 
methyl groups are essentially identical (Table 2), as ex- 
pected. The computed barriers of the 19-methyl groups reflect 
the stabilization of the rotational ground state energies as 
double bonds are successively introduced (Table 2), in- 
creasing from 3.22 kcal/mol in androstanolone, 1, to 
5.07 kcal/mol in dehydrotestosterone, 3. In androstano- 
lone, the computed barrier for the 19-methyl group is smaller 
(89%) than that of the 18-methyl group; in the other com- 
pounds it is larger, 120% and 142% in testosterone and de- 
hydrotestosterone, respectively. Thus, computation supports 
the qualitative model used previously ( 4 3 .  

The I3c R I  values in this series correlate well with the 
computed rotational barriers. Thus, in androstanolone, 1, the 
19-methyl group is predicted to have a lower barrier than 
the 18-methyl, and the observed I3c relaxation rate is lower 
(85%). However, the 'H relaxation rates of these groups are 
the same within experimental error in this compound. In the 
other two compounds, the 19-methyl group is predicted to 

have a higher barrier than the 18-methyl, and both the ob- 
served 'H and I3c R I  rates are higher. 

The dynamic range of 'H R, values is much smaller than 
that of the I3c R I  values, and the correlation with predicted 
rotational barriers is not quite as good. In androstanolone, 
1, the 18- and 19-methyl relaxation rates are almost identi- 
cal despite the predicted higher rate of the 18-methyl group. 
In the other two compounds, the 19-methyl group 'H Rl  rates 
correlate well with prediction. Throughout the group, the 
changes in the 19-methyl group relaxation rates correlated 
well with the predicted changes in the rotational barriers. 

Similarly, in the pregnanedione-progesterone pair, 4 and 
5, the predicted 18-methyl rotational barriers are identical, 
whereas the predicted 19-methyl group rotational barriers 
increase on the introduction of unsaturation to the A-ring. In 
both cases, the 19-methyl group is predicted to have a higher 
rotational barrier than the 18-methyl group. In both cases, 
the I3c relaxation rates are significantly higher for the 19- 
methyl group, in accord with prediction. In pregnanedione, 
4, the 'H R l  values of the 18- and 19-methyl groups are 
almost identical, despite prediction, but the correlation is 
better in progesterone, with a higher predicted rotational 
barrier. 

The 16m- (6) and 16P-methylpregnenolone (7) pair (Se- 
ries 11) differ through a configurational change at C-16, which 
should affect the 18- more than the 19-methyl group. Inter- 
nal comparison shows a good correlation between rotational 
barriers and relaxation rates for both compounds, e.g., the 
rotational barrier of the 19-methyl group of 6 is higher than 
that of the 18-methyl group. (3.78 vs. 3.21 kcal/mol), and 
the I H  R l  value of the 19-methyl group is higher than that of 
the 18-methyl group (1.64 vs. 1.35 s-I). Steroid 7 showed 
as good a correlation as 6 .  The I H  R,  data show that epi- 
merization at C-16 does affect the relaxation rate of the 
18-methyl group, as predicted, but there is no detectable in- 
fluence at the 19-methyl group. 

The compounds in Series I11 provide a somewhat differ- 
ent comparison. Since the changes in the molecules at C-1 1 
should affect both the 18- and the 19-methyl groups, exter- 
nal comparison was applied in this series by normalizing the 
methyl group Rl  values to those of 'H-4 and I3c-4. The cal- 
culated rotational barriers of the 18-and 19-methyl groups in 
8 are lower than those of 9 (1%: 2.78 vs. 3.24 kcal/mol; 19-: 
4.08 vs. 4.82 kcal/mol, respectively), thus the normalized 
'H relaxation rates of both methyl groups in 8 showed lower 
values than in 9 (1%: 3.67 vs. 4.30; 19-: 3.47 vs. 3.69) 
(Table 3). The normalized I3c RI values, which show a small 
range, did not give as good correlations as the 'H Rl  values 
(1%: 0.48 vs. 0.50; 19-: 0.46 vs. 0.42). Similarly, the ro- 
tational barriers of 10 and 11 correlated well with the R l  
values except that the I3c R I  values of both compounds are 
again similar. Internal comparisons in this series show 
anomalies that are discussed later. 

Comparison of 8 and 10, and 9 and 11, shows that re- 
moval of 1,3 nonbonded interactions significantly increases 
the rotational barrier and the I H  relaxation rates of the 19- 
methyl groups. 

Series IV enables comparison of the effects of equatorial 
and axial hydroxyl and 0x0 groups in the 11-position of ste- 
roids. External comparison shows that both the 18- and the 
19-methyl groups are affected by a change in stereochem- 
istry or oxidation state at C-l 1. The 18-methyl group in 11 P- 
hydroxyprogesterone, 13, has the highest rotational barrier 
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TABLE 2. Calculated methyl group rotational barriers" and measured spin-lattice relaxation ratesb of steroids 

18-Methyl 19-Methyl Ratios 

Compound 'H I3c RB' 'H 1 3 ~  RB' 'H I3c RB 

Series I 

1 

Series I1 

6" 
7" 

"Calculated using the dihedral driver option of M M X .  

hMeasured at 400 MHz ('H, degassed 0.1 M CDCI, solutions) or 20.1 MHz ("C, non-degassed CDCI, solutions), and 
calculated by nonlinear regression, unless otherwise noted. 

'Calculated rotational barrier, kcal/mol. 
"Measured at 270 MHz (non-degassed 0.1 M CDCI, solutions), and calculated using the null point method (from ref. 

5). 

TABLE 3. Calculated methyl group rotational barriers" and measured relative spin-lattice relaxation ratesb of 
steroids 

18-Methyl 19-Methyl Ratios 

RI R, RI (19/18) 

Compound 'H I3c RB' 'H I ~ C  RB" 'H 13c RB 

Series 111 (DMSO-d6 solution) 

8 3.67 0.48 2.78 3.47 0.46 4.08 0.95 0.96 1.47 
9 4.30 0.50 3.24 3.69 0.42 4.82 0.86 0.84 1.49 

10 2.36 0.54 2.72 1.90 0.42 3.19 0.80 0.78 1.17 
11 3.86 0.53 3.23 3.12 0.48 4.01 0.81 0.91 1.24 

Series IV (CDCI, solution) 

12 2.09 0.48 2.47 2.45 0.66 4.35 1.17 1.38 1.76 
13" 3.00 3.95 2.20 4.32 0.74 1.09 
14 2.67 0.81 2.78 2.09 0.51 4.08 0.78 0.63 1.47 

"Calculated using the dihedral driver option of MMS. 

*Determined at 400 ( 'H, degassed) or 20.1 ("C, non-degassed) MHz, and calculated by nonlinear regression, unless 
otherwise noted. The R, values are normalized to the R,  value of 'H-4 or "C-4 (= 1.0). 

'Calculated rotational barrier, kcal/mol. 
dDetermined at 270 MHz (0.1 M in CDCI,, non-degassed), and calculated using the null point method (5). 

(3.95 kcal/mol) and the highest normalized (3.00) 'H R,  
value in the series, while its epimer, 1 la-hydroxyproges- 
terone, 12, has the lowest rotational barrier (2.47 kcal/mol) 
and the lowest normalized relaxation rate (2.09). The ke- 
tone, 14, has an intermediate barrier (2.78 kcal/mol) and 
relative R,  value (2.67). The 19-methyl groups in this series 
are less sensitive to the substituent at C-1 1. The rotational 
barrier of the 19-methyl group of 12 (4.35 kcal/mol) is 
slightly higher than that of 13 (4.32 kcal/mol), as is its nor- . 

malized 'H R ,  (2.45 vs. 2.20), whereas the ketone, 14, has 
the lowest rotational barrier (4.08 kcal/mol) and relative 
relaxation rates (2.09). Thus, external correlations between 

rotational barriers and relaxation rates in Series IV are all in 
the expected sense. 

In Series I11 and IV all 19-methyl groups are predicted to 
have higher rotational barriers than the 18-methyl grou s. P, However, internal comparison shows that both the 'H and C 
relaxation rates of all of the 18-methyl groups are higher than 
those of the 19-methyl groups, with the exception of com- 
pound 12. Since these compounds contain several carbonyl 
and hydroxyl groups, it is suggested that the methyl group 
rotational barriers are affected by strong solvation or asso- 
ciation in solution. 

Limited solubility in nonpolar solvents of steroids highly 
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TABLE 4.  Calculated methyl group rotational barriers" and mea- 
sured relative ' H  spin-lattice relaxation rates" of 12 and 15 

18-Methyl 19-Methyl Ratio, 19/ 18 

Solvent R,' RB" R,' RB" R ,  RB 

12 DMSO-d, 2.90 
(2.26) 

12 CDC13 2.09 
(1.44) 

15 DMSO-d6 2.76 
(3.73) 

15 CDCl, 1.96 
(2.48) 

"Molecular mechanics calculations were carried out on an Olivetti M24 
computer, using PCMODEL and MMX. 

"'H-R, values were determined at 400 MHz, 0.1 M solutions. 
'R, values are relative to that of H-4, except experimental values are in 

parentheses. 
"Calculated rotational barrier, kcal/mol. 

functionalized with polar groups restricted investigation of 
solvent effects on methyl group relaxation. However, 'H 
relaxation rates in both CDCI, and DMSO-d, solutions of 
1 la-hydroxyprogesterone, 12, and cortisone acetate, 15, 
could be measured. Average relaxation rates were higher in 
the more viscous solvent, DMSO-d6, than in CDCl, solu- 
tion in both compounds; e.g., the 'H R l  of H-4 in 15 is 
1.35 s-I in DMSO-d6 and 0.79 s-I in CDC1,. 

For compound 12, the normalized (with respect to H-4) 
R ,  values in DMSO-d6 of both the 18- and the 19-methyl 
groups are higher than those in CDCI,, indicating that sol- 
vation affects the local motion of both methyl groups (Table 
4). Since the molecule has polar functional groups adjacent 
to both methyl groups (a hydroxyl group centrally located and 
carbonyl groups flanking the methyl groups), solvation af- 
fects both methyl groups. Therefore, the experimental R ,  data 
for the two methyl groups are consistent with each other, and 
with the prediction. 

For compound 15, the density of polar functional groups 
is higher near ring D and, in DMSO-c16 solution, the spin- 
lattice relaxation rate of the 1 &methyl group is higher than 
that of the 19-methyl group (3.73 vs. 2.70, normalized), 
contrary to prediction (Table 4). The same discrepancy has 
been noted for compounds 8-13. However, in CDCl, solu- 
tion, the 18-methyl group of 15 relaxes more slowly than the 
19-methyl group (2.48 vs. 2.97, normalized), in accord with 
prediction. These results indicate that there are differential 
solvent effects on the spin-lattice relaxation rates of the 18- 
and 19-methyl groups of 15, and that the discrepancies from 
predictions based on molecular modelling occur when the 
more polar solvent is used. 

Conclusions 

Bernassau and co-workers (6) established a successful 
correlation between computed methyl group rotational bar- 
riers and experimentally determined barriers derived from I3c 
relaxation times in five nonpolar podocarpane derivatives, 
measured in CDC13 solution. Our data also correlate well 
when the steroids have few polar substituents and are mea- 

sured in a relatively nonpolar solvent (CDCI,). However, 
when the steroid is heavily substituted with polar groups, and 
when the measurement must be taken in a polar solvent, the 
correlation between 'H and ',c spin-lattice relaxation rates 
and the computed rotational barriers may break down. The 
discrepancy is most likely attributable to an inadequate model 
for the force field calculations, which are gas phase, and do 
not take molecular interactions into account at the level at 
which the calculations were performed. There is evidence for 
preferential solvation effects, in which the methyl group 
adjacent to the polar substituents is more affected than the 
remote methyl group. Thus, force field calculations of this 
type may work well, but they should be applied with cau- 
tion in predicting properties of polar molecules measured in 
polar solvents. 

Experimental 
The 'H nmr spectra were determined (0.1 M in CDCl, or DMSO- 

d6 solution) at 400 MHz using a Bruker WH-400 spectrometer lo- 
cated at the Montreal Regional High Field NMR Laboratory, with 
the exception of some 270 MHz spectra that were reported previ- 
ously (5). I3c spectra were determined at 20.1 MHz (CDCI, so- 
lutions) using a Bruker WP-80SY spectrometer fitted with a 10-mm 
broadband probe. 'H-R, values were usually measured on de- 
gassed samples, since paramagnetic contributions from dissolved 
oxygen contribute to the overall relaxation rate. Samples for I3c 
measurements were not degassed. The DEPT spectral editing se- 
quence (16) was used as an aid to ')c spectral assignments. The 
difference technique for measuring I3c nOe enhancements has been 
described previously (1). R,  values were measured using the stan- 
dard inversion-recovery two-pulse sequence (17), followed by 
nonlinear regression analysis (performed on an Olivetti M24 mi- 
crocomputer) of data down-loaded from a Bruker Aspect 2000 
spectrometer computer. Data analysis was confined to the initial 
slope region (121, defined by a single exponential. ?'he precision 
of the measurements was better than 2% or 5% for 'H and I3c R I  
values, respectively. Samples were used as received from Aldrich 
and Sigma Chemical Companies. 

Molecular mechanics calculations were carried out with an 
Olivetti M24 microcomputer (with 640k memory, co-processor, 
hard disk, and Microsoft mouse) using the programs MMX and 
WMODEL (18) (Serena Software, Bloomington, Ind., U.S.A.). MMX, 

a batch program lacking graphics output, is an implementation of 
the Allinger MMP2 algorithm (7), and includes T-calculations and 
the dihedral driver option. The version of PCMODEL used has 
graphics output but does not include T calculations or a dihedral 
driver (with optimization). It was used for structure input (for 
PCMODEL and MMX), using a mouse. 

The structures of compounds containing conjugated T-systems 
were optimized using MMX.  The structures of compounds without 
conjugated T-systems were initially optimized using WMODEL. MMX 

was used for optimizations preceding dihedral driver calculations. 
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Polynuclear pyrazolate complexes of copper. Crystal and molecular structures of 
[Cu(tmpz)],, [C~(3-CO,dmpz)(tmpzH)]~Cu, and [Cu(4-Br-3-C02mepz)(4-Br- 

dmpzH),], (where mepz = methylpyrazolate, dmpz = dimethylpyrazolate, and tmpz 
= trimethylpyrazolate) and magnetic susceptibility studies on the dinuclear complex 
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MARTIN K. EHLERT, STEVEN J. RETTIC, ALAN STORR, ROBERT C. THOMPSON, and JAMES TROTTER. Can. J. Chem. 70, 
2161 (1992). 

The reaction of molten trimethylpyrazole (tmpzH) with copper metal shot in air yields a mixture of the trinuclear cop- 
per(1) complex [Cu(tmpz)13, 1 ,  and the trinuclear copper(I/II) complex [C~(3-CO~dmpz)(tmpzH)]~C~, 2 (where dmpz 
is dimethylpyrazolate). Crystals of 1 are monoclinic, a = 8.403(3), b = 22.453(2), c = 1 1.362(2)A, P = 95.83(2)", 
Z = 4, space group P2,/c. Crystals of 2 are triclinic, a =  10.988(3), b = 11.009(2), c = 6.457(1) A, a = 103.13(2)4 
p = 103.02(2)", y = 108.70(2)", Z = I ,  space group P1. The reaction of molten 4-bromodimethylpyrazole (4-BrdmpzH) 
with copper metal shot in air gave the binuclear copper(I1) complex [Cu(4-Br-3-C02mepz)(4-BrdrnpzH)&, 3 (where mepz 
is rnethylpyrazolate). There are two crystalline forms of 3: 3a, triclinic, a = 10.152(3), b = 13.068(3), c = 10.033(3) 
A, a = 112.38(2)O, P = 116.46(2)', y = 70.29(2)O, Z = 1, space group P I ;  and 3b, monoclinic, a = 13.470(1), b = 
16.005(2), c = 20.174(1) A, P = 98.142(6)", Z = 4, space group C2/c. Magnetic susceptibility studies on a bulk sam- 
ple of 3 (2.0-300 K) revealed antiferromagnetic coupling between the double pyrazolate bridged copper centres and analysis 
of the data according to a Heisenberg model for coupled pairs of S = 1 /2 metal ions gave -75.4 crn-I for the value of 
the exchange coupling constant, J. The crystal structures of 1, 2, 3a, and 3b were solved by the Patterson method and 
were refined by full-matrix least-squares procedures to final R values of 0.036, 0.056, 0.042, and 0.042 for 2265, 1764, 
201 1, and 2575 reflections with I 2 3u(I), respectively. 

MARTIN K. EHLERT, STEVEN J. RETTIG, ALAN STORR, ROBERT C. THOMPSON et JAMES TROTTER. Can. J. Chern. 70, 
2161 (1992). 

La reaction du trirnCthylpyrazole (tmpzH) fondu avec du cuivre rnetallique pulverise dans l'air fournit un melange du 
cornplexe trinucleaire du cuivre(1) [Cu(tmpz)13, 1, et le cornplexe trinuclCaire de cuivre(I/II) [Cu(3-C02drnpz)(trnpzH)]Q, 
2 (dans lesquels drnpz est le dirnethylpyrazolate). Les cristaux du produit 1 sont rnonocliniques, groupe d'espace P2,/c 
avec a = 8,403(3),_b = 22,453(2) et c = 11,362(2) A, P = 95,83" et Z = 4.Aes cristaux du produit 2 sont tricliniques, 
groupe d'espace PI avec a = 10,988(3), b = 1 1,009(2) et c = 6,457(1) A, a = 103,13(2), f3 = 103,02(2) et y = 
108,70(2)" et Z = 1. La reaction du 4-brornodirnCthylpyrazole (4-BrdrnpzH) fondu avec du cuivre rnetallique pulv&risC 
dans I'air fournit le cornplexe dinucleaire du cuivre(I1) [Cu(4-Br-3-C02rnepz)(4-BrdrnpzH)&, 3, pans lequel rnepz est 
le rnCthylpyrazolate. I1 existe deux formes cristallines du produit 3 : 3a, triclinique, groupe d'espace PI  avec a = 10,152(3), 
b = 13,068(3) et c = 10,033(3) A, a = 112,38(2), P = 116,46(2) et y 70,29(2)" et Z = 1; et 3b, rnonoclinique, groupe 
d'espace C2/c avec a = 13,470(1), b = 16,005(2) et c = 20,174(1) A, P = 98,142(6)" et Z = 4. Des Ctudes de sus- 
ceptibilite rnagnetique sur un Cchantillon global du produit 3 (2,O-300 K) revdent la presence d'un couplage antifer- 
romagnCtique entre les centres du cuivre doublernent pontC au pyrazolate et une analyse des donnkes, suivant le rnodkle 
de Heisenberg pour les paires couplCes d'ions metalliques avec S = 1 /2, conduit a une valeur de -75,4 crn-I, pour la 
constante de couplage d'kchange, J. Les structures cristallines des cornposCs 1 ,  2, 3a et 3b ont CtC resolues par la rnCthode 
de Patterson et elles ont CtC affinCes par la methode des rnoindres carrCs (rnatrice cornplkte) jusqu'i des valeurs de R de 
0,036, 0,056, 0,042 et 0,042 pour respectivement 2265, 1764, 201 1 et 2575 reflexions avec I >  3u(I). 

[Traduit par la rtdaction] 

Introduction 
Reactions of copper metal shot with molten pyrazole and 

substituted pyrazoles in the presence of dioxygen have been 
successfully employed in the synthesis of the polymeric 
binary copper(ll) pyrazolates, [Cu ( p ~ * ) ~ ] , ,  (where pz* = 

pyrazolate (I) ,  3-methylpyrazolate,' 4-methylpyrazolate (2), 
3,5-dimethylpyrazolate (3), and indazolate'). By control- 
ling the conditions in order to achieve slow polymer for- 
mation it has been possible to obtain the pyrazolate and 
4-methylpyrazolate polymeric compounds in crystalline form 
suitable for single crystal X-ray diffraction studies (1, 2). In 
the current study, further investigation of this reaction with 
other substituted pyrazoles has revealed that products other 
than the binary copper(I1) pyrazolates may form depending 

' ~ u t h o r s  to whom correspondence may be addressed. 
'M. K. Ehlert, A. Storr, and R.  C. Thompson, unpublished re- 

sults. 

on conditions and particularly when the pyrazole involved 
contains methyl substituents in the 3- and 5-positions. In this 
paper we describe our studies with 3,4,5-trimethylpyrazole 
(tmpzH) and 4-bromo-3,5-dimethylpyrazole (4-BrdmpzH) 
in which, by isolation and X-ray structural characterization 
of the title compounds, we are able to identify an interest- 
ing reaction involving oxidation of a methyl substituent to 
carboxylate. 

The trinuclear copper(1) and copper(I/II) complexes, 
[Cu(tmpz)],, 1, and [Cu(3-CO,dmpz)(tmpzH)]~u, 2, re- 
spectively were isolated from the reaction of molten tmpzH 
with copper metal shot in air. A similar reaction involving 
4-BrdmpzH gave the binuclear copper(I1) complex, [Cu(4- 
Br-3-CO,mepz)(4-BrdmpzH),1,, 3. We report here single 
crystal X-ray diffraction studies on the three con~plexes and 
a variable temperature magnetic susceptibility study on the 
binuclear complex. Binuclear copper(I1) complexes that have 
been structurally characterized, that contain bridging pyra- 
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zolate ligands, and that exhibit strong antiferromagnetic in- 
teractions have been reported previously (4-7). In this earlier 
work,  however ,  the interpretation of  the magnetic data  w a s  
complicated by  the presence, in the complexes,  o f  other  
bridging ligands in addition to the bridging pyrazolates. The  
binuclear complex reported here is,  to  our  knowledge,  the 
first example of  a structurally and magnetically character- 
ized purely pyrazolate-bridged binuclear copper(I1) species. 

Experimental 
Syrztheses 

3,4,5-Trimethylpyrazole and 4-bromo-3,5-dimethylpyrazole were 
prepared as described previously (3). 

[Cu(tmpz)I3, I, and [Clc(3-C02dmpz)(tmpzH)]2Cu, 2 
Copper metal shot (8.18 g, 129 mmol), cleaned by washing with 

12 M HCI, water, and then acetone, was combined with tmpzH 
(4.73 g ,  42.9 mmol) and the mixture was heated in air, without 
stirring, at 142OC for 40 h. After the first 18 h of heating, the neck 
of the reaction vessel had become plugged with sublimed tmpzH, 
which limited further contact of the reaction mixture with atmo- 
spheric dioxygen. At cessation of the reaction, the mixture was 
allowed to cool and solidify. The mixture was then extracted with 
150 mL of dry THF and suction filtered. This yielded a brown fil- 
trate and a filtercake (-0.08 g) that consisted of an approximately 
equal mixture of colourless crystals of 1 and pale purple crystals 
of 2. Due to their insolubility in all solvents tested the compounds 
could not be separated by crystallization methods. A few crystals 
of each were separated by hand for X-ray diffraction studies. Be- 
cause a bulk sample of 2 could not be isolated its characterization 
is limited to the X-ray study and an EPR study of a mixture of 1 
and 2. Bulk, microcrystalline 1 was prepared previously via a dif- 
ferent route and this together with some characterization of the 
compound was described elsewhere (3). 

[Cu(4-Br-3-C02mepz)(4-BrdmpzH)&, 3 
Cleaned copper shot (vide supra) (-1 g) and 4-BrdmpzH 

(-2.5 g) were combined and the mixture was heated in air, with- 
out stirring, at 140°C for 3 days. After this time the reaction mix- 
ture was allowed to cool and solidify. The solid was extracted with 
CH,Cl, and suction filtered, yielding a green filtrate and a filter- 
cake that consisted of well-formed green crystals of 3. The crys- 
tals were contaminated with small amounts of yellow and bluish- 
grey materials; the latter were removed by manual separation. The 
green crystals occur as a mixture of two different n~orphologies, a 
consequence of the fact that the molecule crystallizes in both tri- 
clinic, 3a ,  and monoclinic, 3b, forms. Most crystals were of the 
triclinic form. Anal. calcd. for C30H,,Br6Cu2N,204: Cu 10.30, C 
29.22, H 2.78, N 13.63; found: Cu 10.30, C 29.45, H 2.75, N 
13.87%. 

Physical characterizatiorz 
Differential scanning calorimetry (DSC) measurements were 

made with a Mettler DSC 20 standard cell and TClO TA proces- 
sor as described previously (8). Infrared spectra (450-4000 cm-I) 
were obtained using a Perkin-Elmer model 598 spectrophotome- 
ter. The samples were mulled in Nujol and contained between KBr 
plates. A 'H NMR spectrum of 4-BrdmpzH was recorded using a 
Bruker AC-200 FT NMR spectrometer equipped with a Bruker 
B-ACS 120 sample changer. The solvent used was CDC1,. Elec- 
tron paramagnetic resonance (EPR) measurements were made on 
powdered samples contained in 3 mm i.d. silica tubes employing 
a Varian E3 X-band spectrometer. The frequency was measured 
using an HP5255A frequency converter and the magnetic field was 
calibrated with a custom-built gaussmeter. 

Magnetic susceptibilities were measured over the temperature 
range 2-300 K using a Quantum Design (MPMS) SQUID mag- 
netometer (field = 10 000 Oe). Temperature measurement with this 
instrument was achieved using a combination of Ge and Pt resis- 
tance thermometers. Susceptibility calibration was performed using 

high-purity Ni and Bi standards. The sample was packed as a 
powder into a specially constructed sample holder made from PVC. 
The sample holder possessed a constant cross-sectional area, thus 
minimizing its contribution to the SQUID signal. Magnetic sus- 
ceptibilities were corrected for sample holder background signal and 
diamagnetism: copper, I 1; C5H3BrN202, -85; C,H,BrN2, -90 
(values in cm mol I). A correction of 60 X cm3 mol-I 
was applied for temperature independent paramagnetism of the 
copper(I1) ion. 

C ,  H, and N analyses were performed by P. Borda of this de- 
partment. Cu analysis was by iodometric titration. 

X-ray crystallographic analyses 
Crystallographic data for 1, 2, and two crystal forms of 3 ap- 

pear in Table 1. The final unit-cell parameters were obtained by least 
squares on the setting angles for 25 reflections with 2 0  = 3 1.2- 
34.4" for 1, 32.3-36.9' for 2, 25.3-30.3" for triclinic 3 (3a), and 
33.9-70.4' for monoclinic 3 (3b). The intensities of three stan- 
dard reflections, measured every 200 reflections throughout the data 
collections, remained constant for all four data collections. The data 
were processed" and corrected for Lorentz and polarization ef- 
fects, and absorption (empirical, based on azimuthal scans for three 
reflections). 

The analyses of 2, 3a ,  and 3b were initiated in the centrosym- 
metric space groups ( P l ,  P I ,  and C2/c, respectively), these choices 
being confirmed by the subsequent successful solutions and re- 
finements of the structures. The structures were all solved by the 
Patterson method, the coordinates of the Cu (and Br atoms for 3a 
and 3b) being determined from the Patterson functions and the CO- 
ordinates of the remaining non-hydrogen atoms from subsequent 
difference Fourier syntheses. The non-hydrogen atoms were re- 
fined with anisotropic thermal parameters a!d hydrogen atoms were 
fixed in idealized positions (C-H = 0.98 A, BH = 1.2 Bbanded 
Neutral atom scattering factors for all atoms and anomalous dis- 
persion corrections for the nonhydrogen atoms were taken from the 
International tables for X-ray crystallography (9). Final atomic 
coordinates and equivalent isotropic thermal parameters are given 
in Table 2 and bond lengths and angles appear in Tables 3 and 4. 
Anisotropic thermal parameters, bond lengths and angles involv- 
ing hydrogen, general torsion angles, intermolecular distances, 
least-squares planes, and measured and calculated structure factor 
amplitudes for the four structures are included as supplementary 
material ." 

Results and discussion 
The 3,4,5-trimethylpyrazole reaction 

Attempts t o  prepare the binary copper(I1) trimethylpyra- 
zolate polymer, [Cu(tmpz),],, by  the reaction of copper metal 
shot with molten trimethylpyrazole in air o r  dioxygen under  
various conditions invariably resulted in  the formation of  a 
mixture of  products. Under  reaction conditions in which the  
mixture was  kept stirring and  freely exposed t o  air the prin- 

'TEXSAN/TEXRAY structure analysis package, containing 
versions of the following: DIRDIF, direct methods for difference 
structures, by P. T .  Beurskens; ORFLS, full-matrix least-squares, 
and ORFFE, function and errors, by W. R. Busing, K. 0 .  Martin, 
and H. A. Levy; ORTEP 11, illustrations, by C.  K. Johnson. 

'Supplementary material mentioned in the text may be pur- 
chased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K 1 A 0 R 6 .  

Tables of atomic coordinates, bond lengths and angles involv- 
ing hydrogen, and intermolecular distances have also been depos- 
ited with the Cambridge Crystallographic Data Centre and can be 
obtained on request from The Director, Cambridge Crystallo- 
graphic Data Centre, University Chemical Laboratory, 12 Union 
Road, Cambridge CB2 lEZ,  U.K. 
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EHLERT ET AL. 2163 

TABLE 1 .  Crystallographic data" 

. ' Compound 1 2 3n 3b 
Formula C 1 8 ~ 2 7 ~ ~ 3 ~ 6  C ? ~ H ~ ? C U ~ N ~ O J  C ~ O H ~ ~ B ~ ~ C U ~ N  I 2O4 C30H34Br6C~2Nn04 
fw 518.09 687.21 1233.19 1233.19 
Crystal system Monoclinic Triclinic Tciclinic Monoclinic 
Space group p21/c P1 P1 C2/c 

a ,  4 8.403(3) 10.988(3) 10.152(3) 13.470(1) 

b, 4 22.453(2) 11.009(2) 13.068(3) 16.005(2) 
c ,  A 1 1.362(2) 6.457(1) 10.033(3) 20.174(1) 

90 103.13(2) 112.38(2) 90 
Lo 95.83(2) 103.02(2) 116.46(2) 98.142(6) 
Y ~ O  90 108.70(2) 70.29(2) 90 
V, A' 2132.7(9) 681.8(3) 1079.1(6) 4305.3(8) 
z 4 1 1 4 
~ c a l c  r g/cm3 1.613 1.673 1.898 1.902 
F(000) 1056 35 1 598 2392 
Radiation Mo Mo Mo Cu 
p,  cm-' 29.89 23.70 65.37 82.19 
Crystal size, mm 0.15 x 0.25 X 0.25 0.08 x 0.13 X 0.30 0.05 X 0.15 X 0.20 0.10 X 0.10 X 0.13 
Transmission factors 0.69-1 .OO 0.83-1 .OO 0.75-1 .OO 0.87-1.00 
Scan type 0-20 0-20 0-20 0-20 
Scan range, deg in o 1.10 + 0.35 tan 0 1.37 + 0.35 tan 0 0.94 + 0.35 tan 0 1 .OO + 0.30 tan 0 
Scan speed, deg/min 32 16 16 32 
Data collected +h, +k, t l  +h, kk,  t l  +h, t k ,  k l  +h, +k, k l  
20,,,, deg 60 60 55 155 
Crystal decay Negligible Negligible Negligible Negligible 
Total reflections 6763 4148 5235 4620 
Unique reflections 6376 3930 4955 4485 
Rtnerge 0.045 0.034 0.052 0.019 
No. with I ?  3u(I) 2265 1764 201 1 2575 
No. of variables 245 178 244 244 
R 0.036 0.056 0.042 0.042 
R,,, 0.042 0.067 0.044 0.049 
go f 1.53 2.35 1.67 1.55 
Max A/u(final cycle) 0.05 0.04 0.004 0.05 
Residual density e/A3 -0.31, +0.35 -0.50, +0.82 -0.68, +0.97 -0.86, +0.71 

"Temperature 294 K ,  Rigaku AFC6S diffractometer, Mo-K, radiation (A = 0.71069 A) or Cu-K, (A = 1.54178 A), graphite monochromator, takeoff 
angle 6.0°, aperture 6.0 X 6.0 mm at a distance of 285 mrn from the crystal, stationary background counts at each end of the scan (scan/background time 
ratio 2: 1, up to 8 rescans), u'(FZ) = [SZ(C + 48)  + ( p ~ ' ) ' ] / ~ p ~  (S = scan rate, C = scan count, B = normalized background count, p = 0.03 for 1, 2, 
and 36,  0.025 for 3a). Function minimized Xrv(IF,I - IF,\)' where w = ~F:/U'(F;), R = HI~F,I - IF,J~/X(F,,I, R,,. = (X,,.((F,~ - IF,()'/XW~F,I')'I~, and 
gof = [Xrv(IF,I - IF,l)'/(rn - n)]'/'. Values given for R,  R,,., and gof are based on those reflections with I ?  3 4 0 .  

cipal product was the copper(I1) polymer contaminated, 
however, by other unidentified products. The pure polymer 
was eventually successfully obtained from the reaction of 
copper(1) trimethylpyrazolate with dioxygen in molten tri- 
methylpyrazole (3). Nevertheless, curiosity as to the course 
of the metal - molten tmpzH reaction and the possibility of 
identifying other products, as well as a desire to obtain the 
copper(I1) polymer in crystalline form suitable for X-ray 
studies, prompted us to explore this reaction under other 
conditions. When the reaction is allowed to proceed very 
slowly, with no stirring and with limited access to air, as 
described in the experimental section, two copper-contain- 
ing crystalline products are obtained (colourless prisms and 
light purple prisms). Examining the reaction mixture prior 
to separation of the products from the unreacted copper metal 
shot, we noted that the colourless prisms, identified by sin- 
gle crystal X-ray diffraction as the copper(1) trinuclear spe- 
cies [Cu(tmpz)],, 1, formed a layer in contact with the metal 
shot. The other product, identified by X-ray studies as the 
copper(I/II) mixed oxidation state trinuclear species [Cu(3- 
CO,dmp~)(tmpzH)]~Cu, 2, was found forming a second layer 
surrounding the layer of 1 .  This observation as well as the 

presence of copper in both the + 1 and + 2  oxidation states 
in the products suggests a stepwise oxidation of copper metal 
and also that 1 may be a precursor of 2. Conversion of cop- 
per(1) to copper(I1) in such complexes has been verified by 
clean conversion of 1 to the copper(II) polymer, [C~(tmpz)~],  
in molten tmpzH in the presence of dioxygen (3). If 1 is the 
precursor of 2, and this is by no means certain, then the ox- 
idation of the methyl groups seen under the conditions em- 
ployed here presumably takes place on coordinated tmpz-. 
We cannot rule out oxidation of tmpzH itself; however, we 
note that the presence of metallic copper, acting perhaps as 
a catalyst, does seem to be required since no carboxylate- 
containing products were observed in the reaction of 1 with 
dioxygen in molten tmpzH in the absence of metallic cop- 
per (3). 

The structure of 1 is very similar to that recently reported 
and discussed in detail for [Cu(3,5-dmpz)], ( lo ) ,  and con- 
sists of trinuclear molecules (Fig. 1) linked pairwise about 
crystallographic centres of symmetry by weak Cu . . . Cu 
interactions (Fig. 2). The mean CU-N and intramolecular 
Cu . . . SU distanges and the mean N-Cu-N bond angle 
(1.853 A, 3.212 A, and 174.4") for 1 are nearly identical to 
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TABLE 2. Final atomic coordinates (fractional) and B,, (A')" 

Atom x Y z Be,  

TABLE 2 (cotlcluded) 

Atom x Y z Be,  

"B,, = (8/3)a'Z2U,,(1, * a, * ( a , .  a,). 

the corresponding values for [Cu(3,5-dmpz)], (1.852 A, 
3.2 18 A, and 174.6"). The intermolecular Cu . . . Cu dis- 
tance of 3.069(1) A in 1 is signifigantly longer than the 
corresponding mean value of 2.946 A observed for the 3,5- 
dimethylpyrazolate derivative (10). The copper atom not 
involve$ in the weak Cu . . . Cu interactions (Cu(l)) lies 
3.281 A from the mean plane of the tmpz ring at the oppo- 
site end of the inversion-related trimer; the distance is only 
slightlyo longer than the corresponding mean distance of 
3.272 A in [Cu(3,5-dmpz)],. The difference between the 
weak metal-metal interactions in [Cu(3,5-dmpz)], and I ,  
as well as the slightly greater deviation of the central 
nine-vembered Cu,N, ring from planarity (0.129 vs. 
0.07 A) in the present structure, probably results from dif- 
ferences in the crystal packing. The mean N-N distance of 
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TABLE 3.  Bond lengths (A) with estimated standard deviations" 

Atom Atom Distance Atom Atom Distance 

TABLE 3 (concluded) 

Atom Atom Distance Atom Atom Distance 

N(2) C (3 )  1.354(7) C(7)  C(14) 1.486(9) 
N(3)  N(4)  1.347(6) C (8 )  C(9)  1.362(9) 
N(3)  (34) 1.330(8) C(9)  C(15) 1.489(9) 
N(4)  C (6 )  1.350(7) 

"Here and elsewhere, * denotes symmetry operation 1 - x ,  1 - y, 1 - 
z for 1 and 2; - x ,  1 - y, -z for 3a; and ' denotes symmetry operation 1 
- x, y ,  1 /2 - z for 36. 

1.375 A in 1 is shorter than the value of 1.383 A reported 
for [Cu(3,5-dmpz)],, but longer than that of 1.355(8) A found 
for the terminal tmpzH ligand in 2 (see Table 3). This may 
reflect significant Cu(d.rr)-tmpz(.rr*) interaction as dis- 
cussed previously (10). 

The centrosymmetric, trinuclear, mixed-valence Cu(I)/ 
Cu(I1) complex 2 is shown in Fig. 3. The entire molecul~, 
apart from the hydrogen atoms, is planar to within 0.2 A. 
The molecules stack in the solid state (Fig. 4), the shortest 
intermolecula~ distance being Cu(2) . . . 0(1)(x, y, z - 1) 
= 3.145(6) A. The 3-C0,dmpz ligands in 2 chelate the 
central copper(I1) atom (Cu(1)) via the carboxylate oxy- 
gen atom O(1) and the adjacent ring nitrogen atom and also 
form bridges between Cu(1) and both of the copper(1) 
atoms (Cu(2) and Cu(2)*), one via a pyrazolate -N-N- 
bridge and the other via a single-atom bridge involving 
O(1). This latter bridge involves a very weak copper-oxy- 
gen interacticn in which the distance involved (Cu(2)-O(1) 
= 2.638(5) A) is long for a normal bond between copper(1) 
and oxygen but is significantly shorter than the sum of the 
van der Waals radii (2.95 A (1 1)). The second oxygen atom 
of the carboxylate group, 0(2) ,  is not involved in coordi- 
nation to the metal atoms but contributes to the stability of 
the complex by hydrogen-bonding to the NH proton of the 
terminal monodentate tmpzH ligand coordivated to Cu(2) 
(N(4)-H(l) . . . 0(2)*, H . . . 0 = 1.88 A, N . . . 0 = 
2.859(8) A). 

The central copper(I1) atom, Cu(l), has trans sqtare-planar 
coordinatioa geometry with Cu-0 = 1.978(5) A, Cu-N 
= 1.889(5) A, and the O-Cu-N bond angle within the five- 
membered chelate ring is 83.0(2)". The copper(1) atom, 
Cu(2), has a T-shaped coordination geometry featuring a 
nearly linear N-Cu-N unit w$h strong Cu-N bonds 
(Cu-N = 1.860(6) and 1.869(6) A, N-Cu-N = 173.8(3)") 
perpendicular to the very weak Cu-0 bond involving the 
asymmetrically bridging carboxylate oxygen atom, O(1) 
(Cu-0 = 2.638(5) A, N-Cu-0 = 90.8(2) and ?3.5(2)"). 
The mean Cu(2)-N bond distance of 1.865(5) A in 2 is 
slightly longer than t h ~  corresponding p e a n  copper(1)-N 
bond lengths of 1.853 A in 1 and 1.852 A in [Cu(3,5-dmpz)], 
(10). The N-N distances in both of the pyraz~le~rings 
(N(1)-N(2) = 1.369(8) and N(3)-N(4) = 1.355(8) A) are 
consistent with a weaker Cu-N interaction tha? is observed 
in the copper(1) trimers (mean N-N = 1.375 A in 1, 1.383 
A in [Cu(3,5-dmpz)], (10)). 

As described in the experimental section, while it was 
possible to isolate manually a few crystals of 2 from the 
mixture of 1 and 2, the very small size of the crystals made 
it impractical to obtain a bulk sample of pure 2 by this means. 
Nonetheless, since 1 is EPR silent it was possible to obtain 
EPR spectra of 2 employing the mixture ground to a fine 
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Atom 

TABLE 4. Bond angles (deg) with estimated standard deviations 

Atom Atom Angle Atom Atom Atom Angle 
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TABLE 4 (concluded) 

Atom Atom Atom Angle Atom Atom Atom Angle 

powder. At room temperature, the spectrum shows two re- 
gions of absorption centred at gll and g,. Nuclear hyperfine 
splitting of gl is observed with two of the four components 
resolved and the other two obscured by the g, absorption. 
There is no observable splitting of g,. The EPR parame- 
ters, calculated to first order, are gil = 2.202, g, = 2.048, 
and I A ~ , ~  = 132 x lo-' cm- ' . There is no significant change 
in the spectrum at 77 K. The two g-value spectrum is as ex- 
pected for square-coplanar copper(I1) with negligible ex- 
change coupling (12). Exchange effects normally broaden 
the EPR spectra of copper(I1) complexes in the solid state to 
an extent that hyperfine data are masked. The observation 
of hyperfine splitting of gll in powdered samples is relatively 
rare; however, it has been observed previously, for exam- 

ple, in a number of tetrakis(pyridine) complexes of cop- 
per(I1) ( 1 3). 

4-Bromo-3,5-dimethylpyrazole reaction 
Reaction of the copper metal shot with molten 4-BrdmpzH 

in air, with vigorous stirring, yields, over a 24 h period, a 
brown powder identified by elemental analysis to be largely 
[Cu(4-Brdmp~)~],. One easily recognizable impurity in the 
brown powder is small amounts of a substance present as 
green prisms. By carrying out the reaction under conditions 
that lead to a slower rate of reaction (no stirring) the green 
crystals become the major product. The green crystals (two 
forms) were separated by hand from minor amounts of 
unidentified by-products. Subsequent characterization by 
X-ray diffraction revealed the crystals to have the dimeric 
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FIG. 1. Stereoview of 1; 33% probability thermal ellipsoids are shown for the nonhydrogen atoms. 

FIG. 2. Stereoview of the packing arrangement for 1 .  

composition [Cu(4-Br-3-COzmepz)(4-BrdmpzH)&, 3 .  Al- 
though the reaction conditions employed here were similar 
to those described above for the tmpzH reaction, no cop- 
per(1) species were seen to form in any significant amounts 
in this case. 

Complex 3 (Fig. 5) is a binuclear copper(I1) complex in 
which the 4-Br-3-C0,mepz ligand is both bridging (Cu- 
N-N-Cu) and chelating (one carboxylate oxygen atom and 
the adjacent ring nitrogen atom). The molecule possesses 
crystallographic symmetry in both crystal forms: a centre of 
symmetry in the triclinic form 3a and a twofold axis in the 
monoclinic form 3b. The central Cu,N, six-membered ring 
is exactly planar in 3a while in 3b it is nonplanar, having a 
N(2),N(2)'-boat conformation. The m a x i ~ u m  deviation from 
the mean Cu,N, plane in 3b is 0.330(5)A for N(2). 

The coordination geometry about the copper atoms in both 
3a and 3b is axially compressed trigonal bipyramidal with 
the carboxylate oxygen atom and a nitrogen atom of the 
bridging 4-Br-3-C0,mepz ligand occupying the axial posi- 
tions. The equatorial ligand set comprises the chelating ni- 
trogen atom of the 4-Br-3-C02mepz ligand and nitrogen 

atoms of the two terminal 4-BrdmpzH ligands. There is some 
distortion of the trigonal bipyramid towards a square-pyra- 
midal geometry in which N(5) is apical. This may be re- 
sponsible (along with steric factors) for the significant 
lengthening of the Cu-N(5) bond in both polymorphs of 3. 
The axial bond lengths in 3a and 3b do not Ciffer signifi- 
cantly (Cu-0 = 1.9?2(5) and 1.982(4) A, CU-N = 
1.947(6) and 1.949(5) A ,  respectively for 3a and 3b). The 
three equatorial Cu-N distances in both 3a and 36 are sig- 
nificantly different from one another and, for the terminal 
4-BrdmpzH ligands, the corresponding bond lengths in the 
two crystal forms also differ significantly (see Table 3). The 
average equatorial Cu-N Cistances in 3a and 3!, however, 
are nearly identical: 2.100 A for 3a and 2.107 A for 3b. 

Even though the molecular symmetry is different in the two 
crystal forms of 3,  the hydrogen-bonding motifs are the same 
in 3a and 3b. In both crystalline modifications of this ma- 
terial the molecules are linked about crystallographic inver- 
sion centres by N-H . . . 0 hydrogen bonds involving the 
N-H protons of the terminal 4-BrdmpzH ligands to form 
infinite chains extending along the crystallographic c axes 
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Stereoview of 2; 33% probability thermal ellipsoids are shown for the nonhydrogen atoms. 

FIG. 4. Stereoview of the packing arrangement for 2. 

(Fig. 6). Each linkage involves two weak and two strong 
N-H . . . 0 hydrogen bonds (Table 5). The strong hydro- 
gen bonds involve the N(4) proton and the uncoordinated 
carboxylate oxygen atom, O(2). The weak hydrogen bonds 
are formed by the N(6) proton and the metal-coordinated 
oxygen atom, 0 (1 ) ,  these atoms being involved in both in- 
tra- and intermolecular hydrogen bonds. 

The physical characterization of 3, including magnetic 
studies, was done on bulk samples composed mainly of 
crystals of the triclinic 3a form but which contained small 
amounts, visually estimated at no more than 1%, of the 
monoclinic, 3b, form. The infrared spectrum of 3 was 
recorded and band frequencies have been deposited (see 
footnote 4). The compound exhibits thermochromism; ~t is 
bluish-green in color at 77 K. 

DSC measurements on 3, in air, show the onset of an en- 
dothermic event followed immediately by exothermic de- 
composition at -250°C. To investigate the possibility that 
the endothermic event corresponds to loss of neutral 
4-BrdmpzH, and to identify possible products of such a dis- 
sociation reaction, a sample of 3 was heated at 165°C under 

vacuum for 9 h. During the heating process, the compound 
changed color from green to olive-green and a white solid 
was seen to sublime from the sample. The white product was 
identified as 4-BrdmzH by melting point (1 17-1 18°C) and 
by 'H NMR (6 2.2 1 (s, 6 ,  CH,), 1 1.2 (br s ,  1,  NH)). The 
sample of 3 underwent a mass loss of 35% in the heating 
process, corresponding to the loss of 2.5 moles of 
4-BrdmpzH per mole of compound. These observations are 
consistent with the formation of a compound of nominal 
composition Cu,(4-Br-3-C02mepz),(4-BrdmpzH),. Anal. 
calcd. for C,,H,,Br,Cu,N,,O,: C 26.42, H 2.09, N 12.32; 
found: C 26.11, H 2.28, N 12.41. 

Magnetic susceptibility data for 3 over the temperature 
range 2-300 K have been deposited (footnote 4) and are 
shown as a plot versus temperature (20--300 K) in Fig. 7. The 
susceptibility passes through a broad maximum at 130 K, 
typical for two antiferromagnetically coupled copper centres. 
As is common in such systems the susceptibility rises with 
decreasing temperature at the lowest temperatures studied due 
to paramagnetic impurity. The magnetic susceptibilities (2- 
300 K) were fitted to the theoretical expression given by 
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FIG. 5 .  Stereoviews of 3a (top) and 3h (bottom); 33% probability thermal ellipsoids are shown for the nonhydrogen atoms. 

Bleaney and Bowers for antiferromagnetic dimeric cop- 
per(I1) systems (14) with allowance made for a paramag- 
netic component. Allowing for the paramagnetic component, 
% P ,  by modelling it as a Curie paramagnet with a g-value 
equal to that of the bulk sample gives the equation: 

where J is the exchange coupling constant. This model- 
ling procedure gives best fit values of J, g ,  and % P  of 
-74.0(6) cm- ' ,  2.11(1), and 5.15(7) respectively with the 
fitting function F = 0.029. The function F:  

is minimized in the fitting procedure and provides a mea- 
sure of the agreement between the experimental data and the 
model. A better fit is obtained if the paramagnetic compo- 
nent is modelled as a Curie-Weiss paramagnet. This fit, 
which is shown in Fig. 7, gives values of 1, g ,  % P ,  and 
Weiss constant, 0,  of -75.4(1) cm-', 2.123(2), 5.59(2), and 
-0.46(2) K respectively ( F  = 0.0061). These parameters are 

considered valid for the triclinic form, 3a. Because of their 
similar molecular structures, particularly in terms of bond 
lengths and angles associated with the bridging atoms (Ta- 
bles 3 and 4), 3a and 3b are unlikely to have very different 
magnetic properties. Hence, we would not expect the pres- 
ence of - 1 % 3b in the sample to result in experimental sus- 
ceptibilities that are measurably different from those of pure 
3a. 

Previous studies on nine binary copper(lI) pyrazolates that 
have extended chain structures and four-coordinate CuN4 
metal centres reveal antiferromagnetic exchange with val- 
ues of J = -58 to - 105 cm-'  (2, 3). Interestingly, in spite 
of the fact that 3 is dimeric and has five-coordinate metal 
centres, the magnitude of the exchange between the metal 
centres is not greatly different from that observed in the 
polymers. A more useful comparison might be made be- 
tween 3 and other copper binuclear complexes containing the 
bridging pyrazolate moiety. 

To our knowledge, except for the pyrazolate chain com- 
pounds (1, 2), there is no previous report of a structurally and 
magnetically characterized, purely pyrazolate-bridged poly- 
nuclear copper(I1) complex. However, there are reports 
of copper(I1) pyrazolate-bridged complexes that contain 
another bridging ligand. Mazurek et al. (4), Nishida and 
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FIG. 6. Stereoviews of the packing arrangement for 3a (top) and 3b (bottom) 

TABLE 5 .  Hydrogen bond geometry for compound 3 

Interaction N-H, A H . . . O ,  .& N . . . O ,  A N - H . . . O , "  
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Temperature (K) 

FIG. 7. Plot of magnetic susceptibility (per mole copper) ver- 
sus temperature for 3. Lines are calculated as described in the text 
employing the Bleany-Bowers equation with a Curie law para- 
magnetic impurity term (dotted line) and a Curie-Weiss law par- 
amagnetic impurity term (solid line). 

Kida (3, and Doman et al. (6) have reported on a series of 
pyrazolate-bridged, Schiff-base, square-planar copper(I1) 
dinuclear species where the Schiff base is derived from a 
diamino straight-chain alcohol backbone and salicylalde- 
hyde. In these complexes the copper(II) ions are also bridged 
by an alkoxide group. The J-values in these complexes range 
from - 120 to -297.5 cm-I. It must be recognized that the 
alkoxide bridge is very effective in propagating magnetic 
exchange and is likely to provide an important exchange 
pathway in these complexes making direct comparisons of 
their J values with that obtained for 3 inappropriate. The 
binuclear complex [Cu(L-S)(pz)(CH,OH)], (L-S = 2,6-bis- 
(4'-cyclohexyl- 4'-hydroxy-2',3'- diazabuta-lt,3'- dien- 1 '- y1)- 
4-methyl-thiophenolate) has been reported to be only weakly 
antiferromagnetic with J = - 1.8 cm- ' (1 5). In addition to 
a pyrazolate bridge this compound has a bridging thiophen- 
olate ligand and it seems likely that the latter is having a 
significant effect on the exchange. 

Perhaps the most appropriate comparisons to made with 
3 are with the binuclear complexes reported by Ajo, Bencini, 
and Mani (7) and by Prins et al. (16). The former authors 
reported magnetic studies on the species [(H,B(pz),)Cu(pz),- 
(X)Cu(H,B(pz),)]- (pz = pyrazolate and X = Br, C1) where 
square-pyramidally coordinated copper(I1) ions are triply 
bridged by two pyrazolate ligands and one halide ion. J- 
values of - 120.5 cm- and - 122 cm-I were found for the 
chloride and bromide complexes respectively.5 The authors 
argue that because the exchange constants are insignifi- 
cantly different for the bromide and chloride complexes the 
primary pathway for exchange must be the bridging pyra- 
zolate ligands. Prins et al. reported studies on the related 
bis-triazolate-bridged [Cu(bpt)(CF3SO3)(H20)I2 (bpt = bis- 
(pyridin-2-y1)- l,2,4-triazolate). In this complex, the cop- 
per(I1) ions are present in distorted octahedral coordination 

 he Hamiltonian used in ref. 7 has the form -JS, .S2 while the 
one here and in the other references quoted is of the form -USI .S2. 
Accordingly, for comparison purposes we have halved the J val- 
ues reported in ref.7. 

environments and J = - 118 cmp' .  The magnitude of the 
exchange coupling is virtually identical in these three com- 
plexes and is significantly greater that in 3. Some or all of 
this difference in magnetic coupling may be accounted for 
by differences in the metal-ligand chromophores. In the 
previously studied complexes the coordination geometry is 
either square-pyramidal or tetragonally elongated octahe- 
dral with the orbital as the magnetic orbital and the 
bridging ligands bonded in the xy plane of each copper ion. 
In 3 the geometry is trigonal bipyramidal. The magnetic or- 
bital is the d,2 orbital and the pyrazolates bridge such that one 
nitrogen occupies an axial site on one copper while the other 
nitrogen occupies an equatorial site on the second copper. 
Since overlap of the magnetic dZ? orbital with ligand orbitals 
in the xy plane is expected to be weaker than overlap with 
ligand orbitals on the z axis, the exchange pathway pro- 
vided in this complex would not be expected to be very ef- 
ficient and this could account for the weaker exchange 
coupling seen in 3. Finally, it should be noted that several 
years ago Barraclough, Brookes, and Martin (1 7) reported 
the preparation and magnetic properties (92-280 K) of 
Cu(acac)(pz) (where acac = acetylacetonato). The com- 
pound was assumed to have a binuclear structure with square- 
coplanar copper ions, terminal acac ligands, and bridging 
pyrazolates. The exchange cou lin was found to be signif- P icantly weaker ( J  = -35 cm- ) than that reported here for 
3. The relatively weak exchange in the acac compound is 
somewhat surprising in view of the above discussion; how- 
ever, the lack of a definitive structure for the compound and 
the lack of magnetic data to sufficiently low temperatures (no 
maximum in x,,, versus T was observed) prevents further 
analysis of these results other than to suggest that the pre- 
viously proposed structure may be incorrect. 
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Polyphenol interactions. The copigmentation case: thermodynamic data from 
temperature variation and relaxation kinetics. Medium effect 
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OLIVIER DANGLES and RAYMOND BROUILLARD. Can. J .  Che~n .  70, 2174 (1992). 
Copigmentation of malvin (a common anthocyanic pigment) with a series of naturally occurring colourless organic 

molecules (copigments) has been investigated by UV-visible absorption. The temperature-dependence of the visible 
spectrum of the copigmented solutions yields the copigmentation enthalpy and entropy changes. The experiments are 
carried out at pH 3.5 (malvin flavylium cation copigmentation) and pH 5.5 (copigmentation of the malvin quinonoidal 
bases). Copigmentation appears to be clearly enthalpically driven (exothermic process with unfavourable entropy change) 
in the case of chlorogenic acid and (+)-catechin. Concerning caffeine and tryptophan, favourable entropy changes, probably 
arising from solvation effects, have been recorded. Similar experiments in water-ethanol binary solvents have shown 
that the dramatic weakening of copigmentation on cosolvent addition is essentially entropic in origin. Salt effects on co- 
pigmentation have been investigated as well. Most of the results are discussed with a view to pointing out the major 
contributions to the magnitude of the copigmentation. Finally, relaxation kinetic measurements on the malvin-rutin system 
give striking evidence of the strong slowing down that a good copigment causes to the anthocyanin fading process (hy- 
dration). From the decrease in the apparent first-order rate constant of hydration on copigment addition, a general method 
for a quick determination of the copigmentation stability constants is proposed. 

OLIVIER DANGLES et RAYMOND BROUILLARI). Can. J .  Chem. 70, 2174 (1992). 
La copigmentation de la malvine (un pigment anthocyanique courant) par une sCrie de molCcules organiques natu- 

relles incolores (copigments) a CtC CtudiCe par spectroscopie d'absorption UV-visible. Les modifications spectrales des 
solutions copigmentCes, produites par variation de temperature, donnent accks aux variations d'enthalpie et d'entropie 
de copigmentation. Les expCriences sont conduites ?I pH 3 , s  (copigmentation du cation flavylium de la malvine) et a pH 
5,s  (copigmentation des bases quinoniques de la malvine). La copigmentation est un phCnom6ne sous contr6le enthal- 
pique (processus exothermique accornpagnk d'une variation d'entropie dkfavorable) dans le cas de I'acide chlo- 
rogCnique et de la (+)-catCchine. En ce qui concerne la cafeine et le tryptophane, des variations d'entropie favorables, 
provenant probablement de phtnomknes de solvatation, ont CtC mesuries. Des experiences similaires avec des solvants 
binaires eau-Cthanol ont montrC que I'affaiblissement considerable de la copigmentation, produit par l'addition de co- 
solvant, est essentiellement d'origine entropique. Des effets de sel sur la copigmentation ont Cgalement CtC CtudiCs. La 
plupart des rCsultats sont discutes en vue de mettre en evidence les principales contributions I'interaction de copig- 
mentation. Enfin, des mesures de cinCtique de relaxation sur le systkme malvine-rutine illustrent de manicre frappante 
le fort ralentissement produit par un bon copigment sur le processus de dtcoloration du pigment (hydratation). Une mCthode 
gCnerale de determination des constantes de stabiliti de copigmentation est proposke ii partir des variations de la con- 
stante cinCtique apparente d'hydratation (premier ordre) en fonction de la concentration de copigment. 

Introduction 
Anthocyanins are natural pigments that are responsible for 

most o f  the red,  blue, and purple colours displayed in flow- 
ers and fruits (1-4). Their natural medium, the vacuolar cell 
sap of flower epidermal tissues, for  instance, is essentially 
aqueous. In nature, anthocyanin molecules are frequently 
found in association with generally colourless molecules 
named copigments (4-8) (essentially, polyphenols and fla- 
vonoids),  which exert a determining influence o n  the result- 
ing colour (on both shade and intensity). In fact, the pigment- 
copigment molecular interaction (copigmentation) is cer- 
tainly o n e  of  the key phenomena accounting for  colour 
expression and variation in flowers. When monitored by UV- 
visible absorption spectrometry, the copigmentation reac- 
tion consists in an increase in the visible band intensity for  
the pigment (hyperchromic effect) and  frequently in a shift 
of  this very band toward longer wavelengths (bathochromic 
effect) (9- 12). A s  previously demonstrated ( 13), the rela- 
tive hyperchromic shift at a given wavelength (close to  that 
of  the absorption maximum) is the true parameter account- 
ing for  the magnitude of the copigmentation from which the 
thermodynamic parameters of  the copigmentation reaction 

' ~ u t h o r  to whom correspondence may be addressed. 

can be  estimated (13-17). For a given anthocyanic pigment 
and  at fixed p H  and temperature, it depends essentially o n  
the copigment chemical structure. Many quite different 
compounds (in particular, naturally occurring and biologi- 
cally active molecules) have been shown to be  anthocyanin 
copigments (9). Moreover ,  under suitable conditions, the 
hyperchromic shift produced by a good copigment o n  the 
anthocyanin visible band is not only exceptionally large (13, 
14) (probably o n e  of  the largest reported) but also ex- 
tremely sensitive to  any modification o f  the medium. For  
instance, strong cosolvent effects o n  the copigmentation re- 
action have been already reported (1 5). 

In this work ,  using visible absorption measurements, w e  
compare  the enthalpic and  entropic contributions for di- 
verse pigment-copigment systems to the overall free en- 
thalpy change of copigmentation and show how a typical 
modification of  the medium,  such as  salt o r  cosolvent ad- 
dition, alters these thermodynamic parameters. From these 
results, w e  try to discern the most important factors sustain- 
ing the pigment-copigment molecular interaction in order  
to  outline s o m e  structural features c o m m o n  to what  may b e  
called good c.opigrnerzts. Finally, w e  apply relaxation kinet- 
ics to  the study of  the influence of  the copigment o n  the rate 
of the apparent hydration process for anthocyanin and we  use 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DANGLES AND BROUILLARD 2175 

such observations to devise a simple new method for the de- These are chlorogenic acid (2), a polyphenol; caffeine (3), the 
termination of the copigmentation equilibrium constants. The well-known purine; and two members of the flavonoid fam- 
pigment chosen is malvin (1) (malvidin-3,5-diglucoside), a ily, (+)-catechin (4), a proanthocyanidin or condensed tan- 
very common and readily available anthocyanin. Copig- nin, and rutin (S), a flavonol. Amino acids, which up to now 
ments have been selected from important families of natural have been little investigated for their ability to act as copig- 
compounds frequently encountered in the plant kingdom. ments (9), are taken into consideration as well. 

Malvin (1) ~ h l o r o ~ e n i c a c i d  (2) 

Caffeine (3) (+)-Catechin (4) 

HO 

ORutinosy l 
OH 0 

Experimental AH0 and AS' stem from a temperature variation on the pigment- 
copigment system at fixed pH and overall copigment concentra- 

Materials tion. Details are given in the discussion (see eq. [2]). In the study 
Malvin chloride, chlorogenic acid, caffeine, (+I-catechin, and on cosolvent effects, the molar fraction of water in each binary 

rutin were ~urchased from '0th. Their purity was checked by UV- solvent remains larger than 0.9 so that p~ is not net- 
vis and 'H NMR spectroscopies. Tryptophan and its methylester essary. 
(L-series) were provided by Fluka and used as such. 

Absorption spectra 
Spectra were recorded with a Hewlett-Packard diode-array 

spectrometer fitted with a quartz cell (d = 1 cm) equipped with a 
stirring magnet. A constant temperature in the cell was obtained by 
use of a Lauda water-thermostated bath; temperature measure- 
ments were made with a Comark thermocouple. 

Thermodynamic rneasuretnents 
Pigment and copigment titrated solutions are prepared by dis- 

solving the compounds into a buffer (either 0 .2 M acetic acid - 
0.2 M sodium acetate or 0.1 M citric acid - 0.2 M Na2HP0,) whose 
pH has been adjusted to the desired value. In all experiments, the 
pigment concentration is held constant. The values of the copig- 
mentation equilibrium constants K (at 25°C) are obtained by mea- 
suring the relative hyperchromic shift (at a given wavelength) either 
as a function of the overall concentration of the copigment, at a 
fixed pH, or as a function of pH at a fixed overall concentration of 
copigment. These procedures have already been published (13-15). 

Kinetic measurernents 

( i )  Fln~yliurn cation copigmentation 
One millilitre of an equilibrated 4 x lo-' M malvin solution in 

0.025 M citric acid (pH about 2.3) is magnetically stirred in the 
spectrometer cell (T = 25°C); 1 mL of a freshly prepared rutin so- 
lution in 0.02 M NaOH at variable copigment concentration (usu- 
ally ranging from 4 x lo-' to 2 x lo-' M) is quickly added to the 
cell and the visible spectra are immediately recorded, and again 
every 2 s.  The final pH value is always close to 3.4. 

( i i )  Copigrnentation of the quirzorzoidal bases 
The above-described experiment is repeated starting with a 6 x 

lo-' M malvin solution in 0.025 M citric acid. Rutin solutions are 
now prepared in 0.05 M NaOH. Visible spectra are recorded every 
20 s just after adding the alkaline solution of rutin (concentrations 
from 6 x lo-' to 3 x lo-") to the cell. The final pH value is 
always close to 5.2. 

In both types of experiment, the corresponding rate constant 
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reference values are gained by adding I mL of a NaOH solution were derived for the different copigments investigated. These 
without copigment to the initial malvin solution. parameters are listed in Tables 1 and 2. In Fig. 3 are shown 

the spectral changes in the visible range of a malvin copig- 
Results mented solution on addition of increasing amounts of ethanol 

Temperature variation experiments in water and binary at fixed temperature and pH. 
solvents 

Two typical temperature variation experiments on a mal- 
vin-copigment system are shown in Figs. l and 2. In both 
cases, the copigment is (+)-catechin. The visible spectra of 
the solution (at fixed pigment and copigment concentra- 
tions) are recorded for different temperatures at pH 3.5 (Fig. 
1) and pH 5.5 (Fig. 2). At pH 3.5, a temperature increase 
from 10 to 30°C leads to a strong decrease in the malvin 
visible absorption in the presence of the copigment, whereas 
the corresponding changes in the absence of the copigment 
are negligible. Thus, the fading of the copigmented solution 
on increasing temperature is essentially attributable to the 
copigmentation process itself. Similar observations have al- 
ready been reported on the malvin - chlorogenic acid and the 
cyanin - chlorogenic acid couples at pH close to 3.6 (13, 14). 
These observations remain valid at pH 5.5 (temperature range 
from 15 to 45"C), although the temperature-dependence of 
the visible absorption of malvin without copigment is no 
longer negligible in that case. Note, however, that a rise in 
temperature leads to opposite changes in the visible band of 
the pigment depending on whether or not the copigment is 
present. Thus, here again, copigmentation is responsible for 
the fading of the copigmented solution on increasing tem- 
perature. In fact, the increase in the pigment absorbance of 
the uncopigmented solution when the temperature is raised 
from 15 to 45°C is mainly due to thermal buffer effects that 
slightly alter the pH. However, the pH is the same for both 
copigmented and uncopigmented solutions at a given tem- 
perature, and the temperature-dependence of the pH is weak 
enough for the theoretical treatment to apply to this case (see 
eq. [I]).  Similar experiments were carried out with other 
copigments, in particular, caffeine and tryptophan. Finally, 
some of the experiments were repeated after addition of given 
amounts of ethanol. Assuming the van't Hoff hypothesis, the 
temperature-independent AH0 and AS' for the copigmenta- 
tion reaction as well as the corresponding K value at 25°C 

Salt effects 
The influence on the visible spectrum of malvin of large 

additions of alkali halides to slightly acidic solutions of 
malvin without copigment are illustrated in Figs. 4 and 5. In 
Table 3 are listed the values at 25°C of the relative hyper- 
chromic shift caused by caffeine addition to malvin under 
slightly acidic solutions at a given ionic strength fixed either 
by LiCl, KC1, or MgCl,. In each case, the corresponding 
copigmentation equilibrium constant has been roughly esti- 
mated. 

Relaxation kinetic measurements 
Figures 6 and 7 show the time-dependence of the visible 

absorbance of malvin at a fixed wavelength just after mix- 
ing of the pigment and copigment solutions, for different 
copigment concentrations. The measurements reported in Fig. 
6 deal with the flavylium cation (A = 520 nm; final pH 3.4) 
whereas those reported in Fig. 7 deal with the quinonoidal 
bases (A = 570 nm; final pH 5.2). 

Discussion 

Most of the results reported here must be discussed in the 
light of the structural transformations that anthocyanic pig- 
ments undergo in aqueous solution (18). First, depending on 
the pH of the medium, three distinct classes of visible light- 
absorbing species must be taken into consideration (see 
Scheme 1; G1 stands for glucosyl): these coloured forms are 
the flavylium cation AH+ (usually red) and the forms deriv- 
ing from successive deprotonations of AH+ on increasing the 
pH, that is, the neutral quinonoidal bases A (two forms in 
tautomeric equilibrium, usually purple) and the ionized qui- 
nonoidal bases A- (usually blue, not shown in the scheme). 
In the case of malvin, the corresponding pK, values at 25°C 
(19) are about 4 for the AH+/A acid-base couple and 7 for 
A/A-. The pH values of the vacuolar cell sap from the col- 
oured epidermal tissues of fresh flowers have been demon- 

FIG. 1. Temperature-dependence of the visible absorption band of rnalvin for the malvin-(+)catechin system at pH 3.5 (0.2 M acetic 
acid - 0.2 M sodium acetate buffer). Malvin: 6 x M. (+)-Catechin: lo-' M. Temperature values are 10°C (I),  15°C (2), 20°C (3), 
25°C (4), and 30°C (5). Spectra 1' and 5' concern malvin without copigment at 10°C (1 ' )  and 30°C (5'). 
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DANGLES AND BROUILLARD 

Wavelength (nm) 

FIG. 2. Temperature-dependence of the visible absorption band of malvin for the malvin-(+)catechin system at pH 5.5 (0.1 M citric 
acid - 0.2 M Na,HPO, buffer). Malvin: 6 x lo-' M. (+)-Catechin: 6 x M. Temperature values are 15°C ( I ) ,  25°C (2), 35°C (3), 
and 45°C (4). Spectra 1'-4' concern malvin without copigment from 15OC (1 ') to 45OC (4'). 

TABLE 1. Copigmentation thermodynamic parameters for different malvin-copigment couples in 
water. K = exp(-AGO/RT) with AGO = AH0 - TASO and T = 25°C. The K values in parentheses 
were computed from (D - Do)/Do plots versus pH at 25°C. The standard deviation values for AS' 
were computed using Ar = k0.1. Chlorog. acid: chlorogenic acid. Trp: (L)-tryptophan. Trp-OMe: 

(L)-tryptophan methylester. 

Copigment Malvin form AH0 (kJ mol-I) AS' (J K - I  mol-I) K (M-I) 

Chlorog. acid 
Chlorog. acid 
Caffeine 
Caffeine 
(+ )-Catec hin 
( + )-Catec hin 
TIP 
Trp-OMe 

TABLE 2. Copigmentation thermodynamic parameters for different malvin-copigment couples in 
water-ethanol mixtures. .x stands for the molar fraction of ethanol. The standard deviation values 

for A 9  were computed using Ar = k0 .1 .  Chlorog. acid: chlorogenic acid. 

Malvin AH0 AS0 K (M-I) 
Copigment form x (%) (kJ mol-l) (J K- '  mol- ') at 25°C 

Chlorog. ac. AH+ 5.4 -29.6 (k2 .7)  -61.8 ( k  10.2) 90 
Caffeine AH+ 4.4 - 17.7 ( 1 . 7 )  -24.0 (k6 .6)  70 
Caffeine A 5.4 -22.3 (?2.0) -37.7 (k6.2) 85 
(+)-Catechin AH+ 4.0 -33.1 (k3 .2)  -75.1 (*20.2) 75 

strated to range from about 2.5 to 7 .5  (20); thus, the 
flavylium cation and the neutral quinonoidal bases are the 
main anthocyanic forms responsible for colour expression in 
flowers. However, a lot of blue flowers are displayed in na- 
ture and it is good evidence of the occurrence in plants of 
colour variation phenomena, the most important being co- 
pigmentation (4). In fact, copigmentation, which consists in 
molecular complex formation between the anthocyanin col- 
oured forms and the copigment colourless molecules, leads 
to a bathochromic shift in the visible band of the pigment 
known as the bluing effect (9-12, 17). 

Concerning the other spectral change characteristic of co- 

pigmentation, that is, the large hyperchromic shift in the 
visible band of slightly acidic anthocyanin solutions (see Figs. 
1 and 2), it cannot be interpreted without taking into ac- 
count all anthocyanin structural transformations (see Scheme 
I) ,  the more important being the relatively slow flavylium 
cation hydration (21, 22) giving rise to the colourless hemi- 
acetal B. Since the consecutive opening of the hemiacetal 
B-ring leading to the pale yellow E-chalcone (CE) is a very 
fast process (23) (equilibrium reached within a few milli- 
seconds), the B and C, forms can be written together in what 
is an overall hydration equilibrium. The very minor Z-chal- 
cone (CZ) arising from very slow C--C double-bond iso- 
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Wavelength (nm) 

FIG. 3. Changes in the visible absorption of malvin on cosolvent addition to the malvin - chlorogenic acid system at pH 3.6 (0.2 M 
acetic acid - 0.2 M sodium acetate buffer). T = 20°C. Malvin: 6.7 X M. Chlorogenic acid: 6.7 x lo-' M. The cosolvent is ethanol. 
The molar fraction x of ethanol is 0 (01, 2.7% (11, 4.1% (2) and 5.4% (3). Spectra 0' and 3' concern malvin without copigment with x = 
0 (0') andx = 5.4 % (3'). 

0.0 1 t I 

500 600 700 
Wavelength (nm) 

FIG. 4. Changes in the visible absorption of malvin on salt addition to the solution. T = 25°C. Malvin: 5 x lo-'' M. Salt: 2 M. Salts 
are NaCl ( I ) ,  LiCl (2), and NaBr (3). Spectrum 0: no salt. Upper part: pH 3.25. Lower part: pH 5.0. 
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DANGLES AND BROUILLARD 

FIG. 5.  Changes in the visible absorption of malvin on KC1 addition to a malvin solution at pH 3.3. T = 25°C. Malvin: 5 x lo-' M. 
Salt concentration is 1 M ( I ) ,  2 M (2), 3 M (3), and 4 M (4). 

TABLE 3. Salt effects on the copigmentation of malvin (5 X 

M) with caffeine (lo-' M) at pH 3.36 and 25°C. Salt con- 
, centration is 2 M for LiCl and KC1, 2/3 M for MgCl?; I is 2 in each 
, case. Reference: malvin (4.2 x M) + caffeine (1.33 x lo-' 
I M) at pH 3.55 (T = 25°C; I < lo-'). When necessary, pH values 
I were adjusted by addition of a few p L  of concentrated HC1 or 

1 NaOH solutions. The K values were roughly estimated from K = 
(D - D,)/(rDoL,) Ref.: reference. 

I Salt DO D (D - Do)/Do K(M-') 

1 LiCl 0.992 1 900 0.915 114 
KC1 0.892 1.718 0.926 116 
MgC1, 0.753 1.460 0.939 117 
Ref. (no salt) 0.245 0.615 1.5 10 142 

I 

merization in CE can be neglected. The equilibrium constant 
of the overall hydration reaction (see Scheme 2) can be ex- 
pressed as 

Kh = a H +  ([Bl + [CEI)/[AH+l 

where a,+ is In the case of malvin, pKh is about 2 at 
25°C (19) and typical values range from 2 to 3 for the sim- 
plest anthocyanins (18, 24). Consequently, in their natural 
medium (pH 2.5-7.5), most anthocyanins are essentially 
present in colourless forms. Thus, the presence in flowers 
of so many vivid colours cannot be simply due to anthocy- 
anins dissolved in the vacuoles since the corresponding 
solutions would be very poorly coloured. Some colour- 
stabilizing effects must take place. In fact, the hydration 
equilibrium, which connects the highly coloured flavylium 
cation and the colourless hemiacetal and chalcone forms, is 
the true phenomenon accounting for colour changes occur- 
ring in anthocyanin solutions and any physical or chemical 

0 
O I I . . ~ . . . ~ . . . ' . . ~ . .  0  10 20 I 

30 10 50 60 
Time (s) 

FIG. 6. Time-dependence of the malvin absorbance at 520 nm after mixing equal volumes of a 4 x lo-" malvin solution in 
0.025 M citric acid and a rutin solution in 0.02 M NaOH. T = 25°C. Rutin concentration (before mixing) is 0 (O), 4 x lo-' M (I) ,  8 x 

M (2), 12 X 10-% (3), 16 x M (41, 2 x M (5), 3 x 10~-% (6), and 6 x lo-' M (7). Final pH 3.4. The total concen- 
trations of pigment and copigment in the mixtures are half of the above-mentioned values. 
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Time (s )  

FIG. 7. Time-dependence of the malvin absorbance at 570 nm after mixing equal volumes of a 6 x M malvin solution in 
0.025 M citric acid and a rutin solution in 0.05 M NaOH. T = 25°C. Rutin concentration (before mixing) is 0 (o), 6 x M (I),  12 x 

M (2), 18 X lo-' M (3), 24 X lo-' M (4), and 30 x M (5). Final pH 5.2. The total concentrations of pigment and copigment 
in the mixtures are half of the above-mentioned values. 

AH+ : flavy lium cation B: hemiacetal CE : E-chalcone 

A: quinonoidal bases Cz :Z-chalcone 

process tending to reverse this very equilibrium can be con- 
sidered as colour stabilizing. Two examples are the reduc- 
tion of water activity on addition of large amounts of ionic 
salts (25) and complexation selectively involving the antho- 
cyanin coloured forms (13, 26). In both cases, the nucleo- 
philic attack of water on the pyrylium ring of the flavylium 
cation is minimized because of a competing process: the 
hydration of ions produced by salt dissolution in the former 
case and the molecular association between the pyrylium ring 
and a copigment molecule in the latter case. Both phenom- 
ena cause a displacement of the hydration equilibrium to- 
ward the flavylium cation and are thus accompanied by large 
hyperchromic shifts in the anthocyanin visible band (Figs. 
1,  2, 4, and 5). These spectacular gains of colour only occur 

when the colourless forms are predominant (15, 26), i.e., the 
pH of the medium must be larger than pK,. For convenient 
investigation of colour-stabilizing processes involving an- 
thocyanins, this general condition must be verified. On the 
contrary, in strongly acidic solutions where the hydration 
process can be neglected (pH < pK,), copigmentation for 
instance reduces to a classical complexation of the flavy- 
lium cation and it is essentially characterized by a small 
bathochromic shift in the pigment visible band (15) (the molar 
absorption coefficients of the free flavylium cation and its 
complexed form have similar values for all copigments in- 
vestigated). Whereas it is doubtful that ionic salts in large 
concentratiolls (larger than 1 M) should be present in the 
natural medium of anthocyanins, many in vivo investiga- 
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tions have shown that anthocyanins are often associated with 
copigments in flowers (4-8). Moreover, in contrast to co- 
pigmentation, the presence of ionic salts does not induce any 
bathochromic shift in the visible absorption of the pigment 
and so may not take part in the bluing of the colour. In fact, 
among the mechanism by which colour is produced and 
varied in plants, copigmentation deserves particular atten- 
tion. 

Copigmentation thermodynamic data 
As mentioned in the previous section, a temperature in- 

crease in a slightly acidic solution of malvin without copig- 
ment is of weak influence on the visible spectrum of the 
pigment, a fact largely attributable to the small AH0 value 
(19) (about 1 kcal mol-I) for the hydration equilibrium. In 
contrast, a similar experiment performed in the presence of 
copigment leads to a remarkable weakening of the visible 
band of the pigment, which can be easily interpreted: the 
pigment-copigment interaction is exothermic and a temper- 
ature increase tends to dissociate the copigmentation com- 
plexes, giving more free coloured forms that, through the 
flavylium cation, are consecutively converted into colour- 
less species, thus leading to a loss of colour (Figs. I and 2). 
In each experiment, the pH value was selected so that only 
one coloured form of anthocyanin was present in apprecia- 
ble quantity. In the case of malvin, pH 3.5 was selected for 
investigating copigmentation involving the flavylium cation 
(Fig. 1 )  whereas similar experiments with the neutral qui- 
nonoidal bases were carried out at pH 5.5 (Fig. 2). At both 
pH values, however, the concentrations of the coloured forms 
of the pigment are not more than a few percent of the over- 
all concentration of the pigment. In such conditions, the re- 
cently established general relation (15) giving the relative 
hyperchromic shift of copigmentation reduces to eq. [ I] ,  

Do and D stand for the absorbances of the anthocyanic chro- 
mophore, at a fixed wavelength in the visible range, in the 
absence and in the presence of copigment, respectively. For 
good accuracy, the selected wavelength must be close to that 
of the absorption maximum. Throughout this work, L rep- 
resents the copigment r is expressed by the following ratio 
of molar absorption coefficients: F ~ ~ ~ + / E ~ ~  + at pH 3.5; 
cAL/&A at pH 5.5. K stands for the copigmentation equilib- 
rium constant and is expressed by K, = [AHL+]/([AH+][L]) 
for copigmentation involving the flavylium cation (pH 3.5) 
and by K2 = [AL]/([AII[L]) for copigmentation involving the 
neutral quinonoidal bases (pH 5.5). Typical values of the 
concentrations used in the present work are about lo-' M for 
the copigment and 5 X M for malvin. Under such con- 
ditions, the free copigment concentration [L] is much higher 

than the concentration of copigment associated with mal- 
vin, and thus it is approximately equal to the total concen- 
tration of copigment L,. Moreover, the theoretical treatment 
does not need to take into account the formation of com- 
plexes whose stoichiometry is different than I : 1. The pre- 
vious quantitative investigations on copigmentation ( 13, 14, 
16, 17) are consistent with this assumption. Finally, any self- 
association process involving the coloured forms of the pig- 
ment (27, 28) (whose actual equilibrium concentrations are 
less than M) can also be neglected. Assuming van't 
Hoff's hypothesis (temperature-independent AH0), eq. [ I ]  
transforms into eq. [2]. Hence, a linear plot of ln[(D - Do)/ 
Do] as a reciprocal of temperature gives the values of the 
copigmentation enthalpy and entropy changes (Table 1). For 

each copigment, the r values generally derive from a com- 
parison of the experimental and theoretical plots of (D - D,,)/ 
Do versus pH (15). However, the ratio can be 
directly estimated by measuring Do for a 0.2 M HCI malvin 
solution and then D after addition of a large excess of co- 
pigment so that the flavylium cation is entirely complexed 
(13). At 520 nm, whatever the copigment selected, 
& A H +  and were found close to 0.8 and 0.9, respec- 
tively. 

In all cases presented here, copigmentation appears as an 
exothermic process. Using a thermodynamic cycle, the co- 
pigmentation overall enthalpy change AH0 can be artifi- 
cially divided into two terms. The first one accounts for the 
pigment-copigment interaction in the gas phase. It is essen- 
tially composed of stabilizing contributions, the major one 
being the electrostatic and dispersion forces, iccluding for 
instance n-n overlap between aromatic residues, dipole- 
dipole interactions, and possible hydrogen bonding. The 
second term is the sum of the enthalpy changes accompa- 
nying the transfer of the free-binding partners from the sol- 
vent (water) to the gas phase (desolvation) and of the 
solvation enthalpy of the molecular complex; it represents 
the solvent contribution to the overall enthalpy change. The 
association of the pigment and copigment molecules re- 
duces their surfaces in contact with the solvent so that there 
is a net desolvation that brings some water molecules from 
the solvation shells to the bulk solvent. If this contribution 
is exothermic, it means that a water molecule interacts more 
strongly with its neighbours in the bulk (other water mole- 
cules) than with its neighbours in a solvation shell (the sol- 
ute molecule and other water molecules). This is certainly 
true for at least two reasons: first, yater is by far the solvent 
of lowest polarizability (a = 1.47 A ~ ) .  Thus, dispersion in- 
teractions between water molecules and solute molecules 
(even their most apolar parts) must be very weak (29). Sec- 
ondly, the solvation water molecules are higher in enthalpy 
than the water molecules within the liquid water network 
(bulk). 

From their investigations on carbohydrate-protein inter- 
action (particularly from Monte Carlo simulations of car- 
bohydrate and protein hydration), Lemieux et al. (30) 
proposed a general model for the association of amphiphilic 
molecules in water. Since malvin and most copigments in- 
vestigated in this work (particularly, chlorogenic acid, cate- 
chin, and rutin) are hydrophilic through their hydroxyl groups 
and hydrophobic particularly through their aromatic rings, 
such a model can be usefully applied to copigmentation. In 
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this model, hydrogen bonding between a water molecule and 
a hydroxyl group close to a hydrophobic region in the am- 
phiphilic solute molecule places the water molecule farther 
from the solute surface, i.e., creates a cavity along the hy- 
drophobic region. In these conditions, the colinear arrange- 
ment proper to strongest hydrogen bonding can be achieved. 
Such cavities have been formed at the cost of an increase in 
enthalpy so that their partial collapse on molecular associa- 
tion brings a favourable exothermic contribution to the overall 
copigmentation enthalpy change. In all cases investigated the 
pigment-copigment interaction was actually found to be 
exothermic, especially with catechin and chlorogenic acid 
(Table 1). Whatever the interacting coloured form of antho- 
cyanin (AH+ at pH close to 3.5, A at pH 5.5), the copig- 
mentation exothermicitv decreases in the catechin - 
chlorogenic acid - caffeine series. The attractive term in the 
dispersion interaction was pointed out to be one of the major 
components in the interaction energy between two mole- 
cules (29, 31). This seems particularly true in the case of the 
pigment-copigment interaction, as indicated by the high 
polarizabilities of the malvin chr!mophores (computed from 
atomic increments $32)): 32.8 A3 for the flavylium chro- 
mophore and 32.5 A3 for the quinonoidal chromophore (the 
glucosyl moieties have not been taken into account). Tak- 
ing the copigment molecular polarizability as a rough mea- 
sure of the copigment ability to establish attractive dispersion 
forces with the pigmeet molecule, we computed a values of 
33.0, 28.9, and 18.9 A3 for chlorogenic acid, catechin, and 
caffeine, respectively. The large polarizabilities of chloro- 
genic acid and catechin certainly contribute to the strong 
exothermicity of their association, especially with the flav- 
ylium cation. However, in spite of its rather weak polariz- 
ability, caffeine interacts strongly with the quinonoidal bases. 
Some dipole-dipole and (or) inductive attractive forces be- 
tween thkse highly polar species could take place, as well as 
possible hydrogen bonding between the hydroxyl groups of 
the pigment and caffeine. In the same way, Haslam and co- 
workers (33, 34) already pointed out remarkable interac- 
tions between caffeine and various polyphenols. Using X-ray 
crystallography and 'H NMR data, these authors proposed 
that both hydrophobic interactions and hydrogen bonding 
should contribute to complex stability. Moreover, replacing 
malvin by synthetic anthocyanidins (anthocyanins without 
any sugar residue on their chromophore, such as the 7-hy- 
droxy 3,4'-dimethoxyflavylium cation) in copigmentation 
experiments with chlorogenic acid and caffeine (35) results 
in similar copigment effects in the case of only chlorogenic 
acid. By contrast, whatever the pH, much smaller hyper- 
chromic shifts have been detected in the case of caffeine. In 
addition, malvin and the 7-hydroxy 3,4'-dimethoxyflavy- 
lium cation possess similar abilities to hydrate (pK, about 2 
at 25°C in both cases). Thus, the presence of glycosyl resi- 
dues on the anthocyanic chromophore appears to be deter- 
mining for caffeine copigmentation. In fact, hydrogen 
bonding between the hydroxyl groups of the malvin glyco- 
syl residues and the tertiary amide carbonyl groups of caf- 
feine must be necessary to enforce vertical stacking 
(demonstrated by 'H NMR investigations (17)) of the pu- 
rine ring onto the pyrylium ring. Although tryptophan po- 
larizability (21.6 A3) is higher than that of caffeine, the 
tryptophan-flavylium cation interaction is significantly less 
exothermic than the corresponding interaction involving 
caffeine. This could be due to particularly strong hydrogen 

bonds between water and the tryptophan NH, and COOH 
groups, making the desolvation contribution to the overall 
AH0 less exothermic. Indeed, the replacement of the COOH 
group by the less solvated COOMe group leads to much more 
exothermic pigment-copigment interaction (in add i t i~n  to 
the small increase in the overall polarizability: 23.5 A3 for 
Trp-OMe). The ability of tryptophan to act as a malvin co- 
pigment has been observed not only with the flavylium cat- 
ion (K, about 65 M- '  at 25°C) but also with the quinonoidal 
bases. However, the effect is weaker (K, about 20 M- '  at 
25°C). This behaviour seems unique in the amino acid 
series since the other amino acids investigated, even the 
most polarizable tyrosine and phenylalanine, do not exhibit 
appreciable copigment effects. Contrary to previous quali- 
tative investigations (9), copigmentation involving the flav- 
ylium cation of cyanin (an anthocyanic pigment analogous 
to malvin but bearing a catechol group on its terminal B-ring) 
and proline appeared to be hardly significant (K of the order 
of unity at 25°C). This remains true for N-acetylproline and 
other small derivatives like the dipeptides Pro-Phe and Pro- 
Pro. The large hydrophilic character of the NH2 and COOH 
groups probably makes the competition between molecular 
association and solvation of the free partners favour the lat- 
ter phenomenon. However, for longer peptides, formation 
of hydrophobic pockets, involving for instance the apolar side 
chains of aromatic residues, probably allows much stronger 
interactions with polyphenols in general. Indeed, proantho- 
cyanidins (condensed tannins), whose skeleton is close to that 
of anthocyanins, are well known for their ability to bind (and, 
ultimately, precipitate) proteins (33, 34, 36-38). 

More than the overall molecular polarizabilities of both free 
partners, the area of n-overlap is a relevant measure of the 
interaction energy between aromatic molecules in the gas 
phase (39). Indeed, among the dispersion forces at work 
between the pigment and the copigment molecules, n-n in- 
teractions must be of particular importance. For instance, up 
to now, no copigment has been found that does not possess 
at least one aromatic or pseudo-aromatic (caffeine-type) 
structure. Of course, the presence in a given molecule of one 
aromatic moiety does not necessarily imply that this mole- 
cule will act as a copigment (see the examples of tyrosine and 
phenylalanine). Similarly, tryptophan, which presents a large 
aromatic structure, is a weak copigment only. Solvation 
considerations must be taken into account. n-n interac- 
tions between the pigment and copigment molecules have 
been demonstrated using 'H NMR analysis (4, 17, 40): when 
pigment and copigment are mixed together, the chemical 
shifts of their aromatic protons are significantly displaced. 
Such displacements are the result of ring current diamag- 
netic anisotropy in neighbouring aromatic moieties and can 
be used to estimate the copigmentation equilibrium con- 
stant. The hypothesis of determining n-n interactions in 
copigmentation permits us to explain why the copigment 
molecule essentially interacts with the coloured forms rather 
than with the colourless forms of the pigment. Whereas the 
coloured forms possess almost planar chromophores with 
electronic delocalization distributed on three aromatic rings, 
the colourless hemiacetal and chalcone forms bear only two 
isolated aromatic rings. 

As evidenced by Table 1, the copigmentation entropy 
change is highly dependent on the copigment structure. 
Moreover, most of the AS' values reported here are nega- 
tive. Indeed, the overall entropy change is composed of an 
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LO ~ Indeed, the copigmentation phenomenon is closely con- 
nected to the pH-dependent chemical transformations that 
anthocyanins undergo in water (proton transfers and hemi- 
acetal formation); large additions of cosolvent would pose - 30- the difficult problem of pH correction. In our conditions, pH 

F 

L correction is not necessary and cosolvent addition does not 

a- 
markedly affect the visible spectrum of the pigment in the 
absence of copigment. Thus, in the presence of copigment, 

7 
1~ the changes occurring in the visible absorption of anthocy- - 
o anin when water is replaced by a binary solvent, water re- 
I 
4 10- 

maining the main component, are essentially due to cosolvent 
effect on copigmentation (see Fig. 3, the case of water- 
ethanol mixtures). These changes, which consist of a strong 
decrease in the hyperchromic shift characteristic of copig- 
mentation, spectacularly illustrate the influence of the me- 

%o I I 

0 10 20 dium on the magnitude of the copigmentation. 
-T AS0 ( k J mo1-',298 K ) Similar effects have been recently reported with a series 

of organic cosolvents (15). In that series, the less damaging 
FIG. 8. Enthalpy-entropy compensation for eight pigment- effects were observed with methanol, ethanol, and ethylene 

copigment couples. The corresponding AH0 and As0 values are glycol, probably because they are, as protic solvents, rela- 
from Table 1. T = 298 K p = 0.988; slope = 1.148 (t0.074); tively close to water and are similarly characterized by a 
intercept = 11.057 (k0.661). network of hydrogen-bonded molecules. Solvent effects in 

molecular complexation have been widely investigated. In 

unfavourable (negative) term accounting for the reduction of 
the degrees of freedom of both partners when they associate 
(in the gas phase) and of a second term including the sol- 
vent contributions. Following Lemieux et al .  (30), we may 
assume that water molecules have greater mobility at the 
surface of amphiphilic solute molecules, where cavities are 
present, than in the bulk where water molecules are tightly 
associated. Thus, an ordering is expected to occur in the water 
molecules taking part in the net desolvation process accom- 
panying the molecular complexation so that the main con- 
tribution of the solvent to the overall entropy change would 
be an unfavourable (negative) term as well. The experimen- 
tal entropy changes for most pigment-copigment systems 
(Table 1) are consistent with this view: copigmentation re- 
sults in a loss of entropy except in the case of caffeine and 
tryptophan interacting with the malvin flavylium cation. In 
those cases, the large planar and rigid molecules of copig- 
ment probably allow the formation at their surfaces of well- 
ordered arrangements of water molecules, which partially 
collapse on association with the flavylium cation giving a 
positive net entropy change. Replacing the tryptophan COOH 
group by a COOMe group strongly alters AS0. In fact, owing 
to its high ability to establish hydrogen bonds, the COOH 
group might be inserted in a more organized water cavity than 
that surrounding the COOMe group. Moreover, the en- 
thalpy and entropy changes are expected to be correlated. For 
instance, the more intimate the contact between the pig- 
ment and copigment molecules, the stronger the reduction 
of their respective degrees of freedom. Similarly, the looser 
the contact between solvation water molecules and a m ~ h i -  
philic solute molecules, the stronger the ordering of these 
water molecules on their release in the bulk (30). Indeed, a 
plot of -AHo versus -TAsO is linear (Fig. 8) suggesting 
enthalpy-entropy compensation. The compensation tem- 
perature has been found equal to 342 (223)  K. 

their work dealing with inclusion of apolar solutes in cyclo- 
phane cavities, Smithrud and Diederich (29) found the cor- 
responding inclusion complexes to be much more stable in 
water than in any other solvent. These authors interpreted this 
result by taking into account at the same time the strong co- 
hesive forces between water molecules in the bulk and the 
extremely weak polarizability of water. Both factors ex- 
plain why the water molecules interact much more strongly 
with themselves than with apolar solutes, thus providing a 
net driving force for molecular complexation. In this view, 
changing water into a more polarizable solvent must lead to 
more favourable solvent-solute dispersion interactions and 
weaker cohesive forces between solvent molecules in the 
bulk. Thus, the net desolvation process and finally the overall 
molecular complexation are expected to be less exothermic. 
Curiously, in our systems, whatever the copigment used, 
malvin copigmentation (involving either the flavylium cat- 
ion or the quinonoidal bases) is significantly more exother- 
mic in water-ethanol mixtures than in water (Table 2). 
Moreover, the pigment and copigment molecules must be 
more solvated in protic organic solvents such as ethanol, 
where they are freely soluble, than in water where their sol- 
ubility is rather low. 

So, how can species that are more solvated in their free 
state interact in a more exothermic way? A possible expla- 
nation would be that the pigment and copigment molecules 
are better solvated by the binary solvent when they are 7 ~ -  

stacked in the complex, than when in their free state. This 
could be due to a microenvironment of ethanol molecules 
around the stacks. As has been suggested by Sigel et al. (41), 
the aromatic stacks originally present in water might act as 
"germs to attract the organic solvent molecules and to form 
a rnicelle-like h drophobic environment." In spite of a more Y favourable AH value, cosolvent effect on copigmentation 
consists in a strong weakening of the pigment-copigment 
interaction (whose magnitude is expressed by the K value). 

Cosolvent effects It is thus attributable to a more unfavourable entropy change 
In this paragraph, we consider only the problem of small (Table 2). Whereas copigmentation is an enthalpically driven 

additions of organic cosolvent (less than 6% molar) in the phenomenon (large negative AHo, A s 0  being generally un- 
aqueous medium where copigmentation typically occurs. favourable), cosolvent effect on copigmentation appears to 
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FIG. 9. Plots of ln[(D - Do)/Do] as a reciprocal of the temper- 
ature for the malvin - chlorogenic acid system at pH 3.6 in differ- 
ent water-ethanol mixtures. Malvin: 6.7 X M. Chlorogenic 
acid: 6.7 X M. D and Do are the malvin absorbances at 
520 nm with and without chlorogenic acid, respectively. The molar 
fractions of ethanol are 0 (O), 2.7% ( l ) ,  4.1% (2), and 5.4% (3). 
p = 0.996 (0); 0.995 (1); 0.995(2); 0.988 (3). Slope = 2.896 
(k0.145) (0); 3.078 (k0.171) (1); 3.429 (k0.197) (2); 3.565 
(k0.321) (3). Intercept = -9.57 (k0.50) (0); -10.56 (k0.58) (1); 
- 11.97 (k0.67) (2); - 12.67 ( k  1.10) (3). 

be controlled by AS0.  Cosolvent molecules in water are ex- 
pected to partially disrupt the approximately tetrahedral net- 
work of water molecules in the bulk. Thus, the release of 
solvation molecules on molecular complexation should not 
be so entropically costly as it is in the absence of cosolvent. 
In fact, the origin of the net decrease in entropy on cosol- 
vent addition is probably to be found in the preferential ar- 
rangement of cosolvent molecules around the stacks. The 
linear plots yielding AH0 and AS0 for the malvin - chloro- 
genic acid association (pH 3.6) are reported in Fig. 9 for 
different molar fractions (x) of ethanol. The variations of 
A H 0 ,  AS" and AGO (25°C) versus x seem to be roughly lin- 
ear in the x range investigated (Fig. 10). 

Salt effects 
Large additions of alkali halides to weakly acidic solu- 

tions of malvin without copigment give rise to strong hy- 
perchromic shifts in the visible band of the pigment (Figs. 4 
and 5), a phenomenon already pointed out with other antho- 
cyanic pigments (25). Unlike copigmentation, this phenom- 
enon is not accompanied by any shift in the wavelength of 
the absorption maximum. However, just as with copigmen- 
tation, remarkable salt effects in anthocyanin solutions take 
place only when the pigment is mainly hydrated (pH > pK,), 
the minor coloured forms being either the flavylium cation 
or the quinonoidal bases according to the pH of the medium 
(Fig. 4). This can be interpreted by the decrease in water 
activity due to ion solvation that, in turn, induces a dis- 
placement of the hydration equilibrium toward the flavy- 
lium cation. Note that these salt effects are highly dependent 
on the nature of both the metallic cation and the halide anion. 
Indeed, the degree of solvation of an ion is a function of its 
size and its charge density. For instance, the small Li+ cat- 
ion is very solvated and is thus expected to produce a stronger 

FIG. 10. Molecular association of the malvin flavylium cation 
with chlorogenic acid in different water-ethanol mixtures. Varia- 
tions of thermodynamic parameters versus molar fraction bf ethanol. 
Upper part: AH" (p = 0.965). Middle part: L L Y O  (p = 0.979). Lower 
part: AGO at 25OC (p = 0.997). 

hyperchromic effect in the visible band of malvin than the 
larger Na+ and K +  cations (for a given counteranion). Ex- 
periment confirms this view (Fig. 4). 
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For anions, this simple explanation seems no longer valid. 
For example, although the bromine anion is larger (and 
probably less solvated) than the chlorine anion, the stabiliz- 
ing effect of NaBr on both the flavylium cation and the qui- 
nonoidal bases is stronger than that of NaCl. Now, how do 
these salt effects alter copigmentation? The experiment, 
whose results are reported in Table 3, consists of measuring 
the relative hyperchromic shift produced by a given amount 
of caffeine when added to a malvin solution (pH 3.36) con- 
taining a large salt concentration. The salt concentration is 
2 M for LiCl and KC1 and 2/3 M for MgC12 so that the ionic 
strength is about 2 in each case. Whatever the salt, the rel- 
ative hyperchromic shifts are very close and notably lower 
than that recorded in the absence of salt (ionic strength about 

Whereas salt addition results in large specific effects 
on the pigment hydration process, its influence on the mag- 
nitude of the intrinsic copigmentation is relatively small and 
almost non-specific. In fact, the small weakening of copig- 
mentation on large salt additions probably consists only of 
an ionic strength effect. 

Relaxation kinetic measurements as  an efficient method for 
the determination of copigmentation equilibrium 
constants 

Among all the equilibria displayed in Scheme 2, proton 
transfer and copigmentation equilibria are extremely fast re- 
actions. In contrast, the hydration of the flavylium cation into 
the colourless hemiacetal B (followed by instantaneous tau- 
tomerization into C,) is a rather slow process. Its rate is 
highly dependent on the acidity of the medium (21). Typi- 
cally, the hydration equilibrium is reached within a few tens 
of seconds in slightly acidic solutions (pH 3-4) but requires 
several minutes at pH values near neutrality. In the experi- 
ments whose results are presented in Figs. 6 and 7, a copig- 
ment alkaline solution is quickly added to a malvin acidic 
solution. In that way, the hydration process is perturbed by 
both pH-jump and flavylium cation complexation. The 
change in the visible absorbance, D of the pigment from its 
initial value just after mixing, Do, toward its value in the final 
equilibrium state, D*, has been recorded as a function of 
time. D is measured at a given wavelength near that of the 
absorption maximum, for instance, 520 nm when the col- 
oured form of the pigment present in the medium is the 
flavylium cation (final pH 3-4) and 570 nm when the qui- 
nonoidal bases are largely predominant (final pH 5-6). The 
copigment selected for this study is rutin (S), a member of 
the flavonol family, among which are found the strongest 
anthocyanin copigments reported up to now (9, 12). Figure 
6 shows the influence of copigmentation on the visible ab- 
sorption of malvin just after the pH of the pigment solution 
was quickly raised from 2.3 to 3.4. It points out the re- 
markable slowing down of the flavylium cation hydration due 
to flavylium cation - rutin complexation. Raising the pH of 
an equilibrated acidic solution of malvin without copigment 
results in a shift of the hydration equilibrium toward the 
colourless forms of the pigment so that the visible absor- 
bance decreases. When the pH increase is accompanied by 
the simultaneous addition of the rutin copigment, the in- 
stantaneous complexation of the coloured forms (copig- 
mentation) is opposed to the former shift. When the pH-jump 
effect is predominant, we get Do > D* (positive relaxation 
amplitude defined as Do - D*), i.e., the visible absorbance 
decreases during the relaxation process. When the copig- 

ment concentration is large enough for the copigment effect 
to prevail, we get D* > Do (negative relaxation amplitude), 
i.e., the visible absorbance increases upon the relaxation 
process. Both situations can be seen in Fig. 6. Note that pH- 
jump and copigment effects cancel each other (amplitude 
zero) at a rutin to malvin molar ratio close to 7.5. The qual- 
itative observations about the influence of copigmentation 
on the flavylium cation hydration kinetics remain valid for 
the apparent hydration of the quinonoidal base (through the 
flavylium cation) when pH goes from 2.3 to 5.2 (Fig. 7): 
again the hydration process is much slower in the presence 
of the copigment. In that case, however, no change in the sign 
of the signal amplitude occurs in the investigated concen- 
tration range of the copigment. For good sensitivity of 
method, it is important to start from an acidic solution of 
malvin (pH about 2) giving an intense absorption band in the 
visible range. Under such conditions, signals of large am- 
plitudes can be recorded. When the total concentration of 
copigment is raised, the differences in the Do absorbance 
values just after mixing of the pigment and copigment so- 
lutions (i.e., when the hydration process is still negligible) 
essentially reflect the differences in the molar absorption 
coefficients of the free and complexed forms at the selected 
wavelength. In the case of mtin, E A H ~ +  appears to be close 
to sAH+ at 520 nm (small differences in the Do values in Fig. 
6) whereas sAL must be larger than E, at 570 nm (increasing 
Do values on increasing the total concentration of copig- 
ment as shown in Fig. 7). 

Interestingly, our kinetic results can be applied to the de- 
termination of copigmentation equilibrium constants (the 
theoretical treatment is detailed in the Appendix): the ap- 
parent first-order rate constant of hydration k (reciprocal of 
the relaxation time), is computed at different copigment 
concentrations from the slope of the linear plot of l n l ~  - D*) 
versus time. k can be related to k,, the apparent rate con- 
stant of hydration in the absence of copigment, by eqs. [31 
and [4]: 

k, stands for the elementary rate constant of the flavylium 
cation hydration process. Equation [3] is valid at a final pH 
of about 3.5 and a plot of 1 /(ko - k) as a reciprocal of L, 
yields the copigmentation constant of the flavylium cation 
K,. Equation [4] is valid at final pH 5-6 and the same type 
of plot yields the quinonoidal base copigmentation constant 
KZ Equations [3] and [4] can be used with any copigment 
provided that its total concentration is much larger than the 
concentration of the coloured form of the pigment (L, is ap- 
proximately equal to [L]). 

The considerable advantage of this method over the equi- 
librium procedure (13, 15) is that the new plot is indepen- 
dent of spectral parameters such as the molar absorption 
coefficient ratio r ,  which requires a previous time-consum- 
ing (although not so accurate) determination. The corre- 
sponding plots with rutin as copigment are reported in Figs. 
11 and 12. The following values for K, and K2 have been 
estimated at 25°C: K, = 3370 (+550) M-I, K2 = 1030 
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FIG. 11. Molecular association of the malvin flavylium cation 
and rutin. Double-reciprocal plot of ko - k versus L,. k and ko are 
the apparent first-order rate constants of hydration at pH 3.4 in the 
presence and in the absence of copigment, respectively. L, is the 
total concentration of copigment. T = 25°C. p = 0.995; slope = 
1.757 (20.057); intercept = 5.915 (k0.590). 

FIG. 12. Molecular association of the malvin quinonoidal bases 
and rutin. Double-reciprocal plot of ko - k versus L,. k and ko are 
the apparent rate constants of hydration at pH 5.2 with and with- 
out copigment, respectively. L, is the total concentration of copig- 
ment. T = 25°C. p = 0.995; slope = 1.032 (20.062); intercept = 
1.059, (CO. 112). 

(+ 170) M - I .  In both cases, consistent k, values have been 
found, 0.169 (20.017) s-I from the first plot (pH 3.4) and 
0.150 (20.050) s-I from the second plot (pH 5.2). Both 
values are in good agreement with previously reported val- 
ues (1 9). K, deduced from relaxation kinetic measurements 
is slightly lower than that computed from Sadlowski's static 
experiments (19) on rutin (K, about 4000 M-' at 25°C (13)). 
In comparison, let us mention that Haslam and co-workers 
(17), using the ln[(D) - Do)/Do] versus In L, plot, recently 
measured a constant of about 1686 (258) M-I for the co- 

pigmentation of the malvin flavylium cation (T = 22°C) with 
quercetin-3-P-D-galactoside, another flavonol differing from 
rutin only by the diosyl residue but markedly more soluble 
in water. In fact, the water solubility of rutin is very poor (of 
the order of M) whereas its solubility in alkaline solu- 
tions (where deprotonation of the phenolic OH groups takes 
place) is quite good (more than lo-' M). 

Now, mixing the acidic malvin solution and the alkaline 
rutin solution yields a slightly acidic solution in which rutin 
is in a thermodynamically unstable state of supersaturation. 
This unusual phenomenon may persist for a few minutes 
before precipitation occurs (19). In classical copigmenta- 
tion experiments on equilibrated solutions, such a delay is 
generally not sufficient to be sure that the hydration equilib- 
rium state is entirely established, particularly in the case of 
experiments dealing with quinonoidal base copigmentation 
(pH 5-6). Thus, in the case of rutin, our kinetic method for 
the determination of the copigmentation equilibrium con- 
stants seems to be by far more accurate. Since K, is much 
higher than KZ, rutin enters the class of copigments better 
stabilizing the flavylium cation than the quinonoidal bases. 
Interestingly, the overall affinity of rutin for malvin is much 
greater than that of (+)-catechin although the carbon skele- 
tons of these two copigments are similar. In fact, by con- 
trast with catechin, the rutin central ring is unsaturated and 
quite planar. Hence, the three unsaturated rings in rutin must 
be almost coplanar, a conformation strongly favouring T-T 

stacking. Moreover, the very unfavourable entropic terms in 
the malvin-catechin association (Table 1) might partly re- 
flect the distortion occurring in the catechin central ring for 
both aromatic side rings to reach the coplanar conformation 
proper to strongest interaction in the complex. Such a dis- 
tortion is probably absent in the case of rutin since coplan- 
arity is already achieved in the copigment free state. In 
addition, for rutin as well as for tryptophan and caffeine, the 
solvent water might provide a positive contribution to AS'. 
Thus, more favourable entropy changes are expected. Pre- 
liminary results from temperature variation on the flavy- 
lium cation - rutin system (AS0 close to zero) seem to con fm 
that view. 
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Appendix: how to derive the copigmentation 
equilibrium constants from relaxation kinetic 

measurements 

(i) Flavylium cation copigtnetztatiotz 
We must take into account the slow hydration equilib- 

rium and the instantaneous copigmentation equilibrium in- 
volving the flavylium cation (Scheme 3). For the purpose of 
clarity, the fast equilibrating B and C, ring-chain tautomers 

are represented by B only. The general rate equation can be 
written as eq. [5]: 

ci stands for the time-dependent concentration of species i and 
can be expressed as follows: ci = c;* + Aci where ci* is the 
ci value in the final equilibrium state (reached after pertur- 
bation) and Aci is the time-dependent deviation from this 
value. At the final equilibrium, eq. [5] becomes eq. [6]: 

Thus, substituting the expressions for c, in eq. [5] and using 
eq. 161 leads to eq. [7]: 

Now, in the buffered citric solution, the final pH value is 
reached just after mixing the pigment and copigment solu- 
tions, i.e., it is not changed by the consecutive relaxation 
process of the hydration equilibrium. Hence, we get AcH << 
Ac,. In addition, AcB and cB* are smaller than the pigment 
total concentration MI, which in turn, is of the order of cH* 
(pH = 3.4; M, = 2 x lo-' M). Thus, in eq. [7] the sum 
cB:UcH + AcBAcH can be neglected and eq. [7] reduces to eq. 
P I :  

According to the principle of mass conservation, we have 
for pigment and copigment, respectively (eqs. [9] and [lo]): 

Since the fast copigmentation equilibrium remains estab- 
lished throughout the relaxation process, the mass law 
expression gives: K, = cAHL/(cAH c,) = cAHL*/(cAH*cLd' ). 
Substituting the expressions for c, in this equation leads to 
eq. [ I l l :  

The principle of mass conservation for pigment in the final 
equilibrium state gives: M, = cAt,* + cB* + cAHL'!: = CAH* 
( 1  + KI,/cH" + K,  c,*). Thus, the total concentration of 
the coloured forms of the pigment is expressed by: cAH'+ 
C A H L . : ~  = eAH:i: (1 + K I *, : ' ) - - MI (1 + K I  ~ ~ : ~ ) / ( l  + Kh/cH* 
+ K l  cLZi:). Except in the case of exceptionally stable copig- 
mentation complexes (K, > lo4), we have: 1 + KIcL* << 
Kh/cH* (about 25 with K,, = lo-' at 25OC). Thus, cAH* + 
cAHL:I: is much smaller than MI, which, consequently, is ap- 
proximately equal to c,*. Moreover, the total concentration 
of copigment L, is markedly larger than M, and, thus, much 
larger than cAt,,*. We may write: L, = cL*. Assuming c, to 
remain almost constant throughout the relaxation process (AcL 
<< c,"), eq. [ I  I ]  reduces to eq. [12]: 

Combining eqs. [ lo ]  and [12], we get: KIL,AcAH + (1 + 
K,cAH")AcL = 0.  Assuming K, < loJ,  we have: KlcAH* = 
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K,M,cH*/Kh << 1. Thus, AcAH and AcL are related simply 
by eq. [13]: 

Combining eqs. [9] and [ 101 leads to eq. [ 141: 

Finally, from eqs. [13] and [14], AcAH is related to Ac, ac- 
cording to eq. [15]: 

Equations [8] and [15] are combined to express the appar- 
ent first-order rate constant k for change in B defined by: 
dAcB/dt = -kAc,. We get eq. [16]: 

In the absence of copigment (L, = 0), k becomes k,, which 
is expressed by eq. [ 171: 

The difference k, - k reduces to klKIL,/(l + KIL,) so that a 
double-reciprocal plot of ko - k versus L, is linear and yields 
k, and K, (see eq. [3]). For each copigment concentration, 
the k value can be estimated from the time-dependence of the 
pigment absorption at a fixed wavelength (520 nm for 
the flavylium cation). Indeed, the visible absorbance D 
can be written as: D = &AHdcAH + E ~ ~ ~ ~ c ~ ~ ~  where d is the 
optical pathlength. Thus, the absorbance deviation from 
the equilibrium value D* is AD = D - D* = &,,dAcAH + 
E ~ ~ ~ ~ A c ~ ~ ~ .  The free copigment concentration remains al- 
most constant during the relaxation process (c, = e,'" L,) 
and cAH* is much smaller than c L *  Thus, eq. [12] can be 
approximately written as: KILtAcAH = AcAHL. Thus, the ab- 
sorbance deviation becomes AD = D - D* = &,,dAcAH X 

(1 + r,K,L,) with r,  = Finally, using eq. [15], the 
following expression for AD is derived (eq. [18]): 

AD is time-dependent in the same way as Ac,, i.e., 
dAD/dt = -kAD. Thus, the visible absorbance of the pig- 
ment varies with time according to -dD / dt = k(D - D*). 
On integration, we get l n l ~  - D*I = ln(Do - D*I - kt where 
Do stands for the initial absorbance just after mixing of the 
pigment and copigment solutions. Thus, a plot of l n l ~  - D*I 
versus time must be linear with a slope equal to -k. Re- 
peating the experiment at different copigment concentra- 
tions gives a series of k values that can be used according to 
eq. [3] to determine the flavylium cation copigmentation 
constant K l .  

(ii) Copigmentation of the quinonoidal bases 
The equilibria that must be taken into account are summed 

up in Scheme 4. AH' is now a very minor component and 
its complexation with L has been neglected. The theoretical 

treatment presented above can be easily transposed to that 
case. The equations of mass conservation are now eqs. [19] 
and [20]: 

For the fast copigmentation and acid-base equilibria, the 
mass law is expressed as eqs. [2 11 and [22]: 

[21] K, (cL*AcA + cA*AcL + AcAAcL) = AcAL 

[22] cA*AcH + cH*AcA + AcHAcA = K,AcAH 

Assuming AcL < < c,* , eq. [2 1 ] becomes eq. [23] : 

[23] K2(cL*AcA + cA*AcL) = AcAL 

The apparent hydration equilibrium constant can be written 
as: Kh/K, = c,*/cA*. Here again, c,* is approximately equ? 
to M, and we have: cA* = M,K,/Kh = M,/100 (Kh = lo--; 
K, = at 25°C). Thus, cH* and cA* are of the same order 
of magnitude (pH = 5.2; M, = 3 X M). Assuming AcH 
<< AcA and AcH << cH*, eq. [22] simplifies to eq. [24]: 

Combining eqs. [20] and [23], we get eq. [25]: 

[25] (1 + K2cA*)AcL + K2cL*AcA = 0 

Assuming K, < lo4, we have K,cA* << 1. Thus, eq. [25] 
simplifies to eq. [26]: 

[26] AcL + K2cL*AcA = 0 

From eqs. [19] and [20], we get eq. [27]: 

[27] AcAH + Ac, + AcA = Ac, 

Equations [24], [26], and [27] are combined to give eq. [28]: 

[28] AcAH(l + (1 + K2CL*)K,/CH*) + Ac, = O 

(1 + K2cL*)K,/cH* is much larger than 1 and eq. [28] fi- 
nally reduces to eq. [29] (here again, we may take cL* = L,): 

Assuming eq. [8] to remain valid, we combine it with eq. 
[29] to get the expression for the apparent first-order rate 
constant k for change in B (eq. [30]): 

In the absence of copigment, k becomes ko (eq. [3 1 I): 

Here again, the double-reciprocal plot of k, - k versus L, is 
linear and yields kl/K, and K, (see eq. [4]). k, and k are de- 
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termined from linear plots of ln(D - D*I versus time. How- D* value from a rough extrapolation of the curve express- 
ever, at pH about 5 in the presence of rutin the hydration ing D versus time. Then, a more accurate estimation is 
process is generally too slow for the equilibrium state to be achieved by plotting lnlD - D*( versus time for different D* 
reached before rutin precipitation occurs. Thus, a direct ex- values close to the extrapolated value and by selecting the 
perimental determination of D* is not possible. We get a f is t  one giving the best linear plot. 
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Hydroxythioethers ethyleniques : synthese et rearrangement spontane 
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GH~SLAINE MARTIN, JEAN SAULEAU, MICHELE DAVID, ARMELLE SAULEAU et SOURISAK SINBANDHIT. Can. J. Chem. 70, 
2190 (1992). 

On Ctudie la rCaction entre des Cpoxydes c-r CthylCniques et des thiophknols ou le phCnylthiotrimCthylsilane avec Zn12 
ou nBuLi 5 temperature ambiante. Ces rkactions qui peuvent 2tre rCgio et stCrCospCcifiques, conduisent avec de bons 
rendements a trois types d'hydroxythiokthers CthylCniques isomeres de position. La stCrCochimie, le degre de substitu- 
tion des oxiranes et les conditions reactionnelles, gouvernent les sites d'attaques. Durant la reaction de condensation, il 
peut se produire une migration 1,3 du reste thiophknyle. Sous l'action de la lumikre, les hydroxythioCthers allyliques 
subissent, par un mecanisme radicalaire, la rupture de la liaison ArS - reste allylique. On determine les constantes de 
vitesse, les conditions du rearrangement ainsi que les composCs formCs. 

GHISLAINE MARTIN, JEAN SAULEAU, MICHELE DAVID, ARMELLE SAULEAU, and SOURISAK SINBANDHIT. Can. J. Chem. 
70, 2190 (1992). 

Reactions of vinyloxiranes and thiophenols or phenylthiotrimethyl silane with ZnI, or nBuLi, at room temperature, 
were studied. These condensations proceed regio and stereospecifically to afford, in good yields, three families of hy- 
droxy aryl ethylenic sulfides. The regiochemistry is determined by the stereochemistry, the substitution of the oxiranes, 
and the reaction conditions. During the condensation, 1,3 phenylthio migration occurs. Light initiates the rearrange- 
ment by bringing about cleavage of the ally1 sulfur bond - a radical chain mechanism - of the hydroxy allylphenyl 
sulfides. Scope, rate constants, and product composition of the rearrangement were studied. 

Introduction 
Si la littCrature relate souvent l'ouverture d'Cpoxydes sat- 

urCs par des thiols ( I ) ,  la place rCservCe abx oxiranes 
monoCthylCniques est plus restreinte. En effet, seuls les cas 
des oxydes commerciaux (de butadiene ou d'isoprkne) sem- 
blent avoir CtC rapportCs (2-4). 

Dans cette Ctude nous Ctendons la rCaction a toute une 
gamme d'Cpoxydes a CthylCniques notamment 2 des struc- 
tures diastCrCoisom2res R*R*. R*S*. La recherche de con- 
ditions expkrimentales prCcises a permis d'atteindre des 
reactions rCgio et stCrCospCcifiques. 

I1 nous a ainsi CtC possible de synthCtiser une sCrie d'hy- 
droxythioCthers insaturCs nouveaux bu l'hydroxyle et le 
groupe soufrC sont en position allylique ou homoallylique. 

Le rkarrangement spontanC de  certains d e  ces composCs, 
nous a amen6 B Ctudier la cinCtiaue et l'influence des sub- 
stituants sur leur facilitC d'isomCrisation. 

Resultats des condensations epoxydes/thiols : 
voies I, 11, I11 et IV 

Les Cpoxydes utilisCs ici, synthCtisCs selon une mkthode 
mise au point par l'un d'entre nous ( 3 ,  sont soit primaires- 
tertiaires 1 et 2 ,  soit secondaires-tertiaires 3 et 4, de 
stCrCochimie connue. 

Le mClange thiophCnols/Na/trifluoroCthanol (TFE) ou le 
phCnylthiotrimCthylsilane dans le 1,2-dichlorokthane (DCE) 
coilduit a trois types d'hydroxythioCthers I ,  I1 et I11 selon 
les voies I ,  I1 et 111. 

La voie IV correspond I'isomCrisation des hydroxy- 
thioCthers de  structure I1 en composCs type 111, lorsque le 

' ~ u t e u r  a qui toute correspondance doit Ctre adressCe. 

milieu rkactionnel est, B tempCrature ambiante, abondonnC 
a la lumikre du jour ou a celle d'une lampe incandesc- 
ence. 

Compte-tenu des deux origines possibles de  111, nous 
avons dQ Cviter ce rkarrangement pour dCterminer les pour- 
centages relatifs exacts des produits types I1 et I11 rksultant 
d'une attaque nuclCophile sur les Cpoxydes; cela a CtC pos- 
sible en ajoutant des quantitCs catalytiques d'hydroquinone 
dans le milieu de condensation. 

Les rCsultats des condensations, report& tableau 1 ,  ap- 
pellent plusieurs remarques. 

Les voies I et I1 traduisent l'attaque nuclCophile de cha- 
cun des carbones hCtCrocycliques de l'oxirane. 

1. En pre'sence de thiophe'nols la voie I est prCfCrentielle 
(hydroxythioCthers type I majoritaires) avec les Cpoxydes 
primaires-tertiaires (1  et 2) ou le site d'attaque nuclCophile 
est dCpourvu de g&ne stCrique. Dans ces reactions, l'influ- 
ence de  la nature du solvant de condensation (benzene, 
dioxane) susceptible d'assister l'ouverture de l'oxirane, 
n'apparait pas dkterminante; en effet, on obtient des rksultats 
trks voisins de ceux indiquCs, tableau 1,  pour le TFE. 

La rCaction selon la voie I1 ne se produit qu'avec les 
Cpoxydes encombrCs 3 et 4. Leur stCrCochimie est essen- 
tielle puisqu'elle gouverne une Cventuelle conjugaison entre 
le cycle oxygCnC et le systkme CthylCnique (6). Celle-ci a pour 
effet d'orienter l'ouverture du cycle sur le carbone le plus 
substituk. Ainsi, avec les Cpoxydes 3 R*R*, 3 R*S*, 4 R*R*, 
cette activation jour pleinement; on obtient 80-95% de 
composCs type 11. 

Avec ces Cpoxydes trisubstituks, si l'on veut favoriser la 
formation des hydroxythioCthers type I au dCtriment du type 
11, il est nkcessaire qu'il y ait empechement a la conjugai- 
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MARTIN ET AL 

TFE I 
011 R'-CHOH-C-C=CH, 

C,,H iSSiMc, 1 I H3C R I1 
DC' E 

Vo ic  I V  

1 R = R 1 = H  5 
2 R' = H, R = CH3 6 
3 R*S* R = H ,  R'  = CH3 9 

- 

3 R*R* R = H, R' = CH3 14 
16 

4 R*R* R = R' = CH3 18 
- 

4 R*S* R = R' = CH, 23 
24 

- - 

(R" = H) 
(R" = H) 
(R" = H) 
(R" = CH,) 
(R" = H) 
(R" = CH3) 
( R  = H) 
(R" = CH3) 
( R  = H) 
(R" = CH,) 

son. C'est ce qui se produit avec 1'Cpoxyde 4 R*S4 oh le reste 
rnCthyle et le groupe CthylCnique volurnineux (isopropC- 
nyle) sont tous deux en position cis; on explique ainsi le taux 
de 95% en cornposC de type I. 

2. Les hydroxythioCthers de structure 111 sont rnajori- 
taires voire uniques dans les melanges rCactionnels, 5 con- 
dition d'ernployer le phe'nylthiotrime'thylsilane en presence 
de traces de ZnI,. C'est la cornplexation de l'oxygkne 
Cpoxydique avec formation d'un interrnkdiaire cationique, 
dClocalisable jusqu'aux carbones sp,, qui priviltgie la voie 
111. Le rernplacernent de ZnI, par des quantitCs catalytiques 
de nBuLi, entraine des rCsultats diffkrents. En effet, dans 
quatre exemples sur six, l'ouverture des epoxydes 1-4 est 
rCgiospCcifique, la voie I est unique, rnais les rendements sont 
parfois faibles. 

Par ailleurs, il faut souligner que toutes ces reactions sont 
stCrCospCcifiques et procedent, comme il est couramrnent 
admis, avec d'autres nuclCophiles ( 3 ,  par une trans addi- 
tion. Nous avons par exemple vCrifiC en RMN 300 MHz, que 
les hydroxythiokthers 9 et 14 (ou 10 et 15) issus des Cpoxydes 
3 R*S* et 3 R*R*, sont chacun de sttrCochimie diffkrente et 
unique. Par contre, une verification par voie chimique a 
CchouC : la transform'ation 10 (ou 15) en Cpoxydes 3 (sous 
l'action du fluoroboratede trimCthyloxonium) n'est pas ici 
stCrCospCcifique. 

L'Ctude des spectres RMN a permis de diffkrencier 
aisement les composCs de structure I, I1 et 111, dans les 
melanges bruts dCbarrassCs du solvant. Par exemple, il nous 
a CtC possible de distinguer des signaux a deplacernents chi- 
rniques voisins : ceux d'un reste mCthylene a 3,55 pprn 

(compose 11) ne peuvent Ctre confondus avec le proton du 
reste CHOH (3,71 pprn) de 10 ou du reste CH-CH, 
(3,27 pprn) dans 9 (tableaux 2 et 3). 

La gCornCtrie Z ou E de la double liaison dans les struc- 
tures I11 a CtC determinee en RMN "C. Pour les produits oh 
R = H, l'effet y-gauche est concluant : pour 11 par exem- 
ple, le dCplacement chirnique du reste CH, (1 1,50 ppm) port6 
par un carbone sp, est significatif d'une gComCtrie E (pour 
l'isomere Z on trouve 17,20 ppm) (tableau 3). Par contre, 
dans le cas des composCs ou R = CH,, l'attribution de la 
gCornCtrie est plus dClicate; nous nous sornmes refCrCs a des 
Cthers phCnoliques de structure voisine, prCpares par nous (5c) 
ainsi qu'a des donnCes de la littCrature (7). 

~ t u d e  de la transformation spontanee des 
hydroxythioethers de type 11 (voie IV) 

Le milieu rkactionnel brut - thiophCnols/Cpoxydes - en 
I'absence d'hydroquinone, est CtudiC aprks Climination du 
solvant .' 

La RMN haute rCsolution du 'H et du I3c a permis en 
particulier : 

(i) de suivre le rearrangement des composCs type 11 en type 
111 : par exemple pour le produit 10, on note la disparition 
progressive des signaux correspondants au groupe vinyle 
entre 4,8 et 5,8 pprn (ou 114,l et 140,3 ppm) et l'apparition 
simultanke du produit 11 ou le reste CHI, fix6 au substi- 
-- 

' ~ o r s ~ u e  les condensations sont menCes dans le phCnyl- 
thiotrimCthylsilane, aucune isomCrisation I1 vers I11 n'est con- 
statCe. 
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TABLEAU 1. Bilan de la reaction thiols/epoxydes en presence d'hydroquinone 

Type d'hydroxythioethers 
Temps Rdt 

~ ~ o x ~ d e  Reactif (h) (%I % relatifs % Z / E  de 111 

C,H5SH/Na 5 90 I : I11 (90 : 10) 10/90 

1 ZnI, 24 90 111 ( 100) 50/50 
C,HsSSiMe3 

t1 BuLi 5 80 I(100)  

C,H,SH/Na 7.5 85 I : 111 (70 : 30) 

2 ZnIz 20 90 111 ( 100) 
C,H5SSiMe3 

n BuLi 5 80 I(100)  

C6H,SH/Na 12 85 I : I1 : I11 (6 : 86 : 8) 5/95 
p CH3C6H,SH/Na 12 100 I1 : I11 (95 : 5) 

3 R*S* ZnI, 26 82 I1 : 111 (20 : 80) 10/90 
C6H,SSiMe3 

n BuLi 22 36 I(100)  

C,H5SH/Na 3 3 100 I : I1 : I11 (5 : 90 : 5) (I 

p CH3C6H,S H/Na 24 90 I : I1 : I11 (5 : 90 : 5) 
3 R*R* ZnI, 24 8 8 I1 : I11 (16 : 84) 40/60 

C,H,SSiMe3 
n BuLi 24 40 I : I1 : 111 (35 : 32 : 33) 30/70 

C6H,SH/Na 2 , s  90 I : I1 : I11 (5 : 87 : 8) 60/40 
pCH3C,H,SH/Na 6 8 8 I1 : I11 (80 : 20) 60/40 

4 R*R* ZnI, 2 100 I1 : 111 (33 : 67) 60/40 
C6H5SSiMe3 

n BuLi 48 47 I : 11 (56 : 44) 

C,HSSH/Na 16 85 I : I11 (95 : 5) " 
p CH3C6H,SH/Na 24 87 I : I11 (95 : 5) <I 

4 R*S* Zn12 18 90 111 (100) 70/30 
C,H,SSiMe3 

n BuLi 28 53 I(100)  

"L'isomi.re E des hydroxytthers type 111 est rnajoritaire (pourcentages difficiles 2i diterminer 2i la pricision de la RMN = 5%) .  

tuant thiophtnyle, est 2 3 3 5  ppm (3 1,7 ppm) (tableaux 2 et 
3). 

(ii) de determiner les demi-vies de la transformation en 
notant la disparition du proton (ou du systkme protonique) 
le mieux resolu, en fonction du temps. 

Pour chaque compose type 11, on porte en fonction du 
temps, le rapport de sa concentration (instant t )  a sa con- 
centration initiale. Dans tous les cas, I'obtention d'une droite, 
pour un avancement de la reaction allant au-dela de 95%, 
indique que la reaction est du premier ordre par rapport aux 
produits I1 (dans nos conditions). Les resultats inscrits dans 
le tableau 4 permettent quelques remarques qualitatives : ( i )  
les vitesses de conversion diffkrent d'un compose a l'autre : 
on remarque qu'un mtthyle fix6 au reste Cthylenique des 
produits type 11, accelkre I'isomCrisation (comparer 10 a 19 
ou 12 a 21); (ii) la vitesse est like a la nature du reste mi- 
grant; il suffit de comparer 10 a 12, le temps de demi-vie 
varie d'un facteur deux. 

Enfin, nous avons constate que les produits type I1 sont 
stables, mCme en I'absence d'hydroquinone, a partir du 
moment oh ils sont dCbarrassCs de toutes traces de thiophenols 
ou de diphenyldisulfures (aprks plusieurs passages sur co- 
lonne de gel de silice). Mais, si au produit ainsi stabilise on 
ajoute une trks faible quantitC (M/100) d'un arylthio- 
phenol, son rearrangement reapparait. 

Des etudes en spectrographic de masse ont confirm6 qu'il 
s'agit d'une transformation radicalaire, avec migration 1,3 
d'un radical thiyle. 

Deux reactions croisees ont kt6 effectukes et analyskes par 
cette methode au depart de 10. Si on ajoute a 10 du para- 
methylthioph&nol ou du para-tertiobutylthioph&nol, on peut 
deceler la presence simultanee des ions molCculaires des 
composCs de rearrangement, respectivement 11 et 13 d'une 
part, 11 et 25 d'autre part (les pourcentages de quelques ions 
les plus significatifs sont precises dans le schema 2). 

De plus, si le diphenyl disulfure est toujours present (= 
4%), la dCcomposition de 11 (M - H,Of : 190) est totale- 
ment differente de celle de 13 ou de 25, composes issus du 
croisement, oh l'on deckle (M - CH, - CHOf : 178 ou 
220). 

Le rearrangement observe pour les composCs type 11, oh 
les groupes thioether et hydroxyle sont reunis dans la mCme 
mol~culk, constitue a notre connaissance, le premier exem- 
ple de la litterature.' 

Pour expliquer cette isomerisation, nous pouvons nous 
referer a des &ylthio~thers allyliques de structure voisine de 

' ~ e  rearrangement d'un phCnylthiopropCnyle cyclohexanol, 
uniquement en presence d'un initiateur-radicalaire (azobisisobu- 
tyronitrile) vient d'&tre rapport6 (10). 
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TABLEAU 3. CaractCristiques RMN et spectrometric de masse des composCs de type I11 

R CH, 

RMN 'H (8 ppm, J en Hz) RMN I3c (8 ppm, J en Hz) 

H arom CH3 CH3 CH3 
No R' -CHOH CH3 R CH1 (R") C(1) C(2) C(3) C(4) C(1') C(2') C(3') C(4') (2) (3) (4) R" 
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TABLEAU 4.  Rtarrangement d'hydroxythiotthers type I1 : pourcentages des composCs type 111, constantes de vitesse 

Pourcentages relatifs en composCs 111 aprks le 
Produits type I1 temps t Constante de 

vitesse Demi-vie 
No R R ' R No t (h) % Z E (k S-I) (s) 

10 R*R* H CH3 H 11 214,25 96,3 8 92 3,62 X 191,47 X lo3 
12 R*R* H CH3 CH3 13 143,9 96 8 92 7.94 X 87,29 X lo3 
15 R*S" H CH3 H 11 221,6 96,4 15 85 2,84 X 244,06 X lo3 
17 R*S* H CH3 CH3 13 115 97,4 15 85 1,53 X lo-' 45,30 X lo3 
19 R*S* CHj CH3 H 20 32,25 99 56 44 3,33 x lo-4 2,08 X lo3 
21 R"S* CH3 CH3 CH3 22 2,25 100 47 53 2,70 x lo-' 25,67 x lo3 

nos composCs type 11, mais non hydroxylCs; il est connu que dttecteur a ionisation de flamme, gaz porteur N,, colonne SE 30 a 
ceux-ci s7isomCrisent soit par un intermediaire ouvert (8) 10% sur Chromosorb W 60/80 lavC aux acides. 
(,-haine radicalaire et en tit^ ph~nylthiyle)  soit par un Chromatographie sur colonne gel de silice 60 Merck (70-230 

mecanisme cyclique (9). Dans notre cas ,  il est probable q u e  mesh). Eluant : C6H6/CH3COOC2H, 95 : 5 pour la skparation des 
composCs 5 et 7; C6H6/CH3COOC,H,, 92 : 8 pour la stparation des la transformation observCe proc tde  plutBt par  l'intervention 
isomkres E ,  de et de 8; CH,C12 dans tous les autres cas. 

d'un 'ystkme Ouvert puisque n'avons constat' Pour l7C]imination de 17excks de thioph&nols et des disulfures dans 
influence d e  la sttrCochimie RXSX ou  RXR* des  composCs 1, milieu r~actionnel. on utilise le 
type 11, sur la nature d e  leurs produits d e  rkarrangement type Un contr8le de purett est rCalist sur chacun des produits, par 
111. chromatographie phase vapeur et spectromttrie de masse. 

Conclusion 

L a  stkreochimie R*RX ou  R*S* des Cpoxydes, le choix du  
reactif soufrC, sont des  facteurs essentiels r tglant  la 
rCgiosClectivitC d e s  rkactions ttudikes : l 'accks 2 un seul hy- 
droxythioCther d e  structure dCfinie est alors rendu possible. 

D e s  informations sur  la migration 1 , 3  du  groupe aryl 
thioCther sont apportees : d e  nature radicalaire, allant jusqu'a 
modifier les resultats d e s  condensations, elle peut Etre in- 
hibCe dans des  conditions qui  sont prCcisCes. 

Partie experimentale 

Appareillage 
RMN Bruker AM 300 WB : 300 MHz ('H), 75,469 MHz (I3c). 

Les pourcentages figurts dans les tableaux, sont dCterminCs en RMN 
'H a partir de I'intCgration des signaux les mieux rCsolus; les 
dtplacements chimiques, dans CDCl,, sont exprimCs en ppm par 
rapport au TMS, les constantes de couplage J en hertz (tableaux 2 
et 3). 

SpectromCtrie de Masse (SM) : Varian Matt 31 1 avec procCdC 
M.I.K.E.; les rapports nz/z des principales fragmentations sont 
suivis, entre parenthkses, des pourcentages par rapport au pic de 
base. Les ruptures des composts de structure I,  I1 et 111 indiqutes 
tableaux 2 et 3, sont valables pour tous les autres produits de mCme 
tY Pe. 

Chromatographie phase gazeuse : Fractovap Carlo Erba 4160, 
colonne capillaire SE 52 de 25 m. Fractovap GT Carlo Erba 

Mode ope'ratoire ge'ne'ral 
Les reactions sont toutes conduites sous atmosphkre inerte 

d'azote. Eventuellement une quantitt d'hydroquinone (nombre de 
mole d'epoxyde X lo-') est ajoutte au milieu rCactionnel. 

Utilisatiorz du rne'lnnge thiophe'nols/sodiurn 
A 10.2 mmol de thiophCno1 (ou de para-mCthylthiophCnoI), 

prkalablement purifiC sous azote, dissous dans 12 mL de solvant, 
on ajoute 0,23 g de sodium. Aprks disparition du sodium et refroi- 
dissement, on ajoute sous agitation en une seule fois, 5.1 mmol 
d'Cpoxyde et Cventuellement, 0.05 mmol d'hydroquinone. Tout en 
maintenant l'agitation 5 temperature ordinaire, le terme de la 
rkaction (disparition de 1'Cpoxyde) est determine par chromato- 
graphie en phase gazeuse (colonne SE 30). Le melange est ensuite 
versC sur 10 mL d'eau, extrait plusieurs fois I'tther. Les phases 
CthCrCes sont sCchCes sur Na'SO., et CvaporCes. 

Utilisatiorz du phe'nylrhiorrirne'rhylsilane (3) 
Au dtpart de 8.1 mmol d'epoxyde et de 8.3 mmol, de 

phCnylthiotrimtthylsilane, on ajoute soit une solution de 0.42 mmol 
de nBuLi dans 12 mL de THF soit une solution de 0.8 mmol de ZnIz 
dissous dans 12 mL de 1,2-dichlorotthane. Aprks agitation a 
temperature ordinaire et contr6le chromatographique (pour le terme 
de la rkaction), le milieu reactionnel est traitt par 8 mL de mtthanol 
puis 1.2 mmol d'acide acttique suivi de deux lavages par une so- 
lution aqueuse 2 10% d'hydroxyde de baryum. Le composC isolC 
conticnt parfois un faible pourcentage de son dCrivC O-silylC. Nous 
donnons les caracttristiques spectrales RMN et spectrographie de 
masse des composts silylCs 5 et 6. 
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Quel que soit le mode operatoire utilist, le melange brut 
reactionnel est toujours purifie sur colonne de gel de silice. 

Trniretnetzt de 10 ou 15 p a r  le tPtrafluoroborate de 
rritn~thylo,xotziurn 

A une solution de 4.2 mmol de 10 R*R* (ou 1 5  R*SZ"), dans 
30 mL de CH2C12, maintenue 0°C et sous azote, on introduit en 
une seule fois 4.5 mmol de fluoroborate de trimethyloxonium. La 
solution devient limpide en 1,5 h. On ajoute alors goutte a goutte 
tout en maintenant a O°C, 8.5 mL de NaOH 10%. Une fois l'ad- 
dition terminee, le melange reactionnel est analysk en chromato- 
graphie phase gazeuse (colonne SE 30). La formation de I'epoxyde 
3 est pratiquement immediate (10 rnin). I1 se trouve sous forme d'un 
melange des diast6reoisomkres 3 R*R*/ 3 R*S* (40 : 60) identifie 
directement au moyen d'echantillons temoins de stereochimie pure. 
Cette reaction n'est donc pas st&rCospCcifique, dans notre cas, 
contrairement a ce que Pirkle et Rinaldi (1 1) ont observe au depart 
d'hydroxysulfures a restes satures. 

DPtertninatiotz des constantes de vitesse 
Les reactions de transformation ont kt6 suivies en tube RMN 

scelle; les composes I1 sont en solution dans CDCI, : le signal du 
trichloro-1 , I ,  1-ethane, constant dans le temps, sert de reference aux 
integrales des signaux. La variation de l'aire d'un signal decroissant, 
mesuree par reference 5 celle de 1'Ctalon interne a permis de doser 
les produits type I1 decroissants. Les spectres, a 300 MHz, sont 
enregistres a la temperature de I'aimant. 

Les produits I1 sont 2 concentration moyenne de 8 X M ,  
la reference interne de M. Pour la reproductibilite des resultats, 
le tube scellk est soumis 2 la lumikre d'une lampe a incandescence 
de 150 W situke 2 38 cm de I'Cchantillon (cas de 17) tandis que 
60 W pour 12 cm sont utilisks pour tous les autres produits type 11. 

Nous avons vCrifi6 que, dans chacun des cas, les pentes 
expCrimentales et les pentes calcul6es (droites de tendance, methode 
des moindres carrts) ont en valeur, un kcart inferieur aux erreurs 
experimentales (considerees voisines de 5%). Les resultats sont 
indiques tableau 4. 

Dotztze'es spectroscopiques cornplPrnenraires 
Compose 5 silyle : RMN 'H : 0,10 (s, 9H); 1,45 (s, 3H); 3,04- 

3,14 (2H, AB, J  = 12,62); 5,07-5,27 et 5,94-6,03 (3H, ABX, 
J A R  = 10.59, J s x  = 10,66, J A X  = 17,03); 7,12-7,37 (m, 5H). I3c 
: 2,39 (Si(CH,),); 26,32 (CH,); 47,66 (CH,); 75,9 (C-OSi); 113,32 
(=CH,); 125,55 (C4'); 128,69 (C3'); 128,98 (C2'); 128,07 (C1 '); 

144,04 (=CH). SM, C14H220SSi : masse calculee : 266,1160; 
trouvee : 266,1146. M t  : 266 (6,05), 25 1 (2,98), 143 (loo), 75 
(26,12), 73 (81,83). 

Compose 6 silyle : RMN 'H : 0 , l l  (s, 9H); 1,52 (s, 3H); 1,76 
(m, 3H); 3,07-3,19 (2H, AB, J  = 12,95); 4,90 et 5,04 (m, 2H); 
7,20-7,50 (m, 5H). "C : 2,17 (Si(CH3),); 18,99 (CH3); 26,05 
(CH,); 46,lO (CH?); 7 4 3 9  (C-OSi); 1 1 1 , I 5  (=CH2); 125,52 (C4'); 
128,67 (C3'); 128,96 (C2'); 138,07 (Cl');  149,12 (=CH). 
SM,C15HZ40SSi : masse calculCe : 280,1317; trouvee : 280,1336. 
M? : 280 (4,30), 157 (91,95), 124 (41,07), 75 (26,10), 73 (100). 
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Isothermes des systemes ternaires limitant le systeme 
H+, K+,   PO^^-, SO:-, H20 

quaternaire reciproque : 

NEJI BOURGUIBA~ ET TAHAR JOUINI 
De'partement de chimie, faculte' des sciences de Trinis, Carnpris riniversitaire, 1060 Tunis, Tunisie 

Regu le 18 octobre 199 1 

NEJI BOURGUIBA et TAHAR JOUINI. Can. J. Chem. 70, 2197 (1992). 
Les cinq isothermes ternaires limitant le systeme quaternaire indique au titre ont etC Ctablies comme premiere Ctape 

de 1'Ctude de ce systbme B 75°C et 1 atm (101,3 kPa). Cette temperature a CtC choisie en vue d'appliquer les rtsultats B 
la fabrication industrielle d'engrais phosphopotassiques par attaque sulfurique du minerai phosphate, dont la temgrature 
optimale est de 70-80°C. (i) Systeme ternaire reciproque anhydre H,S04-H3P04-K2S04-K3P04. Phases solides : KHSO,, 
KH2P04.  KHSO,, KH,(PO,), et une solution solide de substitution K8(H,P04),+.(HS04)7-x, 0 5 x 5 1, continue entre 
les deux compositions lirnites KH,PO,. 7KHSO4 et KH,P04. 3KHS0, dont les diagrammes de poudre indexes sont donnCs. 
(ii) Systeme ternaire K3P04-H3P04-H20. Phases solides : KH,(PO,),, KH2P04, 3K2HP04 . KH,PO,. 2H,O, K,HP04 
et K3P04.  3H20. (iii) Systbme ternaire K2S04-H2S04-H20 Phases solides : K2SO4, K2S04.  KHSO,, &So4.  
7KHS04.  H 2 0  et KHSO,. Un phCnomene de solubilitC rktrograde en fonction de la teneur en eau y est mis en Cvidence. 
(iv) Systkme ternaire K,SO,-K3P04-H20. Phases solides : K2SO4 et K3P04.  3H20. (v) Le systbme ternaire H3P04-H2S04- 
H 2 0  est constitut d'un seul domaine liquide 21 75°C. 

NEJI BOURGUIBA and TAHAR JOUINI. Can. J. Chem. 70, 2197 ( 1992). 
The five ternary isotherms limiting the quaternary system mentioned in the title have been established as a first step 

toward the study of this system at 7S°C and 1 atm (101.3 kPa). This temperature has been chosen in order to be able 
to apply the results to the industrial preparation of phosphopotassium fertilizers through a sulphuric treatment of a 
phosphate ore for which the optimum temperature is 70-80°C. (i) Anhydrous reciprocal ternary system : H2S04- 
H3P04-K2S04-K3P04. Solid phases : KHSO,, KH2P04 . KHSO,, KH5(P04)2, and a solid substituting solution 
K8(H,P04),+x(HS04)7-x, 0 5 x 5 1, continuous between the two limiting compositions KH,P0,.7KHS04 and 
KH,P04. 3KHS0, for which the indexed powder diagrams are given. (ii) Ternary system K3P04-H3P04-H20. Solid 
phases: KH,(PO,),, KH2P04, 3K2HP04. KH2P04. 2H20, K2HP04, and K3P04. 3H20. (iii) Ternary system K,S04-H,SO,- 
H20.  Solid phases: K2S04, K2S04.  KHSO,, &So4.  7KHSO4. H 2 0 ,  and KHSO,. A phenomenon of retrosolubility as 
a function of the water content has been observed. (iv) Ternary system K,SO,-K3P04-H,O. Solid phases: K,SO, and 
K3P04.  3H20. (v) The ternary system H3P04-H,S04-H,O is formed by only one liquid phase at 75°C. 

[Journal translation] 

Introduction rication constitue, en ~articulier, l'un des obiectifs de 

Les techniques de preparation industrielle des engrais sont 
actuellement orientCes vers la fabrication, utilisant des 
materiaux disponibles, d'engrais combines les plus riches en 
ClCrnents fertilisants. 

Dans ce cadre figure la fabrication d'engrais phosphopo- 
tassiques 5 partir de minerai phosphate (apatite) et de sul- 
fate acide de potassium KHSO, provenant du procCdC 
Pennzoil (1-4) 

H,SO, + KC1 + KHSO, + HCI 

L'attaque par KHSO, de l'apatite produit un melange 
hethogene. Apr6.s digagement des composCs volatils (HF,  
SiF,, C 0 2  . . .) et separation de l'insoluble constitue essen- 
tiellement de phosphogypse, la solution aqueuse resultante 
contient les ions H + ,  K + ,  PO:- et SO?-. 

On est donc amen6 a Ctudier le quaternaire K20-SO3- 
P2O5-H2O. Il est commode de considirer, 2 l'interieur de ce 
systeme, celui faisant intervenir les composes presents en 
milieu aqueux : H3P04, K2S04,  H2S04, K3P04. 11 s'agit d'un 
systeme quaternaire reciproque caractirid par la reaction de 
double decomposition: 

Toute application industrielle devra se baser sur la con- 
naissance de ce diagramme d'equilibre. De plus cette fab- 

' ~ u t e u r  ii qui adresser toute correspondance. 

l'industrie tunisienne. 
Nous avons choisi d'ktablir l'isothenne 75°C. En effet la 

temperature optimale de l'attaque sulfurique de l'apatite est 
de 70-80°C. En s'en Ccartant trop on risque un blocage de 
la reaction ou la formation du monohydrogCnophosphate 
CaHPO, - 2 H 2 0  qui syncristallise avec le gypse provoquant 
une perte de phosphate. De plus ce diagramme n'a fait l'ob- 
jet d'aucune Ctude dans cet intervalle de temperature. 

Nous presentons en une premiere Ctape, dans ce memoire, 
les diagrammes limitant cette isotherme. 

Partie experimentale 

A .  Techniques expe'rimentales 
Les solubilitts ont CtC essentiellement mesurCes par analyse 

chirnique des solutions B l'equilibre, saturees par une ou deux phases 
solides. Quelques determinations de solubilite ont CtC effectuCes par 
conductimetrie (5-7). Les resistances ont CtC mesurCes au moyen 
d'un pont de marque GCnCral-Radio de type impedance bridge 
B-1650. 

L'Cvolution des mClanges est contr61Ce d'une part en examinant 
les phases solides par diffraction des rayons X sur poudre et au 
microscope polarisant, d'autre part en mesurant la rCsistance de la 
solution. Lorsque I'Quilibre est atteint la resistance du liquide prend 
une valeur constante. Cela nCcessite en general quelques jours. Les 
melanges visqueux, trCs riches en acides, nCcessitent une agita- 
tion Cnergique de plusieurs semaines. De plus pour nous assurer de 
la reproductibilitC de nos rCsultats, la composition de chaque point 
invariant a fait l'objet de rnesures independantes sur au moins deux 
melanges differents. 

Lors de ces analyses rCgtitives nous avons constate que pour une 
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FIG. 1. Isotherrnes 75"C, des systbmes ternaires limitant le systkme quaternaire rCciproque : H 2 S 0 4 - H , P 0 4 - K 2 S 0 4 - K ~ 4 - H 2 0 ,  ra- 
battus dans le cam6 de base. 

m&me composition les coordonnCes X et Y fluctuent de 0,5 a 1% 
et les coordonnCes Z de 1 a 2%. Cela conduit a un nombre de 
chiffres significatifs de 3 2 4, comme c'est en gCnCral le cas dans 
les publications relatives aux digrammes de solubilitC. Par exem- 
ple dans celles compilCes dans l'ouvrage de Linke (8). 

Les phases solides connues ont CtC identifiCes par leurs dia- 
grammes de diffraction des rayons X sur poudre effectuts sur une 
chambre de type Guinier-Dewolf de marque Enraf-Nonius per- 
mettant le travail en atmosphbre contrblCe, dans le cas prCsent sous 
air sec pour les sels hygroscopiques. Les phases solides pour les- 
quelles nous ne disposons pas d'une liste des distances reticulaires 
ont CtC au prkalable identifikes par les mCthodes des restes (9) et 
des ensembles (10). Les phases solides sont Cgalement observCes . . - 

au microscope polarisant et pour les plus caractCristiques d'entre 
elles identifiCes. 

B .  Produits utilise's 

1 .  Produit du commerce 
Nous avons utilisC les produits Merck pour analyse et Prolabo 

R.P. suivants : l'acide sulfurique a 95%, p = 1,83 g ~ m - ~ ,  l'acide 
phosphorique h 85%, p = 1,7 g ~ r n - ~ ,  l'acide de Nordhausen 2 20% 
d'anhydride sulfurique, le sulfate acide de potassium, le sulfate de 

potassium, le phosphate diacide de potassium, le phosphate mono- 
acide de potassium et le phosphate tri-potassique dihydratk. 

2 .  Produits priparis au laboratoire 
Acide sulfurique anhydre : I1 a CtC prCparC par addition, 2 la 

burette, d'une quantitC calculCe d'eau a de l'acide de Nordhausen 
a 20% d'anhydride sulfurique. L'opCration est effectuCe dans un 
ricipient plongC dans un mClange de glace et de chlorure de so- 
dium, en Cvitant toute projection. 

KH, (PO,), : Ce produit est utilisC pour prkparer les melanges 
trks riches en H3P04. Sa prkparation est basCe sur la connaissance 
du systkme ternaire K3P04-H3P04-H20 B 75°C Ctablie au cours de 
cette etude. 

C .  Mode de represintation 
Le mode de reprksentation choisi pour le systkme quatemaire est 

celui du prisme droit h base carrC de Le Chatelier (1 1)-Janecke (12). 
Les sommets du carrC de base reprksentent les composCs de 

dCpart. Les ar6tes du prisme correspondent aux systbmes binaires 
limites faisant intervenir l'eau. Les parois verticales du prisme sont 
des systkmes ternaires limites simples et la base est un systkme 
temaire limite reciproque anhydre. 

Un mClange quelconque sera caractens6 par trois coordonnCes 
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TABLEAU 1. Coordonnees des points representatifs des invariants ternaires dans les isothermes 75"C, des systemes 
ternaires limitant le systkme quaternaire rCciproque : H+,  K t ,  p04'-, SO:-, H20 

(a) Systkme : H2S04-H3P04-K2S04-K,P04 

Composition ponderale Janecke 
Points 

invariants % K20 % P2O5 % SO3 % H20 X Y Phases solides en Cquilibre 

(b) Systeme : K3P04-H3P04-H20 

Composition ponderale Janecke 
Points 

invariants % K20 % P2O5 % H20 Y Z Phases solides en Cquilibre 

F 17,12 53,88 29,OO 84,OO 28,76 KH5(P04), + KH2P04 
G 36,90 34,20 28,90 45,67 88,27 KH2P04 + 3K2HP04. KH2P04.2HzO 
H 39,87 32,51 27,60 38,2 1 92,5 1 3K2HP04 . KH2P04. 2H20 + K2HP04 
I 43,93 26,49 29,58 16,49 138,57 K2HP04 + K3P04. 3H20 

(c) Systeme : K2S04-H2S04-H20 

Composition pondkale Janecke 
Points 

invariants % K 2 0  % So3 % Hz0 Y Z Phases solides en Cquilibre 

N 24,50 40,61 34,89 48,78 166,5 KHS04 + K2S04. 7KHS04. HzO 
M 25,24 39,87 34,89 46,25 171,4 K2S04. 7KHS04. H20  + K2SO4' KHS04 
L 22,52 34,15 43,33 44,00 260,O K2SO4' KHS04 + K2S04 

(d) Systttme : K2S04-K3P04-H20 

Composition pondCrale Janecke 
Points 

invariants % K20 % P205 % H 2 0  X Z Phases solides en Cquilibre 

J 43,17 21,69 35,14 100 213,O K3PO4 ' 3H20 + K2SO4 

TABLEAU 2. Parametres affinCs des solutions solides limites K,(H2P04),+,(HS04),_,, x = 0 et x = 1 

ComposCs limites a (A) b (A) c (A) 4') PC) Y ( O )  

KH2P04.7KHS04 7,201(3) 7,503(3) 7,582(3) 108,57(4) 88,29(4) 93,70(3) 
KH2P04 . 3KHS04 7,180(4) 7,497(5) 7,599(6) 108,52(6) 88,5 l(7) 93,77(5) 

X, Yet 2. X et Y sont respectivement les pourcentages ou fractions Resultats experimentaux 
molaires d'ions phosphates et de protons : Les systbmes ternaires limites Ctudits sont reprCsentCs B 

X = 3 X lo2 [ P 0 4 3 - ] / ~  

Y = lo2 [Ht]/D 

ou D est la relation qui traduit la neutralit6 Clectrique du milieu. 

D = [H+] + [K+] = 2[S0:-] + 3[~0, ' -]  

Les variables entre crochets reprksentent des nombres de moles. La 
composition en eau, portke par les ar2tes verticales du prisme, 
s'exprime par : 

Z = lo2 [H20]/D 

Il en resulte que le point repdsentatif de l'eau pure (D tendant vers 
0) est rejet6 B I'infini. 

Pour I'une des isothermes ternaires nous avons aussi utilisC le 
mode de repdsentation plus classique en triangle CquilatCral. 

la figure 1. Les compositions des points reprksentatifs des 
invariants ternaires isothermes et les phases en Cquilibre 
correspondantes sont consignCes au tableau 1. 

1. Isotherme 75°C du syst2me ternaire re'ciproque 
anhydre : H2S04-H3P04-K2S04-K3P04 

Ce diagramme n'a i notre connaissance fait l'objet d'au- 
cune Ctude antkrieure. 11 est reprCsentC ?I I'intCrieur du carre 
de la figure 1. Cette Ctude fait intervenir M5(P04):! et H2S04 
anhydres. I1 en rCsulte des mClanges t r b  visqueux et hy- 
groscopiques nCcessitant des prCcautions particulibres : agi- 
tation mCcanique tks  Cnergique et prolong& (quelques heures 
a' plusieurs jours) et une parfaite 6tancheitC des tubes labo- 
ratoires, ass& par des joints en mercure. Les prClbvements 
effectuCs au moyen de pipettes B bout filtrant, des solutions 
5 analyser, sont Cgalement rendus difficiles par la viscosite. 
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TABLEAU 3. Diagramme de poudre index6 de KH2P04. 7KHS04 

h k I dobs dcalc 1/10 h k I dobs dcalc 1/10 

TABLEAU 4. Diagramme de poudre index6 de KH2P04. 3KHS04 

Dans ce systkrne on observe en particulier un dornaine 
limit6 par la courbe de solubilitC BC oh se rnanifeste une 
solution solide continue K8(H2P04),+,(HS04),-. avec 0 5 
x 5 1. Les compositions lirnites KH,P04. 7KHS04 et 
KH2P04.3KHS04 (abrkviations P.7S et P.3S) ont CtC 
dCterminCes par analyse chirnique de cristaux obtenus de la 
f a ~ o n  dCcrite ci-aprCs. Deux rnClanges ont CtC prCparCs re- 
spectivernent dans les deux triangles d'invariance ternaire 
isotherme situCs de part et d'autre du dornaine de la solution 
solide. Ces mClanges sont triphasCs : dans chacun d'eux 
coexistent l'une des solutions solides lirnites avec le sel ap- 
partenant au dornaine voisin, en prCsence de solution. Nous 

avons fait croi'tre des cristaux de ces phases solides par sur- 
saturation. Les cristaux des solutions solides lirnites recon- 
naissables a leur forme de baguettes, sont stparCs par triage 
pour analyse chirnique et aux rayons X. Les pararnktres de 
leurs rnailles ont Ctt dCterminCs par Ctude des cristaux sur 
chambre de Weissenberg puis affinCs par rnoindres carrks en 
utilisant les raies des diagrarnmes de poudre rnesurkes au 
rnoyen d'un diffractornetre autornatique a deux cercles 
<<STOE/css>>. Les pararnktres, des deux cornposCs limites, 
reportks au tableau 2 different peu rnalgrC l'irnportante 
diffkrence stoechiornCtrique. Cela s'ex lique par la sirnili- 
tude des dimensions des tCtrakdres PO: et SO:-. Les dia- 
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BOURGUIBA ET JOUINI 

FIG. 2. (-) Isotherme 75°C du systkme ternaire : K3P04-H3P04-H20. (------) Isotherme 50°C du meme systeme (Wendrow et Kobe 
(21)). 

gramrnes de poudre indCxCs de P.7S et P.3S sont domCs dans 
les tableaux 3 et 4. 

On relbve dans la 1ittCrature que lors d'une Ctude du 
systbme KH2P04-KHS04 (13) les limites du domaine 
d'existence de cette solution solide n'ont pu Ctre dCterminCes 
avec prCcision et les diagrammes de poudre, non index&, 
fournis comportaient des raies parasites que nous avons 
attribuCes ii KHSO,. D'autre part les structures de KH2P04 - 
KHS04 (14) et celle de KHSO, (15) ont CtC dCcrites. 

2 .  SystPme ternaire K3P04-H3P0,-H20-isotherme 75°C 
Les phases solides caractCrisCes au cours de cette Ctude 

sont : KH,(PO,),, KH2P04 (39,29), 3K2HP04 - KH2P04 . 
2H20 (76,57), K2HP04(72,74) et K3P04 . 3H20 (8 1 ,15). Les 
nombres indiquCs entre parenthbses reprisentent pour les sels 
a solubilitC congruente la solubilitC dans l'eau a 75°C en 
grammes de sel pour 100 g de solution saturCe. Notons que 
les mClanges riches en H3P04 donnent lieu A des solutions 
trbs visqueuses, nkcessitant une agitation prolongCe (un i 
plusieurs jours). 

Ce systbme ayant fait l'objet de nombreux travaux ii 

d'autres temperatures (16-22), utilisant la reprksentation en 
triangle rectangle isockle ou en triangle CquilatCral, nous 
l'avons Cgalement traduit dans ce dernier mode de reprC- 

sentation (figure 2). La comparaison avec l'isotherme 50°C 
Ctablie par Wendrow et Kobe (21), montre que les mCmes 
phases solides se manifestent dans les deux diagrammes et 
que les courbes de solubilitC prksentent des allures sembla- 
bles. On observe un trks faible Ccart entre ces dernibres dans 
la rCgion basique. Nous avons vCrifiC dans la bibliographie 
(8, 23) qu'effectivement les solubilitCs relatives 2 K,HP04 
et K3P04. 3H20 dans d'autres diagrammes Cvoluent peu en 
fonction de la temptrature. On relbve Cgalement dans la 
1ittCrature une Ctude critique sur la solubilitC de KH2P04, 
K2HP04 et K3P04 dans des solutions aqueuses et non 
aqueuses (24-26). 

La structure de KH2P04 a fait l'objet de nombreux tra- 
vaux dont les plus rCcents (27-3 1) sont justifiCs par les pro- 
priCtCs optiques et ferroClCctriques de cette phase. 

3 .  SystPme ternaire K,S04-H2S04-H,O-isotherme 75°C 
De nombreuses Ctudes ont CtC consacrks a ce systbme (32- 

41). Elles sont justifikes par 1'interCt qu'il prCsente dans la 
fabrication d'engrais. On relbve cependant dans tous ces 
travaux un dCsaccord sur la stoechiomktrie de l'une des phases 
solides qui se manifeste dans ce syseme. Nous avons montrC 
dans un travail antCrieur (42), par une determination struc- 
turale aux rayons X, effectuk sur des cristaux que nous avons 
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fait croitre, que la formule exacte est : K2S04 . 7KHS0,. H,O. 
Notons que  I'allure cctournanten d e  l a  courbe d e  solubilitC 
relative a KHSO, traduit l 'existence d 'un phCnomkne d e  so- 
lubilitk rCtrograde e n  fonction d e  la teneur e n  eau  : d e s  
melanges liquides binaires K,SO,-H,SO, tels que 7 5  < Y < 
90 (figure 1) commencent  par prCcipiter KHSO, par addi- 
tion d 'eau.  D e s  ajouts supplCmentaires d'eau permettent 
d'obtenir d e  nouveau un mClange liquide. E n  effet les points 
reprksentatifs d e  ces  melanges traversent successivement un  
domaine liquide, un  domaine biphasC (solide-liquide) e t  d e  
nouveau un  domaine liquide. 

L a  solubilitC d e  K2S04 a 75°C est  d e  16 ,90  g d e  sel pour  
1 0 0  g d e  solution saturCe. 

L a  structure d e  K2S04.  KHSO, a CtC rCcemmment pub- 
like (43). 
4. Systgme ternaire K2S04-K3P04-K,O-isotherme 75°C 

Deux phases solides sont observCes : K,S04 e t  K3P04.  
3H,O. L a  solubilitC d e  K3P04.  3H20  a 75°C es t  8 1,15 g d e  
sel pour  1 0 0  g d e  solution saturCe. L e  domaine d e  K2S04 
englobe l a  presque totalit6 d u  diagramme. 11 e n  rCsulte q u e  
la  courbe d e  solubilitC d e  K3P04.  3H,O s e  rCduit pratique- 
ment  au  point J d u  systkme binaire K3P04-H20 (figure 1). 
Ce diagramme ne semble pas avoir it6 CtudiC prCcCdemment. 

5. L'isotherme : H$04-H3P04-H20 est constituk d'un seul 
domaine liquide puisque les acides H3P04 et  H2S04 sont eux- 
mCme liquides 2 75°C. 

1 .  Pennzoil. Phosphorus Potassium, 68 44 (1973). 
2. H. Gabriel, L. Kacalski, U. Glabisz et Z. Trojanowski. Pr. 

Nauk. Akad. Ekon. im. Oskara Langego Wroclawiu, 267, 305 
(1984). 

3. L. Huanwei. Farning Zhuanli Shenqing Gongkai Shuorningshu, 
CN 1,045,388 (Cl.C05F17/00), 19 Sep. 1990; Appl. 
89,101,314, 10 Mar. 1989; 5 pp. 

4. V. A. Khusnutdinov, T. G. Akhmetov, V. V. Shestakov et R. 
Kh. Khuziakhmetov. Pr. Nauk. Akad. Ekon. im. Oskara 
Langego Wroclawiu, 526, 122 (1990). 

5.  0. Sackur et E. Fritzman. Z. Electrochem. 15, 842 (1909). 
6. J .  Nyvlt. Solid-liquid phase equilibria. Elsevier Scientific 

Publishing Company, Amsterdam. 1977. p. 98. 
7.  M. Bouchacourt, M.-T. Saugier et R. Cohen-Adad. Bull. Soc. 

Chim. Fr. 9-10, 842 (1977). 
8. W. F.  Linke. Duns Solubilities of inorganic and metal or- 

ganic compounds. Vol. 2. American Chemical Society. 1965. 
pp. 284-285. 

9. F. A. H. Schreinemakers. Z. Phys. Chem. 11, 76 (1893). 
10. A. Chretien. Ann. Chim. 12, 26 (1919). 

1 1 .  Le Chatelier. C. R. Hebd. Seances Acad. Sci. 118,415 (1894); 
172, 345 (1921). 

12. E. Janecke. Z. Anorg. Chim. 51, 132 (1906); 71, 1 (191 1). 
13. F. d' Yvoire, R. Diament, M. Mariee et J. Martin. C.R. Acad. 

Sci. Paris, 257, 1094 (1963). 
14. M. T. Averbuch-Pouchot et A. Durif. Mater. Res. Bull. 15, 

427 (1980). 
15. J. Baran. J. Mol. Struct. 172, 1 (1988). 
16. E. Janecke. Z. Phys. Chim. 71, 127 (1927). 
17. J. D'ans et 0 .  Schreiner. Z. Phys. Chem. 75, 101 (1910). 
18. E. G.  Parker. J. Phys. Chem. 18, 653 (1914). 
19. L. G. Berg. Izv. Akad. Nauk SSSR, Otd. Mat. Estestv. Nauk, 

1 ,  (1938). 
20. M. I. Ravich. Kabit U.R.S.S. 10, 33 (1936). 
21. B. Wendrow et K. A. Kobe. Chem. Rev. 54, 891 (1954). 
22. J. Eysseltova. Solubility Data Ser. 31, 168 (1988). 
23. M. Mazghouni et N. Kbir-Ariguib. Thermochim. Acta, 47, 

125 (1981). 
24. J. Eysseltova. Solubility Data Ser. 31, 206 (1988). 
25. J. Eysseltova. Solubility Data Ser. 31, 278 (1988). 
26. J. Eysseltova. Solubility Data Ser. 31, 297 (1988). 
27. E. Shoichi et K. Kichiro. Nippon Butsuri Gakkaishi, 45, 575 

(1990). 
28. J. West. Ferroelectrics, 71(1-4), 1 (1987). 
29. R. J .  Nelmes. Ferroelectrics, 71(1-4), 87 (1987). 
30. R. J. Nelmes, Z. Tun et W. F. Kuhs. Ferroelectrics, 71(1-4), 

125 (1987). 
31. R. J. Nelmes, W.  F. Kuhs, C .  J. Howard, J. E. Tibballs et T. 

W. Ryan. J. Phys. C: Solid State Phys. 18, 711 (1985). 
32. M. W.  Stortenbeker. J. Recl. Trav. Chim. Pays-Bas, 21, 399 

(1902). 
33. P. Silber et C .  Avinens. C .  R. Acad. Sci. Paris, 257, 3923 

(1963). 
34. C. Avinens. C. R. Acad. Sci. Paris, S6r. C ,  262, 1872 (1966). 
35. J. Balej et A. Regner. Collect. Czech. Chem. Commun. 34, 

2161 (1969). 
36. V. A. Storozhenko et V. G.  Shevchuk. Zh. Neorg. Khim. 6, 

235 (1971). 
37. A. W. Frazier. J. Agric. Food Chem. 28, 461 (1980). 
38. S. Bursa, M. Olzak-Humienik et D. Mozejko-Silewicz. Pr. 

Nauk. Politech. Szczecin. 183, 89 (1982). 
39. S.  V. Buksha, I. D. Sokolov, B. A. Kopylev et Yu. V. 

Buksha. Zh. Prikl. Khim. 59, 2255 (1986). 
40. V. T. Orlova, E. A. Konstantinova, Ya. S .  Shenkin and I. N. 

Lepeshkov. Zh. Neorg. Khim. 31, 3155 (1986). 
41. E. M. Nalivaiko, V. A. Storozhenko et M. K. Prikhod'ko. Zh. 

Neorg. Khim. 33, 2158 (1988). 
42. N. Bourguiba et T. Jouini. C. R. Acad. Sci. Paris, S6r. LI, 309, 

1643 (1989). 
43. N. Yukio et K. Hirofimi. J .  Phys. Soc. Jpn. 60, 13 (1991). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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EWA D. RACZYNSKA, CHRISTIAN LAURENCE et MICHEL BERTHELOT. Can. J. Chem. 70, 2203 (1992). 
La basicltC de liaison hydrogbne des formamidines 1-19 a CtC mesur6e i partir de la constante de formation KHB de 

leurs complexes avec le p-fluorophCno1 et du dCplacement de frCquence Av(0H) des complexes du m~thanol .  L'Ctude 
de la bande v(C=N) montre que la liaison hydrogbne s'effectue sur I'azote imino. Sur l'kchelle de basicit6 de liaison 
hydrogbne les formamidines se placent au m&me niveau que les imidazoles et au-dessus des amides et des pyridines cor- 
respondantes. L'effet de champ de substituants Clectroattracteurs et l'effet stCrique de groupes alkyles volurnineux, fixes 
sur l'azote imino, diminuent sensiblement la basicite de liaison hydrogbne de ce dernier. 

EWA D. RACZYNSKA, CHRISTIAN LAURENCE, and MICHEL BERTHELOT. Can J .  Chem. 70, 2203 (1992). 
The basicity of the hydrogen bonds of formamidines 1-19 was measured by means of the formation constant KHB of 

their complexes with p-fluorophenol and the frequency shift Av(0H) of methanol hydrogen-bonded to 1-19. The study 
of the v(C=N) band shows that hydrogen bonding takes place with the imino nitrogen atom. On the hydrogen-bonding 
basicity scale, the formamidines appear to be more basic than the corresponding amides and pyridines, and as basic as 
the imidazoles. The field effect of electron-withdrawing substituents and the steric effect of bulky alkyl groups on the 
imino nitrogen atom markedly decrease the hydrogen-bonding basicity. 

Introduction 
Les travaux de Taft et coll. (1-3) ont rnontrC llint&r&t de 

rnesurer la basicit6 de liaison hydrogbne des molecules or- 
ganiques. En effet la basicit6 de liaison hydrogkne se 
diffkrencie de la basicit6 de Bronsted en solution aqueuse (4) 
et en phase gazeuse (5). L'echelle de basicit6 de liaison hy- 
drogkne initialernent constmite par Taft et coll. (6, 7) a Ct6 
dCveloppCe par Abraham et al. (8). Elle repose sur la cons- 
tante de 1'Cquilibre [I] de partage de proton entre la base B 
et un donneur de liaison hydrogbne de refkrence, le 
p-fluorophCnol, dans des conditions standard de solvant 
(CCl,) et de ternpkrature (298 K), 

de la rn&rne manibre que la basicit6 de Bronsted repose sur 
la constante de 1'Cquilibre [2] de transfert de proton en so- 
lution aqueuse 

Pour les rnolCcules neutres, 1'Cchelle pKHB = log KHB s'Ctend 
de - 1,l  point <<rnagique>> de 1'Cchelle d'Abraharn et al. (8) 
5 +3,66 pour l'oxyde de triphknylarsine. 

La farnille trbs irnportante des arnidines 

n'est representee dans cette Cchelle que par la tCtra- 
rnkthylguanidine (R' = R' = Me, R4 = NMq, R3 = H) dont 
le pKHB vaut 3,14. Des resultats cornplCrnentaires ont par la 

' ~ u t e u r  qui adresser toute correspondance. 

suite CtC Ctablis par Vaes et al. pour quelques formarnidines 
(R4 = H) (9). Malheureusernent ces rksultats se rapportent 
soit 2 1'Cthanol (dans CCl,, % 298 K) soit 5 des phCnols sub- 
stituks autres que le p-fluorophCnol (dans le cyclohexane, 5 
303 K). 11s ne perrnettent donc pas de placer directement ces 
forrnarnidines sur I'Cchelle de basicit6 de liaison hydrogbne 
dCj2 constmite. Au contraire les rksultats de Raczynska et al. 
pour d'autres formamidines (lo), des acktamidines (R4 = Ph) 
(11) et des benzamidines (R4 = Ph) (11) permettent dlCtablir 
une Cchelle pKHB d'arnidines. 

Ces travaux suggkrent, rnais n'ttablissent pas formelle- 
ment, que le site de fixation de la liaison hydrogkne est l'azote 
irnino N' plut6t que l'azote amino N'. De ce point de vue il 
est important de diversifier les effets stCriques et Clectriques 
des substituants sur l'azote irnino N'. Puisque les travaux 
precedents ont CtC limit& aux substituants C6H5 (et o-, m- ou 
p-XC6H4), C6H,CH, (et m- ou p-XC6H4CH,), n-Pr et i-Bu, 
nous les Ctendons rnaintenant 2 une nouvelle sCrie de N ' , N ~ -  
dimethylformamidines N2-substitukes 1-19. Les substi- 
tuants 1-6 diffbrent principalernent par leur effet stCrique, 
les substituants 7-13 par leur effet de champ et les substi- 
tuants 14-19 par leurs effets de resonance et de champ. 

Nous nous proposons de placer ces bases 1-19 sur lYCchelle 
pKHB par la rnesure de la constante de 1'Cquilibre [I]. Outre 
cette echelle thermodynarnique, une Cchelle spectrosco- 
pique de basicit6 de liaison hydrogkne (vide infra) sera aussi 
obtenue pour ces cornpods. Nous pensons de plus rnettre en 
Cvidence le site de fixation de la liaison hydrogbne par l'ttude 
de la vibration de valence v(C=N). Enfin les corrilations 
de pKHB avec les pararnktres Clectriques a, de Taft et Topsorn 
(12) et stCrique u de Charton (13) doivent permettre de 
dCterminer les effets structuraux rnajeurs dont depend la 
basicit6 de liaison hydrogbne des formarnidines substitukes 
sur l'azote irnino. 
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1 R = M e  (rn&thyl) 7 R = CH2CH=CH2 14 R = N M e ,  
2 R = i-Pr (isopropyl) 8 R = CH2CH20Me 15 R = 4-Me2NC6H4 
3 R = c-Pr (cyclopropyl) 9 R = CH2CGCH 16 R = 4-MeOC6H4 
4 R = c-Hex (cyclohexyl) 10 R = CH2CH2CEN 17 R =4-FC6H4 
5 R = 1-Adam (adamantyl) 11 R = CH2CF3 18 R = 4-CF3C6H4 
6 R = t-Pen (tertiopentyl) 12 R = 3-CF3C6H4CH, 19 R = 3,5-(N02)2C6H3 

13 R = 3-MeOC6H4CH2 

Partie Experimentale 

Produits 
La synthttse et la purification des formamidines 1-19 ont deja 

kt& decrites (14). Le tCtrachlorure de carbone et le methanol sont 
des produits de qualit6 s~ctroscopique seches sur tamis moleculaire 
respectivement 4 et 3 A. Le p-fluorophCno1 est purifiC par subli- 
mation. 

Spectres 
11s sont enregistres sur un spectrornktre IR-TF Bruker IFS 

45 WHR 2 la resolution de 1 cm-' et avec 256 accumulations. 

Cellules 
Une cellule en quartz de 1 cm et en KBr de 1 rnm sont utilisees 

pour Ctudier respectivement les regions u(OH) et u(C=N). Elles 
sont thermorc5gulCes a 25°C par effet thermo6lectrique. 

Constantes d'e'quilibre 
Pour llCquilibre [ l ]  dans CCl,, COB, la concentration initiale de 

formamidine et CO,, la concentration initiale dep-fluorophenol, sont 
dCterminCes par pestes. La concentration Cc de complexe 
l'equilibre est calculte a partir de l'absorbance de la bande libre 
v(0H) du p-fluorophenol a 3614 cm- ' .  La constante K,, de 
1'6 uilibre [ l ]  se calcule alors par l'expression : KHB = Cc/ B 
[(C B - C,) K O ,  - CC)l. 

Resultats 

PKHB 
Le logarithme decimal de la constante de formation (en L 

mol-') des complexes du p-fluorophCnol avec les formami- 
dines 1-19 dans CCl, a 298 K est report6 dans le tableau 1. 
La precision sur les constantes est estimCe a +7% soit une 
erreur d'environ 40,03 unite de pK. 

A u(0H) 
Par complexation, la vibration v(0H) du p-fluorophCnol 

se dCplace vers les basses frkquences d'autant plus que les 
formamidines sont plus basiques. Ce deplacement Av(0H) 
= 3614 - v(0H. . .) ne peut Ctre mesure avec prkcision car 
la bande v(0H.. .) du complexe se recouvre avec le massif 
v(CH). C'est pourquoi nous mesurons le deplacement 
Av(0H) = 3644 - v(0H.. .) de la vibration v(0H) du 
mkthanol, pour lequel ce recouvrement ne se produit pas car 
c'est un donneur de liaison hydrogbne moins fort que le 
p-fluorophCno1. Ces deplacements, donnCs dans le tableau 
1, constituent une Cchelle spectroscopique de basicit6 de 
liaison hydrogkne des formamidines 1-19. 

Cette Cchelle spectroscopique Av(0H) est cohCrente avec 
1'Cchelle thermodynamique pK,, et valide donc les dklicates 
mesures de constantes dYCquilibre, a condition de prendre en 
compte les caracteres specifiques de chaque Cchelle. Ainsi 
une trks bonne corrklation est observCe sur la figure 1 entre 

pKHB et Av(0H) a condition de sCparer le sous-ensemble des 
~~-~hCn~l fo rmamid ines  15-19 de celui des N2-alkylfor- 
mamidines 1-13 et, dans ce demier sous-ensemble, 
d'Climiner de la corrklation les substituants les plus encom- 
brants (t-Pen et 1 -Adam). L'origine de ces spkcificites, dCja 
envisagee dans un travail anterieur (lo), sera CtudiCe 
ulterieurement lors d'une comparaison pKHB/Av(OH) pour 
un large ensemble de bases azotCes. 

Pour les formamidines 8 (R = CH,CH,OMe) et 10 (R = 
CH,CH2C=N) on observe (figure 2) deux bandes de com- 
plexe v(0H..  .). Pour la formamidine 14 (R = NMe,) on 
observe une bande v(0H..  .) de complexe anormalement 
large: la largeur de bande a mi-hauteur vaut 295 cm-I alors 
qu'elle est comprise entre 200 et 220 cm-' pour les autres 
formamidines de ce travail. 

Fr6quence u(C=N) 
La bande trbs intense (coefficient d'extinction molaire 

voisin de 1680 L mol-' cm-I pour le compost 4) v(C=N) 
des formamidines 1-19 en solution dans CCl, se situe entre 
1629 cm-I (14, NMe,) et 1661 cm-I (1, Me). La figure 3 
montre que par addition de p-fluorophtnol a une solution 
t6trachlorocarbonique de formamidine, cette bande diminue 
d'intensite, et qu'il apparait une nouvelle bande plus large 
aux frequences plus basses. L'abaissement du nombre d'onde 
varie selon les formamidines de 6 2 10 cm-'. Seule la for- 
mamidine 14 (NMe,) fait exception a ce comportement. 

Discussion 
Site de fixation de la liaison hydrogbne 

Les concentrations trbs diluCes de p-fluorophCnol (-3 X 

M) et de formamidines (de 5 x M M) uti- 
lisCes dans ce travail impliquent la formation exclusive de 
complexe(s) 1 : 1. Par ailleurs la presence d'une seule bande 
v(0H. . .) de complexe (a l'exception des formamidines 8 et 
10, vide infra) implique la formation d'un seul complexe 1 : 
1. La question se pose de dCterminer si le site de fixation de 
la liaison hydrogene est l'azote amino ou l'azote imino. Des 
Ctudes anterieures (9, 10) ont suggCr6 qu'il s'agissait du site 
imino. 

L'Ctude de la region v(C=N) confirme cette attribution. 
La nouvelle bande observke (vide supra) dans la region 
v(C=N) ne peut Ctre attribuCe qu'a la vibration v(C=N) du 
complexe, puisqu'elle se forme au dktriment de la bande 
v(C=N) de la formamidine libre, et que son intensite aug- 
mente quand on dCplace 1'Cquilibre [I] par addition crois- 
sante de p-fluorophCn01. De plus la liaison hydrogene ne peut 
se former que sur l'azote irnino N~ car la bande v(C=N) des 
formamidines complexCes est plus basse que celle des for- 
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TABLEAU 1. BasicitC de liaison hydrogkne de formamidines Me2N-CH=N-R 

NO R Av(0H)" pKHBb NO R Av(0H)" p ~ H B b  

1 Me 386 2,70 10 CH2CH,C-N 364g 2,15" 
c n-Pr 395' 2,59' 11 CH2CF3 302 1,60 
2 i-Pr 3 89 2,60 12 3-CF3C6H4CH2 355 1,99 
3 c-Pr 368 2,36 13 3-MeOC6H4CH2 376 2,40 
4 c-Hex 395 2,59 14 NMe2 38 1 2,43 
' i-Bu 390' 2,52' 15 4-Me2NC6H4 334 2,32 
5 1-Adam 399 2,52 16 4-MeOC6H, 327 2,08 
6 t-Am 392 2,26 Ph 316' 1 ,9OC 
7 CH2CH=CH2 376 2,48 17 4-FC6H4 309 1,80 

CH2Ph 371' 2,35' 18 4-CF3C6H4 287 1,43 
8 CH2CH20Me 396d 2,75' 19 3,5-(N02),C6H3 -230' -O,6Oi 
9 CH,C-CH f -2,30 

"Abaissement en cm-' de la vibration v(0H) du mtthanol. 
" p ~ H B  = log KHB, avec KHB en L mol-I. 
'Valeurs tirtes de la rifirence 10. 

deuxibme bande associte est observie avec un dtplacement de 159 cm-' 
'Correspond 9 la constante totale; pour le seul site imino pK,, = 2,74. 
/Impossible A mesurer a cause de I'absorption v(=CH). 
Wne deuxibme bande associie est observie avec un diplacement de 86 cm-I. 
hCorrespond B la constante totale; pour le seul site imino pKHB = 2,12. 
'Imprtcis B cause de la trop faible solubilit6 dans CCI,. 

FIG. 1. Comklation entre Cchelle thermodynamique (pKHB) et 
Cchelle spectroscopique (Av OH). Les ~~-~hCn~lformarnidines (X) 
se diffkrencient des Nz-alkylformamidines (0). 

mamidines libres. En effet une fixation sur l'azote amino 
aurait pour effet de diminuer la conjugaison n-T des ami- 
dines (15) et donc d'augmenter l'indice de liaison C=N et 
la constante de force et donc la frCquence de vibration. 

Le comportement du motif 

des complexes amidines-phCnols est donc identique a celui 
du motif 

des complexes amides-phenols dans lesquels la bande 
v(C=O) est Clargie et abaissCe (de 17 cm-' pour le com- 
plexe phtnol-dim6thylformamide) par raport a l'amide libre, 
ce qui dCmontre que la liaison hydrogkne se forme sur 
l'oxygkne et non sur l'azote (16, 17). 

Pour les composCs 8 Me2N-CH=N-CH2CH20Me et 10 
Me2N-CH=N-CH2CH2C=N qui contiennent un site 0 et 
C=N accepteur de liaison hydrogkne, la deuxikme bande 
v(0H.. .) observk (figure 2) respectivement a 3485 et 3565 
cm-' est proche de celle des complexes methanol -Et20 a 
3494 et mCthanol -EtC=N 2 3565 cm-' et est donc attri- 
buCe respectivement 2 v(0H.. . 0 )  et v(0H.. . N--C). Des 
constantes (en L mol-') totales K = 562 pour 8 et K = 141 
pour 10 il convient donc de soustraire respectivement les 
valeurs 10 du complexe p-fluorophCnol-Et20 (6) et 8 du 
complexe p-fluorophCno1-EtC=N pour obtenir la contri- 
bution propre de basicit6 de liaison hydrogkne de l'azote 
imino, soit pKHB (imino) = 2,12 au lieu de pKHB (total) = 
2,15 pour 10 et 2,74 au lieude 2,75 pour 8. 

Pour le composC 14 M~,N'-cH=N~-N~M~,,  on observe 
une bande v(0H. . .) unique et grossikrement symktrique, mais 
cela ne constitue pas la preuve d'un site unique de fixation, 
car cette bande est anormalement large et pourrait donc cor- 
respondre a la su erposition de plusieurs bandes, par ex- P ample v(0H.. . N ) et v(0H.. . N ). 
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nombre d'ondes / cm-' 

FIG. 2. Spectres IR d'une solution tktrachlorocarbonique de mtthanol aprks addition de la formamidine 10 (A) et de la formamidine 8 
(B). On observe dans chaque cas trois bandes v(0H) : (a) celle du mtthanol libre i 3644 cm-I; (b) celle du complexe OH - .  N=C (A) 
ou O H .  . . OMe(B); (c) celle du complexe OH . . . N'. 

nombre d'ondes / cm-' 

FIG. 3. (A) Spectre IR d'une solution tttrachlorocarbonique 5 x M de N',N'-dim~thyl-~2-cyclohexylformamidine, (B) M&me spectre 
aprks addition de 4 x M de p-fluorophtnol. La dtcomposition de ce massif en ses bandes composantes met en kvidence la bande 
v(C=N) de la formamidine libre a 1653 cm-I et la bande v(C=N) tlargie du complexe formamidine-p-fluorophtnol a 1646 cm-I. 

Position des formamidines dans l'e'chelle de basicire' de 
liaison hydrogkne 

Le tableau 2 compare les valeurs de pKHB de la tri- 
mCthylformamidine 1 et d'autres bases oxygCnCes et azotks. 
On observe que la formamidine est plus basique que l'amide 
et la pyridine correspondante et aussi plus basique que les 
amines. Elle a la mCme basicit6 que le N-mCthylimidazole 
alors que dans ce dernier les azotes amino et imino sont 
substituks par des carbones sp2 plus ClectronCgatifs que les 
carbones sp3 de la trimtithylformamidine. L'handicap pro- 
voqu6 par les substituants ClectronCgatifs sur le motif ami- 
dine du N-mCthylimidazole est en fait cornpens6 par la 

configuration Z de ce dernier. Au contraire la trimethyl- 
formamidine 1 a la configuration E, cornme toutes les N'JVI- 
dimCthylformamidines (18), et la paire libre de l'azote imino, 
tournte vers le substituant encombrant Me2N, est moins 
accessible au p-fluorophCno1. 

Influence de l'effet de champ des substituants sur l'azote 
imino 

Un effet de champ Clectroattracteur des substituants sur N~ 
diminue la basicit6 de liaison hydrogkne comme l'illustre le 
substituant CH2CF3 (pKHB = 1,60 au lieu de 2,70 pour Me). 
Si on mesure cet effet de champ par le parambtre a, de Taft 
(12), on obtient la relation approchte [2] pour les substi- 
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TABLEAU 2. Cornparaison des valeurs pKHB de quelques bases de liaison hydrogkne 

Me 
Me \ 

N-C 
lH Q Q Me \ / H  

/ \ \NI~e  N N Me, /" 9 Me 
Me/ <'.H Me 

lN -C*oa 
Me ' \".M~ 

Me Me 
N\ 4 

Me 

FIG. 4. CorrClation entre le pKHB des composCs Me,NCH=N-R et la constante de substituant u, mesurant l'effet de champ du substi- 
tuant R. Les substituants CH,CH,OMe, Ph et NMe, n'ont pas CtC utilisCs pour calculer 1'Cquation de la droite de rkgression. 

tuants Me et n-Pr (u, = 0), CH,CH=CH, (0,03), CH,Ph 
(0,05), CH2-H (0,12), CH,CH,=N (0,15) et CH2CF, 
(0,23) (fig. 4). 

(coefficient de corrClation r = 0,965; 
Ccart-type = 0 , l l ;  nornbre de points n = 7) 

La relation [3] permet d'estirner la basicite de liaison hy- 
drogkne de l'azote irnino de cornposCs particuliers cornrne 
Me2N-CH=N-CrN ou Me,N-CH=N-S02Ph. Si on sup- 
pose que les substituants C=N (u, = 0,60) et S02Ph (u, = 
0,63) agissent uniquernent par effet de champ, on calcule 
respectivernent KHB = 1,6 et 1,2 L rnol-' pour les corn- 
poses correspondants, ce qui represente respectivernent 1,3% 
et 1,6% des constantes totales rnesurkes pour ces cornposCs 
dans un travail antCrieur (19), soit d6ji une contribution 
ntgligeable. Cette contribution s'approche de zCro si l'on tient 
cornpte de l'effet de rksonance Clectroattracteur de C-N 
( u - ~  = 0,lO) et de S0,Ph (u-, = 0,14). La relation [3] 
confirme donc que le site unique de fixation de liaison hy- 
drogkne de ces systbrnes ccpush-pull,, est l'azote du groupe 
nitrile ou les oxygknes du groupe sulfonyle. 

La figure 4 rnontre que les substituants NMe,, Ph et 
CH,CH,OMe n'obeissent pas 5 la relation [3]. La deviation 
du substituant Ph peut s'expliquer par son effet de resonance 
qui n'est pas pris en cornpte par u,. Celle du substituant 
NMe, peut s'expliquer par son effet de resonance et (ou) la 
possibilitk dkji envisagee qu'il constitue un deuxierne site 
de fixation de la liaison hydrogbne. Celle du substituant 
CH,CH20Me, pour lequel la correction du deuxikrne site de 

fixation de la liaison hydrogkne a it6 effectuke (vide supra), 
reste pour l'instant inexpliqute. 

Influence de l'effet ste'rique des substituants alkyles sur 
l'azote irnino 

L'effet stCrique des substituant alkyles sur N' diminue la 
basicit6 de liaison hydrogene cornme l'illustre le substituant 
tert-pentyl (pKHB = 2,26 au lieu de 2,70 pour Me). Si on 
rnesure cet effet sterique par le parambtre u de Charton (13), 
on obtient la relation [4] pour les substituants Me(u = 0,52), 
n-Pr(0,68), i-Pr(0,76), c-Hex(0,87), i-Bu(0,98), 1-Adam- 
(1,33) et t-Pen(1,63). 

Le comporternent des substituants alkyles volurnineux R est 
donc tout 5 fait different dans les formarnidines Me,N- 
CH=N-R ou ils dirninuent la basicit6 de celui dans les 
alcools R-OH (20) oh ils augrnentent la basicit6 de liaison 
hydrogbne (par un mecanisme i prCciser : polarisabilitt, 
hyperconjugaison et (ou) ClectronCgativitC). 
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Calculated electrostatic potentials and local surface ionization energies 
of para-substituted anilines as measures of substituent effects 
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MARKUS HAEBERLEIN, JANE S. MURRAY, TORE BRINCK, and PETER POLITZER. Can. J. Chem. 70, 2209 (1992). 
Using an ab initio self-consistent-field molecular orbital approach, we computed 3-21G//STO-3G* and STO-5G// 

STO-3G* electrostatic potentials and average local ionization energies for 17 para-substituted anilines. Our results 
demonstrate that the most negative potentials (V,,) and the local surface ionization energy minima (is.-) associated with 
the amine nitrogen lone pairs are highly sensitive indicators of the electron-donating and electron-attracting tendencies 
of the para substituents. We find excellent linear relationships between the 3-21G//STO-3G* amine nitrogen Vmi, and 
is.,;, and the a: Hammett constants of the substituent X; the correlation coefficients are 0.99. Correlations of sli htly 
lesser quality are shown to exist between Vmi., is.,,, and u,, up, and pK, Estimates of previously unknown u!and 
pK, values are given. The presence of ring carbon meta to the substituent X also provides a predictive capability 
for determining u, values. 

MARKUS HAEBERLEIN, JANE S. MURRAY, TORE BRINCK et PETER POLITZER. Can. J. Chem. 70, 2209 (1992). 
Utilisant une approche de calculs ab initio d'orbitales molCculaires en champ auto-coherent, on a calculC les poten- 

tiels Clectrostatiques ainsi que les Cnergies rnoyennes d'ionisation locale de 17 anilines para-substituCes, aux niveaux 
3-2 1GNSTO-3G* et STO-SG//STO-3G*. Nos rCsultats dernontrent que les potentiels les plus nCgatifs (V-) et les minima 
de 1'Cnergie d'ionisation de la surface locale (is,,i,) associCs avec les paires libres de I'azote de I'amine sont des indi- 
cateurs sensibles des tendances des substituants para a agir-comme Clectro-donneurs ou Clectro-accepteurs. On a obtenu 
une excellente relation linCaire entre les valeurs de Vmi, et Is,,;, de l'azote de I'amine au niveau 3-21GNSTO-3G* et les 
constantes u: de Harnmett du substituant X; Ies coefficients de corrClation sont egaux i 0,99. On rapporte des Cvaluations 
des valeurs de et de pK, qui Ctaient jusqu'i prCsent inconnues. La presence de is,,i, pour le carbone du cycle en mPta 
du substituant X fournit aussi une possibilite de prCdire les valeurs de a,,,. 

[Traduit par la rkdaction] 

Background the local minima (most negative values) of V(r) (1-4, 6 ,  10, 
A continuing focus of our computational studies is the 13. 14, 24, 25) while the maxima of V(r) on the molecular 

interpretation and prediction of chemical reactive behavior surface serve the same Purpase for nucleophilic attack (6 ,  12- 
(1-7). We recently demonstrated that good correlations exist 14). 
between two calculated gaseous phase properties (the elec- We introduced another Propem, the average local 
trostatic potential V(r)  and the average local ionization en- ionization energy i ( r )  (3, which is defined by eq. [2]. 
ergy i ( r ) )  and several experimentally based indices of 

Pi ( r )  lkil 
reactivity derived from solution studies (5-14), including the [2] i ( r )  = - 
Hammett and Taft substituent constants. These are well-es- ; P ( r )  
tablished measures of the electron-donating and -attracting 
tendencies of substituent groups (15-19).' The properties V(r) 
and i ( r )  are discussed briefly below as background to the 
present work. 

The electrostatic potential V(r)  has emerged as an effec- 
tive tool for studying the reactive behavior of molecules in 
both electrophilic and nucleophilic processes, and also in 
molecular recognition interactions (1-4, 6 ,  24, 25). V(r )  is 
a real physical property that expresses the net electrical ef- 
fect of the nuclei and electrons of a molecule, at any point 
r ,  and is given rigorously by eq. [ I ] .  

Z ,  is the charge on nucleus A, located at RA, and p(r) is the 
electronic density function of the molecule. The sign of V(r) 
in any particular region depends upon whether the effects of 
the nuclei or electrons are dominant there. Sites reactive to- 
ward electrophiles can be identified and ranked by means of 

' ~ u t h o r  to whom correspondence may be addressed. 
 or some earlier investigations of relationships between substi- 

tuent constants and calculated atomic charges, see refs. 20-23. 

p(r) is the electronic density of the ith molecular orbital at 
the point r and E ;  is the orbital energy. We interpret i ( r )  as 
the average energy required to remove an electron from any 
point r in the space of an atom or molecule. In a series of 
studies, we have demonstrated that i ( r )  plotted on molecu- 
lar surfaces is an effective indicator of reactivity toward 
electrophiles, even in aqueous solution (5 ,  7 ,  9 ,  1 1 ) .  For 
example, we have shown for a series of monosubstituted 
benzenes that surface i ( r )  minima (is,,in) provide a quanti- 
tative measure of the activating/deactivating and the direct- 
ing tendencies of the various substituents, and also correlate 
well with the Hammett constants a, and (or) a, (5 ,  7 ) .  For 
several families of acids, we found that the calculated is,,, 
of the conjugate bases correlate well with the respective pK, 
values, which can be viewed as reflecting reactivity toward 
the electrophile H+ ( 9 ,  1 1 ) .  

Present objectives 
In an earlier study involving a group of 24 NH2-X mole- 

cules, we demonstrated a good correlation between the 
electrostatic potential minimum (V,,,,,) of the amine nitrogen 
and the total electron-attracting tendency of X ,  as measured 
by the a, and a, substituent constants (8). More recently, we 
showed that the nitrogen is,,, can also be used for this pur- 
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TABLE 1. Calculated Vmi, and I,,,,, of the amine nitrogens in some para-substituted anilines, and experimentally derived substituent con- 
stant (up, a;, and up-) and pK, values 

Vm,,(kcal/mol) ~ S . ~ , ~ ( ~ V )  Substituent constants" 
Conjugate 

para-Substituent STO-5G 3-21G STO-5G 3-21G u; acid pK, - 

N(CH3)2 

NH2 

OH 
CH3 
0 C H 3  
H 

S H 

CH2C1 

F 

C1 

NF2 

COOH 

CHO 

CF3 

CN 

N(N02)2 

NO2 

"Reference 17. 
"stimated value, taken from ref. 5. 
'Estimated value, using 3-21G amine nitrogen V,,, correlations. 
dEstimated value, using 3-21G amine nitrogen is,,,, correlations. 
'Reference 36. 
'keference 37. 
8Reference 38. 
hEstimated value, taken from ref. 35. 

pose (1 3). However, while the NH,-X framework is effec- 
tive for studying the electron-attracting power of X, it does 
not provide an opportunity to assess any tendency for reso- 
nance donation of charge by the substituent (8, 13). 

For this reason, we have now investigated the use of a 
different framework, para-substituted aniline (I) ,  as a tool 
for studying substituent effects. It was anticipated that this 
system might allow some degree of resonance donation of 

X = H, F, C1, CH3, CF3, NH2, OH, 
0CH3, CN, NO2, CHO, COOH, 
N(CH3)2, SH, CH2C1, NF2, N(NO2)2 

charge by X, which would be reflected in the Vmin and is,,, 
of the amine group, due to the contribution of structure l a .  

We have accordingly computed these properties for a series 
of 17 para-substituted anilines. 

Methods and procedure 
We have used an a b  initio self-consistent-field molecular 

orbital (SCF-MO) procedure (GAUSSIAN 88 (26)) to com- 
pute optimized geometries for 17 para-substituted aniline 
derivatives. Due to the sizes of the molecules, the STO-3G* 
basis set was selected for this purpose. While it is known to 
exaggerate the pyramidal character of amine nitrogens, past 
experience suggests that the structures should be generally 
satisfactory (27). For example, our calculated STO-3G* ge- 
ometry for aniline is in reasonable agreement with gas phase 
experimental data (28). The largest discrepancy in bond 
lengths is jn the C-N distance, which we overestimate 
by 0.0t2 A; however, the errors for the other bonds are 
0.008 A (average) for the C-C, 0.028 A for the N-H, 
and essentially zero for the C-H. (The STO-3G* basis is 
identical to the STO-3G for atoms H-Ne; for Na-Xe, the 
STO-3G* includes a set of polarization functions (27).) 
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HAEBERLEIN ET AL. 

TABLE 2. Correlations between some calculated and experimentally derived properties 

Calculated property, Experimentally Least-squares Correlation 
Y determined quantity, x equation coefficient 

3-21G arnine nitrogen UP: y = 0 . 9 2 0 ~  + 12.163 0.99 
3-21G amine nitrogen VEi, 

u ~ o  
y = 21 .013~  - 87.293 0.99 

STO-5G amine nitrogen Is.,i, y = 0 . 7 9 9 ~  + 12.611 0.96 
STO-5G amine nitrogen Vmi, y = 16.618~ - 87.359 0.96 

3-21G amine nitrogen Is,min - 

up- y = 0 . 6 3 7 ~  + 12.142 0.97 
3-21G amine nitrogen VTi, 

up- y = 14.566~ - 87.780 0.97 
STO-5G amine nitrogen Is.,i, 

up- y = 0 . 5 4 9 ~  + 12.594 0.93 
STO-5G amine nitrogen Vmi, Up y = 11.448~ - 87.724 0.93 

3-2 1 G arnine nitrogen is,min 
3-21G arnine nitrogen VEi, 
STO-5G arnine nitrogen Is,,,, 
STO-5G amine nitrogen Vmi, 

3-21G arnine nitrogen P K ~  y = -0 .210~  + 13.168 0.97 
3-2 1G arnine nitrogen VEi, PKa y = -4 .820~  - 64.216 0.98 
STO-5G arnine nitrogen Is,mi, PK= y = - 0 . 1 8 3 ~  + 13.501 0.96 
STO-5G arnine nitrogen V,,, PK= y = -3 .837~ - 68.740 0.97 

3-2 1G ring carbon is,,,, urn y = 1 . 1 3 1 ~  + 12.905 0.97 

FIG. 1 .  Calculated i ( r )  on the molecular surface of para-fluo- 
roaniline. Three ranges of i ( r )  are depicted, in eV. Black: I ( r )  < 
12.52; gray: 12.52 < i ( r )  < 13.47; white: i ( r )  > 13.47. 

TABLE 3. Calculated meta carbon I,,,,, and Hamrnett constants u,,, 

IS ,min  (eV)O Hammett constant, 
13-21G1 urn, for ... . 

para-substituent Cz, c6 para-substituentb 

As anticipated, the STO-3G* basis set consistently yields 
a pyramidal amine group for these aniline derivatives; the 
variation in the H-N-H angle is only over the range 107"- 
109". For comparison, the experimentally determined value 
for aniline is 113 ? 2" (28). From the standpoint of this study, 
in which we plan to use the amine Vmin as a probe, the near 
constancy of the H-N-H angle is useful, because it means 
that changes in the magnitude of Vmin can be attributed to 
electronic factors rather than structural ones; we showed 
earlier that amine Vmin's are strongly dependent upon the 
H-N-H angle (6, 8, 29). 

Using these structures, we computed V(r) (via eq. [I], 

T h e  is,,, are above the C, and C6 positions, on the same side of the ring 
as the amine nitrogen lone pair. 

bReference 17. 
'For OX substituents, the lowest is,,,. is located on the same half of the 

ring as X. 
dEstimated value, using ring carbon I,,,,, vs. u,,, correlation. 
'Estimated value, taken from ref. 5 .  
'kstimated value, taken from ref. 35. 

using GAUSSIAN 88) and surface i(r) (via eq. [2]). The 
molecular surfaces were defined, following-the approach of 
Bader et al. (30), by the 0.002 electrons/bohr3 contour of 
the electronic density. The calculations were carried out at 
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FIG. 2. Correlation between 3-21G//STO-3G* amine nitrogen 
is,min and u: for 15 para-substituted anilines. The correlation 
coefficient is 0.99. 

FIG. 3. Correlation between 3-21G//STO-3G* amine nitrogen 
Vmin and u: for 15 para-substituted anilines. The correlation coef- 
ficient is 0.99. 

both the HF/STO-5G and HF/3-21G levels. We found these 
basis sets to be satisfactory for V(r) and i(r) (1, 3, 4, 6-10, 
12-14). 

Results 

The electrostatic potential of aniline, presented earlier (31), 
is positive everywhere in the plane of the ring, with large 
negative regions above and below this plane that are attrib- 
uted to the .rr electrons. The most negative Vmin is found in 
the lone pair region of the nitrogen, and is indicative of the 
basic nature of aniline. This nitrogen is indeed a highly fa- 
vorable site for protonation (32, 33). The surface i(r) of an- 
iline is characterized by is,,i, found in the vicinity of the 
amine nitrogen and above the ortho and para carbon posi- 
tions ( 9 ,  consistent with these all being favorable sites for 
electrophilic attack (33, 34). 

The calculated arnine nitrogen V,, and is,,, of the 17 para- 
substituted anilines 1 are listed in Table 1, along with the 
Harnmett constants up, mi, and up- of the substituents X and 
the experimentally determined pKa values of some of these 
molecules. Positive values of up, u;, and up- are inter- 

preted as indicating the degree of electron attraction by a para 
substituent, while negative values measure electron dona- 
tion. The general trend in Table 1 is that the V,, become less 
negative and the is,,, higher as the Hammett constants in- 
crease and pKa decreases. Molecules for which the overall 
effect of X is electron attraction (up, u;, up- > 0) have Vmin 
less negative and is.,i, higher than those of aniline (X = H), 
while molecules with electron-donor substituents (up, u:, 

- < 0) show V,,, more negative and lower than an- 
3 n e .  Thus, we find that the computed Vmin and is,,. of the 
amine nitrogen in the para-H,N-C,H,-X framework can in- 
deed reflect either overall electron-donating or electron-at- 
tracting tendencies of para substituents on aromatic rings. 

The sensitivities of the amine nitrogen Vmin and is,min to 
substituent effects are confirmed by Table 2, which sum- 
marizes the correlations with up, u:, up-, and pK,. These 
relationships will be discussed in detail in the next section. 

An interesting feature of the surface i(r) of the para-sub- 
stituted anilines is that is,min are found above the ring car- 
bons that are meta to the substituent X, even if X is an ortho/ 
para director. For example, the surface i(r) of para-fluo- 
roaniline (Fig. 1) shows is.,, above the positions meta to the 
fluorine in addition to the one associated with the amine ni- 
trogen. This presumably reflects the strong ortho/para di- 
recting tendencies of the NH, group. (For substituents that 
are strong resonance donors, there are also is.,, ortho to X.) 
The 3-21G is,,in values of the meta carbons (relative to X) 
are listed in Table 3 along with the u,,, values of X. There is 
a linear relationship between these is,,i, and urn, with a cor- 
relation coefficient of 0.97 (see Table 2). 

Discussion 
Table 2 shows that the best correlations with Hammett 

constants for both is,,, and Vmi, are with u: at the 3-21G 
level (correlation coefficients = 0.99; see Figs. 2 and 3), 
followed by those with up- and up, also 3-21G. The trends 
in the STO-5G results follow the same pattern but the rela- 
tionships are not quite as closely obeyed. 

The superiority of the u i  - is,,,, V,, correlations over the 
up and up- can be understood by considering the basis for 
each set of constants. The original up's were obtained from 
experimental data for the ionizations of para-substituted 
benzoic acids (2) and rates of hydrolysis of para-substituted 
benzoates, e.g., 3 (15). However, as seen in Fig. 4a, these 

COOH 

systems allow significant "through-resonance" that affects 
up for resonance donors such as NH,, OH, and OCH,, but 
not for attractors such as CHO, CN, and NO, (17). Thus up 
for a donor substituent is meaningful for systems in which 
such through-resonance is possible, but it is less applicable 
when this opportunity is not present. 

To develop a set of constants appropriate for systems in 
which no through-resonance can occur, the effects of sub- 
stituents X upon the ionization of 4 were determined and used 
to establish the u i  scale (17, 18). The absence of through- 
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through-resonance no through-resonance through-resonance no through-resonance 

no through-resonance no through-resonance no through-resonance no through-resonance 

. - 

I no through-resonance through-resonance no through-resonance through-resonance 
i 
i FIG. 4. Resonance structures relevant to Hammett constants up, u:, and up-. Both the neutral and the ionized forms of each molecule 
1 are included. D and A refer to resonance-donor and -acceptor substituents, respectively. 

( resonance in this framework can be seen in Fig. 4b. The u; 
I constants of resonance donors such as NH,, OH, and OCH, 
I are also applicable to reactions, such as the ionization of 

phenol, which are not expected to be affected by through- 
resonance with donors (17). (See, e.g., Fig. 4c.) 

The up- constants are designed for-systems in which sub- 
stituents that are electron attractors by resonance (e.g., CHO, 
CN, and NO,) have the opportunity to participate in through- 
resonance. The ionizations of para-substituted phenols (5) 
(Fig. 4c) and anilines (1) were used to obtain the up- values 
(17). In systems such as these, through-resonance does not 
occur to any significant degree for donors. 

On the basis of the preceding discussion, it can be antic- 
ipated that a; and up- should be very similar for resonance 
donor substituents, while u, is more negative. For reso- 
nance-attracting groups, on &e other hand, a,, and u i  should 
be similar, and up- more positive. All of these expectations 
are borne out by the data in Table 1. 

Since our analyses use the calculated is,,,, and V,,, of 
the amine nitrogens of para-substituted anilines as probes 
of substituent effects, it would seem that the most success- 
ful correlations should be with up-, however, they are ac- 
tually found to be with u i .  We believe that this is because 
the STO-3G basis set, used to optimize geometries, is un- 
able to fully account for the through-resonance interactions 

I 
with the amine group. This interpretation is consistent with 
the known limitations of this basis set in describing conju- 
gation (27), which is reflected in the overestimated C-NH, 
bond length in aniline, mentioned earlier. 

Our results clearly provide a predictive capability for ob- 
taining u: values for substituents for which these are not 
known, and these should in turn be good estimates of up for 

resonance attractors and of up- for resonance donors. Our 
predicted u i  for NF, and N(NO,), are given in Table 1. It 
is gratifying that the is,min and V,,, correlations yield values 
that are in such close agreement, since the two pro rties are 
quite different. It is also pleasing that these upce very 
similar to estimates of up obtained earlier from an is,,,, re- 
lationship for monosubstituted benzenes (5, 35). 

Proceeding to the correlations of I,,,,, and V,, with pKa 
(Table 2), we again find our 3-21G results to be successful 
(correlation coefficients of 0.97 and 0.98). (It is notewor- 
thy that the 3-21G is,,,, and pKa values fit well into a rela- 
tionship between these quantities that we recently found for 
a group of azines and azoles (9); the overall correlation 
coefficient is 0.95.) Table 1 includes some predicted pKa 
values, calculated using the 3-21G equations in Table 2. The 
results obtained from is,,,, and V,,, are again remarkably 
similar. 

The relationship between meta carbon is,,, and urn (Table 
2) allows us to estimate the urn values for NF, and N(NO,), 
to be 0.54 and 0.87, respectively (Table 3). These are in 
excellent agreement with earlier predictions (5, 35). 

Summary 
We have shown that the calculated and V,,, of the 

amine nitrogen lone pair regions in para-substituted ani- 
lines reflect the general electron-donating and electron- 
attracting tendencies of substituents on aromatic rings. Our 
3-21GNSTO-3G* amine nitrogen is,min and V,,, are found 
to be highly sensitive indicators of substituents effects de- 
scribed by the Hammett constant a; and also of pK,. The 
very good agreement that is found between predicted u; and 
pKa obtained from is,min and those based on Vmin is particu- 
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larly significant because the latter two properties are so dif- 13. J. S. Murray, T. Brinck, M. E. Grice, and P. Politzer. J. Mol. 
ferent in nature. The  presence of ring carbon is,,i, meta t o  Struct. (Theochem), 256, 29 (1992). 
the substituent X in the para-substituted anilines provides a 14. J.  S. Murray and P. Politzer. J. Chem. Res. S, 110 (1992). 
means of estimating a, constants. 15. L. P. Hammett. Trans Faraday Soc. 34, 156 (1938). 

16. R. W. Taft. J. Am. Chem. Soc. 79, 1045 (1957). 
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Crystal and molecular structures of two triosmium carbonyl cluster complexes 
containing ortho-metalated phenylphosphines (p-H)Os,(CO),L[PFcPh(C,H,)] 

(L = PFcPh, or CO) 

WILLIAM R. CULLEN,' STEVEN J. RETTIG, AND TU CAI ZHENG 
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WILLIAM R. CULLEN, STEVEN J. R E ~ I G ,  and Tu CAI ZHENG. Can. J. Chem. 70, 2215 (1992). 
Pyrolysis of 0s3(CO), , (PFcPh,), 7, and 0s3(CO) ,o(PFcPh2)2, 8, (FcH = (Fe(q-CsHs)2 affords (p-H)Os3(CO),- 

[PFcPh(C6H4)], 5, and (~-H)OS~(CO)~(FCPP~~)[PFCP~(C~H~)], 6, respectively. The structures of 5 and 6 are analogous; 
they both contain a bridging hydride and a p3-PFcPh(C6H4) moiety resulting from the ortho-metalation of one phenyl 
group and subsequent formation of a q2-bond from tha! metalated phenyl to the third osmium atom. Crystals of 5, are 
triclinic,-a = 11.380(2), b = 15.930(3), c = 9.467(1) A, u = 92.82(1)", P = 100.32(1)", y = 71.55(1)", Z = 2, space 
group P1, and those of 6 .  CH2C12, are also triclinic, a -= 13.151(3), b = 17.177(4), c = 12.619(3) A, u = 91.98(2)", 
p = 104.18(2)", y = 67.72(2)", Z = 2, space group P1. The structures were solved by heavy atom methods and were 
refined by full-matrix least-squares procedures to R = 0.028 and 0.026 by using 8080 and 9336 reflections with I 2 

3u(I), respectively. 

WILLIAM R. CULLEN, STEVEN J. RETTIG et Tu CAI ZHENG. Can. J. Chem. 70, 2215 (1992). 
La pyrolyse du 0s3(CO), , (PFcPh,). 7, et du 0s3(CO),o(PF~Ph2),. 8, foumit respectivement le (p-H)Os3(CO),- 

[PFcPh(C6H4)], 5 et (~-H)OS~(CO)~(F~PP~~)[PFCP~(C~H~)], 6. Les structures des composes 5 et 6 sont analogues; elles 
contiennent toutes les deux un pont hydrure et une portion p3-PFcPh(C,&) qui resulte de l'ortho-metallation d'une groupe 
phenyle et de la formation subsequente d'une liaison q2 reliant le phknyle mktalle au troisikme atome d'osmi~m.~Les 
cristaux du composC 5 sont tricliniques, groupe d'espace P1 avec a = 11,380(2), b = 15,930(3) et c = 9,467(1) A, a 
= 98,82(1)", P = !00,32(1)" et y = 71,55(1)" et Z = 2 alors que ceux du c9mposC 6 .  CH2C12 sont aussi tricliniques, 
groupe d'espace P1 avec a = 13,151(3), b = 17,177(4) et c = 12,619(3) A, u = 91,98(2)", P = 104,18(2)" et y = 
67,72(2)" et Z = 2. On a resolu les structures par le mkthode des atomes lourds et on les a affinkes par la methode des 
moindres cartes (matrice entiere) jusqu B des valeurs de R de 0,028 et 0,026 respectivement pour 8080 et 9336 reflexions 
avec I 2  3u(I). 

[Traduit par la redaction] 

Introduction 
Heating Os,(CO),,L or 0s3(CO),,L2, where L is a ter- 

tiary phosphine, usually results in bond cleavage within the 
ligand L accompanied by loss of CO (1-8). Both C-H and 
P-C bond cleavage are common and are known for both 
alkyl and aryl phosphines. For example, Os,(CO),,(PEt,) in 
refluxing nonane undergoes two C-H cleavages to form 
H,OS~(E~,PCCH,)(CO)~ (2, 3), and pyrolysis of Os,(CO),,- 
(PPh,), in refluxing xylene affords six products, all of which 
involve at least one C-H cleavage, and four of which in- 
volve at least one P-C cleavage (4, 5) .  Mixed alkylaryl- 
phosphine complexes also undergo similar reactions (6-8). 
For example, thermolysis of 0s3(CO)II(PMePh2) leads to one 
aryl C-H and two aryl C-P cleavages to give the ben- 
zyne derivative 0~,(p~-C&,)(p,-PMe)(C0)~, 1, R = Me (1, 
8). Many other phenyl phosphine complexes form benzyne 
complexes under extensive pyrolysis, and two of the ways 
in which the benzyne moiety is bound are shown in 1 and 2 
(1, 8, 9). 

These cluster transformations seem to take place in steps, 
and some intermediates can be isolated by using a lower re- 
action temperature or shorter reaction time or a combina- 
tion of the two. Deeming et al. were able to isolate and 

though not structurally characterized (1). We have been 
interested in studying ferrocenyl phosphines with the objec- 
tive of obtaining ortho-metalated ferrocenyl moieties and 
from the pyrolysis of OS,(CO),,(PFCP~~)~ we were able 

structurally characterize two intermediates in the transfor- 3 4 
mation of OS,(CO)~~(PM~P~,) to 0s3(CO),(p3-PMe)(p-Ca4) 
(1). One of the intermediates is HOS,(CO)~(~,-C&PM~P~), to isolate H20s3(CO)8[(PPh2(CsH3)Fe(C5H4)l, 4, in which 
3, containing an ortho-rnetalated phenyl group which is also double metalation has occurred (10). However, given the 
q2-bound to the third osmium atom. An analogous inter- choice between a Fc- or Ph-group on the same ligand, it 
mediate HOs,(Co),(p,-C,H4pph2) was also isolated al- seems that ortho-metalation is more likely to take place within 

the phenyl group as judged by the product distributions. Here 
' ~ u t h o r  to whom correspondence may be addressed. we report the preparation and structural characterization of 
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TABLE 1. Spectroscopic data of the compounds 5, 6 ,  and 8" 

'H nmr (CDCI,) 
Compound Mass spectra 

no. 3 1 P { ' ~ )  nmr (CDCI,) Ferrocenyl protons Phenyl protons 

8' - 12.0 (broad, 
WlI2 -85 HZ)* 

4.37 (s,5H) 
3.26 (m,lH) 
4.48(m, lH)  
4.78(m, lH) 
5.16(m,lH) 
hydride - 17.82(d, lH) 

J = 17.5 

3.28(m, lH) 
3.88(s + m, 5 + 1H) 
4.18(s,5H) 
4.38(m, lH) 
4.42(m,2H) 
4.49(m, lH)  
4.67(m, lH) 
5.14(m,lH) 
hydride 
- 17.42(dd, lH) 
J1 = 18, J2 = 9 

1593(M+, base peak), 
1565, 1537, 1509, 
1481, 1453, 1424, 
1405, 1387, 1370, 
1359, 1346, 1316, 
1291, 1165, 1087, 
1025, 968, 940, 
862,749 

1 194(M+, base peak), 
1166, 1138, 11 10, 
1082, 1060, 1054, 
1032, 1026, 998, 
970, 942, 920, 892 

1536(M+, base peak), 
1508, 1480, 1451, 
1423, 1218, 1144, 
1070 

" J values are in Hz. 
bThe broadness is due to the presence of both symmetrical and unsymmetrical isomers, ref. 14. 
"'C{'H} nrnr: 69.9(s), 71.l(d, J = 81, 73.8(d, J = 11.3 ,  82.0(d, J = 58.8), 127.7(d, J = 10.5), 130.0(d, J = 2.1), 132.8(d, 

J = 1 I), 137.7(d, J = 53.7). 

two such complexes, (~-H)OS,(CO)~[PFCP~(C~H~)], 5, and low crystals. Anal. calcd. for C54H38Fe20100~3P2: C 40.76, H 2.41; 
(p-H)Os,(CO),[PFcPh(C6H4)](PFcPh2>, 6 .  found: C 41.10, H 2.65. 

Experimental 
All reactions were carried out under an argon atmosphere. Sol- 

vents were predried and distilled prior to use. 3 ' ~ { ' ~ )  and 'H nmr 
chemical shifts are given in ppm from TMS, and 85% H3P04, re- 
spectively, and the spectra were recorded by using Bruker AC-200 
or WH-400, or Varian XL-300 spectrometers. FAB mass spectra 
were recorded by using an AEI MS-9 spectrometer. The exciting 
gas was argon and the matrix was nitrobenzyl alcohol. Elemental 
analyses were performed by Mr. Peter Borda of this department. 
Some spectroscopic data are given in Table 1. Analytical and 
spectroscopic data for 7 have been published (9). 

Preparation of O S ~ ( C O ) ~ , ( P F C P ~ ~ ) ,  7 ,  and O S ~ ( C O ) ~ ~ -  
(PFcPhz)z, 8 

To a stirred solution of triosmium dodecacarbonyl (272 mg, 
0.3 mmol) in dichloromethane (20 mL) in a Schlenk tube was added 
acetonitrile (5 mL, excess) and trimethylamine oxide (23 mg, 
0.3 mmol). The reaction mixture was stirred for 2 h at room tem- 
perature and the ligand PFcPh2 (1 12 mg, 0.3 mmol) was added. 
After a further 2 h the solvent was removed under reduced pres- 
sure, and the residue was applied to a silica chromatographic col- 
umn. By using 3: 1 petroleum ether/CH2C12 as eluent, pure orange 
product 7 was obtained in 65% isolated yield (240 mg) after sol- 
vent evaporation. 

Compound 8 was prepared similarly except that 2 molar equiv- 
alents of trimethylamine oxide (48 mg, 0.63 mmol) and ferrocen- 
yldiphenylphosphine (230 mg, 0.61 mmol) were used. Pure 8 was 
obtained in about 60% yield, following chromatography, as yel- 

Pyrolysis of 0s3(CO)II(PFcPh2) ,  7 ,  and preparation of 5 
Pyrolysis of 7 in refluxing octane for 3 h produces mainly 1 

(R = Fc) (9). Compound 7 (1 10 rng) in heptane (20 mL) was re- 
fluxed for 5 h. The solution was cooled and the solvent removed 
under reduced pressure. The orange-red residue was applied to a 
silica chromatographic column and eluted with 4: 1 petroleum ether/ 
CH2C12. The second band to elute proved to contain 5 and a pure 
sample was obtained in -20% yield. Suitable crystals for X-ray 
structure analysis were grown by slow evaporation of the solvent 
from the collected fraction. Anal. calcd. for C3,HlgFeOgOs3P: C 
31.21, H 1.61; found: C 31.35, H 1.58. 

Pyrolysis of 0s3(CO)Io(PFcPh2)2, 8 ,  and the preparation of 6 
The pyrolysis of 8 has been described previously (10). Com- 

pound 6 was eluted as the sixth band in -15% yield. Suitable 
crystals for X-ray structure analysis were grown from a 3: 1 petro- 
leum ether/CH2C12 mixture. Anal. calcd. for C53H,C12Fe2080s3P2, 
6 .  CH2C12: C 39.29, H 2.49; found: C 39.45, H 2.65. 

X-ray crystallographic analyses 
Crystallographic data for {[(q5-~5~5)~e(q5-~5&)](~&5)~(p:q3- 

C6H4))(~-H)Os3(CO)g, 5, and {[(q5-~5HS)~e(q5-~sH4)1(C6H5)P- 
(p:q3 - C6H4)){[(~5 - C5H5)Fe(q5- C 5 ~ 4 ) ~ P ( C 6 ~ 5 ) 2 ) ( ~  - H)Osj(CO)g ' 
CH2C12, 6 .  CH2C12, appear in Table 2. The final unit-cell param- 
eters were obtained by least squares on the setting angles for 25 
reflections with 20 = 53.2-54.9' for 5 and 32.6-36.4' for 
6 .  CH2C12. The intensities of three standard reflections, measured 
every 200 reflections throughout the data collections, remained 
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CULLEN ET AL 

TABLE 2. Crystallographic dataa 

Compound 5 6 .  CH2C12 
Formula C31H19Fe090~3P C53H40C12Fe2080s3P2 
fw 1192.91 1620.04 
Color, habit Orange, prism Orange, prism 
Crystal size, mm 0.25 X 0.35 X 0.35 0.18 X 0.28 X 0.32 
Crystal system Tciclinic Triclinic 
Sptce group P1 P1 

:: 2 11.380(2) 13.151(3) 
15.930(3) 17.177(4) 

c, A 9.467(1) 12.619(3) 
a,o 92.82(1) 91.98(2) 
P," 100.32(1) 104.18(2) 
?.a 71.55(1) 67.72(2) 
v, A3 1601.8(5) 2552(1) 
z 2 2 
~ c a ~ c ,  g/cm3 2.473 2.108 
F(000) 1092 1532 
p,(Mo-K,), cm-' 124.18 82.24 
Transmission factors 0.72-1 .OO 0.46-1.00 
Scan type 0-20 0-20 
Scan range, deg in w 1.21 + 0.35 tan 0 1.10 + 0.35 tan 0 
Scan rate, deg/min 32 32 
Data collected +h, kk,  k l  +h, kk, +1 
20max, deg 65 60 
Crystal decay Negligible Negligible 
Total no. of reflections 12033 15470 
No. of unique reflections 1 1526 14867 
Rrnerge 0.032 0.031 
Reflcns. with I ?  3u(I) 8080 9336 
No. of variables 407 647 
R 0.028 0.026 
Rw 0.030 0.027 
g 0 f 1.66 1.22 
Max A/u (final cycl~)  0.04 0.14 
Residual density e / ~ ~  -1.17to+1.24(nearOs) -0.80to+0.78 

"Temperature 294 K, Rigaku AFC6S diffractometer, Mo-K, radiation (A = 0.71069 A), graphite 
monochromator, takeoff angle 6.0°, aperture 6.0 X 6.0 mm at a distance of 285 mm from the 
crystal, stationary background counts at each end of the scan (scan/background time ratio 2 :  1, 
up to 8 rescans), u2(F2) = [S2(C + 4B) + ( P F ~ ) ~ ] / L ~ ~ ( S  = scan rate, C = scan count, B = nor- 
malized background count, p = 0.01 for 5, 0.02 for 6), function minimized ZW(~F,I-IF,~)~ where 
w = 4F.'/uZ(F.'), R = CIIF,I-IF~II/ZIF.I, R,. = (Z~(~F.I-IF,I)~/ZWIF,~~)'~~, and gof = [Zw(lF,I - 
IF,1)2/(m - n)]'I2. Values given for R,  R,, and gof are based on those reflections with I 2 3 ~ ( 1 ) .  

constant for both compounds. The data were processed2 and cor- 
rected for Lorentz and polarization effects, and absorption (empir- 
ical, based on azimuthal scans for four reflections). 

Both structures were solved by heavy atom methods, the coor- 
dinates of the 0 s  and Fe atoms being determined from the Patterson 
functions and those of the remaining non-hydrogen atoms from 
subsequent difference Fourier syntheses. Both structure analyses 
were initiated in the centrosyrnmetric space group P 1, these choices 
being confirmed by the subsequent successful solution and refine- 
ment of the structures. There is one molecule of dichloromethane 
in the asymmetric unit of 6. All non-hydrogen atoms of both com- 
plexes were refined with anisotropic thermal parameters. The metal 
hydride atoms in both complexes were included in difference map 
positions but were not refined. All other hydrogen atoms in both 
structures were fixed in idealized positions (C-H = 0.98 A, 
B,  = 1.2 B,,,,,, .,,,). Corrections for secondary extinction were 
applied for both structures, the final values of the extinction co- 
efficient being 3.14 x lo-' for 5 and 1.58 x lo-' for 6 .  CH2C12. 

'TEXSAN/TEXRAY structure analysis package which in- 
cludes versions of the following: DIRDIF, direct methods for 
difference structures, by P. T. Beurskens, ORFLS, full-matrix least- 
squares, and ORFFE, function and errors, by W. R. Busing, K. 0 .  
Martin, and H. A. Levy, ORTEPII, illustrations, by C. K. Johnson. 

Neutral atom scattering factors and anomalous dispersion correc- 
tions for the non-hydrogen atoms were taken from the Inrerna- 
tional tables for X-ray crystallography (1 1). Final atomic 
coordinates and equivalent isotropic thermal selected 
bond lengths, and selected bond angles appear in Tables 3-8, re- 
spectively. Hydrogen atom parameters, anisotropic thermal pa- 
rameters, complete tables of bond lengths and bond angles, torsion 
angles, intermolecular contacts, least-squares planes, and mea- 
sured and calculated structure factor amplitudes are included as 
supplementary material.3 

3~ydrogen atom parameters, anisotropic thermal parameters, 
complete tables of bond lengths and bond angles, torsion angles, 
intermolecular contacts, least-squares planes, and measured and 
calculated structure factor amplitudes for 5 and 6 .  CH2C12 may be 
purchased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada KIA 0S2. 

The tables of hydrogen atom parameters have also been depos- 
ited with the Cambridge Crystallographic Data Centre and can be 
obtained on request from The Director, Cambridge Crystallo- 
graphic Data Centre, University Chemical Laboratory, 12 Union 
Road, Cambridge, CB2 IEZ, U.K. 
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CAN. J.  CHEM. VOL. 70, 1992 

TABLE 3. Final atomic coordinates (fractional) and B,, (A') for 5" 

Atom x Y z Be,  

"B., = (8/3)n2ZZU,,a,  * a, * ( a , .  a,). 

Results and discussion 
When compound 7 is refluxed in octane for 3 h it under- 

goes two P-C cleavages and one C-H cleavage to form 1 
(R = Fc) in high yield (>70%) (9). Both the 'H and 3 ' ~  nmr 
spectra show no sign of the formation of the alternative fer- 
rocyne compound, but they do show the formation of inter- 
mediates. To optimize isolation of these intermediates, the 
reaction was carried out in refluxing heptane. Thin-layer 
chromatographic monitoring showed that one intermediate 
was at a maximum concentration after 5 h. This compound, 
5, was isolated and the spectroscopic data suggest that it 
should be formulated as 0s3(CO),(p-H)[PFcPh(C6H4)]. Thus 
the 3 1 ~  resonance at -6.1 ppm (A6 = 4.6 ppm from 7) is 
consistent with the presence of a phosphine ligand on the 

cluster. The 'H nmr spectrum (Table 1) clearly suggests one 
ferrocenyl, one phenyl, and one metalated phenyl group on 
the phosphine ligand. One bridging hydride is also present. 
The parent peak from the FAB mass spectrum indicates the 
loss of two carbonyls from the parent compound 7. These 
data, however, do not distinguish between two possible 
structures, one electron deficient, e.g., 9 (12), the other 
electron precise, e.g., 3 (1) and 10 (13) so a single crystal 
X-ray analysis was carried out. The electron-precise struc- 
ture is shown in Fig. 1. 

The products of the pyrolysis of O S ~ ( C O ) , ~ ( P F C P ~ ~ ) ~ ,  8, 
are much more numerous. Refluxing in octane for 7 h af- 
fords at least eight compounds. One product, 4, which re- 
sults from metalation of each of the cyclopentadienyl rings 
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ET AL. 2219 

TABLE 4. Bond lengths (A) with estimated standard deviations 

Atom Atom Distance Atom Atom Distance 

and formation of an Fe-0s bond, has been fully character- 
ized and was described previously (10). A second product, 
6, has now been isolated in moderate yield. The spectro- 
scopic results show that 6 is very similar to 5, as is borne out 
by the X-ray crystallographic study. 'The structure of 6 is 
shown in Fig. 2. 

In both 5 and 6 the metalated phenyl moiety adopts the 
unsymmetrical electron-precise structure as in 3 and 10 (1, 
13). Both 5 and 6 apparently result from the metalation of 
one P-C6 ring and subsequent formation of a T-bond. The 
C6H,PFcPh bridge acts as a five-electron donor to the clus- 
ter, two electrons via the P atom, one via the ortho-metal- 
ated C, and two via the r12-bond from the metalated ring. The 
metrical details for the two structures are very similar so de- 
tailed comments will be confined to 6 because the presence 
of the phosphine ligand at Os(1) adds additional interest. 

The three 0s-0s bonds of 6 show c9nsiderable vari- 
ation in length ranging from 3.0259(6) A f9r the hydro- 
gen-bridged Os(1)-Qs(3) through 2.8661(9) A for Os(3)- 
Os(2), to 2.7746(8) A for Os(2)-Os(1). The shortest bond 
in 6 is trans to the tertiary phosphine ligand; it is longer thoan 
the corresponding bond in 5 (Os(2)-Os(3) = 2.7576(5) A). 
These 0s-0s bond lengths are not unusual, the average for 

FIG. 1. ORTEP diagram for 5. 50% probability thermal ellip- 
soids are shown for the non-hydrogen atoms. 

FIG. 2. ORTEP diagram for 6.  50% probability thermal ellip- 
soids are shown for the non-hydrogen atoms. 
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TABLE 5. Bond angles (deg) with estimated standard deviations 

Atom Atom Angle Atom Atom Atom Angle 
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TABLE 6. Final atomic cc 

CULLEN 

,ordinates (fractional) and B,, (A2) for 6, 

Atom x 

TABLE 6 (concluded) 

Atom x Y z Be,  

"B,, = (8/3)~r'ZZU,,a, * a, * (ai. a,). 
"ccupancy factor 0.50. 

TABLE 7. Bond lengths (A) with estimated standard deviations 
for 6 

Atom Atom Distance Atom Atom Distance 
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TABLE 7 (concluded) 

Atom Atom Distance Atom Atom Distance 

C(21) C(22) 1.40(1) C(47) C(52) 1.374(7) 
C(22) C(23) 1.41(1) C(48) C(49) 1.386(8) 
C(23) C(24) 1.41(1) C(49) C(50) 1.373(8) 
C(25) C(26) 1.447(7) C(50) C(51) 1.360(8) 9 
C(25) C(29) 1.434(7) C(5 1) C(52) 1.39 l(7) 

Primes denote symmetry operation: 1 - x ,  1 - y, -z .  Cp (1-4) are the 
centroids of the C(15-19, 20-24, 25-29, 30-34) rings. 

0s3(CO),, being 2.877(3) A. The 0~(l)-P(1)~ bond 
(2.342(1) A) is shorter than Os(3)-P(2) (2.363(1) A). 

The P-Fc bonds in 6 are shorter than the P-Ph bonds 
and if data f;om both 5 and 6 $re used the two distances are 
avg. 1.805 A and avg. 1.828 A. P-Fc distances in another 
molecule Os,(CO),(H),[q-C5H3PF$Ph)Fe(q-C5H4)] reflect 
tFis trend with P-Ph = 1.833(5) A and P-Fc = 1.801(6) 
A (10). 

The Os(2)-C distances in 6 are essentially the same (avg. 
2.364 A). (In 3 the equivalent bonds are of length 2.3 19(22) 
and 2.417(!8) A). The Os(1)-C(9) interaction in 6 is shorter 
(2.141(5) A) (in 3 it is 2.154(19) A) and these data support 
the -ql, q2-interaction between the C6-ring and the Os, clus- 
ter. The metalated C6-ring in 6 is tilted 45" with respect to 
the Os, plane. Neither P(2) nor Os(1) are coplanar with the 
C,-rinfi, the former is 0.66 A from the plane and the latter 
0.26 A but on the opposite side. This effect may account for 
the lengthening of Os(3)-P(2) relative to Os(1)-P(1) 
mentioned above. The p,-bonding involving C(9) and C(10) 

TABLE 8. Bond angles (deg) with estimated standard deviations 

Atom Atom Atom Angle Atom Atom Atom Angle 
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CULLEN ET AL. 

TABLE 8 (concluded) 

Atom Atom Atom Angle Atom Atom Atom Angle 

of the C,-ring appears to result in electron localiz$tion in the 
ring. C(9)-C(10) is lengthened to 1.442(6) A whereas 
C(13)-C(14) and C(l1)-C(12) are shortened to 1.355(7) 
and 1.358(17) A respectively. The C-C-C angle at C(9) 
(1 13.6(4)"), the metalated carbon atom, is different from the 
others in the ring that are close to the usual 120". 

The other bond angles and distances in 6 (and 5) are as 
expected. 
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Open-chain nitrogen compounds. Part XV.' A kinetic study of the hydrolysis 
of 1-aryl-3-aryloxymethyl-3-methyltriazenes and related triazenes 
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KEITH VAUGHAN, DONALD L. HOOPER, and MARCUS P. MERRIN. Can. J. Chem. 70, 2224 (1992). 
The kinetics of hydyrolysis of a series of 1-aryl-3-aryloxymethyl-3-methyltriazenes Ar-N=N-NMe-CH20Ar1, was 

studied over the pH range 2-7.5. Reactions were followed by the change in UV absorbance spectra of the triazenes. 
The aryloxymethyltriazenes decompose more slowly at pH 7.5 than the hydroxymethyltriazenes, Ar-N=NMe-CH20H; 
the hydrolysis is favoured by the presence of an electron-withdrawing group in Ar'. A mixed isopropanol/buffer sys- 
tem was developed in order to improve solubility of the aryloxymethyl triazenes. Lowering the pH caused an increase 
in the rate of hydrolysis and under strongly acidic conditions an electron-withdrawing group in Ar' actually slows down 
the reaction. A Hammett plot of the pseudo-first-order rate constant, k,,,, is curved, indicating that two or more mech- 
anisms operate simultaneously and that the contribution of each mechanism is substituent-dependent. A plot of k,,, vs. 
[buffer] is linear; the slope of the plot affords the rate constant, kb,  for the buffer-catalyzed reaction for each substituent. 
A Hammett plot of kb vs. a is linear with p = +0.55, suggesting that the buffer-catalyzed reaction involves nucleophilic 
displacement of the phenoxy group by the buffer anion. Further analysis afforded the specific acid-catalyzed rate con- 
stants, k,+, for each substituent; this component of the reaction has a negative p, consistent with a mechanism involving 
protonation at the ether oxygen. The postulation that specific acid catalysis is a component of the reaction mechanism 
was confirmed by the observation of a solvent deuterium isotope effect, 2.28 > kH/kD > 1.60. Only the p-NO2 and p-CN 
phenyloxymethyltriazenes showed any spontaneous decomposition. 

KEITH VAUGHAN, DONALD L. HOOPER et MARCUS P. MERRIN. Can. J. Chem. 70, 2224 (1 992). 
On a determine la cinetique de l'hydrolyse d'une sene de 1-aryl-3-aryloxym~thyl-3-mCthyltri&nes, Ar-N=N-NMe- 

CH20Ar1, a des pH allant de 2 a 7,5. On a suivi les reactions par le changement du spectre d'absorbance UV des triazknes. 
A un pH de 7,5, les aryloxymCthyltriazbnes se decomposent plus lentement que les hydroxymCthyltriaz&nes, Ar-N=N- 
NMe-CH20H; l'hydrolyse est favorisee par la presence d'un groupe Clectro-attracteur dans la portion Ar'. On a develop@ 
un systkme mixte isopropanol/tampon pour ameliorer la solubilite des aryloxymCthyltriazbnes. Un abaissement du pH 
provoque une augmentation de la vitesse d'hydrolyse et, dans des conditions fortement acides, un groupe Clectro-attrac- 
teur dans la portion Ar' inhibe completement la reaction. La courbe de Hammett de la constante de vitesse du pseudo- 
premier ordre, k,,,, n'est pas rectiligne; ceci indique que deux ou plusieurs mecanismes operent simultanCment et que 
la contribution de chacun depend du substituant. Une courbe de k,,, vs. [tampon] est lineaire; la pente de la courbe four- 
nit la constante de vitesse, kb,  pour la reaction catalysee par le tampon pour chaque substituant. Une courbe de Hammett 
de kb vs. o est linkaire et p = +0,55, suggerant que la reaction catalysee par le tampon implique une substitution nu- 
cleophile du groupe phknoxyle par l'anion du tampon. Une analyse plus approfondie fournit les constantes de vitesse 
des reactions soumises a une catalyse acide specifique, k H + ,  pour chaque substituant; la valeur de p pour cette compo- 
sante de la reaction est negative et cette valeur est en accord avec un mecanisme impliquant une protonation de I'oxygene 
de l'ether. Le postulat B l'effet que la catalyse acide specifique est une composante du mecanisme de la rkaction a CtC 
confirme par l'observation d'un effet isotopique du deuterium du solvant, 2,28 > k H / k D  > 1,60. Les seuls 
ph~nyloxym&thyltriazenes B se dkcomposer spontanement sont les derives p-NO2 et p-CN. 

[Traduit par la rkdaction] 

Introduction 
1-Aryl-3,3-dimethyltriazenes ( la )  have been known for 

many years ( I )  to have antitumour activity against murine 
tumours and one such triazene, DTIC (Dacarbazine, NSC 
45388), has found clinical use against human malignant 
melanoma (2). The presumed mode of action of DTIC in- 
volves enzymatic oxidation to a hydroxymethyltriazene (lb), 
followed by loss of formaldehyde to give the monomethyl- 
triazene, Ar-N=N-NHMe, the putative cytotoxic metabo- 
lite. It has been suggested that one of the limitations to DTIC 
efficacy is the apparent inefficiency of oxidative metabo- 
lism in the human liver (3). Thus it would seem to be a 

worthwhile exercise to search for a triazene derivative of 
DTIC that would act as a prodrug and not require oxidative 
metabolism. 

1 a X = H  
b X = O H  
c X =  OMe 
d X = OAc 
e X =  SAr '  

 or Part XIV in ths series, see ref. 8. 
' ~ u t h o r  to whom correspondence may be addressed. 

The hydroxymethyltriazene (lb) ("HMT") would seem to 
be an ideal candidate as a pro-drug, but all of the biological 
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VAUGHAN ET AL. 

Fm. 1 

studies suggest that the hydroxymethyltriazene is a very 
transient species in vivo. Nevertheless, we were successful 
in achieving the synthesis of the first stable hydroxymethyl- 
triazene (4), and although these compounds are stable in the 
crystalline state, they do indeed decompose rapidly in so- 
lution under physiological conditions (5) .  In developing the 
chemistry of these novel N-hydroxymethyl compounds, we 
were aware of the desirability of preparing a further deriv- 
ative of HMT with appropriate stability for pro-drug use. 

Thus we synthesized the methyl ether derivatives (lc) and 
the acetoxymethyltriazenes (Id) (6); the difference in 
chemical behavior of these two apparently similar deriva- 
tives is quite striking but can be rationalized by the differ- 
ence in the facility of the leaving group X. The ether 
derivatives (lc) with a poor leaving group, OMe, are com- 
parable in stability at pH 7.5 to the dimethyltriazene (la), 
whereas the acetoxymethyltriazene (Id) decomposes in so- 
lution as rapidly as the hydroxymethyltriazene (lb). Appar- 
ently the relatively good leaving group, OAc, is displaced 
rapidly to afford an iminium ion, which hydrolyses to the 
HMT (See Fig. 1). 

We  previously extended the range of hydroxymethyl- 
triazene derivatives to the 1-aryl-3-arylthiomethyl-3-methyl- 
triazenes (le) (7) and more recently to the 1 -aryl-3-aryloxy- 
methyl-3-methyltriazenes (2a-h) (8). The isolation of these 
compounds is an exciting development in the search for the 
ultimate hiazene pro-drug, since the aryloxy group would be 
expected to fall in between the methoxy and acetoxy groups 
in leaving group ability. Furthermore, the extensive varia- 
tion of the Y-group in 2 should provide for a "tailor-made" 

leaving group with the appropriate reactivity required in the 
pro-drug. Accordingly we have undertaken a thorough study 
of the solution behavior of these new aryloxymethyltri- 
azenes in order to assess their potential as triazene pro-drugs. 

Experimental 

The compounds used in this study were prepared by established 
procedures from the literature (5, 6) with the exception of the 3- 
aryloxymethyl-3-methyltriazenes (2a-h) whose synthesis and 
characterization are reported in the previous paper in this series (8). 
All compounds used were recrystallized to constant melting point. 
Approximately 1.5 mg of each test compound was dissolved in 
1 mL of dried, distilled dimethyl sulfoxide. These solutions were 
stored under refrigeration (- 10°C) and thawed for use as re- 
quired. Buffers were prepared as follows. 

MES buffer 
2(N-Morpho1ino)ethanesulfonic acid (Sigma M8250) (4.88 g) 

was dissolved in 250 mL distilled water to give a 0.1 M solution. 
This was adjusted to pH 5.5 using 0.2 M sodium hydroxide. 

Formate buffers (pH 3.3) 
0.1 M: 88% formic acid solution (3.206 g) and sodium formate 

(2.630 g) made up to 1 L. 0.5 M: 88% formic acid solution (16.03 
g) and sodium formate (13.17 g) made up to 1 L. 0.01 M: 88% 
formic acid solution (0.321 g) and sodium formate (0.236 g) made 
up to 1 L. 

HCl pH 2.0 (not a true buffer) 
0.2 M Hydrochloric acid (6.5 mL) and 0.2 M potassium chlo- 

ride (43.5 mL) made up to 100 mL. 

NaOHpH 12.0 (not a true buffer) 
0.2 M Sodium hydroxide (6.0 mL) and 0.2 M potassium chlo- 

ride (44 mL) made up to 100 mL. 

2 a Y = OCH, 

b Y = CH, 

c Y = H  
d Y = C 1  
e Y = B r  
f Y = C02CH3 
g Y = C N  
h Y = N 0 2  

Phosphate pH 7.5 
Y 0.2 M monobasic sodium phosphate (16 mL) and 0.2 M dibasic 

sodium phosphate (84 mL) made up to 200 mL. 
The pH of the buffer solutions was checked periodically using 

an Accumet model 810 pH meter (Fisher Scientific) standardized 
with commercial standard buffers at pH 7.00 and 4.00 (Fisher 
Scientific). The pH measurements were carried out with solutions 
thermostatted at 38 IoC, but there was no attempt to control the 
ionic strength of the medium. 

UV analysis 
UV-visible absorption measurements were made using a Cary 

219 spectrophotometer (Varian) with repeat scan and timed delay 
facilities. The cell chamber was thermostatted at 38 * 1°C. These 
measurements were made in one of three modes. For fast hydro- 
lyses (t,/, < 10 min) the spectrophotometer was operated at fixed 
wavelength (320 nm, close to the triazene maximum) with the chart 
set for time drive to give a continuous trace of decay with time at 
this wavelength. For intermediate rates (10 rnin < t,,, < 60 min), 
the spectrophotometer was set to scan from 450 to 230 nm at 
2 nm s-I repeatedly with a 4 min cycle time in overlay mode so 
that isosbestic points could be observed as a check on spectropho- 
tometer stability. Very slow hydrolyses (t,/, > 60 min) were mea- 
sured at a fixed wavelength (320 nm) with a timed delay so that a 
measurement was made for 10 sec every hour or every 90 min as 
appropriate. 

Hydrolyses were carried out in stoppered Spectrosil quartz cells 
(Fisher Scientific) in neat buffer (3 mL) or in a 2: 1 buffer-isopro- 
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TABLE 1. Kinetic data for the hydrolysis of aryloxymethyltriazenes at pH 2.0 in 0.066 M 
isopropanol/chloride buffer mixture 

k0bs/lo-3 t1/2 
Compound Intercept Slope (s-I) Log k (min) r 

2a -0.329 -0.367 6.12 -2.213 1.9 0.983 
2b 0.264 -0.365 6.08 -2.216 1.2 0.988 
2c 0.016 -0.356 5.95 -2.226 2.0 0.998 
2d -0.054 -0.288 4.80 -2.318 2.2 0.999 
2e -0.234 -0.268 4.47 -2.349 1.7 0.999 
2f 0.083 -0.195 3.25 -2.213 1.9 0.999 
2s  0.071 -0.177 2.95 -2.530 4.3 0.999 
2h 0.114 -0.237 3.96 -2.403 3.4 0.999 
3 -0.082 -1.093 0.018 -0.174 0.56 0.998 

TABLE 2. Kinetic data for the hydrolysis of aryloxymethyltriazenes at pH 3.3 in isopropanol/formate buffer mixture of differing buffer 
concentration 

0.33 Ma 0.066 Ma 0.0066 Ma 

kobs/10-3 tl!2 k,b,/10-3 , I112 kobs/10-3 t1/2 
Compound (s-I) Log k b i n )  (s-') Log k (min) (s-9 Log k (min) 

2a 1.313 -2.882 8.99 0.567 -3.246 20.6 0.379 -3.421 30.6 
2b 1.21 1 -2.917 9.42 0.387 -3.413 26.1 0.286 -3.543 36 
2c 0.940 -3.027 12.6 0.291 -3.536 40.6 0.182 -3.741 63.8 
2d 1.101 -2.958 10.6 0.298 -3.525 36.0 0.167 -3.776 54.1 
2e 1.422 -2.847 8.37 0.325 -3.487 35.2 0.162 -3.788 68.7 
2f 1.694 -2.771 6.86 0.342 -3.466 33.8 0.155 -3.81 75 
2s  2.456 -2.609 4.8 0.491 -3.309 22.5 0.249 -3.603 45.4 
2h 5.010 -2.299 2.6 2.25 -2.648 4.24 1.498 -2.825 7.4 
3 - - 19.54 - 1.709 0.66 - - - 

"Buffer concentration. 

TABLE 3. Kinetic data for the hydrolysis of aryloxymethyltriazenes at pH 5.5 in 0.066 M isopro- 
panol/MES buffer mixture 

kobn/ t l / 2  

Compound Intercept S l o p e / l ~ - ~  (s-9 Log k (h) r 

pan01 mixture (2 mL buffer :l mL isopropanol). An aliquot (50 p,L) discarded and the experiment repeated. A simple linear least-squares 
of the DMSO solution of the compound under investigation was fit program was used to generate plots of these results. The slope 
added to the cell, which was then quickly stoppered, inverted once of each plot represents the rate constant kabp (s-I). Half-lives were 
to mix, inserted in the spectrophotometer, and the appropriate calculated using: 
program started. Volumes were measured with Eppendorf pi- 
pettes. [2] tl12=60((ln0.5)-A}/B 

After each run, absorbances were measured manually and val- where A is the yintercept and B the slope in The results of 
ues for In A calculated according to: this kinetic analysis are presented in Tables 1-3. 

[I]  In A = In (A, - A,)/(A, - Ao) Changes in rate constant kOb, with buffer concentration at con- 
stant pH were examined by measuring the hydrolysis rate for each 

where A, is the absorbance after time t, A, is the absorbance after compound in formate buffer (pH 3.3) at three concentrations. The 
complete hydrolysis, and A, is the initial absorbance. All experi- original buffers were 0.1, 0.01, and 0.5 M, which on dilution with 
ments were carried out in duplicate. If the corresponding values of isopropanol became 0.06, 0.006, and 0.33 M. These rates are 
In A for the two runs differed by more than 0.05, then the data were shown in Fig. 8 plotted against Hammett a, values. 
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VAUGHAN ET AL. 

TABLE 4. Retention times and response factors for reference standards 

Response Molar 
Retention time factor response 

Compound (min) (mg-'/lo7)" (mmol-'/ 10') 

"Response in integrator units 

HPLC analyses 
HPLC analyses were performed on a Varian model 5000 liquid 

chromatograph equipped with a microprocessor-controlled binary 
solvent delivery system. Data were collected with a Varian model 
4290 integrator. A 250 X 4 mm, 10 pm Lichrosorb NH2 (Hibar) 
column was used with a 3 mm amino guard column (Brownlee 
Labs). Isocratic elution with isopropanol/n-hexane (60:40) at a flow 
of 1.5 mL rnin-' gave the best separations. External standards were 
prepared by dissolving a weighed mass of the desired compound 
in 25 mL isopropanol as follows. 

Compound 2e 4.9 mg 

Standards, with the exception of compound 2e, were reagent grade 
(Aldrich) used without further purification and were found to be of 
acceptable purity (>98%). The standards were run in triplicate and 
their retention times and response factors are given in Table 4.  

Hydrolysis of the 4-bromophenyloxymethyltriazene (2e) was 
carried out as follows. Formate buffer (pH 3.3, 25 mL) and iso- 
propanol (12.5 mL) were equilibrated in a water bath. The tri- 
azene was dissolved in the isopropanol, which was then added to 
the buffer. Immediately, and then at ca. 30 min intervals, a 5 mL 
aliquot was pipetted into a separatory funnel. This aqueous phase 
was extracted with dichloromethane (3 X 10 mL), and the organic 

layers were combined, dried with anhydrous sodium sulphate, fil- 
tered, and evaporated under vacuum. This material was then dis- 
solved in isopropanol, filtered through a 0.2 pm membrane 
(Metricel GA-8), and made up to 10 mL. 

A test mixture containing suitable amounts of the three likely 
products was prepared and subjected to the extraction procedure 
outlined above. The analysis of this extract was compared with the 
standards to establish the efficiency of the extraction process for 
each component. For the starting material, the to concentration was 
established by comparison with the standard and this value then 
related to the known amount of substrate in the system. The re- 
coveries were as follows: compound 2e, 76%; M4HB, 97.8%; 
M4AB, 61.4%; HOC4H4Br, 78.5%. 

The chromatograms for the hydrolysis experiment are shown in 
Fig. 2. The results of this analysis are given in Table 5, and the 
assay of the hydrolysis in Table 6.  

Solvent deuterium isotope effect 
The p-bromophenyloxymethyltriazene (2e) was dissolved in di- 

methyl sulfoxide (1.5 mg/mL) and 50 p L  of this solution was added 
to the buffer/isopropanol mixture (0.1 M,  pH/pD 3.07, 40 2 1°C) 
in a cuvette. In one experiment, the buffer was made up in H 2 0  to 
give the rate constant (kH); in a second experiment, the buffer was 
made up in D 2 0  to give the deuterium isotope rate constant (kD). 
The observed kH/kD value was 1.60. Since the isopropanol was not 
deuterated, an exchange can take place, i.e., 

~ r - - ' - ' - ~ ~ ~ ~  
0 0 0 0 0 0 5 min 

FIG. 2. Hydrolysis of I-(4-carbomethoxyphenyl)-3-(4-bromophenyloxymethyl)-3-methylazene (2e) followed by HPLC. A, 0 min; 
B,  32 min; C ,  56 min; D,  92 min; E, 18 h; F,  6 days. 
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TABLE 5. Results of HPLC analysis of the hydrolysis of com- which implies that kD(obs) could be expressed as: 
pound 2e measured by disappearance of substrate 

1/3 k, + 2/3 k, (true) = kD (obs) = 5.15 X s-' 

Amount in Corrected for (since the reaction solvent is composed of 2/3 buffer and 1 /3 iso- 
Time sample recovery propanol). 
(min) ( g / w 3 )  ( g / l ~ - 3 )  M ~ l e s / l O - ~  In C" Thus the true kD could be as low as 3.61 X s-' and the upper 

limit of kH/kD would equal 2.28 (if all the isopropanol was deuter- 
0 11.7 15.4 4.08 0 ated). The conclusion of the experiment is that there is definitely 
3 2 6.17 8.11 2.15 a solvent deuterium isotope effect in the range 1.60 < kH/k, < 2.28. 
65 3.49 4.59 1.22 -1.210 
92 1.88 2.47 0.654 - 1.830 
1080 1.03 1.35 0.358 -2.433 

"In (M, /M, )  where M, is the number of moles present at time I and M, is 
the number of moles present at the start of the experiment. 

TABLE 6. Assay of products of HPLC hydro- 
lysis experiment 

Assay in mole~/ lO-~ 
Time 
(min) M4AB Bromophenol M4HB 

0 - - 

32 2.19 2.13 0.051 
65 2.55 2.86 0.057 
92 3.13 3.43 0.055 
1080 3.17 3.58 0.053 

Results and discussion 
The most reactive compound of the series of aryloxy- 

methyl triazenes (2a-h) at physiological pH was predict- 
ably the p-nitrophenyloxymethyltriazene (2h), which 
decomposed in neat pH 7.5 phosphate buffer in almost ex- 
actly the same manner as its parent hydroxymethyltriazene 
(3). A close examination of the UV absorbance decay of the 
hydrolysis of 2h (Fig. 3) reveals some subtle differences from 
the hydrolysis of 3. Firstly, there is a short induction period 
at the start of the reaction during which the triazene absor- 
bance at 320 nm does not decay; after this induction period, 
the UV absorbance decays in a first-order manner to give a 
pseudo-fust-order rate constant, k,, equal to 1.05 x s-' 
corresponding to a half-life ( t , , , )  of 11 min. This value is 
equal, within experimental error, to the half-life of the par- 
ent hydroxymethyltriazene (5). 

The second feature of Fig. 3 is the observation of a sec- 
ond absorbance at ca. 400 nm that grows in during the early 
stage of reaction. This absorbance can be attributed to the 

3bo Wavelength /nrn 4b0 

FIG. 3. Repeat-scan (cycle time 1 min) UV spectrum for l-(4-~arbomethoxyphenyl)-3-(4-nitrophenyloxymethyl)-3-methyl triazene (2h) 
in pH 7.5 phosphate buffer. 
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I 

i H ?o, fast 

CH ,OH 

cH,02c-@N=N-N / 
products \ 

\ CH 3 

t , ,2= 1 l min 3 

formation and release of the p-nitrophenolate ion during the 
initial, rapid decomposition of the aryloxymethyltriazene 
(2h). Kinetic analysis of the growth of the 400-nm peak gives 
a second pseudo-first-order rate constant, k, ,  equal to 1.15 
X s- ' ,  which converts into a half-life of 1.0 min. 

This result can be explained logically by the mechanism 
shown in Fig. 4 ,  in which the triazene (2h) undergoes spon- 
taneous ionization ( k , )  to afford the iminium ion intermedi- 
ate (4) and the p-nitrophenolate ion. Fast hydrolysis of the 
iminium ion by water affords the hydroxymethyltriazene (3),  
followed by rapid loss of formaldehyde to afford the mono- 
methyltriazene, Ar-N=N-NHMe, which then decomposes 
with the observed half-life ( k z )  of 11 min ( 5 ) .  The decom- 
position of the p-nitrophenoxymethyltriazene (2h) under these 
conditions is unique in our experience in that it represents the 
first absolute measurement of the fast rate of the initial de- 
composition of a hydroxymethyltriazene derivative. 

The success of the hydrolysis experiment with the p-ni- 
trophenoxymethyltriazene (2h) in neat aqueous buffer was 
not, unfortunately, carried over to the other compounds in 
this series. With the exception of 2h, the solubility of the 
aryloxymethyltriazenes in the buffer was too low to give 
concentrations suitable for UV spectrophotometric analy- 
sis. The triazene simply precipitated out of solution before 
any measurable reaction occurred. For this reason, it was 
deemed desirable to develop a mixed buffer/isoprapanol 
system. An important consideration of using such a system 
is the establishment of a pH scale for such a mixture. It has 
been shown that the presence of alcohols in aqueous sys- 
tems leads to disruption of hydrogen bonding, which in turn 
leads to a greater number of free water molecules being 
available to solvate protons and hence a lowering of the ef- 
fective hydrogen ion concentration (9). The pH values quoted 
are those obtained from a normal laboratory pH meter and 
are thus only an approximate indication of acidity. 

To  compare the reactivity of the new aryloxymethyltri- 
azenes (2 )  with the parent hydroxymethytriazene (3)  it was 
necessary to establish the kinetic parameters of 3 at differ- 
ent pH values and in the mixed buffer/isopropanol solvent 
system. 

The decomposition of compound 3 was examined over the 
pH range 3.3-12.0 and was found to follow first-order be- 

TABLE 7. Kinetic data for the hydrolysis of the hydroxyrnethyltri- 
azene (3) for various buffers and pH values 

Neat buffer Buffer-isopropanol 

kobs/ kobr/ 

pH tlf2 (s-') tlf2 (s-l) 

3.3 18.2 s 44.2 40 s 19.5 
5.5 1.59 min 11.9 6.7 rnin 1.78 
7.5 9.81 rnin 0.52 4.2 h 0.046 

12.0 14.7 h 0.012 - - 

havior in all cases. The kinetic data from these experiments 
are shown in Table 7. Thus in an alkaline medium at pH 12.0 
the hydroxymethyltriazene is surprisingly stable, with a half- 
life of 14.7 h. In phosphate buffer at pH 7.5, the rate of hy- 
drolysis is 43  times faster, and at acid pH 5.5 the rate of 
hydrolysis of the HMT (3) is increased by a further factor of 
23. Lowering the pH further to pH 3.3 has a much smaller 
effect on the very fast rate of hydrolysis. 

Adding isopropanol to the buffer system slows the hydro- 
lysis of the HMT (3 )  by a factor of 1 1.3 at pH 7.5 and by a 
factor of 6.7 at pH 5.5. The rate of hydrolysis of 3 at pH 3.3 
is much less affected by the presence of the alcohol. These 
observations are consistent with the presence of isopropanol 
causing a decrease in the effective hydrogen ion concentra- 
tion. Furthemlore, it can be adduced from this evidence that 
protonation plays a significant role in the acid-catalyzed de- 
composition of the hydroxymethyltriazenes. 

Tables 1 ,  2, and 3 show the results for the measurement 
of kinetic parameters of the aryloxymethyltriazenes (2)  in 
isopropanol/buffer systems of pH 2.0, 3.3, and 5.5 ob- 
tained from the plots of In A versus time for the loss of 
the triazene UV absorbance. In all cases the aryloxymethyl- 
triazenes decompose at a significantly lower rate than the 
parent hydroxymethyltriazene (3) .  For example, the p -  
bromophenyloxymethyltriazene (2e )  decomposes from 3 to 
190 times more slowly than 3 ,  depending upon the pH. All 
sets of data show varying half-life values for the decompo- 
sition of the aryloxymethyltriazenes (2a-h) as a function of 
the substituent X in the aryl moiety. It is logical therefore to 
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\ 

C H  3 
I 

2 1 c.3 

H ,O 
ArOH + N, + CH,NH, + HOAr' - Ar-N ' G N  ' CH3NHCH,0Ar1  

look for a Hammett correlation for these various substi- 
tuents. 

A general observation from the data in Tables 1-3 is that, 
for each compound, the lower the pH the faster the reac- 
tion. This observation suggests that protonation of the ether 
oxygen is important in the rate-determining step. 

However, at pH 3.3, it is evident that both strongly elec- 
tron-donating (OCH,) and electron-withdrawing (NO,) groups 
promote the hydrolysis, whereas at pH 5.5 a simpler pattern 
emerges where the electron-withdrawing ability favours the 
hydrolysis. 

A possible site of protonation in the aryloxymethyltri- 
azenes (2) is the N-3 nitrogen, which would ultimately lead 
to fragmentation of the triazene at the N2-N3 bond as shown 
in Fig. 5 .  Subsequent decomposition of the arenediazonium 
ion leads to a phenol (methyl-4-hydroxybenzoate in the 
compounds studied) in addition to the phenol produced by 
the decomposition of the phenoxymethylarnine fragment. The 
HPLC study of the decomposittion of the p-bromophenox- 
ymethyltriazene (2e) provided evidence that the mechanism 
depicted in Fig. 5 is not operative. Although traces of methyl- 
4-hydroxybenzoate were detected in the hydrolysis mix- 
ture, its level was low (<2 mol%) and constant. This 
compound was subsequently found to be a ubiquitous con- 
taminant of a-hydroxymethyltriazenes and their deriva- 
tives. The t , , ,  value obtained for compound 2e was 36.4 min 
by HPLC compared to 35.2 min by UV spectrophotometry. 

The HPLC method did have one shortcoming in that over 
long periods of time a degree of transesterification took place 
between the solvent isopropanol and the methyl 4-amino- 
benzoate product. Thisester had a retention time almost 
identical with that of the substrate and was not resolvable by 
the method in use. This transesterification was slow com- 
pared with the hydrolysis of interest, isopropyl 4-amino- 
benzoate only being detectable after 18 h of hydrolysis. 

The actual products of hydrolysis of 2e are principally 
methyl-4-aminobenzoate and p-bromophenol, which is 
consistent with a fragmentation of 2e at the ether linkage to 

give p-bromophenol and the hydroxymethyltriazene (Fig. 6 
and Tables 5 and 6 ) .  However, the ultimate question is how 
does this fragmentation occur, and to find an answer we turn 
our attention to a Hammett analysis. 

Figure 7 is a Hammett plot for the hydrolysis rate con- 
stants, kobs, of the aryloxymethyltriazenes (2) at the pH val- 
ues 2.0, 3.3, and 5.5 using the data for k,,, in Tables 1,  2, 
and 3. The curved nature of the Hammett plots at all pH's 
suggests strongly that there is more than one pathway of de- 
composition. In addition to a spontaneous decomposition, 
there is clearly an acid-catalyzed component to the overall 
reaction, since for every substituent the rate of reaction goes 
up as the pH is lowered. 

A second revealing Hammett plot is that shown in Fig. 8 ,  
which shows the effect of changing the buffer concentration 
while holding the pH constant at 3.3. It is clear from Fig. 8 
that the rate of reaction increases for each substituent as the 
buffer concentration is increased, suggesting that there is a 
third, buffer-catalyzed component to the overall decompo- 
sition of 2. 

Thus it appears that the rate of decomposition of the aryl- 
oxymethyltriazenes (2a-h) is the sum of the rates of three 
distinct processes: (i) the spontaneous decomposition (k,,); 
(ii) an acid-catalyzed reaction (kH+); and (iii) a buffer-cata- 
lyzed reaction (kB). The measured rate constant, kobs, must 
itself have three components and may be expressed as fol- 
lows: 

The only uncertain quantity in this expression is [B], which 
could be assumed to be either the buffer anion concentra- 
tion [A-1, or the buffer acid concentration [HA], or the total 
buffer concentration {[A+] + [HA]). AS a first step we used 
the total buffer concentration, which was plotted against the 
k,,, at pH 3.3 for each substituent. The slope of each line 
affords kB for the respective substituent and these values are 
shown in Table 8. A Hammett plot of log k, versus a, gives 
a good straight line fit with p = +0.55. Since the p-value for 
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VAUGHAN ET AL. 223 1 

FIG. 7. Hammett plots for the hydrolysis of the aryloxy rneth- 
yltriazenes (2a-h) at various pH values: -0 -0-  pH 2.0; -0-0- pH 
3.3; -0-0- pH 5.5. 

the specific acid-catalyzed reaction has a negative value (see 
below), this observation is more consistent with a buffer 
anion catalyzed SN2 displacement of the leaving group. 

Using the k, from the analysis above, the next step was 
to plot, for each substituent, the term {k,,, - k,[B]) versus 
[H']. The slope of this line gives the kHt for each substi- 
tuent, and the intercept at [H'] = 0 gives k,,. The results are 
tabulated in Table 8, but it should be noted that these values 
represent an approximation due to the uncertainty in the pH 
value of the mixed solvent system and also because of the 
difficulty of relating one buffer system to another with re- 
spect to the k, term in eq. [ 3 ] .  

The kinetic analysis in Table 8 is consistent with the three 
mechanisms shown in Fig. 9. The spontaneous rate con- 
stant turns out to be essentially zero for all but the nitro and 
cyano substituted compounds (2g and 2h), which is consis- 
tent with a spontaneous dissociation mechanism, Fig. 9 (i), 
affording the iminium ion and the free phenolate ion. This 

FIG. 8. Hammett plots for hydrolysis of aryloxymethyl tri- 
azenes (2a-h) at pH 3.3 with various buffer concentrations: -.-.- 
0.33 M; -0-0- 0.066 M; -A-A- 0.0066 M. 

TABLE 8. Kinetic parameters calculated for the hydrolysis of l-aryl- 
3-aryloxymethyl-3-methyltriazenes in aqueous buffer according to 

kob, = ksp + kH-[HtI + k n P I  
where [B] is defined as [HA] + [NaA] 

Substituent 

OCH, 
CH3 
H 
CI 
Br 
C02CH3 
CN 
NO? 

p-values +0.55 -0.49 +8.98 

"From plot of k,,,, vs. [ B ]  extrapolated to [ B ]  = 0 pH 3 . 3 .  
hSlope of plots of k,,,, - k , [ B ]  vs. [ H ' ] .  
'Intercept of k,,,, - k , [ B ]  vs. [ H ' ]  

pathway is evidently facilitated by the presence of a strongly 
electron-withdrawing substituent (X), which improves the 
leaving group character of the aryloxy group beyond the ap- 
parent threshold for reactivity. 

The Harnmett plot of kH+ versus up gives a negative value, 
consistent with the proton-catalyzed mechanism, Fig. 9 (ii). 
Protonation of the ether oxygen precedes the dissociation step 
so that this pathway is favoured by an increase in electron 
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J 
I h  - ctc. 

1-1 0 
ctc. l h  - Ar- 

( iii ) -- P A: CH,-0-Ar' /CHI-A 
/ slow 

Ar-N=N-N - Ar-N=N-N 
\ \ 

CH 3 5 CH, 
I X 

etc. 6 Ar-N=N-N + HA 
\ 

density at the ether oxygen when an electron-releasing sub- 

The surprising result of this analysis is the positive p-value 
obtained from the Hammett plot for the buffer-catalyzed re- 
action. Significantly, the slope of this Harnmett plot was still 
positive when we carried out the analysis using buffer acid 
concentration [HA] in place of [B] in eq. [4]. If the buffer 
catalysis was due to general acid catalysis by the buffer acid, 
HA,  then the slope of the Hammett plot should be negative 
in the same manner as the specific acid catalysis. The posi- 
tive p for the buffer-catalyzyed reaction is consistent with the 
nucleophilic catalysis mechanism, Fig. 9 (iii), in which the 
anion A- causes a slow displacement of the aryloxy leaving 
group followed by fast displacement of A- by water. When 
A- is formate, the intermediate 5 is similar in  structure to an 
acetoxymethyltriazene (Id), which is known to hydyrolyse 
rapidly in buffer solution (6) .  

If the hypothesis of Fig. 9 (iii) is correct, then there should 
be a similar or  possibly better fit of the data to eq. [3] using 
the buffer anion concentration [A-] in place of total buffer 
concentration. The results of such an analysis are shown in 
Table 9; k, replaces k,. The results are essentially the same 
as those in Table 8; the slope of the specific acid-catalysis 
Hammett plot turns out to be more negative, indicating a 
greater sensitivity to the electronic character of X. Thus the 

TABLE 9. Kinetic parameters calculated for the hydrolysis of I-aryl- 
3-aryloxymethyl-3-methyltriazenes in aqueous buffer according to: 

kobs = ksp + k~*[H+l  + k ~ [ A - l  

k; x 10" kH-b ks; x 10" 
Substituent (T (s-' mol-I) (s-' mol-I) (s-I) 

OCH, 
CH, 
H 
CI 
Br 
C02CH, 
CN 
NO2 

p-values 

"From plot of k,,,, vs. [A-]  extrapolated to [A-]  = 0 at pH 3 .3 .  
"Slope of plots of k ,,, - k,,[A-] vs. [ H ' ] .  
'Intercept of k,,,, - k,[A-] vs. [H ' I .  

analysis presented in Table 9 provides added support to the 
mechanistic hypothesis in Fig. 9. However, an alternative 
mechanism involving the displacement of ArOH by S,2 at- 
tack of the buffer anion on the protonated substrate, i .e . ,  
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cannot entirely be ruled out. 
To verify that there is specific acid catalysis in the hydro- 

lysis of the aryloxymethyltriazenes, a solvent deuterium 
isotope experiment was performed with the p-bromopheny- 
loxymethyltriazene (2e). The rate of hydrolysis of 2e at pH 
3.07 in buffer/D,O (k,) was compared with the rate of hy- 
drolysis in buffer/H20 (k,) at 40°C, using nondeuterated 
isopropanol as the cosolvent. The observed ratio, kH/kD = 
1.60, may only be an appparent value due to the possible 
exchange of deuterium with the solvent; the true value of 
k,/k, could be as high as 2.28. Nevertheless, it can be said 
categorically that there is a solvent deuterium isotope effect 
in the hydrolysis of 2e at pH 3.07, which supports the prior 
argument that the hydrolysis is subject to specific acid ca- 
talysis. 

Conclusion 
In conclusion, it is interesting to compare the results of this 

study with similar work of Iley et al. (10)~  on the kinetics of 
hydrolysis of the 1-aryl-3-alkoxymethyl-3-methyl triazenes 
(lc). These compounds hydrolyse in acidic solutions to give 
the corresponding anilines, and the kinetic study, over the 
pH range 1-5, showed that the reaction suffers specific acid 
catalysis. Apparently, the alkoxymethyltriazenes do not de- 
compose spbntaneously and do not react by an anion-cata- 
lyzed mechanism analogous to that shown in Fig. 9 (iii) for 
the aryloxymethyltriazenes. This behaviour is entirely con- 
sistent with the subtle, but significant, difference in struc- 
ture between the alkoxy- and aryloxy-methyltriazenes, in 
particular with respect to the leaving group ability. Evi- 
dently, the methoxide ion, MeO-, is not able to dissociate 
spontaneously, nor is it readily displaced by weak anions, 
whereas the aryloxide ion can suffer both types of reaction 
in addition to the specific acid-catalyzed reaction shared by 
both classes of compound. 

Finally, is there any point in considering these aryloxy 
methyltriazenes as candidates for drug screening? The re- 
sults reported in this paper clearly show that the stability of 
these compounds in aqueous media is exquisitely sensitive 
to the electronic character of the X substituent in the aryl- 
oxy moiety; the half-lives range from 1 min to several days! 

Thus, it is highly probably that a suitable aryloxymethyl tri- 
azene can be tailor-made with the perfect chemical stability 
and slow-release characteristics for use as a pro-drug. Pre- 
liminary investigations of the biological activity of these new 
compounds shows that some members of the series demon- 
strate stastically significant differential toxicity to several cell 
lines of the NCI tumour panel. 
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C.  F. ROVRIQUEZ and A. C. HOPKINSON. Can. J. Chem. 70, 2234 (1992). 
The results of a b  irzitio molecular orbital calculations at the MP4SDTQ/6-3 1 + +G(d,p)//HF/6-3 1 + +G(d,p) level 

have been used to calculate acidities of fluoro- and chloro-substituted silanes and silyl radicals. The radicals are more 
acidic than the silanes and substituent effects are also slightly larger in the radicals. For the gas phase deprotonation of 
fluorosilanes at 298 K,  AH, (kcal/mol) values are SiHd, 378.5; SiH3F, 374.5; SiH,F2 366.7, and SiHF,, 351 .O, i.e., 
interaction between fluorine atoms leads to increased enhancement of acidity. For chlorosilanes substituent effects are 
larger but strictly additive (13 kcal/mol for each C1 atom) with AH, values SiH3C1, 365.4; SiH,Cl, 352.5, and SiHC1, 
339.4. The electron affinities of silyl radicals calculated using isogyric reactions at the MP4SDTQ/6-3 1 ++G(d,p) level 
are too low by -0.3 eV, but at the MP4SDTQ/6-3 1 1 + +G(?df,p) level the calculated electron affinity of SiH, is 1.39 
eV, compared with an experimental value of 1.44 ' 0.03 eV. This higher level of theory gives calculated electron af- 
finities of 1.53 eV for SiH2F and 1.92 eV for SiH2C1. Heats of formation obtained by using isogyric reactions to cal- 
culate atomization energies at the MP4SDTQ/6-3 l l + +G(Zdf,p) level are within 3 kcal/mol of experimental values except 
for SiH,F (where the "experimental" value was obtained from linear interpolation between SiH, and SiF,). AH: (298 K) 
(kcal/mol) calculated for the anions are SiH3-, 14.4; SiH,F-, -78.0; and SiH2C1-, -37.6. 

C .  F. RODRIQUEZ et A. C. HOPKINSON. Can. J .  Chem. 70, 2234 (1992). 
On a utilise les resultats de calculs d'orbitales moleculaires a b  itzitio au niveau MP4SDTQ/6-3 1 + +G(d,p)//HF/6- 

31 ++G(d,p) pour calculer les aciditCs de silanes et de radicaux silyles substituks par un chlore ou un fluor. Les radi- 
caux sont plus acides que les silanes et les effets des substituants sont aussi un peu plus prononcCs dans les radicaux. 
Pour la deprotonation en phase gazeuse des fluorosilanes 5 298 K, les valeurs du AH, (kcal/mol) sont SiH,, 378,5; SiH3F, 
3 7 4 3 ;  SiH2F2, 366,7 et SiHF,, 35 l ,O ce qui signifie que les interactions entres les atomes de fluor provoquent une plus 
grande augmentation de l'aciditt. Pour les chlorosilanes, les effets des substituants sont plus importants, mais stricte- 
ment additifs (13 kcal/mol pour chaque atome de C1) avec des valeurs de AHr de SiH3C1, 365,4; SiH2C12, 352,5 et SiHCl,, 
339,4. Les affinitCs electroniques des radicaux silyles calculCes en faisant appel aux reactions isogyriques au niveau 
MP4SDTQ/6-31+ +G(d,p) sont trop basses par -0,3 eV, mais au niveau MP4SDTQ/6-311+ +G(2df7p), llaffinitC 
Clectronique calculCe pour le SiH, est Cgale 5 1,39 eV comparCe une valeur expkrimentale de 1,44 2 0,03 eV. Le ni- 
veau de theorie plus ClevCe conduit 5 des valeurs calculCes pour les affinites Clectroniques de SiH,F et de SiH,Cl de l ,53 
et 1,92 eV. Les chaleurs de formation obtenues en utilisant les reactions isogyriques pour calculer les energies d'atomi- 
sation au niveau MP4SDTQ/6-311+ +G(2df,p) ne different que par 3 kcal/mol des valeurs expkrimentales, 5 l'excep- 
tion de SiH,F (alors que la valeur <<expCrimentale,, a CtC obtenue par interpolation 1inCaire entre le SiH, et le SiF,). Les 
valeurs des AH! (298 K) (kcal/mol) calculees pour les anions sont SiH3-, 14,4; SiH,F-, -78,O et SiHICI-, -37,6. 

[Traduit par la redaction] 

Introduction geminal interactions between fluorine atoms (8) and be- 

Electron-withdrawing substituents assist in delocalizing 
negative charge and are strongly stabilizing in carbanions 
(1-3). By contrast, substituent effects in methanes are rel- 
atively small and consequently electron-withdrawing sub- 
stituents greatly enhance the acidity of methane. Silicon 
accommodates a negative charge more easily than carbon and 
silane is more acidic than methane (experimental acidities (4) 
are 376 and 4 17 kcal/mol respectively). Stabilization of the 
anion by substituents then is less of a factor in determining 
the acidity of silanes, and first-row substituents NH, and OH, 
which both enhance the acidity of methane, actually de- 
crease the acidity of silane (5-7). A fluorine substituent also 
increases the acidity of methane, but its effect on the acidity 
of silane is less clear. Hartree-Fock calculations with (DZ 
+ d) (5) and 6-31G** (6) basis sets have shown fluorine to 
increase the acidity of silane by small amounts while the most 
recent calculations (7), which include correlation energy, 
show a fluorine substituent to decrease the acidity. Second- 
row substituents SiH,, pH2, SH, and C1 are more polariza- 
ble than their first-row counterparts, and all greatly enhance 
the acidities of both methanes (3) and silanes (7). 

Recently, there has been considerable interest in the 

' ~ u t h o r  to whom correspondence may be addressed. 

tween oxygen atoms (9). Negative hyperconjugation as il- 
lustrated for SiH2F, (structure l )  involves donation from the 
lone pair on one fluorine atom F, to the a* orbital of the other 
Si-F bond. The reciprocal interaction, donation from F,, to 
a *  for Si-F,, makes an equivalent contribution. The sta- 
bilization resulting from these interactions can be estimated 
from eq. 1. Using this approach, Schleyer has shown the 
geminal interactions in SiH2F, to be 7.7 kcal/mol and in 
SiHF, to be 17.5 kcal/mol (8) 

In anions, halogen substituents carry a large fraction of the 
excess negative charge and this enhances their ability to 
function as T-donors. Also, in anions the molecular orbitals 
are more weakly bound and, more importantly as regards 
negative hyperconjugation, the antibonding molecular or- 
bitals are lower in energy and more available for the type of 
interaction outlined in structure 1. Both conditions neces- 
sary for a strong negative hyperconjugative interaction, 
namely the presence of a powerful T-donor and a readily 
available a:': orbital, then are present in geminally substi- 
tuted anions and the interaction is expected to be larger than 
in neutral molecules. Any such increased interaction should 
lead to an increased stabilization of the anions, which in turn 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



I HOPKINSON 2235 

should be reflected in an increase in acidity. The objective 
of this study, then, is to examine the synergistic effect, if any, 
of halogen substituents on the acidities of silanes and silyl 
radicals. We have used all possible combinations of fluo- 
rine and chlorine substituents. Our calculations on silyl rad- 
icals and silyl anions also permit us, in principle, to make 
estimates of the electron affinities of radicals. We report 
calculated electron affinities for several silyl radicals but for 
the larger radicals they must be considered to be lower es- 
timates as accurate calculation of electron affinities requires 
extremely high levels of calculation (1 0- 12), higher than is 
computationally feasible for the larger radicals studied here. 

Theoretical details 
Ab initio molecular orbital calculations were performed 

with GAUSSIAN 82 (13) and GAUSSIAN 86 (14). Molecular 
geometries were optimized at the HF/6-3 1 + +G(d,p) level 
(3, 15- 17) employing analytical gradients (18, 19), and 
structural details, including some already published data on 
anions (20), are given in Table 1. Vibrational frequency 
calculations computed at HF/6-3 1 + +G(d,p) showed all the 
structures to be minima (i.e., no imaginary frequencies) and 
yielded the zero-point energies given in Table 2. Electron 
correlation energies were calculated by single-point calcu- 
lations with frozen core Mailer-Plesset perturbation theory 
(21, 22) including single, double, triple, and quadruple ex- 
citations. Electronic energies from three levels of theory, the 
HF optimization, MP2(full), and MP4SDTQ (frozen core), 
are given in Table 2. Electronic energies from MP4/6- 
31 1 + +G(2df7p) (23) calculations on some of the smaller 
molecules are given in Table 3. 

We use the proton affinities of anions as a measure of the 
acidity of silanes and silyl radicals. The difference in elec- 
tronic energies of SiH,,,X,, and SiH ,,,,-,, X,,-, when corrected 
for the difference in zero-point energies, gives AH(0 K) 
for the reaction in eq. [2]. Relatively small corrections, the 
last four terms in eq. [3], are then needed to calculate 
AH(298 K). 

[2] SiH,,,X,, + SiH ,,,, -,,X,,- + Ht 

a ~ f - ~ ~ , ,  was obtained from standard statistical formulas (24), 
translational and rotational energies were calculated classi- 
cally, and a pressure-volume term for the formation of two 
molecules from one, RT, was added. Values of AH(298 K) 
for reaction [2] are given in Table 4. 

Calculation of electron affinities using eq. [4] presents a 
problem since the product silyl anion has one more pair of 

electrons than the reactants, i.e., there is a difference in 
correlation energy. Using eq. [4] with calculations in which 
correlation energy is omitted (i.e., HF level calculations) 
produces electron affinities that are too small (and often 
negative). Even medium-sized basis set calculations that in- 
clude correlation energy often yield unacceptably low val- 
ues of electron affinities ( l o ,  1 I ) .  

A better method, which minimizes problems due to cor- 
relation effects, is to use a reaction in which there is an equal 
number of unpaired electrons in both reactants and prod- 
ucts. For silyl radicals the appropriate isogyric reaction is 
given in eq. [5]. 

The electron affinity of the radical SiH,,X,,, is obtained by first 
calculating AE"" for eq. [5] using energies from ab initio 
molecular orbital calculations, then adding D,, the dissocia- 
tion energy of H2 (0.17447 hartrees), to yield AE"" for eq. 
[4]. Finally, correction for the difference in zero-point 
energies of SiH,,X,,, and SiH,,X,,,- gives the calculated elec- 
tron affinity. Values obtained with various levels of theory 
are given in Table 6. 

Results and discussion 
Structures 

The optimized geometries of the fluorosilanes (Table 1) 
are in excellent agreement with experimental values. Pre- 
viously reported structural parameters for the fluorosilanes 
optimised at the Hartree-Fock level with the slightly smaller 
6-31G(d) basis set are also in excellent agreement (25). In- 
creasing the number of fluorine atoms results in a sys)em- 
atic shortening of the Si-F bond distances by -0.016 A per 
fluorine atom. This same trend, with approximately the same 
shortening, occurs in the silyl radicals and also in both se- 
ries of fluorinated anions. Multiple substitution by chlorine 
atoms also leads to a shortening of Si-CI bond distances and 
this is particularly pronounced in the anions (the distance in 
SiC12- is 0.044 A shorter than in SiHCI-). Similar system- 
atic changes in the fluoromethanes have been rationalized in 
terms of electrostatic effects (8, 25-28). Following this ar- 
gument, increasing the number of fluorine atoms increases 
the positive charge on the central silicon atom and de- 
creases the covalent radius of the silicon, thereby making the 
Si-F bond shorter. 

The geometries of the silyl anions and radicals in Table 1 
differ very slightly from those reported in our previous work 
(20) because we have now included polarization functions 
on the hydrogen atoms. Comparison of the structures of 
Bransted acid/base pairs show some major differences in 
geometries. Removal of a proton from silicon results jn 
elongation of the remaining Si-H bcnds by 0.06-0.07 A. 
The Si-F bonds increase by 0.09 A !nd Si-Cl by over 
0.2 A, with the largest change 0.224 A, in the deprotona- 
tion of SiH2Cl. The Si-Cl bond is weak, particularly in 
anions where there is a tendency to dissociate into SiH,, and 
C1-, and we were concerned that such ions were not ade- 
quately described at the HF/6-3 1 + +G(d,p) level. We 
therefore optimized SiH2Cl- at the MP2(fu11)/6-3 1 + +G(d,p) 
level and the result was a somew!at shortened Si-Cl bond 
(2.247 compared with 2.284 A) but the Si-Cl distance 
was still 0.178 longer than in SiH,Cl. 
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TABLE 1. Geometries as optimized at 6-3 1 + + ~ ( d , ~ ) " , "  

Point 
Molecule group S i-F S i x 1  S i-H HSiX XSiX XSiY uC 

108.1 (108.5) 
HSiH = 114.5 (1 12.0) 
110.9 (1 10.6) 
108.2 (108.5) 
HSiH = 113.2 (1 11.3) 
109.4 (108.3) 
HSiF = 108.5 
HSiF = 109.7 
HSiF = 110.2 

108.2 
108.5 
108.6 
108.4 
HSiCl = 109.1 

96.7 
98.1 
96.3 

95.2 
93.5 

HSiF = 96.5 

109.5 (109.5) 
HSiH = 110.8 (1 10.4) 
FSiF = 107.3 (107.9) 
108.0 (108.3) 
HSiH = 110.8 (1 10.4) 
ClSiCl = I lo. 1 (109.7) 
109.5 (1 10.6) 
HSiCI = 108.9 
HSiCI = 110.4 
HSiCI = 1 1  1.5 

111.0 
111.6 
106.7 
111.5 
110.4 
HSiF = 108.3 

HSiH = 94.5 
97.2 
96.5 
HSiH = 94.7 
99.7 
100.5 
HSiCl = 93.1 
98.3 
96.6 

94.0 
96.2 
96.1 

98.5 

HSiH = 113.7 
ClSiCl = 110.6 
FSiF = 107.4 

FSiCl = 108.0 

FSiCl = 97.5 
96.1 
96.1 

96.4 

"Distances in angstroms, angles in degrees. 
"Experimental geometries are in parentheses. These were taken from ref. 4. 
'The out-of-plane angle, u, in SiX,Y is defined as the supplement of the angle between the SiY bond and the line bisecting the Six2 angle. 
"Optimization at MP2/6-31 ++G(d,p) gave SiF 1.738; SiH 1.536; HSiH 94.3; FSiH 97.5; and u 78.9. The total energy was -389.84718 a.u., which 

is 0.3 kcal/mol better than obtained in the MP2(fu11)/6-31+ +G(d,p)//SCF/6-31+ +G(d,p) calculation. 
'Optimization at MP2/6-31++G(d,p) gave Sic1 2.247; SiH 1.523; HSiH 94.4; ClSiH 95.6; and u 81.7. The total energy was -749.84843 a.u., which 

is 0.1 kcal/mol better than obtained in the MP2(fu11)/6-3 1 + +G(rf,p)//SCF/6-3 1 + +G(d,p) calculation. 

Bond distances in silylene anions, SiHX-, are consider- 
ably longer than in silyl radicals, SiH,X, and also are slightly 
longer than in the silyl anions. The parent silylene anion, 
SiH,-, has a bond angle of 94.0°, close to the angle of 93.3" 
calculated for SiH, (29, 30). These structures are consistent 
with the lone pair on silicon being essentially in the 3s atomic 
orbital with only the 3p orbitals being involved in bonding. 
The halide-substituted silylene anions have slightly larger 
bond angles, with the largest being 98.5" in SiC1,-. 

Acidities 
As outlined above, we use AH, for the loss of a proton (eq. 

[2]) to assess acidities. A low AH, value indicates a high 
acidity and, applying this criterion to the data in Table 4, 
SiHClz is the most acidic molecule and SiH, is the least. 

Equation [2] contains the same number of electron pairs 
in both the reactant molecule and the product ions and the 
calculated AH, is therefore expected to show little depen- 
dence on correlation energy. Inclusion of correlation energy 
at the MP2(full) and more extensive MP4SDTQ levels re- 

sults in the same relative order of acidities with the MP4 
calculations always giving the lower AH, values, but the 
difference in calculated AH, values for any molecule is never 
greater than 1.4 kcal/mol. However, comparison of the SCF 
and Mdler-Plesset results in Table 4 reveal some system- 
atic variations. For the fluorosilanes, comparing the calcu- 
lated AH, at the SCF level with the MP4 values, there is an 
incremental decrease of about 2.8 kcal/mol per fluorine atom. 
For the chlorosilanes the inclusion of correlation energy has 
the opposite effect and the calculated AH, increases by 
1-2 kcal/mol. 

Inspection of Table 4 reveals several trends. The parent 
silyl radical is more acidic than silane (AAH, is 14.9 kcal/ 
mol), and substituent effects are larger in the radicals. In the 
6-3 1 + +G(d,p) calculations, fluorosilane is more acidic than 
silane, as in earlier relatively low-level calculations, but with 
the larger 6-3 1 1 + +G(2df,p) basis set both molecules have 
essentially the same acidity. Chlorine is a larger, more po- 
larizable atom than fluorine and, as in methane (3, 31), it 
enhances the acidity of silane. Further chlorine substituents 
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RODRLQUEZ AND HOPKINSON 

TABLE 2. Total energies (hartrees) at HF/6-3 1 + +G(d,p) geometries 

Silicon SCF MP2(full) MP4SDTQ ZPE" THERMAL 

Neutrals 

SiHj -291.23203 -291.35309 
SiHIF -390.15974 -390.45372 
SiH2F2 -489.09552 -489.56282 
SiHF, -588.03348 -588.67359 
SiHICI -750.18902 -750.4395 1 
SiH2CI2 - 1209.145 13 - 1209.52836 
SiHCI, -1668.09874 -1668.61756 
SiH,ClF -849.1 1969 -849.54532 
SiHC1,F - 1308.07622 - 1308.63633 
SiHClF, - 948.05445 - 948.65478 

SiH3 -290.61 171 -290.71 165 
SiH,F -389.53492 -389.80839 
SiHFz -488.46687 -488.91409 
SiHzC1 -749.56759 -749.79749 
SiHC12 - 1208.523 17 - L208.88607 
SiHClF -848.49427 -848.8996 1 

Anions 

SiHl- - 290.6 1959 - 290.74075 
SiH2F- -389.54947 -389.84666 
SiHFz- -488.49373 -488.96788 
SiF,- -587.45258 -588.10404 
SiH2Cl- -749.60020 -749.84824 
SiHC1,- -1208.57913 -1208.95813 
Sic]]- - 1667.55501 - 1668.06920 
SiHClF- -848.53742 -848.96359 
SiCI,F- - 1307.52294 - 1308.08233 
SiCIF,- -947.48930 -948.09394 

SiH2- -290.02445 -290.12408 
SiHF- -388.95434 -389.23122 
SF2-  -487.89947 -488.35427 
SiHCI- -749.00627 -749.23292 
SiCI2- - 1207.98720 - 1208.34498 
SiCIF- -847.94412 -848.34987 

"Zero-point energies scaled by a factor of 0.89. 

TABLE 3. Total energies (hartrees) from single-point calculations 
with the 6-3 1 1 + +G(2df,p) bass set 

SCF MP2(valence) MP4SDTQ 

SiH, -29 1.25808 -291.38930 - 29 1 ,42225 
SiH,F -390.21943 -390.59242 -390.62619 
SiH] -290.63733 - 290.74464 -290.77291 
SiHIF -389.59416 -389.94363 -389.97264 
SiH2Cl - 749.62705 - 749.90873 -749.95370 

have the systematic effect of increasing the acidity by 
-13 kcal/mol per chlorine, i.e., the effect of chlorine sub- 
stituents is roughly additive. The same trend occurs in the 
chlorosilyl radicals. With fluorosilanes and fluorosilyl rad- 
icals the situation is dramatically different. With the 
6-31 + +G(d,p)  basis set, monofluorosilane is only slightly 
more acidic than silane (the difference in AH, is 4.0 kcal/ 
mol), a second fluorine substituent increases the acidity by 

another 7.8 kcal/mol, and a third fluorine results in a fur- 
ther increase of 15.7 kcal/mol. The same trend, slightly more 
pronounced, occurs in the fluoro-substituted silyl radicals. 
These results then clearly demonstrate that fluorine-fluo- 
rine interactions have a synergistic effect on the acidity of 
silanes, but that similar interactions in chlorosilanes do not. 

We have used eq. [ l ]  to calculate the stabilization ener- 
gies resulting from interaction between halogen atoms. The 
results in Table 5 show modest stabilization in the fluorosi- 
lanes, slightly smaller but comparable with values previ- 
ously reported (8). In the fluorine-substituted silyl anions the 
stabilization is much larger and this difference in stabiliza- 
tion between an acid and its conjugate base is the origin of 
the increased acidity. For the deprotonation of fluorosilanes 
then, the decrease in AH, consists of an increment of -4 kcal/ 
mol per fluorine atom, attributable to the ability of fluorine 
to accommodate negative charge by u-withdrawal, plus a 
contribution from the increased hyperconjugation in the anion 
relative to the fluorosilane. For example, AAH,, the differ- 
ence in acidities between difluorosilane and silane, consists 
of a term (2 x 4 = 8 kcal/mol) for the inductive stabiliza- 
tion by the two fluorine atoms and a term (4 kcal/mol) for 
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TABLE 4. AH, (298) for the reaction SiH,,,X,, + SiH ,,,, ,,X,,-- + H'" 

S iH,,, X,, SCF MP2(full) MP4SDTQ ~ x ~ t . "  

6-3 1 + +G(d,p) 

SiH, 378.6 
SiH,F 377.3 
SiHzFz 372.3 
SiHF, 359.3 
SiH,Cl 364.3 
SiHzClz 350.5 
SiHCI, 337.3 
SiHC1,F 342.4 
SiHClF, 349.8 

SiH, 363.5 
SiH2F 359.8 
SiHF2 351.8 
SiH,Cl 347.8 
SiHClz 332.4 
SiHClF 340.7 

6-3 1 1 + +G(2df,p) 

SiH4 380.2 
SiH,F 380.8 

"Energies in kcal/mol. 
"JANAF Thermochemical Tables, Third Edition, Vol 14. 1985, Sup- 

plement No. I .  
'Values in parentheses are at MP2 (valence) level. 

TABLE 5. Stabilization energieso." as calculated using eq. [ l ]  

Species SCF MP2(full) MP4SDTQ Literature 

SiH2F2 
SiHF, 
SiHFz 

SiH2CI, 
SiHCl 
SiHCl, 

SiHF2- 
SiF3- 
SiF,- 

SiHC1,- 
SiC13- 
SiC1,- 

"Energies are in kcal/tnol. 
"Differences in electronic energies, i.e., not corrected for zero point and 

thermal energies. 
'From MP2 (valence)/6-31G(d) calculations in ref. 8. 
"Reference 30. 

the difference in hyperconjugative stabilization of SiHF?- 
(9.2 kcal/mol) and SiH2F2(5.25 kcal/mol). A M ,  calcu- 
lated by this method is 12.0 kcal/mol, and this compares with 
a value of 11.8 kcal/mol from Table 4. A similar calcula- 
tion for SiHF, gives AM, = (3 X 4) + 14.2 = 26.2 kcal/ 
mol and this compares with a value of 27.5 kcal/mol from 
Table 4.' 

There is little or no geminal interaction between chlorine 

' ~ o t e  the energies in Tables 4 and 5 are not strictly compam- 
ble. Table 4 contains AH, values at 298 K and Table 5 contains 
*E'l" 

TABLE 6. Electron affinities" 

Using 
Using SiH,X- + 2H 

SiH,,,X,,- + -+ SiH,X 
SiH,,,X,, + e + H, + e" 

Silyl radical SCF MP4 SCF MP4 Experimental" 

(0)  6-3 1 + +G(ci,p) 

SiH, 0.27 0.94 1.34 1.1 1 1.44 * 0.03 
SiH,F 0.45 1.22 1.52 1.39 
SiH,Cl 0.93 1.53 2.01 1.70 
SiHF? 0.77 1.65 1.85 1.82 
SiHC12 1.55 2.10 2.63 2.27 
SiHClF 1.21 1.91 2.29 2.08 

(0) 6-3 1 I + +G(2df,p) 

SiH, 0.21 1.22 1.34 1.39 1.44 -t 0.03 
SiH,F 0.31 1.35 1.44 1.53 
SiH,CI 0.77 1.74 1.90 1.92 

"Energies in eV. 
hElectronic energies (in a.u.) for H at 6-31++G(d,p) -0.49823 and at 

6-3 11 ++G(2(cf,pp) -0.49981; for Hz at HF/6-31 ++G(d,p) - 1.13140, at 
MP4/6-3 I + +G(d.p) - 1.16468, at HF/6-3 I I + fG(2df.p) - 1.13250, and 
at MP4/6-31 1 ++G(Zrff,p) - I. 16772. 

'Reference 32. 

atoms in both neutral molecules and in the anions (Table 5). 
One chlorine atom increases the acidity of silane by 
13.0 kcal/mol and, in the absence of contributions from 
negative hyperconjugation, the effect of additional chlorine 
atoms is for each to increase the acidity by a further 13 kcal/ 
mol. The silyl radicals are slightly more sensitive to substi- 
tuent effects but here again there are negligible contribu- 
tions from negative hyperconjugation and each chlorine atom 
increases the acidity by - 14.0 kcal/mol. 

Electron clflinities 
We have calculated electron affinities by both the direct 

method in eq. [4] and by the more accurate isogyric reac- 
tion in eq. [5]. The results are in Table 6. Electron affinities 
at the SCF level using eq. [4] are the lowest and least reli- 
able due to the neglect of correlation energy in a reaction 
where the number of electron pairs in the reactant and prod- 
ucts differ. Comparison of electron affinities from the MP4 
calculations shows the isogyric reaction to consistently give 
higher calculated values. Unfortunately there is only one 
experimental value for comparison, but our largest calcula- 
tion (MP4/6-311 ++G(2df,,p) on SiH, gives a calculated 
electron affinity of 1.39 eV, within 0.05 eV of the experi- 
mental value of 1.44 ? 0.03 eV (32) and within 0.03 eV of 
Pople's G2 level calculation of 1.42 eV (33). Previous work 
( 1  2) has shown that molecular orbital calculations at this level 
consistently give electron affinities within 0.1 eV of the ex- 
perimental values. We are therefore confident that the cal- 
culated electron affinities of 1.53 eV for SiH,F and of 
1.92 eV for SiHzCl should be accurate within 0.1 eV. 

The MP4/6-3 1 + +G(d,p) calculations using the isogyric 
reaction clearly underestimate the electron affinities, prob- 
ably by 0.2-0.3 eV. For the disubstituted radicals it was not 
computationally feasible to use a higher level of theory and 
the calculated electron affinities of 1.82 eV for SiHF,, 
2.27 eV for SiHCl?, and 2.08 eV for SiHClF should be taken 
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RODRIQUEZ AND HOPKINSON 

TABLE 7. Heats of formation (kcal/mol) calculated from isogyric reactions at MP4SDTQ/6-311+ +G(Zdf,p) 

Previous 
Molecule m: (0 K) (298 K) calculations ~x~erimental",~ 

"@ (298 K). 
"Unless otherwise noted, experimental values taken from JANAF Thermochemical Tables, Third Edition, Vol. 14, 

1985. Supplement No. I. 
'Reference 356. 
"Reference 29. 
'Reference 40. 
'keference 41. 
"eference 42. 
"Obtained by linear interpolation, JANAF Thermochemical Tables (footnote b above). 
'Reference 38. 
'Reference 37. 

only as lower estimates, with the correct electron affinity (39) and calculated thermal energy and work terms for 
probably being about 0.3 eV higher. SiH,CI- to correct to 298 K gives AH: (298 K) = 

Heats of formation 
Recently ab itzitio molecular orbital calculations were used 

to calculate heats of formation of SiH,, (29, 34-36), SiH,,F,,, 
(35, 37), and SiH,,CI,,, (38). When large basis sets are used, 
and correlation energy is calculated at the MP4 level it is 
possible to calculate AH:(298 K) to at least within 3 kcal/ 
mol (38). Two approaches have been used, one including 
experimental heats of formation for SiH,, and SiF, in iso- 
desmic reactions (3.3, and the other calculating heats of 
atomization. We have used the latter procedure with our 
MP4SDTQ/6-311+ +G(2df,p) calculations to obtain the 
AH: values in Table 7. 

We illustrate our method, essentially that introduced by 
Pople et al. (29, 34), by using the example of SiHICI-. Our 
initial objective was to obtain CD,,  the heat of atomization, 
for the reaction in eq. [6]. 

This reaction is not isogyric and, in an attempt to minimize 
the difference in correlation 'energy, we calculated the aE"" 
for eq. [7] and then used a correction of 0.17447 a.u. per 
hydrogen molecule to obtain C D ,  = 201.8 kcal/mol for eq. 
[61. 

Subtraction of the zero-point energy of SiH2Cl- gave 
C D ,  = 192.8 kcal/mol. Addition of the electron affinity of 
chlorine (calculated to be 82.1 kcal/mol at MP4SDTQ/6- 
3 1 1 + +G(2df,p)) gave CD,  for eq. [8] to be 274.9 kcal/mol. 

From standard thermochemical tables (39) cAH: (0 K) for 
the product atoms in eq. [8] is 238.5 kcal/mol and, com- 
bining this with CDo,  gives AH: (0 K) = -36.4 kcal/mol. 
Using standard heat capacities for Si(c), H,(g), and Cl,(g) 

-37.6 kcal/mol. 
For the limited number of molecules for which experi- 

mental heats of formation are available, the theoretical 
AH: (298 K) in Table 7 are mainly within 3 kcal/mol. The 
one exception is SiH,F and in this instance the "experimen- 
tal" value was obtained by interpolation between experi- 
mental values for SiH, and SiF,. The other theoretical AH: 
(298 K) for SiHzF in the literature (35) is close to our value 
and, noting that agreement between experiment and theory 
at this level is usually within 3 kcal/mol, we conclude that 
the "experimental" value is probably in error by about 4 kcal/ 
mol. 

Conclusions 
Substitution of one fluorine into silane has little effect on 

the acidity but when a second is introduced negative hyper- 
conjugation between the two fluorine atoms stabilizes the 
anion more than the silane and the energy for deprotonation 
decreases. A third fluorine substituent results in even greater 
stabilization by negative hyperconjugation and a much larger 
increase in acidity. By contrast, one chlorine atom en- 
hances the acidity of silane by -13 kcal/mol, but negative 
hyperconjugation between chlorine atoms is insignificant and 
further substitution results in incremental increases of 
- 13 kcal/mol for each additional chlorine atom. Silyl rad- 
icals are more acidic than silanes, but the same trends in 
substituent effects occur. 

To calculate electron affinities it is essential to include 
correlation energy and from the limited data here it is ob- 
vious that a larger basis set than 6-31 + +G(d,p) is required. 
Extensive calculations at MP4SDTQ/6-3 1 1 + +G(2a'f,p) have 
been shown to consistently give electron affinities within 
0.1 eV of experimental values and our calculated value for 
SiH, is within this limit (0.05 eV below the experimental 
value). We therefore believe the calculated electron affini- 
ties of SiH,F (1.53 eV) and of SiH,C1(1.92 eV) should be 
reliable. 
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Heats of formation can be calculated within 3 kcal/mol 15. P. C. Hariharan and J.  A. Pople. 'Theor. Chern. Acta, 28, 213 
of experimental values only if very high levels of theory are (1973). 
used. From our MP4SDTQ/6-3 1 1 + +G(2df,,p) calculations 16. M. J.  Frisch, J .  A. Pople, and J .  S. Binkle~.  J .  ~ h e r n .  phys. 
we  find good agreement both with previous theoretical and 80, 3265 (1984). 

experimental AH: (298 K) values. For SiH,F the "experi- 17. J. Chandrasekhar, J .  G. Andrade, and P. v. R. Schleyer. J. 
Am. Chern. Soc. 103, 5609 (1981). 

mentaln AH: (298 K) of -49 + 5 kcal/mol is lower than both 18, p, Pulay, Mol, Phys, 17, 197 (1969). 
the previous (-44.9 kcal/mol) and Our (-42.8 kcal/mol) 19. (a) H. B. Schlegel, S. Wolfe, and F. Bernardi. J. Chern. Phys. 
theoretical values. W e  therefore suggest that the "experi- 63,3632 (1975), (b) H. B. Schlegel. J.  Comput. Chern. 3,  214 
mental" value is too low by about 5 kcal/mol. (1982). 
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Synthesis of a series of 3-aryl-1-methyltriazene 1-oxides with substituents in the 
ortho or para position in the aryl group 
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LYNN M. CAMERON, KEITH VAUGHAN, and DONALD L. HOOPER. Can. J. Chem. 70, 2241 (1992) 
A series of 3-aryl-1-methyltriazene 1-oxides, with a variety of substituents in the ortho orpara position, have been 

prepared by coupling of the appropriate diazonium salt with N-methylhydroxylamine. The substituents range from elec- 
tron withdrawing, i.e., CO,Et, NOZ, CN, COCH,, Br, and CF,, to electron releasing, i.e., OCH,. In all cases studied, 
the triazenes exist as the 1-oxide tautomer; there is no evidence for the presence of a 3-hydroxy tautomer in any of these 
cases. The 1-oxide structures have been confirmed by IR and NMR spectroscopy and by elemental analysis of new 
compounds. In the case of the -C02Et and -CN substituents, a significant change to lower frequency is seen in the N-H 
vibration frequency in the IR spectra when the substituent is moved from the para to the ortho position. This change 
can be readily explained by the presence of intramolecular H-bonding, which is confirmed by the NMR spectra. The 
presence of an ortho substituent with H-bonding potential (i.e., C02Et, -COCH,, or NO?) causes a downfield shift of 
the N-H proton resonance. 

LYNN M. CAMERON, KEITH VAUGHAN et DONALD L.  HOOPER. Can. J .  Chem. 70, 2241 (1992). 
Utilisant le couplage d'un sel de diazonium appropriC avec la N-mCthylhydroxylamine, on a prepare une sCrie de 1- 

oxydes de 3-aryl-1-mCthyltriazknes portant divers substituants dans les positions ortho et para. Les substituants com- 
portent des groupes Clectro-attracteurs comme CO,Et, NO2, CN, COCH,, Br et CF, et des groupes Clectro-donneurs comme 
OCH,. Dans tous les cas CtudiCs, les triazenes existent sous la forme du tautomere 1-oxyde; dans aucun de ces cas, on 
n'a pu mettre en Cvidence la prCsence du tautomere 3-hydroxy. Les structures 1-oxydes ont CtC confirmkes par les spec- 
troscopies IR et RMN et par des analyses ClCmentaires des nouveaux composCs. Dans le cas des composCs portant les 
substituants -CO,Et et -CN, on observe un dCplacement important de la frCquence de vibration du N-H dans I'IR lorsqu'on 
dCplace le substituant de la position para vers la position ortho. On peut facilement expliquer ce changement par la prksence 
de liaisons hydrogenes intramolCculaires que l'on a pu confirmer par les spectres RMN. La prCsence d'un substituant 
en ortho pouvant former une liaison hydrogene (comme -C02Et, -COCH, ou NO?) provoque un deplacement de la 
rCsonance du proton du N-H vers les bas champs. 

[Traduit par la rCdaction] 

Introduction The tautomerism of I a  and Ib  bears some resemblance to 

3-Aryl-l-alkyltriazene l-oxides (1~1  are common~y syn- the tautomerism exhibited by 1-aryl-3-alkyltriazenes, Ar .  

thesized by the reaction of an aryldiazonium salt with N- N=N-NHR A r '  NH-N=NR ("mono-methyltri- 
methylhydroxylamine (1) and were originally described as azenes"). The monomethyltriazene tautomerism has been 

1 -aryl-3-hydroxy-3-methyltriazenes (Ib). shown to be strongly influenced by the presence of elec- 
tron-withdrawing groups in the ortho and p a r a  positions of 

H O H  the aryl group (7). It is possible that the tautomerism of I a  
/ / 

0- Ar-N=N-N 
and Ib  might similarly be affected by the nature and posi- 

Ar-N 
\ + /  \ tion of substituents in the aryl group, so we have under- 

N=N R 
\ 

taken to synthesize a series of ortlzo- and para-substituted 
R 3-aryl- 1 -methyltriazene 1 -oxides and to investigate their 

structures by spectroscopic analysis. 

I a I b Experimental  

Spectroscopic studies using IR (2) and NMR (3) data Infrared spectra were recorded with a Perkin Elmer model 299 
suggested that the structure was better described as the spectrophotometer. NMR spectra were obtained with Varian EM360 
I-oxide (Ia), which has been confirmed by the X-ray crys- (60 MHz)  and Nicolet 360NB (360 MHz)  spectrometers. Ele- 
tallographic analysis of 3-(4-carbamoylphenyl)-l-methyltri- mental analysis was carried out by the Canadian Microanalytical 

azene 1 -oxide (4). Service, Vancouver, B.C., Canada. 

Additional interest in these triazene 1-oxides stems from 
3-A~l-l-rrzethyltric1ze11e I-oxides (1-16) I their observed anti-tumour activity against certain tumours The appropriately substituted aniline (0,01 mol) was dissolved 

in rodents ( 5 )  and from the recent suggestion that a triazene in 2 N hydrochloric acid (15 mL, 0.03 mol) and heated if neces- 
1-oxide may be implicated in the metabolism of the anti- sary, Once the solution became ,-Iear, it was cooled to 0 - 5 " ~ .  A 
tumour 1 -aryl-3,3-dimethyltriazenes (6). solution of sodium nitrite (0.01 1 mol) in a minimum amount of 

water was added slowly to the cold anilinium hydrochloride solu- 
' ~ u t h o r  to whom correspondence may be addressed. tion and the resulting mixture was stirred cold for 0 .5 h. The cold 
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TABLE 1. Yields and physical data of the 3-aryl- 1-methyltriazene 1-oxides. 

Melting Recrystallizing 
No. Subst. Yield (%) point ("C) solvent IR(cm- ') 

1 H 30 64" EtOH 3276 
2 p-C02Et 80 149-152 EtOAc 1706, 3275 
3 o-C0,Et 56 121-122 Toluene 1689, 3229 
4 p-NOz 66 228-230b CH2C12 3272 
5 o-NO, 44 145' Toluene 327 1 
6 p-CN 50 1 95d EtOAC/hexane 2224, 3273 
7 o-CN 53 94-95 Toluene/hexane 2223, 3252 
8 p-COCH3 53 170- 172 Toluene 1672, 3274 
9 o-COCH3 6 1 150-151 Toluene 1652,3190 

10 p-CF3 50 149-152 Toluene 31 10 
11 0-CF, 72 60-62 Et,O/hexane 3285 
12 m-CF3 67 88-90 Et20 3274 
13 p-0CH3 27 97-98' Et,O/toluene 3272 
14 o-OCH, 30 72-73' Toluene 3298 
15 p-Br 15 148- 150' Et,O/toluene 3273 
16 o-Br 95 68-69 Et,O/toluene 3265 

"Literature mp 72-73°C (ref. 9). 
*Literature mp 23 l°C (ref. 10). 
'Compound 5 has been reported but no melting point was given (ref. 11). 
"Literature mp 197-198°C (dec) (ref. 6) .  
'Compounds 13 and 14 were reported but no melting points given (ref. 12). 
'Literature mp 149°C (ref. 13). 

diazonium salt solution was filtered, if necessary, to remove any tion as the substituent is moved from the pa ra  to the ortho 
insoluble impurities, and then treated with a solution of N-meth- position, 
ylhydroxylamine hydrochloride (0.015 mol) in a minimum vol- 
ume of water. After stining the mixture for 15 min., a saturated 
solution of sodium bicarbonate was added until the solution was 
neutral, whereupon the triazene 1-oxide precipitated and was col- 
lected by vacuum filtration. The dry 1-oxide was recrystallized from 0- 
an appropriate solvent. Yields, melting points, and IR data of the \ N=N + /  

triazene 1-oxides are given in Table 1. \ 
CH3 

Results and discussion 

The diazonium coupling reaction with N-methylhydrox- 
ylamine gave good yields of all 16 of the 3-aryl-1-methyl- 
triazene I-oxides and the yield does not appear to be affected 
by the location of the substituent, i .e . ,  orrho or pa ra .  How- 
ever, the yield was statistically lower when the electron-re- 
leasing methoxyl group was present. Several of the triazene 
1-oxides studied here are known compounds; literature mp's 
and references are footnoted in Table 1. All new com- 
pounds were analyzed for the principal elements and the el- 
emental analyses for these nine compounds and known 
compound 6 are given in Table 2. 

All of the compounds prepared in this study showed 
spectral characteristics of the triazene 1-oxide tautomer (Ia) 
and not the 3-hydroxytriazene (Ib). These spectral proper- 
ties, IR and NMR, are discussed separately in the following 
sections. 

11lfr-ared specrt-a 
The infrared spectra of all the 3-aryl-1-methyltriazene 1- 

oxides (1-16) display distinct N-H stretching vibration 
bands in the range 3190-3298 cm-I, with no evidence of an 
*H stretching vibration band. This observation confirms 
that these compounds exist in the preferred I-oxide tauto- 
meric form (Iu) and not the N-hydroxytriazene form (Ib). A 
closer look at the variation of the N-H stretching fre- 
quency with the substituent reveals an interesting observa- 

9 X = C O C H , , Y = H  
10 X = H, Y = CF, 
11 X = CF,, Y = H 
12 X = H, Y = m-CF3 
13 X = H , Y  = O C H ,  
14 X = OCH,, Y = H 
15 X = H , Y = B r  
16 X = B r , Y = H  

In the case of the nitro, trifluoromethyl, and bromo sub- 
stituents, the change of position from pa ra  to ortho causes 
negligible change in the N-H frequency. When the substi- 
tuent is cyano, a small but significant change of frequency 
occurs with a slight shift of 21 cm-' .  The most significant 
difference is observed in the case of the acetyl substituent 
(3274 cm-' for 8 (pat-a-COCH,) and 3190 cm-' for 9 (ortho- 
COCH,)) and the ester group (3275 cm-' for 2 (para-C0,Et) 
and 3229 cm-'  for 3 (ortho-C0,Et)). This change is consis- 
tent with the presence of an intramolecular H-bond, which 
causes a slight weakening of the N-H bonding interaction 
and, hence, a shift to lower vibration frequency. The intra- 
molecular H-bond has a similar effect on the carbonyl 
stretching vibration band in 3 and 9. 

It may be significant that the electron-releasing methoxy 
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CAMERON ET AL. 

TABLE 2 .  Elemental analysis of new triazene I-oxides 

No. Subst. Formula C H N Other 

Found 
Calcd. 
Found 
Calcd. 
Found 
Calcd. 
Found 
Cacld. 
Found 
Calcd. 
Found 
Calcd. 
Found 
Calcd. 
Found 
Calcd. 
Found 
Calcd. 
Found 
Calcd. 

TABLE 3. NMR data of the 3-aryl-1-methyltriazene I-oxides 

'H NMR data (ppm) C- 13 NMR data (ppm) 

No. Subst. N-H N-CH, Aromatic Subst. Subst. C-1 C-2 C-3 C-4 C-5 C-6 C-7 

H 
p-C0,Et 

o-C0,ET 

p-NO, 
(>-NO, 
p-CN 

o-CN 
11-CO . CH, 

o-CO . CH, 

P - C F ~  
o-CF, 
111-CF, 
p-OCH, 
o-OCH, 
p-Br 
o-Br 

7.16-8.21 
7.03-8.24 
H,, + H,,', 7.18 
H" + H,', 7.59 
7.03-7.54 
H,, + H,,', 7.16 
H" + H,', 7.94 
6.98-7.85 

- - 

1.38 (CH,) 14.38 (CH,) 
4.35 (CH,) 60.73 (CH,) 

166.12 (C=O) 
1.41 (CH,) 14.26 (CH,) 
4.4 1 (CH?) 61.26 (CH,) 

166.93 (C=O) 

- - 

- 105.2 (CN) 

- 97.30 (CN) 

2.56 (CH,) 26.32 (CH,) 
196.48 (C=O) 

2.64 (CH,) 28.02 (CH,) 
200.39 (C=O) 

- - 
3.78 (CHI) 55.63 (CHI) 
3.88 (CH,) 55.62 (CH,) 

substituent gives a reverse effect. The N-H frequency is 
significantly higher in the ortho-substituted compound (14) 
than in the para-substituted isomer (13). However, there is 
no immediately obvious explanation for this phenomena. 

NMR spectra 
The most significant feature of the 'H NMR data of the 

triazene 1-oxides (Table 2) is the variation of the N-H 
chemical shift as the substituent is moved from the para to 
the ortho position. The pattern is consistent with the hy- 

pothesis of an intramolecular H-bond derived from the IR 
spectral data. 

In molecules that do not present the possibility of intra- 
molecular H-bonding, the N-H chemical shift is consis- 
tent in the range 10.14- 10.99 ppm. The presence of an ortlzo 
substituent with H-bonding potential (i.e., -CO,Et, -Ac, or 
-NOz) causes a downfield shift of the N-H proton to the 
range 12.40-13.18 ppm. This observation is consistent with 
the intramolecular H-bonding typified by structure 11; inter- 
action of the N-H proton with the electronegative oxygen 
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of the carbonyl (or nitro) group causes a decrease in elec- 
tron density around the proton. 

The NMR data also reveals more subtle effects on N-H 
chemical shift by electron-withdrawing and -donating groups 
in the para position. An electron-donating group (OMe) (13) 
in the para position causes an upfield shift of the N-H res- 
onance compared to the unsubstituted compound (I), whereas 
the electron-withdrawing groups in 2, 4, 6, 8, and 10 shift 
the N-H resonance slightly downfield from that in 1. 

Other features of the ' H  NMR spectra are very predict- 
able and show little variation with the nature or placement 
of the substituent. 

The I3c NMR spectra of the 3-aryl-1-methyltriazene 
1-oxides (Table 3) confirm the assigned structures, but do 
not offer any particularly profound information concerning 
the Ia  Ib tautomerism question. The N-methyl I3c reso- 
nance is consistently in the range 49.66-50.99 ppm and 
shows little sensitivity to the electron-releasing/withdraw- 
ing character or ortho/para location of the substituent (X or 
Y). The ring carbon atom closest to the region of potential 
tautomeric change, i.e., C-2, shows a little variation in 
resonance but the variation does not appear to correlate with 
the nature or position of the substituent. There are signifi- 
cant differences in the I3c resonance of the ring carbons at 
C-5 and C-7 in the respective ortho/para isomeric pairs, but 
these changes are entirely predictable by consideration of the 
substituent location and do not indicate any influence from 
a tautomeric equilibrium. 

The IR and NMR spectra of the series of 1-methyl-3-ar- 
yltriazene 1-oxides reported here show that these molecules 
prefer the 1-oxide tautomer (Ia) to the still unknown 3-hy- 
droxytriazene structure (Ib). The preference for the 1-oxide 
tautomer may be further enhanced by the presence of a po- 
tentially H-bonding substituent in the ortho position of the 
aryl moiety. 

Conclusion 

The IR and NMR spectra of the series of 1-methyl-3-ar- 
yltriazene 1-oxides reported here, show that these mole- 
cules prefer the 1-oxide tautomer (Ia) to the still unknown 

3-hydroxytriazene structure (Ib). The preference for the 

CH 3 0 ,  

1-oxide tautomer may be further enhanced by the presence 
of a potentially H-bonding substituent in the ortho position 
of the aryl moiety as illustrated by structure 11. These ob- 
servations have been corroborated by an X-ray crystal 
structure examination of two of the compounds in this se- 
ries, namely 2 and 3 (8). The ortho isomer 3 shows definite 
evidence for the intramolecular hydrogen bond shown in 
structure 11. 
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Synthesis and physico-chemical studies of newer mono and diperoxo heteroligand 
complexes of vanadium 

MANISH BHATTACHARJEE,' MIHIR K .  C H A U D H U R I , ~  AND PRADIP C.  PAUL 
Deparrrnc~nt oj'Chc~mistry, North-Easrer.rz Hill Urlivenrity, Shillor~g-793003, Irldia 

Received July 9 ,  1991' 

MANISH BHATTACHARJEE, MIHIR K. CHAUDHURI,  and PRADIP C.  PAUL. Can. J. Chem. 70, 2245 (1992). 
The synthesis of monoperoxo-vanadium(V) complexes, [V0(02)QL] (Q = 8-quinolinolate and L = EtOH, DMF, 

DMSO, or THF), and diperoxovanadates(V), A3[V0(02)7_(HP04)]. 2H20 (A = K or NH,) are described. While the 
[VO(O?)QL] complexes have been synthesized from the reaction of V20, with H202 and a solution of 8-quinolinol in 
different donor solvents (L) at pH ca. 2 ,  the oxodiperoxo(hydrophosphato) vanadate(V) dihydrates, A,[V0(01)2- 
(HPO,)] . 2 H z 0 ,  have been prepared from the reaction of V,05 with HzOl and phosphoric acid at pH 6 of the reaction 
medium. The compounds have been characterized by chemical analyses, magnetic susceptibility, and molar conduc- 
tance measurements, and by IR, laser Raman, 'H NMR, and electronic spectroscopic studies. Evidence has been pro- 
vided for triangularly bonded peroxide (0?'-) and coordinated heteroligands. The existence and stability of the complex 
[ V O ( O ~ ) ~ ( H P O ~ ) ] ~ -  in solution have been ascertained from solution Raman spectroscopy and conductance measure- 
ments. 

MANISH BHATTACHARJEE, MIHIR K. CHAUDHURI et PRADIP C.  PAUL. Can. J .  Chem. 70, 2245 (1992). 
On dCcrit la synthitse des complexes monoperoxo-vanadium(V), [V0(02)QL] (Q = 8-quinolCinolate et L = EtOH, 

DMF, DMSO ou THF) et diperoxovanadates(V), A3[V0(02)z(HP04)].2H20 (A = K ou NH,). Alors que les complexes 
[V0(O2)QI,] ont CtC synthCtisCs par la reaction du V20j  avec du H202 et une solution du 8-quinolCinol dans divers sol- 
vants donneurs (L), i un pH d'environ 2, les dihydrates de 1'oxodiperoxy(hydrophosphato)vanadate 
A3[V0(02)2(HP0,)].2H20 ont CtC prCparCs par la rCaction du V205 avec le H,O, et de I'acide phosphorique, au pH de 
6 du milieu rkactionnel. On a caractCrisC les produits par des analyses chimiques, par des mesures de susceptibilitC 
magnttique et de conductivitk molaire et par des ttudes spectroscopiques IR, Raman au laser, RMN du 'H et Clectroniques. 
o n - a  obtenu des donnCes relatives au peroxyde (02'-) 1iC d'une f a ~ o n  triangulaire et aux hCtCroligands qui sont Aor-  
donnCs. Sur la base de la spectroscopie Raman et des mesures de conductivitC, on a Ctabli l'existence et la stabilitC du 
complexe [VO(O~),(HPO,)]~- en solution. 

[Traduit par la redaction] 

Introduction of phos~hate buffers in the reconstitution of vanadium 

Peroxo-vanadium systems are important for a variety of 
reasons including their role in oxidation catalysis (1,2) and 
biochemical relevance (3-9). Suitable heteroligands are 
known to bring about stability to such systems enabling iso- 
lation in the solid state, for instance, NH,[VO(02)2- 
(C1&I8N2)], which was synthesized by Vuletic and Djordjevic 
(10) and crystallographically characterized by Szentivanyi 
and Stomberg (1 1). In addition, the synthesis and structural 
assessment of several NO-donor-peroxo-vanadium(V) 
complexes with pyridine-2-carboxylate (1, 12), pyrazine-2- 
carboxylate ( l ) ,  pyridine-2,6-dicarboxylate (13), iminodi- 
acetate (14), and N-(2-oxidophenyl)salicylidinaminate (2) as 
the heteroligands are notable contributions to the domain of 
peroxo-chemistry of the metal. Over the past few years, we 
have been working in this area (15, 16) and our major em- 
phasis has been on the development of newer synthetic 
methodologies as well as to synthesize new compounds. The 
selection of heteroligands is important and the coligands 
chosen for the present studies include 8-quinolinol and 
phosphate. While the importance of 8-quinolinol as a ligand 
has already been emphasized (17, IS), our concern with 
phosphate was to ascertain if it would form a per- 
oxo(phosphato)vanadium(V) species. Such a complex is 
expected to be of considerable interest in the context of the 
vanadate-phosphate antagonism in physiology and the use 

'present address: Department of Chemistry, Indian Institute of 
Technology, Kharagpur 72 1 302, India. 

' ~ u t h o r  to whom correspondence may be addressed. 
3 ~ e v i s i o n  received February 25, 199 1. 

A 

bromoperoxidase. Since a citrate/phosphate buffer was used 
in the purification process of bromoperoxidases (3, 4 ,  19) 
containing vanadium(V), the possibility of phosphate coor- 
dination with a peroxovanadate(V) cannot be ruled out. In- 
deed, there has been definite evidence to support the 
formation of a mononuclear monophosphato-vanadium 
complex in aqueous solutions (20, 21). 

In this paper, the synthesis and physico-chemical char- 
acterization of complexes of the type [V0(02)QL] (Q = 
8-quinolinolate and L = EtOH, DMSO, DMF, or THF) and 
A3[VO(0,),(HP0,)] .2H,O (A = NH, or K) are presented. 
Also reported here are the results of solution Raman and 
conductance experiments in support of the existence and 
stability of the complex [V~(O~) , (HPO,) ]~-  ion in solution. 

Experimental 
The chemicals used were all reagent grade products. The IR 

spectra were recorded on a Perkin Elmer model 983 spectropho- 
tometer. The laser Raman (LR) spectra were recorded at ambient 
temperatures on a. SPEX Ramalog model 1403 spectrometer using 
the line at 6471 A of a Krypton laser from a Coherent model In- 
nova 90-K(UV) as the excitation source. The UV-visible spectra 
were recorded in water or DMF solutions on a Hitachi model 330 
spectrophotometer. Molar conductances were measured either in 
conductivity grade water or in DMF using a Systronics type 304 
digital direct-reading conductivity bridge. The pH values of the 
reaction solutions were measured with a Systronics type 335 dig- 
ital pH meter and also with pH indicator paper (BDH). The 'H 
NMR spectra were recorded in deuterated DMSO using a Varian 
390 90-MHz spectrometer. Tetramethyl silane (TMS) was used as 
the internal standard. Carbon, hydrogen, and nitrogen were deter- 
mined by microanalytical methods (Micro-Analysis Lab.,  Depart- 
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ment of Chemistry, NEHU, Shillong-793003). Vanadium, per- 
oxide, and phosphate were estimated by the methods given in our 
earlier papers ( 15, 22). 

Sytlthesis of o.ropcr-ox-o-8-quinolinol~ovallndiutn(V) conzplexes, 
W0(02)QL] (Q = 8-quinolinolate, L = EtOH, DMSO, 
DMF. or THF) 

As the methods of synthesis of [VO(O,)QL] compounds are 
similar, only a representative procedure is described. 

V2o5 (1 g, 5.49 mmol) was first dissolved in 30% hydrogen 
peroxide (15 cm7, 132.36 mmol) to obtain a red solution with lib- 
eration of heat. To this was added a solution of 8-quinolinol 
(1.6 g, 11.02 mmol), made up separately in each of the following 
donor solvents (100 cm'), EtOH, DMSO, DMF, or THF, with 
continuous stirring. The concentration ratio of V:8-quinolinol: 
HzOz was 1 :2:24.1. No colour change or heat liberation was 
apparent. The reaction mixture was stirred for ca. 30 min in an 
ice-bath, whereupon a brick-red microcrystalline solid separated 
out. The pH value of the solution was recorded to be ca. 2. The 
solid oxoperoxo-8-quinolinolato-vanadium(V) complex [VO(O1)- 
QL] (Q = 8-quinolinolate, L = EtOH, DMSO, DMF, or THF) was 
filtered off, washed three or four times with ethanol, and finally 
dried in vacuo over concentrated H,S04. The yields of [VO(Oz)- 
Q(EtOH)I, [V0(02)Q(DMSO)I. [VO(02)Q(DMF)1, and [VO- 
(O,)Q(THF)] were 2.6 g (82%), 2.8 g (go%), 2.9 g (85%), and 2.7 
g (78%), respectively. 

Anal. calcd. for [VO(02)Q(EtOH)]: V 17.62, 02'- 11.07, C 
45.7, N 4.84, H 4.15; found: V 17.28, OZZ- 10.85, C 45.56, N 
4.96, H 4.2. 'H NMR (DMSO-d,) 6: 8.85 (d,H), 8.7 (d,H), 
7.8(d,H), 7.6(d,H), 7.4(d,H), 7.15(d,H), 3.43(q ,2H), 2.5(s,H), 
1.06(t,3H). 

Anal. calcd. for [V0(02)Q(DMF)]: V 16.11, 0''- 10.12, C 
45.59, N 8.85, H 4.11; found: V 15.98, 02'- 10.2, C 45.92, N 
9.03, H 4.12. 'H NMR (DMSO-d,) 6: 8.82(d,H), 8.65(d,H), 
7.76(d,H), 7.59(d,H), 7.35(d,H), 7.13(d,H), 7.93(s,H), 
2.83(s,3H), 2.7(s,3H). 

Anal. calcd. for [V0(02)Q(DMSO)]: V 15.86, 0 Z 2  9.96, C 
41.14, N 4.35, H 3.73; found: V 15.62, 0,'- 9.81, C 42.10, N 
4.42, H 3.78. ' H  NMR (DMSO-d,) 6: 8.86(d,H), 8.7(d,H), 
7.85(d,H), 7.68(d,H), 7.38(d,H), 7.10(d,H), 2.3(s,6H). 

Anal. calcd. for [VO(Oz)Q(THF)]: V 16.16, 0'' 10.15, C 
49.55, N 4.44, H 4.44; found: V 15.94, 0?'- 9.85, C 50. 11, N 
4.54, H 4.38. 'H NMR (DMSO-d,) 6: 8.82(d,H), 8.65(d,H), 
7.79(d,H), 7.58(d,H), 7.25(d,H), 7.1 1 (d,H), 3.60(m,4H), 
1.73(m,4H). 

Synthesis of arnrnorlirrm and potassiutn oxodiperoxo- 
(hydrophosphato)varzadate(V) dihydrates, 
A3LVO(02),(HP0,)]. 2HZ0 (A = NH, or K )  

In a typical procedure, a mixture of vanadium pentoxide ( 1  g, 
5.49 mmol) and 88% phosphoric acid ( I  cm', 17.85 rnmol, den- 
sity 1.75 g cm-j) was reacted with 30% hydrogen peroxide (15 cm7, 
132.36 mmol) in an ice-bath with stirring. A clear red solution thus 
obtained was stirred for ca.15 min followcd by the addition 
of aqueous ammonia (specific gravity 0.9) or 20% KOH solu- 
tion until the reaction medium attained a pH value of 6 with 
its colour turning to yellow. An addition of ethanol to this pre- 
cipitated out a yellow niicrocrystalline product. The compound 
was filtered off, washed two or three times with ethanol, and 
finally dried in vacuo over concentrated HISO,. The yield of 
(NH,),[V0(02)2(HP0,)] . 2H20 was 2.82 g (8 1 %) and that of 
K,[VO(O,),(HPO,)] . 2H10 was 3.17 g (76%). Anal. calcd. for 
(NH,),[V0(02)Z(HP04)] . 2Hz0: V 16.07, 0Z2 20.19, poJ7-,  
29.96, N 13.25, H 5.36; found: V 15.92, 0,'- 20.1, PO,' 29.2 1, 
N 13.11, H 5.32. Anal. calcd. for K7[V0(02)2(HP0,)]. 2H10: V 
13.39, 0,'- 16.83, PO;- 24.97, H 1.31; found: V 13.13, 
0''- 16.3, PO?-, 25.25, H 1.38. 

Results and discussion 
Vanadium has a strong affinity for peroxide (0,'-) and the 

composition of a peroxo-vanadium species is pH dependent 

(1 5 ,  16, 23-26). The number of coordinated 0,'- generally 
increases as the solution pH value is raised. In one of the 
present reactions, the interaction of V,O, with hydrogen 
peroxide and a solution of 8-quinolinol (QH) in each of the 
donor solvents (L) (L = EtOH, DMSO, DMF, or THF) was 
conducted at pH 2. This led to the synthesis of new hetero- 
ligand monoperoxovanadium(V) compounds of the type 
[VO(O,)QL] in very high yields. QH was dissolved in 
the chosen organic solvents (L) so  that an option for the 
formation of quaternary complexes existed. Since mono- 
peroxo complexes of the metal are far less frequently en- 
countered, it was one of our concerns to improvise a route 
to such species. Accordingly, the pH value of ca. 2 attained 
spontaneously was not raised so  that the goal could be 
achieved. In contrast, the successful synthesis of complex 
peroxovanadates(V) containing HPO,'- as the heteroligand 
was possible from the reaction of VzO, with phosphoric acid 
(H3P04) and H,O,, only when the pH value was raised to 6. 
The products isolated at pH values < 6 ,  though containing 
both peroxide and phosphate, were inconsistent in regard to 
their compositions. A comparatively higher pH value is be- 
lieved to have directed the formation of the ternary di- 
peroxovanadate(V) , [vo(o,),(HPo,)]~~-. The complex was 
isolated as A3[V0(0,)z(HP0,)] . 2H,O (A = K or  NH,) by 
the addition of ethanol, which facilitated the precipitation. 
The alkali used to raise the pH of the solution served also as 
a source of the counter-cation NH,+ or K+ (A+). The occur- 
rence of an acid phosphate, HPO,", can be rationalized in 
terms of the pH value maintained in the synthesis. 

Both the brick-red [V0(02)QL] and the yellow A3[VO- 
(O,),(HPO,)] - 2H,O were obtained as microcrystalline prod- 
ucts. They are insoluble in nonpolar organic solvents. While 
the former is insoluble in water, but soluble in polar organic 
solvents like DMF and DMSO, the latter is soluble only in 
water. The compounds are stable for a prolonged period and 
are capable of being stored in closed sample containers. Both 
the mono- and the diperoxo compounds reported herein are 
diamagnetic in nature in conformity with the oxidation state 
of the metal. The molar conductances of [VO(O,)QL] re- 
corded in DMF and those of A3[VO(0,),(HP0,)] - 2H,O re- 
corded in water were found to lie in the ranges 5-10 R '  cm' 
mol-l, and 370-380 R-I cm' mol-I, respectively, in agree- 
ment with their formulae. Furthermore, the results of con- 
ductance measurements, obtained over a period of 10 days 
at an interval of 24 h each, were practically similar to those 
recorded on freshly prepared solutions. 'This clearly attests 
to the stability of the compounds in the respective solu- 
tions. 

Each of the monoperoxo-vanadium(V) and diperoxovan- 
adate(V) complexes exhibited a characteristic spectral pat- 
tern in the infrared region. The significant general features 
are the absorptions at ca. 950, ca. 855, ca. 620, and ca. 
580 cm-'  assigned to v(V=O), v ( M )  (v,), v(V-02)(v,), 
and v(V-O,)(v,), respectively (15, 16, 27). The occur- 
rence of bands at ca. 855 cm- ' ,  ca. 620, and ca. 580 cm-'  
clearly indicates the presence of triangularly bonded (C,,) 
peroxide ( 1  5 ,  16, 27). In addition to the features originating 
from vo3+ and coordinated peroxide, the monoperoxo 
complexes [VO(O,)QL] show bands due to the coordinated 
8-quinolinolate ligand(Q) with the pattern comparing very 
well with that reported (17, 28) for the 8-quinolinolato CO- 
ordinated systems. Moreover, the IR spectra of [VO(O,)- 
Q(DMSO)] and [VO(O,)Q(DMF)] exhibit strong bands at 
940 cm-'  (v(S=O)) (29) and at 1650 cm-I (v(C=O)) (301, 
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TABLE 1 .  Comparison of peroxo stretching frequencies [v(O-O)] for the com- 
plexes to those of previously reported compounds from this laboratory 

v(0-0)  (cm-I) 

Compound IR Raman Reference 

This 1 I/ 

Abbreviations: en = ethylenediamine, Q = 8-quinolinolate, GlyH = glycine, cysH = 
cysteinate, EtOH = ethyl alcohol, DMF = dirnethylformarnide, DMSO = dirnethyl sul- 
phoxide, THF = tetrahydrofuran. 

respectively. The presence of distinct bands at 940 and 
1650 cm-' suggests that the DMSO and DMF are bonded to 
the metal centre through their 0-atoms in the respective cases 
(29, 30). The bands due to the coordinated EtOH and THF 
in the complexes [VO(O,)QL] (L = EtOH or THF) could not 
be identified because of their overlap with those of the 
8-quinolinolato ligand. 

In addition to the bands due to V 4  and coordinated 0,?-, 
the IR spectra of A,[VO(O,),(HPO,)]. 2H10(A = NH, or 
K) display a strong but broad absorption in the region 1010- 
1160 cm-' and a medium intensity broad absorption at 2800- 
2900 cm-I. These resemble, in their shapes and positions, 
those observed for the coordinated hydrophosphate group 
( H P O ~ ~ - )  (31) and lend support to the contention. The sig- 
nals at ca. 960, ca. 860, ca. 630, and ca. 580 cm-I due to 
the v(V=O), v(0-O)(v,), v(V-O,)(vJ, and v(V-O,)(v,) 
modes, respectively, observed in the laser Raman spectra of 
the compounds, complement the corresponding IR modes. 
The additional bands at ca. 1640 s,  and ca. 3500 s, br cm-' 
in the IR spectra of the complexes represented the 6(H- 
0-H) and v(0-H) modes of uncoordinated water (ref. 29, 
p. 228). A comparison of the vibrational spectra of the newly 
synthesized compounds with those of some of our previ- 
ously reported peroxo-vanadium(V) complexes (1 5, 16, 32- 
35) causes us to state that the most significant band 
[v(O-O)], characteristic of the bound peroxides, does 
not appear to show any remarkable variation in its position 
with changes in the metal coordination sphere (Table 1). 
The v(0-0) bands lie in the region 850-890 cm-I in the 
IR spectra, while similar modes occur between 855 and 
880 cm-' in the Raman spectra of the compounds so far in- 
vestigated by us. In other words, the vibrational spectra of 
the coordinated peroxide seem to be independent of the na- 
ture of the heteroligands present in the complex peroxo-va- 
nadium(V) species. 

From the biochemical point of view, the peroxo(hydro- 
phosphate)-vanadate(V) complex, [vo(o,),(HPo,)]~-, is of 
considerable interest. To furnish evidence for its existence 
in solution, we sought to show that the use of laser Raman 
(LR) spectroscopy provided very valuable information in this 
regard. The LR spectrum of the yellow solution of V,O,, 
phosphoric acid, and H202 at pH 6 adjusted by the addition 
of KOH solution (vide Experimental) was recorded before 
isolating the compound. The spectrum exhibited polarized 
bands at 972, 865, and at 565 cm-I due to v(V=O), 
v(0-O)(v,), v,(V-0,)(v3), respectively, and a depolar- 
ized band at 630 cm-' assigned to v,,(V-O,)(v,). The LR 
spectral pattern of the corresponding solid K,[VO(O,),- 
(HPO,)], including the positions of the Raman signals, was 
similar to the above with its v(V=O), v(0-O)(v,), 
v,(V-02)(v,), and v,,(V-02)(v2) occurring at 970, 857, 
575, and 630 cm-', respectively. Furthermore, the LR 
spectrum of a freshly prepared solution of K3[VO(02),- 
(HPO,)] exhibited these bands at positions very close in wave 
numbers to the LR bands observed for the solution prior to 
isolating the complex, as well as to bands for the solid 
K3[VO(0,)I(HP04)] as discussed above. Equally signifi- 
cant is the consistent appearance of a very strong but broad 
signal with its peak at ca. 1065 cm-' in each of the three 
spectra recorded for the complex under consideration. The 
band, in terms of its shape and position, compares very well 
to the corresponding IR band of the coordinated HPO,'- 
observed for the solid K,[VO(O,),(HPO,)], thereby lending 
further credence to the contention. These results attest not 
only to the existence but also to the stability of the complex 
[vo(o,),(HPo,)]~- species in solution, at least under the 
present experimental conditions. 

The electronic spectra of [VO(O,)QC] complexes in DMF 
showed two bands, one each at ca. 268 (e = 1.525 X 10, L 
mol-' cm-I) and at 360-410 (broad) nm (e = 2 X 10% 
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mol- '  cm- ' ) .  While  the former has been assigned to the in- 
ternal transition (n-n*)  o f  the 8-quinolinolate ligand (28) ,  
the latter probably owes  its origin to  a combination of  a per- 
0x0 ( L M C T )  and the internal (n-n*)  transition of the 
8-quinolinolato ligand. T h e  UV-visible spectra o f  the di- 
peroxo compounds A3[V0(02)2(HP0,)] . 2H,O ( A  = NH, o r  
K), recorded in water,  exhibited only o n e  (LMCT)  band at  
320  nm. The  transition at 320 n m  is similar to that of  the other 
diperoxovanadium compounds containing triangularly bonded 
peroxide (36). 

T h e  'H N M R  spectra o f  the monoperoxovanadium(V) 
complexes,  [VO(O,)QL] , were recorded in DMSO-d,  sol- 
vent .  T h e  significant features o f  the N M R  spectra a re  the 
signals due to the coordinated 8-quinolinolato ligand and the 
coordinated L ( L  = E t O H ,  D M F ,  o r  T H F ) .  T h e  signals d u e  
to  coordinated 8-quinolinolato ligands, observed at  6 values 
ca .  8 . 9 ,  ca. 8 . 7 ,  ca. 7 .8 ,  ca. 7 .6 ,  ca. 7 . 4 ,  and  ca .  7 . 2 ,  are  
similar to those previously reported for  the 8-quinolinolato- 
vanadium complexes (17,  3 7 ,  38) .  Apart f rom these, the 
signals d u e  t o  the coordinated ethanol appear at  6 1.06(t) ,  
2.5(s), and 3.43(q) originating from -CH3, 0 - H  and, -CH2-, 
respectively (39). T h e  DMF signals, for  L = D M F ,  were 
observed at 6 7.93(s), 2.83(s), and 2.7(s) assigned to HCO-, 
-CH,, and  -CH3, respectively (ref. 3 9 ,  p .  344) .  T h e  THF 
signals o f  the corresponding complex appear at 6 1.73(m) and 
3.6(m) due to -CH,-CH,- and -CH,-0-CH,- , respectively (ref. 
3 9 ,  p .  348) .  Thus ,  the 'H N M R  results show conclusively 
that the 8-quinolinolato ligand is bonded to the metal cen- 
ter.  T h e  results a re  consistent with the presence o f  a metal- 
oxygen covalent bond and a long labile V-N bond (17). The  
chemical shifts agree with this proposition. T h e  N M R  spec- 
troscopic studies also suggest that each o f  the L molecules, 
i .e . ,  E t O H ,  D M F ,  and  T H F ,  is bonded to the metal center.  
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Short syntheses of rigid acyclic or macrocyclic poly-imine ligands and their use in 
Ru(II), Fe(III), and alkali metal complexation 
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ROBERT DASH and PIERRE G. POTVIN. Can. J. Chem. 70, 2249 (1992). 
Lipophilic derivatives of 2,6-bis(3-pyrazoly1)pyridine and 1,3-bis (3-pyrazoly1)benzene were obtained in acceptable 

yields by Stork reactions and transformed by N-alkylations into three pentadentates, three bis(bidentates), and one mac- 
rocyclic octadentate ligand. The parent bis(pyrazoly1) pyridine constituted a terpyridine analogue and readily formed a 
Ru(I1) complex. By comparison of 'H nuclear magnetic resonance patterns, it was found that the alkylations in the 
bis(pyrazoly1)pyridine series conferred an anti,anti conformation of the imino nitrogens. The pentadentates were then 
able to extract alkali metal ions into CHCI, with only modest strength and selectivity, but the preferred extraction of Li' 
by one of these was notable. By variation of the reaction conditions, a tri-iron(II1) and a di-iron(II1) complex were ob- 
tained from a bis(bidentate). 

ROBERT DASH et PIERRE G. POTVIN. Can. J. Chem. 70, 2249 (1992). 
Des derives lipophiles de la 2,6-bis(3-pyrazo1yle)pyridine et du 1,3-bis(3-pyrazoly1e)benzkne furent prepares en 

rendements acceptables par des reactions de Stork, puis N-alkylks pour fournir trois pentadentates, trois bis(bidentate) 
et un octadentate macrocyclique. En tant qu'analogue de la terpyridine, la bis(pyrazolyle)pyridine forma aisement un 
complexe au Ru(I1). D'aprks la resonance magnetique nuclkaire, les alkylations de la bis(pyrazoly1e)pyridine ont force 
l'adoption de conformations anti,anti et les pentadentates etaient donc de modestes recepteurs pour les cations alkalins 
et ont demontrk une faible sClectivit6 en extraction dans le chloroforme. Neanmoins, on souligne l'extraction preferentielle 
du Li' par l'un d'eux. Un bis(bidentate1 forma, selon les conditions employees, des complexes bi- et tri-nuclkaires avec 
le Fe(II1). 

I 

Introduction 
1 Rigid, poly-heterocyclic multidentate ligands/receptors 
I 

offer a high degree of preorganization for the binding of metal 
I ions and neutral organic molecules (for some recent exam- 
, ples, see ref. 1). For a variety of purposes, we sought rapid 
I access to such molecules and chose the general architecture 

and the synthetic path illustrated in Scheme 1. Largely for 
reasons of synthetic simplicity, pyrazoles were chosen as 
binding sites to flank a central aromatic ring, in spite of the 
weaker basicity (2) and metal-binding ability (3) of pyra- 
zole itself, relative to pyridine. Although several N-linked 
2,6-bis(1 -pyrazolyl)pyridines were recently prepared by facile 
reactions of pyrazolate ions with pyridyl halides (4), the 
linkage in Scheme 1 (i.e., at the pyrazole 3-position) was 
dictated by a desire to apply the same methodology to de- 
velop both monotopic (X = N) and ditopic (X = CH) vari- 
eties of ligands. The parent 2,6-bis(3-pyrazoly1)pyridine has 
been prepared by a Mannich-type condensation (5). How- 
ever, we additionally required substituents at the pyrazole 
4- and 5-positions to ensure good liposolubility and poor 
solubility in water, and the Mannich reaction was not ame- 
nable to this. Claisen condensations involving methyl ke- 
tones had been used to prepare two 5-substituted analogues 
via bis(P-diketones) (6) but, in our hands, a similar conden- 
sation with cyclohexanone failed completely. We instead used 
Stork reactions (7) to form the bis(P-diketone) precursors that 
we required, and herein present short (two- or three-step) 
syntheses of a family of poly-heterocyclic ligands derived 
therefrom. We also report on our explorations of the com- 
plexing abilities of some of these and on the implications for 
future ligand design. 

Results and discussion 
In a model one-pot reaction, N-cyclohexen- 1 -yl-morpho- 

line and Et,N (1 equiv.) were treated with benzoyl chloride 

' ~ u t h o r  to whom correspondence may be addressed 

(1 equiv. /O°C/THF) and hydrazine hydrate (1 equiv.). Ex- 
traction, chromatography, and recrystallization provided a 
64% yield of 1. However, the analogous one-pot reaction 
with 2 ,  6-di (chlorocarbonyl) pyridine (0.5 equiv.) pro- 
vided only a 29% yield of 2a after chromatography and re- 
crystallization, along with a 17% yield of 3 (identified only 
by nmr). Reasoning that 3 arose from mono-reacted mate- 
rial that had reacted further with the morpholine liberated 
during the hydrazine quench, AlCl, (0.5 equiv.) was added 
to the reaction mixture after the acid chloride and the mix- 
ture stood overnight before quenching and work-up. This 
provided a 40% yield of 2a and only a trace of 3. 

If the quench was carried out with H,O, tetraketone 4a was 
obtained in 44% yield after chromatography and recrystal- 
lization, and this was quantitatively converted to 2a in a 
second step (2 equiv . N2H4 . H20/CH,C1,/room temp. / 15 
min) with no need for a second chromatographic purifica- 
tion. Thus, the two-step process provided a modest increase 
in overall yield over the one-pot reaction. In entirely anal- 
ogous fashion, isophthaloyl chloride was used to produce 
tetraketone 4b in 51 % isolated yield, and bis-pyrazole 2b in 
quantitative yield thereafter. 

Tetraketones 4a and 4b are interesting molecules in their 
own right. In entire analogy with 2,6-bis(3-oxobutanoy1)- 
pyridine (8) and 1,3-bis(3-oxobutanoy1)benzene (9), 4b was 
actually in the bis-en01 form while 4a was a mixture of tau- 
tomers in CDCl, solution, and few useful nmr assignments 
could be made (there were at least three keto isomers pres- 
ent). Attempts to symmetrize its spectra by conversion to the 
dianion were hampered by its insolubility in purely aqueous 
solutions of base and by a tendency to undergo base-cata- 
lyzed ring-opening reactions in alcoholic solution. In the mass 
spectrometer (EI) both 4a and 4b showed molecular ions as 
well as loss of C O  and 2-oxocyclohexyl radical. This, along 
with elemental analyses and conversions to the bis-pyra- 
zoles, confirmed their structures. Unfortunately, attem ts to f'+ produce 2 : 2  complexes (8) of either one with zn2+ ,  Ni- , or 
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a :  x = N  
6 :  X - C H  

~i(O'pr) ,  met with failure. The bis-pyrazoles 2a and 26 gave 
symmetric nmr spectra and were further characterized by 
mass spectrometry (both showed molecular ions and loss of 
N2) and elemental analyses. 

As a fairly rigid tridentate, 2a readily formed a purple- 
red Ru(I1) complex by reaction with Ru(DMSO),Cl, (10) 
(0.5 equiv. /EtOH/reflux/ 1 day), followed by precipitation 
and recrystallization (72% yield). The nmr spectra were 

symmetric, showing downfield displacements of the signals 
due to the pyridine nuclei, and the electronic spectrum in- 
cluded a band at 432 nm (E 4.7 mM-'  cm-') more reminis- 
cent of the MLCT bands of the complexes of terpyridine 
(473 nm, E 16.2 mM-I cm-') and bipyridine (452 nm, E 

14.6 mM-' cm-') (1 1) than was that at 377 nm obtained with 
the N-linked analogue, 2,6-bis(1 -pyrazolyl)pyridine (12). Its 
redox chemistry will be reported elsewhere. 

In a procedure borrowed from the literature (1 3), the suc- 
cessive treatment of bis(pyrazoly1)pyridine 2a with NaH 
(2.4 equiv. /THF/room temp. /2 h) and picolyl chloride 
(2.3 equiv./THF/room temp./overnight), followed by di- 
lution with H 2 0 ,  extraction into CH?Cl,, chromatography, 
and recrystallization provided 5a in 69% isolated yield. An 
entirely similar alkylation with 2-(2-pyridy1)ethyl tosylate 
afforded 6a in 5 1% yield. Our first attempt to prepare the 

tet~apyrazole analogue 70 involved the condensation of tet- 
raketone 40 with 2-hydroxyethylhydrazine. This, unfortu- 
nately, gave a mixture of inlout isomers, as revealed by 'H 
nmr, that were poorly resolved by chromatography. In- 
stead, hydroxyethylhydrazine was converted to 8 by con- 
densation with acetylacetone and tosylation (72% overall 
yield). When 8 was used in the alkylation of 2a as before, 
70 was obtained in 58% yield. 
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In entirely similar reactions, bis(pyrazoly1)benzene 2b was 
transformed into Sb, Sb, and 7b in 65, 49, and 59% isolated 
yields, respectively. 

All of these materials were crystalline and H,O-insolu- 
ble. In the mass spectrometer, all fragmented in the same way 
with loss of their appendages: 5a/b and 6a/b lost pyridi- 
nyl, pyridinylmethyl and (or) pyridinylethyl radicals, while 
7a/b lost the corresponding dimethylpyrazole-containing 
radicals. The 'H  and "C nmr spectra showed symmetry and 
were entirely as expected, except that the pairs of CH, groups 
in 7a and 76 coincidentally overlapped in their 'H  nmr 
spectra, appearing as singlets in each case. Although these 
alkylations might have produced in,in and in,out isomers as 
well as the out,out form depicted, a single symmetric iso- 
mer was isolated in each case, and the exclusive production 
of in,in isomers would be discountable on steric grounds. 
Certainly, an out,out-directing effect could be expected in 
the alkylations of 2a if its dianion was able to complex Na'. 
Moreover, the ability of the resulting series of ligands to 
complex alkali metal ions (vide infra) support this assign- 
ment. 

Several attempts were made to convert 2a to a macro- 
cyclic ligand. The literature reports several pyrazole-con- 
taining macrocycles (6, 14, 15). Of special interest to us were 
a bicyclic cryptand from a 3+2  alkylation of ammonia with 
a doubly electrophilic 2,2'-bipyrazole (15) and a macro- 
monocycle obtained by 2+2  alkylation of 2,6-bis(5-meth- 
ylpyrazol-3-y1)pyridine with bis(chloromethy1) ether (6). 
However, this latter reaction proceeded in only 2% yield and 
was accompanied by more substantial amounts of the 1 + 1 
product. Several reactions of 2u with KBH, were carried out 
with a view to produce macrocyclic (2+2) and macrobi- 
cyclic (3 + 2) pyrazolyl hydridoborates (1 6), but these were 
slow and gave only insoluble materials. Reactions with base 
and coupling with CH,C12 or CH,I, failed to provide iden- 
tifiable products. However, reaction with aqueous HCHO' 
was instantaneous and produced an unstable, symmetric 
bis(N-hydroxymethyl) derivative (identified only by nmr). 
This was condensed with 2-phenylethylamine in situ and 
macrocycle 9 precipitated over a period of several weeks. 
Filtration, chromatography, and ~e~r~s ta l l i za t ion  provided 
an 18% yield. That this was indeed a 2+2  condensation 
product was shown by mass spectrometry: although no mo- 
lecular (or heavier) ions were seen bv either EI or FAB 
techniques, the heaviest fragments observed (up to m / z  918) 
well exceeded the molecular weight of a 1 + 1 product. Fur- 
ther, 9 in CDC13 was able to dissolve solid sodium picrate 
with colour entrainment, severely broadened ligand nmr 
signals, and the appearance of a singlet due to picrate ion. 
(Ligands 2n and 5a gave the same results.) A 1 + 1 product, 
arising from in,in alkylation, would not be expected to bind 
metal ions. This also confirmed that alkylation proceeded to 
give out,out products. Complexation studies with 9 and both 
cations and anions are planned and will be reported in due 
course. Unfortunately, the analogous condensations with 
histamine (to furnish pendant imidazole ligating groups) or 
ammonia (to provide a bicyclic analogue) did not proceed to 
completion. 

With such floppy terminal pyridine and dimethylpyrazole 
groups, the pyridine series of acyclic ligands could not be 
expected to be ideally pre-organized for the binding of metal 

3. de Mendoza, personal communication. 

ions in their cavities. An examination of the aromatic re- 
gions in the 'H nrnr spectra was instructive in that regard. In 
Table 1 are reproduced the chemical shifts of the singlet (H-2 
in the b series), doublet (H-3/5 in the a series, H-4/6 in the 
b series), and triplet signals (H-4 in the a series, H-5 in 
the b series) from this family of molecules. In the a series, 
the doublet was upfield of the triplet in 2a but moved down- 
field of the triplet upon alkylation. The triplet was less af- 
fected, but was shifted slightly upfield, probably a reflection 
of the electron-donating character of the N-CH, groups. In 
the b series, the doublet was consistently downfield of the 
triplet but shifted further downfield in the N-alkylated mol- 
ecules, as did the singlet. The position of the triplet changed 
little. (The nmr data for the 2,6-bis(5-alkylpyrazol-3-y1)- 
pyridine (6) were reported in insufficient detail to allow 
comparisons.) Given that the doublets would normally be 
expected to appear downfield of the triplet in both pyridine 
and benzene series on purely electronic grounds (as was the 
case with the diacid chlorides), our interpretations of the 
pattern changes are as follows. 

(a) The bis(pyrazoly1)pyridine 2a is in a planar confor- 
mation with the nitrogens held syn to one another (as must 
also be true of 2a in the Ru complex) by virtue of hydrogen 
bonds between in-NH and pyridine N. (Molecular mechan- 
ics calculations suggested that the anti,anti and syn,anti forms 
of 2u were in fact the most stable, but these calculations could 
not take hydrogen bonding into account and mostly reflect 
steric effects.) This would give rise to a shielding of the 
pyridine H-3/5 by the cyclohexene CH2 groups. 

(6) N-Alkylation of 2a caused a reversion to anti forms, 
analogous to that adopted by 2,2'-bipyridine (17), and a loss 
of that shielding. (Similarly, "tetraketone" 4a probably also 
preferred anti forms.) Complexation with metal ions would 
be expected to force a syn,syn arrangment with the opera- 
tion of the shielding effect. This appeared to be the case with 
Ru(II), but could not be confirmed with Na' due to signal 
broadening and overlap (vide supra). 

( c )  In the benzene series, the conformational preferences 
are weaker, and H-2 and H-4/6 were about equally affected 
by N-alkylation. 

Therefore, even the bis(pyrazoly1)pyridine cores of 5a-7a 
were not well pre-organized for binding and only moderate 
binding strengths could then be expected, although this could 
be offset somewhat by the strongly dipolar nature of the imino 
sites. However, this and the rapid complex formation and 
dissociation rates afforded by acyclic ligands such as these 
are beneficial and necessary characteristics for efficient 
passive ion transport (18). 

To test this, the association constants in CHCI, between 
these ligands and a series of picrate salts were measured by 
Cram's uv method (19), assuming 1 : 1 complexes. These are 
displayed in Fig. 1 As expected, the binding was only mod- 
erate throughout. It would appear that 5a preferred Li' and 
that 6a preferred Na'. However, all three bound K' about 
equally well and Na' was bound equally well by 5a and 6a. 
Thus, Li' rejected 6a and 7a, and Na' rejected 7a, likely due 
to intra-ligand repulsions and distortions induced by these 
smaller ions. Nevertheless, the extraction of Li' by a poly- 
aza acyclic ligand is notable and comparable in efficiency to 
extractions with rigid, acyclic oligo(tetrahydropyrans) (20). 
None of the ligands bound well to the large Cs' nor to NH,', 
which ideally requires a tetrahedral array of H-bond accep- 
tors. Clearly, a greater degree of pre-organization would be 
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TABLE 1 .  The 'H nmr chemical shifts (in ppm) of singlet (s), doublet (d), and triplet (t) patterns in 
the aromatic regions 

Pyridine (a) series Benzene (b) series 

Compound 

2,6-Diacid chloride 
4a" 
2a 
(2a)>RuCI2 
5a 
6a 
7a 
9 

Compound s d t 

l,3-Diacid chloride 8.82 8.44 7.77 
4b 7.70 7.62 7.49 
2b 7.87 7.60 7.47 
5b 8.08 7.73 7.44 
6b 8.00 7.71 7.46 
7b 7.97 7.68 7.44 

"Peak positions of the major product. 

required for stronger binding of alkali metal ions. A second 
covalent linkage between pyridine and pyrazole rings would 
impose the required syn,syn conformation but this would be 
synthetically difficult to achieve. At least, replacement of the 
fused cyclohexanes with long alkyl chains at the pyrazole 5- 
positions would help to reduce the steric hindrance to the 
adoption of the syn,syn conformation in the triaromatic cores. 

Ligands 56, 66, and 7b are ditopic bisbidentates and should 
be suitable for two small transition metals ions. We were 
particularly interested in a biomimetic (21) p-0x0-bis(p- 
carboxy1ato)di-iron(II1) complex. In our first attempt, FeCl, . 
6H,O (2.0 equiv./EtOH/room temp.) was added to a so- 
lution of 5 b  in EtOH and a red-brown solid, analyzing for 
(5b),Fe3C1,, immediately precipitated in 49% yield, based 
on ligand. A possible structure is 10,  where the central li- 
gand is in an anti conformation, although a syn form with 
possible chloride bridging cannot be excluded. Its visible light 
spectrum included absorption bands at 330 nm (E 5043 M-'  
cm-I) and at 450 nm (E 744 M-' cm-I), reminiscent of bands 
by the p-0x0 bis(p-carboxylato)chlorobipyridine iron(II1) 
dimer of Vincent et al. (22) at 329 nm (E 6060 M-'  cm-I) 
and at 464 nm (E 387 M - I  cm-'). It appeared that the as- 
sembly of this trimetallic array was initiated by the rapid 
binding of one metal to sites from two separate ligands fol- 
lowed by reaction with the pendant sites, leaving unreacted 
FeC1, (eq. [ I ] ) .  This could be used to advantage to prepare 
hetero-trimetallic complexes and perhaps higher oligomeric 

materials in a controlled manner by repeated and alternating 
additions of ligand and metal. 

However, to circumvent this in a second attempt, slow, 
inverse addition and heat were employed and little precipi- 
tation occurred. After treatment with Et,N and HOAc, and 
prolonged heating, the solution changed from red to green, 
the colour typical of p-0x0-bis(p-carboxylato)diiron(III) cores 
(22-24). Filtration and trituration provided light green 
crystals that analyzed for (Sb),Fe,(OAc)Cl,, for which a 
symmetric p-carboxylato structure with unused ligand sites 
can be drawn (11). The yield, based on ligand, was only 
27%. Its visible light spectrum consisted of a similar MLCT 
band at 369 nm (E 1469 M-- '  cm- ' )  and a much broader 
d-d transition centred near 631 nm (E 127 M- '  cm-'), sim- 
ilar to that shown by met-chloro hemerythrin (656 nm, E 180 
M - I  cm-I) (25). Though this was not the exclusive product 
(there was an insoluble brown material produced here as 
well), the tendency for the metal to bind two ligands was a 
problem here again. 

A third attempt made use of the pre-formed p-0x0 dimer 
(Et,N),Fe20C1,(26) and the more hindered ligand 76 in the 
prescribed manner (23), but this resulted in the recovery of 
unreacted ligand. 

We ascribe our difficulties in forming a p-0x0 complex 
to the inability of the bidentate units in these ligands to twist 
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into sufficient proximity to wrap around a p-0x0 dimer core 
without hindrance from the benzene H-2 and (or) between 
the terminal pyridines, although molecular modelling sug- 
gested that this should have been possible. One might use a 
more flexible polymethylene linkage between the metal 
binding sites but Stork reactions with flexible diacid chlo- 
rides are known to not proceed in the required manner (27) 
and loosely linked ditopic ligands have a tendency to form 
plynuclear Fe(II1) complexes (21). One could instead use 
phenoxo bridges (28), with ligands based on 2,6-bis(3-pyr- 
azo1)phenol. Work on this problem is underway. 

Experimental section 
All solvents used were reagent grade and used without drying or 

purification, except for THF, which was distilled over K and ben- 
zophenone. The petroleum ether used was the light fraction (bp 30- 
60°C). N-(Cyclohexen- 1 -yl)morpholine was prepared according to 
Hiinig et 01. (29). 2-(2-Pyridiny1)-ethyl tosylate was prepared by 
tosylation in the usual manner of the commercial alcohol. All 
melting points were determined on a Fisher-Johns apparatus. Nu- 
clear magnetic resonance spectra were measured on a Bruker 
AM-300 spectrometer, operating at 300.13 MHz ('H) or 75.1 MHz 
("c), run either in CDCl,, with TMS as internal reference (at 
0.00 pprn in 'H spectra, and at 77.00 pprn for "c), or in CDC13/ 
CD,OD, with TMS or CDzHOD (3.30 pprn in 'H spectra, and at 
49.00 pprn in "c) as the internal references. Ultraviolet and visi- 
ble spectra were obtained on a Hewlett-Packard 8451A diode array 
spectrophotometer. Microanalyses were performed by Canadian 
Microanalytical Services, Burnaby, B.C., and Guelph Laborato- 
ries Ltd., Guelph, Ont.. Molecular modelling was performed using 
PC-MODEL (Serena Software, Bloomington, Indiana). 

IH-3-Phenyl-4,5,6,7-tetrahydrobenzopyrazole, I 
Benzoyl chloride (1 .OO mL, 8.54 mmol) was added dropwise to 

a stirring solution of I-(cyclohexen-1-y1)morpholine (1.44 mL, 
8.60 mmol) and triethylamine (1.20 mL, 8.60 mmol) in THF 
(25 rnL) under nitrogen while cooling in an ice-water bath. A white 
precipitate (Et,NHCl) formed immediately. The mixture was stirred 
for several hours, then treated with hydrazine hydrate (0.42 mL, 
8.60 mmol). The mixture was washed with water (10 mL) and the 
crude product was isolated by extraction with CH2Cl2. Purifica- 
tion was carried out by column chromatography on alumina using 
2 : 98 MeOH : CH2CI2 as eluent. The pyrazole was recrystallized 
from EtOH (1.08 g, 64% yield), mp 123-125°C; 'H nrnr (CDC1,) 
6: 1.80 (m, 4H), 2.63 (m, 2H), 2.72 (m, 2H), 7.30 (m, 1 H), 7.38 
(m, 2H), 7.64 (d, 2H, J = 7.3 Hz) ppm, "C nrnr (CDC1,) 6: 22.08, 
22.22, 22.66, 23.58, 112.93, 126.58, 127.24, 127.67, 128.50, 
132.96, 144.31 ppm; ms, m/z(%) = 198 (M", 90), 170 (loo), 95 

(20), 77 (20), 49 (20). Anal. calcd. for Cl,Hl,N,: C 78.75, H 7.12, 
N 14.13; found: C 78.61, H 7.03, N 14.14. 

2,6-Di(2-o.rocyclohexnnecarbonyl)pyridine, 4a 
A solution of 1-(cyclohexen-1-y1)morpholine (9.08 mL, 54.0 

mmol) and Et,N (7.53 mL, 54.0 mmol) in THF (50 mL) was slowly 
added to a stirring solution of 2,6-pyridinedicarboxylic acid chlo- 
ride (5.0 g, 24.5 mmol) in THF (100 mL) under Ar while cooling 
in an ice-water bath. Et,NHCI immediately precipitated. Then AICl, 
(1.63 g ,  12.2 mmol) was carefully added and the resulting mix- 
ture was allowed to stand overnight. After the addition of water 
(30 mL), the mixture was stirred vigorously for 1 h. The crude 
product was isolated by extraction with CH2C12. Purification was 
carried out by column chromatography on silica gel using 30: 70 
EtOAc : petroleum ether as eluent. The product was recrystallized 
from Et,O to give white crystals (3.52 g, 44% yield), mp 112- 
114°C. Overlap of 'H nrnr signals made assignments impossible; 
"C nrnr (CDCI,) 6: 21.62, 23.10, 23.26, 23.61, 24.06, 25.34, 
25.73, 27.67, 27.79, 29.03, 29.27, 29.40, 33.29, 42.44, 42.65, 
42.69, 57.27, 57.70, 58.10, 108.03, 122.93, 124.55, 125.29, 
125.44, 127.39, 138.01, 138.35, 138.39, 151.12, 151.54, 154.62, 
184.60, 192.06, 197.87, 198.74, 208.09, 208.71, 208.83 ppm; ms, 
m/z(%): 327 (M", loo), 299 ( 3 3 ,  271 (50), 243 (16), 230 (lo), 
202 (23), 176 (77). Anal. calcd. for C19H21N04: C 69.71; H 6.47, 
N 4.28; found: C 69.47, H 6.41, N 4.31. 

I ,3-Di(2-oxocyclohe.rat1ecarbonyl)benzet~e, 4b 
Following the procedure described above for 4a, isophthaloyl 

dichloride (5.0 g, 24.6 mmol) was used instead. The product was 
recrystallized from CCI, to give white crystals (4.01 g, 5 1% yield), 
mp 125-127°C; I H  nrnr (CDC1,) 6: 1.63 (m, 4H), 1.78 (m, 4H), 
2.41 (m, 4H), 2.50 (m, 4H), 7.49 (t, lH,  J = 7.7 Hz), 7.62 (d, 
2H, J = 7.7 Hz), 7.70 (s, lH), 13.14 (s, 2H) ppm; I3C nmI- (CDCI,) 
6: 21.71, 23.32, 26.31, 32.64, 107.04, 126.72, 127.98, 129.37, 
137.32, 189.92, 190.11 ppm; ms, m/z(%): 326 (M", 30), 298 ( 3 ,  
270 ( 3 ,  229 (loo), 200 (60), 185 (10). Anal. calcd. for C20H2z04: 
C 73.60, H 6.79; found: C 73.22, H 6.83. 

2,6-Di(IH-4,5,6,7-retrahydrobenzopyrazol-3-yl)pyridine, 2a 
Hydrazine hydrate (1.10 mL, 22.6 mmol) was added to a solu- 

tion of tetraketone 4a (3.52 g, 10.8 mmol) in CH2Cl2 (25 mL) at 
room temperature. Precipitation occurred and the reaction was 
complete in 15 min. The product was collected by vacuum filtra- 
tion, with a second crop obtained after evaporation of the solvent. 
The product was recrystallized from MeOH to give white crystals 
(3.43 g, >99% yield), mp 275-277°C; 'H nrnr (CDCI3/CD30D) 
6: 1.88 (br, 8H), 2.73 (br, 4H), 2.85 (br, 4H), 7.46 (d, 2H, J = 
7.9 Hz), 7.81 (t, lH,  J = 7.9 Hz ppm; "C nrnr (CDC13/ 
CD30D) 6: 22.19, 22.55, 22.90, 23.20, 113.73, 118.05, 137.33, 
148.83 ppm. MS, m/z(%): 319 (M", 100),.290 (20), 265 (lo), 205 
(lo), 149 (lo), 95 (8). Anal. calcd. for CI9HllN5. 1 /2H10: C 70.45, 
H 6.69, N 21.62; found: C 70.09, H 6.58, N 21.85. 

(2a)? RuCl, 
Bispyrazole 2a (0.100 g, 0.31 mmol) and RuC12(DMSO), 

(0.080 g, 0.16 mmol) were dissolved in EtOH (5 mL) and the 
mixture heated to reflux for 1 day. The solution turned pink after 
15 min and was a dark purple after overnight reaction. The solu- 
tion was cooled and most of the solvent was removed. Addition of 
ether precipitated the purple complex. This was filtered and washed 
with ether. Recrystallization from CH3CN/H10 gave purple crys- 
tals (0.090 g, 72%), mp > 350°C; uv-vis (EtOH): 432 nm (E = 

4736 M-'  cm-I), 536 nm (E = 15 13 M-' cm-I); 'H nrnr (CDCl,/ 
CD,OD) 6: 1.77 (br, 4H), 1.82 (br, 4H), 2.50 (br, 4H), 2.95 (br, 
4H), 7.93 (d, 2H, J = 7.8 Hz), 8.08 (t, lH,  J = 7.8 Hz) ppm; "C 
nrnr (CDCl,/CD,OD) 6: 20.17, 20.52, 21.23, 21.99, 115.77, 
117.70, 135.22, 142.41, 149.36, 154.01 ppm. Anal. calcd. for 
C38H.,zNl,R~CI,~4H20: C 5 1.72, H 5.70, N 15.87; found: C 5 1.38, 
H 5.16, N 16.00. 

1,3-Di(IH-4,5,6,7-tetrahydt-obet~zopyrazol-3-yl)benzerze, 2b 
Following the procedure described above for 20, the tetrake- 

tone 4b (3.00 g ,  9.4 mmol) was treated with hydrazine hydrate 
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(0.95 mL, 19.5 mmol). The product was recrystallized from MeOH 
to give light brown crystals (2.93 g, >99% yield), mp 164-166°C; 
'H nmr (CDCl,/CD,OD) 6: 1.86 (br, 8H), 2.73 (br, 8H), 7.47 (t, 
l H , J = 7 . 5 H z ) , 7 . 6 0 ( d , 2 H , J = 7 . 5 H z ) , 7 . 8 7 ( ~ ,  1 H ) p p m ; " ~  
nmr (CDCI,/CD,OD) 6: 2 1.94, 22.17, 22.53, 23.45, 1 12.74, 
124.52, 125.25, 128.57, 132.70, 143.49, 144.78 ppm; ms, m/z(%): 
318 (M", loo), 290 (37), 242 (16), 225 (31), 214 (16), 197 (lo), 
13 1 ( lo) ,  95 (30). Anal. calcd. for C,oH22N4CH,0H: C 7 1.97, H 
7.48; N 15.99; found: C 72.29, H 7.32, N 16.12. 

2,6-Di(1 -(pyridi~z-2-yl)merhyl-4,5,6,7-tetrahyclrober1zopyt-mol-3- 
y1)pyriclirze 5a 

Bispyrazole 20 (0.50 g, 1.57 mmol) was dissolved in THF 
(15 mL) and slowly added to a stirring suspension of NaH 
(0.181 g 50% oil dispersion, 3.76 mmol) in THF (15 mL). There 
was an immediate release of H, gas and formation of a white pre- 
cipitate (sodium pyrazolide salt). The resulting mixture was kept 
under Ar and stirred for 2 h at room temperature. Picolyl chloride 
(0.460 g, 3.61 mmol) was added to this solution and the mixture 
allowed to stand overnight. This solution was then washed with 
water and the crude product was isolated by extraction with CH2Cl2. 
Purification was carried out by column chromatography on alu- 
mina using 80:20 Et0Ac:petroleum ether as eluent, and recrys- 
tallization from CH,CN to give light brown crystals (0.540 g, 69% 
yield), mp 167- 168°C; 'H nmr (CDC1,) 6: 1.81 (m, 8H), 2.54 (m, 
4H), 3.01 (m, 4H), 5.45 (s, 4H), 6.90 (d, 2H, J = 7.8 Hz), 7.17 
(m,2H) ,7 .61  (m,2H) ,7 .71  (t, 1 H , J =  7 .7Hz) ,7 .88 (d ,  2H, 
J = 7.7 Hz), 8.56 (d, 2H, J = 4.3 Hz) ppm; ',c nmr (CDCI,) 6: 
21.58, 22.33, 22.93, 23.18, 54.59, 116.30, 119.36, 121.20, 
122.36, 136.41, 137.09, 140.19, 148.07, 149.00, 153.23, 157.21 
ppm; ms, m/z(%): 501 (M+', loo), 424 (20), 409 (45), 3 16 (6), 
251 ( 3 ,  92 (1 1). Anal. calcd. for C31H31N7: C 74.22. H 6.23, N 
19.55; found: C 73.99, H 6.26, N 19.52. 

2,6-Di(l-(2-pyridin-2-yl)ethyl-4,5,6,7-tetra/zyclrobet1zopyr.azol-3- 
y1)pyricline 6a 

Following the procedure described above for 50, bispyrazole 20 
(0.49 g, 1.54 mmol) was treated with 2-(2-pyridiny1)ethyl tosyl- 
ate (1.08 g, 3.90 mmol). Recrystallization from CH,CN gave light 
brown crystals (0.415 g, 51% yield), mp 138-140°C; 'H nmr 
(CDC1,) 6: 1.67 (m, 8H), 2.26 (m, 4H), 2.9 1 (m, 4H), 3.35 (t, 4H, 
J = 6.9 Hz), 4.42 (t, 4H, J = 6.9 Hz), 6.94 (d, 2H, J = 7.8 Hz), 
7.14 (m, 2H), 7.51 (m, 2H), 7.72 (t, lH, J = 7.7 Hz), 7.85 (d, 
2H, J = 7.7 Hz), 8.57 (d, 2H, J = 4.9 Hz) ppm; 'k nmr (CDCI,) 
8: 21.45, 22.47, 22.90, 23.32, 38.96, 48.32, 115.09, 119.04, 
121.53, 123.77, 136.24, 139.70, 147.74, 149.36, 153.54, 
158.66 ppm; ms, m/z(%): 529 (M+', loo), 437 (7), 424 (lo), 332 
( lo), 3 18 (8), 106 (50). Anal. calcd. for C,,H,,N7: C 74.83, H 6.66, 
N 18.51; found: C 74.43, H 6.70, N 18.53. 

2.6-Di(1-(2-(3,5-dimet/~ylpyrazol-1 -yI))ethyl-4,5,6,7-retrc1- 
/zycirobe~lzopyrazol-3-yi)pyridii1e 7a 

Following the procedure described above for 50, bispyrazole 
20 (0.51 g, 1.60 mmol) was treated with tosylate 8 (1.13 g, 
3.85 mmol). Purification was carried out by column chromatog- 
raphy on alumina using 2:98 MeOH:CH,CI, as eluent and recrys- 
tallization from CH,CN to give white crystals (0.522 g, 58% yield), 
mp 140- 142°C; 'H nmr (CDC1,) 8: 1.63 (br, 8H), 1.67 (s, 6H), 
1.94 (br, 4H), 2.22 (s, 6H), 2.85 (br, 4H), 4.39 (s, 8H), 5.67 (s, 
2H), 7.71 (t, lH,  J = 7.7 Hz), 7.81 (d, 2H, J = 7.7 Hz) ppm; "C 
nmr (CDCl,) 6: 9.7 1, 13.37, 20.48, 22.37, 22.72, 23.22, 48.72, 
48.92, 104.74, 115.32, 119.06, 136.25, 140.37, 140.88, 148.05, 
148.28, 153.31 ppm; ms, m/z(%): 563 (M", loo), 467 (18), 454 
(16), 441 (18), 345 (24), 319 (21), 229 (27), 200 (25), 123 (40). 
Anal. calcd. for C3,H4,N9: C 70.3 1, H 7.33; N 22.36; found: C 
70.28, H 7.38, N 22.40. 

2-(3,5-Dirnethyfpyraiol-I-yi) ethyl tosylate 8 
2-Hydroxyethylhydrazine (1.64 mL, 24.2 mmol) was added to 

2,4-pentanedione (2.50 mL, 24.2 mmol) in THF (50 mL) and 
stirred at room temperature for 1 h before the addition of p-tolu- 
enesulfonyl chloride (5.70 g, 30.0 mmol) and triethylamine 
(4.18 mL, 30.0 mmol). The resulting mixture was allowed to re- 

flux overnight. This solution was then stirred vigorously for 1 h after 
the addition of water (30 mL). The crude product was isolated by 
extraction with CH2C1,. Purification was carried out by column 
chromatography on alumina gel using 30:70 Et0Ac:petroleum 
ether as eluent and recrystallization from ether/petroleum ether to 
give white crystals (5.15 g, 72% yield); 'H nmr (CDCI,) 6: 2.11 
(s, 3H, CH,), 2.23 (s, 3H, CH,), 2.44 (s, 3H, CH,), 4.19 (t, 2H, 
J = 5.1 Hz, CH2), 4.31 (t, 2H, J = 5.1 Hz, CH?), 5.72 (s, lH,  
pyrazole H), 7.28 (d, 2H, J = 8.2 Hz, tosyl H), 7.62 (d, 2H, J = 
8.2 Hz, tosyl H) ppm; "C nmr (CDCI,) 6: 10.87 (pyrazole CH,), 
13.28 (pyrazole CH,), 21.55 (tosyl CH,), 47.03 (CH3), 68.56 
(CH?), 105.18 (pyrazole CH), 127.79 (tosyl CH), 129.76 (tosyl 
CH), 132.27 (tosyl C), 140.05 (pyrazole C), 144.81 (tosyl C), 
148.08 (pyrazole C) ppm. 

I ,3-Di(1 -(p~~riclin-2-yl)methyl-4,5,6,7-terrahydrobetzzop~~ra~ol-3- 
yl)bet~zene 5b 

Following the procedure described above for 50, bispyrazole 20 
(0.25 g, 0.79 mmol) was treated with picolyl chloride (0.24 g, 
1.90 mmol). Recrystallization from CH,CN gave light brown 
crystals (0.255 g ,  65% yield), mp 154-156°C; 'H nmr (CDCI,) 6: 
1.87 (m, 8H), 2.53 (m, 4H), 2.78 (m, 4H), 5.42 (s, 4H), 6.89 (d, 
2H, J =  7.8 Hz) ,7 .16(m,2H) ,  7.44(t ,  lH,  J =  7.7 Hz),7.60 
(m, 2H), 7.73 (d, 2H, J = 7.7 Hz), 8.08 (s, lH), 8.55 (d, 2H, 
J = 4.6 Hz) ppm; I3c nmr (CDCI,) 6: 21.61, 22.32, 22.51, 23.32, 
54.60, 114.42, 121.24, 122.31, 125.24, 125.58, 128.63, 134.44, 
137.02, 140.04, 148.15, 149.10, 157.53 ppm; ms, m/z(%): 500 
(M", loo), 408 ( 9 3 ,  315 (20), 250 (7), 93 (32). Anal. calcd. for 
C,?Hj2N6: C 76.77, H 6.44, N 16.79; found: C 76.31, H 6.36, N 
16.64. 

(56)2Fe.3C19 
To a solution of 5b (0.125 g, 0.25 mmol) in EtOH (2 mL) was 

added a solution of FeCI, . 6H20 (0.135 g, 0.50 mmol) in EtOH 
(3 mL). The immediate red-brown precipitate was collected by 
filtration, mp 294-302°C. Yield 91 mg (49%). Anal. calcd. for 
C62H6,C19Fe,NlI: C 51.66, H 4.34; N 11.30, C1 21.44; found: C 
51.45; H 4.63, N 11.09, C1 21.31. 

(5b),FeZ(OAc)C/., 
To a stirring solution of FeCI, . 6H,O (0.108 g, 0.40 mmol) in 

EtOH (10 mL) was slowly added a solution of 5b (0.100 g, 
0.20 mmol) in EtOH (15 mL). A small amount of white precipi- 
tate fonned when half of the ligand had been added. The remain- 
ing ligand was added at 60°C, whereupon the white precipitate 
redissolved. After refluxing for 2 h, HOAc (23 pL, 0.40 mmol) 
and Et,N (56 pL, 0.40 mmol) were added. The reaction mixture 
was refluxed for 6-days, during which the colour changed from red 
to green, and a brown precipitate formed. This was removed by 
filtration (yield 25 mg) and found to be insoluble in all solvents 
tested except hot DMF. The filtrate was rid of solvents and the green 
oily residue was triturated with CH,CN and recrystallized from that 
solvent to give light green crystals (33 mg, 27% yield), mp 181- 
183°C. Anal. calcd. for C9,H99C1,Fe2N,802~H20:C 63.01; H 5.45, 
N 13.50, C1 9.49; found: C 62.79; H 5.48, N 13.79, C1 9.57. 

1.3-Di(I-(2-~~yridit1-2-yl)erhyl-4,5,6,7-tetrahydrober1zopyrazol-3- 
yi)Denzene 6b 

Following the procedure described above for 5a, bispyrazole 20 
(0.11 g, 0.34 mmol) was treated with 2-(2-pyridine)-ethyl tosyl- 
ate (0.25 g, 0.92 mmol). Recrystallization from CH,CN/H20 gave 
light brown crystals (0.090 g, 49% yield), mp 124-126°C; 'H nmr 
(CDC1,) 6: 1.68 (m, 8H), 2.25 (m, 4H), 2.69 (m, 4H), 3.35 (t, 4H, 
J = 7.0Hz),4.41 ( t , 4 H , J =  7 . 0 H z ) , 6 . 9 2 ( d , 2 H , J =  7.8Hz), 
7.13 (m, 2H), 7.46 (t, lH, J = 7.7 Hz), 7.52 (m, 2H), 7.71 (d, 
2H, J = 7.7 Hz), 8.00 (s, 1 H), 8.57 (d, 2H, J = 4.7 Hz) ppm; "C 
nmr (CDCI,) 6: 2 1.35, 22.33, 22.38, 23.35, 39.03, 48.25, 1 13.07, 
121.57, 123.86, 125.10, 125.36, 128.59, 134.56, 136.29, 139.64, 
147,73, 149.32, 158.67 ppm. Anal. calcd. for C,,H3,N6. 1/2H,O: 
C75 .95 ,H6 .94 ,N .  15.63;found:C75.65,H6.51,N 15.63. 
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1,3-Di(1-(2-(3,s-dimethylpyrazol-1 -yl))ethyl-4,5,6,7-tetra- 
hydrobenzopyrazol-3-y1)betzzene 7b 

Following the procedure described above for 5a, bispyrazole 
2b (0.34 g, 107 mmol) was treated with tosylate 8 (0.73 g, 
2.48 mmol). Purification was carried out by column chromatog- 
raphy on alumina using 2: 98 MeOH:CH,CI, as eluent and recrys- 
tallization from CH,CN to give white crystals (0.355 g, 59% y~eld), 
mp 158-159°C; 'H nmr (CDCI,) 6: 1.63 (br, 8H), 1.64 (s, 6H), 
1.9 1 (br, 4H), 2.22 (s, 6H), 2.66 (br, 4H), 4.38 (s, 8H), 5.66 (s, 
2H), 7.44 (t, lH,  J = 7.7 Hz), 7.68 (d, 2H, J = 7.7Hz), 7.97 (s, 
1H) ppm; "C nmr (CDCI,) 6: 9.72, 13.45, 20.48, 22.35, 23.38, 
48.85, 48.92, 104.75, 113.41, 125.12, 125.50, 128.67, 134.52, 
140.47, 140.87, 148.12, 148.38 ppm; ms, m/z(%): 562 (M+', 100), 
466 (30), 453 (7), 440 (lo), 370 ( 9 9 ,  344 (50), 281 (lo), 233 (12), 
185 (1 l),  123 (40). Anal. calcd. for Ci4HJ,N8: C 72.57, H 7.52, 
N 19.91; found: C72.76, H 7.58, N 19.86. 

Macrocycle 9 
Bispyrazole 2a (0.42 g ,  1.32 mmol) and aqueous formaldehyde 

(0.20 mL, 2.67 mmol) were stirred for 2 h at room temperature in 
MeOH (25 mL), before the addition of phenylethylamine (0.17 mL, 
1.32 mmol). Although a deposit soon appeared, the reaction mix- 
ture was left for several months, which resulted in the slow pre- 
cipitation of a thick semisolid. The crude product was obtained by 
decanting off the supernatant. Purification was carried out by col- 
umn chromatography on alumina using CHCI, as eluent, and 
recrystallization from CC14/EtOH to give light brown crystals 
(0.12 g, 18%), mp 144-147°C; 'H nrnr (CDCI,) 6: 1.77 (br, 16H), 
2.55 (br, 8H), 2.83 (br, 8H), 2.74 (br, 4H), 3.10 (br, 4H), 5.09 
(br, 8H), 7.04 (m, 4H), 7.16 (m, 6H), 7.70 (t, 2H, J = 7.6 Hz), 
7.89 (d, 4H, J = 7.6 Hz) ppm; I3c nmr (CDCI,) 6: 21.70, 22.51, 
23.01, 23.28, 33.71, 51.12, 65.90, 125.86, 128.19, 128.66, 
136.24, 116.11, 119.87, 139.18, 140.02, 147.66, 153.41 ppm. 
Anal. calcd. for C5,HMN12 . H20: C 73.54, H 7.02, N 17.74; found: 
C 73.51, H 6.63, N 18.18. 

Extraction experiments 
All operations were conducted at room temperature. Absor- 

bance~ were determined at 380 nm with an Aminco DW-2a UV/ 
VIS spectrophotometer. The picrate salts were dried under high 
vacuum before use. Aqueous solutions of the picrate salts were 
prepared in the 0.01 18-0.029 M concentration range. Aliquots 
(0.4 mL) of the appropriate picrate solution were transferred with 
a Hamilton Gastight syringe into 1 mL Eppendorf tubes. To these 
tubes, 0.4 mL of 0.004-0.005 M CDC1, solutions of the hosts was 
added by syringe. The tubes were covered immediately to prevent 
evaporation, and shaken thoroughly using a Vortex Genie mixer 
for 2 min. The tubes were then placed in a centrifuge for 3 min at 
high speeds. Aliquots of 0.200 mL of the organic phase were 
carefully removed by syringe and transferred to 5-mL volumetric 
flasks, which were then brought to the mark with CH,CN. The 
absorbance of each sample was then determined and the R and K, 
values were calculated according to Cram's equations (19). 

Acknowledgements 

The authors thank the Natural Sciences and Engineering 
Research Council of Canada for financial support and a ref- 
eree for useful suggestions concerning our conformational 
analysis. 

1. T. W. Bell and F. Guzzo. J. Am. Chem. Soc. 106, 61 1 1  
(1984); S.-K. Chang and A. D. Hamilton. J. Am. Chem. Soc. 
110, 13 18 (1988); T. W. Bell and J. Liu. J. Am. Chem. Soc. 
110, 3673 (1988); T. R. Kelly and M. P. Maguire. J. Am. 
Chem. Soc. 109, 6549 (1987); T. R. Kelly, C. Zhao, and G. 
J. Bridges. J. Am. Chem. Soc. 111, 3744 (1989); V. Hegde, 
P. Madhukar, J. D. Madura, and R. P. Thummell. J. Am. 

Chem. Soc. 112, 4549 (1990); T.  W. Bell, A. Firestone, and 
R. Ludwig. J. Chem. Soc. Chem. Commun. 1902 (1989). 

2. A. Alberty. In Physical methods in heterocyclic chemistry. Vol. 
1. Edited by A. R. Katritzky. Academic Press, New York. 
1963. p. 44. 

3. L. G. Sillen and A. E. Martell. Chem. Soc. Spec. Publ. No. 
25, 280 (1971); 369 (1971). 

4. D. L. Jameson and K. A. Goldsby. J. Org. Chem. 55, 4992 
(1990); A. A. Watson, D. A. House, and P. J. Steel. J. Org. 
Chem. 56,4072 (1991). 

5. Y. Lin and S. A. Lang, Jr. J. Heterocycl. Chem. 14, 345 
(1977). 

6. M. Gal, G. Tarrago, P. Steel, and C. Marzin. Nouv. J. Chim. 
9 ,  617 (1985). 

7. G. Stork, A. Brizzolara, H. Landesman, J. Szmuszkovicz, and 
R. Terrell. J.  Am. Chem. Soc. 85, 207 (1963). 

8. D. E. Fenton, J. R. Tate, U. Casellato, S. Tamburini, P. A. 
Vigato, and M. Vidali. Inorg. Chim. Acta, 83, 23 (1984). 

9. D. E. Fenton, C. M. Regan, U. Casellato, and P. A. Vigato. 
Inorg. Chim. Acta, 58, 83 (1982). 

10. I. P. Evans, A. Spencer, and G. Wilkinson. J. Chem. Soc. 
Dalton Trans. 204 (1973). 

11. S. T. Lin, W. Bottcher, M. Chou, C. Creutz, and N. Sutin. 
J. Am. Chem. Soc. 98, 6536 (1976). 

12. D. L. Jameson, J. K. Blaho, K. T. Kruger, and K. A. Goldsby. 
Inorg. Chem. 28 ,43  12 (1 989). 

13. P. Steel and E. C. Constable. J. Chem. Res. Miniprint, 1601 
(1989). 

14. J. Elguero, P. Navarro, and M. I. Rodriguez-Franco. Chem. 
Lett. 425 (1984); J. Elguero, P. Navarro, M. I. Rodriguez- 
Franco, F. H. Cano, C. Foces-Foces, and A. Samat. J. Chem. 
Res. Synop. 3 12 (1985); A. Ramdani and G. Tarrago. Tet- 
rahedron, 37,991 (1981); B. Lupo, M. Gal, and G. Tarrago. 
Bull. Soc. Chim. Fr. 464 (1984); B. Lupo and G. Tarrago. 
Bull. Soc. Chim. Fr. 464 (1984); G. Tarrago, I. Zidane, C. 
Marzin, and A. Tep. Tetrahedron, 44, 91 (1988); J. C. Cuevas, 
J. de Mendoza, and P. Prados. J. Org. Chem. 53, 2055 (1988). 

15. 0 .  Juanes, J. de Mendoza, and J.-C. Rodriguez-Ubis. J. Chem. 
Soc. Chem. Commun. 1765 (1985). 

16. S. Trofimenko. Chem. Rev. 72, 497 (1972). 
17. L. L. Merritt, Jr. and E. D. Schroder. Acta Crystallogr. 9, 801 

(1956). 
18. J.-P. Behr, M. Kirch, and J.-M. Lehn. J. Am. Chem. Soc. 

107, 241 (1985). 
19. S. Moore, T.  Tarnowski, M. Newcomb, and D. J. Cram. J. 

Am. Chem. Soc. 99, 6398 (1977). 
20. T. Iimori, A. Rheingold, D. Staley, and W. C. Still. J. Am. 

Chem. Soc. 111, 3439 (1989). 
2 1. S. J. Lippard. Angew. Chem. Int. Ed. Engl. 27, 344 (1 988). 
22. J. B. Vincent, J. C. Huffman, G. Christou, Q. Li, M. A. 

Nanny, D. N. Hendrickson, R. H. Fong, and R. H. Fish. J. 
Am. Chem. Soc. 110, 6898 (1988). 

23. W. H. Armstrong, A. Spool, G. C. Papaefthymiou, R. B. 
Frankel, and S. J. Lippard. J. Am. Chem. Soc. 106, 3653 
(1984). 

24. P. Gomez-Romero, N. Casan-Pastor, A. Ben-Hussein, and G. 
B. Jameson. J. Am. Chem. Soc. 110, 1988 (1988). 

25. K. Garbett, D. W. Darnall, I. M. Klotz, and R. J. P. Williams. 
Arch. Biochem. Biophys. 135, 419 (1969). 

26. W. H. Arinstrong and S. J. Lippard. Inorg. Chem. 24, 981 
(1 985). 

27. S. Hunig and E. Lucke. Adv. Org. Chem. 4,  1 (1963). 
28. K. D. Karlin, R. W. Cruse, Y. Gultneh, J. C. Hayes, and J. 

Zubieta. J. Am. Chem. Soc. 106, 3372 (1984); A. Borovik, 
L. Que, Jr., V. Papaefthymiou, E. Miinck, L. F. Taylor, and 
0 .  P. Anderson. J. Am. Chem. Soc. 110, 1986 (1988). 

29. S. Hunig, E. Liicke and W. Brenninger. Org. Synth. Collect. 
Vol. 5,  808 (1973). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The solution structures of chiral ~ i ~ +  alkoxides. 11. The roles of diolate basicity and 
side-chain binding group polarity 
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STEPHEN BIANCHET and PIERRE G.  POTVIN. Can. J. Chem. 70, 2256 (1992) 
With a view to reproduce the structure in solution of the Katsuki-Sharpless catalyst (the dimeric complex formed by 

homochiral diisopropyl tartrate with Ti(OiPr),), five C2-symmetric chiral 2,3-butanediols, related to L-threitol but bear- 
ing N-, s - ,  and P-containing groups at the 1 - and 4-positions, were prepared and their reactions with Ti(O'Pr), were ex- 
amined by nuclear magnetic resonance spectroscopy. The 1,4-dithioether formed a non-fluxional2 : 2 tricyclic complex 
entirely analogous to those formed by alkylated sugar derivatives. The related disulfone formed a similar complex, but 
only at low temperatures, probably because of oligomerization at higher temperatures. A symmetric 2: 1 complex also 
formed with excess Ti(O'Pr),, but incompletely and in equilibrium with the 2:2 species. No well-defined complexes were 
formed with pyrazole or phosphine oxide functionalities. However, in the presence of trifluoroacetic acid (TFA), a 1 : 2:  2 
L: Ti:TFA complex was identified with the dimethylpyrazole-containing diol and this resembled the 2:  3 complexes formed 
by tartramides. Generally, the degree of spectral asymmetry and the coupling constant between diolate protons were in- 
strumental in assigning structures and were used to classify all chiral diolate complexes into two groups according to 
whether or not they exhibited metal chelation and diolate bridging. By comparison of the effects of complexation on the 
diolate nuclei, a correlation was found between "C and 'H nmr signal positions and between the pairs of signals in the 
spectra of asymmetric complexes, except in four cases where metal-bound side-chain groups induced a shielding of the 
bridging diolate proton. This could serve as an additional indication of metal chelation and diolate bridging and con- 
firmed that nuclei at bridging positions appeared upfield of terminal ones. Noting that all the diols that readily chelated 
and bridged possessed electron-releasing side chains, while tartrates and tartramides that did not chelate possessed elec- 
tron-withdrawing side chains, the basicity of the diolate oxygens is considered the most important determinant of struc- 
ture. Side-chain polarity was instead found to influence whether or not a well-defined complex could form. 

STEPHEN BIANCHET et PIERRE G.  POTVIN. Can. J .  Chem. 70, 2256 (1992). 
Afin de copier la structure en solution du catalyseur de Katsuki et Sharpless (le dirnkre form6 par un tartrate homo- 

chiral avec le Ti(OIPr),), cinq 2,3-butanediols homochiraux et C2-symetriques, apparent& au L-thrCitol mais posskdant 
des groupements azotCs, sulfurCs ou phosphorks aux positions 1 et 4 ,  furent prepares et leurs reactions avec le Ti(O'Pr), 
furent CtudiCes par la resonance magnetique nucleaire. Comme l'avaient fait trois glycitols alkyles, le diol 1,4- 
di(thioph6nyle) forma un complexe 2 : 2 rigide et tricyclique. La 1,4-disulfone correspondante fit de meme, mais seule- 
ment ti basses temperatures, probablement par tendance 5 oligomeriser a temperatures plus elevees. Un complexe 
symktrique 2 : 1 s'est incomplktement form6 en presence d'excks de T ~ ( O ' P T ) ~  et etait en Cquilibre avec l'espkce 2 : 2. 
Les trois autres diols, par contre, n'ont form6 aucun complexe distinct sauf, avec un 1,4-dipyrazole, en presence d'acide 
trifluoroacCtique (TFA). Ceci donna un complexe 5 rapport 1 : 2 : 2 en diol, titane et acide qui ressemblait aux com- 
plexes 2 : 3 formCs par deux tartramides. En general, la structure d'un complexe pouvalt &tre dkduite en examinant le 
degr6 d'asymmktrie spectrale et la constante de couplage entre protons, et ces cr~tkres pouvaient servir classer tous les 
complexes de diols-1,2 chiraux en deux groupes, selon qu'ils chelatent le titane et pontent les deux mCtaux d'un dimkre 
ou non. En comparant l'effet d'une complexation sur les positions des raies de rmn dues aux noyaux du groupement diol, 
on a trouvk, qu'en general, le dkplacement chimique d'un proton est relie B celui du carbone-13 auquel il est lie et que, 
dans les complexes asymetriques ob les raies sont doublCes, la position d'une raie est reliee a la position de son double. 
Cependant, quatre exceptions 2 ces rkgles Ctaient dues a un blindage du proton du pont par certains groupements ter- 
minaux fix& au titane. Ce phenomkne rCvCla que les raies dus aux noyaux des groupements OCH en position pontante 
sont ti champs plus ClevCs que ceux dus a la position terminale, et peut aussi servir comme indicateur de chelation et de 
pontage. Comme il est devenu apparent que tous les diols relativement acides forment des ponts alors que les tartrates 
et les tartramides, qui sont relativement peu acides, ne pontent pas, c'est l'aciditk du diol qui, plus que tout autre fac- 
teur, determine la structure du complexe qu'il pourrait former, alors que les groupements terminaux ti polarit6 ClevCe 
peuvent nuire i une complexation nette. 

Introduction 

The epoxidation of allylic alcohols by 'BuOOH catalyzed 
by complexes of Ti4+ with tartrate esters (e.g., H21) or tar- 
tramides, the Katsuki-Sharpless epoxidation ( l ) ,  is a rare 
example of a general and catalytic chiral induction system 
(2, 3). We had found that analogous complexes of three non- 
tartrate diol ligands, destined for use in reactions where tar- 
trates would not be compatible (e.g., in enolate chemistry), 
were poorly enantioselective epoxidation catalysts.3 Simi- 

larly, the Sharpless group (3) explored complexes of some 
50 related ligands and also failed to duplicate the success with 
tartrates. w e  suspected that this difference in enantioselec- 
tivity was due to differences in the structures of the com- 
plexes in solution. This was confirmed uDon examination of 
the nmr and mass spectra of the complexes of several li- 
gands (H,l-H,9) with Ti(OiPr), (4). Thus, ligands H22-H24 
gave non-fluxional and strongly asymmetric 2 :2  complexes 
showing little coupling between diolate OCH units, little 
temperature dependence, little concentration dependence, and 

' ~ u t h o r  to whom correspondence may be addressed. 
'~ev is ion  received January 28, 1992. 
". G.  Potvin and P. C. C. Kwong, unpublished results. 

a reluctance to form 2: 1 Ti : ligand species in the presence 
of excess Ti(Oipr),. They were therefore assigned generic 
structure A, essentially that found for Ti,5,(0'Pr), in the solid 
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BlANCHET AND POTVIN 2257 

state (5). On the other hand, Ti,l,(O'Pr), was fluxional, with 
rapid equilibration between free and metal-bound ester groups 
and with rapid TiO'Pr-HO'Pr exchange. At temperatures low 
enough to arrest these exchanges, the spectra showed only 
slight asymmetry but strong coupling between skeletal OCH. 
Further, additional T~(o 'P~),  produced a mixture of 
Ti,ll(O'Pr), and ~ i , l ( O ' ~ r ) ~ ,  which was also fluxional. Upon 
cooling, the latter dominated and the fluxionality disap- 
peared, giving rise to strongly differentiated but weakly 
coupled OCH groups, as had the non-tartrate conlplexes at 
room temperature. With this and other evidence, Ti,l(OfPr), 
at low temperature was assigned structure B, the bicyclic 
analogue of A. The meso analogue, Ti,9(OJPr),, behaved in 
the same way and was assigned an analogous structure. The 
Katsuki-Sharpless catalyst, Ti,lz(O'Pr),, was instead as- 

signed a more open structure lacking the diolate bridges (and 
the metal chelation), C, the same structure that had been 
originally assigned (2) in analogy to the crystal structures of 
the tartrate salts of transition metal ions (6). With the tar- 
tramides H25-H28, no well-defined species formed at 1 : 1 
stoichiometry, i.e., there was no evidence of the solid-state 
structure A in solution, and we suspected that oligomers had 
formed. Tartramides had been used in epoxidation with 
limited success at 2: 1 Ti: tartramide ratio (7) but, in our 
hands, this ratio produced equal amounts of Ti,(tartra- 
mide)z(O'Pr), and free ~ i (o 'Pr ) ,  and one cannot explain how 
such a mixture can produce >75% e.e. without some redis- 
tribution in the presence of substrate and (or) product alco- 
hols. 

10 X: OMS HJ X: OCH, 
11 X: SPh H212 X: SPh 

13 X: S02Ph H214 X: SOZh 

More recently, Finn and sharpless (8) reported extensive 
nmr and ir data for tartrate complexes (and only tartrate 
complexes) and these were interpreted as supporting their 
assignment of structure A to ~ i ~ l ~ ( O ' ~ r ) , .  Their 'H  and I3c 
nmr data matched ours, but these alone are insufficient to 
differentiate between A and C. We disagree, however, with 
some of their interpretations of the ir and I7O nmr data. In 
particular, the metal-bound C=O stretching frequency as- 
signed to ~ i , l ( ~ ' P r ) ,  was higher (1684 cm-') than that as- 
signed to ~i,l,(O'Pr), (1638 cm-'), indicating a weaker bond 
in the former. We think this is due to [2.2.1] bicyclic strain 
in B that is absent in structure C. Complexes from tartrate 
enriched in 170 at the hydroxyls gave rise to two broad 170 

nmr peaks some 64-150 ppm apart. This was believed to 
arise from one terminal and one bridging diolate (as in A). 
The possibility that these peaks arose from two terminal po- 

sitions in different coordination sites (as in C) was dis- 
missed as unlikely, but this was premature as there were no 
examples of signals from bona fide bridging diolates (in fact, 
oligomeric Ti(OEt),, Ti(OBu),, and Ti(OCH2Ph), all showed 
a single peak in the same region) and because the range of 
17 0 signals was very wide (about 560 pprn), even for simple 
hydroxyl 170 signals (about 65 ppm). 

We attribute the success of Ti,l,(OIPr), to fast reactions 
on the pentacoordinate template C and believe that A-like 
templates are unsuccessful because they react slowly and 
allow a poorly enantioselective bimetallic mechanism to 
operate (8). The Sharpless group have discounted a bime- 
tallic mechanism and rather believe that the success of 
~ i , l , ( ~ ' ~ r ) ,  is due to rapid on-off rates for carbonyl bind- 
ing on an A-like template, owing to [2.2.1] bicyclic strain, 
while all other complexes react more slowly than the trace 
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amounts of non-enantioselective Ti(OIPr), that may accom- 
pany them (8). In any event, it remains that the one really 
useful complex was also the only one showing its particular 
nmr spectral features. We believe that one could obtain use- 
ful catalysts for other templated reactions if one could re- 
produce those features with other ligands and we reasoned 
that the more dipolar side-chains in tartrates and tartramides 
and the negatively charged side chains of tartrate anion were 
able to stabilize pentacoordination. Consequently, we have 
prepared and examined ligands H214, H216, H218, and H221 
to test this hypothesis. These ligands bear strongly dipolar 
secondary binding sites one atom further removed from the 

alkoxide oxygen than in H21-H29 and this was expected to 
also relieve some of the [2.2.1] bicyclic ring strain inherent 
in tricyclic 2 :2  structures like A (6). We also examined 
complexation with the precursor to H214,  the bis-sulfide 
H212,  with the expectation that it would behave as had the 
ethers H22-H24. In the end, the results support our struc- 
tural views but our hypothesis was wrong. An examination 
of the body of available data reveals some common trends 
that lead to a predictive rationale for the structures formed 
by chiral diols in general, one formulated in consideration 
of the basicities of the diolate oxygens as well as the polar- 
ities of the side-chain binding groups. 

Experimental section 

General 
THF (dried with K and benzophenone), CH,CN (CaH2), CHzC12 

(PzOS), TFA (PzOS), and Ti(O'Pr), were freshly distilled prior to 
use. CDCI, was dried over Mg(C10,)2. Melting points were ob- 
tained on a Reichert apparatus and are uncorrected. The ir spectra 
were obtained either with neat films on NaCl discs or with mulls 
in KBr on a Perkin-Elmer 1310 spectrometer. Nuclear magnetic 
resonance spectroscopy in CDCli and spectral simulation, to con- 
firm the chemical shifts and coupling constants in ABX systems, 
were performed as before (4b). The EI and FAB mass spectra were 
obtained on a ZAB-80 instrument at the McMaster Regional Centre 

for Mass Spectroscopy, McMaster University. 1,4-Di-0-metha- 
nesulfonyl-2,3-0-isopropylidene-L-threito (10) was prepared by 
the method of Feit (9), using 2 equivalents of Et,N in THF rather 
than pyridine solvent. 

(2R,3R)-I ,4-Bis(phet~ylrhio)-2,3-dihydroxy-2,3-O-isopropyli- 
deneburatte 11 

Dimesylate 10 (1.437 g, 4.52 mmol) and KBH, (1.022 g, 
18.95 mmol) were dissolved in dry HO'Pr (20 mL) in a round- 
bottomed flask, flushed with Ar, and sealed with a septum. While 
stirring at room temperature, Ph2S2 (0.986 g,  4.52 mmol) dis- 
solved in a small amount of HO'Pr was introduced via syringe. After 
stirring for 48 h, the HO'Pr was removed in vclcuo and replaced with 
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B~ANCHET AND POTVIN 2259 

EtOAc. This was washed with H,O, then evaporated to dryness to 
produce a quantitative yield of an orange oil. This was suitable for 
the hydrolysis or oxidation steps. A portion (0.384 g) was chro- 
matographed on Silica Gel 60, using 10% EtOAc in hexanes as 
eluant, to afford 0.330 g of a clear oil (corresponding to an overall 
86% yield); 'H nrnr 6: 7.38-7.16 (m, 10H, Ph), 4.07 (m, 2H, X 
part of ABX system, OCH), 3.27-3.18 (m, 4H, AB part of ABX 
system, CH2), 1.41 (s, 6H, CH3) ppm; "C nmr 6: 135.66, 129.41, 
128.99, 126.31 (Ph), 109.74 (CMe,), 79.01 (OCH), 37.01 (CH?), 
27.30 (CH,) ppm. Anal. calcd. for CI9HZ2O2S2: C 65.86, H 6.40, 
S 18.50; found: C 66.04, H 6.40, S 18.39. 

(2R,3R)-1,4-Bis(pherzylthio)-2,3-dilzydroxybutnne H212 
Crude 11 (0.688 g, 1.96 mmol) was dissolved in MeOH (3 mL) 

containing CF,COOH (5 drops) and the mixture heated to reflux 
for 5 days. After removal of the volatiles in vncuo, the pale yel- 
low solid remaining was triturated with hexanes and recrystallized 
from Et,O to afford 0.426 g (7 1% yield) of a flocculent white solid, 
mp 114.5-1 15.5"C; ' H  nmr 6: 7.37-7.20 (m, 10H, Ph), 3.73 (X 
part of ABX system, 2H, OCH), 3.115 (AB part of ABX system, 
4H, A6 = 0.05 ppm, CH,), 2.63 (d, 2H, OH) ppm; JAB = 14.2, 
J A x  = 9.14, J B x  = 2.68 Hz; I3C nrnr 6: 134.82, 130.08, 129.09, 
126.73 (Ph), 70.25 (OCH), 38.31 (CH2) ppm. Anal. calcd. for 
ClhH1802SZ: C 62.71, H 5.92, S 20.92; found: C 62.47, H. 5.53, 
S 21.80. For complexation at 1 : 1 ratio, 81.0 mg of H212 in 2.0 mL 
of CDC1, was treated with 79 pL of Ti(OIPr), (total [12] = 

132 mM). At 2: 1 ratio, 42.0 mg of H212 and 82 pL of Ti(O'Pr), 
were used in 1.5 mL of CDC1, (total [12] = 91.4 mM). Aliquots 
of 0.5 mL were examined by nmr. 

Ti212,(01Pr),: 'H nrnr 6: 7.42-7.15 (m, 20H, Ph), 4.,8 1 (X part 
of ABX system, 2H, diolate OCH), 4.72 (bm, 4H, O'Pr OCH), 
4.56 (X' part of A'B'X' system, 2H, diolate OCH), 3.31 (AB part 
of ABX system, 4H, A6 = 0.22 ppm, CH,), 3.18 (A'B' part of 
A'B'X' system, 4H, A6 = 0.15 ppm, CH,), 1.20 (d, 24H, O'Pr 
CH,) ppm; J A B  = 13.52, J A X  = 3.29, J B x  = 9.91, J x x .  = 0,  
JAaB, = 12.88, J A r X .  = 4.30, J B , x  = 8.40 Hz; ',c nmr 6: 136.36, 
135.95 (Ari-C), 126.10, 125.95 (Arp-C), 129.41, 128.91, 128.78 
(Ar o-and m-C), 88.41, 83.77 (diolate OCH), 79.28 ( O ' P ~  OCH), 
40.44, 37.38 (CH,), 25.78 (CH,) ppm. 

(2R,3R)-l,4-Bis(pherzylsulfot~y1)-2,3-dihydro.q-2,3-O-isopropyli- 
denebutnne 13 

Crude 11 (0.682 g, 1.97 mmol) in CH2C1, (10 mL) was treated 
with 80-85% meta-chloroperbenzoic acid (2.02 g) in CH,C12 
(50 mL) via a dropping funnel over the course of 4 h at room tem- 
perature. After stirring for 3 days the solvent was removed it1 vnclco 
and the resulting solid was taken up in saturated NaHCO,, then 
extracted several times with CHCl,. The combined extracts were 
dried (MgSO,), filtered, and evaporated. The white solid residue 
was recrystallized from 1 : 1 CH2C12-MeOH to provide 0.655 g, in 
2 crops, of a white solid (81% yield); 'H nrnr 6: 8.07-7.93 (m, 4H, 
Ph), 7.69-7.54 (m, 6H, Ph), 4.33 (m, 2H, X part of ABX sys- 
tem, OCH), 3.57-3.41 (m, 4H;AB part of ABX system, CH,), 
1.22 (s, 6H, CH,) ppm; ',c nrnr 6: 139.47, 133.97, 129.20, 128.18 
(Ph), 1 10.66 (CMe,), 74.49 (OCH), 58.7 1 (CH,), 26.69 (CH,) 
PPm. 
(2R,3R)-1,4-Bis(pherzylsulfony1)-2,3-dlzy&oqb~ctnt~e H2Z4 

Crude 13 was hydrolyzed as was 11. Recrystallization from 
CHCl, afforded an 84% overall yield of a white solid, mp 142.5- 
143°C; 'H nmr 6: 7.92 (d, 4H, o-Ph), 7.70 (t, 2H, p-Ph), 7.60 (dd, 
4H, rn-Ph), 4.17 (m, 2H, X part of ABX system, OCH), 3.36 (m, 
4H, AB part of ABX system, CH1), 1.57 (bs, 2H, OH) ppm; "C 
nmr 6: 138.93 (Ar i-C), 134.29 (Arp-C), 129.56 (Ar o-C), 127.94 
(Ar m-C), 67.79 (OCH), 58.73 (CH,) ppm. Anal. calcd. for 
Cl6HI8o6S2: C 51.88, H 4.90, S 17.31; found: C 51.52, H 4.88, 
S 17.95. 

For complexation at 1 : I ratio, 68.4 mg of H, 14 in 1.75 mL of 
CDCI, was treated with 55 pL of Ti(O1Pr), (total [14] = 106 mM). 
At 2: 1 ratio, 47.3 mg of H,14 and 76 pL of ~i(O'pr) ,  were used 
in 3.0 mL of CDC1, (total [14] = 42.6 mM). Aliquots of 0.5 mL 
were examined by nmr. 

Ti214,(O'Pr),: 'H nrnr (-23°C) 6: 7.99, 7.93 (2d, 8H, Ph o-H), 
7.7-7.3 (m, 12H, Ph), 5.22 (X part of ABX system, 2H, diolate 
OCH), 4.81 (X' part of A'B'X' system, 2H, diolate OCH), 4.12 
(bm, 4H, O'Pr OCH), 3.66 (AB part of ABX system, 4H, A6 = 
0.35 ppm, CH,), 3.52 (A'B' part of A'B'X' system, 4H, A6 = 
0.45 ppm, CH,), 1.15 (d, 24H, 01PrCH3)ppm;JAB = 14.18, J A X  
- - 9.35, J B x  = 0,  J x , x  = 0, JASB, = 14.26, J A r X s  = 8.47, JBzX,  = 0 
Hz; I3C nrnr (-53°C) 6: 138.76, 138.55 (Ar i-C), 134.22, 133.90 
(Ar p-C), 129.35, 129.20 (Ar o-C), 127.91, 127.78 (Ar m-C), 
81.82, 79.47 (diolate OCH), 77.20 (O'Pr OCH), 58.85, 57.71 
(CH2), 25.06 (CH,) ppm. Ti214(0iPr)6: 'H nrnr (- 10°C) 6: 7.99, 
7.93 (2d, 4H, Ph o-H), 7.7-7.3 (m, 6H, Ph), 5.08 (X part of ABX 
system, 2H, diolate OCH), 4.66 (bm, 6H, O ' P ~  OCH), 3.62 (AB 
part of ABX system, 4H, A6 = 0.17 ppm, CH,), 1.25, 1.20 (2d, 
18H. O'Pr CH,) ppm; J A B  = 14.23, J A X  = 9.14, J B X  = 2.68 Hz; 
13c nrnr 6: 139.97 (Ar i-C), 133.50 (Ar p-C), 129.17 (Ar o-C), 
128.45 (Ar m-C), 81.13 (diolate OCH), 78.05, 76.2 (O'P~OCH),  
59.92 (CH,), 26.50, 25.41 (CH,) ppm. 

(2S,3S)-I ,4-Bis(3,5-dimethylpyr-azol-1 -yl)-2,3-dihydroq-2,3-0- 
isopropylidenebutane 15 

In a flame-dried flask capped with a septum and under an Ar at- 
mosphere, a suspension of NaH (0.236 g of a 50% oil dispersion 
freed of oil by petroleum ether triturations, 4.92 mmol) in CH,CN 
(12 mL) was treated with 3,5-dimethylpyrazole (0.379 g, 
3.94 mmol). After the effervescence had subsided, a solution of 10 
(0.625 g, 1.96 mmol) in CH3CN (6 mL) was added via syringe 
through the septum. A condenser and drying tube were attached to 
the flask and the contents were heated to 50°C. After 61 h, the 
solvent was removed in vncuo and the residue was dissolved in 
CH,Cl, (50 mL). After washing with H,O (2 X 50 mL) and back- 
extracting the aqueous phases with fresh CH,Cl, (50 mL), the 
combined organic layers were dried (MgSO,), filtered, and evap- 
orated to dryness, leaving a viscous yellow oil (0.534 g, 85% yield) 
that was quite pure and used as such in the hydrolysis step; 'H nmr 
6: 5.78 (s, 2H, Ar H) ,  4.31 (m, 2H, X part of ABX system, OCH), 
4.16-4.01 (m, 4H, AB part of ABX system, CH,), 2.28, 2.19 (2s, 
2 x 6H, Ar CH,), 1.23 (s, 6H, C(CH,),) ppm; I3C nrnr 6: 147.54 
(Ar CCH,), 140.34 (Ar CCH,), 109.69 (CMe,), 105.24 (Ar CH), 
77.39 (OCH), 49.73 (CH,), 26.78 (C(CH,),), 13.36 (Ar CH,), 
1 1.14 (Ar CH3) ppm. 

(2S,3S)-1,4, -Bis(3,5-dimethylpyrnzol-l-yl)-2,3-dih~~droqbutarze 
H21 6 

Crude 15 (0.406 g, 1.28 mmol) was hydrolyzed in 1 : I MeOH- 
H20 (40 mL) containing 0.5 mL concentrated HCI at 65°C for 
2 days. Cooling, neutralization with excess Et,N, extraction into 
CHCI,, and removal of solvent produced a white solid (8 1 % crude 
yield) that was recrystallized from 20% MeOH in H20.  This af- 
forded 0.212 g (60% yield) of flocculent white material, mp 137- 
138°C; 'H nrnr 6: 5.78 (s, 2H, Ar H), 4.10 (AB part of ABX sys- 
tem, 4H, A6 = 0.08 ppm, CH,), 3.92 (X part of ABX system, 2H, 
OCH), 2.23, 2.18 (2s, 2 x 6H, CH,) ppm; J A B  = 14.02, J A X  = 

6.57, J B x  = 5.07 Hz; 13C nrnr 6: 148.02 (Ar CCH,), 140.24 (Ar 
CCH,), 105.03 (Ar CH), 70.66 (OCH), 50.15 (CH,), 13.36 (CH,), 
1 1 .OO (CH,) ppm. Anal. calcd. for CIJH,,N40,: C 60.41, H 7.97, 
N 20.13; found: C 60.43, H 8.03, N 20.04. 

Titrntiorz reactions involving H2Z6 
(a) With addition of H,16 last: At fixed 1 : 1 TFA: Hz16 ratios, 

0.5 mL aliquots of a CDC1, solution 134 mM in each of Ti(OIPr), 
and TFA in an nrnr tube were treated with 100 pL (0.25 equiv.) 
increments of a 168 mM CDCI, solution of H,l6. For 2: 1 
TFA:H,16 ratios, a stock solution that was 134 mM in ~ i ( o ' P r ) ,  
and 268 mM in TFA was used instead. 

(b) With addition of Ti(OfPr), last: At fixed 1 : 1 TFA: H,16 ra- 
tios, a 400 pL aliquot of a 48.3 mM CDC13 solution of H,16 in an 
nrnr tube was treated with 100 pL of a 195 mM stock solution of 
TFA in CDCI,, then with 25 pL (0.5 equiv.) increments of a 
390 mM stock solution of Ti(OfPr), in CDC1,. Appropriate ali- 
quots of the TFA solution were used to explore 1.5: 1, 2: 1, 3: 1, 
and 4:  1 ratios. 
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Ti216(0COCF3)2(0'Pr)4: Solid diol H216 (22.3 mg) was treated 
with 0.4 mL aliquots of 403 mM TFA and 402 mM ~i(O'pr ) ,  so- 
lutions in CDCI,. A 0.5 mL aliquot of the mixture was used for 
nrnr spectroscopy; 'H nrnr 6: 5.94, 5.79 (2s, 2 X lH,  ArH), 4.99 
(h, lH,  0' Pr OCH), 4.89 (3h, 3H, O'Pr OCH), 4.77 (M part 
of ABMM'A'B' system, lH, diolate OCH), 4.68 (M' part of 
ABMM'A'B' system, lH, diolate OCH) 4.24 (AB part of 
ABMM'A'B' system, 2H, A6 = 0.067 ppm, CH2), 3.81 (A'B' part 
of ABMM'A'B' system, 2H, A6 = 0.233 ppm, CH,), 2.63, 2.29, 
2.22, 2.19 (4s, 4 x 3H, ArCH,), 1.41-1.33 (m, 9H, O ' P ~  CH,), 
1.03, 0.78 (2d, 3H, O'Pr CH,) ppm; J A B  = 14.0, JAM = 6.7, 
J B M  = 5.6, J M M s  = 7.15, . I A s M r  = 1.9; JB ,M'  = 10.6, JArB, = 14.2 
Hz; I3Cnmr6: 151.39, 147.13, 141.83, 141.60 (Ar CCH,), 116.18, 
1 15.49 (2q, CF,, J,, = 289 Hz), 106.46, 105.24 (Ar CH), 87.58, 
85.62 (diolate OCH), 8 1.74, 8 1.07, 79.59, 79.12 (OiPr OCH), 
52.17,50.48 (CH,), 24.6 1,24.49,24.29, 24.2 1,24.18 (O' Pr CH,), 
15.23, 13.05, 1 1.23, 10.96 (Ar CH,) ppm. 

(2S,3S)-I ,4-Bis-(pyrazol-l-yl)-2,3-dihydroxy-2,-3-O-isopropyli- 
detzebutane I 7  

In a procedure entirely analogous to the preparation of 15, an 
8 1% yield of crude 17 was obtained as a pale yellow oil and used 
as such in the hydrolysis step; 'H nrnr 6: 7.51 (d, 2H, J = 1.7 Hz, 
H-3' or H-5'), 7.47 (d, 2H, J = 2.2 Hz, H-5' or H-3'), 6.26 (t, 
2H, J = 2.1 Hz, H-4'), 4.32-4.19 (m, 4H, AB part of ABX sys- 
tem, CH,), 4.09 (m, 2H, X part of ABX system, OCH), 1.24 (s, 
6H, C(CH,)?) ppm; I3c nrnr 6: 139.57 (C-3' or C-5'), 130.67 (C-5' 
or C-37, 109.94 (CMe,), 105.85 (C-4'), 76.78 (OCH), 52.59 
(CH?), 26.8 1 (C(CH3)J P P ~ .  

(2S,3S)-1,4-Bis(pyrazo1-1 -yl)-2,3-dihydt-oxybutane H218 
Crude 17 was hydrolyzed as was 15, and the product was re- 

crystallized from hot EtOAc to provide an 18% (unoptimized) 
overall yield of colourless plates, mp 144- 145°C; 'H nrnr 6: 7.5 1 
(d, 2H, J = 1.6 Hz, H-3' or H-57, 7.44 (d, 2H, J = 2.1 Hz, H-5' 
or H-37, 6.26 (t, 2H, J = 2.1 Hz, H-4'), 4.30 (m, 4H, AB por- 
tion of ABX system, CH,), 3.92 (X portion of ABX system, 2H, 
J ,,, = 2.5, 5.0 Hz, OCH), 3.67 (bs, 2H, OH) ppm; "C nrnr 6: 
139.84 (C-3' or C-5'), 130.8 1 (C-5' or C-3'), 105.69 (C-4'), 70.74 
(OCH), 54.01 (CH?) ppm. Anal. calcd. for CloHl,N,O,; C 54.04, 
H 6.35, N 25.21; found: C 53.88, H 6.16, N 25.30. 

(2R,3R)-l,4-Bis(diphenylphosphitzo)-2,3-dilzydroxy-2,3-0- 
isopropylidetzebutatze P,P1-dioxide 20 

R,R-DIOP (Aldrich, 0.8641 g, 1.73 mmol) in acetone (25 mL) 
was treated with 30 w/w % H202 (0.49 mL). While stirring for 
30 min, a white precipitate formed. The mixture was then evapo- 
rated to dryness and the residue was recrystallized from acetone to 
provide two crops of white needles, mp 218-220°C, amounting to 
86% yield; ir (KBr): 2980, 1435, 1375, 1187, 1120, 895, 695 cm-'; 
'H nrnr 6: 7.8 1-7.74 (m, 8H, Ph), 7.52-7.42 (m, 12H, Ph), 4.16 
(m, 2H, X part of ABX system, OCH), 2.86-2.75 (m, 2H, A part 
of ABX system, CHH), 2.67-2.56 (m, 2H, B part of ABX sys- 
tem, CHH), 1.17 (s, 6H, CH,) ppm; '" nnir 6: 133.73 (d, Ar i-C, 
Jpc  = 43.5 Hz), 132.40 (d, Ar i-C, Jpc  = 43.2 Hz), 13 1.75 (d, Ar 
p-C, Jpc  = 2.7 Hz), 131.65 (d, Arp-C, Jpc = 2.7 Hz), 131.00 (d, 
Ar o-C, J K  = 23.5 Hz), 130.87 (d, Ar o-C, J ,  = 23.5 Hz), 128.59 
(d, Ar m-C, Jpc = 12.1 Hz), 128.42 (d, Ar m-C, Jpc = 12.8 Hz), 
109.20 (CCH,), 76.43 (d, Jpc  = 3.0 HZ, OCH), 33.05 (d, JPC = 

70.5 Hz, CH?), 26.74 (CH,) ppm. 

(2R,3R)-l,4-Bis(diphenylphosplzitzo)-2,3-dihydro,~ybz~tc~ne 
P, PI-diosicle H22 I 

Compound 20 was hydrolyzed as was 11. Recrystallization from 
CH,CN containing 10% MeOH provide a 76% yield of white 
needles, mp 226-228°C; ir (KBr): 3320, 3070, 1435, 1 185, 1 150, 
830,725, 695 cm-I; ' H  nrnr 6: 7.72,7.45 (AB system + m, 20H, 
Ph), 4.61 (bs, 2H, OH), 4.1 l (m, 2H, OCH), 2.75-2.54 (m, 4H, 
CH,) ppm; "C nrnr 6: 133.00 (d, Ar i-C, J,,, = 60.5 Hz), 132.04 
(d, Ar p-C, Jpc = 2.8 Hz), 132.00 (d, Ar p-C, Jpc = 2.7 Hz), 
131.67 (d, Ar i-C, J, ,  = 60.5 Hz), 130.73 (d, Ar o-C, J,, = 

22.7 Hz), 130.60 (d, Ar o-C, Jpc = 22.8 Hz), 128.79 (d, Ar m-C, 
JPC = 12.0 HZ), 128.73 (d, Arm-C, JPC = 11.8 HZ), 69.41 (dd, 
Jpc = 3.2, 10.1 Hz, OCH), 32.08 (d, Jpc = 70.4 Hz, CH2) ppm. 

Results 

The ligands Hz12, H214, H,16, H218 and H,21 were pre- 
pared from 10 in straightforward reactions. Compound H221 
is apparently not new (3, 10) but, to our knowledge, no de- 
tails of its preparation have appeared. We found that the bis- 
phosphine analogue of H,21 spontaneously oxidized in air 
and was always contaminated with H221; it was therefore not 
studied in complexation experiments. 

The bis-sulfide H212 behaved exactly as had the sugar 
derivatives H,2-H24 in complexation. In a 1: 1 mixture with 
T~(o'P~),, HO'Pr was liberated and a single asymmetric 
complex formed. It revealed well-resolved and strongly dif- 
ferentiated ligand 'H and I3c nmr signals, even in the phenyl 
regions. In particular, the diolate OCH signals appeared as 
the uncoupled X portions of separate and overlapping ABX 
systems downfield of free ligand positions. This was en- 
tirely consistent with generic structure A. (Unfortunately, 
both EI and FAB mass spectrometry were totally uninfor- 
mative.) However, the TiO'Pr and HO'R OCH signals were 
unusually broad, indicating rapid ~ i 0 ' P r - H O ' P ~  exchange 
on an otherwise rigid framework, but these sharpened con- 
siderably upon adding excess ~i(O'pr),. (No new species had 
formed with this treatment. Ligands H22-H24 had shown a 
similar reluctance to form 2:  1 species.) We believe that fast 
TiO'Pr-HO'Pr exchange in Ti,l2,(OfR), is due to rapid on- 
off rates for weaker side-chain binding than in complexed 
2-4 owing to [2.2. I ]  bicyclic strain and perhaps to the size 
and softness of the SPh group, and that extra T~(o 'P~),  suc- 
cessfully competes with ~i,l2,(0'Pr),  in that exchange. 

The bis-sulfone H,14, however, behaved very differ- 
ently. Mixing 1 equivalent of each of H,14 and Ti(O'Pr), at 
room temperature (RT) resulted in very broad, indistin- 
guishable 'H and ',c resonances, much as had occurred with 
tartramides H,5 and H,6. However, mixing these while 
cooling in a CHCl,/Dry Ice bath, and monitoring the spec- 
tra while still cold, resulted in a single set of much sharper 
signals readily attributable to an asymmetric 2 :2  A-like 
species. After warming to RT, these signals slowly broad- 
ened and overlapped over a few hours, but there was no sign 
of coalescence during this time, in accord with the forma- 
tion of a fairly rigid A-like structure under conditions of ki- 
netic control while other, perhaps linear and (or) oligomeric 
species formed under thermodynamic control. The spectral 
asymmetry was pronounced here also, yet no TiO'Pr signal 
was visible. Instead, a single, broad O ' P ~  OCH band at 
4.12 ppm, accounting for all O ' P ~  groups, and a single CH, 
doublet appeared. Similarly, a single strong OCH reso- 
nance at 77.2 ppm was observed, along with a broad band 
for HO'Pr OCH and a single CH, signal. Again, excess 
Ti(OIPr), resolved the one OCH resonance into two broad 
heptets at more normal positions, and this seemed to indi- 
cate rapid ~ i 0 ' P r - H O ' P ~  exchanges here too. However, 
unlike with H,12, treatment with a full second equivalent of 
Ti(OfPr), also transformed the broad, featureless RT spec- 
trum to reveal a mixture containing the same asymmetric li- 
gand signals, this time showing no tendency to broaden at 
RT, and a new, symmetric 14-containing species, presum- 
ably Ti,14(OfPr), and accounting for about half the total li- 
gand, along with a corresponding amount of unreacted 
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BIANCHET AND POTVIN 226 1 

~i(O'pr) , .  The new diolate OCH resonance, part of a single 
ABX system, appeared at a position between the two reso- 
nances due to the putative 2:2 species. Single, albeit some- 
what broad, signals were also found in the I3c spectrum. In 
analogy with H21, the following equilibrium could then be 
postulated, with K = 2.9 (with 0.085 M Ti at RT): 

Tartrate H21 had more readily formed its 2: 1 species at RT 
(K -- 240), and that equilibrium had shifted in favour of 
Ti21(0'Pr), upon cooling. Several subtle changes occurred 
upon cooling the 2:  1 mixture of H,14, however, and the 
situation was much less clear than with H,1. The proportion 
of free Ti(O'Pr), was not readily quantified due to signal 
overlap and raised baselines. The ortho phenyl doublets and, 
to a lesser extent, the OCH signals were helpful in follow- 
ing the equilibrium shifts and coalescence/de-coalescence 
phenomena during warming or cooling and revealed that the 
equilibrium shifted toward the right upon cooling with 
aiymmetrization of the 2: 1 signals (a new, smaller pair of 
o-Ph doublets also appeared and signaled a third species) and 
to the left upon heating with coalescence of the 2:  2 signals. 
Similarly, the CH, doublet due to free Ti(oiPr), decreased 
upon cooling and increased upon heating. Apart from the 
appearance of a third species at low temperature, these 
changes qualitatively matched the changes seen with H21 in 
that the putative 2:  1 species was symmetric at RT, became 
asymmetric and more dominant at lower temperatures, and 
merged with the putative 2 :2  species at higher tempera- 
tures. However, there was a greater reluctance to form the 
2: 1 species and the low-temperature OCH signals from both 
2: 1 and 2 :2  species overlapped, which we take to indicate 
that the two have similar ligand environments at low tem- 
perature, unlike what was observed with the corresponding 
2:  1 Ti:Hzl  mixture (4). Thus, if we assign a B-like stmc- 
ture to ~i , l4(0 'Pr) ,  at low temperature (undergoing rapid 
equilibration at RT), then a non-equilibrating A-like struc- 
ture for ~i,l4,(O'Pr), is reasonable, and vice versa. Mass 
spectrometry (EI, FAB) was attempted with the more stable 
2: 1 Ti:H,14 mixture, but the sample nevertheless decom- 
posed during the process and the spectra were uninforma- 
tive. 

To explain the puzzling, rapid ~ i 0 ' P r - H O ' P ~  exchange 
and the signal broadening observed only at 1 : 1 Ti : H214 ra- 
tio, both of which were suppressed or slowed with extra 
T~(o'P~),, we propose the following equilibria, much like 
those proposed to arise with the tartramides (4b), between 
closed dimeric, linear oligomeric, and 2: 1 species, and in- 
volving a small amount of open monomer: 

n Ti(H14)(OfPr), $ (Ti14(O'Pr)l),, O ' P ~  + ( t l  - 1 )  HO' Pr 

Since a well-defined 2:  2 species could be obtained with 
H,14 by forming the complex at low temperature, a similar 
strategy was attempted with the tartramides, since only un- 
resolved spectra had previously been obtained at 1 : 1 stoi- 
chiometry (4b). Unfortunately, ligands H25-H,7 were too 
insoluble to form complexes in cold CDCl, (the complex of 
H28 precipitated from solution). Inverse addition (ligand to 
metal) also failed. The dissolution of CDC1,-insoluble H25 

in the presence of Ti(OIPr), constitutes an inverse addition, 
but this required several hours and also resulted in unre- 
solved spectra. The addition of aliquots of H26 to T~(O'PI-),, 
confirmed the 2: 3 stoichiometry of the only well-defined 
species (4b). 

The bis-pyrazole H216 apparently did not form well-de- 
fined complexes at RT at either 1 : 1 or 2:  1 stoichiometries, 
though liberation of HO 'P~  clearly took place, producing a 
multiplicity of overlapping signals. Cooling or heating failed 
to clarify the situation and no useful assignments could be 
made. We surmised that H216 was too bulky and we there- 
fore examined the unsubstituted analogue H,l8, but with 
similar discouraging results. Bulk was therefore not the sole 
factor. However, a well-defined complex was serendipi- 
tously obtained with material that was later determined to be 
the di-trifluoroacetate salt of H,16, formed when the base 
treatment was accidentally omitted from the work-up of the 
TFA-catalyzed hydrolysis of 15. The preparation of this salt 
was not entirely reproducible as its melting point, and the 
shapes and the positions of its 'H nrnr signals were vari- 
able, depending on the drying time and upon the age of the 
material, and this may have been due to varying amounts of 
trapped TFA. Therefore, this ternary system was instead 
examined by titration of 1 : 1-4 ligand-TFA mixtures in 
CDCl, with up to 4 equivalents of ~i(O'pr) ,  or, equiva- 
lently, of ligand-T~(o'P~), mixtures with TFA at the same 
ratios. These experiments revealed two distinct species giv- 
ing rise to well-resolved spectra. 

At a 2:  1 : 2 Ti-H,16-TFA ratio, by either mode of mix- 
ing, clear spectra of a single asymmetric 16-containing spe- 
cies were obtained, with no sign of unreacted H,l6 or 
Ti(OIPr), and no detectable broad signals due to binary 
T~(o'P~),-TFA complexes (examined in control experi- 
ments). We presumed, therefore, that this stoichiometry also 
represented the molecularity of a ternary complex. Mass 
spectrometry (EI) confirmed this, with fragments at m/z 775, 
725, 72 1, and 716, among others, corresponding to loss of 
-o'P~, cleavage of a side-chain (C,H,N,.), loss of CF3CO0. 
and of two .OIPr, respectively. The signals due to 16 in- 
cluded two aromatic H singlets, one of which was down- 
field of the corresponding position in the spectrum of free 
H,16, and four CH, singlets with one quite downfield of the 
other three, as expected for the binding of one side chain per 
ligand unit. There were also two closely spaced skeletal OCH 
multiplets that were strongly coupled to one another (J  = 
7.15 Hz) and to separate sets of CH, multiplets in an overall 
ABMM'A'B' pattern. One CH, set was relatively narrow 
with nearly equal couplings to the attached OCH but the 
other, shifted upfield, was much wider and showed unequal 
couplings to its attached methine. This coupling pattern, es- 
pecially the strong coupling between skeletal methines, was 
very different from those exhibited by the complexes of the 
other threitol derivatives H22, H212, and H,14. This, along 
with the closely spaced OCH signals, indicated the forma- 
tion here of a different type of complex. Because the same 
spectra were obtained whether TFA was added last or whether 
H216 was added to preformed Ti-TFA complexes, because 
four equally intense TiO'Pr OCH were found, as expected 
for a 2:  1 :2  molecularity (the corresponding OCH heptets 
overlapped), and because of the mass spectral data, the TFA 
was exclusively Ti-bound and not protonating any pyrazole 
groups. One O'Pr group gave rise to a pair of diastereotopic 
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TABLE I .  Complexation-induced displacements in ppm of downfield (6, - Sf) and upfield (6, - Sf) skeletal 
OCH signals, and OCH-OCH coupling constants (J) in Hz 

Entry Complex SdH - S? 6;' - 6; sdc - 6: 6; - 6: J 

" From ref. 4b. 
I' Free H25 is insoluble in CDC1, and af values are not available. AaH = 0.02 ppm. AaC = 1.44 ppm. 

From data in ref. 10. 
" Not reported. 

CH, doublets that were strongly shielded, probably by a 
neighbouring bidentate TFA unit. 

The modest chemical shift differences for the methine 
nuclei and the substantial J value were more reminiscent of 
the 2 : 2 Ti-tartrate and 3 : 2 Ti-tartramide complexes (4b) 
than of the complexes of H,2-H24, H212, or H214, and were 
consistent with a non-chelating, non-bridging mode of li- 
gation. That only one side chain per ligand was metal-bound 
without fast exchange implied a certain rigidity that can be 
rendered by a cyclic structure involving either O'Pr or TFA 
bridges. Of the several such structures that can be drawn, D 
provides two hexacoordinate metals with an even distribu- 
tion of TFA units, although no direct evidence of a bridging 
O'Pr was available and other D-like arrangements cannot be 
ruled out. Similar 7-membered ring structures had been 
proposed to occur in the 3 : 2  tartramide complexes, also 
showing little fluxionality, weak A6 and large J (entries 2 and 
3) (4b). They were also found in a crystalline 4 : 4  tartrate 
complex (1 1). 

With additional Ti(O'Pr), in the mixture (i.e., at 3 : 1 :2  and 
4 :  1 :2  Ti-H,16-TFA stoichiometries) or with more TFA 
present (i.e., at 3:  1:3,  4 :  1 .3 ,  3 :  1 :4 ,  or 4 :  1 :4  stoichiom- 
etries) a new species formed and became dominant. Its 
spectral features were very similar to those of the putative 
2: 1 : 2 species, with only small changes in the positions of 
the side-chain signals. Broad resonances owing to binary Ti- 
TFA species were also present. Mass spectrometry of a 4: 1 : 4 
sample showed fragments attributable to a mixture of 2:  1 :4,  
2:  1 : 3, and 2 : 1 : 2 species at m / z  888 (Ti2l6(TFA),OiPr), 829 
(Ti,16(TFA),(Of Pr)?), 775 (Ti216(TFA)2(0' Pr),), and 725 
(Ti216(TFA),(01 h),-c6H9N2., i.e., cleavage of a side chain), 
among others. Such a mixture could arise by substitution 
during solvent evaporation. At this time, we cannot fully 
account for the new species' spectra but they do show that 
16 adopts a very similar binding mode (i.e., non-chelating 
and non-bridging), as in the putative 2 : 1 : 2 species. 

Unfortunately, the bis-phosphine oxide H221 produced 
unresolved spectra when it was added to either 2 or 1 equiv- 
alents of Ti(OIPr), at room temperature or in the cold. 
Standing, heating, or further cooling failed to improve the 
resolution. We verified that the M group was able to bind 

by mixing the protected form 20 with T~(o'P~),: the CHI 
multiplet and an ortho ArH signal were alone affected. The 
inability of H221 to form a single, well-defined species at least 
helps explain the complete inability of the Ti-H221 mixture 
to induce enantioselective epoxidation (3, 10). 

Discussion 

The premise of our structural assignments, essentially 
whether a diolate moiety is chelating, as in A or B, or not, 
as in C or D, has been based on four criteria: (a )  rigidity, i.e., 
slow or fast intra-ligand and ~ i 0 ' P r - H O ' P ~  exchanges (on 
the nmr timescale), whereby slow exchanges indicate che- 
lation and hexacoordination, and fast exchanges indicate non- 
chelation and more reactive pentacoordinate metals; (b) 
asymmetry in the signals from the diolate moiety (A6), 
whereby strong asymmetry indicates one terminal and one 
bridging OCH unit per diolate moiety while weak asym- 
metry indicates a pair of terminal OCH units; (c) asymme- 
try in side-chain signals, whereby strong asymmetry indicates 
one metal-bound and one free side chain per ligand unit; and 
(d) skeletal conformation, whereby for ligands with one Ti- 
bound side chain, a weak OCH-OCH coupling constant (J)  
is expected from a chelating ligand and a larger J from a non- 
chelating one. Thus, A-like complexes were identified with 
both H,12 and H214, as previously with H22-H,4 (4), and 
species lacking chelation were formed from H,16 and TFA, 
as previously found with H,1, H25, and H26 (4b). The com- 
plexation behaviour of H214, H216, and H,l8, and H221 
certainly did not fit our expectation that their side chains 
might stabilize pentacoordinate Ti and so give complexes 
resembling T i , l , ( ~ ' ~ r ) , .  Instead, the side-chain polarity 
seemed to affect the ease of formation and the stability of 
well-defined 2 : 2 or 1 : 2 complexes. 

Upon examination of the entire body of available nmr data, 
an additional criterion becomes available to further substan- 
tiate our view. Table 1 groups the complexes according to 
the displacements of each of the paired diolate signals in the 
complexes from their positions in the free ligands (6, - 6, 
and 6, - 6,) and according to measured J values. AS de- 
scribed above, two broad groups are apparent: cases with 
large A6 (=6, - 6,) and small J have been associated with 
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BIANCHET AND POTVIN 2263 

FIG. 1 .  Plot of A6' vs. for complexes with J = 6.8-7.2 Hz 
(H) or with J 5 2.25 Hz (0). The least-squares line that excludes 
the four outliers and that passes through the origin has r = 0.95 and 
slope 19.6 + 1.1. If the outliers are "corrected" using interpo- 
lated values from Fig. 2 (f), the regression line has r = 0.93 and 
slope 19.7 t 0.8 (see text). Numbers on the graph are the entry 
numbers of Table I .  

metal chelation and diolate bridging whereas those exhibit- 
ing small A6 and large J have been associated with non- 
chelating and non-bridging modes of ligation. (The meso 
case, entry 6 ,  belongs in the former group even though its 
cis stereochemistry dictates a dissimilar J .)  Included in Table 
1 is the 2 : 2  complex of the homotartrate H,22 reported 
(without a value for J )  by the Sharpless group (10). It fits into 
the large A6-small J group and we thereby agree with the 
A-like structure assigned to it. (It is also noteworthy that 
~ i ,22~(O 'Pr ) ,  was also a poorly enantioselective epoxida- 
tion catalyst.) 

It is reasonable to expect that the I3c signal from an OCH 
grouping be related to its 'H signal in the degree of down- 
field displacement resultin from complexation. Conse- 
quently, the dissimilarity in lgC chemical shifts between non- 
equivalent OCH units in a complexed ligand ( ~ 6 ' )  should 
correlate with the dissimilarity in the 'H positions 
Figure 1 shows that relation: with the exception of 4 out- 
liers (entries 5, 8, 1 1, and 12), one can write A&' = 2 0 A 6 ~  
and (6' - 6:) = 20(zH - 6;). In the four exceptional cases, 
A&' is unusually small or A?jH is unusually large, or both are 
unusual. Remarkably, one can calculate from Table 1 that 
(8,' - 6T) = (0.99 k 0.06)(6: - 6:)/(6,H - 6y) for all but 
the exceptional cases, where (6,' - 6:)/(~,~ - 6:) values 
are unusually large. In other words, though the ratios of I3c 
to 'H displacements vary somewhat from complex to com- 
plex, they are usually very much the same within a complex 
and the downfield positions are correlated to the upfield ones. 
In fact, a plot of (6' - 6;) vs. (sH - 6:) values (Fig. 2) re- 
veals that upfield and downfield partners are connected in a 
straight line to the origin except in those same four cases 

where (6H - 6:) values are unusually small (i.e., their up- 
field OCH signals lie unusually far upfield), leading to the 
large AhH values in Fig. 1. (If the upfield 'H displacements 
are "corrected" in the four exceptional cases by interpola- 
tion to the line joining the downfield partners with the ori- 
gin, then these cases fit the expected correlation of Fig. 1 .) 

There seems to operate a shielding of the upfield OCH in 
only these four cases. According to Marsi and Roe (1 2), 
bridging alkoxide signals are upfield of terminal ones. As 
well, Grindley and Thangarasa (13) recently found that the 
bridging OCH nuclei in diols were less affected by com- 
plexation to Sn than were terminal ones. Such probably also 
applies to these Ti-diolate complexes. In one of the excep- 
tional cases, Ti,l(OIPr),, we had earlier ascribed the far up- 
field position of one of the pair of OCH signals to a shielding 
of the bridging OCH in B by the nearby inward-oriented and 
metal-bound carbonyl (4b) (Fig. 3), an effect not expected 
in the meso analogue of B and not apparent from the spectra 
of ~i ,9(0 'pr) , ,  nor is it expected in complexes lacking che- 
lation. Similar shielding effects appear to be exerted by the 
sulfonyl group of complexed 14, by the dimethyldioxolane 
group of 4 ,  and by the ester carbonyl of 22, and assign- 
ments of A-like structures are therefore fitting. The pyra- 
zole groups of complexed 16 (or 18) might also be expected 
to exert this effect; that none was apparent with the ternary 
complex of H216 further supports the assignment of a non- 
chelating and non-bridging mode of complexation as in D. 
A similar argument also applies to the parent Katsuki- 
Sharpless catalyst, Ti212(O'Pr),: a shielding effect operat- 
ing in B would also be expected in an A-like structure; that 
none was apparent argues against it. 

We have thus far been unable to reproduce the spectral 
behaviour of this catalyst by simply incorporating strongly 
dipolar groups on a threitol skeleton. Similarly, Burns et  al. 
found that ~i ,22, (0 '~r) ,  did not resemble nor behave like 
~ i , l , ( ~ ' ~ r ) , ,  but the 2 : 2 complex of H223 did show ir and 
nmr similarities to that of 1 and was an enantioselective 
epoxidation catalyst for primary allylic alcohols (10). The 
two complexes should therefore have similar structures. 
Unlike Ti,l?(O'Pr),, however, Ti,23,(01Pr), was poor at ki- 
netic selection between secondary allylic alcohol enantiom- 
ers. That observation was arduously rationalized on an A-like 
template (10) but is readily understood in terms of the in- 
creased but detrimental flexibility in a C-like complex with 
two extra methylenes. As these authors have pointed out, the 
major difference between H,22 and H,23 (or H,1) is the ba- 
sicity of the diolate oxygens: the sp2 carbons attached to the 
diol moieties in H,1 and H223 render their diolate oxygens 
less basic than do the sp3 carbons in H222. Indeed, this is the 
major difference between tartrates, tartramides, or H223, 
which have electron-withdrawing side-chains and which give 
small A6 - large J complexes, on the one hand, and all of 
the other ligands giving large A6 - small J complexes with 
electron-releasing side - chains, on the other. The added 
basicity in the latter group stabilizes diolate bridges (chela- 
tion). 

Other effects might conceivably be at play. For instance, 
the choice of chelation by H214 and H222 might have been 
influenced by a reduction in bicyclic strain (to [3.2. I]) that 
the extra methylenes in these ligands afford, but this cannot 
be the dominant influence since chelation was apparently also 
obtained with H,2-H24 and H,12. In fact, the difference in 
C=O chemical shifts between bound and free ester groups 
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FIG. 2. Plots of sC - sfC vs. 6" - SfH for strongly asymmetric complexes (i.e., with J 5 2.25 Hz), including outliers (m) and inter- 
polated values (0) (see text). Numbers on the graph are the entry numbers of Table 1 .  

in Ti,22,(O'Pr)4 was smaller than in Ti,12(OfPr), (2.1 (10) 
vs. =5  ppm (4b) at - 10°C) and v o  for the Ti-bound ester 
group from 22 was higher (1688 (10) vs. 1635 (8) cm-') than 
that from 1. Both observations indicate stronger metal-car- 
bonyl bonds in Ti,12(01Pr),. This is inconsistent with A-like 
structures for both Ti,l,(OiPr), and Ti,22,(OfPr), but is 
consistent with a C-like structure for Ti212(01Pr),. There- 
fore, instead of side-chain polarity or bicyclic strain, we now 
believe that diolate basicity is the most important determi- 
nant of complex structure and, by association, of catalyst 
enantioselectivity. 

The lack of diolate bridging and hexacoordination in Ti21z 

(o'P~), must be due to bicyclic strain: Consider the frag- 
ments of the crystal structures (5) of ~ i , 5 , ( 0 ~ P r ) ~  and Ti,det, 
(ONPhBz), (OEt), (H,det = diethyl tartrate) reproduced in 
Fig. 4.  The main effects of the [2.2.1] bicyclic strain in the 
former are a l ~ n g ~ b r i d g e  (2.173 A)4 and a long bond to the 
carbonyl (2.206 A)', compared to a bridge of normal (14) 
length (averaging 2.00! A)' and a shorter bond to the car- 
bonyl (averaging 2 . 0 8 4 ~ ) ~  in the latter structure lacking such 
strain. Overall, the tricyclic core of crystalline Ti25,(OiPr), 
appears incompletely formed and "spring-loaded" (3, lo),  
at a delicate compromise in the tug of war between bridge 
formation with a poorly basic oxygen and binding to the polar 
carbonyl, a compromise that could not be guaranteed to 
persist in solution (it appears not to (4b)) and that Ti212- 
(o'R),, with less dipolar side-chains, evidently cannot easily 
reach on its own. In the absence of added univalent biden- 
tates like HONPhBz, the 2 :2  tartrate complex appears to 
make do  with pentacoordination, preferring to altogether 
forego the bridge to, instead, strongly bind the carbonyl un- 
inhibited by bicyclic strain. The pentacoordination can ex- 

'From atomic positional parameters (supplementary material, ref. 
5). 

FIG. 4. Partial crystal structures of Ti25z(O'~r), (left) and Ti2det2(0NPhBz)2(OEt)z (right). 
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plain the observed high exchange and epoxidation rates. 
Generally, however, the more basic diolates in non-tartrate 
complexes favour bridging at the expense of side-chain 
binding, leading to lower rates, with two qualifications: too 
polar a side-chain seems to allow complex, ill-resolved 
mixtures (probably of oligomers) to develop, and the pres- 
ence of bidentate TFA ligands obviated the need for H,16 to 
form diolate bridges. 

With respect to the design of chiral Lewis acids for use 
in reactions under strongly nucleophilic or basic conditions, 
we have yet to achieve our goal. However, we are currently 
endeavouring to prepare ligands with base- and nucleo- 
phile-stable, but electron-withdrawing, side-chain groups that 
reduce the diolate basicity and favour C-like structures. 

Acknowledgements 
The authors wish to thank the Natural Sciences and En- 

gineering Research Council of Canada for financial support 
of this work and for a University Research Fellowship to 
P.G.P. 

1. T. Katsuki and K. B. Sharpless, J .  Am. Chem. Soc. 102, 5974 
(1980). 

2. K. B. Sharpless, S. S .  Woodard, and M. G. Finn. Pure Appl. 
Chem. 55, 1823 (1983). 

3 .  M. G.  Finn and K. B. Sharpless. In Asymmetric synthesis. 

Vol. 5 .  Edited by J. D. Morrison. Academic Press, New York. 
1985. p. 247. 

4. (a) P. G.  Potvin, P. C. C. Kwong, and M. A. Brook. J. Chem. 
Soc. Chem. Commun. 773 (1988); (b) P. G.  Potvin, R. Gau, 
P. C .  C. Kwong, and S .  Bianchet. Can. J. Chem. 67, 1523 
(1989). 

5 .  I. D. Williams, S .  F. Pedersen, K. B. Sharpless, and S .  J. 
Lippard. J. Am. Chern. Soc. 106, 6430 (1984). 

6. G.  L. Robbins and R.  E.  Tapscott. Inorg. Chern. 15, 154 
(1976); R.  E. Tapscott, R.  L. Belford, and I. C. Paul. Coord. 
Chern. Rev. 4, 323 (1969). 

7. L. D. L. Lu, R. A. Johnson, M. G. Finn, and K. B. Sharpless. 
J .  Org. Chern. 49, 728 (1984). 

8. M. G.  Finn and K. B. Sharpless. J. Am. Chem. Soc. 113, 113 
(1990). 

9. P. W.  Feit. J .  Med. Chern. 7,  14 (1964). 
10. C. .I. Bums, C. A. Martin, and K. B. Sharpless. J. Org. Chern. 

54, 2826 (1989). 
11. S .  F. Pedersen, J .  C .  Dewan, R.  R. Eckman, and K. B. 

Sharpless. J. Am. Chem. Soc. 109, 1279 (1987). 
12. M. Marsi and D. C .  Roe. Presented at the ACS National 

Meeting, Los Angeles, Sept. 1988. 
13. T .  B. Grindley and R. Thangarasa. Can. J. Chem. 68, 1007 

( 1990). 
14. R. J. H. Clark. In Comprehensive inorganic chemistry. Vol. 

3. Edited by J. C. Bailar, Jr., H. J. Emelkus, R. Nyholm, and 
A. F. Trotrnan-Dickenson. Pergarnon Press, Oxford. 1973. p. 
355. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Reduction electrochimique regioselective d'aroyl-2- ou d'acetyl-2 chromones en 
milieu non aqueux 
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R e p  le 22 janvier 1992 

PATRICK BOUTOUTE et GUY MOUSSET. Can. J .  Chem. 70, 2266 (1992). 
Le comportement Clectrochimique de chromones substitukes en position 2 par des groupements benzoyle et acCtyle a 

CtC CtudiC par voltammttrie cyclique en milieu non aqueux (DMF). La presence d'une fonction phCnol sur le groupe- 
ment benzoyle entraine un phCnon15ne d'auto-protonation. Des n~acroClectrolyses rCalisCes en prCsence d'un donneur de 
proton ont mis en Cvidence une rCduction rCgiosClective de la fonction carbonyle du groupement benzoyle avec la ben- 
zoyl-2 chromone et de la double liaison pour I'acCtyl-2 chromone. L'Clectrochimie permet, par un choix judicieux du 
potentiel, de rCaliser un second transfert Clectronique sur les produits de reduction avec formation de structures dim6res 
thermiquement instables conduisant B des radicaux libres par coupure homolytique d'une liaison carbone-carbone. 

PATRICK BOUTOUTE and GUY M o u s s ~ r .  Can. J. Chem. 70, 2266 (1992). 
The electrochemical behaviour of chromones substituted in position 2 by benzoyl or acetyl groups was studied by cyclic 

voltammetry in a nonaqueous solvent. Self-protonation reactions were observed with compounds possessing a phenol 
function on the benzoyl group. Macroelectrolyses achieved in the presence of a proton donor afford a regioselective re- 
duction of the carbonyl function in position 2 of the benzoyl-2 chromone and of the double bond for the acetyl-2 chro- 
mone. Moreover the further reduction leads to the formation of thermally unstable dimers, which may give homolytic 
cleavage to free radicals. 

Introduction 

Les chromones et leurs dCrivCs sont des molCcules ren- 
contrees frCquemment dans certains mCdicaments dont le 
mCtabolisme fait intervenir une forme rCduite ( 1-4). Notre 
travail est consacrk a 1'Ctude de la rCduction Clectrochimique 
d'aroyl-2 ou d'acCtyl-2 chromones du type : 

- 6 -O-(CH2)2-N(Et)2 , HCI 

Chacun de ces composCs possede, en position 2 du cycle 
chromone, un substituant comprenant une fonction carbo- 
nyle aromatique ou non, conjuguCe avec la fonction cCtone 
a,P-CthylCnique du cycle de la chromone. La reduction 
chimique rCgiostlective de l'une ou l'autre des fonctions 
carbonyles ou de la double liaison est dClicate et fournit 
souvent des melanges de produits ( 5 ,  6). Le comportement 
Clectrochimique des cCtones aromatiques ou a,P-CthylCniques 
aromatiques a donnC lieu B de nombreuses etudes (7- 13) et 
les mkcanismes de leur rkduction sont maintenant bien Ctablis. 
Dans ce travail, nous avons Ctudie la rkduction des chro- 
mones substituCes 1-6 en milieu aprotique (DMF) ou en 

' ~ u t e u r  B qui adresser toute correspondance. 

presence d'un donneur de proton essentiellement dans le but 
de rCaliser des rkductions sClectives des diverses fonctions 
prksentes dans ces molCcules. Ainsi, le choix du potentiel 
impose peut permettre de rCduire uniquement une fonction 
de la chromone. Le produit de la rCaction Ctant lui-meme 
Clectroactif, un nouveau transfert Clectronique peut etre rCalisC 
a un potentiel plus nCgatif que celui du substrat de dtpart, 
avec formation d'un second produit de reduction. Une com- 
plCmentaritC entre les mCthodes chimiques et Clectrochimiques 
a dCja CtC mentionnke dans le cas de thiazines substituCes (14). 

Resultats et discussion 
Cas de la benzoyl-2 chromone 1 

~ t u d e  en milieu aprotique 
En milieu aprotique (fig. I), la benzoyl-2 chromone (BC, 

R = C,H,) se rCduit en deux Ctapes monoClectroniques dont 
les potentiels cle pics sont E,,, = -0,63 V et E,,, = 
- 1,16 V. La diffkrence de potentiel entre les pics ano- 
diques et cathodiques est SE, = 80 mV pour chaque itape 
considCrCe donc comme quasi rkversible. Le premier trans- 
fert correspond a la formation du radical anion et le second 
au dianion : 

Epc 1 

BC + le-  BC; 

Epcz 
BC; + le-  BC'- 

La rCversibilitC du second transfert montre que le dianion 
n'est pas une base tres forte en raison de la dClocalisation 
importante de la charge. Une Clectrolyse au potentiel de la 
premiere Ctape de rCduction, conduite in situ dans l'entrefer 
d'un appareil de RPE a permis d'obtenir le spectre du radi- 
cal-anion BC; (fig. 2). 

Une structure hyperfine est ainsi observCe : elle corres- 
pond aux couplages avec l'atome d'hydrogene port6 par la 
double liaison et avec ceux des noyaux aromatiques. Seule 
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FIG. 1. Voltammogramme de la benzoyl-2 chromone 1 en so- 
lution dans le DMF (C = 5 x lo-3 M), Electrolyte FIG. 3. Voltammog~ammeS de la benzoyl-2 chromone 1 (C = 

Bu,NBF, (0, l  M). Electrode de carbone vitreux v = 0,02 V s-I. lo-' M, dans le DMF. Electrolyte support Bu4NBF4 (0, 1 M). 
Concentration en phCnol (u) c' = 0;  (b) c' = lo-' M. Electrode de 
carbone vitreux v = 0,02 V s-'. 

FIG. 2. Spectre de RPE enregistrC en cours d'Clectrolyse sur 
cathode de Cu/Hg ( A  = 1,5 cm') de la benzoyl-2 chromone (c = 
5 x M). Electrolyte support Bu,NBF, (0,l M). Gain 2,5 x 
lo5. Modulation 1,6 X lo- '  G.  Champ 3270 G. i = 150 FA. 

la constante de  couplage de 1'Clectron avec l'hydrogkne 
CthylCnique a CtC mesurCe. Sa valeur a,,,, = 4,36 G permet 
de dkterminer, par la formule de MacConnell et Chesnut (IS), 
une densit6 de spin assez faible sur ce carbone (p = 0,180). 
Une microcoulomCtrie rea l ide  au potentiel de la premiere 
etape fournit la valeur n = 0,84 F mol-'. 

Etude en rnilieu pr-otique 
Nous avons utilise comme donneur de  proton le phC- 

no1 (PhOH), I'hydrogCnosulfate de tCtrabutyl ammonium 
(Bu,NHSO,) ou I'acide acttique (AcOH), ce demier prCsen- 
tant I'inconvCnient de donner, pour des quantitCs impor- 
tantes d'acide, une ttape de rCduction du proton. 

Des additions successives de phCnol (ou de Bu,NHSO,) 
entrainent une augmentation de  I'intensitC de la premikre 
Ctape de  reduction de la benzoyl-2 chromone sans modifier 
son potentiel (fig. 3) .  Pour un rapport de concentrations 
m = [donneur de proton]/[chromone] = 6 I'intensitC a 
presque doublt ce qui indique que le systeme Cvolue vers un 
stade biClectronique. Une coulomCtrie rCalisCe dans ces 
conditions ( p h ~ n o l ,  m = 6) indique une consommation 
d'electricite correspondant 2 1,6 F mol-I. Parallklement 5 

cette Cvolution, on note la disparition progressive de la 
rCversibilitC de  cette Ctape. Les premieres additions de phCnol 
entrainent une diminution de  I'intensitC de la seconde Ctape 
et I'apparition progressive de deux nouveaux pics de rkduction 
a des potentiels plus ntgatifs (E,,, = - 1,42 V et E,,, = 
- 1,52 V). Ceux-ci peuvent &tre lies la reduction du (ou des) 
produit(s) formCs 2i la premiere Ctape en milieu protique. Nous 
sommes en presence d'un mCcanisme de type biClectronique 
avec protonation du radical-anion intermkdiaire selon : 

1 e- PhOH le- 
BC F BCT- BCH'- BCH- 

(OU BC;) 
PhOH 

BCH2 

Des additions d'acide acCtique entrainent la disparition 
progressive de  la seconde Ctape de  rCduction de  la chro- 
mone et une modification de la prernikre par formation d'une 
prCvague dont I'intensitC croit avec la concentration en  ac- 
ide jusqu'a correspondre ?i un Cchange biklectronique. Une 
coulomCtrie rCalisCe en presence d'acide dans le rapport 
m = [acide]/[chromone] = 5 conduit 5 une consommation 
dlClectricitC Cgale ii n = I ,65 F mol-'. La prCsence d'un prC- 
stade traduit la formation d'une esp6ce plus Clectroactive que 
la chromone elle-mCme. 

AcOH 1 e- 
BC [BC-HOAc] - 

E;c I 

1 e- AcOH 
BCH' - Z- BCH-- > BCH, 

ELC, 

Cornme dans le cas du phCnol, la premiere Ctape de reduction 
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devient irrkversible et son intensit6 augmente aux dCpens de protonation partielle du radical anion par des impuretks acides 
la seconde jusqu'a correspondre a un systkme biklectronique. du solvant (SH) ou par le substrat lui-m&me qui posskde des 

Une macroClectrolyse rCalisCe en presence de deux Cqui- atomes d'hydrogkne en a d'une fonction carbonyle (16). 
valents d'acide acCtique au potentiel de -0,55 V conduit 
apres consommation de 1,69 F mol-' a I'(hydroxy-l ben- ACT + SH (ou AC) 4 ACH' + S- (ou AC-) 
zy1)-2 chromone 7 La seconde Ctape qui disparait en prCsence d'un donneur de 

0 proton est attributCe B la rkduction du radical-anion en di- 
anion 

ACT + le- + AC' 

I 
OH La troisikme &tape dont 1'intensitC est augmentee par addi- 

tion d'un donneur de proton peut correspondre 5 la rkduction 
L'effet attracteur du groupement benzoyle a entraPnC une d'une forme dihydro ACH, rksultant de la protonation du 
localisation prkfkrentielle de I'Clectron cClibataire sur la partie dianion par un mCcanisme ECEC. I1 faut cependant noter que 

I'acCtyl-2 chromone donne lieu 21 d'importants phknomknes 

0-$- de maxima sur electrode de mercure en particulier en presence 
d'un donneur de proton (fig. 4(b)). L1interprCtation des vol- 

OH tammogrammes est de ce fait rendue difficile. 

de la molCcule conduisani a la rkduction de la fonction car- 
bonyle, le carbanion issu du second transfert Ctant vraisem- 
blablement proton6 plus rapidement que la forrne Cnolate. La 
structure du produit est confirmCe par comparaison avec un 
Cchantillon authentique obtenu par rkduction chimique avec 
NaBH,. 

Rkduction de l'acttyl-2 chromone 2 
En milieu aprotique, I'acCtyl-2 chromone (AC) 2 se rCduit 

en trois Ctapes dont les deux premikres sont faiblement 
reversibles (fig. 4(a)). 

Les potentiels des pics sont respectivement E,,, = -0,70 
V,  Epc2 = - 1,15 V et E,,, = - 1,46 V. La premikre Ctape 
conduit par un transfert monoClectronique B un radical an- 
ion relativement instable. 

La faible rtversibilitC de cette etape peut provenir d'une 

Une macroClectrolyse rCalisCe au potentiel de -0,6 V en 
prCsence de deux Cquivalents d'acide acCtique conduit ici a 
la rkduction de la double liaison du cycle chromone avec 
formation de I'acCtyl-2 chromanone 

Rtduction des aroyl-2 chromones substitue'es 3-6 
Ces composCs pourront jouer le r61e de donneur de pro- 

ton par llintermCdiaire de leur fonction phCnol ou chlorhy- 
drate d'amine. Les anions ClectrogCnCrCs en milieu de faible 
acidit6 seront protonCs par le substrat selon un processus 
d'auto-protonation (17-20). Ainsi, les voltammogrammes 
des chromones substitukes 3-6 prksentent tous une Ctape de 

FIG. 4. Voltarnrnograrnrnes de I'acCtyl-2 chrornone 2 (c  = 5 x lo-' M) dans le DMF. Electrolyte support Bu,NBF, (0,l M). Elec- 
trode de rnercure stationnaire. u = 0,l V sC1. Concentration en CH,COOH (a )  c' = 0; (6)  c' = lo-' M. 
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reduction irrkversible C ,  situCe a un potentiel moins nkgatif 
que celui observC pour la benzoyl-2 chromone 1. Nous 
Ctudierons a titre d'exemple (fig. 5) la (dimethyl-3',5' hy- 
droxy-4' benzoy1)-2 chromone ainsi que les ortho et para 
hydroxybenzoyl-2 chromones. Les valeurs des potentiels des 
diverses Ctapes sont rCunies dans le tableau 1 .  Nous pou- 
vons observer que la premikre Ctape de reduction de l'iso- 
mkre ortho-hydroxylC 3 se situe a un potentiel moins nCgatif 
que celle de l'isomkre para 4 (tableau I). Ce phCnomkne 
dCjA observe dans le cas de cCto-alcools (21) est reliC B 
1'Ctablissement pour l'isomkre ortho d'une liaison hydro- 
gkne entre les fonctions phCnol et carbonyle rendant cette 
dernikre plus facilement reductible que pour l'isomkre para 
ou une telle interaction est impossible. L'Ctape de rCduction 
irrkversible C ,  dont le courant limite est supprim6 par addi- 
tion d'un Cquivalent de base (Bu,NOH) correspond lo- 
giquement 2 la reduction du substrat sous sa forme phCnolique 
(BCOH). Le radical-anion form6 : 

est ici proton6 par le dkpolarisant avec formation du radical 
neutre HBC'OH plus facilement rkductible. L'absence de 
rCversibilitC pour le pic C, peut se justifier par l'existence d'un 
deuxikme transfert 2 I'Clectrode (processus ECE) ou par une 
dismutation (DISP) (20, 22). 

BCTOH + BCOH % HBC'OH + BCO- 
I 
I HBC'OH + le- - HBC-OH 

rapide 

HBC'OH + BCTOH + HBC-OH + BCOH 
I 
I Afin de determiner la nature du mCcanisme, nous avons 

rtalisC une Ctude des variations du potentiel de pic E,,, en 
I 

fonction de la vitesse de balayage ou de la concentration. 
Aucune rCversibilitC pour le pic C,  n'est observCe jusqu'a la 
vitesse de 150 V s-I qui est le maximum que nous puissions 
obtenir. Pour le composC 4, la fonction E, = f(1og c,/v) est 
reprCsentCe par une droite de pente dEp/d(log c,,/v) = 
29,9 mV. La variation du potentiel de pic en fonction de c, 
pour une vitesse v = 0, l  V s-I conduit Cgalement a une droite 
de pente dE,/d(log c,) = 29,6 mV par decade de concentra- 
tion. La mesure de la largeur de pic pour diffkrentes vi- 
tesses de balayage (0,l-25 V s-I) fournit une valeur moyenne 
EpI2 - Ep = 58 mV. L'ensemble de ces rCsultats est en ac- 
cord avec un processus de type ECE,, ou DISP 1 (17). 
L'absence de rCversibilitt ne pennettant pas de definir la 
valeur de E, pour le systkme BCOH/BCOH;, il est diffi- 
cile de prCciser lequel des deux mkcanismes intervient dans 
ce cas. Une coulomCtrie rCalisCe au potentiel de 1'Ctape C,  a 
fourni une valeur n = 0,82 F mol-I. 

L'Ctape reversible C2 prCpondCrante en milieu basique, 
correspond i la rkduction de l'ion phCnate : 

EPAZ 

En prksence de base, I'intensitC du pic cathodique C2 aug- 
mente au dttriment de 1'Ctape C ,  qui le prCckde et sa 
rCversibilitC est amCliorCe. Une Clectrolyse in situ dans la 
cavid d'un spectromktre de RPE a permis d'enregistrer le 
spectre du radical dianion en prisence d'un Cquivalent de base 
(fig. 6). 

Le troisikme pic C j  faiblement reversible, dont l'intensitt 
augmente en prksence d'un Cquivalent de base correspond B 
la rkduction de derives carbonylCs form& par destruction de 
la chromone en milieu fortement basique (6). 

La dernikre Ctape C, situCe i potentiel trks rCducteur rend 
compte de la reduction de l'espkce formCe en C, : 

FIG. 5 .  Voltammogramme de la (dimethyl-3',5' hydroxy-4' benzoy1)-2 chromone 5 ( c  = 5 x M) dans le DMF. Electrolyte sup- 
port Bu,NBF, (0,l M). Electrode de carbone vitreux v = 0,02 V s-' .  Concentration en base (Me,NOH) : (a) 0; (b) 5 X lo-' M. 
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TABLEAU 1. Valeurs des potentiels de pic obtenues pour les chro- 
mones 3-6 (c = 5 X lo-' M) en milieu orga~ique aprotique (DMF). 
Electrode de carbone vitreux (A = 7 mm-), vitesse de balayage 
11 = 0,02 V s-I. Les potentiels sont donnts par rapport j. l'tlectrode 

Ag/AgI/I- (Bu4NI 0 , l  M DMF). 

Epc 1 Epcz EPC.3 El,,? 
Chromone ( v )  ( v )  ( v )  ( v )  

"Des phinomknes de maxima perturbent le voltammogramme de ce 
con1posC. 

FIG. 6.  Spectre de RPE enregistrt en cours d'tlectrolyse sur 
cathode de Cu/Hg (A = 2,5 cm-) de la (dimtthyl-3',5' hydroxy- 
4' benzoy1)-2 chromone 5 (c = 5 X M) en presence d'un 
equivalent de base (Me,NOH). Electrolyte support Bu,NBF, 
0 , l  M. Champ 3270 G. Gain 1,6 X lo5 et modulation 1,6 X 

lo- '  G .  i = 40 PA. 

solvant 
BC;O- f l e  -, BC'- 0- BCOH'- 

rapide 

Le trianion qui est une base trks forte est proton6 rapide- 
ment par les impuretes acides du milieu de telle sorte que sa 
rkoxydation ne peut &tre observke. Des additions de base qui 
suppriment sa protonation deplacent son potential vers des 
valeurs plus negatives et ne permettent plus de l'observer de 
manikre nette en raison de la proximitC de la vague de 
rCduction de llClectrolyte. 

En prCsence d'un donneur de proton (AcOH), 1'Ctape C, 

disparait au profit de la premiere C, dont 17intensitC aug- 
mente jusqu'g correspondre a un Cchange bielectronique. 
Lorsque l'addition d'acide est realide i n  presence d'un 
mClange d'(hydroxy-2'-) et d'(hydroxy-4' benzoy1)-2 chro- 
mones 3 et 4, on constate que la protonation a lieu en pre- 
mier avec l'(hydroxy-4' benzoy1)-2 chromone 4, cette 
derniere ne possedant pas de liaison hydrogkne avec la 
fonction carbonyle susceptible de rendre la protonation plus 
difficile (fig. 7). 
~ t u d e  e'lectrochirnique des procluits obtenus par 

e'lectrore'duction en milieu protique de la benzoyl-2 et 
de I'ace'tyl-2 chromone 

L1(hydroxy-l benzy1)-2 chromone 7 et I'acCtyl-2 chro- 
manone 8 obtenues lors des macrotlectrolyses rCalisCes avec 
les chromones 1 et 2 en prCsence d'acide acCtique posskdent 
encore une fonction carbonyle ClectrorCductible. Le vol- 
tammogramme de ll(hydroxy- 1 benzy1)-2 chromone obtenu 
sans addition d'un donneur de est constitue de deux 
pics cathodiques situCs aux potentiels E,,., = - 1,38 V et 
E,c,2 = - 1,64 V et d'un pic anodique dont le potentiel est 
E,, = -0,50 V (fig. 8). Le premier pic cathodique est 
irrkversible alors que le second d7intensitC moindre posskde 
une faible rCversibilit6. Une Clectrolyse au potentiel de  la 
prernikre Ctape n'entraine pas la disparition de la seconde dont 
I'intensite augmente. Des additions d'un donneur de proton 
(AcOH ou Bu,NHSO,) provoquent la disparition de cette 
seconde $tape avec formation d'une vague unique irreversible 
au potentiel de - 1,25 V. Une Ctude du premier pic de 
rCduction en fonction de la vitesse de balayage montre une 
irrCversibilitC totale jusqu'a 150 V s-I. Lorsque la concen- 
tration en depolarisant est augmentee, on constate un 
dCplacement du potentiel de pic vers des valeurs plus posi- 
tives (m, = 12 mV lors ue la concentration varie entre 9 2,5 x 10-% et 2,5 x 10- M). L'ensemble de ces rCsultats 
ainsi que la consommation de 1 F mol-' par Clectrolyse en 
presence d'acide acCtique au potentiel de - 1,25 V suggere 
une dimCrisation rapide des radicaux neutres formes. 

La molCcule de substrat posskde une fonction alcool en 
position benzylique d'une part et allylique d'autre part avec 
des atomes fortement attracteurs. Celle-ci peut jouer le r61e 
de donneur de proton vis a vis des anions klect~ogCdrCs 

La presence d'une faible rCversibilitC pour la seconde Ctape profit de la premiere permet d'envisager a ce stade une 
et le fait qu'un donneur de proton entraine sa disparition au rCduction monoClectronique de la forme anionique : 
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BOUTOUTE ET MOUSSET 227 1 

Des macroClectrolyses ont CtC rtalisCes au potentiel de 
-1,25 V en prCsence de quatre Cquivalents de donneur 
de proton (acide acCtique ou Bu4NHS04). Le produit de 
reduction is016 prCsente une grande instabilitC en solution. 
Les extraits CthCres doivent &tre sCchCs sur sulfate de so- 
dium et non sur sulfate de rnagnksium, ce dernier provo- 
quant l'apparition d'une intense coloration rouge. La prksence 
de traces d'acide entraine irnmkdiaternent l'apparition de cette 
m&rne coloration. Le spectre UV rCalisC avec une solution 
dans CHCl, en prksence d'acide chlorhydrique prksente trois 
nouvelles bandes d'absorption ?i A ,  = 265 nm, A, = 410 nrn 
et A, = 525 nrn (fig. 9). 

Le produit est egalernent sensible 5 la temperature et subit 
une dCcornposition dks 30°C. Les spectres de RMN ont fourni 
avec tous les solvants usuels un ensemble de signaux tres 
Clargis qu'il est impossible d'interpreter en termes de cou- 
plages. Ce phCnomene suggkre la prCsence possible dans la 
solution, d'espkces pararnagnktiques formtes par rupture 
d'une liaison dks que la tempCrature s'Cleve pour atteindre 
celle de la sonde RMN (environ 34°C). Afin de virifier cette 
hypothkse, nous avons rCalisC par RPE une etude de l'influ- 
ence de la ternpkrature sur le produit solide (fig. 10). 

Nous avons pu constater la presence d'especes para- 
magnktiques des la temperature arnbiante, l'intensitk du signal 
augmentant rapidement lorsque la ternpkrature s'Clkve. Un 
spectre infrarouge rCalisC en pastille de KBr montre la 
prCsence de fonctions alcool et l'absence de groupement 
carbonyle. Ce rCsultat est en accord avec une dirnkrisation 
des radicaux de rnanikre prCfCrentielle avec l'atome de car- 
bone de la fonction carbonyle pour formkr le pinacol : 

HOCH HOCH 
I I 

Les analyses ClCrnentaires ont fourni des rCsultats en ac- correspondant 2 la rCduction du radical libre form6 par oxy- 
cord avec cette forrnule (calc. % C : 75,88; % H : 5,13; % dation du carbanion. Avec une Clectrode de rnercure sta- 
0 : 18,97; trouvC % C : 75,35; % H : 5,81; % 0 : 17,02) et tionnaire, 1'Ctape anodique est tres forternent perturbCe par 
le spectre de masse rnontre la presence d'un pic important ?i des phCnornenes d'adsorption. Dans les deux cas, la presence 
m / e  = 253 qui correspond au fragment : d'un donneur de proton entraine sa disparition. 

La faible stabilitC thermique d'un tel dirnkre laisse prCsager 
une rCversibilitC pour la reaction de couplage en raison de la 
rupture hornolytique d'une- liaison carbone-carbone en- 
trainant la formation de deux radicaux 10. La molCcule de 
dimkre possede Cgalement des fonctions alcool en position 
allyliques et benzyliques susceptibles d'entrainer, en prCsence 
de traces d'acide, l'apparition de carbocations d'ou l'tvolution 
du spectre UV-visible. 

Le voltarnrnogramme de ll(hydroxy-1 benzy1)-2 chro- 
rnone 7 obtenu avec une Clectrode de carbone vitreux (fig. 
8) montre un croisement des traces cathodiques et ano- 
diques ainsi que la prksence d'un pic anodique. Un tel corn- 
porternent deji observC dans le cas de dCrivCs halogenes (23) 
peut Etre liC la formation, des le dCbut du balayage retour, 
d'une espkce radicalaire plus facilement rkductible. Le pic 
anodique situC 2 E,, = -0,50 V correspond 5 I'oxydation de 
l'anion form6 apres reduction du radical. Un second ba- 
layage cathodique rCalisC irnrnkdiaternent aprks la rkoxydation 
(fig. 8) montre l'apparition d'un nouveau pic cathodique 

4 
carbocation -> produits 
(UV-visible) 

L'acCtyl-2 chrornanone 8 prCsente, en voltarnrnCtrie cy- 
clique, un seul pic de rCduction E,, = - 1,21 V (fig. 11) et 
un croisernent des traces cathodiques et anodiques encore plus 
marquC que dans le cas precCdent. 

Aucun pic anodique n'est par contre observe dans ce cas 
en raison vraisernblablernent d'une protonation rapide de 
l'anion rnoins conjuguC. La forme tres aigiie du pic catho- 
dique laisse prCsager une dksactivation rapide du substrat par 
les bases ClectrogCnCrCes. Le produit is016 a partir de rna- 
croClectrolyses en prCsence d'acide acCtique a present6 
Cgalernent des caractCristiques d'instabilitk comrne dans le 
cas prkcedent. 

En conclusion, la benzoyl-2 et I'acCtyl-2 chromone ont 
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FIG. 7. Voltammogrammes d'un melange (hydroxy-4' benzoy1)-2 chromone (70%) - (hydroxy-2' benzoy1)-2 chromone (30%) dans le 
DMF (c = 5 x M). Electrolyte support Bu,NBF4 (0,l  M). Evolution en fonction de la concentration en CH3COOH (a) 0; (b) 5 X 

(c)  2 , s  x M. Electrode de carbone vitreux u = 0,02 V s- ' .  

montre des comportements electrochimiques differents. Si 
la premikre conduit, en milieu protique, ii la reduction de la 
fonction carbonyle du groupement benzoyle, la seconde 
permet d'isoler un produit unique correspondant 2 la reduction 
de la double liaison du cycle chromone. Les rCducteurs chi- 
miques (NaBH,) rCduisent seulement la fonction carbonyle 
en position 2 sur le cycle chromone alors que l'action de 
l'hydrogkne en presence de mCtaux divisCs (6) entraine des 
reactions non sClectives affectant les deux fonctions carbo- 
nyles et la double liaison du cycle. 

Partie experimentale 
Techtziqlies Plectrochimiques 

Le dimCthylformamide (DMF) est distill6 sous pression rCduite 
apres avoir CtC sCchC sur carbonate de sodium. L'Clectrolyte in- 
different est le tetrafluoroborate de tCtrabutylammonium ii la con- 
centration de 0 , l  M. Les tensions sont indiquees par rapport ii 
1'Clectrode de rbfkrence Ag/AgI/I- (Bu4NI O,l M dans le DMF). 
L'Clectrode de travail est constituCe soit d'un disque de carbone 
vitreux, soit d'une goutte de mercure stationnaire. Toutes les me- 
sures ont CtC rCalisCes a temperature ambiante apres dCsaCration par 
un courant d'azote ou d'argon. Les voltammogrammes ont CtC en- 
registrCs ii I'aide d'un ensemble Tacussel comprenant un poten- 
tiostat type PRT-20X CquipC d'un gCnCrateur de signaux 
triangulaires et d'un amplificateur de type ADTP. Les differentes 
coulomCtries ont CtC rCalisCes dans une cellule contenant une nappe 
de mercure agitCe pendant toute la durCe de I'Clectrolyse. L'ins- 

tallation comprend un potentiostat PRT 100 et un intCgrateur 
Tacussel IGSN. Chaque essai porte sur environ 25 m de produit 4 correspondant ii une concentration initiale de 5 X 10- M. 

Synthese des substrats 
La benzoyl-2 chromone a CtC obtenue par reaction de Friedel et 

Crafts entre le benzene et le chlorure de l'acide chromone car- 
boxylique-2 (I) ,  ce dernier rCsultant de la reaction du pentachlo- 
rure de phosphore PCIS sur l'acide (24). Dans un rCacteur muni d'un 
agitateur, d'un refrigerant, d'une ampoule ii brome, on introduit 
4,s g de chlorure d'aluminum dans 100 cm3 de benzene. Apres avoir 
refroidi l'ensemble vers 5°C on ajoute tres lentement 3,7 g de 
chlorure d'acide chromone carboxylique-2 en solution dans 40 cm3 
de benzene. L'addition terminCe, on agite pendant 24 h. Le milieu 
rCactionnel est versC sur un melange de 150 cm3 d'acide chlorhy- 
drique et 300 g de glace. La couche benzCnique est dCcantCe, lavCe 
ii l'eau, sCchCe sur sulfate de sodium et CvaporCe. Le produit ob- 
tenu est recristallisC dans 1'Cthanol apres traitement au noir ani- 
mal. Les composCs 3 , 4  et 5 sont obtenus egalement par une kaction 
de Friedel et Crafts ii partir du chlorure d'acide et des phCnols cor- 
respondants en prCsence de AICI, selon le mode opCratoire decrit 
par M. Besson (1). Le compose 6 est prCparC ii partir de 5 par ac- 
tion de K2C03 en prisence de N,N-diCthylamino-2 bromo-1 Cthane 
(1). Un Cchantillon d'acCtyl-2 chromone nous a CtC fourni par le 
Professeur M. Paillard (Laboratoire de chimie organique, Faculte 
des sciences pharmaceutiques de Toulouse) que nous remercions. 
L'(hydroxy- l benzy1)-2 chromone a pu &tre Cgalement obtenu par 
rCduction de la benzoyl-2 chromone par le borohydrure de sodium 
(2). 
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-2,O E / V ( A g / A g l / l - 1  -1,0 

FIG. 8. Voltammogramme de I'(hydroxy-1 benzyl)-2 chromone 7 (c = 5 x M) dans le DMF. Electrolyte support Bu4NBF4 
(0,l  M). Electrode de carbone vitreux u = 0,02 V s- ' ,  (a) [CH,COOH] = 0 et (b) lo-' M. Courbe ( c )  : second balayage cathodique 
apr&s oxydation a -0,50 V, u = 0,10 V - ' .  

FIG. 9. Spectre UV-visible du produit de reduction de 7. ( a )  Solution dans CHCl, c = 2,5 x lo-% + 1 goutte 
dans CHC1, c = 2,5 X lo-%. 

de HC1; (b) solution 

Elec.trolyses prPpnratives 
Toutes les electrolyses preparatives ont CtC effectukes dans une 

cellule a trois compartiments dont la cathode est une nappe de 
mercure et 1'Clectrode auxiliaire une plaque de graphite. Aprks 
Clectrolyse, le catholyte est repris par 500 cm3 d'eau, neutralis6 si 
besoin par I'hydrogCnocarbonate de sodium et les produits de 
reduction sont extraits a 1'Cther. La phase CthCree est ensuite lavee 
a l'eau, sechee sur sulfate de magnesium sauf indication con- 
traire, et evaporte sous vide. 

Techt~iques d'analyses des prod~lits 
Les spectres de RMN 'H et ',c ont etC rCalisCs sur les appareils 

Bruker MSL 300, Varian T60 et Jeol FX60 (RMN "C). 

Les spectres IR ont CtC enregistrCs sur un ensemble Beckmann 
type Acculab 2. 

Les spectres UV-visible ont Cte obtenus avec un spectropho- 
tomktre UV-visible Beckmann type DU-8. 

L'(hydroxy-l benzy1)-2 chromone 7 et l'acCtyl-2 chromanone 8 
ont CtC purifiees sur une colonne de silice Merck Kieselgel 60 avec 
comme Cluant un melange acetate dlCthyle - hexane dans les pro- 
portions 50/50 et 25/75 respectivement pour les compos6s 7 et 8. 

(Hydroxy-l benzy1)-2 chromone 7 : F = 106°C (litt. F = 11 1°C 
(2)); Rdt : 75% (aprks purification). Infrarouge (solvant CHCl,) : 
3360 (OH), 1700 (C=O), 1620 (C=C), 1580 cm-' (aroma- 
tiques). RMN ' H  (G,,,,,/TMS solvant CDCl,) : 4,35 (OH), 5,60 
(HC-O), 6,60 (=C-H), 7 , l  - 8 , l  (H aromatiques). RMN c', 
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FIG. 10. Spectre de RPE du solide obtenu par reduction de 7. Champ 3340 G ( ). Evolution en fonction de la tempkrature : (a )  T = 
290 K; (b) T = 310 K; (c) T = 340 K avec gain 2,5 x 10' et modulation 2,5 x 10-' G; (d) T = 380 K avec gain 4 x 10' et modulation 
1,25 X 10-' G .  

FIG. 11. Voltammogramme de l'acCtyl-2 chromanone en solution dans le DMF c = 5 x lo-' M. Electrolyte support Bu,NBF, 
(0, l  M). Electrode de mercure stationnaire u = 0 , l  V s-I. 

(G,,,,/TMS solvant CDCI,) : 71 (-C-OH), 105 - 168 (carbones atome d'hydrogkne ont fourni les valeurs suivantes (S,,,/TMS . - 

aromatiques et CthylCniques), 176 (C=O). 
AcCtyl-2 chromanone 8 : F = 64°C; Rdt : 55% (aprks puri- 

solvant CDCl,) : 2,23 fication). Son spectre de RMN 'H prCsente en particulier un ('H3i), 2,90 ( 7' ) ,  4,85 

massif ABX caracteristique. Les dCplacements chimiques de chaque - C p H , \  
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off-resonance confirme cette structure (S,,,,,/TMS solvant 

CDCI,) : 25.9 (q, CH,), 38,6 (t, CH,), 81,O 

122, 127, 136 (d, C aromatiques) 160 (s, C aromatiques), 190 et 
205 (s, C=O). Le spectre IR montre des bandes d'absorption 2 
1710 (CH,-C=O) et 1680 crn-' (C=O conjuguk). 
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Phytotoxic metabolites of Phomopsis convolvulus, a host-specific pathogen 
of field bindweed 
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YOULA S. TSANTRIZOS, KELVIN K .  OGILVIE, and ALAN K. WATSON. Can. J.  Chem. 70, 2276 (1992). 
Phornopsis corzvolvulus is a host-specific pathogen which causes leaf spots and anthracnose lesions in the important 

perennial weed Corzvolvulus arvensis (field bindweed). Investigation of the n~etabolites produced by the fungus led 
to the isolation of the known fungal metabolites ergosterol (1) and ergosterol peroxide (2), in addition to four novel 
phytotoxins: the phthalides convolvulanic acid A (3), convolvulanic acid B (4), convolvulol (5), and the a-pyrone 
convolvulopyrone (6). The latter compounds were assigned the structures of 4-carboxy-3-hydroxy-7-methoxy-6-methyl- 
l(3H)-isobenzofuranone (3), 4-carboxy-7-methoxy-6-methyl-1(3H)-isobenzofuranone (4), 4-(hydroxymethy1)-7-me- 
thoxy-6-methyl-l(3H)-isobenzofuranone (5), and 3-[4-methoxy-3-methyl-a-pyron-6-yl]-2-methyl-2-butenoic acid (6) 
respectively. Strong herbicidal activity against C .  arverzsis was observed with compounds 3 and 4 at concentrations of 
3-5 x M. 

YOULA S. TSANTRIZOS, KELVIN K. OGILVIE et ALAN K. WATSON. Can. J .  Chem. 70, 2276 (1992) 
Le Phornopsis convolvulus est un pathoghe sptcifique pour un hBte qui provoque des taches sur les feuilles et des 

lCsions anthracnoses de l'importante herbe persistante Corzvolvr~lus arvensis (liseron des champs). Une etude des metabolites 
produits par le champignon a permis d'isoler I'ergostCrol (1) et le peroxyde d'ergosttrol (2), des metabolites fongiques 
connus, en plus de quatre nouvelles phytotoxines : les phtalides de l'acide convolvulanique A (3) et B (4), le convol- 
vulol (5) et l'a-pyrone, convolvulopyrone (6), auxquels on a attribue les structures respectives suivantes : 4-carboxy-3- 
hydroxy-7-methoxy-6-mCthyl-1(3H)-isobenzofuranone (3), 4-carboxy-7-m6thoxy-6-methyl-1(3H)-isobenzofuranone (4), 
4-(hydroxymCthyl)-7-mtthoxy-6-mCthyl-l(3H)-isobenzofuranone (5) et l'acide 3-[4-mkthoxy-3-methyl-a-pyron-6-yl]- 
2-mCthylbut-2-~noi'que (6). Avec les composts 3 et 4, on a observC de fortes activitts herbicides contre le C .  amensis 
a des concentrations de 3 a 5 X lo-' M. 

[Traduit par la r6dactionl 

Introduction the existence of phytotoxic compounds leading to the for- 

The perennial plant field bindweed (also known as wild mation of necrotic spots in the tissue of young leaf cuttings. 

morning glory) is a serious agricultural problem around the The subsequent investigation into the metabolites produced 

world with the exception of the tropics. Field bindweed in- by P. convolvulus led to the isolation of the two known ste- 

festations are encountered along roadsides and in city green roids 1 and 2,, the phytotoxic phthalides 3, 4, 5 and the novel 

spaces and cultivated lands throughout most of Canada (1) a-pyrone 6 .  

and it has been classified as one of the most important weeds 
worldwide (2). Phenoxy herbicides (3, 4) that are presently 
used for the control of this pest are generally costly and in- 
effective in suppressing its spread (5). 

In the early 1970's, a number of independent studies on 
the biological control of field bindweed were initiated. 
Among them, insects and gall mites were considered (6, 7) 
but were found to be inadequately host-specific causing 
damage to crop plants in addition to the weed. Fungi which 
are pathogenic to field bindweed present an alternate possi- 
bility for its biological control. The fungus Phornopsis con- 
volvulus is a pathogen that was recently isolated and classified 
(8) and that infects field bindweed causing nectrotic lesions 
surrounded by yellow haloes, characteristic of phytotoxin 
production (9). Leaf-puncture bioassays (10) on bindweed 
using cell-free extracts of P. convolvulus, further supported 

'present address: Department of Chemistry & Biochemistry, 
Concordia University, Montreal, Que., Canada H3G 1 M8. 

'~u thor  to whom correspondence should be addressed, Vice 
President Academic, Acadia University, Wolfville, N.S.,  Canada 
BOP 1x0. 

Results and discussion 

Phornopsis convolvulus cultures were grown on moist 
barley grains at room temperature for periods of 28-30 days. 
The extracellular metabolites were initiallv extracted by 
washing the grains with methanol and then-partitioned be- 
tween ethyl acetate and dilute aqueous HCl (pH -3). Bio- 
logical activity was found only in the organic layer and its 
mixture of metabolites was further partitioned between 
CHzClz and aqueous NaHCO,. Phytotoxicity against both 
Lernrza plants and field bindweed cuttings was observed with 
both extracts, but the aqueous extract was significantly more 
potent. 

Analysis of the metabolites dissolved in the CHzClz layer 
revealed the presence of two major compounds, metabolites 
1 and 2 ,  which were purified by flash column chromatog- 
raphy (1 1) and preparative thin-layer chromatography. The 
remaining minor components of this extract were void of 
biological activity. 

3~pecial precautions to avoid exposure of the P.  cor~volvulus 
metabolites to air and ordinary light were not taken. 
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TABLE 1 .  Nuclear Overhauser enhancement ( 'H  NMR, 300 MHz, acetone-&) 

Compound 3 Compound 5 

6 6 
(irradiated H) NOE (%) (irradiated H) NOE (%) 

6.91 (H-3) None 5.22 (H-3) H-4', 7-OMe (<2%) 
- 4.66 (H-4') H-5 (12%), H-3 (3%) 
8.09 (H-5) 6-Me (14%) 7.31 (H-5) 6-Me ( 5 % ) ,  H-4' (2%) 
2.35 (6-Me) 7-OMe ( lo%),  H-5 (4%) 2.26 (6-Me) H-5 (6%), 7-OMe (2%) 
4.14 (7-OMe) 6-Me (14%) 3.90 (7-OMe) 6-Me (<2%), H-5 (<2%) 

The structural assignment of metabolite 1 was based pri- 
marily on its spectral data, which was identical to that of er- 
gosterol ( 12, 13). The NMR data and high resolution MS of 
metabolite 2 led to its identification as ergosta-6,22-dien- 
5a,8a-epidioxy-3-01, better known as ergosterol peroxide (2). 
Biological testing of this compound on Lemna plants and 
bindweed leaf-cuttings showed weak toxicity to both, indi- 
cating that it may play a role in the disease symptoms ob- 
served on bindweed when infected with P. convolvulus (14). 

Purification of the phytotoxins dissolved in the aqueous 
NaHCO, solution proved to be unsuccessful using either silica 
gel or cellulose chromatography. However, flash column 
chromatography on C 18 reverse phase silica, prepared using 
Evans' procedure (15) led to a moderate separation of its 
components. Fractions found to have activity against both 
Lemna and bindweed plants (fractions 18-2 1 , 40-60% 
MeOH in H,O) were further purified by HPLC, yielding 
metabolites 3-6. 

CH~O*~' a 
H - 

- - COOH 

3, R' = OH, R* = COOH 
4, R' = H, R2 = COOH 
5, R'  = H, R' = CH20H 

Based on the 'H, NOE (Table l ) , " ~  NMR (Table 2), 
APT, and DEPT NMR data of metabolite 3 both structures 
3 and 7 or their tautomeric mixture were considered possi- 
ble. The IR spectrum of metabolite 3 showed an OH ab- 
sorption at 338 1 cm-I, -C=C- absorption at 1613 cm-I, 
and carbonyl absorptions at 1728 and 1773 cm-' due to a 
carboxylic acid and a phthalide-type lactone. In addition, 
(NH,)CI MS was consistent with an elemental composition 
of C,lH,,O, for this compound. Final proof in sup ort of P structure 3 was obtained through low tem erature H-"C 
coupled NMR experiments and literature lPC NMR values 
of related com ounds. 

73 Most of the C NMR experiments were conducted at very 
low temperatures (-45 to -55°C). At higher temperatures 
the signals at 6 165.7 and 12 1.9 were either very broad or 
non-observable (16). In the fully coupled spectrum of 3 the 
expected 'J and coupling constants were observed for C-5 

(6 139.3), C-3 (6 97.4), 7-OMe (6 62.6), and 6-Me (6 15.7). 
The signal of C-5 appeared as a doublet of quartets due to 
additional long-range coupling with the protons of the 6-Me 
('J = 162 Hz, = 5 HZ). Similarly, 6-Me (6 15.7) ap- 
peared as a quartet of doublets (IJ = 128 Hz, = 5 HZ) 
which collapsed to a simple quartet upon decoupling of H-5. 
The C-3 carbon appeared as a doublet ('J = 179 Hz) which 
collapsed to a singlet upon irradiation of the proton at 6 6.91 
(H-3). The quaternary carbons at 6 121.9 and 118.3 were 
singiets in all spectra and they were assigned to C-4 and C-7a 
respectively. The multiplets of the quaternary carbons at 6 
134.2 and 160.5 were assigned to C-6 and C-7 respectively 
in structure 3 or C-6 and C-5 in structure 7, since both of 
them showed long-range coupling with the methyl and 
methoxy protons. 

Both carbonyl carbons (C-I: 6 166.4, 'J = 4 Hz; C-4': 6 
165.7, = -2.5 Hz) and the C-3a signal (6 149.4, = 
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C A N .  J .  CHEM.  VOL. 70, 1992 

TABLE 2. I3c NMR (300 MHz, -52'C, acetone-&) of convolvulanic acid A (3) 

C Decoupled 6 Calculated 6 H-C coupled H-3" H-5" 

1 166.4 - 167 d; 'J,.H' = 4 HZ S d 
4'" 165.7" - d; 'J = -2.5 Hz s(br)" s(sh) 
7 160.5 161.6 m m m 
3~ 149.4 152.5 d; ' J C . ~ 5  = 7.7 HZ d S 

5 139.3 139.3 d,  q; 'J = 162 Hz d,  ¶ ¶ 
d; "c.M, = 5 Hz 

6 134.2 133.6 q; 2 ~ C . M e  = 6 HZ 9 9 
4" 122.0" 119-124 s s s 
7a 118.3 117.7 s s s 
3 96.0 96.0 d; 'J = 179 Hz s d 
7-OMe 62.7 63.1 q; 'J = 146 Hz q ¶ 

- 6-Me 15.7 d, q; 'J = 128 Hz d ,  q 9 
'JC.,, = 5 Hz 

"Decoupled proton. 
"Broad signals at room temperature. 
'Broad signal due to "J coupling between C-4' and H-3 of - 1-2 Hz. 

7.7 Hz) appeared as doublets in the fully coupled spectrum. lactone carbonyl of compound 7 should be observed, whereas 
Selective decoupling of the aromatic proton ('H: 6 8.09) led 5~ coupling with the carboxylic acid should be insignificant. 
to the collapse of the doublet of the C-3a and of the carbox- In addition, selective decoupling of H-3 (6 6.91) led to the 
ylic acid doublet, but had no affect on the doublet of the collapse of the lactone carbonyl doublet to a sharp singlet, 
lactone, as would be expected for structure 3. However, these leaving the carboxylic acid signal as a doublet, further sup- 
results would be unlikely if tautomer 7 was the correct porting 3 as the correct structure. 
structure; 3~ coupling between the aromatic proton and the 

H 

COOH 

Metabolite 3 did not exhibit any optical activity due to 
spontaneous racemization via its aldehyde - carboxylic acid 
tautomer. However, since only one set of NMR signals was 
observed (even at -55"C), the lactone 3 must be by far 
the most predominant structure. A literature search for 
structurally related compounds revealed, among others, the 
natural product 4-fomyl-3,5-dihydroxy-7-methoxy-6-methyl- 
l(3H)-isobenzofuranone (8), an antibacterial metabolite of 
Aspergillus duricaulis (16). Considering the structural sim- 
ilarities between metabolites 3 and 8, it was expected that 
approximate chemical shifts for the 13c NMR of 3 could be 
calculated from those of 8 using empirical parameters for 
substituted benzene rings (17). In fact, all calculated values 
were found to be within 0-3 ppm from the experimental shifts 
of 3 and they are shown in Table 2. The I3c NMR data of 
several other naturally occurring (18) and synthetic phthal- 
ides (19) were also considered. On the bases of all the 
evidence, the structure of 3 was assigned to 4-carboxy-3- 
hydroxy-7-methoxy-6-methyl-1(3H)-isobenzofuranone and 
it was given the trivial name convolvulanic acid A. 

Compound 4 was the second water-soluble toxin of P. 
conl~olvulus to be isolated. Its 'H, I3c (Table 3), APT, and 
DEPT NMR spectra were almost identical to those of 3 ex- 

cept for one signal, whose change suggested that the C-3 
hydroxyl substituent of 3 had been replaced by a proton in 
4. The IR data was also consistent with structure 4 and high 
resolution (NH3)CI MS gave a molecular ion of mass 
223.0621 (M+ + l ) ,  supporting the elemental composition 
of C,,H,,O, (calculated mass for M+ + 1 is 223.0606). 
Hence, the chemical structure of 4-carboxy-7-methoxy-6- 
methyl- l(3H)-isobenzofuranone (4) and the trivial name of 
convolvulanic acid B were proposed for this compound. In 
addition, 'H-'" fully coupled and selectively decoupled 
NMR experiments were carried out and all of the data ob- 
tained were in complete agreement with the proposed struc- 
ture (Table 3). The "C chemical shifts of the known 
compound 4-formyl-5-hydroxy-7-methoxy-6-methyl-1(3H)- 
isobenzofuranone (9) (20) were used to calculate "theoreti- 
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TABLE 3. 13c NMR (300 MHz, -52"C, acetone-d6) of convolvulanic acid B (4) 

C Decoupled 6 Calculated 6 H-C coupled H-3" H-5" 

1 168.4 -168 s(sh)' s(br) 
4'* 166.4~ - s(br) s(br) ~(sh)" 
7 161.2 162.0 m m m 
3a 150.7 153.1 m d; 3 ~ c . H 5  = 7.8 Hz s(br) 
5 138.8 140.3 d, q; 'J = 162 Hz d, q q; 3 ~ C . H 9  < 5 HZ 
6 132.2 131.8 q; ' J C - ~ M E  = 6 HZ q q 
4" 120.5~ 118.0 s s s 
7 a 117.6 116.7 s s s 
3 70.9 -68 t; 'J = 159 Hz s t 
7-OMe 62.6 62.2 q; 'J = 146 Hz q q 

- 6-Me 15.6 d; q; 'J = 128 Hz d, q q 
3 ~ C . H 5  = -4.5 Hz 

"Decoupled proton. 
"road signals at room temperature. 
'Sharpening of signal indicates the removal of coupling having a very small J value 

TABLE 4. 13C NMR (300 MHz, -52"C, acetone-d6) of convolvuIo1 (5) 

C Decoupled 6 Calculated 6 H-C coupled H-8" H-5" 

"Decoupled proton. 

cal" shifts for metabolite 4 and the results obtained were in 
close agreement with the experimental values (Table 3). 

The third pththalide (metabolite 5) was sufficiently solu- 
ble in CDCI, to permit a complete proton spectrum to be 
observed (Table 1). Close similarities between 4 and 5 were 
observed in the 'H, NOE (Table l), I3c (Table 4), DEPT, 
and APT NMR spectra. One extra methylene carbon (6 62.2) 
was observed in the I3c NMR spectrum and of the six qua- 
ternary carbons only one had the appropriate chemical shift 
for a carboxylic acid or lactone (6 17 1.2); the remaining 
quaternary signals had the chemical shifts very close to those 
of C-3a, C-6, C-7, and C-7a of metabolite 4 and one was 
approximately 10 ppm downfield from the C-4 carbon of 4. 
The room temperature "C NMR spectra of 5 did not show 
any broad signals nor did it show any changes when re- 
corded at low temperatures. These observations, coupled with 
the fact that a carbonyl carbon was lost and a -CHI-OH 

had appeared, suggested that metabolite 5 was a reduced 
analogue of 4. NMR data obtained from 'H- '~c fully cou- 
pled and selectively decoupled experiments were in com- 
plete agreement with the proposed structure (Table 4). 

In addition, the IR (CHCI,) of metabolite 5 showed ab- 
sorptions for only one carbonyl, a lactone at 1762 cm-'. High 
resolution (NH3)CI MS gave a molecular ion of 209.0814 
(M' + l ) ,  suggesting an elemental composition of CllH1204 
(calculated mass: 209.08 14). Taking into consideration all 
of these data the structure of 4-(hydroxymethy1)-7-me- 
thoxy-6-methyl- 1 (3H)-isobenzofuranone and the trivial name 
of convolvulol were proposed for 5. The "C NMR chemi- 
cal shifts of the literature compound 5-hydroxy-4-(hydroxy- 
methyl)-7-methoxy-6-methyl- l(3H)-isobenzofuranone (10) 
(16) were used in order to calculate "theoretical" chemical 
shifts for 5. All of the calculated shifts were within 2 ppm 
of the experimental values (Table 4). 

The last compound (6) isolated from the aqueous phyto- 
toxic extract of P. corzvolvulus shared many spectral simi- 
larities with the previous metabolites. Its 'H NMR showed 
two methyls (6 1.87 and 2.42), a methoxy (6 4.04), and two 
single olefinic protons (6 6.62 and 6.91) without coupling 
between any of the signals. The proton at 6 6.91 exhibited 
positive NOE effects with both the methyl at 6 2.42 and the 
methoxy at 6 4.04 (Table 5). 

The NMR of 6 showed a total of 1 1  carbons as in all 
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CAN. J.  CHEM. VOL. 70, 1992 

TABLE 5. NMR data of convolvulopyrone (6) 

'H (6) NOE" cOSY~ I3c (6) HETCOR~ 

C- 1 
C-2 

H-3 (6.62) 2-Me, H-5' C-3 
C-2' 
C-3' 
C-4' 

H-5' (6.91) 4'-OMe (4%), and 3'-Me, H-3, C-5' 
2-Me (3%) and 4'-OMe 

C-6' 
2-Me (2.42) H-5' (10%) 2-Me 
3'-Me (1.87) 3'-Me 
4'-OMe (4.04) H 5' (12%) H 5' 4'-OMe 

(169.4 (br)) 
(143.2) 
(121.8) 
(167.9) 
(105.3) 
(166.4) 
(98.4) H-5' (6 6.91) 

"Resonance in 'H column irradiated. 
bCorrelations with signal in 'H column (COSY) or "C column (HETCOR). 

previous cases. A broad carboxylic acid signal (6 169.4), a 
lactone (6 167.9), an olefinic carbon to which the methoxy 
group was attached (6 166.4 ppm), a methoxy (6 5 7 . 3 ,  and 
two methyls (6 13.6, 8.8) were observed. The differences 
between 6 and the three phthalides were much more evident 
in the APT NMR spectrum. Three quaternary carbons at 6 
159.2, 143.2, and 105.3 were observed, all of which had a 
shift difference of at least 10 ppm from the possibly equiv- 
alent carbons of compounds 3, 4, and 5 (C-3a, C-6, C-7a, 
respectively). In addition, there were two tertiary carbons at 
6 98.4 and 121.8, of which the latter was broad in the nor- 
mal ',c NMR and almost nonobservable in the APT spec- 
tra. 

The IR spectrum showed absorptions characteristic 
of conjugated carboxylic acids and a-pyrones (1717 and 
1707 cm-I) and high resolution (NH,)CI MS of 6 gave an 
intense molecular ion at 225.0739 (M+ + l ) ,  suggesting a 
molecular composition of CllHl,O, (calculated mass of M+ 
+ 1 is 225.0763). Thus the general structure of the a-py- 
rone 11 was at first proposed. 

Assuming that the chemical shift of 6'-Me was at 6 2.42 
and H-5' at 66.91, the structure of 11 was in reasonable 
agreement with the 'H, 13c, and NOE NMR data. How- 
ever, when the 'H NMR spectrum of metabolite 6 was ob- 
served in acetone-d, containing a few drops of DzO, the 
signals at 6 6.62 (1H) and 6 2.42 (CH,) changed from broad 
singlets to doublets (J = 1.3 Hz). This coupling was con- 

firmed by COSY NMR (in the same solvent mixture) and 
additional coupling was observed between the proton at 6 
6.91 and the methyl at 6 1.87, the two olefinic protons (6 
6.62 and 6 .9  l ) ,  and between the proton at 6 6.91 and the 
methoxy group (6 4.04). These results could not support the 
structure of 11 and the alternate structure of 3-(4-methoxy- 
3-methyl-a-pyron-6-yl)-2-methyl-2-butenoic acid (6) was 
proposed. 

The HETCOR NMR spectrum of metabolite 6 showed the 
expected coupling for the methoxy and methyl signals and 
between C-5' and H-5' ("c 6 98.4 to 'H 6 6.91), but failed 
to show a cross-peak resonance for C-3 to H-3 (the exis- 
tence of a cross-peak resonance between I3c 6 121.8 and 'H 
6 6.62 was assumed). Although the carbonyl signals of a -  
pyrones are more frequently observed at 6 - 162, there are 
many compounds known (including the fungal metabolites 
nectriapyrone (21) and aurovertin (22)) where the reso- 
nance of their carbonyls is at 6 - 168-169. In structure 6 ,  
coupling between H-5' and 3'Me could reasonably be ex- 
pected as well as between H-5' and H-3. The latter proton 
(H-3) would also be coupled to the C-2 methyl. 

In considering the NOE effects observed fo; compound 6 ,  
the energies involved for the two most likely conformers of 
this molecule were examined. The positive NOE effect ob- 
served between H-5' and 2-Me and the absence of an NOE 
effect between H-5' and H-3, strongly suggest that con- 
former 6 is more stable than 6 ' .  Molecular modeling 
calculations4 for both of these structures gave an energy dif- 
ference of 3 .2  kcal in favor of 6 (Fig. l ) ,  implying an equi- 
librium ratio of about 99/1 for the two  conformer^.^ 

A number of different bioassays were initially evaluated 
for their ability to detect the presence of phytotoxins in crude 
metabolite mixtures of P. convolvulus. The small aquatic 
plant Len717a paucicostata was found to be highly sensitive 
to these compounds and suitable for measuring inhibition of 

'A PCMODEL program was used that was obtained from Serena 
Software, P.O. Box 3076, Bloomington, Indiana, U.S .A.  

 he energies of several other conformers were also calculated 
and they were all found to have energy levels higher than that of 6 
(- 105.4 kcal). However, the existence of these other minimum 
energies indicated the limitations of these calculations and the 
possibility that even the - 105.4 kcal value may represent a local 
minimum and not the absolute minimum energy of the compound. 
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TSANTRIZOS ET AL 

- 1 0 2 . 2  kca l  

FIG. 1. Computer-generated molecular models of conformers 6 and 6'. 

growth and chlorophyll biosynthesis (23), when used under servation period (-5-6 days later) the leaves of the treated 
standardized assay conditions (24). plants were almost completely wilted and brown, whereas 

0 the plants in the control solution did not show any signs of 
deterioration. It is interesting to note that in spite of the strong H3ch H~C* structural similarities between the metabolites of P .  convol- 

CH30 
vulus and those of A .  duricaulis (e.g., metabolites 3 and 8 

/ 
''OH respectively), there is no analogous similarity in their bio- 

H 2 COOH CH30 logical activity. For example, 0.1 pg of metabolite 8 was 
H3C 1 H shown to exhibit strong antibiotic activity against Bacillus 

subtilis causing an 8-mm inhibition zone on a paper-disk 
6 6' diffusion assay. Under similar bioassay conditions, metab- 

Metabolites 3, 4, 5, and 6 were tested at five different 
concentrations and in each case a 1% ethanol solution in 
Lemna medium was used as the control. Metabolite 4 was 
found to be the most potent phytotoxin, causing total inhi- 
bition of growth and 100% chlorosis of the Lemna plants 
within 12 h at concentrations of 5.9 X M and within 
24 h at concentrations of 3.5 X M. At concentration of 
5.9 x lop4 M, metabolites 3 and 5 were also found to in- 
hibit the growth of Lemna plants by approximately 80 and 
50% respectively, whereas the effects of metabolite 6 were 
very minor in comparison with those of the three phthal- 
ides. 

The principal objective was to isolate active metabolites 
of P .  convolvulus that could potentially be used as herbi- 
cides for the effective control of field bindweed. Thus, the 
phytotoxic effects of all isolated compounds were also ex- 
amined on leaf-cuttings of this weed. Minor effects were 
observed with metabolites 5 and 6,  whereas intense toxicity 
symptoms were observed with both 3 and 4. Metabolite 4 
caused wilting and browning of plant tissues after only 4 h 
at concentrations of 3.5 x M. Twelve hours later, the 
same symptoms appeared on the leaves exposed to metab- 
olite 3 at a 5 x M concentration. When several young 
bindweed shoots (-2 in. long) were placed in a solution of 
the less potent phytotoxic metabolite 3 ,  at a concentration of 
- 1 X M, the systemic absorption and toxicity of 3 was 
clearly observed; after 40-48 h the plants exposed to the toxin 
displayed obvious signs of wilting and at the end of the ob- 

olite 3 failed to inhibit B. subtilis even when a 50 pg sam- 
ple was used. 

In conclusion, the metabolites produced by Phomopsis 
convolvulus, a host-specific pathogen of field bindweed 
(Convolvulus arvensis), were investigated. Four phytotoxic 
compounds (3-6), believed to be chemical mediators of the 
disease symptoms inflicted by P .  convolvulus on its host 
plant, were isolated and characterized. Metabolites 3-6 were 
shown to be novel fungal  metabolite^.^ 

Experimental 

General 
Ultraviolet spectra were recorded on a Hewlett Packard 8451A 

DIODE ARRAY spectrophotometer. Nuclear magnetic resonance 
spectra were obtained at 20-22OC (unless otherwise indicated) using 
Varian XL-200 and XL-300 MHz instruments. 'H and "C NMR 
chemical shifts are quoted in ppm and are referenced to the inter- 
nal deuterated solvent downfield from tetramethylsilane (TMS). All 
mass spectra were performed at the Biomedical Mass Spectrome- 
try Unit, McGill University. The low resolution (NHJC1 MS spectra 
were obtained using a HP 5980A spectrometer. FAB and high 
resolution (NH,)Cl MS spectra were obtained using a ZAB 2F HS 
instrument. 

"he synthesis of compounds 4 and 5 were reported in 1953 by 
Brown and Newbold (25); unfortunately, the amount of spectral data 
available from that report (i.e., mp and uv) was of limited help in 
the structural assignment of the natural products. 
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Chr-omatography UV active, the TLC plates were examined over a light table. The 
Silica gel chromatography was performed on Merck Kieselgel high density band visualized at Rf 0.4-0.5 corresponded to ergos- 

60 (230-400 mesh, #9385) using flash chromatography. Reverse terol peroxide. The silica gel was extracted with EtOAc and pure 
phase flash column chromatography was carried out on silica gel ergosterol peroxide crystallized from CH,Cl, or EtOH. Both com- 
(Merck Kieselgel 60, 230-400 mesh, #9385) reacted with n-oc- pounds were also present in the mycelia of P. convolvulus, and they 
tadecyltrichlorosilane. All chromatographic solvents were frac- could be isolated from their dry mass via soxhlet extraction with 
tionally distilled prior to use with the exception of HOAc. methylene chloride or acetone. 

HPLC 
Doubly distilled H,O and HPLC grade MeOH were filtered 

through a 0.45 p filter membrane (Millipore Corp., Bedford, MA) 
before they were used in HPLC. Analysis and purification was 
carried out on a reverse phase, C 18 column, CSC-S 0 D S 2  (25 cm 
x 9.4 mm ID, 5 pm particles, Chromatography Science Com- 
pany Inc., Montreal, Que.) using a Waters instrument (pump model 
501, variable wavelength detector model 450, U6K injector). All 
retention times were recorded after the void volume. 

General extraction of active metabolires from P.  corzvolvulus 
Stockcultures ofP.  convolvulus (conidia) were maintained at 4°C 

in slant tubes containing potato carrot agar, covered with mineral 
oil. An aqueous suspension of conidia was used to inoculate po- 
tato dextrose agar (PDA) plates which were then incubated at room 
temperature for a period of 2-4 weeks. The new conidia were 
isolated by washing the surface of the agar plates with a small 
volume (5-10 mL/plate) of sterile water. Large scale cultures 
were subsequently initiated by inoculating moisi barley grains in 
Erlenmeyer flasks (150 x 250 mL flasks, 20 g of grain plus 
30 mL of H,O in each) under aseptic conditions. The cultures were 
stored at room temperature, with only occasional shaking. After an 
incubation period of 28-30 days, 100 mL of H 2 0  were added to 
each flask and they were placed overnight on a rotary shaker. Fil- 
tration through several layers of cheese cloth and centrifugation at 
5,000 rpm for 8 min led to the removal of barley grains and my- 
celia, separation of conidia, and isolation of a biologically active 
aqueous mixture of metabolites (PC 1). 

The volume of Pcl (-15 L) was reduced (-3 L) under high 
vacuum at 30°C and then freeze-dried to obtain -27 g of a very fine 
powder. This powder was extracted twice with MeOH (2 x 1.5 L), 
the first time at 40°C for 3 h and the second time at room temper- 
ature overnight. The methanolic solution (Pc2) was filtered through 
several layers of cheese cloth and centrifuged to remove the un- 
dissolvedmaterial, which was biologically inactive. The MeOH was 
then evaporated and the crude metabolite mixture was redissolved 
in - 100 mL of water to obtain a cloudy suspension that was acidi- 
fied to pH 2.5-3 with 0.1 M HCI. EtOAc extraction (3 X 

150 mL, plus overnight with 300 niL) led to the isolation of a bi- 
ologically active mixture in the organic layer (Pc3) and a mixture 
void of biological activity in the aqueous layer. The yields of the 
combined EtOAc extracts varied greatly (0.25-7.5 mg/g of bar- 
ley) giving an average of 2.5 mg of a light brown gum (Pc3) per 
gram of infected barley grains. 

The residue Pc3 was suspended in CH2C12 (100 mL) and ex- 
tracted with a saturated solution of NaHCO, (3 x 100 mL) to par- 
tition the mixture into Pc4 and Pc5. The organic layer (Pc4) 
contained mostly steroidal metabolites exhibiting very weak phy- 
totoxicity, whereas the aqueous layer was strongly phytotoxic. The 
aqueous layer was subsequently acidified to pH -2.5-3 with 
0. I M HC1, reduced in volume under high vacuum at 30°C and 
extracted with EtOAc (3 x 100 mL) to recover the phytotoxic 
mixture of metabolites from Pc5. 

Isolation of ergosterol ( I )  and er-gosterol peroxide ( 2 )  
Flash column chromatography of residue Pc4 using a solvent 

mixture of petroleum ether - EtOAc (1 : 1) led to the isolation of 
ergosterol (1, R, 0.55) and ergosterol peroxide (2, R, 0.28). Pure, 
crystalline ergosterol was obtained after a second flash column, 
eluted with (5: 1) petroleum ether - EtOAc (R,. 0.16). followed by 
recrystallization from EtOH. The crude ergosterol peroxide (2) was 
purified on preparative TLC plates, developed twice with a mix- 
ture of petroleum ether - EtOAc (1 : 1). Since this compound is not 

Preparation of C I 8  reverse-phase silica gel 
Silica gel (40 g ,  Merck Kieselgel60,230-400 mesh) was added 

to 300 mL of dry CCI, (distilled from P,05) in a septum-capped 
round-bottom flask under a N, atmosphere. 11-Octadecyltrichloro- 
silane (4 mL) was added and the suspension was stirred at room 
temperature for 2 h. The product was filtered into a dry seinter- 
glass funnel and washed free of unreacted silane with dry CCI, 
(3 x 100 mL). Any residual chloride substituents were converted 
to methoxy groups by washing the silica with dry MeOH (2 x 
100 mL, distilled over Mg metal). The product was then quickly 
washed with dry CH,Cl, (2 x 100 mL, distilled from P2O5) and 
dried briefly under vacuum. A fresh 300 mL volume of dry CCI, 
was added to the bonded silica along with 4 mL of trimethylchlo- 
rosilane. The mixture was stirred at room temperature for an 
additional 2 h, then filtered and washed with dry CH2C12 (3 x 
100 mL). The bonded silica was dried at 40°C overnight and then 
under high vacuum at room temperature for 24 h. 

Reverse-phase flash colurnn chrornatography of phytotoxic 
residue Pc5 

A reverse phase silica gel column (I  .2 x 32 cm) was packed as 
a methanolic slurry (- 12 g C 18 bonded silica) and then very slowly 
equilibrated with H 2 0 .  

The residue Pc5 (- 1.3 g) was dissolved in a mixture of H20- 
CH,OH-CH,C12 and absorbed onto a small amount of C18 bonded 
silica gel (1-2 g) by evaporating off the organic solvents. The 
aqueous slurry obtained (5- 10 mL) was added to the top of the re- 
verse-phase column and eluted with a gradient of solvents from 
100% H 2 0  to 100% methanol, at a flow rate of -1 mL/min. All 
fractions (8 mL each) were tested for biological activity and phy- 
totoxicity was observed only in fractions 18-21 (40-60% MeOH 
in H,O) Metabolites 3 and 5 were isolated from fractions 18 and 
19 after HPLC chromatography on a C18 reverse-phase column, 
using an eluent mixture of 59.8% H 2 0 ,  40% MeOH, and 0.2% 
HOAc at a flow rate of 2 mL/min. The retention time of 3 was 22- 
23 min while that of 5 was 16-17 min. Metabolite 5 was rechro- 
matographed on the same HPLC column using a solvent mixture 
of 54.1% HzO, 45.8% MeOH, and 0.1% HOAc. At a flow rate of 
2 mL/min, its elution time was 10-1 1 min. HPLC chromatogra- 
phy of fractions 20 and 21, on the same C18 reverse-phase col- 
umn using 54.4% H,O, 45.4% MeOH, and 0.2% HOAc as the 
eluting solvent, led to the isolation of metabolites 4 and 6. At a flow 
rate of 2 mL/min, the retention times were 20-22 min for 6 and 
27-29 min for 4. 

Ergosterol ( I ) :  TLC: petroleum ether - EtOAc (1 : l ) ,  Rf 0.55, 
CH,CI,, R, 0.21; mp: 163-164°C (lit. value 165°C) (13); IR 
(CDCI,): 3650 (OH), 2960, 2872 (CH), 1601 (C=H) cm-'; UV 
(CH,CH,OH, nm): max 274, 284, min 294 (shd); 'H NMR 
(200 MHz, CDCI,): 6 0.61 (s, 3H, 18-CH,), 0.79-0.88 (2d, J = 
6.8 Hz, 6H, 26-CH,, and 27-CH,), 0.90 (d, J = 6.8 Hz, 3H, 
28-CH,), 0.93 (s, 3H. 19-CH,), 1.02 (d, J = 6.6 HZ, 3H, 2 1-CH,), 
1.22-2.03 (m, 19H), 2.26-2.27 (tm, 1 H, H-4a), 2.4 1-2.49 (ddd, 
lH,H-4b), 3.60-3.66(m, lH,H-3),5.16-5.20(2dd,2 x lH ,H-2  
and H-23), 5.35-5.38 (m, 1H, H-7) and 5.54-5.56 (dd, IH, H-6); 
' 3 C ~ ~ ~ ( 3 0 0 ~ ~ z ,  CDCI,): 6 12.09(C-l8), 16.31 (C-19), 17.64 
(C-28), 19.65 (C-26), 19.98 (C-27), 21.15 (C-21 andC-l  I), 23.03 
(C-15), 28.26 (C-16), 32.06 (C-2), 33.14 (C-25), 37.10 (C-lo), 
38.43 (C- I), 39. I5 (C- 12), 40.41 (C-20), 40.87 (C-4),42.88 (C-24 
and C-13), 46.33 (C-9), 54.61 (C-14), 55.84 (C-17), 70.46 (C-31, 
116.36(C-7), 119.65 (C-6), 132.06(C-23), 135.6O(C-22), 139.77 
(C-5), and 141.37 (C-8); DEPT NMR (300 MHz, CDCI,): 6-CH3 
(6 12.1, 16.3, 17.6, 19.7, 20.0, 21.1), 7-CH,(621.2, 23.0, 28.3, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TSANTRIZOS ET AL. 2283 

32.1, 38.4, 39.2, 40.9), 11-CH (6 33.1, 40.4, 42.9, 46.3, 54.6, 
55.8, 70.5, 116.4, 119.7, 132.1, 135.6);APT(D2 = 4 m s )  NMR 
(300 MHz, CDCI,): 6 37.1, 42.9, 139.8, 14 1.4; MS ((NH3)CI, 
direct inlet, 220°C), m/z (% relative intensity, assignment): 414 (2, 
M' + NH,), 397 (40, M+ + l ) ,  396 (7, M f ) ,  379 (100, 397-H20). 

Ergosterolperoxide (2): TLC: petroleum ether- EtOAc, Rf0.28; 
mp: 176-177°C (lit. value 178°C) (13); ' H  NMR (200 MHz, 
CDCI,): 6 0.82 (s, 3H, 18-CH,), 0.80-0.85 (2d, 6H,  26-CH, and 
27-CH,), 0.89 (s, 3H, Ig-CH,), 0.91 (d, 3H, 28-CH,), 1 .OO (s, 3H, 
21-CH,), 1.2-2.2 (m, 21H, steroid skeleton), -4 (m br, lH,  H-3), 
5.15-5.21 (2dd, 2 X l H ,  H-22 and H-23), 6.25 (d, J = 8.5 Hz, 
l H ,  H-7), 6.51 (d, J = 8.5 Hz, l H ,  H-6); DEPT NMR 
(300MHz,CDC13):6-CH3(6 13.0, 17.7, 18.3, 19.8,20.1,21.0) ,  
7-CH2 (6 20.8,23.5, 28.8, 30.2,34.8,37.0, 39.4) 1 1-CH (6 33.2, 
39.9, 42.9, 51.1, 51.8, 56.3, 66.5, 130.7, 132.2, 135.2, 135.4); 
APT (D2 = 4 ms) NMR (300 MHz, CDCl,): 6 37.1 (C-lo), 44.7 
(C-13), 79.5 (C-5), 82.2 (C-8); MS (high resolution, (i-but) CI, 
direct inlet, 220°C): m/zcalculated (M' + 1) ion429.33685, found 
429.33687. 

4-Carboxy-3-hydroxy-7-methoxy-6-merhyl-l(3H)-isobetzzofi~ra- 
none (convolvulanic acid A .  3): TLC: CH,Cl,-EtOAc-CH,COOH 
(5 : 5 :0.2), Rf 0.24; IR (CH,CN): 3381, 3226 (OH), 1773 (C=O, 
lactone), 1728 (C=O, carboxylic acid), 1613 (C=C) cm-I; UV 
(CH,CH,OH, nm): max 220, 250 (shd), min 300; 'H NMR 
(200 MHz, acetone-d6): 6 2.35 (s, 3H, 6-CH,), 4.14 (s, 3H, 
7-OCH,), 6.91 (s, IH, H-3), and 8.09 (s, lH ,  H-5); NOE: data 
given in Table 1 ; "C NMR (300 MHz, acetone-d6, 7' -46.5"C): 6 
15.7 (6-CH,), 62.6 (7-OCH,), 97.4 (C-3), 118.3 (C-7n), 121.9 
(C-4), 134.3 (C-6), 139.3 (C-5), 149.4 (C-3a), 160.5 (C-7), 165.7 
(C-4'), and 166.4 (C-1); coupled ' H - ' ~ c  NMR: data given in Table 
2; APT (D2 = 4 ms) NMR (300 MHz, acetone-d6, T -46.5"C): 6 
118.3, 121.9, 134.3, 149.4, 160.5, 165.7, and 166.4(97.4, 139.3 
tertiary carbons); MS ((NH3)CI, direct inlet, 260°C): m/z (% rel- 
ative intensity, assignment): 256 (100, M+ + NH4+), 239 (53, 
M+ + l ) ,  227 (56, M' + NH, + -CHO), 209 (15, M+ -CHO). 
4-Carbox~~-7-n~etho~y-6-met~~yl-1(3H)-isobetzoanot1e (cotz- 

volvulat~icacidB. 4):TLC: CHzCI,-EtOAc-CH,COOH (5 : 5 : 0.2), 
Rf 0.45; IR (CH,CN): 3629, 3542 (OH), 1764 (C=O, lactone), 
1725 (sh), 1717 (C=0,  carboxylic acid), 1630 (C=C) cm- ' ;  UV 
(CH3CH,0H, nm): rnax 216, 246 (shd), min 300; 'H NMR 
(200 MHz, acetone-d,): 6 2.34 (s, 3H, 6-CH,), 4.15 (s, 3H, 
7-OCH,), 5.49 (s, 2H, H-3), and 8.13 (s, lH ,  H-5); "C NMR 
(acetone-d6, 300 MHz, T -46.5"C): 6 15.6 (6-CH,), 62.6 (-OCH,), 
70.9 (C-3). 1 17.6 (C-7a), 120.5 (C-4), 132.2 (C-6), 138.8 (C-5), 
150.7 (C-3a), 161.2 (C-7), 166.4 (C-4'), and 168.4 (C-I); cou- 
pled 'H-',c NMR: data given in Table 3; APT (D2 = 4 ins) NMR 
(acetone-d6, 300MHz, T -46.5"C): 6 117.6, 120.5, 132.6, 150.7, 
161.2, 166.4, and 168.4 (138.8 tertiary carbon); MS (high reso- 
lution, (NH,)CI, direct inlet, 250°C): m/z for (M+ + 1) ion: cal- 
culated 223.0606, found 223.062 l .  

4 - (Hydroxymethyl) -7- methoxy- 6-  rnethyl-1(3H)-isobetzzofi1rc1- 
notze (convolvulol, 5): TLC: CH,Cl,-EtOAc-CH,COOH (5 : 5 : 
0.2), Rf = 0.38; IR (CH,CN): 3630, 3540 (OH), 1762 (C=O, 
lactone), 1600 (C=C) cm- ' ; UV (CH,CH20H, nm): max 2 12,238 
(shd), rnin 300. 'H NMR (300 MHz, CDCl,, T -51.5"C): 6 2.26 
(s, 3H, 6-CH,), 2.6-2.7 (br, l H, 4'-OH), 3.90 (s,  3H, 7-OCH,), 
4.66 ((1, J = 6 Hz, 2H, H-4'), 5.22 (s, 2H, H-3), and 7.3 1 (s, 1 H, 
H-5). D,O exchange causes the disappearance of the signal at 6 2.6- 
2.7, as expected, and the collapsing of the doublet at 6 4.66 to a 
singlet. Decoupling of H-5 led to the change of the OH signal from 
a broad multiplet to a broad triplet (Jl,,o,l = -6 Hz), indicating the 
presence of long range coupling between H-5 and OH. NOE: data 
given in Table I; "C NMR (300 MHz, CD,OD): 6 15.4 (6-CH,), 
62.2 (C-4'), 62.5 (7-OCH,), 70.1 (C-3), 1 17.9 (C-7a), 132.2 (C-4), 
132.7 (C-6), 137.2 (C-5), 146.7 (C-34,  157.7 (C-7), and 171.2 
(C-1); coupled 'H-')c NMR: data given in Table 4; DEPT NMR 
(CD,OD, 300 MHz): ZCH, (6 15.4, 62.5), 2-CH, (6 62.2, 70.1 ), 
1-CH (6 137.2); MS (high resolution, (NH,)Cl, direct inlet, 250°C): 
m/z for (M' + 1) on: calculated 209.0814, found 209.08 14. 

3-(4-Methox~~-3-tnethyl-n-pyt-ot1-6-?,l)yl-2-btenoic acirl 
(cotzvolvulopyrotze, 6): TLC: CH,Cl,-EtOAc-CH,COOH (5 : 5 : 
0.2), R, 0.33; IR (CH3CN): 3628, 3618 (OH), 1717 (C=0,  a-py- 
rone), 1707, 1702 (sh) (C=O, carboxylic acid) cm-';  UV 
(CH,CH,OH, nm): max 238, min 340; 'H  NMR (200 MHz, ace- 
tone-d,): 6 1.87 (s, 3H, 3'-CH,), 2.42 (s, 3H, 2-CH,), 4.04 (s, 3H, 
4'-OCH,), 6.62 (s, lH ,  H-3) and 6.91 (s, IH, H-5'); NOE NMR: 
data given in Table 5; NMR (300 MHz, CD30D): 6 8.8 
(3'-CH,), 13.6(2-CH,), 57.5 (4'-OCH,), 98.4(C-5'), 105.3 (C-3'), 
121.8 (C-3), 143.2 (C-2), 159.2 (C-6'), 166.4 (C-4'), 167.9 (C-2'), 
and 169.4 (br, C-I); Coupled 'H- '~c  NMR (400 MHz, CD,OD): 
6 8.8 (m, 3'-CH,), 13.6 (q, J = 129 Hz, 2-CH,), 57.5 (q, J = 
147 Hz, 4'-OCH,), 98.4 (d, J = 170 Hz, C-5'), and 121.8 (d, J = 
165 Hz, C-3); APT (D2 = 4 ms) NMR (300 MHz, CD,OD): 6 
105.3, 143.2, 159.9, 166.4, 167.9, and 169.4 (98.4, 121.8, ter- 
tiary carbons); MS (high resolution, (NH,)CI, direct inlet, 250°C): 
ttz/z calculated for the (M+ + 1) ion 225.0763, found 225.0739. 

Lemna medium: Lerntln pnucicostntcl plants were grown at room 
temperature, under a growth-lamp (cool-white fluorescent plus in- 
candescent light), in autoclaved Erlenmeyer flasks (250 mL) con- 
taining 100 mL of sterile nutrient medium. The nutrient medium 
was a solution of Ca(NO,),. 4H20 (1.4 mM), KNO, (1.0 mM), 
KH,PO, (0.4 mM), NH,CI (1.2 mM), MgSO,. 7 H 2 0  (0.4 mM), 
Na2Mo04. 2H,O (6.1 pM),  H3B03 (69.0 pM), KrHzEDTA 
(30.0 pM), FeC1,. 6H,O (56.6 pM), FeNaEDTA (56.7 pM),  
MnNa,EDTA ( 13.8 pM), ZnNazEDTA (2.8 pM), CuNalEDTA 
(3.3 pM), and CoNa,EDTA (4.8 pM). To  prevent precipitation of 
the salts, all EDTA-containing components were added before the 
FeC1,. 6H,O. Finally, the pH of the solution was adjusted to 5.85 
using 1.0 M KOH. 

Lemna bionssays 
All tested metabolites (or metabolite mixtures obtained during 

the initial stages of chromatography) were dissolved in absolute 
ethanol, aliquots of which (50-5 pl) were added to Lernna nu- 
trient broth to make the final test samples. The toxicity of ethanol 
to L. pn~lcicostata was initially evaluated and growth inhibition or 
chlorosis was only observed when the concentrations of ethanol was 
greater than 1% (v/v) of the total nutrient medium; thus bioassays 
were performed with test solutions containing less than 1 % ethanol 
in Lenltla nutrient medium. In all cases, the observations made with 
the Letntzn bioassays were consistent with the results obtained by 
the leaf-puncture bioassays on field bindweed. 

Field bitzdweed plnnt productiotz nnrl plzytotoxicity n s s n ~  
A commercial sample of bindweed seeds was used for the pro- 

duction of seedlings. Seeds were scarified with concentrated H2S0, 
for 30 min, rinsed with distilled H,O, dried at 21°C, and stored in 
the dark for approximately 2 months at 4'C. Germinated seeds (3- 
4) were sown in 10-cm pots in moist potting soil at a depth of 
1 cm. Pots were placed in growth cabinets adjusted to a day/night 
temperature of 25/20°C, with a photoperiod of 15 h (300 pE m-- 
s - ' ,  cool-white fluorescent plus incandescent light). Relative hu- 
midity was maintained at 50-55% until the plants were used for the 
bioassays. The phytotoxic effects of all metabolites on field bind- 
weed were alsoevaluated using leaf cuttings, from plants 3-4 weeks 
old. For each assay, an average of 5-8 leaves were used, which 
were cut at the base of the stem and placed on a moist piece of fil- 
ter paper (0.5 mL H?O) in a covered Petri dish. Only the top two 
leaves of young shoots were used and they were cut using a sharp 
scalpel while subrnergcd under water. Half of the leafs were then 
punctured with the tip of a fine needle and all of them were soaked 
with the test solution, covered and placed under a growth-lamp for 
a period of 5 days. The test samples were prepared by dissolving 
each metabolite in absolute ethanol, and then diluting the samples 
with doubly distilled water to a total volume of 2 mL. The most 
concentrated sample of each assay had an ethanol content of 1%; 
hence, the control solution was also a 1 % ethanol solution in water. 
In leaf-puncture bioassays of field bindweed with aqueous solu- 
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tions of ethanol, toxicity was not observed at concentrations of up 
to 2%. 
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CARLOS A. BLANCO and MICHAEL J. HYNES. Can J. Chem. 70, 2285 (1992). 
Catalytic effects on the deprotonation rate constants of P-diketones were observed during kinetic studies of the for- 

mation reactions of the 1 : 1 complexes of these ligands. When vanadium(IV), chromium(III), iron(III), cobalt(II), 
nickel(II), copper(II), and uranium(V1) react with pentane-2,4-dione, heptane-3,5-dione, 1,1,1-trifluoropentane-2,4-dione, 
4,4,4-trifluoro- 1 -(2-thieny1)-butane- 1,3-dione, I-phenylbutane- l,3-dione, and 2-acetylcyclohexanone a significant cat- 
alytic effect on the rate of ionization of the keto tautomer of the ligand was observed. A considerable enhancement of 
the rate of ionization of the en01 tautomers of these ligands was observed during the com lex formation reactions with 
Cu2+. A mechanism is proposed that accounts for these catalytic effects. In the case of C U ~  the increased rate of proton 
removal from the ligands may be rationalized in terms of the relatively large reduction potential of this metal ion. 

CARLOS A. BLANCO et MICHAEL J. HYNES. Can. J. Chem. 70, 2285 (1992). 
On a observe des effets catalytiques sur les constantes de vitesse de dkprotonation des P-dicCtones au cours d'ktudes 

cinetiques sur les reactions de formation des complexes 1 : 1 de ces coordinats. Lorsqu'on fait reaction du vana- 
dium(IV), du chrome(III), du fer(III), du cobalt(II), du nickel(II), du cuivre(I1) et de I'uranium(V1) avec la pentane-2,4- 
dione, l'heptane-3,5-dione, la 1,1,1-trifluoropentane-2,4-dione, la 4,4,4-trifluoro- 1-(2-thiCny1)-butane-1,3-dione, la 
1-phenylbutane-1,3-dione et la 2-acetylcyclohexanone, on observe un effet catalytique important sur la vitesse d'ioni- 
sation du tautomtre cetonique du coordinat. On a observk une augmentation considkrable de la vitesse d'ionisation des 
tautomeres Cnoliques de ces coordinats au cours des reactions de formation de complexes avec le CU". On propose un 
mecanisme qui explique ces effets catalytiques. Dans le cas du Cu2+, on peut rationaliser I'accCICration de la vitesse 
d'enl2vement du proton des coordinats en fonction d'un relativement grand potentiel de reduction de cet ion metallique. 

[Traduit par la redaction] 

Introduction 
During the last number of years, the kinetics and mecha- 

nisms of the complex formation reactions of P-diketones with 
a variety of metal and 0x0-metal ions have been the focus of 
considerable attention (1-18). In view of the fact that P-di- 
ketones can exist in solution as keto and en01 tautomers and 
as the enolate ion, their complex formation reactions have 
considerable potential for mechanistic variation. Apart from 
their intrinsic interest, the reactions of these ligands with 
metal ions are of interest because of the considerable prac- 
tical applications of the metal complexes in analytical 
chemistry, as catalysts for polymerization reactions, as in- 
secticides, for the control of soil-borne fungi, and in laser 
technology (19). 

Metal complexes were first classified as either labile or  
inert on the basis of the electronic configuration of the metal 
ion (20). In general, complexes of metal ions with d3 and 
low-spin configurations were classified as inert (20). How- 

gands having a range of substituent groups that exert a variety 
of electronic effect. In the case of the complex formation 
reactions of P-diketones, some of the kinetic investigations 
were concerned with the influence of both electron-releas- 
ing and electron-withdrawing groups on the reaction mech- 
anisms, others have investigated the effect of the chain length 
on the reactivity of P-diketones towards metal ions, while 
more recent investigations have concentrated on medium 
effects (18). In addition, the nature of the metallic centres 
(such as their acid-base properties, lability, and hardness) 
have also been considered. Recent results have highlighted 
the catalytic effect of c u 2 +  on the ionization of the keto and 
en01 tautomers of 2-acetylcyclohexanone (28). 

As part of our continuing interest in the reactions of metal 
ions with P-dicarbonylic compounds we now report a com- 
parative study of the catalytic effects of a range of metal ions 
on the complex formation reactions of metal P-diketonates. 

ever, t h e  substantial body of kinetic results obtained since Experimental 
Taube's review demonstrate that other properties of metal 
ions, such as charge and ionic radius, as well as the elec- VOSO, + H20 (B.D.H.), CT(NO~)~ .  9H20 (Aldrich), Fe(NOj)j. 

9H20 (AnalaR), Co(CIO,), . 6H20 (Johnson Matthey), Ni(C10,), . tronic and character of the ligands have a 6H20 (Johnson Matthey), CU(NO,)~. 3H20 (B.D.H.), and (U02)- 
effect On the rates and mechanisms of ligand (NO,)?. 6H20 (AnalaR) were used as the source of metal ions. Stock 

substitution processes (2 1-27). solutions were standardized using recognised procedures (29). 
TO evaluate the inherent kinetic nature of metal ions, it has 4,4,4-Trifluoro-l-(2-thienyl)-butane-1 , 3 - ,  ~ t f t b d  ( ~ ~ ~ h -  

been essential to compare rate constants for complex for- Light), and 1-phenylbutane-l,3-dione, Hpbd (Fluka), were used 
mation of various metal ions with structurally similar li- as purchased. Pentane-2,4-dione, Hpd (B.D.H.); heptane-3,5-dione, 

Hhptd (Kodak); 1,1,1 -trifluoropentane-2,4-dione, Htfpd (Koch- 
' ~ u t h o r  to whom correspondence may be addressed. Light); 2-acetylcyclohexanone, Hachx (Fluka), were freshly dis- 
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tilled under reduced pressure prior to use. Stock solutions were 
standardized by titration with standard sodium hydroxide. 

Perchloric acid (B.D.H.) was used as the source of hydrogen ions 
and all solutions were adjusted to an ionic strength of 0.5 mol dm-' 
using NaC104 (Riedel-de Haen) as the inert electrolyte. Unless 
otherwise indicated, all materials were of analytical reagent grade 
and were used without further purification. 

UV/visible spectra were recorded on a Shimadzu UV-260 
spectrophotometer equipped with a chart recorder and a thermo- 
statted cell  compartment^ pH measurements were made with a PTI6 
pH-meter equipped with a Russell combination electrode. From 
spectrophotometric and potentiometric data a quantitative evalua- 
tion of the ligand and complex equilibria was carried out using 
published procedures (30, 31). 

The kinetic data were obtained either on the Shimadzu UV-260 
spectrophotometer or on a Hi-Tech SF-20 stopped-flow spectro- 
photometer that was interfaced to a BBC microcomputer via a 
Datalab DL901 transient recorder. The pseudo-first-order rate 
constants were the average of at least three determinations. Data 
for from three to four half-lives were utilized in these calcula- 
tions. The standard deviation in individual runs was usually less than 
one percent. 

All measurements were carried out at 25.0 * 0.0l0C. 

Results and discussion 
The keto-en01 equilibrium of P-diketones is usually rep- 

resented as in eq. [ I ] ,  where k, is the rate of enolization 

kc 
[ I ]  HK-HE 

k, 

and k, is the rate of ketonization. However, the enolization 
of P-diketones does not proceed by direct transfer of a pro- 
ton from carbon to oxygen. Instead, the enolate ion is formed 
as an intermediate and eq. [2] is a more complete descrip- 
tion of the actual mechanism. 

In eq. [2] k, > k, > k, > k, and kc is diffusion controlled (=3 
x 101° dm3 mol-' s-l) (32). In terms of the ionization 
scheme, kc = k, and k, = KHEkh where KFlE is the dissocia- 
tion constant of the en01 tautorner of the ligand. 

For many complex formation reactions, the rate constant 
for loss of a proton by the ligand is considerably greater than 
the rate of complex formation with the deprotonated form of 
the ligand. For example, the rate of proton loss from acetic 
acid is 8.2 x 10' s- '  .(33) while the rate of reaction of Ni'+ 
with CH,COO- is 1.5 x 105 dm3 mol-' s-I (27). However, 
in the case of P-diketones it has been found that the rates of 
proton loss from either the keto or en01 tautomer are fre- 
quently less than, or of a similar order of magnitude to, the 
rates of complex formation. Table 1 contains a list of the rates 
of ionization of the keto and en01 tautomers of the P-di- 
ketones discussed here. The values of k;, = kc were deter- 
mined by a bromination procedure (14, 16). The values of 
k, were calculated from the known values of KHE and kc, as- 
suming that the k, pathway is diffusion controlled. Relevant 
kinetic data for the reactions of vanadium(IV), chro- 
mium(III), iron(III), cobalt(II), nickel(II), copper(II), and 
uranium(V1) with P-diketones from our previous published 
and unpublished work and from the literature (1-18, 28) are 
summarized in Table 2. The values given include those that 
are derived on the basis of the previously established mech- 

TABLE 1 .  Rates of ionization of the keto and en01 tautomers of P- 
diketones 

P-Diketone k;, (s-') kd (s-I) Reference 

( H P ~ )  1.52 X lo-' 167. 2 
(Hhptd) 5.78 x 26.5 16 
(Htfpd) 3.46 x 3.54 x 10' 7 
(Htftbd) 8.40 X 2.88 X 10' 3 
(Hpbd)" 9.00 x lo-' 172. 14 
(Hachx)" 3.25 X lo-'' 0.408 Unpublished 

results 

"In methanol :water (70: 30 v/v). 

anisms (18). In Table 2 the rate constants for reaction of the 
metal species with the keto (kHK) and en01 tautomers (kHE) of 
the P-diketone are compared with the rate of proton loss from 
both the keto (k;J and en01 tautomers (k,) respectively. Since 
the vast majority of these reactions were carried out in neu- 
tral or acidic medium where the pH is considerably less than 
the pK of the ligand, the fraction of the ligand present as the 
enolate ion is very small indeed. A number of deductions can 
be made from the data in Table 2. Firstly, it is apparent that 
the en01 tautorner of all the P-diketones studied is consid- 
erably more reactive than the keto tautorner. It would ap- 
pear also that direct reaction with the keto tautomer is 
restricted to those metal ions which are either very labile or 
which form relatively stable complexes, e.g. ,  ~ e ~ ' ,  CU'+, 
[u0,12+, and that metal ions such ~ i " ,  which form com- 
plexes of relatively low stability and which are relatively 
inert, react exclusively with the en01 tautomer. 

The second important deduction that can be made from the 
data in Table 2 is that, with the exception of chromium(III), 
the rate constants for reaction of metal and 0x0-metal ions 
with either the keto or  en01 tautomers of all P-diketones are 
considerably less than would be predicted on the basis of the 
Eigen-Wilkins mechanism. This retardation has been quan- 
tified in terms of the non-dimensional parameter R (34) (eq. 
P I ) .  

In eq. [3] kc, is the rate of complex formation, k, is the rate 
of solvent exchange, and K,, is the outer sphere association 
constant, while the (4/3) is a statistical factor that accounts 
for the fact that not every solvent exchange leads to com- 
plex formation. In the present investigation, in view of the 
fact that the keto and en01 tautomers of P-diketones are un- 
charged, the Rorabacher modification (35) of the Eigen- 
Fuoss equation (36, 37) was used to calculate K,. A value 
of 0 .3  was used throughout. 

In the case of chromium(111) the exceptionally slow rate 
of water exchange together with the fact that it is believed 
to react by an I;, mechanism (26) make it extremely unlikely 
that retardation effects such as those exhibited by labile metal 
ions such as Ni'+ and CU" would be apparent. 

The presence of some catalytic effects on the ionization 
reactions of P-diketone are indicated by the data in Table 2. 
Although reversible base-catalyzed transformation of P-di- 
ketones into their tautomeric forms (38-40) is well estab- 
lished, such a mechanism would not be operative in the acidic 
conditions under which the work described here was carried 
out. The enolization of P-diketones is not an acid-catalyzed 
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BLANCO AND HYNES 2287 

TABLE 2. Rate constants for formation of I : I conlplexes of 6-diketones. Comparative values with ligand ionization rate constants, k ,  (keto) 
and k, (enol) 

 HE k ~ l i l k d  ~ I , K  K l k a  
Ligand Metal (dm3 rnol-I s-I) R" (dm3 mol-I) (dm' mol-I s - ' )  R" (dm3 niol-') Reference 

Hpd [vO]" 4.4 3.9 x lo-' 293. 6 
Hpd Cr3+ 1.05 x lo-' 1.9 X lo4 6.28 X lo-' 12 
Hpd c~(oH)'+ 0.278 6.8 x lo3 1.66 x lo-' 12 
Hpd Fe3+ 5.2 0.14 3.11 x lo-' 0.29 7.1 x lo-" 19.3 2 
Hpd F~(oH)'+ 4.4 x lo3 0.16 26.3 5.4 2.0 x lo-" 360. 2 
Hpd CO" 1.36 x 10' 2.3 X 0.813 0.84 1.2 X 56. 10 
Hpd Ni" 19.3 2.7 X lo-". 115 5 
H P ~  cu2+ 2.0 x 104 1.8 x lo-' 119. 12. 8.1 x 1 0 - ~  800. 1 
Hpd [UO~]" 5.33 x lo3 31.9 3.85 238. 4 

Hhptd [VO]" 5.35 4.8 x lo-.' 0.20 0.9 1 8.1 x lo-' 157. 17 
Hhptd CO" 67.1 9.3 X lo-' 2.52 0.96 1.3 X lo-" 16.6 16 
Hhptd Nil+ 10.0 1.4 X 0.37 15 
Hhptd Cu" 1.14 X 10' 1 . O X  429. 8.89 7.9 X lo-' 1539. 17 

Htfpd [vO]" 3.5 3.1 x lo-' 9.87 x 6 
Htfpd Fe3+ 19.6 0.54 5.53 X 9 
Htfpd CO" >76. > l .  1 x >2.14. X 9 
Htfpd Ni" 1.7 2.4 x lo-' 4.80 x 9 
~ t f ~ d  [uo212+ > I  .0 x lo3 >2.82 x 10-4 7 

Htftbd [v0I2+ 7.6 6.8 x lo-' 2.6 x lo-' 6 
Htftbd Fe3+ 1.4 3.8 X lo-' 4.9 X 3 
Htftbd F e ( 0 ~ ) "  1.3 X lo3 4.8X10-' 4 . 5 ~ 1 0 - ~  3 
Htftbd Ni2+ 2.3 3.2 x 8.0 x lo-' I 

~ t f t b d  [ u o ? ] ~  > 1 .o x lo3 >2.8 X lo-' 7 

Hpbd' Ni2+ 3.21 4.5 X 0.019 14 
Hpbdr Cu2+ 5.03 x lo3 4.5 X 29.3 14 

Hachxc Ni" 0.114 1.6 X 0.28 d 

HachxC CU" 1.27 x lo3 1.1 x 3.10 x lo3 0.93 8.3 x lo-' 2.86 x lo3 1 

"R = kH,/(3/4)k,Ko. 
"R = kH,/(3/4)k,K,. 
'Methanol: water ( 7 0 :  30 v / v ) .  
"Unpublished results. 

process (41, 42). The catalytic effects observed during metal 
complex formation may be explained with reference to the 
intimate mechanism involved in the reactions of metal ions 
with P-diketones. The idea that these reactions proceed via 
a precursor complex was first proposed by Pearson and 
Anderson during their investigation of the reactions of CU" 
with the keto tautomer of pentane-2,4-dione (1). A possible 
structure for such a precursor complex is shown in Fig. 1 in 
which the metal ion is symmetrically bonded to the two ox- 
ygens of the keto tautomer. Support for this idea stems from 
the fact that a number of such complexes have actually been 
isolated and characterized (43, 44). A similar type of pre- 
cursor complex could be envisaged for the en01 tautomer. The 
stability of this precursor complex would be an important 

element in determining the rate of reaction of metal ions with 
both the keto and en01 tautomers of P-diketones. The com- 
plex formation in this instance could best be described as a 
metal-ion-catalyzed proton release from this precursor com- 
plex. Undoubtedly, the metal ion does catalyze proton re- 
lease in those cases where pseudo-first-order rate constants 
are considerably greater than rates of ligand ionization (see 
Table 2). The copper(I1) ion obviously acts as a catalyst in 
this step as the overall complex formation reactions are at 
least 100 times more rapid than loss of proton from the un- 
coordinated ligand. 

Considering the data in Table 2, the formation of 
[Cu(acxh)]+ is a case where the catalytic effect appears to be 
particularly high, the rates of complex formation being in- 
creased by about 3 x lo3 compared to the rate of ioniza- 
tion. This may be related to the relatively slow rate of proton 
release from this ligand. In this particular case the rate con- 
stant for ionization of the keto tautomer of Hachx (k,) is the 
smallest by more than one order of magnitude while the rate 
constant for loss of a proton from the en01 tautomer (k,) is 
almost two orders of magnitude less than the next smallest 
value in Table I .  The slow rate of loss of proton from the keto 
tautomer can be ascribed to the fact that the 2-carbon on 
Hachx has only one proton attached compared to two on the 
methine carbon in linear P-diketones. In addition, the acidic 
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TABLE 3. Limiting Eigen-Wilkins (k,-W) complex formation rate 
constants and standard reduction potentials of the ions' 

k~-wa Reduction potential 
Metal d" (dm3 mol-' s-I) E0  (V) 

- 

[v0 l2 '  (dl) 1.1 x lo2 
c r3+  (d3) 5.4 x lo-7 -0.7 1 
~ e ~ '  (d5) 3.6 x 10' -0.04 
c o 2 +  (d7) 7.2 x lo5 -0.28 
Ni2+ (dB) 7.2 x 10' -0.25 
c u 2 +  (d9) 1.0 x lo9 +0.35 

proton is attached to a tertiary ring carbon and this may hinder 
the process of proton removal. 

This large catalytic effect is not reproduced in the reac- 
tion of any other metal ion with the en01 tautomer of a P-di- 
ketone. It has been proposed that the ability to accept 
transferred charge should be related to the standard elec- 
trode potential of the metal in aqueous solution (45). The 
electrode reduction potential of CU'+ (+0.35 V) is consid- 
erably greater than the reduction potential of any other 3-d 
transition metal ion, reflecting its greater ability to accept 
charge (Table 3). This higher tendency for c u 2 +  to capture 
electrons may be reflected in its greater ability to stabilize 
precursor complexes of the type shown in Fig. 1 compared 
to other transition metal ions. This increased stability will in 
turn be reflected in an increased rate of proton loss from the 
precursor complex, leading to increased rate of complex 
formation. 

The catalytic effect is greater when the metal ion reacts 
with the keto rather than with the en01 tautomer of the li- 
gand. There may be two reasons for this. Firstly, the keto 
tautorner is more inert than the en01 tautomer and conse- 
quently has a greater potential to exhibit a catalytic effect. 
Secondly, it may be related to the more facile approach of 
the metal to the keto tautomer; such an approach would in- 
deed in all probability be hindered by the extensive intra- 
molecular hydrogen bonding present in the en01 tautomer. 
The only exceptions to this are the reactions of copper@) with 
2-acetylcyclohexanone where kHE/kd > kHK/ka (Table 2). This 
may be attributed to the cyclic structure of Hachx. 

The arguments presented here give a plausible explana- 
tion of the ability of many metal ions to catalyze the 
ionization of the keto tautomers of P-diketones. Even those 
metal ions with negative reduction potentials such as c o 2 +  
(-0.28 V) and Fe3+ (-0.04 V) are able to catalyze proton 
loss during the complex formation process through electro- 
static interaction with oxygen centres. Most striking in this 
respect is the ability of Fe(0H)'' to catalyze proton loss from 
the en01 tautomer of pentane-2,4-dione. Although it is known 
that hydroxide complexes of Cr(III), Fe(III), Co(III), and 
Cu(I1) usually give larger rate constants than the aquometal 
ions (27) for many substitution reactions, the reactivity of 
F~(oH)'+ towards Hpd is considerably greater than would 
be predicted for a doubly charged metal. This is similar to 
the internal conjugate base mechanism proposed by 
Rorabacher (46) but, in this instance, the hydrogen bonding 
occurs between the acidic proton on the diketone and the 
oxygen of the coordinated hydroxide group. Such effects are 
believed to operate largely via an enhancement of the outer- 
sphere association constant (47). 

The ability of some metal ions to catalyze the ionization 

of both the keto and en01 tautomers of P-diketones has been 
demonstrated. The effects of the various metal ions have been 
rationalized in terms of  their reduction potentials, their abil- 
ity to stabilize the proposed precursor complexes, and their 
ability to increase the outer-sphere association constant via 
hydrogen bonding. 
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Transient 1,3-dipoles containing sulfur: a novel example of rearrangement from 
ethyl-1-0x0-1-(2,3-dichloro-4-phenoxyacetic acid)-2-[3-thio-5-(4-chloropheny1)-1,2- 

dithiolium] bromide 

MARTINE VARACHE-LEMBEGE, ALAIN NUHRICH, AND GUY DEVAUX' 

Laboratoire de pharmacie chitnique et chirnie the'rapeutique. Faculte' des Scie~lces phar~naceirtiques, 
U~~iversite' de Bordeaux 11, 3 ,  place de la Victoire, 33076 Bordeaux CEDEX,  France 

AND 

FRANCOISE DUBOUDIN 
Laboratoire de chimie organique et organomCtallique (Unite' associe'e 35), Univer-site' de Bordeaux I ,  

351, cours de la Libe'ration, 33405 Talence CEDLX, France 

MARTINE VARACHE-LEMBEGE, ALAIN NUHRICH, GUY DEVAUX, and FRANCOISE DUBOUDIN. Can. J .  Chem. 70,2290 (1992). 
During the basic treatment of the compound named in the title the expected ketone was not obtained. The Fast Atom 

Bombardment (FAB) mass spectrum of the new product formed was reported in this paper: the fragmentation pattern 
shows an S-S bridge sequence in a dimeric compound. This structure was also investigated by 'H and "C nuclear 
magnetic resonance spectroscopy, the results of which were in accordance with the mass spectral data. The formation 
of this compound was explained by the hypothesis of a thiirane intermediate structure that could spontaneously isomer- 
ize to the enethiol form and undergo oxidation to the disulfide. 

MARTINE VARACHE-LEMBEGE, ALAIN NUHRICH, GUY DEVAUX et FRANCO~SE DUBOUDIN. Can. J .  Chem. 70, 2290(1992). 

Lors du traitement basique du composC mentionnk dans le titre, il ne se forme pas la cctdne attendue mais un nou- 
veau produit dont la structure est ClucidCe dans cette publication. Les modes de fragmentation dkduits du spectre de masse 
FAB de ce dCrivC mettent en Cvidence l'existence d'un pont disulfure dans un dimkre. L'Ctude des spectres de RMN du 
'H et du "C permet de confirmer les donnCes de la spectromktrie de masse. La formation de ce composC s'expliquerait 
par une structure thiirane intermediaire pouvant s'isomkriser en une forme knethiol qui s'oxyderait ensuite en disulfure. 

Introduction solution containing the bromide 1 in dry pyridine was re- 

To extend our earlier work on a new diuretic thiopyranyl- fluxed for 1.5 h. The IR spectrum was in agreement with the 

idene phenoxyacetic ketone ( l ) ,  we attempted to synthesize Structure of the expected ketone 2: in particular, two strong 

2,3 -dichloro- (1 -oxo{5- (4-chlorophenyl)- 1 ,2-dithiol- 3 - yli- bands at 1590 cm-' and 1540 cm-' were observed, as re- 

dene)-2-ethyl)~4~phenoxyacetic acid 2 (Fig, 1). A method Po-d in the 1500-1610 cm-' range for different 5-ql-1,2- 

similar to those of SauvC and Lozac'h (2) was followed. A dithiol-3-Ylidene acetophenones by Lozac'h (3).   ow ever 
the elemental analysis (Table 1) was in disagreement with 

Received October 24. 199 1 

Pyridine, A 1 1 . 5 h  
product obtained: 3 1 

ketone expected: 2 

TABLE 1. Elemental analysis percentage ex- 
pected for a ketone compound 

Calculated for the 
Found for expected ketone 

Element product 3 C,<>Hl ,Cl,0,S2 

C 45.02 48.17 
H 1.98 2.34 
S 18.66 13.53 
CI 20.91 22.45 

TABLE 2. Elemental analysis percentage for the 
proposed structure C3XH20C160xS6 

Calculated for the 
Found for disulfide 

Element product 3 C~XH~C,C~,OXS, 

' ~ u t h o r  to whom correspondence may be addressed. 
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VARACHE-LEMBEGE ET AL 

Relative 
100 2 4 7  mlz abundance 

1006 1.00 
8 0 1008 2.58 

1010 5.82 

6 0 
1012 1.88 
1014 1.30 

% 1016 0.50 

4 0 

2 0 

0 

FIG. 2. FAB mass spectrum (positive ion detection) of 3. 

3 

FIG. 3. Condensed structural formula of dlsulfide C3xH20C1608S6. 

an a-ethylenic ketone structure. The study of the 'H NMR 
spectrum of the product obtained, 3, did not allow us to es- 
tablish its structure, but it confirmed the presence of a 
phenoxyacetic group, and aromatic and thiophene rings. This 
paper reports the structural study of the product 3. 

Results and discussion 

Mass spectrui71 
A dimeric structure was identified by its FAB mass spec- 

trum (Fig. 2). It exhibited a small molecular ion M+ 1006 
and the isotopic figure 6-C1,6-S. Thus the experimental rel- 
ative abundances of the isotopic molecular peaks were in 
excellent agreement with those calculated according to 
Beynon's method (4). 

Fragment ions at m / z  535 and 471, which contained re- 
spectively (3-C1,4-S) and (3-C1,2-S), showed the presence 
of a disulfide bond. Thus a structure could be proposed (Fig. 
3) and was in agreement with the elemental analysis per- 
centage for sulfur and hydrogen (Table 2). 

The major fragmentation of the molecular ion followed 
four pathways: (A) from [MI" to nz/z (M+ - 503), 503 
(Scheme 1); (B) from [MI+' to m / z  (M' - R), 535 and 471 
(Scheme 2); (C) from [MI+' to m / z  (base peak) 247 (Scheme 
3); (D) from [MI" to m / z  (M+ - R), 256 (Scheme 4). 

Pathway A: The presence of a fragment ion at m / z  503 and 
its isotopic figure 3-C1,3-S showed the cleavage of the di- 

. . 
/ s-s 0 CI 

s-s 0 C1 

1 - HCHO t n / z  473 - co, nl /z  445 Z-COOH - 
(3-C1,3-S) (3-C1,3-S) 

(3-C1,4-S) 

SCHEME 1. Cleavage of the S-S bond. 
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R = OCH,COOH \ clw~ \ Cl 

J s-s 3 O \ 

fJx+L&: -S2 clyL)LA&cl nz/z 471 
C1 \ R (3-C1,2-S) 

S - HCHO 

nz/z 535 
nz/z441 -CO nz/z413 

(3-C1,4-S) (3-C1,2-S) (3-C1,2-S) 

SCHEME 2. Simple S-S bridge a-cleavage. 

m/z 247 
base peak 
(2-CI) 

SCHEME 3. Simple carbonyl group a-cleavage. 

SCHEME 4. Cyclic process (MacLafferty) rearrangement. 
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VARACHE-LEMBEGE ET AL. 2293 

TABLE 3. 'H NMR spectral data of compound 3 TABLE 4. I3C NMR chemical shifts in 6 (ppm) and assign- 
ments for quaternary carbons of compound 3 

I 

H8 -( y' 7' '( 

H, S-S I '  C1 
0 

Chemical shifts in ppm Position Measured Predicted" 

H2-H2' 4.86 (s, 2H) 
H3-H4 AM system (2H) 

J = 7.65 Hz 
6 = 7.00-7.76 

HI" 7.27 (s, 30% bound hydroxyl) 
7.89 (s, 70% free hydroxyl) 

H5 7.60 (s, 1H) 
H6-H7-H8-H9 AA'BB' system at 7.67 (m, 4H) 

"This appeared as two singlets: one was fine at 7.89 ppm and 
the other was broad at 7.27 ppm. The sum of the intensities of these 
two peaks corresponded to only one proton. 

"6 calculated using the increment rule (7). 
"May be permuted. 
'According to peak intensity. 

TABLE 5. Base treatment of various thiocarbonyl ylides 

Hypothetical intermediate 
Initial product Base used thiirane % Final product 

I 

CH 3 CH 3 
I CI - 

NaH in DMSO 
I 

100% ketone 
J ~ F S - C H  ?COAr 

Ar Ar 
h 

Br- Pyridine 

Ar ' S-CHZCOAr 

Et,N in acetonitrile 

Et,N in acetonitrile 17% ketone + 7 1 % disulfide 

tl 

Br- 
0 + NaH in THF MezN 100% disulfide 

(Me,N),C=S-CHzCOOMe MeZN 

Br- Et,N in acetic acid' S - S  s 
& s , ~ ~ z ~ ~ ~ r  pyridinef 

A ~ M E O  Ar 100% disulfide 
Ar 

"See ref. 12. 
"See ref. 2. 
'See ref. 13. 
"See ref. 5. 
'See ref. 14. 
'This work. 
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sulfide bond in 3 as formulated for the analogous conl- 
pound (5). The peaks at m/z 473 and 445 are respectively 
attributed to the loss of a formaldehyde molecule and a car- 
bony1 group, from the fragment ion m / z  503. 

Pathway B: Fragment ions at m/z 535 and 471 are ex- 
plained by a simple S-S bridge a-cleavage from the mo- 
lecular ion ( 5 ) .  Also, fragment ions at nz/z 441 and 4 13 
resulted from the expulsion of a formaldehyde molecule and 
the expulsion of a carbonyl group from the fragment ion m/z 
47 1 , respectively. 

Pathway C: The base peak (tn/z 247) is formed by a sim- 
ple carbonyl group a-cleavage as shown in Scheme 3. 

Pathway D: A cyclic process may lead to the formation of 
a radical ion (m/z 256). 

The study of these fragment peaks and their isotopic 
structures allowed us to propose a dimeric structure (3) con- 
taining an S-S bridge for the product. 

NMR specfr-a 
'H and "C NMR yielded spectra that confirm the struc- 

ture of each symmetrical part of 3. 
The 'H chemical shift data of the various protons in coill- 

pound 3 are given in Table 3. 
'The "C spectrum of 3 shows both the resonance at 6, 

65.25, and resonances at 6, 111.16, 125.39, 127.26, 
129.15, and 129.43. Using a DEPT experiment, these were 
shown to be one CH, group and five different CH groups, 
respectively. It follows that the resonances reported in Table 
4 can be assigned to 11 quaternary carbons. The chemical 
shift of Cl at 178.80 ppni indicated the presence of a car- 
boxylic acid function while the chemical shift of C6 at 
187.46 ppm indicated the presence of a carbonyl group. The 
last value is in agreement with those reported by Mc- 
Kinnon and Abouzeid (6). Calculations using the incre- 
ment rule (7) allowed us to attribute most of the chemical 

S-S 
- HBr S-S 

J , + / k s / ~ ~ I Y O  - - 

Ar Ar 
Ar' 

Br- 1 Ar' 

S-S - 

Ar A&6/c~y0 
Thiocarbonyl-y lidc Ar' 

Hypothetical intermediate thiirane 

Vinylthiol 

/c=o 
Ar' 

Ethylcnic ketone 

Disulfide 

S C H L ~ I ~  5 .  Hypothetical mecha~nism. 
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shifts to the other quaternary carbons. C8 and C9 were 
identified at 169.19 ppm. 

Thus the total number of carbons and the division be- 
tween the secondary, tertiary, and quaternary carbons were 
in agreement with the disulfide structure 3. 
Hypothetical tnechatzism 

During the last decade, relatively few papers investi- 
gating the chemistry of thiocarbonyl ylides have been 
published (8-1 1). Some studies on bis(dimethy1amino 
methylene) sulfonium bromides ( 5 )  showed that by depro- 
tonation with a base these compounds produce a thiocar- 
bony1 ylide that could cyclize into unstable non-isolated 
thiirane. The latter undergoes a very quick isomerization to 
give an enethiol whose air oxidation leads to the final disul- 
fide product. 

On the other hand, other works on thiocarbonyl ylides 
treated with various bases state that the reaction proceeded 
either to the formation of a disulfide or to an ethylenic ke- 
tone by decomposition of the hypothetical intermediate 
thiirane with release of elemental sulfur (Table 5 ) .  

We hypothesized that the title compound might be formed 
as indicated in Scheme 5. The rearrangement of the hypo- 
thetical intem~ediate thiirane could be in accordance with that 
previously reported (1 5) for unimolecular isomerization of 
thiirane to vinylthiol through the following intermediate state: 

We have never found an ethylenic ketone. 
We cannot yet explain the influence of the structure of a- 

carbon substituents in the initial product on the nature ant1 
proportions of the products obtained. 

Experimental 
The positive ion Fast Atom Bombardment (FAB) mass spcc- 

trurn was obtained on a VG-ZAB-ZEQ spectrometer. The sample, 
dissolvcd in thioglycerol/HCIO,, using dioctylphthalate as the in- 

tcrnal reference, was analyzed by a direct insertion probe with a 
soulrc te~nperaturc of 0°C. 

Nuclear rnagnctic resonance spectra were measured at 250 MHz 
( ' H )  and 62.9 MHz ("c) with a Bruker AC 250 spectrometer, in 
acetone as a solvent. OPf-resonance and DEPT spectra were re- 
corded. Chcrnical shifts wcre mcasured in ppm ( 6 )  using tetra- 
~ncthylsilanc as thc internal reference. 

Acknowledgements 

We would like to thank Mrs. A. Lagardkre and M. S.  
Larrouture for their technical assistance. 

I .  A.  Nuhrich, M.  Varachc-BCranger, G .  Devaux, J .  Carnbar, 
C. Dorian, and A. Carpy. Eur. J. Med. Chcm. 21, 49 (1986). 

2. J .-P. Sauve and N. Lozac'h. Bull. Soc. Chirn. Fr. 11, 427 
(1980). 

3.  N. Lozac'h. Itz A. R .  Katritzky and A .  J .  Boulton. Adv. Het- 
erocycl. Chem. 13, 161 (1971); cf.  p.  219. 

4 .  J.-H. Beynon. Mass spectrometry and its applications to or- 
ganic chemistry. Elsevier, Amsterdam. 1964. pp. 298 and 301. 

5 .  M.  Takaku, S. Mitamura, and H.  Nozaki. Tetrahedron Lett. 
41, 3651 (1969). 

6 .  D. M.  McKinnon and A.  A. Abouzeid. J .  Heterocycl. Chem. 
28, 749 (1991). 

7.  E. Breitmaier and W. Voelter. Carbon-13 NMR spectros- 
copy. VCH Publishers, Weinheirn. 1987. pp. 319 and 320. 

8 .  R.  Huisgen, C .  Fulka, I .  Kalwinsch, L. Xingya, G .  Mloston, 
J .  R.  Moran, and A.  Probstl. Bull. Soc. Chirn. Belg. 93, 51 I 
(1984). 

9. Y .  Terao. M. Tanaka, N. Imai, and K. Achiwa. Tetrahedron 
Lett. 26. 301 1 (1985). 

10. Y .  Terao, M.  Acno, I .  Takamashi, and K. Achiwa. Chcm. 
Lctt. 2089 (1986). 

I I. Y.  Terao. M.  Aono. N .  Imai, and K. Achiwa. C h e ~ n .  Pharm. 
Bull. 35, 1734 (1987). 

12. Y. Ueno and M. Okawara. Bull. Chctn. Soc. Jpn. 45, 1797 
( t972) .  

13. J .  Nakayama, T .  Takemasa. ant1 M. Hoshino. Bull. Chern. 
Soc. Jpn. 53, 2281 (1980). 

14. E. I. G .  Brown, D. Leaver, and D. M.  McKinnon. J .  Chem. 
Soc.  (C) ,  1202 ( 1970). 

15. U. Zollcr. I I I  A. Hassner. Heterocycl. Compd. 42, 398 (1983). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Modeling the effect of Zn(I1) on the hydrogen transfer in inhibition processes 
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ISABEL ROZAS and G u s r ~ v o  A. ARTECA. Can. J. Chem. 70, 2296 (1992). 
We present in this work the results of a rather simplified theoretical approach to some of the processes involved in 

the inhibition of Zn-containing active sites. Our aim is to calibrate a model in which Zn is replaced by Be. The moti- 
vation for this strategy is to provide a qualitatively correct, but fast, approach that can be used in the simulation of many 
inhibitors interacting with a Zn site. The use of Be allows us to retain some of the essential features of the inhibitor-Zn 
interaction, while involving much less computation time. I t  should be noted that we are rzor modeling a Be-containing 
active site, but processes occurring in a Zn-containing one. We design a scaling transformation that permits us to relate 
the electronic properties associated with a given Be-ligand distance to the same electronic properties associated with a 
desired Zn-ligand distance. The results provided by the Be-containing model ark comparable to those corresponding to 
the actual Zn-containing model. One of the processes we are interested in describing here is the effect that the presence 
of a Zn(I1) cation has on the ability of an inhibitor to donate a proton to an acceptor. This process is of importance in 
the inhibition of Zn-containing enzymes, such as liver alcohol dehydrogenase (LADH). The inhibitory mechanism of 
LADH seems to involve first the interaction of  a ligand with the Zn cation, followed by the transfer of a proton to an 
acceptor, and finally the binding of the deprotonated ligand to the nicotinamide adenine dinucleotide (NAD') coen- 
zyme. In this work, we considered the molecule of formaldehydehydrazone as a model of an inhibitor (e.g., pyrazole). 
This simplified model contains the strict essentials needed to study proton transfer mediated by a metallic cation. We 
found a parallelisnl between the roles of the two metals in the H transfer from this mode1 of inhibitor that allows us to 
make some qualitative predictions for other processes in Zn from the results obtained exclusively in the presence of Be. 

ISABEL ROZAS et GUSTAVO A. ARTECA. Can. J. Chem. 70, 2296 (1992) 
Dans ce travail, on prksente Ies rksultats d'une etude thtorique assez simplifiee de quelques processus impliquCs dans 

I'inhibition de sites actifs contenant du Zn. Le but du travail est de calibrer un modele dans lequel le Zn est remplace 
par du Be. La motivation de cette strattgie est de foumir une approche qualitativement correcte, mais rapide, qui pour- 
rait &[re utilisCe dans la simulation de plusieurs inhibiteurs qui interagissent avec un site de Zn. L'utilisation du Be per- 
met de retenir quelques-unes des caractkristiques essentielles de I'interaction inhibiteur-Zn tout en demandant moins de 
temps de calcul. On doit noter que I'on n'examine p ~ t s  un modele d'un site actif contenant du Be, mais bien les proces- 
sus se produisant dans un site qui contient du Zn. On a rnis au point une transformation scalaire qui permet de relier les 
propriCtCs spectroscopiques associees a une distance Be-ligand donnee avec les m&mes propriCtCs tlectroniques asso- 
ciees avec une distance donnee Zn-ligand desirke. Les r6sultats fournis par le modklc contenant du Be sont conlpara- 
bles a ceux correspondants au mod& contenant du Zn. L'un des processus que nous ttions inttresses h dCcrire ici est 
l'effet de la prCsence d'un cation Zn(1I) sur I'habilite d'un inhibiteur h donner un proton a un accepteur. Ce processus 
est important dans I'inhibition des enzymes contenant du Zn. comme la deshydrogknase de I'alcool du foie (LADH). Le 
mCcanisme d'inhibition de la LADH semble ilnpliquer au depart une interaction d'un ligand avec un cation Zn, puis le 
transfert d'un proton vers un accepteur et finalement I'association du ligand d6protonC au coenzyme du dinucl6otide de 
I'adenine nicotinamide (NAD'). Dans ce travail, on a consider6 la moltcule d'hydrazone du formaldehyde comme un 
modele d'un inhibiteur (p. ex., pyrazole). Ce modele simplifik contient le strict minimum requis pour une etude de transfert 
de proton initiC par un cation mCtallique. On a trouvt un parallClisme entre les r8les des deux mCtaux sur le transfert 
d'hydrogene a partir de cc modele de I'inhibiteur qui nous permet, en se basant uniquement sur dcs rCsultats obtenus en 
presence de Be, de faire quelques predictions qualitatives pour d'autres processus irnpliquant du Zn. 

[Traduit par la redaction] 

Introduction 

In this work w e  study the interaction between a rather 
simplified model of pyrazole with Zn(I1) and Be(I1) cat- 
ions. The aim is to seek a possible parallelism between the 
interactions Zn(I1)-N and Be(I1)-N in order to describe ap- 
proximately the electronic properties associated with a given 
Zn(I1)-ligand distance from the properties corresponding to 
a different distance in the computationally more accessible 
Be(I1)-ligand model. The goal is to provide a transforma- 
tion from the calibrated Be(I1) system to the Zn(I1) system 
in which one is actually interested. The motivation for this 
approach is the appreciable saving of computing time 

achieved when replacing Zn by Be, especially if the com- 
putations are repeated when simulating the behavior of a large 
number of inhibitors. This approach can be viewed as afirst 
sfrp towards the construction of a more detailed (but sim- 
plified) model of an actual active site, where the actual li- 
gands at the site are added at a second step. 

An application of interest for this Be-calibrated system is 
found when modeling the more complicated processes oc- 
curring in the inhibition of Zn-containing enzymatic active 
sites. One example of these active sites is found in liver al- 
cohol dehydrogenase (LADH). Essential processes in- 
volved in the inhibition of LADH are (i) the interaction of a 
h ~ a n d  with the metal cation; (ii) the transfer of a vroton from - . . .  
this ligand to an acceptor, mediated by the presence of the 

' ~ c m ~ a n e n t  address: Instituto de Quimica MCdica. C.S. I.C., Juan 
de la Cierva 3, 28006-Madrid, Spain. metal. Finally, the binding of the deprotonated ligand to the 

zpresent addrcss: D C ~ ~ , T ~ ~ ~ ~ ~ ~  de chimie et biochimic, Univer- nicotinamide adenine dinucleotide (NAD') coenzyme com- 
sit6 Laurentienne, Chemin du Lac Ramsey, Sudbury, Ont., Can- pletes the Process (1). Our study of ligand-metal interac- 
ada P3E 2C6. tions can be relevant to the understanding of the first two 

'~evis ion  rcccivcd Fcbruary 25, 1992. processes. 
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FIG. 1 .  Scheme of the interaction between LADH, one of its 
inhibitors (the pyrazole molecule), and the coenzyme NAD'. 

FIG. 2 .  Proton transfer process between formaldehydehydra- 
zone ( I )  and ammonia. Structures I ,  11, and 111 correspond to the 
initial arrangement, H-bonded minimum, and final arrangement. 
respectively. 

It has long been known that LADH catalyzes the first step 
in alcohol metabolism ( l a ) .  There have been several stud- 
ies on the structure of the complex LADH-NAD' and var- 
ious inhibitors (2), as well as on their activity. Pyrazole and 
its derivatives are the strongest inhibitors known for this en- 
zyme (3). They form a strong ternary complex with LADH 
and NAD+ (2a, 4) (see Fig. 1). 

To analyze the effect of the metal cation in the proton 
transfer process we also studied this step in the absence of 
the metal. As a model reaction, we considered the molecule 
of formaldehydehydrazone -(a simplified model for pyra- 
zole) as proton donor and ammonia as proton acceptor. The 
two limiting cases for the proton transfer are given, on the 
one hand, by the structure where the H is attached to the 
terminal amine group of formaldehydehydrazone and, on 
the other hand, by the arrangement involving the NH,' cat- 
ion (see Fig. 2). 

In this approximation to the inhibitor-metal - proton ac- 
ceptor complex, we look for a relationship between prop- 
erties that are involved directly in the inhibitor-receptor 
interaction. These include: N-metal bond order, number of 
bonding electrons per atom (valency), and atomic charge (5). 
In a following section we discuss the reaction surface and 
reaction path for the hydrogen donation. The information 
obtained from this study is then used to calibrate the Be(I1)- 
containing model that mimics the actual Zn(I1)-ligand in- 
teraction. 

Role of a metal in the proton transfer between 
formaldehydehydrazone and ammonia 

Properties of the system without metals 
Formaldehydehydrazone (compound 1, as shown in Fig. 

2) represents a formal "half" of pyrazole (cf. pyrazole in Fig. 
1 with compound 1 in Fig. 2). This molecule does not have 
the aromatic character of pyrazole, but the nature of the in- 
teraction with the metal and the geometry for the proton do- 
nation can still be described adequately. This is, the intrinsic 
properties of the inhibitor will be poorly described (due to 
the absence of a five-membered ring), but this model inhib- 
itor contains all the features needed to describe the 
N-H . . . N proton transfer process, which is our aim in this 

work. To this end, we considered the formaldehydehydra- 
zone molecule as planar, forcing the N(l)  atom to adopt an 
sp' hybridization and a geometrical configuration similar to 
that in pyrazole. All other internal coordinates were opti- 
mized. 

The calculations were carried out at the ab irzitio level, 
using the GAUSSIAN 88 series of programs (DEC version) (6), 
and with the minimal basis set (with polarization functions) 
STO-3G'" (7). This rather small basis set was chosen since 
we shall later incorporate Zn, and no larger basis set for this 
system was affordable to us. A more accurate (but costly) 
description would probably require mixed basis sets (8). To 
avoid some of the intrinsic problems of the minimal basis set 
(such as the wrong prediction of single-well reaction bar- 
riers for proton transfers (8)), PM3 semiempirical calcula- 
tions (9) were carried out. For the exploratory analysis 
performed in this work, these levels of calculation may suf- 
fice to indicate the correct qualitative trends in the results. 

As a first step, we studied the proton-transfer reaction in 
this system. A cross section of the reaction surface for this 
process was calculated at the ab itzitio level, with the STO- 
3G'" minimal basis set (7). This cross section was obtained 
by calculating the total energy of the system for various 
placements of the central proton along the N-N internu- 
clear axis. The N(1)-N(7) and N(1)-H(1 1) distances (Fig. 
2) were chosen as the variables defining the cross section. 
Steps of 0.2 A were used to compute the cross section. The 
remaining internal coordinates were optimized, retaining the 
planarity of the forinaldehydehydrazone molecule and ori- 
enting the ammonia molecule for a linear transfer of the 
proton H(l1) as shown in Fig. 2. 

The linearity in the N-H . . . N moiety was preserved, 
since previous calculations in related systems (pyrazole- 
ammonia ( I  O) ,  ammonium-ammonia (1 l ) ,  pyridine-pyr- 
role (1 10)) showed it to be almost or totally linear, a result 
consistently obtained with basis sets of various qualities. 

The cross section obtained for this proton-transfer reac- 
tion is represented in Fig. 3. There are two minima corre- 
sponding to the limiting states, one when the proton is 
attached to the formaldehydehydrazone molecule (case I in 
Fig. 2) and the other when the proton is forming the am- 
monium cation (case I11 in Fig. 2). The difference in energy 
between these two minima is approximately 153.78 kcal 
mol-' (0.24507 au), at the STO-3G:;: level of optimization. 

Between these two minima, and along the reaction path, 
we found another shallow minimum, structure 11, corre- 
sponding to a system type I, in which the interaction be- 
tween the anline ter~ninal group and the ammonia molecule 
seems to occur through a hydrogen bond. 

This critical point I1 was localized at the MP2 level of 
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TABLE 1. Geometrical parameters for the minimum 11 (H-bonded structure) at MP2/STO-3G:%nd 
PM3 lcvcls and second minimum found at PM3 level (thc "2nd Minimum" refers to thc sc,c.o~ld wcll 
of thc double-well potential for the H-bonded structures, which appcars at the PM3 level (mini- 

mum I1 is thc,fi'r.st wcll) 

Minimurn II(MP2) Minimum I1 (PM3) 2nd Minimum (PM3) 

C(3)-H(4) 
C(3)-H(5) 
C(3)-N(2) 
N(2)-N( I ) 
N( I )-H(6) 
N(I)-H(1 I )  
N( I )-N(7) 
H( 1 1 )-N(7) 
N(7)-H(8) 
N(7)-H(9) 
N(7)-H( 10) 

Angles (degrees) 

H(4)-C(3)-N(2) 
H(5)-C(3)-N(2) 
C(3)-N(2)-N( I) 
N(2)-N( I )-H(6) 
N(2)-N(1)-H(l I) 
N( I ) p H (  I I )-N(7) 
H( 1 1 )-N(7)-H(8) 
H(l 1)-N(7)-H(9) 
H( I 1 )-N(7)-H( 10) 

TAUI.L( 2. N-N, N-H, and H . . . N distances in H-bonded systcms at different lcvels of computation 

Systcm N-N N-H H . .  . N  C)(N-H.. . N )  Basis set 

H,CNHNH. . . NH,  
Pyr~d~nc-pyrlolc 
H1CH2NH' . . . NH2CH; 
HICHINH1 . . . NH?CH, 
H,CHINHt . . . NH2CH1 
H,NHt  . . . NHI 
H,NH'  . . . NH, 
H,NH'  . , . NH, 
H,NHt  . .  . N H .  
H,NHt . . . NH, 
H,NH1 . . . NH, 
H ,NH'  . . . N H ,  
H1NHf . . . NH, 
H2CHNHt . . . NHI 

MP2/STO-3G:':" 
MINI - I '>  
STO-3G' 
STO-3G(ABH:6-3 IG)' 
6-3 1 G' 
MP4/6-3 l +G" 
4-31G" 
4-3 l + G '  
6-3 1 G:':" 

4-3 1 G '  
6-3 1 G' 
6-3 l +G" 
4-3 1 G" 
4-3 1 c:::' 

-- 

"This work. 
"Reference 1 I b. 
'Rcfercncc 8. 
"Rcference I Itr. 

'Rcference I I(.. 
'Reference I I tl. 
'Kcfcrence I Ic. 
"Reference 12. 
'IieSercnce I !/. 

calculation. This level of correlation is appropriate to de- rameters are quite close to those of Pardo et al. (8) obtained 
scribe H-bonded complexes (1 l a ) ,  though in our case the when using a STO-3G (ABH:6-31G) mixed basis set (cf. 
description will be modest due to the use of a minimum basis Table 2). The agreement suggests that a minimal STO-3G" 
set. The geometrical parameters characterizing minimum 11 basis set may suffice to extract the essential qualitative fea- 
are shown in Table 1. The results are in good agreement with tures of our system, in spite of its known inadequacy to 
the values obtained for related systems at different levels of compare H-transfer reaction barriers (8). 
calculation (see Table 2). Moreover, our geometrical pa- At minimum 11, the proton is attached mostly to the ni- 
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SURFACE A T  RHF 3Gf LEVEL 

ENLARGEMENT AT MP2 LEVEL 

FIG. 3. Cross section of the proton transfer reaction surface at the STO-3C:': cih irzitio level of calculation. Thc reaction path is reprc- 
sented over the cross section. An enlargement at the MP2 level of the area col-~.csponding to the H-bonded minimurn (11) is tlisplayetl in 
the graph at the bottom. 
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0 10 20 

Reaction Path Arc Length (A amu' 12) 

Reaction Path Arc Length (A arnu I ) 

Reaction Path Arc Length (A amul 12) 

FIG. 4. Energy profiles of the reaction path: ( a )  at the STO-3G:" 
level of calculation; (b) at the PM3 level of calculation. 

trogen atom of  molecule 1. This result is in agreement with 
the fact that hydrogen bridges longer than 2.65 A are asym- 
metric (12). The occurrence of an H-bonded minimum in this 
proton-transfer reaction is not unexpected, since the forma- 
tion of such a bond is a necessary condition for all proton- 
transfer processes of the type: A H . .  . B = A- - .  . H'B, 
according to Zundel ( 13). 

The most dramatic changes in the electron density (cor- 
responding to N(1) and N(7)) occur along the direction in 
space defined by the H bond. The electron distribution is 
distorted differently for each N. The region between N(l) and 
H(11) increases its electron population, whereas the region 
between N(7) and H(11) becomes depleted in electron den- 
sity. This is consistent with the findings of Scheiner (14), and 
seems to indicate that the presence of an H bond permits the 
delocalization of the TT system from one molecule to the other, 
a fact that stabilizes the overall system. Our results indicate 
a stabilization of about 7.15 kcal mol-' (0.01 14 au). 

Using the cross section of the reaction surface as a start- 
ing point, we calculated the corresponding reaction path (Fig. 
3), optimizing each point of the path at the MP2 level (vide 
supra). An energy profile is displayed in Fig. 4(u). 

As was pointed out before, the main failures of the STO- 
3G* basis set for describing a proton transfer are known to 
be in the shape of the reaction barrier (8). For a better de- 
scription of the reaction barrier, we recalculated the reac- 
tion path, optimizing each point with the semiempirical 
program PM3 as implemented in the MOPAC package (9). 

At this level of calculation, a double-minima barrier is 
obtained. The lowest energy minimum is the same structure 

Reaction Path Arc Length (A arnu ' ) 

FIG. 5 .  Variation of ( a )  the N(1)-H(l1) and N(7)-H(11) bond 
orders along the reaction path, and (b) the valency. Both proper- 
ties are calculated at the rrb irzitio level. 

as minimum 11, obtained before using ab  initio calculations 
with the minimal basis set. The other minimum corre- 
sponds to a complex w h e r ~  H(11) is almost bonded to the 
ammonia moiety, at 1.99 A from the N(5) of the formalde- 
hydehydrazone. The interaction between this H(11) atom and 
the N(5) seems to be more electrostatic than H-bonding. The 
geometrical parameters of both minima at the PM3 level are 
shown in Table 1, and the energy profile obtained is dis- 
played in Fig. 4(b). It is worth remembering that our main 
objective is to analyze the role of the metal cations in the 
proton transfer, and thus only the proton-bonded minimum 
I1 is of interest. This structure I1 appears to have the same 
geometry at the ub initio as well as at the PM3 level. In both 
cases, structure I1 is the lowest-lying minimum. 

One can gain a deeper insight into the behavior of the 
model by analyzing other molecular properties along the re- 
action path. The formation of the N(7)-H(11) bond and the 
breaking of the N(1)-H(1 I) bond appear to be simulta- 
neous (see Fig. 5(a)) at the ab  initio level. This last bond 
seems to be stronger than the N(7)-H(11) bond according 
to the respective bond order values (0.356 vs. 0.321). This 
can be explained by the fact that in formaldehydehydrazone 
there exists a conjugation with a double bond, resulting in a 
stronger bond to H(11) than to the ammonium cation. 

The valency (number of bonding electrons) of H(11) along 
the reaction path (Fig. 5(b)) shows that, at the minimum 11, 
this atom exhibits the maximum bonding to atoms N(1) (by 
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N-Zn(ll) Distance (A) 

N-Be(ll) Distance (A) 

FIG. 6. Curves for Zn(I1)-N and Be(I1)-N bond orders (ob- 
tained by using ab initio calculations) as functions of cation-N 
distances, fitted by least-squares third-degree polynomials for the 
systems with ammonia as proton acceptor. 

a covalent bond) and N(7) (by a hydrogen bond), simulta- 
neously. 

Figure 5(b) shows a minimum at about 8.0 units of arc 
length from the reactants. This minimum in valency corre- 
sponds to the same structure found to be the second mini- 
mum in energy in the PM3 reaction path profile (cf. Fig. 
4(b)). This fact suggests that in this complex the H(11) atom 
is the least attached to the rest of the system. 

Properties of the systems with Zn(1)  and Be(l1) 
As mentioned before, the inhibition process of LADH by 

pyrazole is thought to involve first a binding of the N(2) atom 
of the inhibitor to the Zn(I1) cation. After a proton is re- 
leased from N(1), the unprotonated N(1) atom binds to the 
nicotinamide ring of the coenzyme (1 5). Accordingly, the 
minimum I1 found above could serve as a model for the in- 
teraction of pyrazole with the metal cation, at the moment 
of trarzsferritzg the proton to an acceptor, a separate step that 
takes place before the binding of the pyrazole aniotz to the 
NAD+. 

It is known that LADH still maintains a catalytic activity 
if the Zn(I1) cation is substituted by Co(II), Cd(II), Ni(II), 
and Fe(1I) (16, and refs. therein). Reconstruction of the en- 
zyme was also possible with Cu(II), Fe(III), and Pb(II), but 

in these cases the activity is lost (16). One could argue 
whether our Be(I1) model would simulate a Zn(I1)- or Be(I1)- 
containing enzyme. A real Be(I1)-containing LADH would 
be inactive. Our aim is not to approximate this latter en- 
zyme, but to construct a simple, "artificial" model with Be(II) 
that deviates from an actual Be-containing system, but whose 
behavior would be similar to the natural Zn(I1) in the active 
site. 

The simulation of a Zn(I1) cation in the active site of an 
enzyme by a Be(I1) cation has been used before. In MO 
studies of the enzymatic activity of carboxypeptidase A (17), 
the [Be(OH)(NH,),]+ complex was used to simulate the cat- 
alytic Zn(I1) coordinated with two histidines and one gluta- 
mate. Scheiner and Lipscomb (17) concluded that these 
electrophiles may serve as an adequate model for the Zn(I1) 
and its ligands in carboxypeptidase A. Moreover, the au- 
thors suggested that the d-orbitals of Zn might not be fully 
involved in forming a complex with the substrate. How- 
ever, Osman and Weinstein (18) carried out a comparative 
study of Zn(I1)- and Be(I1)-containing complexes (in order 
to study the active center of metalloenzymes, as carboxy- 
peptidase and carbonic anhydrase), and concluded that the 
transition metals seem to play a special role in these biolog- 
ical systems. 

In our present case, the metallic cations (Zn(I1) or Be(I1)) 
were situated on the same plane as the formaldehydehydra- 
zone. This approach is suggested by results in the literature. 
For example, the interaction between Zn(I1) and imidazole 
(related to pyrazole) occurs in an energetically favoured 
planar geometry (19). Consequently, the metal atom was 
located along the lone pair of N(2) of formaldehydehydra- 
zone. 

We studied the systems with Zn(I1) and Be(I1) at both ab 
initio (using the STO-3G* basis set) and semiempirical (using 
the program PM3) levels. In these systems, we used the op- 
timized parameters of minimum 11, keeping the planarity of 
the formaldehydehydrazone moiety and the linearity of the 
H bond. The rest of the internal coordinates were opti- 
mized, including those describing the shifting hydrogen. This 
analysis was repeated for various N(2)-metal distances. 

The effect of the N(2)-metal interaction on various prop- 
erties (bond order, valency, and atomic charge of N(2), 
Zn(II), and Be(I1)) was studied using the STO-3G*. Third- 
degree polynomials were fitted to each set of data. Results 
are shown in Figs. 6-8. 

The maximum values of bond order (Fig. 7) obtained for 
N(2)-metal cations are collected in Table 3. An important 
feature appears in these complexes: the itzteractiorz N(2) - 
metal cations produces the H transfer from the N(1) of the 
formaldelzydehydrazone to the ammonia molecule. Thus, 
starting from the geometrical arrangement of minimum I1 
(neutral molecules linked by an H bond) the interaction with 
Zn(I1) and Be(I1) ions generates complexes where the cen- 
tral H(11) forms part of the ammonium cation (see the N-N 
and N-H distances in Table 4). 

Using the N-metal(I1) distances obtained for the maxi- 
mum bond order at the ab initio level we calculated the cat- 
ionic complex using the program PM3. The same H transfer 
is observed from the formaldehydehydrazone to the ammo- 
nia molecule. In addition, the ammonium cation is shifted 
away from the formaldehydehydrazone-metal(I1) complex 
(see the obtained geometrical parameters in Table 4). 

The fact that the approach of a cation can facilitate a pro- 
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N-Zn(ll) Distance (A) N-Be(ll) Distance (A) 

N-Zn(ll) Dlstance (A) N-Be(ll) Distance (A) 

FIG. 7. Curves for N(2), Zn(II), and Be(I1) valencies (obtained by using nb initio calculations) as functions of cation-N distances, fit- 
ted by least-squares third-degree polynomials for the systems with ammonia as proton acceptor. 

ton transfer has been observed before for systems other than 
N-H . . . N (20). In refs. 20, it was noted that the interac- 
tion of Li+ and Na+ with an N or an 0 atom causes the re- 
lease of an H directlj; bonded to these atoms. In our case, 
doubly charged cations of a very different nature, such as 
Zn(I1) and Be(LI), induce the transfer of an N-bonded H atom 
to the proton acceptor. 

The effect of Zn(I1) in facilitating deprotonation has been 
observed in imidazole and also in water (21). On the other 
hand, studies carried out on the role of zinc in LADH show 
that Zn(I1) could be essential for the catalytic action of this 
enzyme but only in the H-transfer step (22). The results ob- 
tained in our calculations are in agreement with this model. 

This effect of the metal interaction was observed for both 
cations and at different levels of calculation, which gives 
support to the use of Be(I1) instead of Zn(I1) for subsequent 
computations. 

The maxima of valency (Fig. 7) obtained for Zn(I1) and 

Be(II), using the STO-3G* basis set, are displayed in Table 
3 together with the maximum valency for the N(2) atom when 
interacting with the cations. As expected, larger values are 
obtained for N(2) due to the multiple bonding of this atom. 

The change in the atomic charges as a function of N(2)- 
metal distances is shown in Fig. 8. The values correspond- 
ing to the maxima appear in Table 3. 

We conclude that the presence of a proton acceptor makes 
the whole system more conjugated, and the presence of cat- 
ions facilitates the H-transfer process to the acceptor (am- 
monia). 

Quantitative relationships between the systems with 
different metal cations 

From the results discussed in the previous sections, it is 
clear that, to a certain extent, our system with Be(I1) be- 
haves similarly to that with Zn(I1). In this section we estab- 
lish a quantitative relationship between the two systems that 
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1.3 1.4 1.5 1.6 1.7 1.8 1.9 

N-Zn(ll) Distance (A) 

1 .O 1 .2  1.4 1.6 1 .8  

N-Be(ll) Distance (A) 

N-Zn(ll) Distance (A) N-Be(ll) Distance (A) 

FIG. 8. Curves for N(2), Zn(II), and Be(I1) atomic charges (obtained by using ab initio calculations) as functions of cation-N dis- 
tances, fitted by least-squares third-degree polynomials for the systems with ammonia as proton acceptor. 

allows us to calibrate a Be(I1)-containing model to predict 
the results in the more costly Zn(I1) system. 

The approach we follow here is suggested by the fact that 
the properties of the systems with Zn(I1) and Be(I1) ions are 
similar and approximately derivable from one another by 
appropriate scaling. Thus, starting from a known N-Zn(I1) 
distance (x,) (the one for the enzyme-inhibitor system), and 
by taking a scaling factor P, we obtain the corresponding 
N-Be(1I) distance (x,). With this value x2, we can deter- 
mine the approximate property value (y,) for the Be(I1) sys- 
tem and use this to obtain the approximate property value (y,) 
for Zn(I1) system as follows: 

xz = x, P; Y I  (XI) = a Y, (P X I )  

The numerical computation of the c-r and P parameters is 
discussed in the Appendix. Taking the bond order as the 
property y,, the correlation between the Zn(I1) and the Be(I1) 
systems is satisfactory ( J  = 3.59 X lo-'). The a and P val- 

ues obtained (2.08 17 and 0.7984, respectively) give a good 
description of this property for Zn(I1) by using only Be(I1) 
results. The correlations obtained for the valency are not so 
good (J{Zn(II),Be(II)) = 0.2360 and J{N[Zn(II)],N[Be(II)]} 
= 0.1106). In contrast, the values obtained for the charge of 
N(2) correlate quite well (J = 7.75 x lo-)). The a and P 
values in this latter case are 2.8 142 and 1 .1685, respec- 
tively. 

According to these results, both the bond order between 
the cations and the N(2) atom of pyrazole, as well as the 
atomic charge of N(2), are adequate properties to correlate 
the effects of Zn(I1) and Be(I1). 

Conclusions 
According to the results, the following conclusions are 

reached: 
1. A minimum corresponding to an H-bonded formalde- 

hydehydrazone - proton acceptor model in the cross section 
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TABLE 3. Bond orders, valencies, and atomic charges as a func- 
tion of the N(2)-metal distance for the system with ammonia as 
proton acceptor. The results correspond to a b  initio calculations. 
In the case of atomic charges, only the ranges are provided since 
the charge does not exhibit an extremum over the range of dis- 

tances studied 

Maximum N(2)-metal 
bond order distance (A) 

Maximum N(2)-metal 
valency distance (A) 

Zn(I1) 0.3218 1.750 
Be(I1) 0.4212 1.400 
N(2) . . . (Zn(I1)) 0.8332 1.700 
N(2) . . . (Be(I1)) 0.9140 1.450 

Range of Range of 
atomic charges N(2)-metal distance 

TABLE 4. N-N and N-H distances (in A) between the three atoms 
characterizing the linear H-transfer complex, in the case of am- 
monia interacting with the Zn(I1) and Be(L1) cations (minimum 11). 

The STO-3G* basis set and PM3 program were used 

d{N(2)-Zn(I1)) d{N(l)-N(7)} d{N(I)-H(l 1)) d{N(7)-H( I 1)) 
1.400 2.603 1.475 1.128 
1.500 2.608 1.48 1 1.127 
1.600 2.614 1.489 1.125 

ergy corresponds with the H-bonded structure obtained at the 
ab initio level. The other minimum obtained shows a non- 
symmetrical ammonium cation electrostatically attracted to 
the formaldehydehydrazone anion. 

3. Whereas a single minimum was found for the proton 
transfer at the STO-3G* level, the geometrical description 
we obtained for the N-H . . . N hydrogen bond is satisfac- 
tory. This result is comparable with those obtained in the 
literature for other related systems with larger basis sets. In 
this work we were mostly interested in the effect of a metal 
on this H-bonded structure. We believe that the minimal basis 
set STO-3G:!: should be sufficient to extract these qualita- 
tive features correctly. 

4. The main result that we found, at both ab  initio and 
semiempirical levels, is the effect of the Zn(I1) and Be(I1) 
cations on the model inhibitor - ammonia complex. Our re- 
sults suggest that the presence of these cations causes the 
transfer of a proton, covalently bonded to the inhibitor (and 
hydrogen-bonded to ammonia), to the proton acceptor. A 
similar mechanism was postulated to take place in the nat- 
ural inhibition of LADH by pyrazole and related com- 
pounds. It is remarkable that this crucial feature is already 
present in a model as simplified as the present one. 

5. The results obtained for Zn(I1) and Be(I1) show a close 
parallelism of their effect on the model inhibitor - proton 
acceptor system. A quantitative expression of this effect has 
been given in terms of the properties of the interacting metal 
and nitrogen atoms. We have shown how to interrelate the 
functional dependences on the N(2)-metal distance for two 
properties (N(2) - metal bond order and charge on N(2)) for 
the two metallic systems. We developed a scaling proce- 
dure that allows us to find the distance at which a Be(I1) 
cation produces an effect similar to the effect exhibited by 
the Zn(I1) ion. This relationship opens the possibility of re- 
placing the more computationally demanding Zn metal by 
Be in studies of larger molecular systems, and still retain the 
correct qualitative behavior 
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Appendix 
Consider two comparable molecular systems, which we 

shall label as I and 2. In our case, these systems will be the 
inhibitor - proton acceptor complexes in the presence of 
Zn(I1) and Be(I1) cations, respectively. The properties of 
these systems have been studied in the text as functions 
of the distance between the N(2) of the model inhibitor and 
the metal ions. In this appendix we discuss how to establish 

and characterize a quantitative relationship between the two 
systems. 

Let xl and x, be the N(2)-Zn(I1) and N(2)-Be(I1) dis- 
tances, respectively. Consider now a given molecular prop- 
erty in both systems. As discussed in the text, the N(2)-metal 
bond order and the charge on the N(2) atom appear to be 
relevant properties to compare the two systems, since they 
have similar qualitative behavior with the changes in the 
metal-ligand distances. Let yl(x,) and y,(x,) be any of these 
molecular properties, for systems I and 2, respectively. For 
simplicity, we shall represent these properties as polyno- 
mials, 

N N 

an approximation that holds reasonably well within a large 
range of interatomic distances x, and x,. The form of the re- 
lation we intend to use is given as: 

Our goal is to determine a set of two constants a and p, that 
would allow us to approximate a function value for one 
polynomial by knowing only a function value for the other 
one. In other words, if a property y, is known for the beryl- 
lium system at a N(2)-Be(I1) distance xz, then the same 
property will have an approximate value ay,(x,) for the zinc 
system at an N(2)-Zn(I1) distance equal to x,/P 

We proceed by least-squares fitting to obtain the best a and 
p values for eq. [2]. From eqs. [I] and [2], we minimize the 
following function: 

N 

131 J(a,P) = C (a a, 13' - c,)' 
s=O 

over changes in the variables a and P. Solving for aJ/aa = 
0, we obtain an expression for a as a function of p. Intro- 
ducing this result into the equation dJ /ap  = 0, we obtain an 
algebraic equation for P: 

3N- I 

with the coefficients b, g' iven as: 
int((k+ I) / , )  

[5] b, = C (k + 1 - 3i) a; ak+l-2j  CL+I-L; 

i=O 

The upper limit in the sum in eq. [5] stands for the integer 
part of (k + 1)/2. It is easily proven that b,,-, = 0. 

In the actual application we obtained numerically all the 
positive real roots of eq. [5] for N = 3 and selected the one 
leading to the smallest J(a,P).  With this P value we imme- 
diately calculate the corresponding a value. The results ob- 
tained and the quality of the description of the Zn(I1) system 
in terms of the analogous Be(I1) system are discussed in the 
text. 
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furylmethylcetone sur le 2,s-furanedicarboxaldehyde 
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CARMEN DOMINGUEZ, JOAQU~N PLUMET, ANTOINE GASET el LUC RIGAL. Can. J. Chenl. 70, 2306 (1992). 
La rection de condensation de Claisen-Schmidt du 2,s-furanedicarboxaldChyde (FDC) sur la furylmethylcCtone (FMC) 

conduit B trois produits differents en fonction des conditions operatoires. L'influence de cinq facteurs sur I'orientation 
de cette reaction est CtudiCe gr2ce B la rkalisation d'un plan factoriel fractionnaire 2 deux niveaux. 

CARMEN DOMINGUEZ, JOAQU~N PLUMET, ANTOINE GASET, and Luc RIGAL. Can. J. Chem. 70, 2306 (1992). 
The Claisen-Schmidt reaction of 2,s-furandicarboxaldehyde (FDC) with 2-acetylfuran allows for the synthesis of three 

products as a function of the reaction conditions. The main effects of five factors and their interaction effects on seven 
responses have been quantified by means of a fractional factorial design. 

Introduction 
La rCaction de Claisen-Schmidt permet une conversion 

aisCe des composCs carbonylCs en alcools et doubles liai- 
sons CthylCniques dans des conditions, en gCnCral, trks douces 
(1). Cette caracteristique est particulikrement intCressante dans 
le cas de certains aldChydes issus de la biomasse, a cause de  
I'instabilitC et du cractkre polyfonctionnel de  ces dCrivCs. 
C'est le cas du 2,5-furanedicarboxaldkhyde (FDC), synthCtisC 
directement a partir du D-fructose (2). Celui-ci, g r k e  a la 
combinaison de  deux fonctions aldChyde sur un cycle fura- 
nique, apparait comme un intermkdiaire trks important pour 
la synthkse d'un grand nombre de  dCrivCs furaniques bi- 

fonctionnalisCs en positions 2 et 5 ,  qui trouvent des appli- 
cations dans des dornaines aussi varies que la pharmacie ou 
les rnacromolCcules (3). Par ailleurs, la possibilitC de fonc- 
tionnalisation non symttrique de  cette molCcule (fonction- 
nalisation sClective d'une seule fonction aldChyde) Clargit 
encore les possibilitCs de  synthkse (4). 

Pour notre part, nous avons CtudiC la reaction de conden- 
sation de  Claisen-Schmidt du FDC avec plusieurs cCtones 
aromatiques et hCtCroaromatiques (5), en milieu basique, 
conduisant a des dCrivCs symCtriques ou dissymCtriques, selon 
les conditions de  rCaction mises en oeuvre : 

Les rksultats obtenus lors des essais prkliminaires ont EtOH/H,O (solvant); E, tempkrature. 
permis d'envisager l'influence de  cinq facteurs sur l'orien- L'objectif de  ce  travail est dlCtudier l'influence des 
tation de  la rkaction : A, rapport molaire FDClcCtone; B,  diffkrents facteurs sur la rCaction du FDC avec la furyl- 
concentration de  NaOH dans le milieu rkctionnel: C ,  con- mCthylcCtone (FMC) afin de dCterminer les conditions 
centration du FDC dans le milieu rkactionnel; D ,  rapport d'obtention de  chacun des produits l e ,  2e et 3e avec le 

meilleur rendement et la plus haute sClectivitC. Le choix de  
' ~ u t e u r  a qui adresser toute correspondance. la furylmCthylcCtone (FMC) (5) se  justifie par l'intCr6t des 
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derives obtenus en  tant que molCcules a activitC biologique TABLEAU 1. Domaine experimental pour 1'Ctude des l'influence des 
et  comme intermkdiaires de  synthkse furaniques. diffkrents facteurs 

Partie experimentale 
Les points de fusion ont etC mesurts a I'aide d'un appareil Biichi- 

510 et ils ne sont pas corrigts. Les spectres infra-rouges ont ttt 
realists sur un spectrophotometre Perkin-Elmer 298. Les spectres 
RMN du 'H ont ttC enregistrts au moyen d'un appareil Varian T60 
A 5 60 MHz avec le tttramethylsilane comme rtference interne. Les 
spectres RMN du I3c ont ett realists sur un appareil Varian FT 80A. 

Le FDC a ttt synthktist selon un proctdt original mis au point 
au laboratoire (2). 

SyrzthPse des produits I e ,  2e et 3e 
Dans un ballon de 25 mL muni d'une agitation magnetique, et 

thermostat6 a O°C, on dissout le FDC (250 mg, 2 mmol) dans 
l'tthanol (8 mL), on ajoute la furylmtthylcttone (220 mg, 2 mmol) 
et une solution de NaOH a 10% (0.5 mL). Apres 1 h de reaction B 
O°C, on neutralise avec une solution de H,SO, a 10%. Le milieu 
rtactionnel est ensuite extrait trois fois avec du chlorure de 
methylkne. Aprks tvaporation des solvants organiques, on separe 
les difftrents constituants par chromatographie sur colonne de sil- 
icagel 60 (Merck) comme phase stationnaire et un melange acetate 
d'tthyle/hexane (I : 2) comme eluant. 

5-[2-(2-Furoyl)-I-hydroxyhhyl]-2-furanecarboxalde'h)Ide l e  : 
IR(CC1,). v : 3400, 1690 cm-'. RMN du 'H (cDcI~)'. 6 : 9.51 (s, 
lH,  CHO), 7.52(d, lH,  J = 2.0Hz H12), 7.12-7.10(m, 2H, H3, 
H10),6.54-6.41(m,2H,H4,HlI),5.32(t, I H , J = 5 . 9 H z , H 6 ) ,  
3.42(d, 2H, J = 5.9 Hz, H7) ppm. 

(El-5-(2-Furoylviny1)-2furanecarboxaldehyde 2e : Pf : 140- 
142°C (AcOEt) IR(KBr), v : 1690, 1660 cm-'. RMN du 
'H(cDCI,)'~ : 9.90(s, lH, CHO), 7.71(d, lH,  J = 1.9 Hz, H12), 
7.62(s, 2H, H6, H7), 7.42(d, lH,  J = 4.1 Hz, H3), 7.31(d, IH, 
J = 4.1 Hz, HlO), 6.90(d, IH, J = 4.1 Hz, H4), 6.70(dd, IH, 
Jlo, ,  , = 4.1 Hz, J,,, ,2 = 1.9 Hz, Hl 1 )  ppm. Anal. calc. pour 
CI2H8o1 : C 66.67, H 3.74; tr. : C 66.96, H 3.59. 

(E, E)-2,5-Di-[2-(2-furoI~>)vi1tyl#urane 3e : Pf  : 170- 17 1°C 
(EtOH) IR(KBr), v : 1590, 1645 cm-'. RMN du 'H(CDC13), 6 : 
7.66(d, 2H, J = 2.2 Hz, H9), 7.56, 7.44(ABq, 4H, J = 14.9 Hz, 
CH-CH-CO), 7.35(d, 2H, J = 3.5 Hz, H7), 6.78(s, 2H, Hl) ,  
6.59(dd, 2H, J,, = 2.2 Hz, J,, , = 3.5 Hz, H8) ppm. 

RMN du "C (CDC13), 6: 177.39(C5), 153.67(C6), 153.49(C2), 
146.82(C9), 128.98(C4), 120.95(C3), 118.61(CI), 117.87(C7), 
112.74(C8) ppm. Anal. calc. pour CI8Hl2O, : C 70.13, H 3.93; 
tr. : C 70.06, H 3.87. 

Analyses quantitatives des milieux re'actionnels 
Le milieu rtactionnel est dose par chromatographie liquide haute 

performance (CLHP) dans les conditions suivantes : 
Appareil : Perkin-Elmer series 2 avec dttecteur UV (A : 296 nm) 
Colonne : LCD 2405 1 Milton Roy, Spherisorb 5CN (longueur : 

25 cm, diametre interne : 9.6 mm) 
Eluant : Acttate de mCthyle/hexane (2 : 3) 
Dtbit d'eluant : 0.4 mL/min. 
La courbe d'ttalonnage est ttablie pour le FDC, la furyl- 

methylcetone et les produits l e ,  2e et 3e grice ii la mtthode de 
l'etalon interne. L'Ctalon choisi est le naphtalene (I g/L). 

Protocole d'un essai type 
L'ensemble des 16 essais du plan d'exptriences ainsi que les 

dosages du milieu rectionnel ont ttt effectuts selon le protocole 
operatoire general suivant : dans un ballon de 50 mL thermostat6 
et muni d'un agitateur magnttique, on dissout du FDC (200 mg, 
1.6 1 mmol) dans la quantitt correspondante de melange EtOH/H20. 
La furylmtthylc&tone est ensuite ajoutee au milieu. La quantite 
choisie d'une solution de NaOH est ensuite ajoutte, goutte goutte. 

' ~ e  systeme est numtrott arbitrairement, en considerant les 
dtrivks l e  et 2e comme des chaines IinCaires et en prenant comme 
carbone 1 le carbone du groupe aldehyde. 

Facteurs Unite 

Niveau 
infkrieur 

(- 1 

Niveau 
suptrieur 

(+) 

A : FDC/FMC - 

B : [NaOH] g/L 
C : [FDC] g/L 
D : EtOH/H20 - 

E : Temperature "C 

TABLEAU 2. Matrice d'exptriences du plan facto- 
riel 25-' 

Essais (no)" A B C D E 

"L'ordre des expiriences a i t 6  tiri au hasard. 

Apres 1 h de rection, le milieu est neutralis6 avec une solution de 
H2S04 a 10%. Un millilitre de cette solution est prtlevt et melange 
avec 1 mL de solution d'ttalon interne. Les differents produits du 
milieu sont dosts. 

Resultats et discussion 
La rCalisation d'un plan factoriel fractionnaire deux ni- 

veaux permet d'estimer les effets principaux et  d'interac- 
tions d e  tous les facteurs CtudiCs avec la meilleure prCcision 
et  une bonne efficaciti (6-8). En ne retenant que les inter- 
actions entre facteurs pris deux a deux (interactions du pre- 
mier ordre), un plan factoriel fractionnaire 25-1 avec le 
gCnCrateur independant dCfini par la relation : E = ABCD 
(16 essais) permet de  calculer tous les effets principaux et 
d'interactions d e  premier ordre. 

Le domaine expkrimental est dCfini par les niveaux 
inferieurs et supCrieurs des diffkrents facteurs adoptCes dans 
les essais preliminaires (Tableau I ) .  Les rCponses CtudiCes 
sont : 

( i )  rendement en  produits l e ,  2e et  3e, dCfini par les rap- 
ports molaires : 

l e ,  2e et 3e representent la quantitk des produits le ,  2e et 3e 
formCe (mol) et FDC, reprCsente la  quantitC d e  FDC intro- 
duit (mol). 
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TABLEAU 3. Conditions experimentates et resultats obtenus 

Rendement (%) SelectivitC (%) 
B C E Perte FDC (%) 

Essais A (g/L) (g/L) D ('(3 R1 RZ R3 s, s, s3 PE 

TABLEAU 4. RCpCtabilitC des rtsultats expkrimentaux. Essais au 
centre du domaine expkrimental 

Rendement (%) SklectivitC (%) 
Perte 

Essai" 1 2 3 1 2  3 FDC (%) 

Moyenne - 61.5 38.2 - 61.5 38.2 - 

u - 2.64 2.63 - 2.64 2.63 - 

Dans le dornaine expkrirnental considbt,  l'analyse des 
effets significatifs par rapport ?i l'erreur expkrirnentale nous 
conduit B choisir la cornbinaison de niveaux A (+) B (-) C 
(-) D (+) E (+) ou E (-) afin d'obtenir le rendernent max- 
imum en produit l e .  La rkalisation de l'essai correspondant 
ii la cornbinaison A (-) B (-) C (-) D (+) E (+) nous a 
perrnis d'obtenir le produit l e  avec une stlectivitC de 100% 
et un rendernent de 41% aprks 9 h de rkaction. Ceci con- 
firrne l'orientation choisie. 

Egalement, l'analyse des effets perrnet de choisir la corn- 
binaison de niveaux A (-) B (+) C (-) D (-) E (+) comme 
la plus favorable pour obtenir le produit 2e avec le rnaxi- 
mum de rendernent et de sClectivitC. La rtalisation de l'es- 

"Conditions expkrirnentales : A = 1/2.5; B = 1.01 g / ~ ;  c = 10 g / ~ ;  sai correspondant 2 cette cornbinaison nous a permis d'obtenir 
D 76/24; E = 1 2 " ~ .  le produit 2e avec 87% de rendernent et 100% de selectiviti. 

NCanrnoins, l'essai correspondant a la cornbinaison de ni- 

(ii) SClectivitt en produits l e ,  2e et 3e ,  dCfinie par les 
rapports molaires : 

FDC, reprksente la quantitk de FDC consornrnCe. 
(iii) Perte en FDC, dCfinie par la relation : 

La rnatrice d'expkriences du plan factoriel fractionnaire 
2'-' est rapportCe dans le Tableau 2. Chaque ligne de la 
matrice dCfinit un essai par la cornbinaison des niveaux de 
chacun des cinq facteurs. L'ensemble des conditions 
opCratoires et des rksultats expkrirnentaux correspondants sont 
rassernblCs dans le Tableau 3. Le dosage des diffkrents con- 
stituants des milieux rCactionnels a CtC effectuC par chro- 
rnatographie liquide haute performance (CLHP). La 
signification des effets calculCs par rapport 2i l'erreur 
experimentale est obtenue 2 partir de 1'Ctude de la rCpCtabilitC 
des rCsultats experimentaux (Tableau 4). L'ensemble des 
calculs concernant les effets principaux et les effets d'inter- 
actions a CtC effectuC ii l'aide du programme ((fraction>> in- 
clus dans l'ensernble de programmes NEMROD (9). Les 
valeurs des effets sont rassernblees dans le Tableau 5. 

veaux la plus favorable l'obtention de 3e, A (+) B (+) 
C (+) D (-) E (-), permet de l'obtenir avec un rendement 
de 56%, rnais une faible sClectivitC (56%). 

Ces orientations soulignent I'intCrCt de la rnCthode des 
plans d'expkriences pour l'ttude de l'influence de plusieurs 
facteurs sur les conditions d'une reaction. En effet, en pre- 
rnikre approche, la conversion de l e  en 2e qui est une rkaction 
de deshydratation devrait &tre favoriske par une augmenta- 
tion de la concentration en soude [B(+)] du rapport EtO/H20 
[D(+)] et de la ternpkrature [E(+)]. Or l'analyse des effets 
principaux et d'interaction montre que la formation de 2e est 
favoriske par la cornbinaison B(+) D(-) E(+), c'est-&-dire 
effectivernent par une augmentation de la concentration en 
soude et de la temperature mais 2 l'inverse par une dirninu- 
tion du rapport EtOH/H,O, et donc une augmentation de la 
quantitC d'eau. Ce rCsultat met en Cvidence le r61e de sta- 
bilisation du produit l e  jouC par l'kthanol. Ceci pourrait Ctayer 
l'hypothkse d'une liaison hydrogkne intra-rnolCculaire dans 
l'aldol. La prCsence d'une plus grande proportion d'eau 
dkfavoriserait cette liaison, augrnentant ainsi la rCactivitC de 
l'aldol. 

Conclusion 
L'influence des cinq facteurs sur les sept rCponses ont CtC 

CvaluCs grice 2 la rCalisation d'un plan factoriel fraction- 
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TABLEAU 5 .  Effets principaux et d'interaction des facteurs" 

CODE R I  R z  R3 s, Sr s3 PE 

"Les valeurs soulignkes sont les valeurs significatives par rapport B I'erreur expirimentale. Chaque effet est cal- 
cul i  en effectuant la moyenne arithmetique des 16 resultats, affectis du signe correspondant au facteur ou B I'inter- 
action entre facteur. Par exemple : 

N i v e a u d e A : -  + - + - + - + - + - + - + - + 
N i v e a u d e B : -  - + + - - + + - - + + - - + + 
N i v e a u d e A B : +  - - + + - - + + - - + + - - + 
Risultats : Y ,  Y ,  Y ,  Y ,  Ys Y ,  Y7 Y ,  Y ,  Y, , ,  Y , ,  Y , ,  Y , ,  Y , ,  Y , ,  Y , ,  

Effet de A = I [ - Y l  + Y ,  - Y3 + Y ,  - Y s  +Y6 -Y7 + Y n  - Y ,  + Y l o  - Y l l  + Y l z  - Y l ,  + Y 1 ,  - Y , ,  + Y I 6 l  

Effet de AR = [ + Y ,  - Y ,  - Y3 + Y ,  + Y5 - Y6 - Y7 + YX + Y9 - Y , o  - Y I I  + Y I I  + Y I ,  - Y I ,  - Y I S  + Y I , ]  

naire 2'-' en seulement 16 essais, ceci constitue un avan- 
tage sur la methode traditionnelle <<factem pour facteur,,. 
Gr2ce i cette approche, on a pu orienter le choix des con- 
ditions experimentales vers la direction la plus favorable pour 
l'obtention des produits l e  et 2e avec de bons rendements et 
une selectivite totale. Dans le cas du produit 3e,  le rende- 
ment et la sClectivitC sont moyennes. Cette etude ouvre de 
nouvelles perspectives pour le developpement de cette 
rkaction a plus grande Cchelle du fait de la simplicit6 du 
protocole operatoire. 
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Influence of temperature on the liquid-to-liquid extraction of ethanol from 
(water + ethanol + 1,2-dichloroethane) 
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HORACIO N. SOLIMO and JOSE L. ZURITA. Can. J. Chem. 70, 23 10 (1992). 
To evaluate the influence of temperature on the extraction of ethanol from aqueous solutions with 1,2-dichloro- 

ethane, liquid-liquid equilibrium data for the system water + ethanol + 1,2-dichloroethane were obtained at 298.15, 
308.15, and 3 18.15 K. The binodal curves were determined by the cloud-point method, and conjugate points on the tie- 
lines were obtained by correlating the refractive index of these curves as a function of composition. The tie-line data at 
each temperature were satisfactorily correlated using the method of Othmer and Tobias, and the plait-point coordinates 
were estimated. The experimental data were also compared to values calculated by the UNIFAC group contribution method 
for the activity coefficients using the isoactivity conditions as restraint equations, and with the NRTL and UNIQUAC 
models. The UNIFAC method proved to be more accurate than the NRTL and UNIQUAC equations fitted to the ex- 
perimental data. Under the experimental conditions used, ethanol extraction by 1,2-dichloroethane appears to be inde- 
pendent of the temperature. 

HORACIO N. SOLIMO et JOSE L. ZURITA. Can. J. Chem. 70, 23 10 (1992). 
Dans le but d'evaluer l'influence de la temperature sur l'extraction d'tthanol des melanges aqueux, les donnees 

d'Cquilibre liquide-liquide pour le systeme eau + ethanol + 1,2-dichloroCthane ont etC determines operant A des 
temperatures de 298,15, 308,15 et 318,15 K .  On a determine les donnees des courbes binodales ii l'aide de la mCthode 
du point de rosee et on a obtenu les points conjugues de la ligne de jonction pour chacune des temperatures. Faisant appel 
ii la mtthode d'Othmer et de Tobias on a pu etablir une bonne corrClation entre les donnees relatives aux lignes de jonc- 
tion pour chacune des tempkratures et on a evaluC les coordonnCes des points plissement. Les donnees experimentales 
ont kt6 comparCes avec les valeurs calculCes par la methode de contribution du groupe UNIFAC, et par les modkles NRTL 
et UNIQUAC, en utilisant les conditions d'isoactivitk comme equations limites. Le modele UNIFAC montre un meil- 
leur accord avec les valeurs expCrimentales que les modeles NRTL et UNIQUAC. Nos rCsultats expkrimentaux mon- 
trent que I'extraction de llCthanol avec le 1,2-dichloroCthane ne depend pas de la temperature. 

Introduction 
In recent years, liquid-liquid equilibria (LLE) studies have 

become increasingly important in chemical technology. The  
rising cost of energy has made new separation processes 
based o n  extraction more attractive than before. Liquid-liq- 
uid extraction provides an  important alternative to distilla- 
tion for the recovery of ethanol from dilute aqueous solutions 
using a nonmiscible solvent. 

T h e  a im of this work was to evaluate the potential of 1,2- 
dichloroethane (DE) for the recovery of ethanol from aqueous 
solutions. We report the experimental results o f  LLE stud- 
ies of ternary mixtures water + ethanol + D E  at 298.15,  
308.15, and 3 18.15 K. Several tie-lines were determined for 
each temperature and the correlation of mutual solubility with 
tie-line data (0thmer.and Tobias'    net hod) permitted the es- 
timation of the plait-point coordinates. 

The results were also used to test the validity of the NRTL 
and UNIQUAC equations and the UNIFAC group contri- 
bution method. 

Experimental 
Anhydrous ethanol (Merck, reagent grade) was dried with mag- 

nesium activated with iodine under reflux. The product was then 
fractionally distilled and the middle fraction collected. The last 
traces of water were removed by circulating the ethanol through a 
glass column (0.03 x 2 m) packed with 0.3-nm molecular sieves. 

1,2-Dichloroethane (Fisher Scientific Co., certified) was used 
without further purification. 

Water was bidistilled in an all-glass apparatus. 
All purified organic chemicals were stored over activated mo- 

lecular sieves to prevent water absorption. 

' ~ u t h o r  to whom correspondence may be addressed. 

The binodal curves were determined by the cloud-point method 
( I ) ,  as described earlier (2), in a cell equipped with a magnetic 
stirrer and a jacket for circulating the isothermal water at the desired 
temperatures (k0 .05  K). Compositions at the ends of the tie-lines 
were determined in the same cell. Mixtures with compositions 
within the heterogeneous region were shaken vigorously for at least 
2 h at constant temperature for the tie-line determinations, and al- 
lowed to settle for 3 h. The compositions of samples taken from both 
layers were determined by measuring their refractive indices at each 
temperature with a Jena Abbe refractometer with an accuracy of 
~ 0 . 0 0 0 1 .  

Results and discussion 

Figure 1 shows the LLE diagram a t  298.15 K for the 
water + ethanol + D E  system. L L E  data predicted by the 
UNIFAC method are also shown. T h e  smoothing curves 
connecting the experimental data points are hand-drawn, 
since n o  attempt to fit the data by an  empirical equation was  
made.  Similar plots were obtained for the other two temper- 
atures.' 

The  tie-line data at all the temperatures are satisfactorily 
correlated by the method of  Othmer and Tobias (3). An em- 
pirical equation: 

can represent all the tie-line data with adequate precision. 
- 

Yables of experimental binodal curves, tie-lines data, plait-point 
coordinates, parameters of eq. [I 1 ,  residuals, and parameters of the 
NRTL and UNIQUAC equations at the three temperatures may be 
purchased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K 1 A OS2. 
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SOLIMO AND ZURITA 

ETHANOL 

- - - - -__ ---------- 
- - - -_ _ -------------- ------  -----------, 

V v v v v v v v v v V V v v v v v V  

WATER 0.5 DE 
FIG. 1. Liquid-liquid equilibria for the system water(1) + ethanol(2) + DE(3) at 298.15 K. X , Experimental binodal points. 0 ,  Ex- 

perimental compositions for tie-lines. Dashed line, LLE, and tie-lines predicted by UNIFAC method. PP = Plait point, o, overall com- 
positions for tie-lines, A ,  experimental PP; W ,  UNIFAC PP. 

TABLE 1. Ethanol extraction properties of DE 

Dc D, EoH W21 

I I 

a 

298.15 K - 
0.094 0.002 47 0.008 
0.141 0.004 35 0.022 
0.198 0.01 1 18 0.052 

- 
0.225 0.013 17 0.080 
0.289 0.020 14 0.114 
0.331 0.029 1 1  0.145 
0.413 0.043 10 0.185 

308.15 K - 

0.281 0.003 94 0.025 V) 

0.256 0.007 37 0.042 - 
0.279 0.01 1 25 0.058 
0.263 0.012 22 0.075 
0.333 0.021 16 0.115 - 
0.358 0.025 14 0.125 

3 0 

0.488 0.057 9 0.205 

318.15 K 

0.141 0.005 28 0.012 
0.336 0.0 13 25 0.045 10 
0.360 0.017 2 1 0.090 
0.395 0.022 18 0.115 

I 0.400 0.025 16 0.130 I 

0.500 0.042 12 0.180 0.1 0.2 
0.540 0.054 10 0.200 

w 2  3 

0.586 0.075 8 0.232 FIG. 2. Selectivity diagram for the system water(1) + ethanol(2) + DE(3) at several temperatures. X ,  298.15 K;  0 ,  308.15 K; A, 
D, = WZ, /W?, :  D,, = W,,: s:'OH = Dc/D,$. 318.15 K.  
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ETHANOL 

WATER 
FIG. 3. Binodal curves and tie-lines calculated for the system water(1) + ethanol(2) + DE(3) at 298.15 K using the equations (----I 

NRTL and (-.-.-) UNIQUAC, together with the corresponding experimental compositions for tie-lines (0). A, Experimental PP; a, 
UNIQUAC PP; 0, NRTL PP. 

As shown in Table 1, the ethanol distribution coefficients 
D, (defined as the ratio of the ethanol concentration (wt.%) 
in the organic phase to that in the aqueous phase) are not 
constant, and have a tendency to increase as the ethanol 
concentration is increased. A similar conclusion can be de- 
rived from the distribution coefficient for water D, (defined 
as the equilibrium water content in the solvent phase). The 
ratio of the ethanol distribution coefficient to the water dis- 
tribution coefficient yields the separation factor s:OH shown 
in Table 1. As can be seen, the extraction properties of DE 
for ethanol do not depend on the temperature, except for the 
lowest ethanol concentration range. 

Zane Egan et a/ .  (4) conclude that solvents with experi- 
mental distribution coefficients for ethanol greater than 0.15, 
and a separation factor greater than 10, are potential candi- 
dates for extraction processes. These properties are largely 
exceeded by DE, making it a useful alternative for ethanol 
extraction. However, at the three temperatures considered, 
the aqueous layer is richer in ethanol than the organic layer 
(see Fig. 1). As expected, the size of the two-phase region 
decreases with an increase in temperature. 

Figure 2 shows a selectivity (S) diagram (5) for the three 
temperatures, considering ethanol as the distributed sub- 
stance. It shows that the selectivity at 318.15 K is greater than 
at the other temperatures in the range 0 5 W23 5 0.05, but 
has approximately the same value for 0.05 5 WZ3 5 0.15 at 
all temperatures. This last range of concentration is the most 

important region for ethanol extraction from fermentation 
broth. Therefore, ethanol extraction could be carried out at 
room temperature, thus saving energy while preserving a 
fairly important heterogeneous zone. 

Thermodynamic models, such as the NRTL (6) and 
UNIQUAC (7), were used to estimate the LLE for this sys- 
tem, with the help of an iterative computer program devel- 
oped by Sgrensen (8). To  minimize the values of the two 
objective functions in terms of activity and molar fractions, 
a penalty term, designed to reduce the risk of multiple so- 
lutions associated with high parameter values, was in- 
cluded. Figure 3 shows the LLE predictions using these 
models. 

The structural parameters of water and ethanol necessary 
for the UNIQUAC equation were obtained from Anderson 
and Prausnitz (9). For DE they were calculated from 
UNIFAC parameters (10). 

The nonrandomness of the liquid mixture, which is rep- 
resented by the third parameter in the NRTL equation (a,), 
was set at a value of 0 .2  in the present study. 

The UNIFAC group contribution method (10) was em- 
ployed by using the group interaction parameters obtained 
by Magnussen et a/ .  ( 1  1). 

As can be seen from Figs. 1 and 3, the UNIFAC method 
is more accurate than both the NRTL and the UNIQUAC 
equations fitted to the experimental data for this system be- 
cause the calculated residuals are smaller. 
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veratryl alcohol and veratryl acetate 
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FUTONG CUI and DAVID DOLPHIN. Can. J .  Chem. 70, 2314 (1992). 
meso-Tetra(2,6-dichloro-3-sulfonatophenyl)porphyrin iron chloride catalyzes the oxidation of 3,4-dimethoxybenzyl 

alcohol (veratryl alcohol) in aqueous solution to give veratraldehyde along with demethoxylation and ring-cleavage 
products. The isolation of a direct ring-cleavage product from the oxidation of veratryl acetate in aqueous solution sup- 
ports the previously proposed ring-cleavage mechanisms. The oxidation in methanol, however, does not lead to ring- 
cleavage products. When veratryl alcohol was oxidized in methanol, solvent was found to be incorporated into the 
3-position of veratryl alcohol, giving new insight into the mechanism of oxidation. 

FUTONG CUI et DAVID DOLPHIN. Can. J .  Chem. 70, 2314 (1992). 
Le chlorure du mPso-tCtra(2,6-dichloro-3-sulfonatoph~ny)porphyrine fer catalyse l'oxydation de l'alcool 3,4- 

dimCthoxybenzylique (alcool veratrylique), en solution aqueuse, qui conduit a la formation de vCratraldChyde et des produits 
de dCmCthoxylation et de clivage de cycle. Le fait que l'on a pu isoler un produit de clivage direct du cycle au cours de 
I'oxydation de ]'acetate de veratryle, en solution aqueuse, supportent les mCcanismes proposes antkrieurement pour le 
clivage de cycle. Toutefois, I'oxydation dans le methanol ne conduit pas 2 des produits de clivage de cycle. Lorsqu'on 
oxyde l'alcool vtratrylique dans le methanol, on a trouvC que le solvant s'incorpore en position 3 de l'alcool; ce resultat 
jette de la lumikre sur le mecanisme de l'oxydation. 

[Traduit par la redaction] 

Introduction 
Lignin is a three-dimensional, irregular, aromatic bio- 

polymer occurring widely in vascular plants. It is the sec- 
ond most abundant organic compound on Earth and 
comprises about 15-25% of the land-produced biomass. The 
biodegradation of this highly resistant polymer has inter- 
ested researchers in many disciplines. Since the first dis- 
covery of lignin-degrading enzymes from the white-rot fungus 
Phanerociznete chrysosporium Burds in 1983 (1, 2), rapid 
progress has been made in understanding the mechanism of 
lignin biodegradation. The lignin-degrading enzymes, the 
lignin peroxidases (1-7) (ligninases) and the manganese- 
dependent peroxidases (3, 5 ,  8-10), are all hemeproteins and 
contain one heme (iron protoporphyrin IX) per molecule. 
Lignin peroxidase when oxidized by a two-electron oxidant 
(hydrogen peroxide) subsequently oxidizes lignin model 
compounds by two one-electron transfer processes (1 1, 12). 
The manganese-dependent peroxidase requires a Mn(I1) co- 
factor to accomplish a similar cycle (13). One of the unique 
properties of the lignin-degrading enzymes is their low sub- 
strate specificity; substrates varying from polymeric lignin 
to oligomeric, dimeric, and monomeric lignin model com- 
pounds, to polycyclic aromatic hydrocarbons (14) and poly- 
chlorinated phenols have been shown to be oxidized (15). It 
is unlikely that a lignin peroxidase could have an active site 
to bind this great diversity of substrates. It is assumed, 
therefore, that the function of the protein of the lignin-de- 
grading enzymes is to protect the highly reactive interme- 
diates of the prosthetic group, the protohemin iron (IV) cation 
radical (12) and thus simple iron porphyrins could be good 
models for the enzymes. As both lignin and lignin-degrad- 
ing enzymes are large molecules, a simple biomimetic por- 
phyrin might be advantageous in degrading lignin in that the 
interaction of lignin and a small molecular reactant, such as 
a porphyrin, could be much easier than that between lignin 
and a large enzymic molecule. 

Commercially available iron porphyrins have been used 

as lignin peroxidase models by Shimada and coworkers (16- 
19). These porphyrins, however, suffer two major disad- 
vantages. The porphyrins are very unstable and a catalyst to 
substrate ratio of 1 : 10 had to be used. In addition, the re- 
actions have to be carried out in organic solvents, condi- 
tions quite different from that of the enzymatic reactions. 
Furthermore, these porphyrins do not closely mimic the en- 
zyme in every case (18). A number of sterically protected, 
water-soluble porphyrins have been synthesized and used as 
lignin peroxidase models in our laboratory (20, 2 1). We re- 
port here on the oxidation of veratryl alcohol and veratryl 
acetate by meso-tetra (2,6-dichloro-3-sulfonatophenyl) por- 
phyrin iron chloride (TDCSPPFeCI, 1) using m-chloroper- 
benzoic acid (mCPBA) as oxidant in both aqueous and 
organic solvents. 

Results 
Oxidatiorz of verntryl alcohol in methanol 

When veratryl alcohol was oxidized by TDCSPPFeCl and 
mCPBA in methanol, vetraldehyde, 2-hydroxymethyl-5-me- 
thoxy-2,5-cyclohexadien-1,4-dione (7), 4,5-dimethoxy-3,5- 
cyclohexadien- 1,2-dione (8), 2-hydroxymethyl-4,4,5-tri- 
methoxy-2,5-cyclohexadien-1-one (13), and 2-dimethoxy- 
methyl-4,4,5-trimethoxy-2,5-cyclohexadien-1-one (14) were 
found as products. The yields of the products were found to 
be dependent on the reaction condition. When the reaction 
was carried out open to the air with moderate stirring, ver- 
atraldehyde and 13 were produced in 49 and 42% yield, re- 
spectively, and compound 14  was not isolated. Under highly 
aerobic condition (open to the air, vigorous stirring), the 
yields of veratraldehyde, 13,  and 14  were 5 1, 1 1, and 32%, 
respectively; compounds 7 and 8 were produced in very small 
amounts. Under anaerobic condition, compound 14  was 
found in trace amounts. 

When the reaction was carried out in ethanol (containing 
a small amount of DMF to increase the solubility of 
TDCSPPFeCl), 16  was obtained in addition to other prod- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CUI AND DOLPHIN 2315 

ucts. Treatment of 13 with tetrahydrofuran (THF)/water/ 
concentrated HC1 (1 : 1 : 0.1) at room temperature for 2 min 
gave 7 as the sole product. When 4-ethoxy-3-methoxyben- 
zyl alcohol was used as the substrate instead of veratryl al- 
cohol, 15 was the product corresponding to 13. 
Oxidation of veratryl acetate in methanol 

In addition to small amounts of veratraldehyde, veratryl 
acetate, and 10, oxidation of veratryl acetate with TDCS- 
PPFeCl and rnCPBA in air gave 17 as the major product 
(82%). Under anaerobic condition, 17 was also found as a 
product. 

Oxidation of veratryl alcohol in pH 3 phosph~zte buffer 
Oxidation of veratryl alcohol in aqueous solution gave 

veratraldehyde as the major product (>80%) along with small 
amounts of 2 ,  4, 5 ,  and 7 .  When 4-ethoxy-3-methoxyben- 
zyl alcohol was used as the substrate, 4 and 5 were also iso- 
lated. 

Oxidation of veratryl acetate in pH 3 buffer 
Although not soluble in aqueous solution, veratryl ace- 

tate was successfully oxidized by TDCSPPFeCl and mCPBA 
to give 10, 3,4-dimethoxyphenol (11), and the aromatic ring 
cleaved product 12. 

CH,OR~ 

O Q  0 

OR' 

7 RI = H , R ~  = CH, 

10 R' = COCH,, R2 = CH, 
S03H 18 R' = H, R2 = C2Hs 

/A 
0 OCH, 

5 

06 OCH, 

OCH, 

OCH, 
0 

0 
I1 

CH,O OCH, 

CH20CCH, CH , O R I  'CH' 

b C O ; c H ,  C02CH,  0y$os3 O@CH3 OCH , 

OR3 OR 
12 

13 R' = H , R ' = R 3 = C H ,  14 R = CH, 

15 R' = H,  R' = CH,, R" C ~ H ,  19 R = C2H,  

16 R' = H , R 2 = C 2 H 5 , R ' = C H ,  

17 R' = COCH,,R2 = R3 = CH, 

CHO 

Discussion 

Veratryl alcohol, a secondary metabolite (22, 23) of lig- 
nin degradation by Phatzerochaete chrysosporium, plays a 
unique role in lignin biodegradation (24). It has been re- 
ported to be able to stimulate lignin degradation (25, 26) and 
benzo (a)  pyrene oxidation (27) by lignin peroxidase. It was 
found later that veratryl alcohol could induce the biosyn- 
thesis of lignin peroxidase (28) and protect the enzyme from 
deactivation by excess oxidant (29-31). In addition, vera- 
try1 alcohol has been widely used as a simple lignin model 
compound. As a secondary metabolite and also a substrate 
of lignin peroxidase, veratryl alcohol is readily oxidized to 

veratraldehyde, which in turn is also readily reduced back 
to veratryl alcohol and accumulates in the ligninolytic cul- 
ture of P. chrysosporiurn (23). This cyclic redox process, 
unlike metabolism to carbon dioxide, is energetically wasteful 
and results in oxidizing power being expended on veratryl 
alcohol instead of lignin. Leisola and co-workers (32) re- 
cently reported that veratryl alcohol was rapidly metabo- 
lized to carbon dioxide in carbon-limited cultures of P. 
chrysosporium, compared with the slow and incomplete 
degradation in nitrogen-limited culture. They also showed 
that veratraldehyde, the major oxidation product of veratryl 
alcohol by lignin peroxidase, cannot be metabolized di- 
rectly by the fungus. It is reduced back quantitatively to 
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veratryl alcohol by the fungus and then degraded via qui- 
nones and ring-cleavage products. 

Leisola et al. (33) first found aromatic ring-cleavage 
products, two 6-lactones, of veratryl alcohol in 1985. These 
reactions have been extensively studied and since then ad- 
ditional products have been isolated and their mechanism of 
formation proposed (32, 34, 35-38). It now seems clear that 
an initial one-electron oxidation of veratryl alcohol gives 
a cation radical; reaction with water then gives a carbon- 
centered radical. Coupling of the radical with molecular 
oxygen leads to aromatic ring cleavage, whereas further one- 
electron oxidation of the radical followed by reaction with 
water leads to demethoxylation products, i.e., quinones. 

Oxidation of veratryl alcohol by TDCSPPFeCl and 
mCPBA at room temperature in air using aqueous pH 3 buffer 
as solvent gave veratraldehyde as the major product along 
with small amounts of 2, 4, 5, and 7. The 6-lactone struc- 
ture of 4 and 5 was confirmed, in addition to NMR and MS 
data, by the fact that 4 and 5 were formed when 4-ethoxy- 
3-methoxybenzyl alcohol was oxidized under the same con- 
ditions. compounds 4 and 5 are 6-lactones, since the ethoxy 
group was lost during their formation from 4-ethoxy-3- 
methoxybenzyl alcohol. Compounds 3 and 8, found in the 
oxidation of veratryl alcohol by lignin peroxidase and hy- 
drogen peroxide, were not found in our experiments using 
aqueous buffer as solvent. However, compound 8 was found 
as a product when using methanol as solvent under other- 
wise the same conditions. 

When veratryl acetate was oxidized in aqueous buffer, 10 
(the acetate derivative of 7), 3,4-dimethoxyphenol, and a 
direct ring-cleavage product (12) were isolated. Quinones 6 
and 8 have been previously found as phenyl-alkyl cleavage 
products of veratryl alcohol (32, 35, 38). To our knowl- 
edge, this is the first time a phenol (11) has been found as a 
side-chain cleavage product of a veratryl alcohol derivative. 
The isolation of the direct ring-cleavage product 12 sup- 
ports the ring-cleavage mechanism previously proposed (35- 
38). We learned while preparing this manuscript that Schmidt 
et al. (34) used veratryl alcohol methyl ether as a substrate 
and found a similar product (9). Schmidt et nl.  (34) found 
veratraldehyde was the major product of the oxidation of 
veratryl alcohol methyl ether. 1n the oxidation of veratryl 
acetate by TDCSPPFeCl and mCPBA, however, veratral- 
dehyde was only a minor product and 10 and 12 were the 
major products. The cleavage of a C,-ether bond through C, 
oxidation has been demonstrated (34, 39). The isolation of 
veratraldehyde fromt'he oxidation of veratryl acetate, though 
in low yield, suggests that the C,-ester bond can also be 
cleaved~in a similar way. 

Shimada et al. (1 8) studied the degradation of P- 1, P-0-4, 
and P-5 dimeric lignin model compounds by protohemin (iron 
protoporphyrin IX chloride) and t-BuOOH in chloroform. 
Though P-1 and P-5 model compounds were oxidatively 
degraded, the oxidation of the P-0-4 model compound, 4- 
ethoxy-3-methoxyphenylglycerol-P-guaiacyl ether, did not 
give the same products as that of the lignin peroxidase cat- 
alyzed reaction. The same P-0-4 dimer, however, was ox- 
idatively cleaved by TDCSPPFeCl and mCPBA in aqueous 
solution in the same manner as the ligninase-catalyzed re- 
action (21). Dordick et al. (40) reported that both natural and 
synthetic lignin were vigorously depolymerized by horse- 
radish peroxidase and other peroxidases in organic solvents 

but not in water. Their results, however, were later ques- 
tioned (4 1). 

As TDCSPPFeCl is soluble in both water and polar or- 
ganic solvents, we have studied solvent effects on the oxi- 
dation of veratryl alcohol and veratryl acetate. In addition to 
veratraldehyde, 7 ,  and 8, the solvent-incorporated products 
13 and 14 were isolated when veratryl alcohol was oxidized 
in methanol. A mechanism for the formation of 13 is pro- 
posed in Fig. 1. When veratryl acetate was the substrate, 
compound 10 and veratraldehyde were found as minor 
products with 17 as the major product. It is interesting to note 
that when veratryl alcohol was oxidized in ethanol, 16 was 
isolated and the 3-methoxy group of 16 did not exchange with 
solvent under the reaction conditions. Another interesting 
observation was that no ring-cleavage product was found in 
the reaction using methanol as solvent. 

Compound 13, formed in methanol, is the analog of 7 
formed in aqueous solution; however, the analog of 14, 2- 
formyl-5-methoxy-2,5-cyclohexedine- 1 -one (20), was not 
found during the oxidation of veratryl alcohol in aqueous 
solution. 

Shimada et al. (35) proposed two possible pathways for 
aromatic ring-cleavage of veratryl alcohol and suggested that 
the pathway in which water specifically attacks the C, po- 
sition of the substrate cation radical is more plausible. Al- 
though no ring-cleavage products were found when either 
veratryl alcohol or veratryl acetate was oxidized in metha- 
nol, the specific incorporation of methanol into the 3-posi- 
tion to give 13 and 14 clearly supports Shimada's earlier 
suggestion. 

In conclusion, TDCSPPFeCl/mCPBA closely mimics the 
enzymic lignin peroxidase/hydrogen peroxide system in the 
oxidation of veratryl alcohol in aqueous solution. The iso- 
lation of a direct ring-cleavage product of veratryl acetate 
supports the previously proposed mechanism for ring cleav- 
age. The results of the oxidation of veratryl alcohol and 
veratryl acetate in aqueous buffer and in methanol clearly 
demonstrated solvent effects on lignin model compound ox- 
idations. 

Experimental 
NMR spectra were recorded on Varian XL 300 or Bruker WH 

400 spectrometers using tetramethylsilane as internal standard. Low- 
resolution and high-resolution mass spectra were recorded on an 
AEI MS 9 and Cratos MS 50 spectrometers. Preparative thin-layer 
chromatography (TLC) was carried out on a Model 7924T 
Chromatotron (Harrison Research) using Silica Gel 60 PFZ5, as 
absorbent. Merck pre-coated Silica Gel 60 PF,,, (0.2 mm) was used 
for analytical purposes. Veratryl alcohol and veratraldehyde were 
purchased from Aldrich. Veratryl acetate was prepared by acety- 
lation of veratryl alcohol with excess 1 : 1 acetic anhydride/pyri- 
dine at room temperature for 24 h. 4-Ethoxy-3-methoxybenzyl 
alcohol was prepared as previously reported (42). 

Oxidatiorl of vercttryl alcohol and vet-nttyl acetate 
Substrate (0.3 mmol) and TDCSPPFeCl (0.5 pmol in 0.5 mL 

water) were dissolved in either pH 3 aqueous buffer or methanol 
(20 mL) and mCPBA (0.6 mmol) was added as a powder and the 
solution stirred at room temperature for 2 h. The solution was par- 
titioned betwcen saturated sodiul~l bicarbonate (20 mL) and ethyl 
acetate (20 mL). 'The aqueous layer was further extracted twice with 
ethyl acetate (10 mL). The organic extracts were combined and 
dried over sodium sulphate, evaporated and separated on a 
Chromatotron using either methanol/methylene chloride (0-1 % 
methanol) or ethyl acctate/hexane (10-30% ethyl acetate) as eluent. 
When veratryl alcohol was the substrate, the residue was acety- 
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CH ,OH 

OCH, H +  

OCH 3 OCH 3 

FIG. I. Possible mechanism for the formation of the methanol-incorporated product 13. 

lated with excess 1 : 1 acetic anhydride/pyridine at room temper- 
ature for 24 h before separation. The purity of each component was 
checked by analytical TLC using methanol/methylene chloride 
(1 : 99) and hexane/ethyl acetate ( 1 : 4) as solvents. Impure com- 
ponents were further separated on the Chromatotron. The yields 
were based on the substrates and estimated by GC. 

All the products were characterized by MS and 'H NMR and 
compared with those reported in the literature. The structure of 12 
was confirmed by comparing its NMR spectrum with that of 9. 
Compound 13 was characterized by MS, 'H NMR, I3C NMR, and 
elemental analysis. The structure of 14 was elucidated by compar- 
ing its MS and ' H  NMR with that of 13. 
Methyl (Z)$uran-5(2H)-one-3-hurenoate (33) (2): 'H NMR 

(CDCI,) 6: 3.78 (3H, S), 5.25 (2H, m), 6.13 ( lH ,  d, J = 12 Hz), 
6.30 ( lH ,  m), 6.77 ( lH,  dd, J, = 12 Hz, J, = 1-2 Hz); MS rn/z 
(%): 168 (12.6, M), 137 (19.4), 136 (48.2), 124 (35.2), 11 1 (26.0), 
109 (33.4), 108 (2 1.6), 8 1 (49.2), 80 (28.6), 79 (60.5), 59 (22.5), 
53 (94.8), 52 (45.3,  51 flOO.O), 50 (46.6). 
Methyl (Z)-6-oxo-2H-pyratz-3(6H)-ylidet1eacetate (34) (4): 'H 

NMR (CDCI,) 6: 3.78 (S, 3H), 5.69 (2H, d, J = 3 Hz), 5.99 (1 H, 
m), 6.19 (IH, d, J = 10 Hz), 7.01 ( lH,  dd, Jl = 1 Hz, J, = 10 
Hz); MS m/z (%): 168 (14.0), 137 (16.7) 136 (loo), 1 1  1 (13.5), 
109 (25.2), 108 (37.3), 97 (11.2), 83 (10.5), 81 (42.3), 80 (31.8), 
79 (29. I), 53 (61 .O), 52 (20. I), 5 1 (37.2). 
Methyl (E)-6-oxo-2H-pyran-3(6H)-ylideneacetc1te (34) (5): 'H 

NMR (CDCI?) 6: 3.80 (3H, S), 5.03 (2H, d, J = 2 Hz), 5.94 (IH, 
m),6.21 ( I H , d d , J ,  = 1 0 H z , J , = 2 H z ) , 8 . 3 5 ( 1 H , d d , J I  = 
1 Hz, J, = 10 Hz); MS r n / z ( % ) :  168 (13.0). 136 (17.9). 124 
(14.8), 112 (10.7), 109 (33.0), 108 (14.0), 81 (36.5), 80 (10.7), 
79 (10.9), 59 (12.6), 53 (100.0), 52 (23.3), 51 (37.0), 50 (19.0). 

2-Hydroxytnethyl-5-tnetho.~y -2,5-cyclohexndier1-l,4-dio12e (35) 
(7): 'H NMR (CDCI,) 6: 3.85 (3H, S), 4.57 (2H, J = 1 Hz), 5.92 
( lH ,  S), 6.72 (IH, t, J = I Hz); "C NMR (CD,OD) 6: 188.798, 
183.500, 160.461, 150.891, 129.456, 108.426, 58.959, 56.959; 
MS m/z (%): 170 (M, 1.2), 169 (16.5), 168 (100.0), 167 (64.9), 
153 (16.9), 150 (12.2), 140 (10.2), 139 (55.4), 122 (15.6), 1 1  1 
(3 1.9), 83 (14.4). Exact Mass calcd. for CBHl,O,: 170.0579; found 
(HRMS): 170.0588. 

4,5-Dirnetho.ry-3,5-cyclohe~rudien-1,2-di01ze (34) (8): 'H NMR 
(CDCI,) 6: 3.90 (6H, S), 5.78 (2H, S); MS m/z (5%): 170 (5.74), 
168 (3.38), 167 (7.28), 155 (4.12), 149 (24.44), 140 (100.0), 125 
(27.94), 69 (18.34). Exact Mass calcd. for C,HxO,: 168.0420; 
found (HRMS): 168.0403. 

2 -Acetylhydroxymethyl-5- methoxy -2,5-cyclohe.rc1dietz-l,4 - diotle 
( lo):  'H NMR (CDCI,) 6: 2.17 (3H, S), 3.85 (3H, S), 5.02 (2H, 

d, J = 1-2 Hz), 5.95 ( lH,  S), 6.62 ( lH, t, J = 1-2 Hz); I3C NMR 
(CDCI,) 6: 185.947, 181.402, 169.860, 158.628, 143.815, 
129.264, 107.495, 59.642, 56.468, 20.774; MS m/z (%); 210 
(2.41), 168 (100.0), 167 (25.23), 153 (10.16), 139 (13.23), 69 
(22.9), 43 (78.0). Exact Mass calcd. for CIOHlo05: 210.0528; found 
(HRMS): 210.0535. 
3,4-Dirnethyo~yphenol(43) (11): 'H NMR (CDCI,) 6: 3.84 (3H, 

S), 3.86 (3H. S), 4.56 ( lH ,  broad), 6.36 ( lH,  dd, J, = 9 Hz, 
J? = 2 Hz), 6.50 ( lH,  d, J = 2 Hz), 6.75 (IH, d, J = 9 Hz); MS 
m/z (%): 154 (100.0), 139 (94.8), 11 1 (62.7), 96 (10.6), 93 (40.8), 
81 (11.0), 69 (21.5), 68 ( 1  1.1), 65 (25.4), 55 (12.7). 
Dimerhyl3-acetyll~j~dro,~~rnethyl-2,4-he,xadienoate (12): 'H NMR 

(CDCI,) 6: 2.12 (3H, S), 3.705 (3H, S), 3.7 10 (3H, S), 4.85 (2H, 
m), 6.00 (IH, d, J = 12 Hz), 6.00 (IH, d, J = 1-2 Hz), 7.06 (lH, 
dd, Jl  = 12 Hz, J2=1-2 Hz); MS nz/z (%): 242 (0.1), 184 (9.8), 
183 (100.0), 169 (28.4), 141 (22.7), 136 (10.5), 109 (43.8), 43 
(55.5). Exact Mass calcd. for CIIH1406: 242.0786; found (HRMS): 
242.0782. 

2-Hyclr-o~ryrnethyl-4,4,5-tri1netho,~-2,5-cyclohe~rc1~lie1z-l-one (13) 
(iderztified as its acetate 17): 'H  NMR (CDCI,) 6: 2.14 (3H, S), 
3.34 (6H, S), 3.84 (3H, S), 4.92 (2H, d, J = 1-2 Hz), 5.67 ( lH,  
S), 6.53 (IH, t, J = 1-2 Hz); "C NMR (CDC1,) 6: 184.449, 
170.076, 169.097, 136.119, 136.057, 103.832, 94.349, 60.314, 
56.252, 51.534, 20.898; MS t n / z  (%): 256 (2.2), 241 (25.9), 199 
(33.2), 183 (100.0), 182 (25.9), 167 (29.0), 155 (50.8), 139 (29.7), 
124 (23.4), 123 (6 1.5). 95 (28.4), 69 (32.9), 43 (85.9). Anal. calcd. 
forCl2HI6o6: C 56.25, H 6.29; found: C 56.37, H 6.37. Exact Mass 
calcd. for CIZHI6o6: 256.0948; found: 256.0948. 
2-Dimethoxymethyl-4,4,5-trimethoxy-2,5- qclohe,radiet~-I-one 

(14): 'H NMR (CDCI,) 6: 3.35 (6H, S), 3.39 (6H, S), 3.82 (3H, 
S),  5.34 (IH, S), 5.65 (IH, S), 6.81 (IH, S); "C NMR (CDCI,) 
6: 184.744, 168.959, 137.144, 104.092, 97.798, 94.454, 56.222, 
54.032, 51.540, 29.679; MS (EI) m/z (%): 243 (0.3), 227 (100.0), 
212 (19.8), 180 (37.3), 153 (10.8), 75 (31.5), 69 (12.1); MS (DCI 
+ NH,) m/z (5%): 259 (29.6, M + l ) ,  227 (58.4), 213 (13.6), 212 
(100.0). 
5-Ethoxy -2- hydroxj~methyl-4,4 - dimetho-cy -2,5- cyclohexaclietz-I- 

one (15) (identified as its acetccte): 'H NMR (CDCI,) 6: 1.47 (3H, 
t,  J = 8Hz), 2.13 (3H, S), 3.33 (6H, S), 4.05 (2H, q,  J = 8 Hz), 
4.92 (2H, d, J = 1 Hz), 5.63 (IH, S), 6.51 (IH, t, J = I-Hz); MS 
m / z  (5%): 270 (1.8), 199 (23.8), 197 (100.0), 182 (32.9), 169 
(37.2), 153 (24.6), 141 (35.7), 139 (34.3), 123 (14.8), 109 (43.91, 
69 (27.l), 43 (76.0). 
4 -Ethoxy- 2- h~~droq~tmethyl-4.5- dimetho.9~ - 2,5- cyclohe.radien- l- 

one (16) (isolared as its ucetute): 'H NMR (CDCI,) 6: 1.23 (3H, 
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t, J = 7 Hz), 2.13 (3H, S), 3.31 (3H, S), 3.40-3.60 (2H, m, when 
decoupling at 1.23, pattern close to an AB quartet), 4.91 (2H, d, 
J = 1 Hz), 5.66 ( IH,  S), 6.52 ( IH,  t, J = 1 Hz); MS m / z  (%): 
270 (1.5), 241 (29.7), 199 (35.8). 197 (87.2), 183 (lOO.O), 182 
(26.1), 169 (45.2), 167 (43.8), 155 (32.4), 153 (26.7), 141 (31.0), 
139 (25.6), 123 (5 1.3), 109 (57.4). 95 (24.2), 69 (28.6), 43 (88.5). 
2-Etho.xy-5-h~~droxyt~z~thyl-2,5-cyclohexadien-l , 4 .  -dione (18) 

(isolated as its acetate): 'H NMR (CDC13) 6: 1.50 (3H, t, J = 8 
Hz), 2.17(3H, S), 4.03 (2H, q, J = 8 Hz),5.02(2H, d, J =  1-2 
Hz), 5.93 (IH,  S), 6.62 (IH,  t, J = 1-2 Hz); MS tn/z (%): 224 
(8.6), 182 (26.0), 166 (14;0), 154 (28.9), 153 (25.7), 151 (12.7), 
138 (13.5), 120 (17.2), 69 (67.5), 60 (20.9), 53 (27.7), 45 (52.0), 
43 (100.0), 42 (21.6), 41 (20.1). 

2-Dimethoxymethyl-5-ethoxy-3.4-din1ethoxy-2,5-cyclohexad- 
ien-I-one (19): 'H NMR (CDCI,) 6: 1.46 (3H, t, J = 8 Hz), 3.35 
(6H, S), 3.39 (6H, S), 4.03 (2H, q, J = 8 Hz), 5.34 (IH, S), 5.61 
(IH,  S), 6.79 ( IH,  S); MS m/z (%): 242 (13.3), 241 (100.0), 226 
(28.4), 194 (44.9), 181 (17.4), 167 (10.8), 153 (16.2), 75 (24.1), 
69 (13.6). 
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BOUBKER NASSER, CLAUDE MORPAIN, BERNARD LAUDE, and NORBERT LATRUFFE. Can. J. Chem. 70, 2319 (1992). 
Precursors of phospholipids or ether lipids were synthesized from ~-mann i t~ l ,  i.e., 1-0-myristoyl-2-0-benzyl-sn-glycerol 

11 and 1-0-hexadecyl-2-0-benzyl-sn-glycerol 13. The chemical pathways involved sequential protection reactions using 
allyl, triphenylmethyl, or benzyl groups via 3-0-allyl-sn-glycerol. Eleven intermediates were isolated and for the first 
time characterized with their spectrometric (especially 'H nmr) and physical parameters and yield. This work allowed 
preparation of chemically defined membrane phospholipids from compound 11 as well as ether lipids from compound 
13 with cell mediator activities bearing different probes such as photoactivatable, fluorescent, or radioactive groups. 

BOUBKER NASSER, CLAUDE MORPAIN, BERNARD LAUDE et NORBERT LATRUFFE. Can. J. Chem. 70, 2319 (1992). 
Divers prkcurseurs de phospholipides et d'Cthers lipidiques, comme le 1-0-myristoyl-2-0-benzyl-11s-glycerol 11 et le 

1-0-hexadecyl-2-0-benzyl-11s-glycerol 13, ont CtC synthetisCs a partir de D-mannitol. Cette methode implique une sequence 
de rCactions de protections ii l'aide des groupes allyle, triphCnylmethyle ou benzyle via le 3-0-allyl-ns-glycerol. Onze 
intermediaires ont CtC isolks et pour la premikre fois leurs paramktres spectroscopiques ( 'H rmn) et physiques ont CtC 
prkcists. Ce travail permet d'acceder a partir du composk 11 B des phospholipides membranaires chimiquement dkfinis 
ou ii partir du compose 13 a des tthers lipidiques mediateurs cellulaires porteurs de diverses sondes (photoactivable, 
fluorescente ou radioactive). 

Introduction 

Lipids, especially phospholipids and derivatives, have 
numerous and essential functions in cell life. For instance, 
biomembranes are involved in transport, transduction sig- 
nalling, or enzyme activation through lipid-protein and lipid- 
lipid interactions. On  the other hand, some lipids can ex- 
hibit mediator functions such as ether-lipids including PAF 
acether (1 , 2). 

Since natural phospholipids are largely heterogenous and 
generally weakly chemically reactive, advances in knowl- 
edge in these fields are largely beneficial to the use of syn- 
thetic phospholipids or analogues, chemically defined or  
eventually modified by the coupling of different probes 
(photoactivatable, fluorescent, or radioactive groups). 

To  have access to these tools it is absolutely essential to 
find the best synthetic pathway and to master all the chem- 
ical steps including intermediate isolation and characteriza- 
tion. 

For instance, the understanding of the lipid function in the 
catalytic properties of mitochondria1 membrane bound R-3- 
hydroxybutyrate dehydrogenase was greatly improved by the 
use of phospholipid analogues (3, 4). 

In this paper we report the chemical synthesis that allows 
the preparation of phospholipid or ether lipid precursors. 
Indeed, the compound 11 (1-0-myristoyl-2-0-benzyl-sn- 
glycerol) is a key intermediary in the phospholipid (or 

'Author to whom correspondence may be addressed. 

analogue) preparation and compound 13 (1 -0-hexadecyl-2- 
0-benzyl-sn-glycerol) leads to the preparation of ether 
phospholipids, such as PAF and analogues (5-7). 

Whereas Eibl and Woolley (8) previously described a 
similar pathway, we put forward the characterization of all 
of the intermediary, including physicochemical and spec- 
troscopic parameters, which has not been done before. The 
principle of this synthesis sequence is summarized in Scheme 
1. Traditionally it involved the use of well-known protect- 
ing agents such as the ally1 moiety, which can be easily 
transposed in a propenyl group that is then eliminated by 
bromine in buffer medium (8); the tripherzylmethyl group, 
which only reacts with primary alcohols and is easily dis- 
placed with diluted acids; and berzzyl, which is generally used 
to block the (C2) of glycerol in the PAF acether synthesis (6, 
7 ,  9). 

T o  our knowledge compounds 6-12 have never been de- 
scribed. Compound 13 alone has previously been isolated by 
other procedures (5-7). 

Phospholipids (or analogues) or ether lipids (i.e., PAF 
acether) can be prepared from compounds 11 and 13, as has 
been described (6, 9, 10). 

Experimental 
Materials and methods 

Dimethylformamide, dimethyl sulfoxide, allyl bromide, and 
benzyl chloride were purchased from Aldrich and distilled prior to 
use. Triethylamine and pyridine were dried over 4A molecular 
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L 

Diacetone Na104 
I 

/ \O-2C-H (1) NaH 
D-Mannit01 (2) N ~ B H ,  ' H3C 

> 
I (2) BrCH2-CH=CH2 

3 ~ ~ , ~ ~  

C I CH ,OH 

/ \  2 HCI 1 N 2 1 
H,C 0-C-H - HO-C-H 

3 1 3 1 
CH20CH2-C=CHB CH20CH2-C=CHB 

I I I I 
4 H~ H A  5 H~ H~ 

TrCl 2 1 (1) NaH 2 I 
+ HO-C-H C,H5CH20-C-H 

3 1 (2) CICH2C,H5 3 1 
CH,0CH2-C=CHB CH20CH2-C=CHB 

I I I I 

HCI 1 N 2 1 
C,H5CH20-C-H 

I 

SCHEME 1. Reaction pathway for the synthesis of intermediates of acyl or alkyl phospholipids. 

sieves (Merck). Hexadecylmethane sulfonate and hexadecanoyl using a solution in CDC13 with tetramethylsilane as internal stan- 
chloride were prepared according to refs. 11 and 12 respectively. dard. Infrared spectra were recorded on a Beckman I.R. 33. 
All solvents and reagents were of reagent grade and used as ob- 
tained. Thin-layer chromatography (tlc) was carried out by using Results 
silica gel (Merck, precoated sheets, 60 F 254). Compound spots I,2~0-Iso~,rop)riide,1e-sn-gI~,ceroi (3, 
in tlc were visualized under uv light or by iodine vapor. Column 
chromatography was carried out by using silica gel 60 (70-230 Di-0-acetone-D-mannitol (2) (65.5 g ,  0.25 mol) was sus- 
mesh. Merck). Melting points were measured with a Kofler hot- pended in 600 mL of water by stirring. The sodium meta- 
stage apparatus and uncorrected. Optical rotations were recorded periodate (53.5 g ,  0 .25  moll was slowly added in several 
by means of a Roussel-Jouan 71 micropolarimeter. The 'H nmr fractions (45 min total time); the temperature had to remain 
spectra were measured on a Bruker Spectrospin AC 200 (200 MHz) below 30°C. The pH was maintained neutral (pH = 6-7) by 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NASSER ET AL. 2321 

addition of sodium hydroxide pellets. Stirring was main- 
tained for 1.5 h more at room temperature. Methanol 
(300 mL) was added to precipitate iodate. The mixture was 
left for 2 h at 20°C. The precipitate was separated, then 
washed with a solution (200 mL) of methanol-water (1 : 1). 
The solution was cooled in an ice-water bath. The sodium 
tetrahydridoborate (9.5 g,  0.25 mol) was added in portions 
by stirring. Stirring was continued for 1 h more at 15-20°C. 
The mixture was neutralized with 2 N hydrochloric acid to 
pH 7-8. Sodium chloride (200 g) was added. The organic 
phase was extracted with 250 mL of chloroform (3 times), 
then dried over sodium sulfate. After removal of solvent 
under vacuum, the resulting oil was distilled under vacuum: 
bp 84"C/15 Torr (1 Torr = 133.3 Pa); weight 46.2 g (70%); 
[a],,, + 11.5, [a1578 + l2.2, [&I546 + 14. 1, [a1436 +29.6 (c 
0.024, methanol) (lit. (13)[a],,, + 1 1.57, [a],,, + 12.16, 
[a],,, + 14.00, [a]436 + 25.5' (methanol)). 

1,2-0-lsopropylidene-3-0-allyl-sn-glycero(4) 
This was prepared according to ref 14: bp 85"C/14 Torr; 

yield 82%; [a],,, + 16.2, [a],,, + 16.9, [a],,, + 19.7, [a],,, 
+33.7 (c 0.026, CHCI,); ir: 3090, 1630 (-CH = CH,), 1370, 
and 1385 cm-' (C(CH,),); 'H nrnr 6 ppm: 1.40 (s, 3H, CH,), 
1.45 (s, 3H, CH,), 3.40-3.60 (AB part of an ABX system 
located at 3.50 ppm with = 9.85 Hz; each transition was 
split with = 5.75 Hz, 2H, C'H,O or c3H20),  3.72 (dd, 
,JAB = 8.20 Hz, = 6.40 Hz, IH of C1H20 or c3H,0), 4.0- 
4.10 (m, 3H, 0CH2-CH = CH, and 1H of c1H2O or c3H20), 
4.20-4.40 (tt, lH,  J = 5.75 Hz and J = 6.40 Hz, C'HO), 
5.20 (ddt, IH, J,,, = 1.80 Hz; J,,, = 10.30 Hz; 4~ = 
1.25 Hz, HA), 5.30 (ddt, lH, Jgem = 1.80 Hz; J ,,,,, = 
17.20 Hz; = 1.60 HZ, HE), 5.90 (ddt, lH,  J,,, = 10.30 
Hz; J ,,,,, = 17.20 Hz and 3~ = 4.90 Hz, HC). 

3-0-Allyl-sn-glycerol(5) 
Hydrochloric acid (1 N, 4.5 mL) was added to com- 

pound 4 (1 8 g, 0.18 mol) in methanol (140 mL). The mix- 
ture was heated at reflux for 1 h. After cooling, the solution 
was neutralized with 10% sodium hydrogen carbonate. The 
solvents were removed under vacuum and the solid phase 
dried by azeotropic distillation with anhydrous benzene. 
vacuum distillation, gave 3-0-all~l-sn-~l~cero1 (26 g): bp 
104-106"C/0.1 Torr; yield 86%; [a],,, +0.6, [a],,, +0.7, 
[a]546 + 1, + 1.3 (C 0.017, pyridine); ir: 3400 (uOH), 
3080, 3015, 1640 cm-' (CH = CH,); 'H nmr (CDC13) 6 
pprn: 3.40-3.95 (m, 7H, C'H,OH, C'HOH, and c3H,0); 
4.05 (dt, 3~ = 5.50 Hz; = 1.30 HZ, 2H, 0CH2-CH = 
CH,), 5.18 (ddt, lH,  J,,, = 1.60 Hz; J,., = 10.3 Hz; = 

1.30 Hz, HA), 5.30 (ddt, lH,  J, ,,,, = 1.6 Hz, J ,,,,, = 
17.20 Hz; ,.I = 1.30 HZ, HE), 5.90 (ddt, lH, J, = 17.20 Hz, 
J, = 10.30 Hz, = 5.5 Hz, HC). 

1 -0-Trityl-3-0-ullyl-sn-glycerol (6) 
Compound 5 (8.8 g, 0.066 mol) was dissolved in 140 d 

of tert-butanol. After addition of trityl chloride (23.3 g, 
0.084 mol) and triethylamine (9.89 g ,  0.098 rnol), the mix- 
ture was heated to reflux for 1 h. After cooling, 70 mL of 
diisopropyl ether and 70 mL of water were added. After de- 
cantation the aqueous phase was extracted twice with 70 rnL 
of diisopropyl ether. The organic phases were combined and 
dried over sodium sulfate. After solvent evaporation, the oil 
was chrornatographed on a column (100 g of silica gel) 
(gradient hexane - ethyl ether). The trityl derivative was 
eluted with hexane - ether mixtures 90: 10 and 80:20. It 
crystallized from 40 mL of hexane in the presence of a few 

drops of ether: weight 23.4 g; yield 94%; mp 58°C; Rf: 0.24 
(hexane-ether 1/4); [a]5ss -4.4; [a],,, -4.7; [a]s16 -5; [a]43y 
-9.5" (c 0.013, CHCI,); ir:3480 (uOH), 3030-3100 cm- 
(C,H,, CH = CH,); 'H nrnr (CDCI,) 6 ppm: 2.50 (d, 1 H, 
J = 4.70 Hz, OH), 3.20 (AB part of a system ABX with 
'J = 9.40 Hz; each transition was split with = 5.50 Hz, 
2H, C'H,O or C3H20), 3.53 (AB part of a system ABX with 
'JAB = 9.70 HZ, ,JAX = 4.40 Hz, ,JB, = 6.30 Hz, 2H, ~ ' ~ 2 0  

or C3H20), 3.90-4.05 (dt, located at 3.98 ppm, 3~ = 
5.60 Hz, 4~ = 1.40 HZ, 0CH2-CH=CHZ, overlapped at a 
multiplet lH,  HC,O), 5.20 (ddt, lH,  J,,, = 1.65 Hz; Jc, = 
10.30 Hz, 4~ = 1.40 HZ, HA), 5.25 (ddt, IH, Jsen, = 
1.65 Hz, J = 17.20 Hz, = 1.40 HZ, HE), 5.90 (ddt, 
lH,  Jc, = 10.30Hz, J ,,,,, = 17.20Hz, = 5.60Hz, HC), 
7.15-7.50 (m, 15H aromatic). 

1 -0-Trityl-2-0-benzyl-3-0-allyl-sn-glycerol(7) 
The previous compound (8 g, 0.021 mol) was dissolved 

in 40 mL of anhydrous DMF. Sodium hydride (0.026 mol) 
was slowly added with magnetic stimng and under dry ni- 
trogen. Benzyl chloride (2.8 g, 0.022 mol) was then added 
dropwise. After 21 h stirring at room temperature the mix- 
ture was poured over ice. The organic phase was extracted 
3 times with 100 rnL of chloroform, washed with water, and 
then dried over sodium sulfate. After removal of solvent 
under vacum, the oil was chromatographed (200 g of silica 
gel, gradient hexane-ether). The compound was eluted with 
a hexane-ether mixture 90: 10; weight 9.4 g; yield 95%; Rf 
0.44 (hexane-ether 4 : 1); - 10.7, [a],,, - 1 1.3, [a]546 
-13.2, [a],,, -22.7 (c0.021, CHCI,); 'H nrnr 6 ppm: 3.25 
(d, = 5 Hz, C1H20 or c3Hz0),  3.50-3.70 (AB part of a 
ABX system, JAB = 10.20 Hz, JAx = 5.95 ppm, JBx = 
4.25 Hz, 2H, C'H,O or c3H20), 3.75 (ddt, J = 5.95 Hz, 
J = 4.25 Hz and J = 5 Hz, lH,  C'HO), 3.96 (ddd, 3~ = 
5.45 Hz, 4~ = 1.65 Hz, 4~ = 1.30 HZ, 2H, 0-CH2- 
CH=CH2), 4.66 (syst. AB, JAB = 12.35 HZ, 2H, 0-CH2- 
Ph), 5.15 (ddt, J,, = 10.30 Hz, J, ,,,, = 1.85 Hz, 4~ = 
1.30 Hz, HE), 5.23 (ddt, J ,,,,,, = 17.30 Hz, J,, = 10.30 Hz, 
4~ = 1.65 Hz, HA), 5.86 (ddt, J ,,,, = 17.30 Hz, J,, = 10.30 
Hz, = 5.45 Hz, HC), 7.15-7.50 (m, 20H aromatic). 
2-0-Benzyl-3-0-allyl-sn-glycerol (8)  

The trityl derivative (6 g, 0.013 mol) was dissolved in 
methanol (35 mL) and acidified with 1 N hydrochloric acid 
(3.5 mL). The solution was heated at reflux for 1 h with 
stirring. After cooling, the mixture was diluted with 100 d 
of water. The organic phase was extracted 3 times with 
50 mL of diisopropyl ether. The ether phase was washed with 
20 mL of 1 N sodium hydroxide, and then with water. The 
organic phase was dried over magnesium sulfate. The sol- 
vent was removed and the oil was chrornatographed (35 g of 
silica gel; eluent gradient hexane-ether). The product was 
eluted with a hexane-ether mixture 75:25; weight 2.33 g; 
yield 81%; R,  0.56 (diisopropyl ether); [a],,, +26.1, [a],,, 
+27.3, [a],% +31.3, [a],,, +53.4 (C 0.02, CHCl,); ir: 3420 
(uOH), 1670 cm-' (uCH=CH,) (allyl); 'H nmr (CDCI,) F 
ppm: 2.50 (s, lH,  OH), 3.50-3.80 (m, 5H, C'H,O + 
C'HO + c3H20),  3.98 (dt, 2H, = 5.50 Hz, = 1.3 HZ, 
OCH,-CH = CH,), 4.57-4.73 (AB system located at 4.65 
ppm with JAB = 11.80 Hz, 2H, C,H,CH,O), 5.18 (ddt, lH, 
J,., = 10.30 Hz, J, ,,,, = 1.75 Hz, 4~ = 1.30 HZ, HA), 5.28 
(ddt, lH,  J,, ,,,, = 17.50 Hz, J ,,,,, = 1.75 Hz, 4~ = 1.30 HZ, 
HE), 5.90(ddt, l H , J ,  ,,,, = l7 .5Hz,JC, ,=  1 0 . 3 0 H ~ , ~ J =  
5.50 Hz, HC), 7.30 (m, 5H aromatic). 
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2-0-Benzyl-3-propenyl-sn-glycerol(9) 3H, ,J = 6.85 Hz, ,J = 1.65 Hz, CH=CH-CH, and m, 2H, 
Compound 8 was dried by azeotropic distillation with COCH,-CH,), 2.32 (t, 2H, J = 7.10 Hz, COCH,), 3.70- 

anhydrous benzene (50 mL) (twice) and dissolved in anhy- 3.90 (m, 3H, C'HO + C'H,O or c3H20), 4.05-4.35 (m, 2H, 
drous and distilled DMSO (30 mL). Dry potassium tert-bu- C'H,O or c3H,0), 4.41 (dq, lH,  J,, = 6.20 Hz, = 

tylate (3 g) was added. The mixture was stirred and heated 6.85 Hz, HA), 4.70 (s, 2H, C6H5CHz), 5.95 (dq, lH,  J,;, = 
at 100°C. After 15 min, the reaction was complete (con- 6.20 Hz, ,J = 1.65 Hz, HB), 7.35 pprn (m, 5H aromatic). 
trolled by thin-layer chromatography (tlc); solvent diisopro- 
pyl ether: 8, R, 0.56, 9, R, 0.69). After cooling, the reaction 
mixture was diluted with chilled water (100 mL). The or- 
ganic phase was extracted twice with diisopropyl ether then 
washed 4 times with water (50 mL). After drying over so- 
dium sulfate, the solvent was eliminated under vacuum. The 
oil was used directly; weight 3.85 g; yield 95%; R, 0.59 
(diisopropyl ether); [a],,, f4 .3 ,  [a],,, +4.6, [a],,, +5.20, 
[a],,, +6.9 (c 0.014, CHCl,); ir: 3400 (vOH), 1670 cm-' 
(uCH=CH,); 'H nrnr (CDCl,) 6 ppm: 1.59 (dd, 3H, = 

6.85 Hz, = 1.70 HZ, CH=CH-CH,), 2.30 (s, lH, OH), 
3.55-3.90 (m, 5H, C'H,O + C%O + c'H,o), 4.42 (dq, 
lH,  J,, = 6.20 Hz, = 6.85 Hz, HA), 4.57-4.75 (AB 
system located at 4.66 pprn with JAB = 11.70 Hz, 2H, C,H,- 
CH,O), 5.94 pprn (dq, lH,  J,, = 6.20 Hz, ,J = 1.70 HZ, 
HB), 7.35 pprn (m, 5H, aromatic). 
1 -O-Hexadecyl-2-O-bet1zyl-3-O-propenyl-sn-glycerol(I2) 

Sodium hydride (0.307 g, 12.8 mmol) was added to a so- 
lution of compound 9 (1.42 g, 6.4 mmol) in anhydrous ben- 
zene (10 mL). After 30 min a solution of hexadecyl 
methanesulfonate (2.81 g, 8 mrnol) in benzene (10 mL) was 
added dropwise. The mixture was then heated at 80-90°C 
for 5 h with stirring. After cooling, methanol (2 mL) was 
added. The mixture was diluted with water (50 mL). The 
organic phase was extracted twice with a mixture of chlo- 
roform-methanol (2: 1) (75 mL), washed with water, then 
dried over sodium sulfate. The solvent was removed and oil 
chromatographed (40 g of silica gel, eluent gradient hex- 
ane-ether). The product was eluted with a mixture of hex- 
ane-ether 95:5; weight 2.27 g; yield 77%; R, 0.85 
(hexane - diisopropyl ether, 1 : 1); [a],,, -5.3, [a],,, -5.5, 
[a],,, -6.2, - 1 1 (C 0.026, CHCl,); ir: 1670 cm-' 
(uCH=CH,); 'H nrnr (CDC13) 6 ppm: 0.88 (t, 3H, J = 

6.70 Hz, CH,, hexadecyl), 1.25 (s, 26H, (CHJ,,), 1.59 (dt, 
3H, = 6.85 Hz, 'J = 1.70 Hz, CH=CH-CH, and m, 2H, 
OCH,CH,), 3.43 (t, 3H, J = 6.55 Hz, 0CH2CH2), 3.52 (d, 
2H, J = 5 Hz, c 1 H 2 0  or c3H20), 3.70-3.95 (m, 3H, c ' H , ~  
or c 3 H 2 0  and c'HO), 4.39 (dq, lH, J,, = 6.20 Hz, = 

6.85 Hz, HA), 4.70 (s, 2H, C6H5CH2), 5.98 (dq, lH,  JCi, = 
6.20 Hz, = 1.70 HZ, HB), 7.35-7.40 (m, 5H aromatic). 

I -O-M~sistoyl-2-O-bet~zyl-3-O-propenyl-sn-gl~~cerol(I0) 
Myristoyl chloride (1.58 g, 7 mmol) in chloroform (5 mL) 

was added to a solution of compound 9 (1.42 g, 6.4 mmol) 
in anhydrous pyridine (3 mL) with stirring. The mixture was 
allowed to stand at room temperature for 36 h. The excess 
of acid chloride was destroyed with ice. The organic phase 
was extracted 3 times with chloroforin (75 mL), washed 
successively with 2 N sulfuric acid, 10% sodium hydrogen 
carbonate, and water. The organic phase was dried (Na,SO,). 
After removal of solvent, the oil was chromatographed 
(40 g of silica gel; eluent gradient hexane - diethyl ether). 
The product was eluted with a mixture of hexane-ether 95 : 5; 
weight 2 g; yield 72%; R, 0.62 (hexane - diisopropyl ether 
5 :  1); [a1589 -1.7, [a1578 - l . 9>  [ ( ~ 1 4 3 6  -3.8 (c 
0.020, CHCl,); 'H nrnr (CDCl,) 6 ppm: 0.88 (t, 3H, J = 
6.70 Hz, CH,, myristoyl), 1.25 (s, 20H, (CH2)lo), 1.60 (dd, 

. 

I-0-Hexndecyl-2-0-benzyl-sn-glycerol(l3) 
The previous compound 12 (1.21 g, 2.6 mmol) was dis- 

solved in tetrahydrofuran (5 mL); 0.2 M sodium phosphate 
buffer (pH 5) (5 mL) was added. Bromine (20 mmol) in tet- 
rahydrofuran (10 mL) was then added dropwise with stir- 
ring to obtain a permanent yellow colour (about 1.5 mL). 
After 15 min, the solution was diluted with water (50 mL). 
The organic phase was extracted with chloroform (twice), 
neutralized with 10% sodium hydrogen carbonate (25 mL), 
washed with water, and dried over Na,SO,. The solvent was 
removed and the oil was chromatographed (40 g of silica gel, 
gradient hexane-ether). The compound was eluted with a 
mixture of hexane-ether 75:25 and 70:30; weight 0.66 g; 
yield 60%; R, 0.24 (hexane - diisopropyl ether 1 : 1); [a],,, 
-12.5, [a],,, -13, -14.8, -25.4 (C 0.0189, 
CHCl3), [a],,, - 1.14, [a],,, - 1.14, [a1546 - 1.26, [a1436 
-2.14 (c 0.016, methanol) (lit. (6) [a], - 1.15 (methanol); 
and (7) [a], - 1.21 (methanol); ir: 3400 cm-' (uOH); 'H nrnr 
(CDCl,) 6 ppm: 0.88 (t, 3H, J = 6.7 Hz, CH, hexadecyl), 
1.25 (s, 26H, (CH,),,), 1.57 (m, 2H, OCH,CH,), 2.17 (s 
broad, lH, OH), 3.44 (t, 3H, J = 6.55 Hz, OCH,CH,), 
3.47-3.85 (m, 5H, c 1 H 2 0  + C'HO + c3H,o), 4.59-4.75 
(AB system located at 4.67 pprn with JAB = 11.80 Hz, 2H, 
C6HsCH,-O), 7.35 pprn (m, 5H aromatic). 

I-0-Myristoyl-2-0-berzzyl-sn-glycerol(11) 
Compound 11 was prepared from compound 10 using the 

same procedure as for compound 13; yield 62%; R, 0.17 
(hexane - diisopropyl ether 1 : 1); [a],,, - 1.1, [a],,, - 1.15, 
[a],,, - 1.20, [a],,, -2.2 (c 0.018, CHCl,); ir: 3440 cm-I 
(vOH); I H  nrnr (CDCl,) 6 ppm: 0.88 (t, 3H, J = 6.70 Hz, 
CH,, myristoyl), 1.25 (s, 20H, (CH2)10), 1.62 (m, 2H, 
COCH,-CH?), 2.06 (s broad, 1 H, OH), 2.32 (t, 2H, J = 7.10 
Hz, COCH,), 3.55-3.80 (m, 3H, CIH,O + C'HO or 
C%?O), 4.24 (d, 2H, 3~ = 4.60 Hz, C'H,O or c3H20), 4.57- 
4.75 (AB system located at 4.66 pprn with JAB = 11.70 Hz, 
2H, C,H,CH,-0), 7.35 (m, 5H aromatic). 

Discussion 

Compounds 11 and 13 were obtained from D-mannitol with 
good yield. The removal of the trityl group by acid hydro- 
lysis is easy. The transposition of the ally1 double bond in 
propenyl is fast and complete after 15 min in the presence 
of dry potassium terbutylate in anhydrous dimethyl sulfox- 
ide. The reaction is stereospecific since it leads to the cis 
isomer only, as checked by 'H  nmr. 

Compound 9 is quite unstable; nevertheless we suc- 
ceeded in purifying it by column chromatography. In some 
experiments, another compound appeared through the col- 
umn, indicating a chemical reaction in the column. Com- 
pounds 10 and 12 are also unstable and it is advisable to 
remove the propenyl group rapidly. Once after 2 months 
storage, we observed the conversion of compounds 10 and 
12 into compounds 11 and 13 respectively. After column 
chromatography, these compounds were isolated with the 
same physical characteristics. The 'H nmr patterns were ob- 
tained by a selective spin-spin decoupling technique. The 
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C1-P, 
0-CH, 

(1) C12P-0CH2CH2Br 

C H ~ O R ]  
(2) H,O 

NaBr I 
19 

14 C,H5CH20-C-H 0 C,H5CH20-C-H 
I I 1  
CH,O-P-0CH2CH2Br CH,-0-P 

I \ 
OH 0-CH, 

H ,/Pd 

I 
I 

d CH,O ' 
15 HO-C-H 0 

I I  
CH,O-P-OCH,CH,Br 

' T D I :  Carbonyldiimidazole 

I 
L i 3 

I 0- 
R3 = NH, 

0- 
CH,OR~ 

+ 

I 
= NH,CH, h(-J 

R~O-C-H o 
I 

( 

I I 
+ 

'R' = N('~cH,), 
+ 

= NH(CH,), 
CH,O-P-0CH2C~,R4 

I " . .  + 
0 - , = N(CH,), 

= "'qN3 

SCHEME 2. Pathway for the synthesis of phospholipids analogues. 

\ 

+ GN0, = NHZ 

N N 
\ / 
0 
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'H nmr  assignments of  compound 13 are in agreement with 
literature (6,  9) .  

Optical rotations of all the compounds are  specified. En-  
antiomeric purity of the isopropylidene-sn-glycerol, raw 
material of  all the other intermediates, is the same as that 
obtained by  Hirth and Walther (13). These authors had es- 
tablished by  gas  phase chromatography o f  an acetone-glyc- 
erol derivative that the optical purity of acetone-glycerol was 
better than 99.4%. 

T h e  optical rotation of  compound 13 is  very close to  that 
given in the literature (6 ,  7 ) .  

W e  did not verify the enantiomeric purity o r  the eventual 
extent of  contamination of  each intermediate by  a chro- 
matographic study either with a chiral phase, a s  d o n e  by  
Takagi  et al. (15-17), or with a normal phase for  diastereo- 
isomeric derivatives, as done by  Laakso and Christie (18). 
However, comparison of  the optical rotations of  our  com- 
pound 13 with those given in the literature (6,  7 )  allowed u s  
to  believe that the quality of  the substances obtained here is 
sufficient t o  enter into other reaction sequences. 

Thus,  different fatty acids can  be  introduced o n  carbon-2 
of  compound 14 (Scheme 2). These acids can vary in  fatty 
acid length, unsaturation, and  can  be  either brominated and  
then used as fluorescent quenching agents (19) o r  anchored 
to different probe positions of fluorescent,  photoactivable, 
o r  radiolabelled groups (20-25). 

T h e  polar head can be also modified f rom compound 16 
(26-30). W e  synthesized the following compounds f rom 
compound 16: 1,2-di-0-myristoyl-sn-glycero-3-phosphoryl 
N-pyridinio-2-ethanol (17, R' = R' = CO(CH,)12CH3, R3  = 
N+(c5HS)) and 1,2-di-0-myristoyl-sn-glycero-3-phosphoryl 
N-piperidino-2 ethanol (17 ,  R 1  = R2 = CO(CHl) l rCH3,  
R3 = NC5HIO).  W e  also studied the influence of  a n  un- 
charged phospholipid (1,2-di-0-myristoyl-sn-glycero-3- 
phosphoryl-2-0x0- 1,3,2-dioxaphospholane) (20) and  of  
compound 16 (R1 = R 2  = CO(CH,),,CH,) o n  B D H  reacti- 
vation (30 ,  31) .  Fluorescent, photoactivatable, o r  radiola- 
belled probes can be added to the polar head (20, 22, 32 ,  33 ,  
35). 

Compounds 15 ( R 1 =  CO(CH,),,CH, and R I  = (CH2)1s- 
CH,) allow the production of  both photoactivatable groups 
and  fluorescent probes either o n  the glycerol carbon-2 o r  o n  
the polar head. Such  molecules have recently been used in 
our  laboratory t o  estimate the labelling of R-3-hydroxybu- 
tyrate dehydrogenase with phospholipids without the use of 
radioisotopes (35). 
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Chiral2-acetamidoacrylates in conjugate addition - asymmetric enolate trapping 
reactions. Asymmetric synthesis of phenylalanine 
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CARLOS CATIVIELA, MARIA DOLORES DIAZ-DE-VILLEGAS, and JOSE ANTONIO GALVEZ. Can. J. Chem. 70, 2325 (1992). 
A new route to the asymmetric synthesis of a-amino acids based on the reactivity of chiral 2-acetamidoacrylates with 

nucleophiles through a conjugate addition followed by diastereoselective protonation of the enolate is described. 
Phenylalanine precursors are obtained in excellent chemical yields (80-95%) with moderate diastereomeric excess (O- 
44%) through the reaction of chiral 2-acetamidoacrylates with phenylmagnesiu~n bromide in the presence of CuI fol- 
lowed by diastereoselective enolate protonation. 

CARLOS CATIVIELA, MARIA DOLORES DIAZ-DE-VILLEGAS et JOSE ANTONIO GALVEZ. Can. J .  Chem. 70, 2325 (1992). 
On dCcrit une nouvelle mCthode de synthhse asymktrique des acides a-aminks qui est basCe sur l'addition conjuguCe 

de nuclCophiles sur des 2-acCtamidoacrylates chiraux, suivie d'une protonation diastCrCosClective de 1'Cnolate. Faisant 
appel 5 une reaction des 2-acCtamidoacrylates chiraux avec du bromure de phCnylmagnCsium en prCsence de CuI, sui- 
vie d'une protonation diastCrCosClective de l'Cnolate, on a obtenu des prkcurseurs de la phknylalanine avec d'excellents 
rendements (80-95%) et des exchs diastCrCoisomtriques modCrCs (0-44%). 

[Traduit par la rCdaction] 

Introduction reoselective enolate protonation to afford phenylalanine de- 

Numerous new and useful approaches to the asymmetric 
synthesis of a-amino acids have appeared in recent years (I),  
most of them involving the asymmetric hydrogenation of 
prochiral didehydroamino acids derivatives (2) or the highly 
stereoselective hydrogenation of chiral, nonracemic, dide- 
hydroamino acid derivatives (3). The most recent advances 
in this field have concentrated on the development of chiral, 
optically pure, amino acid enolate equivalents (4) and amino 
acid cation equivalents (5). The attraction of these asym- 
metric amino acid equivalents is their inherent versatility in 
the preparation of a diverse array of amino acids from a few 
common precursors with the appropriate C-C bond-form- 
ing technology. 

Enantioselective protonation (6) of prochiral substrates has 
been applied to deracemization and has been used to pre- 
pare optically active a-amino acids (7). This procedure is 
based on deprotonation, with a suitable base, of an asym- 
metric centre with an attached hydrogen activated by the 
electron-attracting effect of at least one substituent to afford 
a nucleophilic prochiral centre. Protonation of the enolate by 
an optically active proton carrier gives the product in opti- 
cally active form. 

A different methodology would be the diastereoselective 
protonation of chiral enolates obtained by conjugate addi- 
tion of nucleophilic reagents on chiral a,P-didehydroamino 
acid derivatives, which would make it possible to obtain a 
diverse array of amino acids from a single precursor. This 
strategy is similar to the one developed by Opplozer and 
Kingma (8) to obtain chiral compounds from the corre- 
sponding a ,  P-unsaturated compound. 

Although it was previously reported (9) that methyl 2- 
acetamidoacrylate can act as an acceptor in conjugate addi- 
tions, to the best of our knowledge this synthetic approach 
has not been used to obtain amino acid derivatives stereo- 
selectively. Therefore, we have studied the behaviour of 
chiral 2-acetamidoacrylates in conjugate addition - diaste- 

' ~ u t h o r  whom correspondence may be addressed. 

rivatives. 

Results and discussion 
Chiral 2-acetamidoacrylates 1, which can be obtained 

from methyl 2-acetamidoacrylate and the corresponding 
dimethylaluminum - chiral alcohol complex (lo),  can 
be conveniently P-functionalized by Michael addition of 
phenylmagnesium bromide promoted by copper(1) iodide 
(1 1). Diastereoselective protonation of the intermediate en- 
olate in the E-configuration favoured by the presence of a 
coordinating group in the a position using saturated aqueous 
ammonium chloride solution provides the corresponding N- 
acetylphenylalanine esters in high chemical yields. 

To understand the influence of the chiral auxiliary on the 
diastereofacial differentiation, this reaction was tested on a 
variety of chiral 2-acetamidoacrylates. 

In some cases the nucleophilic prochiral centre and the 
chiral matrix in the enolate system are not ordered enough 
to restrict single-bond rotation and chirality transfer during 
the neutralization process is low (12). However, there are 
some rationally designed chiral auxiliaries that exhibit ex- 
cellent reaction diastereoselection as they can incorporate 
non-bonding interactions to restrict rotation and have a large 
group that provides an effective barrier to electrophilic ap- 
proach to one diastereoface of the enolate. Examples are the 
concave chiral auxiliaries according to Helchem's concept 
(13). 

Conventional chiral auxiliaries (lR,2S,5R-(-)-menthol, 
lS,2R,SS-(+)-menthol, and [(IS)-etzdol-borneol) and con- 
cave chiral alcohols (lR,2S,5~-(-)-8-phenylmenthol and 
1R,2S,3R,4S-(-)-cis-hydroxyisobornyl neopentyl ether) were 
used to probe the relationship between the extent of extra- 
annular chirality transfer and the morphological aspect of the 
chiral alcohol (Table 1). Surprisingly, the best diastereose- 
lectivity was obtained when menthyl esters, whose archi- 
tectural features are not thought to be optimal, were used 
(runs 1 and 2). 

From these results it can be assumed that p-functional- 
ization of a-acetamidoacrilates provides an intermediate E- 
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FIG. 1 .  Disconnection analyses for the synthesis of phenylalanine. 

TABLE 1. Results of asymmetric conjugate addition 

Run Substrate Yield (%) d.e. (%) GCH,CONH (ppm)" 

"The underlined value corresponds to the major diastereoisomer. 
" ~ b s o l u t e  configuration was not determined due to the low diastereo- 

selectivity. 

enolate that possesses a large group in the a-position, which 
forces the chiral matrix as far as possible from the alkene 
moiety. As a consequence, diastereoselective protonation 
does not depend on the morphological aspect of the chiral 
alcohol since non-bonding interactions are restricted. 

As previously described (14) carbohydrate ester enolates 
have peculiar properties because they have a marked com- 
plexing ability towards cations. D-Glucofuranose deriva- 
tives, which should provide the enolate in a more ordered 
geometry by intramolecular complexation of the cation, were 
used to improve diastereoselectivity. However, when the 
carbohydrate derivative 1,2:5 ,6-diisopropylidene-D-gluco- 
furanose was used as a chiral auxiliary (run 6), diastereo- 
selectivity was only slightly increased. 

T o  understand the role of the acetamido group in the pro- 
tonation of the intermediate enolate, methyl 2-acetamidoac- 

rylate was reacted with phenylmagnesium bromide in the 
presence of CuI followed by protonation with saturated 
aqueous ammonium chloride solution, deuteration with 
deuterated water, or methylation with methyl iodide to 
afford N-acetylphenylalanine methyl ester, a-deutero-N- 
acetylphenylalanine methyl ester, and a-methyl-N-acetyl- 
phenylalanine methyl ester respectively. 

From these results it can be concluded that (a)  the unpro- 
tected -NH- group is not acidic enough to react with the or- 
ganometallic reagent and (b) the poor level of diastereoface 
differentiation is not due to the presence of the -NH- acidic 
group competing with the electrophile since the -NH- group 
does not neutralize the enolate but an external proton (or 
electrophile) source does. 

Diastereomeric excess (% d.e.) was determined by 'H 
NMR integration of the acetamido singlet of each diaster- 
eomer in the crude reaction spectrum. Comparison of the sign 
of optical rotation at 589 nm of the methyl ester obtained by 
transesterification with the reported data (15), indicated the 
absolute configuration of each product. 

Experimental 
Genet-a1 

All reactions were carried out under Ar with magnetic stirring. 
Diethyl ether was distilled from sodium/benzophenone ketyl over 
4 A molecular sieves prior to use. Chiral 2-acetamidoacrylates la- 
lg were prepared according to the previously described procedure 
(10). Phenylmagnesium bromide 3.0 M solution in diethyl ether and 
copper(1) iodide were purchased from Aldrich and were used from 
freshly opened bottles without purification. "Work-up" denotes 
extraction with diethyl ether, washing of the organic phase with 
water, drying with MgSO,, and evaporation (rotatory evaporator). 
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NH4CI 
/ 

COOCH, 
C6H5CH2CH 

\ 
NHCOCH, 

H C6H5MgBr ICUI ,COOCH, 

'c=c 
/ \ 

- HN C6H5CH2CD 

H NHCOCH, \ \ 
NHCOCH, 

/COOCH, 

C6H5CH2C(CHJ, 

NHCOCH, 

SCHEME 2 

Thin-layer chromatography (TLC) was performed on Merck pre- 
coated silica gel plates. TLC plates were visualized using UV light 
and anisaldehyde/sulphuric acid/ethanol (2: 1 : 100). Flash chro- 
matography was perfomled using 230-400 mesh (Merck) silica gel. 
NMR spectra were recorded on a Varian Unity 300 MHz spec- 
trometer. Optical rotations were measured on a Perkin-Elmer 24 1 -C 
polarimeter. For polarimetric determination the measured optical 
rotations were compared to that of (S)-N-acetylphenylalanine methyl 
ester (589 nm), [a]25 +103.3 (c 1.2, CHCl,). 

Cotzjugate addition of phetzylmagnesium bromide atzd subsequent 
diastereoselective enolate protonatiotz 

A stirred slurry of 0.027 g (0.14 mmol) of CuI in 10 n1L of dry 
diethyl ether under an argon atmosphere was cooled to 0°C in an 
ice bath. A solution of 0.93 mL (2.8 mmol) of 3.0 M phenylmag- 
nesium bromide in diethyl ether was added and, after 10 min, 
1.4 mmol of the corresponding 2-acetamidoacrylate 1 dissolved in 
15 mL of diethyl ether was added dropwise and stirring was con- 
tinued for an additional hour at O°C. The reaction mixture was then 
cooled to -80°C and quenched with saturated aqueous NH,CI so- 
lution. The cold bath was removed after 5 rnin and the mixture was 
allowed to warm to room temperature. 

(IS.2 R,5S)-Metzthyl2-acetamido-3-phenylpropanoate 2a  
Work-up afforded 0.396 g (82%) of a mixture of diastereoiso- 

mers (d.e. 27%) as a crude oil that was chromatographed on a sil- 
ica gel column (230-400 mesh) eluting with methylene chloride/ 
diethyl ether (2: 1). 'H NMR of the major diastereoisomer, 6: 0.72 
(d, 3H), 0.87 (d, 3H), 0.90 (d, 3H), 0.96-2.10 (m, 9H), 1.96 (s, 
3H), 3.00-3.49 (m, 2H), 4.67 (dt, lH), 4.85 (dd, IH), 5.84 (d, 
lH), 7.11-7.15 (m, 2H), 7.23-7.32 (m, 3H). "C NMR of the 
major diastereoisomer, 6: 15.8, 20.8, 2 1.9, 23.1, 25.8, 3 1.3, 34.0, 
37.9,40.5,  46.7, 53.3, 76.0, 127.0, 128.5, 129.3, 135.9, 169.5, 
171.5. Anal. calcd. for C2,H3,N03: C 73.01, H 9.04, N 4.05; 
found: C 72.98, H, 9.19, N 3.87. 

( I  RS2S,5R)-Menthyl 2-acetamido-3-phet~ylpropatzoate 2b  
Work-up afforded 0.386 g (80%) of a mixture of diastereoiso- 

mers (d.e. 28%) as a crude oil that was chromatographed on a sil- 
ica gel column (230-400 mesh) eluting with methylene chloride/ 
diethyl ether (2: 1). 'H NMR of the major diastereoisomer, 6: 0.72 
(d, 3H), 0.87 (d, 3H), 0.90 (d, 3H), 0.96-2.10 (m, 9H), 1.96 (s, 
3H), 3.00-3.49 (m, 2H), 4.67 (dt, 1 H), 4.85 (dd, I H), 5.84 (d, 
lH), 7.1 1-7.15 (m, 2H), 7.23-7.32 (m, 3H). "C NMR of the 
major diastereoisomer, 6: 15.8, 20.8, 2 1.9, 23. I,  25.8, 3 1.3, 34.0, 
37.9,40.5, 46.7, 53.3, 76.0, 127.0, 128.5, 129.3, 135.9, 169.5, 
171.5. Anal. calcd. for C2,H3,N0,: C 73.01, H 9.04, N 4.05; 
found: C 73.12, H, 9.13, N 4.17. 

[(IS)-endo]-Bortzyl2-acetamido-3-phenylpropanoate 2c 
Work-up afforded 0.432 g (90%) of a mixture of diastereoiso- 

mers (d.e. 6%) as a crude oil that was chromatographed on a sil- 
ica gel column (230-400 mesh) eluting with methylene chloride/ 
diethyl ether (2: 1). 'H NMR of the major diastereoisomer, 6: 0.69 
(s, 3H), 0.76 (s, 3H), 0.79 (s, 3H), 0.84- 1.36 (m, 3H), 1.48- 1.80 
(m, 3H), 1.86 (s, 3H), 2.10-2.29 (m, lH), 2.92-3.08 (m, 2H), 
4.69-4.87 (m, 2H), 6.47 (d, 1 H), 7.02-7.24 (m, 5H). I3C NMR 
of the major diastereoisomer, 6: 13.2, 18.5, 19.3, 22.6, 26.7, 27.5, 
35.9, 37.8, 44.4, 47.5, 48.4, 53.0, 81.1, 126.7, 128.2, 129.0, 
135.8, 169.5, 171.9. Anal. calcd. for C2,H29N0,: C 73.44, H 8.51, 
N4.08 ;  found: C73 .32 ,  H, 8.38, N4.23.  

( I  R,2S,5R)-8-Phenylmenthyl2-acetamido-3-phenylpropano- 
ate 2d 

Work-up afforded 0.559 g (95%) of a mixture of diastereoiso- 
mers (d.e. 0%) as a crude oil that was chromatographed on a sil- 
ica gel column (230-400 mesh) eluting with hexane/diethyl ether 
(1:3). 'H NMR of the mixture of diastereoisomers, 6: (0.79 d. 0.82 
d) 3H; (1.12 s,  1.13 s) 3H; (1.21 s,  1.23 s) 3H; (0.88-2.08 m) 8H; 
(1.80 s ,  1.83 s) 3H; (2.61-2.97 m) 2H; (4.16 dd, 4.34 dd) 1H; 
(4.75 dt, 4.81 dt) 1H; (5.61 d ,  5.75 d) 1H; (7.15-7.32 m) 10H. 
"C NMR of the mixture of diastereoisomers. 6: (21.4. 21.51: (22.7. 
22.8); (26. I ,  26.5); 27.0; 28.8; (30.9, 31.0); (34.1 ,'34.2)- (36.6; 
36.9); (39.1, 39.5); (41.0, 41.1); (49.7, 49.9); (52.7, 53.6); (75.8, 
76.0); 125.0; 125.1; 126.5; (127.7, 127.8); (128.0, 128.1); 129.2; 
(136.1, 136.2); (150.9, 151.6); 169.1; (170.1, 170.5). Anal. calcd. 
for C27H35N03: C 76.93, H 8.37, N 3.32; found: C 74.12, H, 8.21, 
N3.11 .  

( I  R,2S,3R,4S)-cis-3-Hydroxyisobornyl neopentyl ether 2- 
acetamido-3-phenylpropanoate 2e  

Work-up afforded 0.570 g (95%) of a mixture of diastereoiso- 
mers (d.e. 10%) as a crude oil that was chromatographed on a sil- 
ica gel column (230-400 mesh) eluting with hexane/diethyl ether 
(2: 1). 'H NMR of the major diastereoisomer, 6: 0.78 (s, 3H), 0.83 
(s, 9H), 0.90 (s, 3H), 1.05 (s, 3H), 0.98- 1.08 (m, 2H), 1.40- 1.54 
(m, lH),  1.61-1.76 (m, 2H), 1.94 (s, 3H), 2.99 (s, 2H), 3.01- 
3.22 (m, 2H), 3.24(d, lH), 4.68 (t, lH),4.81-4.91 (m, IH), 6.43 
(d, lH), 7.08-7.15 (m, 2H), 7.17-7.33 (m, 3H). I3C NMR of the 
major diastereoisomer, 6: 1 1.1, 18.0, 20.3, 20.6, 22.6, 23.7, 26.4, 
26.5, 32.0, 32.9, 37.7, 46.6, 49.1,49.5,  53.1, 79.1, 83.0, 87.1, 
126.6, 128.1, 129.1, 136.0, 169.3, 170.8. Anal. calcd. for 
C2,H,,N0,: C 72.69, H 9.15, N 3.26; found: C 72.92, H, 8.9 1, N 
3.32. 

I ,2:5,6-Di-0-lsopropylidetze-~-glucofur~12-acetatnido-3- 
phet~ylpropanoate 2f 

Work-up afforded 0.502 g (80%) of a mixture of diastereoiso- 
mers (d.e. 44%) as a crude oil that was chromatographed on a sil- 
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ica gel column (230-400 mesh) eluting with methylene chloride/ 
diethyl ether (3: 1). 'H NMR of the major diastereoisomer, 6: 1.28 
(s, 3H), 1.29 (s, 3H), 1.40 (s, 3H), 1.51 (s, 3H), 1.96 (s, 3H), 
3.03-3.29 (m, 2H), 4.0 1-4.42 (rn, 4H), 4.55 (d, 1 H), 4.83-5.03 
(m, IH), 5.31 (d, lH), 5.88 (d, IH), 5.91 (d, IH), 7.17-7.25 (m, 
2H), 7.28-7.36 (m, 3H). "C NMR of the major diastereoisomer, 
6: 22.9, 24.2, 24.3, 24.8, 25.6, 37.5, 52.8, 67.2, 71.9, 77.1, 79.8, 
82.5, 104.7, 110.2, 113.1, 127.1, 128.4, 129.4, 135.7, 169.7, 
170.6. Anal. calcd. for C23H31N08: C 61.46, H 6.95, N 3.12; 
found: C 61.22. H, 6.91, N 2.98. 

I ,2:5,6-Di-0-cyclohe.rylidet2~~-~-gI11~0f~ra110~~l 2-acrltrtnidn-3- 
phetzylpropatzoa/e 2g 

Work-up afforded 0.614 g (83%) of a mixture of diastereoiso- 
mers (d.e. 14%) as a crude oil that was chrornatographed on a sil- 
ica gel column (230-400 mesh) eluting with methylene chloride/ 
diethyl ether (3: 1). 'H NMR of the major diastereoisomer, 6: 1.25- 
1.76 (m, 20H), 1.97 (s, 3H), 3.01-3.24 (rn, 2H), 3.91-4.39 (m, 
4H), 4.50 (d, lH), 4.83-4.95 (m, IH), 5.27 (d, IH), 5.88 (d, lH), 
5.9 1 (d, IH), 7.15-7.22 (m, 2H), 7.25-7.35 (rn, 3H). "C NMR 
of the major diastereoisomer, 6: 22.9, 23.5, 23.7, 23.9, 24.7, 25 .O, 
34.6, 35.5, 36.2, 36.6, 37.4, 38.1, 52.8, 67.2, 71.9, 77.0, 79.8, 
82.6, 104.7, 110.1, 113.0, 127.2, 128.5, 129.4, 135.7, 169.7, 
170.7. Anal. calcd. for C2,H3,N08: C 65.77, H 7.42, N 2.64; 
found: C 65.52, H, 7.45, N 2.38. 

Transesterification to 1ne/lzyl2-acetamido-3-phet~yl-propcr1zoate 
A mixture of diastereoisomers (27% d.e.) of purified (-)-men- 

thy1 2-acetanlido-3-phenylpropanoate l a  (0.5 g, 1.4 mmol) and 
absolute methanol saturated with dry HC1 gas (30 rnL) were placed 
in a glass pressure tube and the mixture was heated at 75'C for 
2 h. Upon cooling, the reaction mixture was evaporated to dry- 
ness and the residue was chromatographed on a silica gel column 
(230-400 mesh) using diethyl ether/hexane (I : 1 )  as eluent to af- 
ford the corresponding methyl 2-acetamido-3-phenylpropanoate in 
30% optical purity mixture of enantiomers; [a]'5 +31.7 (c 1.2, 
CHCl?) . 
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Crystal and molecular structure of an unusual unsymmetrical isomer of 
1 ,2-0s3(CO)10{P(C6H5)[(r(-C5H4)Fe(r(-C5H5)12}2 
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WILLIAM R. CULLEN, STEVEN J. R E ~ I G ,  and Tu CAI ZHENG. Can. J. Chem. 70, 2329 (1992). 
The reaction of O S , ( C O ) , ~ ( M ~ C N ) ~  with PFc2Ph (Fc = (q-C5HJ)Fe(q-C5H5)) affords the unsymmepical isomer of 1,2- 

O S ~ ( C O ) , ~ ( P F C , P ~ ) ~ ,  2. Crystals of 2 are monoclinic, a = 27.846(4), b = 11.253(4), c = 38.520(3) A, P = 107.813(9)", 
Z = 8, space group C2/c. The structure was solved by heavy atom methods and was refined by full-matrix least-squares 
procedures to R = 0.030 and R,, = 0.027 for 5073 reflections with I ?  3u(I). 

WILLIAM R.  CULLEN, STEVEN J. R E ~ I G  et Tu CAI ZHENG. Can. J. Chem. 70, 2329 (1992) 
La reaction du O S ~ ( C O ) ~ ~ ( M ~ C N ) ~  avec le PFc2Ph (Fc = (q-C5H4)Fe(q-C,H,)) conduit l'isomkre dissymttr~que du 

compost O S , ( C O ) ~ ~ -  1,2-(PFc,Ph),, 2. Les cristaux du compost 2 appartlennent au groupe d'espace monocllnique C2/c 
avec a = 27,846(4), b = 11,253(4), c = 38,520(3) A, P = 107,813(9)", Z = 8 On a r6solu la structure par la mtthode 
des atomes lourds et on l'a affinte par la mtthode des moindres carrks, matrice compli.te, jusqu'a des valeurs de R = 
0,030 et de R,, = 0,027 pour 5073 rkflexlons avec I 2 3u(I).  

[Traduit par la rtdaction] 

Introduction been widely used as precursors for high-yield syntheses of 
Tertiary phosphine substituted triosmium carbony1 clus- OSI(CO)IOL~ compounds (1-1 1). Many compounds of this 

ter compounds of the type 0s,(CO),,,L2 (L = monodentate type have been isolated and some were subjected to strut- 

phosphine) can be synthesized by using a number of proce- tUre analyses in order to better understand the bonding in 
dures (1, 2). Because thermal and photochemical reactions these com~lexes ( 1, 2). Phos~hines are always found to oc- 
of the phosphines L with Os,(CO),, usually give a mixture CUPY the equatorial sites due to their bulkiness, but three 

of mono-, di-, and tri-substituted products, Os,(CO),,,- structural isomers for Os3(CO),&2, la-lc, are possible (10). 
(MeCN), or 0s3(CO) lo(CsH14)2 (C,H ,, = cyclooctene) have 

The 1,l-isomers l a  have to be synthesized by using Os, 
(CO) ,~ (~~-C ,H , )  (C,H6 = cis-buta-l,3-diene) as precursor 
because the diene IS coordinated at an axial and an equato- 
rial site at one osmium atom (9, 10, 12). The 1,2-isomers are 
easily synthesized from the reaction of phosphines with either 
0sl(CO),o(MeCN)2 or O ~ , ( C O ) , O ( C ~ H , ~ ) ~  or Os,(CO)lO(rlJ- 
C,H6) (here C,H6 = trans-buta-l,3-diene) (7, 10). Usually 
only the symmetrical 1,2-isomers l b  are obtained even if 
different reaction procedures are employed. This has been 
attributed to the bulkiness of the ligands that tend to react with 
the cluster so as to be as far away from each other as pos- 
sible. On this basis smaller phosphines such as PMelPh or 
PEt,, of cone angles 122" and 132" respectively (13, 14), 
might be expected to afford a mixture of l b  and l c ,  or 
even pure lc .  In fact nmr spectroscopic studies show that 
~ , ~ - O S , ( C O ) , , ( P M ~ ~ P ~ ) ~  exists as a rapidly interconvert- 
ing mixture of both isomers l b  and l c  (7, lo), but 

' ~ u t h o r  to whom correspondence may be addressed. 

1 ,~-OS,(CO),~(PE~,),  is reported to exist only as the unsym- 
metrical isomer l c  (15). These results suggest that elec- 
tronic effects also play a part in determining the molecular 
geometry. 

In this report, we describe the reaction of OS,(CO),O- 
(MeCN)? with PFc,Ph, which affords the unsymmetrical 
isomer of 1 ,~-OS,(CO), , (PFC,P~)~,  2, exclusively. This is a 
surprising result in view of the fact that PFclPh is a very bulky 
ligand with a cone angle of 178" (16). The unusual elec- 
tronic effect of the PFc,Ph ligand is discussed together with 
a description of the crystal structure of 2. 

Experimental 
Reactions were carried out under an argon atmosphere. The 'H 

and 3 1 ~  nmr chemical shifts are given in ppm from TMS and 85% 
H,PO,, respectively, and were recorded by using a Bruker AC-200 
spectrometer. Elemental analysis was performed by Mr. Peter Borda 
of this department. PFc,Ph was prepared as previously described 
(16). The fast atom bombardment (FAB) mass spectrum was ob- 
tained by using an AEI MS-9 spectrometer and 3-nitrobenzyl al- 
cohol as matrix. 
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Prepclrcltion of O S ~ ( C O ) , ~ ( P F C ~ P ~ ) ~ ,  2 
To a stirred solution of triosmium dodecacarbonyl (365 mg, 

0.4 mmol) in dichloromethane (50 mL) was added acetonitrile 
(5 mL, excess) and trimethylamine oxide (67 mg, 0.9 mmol) (6). 
After 2 h, PFc'Ph (385 mg, 0.8 mmol) was added to the above 
mixture and after another 2 h the solvent was removed under re- 
duced pressure. The residue was applied to a silica chromato- 
graphic column and eluted with 4: 1 petroleum ether/CH2C12. Some 
very small bands were not collected. The on1 major product 2 Y (75%) eluted as the fourth (orange) band; "P { H) nmr u: -25.4, 
-29.8; 'H nmr u: 7.76(m, 2H), 7.28(bm, 8H), 4.54(m, 4H), 
4.46(m, 4H), 4.40(m, 2H), 4.24(m, 14H), 4.14(s, lOH), 4.04(m, 
2H). Mass spectrum (FAB) m / z :  1809 (base peak), 1781, 1753, 
1725, 1697, 1669, 1648, 1641, 1620, 1613, 1596, 1585. Anal. 
calcd. for C62H46Fe40100~3P2: C 41.21, H 2.57; found: C 41.21, 
H 2.62. 

X-ray crystallographic analysis of 2 
X-ray quality crystals of 2 were obtained by slow evaporation 

of the eluting solvent following chromatographic separation. An 
orange crystal ca. 0.07 X 0.27 X 0.35 mm in size was mounted 
on a glass fiber. Unit-cell parameters were refined by least squares 
on setting angles for 25 reflections (20 = 28.0-30.6") measured 
on a diffractometer with Mo-K, radiation (A = 0.71069 A). Crys- 
tal data at 21°C are as follows: 
C61H46Fe40100~3P1 f . ~ .  = 1806.97 
Monoclinic, a = 27.846(4), b 11.253(4), c = 38.520(3) A,  
p = 107.813(9)", V = 11492(5) A ~ ,  Z = 8 ,  p, = 2.089 Mg K 3 ,  
F(000) = 6880, ~(Mo-K,) = 77.09 cm-'.  Absent reflections: hkl, 
h +k odd, and h01, 1 odd, space group C2/c (No. 15) from struc- 
ture analysis. 

Intensities were measured with graphite-monochromated Mo-K, 
radiation on a Rigaku AFC6S diffractometer. An w scan at 
32" min-' over a range of (0.85 + 0.35 tan 0)" in w (with up to 8 
rescans, background/scan time ratio = 0.5) was employed. Data 
were measured to 20 = 50". The intensities of three check reflec- 
tions, measured every 200 reflections throughout the data collec- 
tion, showed only small random variations. After data reduction2 
an empirical absorption correction, based on azimuthal scans for 
three reflections, was applied. Transmission factors range from 0.42 
to 1.00. Of the 10 914 reflections measured, 10 662 were unique 
(R,,,,,,, = 0.037) and 5073 had intensities greater than or equal to 
3u(F2) above background where U ~ F "  = [s'(c + 4B) + 
(O.O1F')']/Lp' with S = scan speed, C = scan count, B = total 
background count, and Lp = Lorentz-polarization factor. 

'The structure was solved by heavy atom methods, the 0 s  and Fe 
coordinates being determined from the Patterson function. The 
analysis was initiated in the centrosymmetric space group C2/c on 
the basis of the Patterson function, this choice being confirmed by 
the successful solution and refinement of the structure. The re- 
maining non-hydrogen atoms were positioned from subsequent 
difference Fourier syntheses. The non-hydrogen atoms were 
refined with anisotropic thermal parameters and the hydrogen 
atoms were fixed in calculated positions (C-H = 0.98 A, B, = 
1.2 B,,,,,,, ,,,,,, ). Scattering factors for all atoms and anomalous 
dispersion corrections for the non-hydrogen atoms were taken from 
ref. (17). The weighting scheme w = ~F,/u'(F,') gave uniform 
average values of w(lF0I-lFc1)' over ranges of both IF,I and sin 0/A 
and was employed in the final stages of full matrix least-squares 
refinement of 730 variables. Reflections with I < 3u(F2) were not 
included in the refinement. Convergence was reached at R = 0.030 
and R,,. = 0.027 for 5073 reflections with I 2 3u(I). The function 
minimized was Cw(lF,I-IF,I)', R = c I J F , I - I F , I J / c   IF,^, R, = 
(CW(~F,J - IF , I )~ /CWIF~I~)"- .  

'TEXSAN/TEXRAY structure analysis package, which in- 
cludes versions of the following: MITHRIL, integrated direct 
methods, by C.  J.  Gilmore, DIRDIF, direct methods for differ- 
ence structures, by P. T.  Beurskens, ORFLS, full-matrix least- 
squares and ORFFE, function and errors, by W. R. Busing, K.  0. 
Martin, and H. A. Levy, ORTGPII, illustrations, by C. K. Johnson. 

TABLE 1 .  Final ato lmic coordinates (fractional) and 

Atom 
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CULLEN 

TABLE 1 (~011cluded) 

Atom x Y 7 Be, 

"B,, = (8/3)n'CCUP,*a,*(a, . a,) 

TABLE 2. Bond lengths (A) with estimated standard deviations" 

Atom Atom Distance Atom Atom Distance 

Atom Atom Distance Atom Atom Distance 

"Cp(1-8) refer to the unweighted centroids of the C(I-5, 6-10, . . ., 
36-40) cyclopentadienyl rings, respectively. 

On the final cycle of refinement the maximum parameter shift 
corresponded to 0 . 1 6 ~ .  The mean error in an observation of unit 
weight was 1.22. The final difference map showed maximum 
fluctuations of -0.64 to +0.50 e A-'. The final positional and 
(equivalent) isotropic thermal parameters for the non-hydrogen 
atoms appear in Table 1. Selected bond lengths and angles are given 
in Tables 2 and 3. Complete tables of hydrogen atom parameters, 
anisotropic thermal parameters, torsion angles, intermolecular 
contacts, least-squares planes, and structure factors have been de- 
posited.' 

Results and discussion 
The reaction of Os,(CO),,(MeCN), with PFc,Ph gives a 

good yield of the expected product 1 , ~ - O S ~ ( C O ) ~ ~ ( P F C , P ~ ) ~ ,  

- ' ~ u ~ ~ l e m e n t a r ~  material mentioned in the text may be pur- 
chased from the Depository of Unpublished Data, Document De- 
livery, CISTI, National Research Council Canada, Ottawa, Canada 
KIA 0R6. 

Table S 1 (hydrogen atom coordinates) and the ORTEP stereo- 
view of 2 have also been deposited with the Cambridge Crystal- 
lographic Data Centre and can be obtained on request from The 
Director, Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, 12 Union Road, Cambridge, CB2 IEZ, U.K. 
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TABLE 3. Bond angles (deg) with estimated standard deviations 

Atom Atom Angle Atom Atom Atom Angle 
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CULLEN ET AL 

TABLE 3 (concluded) 

Atom Atom Atom Angle Atom Atom Atom Angle 

FIG. 1 .  Stereoview of the {[(r15-C,Hs)Fe(Ts-CiH,)]Z(ch~~j)- 
P)Z0s3(CO),, molecule, 2; 33% probability thermal ellipsoids are 

*en atoms. shown for the non-hydro, 

2. The "P {'H) nmr spectra of 2 run in a range of solvents 
including CDC13, CD,CN, DMSO-4, C,D,, and C,D, show 
two sharp signals of equal intensity clearly showing it to be 
the isomer of structure l c .  No evidence for the presence of 
other isomers was found. This conclusion was confirmed by 
an X-ray diffraction study. 

The molecular structure of 2 is shown in Fig. 1 .  Like 
OS,(CO),~ it is a closed Osi cluster but one carbonyl group 
on Os(1) and Os(2) is replaced by the phosphine ligand 
PFc,Ph. The 0s-0s distances are as usual with 
Os(2)-Os(3) (2.893(1) A) being slightly shorter than the 
other two (2.9237(6) and 2.9259(9) A). The two bulky 
phosphines adopt the l c  unsymmetrical arrangement. The 

osmium centers have distorted octahedral geometry, and al- 
though the two phosphines are situated o? one side of the Os, 
plane (0.449 1 A for P(1) and 0.3369 A for P(2)), these li- 
gands clearly occupy two equatorial coordination sites. One 
equatorial carbonyl (C(59)) also lies on the same side of the 
Os, plane (by 0.3213 A),  while the other three alternating 
equatorial carbonyls (C(53), C(56), and C(60)) ate situated 
on the other side (0.3227, 0.3106, and 0.2167 A, respec- 
tively). As a consequence the six axial carbonyls are dis- 
torted from their idealized positions. On the P(1), P(2), C(59) 
side of the Os, plane, C(54), C(57), and C(61) have moved 
towards Os(2), Os(3), and Os( 1), respectively (C(54)- 
OS( 1 )-Os(2) 80.8(3)", C(57)-Os(2)-Os(3) 83.1 (3)", 
C(61)-Os(3)-Os(1) 8 1.4(3)"). On the other side of 
the Os, plane, a compensating motion of C(55), C(58), 
and C(62) occurs towards Os(3), Os(l), and Os(2), respec- 
tively (C(55)-Os(1)-Os(3) 83.4(3)", C(58)-Os(2)-Os(1) 
8 1.3(3)", C(62)-Os(3)-Os(2) 85.5(3)"). 

The Os(l)--C(53) and Os(2)-C(56) bond distances 
(1.87(1) and 1.88 (1) A) are probably shorter than the other 
0s-C distances, while al! C-0 distances are the same and 
normal (average 1.14(1) A) and all 0s-C-0 bonds linear 
(average 175(1)"). Both 0s-P9istances are the same and 
normal (2.353(2) and 2.359(3) A). All Fe-C distances are 
the same and so are the Fe-Cp distances. The Cp rings are 
parallel with small dihedral angles (2.48" for Fc(l), 3.27" 
for Fc(3)), but the values for Fc(2) and Fc(4) are larger than 
usual (6.75" and 9.06", respectively). This is also indicated 
by the Cp-Fe-Cp bond angles (Cp(3)-Fe(2)-Cp(4) = 
173.5(4)" and Cp(7)-Fe(4)-Cp(8) = 172.7(4)", while 
Cp( 1 )-Fe( 1)-Cp(2) = 177.0(2)" and Cp(5)-Fe(3)-Cp(6) 
= 176.4(3)" are usual). 

Many phosphine coinplexes of the class M3(CO),,,L2 are 
known but, as discussed in the Introduction, few are re- 
ported to be of structures other than 10. Compound 2 is the 
first molecule of structure l c  to be characterized in the solid 
state. Our recent work with ligands such as PFcPh,. PFc,Ph, 
and PFcPri shows that 2 is not unique and that mixtures of 
isomers 10 and l c  can be obtained for both osmium and ru- 
thenium complexes.J In view of the considerable steric bulk 
of these ligands (16) this phenomenon must be somewhat 
attributable to the electronic effects of these ferrocenyl- 

'w. R.  Cullen and T. C. Zheng, unpublished results 
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phosphine ligands. The stereospecificity of the product 2 can 
be attributed to the strong electron-donating ability of the 
PFcZPh ligand. In contrast to phenyl, which is weakly elec- 
tron withdrawing, ferrocenyl groups are strongly electron 
releasing. Strongly electron-donating ligands will have a high 
trans influence and this will cause the molecule to adopt the 
l c  geometry where the two phosphines are not trans to each 
other via the 0s-0s bond. Electronic effects must also come 
into play in the case of the PMe,Ph and P E t  complexes de- 
scribed above (both these ligands are less bulky than PFc,Ph). 
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MIGUEL QUIMPERE, LUC RUEST, and PIERRE DESLONGCHAMPS. Can. J.  Chem. 70, 2335 (1992). 
The synthesis and Diels-Alder cyclization of a substituted macrocyclic 13-membered triene 45 is described. Tri- 

cyclic compound A.B.C.[6.6.5] 46 having ring junctions of cis-anti-cis (CAC) stereochemistry was used to investigate 
the possibility of introducing a hemiketal oxygen bridge between positions 9 and 4 of the Veratrutn alkaloid skeleton. 

MIGUEL QUIMPERE, LUC RUEST et PIERRE DESLONGCHAMPS. Can. J.  Chem. 70, 2335 (1992). 
On decrit la synthese et la cyclisationDiels-Alder d 'un  macrocycle substitue 13 chainons 45. Le compose tricyc- 

lique A.B.C.[6.6.5] 46 de stCrCochimie cis-anti-cis (CAC) en jonction de cycle a CtC utilisC pour Ctudier la possibilite 
d'introduire un pont d'oxygene hCmicCtalique entre les positions 9 et 4 des alkaloides Veratrutn. 

Veratrum alkaloids are an important category of natural 
compounds (1) obtained from the Liliaceae family, from 
Veratrutn album in Europa and from Veratrwm viride in North 
America. These alkaloids have been known since the early 
1800's (2) for their sternutatory properties, but it was only 
in the late 1940's that their isolation and identification was 
undertaken systematically (3). At least 40 compounds from 
this family are now known and they all have the main hex- 
acyclic skeleton presented in Fig. 1 .  There are four major 
types, differing in the hydroxylation pattern: germine (1) (4), 
veracevine (2) (5), protoverine (3) (4a, 6), and zygadenine 
(4) (7) and its 3-epimer cevine (5). These compounds are 
found in nature as esters of different carboxylic acids. The 
biological activity (8) of these steroidal alkaloids, particu- 
larly their ability to lower blood pressure (9), was studied in 
the 1950's. 

In spite of the large pharmacological potential of these 
compounds, to our knowledge no group has attempted to 
devise a total synthesis of a Veratrutn alkaloid. No doubt the 
presence of several asymmetric centers (17 in protoverine (3)) 
and an unusual presence of a tertiary hydroxyl group at po- 
sition 9 (steroid numbering) could account for this situa- 
tion. A synthetic strategy with a high degree of control on 
chemo-, regio-, and stereoselectivity has to be used in order 
to synthesize efficiently molecules of such complexity. In- 
tramolecular processes (10-12) usually give excellent con- 
trol on these factors. In recent years, our group has shown 
( 13, 14) that the transannular Diels-Alder cyclization of 
macrocyclic trienes (see general formulation in Scheme 1, 
i + ii) is an efficient tool to synthesize functionalized 14- 
membered tricyclic A.B.C.[6.6.6] compounds with a high 
level of stereoselectivity. 

Moreover, this strategy was also been applied in a model 
study by BCrubC and Deslongchamp (15) from our group to 
synthesize a tricyclic homolog 8 (Scheme 2), namely an 
A.B.C. [6.6.5] skeleton, starting with a 13-membered mac- 
rocyclic trans-trans-cis (TTC) triene 7, which was formed 
by the internal cyclization of an acyclic malonate chloride 
6. The use of an oxygen substituent on the dienophilic part 
of the macrocyclic triene showed the interesting possibility 
of introducing such a substituent at position 9 (steroid num- 
bering) of the resulting tricyclic product. It was shown that 

'~u thor  to whom correspondence may be addressed. 

1 Germine R = P-OH, R' = R"' = H, R = R"" =OH 
2 Veracevine R = P-OH, R' = R" = R"" = H, R"' = OH 
3 Protoverine R = @-OH, R' = R" = R"" = OH, R"' = H 
4 Zygadenine R = @-OH, R' = R" = R"' = H, R"" = OH 
5 Cevine R=a-OH, R'=RW=R""=H,  R"'=OH 

FIG. 1 .  Ceveratrum major isometric alkamines 

SCHEME 1.  Transannular Diels-Alder cyclization. 

the reaction of a trans-trans-cis (TTC) macrocyclic triene 7 
leads to a mixture of tricyclic compounds 8 having trans-syn- 
trans (TST) and cis-syn-cis (CSC) geometries (2: 1, respec- 
tively) at the ring junctions. 

These preliminary results were used to devise a synthetic 
strategy leading to the A.B.C. rings of the Veratrutn alka- 
loids. Indeed, in a recent model study (16) we showed 
(Scheme 3cr) that the same strategy could be applied to the 
synthesis of an A.B.C. [6.6.5] tricyclic compound (see 11) 
having the cis-anti-cis (CAC) geometry at the ring junc- 
tions. In this work and as shown in previous series (14b), it 
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E 

dcl \ -[ &:]- \ BnO dE 
BnOCH, BnO 

6 7 8 

TST : CSC 2:l 

SCHEME 2. E = COrCH3; X = OMOM; TST: trans-syn-trclns; CSC: cis-syn-cis. 

E \ t o r c  

E H COrt E 
H 

9 a  CTT 10a CTT 
96 TCT 106 TCT 11 CAC 

was found that both macrocyclic trienes 100 (CIT) and lob 
(TCT) can give access to tricycle 11 (CAC). 

The results of the first two model studies led us to devise 
a new route affording tricyclic intermediates that are more 
similar to the A.B.C. [6.6.5] portion of the general Verc~trum 
skeleton. The retrosynthetic analysis shown in Scheme 3b 
indicates that the A.B.C. system (see 12) might be formed 
from a tricyclic compound 13 itself obtained by a transan- 
nular Diels-Alder cyclization of macrocycle 14. This 
macrocyclic triene might come from the assemblage of 
1,3-dithiane (IS), dienophile 16, diene 17, and dimethyl- 
malonate in a highly convergent synthetic sequence. The use 

of 1,3-dithiane as a connector between dienophile 16 and 
diene 17 will insure the right oxidation level in the future ring 
A. The CT geometry in the diene 17 should give a CAC ge- 
ometry in the final tricycle. The stereochemistry at position 
8 will therefore have to be corrected with the help of func- 
tionalities left in ring C or B. 

We will discuss now the synthesis of dienophile 16 and 
diene 17 as well as their assemblage to macrocycle 13. We 
will then present the results of its Diels-Alder cyclization and 
we will report chemical transforinations carried out on tri- 
cycle 13 to set the hemiketal bridge between positions 9 
and 4. 
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OMOM c0 a y, CO,CH, ?OMOM yc02cH3 
- - CO2CH3 + OMOM 

OTBDPS OTBDPS OTBDPS OTBDPS 

C t 
21 200 (cis) (E) 
22 206 (trans) (2) 

d - ?"+ OTBDPS 

yl - y:rs - 
OTBDPS OTBDPS 

2 30 236 26 

(a) MOMOCHLiC02CH3, THF, -78"C, 97%; (b) pyridine, SOC12, -60 -+-20°C, 85%; 
(c) CH30K, CH30H, reflux, 71%; (d) DIBAL, CH2CI2, -78°C; 
(e) Mesitoic acid, DCC, DMAP, CH2CI2, 25°C 91%; (f) nBu4NF, THF (99%); 
(g) MsCI, Et3N, CH2CI2, 0°C (quant.); (h) Nal, acetone, refl. (91%); 
(i) (CH2)3S2CHLi, -78°C THF, 12%; (j) (CH2)3S2C((CH3)3Sn)Li, THF, -7a0C, 38%; 
(k) (CH2)3S2C((C4H9)3Sn)Li, -78"C, THF, 87% 

Dieizopl.zile 32 
Following the methodology used previously (16), ketone 

18 (Scheme 4) was alkylated in good yield with the lithium 
derivative of methyl methoxymethyloxyacetate (MOM0 
acetate) to afford a separable mixture of alcohols 19a and 
190. These, as a mixture, were dehydrated by thionyl chlo- 
ride ( 17) in pyridine to a.P-unsaturated esters 200 and 20b 
(unseparable mixture) and unconjugated esters 21 and 22 in 
a ratio of (approximately) 1 : 1 : 2 : 2, respectively. Com- 
pounds 200 and 20b are the cis and tlnizs isomers, respec- 
tively, and the double bond geometiy was established by the 
following observations: a careful separation of diastereoiso- 
niers 190 and 19b provided an opportunity to obtain the pure 
a,P-unsaturated esters 200 and 20b, respectively, after de- 
hydration (Scheme 5) .  These pure conjugated esters 200 and 
20b were separately desilylated to the corresponding alco- 
hols 24a and 24b. During this transformation. compound 24a 
was partly cyclized to lactone 25, which was characterized. 

This cyclization proved that compound 24a was the cis (E) 
isomer. The two unconjugated esters 21 and 22 (Scheme 4) 
were converted to esters 20a and 20b by isomerization of the 
double bond with potassium methoxide in methanol. 

'The inixture of E and Z isomers 20 was reduced to easily 
separable alcohols 230 (E isomer) and 23b (Z isomer) with 
diisobutylaluniinum hydride (DIBAL). Alcohol 23b, the trmu 
isomer, was acylated with mesitoic acid (18) in the pres- 
ence of dicyclohexylcarbodiimide (DCC) and N,N-di- 
inethylaminopyridine (DMAP) to give mesitoate 26, a 
hindered ester that is inert to butyllithium and to 1,3-dithi- 
ane anion used subsequently (vide infi-(1). Desilylation of ether 
26 with fluoride ion (19) and mesylation (20) of the result- 
ing alcohol 27 led to mesylate 28, which was transformed 
to iodide 29 by sodium iodide in refluxing acetone. 

At this point, three 1,3-dithiane connectors were tested in 
the fonii of their anions: 1,3-dithiane, 2-trimethylstannyl-1,3- 
dithiane (21), and 2-tributylstannyl-l,3-dithiane (22). In our 
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OTBDPS 

&OM (a) Pyridine, SOC12, -60°C + -20°C; 

2 5 (b) THF, Bu4NF, 25°C 

hands, following a Seebach procedure (21, 22), the reac- 
tion of iodide 29 with 2-lithio-l,3-dithiane gave a low yield 
for adduct 30 (12%); with 2-lithio-2-trimethylstannyl-1,3- 
dithiane the yield for compound 31 was only 38%. Never- 
theless, the use of 2-lithio-2-tributylstannyl-1,3-dithiane 
increased the yield to 87% for adduct 32, the dienophilic 
synthon that has still to be alkylated with dienic synthon 36 
to give the acyclic triene 44. 

Dierze 36 and acyclic triene 44 
Synthesis of diene 36 began with cis-trails diene 33 eas- 

ily obtained from cis-but-2-ene- l,4-diol (14a, 16). Follow- 
ing previous work in our group, silylation of alcohol 33 
(Scheme 6) with tert-butoxydiphenylsilyl chloride (23) led 
to diene 34 whose tetrahydropyranyl protecting group was 
then cleaved in tert-butanol in the presence of pyridinium 
para-toluenesulfonate (24) to obtain cis-trans allylic alco- 
hol 35. The use of tert-butanol instead of i-propanol (see ref. 
16) eliminated an otherwise extensive exchange of the al- 
koxy group on the silyl ether moiety. Oxidation of alcohol 
35 at low temperature (Swern conditions) (25) furnished al- 
dehyde 36. 

The coupling reaction between dienophile 32 and alde- 
hyde 36 was performed in good yield (86%) at low temper- 
ature (-93°C). We observed that the temperature of the 

reaction mixture has a critical influence on the yields. 'The 
trans-metallation of stannyl derivative 32 to the lithio deriv- 
ative was first performed at -93°C by a fast addition of a 
precooled (-90°C) solution of butyllithium. A cooled 
(-90°C) solution of aldehyde 36 was then rapidly added to 
the mixture. Without these specific experimental condi- 
tions, several side reactions occurred, such as the formation 
of adduct 38 which comes from anionic attack on aldehyde 
36 by the para-methyl group of the mesitoate moiety after 
its deprotonation by either butyllithium or internally by the 
2-lithio- l,3-dithiane anion. 

The alcohol function of 37 was silylated with tert-butyl- 
dimethylsilyl triflate and the resulting protected ester 39 was 
reduced to alcohol 40 with lithium aluminum hydride. 
Chloride 41, obtained (26) from alcohol 40, was converted 
to malonate 42 by substitution with methyl sodiomalonate. 
After selective cleavage of the terminal tert-butoxydiphen- 
ylsilyl ether of compound 42 with fluoride ion in methylene 
chloride (23), allylic alcohol 43 was converted to the de- 
sired acyclic triene, allylic chloride 44. 

Macrocyclizatiorz and tr.unsanrzular Diels-Alder reaction 
Slow addition of trienic malonate chloride 44 to a warm 

(78°C) solution of cesium carbonate and 18-crown-6 ether 
in acetonitrile led to the formation of macrocyclic triene 45 
in 75% yield. Subsequent heating of this compound in tol- 
uene (220°C, 7 h) resulted in the smooth formation of a sin- 
gle tricycle 46 (76%) together with a secondary compound 
(16%) to which structure 47 has been assigned on the basis 
of its spectroscopic data. At a slightly higher temperature and 
a shorter reaction time (240°C, 1.5 h) the yield was some- 
what lowered (46 (69%) and 47 (15%)). 

The assignment of stereochen~istry for tricycle 46 was done 
on the basis of its nmr data, which show a very small cou- 
pling constant (1.8 Hz) between the allylic proton at posi- 
tion 5 (steroid numbering) and the proton at position 4 bearing 
the 0-silyl group. This would be consistent with an equa- 
torial-equatorial or an equatorial-axial coupling. The latter 
possibility has been discarded after the following consider- 
ations and analysis of molecular models. 

Thus, on the basis of our previous results (14), macro- 
cyclic triene C?T 45 should react to give only tricycle CAC. 
In the present instance (see Scheme 7), two stereoisomers 46u 
and 460, which are different only in the relative configura- 
tion of the silyloxy group (as enantiomeric structures), are 
possible. Indeed, macrocyclic triene 45 can react through 
conformation 45i or 45ii to produce either tricycle 46n or 460 
in  their conformations 46ai and 4615, respectively. The 
process 45ii --, 460i must be disfavored due to the impor- 
tant steric hindrance from the silyloxy substituent, which has 
to take a pseudo-axial orientation. That steric interaction is 
absent in the process 45i + 46ai in  which the silyloxy sub- 
stituent is in a pseudo-equatorial orientation. Thus, the fa- 
vored process should lead to stereoisomer 46a in which both 
protons at positions 4 and 5 are equatorial (see the more sta- 
ble conformation, 46aii and 460ii of 46a and 460). This 
conclusion was later firmly secured by X-ray diffraction 
analysis of a crystalline derivative 62 (vide infra). 

Compound 47 shows three olefinic protons (5.23, 5.45, 
and 5.60 ppm) and a methyl group attached to a double bond 
(1.45 ppm) in its nmr spectrum. By 2D nmr experiments it 
was possible to propose a bicyclic structure 47 for this com- 
pound, which could result from a transannular ene-type re- 
action (see 45iii or 45iv -+ 47) (Scheme 8), examples of 
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-. . 

3 8 
E 

/ OR 

OTBDMS OTBDMS Y 

46 (Z = MOM) 47 

(a) t-Butoxydiphenylsilylchloride (TBODPSCI), Et3N, CH2CI2, 99%; (b) 1-BuOH, PPTS, 60°C, 51%; 
(c) DMSO, (COCI )2, DIPEA, -78'C, 76%; (d) i): 32, rrBuLi, -93"C, 15 s then 36, THF, -9OoC, 86% 
(e) TBDMSTf, Et3N, CH2CI2, O°C, 85%; (1) LiAIH4, ether, 25"C, 82%; (g) MsCI, LiCI, collidine, DMF, 25°C 
(41, 90%; 44, 82%); (h) E2CHNa, THF:DMF (1:1), KI, 25"C, 81%; (1) Bu4NF, CH2CI2, 25"C, 88%; 
(j) Cs2C03, 18-crown-6, CH3CN, 78"C, 75%; ( k )  toluene, 220°C, 7 h, 46 (76%), 47 (16OA). 

SCHEME 6. E = C02CH1; R = TBODPS 

which were observed and reported previously (140). The 
geometry of the newly formed double bond and the stereo- 
chemistry at the ring junction are still unknown. Molecular 
models show that this ene reaction may involve either pro- 
ton HA (45iii) or H, (45iv), leading to different geometries 

I for the trisubstituted olefin. 

1 To\tvcrrds the A .B .C. ritrgs of Veratrum alkaloids 
To test the validity of the present model series in an 

eventual sequence towards the A.B .C. rings of Veratrut~ 
alkaloids, we investigated the introduction of the oxygen 
bridge between positions 9 and 4.  

The thioketal moiety of tricycle 46 (Scheme 9) was cleaved 
with mercuric chloride on calcium carbonate (27) in aqueous 
acetonitrile, and then the obtained ketone 54 was reduced 
with methanolic sodium borohydride to epimeric separable 

alcohols 55 and 56, both useful for this preliminary inves- 
tigation. The epimers were identified through their ben- 
zoate derivatives 57 and 58, which showed that the proton 
at C3 is axial in 57 (and therefore in 55) (one coupling con- 
stant is 12.5 Hz) and equatorial in 58 (and therefore in 56) 
(all the coupling constants are smaller than 3 Hz). Cleavage 
of the MOM protecting group of 57 and 58 in acid medium 
gave alcohols 59 and 60 selectively and in quantitative yield, 
leaving the tert-butyldimethylsilyl ether moiety unaffected. 
Subsequent treatment of silyl ether benzoate 59 with tetra- 
butylammonium fluoride led to hydroxybenzoate lactone 61 
(19%) and diol lactone 62 (61%). The basicity of the reac- 
tion medium (presence of a catalytic amount of tetrabutyl 
an~monium hydroxide) was presumably sufficient to pro- 
mote lactonization of the free 9-hydroxyl group with the ad- 
jacent methyl ester of the malonate moiety and to induce 
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conforrnational 
change 

conforrnational change 
180" rotation 

SCHEME 7. R = MOM; E = C02CH3 

transesterification of the equatorial benzoate at position 3. 
X-ray diffraction analysis (see Fig. 2) of crystalline diol 62 
(28) confirmed the a and axial orientation of the proton at 
C,, as well as the predicted stereochemistry of all the asym- 
metric centers of the molecule, in particular the ones that had 
been formed during the transannular Diels-Alder reaction. 

On the other hand, cleavage of silyl benzoate 58 with tlu- 
oride ion led to benzoate alcohol lactone 63 in good yield 
(81%). Even though co~npound 61 has its 9-hydroxyl in- 
serted into a lactone bridge. and therefore not immediately 
available for a hemiketal bridging with position 4, we tested 
the oxidation of the axial P-hydroxyl at position 4 of that 
compound with PCC and obtained ketone 64 as the only 
product. We did not investigate any further reaction at this 

point, having learned that the oxidation of the 4-OH group 
should be performed before the MOM cleavage. On the other 
hand the presence of the lactone bridge gives the opportu- 
nity of differentiating the two ester moieties of the malonate 
connector, which is a lead for further studies. 

In conclusion, we have shown that it is possible to syn- 
thesize in good yield a specifically functionalized tricyclic 
A.B .C. 16.6.51 skeleton, having a cis-anti-cis (CAC) ste- 
reochemistry at the ring junction, by a transannular Diels- 
Alder reaction of a macrocyclic triene. Very recently, Dory 
(29) from our group showed that the use of a sulfone con- 
nector (besides a malonate) and a trans-trans diene in a 
similar general strategy has given access to a CAT tricyclic 
skeleton. Applied to our problem, this modification should 
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lead to a CAT A.B.C.[6.6.5] skeleton having the desired 
stereochemistry at the position 8 ring junction. Further studies 
are in progress in order to use this method and complete the 
synthesis of the first three rings of the Veratrum alkaloid 
skeleton. 

Experimental 
All reactions were carried out under an argon or anhydrous nl- 

trogen atmosphere. All solvents were dried before use. Chromato- 
graphic separations were made using Merck Kieselgel 60 (230-400 
mesh ASTM). The infrared spectra (ir) were taken on a Perkin- 
Elmer 681 spectrophotometer or on a FT-IR Bomem MB-102. 
Proton nmr spectra were recorded on a Bruker WP-80 or Bruker 
WM-250 instrument. Carbon nmr spectra were recorded on a Bruker 
WM-250 instrument. Chemical shifts are reported in 6 values rel- 
ative to tetramethylsilane or chloroform. Abbreviations used are m: 
multiplet, s: singlet, d: doublet, t: triplet, dd: double doublets, etc. 
Mass spectral assays (ms m/e) and peak matching were obtained 
using a VG Micromass ZAB- IF spectrometer. 

Methyl 5-tert-0u~ldipherlylsilylosy-3-h)~drox)~-2- 
methosymethylox)~-3-11zc~th)~lpe1ztano~~te (19a orrd 19b) 

To a cold (-78°C) solution of lithium diisopropyl amide (LDA), 
obtained from diisopropylamine (DIPA) (20.5 mL, 146 mmol) and 

, BuLi (1.6 mL in hexane) (90 mL, 144 mmol) in tetrahydrofuran 
(500 mL) at -20°C, was added dropwise (3.5 h) a solution of 
methyl ~nethoxymethyloxyacetate (19.43 g, 145 mmol) in tetra- 
hydrofuran (150 mL). The mixture was stirred at -78°C for 15 min 
and a solution of ketone 18 (23.2 g,  71.17 mmol) in tetrahydro- 
furan (150 mL) was added dropwise (1 h). After an additional 
60 min at -78°C and treatment wlth a saturated solution of am- 
monium chloride the mixture was extracted with methylene chlo- 
ride: the organic layer was dried over sodium sulfate and 
evaporated.   he residue was purified by flash chromatography using 
hexane: ethyl acetate (19: 1-7: 3) as the eluent to afford alcohols 
19n and 196 (31.9 g. 97.4%). These two diastereoisomers were 
separated on a small scale for their characterization. 

Iso~ner 19a (less polar): ir (CHC1,): 3500, 1740 cm-. ' ;  ' H  nmr 
(CDCI,, 6 ppm): 1.05 (9H, s, -C(CH,),), 1.30 (3H, s, -CH,), 1.90 
(2H. m, -CH2-CH20TBDPS). 3.33 (3H, s, -OCH,), 3.77 (3H, s ,  
-C02CH3), 3.92 (2H, m, -CH2-OTBDPS), 4.09 (1H. s ,  -CH- 
(C02CH3)-), 4.64 (2H, s ,  -OCH,O-), 7.42 and 7.67 ( 10H, m, Ph?). 

Isomer 19b (more polar): ir (CHCI,): 3500, 1740 c m l ;  'H nmr 
(CDCI,, 6 ppm): 1.04 (9H, s ,  -C(CH,),), 1.30 (3H, s, -CH,), 1.80 
( IH,  dt, J = 6 and 15 Hz, -CHH-CH,OTBDPS), 2.03 ( IH,  dt, 
J = 6 and 15 Hz, -CHH-CH,OTBDPS), 3.38 (3H, s ,  -OCH,), 3.75 
(3H, s, -CO2CH3), 3.92 (2H, dd, J = 5.4 and 7 Hz, -CH2- 
OTBDPS), 4.06 ( lH ,  s ,  -CH(CO,CH,)-), 4.69 (2H, m, -OCH20-), 
7.42 and 7.67 (IOH, m, Ph,). 

Methyl (2E) and (2Z)-5-tert-0u~ldiphc~tz~~lsilyloxy-2- 
metho~~ymeth~~lo.~y-3-rnethylpent-2-e1ot (20a and 20b) 

Starting from alcohols 190 and 190 separately or a mixture of both: 
TO a solution of mixed alcohols 190 and 190 (29.5 g, 64.1 mmol) 

in pyridine (400 mL), at -60"C, thionyl chloride (25 mL, 
343 mmol) was added all at once. The mixture was stirred at -60°C 
15 min, at -30°C for 30 min, and at -20°C for 100 min. A satu- 
rated solution of sodium bicarbonate was added and the mixture was 
extracted with methylene chloride. The organic layer was dried over 
magnesium sulfate and evaporated. The residue was purified by 
flash chromatography using hexane:ethyl acetate (19: 1-7: 3) as 
the eluent to afford a mixture of unseparable a,P-unsaturated es- 
ters 200 and 200 and the two separable isomers 21 and 22 (20a and 
206 (7.65 g, 27%); 21 and 22 (16.4 g, 58%)). 

Starting from isomers 21 and 22: 
To a solution of isomers 21 and 22 (16 g, 36.2 mmol) in anhy- 

drous methanol (250 mL) was added potassium methoxide ob- 
tained from potassium (3 g,  77 mmol) dissolved in methanol 
(250 mL). The mixture was refluxed for 3 h, cooled, and poured 
into a saturated solution of ammonium chloride. The mixture was 
acidified to pH 6 with hydrochloric acid and extracted with meth- 
ylene chloride. The organic layer was dried over sodium sulfate, 
evaporated, and the residue was purified by flash chromatography 
using hexane: ethyl acetate ( 19: 1-7 : 3) as the eluent to afford pure 
a,P-unsatured esters 200 and 20b (1 1.3 g. 71%). 

Isomer (E)-20a (obtained pure from pure 190): 'H nmr (CDCI,, 
6 ppm): 1.03 (9H, s ,  -C(CH,),), I .90 (3H, s ,  -CH3), 2.75 (2H, t ,  
J = 7 Hz, -CH2-CH,OTBDPS). 3.50 (3H, s, -OCH,), 3.7 1 (3H. 
s ,  -C02CH,), 3.78 (2H. t, J = 7 HZ, -CH2-OTBDPS), 4.80 (2H, 
s, -OCH?O-), 7.4 1 and 7.67 (IOH, m, Ph2). 

Isomer (2)-20 (obtained pure from pure 190): ' H  nmr (CDCI,, 
6 ppm): 1.04 (9H, s ,  -C(CH,),), 1.98 (3H, s ,  -CH,). 2.57 (2H, t, 
J = 7 Hz, -CH2-CH?OTBDPS), 3.44 (3H, s ,  -OCH,), 3.77 (3H, 
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OTBDMS 

X 

OTBDMS 

E 

''t/,H 

BzO 8 0 

(a) HgCI2, CaC03, aq. CH3CN, 25"C, 70%; 
(b) NaBH4, MeOH, 94%; 
(C) C6H5COCI, Et3N, DMAP, CH2CI2, 25°C (57, 89%; 58,86%); 
(d) HCI 6N, THF aq. 25"C, 98%; 
(e) Bu~NF, THF, 25°C (61, 19OA and 62,6I0h; 63, 81%); 
(1) PCC, CH2CI2, 25"C, 98% 

SCHEME 9. E = COICH,; R = MOM. 

FIG. 2. Stereoview of crystalline 62; 50% probability thermal ellipsoids are shown for the non-hydrogen atoms. 
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S, -CO,CH,), 3.78 (2H, t, J = 7 Hz, -CHI-OTBDPS), 4.74 (2H, 
s, -OCH20-), 7.41 and 7.67 (lOH, m, Ph,). 

Isomer 21 (less polar than 22): 'H nrnr (CDCl,, 6 ppm): 1.04 (9H, 
S, -C(CH,),), 2.37 (2H, q ,  J = 6.6 Hz, -CHI-CHIOTBDPS), 3.35 
(3H, s, -OCH,), 3.70 (3H, S, -COICH3), 3.79 (2H, dt, J = 6.8 Hz 
and 1.0 Hz, -CHI-OTBDPS), 4.61 (IH, d J = 6.8 Hz, -0CHHO-), 
4.66 (lH, d,  J = 6.8 Hz, -0CHHO-), 4.62 (lH, S, -CH(CO,CH,)-), 
5.13 ( lH, s, CHH=), 5.26 ( lH, s, CHH=), 7.40 and 7.66 (lOH, 
m, Phi). 

Isomer 22: 'H nrnr (CDCl,, 6 ppm): 1.04 (9H, s, -C(CH3),), 1.46 
(3H, d, J = 1.1 Hz, -CH,), 3.38 (3H, s, -OCH,), 3.74 (3H, s, 
-COICH,), 4.27 (2H, d,  J = 6 Hz, -CHI-OTBDPS), 4.56 (l'H, s ,  
-CH(C02CH3)-), 4.65 (2H, S, -0CHIO-), 5.82 (1 H, t, J = 6 HZ, 
-CH=), 7.40 and 7.67 (lOH, m, Ph,). 

Methyl (2E)-5-hydroxy -2-methoxymethyloxy -3-nzethylpent-2- 
enoate (24a) and its conversion to 2-methoxymethy1o.r~~-3- 
methylpent-2-en-5-olide (25) 

To a solution of pure 20a (22 mg, 0.05 mmol) in tetrahydro- 
furan (2 mL) was added at O°C a solution of tetrabutylammonium 
fluoride (100 pL, 0.1 mmol). The mixture was stirred at room 
temperature for 2.5 h and the solvent was evaporated. The residue 
was purified by flash chromatography using hexane:ethyl acetate 
(4 : 1-3 : 2) as the eluent to afford pure lactone 25 (2 mg, 23%) and 
24 (2.5 mg, 25%) (on silica gel, alcohol 24a partly forms lactone 
25). Lactone 25: ir (CHCI,, v cm-I): 1720, 1655; 'H nmr (CDC13, 
6 pprn): 1.99 (3H, s, -CH,), 2.50 (2H, t, J = 6.3 Hz, -CH2CHI- 
OCO-), 3.53 (3H, s, -OCH3), 4.34 (2H, t, J = 6.2 Hz, -CHI-CH2- 
OCO-), 5 .OO (2H, S, -0CHIO-). 

Methyl (2Z)-5-hydroxy-2-nzethoxymethylo.xy-3-rr~ethylpent-2- 
enoate (24b) 

To a solution of 20b (75 mg, 0.17 mmol) in tetrahydrofuran 
(6.0 mL), was added at O°C a solution of tetrabutylammonium 
fluoride (340 pL, 0.34 mmol). The mixture was stirred at room 
temperature for 2 h and the solvent was evaporated. The residue 
was purified by flash chromatography using hexane:ethyl acetate 
(3:2) as the eluent to afford pure alcohol 24b (25 mg, 72%); ir 
(CHCI,, v cm-I): 3600, 3460, 3030, 3010, 2950, 1720, 1640; 'H 
nmr (CDCI,, 6 pprn): 2.09 (3H, s, -CH,), 2.60 (211, t, J = 6.3 Hz, 
-CHI-CHIOH), 3.53 (3H, s, -OCH,), 3.79 (3H, s, -C0jCH3), 3.80 
(2H, t, J = 6.3 Hz, -CH20H), 4.84 (2H, s, -OCHIO-). Exact Mass 
calcd. for C9HI6o5: 172.0736 (M' - CH30H); found: 
172.0734 * 0.0005. 

(2E) arld (2Z)-5-tert-B~1tyldiphetz~~lsilyloxy-2-metho.xymetl~yloxy- 
3-rnethyIpent-2-en-l-o1(23a arzd 23b) 

To a cold solution (-78°C) of esters 20 (8.55 g, 19.3 mmol) in 
methylene chloride (1 L) was added a solution of DlBAL (26 mL, 
1.5 M, 39 mmol). The mixture was stirred vigourously for 2 h, then 
treated with decahydrated sodium sulfate (8 g). The mixture was 
warmed to room temperature, diluted with acetone (1 L), and stirred 
overnight. The mixture was dried over anhydrous sodium sulfate, 
filtered, and the residue on filter washed five times with acetone. 
Evaporation of the solvent left a residue, which was purified by flash 
chromatography using hexane:ethyl acetate (4: 1-3:2) as the eluent 
to afford pure alcohols 230 (1.28 g, 16%) and 23b (6.60 g, 83%); 
ir (CHICI2, v cm-I): 3600, 3480, 3060, 2960, 2940, 2860, 1680. 
Exact Mass calcd. for C14H304Si: 414.2226 (M+); found: 414.2234 
-+ 0.0012. 

(E) Isorner 23a (less polar): 'H nmr (CDCI,, 6 ppm): 1.04 (9H, 
S, -C(CH,),), 1.64 (3H, S, -CH;), 2.34 (2H, t, J = 6.5 HZ, -CH?- 
CH20TBDPS), 2.93 ( lH,  t ,  J = 6 Hz, -OH), 3.50 (3H, S, -OCH,), 
3.66 (2H, t, J = 6.5 Hz, -CH20TBDPS), 4.12 (2H, d,  J = 6 Hz, 
-CHIOH), 4.87 (2H, s ,  -OCH20-), 7.41 and 7.66 (IOH, m, Ph?); 
"C nmr (CDCl,, 6 ppm): 15.4 (=C-CH,), 19.0 (-C(CH,),), 26.8 
(-C(CH,),), 35.8 (-CH,-C=), 56.3 (OCH,), 58.4 (CH2-OTBDPS), 
62.2 (CH,-OH), 96.2 (OCHIO), 119.7 (CH;-C=C-), 127.7, 129.7, 
133.5, 135.6 (C, aromatic), and 149.8 (C=C-OMOM). 

(Z) Isorner- 23b (more polar): 'H nmr (CDCl,, 6 ppm): 1.04 (9H, 
S, -C(CH,)3), 1.67 (3H, S, -CH,), 2.39 (2H, t ,  J = 7 Hz, -CHI- 

CH20TBDPS), 2.95 ( IH,  t, J = 6.4 Hz, -OH), 3.43 (3H, S, 
-OCH,), 3.7 1 (2H, t, J = 7 Hz, -CH20TBDPS), 4.13 (2H, d,  J = 
6.4 Hz, -CHIOH), 4.72 (2H, s, -OCH20-), 7.40 and 7.66 (lOH, 
m, Ph?); ',C nrnr (CDCI,, 6 ppm): 16.9 (=C-CH,), 19.1 
(-C(CH,),), 26.8 (-C(CH,),), 34.6 (-CHI-C=), 56.2 (OCH,), 58.5 
(CHI-OTBDPS), 62.3 (CHI-OH), 96.7 (OCH20), 120.2 (CH3- 
C=C-), 127.6, 129.6, 133.9, 135.6 (C, aromatic), and 148.9 
(C=C-OMOM). 

( 2 Z ) - 5 - t e r t - B u t y l d i p h e n y l s i l y l o x y - 2 - m e ~ - 3 - m e t h y l -  
1-(2,4,6-trirnethylbenzoy1oxy)penr-2-em (26) 

TO a solution of 2,4,6-trimethylbenzoic acid (mesitoic acid) 
(784 mg, 4.78 mmol), dicyclohexylcarbodiimide (1.39 g, 6.74 
mmol), and 4-dimethylaminopyridine (400 mg, 3.28 mmol) in 
methylene chloride (8.8 mL) was added a solution of alcohol 23b 
(1.5 g, 3.62 mmol) in methylene chloride (3.7 mL). The mixture 
was stirred at room temperature for 7 days and a saturated solu- 
tion of sodium bicarbonate was added. The mixture was extracted 
with methylene chloride, and the organic layer was dried over 
magnesium sulfate and evaporated. The residue was purified by 
flash chromatography using hexane: ethyl acetate (9: 1-4: 1) as the 
eluent to afford pure ester 26 (1.9 g, 94%); ir (CH2Cl2, v cm-I): 
3060,2960,2940,2860, 1720, 1610; 'H nrnr (CDCI,, 6 pprn): 1.03 
(9H, s, -C(CH3),), 1.75 (3H, s, -CH3), 2.24 (6H, s, ortho-CH, of 
OMes), 2.27 (3H, s, para-CH, of OMes), 2.46 (2H, t, J = 7 Hz, 
-CHI-CHIOTBDPS), 3.37 (3H, S, -OCH,), 3.72 (2H, t, J = 7 HZ, 
-CH,-OTBDPS), 4.79 (2H, S, -OCH20-), 4.97 (2H, S, -CHI- 
OMes), 6.82 (2H, s, CH aromatic), 7.38 and 7.66 (lOH, m, Ph-,). 
Exact Mass calcd. for C,,H,O,Si: 503.2254 (M' - tert-butyl); 
found: 503.2250 * 0.0015. 

(2Z)-2-Methoxymetl2yloxy-3-methyl-1-(2,4,6-trimethyl- 
benzo~~lox~~)pe1~t-2-en-5-oI  (27) 

To a cold (0°C) solution of ester 26 (5.15 g, 9.2 mmol) in tet- 
rahydrofuran (225 mL) was added a solution of tetrabutylammon- 
ium fluoride (18.4 mL, 18.4 mmol). The mixture was stirred at 
room temperature for 1.5 h and the solvent was evaporated. The 
residue was purified by flash chromatography using hexane:ethyl 
acetate (3 : 2) as the eluent to afford pure alcohol 27 (2.95 g, 99%); 
ir (CH2C1,, v cm- I): 3620, 3500, 3060, 2990, 2960, 2930, 1720, 
1610; 'H nmr (CDCl,, 6 pprn): 1.84 (3H, s, -CH,), 2.27 and 2.28 
(9H, 2s, -CH, aromatic), 2.48 (2H, t, J = 6.4 Hz, -CHI-CHIOH), 
3.46 (3H, S, -OCH3), 3.73 (2H, t, J = 6.4 HZ, -CHI-OH), 4.90 
(2H, s, -OCH,O-), 5.01 (2H, s, -CHz-OMes), 6.84 (2H, s, CH 
aromatic). Exact Mass calcd. for C18H2605: 322.1780 (M+); found: 
322.1786 * 0.0012. 

(2Z)-5-Mesylo.xy-2-tnetho,q~methyloq~-3-methyl-l-(2,4,6- 
trirnethylbenzoylo.xy)pent-2-ene (28) 

To a cold (0°C) solution of alcohol 27 (2.49 g, 7.73 mmol) and 
triethylamine (4.3 mL, 30.9 mmol) in methylene chloride (100 mL) 
was added mesyl chloride (950 pL, 12.3 mmol). The mixture was 
stirred at 0°C for 30 min and a saturated solution of sodium bicar- 
bonate was added. The mixture was extracted with methylene 
chloride, and the organic layer was dried over sodium sulfate and 
evaporated. The residue was purified by flash chromatography with 
hexane:ethyl acetate (3:2) as the eluent to afford pure mesylate 28 
(3.09 g, 98%); ir (CH,Cl,, v cm-I): 3060, 2990,2960, 2930, 1725, 
1360; 'H nmr (CDCl,, 6 pprn): 1.86 (3H, s, -CH,), 2.27 (9H, S, 
-CH3 aromatic), 2.64 (2H, t, J = 7 Hz, -CHz-CH20Ms), 2.97 (3H, 
S, -SO,-CH,). 3.44 (3H, s, -OCH,), 4.29 (2H, t, J = 7 HZ, -CHI- 
OMS), 4.91 (2H, S, -OCHIO-), 5.01 (2H, S, -CHI-OMes), 6.84 
(2H, s, CH aromatic). Exact Mass calcd. for CIYHI,07S: 400.1556 
(Mi);  found: 400.1563 t- 0.0014. 

(2Z)-5-lodo-2-metho.t~~~r~zethyloxy-3-me~l-I -(2,4,6- 
tritnethylbenzoyloxy)pent-2-ene (29) 

To a solution of mesylate 28 (2.25 g, 5.63 mmol) in acetone 
(340 mL) was added sodium iodide (38 g, 253 mmol). The mix- 
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ture was heated at 56°C for 5.5 h and then acetone was evapo- 
rated. The residue was dissolved in ether (500 mL) and filtered. The 
solvent was evaporated and the residue was purified by flash 
chromatography using hexane:ethyl acetate (7:3) as the eluent to 
afford pure iodide 29 (2.2 g, 91%); ir (CHZCI,, v cm-'): 3060, 
2990, 1725, 1610; 'H nmr (CDCl,, 6 pprn): 1.83 (3H, s, -CH,), 
2.28 (9H, s, -CH3 aromatic), 2.77 (2H, t, J = 7.5 Hz, -CH,-CH21), 
3.18 (2H, t, J = 7.5 HZ, -CH21), 3.46 (3H, S ,  -OCH3), 4.9 1 (2H, 
s, -OCH20-), 4.99 (2H, s, -CH,-OMes, 6.84 (2H, s, CH aro- 
matic). Exact Mass calcd. for C,xH250,1: 432.0799 ( M ~ ) ;  found: 
432.0817 * 0.0013. 

(2Z)-2-Methox~~methylos~~-3-merhyl-6,6-(propyler1edithio)-l- 
(2,4,6-trin1ethylbe11zoyloq~)hex-2-ene (30) 

A solution of butyllithium (1.6 M in hexane) (285 pL, 0.46 
mmol) was added to a cold (-30°C) solution of 1,3-dithiane 
(55.7 mg, 0.46 mmol) in tetrahydrofuran (0.6 mL). The mixture 
was stirred between -35°C and -25°C for 100 min. Then it was 
cooled to -7S°C and a solution of iodide 29 (150 mg, 0.347 mmol) 
in tetrahydrofuran (0.6 mL) was added. The mixture was stirred at 
-78°C for 3 h and at -45°C for I h. Water was then added and 
the mixture was extracted with methylene chloride. The organic 
layer was dried over sodium sulfate and evaporated. The residue 
was purified by flash chromatography using hexane:ethyl acetate 
(9: 1-3:2) as the eluent to afford pure 30 (17 mg, 12%) and io- 
dide 29 (100 mg, 66%). 'H nmr (CDCI,, 6 ppm): 1.79 (3H, s, 
-CH,), 1.86 (2H, m, -SCH,CH,CH,S-), 1.89 and 2.13 (2H, m, 
-CH,-CHS,), 2.27 (9H, s, -CH3 aromatic), 2.38 (2H, m, =C(CH,)- 
CH,CH,-), 2.85 (4H, m, -SCH,CHZCH2S-), 3.46 (3H, s, -OCH,), 
4.02 (1 H, t, J = 7 HZ, -S-CH-S-), 4.88 (2H, S, -OCH,O-), 4.99 
(2H, s, -CH?-OMes), 6.83 (2H, s, CH aromatic). 

(2Z)-2-Merhos~~methyloxy-3-methyl-6,6-(prop~~le11edithio)-6-tri- 
r~ietlz~~lstnr~nyl-l-(2,4,6-tr.imethylberrzoylo.r~)her-2-ere (31) 

To a cold (-78°C) solution of 2-trimethylstannyl- 1,3-dithiane 
(864 mg, 3.06 mmol) in tetrahydrofuran (4.3 mL), was added a 
solution of LDA obtained at 0°C from DIPA (421 pL, 3.01 mmol) 
and BuLi (1.6 M in hexane) (1.9 mL, 3.04 mmol) in tetrahydro- 
furan (4.3 mL). The mixture was stirred at -30°C for 3 h and 
at -78°C for 30 min. Then a solution of iodide 29 (632 mg, 
1.46 mmol) in tetrahydrofuran (3 mL) was added. The mixture was 
stirred at this temperature for an additional 1.5 h, treated with water, 
and warmed to room temperature. The mixture was extracted with 
methylene chloride; the organic layer was dried over sodium sul- 
fate, evaporated, and the residue was purified by flash chromatog- 
raphy using hexane:ethyl acetate (19: 1-7: 3) as the eluent to afford 
pure 31 (325 mg, 38%) and 30 (1 1 1 mg, 18%); 'H nrnr (CDCI,, 6 
pprn): 0.28 (9H, t, Js,,l191-H = 27.2 Hz, Js,,,l17,-,l = 26.1 Hz, -Sn- 
(CH,),), 1.85 (3H, s, -CH,), 2.05 (2H, m, -SCH2CH2CH2S-), 2.27 
and 2.30 (9H, s, CH, aromatic), 2.3 1 (4H, m, =C(CH3)-CH,- 
CH,-), 2.40 (2H, m, -SCHH-CH,-CHH-S-), 3.15 (2H, m, -SCHH- 
CHZ-CHH-S-), 3.45, (3H, S. -OCH,), 4.90 (2H, S, -OCH,O-), 5.02 
(2H, s ,  -CH2-OMes), 6:'85 (2H, s, CH aromatic). 

(2Z)-2-Met/zosyr~lethylo.r~l-3-r~~erlzyl-6.6-(prop~~ler~edithio)-6- 
tribr~~lsrcrrrr~yI-l-(2,4,6-trirnetkglbenzoylox~~)he.r-2 -ene (32) 

To a solution of 2-tributylstannyl-l,3-dithiane (2 g, 4.9 mmol) 
in tetrahydrofuran (7 mL) at -7SoC, was added a solution of LDA 
obtained at O°C from DIPA (690 pL, 4.9 mmol) and BuLi (1.6 M 
in hexane) (2.9 mL, 4.6 mmol) in tetrahydrofuran (7 mL). The 
niixture was sti~red at -30°C for 3 h and at -78°C for 30 min. Then 
a solution of iodide 29 (967 mg. 2.24 mmol) maintained in tetra- 
hydrofuran (6 mL) at -30°C was added. The mixture was stirred 
at this temperature for an additional 75 rnin and water was added. 
The solution was warmed to room temperature. The mixture was 
extracted with methylene chloride and the organic layer was dried 
with sodium sulfate and evaporated. The residue was purified by 
flash chromatography using hexane:ethyl acetate ( 19: 1-9: 1 )  as the 
eluent to afford pure 32 (1.383 g, 87%); ir (CH2C1,, v c m ' ) :  3060, 
2960, 2920, 2860, 1720, 1610; 'H nmr (CDCl,, 6 ppni): 0.90 (9H. 
t ,  J = 7.2 Hz, -(CH,),-CHJ, 1.08 (6H, m. -Sn-CH2-), 1.34 (6H, 
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m, J = 7 Hz, -CH2-CH,-CH,), 1.55 (6H, m, -Sn-CH,-CH,-), 1.86 
(3H, s, -CH,), 2.05 (2H, m, -SCH2CH2CHZS-), 2.21 and 2.33 (4H, 
m, =C(CH,)-CH2-CH2-), 2.27 and 2.30 (9H, s, -CH, aromatic), 
2.43 (2H, m, -SCHH-CH,-CHH-S-), 3.15 (2H, m, SCHH-CH,- 
CHH-S-), 3.45 (3H, s, -OCH,), 4.90 (2H, s, -OCH,O-), 5.03 (2H, 
S, -CH1-OMes), 6.84 (2H, s, CH aromatic). Exact Mass calcd. for 
C3,H5,0,S,Sn: 657.2094 (M+ - terr-butyl); found: 657.2105 ? 
0.0018. 

(2Z,4E)-6-tert-B~ctoxydiphe11yl.ril~~loq~-l -tetrnlz~~drop~~rnr~yl- 
oxyhexn-2,4-dier1e (34) 

TO a solution of alcohol 33 (2.32 g, 11.7 mmol) and triethyl- 
amine (2.5 mL, 17.8 mmol) in methylene chloride (50 mL) was 
added tert-butoxydiphenylsilyl chloride (3.2 mL, 12.2 mmol) at 
P C .  The mixture was stirred at room temperature for 40 rnin and 
a saturated solution of ammonium chloride was added. The mix- 
ture was extracted with hexane:ether (4: 1); the organic layer was 
dried with sodium sulfate and evaporated. The residue was puri- 
fied by flash chromatography using hexane:ether (4: 1) as the eluent 
to afford pure 34 (5.25 g, 99%); ir (CH,Cl,, v cm-I): 3050, 2980, 
2940, 2860, 1430; 'H nmr (CDCI,, 6 ppm): 1.31 (9H, s, -0C- 
(CH?)?), 1.47-1.86 (6H, m, -OCH,-(CH,),-), 3.49 and 3.87 (2H, 
m, -OCH2-(CHZ),-), 4.20 ( l H ,  dd, J = 7.5 and 12.5 Hz, THPO- 
CHH-CH=CH-), 4.35 ( lH ,  dd, J = 7.5 and 12.5 Hz, THPO- 
CHH-CH=CH-), 4.34 (2H, d, J = 4.6 Hz, -CH,-OTBODPS), 
4.65 ( lH ,  t, J = 3.5 Hz, -0-CH(0-)-), 5.57 ( lH,  dt, J = 7 and 
10.9 Hz, THPO-CH,-CH=CH-), 5.83 ( lH,  dt, J = 5.2 and 15 Hz, 
-CH=CH-CH,OTBODPS), 6.16 ( lH ,  dd, J = 1 I. 1 and 11.1 Hz, 
THPO-CH,-CH=CH-), 6.60 (IH, dd, J = 11.5 and 15 Hz, 
CH=CH-CH,OTBODPS), 7.37 and 7.67 (lOH, m, Ph?). Exact 
Mass calcd. for C27H3h0,Si: 395.1679 (Mt  - tert-butyl); found: 
395.1674 * 0.001 1. 

(2Z,4E)-6-tert-B~~ro.~ydipI~e11~~lsi/~~lo.ryhexn-2,4-dierz-l-ol (35) 
To a solution of 34 (16.7 g, 36.9 mmol) in terr-butanol (270 mL) 

was added pyridinium pnrn-toluenesulfonate (1.68 g, 6.7 mmol). 
The mixture was heated to 60°C for 10 h and then a saturated so- 
lution of sodium bicarbonate was added. The mixture was ex- 
tracted with hexane:ether (4: l ) ,  and the organic layer was dried 
with sodiuni sulfate and evaporated. The residue was purified 
by flash chromatography using hexane : ethyl acetate (9 : 1-3 : 2) 
as the eluent to afford pure alcohol 35 (6.89 g, 51%) and starting 
34 (6.2 g, 37%); ir (CH,Cl,, v cm-'): 3600, 3060, 2980, 2940, 
2880; ' H  nmr (CDCl,, 6 ppm): 1.31 (9H, s ,  -OC(CH,),), 4.30 
(2H, dd, J = 5.7 and 5.7 Hz, -CH,OH), 4.35 (2H, d, J = 
5.2 Hz, -CH,-OTBODPS), 5.59 ( IH,  ddd, J = 7.5, 7.5, and 
10.9 Hz, HO-CH2-CH=CH-), 5.84 ( lH,  ddd, J = 5, 5 ,  and 
15 HZ. -CH=CH-CH20TBODPS), 6.10 ( lH ,  dd. J = 11.5 
and 11.5 Hz, HO-CH,-CH=CH-), 6.54 ( l H ,  dd, J = 12 and 
15 Hz, -CH=CH-CH,OTBODPS), 7.37 and 7.67 (lOH, m, Ph,). 
Exact Mass calcd. for C,,H,,O,Si: 3 1 1 .I 103 (M+ - tert-butyl); 
found: 3 1 1.1082 * 0.0009. 

(2Z,4E)-6-tert-Buto.~ycIipl~ei1~Isil~lox~/1e.c-2,4-iie1-1 -nl (36) 
To a solution of oxalyl chloride (1.7 mL, 19.5 mmol) in meth- 

ylene chloride (52 mL) at -7S°C was added dimethyl sulfoxide 
(2.8 mL, 39.5 miiiol). The mixture was stirred at -78°C for 10 rnin 
and a solution of alcohol 35 (5.5 g, 15.0 mmol) in nlethylene 
chloride (42 niL) was added. The mixture was stirred for 50 rnin at 
-7S°C, and diisopropylethyla~nine (DIPEA) (10.5 mL, 60.4 mmol) 
was added. The mixture was stil~ed for 15 rnin at -78°C and for 
25 rnin at O°C, water was added, and the mixture was extracted with 
methylene chloride. The organic layer was dried over sodium sul- 
fate and evaporated. The residue was purified by flash chroniatog- 
raphy using hexane : ethyl acetate (9: 1) as the eluent to afford pure 
aldehyde 36 (4.15 g. 76%); 'H nmr (CDCl,, 6 ppm): 1.3 1 (9H, S, 
-OC(CH,),). 4.45 (2H, d, J = 4 HZ, -CH2-OTBODPS), 5.84 (1H. 
dd, J = 8 and I I Hz, HCO-CH=CH-), 6.21 ( lH,  dt. J = 5 and 
15 Hz, -CH=CH-CH,OTBODPS), 6.98 ( lH ,  dd, J = 11.5 and 
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ET AL. 2345 

11.5 Hz, HCO-CH=CH-), 7.38 and 7.66 (11H, m, Ph, and 
-CH=CH-CH,OTBODPS), 10.17 ( lH ,  d, J = 8 Hz, HCO-). 

(2Z,8Z, I0E)-12-tert-B~rtoxyrlipIzetzylsil~~loxy-7-lzyclro.ry-~- 
tnetkoxytnethylox~~-3-tnethyl-6,6-(t-op~letzerlitlzio)-l-(2,4,6- 
tritnetl~)~lbenzo~~loxy)dodecu-2,8,I0-tt-ietze (37) 

To a cold (-93°C) solution of 32 (485 mg, 0.68 mmol) in tet- 
rahydrofuran (7.6 mL) was added rapidly a cold (-90°C) solution 
of BuLi (1.6 M in hexane) (850 pL, 1.36 mmol) and, 15 s later, 
a cold (-93°C) solution of aldehyde 36 (790 mg, 2.16 mmol) in 
tetrahydrofuran (1 1 mL) was added. The mixture was stirred at 
-93°C for 35 min and a saturated solution of ammonium chloride 
was added. The mixture was warmed to room temperature and ex- 
tracted with methylene chloride. The organic layer was dried over 
sodium sulfate and evaporated. The residue was purified by flash 
chromatography using hexane : ethyl acetate (9 : 1-4 : 1) as the eluent 
to afford pure alcohol 37 (462 mg, 86%), and a small amount of 
38 (15 mg, 3%). 

Compoutzd 37: ir (CH,CII, v cm-I): 3050, 2980, 1720; ' H  nmr 
(CDCl,, 6 ppm): 1.30 (9H, s, -OC(CH,),), 1.77 (3H, s, -CH,), 1.78 
(3H, m, -SCH2CH2CH,S- and =C(CH,)-CH2-CHH-), 2.0 1 (1 H, 
ddd, J = 5,  1 1.7, and 14.5 Hz, =C(CH,)-CH,-CHH-), 2.27 (9H, 
s, -CH, aromatic), 2.38 ( l H ,  ddd, J = 4.9, 12.2, and 12.2 Hz, 
=C(CH,)-CHH-CH2-), 2.48 ( lH ,  ddd, J = 5.3, 12.4, and 
12.4 Hz, =C(CH,)-CHH-CH2-), 2.60 (2H, m, -SCHH-CH,-CHH- 
S-), 2.76 ( lH ,  d, J = 2.2 Hz, -CH-OH), 2.92 (2H, m, -SCHH- 
CH2-CHH-S-), 3.45 (3H, s, -OCH,), 4.38 (2H, d, J = 4.1 Hz, 
-CH2-OTBODPS), 4.85 ( lH ,  d, J = 6.6 HZ, -0CHHO-), 4.88 
( l H ,  d, J = 6.6 HZ, -0CHHO-), 4.92 ( lH ,  d, J = 10 HZ, -CH- 
OH), 4.97 (2H, s, -CH2-OMes), 5.56 ( lH,  dd, J = 10 and 
10.5 Hz, -CH(OH)-CH=CH-), 5.90 ( lH,  dt, J = 5 and 15 Hz, 
-CH=CH-CH,OTBODPS), 6.31 ( lH ,  dd, J = 11.3 and 11.3 Hz, 
-CH(OH)-CH=CH-), 6.78 ( lH ,  dd, J = 12.5 and 15 Hz, 
-CH=CH-CH,OTBODPS), 6.83 (2H, s, CH aromatic), 7.35 and 
7.66 (lOH, m, Ph,). Exact Mass calcd. for CJJHj8o7S2Si: 790.3393 
(M'); found: 790.3387 2 0.0023. 

Compound 38: 'H nrnr (CDCI,, 6 ppm): 1.3 1 (9H, s, -OC(CH,),), 
1.80 (3H, s, -CH3), 1.85 (2H, m, -SCH,CH2CH,S-), 1.90 (1 H, m, 
=C(CH3)-CH,-CHH-), 2.10 ( lH,  in, =C(CH,)-CH,-CHH), 2.27 
(6H, s, -CH3 aromatic), 2.40 (2H, m, =C(CH3)-CH,-), 2.75 (2H, 
m, Ar-CH2-CH(0H)-), 2.84 (4H, m, -SCH2-CH,-CH,-S-), 3.46 
(3H, s ,  -OCH,), 4.02 ( lH ,  t, J = 7 Hz, -CH-S,), 4.35 (2H, d, 
J = 5 Hz, -CHI-OTBODPS), 4.78 ( lH,  in, -CH(OH)-), 4.88 (2H, 
s, -OCH,O-), 5.00(2H, s, -CH2-OMes), 5.44(1H, dd, J = 10and 
10.5 Hz, -CH(OH)-CH=CH-), 5.85 ( lH,  dt, J = 5 and 15 Hz, 
-CH=CH-CH,OTBODPS), 6.07 ( lH ,  dd, J = 1 1  and 1 1  Hz, 
-CH(OH)-CH=CH-), 6.60 ( lH,  dd, J = 12 and 15 Hz, -CH=CH- 
CH20TBODPS), 6.88 (2H, s, CH aromatic), 7.36 and 7.66 (lOH, 
m, Ph,). 

(2Z,8Z, I OE)-12-tert-Buto,r)~clipIzetz~~lylsilyloxy-7-tert- 
bu~lditnetkylsil~~loxy-2~-rtzetlzo~tytnethylo,ry-3-tnetlz~~l-6,6- 
(propylener1ithio)- 1 -(2,4,6-tt-itt1ethylbet1zo~~lo~y)dodec~1- 
2,8,10-trierze (39) 

To a solution of alcohol 37 (1.115 g, 1.41 mmol) and triethyl- 
amine (980 pL, 7.04 mmol) in methylene chloride (26 mL) was 
added at O°C, tet-t-butyldimethylsilyl tritlate (500 pL, 2.2 mmol). 
The mixture was stirred at 0°C for 80 min and a saturated solution 
of sodium bicarbonate was added. The mixture was extracted with 
methylene chloride, and the organic layer was dried over sodium 
sulfate and evaporated. The residue was purified by flash chro- 
matography with hexane:ethyl acetate (9: 1) as the eluent to afford 
pure 39 (1.09 g, 85%); ir (CH,CI,, v cm-I): 3060, 3050, 
2980, 2960, 2930, 2860, 1720, 1610; ' H  nmr (CDCl,, 6 ppm): 
0.02 and 0.10 (6H, 2s, -OSi(CH,),C(CH,),), 0.89 (9H, s, 
-OSi(CH,),C(CH,),), 1.30 (9H, s, -OC(CH,),), 1.80 (3H, s, -CH,), 
1.82-2.12 (4H, m, -SCH2CH,CH2S- and =C(CH,)-CH2-CHI-), 
2.28 (9H, s, -CH, aromatic), 2.47 (2H, m, =C(CH,)-CH2-), 2.76 
(4H, in, -SCH,-CH,-CH,-S-), 3.43 (3H, s, -OCH,), 4.37 (2H, d, 
J = 4.3 Hz, -CH,-OTBODPS), 4.84 ( lH ,  d, J = 6.6 Hz, 

-0CHHO-), 4.88 ( l H ,  d, J = 6.6 HZ, -0CHHO-), 4.88 ( l H ,  d, 
J = 10 Hz, -CH(OTBDMS)-), 4.99 (2H, s, -CHZ-OMes), 5.55 ( lH,  
dd, J = 10.4 and 10.5 Hz, -CH(OTBDMS)-CH=CH-), 5.88 (1 H, 
dt, J = 4.4 and 14.9 Hz, -CH=CH-CH,OTBODPS), 6.19 ( lH ,  
dd, J = 11.3 and 11.3 Hz, -CH(OTBDMS)-CH=CH-), 6.77 ( lH,  
dd, J = 12.4 and 14.8 Hz, -CH=CH-CH,OTBODPS), 6.83 (2H, 
s, CH aromatic), 7.35 and 7.67 (lOH, m, Ph,). Exact Mass calcd. 
for C5,,H7,07S,Si,: 904.4258 (M'); found: 904.4232 r 0.0026. 

(2Z,8Z, IOE)-12-tert-ButoxydipIzetz~~lsilyloxy-7-tert- 
b~r~~ldimeth~~l.silylo,ry-2-merhoxymeth~~lox~~-3-tnetl~~~l-6,6- 
(pl-opy1etzedithio)clorlecu-2,8,100trietz- 1-01 (40) 

To a solution of mesitoate 39 (2.16 g, 2.39 mmol) in ether 
(80 mL) was added, at O°C, lithium aluminum hydride (136 mg, 
3.6 mmol). The mixture was stirred at O°C for 30 min and at rooin 
temperature for 90 min. A saturated solution of ammonium chlo- 
ride and ice were added and the mixture was extracted with meth- 
ylene chloride. The organic layer was dried over sodium sulfate and 
evaporated. The residue was purified by flash chromatography 
using hexane : ethyl acetate (9 : 1-3 : 2) as the eluent to afford 
pure alcohol 40 (1.478 g ,  82%); ir (CH,Cl,, v cm-'): 3500, 3060, 
2980, 2960, 2940, 2860; 'H nmr (CDCI,, 6 ppm): 0.03 and 0.11 
(6H, 2s, -OSi(CH,),C(CH,),), 0.90 (9H, S ,  -OSi(CH1)2C(CH3)3), 
1.3 1 (9H, s. -OC(CH,),), 1.73 (3H, s, -CH3), 1.75-2.12 (4H, m, 
-SCH2CH2CH2S- and=C(CH,)-CH,-CH,-), 2.40 (2H, m, =C(CH,)- 
CH,-), 2.77 (4H, in, -SCH2-CH,-CHI+), 3.02 ( lH,  t, J = 6.3 Hz, 
-OH), 3.48 (3H, s, -OCH3), 4.14 (2H, d, J = 6.3 Hz, -CH2- 
OH), 4.38 (2H, d, J = 4.3 Hz, -CH2-OTBODPS), 4.80 (2H, s, 
-OCH20-), 4.88 ( lH ,  d, J = 10 HZ, -CH(OTBDMS)-), 5.55 
( lH,  dd, J = 10.3 and 10.4 Hz, -CH(OTBDMS)-CH=CH-), 5.88 
( lH,  dt, J = 4.5 and 14.9 Hz, -CH=CH-CH,OTBODPS), 6.20 ( lH,  
dd, J = 11.3 and 11.3 Hz, -CH(OTBDMS)-CH=CH-), 6.77 ( lH,  
dd, J = 12.3 and 14.2 Hz, -CH=CH-CH,OTBODPS), 7.36 and 
7.67 (lOH, m, Ph,). Exact Mass calcd. for C,oH,20,S2Si2: 758.3526 
(M'); found: 758.3508 ? 0.0022. 

(2Z,8Z, IOE)-12-tert-B~rto.~)~diphetzylsil~~lo,r)~-7-tert- 
blrt~~ldit~zethylsil)llo,r~~-1 -ckloro-2-trzethox~~ttzethyloxy-3- 
tt1etlzyl-6,6-(prop~letzerlitlzio)dorleu-2,8, 10-triene (41) 

To a cold (0°C) solution of alcohol 40 (1.47 g, 1.94 mmol), 
lithium chloride (742 mg, 17.5 mmol), and collidine (1.25 mL, 
9.46 rninol) in dimethylformamide (10 inL) was added mesyl 
chloride (475 pL, 6.14 minol). The mixture was stirred at 0°C 
for 15 min, then at room temperature for 1 h, and a saturated 
solution of ammonium chloride was then added together with a 
saturated solution of sodium bicarbonate. The mixture was ex- 
tracted with hexane:ether (1 : 1) and the organic layer was dried over 
sodium sulfate and evaporated. The residue was purified by flash 
chromatography using hexane:ethyl acetate (4: 1) as the eluent to 
afford pure chloride 41 (1.357 g, 90%); ir (CH,CI,, v cm-'): 3060, 
2980, 2960, 2940, 2860, 1660; 'H nmr (CDCI,, 6 ppm): 0.02 and 
0.10 (6H, 2s, -OSi(CH,)2C(CH,),), 0.89 (9H, s, -OSi(CH3)2C- 
(CH,),), 1.30 (9H, S,  -OC(CH,),), 1.74 (3H, S ,  -CH,), 1.70-2.13 
(4H, m, -SCH,CH,CH,S- and =C(CH,)-CH,-CHI-), 2.44 (2H, 111, 
=C(CH,)-CH,), 2.77 (4H, m, -SCH2-CH,-CH2-S-), 3.47 (3H, s, 
-OCH,), 4.27 (2H, S,  -CH2CI), 4.37 (2H, d, J = 4.4 HZ, -CHI- 
OTBODPS), 4.88 (2H, s, -OCH,O-), 1.87 ( lH ,  d, J = 10 Hz, 
-CH(OTBDMS)-), 5.55 ( lH ,  dd, J = 10.5 and 10.5 Hz, 
-CH(OTBDMS)-CH=CH-), 5.88 ( lH ,  dt, J = 4.5 and 11.8 Hz, 
-CH=CH-CH,OTBODPS), 6.20 ( l H ,  dd, J = 1 1.3 and 1 1.3 Hz. 
-CH(OTBDMS)-CH=CH-), 6.77 ( l H ,  dd, J = 12.5 and 
14.5 Hz, -CH=CH-CHZOTBODPS), 7.37 and 7.67 (lOH, m, Ph,); 
ms tn/e: 740 (M' - HCI). 

(3Z,9Z,ll E)-13-tert-B~rto.~~~~lij~Izetzyl~i1~~lo~~~-8-tert-I~~rtyl~1it~~etI~yl- 
silylo,g3-1 , 1 -bis-t~zetho,ry~'~1t-I~0tzyl-3-rrzetl~ox~t~zetlz~lo.r)~-4- 
tnetkyl-7,7-(j~t-oj~yletzedirhio)tric1ec~1-3,9,1 I -tl-ietze (42) 

Dimethyl malonate (200 pL, 1.75 minol) was added at 0°C to a 
suspension of NaH (60% in oil) (64 nig, 1.6 nimol) in tetrahydro- 
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ET AL. 2347 

s, -CH,), 1.45-3.0 (16H, m, -S(CH2),S-, -C(CH,)-CH2-CH2-, 
-CH2-C(C02CH3)2-CH2-, and -CH-CH=CH-CH-), 3.33 (3H, s, 
-OCH,), 3.67 and 3.70 (6H, 2s, (C02CH,),), 3.99 ( lH,  d ,  J = 
1.8 HZ, -CH(OTBDMS)-), 4.70 ( lH ,  d ,  J = 7.4 HZ, -0CHHO-), 
4.76 (IH, d, J = 7.4 Hz, -0CHHO-), 5.18 ( lH,  d ,  J = 10 HZ, 
-CH=CH-), 5.41 ( lH,  d, J = 10 Hz, -CH=CH-). Exact Mass 
calcd. for C29H4807S2Si: 600.261 1 (Mt); found: 600.2605 * 
0.0017. 

Bicyclic compound 47: ir (CH2C12, v cm-I): 3060, 2990, 2960, 
2930, 2860, 1735; 'H nmr (CDCI,, 6 ppm): 0.01 and 0.11 (6H, 2s, 
-OSi(CH3)2C(CH3),), 0.90 (9H, s, -OSi(CH,),C(CH,),), 1.45 (3H, 
S,  -CH,), 1.61 ( lH ,  d, J = 15 HZ, -CH(OTBDMS)-CH=CH- 
CHH-), 1.84-2.07, 2.48-3.09, and 3.26 (1 lH, m, -S(CH,),S- and 
-CH2-C(C02CH3)2-CH2-CH-), 2.30 (IH, dd, J = 10.5 and 15.5 HZ, 
-C(CH,)=CH-CHH-), 2.55 (IH, dd, J = 12.5 and 15 Hz, 
-CH(OTBDMS)-CH=CH-CHH-), 2.86 ( lH,  d, J = 15 HZ, 
-C(CH,)=CH-CHH-), 3.34 (3H, s, -OCH,), 3.72 and 3.74 (6H, 
2s, (C02CH3),), 4.63 (1 H, d ,  J = 7 Hz, -0CHHO-), 4.66 (1 H, d, 
J = 7 Hz, -0CHHO-), 4.68 ( lH, d, J = 10 Hz, -CH(OTBDMS)-), 
5.23 ( lH,  ddd, J = 5,  12.5, and 12.5 Hz, -CH(OTBDMS)- 
CH=CH-CH2-), 5.45 ( lH,  dd, J = 10 and 12 Hz, -CH(OTBDMS)- 
CH=CH-), 5.60 ( lH,  d, J = 10 HZ, -C(CH,)=CH-CH2-). 
Exact Mass calcd. for C29H4807S2Si: 600.261 1 (M'); found: 
600.2605 ? 0.0017. 

rel(IS,2R,6S,9S,I0R)-l0-tert-Butyldimethylsilyloxy-444-bi~- 
methox)~carbonyl-2-methoxymethyloxy-1- 
methyltricyclo[7.4.0.0'o'6]tridec-7-en-ll-one (54) 

Mercuric chloride (103 mg, 0.38 mmol) was added to a mix- 
ture of 46 (57 mg, 0.095 mmol) and calcium carbonate (43 mg, 
0.43 rnmol) in acetonitri1e:water (4: 1) (8 mL). The mixture was 
stirred at room temperature for 21 h and water was added. The 
mixture was extracted with hexane:ether (1 : 1); the organic layer 
was washed with water, dried over sodium sulfate, and evapo- 
rated. The residue was purified by flash chromatography using 
hexane:ethyl acetate (4: 1) as the eluent to afford pure ketone 54 
(34 mg, 70%); 'H nmr (CDCI,, 6 ppm): 0.02 and 0.07 (6H, 2s, 
-OSi(CH3)2C(CH3)3), 0.88 (9H, s, -OSi(CH,),C(CH,),), 1.40 (3H, 
s, -CH3), 1.68-2.13 (3H, m, -CH,-CH2CO- and -CH-CH=), 2.20 
( lH, d, J = 13.6 Hz, -C(OMOM)-CHH- or -C(C02CH3)2-CHH-), 
2.55 ( lH ,  d, J = 15.8 Hz, -C(OMOM)-CHH-or -C(C02CH3)?- 
CHH-), 2.58 ( lH,  S, -CH-CH=), 2.75 ( lH,  d, J = 15.6 HZ, 
-C(OMOM)-CHH- or -C(C02CH,)2-CHH-), 2.83 (IH, d, J = 

13.3 Hz, -C(OMOM)-CHH- or -C(C02CH,)2-CHH-), 2.80 (2H, 
m, -CH2-CH2-CO-), 3.32 (3H, s, -OCH,), 3.68 and 3.70 (6H, 2s, 
(C02CH3),), 3.80 ( lH,  m, -CH(OTBDMS)-), 4.66 ( lH,  d ,  J = 

7.6 Hz, -0CHHO-), 4.78 (1 H, d, J = 7.6 Hz, -0CHHO-), 5.25 
and 5.36 (2H, m, -CH=CH-). 

rel(IS,2R,6S,9S,IOR,IIR) and rel(IS,2R,6S.9S,IOR,IIS)-IO- 
tert-Butyldimethy lsily loxy-4.4-bis-methoxycarbonyl-2 - 
methoxymethyloxy-l -methyltricyclo[7.4.0.0-'~6]tridec-7-erz- 
11 -01 (56 and 55 respectively) 

To a cold (0°C) solution of ketone 54 (34 mg, 67 pmol) in 
methanol (10 mL) was added sodium borohydride (70 mg). The 
mixture was stirred at room temperature for 1 h and a saturated 
solution of ammonium chloride was added. The mixture was ex- 
tracted with methylene chloride, and the organic layer was dried 
over sodium sulfate and evaporated. The residue was purified by 
flash chromatography using hexane:ethyl acetate (3: 1) as the eluent 
to afford pure alcohols 55 (16 mg, 47%) and 56 (16 mg, 47%). 

Compound 55 (less polar): 'H nmr (CDCI,, 6 ppm): 0.13 and 
0.15 (6H, 2s, -OSi(CH,)?C(CH,),), 0.94 (9H, s, -OSi(CH3),- 
C(CH3),), 1.22 (3H, s, -CH3). 1.46-1.80 (4H, m, -CH2-CHI- 
CH(0H)-), 2.22 ( lH ,  d, J = 13.5 Hz, -C(C02CH3)2-CHH-), 2.41 
( lH ,  S ,  -CH-CH=), 2.49 ( lH,  d, J = 15.6 Hz, -C(OMOM)- 
CHH-), 2.70 (IH, d, J = 15.6 HZ, -C(OMOM)-CHH-), 2.77 ( lH,  
m, -CH-CH=), 2.89 ( lH, dd, J = 7.5 and 13.5 Hz, -C(C02CH,)?- 
CHH-), 3.33 (3H, s, -OCH3), 3.68 and 3.71 (6H, 2s, (CO,CH,),), 
3.66 ( IH,  m, -CH(OH)-), 3.90 ( lH ,  dd, J = 3 and 3 Hz, 
-CH(OTBDMS)-), 4.68 ( lH, d, J = 7.5 Hz, -0CHHO-), 4.76 ( lH,  
d, J = 7.5 Hz, -0CHHO-), 5.20 ( 1 H, d, J = 10 HZ, -CH=CH-), 
5.33 ( lH,  d, J = 10 HZ, -CH=CH-). 

Compound 5 6  (more polar): 'H nmr (CDCI,, 6 ppm): 0.07 and 
0.08 (6H, 2s, -OSi(CH,)2C(CH3)3), 0.89 (9H, s, -OSi(CH,)>C- 
(CH,),), 1.23 (3H, s, -CH,), 1.45-1.70 (3H, m, -CH,-CHH- 
CH(0H)-), 2.02 ( lH,  m, -CH2-CHH-CH(0H)-), 2.22 (IH, d, J = 
13 HZ, -C(C02CH,),-CHH-), 2.25 ( lH, s, -CH-CH=), 2.5 1 ( lH,  
d ,  J = 15.5 Hz, -C(OMOM)-CHH-), 2.66 ( lH ,  d ,  J = 15.5 Hz, 
-C(OMOM)-CHH-), 2.89 (IH, d, J = 13 HZ, -C(C01_CH3)2-CHH-), 
2.90 (1 H, m, -CH-CH=), 3.34 (3H, s, -OCH,), 3.69 and 3.7 1 
(7H, 2s, (C02CH3), and -CH(OH)-), 3.89 ( lH, dd, J = 2.3 and 2.3 
HZ, -CH(OTBDMS)-), 4.70 ( lH,  d, J = 7.4 Hz, -0CHHO-), 4.77 
( lH ,  d, J = 7.5 Hz, -0CHHO-), 5.34 (IH, d, J = 10 Hz, 
-CH=CH-), 5.45 ( lH,  d, J = 10 HZ, -CH=CH-). 

rel(IS,2R,6S,9S,IOR, I IS)-1 1 -Benzoylo.ry-10-tert-butyldimethyl- 
silyloxy-4,4-bis-methoxycarbonyl-2-rnethoxyrnethyloxy-l- 
methyl tr icyclo~.4.0.~a?6]tr idec-7-ene (57) 

Procedure A 
To a solution of alcohol 55 (16 mg, 31.3 pmol) and triethylam- 

ine (150 pL, 1.08 mmol) in methylene chloride (5 rnL) were added 
at 0°C benzoyl chloride (40 pL, 0.34 mmol) and a few milligrams 
of DMAP. The mixture was stirred at room temperature for 24 h 
and a saturated solution of sodium bicarbonate was added. The 
mixture was extracted with methylene chloride, and the organic 
layer was dried over sodium sulfate and evaporated. The residue 
was purified by flash chromatography using hexane:ethyl acetate 
(4: 1) as the eluent to afford pure 57 (17 mg, 89%); 'H nmr (CDCI3, 
6 ppm): -0.07 and 0.04 (6H, 2s, -OSi(CH3)2C(CH3)3), 0.91 (9H, 
s, -OSi(CH,),C(CH,),), 1.32 (3H, s, -CH,), 1.56-1.75 (3H, m, 
-CH2-CHH-CH(0Bz)-), 2.15 ( lH,  ddd, J = 3, 12, and 12 Hz, 
-CH2-CHH,,-CH(0Bz)-), 2.25 ( lH, d, J = 13.4 HZ, -C(C0,CH,)2- 
CHH-), 2.43 (IH, s, -CH-CH=), 2.50 ( lH ,  d, J = 15.5 HZ, 
-C(OMOM)-CHH-), 2.72 ( lH ,  d ,  J = 15.5 HZ, -C(OMOM)- 
CHH-), 2.82 ( lH ,  m, -CH-CH=), 2.91 (IH, dd, J = 7.5 and 
13.5 Hz, -C(C02CH,),-CHH-), 3.35 (3H, s, -OCH,), 3.69 and 3.72 
(6H, 2s, (CO,CH,),), 4.19 ( lH ,  dd, J = 2.5 Hz and 2.5 Hz, 
-CH(OTBDMS)-), 4.71 ( lH,  d, J = 7.4 Hz, -0CHHO-), 4.79 (IH, 
d, J = 7.4 Hz, -0CHHO-), 4.90 (IH, ddd, J = 3, 5, and 
12.5 Hz, -CH,,,(OBz)-), 5.38 (2H, s, -CH=CH-), 7.42 (2H, rn, 
meta-H of OBz), 7.55 (IH, m, para-H of OBz), 8.04 (2H, m, 
ortho-H of OBz). 

rel(IS,2R,6S,9S, IOR, I I R)-11 -Benzoyloxy-10-tert-butyldirnethyl- 
s i l y l o x ) ~ - 4 , 4 - b i s - m e t h o x y c a r b o n y l - 2 - m e ~ - l -  
methyltricycl0[7.4.0.0'.~]tridec-7-ene (58) 

Using procedure A described above, compound 56 (16 mg, 
3 1.3 pmol) afforded, after flash chromatography, compound 58 
(16.5 mg, 86%); ir (CH2CI2, v cm-I): 3050, 2980, 1730; 'H nmr 
(CDCI,, 6 ppm): 0.12 and 0.16 (6H, 2s, -OSi(CH,)2C(CH3)3), 0.92 
(9H, s, -OSi(CH,)2C(CH,),), 1.29 (3H, s, -CH,), 1.48-1.92 (3H, 
m, -CHI-CHH-CH(0Bz)-), 2.12 (1 H, m, -CHI-CHH,-CH(0Bz)-), 
2.28 ( lH ,  d, J = 13.3 Hz, -C(C02CH,),-CHH-), 2.3 1 ( lH,  m, 
-CH-CH=), 2.53 ( lH,  d, J = 15.6 HZ, -C(OMOM)-CHH-), 2.72 
(1 H, d, J = 15.6 Hz, -C(OMOM)-CHH-), 2.92 ( 1 H, d, J = 13 HZ, 
-C(C02CH3),-CHH-), 2.93 ( lH,  m, -CH-CH=), 3.36 (3H, s, 
-OCH3), 3.66 and 3.72 (6H, 2s, (C02CHJ2), 4.00 ( lH,  s, 
-CH(OTBDMS)-), 4.74 ( lH,  d, J = 7.4 HZ, -0CHHO-), 4.80 ( lH,  
d, J = 7.5 HZ, -0CHHO-), 4.99 (1 H, d, J = 2.6 HZ, -CH,,(OBz)-), 
5.20 ( lH ,  d, J = 10 Hz, -CH=CH-), 5.28 ( lH ,  d, J = 10 Hz, 
-CH=CH-), 7.42 (2H, dd, J = 7.5 and 7.5 Hz, meta-H of OBz), 
7.55 ( lH ,  m, para-H of OBz), 7.99 (2H, m, ortho-H of OBz). 
Exact Mass calcd. for C,,H,,O,lSi: 585.2883 (M' - OMe); found: 
585.2876 * 0.0017. 

rel(IS,2R,6S,9S,IOR,IIS)-1 I-Benzoyloxy-10-ten- 
butylditnethylsilyloxy-4,4-bis-methoxycnrbor~~l-l- 
methylrricyclo[7.4.0.0-'~~]tridec-7-e~~-2-o1 (59) 

Procedure B 
TO a solution of 57 (17 mg, 0.028 mrnol) in tetrahydro- 

furan:water (4: 1) (5.5 mL) was added a solution of 6 M hy- 
dro.chloric acid (15 drops). The mixture was stirred at room 
temperature for 15 h and a saturated solution of sodium bicarbon- 
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ate was added. The mixture was extracted with methylene chlo- 
ride; the organic layer was dried over sodium sulfate and 
evaporated. The residue was purified by flash chromatography us- 
ing hexane:ethyl acetate (7: 3) as the eluent to afford pure alcohol 
59 (16 mg, quantitative); 'H nmr (CDCI,, 6 pprn): -0.08 and 0.03 
(6H, 2s, -OSi(CH,)2-C(CH3)3), 0 .9 1 (9H, s ,  -OSi(CH,),C(CH,),), 
1.32 (3H, s,  -CH,), 1.55-1.80 (3H, m, -CH,-CHH-CH(0Bz)-), 
2.1-2.35 (2H, m, -CH2-CHH-CH(0Bz)- and -CH-CH=), 2.13 
( l H ,  S, -C(OH)-CHH-), 2.31 ( l H ,  S, -C(OH)-CHH-), 2.39 ( IH,  
d ,  J = 14.3 Hz, -C(C02CH3)Z-CHH-), 2.64 ( lH,  m, -CH-CH=), 
2.76 ( lH,  dd, J = 7.5 and 14.3 Hz, -C(C02CH3)?-CHH-), 3.72 and 
3.76 (6H, 2s, (C02CH,)2), 4.19 ( l H ,  dd, J = 2 and 2 Hz, - 
CH(0TBDMS)-), 4.91 ( lH,  ddd, J = 3, 3, and 12 Hz, -CH(OBz)- 
), 5.41 ( I H ,  d, J = 10 Hz, -CH=CH-), 5.49 ( l H ,  d,  J = 10 Hz, 
-CH=CH-), 7.42 (2H, m, rneta-H of OBz). 7.55 ( IH,  m, para-  
H of OBz), 8.04 (2H, m, ortho-H of OBz). 

rel(IS,2R,6S,9Sj IOR,IIR)-I I-Benzoylox~r-10-tert- 
butyldimethylsily loxy-4,4-bis-methoxycarbony 1- I - 
methyltricycl0[7.4.0.0?~~]tridec-7-etz-2-01(60) 

Using procedure B, compound 58 (16 mg, 0.026 mmol) af- 
forded, after flash chromatography, compound 60 (14.5 mg, 98%); 
ir (CH2CI,, v cm-I): 3600, 3050, 2960, 2930, 2860, 1720; 'H nmr 
(CDCI,, 6 pprn): 0.11 and 0.17 (6H, 2s, -OSi(CH3)2C(CH3),), 0.93 
(9H, s ,  -OSi(CH3)2C(CH3)3), 1.30 (3H, s,  -CH3), 1.53-1.90 
(3H, m, -CH2-CHH-CH(0Bz)-), 2.07-2.17 (IH,  m, -CH2-CHH- 
CH(0Bz)-), 2.15 ( lH,  S, -C(OH)-CHH-), 2.23 ( lH,  S, -CH-CH=), 
2.34 (1 H, s,  -C(OH)-CHH-), 2.38-2.47 (1 H, m, -C(CO,CH,)Z- 
CHH-), 2.74 (IH, s ,  -CH-CH=), 2.75 ( IH,  m, -C(CO,CH,),- 
CHH-), 3.71 and 3.76 (6H, 2s, (C02CHJ2), 4.00 ( l H ,  m, 
-CH(OTBDMS)-), 5.01 (IH, d, J = 3 Hz, -CH(OBz)-), 5.25 ( lH,  
dm, J = 10 Hz, -CH=CH-), 5.37 ( l H ,  dm, J = 10 Hz, 
-CH=CH-), 7.42 (2H, m, meta-H of OBz), 7.55 ( l H ,  m, para-H 
of OBz), 8.00 (2H, m, ortho-H of OBz). Exact Mass calcd. for 
C31H,.,08Si: 555.2778 (M' - OH); found: 555.2760 * 0.0016. 

rel(lS,2R,4R,6S,9S,IOR, I IS)-] I-Berzzoyloxy-4- 
ttzettzoxycarbotzyl-l -rnerh~ln-ic~~clo[7.4.0.0~~~~ridec-7-en-10- 
01-4,2-carbolactor7e (61) 

Procedure C 
To a solution of 59 (16 mg, 0.028 mmol) in tetrahydrofuran 

(10 mL) was added a solution of tetrabutylammonium fluoride 
(56 p.L, 0.056 mmol). The mixture was stirred at room tempera- 
ture for 90 min and the solvent was evaporated. The residue was 
purified by flash chromatography using hexane:ethyl acetate (3:2) 
as the eluent to afford pure 61 (2.5 mg, 19%) and 62 (6 mg, 6 1 %). 

Cornpo~1rzd 61 (less polar): ir (CH2C1,, v cm-I): 3600, 3050, 
2980, 1780, 1735, 1715; 'H nmr (CDCI3, 6 pprn): 1.42 (3H, s ,  
-CH3), 150-2.22 and 2.35-2.55 (9H, m,  4 X -CH2- and -CH- 
CH=), 2.80 (1 H, m, -CH-CH=), 3.82 (3H, s ,  C02CH3), 4.23 
( 1  H, dd, J = 2 and 2 Hz, -CH(OH)-), 5.02 (1 H, ddd, J = 2.5, 3.5, 
and 12 Hz, -CH(OBz)-), 5.42 ( l H ,  ddd, J = 2, 2, and 10 Hz, 
-CH=CH-), 5.73 (.IH, .ddd, J = 2.5, 2.5 ,and 10 Hz, -CH=CH-), 
7.47 (2H, m, rnetn-H of OBz), 7.60 ( lH,  m, para-H of OBz), 8.04 
(2H, m, ortho-H of OBz). Exact Mass calcd. for C24H2607: 
426.1678 (M'); found: 426.1675 * 0.0013. 

Cortzpourzd 62 (more polar): ir (CH2C12, v cm-'):  3600, 3050. 
2980, 1785, 1735; 'H nmr (CD2CI2. 6 pprn): 1.32 (3H, s ,  -CH,), 
1.53-2.00 and 2.28-2.46 (9H, m, 4 x -CH,- and -CH-CH=), 2.73 
(IH.  m, -CH-CH=), 3.60 (IH,  ddd, J = 2.5, 3.5, and 12 Hz, 
-CH(OH)-CHI-), 3.77 (3H, s, C02CH,), 3.95 (IH,  dd, J = 2.8 and 
2.8 HZ, -CH,-CH(0H)-CH(0H)-), 5.33 ( IH,  ddd, J = 2.2,  2.2, 
and 10.1 Hz, -CH=CH-), 5.64 (IH,  ddd, J = 2.7, 2.7, and 
10.2 Hz, -CH=CH-). Exact Mass calcd. for CI7Hz2O,: 322.1416 
(M'); found: 322.1413 * 0.0009. 

rel(lS,2R,4R,6S,9S, IOR, 1IR)-I  l-Berzzo.vlosy-4- 
rnetho.rycarborzy1-I -1?zettzyltric~~clo[7.4 .0.0'."tridec-7-erl- 10- 
01-4.2-car~bolactotze (63) 

Using procedure C,  compound 60 (7.5 mg, 0.013 mmol) af- 
forded, after flash chromatography, compound 63 (4.5 mg, 8 1 %); 
ir (CH2CI2. v cm-I): 3600, 3050, 2980, 1785, 1735, 17 10: IH nmr 

(CDCI,, 6 pprn): 1.42 (3H, s,  -CH3), 1.54-2.62 (9H, m, 4 x -CH,- 
and -CH-CH=), 2.94 (1 H, m, -CH-CH=), 3.82 (3H, s,  CO,CH,), 
4.17 (I  H, S, -CH(OH)-), 5.17 (IH,  d, J = 2.8 Hz, -CH(OBz)-), 
5.33 (IH,  ddd, J = 2.2, 2.2, and 10.1 Hz, -CH=CH-), 5.60 ( lH,  
ddd, J = 2.7, 2.7, and 10.1 Hz, -CH=CH-), 7.44 (2H, m, meta- 
H of OBz), 7.58 ( l H ,  m, para-H of OBz), 7.99 (2H, m, ortho-H 
of OBz). Exact Mass calcd. for C24H1607: 426.1678 (M'); found: 
426.1688 2 0.0013. 

rel(IS,2R,4R,6S,9S, I IS)-I1 -Betzzoyloxy-4-methoxycarbonyl-I- 
1neth~lrric~clo[7.4.0.o-'~~]tridec-7-en-IO-one-4,2- 
carbolnctone (64) 

To a solution of 61 (1 mg, 2.2 p.mol) in methylene chloride 
(1 mL) was added pyridinium chlorochromate (5 mg, 23.2 kmol). 
The mixture was stirred at room temperature for 3 h and was fil- 
tered on Florisil using ethyl acetate as a solvent. The solvent was 
evaporated and the residue was purified by flash chromatography 
using hexane:ethyl acetate (3:2) as the eluent to afford pure ke- 
tone 64 as the only product; ir (CH2CI2, v cm-I): 3030, 2960, 2930, 
2860, 1790, 1740; 'H nmr (CDCI,, 6 pprn): 1.30 (3H, s,  -CH3), 
1.50-2.55 (8H, m, 4 X -CH,-), 3.00 (2H, m, -CH-CH=CH-CH-), 
3.83 (3H, s ,  C02CH,), 5.52 ( lH,  dd, J = 7.5 and 7.5 Hz, 
-CH(OBz)-), 5.58 ( l H ,  dm, J = 10 Hz, -CH=CH-), 5.92 (IH,  
ddd, J = 2.5, 2.5, and 10 Hz, -CH=CH-), 7.5 (3H, m, meta-H 
and para-H of OBz), 8.09 (2H, m, ortho-H of OBz). Exact Mass 
calcd. for C2,H2,07: 424.1514 (M+); found: 424.1514 2 0.0012. 
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Diels-Alder reaction 
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ANNE MARINIER and PIERRE DESLONGCHAMPS. Can. J.  Chem. 70, 2350 (1992). 
The racemic and chiral synthesis of trans-cis-cis macrocyclic triene 5 is described. Heating this compound at 262OC 

leads via a transannular Diels-Alder reaction to the tricyclic structure 6, which can be Further transformed into tricyclic 
compound 7. This work constitutes a preliminary study for the synthesis of corticoids. 

ANNE MARINIER et PIERRE DESLONGCHAMPS. Can. J .  Chem. 70, 2350 (1992). 
On decrit la synthese rackmique et chirale du triene macrocyclique trans-cis-cis 5. En chauffant 262"C, ce compose 

subit une reaction de Diels-Alder transannulaire et conduit 2 l'adduit tricyclique 6 qui peut &tre transform6 dans le com- 
pose 7. Ce travail constitue une etude preliminaire en vue de la synthese de corticost6roi'des. 

Introduction 

Recent interest in organic synthesis focused on macro- 
cyclic compounds. Indeed many naturally occurring mole- 
cules containing medium and large rings have been isolated 
and progress in their synthesis led to the development of good 
methods of cyclization (1, 2). These investigations also re- 
vealed that intermolecular reactions of such macrocyclic 
structures might occur with high chemo, regio, and stereo- 
selectivity (3, 4). 

Very recently we pointed out the enormous synthetic po- 
tential residing in intramolecular reactions of macrocyclics, 
particularly transannular processes of such systems (5, 6). 
These transformations occur with high regio and stereose- 
lectivity due to conformational restriction and proximity ef- 
fects that become operative, increasing the rate of one 
reaction at the expense of others normally competing. Thus 
transannular processes on macrocarbocyclics are powerful 
tools for the synthesis of complex polycyclic skeletons (6c). 
For example, the Diels-Alder reaction of 14- or 13-mem- 
bered macrocycles (1 + 2 or 3 + 4) (Scheme 1) should 
represent a good synthetic approach to polycyclic systems 
such as diterpenes, triterpenes, steroids, etc. Recent papers 
from our laboratory (7) and by Takahashi et al .  (8) con- 
firmed this prediction and showed the great potential of the 
transannular Diels-Alder reaction for the synthesis of nat- 
ural products. We now wish to report our work on a new 
approach to the synthesis of corticosteroids. 

Most of the natural corticosteroids have the trans-anti-trans 
(TAT) ring junction for the A, B, and C rings of the carbon 
skeleton. However, in recent communications, (7e, d )  we 
demonstrated that the transannular Diels-Alder strategy is 
not appropriate for the direct construction of the TAT ring 
junction. On the contrary, the trans-syn-cis (TSC) ring 
junction is directly and easily accessible by the Diels-Alder 
reaction of a trans-cis-cis (TCC) macrocyclic triene (5). The 
hydroxyl or the keto group at position 11 in corticosteroids 
not only provides a route for a subsequent epimerization at 
C9, thereby delivering systems having TAT stereochemis- 
try, but can also be exploited to induce chirality. 

We report herein, as a preliminary study for the synthesis 

'NSERCC and FCAR predoctoral fellowships, 1988-1990. 
'~uthor  to whom correspondence may be addressed. 

of corticoids, the racemic and chiral syntheses of macro- 
cyclic compound 5 as well as its transformation into tri- 
cyclic compound 7 via compound 6 (Scheme 1). 

Results and discussion 
Racemic synthesis of macrocyclic triene 5 

As previously described (7j), the synthesis of macro- 
cyclic triene 5 was based on our original convergent ap- 
proach (7c, e). Scheme 2 summarizes the preparation of the 
Z dienophile moiety. Thus alcohol 8 (9) was first benzy- 
lated, followed by removal of the benzylidene protecting 
group in acidic medium (85%). Diol 10 was then monosi- 
lylated ( 10) (5 1 %) to afford alcohol 11, which was oxidized 
(1 1) to aldehyde 12. Without further purification, this crude 
aldehyde was used in a Wittig reaction with the ylide 
derived from the phosphonium salt 14. The latter was pre- 
pared by condensing the THP derivative (12) of 2-bromoe- 
than01 13 with ethyltriphenylphosphonium bromide (13a). 
The Wittig reaction provided a 55:45 mixture of Z and E 
olefins in a 63% yield from 11. The geometry of these iso- 
mers was easily established by "C nmr spectroscopy. The 
C4-methyl in the E isomer, which is cis-disposed to the chain, 
displays a higher field chemical shift (17.1) than the corre- 
sponding trans-disposed methyl in the Z isomer (23.8). On 
the contrary the CS-methylene displays a higher field chem- 
ical shift (32.8) in the Z isomer than the corresponding C5- 
methylene in the E isomer (39.7). These findings are in 
complete agreement with assignments for Z and E olefins 
(13b). Furthermore, the stereochemistry of our olefin was 
firmly secured by a chemical proof (vide itzfra). 

After chromatographic separation, the pure Z olefin 15a 
was desilylated (14) to give alcohol 16a, which was smoothly 
converted into the corresponding mesylate 17a (92%) fol- 
lowed by conversion into mesylate 20a facilitated its intra- 
molecular cyclization to 21, demonstrating ipso-facto the 
presence of the Z geometry. The same sequence of reac- 
tions was effected with the E isomer. The E compound 20b 
was, however, unable to cyclize in the same conditions used 
for the Z isomer 200. 

Dienophile 20a and the trans-cis diene 22 (7c) were cou- 
pled in dimethylformamide and tetrahydrofuran (1 : I) ,  pro- 
ducing triene 23 in 84% yield (Scheme 3). Subsequent 
alkylation with the anion of dimethyl malonate at 80°C gave 
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MARINIER AND DESLONGCHAMPS 

5 (TCC) 6 (TSC) 7 (TAT) 

a d 
+ n + 

OR, OR, OSiPh,t-Bu 

e OTH P f 
Br - B r  Ph3P+ 

g phcH20fi + phTfloR - , P h C H 2 0 g H 3  

l2 + l4 chrom- 
RO OTHP 

E a: Z b: E 
E E 

a: Z b: E 

(a) PhCHqBr, NaH, THF, O°C to r.t. (b) HCI lo%, Hz0 (85%) (c) t-BuPh2SiC1, imidazole, THF, r.t. (51%) (d) (COC1)2, 
DMSO, Et3N, CH2C12. -78OC to r.t. (e) DHP, PPTS, CH2C12, r.t. (82%) (f) (i) BrPh3P+CH2CH3, HMDSK, toluene, THF, 0°C 
(ii) 13, THF, 48 h, r.t. (81%) (g) (i) 14, BuLi, hexane, M F ,  -78°C to 0°C (ii) 12, THF, chromatography (cis = 36%, trans = 
27% from alcohol 11) (h) nBuqNF, THF, O°C to r.t. (93%) (1) CH3S02CI, Et3N, CH2C12, 0°C (j) CH2(C02CH3)2, NaH, 
THFIDMF 1 :I, KI, 85OC (84%) (k) CH30H, PPTS, reflux (92%) (I) HMDSNa, MFIDMF 1 :1, 80°C, 4.5 x 10" M (77%) 

compound 24 (go%), which, after desilylation (14) (91%), was allowed to cyclize under high-dilution conditions 
led to alcohol 25. The latter was then converted to the (Cs2C0,, THF/DMF 1 : 1, 70°C, 10 h, 2.5 x M, slow 
corresponding allylic chloride 26 by the procedure of addition) to afford macrocyclic compound 5 (R = CH2Ph) 
Collington and Meyers (15). Finally, the crude chloride 26 (75% from alcohol 25). 
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(a) (i) 20a, NaH, THFIDMF 13, O°C to r.t. (ii) 22, THFIDMF 1:1, r.t. (84%) (b) (i) CH2(C02CH3)2, NaH. THFIDMF 1 :1 (ii) 23, 
THFIDMF, 80°C (80%) (c) n-BuqNF, THF, O°C to r.t. (91%) (d) CH3S02CI, s-collidine, LiCl. DMF, r.t. (e) Cs2C03, 
DMFrrHF 1.1, 2.5 x 10" M, 75"C, slow addition (75% from alcohol 25) (1) sealed tube, toluene, 270°C, 2.75 h (84%) (g) 
SnCh, CH2C12, r.t. (87OA) (h) PCC, CH2C12, r.t. (87"/0) (I) Na2C03, CHBOH, 50°C, 9h (94%) (j) PTSA, C6H6, reflux (86%) 

Clzir-a1 synthesis of macrocyclic tr-iene 5 
The chiral dienophile moiety was synthesized as indi- 

cated in Scheme 4. Thus 3-bromobutyric acid 30 was first 
treated with triphenylphosphine to give the corresponding 
phosphonium salt 31 (94%). Without further purification, the 
acid function of the phosphonium salt was esterified to its 
methyl ester 32 in 8 1 % yield after crystallization. Reduc- 
tion of ester 32 with diisobutylaluminum hydride produced 
alcohol 33a in 62% yield. The corresponding phosphonium 
bromide 33b was also prepared by methanolysis of the 
phosphonium salt 14 in the presence of pyridinium 1,-tolu- 
enesulfonate (83%). 

A Wittig reaction with aldehyde 34 (16) in tetrahydro- 
furan led to a Z and E mixture (5: 1) of olefins 35 in 60% 
yield. The respective geometries were assigned by I3c nu- 
clear magnetic resonance as described above. The optical 
purity of the separated Z olefin 35a was verified in the fol- 

lowing manner. The hydroxyl functionality was protected as 
a silyl ether (10) leading to 36 (79%), which, after hydro- 
lysis, provided diol 37 in 55% yield. Subsequent monotos- 
ylation of diol37 to alcohol 38 (72%) allowed esterification 
with the chiral acid 40 and gave Mosher ester 39 (90%). This 
compound proved to be one single diastereomer by 'H  nmr 
spectroscopy. The same sequence of reactions was carried 
out with the S enantiomer of silyl ether 36, already synthe- 
sized in our laboratory (7g). In this case, a different isomer 
of compound 39 (99%) was obtained, also homogenous by 
'H nmr spectroscopy. 

The Z isomer of olefin 35, purified by column chroma- 
tography, was benzoylated (89%) (Scheme 5) and then hy- 
drolyzed to afford diol42 (87%). After monotosylating diol 
42, the remaining free hydroxyl group was protected via 
treatment with p-methoxybenzyltrichloroacetimidate ( 17) 
(73%). Alkylation of benzyl ether 44 with dimethyl malon- 
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MARINIER AND DESLONGCHAMPS 

(a) PPh3, toluene, reflux, 48 h (b) CH31, Na2C&, Nal, acetone, reflux, 12 h (81%) 
(C) DIBAL,CH2CI2, -7B0C, 2 h (62%) (d) pPTS, CH30H. 50°C, 18 h (83%) 
(e) (i) 33, BuLi, hexane. M F ,  -78OC to O°C; (ii) 34, THF, chromatography 
(cis=50%, trans=lO%) (1) t-BuPh2SiCI, imidazole, DMF, 4 h (79%) 
(g) PPTS, CH30H, r.t., 4 h (55%) (h) TsCI, NEt3, DMAP, CH2CI2, r.t., 3 h (60%) 
(I) Ph(OCH3)CHCOOH (40), DCC, DMAP, CH2CI2, r.t., 0.5 h (99%) 

ate furnished compound 46 (72%). This adduct was then 
submitted to the coupling conditions previously described, 
yielding triene 47 in 87% yield. Alkylation with dimethyl 
malonate carried out on iodide 45 instead of tosylate 44 gave 
about the same yield (77%). 

Hydrolysis of benzoate 47 in methanol afforded alcohol 
48 (94%), which was transformed into mesylate 49 in 97% 
yield. The same strategy as described above was then ap- 
plied to mesylate 49. Thus condensation with the anion 
originating from dimethyl malonate (84%) followed by a 
treatment with fluoride ions gave alcohol 51 (94%) via 
compound 50. Conversion of this alcohol into the corre- 
sponding allylic chloride 52 then allowed the cyclization 
leading to macrocyclic triene (-)5 (R = CH,C,H,OCH,) 
obtained in 78% yield for the last two steps. 
Transannular Diels-Alder reaction of macrocyrlic 

trienes 5 
When heated at 270°C for 2.75 h, racemic macrocyclic 

triene 5 (R = CH2Ph) underwent transannular Diels-Alder 

reaction to give, in 84% yield, tricyclic compound 6 (R = 
CH,Ph) and a mixture of two minor compounds, which were 
not separable by column chromatography (Scheme 3). The 
stereochemistry of the five asymmetric centers in the major 
compound can be predicted by an analysis of the possible 
transition states (see Scheme 6). Thus, the relative stereo- 
chemistry TSC at the ring junctions becomes apparent after 
examination of such transition states; only transition states 
2 and 3 are structurally allowed. Approach 1 is not possible 
because it is sterically impossible to get the boat form of the 
central ring with a 1,2-diaxial disposition of ring C. Also, 
despite the equatorial disposition of the benzyl ether in ap- 
proach 3 and the 1,3-diaxial interaction between one of the 
esters E and the benzyl ether in approach 2, the latter will be 
favored since the benzyl ether is sterically less encumbered 
and therefore energetically favored. Consequently, the major 
compound should be compound 6a with an equatorial ben- 
zyl ether after conformational change. This orientation was 
confirmed by nmr spectroscopy of the proton adjacent to the 
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(a) BzCI, NEb, DMAP, CH2CI2, r.t., 1.5 h (89%) (b) pTSA, CH30H, r.t., 1.5 h (87%) 
(C) TsCI, NEt3, DMAP, CH2CI2, O°C, 1.5 h (72%) (d) CI3CC(NH)OCH2C6H40CH3, 
TfOH, E120, O°C, 3 h (73%) (e) Nal, nBu4NI, acetone, 50°C. 70 h (99%) (f) CH2(C02CH3), 
NaH, THFIDMF 1 :I, KI, 85°C (no/,) (g) (i) NaH, MFIDMF 1:1, O°C to r.t.; (ii) 22, THFI 
DMF 1 :I, r.t. (87%) (h) K2C03, CH30H, G°C, 4 h (94%) (1) CH3S02CI, NEb,CH2CI2, 
O°C, 0.5 h (97%) (j) CH2(C02CH3)2, NaH, THFIDMF 1:1, KI, 80°C (84Oh) (k) nBu4NF, 

'. THF, O°C to r.t. (94%) (1) CH3S@CI, NEb, scollidine, LiCI, DMF, r.t. (m) Cs2C03. 

DMFfrHF 1 :I, 2.5 x lo3 M, 75OC, slow addition (78% from 51) (n) sealed tube, toluene, 
262°C. 3 h (82%) (0) DDQ, H20, CH2CI2 (76%) 

benzyl ether (3.76 ppm, doublet of doublets of doublets, 9.9, 
9.9, and 4.4 Hz). Two larger coupling constants indicate an 
axial hydrogen and therefore an equatorial benzyl ether. It 
can also be predicted that one of the minor compounds should 
have an axial benzyl ether by virtue of the signal observed 
at 4.01 ppm (doublet of doublets of doublets, J = 2.7 Hz), 
which corresponds to the proton adjacent to the benzyl ether. 
Moreover, the TSC stereochemistry of the ring junctions 

could be established following an unequivocal chemical 
transformation in the chiral series (vide infm). 

Diels-Alder reaction of the chiral macrocyclic triene was 
performed at 262°C in a sealed tube for 3 h (Scheme 5).  As 
for the racemic compound, a major tricyclic colnpound was 
isolated in 84% yield along with a mixture of two minor 
compounds in 15% yield. The 'H nmr spectrum of the major 
compound shows the same characteristic peaks observed in 
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MARINIER AND DESLONGCHAMPS 

5 L impossible 1 
Transilion state 1 

4; \ / - I E d E ]  - d : w H E ~ E ~  - - i / 
E 

- 
OR - E / H H - 

CH3 
H 

CH3 H 
6a R = Bn or MPM 6a R = Bnor MPM 

Trans~lton slate 2 

E 
RO 

CH3 

Transition stale 3 66 R=Bnor MPM 
En= CH2C6H5 
MPM = CH2C6H40CH3 
E = C02CH3 

the 'H nmr spectrum of the major racemic tricyclic com- 
pound. 

Sytzthesis of the trans-anti-trans tricyclic compounds 7 
Removal of the benzyl protecting group in the racemic 

series was achieved with tin tetrachloride in dichlorometh- 
ane (18) (87%) (Scheme 3) and with 2,3-dichloro-5,6-di- 
cyano-l,4-benzoquinone for the chiral series (76%) (Scheme 
5). The resulting alcohol 27 was then oxidized by pyridin- 
ium chlorochromate to afford ketone 28 (Scheme 3) in 87% 
yield. The TSC relative stereochemistry of this ketone was 
confmed by a single crystal X-ray diffraction analysis (19). 

When these two reactions were performed on the two- 
compound mixture isolated from the chiral sequence, the 
same ketone 28 was obtained, thus proving the TSC stereo- 
chemistry and hence the structure 66 proposed for one of the 
compounds in the m i ~ t u r e . ~  Finally, treatment with sodium 

chemistry at position C11. This has also been proven by the 
chiral synthesis of a tricyclic compound starting from an 
optically active precursor that had the appropriate absolute 
configuration for the C11 secondary benzyl ether. More- 
over, the synthesis of lactone 29 allows a good differentia- 
tion of the two esters of a malonate. The carbonyl carbon of 
this lactone moiety could represent a precursor for the C18 
hemiacetal function of aldosterone or other corticoids of this 
type. 

Hence, this preliminary work demonstrates that a trans- 
annular Diels-Alder reaction on a suitable macrocycle fol- 
lowed by epimerization gives ready access to a tricyclic 
compound having a TAT stereochemistry. In addition, this 
method could be very promising for the synthesis of opti- 
cally active corticosteroids. Work in this direction is cur- 
rently underway in our laboratory. 

carbbnate in methanol at 65OC over 2.5 h converted ketone Experimental 
28 into another ketone 7 (94%), which was spectroscopi- 
cally and chemically different from the former (Scheme 3). Infrared spectra were recorded on a Perkin-Elmer 68 1 spectro- 

photometer. The 'H nmr and 'k nmr spectra were taken on a 
This ketone must have the desired TAT Bnlker WM-250 spectrometer. The following abbreviations are used 
chemistry obtained by isomerization at position C9. It must in the text: s. singlet; d, doublet; t ,  triplet, q, quadruplet; m, mul- 
finally be noted that acidic treatment of alcohol 27 provided tiplet, M~~~ spectra (ms) were recorded on a V G - M ~ ~ ~ ~ ~ ~ ~ ~  ZAB- 
lactone 29 in 86% yield. 1F mass spectrometer. Melting points (mp) were measured on a 

Buchi apparatus and were not corrected. Thin-layer chromatogra- 
Conclusion phv (tlc) was performed using silica gel 60 F-250. For flash chro- . - 

matography ~ e r c k  Kiesel (no. 9385) was used. Acetonitrile, The formation of One diastereomer in the amines, dimethylformamide (DMF), hexamethylphosphoramide 
reaction points Out the of (HMPA), and dichloromethane (CH2CI2) were distilled from cal- 

cium hydride; methanol from magnesium and iodine; acetone and 
3 ~ h e  second minor product in the mixture was not identified. ethyl acetate from potassium carbonate; benzene, toluene, diethyl 
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ether, and tetrahydrofuran (THF) from sodium and benzophenone 
ketyl. Unless otherwise specified, all reactions were carried out in 
a dry apparatus under argon or nitrogen. 

I -Bronze-2-[(2-tetrahydropyratzyl)oxy]-ethane (13) 
To a stirred solution of 2-bromoethanol (74.93 g ,  599.6 mmol) 

in dichloromethane (35 mL) were added, at O°C, pyridinium p- 
toluenesulfonate (755 mg, 3.0 mmol) and dihydropyran (3.70 g, 
44.0 mmol). The mixture was stirred for 1 h at room temperature. 
Potassium carbonate was then added and the mixture was filtered. 
After concentration, the residual oil was purified by column chro- 
matography (5% to 10% of ethyl acetate in hexane) to yield bro- 
mide 13 (107.97 g, 86%); bp 70-75°C at 20 Torr (1 Torr = 
133.3 Pa); ir (CHCl,) v: 3010, 2945, 2875, 2850, 1205, 1132, 
1122, 1090, 1032 cm-I; 'H nmr (CDCl,) 6: 4.68 (IH, t, J  = 
3.3 HZ, -0-CH-0-), 4.02 (1 H, dt, J  = 1 1.2, 6.2 HZ, -CH,OTHP), 
3.94-3.85 (1 H, m, -CH,-0-CH-0-), 3.77 (IH, dt, J  = 11.4, 
6.3 Hz, -CH,OTHP), 3.57-3.48 (3H, m, -CH2-0-CH-0- and 
-CH,Br), 1.88-1.50 (6H, m, -0-CH,-(CH,),-); ms m/e (70 eV): 
207 (M+ - H). Exact Mass (M+) calcd: 207.0021; found: 
207.0020. 

3-[(2-Tetrahydropyranyl)oq]-I -rnethylpropyltriphetzylp/zos- 
plzonium bromide (14) 

Potassium bis(trimethylsily1)amide (122.4 mL, 0.5 M in tol- 
uene) was added to a suspension of ethyltriphenylphosphonium 
bromide (22.70 g, 61.2 mmol) in tetrahydrofuran (100 mL) at 
-78°C. The mixture was stirred at room temperature for I h and 
bromide 13 (19.18 g, 91.8 mmol) was then added at 0°C. The 
mixture was stirred at room temperature for 48 h. The white solid 
formed was filtered and dissolved in dichloromethane. After 
evaporation of dichloromethane, the solid was recrystallized from 
dichloromethane and hexane to yield the phosphonium salt 14 
(24.74 g, 81%); mb 197-198°C; ir (CHCl,) v: 3010, 2940, 1440, 
1240, 1 1 15, 1080, 1035 cm-I; 'H nmr (CDCl,) 6: 8.03-7.66 (15H, 
m, 3 x -C&15), 5.09-4.99 ( lH,  m, Br-P+Ph,-CH(CH3)-), 4.60- 
4.58 ( lH ,  m, -0-CH-0-), 4.19-4.09 (1 H, m, -0-CH-0-CH,-), 
3.91-3.80 (2H, m, -CH20THP), 3.55-3.46 ( lH,  m, -0-CH-O- 
CHI-), 2.35-2.17 (IH, m, -CH(CH,)-CH2-), 1.86-1.36 (7H, m, 
-CH(CH,)-CH2- and -0-CH,-(CH,),-), 1.44 (3H, dd, J  = 19.8, 
6.9 Hz, -CH(CH,)-). 

2-Benz~~loql-1,3-propanediol(ZO) 
5-Hydroxy-2-phenyl-l,3-dioxane 8 (4.98 g, 27.7 mmol) (9) was 

added at O°C to a stirred suspension of sodium hydride (1.23 g, 60% 
in oil, 30.7 mmol) in tetrahydrofuran (120 mL). The mixture was 
stirred at room temperature for 10 min. The temperature was re- 
duced to O°C and then benzyl bromide (3.62 mL, 30.4 mmol) was 
added. After stirring the solution at room temperature for 3 h, half 
of the tetrahydrofuran was evaporated followed by addition of water 
(36 mL) and 10% aqueous hydrochloric acid (84 mL). The mix- 
ture was heated to reflux for 1.5 h, then poured into a saturated 
solution of sodium carbonate and extracted with ethyl acetate. The 
organic layers were combined, dried over anhydrous magnesium 
sulfate, filtered, and concentrated. The residual oil was purified by 
colun~n chromatography (50% to 100% of ethyl acetate in hexane) 
to afford diol 10 (4.30 g, 85%); ir (CHC1,) v: 3600, 3580, 3050, 
2930, 2880, 1260, 1 1 10, 1060 cm-I; 'H nmr (CDC1,) 6: 7.42-7.29 
(5H, m, -CH2-Ca5),  4.67 (2H, s, -CH2C6H5), 3.84-3.69 (4H, 
m, -CH?-CH(0Bn)-CH2-), 3.61 ( lH ,  q, J  = 4.6 Hz, -CH- 
(OCH2-C6H5)), 2.05 (2H, s, -CH,OH); ms m/e (70 eV): 182 (M+), 
151 (M+ - CH20H). Exact Mass (M+) calcd: 182.0943; found: 
182.0945. 

3-Betzzylo,xy-3-[(tert-b~~r),Idiphet1ylsi1yl)0]-pr0patz-1-01 (11) 
Imidazole (344.0 mg, 5.05 mmol) and tert- butyldiphenylsilyl 

chloride (1.26 g, 4.57 mmol) were added at O°C to a stirred solu- 
tion of diol 10 (0.832 g, 4.57 mmol) in tetrahydrofuran (20 mL). 
The solution was stirred at room temperature for 3.5 h, after which 
tetrahydrofuran was evaporated. The residual oil was purified by 
column chromatography (25% to 100% of ethyl acetate in hexane) 

to afford alcohol 11 (1.06 g, 55%), doubly protected diol 
(0.874 g, 29%), and starting material 10 (0.137 g, 16%); ir (CHC1,) 
v: 3580, 3070, 3010, 2960, 2930, 2860, 1470. 1430, 1100 cm-I; 
'H nmr (CDC1,) 6: 7.69-7.66 and 7.45-7.28 (15H, m, -OCH,Ca5 
and -OSi-(Ca5)2tBu), 4.64 (1 H, d, JAB = 1 1.7 Hz, -OCH2Ph), 4.52 
( lH,  d, J A B  = 11.7 Hz, -OCH,Ph), 3.84-3.71 (4H, m, -CH,OH 
and -CH,OSiPh,tBu), 3.67-3.60 (1 H, m, -CH(OBn)-), 2.08 ( lH, 
s, -CH20H), 1.06 (9H, s, -OSiPh,C(CH,),); ms tn/e (70 eV): 285 
( M k  - tBu - Ph - H). Exact Mass (M+ - tBu - Ph - H) calcd: 
285.0947; found: 285.0955. 

2-Benzyloxy-3-[(tert-bur),ldiphet2ylsilyl)oxy]-propanal (12) 
Dimethyl sulfoxide (1.64 mL, 23.11 mmol) was added slowly 

at -78°C to a stirred solution of oxalyl chloride (1.01 mL, 
11.56 mmol) in dichloromethane (28 mL). The solution was stirred 
for 10 mins and a solution of alcohol 11 (1.93 g, 4.60 mmol) in 
dichloromethane (14 mL) was added at -78°C. The mixture was 
stirred for 0.75 h and triethylamine (6.44 mL, 46.22 mmol) was 
then added at -78OC. The temperature of the mixture was raised 
to - 10°C and the solution was stirred for 0.5 h. After addition of 
water, the mixture was extracted with dichloromethane and the 
organic layer was dried over magnesium sulfate and concentrated. 
The residual oil (1.8 1 g, 94% crude) was used for the next step 
without any purification; ir (CHCl,) v: 3070, 3010, 2930, 2860, 
1738, 1730, 1430, 1115 cm-'; 'H nmr (CDCl,) 6: 9.76 (IH, d, 
J  = 1.4 Hz, -CHO), 7.69-7.64 and 7.44-7.30 (15H, m, 
-OSi(C&15)2tBu and -0-CH2Ca5) ,  4.69 ( lH ,  d, J A B  = 12.4 Hz, 
-OCH,Ph), 4.65 ( lH ,  d, J A R  = 12.4 HZ, -OCH2Ph), 3.98-3.96 
(2H, m, -CH,OSiPh,tBu), 3.91 ( lH, dd, J  = 4.0 and 1.4 Hz, OHC- 
CH(0Bn)-), 1.04 (9H, s, -OSiPh,C(CH,),); ms tn/e (70 eV): 361 
(M+ - tBu). Exact Mass (M ' - rBu) calcd: 361.1260; found: 
361.1266. 

2-Benzyloxy-I -[(tert-but),ldiphenylsily/)oxy]-6-[(2-tetra/~y~/ro- 
pyranyl)0.1:~]-4-methylhex-3-etze (15) 

Butyllithium (185 pL, 1.6 M in hexane, 0.296 mmol) was added 
at -78°C to a stirred suspension of phosphonium bromide 14 
(0.162 g, 0.325 mmol, dried under vacuum at 1 15- 120°C for 
12 h) in tetrahydrofuran (1.5 mL). The mixture was brought to 0°C 
and stirred until the solution became dark red (= 0.5 h). A solu- 
tion of aldehyde 12 (0.100 g crude, 0.277 mmol) in tetrahydro- 
furan (1.5 mL) was then added at O°C. After 10 min, the mixture 
was poured into a saturated solution of ammonium chloride and was 
extracted with ethyl ether. The combined organic layers were dried 
over anhydrous magnesium sulfate, filtered, and concentrated. The 
residual oil was purified by column chromatography (5% ethyl 
acetate in hexane) to afford Z olefin 15a (45.2 mg, 43%) and E 
olefin 15b (33.8 mg, 32%); ir (CHCl,) v, Z and E isomers: 2950, 
2855, 1112 cm-I; 'H nnlr (CDC1,) Z isomer, 6: 7.71-7.65 and 
7.41 -7.25 (15H. rn, -OCH2CcJ15 and -OSi(C,JI,),tBu), 5.16 ( lH,  
d, J  = 10.0 Hz, -CH=C(CH3)-), 4.62 ( lH ,  d, J A B  = 12.0 Hz, 
-OCHIPh), 4.48 ( lH,  m, -0-CH-0-), 4.46 ( l H ,  d, J A B  = 
12.0 Hz, -OCH?-Ph), 4.29 ( lH ,  m, -CH(OBn)-), 3.85-3.68 (2H, 
m, -CH,OTHP and -0-CH-0-CH,-), 3.79 ( lH ,  dd, J A B  = 
10.5 Hz, J A x  = 6.8 Hz, -CH,OSiPh,tBu), 3.60 (1 H, dd, JAB = 
11.5 Hz, JBx = 4.6 Hz, -CH,OSiPh,tBu), 3.50-3.40 ( lH, m, -0-  
CH-0-CH2-), 3.39-3.28 (IH, m, -CH20THP), 2.36-2.17 (2H, m, 
=C(CH3)-CH2-CH,-), 1.78 (3H, S,  -CH=C(CH3)-), 1.76- 1.42 
(6H, m, -0-CH?(CH,),-), 1.05 (9H, s, -OSiPh2C(CH3),); '" nmr 
(CDC13) Z isomer, 6: 19.6, 23.8, 25.4, 26.9, 30.6, 32.8, 62.2, 
65.7, 67.0, 70.2, 76.2,98.8, 125.5, 127.2, 127.6, 128.2, 129.5, 
133.8, 135.7, 138.2, 139.1; 'H nmr (CDC1,) E isomer, 6: 7.74- 
7.63 and 7.44-7.25 (15H, m, -0-CH2-CcJ15 and -OSi(Ca,),tBu), 
5.12 ( lH,  dm, J  = 9.0 Hz, -CH=C(CH,)-), 4.62 ( lH,  d, JAB = 
12.1 Hz, -OCH?Ph), 4.60-4.56 ( lH,  m, -0-CH-0-), 4.43 (IH, d, 

J,,, = 12.1 Hz, -OCH2Ph), 4.25-4.17 ( lH,  m, -CH(OBn)-), 3.85- 
3.76 (3H, m, -CH,OSiPh,-tBu), 3.50-3.43 (2H, m, -CH,OTHP 
and -0-CH-0-CH2-), 2.30 (2H, t, J  = 7.0 Hz, =C(CH3)-CHz-1, 
1.84-1.40 (6H, m, -0-CH,-(CHI),-), 1.54 (3H, d, J  = 1.6 Hz, 
-CH=C(CH,)-), 1.04 (9H, s, -OSiPh,C(CH3),); I3c nmr (CDClj) 
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MARINIER AND DESLONGCHAMPS 2357 

E isomer, 6: 17.1, 19.4,25.4, 26.8,30.7, 39.7, 62.1, 65.9,66.8, (5H, m, -OCH,C&,), 5.16 (IH, d, J = 9.4 Hz, -CH=C(CH,)-), 
70.0, 76.1, 98.8, 124.7, 127.2, 127.6, 128.2, 129.5, 133.8, 135.7, 4.62 (IH, d, JAB = 11.8 Hz, -OCH,Ph), 4.62-4.58 (IH, m, -0 -  
138.1, 139.1; ms rn/e (70 eV): 501 (M+ - rBu). Exact Mass CH-0-), 4.48-4.37 ( lH ,  m, -CHOBn-), 4.40 ( lH,  d, JAB = 
(M+ - tBu) calcd: 501.971 1 ; found: 501.97 1 1. 1 1.8 HZ, -OCH2Ph), 4.26-4.13 (2H, m, -CH2OSO2CH,), 3.9 1- 

( 3 Z ) - 2 - B e n z y l o n y - 6 - [ ( 2 - t e f r a h ~ ~ d r o p y ~ - 3 -  
3.8 1 (2H, m, -0-CH-0-CH,- and -CH,OTHP), 3.56-3.45 (2H, 

en-1 -01 (Ida) 
m, -0-CH-0-CH,- and -CH,OTHP), 2.99 (3H, s, -SO,CH,), 2.36 

A solution of tetrabutylammonium fluoride in tetrahydrofuran 
(2H, t, J = 6.9 Hz, =C(CH,)-CH,-), 1.88-1.47 (6H, m, -0-CH2- 
(CH,),-), 1.70 (3H, d, J = 1.3 HZ, -CH=C(CH3)-). (IM, 860 pL, 0.860 mmol) was added at O°C to a stirred solution 

of silyl ether 150 (0.417 g, 0.748 mmol) in tetrahydrofuran Methyl ( 5 Z ) - 4 - b e r 1 z y l o x y - 8 - [ ( 2 - t e t r a h y d r o ~ ) , m 2 -  
(8.5 mL). The mixture was stirred at room temperature for 2 h and rnethoxycarbonyl-6-rnethyloct-5-enoare (18a) 
then poured into water and extracted with ethyl acetate. The com- Dimethyl malonate (1.12 mL, 9.84 mmol) was added at 0°C to 
bined organic layers were dried over magnesium sulfate, filtered, a stirred suspension of sodium hydride (0.383 g, 60% in oil, 
and concentrated. The residual oil obtained was purified by col- 9.58 mmol) in tetrahydrofuran (5 mL) and dimethylformamide 
umn chromatography (25% to 50% of ethyl acetate in hexane) to (5 mL). The mixture was stirred at room temperature for 0.5 h and 
yield alcohol 16a (0.228 g, 95%); ir (CHCI,) v: 3580, 3470, 3010, a solution of mesylate 170 (0.739 g, 1.86 mmol) in tetrahydro- 
2945, 2875, 1452, 1212, 1120, 1060, 1030 cm-'; 'H nmr (CDCI,) furan (2.5 mL) and dimethylformamide (2.5 mL) was then added 
6: 7.36-7.26 (5H, m, -OCH,C&,), 5.22 ( lH, d, J = 9.4 Hz, followed by potassium iodide (0.462 g, 2.79 mmol). The mixture 
-CH=C(CH3)-), 4.63 (d, lH, JAB = 11.6 HZ, -OCH2Ph), 4.58- was heated at reflux (= 80°C) for 48 h, poured into a saturated so- 
4.54 (IH, m, -0-CH-0-), 4.38 ( lH,  dd, JAB = l 1.6 HZ, JBX = lution of ammonium chloride, and extracted with a mixture of 
0.9 Hz, -OCH,Ph), 4.34-4.24 (IH, m, CH(0Bn)-), 3.89-3.78 hexane and ether (2: 1). The combined organic layers were dried 
(2H, m,  -CH,OH and -0-CH-0-CH,-), 3.68-3.39 (4H, m, over magnesium sulfate, filtered, and concentrated. The residual 
-CH,OTHP, -CH,OH, and 0-CH-0-CH,-), 2.57-2.45 ( lH,  m, oil was purified by column chromatography (20% ethyl acetate in 
-CH,OH), 2.34-2.23 (2H, m, =C(CH,)-CH,-CH,OTHP), 1.83 hexane) to afford malonate 18a (0.717 g, 89%); ir (CHCI,) v: 3000, 
(3H, dd, J = 1.3 Hz, -CH=C(CH,)-), 1.82- 1.49 (6H, m, -0-CH,- 2945, 2865, 1745, 1730, 1450, 1437, 1205 cm-I; 'H nrnr (CDCI,) 
(CH2),-); ms m/e (70 eV): 280 (M' - CH,OH). Exact Mass 6: 7.32-7.25 (5H, m, -OCH2C&,), 5.21 (IH, dq, J = 8.9, 1.2 HZ, 
(M+ - CH20H) calcd: 289.1804; found: 289.1801. -CH=C(CH,)-), 4.57 ( IH,  t, J = 3.5 Hz, -0-CH-0-), 4.52 (IH, 

d, J A B  = 11.6 HZ, -OCH2Ph), 4.25 ( lH,  d, JAB = 11.6 HZ, 
(3E)-2-Benzyloxy-6-[(2'-t~rahydropyra11yl)oxy]-4-n1eth~~lhex-3- -OCH2Ph), 4.16 (IH, ddd, J, = J, = 8.9 Hz, J, = 4.5 Hz, 

en-1 -01 (I&) -CHOBn-), 3.88-3.75 (2H, m, -0-CH-0-CH,- and -CH,OTHP), 
  he ~ r e c e d i n ~  ~rocedure was applied, using s i l ~ l  ether 1% 3.66 and 3.65 (6H, 2s, -CH(C0,CH3)2), 3.54-3.38 (3H, m, (99.2 mg, 0.178 mmol), tetrabut~lammonium fluoride (1 M in tet- -cH(co~cH,)~, -o-cH-o..cH,-, and ..CH,OTHP), 2.34 ( 2 ~ ,  t, 

rahydrofuran, 215 CLL, 0.215 mmol), and tetrahydrofuran J 7.2 H ~ ,  =c(cH,)-cH,-), 2.24-2.09 (2H, m, -cH(oB~)- 
(2.5 m ~ ) ,  and afforded alcohol 16b (50.0 mg, 88%); 'H nmr CH,-), 1.80 (3H, br s, - ~ H = ~ ( C H , ) - ) ,  1.79-1.47 (6H, m, -0 -  
(CDCI,) 6: 7.35-7.28 (5H, m, -OCHzCas), 5.16 (IH, dq,J = 9.2, CH?-(CH,),-); ms ,,,le (70 e ~ ) :  349 (M+ - OTHP). Exact M~~~ 
~.~H~,-CH=C(CH~)-),~.~~(~H,~,JAB=~~.~HZ,-OCH~P~), (~+-0~~p)~~l~d:349.1651;f~~~d:349.1649, 
4.59 (IH, t, J = 3.6 HZ, -0-CH-0-), 4.37 ( lH, d, JAB = 11.6 HZ, 
-OCH,Ph), 4.3 1-4.22 (1 H, m, -CH(OBn)-), 3.90-3.79 (2H, m, Meth)>l (5E)-4-ber~z~lox~-8-[(2-tetrah~~dro~)~ran~l)ox~]-2- 
-CH,OH and -0-CH-0-CH2-), 3.64-3.44 (4H, m, -CH,OTHP, rnethox~~carbo1~~~l-6-merhyloct-5-eno~te (I8b) 
-CHIOH, and -0-CH-0-CH,-), 2.36 (2H, t, J = 7.0 Hz, =C(CH,)- Sodium iodide (0.383 g, 2.55 mmol) was added to a solution of 
CH2-), 2.20-2.10 (IH, m, -CH,OH), 1.83-1.46 (6H, m, -0-CH,- mesylate 17b (22.5 mg, 0.057 mmol) in acetone (3 m ~ ) .    he 
(CH,),-), 1.7 1 (3H, d, J 1.2 Hz, -CH=C(CH,)-). mixture was heated at reflux for 3 h. After dilution with ethyl ether, 

the mixture was poured into a saturated solution of sodium thio- 
(3Z)-2-Berzz~~lo.~-l-methanesulfonyloq~-6-[(2'- sulfate and extracted with ethyl ether. The combined organic lay- 

tet1-ah~~drop~~ranyl)oxy]-4-rnethyl~ze.~-3-ere (I7a) ers were dried over magnesium sulfate, filtered, and concentrated. 
Trieth~lamine (520 FL, 3.73 mmol) and methanesulfon~l chlo- The residual oil was quickly purified by column chromatography 

ride (160 CLL, 2.07 mmol) were added at O°C to a stirred solution (10% to 25% ethyl acetate in hexane) to afford the corresponding 
of alcohol 16a (0.594 g, 1.86 mmol) in dichloromethane (1 1 mL). iodide (1 1.8 mg, 49%), which was used immediately for the next 
The mixture was stirred for 0.5 h and then poured into water and reaction. 
extracted with dichloromethane. The organic layers were dried over The preceding procedure was applied, using iodide (1 1.8 mg, 
magnesium sulfate, filtered, and concentrated. The residual oil was 0.027 mmo]) instead of mesylate, sodium hydride (6.4 mg, 60% 
used for the next reaction without any purification; ir (CHCIJ v: in oil, 0.160 mmol), dimethyl malonate (19 pL, 0.165 mmol), 
3010, 3000, 2940, 2870, 1455, 1445, 1170 cm-'; 'H nmr (CDC1.d tetrahydrofuran (0.2 mL), and dimethylforrnamide (0.2 mL), 
6: 7.34-7.26 (5H, m, -OCH,C&,), 5.20 (1 H, d, J = 9.1 Hz, yielding malonate 18b (7.1 mg, 60%); 'H nmr (CDCl,) 6: 7.32- 
-CH=C(CH,)-), 4.62 (1H, d, JAB = 11.7 HZ, -OCHzPh), 4.54- 7.25 (5H, m, -OCH,C&,), 5.18 (IH, d, J = 8.9 Hz, -CH= 
4.44 ( 2 ~ ,  m, -0-CH-0- and -CH(OBn)-), 4.40 (1H, dd, JAB = C(CH,)-), 4.62-4.58 ( lH ,  m, -0-CH-0-), 4.52 ( lH ,  d, JAB = 
1 1.7 Hz, JBX = 1.1 Hz, -OCH,Ph), 4.25-4.17 (2H, m, 1 1.7 HZ, -ocH?P~), 4.25 ( I H ,  d, J,, = 11.7 HZ, -ocH,P~), 4.10 
-CH,OSO,CH,), 3.88-3.76 (2H, m,  -0-CH-0-CH2 and -CH2- ( lH,  ddd, J! = J? = 8.9 HZ, J) = 4.8 HZ, -CHOBn-), 3.89-3.79 
OTHP), 3.66-3.35 (2H, m, -O-CH-O-CH,- and -CH@THP), 2.98 (2H, m, -0-CH-0-CH,- and -CH,OTHP), 3.66 and 3.66 (6H, 2s, 
(3H, s, -S02CH,), 2.49-2.22 (2H, m, =C(CH3)-CHI-), 1.83 (3H, -CH(CO,CH,),), 3.64 (IH, dd, J = 8.2, 7.2 Hz, -CH(CO?CH,)2), 
d. J = 1.4 Hz, -CH=C(CH3)-), 1.82- 1.46 (6H, m, -O-CH,- 3.54-3.44 (2H, m, -0-CH-0-CH,- and -CH,OTHP), 2.34 (2H, t, 
(CH2)3-), 1.82-1.46 (6H, m, -O-CH,-(CHdj-); ms m/e (70 eV): J = 6.9 HZ, =C(CH,)-CH,-), 2.24-2.00 (2H, m, -CH(OBn)- 
3 13 (M' - OTHP). Exact Mass (M+ - OTHP) calcd: 313.1 1 10; CH,-), 1.90- 1.50 ( 6 ~ ,  m, -0-CH,-(cH,),-), 1.65 (3H, d, J = 
found: 313.1106. 1.3 Hz, -CH=C(CH,)-). 

(3E)-2-Berlzyloxy-l -rnethanes~ilfoxy-6-[(?I- Methyl (5Z)-4-ber~z~~losy-8-hydroxy-2-methoxycarbon~~l-5- 
t~trrzl1ydropyra1zyl)o.y]-4-merhylhe.r-3-ene (1%) rnethyloct-5-enorzte (I9a) 

The preceding procedure was applied, using alcohol 16b Pyridiniuin para-toluenesulfonate (34.0 mg, 0.135 mmol) was 
(42.1 mg, 0.132 mmol), methanesulfonyl chloride ( 1  1 pL, added to a solution of ether 18a (74.6 mg, 0.172 mmol) in meth- 
0.142 minol), and triethylamine (37 pL, 0.265 mmol), yielding anol (10 mL, 95%). The mixture was heated at reflux for 1.5 h, 
mesylate 17b (53.2 mg, 100% crude); 'H nmr (CDCl,) 6: 7.34-7.28 then the solvent was evaporated. The residual oil was purified by 
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-CH=CH-CH=CH-CH,OSiPhgBu), 5.16 (1 H, dq, J = 9.0, 
1.2 HZ, -CH=C(CH,)-), 4.38 (IH, d, JAB = 1 1.0 HZ, -OCH2Ph), 
4.24 (2H, dd, J = 5.0, 0.9 Hz, -CH,OSiPh,tBu), 4.15 (1 H, d, 
JAB = I 1.0 HZ, -OCH,Ph), 4.1 1-4.22 (1 H, m, -CHOBn-), 3.72, 
3.71, 3.56, and 3.50 (12H, 4s, 4 X -C02CH3), 3.32 (IH, t, J = 
6.9 Hz, -CH(C0,CH3)2), 2.99-2.77 (2H, m, -C(CO,CH,),-CH2- 
CH=), 2.33-2.21 and 2.17- 1.92 (6H, 2m, -CH2-CH(C02CH3)2, 
-CHO-Bn-CH2-, and =C(CH3)-CH2-), 1.75 (3H, d, J = 1.2 Hz, 
-CH=C(CH,)-), 1.06 (9H, s, -OSiPh2C(CH3),); ms m/e (70 eV): 
741 (M' - tBu). Exact Mass (Mf - tBu) calcd: 741.3095; found: 
74 1.3087. 

Methyl (5Z,IIZ,13E)-7-benzyloxy-15-hydroxy-5-methyl-2,9,9- 
trimeth~x~carbor~ylpenfadeca-5,11,13-trienoate (25) 

Tetrabutylammonium fluoride (170 kL, 1 M in tetrahydro- 
furan, 0.170 mmol) was added at O°C to a stirred solution of silyl 
ether 24 (1 12.4 mg, 0.141 mmol) in tetrahydrofuran (3.5 mL). The 
mixture was stirred at room temperature for 1.75 h and then the 
solvent was evaporated. The residual oil was purified by column 
chromatography (25% to 50% ethyl acetate in hexane) to afford 
alcohol 25 (67.7 mg, 87%); ir (CHCI,) v: 3600, 30 10, 2950, 1730, 
1435, 1230, 1070 cm-'; IH nmr (CDCI,) 6: 7.33-7.25 (5H, m, 
-OCH2CJ15), 6.46 ( lH, ddd, J = 15.2, 1 1.2, 1.2 Hz, -CH= 
CH-CH=CH-CH20H), 6.08 ( lH ,  dd, JI = J2 = 11.2 HZ, 
-CH=CH-CH=CH-CH,OH), 5.85 ( lH, dt, J = 15.2, 5.3 Hz, 
-CH=CH-CH,OH), 5.28-5.18 (I H, m, -CH=CH-CH=CH- 
CH20H), 5.15 (1 H, dq, J = 9.2, 1.3 HZ, -CH=C(CH3)-), 4.40 
(IH, d, JAB = 11.1 HZ, -OCH2Ph), 4.18 (2H, d, J = 5.3 HZ, 
-CH,OH), 4.16 ( lH, d, J = 11.1 HZ, -OCH,Ph), 4.1 1 (IH, ddd, 
JI = J2 = 9.7 Hz, J3 = 2.7 Hz, -CHOBn-), 3.74, 3.73, 3.61 and 
3.50 (12H, 4s, 4 X -C0,CH3), 3.32 ( lH, t, J = 6.6 HZ, 
-CH(C02CH,),), 2.89 (2H, d, J = 7.8 HZ, -C(C02CH,),-CH2- 
CH=), 2.35-2.22 and 2.06- 1.92 (6H, 2m, -CH,-CH(C02CH,)I, 
-CHOBn-CH,, and =C(CH,)-CH,-), 1.75 (3H, d, J = 1.3 Hz, 
-CH=C(CH,)-), 1.72 ( lH, s, -CH,OH); ms m/e (70 eV): 545 
(M+ - CH,), 542 (M+ - H20). Exact Mass (M+ - CH,) calcd: 
545.2387; found: 545.2396. 

Methyl (5Z, I I Z, 13E)-7-benzyloxy-15-chloro-2,9,9-trirnethoxy- 
carbonyl-5-methylpentadeca-5,11,13-trienoae (26) 

s-Collidine (32 kL, 0.242 mmol) and methanesulfonyl chloride 
(19 kL, 0.242 mmol) were added at P C  to a stirred solution of al- 
cohol 25 (67.7 mg, 0.121 mmol) and lithium chloride (15.4 mg, 
0.363 mmol) in dimethylformamide (1 mL). The mixture was 
stirred at P C  for 2 h, was poured into water, and then extracted with 
a mixture of hexane and ethyl ether (2: 1). The combined organic 
layers were washed with an aqueous solution of copper nitrate and 
with water, dried over magnesium sulfate, filtered, and concen- 
trated. The crude chloride 26 (67.5 mg, 97%) residual oil was used 
immediately for the next reaction; ir (CHCI,) v: 2950, 2922, 2855, 
1732, 1438, 1235, 1200, 1075 cm-I; 'H nmr (CDCI,) 6: 7.33-7.26 
(5H, m, -OCH,C&,), 6.47 ( lH ,  ddd, J = 14.9, 11.2, 1 .O Hz, 
-CH=CH-CH=CH-CH2C1), 6.07 (1 H, dd, J1 = J, = 1 1.2 HZ, 
-CH=CH-CH=CH-CH2C1), 5.80 (IH, dt, J = 14.9, 7.4 HZ, 
-CH=CH-CH,Cl), 5.40-5.30 ( lH,  m, -CH=CH-CH=CH- 
CH2C1), 5.16 (IH, dq, J = 9.8, 1.2 HZ, -CH=C(CH,)-), 4.41 (IH, 
d, JAB = 11.1 HZ, -OCH2Ph), 4.17 ( lH, d, JAB = 11.1 HZ, 
-OCH,Ph), 4.19-4.06 (1 H, rn, -CHOBn-), 4.07 (2H, d, J = 

7.4 Hz, -CH2CI), 3.74, 3.73, 3.61, and 3.53 (12H, 4s, 4x 
-C02CH,), 3.3 1 (IH, t, J = 7.0 Hz, -CH(C02CH3),), 2.99-2.78 
(2H, m, -C(CO,CH,),-CH2-CH=), 2.28,2.07- 1.92, and 1 .84 (6H, 
dd, J = 14.8, 10.4 Hz, m and s, -CHZ-CH(C02CH3),, -CHOBn- 
CH,, and =C(CH,)-CHI-), 1.76 (3H, d, J = 1.2 Hz, 
-CH=C(CH,)-). 

(IE,3Z,9Z)-8-Berzzyloxy-lO-merhyl-6,6,13,13- 
tetrametho.rycarbonylcyclotetradeca-1,3-trine (5) 

To a stirred suspension of cesium carbonate (190.2 rng, 
0.584 mmol) in tetrahydrofuran (12 mL) and dimethylformamide 
(12 mL) at 75"C, was added during 10 hs a solution of chloride 26 
(67.5 mg, crude, 0.117 mmol) in tetrahydrofuran (12 mL) and di- 

methylformamide (12 mL). The mixture was stirred for 10 more 
hours, then was cooled at room temperature, filtered, and evapo- 
rated under vacuum. The residual oil was purified by column 
chromatography (hexane/ethyl/acetate/dichloromethane, 7.5:0.5: 
2-7: 1 :2) yielding carbocycle 5 (48.5 mg, 74%); mp 161- 162°C; 
uv (hexane) A,,,: 232, 266 nm; ir (CHCI,) v: 3010, 2950, 1760, 
1437, 1205, 1215, 1175 cm-'; 'H nmr (CDCI,) 6: 7.40-7.31 (5H, 
m, -OCH,Ca5), 6.08-5.94 (2H, m, -CH=CH-CH=CH-), 5.23- 
5.03 and 4.99-4.86 (2H, 2m, -CH=CH-CH=CH-), 5.02 (IH, 
d ,  J = 9.5 HZ, -CH=C(CH3)), 4.44 ( lH,  d JAB = 11.6 HZ, 
-OCH2Ph), 4.05 ( lH ,  d, JAB = 11.6 Hz, -OCH,Ph), 4.08-3.99 
( lH ,  m, -CHOBn-), 3.77, 3.73, 3.71, and 3.49 (12H, 4s, 4x 
-COZCH3), 2.98-2.74 (3H, m, -CH2-CH=CH-CH=CH-CH2-), 
2.41 ( lH,  dd, J = 14.3, 11.9 Hz, -CH2-CH=CH-), 2.33 ( lH, dd, 
J = 14.6, 11.6 Hz, -CH(OBn)-CHI-), 2.17-2.13 (2H m, -CH2- 
C(CH,)=), 1.74 (3H, d, J = 1.3 Hz, -CH=C(CH,)-), 1.68 ( lH ,  
dd, J = 14.6, 2.6 Hz, -CHOBn-CH2-), 1.42- 1.23 (2H, m, -CH,- 
CH,-C(CH,)=); ms rn/e (70 eV): 542 (M+). Exact Mass (M+) 
calcd: 542.2516; found: 542.2517. 

3~-Benzyloxy-l~-met/zyl-5,5,12,12-tetramethoxycarbonyl-trans- 
cisoid-cis-tricyclo[8.4.0.d~7]tetradec-8-ene (6) 

A solution of macrocyclic triene 5 (R = CHaPh) (16.8 mg, 
0.031 mmol) in toluene (0.2 mL) was heated in a sealed tube at 
270°C for 2.75 h. The solvent was then evaporated and the resid- 
ual oil was purified by column chromatography (10% to 25% ethyl 
acetate in hexane) to afford the tricyclic compound 6 (R = CH2Ph) 
(14.2 mg, 85%) and a mixture of two other compounds (2.6 mg, 
15%); mp 104-106°C; ir (CHCI,) v: 3020,3030,2955, 1730, 1435, 
1455, 1220, 1250, 1265 cm-'; I H  nmr (CDCI,) 6: 7.38-7.25 (5H, 
m, -OCH2Ca5), 5.27 (2H, s, H-C8 and H-C9), 4.61 ( lH, d, 
J A B  = 10.8 HZ, -OCH2Ph), 4.43 (IH, d, JAB = 10.8 HZ, -OCHZPh), 
3.76 ( lH,  ddd, JI = J, = 9.9 Hz, J, = 4.4 Hz, -CHOBn-), 3.70, 
3.69, 3.69, and 3.65 (1 2H, 4s, 4x -CO,CH,), 2.93-2.73 and 2.46- 
1.27 (13H, m H-C2, H-C4, H-C6, H-C7, H-ClO, H-CI 1, H-C13, 
H-C14), 0.92 (3H, s, -CH3-CI); ms m/e (70 eV): 542 (M+), 51 1 
(M+ - OCH,). Exact Mass (M+ - OCH,) calcd: 51 1.2332; found: 
51 1.2319. 

3P-Hydroxy-l~-tnethy1-5,5,12,12-tetramethoxycarbor~yl-tran~- 
cisoid-cis-tric~~clo[8.4.0.do?7]tetradec-8-ene and (IS,3S)-3- 
hydroxy-1 -methyl-5.5,12,12-tetramethoxycarbonyl-trans- 
ci~oid-cis-tric~clo[8.4.0.d.~]tetradec-8-ene (27) 

Tin tetrachloride (21 kL, 0.179 mmol) was added to a stirred 
solution of benzyl ether 6 (R = CH,Ph) (5.4 mg, 0.010 mmol) in 
dichloromethane (1 mL). The mixture was stirred at room temper- 
ature for about 19 h,4 poured into water, and extracted with di- 
chloromethane. The combined organic layers were washed with 
brine, dried over magnesium sulfate, filtered, and concentrated. The 
residual oil was purified by column chromatography (40% of ethyl 
acetate in hexane) to afford alcohol 27 (3.9 mg, 87%). 

2,3-Dichloro-5,6-dicyano-l,4-benzoquinone was added to a 
stirred solution of para-methoxybenzyl ether 6 (R = CHz- 
C6H40CH3) (8.0 mg, 0.014 mmol) in dichloromethane (8 mL) and 
water (100 kL). The mixture was stirred at room temperature for 
1.5 h, then was poured into water and extracted with dichloro- 
methane. The residual oil was purified by column chromatogra- 
phy (25% to 50% ethyl acetate in hexane) to yield alcohol 27 
(4.7 mg, 76%); [CY]D~' -88.5 (c 0.72, CH,CI,); ir (CHCI,) v: 3600, 
3020, 3010, 2950, 2920, 2850, 1727, 1455, 1450, 1435, 1255, 
1245, 1205 cm-'; 'H nmr (CDCI,) 6: 5.26-5.20 (2H, m, H-C8 and 
H-C9), 4.03 ( lH,  ddd, JI = J, = 9.5 HZ, J, = 4.8 HZ, -CHOH-) 
3.78, 3.70, 3.69, 3.67 (12H, 4s, 4x -C02CH,), 2.88-2.83 and 
2.49- 1.47 ( 13H, m, H-C2, H-C4, H-C6, H-C7, H-C 10, H-C 1 1, 
H-C13, and H-C 14), 0.92 (3H, s, -CH,-Cl); ms m/e (70 eV): 434 
(M' - H20). Exact Mass (Mf - H,O) calcd: 434.1941; found: 
434.1937. 

"variable reaction times. In some cases lactone 29 was also iso- 
lated. 
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I /i-Methyl-5,5,12,12-tetratnetho.~~~cc~rbon~~l-trans-cisoid-cis- 
tricyclo[8.4.0.0'~~]terradec-8-etz-3-one attd (IS)-] -methyl- 
5,5,12,12-tetramethoxycarbotzyl-trans-cisoid-cis- 
tric)~clo[8.4.0.0'0'~]rerradec-8-en-3-one (28) 

Pyridinium chlorochromate (10.4 mg, 0.048 mmol) was added 
to a stirred solution of alcohol 27 (7.3 mg, 0.016 mmol) in dichlo- 
romethane (1 mL). The mixture was stirred for 1.5 h at room tem- 
perature, poured into water, and extracted with dichloromethane. 
The combined organic layers were washed with water, dried over 
magnesium sulfate, filtered, and concentrated. The residual oil was 
purified by column chromatography (25% to 40% ethyl acetate in 
hexane) to yield ketone 28 (6.3 mg, 87%); mp 150-151°C (race- 
mix mixture); -93.2 (c 0.63, CH,CI,); ir (CHC1,) v: 3020, 
2955, 1730, 1435, 1260, 1220 cm-'; 'H nrnr (CDC1,) 6: 5.33-5.47 
(2H, m, H-C8 and H-C9), 3.82, 3.74, 3.70, and 3.69 (12H, 4s, 
4x -C02CH,), 2.86 ( lH,  dd, JAB = 14.7 Hz, J, = 1.0 Hz, H-C4), 
2.64 ( lH ,  d,  J,, = 14.7 Hz, H-C4), 3.17-3.05 and 2.55-1.33 
(1 lH,  m, H-C2, H-C6, H-C7, H-ClO, H-C11, H-C13, and H-C14), 
0.90 (3H, s ,  -CH,-CI); ms m/e (70 eV): 450 (Mf) .  Exact Mass 
(M') calcd: 450.1890; found: 450.1884. 

l/i-Methyl-5,5,12,12-rerrametl1o.~ycarbottyl-trans-transoid-trans- 
tricyclo[8.4.0.a-' 7]tetradec-8-en-3-one atzd (IS)-methyl- 
5,5,12,12-rerrclmethoxycarbot1yl-trans-transoid-trans- 
tricyclo[8.4.0.0'~~]tett-adec-8-en-3-ote (7) 

Sodium carbonate (1.0 mg, 0.009 mmol) was added to a stirred 
solution of ketone 28 (3.1 mg, 0.007 mmol) in methanol (1 mL) 
and tetrahydrofuran (minimum amount necessary to solubilize ke- 
tone 28). The mixture was heated at 65OC for 2.5 h, then poured 
into a saturated solution of ammonium chloride and extracted with 
dichloromethane. The combined organic layers were dried over 
magnesium sulfate, filtered, and concentrated. The residual oil was 
purified by column chromatography (25% of ethyl acetate in hex- 
ane) to afford ketone 7 (2.9 mg, 94%); mp 114-1 15°C (racemix 
mixture); [a],'5 + 14.4 (c 0.30, CH,C12); ir (CHCl,) v: 2955, 2920, 
2850, 1730, 1435, 1455, 1465, 1250, 1220 cm-I; 'H nmr (CDCI,) 
6: 5.47 ( l H ,  ddd, JAB = 10.2 HZ, JsXl = JBXZ = 2.2 Hz, H-C8 or 
H-C9), 5.37 (1 H, dm, JAB = 10.2 Hz, H-C8 or H-C9), 3.75, 3.74, 
3.73, and 3.70 (12H, 4s, 4x -CO2CH,). 2.91 ( IH,  dd, JAB = 
14.0Hz,  J ,  = 2 .2Hz ,  H-C4), 2.62 ( lH ,  dd, J,, = 14.0Hz,  
J, = 1.1 Hz, H-C4), 2.61-1.05 ( l l H ,  m, H-C2, H-C6, H-C7, 
H-ClO, H-CI 1, H-C13, and H-C14), 0.95 (3H, s ,  -CH,-Cl); ms 
m/e (70 eV): 450 (M'). Exact Mass (Mf)  calcd: 450.1890, found: 
450.1884. 

1/i-Methy1-5,12,12-tt-imerhoq~carborz~~l-trans-cisoid-cis- 
tt-icyclo[8.4.0.0'~7]tetradec-8-et~e-5,3-carbolactorze (29) 

para-Toluenesulfonic acid (1.0 mg, 0.005 mmol) was added to 
a stirred solution of alcohol 27 (1.0 mg, 0.002 mmol) in benzene 
(0.5 mL). The mixture was heated at 65°C for 1.5 h, poured into 
a solution of sodium bicarbonate (5%), and extracted with dichlo- 
romethane. The combined organic layers were dried over magne- 
sium sulfate, filtered, and concentrated. The residual oil was 
purified by column chromatography (25% of ethyl acetate in hex- 
ane) to yield lactone 29 (0.8 mg, 86%); ir (CHC1,) v: 3015, 2950, 
2920, 1780, 1730, 1450, 1435, 1255, 1220 cm-I; 'H nmr (CDCI,) 
6: 5.58 ( l H ,  ddd, JAB = 9.8 Hz, JBxl = JBxz = 2.3 Hz, H-C8 or 
H-C9), 5.35 ( lH ,  dm, JAB = 9.8 Hz, H-C9 or H-C8), 4.82 ( l H ,  
d,  J = 4.3 Hz, H-C3), 3.78, 3.77, 3.72 (9H, 3s, 3x -CO,CH,), 
2.8 1 - 1.28 (1 3H, m, H-C2, H-C4, H-C6, H-C7, H-C 10, H-C 1 1, 
H-C13, and H-C 14), 0.94 (3H, s ,  -CH,-CI); Ins tn/e (70 eV): 420 
(M'). Exact Mass (M') calcd: 420.1784; found: 420.1781. 

2-Carboxy-l-t~zetlzylethyltriphetzylpho.~phoniut~z bt-ornide (31) 
A stirred mixture of triphenylphosphine (28.88 g, 0.110 mmol) 

and 3-bromobutanoic acid 30 (18.39 g,  0.110 mmol) in toluene 
(250 mL) was heated at reflux for 24 h. The solid was filtered and 
washed with toluene to afford phosphonium salt 31 (44.48 g, 94% 
crude); ir (CHC1,) v: 3500-2400, 3030, 3010, 2955, 1730, 1440, 
1215 cm-I; 'H nmr (CDCI,) 6: 8.30 ( lH ,  s, -COOH), 7.86-7.69 
(15H, m, aromatic protons), 4.61-4.40 (1 H, m, B~-P 'P~, -  

CH(CH,)-), 3.18-2.87 (2H, m, -CH,-C02H), 1.41 (3H, dd, J = 
18.8, 6.9 Hz, Br-PfPh,CH(CH,)-). 

2-Metlzoxycclrbonyl-I -tnethyltriphenylplzosphotzium iodide (32) 
Sodium iodide (22.54 g,  0.150 mmol), sodium carbonate 

(10.62 g, 0.100 mmol), and iodomethane (12.5 mL, 0.2 mol) were 
added to a stirred solution of phosphonium bromide 31 (43.00 g, 
0.100 mol) in acetone (1 L). The mixture was heated at reflux for 
12 h. The solvent was then evaporated and the residue was dis- 
solved in dichloromethane. After filtration and evaporation of the 
solvent, the residue was purified by recrystallization from dichlo- 
romethane and hexane to afford phosphonium salt 32 (39.85 g, 
8 1 %); mp 163-165°C; ir (CHCI,) v: 3010,2935, 1735, 1588, 1485, 
1455, 1440, 1230, 1215, 1105 cm-';  'H nrnr (CDCI,) 6: 7.93- 
7.71 (15H, m, aromatic protons), 4.90-4.73 ( lH ,  m, 1-PfPh3- 
CH(CH,)-) 3.71 (3H, S, -C02CH3), 2.92 ( lH ,  ddd, J l  = J, = 
15.6 Hz, J, = 2.9 Hz, -CH,CO,CH,), 2.40 (1 H, m, -CH2C02CH,), 
1.50 (3H, dd, J = 18.6, 7.0 Hz, I -P 'P~~-CH(CH~) - ) .  

3-Hydro,ty-1 -meth)~lprop)~ltriphenylphosphotziirtn iodide (33a) 
Diisobutylaluminium hydride (5.0 mL, 7.52 mmol) was added 

at -78°C to a stirred solution of ester 32 (1.229 g,  2.51 mmol) in 
dichloromethane (20 mL). The mixture was stirred at -7S°C for 
2 h. Decahydrated sodium sulfate (775 mg, 2.41 mmol) was then 
added at -78°C and the mixture was allowed to warm up slowly 
to room temperature. After stirring for 12 h, anhydrous sodium 
sulfate was added and the salts were filtered and washed with ace- 
tone. The filtrate was concentrated and the residual solid was re- 
crystallized from hexane and dichloromethane to yield phosphonium 
salt 33  (0.717 g,  62%); mp 219-221°C, ir (CHC1,) v: 3350, 3020, 
2950, 1440, 1215, 1 1 12 cm-I; 'H nrnr (CDCl,) 6: 7.95-7.86 and 
7.78-7.65 (15H, m, aromatic protons), 5.12-4.96 ( lH ,  m, 
I-PfPh3-CH(CH,)-), 4.48 ( l H ,  dd, J = 7.7, 6.6 Hz, -CH,OH), 
4.04-3.92 and 3.80-3.7 1 (2H, 2m, -CH20H), 2.28-2.13 ( lH ,  m, 
-CH2-CH20H), 1.40 (3H, dd, J = 19.5, 6.8 Hz, I-P'Ph3- 
CH(CH3)-), 1.03- 1 .12 (-CHI-CH20H). 

3-Hydrosy-l -tnethylpropyltriphet1~~lphos~~1~otzi~im bromide (33b) 
Pyridinium para-toluenesulfonate (861 mg, 3.43 mmol) was 

added to a stirred solution of phosphonium bromide 14 (17.10 g, 
34.27 mmol) in methanol (250 mL). The solution was heated at 
50°C for 18 h and then sodium bicarbonate (0.864 g, 10.29 mmol) 
was added. The mixture was filtered and the filtrate was evapo- 
rated. The residual solid was dissolved in dichloromethane and the 
mixture was again filtered. After evaporation of the filtrate, the 
residual solid was recrystallized from dichloromethane and hex- 
ane to yield phosphonium salt 33b (1 1.81 g, 83%).5 

(2R)-1,2-O-lsoprop~~lidene-4-methylhex-3-erz-1,2,6-triol (35) 
Butyllithium (30.2 mL, 1.6 M in hexane, 48.3 mmol) was added 

at -78°C to a stirred suspension of phosphonium bromide 33 
(10.06 g, 24.2 mmol, dried under vacuum at 1 15- 120°C for 48 h) 
in tetrahydrofuran (62 mL). The temperature was allowed to reach 
0°C and the solution was stirred until it became dark red ( ~ 0 . 5  h). 
A solution of aldehyde 34 (5.43 g,  41.8 mmol) in tetrahydrofuran 
(62 mL) was then added at O°C. After 10 min, the mixture was 
poured into a saturated solution of ammonium chloride and ex- 
tracted with dichloromethane and with ethyl acetate. The com- 
bined organic layers were dried over magnesium sulfate, filtered, 
and concentrated. The residual oil was purified by column chro- 
matography (25% ethyl acetate in hexane) to afford Z olefin 35a6 
(2.23 g,  50%)7 and E olefin 35b6 (0.443 g,  10%)~; [a],", E iso- 
mer - 12.2 (c 4.20, CHC1,); ir (CHCl,) v, Z isomer: 3610, 3480, 
3005, 2980. 2930, 2870, 1445, 1370, 1380, 1215, 1155, 1050 
cm-'; ir (CHCl,) v, E isomer: 3610, 3480, 3005,2985,2935, 2870, 
1450, 1320, 1330, 1235, 1228, 1155, 1 150 cm-I; 'H nmr (CDC1,) 
6, Z isomer: 5.39 ( l H ,  d,  J = 8.5 Hz, -CH=C(CH,)-), 4.78 ( lH ,  

'spectral data are identical with thosc obtained for 33a. 
'volatile compounds. 
7 ~ i e l d  calculated from phophonium salt 33. 
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MARINER AND DESLONGCHAMPS 236 1 

ddd, J, = J, = 8.2 Hz, J, = 5.9 Hz, -OCH,-CH-0-), 4.06 ( 1 H, 
dd, JAB = 8.0 Hz, JAx = 5.9 Hz, -OCH2-CH-0-), 3.69 (2H, t, 
J = 6.2 Hz, -CH,OH), 3.56 (IH, dd, JAB = 8.0 HZ, JDx = 
8.0 Hz, -OCH,-CH-0-), 2.52-2.30 (2H, m, -CH,-CH20H), 1.79 
(3H, d, J = 1.4 Hz, -CH=C(CH,)-), 1.4 1 and 1.38 (6H, 2s, -0-  
C(CH,),-0-), 1.96 ( lH,  s, -CH,OH); "C nrnr (CDC1,) 6, Z iso- 
mer: 23.6, 25.8, 26.6,35.5, 60.0, 69.4, 72.3, 108.8, 124.9, 139.3; 
'H nrnr (CDC1,) 6, E isomer: 5.28 ( lH ,  dq, J = 8.6, 1.3 Hz, 
-CH=C(CH,)-), 4.80 (IH, ddd, J, = J2 = 8.3 HZ, J3 = 5.9 HZ, 
-OCH,-CH-0-), 4.06 ( lH,  dd, JAB = 8.1 Hz, JAx = 5.9 Hz, 
-OCH2-CH-0-), 3.70 (2H, t, J = 6.4 HZ, -CH20H), 3.50 (I H, dd, 
JAB = 8.1 HZ, JBx = 8.1 HZ, -OCH,-CH-0-), 2.29 (2H, td, J = 
6.4, 1.1 Hz, -CH,-CH,OH), 1.74 (3H, d, J = 1.4 Hz, 
-CH=C(CH3)-), 1.41 and 1.38 (6H, 2s, -0-C(CH,),-0-); I3c nmr 
(CDC1,) 6, E isomer: 16.6, 25.9, 26.9, 42.5, 60.2, 69.4, 72.7, 
108.9, 124.6, 138.4; ms tn/e  m / e  (70 eV): 186 (M+), 171 
(M+ - CH,). Exact Mass (Mf) calcd: 186.1256; found: 186.1254. 

(2 R)-(3Z)-6-Benzoyloxy-l,2-O-isopropylidene-4-methyllzex-3- 
ene-1,2-diol(41) 

Triethylamine (225 pL, 1.62 mmol), benzoyl chloride (150 pL, 
1.30 imo l ) ,  and dimethylaminopyridine (26 mg, 0.22 rnmol) were 
added at 0°C to a stirred solution of alcohol 35a (0.201 g, 
1.08 mmol) in dichloromethane (1 1 mL). The mixture was stirred 
at 0°C for 1.5 h, then poured into a saturated solution of ammo- 
nium chloride and extracted with dichloromethane. The combined 
organic layers were dried with magnesium sulfate, filtered, and 
concentrated. The residual oil was purified by column chromatog- 
raphy (40% ethyl acetate in hexane) to yield benzoate 41 (0.280 g, 
89%); [a]? -0.9 (c 1.30, CHCI,), ir (CHCl,) v: 3020,2990, 2940, 
1718, 1455, 1280, 1250, 1220, 1115, 1058 cm-l; 'H nmr (CDCI,) 
6: 8.05-8.01, 7.59-7.53, and 7.46-7.40 (5H, 3m, -OCOC&,), 
5.34 ( lH,  d, J = 8.9 HZ, -CH=C(CH,)-), 4.82 (IH, ddd, Jl = 
J2 = 8.1 Hz, J3 = 6.0 Hz, -OCH,-CH-0-), 4.39 (2H, td, J = 6.6, 
1.2 Hz, -CH20Bz), 3.96 (1 H, dd, JAB = 8.1 Hz, JAx = 6.0 Hz, 
-OCHZ-CH-0-), 3.46 ( lH ,  dd, JAB = 8.1 HZ, JBx = 8. l HZ, 
-OCH2-CH-0-), 2.72-2.47 (2H, m, -CH,OBz), 1.86 (3H, d, J = 
1.5 Hz, -CH=C(CH,)-), 1.40 and 1.36 (6H, 2s, -0-C(CH,),-0-); 
ms tn/e  (70 eV): 290 (M+), 275 (Mf - CH,). Exact Mass (Mt) 
calcd: 290.151 8; found: 290.1524. 

(2R)-(3Z)-6-Benzoyloxy-4-methylhe.r-3-etz-l,2-diol (42)  
para-Toluenesulfonic acid monohydrate (55 mg, 0.29 mmol) was 

added at O°C to a stirred solution of acetonide 41 (0.280 g, 
0.96 rnmol) in methanol (23 mL). The mixture was stirred at room 
temperature for 1.5 h, then poured into a saturated solution of so- 
dium chloride and extracted with dichloromethane. The combined 
organic layers were dried with magnesium sulfate, filtered, and 
concentrated. The residual oil was purified by column chromatog- 
raphy (80% of ethyl acetate in hexane then pure ethyl acetate) 
to afford diol 42 (0.212 g, 87%); mp 47-48°C; [C~]D" -8.9 (c 
1.06, CHCl,); ir (CHCl,) v: 3600,30 10,2965,2935, 17 18, 1450, 
1275, 1215, 11 18 cm-I; 'H nrnr (CDCI,) 6: 8.05-8.01, 7.60-7.54, 
7.48-7.42 (5H, 3m, -OCOC,H,), 5.34 ( lH ,  d, J = 9.5 Hz, 
-CH=C(CH,)-), 4.57-4.47 ( IH, m, -CHOH-), 4.42 (2H, t, J = 
6.8 Hz, -CH,OCOPh), 3.62-3.42 (2H, m, -CH20H), 2.61 (2H, 
t, J = 6.8 Hz, -CH2CH,0Bz), 2.07 (IH, d, J = 3.1 Hz, -CHOH-), 
1.94 ( lH ,  t,  J = 5.7 Hz, -CH,OH), 1.84 (3H, d, J = 1.1 HZ, 
-CH=C(CH,)-); ms m / e  (70 eV): 2 19 (Mf -CH,OH). 

(2R)-(3Z)-6-Benzoyloq-1 -[(para-toluenesulforz~~I)oxy]-4- 
methylhes-3-en-2-01 (43)  

Triethylamine (1 10 pL, 0.79 mmol), par-a-toluenesulfony1 
chloride (0.179 g, 0.94 mmol), and dimethylaminopyiidine (70 mg, 
0.58 mmol) were added at O°C to a stiired solution of diol 42 
(0.180 g, 0.72 mmol) in dichloromethane (18 mL). The mixture 
was stirred at O°C for 1.5 h, then poured into a saturated solution 
of ammonium chloride and extracted with dichloromethane. The 
combined organic layers were dried over magnesium sulfate, fil- 
tered, and concentrated. The residual oil was purified by column 
chromatography (25% to 50% ethyl acetate in hexane, then pure 

ethyl acetate) to give tosylate 43 (0.210 g, 72%) and diol 42 
(25.3 mg, 14%); [aIDz5 -33.8 (c 1.71, CHCI,); ir (CHCI,) v: 3590, 
3020, 2950, 1717, 1600, 1452, 1365, 1275, 1220, 1190, 1175, 
1120, 1100 cm-'; 'H nmr (CDC1,) 6: 8.02-7.98, 7.79-7.76, 7.61- 
7.54,7.47-7.41, and 7.34-7.3 1 (9H, 5m, -OCOCas, -CH20S02- 
C,Jr,CH,), 5.23 ( lH ,  d, J = 9.0 HZ, -CH=C(CH,)-), 4.72-4.62 
(1 H, m, -CHOH-), 4.37 (2H, t ,  J = 6.8 Hz, -CH,OCOPh), 4.0 1 - 
3.86 (2H, m, -CH20Ts), 2.53 (2H, td, J = 6.8, 2.2 Hz, 
-CH,CH20COPh), 2.43 (3H, S, -OS02C6H4CH3), 2.1 1 ( lH,  d, 
J = 3.6 HZ, -CHOH-), 1.80 (3H, d, J = 1.4 HZ, -CH=C(CH3)-). 

(2R)-(3Z)-6-Benzoyloxy -2-[(para-tnethoxybenzyl)oxy]-1 -[(para- 
toluerzesulfonyl)oxy_7-4-tnetl1ylhe.r-3-ene (44)  

A solution of trichloro-para-methoxybenzylacetimidate (0.569 
g, 2.01 mmol) in ethyl ether (1 mL) was added to a solution of al- 
cohol 43 (0.204 g, 0.50 mmol) in ethyl ether (20 mL). The mix- 
ture was cooled to 0°C and trifluoromethanesulfonic acid (40 pL, 
solution 1 pL in 1 mL of ethyl ether, 0.0005 mmol) was added. 
The mixture was stirred at O°C for 3 h, then poured into a satu- 
rated solution of sodium carbonate and extracted with dichloro- 
methane. The combined organic layers were dried over magnesium 
sulfate, filtered, and concentrated. The residual oil was purified by 
column chromatography (25% of ethyl acetate in hexane and 2% 
acetone in toluene) to afford ether 44 (0.214 g, 73%); -8.5 
(C 1.30, CHCl,); ir (CHCI,) u: 3020,2930, 1718, 1612, 1600, 1515, 
1450, 1360, 1275, 1250, 1212, 1178 cm-I; 'H nmr (CDCl,) 6: 
8.02-7.99, 7.76-7.73, 7.59-7.53, 7.46-7.40, 7.28-7.25, 7.14- 
7.11, and 6.84-6.80 (13H, 7m, -OCOC&, -OS0,C6&CH,, 
-OCH2C&40CH3), 5.14 ( lH,  d, J = 9.1 HZ, -CH=C(CH3)-), 4.42 
( lH,  d, JAB = 11.3 HZ, -OCH,C6H,0CH,), 4.38-4.30 (IH, m, 
-CH(OMPM)-), 4.32 (2H, t, J = 7.0 HZ, -CH,OCOPh), 4.24 (IH, 
d, JAB = 11.3 HZ, -OCH2C6H40CH3), 4.03-3.92 (2H, m, 
-CH,OTs), 3.78 (3H, S, -OCH2C6H40CH3), 2.46 (2H, t, J = 
7.0 Hz, -CH2-CHZ0Bz), 2.40 (3H, S, -OS02C6H4CH3), 1.83 (3H, 
d, J = 1.2 HZ, -CH=C(CH,)-). 

(2R)-(3Z)-6-Benzoylo.r)~-1 -iodo-2-[(para-methoxybenzyl)ox~~]-4- 
methyllzex-3-ene (45)  

Sodium iodide (183 mg, 1.221 mmol) and tetrabutylammo- 
nium iodide (680 mg, 1.854 mmol) were added to a stirred solu- 
tion of tosylate 44 (32.0 mg, 0.061 mmol) in acetone (5 mL) and 
the mixture stirred for 70 h at 5OoC. The solvent was then evapo- 
rated and the residual solid was purified by column chromatogra- 
phy (25% of ethyl acetate in hexane) to yield iodide 45 (28.9 mg, 
99%); [a]DX + ~ O . I  (C 1.34, CHC~,); ir (cHc~,) v: 3010, 1718, 
1515, 1278, 1215 cm-I; 'H nrnr (CDCI?) 6: 8.03-8.00, 7.59-7.52, 
7.46-7.40, 7.27-7.22, and 6.87-6.83 (9H, 5m, -OCOC,H, and 
-OCH,C&40CH3), 5.25 (IH, d, J = 9.0 Hz, -CH=C(CH,)-), 4.49 
( lH,  d, JAB = 11.3 HZ, -OCH2C6H40CH3), 4.40 (2H, dt, JI = 
J2 = 6.9 Hz, -CH,OCOPh), 4.34 ( lH,  d, JAB = 11.3 HZ, 
-OCH,C,H,OCH,), 4.22-4.14 ( 1 H, m, -CH(OMPM)-), 3.78 (3H, 
s, -OCH,C6H40CH3), 3.24-3.09 (2H, m, -CH21), 2.53 (2H, td, 
J = 6.9, 3.8 Hz, -CH2-CH,OBz), 1.89 (3H, d, J = 1.4 Hz, 
-CH=C(CH3)-); ms tn/e  (70 eV): 480 (Mf),  449 (Mf -OCH,), 
342 (M+-I). Exact Mass (M+) calcd: 480.0799; found: 480.0788. 

Methyl (4S)-(5Z)-8-benzo~~lox~~-4-[(para-tnetho.rybetzzyl)oxy]-2- 
tnethoxycarbonyl-6-rnerhylocr-5-enoate (46)  

The same procedure as used for 18a was applied using the fol- 
lowing quantities: sodium hydride (0.133 g, 50% in oil, 
2.76 mmol), dimethyl malonate (335 pL, 2.93 mmol), tosylate 44 
(0.270 g, 0.51 mmol), potassium iodide (111 mg, 0.67 mmol), 
tetrahydrofuran ( 15 mL), dimethylformainide ( 15 mL), and 
afforded inalonate 46 (0.179 g, 72%) and unreacted tosylate 
(28.3 mg, 10%). 

Similarly, the above procedure was applied using iodide 45 and 
the following quantities: sodium hydride (16 mg, 60% in oil, 
0.400 mmol), dimethyl malonate (48 pL, 0.42 mmol), iodide 
(28.9 mg, 0.060 mmol), tetrahydrofuran ( 1.5 mL), dimethylform- 
amide (1.5 mL). Malonate 46 (22.3 mg, 77%) and unreacted io- 
dide (3.3 mg, I 1 %) were obtained; [a],," - 16.8 (c 1.20, CHC1,); 
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ir (CHCI,) v: 3020, 2958, 2858, 1730, 1715, 1610, 1512, 1450, 
1440, 1272, 1248, 1215 cm-'; 'H nmr (CDCI,) 6: 8.04-8.00,7.57- 
7.5 1, 7.44-7.38, 7.18-7.15, and 6.85-6.81 (9H, 5m, -0CO- 
C a S ,  -OCHICfl,0CH3), 5.27 (lH, dq, J = 9.0, 1.2 HZ, 
-CH=C(CH3)-), 4.41 (lH, d, JAB = 1 1.3 HZ, -OCH2C6H40CH3), 
4.39 (2H, td, J = 6.9, 2.0 HZ, -CH20Bz), 4.15 (lH, d, JAB = 
1 1.3 Hz, -OCH2C6H,0CH,), 4.20-4.1 1 ( lH,  m, -CH(OMPM)-), 
3.77 (3H, s, -OCH,C6~OCH,), 3.67 and 3.64 (6H, 2s, -CO,CH,), 
3.62 ( lH,  t, J = 6.2 HZ, -CH(CO,CH,),), 2.52 (2H, t J = 

6.9 Hz, -CH,-CH20Bz), 2.22-2.00 (2H, m, -CH2-CH(CO,CH,),), 
1.87 (3H, d,  J = 1.2 Hz, -CH=C(CH,)-); ms m/e (70 eV): 484 
(M'), 469 (M+-CH,), 453 (M+-OCH,). Exact Mass (M+) calcd: 
484.2097; found: 484.2082. 

(5s)-(3Z,9Z,I I E)-1 -Benzoyloxy-13-[(tert-butyldiphenyl- 
silyl)oxy]-5-[(para-merhoxybet1zyl)oxy]-7, 7- 
dimethoxycarbonyl-3-~hyltrideca-3,9 I1  -triene (47) 

The procedure employed for 23 was applied using the follow- 
ing quantities: malonate 46 (0.295 g, 0.61 mmol), sodium hy- 
dride (35 mg, 50% in oil, 0.73 mmol), chloride 22 (7e) (0.207 g, 
0.73 mmol), tetrahydrofuran (2 X 3.5 mL), dimethylformamide 
(2 X 3.5 mL), and afforded triene 47 (0.432 g, 87%); [a];' +23.4 
(C 1.15, CHCI,); ir (CHCI,) v: 3025,2955,2940,2860, 1735, 15 18, 
1440, 1280, 1250, 1205, 11  15 cm-I; 'H nmr (CDCI,) S: 8.03-7.99 
(2H, m, -OCOCfl,), 7.69-7.63 (4H, m, -OSi(C6H5)2tB~)r 7.55- 
7.48 (lH, m, -OCOC6H5), 7.42-7.33 (8H, m, -OSi(Ca,),tBu and 
-OCOCfl,), 7.18-7.12 and 6.83-6.77 (4H, 2m, -OC&-OCH,), 
6.53 (lH, ddd, J = 15.0, 11 .O, 0.9 HZ, -CH=CH-CH=CH- 
CH,OSiPh,tBu), 6.04 (lH, dd, JI = J2 = 11.1 HZ, -CH=CH- 
CH=CH-CH,OSiPh,tBu), 5.75 ( lH,  dt, J = 15.0, 5.0 Hz, 
-CH=CH-CH=CH,OSiPh,tBu), 5.27 ( lH,  dq, J = 8.0, 1.1 Hz, 
-CH=C(CH,)-), 5.25-5.16 (1 H, m, -CH=CH-CH=CH-CH20Si- 
Ph,tBu), 4.38-4.04 (7H, m, -CH(OMPM)-, -CH20SiPh,tBu, 
-OCH,C6H,0CH3, and -CH,OBz), 3.75 (3H, s, -OCH2C6H40CH3), 
3.57 and 3.48 (6H, 2s, 2 X -CO,CH,), 2.89 (2H, d, J = 7.6 Hz, 
-C(CO,CH,),-CH,-CH=CH-), 2.52 (2H, t, J = 6.9 Hz, -CH,- 
CH20Bz), 2.29 (lH, dd, JAB = 14.8 HZ, JAX = 10.4 HZ, 
-CH(OMPM)-CH2-), 2.03 (lH, dd, JAB = 14.8 HZ, JBX = 2.6 HZ, 
-CH(OMPM)-CH2-), 1.85 (3H, d, J = 1.1 HZ, -CH=C(CH3)-), 
1.05 (9H, s, -OSiPh2C(CH3),); ms m/e (70 eV): 818 (M'), 761 
( M + - r ~ u ) .  Exact Mass (M+-~BU) calcd: 761.3146; found: 
761.3140. 

(5s)-(3Z,9Z, I I E)-13-[(tert-Butyldiphenylsilyl)oxy]-5-[(para- 
methoxybenzy1)oxyl-7.7-dimethoxycarbonyl-3- 
methyltrideca-3,9,1 I -trien-1-01 (48) 

Potassium carbonate (73 mg, 0.53 mmol) was added to a stirred 
solution of benzoate 47 (0.432 g, 0.53 mmol) in methanol (35 mL), 
the stirring being continued at 65°C for 4 h. After dilution in di- 
chloromethane, the solution was poured into a saturated solution 
of ammonium chloride and extracted with dichloromethane. The 
combined organic layers were dried over magnesium sulfate, fil- 
tered, and concentrated. The residual oil was purified by column 
chromatography (25% to 50% of ethyl acetate in hexane) to afford 
alcohol 48 (0.352 g, 94%); [aIDz5 +33.0 (c 1.84, CHCI,); ir 
(CHCI,) v: 3600,3020,2960,2935,2860, 1730, 1518, 1440, 1430, 
1250, 1220, 1 1  15 cm-'; 'H nmr (CDCI,) 6: 7.70-7.66 and 7.42- 
7.35 (lOH, 2m, -OSi(C6HS),tBu), 7.24-7.19 and 6.84-6.79 (4H, 
2m, -OCHICfl,-OCH,), 6.51 (IH, dd, J = 15.1, 11.1 Hz, 
-CH=CH-CH,OSiPh,tBu), 6.10 (lH, dd, JI = J2 = 11.1 HZ, 
-CH=CH-CH=CH-CH,OSiPh,tBu), 5.80 (IH, dt, J = 15.1, 
5.2 Hz, -CH=CH-CH,0SiPh2tBu), 5.17 (2H, m, -CH=C- 
(CH,)-, -CH=CH-CH=CH-CH20SiPh2tBu), 4.35 (1 H, d, JAB = 

10.7 Hz, -OCH,C6H,0CH3), 4.24-4.14 (3H, m, -CH(OMPM)-, 
-CH,OSiPh,tBu), 4.10 (IH, d, JAB = 10.7 HZ, -OCHrC6H40CH3), 
3.75 (3H, s, -OCH2C6H,0CH3), 3.69-3.60 (2H, m, -CH,OH), 3.58 
and 3.52 (6H, 2s, 2 X -CO,CH,), 2.97-2.78 (2H, m, -C(C02CH,)2- 
CH,-CH=CH-), 1.99-1.48 (4H, m, -CH(OMPM)-CH2- and 
=C(CH3)-CH,), 1.78 (3H, d, J = 1.2 HZ, -CH=C(CH3)-), 1.07 
(9H, s,  -OSiPh2C(CH,),); ms m/e (70 eV): 657 (M+-tBu). 

(5s)-(3Z,9Z, I I E)-13-[tert-Butyldiphenylsil~~l)oxy]-I- 
methctr~esulfot1yloxy-5-[(para-methoxybenzyl)o.~y]- 7,7- 
dimetho,rycarbotzyl-3-methyltrideca-3,9,ll-triene (49) 

The procedure described for 17a was applied using the follow- 
ing quantities: alcohol 48 (0.352 g, 0.49 mmol), methanesulfonyl 
chloride (46 p,L, 0.59 mmol), triethylamine (103 p,L, 0.74 mmol), 
dichloromethane (10 mL), and yielded mesylate 49 (0.379 g, 97%); 

+25.4 (c 1.12, CHCI,); ir (CHCI,) v: 3015, 2955, 2930, 
2860, 1730, 1612, 1515, 1428, 1438, 1250, 1205, 1175 cm-'; 
'H nmr (CDCI,) 6: 7.70-7.64 and 7.43-7.34 (lOH, m, -0Si- 
(Ca,),tBu), 7.22-7.17 and 6.85-6.80 (4H, m, -OCH2C6H40CH3), 
6.53 (lH, dd, J = 15.0, 11.4 Hz, -CH=CH-CH,OSiPh,tBu), 6.11 
(lH, dd, JI = Jz = 11.4 Hz, -CH=CH-CH=CH-CH,OSiPh,- 
tBu), 5.80 ( l ~ ,  dt, J = 15.0, 5.0 Hz, -CH=CH-CH~-OS$~,~BU), 
5.30 (lH, d, J = 8.6 Hz, -CH=C(CH,)-), 5.26-5.17 ( lH,  m, 
-CH=CH-CH=CH-CH20SiPh2tBu), 4,33 (lH, d, JAB = 
10.7 Hz, -OCH,C6H,0CH,), 4.26-4.15 (5H, m, -CH,OMs, 
-CH,OSiPh,tBu, and -CH(OMPM)-), 4.10 (lH, d, JAB = 10.7 HZ, 
-OCH2C6H40CH3), 3.76 (3H, s, -OCH2C6H40CH3), 3.56 and 3.52 
(6H, 2 ~ ,  2 x -C02CH3), 2.97 (3H, s, -OS02CH3), 2.87 (2H, d, 
J = 8.3 Hz, -C(CO,CH,),-CHI-CH=CH-), 2.60-2.37 (2H, m, 
=C(CH,)-CH,-), 2.22 ( lH,  dd, JAB = 14.8 HZ, JAX = 10.2 HZ, 
-CH(OMPM)-CH2-), 2.00 ( lH,  dd, JAB = 14.8 HZ, JBX = 
2.7 HZ, -CH(OMPM)-CH2-), 1.80 (3H, d, J = 1.2 HZ, 
-CH=C(CH,)-), 1.06 (9H, s, -OSiPh,C(CH,),); ms m/e (70 eV): 
735 (M+-~BU).  

Methyl (7s)-(5Z, I IZ,  13E)-15-[(tert-butyldiphenylsilyl)oxy]-7- 
[(para-methoxybenzyl)oxy]-5-methyl-2,9,9- 
trimethoxycarbonylpentadeca-5.1 I ,  13-trienoate (50) 

The procedure described for 24 was applied: mesylate 49 
(0.378 g, 0.48 mmol), dimethyl malonate (305 p,L, 2.67 mmol), 
sodium hydride (121 mg, 50% in oil, 2.53 mmol), potassium io- 
dide (40 mg, 0.24 mmol), tetrahydrofuran (7.5 mL), dimethyl- 
formamide (7.5 mL) afforded malonate 50 (0.330 g, 84%); 
[a1D'~+14.4 (c 1.02, CHCI3); ir (CHCI,) v: 3010, 2950, 2860, 
1732, 1512, 1435, 1220, 1200, 1 1  10 cm-I; 'H nmr (CDCI,) 6: 
7.70-7.64 and 7.43-7.34 (10H, m, -OSi(Ca,),tBu), 7.25-7.18 
and 6.87-6.80 (4H, 2m, -OCH2Cfl,0CH,), 6.54 ( lH,  dd, J = 
15.0, 11.0 Hz, -CH=CH-CH,OSiPh,tBu), 6.09 (lH, dd, Jl = 
J2 = 11.0 Hz, -CH=CH-CH=CH-CH20SiPhrtBu), 5.79 (lH, dt, 
J = 15.0, 5.0 Hz, -CH=CH-CH,OSiPh,rBu), 5.30-5.19 (lH, m, 
-CH=CH-CH=CH-CH~OS~P~~BU), 5 16 (IH, d, J = 8.9 HZ, 
-CH=C(CH,)-), 4.31 (lH, d, JAB = 10.6 HZ, -OCH2C6H40CH,), 
4.25 (2H, d,  J = 4.7 Hz, -CH,OSiPh,tBu), 4.19-4.08 ( lH,  m, 
-CH(OMPM)-), 4.08 ( lH,  d, JAB = 10.6 HZ, -OCH2C6H40CH3), 
3.76 (3H, s, -OCH,C6H40CH,), 3.72, 3.71, 3.56, and 3.48 (12H, 
4 ~ ,  4 x -C02CH3), 3.33 (lH, t, J = 6.8 HZ, -CH(C02CH3)2), 2.99- 
2.77 (2H, m, -C(CO,CH,),-CH,-CH=CH-), 2.25 (lH, dd, J = 

14.8, 10.3 Hz, -CH(OMPM)-CH2-), 2.00-1.91 (5H, m, -CH- 
(0MPM)-CH2-, =C(CH3)-CH2-CH2-), 1.76 (3H, d, J = 1.1 HZ, 
-CH=C(CH,)-), 1.06 (9H, s, -OSiPh,C(CH,),); ms m/e (70 eV): 
828 (M'), 785 (M+-CH30H + H), 771 (M+-tBu). Exact Mass 
(M+-tBu): 77 1.3200; found: 771.3192. 

Methyl (7s)-(5Z,l IZ, 13E)-15-hydroxy-7-[(para- 
methox)~berzz~~l)oxy3-5-t~zethy1-2,9,9- 
trirnethoxycarbot~ylp~ntndeca-5, I I ,  13-trienoate (51) 

The procedure used for 25 was applied: silyl ether 50 (0.133 g, 
0.161 mmol), tetrabutylammonium fluoride (175 p,L, 1 M in tet- 
rahydrofuran, 0.175 mmol, 1.1 equiv.), tetrahydrofuran (4 mL) 
gave alcohol 51 (89.6 mg, 94%); [a]"" + 12.4 (c 1 .OI , CHCI,); ir 
(CHCI,) v: 3600,3050,2955,2880, 1730, 1512, 1435, 1440, 1250, 
1200, 1177, 1075 cm-'; 'H nmr (CDCI,) 6: 7.27-7.20 and 6.89- 
6.84 (4H, 2m, -OCH2Ca40CH,), 6.45 (lH, dd, J = 15.2, 
11.5 HZ, -CH=CH-CH,OH), 6.08 (IH, dd, JI = J2 = 11.5 HZ, 
-CH=CH-CH=CH-CHzOH), 5.85 (lH, dt, J = 15.2, 5.0 HZ, 
-CH=CH-CH,OH), 5.24-5.17 (1 H, m, -CH=CH-CH=CH- 
CH,OH), 5.15 (1 H, d, J = 9.1 Hz, -CH=C(CH3)-), 4.33 (1 H, d, 
JAB 10.7 HZ, -OCH2C6H40CH3), 4.18 (2H, d, J = 6.0 HZ, 
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-CH,OH), 4.14-4.04 -( lH, m, -CH(OMPM)-), 3.91 ( lH ,  d, 
JAB = 10.7 HZ, -OCHZCbH40CH3), 3.80 (3H, S, -OCH2- 
C,H,OCH,), 3.74, 3.73, 3.62, and 3.51 (12H, 4s, 4 X -CO,CH,), 
3.31 ( IH,  t, J = 6.4 HZ, -CH(C0,CH3),), 2.88 (2H, d, J = 
6.8 HZ, -C(C02CH3)I-CH2-), 2.29 ( lH,  dd, J = 14.8 HZ, 
10.4 Hz, -CH(OMPM)-CH,-) 2.03, 1.92 (5H, m, -CH(OM- 
PM)-CH,-, =C(CH,)-CH2-CH2-), 1.75 (3H, d, J = 1.3 HZ, 
-CH=C(CH,)-); ms m/e (70 eV): 591 (MH+), 572 (M'-H20), 
558 (M+-CH,OH). 

Methyl (7s)-(5Z,I IZ,13E)-15-chloro-7-L(para- 
metho,~)~betzzyl)o,~)~]-5-tt1etI1yl-2,9,9 - 
trimethoxycarbonylpen~dem-5,11,13-tree (52) 

The procedure used for 26 was applied: alcohol 51 (87.2 mg, 
0.148 mmol), s-collidine (43 kL, 0.325 mmol), rnethanesulfonyl 
chloride (23 pL, 0.296 mmol), dimethylformamide (2.5 mL), 
lithium chloride (19 mg, 0.443 mmol) yielded chloride 52 
(89.4 mg, 99% crude); ir (CHCI,) v: 3010,2950,2930,2850, 1730, 
1512, 1435, 1212, 1205 cm-'; 'H nmr (CDC1,) 6: 7.25-7.20 and 
6.89-6.84 (4H, 2m, -OCH,CJr,OCH,), 6.45 ( 1  H, dd, J = 15.0, 
1 1.2 Hz, -CH=CH-CHZC1), 6.06 (1 H, dd, J, = J, = 1 1.2 Hz, 
-CH=CH-CH=CH-CH,CI), 5.79 ( lH ,  dt, J = 15.0, 7.4 HZ, 
-CH=CH-CH,Cl), 5.39-5.28 ( lH,  m, -CH=CH-CH=CH- 
CH,Cl), 5.37 (IH, dq, J = 8.8, 1.2Hz, -CH=C(CH,)-),4.34 (IH, 
d, JAB = 10.8 HZ, -OCH2C6H40CH3), 4.09 ( lH,  d, JAB = 

10.8 HZ, -OCH,C6HJOCH3), 4.07 (2H, d, J = 7.4 HZ, -CH,Cl), 
4.13-4.03 ( lH ,  m, -CH(OMPM)-), 3.80 (3H, s, -OCH2-C6- 
H,OCH,), 3.74, 3.73, 3.61, and 3.54 (12H, 4s, 4 x -CO,CH,), 
3.31 ( lH ,  t, J = 6.9 Hz, -CH(CO,CH,)Z), 3.01-2.75 (2H, m, 
-(C02CH,)2-CH2-CH=CH), 2.27 ( lH,  dd, J = 14.9, 10.5 HZ, 
-CH(OMPM)-CH,), 2.06- 1.92 (5H, m, -CH(OMPM)-CH,-, 
=C(CH,)-CHZ-CH,-), 1.76 (3H, d, J = 1.2 Hz, -CH=C(CH,)-); 
ms m/e (70 eV): 608 (M'), 573 (M+-CI). 

(3s)-(4Z, IOE, 12Z)-3-[(para-Methonybenzyl)oxy]-5-methyl- 
1,1,8,8-tetratne/hoxycarbotzylcyclotetrade~a-4,10.12-trietze 
(( - )5) 

The procedure used for racemic 5 (R=Bn) was applied: chlo- 
ride 52 (87.4 mg, 0.144 mmol crude), cesium carbonate (258 mg, 
0.731 mmol), tetrahydrofuran (30 mL), dimethylformamide 
(30 rnL) led to cyclic triene 5 (R=CH2C6H40CH,) (66.1 mg, 78% 
for 2 steps); mp 184-186"~;[a],,'~ -54.5 (c 1.01, CHC1,); ir 
(CHC1,) v: 3010, 2950, 1730, 1512, 1435, 1205 cm-I; 'H nmr 
(CDCI,) 6: 7.3 1-7.27 and 6.93-6.90 (4H, 2m, -OCH,C&,OCH,), 
6.08-5.97 (2H, m, -CH=CH-CH=CH-), 5.34-5.19 and 4.99- 
4.86 (2H, 2m, -CH=CH-CH=CH-), 5.01 (1 H, d, J = 9.6 Hz, 
-CH=C(CH,)-), 4.38 ( lH, d, JAB = 1 1.4 HZ, -OCH2C6H40CH3), 
4.06-3.97 ( IH,  m, -CH(OMPM)-), 3.83 (3H, s, -OCH,C6- 
H,OCH,), 3.77, 3.73, 3.70, and 3.50 (12H, 4s, 4 X -CO,CH,), 
2.96-2.72 (3H, m, -CH2-CH=CH-CH=CH-CHI-), 2.44 (1 H, dd, 
J = 14.3, 12.0 Hz, -CH,-CH=CH-), 2.30 ( lH,  dd, J = 14.8, 
1 1.4 Hz, -CH(OMPM)-CHI:),,. 2.17-2.13 (2H, m, =C(CH,)- 
CHI-), 1.74 (3H, d, J = 0.8 HZ, -CH=C(CH,)-), 1.66 (1 H, dd, 
J = 14.8, 2.6 Hz, -CH(OMPM)-CH2-), 1.42- 1.23 (2H, m, 
=C(CH,)-CH2-CH,); ms tn/e (70 eV): 572 (M'). Exact Mass (M+) 
calcd: 572.262 1 ; found: 572.2627. 

(3S, IS-3-[para-Methosybetzzyl)o.uy3-1 -t?zet/zyl-5,5,12,12- 
tetrntnethoxycarbonyl-trans-cisoid-cis- 
tri~~cl0[8.4.0'~~]tetradec-8-erze ( ( - )6)  

A solution of macrocyclic triene 5 (R = CH2C6H,0CH3) (8.8 mg, 
0.015 mmol) in toluene (0.5 mL) was heated in a sealed tube at 
262°C for 3 h. The solvent was evaporated and the residual oil was 
purified by column chromatography (10% to 25% of ethyl acetate 
in hexane) to afford tricyclic compound 6 (R = CH2C6H,0CH3) 
(7.2 mg, 82%) and a mixture of two compounds (1.5 rng, 17%); 

-49.3 (c 0.98, CHCI,); ir (CH2C1,) v: 3060, 2990, 2960, 
1730, 1615, 1515, 1440, 1270, 1250 crn-I; 'H nmr (CDCI,) 6: 
7.32-7.28 and 6.89-6.84 (4H, 2n1, -OCH,C&,OCH,), 5.27 (2H, 
S, -CH=CH-), 4.53 ( lH ,  d, JAB = 10.2 HZ, -OCH2C6H,0CHs), 
4.36 ( lH ,  d, JAB = 10.2 HZ, -OCH2C6H,0CH,), 3.83-3.63 ( l H ,  

m, -CH(OMPM)-), 3.79 (3H, s, -OCH2C6H40CH,), 3.71, 3.7 1 ,  
3.70, 3.69 (12H, 4s, 4x -CO,CH,), 2.95-1.21 (13H, m, H-C2, 
H-C4, H-C6, H-C7, H-ClO, H-CI 1, H-C13, and H-C14), 0.91 
(3H, s, -CH3-Cl); ms m/e (70 eV): 572 (M+), 554 (M' - H,O). 
Exact Mass (M') calcd: 572.2621; found: 572.2630. 

(2R)-(3Z)-6-[(tert-B~ctyldiphetzylsilyl)-oxy]-I ,2-0-isopropylider2e- 
4-methylhex-3-et1e-1,2-diol(36) 

Imidazole (23 mg, 0.336 mmol) and tert-butyldiphenylsilyl 
chloride (73 pL, 0.284 mmol) were added to a stirred solution of 
alcohol 35a (48.1 mg, 0.259 mmol) in dimethylformamide 
(1.5 mL). The mixture was stirred at room temperature for 4 hs, 
then poured into a saturated solution of ammonium chloride and 
extracted with ethyl ether. The combined organic layers were dried 
over magnesium sulfate, filtered, and concentrated. The residual 
oil was purified by column chromatography (5% to 50% ethyl 
acetate in hexane) to yield silyl ether 36 (86.1 mg, 79%); [a],," (R): 
+3.6 (c 1.22, CHC1,); (S): -4.5 (c 1.49 (CHC1,); ir (CHCI,) v: 
3020,2930,2860, 1430, 1215, 11 10, 1055 cm-I; 'H nmr (CDC1,)G: 
7.68-7.64 and 7.44-7.35 (lOH, 2m, -OSi(CJi,),rBu), 5.22 ( lH ,  
d, J = 8.8 Hz, -CH=C(CH,)-), 4.63 ( IH,  ddd, J, = J, = 
8.6 Hz, J, = 6.0 Hz, -OCH2-CH-0-), 3.84 (lH, dd, JAB = 8.0 Hz, 
JAx = 6.0 Hz, -OCH,-CH-0-), 3.74-3.56 (2H, m, -CH2- 
OSiPh'tBu), 3.40 ( lH,  dd, app t, JAB = JBx = 8.0 Hz, -OCH,-CH- 
0 - ) ,  2.58-2.18 (2H, m, -CH,-CH,OSiPh,tBu), 1.69 (3H, d, J = 
1.4 Hz, -CH=C(CH,)-), 1.39 and 1.36 (6H, 2s, -0-C(CH,),-0-), 
1.04 (9H, s, -OSiPh,C(CH,),); ms m/e (70 eV): 424 (M'), 409 
(M' - CH,), 367 (M' - tBu). 

(2R)-(3Z)-6-[(tert-Bury/~Iiphenylsilyl)ony]-4-1ethylhex-3-en-l,2- 
diol (37) 

Pyridinium para-toluenesulfonate (10.2 mg, 0.04 1 mmol) 
was added at O°C to a stirred solution of acetonide 36 (86.1 mg, 
0.203 mmol) in methanol (2 mL). The mixture was stirred for 4 h 
at room temperature (until the appearance of trio1 by TLC). The 
mixture was poured into a saturated solution of sodium chloride and 
extracted with dichloromethane. The combined organic layers were 
dried over magnesium sulfate, filtered, and concentrated. The re- 
sidual oil was purified by column chromatography (50% ethyl 
acetate in hexane) to yield diol 37 (42.8 mg, 55%) and starting 
material 36 (40.1 mg, 45%). The starting material was then recy- 
cled twice to afford diol37 (67.5 mg, 87% total); [ a ] ~ ' ~  (R): - 10.2 
(C 1.54, CHC1,); (S): + 10.8 (c 1.59, CHC1,); ir (CHCI,) v: 3580, 
3450, 3015, 2960, 2930, 2860, 1430, 1215, 1 1 10 cm-I; 'H nmr 
(CDC1,) 6: 7.69-7.64 and 7.45-7.36 (lOH, 2m, -OSi(C&s)ztBu), 
5.40 ( lH ,  d, J = 7.8 Hz, -CH=C(CH,)-), 4.35 ( lH,  ddd, Jl = 

JZ = 7.6 Hz, J, = 3.8 Hz, -CHOH-), 3.7 1-3.44 (4H, m, -CH,OH 
and -CH20SiPh,tBu), 2.6 1-2.19 (2H, m, -CH,-CHzOSiPhztBu), 
1.68 (3H, d ,  J = 1.3 Hz, -CH=C(CH,)-), 1.05 (9H, s, -0Si- 
Ph,C(CH,),); ms m/e (70 eV): 353 (M+ - OCH,). Exact Mass 
(M+ - OCH,) calcd: 353.1937; found: 353.1935. 

(2R)-(3Z)-6-[(tert-B~ctyldiphetz~~lsilyl)o~]-l-[(para- 
toluetze.~u(fotzyl)-oxy~-nzethyllze,~-3-en2-ol (38) 

The procedure used for 43 was applied: diol 37 (31.3 rng, 0.082 
mmol), pal-a-toluenesulfonyl chloride (17.0 mg, 0.090 mmol), 
triethylamine (12.5 pL, 0.090 mmol), dimethylaminopyridine 
(10.0 mg, 0.082 mmol), and dichloroinethane (1 mL) yielded to- 
sylate 38 (25.9 Ing, 60%) and starting material 37 (8.5 mg, 27%). 
The starting material was then recycled to afford tosylate 38 
(33.2 mg, 76% total); [ a ] ~ ' ~  (R): - 24.3 (c 1.42, CHC1,); (S): 
+25.6 (c 1.37, CHCl,); ir (CHCI,) v: 3450, 3020, 2950, 2930, 
2860, 1430, 1362, 1230, 1 190, 1 175, 1 1 10 cm-'; 'H nmr (CDC1,) 
6: 7.80-7.76, 7.66-7.61, 7.47-7.30 (14H, 3m, -OSi(C&,),tBu 
and -0S0,-C,JI,CH,), 5.26 ( lH ,  dq, J = 8.0, 1.2 Hz, 
-CH=C(CH,)-), 4.49-4.41 ( IH,  m, -CHOH-), 3.97-3.85 and 
3.67-3.59 (4H, 2m, -CH,OSiPh,tBu and -CH20Ts), 2.49-2.3 1 
and 2.24-2.14 (2H, 2m, -CH,-CHzOSiPhztBu), 2.43 (3H, s, 
-OS02C6H,CH3), 2.09-1.96 ( IH,  S, -CHOH-), 1.64 (3H, d, J = 
1.3 Hz, -CH=C(CH,), 1.02 (9H, s ,  -OSiPhIC(CH,),. 
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(2R)-(3Z)-6-[(tert-Butyldiphen~~lsilyl)oxy]-2-[(2S)-2-merhoxy-2- 
phenylaceto,ry]-l[(para-toluenesulfot~yl)-osy~-t~~erlzylhex-3- 
etze (39) 

(2s)-2-Phenyl-2-methoxyacetic acid (40) (20) (11.3 mg, 
0.068 rnmol), dicyclohexylcarbodiirnide (14.1 mg, 0.068 mrnol), 
and dirnethylarninopyridine (4.0 rng, 0.034 rnrnol) were added at 
0°C to a stirred solution of (R) alcohol 38 (18.5 mg, 0.034 rnrnol) 
in dichloromethane (1 rnL). The mixture was stirred for 0.75 h at 
0°C and then filtered on Celite. After evaporation of the solvent, 
the residual solid was purified by column chromatography (25% 
ethyl acetate in hexane) to afford ester 39 (24.3 rng, 99%); [a],," 
t 4 8 . 2  (c 1.17, CHC1,); ir (CHCl,) v: 3020, 2930, 2855, 1748, 
1430, 1365, 1 172, 1 1 10 cm-'; 'H nrnr (CHCI,) 6: 7.70-7.59 and 
7.42-7.25 (19H, -OSi(Ca,),rBu, -OS02CJI,CH3, and -0CO- 
CH(OCH,)Ca,), 5.56-5.48 ( 1 H, m, -CH(OCOCH(OCH,)Ph)-), 
4.90 ( lH,  d, J = 9.2 Hz, -CH=C(CH,)-), 4.66 (IH, s ,  
-OCOCH(OCH,)Ph), 3.94-3.92 and 3.65-3.44 (4H, 2rn. -CHZ- 
0S02C6H4CH, and -CH20SiPh2tBu), 3.37 (3H, s, -0COCH- 
(OCH,)Ph), 2.47-2.35 and 2.06- 1.96 (2H, 2rn, -CH2-CH2- 
OSiPh,rBu), 2.40 (2H, s, -OSO2C6HJCH3), 1.55 (3H, d ,  J = 
1.3 Hz, -CH=C(CH,)-), 0.99 (9H, s, -OSiPh2C(CH,)3). 

(2S)-(3Z)-6-[(tert-Butyldiphetzylsilyl)oxy]-2-[(2S)-2-methoxy-2- 
phenylaceroxyl-l -Npara-toluenesulfotzyl)o,~~~]-4-methylhex-3- 
etze (39) 

The previous procedure was applied: (2s)-2-phenyl-2-methoxy- 
acetic acid (40) (20) (9.0 mg, 0.055 mrnol), dicyclohexylcarbo- 
diimide (1 1.0 rng, 0.055 mmol), (S) alcohol 38 (14.7 mg, 
0.027 mmol), dirnethylaminopyridine (3.3 rng, 0.027 mmol), and 
dichloromethane (1 mL) yielded ester 39 (16.8 mg, 90%); [ C X ] ~ ' ~  
t 0 . 9  (C 1.13, CHC1,); 'H nrnr (CDCl,) 6: 7.64-7.59, 7.54-7.51, 
7.43-7.3 1, and 7.23-7.19 (19H, 4rn, -OSi(CJ1,)2tBu, -OSOZ- 
Ca,CH3, and -OCOCH(OCH,)Ca,), 5.48-5.39 (1 H, m, -CH- 
(OCOCH(OCH,)Ph),-), 5.07 (IH, d, J = 9.4 Hz, -CH= 
C(CH;)-), 4.69 ( lH,  S, -OCOCH(OCH;)Ph), 3.81 (2H, d, J = 

5.2 Hz, -CH20-S02C6H,CH3), 3.69-3.49 (2H, rn, -CH20Si- 
Ph'tBu), 3.36 (3H, s, -OCOCH(OCH,)Ph), 3.56-3.45 (IH, rn, 
-CHz-CH20SiPh2tBu), 2.39 (3H, s, -OS02C6H4CH,), 2.17-2.06 
( lH ,  rn, -CH,-CH20Si-Ph2tBu), 1.64 (3H, d, J = 1.4 Hz, 
-CH=C(CH,)-), 1 .OO (9H, s, -OSiPhZC(CH3),). 
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'H nuclear magnetic resonance and molecular orbital estimates of the internal 
rotational barrier in phenylpropynal in solution and in the vapor 
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TED SCHAEFER, RUDY SEBASTIAN, and ROBERT W. SCHURKO. Can. J. Chem. 70, 2365 (1992) 
The 'H nuclear magnetic resonance spectra of phenylpropynal and 1-phenylpropyne are analyzed for CS2/C6DI2 and 

acetone-d6 solutions. The ensuing spin-spin coupling constants over eight formal bonds are used in assessing the con- 
formational dependence of the one in the propynal derivative, as compared to the one over six bonds in benzaldehyde. 
The eight-bond coupling constant in phenylpropynal implies, via a hindered rotor model, that the twofold barrier to in- 
ternal rotation is 5 .9 ? 1.6 kJ/mol in both solutions. This number is much smaller than that for the internal barrier in 
benzaldehyde, reflecting the reduced IT electron conjugation in phenylpropynal. Molecular orbital computations, with 
geometry optimization, confirm the essentially purely twofold internal barrier in the free propynal. The theoretical mag- 
nitudes are given for AM1 calculations, as well as for ab inirio computations with STO-3G, 3-21G, 6-31G, and 6-31G* 
bases. To within experimental error, the barrier magnitudes from the split-valence basis sets agree with those obtained 
in solution. 

TED SCHAEFER, RUDY SEBASTIAN et ROBERT W. SCHURKO. Can. J. Chem. 70, 2365 (1992). 
On a analysk les spectres de resonance magnktique nucleaire du 'H du phknylpropynal et du 1-phknylpropyne en so- 

lutions dans le CS,/C6D,2 et dans l'acktone-d6. On a utilisk les constantes de couplage spin-spin 5 travers huit liaisons 
formelles pour dkterminer la dkpendance conformationnelle de la constante de couplage dans le propynal par comparai- 
son avec celle B travers six liaisons dans le benzaldkhyde. La constante de couplage B travers huit liaisons dans le 
phknylpropynal implique, en se basant sur un moditle B rotor empschk, que la barribre binaire B la rotation interne est 
de 5,9 ? 1,6 kJ/mol dans chacune des solutions. Cette valeur est beaucoup plus faible que celle pour la barriitre interne 
dans le benzaldkhyde et elle est le reflet d'une conjugaison IT rkduite dans le phknylpropynal. Des calculs d'orbitales 
molkculaires, avec optimisation de gkomktrie, confirment le caractitre essentiellement binaire pur de la barriitre interne 
dans le propynal libre. On rapporte les amplitudes thkoriques obtenus par calculs AM1 ainsi que par calculs ab itlitio 
avec des bases STO-3G, 3-21G, 6-31G et 6-31G". Aux erreurs expkrimentales prits, les amplitudes des barriitres cal- 
culkes avec les ensembles B valence partagke sont en bon accord avec celles obtenues en solution. 

[Traduit par la rkdaction] 

Introduction olution 'H nmr spectrum of benzaldehyde in solution. The 

The use of motionally averaged long-range spin-spin 
coupling constants in conformational analysis has had some 
success. For example, for benzyl fluoride (1) the barrier to 
rotation about the exocyclic C-C bond is comparable in 
magnitude to thermal energies at ambient temperatures and 
is significantly dependent on the solvent, so much so that the 
minimum in the internal rotational dependence apparently 
shifts by 90" in going from polar solvents to the free mole- 
cule. Experiments of this kind are feasible for relatively small 
internal barriers, say those in which their magnitude is less 
than 6kT, because otherwise the bonds carrying the coupled 
nuclei do not sample a satisfactory portion of the rotational 
potential surface. However, it is just such barriers that are 
hard to ascertain by lifetime measurements such as in dy- 
namic nrnr; also, the latter need a chemical shift marker, 
unnecessary in the application of motionally averaged cou- 

formal analysis of the 'H nrnr spectra implies ' J  as about 
-0.015 Hz (5, 6), not yet detected as a splitting in the spec- 
trum. In the presence of two ortho chlorine substituents, ' J  
is -0.135(3) Hz (7). Combined with STO-3G MO compu- 
tations (the minimal basis set, of all those employed (8), 
being in best agreement with experiment for benzalde- 
hyde), this number leads to a 'J,, of -0.33 HZ (7). A differ- 
ent approach ( 3 ,  based on 6~ in 2-chlorobenzaldehyde, yields 
a 'J,, of -0.4 Hz. 1f 'J,, lies between -0.3 and -0.4 Hz in 
benzaldehyde and if the positive component of ' J  is indeed 
negligible in the absence of ring substituents, then a barrier 
(9, 10) of 30.5-33.0 kJ/mol entails a ' J  of 0.042 (-0.35 t 
0.05) or -0.015 t 0.002 Hz in benzaldehyde in solution; 
this number is consistent with the spectral analyses (5, 6). 

Now, consider phenylpropynal, 1. The r electron conju- 
gation between the formyl and phenyl groups, mediated 

pling constants. 
If follows that, while dynamic nmr is successful in as- 

H\c,,O 
sessing the barrier height (free energy of activation) for I 
benzaldehyde in solution, which is likely greater than 30 kJ/ 
mol (ref. 2, a review giving a collection of data and a dis- 

f 
cussion), 'J(H, CHO) should be very small, presumably 
being proportional to sin '0, whose expectation value at 
300 K is then only about 0.045, where 0 is the internal tor- 
sion angle. Yet INDO MO FPT computations (3) yield (4, 

6 
5) ' JYJ (0 = 90") as near - 1.0 Hz, so that a measurable value by the triple bond, will be weaker than in benzaldehyde; its 
of about -0.05 Hz should appear in a reasonably high-res- absence would imply essentially free internal rotation, while 

its presence would favour a planar molecule. The triple bond 
'undergraduate research participant, 199 1 .  may reduce the a-a contribution to ' J  in 1. If the barrier to 
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TABLE 1. The 'H nmr spectral parameters of 1 and 2 at 300 K 

1 -Phenylpropyne Pheny lpropy nal 

Parameter CS2/C6DlT Acetone-dt CS,/C6D1/ ~ c e t o n e - d t  

'J3x 

'J4x 

Transitions calcd. 
Transitions assigned 
Peaks observed 
Largest difference 
Root-mean-square deviation 

"5.0 mol% in CS,, containing also 10.0 mol% of C,D,? and 0.5 mol% of TMS. 
"5.0 mol% in acetone-&, containing also 0.5 mol% of TMS. 
'In Hz at 300.135, MHz to high frequency of internal TMS. 
"For all spectral parameters, the standard deviation in the last significant figure is 0.001 Hz, or less, except 

for 3J,3 in column 2, for which it is 0.002 Hz. 
'X is a methyl proton in I-phenylpropyne or the formyl proton in phenylpropynal. 

internal rotation is small enough, however, then a precise 
measurement of 'J may still lead to an estimate of its mag- 
nitude. 

In this report, the 'H nmr spectra of 1 and 2, l-phenyl- 
propyne, are obtained and analyzed for polar and nonpolar 

solutions. The ensuing 'J values yield an estimate of the in- 
ternal barrier in 1, which is also calculated for the free mol- 
ecule at various levels of molecular orbital theory. 

. .  ,. 

Experimental 
The compounds, 1-phenylpropyne and phenylpropynal, from 

Aldrich, were prepared as 5.0 mol% solutions in CS,/C,D,,/TMS 
and acetone-d6/TMS solvent mixtures (see the tables for details). 
The solutions were filtered into 5 rnrn 0.d. nmr sample tubes, which 
were degassed by at least four cycles of the freeze-pump-thaw 
procedure. Careful flame-sealing produced fairly symmetrical tops 
on the sample tubes. 

The 'H nmr spectra were obtained on an AM 300 Bruker spec- 
trometer using acquisition times of 50 s or more, digital resolution 
of 0.002-0.005 Hz/point, and some resolution enhancement pro- 
cedures (see figures). Weak irradiation experiments (1 1-14) es- 
tablished the signs of the long-range coupling constants in the 
aldehyde and the strongly second-order spectrum of the methyl 
compound was determined by the signs of its long-range coupling 
constants, which were already known (15) for its 2,5-dichloro de- 
rivative. 

FIG. 1. The IH nmr spectrum at 300 MHz of the methyl pro- 
tons of 1-phenylpropyne, as a 5 mo]% solution in acetone-d6 at 
300 K ,  has a linewidth at half height of somewhat less than 
0.03 Hz. The acquisition time is 50.0 s and some resolution en- 
hancement is employed. The theoretical spectrum takes the en- 
hancement into account, uses the spectral parameters from Table 
1, and assumes a linewidth of 0.025 Hz. The relative signs of  the 
coupling constants to the ring protons follow from the observed 
pattern in this figure. 
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SCHAEFER ET AL.: 1 

FIG. 2. In A is shown the 'H nmr spectrum at 300 MHz and 300 K of the formyl proton in phenylpropynal as a 5 mol% solution in 
acetone-d6. The digital resolution is 0.002 Hz/point, the acquisition time is 5 1.2 s ,  and rather severe resolution enhancement, a LB of 
-0.120 and a GB of 0.600, is applied. In B a weak second radiofrequency field is applied to the doublet (splitting of ca. 0.06 Hz due to 
the formyl proton) at highest frequency in the spectrum of the ortho protons. The spectral pattern is consistent with expectation if 7 ~ ( ~ ,  
CHO)/~J?, > 0 and 'J(H, CHO)/~J~ ,  < 0. In C the peak (split by about 0.04 Hz) near 2280.20 Hz in the para  proton region is being 
irradiated. This peak corresponds to opposite spin states for the metu andparu protons, say negative and positive, respectively. If 'J(H, 
CHO)/~J,, < 0 and 7 ~ ( ~ ,  C H O ) / ~ J ~ ~  > 0, then, with the correct amplitude of the second field, the right-hand peak in the formyl proton 
spectrum should split (tickling conditions (1 I)), as observed. Six sets of experiments were performed to confirm the sign relationships 
given in Table 1 and simulations of the double resonance experiments used the program DOR (13). 

Molecular orbital computations utilized the program GAUS- 
SIAN 86 (16), with various basis sets (17). INDO MO FPT (3) 
calculations of long-range coupling constants employed the ge- 
ometries obtained from the optimizations in the molecular orbital 
iterations. 

Results and discussions 
Spectral analyses 

The spectral parameters, obtained with the program NU- 
MARIT (18), extensively reworked by R. Sebastian, ap- 
pear in Table 1. Figure 1 displays the 'H nmr spectrum of 
the methyl group in 1-phenylpropyne and Fig. 2 illustrates 
one of a series of experiments designed to determine the signs 
of the coupling constants involving the formyl proton in 
phenylpropynal. 

'J in I -phenylpropyne, 1, and phenylpropynal, 2 ,  and the 
internal barrier in 1 

In toluene, 6 ~ ( ~ ,  CH,) is -0.602(2) Hz, is a pure a-TI 
cou lin constant (19-22) and hence is proportional to sin k' .g 28. J In 2 is -0.252(3) Hz (the mean of -0.25 l(1) and 
-0.254(1) Hz) and is most likely also a pure a-TI parame- 
ter. Therefore the triple bond reduces the a-.rr interactions 
by a factor of 0.42, confirming a previous conclusion (15). 
8 ~ ,  in 2 is thus 0.504(6)Hz, that is, when the C-H bond of 
the methyl group lies in a plane perpendicular to the molec- 
ular plane; the internal barrier is essentially zero, so that (sin 
' 8 )  is 0.5. 

The analogous procedure for the aldehyde, 1, then im- 
plies that 8 ~ w  is (-0.35 + 0.05) 0.42 or -0.14, + 0.02, Hz. 
The measured value (Table 1) of 8~ is -0.036> 2 0.00l5 Hz. 
Therefore (sin '8) is 0.248 + 0.047 at 300 K. If the internal 
barrier is purely twofold, then its magnitude follows as 
5.9 -+ 1.6 kJ/mol, considerably lower than in benzalde- 
hyde in the vapor, where the internal barrier is predomi- 
nantly twofold and very near 20 kJ/mol (23-26), or in 
solution, where the free energy of activation to internal ro- 

FIG. 3.  The 6-31G* structure of planar phenylpropynal is dis- 
played. Calculations with this basis set give C-C and C-H 
equilibrium bond lengths in a ~ h e n y l  group longer and shorter, re- 
spectively, by very near 0.01 A than, for example, ro values from 
microwave spectroscopy (35). 
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TABLE 2.  Relative computed energies of various conformers of 
phenylpropynal, 1 

Relative energy/kJ mol-' 

"For the planar molecule. 
"For an angle of 90" between the planes of the formyl and phenyl groups. 
'The total energy is -413.853 823 au.  
"The total energy is -416.758 514 au. 
'The total energy is -418.943 554 au. 
 he total energy is -419.104 150 au. 
"For this conformation the energy is computed for a geometry that is the 

average of those for the encompassing values of 0 .  

tation is  nearer 3 0  kJ/mol .  T h e  smaller value in  1 can  b e  
understood qualitatively a s  a consequence of  reduced con- 
jugation of  the 7~ electron systems in question. 

Molecular orbital computations 
The results of  the calculations with various bases (27-31) 

of  the conformational energies for 1 are summarized in Table 
2 .  During the SCF cycles, the nuclei of the phenyl group were 
constrained to a plane, but all other bond angles and  lengths 
were optimized.- he relative energies in Table 2 are repro- 
ducible by  an almost purely twofold internal potential, any  
fourfold component  having a magnitude of  0 . 0 2  kJ/mol  o r  
less. T h e  split-valence basis sets-agree with the magnitude 
of  the barrier deduced f rom 'J to within experimental error. 
T h e  perturbation of  the barrier by  the solvent is not known.' 
It would b e  of interest to  have a n  e x ~ e r i m e n t a l  value o f  the 
internal barrier for  the molecule in the gas phase. Figure 3 
shows  the 6-31G* (polarization functions o n  the heavy at- 
oms)  structure o f  1, probably of  use in such studies. 

T h e  I N D O  M O  FPT computations confirm that 'J in 1 
varies as s in '0, the magnitude depending,  as expected,  o n  
the geometry. In  view of  the  quantitative discrepancies be- 
tween theory a n d  experiment for 6 ~ 9 ,  in benzaldehyde (4, 5 ,  
7 ) ,  it cannot b e  said that the computations o f  'J,, sin '0 in  1 
necessarily bear out  the discussion in the  previous section, 
where 8 ~ y ,  is estimated as -O.lSHz,  although the theoreti- 
cal  coefficient of  sin '0 ranges f rom -0.15 H z  for the 
STO-3G to - 0 . 2 0  Hz for  the 6-3 l G *  geometries. 

Turning to 1-phenylpropyne, 2, the computations con-  
firm intuition, even under tight optimization conditions, that 
the internal rotational barrier vanishes t o  within the signifi- 
cance o f  the computed energies. T h e  I N D O  MO FPT com-  
putations o f  '5 confirm its dependence o n  sin-0, where 0 is 
the angle by which the C-H bond of  the methyl group twists 
away  from the plane containing the phenyl group.  

- 

 he computed dipole moments of the planar conformers of 1 
vary from I .40 D with AM1 to 4.87 D with the 6-31C basis. For 
the split-valence bases, the dipole moments decrease by 0.3 D in 
the perpendicular conformers, so that some solvent stabilization of 
the planar conformer is possible. The dipole moment of 1 is 
3.39 D in benzene solution at 298 K (32), midway between 4.35 
D (6-31G:" and 2.33 D (STO-3C). 

The other spectral parameters 
It  m a y  b e  noted that the ratios of  ' " f " ~ ( ~ ,  CH,) in 1- 

phenylpropyne (Table 1) to  the corresponding "J(H, CH,) in 
toluene ( 19) range f rom 0.42,  to  0.42,. Because 4 ~ ( ~ ,  CH,) 
and  'J(H, CH,) in  toluene contain also cr electron contribu- 
tions, in  addition to  the cr-7~ components  (19-22), it ap- 
pears that the triple bond reduces any cr components of  6 ~ ( ~ ,  
CH,) a n d  'J(H, CH,) in 1-phenylpropyne b y  the same fac- 
tor with which it reduces the a-7~ components. Such a re- 
sult is not borne ou t  by  our  I N D O  MO FPT computations in 
1-phenylpropyne. Because, however, such computations are 
also unsatisfactory for  'J(H, CH,) and 4 ~ ( ~ ,  CH,) in  tol- 
uene (19 ,  3 3 ,  34) ,  more  discussion is unwarranted here. 
Further study o f  the coupling mechanisms is  required. 

Turning to the intraring coupling constants,  it is interest- 
ing that 'J',, ,J,~, 4 ~ 2 6 ,  and  VJ,, are  larger in the  polar than in 
the relatively nonpolar solution; the opposite is true fo r  ' ~ ~ 4 ,  
while 4 ~ , 5  i s  unchanged b y  a change in solvent.  T h e  solvent 
perturbations are a n  order  of  magnitude larger than the stan- 
dard deviations in  the coupling constants.  Exactly the same 
pattern has n o w  been established (unpublished data)  for 
phenylethyne and  cyanobenzene. 
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The conformational behavior of isobutylbenzene in CS,/C,D,, solution at 300 K 
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TED SCHAEFER and LINA B.-L. LEE. Can. J .  Chem. 70, 2370 (1992). 
The 'H nuclear magnetic resonance spectrum of isobutylbenzene as a dilute solution in CS,/C,D,, at 300 K is ana- 

lyzed. The gauche conformer (statistical weight 2) predominates, as was previously shown for a jet-cooled stream of 
this compound. The apparent twofold barrier to rolation about the Csp'-Cs,~' bond is 10.5 ? 0.5 kJ/mol, as must be 
the case for the analogous gauche conformer of ti-propylbenzene. The internal barriers are compared for ethylbenzene, 
gauche isobutylbenzene, and neopentylbenzene. AM I and STO-3G MO computations of the conformer stabilities and 
barriers are reported, the latter being in better agreement with experiment. 

TED SCHAEFER et LINA B.-L. LEE. Can. J .  Chem. 70, 2370 ( 1992). 
On a analysC le spectre de resonance magnCtique nuclCaire du 'H de I'isobutylbenzkne, en solution diluCe dans le CS2/ 

C6Hl,, i 300 K.  Comme il a CtC dCmontrC antkrieurement pour un Cchantillon de ce composC existant sous la fonne d'un 
tcoulement refroidi par un jet, le co;formtre ga~lche (poids statistique de 2) prkdomine. La barrikre binaire apparente 
i la rotation autour de la liaison ~ s ~ - - - C s ~ '  est de 10,5 -C 0,5 kJ/mol, comme ce doit Ctre le cas pour le conformtre 
gauche analogue du n-propylbenztne. On a comparC les barrikres internes avec celles de I'Cthylbenzkne, de I'isobutyl- 
benztne gauche et du nCopentylbenzkne. On rapporte les rCsultats obtenus par calculs d'OM AM1 et STO-3G des sta- 
bilitCs et des barrikres; I'accord avec les rCsultats experimentaux est meilleur dans le dernier cas. 

[Traduit par la rCdaction] 

Introduction least, the gauche conformer, 5,  is present to the exclusion 

Apart from their intrinsic interest, the potentials retarding 6.  mechanics calculations (10) have as 
the motion about the CS~'-CS~' bond in alkylbenzenes are 
important in the study of liquid crystals (1, 2), many of whose 
molecules contain such fragments, and for the concept of 1,3- CH3 
benzylic lectivity of strain attack (3), by used nucleophiles in the discussion or electrophiles. of the stereose- ,+H cHi*r 

Apart from toluene, in which the internal rotational bar- 
rier is almost negligibly small (4), the alkylbenzene most H 
investigated in this respect is ethylbenzene, 1. Supersonic 
molecular, jet laser spectroscopy (5) and low- (6) and high- ' 3 3  H 
(7) resolution microwave spectra for the vapor show that 4 
is the conformation of lowest energy; the latter spectra 

5 6 

(7) are consistent with an internal barrier ranging from 4.9 
to 7.8 kJ/mol, in rough agreement with various (7, 8) ab 
itzitio molecular orbital computations at the Hartree-Fock or 
post-Hartree-Fock level of theory, as well as with heat ca- 
pacity data (9). In solution (8), the long-range coupling 

R 
I 

-------,.c---------IT plane 

I/ \ 
H H 

4, perpendicular 

constant over six bonds between the methylene and para ring 
protons suggests that the conformational behaviour of 
ethylbenzene is the same in various solvents and that, if the 
barrier is purely twofold, its magnitude is 5.3, 2 0.3, kJ/mol. 

At low temperatures in a molecular jet (lo),  the two-color 
time-of-flight mass spectra of 2, isobutylbenzene, and its 
derivatives prove that 4 is the stable conformer, as expected 
on steric grounds, and further that, at low temperatures at 

2.9 kJ/mol more stable than 6, which is also disfavored by 
an entropy of R In 2. The barrier to rotation about the 
c s p ' - ~ s p ~  bond is not known. 

In solution, the long-range coupling constant, 6 ~ ( ~ ,  CH,), 
will yield an estimate of the sp2-sp%barer and 3 ~ ( ~ ~ ,  CH,) 
in the side chain should confirm the predominant presence 
of 5.  If the barrier is predominantly of steric origin, that is, 
caused by repulsions between the group R and the ortho 
C-H bonds, then it should be larger in isobutylbenzene 
than in ethylbenzene, even if only 5 exists (models). This 
paper reports the analysis of the 'H nmr spectrum of isobu- 
tylbenzene in a CS,/C6D,, solvent mixture and discusses the 
conforinational information available from the coupling 
constants. Apparently the molecule has not been confor- 
mationally characterized in solution. The results of the present 
investigation allow a comparison of the barriers to rotation 
about the CS~>'-CS~>," bonds as ethylbenzene is trans- 
formed, by successive substitution by methyl groups, into 
rz-propyl, isobutyl, and neopentyl benzenes. 

Experimental 
A 4.0 mol% solution of isobutylbenzene (Aldrich) in a standard 

CS2/Cc,Dl,/TMS/C6F6 solvent mixture (see Table I) was filtered 
into a 5 mrn 0.d. nmr sample tube. The solution was degassed by 
five cycles of the freeze-pump-thaw procedure and was flame- 
sealed under vacuum. At a probe temperature of 300 K,  ' H  nmr 
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TABLE I. The 'H nmr spectral parameters for isobutylbenzene as a 4.0 mol% solution in 
CSI/C6D,," at 300 K 

Parameter Value Parameter Value 

'J(CH;, H-3) 
'J?i 

"J(cH,, H-2) 
' ~ ( C H ,  H-3) 
"J(CH2, H-4) 
'J(CH, H-4) 
Calculated transitions 
Assigned transitions 
Observed peaks 
Largest difference 
Root-mean-square 

deviation 

1.902(1) 
1.452(1) 
0.038(2), 0.015(2) 
0.272(1) 
0.596(0) 

-0.001(1) 
O.OOl(1) 

-0.374(1) 
-O.OOl(2) 

864"i 539" 
215 349 
190 total 
0.016 0.019 
0.006 0.007 

"4.0 mol% in CSI, containing also 10 mol% of C,,DIL and 0.25 tnol70 each of tetramethvlsilane 
(TMS) and C6F6. 

"In Hz at 300.135, MHz to high frequency of internal TMS. 
'Numbers in parentheses are standard deviations in the last significant figure. 
"No transitions assigned, vely small but finite coupling constants with the six methyl protons causing 

broadening of a strongly second-order pattern and exacerbated by the tightly coupled ring protons, 
all of which couple to these methylene protons. 

"No direct evidence exists for this coupling constant, indirect evidence coming from the assigned 
transitions of the methyl protons and from the apparent broadening of the methylene proton peaks. 

'The value of 0.038(2) Hz originates in the iterative analysis of the 'H nmr spectrum of the side- 
chain protons as part of an A,BC,DD' spin system (D and D' are the orrho ring protons) and unfor- 
tunately correlates by 0.87 with the chemical shift of the methine proton. The value of 0.015(2) Hz 
comes from the analysis of the spectrum of the ring protons as part of an ABICCIDD'E spin system, 
that is, ignoring the methyl protons. 

"Number of transitions calculated for the side-chain protons, there being many, essentially degen- 
erate, transitions. 

"Number of transitions calculated for the ring protons, again with many degenerate ones; note the 
essentially zero coupling constants. 'J(CH, H-4) and 'J(CH, H-3). 

spectra were obtained on an AM 300 Bruker spectrometer, they 
employed digital resolution of 0.024 Hz/point, an acquisition time 
of 41 s per free induction decay; the latter were zero-filled twice 
or four times before transformation to the frequency domain. 

Molecular orbital computations used the program GAUSSIAN 
. . 

86 (1 I )  on an Alndahl 5870 system. Geometry optiinization pro- 
cedures allowed bond angles and lengths to vary, with the con- 
straint that the nuclei of the phenyl group remained in a plane. The 
AM1 parameterization (12) as well as the ab irlitio minimal basis 
set, STO-3G (13), were utilized. The latter basis set yields rela- 
tive conformational energies for ethylbenzene very similar to those 
obtained from basis sets as large as 6-3 1G and 6-3 1G" (7, 8). 

Results and discussion 
Spectral unalysis 

The 14 protons of isobutylbenzene constitute an incon- 
veniently large spin system. Fortunately, the methyl pro- 
tons do not couple significantly to the ring protons, so that 
a composite analysis proved successful. The 'H nmr spec- 
trum of the side-chain protons was amenable to an analysis 
based on the spin system, A,BC2DD1 (two magnetically no- 
nequivalent ortho ring protons are included), while that of 
the ring protons yielded to an analysis based on 
AB2CC1DD'E. The methine proton couples significantly to 
the ortho protons but its magnitude is somewhat imprecise, 
as seen in the collection of the spectral parameters in Table 
1 .  The computer program NUMARIT (14), substantially 
modified by R. Sebastian in this laboratory, was used in the 
analytical procedures. 

Figure 1 and its caption illustrate the spectral quality ob- 
tainable for the ring protons. 

The appuretzt twofold burrier 
Because 6 ~ ( ~ ,  CHI) is a pure cr-.ir coupling constant (15- 

20) and is therefore proportional to sin20, where 0 is the an- 
gle by which the ol C-H twists away from the benzene plane 
(see 4), a knowledge of 6 ~ 9 ,  yields the expectation value of 
sin20. This quantity is related to the barrier to rotation about 
the C S ~ ' - C S ~ ~  via a hindered rotor model (21, 22) or a 
classical averaging procedure; the foldedness of the internal 
rotational potential enters into this relationship. 'Jgo de- 
pends on the electronegativity of the substituent, R; it is 
- 1.204(4) Hz in toluene (19), R = H, and has been shown 
to be -0.941(4) Hz in benzyl fluoride, R = F (23). For 
R = OCH,, ,J,, is - 1.02 HZ (24, 25). A linear interpola- 
tion implies 'J~, as - 1.16 Hz for the present molecule, as for 
ethylbenzene (8). 

,J(H, CH2) is -0.374(1) Hz for isobutylbenzene (Table 
1). Hence (sin20) at 300 K is 0.322(4), assuming an uncer- 
tainty of 0.01 Hz in 'J9,. Because a rigid 4 has (sin") as 0.25, 
and because a vanishing barrier implies a value of 0.5, it 
appears that 4 is also the stable conformation in solution. The 
apparent twofold bamer is 10.5 2 0.5 kJ/mol, roughly twice 
that for ethylbenzene (8). 

Although nb initio molecular orbital computations with 
geometry optimization would be very time-consuming with 
higher level basis sets, those with the minimal basis set, 
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FIG. I .  The 'H nmr spectrum at 300 MHz and 300 K of the ring protons of isobutylbenzene, as a 4.0 mol% solution in CS,/C6DI,, is 
displayed. The simulated spectrum employs the parameters in Table 1 .  The spacings in the triplets from the mera protons, when appar- 
ent, are about 0.25 Hz in magnitude. Some broadening of the peaks comes from small coupling interactions with the methine and methyl 
protons in the side chaiii (see the text and Table 1 ) .  

STO-3G, gave 4 as 1 1.1 kJ/mol more stable than the con- 
former in which the C(a)-C(P) bond lies in the benzene 
plane.' However, optimization for a range of twist angles 
gave a minimum energy for a conformation in which the 
C(a)-C(P) bond lies about 15" from the perpendicular, that 
is, froin 4. A fit to a Fourier series showed that this mini- 
mum must be attributed in the main to a strikingly large 
eightfold component of the barrier, 2.5 kJ/mol. This some- 
what unexpected result can hardly be ruled out by the ex- 
perimental value of 0.32, for (sin20), the STO-3G data 
yielding 0.33,  at 300 K. 

'AMI optimizations have this stability as 4.3 kJ/mol, very likely 
too low; such optimizations yield a banier height of 2.3 kJ/mol for 
ethylbenzene, too low by at least a factor of two. 

In this connection, the only other available computations 
(26) for the free molecule are those based on molecular me- 
chanics (MM2 and CAMSEQ) in a comparative study of al- 
kylbenzenes and some arylalkylamines of biological interest. 
The MM2 computations do indeed have a deviation of 8" 
from the perpendicular orientation in 4, but also find 5 
and 6 as isoenergetic, an unlikely result (see below). 
The CAMSEQ parameterization predicts no deviation from 
perpendicularity in 4, but favors 5 by 8 .4  kJ/mol over 6, 
qualitatively correct. The MOMM numbers are 2.9 kJ/mol 
(lo), agreeing with the present STO-3G result of 3.0 kJ/inol. 

A rationalization of a small deviation from perpendicu- 
larity in the stable conformer, 4, goes as follows. In 6, both 
methyl groups are situated over the phenyl group and, by 
symmetry, the conformer is perpendicular (make models). 
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Now, 6 is certainly less stable than 5.  Apart from an en- 
tropy term (see below), attribution of the instability to re- 
pulsion between the methyl groups and the phenyl group 
implies that such a repulsion for a single methyl group in 5 
is relieved by a small twist from the perpendicular, increas- 
ing the distance between the methyl and phenyl electron 
clouds. That is indeed the direction of twist predicted by the 
STO-3G MO computations. Such a rationalization needs 
support from high-level molecular orbital calculations, which 
are costly. They would be of real interest, however, be- 
cause of recent discussions of the nature, attractive or re- 
pulsive, of the forces between the IT system of the phenyl 
group and the alkyl group (27). 

In this connection, it is of interest that, in CS, solution, 
the enthalpy difference favoring the trans conformer of n- 
propyl-3,5-dibromobenzene is 1.9 kJ/mol at 305 K (28). The 
gauche conformer has an additional entropy of R In 2, so that 
in solution at this temperature, the gauche and trans con- 
formers are of roughly equal abundance. In the gas phase at 
low temperatures, both conformers exist (10) and MOMM 
computations imply a steric destabilization energy of 1.6 kJ/ 
mol in the gauche form. Furthermore, it was predicted that 
6 ~ ( ~ ,  CH,) in the gauche form would be -0.38 Hz (28), very 
close to the -0.37 Hz now measured for isobutylbenzene, 
which in solution exists predominantly in the gauche form 
(see below). In that case, rotations about the ~ s p " ~ s p ~  
bonds in the gauche forms of n-propylbenzene and of iso- 
butylbenzene involve the close approach of one methyl group 
to the ortho C-H bonds; hence they should have very sim- 
ilar barriers and 6 ~ ( ~ ,  CH,) values. 

In summary, S T 0  3G MO optimizations predict a barrier 
height of 6.6 and 12.5 kJ/mol for ethyl (8) and isobutyl- 
benzene, respectively, whereas the apparent twofold bar- 
riers in solution are 5.3, + 0.3, and 10.5 -t 0.5 kJ/mol. The 
substitution by one more methyl group, to give neopentyl- 
benzene, 3, causes at least a second doubling of the experi- 
mental internal barrier (29, 30), presumably because of the 
greater difficulty experienced by the methyl groups in 
avoiding close H,H contacts with the ortho C-H bonds at 
the height of the barrier. 
The equilibrium betweetz 5 arzd 6 in solution 

  he symmetrical conformer, 6, is not detectable at low 
temperatures in a jet-cooled stream (10). In the CS2 solution 
at 300 K, 3 ~ ( ~ ~ ,  CH,) is 7.15, Hz and is a population 
weighted average of ( 3 ~ g  + 3 ~ , ) / 2  in 5 and 3 ~ i  in 6, the two 
gauche coupling constants., 3 ~ g  and 3 ~ i ,  not necessarily being 
equal. If the barrier to interconversion of 5 and 6 is large 
compared to thermal energies, as is probably true (3 l ) ,  then 
the implied assumption of a two-site equilibrium is reason- 
ably reliable.' The vicinal coupling constants, in 
addition to their dihedral angle dependence, are also sensi- 
tive to substituent electronegativity and other perturbations. 
Fortunately, a thorough study of 2-methylbutane (replace the 
phenyl by a methyl group) exists. Here the equivalent 
( 3 ~ g  + ,J,)/2 and 3 ~ ,  are determined as 7.06 * 0.01 and 
3.52 * 0.13 Hz, respectively. It is assumed that R In 2 rep- 
resents the entropy difference between the conformers anal- 
ogous to 5 and 6 (32). The application of the parameters for 

'of course, if the interconversion barrier is not large compared 
to kT, then the dihedral angle takes on many values other than 60" 
('J,) or 180" OJ,) with high probabilities, and a procedure similar 
to that described above for 6~ would become essential. 

the butane derivative to isobutylbenzene, yields the frac- 
tional population of 5 as 1.02 * 0.0 1, apparently absurd. 

Of course, the electronegativities of phenyl and methyl 
groups are not identical and the relevant torsion angles may 
well deviate from regular tetrahedral values by different 
amounts in 5 and 6 as compared to the analogous conform- 
ers of the butane derivative. Another estimate of the popu- 
lation of 5 can be had from the estimates of 12.5 and 2.5 Hz 
for 3 ~ ,  and 'J, in 2,4-diphenylpentane, in which a phenyl 
group, a methyl group, and an sp3 carbon centre are bonded 
to the coupling fragment (33). These numbers, applied to 
isobutylbenzene, yield the fractional population of 5 as 0.93, 
using now the relationship 7.15 = P, (12.5 + 2.5)/2 + 
(1 - P,) 2.5. It appears that 5 does indeed predominate in 
CS, solution at 300 K.  A population of 0.93 would corre- 
spond to a free energy difference of 6.4 kJ/mol and an en- 
thalpy difference of 4.7 kJ/mol, favoring 5.  

(i) Absence of 4 ~ ( ~ ~ , ,  CH,) 
The iterative analysis of the 'H nmr spectrum gave 4~(CH2,  

CH3) as -0.009(1) Hz; actual splittings assignable to this 
coupling constant were not detected, although the methyl 
doublet does display some fine structure, but due to second- 
order perturbations. Using the theoretical values in column 
D of ref. 34, 'J(cH~, CH,) is calculated as -0.04 Hz in 5 
and 0.14 Hz in 6. These numbers are based on regular tet- 
rahedral geometries and the theoretical values for various 
dihedral angles are also somewhat uncertain (34), so that this 
comparison can only be said to indicate consistency with a 
preponderance of 5 in solution. 

(ii) Ring proton, methine prototz coupling, 'J(CH, H-2) 
Two values for the coupling constant between the meth- 

ine and ortho ring protons came from the separate analyses 
of the side-chain and ring proton spectra. The A6BC,DD1 
system gave 5~ as 0.038(2) Hz while that of AB,CC'DDIE 
yielded 0.015(2) Hz. The larger value correlates by 0.87 with 
the chemical shift of the methine proton and is very likely 
not as reliable as the smaller value. 'The finite value of 'J quite 
possibly arises from a close approach of the two C-H bonds 
carrying the coupled nuclei. As the molecule twists about the 
~ s p ' - - ~ s p ~  bond in the predominant gauche conformer 
(models), t h ~  hydrogen atoms of the two bonds could come 
within 1.8 A of each other at the extremes of the motion, 
leading to proximate coupling interactions. In the minor 
conformer, 6,  this situation does not obtain. The absence of 
significant coupling between the methyl and ring protons may 
well be a consequence of the fact that, in the gauche con- 
former, the protons in the distant methyl group remain far 
from the ortho C-H bonds; any coupling interactions are 
averaged over all methyl protons. of course. It seems highly 
probable that significant coupling constants would be ob- 
served in 6 between methyl and ortho ring protons (through- 
space interactions). 

(iii) ""(H-2, CH,) and 'J,,,(H-3, CH2) 
J, (H-2, CH,) -- 'J, is -0.538(1) Hz and contains a u in 

addition to the u-IT component. For toluene, the theoretical 
expression is 'J/HZ = - 1.08 (sin%) -0.32 (cos20), the first 
term representing the u-IT contribution (35), and predicts 
-0.70 Hz for 'J(H,cH,), precisely as measured (19). Just 
as for 'J,,, the coefficient of (sin%) should be reduced by a 
factor of 1.16/1.20, to yield - 1.04 Hz. Based on a (sin'0) 
of 0.322, obtained from 6 ~ ( ~ ,  CH,) above, one has 4 ~ , ,  as 
-0.552 Hz; the (sin%) from the STO-3G potential, 0.332, 
entails a ,J, of -0.559 Hz. However, a reduction of the 
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magnitude of the coefficient of (cos28), from 0.32 to 
0.30 Hz, would produce exact agreement with experiment. 
It is reasonable to conclude that 4 ~ ,  is compatible with the 
STO-3G potential as well as with an apparent twofold bar- 
rier of 10.5 + 0.5 kJ/mol. 

Again, 5 ~ , ,  (H-3, CH2) = 5 ~ , , ,  is a function of (sin28) and 
(sin2(8/2)). The equation suggested for toluene (19) yields 
5~,, ,  in isobutylbenzene as 0.266 and 0.269 Hz, respectively, 
according to the (sin28) values from 6 ~ ( ~ ,  CH,) or from the 
STO-3G potential. The measured 5~,, ,  is 0.272(1) Hz. 

Conclusion 
The apparent twofold barrier to rotation about the 

~ s p ~ - - ~ s p ~  bond in isobutylbenzene, existing predomi- 
nantly as the gauche conformer at 300 K ,  is 10.5 + 0.5 kJ/ 
mol, very close to that in the gauche conformer of tz-pro- 
pylbenzene (28), and roughly twice that in ethylbenzene (7, 
8) and the trans conformer of n-propylbenzene (28). Sub- 
stitution by another methyl group at the P carbon atom of 
isobutylbenzene, to produce neopentylbenzene, raises this 
barrier to greater than 20 kJ/mol (29, 30); the methyl groups 
are now unable easily to avoid the ortho C-H bonds of the 
benzene moiety. All these statements refer to experimental 
results in solution. 
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Nonbonded C=O S and C-H S interactions in 2-(4-chlorophenylthio) 
benzaldehyde in solution. An average skew conformation 
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TED SCHAEFER, LINA B.-L. LEE, and RUDY SEBASTIAN. Can. J. Chem. 70, 2375 (1992). 
The 'H nuclear magnetic resonance spectral parameters are reported for 4.0 mol% solutions of 2-(4-chlorophenyl- 

thio) benzaldehyde in CS2/C6D,, and acetone-d6 at 300 K. In CS, the 0-syn conformer is 36% abundant, rising to 50% 
in acetone-d6. 'These abundances are compared to those of the 0-syn and 0-trans conformers of 2-(alkylthio) benzal- 
dehydes in CCl, solution. On the basis of coupling constants and chemical shifts it is concluded that the skew con- 
former of the title compound is very likely the one of minimum energy in both solutions. In the skew conformer the plane 
of the 4-chlorophenyl group lies perpendicular to the CSC plane and also to that of the other aromatic moiety. It is sug- 
gested that the S . . . 0 interaction is rather weak and that the population of the 0-syn conformer is controlled by the ori- 
entation of the mainly 3p lone-pair orbital on sulfur. At best, the S . - .O  interaction is attractive only when the 3p orbital 
lies perpendicular to the plane of the formyl group. The skew conformation of the title compound is contrasted to the 
skew conformation of 2-hydroxyphenyl phenyl sulfide in which, however, the role of the two aromatic planes is re- 
versed; the 3p orbital now lies in or near the plane of the phenyl group COH due to an attractive 0-H . . .3p interac- 
tion. 

TED SCHAEFER, LINA B.-L. LEE et RUDY SEBASTIAN. Can. J. Chem. 70, 2375 (1992). 
Operant 2 300 K,  on a determine les parametres spectraux en rksonance magnetique nucleaire du 'H du 2-(4-chlo- 

rophCnylthio) benzaldehyde en solution a 4 mol% dans le CS,/C,D,, et dans llacCtone-d6. L'abondance du conformkre 
0-syn est de 36% dans le CSZ et elle atteint 56% dans l'acktone-d6. On a compare ces abondances 2 celles des con- 
formkres 0-syn et 0-trans des 2-(alkylthio) benzaldkhydes en solution dans le CC1,. En se basant sur les constantes de 
couplage et sur les dkplacements chimiques, on arrive a la conclusion que le conformkre gauche du composk mentionne 
dans le titre est trks probablement celui qui posskde I'Lnergie minimale dans les deux solutions. Dans le conformkre gauche, 
le plan du groupe 2-chlorophCnyle se trouve dans un plan perpendiculaire a celui du CSC et Cgalement au plan de l'unitC 
aromatique. On suggkre que l'interaction S . . . O  est plut8t faible et que la population du conformkre 0-syn est princi- 
palement contrBlCe par I'orientation du doublet libre de I'orbitale 3p du soufre. Cette interaction S . . . 0 n'est optimale 
que lorsque le plan des orbitales 3p est perpendiculaire 2 celui du groupe formyle. La conformation gauche du compose 
mentionnk dans le titre est 2 l'oppose de la conformation gauche du sulfure de phCnyle et de 2-hydroxyphknyle dans le- 
quel, cependant, le rBle des deux plans de la portion aromatique est inverse; I'orbitale 3p se trouve maintenant dans le 
plan ou prks du plan du groupe phCnyle COH 9 cause d'une interaction attractive OH. . .3p. 

[Traduit par la redaction] 

Introduction 
A recent review (1) discusses extensive investigations of 

nonbonded sulfur-oxygen interactions, those in the so-called 
dono:-acceptor region. The S . . - 0  distances span 2.3- 
3.2 A ,  less than the sum of the van der Waals distances but 
greater than covalent bond lengths. Semi-quantitative inter- 
pretations of these phenomena have been given in terms of 
valence bond and molecular orbital models (2). 

For divalent sulfur, an electrostatic model has some pre- 
dictive power (3, 4). This model recognizes the relatively 
large difference in energy between the 3s and 3p orbitals on 
sulfur and the concomitant tendency to keep the 3s orbital 
fully occupied during bond formation ( 5 ,  6). In addition, for 
sulfur the 3p orbital extends significantly farther from the 
atomic centre than does the 3s orbital (7), in contrast to the 
situation in oxygen, for example. Hence a qualitative model, 
in which the two pairs of lone electrons on sulfur are distin- 
guished by their mainly 3s and 3p characters, rationalizes the 
fact, pertaining to crystal structures, that electrophiles favor 
an approach perpendicular to the X-S-Y plane, in line with 
the directional 3p  lone-pair. Nucleophiles orient preferen- 
tially in the X-S-Y plane, away from the X-S and X-Y 
bonds (8, 9). Such a model also allows an easy interpreta- 
tion of the observation that 2-hydroxythiophenol adopts the 
conformation 2, and not 1, in solution (3). The polar 0--H' 
bond overcomes the 3p . . . .rr conjugative stabilization of 1 

...... 0 
H-S .... H- 0- ..... "plane 

and twists the mainly 3p orbital into the aromatic plane, to 
produce 2. Again, the structure of the H,S,HF and H2S,HC1 
complexes in the gas phase, in which the HX direction lies 
roughly perpendicular to the HSH plane, is in line with such 
a model (10, 11). 

More particularly, in the crystal, methyl 2-(methylthio) 
benzoate, 3, is planar, the SCH, conjugating with the aryl 

ring. The C=O bond is strongly ionic (12, 13), qualita- 
tively accounting for the observed structure (electrostatics). 
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If Y = OCH, and R = 4-NO,-C6H,, then the conformation 
is skew, that is, the 4-nitrophenyl group lies nearly perpen- 
dicular to the plane of the page in 4 (14). This conformation 
is taken (14) to mean that the S . . . 0 interaction dominates 
the conjugative interaction between the 3p lone-pair and the 
4-nitrophenyl moiety; in 4 the 3p orbital lies effectively in 
the plane of the latter (low conjugation). Presumably this 
conclusion depends also on the assumption that the ortho ester 
and the para nitro groups are roughly equally strong T-elec- 
tron acceptors. 

While it appears likely that the S . . . 0 interaction in 3 and 
4+ is attractive, - sulfur being relatively easily polarized by the 
C - - 0  bond, the argument might well be stronger were 
Y = H in 3 and 4. For, it is known (15) that for 2-(methyl- 
thio) benzaldehyde, in CCl, solution at 305 K ,  the 0-syn is 
less abundant than the 0-trans conformer, being present to 
the extent of 40% only. Furthermore, as the methyl group is 
successively replaced by ethyl, isopropyl, and tert-butyl 
groups, the proportion of the 0-syn conformer decreases 
monotonically and is not detectable for the tert-butyl deriv- 
ative. In the latter, the 3p lone pair lies mainly in the ring 
plane and repels the C=O bond. On the basis of I3c nmr 
chemical shifts and spin-spin coupling constants (16) i t  is 
estimated that the perpendicular conformer of tert-butyl 
phenyl sulfide is about 18 kJ/mol more stable than the planar. 
Consequently the S . . . 0 interaction is attractive by less than 
18 kJ/mol in 2-(tert-butylthio) benzaldehyde. 

Here we report 'H nmr spectra of 2-(4-chlorophenylthio) 
benzaldehyde in CS, and acetone-d6 solutions. If, by anal- 
ogy to 4 in the crystal, a strong S . . S O  attraction dominates 
the conformational properties, then 5 will predominate. Yet, 
the skew conformer may be a consequence of the cross- 
conjugation between the T donor and acceptor (17), in which 
case the 0-syn orientation need not be dominant. The ste- 
reospecific coupling constant over five formal bonds, 'J(H, 
CHO), is a good measure of the 0-syn/O-trans equilib- 

rium. In 5,  for example, 'J(H-5, CHO) will be very small 
or undetectable (15; 18), whereas 'J(H-3, CHO) will be 
0.8 Hz or larger. Again, if the skew conformation is strongly 
stabilized, then H-3, for example, lies in the shielding cone 
of the C6H,Cl groups and should undergo a characteristic shift 
to low frequency. Any shift in the 0-syn/O-trans equilib- 
rium between nonpolar and polar solutions would provide 
evidence for the importance of intermolecular perturbations 
of S . . . 0 interactions. 

In 5,  the 3p orbital is situated in the plane of the C,H,Cl 
group, so that delocalization into the other T-electron sys- 
tem is favored, as expected from cross-conjugation with the 
T-electron acceptor, the formyl group. The mobile bond order 
of the S-C6H,CI bond is reduced relative to the other C-S 
bond, allowing the chlorophenyl plane to orient so as to re- 
duce steric repulsions from the H-3 bond in 5. On the other 
hand, a gable (butterfly) conformation also minimizes such 
repulsions, but places the 3p orbital into both aromatic planes. 

Then only the 0-trans conformer is expected, together with 
very little screening of ring protons from delocalization of 
3p density into the T orbitals of the aromatic moieties. 

The chlorine substituent, while providing a polar C-X 
bond, is not a strong T-electron acceptor or donor, perturbs 
the shielding of ortho and para protons relatively little (19), 
and hence makes possible the disentanglement of spectral 
peaks arising from the protons in the two aromatic rings. 

Experimental 
The title compound, from Maybridge Chemicals, was dis- 

solved in CS,/C6D,2/TMS and acetone-d6/TMS solvent mixtures 
(see Table 1 for details). The solutions were filtered into 5 mm 0.d. 
nrnr sample tubes. These were degassed by five cycles of the 
freeze-pump-thaw procedure and were then flame-sealed to pro- 
duce reasonably symmetric tops. 

The 'H  nmr spectra were obtained from a Bruker AM 300 spec- 
trometer at a probe temperature of 300 K.  Final shimming was done 
manually on the free induction decay of tetramethylsilane, the in- 
ternal reference. Using an acquisition time of 41 s and a digital 
resolution of 0.006 and 0.012 Hz/point, 64 decays were coadded. 
Zero-filling to twice the original data, followed by a small amount 
of resolution enhancement (see Fig. 1) produced peak widths at half 
height of as little as 0.05 Hz. 

Results and discussion 
Spectral analyses 

The computer program NUMARIT (20), extensively 
modified by R. Sebastian, was employed to extract the 
spectral parameters displayed in Table 1. Fortunately, the 
chemical shift between the protons of the S-C6H,-C1 frag- 
ment was small, causing a few intense peaks that did not 
obscure any peaks from the protons in the other fragment of 
the molecule. Simulation of the AA'BB' spectra, assuming 
additivity of substituent perturbations of the coupling con- 
stants in benzene (21, 22), demonstrated that the internal 
chemical shift was 50.003 ppm in CSI solution and 0.013(1) 
ppm in acetone-d6 solution. The sign of the first value could 
not be determined reliably, but, for the acetone-d6 solution, 
small interring, through-space, coupling constants involv- 
ing H-3 in 5 showed that the protons meta to chlorine were 
more shielded than those placed ortho to this substituent. 

The 0-syn/O-trans equilibrium 
Previous discussions ( 15, 18, 23) of the stereospecificity 

of 'J(H, CHO) show that 'J(H-3, CHO)/'J(H-5, CHO) is a 
reasonably accurate measure of the ratio of the 0-syn to 
0-trans populations in benzaldehyde derivatives. The data 
in Table 1 therefore imply that the 0-syn fractional popula- 
tion is 0.36 in the CS,/C6D,, solution at 300 K and is 0.50 
in acetone-d, solution, corresponding to an increase in sta- 
bilization by 1.4 kJ/mol in free energy in the polar solvent. 
The 0-syrz population in the nonpolar solvent is very simi- 
lar to that of 0.41 deduced for 2-(methylthio) benzaldehyde 
(15) as a 4 mol% solution in CCl, at 305 K (a 4.0 mol% SO- 
lution of 2-(4-chlorophenylthio) benzaldehyde in CCl, so- 
lution gave an 'H nmr spectrum for the formyl proton that 
was almost identical to that in CS, solution, implying a 
negligible difference of 0-syn populations in the two solu- 
tions). 

In this connection, it is of interest that a recent study of 
the torsional motion of the thiomethyl group in the thio- 
methyl compound deduces an average twist angle, actually 
arc cos ( c o s ~ ~ ) " ~ ,  of 19(2)", roughly 7(3)" lower than for 
tliioanisole (24). This result is in qualitative agreement with 
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TABLE 1. The 'H nmr spectral parameters for dilute solutions of 2-(4-chlorophenylthio) benzaldehyde in CS2/C6D,? 
and acetone-(1, solutions at 300 K 

Solvent Solvent 

Parameter CS2/ChD120 Acetone-d, Parameter CS3/ChD12n ~cetone-(1," 

'J3h 

' J (H-~ ,  CHO) 
'J(H-3, CHO) 
'J(H-5, CHO) 
6 ~ ( ~ - 4 ,  CHO) 
Transitions calculated 
Transitions assigned 
Peaks observed 
Largest difference 
Root-mean-square 

deviation 

"As a 4.0 mol% solution in CS,, containing also 10.0 mol% of C,D,? and 0.5 mol% of TMS. 
'As a 4.0 mol% solution in acetone-d6, containing also 0.5 mol% of TMS. 
'In Hz at 300.135, MHz to high frequency of internal TMS. 
"In the CS, solution, the standard deviations in the last significant figures are all 0.002 Hz while in acetone-d6 solution they 

are 0.001 Hz or less. 
"For the benzaldehyde ring. For the C,H,CI group, the chemical shifts of the or-rho and mern protons are 7.244 + 0.006 ppm 

in the CS, solution; in acetone-d6 solution, the protons orrho to chlorine resonate at 7.465(1) ppm, those rmera at 7.451(1) ppm 
relative to TMS. 

Treating 2-(methylthio) benzaldehyde as planar allows a 
comparison with a recent molecular orbital computation (2) 
of the relative energies of the model conformers 6 and 7. The 
energy of 6 is computed as lower than that of 7 by 0.54, 3.72, 
and 12.0 kJ/mol with the basis sets STO-3G, 3-21G, 

and 3-2 1G augmented with sulfur d orbitals, respectively. 
Insofar as 6 and 7 model 2-(methylthio) benzaldehyde and 
insofar as differences in the entropies and zero-point ener- 
gies of the two conformers are small, none of the computa- 
tions agree with the experimental free energy difference of 
0.9 kJ/mol favoring the 0-trans conformer in CCl, solu- 
tion at 305 K.  Accordingly, geometry-optimized STO-3G 
MO computations on the planar 0-syn  and 0-trans con- 
formers of 2-(methylthio) benzaldehyde were performed, with 
the result that the 0-syn was calculated as less stable than the 
0-trans conformer by 1.88 kJ/mol. If this energy differ- 

FIG. 1 .  The 'H nmr spectrum at 300 MHz of the formyl proton 
is shown for a 4.0 mol% solution of 2-(4-chlorophenylthio) 

ence is equated to a difference in free energy, then the 0-syn 

benzaldehyde in acetone-(1, at 300 K .  The computed spectrum as- abundance is 32% at 300 K.  The measured is 410/o in 

sumes the spectral parameters in Table 1. .'J(H-3, CHO) and 'J(H-5, CC14 

CHO) differ by 0.006(2) Hz, according to the full analysis, caus- Experimentally, it appears that the 0-syrz population is 
ing the 1 :2:  1 appearance of spectrum, the line widths being 0.05 controlled by the extent to which the 3p orbital twists into 
Hz. The small splittings arise from 'J(H-~, CHO), which is the benzene plane. The arc sin (sin '8)"' values, rough 
-0.182(1) Hz. measures of average torsion angles, for C,Hj-S-R in so- 

lution are 31, 40, 49, and 74" for R = CH,, CH2CH3, 
CH(CH3)2, and C(CH3),, respectively (16). For the corre- 

the small increased shielding of the proton placed parcl to the sponding 2-(S-R) benzaldehydes, the 0-syrz populations in 
thiomethyl group in this compound, a lower average twist CCl, solutions are 0.41, 0.23, 0.09, and 0.0, implying that 
angle allowing more effective 3p. . . 7 ~  conjugation (25). no significant 0-syn  population occurs for an average twist 
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angle of as low as 60". If, however, arc cos (cos '6)"' val- 
ues are used for thioanisole and 2-(methylthio) benzalde- 
hyde, which are 26" and 19", respectively (25), and the 
additional assumption is made that similar differences exist 
for the other alkyl groups, then this limiting twist angle be- 
comes about 50°, approximately half way to coplanarity of 
the 3p orbital with the aromatic ring. 

'The barriers to rotation about the CS~*-S bond of C,H,SR 
in solution are 5.4, 1.9, - 1.4, and 18.8 kJ/mol, respec- 
tively (16), for the sequence R = CH, to C(CH,),, a nega- 
tive number indicating that the planar conformation is least 
stable, whereas the free energy differences favoring the 
0-trans conformer are 0.9, 3.1 , and 5.9 kJ/mol in the se- 
quence R = CH,, CH., CH,, CH(CH,),. Allowance of, say, 
a 5-10% error in all these numbers (18, 26) emphasizes the 
similarity in the range of the two energy sequences and, by 
implication, the relatively weak S - - 0 interaction. 

Now, in 2-(4-chlorophenylthio) benzaldehyde the 0-syn 
population is nearly that for the 2-methylthio derivative. 
Hence the skew conformation, 5, analogous to 4 in the 

crystal, appears likely in solution; a twisted conformation, 
as in diphenyl sulfide (17, 27, 28), would display a sub- 
stantial twist about the csp2-S bond of the benzaldehyde 
ring and therefore a lower 0-syn population. 

TIze average conformatiotz of 2-(4-chlorophenythio) 
benznldelzyde 

(i) Ring proton shifs 
Relative to those in benzaldehyde, at the same concentra- 

tions in the same solvent mixtures (29), the chemical shifts 
are shown in 8. Those in parentheses are for the acetone-d, 
solution, given in ppm, positive values indicating an in- 
crease in shielding relative to benzaldehyde. In the putative 
skew conformation, oscillations of significant amplitude will 
occur about the C-S bonds because the barrier to rotation 
about these bonds is not very large compared to thermal 
energies. Thus, the barrier in thioanisole is 5.4 kJ/mol (26) 
in solution, only about twice as large as RT at 300 K. In 8, 
the barrier to rotation near the minima (a planar conformer 
would, of course, experience large steric repulsions be- 

tween the ortho C-H konds, the interhydrogen distance then 
being only about 0.5 A) will likely be less than in thioani- 
sole because the 3p lone pair, whose partial delocalization 
is associated with a partial double bond character of the C-S 
bonds and hence with a barrier to rotation about these bonds, 
is to some extent at least shared with both aromatic moie- 
ties. Nevertheless, on the assumption that 8 represents an 
energy minimum in both solvents, the numbers in 8 can be 
examined as to their consistency with such an assumption. 

First, the para protons in both phenyl vinyl sulfide 
(unpublished data from this laboratory) and in diphenyl sul- 
fide (30) in CS2'and'CC1, solutions are shielded by 0.08- 
0.09 ppm relative to benzene. In both molecules this is at- 
tributed to partial delocalization of the 3p lone pair into the 
two 7~ systems present inoeach molecule. In diphenyl sul- 
fide, the para proton is 7 A, or somewhat more, distant from 
the centre of the neighbouring phenyl, so that shielding per- 
turbations from the diamagnetic anisotropy of the latter (ring 
currents) are small (31) and, in view of the datum for phenyl 
vinyl sulfide, are here taken as negligible. Then, for ethyl 
phenyl sulfide (unpublished work) and thioanisole (32), the 
para protons are shielded by 0.20(1) ppm relative to ben- 
zene in CS, and CCl, solutions. In 8,  the excess shielding at 
H-5, paru to sulfur, is 0.16 ppm, suggesting that more of the 
3p lone pair is delocalized into this aromatic moiety than into 
the C6H,Cl group. In a rigid 8 this bias would be complete, 
the second ring lying in the plane of the 3p orbital. 

Second, in 9, the excess shielding at H-5 is 0.25 ppm in 

CCl, solution for R = CH, and 0.22 ppm for R = CH, CH, 
(15), again implying that, in 8,  the delocalization into the 
benzaldehyde moiety is greater than that into the C,H,Cl 
group. 

'Third, in a rigid skew conformation, H-3 lies in the 
shielding cone of the chlorophenyl ring. Whatever the ac- 
tual magnitude of the induced magnetic dipole, the shield- 
ing of H-3 is here estimated to be larger than that of H-4 by 
a factor of 2.3; this factor rises to 22 for H-5. Of course, the 
C,H,Cl group undergoes torsion about the C-S bond, so that 
such shielding due to its diamagnetic anisotropy will de- 
crease due to the torsion (deshielding of H-3 and H-4 oc- 
curs for coplanar rings, naturally). Comparison of excess 
shifts in 8 and 9 implies consistency with 8 as the con- 
former of minimum energy. In 8,  H-6 lies in the deshield- 
ing cone of the second aromatic ring; however, it is so distant 
from this ring that its vanishing excess shift can hardly be 
attributed to ring currents. 

Fourth, in CS2 solution the internal chemical shift in the 
C,H,Cl group is 10.003 ppm, the deshielding, relative to 
benzene, being 0.02 ppm. In a rigid 8 the vector from the 
proton situated orrho to sulfur in C6H,Cl intersects the in- 
duced magnetic moment vector of the other ring at about 55", 
the anisotropic shift therefore being near zero (3 cos255 - 
1 = 0.01). At the meta position a chlorine substituent shields 
a proton by 0.05 ppm (33) in the presence of a para SCH, 
group. Hence the ortho protons are deshielded by 0.07 ppm, 
relative to expectations. In fact, it is known that protons 
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placed ortho to a 3p orbital lying in the aromatic plane are 
deshielded (4, 15). In particular, in 2-(tert-butylthio) ben- 
zaldehyde, in which such an orientation of the 3p orbital 
roughly obtains, the deshielding amounts to 0.11 pprn (15). 
Attribution of the 0.07 pprn in 8 to such a cause is once more 
consistent with the putative skew conformation as that of 
lowest energy. Similarly, the meta protons in thioanisole, at 
7.14 ppm, and those in 4-ch1orothioaniso1e, at 7.19 pprn (32), 
when compared to the 7.24 pprn in 8 and 7.22 pprn for ben- 
zene in CS,, imply that the increased screening caused by 
3p . . r conjugation has been reduced in 8. While these 
protons, ortho to chlorine, lie in !he deshielding cone of the 
other ring, they are at least 6 .2  A removed from its centre. 
Hence their chemical shift is again consistent with a bias to- 
wards the skew conformation. 

(ii) The shift of the formyl proton 
In the 2-(alkylthio) benzaldehydes, the chemical shift of 

the formyl proton is dependent on the proximity of the 3p 
orbital on sulfur. As this orbital twists into the benzene plane, 
the proton is deshielded, being 10.697 pprn in the tert-butyl, 
and 10.267 pprn in the methyl, derivative (15). In 8, the value 
of 10.273 pprn in CS, solution is consistent, first, with the 
very similar proportions of the 0-syn conformers of 8 and 9 
and, second, with similar degrees of twisting about the 
csp2-s bonds in these molecules. 

(iii) Coupling constants 
In the 2-(alkylthio) benzaldehydes many of the coupling 

constants between the aromatic protons are sensitive to the 
out-of-plane twist of the alkyl group (15). Those for the ethyl 
and methyl derivatives are in best agreement with the cou- 
pling constants in Table 1 (CS, solution); the average devia- 
tions between sets of six coupling constants are 0.02 Hz, 
whereas for the tert-butyl derivative the average rises to 
0.09 Hz. These comparisons are consistent with the above 
conclusions concerning the preferred skew conformation of 
the diphenyl sulfide derivative. 

Evidence for the anticipated substantial oscillational am- 
plitudes of the C,H,Cl plane about its C-S bond comes from 
the extra broadening of 0.1 Hz observed for the H-3 peaks 
in both solvents. A twist of about 30" about this bon! brings 
the ortho protons of the C6H,C1 group to within 2.3 A of the 
midpoint of the C-H (-3) bond of the other ring. Under 
such conditions, substantial through-space interring cou- 
pling could occur (33, 34). The coupling magnitude is an 
average of those to the two ortho protons; that to the distant 
proton vanishes. The through-space mechanism depends 
crucially on the interproton distance but very likely also on 
the relative arrangement of the C-H bonds (35). Hence an 
average torsion angle cannot be deduced here. 

The shifrs and  coupling constcznts in acetone-d, solution 
The decrease in screening of protons of polar molecules 

dissolved in polar solvents is often attributed to the reaction 
in field induced in the dielectric continuum of the solvent; 
this field increases the polarity of the solute molecule. Be that 
as it may, it is observed in this laboratory that those protons 
in the solute that are protected from a close approach of 
acetone-d, molecules are deshielded rather less than those on 
the periphery. It is interesting, therefore, that H-3 in 8 is 
deshielded by only 0.07 pprn in passing from CS, to ace- 
tone-d, solution. By way of contrast, the protons ortho to 
sulfur in the C&,Cl group are deshielded by 0.22 ppm, those 
meta to sulfur by 0.21 ppm. These three numbers empha- 

size the distinctions between the positions on the molecular 
topology occupied on average by these protons and are again 
consistent with a low-energy skew conformation. The 
somewhat larger excess shift, 0.46 ppm, see 8, of H-3 in 
acetone-d, solution is most likely a consequence of the lower 
solvent effect on this "hidden" site of the molecule and not 
of a greater rigidity of the skew conformer. True, the pop- 
ulation of the 0-syn conformer has risen to 50% in acetone- 
d, solution and, in terms of the previous arguments, would 
imply a lower twist away from perpendicularity of the 3p 
orbital in 8. However, the excess shifts of the other protons 
are not very different in the two solutions. This may be 
caused by differential solvent shifts of the protons on the 
"exposed" sites, so  that the above explanation appears sen- 
sible. 

The solvent dependence of intraring coupling constants 
(Table 1) is not unique to the present compound, similar 
patterns being observed in this laboratory for many aro- 
matic derivatives. These patterns will be discussed in due 
course. 

Conclusion 

The S . . - 0 interaction in 2-alkylthio- and 2-phenyl- 
thiobenzaldehydes is relatively weak in solution. The 0-syn 
population appears to be controlled by the orientation of the 
3p lone pair on sulfur and not vice versa. A rather flexible 
skew conformation of 2-(4-chlorophenylthio) benzaldehyde 
is very likely the one of lowest energy in polar and nonpolar 
solvents, the 0-syn population being 36% in the former 
and 50% abundant in the latter. The compound is a solid at 
room temperature; it would be interesting to ascertain its 
conformation in the crystal, particularly with regard to the 
orientation of the formyl group. It is interesting that 2-hy- 
droxyphenyl phenyl sulfide also adopts a skew conforma- 
tion (4) with the distinction that the conformational roles of 
the two aromatic rings are now reversed (see 2). Here an at- 
tractive 0-H . . . 3p interaction occurs. 
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Reactions of nitriles with binuclear rhodium hydrides. The stepwise reduction 
of a carbon-nitrogen triple bond at two metal centres 
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MICHAEL D. FRYZUK, WARREN E. PIERS, and STEVEN J. RETTIG. Can. J .  Chem. 70, 2381 (1992). 
The reaction of simple nitriles, R'CN (R' = CH,, Ph, o-tol) with the electron-rich binuclear rhodium hydride deriv- 

atives [(R,PCH,CH,PR2)RhIl(p-H), (R = Pr': [(dippe) Rh],(p-H),; R = OPT': [(dipope)RhI2(p-H),) results in the for- 
mation of alkylideneimido derivatives [(R2PCH2CH,PR2)Rhl2(p-H)(p-N=CHR1), apparently by insertion of the nitrile 
moiety into a bridging hydride bond; this was confirmed by the reaction of nitriles with the dideuteride [(dippe)Rh],(p- 
D),, which resulted in the formation of [(dippe)Rh],(p-D)(p-N=CHR1). Further reduction can take place by addition 
of H, to generate the corresponding amide hydride derivatives [(dippe)Rh],(p-H)(p-NHCH,Rf); this represents an over- 
all stoichiometric reduction of a nitrile to a coordinated amide at a binuclear centre. These same amido-hydride com- 
plexes can be accessed by addition of amine to the starting binuclear rhodium hydride derivatives. The X-ray structure 
of [(Pr'2PCH,CH2PPr',)Rh]2(p-H)(p-N=CHCH,) was undertaken to confirm the structure of these particular interme- 
diates. Crystals of this material are monoclinic, n = 19.036(2), b = 15.139(1), c = 13.604(1) A, P = 104.1 19(7)", Z = 
4, space group P2,/c. The structure was solved by heavy atom methods and was refined by full-matrix least-squares 
procedures to R = 0.038 and R,, = 0.041 for 5814 reflections with I ?  3u(I). 

MICHAEL D. FRYZUK, WARREN E. PIERS et STEVEN J .  RETTIG. Can. J.  Chem. 70, 2381 (1992). 
La reaction des nitriles simples, R'CN (R' = CH,, Ph, o-tol) avec les derives d'hydmres du rhodium riches en electrons 

[(R2PCH,CH,PRZ)Rh]Z(p-H)2 (R = Pr': [(dippe)Rh],(p-H),; R = OPr': [(dipope)Rh],(p-H),) conduisent h la formation 
de derives alkylidkneimido [(RIPCH2CHlPR2)Rh],(p-H)(p-N=CHR1) apparemment par simple insertion de l'unite ni- 
trile dans l'hydmre ponte; cette conclusion a ete confirmee par la reaction des nitriles avec le dideutemre [(dippe)RhI2(p- 
D)Z qui conduit h la formation du [(dippe)RhI2(p-D) (p-N=CHR1). On peut obtenir une reduction plus poussee en ajoutant 
du H, pour gCnCrer les derives hydrures amides correspondants [(dippe)Rh],(p-H)(p-NHCHZR1); ceci represente une 
reduction stoechiometrique globale d'un nitrile en un amide coordonnee i3 un centre binucleaire. On peut acctder a ces 
m&mes complexes amido-hydmres en ajoutant une amine aux derives d'hydmre de rhodium binucleaire de depart. Dans 
le but d'etablir la structure de ces intermediaires particuliers, on a Ctudie la structure du derive [P~',PCH,CH~PP~',)R~]~- 
( p H )  (p-N=CHCH,) par diffraction de rayons X.  Les cristaux de ce compose appartiennent au groupe d'espace mo- 
noclinique P2,/c, avec a = 19,036(2), b = 15,139(1) et c = 13,604(1) A, P = 104,119(7)" et Z = 4. On a rksolu la 
stmcture par des methodes des atomes lourds et on l'a affinee par la mtthode des moindres cartes (matrice compli?te) 
jusqu'h des valeurs de R = 0,038 et de R,,. = 0,041 pour 5814 reflexions avec I ?  3u (I). 

[Traduit par la redaction] 

Introduction 
A possible reason for the paucity (1-4) of homogeneous 

systems for the catalytic hydrogenation of nitriles ( R - e N )  
may be due to a fundamental preference for binding to a metal 
centre via the nitrogen lone pair rather than the carbon-ni- 
trogen triple bond ( e N )  .rr system. Although some ex- 
amples of side-bonded nitrile ligands are known (5-8), 
insertion of a carbon-nitrogen triple bond into a late tran- 
sition metal - hydride bond is relatively rare (9-1 1). On the 
other hand, heterogeneous catalysts such as Pd/C or  Raney 
nickel are effective in the hydrogenation of nitriles (12), 
suggesting that multiple metal bonding sites may be neces- 
sary for the success of the reduction process. This notion is 
supported by the observed stoichiornetric hydrogenation of 
R e N  on the face of a trinuclear iron carbonyl species (13- 
16). The complete characterization of intermediates en route 
to the fully hydrogenated p3-NCH'R product showed that all 
three metal centres were apparently involved in the hydro- 
genation process. Unfortunately, desorption of the product 
amine from this cluster was not facile under conditions re- 
quired to maintain cluster stability and thus the reaction is 
not catalytic. 

'E. W. R. Steacie Fellow (1990-1992). 
'NSERC Postgraduate Scholar (1984- 1988). 
3~xperimental Officer: UBC Crystallographic Service. 

Although the above example involved a trinuclear com- 
plex, in principle the stepwise reduction process could be 
carried out by only two metal centres since the effect and 
importance of a third metal centre is debatable. The coor- 
dinatively unsaturated binuclear rhodium hydrides la  (17) 
and l b  (18) react rapidly with simple organic nitriles 
R'-=N (R' = CH3, C6H5, o-CH,C,H,) to provide binu- 
clear p-alkylideneimido-hydride derivatives apparently re- 
sulting from the insertion of the nitrile =N bond into a 
Rh-H bond. 

These compounds react further with dihydrogen to yield bi- 
nuclear p-amido-hydride complexes in which the nitrile 
moiety has been fully hydrogenated. We  report here the de- 
tails of these studies, along with the X-ray crystallographic 
characterization of one of the p-alkylideneimido hydride 
compounds. Unlike the reactions of la and l b  with imines 
(19), intermediates in these reactions could not be observed 
spectroscopically; however, a reasonable mechanism may be 
proposed, based on analogy to the results of the imine re- 
actions. 
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Experimental 
Gerzeral procedures 

General laboratory procedures have been reported elsewhere (20). 
Benzonitrile, ortho-tolynitrile, and benzylamine were purchased 
from the Aldrich Chemical Company and distilled prior to use. 
Spectrograde acetonitrile (BDH) was dried either by refluxing over 
calcium hydride under ar8on for 12 h (large quantities) or by let- 
ting sit over activated 3A molecular sieves for 8 h (small quan- 
tities). In the latter case, the acetonitrile was then degassed by 
vacuum transferring away from the molecular sieves followed by 
two freeze-pump-thaw cycles. Ethylamine was obtained from 
Matheson Gas Products and condensed prior to use; it was then 
vacuum transferred from a - 10°C bath to minimize transfer of any 
water present. Literature procedures were used to prepare 
[ ( d i p ~ e ) R h l ~ ( ~ - H ) ~  ( la ) ,  I(dippe)Rh12(~-D)r (&-la),  (17), and 
[(dipope)RhI2(~-H), ( lb)  (1 8). 
X-ray crystallographic nnnlysis of fldippe)Rh]2[p-N=C(H)CH.T]- 

( p - H ) ,  2a 
A crystal ca. 0.16 x 0.23 x 0.37 mm in size was mounted in a 

Lindemann glass capillary. Unit-cell parameters were refined by 
least squares on setting angles for 25 reflections (20 = 40.0-47.2') 
measured on a diffractometer with Mo-K, radiation (AK,, = 
0.70930, hKa2 = 0.71359 A). Crystal data at 21°C are as follows: 
C3oHmNPdRh2 f . ~ .  = 773.59 
Monoclinic, a = 19.036(2), b = o  15.139(1), c = 13.604(1) A, 
p = 104.119(7)", V =  3 8 0 1 . 9 ( 6 ) ~ ) , 2 = 4 ,  p, = 1.351 M g r f 3 ,  
F(000) = 1624, p,(Mo-K,) = 10.39 cm-'. Absent reflections: h01, 
odd, and OM), k odd, uniquely indicate the space group P2, /c  (No. 
14). 

Intensities were measured with graphite-monochromated Mo-K, 
radiation on an Enraf-Nonius CAD4-F diffractometer. An 0.1-20 
scan at 1.6-10. lo min-' over a range of (0.90 + 0.35 tan 0)" in w 
(scan extended by 25% on each side for background measure- 
ment) was employed. Data were measured to 20 = 55". The inten- 
sities of three check reflections, measured every hour of X-ray 
exposure time throughout the data collection, showed only small 
random variations. The data were processed4 and corrected for 
Lorentz and polarization effects and absorption (analytical method). 
Transmission factors range from 0.674 to 0.876. Of the 8710 in- 
dependent reflections measured, 5814 (66.8%) had intensities 
greater than or equal to 3a(I) above background where a2(1) = 
[C + 2B + (0.04(C - B))~]  with C = scan count, B = normalized 
total background count. 

The structure was solved by heavy atom methods, the coordi- 
nates of the rhodium and phosphorus atoms being determined from 
the Patterson function. The non-hydrogen atoms were refined with 
anisotropic thermal parameters and the carbon-!ound hydrogen 
atoms were fixed ip idealized positions (C(sp-)-H = 0.97, 
c(s~')-H = 0.98 A, UH a Ubanded The metal hydride was 
refined with an isotropic thermal parameter. Scattering factors for 
all atoms and anomalous dispersion corrections for the non-hydro- 
gen atoms were taken from ref. 21. The weighting scheme w = 
1 /a2(F) gave uniform average values of w(lF,I - 1 ~ ~ 1 ) -  over ranges 
of both (F,I and sin 0/h and was employed in the final stages of full- 
matrix least-squares refinement of 338 variables. Reflections with 
I < 3u(I) were not included in the refinement. Convergence was 
reached at R = 0.038 and R,, = 0.041 for 58 14 reflections with 
I 2 3u(I). The function minimized was Cw(lF,I -  IF,^)', R = 
ZllFol - IFcll/CIF,I, R,,. = (CW(IF<,I - IF~~)'/CWIF,I')~'~ On the final 

TABLE 1. Final positional (fractional X lo4, Rh and P x los, H x 
lo3) and isotropic thermal parameters (U x lo3 A') with esti- 

mated standard deviations in parentheses" 

Atom x Y z u e q / u i s o  

"U,, = 1 /3 trace (diagonalized U). 

cycle of refinement the maximum parameter shift corresponded to 
0 . 1 4 ~ .  The mean error in an observation of unit weigh! was 1.59. 
The largest peak on the final difference map, 1.72 e A - ~ ,  is near 
Rh(2). 

The final positional and (equivalent) isotropic thermal parame- 
ters for the non-hydrogen atoms appear in Table 1. Bond lengths 
and angles are given in Tables 2 and 3. Hydrogen atom parame- 
ters, anisotropic thermal parameters, general torsion angles, and 
structure factors have been deposited.' 

Synthesis of Mdippe)Rh],[p-N=C(H)CH.+](p-H), 2a 
To a stirred solution of [(dippe)Rhl2(~-H),, l a  (0.100 g, 

0.14 mmol), in toluene (5 mL) was added an excess of acetoni- 

'Computer programs used include locally written programs for 
data processing and locally modified versions of the following: 
MULTAN80, multisolution program by P. Main, S.  J. Fiske, S .  
E. Hull, L. Lessinger, G.  Germain, J. P. Declercq, and M.  M. 
Woolfson; ORFLS, full-matrix least-squares, and ORFFE, func- 
tion and errors, by W. R. Busing, K. 0 .  Martin, and H. A. Levy; 
FORDAP, Patterson and Fourier syntheses, by A. Zalkin; ORTEP 
11, illustrations, by C. K. Johnson. 

5~upplementary material mentioned in the text may be pur- 
chased from the Depository of Unpublished Data, CISTI, Na- 
tional Research Council Canada, Ottawa, Canada K 1A 0R6. 

The table of hydrogen atom parameters has also been deposited 
with the Cambridge Crystallographic Data Centre and can be ob- 
tained on request from the Director, Cambridge Crystallographic 
Data Centre, University Chemical Laboratory, 12 Union Road, 
Cambridge, CB2 lEZ, U.K. 
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TABLE 2. Bond lengths (A) with estimated standard deviations in 
parentheses 

Bond Length (I\) Bond Length (A) 

trile (2-3 drops). The deep green to orange-red colour change ac- 
companying the reaction was instantaneous. The toluene and excess 
acetonitrile were removed in vacuo and the residues recrystallized 
from toluene/hexanes (1 : 1). After washing with cold hexanes, the 
yield of red crystals was 0.089 g (84%). 'H NMR (C6D6, pprn): 
N=CHCH3, 8.75 (m, 1 H, ,J, = 4.4 Hz, "J, couplings of 15.6, 8.8, 
and 4.8 Hz); CH(CH,)', 2.23, 2.04-2.20 (overlapping dsp, 8H, 
'J, = 2.0-4.0 Hz, 3 ~ H  = 6.4-7.6 Hz); N=CHCH,, 2.06 (d, 3H); 
CH(CH,),, 1.43, 1.40, 1.32, 1.3 1, 1.20, 1.15, 1.14, I.  1 1 (over- 
lapping dd, 48H, ,J, = 12.4-13.4 Hz); PCH,CH2P, signals buried 
underneath methyl resonances; Rh-H-Rh, -7.54 (m, 'J, = 20.8- 
2 1.7 Hz). 3 1 ~ { 1 ~ )  NMR (C6D6, pprn): Plronr(,), 104.0 (dd, 'JRh = 

153.4 Hz, '5, = 26 Hz); P,m,,s(N), 102.6 (dd, 'JRh = 153.0 HZ, 
'J, = 24 Hz); PC,(,,, 87.0 (br dm, 'JRh = 195.6 Hz, "5, -- 32 Hz); 
Pc;r(N)r 83.3 (br dm, 'J,, = 193.2 Hz). "c{'H) NMR(C6D6, ppm): 
N=CHCH,, 159.1 (s); N=CHCH3, obscured by ligand reso- 
nances between 19 and 30 (overlapping signals). Anal. calcd. for 
C30H6YP4Rh2N: C46.58, H 8.99, N 1.81%; found: C46.80, H9.11, 
N 1.71%. 

Reacrion of [(dippe)Rh],(p-D),, d,-la, wirh CH,CN 
An identical procedure to that described above was followed 

using d2-la (0.033 g, 0.04 mmol). In the 'H NMR spectrum of the 
product the signals due to ,the ethylideneimido proton and the 
bridging hydride ligand were absent; 'H NMR spectroscopy con- 
firmed the presence of the label in these positions. 

Synthesis of [(dippe)Rh]2[p-N=C(H)CJY5](p-H), 3a 
To a stirred solution of [(dippe)Rh]'(~*.-H),, l a  (0.185 g, 

0.25 mmol), in toluene (5 mL) was added a solution of distilled 
benzonitrile (0.029 g, 0.27 mmol) in toluene (1 mL). The solu- 
tion changed colour instantly from deep green to dark red. The 
toluene was removed in vaclio and the residues recrystallized from 
toluene/hexanes (1 : 1) at -20°C. After washing with cold hex- 

'J,, = 153.9 Hz, 'J, = 28 Hz); 94.4 (br dm, 'J,, = 
195.9 Hz, ,Jp = 32 Hz); P,.;,~cN~, 87.5 (br dm, 'J,, = 193.9 Hz). 
13C{ '~ )  NMR (C6D6, pprn): N=CHC~HS, 159.9 (s, 'JFI = 
163.6 Hz); Cip,,, 143.9; other aromatic carbons, 129.1, 127.6, 
127.1 ; ligand resonances, 19-28. Anal. calcd. for C,5H71P,Rh2N: 
C 50.3 1, H 8.56, N 1.68%; found: C 50.00, H 8.40, N 1.50%. 

Synthesis of [(dippe)Rh]>[p-N=C(H)-o-CH3-CJf,](p-H) 4a 
To a stirred solution of [(dippe)Rh],(~-H),, l a  (0.100 g, 

0.14 mmol), in toluene (5 mL) was added to a solution of distilled 
o-tolylnitrile (0.018 g, 0.15 mmol) in toluene (I mL). The solu- 
tion changed colour instantly from deep green to dark red. The 
toluene was removed in vaclco and the residues recrystallized from 
toluene/hexanes (1 : 1) at -20°C. After washing with cold hex- 
anes, 0.105 g (88%) of dark red-purple crystals was isolated. 'H 

NMR (C6D6, ppm): N=CH, 10.09 (br m, coupled to 4 phospho- 
rus nuclei); C-HI, 8.18 (dd, IH, ,JI4 = 5.6 Hz, 'J, = 3.9 Hz); C-H2 
and C-H,, 7.06 (m, 2H); C-H,, 6.93 (m, 1H); C-CH,, 2.41 (s, 3H); 
CH(CH3)?, 2.18 (8H, overlapping dsp); CH(CH,)', PCH2CH,P, 
0.9-1.4 (56H, br overlapping signals); Rh-H-Rh, -8.92 (ttt, 
'5, ,,,,,8, = 60.4 Hz, 'J,?,, = 11.6 Hz, 'J,, = 21.6 Hz). 3 1 ~ { ' ~ )  NMR 
(C6D6. ppm): P,,,,,,(N), 107.9 (dd, ' J R ~  = 152.6 HZ, 'J, = 
26.9 Hz); P ,,,,,, (,,, 107.8 (dd, 'J,, = 152.5 Hz, 'J, = 26.8 HZ); 
PC,,<,,, 94.1 (br dm, 'J, = 193.9 Hz) "J, = 32 Hz); PC,,,,, 82.9 (br 
dm, 'J, = 193.8 Hz). "C{'H) NMR (C6D6, ppm): N=CH, 159.8 
(s); CiFNN,, 143.5; Cipw(CH)), 135.3; other aromatic carbons, 130.2, 
129.1, 127.1, 125.7; C-CH,, obscured by ligand resonances in re- 
gion 19-29. Anal. calcd. for C3,H7,P4Rh2N: C 50.89, H 8.66, N 
1.65%; found: C 5 1.22, H 8.59, N 1.74%. 

Reacrion of [(dippe)Rh]?(p-D),, d2-4a, wirh o-CH,-Ca,CN 
An identical procedure to that described above was followed 

using dz-la (0.036 g, 0.05 mmol). In the 'H NMR spectrum of the 
product the signals due to the o-tolylideneimido proton and the 
bridging hydride ligand were absent; 'H NMR spectroscopy con- 
firmed the presence of the label in these positions. 

Syrzthesis of [(dipope)Rhh[p-N=C(H)CH&-H), 2b 
To a stirred solution of [ (d ip~pe)Rh]~(~*. -H)~,  l b  (0.152 g, 

0.18 mmol), in toluene (5 mL) was added two drops of acetoni- 
trile. The reaction was allowed to stir for a further 30 min at which 
time the toluene was removed in vacuo. The orange residue was 
recrystallized from hexanes, yielding 0.122 g (77%) of 26. 'H NMR 
(C6D6, pprn): N=CHCH3, 9.24 (m, I H, ,JH = 4.9 Hz, and cou- 
plings of 20.0, 13.6, 6.4, and 1.8 Hz to phosphorus); OCH(CH,),, 
5.17,5.01,4.75,4.66 (dsp, 2H each, 'JH = 5.6-6.4 Hz, 'J, = 2.0- 
3.0 Hz); N=CHCH,, 2.47 (d, 3H); PCHZCH2P, 1.73 (m, 8H); 
OCH(CH,)', 1.42, 1.35, 1.34, 1.33, 1.21, 1.20, 1.20, 1.19 (d, 
48H); Rh-H-Rh, -6.42 (ttt, 'J, ,,,,,, = 76.0 Hz, 'J,,,, = 4-5 Hz, 
'J,, = 21.2 Hz). 3 1 ~ { ' ~ )  NMR (C6D6): simulation of the spectrum 

anes, 0.173 g (82%) of dark red-purple crystalswas isolated. 'H 
NMR (C7D8, ppm): N=CHC6H5, 9.00 (br m, IH, coupled to four 
phosphorus nuclei); H,,,,,,, 7.97 (d, 2H, ,JH ,,rc,,, = 7.2 HZ); H 7.15 

PA\ /N\ /PB 

(m, 2H, ,JH p,2,,, = 7.2 H); H pr,,, 7.09 (m, 1 H); CH(CH,)?, 2.05-2.25 /""\ y h ~  
PM H (br overlapping dsp, 8H, ,JH = 6.6-7.6 HZ); CH(CH3)', 1.34, 1.33, PN 

1.30, 1.21, 1.05, 0.97, 0.96, 0.95 (overlapping dd, 48H, 'J, = of 2b was performed using the following parameters: 6, = 
12.0-14.0 Hz); PCHZCH,P, 1.1 (br m, 8H); Rh-H-Rh, -7.82 (m, 5220.0 Hz (actual chemical shift 189.3 ppm); SB = 4945.4 Hz 
'J,, = 2 1.4-22.0 Hz): 3 1 ~ { ' ~ )  NMR (C6D6, pprn): P,,,,,,,(,,, (actual chemical shift 186.9 ppm); 6, = 7640.0 Hz (actual chem- 
108.9 (dd, 'J,, = 153.7 Hz, 'J, = 27 Hz); P,,,,,,,,,, 108.3 (dd, ical shift 209.1 pprn); 8, = 7500.8 Hz (actual chemical shift 207.8 
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TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 

Bonds Bonds 

ppm). JAB = 68.3 Hz; JAM = 30.2 Hz; JAN = 8.3 Hz. JAx = 250.3 
Hz; JAY = 12.2Hz; J B ,  = 10.5 Hz; JON = 29.8 Hz; JBx = 11.3 
HZ; JBY = 245.9 HZ; JMN = 0.0  HZ; JMX = 199.3 HZ; JbIY = 5.6 
HZ; JNX = 4.4 HZ; J N Y  = 200.1 HZ; JXY = 3.8 HZ. "c{'H) NMR 
(C6D6, ppm): N=CH, 168.9; OCH(CH,)?, 4 signals 69.2-69.9; 
PCH2CH2P, 32.1-33.4 (m); N=CHCH,, 3 1.9; OCH(CH,)', 8 
signals 24.4-25.5. Anal. calcd. for C30H6908P4Rh2N: C 39.97, H 
7.71, N 1.55%; found: C40.10, H7.81, N 1.49%. 

Sytz~hesis of [(dipope)Rhh[p-N=C(H)CJ15](p-H), 3b 
To a stirred solution of [(dipope)Rh],(p-H)l, l b  (0.157 g, 

0.19 mmol), in toluene (5 mL) was added a solution of distilled 
benzonitrile (0.022 g, 0.21 mmol) in toluene (1 mL). The reac- 
tion was stirred for 30 min to ensure completion; the colour change 
accompanying the reaction was slight. The toluene was removed 
in vacuo and the remaining red solid recrystallized from hexanes. 
After washing with cold hexanes, 0.137 g (73%) of crystals of 3b 
was obtained. 'H NMR (C6D6, ppm): N=CHC6Hs, 10.34 (br m, 
IH, coupled to three phosphorus nuclei, Jp = 16, 16, and 4 Hz); 
H,,,I,,, 8.17 (d, 2H, 'JH m,.,,, = 7.2 Hz); H ,,,,. ,,, 7.29 (m, 2H, 'JHp ,,,,, = 
7.3 Hz); HI,,,.,,, 7.20 (m, 1 H); 0CH(CH3),, 5.18, 5.17,4.95, 4.50 
(dsp, 8H, 3 ~ H  = 6.8-7.6 Hz, 'JP = 2.0-3.0 Hz); PCH2CHIP, 1.76, 
1.70, (m, 8H); 0CH(CH3)?, 0.95-1.5 (br signals, 48H); Rh-H-Rh, 
-6.80 (ttt, 'J, ,,,, = 75.2 Hz, 'Jp,;, = 4 Hz, 'JRh = 20.4 Hz). "P{'H) 
NMR (C6D6, ppm): Prra,,,(~), 204.7 (dd, 'JRh = 198.7 Hz, 'JI> = 
27.3 Hz); Prrrl,lr(N)r 201.0 (dd, 'JKh = 203.6 Hz, !Ip = 36.1 Hz); 
PC,,(,,, 187.0 (br ddd, 'JRh = 257.1 Hz, 'Jp = 27.3 Hz, 'JP = 
59.3 Hz); P,,,,,,, 175.0 (br ddd, 'JRh = 263.3 Hz), "c{'H) NMR 

(C6D6, ppm): N=CH, 168.0 ( 'JH = 169.3 Hz); Ci,,,, 140.7; other 
aromatic carbons, 129.3, 128.9, 127.7; OCH(CH,)?, 70.0 (2), 69.8, 
69.1 ; PCH?CH,P, 31-34; OCH(CH,),, 24.9-25.6. Anal calcd. for 
Cj5 H,108P,Rh2N: C 43.60, H 7.47, N 1.45%; found: C 43.43, H 
7.60, N 1.40%. 

Synthesis of [(dipope)Rh]?[p-N=C(H)-O-CH.~-C&I~](~-H), 4b 
To a stirred solution of [(dipope)Rh],(p-H)?, l b  (0.102 g, 

0.12 mmol), in toluene (5 mL) was added a solution of distilled o- 
tolylnitrile (0.015 g, 0.13 mmol) in toluene (1 mL). The reaction 
was stirred for 45 min to insure completion. The toluene was re- 
moved it? vacuo and the remaining red solid recrystallized from 
hexanes; after washing the crystals with cold hexanes, 0.088 g 
(76%) of 4b was isolated. 'H NMR (C6D6, ppm): N=CH, 10.40 
(br m, IH, coupled to three phosphorous nuclei, Jp -- 16, 16, and 
4 Hz); C-HI, 8.36 (dd, lH, 'JH = 7.2 Hz, ' J ~  = 1.8 HZ); C-H2 and 
C-H,, 7.16 (m, 2H); C-H,, 7.01 (d, 1 H, 'JH = 6.8 Hz); 
OCH(CH&, 5.22, 5.16, 4.93, 4.46 (dsp, 8H, ,JH = 6.4-7.6 Hz, 
'Jp = 2.0-3.0 Hz); C-CH,, 2.55 (s, 3H); PCH,CH,P, 1.78, 1.73 
(m, 8H); OCH(CH,)?, 1.45, 1.40, 1.36, 1.35, 1.27, 1.20, 0.97, 
0.93 (d, 48H); Rh-H-Rh, -6.80 (br ttt, 'J,,, ,t,,3., = 73.6 Hz, 'J~,~., = 
4.8 Hz, 'JRh = 20.8 Hz). "P {'H) NMR (C6D6, ppm): Pnrsr,,N). 207.8 
(dd, 'JRh = 200.0 Hz, 'Jp = 29.0); PI ,(,,,, fN , ,  201.2 (dd, 'JRh = 203.6 
Hz, 'Jp = 34.6 Hz); P,-j.,o,, 186.5 (br dm, 'JRh = 256.2 Hz, 'JP -- 
55 Hz); P,,(N), 175.0 (br dm, 'JRh = 262.7 Hz), I 3 c { ' ~ )  NMR 
(C6D6, ppm): N=CH, 167.4 (s); Cip5,,(NI. 136.0; C ipho(~~-~ , ) .  131 .9; 
other aromatic carbons, 128.9, 128.7, 126.5, 126.4; 0CH(CH3)2, 
70.1(2), 69.8, 68.9; PCH,CH2P, 32.1-33.5 (m); 0CH(CH3),, 
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24.6-25.6; C-CH,, obscured in methyl region. Anal. calcd. for 
C3,H7,O8P4Rh2N: C 44.23, H 7.53, N 1.43%; found: C 43.99, H 
7.56, N 1.39%. 

Synthesis of [(dippe)RhI2[p-(H)N(CH2CH3)](p-H), 5a 

Method A 
Solid [(dippe)Rh],[p-N=C(H)CH3](p-H), 2a (0.072 g, 0.09 

mmol), was loaded into a small reactor bomb along with toluene 
(5 mL) and a magnetic stir bar. The solution was degassed on a 
vacuum line and cooled to - 196°C. Dihydrogen was admitted to 
1 atm (101.3 kPa) of pressure and the solution was allowed to warm 
to room temperature. Vigorous stirring was continued for 6-7 h 
during which time a red to yellow-orange colour change occurred. 
The toluene was removed in vacuo and the residues recrystallized 
from toluene/hexanes (1 : 1) yielding 0.059 g (78%) of oily yel- 
 OW crystals. 'H NMR (C6D6, ppm): N-H, 3.97 (br S, lH), H-NCH2, 
3.69 (br m, 2H); CH(CH3)2, 2.40, 2.28, 2.06, 1.92 (dsp, 8H, 
2 ~ p  = 2.0-4.0 Hz, 3 ~ H  = 7.3-8.0 Hz); CH(CH,),, 1.50, 1.33, 1.3 1, 
1.20, 1.17, 1.13, 1.12, 1.01 (dd, 48H, 3 ~ p  = 12.0-14.4 Hz); 
NCH2CH7, PCH2CH2P, obscured under methyl resonances; Rh- 
H-Rh; -7.30 (ttt, 'J, ,,,,, = 61.2 Hz, 'J,,,, = 13.2 Hz, 'JRh = 
21.2 HZ). "P{'H) NMR (C6D6, pprn): P ,,,,, (N), 104.2 (dm, lJRh = 
154 HZ); 87.1 (dm, 'JRh = 193 HZ). "c{'H) NMR (C6D6, 
ppm): H-NCH-,, 52.7; NCH,CH3, ligand resonances 17-28. Anal. 
calcd. for C30H71P4Rh2N: C 46.46, H 9.23, N 1.81%; found: C 
46.09, H 9.27, N 1.81%. 

Method B 
A solution of [(dippe)Rh]?(p-H)?, l a  (0.103 g, 0.14 mmol), in 

toluene (5 mL) was loaded into a small reactor bomb equipped with 
a magnetic stir bar. The solution was degassed on a vacuum line 
and dihydrogen admitted to a pressure of 1 atm. To this solution 
of the tetrahydride was added acetonitrile (0.1 mL) via syringe under 
a strong flow of dihydrogen. The reaction mixture was cooled to 
- 196°C and the Kontes valve port sealed completely. Stirring was 
continued for 16 h during which time a slow brown to yellow-or- 
ange colour change ensued. The toluene, excess dihydrogen, and 
excess acetonitrile were removed irz vacuo and the residues re- 
crystallized from toluene/hexanes (I : 1) yielding 0.070 g (64%) of 
crystals of 5a. The product was found to be spectroscopically 
identical to that obtained in the reaction of 20 and dihydrogen. 

Method C 
A solution of [(dippe)Rh]?(p-H)?, l a  (0.092 g, 0.12 mmol), in 

toluene (5 mL) was loaded into a small reactor bomb equipped with 
a magnetic stir bar. The solution was degassed on a vacuum line. 
A moderate excess of ethylamine was then vacuum transferred into 
the vessel from a - 10°C bath. The reaction was stirred untd the 
green to yellow colour change was complete (8-12 h). The tol- 
uene and excess ethylamine were removed under reduced pressure 
and the residues recrystallized from toluene/hexanes (I : 1) yield- 
ing 0.082 g (84%) of crystals of 5a. The product was spectroscop- 
ically identical to samples of 5a and obtained via the routes 
described above. 

Synthesis of [(dippe)Rh]2[p-(H)N(CH2Ca5)](p-H). 6a 
Method A 
An Identical procedure to method A described above was em- 

ployed using 3n (0.093 g, 0.11 mmol). Yellow crystals of the p-  
benzylamldo hydride complex 6n were obtained (0.086 g, 81%). 
I H  NMR (C6D6, ppm): H,,,,,,, 8 01 (d, 2H, 3 ~ H  n,c,c, = 7.6 Hz); H ,,,,, ,, 
7.24 (m, 2H, 3 ~ H  pt>,,, = 7.5 Hz); H ,,,, 7.14 (t, 1H); H-NCH,, 5.17 
(br m, 2H, J p  = 3.0 Hz); N-H, 4 10 (br s,  1H); CH(CH,),, 2.45, 
2.16, 2.13, 1.95 (dsp, 8H, 'J, = 2.0-4.0 Hz, 'JII = 7.2-8.2 Hz); 
CH(CH3),, 1.56, 1.45, 1.34, 1.18, 1.09, 1.07, 1.01,0.78 (dd, 48H, 
'JP = 11.4-15.2 Hz; PCH?CH-,P, 1.26 (m, 8H); Rh-H-Rh, -7.44 
(ttt, 'Jp ,,,,,, = 60.2 HZ, 'Jp,,, = 12.6 Hz, 'JRh = 2 1.6 Hz). 3 1 ~ { ' ~ }  
NMR (C6D6, ppm): Prnur<<N), 103.7 (dm, ' J R ~  152 Hz); P<,,<NI, 85.8 
(dm, 'JRh = 193 Hz). Anal. calcd. for C75H7,P,Rh2N: C 50.18, H 
8.78, N 1.67%; found: C 49.96, H 8.73, N 1 .80%. 

Method B 
An identical procedure to method B described above was em- 

ployed using l a  (0.103 g, 0.14 mmol) and benzonitrile (0.72 g in 
0.5 mL toluene, 5 equivalents). The product, 6n ,  was isolated in 
75% yield (0.088 g) and was spectroscopically identical to the 
product obtained in the reaction of 3a with dihydrogen. 

Method C 
To a stirred solution of [(dippe)RhI2(~-H),, In  (0.087 g ,  

0.11 mmol), in toluene (5 mL) was added pure benzylamine 
(0.064 g, 5 equivalents). The reaction was stirred for 2 h while a 
green to yellow-orange colour change occurred. Removal of the 
toluene, followed by recrystallization, yielded 0.087 g (88%) of 
yellow-orange crystals of 6a .  This product was spectroscopically 
identical to samples of 60 obtained via the routes described above. 

Synthesis of [(dippb)Rh12[p-(H)N(CH2CH3)](p-H), 6d 
A solution of the tetrahydride [(dippb)Rh],(H)(p-H),, 5c (18) 

(0.098 g, 0.12 mmol), in toluene (5 mL) was loaded into a small 
reactor bomb equipped with a magnetic stir bar. Acetonitrile (1 mL) 
was added and the reaction mixture degassed on a vacuum line via 
two freeze-pump-thaw cycles; the vessel was back-filled with pure 
dinitrogen. The reaction was stirred at 70°C for 3 days, at which 
time a colour change from brown-green to yellow was complete. 
Toluene and excess acetonitrile were removed in vacuo and the 
residues analyzed by 'H and 3 1 ~ { ' ~ }  NMR spectroscopy. 'H NMR 
(C6D6, ppm): N-H, 3.41 (br S, 1H); H-NCH,, 3.27 (br m, 2H); 
CH(CH3)?, 2.35, 2.18, 2.15, 1.96 (dsp, 8H, 'J, = 2.0-4.0 Hz, 
3 ~ H  = 7.4-8.0 Hz); NCH2CH3, 1.70 (t, 3H, 3 ~ H  = 7.6 Hz); 
CH(CH3)-,, 1.58, 1.55, 1.46, 1.32, 1.30, 1.21, 1.19, 1.17 (dd, 48H, 
3 ~ p  = 12.0-14.0 Hz); P(CH,),P, resonances obscured by methyl 
signals; Rh-H-Rh, - 10.87 (ttt, ?Jp, r,,,., = 57.2 Hz, ' J ~ ~ , ~  = 
13.2 HZ, 'JRh = 21.6 HZ). "P{'H} NMR (C6D6, ppm): P ,r,,,, ,,;, 61.2 
(dm, 'JRh -- 154 Hz); P1-;s(N), 33.7 (dm, 'JRh = 195 Hz). 

Results and discussion 
The observed reactivity between the dihydrides [(dippe)- 

Rh],(p-H)?, l a ,  and [(dipope)Rb],(p-H)?, 16, and the car- 
bon-nitrogen double bonds of imines (19) led us to explore 
the behaviour of these dimers towards the carbon-nitrogen 
triple bonds of simple nitrile substrates. The dihydrides were 
found to react smoothly with one or more equivalents of 
R'CN (R' = CH,, C6H5, a-CH3-C6H4) at room temperature 
to produce the red or red-purple, air-sensitive p-alkylide- 
neimido hydride complexes 2-4a and 2-4b (eq. [I]). The 
reactions were spectroscopically clean, producing the prod- 
uct in >95% yield by 'H and "P{'H) NMR spectroscopy; 
isolated yields for 2-4a were 82-88%, whereas the more 
soluble compounds of the dipope series, 2b-4b, were iso- 
lated in 72-78% yield. Similar to the trends in the reactions 
with imines (19), the dippe dimer l a  reacted instantly with 
the nitriles employed, while the dipope dihydride required 
about 30 min to undergo the same transformations. 

The related binuclear hydride, [(dip~p)Rh]~(p-H)~, where 
dippp is 1,3-bis(diisopropy1phosphino)propane (Prf2PCH2CH2- 
CH,PPrf,) (20), undergoes a slow reaction with acetonitrile 
at elevated temperatures, but fails to react with either ben- 
zonitrile or o-tolynitrile. The presence of the p-ethylide- 
neimido dippp product was noted spectroscopically, but the 
prohibitively slow rate of this transformation discouraged 
complete characterization of this complex. 

The 'H, 1 3 ~ { ' ~ } ,  and 31~{1H}  NMR spectral data col- 
lected for these complexes were consistent with the pro- 
posed structure for these molecules; in addition, a single 
crystal X-ray analysis on 2a confirmed the structural as- 
signment (vide infia). In the 'H NMR spectra of these com- 
pounds, the signals of interest are those for alkylideneimido 
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R  = Pr' R '=  Me 2a 

R=Pr '  R ' = P h  3a 

R  = Pr' R' = o-to1 4a 

R  = O P ~ '  R '=  Me 2b  

R  = O P ~ '  R '=  Ph 3 b  
R  = Opri R' = o-to1 4b 

proton and the bridging hydride ligand. The alkylideneim- 
ido protons resonate downfield in the region 8.75-10.5 ppm, 
and give rise to a complex signal with coupling to four in- 
equivalent phosphorus nuclei present (no Rh-H coupling was 
observed; therefore this coupling is <2.5 Hz). The p-hy- 
drido ligands also show coupling to four inequivalent phos- 
phorus atoms; one-bond rhodium coupling constants of -20- 
22 Hz are also observed. 

In the I 3 c { ' ~ }  NMR spectra, the p-alkylideneimido car- 
bon atom resonates at =I59 ppm for the dippe a series of 
compounds and =I68 ppm in the complexes of the dipope 
b series. Little I3c NMR data has been reported for p-al- 
kylideneimido complexes, but these chemical shifts do fall 
in the range in which the imine carbon in free imines usu- 
ally resonate (= 160 ppm) (22). 

As expected, the 3 ' ~ { ' ~ }  NMR spectra for these com- 
pounds are complex, particularly in the dippe series. Four 
inequivalent phosphine environments and the long-range P-P 
and Rh-P couplings between opposite sides of the dimer 
generate an ABMNXY spin system, which we have suc- 
cessfully simulated for the dipope derivative 2b; see experi- 
mental section. A large four-bond coupling between the two 
phosphorus nuclei cis to the ethylideneimido ligand is ob- 
served (4~p-p  = 68.3 Hz) and substantial three-bond cou- 
plings of 11.3 and 12.2 Hz from the cis phosphorus nuclei 
to the distal rhodiums are also present. In general, the spec- 
tra of the dippe compounds 2-41 are broader with less well- 
defined couplings. 

The solid state structure of [(dippe)Rh]2[p-N=C(H)CH.3] 
(p -H) ,  2a 

Characterization of this family of compounds was com- 
pleted via a single crystal X-ray analysis of the dippe ethyl- 
ideneimido hydride complex 2a; two views of the ORTEP 
diagram of the binuclear complex are shown in Figure 1, 
while Tables 2 and 3 give bond distances and angles, re- 
spectively. Each rhodium centre in the dimer is of a dis- 
torted square planar geometry. When viewed looking down 
the Rh-Rh vector, the two square planes are slightly bent 
with respect to each other. The angle between the mean- 
square planes containing a rhodium atom and the four li- 
gand atoms is 25.5". The parameters associated with the 
chelating phosphine ligands are unremarkable; Rh-P bond 
lengths and the P-Rh-P angles of 86.44" and 85.89" are 
nearly identical to analogous values found in other structur- 
ally characterized rhodium complexes containing the dippe 

ligand (1 7, 20, 23-25). The angles P(2)-Rh(1)-Rh(2) and 
P(4)-Rh(2)-Rh(1) are 145. 1" and 148.6", respectively, and 
partially account for the large four-bond coupling between 
P(2) and P(4) (vide supra). The bridging hydride ligand was 
located and refined isotropically and was found to symmet- 
rically bridge the two metal centres. The Rh-H bond lengths 
of 1.74(5)A are about 0.1 A shorter than those in other 
[(dippe)RhI2(t-X)(p-H) (17, 23, 24) complexes, which av: 
erage = 1.84 A in length, but are comparable to the 1.70 A 
distances found in the parent dihydride l a  (20). The "tightern 
molecular core as also reflected by a slightly shorter than 
normal (-2.86 A) Rh-Rh separation of 2.7992(4) A. 

Bond and angle parameters in the p-ethylideneimido li- 
gand are typical of a bridging bonding mode with no n-do- 
nation from the C=N bond to either of the metal centres. The 
C=N bond length of 1.255(5) A is slightly shorter than an 
average carbon-nitrogen double bond (1.28 A) (26), but 
coincides well with other known C=N distances in com- 
plexes incorporating the p-alkylideneirnido ligand (9-1 1, 14, 
27, 28). 

The N-C(29)-C(30) bond angle of 128.3" suggests sp2 
hybridization about C(29) (the other two angles, i.e., 
N-C(29)-H and C(30)-C(29)-H, are idealized since 
the ethylideneimido proton was not refined). This is also 
supported by large 'Jc-, coupling constants of = 168 Hz in 
the alkylideneimido C-H bonds (22). 

The discrepancy between Rh(1 )-N-C(29) ( 128.8") and 
Rh(2)-N-C(29) (141.3") indicates that the p-ethyl- 
ideneimido ligand is slightly tilted such that the methyl group, 
C(30), is moved away from the isopropyl groups on P(4). 
Presumably, with the larger phenyl and o-tolyl substituents 
on C(29), this steric interaction would be exacerbated. It also 
provides a possible rationale for why the bulkier nitriles 
Bu'CN and P~'cN do not react with l a  or l b  to produce the 
corresponding p-alkylideneimido hydride complexes. 
Mechntzistic consideratiorls 

The reaction of dz-la with acetonitrile or o-tolynitrile 
yielded d2-2n and d2-4n, respectively (eq. [2]), in which the 
deuterium label appears in the p-alkylideneimido and p-hy- 
drido positions. Unlike the reactions involving l a  and im- 
ines (19), intermediates in the reactions with nitriles were not 
observed when the reactions were monitored at low temper- 
atures; at -80°C, only peaks for the dihydride and the final 
product 4a were observed in the "P('H) NMR spectrum of 
the reaction between l a  and o-tolylnitrile. Nonetheless, it 
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FIG. 1.  Stereoview and numbering scheme for 2a; 50% probability thermal ellipsoids are shown for the non-hydrogen atoms. 

seems reasonable to postulate a similar reaction course to the 
one proposed for the reactions of l a  and l b  with imines, i.e., 
activation of substrate via (T--rr donation to adjacent coor- 
dinatively unsaturated metal centres, followed by Rh-H 
bond cleavage and finally insertion of the e N  into the 
newly formed Rh-H terminal linkage. If such a mecha- 
nism is operative here, it is probable that the greater -rr-do- 
nating ability of C=N compared to C=N is responsible for 
accelerating the rate-limiting migration of a bridging hy- 
dride into a terminal position, such that observation of in- 
termediates is precluded in this system. The results of the 
labelling experiment are consistent with an insertion of the 
C=N triple bond into a rhodium hydride bond, but based on 
the imine/dihydride study we consider it likely that both 
metal centres are involved in the formation of the alkyl- 
ideneimido products. 

The reactions of p-alkylideneirnido complexes with 
dihydrogen a n d  related processes 

The complete stoichiometic reduction of the nitrile C=N 
bond is accomplished via the reaction of the alkylideneim- 
ido complexes with excess dihydrogen (eq. [3]). The reac- 
tions proceed nearly quantitatively, yielding primary amido 
hydride products akin to those produced in the reactions of 
the dihydrides with imines (19). Like their secondary ana- 
logs, the amido-hydrides 5 a  and 6a  (R' = CH, and C6Hs, 

respectively) were relatively inert to further reaction with 
dihydrogen and were thus isolated in 85-92% yield. The 
overall sequence from la  and R I C = N  to the amido hy- 
drides represents a stoichiometric reduction of the nitrile to 
an amine mediated by two metal centres. Although step- 
wise reduction of R ' e N  on trinuclear clusters has been 
observed previously (M3 = Fe, (13-16), Os, (9, 28)), this 
is the first example of this transformation occurring on a bi- 
nuclear cluster. The amido hydrides also obtain when the 
tetrahydride hydrogen adduct of la (formed in situ from l a  
and dihydrogen (20)) is treated with the nitriles. A related 
transformation is the reaction of the thermally stable tetra- 
hydride [(dippb)Rh],(p-H),(H) (20) [dippb = P~',PCH,CH,- 
CH,CH,PP~',] with acetonitrile to generate the p-ethyl- 
amido product (eq. [4]). Although no intermediates could be 
observed in these last two reactions, presumably alkylide- 
neimido-type intermediates are involved but with additional 
hydride ligands present. 

Mechanistically, the reaction in eq.  [3] likely proceeds 
through an intermediate incorporating a p-r lZ-~ iminyl li- 
gand, similar in nature to an intermediate observed in the l a /  
imine reactions. Whether the reaction proceeds via hydro- 
genolysis of the Rh-N bond, or by H2 oxidative-addition/ 
N-H reductive-elimination sequence, the intermediate formed 
is probably similar to species A, shown below, which sub- 
sequently proceeds very rapidly to generate the amido-hy- 
dride products. C
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R' 

Hz 
____) 

4 atm 

toluene 

1 
/H\ R ' - C Z N  /N\ * Rh' 

\ H 4 h *  

Rh' = Rh(dippe) 

Rh(dipope) 

The thermodynamic stability of the amido-hydride deriv- 
atives is apparent from the number of routes to these com- 
plexes (Scheme 1). In addition to the reactions of la  and l b  
with imines and nitriles/H2 (or H,/nitriles), the stoichio- 
metric reduction of isonitriles with the dihydride {[(P~'o),P],- 
R ~ ) ? ( F - H ) ~  and dihydrogen produces related amido-hydride 
products (29). Another route is the reaction of primary arnines 
with the dihydrides; this reaction, the reverse of which would 
be the last step in a catalytic cycle, proceeds smoothly with 
elimination of dihydrogen. 

While the reactions of l a  with the amines were slowly 
reversible in the presence of excess dihydrogen at normal 
temperatures and pressures, obviously the presence of a four- 
electron donor in the bridging position is preferred over a two- 
electron donor hydride ligand. The thermodynamic stability 
of the amido-hydride functionality in these complexes is 
undoubtedly the reason homogeneous hydrogenation of both 
imines and nitriles fails for these systems. 
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WLODZ~M~ERZ GALEZOWSKI, KENNETH T. LEFFEK, and PRZEMYSLAW PRUSZYNSKI. Can. J.  Chem. 70, 2390 (1992). 
Four new tetramethylguanidino-substituted pyrylium and thiopyrylium salt dyes have been prepared and their absorp- 

tion maxima in the visible region measured. The positions of the absorption maxima are similar to those observed for 
thiopyrylium salt dyes used in photoconductive film compositions. The A,,;,, values for the new dyes, when compared 
to those of other pyrylium and thiopyrylium dyes in the literature, yield a up value of -0.86 k 0.04 and a ui value of 
- 1.8 f 0.1 for the tetramethylguanidino group, in good agreement with previous determinations. 

WLODZIMIERZ GALEZOWSKI, KENNETH T. LEFFEK et PRZEMYSLAW PRUSZYNSKI. Can. J. Chem. 70, 2390 (1992). 
On a prepare quatre colorants de la famille des sels de pyrylium et de thiopyrylium substitues par un groupe 

tCtramtthylguanidino et on a mesure leurs maxima d'absorption dans le rCgion visible. Les positions des maxima d'ab- 
sorption sont semblables a celles observees avec les colorants des sels de thiopyrylium utilises dans des compositions 
de films photoconducteurs. Les valeurs des A,,,, des nouveaux colorants, lorsqu'elles sont comparees a celles d'autres 
colorants du pyrylium et du thiopyrylium rapportees dans la litterature, permettent de determiner une valeur de up de 
-0,86 k 0,04 et une valeur de a' de - 1,8 + 0.1 pour le groupe tCtramtthylguanidino, ce qui est en bon accord avec 
les valeurs determintes anttrieurement. 

[Traduit par la redaction] 

Introduction 
Pyrylium and thiopyrylium dye salts have been used for a 

number of years in photoconductive film compositions in 
electrophotographic technology (1) and the structure and 
properties of such photoconductive films have been re- 
viewed by Perlstein (2). The typical structure of these dye 
salts is shown in 1 where X is 0 or S and R ' ,  R', and R3 are 
aromatic groups with one or more of the groups, usually a 

phenyl ring, substituted with a dimethylamino group (3, 4). 
Other similar thiopyrylium salts have also been prepared for 
the same purpose (5, 6). Our previous work on substituted 
phenyltetramethylguanidines (7, 8) showed that the tetra- 
methylguanidino group (TMG) has a very large electron- 
donating power with a up = -0.8 to -0.88. This suggested 
that dye salts of structure 1 with one of the phenyl rings para- 
substituted with the tetramethylguanidino group might pro- 
vide new photosensitizing dyes additional to those already 
available. 

Results and discussion 
Since thiopyrylium salts of structure 1 are easily obtained 

from their pyrylium analogues by reaction with Na,S (9), the 
synthesis focused on the pyrylium salts themselves. The 
direct reaction of 2,6-diphenylpyrylium perchlorate with 
2-N-phenyl- 1 ,l,3,3-N-tetramethylguanidine in acetic anhy- 
dride, by analogy with the method used by Krohnke and 
DickorC (10) to prepare the 4-(p-aminophenyl) flavylium 

lPostdoctoral Fellow 1990. 
'Research Associate 1986- 1989. 

perchlorate, failed in this case. This method was used by 
Katritzky et al. (4) in ethanol solvent to prepare p-di- 
methylamino derivatives, among others, of thiopyrylium salts 
of structure 1. The method of Wizinger, Griine, and Jacobi 
(1 1) of heating dialkyl anilines with diphenylpyrones in the 
presence of POCl, was also tried, using 2-N-phenyl-1,1,3,3- 
N-tetramethylguanidine, but this failed to give the desired 
product. 

The pyrylium and thiopyrylium dyes with a TMG group 
para-substituted on the 4-phenyl ring were successfully 
synthesized in the form of guanidinium diperchlorates using 
the series of reactions shown in Scheme 1. 

Solutions of 1,1,3,3-N-tetramethyl-2N-[4-(2,6-diphenyl- 
4-thiopyrylio)phenyl]guanidinium diperchlorate 9 in DMSO 
turn from dark yellow to blue upon dilution to a concentra- 
tion of about 2 X M. The visible spectrum of 9 itself 
was obtained in the presence of perchloric acid, which pre- 
vented the loss of a proton from the nitrogen atom, and shows 
a strong absorption band at A,, = 428 nm (E = 34 000). The 
spectrum of 2.5 X M 9 in DMSO without the addition 
of HClO, shows only one absorption at A,,,, = 596 nm 
(E = 42? 000). This band is ascribed to the structure 1 with 
R '  = R- = C6H5, R3 = C6H4N=C(N(CH3)2)2, X = S, and 
Y = ClO,. The corresponding compound with R3 = C6H4N- 
(CH,), was reported by Wizinger and Ulrich (9) to have a 
A,,, = 583 nm, a bathochromic shift of 13 nm. A plot of A,,, 
for the three thiopyrylium salts with para  substituents H, 
-OCH3, and -N(CH3),, studied by Wizinger and Ulrich (9), 
against the Hammett substituent constant up (correlation 
coefficient 0.9978) and the A,,,,, of the deprotonated form of 
9 may be used to determine up for the TMG group. This 
procedure gives a up value for TMG of -0.89. 

For deprotonated 9 it would be expected that a consider- 
able amount of through conjugation would exist between the 
N-C double bond and positively charged pyrylium ring so 
that Hammett uf values would be appropriate. When these 
are plotted against the A,, values of Wizinger and Ulrich (9) 
for their three dyes, a linear relationship is obtained but with 
a relatively poor correlation coefficient of 0.9763. This re- 
lationship yields a u f  for the TMG group of - 1.90. These 
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NHCOCH3 
I 

a determinations may contain considerable error since they 
are based on only three measurements from the literature. 
However, we do have four different dyes, the absorption 
maxima of which can be used to obtain four separate esti- 
mates of a. 

The visible absorption peak for solutions of 1,1,3,3,-N- 
tetramethyl-2-N-[4-(2,6-diphenyl-4-pyrylio)phenyl]guani- 
dinium diperchlorate 8 in DMSO has a A,,, = 422 nm (E = 
42 000) in the presence of HClO,. The deprotonated com- 
pound showed A,, = 555 nm (E = 45 000). This latter peak 
combined with the data of Wizinger and Ulrich gives a, = 
-0.90 and a+ = - 1.9. Again the correlation coefficients are 
better with a, (0.9999) than with a+ (0.9880). 

The diperchlorate dyes with the TMG group substituted 
at the para position of the R~ phenyl group of structure 1 were 
prepared by a series of reactions summarized in Scheme 2. 
The spectrum of the thiopyrylium dication 16 in DMSO with 
HClO, gave a peak, A,,, = 454 nm (E = 14 000). A dilute 
solution in DMSO in the absence of acid gave the spectrum 
of the thiopyrylium salt dye and showed a A,,, = 610 nm 
(E = 14 000). The pyrylium diperchlorate 15 gave a peak 

A,,, = 452 nm (E = 12 000) in DMSO with acid, and 
A,,, = 565 nm (E = 12 000) in the absence of acid. When 
these absorption maxima were compared to Hammett plots 
generated from absorption maxima reported by Wizinger and 
Ulrich (9), the thiopyrylium salt gave a,, = -0.82 and a+ = 
- 1.75 and the pyrylium salt gave a,, = -0.815 and a+ = 
- 1.7. 

A possible source of error in these determinations is the 
difference in the solvents used in determining the visible 
spectra. Wizinger and Ulrich used glacial acetic acid, whereas 
ours were determined in DMSO. However, the A,,, values 
are not sensitive to this solvent change. Wizinger and Ulrich 
reported A,,, = 540 nm for the dimethylamino analogue of 
deprotonated 8 in glacial acetic acid. A sample of this com- 
pound prepared by us gave A,,, = 544 nm (E = 53 000) in 
DMSO, so that the average a values quoted below for the 
TMG group are probably reliable to within the stated stan- 
dard deviations. The average a values for the four determi- 
nations given above are a,, = -0.86 + 0.04 and a+ = 
- 1.8 + 0.1. There are now three determinations of a,, for 
the TMG group, from nqr spectra (7) giving -0.88, from pK, 
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measurements (8) giving -0.80,  and the present work from 
visible spectra giving -0.86. Thus the electron-releasing 
capacity of the T M G  group is well established and is shown 
t o b e  slightly greater than that of the dimethylamino group, 
which has a up value of -0.83 (12). 

The  tetramethylguanidino-substituted pyrylio and thio- 
pyrylio dyes are most readily prepared and stored as the di- 
perchlorates because of the high basicity of the TMG group. 
However, the proton is lost in dilute DMSO solutions, giv- 
ing dyes with visible absorption maxima very similar to those 
of the dimethylamino-substituted analogues. Thus the T M G  
dyes might be suitable sensitizing dyes in electrophoto- 
graphic processes. 

Experimental 
Preparation of I ,  l,3,3-N-tetramethyl-2N-[4-(2,6-di~>/1et1yl-4- 

tl~iopy~~lio)~~het~~~l]guat~idinium diperchlorcite 
A mixture of 4-acetamidobenzaldehyde 2 (Aldrich) (8.16 g, 

0.05 mol) and acetophenone 3 ( 1  2 g, 0. I mol), in 150 mL ethanol 
in which NaOH (2 g, 0.05 mol) had been dissolved, was heated 
under reflux for 2 h, during which time the solution turned red- 
brown. A standard work-up yielded the white 3-(4-aminopheny1)- 
1,5-diphenyl-l,5-pentadione 5; 2.7 g (16% yield); mp 120- 122°C; 
'H nmr 6: 3.26 (2H, dd, -16.4, 7.1 Hz), 3.45 (2H, dd, -16.4, 
7.0 Hz), 3.55 (2H, br s), 3.95 (IH, q, 7.0 Hz), 6.58-7.06 (4H), 
7.41-7.56 (6H, m), 7.93-7.97 (4H, m). Anal. calcd. for 
C2,H,,N0,: C 80.44, H 6.16, N 4.08%; found: C 80.2, H 6.46 N 

4.04%. The main product was 3-(4-acetylaminophenyl)-1,5-di- 
phenyl- l,5-pentadione 4 (42% yield). 

The amine 5 was reacted with tetramethylurea using the method 
of Bredereck and Bredereck (13) but with a large excess of the 
reagent. The substituted phenylguanidine 6 was obtained as a res- 
inous material; ' H  nmr 6: 2.7 (12H, s), 3.25-3.45 (4H, m), 3.8- 
4.2 ( I  H, m), 7.3-7.65 (6H), 7.9-8.05 (4H). 

The product 6 was dissolved in a small amount of ethanol, then 
treated with excess 60% HCIO,, dropwise, and finally with H20  
dropwise until the solution became cloudy. Crystallization of the 
perchlorate salt 7 took place overnight and a recrystallization was 
made from a dichloromethane/hexane mixture, mp 168- 169°C; 'H 
nmr 6: 2.9 (12H, s), 3.2-3.6 (4H, m), 3.8-4.2 ( IH,  m), 6.8-7.6 
(]OH, m), 7.8-8.1 (4H, m), 8.5 ( IH,  s). 

A mixture of 7 (0.325 g ,  6 x lo-' mol), triphenylmethyl per- 
chlorate (0.217 g, 6.6 x lo-' mol), and 2.0 mL glacial acetic acid 
was refluxed (14) with stirring for 5 min with the reaction mixture 
protected from atmospheric moisture. The resulting yellow solid 
1,1,3,3 -N- tetramethyl -2N- [4- (2,6- diphenyl-4-pyry1io)phenyll- 
guanidinium diperchlorate 8 was filtered, washed with glacial acetic 
acid and ether, and dried under vacuum, 0.33 g (yield 88%). Re- 
crystallization was made from glacial acetic acid even though the 
solubility is very low, since this gave fine yellow crystals that 
melted, with decomposition at about 3 15°C; ' H  nlnr 6: 3.02 (12H, 
s), 7.33 and 8.73 (4H), 7.81 (4H, t), 7.88 (2H, t), 8.59 (4H, d) 
9.1 1 (2H, s). Anal. calcd. for C28H29C12N,0c,: C 54.03, H 4.69, C1 
11 .39 ,N6.75%;found:53 .8 ,H4.7 ,CI  11.7,N6.6%. 

The pyrylio function was converted to thiopyrylio by the method 
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of Wizinger and Ulrich (9), except that some DMSO was added to 
the solvent to improve the solubility of 8. 

A solution of 8 (0.781 g, 1.25 X mol) in DMSO (5.0 mL) 
was diluted with acetone (25 mL) and treated with Na,S. 9H20 
(0.63 g in 6.0 mL H,O). The resulting red-brown solution was 
acidified with HClO, (7 mL 20% HC10, in 25 mL H20) and shiny 
golden crystals of 1,1,3,3,-tetramethyl-2N-[4-(2,6-diphenyl-4- 
thiopyry1io)phenyllguanidine diperchlorate 9 formed, 0.78 g (97%). 
Recrystallization from acetic acid gave dark yellow needles, mp 
318-320°C with decomposition; 'H nrnr 6: 3.01 (12H, s), 7.3 1 and 
8.56 (4H), 7.78-7.84 (6H, m), 8.30 (4H, d), 9.24 (2H, s). Anal. 
calcd. for C,,H2,Cl,N,O8S: C 52.67, H 4.58, C1 1 1.10, N 6.58, S 
5.02%;found: C52.1,  H4 .5 ,  C1 11.9, N6.4 ,  S4.8%. 

Preparation of 1,1,3,3,-N-tetrarnethyl-2-N-[4-(4,6-dipherzyl-2- 
thiopyrylio)phenyl]guanidinium diperchlorate 

2-N-(4-Acetophenyl) tetramethylguanidine 12 was prepared by 
the method of Bredereck and Bredereck (13) as white crystals, after 
recrystallization from hexane, mp 57-59°C (lit. (15) mp 5goC), 
yield 31%. 

A mixture of 12 (4.7 g, 0.02 mol), benzaldehyde (2.0 g, 
0.02 mol), NaOH (0.4 g, 0.01 mol) in ethanol (30 mL) was re- 
fluxed for 3 h. A standard work-up yielded a thick yellow oil of 
1,1,3,3 -N-tetramethyl-2N-[4-(1-0~0-3-phenyl -2-propenyl)phenyl]- 
guanidine 13, yield 6.0 g (97%); 'H  nmr 6: 2.75 (12H, s), 6.7 and 
8.0 (4H), 7.3-7.8 (7H, m). 

A mixture of 13 (3.2 g, 0.01 mol), acetophenone (4.8 g, 
0.04 rnol), and NaOH (1.0 g, 0.025 mol) in ethanol (100 mL) was 
refluxed for 3.5 h. Acid work-up with 20% HC10, yielded an oil 
that was triturated with ether to give solid 1, I ,3,3-N-tetramethyl- 
2N-[4-(1,5-dioxo-3,5-diphenylpentyl)phenyl]guanidinium per- 
chlorate 14, yield 2.5 g (46%); 'H  nmr 6: 3.0 (12H, s), 3.2-3.6 
(4H, m), 3.8-4.2 (IH, m) 6.9-8.1 (14H, m), 9.0 (IH, s). Anal. 
calcd. for C,8H3,CIN,06: C 62.05, H 5.94, C1 6.54, N 7.75%; 
found: C 60.9, H 5.8, C1 7.0, N 7.4%. 

Treatment of 14 (0.75 g, 1.7 X 10-"01) w~th  triphenylmethyl 
perchlorate (0.6 g, 1.75 x mol) in glacial acetic acid (10 mL) 
gave dark yellow crystals of 1,1,3,3-N-tetramethyl-2-N-[4-(4,6- 
diphenyl-2-pyryl~o)phenyl]guanidinium diperchlorate 15, yield 
0.68 g (79%). After recrystallrzation from a DMSO/acetone/acetic 
acid mixture, mp 306-310°C w~th decomposition; 'H nmr 6: 3.02 
(12H. s), 7.34 and 8.65 (4H), 7.78-7.89 (6H, m), 8.57-8.60 (4H, 
m), 9.10 (2H, s). Anal. calcd. for C28HZ9C12N309: C 54.03, H 4.69, 
CI 11.39, N 6.74%; found: C 52.4, H 4.9, C1 10.5, N 6.2%. 

A solution of 15 (0.31 g,  5 X lo-' mol) in acetone (10 mL) 

and DMSO (I mL) was treated with Na2S. 9Hz0 (0.25 g, 1 X lo-' 
mol) dissolved in water (2.5 mL) (9). The reaction mixture was 
acidified with 20% HC10, (2.5 mL) and dark orange crystals 
of crude 1,1,3,3-N-tetramethyl-2-N-[4-(4,6-diphenyl-2-thiopyry- 
lio)phenyl]guanidinium diperchlorate 16 were obtained, yield 
0.27 g (81%). After recrystallization from acetic acid, orange 
crystals were obtained, mp 305-307°C with decomposition; 'H nrnr 
6: 3.00 (1 2H, s), 7.33 and 8.39 (4H), 7.7-7.8 (6H, m), 8.3 (2H, 
d), 8.42 (2H, d), 9.22 (2H, s). Anal. calcd. for C,8H,,C1,N308S: 
C 52.69, H 4.58, C1 11.10, N 6.58, S 5.02%; found: C 51.7, H 
4.4, C1 11.5, N 6.4, S 4.9%. 
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Ionic dissociation in complexes of iodine with triphenylphosphine 
and triphenylamine 
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YING RU ZHANG, SEYMOUR ARONSON, and P. GARY MENNITT. Can. J .  Chem. 70, 2394 (1992). 
An electrochemical technique has been employed to study the ionization of the iodine complexes of (C6H5),N and 

(C6H5)3P. Comparison of the results with a previous study indicates that, at high iodine concentrations, the phosphorus 
compound behaves like (C6H,),As and (C6H5),Sb with the formation of a doubly charged ionic species, (c,H,),PI;+. 
The nitrogen compound resembles pyridine in its behavior. Chemical shift data on the (C6H5),P-I? system using ,'P NMR 
indicates the presence of additional equilibrium processes. 

YING RU ZHANG, SEYMOUR ARONSON and P. GARY MENNITT. Can. J. Chem. 70, 2394 (1992). 
On a utilisC une technique Clectrochimique pour Ctudier l'ionisation des complexes de I'iode avec le (C,H,),N et le 

(C6H5),P. Une comparaison de nos rCsultats avec ceux obtenus au cours d'une Ctude antkrieure indique que, i des con- 
centrations Clevkes d'iode, le compost du phosphore se comporte comme le (C6H,),As et le (C6H,),Sb et il conduit B la 
formation d'especes ioniques doublement ionistes, (c~H~) ,PI~ '+ .  Le comportement du compost de l'azote resemble i 
celui de la pyridine. Les donntes relatives aux dCplacements chimiques observts avec le systkme (C6H5),P-I?, en fai- 
sant appel 2 la RMN du ,'P, indiquent qu'il existe d'autres processus d7Cquilibre. 

[Traduit par la redaction] 

Introduction trophotometric grades of 1,2-dichloroethane (DCE) and CHCI, and 
reagent grade iodine were also obtained from Aldrich. 

The triphenyl c0mp0unds7 Ph3M, of nitrogen, phospho- Details of the electrochemical technique using cells of the type 
rus, arsenic, and antimony form with in P t l ~ ,  I'IIR, I,, TEAIIP~, where R represents the organic molecule, 
organic solution (1-3). In a recent study (4), we presented have been discussed previously (4). 
data on the ionization of the iodine complexes of Ph3As, 3 1  P NMR measurements were made with a Bruker 250 MHz 
Ph3Sb, and pyridine (Py) in the polar organic solvent 1,2- high-resolution Fourier transform nuclear magnetic resonance 
dichloroethane. At high iodine concentrations, we observed spectrometer. Triphenylphosphine-iodine complexes in 1,2-dich- 
that pyridine produced only the ionic species pyl+, whereas loroethane were contained in 10 mm cylindrical Pyrex tubes. A lock 

the ionic species, P~ ,MI+ and P~,MI,'+, were produced from signal was obtained by using a capillary tube containing DIO in- 

Ph,As and Ph3Sb. serted into the sample tube. Eighty-five percent orthophosphoric 
acid in a sealed 10 rnm tube, obtained from Wilmad Glass Co. Inc., 

Ph3N and Ph3P are isostNctural with Ph3As and Ph3Sb' The Buena N.J., was used as an external reference standard. 
auestion arises as to whether the behavior of Ph,N and Ph,P 
in their interaction with iodine is more similar to the behav- 
ior of Ph3As and Ph3Sb or to that of pyridine. Nitrogen and 
phosphorus are essentially covalent in their chemistry, 
- - 

whereas arsenic and antimony show increasing tendencies 
towards cationic behavior (5). All four Group VA elements 
have available electron pairs and can act as donors. Only 
phosphorus, arsenic, and antimony, however, have empty d 
orbitals of fairly low energy which have the potential to in- 
teract with electrons from an acceptor atom to create addi- 
tional bonding (5). It is, therefore, possible that Ph3N may 
behave like pyridine.and that Ph,P may behave like Ph,As 
and Ph3Sb. 

In the present study, we have utilized an electrochemical 
technique previously used to investigate the interaction of 
iodine with Ph,As, Ph3Sb, and pyridine to obtain informa- 
tion on the ionization of the iodine complexes of Ph3N and 
Ph3P. We have also used 3 1 ~  NMR to obtain chemical shift 
information on the iodine complexes of Ph3P in an effort to 
further elucidate equilibrium processes in the system. 

Experimental 
Triphenylamine (Ph,N), triphenylphosphine (Ph,P), and tetra- 

ethylammonium iodide (TEAI) were obtained in the highest 
commercial grades available from Aldrich Chemical Co. Spec- 

' ~ u t h o r  to whom correspondence may be addressed. 
'~ev is ion  received May 1 ,  1992. 

Results and discussion 
The reaction schemes used to analyze the data for Ph3As, 

Ph3Sb, and pyridine are applicable to Ph,P and Ph3N. Read- 
ers are referred to the previous paper (4) for details of the 
mathematical treatment of the electrochemical data. The 
numbers assigned to identify the various reactions in Sects. 
A and B of this paper are the same as those used in the pre- 
vious paper. 

A .  High iodine concentrations 
The following reaction scheme is used for high concen- 

tration ratios of iodine to organic molecule in DCE. 

[4] I2 + TEAI + 1,- + TEA' 

R represents the organic molecule. The same assump- 
tions used previously apply here. 

The electrochemical data obtained on the Ph3N and Ph3P 
compounds are shown in Tables 1 and 2 respectively. 'The 
equilibrium reaction represented by reaction [2] was used to 
interpret the emf data in Table 1. The only ionic complex of 
Ph,N which forms is P h 3 ~ I + .  The value of the equilibrium 
constant, K z ,  which best fits the data, 4.8 x is close 
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TABLE 1.  The emf values for triphenylamine-iodine solutions at 
high iodine concentrations 

Emf ( I ~ v ) "  
c(12)(' c(TEA1) 

(M X 10) (M x 10') Experimental Calculated 

"The symbol c represents the "total concentration". It is the number of 
moles of I?, TEAI, or Ph3N added to a liter of DCE solution. Dissociation 

h (nm) 
and interaction in solution are not considered. The total Ph,N concentra- FIG. 1 .  UV-visible spectra of Ph,P-1, solutions in DCE: 
tion in alI these measurements was 1.50 X M. (---)c(Ph,P) 2 X lo-' M, c(12) 2 X lo-' M;(-)c(Ph3P) 1 

'The equilibrium constant, KZ, used to calculate the emf values was x lo-' M, c ( ~ 2 )  2 x lo-' M;(..- - - -)c(ph,p) 2 x lo-' M,  c (~ , )  2 x 
4.8 x lo-' M: 

TABLE 2. The emf values for triphenylphosphine-iodine solu- 
tions at high iodine concentrations 

Emf (mv)" 
~ ( 1 ~ ) ~ '  c(TEA1) 

(M x 10) (M x lo3) Experimental Calculated 

"See the footnote In Table 1 for the def tn~t~on  o f c ,  the "total concentra- 
tlon " The total Ph,P concentration In all these measurements was 1 50  X 

1 0 - ' M  
'The equil~brlum constant, K , ,  used to calculate the emf value\ was 

1 2 X  10-'M ' 

to the equilibrium constant for the pyridine reaction, 3.9 X 

lo-, (4). 
The data in Table 2 on Ph3P is best fitted by assuming that 

reaction [2] has proceeded all the way to the right and that 
the equilibrium shown in reaction [3] is operative. The 
equilibrium constant, K,, used to calculate the emf values, 
1.2 X lo-, M- ' ,  is reasonably close to the values of 2.9 X 

lo-' M-' and 3.8 x lo-' M - I  obtained for Ph,As and Ph3Sb 
respectively (4). 

It will be noted that there is some discrepancy in the bot- 
tom set of data in each table between the calculated and ex- 
perimental emf values. The calculated values in Table 1 are 
higher than the experimental values. The reverse is true for 
the data in Table 2. A suggested reason for the discrepancy 
in Table 1 is that reaction [3] begins to be operative at the 
high I,/Ph,N concentration ratio of 150. This would result 
in lower than expected experimental values for the emf. In 
the case of Ph,P in Table 2, at the low I,/Ph,P concentra- 

tion ratio of 25, reaction [2] may not go to completion, re- 
sulting in higher than expected experimental values of the 
emf. 

The above results indicate that Ph,P, in its interaction with 
iodine, behaves like Ph,As and Ph,Sb, whereas Ph,N re- 
sembles pyridine in its behavior. Whether or not the lack of 
low energy d orbitals in nitrogen is responsible for this dif- 
ference in behavior requires further theoretical consider- 
ation. 
B.  High Ph,P concentrations 

The behavior of the triphenyl compounds at high organic 
concentrations is less consistent than at high iodine concen- 
trations. In the previous paper (4), the electrochemical data 
for Ph3Sb could not be interpreted on the basis of a simple 
mechanism. In the case of Ph,As, analysis could only be 
made at a Ph3As/Iz concentration ratio above 500. In the 
present investigation, the data on Ph,N could not be easily 
interpreted. The Ph,P data can be analyzed using the same 
mechanism which was applied to Ph,As. 

The reaction scheme is 

[ l ]  R+12+R12 

[ I ] ]  R I , = R I + + I -  

In Fig. 1 is shown the UV-visible spectroscopic changes 
which occur as the Ph3P/12 concentration ratio changes from 
1 to 10. It is observed that the 1,- signal at 360 nm de- 
creases as the Ph,P/I, ratio increases and is absent at a ratio 
of 10. We assume that reaction [ l  11 is operative at that ratio 
and above. 

The data for Ph,P at ratios of 10 and 20 are shown in Table 
3. An equilibrium constant, K, ,, equal to 2.24 X lo-" M, 
gave good agreement between the calculated and experi- 
mental emf values. The corresponding equilibrium constant 
for Ph,As at a Ph,As/I, concentration ratio of 500 was 
2.4 x lo-". 
C .  ."P NMR spectra 

P-3 1 has a significant NMR signal, which can be used to 
further investigate complex formation and ionization in the 
Ph,P-I, system. The sensitivity of the NMR technique is such 
that concentrations of iodine complex in the range of 0.01 
M and above are required. Concentrations of complex in the 
range of 0.001 M were used in the electrochemical mea- 
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TABLE 3 .  The emf values for triphenylphosphine-iodine solu- 
tions at high concentrations of Ph,P 

Emf ( r n ~ ) "  
c(Ph,P)" ~(1 ' )  c(TEA1) 

(M x 10') (M x 10') (M X lo') Experimental Calculated 

"See the footnote in Table 1 for the definition of c. 
'The equilibrium constant, K , , ,  used to calculate the emf values was 

2.24 X lo-'' M. 

TABLE 4. "P chemical shifts in mixtures of triphenylphosphine and 
iodine in chloroform and in 1,2-dichlorethane 

Chemical shift" 
( P P ~ )  

c(Ph,P) 412) 
Solvent (M) (M) Signal 1 Signal 2 Signal 3 

CHCI, 0.200 0.0200 35.3 -3.6 
0.0400 0.0200 40.8 
0.0040 0.200 48.6 

- 

"Orthophosphoric acid (85%) was used as an external standard 
"See Fig. 2. 
'This sample also contained 0.0500 M TEAI. 

surements. The low sensitivity of the NMR method and the 
limited solubilities of Iz and Ph,P in organic solvent limited 
the concentration' rati'os of Ph,P/II for which good data could 
be obtained to the range between 0.1 and 10. At these con- 
centration ratios, reactions [2] and [I I] and not reaction [3] 
would be operative. 

NMR spectra were obtained in two solvents, CHCl, and 
DCE. Significant ionization of the I, conlplex of Ph,P does 
not occur in CHCl, because of its low dielectric constant. By 
comparing the spectra in CHCl, and DCE, the effects of 
ionization could be investigated. 

Spectra obtained in CHCI, are summarized in Table 4. The 
high-field signal at -3.6 ppm is attributable to Ph,P. Muller 
et al .  (6) reported a value of -5.9 pprn for Ph,P in an uni- 
dentified solvent. The down-field signal at 35.3 pprn is pre- 
sumably that for the unionized complex. As the concentration 
ratio of I,/Ph,P increased, the Ph,P signal disappeared and 
the down-field signal was observed to shift to 40.8 ppm and 
48.6 pprn. 

FIG. 2. Lower spectrum: "P NMR spectrum of Ph,P-I, in DCE: 
c(Ph3P) 0.05 M, c(12) 0.25 M. Upper spectrum: "P NMR spec- 
trum of Ph,P-I, in DCE: c(Ph,P) 0.05 M,  ~(1,)  0.25 M, c(TEA1) 
0.05 M. 

We suggest a reason for this movement of the signal with 
change in concentration. We postulate that at high concen- 
tration ratios of Ph,P/I, the complex formed is (Ph,P)212, 
whereas at low ratios the conlplex formed is Ph,PII. The 
equilibrium reaction involved in the case of excess Ph,P is 

and in the case of excess I? is 

We further postulate a rapid exchange of Ph,P between the 
equilibrium concentrations of (Ph,P),12 and Ph,P12 in the so- 
lution which results in an averaging effect on the position of 
the merged signals. At high concentration ratios of Ph,P/I,, 
only the (Ph,P)21, complex is present with a signal at about 
35 pprn. At low ratios, only the Ph,PI, complex is present 
with a signal at about 49 ppm. At ratios in between, both 
complexes are present, resulting in signals appearing at in- 
termediate positions. 

NMR data obtained on Ph,P-I, samples in DCE are sum- 
marized in Table 4. We identify signal 3 with the com- 
pound Ph,P. Signals 1 and 2 are attributed to the unionized 
complex and the ionized complex respectively. The signal 
for the unionized complex gradually moves from a value of 
36 pprn for (Ph,P),I, to a value of 57 pprn for Ph,PI,, with 
intermediate values corresponding to equilibrium mixtures 
of the two complexes. A plot of the chemical shift as a 
function of log[c(12)/c(Ph,P)] is shown in Fig. 3. The rea- 
sons for the small changes in the positions of signals 2 and 
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ZHANG ET AL. 2397 

FIG. 3. 3 1 ~  chemical shift as a function of the c(I,)/c(Ph,P) ratio. 

3 in Table 4 are not known but may involve experimental 
factors or effects of concentration. 

A comparison of the spectra in Fig. 2, corresponding to 
the last two columns in Table 4, shows the effect of adding 
TEAI to the system. The addition of TEAI shifts the equi- 
librium in reaction [2] to the left. The addition of TEAI 
suppresses the concentration of the unionized complex. This 
results in an increase in the magnitude of signal 1 at the ex- 
pense of signal 2. 

If the equilibria described by reactions [5] and [6] are op- 
erative, reactions [ I] and [I I], at high concentration ratios 

of Ph3P/I,, cannot be correct. We would have to invoke re- 
actions of the type 

The application of reaction [8] instead of reaction [I11 
would not effect the mathematical treatment used above and 
would yield the same value, 2.24 x lo-%, for K8 as was 
used for K , ,  . The application of reaction [8'] would, how- 
ever, require some modification of the mathematical treat- 
ment. Additional spectroscopic and electrochemical data are 
required to further elucidate the equilibrium processes in the 
concentration range in which neither Ph3P nor I2 is present 
in large excess. 
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FT-IR and 2 9 ~ i ,  "AI, and 19F MAS NMR studies of the adsorption of CdF,, ZnF,, 
and CuF, onto montmorillonite K10; activity towards Friedel-Crafts alkylation' 
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FATHI M. ASSEID, JACK M. MILLER, and JAMES H. CLARK. Can. J. Chem. 70, 2398 (1992). 
ZnF,, CdF,, and CuF, have been adsorbed onto the surface of montmorillonite K10, and the infrared and 1 9 ~ ,  ' 7 ~ 1 ,  

and 2 9 ~ i  MAS NMR spectra of the resulting reagents over a range of loadings and activation temperatures have been 
obtained. CuF, was observed to attack the Si0, layer and form the complex CuSiF6, ZnF, tends to attack the aluminium 
oxide layer, in which Zn isomorphously replaces Al, and forms AIF, and AlF,- complexes. The spectroscopic evidence 
rules out the formation of any AI-F and (or) Si-F species as CdF, is adsorbed on the surface of montmorillonite K10. 
The reactivity of MF,-K10 reagents towards the Friedel-Crafts reaction of benzene with benzyl chloride varies from 
one reagent to another. ZnF2-K10 was observed to be the most reactive and CuF, was the least reactive. 

FATHI M. ASSEID, JACK M. MILLER et JAMES H. CLARK. Can. J. Chem. 70, 2398 (1992). 
On a adsorb6 du ZnFz, du CdF? et du CuF, sur la surface de la montmorillonite K10 et on a determink les spectres 

infrarouges et RMN MAS du 1 9 ~ ,  du 2 7 ~ 1  et du "Si des rkactifs ainsi obtenus dans un large intervalle de charge et de 
tempkrature. On a observC que le CuF, attaque la couche de SiO, pour former un complexe de CuSiF6 alors que le ZnFz, 
quant lui, tend 2 s'attaquer a la couche d'oxyde d'aluminium dans laquelle le zinc isomorphe remplace l'aluminium et 
forme des complexes de A1F3 et de AlF,-. Les preuves spectroscopiques Climinent la formation de toute espkce Al-F 
et (OU) Si-F lorsque le CdF, est adsorb6 sur la surface de la montmorillonite K10. La reactivite des reactifs de MF,- 
K10 par rapport 2 la reaction de Friedel et Crafts du benzene avec le chlorure de benzyle varie d'un rCactif a l'autre. On 
a observe que le ZnF2-K10 est le plus reactif et que le moins reactif est le CuF,. 

[Traduit par la redaction] 

Introduction 
The fluorination of metal oxide catalysts causes changes 

in catalytic activity. The catalytic activity, surface struc- 
ture, and the nature of active centres of fluorinated alumina 
and silica-alumina have been studied extensively. Fluori- 
nation of silica-alumina generally leads to generation of new 
Lewis acid sites (1). Fluorination of alumina results in a 
strong Lewis acid centre ( 2 ) ,  and the strength of this acidity 
is highly dependent on the content of F- and on the activa- 
tion temperature. The prime technique used for studying 
fluorinated metal oxides is infrared spectroscopy (3). Solid 
state 1 9 ~  NMR spectroscopy is the most recent technique to 
be used for studying fluorinated silica and aluminosilicates 
(4, 5). Miller and co-workers recently combined both IR and 
' 9 ~  MAS NMR spectroscopy to study the adsorption of al- 
kali metal fluorides on the surface of silica gel ( 6 ) ,  alumina 
(7 ) ,  and montmorillonite K10 (8). 

Interest has been growing in recent years in transition metal 
exchanged montmorillonite K 10 (9). Given their impor- 
tance in the catalysis of organic reactions such as Friedel- 
Crafts alkylations, a number of approaches have been de- 
veloped to obtain optimum results. Laszlo and Mathy have 
doped montrnorillonite K10 with a series of transition metal 
cations ( lo) ,  to obtain reasonably effective catalysts for 
Friedel-Crafts reaction with halides, alcohols, and olefins. 
Montmorillonite K10 supported transition metal chlorides 
were also studied (1 l ) ,  and the Friedel-Crafts activity and 
selectivity of these reagents improved over unsupported MClz 

'Abstracted in part from the Brock M.Sc. Thesis of F. M. Asseid, 
1991. 

' ~u thor  to whom correspondence may be addressed. 

and the standard Lewis acids such as AlCl, and BF,. The final 
approach is the acid treatment of montmorillonite K10 as 
support for MClz (12), which also becomes an effective cat- 
alyst for Friedel-Crafts alk lation. These types of reagents 
have been analyzed using '*Si and " ~ l  MAS NMR spec- 
troscopy (13), to monitor possible changes that may occur 
within the SiO, tetrahedral layer or the octahedral alumin- 
ium layer. 

Magic Angle Spinning (MAS) is one of the line-narrow- 
ing techniques available, which significantly improves the 
resolution of peaks in the NMR spectrum of a solid, and al- 
lows direct determination of the isotropic chemical shift. 2 9 ~ i  
and " ~ 1  MAS NMR have been extensively used to analyze 
aluminosilicates such as zeolites and clays. Since silicon has 
a low chemical shift anistropy (CSA), the line broadening 
can be removed at easily achievable spinning rates, whereas 
2 7 ~ 1  requires high field and high spinning rates to overcome 
the quadrupolar interactions. "F MAS NMR has received 
much less attention, however; two recently described appli- 
cations are in the analysis of fluorinated polymers (14), and 
of fluorohydroxyapatite (1 5). We are now studying the ad- 
sorption of ZnF,, CdF2, and CuFl onto the surface of mont- 
morillonite K10 using FT-IR and '*F, 2 7 ~ 1 ,  and " ~ i  MAS 
NMR spectroscopy, and the activity of these reagents to- 
wards Friedel-Crafts alkylation. 

Experimental 
ZnF, (Aldrich) 99%, CdFz (Aldrich) 98%, and CuF2 (Aldrich) 

98% were used without further purification. Montmorillonite K I0 
clay (surface area 220-270 m'/g) was obtained from Fluka. K10 
is a commercial support material prepared by acid washing. Our 
samples have an extractable iron content of between 0.3 and 1.3%. 
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On removing iron by five successive extractions with 50 mL of 
3 M HNO,, we extracted a total of 1.3% iron, after which no sig- 
nificant iron could be removed (this material contained about 3.0% 
iron according to Fluka spec. sheets; the difference is presumably 
tightly bonded iron). We could not detect changes in either our IR 
or "F NMR, with the additional extraction. Sodium, potassium, 
and calcium are all below 0.1% extractable, with any additional 
being found in the lattice sites. The silica gel was Merck Kieselgel 
100, 70-230 mesh. The alumina was Merck 90 neutral, 70-230 
mesh, activity 1, for chromatography. 

The MF2-KlO regents were prepared at loadings of 0.5, 1 .O, 3.5, 
and 5.0 mmol/g by dissolving the appropriate quantity of MF2 in 
water and adding the solution to K10 clay to form a slurry. The 
water was then removed on a rotary evaporator until the reagent had 
caked to the wall of the flask, and the reagents were then dried in 
air at various temperatures, usually overnight. MF2-silica re- 
agents were also prepared at a loading of 6.5 mmol/g. 

Infrared spectra were obtained on an Analect FX6260 Fourier 
Transform spectrometer, attached to a MAP-66 data system. 
Samples were prepared as KBr discs, using a KBr/reagent ratio of 
about 20: 1 by weight. 

19 F and "si MAS NMR spectra were obtained on a Bruker 
AC200 instrument at 188.3 and 39.74 MHz, respectively, using our 
home-built MAS probes. Samples were spun in Derlin rotors at 
about 3300 Hz. Since the spinning rate is considerably less than the 
CSA of fluorine (the CSA of KF is 323 ppm, which is equivalent 
to 65 KHz in a 200-MHz field, for example (16)), spinning side 
bands are seen in most of the spectra. Peaks of the "F spectra were 
referenced to external CFCl,, and the 2 9 ~ i  spectra were referenced 
to external tetramethylsialane (TMS). The - 7 ~ 1  MAS NMR spec- 
tra were recorded on a Bruker AM-500 at the NMR facility at 
McMaster University, at a frequency of 130.32 MHz, line broad- 
ening of 100 Hz, and a relaxation of 1.0 s. The samples were spun 
at 8.0 KHz. 2 7 ~ 1  chemical shifts are reported in ppm with respect 
to standard aluminium nitrate, Al(NO,),uH,O, in aqueous me- 
dium. 

The reaction of benzyl chloride with benzene were carried out 
with 0.05 mol of benzyl chloride and 0.8 mol of benzene warmed 
to 70°C, then 4.0 g of the MF,-K10 catalyst to be tested was added. 
After refluxing and stirring for 30 min the reaction was stopped, 
the catalyst was filtered off, and the unreacted benzene was re- 
moved by a rotary evaporator. The reaction of paraformaldehyde 
with benzene used 0.025 mol of paraformaldehyde and 0.5 mol of 
benzene. The mixture was warmed up to 80°C, then 10 g of 
1.0 mmol/g of MF2-K10 was added. After refluxing and stirring 
for 4 h the catalyst was filtered off and the unreacted benzene was 
removed by a rotary evaporator, resulting in the isolated product, 
diphenylmethane. The diphenylmethane yield was determined by 
GC analysis and confirmed with 'H NMR and GC-MS. 

Infr-ared analysis 
Each of ZnF,-, CdF,-, and CuF2-KlO reagents was pre- 

pared at several loadings and dried over a range of temper- 
atures. IR spectra of ZnF,-KlO reagents dried at 573 K,  
shown in Fig. 1, reveal certain changes from the spectrum 
of the parent clay as the loading of ZnF, increases from 
1.0  to 5.0 mmol/g. One of the changes is the gradual di- 
minishing of the band at 802 cm-I (lit. value 799 cm-I (17)), 
which corresponds to tetrahedral SiO, groups, and the other 
is the development of a new band at 663 cm-'  that is pre- 
sumably due to AIF, (lit. value 668 cm-I (18)). To insure that 
these significant changes were really taking place, an addi- 
tional loading of 6 .5  mmol/g was prepared and analyzed. 
A sample dried at low temperature (373 K) shows an addi- 
tional band at 755 cmp'  corresponding to AlF,- ( l i t .  value 
760 cm-I (19)). The spectrum of the high-temperature 

FIG. 1. Infrared spectra of ZnF2-KlO reagents dried at 573 K; 
( a )  montmorillonite K10, (b )  0.5 mmol/g, (c)  1.0 mmol/g, (d) 
3.5 mmol/g, ( e )  5.0 mmol/g. 

(873 K) dried sample shows a new band at 570 cm-'  that is 
presumably due to skeletal ZnO, species (lit. value 
570 cm-I (19)). 

IR spectra of CdF,-K10 reagents show no obvious changes 
as content of CdF, increases. The band corresponding to layer 
SiO, groups at 802 cm-I remains unchanged for all re- 
agents. On the other hand, spectra of CuF,-K 10 appear rather 
different from those of the above reagents (Fig. 2). As the 
loading of CuF, increases, the band at 802 cm-I gradually 
disappears, and consequently a new band at 743 cm-I and 
an AlF, band at 665 cm-' appears. The band at 743 cm-' 
corresponds to the SIF,'- complex (lit. value 740 cm-' (19)). 
The band at 743 cm-I diminishes as calcining temperature 
increases (not shown). This is due to decomposition of SIF,'- 
to gaseous SiF, and free F-. 

Infrared spectra of 5 .0  mmol/g of ZnF,-silica, CdF,- 
silica, and CuF,-silica reagents dried at 373 K are shown in 
Fig. 3.  These spectra clearly indicate that CuF,-silica is the 
only reagent that results in a band at 743 cm-' ,  which cor- 
responds to the ~ i ~ , ' - c o r n ~ l e x .  The ZnF,-silica reagents 
show a shoulder on the side of the band at 802 cm-I, which 
is probably due to distortion to the SiO, tetrahedral struc- 
ture or the presence of surface Si-F species. The infrared 
spectrum of CdF,-silica (not shown) showed no clear ab- 
sorption that may indicate presence of surface Si-F spe- 
cies. 

"F MAS NMR analysis 
"F MAS NMR spectra of MF,-KlO reagents show sig- 

nificant differences at high loadings and high drying tem- 
peratures. All reagents at the low loading of 1.0 mmol/g 
(which represents monolayer coverage) show spectra of 
similar line shape, i.e., a central peak appears at - 15 1 ppm 
and is surrounded by a set of asymmetric spinning side bands 
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FIG. 2. Infrared spectra of CuF2-KlO reagents dried at 573 K; 
(a) 0.5 mmol/g, (b) 1.0 mmol/g, (c) 3.5 mmol/g, (d) 5.0 mmol/ 
g (* indicates impurities). 

I I I I I I I 
1600 1400 1200 1000 800 600 400 

WAVENUMBER /cm-1 

FIG. 3. Infrared spectra of MFz-silica reagents dried at 373 K; 
(a) silica gel, (b) CuF2-K 10, (c) ZnF,-KIO, (4 CdF,-K 10. 

that presumably correspond to chemisorption of F- on the 
surface the clay. These groups can be either surface Al-F and 
(or) Si-F groups. As the loading increases to 5.0 mmol/g 
dried at 573 K, ZnF2-KlO reagent tends to show symmet- 
rical spinning side bands around the central peak positioned 
at - 153 ppm that closely approximate the spectrum of the 
AlF,- and AIF,"- mixture (Fig. 4). As the drying tempera- 
ture increases to 873 K the line shape of the spectrum tends 
to broaden, which can be an indication of formation of AlF, 

FIG. 4. 1 9 ~  MAS NMR spectrum of ZnF2-K10 reagent com- 
pared to spectrum of mixed A ~ F , ~ -  and AIF,-; (a) mixed ~ 1 ~ 6 ~ -  

and A1F,-, (b) 3.5 mmol/g of ZnF,-KlO dried at 573 K, (* spin- 
ning side bands). 

FIG. 5.  '% MAS NMR spectra of CdF,-K 10 reagents dried at 
873 K; (a) 1.0 mmol/g, (b) 3.5 mmol/g, (c )  5.0 mmol/g. 

f . 

(which usually results in a broad line, due to high dipole- 
dipole interactions (5)) from decomposed AIF,- or AIF,"-. 

"F MAS NMR spectra of CdF,-K10 of the high-loading 
reagent dried at 573 K did not change significantly from those 
of the spectra of the low-loading reagents. However, as the 
calcining temperature increased to 873 K (Fig. 5), a sharp 
peak appeared at - 197 ppm, which corresponds to CdF, (lit. 
value -197 ppm (20)) and, by a comparison of the spec- 
trum of CdF2, to that of highly loaded, highly dried CdF2- 
K10 reagent. The reformation of CdF, is probably due to the 

, l . l . l . l . * . t . l ,  
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FIG. 6. ' 9 ~  MAS NMR spectra of MF,-silica reagents dried at 
373 K; (a)  CuF,-silica, (b)  ZnF,-silica, (c)  CdF,-silica. 

high affinity of the ligand F- for ~ d " .  Spectra of the high 
loading of CuF,-KlO reagents also produced spectra with the 
central peak slightly shifted to - 149 pprn. "F MAS NMR 
(Fig. 6) experiments on MF,-silica gel to examine the reac- 
tivity of MF, towards the SiO, tetrahedral layer were per- 
formed, and appear to be quite consistent with the IR results. 
CuF,-silica resulted in a peak at - 149 pprn surrounded by 
asymmetrical spinning side bands, which presumably indi- 
cate physisorption of siF,'- on the silica surface. ZnF,-sil- 
ica resulted in a sharp and intense peak at - 124 ppm, which 
corresponds to free F ion or probably F-H30+ species (lit. 
value - 125 pprn (21)). In addition it resulted in a weak peak 
at - 149 ppm, which also indicates presence of physisorbed 
s ~ F ~ ' -  complex on the silica surface. CdF, proved to be un- 
reactive towards the silica layer, since 1 9 ~  NMR spectra of 
CdF,-silica resulted in no evidence of any Si-F species. The 
only "F NMR signal observed is located at - 124 pprn, which 
coi~esponds to free F-, or probably F-H30T. 
'"i MAS NMR atzalysis 

The effect of MF, content on the structure of montmoril- 
lonite K10 can be monitored clearly by "si MAS NMR 
spectroscopy. Spectra of ZnF,-K10 reagents dried at 573 K 
(Fig. 7) show gradual changes to the original peak of the 
parent clay as content of ZnF, increases. At low ZnF, load- 
ings, the signal position did not change from that of the par- 
ent peak at - 107 ppm. Then as concentration of ZnF, 
increases to an intermediate level (3.5 minol/g). a new peak 
at -97 ppln results. At the maximu111 ZnF, concentration 
(5.0 mmol/g) the original peak at - 107 pprn is removed and 
the new peak at -95 pprn dominates the spectrum. We be- 
lieve that as content of ZnF, increases, Zn replaces A1 iso- 
morphously and, consequently, A1 replaces Si atoms in the 
SiO, tetrahedral layer resulting in a new ' O S ~  environment 
responsible for the new peak at -95 ppm. 

a 
--4 

1 ' . 1 1 1 1 1 . 1 . 1 . 1 1  
0 -40 -80 -120 -160 -200 -240 

PPPl 

FIG. 7. ' 9 ~ i  MAS NMR spectra of ZnF,-K10 reagents dried at 
573 K; (a)  1.0 mmol/g, (b)  3.5 mmol/g, (c)  5.0 mmol/g. 

l l l . l . l . l . l . l  
0 -40 -80 -120 -160 -200 -240 

PPPl 

FIG. 8. " ~ i  MAS NMR spectra of CuF,-K10 reagents 
dried at 573 K; ( a )  ~nontmorillonite K10, (b)  1.0 mmol/g, ( c )  
3.5 n~mol/g. 

" ~ i  MAS NMR spectra of CuF,-K10 reagents (Fig. 8) also 
show changes as loading increases, but rather different from 
those observed for ZnF,-K10. At the maximum concentra- 
tion of CuF, (5.0 mmol/g) the spectrum (not reproduced 
here) still shows a peak at - 107 pprn but with an observa- 
ble shoulder at -95 ppm, which could indicate partial sub- 
stitution of Si by A1 atoms in the SiO, tetrahedral layer. 
Spectra of CdF,-K 10 reagents, on the other hand, show no 
changes from the parent clay spectrum as concentration of 
CdF, is maximized, which presumably indicates less iso- 
morphous replacement of A1 by Cd due to the large size of 
the divalent cd2+  ion compared to size of ~ l j + .  
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I I I I I I I 1 I 
200 150 100 50 0 -50 -100 -150 -200 

PPH 

FIG. 9. ' 7 ~ 1  MAS NMR spectra of 5.0 mmol/g of CuF,-K10 
dried at (a) 573 K, (6) 873 K (* spinning side bands). 

I I I I t 1 

200 150 100 5 0  0 -50 - 1 0 0 - 1 5 0 - 2 0 0  
PPN 

F[G. 10. 2 7 ~ 1  MAS NMR spectra of 5.0 mmol/g of CdF,-K10 
reagents dried at (a) 573 K, (b) 873 K ('"pinning side bands). 

"A/ MAS NMR analysis 
1 7 ~ 1  MAS NMR spectra of MF,-K10 reagents revealed 

certain information about the aluminium coordination for the 
different reagents at'.different calcining temperatures. Spec- 
tra of all reagents show two signals centred at 0 and 61- 
70 ppm, which generally correspond to octahedral and tet- 
rahedral coordinated aluminium, respectively. Spectra of low 
loading (1.0 mmol/g) and high loading (5.0 mmol/g) of 
ZnF,-K 10 reagents show no observable differences in their 
peak positions or intensities. As activation temperature is 
increased to 873 K the spectra show an increase in the in- 
tensity in tetrahedral signal accompanied by a slight shift in 
position from 69 ppm at low activation temperature to 61 ppm 
at the activation temperature of 873 K. In addition, this shows 
a hint of a peak at 30 ppm, which is presumably due to five- 
coordinated aluminium (Fig. 9). 

The most important feature of the ' 7 ~ 1  MAS NMR spec- 
tra for the CdF,-K10 high loading, high-temperature-dried, 
reagent (Fig. 10) is the observation of two types of A1 tet- 
rahedral environments at 61 and 70 ppm. No significant shift 

FIG. 1 1 .  Differential Scanning Calorimetry (DSC) spectra of 
5.0 mmol/g MF2-K10 reagents (a) CuF2-K10, (b) ZnF2-K10, (c) 
CdF2-K 10. 

is observed for the octahedrally coordinated aluminium po- 
sitioned at 3 ppm, but there has been, however, a notice- 
able decrease in the intensity of this signal as calcining 
temperature increased to 873 K. Spectra of CuF2-K10 did 
not vary much from those of the CdF2-KlO reagents. A no- 
ticeable shoulder at 30 pprn can be clearly seen for the highly 
dried samples. This shoulder again indicates the presence of 
penta-coordinated aluminium. 

Ther-tn~11 analysis 
Differential scanning calorimetry (DSC) results for the high 

loading 5.0 mmol/g MF2-K10 reagents indicate certain 
changes taking place as activation temperature increases. The 
DSC data for this series of reagents (Fig. 11) show a char- 
acteristic endotherm at 100-1 10°C, which is associated with 
dehydration of the interlayer within montmorillonite K10. 
A notable difference can be seen for the additional endo- 
therms, at 340°C for CuF2-K10, at 300°C for CdF2-K10, and 
at 400°C for ZnF,-K10. We believe that the endotherm at 
340°C for CuF,-K10 is associated with the thermal decom- 
position of the species s~F,'- to gaseous SiF, and possibly 
CuFl or HF (24), and the endotherm at 400°C for ZnF2-K10 
is possibly due to generation of the gaseous HAlF, compo- 
nent resulting from the reaction of solid AlF, and HF gas. 

400°C 
AlF, (s) + HF (g) - AIF,H (g) 

Reaction sr~lclies 
The reactivity of the above reagents towards Friedel-Crafts 

alkylation varied from one reagent to another. We have 
successfully employed all of the different loadings of MF,- 
K10 reagents dried at different temperatures in the Friedel- 
Crafts reaction of benzene with benzyl chloride and reac- 
tion with paraformaldehyde. The reactivity of the reagents 
was observed to be highly dependent on the reagent loading 
and the activation temperature employed. The reactivity of 
the low-loading reagents (1.0 mrnol/g) seems to decrease as 
the activation temperature increases. This is deduced from 
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TABLE 1 .  FriedelLCrafts benzylation of benzene using MF,-K I0 reagents" 

Loading Activation Benzyl chloride Diphenylmethane 
Reagent Alkylator (mmol/g) temp (K) conversion yield (%)" 

"M = Zn. Cd,  and Cu. 
"Yield determined by G C  analysis, anti confirmed by GC-MS and 'H  NMR 

the poor conversion of benzyl chloride, and the low yield of 
diphenylmethane obtained. The high activation temperature 
had no significant effect on the highly loaded reagents. In 
fact, highly loaded and high-temperature-calcined reagents 
seem to be more active than highly loaded and moderately 
dried reagents. 

Table 1 shows the conversion of benzyl chloride and the 
calculated yield of diphenylmethane. ZnF,-KlO was ob- 
served to be the most reactive of the series, and CuF,-K 10 
showed significantly lower reactivity in the series. To  fur- 
ther evaluate the catalysts, another Friedel-Crafts reaction 
was selected, which involves the alkylation of benzene with 
paraformaldehyde. This reaction presumably involves the 
solid acid depolymerizing the polymer -(CH20),,- to provide 
a source of CH,O, as wzll as a Friedel-Crafts reaction. ZnF2- 
K10 was again observed to be the most reactive. 

Discussion 
The results of infrared, and "F, "Si, ' 7 ~ 1  MAS NMR 

spectroscopic studies indicate significant changes taking place 
on the surface and within the structure of montrnorillonite 
K10 when treated with MF2. Evidence from infrared spec- 
troscopy studies of the different reagent loadings clearly in- 
dicates structural rearrangement within the silica framework, 
since the IR band at 802 cm-I, corresponding to the free sil- 
ica layer SiO,, diminishes as ZnF, and CuF, loadings in- 
crease. This rearrangement presumably involves the 
isomorphous replacement of Si by A1 in the SiO, frame- 
work. The IR spectra of ZnF2-K10 reagents showed bands 
at 755 and 663 cm-I, which suggest the formation of AlF,- 
and AlF,, respectively, and spectra of CdF,-K10 remained 
nearly unchanged from the original spectrum of montmoril- 
lonite K10. IR spectra of CuF,-KIO showed a band at 
743 cm-I, which suggests the formation of the s~F,'- com- 
plex. We obtained similar results for MF,-silica reagents, 
which led to the conclusion that only CuF, has the tendency 
to attack the S i02  layer. Thus ZnF, is like PbF, and seems 
on1 to affect the A1 part of the structure. 

12'  F NMR spectra of low-loading ZnF2-K10 reagent re- 
sulted in a line shape of asymmetrical spinning side bands 

with the central peak at - 15 1 ppm, which corresponds to 
either surface Si-F or AI-F groups. The high-loading sam- 
ples showed symmetrical spinning side bands with the centre 
peak at - 153 ppm, and the highly dried samples resulted in 
a very broad line suggesting the formation of AlF,. "F NMR 
results of CdF,-K10 were similar to those of ZnF2-K10, 
except for the highly loaded reagents dried at high temper- 
ature, which resulted in a signal at - 197 ppm suggesting the 
reformation of CdF2. Spectra of CuF2-K10 reagents also 
showed a signal at - 15 1 ppm corresponding to either sur- 
face Si-F or Al-F groups. 

'"i MAS NMR spectra of ZnF2-K 10 reagents suggest that 
as the loading of ZnF2 increases, further replacement of Si 
by Al takes place, which is indicated by the change in the "Si 
environment from "s~(os~),(oA~) to 2 9 ~ i ( ~ ~ i ) , ( O A l ) 2 .  
Spectra of CuF2-K10 indicated only partial replacement of 
Si by Al, whereas spectra of CdF2-K 10 gave no indication 
of any changes regarding the "Si environment. 2 7 ~ 1  NMR 
spectra of the high-loading, highly dried samples of MFI- 
K10 reagents show some differences, which appear mainly 
around the tetrahedral A1 signal at 61-69 ppm. ZnF,-K 10 
reagent showed an intense peak at 61 ppm, whereas CdF,- 
K 10 and CuF,-K 10 showed an additional signal at 69 ppm. 
The signal observed at 61 ppm presumably corresponds to 
the dehydroxylated tetrahedral aluminium in the SiO, tetra- 
hedral layer, and the signal at 69 ppm corresponds to hy- 
droxylated tetrahedral aluminium. 

Upon combining the results of IR and DSC for high- 
loading (5.0 mmol/g) CuF,-KlO reagent, we can clearly 
observe the thermal decomposition of the species SF,'-. As 
was discussed earlier, the IR spectrum of the high-loading 
low-temperature-dried CuF2-K 10 reagent showed a band at 
740 cm-I due to the s~F,'- complex; then, as it is calcined 
to 600°C, this band diminished. A number of attempts were 
made to trap the gaseous species SiF,, but the rapid hydro- 
lysis of the gas by HF and (or) residual H,O to H2SiF6 acid 
prevented the monitoring of pure SiF,. IR spectra of the gas 
trapped in the cell gave very strong bands at 741 and 
480 cm-', which are presumably due to s ~ F , '  of HISiFG (lit. 
values 740 and 483 cm-I, respectively (19)) (pH analysis of 
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TABLE 2. Electronegativities and atomic radii of 
Zn, Al, Cu, and Cd 

Atomic radii" 
Element Electronegativity" (A) 

"Electronegativity values from Pauling ( 1967). 
''Atomic radii from Slater (1964, 1972). 

the condensed matter in the cell indicated strong acidity). An 
additional weak band at 1072 cm-' corresponds to SiF, (lit. 
value 1070 cm- ' (25)) 

2SiF4 (g) + 2H20(g) + HZSiF, + SiOl + 2HF 

SiF, (g) + 2HF (g) + H2SiF6 

The reactivity of MFZ-KlO reagents in the catalysis of 
FriedelLCrafts benzylation of benzene with benzyl chloride 
is considerably greater than that of cation exchanged M(I1)- 
K10 (10) and MC1,-K 10 reagents (1 1). ZnF,-K 10 was ob- 
served to be the most reactive of the series, and CuF,-K10 
showed significantly low reactivity compared to the other 
MF,-K10 reagents. The cause of the difference in the 
strength of the observed Lewis acidity is not fully under- 
stood. The only valid possibility is the newly formed sur- 
face A1-F groups, which have been reported to contribute 
to Lewis acidity (3, 22). At low loadings and high calcining 
temperatures, the metal fluorides were totally lost with a re- 
sultant decrease in activity. The other possibility, which 
cannot ruled out, is the formation of the strongly acidic spe- 
cies HF,-, but there is no definite spectroscopic evidence that 
shows the presence of such species. Recent "F NMR stud- 
ies (23) reported different values of HF2- chemical shifts 
(ranging from - 167 to - 146 ppm), which fall in the range 
obtained for some of the MF,-KlO reagents. Table 2 com- 
pares the values of electronegativities and atomic radii of A1 
to those of Zn, Cd, and Cu. The Zn atom, whose size and 
electronegativity appear to be very close to those of the A1 
atom, replaces A1 quite extensively. The size of the Cu atom 
is also comparable to that of Al, but its electronegativity is 
high; as a result Cu did not replace A1 as extensively. The 
large size of Cd is probably the only factor inhibiting the re- 
placement of A1 by Cd. 

In conclusion, we believe the above study has demon- 
strated the complexity of what really goes on as a transition 
metal fluoride is adsorbed onto montmorillonite K10, and can 
be of good use to those who are studying fluorinated or 
transition-metal-supported clay. The reagents we have pre- 
sented show a significant improvement in the catalysis of 
Friedel-Crafts benzylation of benzene over commonly used 
standard Lewis-acid catalysts. We consider these reagents 

to be new, environmentally friendly, catalysts, and reason- 
ably safe to handle at any possible scale needed. 
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Thermal and photochemical reactions of steroidal a-azido ketones'" 
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0 .  E. EDWARDS, J. L. DOUGLAS, D. C. HORWELL, W. RANK, and T.  SANO. Can. J. Chem. 70, 2405 (1992). 
Photolysis of 9a-azido-3~,20~-diacetoxy-5a-pregnan-ll-one in methanol gave the N-acyl imine 1 l-aza-3P,20P-di- 

acetoxy-C-homo-5a-pregn-9,11-en-12-one 4 and the aminoketone 9a-aza-3~,20~-diacetoxy-9-methoxy-B-homo-5a- 
pregnan-1 1-one 7. In dichloromethane containing triethylamine the irradiation of this azide gave the N-acyl imine 4 and 
the a,P-unsaturated amino ketone 9a-aza-3~,20~-diacetoxy-B-homo-5a-pregn-8-en-ll-one 8. Thermolysis or photo- 
lysis of 12a-azido-3a,20P-diacetoxy-5P-pregnan- 1 1-one gave the N-acyl imine 12-aza-3a,20~-diacetoxy-C-homo-5~- 
pregn- 12-en- 1 1 -one 10 as major product. Photolysis of 20P-acetoxy- 12a-azido-3a-hydroxy-5P-pregnan- 1 1-one gave the 
3-hydroxy analogue of 10. Transformation products of the N-acyl imines are described. 

0 .  E. EDWARDS, J.  L. DOUGLAS, D. C .  HORWELL, W. RANK et T. SANO. Can. J. Chem. 70, 2405 (1992). 
La photolyse de la 9a-azido-3~,20~-diac~toxy-5a-pregnan-1l-one, en solution dans le methanol, conduit a la N-acyl 

imine, 1 l-aza-3~,20~-diac~toxy-C-homo-5a-pregn-9,ll-kn-l2-one, 4, et a l'aminocetone, 9a-aza-3P,20P-diacetoxy-9- 
mkthoxy-B-homo-5a-pregnan-11-one, 7.  Dans du dichloromethane contenant de la triethylamine, l'irradiation de cet 
azoture fournit la N-acyl imine 4 et la cetone aminee a,p-insaturee, 9a-aza-3~,20~-diacktoxy-B-homo-5a-pregn-8-kn- 
1 1-one 8. La thermolyse ou la photolyse de la 12a-azido-3a,20~-diacktoxy-5~-pregnan-1l-one fournit la N-acyl imine, 
12-aza-3a,20~-diacCtoxy-C-homo-5~-pregn-l2-kn-ll-one 10 comme produit principal. La photolyse de la 20P-acktoxy- 
12a-azido-3a-hydroxy-5~-pregnan-1l-one conduit a l'analogue 3-hydroxy, 10. On dkcrit les produits de transformation 
des N-acyl imines. 

[Traduit par la redaction] 

The discovery (1) that photolysis%f two steroidal a-azido 
ketones gave moderate yields of isolable N-acyl imines led 
to much interest, in our laboratories, in this class of com- 
pound. This was reinforced by the possibility that many bi- 
ologically active natural products could have N-acylimines 
as precursors (2). Furthermore we were attracted by the 
possibility that azasteroids with strategically located N-acyl 
imine functions would act as hormone mimics, irreversibly 
binding to receptor sites in hormone-dependent tumor cells 
(3; see also reviews cited in ref. 16). 

We now present a full account of the photolysis of three 
steroidal azido ketones, thermolysis of one of these, and re- 
actions of the products. 

Results 

The preparation of 9a-azido-3P,20P-diacetoxy-5a-preg- 
nan- 1 1 -one (3) from 1 1 -ketoprogesterone (1) (5) was im- 
proved by use of lithium in ammonia reduction of the 
conjugated ketone, and Sarett (6) or pyridinium chlorochro- 
mate (7) oxidation of the intermediate hydroxy azide 2. 

Photolysis of 3 in dry methanol gave two major products. 
The most abundant one was the N-acvl imine 4. The 
characteristic identifying features were the carbonyl (v,,,,, 
1698 cm-I) and imine (v,,,, 1668 cm-l) infrared frequen- 
cies and the 13c nmr singlets at 186 (C=O) and 180 (C=N) 

'Dedicated to Prof. G.  Fodor on the occasion of his 75th birth- 
day, and in recognition of his notable contributions to teaching and 
natural products research. 

' ~ u c h  of this work was performed in the Division of Chemistry 
and Division of Biological Sciences, National Research Council of 
Canada, Ottawa. It was presented in part at the Symposium on 
Heterocyclic Chem~stry, Poznan, July 24-26, 1972. 

'~esearch  Associates, National Rescarch Council of Canada 
"The photolysis was proposed by Dr. N. F. Elmore as a method 

of preparing 12-imino 11-ketones from the azido ketones follow- 
ing Barton and Starratt (4), and he did preliminary studies on 9. We 
gratefully acknowledge this contribution. 

ppm. The action of dry p-toluenesulfonic acid in benzene on 
4 converted it into the enamide 5. The amide carbonyl of 5 
had v,,,(CCl,) 1660 cm-' and a I3c nmr signal at 176 ppm. 
The double bond carbons resonated at 137.8 and 124.6 ppm, 
and 5 had A,,,, 232 nm (E 6200). 

The second important product from the photolysis in 
methanol was a very weak base (pK, 3.8 in 95% ethanol). It 
had a ketone carbonyl (v,,,,,(CCl,) 1715 cm-I; 209.4 ppm) 
and a methoxyl group. When a benzene solution of this base 
was treated with a catalytic amount of p-toluenesulfonic acid 
on silica gel, methanol was eliminated giving an a,p-unsat- 
urated amino ketone (V ,,,,, (CH,Cl,) 1682 cm-I; A ,,,,, 236 nm 
(E 4500) and 297.5 nm (E 2400)). The double bond gave two 
"C nmr singlets at 140 and 115.5 ppm. These data, analy- 
sis, and complete spectra were consistent with structure 7 for 
the methoxy-keto base and 8 for the conjugated unsaturated 
amino-ketone. 

Irradiation of 3 in dichloromethane gave enamide 5 as a 
readily crystallized product (30%). If, however, a small 
amount of triethylamine was present the N-acyl imine 4 
(40%) and the a,P-unsaturated amino-ketone 8 (ca. 45%) 
were the major products. 

Photolysis of 12a-azido-3a,20P-diacetoxy-5P-pregnan- 1 1- 
one 9 on a one-gram scale in dichloromethane gave a good 
yield (47.5%) of N-acyl imine 10. The unusual amide car- 
bony1 (v,,,,, 17 15 cm-'; I3c nmr signal at 190 ppm) and the 
imine I3c nmr doublet at 169 pprn with the proton on the 
imine carbon resonating at 87.94 indicated the type-struc- 
ture. Its reactions confirmed this. Acidic methanol con- 
verted 10 into a carbinolainide ether 11. This was now a 
normal secondary amide (v,,, 3230 and 1670 cm-'; "C nmr 
for the carbonyl 179.9 ppm), while exposure of an aqueous 
dioxane solution of 10 to a sulfonic acid resin gave carbi- 
nolamide 12. Acidic methanol converted 12  to 11. Hydro- 
genation of 10 produced a saturated lactam 13 (v,;,, 3230 and 
1670 cm-I), which was also produced when 11 was par- 
tially reduced by lithium aluminum hydride, followed by 
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reacetylation. Finally, an X-ray crystallographic analysis (8) contained much carbinolamide 12 since treatment with acidic 
confirmed the structure and gave bond lengths and angles for methanol gave a 14% yield (based on starting material) of 
10. ether 11. Thus the overall yield of products resulting from 

More-polar fractions from the large-scale photolysis of 9 acyl migration onto nitrogen was 61%. 

&OAC & &OAC \ 

AcO 1 

I 

AcO 
H 4  \ H 

Attempts to reproduce the photolysis of 9 on a smaller 
scale, or carry it out using a Vycor flask and a Rayonet 
photoreactor with lamps giving peak radiation at 300 nm on 
a 100-200 mg scale, gave low yields of 10. This was even- 
tually attributed to traces of acid formed from the dichloro- 
methane and traces of water carried into the reaction. 
Addition of dry triethylamine prior to the photolysis elimi- 
nated the problem, and isolated yields of around 60% of 10 
were consistently obtained. We were unable to isolate the 
imine 14 (R' = Ac) or products derived from it. However 
the total ether-soluble products from these photolyses gave 
a 'H nmr signal at 67.56 in addition to the major one at 
S7.95(N-acyl imine), suggestive of its presence. Subse- 

quent handling of the noncrystalline products after removal 
of most of 10 led to fractions containing aldehyde hydro- 
gens (610.0 and 9.7) and new carbonyl groups (207.3 and 
206.4 ppm). Thus products formed by opening of ring C of 
10 and 14 (R' = Ac) seemed to be present. 

Photolysis of 9 in dry methanol using Pyrex-filtered ul- 
traviolet light gave a 56% yield of pure 11 (R' = R' = Ac). 

The observation of slow nitrogen loss from 9 above its 
melting point prompted a study of its thermolysis. Because 
of the evident sensitivity of 10 to acid we chose to do the 
thermolysis in dry diinethylaniline, thus providing an ade- 
quately high boiling point and a weakly basic medium. 
Heating at ca. 200°C in this solvent for 13.5 h did indeed 
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EDWARDS ET AL. 2407 

convert 9 into products, from which 10 was isolated in a yield 
of 51%. 

Stepwise hydrolysis of the acetoxy groups of the carbi- 
nolarnide ether lactarn 11 (R' = R' = Ac) was possible using 
sodium methoxide in methanol. The 3-acetoxy group was 
much more reactive, so that the 3-hydroxy-20-acetoxy ether 
11 (R' = H, R2 = Ac) and the dihydroxy ether 11 (R1 = 
R2 = H) could be prepared. After two days in 1 M sodium 
methoxide in methanol, the diacetoxy N-acyl im$e 10 gave 
an 87% yield of the dihydroxy ether 11 (R1 = R- = H). 

Similar hydrolysis of the diacetoxy azide 9 gave the 3- 
hydroxy-20-acetoxy azide 15 (R' = H, R2 = Ac) and the 
corresponding diol 15 (R' = R' = H). 

Photolysis of the 3-hydroxy-20-acetoxy azide 15 (R' = H, 
R2 = Ac) in dichloromethane containing triethylamine gave 
a 60% isolated yield of the N-acyl imine 16 (R' = H,  R2 = 
Ac) after chromatography on neutral alumina. Evidence was 
obtained for the presence of the keto imine 14 (R' = H) (67.5; 
206.7 and 160.9 ppm) in the products, but no pure 14 could 
be isolated on the small scale used. The N-acyl imine 16 
(R' = H) survived, in part, quick chromatography on "flash" 
silica gel and elution with 1% methanol in dichlorometh- 
ane. Its melting point in an evacuated capillary was 185°C 
with slight bubbling, but the melt didn't really liquefy until 
above 220°C, indicating probable intermolecular solvation 
of the imine in the melt. 

1 &, Aq. Dioxane 

In contrast, photolysis of the dihydroxy azide 15 (R' = ppm) appeared to be present, but could not be isolated. When 
R2 = H) as for the monoacetate gave no detectable N-acyl 15 (R1 = R' = H) was irradiated in dichloromethane-tri- 
imine (nrnr). However, a keto imine (67.53; 205.1 and 160.8 ethylamine at -25"C, then the product treated with metha- 
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EDWARDS ET AL. 2409 

with lamps giving peak emission at 300 nm. After 1 h the azide had 
been destroyed (ir). The solution was evaporated below room 
temperature, the residue dissolved in dichloromethane, then this 
solution washed with water. The organic layer was dried and dis- 
tilled giving a residue that crystallized froni acetone, giving 85 mg 
of crude methoxy base 7. Separation of the main product on 
1.5 inm alumina plates using dichloromethane gave more 7 (total 
95 mg; 3 1 %; RI 0.7) and 82 mg of the N-acyl imine 4 (29%; R, 0.5). 

Irradiation of azide 3 in methanol using a 100-W Hanovia high- 
pressure merculy lamp and Pyrex filter took 3 h for completion. The 
yield of methoxy base 7 was 33% and of N-acyl imine 4 was 41%. 

(b) Irz dichlororneth~lrze 
A solution of 249 mg of azide 3 in 35 niL of dichloromethane 

was irradiated using a 100-W high-pressure Hanovia mercury lamp 
in a quartz vessel. The photolysis was coinplete in 3 h. The prod- 
ucts were adsorbed from benzene onto 2 g of neutral alumina, Ac- 
tivity IV. Benzene eluted 125 mg, rich in enamide 5. After 
crystallization from hexane, and recrystallization from acetone- 
hexane, this gave 70 mg (30%) of 5 as needles, mp 205-207°C. 

(c) In dichlorornetharle-triethyiarrziize 
A solution of 80 mg of azide 3 in 15 mL of dry dichlorometh- 

ane containing 39 nig of triethyla~nine was irradiated in a Vycor 
vessel at 10°C using 300 nm lamps in a Rayonet apparatus for 1 h. 
The yellow solution was evaporated below room temperature, then 
the residue taken up in dry ether. The undissolved solid (ca. 2 mg 
of triethylamine hydrochloride) was removed by filtration. When 
concentrated the filtrate yielded 30 mg (40%) of crystalline N-acyl 
imine 4. The mother liquor was evaporated and the residue dried 
under 0.5 Torr (I Torr = 133.3 Pa). Its "C nmr spectrum showed 
that it contained approximately 30% of N-acyl iniine but that the 
major component was the a,P-unsaturated amino-ketone 8 (esti- 
mated yield 45%) (23 major signals coincident with those for pure 
8). An attempt to purify-this on a 1 mni alumina plate using di- 
chloromethane gave only 14 mg (19%) of 8 (R, 0.6). The major 
components (20 mg) now had low RI, corresponding to hydrated 
products. 

The N-acyl iniine 4 upon recrystallization froni ether-hexane 
formed needles with mp 220-223°C and la],, 30.6 (c 1.08, in 95% 
ethanol). It had v ,,,, (CH,CI,) 1728, 1686, and 1660 c~iiCl; and X ,,,;, 
278 nm (E 500). It gave 'H nmr signals at 6 4.8(2H, br m), 3.0(1H, 
d, J = 14 Hz), 2.6(1H, d, J = 14 Hz), 2.05(6H, s),  1.22(3H, s) ,  
1.15(3H, d, J = 6 Hz), and 0.82(3H, s) and "C nmr signals at 
185.7 (s), 179.9(s), 170.4(s), 170.2(s) 72.6(d), 72.2(d), 56.4(d), 
50.6(t), 48.6(d), 46.9(d), 44.9(d), 43.5(s), 4 1.1 (s), 33.3(t), 32.6(t), 
28.3(t), 27.4(t), 27.0(t), 24.9(t), 21.3(q) (double intcnsity), 19.9(q), 
17. l (q), and 15.9(q) ppm. Anal. calcd. for C2sH37N05: C 69.57, 
H 8.64, N 3.25; found: C 69.30, H 8.84, N 3.42. 

. .,. 
11 -Aza-3P,20P-di~1cetox~~-C-horno-5a-pregiz-8-eiz-12-orze 5 

The N-acyl imine 4 (46 mg) was added to a solution of 10 nig 
of p-toluenesulfonic acid hydrate, 50 mg of acetic acid, and 50 mg 
of acetic anhydride in 3 mL of dry benzene. The mixture was heated 
under gentle retlux for 2 h. The benzene was evaporated irz vacuo, 
the residue dissolved in dichloromethane, then this solution stirred 
for 0.5 h with 5% aqueous sodium carbonate. The organic layer 
yielded 47 mg of product, which crystallized from acetone as stout 
needles mp 204-209°C. Recrystallization from acetone gave 29 nig 
(mp 205-210°C) of enaniide 5. This had v,,,;,,(CCI,) 3200, 1740, 
1660, and 1250 cm- '  and X,,,, 232 n m ( ~  6200). It gave 'H nnir 
signals at 66.39 ( IH,  s),  4.73(2H, m),  2.89(1H, d ,  J = 14 Hz), 
2.66(1H, t, J = 10 Hz), 2.07(3H, s)  and 2.05(3H, s) ,  1.19(2H, d, 
J = 6 Hz), 1.09 (3H, s), and 0.72(3H, s). Its "C nmr spectrum had 
signals at 176.0, 170.8, 170.7, 137.8, 124.6, 73.4, 73.0, 56.1, 
50.7, 49.5, 45.3, 40.5, 37.0, 33.33, 32.0, 27.6, 26.9, 26.3, 24.7, 
21.7, 21.6, 19.9, 18.5, and 17.0 ppm. Its EI mass spectrum gave 
M-' 43 1.26604; calcd. for C,,H,,NO,: 43 1.267 16. 

9~1-Az~~-3~,20~-di~~cetoxy-9(~-nzet/zoxy-B-/zorno-5(~-pregrz~~rz-ll- 
orle 7 

After crystallization froni acetone-hexane this had mp 189- 
191°C. In an evacuated capillary it had mp 232-235°C. It had 
v ,,,,, (CCI,) 1740, 17 15, and 1250 c m '  and v ,,,,, (nujol) 3380(NH), 
1742, and 1702 cm-I. It had X,,,,,, 255 n m ( ~  58) and 3 15 n m ( ~  58) 
and pK,, 3.8 in 95% ethanol. It gave 'H nmr signals 64.8(2H, m), 
3.42(3H, s), 3.1(1H, m), 2.82 and 2.70(pair of l H  doublets, J = 
12.3 Hz), 2.03(3H, s), 2.02(3H, s), 1.17(3H, d, J = 6.1 Hz), 
1.02(3H, s), and 1.00(3H, s). Its "C nmr (100.6 MHz) spectrum 
had signals at 209.4 s,  170.5 s ,  170.3 s,  91.9 s, 73.3d, 72.7 d, 54.1 
d, 53.7 d, 52.3 t, 51.6 q, 48.7d, 47.2 s,  44.2 s ,  38.0 t, 35.3 d, 33.5 
t, 31.1 t, 29.4 t, 27.9 t, 26.6 t, 25.8 t, 21.5 q, 19.9q,  15.6q,  and 
14.4 q ppm. Anal. calcd. for C,,H,,NO(,: C 67.36, H 8.9 1, N 3.20; 
found: C 67.54, H 9.10, N 3.19. Its EI mass spectrum gave a weak 
peak at m / z  463 but a strong one at m/z 43 1 (M - 32). 

9~~-Aza-3P.20P-diac~toOry-B-homo-5a-preg~z-8-e~z- 1 I - o r  8 
A suspension of 57 mg of methoxy base 7 and 49 mg of dry p-  

toluenesulfonic acid on silica gel (3% acid) in 3 mL of dry ben- 
zene was stirred under argon for 21 h. The mixture was filtered and 
the solid washed with benzene. The benzene solution yielded 
52 mg of residue, which crystallized as fine needles from ace- 
tone-hexane. The silica gel was suspended in benzene containing 
10% of pyridine. The solvent extracted 9 mg, which also crystal- 
lized. This and the mother liquor froin the main crop of crystals was 
put on a 30 cm x 20 cm, 0.25 mm alumina plate and separated 
using chloroform (3/4% ethanol). The main zone (R, 0.56) gave 
7 mg of crystalline base. The combined crystals (45 mg, 85%) had 
mp 119-125°C. Recrystallization from aqueous methanol gave 8 
as stout needles, mp 182-187°C. This had v,,,,, 3410, 1724, and 
1682 cm-I and X,,,, 235.8 (E 4500) and 2 9 7 . 5 ( ~  2400). Its 'H nmr 
spectrum gave signals at 65.40(1H, s), 4.87(1H, m), 4.60(1H, m), 
3.2 l(1 H, t, J = 9 Hz), 2.034 (3H, s), 2.026 (3H, s), 1.22(3H, s), 
1.20(3H, d ,  J = 5 Hz), 0.94(3H, s) and its I3c nmr spectrum gave 
signals at 208.4, 170.8, 170.7, 139.9, 115.5, 72.95, 72.56, 59.26, 
53.24, 51.68, 50.37, 44.19, 37.96, 36.82, 36.46, 34.0, 30.83, 
26.66, 26.0, 25.37, 21.58, 21.45, 19.79, 14.83, and 9.39 ppm. 
Its EI mass spectrum had M +  431.265 16; calcd. for C2sH37NO~: 
43 1.267 16. 

Photo1.vsis ~f'I2a-~1~id0-3a,20~-diacetoxy-5~-pregrlnlz-ll -one 9 
(a) A solution of 1.44 g of azido ketone 9 (5) in 100 mL of dry 

dichloromethane was irradiated for 7 h using a 100 W high-pres- 
sure Hanovia mercuiy lamp in a water-cooled Pyrex well. By this 
time all thc azide had been transformed. The solvent was removed 
on a rotating evaporator, the residue dissolved in benzene, then this 
solution passed through a column of 40 g of neutral alumina (Act. 
IV). Benzene (ca. 300 mL) elutcd 1.0 g, rich in N-acyl imine 10. 
This crystallized from ether-hexane mixtures giving 10 as prisms, 
(645 ing, 49.5%). Dichloromethane eluted 124 mg of yellow gum. 
A 1% solution of methanol in dichloromethane eluted 347 mg of 
aiiiorphous solid. Its reactions (see below) showed it to contain 
much (ca. 14% yield) carbinolaniide 12 or equivalent amido-al- 
dehyde and polynier. Attempts to repeat this on a smaller scale gave 
much reduced yields of N-acyl imine 10, apparently due to traces 
of water and traces of acid produced from the dichloromethanc. 

In a comparable experiment on 272 mg of azide 9 in 70 mL of 
dichloromethane but containing 1 mL of dry triethylaniine the 
photolysis was complete in 2 h. After work-up as above, 153 mg 
(60%) of crystalline N-acyl imine 10 was obtained. 

(b) When a solution of 100 mg of azide 9 in 17 mL of dry di- 
chloroniethane containing 69 mg of dry triethylaniine (5A iiiolec- 
ular sicve) was irradiated in a Vycor Flask at 10°C using a Rayonet 
reactor with 300 nm lainps the photolysis was complete in 1 h. The 
pale yellow solution was evaporated to diyness. Dry ether (10 mL) 
was added, then the solution filtered to remove 9 mg of solid. The 
ether was evaporated, and the residue dried briefly at 90°C, 
0.5 Torr. The 'H nmr spectrum of this mixture showed it to be 
mainly N-acyl imine 10 (67.94) but to contain a component (ca. 
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25%) giving a signal at 67.56. This corresponds to the expectation 
for the C-12 of keto imine 14 (R' = Ac). The 'k nrnr spectrum 
was mainly that of 10, but again a signal at 160.74 ppm corre- 
sponded to the C- 12 of 14 (22% of the height of the signal for C- 12a 
of 10). Chromatography of the ether-soluble products on Activity 
IV neutral alumina as in (a) partially decomposed the compounds. 
The yield of crystalline N-acyl imine 10 was 54 mg (58%). The 'H 
nmr spectrum of the mother liquor from crystallization of 10 showed 
the presence of 10 and at least two aldehydes (69.7 and 10.0), 
probably the products of hydrolytic opening of ring C of 10 and 14. 
Chloroform eluates from the column (17 mg) gave 5 rng of prisms 
from ether-hexane. These gave 'H nrnr signals at 66.73(1H, s), 
4.9(1H, m), 4.7(1H, m), 4.55(1H, d ,  J = 3 Hz), 2.10(3H, s), 
2.02(3H, s), 1.30(3H, s), 1.18(3H, d, J = 6 Hz), and 1.07(3H, s) 
corresponding to those expected for carbinolamide 12. 

(c) + comparable photolysis to that described in (b), but using 
3500 A lamps in a Rayonet apparatus took longer for completion 
(5 h). A 58% yield of 10 was again obtained. 

(d)  A solution of 740 mg of azide 9 in 60 mL of dry methanol 
was irradiated at O°C for 16.5 h through Pyrex using a 100-W high- 
pressure Hanovia lamp. Evaporation of the methanol left a gum. 
This was adsorbed from benzene on 15 g of neutral alumina (Act. 
IV). Elution with benzene gave 650 mg, rich in carbinolamide ether 
11. This crystallized from acetone-hexane, giving 420 mg (56%) 
of pure 11.  

Therrnolysis of azido ketone 9 
Two milliliires of dry dimethylaniline (4A molecular sieve) was 

added to 201 mg of azido ketone 9 in a dry flask. This was placed 
in a bath at 210°C, and allowed to reflux gently for 13.5 h. A small 
amount of azide persisted. The bulk of the dimethylaniline was 
removed at 1 10°C, 0.5 Torr, leaving a yellow gum. This was ad- 
sorbed from benzene onto 2 g of Activity IV neutral alumina. 
Benzene eluted 198 mg, which crystallized from ether-hexane 
giving 96 mg (51%) of crystalline N-acyl imine 10. 

12-Aza-3a,20~-dinceto.~y-C-homo-5P;pregtz-I2-etz-lI-otze 1 0  
This had mp 190-192"C, [a]" 184 (c 0.13, in 95% ethanol); 

v ,,,, (CC1,) 1742, 17 15, 1662, and 1245 cm-I; and A ,,, 288 nm(e 
1080). Its 'H nrnr spectrum had signals at 6 7.94 ( lH,  s), 4.77(2H, 
m), 2.02 (6H, s), 1.38(3H, s), 1.2 1(3H, d, J = 6 Hz), and 0.90(3H, 
s). Its I3C nrnr (100.6 MHz) spectrum had signals at 189.9 s,  170.5 
s,  170.0 s ,  168.9 d, 73.7d, 72.3 d, 52.8 d ,  52.1 d, 50.4 s ,  46.5 d ,  
42.2 d ,  38.4 d,  35.0 t, 34.2 s ,  31.8 t, 27.6 t, 27.5 t, 27.1 t, 26.0 
t, 24.3q, 23.2t, 21.4 q ,  21.2 q ,  19.5 q, and 12.1 q ppm. Anal. 
calcd. for C,,H3,NOS: C 69.57, H 8.64, N 3.25; found: C 69.43, 
H 8.82, N 3.19. 

12-Aza-3a,20~-diacetoxy-12a-methoxy-C-homo-5-regtan-l I - 
one 11 

This formed prisms from acetone-hexane with mp 208-209"C, 
[a]" 144 (c 0.286, in 95% ethanol), and v,, 3230, 1740, 1670, and 
1250 cm-'.  Its 'H nmr spectrum (200 MHz) had signals at 
66.65(NH), 4.75(2H, m), 4.21(1H, d, J = 6 Hz), 3.40(3H, s), 
2.04(6H, s), 1.29(3H, s), 1.16(3H, d, J = 6 Hz), and 0.63(3H, s). 
Its I3C nrnr spectrum (125.7 MHz) had signals at 179.9 s,  170.7 
s ,  170.0s, 87 .3d ,  74.1 d, 72 .8d ,  55 .5q ,  52 .2d ,  4 9 . 2 s , 4 8 . 4 d ,  
44.6 d ,  43.3 d, 35.4 t, 34.7 s ,  32.8 d, 31.6 t, 27.5 t, 26.4 t, 26.0 
q, 25.1 t, 23.7 t, 21.7 q ,  21.5 q,  19.8 q, and 12.3 q ppm. Anal. 
calcd. for C2,H,,N0,: C 67.36, H 8.9 1, N 3.02; found: C 67.18, 
H 9.03, N 3.16. 

12-Azn-3a,20~-diacc.toxy-I2a-hydroxy-C-homo-5-regtztz-l I -  
one 1 2  

Polar eluate from alumina of the products of photolysis of 9 in 
dichlorolnethane crystallized in part from ether as prisms. These 
melted partly around 140°C, resolidified, and melted at 207°C. The 
crystals had v,,,,, 3520, 3405, 1730, and 1680 cm-' and gave 'H 
nmr signals (400 MHz) at 66.73(NH), 4.92 (IH,  m), 4.75 (IH, m), 
4.55 ( lH,  d ,  J = 3 Hz), 2.60(1H, d, J = 4 Hz, OH), 2.10(3H, s), 
2.02(3H, s), 1.30(3H, s), 1.18(3H, d, J = 6 Hz), and 1.07(3H, s). 

Its I3C nmr spectrum gave signals at 176.3, 170.6, 169.8, 74.8, 
74.0, 72.7, 60.9, 59.6, 55.5, 42.6, 41.4, 35.9, 35.7, 32.0, 31.5, 
26.7, 26.67, 26.3, 26.1, 23.2, 21.42, 21.41, 19.5, and 15.9 ppm 
(24 signals; 25 expected). 

Acid-catalysed reactions of N-acyl imine 1 0  
(a) A solution of 21 mg of 10 in 15 mL of dry methanol, con- 

taining 5 mg of p-toluenesulfonic acid hydrate, was left at room 
temperature for 1 h. The mixture was neutralized using sodium 
bicarbonate, then the solvent removed in vacuo. The residue was 
extracted with dichloromethane, the organic layer washed with 
water, dried, then distilled. The crystalline residue was recrystal- 
lized from acetone-hexane giving 18 mg of prisms, mp 206-208°C. 
This was identical (mixture mp, spectra) to carbinolamide ether 11. 

(b)  A suspension of 0.5 mL of Rexyn 101 (H+) beads in 5 mL 
of methanol containing 10 mg of N-acyl imine 1 0  was stirred at 
room temperature for 5 min. The resin was removed by filtration, 
then the methanol evaporated, giving 9.5 mg of carbinolamide ether 
11,  pure by ir and tlc. 

(c) Eighty-six milligrams of N-acyl imine 10 was dissolved in 
5 mL of dioxane and 1 mL of water. After addition of ca. 0 .3  mL 
of Rexyn 1 0 1 ( ~ + )  beads the mixture was stirred for 20 min, the 
Rexyn was removed by filtration, then the solvents removed under 
reduced pressure. The residue showed one spot on tlc and had v,,,, 
3520, 3405, 1730, and 1680 cm-' consistent with carbinolamide 
structure 12.  This was converted to carbinolamide ether 11  by 
stirring overnight with Rexvn 101 (H+) in methanol. 

Action of acidic methanol on crude cnrbirzolarnide 12 
The amorphous polar product from photolysis (a) above (347 mg) 

was dissolved in anhydrous methanol (30 mL) containing 15 mg 
ofp-toluenesulfonic acid. After 1 h the mixture was worked up as 
for experiment (a). The product gave 195 mg of crystalline carbi- 
nolamide ether 11 after chromatography on Activity IV alumina and 
crystallization from acetone-hexane (14% yield based on azide 
~hotolvzed). 

12-Aza-3a,20P-dincetoxy-C-hotno-5~-pregt1nn-l I-one 1 3  
(a) Lithium aluminum hydride (300 mg) was added to a solu- 

tion of 93 mg of carbinolamide ether 11 (R'  = R' = Ac) in 20 mL 
of dry ether. The mixture was heated under gentle reflux for 20 h, 
then the excess hydride destroyed using wet ether. The crude 
product recovered from the ether (80 mg) was acetylated over- 
night in 1:  1 pyridine - acetic anhydride. The product was ad- 
sorbed from benzene onto 2 g of neutral alumina (Act. IV). Benzene 
(25 mL) eluted a mixture of four products, followed (100 mL) by 
40 mg of homogeneous product. This did not crystallize readily, 
so was distilled at 180°C under I X Torr. The colorless glass 
had [a]" 49 (c 0.25, in 95% ethanol) and v ,,,,, 3230, 1740, 1670, 
and 1250 cm-I. Its 'H nrnr spectrum had signals at 66.16(NH), 
4.75(2H multiplet), 3.7-2.9(2H broad), 2.03(6H, s), 1.37(3H, s), 
1.17(3H, d, J = 6 Hz), and 0.61(3H, s). The broad bands be- 
tween 3.7 and 2.9 collapsed to a pair of doublets centered at 63.3 
with AAB = 27 Hz, JAB = 15 HZ after treatment with a trace ofp-  
toluenesulfonic acid in DzO. Anal. calcd. for Cz5H39N05: C 69.25, 
H 9.07, N 3.23; found: C 69.39, H 9.16, N 3.30. 

( O )  Ninety-five milligrams of N-acyl irnine 10 in 10 mL of 95% 
ethanol containing 11 1 mg of 5% palladium-on-charcoal was stirred 
in a hydrogen atmosphere for 4 h. The catalyst was removed and 
the solvent evaporated. Purification as in (a) gave 80 mg of a glass 
identical by ir and tlc with the product from the lithium aluminum 
hydride reduction of 11 followed by acetylation. 

Deacetylation of12-~1zn-3a,2O~-diaceto.r~~-12n-metho,r~~-C-homo- 
5P-pt-egrzan-11-orze (11) (R' = R2 = Ac) 

To a solution of 30 mg of diacetoxy-methoxy lactarn 11 in I mL 
of methanol was added a solution of sodium methoxide (from 25 
mg of sodium) in 2 mL of dry methanol. The mixture was stirred 
at room temperature for 30 min, then the solvent evaporated in 
vacuo below room temperature. The products were distributed 
between water and chloroform. The dried chloroform layer was 
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distilled then the residue allowed to crystallize from an ethyl 
acetate - hexane mixture. The material in the mother liquor was 
separated on a 0.5 mm silica gel plate using 10% methanol in 
chloroform. The zone with R, 0.7 proved identical to the above 
crystals, and was identified as the 3-hydroxy-20-acetoxy-12a- 
methoxy lactam 11 (R1 = H, R' = Ac) (22 mg total, 80%). The 
other major zone (R, 0.3) contained the dihydroxy-methoxy lac- 
tam 11 (R' = R' = H) (5 mg, 20%). Comparable conditions, but 
24 h reaction, effected complete hydrolysis to the diol 11 (R' = 
R' = H). 

Action of sodium methoxide in methanol on N-acyl irnitze 1 0  
N-Acyl imine 10 was dissolved in 10 mL of methanol and 1 mL 

of 1 M sodium methoxide in methanol. After 48 h tlc showed the 
reaction to be complete. Evaporation of the solvent and extraction 
of the residue with dichloromethane gave 73 mg of organic prod- 
uct. Trituration of this with ether left 66 mg (87%) of dihydroxy- 
methoxy lactam identical to the diol 11 (R' = R' = H) produced 
from deacetylation of 11 (R' = R2 = Ac). 

20-Acetoxy-12-aza-3a-hydroxy-12a-methoxy-C-homo-5~- 
pregnatl-11-one 11 (R' = H, R' = Ac) 

This crystallized from ethyl acetate - hexane as needles, mp 134- 
137 or 175- 180°C. It had v,,, 3595, 3385, 1726, and 1665 cm-'.  
Its 'H nrnr spectrum (500 MHz) had signals at 65.82(1H, d ,  J = 
6.1 Hz), 4.76(1H, m), 4.13(1H, d ,  J = 6.2 Hz), 3.63(1H, m), 
3.40(3H, s), 2.92(1H, d, J = 11.4 HZ), 2.22(1H, q ,  Jl = 20 HZ, 
J2 = 10 Hz), 2.00(3H, s), 1.28(3H, s), 1.13(3H, d, J = 6.0 Hz), 
and 0.63(3H, s). A 'H-'H COSY spectrum showed the proton at 
64.76 to be coupled to the methyl doublet at 61.13 and the proton 
(H-17) at 62.22. A second weak set of signals indicated the pres- 
ence of another isomer, presumably the 12ap-methoxy com- 
pound. (see ref. 5 for evidence on the stereochemistry.) 

12-Aza-3a,20~-dihydroxy-12a-methoxy-C-homo-5~-pregt1at~-ll- 
one (11, R' = R' = H )  

This was not obtained crystalline. It had v,,,,, (CHCl,) 3600, 
3400, and 1660 cm-' and gave 'H nrnr signals at 65.9(1H, d ,  J = 
6 Hz) (NH), 4.8(1H, d, J = 6 Hz), 3.7(2H, m), 3.45(3H, s),  
3 . 0 1 ( 1 H , d , J =  11 Hz), 1.33(3H,s), 1 . 1 5 ( 3 H , d , J =  6Hz) ,and  
0.75(3H, s). 

Hydrolysis of 12a-azido-3a,20~-diacetoxy-5~pregnan-ll-one 
(91 

A solution of sodium methoxide prepared from 60 mg of so- 
dium and 2 mL of dry methanol was added to a stirred suspension 
of 194 mg of diacetoxy azide 9 (R' = R' = Ac) in 4 mL of meth- 
anol. The azide dissolved within 5 min at room temperature. After 
2 h the solution was concentrated to a syrup it1 vacuo below room 
temperature. Water and chloroform were added. The dried chlo- 
roform extracts yielded 190 mg of froth, which according to its 'H 
nrnr spectrum was mainly the monoacetate 15 (R' = H, R' = Ac). 
This was adsorbed from benzene onto 6 g of neutral alumina (Act. 
IV). Benzene and dichloromethane eluted the monoacetate 
(I 10 mg, 62%). The azido diol 15 (R' = R' = H) (60 mg, 41%) 
and minor polar impurities were eluted with 10% methanol in 
chloroform. Hydrolysis of 9 as above, but for 20 h, gave com- 
plete conversion to 15 (R' = R' = H). 

20~-Acetoxy-12a-azido-3a-hydroxy-5~pregntz- I I -one (15, 
R' = H, R' = Ac) 

The monoacetate crystallized from acetone-hexane as prisms, 
mp 163-164°C. It gave v,,, 3590, 2100, and 1727 cm-' and ' H  
nmr signals (500 MHz) at 64.74(1H, br m), 3.61(1H, m), 3.58(1H, 
s), 2.84(1H, d ,  J = 11.2 HZ), 2.37(1H, dt, Jl 14.4, J2 = 
3.4 Hz), 2.22(1H, q, J, = 20, J2 = 10 Hz), 2.03(3H, s), 1.17(3H, 
d, J = 6 Hz), 1.13(3H, s), and 0.60(3H, s). Irradiation at 64.74 
decoupled the methyl doublet at 61.17 and partially collapsed the 
signals at 62.22. 

12a-Azido-3a,20P-dihydroxy-5~pregnan-l I -one 
(15, R' = R" H )  

An ethyl acetate - hexane solution of the diol (160 mg) depos- 
ited 25 mg of fine needles, mp 196-225°C. The remainder even- 
tually crystallized from solvent mixtures richer in hexane as prisms, 
or as short rods, mp 167-169°C. This had v,,, 3590, 3450, 2100, 
and 1709 cm-' and gave ' H  nrnr signals (200 MHz) at 64.05(1H, 
s), 3.67(2H, m), 2.87(1H, d ,  J = 11 Hz), 2.43(1H, dt, J, = 14.2, 
J2 = 3.1 Hz), 1.19(3H, d, J = 6.2 Hz), 1.17(3H, s), and 0.72(3H, 
s). 

The minor higher-melting product was shown by its 'H nmr 
spectrum to be a mixture of the major azido diol with an isomer. 
The mixture had v,,, 3590, 3400,2100, and 1707 cm-' and its 'H  
nmr spectrum had signals at 64.50(s) and 0.89(s) in addition to those 
for the 169" azidodiol. 

Irradiation of 20P-acetoxy-12a-azido-3a-hydro.~-5~-pregtzatz- 
11-one 15 (R' = H, RZ = Ac) 

A solution of 53 mg of the 12-azido monoacetate 15 (R' = H, 
R~ = Ac) and 0.1 mL of triethylarnine in dry dichloromethane was 
irradiated in a Vycor vessel at 10°C using Rayonet 300 nm lamps 
for 1 h. An infrared spectrum showed that all the azide had been 
transformed. The solvent and amine were removed in vacuo, 
finally under 0. I Torr. The residue was suspended in dry ether, 
then filtered. Approximately 8 mg of triethylamine hydrochloride 
was removed. The yellow filtrate was evaporated and the residue 
freed of volatile material at 60°C under 0.1 Torr. Its nrnr spectra 
(500 MHz) showed that a major component was the N-acyl imine 
16 (R' = H, R' = Ac) (67.93; 190.1, 168.8 ppm), and a minor one 
had signals consistent with it being the keto imine 14 (R' = H) 
(67.53; 207.6 or 206.7, 160.9 ppm) (ratio 5 : 1). Traces of alde- 
hydes (69.64 and 9.63) were present. The product was adsorbed 
from benzene onto a 20-fold ratio of neutral alumina (Act. IV). 
Benzene, then dichloromethane eluted 37 mg, which crystallized 
from ether-hexane mixtures, giving 30 mg of nearly pure N-acyl 
imine 16 (R' = H, R' = Ac) (56%). 

20~-Acetoxy-12-aza-3a-hydroxy-C-horno-5-pregn-l2-en-l1 -otze 
16 (R' = H, R' = Ac) 

Crystals of 16 (R' = H ,  R' = Ac) melted at 185°C in an evac- 
uated capillary (immersed at 170°C) but did not become com- 
pletely liquid until 220°C. It had v,,, 3595, 1730, 1702, and 
1695 cm-' and 'H nrnr (400 MHz) signals at 67.93(1H, s), 
4.78(1H, m), 3.64(1H, m), 2.03(3H, s), 1.37(3H, s), 1.22(3H, d, 
J = 6.05 Hz), and 0.90(3H, s). Its I3C nrnr spectrum (100.6 MHz) 
had signals at 190.1, 170.1, 168.8, 72.3, 72.1, 52.8, 52.0, 50.4, 
46.6, 42.3, 38.4, 35.7, 35.3, 34.2, 31.1, 27.7, 27.5, 26.2, 24.4, 
23.2, 21.2, 19.5, and 12.1 ppm. Its EI mass spectrum had m/z 
389.2559 (M'); calcd. for C25H35NOJ: m/z  389.2566. 

Irradiation of 12a-azido-3a,20P-dihydr-oxy-5P-pregnan-I I-one 
15 (R' = R' = H )  

(a) A solution of 79 mg of 15 (R',  = R', = H) in 30 mL of dry 
dichloromethane was irradiated at 5OC in a Vycor vessel using a 
Rayonet photoreactor with light peaked at 300 nm. After 1 h no 
azide was left. The solution was evaporated below room temper- 
ature, leaving a white solid residue. This gave a milky suspension 
in acid-free deuteriochloroform. This was filtered through sin- 
tered glass under pressure. The fairly clear filtrate gave a 'H nrnr 
singlet at 67.52. Its "C nrnr spectrum had signals at 208.0, 205.1, 
176.0, and 160.8. Thus no N-acyl imine seems to have survived 
(expected 67.9 and 190 ppm). The signals are consistent with the 
presence of 14 (R' = H, 20-hydroxy). 

(b) Irradiation of 132 mg of 15 (R' = R' = H) in 100 mL of di- 
chloromethane containing 0.1 mL of triethylamine using a 100-W 
high-pressure Hanovia mercury lamp in a Pyrex well at -20 to 
-30°C required 7 h for complete reaction of the azide. After 
evaporation of solvent the residue was treated with Rexyn 101 (H') 
in methanol for 25 min. From the products a 56% yield of pure 
methyl ether 11 (R' = R' = H) was obtained after purification on 
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a silica gel plate ( 1  : 1 chloroform-acetone). It was identical (tlc and 
'H nmr to that produced by hydrolysis of 11 (R'  = R' = Ac). 
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LIU YIXIAN, J.  A. KONINGSTEIN, and Y. YEVDOKIMOV. Can. J.  Chem. 70, 2413 (1992). 
Aspects of the electronic structure of tautomers of tetrak1s(N-rnethyl-4-pyr1dyl)porphyrln (HZTMpyP4) complexed to 

DNA have been determined from a study of the resonance Raman excltatlon proflles of normal modes of H,TMpyP4 In 
buffer solut~ons contalnlng monomeric and aggregated molecules and of a H2TMpyP4/DNA complex w ~ t h  r ( c )  - 25 
Max~ma of the excltatlon profiles of the complex have been ass~gned to electron~c orlglns for transltlons between the 
ground state and states In the Soret absorpt~on reglon of Intercalated and externally groove-bound tautomers of H2TMpyP4. 
The posltlons of the electron~c orlglns support the assignment of the CD spectrum of the complex From the sh~f t  of the 
Cp-H bendlng mode of the selectively exc~ted resonance Raman spectra of tautomers of the porphyrln molecules ~t can 
be concluded that the pyr~dyl rlngs of externally bound H2TMpyP4 molecules are twlsted to a lesser degree than those 
rlngs for Intercalated H2TMpyP4 Raman lntenslty stud~es also reveal that the resonance-enhanced Raman lntens~ty of 
modes of aggregated H2TMpyP4 IS greater than those of the monomer 

LIU YIXIAN, J.  A. KONINGSTEIN et Y. YEVDOKIMOV. Can. J. Chem. 70, 2413 (1992). 
En se basant sur une ktude des profils d'excitation de la rksonance Raman des modes normaux du H2TMpyP4, dans 

des solutions tamponnkes contenant des molkcules monomkres et agrkgees, et d'un complexe H,TMpyP4/ADN avec 
r(c) - 25, on a determine les aspects de la structure Clectronique des tautomeres de la tCtrakis(N-methyl-4-pyri- 
dy1)porphyrine (H2TMpyP4) complexke avec 1'ADN. On a attribue les maxima des profils d'excitation du complexe aux 
origines Clectroniques de la transition entre l'ktat fondamental et les &tats de la region d'absorption de Soret des tau- 
tomkres de la H2TMpyP4 intercalks et lies d'une faqon externe. Les positions des origines Clectroniques sont en accord 
avec I'attribution du spectre CD du complexe. En se basant sur le dkplacement du mode de deformation de la liaison 
CB-H du spectre d'excitation de la resonance Raman des molecules de porphyrine, on peut conclure que les cycles 
pyridyles des moltcules de H2TMpyP4 likes d'une fason externe sont moins dkformes que ceux des cycles correspon- 
dants des molkcules de H,TMpyP4 intercalkes. Les etudes menkes sur les intensites du spectre Raman rkvelent aussi que 
l'intensitk des spectres Rarnan rehausses par la resonance est plus grande pour les modes des molkcules de H,TMpyP4 
agregkes que pour ceux des monomeres. 

[Traduit par la redaction] 

Introduction complexes have been extensively studied using various 

It is well known that the two inner hydrogen atoms (the 
NH protons) in free-base porphyrins exhibit tautomeriza- 
tion that results in protons being attached to different pairs 
of nitrogen atoms of the core. In symmetrical as opposed to 
asymmetrical porphyrins (1-4), the NH tautomers cannot be 
distinguished and have identical electronic spectra (1). The 
rate of tautomerization depends mainly on temperature and 
(or) whether the molecule resides in the ground state or an 
electronically excited state (1-3). 

In this work we discuss the results of a resonance Raman 
study of the compound tetrakis(N-methyl-4-pyridy1)por- 
phyrin (H,TMpyP4). The structure of this symmetrical por- 
phyrin molecule is different from the free-base porphyrin 
molecule in that four methylpyridyl groups are attached to 
diagonally opposed pyrrole rings, see Fig. 1. If dissolved in 
buffer solutions that contain DNA, complexes can be formed 
between the H2TMpyP4 molecule and the large biological 
molecule. Depending on the concentration, porphyrin mol- 
ecules intercalate and also become externally groove-bound 
to the double helix. The intercalated and groove-bound 

'Visiting Scientist. 
'Author to whom correspondence may be addressed. 

spectroscopic methods such as fluorescence ( 5 ,  6), circular 
dichroism (7, 8), linear dichroism (9), NMR (lo),  and res- 
onance Raman spectroscopy (1 1- 13). The H,TMpyP4/DNA 
complexes are described by the r(c) number, i.e., the con- 
centration of base pairs of DNA relative to the total concen- 
tration of H,TMpyP4. 

According to the literature (6), the porphyrin molecule 
intercalates with DNA for r(c) > 7000; with a decrease in 
r-(c), porphyrins become externally groove-bound instead and 
an equilibrium distribution over the two sites occurs for r-(c) 
< 200. Resonance Raman excitation profiles (RRP) of 
Rainan bands in the electronic ground state give valuable 
information on the excited states of molecules. We have 
obtained RRP's of modes of H,TMpyP4/DNA complexes 
that enable us to comment on the electronic states of tauto- 
mers for intercalated and externally bound porphyrin mole- 
cules. 

Experimental 

RRP's at a resolution of 1 nm were recorded using a Jobin-Yvon 
double n~onochromator for buffer solutions of H'TMpyP4 and of 
H'TMpyP4 with B-form DNA. The Raman spectra were excited 
with 7-11s pulses from a tunable dye laser (Lumonics model 
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WAVELENGTH ( nm) 

FIG. 1. Visible absorption spectrum of H2TMpyP4 (c = 1.5 x M) in buffer solution, and its chemical structure. 

HYperDYE-300), which was pumped by an excimer laser (Lu- 
monics model TE-430) operating at 25 Hz with a typical output of 
4-7 mW. This radiation was used both focussed and unfocussed 
on the sample cell and the scattered light was observed at a 90" angle 
(4-7 cm-' slit widths). Signals emerging from the exit slit of the 
monochromator were detected with a cooled RCA 31034 A pho- 
tomultiplier tube (PMT). The output of the PMT was processed by 
a boxcar operating with a 3-ns gate (Stanford Research Associates 
models SR 250, 235, 275, and 245) and spectra were either re- 
corded or stored in a computer. 

Sample handling 
Raman spectra were obtained from solutions that were prepared 

from a stock buffer solution containing H2TMpyP4 and another 
stock solution of B-form DNA isolated from chicken blood eryth- 
rocytes (OD = 1.0 at 256 nm). The buffer solution (pH = 7) con- 
tained 0.01 M sodium phosphate, 0 .3 M NaCI, and 1.47 X 

M H2TMpyP4. Fresh samples were prepared for each mea- 
surement and spectra were taken from solutions in air-tight cells. 
Spectroscopic data were obtained from monomeric as well as ag- 
gregated H2TMpyP4 in solution and of H2TMpyP4/DNA com- 
plexes with r(c) - 25. Earlier experiments (6)3 for complexes in 
solutions with r(c) - 25 indicate that in addition to being interca- 
lated or externally bound, a small amount of porphyrin remains in 
solution. However, ,the concentration of these free molecules is too 
small to be detected inthe Raman spectra discussed below. All of 
the experiments were carried out at room temperature (20°C). 

Results and discussion 
Spectral aspects of H2TMpyP4 in solution 

The chemical structure and the absorption spectrum of 
H,TMpyP4 in the visible spectral region is shown in Fig. 1. 
The molecule has DZh symmetry and the planar aromatic 
structure enables the molecule to intercalate between adja- 
cent base pairs of double-stranded nucleic acids without in- 
ducing major distortions to the B-form DNA. The principal 
absorption bands (9) of H,TMpyP4 in the buffer solution are 
at 420 nm (Soret), 520 nm (Q(y)), and 580 nm (Q(x)). The 
fluorescence spectrum of the compound shows a rather broad 

3 ~ h e n  Yizhong, P. Myslinski, Teresa Treszczanowicz, Liu 
Yixian, and J. A. Koningstein. Manuscript in preparation. 

band centered around 690 nm. The fluorescence lifetime ~ ( f )  
for HZTMpyP4 in a buffer solution is -5 ns and the rota- 
tional correlation time, ~ ( r ) ,  equals -300 ps.3 If excited with 
radiation of a laser tuned to the wavelength of the Soret band, 
the Raman spectrum of water as well as that of the por- 
phyrin with shifts <I700 cm-' is free from interference of 
the red fluorescence. The intensity of the Raman shift of 
water at -3500 cm-' is used as an internal standard to ob- 
tain the RRP of the porphyrin molecule in the ground state. 
Part of the Raman spectrum between 950 and 1700 cm-' is 
shown in Fig. 2 while the assignment of the bands (13) is 
given in Table 1. 

In our experiments, Raman spectra are obtained from 
M solutions using pulsed radiation (7 ns duration, 

25 Hz) from an excimer-pumped dye laser tuned to the So- 
ret band. For a power level of 3 mW, the light source deliv- 
ers 1013 photons/pulse to 1015 molecules in the irradiated 
volume (diameter of laser is 4 mm, length L of laser path is 
1 cm). Thus, for an unfocussed laser beam, there are more 
molecules than photons. However, the number of mole- 
cules decreases to 3 x 10" if the laser is focussed with a 
10-cm lens and we find that the number of photons per pulse 
of 7 ns exceeds the number of molecules by a factor of 30. 
Therefore, once these photons are absorbed, then effective 
population saturation (via ground-state bleaching) of an ex- 
cited state with a lifetime of >230 ps could take place. The 
effect of ground-state bleaching is to reduce the intensity of 
ground-state Raman scattering and as a result changes are 
expected in the contour of the RRP. These changes are ex- 
pected to be most pronounced if the laser is tuned to the 
maximum of the Soret absorption band. 

Figure 3a shows the RRP (unfocussed radiation) for a 
Raman band of H,TMpyP4 at 1251 cm-I together with the 
contour of the Soret absorption band. The Raman intensi- 
ties are linear in laser intensity, yet if the laser beam is fo- 
cussed in the solution with a 10-cm cylinder lens, a decrease 
is observed, see Fig. 3b, in the intensity of the Raman band 
for exciting radiation tuned to the region of 421-425 nm. The 
decrease is caused by the onset of ground-state bleaching. 
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H2TMpy P4- BUFFER 

I I I I I I I I I I 1  

900 loo0 1100 1200 1300 1400 1500 1600 1700 
WAVENUMBER ( crn-1 1 

I FIG. 2. Resonance Raman spectra of H2TMpyP4 in buffer solution with concentration of 1.5 x M, excitation wavelength 
420 nm. Also shown is the intensity of the internal standard (water). 

TABLE I .  Assignmentu of part of the Raman 
spectrum of H2TMpyP, 

TABLE 2. Assignment of part of the fluorescence spectrum, RRP, 
and absorption spectrum of H2TMpyP4/DNA 

Shift (cm-I) Assignment Absorptions (nm) Fluorescence (nm) Assignment" 

A , ,  (in D4,) 
v2 (C,-C,,,), A  I, 

pyr 6 (C-HI, A , ,  
62 (C,-H), A , ,  
6 (pyr), v (Nt-CHI), A  I ,  

6 ( P Y ~ ) ,  A , ,  
6 (C,,,-PY~), A  I, 
6 ( P Y ~ ) ,  A I ,  
v, (C,-N), A , ,  
v (CD-Cp), A,, 
6 (pyr), A , ,  

"See ref. 13. 

If unfocussed laser radiation is used, bleaching does not occur 
and the contour of the RRP follows that of the Soret absorp- 
tion band. With an increase in the concentration of the por- 
phyrin molecule in the buffer solution, aggregates are formed 
(6). This is seen by comparing the absorption spectrum of 
the 3 X M solution shown in Fig. 4 with that of the less 
concentrated solution in Fig. 3. The Soret band is broader 
and the center of the band is shifted from 415 to 420 nm. The 
RRP (unfocussed laser radiation) between 420 and 440 nm 
for the more concentrated solution is shown in Fig. 4. When 
Fig. 4 is compared to Fig. 3 for monomeric porphyrin, the 

0-0 tautomer 1 
Soret ext 
0-0 tautorner 2 

0-0 tautorner I 
Soret int 
0-0 tautomer 2 

Q, : 0-2 both tautomers 
int and ext 

Q, : 0- 1 both tautomers 
int and ext 

Q,, : 0-2 both tautomers 
int and ext 

Q ,  : 0-1 both tautorners 
int and ext 

Q., : 1-0 both tautorners 
int 

Q., : 1-0 both tautorners 
ext 

Q, : 2-0 both tautorners 
int 

Q, : 2-0 both tautomers 
ext 

"Abbreviations: int  = intercalated; ext = external bound H,TMpyP4. 
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4 0 0  
WAVELENGTH ( nm ) 

(a) 
H2TMpyP4- BUFFER 

WAVELENGTH ( nm ) 

(b) 

FIG. 3. (a )  The resonance Raman excitation profile (dots) for the intensity of the shift at 1251 cm-' for monomeric H,TMpyP4 in buffer 
solution with concentration of 1.5 X lo-' M in comparison to that of the contour of the Soret band. The data points are normalized at 
420 nm, laser beam not focussed. (b) RRP for the intensity of the 1251 cm-' band of monomeric H2TMpyP4 in buffer solution with con- 
centration of 1.5 X lo-' M. Also shown is the absorption spectrum in the Soret band. A cylinder lens with f = 10 cm is used to excite 
the Raman spectra. 

HzTMpyP4- BUFFER 

RRP is seen to be shifted to 43 1 nm. Within the spectral in- 
terval over which the RRP could be determined, no evi- 
dence is found for a maximum in the profile at 415 nm (for 
monomeric H,TMpyP4). Thus we assign the enhancement 
of the intensity for excitation between 420 and 440 nm to 
resonance Raman scattering of aggregated porphyrin mole- 
cules in the buffer solution and conclude that the intrinsic 
intensity of Raman bands of the aggregate is greater than that 
of the monomeric H,TMpyP4. The RRP does not indicate 
the presence of multiple maxima in case of a different elec- 
tronic structure of the H,TMpyP4 tautomers of the aggre- 
gate. 

RRP a n d  tautomeric structure of H2TMpyP4/DNA 
complexes 

The CD spectrum of a H2TMpyP4/DNA complex with 
r(c) - 10 is shown in Fig. 5 .  As is well known (7, 8), the 
positive signal, which peaks at -425 nm, is caused by por- 
phyrin molecules that are externally groove-bound and the 

negative signal at -431 nm is associated with the interca- 
lated molecule. Figure 5 shows that the positive as well as 
the negative CD signals have side bands at 426 and 445 nm 
respectively. Compared to monomeric porphyrins, the 
broadened Soret band of the H2TMpyP4/DNA complex is 
centered around 431 nm. 

If excited with blue light, fluorescence from the complex 
is observed between 600 and 780 nm (5, 6). Time-resolved 
spectroscopy reveals (6, and footnote 3) that the emission is 
composed of contributions from both intercalated porphy- 
rins peaking at 654 and 718 nm and externally bound por- 
phyrins with bands at 667 and 725 nm for r(c)  > 50,  the 
fluorescence decay tiines being 10.0 + 0.5  ns and 1.7 
0 .2  ns, respectively. Preferential excitation of the fluores- 
cence spectrum of intercalated porphyrins occurs if the laser 
radiation is tuned to 440 nm, while the emission of exter- 
nally bound H,TMpyP4 is stronger for radiation tuned to 
415 nm. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



YIXIAN ET AL 

I HzTMpYP4 - BUFFER I 

WAVELENGTH ( nm 

FIG. 4.  RRP (dots) for a solution of H2TMpyP4 (c = 3 x M), which contains monomer as well as aggregates. The Soret band 
(see Fig. 3) is broadened towards longer wavelength and the dotted points are those for the intensity of the mode at 1251 cm-' of an ag- 
gregate. 

H2TMpyP4 - DNA 
- r (~ ) - Io  
- 
- 
- 
- 
- 
\ 

- 
- 
- 
- 

I I I I I I I I I I 

WAVELENGTH (nm) 

FIG. 5.  The CD spectrum of a HZTMpyP4/DNA complex in a buffer solution with r(c) - 10. 

Although the absorption, CD, and time-resolved fluores- 
cence spectra permit the assignment of transitions that orig- 
inate in externally bound or intercalated porphyrin molecules, 
information on the spectroscopic signature of tautomeric 
structures of porphyrin of the H2TMpyP4/DNA complex is 
not available. Resonance Raman excitation profiles for the 
intensity of normal modes of the ground state contain more 
information on the structure of the resonating electronic state 
than can be obtained from the contour of the absorption band, 
which is composed of transitions between the electronic 
surfaces of ground and (resonating) electronic states. The 
RRP of Fig. 6 for the intensity of the Raman band at 
1251 cm-' of the H,TMpyP4 complex in comparison with 
the contour of the Soret absorption band is clearly no ex- 
ception. As compared to the absorption band, the RRP shows 

maxima at four wavelengths. Table 1 shows the assign- 
ments of modes with shifts between 900 and 1650 cm-' and, 
with the exception of the RRP of the band at 1100 cm-', all 
other modes follow the contour of the RRP of Fig. 6.  Based 
on the interpretation of absorption spectra, CD spectra, and 
other information, we assign the maxima at 419 and 427 nm 
to electronic origins (which are hidden in the Soret band) for 
externally bound porphyrin molecules and the maxima of the 
profile at 433.5 and 44 1 nm to electronic origins of inter- 
calated porphyrin molecules. 

Molecular modelling (14) for porphyrin molecules that 
intercalate with DNA reveals that a rotation of the methyl- 
pyridyl (PYR) groups is required such that the rings be- 
come more parallel to the plane of the central core. For the 
free molecule, the two independent PYR rings of each half- 
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410 420 430 440 450 460 
WAVELENGTH ( nm ) 

FIG. 6. The resonance Raman excitation profile for the intensity of the Raman band at 1251 cm-' for a H2TMpyP4/DNA r(c) - 25 
complex. Also shown is the contour of the Soret band of the complex. 

molecule are inclined at 65.7" and 71.5" respectively with 
respect to the core (14). This suggests that the electronic 
structure for tautomers is identical because the protons are 
attached to nonadjacent core N atoms, resulting in a sym- 
metrical configuration. Conversely, for intercalated por- 
phyrins, the degree of rotation of the PYR rings does not have 
to be equivalent. In other words, the interaction of T-elec- 
trons of the core may not be symmetric about the pseudo 
fourfold rotation axis of the H2TMpyP4 molecule, resulting 
in different electronic structures for the tautomers due to 
asymmetric configurations. The assignment is partially based 
on the discussion above and on results presented below but 
also on the fact that the maxima are at the same wavelength 
for a number of modes, which excludes the possibility that 
peaks in the profile at 427 and 419 nm are due to 1-0 vi- 
bronic side band resonances. 

The existence of an asymmetric configuration for inter- 
calated porphyrin becomes clear if the Raman spectra of Fig. 
7 are compared with that of HITMpyP4 in the buffer solu- 
tion. If excited with radiation at 441 and 434 nm, the posi- 
tions of the shift of the CB-H bending vibration of porphyrin 
(13) are at 11 15 and 1135 cm-' respectively. The corre- 
sponding and narrower Raman band of porphyrin in the buffer 
solution is at 1095 cm-'. Rotation of the PYR rings towards 
the plane of the core, required for intercalation, results in 
larger shifts for the bending vibration. The shift of this mode 
for the tautomers does not have to be at the same position 
because nonequivalent force fields can exist for CB-H 
bending modes in the asymmetric tautomeric half-mole- 
cules. It is relevant that the RRP of the mode is different from 
that of the other modes. 

The RRP for the bending mode of externally bound por- 
phyrin follows that of the other modes (Fig. 6) and the po- 
sition of the Raman band of the tautomers does not change. 
The inclination of the PYR rings has not changed although 
the broadened Raman band suggests that small changes of 
the angles of inclination may exist among the externally 
bound porphyrin molecules. 

The position of the maxima of the RRP's and the inten- 
sity of the C,-C,,, and C,-N stretches at 1003 and 
1365 cm-' ,  respectively, yield information on the interac- 

419 nrn 

427 nm 

433.5 nm 

441 nrn 

WAVENUMBER (cm-1)  

FIG. 7. Selectively excited resonance Raman spectra of the tau- 
tomers of intercalated (433.5 and 441 nm) and externally bound 
porphyrins (419 and 427 nm). 

tion of the T-electrons of the core with the different parts of 
the DNA molecule. In addition to the different positions of 
electronic origins (and thus different interaction for the T- 
electrons of the core), the RRP's reveal that the energy gap 
of the maxima for externally bound porphyrins is 447 cm-', 
in contrast to 392 cm-'  for intercalated H2TMpyP4. These 
results may be correlated with data on intensity measure- 
ments where (within the experimental error) we find that the 
sum of the above-mentioned intensities of the modes with 
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the intensity of normal modes of tetrakis(N-methyl-4-pyri- 
dy1)porphyrin in solution with and without B-form DNA. The 
RRP's of porphyrin/DNA complexes provide information 
on the position of electronic excited states of the tautomers 
of H2TMpyP4 that are intercalated or externally bound to 
DNA. Part of the electronic structure of the tautomers has 
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Boron-11, boron-10, and nitrogen-14 NMR relaxation rates and quadrupole 
coupling constants in BH3NH3 
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GLENN H. PENNER, STEPHEN I. DALEMAN, and ANGELA R. CUSTODIO. Can. J. Chem. 70, 2420 (1 992). 
The "B, "B, and I4N spin-lattice relaxation times (TI) for aqueous solutions of BH,NH, were measured by NMR 

spectroscopy. The results of this investigation are consistent with the nuclear quadrupolar coupling constants reported 
in previous nuclear quadrupolar resonance and microwave studies. The activation energy associated with rotational re- 
orientation of BH3NH3 in aqueous solution is 1 1.7 * 0.6 kJ/mol. Electric field gradients were calculated at various lev- 
els of ab initio molecular orbital theory, in order to obtain theoretical "N and "B quadrupolar coupling constants. At 
the highest level of calculation (CI(SD)/6-3 lG""//MP2/6-3 IG:":'.), these are in agreement with recently reported mi- 
crowave results but not with previously reported NQR experiments. 

GLENN H. PENNER, STEPHEN I. DALEMAN et ANGELA R. CUSTODIO. Can. J. Chem. 70, 2420 (1992). 
Faisant appel ?I la RMN, on a mesurC les temps (TI) de relaxation spin-reseau du "B, du I0B et du de solutions 

aqueuses de BH3NH3. Les rCsultats de nos travaux sont en accord avec les constantes de couplage quadripolaire nu- 
cleaire obtenues lors d'Ctudes de resonance quadripolaire nucltaire et de micro-ondes anterieures. L'Cnergie d'activa- 
tion associee B la reorientation rotationnelle du BH3NH3 en solutions aqueuses est de 11,7 + 0,6 kJ/mol. Dans le but 
de dkterrniner les constantes thkoriques du couplage quadripolaire du 14N et du "B, on a calculC les gradients de champs 
Clectriques B divers niveaux ab initio de la thCorie des orbitales molCculaires. Les valeurs obtenues au niveau de calcul 
le plus Clev& (CI(SD)6-31G**//MP2/6-31G"*), sont en bon accord avec les valeurs rapportkes rCcemment et basCes 
sur les rCsultats de micro-onde; elles ne sont toutefois pas en accord avec les resultats anterieurs de RQN. 

[Traduit par la rCdaction] 

Introduction 
Since it was first synthesized and isolated by Shore and 

Parry (1, 2), the physical properties of borane ammoniate, 
BH3NH, (amminetrihydroboron), have been investigated by 
many workers. The microwave spectra of nine isotopomers 
of BH,NH, (substitution with 'H, "B, and "N) have been 
measured. Analyses of these spectra have yielded the gas- 
phase geometry, dipole moment, and barrier to internal ro- 
tation (3, 4). Three crystal structure investigations have been 
reported (5-7). The most recent (7) suggests that there is an 
order-disorder phase transition in solid BH,NH, at 225 K. 
Solution dipole moments have been studied (8) and the vi- 
brational modes of BH,NH, have been assigned (9). There 
is also an NQR study of BH,NH, in which the "B and 1 4 ~  

nuclear electric quadrupolar coupling constants have been 
reported (10). There have been numerous theoretical inves- 
tigations of the molecular structure and the physical prop- 
erties of BH,NH,, including studies of geometry (1 1 - 19), 
dipole moment (19-21), electric fields, electric field gra- 
dients, diamagnetic shielding and susceptibility (20), B-N 
bond dissociation energy (15- 17), torsional barrier (14, 19), 
and vibrational frequencies (2 1). 

The "B, '%IN, 1 5 ~ ,  and 'H chemical shifts and spin-spin 
coupling constants in BH,NH, have been measured in a 
number of solvents (22-27). The coupling constants have 
been compared with those calculated using the SOS-CI 
method (28). The only reported NMR relaxation study is a 
'H and "B TI investigation of the rotation of the BH, and NH, 
moieties about the B-N bond in solid BH,NH, (29). In light 
of the fact that no "B, "B, or  T I  investigation of sol- 
vated BH,NH, has been reported and that the quadrupolar 

coupling constants are now available for both the con- 
densed phase (NQR) (10) and gas phase (microwave) (30), 
we have undertaken a "B, I0B, and TI study of BH,NH, 
in aqueous solution, together with high level ab irzitio mo- 
lecular orbital calculations of the electric field gradients. 

Theory 

Boron-11, boron-10, and nitrogen-14 are quadrupolar 
nuclei with spins, I, of 3/2, 3 ,  and 1, respectively. All three 
nuclei are expected to relax entirely by the quadrupolar 
mechanism (3 1). Under conditions of extreme narrowing the 
relaxation rate for a quadrupolar nucleus of spin I is given 
by [ I ] ,  where 

7, is the integral of the reorientational correlation function, 
-q is the asymmetry parameter, and x is the quadrupolar 
coupling constant. The quadrupolar coupling constant is 
proportional to the quadrupolar moment, Q, which is a nu- 
clear property, and the electric field gradient, q,,, at the nu- 
cleus, which is a molecular property. Boron and nitrogen 
nuclei are expected to be in axially (cylindrically) symme- 
tric environments in BH,NH,, thus -q is zero. Substitution of 
the appropriate I values into eq. [ l ]  yields eqs. [3]-[5] for 
"B, '('B, and "N, respectively. 

' ~ u t h o r  to whom correspondence may be addressed. 
'undergraduate Research Participant, 1990- 199 1. 
'~evision received May 14, 1992. 
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1 3 , ,  TABLE 1. Boron- 1 1 TI and T, values for BH3NH3. 
[4] R,(I"B) = - ("B) = - T-X-T, 

TI 50 
7, (PS)( 

1 3 Temperature" I ?  [5] Rl (  N) = - ("N) = - T ' ~ ~ T ,  (K) TI (ms)" NQR MW 
TI 2 

302 39.7 2.82 0.955 
Although quadrupolar coupling constants cannot be ob- 3 14 47.9 2.34 0.793 

tained from TI measurements without explicit knowledge of 325 56.5 1.98 0 671 
T,, the ratios of X' can be obtained if the two quadrupolar 337 64.9 1.73 0.586 
nuclei share the same reorientational correlation time, 7,. The 349 73.9 1.52 0 515 
situation in which two or more nuclei lie on the molecular 360 86.0 1 30 0.440 
symmetry axis, and hence share the same reorientational 
correlation time, has been frequently exploited as an aid to 
analysis of TI data (32-38). This is the case for BH,NH,, 
where both boron and nitrogen nuclei lie on the molecular 
symmetry axis. The TI values can be related to the x values 
through eq. [6]. 

Experimental 
Samples of BH3NH3 were of commercial origin (Aldrich). These 

samples were of techn~cal grade (-90%). Fortunately the impurl- 
ties were insoluble in water and the spectra showed only the pres- 
ence of BH3NH3. Because of this, concentrations of the prepared 
samples were only approx~mate. Approximately I M samples were 
prepared In D20  and a 1: 1 (by volume) mixture for ethylene gly- 
col- methanol. 

Spectra were obtained using a Varian UNITY-400 (Bo = 9.4 T) 
NMR spectrometer. The TI measurements employed the inver- 
sion-recovery pulse sequence (39). The ~ r / 2  pulse widths were as 
follows: 8.4 ps for I I B ,  24.0 ps for "B (both using a 5 mrn probe), 
and 78 ps for I'N (using a 10 mm probe). Typically 8 scans at each 
variable delay, d 2 ,  in the inversion-recovery experiment were 
carried out. All TI values were calculated using between 9 and 15 
different delay (d2) values. All experiments were performed in 
duplicate or triplicate. 

Molecular orbital calculations were performed using GAUS- 
SIAN 90 (40) on a Silicon Graphics Power Series 8 computer. 

Results and discussion 
Boron-] I relaxation 

The "B spin-lattice relaxation times for a 1 M solution 
of BH3NH, in D20 at several temperatures are given in Table 
1. The temperature dependence of the "B spin-lattice re- 
laxation time is given by eq. [7], 

where the numbers in parentheses are standard deviations 
obtained from a linear regression analysis. The slope cor- 
responds to an activation energy for molecular reorientation 
of 12.0 2 0.3 kJ/mol. This can be compared to a value of 
10.6 2 0.9 kJ/mol for an aqueous solution of the isoelec- 
tronic species CH,NH,+ (41). 

To calculate T, values from TI data, a value for the "B 
quadrupolar coupling constant is required. Nuclear quadru- 
polar coupling constants are often strongly dependent on the 
intermolecular interactions present. In the gas phase the value 
for x(IIB) is 2.584 MHz (30), whereas the solid state value 
is 1.504 MHz (9). These probably represent the upper and 
lower limits to X ( l ' ~ ) .  The corresponding T, values are given 
in Table 1. Boron- 1 1 TI values at several concentrations are 

"Estimated error is -f I K .  
"Estimated error is less than 5%. 
'Calculated with NQR value of X("B) = 1.504 MHz (10) 

or MW value of X( ' lB)  = 2.59 MHz (30). 

TABLE 2. Boron- l 1 TI values at various temperatures 

Concentration Number of TI values used 
(M) TI (ms) for average 

"Numbers in parentheses are standard deviations. 

TABLE 3. Boron-10 T,'s and X ( l O ~ )  values 
for BH3NH3. 

Temperature" 
(K) TI (ms)" x(MHz)' 

"Estimated error is % 1 K.  
"Estimated error is less than 5%. 
'Calculated using "'B TI values, T, (NQR val- 

ues from Table I) ,  and eq. [4]. 

given in Table 2. Reducing the concentration of BH,NH, in 
D,O to 0.1 M yields essentially no change in TI (39.5 ms) 
and increasing the concentration to 4 M caused a small de- 
crease in TI of only 1.9 ms. A very slow evolution of gas, 
presumably hydrogen due to molecular decomposition, was 
observed at the highest temperature and at concentrations 
above 4 M. As a result these were the upper limits for tem- 
perature and concentration. 

Boron-I0 relasatiotz 
The InB spin-lattice relaxation times for a I M solution 

of BH,NH, in D 2 0  at several temperatures are given in Table 
3. The temperature dependence of the "'B TI is given by eq. 
181. 

The corresponding activation energy for molecular rota- 
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TABLE 4.  Nitrogen-14 Tl 's and x(IJN) values for 
BH,NH3. 

x (MHz)' 
Temperature'' 

(K) TI (ms)" A B 

"Estimated error is -t 1 K. 
"Estimated error is less than 5%. 
'Columns A and B calculated using the X('lB) value from 

NQR and MW experiments, respectively. 

tional reorientation is 12.1(5) kJ/mol, in excellent agree- 
ment with the value obtained from the temperature 
dependence of the "B TI values. 

Using the 7, values from the "B NQR and "BT, mea- 
surements (Table l )  and the TI values for "B (Table 3) yields 
a x value for 'OB of 3.1 1 + 0.04 MHz (the average of 6 val- 
ues). The quadrupolar coupling constants for different iso- 
topes of the same nucleus are related through their quadrupole 
moments, Q, according to eq. [9] (42-46). 

The quadrupole moments of I0B and "B are 0.085 x 
m' and 0.041 X 1 0 ~ ' ~  m', respectively (47). Using the 

NQR value of X ( l l ~ )  the ratio of quadrupole moments pre- 
dicts a X ( ' O ~ )  value of 3.118 + 0.021 MHz, in excellent 
agreement with that obtained from our I0B TI measure- 
ments. Equation [9] predicts a X ( ' O ~ )  value of 5.34 MHz for 
BH3NH, in the gas phase. 

Nitrogen-14 relaxation 
The 1 4 ~  TI values for 1 M BH3NH, in D,O at several 

temperatures are given in Table 4. The nitrogen-14 quad- 
rupolar coupling constants are calculated for the three low- 
est temperatures, where "N and "B experiments were 
performed at the same temperature (within probe tempera- 
ture error limits). The x("B) values, as obtained from NQR 
and MW experiments, were used together with "B and '"N 
T, measurements to.calculate X ( ' 4 ~ ) .  The values of x("N) 
using the MW data and NQR x("B) values are well within 
experimental error of those directly measured by MW and 
NQR. The ratio of x2("B) to X 2 ( 1 J ~ )  predicted by our TI 
measurements is 1.49. This is in excellent agreement with 
the ratios of 1.44 and 1.48 obtained from NQR and MW 
experiments. Therefore our TI results are consistent with both 
nuclear quadrupolar resonance and microwave spectro- 
scopic results. For a molecule such as BH3NH3 TI measure- 
ments in the high temperature extreme narrowing regime 
allow only the determination of the ratio of nuclear quad- 
rupolar coupling constants. The absolute values of the 
quadrupolar coupling constants can be obtained from the TI 
minimum. Unfortunately the samples of BH,NH, in D 2 0  
froze before the T, minimum was reached. Nitrogen-14 TI 
measurements were also performed on a 1 M sample for 
BH3NH3 in 1 : 1 ethylene glycol : methanol but the TI values 

TABLE 5 .  Ab irlitio MO calculations of the 
electric field gradients at the boron and nitro- 
gen nuclei of BH,NH, and boron- 1 1 and nitro- 

gen- 14 quadrupolar coupling constants. 

Basis set EFG (au) x (MHz)" 

STO-3G B: -0.327 
N: 0.762 

6-3 1 ~ : % : *  B: -0.291 

N: 0.552 
MP2/6-3 1 G"" B: -0.277 

N: 0.463 
ClSD/6-3 IG";": -0.277 
//MP2/6-3 1G':" B: -0.500 
~ x p t .  (MW)" B : 

N: 
Expt. (NQR)' B: 

N : 

"Calculated using eq. [I I] and Q values of 0.041 
X 1 0 - ' h m '  for "B and 0.0193 X 10-" m' for ''N (47). 

" ~ r o m  ref. 30. 
'Taken from ref. 10; only absolute values are 

available. 

fell below the limits of our spectrometer (100 1~s)  before a 
TI minimum was reached. In aqueous solution the NH, hy- 
drogens undergo rapid exchange with the solvent, as shown 
by the lack of NH, proton coupling to 1 4 ~ ,  'IB, or IOB and 
by the lack of a 'J(BH, NH) coupling in the proton spec- 
trum. Exchange of the NH protons may affect the "N relax- 
ation via the scalar coupling mechanism of the first kind (31, 
39). It is much more common for scalar relaxation to affect 
T, (and hence the linewidth) than TI .  The dominance of the 
I 4- N spin-lattice relaxation by the quadrupolar interaction is 
confirmed by the excellent agreement of "B and 1 4 ~  TI 
measurements with eq. [6]. The results presented here sug- 
gest that, at the temperatures studied, molecular reorienta- 
tion is the dominant pathway for "N relaxation. 

A plot of In TI as a function of inverse temperature is best 
fit by the linear equation [10]. 

The corresponding activation energy is 11.0 + 0.8 kJ/mol, 
in good agreement with the values obtained from the "B and 
10 B data. 

Electric field gradient calculations 
Electric field gradients (EFG's) at the boron and nitrogen 

of BH3NH,, calculated at the STO-3G, 6-31G**, MP2/6- 
31G**, and CI(SD)/6-31G** //MP2/6-31G** levels are 
given in Table 5. The quadrupolar coupling constant, x (in 
MHz), can be related to the nuclear quadrupole moment, Q 
(in units of m'), and the electric field gradient, qzz, at 
the nucleus (in atomic units) by eq. [ l  11 (49). 

We have chosen the most recent experimental Q value for 
(48), which agrees closely with the latest molecular or- 

bital calculations (49, 50). The x values calculated from the 
molecular orbital generated q,: values (the largest EFG) are 
also given in Table 5.  

The x values calculated at the MP2/6-3 1 G** level are in 
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very good agreement with the gas-phase experimental val- 
ues but are a factor of about 1.7-1.8 larger in magnitude than 
the solid state values. A single point calculation at the 
CI(SD)/6-31G** level yielded little change in X ( " ~ )  but 
increased the magnitude of x ( I 4 ~ )  slightly. Our calculations 
and the gas-phase microwave results are also in very good 
agreement with previous ab initio calculations of X ( l l ~ )  and 
X ( ' ~ N )  (52). Molecular orbital calculations of nuclear quad- 
rupolar coupling constants are usually in good agreement with 
gas-phase experimental values if the calculations are per- 
formed with second-order correlation effects taken into ac- 
count (49, 50, 52). 

Conclusions 
The spin-lattice relaxation times for I%, "B, and 'OB in 

aqueous solutions of BH,NH, are completely dominated by 
the quadrupolar mechanism. Measurements of TI as a func- 
tion of temperature for 1 4 ~ ,  'IB, and I0B yield a set of re- 
sults that are consistent with both NQR and MW experiments 
and predict an effective activation energy for reorientation 
of the B-N bond of 11.7 * 0.6 kJ/mol. It is interesting to 
note that although the TI measurements provide only the ra- 
tios of the 1 4 ~  and "B quadrupolar coupling constants these 
values are in excellent agreement with the ratios for both the 
gas phase (microwave) and solid state (NQR) quadrupolar 
coupling constants. Unfortunately, TI minima and hence 
absolute values of X ( " ~ ) ,  ~( 'OB), or X('%), could not be 
obtained. Ab initio molecular orbital calculations yield nu- 
clear quadrupole coupling constants that are in excellent 
agreement with the values obtained from microwave s ec 

?4 - troscopy experiments. The NQR values of x("B) and X( N) 
are about a factor of 1.8 smaller. 

Acknowledgements 
We are grateful to the Natural Science and Engineering 

Research Council of Canada for financial support. A. R. 
Custodio thanks the Funda~Bo de Amparo a Pesquisa do 
Estado de Siio Paulo for a postdoctoral fellowship. We wish 
to thank H. Dreizler and K. Varman for a preprint of ref. 30. 

I .  S. G.  Shore and R. W. Parry. J. Am. Chem. Soc. 77, 6084 
(1955). 

2. S .  G. Shore and R. W. Parry. J. Am. Chem. Soc. 8 0 , 8  (1958). 
3. R. D. Suenram and L. R. Thorne. Chem. Phys. Lett. 78, 157 

(1981). 
4. L. R. Thorne, R. D. Suenrum, and F. J. Lovas. J. Chem. Phys. 

78, 167 (1983). 
5. E. W.  Hughes. J. Am. Chem. Soc. 78, 502 (1956). 
6. E. L. Lippert and W. N. Lipscomb. J. Am. Chem. Soc. 78, 

503 (1956). 
7 .  C. F. Hoon and E. C. Reynhardt. J. Phys. C ,  16, 6129 (1983). 
8. J. R. Weaver, S. G.  Shore, and R. W. Parry. J. Chem. Phys. 

29, l(1958). 
9. J .  Smith, K. S. Seshadri, and D. White. J. Mol. Spectrosc. 

15, 327, (1993). 
10. A. Lotz and J. Voitlander. J. Magn. Reson. 48, 1 (1982). 
11. D. R. Armstrong and P. G.  Perkins. Inorg. Chem. Acta, 10, 

77 (1974). 
12. S. D. Peyerimhoff and R. J. Buenker. J. Chem. Phys. 49, 312 

(1968). 
13. A. Veillard. Chem. Phys. Lett. 3 ,  128 (1969). 
14. H. Umeyama and K. Morokuma. J. Am. Chem. Soc. 98, 7208 

(1976). 

15. C. Zirz and R. Ahlrichs. J. Chem. Phys. 75,4980 (1981). 
16. R. Ahlrichs and W. Koch. Chem. Phys. Lett. 53, 341 (1978). 
17. L. T. Redman, G.  D. Purvis 111, and R. J. Bartlett. J. Am. 

Chem. Soc. 101, 2856 (1979). 
18. J. D. Dill, P. v. R. Schleyer, and J. A. Pople. J. Am. Chem. 

SOC. 97, 3402 (1975). 
19. J. S. Binkley and L. R. Thorne. J. Chem. Phys. 79, 2932 

(1983). 
20. M. Dixon and W.  E. Palke. J. Chem. Phys. 61, 2250 (1974). 
21. P. Brint, B. Sangchakr, and P. W.  Fowler. J. Chem. Soc. 

Faraday Trans. 2, 85, 29 (1989). 
22. D. F. Gaines and R. Schaeffer. J. Am. Chem. Soc. 86, 1505 

(1964). 
23. R. Schaeffer, F. Tebbe, and C. Phillips. Inorg. Chem. 3,  1475 

(1964). 
24. C. W.  Heitsch. Inorg. Chem. 4, 1019 (1974). 
25. H. Noth and B. Wrackmeyer. Chem. Ber. 109, 3070 (1974). 
26. M. G.  Hu, J. M. Van Paasschen, and R. A. Geanangel. In- 

org. Nucl. Chem. 34, 2147 (1977). 
27. B. Wrackmeyer. J .  Magn. Reson. 66, 172 (1986). 
28. V. Galasso. J .  Chem. Phys. 80, 365 (1984). 
29. E. C. Reynhardt and C. F. Hoon. J. Phys. C ,  16, 6137 (1983). 
30. K. Vorman and H. Dreizler. Z. Naturforsch. A: Phys. Sci. 46, 

1060 (1991). 
31. A. Abragam. The principles of nuclear magnetism. Oxford 

University Press, New York. 196 1. 
32. N. M. Szeverenyi, R. R. Vold, and R. L. Vold. Chem. Phys. 

18, 23 (1976). 
33. R. R. Vold, R. L. Vold, and N. M. Szeverenyi. J. Chem. 

Phys. 70, 5213 (1979). 
34. S. P. Wang, P. Yuan, and M. Schwartz. Inorg. Chem. 29, 484 

(1990). 
35. R. R. Vold, S .  W. Sparks, and R. L. Vold. J. Magn. Reson. 

30, 497 (1978). 
36. A. Pulkkinen, J. Jokisaari, and J. Kowalewski. J. Magn. Re- 

son. 51, 388 (1989). 
37. R. E. Wasylishen. Can. J. Chem. 65, 2077 (1987). 
38. G. H. Penner. Can. J. Chem. 69, 1054 (1991). 
39. T. C .  Farrar and E. D. Becker. Pulse and Fourier transform 

NMR - introduction to theory and methods. Academic Press, 
New York. 1971. 

40. M.  J. Frisch, M. Head-Gordon, G.  W. Trucks, J .  B. 
Foresman, H. B. Schlegel, K. Raghavachari, M. A. Robb, J. 
S .  Binkley, C. Gonzalez, D. J. DeFrees, D. J. Fox, R. A. 
Whiteside, R. Seeger, C. F. Melins, J. Baker, R. L. Martin, 
L. R. Kahn, J. J. P. Stewart, S.  Topiol, and J. A. Pople. 
GAUSSIAN 90, Revision F. Gaussian, Inc., Pittsburgh, PA. 
1990. 

41. J. D. Halliday, P. E. Binder, and S. Padamshi. Can. J. Chem. 
63, 2975 (1985). 

42. T. C .  Ng and E. Tward. J. Magn. Reson. 51, 361 (1983). 
43. N. Hao, B. G.  Sayer, G.  Denes, D. G.  Bickley, C .  Detellier, 

and M. J. McGlinchey. J. Magn. Reson. 50, 50 ( 1982). 
44. R. R. Vold and R. L. Vold. J. Magn. Reson. 19, 365 (1975). 
45. R. T.  Brownlee, M. J. O'Connor, B. P. Shehan, and A. G.  

Wedd. J. Magn. Reson. 61, 516 (1985). 
46. R. G.  Kidd. J. Magn. Reson. 45, 88 (1981). 
47. G. H. Fuller. J. Phys. Chem. Ref. Data, 5 ,  835 (1976). 
48. H. Winter and H. J.  Andra. Phys. Rev. A, Gen. Phys. 21, 581 

(1980). 
49. T.-K. Ha. Chem. Phys. Lett. 107, 1 17 (1984). 
50. P. W.  Fowler and V. Spirko. J .  Chem. Soc. Faraday Trans. 

2, 86, 1991 (1990). 
5 1. T.-K. Ha. Z. Naturforsch. A: Phys. Sci. 41, 163 (1986). 
52. M.  H. Palmer. Z. Naturforsch. A: Phys. Sci. 45, 357 (1990). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Spectroscopic and reactivity studies of diastereomeric iridium(II1) hydride 
complexes of the chelating tritertiary phosphine ligand Cyttp 
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STEVEN M. SOCOL, CHIHAE YANG, DEVON W. MEEK, and ROBERT GLASER. Can. J. Chem. 70, 2424 (1992) 
The chelating tritertiary phosphine C6HjP(CH?CHICHZP(C,H,l)2), (Cyttp) in octahedral six-coordinate iridium(II1) 

complexes [ ~ r ~ ? ~ ( ~ y t t ~ ) ] " ' " '  I + '  (Z = C1, CO, CH,CN, and related ligands) is meridionally bound. The conformation 
of the Cyttp ligand is such that the phenyl group of the central phosphorus lies out of the meridional plane. This leads 
to diastereomers in which the Z group is syn or arzri to the phenyl group in question. These diastereomers were readily 
characterized by a general nuclear Overhauser effect difference NMR technique involving an intensity change to the apical- 
hydrido absorbance sjx-to-phenyl upon irradiation of phenyl-ortho protons. A single diastereomer, cis-anri-mer-[Ir- 
H,Cl(Cyttp)] (6a), was prepared by (a) refluxing [ICl(COD)], and Cyttp in ethanol or (b) treatment of [IrCl(COD)(Cyttp)] 
in benzene with excess dihydrogen. The stereochemical course for ligand substitution reactions on 6a was determined 
using the Cyttp phenyl group as a stereochemical label. Of six chloro-ligand metathesis reactions performed on cis-nnri- 
mer-[IrH,CI(Cyttp)] (6a), four gave mixtures of the two c i s - s y r ~ - m e r - / c i s - a t z t i - m e r - [ ~ r ~ ~ y t t p ) ] " r  ' " diastereomers 
(Z = CH,CN, CN, PMe2Ph, and P(OCH2),CEt), one gave inversion only (the cis-sj~n-nzer compound (Z = CO)), and 
only one gave retention (cis-arzti-mc'r-[IrHzI(Cyttp)]. A dissociative mechanism is proposed for the substitution reac- 
tions. Loss of stereochemical integrity in 6a was also observed in other reactions. Insertions of CS, into the iridium- 
meridonal-hydride bond and SnCI, into the iridium-chlorine bond produced mixtures of cis-sytz-tnerlcis-at~ri-mer dia- 
stereomers. Electrophiles (C7H7' in the presence of CH3CN, I,, HC1, and HOAc in the presence of Tl') attack only the 
meridonal hydride to yield various ratios of geometric and (or) synlnnti isomers. Trends in the relative chemical shifts 
of the hydride protons and "P nuclei in sytz versus anti isomers are noted and rationalized. 

STEVEN M. SOCOL, CHIHAE YANG, DEVON W. MEEK et ROBERT GLASER. Can. J .  Chem. 70, 2424 (1992). 
La phosphine chklatante tritertiaire C6HjP(CH?CH2CH2P(C6Hl,),), (Cyttp) prCsente dans les complexes hexa-coor- 

donnes octakdriques de l'iridiuni(II1) [ ~ r ~ , ~ ( C y t t p ) ] " '  "" I + '  (Z = C1, CO, CH,CN et autres ligands apparent&) est liCe 
d'une faqon meridionale. La conformation du ligand Cyttp est telle que le groupe phCnyle du phosphore central ne se . ~ . . 

trouve pas dans le plan mkridional. Cette situation conduit ]'existence de diastkr~oisomkres dans lesquels le groupe Z 
est soit syn ou atzti par rapport a ce phknyle. La RMN perrnet de caractkriser facilement ces diastCrCoisom~res gr2ce a 
une difference gCnCrale d'effet Overhauser nuclCaire impliquant un changement d'intensite d'absorption de l'hydrure apical 
syn par rapport au phCnyle lorsqu'on irradie les protons or-tho du phenyle. Nous avons prCpar6 un diastCrCoisomere 
specifique, le cis-anti-mer-[lrH2C1(Cyttp)] (6a), (a) par chauffage au reflux du [IrCl(COD)], avec du Cyttp dans ]'ethanol 
ou (b) par traitement du [IrCl(COD)(Cyttp)] en solution dans le benzkne avec un excks de dihydrogene. Nous avons 
determink la stkreochimie des reactions de substitution du ligand sur le composC 6a en utilisant le groupe phenyle comme 
sonde stCr6ochimique. Parmi les six reactions de mCtathese rCalisCes sur le cis-anti-r~~er-[Ir14~Cl(Cyttp)] (6a), quatre ont 
conduit a des melanges des deux diastCrCoisomkres cis-syt~-t~~er-/cis-nnti-mer-[~r~~~(~~tt~)]"'"" I + '  (Z = CH,CN, CN, 
PMe,Ph et P(OCH,),CEt. Une autre n'a conduit qu'a une inversion (conduisant au produit cis-qn-tner (Z = CO)) et une 
seule a donne lieu a une retention de configuration cis-atzti-r~zer-[IrH,I(Cyttp)]. On propose un mecanisme dissociatif pour 
les reactions de substitution. Nous avons Cgalement observe une perte d'intkgrite stCrCochimique de 6a dans d'autres 
reactions. Les insertions de CS2 dans la liaison iridium-hydrure meridional et de SnC1, dans la liaison iridium-chlore 
conduisent a des melanges des diasterCoisomkres cis-syrz-merlcis-mi-mer. Les Clectrophiles (C7H7+ en presence de 
CH,CN, I?, HC1 et HOAc en prksence de TI') n'attaquent que l'hydrure meridional et fournissent des rapports varies 
d'isomeres gtomCtriques et (ou) syn/arzti. Nous avons not6 et rationalis6 des differences des deplacements chimiques 
entre les protons des hydrures et des noyaux de ,'P dans divers isomkres syrz vs. anti. 

[Traduit par la redaction] 

Previously w e  (1) and others (2) have reported the 1 was  found to be  meridonally bound in the octahedral irid- 
syntheses of some iridium(II1) dihydride complexes of Cyttp, ium(II1) complexes by N M R  spectroscopic and single crys- 
C,H5P(CH2CH2CH2P(C6Hl 1 (3), and ttp = C,H,P(CH2- tal X-ray diffraction techniques ( l a ,  6). Similar results were 
CH2CH2P(C6H5)2)2, 2 (4, 5 ) ,  (bi~((3-di(cyclohexyl o r  pheny1)- obtained for ttp 2 (2 ,  7). T w o  isomers a re  possible for  oc- 
phosphino)propyl) phosphine). T h e  tridentate Cyttp ligand tahedral complexes of  ttp-type ligands which have the for- 

mula apiccrl ( H Z - I M H Y Z ( L - L - L ) ] .  These isomers are 

'Authors to whom correspondence may be addressed. described as being s y r z  o r  atzti, and'are defined by analogy 

?present address: southern utah university, Department of to  the procedure used for  olefinic E,Z diastereomers (8). In 

Ph sical Sciences, Cedar City, UT 84720. this method,  the Cahn-Ingold-Prelog sequence rule (9) is 
'hesent address: Denison University, Department of Chelnis- used to classify the relative priority of  the t w o  ap ica l  li- 

try, Granville, OH 43023. gands.  T h e  sytz diastereomer is defined a s  that in which the 
- 4 Deceased. highest priority ap ica l  ligand and  the phenyl g roup  a re  both 
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on the same side of the three-phosphorus reference plane. The 
atzti-diastereomer is defined as that in which these moieties 
are located on opposite sides of the reference plane. By this 
definition, 3 is a syn diastereomer, whereas 4 is an anti 
diastereomer. 

Z H 

3 4 
Syn diastereomer Anti diastereomer 

Triphosphine ligand = R2P(CH2)3PR'(CH2)3PR2 

This type of isomerism was first noted in a series of 
six-coordinate ruthenium@) complexes of ttp: cis-syn-mu-/ 

cis-atzti-mer-/trans-mer-[RuH(P(OMe),),(ttp)] [BF,] , 5 (7). 
Configurational assignments for 5 were made on the basis 
of I H  and 3 1 ~  {IH} NMR spectroscopy (cis vs. trans), and 
single crystal X-ray diffraction analysis of one of the cis- 
diastereomers ( s ~ ~ n  vs. anti) (7). This type of isomerism has 
also been proposed for some octahedral iridium(II1) and 
rhodium(II1) complexes which contain the triphosphine li- 
gand ~ - B U P ( C H ~ C H , C H , P P ~ , ) ~  and some ruthenium(I1) hy- 
dride complexes which contain Cyttp (10). We  have 
previously shown that the syn/anti configuration in octa- 
hedral metal complexes of Cyttp can be determined via a 
relatively facile and general nuclear Overhauser effect (dif- 
ference NOE ( 1 1)) technique ( l a ,  10c). 

This paper reports the syntheses of iridium(II1) com- 
plexes 6a-i, 7a-c, 8a-c and their I H  and , 'P NMR spectral 
parameters. It will be shown that a number of ligand substi- 
tution and insertion reactions on cis-syn-mer-[IrH,Cl(Cy- 
ttp)] 6a proceed with a loss of configurational integrity of the 
starting material. In addition, this paper demonstrates that 
some of the NMR parameters of the diastereomeric prod- 
ucts of these reactions show correlations with their syn/anti 
configurations. 

6 or [6]+ [XI- 7 or [7]+ [XI- 8 or [8]+ [XI- 

6 c  Z : CH3CN; X = BF4 7~ Y = n 2 - ~ 2 ~ ~ ~ 3 ;  X = AsFs 8 b  Y = Cl (or I); 

6d Z = CO; X = BF4 Z= I (or CI) 

8C Y = CH3CN (or CI); 

Z = CI (or CH3CN) 

Experimental 
Elemental analyses were preformed by MHW Laboratories, 

Phoenix, AZ. Infrared spectra were recorded on a Perkin- 
Elmer 283B spectrophotometer. Proton NMR spectra ( 1 1.7 T) 
were recorded in acetone-& solution (except when noted other- 
wise) at 500 MHz on a Bruker AM-500 Fourier transform spec- 
trometer (equipped with an Aspect 3000 data system) at The 
Ohio State University Chemical Instrument Center. "C NMR 
spectra ( 1  1.7 T) were recorded in dichloronlethane-c12 solution at 
125 MHz on the above-mentioned Bruker AM-500 spectrometer. 

phosphate [(CH30),P=O] in a coaxial tube was used for deute- 
rium lock and a secondary "P reference (I ,549 ppln relative to 85% 
H,PO,), respectively. The "P NMR spectra of isomer mixtures were 
assigned by comparing signal intensity ratios with the ' H  NMR. In 
6 g . h  the assignments of the 3 ' ~  NMR spectra were made by means 
of 'H {sel "P) NMR techniques. For all NMR spectra, negative 
chemical shifts are upfield from the respective reference stan- 
dards. Protons were decoupled from the carbon and phospho- 
rous nuclei by broad-band irradiation. NOE experiments were 
performed in the difference NOE mode. Iteration calculations 
and sinlulated NMR sDectra were calculated with the use of the 

Deuterated solvents were used for internal lock and the carbon or PANIC program ( I ~ ) . ' P A N I C  is a microcomputer version of the 
residual protio-solvent resonances were used as internal second- LAOCOON (13) program. All reactions were carried out under an 
ary references (relative to tetramethylsilane). ' P  NMR spectra atmosphere of high purity nitrogen by using standard Schlenk 
(2.1 T) were recorded in acetone solution (except when noted 0th- techniques. Solutions of air-sensit+ reagents were transferred 
erwise) at 36.43 MHz on a Bruker HX-90 Fourier transform spec- between reaction vessels with syringes flushed with nitrogen. 
tronleter. For "P NMR spectra, an acetone-d, solution of trimethyl stainless steel needles, or a glass transfer tube equipped with a 
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Teflon stopcock. Solvents were purged with nitrogen for 30 min 
prior to use. Iridium trichloride trihydrate (Matthey Bishop Inc. or 
Englehard Industries, Inc.), ethereal tetrafluoroboric acid (Cationics 
Inc.), dimethylphenylphosphine (Aldrich Chemical Co.), and 1,s- 
cyclooctadiene (Aldrich Chemical Co.) were purchased from 
commercial sources and used as received. Bis((3-di(cyclohexy1)- 
phosphino)propyl)phenylphosphine (Cyttp, 1) was prepared as 
previously described (3). [IrCl(COD)l2 (14) and P(OCH2),CEt (15) 
were prepared by literature methods. 

[IrCI(COD)(Cyttp)], 12 
To a solution of [IrC1(COD)I2 (300 mg, 0.45 mmol) in benzene 

was added a 0.25 M benzene solution of 1 (3.6 mL, 0.90 mmol). 
The solution changed color from red to yellow upon stirring for 
0.5 h. After removal of the solvent in vacuo, the residual yellow 
solid was suspended in hexane, collected on a frit, washed with 
hexane, and dried in vacuo to yield 53 1 mg (64%) of 12; 'H NMR 
(C6D6) 6: 8.0-7.0 (m, 5H, aromatic H), 3.9 (m, 4H, olefinic H), 
3.0-0.7 (m, 64H, aliphatic H); "P {'H) NMR (C6D6) 6: -7.8 (s, 
free Cy2P), -23.1 (d, bound Cy2P, Jpp 42 Hz), -27.5 (d, bound 
PhP, Jpp 42 Hz). Anal. calcd. for C44H7,ClIrP3: C 57.28, H 7.98, 
C1 3.84; found: C 56.88, H 8.28, C14.05. 

cis-anti-mer-[IrHZC1(Cyttp)], 6a 

Method A (1 a) 
To a solution of [IrCl(COD)], (500 mg, 0.74 mmol) in absolute 

ethanol (50 mL) was added a 0.25 M benzene solution of 1 
(6.0 mL, 1.5 mmol). Upon heating to reflux 2 h,  the solution 
changed color from red to yellow. After removal of the solvent in 
vacuo, the residue was dissolved in dichloromethane (30 mL), and 
absolute ethanol (30 mL) was added. A solid separated upon re- 
moval of most of the dichloromethane under reduced pressure. The 
solid was collected on a frit, washed with ether, and dried it1 vacuo 
to yield 490 mg (40%) of 6a. 

Method B 
A benzene solution of 12 (1.62 mmol) was prepared in situ by 

the method described above and stirred for 0.5 h. Hydrogen gas was 
bubbled into the reaction mixture over a period of 2 h. After re- 
moval of the solvent in vacuo, the residue was dissolved in tetra- 
hydofuran (30 mL). A solid separated upon repeated treatments 
consisting of addition of absolute ethanol (30 mL), followed by 
removal of half the solvent under reduced pressure. The solid was 
collected on a Schlenk frit, and dried in vacuo to yield 529 mg 
(40%) of 6a. Infrared, 'H, and "P {'H) NMR spectral analysis 
showed this material to be identical in all respects to that pro- 
duced by method A. Anal. calcd. for C36H63CIIrP3: C 52.94, 
H7.78,  C14.34; found: C53.13,  H7.67 ,  C14.07. 

cis-anti-mer-[IrD,Cl(Cyttp)] 
The reaction vessel and a syringe were rinsed with deuterium 

oxide and baked in an oven at 100°C for several hours. After 
evaporation in vacuo of a 0.25 M benzene solution of 1 (2.00 mL, 
0.50 mmol) for 12.h, the oily residue was dissolved in ethanol-d6 
(2 ML), combined with [IrC1(COD)I2 (167 mg, 0.25 mmol), and 
stirred for 1 day. The solvent was evaporated in vacuo and the 
residue was washed with acetone-d6 and dried in vacuo to yield 
162 mg (40%) of the title compound; 'H NMR (C6H6) 6: -8.9 (d, 
mer-D, 'JPD 19 Hz), -22.0 (s, apical-D). 

mer-[IrH3(Cyttp)]. C2H,0H, 6b . EtOH 
Method A 
To a solution of [IrCl(COD)], (206 mg, 0.31 mmol) in absolute 

ethanol (20 mL) was added a 0.25 M benzene solution of 1 
(2.5 mL, 0.62 mmol), followed by a solution of KOH (50 mg, 
0.89 mmol) dissolved in absolute ethanol (20 mL). The solution 
gradually changed color from red to cream. After stirring over- 
night, the white precipitate was filtered on a frit, and recrystal- 
lized (tetrahydrofuran/absolute ethanol) to give 224 mg (44%) of 
6b as monoethanolate solvate; 

Method B 
To a solution of 6c (15 mg, 0.018 mmol) in tetrahydrofuran 

(20 mL) was added NaBH, (30 mg, 0.27 mmol). The mixture was 

allowed to stir for 20 min after which ethanol (10 mL) was added 
and the mixture allowed to stir for an additional 1 h. The solvent 
was removed under reduced pressure. Tetrahydrofuran (10 mL) was 
added to dissolve the product. After filtration, a 3 1 ~  NMR spec- 
trum of the crude product showed complete conversion to 6b. Anal. 
calcd. for C36HMIrP3. C2H,0H: C 55.10, H 8.52, C1 0.00; found: 
C 54.52, H 8.76, C1 trace. 

Mixture of cis-syn-mer- and cis-anti-mer-[IrH2(CH,CN)(Cyttp)] 
[BF,l, 6c 

To a suspension of 6a (332 mg, 0.400 mmol) in CH,CN 
(10 mL) was added TIBF4.6H20 (166 mg, 0.421 mmol). The re- 
action was allowed to stir for 2 h, during which time 6a reacted and 
went into solution and TlCl precipitated. The mixture was then 
filtered. 'The filtrate was evaporated in vacuo and the residue was 
washed with water and then dried in vacuo to yield 234 mg (63%) 
of 6c. The 'H NMR spectrum revealed the presence of cis-sytl-mer 
and cis-anti-mer isomers in 3 :2  ratios, respectively. Anal. calcd. 
for C38H66BF41rNP3: C 50.22, H 7.32, N 1.54; found: C 50.07, 
H 7.41, N 1.76. 

cis-syn-mer-[IrH,(CO)(Cyttp)][BF4], 6d 
To a solution of 6a (0.26 g,  0.32 mmol) and TIBF4.6H20 

(0.12 g,  0.30 mmol) in tetrahydrofuran (30 mL) a slow stream of 
CO bubbles was introduced for a period of 3 h. The solution was 
then purged with N2 for 15 min. The TIC1 was removed by filtra- 
tion, after which the solvent was removed under reduced pres- 
sure. The product, 6d, was separated from the starting material 6a 
by extraction of 6d with acetone. The acetone was removed under 
reduced pressure and the product was washed with water and re- 
crystallized from acetone/ether to yield 0.10 g (35%) of 6d. Anal. 
calcd. for C3,H6,BF41rOP,: C 49.61, H 7.09, P 10.37; found: 
C 49.78, H 7.29, P 10.10. 

Method A 
To a solution of 6a (152 mg, 0.19 mmol) in tetrahydrofuran 

(50 mL) was added solid NaI (1.30 g,  8.67 mmol). After stirring 
4 h, the solvent was removed in vacuo and the residue was dis- 
solved in benzene (30 mL). After filtering on a frit, absolute ethanol 
(60 mL) was added and a solid separated. Evaporation of the sol- 
vent in vacuo gave 144 mg (85%) of 6e. 

Method B 
To a solution of [IrCl(COD)], (200 mg, 0.30 mmol) in acetone 

(15 mL) was added a solution of NaI (90 mg, 0.60 mmol) in ace- 
tone (10 mL). The resulting deep-purple slurry was stirred for 2 h, 

- - -  

the solvent was removed in vacuo, and the residue was dissolved 
in benzene (10 mL). After filtering on a frit, half the solvent was 
removed in vacuo, and a solid separated upon addition of excess 
ether. The solid was collected on a frit, washed with acetone and 
then ether, and then dried in vaclio (0.1 Torr (1 Torr = 133.3 Pa)) 
to afford 133 mg (52%) of [IrI(COD)], as an intermediate prod- 
uct. Starting with [IrI(COD)],, the same method B as for 6a yielded 
40% of the title compound. Infrared, 'H, and "P{'H) NMR spec- 
tral analysis showed this material to be identical in all respects to 
that produced by method A. Anal. calcd. for C36H6,11rP,: 
C 47.62, H 7.01, I 13.98; found: C 47.55, H 7.08, I 13.76. 

Mi.xtur of cis-syn-mer- arid cis-anti-mer-[IrH,(CN)(Cyrrp)], 6f 
To a solution of 6a (266 mg, 0.28 mmol) in a mixture of tetra- 

hydrofuran (30 mL) and 95% ethanol (30 mL) was added KCN 
(602 mg, 0.24 mmol). After stirring for 12 h, the solvent was re- 
moved in vacuo, the residue was dissolved in benzene, and the 
solution was filtered. Upon addition of a 1 :  1 mixture of 95% 
ethanol/water, a solid separated. The solid was collected on a frit 
and dried in vacuo to give 154 mg (69%) of 6f. The 'H NMR 
spectrum revealed the presence of cis-syn-mer and cis-anti-mer 
isomers in 1 :9  ratio respectively. Anal. calcd. for C37H631rNP,: 
C 55.07, H 7.87, N 1.74; found: C 54.91, H 7.89, N 1.77. 
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Mixture of cis-syn-mer- and cis-anti-mer-[lrH,(P(OCH,)jCEt) 
(CY ftp)llBF,l, 6g 

To a solution of 6u (300 mg, 0.37 mmol) in tetrahydrofuran 
(25 mL) was added TIBF,. 6 H 2 0  (150 mg, 0.38 mmol) followed 
by P(OCH2)ICEt (75 mg, 0.46 mmol). After stirring for 3 h, dur- 
ing which time TlCl precipitated, acetone (25 mL) was added and 
the mixture was filtered. The filtrate was evaporated in vacuo and 
the residue was washed with water and then recrystallized (ace- 
tone/ether) to give 299 mg (79%) of 6g. The ' H  NMR spectrum 
revealed the presence of cis-sytz-mer and cis-anti-mer isomers in 
2 :  1 ratio, respectively. Anal. calcd. for C,2H7,BF,IrOlP,: 
C52.53,  H7.43,  P 12.32; found:C52.46, H7.45,  P 12.09. 

Mi-xture of cis-syn-mer- and cis-anti-mer-[lrHZ(StzCIIj)(Cyttp)], 6i 
To a solution of 6a (100 mg, 0.12 mmol) in dichloromethane 

(40 mL) was added anhydrous SnCl? (24 mg, 0.13 mmol). After 
stirring for 3 h, the mixture was filtered and the solvent was re- 
moved itz vacuo. The solid was suspended in hexane, collected on 
a frit, washed with hexane, and dried in vnciio to yield 80 mg (65%) 
of 6i. The ' H  NMR spectrum revealed the presence of cis-syrz-mer 
and cis-anti-mer isomers in 3 :2  ratio, respectively. Anal. calcd. 
for C,,H,,Cl,IrP,Sn: C 42.98, H 6.31, C1 10.57; found: C 42.88, 
H 6.10, CI 10.80. 

cis-anti-mer-[lrHCIZ(Cyttp)], 7a 
To a solution of 6a (100 mg, 0.122 mmol) in tetrahydrofuran 

(20 mL) was added 1 mL of 6 M aqueous HC1. The solution was 
allowed to stir for 3 h. After removing the solvent under reduced 
pressure and washing with hexanes, 85 mg (81%) of 7a was ob- 
tained. Anal. calcd. for C,,H,,CI,IrP,: C 50.82, H 7.34, C1 8.33; 
found: C 5 1.00, H 7.42, C1 8.19. 

Mixture of cis-syn-mer- and cis-anti-mer- 
[IrH(CS,H)(Cyttp)][AsF,I, 7b 

To a solution of 6a (184 mg, 0.23 mmol) in tetrahydrofuran 
(25 mL) was added TIAsF6.6H,0 (120 mg, 0.24 mmol) followed 
by CS, (5 mL). The solution immediately became yellow in color 
as TlCl precipitated. After stirring for 20 min, most of the solvent 
was removed under a stream of nitrogen and the remainder was 
removed it1 vacrto. Acetone (25 mL) was added to the residue, the 
mixture was filtered, and the solvent was removed in vacuo. The 
residue was washed with water, dried in vnclio, and recrystallized 
(acetone/ether) to give 179 mg (76%) of 7b.  The 'H NMR spec- 
trum revealed the presence of cis-sytz-mer- and cis-nrzti-mer iso- 
mers in 7 : 3 ratio, respectively. Anal. calcd. for C37H(,3AsF61rP,S,: 
C42 .48 ,  H 6.07, S 6.13;found: C42.29,  H6.10 ,  S 6.00. 

cis-sy n-mer-[lrH(02CCH3)(Cyttp)][AsF6], 7c 
To a solution of 6a (85 mg, 0.10 mmol) in tetrahydrofuran 

(30 mL) was added TlAsF,. 6 H z 0  (53 mg, 0.1 l mmol) followed 
by glacial acetic acid (0.50 mL, 8.7 mmol). After stirring for 
0.5 h, the solvent was removed in vaclio, the residue was ex- 
tracted with acetone (30 mL), and the solvent volume was re- 
duced to about 10 mL under a stream of nitrogen. A solid separated 
upon addition of excess ether. The solid was filtered, washed with 
water, and dried in vuc~to to give 7 1 mg (66%) of 7c .  Anal. calcd. 
for C38H6,AsF61r02P3: C 44.36, H 6.38, F 1 1.08; found: C 45.14, 
H 6 . 4 2 , F  11.41. 

apical(H,CH3)-anti-mer-[IrH(CH,)(CO)(Cyttp)][BP/~,], 8a 
A solution of [IrCl(COD)], (541 mg, 0.81 mmol) and AgBF, 

(378 mg, 1.94 mmol) in absolute ethanol (25 mL) was heated gently 
for 5 min and the precipitated AgCl was removed by filtration. A 
0.25 M benzene solution of 1 (6.5 mL, 1.63 mmol) was added to 
the filtrate and the solution was refluxed for 1 h. The solution 
changed color from red to pale yellow. The solid which separated 
upon addition of excess NaBPh, (750 mg, 2.19 mmol) was col- 
lected on a frit, washed with absolute ethanol, recrystallized from 
CH,Cl?/ethanol, and dried it1 vac~io to give 600 mg (32%) of 80. 
Anal. calcd. for C(,,H,,BIrOP,: C 65.19, H 7.50, P 8.13; found: 
C 64.68, H 7.49, P 7.79. 

Mixture of apical(H,Cl)-syn-mer-, and apical(H,I)-syn-mer-, 
apical(H,CI)-anti-mer-, and apical(H,I)-anti-mer- 
[IrHClI(Cyttp)], 8b 

A solution of 6a (100 mg, 0.12 mmol) and iodine (40 mg, 
0.16 mmol) in tetrahydrofuran (20 mL) was stirred for 1 h. The 
resultant precipitate was collected on a frit, washed with acetone, 
and dried in vacuo to yield 88 mg (76%) of 8b. The 'H NMR 
spectrum revealed the presence of two apical(H,X)-syn-mer and two 
apical(H,X)-anti-rner isomers in (1 : 1): (7: 1 I) ratio, respectively. 
Anal. calcd. for C,6H6,C111rP,: C 45.88, H 6.63, 1 13.47; found: 
C 45.76, H 6.55, I 13.29. 

Mi-xt~ire of apical(H,Cl)-syn-mer, and apical(H,CH,CN)-anti- 
mer-[IrHCl(CH,CN)(Cyrtp)][BF,], 8c 

A solution of C7H7BF, (35 mg, 0.20 mmol) in CH,CN (20 ml) 
was added to a solution of 6n (150 mg, 0.18 mmol) via a stainless 
steel needle. The resulting mixture was stirred for 5 h after which 
the solvent was evaporated in vacuo. The product was redissolved 
in methylene chloride and filtered. The solution volume was re- 
duced to 5 mL and the product was precipitated upon the addition 
of Et,O to yield 112 mg (64%) of 8c. Anal. calcd. for 
C38H65BC1F,IrNP,: C 48.38, H 6.95, N 1.48; found: C 48.23, H 
6.68, N 1.31. 

Results and discussion 

Determination of syn-/anti conjiguration5 
The configurational assignment of complexes 6-8 was 

based on 'H NMR spectroscopic analysis of the heteronu- 
clear AMRX, five-spin system (diagram 9). The apical- and 
mer-hydrido protons (nuclei 3 and 4, respectively) are readily 
differentiated on the basis of their respective geminal het- 
eronuclear coupling constants to phosphorus. For  the api- 
cal-hydrido proton, the two heteronuclear coupling constants 
('J,, and 'J,,) are with cis-coupled nuclei. For the mer-hy- 
drido proton, this relationship is true for only one coupling 
constant ('J',), whereas the other ('J,,) arises from a trans 
internuclear relationship and, as such, is expected to be 
considerably larger in magnitude (16). The syrl-/anti-con- 
figurational orientation of nucleus 3 vis-a-vis the phenyl 
group was determined by nuclear Overhauser effect (differ- 
ence NOE) experiments involving irradiation of the phenyl- 
ring ortho protons (nuclei 5 and 6), see diagrams 10 and 11. 
Typical NOE intensity enhancements for nucleus 3 were ca. 
5-7% (5, 6). 

'The cis and rtzer descriptors will be eliminated for sinlplicity and 
only the syn/ar~ti descriptors for Ir-Cyttp complexes 6 ,  7 will be 
used from now on in the text. All the six-coordinate iridium(II1) 
Cyttp con~plexes discussed in this paper have cis stereochemistry. 
Since all the complexes 6-8 discussed in this paper have tner-co- 
ordinated Cyttp ligands, the mer descriptors will also be elinii- 
nated for simplicity in the case of complexes 6-8. 
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TABLE 1. Reactions of cis-anti-mer-[IrH2CI(Cyttp)] (6a)  discussed in this paper" 

Reagents Products 

Excess TIBF,, excess NaBH, 
Excess TIBF,, excess CH,CN" 
Excess TIBF,, excess CO 
Excess NaI 
Excess KCN' 
1 equiv. TIBF4, 1.25 equiv. P(OCH,),CEt 
1 equlv. TIBF4, 1 25 equlv. PMe,Ph 
1 equiv. anh. S~CI;' 
Excess aq. HCI 
1 equlv. TIAsF6, excess CS, 
1 equiv. TlAsF6, excess glacial HOAc 
1.3 equiv. I? 
1 equiv. C7H7BF4, excess CH,CN" 

"All reactions were performed in THF, unless noted otherwise, and'at ambient temperature 
hSolvent = CH,CN. 
'Solvent blend = 95% EtOH/THF ( I  : I ) .  
"Solvent = CH2CIZ 
'X = CI or I 

reacted with HC1 in ethanol to yield cis-tner-[IrHC12(PEt2- 
Ph),] (22). Likewise, we have found that the addition of 
aqueous HC1 to THF solutions of anti-[IrH,Cl(Cyttp)] (6a) 
produced only one diastereomer, anti-[IrHCl,(Cyttp)], 7a, 
in a stereoselective manner. 

On the other hand, the reaction of anti-[IrH2Cl(Cyttp)], 
6a, with an electrophilic reagent, I,, afforded four prod- 
ucts. Partial configurational assignments of the two major 
apical(H,Cl)/apical(H,I)-anti isomers (54%, 34%) and of 
the two minor apical(H,Cl)/apical(H,I)-syn isomers (7%, 
5%) of [IrHClI(Cyttp)], 8b, were made on the basis of 'H 
NMR spectroscopy. In a mixed sample containing all four 
species, the single hydrido signal from each of the four 
diastereomers exhibited only cis Z ~ H p  coupling constants 
characteristic of apical-hydrido ligands, whereas only the 
apical protons in the two major species showed NOE inten- 
sity enhancement (5 (6)). 

The reaction of anti-[IrHIC1(Cyttp)] 6a with the electro- 
phile C7H7+ in CH,CN solution forms two products of the 
formulation mer-[IrHCl(CH,CN)(Cyttp)][BF,] 8c. The ma- 
jor (>SO%, 6,(,, = -20.30) and minor (613,31 = -20.40) 
products both show an NOE intensity enhancement for the 
apical hydride {H,,l,e,y,,,,,) in solution. These isomers are thus 
assigned as geometric isomers in which either C1 or CH,CN 
is tratu to the hydride. S'ince it has been shown here and 
elsewhere (22, 23) that hydride ligands tratzs to phosphorus 
ligands tend to be inert, it is most likely that the hydride li- 
gand attacked is the hydride ligand which is initially tratu 
to chlorine, and the two geometric isomers are formed via a 
five-coordinate intermediate. Ciani and co-workers (24) have 
previously proposed that the substitution of metal hydrides 
with C7H7+ in the presence of donor species takes place by 
a two-step mechanism in which the first step is the abstrac- 
tion of the H- ligand. 

Transition-metal complexes which contain labile ligands 
are known to insert CS, (25). For example, the reaction of 
IrH3(PPh,), with CS, in benzene produced II-H~(S,CH)(PP~,)~ 
(26). It was found that anti-[IrH,Cl(Cyttp)] (6a) did not react 
with refluxing CS,, most likely due to the tendency of the 
chelating triphosphine ligand not to dissociate (26). How- 
ever, introduction of TlAsF, to a solution of 6a and CS2 in 
THF at ambient temperature resulted in the formation of 2: 1 

syn-/anti-[IrH(S,CH)(Cyttp)][AsF,], 7b. The existence of 
the dithiofomate moiety was confirmed by signals in the 'H 
NMR spectrum (acetone-d,) at 6 13.9 and 6 14.2 for the di- 
thioformyl proton in the syn and anti diastereomer, respec- 
tively (25). 

Lack of an NOE suggested the syn configuration for the 
single [IrH(O,CCH,)(Cyttp)][AsF,] diastereomer, 7c, ste- 
reoselectively formed from the reaction of anti-[IrH2C1(Cy- 
ttp)] 6a, TlAsF,, and acetic acid in THF. Configurational 
inversion in the product was confirmed by single-crystal 
X-ray diffraction analysis which indicated that the acetato 
ligand was bound to both the mer position and to an apical 
site on the same side as the phenyl moiety vis-a-vis the three- 
phosphorus atom reference plane.8 

The monohydrido products 7 and 8 discussed above all 
share a common structural feature; the hydrido ligand is al- 
ways found in an apical binding site. The sytz/anti config- 
urations, however, varied. In the single diastereomeric 
product [IrHCl,(Cyttp)] (7a) the anti geometry was re- 
tained. On the other hand, in the single diastereomeric 
product [IrH(02CCH,)(Cyttp) I [AsF,] 7c, an inversion to the 
syn configuration was noted. Finally, in the case of [Ir- 
HCll(Cyttp)] 86 and [IrH(HCS,)(Cyttp)][AsF,] 7b prod- 
ucts, stereochemical integrity was lost as evidenced by the 
appearance of both sytz and anti species. 

Metal hydride complexes are also known to react with 
halogenated solvents to form the corresponding metal chlo- 
rides (27). When [IrH,(Cyttp)] 66 was dissolved in CC1, in 
an NMR tube at ambient temperature, anti-[IrH,Cl(Cyttp)l 
60 and anti-[IrHCl,(Cyttp)] 7a were formed in a 4:  1 ratio as 
shown by the "P{'H) NMR spectrum recorded after 15 min. 
At room temperature anti-[IrH,Cl(Cyttp)] 6a was found to 
be surprisingly stable in CCl,, although it was found that 
refluxing for four h resulted in ca. 20% conversion to anti- 
[IrHCl,(Cyttp)] 7a. It is significant that syntheses by multi- 
ple routes (three for 6a and two for 7a) afforded the same 
chloro ligand containing iridium(II1) complexes only in the 
anti configuration. In light of the generally observed loss of 

'c. Yang, S .  M. Socol, R. Glaser, J .  C .  Gallucci, and D. W. 
Meek. Unpublished results. 
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starting material configurational integrity (e.g., 76,c and 8b), 
this apparent stereoselectivity for 6a and 7a is likely to re- 
flect a thermodynamic bias. 

Iridium-chloride bond reactiviry 
Previously we have reported that the iridium-chloride bond 

in anti-[IrH,Cl(Cyttp)] 6a can be metathesized by CO, 
CH,CN (both in the presence of TlBF,), and I- in THF 
solution to form products with differing stereochemical 
configurations (the single syn diastereomer of [IrH,(CO)- 
(Cyttp)] [BF,] (64 ;  a 3 : 2 mixture of synlanti diastereomers 
of [IrH,(CH,CN)(Cyttp)][BF,] (6c); and only the single anti 
diastereomer of [IrH,I(Cyttp)] (6e) (la)). Other metathesis 
reactions were investigated in which the chloro ligand was 
replaced by cyanide, P(OCH,),CEt, or PMe,Ph. 

In contrast to the metathesis of anti-[IrH,Cl(Cyttp)] (6a) 
by iodide in THF, reaction with cyanide (in THF/95% EtOH 
(1 : 1)) afforded a mixture of syn-/anti-[IrH,(CN)(Cyttp)] 
diastereomers, 6f, in a ratio of ca. 1 :9, respectively. Dia- 
stereomeric product mixtures were also observed when 
P(OCH,),CEt or PMe,Ph were reacted with THF solutions 
of 6a in the presence of TlBF,. In the case of the 
[IrH,(P(OCH,),CEt)(Cyttp)I [BF,] (6g) reaction product, the 
synlanti ratio was ca. 2:  1, respectively, whereas for 
[IrH,(PMe,Ph)(Cyttp)][BF,] (6h) the ratio was ca. 3 :4, re- 
spectively. 

Acetonitrile coordinated to iridium(II1) has been shown to 
be somewhat labile (28, 29) and replaceable by stronger li- 
gands (30). Accordingly it was found that the addition of 
P(OCH,),CEt to a THF solution of a ratio 3 : 2 of syn-/anti- 
[IrH,(CH,CN)(Cyttp)][BF,] (6c) resulted in the displace- 
ment of CH,CN to form the corresponding 6g complex 
(syn-anti ratio ca. 2:  1). The mixture of syn-/anti-[IrH2- 
(P(OCH2),CEt)(Cyttp) I [BF,] diastereomers (6g) was found 
to be stable overnight in CH,CN. The CH3CN ligand in the 
diastereomeric mixture of 6c did not exchange noticeably 
overnight in acetone, THF, or ethanol solutions. This is in 
accordance with reports by Moore and co-workers (28) that 
coordinated acetone is 10' times more labile than coordi- 
nated acetonitrile in complexes of the [IrH,(PPh,),(solvent)J+ 
type and the work of Crabtree et al. (29) which showed that 
CH,CN is more strongly bound in these complexes than is 
acetone, THF, ethanol, or water. 

We have previously shown that the acetonitrile ligand in 
both diastereomers of [IrH,(CH,CN)(Cy ttp)] [BF,] (6c), syn/ 
anti ratio of 1 :2, can be metathesized by bubbling CO gas 
into the THF solution to yield only the syn diastereomer of 
[IrH,(CO)(Cyttp)][BF,] ( 6 4  (la).  The same single syn iso- 
mer of 6d is also formed by the direct treatment of atzti- 
[IrH,Cl(Cyttp)] with TlBF, and CO bubbled into the THF 
solvent ( la) .  The configurational characterization of the syn 
diastereomer 6d was made on the basis of the lack of an NOE 
between hydride and phenyl and subsequently confirmed by 
single crystal X-ray diffraction analysis.' The presence of 
only the single syn diastereomer 6d suggests that a common 
intermediate arises from both the syn- and the anti- 
[IrH,(CH,CN)(Cyttp)][BF,] 6c starting materials. 

In contrast to the reactions of RuH,(Cyttp) with neutral 
monodentate ligands, where steric factors seem to deter- 
mine the stereochemistry of the initial complexes formed 
(lOc), the factors which determine the stereochemical out- 
come of the substitution reactions reported herein are not 
obvious, although the fact that inversion does sometime take 

place is indicative of a dissociative mechanism in which the 
configurational integrity of the starting material is lost. The 
fact that the addition of TI+ facilitates these reactions 
supports this conclusion. A dissociative mechanism has 
previously been proposed for solvent exchange with [Ir(PR,),- 
(solvent),H,]+ (28). Although the fact that syn-[IrH,CO- 
(Cyttp)]+ is synthesized stereospecifically by two routes 
suggests a thermodynamic bias, the relative importance of 
thermodynamic and kinetic factors in the remainder of the 
substitution reactions is unclear. 

The iridium-chlorine bond in anti-[IrH,Cl(Cyttp)] (6a) can 
be reduced with NaBH, to produce [IrH,(Cyttp)] 66. The 
trihydride complex, 66, is also produced by the reaction of 
[IrH,(CH,CN)(Cyttp)][BF,] 6c diastereomers and NaBH,, 
with the latter reaction being much faster. The 6c diastereo- 
meric mixture was quantitatively converted to mer-[IrH,- 
(Cyttp)] (66) after 20 min at ambient temperature. On the 
other hand, no reaction was observed for the case of 6a under 
the same conditions, whereas refluxing the reaction mixture 
for 2 h afforded an 80% conversion to 66. The NaBH, re- 
action with 6a became more facile upon the addition of ex- 
cess TI+, and a 95% conversion to 66 was noted after 
15 min at room temperature (during which time Tl(1) was 
reduced to Tl(0)). 

Iridium(II1) chloride complexes have also been known 
to insert SnCl, (31). The addition of SnC1, to CH,Cl, solu- 
tions of anti-[IrH,Cl(Cyttp)] 6a produced a synlanti mix- 
ture of [IrH,SnCl,(Cyttp)] diastereomers, 6i, in the ratio 
of 3:2, respectively. The 'H NMR parameters of the 6i 
diastereomers are consistent with those observed for cis-mer- 
[IrH,SnCl,(PPh,),], 13 (32). Single crystal X-ray diffrac- 
tion analysis of 13 confirmed the mer arrangement of the 
three phosphine ligands and the cis relationship of the two 
hydrido protons (32). 

Spectroscopic studies 
It is well established that the position of the hydrido pro- 

ton resonance in 'H NMR spectra of iridium(II1) hydride 
complexes is a function of the nature of the trans ligand (33, 
34). Ligands which have high trans influence in square planar 
platinum(I1) complexes induce downfield shifts in the reso- 
nance of trans hydrido nuclei in iridium(II1) complexes. In 
addition, Olgemoller and Beck (35) found that a linear re- 
lationship exists between the v,,,, stretching frequency and 
the S,,,,,,,,,,, value in 'H NMR spectra of [IrHCl(CO)L- 
(PPh3),](0 Or I+) , where L is a neutral or anionic ligand (r = 
0.98). We found only a moderately good correlation of this 
plot in our system [r = 0.75 (r = 0.91 if the data for 66 are 
exc luded)~ .~  part of the deviation from linearity of this plot 
may be due to vibrational interaction between the iridium 
hydride stretch and the tratzs moiety (36). 

The chemical shift of the hydrido protons correlated with 
the sytzlanti stereochemistry of complexes 6-8. In all eight 
sytz/anti pairs of diastereomers (6c, f-i; 76; 8b,b1) prepared 
in this study, the hydrido protons in the atzti diastereomer 
always resonated at lower field than the protons in the cor- 
responding syn diastereomer. The same behavior was also 
noted for the two apical-hydrido protons in mer-[IrH,(Cyttp)l 
(66) in that the apical proton syn-to-phenyl resonated at a 

 h he hydride chemical shifts of mixtures 6c, 6f, 6g, 6h, 6i, 70, 
80, and 8c were estimated by calculating a weighted average of the 
hydride shifts based on relative abundancies. 
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TABLE 2. NMR and infrared spectral parameters  of  Ir(II1) complexes  6-8" 

SH," C o m p o u n d  Splb 6 ~ 2 ~  SH; ' ~ 1 2  2 ~ 1 3  'JI4 ' ~ ' 3  'J?~ 'J?., v(1rH3)~ v(IrH4)' 

"'H and "P{'H) NMR spectra measured in acetone-d6 and acetone, respectively, unless noted otherwise; 6, and 6,/6, values given in ppm from 85% 
H,PO, and tetrarnethylsilane, respectively; indirect coupling constants (J) are in Hz; infrared data given in cm-' and were measured in KBr pellets, un- 
less noted otherwise. 

'Cyttp internal P .  
'Cyttp terminal P. 
"Apical H.  
"Mer-H nucleus, unless noted otherwise. 
'Anti isomer. 

THF. 
"In C,D,. 
'Anti-to-Ph apical-H nucleus 5: 6, - 12,61, 'J,, 18 Hz, 'J1, 18 Hz, 'J,, < I  Hz, 'J, ,  5 Hz. 
'Syn-to-Ph cipical H.  
'Syn isomer. 
'Value for mixture of diastereorners. 
"'Diastereotopic methylene-H nucleus 5: 6, 2.48, 'J,, 2.2 Hz. 
"v(C0) 1990 cm-I. 
"In CD2C12 
"v(CN) 2 1 15 cm-I. 
"2025 cm-' (shoulder). 
'Syrz-to-Ph czpical phoshito-P nucleus 5: 6, 81 .O, 'J,, 23 Hz, 'J2, 23 Hz, 'J,, 190 Hz, 'J,, 25 Hz. 
.'Anti-to-Ph apical phosphito-P nucleus 5: 6, 83.28. 'J,, 12 Hz, 2J25 24 Hz, 'J,, 199 Hz, 'J,, 14 Hz. 
'Syrz-to-Ph apical monophosphino-P nucleus 5:  6, -64.58, 'J~, 23 Hz, 'J?, 20 HZ, 'JIS 110 HZ, 2J,,5 19 HZ. 
"Artti-to-Ph npical monophosphino-P nucleus 5: 6, -66.69. 'J,, 16 Hz, 'J2, 20 HZ, 'J,, 119 HZ, 'J,, 15 HZ. 
'Syrl-to-Ph rrpical-Sn nucleus.5: 'J3 149 Hz, 'J,, 1177 Hz, 'J,, 207 Hz. 
"'In CH2CII. 
"Anti-to-Ph apical-Sn nucleus 5: 'J', 154 Hz, 'J,, 1267 Hz, 'J,, 122 Hz. 
?Dithioformate-H nucleus 5: 6, 13.90, 'J,, 4 Hz. 4 HZ, 'J3, < I  HZ. 
'Not assigned. 
""Dithioformate-H nucleus 5: 6, 14.19, 'J1, 7 Hz, 'J', 7 Hz, 'J,, < I  Hz. 

. . 1~1, Anti-to-Ph apical methyl-C nucleus 5: 6, -33.61, 'J,, 8 Hz. 'JzS 5 Hz; methyl-H nuclei 6: 6 ,0 .06 ,  'J,, 6 Hz, 'J', 4 Hz, 'J,, < I  Hz; v(C0) 2010 c m ' .  

. . "Mer carbonyl-C nucleus. 
Ik12240 cm-I (shoulder). 
"'Not assigned, chemical shifts of the four signals are all within a range of 20.5 ? 1.0 ppm. 

lower field as compared with the apical proton which is anti- anti as being due to the apical hydrido being located in the 
to-phenyl. Moreover, this correlation is also found in 'H deshielding region of the arene ring in the anti isomers (37). 
NMR spectra of diastereomeric ruthenium hydride com- It is seen, however, that the mer hydrides, which have the 
pounds containing polyphosphine ligands that were re- same arrangement vis-a-vis the phenyl ring in both isomers, 
ported earlier (7, 10c). show a parallel trend (Table 2). 

It is tempting to rationalize the upfield chemical shifts of The relatively upfield chemical shifts of the syn isomer 
the apical hydrides of the syn isomers as compared with the hydrides may be due, in part, to differences in metal-li- 
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gand bond lengths and shielding by metal d-electrons. The 
high-field shifts in the 'H NMR of metal hydrides have been 
partially rationalized in terms of shielding by incomplete 
metal d-shells (38). This effect is dependent on the inverse 
cube of the distance from the hydride to the d-electrons and 
will thus be a function of the metal-hydride bond length (38). 
It would seem reasonable that metal - apical ligand Z dis- 
tances would be shorter in anti-isomers 4 as opposed to syn- 
isomers 3 due to the less steric interactions involving the 
phenyl group attached to the Cyttp central phosphorus and 
the syn-to-phenyl apical ligand. A shorter metal-ligand bond 
will most likely increase the effective cis and trans influ- 
ence of the ligand, lengthen the metal-hydride bonds, and 
thus mitigate the shielding effect of the metal d-orbitals. The 
observation that the difference in the chemical shift of H(3) 
in syn vs. anti isomers increases with increasing steric size 
of the trans ligand supports this explanation. For example, 
the difference in chemical shifts of the two mutually-trans 
hydrides in 6b is 0.22 ppm, as compared with 0.82 ppm and 
0.83 ppm in 6c and 6f (where the trans ligands are the rel- 
atively small CH3CN and CN), and 1.44, 1.46, 2.25 ppm in 
6g, 6h, and 6i, respectively (where the trans ligands are 
larger). An analysis of the H(4) resonances yields the same 
result. 

Of all the complexes 6-8 studied by 'H NMR in this in- 
vestigation, only one of them, anti-[IrH,(CH,CN)(Cyttp)]- 
[BF,] (6c) exhibited a long-range homonuclear coupling 
constant, 4 ~ 4 ,  2.2 Hz, between the mer-hydrido proton and 
two chemical shift equivalent spin- 1 /2 nuclei. Selective 
homonuclear decoupling experiments showed the two nu- 
clei to be the aliphatic protons H(7) giving rise to a signal at 
6 2.48, see diagram 14. Irradiation of the ortho aromatic 
protons resulted in a ca. 5% NOE enhancement for the 
6 2.48 protons. The most likely candidates for H(7) are the 
pair of enantiotopic methylene protons adjacent (on both 
sides) to the central phosphorus nucleus. Using the X-ray 
diffraction structure of crystalline anti-[IrH2C1(Cyttp)] (6a) 
as a model, these protons (which art not symmetry related 
in the solid state) are 2.30 and 2.52 A away from one of the 
two ortho protons, and thus their positions are consistent with 
the observed NOE phenomenon. These chelating ring pro- 
tons are favored candidates since long-range coupling con- 
stants of such a magnitude (2.2 Hz) are usually associated 
with relatively rigid arrangements in which the nuclei in- 
volved are disposed in a planar zig-zag path (39). It is pres- 

ently unclear why only the anti-6c diastereomer showed this 
long-range phenomenon. 

In five of the six diastereomeric pairs reported herein 
(6c,f,g,h,i and 7b) the P( l )  nuclei in the syn diastereomer 
were found at higher field than in those of the correspond- 
ing anti diastereomers, whereas the P(2) nuclei in the syrz 
diastereomers were found at relativelv lower field. This re- 
lationship was also seen in the previously reported diaste- 
reomeric pairs of ruthenium hydride complexes which contain 
chelating triphosphines (7, 10c). The diastereomeric pairs of 
6i do not follow this trend in that whereas the P( l )  nucleus 
of the syn isomer was found upfield of the anti diastereo- 
mer, the P(2) nuclei of the syn diastereomer was also found 
at higher field than that of the corresponding anti isomer 

Conclusions 
NMR spectroscopic techniques have been used to char- 

acterize the configuration of six-coordinate [IrH,L(Cyttp)] 
diastereomeric pairs and to follow the stereochemical course 
of their reactions. Most of the reactions noted in this inves- 
tigation proceed with a loss of the stereochemical integrity 
of the starting complex, which is suggestive of dissociative 
mechanisms. The relatively upfield chemical shifts of the 
hydride ligands in sjln vs. anti isomers is rationalized in terms 
of expected shorter metal-hydride bond distances and, hence, 
greater shielding by metal (1-orbitals. 
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Differential reactivity of carbohydrate hydroxyls in glycosylations. I. Intramolecular 
interaction of the 5'-hydroxyl group with the heteroaromatic base in a model 
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TING-HUA TANG,' DENNIS M .  WHIT FIELD,^ STEPHEN P. DOUGLAS,' AND JIRI J .  KREPINSKY"~ 

Protein Erzgirzeerirzg Network of Cenrres of Exceller~ce. Departrnerlts of Molec~rlczr- and Medical Gerzetics, 
Medical Biophysics, arztl Cherrzistr-)I, arlcl Car-holzydrnte Research Cerztre, Urziversity of Toronto, 

Toronto, Orzt., Carzt~clcz MSS IA8 

AND 

IMRE G. CSIZMADIA~ 

Lash Miller Lnborcztories, Depnrtrnerlt of Chemistry, Urliversirj~ of Tororlro, Tororzto, Orlr., Cnrladcz MSS / A 1  

Received February 17. 1992 

TING-HUA TANG, DENNIS M. WHITFIELD, STEPHEN P. DOUGLAS, JIRI J .  KREPINSKY, and IMRE G.  CSIZMADIA. Can. J .  
Chem. 70, 2434 ( 1992). 

It is a well-recognized conjecture that the unusual reactivity of certain carbohydrate hydroxyls in glycosylation 
reactions is due to non-covalent intramolecular bonding interactions involving that hydroxyl. A model compound 
1-[~-~-2',3'-dideoxyribofuranosyl]-2-(1H)-pyrimidinone, which is related to the poor glycosyl acceptor 2'-deoxy-3'- 
0,4-N-diacetylcytidine (I) ,  has been studied in order to assess the effects of hydrogen bonding involving 05'-H and 
the heteroaromatic system present in the molecule. The conformational potential energy surfaces of the model corn- 
pound (lacking only the acetoxy at C3' and the acetamido at C4) were calculated, using semiempirical (PM3) and nb 
irlitio (STO-3G) methods. The 05'-H. . . 0 2  intramolecular hydrogen-bonded syrz conformation of the model com- 
pound is the global ininiinum at the ah irlitio level of theory. The existence of this intramolecular hydrogen bonding was 
confirmed, theoretically, by Bader-type topological analysis of charge distribution at the 3-21G:%'F//STO-3G level of theory. 
Such a conformation of the model compound strongly resembles that found for 1 by NMR in CD,C12 solution. The complex 
formation between this model compound and BF, was also studied at the STO-3G, 3-21G:g*://STO-3G, and 6-31G**// 
STO-3G levels of theory. The results explain why glycosylation of hydrogen-bonded substrates succeeds when pro- 
moted by Lewis acids. 

T~NG-HUA TANG, DENNIS M. WHITFIELD, STEPHEN P. DOUGLAS, J I R ~  J. KREPINSKY et IMRE G. CSIZMAD~A. Can. J. Chem. 
70, 2434 (1992). 

I1 est bien connu que la rCactivit6 de groupes hydroxyles de certains hydrates de carbone dans les rkactions de gly- 
cosylation est due aux liaisons intermolCculaires non covalentes impliquant ces groupes hydroxyles. Afin de dCterrniner 
les effets des liaisons hydrogtnes 05'-H et le systkme hCtCroaromatique prtsent dans la molCcule, on a Ctudik 
la 1-[~-n-2',3'-didCoxyribofuranosyl]-2(1H)-pyrimidinone, un modele molCculaire apparent6 2 la 2'-dCoxy-3'-0,4,N-di- 
ac6tylcytidine (I),  un faible accepteur de glycosyle. Faisant appel aux m6thodes semi-empiriques (PM3) et ab itlitio 
(STO-3G), on a calculC 1'Cnergie potentielle des surfaces d'Cnergie du composk modkle (dans lequel il ne manque que 
le groupe acktoxy en C3' et le groupe acCtamido en C4). Au niveau thkorique nb irlitio, 1'Cnergie de la conformation syn 
de la liaison hydrogkne intrarnolCculaire 05'-H. . . 0 2  du compose modtle correspond B un minimum global. On a 
theoriquement confirm6 l'existence de cette liaison hydrogkne par une analyse topologique, du type Bader, de la distri- 
bution de charges au niveau thCorique 3-21G"'"/STO-3G. Une telle conformation du modkle resscmble fortement 2 celle 
trouvCe pour 1 par RMN en solution dans le CD2CIZ. On a kgalernent etudik la formation du complexe entre le composC 
modkle et le BF, aux niveaux thkoriques STO-3G. 3-21G":'://STO-3G et 6-31G'"*'//STO-3G. Les rCsultats expliquent 
pourquoi les reactions de glycosylation des substrats ayant des liaisons hydroghnes se font avec succts lorsqu'on utilise 
des acides de Lewis comme catalyseurs. 

[Traduit par la r6dactionl 

Introduction in spite of the fact that in most cases one would expect that 

It is a known phenomenon in carbohydrate chemistry that 
certain hydroxyl groups do not undergo glycosylation under 
standard conditions for the formation of glycosidic bonds ( 1 ) .  
This is particularly surprising in the case of primary hy- 
droxyl groups of aldohexopyranosides (C6) and aldopento- 
furanosides (C5) (2). In some cases the glycosylating agent 
glycosylates exclusively at the secondary hydroxy14 instead 
of the usually more reactive primary one (3). This happens 

the primary hydroxyls should experience lesser steric hin- 
drance. This puzzling situation negatively affects the plan- 
ning and execution of multistep oligosaccharide syntheses. 
Since the efficient synthesis of oligosaccharides is of in- 
creasing importance for the application of biologically ac- 
tive glycopeptides and glycolipids in biomedical sciences and 
biotechnology industries (4), understanding and overcom- 
ing this unusual reactivity is essential for the rational devel- 
opment of oligosaccharide syntheses. 

'postal address: Department of Chemistry, University of Toronto. Closer examination of molecular models of substances with 

zpostal address: Department of Molecular and Medical Ge- such unreactive hydroxyls does not suggest unusual steric 
netics, University of Toronto. problems. However, all observed cases contain a T-elec- 

"uthors to whom correspondence may be addressed. tron system, either aromatic or heteraromatic, or just dm-  
'P. Sinay. Private communication. ble bonds. The T-electron systems are mostly in such 
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protecting groups as benzyl or ally1 (2), or in the hetero- 
cyclic base in the case of nucleosides.' In certain confor- 
mations these n-electron systems can be oriented to interact 
with the unreactive hydroxyl groups. A simplified case in- 
volving water and benzene molecules was investigated, and 
quantum chemical calculations showed that H,O can inter- 
act with benzene in two different ways. In one, the 0-H 
bond of water is perpendicular to the benzene ring and a hy- 
drogen-bond-like interaction is present between the proton 
of water and the n-electron of benzene (approximately 2 kcal/ 
mol). In the other, an electron lone pair of the oxygen is 
hydrogen-bonded to one of the aromatic C-H protons in an 
edge-on geometry ( 5 ,  6). Such interactions have been shown 
to be important for the structure of globular proteins (7). The 
question arises whether analogous intramolecular interac- F,,, , . sy,, Confornlation of a 2,-deoxycytidine derivative ( I ) .  
tions could be responsible for the low reactivity (or unreac- 
tivity) in glycosylation reactions. 

Such an interaction essentially involves a hydrogen bond using Lewis acid-catalyzed glycosylation conditions. It is, 
(5, 8), and intramolecular hydrogen bonding in molecules of course, a possibility that a stereoelectronic preference for 
containing hydroxyls as the proton donor (in systems such glycosylation exists in a transition state that would not be 
as 0-H-- -0) has been used as an explanation of unusual 
reactivities on numerous occasions (3, 9-1 1). Since it ap- 
pears that the oxygen of the hydroxyl experiences an in- 
crease in electron density (by the partial "removal" of the 
counterbalancing proton), the rates of reactions in which this 
oxygen acts as a nucleophile should be enhanced. This 
has indeed been observed in a large number of examples (3, 
9-1 1). A decreased reactivity, or unreactivity, of hydro- 
gen-bonded hydroxyls in certain apparently nucleophilic 
reactions is not satisfactorily explained. The reaction of 

available for hydrogen-bonded systems (13, 14). 
The existence of intramolecular hydrogen bonding in nu- 

cleosides, including 1,  is well documented (15). For exam- 
ple, crystallographic data have shown that an intramolecular 
05'-H . . 0 2  bond associated with the sugar ring pucker- 
ing can be observed in the syn conformation for pyrimidine 
nucleosides (16). Such a type of intramolecular hydrogen 
bonding was also observed (17) for uridine derivatives in 
CHCl, solution by combined used of NMR, CD, and IR 
spectroscopy. The conformations of nucleoside antibiotics 

diazomethane with hydroxyls resembles glycosylations in that such as formy& and showdomycin were studied (l8a) the- 
proton dissociation is a necessary step. Certain hydrogen- oretically using a semiempirical method of calculations 
bonded phenolic hydroxyls are unreactive with diazometh- (PCILO). It was reported that the syn conformation is sta- 
ane and its derivatives~ (1 1). It may be postulated that bilized by intramolecular hydrogen bonding between 05'-H 
proton loss is rate limiting in these cases. of the sugar and N3 of the base for formycin and there is also 

Recently, during the syntheses of a series of 5'-0-galac- an intramolecular hydrogen bond between 05'-H of the 
tosylated nucleosides in this laboratory, a low-reactivity sugar and 0 2  of the base for showdomycin. Only a few ah 
problem involving the primary 05'-H was encountered.' initio studies have been published about nucleosides and these 
This is surprising since the 5'-hydroxyl in nucleosides is the dealt with adenosine (18h, c) at the STO-3G level of the- 
most reactive hydroxyl in the sugar portion of the molecule ory. However, even in these MO studies no attention was 
(3) and this fact has been utilized for differential protection paid to intra~nolecular hydrogen bonding that may exist be- 
in many synthetic strategies. Glycosylation reactions are tween the 5'-hydroxyl group of the sugar and the heteroar- 
normally described as nucleophilic attack of a hydroxyl of omatic base. On the other hand, intramolecular hydrogen 
an aglycon at the anomeric carbon of a glycosylating agent. bonds involving the hydroxymethyl group and the tetrahy- 
Considering 3'-0-,4-N-diacetyl-2'-deoxyribocytosine (1, cf. drofuran ring oxygen and thymine's C2 carbonyl oxygen in 
Fig. 1) (12) as an example, it seems obvious that access to 3'-azido-3'-deoxythymidine (AZT) have been suggested re- 
the 5'-hydroxyl should not be hindered in any possible con- cently, using molecular mechanics and NMR techniques (19). 
formation. NMR studies have shown that in dichlorometh- For this reason, it seemed that a theoretical study of the 
ane, a solvent typically used for glycosylation, the molecule conformational analysis of a 2'-deoxycytidine derivative was 
adopted one predominant conformation that was suitable for needed in order to gain some understanding of the confor- 
formation of a hydrogen bond. This compound is small mational dependence of the various attractive and repulsive 
enough so that quantum chemical calculations might feasi- interactions that may exist between such hydroxyl groups and 
bly be carried out to confirm the presence or the absence of the heteroaromatic system in the nucleoside. Obviously the 
hydrogen bonding. Moreover, if no hydrogen bond exists, understanding of the detailed nature of such intramolecular 
then such calculations could conceivably indicate whether interactions at the level of electron density redistribution was 
any unusual electronic properties exist that could explain the also desirable. 
low reactivity. Such rationalization by theoretical means is Since, as mentioned above, Lewis acids have been shown 
very desirable since it has recently become possible in our to help overcome the unreactivity of such nucleosides dur- 
laboratory to overcome the unreactivity of such nucleosides ing glycosylation reactions, the Lewis complex formation 

between BF, and the selected cytidine model compound was 
5 ~ .  M. Whitfield, S. P. Douglas, F. H. Moolten, T.-H. Tang, also studied. 

I. G. Csizmadia, and J.  J. Krepinsky. Manuscript in prcparation. Although the NMR study was performed on 2'-deoxy-3'- 
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O,4-N-diacetylcytidine (I), to simplify the calculations they 
were done  on  a model substance 1-[P-D-2',3'-dideoxyribo- 
furanosyll-2-( I H)-pyrimidinone (2). 

Experimental and computational methods 
N M R  specrrornerry 

2'-Deoxy-3'-0,4-N-diacetylcytidine (compound 1) was pre- 
pared as described (12). 'H NMR spectra of 1 were obtained with 
a Bruker AM 500 spectrometer in the NMR Laboratory, Carbo- 
hydrate Research Centre, University of Toronto, at 19 -f 2°C in 
CDzClz (Merk, Sharpe and Dohme) using the residual CHDCl? 
resonance (5.32 ppm) as reference signal. A small amount of ac- 
tivated powdered 4A molecular sieves was added directly to the 
NMR tube to remove any residual H,O. For D,O exchange one drop 
of D 2 0  was added to the sample and then mixed vigorously. The 
spectrum was recorded after equilibration and removal of residual 
DzO (HDO) by the molecular sieves. Steady-state 'H-'H NOE data 
were obtained in the difference mode using stationary samples, a 
90" monitor pulse, and a frequency cycling method for low-power 
preirradiations. Individual irradiation periods at a given frequency 
value were set equal to the 90" decoupler pulse at the chosen de- 
coupler power level; the total preirradiation period was deter- 
mined experimentally by monitoring enhancements of resonances 
due to spatially distant protons with low NOE buildup rates. 

Cornputational tnerhods 
Parametric Method 3 (PM3) type molecular orbital calculations 

(20) were canied out using the MOPAC program (21) on an Apollo 
DN 10000 minicomputer at the Department of Chemistry, Uni- 
versity of Toronto. The PM3 method is a new semiempirical method 
that has been developed to improve the modified neglect of dia- 
tomic overlap (MNDO) method (22, 23). 

All ab itzitio computations were conducted on the Cray X-MP/ 
24 supercomputer at the Ontario Centre for Large Scale Compu- 
tation (OCLSC) using the GAUSSIAN 90 program (24). The clb 
initio geometrical optimizations were performed at the STO-3G 
basis set level (25) for each of the conformers obtained previously 
by semiempirical PM3 SCF computations. Thus the starting or input 
geometries for the ab itzirio coinputation were the final geometries 
obtained previously by the PM3 calculations. Ab it~irio energies 
reported in this paper are, therefore, for the fully optimized ge- 
ometries obtained by energy gradient optimization. Each confor- 
mation at the present basis set level took more than 3 h CPU time 
on the Cray supercomputer; therefore it seemed impractical to cany 
out calculations at a higher basis set level of theory. 

On going from a lower level to a higher level of theory, local 
minima on the potential energy surface (PES) very often (26, 27) 
disappear. However, to ensure that it is indeed the case herc, a 
careful search was carried out in those cases where a conforma- 
tion obtained by the PM3 method was annihilated on going to the 
ab itlirio level of theory. 

For Bader-type topological analysis of charge density (28), thc 
3-21G-?'* and 6-31G"'" polarized basis set (29) was used on the 
STO-3G optimized geometries. The topological properties of 
the electronic density were determined by the atoms in molecules 
theory (28) using the AIMPAC program.h 

Results and discussion 
Conformational analysis 

Conformational potential energy surfaces of  a simplified 
model  compound were generated to  establish the nature of  
possible interactions between the 5'-hydroxyl and the het- 
eroaromatic base. T h e  model compound 2 and its atomic la- 
bels of interest are specified in Fig. 2. Compound 2 lacks the 
4-acetamido and 3'-0-acetate of  the parent compound 1.  

6~vai lab le  from Professor R. F. W. Bader's laboratory, 
McMaster University, Hamilton, Ont., Canada L85 4M1. 

FIG.  2. Model cornpound (2) mimicking 2'-deoxycytidine de- 
rivative and the atomic labels of interest. 

Neither o f  these groups should significantly affect the con- 
formational degrees of f reedom studied here. T h e  confor- 
mation about  the aromatic base - carbohydrate linkage 
N1-C1' is described by the torsional angle X .  T h e  orien- 
tations of the hydroxymethyl group and hydroxyl group are 
described by the torsion angles y and P ,  respectively. 

T h e  sign of the torsion angles is defined and labelled7 in 
agreement with the recom~nendat ions of  the IUPAC-IUB 
commission of  Biochemical Nomenclature (30). For  each 
optimal y, corresponding to the nominal 60°, 180°, and 300" 
values, representing the -sc. o p ,  and +sc conformations, 
respectively, potential energy surfaces E = E ( P ,  X )  were 
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FIG. 3. The PM3 potential energy surface related to the up con- 
formation about the C5'-C4' bond. 

generated at 30" increments along the P and x torsional an- 
gles. 

In the first phase of this study, the SCF energy values of 
the model compound were calculated by the PM3 method. 
Three potential energy surfaces (PES), shown in Figs. 3,  4 ,  
and 5 were found to relate to up, -sc, and +sc conforma- 
tions respectively. On the first PES (Fig. 3) associated with 
ap, five minima were found corresponding to conformers a ,  
b, c, d ,  and e. Seven conformers (f-1) were located on the 
second PES (Fig. 4) associated with -sc(y -- 60") and again 
five conformers (m-q) were identified on the third PES (Fig. 
5) associated with +sc (y == 300"). The geometries of these 
17 conformers (a-q) are illustrated in Fig. 6.  For con- 
former k ,  the 05'-H and 0 2  atom of the carbonyl group 
of the heteroaromatic base are almost colinear and the dis- 
tance between the H of the hydroxyl group and 0 2  is 
1.82 A (with the 0 5 ' .  . . 0 2  .distance being 2.76 A). This 
corresponds to a computed bond order of 2.9% of a single 
bond. The PM3 bond order using the MOPAC program was 
computed as the sum of squares of the density matrix ele- 
ments connecting any two atoms. In spite of the above, as 
may be judged from the PM3 SCF energy value, confor- 
mation k is not the global minimum. The global minimum 
on the three PM3 PES is an anti conformation c. 

In the second phase of this study, the geometries of the 17 
conformers (a-q) related to the 17 local energy minima on 
the three PM3 PES (Figs. 3-5) were reoptimized by the ab 
initio method using a standard STO-3G basis set. The SCF 
energies, both PM3 and ab irzitio results, as functions of the 
p, y,  and x torsional angles are summarized in Table 1. In- 
stead of 17, only 14 minima were found on the ab inirio PES. 
The ab initio geometries (a1-q'), as illustrated in Fig. 7, are 
related to the semiempirical conformers (a-q) with i ' ,  j', and 

FIG. 4. The PM3 potential energy surface related to the -sc 
conformation about the C5'-C4' bond. 

FIG. 5. The PM3 potential energy surface related to the +sc 
conformation about the C5'-C4' bond. 
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FIG. 6. (a) The geometries of conformers a-e from PM3 calculations. ( 6 )  The geometries of conforlners f-1 from PM3 calculations. 
( c )  The geometries of conforlners m-q from PM3 calculations. 
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TABLE 1.  The SCF energies from PM3 and ab irzitio STO-3G calculation versus b, t and x torsion angles 

Ab inirio(ST0-3G) 
Conformation 

PM3 Relative Dipole 
According According energies moments 

toy  to P and x P Y X E (eV) P Y X E(au) (kcal/mol) (Debye) 

a or a' 
b or b' 

UP C or c' 
d or d' 
e ore '  

f o r f '  
g or g' 
h or h' 

-sc i 
j 
k or k '  
I 

m or m' 
n or n' 

+sc o o r o '  

P or P' 
9 or q' 

1' being annihilated. The geometry of each of the ab initio 
conformers seems to show no substantial change when 
compared with the PM3 geometries (see Table 1). 

Recognizing that P, just like all torsional angles, are pe- 
riodic, the minima labelled as i, j, k,  l are next to one an- 
other and similarly i ' ,  j ' ,  k t ,  1' would also represent nearest 
neighbours. On going from PM3 to ab initio these four PM3 
minima collapsed to a single minimum, annihilating three 
minima ( i t ,  j ' ,  and 1') retaining only one minimum that cor- 
responded to k ' .  

PM3 SCF ab initio SCF 

It should be noted that during the collapse of these four 
minima into a single minimum not only P and x were al- 
tered but y as well: k (y = 36.49") + k t  (y = 27.83"). 
Nevertheless, the hydrogen-bonded syn conformation is k'  
at the ab initio level o f  theory. This k' conformer (X = 

62.69", P = 58.91°, and y = 27.83") is in fact the global 
(i.e., the lowest energy) minimum among these 14 minima 
on the ab initio potential energy hypersurfaces. The next 
conformer is an anti conformer g' .  For conformer kt ,  the 
05'-H and 0 2  atom are also close to being colinear. Th? 
distance between the hydroxyl gdoup H and 0 2  is 1.77 A 
( 0 5 '  . - 0 2  distance being 2.74 A). For this intramolecular 
hydrogen-bonded system, the optimized geometrical pa- 
rameters, obtained at the STO-3G basis set level of theory, 
are summarized in Table 2. 

Multidimensional conformational analysis (MDCA) (31) 
predicts 33 = 27 minima for a triple rotor with threefold to- 
pological multiplicity. In the case of saturated hydrocar- 
bons this is indeed the case and all 27 legitimate minima may 
be obtained by gradient optimization (32, 33). These rep- 
resent ideal conformational systems. However, heteroatom- 

containing molecules have extensive interactions that result 
in the annihilation of some of the legitimate minima, lead- 
ing to nonideal conformational PES (34). Simple peptides, 
for example, have been shown to exhibit such behaviour (27). 
The present model compound 2 therefore corresponds to a 
nonideal system both in terms of PM3 and ab initio SCF 
calculations, since out of the 27 legitimate minima only 17 
and 14 minima, respectively, were found on these PES. There 
is reason to believe that all minima on both the PM3 and ab 
initio PES have been located. 

The topological representation of three conformational PES 
obtained at the PM3 and ab initio level of theory is shown 
in Fig. 8. The topology for the ab initio surfaces at y = 180" 
and y = 300" are analogous, as shown in Fig. 8. However, 
the two y = 60" surfaces show a marked difference with re- 
spect to each other and with respect to the surfaces gener- 
ated at y = 180" and 300". This dramatic difference is due 
to the fact that the 05'-H. . . 0 2  hydrogen bonding occurs 
at they .= 60" (i.e., -sc) surfaces. 

NMR determinations 
Figure 9 shows the 500 MHz 'H NMR anomeric proton 

(Hl')  irradiated NOE spectrum of deoxycytidine derivative 
1 in CD,C12 solution. Surprisingly, a large NOE to the base 
proton H6 is observed. This result indicates that this deriv- 
ative is predominantly in the syn conformati~n,~x = 60" (cf. 
x ~ , , ,  = 62.69" for k' and HI ' .  . .H6 is 2.116 A). Most de- 
oxycytidine derivatives investigated to date are found in the 
anti conformation (35). 

Figure 10a shows the 500 MHz 'H NMR spectrum of the 
H4', H5', H5", H2', H2", and 05'-H protons of the same 
deoxycytidine derivative (1). The coupling patterns of the H2' 
and H2" are indicative of an approximately 50:50 mixture 
of the two common 2-endo and 3-endo conformations of the 
furanoside ring. Figure 106 shows the spectrum of the same 
sample after exchange with DzO. The 05'-H disappears and 
one coupling is removed from each of the H5' and H5" res- 
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FIG. 7. (a)  The geometries of conformers a'-e' from STO-3G calculations. (0) The geometries of conformers f'-k' from STO-3G 
calculations. (c)  The geometries of conformers m'-q' from STO-3G calculations. 
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P M 3  I Ab i n i t i o  
FIG. 8. Topological representation of minima associated with the E = E(x, P, Y) conformational potential energy hypersurfaces com- 

puted at the PM3 and ab  irzitio level of theory for model co~npound 2. 

TABLE 2. STO-3G optimized geometrical parameters of con- 
former k' 

N 1 -C2 
C2-N3 
N3-C4 
C4-C5 
C5-C6 
N 1 -C6 
(22-02 
NI-CI' 
H . . . 0 2  

Bond lengths (A) 
1.4385 C 1 '-C2' 
1.4579 C2'-C3' 
1.2952 C3'-C4' 
1.4567 C 1'-04 
1.33 13 C4'-04' 
1.3984 C4'-C5' 
1.2225 C5'-05' 
1.4890 05'-H 
1.7732 C5'-H5' 

C5'-H5" 

Bond angles (deg) 

109.89 Cl'C2'C3' 
119.78 ... C2'C3'C4' 
121.13 C2'C1'04' 
1 17.43 C3'C4'C5' 
125.8 1 C4'C5'05' 
117.22 C5'05'H 
121.20 C4'C5'H5' 

C4'C5 'H5" 

Dihedral angles (dey) 

-0.02 C2'C11N1-C6 
3.02 C5C6N1-C1' 

- I 25.72 C4C5C6-N 1 
27.83 N3C4C5-C6 
59.91 C5C4N3-C2 

127.10 C4N3C2-02 - 

153.51 04'ClfN1-C2 
-91.13 

onances as expected. The residual H4'-H5' and H4'-H5" 
couplings are both small and are nearly identical to those 
before D,O exchange (2.7 and 2.9, Hz respectively, cf. Figs. 
100 and lob). Such couplings are only consistent with 0 5 '  
being anti-periplanar to H4', i.e., y = 60" (36) (cf. y,;,,,. = 
27.83" for kt) .  

If the C5'-C4' bond is constrained to one minimum as 
suggested by the coupling constants, then it is possible to 
stereospecifically assign the prochiral protons by NOE 
spectroscopy. Indeed, irradiation of the most upfield H5" 
proton produces NOE's to H3' and H4' whereas irradiation 
of H5' produces only NOE's to H4'. Thus H5" can be as- 
signed as the proR and H5' as the pros proton. This assign- 
ment agrees with previous assignments based on 
stereospecific deuteration of other deoxynucleosides (38). If 
conforniation k' is populated in solution, then 05'-H should 
be anti-periplanar to H5" (calcd. 178.43") and therefore the 
corresponding coupling constant should be about 12.1 Hz and 
Jo,.-,,,,,j, about 1.5 Hz (05'-H-O5'-C5'-H5' = -64.11" 
in k')  (37). These calculated values compare to experimen- 
tal values of 5.9 and 3.0 Hz, suggesting preferential but not 
exclusive population of conformers like k t .  If the hydroxyl 
were freely equilibrating in solution, then the two couplings 
to H5' and H5" would be equivalent and the signal for 
05'-H would be a broad triplet and not the observed doublet 
of doublets (see Fig. 10a). The NMR spectral parameters of 
compound 1 were sensitive to concentration, solvent, and the 
amounts of residual water in the sample. All these factors 
should affect any intramolecular hydrogen bonding. It can 
be concluded that conformers like k'  are the predominant 
conformers in dry CH,Cl, solutions in which glycosylations 
are typically performed. 
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1-1 i - l - l - r m i n i ~ -  1 ~ - ~ ~ - n - r m - ~ r n - ~ ~ ~ n  r i r r r - i - l n - - l -  1 - 1  11-1 1 i - 1  

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 
PPM 

FIG. 9. Nuclear Overhauser Effect spectrum of 1 measured at 500 MHz after irradiation of H I '  showing a strong NOE on H6 of the 
base. 

Lewis acid (BF,) complexes with the model cornpound 
Lewis acids, such as BF, supplied in the form of 

BF, . EtzO, are frequently used as promoters in glycosyla- 
tion reactions. In fact such promoters have been shown to 
overcome the unreactivity of compound 1 in glycosylation 
reaction. In the present paper, we only examine the possi- 
ble complex formation between the model compound 2 (that 
mimics the 2-deoxycytidine derivative) and a Lewis acid. In 
the simplified model compound 2, three heteroatoms could 
be attacked by the Lewis acid; these are 0 5 ' ,  0 2 ,  and N3. 
Due to the lack of parameters for the element boron (21) in 
the PM3 program, the CH,' cation was used instead of BF, 
in the initial part of the present study. Because the PM3 
method was used systematically in the present work, i t  did 
not seem prudent to switch to another semiempirical method 

since CH,' is as suitable a Lewis acid as BF,. The five PM3 
geometries of CH,' complexes labelled from K(05') l  to 
K(02)2 are shown in Fig. 11. Since each oxygen atom (05' 
and 0 2 )  has two lone electron pairs, it is possible to have two 
sites where CH,' might be attached leading to four geome- 
tries K(05')  1, K(05')2, K(02)  1, and K(02)2. Of course, 
BF, could attach in one mode only to N3, forming one ge- 
ometry labelled K(N3). The distances between the H atom 
of the 5'-hydroxyl group and 0 2  of the carbonyl group 
(dH . . . 02), for the K(N3), K(02)  1 and K(02)2 conformers, 
are 2.7054, 3.30 1 1, and 4.447 1 A respectively. These val- 
ues are too large to be intramolecular hydrogen-bonded 
 system^.^ However, the values of dH.. .02 are 1.6540 and 
1.6310 A for the first two CH,' complexes (K(05')l  and 
K(05')2), still indicating hydrogen bonding. Complex 
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( b )  

, . .  .. , , , - 
I m 1 I -,' 

4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 
PPM 

FIG. 10. 500 MHz NMR spectrum of 1: (a:  lower tracing) the spectrum in CD,Cl, solution; (b: upper tracing) as above after exchange 
with D,O. 

energies (in kcal/mol) are all exothermic at all possible at- 
tachment sites: K(N3), - 104.08; K(02)1, -93.68; K(02)2, 
-84.65; K(05')1, -74.80; and K(05')2, -73.90. The two 
last complexes involved in hydrogen bonding are of higher 
energy content than the remaining ones. The lower energy 
complexes, including the lowest one K(N3), thus can be the 
possible reactive intermediates in the glycosylation reac- 
tion. This observation would explain why some glycosyla- 
tions do not proceed unless Lewis acids are present. 

The complex formation between BF, and model com- 
pound (2) was studied by ab  initio MO. The BF, was at- 
tached to one site of the 0 5 '  atom of k t ,  forming a BF, 
complex labeled K1(05')1. This geometry is analogous to 
that of K(05') l .  The conformer K1(05')1 was of course 
optimized using a standard STO-3G basis set in the ab  ini- 
tio calculation. Its geometry is shown in Fig. 12 and its 
geometrical parameters are summarized in Table 3. The en- 
ergetics of such Lewis complex formation, as computed with 
different basis sets, are shown in Fig. 13. The reaction is 
computed to be strongly exothermic at all three basis set 
levels. 

Charge density distribution analysis 
In addition to the energetic considerations mentioned 

above, there is an alternative method to analyze hydrogen 
bonding. This involves the topological analysis of the elec- 
tronic density distribution, which can be used to analyze in- 

tramolecular hydrogen bonding between the hydroxyl group 
with the oxygen atom of the carbonyl group of model com- 
pound 2 to gain some insight into the reactivity of 5'-OH. 
Although the topic of intramolecular hydrogen bonding has 
been widely studied (5) experimentally and theoretically, it 
has only recently been analyzed by using Bader-type topo- 
logical analysis of charge density distribution (28, 40). The 
topological properties of the electronic density distribution 
are based on the gradient vector field of the electronic den- 
sity Vp(r), and on the Laplacian of the electronic density 
Vlp(r). Several excellent reviews have been published (28) 
on this subject, therefore only a brief description of selected 
topological parameters, pertinent to the present work, is 
discussed here. The electronic charge distribution of a mol- 
ecule is described by p(r, X) where r is a variable position 
vector in ordinary three-dimensional space with r , , r , ,  and 
r, components and X represents a particular set of nuclear 
coordinates in the space corresponding to the nuclear con- 
figurations of the molecule in question. An atom in a mol- 
ecule is defined (28) as a region of real three-dimensional 
space bounded by a zero-flux surface of the gradient vector 
field of p(r), that is, a surface for which all points on this 
surface satisfy the equation 

where n(r) is the unit vector normal to the surface at r. Two 
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FIG. 11. Five geometries of CH3+ complexes with the model 
compound from K(05') 1 to K(02)2 from PM3 calculations. 

FIG. 12. The geometry of BF, complex with the model com- 
pound labeled as K' (05')l from ab inifio STO-3G calculation. 

interacting atoms in a molecule form a critical point in the 
electronic density called a bond critical point (BCP), where 

The pairs of gradient paths, which originate at a BCP and 
terminate at neighbouring nuclei ("attractor" in the gradient 
field of p(r)) define a line through electronic charge distri- 

bution along which p(r) is a maximum with respect to any 
lateral displacement called an atomic interaction line. The 
presence of such a line linking two nuclei in a molecule that 
exists in a minimum energy geometry implies that the two 
atoms are bonded to one another, and in this instance this line 
is called a bond path. The necessary and sufficient condi- 
tion for two atoms to be bonded to one another is that their 
nuclei be linked by a bond path. The network of bond paths 
for a molecule in a given nuclear configuration X defines the 
molecular graph, which essentially is the union of the clo- 
sures of the bond paths. As a topological structure the mo- 
lecular graph usually corresponds to the commonly drawn 
chemical bond network. For a molecule AB, the bond path, 
the BCP, and the zero-flux surface between these two atoms 
can be portrayed as follows: 

BCP 

bond path V p (r) = 0 

V p (r) . n (r) = 0 
zero-flux surface 

The Laplacian of electronic charge density, the quantity 

determines the regions of space wherein electronic charge is 
locally concentrated or depleted. From the definition of a 
second derivative, one finds that p(r) is greater than the av- 
erage of its values over an infinitesimal sphere centered on 
r yhen  V2p(r) < 0, and p(r) is less than this average when 
V-p(r) > 0. Thus a local maximum (or minimum) in -V2p(r) 
signifies a local concentration (or depletion) of electronic 
charge. The numbers, location, and relative sizes of the 
bonded and nonbonded concentration of charge in the va- 
lence shell of a bonded atom as determined by the Laplacian 
of p(r) are found to be in generally good agreement with the 
corresponding properties that are ascribed to bonded and 
nonbonded pairs in Gillespie's VSEPR model of molecular 
geometry (39). 

The theory of atoms in molecules has been widely ap- 
plied to many chemical problems including the description 
of hydrogen-bonded systems (see for example refs. 28a and 
41). 

For conformer k t ,  there is a bond path linking the H of the 
5'-hydroxyl group and 0 2  of the carbonyl group for the in- 
tramolecular hydrogen-bonded system of model compound 
(2) (Fig. 14). Thus, at this point, one can say unambigu- 
ously that hydrogen bonding does exist in this system. The 
electronic density p(r) at the bond critical point is called p,(r), 
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TABLE 3. STO-3G optimized geometrical parameters of BF3 
complex with model compound 

Bond lengths (A) 
1.4334 C 1 '-C2' 
1.4535 C2'-C3' 
1.2972 C3'-C4' 
1.4553 C1'-04' 
1.33 14 C4'-04' 
1.3995 C4'-C5' 
1 ,2264 C5'-05' 
1.4885 05'-H 
1.5460 05'-B 

B-F1 
B-F2 
B-F3 

Bond angles (deg) 

108.47 C 11C2'C3' 
1 19.52 C2'C3'C4' 
120.98 C2'C 1'04' 
1 17.41 C3'C4'C5' 
125.75 C4'C5'05' 
117.28 C5'05'H 
120.36 C5'05'B 

05'BFl 
05'BF2 
05'BF3 

Dihedral angles (deg) 

10.31 C2'CI'NI-C6 
-0.37 C5C6N I-CI ' 

- 135.85 C4C5C6-N 1 
38.88 N3C4C5-C6 
49.20 C5C4N3-C2 

121.31 C4N3C2-02 - 

194.91 04'ClfN1-C2 
181.17 
60.87 

-58.45 

the magnitude of which is a measure of bond strength (28b). 
From the 3-21G:j:*//STO-3G calculation, for 05'-H the 
p,(r) is 0.3456 au and for H .  . . 0 2  the p,(r) is 0.0322 au, 
respectively. Moreover, the value of VIp(r,) at the bond 
critical point for 05'-H is -2.4521 au and for H. . . 0 2  is 
+O. 1229 au. Thus, this is a typical intramolecular hydro- 
gen bond in which a hydrogen atom is bound to the hetero- 
atom contained in the acid" fragment (05')  by a shared 
interaction and to the heteroatom of the base (02) by a closed- 
shell interaction (28b). 

The Laplacian "relief plotn generated according to Bader's 
method (28b) for the fragment plane of the 05'-H . . 0 2  
system is displayed in Fig. 15. Two nonbonded regions of 
charge concentration are seen in the oxygen of the carbonyl 
group of the heterocyclic base and this is in agreement with 
the VSEPR model. The region of charge depletion in the 
valence shell of 05'-H, which is located away from the 
position of the proton on the 05'-H bond axis, is directed 
at one of the nonbonded charge concentrations of 0 2 ,  thereby 
yielding a stable hydrogen-bonded structure (see arrows in 
Fig. 15). 

The Bader-type topological analysis of charge density was 
also performed on the BF, complex, labeled as K1(05')1, at 
the 3-21G**'//STO-3G level of theory. Contrary to expec- 

I AE=-16.01 kca I/mol I 

FIG. 13. Energetics of Lewis complex formation involving BF3 
and model con~pound 2. 

tation, it is found that only one bond critical point (BCP) 
exists between the H of the 5'-hydroxyl group and 0 2  (Fig. 
16) at this level of theory. Using the more flexible basis set 
(6-31G"") two BCP were found, as expected, along the 
nearly colinear bond paths (05'-H. . -02) .* Again, this 
confums intramolecular hydrogen bonding. Moreover, based 
on the value of p,(r), which equals 0.0574 au (3-2 1 G**), it 
seems that the hydrogen bonding in the BF,-2 complex, la- 
beled as K1(05')1, is strengthened compared with con- 
former k' of the uncomplexed model compound 2. The 
topological properties of the charge density of k' and 
K'(05') 1 are summarized in Table 4.  

Conclusion 
It has been shown at both semiempirical and ab initio levels 

of calculation that hydrogen bonding between 05'-H and 
0 2  is a stabilizing factor for the predominant conformation 
kt  of model compound 2. This result has been confirmed by 
solution NMR measurements on the parent compound 1. The 
nb initio calculations gave the best fit to the NMR data, re- 

 h he use of Bader-type topological analysis of electron density 
to detect hydrogen bonding is rigorously correct for the exact den- 
sity. Moreover, it  is usually valid for electron density conlputed 
from sophisticated wave functions. However, at a lower level of 
theory the analysis might be unable to detect the existence of hy- 
drogen bonding and in that case one must use a larger basis set to 
determine if a hydrogen bond does or does not exist. 
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FIG. 14. (a) Three-dimensional plot of p(r) for a plane containing 05 ' -H . . 0 2  nuclei in conformer k' .  The plot was made using a 
3-21G**//STO-3G basis set. (b) Contour map of the charge density for a plane containing 05-H . . 0 2  nuclei in conformer k'.  The 
bond critical points are denoted by black dots. The bond paths, a line linking the nuclei along which the charge density is a maximum 
with respect to any neighboring line, and the intersection of the interatomic surface, which are defined by the lines of steepest descent 
through the three-dimensional charge distribution starting from the bond critical point, are also shown. The projected positions of out-of- 
plane nuclei are indicated by open crosses. The plot was made using a 3-21G**//STO-3G basis set. 

FIG. 15. A relief map of -VZp for a plane containing 05 ' -H . . 0 2  nuclei in conformer k'.  A maximum in the relief map is a maxi- 
mum in charge concentration. The plot was made using a 3-21G**//STO-3G basis set. 
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TANG ET AL 

FIG. 16. ( a )  Three-dimensional plot of p(r) for a plane containing 05'-H. . . 0 2  nuclei in BF, complex related to K1(05')1. The plot 
was made using a 3-21G**//STO-3G basis set. (b) Contour map of charge density for a plane containing 05-H. . . 0 2  nuclei in BF, 
complex related to K1(05')1. The bond critical points are denoted by black dots. The bond paths and the intersection of the interatomic 
surface are also shown. The projected positions of out-of-plane nuclei are indicated by open crosses. The plot was made using a 3-21G**// 
STO-3G basis set. 

TABLE 4. Values of pb(r) and V2p(r,) at the bond critical points of 05'-H . . . 0 2  in con- 
formers k' and K '  (05 ' ) l  

05'-H H. . . 0 2  

Conformer Basis set P ~ ( T )  V'P(~,) P~(T)  v2p(rC) 

affirming the utility of this level of calculation to investi- 
gate organic reactions. These calculations permitted the use 
of Bader's charge density topological approach to model the 
hydrogen bond. Furthermore, it has been found that Lewis 
acids can form strongly exothermic complexes with 0 5 '  of 
2 that enhance the hydrogen bridge between 05'-H and 0 2 .  
Other Lewis acid complexes are of lower energy and, more 
importantly, are not involved in hydrogen bonding. These 
results explain why glycosylation reactions involving hy- 
drogen-bonded substances occur in the presence of Lewis 
acids, although they do not advance under other conditions. 
Clearly, several examples containing a variety of OH groups 
reacting differently need to be examined at this level of cal- 
culation, so that the importance of non-covalent interac- 
tions in the mechanism of the glycosylation reaction can be 
assessed. The utility of such approaches, in this direction, 
is currently being investigated. 
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JACK ANDREW BIKKER and DONALD FREDRIC WEAVER. Can. J. Chem. 70, 2449 (1992). 
The development and synthesis of anticonvulsant new chemical entities that are distinct from the cyclic ureides in current 

clinical use is a continuing neuropharmacologic priority. The design of neuronal specific dihydropyridines active at the 
L-type calcium channel protein represents a rational approach to this design problem. To provide the structural data re- 
quired for the design of anticonvulsant dihydropyridines, an AM1 semi-empirical molecular orbital study has been un- 
dertaken. Forty-six dihydropyridine calcium channel antagonists have been fully optimized at the AM1 level. Each of 
the 46 analogues was considered in six conformations to provide a systematic evaluation of changes in ester and phenyl 
ring orientation. The calculational validity of the AM1 Hamiltonian when applied to dihydropyridines was demon- 
strated by comparing AM l-optimized structures to experimental (X-ray crystallographic) and nb initio molecular orbital 
(ST0 3G basis set) geometries. For each dihydropyridine, 79 AM1-derived geometric and electronic descriptors were 
obtained. The resulting descriptor matrix comparing structural descriptors with biological activity was statistically re- 
duced to provide regression and discriminant structure-activity models for dihydropyridine calcium channel antago- 
nism. 

JACK ANDREW BIKKER et DONALD FREDRIC WEAVER. Can. J. Chem. 70, 2449 (1992). 
Le developpement et la synthkse de nouvelles entitCs chimiques anticonvulsives distinctes des urCides cycliques ac- 

tuellement en usage clinique sont des priorites neuropharmacologiques permanentes. La conception de dihydropyri- 
dines de specificit6 neuronale, actives au niveau de la protkine de type L du canal du calcium, reprCsente une approche 
rationnelle a ce problkme. Afin d'obtenir les donnCes structurales necessaires pour la conception de dihydropyridines 
anticonvulsives, on a entrepris une etude d'orbitales molCculaires semi-empiriques AMI.  OpCrant au niveau AMI,  on 
a optimisC 46 dihydropyridines antagonistes du canal du calcium. Afin d'obtenir une &valuation systkmatique des 
changements dans I'orientation de I'ester et du noyau phCnyle, on a considCrC chacun de ces 46 analogues dans six con- 
formations. On a dCmontrC que I'hamiltonien AM1 applique aux dihydropyridines est valide pour les calculs en procCdant 
a une comparaison des structures optimisees par AM1 avec celles obtenues expCrimentalement (diffraction des rayons 
X) et avec les gComCtries obtenues par des calculs d'orbitales niolCculaires ah irzitio (base S T 0  3G). Pour chaque dihy- 
dropyridine, on a obtenu 79 descripteurs gComCtriques et Clectroniques derivCs du AMI.  On a reduit statistiquement la 
matrice resultante de descripteurs comparant les descripteurs structuraux avec I'activite biologique afin d'obtenir des 
modkles de regression et d'activitC-structure discriminatoires pour la dihydropyridine antagoniste du canal du calcium. 

[Traduit par la redaction] 

1. Introduction diphenylhydantoin (9). The  reason for these limitations is that 

O f  the more than 50 million people worldwide suffering 
from epilepsy, approximately 35% are either unable to  tol- 
erate conventional drugs o r  simply d o  not respond to these 
medications ( I ) .  Therefore, there is a need to devise new 
approaches in the rational design of antiepileptic drugs, thus 
developing novel compounds distinct f rom the cyclic ure- 
ides in current clinical use. Modulation of the neuronal cal- 
c ium currents involved in the propagation of  seizure-related 
aberrant electrical activity within the brain represents such 
a n  approach. Dihydropyridine (DHP) calcium channel an- 
tagonists are  an important class of pharmacotherapeutic 
compounds (2, 3 ) .  Although initially used for  cardiovascu- 
lar indications, recent studies have investigated DHPs  a s  a 
potential treatment for  neurologic disorders such as  epi- 
lepsy (4-9). These studies suggest that, while the D H P s  
possess significant anticonvulsant activity, they are not as  
potent a s  currently available anticonvulsants, such a s  5 3 -  

' ~ u t h o r  to whom correspondence may be addressed. 

the currently available D H P s  were designed primarily fo r  
cardiovascular indications, not neurologic indications. 

Recently, the need to design neuronal-specific DHPs  for  
the treatment of  seizures has been suggested (10). T h e  de- 
sign problem may be conceptualized as twofold: (i) the DHP 
must bind strongly with its receptor site o n  the transmem- 
brane voltage-activated calcium channel protein and (ii) the 
D H P  must have the capacity to  cross the blood-brain bar- 
rier and be delivered to the microenvironment of the recep- 
tor site. T h e  first is a pharmacodynamic consideration; the 
latter is a pharmacokinetic consideration. If the molecular 
fragment of  the D H P  that interacts with the receptor can be 
identified, the rest of the molecule can  be engineered to im- 
prove site-specific delivery to  the brain. 

T o  provide the structural data  necessary for  the design of  
anticonvulsant dihydropyridines, a semi-empirical quantum 
mechanical study has been undertaken. T h e  goals of this 
study are  threefold: (i) to  evaluate the utility of  the A M 1  
Hamiltonian in the optimization of  D H P  geometries and 
conformation, (ii) to  perform a rigorous search o f  the con-  
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FIG. I .  Conformational nomenclature of ester groups and phenyl 
ring. 

formations available to the DHPs, and (iii) to preliminarily 
evaluate the correlation of AM1-derived properties with bi- 
ological activities in an attempt to deduce the bioactive 
structural and electronic congeners. To achieve these goals, 
46 DHPs have been fully optimized using AMl.  Six con- 
formers of each of the DHPs were fully optimized, provid- 
ing the heats of formation of the various conformations and 
assisting in the prediction of the putative bioactive confor- 
mation. AM1 geometries were then compared to their cor- 
responding crystal structures and ab initio conformations to 
assess the usefulness of the semi-empirical calculational ap- 
proach. To permit this comparison, seven DHPs were fully 
optimized at the STO-3G ab  initio level. Finally, AM1-de- 
rived geometric and electronic properties were statistically 
correlated with pharmacologic data for 34 mono-substituted 
DHPs for which comparable biological data was available. 

2. Calculations 
2.1. AM1 conformational optimization calculations 

The first phase of this study ascertained the utility of AM1 
ca!culations in representing DHP geometries. Conforma- 
tional calculations were performed on an IBM RS/6000 550 
RISC computer operating under AIX. For semi-empirical 
molecular orbital calculations, the AM1 (1 1 )  Hamiltonian 
implemented in MOPAC 5.01 was used (12). For ab  initio 
molecular orbital calculations, STO-3G basis set calcula- 
tions were performed using the HONDO (13) program within 
the MOTECC-90 family of programs (14). 

The conformations of the DHPs are labelled according to 
the convention shown in Fig. 1; the numbering system about 
the rings and side chains of the DHP is shown in Fig. 2. An 
ester is considered to be synperiplanar (sp) if its carbonyl 
group eclipses the adjacent double bond of the dihydropyr- 
idine ring and ap if the carbonyl group is oriented anti to the 
adjacent double bond. The syrzperiplanar conformation can 
also be considered to be cis or Z, and the antiperiplanar (ap) 
to be trans or E. The conformation of the phenyl ring is 
classified according to the orientation of the phenyl substi- 
tuent with the C(4)-H bond of the dihydropyridine ring. 
Thus, a conformation in which the phenyl substituent lies 
above the dihydropyridine ring is ap; that in which it is ori- 
ented away from the ring and eclipses the C(4)-H bond is 
sp. The esters are distinguished as "left" and "right" with 
respect to the dihydropyridine ring viewed with the phenyl 

FIG. 2. Basic dihydropyridine calcium antagonist structure with 
numbering scheme. 

group oriented forward and up above the C(2)-C(3)- 
C(5)-C(6) plane. (In all cases, the acronym DHP repre- 
sents the entire dihydropyridine calcium channel blocker; 
where only the six-membered dihydropyridine ring is indi- 
cated, the entire word is used.) 

Initial geometries of the dihydropyridine calcium channel 
blockers were taken from crystal structures of the 2-nitro (15) 
and 3-nitro (16) substituted DHPs obtained from the Cam- 
bridge Crystallographic Database (17). Templates were 
constructed based upon the AM1-optimized conformations 
of these structures. Using these templates, the KGNMOL 
molecular graphics package (1 8) was used to generate start- 
ing conformations for the balance of the compounds. For each 
of the 46 DHPs, six starting conformations were examined 
(pheny1:left esterlright ester): sp:sp/sp; sp:sp/ap; sp:ap/ap; 
~~p:sp/sp; ap:sp/ap; and ap:ap/ap (see Fig. 3). These con- 
formations were chosen to evaluate the six most probable 
conformers available to the DHPs; they represent system- 
atic rotations about the three bonds that significantly affect 
DHP conformation. The side chains were set so that the tor- 
sional angle between the carbonyl of the ester and the adja- 
cent double bond of the ring deviated by less than 5" from 
either 0 or 180 degrees. Similarly, the phenyl ring was ro- 
tated so that it eclipsed the C(4)-H bond. In the subse- 
quent optimizations, the ester groups and the phenyl ring were 
free to rotate. 

Root-mean-square comparisons of geometries were per- 
formed using the Comp routine in the KGNGRAF program 
(14). To compare AM 1 with experimental conformations, 
crystal structures were obtained from the Cambridge Crys- 
tallographic Database (1 7). 

To compare AM1 with ab initio conformations, seven 
DHPs were fully optimized using ab inirio calculations at the 
STO-3G basis set level. Starting conformations were ob- 
tained from the AM1-optimized conformations. The con- 
vergence threshold on the maximum gradient component was 
set at lo-'. Convergence was achieved in all cases. 

2.2. Statistical stt-~tcture-activity relationship calculations 
In the second phase of this study, AM1-derived struc- 

tural and electronic properties were statistically correlated 
with biological activity. Statistical calculations were per- 
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formed on an IBM ES/9129 mainframe computer operating 
under VM/CMS. Regression and discriminant analyses were 
performed using the SAS package of programs (19), ver- 
sion 6.06. 

To describe DHP molecular properties, a series of geo- 
metric and electronic descriptors were obtained from the AM1 
optimizations for each DHP analogue. All descriptors were 
obtained from the optimized geometry having the phenyl 
substituent oriented sp and the ester side chains oriented sp/ 
sp. Each analogue was described by 79 descriptors. These 
descriptors may be classified into the following 11 groups. 
(i) bond lengths about the dihydropyridine and phenyl rings, 
(ii) bond angles about the dihydropyridine rings, (iii) tor- 
sional angles about the dihydropyridine ring, (iv) torsional 
angles about the C(3)-C(7) and C(4)-C(1') bonds, (v) 
interatomic distance between the distal atomic centre of the 
phenyl substituent and its point of attachment to the phenyl 
ring, (zli) atomic charges about the dihydropyridine and 
phenyl rings, as well as the sum of atomic charges of the 
substituent, (vii) bond orders about the dihydropyridine and 
phenyl rings, (viii) energies of the HOMO and LUMO, (ix) 
magnitude of the molecular dipole, (x) molecular weight, and 
(xi) ring puckering parameters. 

Biological data for calcium channel blocking activity were 
obtained from Coburn et nl. (20). These data were acquired 
using a standard protocol that measured the inhibition of 
smooth muscle contraction by calcium channel blockade. As 
calcium channel antagonism is believed to be the mecha- 
nism of the DHP's an&onvulsant action, these data serve as 
an indirect, rather than a direct, measure of anticonvulsant 
activity. Complementary data for a number of compounds 
were obtained from Rovnyak et al. (21, 22). 

A total of 34 compounds of differing biological activity 
were used in the analysis. Each compound was described by 
its biological activity and 79 geometric and electronic de- 
scriptors, giving rise to a 34 x 79 descriptor matrix. A 
principal goal of the study was to identify a restricted num- 
ber of descriptors that correlated well with the biological 
activity and could therefore be used to predict compound 
activity. Stepwise regression analysis and stepwise discrim- 
inant analysis were used to identify subgroups of descrip- 
tors that were correlated with the biological data. These 
subsets of descriptors were then incorporated into regres- 
sion and discriminant models, which provided complemen- 
tary methods of estimating compound activity. 

The regression models were constructed using the fol- 
lowing procedure. A subset of descriptors that correlated well 
with activity was Stlected from the full descriptor matrix 
using stepwise and forward selective regression procedures 
at the 95% confidence level. These descriptors were then fit 
to pharmacologic activity (obtained from ref. 20 as -log EC,,) 
using linear regression. This procedure was applied to 
subgroups of compounds substituted at the 2', the 3', and the 
4' positions of the phenyl ring, to those substituted at either 
the 2' or 3' positions on the phenyl ring, and to the entire data 
set of 34 compounds. 

For the discriminant analysis, DHPs were classified as 
more active (MA) if their biological activity was greater than 
7.00 or less active (LA) if less than 7.00. Stepwise discrim- 
inant analysis at the 95% confidence level was used on the 
entire data set to identify a subset of descriptors with dis- 
criminatory ability. ~iscriminant analysis using this smaller 
group of descriptors was then performed on the entire data 
set. 

To critically evaluate this discriminatory model, a bal- 

TABLE l .  Comparison of AM1 results with crystal geometries: root- 
mean-square fit and ring pucker 

Crystal AM1 Crystal AM1 
DHP RMS C 171 C 171 Q Q 

NOTE: Torsional angles reported are for AMI compounds in the sp/op 
ester conformation. XITI is the sum of the absolute values of the torsional 
angles and Q is the total puckering amplitude of the ring as detennined the 
method of Cremer and Pople (25). 

anced subset of DHPs consisting of the 14 most active and 
14 least active DHPs was created. The remaining com- 
pounds were those at the border between classes (and thus 
somewhat ambiguously classified) and the 3'-N, and 4'-Me 
for which no comparable biological data was available. Thirty 
trials of the discriminant model were performed using the 
smaller test set. In each trial, 10 randomly chosen com- 
pounds (5 more active, 5 less active) were used as a test set 
and the remaining 18 (9 active, 9 less active) were used as 
the training set. The performance of the discriminant model 
could be evaluated for each trial by its ability to correctly 
classify the molecules in the training set itself, the ran- 
domly determined test set, and the molecules at the class 
border. The error for each trial was estimated by the mis- 
classified compounds as a fraction of all classified com- 
pounds in both the training and test data sets. The error in 
the discriminant function was then estimated by calculating 
the percentage misclassified for all trials. 

3. Results 
3.1. Cotnparison between AM1 conformations and crystal 

structures 
AM1-optimized structures were compared with experi- 

mental crystallographic data for 10 DHPs (Table 1). Root- 
mean-square values ranged from 0.200 to 0.568. Distances 
and angles about the DHP ring are better conserved among 
AM 1 -optimized geometries than among their correspond- 
ing crystal structures (15, 16, 21, 23, 24). As shown in Table 
2, AM1-optimized geometries have longer bonds between 
the ring nitrogen and the adjacent C,,? carbon, but shorter 
carbon double bonds within the dihydropyridine ring. In ad- 
dition, the intra-annular angles at N(1) and C(4) of the Ah41- 
optimized geometries are smaller than those in the crystal 
structures. In the case of the ester group, AM1 predicts car- 
bon-oxygen bonds that are longer than those experimen- 
tally observed. However, Ah4 1 also predicts that the C3-C7 
bond is shorter than that in the crystal structures. This is also 
true of the C4-C 1 ' single bond. 

The pucker of the dihydropyridine ring of AM1-opti- 
mized geometries and crystal geometries was also com- 
pared. Two measures of ring pucker were employed: a simple 
sum of the absolute values of the torsional angles about the 
dihydropyridine ring and the total puckering amplitude as 
defined by Cremer and Pople (25). The latter is a measure 
of deviation from a mean plane fit to the coordinates of the 
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TABLE 2. Comparison of AM1 results with crystal structures: bond lengths and angles 

DHP N(1)-C(2) C(2)-C(3) C(3)-C(4) C(3)-C(7) C(7)-O(8) C(7)-O(9) C(4)-C(1') 2 16 123 234 345 

2'-CF3 1.394 1.374 1.502 1.462 1.239 1.368 1.513 119.4 120.4 121.6 110.8 
crystal 1.378 1.357 1.527 1.468 1.211 1.346 1.540 123.9 119.8 121.2 111.2 

2'-CI 1.394 1.372 1.500 1.462 1.239 1.371 1.508 120.1 120 2 122.1 110.7 
crystal 1.426 1.363 1.584 1.485 1.222 1.405 1.567 126.3 116.7 121.5 114.2 

2'-NO2 1.393 1.371 1.501 1.464 1.239 1.368 1.511 120.8 120.3 121.7 111.5 
crystul 1.374 1.355 1.524 1.447 1.206 1.355 1.528 123.8 120.2 120.7 111.0 

2'-NH2 1.394 1.370 1.502 1.464 1.239 1.371 1.508 120.5 120.1 121.9 110.5 
crystul 1.441 1.354 1.615 1.528 1.304 1.351 1.537 126.9 117.3 120.1 113.9 

3'-NO2 1.393 1.373 1.497 1.461 1.239 1.371 1.508 120.8 120.3 121.6 111.7 
crystal 1.386 1.347 1.5 19 1.49 1 1.202 1.355 1.524 122.5 119.4 121.2 110.4 

3'-CN 1.395 1.372 1.496 1.462 1.239 1.37 1 1.508 121.0 120.1 121.7 111.4 
crystal 1.383 1.345 1.512 1.472 1.199 1 336 1.529 123.6 118.3 120.2 110.3 

3'-CH, 1.394 1.372 1.499 1.461 1.239 1.372 1.506 120.5 120.2 121.4 111.0 
crystal 1.385 1.360 1.5 19 1.471 1.217 1.355 1.519 123.4 119.0 120.6 110.7 

4'-NO, 1.392 1.373 1.499 1.461 1.238 1.372 1.508 121.0 120.1 121.6 11  1.6 
crystal 1.382 1.362 1.520 1.470 1.219 1.354 1.532 124.0 119.2 120.3 111.4 

4'-N(Me), 1.393 1.371 1.501 1.464 1.239 1.368 1.511 120.8 120.2 121.9 111.5 
crystal 1.371 1.367 1.545 1.479 1.190 1.377 1.529 123.7 118.5 121.4 109.9 

H 1.393 1.372 1.499 1.461 1.239 1.372 1.507 120.3 120.2 121.9 110.7 
crystal 1.409 1.389 1.503 1.493 1.199 1.382 - 125.0 116.7 120.9 111.5 

2-Cl, 5-NO2 1.390 1.375 1.500 1.466 1.236 1.372 1.512 120.9 120.3 121.2 111.6 
cr~stal  1.382 1.361 1.517 1.47 1 1.190 1.321 1.525 121.4 119.8 120.6 110.1 

p5 1.388 1.373 1.499 1.461 1.239 1.372 1.509 121.2 120.2 121.6 111.4 
crystal 1.368 1.360 1.517 1.462 1.206 1.339 1.529 124.8 118.9 120.9 112.5 

NOTE: All bond lengths are given in angstroms. Crystal geometries were obtained from the Cambridge Crystallographic Database and have been pub- 
lished (15, 16, 21-23). AM1 bond lengths and angles are taken from the conformation corresponding to that of the crystal structure. 

ring atoms. Results are reported in Table 1. No correlation 
between crystal and calculated pucker was found. 
3.2. Comparison of AM1 and STO-3G conformations 

The AM1 results were compared to seven DHPs fully op- 
timized using the ab initio molecular orbital at the STO-3G 
basis set level. All were optimized in the sp:sp/sp confor- 
mation. The results reported in Tables 3 and 4 show that AM1 
calculations closely match those obtained using the ab initio 
approach. 

The AM1-optimized bond lengths match those of the 
corresponding STO-3G optimized bond lengths to within 
0.06 A. Within the dihydropyridine ring: AM1-optimized 
geometries have double bond lengths 0.06 A longer than their 
corresponding STO-3G geometries and N-C,,,Z and 
C,Z-C,I bond lengths, which are respectively 0.04 and 
0.03 P\ shorter. The dihydropyridine-phenyl bond is also 
shorter, by approximately 0.04 A. In the case of the ester 
substituents, both the single bond from the carbonyl carbon 
to the C,Z carbon of the dihydropyridine ring and the single 
bond to the methoxy oxygen are calculated to be shorter in 
AM1 geometries than in STO-3G optimized structures. 
Conversely, the carbonyl double bond is calculated to be 
longer by AM1. Overall, the root-mean-square fit of non- 
hydrogen atoms ranged from 0.088 to 0.277. 

Using both calculational methods, bond lengths and an- 
gles determined for different DHPs were conserved. Where 
there were changes, AM1 appears to reproduce the trends in 
bond lengths observed in STO-3G geometries. 

Bond angles about the dihydropyridine ring calculated by 
AM1 and STO-3G are in close agreement, differing by less 
than 3". The torsional angles differ somewhat more; the di- 
hedral angles of the nitrogen-C,? bond are calculated to be 
approximately 8" less than those calculated by STO-3G. 
However, the torsional angles of the ring double bonds are 
about 4" larger. Generally, the ester side chains as calcu- 
lated by AM1 deviate from a conformation coplanar with the 
dihydropyridine ring more than those calculated by STO-3G. 
Similarly, the phenyl ring is less constrained to lie in the 
N(1)-C(4)-C(1') plane. Overall, there is goo! corre- 
spondence between STO-3G and AM1 geometries.- 
3.3. Energies of conformers 

The heats of formation of the six optimized conformers of 
each compound are given in Table 5.  Overall, the energy 
differences among conformers were not large; differences less 
than 5 kcal/mol between the highest and lowest energy 
conformer for each compound were typical. In all cases, a 

2~ables  of AM1 geometries: bond lengths, and bond angles and 
torsional angles about the DHP ring have been deposited as sup- 
plementary material and may be purchased from: The Depository 
of Unpublished Data, Document Delivery, CISTI, National Re- 
search Council Canada, Ottawa, Canada KIA OS2. 

These tables have also been deposited with the Cambridge 
Crystallographic Data Centre and can be obtained on request from 
The Director, Cambridge Crystallographic Data Centre, Univer- 
sity Chemical Laboratory, 12 Union Road, Cambridge, CB2 IEZ, 
U.K. 
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TABLE 3. Comparison of AM1 and STO-3G geometries: bond lengths 

Compound ~ ( 1 ) - ~ ( 2 )  C(2)-C(3) C(3)-C(4) C(3)-C(7) C(7)-C(8) C(7)-C(9) C(4)-C(1') C(4)-H N(1)-H 

NOTE: A11 results reported are for DHPs in the sp:sp/sp conformation. Bond lengths are reported in angstroms. 

TABLE 4. Comparison of AM1 and STO-3G geometries: bond angles and torsional angles 

Left Right RMS 
Compound 123 234 345 612 1234 3456 6123 ester ester Phenyl Fit 

NOTE: All DHPs were calculated in the sp:sp/sp conformation. 

conformation with both ester ester groups ap was the least sp and the phenyl ring was oriented either ap or sp. The en- 
energetically favourable. The lowest energy conformation ergy differences between phenyl conformations were most 
was generally one in which the ester groups were oriented pronounced with ortho substitution at the phenyl ring. In 
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TABLE 5. Enthalpies of formation of AMl-optimized conformations (kcal/mol) 

Ester 

Phenyl sp Phenyl ap 

Molecule aPsP SPSP aPaP aPsP SPSP aPaP 
- 

2-NO2 - 110.7* - 112.4 - 108.6 - 110.8 -111.3 -111.4 
3-NOZ -1 17.0'" 117.5 - 115.6 -1 17.2 -117.7 -117.3 
4-NO2 - 117.8" - 117.3 - 116.8 
2-NH2 -121.3" - 1  19.9 - 120.1 - 116.9 -119.0 -117.1 
3-NH2 - 121 .O - 121.0 - 120.1 - 120.7 - 121 .O - 119.9 
2-F - 162.9 - 163.4 - 164.0 - 164.8 - 166.1 - 164.4 
3-F - 165.3 - 164.5 -164.0 -161.7 - 162.2 - 161.5 
4-F - 165.5 -165.6 - 164.6 
2-C1 - 123.8" - 124.1 - 122.6 - 123.4 - 124.2 - 122.9" 
3-C1 - 127.1 - 127.1 - 126.0 - 127.0 - 127.4 -126.5 
4-CI -127.5 - 128.0 - 126.3 
2-Br - 110.6 -111.1 - 109.6 - 110.8 -111.3 -110.4 
3-Br - 115.2 - 115.4 -114.1 -114.9 - 115.6 - 114.6 
4-Br - 115.5 - 115.8 - 114.5 
2-1 -98.0 -98.4 -97.1 -96.6 -98.1 -97.2 
3-1 - 103.2 - 104.0 - 102.8 - 103.8 - 104.2 - 103.0 
4-1 - 104.3 - 104.1 - 103.1 
2-CF3 -269.6* -269.8 -267.3 -266.3 -265.8 -265.4 
3-CF3 -276.6 -276.7 -275.1 -276.6 -277.0 -276.2 
2-CH3 - 126.4 - 126.4 -122.9 -121.7 -123.2 -121.3 
3-CH3 - 127.5* - 127.2 - 126.0 - 126.8 - 127.2 - 126.2 
4-CH3 - 127.6" - 127.0 - 126.3 
H - 119.9* - 120.0 - 118.5 
2-CN -85.3 -85.8 -83.7 -86.0 -86.3 -85.7 
3-CN -88.9 -90.0 -87.6 -88.7* -89.2 -88.3 
4-CN -89.3 -89.0 -88.1 
3-NMe, - 110.1 - 110.4 - 109.8 - 109.4 - 110.0 - 109.0 
4-NMe, - 1 10.5* - 110.0 - 109.6 
2-OCH, - 154.5 - 154.4 - 153.1 - 152.7 - 153.4 - 152.1 
3-0CH3 - 157.1 - 157.6 - 155.7 - 156.9 - 157.3 - 155.2 
2-CH=CH2 - 100.5 -97.8 -98.8 -97.4 - 100.5 -96.5 
2-Et - 126.4 - 126.4 - 122.9 - 121.7 -123.2 -121.3 
2-OEt - 158.3 -160.1 - 158.2 - 156.9 -159.4 -155.8 
3-OH - 163.5 - 164.2 - 163.5 - 163.4 -163.4 -163.1 
3-OAC - 196.2 - 193.6 - 193.6 - 192.4 -194.3 -191.1 
3-OCOPh - 155.2 - 156.5 -154.5 -155.3 - 156.4 - 155.0 
3-N3 -32.8 -33.9 -33.1 -33.6 -34.0 - 19.9 
2,6-C12 - 126.1 - 126.3 -125.3 
2,3-Cl2 - 129.3 - 129.6 -.127.9 -128.9 - 129.5 - 128.5 
3,5-Cl2 -134.1 - 134.2 - 133.0 
2,4-C12 - 130.7 -131.1 - 129.4 - 130.1 -130.8 -130.0 
2-F, 6-C1 - 165.9 - 166.3 -164.3 -164.1 -165.1 -163.6 
2-C1, 5-NO2 - 120.7 - 121 .O* - 119.7 - 119.4 - 120.6 - 118.7 
2-OH, 5;NOi - 164.1 - 159.7 - 163.2 -157.0 - 158.4 -157.3 
3,5-Me, -131.7 - 134.0 - 130.7 
F5 -329.5 -329.6* -327.8 

NOTE: Crystal conformations are marked with an asterisk (*). 
. . . .  . . . 

.. these cases, the sp phenyl conformation was often pre- compounds for which comparable biological testing exists 
ferred. Those conformations with ester carbonyl groups in was used for this investigation. All data was obtained from 
opposite orientations (i.e., sp/ap) generally had associated the sp:sp/sp conformation. For each compound, 79 elec- 
energies close to that of the sp/sp orientations. The 2'-NH2 tronic, geometric, and ad hoc descriptors were generated. The 
and 3'-OAc substituted DHP both showed a notable prefer- dimensionality of this data set was reduced using statistical 
ence for the sp:sp/ap conformation. routines contained in the SAS (19) family of programs. 

The forward and stepwise regression procedures within 
3.4. Correlation of AM1 properties with biological activity SAS that selected descriptors correlated with activity were 

The geometric and electronic information obtained from employed. The confidence level for entry and removal from 
. . . the AM1-optimized conformations was analyzed for struc- the model was set at 95%. These models were then tested 

. . ture-activity relationships. A set of 34 monosubstituted using standard linear regression procedures. The statistical 
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models obtained are given below for the DHPs substituted 
at the ortho position (eq. [I]),  for the data without para- 
substituted compounds (eq. [2]), and for the entire data set 
of mono-substituted DHPs (eq. [3]). The order of the de- 
scriptors in a model is the same order in which they were 
entered into the model by the stepwise regression proce- 
dure. 

[ I]  Act=  -61.4-4.01 (EHoMo)+24.84(b~2*3<) 

where EHoMo = energy of HOMO in kcal/mol; b ~ , ' ~ '  = bond 
order of the C(2')-C(3') bond of the phenyl ring; Act = 
pharmacologic activity (-log(ECSO)). 

where L,, = distance from point of attachment to distant atom 
on substituent at meta (3') position of phenyl ring; E,,,,, = 
energy of HOMO in kcal/mol; bo3, = bond order of the 
C(3)-C(4) bond of the dihydropyridine ring; bo56 = bond 
order of the C(5)-C(6) bond of the dihydropyridine ring; 
A,,, = C(3)-C(4)-C(5) bond angle; = N(1)- 
C(6)-C(5) bond angle; Act = pharmacologic activity 
(-log(EC,o)). 

[3] Act = -3.17-2.05(1,,)-0.47(L3.) 

where 1,. = axial length of para substituent on phenyl ring; 
L,. = distance from point of attachment to distant atom on 
substituent at meta (3') position of phenyl ring; E,,,, = 
energy of HOMO in kcal/mol; Q5 = charge at C(5) of 
dihydropyridine ring; Act = pharmacologic activity 
(-l0g(~C50)). 

No significant correlations with R' greater than 0.70 were 
obtained from the series of para- and meta-substituted com- 
pounds. 

A discriminant model was also developed to distinguish 
active from less active compounds. The DHPs in the full data 
set were divided into two categories, more active and less 
active. The somewhat arbitrary criterion used for this as- 
signment was that all compounds with activity (-log ECSO) 
of 7.00 or greater were assigned as more active; the rest as 
less active. Stepwise discriminant analysis at the 95% con- 
fidence level yielded four descriptors which could be used 
to assign the class of a molecule. These descriptors were 

bo3,,? = bond order of C(3')-C(4') bond of phenyl ring 

b ~ , , ~ ,  = bond order of C(4')-C(5') bond of phenyl ring 

EN,,, = energy of HOMO 

l,,,, = length of C(3')-C(4') bond 

The discriminant model using these descriptors was eval- 
uated using smaller subsets of data as training and test sets. 
Overall, the four-descriptor model using subsets of 18 com- 
pounds (9 active, 9 less active) as training sets and 10 ran- 
domly chosen compounds (5 more active, 5 less active) as a 

test set correctly classified both the training and test sets in 
97% of all cases. The misclassified compounds were 4'-I, 
3'-NMe,, and 2'-NH,. Of the remaining data, the 3'-Me and 
2'-OEt DHPs were consistently classified as more active by 
all models, and the 3'-N, DHP was classified as more ac- 
tive in 10 of 30 cases. 

Table 6 provides a summary of experimental activities and 
predicted activities of the DHPs determined using the 
regression model for the full data set, the classes assigned 
initially and predicted by the discriminant model, and the 
values of descriptors used in generating the discriminant 
model. 

4. Discussion 

4.1. Cornparison of AM1 and crystal geometries 
The AM1 Hamiltonian (1 1) has emerged as a dominant 

molecular orbital method for the structural optimization of 
biomolecules. Previously, DHPs were not extensively ana- 
lysed using this technique. Rovnyak et al. (21, 22) used AM1 
calculations in conjunction with NMR experiments in the 
analysis of 13 DHPs. The current study, optimizing 237 
conformations, provides a thorough examination of the vi- 
ability of AM1 for the calculational study of DHPs. More- 
over, since some authors (26) have identified weaknesses in 
the AM1 treatment of biomolecules, the AM1 geometries 
have been critically evaluated by comparison to crystallo- 
graphic data. 

The AM1 -optimized geometries closely match those of the 
crystal structures. Both the low root-mean-square fitting 
values and the close agreement of bond lengths and angles 
indicate that the calculations closely reproduce the experi- 
mentally observed structures. The AM1 Hamiltonian there- 
fore appears to be a reasonable method for calculating the 
structure of DHPs. 

The variations in geometry that are observed are note- 
worthy. Bond lengths, angles, and torsional angles are bet- 
ter conserved among AM1 optimizations than among their 
corresponding crystal structures. This conservation of ge- 
ometry with differing substitution is also seen in the series 
of compounds optimized at the ab  initio level. Thus, some 
of the deviation in DHP conformation observed in crystal 
structures may be an artefact of the crystal packing forces, 
and not an intrinsic property of the molecule. This is em- 
phasized by the ring pucker of AM1-optimized geometries. 
No correlation could be generated between the pucker of the 
calculated structures and those of the crystal structures. 

The AM1-optimized conformations of the ester groups and 
the phenyl ring were less well conserved. Although in both 
the crystal structure and the STO-3G geometries the ester 
carbonyls eclipsed the dihydropyridine ring double bond, this 
was less the case with the AM1 results. AM1 optimizations 
produced ester conformations deviating by up to 50" from 
planarity. Similarly, the phenyl ring, constrained to lie in the 
N(1)-C(4)-C(1') plane in both crystal and ab initio ge- 
ometries, also deviated by as much as 30". AM1 seemingly 
overpredicts the conformational flexibility about these bonds. 

4.2. Comparison of AM1 and STO-3G geometries 
In addition to reproducing experimental (X-ray) confor- 

mational data, an effective semi-empirical molecular orbital 
method must also reproduce ab initio geometries. Prior to this 
study, no ab  initio studies were reported on full DHPs. 
Limited ab initio geometries obtained at the STO-3G level 
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TABLE 6. Statistical correlations and discriminant analysis 

Predicted Predicted 
Compound Act." act." Act.' Class class bo3.4. b04~5~ EHOMO 13.4, 

"Data from ref. 20, values reported as -log(EC,,,). The 3'-NMe, substituted DHP was not included as it represents a 
ture from the uncharged nature of the balance of the DHPs examined. 

"redicted using model based on entire data set. 
'Data from refs. 21 and 22, values given as -log(IC,,). 
"Class assigned as follows: MA (more active) if activity > 7.00,  LA (less active) if activity < 7.00. 

for smaller model compounds related to the DHPs have been 
reported (27, 28). However, in this study, ab  initio geome- 
tries of full DHPs were judged to provide a better compari- 
son to the AM1 geometries. The seven DHPs were calculated 
in the sp:sp/sp conformation; this conformation was se- 
lected as it was considered to be of potential biological in- 
terest (29) and because it conformed to previous calculations 
(28). 

The STO-3G optimized geometries reported above pro- 
duce consistent bond lengths and angles for the DHPs. They 
suggest a strong preference for a conformation in which the 
ester groups lie coplanar with the dihydropyridine ring and 
in which the phenyl ring is constrained to a plane perpen- 
dicular to the dihydropyridine ring and passing through N(l) 
and C(4). The dihydropyridine ring has a flattened boat 
conformation and is significantly puckered. The boat con- 
formation is due to the bond angles at N(l) and C(4), which 
cause these atoms to lie above the plane generated by the two 

double bonds. Each double bond, however, constrains its 
attached atoms to be coplanar, with little deviation ob- 
served. The conformation of the dihydropyridine ring is 
conserved among different DHPs. The conformations re- 
ported by Hofmann and Cirniraglia for model DHPs are also 
in agreement with these results. The methyl groups at the 
C(2) and C(6) positions of the dihydropyridine ring produce 
longer C(2)-C(3) and C(5)-C(6) double bonds than those 
reported for the model compounds. 

The AM 1-optimized geometries closely reproduce STO-3G 
geometries, as is evidenced by the low deviations calcu- 
lated by the root-mean-square fitting procedure. Generally, 
AM1 geometries have slightly shorter single bonds and 
somewhat longer double bonds than STO-3G geometries. The 
AM1 geometries also have conformations in which the ester 
carbonyls are less likely to be coplanar with the dihydropy- 
ridine ring, and in which the phenyl ring is allowed greater 
axial rotation. Minor variations in bond lengths, angles, and 
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torsional angles in the STO-3G geometries are also repro- 
duced in the AM1 geometries and follow similar trends 
among compounds. AM1 results therefore appear to pro- 
vide a representation of DHP conformation that closely fol- 
lows the h b  initio results. 

4.3. Energies of conformers 
Differences in the AM1-calculated heats of formation of 

the various conformers of a DHP were shown to be gener- 
ally less than 5 kcal/mol. Although the differences were not 
substantial, most compounds had clearly identifiable pre- 
ferred conformations. In all cases, the conformations with 
both esters oriented ap were energetically disfavoured. Most 
also had a minimum energy conformer in which both esters 
were oriented sp; if not, such a conformation was not ap- 
preciably disfavoured. The sp/ap ester conformations were 
also generally accessible, which is expected as almost all 
known crystal structures have geometries with the esters in 
either the sp/sp or sp/ap orientation (29). ortho-substi- 
tuted compounds generally favour an sp phenyl orientation, 
with meta- and para-substituted compounds showing less 
preference for a particular phenyl orientation. 

These conclusions are supported by NMR analyses of 
isoxazolidine DHPs (30) and by studies from Rovnyak et al. 
on solution-phase DHP conformation (21, 22). These stud- 
ies examined the populations of sp and ap phenyl rotamers 
in solution; the significance of the ap  rotamer to solution 
conformation was noted. 

These data may also support the recent binding model by 
Langs et al. (29, 31), which postulates that the active con- 
former of a DHP has sp/sp ester orientation. Provided 
binding transition state energies are not large, the popula- 
tions of various conformers may influence their binding and 
thus pharmacologic activity. In such a case, a priori pref- 
erence for sp/sp ester orientation may predispose the DHPs 
to bind at their receptor. Notably, the 2'-amino and 3'-ace- 
tyl substituted DHPs had sp/ap ester orientation in their en- 
ergetically favoured conformzition; they are both weakly 
active DHPs (20). 

\ ,  

Other modelling studies have also been employed to ex- 
plain compound activity. These have sought to identify dif- 
ferences between DHPs that are calcium channel blockers and 
DHPs of similar structure that have been shown to be cal- 
cium channel activators (32). Mahrnoudian and Richards (33) 
proposed a model that postulates that patterns of hydrogen 
bonding are responsible for either activator or antagonist 
activity. Using pseudo-receptor modelling, Holtje and co- 
workers (34-36) developed a model that employed differ- 
ing regions of molecular electrostatic potential. In both cases, 
ester conformation has been explicitly or implicitly related 
to the molecule's active conformation. Identification of the 
most mobable conformer and its relative contribution is 
therefore of some importance to the eventual usefulness of 
these models. 

This information is also of practical utility in the rational 
design of a neurologically active DHP. To be effective, such 
a compound must be able to cross the blood-brain barrier and 
enter the receDtor microenvironment; considerable func- 
tional group engineering may be necessary to produce a DHP 
with these desired pharmacokinetic properties. The crite- 
rion developed above suggests that modifications that result 
in a DHP that has significantly disfavoured sp/sp ester ori- 

entation will probably lead to a pharmacodynamically less 
active compound. This is therefore a potentially useful 
structural consideration in the design process. 

4.4. Correlation of AM1 properties with biological activity 
DHPs probably exert anticonvulsant effects by the block- 

ade of post-synaptic L-type calcium channels in the neuron 
(7, 9). This blockade would reduce neuronal excitability and 
hence suppress seizures. An understanding of the DHP 
properties that contribute to the blockade of L-type calcium 
channels is therefore of considerable interest to rational an- 
tiepileptic drug design. The recent identification of the pu- 
tative DHP binding site in a region of conserved sequence 
homology within the calcium channel protein suggests that 
the features of the DHP that interact with its receptor are 
similar in skeletal, cardiac, and neurologic calcium chan- 
nels (37). Earlier structure-activity studies using empirical 
descriptors (20, 38-40) have attempted to define these fea- 
tures; typically these have used successively larger numbers 
of DHPs to improve the statistical treatment. The following 
attributes have been correlated to DHP bioactivity: (i) a hy- 
drogen available for hydrogen bonding on the ring nitrogen 
(38); (ii) decreasing activity with increasing bulk (sterimol 
B 1) on para-substituted compounds and with increasing 
length (sterimol L) on meta-substituted compounds (20); (iii) 
lipophilicity effect of substituents on the phenyl ring (20, 39, 
40); (iv) a related inductive effect of phenyl ring substi- 
tuents (20); and (v) decreasing activity with increasing ester 
side-chain bulk (39). 

Furthermore, in studies relating crystallographic struc- 
ture to activity, it was suggested that increasing pucker of the 
dihydropyridine ring increases activity (16, 41). However, 
this observation is not general to all dihydropyridines for 
which a crystal structure has been determined (42). It is also 
not supported by the calculations reported both here and by 
Rovnyak et al. (21, 22). 

The optimized geometries produced by AM1 yielded a 
large number of descriptors for use in quantitative struc- 
ture-activity relationship (QSAR) analysis. Conceptually, 
AM 1 results provide descriptors for electronic and geomet- 
ric properties; lipophilicity and steric bulk descriptors, which 
are also useful in describing activity, are not obtained using 
AM 1. Hence, the principal goals of the AM1-derived QSAR 
study were to refine the electronic and geometric facets of 
the bioactive portion ("pharmacophore") of the DHP mole- 
cule. 

For the ortho-substituted series of compounds, the activ- 
ity is well correlated with a model containing the energy of 
the HOMO and a bond order within the phenyl ring. For these 
compounds, the energy of the HOMO was most important 
to the model, indicating that frontier molecular orbital con- 
siderations may be important to DHP activity. The effect of 
the substituent on adjacent bond strength was also impor- 
tant, and was entered into the model as the bond order ad- 
jacent to the point of attachment of the substituent. However, 
the size of the substituent was not correlated with activity. 

The model that was developed to describe both ortho- and 
meta-substituted DHPs includes the length of the meta sub- 
stituent, the energy of the HOMO, and bond angles and bond 
orders within the dihydropyridine ring. The length of the meta 
substituent is the distance from the point of attachment of the 
phenyl ring to the most distant atom; it is therefore a direct 
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measurement that corresponds to the sterimol L descriptor 
used in previous studies (20, 40). The energy of the HOMO 
also appears in the model developed for ortho substituents. 
Angles and bond orders in the dihydropyridine ring are 
likewise shown to be important. This suggests that either 
subtle changes in the bonding and conformation of the di- 
hydropyridine ring affect activity or, more likely, that the 
electronic effects of the substitution on the phenyl ring cause 
subtle changes in the dihydropyridine ring. 

The model for the entire data merits examination. The in- 
troduction of a substituent at the 4' position of the phenyl ring 
reduces the activity of the DHP. This appears in the model 
as the projected axial length of the 4' substituent and is ex- 
pected from previous QSAR studies (20, 38-40). The length 
of the meta substituent and the energy of the HOMO are also 
included in the model. The inclusion of the charge on C(5) 
of the dihydropyridine ring most probably is due to an in- 
ductive effect of the substituent on the phenyl ring. 

Table 6 shows the predicted results based on the model for 
the entire data set compared to experimental data. The model 
has a tendency to underpredict the activity of the most ac- 
tive compounds and overpredict the activity of the least ac- 
tive compounds. This is probably due to lipophilic and steric 
factors, which AM1 calculations do not address. Notably, 
however, the model overpredicts the activity of the 2'-Br and 
2'-I DHPs. Complementary pharmacological results ob- 
tained using guinea pig myocardial tissue (21, 22) are also 
included in Table 6. According to these results, the 2'-Br and 
2'-I DHPs are the most active, in line with the predictions 
of the model. 

The discriminant analysis yielded a model that is very ef- 
fective at distinguishing more active from less active com- 
pounds using four descriptors. Again, the ubiquitous energy 
of the HOMO is included. The bond orders and lengths in- 
cluded are adjacent to the points of attachment of the sub- 
stituents on the phenyl ring. These reflect the location of 
attachment and subsequent bond strengthening and weak- 
ening due to the ring substituents. The effectiveness of the 
model is indicated by its 97% success rate at classifying 
DHPs when using random training and test data sets. 

These QSAR results have implications for the design of a 
neuronally active DHP. To be active in the central nervous 
system, DHP lipophilicity must be tailored so that the drug 
can cross the blood-brain barrier. Changing the phenyl 
substituent is a potentially effective way of doing this. In 
conjunction with previous QSAR studies (20, 38-40), the 
unfavourable effect of substitution at the 4' position of the 
phenyl ring and of large substituents at the 3' position is 
underlined. The energy of the HOMO has been shown to be 
important. DHPs with large meta and para substituents and 
with low ionization potentials are thus predicted to be weakly 
active. The development of an efficient discriminant model 
based solely on the results of semi-empirical calculations is 
also potentially useful. In conjunction with the regression 
models, it can be used to screen out unfavourable substitu- 
tions on the phenyl ring of the DHP. These QSAR correla- 
tions are therefore of utility in the rational design process. 

There are only slight differences between the AM 1 geome- 
tries and those obtained experimentally. However, in the case 
of ring pucker, both ab initio and AM1 calculations failed 
to reproduce the pucker observed in the crystal structures. 

Various conformers were examined for each DHP; the 
preferred conformation had both ester groups oriented syn- 
periplanar to the double bond of the dihydropyridine ring. 
There was no consistent preference for an sp or up phenyl 
conformation. 

Correlation of biological data with AM 1 -calculated elec- 
tronic and geometric descriptors yielded meaningful corre- 
lations for mono-substituted DHPs. A discriminant model 
was also developed that successfully distinguished between 
strongly and weakly active DHPs. The energy of the HOMO 
(negative energy of ionization potential) was shown to be the 
electronic descriptor that was most useful in evaluating DHP 
activity. This represents a refinement of previous QSAR in- 
vestigation of the DHPs. 

The. information obtained from this study can also be used 
toward the rational design of novel antiepileptic DHPs. The 
tailoring of functionality can be constrained both by the re- 
quirement for a comparatively low energy splsp ester con- 
formation and by the QSAR correlations. In this way, 
changes in DHP structure that improve its pharmacokinetic 
properties can be evaluated to ensure that its pharmacody- 
namic behaviour is not sacrificed. 
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The homodinuclear [M2LZp(CN)](C10,) complexes and the heterodinuclear [LPd-CN-NiLI(C10,) and [LNi-CN- 
PdLI(CI0,) complexes of nickel(I1) and palladium(I1) have been synthesized with a tridentate ligand HL (methyl 2-[(2'- 
aminoethyl)amino]cyclopent-1-enedithiocarboxylate). In solution both the isomers dissociate, [LNi-CN-PdL]' much more 
rapidly than [Lpd-CN-NiL]', and a steady state equilibrium between the [LPd-CN-NiL]', [P~,L~.L-(CN)]', and [Ni,L2p- 
(CN)]' species is established. The isomer [Lpd-CN-NiL]' exhibits a band at 555 nm that is absent in the other isomer 
and hornodinuclear complexes. The X-ray structure of [LPd-CN-NjLI(CI0,) has been studied. Crystals of the com- 
pound are monoclinic, n = 8.964(2), b = 23.852(2), c = 14.096(2) A, P = 105.92(1)", Z = 4,  space group P21/n. The 
structure was solved by direct methods and was refined by full-matrix least-squares procedures to R = 0.054 and R,,. = 
0.034 for 4426 reflections with I 2  2.5a(l). The two metal centres are in a square-planar environment provided by the 
N,S donor set of the ligand and cyanide bridge, but the metal atoms as well as C and N atoms of p-CN could not be 
distinguished due to disorder. An alternate stacking of Pd-CN-Ni and Ni-NC-Pd units has been proposed to explain the 
1 : 1 occupancy of the atoms concerned. 

PARIMAL PAUL, RAMPRASAD DAS, KAMALAKSHA NAG, ERIC J. CABE et JEAN-PIERRE CHARLAND. Can. J. Chem. 70, 2461 
(1992). 

On a synthCtisC les complexes homodinuclCaires [M2L2p(CN)](CI04) et les complexes hetCrodinucltaires [LPd-CN- 
NiL] et [LNi-CN-PdL](C104) du nickel(I1) et du palladium(I1) incluant le ligand tridentate HL (2-[(2'-aminoCthy1)- 
amino]cyclopent-1-ttnedithiocarboxylate de methyle). En solution, les deux isomitres se dissocient, le [LNi-CN-PdL]' 
beaucoup plus rapidement que le [LPd-CN-NiL]', et il s'ktablit un Ctat stationnaire entre les espttces [ L p d - c ~ - N i L ] + ,  
[ P ~ ~ L ~ ~ - ( C N ) ] +  et [Ni,Lp-(CN)]'. L'isomttre [LPd-CN-NiLIf prksente une bande i 555 nm qui est absente dans l'autre 
isomttre et dans les complexes homodinuclCaires. On a dCterminC la structure par diffraction des rayons X. Les cristaux 
sont monocliniques, groupe d'espace P2 , /n ,  avec a = 8,964(2), b = 23,852(2) et c = 14,096(2) A, P = 105,92(1)" et 
Z = 4. On a rksolu la structure par des mtthodes directes et on l'a affinee par le mCthode des moindres carrCs (rnatrice 
entiitre) jusqu'g des valeurs de R = 0,054 et R,,. = 0,034 pour 4426 reflexions avec I 2 2,5u(I). Les deux centres 
mCtalliques sont dans un environnernent plan carrC forme par l'ensemble donneur N2S du ligand et le pont cyanure; tou- 
tefois, 2 cause du dksordre, on ne peut distinguer ni les atomes metalliques ni les atomes de C et de N du p-CN. On a 
proposk un empilement alternatif des unitCs Pd-CN-Ni et Ni-NC-Pd pour expliquer la prksence 1 : 1 des atomes con- 
cern&. 

[Traduit par la redaction] 

Introduction 
The bridging ability of cyanide ion has been used to 

synthesize a large variety of dinuclear M-CN-M (1-6) or 
M-CN-M' (7- 12) complexes,as well as trinuclear M-CN-MI- 
CN-M (13- 15) complexes. Magnetic (16, 17), electro- 
chemical (18, 19), spectroscopic (20), and intramolecular 
electron transfer (13, 14, 21-25) properties of these com- 
plexes have received considerable attention. Quite recently 
a novel -CN- linked molecular material whose structure re- 
sembles scaffolding was reported (26). Although linkage 
isomerism in homodinuclear or heterodinuclear cyano com- 
plexes could be expected to be a common phenomenon, 
surprisingly only a few such systems have been reported so 
far. These include [(NH,),Co-CN-Co(CN),] and [(NH3),Co- 
NC-Co(CN),] (1 2a, 12b), [(H20)5Cr-CN-Co(CN)5] and 
[(H20),Cr-NC-Co(CN),] (1 2c), cis-(C6F,),Pd [( p-NC)tratls- 

Pd(C6F5) (PPh,),] and cis-(C6F,)2Pd[(p-CN)trans-Pd(C6F5)- 
(PPh3)2] (I) ,  and [CN(dpe)Ni-cN-C~(dmgH)~Cl] and [CN- 
(dmgH),Co-CN-Ni(dpe)Cl] (7) (dpe = bis(dipheny1phos- 
phino)ethane; dmgHz = dimethylglyoxirne); of which the first 
pair has been characterized by X-ray crystallography (27). 
While the heterodinuclear p-CN complexes derived from 
kineticallv inert metal ions can be ex~ected to be thermo- 

I N R C C  No. 34196. dynamically stable in solution, the behaviour of similar 
' ~ u t h o r  to whom correspondence may be addressed. complexes of labile metal ions may, however, be quite in- 
3Present address: Energy Research Laboratories, CANMET, 555 triguing. The purpose of this study was to examine the sta- 

Booth Street, Ottawa, Ont., Canada K1A 0R6. bility of the linkage isomers obtained from labile metal ions 
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like nickel(I1) and palladium(I1). T o  this end ,  w e  synthe- X-ray crystnllograptzic arzalysis of [LPd-CN-NiL](ClO,) 5 
sized the square-planar complexes [LPd-CN-NiL][ClO,] and Crystals suitable for X-ray diffraction were obtained by recrys- 
[LN~-cN-P~L](c~o,)(HL = 2-[(2'Laminoethyl)- tallizing 5 from MeCN. A deep purple rod-shaped crystal of di- 

amino]cyclopent-I-enedithiocarboxylate) and structurally mensions 0.038 0.04' mm was On a glass 
characterized the isomer Pd-CN-Ni. fiber. Unit-cell parameters were refined by least squares on set- 

ting angles for 30 reflections (28 = 100-1 15dg) measured on a 

Experimental 

Materials 
Reagents were those available commercially and were used as 

received. The complexes [PdL(MeCN)][ClO,] (28) and [NiL- 
(MeCN)][CIO,] (29) were prepared according to the previously 
published procedures. 

Syrzthesis 

[MLCN] (M = Ni, Pd) 1 ,  2 
To an acetonitrile solution (25 mL) of [ML(MeCN)](ClO,) 

(5 mmol), an aqueous solution (5 mL) of NaCN (0.25 g, 5 mmol) 
was added in small portions with stirring. After additional stirring 
for 0.5 h the product was collected by filtration and washed suc- 
cessively with water, MeCN, and MeOH. The compound was re- 
crystallized from boiling MeCN. Anal. calcd. for ClOHl5N3NiS2: 
C40.04,  H5.00 ,  N 14.01, Ni 19.59; found: C40 .18 ,  H5.14 ,  N 
13.92, Ni 19.45. Anal. calcd. for CloH15N3S,Pd: C 34.54, H 4.32, 
N 12.09, Pd 30.63; found: C 34.38, H 4.26, N 12.18, Pd 30.43. 

[LM-CN-ML](ClO,)(M = Ni, Pd) 3,  4 
To a suspension of [MLCW] (2 mmol) in MeCN (30 mL) was 

added an MeCN solution (20 mL) of [ML(MeCN)](ClO,) (2 mmol). 
The mixture was stirred and heated at 80°C for 0.5 h, during which 
time a clear solution was obtained. After filtration, the solution was 
concentrated and cooled to deposit the crystalline product. The 
compound was recrystallized from MeCN. Anal. calcd. for 
C19H30N504S1C1Ni2: C 33.88, H 4.46, N 10.40, Ni 17.45; found: 
C 33.88, H 4.55, N 10.58, Ni 17.58. Anal calcd. for 
C19H30N504S4C1Pd2: C 29.67, H 3.90, N 9.1 1, Pd 27.70; found: 
C29.52,  H4.12,  N9.25,  Pd27.52. 

[LPd-CN-NiL](ClO,) 5 
To a vigorously stirred solution of [PdLCW] (0.35 g ,  1 mmol) 

in MeCN (40 mL) was added rapidly a solution of [NiL(MeCN)]- 
[ClO,] (0.41 g, 1 mmol) in MeCN (10 mL). The solution was 
filtered and immediately reduced to ca. 20 mL under reduced 
pressure. The crystalline product that was obtained on ice cooling 
was collected by filtration and washed with acetone. Anal. calcd. 
for C19H30N,04S4C1NiPd: C 31.64, H 4.16, N 9.71, Ni 8.15, Pd 
14.76; found: C 31.48, H 4.25, N 9.85, Ni 8.22, Pd 14.58. 

[LNi-CN-PdL](ClO,) 6 
To a cold solution (10°C) of [PdL(MeCN)](ClO,) (0.46 g, 

1 mmol) in MeCN (20 mL) was added solid [NiLCN] (0.3 g, 
1 mmol) with vigorous stirring. The suspension momentarily be- 
came clear, but the product was immediately precipitated. This was 
collected by filtration and washed with cold MeCN and acetone. 
Anal. calcd. for C19H30N504S4C1NiPd: C 31.64, H 4.16, N 9.7 1, 
Ni 8.15, Pd 14.76; found: C 32.08, H 4.11, N 9.93, Ni 7.97, Pd 
14.97. 

Caution ! Although the perchlorate salts reported here were 
found to be indefinitely stable at room temperature, they should be 
considered potentially explosive at elevated temperatures. 

Physical measurements 
IR spectra were recorded on a Perkin-Elmer model 783 spec- 

trophotometer using KBr discs. Electronic spectra were recorded 
on a Jasco 7850 spectrophotometer. Room temperature magnetic 
susceptibility was measured on an EG & G PAR 155 vibrating 
sample magnetometer. C, H, N analyses were performed on a 
Perkin-Elmer 240C elemental analyzer. 

Ni and Pd were estimated gravimetrically as their dimethyl- 
glyoximates. 

diffractometer with CuK, radiation ( h  = 1.54178 A). Crystal data 
are as follows: 
C 19H30NS04S,C1PdNi f.w. 721.28 
Monoclinic, n = 8.964(2), b = 23.852(2), c = 14.096(2) A, P = 
105.92(1)", V = 2898.3(8) A3, Z = 4, p, = 1.653 Mg m-3, p 
(CuKa) = 97.62 cm- '; space group P2,/n (alt. P2,/c) was deter- 
mined by systematic absences. 

Diffraction intensities were measured on an Enraf-Nonius CAD4 
diffractometer at 295 K using CuK, radiation (A = 1.54178A). An 
0-28 scan mode at a scan speed of 2"/min was employed. Three 
standards were measured after every 100 reflections and no signif- 
icant crystal decay was detected. Data were collected to 28 = 156" 
(hkl, Akl, AH). Lorentz and polarization factors were applied and 
absorption correction was made. Transmission factors ranged from 
0.401 to 0.137. Of the 10 131 reflections measured, 6077 were 
unique (R,,,, = 0.031) and 4426 having I 2 2.5a(I) were used for 
structure analysis. 

Direct methods (MULTAN)(30) were used to locate heavier 
atoms (Pd, Ni, S ,  C1) followed by normal difference Fourier map 
for lighter atoms, including H atoms. The peak heights of the two 
highest peaks in the E-map were unexpectedly very similar. Other 
solutions were investigated and showed the same anomalous peak 
height results. Isotropic refinement of all non-hydrogen atoms ex- 
cept those of the p-CN group, which were defined as carbons and 
refined on occupancy, was carried out by full-matrix least squares. 
The resulting occupancies of the -CN- atoms were such that it was 
impossible to distinguish between the C and N atoms. Further- 
more, the two metal atoms had unusually low and high thermal 
parameters. This implied that the Pd site has a lower electron den- 
sity than presumed and the opposite for the Ni site. Additional re- 
finement of these occupancies established identical electron density 
midway between the number of electrons expected for Ni(I1) and 
Pd(II), respectively, i.e., their occupancy of each site is 0.50 with 
a small uncertainty. Clearly, the structure of 5 is disordered in that 
the Pd and Ni, and C and N, atoms are statistically scrambled. A 
possible explanation would be the presence of equal amounts of 
superimposed -Pd-CN-Ni- and -Ni-NC-Pd- fragments (see later). 
Additional scattering curves were generated to take into account this 
1 : 1 distribution for Pd/Ni and C/N. Anisotropic full-matrix re- 
finement (H atoms isotropic) using the weighting scheme w = 
l/[a'(F,) + 0.0009FO2] with (F,) from counting statistics, gave 
satisfactory agreement factors R and R' of 0.054 and 0.034, where 
R = ZilFol - ~ F ~ ~ / Z I F ~ (  and R,, = (Z w(lFol - IF~~)'/WIF,I')'~~ All 
calculations were performed with the NRCVAX crystal structure 
programs (31). Scattering factors were taken from the Interrza- 
tional tables for X-ray crystallography (32). The final atomic po- 
sitional parameters and equivalent isotropic temperature factors are 
listed in Table 2. Anisotropic thermal parameters, calculated hy- 
drogen parameters, and calculated structure factors are available 
as supplementary data.4 

4Tables of observed and calculated structure factor amplitudes, 
of temperature factors, of hydrogen parameters, and of detailed 
bond distances and angles may be purchased from: The Deposi- 
tory of Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada K 1A 0S2. 

Tables of hydrogen atom parameters and of bond lengths and 
angles have also been deposited with the Cambridge Crystallo- 
graph Data Centre and can be obtained on request from The Di- 
rector, Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, 12 Union Road, Cambridge, CB2 IEZ, U.K. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PAUL ET AL. 

TABLE 1. UV-vis and IR spectral data for the complexes 

Complex A,,,,,/nm(r/mol dm3 cm-I)" uCN vNH 

[NiLCN] 1 490sh(180), 395(6000), 300(8500) 2120 3230, 3200 
lPdLCNl 2 385(5500), 370(5600) 2125 3230, 3200 

[P~,L,-(CN)I(CIO,) 4 385(1 I sooj, 295(17 700) 2165 3280, 3235 
[LPd-CN-NiLI(C10,) 5 555(90), 395(10 OOO), 375sh(8900) 2175 3280, 3235 

300( 15 000) 
[LNi-CN-PdLI(C10,) 6 390(10 500), 300(14 600) 2160 3290, 3245 

"In DMF. 

5181 

FIG. 1. Molecular structure of [LPd-CN-NiL] (Clod) with the atom labelling scheme. 

Results and discussion 

The cyano-bridged complexes were synthesized by react- 
ing stoichiometric amounts of two different complementary 
mononuclear complexes, one containing the terminal cyano 
group and the other a weakly coordinating ligand. Thus, 
while for the preparation of the homodinuclear complexes 
[LM-CN-ML][ClO,] (M = Ni, Pd) the reactants used were 
[MLCN] and [ML(MeCN)] [ClO,] , the heterodinuclear [LM- 
CN-ML][C104] complexes were obtained by reacting 
[MLCN] (M = Pd, Ni) with [ML(MeCN)J[ClO,] (M = Ni, 
Pd). We previously demonstrated (28, 29, 33) that HL is a 
potentially tridentate ligand with N2S donors, and the fourth 
coordinating group (X) in the square-planar nickel(I1) and 
palladium complexes [MLXIn+ (n = 0 or 1) undergoes 
interesting chemical transformations. All the dinuclear com- 
plexes are soluble in polar solvents such as Me2S0, N,N-di- 
methylfomarnide (DMF), and MeCN, less so in MeNO, and 
Me2C0, but practically insoluble in MeOH or CH2C12. They 
are diamagnetic compounds and their salient JR and UV-vis 
spectral data are given in Table 1. The terminal vCN- vi- 

brations for the mononuclear complexes, which are ob- 
served at 2120 (1) and 2125 (2) cm-I, are shifted to higher 
frequencies by ca. 40 cm-' in the dinuclear complexes. This 
shift is also accompanied by similar changes in the NH 
stretching frequencies of the ligand. Thus, while for com- 
plexes 1 and 2 the vNH bands are observed at 3200 and 
3230 cm-I, they appear at about 3240 and 3285 cm-I in 
complexes 3-6. Clearly, this difference in vNH arises be- 
cause of the stronger electron-withdrawing ability of the 
terminal cyanide. The dinuclear complexes in addition ex- 
hibit characteristic bands due to the ionic perchlorate at ca. 
1100 and 630 cm-'. 

In the UV region all the complexes exhibit absorption 
bands more or less in the same positions indicating their or- 
igin belongs primarily to internal ligand transitions. Com- 
plex 1 shows a shoulder at 490 nm, which probably can be 
associated with its square-planar geometry. The isomer [LPd- 
CN-N~L]+ also exhibits a fairly strong band in the visible 
region with the peak at 555 nm (E = 90 dm3mol-lcm-I). By 
contrast, the absorption of [LN~-CN-N~L]+ and [LNi-CN- 
PdL]+ continually goes on decreasing in the range 400- 
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TABLE 2. Final atomic positional parameters and equivalent isotropic Debye-Waller tem- 
perature factors (esd's) for [LPd-CN-NiLl(C10,) 

Atom x Y z Bis; 

"B,,,, is the mean of the principal axes of the thermal ellipsoid. 
'VDisordered position. 

TABLE 3. Selected bond lengths (A) and angles (") in [LPd-CN-NiL](C104) 

Pd/Ni-S(3) 2.1948(15) Ni/Pd-S(2) 2.1736(16) 
Pd/Ni-N(3) 1.999(5) Ni/Pd-N(2) 2.002(5) 
Pd/Ni-N(4) 1.908(4) Ni/Pd-N( 1 ) 1.936(4) 
Pd/Ni-C(19)/N(5) 1.885 Ni/Pd-N(5)/C(19) 1.892(5) 
C( 19)/N(5)-N(5)/C( 19) 1.58(8) 

S(3)-Pd/Ni-N(3) 178.39(19) S(2)-Ni/Pd-N(2) 177.00(21) 
S(3)-Pd/Ni-N(4) 97.41(14) S(2)-Ni/Pd-N(I) 97.23(15) 
S(3)-Pd/Ni-C(19)/N(5) 85.09(15) S(2)-Ni/Pd-N(S)/C( 19) 86.01(15) 
N(3)-Pd/Ni-N(4) 83.84(24) N( 1)-Ni/Pd-N(2) 85.22(23) 
N(3)-Pd/Ni-C(19)/N(5) 93.67(24) N(2)-Ni/Pd-N(5)/C(I5) 91.60(23) 
N(4)-Pd/Ni-C(19)/N(5) 177.50(20) N(1)-Ni/Pd-N(5)/C(19) 176.17(2 1) 
Pd/Ni-S(3)-C( 17) 108.52(20) Ni/Pd-S(2)-C(2) 109.64(22) 
Pd/Ni-N(3)-C( 10) 109.1(4) Ni/Pd-N(2)-C(9) 107.4(5) 
Pd/Ni-N(4)-C( 12) 130.6(4) Ni/Pd-N(1)-C(7) 130.5(4) 
Pd/Ni-N(4)-C(11) 113.3(4) Ni/Pd-N(1)-C(8) 11 1.3(4) 
Pd/Ni-C(19)/N(5)-N(5)/C(19) 177.2(4) 
Ni/Pd-N(S)/C(l9)-C(I9)/N(5) 175.0(4) 
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PAUL ET AL. 

-__I 

FIG. 2. Packing diagram of [LPd-CN-NiL] (CIO,) in the unit cell. 

TABLE 4. Hydrogen bond interactions for [LPd-CN-NiLI(C10,) 

700 nm. Evidently, the band at 555 nm cannot be attributed 
to a nickel(I1)-centered d-d transition; in that case com- 
plexes 3 and 6 would have exhibited a band or a shoulder in 
the visible region. While we are not sure about the exact 
nature of this band, it nevertheless appears to be a charge 
transfer transition involving the chromophore Pd-CN-Ni. 

To find the stability of the dinuclear cyano complexes in 
solution, the time-dependent spectral changes that occurred 
in the DMF solutions for [LPd-CN-NiL]+, [LNi-CN-PdL]', 
and a 1 : 1 mixture of [Ni2L2p-(CN)]+ and [Pd2L2p-(CN)]+ 
in the range 500-700 nm were recorded. The absorption 
spectrum of the Pd-CN-Ni isomer changed very slowly with 
time by the gradual transformation of the peak at 555 nm to 
a shoulder. It was noted that the spectral changes for com- 
plex 5 occurred very slowly before 0.5 h and after 20 h, but 
more quickly in the mid-period. In contrast, the spectrum of 
the Ni-CN-Pd isomer (6) began to change rapidly from the 
beginning and reached completion in about 10 h. In this case 
the successive absorption curves passed through an isosbes- 
tic point at 540 nm. The spectral change that occurred for the 
mixture of the two homodinuclear species is similar to that 
of complex 6. The final spectrums for all three cases were 
identical, clearly indicating the establishment of the same 

steady state equilibrium. The greater stability of Pd-CN-Ni 
species relative to Ni-CN-Pd species is understandably due 
to the stronger Pd-C bond and lesser lability of ~ d "  ion. 
The gross reaction leading to the steady state equilibrium can 
be given by eq. [I]: 

Crystal structure analysis 
A PLUTO (34) diagram of [LPd-CN-NiL][CIO,] 5 is 

shown in Fig. 1 together with the atom labelling scheme. As 
already noted, due to crystallographic disorder the two metal 
atoms as well as the C and N atoms of p-CN could not be 
distinguished. Accordingly, they are alternately designated 
as Pd/Ni, Ni/Pd, C(19)/N(5), and N(5)/C(19). Final atomic 
coordinates for the non-hydrogen atoms and selected bond 
lengths and angles are given in Tables 2 and 3. 

The structure for the cation of 5 consists of two ML 
(M = Pd, Ni) fragments linked by a cyanide ion. The metal 
atoms in the ML fragments are in distorted square-planar 
environments provided by the NZS donor set of the ligand and 
the C or N atom of the cyanide. The two ligand moieties in 
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the complex are in cisoid conformation. In the two M L  
fragments corresponding metal-donor bond lengths are quite 
similar. There are two sets of M-N distances in each M L  
fragment, of which the M-N(2) or M-N(3) distances are 
about 0.18 A longer than the M-N(l) or M-N(4) dis- 
tances. This difference is expected because M-N bonds to 
a 4-coordinate nitrogen (terminal) should be longer than to 
a 3-coordinate one (middle). Moreover, the M-N(termina1) 
bond is further elongated by the trans directing influence of 
S .  The M-N(l) or  M-N(4) distances are normal for 
square-planar nickel(I1) and palladium(I1) cpmplexes. The 
two M-S distances i t  5 differ by ca. 0.02 A and the aver- 
age distance 2.184(2) A may be compared with the reporteg 
low-spin Ni-S distances ranging between ?. 10 and 2.20 A 
(35, 36) and the Pd-S distance of 2.24 A observed in a 
closely related complex (33c). The M-C/N distance (avg. 
1.89 A) and the C-N distance (1.158(8) A) are similar to 
the other cyano-bridged complexes (27). The cis angles in 
the M L  fragments deviate to some extent from 90". For 
example, the angles S(3)-M-N(4) (97.4 l(14)") and N(3)- 
M-C/N (93.67(24)") are wider compared with S(3)-M- 
C / N  (85.09(15)") and N(3)-M-N(4) (83.84(24)"). The 
trans angles N(3)-M-S(3) (1 78.39(19)") and N(4)-M- 
C / N  (177.50(20)"), however, are almost linear. It may be 
noted that the MCNM bridge angles (177.2(4)" and 175.0(4)") 
are not perfectly linear. The displacements (A) of the con- 
stituent atoms from the mean planes of N(2), N(1), S(2), C/N 
(plane 1) and N(3), N(4), S(3), C /N (plane 2) are: N(2)- 
[-0.067(9)], N(1)[0.026(6)], S(2)[-0.003(2)], C/N[0.034- 
(7)]; N(3)[-0.022(9)], N(4)[0.008(6)], S(3)[-0.00 1 (2)], 
C/N[0.010(7)]. While in plane (2) the metal atom is dis- 
placed above the least-squares plan: by 0.046(9) A,  in plane 
(1) this displacement (0.157(10) A) is even more signifi- 
cant. It might appear that the two metal atoms are square- 
pyramidally distorted in the same direction, albeit to a 
different extent. However, for square-pyramidal d8 metal ion 
complexes the basal angles (that is, the angles produced by 
atoms in the diagonal positions) should be less than 170" (37) 
as compared with 176-178' observed in the present case. The 
displacement of the two metal atoms from the mean planes 
may therefore be attributed to crystal packing forces. It may 
also be noted that the two M L  fragments in the complex are 
not perfectly parallel; the dihedral angle between planes (1) 
and (2) is 5.85(12)". 

The packing diagram of 5 (Fig. 2) shows that stacking of 
the complex cations.occurs roughly along the a axis of the 
unit cell. T o  account for 1 : 1 Pd: Ni and C :  N occupancy, the 
presence of equal amounts of superimposed Pd-C-N-Ni and 
Ni-N-C-Pd fragments in the unit cell has already been con- 
sidered. There are other possibilities also for disordering. For 
example, one may consider the superposition of Ni-C-N-Pd 
and Pd-N-C-Ni fragments. However, it has already been 
demonstrated that the [Ni-CN-~d]+ species is thermody- 
namically less stable than the [~d-CN-Ni l+  species. The 
possibility for the co-crystallization of the homodinuclear [Pd- 
CN-Pd]? and [Ni-CN-Nil+ species, according to eq. [ 11, may 
also be considered. However, the solubilities of these two 
homodinuclear complexes and the precursor complex 5 in 
MeCN, the solvent from which crystals were grown, are not 
identical. The decreased order of solubility is [Ni2L p -  
CN] (C10,) > [Pd2L p-CN] (C10,) > [LPd-CN-NiL] (Clo,). 
In a situation like this the species which crystallizes is usu- 

ally controlled by solubilities, not solution equilibria (38). 
Thus, stacking of Pd-CN-Ni, Ni-NC-Pd, and so on appears 
to provide a reasonable basis for the crystallographic obser- 
vation. 

The ClO,- ion in 5 is not disordered. From the molecu- 
lar structure (Fig. 1) it is apparent that the 0 (1 ) ,  0 (2 ) ,  and 
O(3) atoms of the C10,- ion are amenable to H-bonding with 
the protons of the N(2) and N(3) atoms. The interatomic 
distances and angles involved in H-bonding are listed in 
Table 4.  
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CARL ANDERSON and ANDREW K. GALWEY. Can. J .  Chem. 70, 2468 (1992). 
An isothermal kinetic study of the dehydration of orthorhombic calcium sulphite hemihydrate is reported: 

CaSO,. 1 /2H20(s) + CaS03(s) + 1 /2H20(g) 
Fractional reaction (a)-time curves exhibit the sigmoid shape characteristic of nucleation and growth reactions pro- 
ceeding in the solid state. Yield-time data exhibit a very satisfactory obedience to the Avrami-Erofe'ev (n = 2) equa- 
tion 

[-ln(1 - a)]'/' = kt 
Rate studies were concerned with the temperature interval 573-673 K and the calculated activation energy was 173 * 
8 kJ mol-l, showing the hydrate to be thermally relatively stable. The mechanism of dehydration is discussed and ref- 
erence is made to the dehydration of calcium hydroxide with which it shows close similarities. 

CARL ANDERSON et ANDREW K. GALWEY. Can. J .  Chem. 70, 2468 (1992). 
On rapporte une ktude cinktique isotherme de la dkshydratation de l'htmihydrate du sulfite de calcium orthorhom- 

bique : 
CaS03 . 1 /2H20(s) + CaS03(s) + 1 /2H20(g) 

Les courbes de la rkaction fractionnaire (a)-temps prksentent la forme sigmoide caracteristique des reactions de nu- 
clkation et de croissance se produisant dans l'ktat solide. Les donnkes relatives au rendement-temps obkissent bien B 
l'kquation de Avrami-Erofe'ev (n = 2) : 

[-ln(1 - a)]'l2 = kt 
On a rkalise des ktudes de vitesses entre 573 et 673 K et I'energie d'activation calculk, egale B 173 ? 8 kJ mol-l, demontre 
que l'hydrate est thermiquement relativement stable. On discute du mecanisme de dkshydratation et on fait reference B 
la dkshydratation de l'hydroxyde de calcium avec laquelle il existe d'importantes similaritks. 

[Traduit par la rkdaction] 

Introduction 
The present study is a further contribution to an exten- 

sive, systematic investigation of the kinetics and mecha- 
nisms of diverse solid state dehydration reactions. Previous 
work has been concerned with the release of water from 
alums (1, 2), lithium potassium tartrate monohydrate (3), 
lithium sulphate monohydrate (4), magnesium chloride di- 
hydrate ( 3 ,  and lignite (brown coal) (6). Conclusions based 
on dehydration studies have contributed significantly to our 
theoretical understanding of solid state reactions generally 
(7-10) and the reaction models developed have been ap- 
plied to diverse chemical changes proceeding in varied 
crystalline reactants (7). In extending this approach we now 
report a study of the dehydration of CaSO, - 1/2H20. This 
complements our previous investigations (1-6) by includ- 
ing the mechanism of a reaction that occurs within a rela- 
tively high-temperature interval, 570-670 K. Thus, in this 
process the participation of water, condensed within the re- 
action interface, can be excluded from consideration of the 
mechanism. This reaction feature contrasts with the chemi- 
cal steps proposed for the low-temperature dehydration of 
alums (1, 2) where temporary retention of water at the reac- 
tant/product interface isbelieved to promote the difficult solid 
product recrystallization process. 

It was also of interest to compare CaSO, . 1/2H20 dehy- 
dration with the extensively studied dehydrations of 
CaSO, 2H,O and CaSO, . 1 /2H20, investigated in various 
temperature intervals within the overall range 341-425 K, 
and which are controlled both by phase boundary and dif- 

' ~ u t h o r  to whom correspondence may be addressed. 

fusion processes, Ball et al. (1 1, 12) and Okhotnikov et al. 
(1 3). The present work shows that CaSO, . 1 /2H,O on de- 
composition yields water vapour, in contrast with the 
chemical changes that occur in a similar temperature inter- 
val (623-803 K) for MgCI, .2H,O where the water of crys- 
tallization interacts with the anion to yield hydrogen chloride 
as the principal product. 

We are aware of no previous isothermal kinetic study of 
CaSO, . 1 /2H20 dehydration, though the reaction tempera- 
ture (ca. 620 K) has been mentioned (14). To characterize 
the factors controlling the reaction rate, the present obser- 
vations are discussed in the context of mechanistic propos- 
als for water evolution from other crystalline solids. 

CaSO, . 1/2H20 exists in three crystallographic struc- 
tures (14, 15); the present work was concerned with the a 
(orthorhombic) form. The dehydrated material undergoes 
dissociation (CaSO, U CaO + SO,) and (or) decomposi- 
tion (4CaS0, -+ 3CaS0, + CaS) at temperatures well above 
(800 K) those of the present reaction (15-17). However, these 
subsequent reactions did not overlap with dehydration. 

Calciurtz sulphite hemihydrate 
Reagent grade (Pfaltz and Bauer) CaSO,. 1/2H,O in the form 

of a fine powder was used throughout the present study. Analyti- 
cal results for the reactant supplied were as follows: Ca, 30.0, 

56.2; and H20,  6.9% (theoretical CaSO,. 1/2H20: Ca, 
31.01; SO,'-, 62.01; and H,O, 6.98%). Calcium was determined 
by complexometric titration, sulphite was determined by back ti- 
tration with standard Na2S,03 after addition of excess standard io- 
dine solution. Water was calculated from the hydrogen content of 
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the sample measured by combustion analysis. Powder X-ray dif- 
fraction confirmed the identity of the reactant as CaSO, . 1 /2H10 
(orthorhombic) ( 14). 

Isothermal kinetic studies 
CaSO, . 1/2H20 dehydration kinetics were measured from the 

water vapour pressure evolved at known times in an initially evac- 
uated conventional glass apparatus using an absolute pressure dia- 
phragm gauge. This Baratron MKS 222B gauge worked in the range 
0-10 Torr (1 Torr = 133.3 Pa) and was read to ? 0.001 Torr. The 
output from this gauge, and that from a thermocouple junction po- 
sitioned beside the heated reactant sample, was interfaced with a 
computer that automatically recorded (time, pressure, tempera- 
ture) values at a preset time interval for subsequent kinetic anal- 
yses. New data were recorded only if a prespecified extent of 
reaction had occurred. The frequency of data collection was, 
therefore, related to reaction rate. The computer programme also 
included facilities for graphical testing of obedience of data to rate 
expressions applicable to solid state reactions and to print both plots 
and tabulated results. The apparatus has been described previ- 
ously (18). 

Each reactant sample, ca. 50 mg (weighed to k0.2 mg), was 
retained in a small glass reactant tube by a loose glass-wool plug 
and placed in the vacuum apparatus before evacuation at c0.05 Torr 
for at least 1 h at ambient temperature. After isolation of the con- 
stant volume system from the pumps the reactant was introduced 
into the constant temperature (? 1 K) heated zone. 

Scanning electron microscopy 
Samples of the unreacted salt, the fully reacted product, and 

material partially dehydrated to measured extents were observed 
and examined using a Jeol 35 CF scanning electron microscope. 
Each specimen was rendered conducting before examination by 
coating with a light evaporated film of Au/Pd. 

Results and discussion 
Electron tnicroscopic examinations 

Reactant 
Figures la-c show representative textures of the reactant 

studied. The powder is composed of rectangular crystal- 
lites, the longest dimension being 5- 10 pm,  together with a 
small proportion of much finer particles. Approximately half 
of the material was in the form of crystal aggregates up to 
100 p m  diameter, Figs. l a  and b, and the remainder was 
composed of separate crystals of similar size. Most of the 
crystals exhibited flat surfaces but a small proportion had 
rounded faces: some are seen in Fig. l c  to left of centre. 

Product 
Representative textures of the dehydrated salt are shown 

in Figs. 2a and b. The sizes and shapes of the component 
crystallites are not perceptibly different from those of the 
original hydrate (compare with Figs. la-c). Large crystal 
aggregates remained together with a similar proportion of 
dispersed individual particles. There was no evidence that 
the salt melted during dehydration. Detailed examinations 
of reacted salt surfaces (Figs. 3a  and b) showed that dehy- 
dration was accompanied by some surface roughening and 
an increase in the number of pores. Internal textures, ex- 
posed by crushing after reaction, Fig. 4 ,  show the genera- 
tion of an extensive internal pore structure permeating each 
crystallite. Such channels arise through reactant contraction 
after water loss and provide pathways for water loss. 

Partially dehydrated salt 
The textures of salt samples partially decomposed to var- 

ious known extents were indistinguishable from appear- 

FIG. 1. Calcium sulphite hemihydrate reactant is composed of 
rectangular crystallites, longest edge 5-10 km. About half of the 
reactant was agglomerates, diameters up to 100 km (Figs. la  and 
b) while a similar amount is dispersed, Fig. l c .  The latter also 
shows atypical rounded particles present in small proportion only. 
(Scale bars: all 10 km.) 

ances shown in Figs. 2-4. No systematic changes of texture 
with extent of reaction was discerned. 

Comment 
The most important microscopic observations were that 

dehydration was not accompanied by melting and that no 
structures identifiable as nuclei could be discerned. Dehy- 
dration resulted in surface roughening and pore develop- 
ment but textural features expected to be useful in elucidating 
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FIG. 2. Crystallites of calcium sulphite dehydrated in vacuum 
at 618 K. The sizes and shapes of product crystals are indistin- 
guishable from those of the reactant: see Figs. la-c. (Scale bars: 
both 10 pm.) 

the reaction mechanism or kinetic controls were below the 
limits of resolution in these small crystallites. 
Reaction stoichiometry 

The reactant weight loss on dehydration (mean 7.1%, 
theoretical 6.98%) and product pressure measured in the 
calibrated volume of the apparatus agreed, within the limits 
of experimental error, with that expected for 

It was confirmed, by powder X-ray diffraction that the solid 
product was the orthorhombic form of CaSO, ( 14). Refrig- 
erant traps (78 and 178 K) condensed the product water va- 
pour and residual pressures corresponded to ca. 1% of the 
water pressure yield. 

Kinetic measurements 
The initial reaction 

The main dehydration process was preceded by the rapid 
evolution of 2.0-2.5% of the constituent water during the 
heating of the sample to reaction temperature. (There was 
some evidence that an additional amount of water may have 
been lost during initial sample evacuation, before isolation 
from the pumps and heating.) Thereafter the rate of water 
evolution diminished and became approximately constant 
between 0.025 < a < 0.05 (a  is the fractional reaction). The 
activation energy for the zero-order process was 130 -+ 
15 kJ mol-', at 570-650 K. 

FIG. 3. Surface textures of salt dehydrated at 618 K were 
roughened and contained pores and (b) some rounded particles were 
generated. (Scale bars: both 1.0 pm.) 

FIG. 4. A crystallite interior, exposed by crushing after dehy- 
dration at 618 K ,  shows evidence of irregular internal pore devel- 
opment during reaction. (Scale bar: 1.0 pm.) 

The extent of this initial reaction was estimated to corre- 
spond to the superficial dehydration of crystal surfaces to a 
thickness of 10-20 nm. The approximately zero-order be- 
haviour is ascribed to overlap between the deceleratory 
completion of the initial process and the acceleratory onset 
of the main reaction. 
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FIG. 5 .  Representative a-time plots for the isothermal dehydration of calcium sulphite hemihydrate at five temperatures 606-646 K. 
The characteristic sigmoid shaped curves are ascribed to a nucleation and growth reaction mechanism. 

The main reaction 
Representative a-time plots for CaSO, - 1/2H20 dehy- 

drations are shown in Fig. 5. Following a short induction 
period the reaction exhibited the sigmoid shape yield-time 
relationship that is characteristic (7) of nucleation and growth 
processes. After subtracting the contribution from the initial 
reaction (a, = ca. 0.04), the most satisfactory kinetic obe- 
dience was found for the Avrami-Erofe'ev ( n  = 2) equa- 
tion (7): 

This equation was obeyed'for 0.09 < a < 0.96; the fits 
of data from Fig. 5 are shown in Fig. 6. Rate constants 
from 17 experiments gave a calculated activation energy of 
173 L 8 kJ mol-I, at 573-673 K. 

Interruption of reaction 
Dehydration reactions were interrupted at various a val- 

ues and the salt cooled to ambient temperature before re- 
storing conditions prevailing previouslyT Such interruption 
caused no appreciable change in the kinetic characteristics 
of the resumed reaction. 

Reactant packing 
The dehydration kinetics of salt loosely dispersed on glass 

wool (19) were identical with the behaviour of powder packed 
more densely in the reaction vessel. This is consistent with 
the expectation that the reverse reaction would not exert 
perceptible influence on rate characteristics at this relatively 
high reaction temperature. 

Incorporation of a small proportion (10%) of previously 
dehydrated salt caused no change in dehydration behaviour. 
The onset of water loss was not promoted by the presence 
of the anhydrous product. 

Crushed salt 
The effect of reactant crushing with pestle and mortar on 

the rate of subsequent dehydration is shown in Fig. 7. In 
comparative experiments it was shown that this mechanical 
pretreatment significantly accelerated the onset of reaction, 
the induction period was reduced by about 50%, and the ac- 
celerator~ period was subsequently completed at a lower a 
value (ca. 0.2). Plots of [-ln(1 - against time showed 
two linear regions. The first (0.09 < a < 0.62) gave rate 
constants that were 1.5 X values for the uncrushed powder 
and the second, following a short curved transition region, 
represented a rate similar to that of the uncrushed powder 
(0.07 < a < 0.97). A more satisfactory kinetic obedience 
was given by the contracting cube equation (7), [ l  - (1 - 
a)"'] = kt, which fitted the data after completion of the ac- 
celeratory process, 0.20 > a > 0.94. This may be due to the 
initial establishment of the reactant interface during abra- 
sion. The overall effect of crushing, a rate increase of about 
50% during the early stages, was, however, relatively small. 
Dehydration of rehydrated salt 

Water uptake by the dehydrated salt was slow and strongly 
deceleratory. Preliminary experiments, in 5 Torr water va- 
pour at 300, 400, and 500 K ,  identified no conditions under 
which a kinetic study of the rehydration proceeded at a rate 
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FIG. 6. Linear plots of [-ln(1 - a)]"' against time for the data in Fig. 5 confirming kinetic obedience of the reaction to the Avrami- 
Erofe'ev equation (n  = 2) (7).  

suitable for kinetic measurements. Exposure of the dehy- 
drated salt to saturated water vapour (ca. 14 Torr at 290 K) 
for 24 h resulted in a weight gain corresponding to the water 
uptake required for CaSO, . 1/2H,O. Water yields from 
successive (2nd, 3rd, and 4th) dehydrations were below 
theoretical expectation (75-80%), indicating losses during 
initial evacuation. 

Figure 7 includes a typical a-time plot for a second de- 
hydration (the most rapid of the three reactions shown) and 
can be compared with the curve for the first dehydration of 
the same reactant sample (the slowest of the curves shown) 
at 625 K. The following pattern of kinetic behaviour was 
identified in a series of comparative experiments (580-630 
K) for rehydrated salt. An initial evolution of water was rapid 
to cr. = 0.20 but kinetic studies were impracticable because 

tant. The contracting cube equation, [ l  - (1 - = 

2 k t /a ,  includes the particle size dimension, a .  This reac- 
tion model is consistent with the crack development found 
in the dehydrated product (Fig. 4). The increase in surface 
area x 6  is also consistent with the observed rise in extent of 
initial reaction, 2.5% in the original salt to 20% for a sec- 
ond reaction, though this ratio is somewhat greater, X8. 

Other experiments 
Dehydration enthalpy 
DSC studies, using a Perkin-Elmer DSC-7, detected only 

a single response at ca. 670 K, identified as dehydration, and 
no other thermal event between 300 and 800 K .  From this 
peak the CaSO, . 1 /2H20 dehydration enthalpy was mea- 
sured as 52 k 5 kJ mol-l. 

this slightly deceleratory process overlapped with the reac- Surface area measurements 
tant heating stage. The subsequent reaction obeyed eq. [ l ]  Surface areas were measured by the BET method from 
for cr. between 0.2 and 0.7, rate constants were larger (x5-  nitrogen adsorption at 78 K. The surface area of the reac- 
7) than those for the prepared salt, and this dehydration was tant was determined as 3 k 1 m2 g-' and product 5 -+ 2 m' 
completed in the approximate time required to initiate re- g-'. These correspond to assemblages of particles having an 
action in the original salt at the same temperature (see Fig. edge of ca, pm, indicating the absence of extensive pore 
7 ,  Funher kinetic showed that the of stmctures within the crystallites observed by electron mi- 
rehydrated reactant fitted the contracting cube equation croscopy. 
0 .4  < cr. < 0.9, with relatively slow completion of the last 
stages of dehydration. Precrushing the original reactant re- Calcium sulphite and sodium metabisulphite 
sulted in no detectable influence on the rate of water loss in The dehydration kinetics of crushed mixtures (CaSO,. 
second and subsequent dehydrations. 1/2H20 + Na2S2OS: 3: 1 molar ratio) were identical with the 

The relatively greater rate of water loss from the rehy- reaction of CaSO, . 1/2H,O alone. There was no evidence 
drated salt may be explained by a reduction in effective of fusion and the additive exerted no detectable influence on 
crystallite size to ca. one sixth those of the original reac- the dehydration. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ANDERSON AND GALWEY 

a ORIGINAL 
SALT 

1 . 0  REHYDRATED 

ORIGINAL SALT 

TIME (min) 

FIG. 7. Dehydration rates were increased by crushing and after rehydration following a previous dehydration. The a-time plots were 
sigmoid shaped for all three reactant samples dehydrated at 625 ? 1 K.  

The mechanism of reaction 

The dehydration of calcium sulphite hemihydrate 

CaS03. 1 /2H20 + CaSO, + 1 /2H20 

is accompanied by recrystallization (14) and we conclude, 
therefore, that the sigmoid shaped a-time curves result from 
a nucleation and growth reaction (7). Confirmation of this 
interpretation by microscopic observations was not possible 
because of the small size of the reactant crystallites and the 
absence of textural features that enabled the reactant and 
product phases to be distinguished. 

The initial reaction (yielding 4% of the water from the 
prepared salt or 20% from the rehydrated salt) is ascribed to 
the facile loss of water from the less perfect crystallite sur- 
faces. The calculated activation energy for this process was 
relatively low. 

Onset of the main reaction is ascribed to the appearance 
of stable growth nuclei of product CaSO, in the reactant 
crystals. The promotion of nucleation by crushing is as- 
cribed to (i) an increase in the surface area upon which nu- 
cleation can occur and (ii) increased ease with which the new 
phase can be formed within the damaged and imperfect 
crystal peripheries. The continued growth of the established 
reaction interface was not inhibited by interruption of the 
reaction by cooling. Water loss results in a contraction of the 
reactant (estimated to be 12% from crystallographic data 
(14)), thus accounting for the development of the extensive 
crack system within the anhydrous product particles that are 

pseudomorphic with the reactant crystallites (Fig. 4). This 
particle division also explains the more rapid dehydration rate 
observed in the finely divided crystallites for reactant sam- 
ples of rehydrated salt. 

The kinetic behaviour for CaSO, . 1 /2H20 dehydration was 
most satisfactorily expressed as obedience to eq. [ I ]  with 
n = 2 and the fit with n = 3 was almost as good. Thus the 
rate characteristics are ascribed (7) to instantaneous nucle- 
ation followed by the growth of compact nuclei (three-di- 
mensional growth) in the asymmetric reactant crystallites (one 
dimension longer than the other two). Unfortunately this 
geometric interpretation (10) of the kinetic characteristics 
could not be confirmed microscopically. 

The considerable stability of CaSO, . 1/2H20 is a conse- 
quence of the strong bonding of the oxygen atom in the water 
molecule to two (7 coordinated) ca2+ ions: the ca2+--OW 
bond length is 2.499 A (16). (This structure may be con- 
trasted with the linkage of water to a single ca2+ in gypsum 
(16).) Dehydration is accompanied by recrystallization and 
the activation energy associated with the necessary bond re- 
organization is relatively large (173 kJ mol-'), significantly 
greater than the dehydration enthalpy (52 kJ mol-I). The 
activation energy clearly did not include a contribution from 
the nucleation step, which was rapidly completed at the on- 
set of reaction (n = 2 or 3 for growth of nuclei, extrapola- 
tions of data in Fig. 6 are close to times required for sample 
heating). Although the lattice adopted by the anhydrous 
product may be influenced by the presence of a low relative 
vapour pressure of water (20), CaSO, . 1 /2H20 dehydration 
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Reactant Ca(OH)2 

Proton transfer 

Ca0.H20 

Recrystallization 

I 0'-ca2+ ... (OH?) 

Dissociation 

Products CaO + H 2 0  2CaS03 + H 2 0  

SCHEME 1. Mechanisms of dehydrations of calcium hydroxide and of calcium sulphite hemihydrate 

was certainly irreversible at these reaction temperatures. 
There was no evidence that water reacted with the anion, in 
contrast with the high-temperature dehydration of MgC1,. 
2H20 (5). 

The rate of CaSO,. 1/2H20 dehydration was closely 
similar to that of Ca(OH), dehydration; at the same temper- 
atures reaction velocities, measured from slopes of a-time 
plots across the median region of both reactions, usually 
agreed within ~ 2 .  The a-time curves for the two systems 
showed a significant difference in that the calcium hydrox- 
ide reaction was predominantly deceleratory. Studies in this 
laboratory using the same apparatus and identical reaction 
conditions showed that for Ca(OH), -+ CaO + H20  the ac- 
tivation energy was 174 -f- 20 kJ mol-I (633-683 K) (21), 
which is in remarkably close agreement with the value cal- 
culated for the present reaction, 173 -f- 8 kJ mol-l (573- 
673 K). Various other studies of calcium hydroxide dehy- 
dration have given comparable values: 143-180 kJ mol-' (22) 
and 161 -1 88 kJ mol-I (23), as well as lower values (24). 

In considering this close coincidence of absolute reactiv- 
ity, including activation energy, between these two reac- 
tants, we assessed the possibility that Ca(OH), was formed 
as an intermediate during CaSO, 1 /2H20 dehydration. 
Mechanisms such as 

were discounted because the metabisulphite would be ex- 
pected to decomposk at lower temperatures, by comparison 
with the known (25) stabilities of Na2S205 (decomposed at 
500 K) and K2S205 (decomposed at 550 K). CaSO, 1/2H20 
dehydration was not accompanied by SO2 evolution, which 
is the expected product of s205,- anion breakdown (SO, 
yields here were always < 2% of the evolved gases). The 
dehydration rate was not influenced by added Na2S205 and 
no anion other than SO,,- was detected by infrared spectro- 
scopic examination of the anhydrous CaSO, product. 

The close reactivity similarities apparent between the de- 
hydrations of CaSO, 1/2H20 and Ca(OH)2 are, therefore, 
ascribed to common mechanistic features in the water elim- 
ination and recrystallization processes. The steps contribut- 
ing to the overall chemical changes are proton transfer and 
the dissociation of a strong calcium to water (oxygen) bond. 
It is not known which of these is rate limiting for the dehy- 
dration reaction, but the essential steps in both reactions are 
compared in Scheme 1. We suggest that a proton transfer step 

in the dehydration of CaSO,. 1/2H20 permits reorgan- 
ization of the coordination shell around the ca2+ ion, here 
represented as involving the temporary formation of a 
-0-SO-OH ion. Because the activation energy (173 kJ 
mol-I) is much larger than the dehydration enthalpy (52 kJ 
mol-l) we conclude that the water elimination mechanism 
is more complicated than a single bond rupture step. Thus 
the onset of dehydration occurs at the common temperature 
at which proton transfer becomes possible in both salts. This 
is one possible explanation of the similarity of reactivity. 
Alternatively, if the rupture of similar strong ca2+ - - - - (OHz) 
bonds in both salts controls the dehydration rate, then again 
the similarities of behaviour are explained. We conclude, 
therefore, that the dehydration of CaSO, . 1/2Hz0 is rate 
controlled by the recrystallization (reactant -+ product), 
which may be promoted by proton transfer or the c~'+-OH~ 
bond rupture step. 
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FERNANDE D. ROCHON, RADIA BOUGHZALA, and ROBERT MELANSON. Can. J .  Chem. 70, 2476 (1992). 
The aqueous reactions of K[Pt(DMSO)CI,] with nitriles were studied in different conditions of pH. At normal pH (=2.4), 

the ligands RCN, where R is an alkyl group, produced the yellow complexes Pt(DMSO)(R-CN)Cl,. Infrared spectros- 
copy suggested cis isomers. The 1 9 5 ~ t  NMR spectra of the compounds show a resonance around -3000 ppm. The same 
reactions in neutral medium (pH adjusted to -7 with NaOH) produced acetamido-bridged dimers (DMSO)CIPt(p- 
RCONH),Pt(DMSO)Cl with all the ligands studied: propionitrile, butyronitrile, dimethylacetonitrile, trimethylacetoni- 
trile, fluoroacetonitrile, chloroacetonitrile, bromoacetonitrile, and dibromoacetonitrile. The results of " 5 ~ t  NMR 
spectroscopy show a head-to-tail isomer, since only one signal around -2750 ppm is observed for each complex. These 
dimeric compounds are all blue or green depending on the ligand. The same dimers are obtained with all the haloace- 
tonitrile ligands when the pH is not adjusted ( ~ 2 . 4 ) .  The crystal structures of Cl(DMSO)Pt(p-C,H,NO)$t(DMSO)Cl 
(1) and C1(DMSO)Pt(p-C5H,0NO)2Pt(DMSO)C1 (2) were determined. The results confirm that the dimers are head-to- 
tail isomers with the DMSO ligands located in trans position to the 0-yetamido atoms. The two crystals belong to the 
Pt1a2~ space groyp with a = 11.1 12(4), b = 20.414(9), c = 10.161(4) A for 1 andn = 11.607(6), b = 20.1 13(11), and 
c = 10.641(5) A for 2. The structures were refined to R 7 0.054 for 1 and R = 0.056 for 2. The Pt-C1 bond lengths 
are 2.328(10), 2.293(10) A for 1 and 2.317(9), 2.317(10) A for 2, while the Pt-S bond lengths are 2.173(10), 2.193(10) 
for 1 and 2.180(9), 2.176(9) 8, for 2. The Pt-0 bonds vary from 1.91(2) to 2.08(2) and the Pt-N from 1.88(2) to 
2.03(2) A. The dihedral angle between the two Pt(I1) planes is 36". 

FERNANDE D. ROCHON, RADIA BOUGHZALA et ROBERT MELANSON. Can. J .  Chem. 70, 2476 (1992). 
On a CtudiC les rkactions aqueuses du K[Pt(DMSO)Cl,] avec les nitriles h divers pH. A pH normal (pH = 2,4) les 

ligands RCN, ou R est un groupe alkyle, donnent des complexes jaunes Pt(DMSO)(R-CN)Cl,. La spectroscopie infra- 
rouge r6vkle qu'il s'agit d'isomkres cis. Les spectres RMN du I9'Pt presentent une resonance a environ -3000 ppm. Avec 
tous les ligands Ctudies (propionitrile, butyronitrile, dimCthylacCtonitrile, trimkthylacCtonitrile, fluoroacCtonitrile, chlo- 
roacktonitrile, bromoacktonitrile et dibromoacCtonitrile) ces reactions, rCalisCes en milieu neutre (le pH est ajustC h 7 avec 
du NaOH), conduisent h des dimkres avec le groupe acktamido en position de pont (DMSO)CIPt(p-RCONH)I(DMSO)C1. 
Les rksultats de la RMN du '"Pt indiquent un isomkre avec une structure t&te-a-queue puisqu'on ne retrouve qu'un seul 
signal h environ -2750 ppm pour chacun de ces complexes. Tous ces dimkres sont bleus ou verts dkpendant du ligand. 
Tous les ligands haloacCtonitriles donnent les m&mes dimkres h pH normal (pH -2,4). On a determine la structure cris- 
talline du Cl(DMSO)Pt(p-C,H8N0)2Pt(DMSO)C1 (1) et du CI(DMSO)Pt(p-C5H,,N0)2Pt(DMSO)Cl (2). Les rksultats 
confirment que les dimkres sont des isomkres comportant une structure t&te-a-queue dans laquelle le ligand DMSO est 
en position trans par rapport B l'atome d'oxygkne du groupe acttamido. Les deux cristaux appartiennent au groupe d'espace 
Pna2, avec a =Q 11,112(4), b = 20,414(9), c = 10,161(4) A pour le composC 1 et a = 11,607(6), b = 20,113(11) et 
c = 10,641(5) A pour le composC 2. On a affink les structures jusqu'h des valeurs de R = 0,054 Eour le composk 1 et 
de R = 0,056 pour le com~osk  2.  Les longueurs de liaison Pt-C1 sont de 2,328(10) et 2,293(10) A pout le composk 1 
et de 2,317(9), 2,317(10) A pour !e composk 2 tandis que la liaison Pt-S est de 2,173(10) et 2,193(10) A pour le com- 
posC 1 et de 2,180(9) et 2,176(9) A pour le composC 2. La liaison Pt-0 varie de 1,91(2) a 2,08(2) A et la liaison Pt-N 
de 1,88(2) h 2,03(2) A. L'angle dikdre entre les plans des deux Pt(I1) est de 36". 

[Traduit par la rkdaction] 

Introduction is left at room tem~erature for several weeks. a blue solu- 

Recently, we started a study on the reactions of 
K[Pt(DMSO)Cl,] with nitriles in aqueous medium. When 
K[Pt(DMSO)Cl,] is dissolved in water, the pH of the 
solution is 2.35 (0.025 M), indicating some hydrolysis re- 
actions. Its reaction with CH3CN produced cis-Pt(DMS0)- 
(CH,CN)Cl,, which was studied by X-ray diffraction (1, 2). 
When the solution was neutralized with NaOH before add- 
ing CH,CN, a dimer with acetamido bridges (Pt(DMS0)- 
Cl(p-C,H,NO)), (head-to-tail isomer) was isolated and 
characterized. The acetamido ligand was formed from the 
hydrolysis of CH,CN. In this reaction, a blue solution was 
observed. The acetamido-bridged dimers can also be formed 
without adjusting the pH. If the reacting mixture (pH - 2.4) 

' ~ u t h o r  to whom correspondence may be addressed. 

tion gradually forks and acetamido-bridged dimers can be 
eventually obtained. We also obtained the same dimers from 
the aqueous reaction of K[Pt(DMSO)C],] with diacetarnide. 

head-to-tail isomer head-to-head isomer 

A similar study with no adjustment of pH (-2.4) with 
trichloroacetonitrile showed only the presence of cis-Pt- 
(DMSO)(H,O)Cl, and its crystal structure has been reported 
(3). The presence of three chlorine atoms on the ligand low- 
ers the donor properties of the N atom. At neutral pH, a 
monomer Pt(DMSO)Cl(C4N02Cl,) containing a bidentate 
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deprotonated imide ligand, fornled from the dimerization and 
hydrolysis of trichloroacetonitrile, was characterized by X-ray 
diffraction methods. N o  acetamido-bridged dimers were 
detected with this ligand. 

When these reactions are  done  at neutral p H ,  a blue color  
is always observed after a few days. This  blue compound,  
which is very soluble in water,  is probably an analogue of  
platinblau reported in 1907 (4) and whose exact structure is 
still unknown.  It was suggested that it contains deproton- 
ated acetamido ligands bound to platinum(II), the aceta- 
mide being produced from the reaction of  water with 
coordinated acetonitrile (5-7). But  attempts to  obtain p l a -  
titzblau by direct combination of  platinum(I1) with aceta- 
mide were not successful. 

A systematic study of the aqueous reaction of  K[Pt- 
(DMSO)Cl,] with n o  adjustment of  pH(-2.4), and at neu- 
tral pH,  was made with several alkyl and halo acetonitrile 
deriiatives. Since trichloroacetonitrile is not a good ligand 
for  Pt(II), w e  were interested to  know if the monohaloace- 
tonitriles would coordinate to  Pt(I1). T h e  products of  these 
reactions were analyzed by IR and by ' " ~ t  and 'H N M R  
spectroscopy. T h e  results of  this study are  described below. 

Experimental section 
The decomposition points were measured on a Fisher-Johns In- 

strument. The pH values were measured on a Radiometre pHM 28 
pH-meter with a Graphic-Controls microelectrode (13-620-253). 
The IR spectra were recorded in the solid state (KBr pellets) on a 
Perkin-Elmer 783 spectrometer. The 'H NMR spectra were mea- 
sured on a Bruker W-H 400 (400 MHz) with external TMS as ref- 
erence. The ' " ~ t  NMR spectra were recorded on the same 
instrument (85.83 MHz), the external reference being K,PtCl, ad- 
justed to 6 = - 1628 pprn from NazPtCI6 (6 = 0). The NMR spec- 
tra were measured in DMF-d7 ('H), in a mixture of DMF-d7 and 
normal DMF ( ' " ~ t ) ,  and occasionally in acetone-d6. K2PtC14 was 
bought from Johnson Matthey Inc. and was purified by crystalli- 
zation from water before use. The nitrile ligands were obtained from 
Aldrich and the deuterated solvents from Cambridge Isotopes. 

K[Pt(DMSO)CI,] was prepared by the published method (8). 
Yield: 90%; IR (cm-I): v(S=O) 1101, v(Pt-C1) 349m, 310m, 
332s; NMR (ppm in D,O): 3.50 (s + d), ,J(Pt-H) = 24 Hz, 6(Pt) 
-2998; (ppm in DMF): 3.33 (s + d), 'J(P~-H) = 22 Hz, 6(Pt) 
-2965 (lit. (9) -2969 pprn in DMSO). 

cis-Pt(DMSO)(CH3CN)C12 and CI(DMSO)Pt(p-C,H,NO)$t- 
(DMS0)Cl were prepared as already reported (1). cis-Pt- 
(DMSO)(CH,-CN)C12: NMR (6, pprn in DMF): CH, (DMSO) 3.50 
s + d ,  'J('~'P~-'H) = 18 Hz, CH3 2.79s, 6(Pt) -3010. 
Cl(DMSO)R(p-C2H4NO)-J't(DMSO)C1: 6(Pt) -2753 pprn in DMF. 

The reactions of K[Pt(DMSO)Cl,] with different nitriles were 
studied in water by two differents methods. 

I. With no adjustment of p H  
K[Pt (DMSO)C13] (-0.5 mmol) was dissolved in a mlnimum 

quantity of distilled water, an excess of ligand (Pt:ligand = 1 :4) 
was added to the solution, and the mixture was agltated and left at 
room temperature until a yellow precipitate was observed. The 
precipitate was then filtered, washed with water, and dried in vac- 
uum. For the haloacetonitrile ligands, the isolated compounds were 
identical to those obtained at pH -7 as described below. For the 
other ligands, the products were identified as Pt(DMSO)(RCN)C12. 

Pt(DMSO)(C2H5CN)C12: Yield 50%; dec. 1 18-220°C; IR (cnl-I): 
2318m, 1462w, 1428w, 1407m, 1378w, 1318w, 1305w, 1170s, 
1155s, 1074m, 1030s, 987m, 928w, 918w, 776w, 737m, 692m, 
447s, 381w, 360w, 340m, 322 sh.; NMR (6, pprn in acetone-d6): 
CH3 (DMSO) 3.53s + d ,  3 ~ ( 1 9 ' ~ t - ' ~ )  = 21H2, CH3 1.40t, = 

7.5Hz, CH2 3.05q, S(Pt) -2997, 6(Pt) -3006 pprn in DMF. 
Pt(DMSO)(n-C3H7CN)C12: Yield 45%; dec. 1 15-220°C; IR 

(cm-I): 2318w, 2310m, 1458m, 1408m, 1382w, 1315m, 1295m, 
1147s, 1020s, 980m, 940m, 911m, 735s, 695w, 448s, 382m, 

363m, 340s, 320w; NMR (6, pprn in acetone-d,): CH, (DMSO) 
3.53s + d, 3 ~ ( " 5 ~ t - ' ~ )  = 22Hz, CH, 1.14t, 'J = 7Hz, CH, 3 . 0 4 ,  
'J = 7Hz, CH2 1.83m, 6(Pt) -2999 ppm in DMF. 

Pt(DMSO)(CH(CH,)ZCN)C1,: Yield 73%; dec. 170-225°C; IR 
(cm-I): 2190w, 1403m, 1316s, 1100vs, 1028s, 976m, 942n1, 
926m, 732m, 691m, 447m, 382m, 348m, 310m. 

Pt(DMSO)(C(CH,),CN)Cl,: Yield 18%; dec. 115-225°C; IR 
(cm-I): 2308w, 2299w, 1477m, 1455m, 1414m, 1362n1, 1240m, 
1162s, 1147s, 1031s, 1018s, 982m, 938m, 928w, 913w, 734m, 
692m, 442s, 378w, 362s, 320s, 312sh; NMR, 6(Pt) -3010 pprn 
in DMF. 

2. With adjustrnerzt of p H  
K[Pt(DMSO)Cl,] (-0.7 mmol) was dissolved in 15 mL of dis- 

tilled water and the pH of the solution was adjusted to about 7 with 
0.1 M NaOH. The nitrile ligand (0.3-0.5 mL) was then added 
slowly with mixing and the solution was left at room temperature 
until a precipitate formed (1 day to 3 weeks). The precipitate, which 
proved to be the acetanlido-bridged dimer, was either yellow, green, 
or blue depending on the ligand and on the time of standing. The 
precipitate was filtered, washed with water, and dried in vacuum. 

{CI(DMSO)Pt(p-C3H6N0)}Z: Yield 20%; dec. 190-207°C; IR 
(cm-I): 3317w, 3300s,"590vs, 1495w, 1465w, 1420w, 1320w, 
1258s, 1220s, 1148s, 1120s, 1022s, 920w, 900w, 735w, 697m, 
608m, 450s, 380m, 340m; NMR (6, pprn in DMF): CH, (DMSO) 
3.33s, 3.47s, CH, 0.85t, 3~ = ~ H z ,  CH2 2.134, NH 6.8, 6(Pt) 
- 2763. 

{Cl(DMSO)Pt(p-nC,H8N0)},: Yield 15%; dec. 198-202°C; IR 
(cm-I): 33 18s, 1585vs, 1482m, 1430w, 1297m, 1237s, 1142vs, 
1020s, 980w, 930w, 696m, 610w, 450s, 382m, 340m; I9'Pt NMR: 
-2752 pprn in DMF. 

{Cl(DMSO)Pt(p-C2H3NOF)}2: Yield 30%; dec. 180-220°C; IR 
(cm-I): 33301 1625sh, 1610s, 1482m, 1438m, 1352m, 1215m, 
1152s, 1142s, 1053s, 1038s, 935w, 722m, 699w, 602m, 458s, 
385m, 342m; NMR (6, pprn in acetone-d6): CH, (DMSO) 3.63s, 
3.62s, CH, 4.88d, 'J('~F-'H) = 48 Hz, NH 6.7, 6(Pt) -2715; (6, 
pprn in DMF): CH, (DMSO) 3.64s, 3.60s, CH, 4.94d, 'J('~F-'H) 
= 44 Hz, NH 7.3, 6(Pt) -2723. 

{Cl(DMSO)Pt(p-C2H3NOC1)},: Yield 20%; dec. 182-240°C; IR 
(cm-I): 33151, 3000s, 1632w, 1612m, 1465w, 1420w, 1402m, 
1315m, 1297w, 1210m, 1140vs, Il3Osh, 1028s, 977w, 960w, 
928w, 790m, 740m, 698m, 577m, 452s, 380m, 340s; NMR (6, 
pprn in acetone-d6): CH, (DMSO) 3.62s, 3.58s, CH2 4.21s, NH 
6.8, 6(Pt) -2725; (6, pprn in DMF): CH, (DMSO) 3.65s, 3.58s, 
CH, 4 . 2 6 ~ ,  NH 7.5, 6(Pt) -2750. 

{CI(DMSO)Pt(p-C2H3NO~r)},: Yield 35%; dec. 180-195°C; IR 
(cm-I): 33151, 1630w, 1608m, 1416m, 1392w, 1318m, 1297m, 
1205m, 1156s, 1142vs, 1028s, 923m, 856w, 738w, 690w, 642w, 
582w, 446m, 382w, 362m 332s; NMR (6, pprn in acetone-d6): CH, 
(DMSO) 3.57s, 3.64s, CH, 4.86s, NH 6.9, 6(Pt) -2748; 6(Pt) 
-2762 pprn in DMF. 

{C1(DMSO)Pt(p-C2H2NOBr2)}2: Yield 10%; dec. 172-240°C; 
IR (cm-I): 3345m, 32801, 1612s, 1582m, 1465m, 1270m, 1142s, 
1128m, 1027n1, 772m, 700w, 600m, 452m, 386w, 350m; NMR 
(6, pprn in acetone-d6): CH, (DMSO) 3.62s, 3.67s, CH 6.42s, NH 
6.8, 6(Pt) -2766; 6(Pt) -2773 ppm in DMF. 

Crystallographic measurements and structure resolution 
The two blue crystals (synthesized by adjusting the pH at 

-7) were selected after examination for homogeneity under a 
polarizing microscope. They were obtained directly from the 
reacting medium. The unit cell parameters were obtained by 
least-squares refinement of the angles 28 (11-25"), o, and x for 15 
well-centered reflections on a Syntex P1 diffractometer using 
graphite-monochromatized MoKa radiation. Crystal data and other 
information are summarized in Table 1. Scan rates and data treat- 
ment have already been described (10). Crystal (1) gradually de- 
composed during the data collection, as shown by a gradual 
decrease of the intensity of the three standard reflections. At the end 
of the collection, the intensity was reduced by about 20%. Scaling 
on the standard reflections was made as usual. Corrections were 
made for absorption and Lorentz-polarization effects. The anom- 
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TABLE 1. Experimental details of the X-ray studies of Cl(DMSO)Pt(k-C4H8NO)J't(DMSO)Cl (1) 
and CI(DMSO)Pt(~-C,H,oNO)~t(DMSO)C1 (2) 

Compound 
fw 
Space group 
a (4) 
b (4) 
c (A) 
Volume (A3) 
z 
F(000) 
~ca~cd(Mg m13) 
A(MoKa) (A) 
k(MoKa) (mm) 
Crystal faces and distance from 

center (mm) 

Transmission factor range 
20 max (") 
Octants 
h,  k ,  1 
Scan technique and rate ("/min.) 
Std reflcns (var.) 
Temp (K) 
No. of independent reflcns. 
No. of obsd reflcns (I > 2.75u(I)) 
Avg. shift/esd (max.) 
R 
WR 
S 

Pna2, 
11.112(4) 
20.414(9) 
10.161(4) 
2305(2) 
4 
1472 
2.275 
0.71069 
12.68 
(01 l ) ,  ( ~ i  1) (0.036) 
(1 lQ), (1 19) (0.030) 
( lo l ) ,  (101) (0.030) 
0.357-0.544 
52 
h,  k ,  1 
h 1 3 ,  h 2 5 ,  h 1 2  
20/0, 0.8-24 
064, 35 1, 13 1 (20% decrease) 
295 
2615 
1189 
0.07 (0.3) 
0.054 
0.046 
1.78 

alous dispersion terms of Pt, S, and C1 were included in the cal- 
culations (1 l). 

The coordinates of the Pt atoms for the two crystals were deter- 
mined from a three-dimensional Patterson map and the positions 
of all the other non-hydrogen atoms were found by the usual Fourier 
methods. The refinements of the two structures were done by using 
full-matrix least-squares calculations minimizing Cw(lF,I -  IF,^)'. 
Interchanging the positions of the 0 and N atoms of the bidentate 
ligands resulted in abnormal thermal factors. The proposed posi- 
tions are the most probable based on the size of the thermal fac- 
tors. The H atoms could not be located (as often encountered for 
platinum complexes), and they were fixed at their calculated po- 
sitions with U,, = 1.2 x U,, of the C to which they are bonded. 
Isotropic secondary-extinction corrections (12) were included in the 
calculations. Individual weights w = I/u'(F) were applied. The 
refinement of the scale factor, coordinates, and anisotropic tem- 
perature factors of all atoms converged to R = 0.054 and wR = 
0.046 for 1 and to R = 0.056 and wR = 0.050 for 2. Refinement 
of the enantiomorphic structures resulted in signific5ntly higher R 
factor~.~There were a few residual peaks (<1.2e A - ~  for 1 and 
< 1.3e A - ~  for 2) in the close environment of the Pt atoms.' 

2 ~ h e  following tables are available as supplementary material: 
anisotropic temperature factors (Table Sl) ,  coordinates of the H 
atoms (Table S2), weighted least-squares planes (Table S3), tor- 
sion angles (Table S4) (9 pages), observed and calculated struc- 
ture factor amplitutes (Table S5) (17 pages). These tables may be 
purchased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K 1A 052. 

Table S2 has also been deposited with the Cambridge Crystal- 
lographic Data Centre and can be obtained on request from the 
Director, Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, 12 Union Road, Cambridge, CB2 lEZ, U.K. 

The scattering curves of Cromer and Waber (13) were used. Most 
of the calculations were done on a SHELXTL system and the oth- 
ers on a Cyber 830 with programs already described (10). 

Results and discussion 
The aqueous reactions of K[Pt(DMSO)CI,] with several 

nitriles were studied without adjusting the pH (-2.4) and at 
neutral pH (adjusted to -7 with 1 M NaOH). The results 
were compared with those obtained with CH,CN where cis- 
Pt(CH,CN)(DMSO)Cl, (pH -2.4) and Cl(DMSO)Pt(p- 
C,H,NO),Pt(DMSO)Cl (pH -7 or  at pH -2.4 after several 
weeks) were characterized (1) and with CC1,CN where only 
cis-Pt(DMSO)(H,O)Cl, (pH -2.4) and Pt(DMSO)(C,NO,- 
Cl,)Cl (pH -7) were detected (3). In the present study, the 
nitriles propionitrile, butyronitrile, isobutyronitrile, tri- 
methylacetonitrile, fluoroacetonitrile, chloroacetonitrile, 
bromoacetonitrile, and dibromoacetonitrile were used. Most 
of the products were characterized by IR and by 'H and lg5pt 
NMR spectroscopy. 

Pt(RCN)(DMSO)Cl, 
The reaction of K[Pt(DMSO)Cl,] with RCN, where R is 

an alkyl group, gave the yellow compound Pt(RCN)- 
(DMSO)C12. 

K[Pt(DMSO)C13] + RCN 3' Pt(DMSO)(RCN)CI2 
pH-2.4 

This reaction is similar to the reactions with CH3CN (1, 
2) and PhCH,CN (14) where cis-Pt(DMSO)(RCN)Cl, was 
obtained. Under the same conditions, reactions with the 
haloacetonitriles (FCH2CN, ClCH2CN, BrCH2CN, and 
Br2CHCN) did not produce the nitrile complex as observed 
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for CC1,CN (3). These ligands all contain electron-attract- 
ing atoms, which decrease the donor properties of the mol- 
ecule. 

The IR spectra of the synthesized compounds Pt(DMS0)- 
(RCN)Cl,, where R = an alkyl group, were compared to that 
of cis-Pt(DMSO)(CH,CN)Cl,. The approximate skeleton 
symmetry of the complexes PtL,X, is C,, for the cis isomer 
and D,,, for the trans isomer. From group theory, two 
v(Pt-C1) vibrations are expected for cis isomers and only 
one for trans compounds (15). The IR spectrum of all the 
compounds showed two v(Pt-C1) bands between 310 and 
348 cm-'. We suggest, therefore, that the compounds 
Pt(DMSO)(RCN)Cl, are cis isomers like cis-Pt(DMSO)(CH,- 
CN)Cl,, which also showed two v(Pt-C1) vibrations (1). 

The formation of cis isomers might seem surprising be- 
cause of the large trans effect of DMSO. The multiple na- 
ture of the Pt-S bond is probably an important factor. 
Besides the a bond (S + Pt), there is a back-donation of 
electrons into a vacant  IT-type orbital of the ligand (Pt + 
S). This T bond could be partially responsible for the large 
trans effect of DMSO, which is almost as large as that of 
C2H4 (16). The complexes Pt(DMSO),Cl, and Pt(CH,CN),Cl, 
that are obtained in aqueous solution are also cis isomers (17, 
18). For DMSO, it is now known that the first compound 
formed is trans-Pt(DMSO),Cl,, which rapidly isomerizes to 
the cis compound. It was suggested that the enhanced ~ ( d -  
d)  bonding is more efficient in the cis isomer than in the trans 
compound (19). Similarly, the reaction of K[Pt(DMSO)Cl,] 
with the nitrile ligand could first produce the trans isomer, 
which would then isomerize to the more stable cis com- 
pound. For the compound cis-Pt(CH,CN),Cl,, the forma- 
tion of a cis isomer can be explained by the same reasoning, 
but the nature of the IT bond between platinum and CH,CN 
is slightly different. The back-donation is made into a IT* 

molecular orbital of CH,CN since N cannot use its high-en- 
ergy d orbitals. Similarly, the formation of IT bonds in the 
Pt-N and Pt-S bonds in Pt(DMSO)(RCN)Cl, would be 
more efficient in the cis configuration. We therefore sug- 
gest that the aqueous reaction of K[Pt(DMSO)Cl,] with ni- 
triles first produces the trans isomer, which then isomerizes 
to the cis compound. We intend to verify this hypothesis in 
the near future by changing the two ligands to more crowded 
ones, such as diphenyl sulfoxide and trimethylacetonitrile. 
With these ligands, the isomerization should be much slower 
and it should be possible to isolate the trans isomers. In a 
preliminary work, we studied the reaction of K[Pt(Ph,SO)Cl,] 
with CH,CN. The 19% NMR spectrum of the product showed 
the presence of several different Pt compounds, which have 
not yet all been identified. This project is being continued. 

Some of the nitrile ligands show two bands in the in- 
frared region at -2250 cm-'. There is a stretching vibration 
v(C+N) and a combination band a(CH,) + a(C-C). These 
bands are observed for free CH,CN at 2254 and 2290 cm-I, 
respectively (20). Coordination of nitriles through the lone 
pair of electrons on the N atom increases the v(C+N) fre- 
quency because of kinematic coupling (with v(Pt-N)) and 
the increased ionic character of the C-N bond (18). The 
v(C+N) vibrations in the complexes Pt(DMSO)(RCN)Cl, 
were observed around 2310 cm-', an increase in energy of 
about 55 cm-l. 

The v(S=O) band in DMSO is observed at 1055 cm-'. 
Upon coordination, the vibration is expected at higher 
energy since the binding site is the S atom. In K[Pt(DMSO)- 
Cl,], the band is observed at 1101 cm-' while in the com- 

plexes cis-Pt(DMSO)(RCN)Cl, the vibration absorbs around 
1 150 cm-'. 

The Ig5pt NMR spectra of the four complexes cis- 
Pt(RCN)(DMSO)Cl,, with R = CH,, C2H5, n-C3H7, and 
C(CH,), measured in DMF, show signals at -3010, -3006, 
-2999, and -3010 ppm, respectively. These values are close 
to those reported for cis-Pt(DMSO)(RCN)Cl, where R = 
PhCN (-2994 ppm) and PhCH2CN (-3007 ppm) (14). The 
inductive repulsive effect follows the order C(CH,), > 
C3H7CN > C2H5CN > CH,CN. The u donating bond (N + 
Pt) bond should be stronger when R increases. We have ob- 
served that all complexes have almost the same chemical 
shifts (-3010 to -2999 pprn). The presence of IT bonds in 
Pt-DMSO and Pt-NC-R complexes should not be ne- 
glected, but it is difficult to predict how the chemical shift 
will vary as R increases. An increase in the multiple nature 
of the Pt-N bond would decrease the electron density on 
Pt and therefore would produce a chemical shift towards 
lower field. The I9'pt NMR spectrum of the compound cis- 
Pt(DMSO)(CIH5CN)Cl2 was also measured in acetone-d,. 
The resonance was observed at -2997 ppm, very close to 
the value (-3006 ppm) measured in DMF. 

The ' 9 5 ~ t  NMR spectra of fresh DMF solutions of the 
complexes showed only one resonance, confirming the pu- 
rity of the compounds. This is different from the synthesis 
of cis-Pt(DMSO)(PhCH,CN)Cl,, which contained about 10% 
of an impurity assigned by the authors to the trans isomer 
(14). We believed that the signal observed at -2965 pprn in 
DMF might be caused by the presence of the starting mate- 
rial K[Pt(DMSO)Cl,], which we observed at -2968 pprn in 
the same solvent. After about 1 h in DMF solution, the cis- 
Pt(DMSO)(RCN)Cl, compounds were shown to decompose 
slowly. A new peak was observed in the ' 9 5 ~ t  NMR spec- 
trum at -2876 ppm. This signal is believed to be caused by 
the presence of Pt(DMSO)(DMF)C12 as suggested for the 
decomposition of Pt(DMSO)(PhCH,CN)Cl, in DMF where 
the DMF species was observed at -2872 pprn (14). 

The high-field 'H NMR spectra were measured. The cou- 
pling constants 3 ~ ( ' 9 5 ~ t - ' ~ )  of DMSO and ,J('H-'H) were 
calculated when possible. These values are -20 Hz and 
-7 Hz respectively. The protons located on the carbon atom 
in the a position are more affected upon coordination than 
are the other protons. From the literature, the signals of the 
protons in DMSO in cis-Pt(CH,CN)(DMSO)Cl, were ob- 
served at 3.41 pprn in acetonitrile-d, with a coupling con- 
stant ,J(P~-H) of 22.8 Hz (21). In our study, this resonance 
was observed around 3.50 pprn in DMF or acetone, with 
coupling constants between 18 and 22 Hz. A deshielding of 
about 0.9 pprn was observed for these protons upon coor- 
dination to platinum (pure DMSO, 6 = 2.60 pprn). 
Cl(DMS0) P~(/ .L. -RCONH)~P~(DMSO)C~ 

The reaction of K[Pt(DMSO)Cl,] in neutral solution (pH 
adjusted to -7 with NaOH) with all the nitriles (R = alkyl 
or haloalkyl group) produced an acetamido-bridged dimer, 
similar to the reaction with CH,CN, where in the same con- 
ditions Cl(DMSO)Pt(p,-CH,CONH),Pt(DMSO)Cl was iso- 
lated and characterized by X-ray diffraction (1). We also 
determined the crystal structures of the compounds ob- 
tained with dimethylacetonitrile and trimethylacetonitrile. 
These results are discussed later in this publication. 

pH-7 
K[(DMSO)Cl,] + RCN - 

Cl(DMSO)Pt(p-RCONH),Pt(DMSO)Cl 
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The same compound was isolated without adjusting the 
pH (pH - 2.4) with the halonitriles, i.e., fluoroacetoni- 
trile, bromoacetonitrile, chloroacetonitrile, and dibromo- 
acetonitrile. These ligands do not form the compound 
cis-Pt(DMSO)(nitrile)C12, as already mentioned. The for- 
mation of dimers with the halonitriles is faster at neutral pH 
than in acidic solution. 

In organic chemistry, nitriles are known to hydrolyze but 
their conversion into anlido ions usually requires acidic or 
basic conditions (22). In the presence of platinum, the re- 
action can be activated without the presence of acids or bases. 
The reaction is favored at neutral pH. With the ligands 
R-C+N where R is an alkyl group, the hydrolysis reaction 
is quite slow in acidic medium (pH - 2.4) and cis- 
Pt(DMSO)(nitrile)C12 is rapidly formed. This product is very 
insoluble and will precipitate immediately. If the mixture is 
not filtered and is left to stand at room temperature, aceta- 
mido-bridged dimers can be isolated after 1-2 months. In 
neutral solution, the dimers are formed more rapidly. For the 
nitrile ligands R-C%N where R is a haloalkyl group like 
FCH2CN, C1CH2CN, BrCH,CN, or Br,CHCN, the com- 
pound cis-Pt(DMSO)(nitrile)Cl, is not stable and the dimer 
is isolated in acid or neutral solution, but the reaction is faster 
at neutral pH. Furthermore, for the halonitriles, the fastest 
reaction was with fluoroacetonitrile. The large electronega- 
tivity of fluorine drastically weakens the Pt-N (nitrile) bond, 
and the nitrile compound is the least stable. The hydrolysis 
of nitriles in the coordination sphere of metal ions has been 
known for several decades. It was first shown in 1967 that 
hydrolysis of 2-cyano-1,lO-phenanthroline to the corre- 
sponding amide is strongly promoted by metal ions such as 
Cu2+, ~ i ~ + ,  and zn2+ (23). The rate acceleration was attrib- 
uted to an entropy effect. A number of subsequent studies 
were reported and rate enhancements of 2 x lo6 were ob- 
served in these reactions (24), including a report on hydra- 
tion of nitriles to carboxamides catalyzed by platinum (25). 

The structural analyses of Cl(DMSO)Pt(p-C,H,NO)Pt- 
(DMS0)Cl (1) and the two dimers described later show that 
the compounds are head-to-tail isomers, with the DMSO 
molecules in trans position to the 0-acetamido atoms. The 
1 9 5 ~ t  NMR signals of the synthesized compounds were ob- 
served between -2723 and -2773 pprn in DMF, very close 
to the value observed for the head-to-tail isomer obtained 
from CH,CN (-2753 pprn in DMF). We suggest therefore 
that all the dimers synthesized in this project have the same 

configuration. The lY5pt NMR spectrum of a head-to-head 
isomer would show two different signals of equal intensity 
around -2600 pprn for a Pt environment S C1 0 0 and 
around -3 130 pprn for an environment S C1 N N similar 
to cis and trans-Pt(DMSO)(NH,)Q (6 = -3147 and 
-3126 ppm) (26). No Iy5pt NMR spectrum has yet been re- 
ported for this type of compound, but our values are close 
to that (6 = -2747 ppm) reported for Pt(DMSO)Cl(NH2- 
CH2C02) (26), which contains the same four donor atoms. 

For the halonitriles, the chemical shifts follow the order 
of electronegativity of the halides. The observed values for 
the ligands FCH,CN, ClCH2CN, BrCH2CN, and Br2CHCN 
are -2723, -2750, -2762, and -2773 ppm, respectively, 
and the shielding increases with increase of the donor prop- 
erties Br > C1 > F, covering a region of 50 ppm. For the li- 
gands that do not contain any halogens, the 6(Pt) are constant 
(-2753, -2763, -2752, and -2756 ppm) for the com- 
plexes containing the hydrolyzed ligands of CH,CN, C2H5- 
CN, n-C,H,CN, and C(CH,)CN, respectively. It was not 
possible to measure the '95Pt NMR spectrum of the dimer with 
CH(CH,),CN. The product obtained was deeply colored 
(green) and probably contains a small quantity of paramag- 
netic species. Nevertheless, a structure determination of one 
of the crystals showed it to be a head-to-tail acetamido- 
bridged dimer as described later in the text. 

Fresh solutions of all the compounds except the product 
from trimethylacetonitrile (which showed a small signal at 
-2928 ppm) have shown only one resonance in ' 9 5 ~ t  NMR. 
But on standing in DMF, all the compounds decompose 
slowly. Figure 1 shows the lg5pt spectrum of the dimer pre- 
pared with the ligand chloroacetonitrile at pH - 7, after 
1 week in DMF. Nine peaks are observed. The signals at 
-2995, -2967, and at -2750 pprn can be assigned to cis- 
Pt(DMSO)(RCN)Cl, (- 1 %), [Pt(DMSO)Cl,]- (-4%), and 
to the head-to-tail dimer Cl(DMSO)Pt(p-CH2C1CNO)2Pt- 
(DMS0)Cl (-l8%), respectively. The other peaks ob- 
served at lower field (-2440, -7%; -2426, -7%; -2370, 
-24%; -2312, -2%; -2018, -16%; and -1940 ppm, 
-21%) are assigned to decomposed products containing 
DMF as ligand. DMF is a good 0-donor ligand for plati- 
num, producing species that would appear at lower field than 
species containing S- or N-donor ligands. These species have 
not yet been identified and the project is being continued. 

The 'H NMR spectra of these compounds have been 
measured and are listed in the experimental section. AS ex- 

FIG. 1. 1 9 5 ~ t  NMR spectrum of Cl(DMSO)Pt(p-C2H3C1NO)2Pt(DMSO)Cl after 1 week in DMF. 
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TABLE 2. Positional parameters wlth their esd's and temperature 
factors (X 10' except Pt, CI, S: X lo4). U,, = 1 /3 2,2JU,a,*nJ'*n, . nJ 

Atom I Y z 

Cl(DMSO)Pt(p-C,H,NO)$t(DMSO)CI ( I )  

Pt( 1 ) 719(1) 4133.7(6) 2000 
P a )  2521 (1) 3284.5(6) 636(2) 
CI(1) -1  102(10) 3581(4) 1774(11) 
Cl(2) 2857(9) 3835(5) - 1297(11) 
s(1) 134(9) 48 17(4) 490( 1 0) 
s(2) 1494(8) 2554(5) -478(10) 
o(1) 129(2) 353(1) 353(2) 
o(2) 363(2) 387(1) 147(2) 
0 0 )  -21(2) 457(1) -72(2) 
O(4) 224(2) 217(1) - 143(2) 
N(1) 218(2) 457(1) 234(2) 
N(2) 238(2) 285(1) 236(2) 
c(1) 337(3) 445(2) 206(3) 
c(2) 194(3) 30 1 (2) 344(3) 
c(3) 2 12(3) 272(1) 47 l(3) 
(34) 323(3) 283(2) 598(4) 
(35) 182(4) 199(2) 458(4) 
(36) 438(3) 487(2) 254(4) 
(37) 549(3) 442(2) 280(4) 
(38) 462(4) 539(2) 153(4) 
(29) 29(3) 285(1) - 128(3) 
c (  10) 91(3) 206(2) 63(3) 
C(1 1) 126(3) 546(2) 9(3) 
C(12) - 106(3) 533(2) 1 14(3) 

CI(DMSO)Pt(~-CsH~oNO)2Pt(DMSO)CI (2) 

Pt( 1) 4171(1) 9142.9(5) 8000 
Pt(2) 2389(1) 8270.8(5) 6833(2) 
c1( 1) 5876(7) 855 l(4) 7827(11) 
Cl(2) 2004(8) 88 1 1(5) 4956( 10) 
s(1) 4748(8) 9780(4) 6466(9) 
s(2) 3338(7) 7520(5) 5785(8) 
o (  1) 369(2) 858(1) 949(2) 
o(2) 131(1) 890(1) 766(2) 
O(3) 515(2) 943(1) 536(2) 
O(4) 270(2) 712(1) 485(2) 
N(1) 275(2) 967(1) 83 l(2) 
N(2) 26 l(2) 783(1) 854(2) 
c(1) 169(3) 951(1) 827(3) 
c(2) 3 12(2) 804(1) 953(3) 
c(3) 298(2) 771(1) 1077(3) 
c(4) 216(3) 8 15(2) 1158(3) 
c(5) 232(3) 704(2) 1069(3) 
'36) 71(2) 994(1) 874(3) 
(37) 4 13(3) 768(2) 1143(3) 
c(8) -40(2) 958(1) 867(3) 
(39) 66(2) 1058(1) 789(3) 
c (  10) 104(3) 10 17(2) 1013(3) 
(311) 591(2) 1031(2) 703(3) 
c (  12) 377(3) 1046(2) 60 l(3) 
'313) 405(2) 700(1) 672(3) 
(314) 458(2) 785(2) 500(3) 

pected, the protons located on a carbon atom in the a posi- 
tion of the acetamido ligands are the most affected upon 
coordination (A6 = 0.6 ppm). The protons in the P position 
are less deshielded (A6 = 0.1-0.2 ppm), while those in the 
y position are not affected. All the dimeric species have 
shown two signals around 3.6 ppm for the protons of the 
DMSO ligands, indicating different environments for the two 
methyl groups, which differs from the compounds cis- 
Pt(DMSO)(nitrile)Cl, and [Pt(DMSO)Cl,]- where only one 

FIG. 2. Labeled diagram of Cl(DMSO)Pt(p-C,H8NO),Pt- 
(DMS0)Cl (I) .  

signal was observed. Nevertheless, no 3 ~ ( ' 9 5 ~ t - ' ~ )  COU- 
pling was observed for the dimers, contrary to the two above 
monomers. The signal of the amide proton was observed 
around 7 ppm. Because of its width and its low intensity, it 
was not possible to observe a coupling with ' 9 5 ~ t .  The cou- 
pling constant 'J("F-'H) for the complex obtained from 
FCH,CN is 46 Hz and agrees with similar reported values 
(44-8 1 HZ) (27). 

The IR spectra of the dimers showed the absence of vi- 
brations in the v(C+N) region, around 2300 cm-I. One or 
two new bands around 1600 cm-' were observed. These were 
assigned to the amido groups v(C=O) and d(N-H). These 
complexes all show only one v(Pt-C1) band between 332 
and 350 cm-I. The v(S-0) vibrations were observed be- 
tween 1140 and 1156 cm-'. An increase in the frequency of 
the vibration (S=O) of 85 cm-' upon coordination con- 
firmed that the binding site is the S atom. These values are 
close to those observed for the compounds cis-Pt(DM- 
SO)(nitrile)Cl,. 

Most of the dimeric complexes obtained after adjusting the 
pH (-7) are green or blue. The same dimers obtained with- 
out adjusting the pH are usually yellow. The color is prob- 
ably caused by the presence of a small quantity of a blue 
amorphous compound, not only on the surface (since it can- 
not be washed out) as suggested for the acetamido-bridged 
compound (1). The blue complex is believed to be an ana- 
logue of platinblau, which is probably an acetamido-bridged 
oligomer. A few research groups, especially those of Lippard 
and Lippert, have prepared several blue complexes with a- 
pyridone, uracil, and thymine derivatives (28-30). Several 
platinum blues were characterized crystallographically. These 
were found to be multinuclear species containing Pt in a 
fractional oxidation state (>2) with bridging a-pyridonate, 
uracilate, or thyminato ligands. It was suggested that the blue 
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FIG. 3. Labeled diagram of C1(DMSO)Pt(p-C,H,ONO)ZPt(DMSO)C1 (2). 

TABLE 3. Bond distances (A) and angles (deg) 

Pt(1)-Cl(1) 
Pt(1)-S(1) 
Pt(1)-N(1) 
Pt(1)-O(1) 
S(1)-0(3) 
s (  1 )-C(avg) 
O(l)-C(2) 
N(l)-C(l) 
C(l)-C(.6) 
C-C terminal avg 

Cl(1)-Pt(1)-S(1) 
Cl(1)-Pt(1)-O(1) 
Cl(1)-Pt(1)-N(1) 
S(1)-Pt(1)-O(1) 
S(1)-Pt(1)-N(1) 
O(1)-Pt(1)-N(1) 
Pt(1)-S(1)-O(3) 
Pt(1)-S(1)-C avg 
O(3)-S(1)-C avg 
C-S(1)-C 
Pt(1)-O(1)-C(2) 
Pt(1)-N(1)-C(1) 
O(1)-C(2)-C(3) 
N(1)-C(1)-C(6) 
O(1)-C(2)-N(2) 
C-C-C avg 

Pt(2)-Cl(2) 
Pt(2)-S(2) 
Pt(2)-N(2) 
Pt(2)-O(2) 
S(2)-0(4) 
S(2)-C(avg) 
0(2)-C( 1) 
N(2)--C(2) 
C(2)-C(3) 
Pt(1)- - -Pt(2) 

Cl(2)-Pt(2)-S(2) 
Cl(2)-Pt(2)-O(2) 
Cl(2)-Pt(2)-N(2) 
S(2)-Pt(2)-O(2) 
S(2)-Pt(2)-N(2) 
O(2)-Pt(2)-N(2) 
Pt(2)-S(2)-O(4) 
Pt(2)-S(2)-C avg 
O(4)-S(2)-C avg 
c-S(2)-C 
Pt(2)-O(2)-C(1) 
Pt(2)-N(2)-C(2) 
O(2)-C(1)-C(6) 
N(2)-C(2)-C(3) 
O(2)-C(1)-N(1) 
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ROC1 ION 51. AL. 

FIG. 4. Sterco~copic view of the unit cell in the crystal CI(DMSO)Pt(k-C,H,NO)Pt(DMSO)CI ( I )  (b axis vertical, a axis horizontal). 

color results from metal-metal charge transfer transitions (29, 
30). 

Clystc~l strlrc.ture.s c,f CI(DMSO)Pt(p-C,H,NO)fl- 
(DMS0)CI ( I )  a11d CI(DMSO)Pt(p-CiH,(f10)2Pt- 
(DMS0)CI (2)  

The dimers obtained with dimethylacetonitrile and tri- 
methylacetonitrile gave crystals suitable for diffraction 
methods. The two analyzed crystals are isostructural. The 
refined atomic parameters are shown in Table 2. The struc- 
tures of the two compounds are similar to that of the acela- 
mido-bridged dimer synthesized from CH,CN. Labeled 
diagrams of the two molecules are shown in  Figs. 2 and 3. 
The bond distances and angles are reported in Table 3. The 
two compounds are acetamido-bridged dimers with a head- 
to-tail configuration. The DMSO ligands, which are S- 
bonded to Pt, are in trar7.s position to the acetamido oxygea 
atoms. The relatively short Pt . . . Pt distances (2.989(2) A 
for 1 and 2.983(2) A for 2) are produced by the geometric 

. requirements imposed by the two bridging ligands. 
The coordination around each platinum atom is square- 

planar, but there are some slight square-pyramidal distor- 
tions. For each crystal, the Pt atoms are out of the plane 
formed by the four coordinating atoms by -0.056 and 
-0.096 A in crystal 1 and by -0.068 and 0.092 A in crys- 
tal 2. The t i l t  angles between the two Pt planes are 36" (1) 
and 35" (2). 

The Pt-Cl bonds (2.328(10), 2.293(10) A for 1 and 
- 2.3 17(9), 2.3 17(10) A for 2) are normal. The Pt-S bonds 

. (2.173(10)-2.193(10) A) are slightly shorter than the aver- 
age value (2.21 A) reported for Pt-DMSO complexes (17, 
32), but similar to those reported for CI(DMSO)Pt(p- 
C,H,NO)IPt(DMSO)CI (2.185(2) and 2.198(2) A) (1). The 
results on these dimers are different from those observed in 
a-pyridonate-bridged platinum complexes where the Pt-N 
(ammine or ethylenediamine) distances trans to pyridonate 
oxygen atoms were significantly longer than those trcrris to 
pyridonate nitrogen atoms, revealing a larger tt.an.s influ- 

. . .  . ence of the 0 atom. Lippard and co-workers suggested that 
this trc111.s influence originated in more extensive a-overlap 

of the Pt-N (pyridonate) bond relative to the Pt-0 (ami- 
date) bond (29, 31). For our compounds, the Pt-S bonds 
that are located in trc117.s position to the Pt-0 (acetamido) 
bonds are slightly shorter than normal, probably indicating 
a greater T-character of the Pt-S bond. The S atoms in the 
DMSO ligands are in an approximate tetrahedral environ- 
ment. 

The PL-0 (1.91(2)-2.08(2) A)  and Pt-N (1.88(2)- 
2.03(2) A) bonds seem normal and agree well with values 
found in ref. 1 and in the pyridonate and uracilate com- 
plexes mentioned above. The bond lengths and angles in the 
two bridging acetamido ligands are $so normal. The N-C 
bond distances are 1.25(4)-1.28(4) A while the 0-C bond 
lengths are 1.27(4)-1.36(4) A. The angles around C( l )  and 
C(2) are in the range 1 1 l(2)- 129(2)", indicating a sP2 hy- 
drid. The internal angles at N(I), N(2), 0(1), and O(2) are 
similar, varying from 123(2)" to 135(2)". The moieties 
N-C(C)-0 are planar with the two amido planes almost 
perpendicular to each other. The thennal factors of the methyl 
groups are quite high, resulting i n  high standard deviations. 
The torsion angles have been calculated and the table is part 
of the supplementary material (see footnote 2). 

The packing of the molecules for crystal 1 is shown in Fig. 
4. The environment of the acetamide N atoms was closely 
examined for the presence of hydrogen bonds. There might 
be such an intermol&cular interaction with N(2) . . . Cl(I) 
distance = 3.39( 1 ) A and angles Pt(2)-N(2) . . . CI( I ) = 
1031 )" ant1 C(2)-N(1) . . . Cl(1) = 123(2)". The closest such 
contact around N(l) is O(3) with a distance of 3.38(2) A (1). 
Therefore hydrogen bonding does not seem a very impor- 
tant stabilizing factor in these crystal structures. 
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Electrode-mediated Wacker oxidation of cyclic and internal olefins' 

D. G. MILLER'  AND D. D. M. W A Y N E R ~  

Steclc,ie 1tz.stitute.fi)r Molec~rlar Sci~t1c.e.s. Natiotltrl Resrcrrc~h Co~rtrcil qf Cat1crclcr. Ottcr~~tr,  Otlt., Catlclclcl KIA OR6 

Received February 18, 1992 

D. G .  MILLER and D. D. M. WAYNEK. Can. J .  Chern. 70, 2485 (1992). 
An improved method for the elcctrode-mcdiated oxidations of olefins by palladium(I1) is dcscribed. Current efficien- 

cies from 80% to 95% werc obtained in oxidations of I-dcccnc, styrene, tt.trtls-2-octcne, and cyclohexene in which pcr- 
chloric acid was added to a chloride-free solution of a palladiun~(I1) acctate catalyst. The palladiunl(0) was reoxidized 
to palladium(I1) by reaction with catalytic amounts of  benzoquinone, which was, in turn, regenerated by anodic oxida- 
tion. Addition of varying amounts of pcrchloric acid did not affect the current efficiency but accelerated the oxidation 
reaction, up to a concentration of approximately 0. I5 M. Thc current efficiency remained high (>80%) over the course 
of the electrode-mediated oxidations of I-decene, trcltls-2-octcne, and cyclohexenc. At thc end of the reactions. when 
the substrate was depleted, a drastic dccrease in the current was observed, indicating that the catalytic cycle leading to 
product was primarily responsible for the electrochemical reaction. I t  also was shown that the rates of the electrochem- 
ical reactions were generally slower than those of homogeneous reactions in which a stoichiometric amount of benzo- 
quinone was used, indicating that the elcctroche~nical regeneration of benzoquinonc was mass transport limited at the 
highest concentrations of pcrchloric acid. This is in contrast to othcr rcports in the literature that suggested that the ho- 
mogencous (non-electrochemic:~l) reactions were actually slower. Reasons for the discrepancy betwccn thesc results arc 
discussed. 

D. G.  MILLER et D. D. M. WAYNER. Can. J .  Chern. 70, 2485 (1992). 
On dkcrit une methode arnCliorCc d'oxydation dcs olefines par le palladiu~ii(II), assistee par une electrode. On a ob- 

tenu des efficacitks de courant allant de 80 a 95% lors d'oxydations du d6c-I-ene, du styrene, du tt.crt1s-oct-2-&ne et du 
cyclohexiine au cours desquelles on avait ajoutc dc I'acide perchlorique h une solution sans chlorure d'un catalyseur d'acetate 
de palladiurn(I1). Le palladiurn(0) est rt-oxydt en palladium(I1) par une reaction irnpliquant dcs quantitks catalytiqucs 
de benzoquinone qui est. h son tour, rCgCnCrC par oxydation anodique. L'addition de quantitks variables d'acide per- 
chlorique n'affecte pas I'efficacitt de courant; toutefois, la reaction d'oxydation est acceltrCc jusqu'h une concentration 
d'environ 0,15 M. Avec le dtc-I-ene, le trcit~.s-oct-2-ene et le cyclohexene, I'efficacite du courant derneure elevee (>80%) 
pour I'ensemble des oxydations assistees par une Clcctrode. A la fin de reactions, lorsqu'il ne reste plus de substrat, on 
observe une dra~natique diminution du courant qui indique que le cycle catalytique conduisant au produit est le principal 
responsable de la rtaction Clectrochimique. On a montrC que la vitesse des reactions electrochimiq~~es est g&n&ralement 
plus lentc que les reactions homogenes dans lesquelles on utilise unc quantitd stocchiornttrique de benzoquinone; ceci 
i n d i q ~ ~ e  que, 5 des concentrations ClevCes d'acide perchlorique, la rCgCndration clectrochi~nique de la benzoquinonc est 
l i~ni t tc  par un transport de Iiiasse. Cctte situation est en opposition avcc d'autrcs rapports parus dans la littkrature qui 
suggeraient que Ics reactions homogiines (non-Clectrocliin~iq~~es) sont clc fait plus Icntcs. On discute des raisons pouvant 
expliquer ccs diff6rcnces. 

[Traduit par la redaction] 

Introduction 

Thc oxidation of olefins to ketones by Pd(I1) salts, the 
Wacker oxidation (eq. [ I ] ) ,  is important from both an in- 
dustrial and synthetic chelnistiy perspective. This process has 
been used in the industrial production of low rnolecular 
weight aldehydes and ketones ( 1), as well as In the selective 
oxidation of unsaturates in organic synthesis (2-4). The re- 
action itself is not catalytic in palladiuiii so a secondary ox- 
idation system that regenerates Pd(I1) from Pd(0) is required 
(eq. [2]). Chemical oxidants (Ox) such as Cu(II), Fe(III), 
MnO,, heteropolyacids, or quinones have been used for this 
purpose (4- 1 1 ) . 

[ I ]  RCH=CH, + H1O + Pd(I1) + RC(O)CH, + 2H' + Pd(0) 

[21 Pd(0) + Ox - Pd(I1) + Red 

The cornmerciai Wacker process originally used CuCl? to 
recycle the Pd(I1) (eq. [3]), and rnolecular oxygen to regen- 
erate Cu(I1) from Cu(1) (eq. [4]). The process fell into dis- 

'Issucd as NRCC No. 333 17. 
'present address: Atomic Energy of Can2icla Lttl.. Chalk Rivcr 

Laboratories, Chalk River. Ont., Canada KOJ IPO. 
' ~ u t h o r  to whom correspondence may be addressed. 

favour in thc 1970's as a result of corrosion problems caused 
by the copper chloride salts as well as the safety hazards as- 
sociated with the use of high pressures of niolecular oxy- 
gen. Alternative processes that are less corrosive and do not 
require tnolecular oxygen [nay lead to the reemergence of the 
Wacker oxidation as an efficient route to oxygenate produc- 
tion. One possibility is to replace one of the homogeneous 
oxidation reactions with an electrochemical reaction. Direct 
electro-oxidation of Pd(0) is not practical since the metal 
forms a mirror over the apparatus ( 12, 13). However, it is 

feasible to consider using only catalytic amounts of a ho- 
mogeneous chemical oxidant to recycle the palladium and 
to regenerate the chemical oxidant from its reduced form 
electrocheniically (eq. [ 5 ] ) .  

anode 
[S] Red -, Ox + ne 

Tsiiji and Minato have reported the electrode-mediated 
oxidation of olefins using Pd(OAc), and benzoquinone under 
galvanostatic conditions (10). While that study focused on 
the oxidation of terminal olefins, it was noted that the oxi- 
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Anode 

dation of cyclohexene and cyclopentene was possible even 
though no reaction occurred with these substrates in the ab- 
sence of electrolysis. No explanation of this effect was of- 
fered. 

In a similar study Horowitz (1 1 )  reported electrode-me- 
diated olefin oxidations using FeC13 as the chemical oxi- 
dant. However, it is well known that chloride significantly 
inhibits the reaction (1, 6). Recent work in our laboratory (12) 
demonstrated that the homogeneous olefin oxidation was 
accelerated by as much as a factor of 40 by the addition of 
acid and the exclusion of chloride. Hence, we expected that 
improvements in the electrode-mediated oxidation process 
could be attained by using a completely chloride-free sys- 
tem in which a non-complexing (i.e., strong) acid was added. 

In this paper, we have examined the controlled potential 
electrode-mediated oxidation of terminal, internal, and cyclic 
olefins, using this acid-enhanced, chloride-free method ( 12). 
Benzoquinone (BQ) has been used to reoxidize the Pd(0) (eq. 
[2]) since hydroquinone (BQH2), the reduced form of ben- 
zoquinone (BQ), is easily oxidized to benzoquinone at the 
anode (Scheme 1 ) .  These data may have an impact on strat- 
egies for the large-scale production of cyclohexanone, an 
important intermediate for the production of caprolactam (one 
of the Nylon@ monomers). In addition, Tsuji and Minato (10) 
reported that the palladium-catalysed oxidation of cyclic 
olefins was faster using electrode-mediated catalysis than i t  
was in simple homogeneous reactions. Comparisons in this 
study of reaction with and without electrolysis will provide 
some insight into the reasons for those differences. 

Results 
Oxidations were carried out in solutions of acetonitrile/ 

water (7: lv/v), containing benzoquinone (0.022 M, 
20 mol% based on olefin), palladium acetate (0.001 1 M, 
1 mol% based on olefin), olefin (0.11 MI), and perchloric acid 
(0.0 15-0.24 M). I -Decene, styrene, t r~~~s-2-octene,  and 
cyclohexene were oxidized to their corresponding ketones 
with current efficiencies consistently in the 75-90% range 
(Tables 1, 2). 

The current efficiency (CE) is a measure of the Fraction 
of the total number of moles of electrons used that result in 
the formation of the desired product (usually expressed as a 
percentage). The current efficiencies were calculated using 
eqs. [6]-[8]. 

([oxygenates] - [oxygenates],,,,,,,) x 100 
(61 CE = 

[o~ygentates] , , ,~~~ 

where 

181 l~xygenatesl~,,,,,, = 
[Pd(II)I + [BQI 

[olefin] 

Q is the accumulated charge, V is the volume, and F is the 
faraday (96 487 coulombs/equiv.). The factor of 2 is nec- 
essary since the oxidation is an overall two-electron process 
(eqs. 111, 121, and [5]). Some of the product will form as a 
result of the homogeneous reaction (i.e., Pd(I1) + benzo- 
quinone) so the yield of product from the electrochemical 
reaction must be corrected for this contribution (eq. [8]).  

High current efficiencies were obtained in electrode-me- 
diated oxidations of 1-decene (Table 1, entries 1-3). Al- 
though the current efficiencies were about the same, the 
oxidation of I-decene to 2-decanone was about ten times 
slower when Cu(OAc), was the chemical oxidant compared 
to BQ (Table 1, entry 3). The homogeneous Wacker oxi- 
dations using a stoichiometric amount of CU(OAC)~ also were 
significantly slower than the oxidations using BQ. 

Comparison of 1-decene oxidations in 0.015 M HCIO, 
(Table 1, entry 1 )  and 0.12 M HCIO, (Table 1, entry 2) 
confirmed, as was found for the homogeneous reaction (12), 
that the reaction rate increased as the concentration of per- 
chloric acid increased. Once a steady state has been achieved 
the measured current is proportional to the overall rate. An 
average current of 220 mA was established during the re- 
action with the low HC10, concentration, whereas an aver- 
age current of 415 mA was attained in the oxidation 
containing 0.12 M HCIO,. This rate enhancement of a fac- 
tor of ca. 2 is less than that found in the homogeneous re- 
action using a stoichiometric amount of BQ (abbut a factor 
of 5) (12). 

Data for the oxidation of styrene are shown in Table 1,  
entries 4-6. A decline in current efficiency from 83% at 
700 C to 62% at 1400 C was observed, indicating that the 
conversion of the styrene had reached a maximum at ca. 60% 
(ca. 1000 C). After this point, continued electrolysis only 
served to decrease the current efficiency. The maximum 
conversion for the homogeneous reaction performed under 
the same conditions (12) was only 66%, demonstrating that 
the electrode-mediated oxidation is subject to limitations 
imposed upon it by the homogeneous reaction in this case. 

truns-2-Octene was smoothly oxidized to a mixture of 4-, 
3-, and 2-octanones (Table 1, entries 7-10). A small de- 
crease in current efficiency (from 89 to 80%) was observed 
when the benzoquinone concentration was halved from 
20 mol% (Table 1, entry 8) to 10 mol% (Table 1 ,  entry 7); 
however, the average current remained relatively constant 
(ca. 190 mA). It is possible to use benzoquinone at concen- 
trations even less than 10 mol% and still maintain high cur- 
rent efficiencies in electrode-mediated oxidations (this would 
ultimately simplify the isolation and purification of the 
products). 

Rate enhancements with the addition of perchloric acid also 
were obtained in the trutzs-2-octene oxidations (Table 1, 
entries 8, 9). As was the case with 1-decene, the reaction was 
accelerated by about a factor of 2 when the concentration of 
acid was increased from 0.015 M to 0.12 M. The choice of 
electrolyte also influenced the rate. Comparison of tr-atzs-2- 
octene oxidations using 0.1 M tetrabutylammonium per- 
chlorate (TBAP) as the supporting electrolyte (Table 1, 
entry 9) with that using 0.1 M sodium perchlorate (Table 1, 
entry 10) indicated that high current efficiencies could be 
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MILLER AND WAYNER 

TABLE 1 .  Electrode-mediated olefin oxidations" 

Oxygenate Current 
[HClO,] Q" Time yield efficiency 

Entry Substrate (MI (C) (min) (%)" 

1 -Decene 
1 -Decene 
1 -~ecene/ 
Styrene 
Styrene 
Styrene 
trans-2-Octene" 
trans-2-Octene 
trans-2-Octene 
trarzs-2-Octene" 

"20 mol% benzoquinone, 1 mol% Pd(OAc),, 7 :  1 CH3CN/H20, 25"C, 0.90 V vs. SCE, 0.1 M TBAP at a 
platinum mesh working electrode. 

"Accumulated charge passed in coulombs. 
' 

'GC yield based on starting material. 
dMaterial balance based on starting material in parentheses. 
'Calculated using eq. [6]. 
'1.7 V vs. SCE, 0.1 M tetraethylammonium perchlorate, 20 mol% CU(OAC)~.  2 mol% Pd(OAc)?, 22"C, 7 :  1 

CH,CN/H,O. 

. .  - 
"0 mol% benzoquinone, 1 mol% Pd(OAc),, 7 :  1 CH3CN/H,0, 22°C. 0.90 V vs. SCE, 0.  I M TBAP. 
"0.1 M NaCIO, as supporting electrolyte. 
'Mixture of 2.. 3-, and 4-octanone in the ratio ca. 60:30:  10. The ratio did not vary with [HClO,] or [BQ] 

and was the same as the ratio observed in the homogeneous (non-electrochemical) reaction [12]. 

TABLE 2. Electrode-mediated oxidation of cyclohexene versus found for the homogeneous reaction (12) using P ~ ( O A C ) ~ ,  
[HClO,]" Pd(NO,),, or PdSO, (ca. a factor of 5). 

Current" 
[HClO,I Cyclohexanone" efficiency 

Entry (M) i" ( m ~ )  yield (%) ("/.) 

"10 mmol olefin, 20 mol% benzoquinone, I mol% Pd(OAc)?, 0.1 M 
tetrabutylammonium perchlorate, 25°C. 1000 C accumulated at 0.90 V vs. 
SCE. 

"Average current over duration of reaction. 
'GC yield, based on starting materials. 
"Calculated from: (cyclohexanone yield-homogeneous conversion)/ 

theoretical electrochemical yield. 
"Material balance, based on moles of starting material. 

attained using either electrolyte. However, the reaction rate 
(i.e., average current) was significantly lower when NaCIO, 
was used; 440 mA in the reaction with 0.1 M TBAP as the 
supporting electrolyte, versus 245 mA was observed in the 
reaction with 0.1 M NaC10, (the latter has a higher solution 
resistance). 

Electrode-mediated oxidations of cyclohexene also were 
investigated (Table 2). In general, the yields and current ef- 
ficiencies were very good. Again, it was found that the rates 
(i.e., average currents) but not the current efficiencies de- 
pended on the concentration of perchloric acid. It is inter- 
esting to note that the oxidation of cyclohexene using 
Cu(OAc), in the electrochemical experiment was unsuc- 
cessful. In addition, the twofold increase in the rate of the 
electrochemically mediated cyclohexene oxidations over the 
concentration range of perchloric acid was less than that 

Discussion 
The unique ability of BQ to oxidize Pd(0) to Pd(II), com- 

pared to other chemical oxidants such as Cu(II) or MnO,, also 
was observed for the catalyzed acetoxylation of olefins by 
Backvall et al. (14, 15). In that work the experimental evi- 
dence suggested that BQ was actually coordinated to the 
Pd(I1). In addition, Hiramatsu et al. (1 6) prepared and char- 
acterized stable Pd(O)/quinone complexes in solution. In that 
study it was found that the oxidation potential of the Pd(0) 
depended on the electron demand of the quinone. It is likely 
that the regeneration of Pd(I1) proceeds via an efficient inner- 
sphere electron transfer mechanism that is promoted by 
protonation of a Pd(O)/BQ complex. This explanation also 
is consistent with the acid catalysis that we have observed. 

While the effect of acid concentration on the average rates 
is similar for the homogeneous and the electrode-mediated 
reactions, it is not identical. The average currents for the 
oxidation of 1-decene and trans-2-octene as a function of acid 
concentration were found to be about the same, reaching a 
plateau near 0.1 M (Fig. 1). The maximum current (ca. 
420 mA) represents an average turnover rate of 0.025 s-' 
(i.e., moles of ketone per mole of catalyst per second). For 
cyclohexene, the average currents were slightly smaller than 
those for 1 -decene or trans-2-octene. In this case, the max- 
imum current represents a turnover rate of 0.020 s-'. The 
effect of acid concentration on the rates of oxidation of 1- 
decene and cyclohexene under the same conditions using a 
stoichimetric amount of BQ are shown in Fig. 2. For these 
reactions, the maximum average turnover rates (at 0.12 M 
HCIO,) for the oxidation of 1-decene and cyclohexene are 
0.14 and 0.055 s- '  respectively. 

Some comment on the nature of the acid catalysis is jus- 
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. .  , 

FIG. 2. Oxygenate yield versus [HClO,] for the homogeneous 
Wacker oxidation of 1-decene ( 0 )  and cyclohexene ( 0 )  in aceto- 
nitrile/water (7: 1, v/v) with 1 mol% Pd(OAcI2, 100 mol% ben- 
zoquinone after 10 min at 25°C. 

FIG. 1. Average current (it,,,) after 1000 C versus [HCIO,] for 
the electrode-mediated Wacker oxidation of 1-decene (O), tmrzs- 

100 

2-octene (a), and cyclohexene ( 0 )  in acetonitlile/water (7: 1, v/v) 
with 1 mol% P ~ ( O A C ) ~ ,  20 mol% benzoquinone at 0 .9 V vs. SCE 
at 25°C. 80 

tified. The Wacker oxidation is catalyzed by low concentra- 
tion of acid. However, at higher concentrations some 
inhibition of the rate is evident (Fig. 2). We have suggested 
that the increased rate of ligand exchange is at least partly 
responsible for the acid catalysis (12). The rate of ligand 
exchange is acid catalysed at low acid concentration but ap- 
proaches a limiting value at high acid concentration (17). 
Alternatively, the acceleration by low concentrations of acid 
may be a result of protonation of the ligand, which would 
increase the electrophilicity of the Pd(I1) and increase its 
reactivity towards the olefin (18-20). The inhibition at high 

CHROH 
I 

CROH 
pdO 

\ / 
----Td+ 

X R  OH H 

CH3C(0)R C-Pd+ 

+ H+ I 
CH3 

Theoretical Conversion (%) 

FIG. 3. Current (--) and current efficiency ( 0 )  as a 
tion of the theoretical electrochemical conversion for the 
trode-mediated oxidation of 1-decene in acetonitrile/water 
V/V) with 1 mol% Pd(OAc)?, 20 mol% benzoquinone at 0 .9 
SCE at 25°C. 

func- 
elec- 
(7:1, 
v vs. 

acid concentration can be understood from the simplified 
mechanism outlined in Scheme 2. In this scheme there are 
two reactions that result in the loss of a proton. At low acid 
concentration, the increased ligand exchange rate and the 
acid-catalysed decomposition of the Pd(O)/BQ complex are 
expected to control the overall kinetics. At higher concen- 
trations, inhibition of reactions 2 and 4 in Scheme 2 be- 
come kinetically important, so the observed rates decrease. 

It is clear that the oxidations are faster in the stoichio- 
metric reactions by a factor of about six for 1-decene and 
about three for cyclohexene (the maximum currents for all 
three olefins at the highest acid concentration are about the 
same within the experimental uncertainty). The only ob- 
vious difference between the reactions (besides the elec- 
trode) is the concentration of BQ; 0.2 equivalents in the 
electrochemical reactions and 1.0 equivalent in the homo- 
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Theoretical Conversion (%) 

FIG. 4. Current (--) and current efficiency (17) as a func- 
tion of the theoretical electrochemical conversion for the elec- 
trode-mediated oxidation of tt-atzs-2-octene in acetonitrile/water 
(7: 1, v/v) with I mol% Pd(OAc),, 20 mol% benzoquinone at 
0.9 V vs. SCE at 25°C. 

20 100 

0 0 
0 20 40 60 80 100 

Theoretical Conversion (%) 
FIG. 5. Current (--) and current efficiency (17) as a func- 

tion of the theoretical electrochemical conversion for the elec- 
trode-mediated oxidation of cyclohexene in acetonitrile/water (7: 1,  
V / V )  with 1 mol% Pd(OAc),, 20 mol% benzoquinone at 0.9 V vs. 
SCE at 25°C. 

geneous reactions. It is tempting to attribute the difference 
in rates to the difference in concentration of BQ. However, 
this cannot be the case since the average current using only 
0.1 equivalents of BQ (Table 1, entry 7) was the same as that 
using 0.2 equivalents (Table 1, entry 8). In this case, the 
evidence suggests that the reactions are limited by the rate 
of the electrochemical regeneration of BQ from BQH2 
(Scheme 1). This is clearly seen in Fig. 3-5 in which the cell 
current and current efficiencies for the oxidation of l-de- 
cene, trans-2-octene, and cyclohexene have been plotted as 

a function of the theoretical electrochemical conversion. In 
general, a relatively constant plateau current was quickly 
established. A decrease in current only was observed near 
the end of the reaction when all of the olefin had been con- 
sumed (after about 80% of the olefin is consumed). At this 
point, the reaction can be restarted simply by adding more 
substrate. These figures also demonstrate the advantage of 
controlled potential electrolysis (as opposed to controlled 
current) since the reaction simply turns itself off when the 
substrate is depleted. 

For trans-2-octene and cyclohexene induction periods for 
product formation were observed even though the currents 
had reached the limiting values (Figs. 4, 5). These induc- 
tion periods are consistent with the work reported by Smidt 
et al .  (1, 20) who demonstrated that the uptake of internal 
and branched olefins by Pd(I1) salts is significantly slower 
than that of terminal olefins. 

The use of potentiostatic (controlled potential) conditions 
is primarily responsible for the consistently high current ef- 
ficiencies observed in the electro-oxidations. Under con- 
trolled potential conditions, the electrochemical oxidation is 
much more selective towards BQH,; i.e., the current is de- 
termined by the concentration of BQH, only. Preliminary 
experiments performed under galvanostatic conditions were 
much less efficient, with current efficiencies <30%. Tsuji 
and Minato (10) also carried out controlled current oxida- 
tions and obtained current efficiencies only on the order of 
50-60%. Under galvanostatic conditions, reasonable cur- 
rent efficiencies can only be attained when the rate of olefin 
oxidation (homogeneous) and the rate of the electrochemi- 
cal regeneration of BQ (heterogeneous) are comparable. If 
the homogeneous reaction is too fast then the steady state 
concentration of B Q  will be too low to prevent Pd(0) from 
precipitating. On the other hand, if the current is too high then 
the homogeneous oxidation rate is rate limiting and undesir- 
able side reactions that sustain the high current result in a 
lowering of the overall current efficiency. 

Tsuji and Minato (10) noted that cyclohexene and cyclo- 
pentene were oxidized readily under the electro-oxidation 
conditions (cyclohexanone yield 75%, current efficiency 
59%; cyclopentanone yield 8396, current efficiency 53%), 
but almost no reaction occurred when a stoichiometric 
quantity of benzoquinone was added in lieu of electrochem- 
ical regeneration of benzoquinone. In contrast, we have found 
that the homogeneous reactions are actually faster than the 
electrochemically mediated reactions (vide supra). The dis- 
crepancy between the two sets of data is now easily ex- 
plained. In the homogeneous oxidations carried out by Tsuji 
a suitable acid was not added. It is likely that under the gal- 
vanostatic conditions used in that work, the primary (per- 
haps the only) reaction at the initial stages of the reaction was 
the electrolysis of water, thus generating acid, since the 
Wacker oxidation is known to be slow. This electro-gener- 
ated acid would then promote the homogeneous reaction and, 
consequently, appear to drive the reaction that was sluggish 
in the absence of electrolysis. 

These data may have important implications in the large- 
scale synthesis of cyclohexanone, an important intermedi- 
ate in the commercial caprolactam process (the monomer of 
Nylon 6'@, Scheme 3). Virtually all industrial approaches to 
caprolactam go through cyclohexanone as an intermediate. 
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hydrogenation 

'"" 1 / 

Most oxidation routes require high temperatures and pres- 
sures and generally give poor yields (21). The data pre- 
sented in this work show, for the first time, that the oxidation 
of cyclohexene to cyclohexanone can occur at room tem- 
perature at commercially viable rates. Electrode-mediated 
catalysis is an attractive alternative if the high current effi- 
ciencies can be maintained in a scaled-up reactor. In addi- 
tion, the catalytic amounts of quinone and Pd(I1) would 
simplify the isolation and purification of products. 

Experimental 

All solutions were of spectroscopic quality. Olefins and palla- 
dium catalysts were commercially available (Aldrich) and were used 
as received. Tetrabutylammonium perchlorate (TBAP, Eastman) 
was recrystallized twice from ethylacetate/hexanes (9: 1, v/v) andl 
dried for 12 h in a vacuum oven (5OoC, 5 Torr; 1 Torr = 133.3 Pa). 
Benzoquinone was passed through a silica gel column (chloro- 
form as eluant) and recrystallized twice from hexane/ethyl ace- 
tate (10: 1 v/v). A standard H-cell was used in all electro-oxidations 
(three-electrode configuration). An aqueous saturated calomel ref- 
erence electrode was used for potential measurements. The poten- 
tiostat was a PAR model 173 equipped with a PAR model 176 
digital coulometer. In all experiments both the working electrode 
and counter electrode were a platinum mesh (6 X 6 cm). All po- 
tentials are versus the saturated calomel electrode (SCE). 

Olefin electro-oxidations 
Palladium(I1) acetate (0.1 mmol), benzoquinone (2 mmol), and 

perchloric acid (0.015-0.36 M) were dissolved in acetonitrite/water 
(7 : 1 v/v, 85 mL containing 0.1 M TBAP) in the anode compart- 
ment. Benzoquinone (3 mmol) and perchloric acid (0.015-0.36 M) 
were dissolved in 85 mL of the solvent/electrolyte, in the cathode 
compartment (the quinone in the cathodic compartment reduces the 
evolution of gases at the cathode). The electrochemical cell was 
deoxygenated by purging with argon for 30 min and stirred vig- 
orously until the Pd(OAc)? was dissolved. The olefin (10 mmol) 
was added to the anode compartment (by syringe) and a potential 
of 0.9 V vs. SCE was applied until 1000 C had accumulated. After 
the reaction the contents of the anode compartment were removed 
(by pipette). Products were separated from the catalyst by extrac- 
tion into diethyl ether, washed, and then analyzed by a capillary 
GC-internal standard method. n-Decane was the internal standard 
in the cylohexene reactions and n-tridecane was used in the inter- 
nal standard in all other reactions. 

caparolactam 

Current efficieizcy versus theoretical coi1version 
The reactions were carried out as above, except that 2.0-mL 

samples were withdrawn (by syringe) periodically and were ana- 
lyzed by the method described above. The reactions proceeded until 
the current decreased to a negligible value, after approximately 
1700- 1800 C had been accumulated. 
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Rearrangements in the acid-catalyzed formation of lactones from 
2-hydroxynorbornane-2-acetic acid derivatives and related compounds 
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PETER YATES and MAGDY KALDAS. Can. J. Chem. 70, 2491 (1992). 
A mixture of the epimeric ethyl 2-hydroxynorbornane-2-acetates (1) on treatment with concentrated sulfuric acid is 

converted in tum to the lactones of exo-2-hydroxynorbomane-1-acetic acid (4), endo-6-hydroxynorbomane-endo-2-acetic 
acid (5), and exo-3-hydroxynorbornane-exo-2-acetic acid (6). With trifluoroacetic acid or 50% sulfuric acid, 1 
gives 4,  but this does not react further. In concentrated sulfuric acid the parent acids of 1 (7) and (E)- and (Z)-(norborn- 
2-y1idene)acetic acids (8 and 9) and their ethyl esters (10 and 11) give 6 as the infinity product. A mixture of 
5-norbornene-endo- and exo-2-acetic acid (30 and 31) on treatment with 50% sulfuric acid gives 4,  5 ,  6 ,  and exo-2-hy- 
droxynorbornane-syn-7-acetic acid lactone (33). Routes are proposed for the formation of the lactones that involve 
protonation and carbocation formation followed by rearrangement via Wagner-Meerwein, endo-6,2-hydride, and exo- 
3,2-hydride shifts in decreasing order of preference. It is postulated that the usual inhibition of the rearrangement of ter- 
tiary to secondary norbornyl carbocations is not operative when the third substituent is a carboxymethyl group or its 
derivatives because of the electron-withdrawing properties of such groups relative to simple alkyl groups. A prelimi- 
nary study has shown that exo-5-acetyloxy-endo-2-hydroxynorbomane-exo-2-acetic acid (35) with 50% sulfuric acid gives 
four products that are considered to be the y-lactones of endo-5-acetyloxy- and endo-5-hydroxynorbornane-l-acetic acid 
(38 and 39) and exo-2-acetyloxy-1-hydroxy- and 1,2-dihydroxynorbornane-syn-7-acetic acid (40 and 41). Protonation 
of either the hydroxyl or acetyloxyl group is postulated, giving two carbocations that undergo rearrangements as in the 
case of 1, together with 3,2-hydroxyl shifts. The structures of the lactones are assigned on the basis of spectroscopy, 
reactivity, and analogy. The reactions of the lactones, which lead to a variety of hydroxy- and oxonorbomaneacetic acids, 
illustrate their synthetic potential. 

PETER YATES et MAGDY KALDAS. Can. J. Chem. 70, 2491 (1992). 
Un melange d'epimkres de 2-hydoxynorbornane-2-acetates d'ethyle ( I )  trait6 par de l'acide sulfurique concentre con- 

duit aux lactones des acides exo-2-hydroxynorbornane-1-acetique (4), endo-6-hydroxynorbornane-endo-2-acetique (5) 
et exo-3-hydroxynorbornane-exo-2-acetique (6). Par traitement avec de l'acide trifluorbacetique ou de l'acide sulfurique 
a 50%, le compose 1 conduit au composC 4,  mais la rCaction ne va pas plus loin. En milieu acide sulfurique concentre, 
les acides parents du composC 1 ,  soit les composCs (7), les acides (E)- et (Z)-(norborn-2-ylidkne) acCtiques (8 et 9) ainsi 
que leurs esters Cthyliques (10 et 11) ne conduisent qu'au composC 6 comme produit obtenu aprks un temps infini. Un 
mClange des acides 5-norbomkne-endo- et exo-2-acCtique (30 et 31) trait6 par de l'acide sulfurique ti 50% permet d'ob- 
tenir les composCs 4, 5 ,  6 ainsi que la lactone de l'acide exo-2-hydroxynorbornane-syn-7-acktique (33). On propose une 
voie d'acces a cette lactone qui implique une protonation et la formation d'un carbocation suivie d'une transposition de 
Wagner-Meerwein, des deplacements d'hydmres erzdo-6,2 et exo-3,2 dans cet ordre dkcroissant d'importance. On suggkre 
que, en raison de leurs propriCtCs Clectroattractives relatives ti celles des groupes alkyles simples, l'inhibition habituelle 
de la transposition des carbocations norbomyles tertiaire et secondaire disparait lorsque le troisikme substituant est un 
groupe carboxymCthyle ou un de ses dCrivCs. Une etude prkliminaire indique que, sous l'influence de l'acide sulfurique 
2 50%, l'acide exo-5-acCtyloxy-endo-2-hydroxynorbornane-exo-2-acetique (35) conduit a quatre produits que l'on con- 
sidkre &tre les y-lactones des acides endo-5-acCtyloxy- et endo-5-hydroxynorbornane- 1-acCtique (38 et 39) et des acides 
exo-2-acCtyloxy-1-hydroxy- et 1,2-dihydroxynorbornane-syn-7-acCtique (40 et 41). On suggkre que les protonations soit 
du groupe hydroxyle soit du groupe acCtyloxyle conduisent a deux carbocations qui se transposent tous les deux, comme 
dans le cas du compose 1 ,  par le biais de dkplacements 3,2 d'hydroxyle. On a Ctabli les structures de ces lactones sur 
la base d'analogies des Ctudes spectroscopiques et d'etudes de rkactivite. Les rkactions des lactones, qui conduisent a 
divers acides hydroxy- et oxonorbornaneacktiques, illustrent leur potentiel en synthkse. 

[Traduit par la redaction] 

The structures and rearrangements of 2-norbornyl cations 
have been the subjects of countless investigations during the 
past 50 years (1, 2). Many questions have been answered and 
these species are no longer the cynosures they were. How- 
ever, the study of their chemistry still provides results of 
synthetic and mechanistic interest. We describe here one such 
study, which followed up observations we had made during 
the course of our synthetic work on norbornanes with func- 
tionalized carbon substituents at a bridgehead (3). 

Reaction of 2-hydroxynorbornane-2-acetic acid derivatives 
with acids 

In our earlier work we found that the epimeric mixture of 
ethyl 2-hydroxynorbornane-2-acetates ( I ) ,  formed by the 

'Author to whom correspondence may be addressed. 

Reformatsky reaction of 2-norbornanone with ethyl bromo- 
acetate (4),2 gives on treatment with 32% hydrogen bro- 
mide in acetic acid at room temperature a mixture of the 
rearrangement product exo-2-bromonorbornane- 1 -acetic acid 
(2) and its ethyl ester 3 (3).3 We have subsequently found that 
with 48% hydrobromic acid at room temperature 1 gives 
solely the lactone of exo-2-hydroxynorbornane- 1 -acetic acid 

' ~ a u r i a  et al.  (4) report that a single diastereomer is formed; 
however, their product may have undergone fractionation during 
purification since they hydrolyzed the crude ester, crystallized the 
resulting acid, and then re-esterified. 

3 ~ 1 1  compounds prepared in our present and previous studies in 
this area are racemic, but are structurally represented as single en- 
antiomers. 
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(4), as it does with trifluoroacetic acid (Scheme 1). Treat- 
ment of 1 with concentrated sulfuric acid at room tempera- 
ture gives 4 and two isomeric lactones, 5 and 6, derived from 
endo-6-hydroxynorbornane-endo-2-acetic and exo-3-hy- 
droxynorbornane-exo-2-acetic acid, respectively, whose 
relative yields are time dependent (Table 1). Lactone 4 is 
formed first and is converted to lactones 5 and 6; on longer 
standing 5 is converted to 6, the infinity product. In accord 
with this, treatment of lactone 4 with concentrated sulfuric 
acid gives a mixture of 5 and 6; after 10 min their ratio is 5 : 3 
and after an extended reaction time 6 is the sole product. 
Treatment with weaker acids, e.g., 50% sulfuric acid re- 
turns 4 unchanged. We have also found that treatment of 
acids 7-9' and esters 10 and 11 with concentrated sulfuric 
acid ultimately gives lactone 6. 

It is clear that 1 and compounds 7-11 all react in acids 
via a common carbocationic intermediate of type 12 (Scheme 

'Vaughan et nl. (5) have reported that 8 (or 9) is converted to 
lactone 4 by treatment with trifluoroacetic acid at room tempera- 
ture. 

TABLE 1. Relative yields of lactones 
4-6 from the reaction of 1 with con- 

centrated sulfuric acid 

Relative yield (%) 
Reaction 

time 4 5 6 

6 min 25 50 25 
30 min 5 52 43 

l h  Trace 55 45 
2 h  0 41 59 

1 0 h  0 0 100 

21.' Simple secondary 2-norbornyl cations are well known 
to undergo rearrangement via three different pathways, which 
are, in order of decreasing preference: (i) Wagner-Meenvein 
shifts, (ii) endo-6,2 hydride shifts, and (iii) exo-3,2-hydride 
shifts (1, 2). In general these involve the conversion of a 
secondary cation to another secondary cation or to a tertiary 
cation. In the case of simple tertiary 2-norbornyl cations, such 
as the 2-methyl-2-norbornyl cation, rearrangement is disfa- 
vored because it would entail the conversion of a tertiary to 
a secondary cation (1). The case of the tertiary 2-norbornyl 
cation 12 is exceptional, however, since the presence of the 
carboxymethyl substituent, CH2C02H, or its equivalent, at 
C-2 may be expected to destabilize the ion relative to the 
methyl-substituted ion owing to the electron-withdrawing 
inductive effect of such substituents (6). Thus the reversible 
rearrangement of the tertiary cation can be accounted for and 
the pathways for the formation of the lactones 4, 5, and 6 
from 12  shown in Scheme 2' can be proposed. 

The cation 12 is postulated first to undergo reversible 

' ~ t  is highly probable that both the secondary and tertiary nor- 
bornyl cations invoked in this work are at least partially bridged (1). 
However, the work of itself makes no contribution to the non- 
classical - classical ion controversy, and we choose to represent the 
intermediates as classical ions to facilitate visualization of the 
rearrangements involved. 

'WM, 6,2, and 3,2 represent Wagner-Meerwein, enrlo-6,2-h~- 
dride, and exo-3.2-hydride shifts, respectively. 
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YATES AND KALDAS 

Wagner-Meerwein rearrangement to the cation 13 and lac- dride shift giving the cation 14, followed by a Wagner- 
tone closure to 4 (in the cases where R = Et, the question of Meerwein shift to give the cation 15, which closes to the 
the timing of the loss of the ethyl group remains moot). The lactone 5; all of these steps are considered to be reversible. 
cation 12 is considered to undergo a slower, endo-6,2-hy- Finally, it is proposed that 15 and 14 undergo yet slower, 
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reversible, exo-3,2-hydride shifts to give 16 and 17, respec- 
tively, which are interconvertible by Wagner-Meerwein 
shifts, and that 17 undergoes an endo-6,2-hydride shift to 
form the cation 18, which closes to lactone 6. The forma- 
tion of 6 as the infinity product is attributed either to irre- 
versible lactonization or to its being greatly favored at 
equilibrium. This interpretation may be oversimplified and 
additional pathways may well be involved (vide infra). 
However, it appears to us to be the most plausible one based 
on our postulates that rearrangement of tertiary cations of type 
12 to secondary cations can occur, and that the commonly 
observed order of preference among the three types of shift 
is followed. 

Vaughan and Wolinsky et al. (7) earlier examined the 
products formed by (E)-camphene-8-carboxylic acid (19), 
an analogue of 9, under a variety of acid conditions. They 
found that lactone 20, an analogue of 4, is formed initially 
and that this can be converted in turn to lactone 21 and lac- 
tone 22, the analogue of lactone 6. In strong acids 22, like 
6, is the infinity product. Their results differ from our own 
in the non-methyl series in the observation of the formation 
of the endo lactone 21 and the failure to observe the &-lac- 
tone 23, analogous to the a-lactone 5. The first difference can 
be accounted for in terms of an exo-3,2-methyl shift 
(Nametkin rearrangement (8)) in 24 leading to the forma- 
tion of the stabilized, tertiary carbocation 25; the formation 
of the corresponding series would require an exo-3,2-hy- 
dride shift in 12 to give the secondary carbocation 26, a less 
energetically favored process. The second difference may be 
associated with the general circumstance that in multireac- 
tion manifolds the relative rates of the reactions are depen- 
dent on the nature of the substrate and that in a particular case 
an intermediate may be present in such low concentration that 
it fails to undergo detection. The same consideration can be 
invoked as a supplementary or alternative explanation of the 

failure to observe the formation of 23 from 12. A further point 
of interest arises from this report (7). It concerns the origin 
of 22, for which the authors propose ring closure of 27, which 
arises from 25 by a Wagner-Meerwein shift to 28, fol- 
lowed by an endo-6,2-hydride shift to 29 and another 
Wagner-Meerwein rearrangement to 27. They note that the 
simplest pathway for the formation of 27 would be an endo- 
3,2-methyl shift in 24, but disfavor this route because of the 
absence of established precedent for an endo-Nametkin 
rearrangement. However, there are difficulties with the 
lengthier route proposed, since the conversion of 25 to 28 
involves an unfavorable Wagner-Meerwein rearrangement 
of a stabilized tertiary to a secondary carbocation (vide 
supra), and Haseltine and Sorensen (9) later reported that the 
endo-3,2-methyl shift occurs in related systems, albeit much 
more slowly than the corresponding exo shift. Thus the pos- 
sibility of the formation of 27 by an endo-Nametkin rear- 
rangement remains. 

Reaction of 5-norbornene-2-acetic acids with acids 
Sauers and Sonnet (10) were the first to examine the re- 

action of a mixture of racemic 5-norbornene-endo- and exo- 
2-acetic acids (30 and 31) with acids; in 75% sulfuric acid 
at 0°C for 22 h it gave the lactone 6 as the major product to- 
gether with a second, unidentified lactone. They obtained the 
same major product from treatment of the isomeric tricyclic 
acid 32 with concentrated sulfuric acid for 18 days, accom- 
panied by two other, unidentified lactones. Davies and Dowle 
(1 1) later investigated in greater detail the reaction of 30 and 
31 with acids. They reported that in 50% sulfuric acid the 
endo isomer 30 or a mixture of this and the exo isomer 31 
gave lactone 6 and the a-lactone 33; they did not observe the 
formation of lactones 4 and 5 and proposed a mechanistic 
scheme that took this into account. Since their results dif- 
fered from ours with 1, albeit in concentrated sulfuric acid, 
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we have repeated the reaction of a mixture of 30 and 31 with 
50% sulfuric acid, and now find that in addition to lactones 
6 and 33, lactones 4 and 5 are also formed under these con- 
ditions. Proposed routes for the formation of the various 
lactones are given in Scheme 3, which corresponds with 
Scheme 2, but differs in (i) the point of entry to the reaction 
manifold, (ii) the inclusion of lactone 33, and (iii) the irre- 
versible formation of lactone 4, which we have shown does 
not react in 50% sulfuric acid. Our failure to observe the 
formation of 33 from 1 could again be attributable to the fact 
that it is present in such low concentration under the condi- 
tions we used as to be unobservable (cf. the 6-lactone 5, 
above). The limiting case would be irreversible formation of 
lactone 6 from the carbocation 18 in concentrated sulfuric 
acid, but not in 50% sulfuric acid, inhibiting the conversion 
of 18 to 33 via 34. 

Reaction of exo-5-acetyloxy-2-hydroqnorDornarze-2-acetic 
acids with acid 

We discussed above lactone formation from 2-hydroxy- 
norbornane-2-acetic acids via the carbocation 12. We also 
carried out a preliminary investigation of lactone forination 
from exo-5-acetyloxy-2-hydroxynorbornane-2-ace acids 
(35), which may be expected to give products via carboca- 
tion 36 that are analogous to those formed via 12, and via 
carbocation 37. In addition to a synthetic role (cf. ref. 3), the 
acetyloxyl group in 35 can serve as a marker and aid in 
mechanistic interpretations. Furthermore, the stereochem- 
istry at the carbon atom bearing the acetyloxyl group in the 
products can provide information since a Wagner-Meerwein 
rearrangement of 35 will result in inversion in the relative 
configuration at this carbon (35-37, Scheme 4). 

In the event, treatment of 35 with 50% sulfuric acid gave 
a mixture of four lactones. Two, the acetyloxy lactone 38 and 
hydroxy lactone 39, had been obtalned by us previously by 
a different route (3). The other two products are considered 
to be 40 and 41, although the former was isolated only in 
admixture with 38. We propose (Scheme 4) that lactone 38 
is formed via 36 and 42 by a route analogous to that postu- 
lated for the formation of 4, giving the endo acetyloxy lac- 
tone because of the involvement of a Wagner-Meerwein 
rearrangement in the formation of 42 (vide supra). Hydro- 
lysis of 38 would lead to the hydroxy lactone 39. 

The other products from 35 are considered to arise via 
protonation of the acetyloxyl group and loss of acetic acid 
to give 37,7 which undergoes Wagner-Meerwein rear- 
rangement to the carbocation 43, which in turn undergoes an 
endo-6,2-hydride shift to give the cation 44. An eso-3,2- 
hydroxyl shift to cation 45, perhaps via a protonated epox- 
ide, followed by an endo-3,2-hydride shift would then lead 
to the carbocation 46. The occurrence of such an endo shift 
should be facilitated by electron donation from an unshared 

7The eso acetyloxyl group in 35 is expected to be lost much faster 
than an er~do acetyloxyl group ( I ) ,  accounting for the fact that no 
products were observed that derived from loss of the erzilo acetyl- 
oxyl group in 38 (cf. the slow conversion of ethyl erldo-3-acetyl- 
oxy-exo-6-bromo-norbornane-1-acetate to its e.w-3-acetyloxy 
epimer by hydrogen bromlde in acetic acid (3)). 

electron pair on the oxygen atom of the hydroxyl group. 
Cation 46 can give the protonated lactol 47, which on loss 
of water followed by a Wagner-Meerwein rearrangement 
would give the carbocation 48 and thence the lactones 40 and 
41 by exo nucleophilic attack (1). A closely related route for 
their formation could involve an endo-6,2-hydride shift in 
37 to give the carbocation 49,8 and conversion of this by a 
series of steps analogous to the sequence 44 + 48 to 50, the 
enantiomeric form of 48. 

Str~~ct~o*ul  assignments and synthetic ~ltilization 
and potential 

Here we discuss the assignments of structure to the lac- 
tones 4, 5, 6, 33, 38, 39, 40, and 41. These were based on 
infrared and 'H nmr spectroscopy9 (see experimental sec- 

"his would give 44 on Wagner-Meerwein rearrangement. 
"The 'k nmr spectra, which are also in accord with the assign- 

ments, will be discussed elsewhere. 
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Jones 
reagent  

KOH, EtOH, i. Ru04 

" $? -H2:30+ ;@:hH 55 .=O+ :02:A 57 

5 

tion), on the reactions of the lactones, and on analogy with 
previous observations (2). The formation of the first four 
compounds has been reported by others, but in some cases 
their structures had not been rigorously established at the time 
much of the presently reported work was done. We refer 
briefly to some of their reactions here, both to confirm the 
structural assignments and to illustrate the synthetic poten- 
tial of the lactones. 

The structural assignments for the first six lactones were 
straightforward and we limit their discussion here to the 
schematic summary of their reactions below. 

The assignments of structures 40 and 41 were less simple 
and we discuss these in more detail. Although 40 was ob- 
tained only as a mixture with 38, i t  was possible to analyze 
its ir and 'H  nmr spectra because of the availability of the 
spectrum of pure 38. The former showed it to be an acetyl- 
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YATES AND KALDAS 2497 

oxy 6-lactone and the latter indicated that it contained only 
one proton on a carbon bearing an oxygen atom. Thus it must 
be either the 6-lactone of a tertiary alcohol and the acetate 
of a secondary alcohol or the 6-lactone of a secondary al- 
cohol and acetate of a tertiary alcohol. Comparison of its 'H 
nmr spectrum with that of 41 (vide infra) showed that the 
latter is the acetate of the former. Since 41 on oxidation with 
Jones reagent gives a keto 6-lactone, its hydroxyl group and 
the acetyloxyl group of 40 must be secondary. It follows that 

the lactone groups in 40 and 41 are tertiary. The ir spectrum 
of the oxidation product from 41 shows that the ketonic group 
is in a five-membered ring, strongly suggesting that the 
norbornane system is retained. Consideration of possible 
formulations in terms of these conclusions and the origin of 
the compounds leads to the assignment of structures 40 and 
41, with 64 as the structure of the oxidation product of the 
latter. 

Jones 
r e a g e n t  

Compound 41 was obtained initially in a ca. 50:50 mix- 
ture with 39; however, treatment of the mixture with Girard 
reagent T in the usual manner (12) resulted in removal of 
most of 41 from the organic layer and the isolation of a much 
enriched sample of 39 (85%). Acid hydrolysis of the aqueous 
layer gave a pure sample of 41. It was thus possible to ana- 
lyze the spectra of both 39 and 41. Girard reagent T is nor- 
mally used for the removal of aldehydes or ketones; since no 
such function is present in 41, it must be generated from 41 
under the conditions of the reaction. This is readily expli- 
cable in terms of structure 41 and the origin proposed for it 
in Scheme 4. Cation 46 could well be in equilibrium with a 
small amount of its parent ketone 65, which could form the 
hydrazone 66 irreversibly with Girard reagent T ;  hydrolysis 
of this with acid would regenerate 46 and thence 41. 

These several transformations of the lactones illustrate their 
versatility, both observed and potential, in the synthesis of 
a variety of norbornane derivatives from 2-hydroxynorbor- 
nane-2-acetic acid and 5-norbornene-2-acetic acid deriva- 
tives. This potential is enhanced by the fact that the relative 
yields of the lactones can be controlled by variation of the 
reaction conditions for their formation. 

Insofar as the routes for the formation of the lactones are 
concerned, definitive answers will require considerable fur- 
ther experimentation. In particular it will be of interest to 
determine the reactivities of all of the lactones under the 
several conditions of their formation, to observe the ionic 
intermediates by nmr spectroscopy, to undertake isotopic 

Girard T 64 X = 0 
reagent 65 X =  N N H C O C H ~ & M ~ ~  

labeling studies, and to explore further the effect of CH,CO,R 
and related substituents on the stability of tertiary norbornyl 
cations relative to secondary and alkyl-substituted tertiary 
norbornyl cations. 

Experimental 
Melting points are uncorrected. Unless otherwise indicated in- 

frared (ir) spectra were taken in chloroform solution and proton 
magnetic resonance ( 'H nmr) spectra in deuteriochloroform solu- 
tion. The ir peaks are strong unless otherwise described. Thin-layer 
chromatographic (tlc) analyses were carried out on Quanta/Gram 
precoated 20 x 20 cm silica plates (thickness 2 mm), activated for 
30 min at 130°C. Organic solutions were dried with anhydrous 
magnesium sulfate unless otherwise stated. 

exo-2-Hydro-rynorbomle-I -acetic acid lactorze (4) 

( ( 2 )  F I Z ) I ~ Z  trentrrzerzt of I with hydrobrornic acid 
A solution of 1 (3.00 g, 15.00 mmol) in 48% hydrobroniic acid 

(20 mL) was stirred at room temperature for 56 h, and the reaction 
mixture was extracted with dichloromethane (4 x 30 mL). The 
combined extracts were washed with aqueous 5% sodium bicar- 
bonate (50 mL) and water (2 X 50 mL), and dried. The solvent was 
removed to give a yellow oil (2.20 g). This was subjected to mo- 
lecular distillation (100- 102"C/0.05 Torr; 1 Torr = 133.3 Pa) and 
the distillate was allowed to stand at 5°C for 2 weeks, by which time 
it had completely solidified. Sublimation gave lactone 4 (2.10 g, 
92%) as plates, mp 69-70°C ( l i t .  (5) rnp 75-76"~)" ir (OCL4) v,,,.,: 

 he sample had [a], -0.72; i t  was possibly a single enan- 
tiomer (cf. ref. 5). 
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1773 cm-'; 'H nmr 6: 1.10-1.93 (m, 8H), 2.34 (m, lH), 2.60 (s, 
2H), 4.16 (t, J = 4 Hz; 1H); m/z: 152 (2) (M'). Anal. calcd. for 
C9HI2O2: C 71.02, H 7.95; found: C 71.02, H 8.03. 

(b) From treatment of I with trtjluoroacetic acid 
A solution of 1 (396 mg, 2.00 mmol) in freshly distilled trifluo- 

roacetic acid (10 mL) was stirred at room temperature for 21 h. The 
reaction mixture was poured into ice-water (50 g) with stirring and 
extracted with chloroform (3 X 50 mL), and the combined ex- 
tracts were dried (K2C03-Na2S04) The solvent was removed to 
give 4 (246 mg, 81 %) as a colorless oil that solidified on cooling 
and had ir, 'H nmr, and mass spectra and tlc behavior identical with 
those of the lactone 4 obtainedfrom treatment of 1 with hydrobro- 
mic acid. 

Treaanent of I with concentrated sulfuric acid. Formation of 4, 
endo-6-hydroqnorbornane-endo-2-acetic acid lactone (5), 
and exo-3-hydroqnorbornane-exo-2-acetic acid lactone (6) 

(i) A solution of 1 (1.00 g) in concentrated sulfuric acid (15 mL) 
was stirred without external heating for 26 h. The reaction mix- 
ture was added slowly with stirring to a large amount of ice-water 
(ca. 300 g), and the mixture was extracted with dichloromethane 
(3 x 100 mL). The combined extracts were dried (K2C03-Na2S04), 
and the solvent was removed to give a brown oil (707 mg, 93%), 
which was purified by molecular distillation at 96"C/0.025 Torr 
onto a Dry Ice - acetone-cooled finger, giving 6 (10, 11, 13) 
(509 mg, 67%) as a colorless oil; ir v,,,,: 1770 cm-'; 'H nmr 6: 
1.08-1.65 (m, 6H), 1.88-2.84 (s, 5H), 4.46 (d of m, J = 4 Hz; 
1H); m/z: 152 (27) (M+). 

(ii) In another run the reaction was followed by taking aliquots 
at intervals of 6 min, 30 min, 1 h, 2 h, and 10 h with work-up as 
above. Analysis by 'H nmr spectroscopy showed the formation of 
lactones 4, 5 (vide infrct), and 6; 4 and 5 in turn gave 6 irreversi- 
bly. The 6-min aliquot consisted of a mixture of 4, 5, and 6 in a 
ratio of 1 :2 :  1, the 30-min aliquot showed a ratio of 1 : 11 :9,  the 
1-h aliquot showed a ratio of 5 and 6 of 6 : 5  with only a trace of 
4, the 2-h aliquot showed a ratio of 5 and 6 of 7 :  10, and the 10-h 
aliquot showed only the lactone 6. A column of silica gel that was 
packed in and eluted with dichloromethane was used in separating 
lactones 4, 5, and 6 from each other, lactone 4 being eluted first, 
followed by 5, and finally 6. 

Treatnzerzt of 2-hydroqnorborrzane-2-acetic acid (7). (E)- arzd 
(Z)-(norborn-2-ylidene (8 and 9), and the ethyl esters of the 
latter ( I 0  and I I )  with concentrated sulfuric ctcid. 
Formation of 6 

Individual 5% solutions of 7 and mixtures of 8 and 9 and of 10 
and 11 (3, 4) in concentrated sulfuric acid were stirred without ex- 
ternal heating for 5, ]Oh, and 6 h, respectively. The reaction mix- 
tures were quenched with large amounts of ice-water and extracted 
several times with dichloromethane. The combined extracts from 
each reaction mixture -were dried (K,C03-Na2S04), and the sol- 
vent was removed giving brown oils, which were purified by mo- 
lecular distillation to give almost quantitative yields (98, 94, and 
99%, respectively) of lactone 6 as a colorless oil. Identifications 
were made by tlc and ir and 'H nmr spectroscopic comparison with 
an authentic sample. 

Treatrner~t of 4 with acids 

(a )  Tr-tjluor-oacetic acid 
(i) A solution of 4 (152 mg, 1 .OO mmol) in freshly distilled tri- 

fluoroacetic acid (10 mL) was stirred at room temperature. After 
10 days the reaction mixture was poured into ice-water (ca. 60 g) 
with stimng, and extracted with dichloromethane (3 X 50 mL). The 
combined extracts were dried (K?C03-Na2S04), and the solvent 
was removed to give a yellow oil (139 mg) that had ir and 'H nmr 
spectra and tlc behavior identical with those of the starting mate- 
rial. 

(ii) A solution of 4 (the material recovered from the treatment 
with trifluoroacetic acid above; 139 mg) in freshly distilled tri- 
fluoroacetic acid (10 mL) was boiled under reflux under nitrogen 

for 20 h. Work-up in the usual manner gave an oil that had ir and 
'H  nmr spectra identical with those of the starting material. 

(b) Formic acid - sulfuric acid 
A solution of 4 in formic acid - sulfuric acid (9: 1) was stirred 

at room temperature for 14 h. Work-up in the usual manner gave 
an oil that had ir and nmr spectra identical with those of the start- 
ing material. 

(c) Sulfuric acid 
(i) A solution of 4 (152 mg, 1.00 mmol) in 10% sulfuric acid 

(50 mL) was stirred at room temperature. After 36 h the reaction 
mixture was extracted with dichloromethane (3 X 50 mL). The 
combined extracts were dried (K,C03-Na2S04) and the solvent was 
removed to give a colorless oil (146 mg) that had ir and 'H nmr 
spectra and tlc behavior identical with those of the starting mate- 
rial. 

(ii) A solution of 4 in 50% sulfuric acid was found to return 4 
unchanged after 6 days at room temperature. 

(iii) A solution of 4 (760 mg, 5.00 mmol) in concentrated sul- 
furic acid (10 mL) was stirred at room temperature for ca. 24 h. 
Work-up in the usual manner gave a brown oil, which was puri- 
fied by molecular distillation to give a colorless oil (48 mg, 67%) 
that had ir, 'H nmr, and mass spectra and tlc behavior identical with 
those of lactone 6. 

(iu) A solution of 4 (1.52 g, 10.00 mmol) in concentrated sul- 
furic acid (20 mL) was stirred at room temperature for 10 min. 
Work-up in the usual manner gave a yellow oil which was dis- 
solved in dichloromethane; the solution was washed with aqueous 
5% sodium carbonate (5 x 50 mL), dried, and concentrated under 
reduced pressure to give a yellowish oil (1.31 g, 86%) that con- 
sisted of a mixture of 5 and 6 in a ratio of 5: 3 with only a trace of 
4. The mixture was chromatographed on a column of silica gel that 
had been packed in dichloromethane. Lactone 5 was recovered and 
sublimed to give 5 (14) as plates, mp 68-69°C; ir v,,: 1721 cm-I; 
'H nmr 6: 0.84-1.60 (m, 4H), 1.74-2.60 (m, with a prominent s 
at 2.53; 7H), 4.79 (m, 1 H). Exact Mass calcd. for CgH,?02 (rn/z): 
152.0837; found: 152.0836. Anal. calcd. for C9HI7o2: C 71.02, 
H 7.95; found: C 71.04, H 7.95. 

Treatrtzerlt of norborn-5-ene-ertdo-2-acetic acid (30) arzd 
norborn-5-ene-exo-2-acetic acid (31) with snlfitric acid. 
Formation of 4, 5, 6, and exo-2-hydroqtzorbornat~e-syn-7- 
acetic acid (33) 

A solution of a mixture of 30 and 31 (3, 1 1) (760 mg, 5.00 mmol) 
in 50% aqueous sulfuric acid (20 mL) was stirred at room temper- 
ature. After 2.5 h the reaction mixture was poured onto ice and 
extracted with dichloromethane (5 x 50 mL). The combined ex- 
tracts were dried (K2C03-NaZS04) and the solvent was removed 
under reduced pressure to give the crude product as a yellow oil 
(729 mg). The crude product was chromatographed on a column 
of silica gel that had been packed in dichloromethane. Upon elu- 
tion with dichloromethane four fractions were collected. 

Concentration of the first fraction under reduced pressure and 
sublimation of the resulting oil afforded lactone 4 (121 mg, 16% 
as plates), mp 69-70°C. Mixture with an authentic sample of 4 did 
not depress the mp. Its 'H nmr and ir spectra were identical to those 
of this sample. 

The second fraction was concentrated under reduced pressure and 
the residue was molecularly distilled (94-97"C/0.02 Torr) to give 
33 (1 I) (175 mg, 23%) as a colorless oil; ir v,,,,: 1727 cm-'; 'H 
nmr 6: 1.10-2.73 (m, 1 IH), 4.38 (m, 1H); rn/z: 152 (1 I) (Mf) .  

The third fraction was concentrated under reduced pressure. Thin- 
layer chromatography (silica gel/dichlormethane-benzene, I : I) 
revealed it to be a mixture of 5 and 33. This mixture was sepa- 
rated on a plate of silica gel eluted with dichloromethane-benzene 
(1 : 1) to give 5 (38 mg, 5%) as a colorless oil, which matched an 
authentic sample of 5 in every respect. 

The last fraction was concentrated under reduced pressure. Dis- 
tillation of the residue (97-98"C/0.025 Tom) afforded lactone 6 
(220 mg, 29%) as a colorless oil, which was identified by ir, 'H 
nmr, and tlc comparison with an authentic sample of 6. 
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Treatment of ethyl exo-5-acetylo,ry-endo-2-h~~droxynorbornane- 
exo-2-acetate (35) with srilfuric acid. Fortnation of endo-5- 
acetyloxy-exo-2-hydroxy- and exo-2,endo-5-dihydroxy- 
norbortzane-l -acetic acid y-lactones (38 ancl39) and 
exo-2-acetyloxy-I-hydroxy- and 1 ,exo-2-dihydroxynorbor- 
nane-syn-7-acetic acid y-lactones (40 and 41) 

A solution of 35 (3) (2.56 g,  10.00 mmol) in 50% sulfuric acid 
(100 mL) was stirred at room temperature. After 60 h the reaction 
mixture was poured into ice-water (200 g) with stirring and ex- 
tracted with dichloromethane (2 x 200 mL). The combined ex- 
tracts were dried (K2C03-Na2S0,), and the solvent was removed 
to give a yellow oil (1.99 g), which was chromatographed on a 
column of silica gel (ca. 60 g) that was packed in and eluted with 
dichloromethane. Two major fractions were collected. The first 
fraction was concentrated under reduced pressure and molecularly 
distilled (89-93"C/0.025 Torr) to give a colorless oil (630 mg, 
30%). Thin-layer chromatography (silica gel/dichloromethane) 
revealed two unresolved spots. Further attempts to separate this 
mixture by tlc were unsuccessful. This mixture was identified as a 
1 : 1 mixture of 38 and 40 (3); ir v,,,: 1770, 1736 cm-';  'H nmr 6: 
1.00-2.70 (m, with prominent s's at 2.03 and 2.56; 12H), 4.20 (d 
of m, 0.5H), 4.76 (m, 0.5H), 5.10 (m, 0.5H). 

The second fraction (822 mg, 49%) was found to be a mixture 
of approximately equal amounts of 39 and 41. To the mixture 
(822 mg, 4.90 mmol) Girard reagent T (12) (1.00 g) and acetic acid 
(1 mL) in 95% ethanol (10 mL) were added and the solution was 
boiled under reflux for 45 min, and then cooled. Ether (20 mL), 
water (20 mL), and saturated aqueous sodium chloride (10 mL) 
were added. The ether layer was separated, dried (K2C03-MgSO,), 
and concentrated under reduced pressure to give a yellowish oil 
(415 mg, 51%), shown by ' H  nmr spectroscopy to be an 85: 15 
mixture of 39 and 41; ir v,,,: 3510 (w), 3355 (w), 1770, 1742 (w) 
cm- ' ;  'H  nmr 6: 0.92-2.55 (m, with prominent ABq at 2.51, J = 

16 Hz; 1 lH),  3.13 (s, 1.15H; absent after D20  treatment), 4.04 (d 
of m, J,,, = 3 Hz; 0.15H), 4.25 (d of d, J = 3 and 7 Hz; lH), 4.35 
(m, lH). 

The aqueous layer was separated, treated with concentrated hy- 
drochloric acid (1 mL), and heated on a steam bath for 1 h. Ad- 
ditional ether (40 mL) was added and the ether extract was removed, 
dried (K2C03-MgSO,), and concentrated under reduced pressure. 
The residue was subjected to molecular distillation (103-104"C/ 
0.025 Torr) to give 41 (27 1 mg, 33%) as a colorless, viscous oil; 
ir v,,,,: 3510 (w), 3400 (w), 1776 cm-'; 'H nmr 6: 1.50-2.22 (111, 
7H), 2.57, (m, 3H), 2.74 (br s ,  lH; absent after D 2 0  treatment), 
4.04 (d of m, J :,,, = 3 Hz; 1H). Anal. calcd. for C9HIZ03: C 64.27, 
H 7.19; found: C 64.38, H 7.15. 

Hydrolysis of 4. Formatiotl of exo-2-hyclr-o,li7,rzorborrzc1tze-1 -ncetic 
acicl (51) 

To a solution of 4 (1.52 g, 10.0 mmol) in ethanol (30 mL) was 
added potassium hydroxide (5.60'g) with continuous swirling. The 
mixture was heated on a steam bath for 30 min followed by stir- 
ring without external heating for 3 h. Water (100 mL) was added, 
and the total volume was reduced on a rotary evaporator to ca. 
75 mL. The concentrate was acidified to pH 4 with 6 N sulfuric acid 
while the temperature was maintained at 0-5'C. The solution was 
immediately extracted with dichloromethane (5 X 50 mL), and the 
combined extracts were washed with water (50 mL), and dried. The 
solvent was removed to give a white solid (1.50 g), which was 
crystallized from ether followed by sublimation at 67"C/O. 125 Torr 
to give 51 (1.20 g,  70%), mp 93-94.5"C; ir v,,,,: 3610-2410, 
1706 cm-';  'H nmr 6: 1.00-2.08 (m, 8H), 2.10-2.30 (111, IH), 2.67 
(ABq, J = 14 Hz; 2H), 3.66-3.92 (d of m, lH), 6.50 (s, 2H; ab- 
sent after D 2 0  treatment); m/z: 170 (2) (M+). Anal. calcd. for 
C9HI4o3: C 63.5 1, H 8.28; found: C 63.41, H 8.25. 

Oxiclatiorz of 51. Formation of 2-o.rorzorbortlclrze-I-acetic acid 
(52) 

A solution of 51 (170 mg. 1 .OO mmol) in acetone was cooled to 
5-10°C, stirred, and titrated with a freshly prepared solution of 

Jones reagent1' until the orange color persisted for 1 h. The excess 
oxidant was destroyed by the dropwise addition of methanol. The 
solution was concentrated under reduced pressure and the residue 
was dissolved in chloroform. The solution was dried, and the sol- 
vent was removed. Molecular distillation (1 15- 1 17"C/O. 125 Torr) 
of the residue afforded 52 (166 mg, 99%) as a colorless oil that 
solidified on cooling to give 52 as needles, mp 57-59°C; ir v,,,: 
3570-2440, 1739, 1706 cm-'; 'H nmr 6: 1.10-2.32 (m, 8H), 2.36- 
3.00 (m, with prominent ABq at 2.73, J = 17 Hz; 3H), 11.15 (s, 
1H); m/z: 168 (M'). Anal. calcd. for C9H1203: C 64.27, H 7.19; 
found: C 64.13, H 7.21. 

Hydrogenation of 52. Formation of endo-2-hydro.rytlorbornatle- 
1 -acetic acid (53) 

To a solution of 52 (210 mg, 1.20 mmol) in acetic acid (25 mL) 
was added platinum oxide (20 mg), and the mixture was shaken 
under hydrogen (3.5 atm; 1 atm = 101.3 kPa) at room tempera- 
ture for 6 h. The reaction mixture was filtered and stripped of acetic 
acid by distillation under reduced pressure to give a yellow oil, 
which was crystallized from chloroform to give 53 (64 mg, 92%) 
as plates, mp 205-207°C (dec.), mixture mp with its exo isomer 
51, 39-68°C; ir v,,: 3510-2325, 1704 cm-'; 'H nmr 6: 0.80-2.30 
(m, 9H), 2.65 (s, 2H), 3.88-4.32 (d of m, lH), 6.66 (br s ,  2H; 
absent after D 2 0  treatment); m/z: 170 (4) (M'). Anal. calcd. for 
C9Hl,0,: C 63.51, H 8.28; found: C 63.69, H 8.23. 

Reduction ($52 with sodium borohydride. Formation of 
51 and 53 

TO a solution of 52 (183 mg, 1.10 mmol) in ethanol (10 mL) was 
added sodium borohydride (6.7 mg) portionwise over 5 min and 
the mixture was then poured into ice-water (ca. 50 g). The solu- 
tion was saturated with sodium chloride and extracted with ether 
(4 x 50 mL). Evaporation of the ether under reduced pressure af- 
forded a yellow oil (160 mg) that was shown to be a mixture of 
lactone 4 and the epimeric acids 53 and 51 in a 5 :  2 ratio by ir and 
'H nmr spectroscopic and tlc comparison with authentic samples. 

Oxidatiotl of 53.  Regeneratior1 of 52 
A solution of 53 (50 mg) in acetone (25 mL) was cooled to 5- 

1O0C, stirred, and titrated with a freshly prepared solution of Jones 
reagent'' until the orange color persisted for 1 h. The excess oxi- 
dant was destroyed by dropwise addition of methanol. The ace- 
tone layer was separated and concentrated under reduced pressure. 
The residue was dissolved in chloroform, the solution was dried, 
and the solvent was removed to give 52 as a colorless oil, identi- 
fied by ir and 'H nmr spectroscopic comparison with an authentic 
sample. 

Lactonizatior~ of 53. Forttzatiotz of endo-2-hj~clro.ry,lorbort~c~ne-I- 
acetic acid lactotze (54) 

To a solution of 53 (170 mg, 1.00) in dry pyridine (10 mL) was 
added benzenesulfonyl chloride (700 mg, 4.00 mmol), and the 
mixture was boiled under reflux under nitrogen for 15 min. The 
reaction mixture was cooled to room temperature and poured into 
ice-water (ca. 30.00 g). The mixture was extracted with chloro- 
form (3 X 25 mL), and the combined extracts were washed with 
cold 10% hydrochloric acid (2 x 50 mL) to remove pyridine and 
then with water, dried (K,CO,-Na2S04), and concentrated under 
reduced pressure to a viscous, pale yellow oil. Thin-layer chro- 
matography (silica gel - dichloromethane) revealed one new spot 
in addition to that which corresponded to 53. Analysis of the 'H nmr 
and ir spectra indicated that this new compound is the erzclo lac- 
tone 54, ir v ,,,;,,: 1776 cniC'; 'H  nmr 6: 4.82 (m). 

2-acetic acid arlcl its potnssilirn salt 5 6  
(i) To a solution of 5 (152 mg, 1.00 mmol) in ethanol (25 mL) 

was added potassium hydroxide (3.00 g) with continuous swirl- 
ing. The mixture was heated on a steam bath for 30 min followed 
by stifling without external heating for ca. 5 h. Water (100 mL) was 
added and the total volume was reduced under reduced pressure to 

"~eference  12, pp. 142- 143. 
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ca. 20 mL. The concentrate was acidified to pH 6 with concen- 
trated hydrochloric acid while the temperature was maintained 
below 5°C. Solid sodium chloride was added to saturate the solu- 
tion, which was immediately extracted with ethyl acetate (2 x 
25 mL), and the combined extracts were dried. The solvent was 
removed under reduced pressure to give a pale yellow oil that was 
identified as 5 by ir, 'H nmr, and tlc comparison. 

(ii) The hydrolysis was repeated as in ( i ) .  The aqueous etha- 
nolic solution was treated with ether (250 mL) and the precipitate 
was collected, washed with dry ether, and air-dried to give potas- 
sium endo-6-hydroxynorbomane-endo-2-acetate (56) as a white 
solid (186 mg, 97%); ir (KBr) v,,,,: 1575, 1414 cm-'; 'H nmr 
6(D,O): 0.8-2.7 (m, 1 1 H), 4.12-4.5 1 (m, 1 H). 

Oxidation of 56. Formation of 6-oxonorbornane-endo-2-acetic 
acid (57) 

To an aqueous solution of 56 (186 mg, 0.97 mmol, in 10 mL of 
water) ruthenium dioxide (6 mg) was added. The mixture was 
cooled to ca. 15OC and vigorously stirred while a solution contain- 
ing ca. 10% of the stoichiometric amount of sodium periodate was 
added. The solution developed a yellow color indicating the pres- 
ence of ruthenium tetroxide. Upon the precipitation of the black 
ruthenium dioxide another aliquot of sodium periodate was added. 
Each successive addition required more time for the disappear- 
ance of the yellow color of the tetroxide. After the addition of a 
slight excess of periodate the remaining ruthenium tetroxide was 
destroyed with isopropyl alcohol. The solution was acidified with 
6 N hydrochloric acid to ca. pH 4 and extracted with ethyl acetate 
(5 X 20 mL). The combined extracts were dried, and the solvent 
removed under reduced pressure. The residue was crystallized from 
ether - ethyl acetate followed by sublimation to give 57 (125 mg, 
77%), mp. 97-99°C (lit. (15) mp 96-97°C); ir v,,,: 3450-2355, 
1742, 1715 cm-'; 'H nmr 6: 0.83-2.67 (m, 1 lH), 10.04 (br s,  1H; 
absent after D,O treatment). 

Hydrolysis of 33. Formatior1 of exo-2-hydroxyr~orbornar~e-syn-7- 
acetic acid (58) 

To a solution of 33 (304 mg, 2.00 mmol) in ethanol (40 mL) was 
added potassium hydroxide (4.00 g) with continuous stirring. The 
mixture was heated on a steam bath for 30 min followed by stir- 
ring without external heating for 2 h. Water (100 mL) was added 
and the total volume was reduced under reduced pressure to ca. 
15 mL. The concentrate was acidified to pH 4 with concentrated 
hydrochloric acid while the temperature was maintained below 5°C. 
The solution was saturated with sodium chloride and extracted with 
dichloromethane (3 X 50 mL). The combined extracts were dried 
and stripped of solvent under reduced pressure to give a pale yel- 
low oil. Molecular distillation (106-109°C/0.02 Torr) afforded 58 
(282 mg, 83%) as a colorless, viscous oil; ir v,,,: 3570-2380, 
1695 c m ' ;  IH nmr6: 0190-2.48 (m, 1 lH), 3.74 (d of d ,  J = 3 and 
6 Hz; IH), 7.10 (br s, 2H; absent after D,O treatment). Anal. calcd. 
for C,H,,O,: C 63.5 1, H 8.28; found: C 63.45, H 8.21. 

Oxidation of 58. Formation of 2-oxonorbornar~e-syn-7-acetic 
acid (59) 

A solution of 58 (255 mg, 1.50 mmol) in acetone was cooled in 
an ice-bath, stirred, and titrated with Jones reagentH until the or- 
ange color persisted for 10 min. The excess oxidant was de- 
stroyed by dropwise addition of methanol until the solution became 
colorless. The solution was concentrated under reduced pressure, 
and the residue was dissolved in dichloromethane (50 mL). The 
solution was dried, and the solvent was removed. Molecular dis- 
tillation (1 17-1 19"C/0.025 Torr) of the residue gave 59 (232 mg, 
92%) as a colorless oil; ir v,,;,,: 3579-2410, 1754, 1724 cm-';  'H 
nmr 6: 0.92-2.60 (m, 1 1 H), 1 1.67 (s, l H; absent after D 2 0  treat- 
ment). Anal. calcd. for C9HI2o3: C 64.26, H 7.19; found: C 63.86, 
H 7.35. 

Hydrogenation of 59 in acetic acid. Formation of endo-2- 
acetyloxynorbornar~e-syn-7-acetic acid (60) 

To a solution of 59 (168 mg, l .OO mmol) in acetic acid (15 mL) 
was added platinum oxide (10.00 mg), and the mixture was shaken 
under hydrogen (3.5 atm) at room temperature for 61 h. The re- 
action mixture was filtered, diluted with water (30 mL), and stripped 
of solvent by distillation under reduced pressure to give a yellow 
oil, which was molecularly distilled (85-88"C/0.02 Torr) to give 
60 (201 ing, 95%) as a colorless oil; ir v,,,: 3570-2485, 1727 cm-'; 
' H  nmr 6: 0.85-2.54 (m, with a prominent s at 2.07; 14H), 4.76- 
5.15 (m, lH), 10.32 (br s,  1H; absent after D,O treatment). Exact 
Mass calcd. for C,,H,,O,: 212.1049; found: 212.1068. 

Hydrolysis of 60. Formation of endo-2-hydroxynorbornarle-syn- 
7-acetic acid (61) 

To a solution of 60 (106 mg, 0.50 mmol) in ethanol (15 mL) was 
added potassium hydroxide (2.00 g) with continuous swirling. The 
mixture was heated on a steam bath for 30 min followed by stir- 
ring without external heating for 3 h. Water (30 mL) was added, 
and the total volume was reduced on a rotary evaporator to ca. 
10 mL. The concentrate was acidified to pH 4 with 6 N sulfuric acid 
while the temperature was maintained at 0-5OC. The solution was 
immediately extracted with dichloromethane (5 X 10 mL), and the 
combined extracts were washed with water (2 X 10 mL) and dried. 
The solvent was removed under reduced pressure to give a color- 
less, viscous oil, which was molecularly distilled (64-68"C/ 
0.005 Torr) to give 61 (5 1 mg, 60%) as a colorless, viscous oil; ir 
v ,,,;,: 3570-2380, 1695 cm-'; 'H nmr 6: 0.77-2.48 (m, 1 lH), 4.06 
(m, lH), 7.30 (br s ,  2H; absent after D 2 0  treatment). Exact Mass 
calcd. for C9HI4O3: 170.0947; found: 170.0943. 

Oxidatiorl of 39. Formation of exo-2-hydrox~~-5-oxo-norborr2nne- 
I-acetic acid lactorle (62) 

A solution of 39 (86% purity) (400 mg, 2.38 mmol) in acetone 
was cooled to 5-10°C, stirred, and titrated with a freshly prepared 
solution of Jones reagent1' until the orange color persisted for 2 min. 
The excess oxidant was destroyed by dropwise addition of meth- 
anol. The acetone layer was concentrated under reduced pressure, 
and the residue was dissolved in dichloromethane. The solution was 
dried and the solvent was removed. Sublimation (65-67"C, 
0.005 Torr) of the residue afforded 62 (291 mg, 73%) as white 
plates, mp 137-139°C; ir v,,;,,: 1776, 175 1 cm-'; 'H nmr 6: 1.84 
(s, 2H), 2.07 (m, 2H), 2.20 (ABq, J = 18 Hz; 2H), 2.73 (m, with 
sharp s at 2.73; 3H), 4.34 (t, J = 5 Hz; 1H). Exact Mass calcd. 
for C9HloO,: 166.0629; found: 166.0634. Anal. calcd. for C9H,,03: 
C 65.05, H 6.07; found: C 64.54, H 6.11. 

Oxidatiorl of 41. Formation of 1-11ydro,y-2-oxor1orbornar1e-syn- 
7-acetic acid lactone (63) 

A solution of 41 (168 mg, 1 .OO mmol) in acetone was cooled to 
0-5"C, stirred, and titrated with a freshly prepared solution of Jones 
reagentH until the orange color persisted for 2 min. The excess 
oxidant was destroyed by dropwise addition of methanol. The 
acetone layer was concentrated under reduced pressure, and the 
residue wis dissolved in dichloromethane. The solution was dried 
and the solvent was removed. The oily residue was molecularly 
distilled (70-71°C, 0.005 Torr) to give 63 (1 18 mg, 71%) as a 
colorless oil; ir v,,,;,: 1772, 1751 cm-'; 'H nmr 6: 1.8-2.3 (m, 7H), 
2.65 (m, lH), 2.94 (m, 2H). Exact Mass calcd. for C9Hl,0;: 
166.0630); found: 166.0627. 
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Photodissolution of iron oxides. IV. A comparative study on the photodissolution of 
hematite, magnetite, and maghemite in EDTA media 
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MARTA I .  LITTER and MIGULL A. BLESA. Can. J .  Chem. 70, 2502 (1992). 
The thermal and 254-nm photochemical dissolution reactions of magnetite (Fe30,), maghemite (y-Fe203), and he- 

matite (a-FelO,) suspended in EDTA aqueous solutions were compared. y-Fe,O, and Fe,O, are thermally and photo- 
chemically more reactive than a-Fe203. Both thermal and photochemical dissolution reactions are governed by an initiation 
step, which involves the production of ~e", , , ,  and a subsequent thermal reaction of these ions with the solid, to produce 
Fe"',,. The initiation step under UV irradiation involves the photoreduction of surface > ~ e " '  - EDTA complexes to yield 
~e" , ,  and the photooxidation of adsorbed EDTA to yield CH30 and other oxidation products. After ~ e " '  - EDTA com- 
plexes build up in solution through the following step, homogeneous photolysis is the main source of ~ e "  and CH20.  
Oxides with spinel type structure are characterized by faster rates in the two processes, and 0' may inhibit the dissolu- 
tion processes by changing the stoichiometry of the initiation step to that of the autooxidation of EDTA. The relative 
importance of autooxidation and photodissolution depends on the nature of the oxide and the experimental conditions. 
Photooxidation reaction rates parallel those of the photodissolution initiation steps, and long-term stability towards pho- 
tocorrosion (dissolution) implies low photocatalytic activity for the oxidation of EDTA. The set of differential equa- 
tions describing all the reaction rates is discussed and applied to the different cases. 

MARTA I. LITTER et MICUEL A. BLESA. Can. J .  Chem. 70, 2502 (1 992) 
On a compare les reactions de dissolutions therrniques et photochimiques, a 254 nm, de la magnCtite (Fe,O,), de la 

maghemite (y-Fe,03) et de l'hematite (a-Fe?03) suspendues dans des solutions aqueuses d'EDTA. Le y-Fe203 et le Fe30, 
sont thermiquelnent et photochimiquement plus reactifs que l'a-Fe203. Les rkactions de dissolutions tant thermiques que 
photochimiques sont rkgies par une Ctape d'initiation, impliquant la f;oduction de ~e",,,,, et une reaction thermique 
subsequente de ces ions avec le solide, conduisant a la formation de Fe ,,. L'Ctape d'initiation sous irradiation UV im- 
plique la photoreduction des complexes superficiels >Feu' - EDTA en Fe";,, et la photo-oxydation de I'EDTA adsorb6 
en CHzO et en d'autres produits d'oxydation. Les oxydes dont la structure ressemble a celle de la spinnelle sont carac- 
tCrisCs par des vitesses de reactions des deux processus qui sont plus rapides, et 1'0' peut inhiber les processus de dis- 
solution en changeant la stoechiomCtrie de ]'&ape d'initiation vers celle de l'auto-oxydation de I'EDTA. L'importance 
relative de I'auto-oxydation et de la photo-dissolution depend de la nature de l'oxyde et des conditions expCrimentales. 
Les vitesses des reactions de photo-oxydation sont parall2les celles des Ctapes de I'initiation de la photo-dissolution, 
et la stabilitC ii long terrne vis-a-vis de la photocorrosion (dissolution) implique une faible activitk photocatalytique pour 
l'oxydation de I'EDTA. On discute de l'ensemble des Cquations diffkrentielles dkcrivant toutes les vitesses de reaction 
et on les applique aux differents cas. 

[Traduit par la redaction] 

Introduction 
The main kinetic features of the dissolution of magnetite 

in aqueous solutions have been established in a series of 
previous papers (see ref. 1 and references therein; see also 
refs. 2-9); analogous data for other iron oxides and oxohy- 
droxides are less abundant ( I ,  5,  9-14). From the existing 
data it seems safe to conclude that the basic mechanisms are 
of general application to all iron oxides, but the actual rates 
of dissolution may span various orders of magnitude. 

It is well known (15) that corrosion of semiconducting 
oxides ]nay imply transfer of holes (h+) from the valence band 
to the reductant and of electrons (e-) from the conduction 
band, in the case of iron(II1) oxides, as ~ e " .  Because of this 
fact, photochemical dissolution is possible, and has been 
studied in a series of papers by others (13, 14, 16-25) and 
by us (26-28). It is well established that electron transfer 
reactions take place through localized sites of the semicon- 
ductor; the formation of surface complexes by adsorption of 
adequate ligands is equivalent in semiconductor terminol- 
ogy to the formation of extrinsic surface states. These sur- 
face complexes may trap e- and (or) h+ very efficiently (29), 
thus enhancing photodissolution and photocatalytic rates. The 

' ~ u t h o r  to whom correspondence may be addressed. 
'Revision received April 14, 1992. 

participation of individual ~ e " '  centers in the photochemical 
reactions of iron oxides has been considered (22, 30). In- 
deed, the usage of the surface complexation formalism leads 
to an adequate description of photocatalytic activity and 
photocorrosion, irrespective of whether primary light ab- 
sorption involves the particle or the surface complex (25, 26). 
Spinel type oxides, such as y-Fe103 or Fe,O,, are known to 
be more easily photocorroded than a-Fe203; it has been 
proved that this corundum structure is characterized by a fast 
surface recombination of the generated e-/h+ pairs (31, 32). 
Moreover, it has been shown that the existence of spinel 
phase inclusions in the a-Fe,O, corundum structure en- 
hances its photocatalytic reactivity for H2 production (33). 
Hematite is called "photostable" because the optical transi- 
tion that generates the electron-hole pairs is metal-ion cen- 
tered (cl-d) and does not affect Fe-0 bonds (34). 
Consequently, because of the narrowness of d-bands and the 
consequent low mobility of holes, it has very poor photo- 
catalytic properties. In this paper we show that the higher 
photocatalytic activity expected for spinel-type oxides de- 
rives easily in photodissolution, thus making these mate- 
rials less promising for the photooxidation of organic matter. 

Because of the electrochemical nature of the thermal dis- 
solution of iron oxides, much can be learnt about these open 
circuit processes by studying the influence of light; in a pre- 
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f 

0 10 20 30 40 60 60 7 0 
TIME (min) 

FIG. I .  Iron fraction dissolved from iron oxides by EDTA at 30°C and pH 3 as a function of time. [Oxide] = I g dm-' In the thermal 
experiments and 0.5 g dm-3 in the photochemical experiments; [EDTA] = 2 x lo-' niol dniY3 (a ) :  Fe30,, thermal, [~e"], = 5.6 x 
lo-' mol dni-I (0); (b): y-Fe,03, thermal, [Fe"], = 5.1 X lo-' mol dm-3 (:r); ( c ) :  a-FeZOI, thermal, [Fe"], = 6.1 X lo-' mol dm-3 
(0); (d): Fe30,, h = 254 nm, [~e"]  = 0 (XI; ( e )  y-FeZ03, A = 254 nm, [Fe"] = 0 (m); ( f )  a-Fe201, A = 254 nm, [ ~ e "  ] = 0 (X). 

vious paper (28), we discussed the interrelationship be- 
tween thermal and light-promoted maghemite dissolution in 
the presence of reductive ligands. This approach is ex- 
tended in this paper to include other iron oxides; the results 
of a comparative study of the thermal and photochemical 
dissolution of a-FezO,, y-Fe,O,, and Fe,O, in aqueous so- 
lutions containing EDTA are presented here, and used to 
derive values of rate constants for the individual stages of the 
mechanism: the initial slow ~hotochemical  dissolution of 
reductive stoichiometry, and the following fast thermal dis- 
solution by electron exchange between surface > ~ e " l  cen- 
ters and adsorbed ~ e "  complexes. 

The widespread interest in iron oxide dissolution reflects 
the relevance of these processes in fields such as transport 
of contaminants in waters, metal corrosion, decontamina- 
tion of nuclear reactors, and mobilization of metals in aquatic 
systems (35-38). 

Experimental 
Maghemite (y-Fe203) was a commercial sample and was the same 

as used in revious studies (26-28); its specific surface area was 
25 m' g4. Heniatite (a-Fe203) was a conln;ercial sample 
(Mallinckrodt); its specific surface area was 9.8 m- g - ' .  Magnet- 
ite (Fe30,) was prepared as previously described (39); i t  was com- 
posed of cubo-octahedral particles of 0.26 pm average edge length, 
and its specific surface area was 5.5 111' g- ' .  

The three oxides were characterized by che~iiical analyses, X-ray 
diffractometry, SEM, and BET surface area measurements. 

Reagents were of analytical purity or better and were used without 
further purification. Water was bidistilled in a quartz apparatus. 
Dilute HZSO, or NaOH were used for pH adjustment. 

Thermal and photochemical experiments were carried out as in  
ref. 28. Thermal reactions were carried out under N2 atmosphere; 
in the photochemical experiments, air-saturated suspensions were 

used in an effort to prevent formaldehyde losses from the system 
due to Nz stripping. Furthermore, the effect of dissolved O2 was 
of interest. 

Total iron was determined by the thioglycolate method (40) and 
formaldehyde by the chromotropic acid technique (41). 

Actinometry at 254 nm was performed by the ferrioxalate method 
(42), the total incident light intens~ty per unl t  solution volume (I,) 
being I. l X lo-' einstein s - '  dni-I. 

The reflectance spectra were obtalned on a Shimadzu 210 A 
spectrophotometer equipped with an integrating sphere. Absor- 
bance~ were measured in a Metrolab 2500 spectrophotometer. 

Results 
Spectral clzrirrtcteristics 

The reflectance spectral features of a-FeZO,, y-FezO,, and 
Fe,O, are in agreement with those reported previously in the 
literature (43-47). The three iron oxides present bands as- 
signed to charge-transfer (260-390 nm), spin-flip (420- 
530 nm) , and ligand-field (580-780 nm) transitions. 

The principal difference between the reflectance spectra 
of Fe,O, and the ferric oxides is the lack of the band edge in 
the visible region. For hematite and maghemite, a sharp in- 
crease of the absorptivity is observed below 600 nm, cor- 
responding to a band gap of 2.0 eV, while for magnetite, the 
band edge is beyond 800 nm. Muret (46) reported a sharp 
increase in the absorption coefficient at 826 nm (1.5 eV). 
Dissol~ition reactiorzs 

The dissolution profiles of Fe,O,, y-FeZO,, and a-FeZO, 
in EDTA at pH 3,  brought about thermally by added ferrous 
ions and photochemically by i~~adiation at 254 nm, are shown 
in Fig. 1 .  The extent of dissolution under both experimental 
conditions is extremely low for hematite (curves c and f ), 
but the two other iron oxides dissolve faster. In agreement 
with the results of previous studies of the thermal dissolu- 
tion in EDTA and oxalic acid media (2, 4 ,  6), magnetite is 
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Concentration x lo4  (mol dm-3) 
I 

0 10 20 30 40 50 60 
TIME (mid 

FIG. 2. Comparison of the roduction rates of iron (0) and formaldehyde (A) in the 254-nm photodissolution of y-FezO, (0.5 g dm-') P in EDTA (2 x lo-' mol dm- ) at pH 3 and 30°C. 

0 10 20 30 40 50 60 70 
TIME (mid 

Concentration x lo4 (mol dm-3) 

FIG. 3. Coniparison of the production rates of iron (X) and formaldehyde (A) in the 254-nm photodissolution of Fe,O, (0.5 g dm-') 
in EDTA (2 x lo-' niol dni-') at pH 3 and 30°C. 
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characterized by sigmoidal f/t profiles (where f = (m,, - m)/ 254-nm irradiation, in O2 atmosphere and with no added Fe" 
tno is the dissolved fraction of total iron and ino and m are the (curve d),  the reaction presents an induction period. In the 
initial and instantaneous mass of the iron oxide; t is the re- case of maghemite, the photodissolution (curve e) shows 
action time). Practically no induction time is observed in the similar behavior to that observed with magnetite. The ther- 
presence of Fe" under N, atmosphere (curve a ) ,  but under mal (dark) dissolution profiles are similar only in the very 
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early stages: whereas magnetite dissolution is acceleratory, 
the maghemite dissolution rate decreases steadily with re- 
action time and, furthermore, total dissolution is not ob- 
served in the dark (see curve 6). The dark reaction requires 
added Fe"; otherwise negligible dissolution is observed in 
time span of our experiments. 

The formation of formaldehyde was observed only in the 
photolysis of y-Fe,03 and Fe,O, suspensions at long reac- 
tion times (Figs. 2 and 3). 

Discussion 
Thermal dissolution 

The mechanism of dissolution of iron oxides by reducing 
ligands in acid media can be described by the following steps 
(3-6): 

(a) A fast preequilibrium adsorption step in which sur- 
face complexes are formed: 

where > denotes the lattice surface of the oxide. 
(6) Slow dissolution of >F~"'-L surface complexes 

through acid (b,) or  reductive dissolution (6,) parallel paths: 

k 
[3] >F~"'-(L"-)(H+) f >Fen + L'"-"' (+ H+) (b,) 

fast L'- 
(Fe"-L)'-" 

"q 

(c) A fast reductive reaction between Fe" - L complexes 
and >Fe1'' surface centers: 

(Feu-L)'-" "q 

The overall rate of dissolution can be expressed by the 
contribution of steps (6) and (c) by the following expres- 
sion: 

where R, = (k, + k') [>Fe1''-(L-)(H+)] is a composite re- 
action rate term independent of [Fe2+], corresponding to the 
reaction steps mediated by Fe"' - L complexes (eqs. [2] and 
[3]), and the second term accounts for the reductive disso- 
lution process promoted by aqueous Fe" - L complexes3 (eq. 

'strictly, the rate should be first order on the surface concentra- 
tion of Fe" - L complexes adsorbed onto the oxide surface; this 
surface concentration is related to the concentration in the solution 
through some form of an adsorption isotherm, the simplest being 
the Langmuir expression: 

N ,  K [ ~ e " l ~ , ~  
[FeH1,,, = 

I + K [Fe"],,, 
where N, is the number of active surface sites on the oxide and K 
is the corresponding Langmuir constant for the adsorption of 
Feu - L complex. As the value of K reported (40) for Feu - EDTA 
complexes in ca. 1200 mol-' dm', and the concentration of Fe" 
added to the solution at the initial time of the reaction is ca. 10- 
mol dm-3, in the early stages of dissolution 1 * K justi- 
fying the approximation [Feu],,, = N, K [Fe"],,,; the rate constant 
k (eq. [5]) embodies N, K .  Analogously, the rate terms for b, and 
b: can be written in the form k, S and k2 S. 

141); S is the instantaneous surface area, and k is related to 
k,, (see below). 

When no Fe" is added to a-Fe203 or y-Fe,O, suspen- 
sions, the second term on the right-hand side of eq. [5] re- 
flects essentially the buildup of Fe" through 6, (eq. [3]). In 
the case of magnetite, Fe" is put in solution through b , ,  b,, 
and c; assuming congruent dissolution, pathway c produces 
0.5 Fe" for each dissolved Fe"'. 

In the presence of added Fez', the first term in eq. [5] is 
negligible and the expression becomes: 

For magnetite, [Fe"] = [Fe"], + [Fel'],,,,, where [Fe"], is 
the concentration of added ferrous salt, and [ ~ e " ] , ~ ~ ~  is the 
concentration of Fe" arising from the dissolution of magne- 
tite. As the main source of dissolved ions is pathway c ,  

where [Fe,] refers to dissolved Fe, exclusive of added Fe" 
salts. In eq. [7], V is the suspension volume, and M the mass 
of oxide FeO.,, magnetite in this case, per mole of iron atoms. 
Therefore, eq.  [6] can be changed to: 

where kTh = 2/3 (m,/VM) k. The 2/3 coefficient arises from 
the difference between the stoichiometry of the reaction and 
the rate-determining step, eq. [4]. 

Our sample of magnetite is composed of cubo-octahedral 
particles; the instantaneous surface area is therefore S = 
So(l - f)'13 (contracting volume kinetic regime) (2a), and 
eq. [9] results: 

where k, = kTh S,,/2 and k, = 3/2 ( VM/m,) [Fe"], kTh SO. 
Equation [9] can be easily integrated by casting it in the 

form [ 101 : 

where t' = k;,t, x = (1 - f) '13, and c = (1 + k,/k,)'13. 
Integration of eq. [ lo]  leads to the following expression: 

h + C  1 (1 - c)' 
- V3 tani(,-) - 5 ln[ 

3 c (1 + c + c') I 
Equation [ l  11 fits the experimental values reasonably well 

(see Fig. 4 ,  curve a ) ,  and the calculated value of kTh for our 
sample of magnetite, derived from the fitting, is 2.3 x 

s - '  cm-'. 
In the cases of maghemite and hematite, for [Fe"], = 0, 
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f 

50 100 150 200 
TIME (min) 

FIG. 4. Fitting of thermal dissolution curves for iron oxides in EDTA at 30°C and pH 3. Experimental data are those of Fig. 1. Cal- 
culated curve (a )  for Fe,O, was obtained through eq. [ I  11; calculated curve (b)  for y-FelO,, through integrated eq. [13], and calculated 
curve (c) for a-FelO,, through eq. [14]. Insert: enlargement of curve ( c ) .  

the lack of structural Fell makes dissolution slow at room 
temperature (6, 11, 28); the only source of Fe" is reaction b. 
This reaction is very slow at low temperatures, and disso- 
lution is observed at appreciable rates only when Fen is added 
to the suspension. For [Fe"] = [Fel'],, eq. [6] predicts a rate 
law of the form: 

where tz depends on the particle shape (see below). Equa- 
tion [12] is the typical contracting geometry kinetic expres- 
sion with a constant penetration rate (48). For low [Fe"], 
values, under our experimental conditions, the initial added 
Fe" is slowly consumed by the fast reaction with traces of 
oxygen that enter into the system. Assuming zero-order ki- 
netics, eq. 161 takes the form [13]; note that the maghemite 
particles are acicular, the instantaneous surface area being 
therefore proportional to (1 - f )'I' (49). In this case, k.,., = 

(rrzo/VM ) k. 

In eq. [13], M is here the mass of maghemite (y-Fe,O,) 
per mole of iron atoms, and T = [Fe"],/4 R is the time re- 
quired to consume the initial added Fe2+, R being the rate of 
0, ingress into the system. Equation [13] is easily inte- 
grated, and the experimental points can be fitted reasonably 
well with a value of T = 150 min (curve b, Fig. 4). The slow 

dissolution regime in such a situation accounts for the arrest 
of dissolution at rather low values off. This fitting proce- 
dure leads to kTh = 1.2 x lo-' s-I cm-'. 

For hematite, assuming spherical particles,4 expression [14] 
applies: 

Taking T = 180 min, the value of k.,, that fits the experi- 
mental results is 6.3 x lo-' s- ' cm-' (curve c, insert of Fig. 
4). The value of T is better considered as a lower limit, due 
to the low measured amounts of iron. 

From these results, we conclude that our sample of mag- 
netite is twice as reactive as our sample of maghemite. 'The 
appreciably higher reactivity of these two spinel type oxides 
compared with the corundum type hematite can be related 
to the electronic and structural properties of the spinel OC- 
tahedral iron sublattice, characterized by a fast electron- 
hopping (5 1). 

Photochen7iccil rlissolirtiorz 
A17cierobic syster?zs 
In ref. 28 we proposed a mechanism for the UV light 

promoted dissolution of maghemite in the presence of re- 
ductive ligands. Light provides an alternative initiation step 
(b,) to the reaction sequence [2]-141: 

'~lthough the sample of hematite is polydisperse, this assump- 
tion does not affect the,f/t profiles, except in the latter stages of 
dissolution ( f  > 0.6) (50). 
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LITTER A .ND BLESA 2507 

Equation [15] is in fact the result of a series of events that 
include the creation of e-, h+ pairs, the trapping of e- by 
surface >Fern' complexes, and the reaction of photoholes with 
adsorbed EDTA. As discussed below, the apparent quan- 
tum yield +, = (d[~e"]/dt)/l, for reaction [15] is very low, 
below lo-' mol einstein - '  (28). By itself, this quantum yield 
is too low to give rise to fast dissolution; the role of I, is 
therefore that of increasing the value of R, in eq. [5], thereby 
becoming the main source of [Fell]. 

When aqueous Fe"' - L builds up in solution, its photo- 
lysis, either as a dissolved or adsorbed species, may pro- 
vide an alternative to eq. [15] as the initiation step. If 
adsorption of Fe"' is large, the photodecomposition of 
(Fern - L),, may be subjected to heterogeneous catalysis. No 
evidence for this phenomenon was found in this study. On 
the other hand, the photolysis of dissolved Fen' - EDTA 
complexes, eq. [ 161, is the main photochemical reaction af- 
ter a large fraction of dissolution is achieved, and accounts 
for the time dephasing observed between CH,O production 
and iron oxide dissolution. 

I042 
[16] (FeI1'-L),, + Fe2+ + oxidation products of L 

In the course of thermal dissolution, iron is put in solu- 
tion essentially with negligible change in the oxidation state 
(except during the induction period). In the illuminated sys- 
tems, it is better to write individual rate equations for Fe" and 
Fe"'. These equations for hematite and maghemite are 

In writing eqs. [17] and [18], the following assumptions 
were made: the amount of thermally produced Fe" from the 
oxide, k,S (eq. [3]), is negligible compared with the photo- 
chemical production, k; S = I,+, (eq. [15]); the photochem- 
ical production (eq. [15]) is assumed to be proportional to 
the surface area, even though its contribution to [Fe"] is 
proportional to the surface area, even though its contribu- 
tion to [Fe"] is important only at low conversions, and 
therefore the actual dependence on particle surface area is not 
important; at longer times, homogeneous photolysis domi- 
nates, with I,+, = k; [Fe"'] (i.e., the fraction of the total in- 
cident light absorbed by dissolved Fe"' is proportional to its 
concentration); k,S < kThS [Fe"] (i.e., the amount of Fe"' 
produced by dissolution through reaction [2] is negligible in 
comparison to that produced by reaction [4]; this assump- 
tion breaks down only in the induction period, during which 
the extent of dissolution is below the detection limit in the 
short time interval required to trigger reaction [4]). 

For magnetite, a factor 1.5 (due to the stoichiometry) must 
multiply the first term in eq. [17], and an additional term must 
be added to describe the contribution of Fe" from the lat- 
tice, which goes into solution together with Fell': 

In general, for an oxide Fef,' Fej!~,,, 

n + m 
For Fe,03, (1) = 1 and (n/m) = 0,  and for Fe304, 

(G) = 1.5 and (n/m) = 0.5 

The equation for Feu' production is the same for all the 
oxides. 

The low extent of photodissolution of a-Fe,03 in EDTA 
prevents the evaluation of the kinetic parameters corre- 
sponding to this oxide. The value of kT,, for hematite, ob- 
tained in the thermal experiments (6.3 x lo-' s-I cmp2), is 
similar to the value calculated by us (28) to describe the 
photochemical dissolution of a-Fe,O, by oxalic acid (25) 
9.7 X lo-'' s-I cm-I). The following discussion refers to 
Fe304 and y-Fe,03. 

In our previous paper we obtained the analytical solution 
of the set of kinetic equations [17] and [18] and the param- 
eters k; So, k;, and kTh So that fitted reasonably well the ex- 
perimental data of the maghemite/EDTA system. In this 
paper, we have improved the analysis by introducing into the 
equations the thermal constant per unit area k,, obtained fiom 
the thermal experiments described in the previous section, 
and we also sort out the two contributions lumped together 
in the empirical triggering kinetic parameter: the true pho- 
tochemical initiation rate constant, called k;SO here, and the 
arresting effect of oxygen. As before, the requirement S 
So is maintained to simplify the mathematical treatment. 

The influence of oxygen 
In the presence of oxygen, eqs. [17], [18], and [19] must 

be modified: 

d [Fe"] 
[211 - = k; SO - k,, [ 0 ]  [Fe"] + k; [Fe"'] 

dt 

d [Fe"'] 
[221 - = -k; [Fe"'] + {k,, [ 0 ]  + k.,., So) [Fe"] 

dt 

d[Fel'] 
[231 - = 1.5 k ;  SO - k,, [ 0 ]  [Fe"] 

dt 

The simplest case corresponds to a fast scavenging of Fe" 
by 0 2 ;  in such a case, an induction period ensues, corre- 
sponding to the time 7' required to generate enough Fe" to 
suppress all oxidant.' The amount of Fe" released through 

' ~ o t e  that T' is given by 4 [02]o/k;  S,,, whereas the parameter T 
used in the discussion of the thermal dissolution of y-Fe203 is given 
by [Fe"],/4 R ,  (see eq. [13]). In both cases, the chemical reaction 
of Fe" - EDTA and 0? is fast, as expected (52). 
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TABLE 1. Comparison of the kinetic parameters for Fe30,, y-Fe,O,, and a-Fe203 

Parameter Fe30, y-Fe203 a-Fe203 

k;/mol dm-'s-' cm-' 8.5 X lo-" 3.5 X lo-'' (Very low) 
k;/s-' 3.2 x 3.2 X lo-" 3.2 X 
kTh/s-l c ~ - ~  2.3 x lo-7 1.2 x 6.3 x lo-' 

[XI 

[XI 

0 6 10 16 20 26 30 36 
TIME (mid 

FIG. 5. Fitting of the 254-nm photodissolution curve for y-Fe,03 in EDTA at 30°C and pH 3. Experimental data (0) are those of Fig. 
1. Solid curve was obtained through the analytical solution of eqs. [21] and [22], taking 7' = 16 min. 

the path defined by k; and required to scavenge all oxidant 
present is given by ki So T' in the case of maghemite and by 
1.5 ki So T' in the case of magnetite. From our data, by set- 
ting T '  at approximately the beginning of the ascendant part 
of the curves d and e of Fig. 1 ,  the values 26 min for mag- 
netite and 16 min for maghemite are obtained. Combining 
these figures with the values of kTh determined in the dark, 
and the value of ki found previously (28) (3.2 lo-%-'), 
the values k; = 3.5 X lo-" mol dm:' s - '  cm-- (y-Fe,O,), 
and k; = 8.5  x lo-'' mol dm-, s- cm-' (Fe,O,) are de- 
rived; Figs. 5 and 6 show the results of the fitting of the ex- 
perimental points from Fig. 1 (converting f to [Fe,]). The 
lower value of k; for y-Fe,O, indicates a somewhat lower 
photoreactivity, which may be explained by a faster recom- 
bination of the electron-hole pairs, facilitated by defects or 
vacancies in the oxide structure (29). Table 1 shows the 
comparison of the kinetic parameters for the three iron ox- 
ides. 

This treatment implies that the low quantum yields for 
photodissolution also apply to heterogeneous photoassisted 
autooxidation, a result well in line with those described by 
Hoffmann and co-workers (30). Thus hematite, although 
more stable towards photocoi-rosion, is also less effective to 
photoinduce the degradation of organic matter. In agree- 
ment, Leland and Bard (53) reported that the rate of pho- 
toassisted autooxidation of oxalate on y-Fe,O, is ca. 14 times 

higher than on a-Fe,O,; EDTA shares with oxalate its abil- 
ity to form surface com~lexes  and thus it is also autooxi- 
dized in a photoassisted process at a rate that depends on the 
nature of the oxide; being less easily oxidizable, the low 
quantum yields seem reasonable. The differences in rates on 
y-Fe,O, and a-Fe,O, are known to become much less marked 
in the case of relatively fast autooxidation reactions, such as 
that of SO,'-, which proceeds even in the dark (53). In this 
case, the quantum yield is appreciably higher, of the order 
of 0.1 (54). The low quantum yields may imply little im- 
portance of iron oxides as photocatalysts in the environ- 
mental degradation of organic matter; the mobilization of iron 
may, however, be strongly influenced. 

Fomuldehyde  photoproduction 
As indicated in ref. 28, formaldehyde is detected only after 

a sizeable fraction of the solid has dissolved (i.e. =20% for 
maghemite). This experimental result stresses the fact that 
the oxide dissolves essentially through pathway c, as ~ e "  (eq. 
[4]), ~ e "  being mainly produced at longer times by homo- 
geneous photolysis. 

The slopes of the curves for formaldehyde production (ca. 
5 x mol dm-, s-I) in both systems 7-Fe,O, and Fe,O, 
(Figs. 2 and 3), are in reasonable agreement with the cal- 
culated value of +,I,, = l .8 x l ~ - ~  mol dm-, s-'  (see eq. 
[16]), where +' is the literature quantum yield of ~ e ' +  pro- 
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0 5 10 15 20 25 
TIME (min) 

FIG. 6.  Fitting of the 254-nm photodissolution curve for Fe,O, in EDTA at 30°C and pH 3. Experimental data (XI are those of Fig. 1. 
Solid curve was obtained through the analytical solution of eqs. [22] and [23], taking T' = 26 min. 

duction by homogeneous photolysis of Fe"' - EDTA (ca. 0.2 
(55)); in agreement, ki is the same for all iron oxides. 

Conclusions 
1. The profiles f/t for the thermal and photochemical dis- 

solution by carboxylic acids of the iron oxides studied in this 
paper exhibit different shapes, depending on the particular 
system. However, only one general mechanism is required 
to describe the dissolution of all the oxides, and the influ- 
ence of dissolved ferrous ions and oxygen. 

2. Oxygen inhibits the photodissolution in certain condi- 
tions: low rate of ~ e "  production or any other case that war- 
rants a high ratio of 02/Fe1'. Conversely, a kinetic regime 
characterized by the fast production of high-surface Fe" 
concentrations cannot be quenched by oxygen. 

3. Spinel-type oxides are more reactive than a-Fe,O,, both 
in the direct reductive photodissolution and in the thermal 
dissolution by Fe" complexes. 
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Appendix. List of symbols 
dimensionless rate constant: c = (1 + kh/k,)'13 
(eq. [ lo])  
dissolved fraction of total iron (dimensionless); 
f = On,, -nz)/m, 
total incident light intensity per unit solution 
volume (einstein s-I dm-') 
rate constant (eq. [6]) (mol-I dm' s-I cm-'); 
k = a (VM/m,,) k,,, where a is the adequate 
stoichiometric coefficient 
(eq. [91) (s-'1; k, = k-l.t, So/2 
(eq. [91) (s-'); kb = 3/2 (VM/mo) [Feulo kTt, S,) 
rate constant of Fe"',, production by phase trans- 
fer of Fe"' surface complexes (eq. [2]) (mol dm-3 
S - I  cm-') 
rate constant of Fe",,, production by reduction and 
phase transfer of Feu' surface complexes (eq. [3]) 
(mol dm-' s-I cm-') 
photochemical initiation rate constant (eq. 1151) 
(mol dm-'s-'  cm-'); k; = I,+,/S 
homogeneous photolysis rate constant (eq. 11 61) 
(s- I); ki = I,+2/[Fe'1'] 
second-order rate constant for the oxidation of ~ e "  
(eqs. [2 I], [22], and [23]) (mol-I dm3 s-l) 
rate constant of Fen',, production by eq. [4] (s-I 
cm-') 
Langmuir constant for the adsorption of Fe" - 
EDTA con~plex (mol-' dm') 
instantaneous mass of the iron oxide (g) 
initial oxide mass (g) 
mass of oxide FeO, per mole of iron atoms (g 
mol- I) 
geometric parameter related to the shape of oxide 
particles (dimensionless) 
total number of active sites per unit area (mol 
cm-') 
rate of O2 ingress into the thermal system (mol 
dm-3 s- ' )  
dissolution rate (df/dt) independent of [Fen] (eq. 
[51) (s-'1 
instantaneous surface area (cm') 
initial surface area (cm2) 
reaction time (s) 
dimensionless time (eq. [ lo];  t' = k;, t 
volume (dm') 
(eq. [ lo]);  s = (1 - f ) ' 13  (dimensionless) 
apparent quantum yield for reaction 11.51 (mol 
einstein-I); +, = (d[Fel']/dr)/l,, 
quantum yield of Fe" production by homoge- 
neous photolysis of Fe" -EDTA (eq. 1161) (mol 
einstein-I) 
time required to consume the initial added ~ e "  
(eq. [I  31) (s); T = [FeH] , /4~  
time required to generate enough Fe" to sup- 
press all oxidant (s); T' = 4 [0210/k;So 
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CIC Medal address 1992' later became a Citation Classic. We also published a paper 

It is nearly 50 years since I started a career in molecular 
spectroscopy as a graduate student with Dr. G. B. B. M. 
Sutherland at the University of Cambridge, England. I was 
given a Hilger D209 infrared spectrometer equipped with a 
rock salt prism and a Schwartz thermocouple. The output 
from the latter was fed into a galvanometer and amplified by 
means of an optical system consisting of a lamp, two me- 
chanical grids, the galvanometer mirror, and a phototube. As 
the galvanometer mirror moved, the image of the first grid 
moved across the second ,gid and changed the current in the 
phototube. Several years later I saw a similar system in the 
laboratory of Professor R. V. Jones at Aberdeen who used 
it to measure the tilt of Scotland with the tides. Consider- 
able work was going on at Cambridge (and Oxford) during 
the wartime years on the infrared spectra of hydrocarbons as 
a means for identifying the sources of fuel for enemy air- 
craft but I was asked to work on polymers. Finding the in- 
frared spectra of substances like cellulose acetate difficult to 
interpret, I subsequently studied the spectra of a series of 
pyranose and furanose sugars. To simplify matters further I 
then studied the series cyclohexane (I),  tetrahydropyran, 1 : 4  
dioxane (2), and trioxane (3) in an attempt to understand the 
ring frequencies. There was also interest in whether the 
molecules exist in a chair or boat structure, which belonged 
to different symmetry groups with different numbers of in- 
frared and Raman active fundamentals. 

In July 1947 I commenced as a Junior Research Officer 
in the Organic Spectrcchemistry group of the Division of 
Chemistry of the National Research Council. Dr. R. Norman 
Jones had compiled a catalogue of infrared spectra of a large 
number of ketosteroids and was working in collaboration with 
Dr. Konrad Dobriner of the Memorial Hospital in New York 
in an attempt to find a clue as to the origin of cancer. One 
interesting spectroscopic result was that the carbonyl fre- 
quency could be used as a fairly reliable diagnostic for the 
position of the carbonyl'group in the ketosteroid framework 
(4). I decided to see if intensities could add any useful in- 
formation. I made a study of methods which could be used 
to obtain accurate intensity measurements (to 1 or 2%) with 
infrared spectrometers of limited resolving power and pro- 
duced a paper on the Intensities and shapes of irlfrared ab- 
sorption bands of substances in the liquid phase ( 5 ) ,  which 

%is article is based on the CIC Medal address delivered by Dr. 
Ramsay on June 1 ,  1992, at the 75th Annual Conference of the 
Canadian Society for Chemistry, Edmonton, Alberta. 

21 wish to thank the CIC for awarding me this medal for 1992. 
I have been asked to record my address for posterity and do so in 
part here. The live address focussed more on recent research work 
which will appear in future publications; here I give an overview 
of my past activities, highlighting matters which I find particu- 
larly interesting, and filling in some of the details about what goes 
on behind the scenes. 

on the intensities of carbonyl bands in thk infrared speEtra 
of steroids (6). 

Two years later in July 1949, I transferred to the Division 
of Physics to work with Dr. G. Herzberg on the electronic 
spectra of free radicals. Dr. Herzberg was very keen to ob- 
tain a spectrum of CH, and suggested producing the radical 
by the photolysis of ketene or diazomethane and photo- 
graphing the spectrum in absorption with a Lyman flash 
lamp. The importance of high resolution was also discussed 
since sensitive detection of absorption features requires a 
spectrograph with a resolving power similar to the widths of 
the lines being studied. So I built a flash photolysis appa- 
ratus and started looking for the spectra of free radicals using 
a 21 ft concave grating spectrograph. The first polyatomic 
free radical which we found was NH,. Lines in the absorp- 
tion spectrum matched features found in the emission spec- 
trum of an oxy-ammonia flame. A Letter was promptly sent 
to the Journal of Chemical Physics (7) with a diagram and 
instructions that the spectral lines should show quite clearly 
in the final publication. Fortunately I received a proof, for I 
found that the spectral lines had been enhanced by hand 
without due regard for the relative intensities. In the mean- 
time I had obtained stronger spectra and the journal agreed 
to accept a substitute diagram. In the final publication the 
lines appeared with about the same intensity as in the orig- 
inal diagram. 

The next polyatomic free radical to be found was HCO, 
which has an extensive absorption system throughout the 
visible region (8, 9), a system quite different from the well- 
known hydrocarbon flame bands. Later, spectra of other 
polyatomic free radicals, e.g., PH, (lo), NCO and NCS (1 I) ,  
CCO (12), HCCS (13), and C,H, (14) were found as well as 
the spectra of several diatomic species. The technique has 
proved to be quite prolific and spectra of about 40 free rad- 
icals have been found over the years by workers in the 
Spectroscopy Group at Ottawa ( 15, 16). 

The analysis of the NH2 spectrum presented quite a chal- 
lenge. The assignment of the spectrum to NH, was estab- 
lished by isotopic substitution using "N and D. The 
isotope shifts indicated that the angle in the upper state is 
approximately 160" (17) but in view of the alternation of band 
types in the spectrum the molecule was assumed to be lin- 
ear. Subsequent work has now confirmed that the excited 
state is quasilinear with an equilibrium angle of 144" (18). 
By studying bands with similar rotational structures I was able 
to establish ground state combination differences and deter- 
mine ground state rotational constants (19). The ground state 
of NH, has a structure very similar to the ground state of 
water. The spectrum consists of a very long progression of 
bands involving successive quanta of the bending vibration 
in the excited state. The rotational structures alternate, suc- 
cessive bands showing C and 11 sub-bands respectively. The 
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question remains, where are the other sub-bands which are 
expected? Eventually some A sub-bands were found by means 
of ground state combination differences but were found to 
lie about 110 cm-I below the corresponding C sub-bands. 
Why this large separation? The clue was found in a com- 
ment in one of Mulliken's papers (20) which stated that "If 
A = 1, the Renner effect should, in general, cause rela- 
tively large energy differences between the different levels 
for a given u , ' "  The two combining states of NH, are de- 
rived from a common ,rI state in the linear configuration and 
large interactions may be expected between electronic and 
vibrational motions. Hence NH, was the first molecule in 
which the Renner effect was established (2 1, 22) although 
the magnitude of the effect was much larger than that con- 
sidered by Renner (23). Work still continues on the spec- 
trum of NH, and will do so for many years since there are 
numerous interactions between the rovibronic levels of the 
excited state and the high-lying levels of the ground state. 

The HCO free radical provides another example of the 
Renner effect since the ground and excited states are de- 
rived from a common ,rI state. All of the sub-bands, except 
for the C sub-bands, are diffuse, but by contour analysis of 
the latter the presence of the Renner effect has been estab- 
lished (24). One of the consequences is that bands with 2 sub- 
bands correspond to bands with odd values of the bending 
vibrational quantum number a,'. In 1975 I had a 45 day visit 
from John Brown with the intention of finishing some work 
on magnetic rotation spectroscopy. On the third day we were 
discussing the HCO molecule and decided that we should try 
to confirm the vibrational numbering by attempting to ob- 
serve the H ' ~ C O  species in natural abundance. With our im- 
proved flash photolysis apparatus and path lengths up to 80 
meters we did indeed observe the weak H ' ~ C O  lines but in 
addition we found some weak lines of similar strength on the 
high-frequency side of the band head. These weak lines were 
produced by "axis-switching" (25) and enabled the deter- 
mination o f  the A-rotational constant for the ground state for 
the first time. The work was completed within the 45 days 
and a paper submitted to the Herzberg issue of the Canadian 
Journal of Physics (26). Perhaps this illustrates the impor- 
tance of allowing scientists the freedom to change course at 
short notice as ideas evolve. 

I have had a number of summer students over the years 
with beneficial results. One of these was Ed Ballik who op- 
erated a King furnace and high-resolution infrared spec- 
trometer with great skill. Our initial intention was to flow 
gases through the furnace rapidly and to look for transient 
species. We found a rich spectrum even when the furnace was 
evacuated and this turned out to be a new infrared band sys- 
tem of the C, molecule. One day Ed came to me with about 
a mile of chart paper and said that there was one line out of 
position. I confirmed his diagnosis and some time later was 
able to show that it was caused by a weak singlet-triplet 
perturbation. The outcome of this work was that it estab- 
lished that the ground state of the molecule is the lowest 
singlet state and not the lowest triplet state. This result was 
at first regarded as heresy since the Swan bands (a triplet 
system) are prominent in the spectra of comets. However the 
analysis of six singlet-triplet perturbations yielded the same 
result, namely, that the lowest singlet state lies below the 
lowest triplet state by 610 + 5 cm-' (27). The question re- 
mains, why are the Swan bands so prominent in the spectra 
of comets? 

Another summer student was Maurice Clement. We de- 
cided to look for emission from the reaction of H atoms with 
NO. An apparatus was assembled in 2 days and the first ex- 
posure taken on a prism spectrograph showed a rich spec- 
trum and a series of line-like features. Measurement of these 
features established them to be R-heads of sub-bands of the 
A'A" - X'A' system of HNO. The sub-bands involve much 
higher values of Kt than seen in the absorption spectrum of 
HNO (28) and come to an abrupt halt after K' = 13 for the 
000 level. This phenomenon is reminiscent of the well-known 
breaking-off in the rotational structures of diatomic mole- 
cules (29) and is caused by predissociation in the upper state. 
Breaking-off in the K-structures was observed at different K' 
values for two bands of HNO and three bands of DNO and 
gave consistent values for the upper limit for the dissocia- 
tion energy of the molecule (30). This was the first example 
of breaking-off in the rotational structure of a polyatomic 
molecule and 30 years later is still the only example. Clement 
decided that experimental work was too easy and became a 
theoretician. 

In 1962 I had the good fortune to meet Fraser Birss at the 
University of Alberta, Edmonton, and we forged a collab- 
oration which lasted 25 years. He developed computer pro- 
grammes for analysing singlet-singlet and triplet-singlet 
transitions of asymmetric top molecules of which only the 
former has been published (3 1). This programmoe was used 
initially for analysing many bands of the 4550 A band sys- 
tem of trans-glyoxal and its isotopic derivatives (32-35). 
During these studies some weaker bands were found which 
gave the first evidence for the existence of the cis isomer (36). 
These results have had extensive applications in the field of 
photochemistry and the study of collisional processes (37). 

The triplet-singlet programme has been used for obtain- 
ing rotational constants and spin constants of formaldehyde 
(38, 39), propynal (40), and glyoxal (41). By the applica- 
tion of electric fields, dipole moments were determined for 
formaldehyde (42) and propynal (43) in their triplet states as 
well as for CS, (44). 

In 1970 we constructed a magnetic rotation apparatus and 
used it initially to detect triplet-singlet bands (45). How- 
ever, we found that it also provided a sensitive method for 
detecting singlet-triplet perturbations in molecules and ex- 
tensive studies were carried out on formaldehyde and its 
isotopic derivatives (46-50). These results were of direct 
interest to several groups of photochemists who at that time 
were carrying out lifetime measurements and fluorescence 
yields of single rovibronic levels of the A'A, state (5 1). Fur- 
ther work on thioformaldehyde (H,CS) led to the elucida- 
tion of the mechanism for the singlet-triplet perturbations 
observed in the zeroth level of the A'A, excited state. The 
perturbations are caused by a vibronic spin-orbit interaction 
with a level of the c ~ ~ A ,  state and matrix elements have been 
evaluated (52). 

The thioformaldehyde molecule has proved to be a valu- 
able test molecule for many experiments. Advantages are _that 
rotational analyses of bands of the d A 2 - ~ ' A I  and $A,-X'A, 
systems are available and that the bands lie in convenient 
regions for excitation with rhodamine dyes. Hang Fung car- 
ried out intermodulated fluorescence studies of some K- 
doublets and found that the measured splittings did not agree 
with the values calculated from the rotational constants. The 
discrepancies were in the range 10-300 MHz. We con- 
cluded that the excited state levels were perturbed by high 
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rovibronic levels of the ground state (53). This result was 
confirmed by microwave-optical double resonance experi- 
ments (54). Similar results were obtained from microwave- 
optical double resonance measurements on HNO and DNO 
(55, 56). Two other interesting results emerged from the 
double resonance experiments. First, a large number of mi- 
crowave lines were observed which could not be assigned to 
transitions in either the excited state or the ground state. These 
lines have been assigned to transitions from rovibronic lev- 
els of the A'A, excited state to high rovibronic levels of the 
ground state (57, 58). Second, the technique has been found 
to provide a very powerful method for studying rotational 
"selection rules" in molecular collisions. A specific level in 
the electronically excited state can be monitored by means 
of a strong microwave transition to a high rovibronic level 
of the ground state. The optical laser can then be scanned to 
excite various rovibronic levels in the excited state and the 
efficiency by which these levels are converted by collisions 
to the level being monitored is measured by the intensity of 
the microwave signal. This technique provides a rapid cov- 
erage of a wide range of rotational levels (59). 

I have had a continuing interest for many years in astro- 
physical problems. With Werner Goetz a 33 meter absorp- 
iion tube was constructed and equipped with multiple 
reflection mirrors. By filling the tube with methane at pres- 
sures up to 1.6 atmospheres (1 atm = 101.3 kPa) and using 
path lengths up to 5 km it was possible to match some of the 
bands observed in the spectrum of the atmosphere of Uranus 
(60). Also by filling a similar tube of smaller volume with 
HD the 3-0. 4-0. 5-0. and 6-0 vibrational bands were ob- 
served and from the measured frequencies and intensities it 
was possible to determine a value for the D/H ratio in Jupiter 
(61). The larger tube was also filled with oxygen and sev- 
eral new bands of the Herzberg I, 11, and I11 systems were 
found (62-64). I have also been able to record high-reso- 
lution spectra of the comets Halley and Wilson on the Anglo- 
~ustrafian telescope; these data are still being evaluated. 

Recently I entered into a fruitful collaboration with Pro- 
fessor Ewald Fink of the University of Wuppertal, Germany. 
Fink has shown that near-infrared emissions can be excited 
by energy exchange between oxygen molecules and other 
species with low-lying excited states. So far the b-X sys- 
tems of all the Group VI - Group VI diatomic molecules, and 
also some bands ofthe a-X systems, have been recorded at 
high resolution with a Fourier-transform spectrometer. Some 
of these results are already published (65-69). The spec- 
trum of SeS was particularly strong, and weak magnetic di- 
pole transitions were observed in the same band as the strong 
electric dipole transitions. In addition, the weak electric 
quadrupole transition of oxygen, blAg-alC,f, has been re- 
corded at high resolution and the 0 and S branches ob- 
served in addition to the P, Q, and R branches (70). At higher 
pressures (up to 10 Torr; 1 Torr = 133.3 Pa) and with added 
gases a continuous absorption is seen underneath the dis- 
crete structure and is attributed to collision-induced emis- 
sion (7 1). Other diatomic molecules which have been excited 
are those with a large spin-orbit splitting in the groynd state. 
Examples are TeH (72) and BiH (73), which have -II and 32 
ground states respectively. Also the series HO,, HS,, HSe2, 
and HTe, has given extensive spectra. 

In conclusion I wish to thank many persons who have had 
a beneficial influence on my career. My parents, though not 
scientists, always encouraged me follow my own inclina- 

tions as long as I considered that I was making progress. My 
chemistry master at school, Mr. G. F. Fowles, spent many 
hours giving me private tuition when I was in the Sixth Form. 
My undergraduate supervisor at University, Dr. F. S. Dainton 
(now Lord Dainton of Hallam Moors), worked me hard and 
effectively. My research supervisors, Dr. G. B. B. M. 
Sutherland and Professor E. K. Rideal, were always helpful 
and inspiring. At the National Research Council I have ben- 
efitted from the philosophies of Drs. E. W. R. Steacie and 
G. Herzberg, who believed that one should select persons 
carefully and give them the freedom and support to  follow 
their own ideas. I have enjoyed the collaboration with nu- 
merous Postdoctoral Fellows, Research Associates, Sum- 
mer Students, and Visiting Research Scientists. Finally I wish 
to acknowledge the highly professional and loyal support of 
two Technical Officers, Werner Goetz and Mike Barnett, 
each of whom has assisted me for more than 25 years. 
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Kinetics and mechanism of aminolysis of (Z)-4-arylidene-2-phenyl-5(4H)oxazolones 
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SHARIFA S .  ALKAABI and AHMAD S. SHAWALI Can. J. Chem. 70, 2515 (1992). 
The kinetics of the reactions of a series of (Z)-4-arylidene-2-phenyl-5(4H)oxazolones 1 with n-butylamine and piper- 

idine were studied spectrophotometrically in dioxane, ethanol, and cyclohexane under pseudo-first-order conditions and 
at different temperatures. The relation k,(obs) = kz[amine] + k3[aminelZ was found applicable for all reactions studied 
in either dioxane or ethanol. However, in cyclohexane the n-butylaminolysis of 1 followed only third-order kinetics 
k,(obs) = k 3 [ n - ~ u ~ ~ , l Z .  The kinetics of the reaction of 1 with n-butylamine in the presence of catalytic amounts of tri- 
ethylamine in dioxane followed the equation: k,(obs) = kZ[tz-BuNHZ] + k 3 [ n - ~ u ~ ~ Z ] '  + k;[t~-BuNH?] [Et3N]. The rate 
constants kZ and k3 correlated well with the Hammett equation and the corresponding activation parameters were deter- 
mined. The results were interpreted in terms of a mechanism involving solvent- and amine-catalyzed processes. 

SHARIFA S .  ALKAABI et AHMAD S.  SHAWALI. Can. J. Chem. 70, 2515 (1992). 
Faisant appel j. des mCthodes spectrophotomCtriques et opCrant dans le dioxanne, 1'Cthanol et le cyclohexane, j. diffkrentes 

temperatures, dans des conditions de pseudo-premier-ordre, on a determink la cinktique des reactions d'une sCrie de (Z)- 
4-arylidkne-2-phCnyl-5(4H)oxazolones ( I )  avec la n-butylamine et la pipkridine. On a trouve que la relation k,(obs) = 
kZ[amine] + k3[aminelZ peut s'appliquer i toutes les rCactions CtudiCes, soit dans le dioxanne ou I'6thanol. Toutefois, 
dans le cyclohexane, la n-butylaminolyse du produit 1 ne suit qu'une cinktique du troisikme ordre, k,(obs) = ~ , [ ~ - B U N H ~ ] ' .  
La cinCtique de la rCaction du produit 1 avec la 11-butylamine en presence d'une quantitC catalytique de tritthylamine 
dans le dioxanne suit I'Cquation : k,(obs) = k,[n-BuNH?] + k3[n-BuNH2I2 + k;[n-BuNH?] [Et3N]. I1 existe une bonne 
corrClation entre les constantes de vitesse k? et k3 et l'equation de Hammett et on a dCtermin6 les paramktres d'activa- 
tion. On interprete les rksultats en fonction d'un mtcanisme impliquant des processus catalysCs par le solvant et I'amine. 

[Traduit par la rtdaction] 

Although 4-arylidene-2-phenyl-5(4H)-oxazolones 1 were 
reported more than a century ago (1) and their reactions with 
various nucleophilic reagents have been extensively studied 
(2-9), the kinetics and mechanism of their ring cleavage by 
nitrogen nucleophiles have received little, if any, attention. 
Recently, in a study designed to determine the steric effect 
of remote substituents on peptide bond formation, it was 
reported that the reaction of (Z)-4-benzylidene-2-phenyl- 
5(4H)-oxazolone with benzylamine in acetonitrile followed 
second-order kinetics (10). This result seems surprising since 
the reaction of compounds 1, being cyclic esters, with ni- 
trogen nucleophiles in aprotic solvent would be expected to 
exhibit a kinetic pattern similar to that reported for amino- 
lysis of acyclic esters. Extensive kinetic studies, in our lab- 
oratory and others, on the aminolysis of acyclic esters in 
aprotic solvents established that such reactions are subject 
to general base catalysis (1 1-23). Thus, under pseudo-first- 
order conditions the reactions of esters with primary amine 
(A) and in the presence of a tertiary amine (B) were found 
to follow the rate law: k,(obs) = k,[A] + k , [ ~ ] '  + k;[A][B]. 
In a few cases the kZ term was not observed (16, 21, 22). 

Since compounds 1 are versatile intermediates in the 
syntheses of peptides and didehydroamino acids (24), it was 
thought important to investigate in some detail the kinetics 
of their aminolysis to shed light on the mechanism of their 
ring cleavage by amines in both aprotic and protic solvents. 
For this purpose we studied the kinetics of the reactions of 
a series of (Z)-4-arylidene-2-phenyl-5-(4H)-oxazolones la- 
i with 11-butylamine in dioxane, ethanol, and cyclohexane at 

' ~ u t h o r  to whom correspondence may be addressed. Present 
address: Department of Chemistry, Faculty of Science, University 
of Cairo, Giza, Egypt. 

different temperatures under pseudo-first-order conditions. 
The other objective of the present study was to determine both 
solvent and substituent effects on the aminolytic reactivity 
of 1. 

Results and discussion 
(Z)-4-Arylidene-2-phenyl-5(4H)-oxazolones In-i were 

prepared from hippuric acid and the appropriate substituted 
benzaldehyde in the presence of acetic anhydride and an- 
hydrous sodium acetate according to the Erlenmeyer method 
(25). The Z configuration indicated was based on the fact that 
the latter method of synthesis of 1 was reported to give the 
thermodynamically more stable Z isomer (6, 26-28). The E 
isomer of 1 is obtained by isomerization of the Z isomer with 
hydrobromic acid (6, 25). 

The reaction of ld,  taken as a typical example of the la- 
i series studied, with n-butylamine in dioxane at 31°C takes 
place quantitatively according to eq. [I].  
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10 k2 k3 k3/kz 
Oxazolone ( L  mol-I s-I) (L2 mol-' - '  ) ( L  mol-I) 

TABLE 1. Second- and third-order rate constants o f  the reactions 
o f  (Z)-4-arylidene-2-phenyl-5(4H)oxazolones la-i with n-butyl- 

amine in dioxane at 3 1°C 

FIG. 1 .  Plots of  k,(obs)/[amine] against amine concentration for 
the reaction o f  azalactone Id with n-butylamine in dioxane at dif- 
ferent temperatures. 

The reaction product was proved to be N-n-butyl-2-benzo- 
ylaminocinnamamide 2. In anhydrous dioxane the reaction 
kinetics of each of la-i with tenfold excess or more of n- 
butylamine in the temperature range 3 1-51°C is pseudo-first- 
order with respect to 1 to at least 95% completion. The plot 
of the pseudo-first-order rate constant, k,(obs), vs. n-buty- 
lamine concentration was not linear. However, the plot of 
k,(obs)/[amine] against..[amine] was, in each case, linear as 
shown in Fig. 1. Such plots indicate that the n-butylamino- 
lysis of 1 in dioxane in the temperature range 31-51°C fol- 
lows the rate equation [2]: 

Values of constants k2 and k, were calculated, using the least- 
squares method, from the slopes and intercepts, respec- 
tively, of plots like those shown in Fig. 1. The data are FIG. 2. Plots o f  k,(obs)/[amine] against amine concentration for 
summarized in Table 1. The correlation coefficients of such the reaction o f  azalactone with n-butylamine at 310C in cycle- 
plots were in the range 0.986-0.990. hexane (a )  and ethanol (b) .  

In ethanol the reaction of la with n-butvlamine at 31°C 
followed eq. [2] as shown in Fig. 2. However, simple third- 
order kinetics were found for the reaction of l a  with n-bu- The aminolysis of Id with piperidine in dioxane at 31°C 
tylamine in cyclohexane at 31°C (Fig. 2). In this case the correlated by eq. [2]. The corresponding values of con- 
reaction kinetics followed the rate equation [3]. stants k2 and k, are given in Table 2. 

Reaction of Id with n-butylamine in the presence of tri- 
[3] k,(obs) = ~ , [ ~ - B U N H , ] ~  ethylamine in dioxane at 3 1°C followed the rate equation [4]. 
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TABLE 2. Rate constants for arninolysis of oxazolone I d  in different solvents at 3 1°C 

10 k2 kl k; 
Arnine Solvent (L mol- ' s- ') (L' mol-' s- I) (L' mol-' s- I) 

n-BuNH' Dioxane 0.43 1.36 
n-BuNHz Ethanol 4.74 3.35 
n-BuNH, Cyclohexane 0.13 
Piperidine Dioxane 0.28 5.06 
rz-BuNH, + Et3N Dioxane 0.22 

TABLE 3. Summary of the kinetic data for 11-butylaniinolysis of 
oxazolones 1 in dioxane at different temperatures" 

T =  31°C T = 41°C T =  51°C 

Oxazolone 10 kz k3 10 kz k3 10 kz k3 

lb 0.22 0.61 0.29 0.79 0.38 0.86 
1 rl 0.43 1.36 0.60 1.48 0.74 1.64 
If 0.90 2.75 1.13 2.00 1.40 3.18 

"k:, L mol-' s-I; k,, L' mol-' s-I; 20.06-0.2.5 and 20.09, respec- 
tively. 

The value of constant k; is given in Table 2. 
The activation parameters, E, and AS*, were calculated 

from the least-squares fit of the data at different tempera- 
tures (Table 3) using eqs. [5] and [6], respectively, and the 
values are given in Table 4.  

The value of the term In (RT/Nh) equals 29.53 at 314 K. 
The present kinetic data obtained in dioxane or  ethanol 

suggest that the n-butylaminolysis of 1 proceeds via concur- 
rent second-order and third-order processes. The former 
process corresponds to a solvent-catalyzed reaction, whereas 
the latter represents an amine-catalyzed process. Another 
possibility for the quadratic third-order term in eq. [2] or [3] 
is that it may represent a r,eaction between 1 and an amine 
dimer. However, the present results exclude the involve- 
ment of such amine dimers in the aminolysis of 1 .  'This is 
because, if the amine dimer is catalytically active, it would 
be expected that as the amine concentration increases, the 

monomeric species would decrease and, in turn, the sec- 
ond-order term would disappear at high amine concentra- 
tion. On the other hand, if the amine dimer were inactive a 
falloff in rate would be expected at high amine concentra- 
tion. Neither expectation was observed experimentally. 

The simplest stepwise mechanism that seems compatible 
with the present kinetic data is outlined in Scheme 1. Con- 
sistent with this mechanism are the following observations: 
(i) the disappearance of the k2 term for the reaction of I d  with 
n-butylamine in cyclohexane; (ii) the rate acceleration ob- 
served when triethylamine is added to the reaction mixture; 
and (iii) the higher value of k, for the reaction of I d  with n- 
butylamine in ethanol as compared to that obtained for the 
same reaction in dioxane (Table 2). 

The overall second-order and third-order rate constants (k, 
and k,, respectively) were correlated with the Hammett sub- 
stituent constant u (29). The results of such correlations are 
summarized in Table 5 .  The p values indicate that both sol- 
vent- and amine-catalyzed reactions exhibit similar sensi- 
tivities towards substituent and that both are favoured by 
electron-withdrawing groups in the benzylidene moiety. The 
sensitivity is, however, small. This is because the p values 
for aminolysis comprise contributions from both steps of the 
indicated mechanism (Scheme 1). An electron-withdrawing 
substituent in the benzylidene moiety, while having a favor- 
able effect on the first step, inhibits the ring opening. The 
net p value should be small, and this is what is observed ex- 
perimentally. Furthermore, the similarity between the p 
values for the k, and k, processes indicates that both pro- 
cesses have a common intermediate whose collapse to 
products, by the help of either solvent or  amine molecules, 
is rate determining. This is substantiated by the observation 
that the rate constant ratios (k,/k,) are approximately con- 
stant (Table 1). This finding is also consistent with the sug- 
gested mechanism outlined in Scheme 1 .  

The observed higher rate of aminolysis of I d  in ethanol 
as compared to that in dioxane may be viewed as a general 
acid catalysis. This rationalization is consistent with the re- 

TABLE 4. Activation parameters for the second- and third-order processes of n-butyl- 
aminolysis of oxazolones 1 in dioxane" 

Second-order process Third-order process 

Oxazolone E;, AS:$ L W t :  AS" ~6 Ed 

lb 5.660 -48.1 10 5.032 3.386 -48.844 2.658 
1 cl 4.96 -48.920 4.335 2.216 -51.226 1.588 
If 4.362 -49.522 3.734 1.429 -52.326 0.801 

"E,,  kcal mol-'; AS'" cal de2-I mol-'; AH* = (E, - RT), kcal mol-' 
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TABLE 5. Results of linear free energy correlations of rate con- 
stants of n-butylaminolysis of la- i  in dioxane at 31°C" 

log k; = pa  + log k, r S,S, S~ n 

log k,  = 1 . 6 9 ~  - 1.41 0.994 0.074 0.035 9 
log k3 = 1 . 6 8 ~  + 0.075 0.998 0.041 0.035 9 

"r = correlation coefficient; s,,, = deviation; s, = error estimate for p; 
11 = number of points. 

ported rate acceleration by the hydroxyl group in the ami- 
nolysis of salicylate in nonhydroxylic solvents (19). 

Table 4 lists Arrhenius activation energies and entropies 
of activation for the second- and third-order processes of n- 
butylaminolysis of three representative compounds of the 
series studied. As expected, the energy of activation of the 
amine-catalyzed process is lower than that of the corre- 
sponding solvent-catalyzed process. In addition, the data 
show that the energy of activation for both the second- and 
third-order processes exhibits a regular variation with the 
substituent in the benzylidene moiety: an electron-with- 
drawing group decreases the energy of activation and in turn 
increases the reaction rate, while the reverse is true for an 
electron-donating group. 

The large negative entropies of activation are as expected 
for bimolecular and termolecular reactions (30). The small 
differences between the entropies of activation for the sec- 
ond-order and third-order processes probably reflect small 
variations in solvation of the corresponding transition states. 

Experimental section 
Melting points were determined on an Electrothermal capillary 

apparatus and are uncorrected. Infrared spectra were measured with 
a Pye-Unicam SP3- 100 spectrophotometer. A Beckman DJ-70 
spectrophotometer with electrically thermostated jacketed cell 
compartment was used for recording the electronic absorption 
spectra and kinetic measurements. The solvents, dioxane, ethanol, 
and cyclohexane. were BDH AnalaR grade and were used without 
further purification. tz-Butylamine and piperidine were BDH re- 

TABLE 6. Characteristic ultraviolet maxima for (2)-4- 
benzylidene-2-phenylLS(4H) oxazolone and its substi- 

tuted derivatives in dioxane 

Oxazolone A ,,,, nm Oxazolone A,,,,,, nm 

agents and purified before use as previously described (16). (Z)-  
4-Benzylidene-2-phenyl-5(4H)-oxazolone I d  and its substituted 
derivatives were prepared from N-benzoylglycine and the appro- 
priate benzaldehyde in the presence of acetic anhydride and an- 
hydrous sodium acetate according to the Erlenmeyer method (3 1). 
The compounds were crystallized from ethanol to constant melt- 
ing points, which agreed with those previously reported (32). 

Kinetics 
The reactions were carried out in a I-cm ground-glass stop- 

pered, fused silica, absorption cell. The reference solution was that 
of the solvent used containing an amine concentration equal to that 
being used in the particular kinetic run. The reactions were fol- 
lowed by rate of disappearance of 4-arylidene-2-phenyl-S(4H)ox- 
azolone absorption maximum (Table 6). The reaction products 
showed no absorption in the region of maximum absorption of l a -  
i.  For example, the con~plete spectrum of each kinetic run for the 
reaction of I d  with tz-butylamine corresponded to the spectrum of 
N-tl-butyl-2-benzoylaminocinnamamide solution of the same con- 
centration. Beer's law was found to be obeyed within the concen- 
tration and wavelength ranges employed. 

Stock solutions of In-i, usually about lo-' M ,  were prepared. 
Stock amine solutions were prepared and the concentration deter- 
mined by titration. Appropriate concentrations of amine and aza- 
lactone 1 were prepared by dilution of the stock solutions with 
the appropriate solvent. All azalactone concentrations were 5 X 

M. 
Reactions were followed up to 95% completion under pseudo- 

first-order conditions in which at least a tenfold excess of amine over 
azalactone was used. Duplicate or triplicate runs were performed 
for each concentration and readings taken in any kinetic run cov- 
ered a range of 90% transmittance. The pseudo-first-order rate 
constants, k,(obs), were calculated from log (A, - A,) against time, 
r, data using the least-squares method. A, and A, are the absor- 
b a n c e ~  of the reaction mixture at time t and infinite time, respec- 
tively. The average deviation from the mean value of the rate 
constant in duplicate or triplicate experiments was +5% or less. 

ldetztific~atiotz of the t.enctiotz pt-od~~cr 
11-Butylaniine (0.73 g, 0.01 mol) was added to a solution of I d  

(0.002 mol) in dioxane (20 mL). The reaction mixture was im- 
mersed in a constant temperature water bath at 31 + 0 .  I0C. After 
24 h, the white solid that separated out was filtered. Crystalliza- 
tion from ethanol gave N-tz-butyl-2-benzoylaminocinnamamide 2 
in 85% yield, mp 190- 191°C (lit. (33) mp 190°C); IR (KBr): 3265 
(NH), 1640, 1667 (CO), 1520 (C=C) cm-I; UV (dioxane), A,,,, 
(log E): 220 (4.292), 276 (4.218) nm; ' H  NMR (CDCI,) 6: 0.72 
(3H), 1 . I 6  (2H). 1 .34 (2H), 3.12 (2H), 6.85 ( 1 H), 7 .O-7.45 (5H), 
7.78 (SH), 7.82 (IH), 9.10 (1H) ppm. Anal. found: calcd. for 
C ~ O H ~ ~ N ~ O ~ :  C 74.5 1, H 6.88, N 8.69%; found: C 74.45, H 6.90, 
N 8.63%. 

I .  J .  Plochl. Ber. Dtsch. Chem. Ges. 16, 2815 (1883). 
2. H.  E. Carter. Org. React. 3, 198 (1946). 
3 .  A. K.  Mukerjee. Heterocycles, 26, 1077 (1987). 
4. R. Filler. Adv. Heterocycl. Chem. 4, 75 (1965). 
5. Y .  S .  Rao and R. Filler. Synthesis, 749 (1975). 
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The reaction of boron trichloride - tertiary amine adducts with pseudohalide salts 
under phase transfer catalysis conditions 
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JEAN ATCHEKZA~, BERNARD BONNETOT, HENRI MONGEOT, SAMI Bourn, and BERNARD FRANCE. Can. J. Chem. 70, 2520 
( 1992). 

The reaction of boron trichloride - tertiary amine adducts D . BCl, with pseudohalide salts MX was investigated in a 
homogeneous medium or in two-phase systems under liquid/liquid or solid/liquid phase transfer catalysis conditions 
(PTC) as a potential route to the adducts D . BX, (X = NCS, NCO). Best results were obtained with solid/liquid PTC 
with tetraglyme as catalyst. By suitable choice of the tertiary amine, solvent, and stoichiometry, the symmetric com- 
pounds D . BX, were thus prepared with good yields, the same reaction leading either to mixed species D . BX,.,,CI,, 
(n = 1, 2; X = NCS, NCO) or to the tetrapseudohaloborate anions BX,- (X = NCS, NCO). The mixed tetrahalobo- 
rates BX,., Y,,- could be obtained by exchange reaction from BX4- + BY,- (X = NCS, Y = F, C1, Br) or from BY, + 
Bu4NX (X = NCS; Y = F, C1, Br; X = NCO; Y = F). All these compounds were characterized by "B and, in one 
case, by 'H and I3c NMR. Painvise additivity is observed for the "B NMR chemical shifts. 

JEAN ATCHEKZAI, BERNARD BONNETOT, HENRI MONGEOT, SAMI BOUFI et BERNARD FRANCE. Can. J .  Chem. 70, 2520 
(1992). 

Nous avons CtudiC la reaction des complexes amine tertiaire - chlorure de bore D .  BC1, sur differents composCs 
pseudohalogCnCs MX en opCrant en milieu homogene ou hCtCrogtne dans les conditions de la catalyse par transfert de 
phase (CTP) liquide/liquide ou solide/liquide. Les meilleurs rCsultats ont CtC obtenus par CTP solide/liquide avec le 
tetraglyme comme catalyseur. Les complexes symttriques D . BX3 (X = NCS, NCO) ont ainsi CtC prCparCs avec de bons 
rendements alors qu'en modifiant les conditions operatoires (solvant et stoechiomttrie), on obtient soit les derives mixtes 
D . BX,,Cl,.,, (n = 1, 2; X = NCS, NCO) soit les ions tCtrapseudohaloborates BX4- (X = NCS, NCO). Nous avons 
Cgalement obtenu les ions mixtes BX4.,,Y,, par reaction d'echange entre BX4- et BY4- (X = NCS; Y = F, C1, Br) ou 
BY, et Bu,NX (X = NCS; Y = F, C1, Br; X = NCO; Y = F). Tous ces derives ont CtC caracttrisCs ar RMN du "B 
et, dans un car, par RMN du 'H et du "C. Nous avons constate que les deplacements chimiques du lPB obCissent aux 
rtgles d'additivitC. 

Introduction (positive values downfield). and at 300 MHz for 'H and 75 MHz - ~ -~~~~ - . . 

In a previous note we reported our preliminary re- for I3c with TMS as reference in both cases. To  obtain accurate 
values for the coupling constants, zero filling and Gaussian mul- "its the reaction of KSCN with the tip]ication were applied prior to Fourier transformation, as re- 

C 6 H , C ~ , N M e , .  BCl3, B D M A .  BCl3, in  a n  aromatic sol- ported (3, 4). Typical "B NMR spectra were run with a 
vent with tetraglyme added as catalyst. In this Paper, the spectral width of 20 000 HZ and 16 K data points. A least-squares 
scope of this new is investigated in a fitting routine was used for the calculation of pairwise parameters 
way ,  a imed at  preparing new adducts, mixed species, o r  ni,j. Melting points were determined by differential scanning cal- 
tetrahaloborates anions by  means of  very s imple methods. orimetry (DSC). Elemental analyses were carried out by standard 
T h u s ,  w e  were led to  study the reaction of  tertiary amine - 
boron trichloride adducts D . BC13 ( D  = N,N-dimethylben- 
zylamine B D M A ,  N,N-dimethyloctylamine O D M A ,  and  
N,N-dilaurylamine L D M A )  with thiocyanate and  cyanate 
salts under  various conditions, the relevant adducts being 
quite difficult (or  impossible) to  prepare by  direct synthesis.  
T h e  reaction was  carried out  in  a refluxing aromatic solvent 
with a tetrabutylammonium salt,  in two-phase liquid/liquid 
systems H,O(NaOH)/organic solvent o r  in  solid/liquid 
medium,  a potassium (or  sodium) salt being used in the lat- 
ter case. T h e  tertiary amines used are those whose adducts 
with boron halides are potential latent catalysts in the poly- 
merization of  epoxy  resins (2). Further, these adducts are  
quite stable to  moisture and could b e  kept in air  for  long pe- 
riods of  t ime without any  degradation, a t  odds with the be-  
haviour of  related adducts that usually fume in air. 

Experimental part 
Physical measrtrernents 

NMR spectra were obtained with a Bruker AM 300 spectrome- 
ter at 96.28 MHz for "B with BF3.Et,0 as external reference 

' ~ u t h o r  to whom correspondence may be addressed. 

combus-tion at 1 0 5 0 0 ~  for C ,  H,-and N,  the nitrogen oxides being 
reduced to nitrogen; S analysis was by combustion at 1400°C. 

Materials 
All reactions were performed under an atmosphere of dry argon. 

Tetraglyme was freshly distilled from sodium benzophenone; ar- 
omatic solvents were distilled over phosphorus pentachloride and 
stored over molecular sieves. Tetrabutylammonium cyanate was a 
commercial product (Fluka) and used as received. All reactions with 
the latter and with air-sensitive compounds were performed in an 
efficient dry-box. 

Preparatiotz of D . BX., adducts 
These were obtained by reaction of BX, with the suitable amine 

in hexane while stirring and cooling the mixture. The creamy sluny 
obtained was filtered, washed with several portions of hexane, and 
air dried. It was then thoroughly washed with cold water, dried 
again under vacuum at 100°C, and dissolved in dichloromethane. 
The solution was finally poured on a Florisil column (SiO,/MgO 
85: 15) to remove any ionic impurity, providing analytical sam- 
ples after recrystallization (CH,C12/hexane 1 : 1). The reaction was 
applied to BDMA . BX, (X = F,  C1, Br, I), ODMA . BCl,, and 
LDMA . BC1,. The values reported for the 'H,  'k, and "B chem- 
ical shifts and coupling constants of BDMA . BX, (X = F,  C1, Br, 
I ,  NCS) are summarized in Table 1. 
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ATCHEKZA~ ET AL. 

TABLE 1. NMR data for BDMA . BX, (X = F, C1, Br, I, NCS) 

(a) 'H  NMR 

X Solvent 6 CH2 6 (NCH42 6 Har 3 ~ ( " ~ ~ ) "  

None CDC1, 3.34 (s) 2.17 (s) 7.26 (m) 5p 
F CD2C12 4.05 (s) 2.46 (q) 7.46 (m) 3p Unresolved 

7.36 (m) 2p 
Cl CD,CI2 4.53 (s) 2.79 (q) 7.50 (m) 3p 2.9 

7.40 (m) 2p 
B r CDzClz 4.73 (s) 2.94 (q) 7.50 (m) 3p 3.2 

7.40 (m) 2p 
I C6D6 4.92 (s) 3.07 (q) 7.42 (m) 3p 3.6 

7.35 (m) 2p 
NCS CDzC12 4.07 (s) 2.53 (q) 7.51 (m) 3p 2.4 

7.37 (m) 2p 

(b) I3C NMR 

X Solvent 6 CH2 6 N(CH3), 6 C l  6 C2,6 8 C3,5 8 C4 'J("BC)~ 

None CDC1, 63.9 44.9 138.5 127.7 128.5 126.5 
F CD2C12 60.6 42.6 129.4 129.1 133.0 129.9 1.1 
C1 CDC13 61.8 44.4 128.7 129.0 133.0 130.1 2.2 
Br CDzC12 63.2 45.8 129.2 129.4 133.5 130.5 2.3 

CDC13 62.8 45.5 128.7 129.1 133.1 130.2 2.3 
I C6D6 63.2 45.8 129.2 128.8 133.0 129.8 2.3 
NCS CD2CI2 61.9 43.7 127.7 129.6 133.2 130.8 2.1 

CDCl, 61.5 43.2 127.1 129.3 132.7 130.5 2.1 

(c)  "B NMR 

X Solvent 6 "B 6 "B BX3 solvent 
- - 

F CHzClz - 18.1 10.0' Methylcyclohexane 
C1 CH2C12 -7.7 46.5' Methylcyclohexane 
Br CH2C12 -22.0 38.7' Methylcyclohexane 
I C6H6 -71.9 -7.9' Methylcyclohexane 
NCS CH2C12 -28.6 5.0" CHzC12 

"This long-range proton-boron coupling constant involves the methyl protons, consistent with earlier obser- 
vations on Me,N. B X ,  adducts ( 5 ) .  In every case, the benzyl protons display an unresolved singlet. 

''No ' J  ( " B C )  could be detected with any of these compounds. Such behaviour is not uncommon with boron 
tetrahedral derivatives. Thus, in B(C,H,),-, the 2J ( I I B C )  is significantly smaller than the relevant ' J ,  1.5 vs. 
2.7 H z  (6). For mixed tetraalkylborates, no ' J  ( " B C )  has been found whereas a 'J of about 4.0 Hz was mea- 
sured ( 7 ) .  Further, similar trends are observed in organic chemistry, where ' J ( C H )  << ' J ( cH)  for aromatic 
compounds. 

'From ref. 8. 
"From ref. 9. 

Preparation of BDMA . B(NCS)J 58.29, H 8.92; found: C 57.92, H 8.75. AHf = 90 J/g (DSC). The 
This preparation was reported earlier (1). Anal. calcd. for same reaction was applied to ODMA. BCI, in refluxing chloro- 

CI7Hl3N4S3B: C 45.00, H 4.09, N 17.50, S 30.03, found: C 44.87, benzene for 5 h giving, after chromatographic treatment and 
H 4.1 1,  N 17.73, S 29.35. recrystallization from CH2C12/hexane, 50% of pure ODMA. 

Preparation of LDMA . B(NCS)J 
The reaction was carried out for 4 h in refluxing chlorobenzene 

with the molar ratio D . BC13/KNCS/TTG 1 :9:0.2. After filtra- 
tion, the clear solution was poured through a short column of 
Florisil, giving 60% of pure LDMA . B(NCS)?, 6 "B = -9.9 ppm 
(CH2C12), F = 30°C (DSC). Anal. calcd. for CI7H3,N,S,B: C 51.24, 
H 7.84; found: C 51.02, H 7.75. 

B(NCO),. Anal. calcd. for CI3Hl3N4O3B: C 53.07, H 7.88; found: 
C 52.84, H 7.82. Finally, after refluxing BDMA . BC13 with 
NaNCO in chlorobenzene for 8 h, 95% BDMA.B(NCO)3 was 
obtained together with 5% B(NCOX- (-6.0 and - 11.6 ppm ac- 
cording to "B NMR). After the same work-up, 70% of pure 
BDMA . B(NCO), was obtained. Anal. calcd. for C12H13N,03B: 
C 52.97, H 4.81; found: C 52.72, H 4.67. 

Prepnrrttion of B(NCO)J adducts Preparation of NBu,NCS 
The reaction was carried out in refluxing chlorobenzene for 8 h This was obtained according to a classical method (10) starting 

with a molar ratio D .BC13/NaNCO/TTG 1 :9:0.2. After the same from NBu,Br and KNCS in acetone, at room temperature for 
work-up as above, 80% of pure LDMA. B(NCO)3 was obtained; 12 h. After filtration of KBr (97%), the solution was evaporated 
6 "B = -6.1 ppm, F = 45°C. Anal. calcd. for C17H3,N,03B: C to dryness and the solid residue twice recrystallized from hexane/ 
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ethyl acetate 1 : 1 to give 60% of slightly yellow needles (F = 126- 
127°C (lit. (10) 123-125°C). 

Preparation of tetrahaloborate anions 
These were prepared by classical methods according to the re- 

action BX, + NBu, X (X = C1, Br, I) performed in a dry-box with 
a suitable solvent. BF,NBu, was obtained in the two-phase sys- 
tem NaOH/CH,CI2 as already reported (3). 

Reaction of BF3. E t O  with NBujNCO 
Mixing equimolar amounts of BF, . Et20 and NBu,NCO in di- 

chloromethane, inside the dry-box, resulted in a slight precipitate 
with a broad signal in "B NMR spectroscopy (6 "B = - 1.4 ppm, 
hl,z = 150 Hz). After a few minutes, the signal became asymmet- 
ric and, after heating for short periods of time, a sharp signal ap- 
peared at - 1.4 ppm, followed by broad, decreasing intensity signals 
at -2.4, -4.0, -7.4, and - 11.5 ppm, consistent with the pres- 
ence of the expected mixed species BF,,(NC0)4,,-. However, broad, 
unaccounted-for signals were also present downfield at -0.4 and 
+0.2 ppm. The compounds so obtained were quite stable in solu- 
tion and could be recovered unchanged after several weeks. 

Reaction of with NBu,NCO 
When bubbling BCl, in slight excess through a solution of 

NBu4NC0 in CH2C1,, a slight precipitate was first observed, 
whereas a clear solution resulted if using the reverse order. The "B 
NMR spectrum of the fresh solution, besides the very sharp signal 
of BC1,- (7.2 ppm, hllz about 4 Hz), contains two major signals 
at 30.4 and 22.4 ppm indicative of a substitution of BCl,. With a 
larger excess of boron trichloride (6: I), the signal of free BCl, was 
also observed near 40 ppm, this latter signal being quite sensitive 
to concentration effects. Additional very small signals were also 
detected between 7.2 and 1.5 ppm in the "B NMR spectra but none 
could be attributed to BCl,,(NCO),-,,- except for the one at 1.5 ppm 
(probably BC1,NCO-), still present in solution after several weeks. 

Reaction of BBlj ~ ' i t h  NBu~NCO 
With boron tribromide and NBu4NC0 in CHzBr2, results ob- 

tained are still more complex. Adding the reactants in a 1 : 1 ratio, 
signals at 28.0 and 20.7 ppm denote the substitution reaction of 
BBr,. whereas a very broad signal whose chemical shift ranges from 
- 10 ppm to - 14 ppm corresponds to an exchange reaction. Fur- 
ther, signals at - l .9, -7.6, and -9.2 ppm, still observed after 
several weeks, are clearly indicative of a reaction of BBr, on the 
NCO moiety. Adding BBr, in excess to NBu,NCO in the same 
solvent resulted in a quite different "B NMR spectrum: a sharp 
signal (-25.4 ppm, hl12 = 6 Hz) pertains to BBr,  whereas a broad 
one (-19.7, hl12 = 29 Hz) is likely to belong to BBrz(NCO),- 
originating from the disproportionation of BBr3NCO-, as de- 
duced from the areas under the signals. 

Results and discussion 

Homogeneous vs. phase transfer reactions 

Homogeneous mediutn 
In this case, NBu,NCS reacted with LDMA . BCl, in xy- 

lene at different temperatures. Thus, in a typical run at 100°C, 
after 2 h a complex mixture was observed containing, ac- 
cording to "B NMR integration, D.BC1, (27.6%), 
D . BC1,NCS (23.0%), BC13NCS- (9.4%), BCl(NCS),- 
(16.5%), BCl,(NCS),- (10.4%), D . B(NCS), (4.7%), and 
B(NCS),- (8.3%) for a starting molar ratio NBu,NCS/ 
LDMA.  BCl, 1 : 1.3. Interestingly, the amounts of com- 
pounds deduced from "B NMR data point to a nucleophilic 
substitution of chlorine, followed by a breaking of the amine- 
boron bond, and thus leading to anionic species in a second 
step. Therefore, heating for longer periods (or at higher 
temperatures) results in increased yields of B(NCS),- and 
other anionic species while, conversely, the amount of sub- 
stituted materials decreases. Although the "naked" NCS- 

anion turns out to be a strong nucleophilic species, this re- 
action is of limited interest from a synthetic point of view. 

Liquidlliquid PTC 
The above reaction was also carried out in H,O/organic 

solvent (CHCI, or CH,Cl,) under different conditions. In any 
case, at refluxing temperatures with such different catalysts 
as Aliquat 336 or TTG (see Table 2), no reaction at all could 
be detected. Similar reactions were performed with 
BDMA . BCl, and several potassium salts in a slightly mod- 
ified procedure using 10 N NaOH (instead of water) and 
benzene or  toluene at refluxing temperatures with benzyl- 
triethylammonium chloride as catalyst. The presence of 
concentrated aqueous NaOH is indeed quite attractive since 
it precludes further hydrolysis of the adducts. However, in 
refluxing benzene, no reaction was observed with BDMA 
BCl, and KNCS, whereas, with refluxing toluene, most of 
the adduct was destroyed. In one case, with BDMA . BCl, 
and KBr,  BDMA.  BBr, could be detected in very small 
amounts by "B NMR. This could be a way to perform the 
reverse reaction (1 1): 

Y standing for a heavier halogen than C1, provided a suit- 
able catalyst is found. Let us add that this order of reactivity 
is opposite to the ranking previously observed in solid/liq- 
uid PTC, that is to say, F > NCS > NCO, C1 > Br(!). 

Solid/liquid PTC 
Consistent with our earlier studies, the best results were 

obtained with solid/liquid PTC. To find the best catalyst the 
reaction LDMA . BCl,/KNCS/catalyst with molar ratios 
1 :9 :0 .25 was carried out for 4 h in refluxing benzene with 
different catalysts. The results are summarized in Table 2 ,  
the best results for the conversion being obtained with tetra- 
glyme, which appeared as an even better catalyst than 18- 
crown-6. Interestingly, despite the formation of B(NCS),- 
in every case, no substituted derivative of the latter such as 
BCl,(NCS),,,- could be observed by "B NMR, at variance 
with the above behaviour in a homogeneous medium. Sim- 
ilar yields were obtained with NaNCS (instead of KNCS). 
Thus it turned out that, by a suitable choice of the tertiary 
amine, stoichiometry, solvent, temperature, and reflux time, 
it was possible to direct the reaction towards the formation 
of any desired species. The relevant data with D.BCl,/  
KNCO/TTG in molar ratios 1 : 9 : 0.15 are given in Table 3 ,  
enabling the synthesis of LDMA B(NCO), in good yields 
with chlorobenzene as solvent. The adduct LDMA . B(NCS), 
could also be obtained in pure form (see experimental part). 

Tetrapseudolzaloborate anions a n d  mixed species 
The reaction of the previously prepared B(NCS),- Kf  

nTTG (n about 2.5) with BX,- (X = F,  C1, Br), NR,' (R = 
Et, nBu) was carried out as a general route to the mixed an- 
ionic species BX,,,(NCS),,-, the exchange, monitored by "B 
NMR, being rather slow (on the NMR time scale) and re- 
quiring previous heating of the solutions in CH,Cl, or C6HSCl. 
With B1,-, no exchange could be detected by "B NMR 
spectroscopy. However, such a reaction was difficult to 
perform for reasons of solubility. Hence, we were led to cany 
out the reaction of BX, with NCS-, NBu,' as an easier route 
to the same species. Thus, with BF, - Et10 and NCSNBu, in 
a molar ratio 1 : 1 in CH,Cl,, the major compound was in- 
deed BF, . NCS- together with smaller amounts of B F ,  and 
BFZ(NCS)?-. With BF, . Et,O in excess (1.5: 1 or  3 :  1) no 
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TABLE 2. Products of reaction of LDMA. BC13 + KNCS + catalyst (1 :9:0.25 mol) for 4 h in re- 
fluxing benzene (percent of total boron species present) 

Catalyst D . BC13 D . BCl?NCS D . BCI(NCS), D . B(NCS), B(NCS)j- 

TTG 19.5 16.5 11.5 3 8 14.5 
18-Crown-6 30 25 16 19 10 
A 336 48 12.5 15 9 15.5 
NBujHSOj 67 14.5 9 3 6.5 
TPB 100 0 0 0 0 

Abbreviations: TTG = tetraethyleneglycol dimethylether or tetraglyme. A336 = Aliquat 336, trioctyl- 
methylammonium chloride (C,H,,),NMeCI. TPB = tributylhexadecylphosphonium bromide (C,Hc,)3C,2H25PBr. 
The amount of different compounds was deduced from the "B NMR spectra. 

TABLE 3. Solid/liquid PTC reaction D . BCl, + KNCO + TTG ( 1 : 9 : 0.15 mol) in refluxing aromatic solvent 

D Solvent t (h) D . BC13 D . BCl?NCO D . BCl(NCO)? D . B(NCO), B(NCO)j- 

BDMA tol. 4 67.8 32.2 0 0 0 
BDMA tol. 24 9.2 72.0 18.8 0 0:' 
ODMA ben. 24 5.5 33.1 40.6 15.1 5.6 
LDMA chl. 5 48 42 0 0 ob 
LDMA chl. 8 0 0 2 98 0 
LDM A chl. 12 0 0 0 97 3' 

Solvent: tol. = toluene, ben. = benzene, chl. = chlorobenzene. r = time of reflux (hours). The amounts of compounds (mol.%) 
were deduced from "B NMR spectra (ref. BF, . EtzO). 

"Reaction carried out at 100°C. 
"Important hydrolysis denoted by two broad signals in "B NMR spectra within the range 17-21 ppm belonging to unidentified 

three-coordinate species. 
'The amount of B(NCO),  could be increased by use of diglyme as solvent at 140-150°C but additional unexplained "B NMR 

signals were also observed. Some of these signals could arise from cationic species D2BX,+ and D2BXYA as recently reported 
(12). However, the expected signal pertaining to D,BClz', slightly downfield from D .  BCI,, could not be detected. 

additional signals could be identified by "B NMR except for 
the 0 ppm signal pertaining to BF,. Et20.  Similar results 
could be observed with BCl, in the same solvent or BBr, in 
CH,Br2 to prevent a possible exchange reaction with CH,Cl, 
(13). In the last example, with BBr,/NCS- in a molar ratio 
1 : 1, an accurate measure of the areas under the broad "B 
NMR signals observed leads to the figures 1.7:  1 :0.91 for 
BBr, . NCS-, BBr, . (NCS),-, and BBr,-, respectively. Quite 
noteworthy is the fact that the amounts of BBr,(NCS),- and 
BBr,- are identical within experimental error, giving strong 
support to the disproportionation reaction already observed 
with the fluoroanions BF,A- (14). 

. .. 
Similar results were observed with BF, - E t 2 0  and BCl,. 

However, no exchange at all was observed when heating 
together mixtures of BX,- (X = F, C1) and NCSNBu,. 

B(NCO),- was indeed detected by "B NMR, when the 
reaction of D . BCl, with N C O  was carried out in homo- 
geneous medium or solid/liquid systems (6 "B = - 10.4 to 
- 11.5 ppm according to the solvent),' in any case but the 
overall yield of the latter in the mixture remains small al- 
though diglyme as solvent was instrumental in raising it, 
probably by formation of a solvate. Thus, the only possible 
route to mixed species was to carry out the reaction: 

' ~ l t h o u ~ h  few examples are available, the replacement of NCS 
by NCO in boron compounds appears to result in a shielding of the 
boron nucleus in "B NMR spectroscopy ( 1  5, 16). 

However, the obtained results so far are quite different from 
those observed with NCS salts. Despite the literature data 
concerning the adducts AlC1,NCS- and AlC1,NCO-, for 
which a 'J('~AI"'N) value of about 40 Hz was reported in both 
cases (17, 18), no coupling constant 1 ~ ( " ~ ' " ~ )  could be re- 
solved in any of the three examples, at variance with our own 
results with the related adducts BX,,(NCS),.,,- (X = F,  C1; 
n = 1, 2, 3) (3). Likewise, no 'J("BF) could be resolved with 
the fluoro adducts BF,,(NCO),-,,-, consistent with earlier 
studies of BF, . NCO- by ' 9 ~  NMR spectroscopy (14). In 
conclusion, the cyanate group has a behaviour quite differ- 
ent from the thiocyanate group. Besides the already quoted 
differences, the two nucleophilic sites of the ambidente cy- 
anate ion do not have as large a difference in nucleophilic- 
ity as in the thiocyanate ion, the nitrogen atom being 
simultaneously the center of highest electron density and the 
most polarizable center (19), thus allowing the formation of 
cyanate compounds B-OCN as well as isocyanate com- 
pound B-NCO. 
N M R  data 

' H  N M R  data 
The 'H NMR spectra of the compounds BDMA.  BX, 

(together with the "C and "B NMR spectra) are reported in 
Table 1. From the many 'H  NMR studies carried out with 
boron trihalide-amine adducts, the 'H complexation shifts, 
i.e., the difference between the observed shift for the free 
amine and for the adduct, increase in the order BF, < BCI, 
< BBr, < BI,, these complexation shifts being approxima- 
tively proportional to the heats of complexation (20). It is 
widely accepted that inductive effects explain this ranking 
although other factors can have an effect; for instance, 
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TABLE 4. ' I B  NMR data for BX,,(NCS),.,,- (X = F,CI,Br; n = 0, 1 ,  2, 3)" 

X = F S exp. S calcd. X = C1 S exp. S calcd. X = Br S exp. S calcd. 

BF,- - 1.4 - 1.4 BC14- +7.1 +7.1 BBr,- -24.1 -24.1 
BF3NCS- -3.1 -3.2 BC1,NCS- -0.7 -0.7 BBr,NCS- -20.7 -20.8 
BF,(NCS),- -6.3 -6.3 BCl2(NCS), -7.2 -7.2 BBr2(NCS), - 18.4 - 18.4 
BF(NCS), - 10.9 - 10.8 BCl(NCS),- - 12.7 - 12.6 BBr(NCS),- - 17.3 - 17.1 
B(NCS)?- 1 6 . 7  1 6 . 7  B(NCS),- - 16.7 - 16.7 B(NCS)?- -16.7 -16.7 

"From the reported data, the following set of parameters was obtained.: 11,. ,. = -0.23, 11 ,,,,,,, = -2.78, 11,- ,,,, = -0.83, 
II,,,~., = 1.18, h,l,,,s = 1.41, h, ,.,, = -4.02, IZ,,,,,,~ = -2.91. 

TABLE 5. I ' B  NMR chemical shifts of D . BCl,,Y,.,, (Y = NCS, NCO; 11 = 1 ,  2, 3)" 

Y = NCS S exp. S calcd. Y=NCO S exp. S calcd. 

"D = BDMA as tertiary amine although no significant change was observed with other amines. 
The following set of parameters were deduced: 90.c, = 2.29, T, ,,,, = -0.45, -qNn,.,,(, = -1.92, 
qn.rco = -0.08, TK,~.,, = -0.69. 

changes in long-range shielding are likely to be important 
with heavier halogens (21) as well as steric interactions in 
some well-defined examples (22). Further, the chemical shifts 
measured for the NCS group are quite significant. Thus, 
whereas from a steric point of view NCS- can be compared 
with I-, as exemplified by the dissociation constant for 
NBu'X in dichloroethane, which takes the values 0.8 X 

lo-', 1.4 x lo-', and 1.45 X lo-' for X = C1-, Br-, NCS-, 
and I-, respectively (23), the position of the complexation 
shift of the thiocyanate group, between that of F- and C1-, 
brings strong support to the predominant influence of the 
electronegativity of the NCS- group on the observed shift. 
It may be considered as an additional proof of the fact that 
NCS is bonded to boron through nitrogen.) Similar trends are 
observed for the coupling constants 3 ~ ( " ~ ~ )  of the relevant 
adducts, in line with the data reported for the 3 ~ ( ' 1 ~ ~ )  (28) 
and ' J ( "B~~N)  (29, 30) of the Me,N. BX, adducts (X = F, 
Cl, Br, I). 

13c NMR data 
Once the amines are complexed to the boron trihalides the 

carbon shifts are consistently to lower fields as the Lewis acid 
becomes stronger, in accord with electron withdrawal from 
the amine by the stronger Lewis acid (BF, < BCl, < BBr, 
< BI,). Therefore, the shift to high field of many amine "C 
resonances on complexation has features in common with 
protonation shifts of amines (31). Such trends are indeed 
observed for the CH2 and N(CH,), of the series BDMA . BX, 
(Table 1) but, for the aromatic carbons, these effects are small 
and negligible in the presence of solvent effects. The most 
striking feature of these ')c NMR spectra lies in the pres- 
ence of the previously reported 3 ~ ( l I ~ C )  (3), which remains 
constant or slightly increases with the heavier halogens. 
Furthermore, such coupling results in a significant broad- 

ening of the signal of the relevant carbon atom, thus en- 
abling a ready assignment of the latter. With the compounds 
ODMA . BX, and LDMA . BX,, although I3C NMR spec- 
troscopy is a good purity test, the correct assignment of the 
different carbon atoms is impossible unless sophisticated 
NMR techniques, such as l3C-l3c correlated spectroscopy 
using the INADEQUATE sequence, are used or, possibly, 
TI  measurements. Also, the I3c chemical shifts so far re- 
ported for the long-chain aliphatic amines are unreliable (32, 
33) as soon as more than four carbons are involved. 

"B NMR data 
Although an upfield shift of the "B resonance is gener- 

ally observed when the coordination number of boron in- 
creases from 3 to 4 ,  this cannot be used as a criterion of the 
Lewis acid strength of the boron trihalide; one reason is that 
the "B chemical shift of trivalent boranes is controlled pri- 
marily by the .rr electron density at boron, while in tetra- 
coordinated boron compounds the overall electron density 
has to be considered (34). Thus, from the values reported in 
Table 1, there is no obvious relationship between the ad- 
ducts and the uncomplexed boron trihalides. Further, the 6 
"B value for the NCS derivative probably reflects the strong 
diamagnetic anisotropic shielding effect of the NCS group. 
The X-ray structure determination of related compounds (35, 
36) proved a nearly linear B-NCS unit supporting this ar- 
gument. It is a well-documented point that the "B chemical 
shifts for the adducts are determined primarily by the num- 
ber and type of heavy halogens present, amine substituents 
having only small effects (37). In several types of com- 
pounds, chemical shifts of nuclei (38-40) were shown to be 
additive pairwise with respect to the substituent groups, the 
same kind of correlation being obeyed by the coupling con- 
stants between directlv bonded atoms. Thus, the chemical 

'1n most examples, boron gives rise to isothiocyanato com- shift (or spin-spin coupling) can be expressed as 6 = Cq,, 

pounds, B-NCS. The so-called thiocyanato derivatives, B-SCN, where q,., is a parameter associated with substituents i and J 

whose structure was deduced from IR data (24, 25) appear as and independent of all other substituents. The sum is taken 
doubtful, except for (C,H,),BSCN for which two isomers were Over all substituents about a central atom, excluding the nu- 
characterized (26, 27). cleus observed in the NMR experiment. Such a correlation 
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has been extensively applied to boron trihalide adducts (30, 
4 1 ,  42) and mixed tetrahaloborate ions ( 1  3). We shall try to 
extend such correlations to the pseudohalogen compounds 
reported in this work, assuming for NCS and NCO groups a 
behaviour identical to the classical halogens X (X = F, C1, 
Br, 1). Thus, in the case of a complex such as D . BCl,(NCS) 

where -q is different in each of the above equations, D 
standing for the tertiary amine involved. Let us add that the 
set of parameters are the same for tertiary amine adducts or 
tetrapseudohaloborate ions and mixed species. The results 
of such calculations for the tetrapseudohaloborate ions 
BX,,(NCS) ,.,, - (X = F, C1, Br, n = 0,  1, 2 ,  3, 4) are sum- 
marized in Table 4, those for D.BCl,,Y,.,, (D = BDMA, 
Y = NCS, NCO, tz = 0,  I ,  2, 3) in Table 5 .  The agreement 
between observed and calculated shifts is quite good, thus 
giving strong support to the validity of the hypothesis in- 
volved for the pseudohalogen group. Because of the pau- 
city, and lack of accuracy, of data related to coupling 
constants 'J("BF) and 'J("B"N) no correlations have been 
attempted. Furthermore, the above data are of interest from 
an heuristic point of view: thus, the extrapolated "B chem- 
ical shift for the compound BC1,NCO- is 1.47 ppm, in good 
agreement with the signal observed near 1.5 ppm. Using the 
same set of parameters and assuming rlF,NCO = -0.54, the 
calculated "B chemical shifts for BF,,(NCO)4,,- are -2.3, 
-4.3, and -7.4 ppm for n = 3, 2, 1 ,  respectively, instead 
of the observed values -2.4, -4.0, and -7.4 ppm. 
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The metabolites of Trichoderma longibrachiatum. Part 1 .  1sblation of the metabolites 
and the structure of trichodimerol' 
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ROMANO ANDRADE, WILLIAM A.  AYER, and PAUL P. MEBE. Can. J. Chem. 70, 2526 (1992). 
Tridzoderma longibrnchiaturn Rifai aggr. is a fungus reported to be antagonistic to the fungus Mycenn citricolor, the 

causative agent of the American leaf spot disease of coffee. We have investigated the metabolites produced when T. 
lorzgibrachiat~~rn is grown in liquid culture and have isolated the known compounds sorbicillin (Z), bisvertinol (3), and 
bisvertinolone (4) as well as several new compounds including trichodimerol (I) ,  an interesting new natural product 
possessing a proper axis of symmetry. The structure of trichodimerol (1) was determined by a combination of spectro- 
scopic techniques, including 'H and "C nuclear magnetic resonance, infrared, ultraviolet, circular dichroism, optical 
rotatory dispersion, and mass spectrometry, and by transformation to octahydrotrichodimerol (6) and symmetrical and 
unsymmetrical derivatives thereof. The relative stereochemistry of bisvertinol (3) and bisvertinolone (4) has been re- 
vised. The metabolites described are not biologically active against Mycena citricolor. 

ROMANO ANDRADE, WILLIAM A. AYER et PAUL P. MEBE. Can. J. Chem. 70, 2526 (1992) 
Le Trichodertna longibrachiatum Rifai aggr. est un champignon qui serait antagoniste du champignon Mycerla citri- 

color, l'agent causant des taches sur les feuilles de cafe amtricain. On a examint les mttabolites produits par culture 
liquide du T. longibrachiaturn et on a identifie la sorbicilline (Z), le bisvertinol (3) et la bisvertinolone (4), des com- 
poses connus, ainsi que plusieurs nouveaux compods, dont le trichodimCrol (I), un nouveau produit nature1 inttressant 
possCdant un axe de symttrie propre. On a determine la structure du trichodimCrol (1) par une combinaison de tech- 
niques spectroscopiques, dont la resonance magnttique nucltaire du 'H et du I3c, l'infrarouge, I'ultraviolet, le di- 
chroi'sme circulaire, la dispersion rotatoire optique et la spectrometrie de masse ainsi que par la transformation de 1 en 
octahydrotrichodimCrol (6) et en des dtrivts symttriques et asymCtriques de ce dernier. On a revist la sttrtochimie rel- 
ative du bisvertinol (3) et de la bisvertinolone (4). Les mttabolites dCcrits ne sont pas biologiquement actifs contre la 
Mycena citricolor. 

[Traduit par la redaction] 

Introduction 
Fungi of the genus Trichodertna Persoon are widespread 

and their taxonomical classification is difficult. This has led 
to the development of a species aggregate system of clas- 
sification ( l ) ,  which groups together several "speciesn. It has 
been noted, for example, that under the name Trichoderma 
hamatum (Bon.) Bain aggr. there may be two or three or 
more different but morphologically very similar species, and 
"that isolates considered to belong to this species aggregate 
may behave quite differently under different conditions" (1). 
It is not surprising, then, that there is no clear pattern among 
the wide variety of secondary metabolites produced by 
Trichoderma strains (2, 3). In recent years considerable in- 
terest has been shown iii the use of Trichoderma species as 
biological control agents (4). In spite of the importance of 
the genus, there are no studies reported of the metabolites 
of strains of Trichoderma longibrachiaturn Rifai aggr., or of 
other "yellow" Trichodermn strains, although Rifai (1) has 
documented the existence of yellow pigments in Tricho- 
derma strains of the species aggregates T .  nureoviride Rifai 
aggr., T .  longibrachiatum, and T.  harziaizum. 

Our interest in the chemistry of the metabolites produced 
by T.  lotzgibrachiatum was stimulated by its potential use as 
a biocontrol agent for the American leaf spot disease of cof- 
fee (ojo de  gallo), caused by the fungus Mycena citricolor 

 h his paper is dedicated to the memory of Prof. Jost Calzada, 
our collaborator and friend at the Universidad de Costa Rica, who 
first interested us in this problem. 

-Author to whom correspondence may be addressed. 

(5). When grown in agar plate co-cultures, T .  longibrachia- 
tum caused lysis of the hyphae of M. c i t r i~olor .~  

Unfortunately the antagonistic activity sometimes ob- 
served with T .  longibrachiat~4m against M. citricolor was not 
observed with the extracts obtained when T .  longibrachia- 
tum was grown on liquid still or shake culture. However, the 
isolation of some colorful and apparently structurally unique 
compounds from these extracts prompted us to examine the 
compounds in more detail. 

We describe herein the isolation of several new natural 
products, trichodimerol (I) ,  trichodermolide, sorbiquinol, 
bislongiquinolide, and 5-hydroxyvertinolide, along with the 
known compounds sorbicillin (2), bisvertinol (3), and bis- 
vertinolone (4). The details for the determination of the 
structure of trichodimerol, a unique natural product, are de- 
scribed and evidence for the revision of the structures of 
bisvertinol and bisvertinolone is presented. 

Results and discussion 
Trichoderrna longibrachiatutn was grown in both liquid 

shake and liquid still culture on a medium, developed by our 
collaborators in Costa Rica, containing yeast extract, malt 
extract, glucose (or lactose), peptone, and trace elements. 
Extraction of either the mycelium (CHCl,:CH,Cl,) or the 
broth (CHC1,) provided a similar mixture of metabolites in 
approximately equal amounts. Attempted separation by 

%of. E. Vargas, Facultad de Agronomia, Universidad de Costa 
Rica, personal communication. 
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chromatography over silica gel led to large losses of mate- 
rial and some metabolites were denatured as indicated by 
comparison of the 'H nrnr spectra of the fractions obtained 
using polar eluants with the 'H nrnr spectra of the initial 
mixtures. Sephadex LH20 chromatography proved to be a 
very useful tool in handling these silica-sensitive com- 
pounds. Sephadex LH20 chromatography of .  the extracts, 
followed by silica gel chromatography when possible, led to 
the isolation of the three known compounds, sorbicillin (2), 
bisvertinol (3), and bisvertinolone (4), and the five new po- 

lyketides trichodimerol ( I) ,  trichodermolide, sorbiquinol, 
bislongiquinolide, and 5-hydroxyvertinolide. 

Sorbicillin (2), an orange crystalline compound, was first 
isolated as an impurity in penicillin by Cram and Tishler in 
1948 (6) and chemical methods were used to determine its 
structure (7). It has also been isolated from Verticillium in- 
tertextum (8, 9) and has been synthesized (10). Compound 
2 was converted by catalytic hydrogenation to tetrahydro- 
sorbicillin, similar in all respects to the product described by 
Dreiding and co-workers (9). 

Trichodimerol (1) is pale yellow, optically active, crys- 
talline compound. Its molecular formula, C28H320X, was 
obtained from the high-resolution electron impact mass 
spectrum (hreims) and the molecular ion was confirmed by 
fast atom bombardment mass spectrometry (fabms: m/z  497, 
M++ 1, 35%). Its I3c nrnr spectrum shows 14 signals, in- 
dicating an element of symmetry in trichodimerol.' The 
compound gives a positive ferric chloride test and its uv 
maximum (A,,,, 362 nm) shows a bathochromic shift upon 
addition of base (A,,,;,, 378 nm), showing the acidic charac- 
ter of the chromophore. The presence of an enolized P-di- 
ketone is suggested by the ir (hydroxyl 3420 cm-I and 
strongly chelated carbonyl 1613 cm-I) and 'H nrnr spectra 
(enolized P-diketone hydrogen at 6 16.33 ppm). 

 he element of symmetry present in trichodimerol must be a 
proper axis of symmetry, not a plane or point of symmetry, since 
the compound is optically active. 

The 'H nrnr spectrum of trichodimerol (Table 1) also dis- 
plays methyl singlets (6 1.43 and 1.46 ppm), a methine sin- 
glet (6 3 .OO ppm), a hydroxyl hydrogen (6 3.20 pprn), and 
signals characteristic of a sorbyl chain (6 1.89 (d, 6.5 Hz, 
3H), 6.11-6.34 (m, 3H), 7.32 (dd, 10, 15 Hz, 1H)). Fur- 
ther evidence of the presence of the sorbyl chain is given by 
the hreims, which shows a base peak at m / z  95 (C6H70, 
100%). The stereochemistry of this unsaturated chain was 
assigned as E,E on the basis of the magnitude of the 'H nrnr 
coupling constants measured in benzene solution (J = 
15 Hz between 6 5.55 and 5.88 and between 6 6.25 and 
7.38). 

The I3c nrnr spectrum (Table 2) of trichodimerol shows 
14 signals: carbons of the sorbyl chain, the methyls, a 
methine (6 57.6), and a series of quaternary carbons (6 58.9, 
78.9, 102.8, 104.1, and 176.0). The quaternary carbon sig- 
nals are assigned as follows: 6 102.8 and 6 176.0 to oxy- 
genated carbons of the enolized P-diketone, 6 58.9 to an 
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TABLE 1. The 'H nmr data" of trichodimerol (I) ,  octahydrotrichodimerol (6), rnonoacetyl derivative (7), monoacetyloctahydrotricho- 
dimerol (8), diacetyloctahydrotrichodirnerol (9), triacetyloctahydrotrichodirnerol (lo), and tetraacetyloctahydrotrichodirnerol (11) (CDCI,, 

360 MHz) 

Chemical shifts in 6 (ppm)", multiplicity, J in Hz 

I 
1 ' 
3 (OH) 
5 (OH) 
5' (OH) 
8 
8' 
9 
10 
11 
12 and 12' 
13 
13' 
14 
14' 
COCH, 
COCH,  
COCH, 

3.00, s 
- 
3.20, s 

16.33, s 
- 

6.11-6.34, m 
- 

7.32, dd, 15.5, 10 
6.11-6.34, m 
6.11-6.34, m 
1.89, d ,  6 .5  
1.43, s" 
- 

1.46, s" 
- 

- 
- 

- 

3.11,s  
3.02, s 
- 
- 

16.51, s 
3.40, ddd' 
2.25-2.40, m 
1.6, m 
1.3, m 
1.3, m 
0.85, m 
1.46, s" 
1.48, sb 
1.3 14, sb 
1.35, s" 
2.12. s 
2.12, s 
2.24, s 

"Signals with the same superscript in the same column are interchangeable. 
"Relative to the residual solvent signal (7.262 for chloroforn~). 
'ddd, J = 13.5, 8.5, 5 Hz. The other H-8 signal is in the multiplet at 2.40 ppm. 
"Preparation to be described in Part 2.  

aliphatic carbon, 6 78.9 to a monooxygenated aliphatic car- 
bon, and 6 104.1 to a dioxygenated carbon. Since there are 
only two oxygen-bearing sp2 carbons, we may conclude that 
the carbonyl of the sorbyl chain is part of the enolized P-di- 
ketone system. These data are consistent with the presence 
of fragment 5 ,  an enol-sorbyl system, in trichodimerol. 

The molecular formula of trichodimerol indicates it has 13 
unsaturations. Since trichodimerol is dimeric, eight unsatu- 
rations may be attributed to two enol-sorbyl systems (5), 
leaving five unassigned unsaturations and indicating that 
trichodimerol is pentacyclic. There are eight oxygen atoms 
present in trichodimerol, four forming part of the enol-sor- 
by1 systems. Since the I3c nmr spectrum of trichodimerol 
displays two other signals attributed to oxygen-bearing car- 
bons (the monooxygenated and dioxygenated carbons at 6 
78.9 and 104. I) ,  the remaining four oxygens must be pres- 
ent as two hemiacetals. ,, 

T o  obtain information about the relative position of the 
groups further 'H nmr experiments were carried out. Nu- 
clear Overhauser effect (nOe) difference experiments (Table 
3) show that there is a large nOe enhancement between the 
6 3.00 methine, the sorbyl hydrogen at 6 6.12, and the methyl 
groups at 6 1.43 and 1.46, which suggests that the methine 
is in close proximity to these functionalities. In solvent studies 
with pyridine, the 'H nmr spectrum of trichodimerol shows 
that the methyls, the methine, and the hydroxyl group are 

significantly shifted (by 0.44, 0.57, 0.64, and 1.87 ppm, 
respectively). These shifts are considerably larger than those 
observed when benzene is used as solvent, suggesting that 
the methyl groups are vicinal, 1,3-, or in some other way 
close to the hemiacetal hydroxyl (1 1). 

Of the various "dimeric" structures that can account for 
the structural features outlined above, only one, structure 1, 
has a proper axis of symmetry and can account for the ob- 
served optical activity of trichodimerol. The absolute ste- 
reochemistry of trichodimerol was determined to be as 
depicted in 1 by use of the exciton chirality method (12). The 
cd spectrum of trichodimerol shows a split Cotton effect 
(amplitude) ( A )  = Ae, - 6~~ = -25) with a negative first 
Cotton effect, corresponding to a negative chirality. 

Trichodimerol is unstable, decomposing to an insoluble 
brittle solid upon standing. It may be transformed to a sta- 
ble derivative, octahydrotrichodimerol (6), by hydrogena- 
tion over palladium on carbon. The molecular formula of 
compound 6 ,  C2,H,,0,, was confirmed by hreims. Its uv 
spectrum, A,,, 340 (E = 390) and 294 (14 000) nm, is 
consistent with the presence of a enolized P-diketone chro- 
mophore (13). In addition to the signals expected for a five- 
carbon saturated chain, the 'H nmr spectrum of 6 (Table 1) 
shows signals for a methine hydrogen at 6 3.00 (s), a hy- 
droxyl hydrogen at 6 3.28 (br s), a six-hydrogen singlet at 6 
1.46 (which may be resolved into two singlets when either 
pyridine or benzene is used as solvent), an enolized P-di- 
ketone hydrogen at 6 16.66, and no olefinic absorptions. The 
product retained its symmetry as shown by its I3c nmr spec- 
trum (Table 2,  only 14 signals). 

Octahydrotrichodimerol (6) is much more stable than 
trichodimerol (1) and remains unchanged after long periods 
of time. As in trichodimerol the methyl groups and the 
methine hydrogen of octahydrotrichodimerol (6) display large 
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TABLE 2. The I3c nrnr data of trichodimerol (I),  octahydrotrichodimerol (6), 
rnonoacetyl derivative (7), rnonoacetyloctahydrotrichodimerol (8), diacetylocta- 
hydrotrichodirnerol (9), triacetyloctahydrotrichodimero1 (lo), and tetraacetylocta- 

hydrotrichodirnerol (11) (CDC13, 75.5 MHz) 

Chemical shift in 6 (ppm)"~" 

"Signals with the same superscript in the same column are interchangeable. 
bRelative to the carbon of the solvent (77.0 for chloroform). 
'APT obtained. 
"Also obtained from [l-'3C]acetate incorporated trichodimerol. 
'Only obtained from [l-'3C]acetate incorporated trichodimerol (see Part 2). 

shifts in the 'H nmr spectrum when pyridine is added. The enhancements to C-6, C-2, C-4, C-8, and a negative en- 
methyl groups and the methine gave mutual n0e5 enhance- hancement to C-3. The negative nOe must arise from an 
ments,which are summarized in Table 3, together with the homonuclear nOe between H-1 and the two adjacent meth- 
other observed enhancements. Because of its stability, yls (Me-13 and Me-14) followed by a heteronuclear nOe onto 
compound 6 was used for additional spectroscopic studies the carbons adjacent to the methyls. As well, the homonu- 
and for the preparation of several derivatives. clear nOe between the methine and the methyls is observed 

~ ~ r t h ~ ~  evidence supporting the proposed structure of in the 'H['H] nOe experiments. Indirect nOe enhancements 

trichodimerol (1) was obtained from a 1 3 ~ [ ' ~ ]  en- this type have been observed previously (I4).  

hancement experiment and a natural abundance 1 3 ~  INAD- The abundant sample of octahydrotrichodimerol (6) jus- 

EQUATE experiment on octahydrotrichodimerol (6). The tified a natural abundance I3C two-dimensional INADE- 
QUATE-type experiment (1 5 ) .  An INADSYM (1 6) spectrum location of the methine observed in the 'H nmr spectrum was obtained and showed connectivities between C-3 and 

relative to the non-hydrogen bearing carbons was investi- C-4, C-l and C-6 and C-2, and between C-2 and C-3, These 
gated by the use of a ' 3 ~ [ ' ~ 1  '0' difference experiment. connectivities confirm that the structure of trichodimerol is 
Selective irradiation of H-1 of octahydrotrichodimero1 gave as shown in 

The formation of the different acetyl derivatives of oc- 
'verified in benzene-d, where the two methyls give separate tahydrotrichodimerol (6) demonstrates its interesting sym- 

signals. metry properties and confirms the presence of two 
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TABLE 3. The 'H nmr nOe experiments with trichodimerol ( I ) ,  octahydrotrichodimerol (6), monoacetyl de- 
rivative (7), monoacetyloctahydrotrichodimero1 (8), diacetyloctahydrotrichodimerol (9), and triacetylocta- 

hydrotrichodimerol (10) (CDCl,, 360 MHz) 

Signal saturated Signal enhanced (%nOe)" Signal saturated Signal enhanced (%nOe)" 

2.44-2.52 (H-8's) (0.6) 
3.00 (H-1) (3.9) 
3.28 (OH-3) (1.6) 
3.00 (H-1) (5.1) 
3.00 (H-1) (5.7) 
2.44-2.52 (H-8's) (12) 
1.46 (H-13 and 14) (10) 
1.46 (H- 13 and 14) (7.4) 

2.98 (H-1) (3.7) 
6.12 (OH-3) (12) 
3.19 (H-1') (4.5) 
6.12 (OH-3) (1.3) 
2.38 (H-8's) (0.9) 
2.98 (H-1) (5.2) 
1.44 (H-13) (6.4) 
1.51 (H-14') (5.3) 
2.38 (H-8's) (10.6) 
1.469 and 1.474 (H- 13' 

and H-14) (11.1) 
2.31 (H-8') (11.6) 
1.44 (H-13) (9.3) 

9 
1.33 (H-14) 
1.49 (H- 13) 
3.03 (H-1) 

1.35 (H-14') 
1.46 (H- 13) 
1.48 (H-13') 
3.02 (H- 1 ') 

3.02 (H-1') (1.2) 
2.30 (H-8) (2) 
3.11 (H-1) (2.2) 
3.11 (H-1) (5.7) 
3.02 (H- 1 ') (3.7) 
1.32 (H-14) (6) 
1.48 (H- 13') (5) 
2.30 (H-8) (17) 
1.35 (H-14') (7.6) 
1.46 (H- 13) (4) 
2.30 (3) 
2.30 (H-8b) (24) 

"Ratio of the enhanced area over the irradiated signal's area in the difference spectra. 

hemiacetals in trichodimerol. Treatment of octahydrotrich- 
odimerol (6) with acetic anhydride in refluxing toluene or 
with acetic anhydride under reflux produced very complex 
product mixtures with at least 12 components as judged by 
tlc. When acetic anhydride, pyridine, and 4-N,N-dimethyl- 
aminopyridine (DMAP) in dichloromethane were used for 
acetylation of 6, five acetylated products were isolated from 
the complex mixture,formed. 

Two different monoacetyl derivatives were obtained. The 
ir spectrum of monoacetate 7 shows the presence of a hy- 
droxyl group (3400 cm-'), a strongly chelated carbonyl 
(1605 cm-I), and an acetoxyl carbonyl group (1728 cm-'). 
The uv spectrum of monoacetate 7 is similar to that ob- 
served for octahydrotrichodimerol (6), indicating that the 
enolized P-diketone observed in 6 is unchanged in com- 
pound 7. 

The ' H  nmr spectrum of monoacetate 7 (Table 1) dis- 
plays four methyl groups, enolized P-diketone hydrogens (6 
15.94 and 16.23), a hydroxyl hydrogen (6 6.12 ppm), and 
methine hydrogens (6 2.98 and 3.19), all as sharp singlets, 
indicating that compound 7 is not symmetrical. Accord- 
ingly, the I3c nmr spectrum of 7 displays 29 signals, cor- 
responding to 30 carbons. Five carbonyl-like absorptions are 
observed in the '" nmr spectrum (Table 2). It is apparent, 
however, from the integration of the signals that the signal 

at 6 188.4 corresponds to two carbons. One of the carbon- 
yls can be assigned to the newly introduced acetyl group (6 
173.3), another four arise from the two enolized P-diketone 
systems (6 188.4 x 2, 195.1, and 196.5), and the sixth may 
be assigned to a ketone (6 202.2). The presence of only three 
signals in the region 6 100-1 10 indicates that compound 7 
has a single hemiacetal group. Nuclear Overhauser experi- 
ments showed that there is a large nOe enhancement (12%) 
between the methyl hydrogens at 6 1.44 and the hydroxyl 
hydrogen at 6 6.12. Also, the chemical shift of the hy- 
droxyl hydrogen occurs at unusually low field, suggesting it 
is chelated. The low-frequency absorption of the acetate 
carbonyl observed in the ir spectrum of 7 is consistent with 
this internal hydrogen bonding. These observations, to- 
gether with the isolation of another monoacetate (8) (de- 
scribed below), lead us to conclude that one of the 
hemiacetals of octahydrotrichodimerol opens to the hy- 
droxy ketone. The tertiary alcohol thus released is then ace- 
tylated to produce 7. The acetyl carbonyl is conveniently 
located to allow hydrogen bonding with the hydroxyl group. 
This hydrogen bond explains the acetoxyl carbonyl absorp- 
tion in the ir spectrum and the large nOe enhancement men- 
tioned above. 

The "C nmr chemical shifts of monoacetate 7 were com- 
pared with those of octahydrotrichodimerol (Table 2). A large 
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downfield shift for C-2 from 6 78.8 to 89.0 (10.2 ppm) is 
observed due to the acetylation of the tertiary alcohol. Other 
shifts observed are a downfield shift for C-4' from 6 58.0 to 
63.8 (5.8 ppm), and an upfield shift of C- 1 and C- 1 ' from 6 
57.3 to 53.3 and 56.8 (4.0 and 0.5 ppm, respectively) when 
7 is compared with 6. These downfield and upfield shifts are 
as expected for the change of a hemiacetal (in 6) into a ke- 
tone (in 7) ( 17). Furthermore, the nOe experiments (Table 
3) allow the assignment of the methines and all the methyl 
hydrogen signals present in the 'H nrnr spectrum of mono- 
acetate 7. 

A second product obtained from the acetylation of octa- 
hydrotrichodimerol is monoacetyloctahydrotrichodimerol (8), 
C30H4209, which shows absorptions for a strongly chelated 
carbonyl (1 600 cm-I), hydroxyl (3440 cm-I), and acetoxyl 
carbonyl (1752 cm-') in its ir spectrum. The 'H nrnr spec- 
trum of 8 (Table 1) displays four methyl signals, (6 1.36, 

1.41, 1.43, and 1.48), methines (6 2.96 and 3.00), acetyl 
methyl (6 2.1 1), enolized P-diketone hydrogens (6 16.40 and 
16.69), and a hydroxyl hydrogen (6 2.97). These signals in- 
dicate that compound 8 is not a symmetrical molecule. 

Twenty-nine carbon signals were observed in the I3c nrnr 
spectrum of 8 (Table 2). There are five carbonyl-like car- 
bon absorptions. One is attributed to the newly introduced 
acetyl carbonyl (6 169.0) and four to the enolized P-dike- 
tone systems (6 187.3, 191.8, 193.5, and 196.5). Further- 
more, there are four carbon signals in the region 100- 
110 ppm, suggestin that compound 8 has two hemiacetals. 
Comparison of the 'C nrnr spectrum of 8 with that of 6 re- 
veals that in 8 a hemiacetal carbon shifts from 6 103.9 to 
109.5 (5.6 ppm). This shift is best explained if one hemi- 
acetal hydroxyl of 6 has been acetylated to give the unsym- 
metrical acetate 8. 

A diacetate 9, C,,H,,O,,, was also obtained upon acety- 
lation of octahydrotrichodimerol. Its ir spectrum shows ace- 
toxyl carbonyl (1753 cm-'),  a strongly chelated carbonyl 
(1599 cm-I), but no free OH stretching absorption. The 'H 
nrnr spectrum of 9 (Table 1) displays the signals for hydro- 
gens of methyls (6 1.33 and 1.49), an enolized P-diketone 
hydrogen (6 16.41), an acetyl methyl (6 2.12), and a meth- 
ine (6 3.03), all as singlets. The I3c nrnr spectrum displays 
16 signals, corroborating that compound 9 has an element 
of symmetry. Three carbon absorptions are carbonyl-like 
(Table 2): one is assigned to the acetate carbonyl (6 169.0) 
and the other two to the enolized P-diketone system (6 187.5 
and 196.3). The hemiacetal carbon (6 109.2) of 12 is shifted 
with respect to that observed in the 13c nrnr spectrum of oc- 
tahydrotrichodimerol (6). From these data, the structure of 
the diacetate is assigned as the symmetrical hemiacetal di- 
acetate 9.  

A fourth product isolated from the acetylation mixture is 
triacetate 10, C3,H,,0,, , whose ir spectrum shows absorp- 
tions for acetoxyl carbonyl (1752 cm-I), a conjugated ke- 
tone carbonyl (1699 cm-I), a strongly chelated carbonyl 
(1612 cm-I), but no free OH stretching. The uv spectrum of 
10 differs from the uv spectrum of octahydrotrichodimerol 
(6) and the other acetates (7, 8, 9), suggesting that one of the 
enolized P-diketone systems of 6 has been acetylated. 

The 'H nrnr spectrum of 10 (Table 1) shows signals for the 
acetate methyls (6 2.1 1, 2.12, and 2.24), the quaternary 
methyls (6 1.32, 1.35, 1.46, and 1.48), the methines (6 3.02 
and 3.1 l ) ,  and an enolized P-diketone hydrogen (6 16.51) 
as singlets, as well as a one-hydrogen doublet of doublet of 
doublets at 6 3.40 (J 13, 8.5, 5 Hz) (Table 1) attributed to 
one of the side-chain H-8 hydrogens. Interestingly, in the 'H 
nrnr spectra of acetates 7, 8 ,  and 9 the signal for the C-8 
methylene hydrogens appears as a multiplet of two diaste- 

reotopic hydrogens. Although the chemical shift of the C-8 
hydrogens is similar in the 'H nrnr spectra of compounds 7, 
8 ,  and 9 ,  one of the C-8 hydrogens has shifted more than 
1 ppm in the 'H nrnr spectrum of 10. This shift demon- 
strates that an en01 system has been acetylated and suggests 
that the acetylated en01 is endocyclic. If compound 10 had 
an exocyclic en01 acetate, the side chain would retain its ri- 
gidity around the C-6, C-7 bond, and no significant change 
in any of the 'H nrnr signals of the C-8 hydrogens would be 
expected. The nrnr spectrum of 10 (Table 2) is in agree- 
ment with the structure assigned. 

A fifth acetate derivative was isolated from the acetyla- 
tion of [ I  '"]acetate labelled octahydrotrichodimerol pre- 
pared during biosynthetic studies."he 'H  and I3c nrnr 

wetails of the biosynthetic studies will be presented in a sub- 
sequent paper. 
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spectra indicate it possesses structure 11. The ir spectrum 
shows absorption for acetoxyl carbonyl (1751 cm-I), con- 
jugated carbonyl (1700 cm-'), and double bond (161 1 cm-') 
consistent with an en01 acetate - ketone system. 

The 'H nmr spectrum of 11 (Table 1) shows absorptions 
corresponding to acetyl methyl hydrogens (6 2.11 and 2.23), 
methyl hydrogens (6 1.30 and 1.45), a methine hydrogen (6 
3.09), and a hexanoyl chain (6 3.10 (m, IH), 2.50 (m, lH), 
1.45 (m, 2H), 1.28 (m, 4H), and 0.88 (m, 3H). These 
characteristics indicate that tetraacetate 11 is symmetrical and 
that the en01 acetates are endocyclic since, as indicated for 
triacetyloctahydrotrichodimerol (lo),  the chemical shift of 
the H-8 hydrogens changes to 6 3.11 and 6 2.50 in the 'H 
nmr spectrum of tetraacetyloctahydrotrichodimerol (11). The 
I3c nmr spectrum of 11 (Table 2) shows 18 signals and the 
assignment of these signals is in agreement with the pro- 
posed structure. 

Octahydrotrichodimerol (6) is symmetrical and the pro- 
gressive introduction of acetyl groups upon acetylation gives 
the following results. Introduction of one acetyl group, as in 
monoacetyloctahydrotrichodimerol (7) and monoacetyloc- 
tahydrotrichodimerol (8), destroys the symmetry present in 
octahydrotrichodimerol (6). Introduction of two acetyl 
groups, as in diacetyloctahydrotrichodimerol (9) yields a 
symmetrical product, while introduction of three acetyl 
groups, as in triacetyloctahydrotrichodimerol (lo),  destroys 
the symmetry again. The introduction of four acetyl groups 
restores the symmetry and gives tetraacetyloctahydrotri- 
chodimerol (11). 

As mentioned above, bisvertinol (3) and bisvertinolone (4), 
previously isolated by Dreiding and co-workers from Ver- 
ticillium intertextunz (18), were also obtained from T. lon- 
gibrachiatum.'  The previous workers favored a t rans  C-5a, 
C-9a ring junction and did not make a stereochemical as- 
signment at the other ring junction (C-4a, C-9b). 

We have investigated the stereochemistry of bisvertinol 
by nOe experiments with the following results: H-9a (6 3.63) 
gave nOe enhancement to Me-17 and Me-25 (6 1.26 (4%) 
and 1.42 (4%)), and to H-20 (6 6.49 (18%)). H-3 (6 2.44) 
gave an nOe enhancement to H-1 1 (6 6.39 (7%)), to H-3' (6 
2.71 (12%)), and to Me-16 (6 1.19 (2%)). Furthermore, 
Me-16 gave enhancement to H-3 (1.4%) and Me-25 to H-20 
(1.4%). Me-18 (6 1.40 ppm) did not give rise to any nOe 
enhancement. These results allow us to assign the 'H nmr 
signals of the quaternary methyls of bisvertinol. 

The results of our nOe experiments and the cd spectrum 
(extrema of opposite sign at 410 and 353 nm ( A  = 75)) of 
bisvertinol indicate that the relative stereochemistry of Me- 17, 
H-9a, and Me-25 in bisvertinol should be revised to an all- 
cis  stereochemistry. The stereochemistry of the C-4a hy- 
droxyl should then be cis on the basis of the enhanced 
stability of a cis 5-6 ring junction over a t rans  5-6 ring 
junction, while the stereochemistry at C-4 should remain the 
same as proposed on biogenetic arguments (18). The ste- 
reochemistry of bisvertinol is thus as depicted in 3. Appli- 
cation of the exciton chirality theory to the cd spectrum of 
bisvertinol indicates that its absolute stereochemistry is as 
shown in 3.  

Nuclear Overhauser enhancement experiments with bis- 
vertinolone (4) showed similar results to the ones obtained 

'Identity was established by comparison of 'H and "H nmr 
spectra with published values (9). 

for bisvertinol (3) and therefore the stereochemistry of bis- 
vertinolone should also be revised from that proposed by 
Dreiding and co-workers (1 8). 

The structures of the other new metabolites isolated from 
T. longibrachiatum will be described in Part 2 of this se- 
ries. 

Experimental 

Generrzl 
High-resolution electron impact mass spectra (hreims) were re- 

corded on an AEI MS-50 mass spectrometer coupled to a DS-50 
computer. The hreims data are reported as tn/z (relative intensity) 
except for the molecular ion, which is reported as m/z found (m/z 
calculated, relative intensity). Unless diagnostically significant, 
peaks with intensity less than 20% of the base peak are omitted. 
Chemical ionization mass spectra (cims) were recorded on an AEI 
MS-12 mass spectrometer with ammonia as the reagent gas. The 
data were processed using DS-55 software and a Nova-4 com- 
puter. The cims data are reported as m/z (assignment, relative in- 
tensity). Fourier transform infrared (ftir) spectra were recorded (as 
a cast from CHC1, solution unless otherwise noted) on a Nicolet 
FTlR 7 199 interferometer. Ultraviolet (uv) spectra were recorded 
on a Hewlett Packard 8450A diode array spectrophotometer. Op- 
tical rotations were recorded on a Perkin Elmer 141 polarimeter. 
'H and nuclear magnetic resonance (nmr) spectra were mea- 
sured (in CDCI, unless noted) on Brucker WM-360 and WH-300 
(operating at 75.5 MHz for ',c nmr) spectrometers, coupled to 
Aspect 2000 and As ect 3000 computer systems, respectively. The 
multiplicity of the 'C nmr signals was verified by APT experi- 
ments when possible. chemical shifts are reported in parts per 
million (d value from tetramethylsilane (TMS)). The residual 
solvent signal was used as the internal standard, CDCI,: 'H: 
6 7.262 ppm; ',c: 8 77.00 ppm; acetone-d6: 'H: 6 2.04 pm, 
13 C: S 29.0 ppm; MeOH-d,: 'H: 8 3.30 (methyl) ppm, I&: S 
49.00 ppm; C6D6: 6 'H: 7.15 ppm, "c: S 128.00 ppm relative to 
TMS. 

Grorvth of Trichodermn longibrrzchiatum and isolation of the 
n~etabolites 

Trichoderma lotzgibrachintum (UAMH 5068) was obtained from 
Professor Edgar Vargas of the University of Costa Rica and is de- 
posited at the University of Alberta Microfungus Herbarium 
(UAMH 5068). 

Trichodernzn 1o)zgibrachintum (strain UAMH 4159) was ob- 
tained from the University of Alberta Mold Herbarium. It was 
originally deposited as Trichodermn reesei Simmons, mutant of 
ATCC 24449 (QM 9123). This strain (UAMH 4159) was previ- 
ously deposited at the American Type Culture Collection (ATCC) 
as ATCC 26921, at the Commonwealth Mycological Institute (CMI) 
as CMI 192656, and at the Quatermaster Research and Develop- 
ment Center (QM) as QM 9414. Trichoderma reesei ATCC 24449 
is a mutant of T. reesei ATCC 13631 (T. viride QM 6a) (CMI 
45548), which was isolated from a "cotton duck shelter" by D. I. 
Fennel1 (1 9). 

Slant cultures (PDA) of the fungi were stored in a refrigerator 
at 4°C. A small piece of mycelium and agar was removed from the 
slant culture and was used to inoculate an agar plate (PDA), and 
the plate culture was allowed to grow for I week. A portion of the 
plate culture was used to inoculate a liquid culture (potato dex- 
trose media, 250 mL), which was allowed to grow with constant 
shaking (160 rpm) for 1 week. Inocula (20 mL) from the small 
shake culture were used to inoculate still cultures grown in Fembach 
flasks (1 L, media composition: vide itzfra), while inocula 
(25 mL) were used to inoculate large shake cultures (500 mL of 
media). 

Trichodermn lotzgibrnchiatwn strain UAMH 5068 was grown on 
still and shake culture using the following media: glucose 2%. yeast 
extract 0.5%, malt extract 0.5%, K?HPO, 0.25%, MgSO, 0.2%, 
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(NH4),S04 0.1%, bactopeptone 0.5%. The still culture was har- 
vested after 26 days and the shake culture after 11 days of growth. 

Trichoderma lotzgibrachiatum strain UAMH 4159 was grown on 
still culture using the same media, but with lactose instead of glu- 
cose as the main carbon source. This growth was harvested after 
27 days. 

The mycelium was separated from the broth by gravity filtra- 
tion through cheese cloth. The mycelial mass was dried for 24 h 
in a fume hood and then extracted for 24 h with CHCI3:CH2Cl2 
(1: 1) in a percolator. The solvent was removed under reduced 
pressure to give the crude mycelial extract. 

The broth was concentrated under reduced pressure to approxi- 
mately one quarter of its original volume. Butanol was added to 
avoid excessive foaming during the evaporation. The concen- 
trated broth was then extracted under stirring with chloroform (ap- 
prox. 4 X 1/2 volume). The chloroform extract was concentrated 
under reduced pressure to give the crude broth extract as a gum. 

Isolatiotz of the metabolites of Trichoderma longibrachiatum 
The crude mycelium extract (9.5 g) from a still culture of the T. 

lotzgibrachiatum (UAMH 5068, 10 L) was separated in the fol- 
lowing way. A Sephadex LH20 column (70 g, 36 X 2.8 cm i.d.) 
was packed in methanol, and increasing amounts of chloroform and 
petroleum ether were used to precondition the column and the col- 
umn was rinsed with 250 mL of the least-polar solvent mixture to 
be used. Elution of the metabolites from the crude extract was ac- 
complished using a stepwise increase in solvent polarity. The sol- 
vents used were petroleum ether:CHC13 2: 3 (500 mL), 1 :2 
(750 mL); petroleum ether:CHCI,: acetone 1 :2: 1 (250 mL), 1 :2:2 
(250 mL); CHC1,:acetone l : 1 (250 mL); and methanol. The first 
fraction (75 mL) was discarded, subsequent fractions (15-20 mL) 
collected, and like fractions (tlc) combined. 

Trichodimerol (I) eluted in fractions 20-33 and 56-73 
(0.86 g). Sorbicillin (2) eluted in fractions 33-44 as a 1 : 1 mixture 
with trichodimerol (0.26 g). Sorbiquinol coeluted with tricho- 
dimerol in fractions 45-55 (0.27 g). Crude bisvertinol (3) eluted 
in fractions 74-82 (3.5 g). Bisvertinol was purified further by 
column chromatography (Sephadex LH20, petroleum ether: 
CHC1,:acetone 1 : 1 :0.4) to give 470 mg of bisvertinol. An ana- 
lytical sample, prepared by precipitation (twice) from petroleum 
ether: Et20 gave bisvertinol, mp 15 1 .5-152.S°C (82 mg). Col- 
umn chromatography (silica gel; 1 % EtOH: CHCI,) of the fraction 
containing sorbicillin (60 mg) gave pure sorbicillin (20 mg). Col- 
umn chromatography (silica gel; 2% EtOH:CHCI,) of the fraction 
containing sorbiquinol (80 mg) afforded sorbiquinol, C28H3207 
(19.4 mg), as a yellow solid, and, after increasing the polarity (6% 
EtOH : CHCI,), trichodimerol (19.4 mg). 

The broth extract (7.5 g) of the still culture of T. longibrachia- 
tum (UAMH 5068) was separated as described above. Fractions 15- 
30 contained impure trichodimerol (0.76 g). Fractions 31-35 gave 
sorbicillin and trichodimerol. (87 mg), 36-57 impure tricho- 
dimerol (0.6 g), and 58-69 impure bisvertinol (1.70 g). Sorbi- 
quinol was not obtained. After repeating the Sephadex column with 
fractions 4-15 (3.25 g), 370 mg of bislongiquinolide, C28H3208, 
was obtained in fractions 79-85 as a yellow gum, and 100 mg of 
bisvertinolone (4) in fractions 87-90. 

The crude broth extract (3.7 g) from the shake culture of T. lon- 
gibrachiatum (UAMH 5068) was separated as before by Sepha- 
dex LH20 chromatography. Impure bisvertinolone (4) was obtained 
in fractions 56-65. This was precipitated from petroleum ether:Et20 
to give 350 mg of bisvertinolone as an amorphous powder, mp 153- 
155°C. The mycelial extract of the shake culture provided only 
trichodimerol . 

The mycelium extract of T. longibrachiaturn (UAMH 4159) 
(9.3 g) was separated by Sephadex LH20 chromatography as de- 
scribed above. Trichodermolide was found in fractions 1-3 and was 
purified by column chromatography (silica gel; Bz: Et20 10: 1 to 
5:  1) to give 235 mg of pure trichodermolide, C2,H2,O4, as a col- 
orless wax. Fractions 11-18 contained almost pure trichodimerol 

(1.5 g), fractions 19-38 gave mainly a mixture (2.4 g) of tricho- 
dimerol, sorbicillin, and sorbiquinol, while fractions 58-66 con- 
tained impure bisvertinol (1.5 g). 

The broth extract of T. longibrachiatum (UAMH 4159) (8 g) was 
separated by Sephadex chromatography as described above. Frac- 
tions 1-5 contained impure trichodermolide, which after column 
chromatography (silica gel; Bz : Et,O 3 : 1) gave 71 mg of pure tri- 
chodermolide. Fractions 32-50 (1.2 g) were combined and sub- 
jected to further Sephadex LH20 chromatography using petroleum 
ether: CHCI,: acetone (2: 3 : 0.4) as eluant. The first 150 mL was 
discarded. 5-Hydroxyvertinolide, Cl,Hl8O5, eluted in fractions 34- 
48, with fractions 39-40 containing pure 5-hydroxyvertinolide 
(40 mg). 

Trichodimerol (I): [a], -376 (c 0.26, MeOH); ftir v,, (cm-I): 
3420, 2970, 2920, 1613, 1546, 1414, 1288, 1251, 1150, 1125, 
992, 935; uv (MeOH) A,,, nm (log s): 362 (4.48), 307 (4.20), 295 
(4.17), 240 (4.00); NaOH: 378 nm: HCl regenerated the original 
spectrum; cd (MeOH) A,,,,,,,, nm (As): 336 (+1 l),  382 (-14); 
amplitude (A) = -25; ord (MeOH) A,,,,,,, nm ([@I): 230 
(+ 10 900), 296 (-22 800), 357 (+52 600), 408 (-20 000); 
'H nrnr spectrum: see Table 1; 'H nrnr spectrum (C6D6, 360 MHz) 
6: 1.42 (dd, 1.6, 7 Hz, lH), 1.46 (s, 3H), 1.54 (s, 3H), 3.12 (s, 
lH), 3.35 (br s, lH), 5.55 (dq, 15, 7 Hz, lH), 5.88 (ddq, 15, 11, 
1.5 Hz, lH), 6.25 (d, 15 Hz, lH), 7.38 (dd, 11, 14.5 Hz, lH), 
17.14 (s, 1H); "C nrnr spectrum (CDCI,): see Table 2; hreims: 
496.2090 (calcd. for C28H3208: 496.2098, 14%), 401 (3), 248 (22), 
232 (7), 205 (30), 137 (33), 95 (C6H70, 100); cims: 514 (M+ + 18, 
0.4%), 497 (M+ + 1, 1.2%), 249 (1/2 M+ + 1, 30%); fabms: 497 
(M+ + 1, 35%), 249 ( ~ / 2 +  + 1, 30%); tlc: R,0.73 (CH,Cl,:acetone 
3: 1). 

Sorbicillin (2): ftir v,,, (c-I): 3360, 2920, 1640, 1620, 1559, 
1480, 1383, 1281, 1154, and 990: uv (MeOH) v,,, nm (s): 318 
(27 000); NaOH: 405 (29 000); HCI regenerated the original 
spectrum; 'H nmr spectrum 6: 1.92 (d, 6 Hz, 3H), 2.16 (s, 3H), 
2.24 (s, 3H), 5.26 (br s, lH), 6.32 (dq, 12, 6 Hz, lH), 6.38 (dd, 
lo,  12 Hz, lH), 6.98 (d, 15 Hz, IH), 7.48 (dd, 10, 15 Hz, lH), 
7.48 (s, lH), 13.58 (s, 1H); (C6D6, 200 MHz) 6: 1.44 (d, 6.5 HZ, 
lH), 1.94 (s, 3H), 1.96 (s, 3H), 4.62 (br s ,  IH, exhanges upon 
addition of D,O), 5.70 (dq, 15, 6.5 Hz, IH), 6.00 (ddq, 11, 15, 
1.5 Hz, lH), 6.73 (d, 14.5 Hz, lH), 7.24 (s, IH), 7.61 (dd, 10.5, 
14.5 Hz, lH), 14.42 (s, 1H); 13C nmr spectrum 6: 7.0 (q), 15.1 (q), 
18.4 (q), 109.9 (s), 113.0 (s), 113.9 (s), 121.3 (d), 128.2 (d), 130.0 
(d), 140.6 (d), 144.0 (d), 158.2 (s), 162.0 (s), 192.0 (s); hreims: 
232.1096 (calcd. for CI4H,,O3: 232.1 100, 97%), 217 (loo), 191 
(70), 189 (20), 175 (25), 165 (68), 136 (72), 95 (6); cims: 233 (M' 
+ 1, 100); tlc: R, 0.41 (2% EtOH : CHCI,), 0.63 (6%). 

Bisvertinol (3): mp 151.5-152.S0C (power from petroleum 
ether: Et,O, lit. (9) mp 139-141°C); [a], - 1274 (c 0.99, MeOH) 
(lit. (9) [a], - 1467 (CHCI,)); ftir v,,, (cm-') 3400, 3010, 2975, 
2925, 1616, 1556, 1445, 1411, 1379, 1022, 992, 974; uv (MeOH) 
A,,, nm (E): 227 (9 900), 274 (15 400), 300 (15 000). 313sh, 400 
(24 000); NaOH: 203 (74 OOO), 234 (14 200), 273 (17 300), 298 
(14 700), 362 (18 OOO), 426 (17 000); HCI regenerated the origi- 
nal spectrum; cd (MeOH) A,,,,, nm (As): 410 (-42), 353 (+33); 
A = -75; ord (MeOH) A,,,,,,, nm ([+I): 443 (-53 OOO), 379 
(+227 OOO), 315 (+20 OOO), 276 (+31 000); 'H nrnr spectrum 
(MeOH-d,, 360 MHz) 6: 1.19 (s, 3H), 1.26 (s, 3H), 1.40 (s, 3H), 
1.42 (s, 3H), 1.85 (d, 7 Hz, 3H), 1.89 (d, 7 Hz, 3H), 2.44 (d, 
14 Hz, lH), 2.71 (d, 14 Hz, lH), 3.63 (s, lH), 6.09 (ddq, 10, 15, 
1.5 Hz, lH), 6.25-6.40 (m, 3H), 7.19 (dd, 10, 15, lH), 7.20 (dd, 
10, 15 Hz, 1H); 'H nrnr spectrum: 1.30 (s, 3H), 1.38 (s, 3H), 1.50 
(s, 3H), 1.58 (s, 3H), 1.92 (d, 6 Hz, 6H), 2.62 (d, 14 Hz, lH), 
2.75 (d, 14 Hz, lH), 3.68 (s, lH), 3.98 (br s, lH), 6.4 (m, 6H), 
6.44 (d, 15 Hz, lH), 7.34 (dd, 15, 11 Hz, 2H), 16.2 (s, lH), 16.7 
(s, 1H); "C nrnr spectrum (MeOH-d,, 75.5 MHz) 6: 7.1 (q), 18.8 
(q), 18.9 (q), 20.0 (q), 22.7 (q), 25.8 (q), 36.5 (t), 54.9 (d), 60.3 
(s), 74.2 (s), 80.4 (s), 102.5 (s), 106.0 (s), 107.2 (s), 110.6 (d), 
121.7 (d) 2C, 132.2 (d), 137.2 (d), 139.3 (d), 140.5 (d), 143.3 (d), 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2534 CAN. J .  CHEM. VOL. 70, 1992 

168.4 (s), 170 (s), 179.7 (s), 193.3 (s), 194 (s) (all carbons within 
0.4 ppm of reported (9) values). 

Bisvertinolone (4): mp 153-1 55°C (diisopropyl ether), 124- 
125°C petroleum ether:Et,O (lit. (9) mp 156-158°C); ftir v,,, 
(cm-') 3400, 3020,2980, 2935, 1760w, 1663s, 1607, 1575, 1412, 
1379, and 994; uv (MeOH) h,,, nm (E): 272 (23 OOO), 294 (sh 
(23 OOO), 366 (24 000); NaOH: 276 (32 OOO), 394 (17 000); HC1 
regenerated the original spectrum; cd (MeOH) h,,,,,,,,, nm (AE): 
402 (-22), 350 (+20); A = -42; ord (MeOH) h,,,,,,, nm ([+I): 
437 (-23 500), 370 (+91 OOO), 325 (+ 12 000); 'H nrnr spectrum 
6: 1.35 (s, 3H), 1.42 (s, 3H), 1.43 (s, 3H), 1.46 (s, 3H), 1.86 (d, 
6 H z ,  lH),  1.89(d, 5 H z ,  lH), 3.72(s, lH) ,4 .20 (b r s ,  lH,  ex- 
changeable), 4.54 (br s, lH, exchangeable), 6.0-6.4 (m, 6H, 1H 
exchangeable), 7.3 1 (dd, 1 1, 15 Hz, lH), 7.39 (d, 15 Hz, lH), 7.56 
(dd, 16, 10 Hz, lH), 16.31 (s, lH), 17.71 (s, 1H): "C nrnr spec- 
trum 6: 6.9 ( l ) ,  18.6 (q), 18.7 (q), 19.2 (q), 22.6 (q), 25.6 (q), 54.4 
(d), 59.8 (s), 79.0 (s), 79.8 (s), 99.8 (s), 104.0 (s), 107.2 (s), 110.9 
(s), 120.0 (d), 121.9 (d), 131.0 (d), 131.2 (d), 137.4 (d), 139.6 
(d), 144.0 (d), 148.3 (d), 163.8 (s), 170.2 (s), 185.7 (s), 191.2 (s), 
196.4 (s), 199.8 (s), (all carbons within 0.4 ppm of reported (9) 
values); nOe (C6D6): [ 1.191: 1.56 (0.8%), OH approx. 6 (1.4%); 
[1.407]: 4.01 (0.4%), OH approx. 6 ppm (3.5%); [1.56]: 4.01 
(0.5%), OH (4.4%), 6.12 (d, 15 Hz) (1%); [1.97]: OH (7.5%); 
[4.01]: 6.12 approx. (d, 15 Hz) (6.6%), 1.56 (2.6%), 1.407 (3.5%) 
ppm; nOe (CDCl,): [3.72]: 6.38 (8%), 1.42-1.43 (7%); [1.46]: 
none; [1.42-1.431: 3.72 (3.6%); [1.35]: none. 

Hydrogenation of trichodirnerol ( I )  
Trichodimerol (1) (170 mg) in ethyl acetate was hydrogenated 

over palladium on carbon at room temperature for 1 h. The reac- 
tion mixture was filtered, concentrated, and purified by column 
chromatography (silica gel; Bz:Et20 1 : 1) to give octahydrotrich- 
odimerol (6) (105 mg): mp 147-149°C (EtOAc: petroleum ether), 
124-125°C (Bz:Et,O); [aID + 184 (c  0.70, MeOH); ftir urns, (cm-I): 
3420, 2960, 2940, 2910, 1580, 1265, 1 129, and 1 130; uv (MeOH) 
h ,,,, nm (E): 340 (390), 294 (14 100); cd (MeOH) h ,,,,,,,,,,,, nm (AE): 
3 1 1 (+28), 281 (-4.9); A = +32.9; ord (MeOH) h ,,,,,,,, nm ([+I): 
323 (+64 OOO), 296 (-65 000); 'H nmr spectrum: see Table 1; I3c 
nmr spectrum: see Table 2; hreims: 504.2727 (calcd. for C28H4008: 
504.2724, 26%), 253 (65), 252 (33), 237 (17), 236 (33 ,  235 (25), 
193 (53), 181 (76), 165 (52), 154 (73), 99 (loo), 83 (19), 71 (53); 
cims: 502 (12%), 501 (32%), 252 (loo%), 25 1 (73%), 233 (19%); 
tlc: R, 0.17 (2% EtOH/CHC13), 0.46 (6%). 

Acetylation of octahydrotrichodirnerol(6) 
Octahydrotrichodimerol (129 mg), acetic anhydride (1.5 mL), 

pyridine (0.5 mL), and dimethylaminopyridine (one crystal) were 
refluxed in dichloromethane (15 mL) for 7 days. Methanol 
(5 mL) was added, and the reaction mixture was filtered and evapo- 
rated in vacuo. Traces of pyridine were removed by aieotropic 
evaporation with toluene. Purification by column chromatog- 
raphy (silica gel; 12 'to 33% ethyl acetate:petroleum ether) af- 
forded the monoacetyl derivative of the keto form (7) (3.1 mg), 
diacetyloctahydrotrichodimerol (9) (51.2 mg), triacetyloctahydro- 
trichodimerol (10) (32.3 mg), and impure monoacetylocta- 
hydrotrichodimerol (8) (7.7 mg). Compound 8 was purified 
further by preparative tlc on silica gel (eluant: 4% EtOH:CHCI,) 
to give pure monoacetyloctahydrotrichodimerol (8) (3 mg). 

Mononcehlocmhydrotr-ichodirnerul (7): ftir u,,,,, (cm-I): 3400, 
2960, 2935, 2895, 2860, 1728, 1605, 1588, 1380, 1262, 1138, 
1 1 10, 104 1 , 948; uv (MeOH) A,,,,, nm (log E): 295 (4.08); NaOH: 
203 (4.53), 307 (4.08); HCI regenerated the original spectrum; 'H 
nrnr spectrum: see Table 1; "C nmr spectrum: see Table 2; hreims: 
546.2834 (calcd. for C,,H,20,: 546.2830, 90%), 528 (19), 486 
(37), 468 (14), 261 (27), 253 (42), 252 (12), 237 (22), 236 (81), 
235 (52), 223 (19), 21 8 (2 1 ), 207 (22), 180 (33), 165 (60), 154 
(21), 149 (40), 99 (loo), 7 1 (80); cims: 564 (M++ 18, 29%), 547 
(M++ 1 ,  14%), 504 (66), 295 (100); tlc: Rf 0.56 (EtOH:CHCI, I%), 
0.78 (2%), 0.92 (6%). 

Mot~oace~loctal~ydro~richodirnfrol (8):  ftir urn;,, (cm-I): 3440, 

2957, 2932, 2872, 2860, 1752, 1600, 1466, 1462, 1374, 1243, 
1076; uv (MeOH) A,,, nm (log E): 292 (4.20); NaOH: 204 (4.69), 
308 (4.20); HC1 regenerated the original spectrum; 'H nrnr spec- 
trum: see Table 1; I3c nmr spectrum: see Table 2; hreims: 546.2822 
(calcd. for C3,H4,O,: 546.2830, 7%), 486 (39), 443 (27), 415 (1 l) ,  
291 (IS), 263 (31), 251 (17), 236 (loo), 218 (25), 209 (17), 192 
(261, 180 (39), 167 (68), 165 (61), 99 (66), 71 (61); cims: 564 
(M++ 18, loo%), 547 ( M + + l ,  6%); tlc 0.65 (EtOH:CHCl, 4%). 
Diacetyloctahydrotrichodirner-ol(9): ftir u,, (cm-I): 2957, 2885, 

1753, 1599, 1580, 1466, 1252, 1231, 1197, 1078, 1064; uv 
(MeOH) A,,, nm (log E): 290 (4.30); NaOH: 204 (4.74), 299 (4.34); 
HC1 regenerated the original spectrum; 'H nmr spectrum: see Table 
1; I3c nrnr spectrum: see Table 2; hreims: 588.2931 (calcd for 
C,2H,0,0: 588.2935, 93%), 447 (26), 370 (34), 3 17 (37), 279 (20), 
278 (32), 272 (30), 263 (21), 251 (48), 237 (41), 236 (95), 235 
(43), 233 (20), 223 (24), 218 (27), 192 (3 I), 180 (42), 167 (47), 
165 (86), 99 (100); cims: 606 (M++ 18, 100%), 589 (Mf + 1,22%); 
tic: Rf 0.63 (EtOH:CHCl, 2%), 0.87 (6%). 

Triace@loctahydrutrichodirnerol (10): ftir u,,, (cm-I): 2956, 
2932, 2880, 2865, 1752, 1699, 1612, 1465, 1373, 1253, 1232, 
1193, 1176, 1066; uv (MeOH) h ,,,;,, nm (log E): 224 (3.90), 229 
(3.90), 255 (4.08), 292 (4.00); NaOH: 205 (4.89), 248 (4.00), 304 
(4.26); HCI regenerated the original spectrum; 'H nrnr spectrum: 
see Table 1; "C nrnr spectrum: see Table 2; hreims: 630.3069 
(calcd. for C,,H,,O, ,: 630.3045, 5%), 604 (36), 588 (8), 468 (1 8), 
401 (26), 370 (34), 359 (3 l) ,  317 (22), 252 (9), 25 1 (27), 236 (46), 
235 (43), 233 (24), 218 ( 3 3 ,  180 (25), 165 (63), 99 (loo), 83 (21), 
71 (87); cims: 648 (M++18, 45%), 631 ( M + + l ,  22%), 588 
(Mf -42, 100%); tlc: Rf 0.32 (EtOH:CHCl, 2%), 0.73 (6%). 

Natural nbut~datzce INADSYM 
Octahydrotrichodimerol (600 mg) was dissolved in deuterated 

benzene (1.5 mL). Sixty-four FIDs of 2K points and 640 scans each 
were obtained with the program INADSYM of Bruker. The de- 
lays were optimized fo; a carbon-carbon coupling constant of 
59 Hz. A relaxation delay of 2 s was used between scans. This re- 
quired a total spectrometer time of 40 h. The spectral window used 
was of 4545 Hz, corresponding to 50 ppm at 90.56 MHz. A zero 
filling to 1024 W was done in F, and the spectra were Fourier- 
transformed with a Gaussian multiplication in Fl (LBl = 100, 
GB, = 0.2), and a sinusoidal multiplication in F2 followed by 
symmetrization. 
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Solvent effects in the metal interchange of crown ether - alkali metal cation 
complexes. Transition from an associative exchange in nitromethane to a dissociative 

exchange in acetonitrile studied by 2 3 ~ a  nuclear magnetic resonance 
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KATHLEEN M. BRIERE and CHRISTIAN DETELLIER. Can. J. Chem. 70, 2536 (1992). 
The role of the solvent in the dissociation kinetics and cation exchange mechanisms of the complex sodium-mono- 

benzo-15-crown-5 (Na:B15C5)+ was examined by " ~ a  NMR. In nitromethane (NM), the cationic exchange between 
the complexes takes place via an associative metal interchange mechanism, 1,. In acetonitrile (AN), it takes place via 
a dissociative (dissociation/recombination) mechanism. In AN-NM binary mixtures, the rate constant of the dissocia- 
tive exchange (k- ,) increases with the AN molar fraction, XAN, from 1.1 x lo-' s- '  for X,, = 0 to 89 x lo-' s- '  for 
X,, = 0.400 (corresponding to a decrease of the free energy of activation, AGd,+' from 62.1 to 5 1.1 kJ mol-' respec- 
tively, at 301.5 K). The activation parameters were AHd,# = 48 kJ mol-' and AS,,' = -20 J K-I, mol-I for X,, = 0.200. 
This rate increase was related to the concentration increase in solution of the AN monosolvated complex (AN: Na: B 15C5)+. 
In the whole range of AN mole fractions studied, the rate constant of the associative exchange, k2, was not dependent 
upon X,, in the error limits: k2 = 9 x 10' M - I  s- '  at 301.5 K (AG,,' = 45 kJ mol-I). The activation parameters were 
determined to be AH,,' = 23 kJ mol-' and AS,,' = -75 J K-' mol-'. These findings are in good agreement with an 
associative exchange controlled mainly by the conformational changes of the ligand during the concerted partial decom- 
plexation of a sodium cation and partial complexation of a second one, while solvation of the complexed cation plays a 
major role in the dissociative mechanism. 

KATHLEEN M. BRIERE et CHRISTIAN DETELLIER. Can. J. Chem. 70, 2536 (1992) 
Par RMN du " ~ a ,  on a CtudiC le r6le du solvant sur les cinCtiques de dissociation et sur les mecanismes d'tchange 

de cation dans le complexe sodium-monobenzo-15-couronne-5. Dans le nitromethane (NM), 1'Cchange cationique entre 
les complexes se fait par un mCcanisme associatif d'interchange du mttal, I,. Dans I'acCtonitrile (AN), il se fait par un 
mecanisme dissociatif (de dissociation/recombinaison). Dans les melanges binaires AN-NM, la constante de vitesse 
de 1'Cchange dissociatif (k-,) s'accroit avec la fraction molaire d'AN, X A N ,  de 1.1 x lo-' s f '  pour XAN = 0 a 89 X 

s - l  pour X,, = 0.400 (ce qui correspond une diminution de 1'Cnergie libre d'activation AGdif de 62.1 5 1.1 kJ 
mol-' respectivement, h 301.5 K). Les paramktres d'activation sont AHdi' = 48 kJ mol-' et AS,,' = -20 J K-I mol-' 
pour XAN = 0.200. Cet accroissement de vitesse se corrkle avec un accroissement de la concentration en solution du 
complexe monosolvatC par AN (AN : Na : B15C5)+. Dans tout le domaine CtudiC des fractions molaires en AN, la 
constante de vitesse de 1'Cchange associatif, kz, ne dCpendait pas de X A N ,  dans les limites des erreurs de mesure : k, = 
9 x 10' M - I  s-I 301.5 K (AG,,' = 45 kJ mol-I). Les paramktres d'activation Ctaient AH,,' = 23 kJ mol-' and 
AS,,' = -75 J K- '  mol-'. Ces resultats sont en accord avec un mecanisme associatif contrblt par des changements 
conforrnationnels du ligand durant la dCcomplexation partielle du cation complexC allant de concert avec la complexa- 
tion partielle d'un second cation, alors que c'est la solvatation du cation complexC qui joue le r61e prCpondCrant dans le 
mecanisme dissociatif. 

Introduction 
Since the report on crown ethers by Pedersen in 1967 ( I ) ,  

a wealth of information has been published concerning al- 
kali metal cation - macrocyclic ligand complexes (see, for 
example, ref. 2). The structural and behavioral similarities 
of these macrocyclic ligands to the larger natural antibiotic 
ionophores make the simpler crown ethers a choice model 
for the study of transport of important biological cations, such 
as sodium or potassium, across lipophilic membranes. To 
gain insight into the underlying selectivities of these ligands 
towards the alkali metal cations, it is necessary to define their 
mechanisms of association and dissociation. Although ther- 
modynamic and structural studies are relatively abundant, the 
kinetic and mechanistic aspects have received little atten- 
tion and therefore are still not well understood (3). They were 
investigated in recent years by a few research groups, using 
alkali metal NMR (3-10). So far, two limiting mechanistic 
hypotheses (1 1) have accounted for the kinetic results ob- 
tained for alkali metal cations (M') in the presence of crown 

'Present address: Institute for Biological Sciences, National Re- 
search Council, Ottawa, Ont., Canada KIA 0R6. 

' ~ u t h o r  to whom correspondence may be addressed. 

ethers or cryptands (C) in nonaqueous solvents: a dissocia- 
tive (eq. [ I ] ;  with the steps of dissociation ( la)  and recom- 
bination (lb)) and an associative exchange (eq. [2]). 

For a given cation - macrocyclic ligand system, the na- 
ture of the counteranion (12, 13) and that of the solvent (14, 
15) were shown to affect the competition between the above 
mechanisms. We previously reported that whereas the metal 
interchange in (Na: B 1 5 ~ 5 ' ) ~  proceeds via the associative 
pathway (eq. [2]) in the poorly donating solvent nitrometh- 
ane (NM; donor number (DN) = 2.7 (16)), in acetonitrile 
(AN; DN = 14.1) the preferred route is dissociative (eq. [I]) 

3~onobenzo-15-crown-5 (B15C5): 2,3,5,6,8,9,11,12-octahy- 
dro- 1,4,7,10,13-pentaoxabenzocyclopentadecin. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



(4 ,  17). This  w a s  observed despite the many similarities be- 
tween these two solvents: the dielectric constants are 3 5 . 9  
fo r  both solvents, the dipole moments  are  3.53 and 3 . 5 6  D, 
and the solubility parameters (Hildebrand's 6) are  24 .8  and 
26 .0  MP~"'  fo r  A N  and N M  respectively (18). W e  there- 
fore proceeded to investigate further this dramatic mecha- 
nistic difference by  characterizing the exchange kinetics o f  
sodium in (Na:  B 15C5)' in the binary solvent mixtures of AN 
and N M .  T h e  gradual change from the associative t o  the 
dissociative exchange in going from N M  to A N  is mainly 
controlled by  the nature of  the first coordination sphere of 
the complexed cation and by  the organization of  the solva- 
tion cage around the complex. 

Experimental section 
B15C5 (Aldrich 98%) was recrystallized from hexanes and 

vacuum-dried over P20, (303 K) for at least 24 h prior to use. 
NaBPh, (Aldrich 99%) was recrystallized from cyclohexane with 
a minimum amount of ethanol, and vacuum dried (353 K) over P205 
for at least 24 h prior to use. NM (BDH, OrnniSolv) and AN (BDH, 
certified ACS) were dried under reflux over calcium hydride for 
3 h, distilled under nitrogen, and stored under argon. The NMR 
tubes containing the sample solutions were prepared under argon 
and sealed with Parafilm. All the spectra were recorded within 
48 h after the preparation of the samples. 

Binary mixtures of desired mole fraction composition were pre- 
pared by adding the appropriate mass of AN in preweighed amounts 
of NM. The mole fraction, X, of the minor component was cal- 
culated from the masses of each component. Since the volumes of 
the individual components were not actually measured, the con- 
centration, in moles/litre, of the minor component was calculated 
using the density values for each solvent at ambient temperature (18) 
and assuming additive volumes in detern~ining the total volume of 
the binary mixture. 

' 3 ~ a  NMR spectra and transverse and longitudinal relaxation 
times were obtained on a Varian XL-300 spectrometer, at 
79.35 MHz. In the case of Lorentzian lineshapes, the transverse 
relaxation times (T2) were determined directly from the line- 
widths. The longitudinal relaxation times (T,) were determined 
using the inversion-recovery 180"-7-90" pulse sequence and T, 
was obtained from a three-parameter nonlinear regression analysis 
on at least nine experimental data points. The 90" pulse width was 
systematically verified and depended upon the experimental con- 
ditions; it was in the range 20-30 ks. The temperature of the probe 
was measured with a thermocouple dipped in nitromethane in a 
nonspinning 10-mm NMR tube. For a temperature range between 
240 and 3 10 K, the temperature of the sample was estimated to be 
reliable to &O.5 K. Pseudo-first-order rate constants were ob- 
tained from a full line-shape analysis of the ' 3 ~ a  NMR spectra for 
a two-site exchange (19, 21). 'This was carried out on an Amdahl 
mainframe system using a nonlinear regression procedure as de- 
scribed previously (20). 

The errors reported on values that resulted from statistical 
regressions are the standard errors, a ,  associated with the regres- 
sions: & l a  reported for linear regressions and ?2a  for nonlinear 
regressions. The free energies of activation, AG', and their re- 
spective errors (19) were calculated directly from the rate con- 
stants at 301.5 K. 

The chemical shifts were referenced to sodium chloride (0.1 M 
NaC1) in 90: 10 (v/v) H,O:D,O and were corrected for differ- 
ences in bulk magnetic susceptibilities between the sample sol- 
vent and aqueous reference (eq. [3]). The correction factors 
(c.f. = (47~/3)(~,, ,  - x ,,,, ,); xr,, and xIanlp are the volume magnetic 
susceptibilities of the reference and sample solvents (22, 23)) were 
calculated to be respectively - 1.374 ppm for NM and -0.775 ppm 
for AN. 

FIG. 1. " ~ a  NMR spectra of samples containing equal popu- 
lations of (Na+), and (Na: B 15C5)' (p = 0.50) in AN-NM binary 
mixtures. [NaBPh,], = 20.0 mM and T = 301.5 2 0.5 K. From 
top to bottom, the mole fraction of AN (X,,) and (k, + kg) vary 
as shown. 

For the binary solvent mixtures a weighted correction, determined 
from the values of the two neat solvents, was applied. 

The viscosities of the binary mixtures were determined at 
301 K using an Ostwald viscosimeter. 

Results and discussion 
In both A N  and N M ,  the sodium cation forms quantita- 

tively a 1 : 1 complex with B 15C5 (log K, > 4 )  (4 ,  16, 24), 
s o  that it occupies t w o  sites in solution (eq. [4]). 

Site A for  the alkali metal cation is the solvated o r  *freen site, 
M + ,  site B is the complexed alkali metal cation, ( M : C ) + ,  and 
k, and k, a re  the pseudo-first order  rate constants f o r  the 
forward and reverse reactions respectively. In N M ,  at  
300  K,  this two-site exchange is s low o n  the ' 3 ~ a  N M R  
chemical shift  t imescale, two  separate peaks a re  observed, 
and a complete  kinetic analysis f rom full lineshape analysis 
can  b e  performed (4 ,  17). O n  the contrary, in A N ,  the ex- 
change is  very fast and a population weighted signal is ob- 
served,  with n o  measurable exchange contribution to the 
linewidth (4).  Th is  can  b e  observed in Fig.  1 ,  which shows 
several '%a N M R  spectra obtained at  301 .5  K in a series of 
AN-NM binary solvent mixtures, fo r  samples containing 
equal  populations o f  solvated sodium (site A )  and sodium 
complexed with B 15C5 (site B). T h e  bottom spectrum is that 
obtained in neat N M  where a peak for  each sodium site is 
observed (6, = - 14.4 ppm;  6, = -3.7 ppm).  Upon in- 
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TABLE 1. Kinetic parameters for the dissociative (di) and associative (as) exchange of sodium with B15C5 in acetonitrile (AN)-nitro- 
methane (NM) binary solvent mixtures" 

lo-? k- , acf di Aff4d, kz AG*~.; Aff#as as",, 
X A N ~  (s- I) (kJ m01-I) (kJ m01-I) (J K- '  m01-I) ( M  s (kJ mol-I) (kJ mol-I) (J K - '  mol-I) 

0' 1.1 t 0.1 62.1 t 0.3 n.d." n.d. 10.9 t 0.4 44.8 t 0.1 28 2 3 -57 t 3 
0.025 3.5 t 0.1 59.2 t 0.1 n:d. n.d. 8.4 2 0.1 45.9 r 0.1 25 2 1 -66 2 8 
0.050 6.2 2 0.9 57.8 t 0.4 n.d. n.d. 8.0 * 0.8 45.6 t 0.5 24 t 2 -66 2 8 
0.100 10 r 1 56.5 2 0.2 n.d. n.d. 9.7 t 0.9 45.1 t 0.5 n.d. n.d. 
0.200 2 7 2 3  54.1 ? 0.3 48 2 3 -20 ? 8 8 t 4  45 t 1 23 t 2 -75 t 8 
0.300 4 6 ? 1  52.7 t 0.1 52 t 2 -2 2 8 14 t 4 44.1 t 0.5 28 r 2 - 5 8 2  8 
0.400 89 t 5 51.1 2 0.2 n.d. n.d. 2 r . 5  50 8 n.d. n.d. 

"All values of k , ,  kz, AGi,,, and AG',, are reported at 301.5 -f 0.5 K. 
"X,, is the mole fraction content of AN in the AN-NM binary solvent mixtures. 
'In neat NM; ref. 17. 
"Not determined. 

FIG. 2. (kA + k,) as a function of (1 - p)-' for several AN-NM 
binary mixtures. [NaBPh,], = 20.0 mM and T = 301.5 2 0.5 K. 
XAN: (0) 0.40; (A) 0.30;' (0) 0.20; (0) 0.10; (A) 0.050; (W) 0.025; 
(0) 0. 

creasing the content of AN in the solvent, there is a coales- 
cence of the two peaks around a mole fraction (X,,) of 0.05, 
indicating an increase of the exchange rate. 

For X,, < 0.2 ,  the pseudo-first-order rate constants were 
obtained from a complete lineshape analysis of the spec- 
trum for an uncoupled two-site exchange case ( 19). The ob- 
tained lifetime (7) is related to the pseudo-first-order rate 
constants as shown in eq. [5], since P, + P B  = 1 (19, 21). 

In eq. 151, P, and P, are the sodium populations in sites A 
and B respectively and T is directly related to the lifetime of 
sodium in the two sites. For 0.2 5 X,, 5 0.4, the signal 

becomes Lorentzian, in the "moderately rapid" exchange 
limit, so that a comparison between the transverse relaxa- 
tion rate (T,-') and the longitudinal relaxation rate (T,-I) 
gives access to the pseudo-first-order rate constants (eq. [6]) 
(25-27). 

[6] T2-' = 4 P A P B  .rr2 (v, - v , ) ~  (k, + kB)-I 

At X,, > 0.4, a meaningful contribution to the exchange 
cannot be obtained. 

The sum of the two pseudo-first-order rate constants, 
(k, + k,), can be interpreted only if the corresponding 
mechanism of exchange is known. The two limiting mech- 
anistic hypotheses (1 I), described in the introduction (eq. [ I ]  
and [2]), will be considered. They can be conveniently tested 
by the relationship between (k, + k,) and the crown ether 
and salt concentrations, shown in eq. [7] (4, 21), 

where k-, and kz are defined in eq. [ 11 and [2], [Na+], is the 
total concentration of sodium, and p = [crown],/[~a+], .  

Figure 2 shows plots of (k, + k,) as a function of (1 - p)-I 
for several AN-NM binary mixtures varying in composi- 
tion. In such linear plots, the slope is equivalent to k-, 
whereas the intercept is related to kz (see eq. [7]) and one may 
thus separate the contributions of both mechanisms. In neat 
NM, this plot is near horizontal, indicating a mechanism 
predominantly associative. The slope increases as the con- 
tent of AN in the solvent mixture increases, indicating a 
competition between both mechanisms. The linearity of all 
the plots is a good indication of the pertinence of this ap- 
proach. It is noteworthy that all the plots extrapolate to the 
same value within experimental errors showing that k,, the 
rate constant for the associative exchange, does not depend 
upon the nature of the solvent mixture, while k-, , the rate 
constant for the dissociative exchange, displays a strong de- 
pendence upon X,,. Table 1 contains the results obtained 
from linear regressions of the plots shown in Fig. 2,  as well 
as the calculated free energies of activation, A@, for the 
dissociative (di) and associative (as) exchange mechanisms: 
AGZd, drops from 62 to 51 kJ mol-I as X,, increases to 0.40 
while AGZ,, remains in the limits 44-46 kJ mol- I .  The ex- 
trapolation of the curve giving AGZ,, as a function of X,, 
permits its estimation in neat AN: AGfd, - 45-50 kJ mol-I 
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BRIERE AND DETELLIER 

FIG. 3. ( a )  ' 3 ~ a  NMR chemical shifts of ( ~ a ' ) , ,  SF, as a function of the mole fraction of AN (X,,). [NaBPh,], = 20.0 mM and T = 
301.5 2 0.5 K.  (b) " ~ a  NMR longitudinal (i = 1 ;  0) and transverse relaxation rate (i = 2; a )  of (Na'), as a function of the mole frac- 
tion of AN (XAN). [NaBPh,], = 20.0 mM and T = 301.5 2 0.5 K .  

at 301.5 K .  This can be compared with a value of 45.4 ? The strong curvature of the chemical shift relationship to- 
0 .4  kJ mol-' previously reported at 258 K (4). wards low values of X,, reflects a preferential solvation of 

At this point, one should relate the exchange kinetics re- the sodium cation by acetonitrile (28). The T2-' and T,-' 
sults with the nature of the various species in the binary values differ only by the instrumental inhomogeneities. While 
mixtures. Figure 3 shows the variation of the solvated so- the relaxation rates are in the range 20-30 Hz in the neat 
dium cation, ( 2 3 ~ a + ) s ,  chemical shift, FjF, and of its trans- solvents, a maximum value of 100 Hz is observed for X,, 
verse and longitudinal relaxation rates as a function of X,,. = 0.1.  This value of X,, (<0.5) indicates again a prefer- 
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FIG. 4. Hill plot (see ref. 32) for AN-NM binary mixtures. 
[NaBPh,], = 20.0 mM and T = 301.5 ? 0.5 K.  

5 

4 

3 

en(&) 
2 

1 

- 1  

ential solvation by AN (29). The maximum, as well as the 
general shape of the curve, reflects the dissymmetry of the 
sodium cation coordination sphere of the intermediate spe- 
cies (Na+(AN),(NM),) in the binary mixture (30). The ap- 
plication of the Hill formalism (31) has been extended to 
preferential solvation problems (32). Figure 4 gives the Hill 
plot for the 2%a chemical shifts in the system AN-NM. The 
relationship is linear with a slope of 1.03 2 0.03, indicating 
the absence of cooperativity (equality of the successive in- 
trinsic constants) in the successive replacement of NM by AN 
molecules in the first sodium cation coordination sphere, as 
X,, increases (32). This approach is based on the assump- 
tion that the '"a chemical shifts of the various solvates is 

additive (32-34). Since the process does not show any - 
cooperativity, the Hill plot also yields the value of the in- 
trinsic equilibrium constant of each step in the stepwise re- - placement of NM by AN molecules: K ,  = 10.0 2 0.3. 

The " ~ a  NMR parameters can also give information on 
- the nature of the coordination sphere of sodium complexed 

with B15C5 (35). Figure 5 shows the relaxation rates cor- 
- rected for the solvent viscosity, R* = T,-'/q, as a function 

/d of X,,. The simplicity of this curve is remarkable: no max- 

/@ 
imum, no inflection points are observed, and R* decreases - 

/@ 
monotonically from 9 . 8  x lo4  to 3 .5  x l o4  s-' P-'. For 
several binary solvent mixtures, the TI-'  values were found 

0- 

/@ 
to approximate the T,-' values within inhomogeneity, 

0 
confirming the absence of any exchange contribution to 

- the observed T2-', which, except for inhomogeneity, has a 
0 purely quadrupolar origin (T2-' = T ~ . ~ ~ ~ - ~  + T ~ , ~ - ' ;  with 

I I I I I T2,,nh-' << T ~ , ~ - ' )  (30). In the case of a spin-3/2 nucleus, 

[8] TZIq-' = = (2/5) nZX2Tc 

where T,, which is related to the macroscopic viscosity 
through the Debye-Stokes-Einstein relationship (eq. [9]), 
is the correlation time characteristic of the quadrupolar re- 
laxation and x is the quadrupolar coupling constant (QCC) 
given by eq. [ lo] .  

PI 7, = 4 /3  n a V q / k B ~ ) f ,  

[ 101 X = (e"Q (1 + yx))/lz 

In eqs. [9] and [ lo ] ,  a is the molecular radius andf, is a mi- 
croviscosity coefficient, Q is the 2%a nuclear quadrupole 
moment, q is the electric field gradient at the quadrupolar 
nucleus site, and (1 + y,) is the Sternheimer antishielding 
factor. From eqs. [8]-[lo], it appears that T,,,-' is propor- 
tional to x2 and q .  Since QCC is a very sensitive probe of 
the electronic distribution in the first coordination sphere 

- 4 -2 o 2 the quadrupolar relaxation rate in extreme narrowing con- 
en ( A )  ditions is given by eq. [8]. 

FIG. 5. "Na NMR transverse relaxation rates corrected for solvent viscosity, R* = T ~ - ' / ~ ,  of ~ a +  colnplexed with B15C5 as a func- 
tion of AN mole fraction in AN-NM binary mixtures. The data points are experilnental and the curve is calculated (Kc, = 5.1; eq. [l 11). 
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DETELLIER 254 1 BRIERE AND 

[No': B15C5 : AN] ( 1 6 '  M)  

FIG. 6. The dissociative rate constant, k - , ,  as a function of the 
concentration of the species (AN : Na: B 15C5)+. 

of the sodium cation (30), R'Qhould be independent of X,, 
if the environment of the sodium cation in the complex is 
invariant throughout the binary mixture range, as was shown 
previously for the systems 2 3 ~ a + - ~ ~ 2 4 ~ 8  (36) and 3 9 ~ + -  

DB30C10 (37). So Fig. 5 shows the presence of more than 
one species in the binary mixtures. However, the smooth 
monotonic variation suggests no more than two species. 
Otherwise, one would expect the presence of a maximum 
such as that in Fig. 3b. The relationship between R* and X,, 
can be interpreted on the basis of a simple two-species model 
(eq. [ I l l ) :  

The observed T2-' is population averaged on the limiting 
values, obtained in neat solvents, for the two species shown 
in eq. [ l l ] .  Based on the above equilibrium, a nonlinear 
regression of the data shown in Fig. 5 gave the value 5.1 k 
0.5 for Kc-. This value is in the same order of magnitude as 
the intrinsic equilibrium constant for the replacement of one 
molecule of NM by one molecule of AN in the first coor- 
dination sphere of solvated sodium (K, = 10.0 ? 0.3). In Fig. 
5,  the data points are experimental and the curve is calcu- 
lated. For any mole fraction, one can calculate the concen- 
tration of the species (AN: Na: B 1 5CS)'. Figure 6 shows a 
plot of the dissociative rate constant, k-, , as a function of the 
concentration of (AN : Na: B 1 5C5)' . For values of X,, 5 

0.1, corresponding to [(AN: Na: B 15C5)'] 5 7 x M 
(the total concentration of Na+ = 20.0 x M through- 
out this study), the relationship is linear. For higher values 
of XAN, a strong increase of k-, is observed. These results 
strongly suggest that the active species in the dissociative 
mechanism is the AN monosolvated complex (eq. [ l l ] ;  

(AN :Na: B 15C5)+) and that the first event in the dissocia- 
tion process is the formation of this complex, governed by 
Kcs . 

The global dissociation process is the result of a series of 
stepwise sodium-oxygen bond ruptures accompanied by 
sodium-solvent bond formations. This concept was re- 
cently discussed by Cox and Schneider (10). One can as- 
sume that the molecular composition of the solvation cage 
around the AN solvated complex (second solvation sphere 
of the sodium cation) roughly parallels the composition of 
the bulk solvent. Direct access to this information is not 
possible, since the 2 3 ~ a  NMR parameters reflect the local 
solvent composition, at the 2 3 ~ a +  nucleus site. At low X,, 
values, the solvation cage around the sodium complex is 
predominantly constituted of NM molecules. The general 
aspect of the plot shown in Fig. 6 is in good agreement with 
this model. Qualitatively, one should expect an increase of 
the rates in each of the discrete dissociative steps as the 
concentration of AN in the solvation cage of the complex 
increases, since AN is a stronger donor solvent than NM. 
Figure 6 is a reflection of this, since kk, increases dramati- 
cally as X,, increases. At low AN molar fractions, the na- 
ture of the solvation cage around the AN-solvated complex 
is mainly composed of NM molecules, and can be, at first 
approximation, considered as constant. The linear part of the 
plot, which one can visualize as the tangent to the plot at 
concentration 0,  corresponds to a "clean" process in which 
the dissociating species can be identified to a supramolecu- 
lar aggregate of a sodium cation complexed by a crown ether 
and coordinated by one acetonitrile molecule, encaged in a 
solvation shell of NM molecules. As the solvation cage is 
enriched in AN the global dissociation process is acceler- 
ated, in good agreement with Na+-0 bond ruptures con- 
certed with Na+-solvent bond formation. 

To more completely characterize the competition be- 
tween the dissociative and associative exchange mecha- 
nisms, variable temperature studies were performed in which 
values for the activation parameters of both competing 
mechanisms could be determined. Figure 7 shows four graphs 
of plots of (k, + k,) as a function of (1 - p)-' (see eq. [7]) 
for four different values of X,,. In each graph, the temper- 
ature is varied from 30 1.5 K (top) to 255.0 K (bottom). As 
in Fig. 2, the dissociative rate constant, k-,, is obtained from 
the slope whereas the associative rate constant, k2, is ob- 
tained from the Y-intercept. As expected, at each value of 
X,,, both the k-, and k, values increase with temperature. 
Reliable values of activation parameters for the dissociative 
process could be obtained only for X,, = 0.3 and 0.2, since 
at the lower values of X,,, the exchange is mainly con- 
trolled by the associative process. The results shown in Fig. 
7 are also an illustration of an exchange process whose as- 
sociative or dissociative nature is controlled by tempera- 
ture. At the lower temperatures, the associative process, 
characterized by large negative entropies of activation, is 
favoured. As the temperature increases, the dissociative 
mechanism becomes competitive. A similar behaviour has 
been reported by Popoy and co-workers in the case of a dia- 
zacrown complex of sodium in tetrahydrofuran (38). Figure 
8 shows the Eyring plots for the dissociative rate constant, 
k- , . Table 1 gives the values of the activation parameters for 
both mechanisms at different values of XAN. The activation 
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FIG. 7. (k, + k,) as a function of (1 - p)-' for a series of temperatures, at various mole fractions. (a) XAN = 0.300; (b) XAN = 0.200; 
(c) XAN = 0.050; ( d )  X,, = 0.025. In all four cases, from top to bottom, T = 301.5, 293 .O, 284.0, 274.0, 264.5, 255.0 K.  

parameters characterizing the associative process are essen- 
tially constant throughout the range of binary mixtures stud- 
ied, in excellent agreement with our previous finding that this 
exchange process is mainly controlled by conformational 
factors (4, 5), which should be only slightly dependent upon 
the binary mixture composition. The large, negative value 
of AS',, is expected for an associative mechanism. 

This study shows that the molecular role of the solvent in 
the kinetics and mechanisms of formation/dissociation of 

supramolecular entities in solution can be specified. The 
mechanistic difference that is observed between NM and AN 
could be related to the presence in solution of a species 
(AN : Na : B 15C5)+ strongly favoring the dissociation mech- 
anism. A system in which a more strongly donating solvent 
molecule, such as dimethylformamide (DN = 26.6, com- 
pared to 14.1 for AN), would occupy the first coordination 
sphere of sodium in the solvent NM should permit us to 
specify further the nature and the role of the active species 
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FIG. 8. Eyring plots for the dissociation rate constant of the 
complex (Na:B 15C5)+, k - , ,  in AN-NM binary mixtures: X,, = 
0.300 (B); X,, = 0.200 (0). 

in the dissociation process. This work will be published in a 
forthcoming paper. 

Acknowledgements 

We gratefully acknowledge the financial support of the 
Natural Sciences and Engineering Research Council of 
Canada (NSERCC) . 

1. C .  J. Pedersen. J. Am. Chem. Soc. 89, 7017 (1967). 
2. ( a )  G.  A. Melson (Editor). Coordination chemistry of macro- 

cyclic compounds. Plenum Press, New York. 1979; (b) S. Patai 
and Z. Rappoport (Editors). Crown ethers and analogs. John 
Wiley and Sons, Great Britain. 1989; (I.) R. M. Izatt and J .  J .  
Christensen (Editors). Synthetic multidentate macrocyclic 
compounds. Academic Press, New York. 1978. 

3. C. Detellier, H. P. Graves, and K. M. Brikre. Alkali metal 
NMR studies of synthetic an natural ionophore complexes. In 
Isotopes in the physical and biomedical science; isotopic ap- 
plications in NMR studies. Vol. 2. Edited by  E. Buncel and 
J. R. Jones. Elsevier, Amsterdam. 1991. Chap. 4; pp. 159- 
211. 

4. K. M. Brikre and C. Detellier. New. J. Chem. 13, 145 (1989). 
5 .  K. M. Brikre and C.  Detellier. J .  Phys. Chem. 96, 2185 

(1992). 

6 .  M. Shamsipur and A. I.  Popov. J. Phys. Chem. 92, 147 
( 1988). 

7. A. Abou-Hamdan and S .  F. Lincoln. Inorg. Chem. 30, 462 
(1991). 

8. J. Bouquant, A. Delville, J .  Granjean, and P. Laszlo. J. Am. 
Chem. Soc. 104, 686 (1982). 

9. R. C. Philips, S .  Khazaeli, and J. L. Dye. J. Phys. Chem. 89, 
606 (1985). 

10. B. G.  Cox and H. Schneider. Pure Appl. Chern. 62, 2259 
(1990). 

1 1. E. Shchori, J .  Jagur-Grodzinski, Z. Luz, and M. Shporer. J. 
Am. Chem. Soc. 93, 7133 (1971). 

12. H. D. H.  Stover and C.  Detellier. J .  Phys. Chem. 93, 3174 
(1989). 

13. B. 0 .  Strasser, K. Hallenga, and A. I. Popov. J .  Am. Chem. 
SOC. 107, 789 (1985). 

14. B. 0 .  Strasser and A. I. Popov. J. Am. Chem. Soc. 107, 7921 
(1985). 

15. H. P. Graves and C.  Detellier. J .  Am. Chem. Soc. 110, 6019 
(1988). 

16. V. Gutmann. The donor-acceptor approach to molecular in- 
teractions. Plenum Press, New York. 1978. 

17. K. M. Brikre and C. Detellier. J .  Phys. Chem. 91, 6097 
(1987). 

18. J. A. Ridick, W. B. Bunger, and T. K. Sakano. 111 Organic 
solvents. 4th ed. Vol. 2. In Techniques of chemistry. Edited 
by  A. Weissberger. Wiley Publishers, New York. 1986. 

19. J. Sandstrom. Dynamic nmr spectroscopy. Academic Press, 
New York. 1982. 

20. Z. Chen, H. D. Dettman, and C.  Detellier. Polyhedron, 8, 
2029 (1989). 

21. C. Detellier. Reaction kinetics and exchange. In Modem NMR 
techniques and their application in chemistry. Practical Spec- 
troscopy Series. Vol. 11. Edited by A. I. Popov and K. 
Hallenga. Marcel Dekker, New York. 1990. Chap. 9. 

22. J. Homer. J .  Magn. Reson. 57, 17 1 (1984). 
23. R. C. Weast (Editor). Handbook of chemistry and physics. 

63rd ed. CRC Press Inc., Boca Raton, Fla. 1982- 1983. 
24. J. D. Lin and A. I.  Popov. J .  Am. Chem. Soc. 103, 3773 

(1981). 
25. ( a )  H. D. H. Stover, A. Delville, and C.  Detellier. J. Am. 

Chem. Soc. 107, 4167 (1985); (b) A. Delville, H. D. H. 
Stover, and C. Detellier. J. Am. Chem. Soc. 107, 4172 (1985). 

26. A. Delville, H. D. H. Stover, and C. Detellier. J. Am. Chem. 
SOC. 109, 7293 (1987). 

27. D. E. Woessner. J. Chern. Phys. 35, 41 (1961). 
28. C. Detellier and P. Laszlo. Helv. Chim. Acta, 59, 1333 (1976). 
29. C. Detellier and P. Laszlo. Helv. Chim. Acta, 59, 1346 (1976). 
30. C. Detellier. Alkali metals. In NMR of newly accessible nu- 

clei. Vol. 2. Edited by  P. Laszlo. Academic Press, New York. 
1983. Chap. 5; pp. 105-152. 

3 1 .  A. V. Hill. J. Physiol. 40, IV (1910). 
32. A. Delville, C. Detellier, A. Gerstmans, and P. Laszlo. Helv. 

Chim. Acta, 64, 547 (1981). 
33. S.  Chalais, A. Delville, C .  Detellier, A. Gerstmans, and P. 

Laszlo. J .  Solution Chem. 12, 33 (1983). 
34. C .  Detellier and P. Laszlo. In Studies in physical and theo- 

retical chemistry. Vol. 37. Edited by W. J. Orville-Thomas, 
H. Ratajczak, and C.  N. R. Rao. Elsevier Science Publ., 
Amsterdam. 1985. pp. 291-336. 

35. K. M. Brikre, H.  P. Graves, T.  S .  Rana, L. J .  Maurice, and 
C.  Detellier. J .  Phys. Org. Chem. 3, 435 (1990). 

36. M. Bisnaire, C. Detellier, and D. Nadon. Can. J.  Chem. 60, 
3071 (1982). 

37. C. Detellier and M. Robillard. Can. J. Chem. 65, 1684 (1987). 
38. P. Szczygiel, M. Shamsipur, K .  Hallenga, and A. I. Popov. 

J. Phys. Chem. 91, 1252 (1987). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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complexes (L = CO, P-donor) 
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CHET R. JABLONSKI and ZHONCXIN ZHOU. Can. J. Chem. 70, 2544 (1992). 
The preparation, spectroscopic characterization, and conformational analysis of a series of Co(II1) indenyl com- 

plexes, (C9H7)CoIRfL (Rf = C3F7. C6F13, L = CO, P-donor), 2-8, are described. "C and ' H  NMR parameters are con- 
sistent with a slightly distorted -qS-C9H7 coordination. 'H nuclear Overhauser effect difference (nOed) spectra indicate a 
preferred solution conformation in which the perfluoroalkyl group is trans to the C,,-C,, ring junction. 

CHET R. JABLONSKI et ZHONCXIN ZHOU. Can. J. Chem. 70, 2544 (1992). 
On dtcrit la preparation, la caracttrisation spectroscopique et l'analyse conformationnelle d'une sCrie de complexes 

du Co(II1) indenyle, (C9H7)CoRfL (Rf = C3F7 et C6F13; L = C O  et P-donneur), 2-8. Les parametres RMN du 'H et du 
13 C sont en accord avec une coordination -q5-C9H7 legerement deformie. Les spectres de difference d'effet Overhauser 
nucliaire du 'H (deOn) suggerent une conformation privilCgiCe en solution dans laquelle le groupe perfluoroalkyle est 
trans par rapport 2 la jonction C,,-C7,. 

[Traduit par la redaction] 

Introduction 
Transition metal T-indenyl complexes have attracted a 

great deal of attention, compared to their isostructural cy- 
clopentadienyl derivatives, because of their enhanced reac- 
tivity toward ligand substitutions and related reactions (1-10). 
The "indenyl effect" has been explained on the basis of the 
ability of the T-indenyl ligand to undergo facile q5-q3 %ng- 
slippage" (5-9, 1 1-22). 

Compared to other transition metals, the T-indenyl 
chemistry of cobalt remains relatively underdeveloped. T- 
Indenyl complexes are known for cobalt in formal oxida- 
tion states 111, 11, and I with the very air-sensitive Co(1) 
derivatives formulated as (q5 - indeny l )~o~2  (L = ethylene 
(23, 24), CO (25, 26), PPh, (27), PMe, (28), P(OR), (29) 
or L, = cyclic and acyclic dienes (3, 4, 23) or vinylketenes 
(27)) being the most numerous. Fewer Co(II1) complexes 
have been re orted (21, 27, 28, 30) and only one crystal P .  structure ((q -indenyl)Co(C,B,H,,)) has been determined 
(2 1). The homoleptic examples [(indenyl),Co]PF6 (30) and 
(indenyl),Co (31) serve to delineate bonding extrema ob- 
served for cobalt and to illustrate the dependence of indene 
distortion and hapticity on electronic configuration (32). 
Structural studies (32) establish that the 19e-Co(I1) indenyl 
complex significantly distorts towards an q3  bonding mode. 
"C NMR data (30,.32, 33) confirm that the 18e- Co(I11) 
complex, [(indenyl)2Co]PF,, is a "true" q5-indenyl species. 

During studies of chiral induction from the asymmetric 
metal centre of pseudo octahedral cyclopentadienyl com- 
plexes in the Arbuzov-like dealkylation of Scheme 1, we 
found that reactivity and optical selectivity are subtly re- 
lated to the stereoelectronic properties of the ligand sphere 
(34-36). Reasoning that the lowered symmetry of piano-stool 
T-indenyl compared to their isostructural cyclopentadienyl 
Co(II1) complexes might restrict rotamer populations and 
result in more efficient C w P  chiral induction for the 
chemistry outlined in Scheme I ,  we reported (37, 38) the 
preparation and resolution of ( - ) , 3 6 - ( r 1 5 - ~ 9 ~ 7 ) ~ o ~ ( ~ 3 ~ 7 ) -  
(PPh,NHCH(CH,)Ph), 9. To more clearly define the influ- 
ence of ligand properties on conformation preferences of 
indenyl complexes, we prepared the series 2-8 ( q 5 - ~ 9 ~ 7 ) -  

'Author to whom correspondence may be addressed. 

CoIRfL (Rf = C3F,, C6F13; L = CO, P-donor). Herein we 
report the synthesis, spectroscopic properties, and solution 
conformation of these new complexes. 

Results and discussion 
Synthesis and properties 

Preparation of the title complexes was carried out accord- 
ing to Scheme 2. The known complex 1 was prepared (38) 
using a modification of the method originally described by 
Bonnemann (3) and Salzer and Taschler (26), which repre- 
sents the most convenient route to 1, the precursor for prep- 
aration of the new T-indenyl cobalt complexes. Oxidative 
additions of R,I to 1 are slow but afford complexes 2 and 3 in 
good yield. Complexes 4-8 are then prepared by facile CO 
substitution in 2 and 3 by phosphorus donor ligands. Except 
for 7, which decomposes at room temperature in the solid state 
within several days, all the T-indenyl cobalt(II1) complexes 
prepared in this study are air stable in the solid state, but de- 
compose gradually in solution at room temperature. They have 
been characterized by elemental analysis, infrared and mul- 
tinuclear NMR spectroscopy, and, in the case of 3 and 6,  by 
X-ray d i f f r a~ t ion .~ .~  Their physical properties are summa- 
rized in Table 1. The NMR spectra are discussed more fully 
below. 

'octahedral, slightly distorted -q5-structures for 3 and 6 were 
confirmed by X-ray crystallography. Problems encountered dur- 
ing data collection along with sample twinning resulted in rela- 
tively low-precision structures. The solid state and solution 
conformations were identical in the case of 3. The solid state con- 
formation of 6 places the PPh(OCH,)' ligand trans to the indenyl 
6-ring. 

' ~ e t a i l s  of the structure refinements, crystal data, positional 
parameters, thermal factors, bond distances, intramolecular bond 
angles, Pluto diagrams, and intensity data have been deposited and 
may be purchased from: The Depository of Unpublished Data, 
Document Delivery, CISTI, National Research Council Canada, 
Ottawa, Canada KIA 0S2. 

Tables of crystal data, positional parameters, bond distances and 
angles, and the Pluto diagrams have also been deposited with the 
Cambridge Crystallographic Data Centre, and can be obtained on 
request from The Director, Cambridge Crystallographic Data 
Centre, University Chemical Laboratory, 12 Union Road, 
Cambridge, CB2 IEZ, U.K. 
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JABLONSKI AND ZHOU 

,M--. - ,M--.., 1 1  OR I- - + RI 
HNP i *' I HNP PC 

L L R' 

2) COhexane O C ~ C O ~ C O  benzene , ,c[+co benzene 

F4 F4 

TABLE 1. Physical properties of ( T 5 - ~ , ~ 7 ) ~ o ( ~ 3 ( ~ ) ( ~ )  

Melting 
Y ielda pointb Anal calcd. v (CO)' 

No. R , L Formula (%) Appearance ("C) (found) (cm- I) 

2 C3F7 CO CI3H,CoF7IO 80 Black crystal 
(microcrystal) 

3 C ~ F I I  CO CI6H7CoFl3IO 75 Black rect. 
plate 

4 C3F7 P(OCHI)I C15H16C~F7103P 99 Black rect. 
plate (twinned) 

5 P(OCHI), C~8H16C0F13103P 82 Black rect. 
plate (twinned) 

6 C3F7 PPh(OCH3)2 C20H18CoF7102P 93 Black prism 

dec. 
> 120 
dec . 

> 120 
142 

7 C6F13 PPh(OCH3)2 CZ3H I ~ C O F I ~ I O ~ P  84 Red-brown 
powder 

8' C6F13 PNH* ' '. C35H27CoF131NP 25 Red-brown 
powder 

"Yield obtained before crystallization calculated based on the cobalt reactant complexes (cf. experimental). 
"Sealed (N2) capillary. 
'Methylene chloride, 0.1 mm cells. 
"Samples decomposed at room temperature over a period of several days and were not analyzed. 
"High R, isomer. 
'PNH = (s)-(-)-PP~~NHCH(CH,)P~. 

I 
I NMR spectroscopy I H  and "C NMR data are given in Tables 2 and 3, respec- 

The NMR spectra of transition-metal indenyl complexes tively. The presence of a chiral Co centre requires that the 
have been extensively studied (7, 19, 30, 33, 39-41). Both indenyl ring atoms (1,3; 4,7; 5,6) be diastereotopic and, in 

/ electronic (15, 42) and steric (39, 41, 43, 44) factors can in- general, well-separated resonances were observed in both the 
I fluence the extent of $-indeny1 ring distortion as well as the 7.05 tesla 'H and "C NMR spectra. 'H NMR assignments (cf. 

preferred conformation of the ligands relative to the indenyl Table 2) are supported by nuclear Overhauser effect differ- / ring in solution. ence (nOed) spectra shown in Fig. 1 for the representative case 
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of complex 6. Irradiation of the proton with 6 = 4.88 pprn 
(Fig. lg) results in enhancement of the peaks at 6 = 5.68 and 
7.16 ppm, but no enhancement of the peak at 6 = 6.47 ppm. 
Irradiation of the proton with 6 = 5.68 pprn (Fig. lfi en- 
hances the 6 = 4.88 and 6.47 pprn signals. Irradiation of the 
proton at 6 = 6.47 pprn (Fig. le) enhances the proton signals 
at 6 = 5.68 and 7.53 pprn but no other enhancements were 
observed. Accordingly the three signals in the region of 4.5- 
7.0 pprn are assigned to H l  (4.88 ppm), H2 (5.68 ppm), H3 
(6.47 ppm), respectively, and the higher-field doublet (6 = 
7.16 ppm) is assigned to H7 while the lower-field doublet 
(6 = 7.53 ppm) corresponds to H4 (cf. Scheme 3 for num- 
bering system). The 'H NMR data for the remaining com- 
plexes were assigned on the basis of nOed data and by 
comparison with complex 6. A similar method was em- 
ployed by Coville and co-workers (39, 43, 44) to assign the 
H NMR of a series of chiral indenyl ruthenium and iron 

complexes. 
The ',c spectra of complex 3 (cf. Table 3) were defini- 

tively assigned on the basis of 2-D 'H/',c 'J heterocorre- 
lation spectra, which correlate I3C (95.37 ppm) with H2 
(6 = 5.90 ppm), I3c (87.95 ppm) with H3 (6 = 6.85 ppm), 
and ',c (7 1.94 ppm) with H 1 (6 = 5.80 pprn). Thus the in- 
deny1 carbon atoms are assigned as C1 (6 = 71.94 ppm), C2 

(6 = 95.37 ppm), and C3 (6 = 87.95 ppm), respectively. 
Correlations of H4-H7 with C4-C7 were also clearly ob- 
served so that the assignments of the remaining indenyl car- 
bons are unambiguous. Assignments for the remaining 
complexes in the series were made analogously. 

The 'OF chemical shift assignments and coupling con- 
stants for the complexes investigated in this study are re- 
ported in Table 4. All compounds showed well-separated C, 
C, and C,-CS resonances for the perfluoropropyl and per- 
fluorohexyl compounds, respectively. Due to the presence 
of the chiral Co centre and typically small vicinal couplings 
(,J,, = 5-8 Hz), the 1 9 ~  spectra of the diastereotopic (CF& 
groups are well approximated as a series of isolated AB spin 
systems. 2 ~ F , F b  values for Fa-C-F, show a marked increase 
on passing from C, to Cp but are relatively constant further 
along the perfluoroalkyl chain (cf. Fig. 2), pointing to a 
weakening of the C,-F bond (45). 

The 'H and chemical shifts of -q5-indenyl are rela- 
tively insensitive to the perfluoroalkyl ligand in these com- 
plexes, suggesting that the electronic and steric requirements 
of C,F, and C&,, are similar in determining the spectro- 
scopic properties. However, the chemical shifts of the dia- 
stereotopic -q5-indenyl H1 and H3 protons correlate well with 
the electronic parameter (X(cm-')) (46, 47) of the phospho- 
rus ligand (L) (cf. Fig. 3). The chemical shift of HI de- 
creases as the electronic donicity of L increases (the value 
of x decreases) while the chemical shifts of H3 increase as 
the electronic donicity of L increases. The chemical shift of 
H2 is relatively insensitive to L. Thus, high donicity li- 
gands result in a large difference of the chemical shifts for 
H1 and H3 (AS(H3-Hl)) (cf. Fig. 3). Crabtree and co- 
workers (15, 42) argue that preferential weakening of the 
Co-C3a and Co-C7a bonds is expected to facilitate more 
significant stabilization via aromatization, hence strong trans- 

TABLE 2. 'H NMR data for indenyl complexes ( r l ' - ~ g ~ 7 ) ~ o ( ~ , ) ( ~ ) ( ~ ) " ~ b ~ c ~ 1 '  

Compound H1 H2 H3 H4 H5 H6 H7 Others 
- - 

7.53(d)" 
7.52(d)/ 
7.42 CH, 3.62(d, 10.3)" 
7.42 CH, 3.62(d, 10.4)" 
7.1 6(d)' CH, 3.56(d, 10.8)" 
7.1 7(d)' CH, 3.56(d, 10.9)" 

CH 3.65(m) 
NH 3.00(m) 
CH, 1.25(d, 6.8)"' 
CH 3.66(m) 
NH 2.98(m) 
CH, 1.25(d, 6.5)"' 

"300 MHz, chemical shift in ppm relative to TMS. 
"CDCI, solvent. 
'Indenyl H I ,  H2, H3 peaks show small, unresolved coupling (0.3- 1.5 Hz). 
"Coupling constant (Hz) given in parentheses. d = doublet, t = triplet, m = multiplet. 
"'J(HH) = 8.5 Hz. 
' 'J(HH) = 8.3 Hz. 
"J(HH) = 8.0  HZ. 
" "(pH). 
"J(HH) = 8.0 HZ. 
"J(HH) = 7.8 Hz. 
"verlapped with phenyl protons, and for 6 6 = 7.77 ppm (111, 2H) assigned to H,,,,,,,, of P-phenyl 
'High R, isomer. 
"' 'J(HH). 
"Cf. refs. 37, 38. 
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JABLONSKI AND ZHOU 2547 

TABLE 3. "C NMR data for indenyl complexes (I~~-C~H~)CO(R,)(I)(L)~.~.~ 

Compound C 1 C2 C3 C3a, C7a Phenyl Other 

2 71.79 95.34 87.88 1 1  1.63, 109.45 133.07(C5) CO 197.86 
1 32.25(c6) 
128.69(C4) 
124.04(C7) 

3 71.94 95.37 87.95 11 1.65, 109.46 133. 12(C5) CO 197.78 
132.31(Cs) 
128.72(C4) 
124.1 2(C7) 

4 68.94 94.67 82.05 112.34, 110.19 130.64(C5) CH, 55.64(d, 9.5) 
(d, 5.9) (d, 12.4) 130.53(c6) 

1 27.79(C4) 
126.33(C7) 

5 69.07 94.63 81.92 112.28, 110.22 130.63(C5) CH, 55.64(d, 7.8) 
(d, 11.9) 130.55(c6) 

127.81(C4) 
126.33(C7) 

6d 70.72 94.82 79.82 113.70, 109.92 130.08(C5) CH, 56.73(d, 9.0) 
(d, 11.3) 128.00(C6) 55.34(d, 9.0) 

127.46(C4) 
125. 79(C7) 

7 70.80 94.65 79.64 113.65, 109.93 125.79-135.30 CH, 56.68(d, 9.2) 
(d, 11.2) 55.41(d, 11.2) 

8' 72.52 94.74 78.16 112.78, 11 1.27 124.32-145.37 CH 54.71(d, 12.4) 
(d, 8.8) (d, 8.2) CH, 27.21(d, 4.0) 

9' 72.56 94.82 78.57 112.53, 1 1  1.71 124.35-145.63 CH 54.69(d, 12.4) 
(d, 8.1) (d, 9.4) CH, 27.24(d, 3.2) 

"75.5 MHz, chemical shifts in ppm relative to CDCI,. 
'Coupling constants in Hz given in parentheses, -J(PC). d = doublet. 
'Perfluoroalkyl carbons distributed in the chemical shift range; of 105-140 ppm with very weak intensity. 
"For 6 ,  the resonances at 13 1.35, 131.06 assigned to C ,,,,,,,; 13 1.38, 13 1.17 to C ,,,,,,,; 128.13 to C ,,,,; and 134.94 (d, ' J ,  = 54.0) to C ,,,, 
'High R, isomer 
'Cf. refs. 37, 38. 

TABLE 4. 1 9 ~  NMR data for indenyl complexes (I~~-C~H~)CO(R,)(I)(L)~~"~~ 

C,F2 C,F2 C,F2 C6F2 C,F, 

Compound 

2 -47.59, -51.15 
(d, 208.1) 

3 -47.16, -49.32 
(d, 210.6) 

4 -56.21, -63.29 
(d, 228.3) ., 

5 -54.97, -63.25 
(d, 230.6) 

6 -57.02, -57.58 
(d, 230.0) 

9" -58.17, -58.57 
(d, 247.6) 

- 11 1.94, - 115.70 
(d, 278.0) 

-106.32, - 112.39 
(d, 286.6) 

- 112.95, - 114.60 
(d, 281.2) 

- 107.78, - 1 1  1.33 
(d, 284.0) 

- 109.75, - 112.70 
(d, 279.1) 

-107.86, -112.19 
(d, 277.3) 

-79.73(s) 

-120.63, - 122.38 -122.55, - 123.62 - 126.06, -127.17 -81.32(~) 
(d, 298.8) (d, 301 .O) (d, 294.5) 

-79.58(s) 

-120.96, -122.18 -122.48, -123.49 -126.07, - 127.07 -81.31(~) 
(d, 295.3) (d, 307.8) (d, 294.6) 

-79.73(s) 

- 79.96(s) 

- - 

"282.4 MHz, chemical shifts in ppm relative to CFCI,. 
"CDCI, solvent. 
"J(F,F,) given in parentheses (Hz). d = doublet, s = singlet. In some cases the CF, peak appears as triplet with 'J,, = 8.0-1 1.0 Hz 
"Cf. refs. 37. 38. 

influence ligands will prefer a site trans to the indenyl 6-ring amination of the I3c NMR spectra. The C3 resonances (cf. 
regardless of steric consequences. For complexes 2-8, the Table 4) for complexes 4-9 are doublets with 2 ~ , ,  equal to 
strong trans-influence perfluoroalkyl ligands will then pre- 10 2 2 Hz while no coupling was observed for C1, which is 
sumably select a conformation placing L between H1 and H7, cis to the phosphorus atom. In some cases coupling of C2  to 
trans to H3 of the indenyl ring as shown in Fig. 4. phosphorus was also detected. 

The same conformational preference is deduced by ex- Support for these conformational preferences was ob- 
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FIG. 1. 'H nOed spectra for 6. (i) reference spectrum; (a-h) 
difference spectra (16x )  for irradiation at the indicated (*) fre- 
quency; (a) H,,,,,,,; (b )  H4 and H,,,,,,; (c) H5, H6, and H,,,,l; (4 H7; 
(el H3; (f) H2; (g) H 1; (h) OCH,. 

tained from 'H nOed (nuclear Overhauser effect difference 
spectra) experiments. The nOed spectra of complex 4 (cf. 
Fig. 5) unambiguously show that the P(OCH,), ligand bi- 
sects the HI and H7 indenyl protons. Irradiation of the OCH, 
groups results in a strong enhancement to H1 and H7 and a 
very weak enhancement to H2, but no enhancement to H3 
(cf. Fig. 5f). Successive irradiation of H1, H2, H3 reveal the 
proximal protons (Fig. 5c, d, e). Similar nOed results were 
observed for complex 5. 

The nOed spectra of complex 6 (cf. Fig. 1) are also in ac- 
cord with the conformational arguments presented above. 

I I I I I 

- - 

0 CsF,3 CO 
C,F, CO 

V C3F, PPh(OMe), 
V C3F7 P(OMe), - 

C,F,, P(OMe), - 
C3F7 PNH 

I I I I I 200 
0 1 2 3 4 5 6 

Carbon no. 

FIG. 2. Dependence of the 1 9 ~  coupling constants on position 

FIG. 3. Correlation of indenyl 'H chemical shifts with X. 

Irradiation of the ortho-proton resonances of the PPh(OCH,), 
ligand results in strong enhancements for H7, H1, and 0CH3 
(cf. Fig. la). Irradiation of H7 results in enhancement to the 
ortho protons and H1 (cf. Fig. Id). Irradiation of OCH, (cf. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JABLONSKI AND ZHOU 

FIG. 4. Solution conformation of ( r 1 5 - i n d e n y l ) ~ o ( ~ f ) ( ~ ) ( ~ ) .  

F ~ G .  5. I H  nOed spectra for 4. (g) reference spectrum; (a-f) 
difference spectra (32X) for irradiation at the indicated (*) fre- 
quency; ( a )  H4; (b) H7; (c)  H3; (d) H2; (e) H1; ( f )  0CH3. 

Fig. lh) affords a small but definitive enhancement to H1 and 
H7. The solution conformation of complex 9, which was also 
determined by I H  nOed, is the same as the complexes dis- 
cussed above (37, 38). 

Strong correlations between the indenyl ring junction (C3a, 
C7a) chemical shift and indenyl distortion have been re- 
ported (16, 18, 30, 32, 33). AS'3~3i,,7e (AS'3~3a,7;, = 

(indenyl) - S'7~3a,7,(~a+indenyl-))  has been demonstrated 
to be a reliable indicator of indene hapticity (16, 18, 32, 33) 
with values in the range - 10 to -40 ppm and +5 to +30 

TABLE 5. I3c NMR indenyl dis- 
tortion parameters 

Compound A6'3~3,,7: 

2 - 19.07, -21.25 
3 - 19.05, -21.24 
4 - 18.36, -20.51 
5 - 18.42, -20.48 
6 - 17.00, -20.78 
7 - 17.05, -20.77 
8 - 17.92, - 19.43 
9b - 18.17, - 18.99 

"A6"C3, ,, = G1'C3, ,,(indeny]) - 
6"C3, ,,(Na'~ndenyl-). 

"Cf. refs. 37, 38. 

considered diagnostic for q5 and q 3  bonding, respectively 
(33). The calculated AS13~3,,7, parameters, determined from 
the chemical shifts of the diastereotopic ring junction car- 
bons of the chiral complexes 2-9 (cf. Table 5), are in the 
range of -22 to - 17 ppm, consistent with their description 
as slightly distorted q5  complexes (32, 33), and are com- 
pletely in accord with solid state results (see footnote 2). 

Summary 

The preparation and spectroscopic characterization of a 
series of q5-indenyl cobalt(II1) complexes are described. 
Consistent with their 18e- configurations, the indenyl ring 
in these complexes is q5-bonded but NMR parameters sug- 
gest a characteristic distortion towards q3. I H  nuclear 
Overhauser effect difference spectra show that all of these 
complexes prefer a solution conformation that places the 
perfluoroalkyl ligand trans to the indenyl 6-ring and the P- 
donor ligand trans to C3. 

A good correlation is found for the 'H chemical shift dif- 
ference between H1 and H3 (AS(H3-Hl)) and the electron 
donicity (X(cm-')) of the trans-lying phosphorus ligand. The 
easily determined diastereotopic chemical shift difference 
(AS(H3-Hl)) reflects the extent of rotarner preference in the 
chiral-at-metal (q5-indenyl)Co(l~l) complexes and, if ring-slip 
distortion is related to ligand electronic effects as has been 
suggested (15), may be a reactivity indicator. 

Experimental section 

Reagents and methods 
All manipulations were performed under a dry, oxygen-free ni- 

trogen or argon atmosphere using standard Schlenk techniques. 
Nitrogen gas was purified by passing through a series of columns 
containing DEOX (Alpha) catalyst heated to 120°C, granular P4010, 
and, finally, activated 3A molecular sieves. THF, benzene, and 
hexane solvents were distilled under nitrogen from blue solutions 
of sodium benzophenone ketyl. Methylene chloride was distilled 
under nitrogen from P40,,. Anhydrous CoC12 was prepared by re- 
fluxing CoCI,, 6Hz0 with thionyl chloride (SOC12, bp 77°C). In- 
dene and 1,s-cyclooctadiene (COD) were vacuum distilled before 
use. C3F71, C6F131, and PPh(OCH3)2 were purchased from Aldrich 
and used as received. P(OCH,), (Strem) was distilled under vac- 
uum before use. (S)-(-)-Diphenyl((1-phenylethy1)amino)phos- 
phine (PNH) was prepared using the established procedure 
reported by Brunner and Doppelberger (48). Infrared spectra were 
measured on a Mattson Polaris Fourier transform spectrometer as 
solutions in KBr cells (0.1 nlm) or as thin films deposited on a KBr 
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disk. Elemental analyses were performed by Guelph Chemical 
Laboratories Ltd. Melting points were determined in sealed cap- 
illaries and are uncorrected. NMR spectra were recorded on a GE 
300-NB Fourier transform spectrometer operating at a proton fre- 
quency of 300.12 MHz. Complexes 1 and 9 were prepared as de- 
scribed previously (37, 38). 

Proton nOed spectra were determined under steady state condi- 
tions on the GE 300-NB instrument. Data were collected using in- 
terleaved experiments of 16 or 32 transients cycled 12-16 times 
through the list of decoupling frequencies. In each experiment the 
decoupler was gated on in continuous wave (CW) mode for 6 s with 
sufficient attenuation to give an approximate 70-90% reduction in 
intensity of the irradiated peak. A 60 s delay preceded each fre- 
quency change. A set of four equilibrating scans was employed to 
equilibrate the spins prior to data acquisition. No relaxation delay 
was applied between successive scans of a given decoupling fre- 
quency. Difference spectra were obtained on 16 K or zero-filled 
32 K data tables that had been digitally filtered with a 0.1 Hz ex- 
ponential or Gaussian line broadening function. Quantitative data 
were obtained by integration. 

Synthesis of ( v 5 - C f i 7 ) C o ( C ~ ) ( ~ ) ( C x , 3 ) ,  3 
Compound 1 (5.25 g, 22.8 mmol) was dissolved in 50  mL of 

benzene in an atmosphere of dry nitrogen. Perfluorohexyl iodide 
(10.8 g, 24.2 mmol) was injected into the solution via syringe and 
the solution stirred for 40 h at room temperature to afford a dark, 
red-brown solution containing some black precipitate. The reac- 
tion mixture was filtered through a Schlenk filter fitted with a 
10 cm silica gel pad and washed with methylene chloride. TLC 
analysis (elution with benzene: hexane 2:  1) showed the formation 
of a single product. Removal of solvent with the aid of a rotary 
evaporator left 3 as an air-stable, black powder (1 1.0 g, 75%). The 
crude product was dissolved in a small amount of methylene chlo- 
ride and crystallized by slow diffusion of hexane at -20°C to give 
pure 3 as black, rectangular plates. Compound 2 was prepared from 
1 and C3F,I using similar conditions. 

Syr~thesis of ( v 5 - ~ f i 7 ) ~ o ( ~ j ) ( ~ ) ( ~ )  (Rj = C3F7, C z l 3 ;  
L = P(OCH3), PPh(OCH.j)Z, PNH)  4-8 

All P-donor substituted complexes were synthesized using a 
procedure similar to that used for complex 6 described below. 
PPh(OCH3), (0.0912 g, 0.536 mmol) was added slowly via sy- 
ringe with stirring to a solution of 2 (0.2547 g, 0.5102 mmol) in 
10 mL benzene in a nitrogen atmosphere at room temperature. After 
stining for 0.5 h, the solution was placed on an ice bath for 10 min. 
Removal of volatiles under oil-pump vacuum left the crude prod- 
uct as a dark powder (0.3043 g, 93%). The crude product was dis- 
solved in a small amount of CH,Cl, and crystallized by slow 
diffusion of hexane at -20°C to afford pure 6 as black prisms. 
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AGNES M. MODRO and TOMASZ A. MODRO. Can. J. Chem. 70,2552 (1992). 
2-Alkoxy-2,4-dioxo-3-methyl-1,3,2-thiazaphospholidines undergo facile ring-opening reactions with chloride ion, and, 

in particular, with water. This reactivity may limit their value as first intermediates in the sequential synthesis of phos- 
phoric diesters from the parent 2-chloro-2,4-dioxo-3-methyl-l,3,2-thiazaphospholidine. 

AGNES M. MODRO et TOMASZ A. MODRO. Can. J.  Chem. 70, 2552 (1 992). 
Les 2-alkoxy-2,4-dioxo-3-m&thyl-1,3,2-thiazaphospholidines subissent des rkactions d'ouvertures de cycle faciles sous 

l'influence de l'ion chlorure et, en particulier, avec l'eau. Cette rCactivitC peut s'avkrer une limite B leur utilitC comme 
premiers intermediaires dans la synthkse skquentielle de diesters phosphorique partir de la 2-chloro-2,4-dioxo-3-mCthyl- 
1,3,2-thiazaphospholidine parente. 

[Traduit par la rCdaction] 

In a search for a versatile reagent for the synthesis of 
unsymmetrical dialkyl phosphates, Ugi and co-workers 
introduced 2-chloro-2,4-dioxo-3-methyl- 1,3,2-thiazaphos- 
pholidine 1 as an ideal phosphorylating agent (1). Its value 
stemmed from a sequence of selective steps of the nucleo- 
philic fission of the P-Cl, the P-N, and, finally, the P-S 
bond (Scheme I). 

The necessary conditions for the successful synthesis are 
that "the first phosphorylation step completely preserves the 
five-membered ring", and that "2 does not react any further 
with alcohols, unless deliberately activated" (1); according 
to the reports, reagent 1 meets precisely these conditions. In 
our attempts to prepare dialkyl phosphates incorporating ni- 
troimidazole drug moiety (2), we applied the above ap- 
proach and found that it can present problems and requires 
very rigorous reaction conditions. We  report here on some 
aspects of the reactivity of 1 that can complicate or limit its 
application as a multifunctional phosphorylating agent. 

Results and discussion 
Preparation of substrate 1 required some modification of 

the literature procedure, since under the reported conditions 
the reaction mixture solidifies due to freezing of the ben- 
zene solution. Compound 1 can, however, be prepared in 
benzene at 0°C (some frozen benzene serves as an internal 
cooling agent), or  in CH2C1, at -30°C. We  then reacted 1 
with ethanol under conditions ( l a )  that should give pure 2- 
ethoxy-2,4-dioxo-3-methyl- l,3,2-thiazaphospholidine, 2a  
(2, R = Et) in 92% yield. The phosphorylation (the scale of 
the reactions was in the range of 1.5 x 10-~-10-' mol of 1,  
and either pyridine or triethylamine was used as a base), 
however, repeatedly yielded a mixture consisting of three 
compounds (total yield loo%), that is, the required ester 2a,  
and the two ring-opened products, 4 and 5 (eq. [ I  I ) .  

Analogous results were obtained with n-butanol, where the 
corresponding products, 2b (2, R = n-Bu), and the 0-n-butyl 
analogues of 4 and 5 (4' and 5 ')  were formed in 68,  i 1, and 
21% yields, respectively.2 Phosphorochloridates 4 ,  4' are not 
the result of the nonselective reaction of an alcohol with 1 
(P-N instead of the P-Cl bond cleavage), but of the sub- 
sequent ring opening in 2 by the tertiary ammonium chlo- 
ride present in the system. When the reaction mixture (eq. 
[I]), instead of being filtered off and evaporated, was stirred 
at room temperature for periods of 16, 24, and 72  h,  the 
proportion of 4 increased to 22, 48 ,  and 7 1%, respectively. 
When the reaction of 1 with ethanol (or n-butanol) was car- 
ried out without any base, 4 (or 4') was virtually the exclu- 
sive product, formed via the fast cleavage of the P-N bond 
in 2 by free HCl (3). It is worth noting that 4 did not undergo 
any appreciable hydrolysis when it was kept in aqueous so- 
lution over a period of several days.' 

Cyclic ester 2a ,  free of any phosphorochloridate 4 ,  could 
be prepared by canying out the phosphorylation at -65°C 
and the work-up at a temperature not higher than -5°C. NMR 
spectroscopy (31P, 'H) showed complete absence of 4 ,  but 
even under these conditions, up to 7% of the acid 5 could be 
observed in the reaction product. It is possible, however, that 
at least some of 5 was formed during the preparation and 
handling of the sample for spectroscopic determinations (vide 
infia) . 

The most remarkable property of the cyclic intermediate 
2 is its susceptibility to hydrolysis. Irrespective of the care 
taken to remove water from solvents, reagents, and reaction 
atmosphere, we were never able to avoid to formation of 
some of the ring-opened acid 5 .  When 1 was reacted with two 
mol-equivalents of ethanol and amine in benzene, the ex- 
pected 0,O-diethylphosphorothiolate 3a (3, R = R' = Et) 
was formed in 87% yield. It was, however, contaminated 

EtOH/amine with 13% of 5 ,  formed via the competitive hydrolysis of 2 
[I] 1 , 2 a  + MeNHC(0)CHZSP(O)(OEt)CI 

4 'Products 2b and 5' were not isolated and fully characterized, but 
78-80% 2-4% they were identified by their "P nmr signals (2b: 6 ,  36.3; 5': 6 

20.9), in analogy with the respective "P nmr spectra of 2a (6 36.1) 
+ MeNHC(o)CH,sP(o)(OEt)OH and 5 (6 2 .9). - 

5 'AS one of the referees pointed out, it should be possible to ar- 
18-20% rive at products 3 from substrates 1 via intermediates 4. We are 

currently investigating this approach to the preparation of unsym- 
' ~ u t h o r  to whom correspondence may be addressed. metrical phosphates. 
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M O D R O  A N D  M O D R O  

0 
0 

0 ~x~~ y o  4 (ii) MeNH K-S\P(0)(OR)(ORp) 

O I O I 3 
Me Me J (iii) 1 2 

(RO)(R'O)P02Na 

(i) ROHIamine; (ii) RfOH/catalyst; (iii) aq. NaOH 

in a second phosphorylation step (Scheme 1,  step (ii)). It 
seems that the reactivity of 2 in the ring opening decreases 
rapidly with an increase in the steric bulk of the nucleo- 
phile. In the reaction of 1 with ethanol/pyridine (one mol- 
equivalent), followed by 2-propanol/pyridine, the expected 
mixed ester 3b  (3, R = Et; R '  = i-Pr) was formed in only 
50% yield, the remaining components being the intermedi- 
ate cyclic ester 2a (36%), and its hydrolysis product, 5 (14%). 
The non-catalyzed hydrolytic opening of the 2,4-dioxo-3- 
methyl-1,3,2-thiazaphospholidine ring is a very facile re- 
action, irrespective of the nature of the 2-substituent. When 
the equimolar mixture of 1 and 2a was subjected to the 
competitive hydrolysis with water (half mol-equivalent) in 
CDCl, yielding a mixture of the respective products, 
MeNHC(O)CH,SP(O)(OH)Cl and 5,  we found (by exam- 
ining the composition of the mixture by nmr spectros- 
copy) 1 to be only approximately two times more reactive 
than 2a. Ester 2a is, on the other hand, much more hygro- 
scopic than substrate 1,  which may explain its very facile 
hydrolysis. When pure samples of 2a and 1 were exposed to 
the atmosphere, the absorption of moisture by 2a was found 
to be 11 times faster than that of 1. 

Reaction of 1 with amines also did not lead to a single 
substitution product. When a benzene solution of 1 was 
treated at O°C with two mol-equivalents of aniline, the product 
consisted of the expected 2-phenylamino-2,4-dioxo-3-methyl- 
1,3,2-thiazaphospholidine, 6 (77%), and the corresponding 
chloride-promoted ring-opened derivative, 7 (23%) (eq. [2]). 
Since the cyclic product 6 is not hygroscopic, the hydroly- 
sis product was in this case absent, but when 6 was dis- 
solved in water, it gave instantly and quantitatively the 
corresponding amino acid, MeNHC(0)CH2SP(NHPh)02H. 

In conclusion, we demonstrated that cyclic ester 2 ,  the key 
intermediate in the phosphorylation sequence, is a less se- 
lective reagent than originally reported (I) ,  and that it reacts 
smoothly without a catalyst with nucleophilic species, and 
with water in particular. The latter reaction can be highly 
detrimental from the synthetic point of view, as side-prod- 
ucts of the type 5 can easily contaminate the final product of 

the phosphorylation. It is recommended, therefore, that step 
(ii) (Scheme 1) should be carried out immediately after the 
completion of the first step without isolation of 2 ,  at low 
temperature, and with the most rigorous exclusion of mois- 
ture. 

Experimental section 
Benzene (Merck, GR Grade) was stored and distilled over so- 

dium wire and stored over molecular sieves (5A). Dichlorometh- 
ane (Merck, GR Grade) was distilled from P,O,, and stored over 
molecular sieves (4A). Pyridine (Merck, GR Grade) was stored over 
solid KOH for 2 weeks, fractionally distilled from KOH, and stored 
over molecular sieves (5A). Triethylamine (Aldrich, 99+%) was 
stored over solid KOH and distilled from P,Ol,. Ethanol, n-bu- 
tanol, and 2-propanol (Merck, GR Grade) were purified with 
magnesium activated with iodine and fractionally distilled. Ani- 
line (Aldrich, 99.5+%) was dried over KOH and distilled; sul- 
fury1 chloride (Aldrich) was distilled immediately before use. 
N-Methylmercaptoacetamide was prepared in 83% yield from 
methyl mercaptoacetate following a literature procedure (4); bp 
104-105°C (2 Torr; 1 Torr = 133.3 Pa). 2-Methoxy-3-methyl-4- 
0x0-l,3,2-thiazaphospholidine 8 was prepared as described by 
Richter and Ugi ( la)  in 66% yield; bp 90-92°C (0.1 Torr); nmr ('H 
and 3 ' ~ )  spectra in full agreement with those reported (In). The nmr 
spectra were recorded on a Bruker AC 300 MHz spectrometer and 
the chemical shift values are given relative to TMS (IH) and 85% 
H3P04 ( 3 1 ~ ) .  Mass spectra were recorded on a Varian MAT-212 
double-focusing direct-inlet spectrometer at an ionization poten- 
tial of 70 eV. Only the molecular ion data are included. 

2-Chloro-2,4-dioxo-3-rneth~~l-l.3,2-thiazaphospholidine 1 
Sulfuryl chloride (33.7 g, 0.25 mol) dissolved in CHzClz 

(100 mL) was added slowly with stirring and cooling at -30°C to 
a solution of 8 (41 g, 0.25 mol) in CH2C12 (500 mL). Stirring was 
continued at room temperature for 10 h; the solution was concen- 
trated under reduced pressure to approximately one-third volume 
and left overnight in a refrigerator. The product was collected by 
filtration, washed with dry CH,Cl, and stored in a desiccator over 
P,O,,,. Yield 38.7 g (84%); Sp39.75 (lit. Sp39.06). 'H nmr spec- 
trum in full agreement with that reported ( la) .  

Reactions of 1 with alcohols 
(a) Reactions were carried out under conditions reported in the 

literature. Pyridine or triethylamine was used as a base. After 
completion of the reaction and filtration, the solvent (benzene) was 
removed under reduced pressure and the crude product was ex- 
amined by nmr ( 'H, 3 ' ~ )  spectroscopy. The proportions of indi- 
vidual components were determined from the relative intensities of 
the corresponding signals in the "P nmr spectra. 

(i) Reaction with ethanol: 100%; 2a (78-SO%), Sp (CDCl,) 36.1; 
'H nmr spectrum in full agreement with that given in ref. la ;  4 (2- 
4%). Sp 27.5; SH 2.72 (3H, br s ,  NMe), 3.35 (2H, d, JHp 19.5 Hz, 
CH2S), 5 (18-20%), Sp 21.9; Sk, 2.83 (3H, br s,  NMe), 3.50 (2H, 
d. JflP 18.5 HZ, CH,S). 

(ii) Reaction with n-butanol: carried out as above, with pyridine 
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as a base. 100%; 2b (68%), 6 ,  (CDCI,) 36.3; 4' (1 I%), 6 ,  28.6; (measured by the relative intensities of signals at 6 ,  39.7 and 36.1) 
5' (21%), 6, 20.9. indicated that the disappearance of 1 was approximately two times 

(iii) Reaction with two mol-equivalents of ethanol in the pres- faster than that of 2a. 
ence of two mol-equivalents of &iethylamine: 99%; 3a (87%), 6 p  
(CDCl,) 24.2; 6 ~  1.28 (6H, t, JHH 7.1 HZ, 2 X Me of POEt), 2.75 
(3H, br s, NMe), 3.37 (2H, d, JHp 19.2 Hz, CHIS), 4.09 (4H, quint, 
J H H ,  J H P  7.1 HZ, 2 X CH2 of POEt), 7.04 ( lH ,  br s, NH); spectral 
data in full agreement with those given in ref. la;  5 (13%), nmr ('H, 
3 1 P) spectra identical to those given above. 

(iv) Reaction with ethanol, followed by 2-propanol: carried out 
as above using pyridine in both steps: 100%; 3b (SO%), 6 ,  (CDCI,) 
20.7; 'H nmr spectrum in full agreement with that given in ref. la; 
2a (36%), 6 p  36.1; 5 (14%), 6 p  21.9. 

(b) Modified synthesis of 2a 
A solution of equimolar quantities of ethanol and pyridine (or 

triethylamine) in CHIC1, (0.3 mL/mmol) was added slowly drop- 
wise to a stirred solution of 1 in CHIClz (7.5 mL/mrnol) at -65°C. 
The mixture was then warmed to - 10°C, evaporated at ca. O°C and 
reduced pressure, benzene (5 mL/mmol) was added, and the mix- 
ture was filtered. After the evaporation of benzene under reduced 
pressure, 2a was obtained in 89% yield. The purity of the crude 
product (as determined by 3 1 ~  nmr spectroscopy) was 93-95%, the 
remaining 5-7% being product 5. 

Preparation of 4 
Ethanol (0.074 g, 1.62 mmol) in benzene (1 mL) was added 

slowly dropwise to a stirred solution of 1 (0.300 g, 1.62 mmol) in 
benzene (3 mL) at O°C. The solution was left overnight in a refrig- 
erator and evaporated under reduced pressure, yielding 4 as a vis- 
cous oil in quantitative yield. The nrnr ('H, 3'P) spectra were 
identical to those given above for the product of the experiment (a) 
(i); ms: m/z 231 (12%). The only other phosphorus containing 
product (55%) detected by ,'P nrnr spectroscopy was 5 ( 6 p  21.7). 

When n-butanol was used instead of ethanol, 4' was obtained in 
almost quantitative yield. Oil; 6 ,  (CDCI,) 28.5; 6 ,  1.24 (3H, t, JHH 
7.1 Hz, Me of POBu), 1.36 (2H, m, y-CHZ of POBu), 1.68 (2H, 
m, P-CH, of POBu), 2.65 (3H, br s, NMe), 3.44 (2H, d, J H p  
19.0 Hz, CHZS), 4.12 (2H, m, OCH, of POBu); ms: m/z 259 (1%). 

Preparation of 5 
Compound 2a (0.70 g, 0.36 mmol) was dissolved in dioxane 

(7 mL), water (0.5 mL) was added to this solution, and the mix- 
ture was kept at room temperature for 43 h. The solution was 
evaporated to dryness under reduced pressure and the syrupy res- 
idue (98%) crystallized upon standing. It was purified by crystal- 
lization from chloroform/benzene (1:2); mp 81-83°C; nmr ('H, 3 1 ~ )  
spectra identical to those given above; ms: m/z 213 (8%). Anal. 
calcd. for C,H,,NO,PS: C 28.2, H 5.6, N 6.6, S 15.0; found: C 
29.1, H 5.8, N 6.6, S 14.8%. 

Cotnpetitive hydrolysis of I and 2a 
Equimolar amounts (0.01 mmol) of 1 and 2a were dissolved in 

CDC1, (1.0 mL) and the 3 ' ~  nrnr spectrum of this solution was re- 
corded. A solution of water (0.11 mmol) in dioxane (0.1 mL) was 
added and the , 'P nrnr spectra of this solution were recorded sev- 
eral times within a period of 1 h. The change in the 1/2a ratio 

Relative hygroscopic properties of I and 2a 
Samples of 1 and 2a (0.27 g each) were placed in identical con- 

tainers and left exposed to the surrounding atmosphere. The in- 
crease of the mass of both samples was monitored periodically. The 
absorption of moisture by 2a was approximately 11 times faster than 
that by 1; the 3'P nrnr spectra of the samples, recorded after 72 h, 
corresponded mostly to the respective hydrolysis products. 

Reaction of 1 with aniline 
Aniline (0.10 g, 1.08 mmol) in benzene (5 mL) was added 

dropwise with stimng and cooling at O°C to the solution of 1 
(0.10 g,  0.54 mmol) in benzene (2 mL). The mixture was stirred 
at 0°C for 1.5 h, warmed up to room temperature, and filtered., After 
the evaporation of the solvent under reduced pressure, the crude 
product (0.087 g, 67%) was obtained as a yellow syrup. The 3 1 ~  

nmr spectrum demonstrated the presence of two products: the major 
(77%, CDC1, 6 ,  31.9) and the minor (23%, 25.7). Pure 6 was 
obtained by crystallization (ether/petroleum ether), mp 128- 
128.S°C; 6 ,  (CDCl,) 31.9; 6 ~  2.92 (3H, d, JHp 7.7 Hz, NMe), 3.77 
( lH,  dd, JHH, J H P  16.3, 11.7 HZ, CHAS), 3.92 ( lH,  dd, JHH, JHp 
16.3, 6.5 Hz, CHBS), 6.90-7.30 (SH, m, Ph), 7.73 (lH, br s, NH). 
Anal. calcd. for C9HIINZ02PS: C 44.6, H 4.6, N 11.6; found: C 
44.4, H 4.5, N 11.3%. 

When a sample of 6 was dissolved in D20,  the nrnr spectrum of 
this solution showed complete disappearance of 6 and the forma- 
tion of the hydrolysis product, MeNHC(0)CHISP(NHPh)02H; 6 p  
(DIO) 16.9; 6" 2.67 (3H, s, NMe), 3.36 (2H, d, J H p  14.4 Hz, 
CHIS), 7.30-7.60 (5H, m, Ph). 

The minor product obtained after crystallization of 6 (colorless 
oil) was identified as compound 7: 6 p  (CDC13) 25.7; 6H 2.70 (3H, 
d, J H H  6.9 Hz, NMe), 3.54 (2H, d, J H p  9.2 Hz, CH2S), 6.90-7.30 
(5H, m, Ph); ms: m/z 278 (6%). Anal. calcd. for C9Hl2CIN2O2PS: 
C 38.7, H 4.3, N 10.0, C1 12.7; found: C 38.1, H 4.4, N 9.6, C1 
11.9%. 
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The negative 'J(CHO, CH,) in 4-methylbenzaldehyde. Ionicity of the carbonyl bond 
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TED SCHAEFER and RUDY SEBASTIAN. Can. J.  Chem. 70, 2555 (1992). 
The spin-spin coupling constant over seven bonds between the formyl and methyl protons in 4-methylbenzaldehyde 

is -0.030 Hz in CS2/C6D,,/TMS, and (-)0.035 Hz in acetone-d6, solutions at 297 K. This unexpected result is ration- 
alized in terms of a spin-spin coupling mechanism attributed to the importance of a valence bond structure with an ionic 
carbonyl bond. The result again emphasizes the sensitivity to substituent perturbations of the six-bond coupling con- 
stant in quasi-planar benzaldehyde derivatives. It can have either sign and presents a challenge to its computation from 
first principles. 

TED SCHAEFER et RUDY SEBASTIAN. Can. J. Chem. 70, 2555 (1992). 
On a dCterminC que, a 297 K,  les constantes de couplage spin-spin a travers sept liaisons entre les protons du for- 

myle et du mCthyle du 4-methylbenzaldChyde sont de -0,030 Hz dans le CS,/C6Dl,/TMS et de (-)0,035 Hz dans 
l'acetone-d6. On rationalise ce resultat inattendu en fonction d'un mecanisme de couplage spin-spin attribuC 1 l'impor- 
tance d'une structure de liaison de valence avec une liaison carbonyle ionique. Ce resultat met a nouveau en relief la 
sensibilitk des perturbations des substituants sur la constante de couplage a travers six liaisons dans des derives ben- 
zaldChydes pratiquement plans. Elle peut prendre un signe ou I'autre et elle presente un dCfi pour ceux qui veulent la 
calculer a partir de principes fondamentaux. 

[Traduit par la redaction] 

Introduction 
The unprecedented properties of 6 ~ ( ~ , ~ ~ ~ )  - 6 ~ ,  the 

coupling constant between the formyl and para ring pro- 
tons, in benzaldehyde derivatives have been discussed re- 
cently (1, 2). While 6~ is negative in benzaldehyde itself, as 
expected for a a-T mechanism dependent on sin20, 0 being 
the angle by which the formyl group twists out of the mo- 
lecular plane, and while 6 ~ o  (0 = 0) most likely very nearly 
vanishes (2), it is as large as +0.086(3) Hz in the 3,5-di- 
fluoro derivative (1). 

These positive 6~ values in some nzeta-substituted benzal- 
dehydes are attributed (1) to a coupling mechanism associ- 
ated with an ionic valence bond structure, here written' as 
1; crossed arrows denote proton spin states and the other 

arrows refer to T electrons ... In such derivatives, a linear re- 
lationship 6 ~ / ~ z  = 0.007 - 0.127 2 a~, , , ,  exists (1) be- 
tween 'J and the standard residual resonance substituent 
constants (7) for nzeta substituents, URVs~. It is therefore im- 

'structure 1 is an alternative to that given previously (1); the 
present structure is a conflation that emphasizes the parallel spin 
states of the formyl proton and the IT electron at the ipso carbon site. 
One way of picturing this arrangement is to note that the hyper- 
fine parameter, Q ~ , - ~ , ,  < 0. as based on the sign of isotropic shifts 
(3). Another way notes that Qcc,, < 0, where C' is the ipso car- 
bon atom (4), and that the hyperfine coupling constant is positive 
for the proton in the sigma radical, HCO (5, 6). In other words, 
positive spin density in the 2p, orbital of the ipso carbon atom in- 
duces negative spin density in the sp2 orbital near the formyl car- 
bon atom, which, in turn, leads to negative spin density near the 
site of the formyl proton. In 1 the electron in the 2p, orbital of 
the formyl carbon atom has moved to oxygen and is not involved 
in the spin polarization phenomena. 

plied that substituents with residual T donor characteristics 
(7) at the nzeta position, such as F ,  C1, OCH,, CH,, in- 
crease the importance of 1. Although 6~ could not be deter- 
mined for the 3,5-dimethyl derivative ( l ) ,  a more recent 
determination of 6~ in 3-methylbenzaldehyde (8), possible 
because of the second-order and asymmetric properties of the 
spin system, gave +0.0 15(1) Hz via a very precise analysis 
of a highly resolved spectrum in acetone-d6 solution. The 
linear regression yields +0.012(2) Hz. The considerable ionic 
character of the C=O bond in some molecules has been at- 
tested to recently by high-level molecular orbital computa- 
tions (9). 

The linear regression has 'J as 0.007 Hz in the parent 
compound, yet 'J is given as -0.018 (2) Hz in CS2/C6D12/ 
TMS and as -0.013 (1) Hz in acetone-d6 solutions at 300 K 
(1). It is unlikely that, while unresolved, 6~ is positive in 
benzaldehyde (see below). Are the nzeta derivatives there- 
fore unique in this respect? A measurement of 7 ~ ( ~ ~ 0 , C H 3 )  
in 4-methylbenzaldehyde (4MB) should provide a partial 
answer. For, if 6~ in benzaldehyde arises from the a-T 
mechanism, proportional to sin20, then, because eHCH = 
-eHCcH in closed-shell aromatic molecules,' 7 ~ ( ~ ~ ~ , ~ ~ 3 )  
should be positive. If an unsuspected a electron coupling 
mechanism accounts for 'J in benzaldehyde, then 7~ should 
be severely attenuated relative to '1. Finally, if the methyl 
group enhances the importance of 1, then J may be nega- 
tive. 

Here we report that 7~ in 4MB is -0.030(0) Hz in CS2/ 
C6D12 solution and is (-)0.035(0) Hz in acetone-d6 solution 
at 297 K. 

Experimental 
Dilute solutions in CS2/C6D,,/TMS and (or) acetone-d6/TMS 

solvent mixtures (see tables for details) were filtered into 5 mm 0.d. 

' 6 ~ ( H , ~ H , )  is -0.602(2) Hz in toluene (10). In p-xylene, 
'J(cH,,cH,) is +0.60(3) Hz in a CS, solution ( 1  1 ,  12) and 0.596(9) 
Hz in acetone-d6 solution (unpublished work in this laboratory). 
These coupling constants are proportional to Q ~ ~ ~ Q ~ ~ ~ ~ ~  and 
(QHccll)', respectively (13-1 5). 
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Frc. 1. Various 'H{'H) nmr spectra, experimental and theoretical, are displayed for the methyl protons of 4-methylbenzaldehyde as a 
3.0 mol% solution in CS2/C6D,2/TMS at 300. 1352 MHz and 297 K.  'J(H,cH~) is 0.354(1) Hz and4~(H,CH,)  is -0.704(1) Hz, account- 
ing for the gross pattemi'The small splitting arises from 7 ~ ( ~ ~ ~ , ~ ~ , ) ,  which is 0.030(0) Hz in magnitude. The computed spectra on the 
left assume that 7~ < 0 and those on the right, that 7~ > 0,  together with the spectral parameters in Table 1. In the top row, yB, - 0.2 Hz 
at 229 1.09 Hz relative to TMS, that is, a peak in the H-2 region is being weakly irradiated. In the experimental spectrum, shown to il- 
lustrate an artifact in addition to the expected perturbation of certain transitions, the doublet farthest to the left is distorted by interference 
between various frequencies (beats). The left-hand peak of the starred doublet has changed markedly in intensity (generalized Overhauser 
effect), as can be seen by comparison with the same doublet in the bottom row, for example. In the bottom row a weak irradiation field 
is applied in the H-3 region, at 2171.58 Hz; the theoretical spectra are consistent with 'J < 0. A series of 14 experiments confirmed this 
conclusion. The simulated and experimental spectra were processed with resolution enhancements of LB/GB = -0.190/0.625. Acqui- 
sition times were 45.5 s and digital resolution was 0.003-0.005 Hz/point. The resolution of the single-resonance spectra was somewhat 
better than that displayed here. The assumed linewidths above are 0.030 Hz. 

nrnr sample tubes. These were degassed by five cycles of the 45.5 s. Data regions were set so as to provide, after zero-filling, a 
freeze-pump-thaw technique and were then sealed under vacuum digital resolution of as high as 0.003 Hz/point when required or 
to provide fairly symmetrical tops. possible. Lower digital resolution, 0.005 Hz/point, was neces- 

The ' H  nmr experiments utilized an AM300 Bruker spectrom- sary in some ' H  {'H} experiments. 
eter. Acquisition times for the free induction decays, acquired after The ' H  nmr spectra were analyzed with the computer program 
final shimming on the decays of tetramethylsilane, were as long as NUMARIT (16), extensively modified by R.  Sebastian. Weak ir- 
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SCHAEFER AND SEBASTIAN 

TABLE 1. The 'H nmr spectral parameters for 4-methylbenzaldehyde in CS,/C,D,, and acetone-d6 solutions at 
297 K 

Solvent Solvent 

Parameter CS2/C6D,; ~cetone-d: Parameter CSz/C6Dlp ~cetone-d," 
- 

v(CH0) 2954.988' 2996.509 "J(H,CH,) -0.704 -0.714 
2 2292.595 2343.636 'J(H,CHO) 0.43 1 0.427 

v3 2 170.303 2222.583 'J(H,cH,) 0.354 0.357 
u(CH3) 723.178 728.115 'J(CHO,CH,) -0.030 (-)0.035 

, ~ 2 3  7.825 7.858 Transitions calculated 512 5 12 
' ~ 2 6  1.824(1)" 1.853(1) Assigned transitions 49 1 479 
4 ~ 3 5  1.758(1) 1.762(1) Peaks observed 227 225 
'J~S 0.560 0.568 Largest difference 0.017 0.016 

'J(H ,CHO) -0.163 -0.167 Root-mean-square 0.004 0.004 
deviation 

"3.0 mol% in CS2, containing also 10.0 mol% of C6D,, and 0.5 mol% of tetramethylsilane (TMS) 
"3.0 mol% in acetone-d,, containing also 0.5 mol% of TMS. 
'In Hz at 300.135? MHz to low frequency of internal TMS. 
"The standard deviations in the spectral parameters were less than 0.001 Hz unless otherwise stated, as here. The solvent de- 

pendence of the intraring coupling constants is expected on the basis of experience with many molecules in this laboratory. 

radiation experiments (17), 'H{'H), were simulated with the pro- Acknowledgements 
gram, DOR (18), locally modified to deal with at least eight w e  thank the Natural Sciences and Engineering Research spin-i nuclei. Council of Canada for financial assistance. 

Results and discussion 1. T .  Schaefer and C.  S .  Takeuchi. Can. J. Chem. 67. 827 

The 'H nmr spectral parameters for 4MB are given in 
Table 1. 

'J(CHO,CH~) 
Figure 1 shows one example of a series of weak double 

irradiation or tickling experiments designed to determine the 
sign of 7 ~ ( ~ ~ 0 , C ~ , )  = 7 ~ .  These experiments demonstrate 
that 7~ is -0.030(0) Hz in CS2/C6D12 solution at 297 K and, 
by inference from the data in Table 1, -0.035(0) Hz in ace- 
tone-d, solution at the same temperature. 

A naive interpretation of these results combines -eH,,, 
= eHcH, the a,,,, value of -0.19 for apara  methyl substit- 
uent (7), and the linear relationship for meta substituents to 
give 7~ = -,J = 0.007 - 0 . 1 2 7 ~ ~ , ~ ~  = -0.031 HZ, as 
measured. However, 6~ in benzaldehydye is certainly neg- 
ative in these solutions (see below). As it happens, the sums 
of -'J in benzaldehyde and - 7 ~  in 4MB are +0.048(2) Hz 
in both solutions, perhaps implying that, in the 4-methyl 
derivative, the ionic mechanism has this magnitude. What- 
ever the true situation, it is clear that the methyl substituent 
enhances the importance of the coupling mechanism attrib- 
uted to the ionic valence bond structure and that it domi- 
nates those mechanisms which contribute to a positive 7 ~ .  

Remarks on 6~ in benzaldehyde 
Further to discussions of the value of the unresolved ' J  in 

benzaldehyde (1, 2), a detailed reexamination of the spec- 
tral data (1) for an acetone-d, solution by iterative and sim- 
ulative approaches has satisfied us that 6~ must indeed be 
negative. The present study emphasizes how sensitive 6~ in 
benzaldehydes is to substituent perturbations. 
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The minor constituents of toluene extracts of three fullerene-rich materials have been characterized by on-line LC- 
MS techniques, incorporating both positive and negative ion mass spectra obtained by atmospheric pressure chemical 
ionization. Two of the materials were soots, produced by resistive heating of graphite in an inert atmosphere, from dif- 
ferent commercial suppliers. The third material was obtained as a condensate from a controlled laminar flame, and was 
shown previously (Anacleto et al:,  Rapid Commun. Mass Spectrom. 6 ,  214 (1992)) to contain significant quantities of 
compounds that behaved under the present LC-MS conditions as isomers of the C, and C,, fullerenes, and which re- 
verted to the latter upon heating. This finding was confirmed here, and extended to the higher clusters C,,, C,,, C,,, and 
C,,. One of the graphite-derived soots contained monoxides of the carbon clusters as the principal minor components, 
while the other soot contained hydrogenated species including CsoHz, CWHJ, C70H2r and (C6,. CHI). The flame-gener- 
ated material contained all of these minor constituents, together with complexes of C, with larger aliphatic molecules 
as well as large quantities of polycyclic aromatic hydrocarbons and related species. Photo-oxidation of a purified C,, 
preparation, from the graphitic soot containing mostly monoxide impurities, was shown to lead to increased levels of 
the mono-, di-, and tri-oxides of CGO. 

~ - 

J. F. ANACLETO, R. K. BOYD, S. PLEASANCE, M. A. QUILLJAM, J.  B. HOWARD, A. L. LAFLEUR et Y. MAKAROVSKY. 
Can. J .  Chem. 70, 2558 (1992). 

Faisant appel ii des techniques de LC-MS incorporant des spectres de masse des ions tant positifs que negatifs ob- 
tenus par des ionisations chimiques rCalisCes a la pression atmospherique, on a caractkrise les constituants mineurs ob- 
tenus par extraction au toluene de trois materiaux riches en fullerhe. Deux des matCriaux Ctaient des suies fournies par 
differents fournisseurs commerciaux et obtenue par chauffage de graphite par resistance dans une atmosphkre inerte. Le 
troisieme materiel a Cte obtenu sous forme de produit de condensation d'une flamrne laminaire contr616e; il a 6tC dCmontr6 
antkrieurement (Anacleto et al., Rapid Commun. Mass Spectrom. 6, 214 (1992)) que ce materiel contient des quantites 
importantes de produits qui se comportent, dans les conditions actuelles de LC-MS, comme des isomeres des full- 
erknes en C, et en C7, et qui se transfoment en ces derniers par chauffage. On a confirm6 cette conclusion dans le present 
travail et on l'a Ctendue aux agregats plus importants C76, C84, C90 et C,,. L'une des suies provenant du graphite contient 
des monoxydes des agrCgats carbonks comme constituants mineurs principaux alors que l'autre contient des especes hy- 
drogCnCes incluant le C6,H2, le C,,H,, le CwH2 et (C,, . CH,). Le materiel gCnCrC par une flamme contient tous ces con- 
stituants mineurs en plus de complexes du C,, avec des molCcules aliphatiques plus grosses ainsi que des quantitks 
irnportantes d'hydrocarbures aromatiques polycycliques et d'especes apparentees. On a montre que la photo-oxydation 
d'une preparation purifiee de C,, obtenue 2 partir de suie graphitique contenant principalement des monoxydes comme 
impuretes, conduit a la formation de quantites de plus en plus grandes de mono-, di- et tri-oxydes de C6,. 

. ,  . . .  [Traduit par la redaction] 

Introduction 
The  remarkably stable carbon cluster C6Or first discov- 

ered (1) in vapour from laser irradiation of graphite and 
subsequently produced in macroscopic quantities by resis- 
tive heating of graphite under an  inert atmosphere (2-5),3 is 
now established (6) as possessing a truncated icosahedron 
("soccer ball") structure, while the homologue C,, is as- 
signed (6) an ellipsoidal cage structure ("rugby ball"). In this 
paper the terms "buckminsterfullerene" and "fullerene" are 

'NRCC No. 34822. 
'present address: Wellcome Research Laboratories, Beckenham, 

Kent BR3 3BS, U.K. 
3 ~ .  E. Smalley. The Almost Complete Buckminsterfullerene 

Bibliography. Private communication, June, 199 1. 

taken to refer to these highly symmetrical stable closed-cage 
carbon clusters (1-6). Recently (7) it was shown that C, and 
C,, fullerenes, found in samples of condensible compounds 
and soot collected from controlled combustion of benzene 
in premixed laminar flames, were spectroscopically indis- 
tinguishable from fullerenes prepared from graphite. Anal- 
ysis of the f lame samples by high-performance liquid 
chromatography with ultraviolet spectroscopic detection also 
revealed the presence of several additional components with 
fullerene-like characteristics (7). 

The  most abundant of these additional fullerene-like 
components (7) were tentatively identified (8) as isomers of 
the stable C,, and C,, fullerenes, using high-performance 
liquid chromatography coupled on-line to mass spectrome- 
try (LC-MS). It  was necessary to use mild LC-MS condi- 
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tions since it was also shown (8) that these compounds 
(putative fullerene isomers) were thermally converted to the 
corresponding stable fullerenes, with a half-life of about 1 h 
at 11 1°C (boiling toluene). The problem of converting rel- 
atively involatile and thermally labile analytes, in a con- 
densed phase, into gaseous ions suitable for analysis by a 
mass spectrometer, is well known. Approaches include 
strategies whereby the analytes are pre-ionized in solution, 
and these analyte-derived ions are then transferred into the 
gas phase by mechanisms incorporating the effects of strong 
electric fields; the related techniques of electrospray and 
ionspray ionization (9- 18) fall into this category. This ap- 
proach will not be easily applicable to fullerenes and related 
compounds, although van Berkel et al. (19, 20) recently 
demonstrated ingenious methods whereby polycyclic aro- 
matic hydrocarbons (PAHs) are ionized in solution via 
charge-transfer complex formation with appropriate elec- 
tron acceptors or via electrochemical oxidation. A different 
approach was adopted in the LC-MS analysis of the flame- 
generated fullerenes (8). This approach exploits the fact that 
the equilibrium vapour pressure of a microscopic droplet, 
containing just a few molecules, can be many times greater 
than that of the same substance in the macroscopic bulk 
phase. This phenomenon reflects the much smaller binding 
forces exerted by its neighbours on a molecule in the sur- 
face layer of a microscopic droplet. While successful ex- 
ploitation of this physical effect clearly requires that the 
analyte be somewhat volatile, it has proved effective for a 
wide variety of chemical compound types including poly- 
cyclic aromatic compounds (21) as well as the fullerenes of 
interest here (8). Briefly, the analyte solution (e.g., the ef- 
fluent from an LC column) is nebulized at atmospheric 
pressure to form sub-micron sized droplets. When this is 
achieved in a pneumatic nebulizer surrounded by a heated 
tube, the solvent is rapidly evaporated from the droplets via 
interactions with the warm (100°C or so) gas, leaving be- 
hind extremely small particles of analyte. Remaining con- 
cerns (8), about identification of the thermally metastable 
compounds in the flame soot as C,, and C,, isomers, are 
centered on the question of whether the volatilization pro- 
cess was sufficiently mild and did not cause decomposition 
of unspecified labiie adducts of the corresponding fuller- 
enes. We believe that the subsequent ionization of the vol- 
atilized analytes (see below) was sufficiently soft that 
fragmentation of the gas-phase ions did not occur. 

Soft-ionization of the volatilized analytes was achieved (8, 
21) by atmospheric pressure chemical ionization (APCI) in 
a plasma sustained by a cold cathode discharge. In the ab- 
sence of any other precautions, the dominant mechanism for 
formation of positive ions under these experimental condi- 
tions is proton transfer from protonated water clusters (21). 
However, it was found to be advantageous (8, 21), for the 
analytes of interest here, to separately introduce benzene at 
a controlled rate into the APCI source. In this way the dom- 
inant ionization mechanism for the fullerenes in positive-ion 
mode was found (8) to involve electron transfer to the C a b + .  
ions that dominated the APCI plasma. However, some de- 
gree of ionization via proton transfer from water clusters was 
also apparent (8). This competition between the two ioni- 
zation mechanisms was even more apparent in the case of 
PAHs, for which the relative contributions of the two 
mechanisms were found (21) to reflect the trends in the ion- 
ization energies and proton affinities of the PAHs; protona- 
tion becomes relatively more important as PAH size 

increases. In negative-ion mode the benzene was omitted, 
and ionization mechanisms involved all of electron capture, 
proton abstraction (by OH- and other anions present in the 
APCI plasma), and attachment of chloride ion derived from 
the dichloromethane used as one of the LC mobile phase 
components. 

1n the present work, additional details of the experimen- 
tal arrangement are described. The power of the method is 
then illustrated by results obtained for minor constituents of 
the flame-generated material described previously (7, 8), and 
by comparable results obtained for extracts of two commer- 
cially available fullerene soots prepared by resistive heating 
of graphite in inert atmosphere (2-5 and footnote 3). 

Experimental 

Materials 
The flame-generated soots and condensates were extracted with 

toluene at room temperature using low-power ultrasonic agitation 
(7). These solutions were the same as those characterized previ- 
ously (7, 8). Samples of soot produced by resistive heating of 
graphite (2-5 and footnote 3), and of a purified extract of such a 
soot, containing C60 plus a few per cent of the C,, fullerene, were 
obtained from the Texas Fullerenes Corp. (TFC), Houston, Texas. 
A different soot was obtained separately from Materials and Elec- 
trochemical Research (MER) Corporation, Tucson, Arizona. Soot 
extracts were prepared by treatment with toluene, as described 
previously (7). 

LC with UV-VIS spectroscopy 
The column used was 25 cm long X 2.1 mm i.d., with Vydac 

201TP C,, packing. The initial solvent was 100% acetonitrile for 
5 min, then programmed linearly to 100% dichloromethane over 
45 min, held for 5 min, then programmed back to initial compo- 
sition over 5 min. The mobile phase flow rate was 0.2 mL/min, 
with an injection volume of 5 pL. A HP1090M liquid chromato- 
graph (Hewlett Packard Co., Palo Alto, Calif.), equipped with a 
ternary DR5 solvent delivery system, a built-in HP1040A diode 
array detector, and a HP7994A data system, was used in all LC- 
UV-VIS analyses. As previously (8), the detector was configured 
for continuous full UV-VIS spectral acquisition (integrated over 
220-600 nm) as well as for acquisition at 254 2 nm. 

LC with on-line mass spectrometry 
The LC conditions were identical to those used in the LC-UV- 

VIS analyses. The LC-MS experiments employing APCI were 
conducted using an API 111 triple quadrupole instrument (SCIEX, 
Thornhill, Ontario), equipped-with a heated pneumatic nebulizer 
interface (SCIEX). The pneumatic nebulizer is contained within a 
concentric quartz heating tube; itself located within the room tem- 
perature APCI source; the indicating thermocouple is located on the 
exterior surface of this heating tube, together with the heating ele- 
ment. Experiments conducted previously (8) on this nebulizer in- 
terface mounted on the bench but under conditions otherwise 
identical to those used in the LC-MS analyses, with a second 
thermocouple used to probe the gas temperatures within the inter- 
face, showed that the maximum temperatures experienced by the 
analytes under the conditions used fell in the range 80-100°C; es- 
timates of analyte residence time in the warm gas indicate (8) a 
maximum of 5 s. A schematic illustration of the SCIEX heated 
nebulizer interface, as modified for the present work to permit post- 
column doping of the gas in the APCI source, is shown in Fig. 1.  
Medical quality air was normally used as the nebulizing gas, but 
was replaced by high-purity nitrogen for a few experiments; high- 
purity nitrogen was always used for the counter-current gas flow 
(the "gas curtain"). 

The APCI plasma was sustained by a cold corona discharge 
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SCIEX API 
"gas curtain" interface N , 

Benzene ~nlet - 
LCeffluent + To mass 

analyzer 
10-6Torr 

Corona discharge 
needle N 2  

FIG. 1 .  Schematic illustration (not to scale) of modified heated pneumatic nebulizer interface used for LC-MS in conjunction with an 
APCI source. The microscopic droplets and particles of analyte are swept into the APCI plasma by the combined action of the nebulizer 
gas and make-up gas flows. 

(stainless steel needle maintained at 3 kV). Introduction of 20 p,L/ 
min of benzene, as illustrated in Fig. 1, ensured that the dominant 
positive reactant ions in the plasma were C6H6+', together with some 
water cluster ions from residual water in the system. Characteriza- 
tion of this APCI plasma in the absence of analytes also showed a 
significant population of benzene-derived ions at m/z 91, presum- 
ably C7H,+ ions of tropylium structure. The benzene was not added 
when operating in negative-ion mode. 

In preliminary survey experiments the mass spectrometer was 
usually scanned over a range m/z 600-1200, with a scan cycle time 
of 2 s. Having thus established the mass ranges of interest, im- 
proved signal/noise ratios could be achieved by scanning the 
quadrupole mass spectrometer in a piecemeal fashion, e.g., from 
?n/z 1070 to 1090, then from m / z  1 120 to 1 140, in order to prop- 
erly characterize the higher carbon clusters (& and C,,. However, 
all of the other constituents described below could be character- 
ized, with adequate ion statistics, in the full-scan mode (m/z 600- 
1 200). 

Mass spectrometric analyses of purified samples, without on-line 
HPLC, were obtained by flow-injection of a solution of the ana- 
lyte into an acetonitrile-dichloromethane mobile phase with a 
composition and flow rate characteristic of conditions about half- 
way through an HPLC run, as specified above. 

Results and discussion 
A comparison of LC-UV-VIS chromatograms of ex- 

tracts of three different 'fullerene materials is shown in Fig. 
2.  To  exhibit the minor components, the intensity axes have 
been magnified so that LC peaks corresponding to the major 
components are well off-scale. The labelling of the major LC 
peaks in Fig. 2 is the same as that used previously (7, 8); 
peaks I and I1 were shown (8) to correspond to the stable C, 
and C,, fullerenes, respectively, while peaks B and C are the 
compounds that have thus far behaved exactly as would be 
expected for thermally metastable C6, and C,, isomers (8). 
Peaks A and D were shown (8) to correspond to C,,O and 
to Cg4, respectively. The minor peaks labelled with Arabic 
numerals are those for which some information regarding the 
chemical nature of the eluting compounds could be ob- 
tained. The chemical identities of some of these com- 
pounds, e.g., those eluting after peak D in Fig. 2c, could not 
be satisfactorily determined due to a substantial degree of co- 
elution of these high-mass compounds, and these peaks are 

therefore not numbered. To facilitate the discussion, Table 
1 lists the annotated LC peaks together with their relative 
retention times and chemical identifications. 

Major components: carbon clusters and  their monoxides, 
a n d  PAHs 

As noted previously (7, 8) the flame-generated material 
is clearly very different from the two materials produced by 
resistive heating of graphite. The two extracts of graphite- 
derived soots (Fig. 2a  and 26) are very similar to one an- 
other with respect to their contents of C,, and C,, fullerenes 
(Peaks I and 11), but show noticeable differences in the minor 
constituents. 

Previously (8) it was shown that the flame-generated ma- 
terial contained significant proportions (0.5-1 %) of the higher 
carbon clusters C76 and Cg4 (the former corresponding to 
peaks 10 and 11, and the latter to peak D). Figure 3 illus- 
trates the dynamic range of the present LC-MS methodol- 
ogy in positive-ion mode, by comparing the reconstructed 
ion chromatograms (RICs) for m/z 720 and 840 (Ca and C,,, 
Figs. 3a  and 3c) with those for even larger clusters C,, and 
Cg4 (m/z 1080 and 1 128, Figs. 3e and 3f ). Assuming equal 
LC-MS response factors for all of these carbon clusters, the 
data presented in Fig. 3 indicate that several chromato- 
graphically distinct forms of each of C,, and C,, are present 
in the extract of the flame-generated material (7), at levels 
0.1% and 0.03% of those of the C6, clusters. The demon- 
strated dynamic range of lo4, using piecemeal mass scan- 
ning (not selected ion monitoring, see experimental section), 
owes a great deal to the high molecular weights of the target 
analytes since there is almost no chemical noise in this mass 
range. It is worth noting that the same heat treatment (in 
boiling toluene under argon), which caused (8) conversion 
of peaks B and C (the putative metastable Cbo and C,, iso- 
mers) to their stable fullerene counterparts (peaks I and 11), 
also led to conversion of the early-eluting isomers of C,,, C,, 
and C,, to later-eluting forms (data not shown). By way of 
contrast, the same heat treatment had almost no perceptible 
effect on the RIG for m/z 1008 (C84+') (8). 

At m/z values above 700, the most important compo- 
nents in the flame-generated material, other than the carbon 
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25 3 0 35 40 
Time (rnin) 

FIG. 2. LC-UV chromatograms (254 nm) of toluene extracts of 
fullerene-rich materials. The labelling of the LC peaks I and I1 (Cm 
and C70 fullerenes, respectively), and of peaks A-D, corresponds 
to that used previously (7, 8). Other annotations correspond to those 
in Table 1.  In each case the complete chromatogram shown is a 10x 
expansion (vertical scale) of the chromatogram with all peaks on 
scale (shown as partial inserts for the major components). LC 
conditions are described in the text. (a) Graphite-derived soot, TFC, 
Houston. (b) Graphite-derived soot, MER, Tucson. (c) Flame- 
generated material (7, 8). 

clusters themselves, were the monoxides (8). The complex 
RICs for m/z 736 and 856, corresponding to C,,O+' and 
C,,O+', respectively, are shown in Figs. 3b and 3d. The rel- 
evance of these complex chromatograms, as circumstantial 
evidence supporting the identification of peaks B and C as 
metastable isomers of the fullerenes, was discussed previ- 
ously (8). Those peaks in the RICs for m/z 736 (Fig. 3b) and 
856 (Fig. 3d), which apparently coelute with C6, and C,, 
compounds, were shown (8) to be APCI artifacts arising from 
oxidation of the carbon clusters in the APCI plasma. Re- 
placement of air by high-purity nitrogen as the nebulizing gas 
resulted in a reduction of these oxide artifact peaks (anno- 
tated with asterisks in the appropriate figures) to negligible 
intensities, confirming previous observations (8) (see also 
discussion of Fig. 7, below). 

At lower m/z values, and at elution times less than about 
20 min, intense signals were observed in the chromato- 
grams of the flame-generated material. Examples of these 
RICs are shown in Fig. 4, in the m/z range characteristic of 
PAHs. These RICs were computed to include the m/z val- 
ues for both the molecular ions M+' and the protonated mol- 

ecules (M + H)+, since it was shown previously (21) that 
both of these ionized forms are produced from PAHs under 
the present APCI conditions. The structures drawn in Fig. 4 
are intended only to illustrate possible candidates for the 
compounds detected. At present no definite identifications 
of these PAHs have been made. Most of these constituents 
are present at apparently high levels relative to that of C6, 
(Fig. 4g), although it seems likely that the LC-MS re- 
sponse factors for these low-molecular weight components 
should be appreciably greater than for the large carbon clus- 
ters in view of their relative vapour pressures. At any rate, 
it is clear that formation of fullerenes and related com- 
pounds in the controlled flame (7) is accompanied by for- 
mation of large quantities of PAHs. It is worth noting here 
that the extracts of the two graphite-derived soots contained 
no detectable quantities of PAHs. The general increase in 
mass spectrometric background (chemical noise) at lower 
molecular weights can be seen in the RICs presented in Fig. 
4. The increase in this background signal with increasing 
retention time reflects the gradient in mobile phase compo- 
sition. 

Each of the extracts of the two graphite-derived soots 
yielded evidence for fullerene monoxides. The appropriate 
evidence for the extract of the TFC soot is shown in Fig. 5. 
The RIC for m/z 736 (Fig. 5b, attributed to C6,0+') shows 
an APCI artifact at the retention time for peak I (C,, fuller- 
ene). In addition to this artifact peak, only one other LC peak 
is observed in Fig. 5b (Peak A, Fig. 2) for m/z 736; this is 
in accord with expectations (8) based upon a unique mon- 
oxide structure for the fully symmetrical C6, fullerene (all 
carbon atoms equivalent). Recent work (22) has shown that 
an epoxide structure may be assigned to this unique mon- 
oxide of C,, fullerene. As emphasized previously (8), the 
flame-generated sample contains both the C,, fullerene plus 
the compound (peak B, Fig. 3a) postulated to be a neces- 
sarily less symmetrical isomer, and correspondingly also 
contains (Fig. 3b) several chromatographically distinguish- 
able C6,0 isomers including peak A attributable to the full- 
erene monoxide (22). Similarly, the graphite-derived soot 
extract contains only the stable C,, fullerene (peak 11, Fig. 
5c) and correspondingly many fewer C7,0 isomers (Fig. 5d) 
than observed for the flame-generated material, which is 
known (8) to contain several forms of C,, including peak C 
(the putative metastable isomer) and the fullerene (peak 11, 
Figs. 2 and 3c). The analytical results (not shown) for the 
other graphite-derived soot (obtained from MER) were sim- 
ilar to those shown in Fig. 5 except that the LC-MS peak A 
in the RIC for m/z 736, presumed to be due to the C,,O 
monoxide, was only some 0.3% of the intensity of that of 
peak I (C6") as compared with 6-7% in the case of the TFC 
soot extract (Fig. 5). The same trend was true of the RIC for 
C7,0 (m/z 856), i.e., the MER soot extract gave barely de- 
tectable signals for the monoxides, while that from the TFC 
soot (Fig. 5 4  indicated the presence of at least two iso- 
mers. This suggests either that the soot obtained from MER 
was formed in a more reducing environment than that from 
TFC, or that the TFC soot had been exposed to light and air 
resulting in photo-oxidation (22, 23). This difference be- 
tween the two graphite-derived soots will be referred to 
below. Small amounts of C,, and C,, were found in the ex- 
tracts of both graphite-derived soots (Figs. 5e and 5f), as well 
as trace quantities of C,, (m/z 1080) and C,, (m/z 1 128). 

It was also of interest to analyse the solution of purified 
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TABLE 1 .  LC peak annotations, relative retention times (RRT), chemical identifications, relative molecular masses, and 
relative abundances estimated from positive-ion APCI LC-MS peak areas. 

Relative Levels 

Peak RRT Compound(s) Rel.mol.mass Flame TFC UER 

I 1.000 C60 fullerene 720 

I I 1.105 C70 fullerene 840 20 8.0 9.5 

B 0.978 C60 isomer 720 6 1 ND ND 

C 1.085 C70 isomer 840 7.0 ND ND 

D 1.174 CU (2 isomers) 1008 

1 0.878 C60H4 724 

? Abundance could not be estimated from LC-MS data; usually detected only in negative ion mode. 
* Tentative identification only. 
ND, Not Detected. 

C6, fullerene supplied by the Texas Fullerenes Corp. Figure 
6a shows that the RIC for m / z  720 contains several small 
peaks with elution times shorter than that of C6, fullerene 
(peak I). One of these peaks has the same retention time 
(32 min) as peak B (Figs. 2c and 3a), and thus suggests the 
presence in this preparation of about 1% of the same puta- 
tive metastable C60 isomer as was reported (8) in the flame- 
generated material. It is of interest that peak B was not 
observable in our own toluene extract of the TFC soot; this 
could reflect enrichment of the more soluble isomer (earlier 
retention time) during the TFC clean-up procedure used to 

prepare the fullerene solution, or possibly a different ther- 
mal history. Previous analyses of graphite-derived soots failed 
to observe peaks B and C due partly to the presumed low 
primary yields of these unstable compounds under the ex- 
treme conditions of the electrical discharge, and partly to the 
thermal conditions (boiling toluene for extended periods) used 
in most extraction procedures and which have been shown 
(8) to induce conversion of the putative isomers to the more 
stable fullerenes. The less intense peaks in the RIC for m / z  
720 (Fig. 6a insert, peak annotated with #), at even earlier 
elution times, correspond to C6,+' fragment ions of c6,0+' 
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100 (b) 
501 /\ 

O. l O (e) 
0.05 

FIG. 3. Reconstructed ion chromatograms (RICs) from LC-MS 
analyses of a toluene extract of a fullerene-rich material generated 
by a controlled flame (7). Chromatographic conditions as de- 
scribed for Fig. 2. LC-MS coupling was by the heated pneumatic 
nebulizer interface (Fig. I),  and ionization was at atmospheric 
pressure and room temperature using electron transfer to C6H6&' 
formed in a cold corona discharge (see text). Labelling of LC peaks 
is the same as in Fig. 2. Note the relative intensities of the various 
RICs. Peaks marked with asterisks in (b) and (d)  are artifacts aris- 
ing from oxidation of carbon clusters in the APC1:plasma. (a) m / z  
720 (Cm+'); (b) m/z  736 ( ~ ~ 0 " ) ;  (c) m/z  840 (C70+'); ((1) m/z  856 
(C700+'); (e) m/z  1080 (Cwt'); ( f )  m / z  1128 (C,,"). 

w :  
-- - -  h -.?--/A,-- 

0.030 (f) 
44-(s> I 

formed in the atmospheric pressure - vacuum interface re- 
gion of the APCI mass' spectrometer; this fragmentation re- 
action has been demonstrated previously (23) to occur at 
collision energies of a few tens of an electron volt. Com- 
parison of Figs. 5a, 5b, and 5c with Fig. 6 shows that the 
purification procedure, used to obtain the commercial (TFC) 
purified solution, enriched C6,0 relative to C,,, but dis- 
criminated against c,,. 

22- 

Minor cotnponents 
The extract of the graphite-derived soot supplied by MER 

showed interesting differences from that of the TFC soot, 
other than the monoxide content discussed above. Mass 
spectra (Figs. 76 and 7c), acquired at retention times earlier 
than those of the corresponding fullerene, suggested the 
presence of C,,H, (peak 2) and of C,,H, (peak 1) at levels 
approximately 5% and 0.3%, respectively, of that of C,,. 
These constituents are well resolved chromatographically 
from peak I (C6,) and from each other. The patterns of mass 

B I  i 

FIG. 4. RICS from LC-MS analyses of a toluene extract of a 
fullerene-rich material generated by a controlled flame (7). Chro- 
matographic conditions as described for Fig. 2. LC-MS coupling 
was by the heated pneumatic nebulizer interface (Fig. I), and ion- 
ization was at atmospheric pressure and room temperature using 
electron transfer to c6H6+'  formed in a cold corona discharge (see 
text). The structures shown are representative of the PAHs that 
possess the molecular masses detected in each case. Note the rel- 
ative intensities of the various RICs: (a) m/z 178 plus 179; (b) m/z  
202 plus 203; (c) nz/z 226 plus 227; (d) m/z  252 plus 253; (e) m/z 
276 plus 277; ( f )  m / z  300 plus 301; (g) tn/z 720 plus 721 (C60 ions, 
for comparison of intensities). The to is at 3 .2 min, and can be ob- 
served in some of the RICs. 

0.015 1:w\8 i 
\*, 

:$ 
"a An n , \A-  % A "  .A\ ?M 0.0 10 20 

45 
30 

30 3 5 40 Time (min) 
Time (min) 

peaks down to t77/z 720 (Figs. 7b and 7c) are thus due to 
fragmentations induced in the APCI interface region, rather 
than to superimposed mass spectra of co-eluting C6,H2 and 
C,,H, compounds. In the case where C,,H, was the domi- 
nant trace constituent (Fig. 7b), the C,H,' adduct ion was 
clearly observed at m/z 813 (compare the analogous adduct 
ion of C,, at m/z 81 1 in Fig. 7a). 

Use of air as the nebulizing gas invariably resulted in 
greater sensitivity than use of high-purity nitrogen or argon, 
and for this reason air was used in most of the experiments 
reported here. This sensitivity effect was undoubtedly re- 
lated to changes in the composition of the APCI plasma, 
which also resulted in marked changes in the APCI artifacts 
discussed above. These artifacts consisted of monoxides when 
air was present (see Fig. 3), but when air was excluded as 
far as possible the APCI artifacts changed from 16 Da ad- 
ducts to 14 Da adducts; Fig. 7a exemplifies this general ob- 
servation, in that tn/z 734 now appears to replace m/z 736 
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r 
30 32 34 3 6 38 40 

Time (min) 

FIG. 5. RICs from LC-MS analyses of a toluene extract of a 
fullerene-rich material generated by resistive heating of graphite in 
an inert atmosphere (TFC). LC-MS conditions were identical to 
those used to obtain Fig. 4. Labelling of LC peaks is the same as 
in Fig. 2. Note the relative intensities of the various RICs. Peaks 
marked with asterisks in (b) and (d) are artifacts arising from ox- 
idation of carbon clusters in the APCI plasma. (a)  m / z  720 (Cagt-'); 
(b) m / z  736 (C6,0f'); (c)  m / z  840 (C7,+'); (d) ~ ? I / z  856 (C700+'); 
(e) m / z  912 (C76+'); (f) m / z  1008 (C,,+'). 

in the spectrum of peak I. Attempts to establish that the APCI 
artifact at m/z 734 (Fig. 7a) had composition C,,H,+' (pos- 
sibly the methylene adduct observed previously (23)), through 
flow-injection experiments on the purified fullerene extract 
obtained from TFC using perdeuterated versions of the mo- 
bile phase components (acetonitrile and dichloromethane) and 
of the benzene, yielded inconclusive results. The same was 
true of a corresponding experiment in which only the ace- 
tonitrile was replaced by its ' 5 ~  version, to investigate 
whether this minor component was C&J+' ,  an ion for which 
some evidence has been presented previously (24). Interfer- 
ences from other constituents in the sample were the cause 
of the ambiguity of the results obtained in both isotopic 
substitution experiments. Unfortunately use of the isotopi- 
cally substituted mobile phases, in the corresponding exper- 
iments using LC-MS instead of flow-injection MS,  was 
prohibitively expensive. 

C7,H, was also observed (Fig. 7d )  at extremely low lev- 
els, chromatographically well resolved (peak 6) from peak 
I1 (C70 fullerene). These hydrogenated carbon clusters were 

2.4 (c) 

1.2 

- - 
30 3 2 34 3 6 38 40 

Time (min) 

FIG. 6. RICs from LC-MS analyses of a commercial ChO solu- 
tion (TFC) derived from a fullerene-rich material generated by re- 
sistive heating of graphite in an inert atmosphere. LC-MS 
conditions were identical to those used to obtain Fig. 4. Labelling 
of LC peaks is the same as in Fig. 2. Note the relative intensities 
of the various RICs. The peak marked with an asterisk in (b) is an 
artifact arising from oxidation of C6, in the APCI plasma, and that 
marked # in the insert in (a) is due to c," fragment ions formed 
by collision-induced dissociation of C6,0f'. (a) m / z  720 (C,O+'); 
(6) m / z  736 (C6,0+'); (c)  m / z  840 (C,,+'). 

not detectable in the graphite-derived soot from TFC, sup- 
porting the above proposal that the MER material was pro- 
duced in more reducing conditions than that from TFC. 
Possibly the graphite starting materials were significantly 
different. These hydrogenated forms were also observed, 
however, in the LC-MS analysis of the flame-generated 
material (Table 1) .  

The results described thus far are all derived from the 
positive-ion LC-MS data. The complementary negative-ion 
data did provide new insights. Figure 8 shows selected neg- 
ative-ion mass spectra obtained by LC-MS analysis of the 
MER soot extract. The spectra in Fig. 8 should be com- 
pared to the corresponding positive-ion spectra for the same 
extract shown in Fig. 7 .  Figure 8a is similar to those shown 
previously (8) for LC peaks B and I in the LC-MS analysis 
of the flame-generated material; ionization of C,, by elec- 
tron attachment (m/z 720) and by chloride attachment (m/z 
755 and 757) are of comparable efficiencies. The fact that 
peaks B and I yield mass spectra indistinguishable from one 
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FIG. 7. Positive-ion mass spectra obtained during LC-MS 
analysis of the toluene extract of the graphite-derived-soot from 
MER. LC-MS conditions were identical to those used to obtain Fig. 
4, except that nitrogen replaced air as the nebulizing gas. (a) 
Spectrum acquired at the crest of peak I (Cso fullerene). (b) Spec- 
trum acquired at the crest of peak 2 (C6,H2). (c) Spectrum ac- 
quired at the crest of peak 1 (C6,H,). (d) Spectrum acquired at the 
crest of peak 6 (C7,H2). 

another in both positive- and negative-ion modes is strong 
evidence supporting the view (see Introduction) that, if peak 
B is not a C,, isomer, decomposition to C60 must have oc- 
curred prior to ionization in the APCI source. The corre- 
sponding negative-ion spectrum (not shown) for C70 (peak 
11) indicates that chloride attachment was about three times 
more efficient than electron attachment in this case. The ions 
at m / z  736 and 752 in Fig. 8a had greatly reduced relative 
intensities when high-purity nitrogen replaced air as the 
nebulizing gas (data not shown). This intensity dependence 
supports the interpretation of m / z  736 and 752 in Fig. 8a as 
being due to electron attachment ionization of C,O and C,02 
species formed as APCI artifacts. The electron capture ef- 
ficiencies of these oxygenated species are expected to be 
higher than that of the parent C60 compound. The identity of 
the ion at m / z  746 could not be determined. Use of perdeu- 
terated mobile phase components in flow-injection experi- 
ments again yielded disappointingly ambiguous results, and 
the corresponding LC-MS experiment, while desirable, was 
prohibitively expensive. 

The hydrogenated species C,,H, (peak 2 and Fig. 86) and 
C6,H, (peak 1 and Fig. 8c) appear to be efficiently ionized 

FIG. 8. Negative-ion mass spectra obtained during LC-MS 
analysis of the toluene extract of the graphite-derived soot from 
MER. LC-MS conditions were identical to those used to obtain Fig. 
4, except that the post-column addition of benzene was omitted and 
negative ions were monitored. (a) Spectrum acquired at the crest 
of peak I (Cm fullerene). (b) Spectrum acquired at the crest of peak 
2 (CsoH2). (c) Spectrum acquired at the crest of peak 1 (CmH4). (d) 
Spectrum acquired at the crest of peak 6 (C7,H2). 

via proton abstraction to yield C,,H- and C,,H,- ions at 
m / z  721 and 723. Note in Figs. 86 and 8c the reduced ten- 
dency of these anions to lose hydrogen atoms, compared with 
that of the corresponding cations (Figs. 76 and 7c). Identi- 
fication of peak 5 as C7,H, (Table 1 and Fig. 7d)  is based 
upon the negative-ion spectrum in Fig. 8d; the evidence for 
C7,HP, derived from C7,H, by proton abstraction, is reason- 
ably clearcut in Fig. 8d although this spectrum was ob- 
tained near the ion statistical limit. 

The real surprise in the negative-ion data concerned the 
mass spectra acquired over LC peak A, thus far attributed 
solely to C6,0. While no direct evidence for this assign- 
ment was previously available (8), the only conceivable al- 
ternative (C, . CH,) seemed much less appealing to chemical 
intuition. Nonetheless, the negative-ion spectra shown in Fig. 
9 strongly suggest that both C,,O and (C6, - CH,) can con- 
tribute to the signals at m / z  736 in the positive-ion spectra. 
The negative-ion spectrum in Fig. 9a ,  obtained for the 
graphite-derived soot from TFC, is consistent with ioniza- 
tion of C6,0 by competing electron-attachment and chlo- 
ride-attachment mechanisms. In contrast, the corresponding 
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FIG. 9. Negative-ion mass spectra obtained during LC-MS 
analysis of the toluene extract of three fullerene-rich materials. LC- 
MS conditions were identical to those used to obtain Fig. 4, ex- 
cept that the post-column addition of benzene was omitted and 
negative ions were monitored. Spectra were acquired at the crests 
of L C  peak A in each case. The relative intensities of the three 
spectra are not meaningful in this case. (a) Extract of graphite-de- 
rived soot from TFC. (b) Extract of graphite-derived soot from 
MER. (c)  Extract of flame-generated material (8). 

spectrum (Fig. 9b) for the graphite-derived soot from MER 
is precisely that which would be predicted for (C6,. CH,) 
ionized via proton abstraction (e.g., by OH-) to give a C6,H3- 
anion with no observable (M + C1)- ion. This difference 
between the two graphite-derived soots is again consistent 
with the suggestion that the material supplied by MER was 
produced in an atmosphere containing traces of hydrogen. 
It is interesting that the corresponding negative-ion mass 
spectrum for the flame-generated material (Fig. 9c) indi- 
cates significant quantities of both C6,0 (via m/z 736 and 
77 1) and (C,, . CH,) (m/z 735); the relative response fac- 
tors are entirely unknown, and are quite possibly wildly dif- 
ferent under these negative-ion conditions, so no definite 
conclusions concerning relative amounts can be drawn. 
However, comparison of the RIC for m/z 77 1 (negative-ion 
characteristic of C1- adduct of C,O) with that shown in Fig. 
3b (and previously (8)) for m/z 736 in the positive-ion anal- 
ysis of the same flame-generated material, showed that the 
two traces were almost superimposable. On the other hand, 
the RIC for m/z 735 ((M - H)- ion characteristic of 
C,, . CH,) showed only a single peak co-eluting with peak 

A in the positive-ion RIC for m/z 736. These comparisons 
suggest that the CH, adduct was probably a minor constitu- 
ent relative to the monoxides; ionization efficiencies of these 
compounds in positive-ion mode (electron transfer to Cab+ ' )  
are not expected to differ wildly from one another, unlike 
those in negative ion mode (e.g., C&,+' at m/z 722 in Fig. 
7b is only some 5% as intense as C6,+' at m/z 720 in Fig. 
7a, but the intensity of the corresponding C6,H-' anion in 
Fig. 8b is three times as intense as C6,-' at m/z 720 in Fig. 
8a). 

The nature of the C6,.CH4 complex is possibly analo- 
gous to that of the C&, species. It is possible to imagine the 
latter as being formed by a free-radical mechanism whereby 
two hydrogen atoms add successively across a C=C dou- 
ble bond. By analogy the C, . CH, complex could be formed 
by successive additions of a hydrogen atom and a methyl 
radical, and would thus be better described as [C,(H)(CH3)]. 
An alternative structure, described as [C,(CH2)(H2)], would 
correspond to a hydrogenated version of the methylene ad- 
duct of C6, (isoelectronic with C6,0) described previously 
(23); additions of monophenyl carbene (compare peak 4, 
Table l ) ,  and of diphenylcarbene, to C6, have been charac- 
terized (25, 26). It is of interest that the flame-generated 
material also contained extremely low levels of a large 
number of constituents that appear to correspond to adducts 
of C6, and C7, with aliphatic molecules; these constituents 
were observed in the negative-ion LC-MS data as the cor- 
responding anions formed by proton abstraction. 

Finally, in view of the high ionization efficiency of the 
oxygenated fullerenes in negative-ion mode, a brief study of 
the photo-oxidation of the purified fullerene extract from TFC 
was conducted. Figure 10 shows selected mass spectra ac- 
quired, at well-resolved retention times, in the LC-MS 
analysis of an aliquot of this commercially purified solu- 
tion, following exposure to daylight and air at room tem- 
perature for several weeks. The spectrum (not shown) 
acquired at the crest of peak I (C,,) was indistinguishable 
from that acquired prior to exposure (compare Fig. 8a). The 
same is true of the spectrum (Fig. 10a) acquired at the crest 
of peak A (C,O, compare Fig. 9a). However, weak but well- 
resolved LC peaks corresponding to C,02 and to C,03 were 
observed in the exposed solution, but not in the original. 
Figures lob and 10c show the mass spectra acquired at the 
crests of these LC peaks; that for C6,O3 was obtained near 
the ion statistical limit, so the relative abundances of the 
isotopic variants are not in good agreement with predicted 
values. Comparison of these spectra suggests, interestingly, 
that electron attachment becomes progressively less com- 
petitive relative to chloride attachment as the degree of ox- 
ygenation increases. This trend cannot be accounted for by 
the different concentrations of dichloromethane in the mo- 
bile phase (and thus in the APCI reagent gas), since in fact 
the more highly oxygenated species eluted first. The RIC for 
m/z 736 (C6,0-') showed only peak A in addition to the 
APCI artifact coincident with peak I, similar to Fig. 6b for 
this unexposed purified fullerene solution. However, the RIC 
for m/z 752 (C6,O2-', not shown) clearly indicated that two 
chromatographically distinguishable isomers were present, 
while that for m/z 768 (C6,O3-') demonstrated the presence 
of at least three isomers. 

Estimate of absolute LC-MS sensitiviry 
The sensitivity of the LC-MS technique used here was 

estimated by calculating the concentration of the C6, fuller- 
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FIG. 10. Negative-ion mass spectra obtained during LC-MS 
analysis of the purified solution prepared (TFC) from a graph- 
ite-derived soot, following prolonged exposure to light and air. LC- 
MS conditions were identical to those used to obtain Fig. 4, ex- 
cept that the post-column addition of benzene was oinitted and 
negative ions were monitored. Spectra were acquired at the crests 
of the indicated LC peaks: (a) peak A (C,O); (b) most intense peak 
in RICs for both t n / z  752 (e- attachment) and 787 (Cl- attach- 
ment to CmO,); (c)  most intense peak in RICs for both m / z  803 and 
805 (Cl- attachment to C,,O,). 

ene in the extracts analysed here by LC-UV. A value of the 
extinction coefficient at 257 nm is available (27), and this 
permitted an estimate of 500 ng as the amount of C,, fuller- 
ene injected on-column in the LC-MS experiment summa- 
rized in Figs. 3 and 4. This in turn implies that the quantity 
of C,, detected in Fig. 3f was less than 1 ng, assuming equal 
LC-MS response factors in positive-ion mode. In fact the 
volatilization efficiency within the heated nebulizer inter- 
face is likely to decrease with increasing size of the carbon 
clusters, so  that the estimate of the amount of C,, is likely 
to be a lower limit. 

graphite-derived soots, reflects the different gaseous atmo- 
spheres under which compounds are formed in these two 
systems. This difference may lead to different mechanisms 
for control of formation of fullerenes, as might also be sug- 
gested by the discovery (7, 8) in the flame-generated mate- 
rial of large proportions of thermally labile compounds (peaks 
B and C),  which revert to the C,, and C70 fullerenes on 
heating. The present work has added no further evidence for 
or against the proposal (8) that these thermally metastable 
compounds might be isomers of the C,, and C70 fullerenes, 
but has confirmed the conclusion that, if they are instead 
unstable adducts of some kind, dissociation to the fuller- 
enes must have occurred after chromatographic separation 
but before ionization. Additional experiments designed to 
elucidate this problem are in progress. 

The susceptibility of the fullerenes to form oxides upon 
photo-oxidat~on was confirmed here and shown to lead to 
mono-, di-, and tri-oxides of C60. The presence of C,, . CH, 
in some of these materials was masked by that of C600, and 
was revealed only through comparison of negative- and 
positive-ion mass spectra. It is probable that only a small 
amount of C, . CH,, relative to that of C,O, is present in the 
flame-generated material. This finding thus leaves un- 
changed the previous discussion (8) of the different multi- 
plicities of the C,O isomers observed in the flame-generated 
material and in the TFC soot; this difference was presented 
(8) as circumstantial evidence supporting the tentative iden- 
tification of peak B as a less symmetrical isomer of C,,. 

The present work also illustrates the greatly superior power 
of the combined on-line LC-MS technique, relative to that 
of the two techniques applied separately. The LC-UV 
chromatograms of Fig. 2 clearly indicate that differences exist 
between the three solutions analysed, but the information 
content of the chromatograms and UV spectra (not shown) 
is very limited. Similarly, attempts to use mass spectrome- 
try without pre-separation by HPLC failed to yield the de- 
sired information in the perdeuteration experiments conducted 
here, due to the obscuring effects of other more abundant 
constituents in the mixture. 

Extension of the present technique, to other fractions of 
flame-derived materials, is in progress. 
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Second nearest-neighbor interactions in ternary regular solutions 
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MEGURU NAGAMORI. Can. J. Chem. 70, 2569 (1992). 
The concept of classical regular solutions has been expanded by considering both first and second nearest-neighbor 

interactions between randomly distributed molecules. While the present model requires an ideal entropy of mixing, as 
does the classic regularity model, its heat of mixing is expressed by a more flexible equation which attributes the second- 
order terms of the Margules formalism to first nearest-neighbor interactions, and the third-order terms to second near- 
est-neighbor interactions. The activity-composition relations have been expressed by a single equation of the grand 
partition function, which converges to that of the classical regularity with decreasing contributions from second nearest- 
neighbor molecules. 

MEGURU NAGAMORI. Can J. Chem. 70, 2569 ( 1992). 
Le concept des solutions rCgulikres classiques a CtC Clargi en prenant en compte les interactions entre les paires 

molCculaires, non seulement les plus proches mais aussi les seconds plus proches, dans l'ensemble alkatoirement dis- 
tribuk. Bien que le prCsent modkle exige une entropie idkale de mklange, comme dans le modkle de rCgularitC classique, 
I'enthalpie de mClange prend une expression qui attribue les termes de deuxikme ordre de I'Cquation de Margules aux 
interactions molCculaires des plus proches voisins, et les termes de troisikme ordre & celles des seconds plus proches voisins. 
La relation entre I'activitC et la composition chimique a CtC exprimCe par une grande fonction de partition, laquelle con- 
verge vers l'expression de la rCgularitC classique & mesure que les contributions des seconds plus proches voisins dim- 
inuent. 

1. Introduction 
Despite the advent of many more sophisticated models, 

the classical regular solution model (regularity) is still in 
widest use for approximating organic, metallic, slag, and 
other solutions. In terms of statistical thermodynamics, the 
regularity is based on the configurational entropy of a ran- 
dom distribution of equal-sized spherical molecules (atoms) 
as well as on the internal energy of mixing of nearest- 
neighbor (nn) interactions (1, 2). Some attempts were made 
(3, 4) to improve the regularity model by including the con- 
tributions of second nn interaction energies as well. How- 
ever, these models have not been put to practical use, because 
the obtained formulae were too complicated even for sim- 
ple binary solutions. 

The present note describes a novel method for counting 
first and second nn interactions, while remaining loyal to the 
classical regularity concept, yet dealing primarily with ter- 
nary and multicomponent solutions. 

2. Configurational and vibrational complexions 
Let us assume a ternary regular substitutional solution 

consisting of N, atoms (or molecules) of species 1, N atoms 
of species 2, and N3 atoms of species 3 ,  which are ran- 
domly distributed over the lattice sites. The total number of 
complexions R for such a crystal may be expressed by the 
product of configurational and vibrational contributions (5 ) :  
viz. 

[ l ]  R = 
(N, + N2 + N,)! 

N,!  N2! N3! 
97' qY2 q? 

where q, refers to the vibrational partition function of an atom 
(or molecule) i ,  which remains unchanged in both pure sol- 
ids and ternary mixtures in accordance with Neumann- 
Kopp's law. 

3. Vectorial quartering of the second nn interactions 
Let us consider, as an example, a face-centered cubic (fcc) 

solid solution whose lattice constants remain unchanged with 
varying composition. With respect to the central atom 0 ,  

there are 12 first nn (or z = 12) and six second nn (or s = 

6 )  atoms, as shown in Fig. 1. An atom in the second nn shell, 
say the atom X,  has 4 nn atoms on the inner shell, or the 
atoms A, E ,  D,  and J. Since the distance between the atoms 
0 and X is 1.414 times the unit distance OA, the interaction 
energy between the second nn pair OX is 1 /8 of that of the 
first nn pair OA, provided the interaction energy is in- 
versely proportional to the sixth power of the distance of 
separation r (Lennard-Jones potential). 

To  take into account the interference of the second nn 
interaction (vector OX) by four window-forming atoms (A, 
E, D ,  and J) in the first nn shell, let us divide the vector OX 
into four equal portions and allocate a quarter each in the 
directions of OA, OE, OD, and OJ. Being of the same length 
in opposite direction, the vectors PQ and PR cancel out on 
the plane AOD, as shown in Fig. 1 .  A similar cancellation 
occurs on the plane EOJ as well. 

4. Partial blockage of second nn interaction 
by first nn atoms 

Let us single out the three atoms that are situated in the 
sites 0 ,  A, and X, and designate them by i, j ,  and k ,  re- 
spectively. By virtue of the vectorial quartering, the forces 
interacting between the atoms i, j ,  and k can be looked upon 
as being one-dimensional. The bond energy pertaining to an 
alignment ijk (called aligned energy E,,,) may then be ap- 
proximated as a sum of two interaction energy terms repre- 
senting the atomic pairs i-j and i-k. It is convenient to first 
define both of the pairwise interaction energies, E, and Eik, 
at a unit distance of r = 1, and then modify only the second 
nn pairwise energy E, by a multiplier compensating for a 
farther distance ( r  > 1) and the blockage effect of an inter- 
vening atom j .  Under these conventions and the assumption 
of random distribution, the aligned atoms i, j ,  and k can now 
be either of species 1 or 2 or 3, independently. 

The author tried and abandoned several different ideas for 
counting the second nn interaction energy before settling on 
the present method. The abandoned counting methods led to 
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FIG. 1. The fcc structure and vectorial quartering. 

complicated mathematical expressions of little practical merit. 
A simple expression for internal energy came about when the 
counting was made based on the folkwing assumption: The 
force exerted upon the central atom i  by a second nn atom k 
from the direction of OA is partially blocked by an inter- 
vening first nn atom j ,  and the extent of the blockage is a 
characteristic proper to the intervening atom j. The degree 
of such a partial blockage by an atom j ,  b,, may be defined 
to range between 0 and 1; viz. 

It is to be noted that the classical regular solutions can be 
described as a limiting case where second nn interactions are 
totally blocked by the first nn shell, or b, = 1. 

The effects of the degree of blockage bj and the distance 
r  can be put together to define a new parameter&, which is 
named the perrneation constant of atom j. If the otential 
energy beyond the first nn shell is proportional to ,-'in a fcc 
crystal, for example, its perrneation constant& is expressed 
as 

atom i  at the central site 0 ,  an atom j  at the first nn site A ,  
and an atom k at the second nn site X is given by 

[51 P,,=(Ni/N,>(N,/N,)(Nk/No 
The number N,, of an alignment ijk over the sites OAX is 
given by the product of the total number of atoms N,  and the 
probability of occurrence PUk; viz. 

[6]  N ,  = N,  P,, = N,N,N,/N: 

Each alignment ijk possesses an energy 'E,, as given by 
eq. [ 4 ] .  Over the sites OAX, there are 27 possible different 
alignments ijk, as shown in Table 1. The bond energy of an 
alignment ijk is obtained by adding up the 27 aligned ener- 
gies multiplied by each probabilistic weight, Table 1. 

6. Internal energy of mixing 
About the central site 0 ,  there is a total of 4s  (=24)  

alignments equivalent to OAX, Fig. 1 .  Consequently, the 
internal energy y l r3  of the ternary fcc crystal is given by 4 s  
times the weighted bond energy of the alignment OAX; viz. 

[3]  & = (1 - b , ) f 6  = (1 - bj) /8  
I71 Yl23 = 4s 2 (Nijk Etjk) 

For a fcc crystal of species 1 consisting of N l  atoms, the 
The interaction energy between the central atom i  and the internal energy, can be expressed by summing up the 
second nn atom k in an alignment ijk can then be given by number of independent alignments 11 1 ,  or 4sN, ,  times its 
&Eik/4,  where the coefficient 1 / 4  comes from the vectorial aligned energy E ,  , , ; viz. 
quartering. 

As for the fxst nn interaction energy due to the atomic pair 
i-j, the same counting method as has been used in the tra- 
ditional regularity theory is adopted here. Hence, only one 
half of the pairwise energy, or Eq/2 ,  is allocated to an 
alignment ijk, because the bond OA is counted twice as OAX 
and OAY, Fig. 1. Accordingly, the aligned energy E+ may 
be expressed by the following sum of first and second nn 
pairwise interaction energies: 

where the coefficient 0.5 is to compensate for double 
counting of first nn ( j )  and second nn atoms ( k )  as central 
ones ( i ) .  The two pairwise components of an aligned energy 
E+ are shown schematically in Fig. 2. 

5. Probability in random distribution 
In a fcc regular crystal consisting of randomly distributed 

N,  ( = N ,  + N2 + N3) atoms, the probability Po, of finding an 

181 r l l  = 4s Nl (E l , /4  + f , E l l / 8 )  
Likewise, for pure fcc crystals of species 2 and 3 consisting 
of Nz  and N3 atoms, respectively, we have 

The internal energy of mixing AE can be given by the 
difference in internal energy before and after the mixing; viz. 

hE = q 1 2 3  - r ) l  - r ) ~  - r)3 

The so-calculated expression of AE is shown in Table 2 ,  
where z = 12 and s  = 6 for fcc crystals. The present solu- 
tion, in which both first and second nn interactions are 
counted by using vectorial quartering, is called here the bi- 
regularity model, and the parameter el,, given by eq. [2.8] 
is named the biregular constant. 

The internal energy of mixing for a biregular mixed crys- 
tal comprising 6 x 10" (=N,) atoms can be obtained by re- 
writing eq. [2 .1] ,  Table 2 ,  as follows: 
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NAGAMORI 

FIG 2. Aligned energy Eok in fcc structure. The symbols i, j ,  and k refer to the central, first nn, and second nn atoms. 

TABLE 1. Number of possible alignments OAX and corresponding aligned energies in fcc ter- 
nary regular solutions 

Aligned 
atoms Total Probability of site occupation 

site Aligned energy 
i j k number 0 A X &,I; 

I l l  N ,  X 
2 Nl X 

3 Nl X 
2 1 N ,  X 

2 N ,  X 

3 Nl X 
3 1 Nl X 

2 N,  X 

3 N1 X 

2 1 1  N,  X 

2 N ,  X 

3 Nl X 
2 1 N ,  X 

2 NI X 

3 N ,  X 
3 1 Nl X 

2 Nl X 

3 N1 X 

3 . l .  ,, 1 Nl X 

2 Nl X 

3 Nl X 

2 1 Nl X 
2 Nl X 

3 Nl X 

3 1 Nl X 
2 Nl X 

3 N,  X 

[12] AE/N,  = xlx2(e12xl + e21x2) + x2x3(ez.x2 + e3zx3) empirical Margules equation of the third order for the ter- 
nary heat of solution (6). 

+ x+l(e31~3 + ~ I + I )  + e 1 2 ~ l x ~ x 3  Equation [2.1] can also be derived for body-centered cubic 
(bccj crystals with z = 8 and s = 6,  as well i s  for ideal hex- 

where x, refers to the atomic fraction of species i, or x, = agonal close-packed (hcp) solids with z = 12 and s = 6. 
Nt/Nt. If volume change before and after the mixing is neg- Liquids consisting of spherical molecules (atoms) of a sim- 
ligible, the internal energy becomes to the heat of ilar size may be approximated by the coordination numbers 
mixing AH. Equation [12] can then be identified with the 
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TABLE 2. Internal energy of mixing for ternary biregular solutions 

AE = (el,Nl + e 2 1 ~ 2 ) N l ~ 2 / N f  + (eZ3N2 + e 3 2 ~ 3 ) ~ 2 ~ 3 / ~ :  + (e3,N3 + e 1 3 ~ l ) ~ 3 ~ l / ~ f  + e 1 2 3 ~ l ~ 2 ~ , / ~ :  P.11 

z = 10 and s = 5. Assuming a symmetrical distribution of 
molecules about the central site, the heat of mixing for such 
liquids can again be expressed by eq. [2.1]. 

7. Monoregular approximation for unknown 
biregular constant 

As expressed by eq. [2.8], the biregular constant el,, 
contains terms involving all three species combined, such as 
the productf,(Elz - E,,). Thus, el,, is a unique property of 
a given ternary system, and it cannot be calculated from the 
properties of the constituent binaries alone. Nonetheless, an 
approximate estimation of el,, may be attempted by assum- 
ing its regularity behavior; upon substituting f, = 0 in 
eq. [2.8] only, we find 

where 

[ 141 w,,,,, = z[E,,,,, - 0.5(E,,I,,, + E,,,1)1 
For a binary 1-2 solution, eq. [2. I ] may be rewritten as 

[I51 (AE/N,)/(x,xz) = el$, + e2~x2 = y 

If the 1-2 binary is regarded as a regular solution, the value 
of w,, can be expressed by the average of y,  eq. 11.51, over 
the entire 1-2 solution range; viz. 

Likewise, for the binary regular solutions of the systems 2- 
3 and 3-1, we have 

1181 )L',I = 0 . 5 ( ~ , 1  + ~ 1 3 )  

Although eqs. [ 161, [17], and [18] are valid only for strictly 
regular solutions, they may be used to estimate approxi- 
mately (called here monoregular approximation) an un- 
known value of el>, Substituting them in eq. [13] yields 

The biregular constant e,,, thus approximated assumes the 
same expression as that of Hillert (7), and it tends to pro- 
vide better agreement with reality at middle concentrations 
than in terminal dilute solutions. The present biregular con- 
stant is slightly larger than the corresponding value given by 
the surrounded atom theory (7, 8), which has typically a 
coefficient of about z/(3z - 1) as compared to 1/2 in 
eq. [19]. 

8. Grand partition function for ternary 
biregular solutions 

The grand partition function 5 (GPF) can be constructed 
by combining the configurational and vibrational complex- 
ions R and the internal energy of mixing AE, as well as by 
introducing the absolute activity A, as shown in Table 3. 
When a ternary biregular solution is in thermal equilibrium, 
the following conditions are satisfied (2, 5): 

where 5'' refers to the maximum term in the triple summa- 
tion, Table 3. These partial differentiations may be carried 
out by using Stirling's formula In N! = N In N - N, and the 
results of such calculations are shown in Table 3. 

When the Raoultian activity a ,  is adopted (i.e., a; = 1 for 
pure substance i), we find a i  = q,A,. Each of the three con- 
ditions specified by eq. [20] then gives the expression for the 
Raoultian activity coefficient y; of constituent i, where y; = 

ai/x, and i = 1, 2, or 3. When the internal energy of mixing 
is known for three constituent binaries, as each is expressed 
by a pair of eU values, together with an experimental (or 
monoregularly approximated) value of the biregular con- 
stant ell,, the Raoultian activities of all three components can 
be calculated from eqs. [3.3] through [3.5] for any ternary 
composition. 

It is interesting to note that the GPF methodology en- 
tirely obliterates the Gibbs-Duhem integration, which is re- 
placed by more straightforward partial differentiation, as 
given by eq. [20]. Thus, the problem of path dependence or 
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TABLE 3 .  Grand partition function of ternary biregular solutions and conditions for equilibrium 

( N ,  + N + N,) !  1 
E = C C C  expr2 { N I N 2 ( e I 2 N I  + el_lN,)  + N2N3(eZ3N2 + e32N3)  + N3N, (e31N3  + e 1 3 N , )  

,%!I N? N )  N ~ ! N 2 ! N 3 !  kT ( N I  + N,  + N,)' 

+ e I z 3  N I  NZN3} ( q l  ~ ~ ) ~ l ( q ~ ~ ~ ) ~ ~ ( q ~ ~ ~ ) ~ ~  I L3.11 

In E0 = ( N ,  + N,  + N,)  In ( N ,  + N,  + N3) - N l  In N l  - N2 In Nz - N3 In N3 + N l  In ( q , X I )  + N2 In (qzX2) + N,  In (q3X3) 
1 

- - 1 
{ N , N 2 ( e 1 2 N I  + e2 ,N2)  + N2N3(e23N2 + e32N3) + N3Nl(e31N3 + e 1 3 N l )  + e 1 2 3 N I N 2 N 3 }  

kT ( N ,  + N, + N,)' 
L3.21 

where A - x ~ x ~ ( D ~ ~ x ~  + D21~2)  + x Z X ~ ( D ~ ~ X ~  + D32~3)  + X ~ X I ( D ~ I X ~  + D I ~ X I )  + D I ~ ~ X I X ~ X ~  

NOTE: Eo = maximum te rn  in z; x, = N,/(N, + N2 + N3); Dl) = e,)/kT; = eI2,/kT; k  = Boltzmann constant; T = temperature in Kelvin. 

TABLE 4 .  Grand partition function of quaternary biregular solutions 

( N ,  + Nz + N3 + N4)! 1 

Z = ~ ~ ~ ~  N I ! N , ! N 3 ! N 4 !  
(qlhl)N1(q2h2)N'(q3h3)N3(q4x4)N~ e x p { S  ( N ,  + N2 + N3 + N4)2 

x { N , N , ( e 1 2 N ,  + e21N2) + N , N 3 ( e , , N ,  + e31N3) + N , N 4 ( e , , N ,  + e J l N 4 )  + N 2 N 3 ( e 2 3 N 2  + 

+ N2N4(e2,NZ + e4?N4) + N3N4(e34N3 + e,3N4) + N,N2N3e12, + + N I N ~ N , ~ I ~ ~  + N2N3N4eZ3,} I ~ 4 . 1 1  

an arbitrary constant of integration is absent in the formulae 
derived based on the GPF method (2). All the thermo- 
dynamic functions of a ternary biregular solution can be de- 
rived from this sole equation of GPF, eq. [3.1]. 

Thermodynamically, eqs. [3.3]-[3.5] are valid for ter- 
nary solutions having an ideal entropy of mixing together with 
a weak intermolecular interaction. Mathematically, how- 
ever, they are identical with the Margules formalism of the 
third order which has been used to approximate many real 
solutions having a non-ideal entropy of mixing. Equations 
[3.3]-[3.5] can be used, among others, in such applications 
as calculating the activity coefficients of the second and third 
constituents from the observed values of the first constitu- 
ent, or estimating the activity coefficients at different tem- 
peratures. Biregularity can readily be applied to quaternary 
and multi-component solutions. As an example, the grand 
partition function of quaternary biregular solutions is shown 
in Table 4. 

9. Conclusions 
A solution model has been developed by taking into 

account the contributions of both first and second nearest- 
neighbor interactions, while observing faithfully the classi- 
cal regularity concept. The present method of counting the 
second nearest-neighbor interactions did not lead to compli- 
cated mathematical relationships, differing from previous 

attempts, but it produced the same simple expression as the 
empirical Margules equation of the third order. The present 
biregularity model can be represented by a single equation, 
eq. [3. I ] ,  and it provides a slightly more flexible approxi- 
mation for the heat of mixing than the classical regularity, 
although the entropy of mixing still has to be close to ideal. 
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OSVALD KNOP, S. C. CHOI, and DAVID C.  HAMILTON. Can. J.  Chem. 70, 2574 (1992) 
The trans effect (TE) in the present context refers to the electronic compensation which in collinear homoligand 

L-Z-L* trans bond pairs lengthens the Z-L* bond when the Z-L bond is shortened. The existence of a functional 
relation d* = f(d)  between the conjugated bond lengths d(Z-L) and d*(Z-L*) (d and d* not equivalent by symmetry; 
population A) has been demonstrated for a variety of Z-L combinations, with Z mostly from Groups VI and V and L 
mostly a halogen. The two model functions investigated in detail are the empirical DPF (difference power fit), d* - 
do = K(d - do)-', and the semiempirical CSBO (constant sum of bond orders) based on a modified 3-centre 4-electron 
bond concept, d" - do = -B In {l - exp[-(d - do)/B]), where B = bo + b,(d - do). Fitting DPF and CSBO to ex- 
perimental d,d* data sets involves 3-parameter nonlinear optimization; in this CSBO differs from the 2-parameter treat- 
ment of Sheldrick et a l . ,  in which the limiting bond length do was supplied externally. Modified versions of DPF and 
CSBO have been devised to accommodate, along with A, d,d* pairs in which d = d* by symmetry (population S). 

The relative merits of DPF and CSBO and the various aspects of T E  quantification are discussed at length, among 
these the effect of the oxidation state of Z and of the presence of heteroligands on Z .  The meaning of the parameters of 
optimization and the existence of "chemical" trends between them are examined as well as the importance of the sym- 
metrically balanced bond length d, = d = d* and of the total d range A = d, - do resulting from the d,d* regressions. 
Attempts to extend TE quantification to collinear heteroligand L,-Z-L, trans bond pairs have provided insight into 
the nature of the bond-length variation in such systems. The very good DPF and CSBO fits to d,d* sets obtained from 
6-3 lG* optimizations of the equilibrium geometries of the OBOX, XOCN, and OCNY (X, Y = H, F, C1, Li, Na, or 
no ligand) molecules and ions support the validity of the modified 3c4e model in accounting for the TE bond-length re- 
lationships. 

OSVALD KNOP, S .  C. CHOI et DAVID C.  HAMILTON. Can. J. Chem. 70, 2574 (1992). 
Dans le present contexte, l'effet trans (TE) se rCfere 2 la compensation Clectronique qui, dans des paires de liaisons 

trans L-Z-L* d'homoligands colinCaires, provoque un allongement de la liaison Z-L*: lorsque la liaison Z-L se 
raccourcit. On a dCmontrC l'existence d'une relation fonctionnelle d* = f (d )  entre les longueurs des liaisons conjuguCes 
d(Z-L) et d"(Z-L*) (d et d* n'Ctant pas Cquivalents par symetrie; population A) d'une variCtC de combinaisons Z-L 
dans lesquelles Z represente principalement des ClCments des groupes V et VI alors que L est gCnCralement un halo- 
gene. Les deux fonctions modeles CtudiCes en dCtail sont la DPF empirique (ajustement de la diffkrence des puis- 
sances), d* - do = K(d - do)-', et la CSBO constante (somme constante des ordres de liaison) semi-empirique basCe 
sur un concept modifiC de liaison 2 4-Clectrons sur 3-centres, d* - do = -B In {I - exp[-d - do)/B]) dans laquelle 
B = bo + b,(d - do). Un ajustement des DPF et CSBO avec les ensembles de donnCes expCrimentales pour d,d* imp- 
lique une optimisation non-linCaire de 3 parametres; par cette procCdure, la CSBO diffkre du traitement & 2 parametres 
de Sheldrick et nl. dans lequel la valeur do de la longueur de liaison limitante Ctait fournit par une source extkrieure. On 
a dCveloppC des versions modifiCes de DPF et de CSBO pour accommoder, en plus de A, des paires d,dt dans les- 
quelles d = d* par symCtrie (population s ) .  

On discute en dCtail des merites relatifs des mCthodes DPF et CSBO et de divers aspects de la quantification TE, en 
particulier de I'Ctat d'oxydation de Z et de la presence dlhCtCroligands sur Z. On a examink la signification des para- 
metres d'optimisation et de l'existence de <<tendances,, chimiques entre ces parametres ainsi que I'importance d'une 
longueur de liaison symktriquement balancke, d, = d = @ et de I'ensemble de la plage A = d, - do rksultant des rkgressions 
d,d:t Des essais dans le but d'etendre la quantification des TE 2 des paires de liaisons LI-Z-L? d'hCtCroligands co- 
IinCaires ont permis d'obtenir une comprChension de la nature de la variation de la longueur de liaison dans de tels systemes. 
Les tres bonnes corrClations des DPF et CSBO avec les ensembles d,d* obtenues par optimisations 6-3 lG* des Cquilibres 
de gComCtrie des ions et molCcules OBOX, XOCN et OCNY (X, Y = H, F, C1, Li, Na ou aucun ligand) supporte la 
validit6 du modkle 3c4e modifiC pour expliquer les relations entre le TE et les longueurs des liaisons. 

[Traduit par la rkdaction] 

In this paper we investigate the presumed inherent con- 
nection (1) between the bond lengths d(Z-L) = d and 
d(Z-L*) = d* (dk  e d )  in collinear or nearly collinear 
L-Z-L* groups, where L and L* are atoms of the same 
element (here mostly a halogen). Unless the conjugated Z-L 

'Some of the results reported here were presented, in a much 
abbreviated form, at the 13th European Crystallographic Meeting, 
TrFste, 26-30 August, 1991. 

-Author to whom correspondence may be addressed. 

and Z-L* t rans  bonds are equivalent by symmetry at Z, 
d # d* except by accident. This inequality is commonly at- 
tributed to the existence of a compensating electronic 
mechanism (the trans effect, TE), which shortens Z-L and 
lengthens Z-L* relative to some real or supposed refer- 
ence bond length d = d = d, (e, equal). The bond-length 
compensation is believed to be nonlinear. 

Among the questions that can be asked are the following: 
Q1. Are d and d:" connected through a functional relation- 

ship dk = f(d) ,  i.e., to what extent can TE be quantified? 
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Q2. If such a relationship exists, what is this function, and 
does the relationship hold regardless of the cause of the dis- 
proportionation d,,d, + d,d*? 

Q3. If d, is the lower bound of d:" what is the upper bound 
of d* beyond which d* = f(d)  ceases to correspond to an 
effective bonding interaction between Z and L*? 

Q4. Other circumstances being equal, what distinguishes 
TE for one Z-L combination from TE for another such 
combination? In particular, what is the effect of the oxida- 
tion state of Z? 

Q5. How do other ligands on Z affect TE in the L-Z-L* 
homoligand bond pair? 

Q6. What is the effect of deviations from collinearity on 
the quantification of TE? 

TE can be investigated from a preconceived theory or in 
a purely empirical manner. In either case the success and 
validity of the investigation will depend on the reliability of 
the experimental bond-length values. We shall be con- 
cerned mainly with examination of primary evidence for TE, 
with a minimum of recourse to particular and ad hoc schemes 
that may have been advanced to deal with TE in specific 
circumstances. 

Limits of detection and quantificatiotz of TE 
To quantify TE with confidence, the total bond-length 

range should be large and the d,d* pairs should be distrib- 
uted over it as uniformly as possible. These requirements are 
not easily met, since for a given Z-L the d,d* sampling is 
limited by the Z-L chemistry and in practice is almost al- 
ways the result of historical, haphazard accumulation of bond- 
length values. In particular, as is often the case, bond lengths 
from certain classes of closely related compounds or struc- 
tures may be overrepresented, resulting in distorted weight- 
ing. 

Quite apart from limitations of their range and distribu- 
tion, the individual bond-length values suffer from un- 
certainties associated with the method and vrocedure with 
which the bond lengths were determined. The majority of 
bond-length values by far come from crystal-structure de- 
terminations. In addition to the esd's of the refined atom 
coordinates and to inaccuracies in the unit-cell dimensions 
there is the uncertainty involved in correcting a bond length 
for the effects of thermal motion. The correction is model- 
dependent and thus only partially reliable (cf. ref. 1); where 
it has been ?p lied it increases the bond length, typically, by P . .  0.01-0.03 A: In principle, the total uncertainty in the bond- 
length value can be minimized by lowering as much as ad- 
visable the temperature of the crystal and by increasing the 
volume and accuracy of the diffraction data. In practice, 
however, one finds that the bulk of the reported bond-length 
values comes from room-temperature determinations and a 
large proportion of these bond lengths have not been cor- 
rected for thermal motion. Faced with the choice between 
attempting to supply, with questionable results, thermal 
corrections for the several hundred uncorrected bond lengths 
in our d,d* data sets and using the uncorrected values 
throughout, we have opted for the latter. This means that, 
realistically, our investigation of the existence and nature of 
a d,d* correlation depends on a body of uncorrected bond 

3 ~ n  some cases the disparity of the corrections for different Z-L 
bonds at Z may effectively wipe out the differences between the 
uncorrected d(Z-La,) and d(Z-L,,), e.g., in the IF, square pyr- 
amid in XeF, . IF, (2). 

lengths that ar? estimated to be no closer to the "true" val- 
ues than 0.01 A at best.' 

This uncertainty in the bond-length values interferes with 
the detection of TE in the region where the difference d* - 
d is small and, more seriously for the present investigation, 
with the assessment of the suitability of a trial d* = f(d)  
model function at large d* values. Further uncertainty is in- 
troduced into the d,ds correlation by deviations from collin- 
earity, the effect of which on TE does not appear to have been 
investigated to date. Clearly, the relative merits of different 
model functions can only be tested and compared within the 
accuracy of the d,d* values in a set. 

A. Model functions 

Visual inspection of d4: vs. d plots (ref. 1 and B) leads to 
a strong presumption that d and d:fi are correlated and that the 
correlation is not linear. The function d" = f(d)  represent- 
ing the correlation will therefore have f '(d) < 0 and be- 
cause of d" m d will cease to have a physical meaning beyond 
the point of intersection with the d = d" line. A further re- 
quirement is that f (d)  ,,,, + N (0 < do 5 d,,,,), the upper 
bound of N being infinity and the lower bound a ds value 
corresponding to the cut-off distance for effective Z-L 
bonding interaction. 

Stipulation of the lower bound of N presents a vexing 
problem. This bound is probably smaller than the sum ZvdWr 
of the van der Waals radii of Z and L, but this statement may 
amount to no more than tautology, as the tabulated van der 
Waals radii are average estimates for atoms in neutral mol- 
ecules, not necessarily applicable to situations in which TE 
is observed. However, assigning a finite value to N in ad- 
vance would preempt Q 3  and lead to a circular argument. 
Furthermore, with increasing I f  '(d)l the experimental un- 
certainties in d increasingly influence the estimation of the 
lower bound of N (see C3). In these circumstances the most 
reasonable compromise is to assume N + =, i.e., the d:': = 
f(d)  curve converges to a vertical asymptote at d = do, and 
to investigate the cut-off problem in terms of cr of the good- 
ness of fit to the model function. 

The presumed d* = f(d)  relationship can be represented, 
within the limitations imposed by experiment, by various 
empirical functions satisfying the above requirements. The 
functions eventually investigated in detail (cf. also ref. 1) 
were 

PF1 (simple power fit): 

DPF (difference power fit): 

CSBO (constant sum of bond orders): 

'For the effect of thermal corrections on TE correlations see D5. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2576 CAN. J.  CHEM. VOL. 70, 1992 

The first three are purely empirical representations of the d,d" 
correlation. They were chosen over polynomial representa- 
tions because of convenience of manipulation and because 
the parameters do, K, and c can be assigned simple physical 
meaning. The fourth, semiempirical model function CSBO 
is based on the 3-centre 4-electron (3c4e) bond concept. Its 
suitability has been demonstrated previously (see A4) and 
CSBO is therefore discussed in detail below. All four model 
functions satisfy the asymptotic requirements d* + and 
f '  = dd*/dd+ m a s d +  do(do = Oin PFl anddo > Oin 
the other three functions). In the following we shall write 
d, - do = A, the total d range. 

1. Function PF1 
Setting d* = d = de yields K = dtCf l ,  hence d*/d, = 

(d/d,)-" or d*,, = d,,,-". Furthermore, f '  = -cd*/d; f '  = 
-c ford"  = d =  de, f '  = -1 ford*/d = l /c .  

2. Function PF2 
Setting d* = d = d, yields K = d,A". Hence d*/d, = 

[(d - d,)/A]-', f '  = -cd*/(d - do); f '  = -1 ford"/d = 
(d - do)/dc, f '  = cde/A for da/d = 1. 

3 .  Function DPF 
Setting d* = d = d, yields K = A'+ I, hence 

[5] (d* - do)/A = [(d - do)/A]-" 

or (d" - do),, = (d - do),,,-' when the differences are nor- 
malized to A.5 Further, f ' = -c(d* - d,)/(d - do), f ' = -c 
ford* = d = d,, andf' = -1 for(d* - d,)/(d - do) = l/c, 
i.e., at d*/d = [d + d,(c - l)]cd. 

In the statistical treatment of actual d,da sets the param- 
eters chosen for the unconstrained nonlinear optimizations 
were do, K, and c. However, the difference A, which de- 
fines the total range of d implicit in TE for a given Z-L 
combination, is a fundamental property of the combination 
and is therefore readily visualized as a natural parameter of 
the d,d* correlation. In the fitting of actual d,d* data sets PF2 
and DPF were sometimes reparametrized to do, A, and c. 

4. Function CSBO 
When contemplating the d,d* plot for conjugate Sb-C1 

trans bonds in Sb(II1) species with octahedral coordination 
Lipka (3, 4) suggested, in accordance with earlier (5-8) no- 
tions on 3c4e bonds traceable to Rundle (9), that Pauling's 
(10) relation D(n) = D( l )  - B log n = D(l)  - log nB can 
be modified (our notation) to 

[6] d(s) = do - B 1n s,  d* (s*) = do - B In s* 

with the assumption that s + s* = 1, i.e., the sum of the bond 
orders in the conjugate trans bond pair is constant; do was 
taken as the shortest Sb-Cl bond length in the SbCl, crys- 
tal. From this, exp[-(d* - d,)/B] + exp[-(d - do)/B] = 
1 and 

Setting d* = d = d,, B = A/ln 2. A similar treatment has 
been applied to P(m)-Br (1 I), As(1II)-C1 (12), As(II1)- 
Br (13), and Sb(II1)-C1 (14) d,d* data sets. 

Testing the validity of eq. [7] on more complete d,d* sets, 
first for As(II1)-Br (15) and subsequently for Sb(1II)-Hal 
(16), and equating do with the experimental Z-Hal bond 

5 ~ n  its logarithmic form eq. [5] is naturally suited for graphical 
presentation. 

lengths in gaseous ZHal, (i.e., do = d,(expt)), Sheldrick et 
al. found that B was not constant but varied with d - do. This 
variation was assumed to be linear, B = b, + b, (d - do). 
On optimizing bo and b, they obtained (subject to certain re- 
strictions on the d,# data sets, see C3) very satisfactory 
agreement for As-Br, Sb-Br, and Sb-I bonds, while for 
the Sb-C1 set they found that B and d - do were uncorre- 
lated. 

Equation [4] is a rearranged form of Sheldrick's model 
function. The parameters bo and b, are related by 

However, the optimization procedure used by Sheldrick et 
al. and that in the present work are not the same. In 
Sheldrick's procedure do = do (expt) is fixed at an external 
value and b, and b, are fitted. In our treatment do is a pa- 
rameter of refinement; d,, b,, and b, are optimized simul- 
taneously by a nonlinear three-parameter procedure. The 
legitimacy of the assumptions implicit in the two proce- 
dures is examined in C2. 

5.  Symmetric conjugate bond pairs 
Conjugate homoligand Z-L trans bonds that are equiv- 

alent by molecular or crystallographic symmetry generate a 
special category of d,d* pairs, d, = d,*. They constitute a 
statistical population S different from the population A 
formed by the asymmetric d, Z d,* pairs, which of course 
are subject to TE. For a particular Z-L combination the dis- 
tribution of experimental d, values is due to factors that un- 
doubtedly operate also on the A population, but the effect of 
which cannot be separated there from the consequences of 
TE (see C1). 

The S distribution in some cases is surprisingly wide, e.g., 
for Te(1V)-Cl, Bi(II1)-Br, or Te(I1)-S bonds; its appar- 
ent narrowness for other Z-L bonds may simply be due to 
insufficient sampling. Among the factors which contribute 
to the d, spread are experimental accuracy, ionic charge and 
coordination n ~ m b e r , ~  Coulombic compression in ionic 
crystals, Jahn-Teller effect, hydrogen bonding to L, liga- 
tion of Z to other atoms, and (for C, and C, symmetries at 
Z) deviations from collinearity. Depending on the coordi- 
nation number and symmetry, the Z atom can be shared 
by two or three such symmetric conjugate L-Z-L bond 
pairs, which in turn can be distinct or equivalent among 
themselves (e.g., in octahedral ZHa1,"- anions), or the 
symmetric conjugate pair can be unique (e.g., in trigonal- 
bipyramidal ZHa1,"- species of D,,, or C,, symmetry). 

The d, values in an S set may be assumed normally dis- 
tributed and have a mean 2,. This mean may or may not be 
identical with the d, value computed from the correlation 
function fitted to the A + S set or to the A set alone. This 
raises question 

Q7, is d, numerically the same as d,? 
In CSBO no special provision is made for \he existence 

of a distribution of d, values, since s = s* = 5 when d* = 
d. However, if the variation in d, is assumed to reflect 
changes in the bond order in thy S population, then the spread 
of the bond orders about s = 5 can bye expressed, from s + 
ST = 1 + 2Ss, as 26s = exp[- (d - d,)/B] - 1, where B = 
(d, - do)/ln 2. The variance of this distribution can then be 

6 ~ o r  the relative magnitude of the effect of coordination num- 
ber and ionic charge in M(II1)-C1 species see ref. 17. 
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taken as a measure of the variability of the bond order in 
balanced (i.e., symmetric) conjugate t rans  bonds. 

For each Z-L d,d* set the sum S[d*(~bs)~ - d*(fit);12 was 
minimized for the total A + S sample as well as for the A 
sample alone; for ns = 0, of course, SA+S = SA. In addition 
to these A + S and A regressions, attempts were made to 
accommodate S as a separate population in the model func- 
tions. This was done (subject to the assumptions stated in F) 
by minimizing weighted combinations of SA[da* ( o b ~ ) ~  - d,* 
(fit);]' and Ss[ds (obs); - d,12 in two ways, depending on the 
size of the S sample. For reasonably large ns the combina- 
tion to be minimized was 

(regressions DPF(A,S) and CSBO(A,S)). For ns = 1-4 the 
S sample is too small to estimate the S variance reliably. 
Assuming that the ratio of the A and S variances is A ,  one 
can minimize the combination 

(regressions DPF(A/S) and CSBO(A/S); initially A was taken 
to be unity. Evaluation of r2 and of error estimates is treated 
in F.  

B. Individual Z-L combinations 
Of the model functions investigated PFl and PF2 (and even more 

so LIN, the linear function, cf. ref. 1) have generally been found 
inferior to or no better than DPF and CSBO, as judged by their re- 
spective r' and a values. DPF and CSBO have therefore been 
adopted as the two standard model functions and evaluated (with 
the further elaboration allowing for A and S as separate popula- 
tions) for the particular Z-L combinations considered in this work. 
The numerical results of the regressions are presented in Tables 1 
and 2. Figures 1-4 contain plots of the experimental d,d* pairs and 
the fitted DPF(A + S) curves. The corresponding CSBO(A + S) 
curves are not shown, as they are indistinguishable, on the scale 
of the drawings, from the DPF(A + S) curves. Sources of data are 
listed in F. 

The Z-L data sets are for homoligand Z coordinations. The oc- 
casional d,dh pairs in heterocoordinate Z species that are included 
in some of the sets are consistent with the body of the homoligand 
data (for the special case of Se(1V)-Cl(0x) see below). 

DPF(A + S) and CSBO(A + S) regressions have been obtained 
for all the Z-L data sets of Tables 1 and 2 except for Se(I1)-C1, 
As(II1)-CI, and As(II1)-I (for the special case of P(II1)-Br see 
below), which contain no d, values and for which only the DPF(A) 
and CSBO(A) regressions are available. DPF(A,S) and CSBO(A,S) 
regressions weri performed for data sets with ns 2 2. However, 
since the distribution of d, values in very small S samples is likely 
to be unrepresentative, it would not be prudent to place too much 
confidence in the A,S regressions in such cases. For S samples with 
one to four d, values, DPF(A/S) regressions (not listed in Table 1) 
were attempted as well, resulting in parameter values that did not 
differ from those obtained from the corresponding A or A + S 
regressions within the standard errors and that in most cases were 
numerically quite close to the latter. 

Because of the incompleteness and deficiencies of some of the 
data sets it was thought most practical for comparison purposes to 
use the results of the A + S regressions throughout. While this is 
not the most logical choice when the different nature of the A and 
S populations is considered (see AS), it is justified by the fact that 
the parameter values from the A + S regressions are within at most 
1 .50 of the corresponding values from the A or A,S regressions 
where the latter are available. 

It should be noted that while each of the d,d* data sets is ade- 

quately fitted by the regressions of Tables 1 and 2, the standard 
errors on the parameter estimates are large, at times comparable to 
or even exceeding the parameter value. In part, these large errors 
are the price to pay for universality, i.e., for the liberal inclusive- 
ness of the data sets, both as concerns accuracy and chemical ap- 
propriateness of the bond lengths. This problem is illustrated by 
comparing the results of the present regressions for Se-CI and Te- 
Hal with those for the much smaller but chemically homogeneous 
d,d4 sets for the p,,-~?Ha1,,2- dimers (Table I11 of ref. I). The 
vintage of some of the literature d,d* values is also a factor: older 
values, with larger than desirable esd's, tend to increase the scat- 
ter. However, the scatter is not the only factor responsible for the 
magnitude of the standard errors on the refined parameters (see F). 

The comments below include (though not exhaustively) the bond 
lengths d, for Z-L bonds with unopposed ligand (i.e., no trans 
ligand at an acceptable bonding distance, or a presumed lone pair, 
L-Z-LP). These bonds are often perpendicular or approxi- 
mately perpendicular to the L-Z-L trans bond pair(s). Also cited 
are some "limiting" Z-L bond lengths, which may have bearing 
on the discussion of the do values and which to some represent the 
"experimental" do values, do(expt) (see A4). 

Se(1V)-Cl(0x). This set includes Se,O2CI6'-, SeOC1,-, and 
SeOC1,'-. In all these species the Se-0 bonds are perpendicular 
to the Se,CI planes. 

Se(1I)-CI, Se(I1)-Br. The bond lengths in SeCl,(g) and SeBr,(g) 
are 2.157(3) and 2.32(2) A, respectively (Table I1 of ref. 18). 

Te(I1)-S. This is&e only experimental homoligand combina- 
tion we have examined in which the ligand is not a halogen. The 
data set (Fig. 4) is interesting in several respects. Of the 107 d,d* 
pairs 58 form the S sample (three of them corresponding to bond 
pairs of C2 symmetry). Another 26 constitute an asymmetric A 1  
sample, which corresponds to square-planar Te coordination with 
S-Te-S angles greater than 160" but which is skewed strongly 
toward 180" (mean S-Te-S angle, 172.2(56)", y ,  = -0.77, 
y, = 2.42).' This is a true trans population, subject to TE. The re- 
maining 23 pairs (population A2) correspond to quasi-trans 
S-Te-S* bonds associated with the trapezoidal-planar Te co- 
ordination.' In this sample the S-Te-S angle range is rather 
narrow, 145-152", with a mean of 148.3(18)" and only a slightly 
skewed distribution (y, = 0.10, y2 = 1.88). The existence of these 
two asymmetric populations with no angle overlap affords an op- 
portunity to assess the effect of noncollinearity on TE. The 
regressions listed in Tables 1 and 2 are for A 1  and S .  Regressions 
involving A2 are discussed in CS. 

P(II1)-Br. There are only three d,d* pairs in this set (points 2, 
4 ,  and 8 in Fig. 2 of ref. I I), so the parameter values in Tables 1 
and 2 are for the exact fit. This set, although statistically not sig- 
nificant, has been included as a reference for tracing the effect of 
cyano heteroligands on the TE of P(II1)-Br (see C6). Two of the 
three available d, values, 2.217(1) A (1 I),  2.221(3) A (20), and 
2.333(2) A (1 1) (all three against LP), are marginally lower than 
the fitted do values. 

As(II1)-CI. This exclusively A data set does not contain d,d* 
pairs sufficiently close to the expected d, value and the point with 
the lowest d* (and one that crucially affects the outcome of the d, 
e~ t imat ion)~  appears to be spurious. Indeed,ofitting this set to bo!h 
DPF and CSBO (r' = 0.917, a = 0.045 A,  d, = 2.443(25) A) 
resulted in standard errors on the parameter values that were so 
large as to render the latter meaningless. A "synthetic" d, value of 

7y, ,  coefficient of skewness; y ,  < 0 ,  distribution skewed to- 
ward 180°, y?, coefficient of kurtosis; for a normal distribution 
yz; 3. 

This coordination geometry is encountered with bidentate li- 
gands of the -CS2 type (cf. ref. 19). 

 his point corresponds to a d,d* pair in the heteroligand 
As2SC15- anion (21). 
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TABLE 1. Optimized parameter values for the DPF model function" 
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TABLE 1 (concluded) 

n r7 a, Ab do, A K c 4 ,  A A ,  A 

"First line refers always to DPF(A + S); second, DPF(A, S); third line, DPF(A). Otherwise the line with ,I < II[DPF(A + S)] refers to DPF(A) and the 
line with n(A) + IZ(S) refers to DPF(A,S). 

"45/9 etc. stands for 10'~(~)/10'u(S). 
'Refinement for DPF(A) gave unreasonable parameter values. 
"DPF(AI + S): DPF(A1,S); DPF(A1). 
''See B. 
'Fit to three d,cP pairs only (see B and C6). 

2.535 A estimated from the d,(Z-Hal) vs. r(Ha1-) correlation (see 
C 5  and Fig. 5) was therefore added and the set was reoptimized, 
yielding parameter values yith, acceptable standard errors. The re- 
ported d, values are 2.179 A (22), 2.189 A (12), and 2.204 A (21). 
The bond length in AsCl,(g) is 2.161 A (23). 

As(II1)-Br. This set is among the most consistent investigated 
here, with all the d,d" values coming from pne laboratory. Th? 
reported d, values are 2.335 A (IS), 2.347 A (13), and 2.366 A 
(15). In AsBr,(g), d(As-Br) = 2.33 A (23). 

As(II1)-I. The values in this set, too, come from one labora- 
tory and, as for As(II1)-Br, from recent investigations. No d, value 
is available, but there are d,d" pairs reasonably close to d,. The 
solitary d,, value is 2.585 A (24). The bond length in AsI,(g) is 
2.55 A (23). 

Sb(II1)-CI. The scatter in this large set may be in part attrib- 
utable to the lower accuracy of the older structure determinations. 
It is reflected in the smallest I-' and the largest u value in Tables 1 
and 2, and in the very large standard errors on the parameter val- 
ues. It is noteworthy that Sheldrick and Martin (16), who used a 
somewhat smaller did* set in their CSBO regression with a do fixed 
at do (expt) in SbC13(g) (cf. Table 2), failed to obtain a meaningful 
correlation between B and d - do. Accumulation of additional, 

accurate d , d  should make it possible to formulate objective re- 
jection criteria for cleaning up the existing Sb(II1)-Cl set and to 
determine to what extent the scatter is inherent, i.e., arising from 
differences in bonding specific to the Sb(II1)-C1 combination (as 
held in ref. 16). Many d, values have been reported (7. 14, 25-27), 
ranging from 2.338 to 2.385 A. In a SbC13[crown] complexo(28) 
the Sb-C1 bond lengths are 2.405, 2.412, and 2.423 A; in 
SbC13(g), d(Sb-C1) = 2.333 (23). 

Sb(II1)-Br. This set is poorly defined at low d and the unifor- 
mity of the d,d4 sampling leaves something to be desired. The re- 
ported d, values are 2.505 and 2.529 ,& (29). The bond length in 
SbBr3(g) is 2.49 (23). 

Sb(II1)-I. The d, distribution has a considerable width. The d,, 
bond lengths are 2.767 and 2.773 A (30). In SbI,(g), d(Sb-I) = 
2.719 A (23). 

Bi(II1)-CI. The d, reported recently in ~ i ~ ~ 1 ~ ' -  is 2.500(6) A 
(31). In BiCl,(g) the bond length is 2.48 A (23); the average bond 
length in a BiC1,[12]crown-4 con~plex (31) is 2.52(1) A. 

Bi(II1)-Br. The scatter in this sample is appreciable; the d,d" 
distribution gives the impression of being bimodal. The bond length 
in BiBr,(g) is reported as 2.63 A (23). 

Cl-Bi(II1)-S. The appreciable scatter in this set comes from 
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TABLE 2. Optimized parameter values for the CSBO model function" 

n r2 u, A do, A 60, A b 1 d,, A A,  A 
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KNOP ET AL. 258 1 

"First line, CSBO(A + S). Second line, Sheldrick er al. (15, 16); do assumed equal to the Z-Hal bond length in ZHal,(g). 
"A1 plus S data sets. 
'(I, value supplied externally, see text. 
"Reference 16 states that B and d - do are uncorrelated. 
"Fit to three d.d* pairs only (see text). 

limited experimental accuracy, from the involvement of the S lib 
gands in other bonds, from the presence of other heteroligands on 
Bi, and from significant departures from collinea!ity. The shortest 
Bi-S distance in BiZS3 is reported to be -2.56 A (32). 

Xe(I1)-F. Tbe two a b  irzitio d = d* values for XeF,, 1.978 A 
(33) and 1.985 A (3:), agree well with the d,(A + S) = d,[CSBO(A 
+ S)] = 1.994(16) A and d, (A) = 1.998 (21) A values calculated 
from the regressions. The ab initio (33) d,d* pair for Xe2F,+, 1.899 
and 2.228 A, is within 2u of the regressi~n. However, theaab in- 
itio d(Xe-F) estimates for X~F ' ,  1.877 A (33) and 1.886 A (34), 
are higher than the asymptotic limit of the TE regressions, dO(DPF) 
= 1.70 (13) A and dO(CSBO) = 1.76(6) A, which seems to indi- 
cate that either the nb irzitio estimates are still too high or XeFc is 
not the correct asymptotic reference species for TE[Xe(II)-F], or 
both (see C 2  and Fig. 6). 

B(II1)-0. This combination was investigated only on 6-3 lG* 
a b  initio values of d(B-O),d*(B-0) in BOz-, OBO:" (X = H, 
F, C1, Li), and B2O3 molecules. The data set for 80,- and OBO*X 
(n = 5) gave an almost exact fit to both DPF and CSBO; with cis- 
B203 and trans-B203 included (n = 7) the fit was considerably 
worse (see Dl ) .  

0-C-N. Like the preceeding, this combination was investi- 
gated only on 6-31G* nb initio values of the bond lengths, 
d(0-C),d(C-N), in OCN-, XOCN, and OCNY (X, Y = H, F, 
C1, Li, Na) species, and it too was found to give superior fits to the 
model functions (see D3). 

Data sets with convergence problerns 
Fitting to DPF and CSBO was also attempted for the data sets 

assembled for Pb(I1)-Br; Pb(I1)-I, I(II1)-CI, and Ti(1V)-C1. 
A significant fraction of the d,da pairs in these sets derives from 
entities that can only marginally be characterized as discrete. 
Although Figs. 1 and 3 show definite TE trends for these combi- 
nations, the data sets are small and ill-conditioned. Convergence 
could not be achieved for Pb(I1)-Br (n = 5) and Ti(1V)-C1 (n = 

17). For Pb(I1)-I (n  = 27) convergence was obtained for DPF 
(A + S) but the standard errors on the optimized parameter values 
were very large. The I(II1)-C1 (11 = 17) set contains a number of 
older d,da values of questionable accuracy. Regressions of the full 
set and of oartial sets with some of the outliers omitted resulted in 
very large standard errors on the parameter values. However, the 
d, values obtained ino these regressions were reasonably consis- 
tent, with 2.508(13) A as the best estimate. 

Other Z-L cornbirzatiorzs 
The literature was searched also for d,d4: pairs of other Z-L 

combinations, especially in "planar" b,-bridged species. The re- 
sults of our findings for TE in a number of transition-element p,- 

T2Hallo and C L Z - T 2 ~ a l l t  dimers are described in ref. 1. In planar 
Cu(II), Au(III), Pd(II), and Pt(I1) p,-halogeno species the d,d* 
inequality was found to be too small for a meaningful TE analy- 
sis; this is typical of T-Hal combinations in general. Scarcity of 
data was prohibitive for Ge(I1) and Sn(I1) combinations with the 
exception of Sn(I1)-F where, however, other difficulties were en- 
countered (see Sb(II1)-F below). Such indications as there are point 
to the existence of TE ranges for Ge(I1)-I and Sn(I1)-I compara- 
ble to that for Pb(I1)-I. For Pb(I1)-C1 and Cd(I1)-CI the d,d* pairs 
form ill-defined clusters with narrow d,d'" ranges, and the same 
seems true of Cd(I1)-Br and Cd(I1)-I. 

Proper convergence could not be obtained for the Sb(II1)-F set 
(n = 27). The scatter was large and difficult to trace to any one 
among the lower accuracy of the older structure determinations, 
large deviations from collinearity, and the lack of well-defined 
discrete character of the Sb,F,' entities. Indefiniteness of the Sb 
coordination and F-Sb-F "trarzs" angles as small as 130" are 
characteristic and inherent in crystal structures containing Sb(II1)- 
F species. Similar problems are encountered with Sn(I1)-F (cf. ref. 
35 for an account of both Z-F combinations) and are endemic in 
oxide structures. l o  

C. Conclusions from data treatment 

1. Examination of d ,  a n d  d, (Q7) 
The d, (A)  obtained from a DPF(A)  regression represents 

the "best" estimate of the balanced Z-L bond length for the 
pertinent Z-L combination, provided the data set contains 
d,d* pairs sufficiently close to the d = @: line. In that case 
the d,(A) value has a remarkably small standard error and is 
very close to the d, values calculated from the A + S and A,S  
regressions. When the d,(A) values for the Z-Hal combi- 
nations are regressed linearly on Shannon's r(Ha1-) radii, 
very good fits result. In the three series where all three 
halogens are represented, the regressions d,(A) = a, + 
a , r (Hal - )  give 

10- The d,d"' relationship for strongly angular trans bond pairs in 
oxides of Sb(III), Te(IV), and I(V) has been treated in terms of DPF 
with c = 1 in refs. 36 and 37 (cf. also ref. 38). Setting c = 1 im; 
plies A = d, - do = <K. If r(C1--) - r(0'-) is taken as 0.41 A 
(Shannon's radii), d,(Z-C1) = do + <K + 0.41; using do and K 
values from refs. 36 and 37 g i v ~ s  rl, estimates for Te(1V)-C1 and 
Sb(II1)-Cl of 2.5 1 and 2.62 A, respectively, in good agreem5nt 
with the corresponding refined values in Table 1, 2.53 and 2.62 A. 
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CAN. J .  CHEM. VOL. 70, 1992 

d (Z - Hal). 8, 
FIG. 1. d* VS. d plots for conjugate Hal-Z-Hal'9ratzs bonds in Se(IV), Te(1V). Se(II), Pb(II), and Ti(1V) halogeno compounds. 

Se-Cl(0x) stands for Se(1V)-Cl(0x). The correlation lines are for the DPF function. l a  and 2 u  indicate d* values corresponding to d = 
d"(CSB0) + u[d,(CSBO)] and d = do(CSBO) + 2u[do (CSBO)], respectively; 0.05 indicates d* corresponding to d = d"(CSB0) + 
0.05 A; expt. indicates d* corresponding to d = do(expt) + 0.05 A; S&H indicates the d* truncation limit of ref. 15 (see C3). 
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FIG. 2. d VS. d plots for conjugate Hal-Z-Hal" trans bonds in halogeno species of tpvalent Group V elements (cf. caption of Fig. 
1). The upper bar in the As-Br plot indicates d that corresponds to d = ci,,(expt) + 0.05 A. 
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FIG. 3. d* VS. d plots for conjugate Hal-Z-Hal* trans bonds 
in homoligand Se(I1)-CI, Xe(I1)-F, I(II1)-C1, and Pb(I1)-Br spe- 
cies (see caption of Fig. 1). Xe(I1)-F: open circle, Xe2F3+, ab initio 
value (33) not included in the regression. 

Fits statistically indistinguishable from these are obtained 
when the d,[CSBO(A)] or d,(A + S) values are used; the 
latter give slightly lower error estimates. Since the regres- 
sion lines for these three Z-Hal series are approximately 
parallel, one can roughly estimate the missing d, values in 
those Z-Hal series where only two halogens are available 

,. 
(Fig. 5). 

The estimated d,(Z-F) obtaineG by extrapolation to r(F-) 
= 1.33 A (Te(IV), 2.02-2.09 A; Sb(III), 1.99-2.10 A; 
Bi(IXI), 2.25-2.27 A, depending on the TE regression used) 
all appear to be higher than the estimates from experiment 
(Fig. 5), but in view of the long extrapolation and of the 
various uncertainties involved these results should not be 
regarded as unreasonable. 

The answer to Q7 would be expected to be in the affirm- 
ative. By and large, the contributions to both A and S for the 
Z-Hal combinations examined originate in similarly-coor- 
dinate Z ,  although vagaries of uncontrolled sampling may 
be responsible for a disproportionate fraction of d, values 
from discrete ZHa1,"- ions in some of the S sample popu- 
lations. In the test of the d,(A) and d, values for equality 
(Table 3) a significance probability P > 0.05 indicates that 
the d,(A) and d, for that Z-L combination are statistically not 

FIG. 4. d* vs. d plot for conjugate S-Te-S trans bond pairs 
in Te(I1)-S species. Full circles, S (on d = d* line) and A1 data 
sets; open circles, A2 data set. Thick line, DPF(A1 + S) regres- 
sion; thin line, DPF(A1) regression. For the 0.05 line see caption 
of Fig. 1 . 

distinct." Inspection of the table reveals that with two ex- 
ceptions P is always greater than the critical value, i.e., the 
test results confirm the above expectation of equality. The 
exceptions are Te(1V)-Cl and Bi(LT1)-C1, for which P is very 
small. The reason for the low P values has not been inves- 
tigated. 

The statistical equivalence of d,(A) and d, thus legiti- 
mizes combining the A and S sample sets to one set, which 
can then be fitted to DPF(A + S) or DPF(A,S). 

For the overall goodness of fit it is found that generally, 
for a given Z-L combination, u(S) - ;u(A). 

2. Problems involving do 
In the empirical DPF model do represents the asymptotic 

limit of d(Z-L) as defined by the Z-L sample used in the 
evaluation of TE(Z-L). Theoretically it should correspond 
to the limiting internuclear separation as determined by Z . . L 

" ~ e n c e  d,(A + S) and ds, too, must be statistically indistin- 
guishable. 
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KNOP ET AL. 

FIG. 5 .  Variation of d, with the size of the halogeno li and. BiF, indicates the smallest Bi-F bond length in BiF3 (39) and T ~ ~ F , ~ ' -  
the smallest Te-F bond length in the pseudo p,2-[TelFlof dimer (18). 

FIG. 6. Variation of do with d, for CSBO (a) and DPF (b). Full circles, optimized do; open circles, do(expt); circle with bar, a b  initio 
d(Xe-F) in x e F +  (not included in regressions). Thick line, regression of optimized do on d, with pairs 5 ,  8,  and 19 excluded (see text). 
Thin line, regression of do(expt) on d,. Numbering of Z-L combinations as in Tables 1 and 2. 

repulsion at short range, but this is not possible to verify as crystallographic parameters, the accuracy of d" does not 
we do not know how d(Z-L) in compounds of interest var- deteriorate as d* increases. The problem is therefore one not 
ies with external pressure. Clearly the confidence with which of accuracy but of eligibility of large d* for inclusion in the 
do can be determined depends on the availability of d,d* pairs Z-L data set, especially in the presence of significant de- 
at d -. do,,,,. The difficulty here is that in this region of the viations from collinearity, i.e., when the coordination of Z 
TE plot d* increases steeply with d .  Since all interatomic at large Z . . . L distances is not sufficiently well defined. In 
distances in a crystal are calculated from the same set of doubtful cases one is therefore tempted to use extrapolation 
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TABLE 3. Likelihood-ratio test for equality of the d,(A) and d, 
values" 

Z-L nA/nS &(A), A d,, A P 

Se(1V)-CI 48/4 2.381(12) 2.386(11) 0.717 
Se(1V)-Br 43/9 2.558(8) 2.558(7) 0.995 
Se(I1)-Br 16/4 2.581(17) 2.598(4) 0.332 
Te(1V)-C1 8 1 /40 2.5 1 l(5) 2.532(11) 0.001 
Te(1V)-Br 17/24 2.692(6) 2.696(13) 0.524 
Te(1V)-I 47/16 2.939(8) 2.937(8) 0.773 
Te(I1)-S 26/58 2.672(13) 2.685(17) 0.281 
Sb(II1)-C1 82/2 2.618(14) 2.639(12) 0.186 
Sb(II1)-I 82/6 3.048(12) 3.043(47) 0.782 
Bi(II1)-CI 39/21 2.7 19(7) 2.695(19) 0.001 
Bi(II1)-Br 46/13 2.862(9) 2.849(21) 0.203 
Bi(II1)-I 32/3 3.085(10) 3.072(6) 0.158 

"n, number of d,d* pairs in sample; P, significance probability (see F). 

from the well-defined portion of the TE curve as a guide for 
the acceptance or rejection of large d" values, thus ending 
up in a circular argument without improving the estimate of 
do. This matter is discussed in C3. 

In CSBO do by definition corresponds to the length of a 
Z-L bond of order one. This bond length should be acces- 
sible from experiment, but the precise meaning of this 
quantity is not clear. The do (expt) values, for a particular Z- 
L combination, obtained by different experimental methods 
and under different conditions of temperature and aggrega- 
tion will not be the same, and there is the problem of choice, 
availability, and experimental accuracy of the reference 
values. Thus for Z(III)-Hal of Group V previous authors (see 
A4) have used as do the d, bond lengths in ZHal,, in the gas 
phase where available, otherwise in the crystal. Again, in 
SeCl, and TeC1, monomers the bond lengths are not known 
(the other SeHal, and TeHal,, Hal f F, monomers do not 
appear to exist in the vapour state), and the SeHal, and TeHal, 
tetramers that occur in the crystals do not contain Z-Hal 
bonds with unopposed ligands. The bond length in XeF+, the 
presumed reference species for the Xe(I1)-F set, has not yet 
been determined and a b  it~itio estimates of unknown accu- 
racy (see B) must serve instead as external do. In the cir- 
cumstances the optimized, internally consistent d,(CSBO) 
defined by the d,d" sample itself seem a more satisfactory 
choice than do values supplied externally. The do (expt), 
do(CSBO), and do(DPF) sets are compared below. 

The refined do(CSBO) as well as the d,(DPF) are consis- 
tently smaller than the corresponding d,(expt). When the d, 
in ZHal, (23) and in SeCl,(g) and SeBr2(g) (18) are taken as 
do(expt) and regressed linearly on d, one obtains do(egpt) = 
-0.274(235) + 0.993(87)de, r' = 0.943, a = 0.046 A (Fig. 
6)," from which, for the midpoint of the d, = 2.4-3.1 A 
range, A(expt) = 0.274 - 0.007de - 0.26 A. A similar 
regression of do(CSBO) on d, including all the Z-L sets of 
Table 2 except Xe(II)-F and P(II1)-Br resulted in r2 = 0.741. 
The do(CSBO) of Se(I1)-Br and Te(1V)-I, because of their 
very large standard errors, tend to obscure the observed trend. 
Omission of these two points improved the correlation con- 
siderably while still accommodating the omitted do(CSBO) 
within their respective l a  limits: do(CSBO) = -0.446(221) 

"1f the nb initio value for XeF' is included, the regression gives 
d,(expt) = 0.124(171) + 0.848(64)de, r' = 0.951, u = 0.057 A. 

+ 1.023(82)de, r 2  = 0.917, a = 0.066 P\ (Fig. 6a);13 
A(expt) - 0.38 A at d, = 2.75 A. On the average, the re- 
fined do(CSBO) values are thus about 0.09 A smaller than 
the d, in the reference species, and the A(CSB0) about 
0.12 P\ larger than the A(expt). The mean difference 
do(CSBO) - do(expt) is just outside the joint l a  of the two 
regressions and therefore statistically not significant. 

The scatter in the do(DPF) vs. d, plot (Fig. 6b) is more 
appreciable than for do(CSBO) but the trends are the same. 
Linear regression with the points for Xe(I1)-F, Se(I1)-Br, 
and Te(1V)-I omitted gave do(DPF) = -0.889 (93 1 ) + 1.136 
(145) d,, r2  = 0.813, a = 0.116 The do(DPF) values are 
thus consistently smaller than the corresponding do(CSBO) 
values, on the average by about 0.13 A, and by about 0.22 

smaller than the corresponding do(expt) values. 
Comparison of the regression lines shows that while the 

do(expt) on d, and the do(CSBO) on d, regressions are statis- 
tically equivalent, the do(DPF) regression on d, is equiva- 
lent to neither. This raises the question, is the difference in 
the fitted do values due to the difference in the rate of the 
asymptotic convergence of DPF and CSBO and thus an ar- 
tefact of the model, or is the difference real and the collec- 
tive information content of the observed variation of d* with 
d such that do(DPF) in fact represents an estimate of the 
asymptotic limit of the Z-L bond length as determined by 
nuclear repulsion at short range? The latter naturally would 
be smaller than the do(expt) obtained from the d, of the ref- 
erence species at ordinary pressures. At present no answer 
can be given (but see C7). However, the practical conse- 
quences of the differences in do are not serious, for the d,d* 
data sets are adequately fitted over the observed d ranges by 
both model functions, and either function can be used for 
predictive or verificative purposes up to the limit of chemi- 
cal bonding between Z and L. 

3. Cut-off distance for effective bonding (Q3) 
The distance limit for effective chemical bonding is usu- 

ally taken as ZvdWr, the sum of the van der Waals radii of 
the two atoms involved in the putative bond. Although by 
its very nature this sum is not a precise quantity, it does 
provide an independent check on the reasonableness of the 
refined asymptotic bond-length limit do: the d(2vdWr) value 
conjugated to d:" ZvdWr and calculated from a TE 
regression should not exceed do. That this indeed is the 
case is demonstrated in Fig. 7, where the differences 
d(ZvdWr) - do(CSBO) as well as d(ZvdWr) are plotted 
against do(CSBO).'5 Since d* ZvdWr falls on the steep 
portion of the TE curve, the d(2vdWr) value is not overly 
sensitive to variation in d:" ZvdWr. For As(II1)-Br, for 
example, for which ZvdWr - 3.95 P\, a decrease of 0.4 A 
in d* from 4.15 to 3.75 produces an increase in d of only 
0.024 A. Still, all the d(2vdWr) - do(CSBO) differences in 
Fig. 7 are greater than zero; the d(ZvdWr) are, on the av- 
erage, about 0.05 A from the corresponding do(CSBO). 

Sheldrick and Horn (15) consider that "the wide scatter of 

I31f Xe(I1)-F is included, the regression gives dq(CSBO) = 
-0.167(182) + 0.921(68)dC, r' = 0.923, u = 0.071 A. 

' w i t h  Xe(I1)-F included, d,(rDF) = -0.360(327) + 0.943. 
(123)d,, r' = 0.796, u = 0.129 A.  

'5P~uling's van der Waals radii; the value for Bi is taken as 
2.25 A. 
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KNOP ET AL 

FIG. 7. Top: Comparison of d,(CSBO) = do with the bond length 
d(CvdWr) = d(C) that results when d* in the CSBO regression 
equation is equated with CvdWr, the sum of Pauling's van der 
Waals radii of Z and L. The uncertainty in d(CvdWr) does not in- 
clude the uncertainty in the values of the radii themselves. Bot- 
tom: Variation of the difference d(CvdWr) - do(CSBO) with 
d,(CSBO). Full circles, do(expt) values. 

d* values observed for the extremely weak secondary bonds 
falsifies the observed [TE] trend."16 In their treatment of the 
As(II1)-Br set they therefore excluded d,d* pairs for which 
d - do(expt) 5 0.05 A. Such truncation of course precludes 
in principle an answer to Q3, viz., can the cutoff for effec- 
tive bonding be estimated from experimental data? Again, 
inclusion of d,d* pairs that are only marginally governed by 
TE may vitiate this very endeavour. 

To assess the effect of the above rejection criterion on a 
d,d* sample set Figs. 1-4 indicate the d* limits that corre- 
spond, respectively, to d = d,(CSBO) + 0.05 A, d = 

d,(CSBO) + u[do(CSBO)], d = do(CSBO) + 2u[do(CSBO)], 
and d = do(expt) + 0.05 A, all as calculated from the CSBO 
regressions of Table 2; and, for As(II1)-Br, also the d" cor- 
responding to d = do(expt) + 0.05 A as calculated from the 
regression of ref. 15. The positions of these d* limits vary 
from case to case and in several of the sets none of these 
limits is below the largest d* value in the set (e.g., for 

16 As noted in C2, the accuracy of the large bond lengths is not 
significantly inferior to that of the short bond lengths, since all the 
interatomic distances in a crystal structure are calculated from the 
same set of atom coordinates and unit-cell dimensions. Hence by 
and large the scatter has other origins. 

FIG. 8. (a)  Comparison of A(DPF) and A(CSB0). (b)  Varia- 
tion of A(CSB0) with de(CSBO) over the extended d, range. 

Se(1V)-Cl, Se(1V)-Br, Sb(II1)-I), but even where the limit 
is low, the scatter of the d,d* points that are above the limit 
(i.e., candidates for rejection) is not appreciably worse than 
for the uncontested region of the TE curve. Rejection crite- 
ria based on such limits, if strictly applied, may therefore be 
unduly severe and may tend to eliminate much needed d,d* 
pairs in the d region close to do.. 

4. Magnitude of TE and the involvement of lone pairs(s) 
on Z 

As discussed in C2, the total variability A of d(Z-L) de- 
pends on do and is therefore subject to the same uncertainty 
as the latter, with the result that A(DPF), A(CSBO), and 
A(expt) are not the same. The A(DPF) and A(CSB0) appear 
to be correlated: the difference between them increases 
with A and is satisfactorily represented by A(DPF) - 
A(CSB0) = ~ . ~ ~ ~ [ A ( c s B o ) ] '  (Fig. 8a). Concomitant with 
this divergence of A(DPF) and A(CSBO), whether by acci- 
dent or otherwise, is the general increase with A of the stan- 
dard errors on the A values. 

For Z-L combinations having d, in the 2.4-3.1 A range 
(i.e., all those in Fig. 4 except Xe(I1)-F) A was found to vary 
only slightly with d, (see C2). While this finding can be 
claimed to hold over that limited d, range, given the large 
standard errors on do, its validity would not be expected to 
extend to low d, values: the variability, for example, of 
d(Z-F) due to TE is significantly smaller than for other Z- 
Hal combinations (cf. ref. 1). In an attempt to elucidate this 
apparent discrepancy we have included, in the plot of 
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A(CSB0) against d,(CSBO) (Fig. 8b), Xe(I1)-F as well as 
the point for B(II1)-0 based on ab initio results for OBOX 
species (see Dl) .  Although the trend that now emerges de- 
pends critically on the two additional points, it strongly 
suggests that, over a wider range of d,, A increases with d,. 
If a linear variation is assumed and the points for Se(I1)-Br 
and Te(1V)-I are excluded from the regression because 
of their large errors (cf. C2), one obtains A(CSB0) = 
-0.067(113) + 0.166(44)dC, r' = 0.474, a = 0.075 A, from 
which it follows that [A(CSBO)/d,],,,,, - 0.166. This, qual- 
itatively, is an important and plausible finding. For exam- 
ple, d, for the N-N-N trans bond pair in azides and 
hydrazoic acid derivatives is 1.18 A; the total variability of 
d(N-N) expected from Fig. 8b would be 0.13(8) A. This 
is consistent with the experimental estimate of the upper 
bound of A(N-N), 0.08 A (40); other examples can be ad- 
duced in support of this trend. The tentative conclusion thus 
is that the total spread A of d(Z-L) varies roughly linearly 
with d,, the strength of TE then being determined by the 
magnitude of c (eq. [S]) or b, (eqs. [4] and [8]). The quasi- 
linear variation of A with d, is also consistent with the vari- 
ation of the bond-length difference d, - d,, with d, observed 
in molecular species having certain geometries (see D2). 

In mononuclear ZL,,\pecies an observable TE may arise 
from internal or from external causes. The bond length dis- 
proportionation in the discrete octahedral 14-valence-elec- 
tron ZHald- anions in asymmetric environments is largely 
(though not exclusively) the consequence of the stereo- 
chemical activity of the lone electron pair on Z (cf. ref. 41 
and literature therein) and thus in the internal causes cate- 
gory. By contrast, in XeF, . MF, and related adducts (Fig. 
3) the Xe-F bond-length inequality is caused externally, by 
a weakening of one of the two Xe-F bonds through elec- 
tron-abstracting interaction with MF,, and with [FXe]+ 
[FMF,]- as the extrapolation limit. The lone pairs on Xe are 
perpendicular to the F-Xe-F* trans bond pair and thus not 
involved in the bond-length compensation in any obvious 
way. Again, the TE in OBO*X (see Dl),  which results when 
[OBOI- forms a bond to X, cannot involve a lone pair as 
there are no lone pairs on the B atom. The conclusion would 
seem to be that TE depends on the stereochemical activity 
of a lone pair on Z only insofar as the lone pair is responsi- 
ble for the formation of "secondary" bonds participating in 
conjugate trans bond pairs. 

Let us now consider bridged halogeno species. Presence 
of a lone pair on Z seems to be essential in the discrete [(k, 
-Zi,Ha16)(Hal.)O-4]E dimers17 in which large bridge asym- 
metry (and thus large TE) is observed. This is the case when 
Z is Se(IV), Se(II), Te(IV), I(III), or a Z(II1) from Group V 
(1 5, 16; ref. 1 and literature therein). The bridge asymme- 
try decreases along the sequence Hal = (F), C1, Br, I (1). 
When the lone pair is absent, the bridge asymmetry is gen- 
erally small, sometimes negligible, and TE can vary con- 
siderably. Thus in the discrete ( ~ i , ~ l , ~ ] ~ -  dimer (42, 43) the 
bridge asymmetry is small but the difference 6 = d,,,,,, - 

d,,, ,,,,,, is -0.23 A (Fig. 1). In another z(dO) species, 
[ ~ r , ~ l , , ] ' -  (44), the bridge asymmetry is negligible and 
6 = 0.20 A (for other examples of and comments on k,- 
[ ~ ~ ~ a l , , ] ~  and F2-[~2~a110]"  dimers see ref. 1). In planar 
k2-T,Ha16"T = Au(III), Pd(II), Pt(II), Cu(I1)) dimers the 

I 7 ~ a l ,  is perpendicular to the k2-Z2Ha16 bridge plane. 

double bridge is practically symmetric and 6 5 0.1 A,  
sometimes well below this value (45).18 
5. Effect of bond angle (Q6) 

Deviations from collinearity would be expected to play a 
r61e in TE, but this effect is difficult to establish with clar- 
ity. The bond angle in most of the Z-Hal data sets varies 
considerably, depending on the preponderance of the coor- 
dination geometries included in the sample. Typical distri- 
butions of the bond angles are illustrated by the f~ l lowing :~  

Se(1V)-Cl: 165.0-179. lo (172.8(34))" -0.15 2.65 
Se(1V)-Cl(0x): 154.1-168.7" (164.3(47))" -1.01 2.87 
Se(I1)-Cl: 169.7-178.8" (174.4(26))" -0.10 2.41 
As(111)-Br: 164.2-176.3" (170.3(34))" -0.16 1 .80 
Bi(II1)-Br: 161-179.9" (173.5(47))" -0.79 2.87 
Bi(111)-I: 163.9-176.7' (171.8(33))" -0.63 2.45 

(Centrosymmetric d,, d, pairs are not included in the range 
and means.)" These numbers indicate that unless the bond 
angle is constrained to 180" by symmetry at Z, it tends to- 
ward a mean value the difference of which from 180" re- 
flects the stereochemical composition of the sample. This 
tendency is particularly noticeable in the Se(1V)-Cl(0x) set, 
which is based on square-pyramidal SeOCl, units with 
0-Se-C1 angles greater than 90".'~ All the above bond- 
angle distributions are skewed toward 180°, i.e., the ten- 
dency of the sample to noncollinearity is smaller than the 
mean would indicate. 

Examination of several of the data sets for possible cor- 
relation between deviations from the fitted d* values and the 
bond angles has so far proved inconclusive, although there 
appears to exist a very weak trend of the bond angle toward 
180" as d tends toward d,. On the whole, the less discrete the 
nature of the Z,Hal unit containing the trans bond pair(s), 
the larger the deviations of the bond angles from 180" and 
the greater their scatter, as evident in the Z-F sets, e.g., 
Sb(II1)-F (35). 

An unusual angle distribution is encountered for 4-coor- 
dinate Te in the Te(L1)-S data set (see B and Fig. 4). The d,d* 
pairs in the asymmetric A1 subset are derived mostly from 
square-planar TeS, units with monodentate ligands, whereas 
those in the asymmetric A2 subset come from trapezoidal- 
planar units in which the S atoms belon to two cis-S2 pairs, 
each from a bidentate ligand molecule! The latter arrange- 
ment is in fact an incomplete pentagonal-planar coordina- 
tion, which accounts for the closeness of the S-Te-S angle 
in A2 to (360°/5) x 2 = 144". The A1 and A2 angle distri- 
butions do not overlap. 

Regressions for the A1 + S subset show that this is a well- 
behaved d,d* set, in fact one of the best examined here. The 
DPF(A1 ,S) and DPF(A1) regressions yield results that are 
statistically indistinguishable from DPF(A1 + S). Keeping 
in mind that the goodness of fit u for the reference regres- 

18 Bonding in planar k,-T,Cl," dm dimers is considered in ref. 46, 
but its discussion there is unhelpful for understanding the magni- 
tude of TE in these dimers. 

I9 One of the noncentrosymmetric d, pairs in the Bi(II1)-Br set 

has an angle of 168.5" (C2) and another, 178.0" (C,); in the Bi(II1)- 
I set, one 4 pair has an angle of 170.6" (C2). 

20 The mean for 29 0-Se-CI angles (ranging from 89.3 to 
104.0") in SeOCI, units (cf. ref. 1) is 98.0(40)", y l  = -0.47, 

= 2.44. 
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- A2 range 4 -1 

n 
I A l + S  
2 A l  
3 A l + A 2 + S  

0 4 A 2 + S  

FIG. 9. Effect of bond angle on d,d* correlations in Te(I1)-S (see 
B and Fig. 4). Al,  asymmetric trans population; A2, asymmetric 
quasi-tratzs population, S-Te-S = 145-152'; S, symmetric 
population. 2-1, P[DPF(Al)] - d*[DPF(Al + S]; 3-1, 
d*[DPF(Al + A2,Sl - d"[DPF(Al + S)]; 4-1, d"[DPF(A2,S)] 
- d*[DPF(Al + S)]. Goodness of fit of the DPF(A1 + S) regres- 
sion, a = 0.044 A. 

sion DPF(A1 + S) is 0.044 A, DPF(A1) and DPF(A1 ,S) are 
indistinguishable over the entire observed d,d'Qange (Fig. 
9). To test for the effect of the bond angle, regressions in- 
volving A2 were attempted. Convergence was achieved for 
DPF and CSBO of A2,S (n ,  = 23, n, = 58) and A1 + A2,S 
(12, = 49, ns = 58): 

A2,S, a, = 0.033 A, as = 0.017 A 
DPF: I-' = 0.957, do = 2.329(110) A,  K = 0.198(71), c 

= 0.568(123), dc = 2.685(2) A,  A = 0.356(110) A 
CSBO: r' = 0.957, do = 2.358(77) A,  bo = 0.369(118) 

A,  b, = 0.314(98), dc = 2.737(6) A,  A = 0.379(72) A. 
A1 + A2,S, a, = 0.072 A, as = 0.017 A 

DPF: r' = 0.931, do = 2.337(11) A, K = 0.168(5), c = 

0.690(41), d, = 2.684(2) A,  A = 0.347(11) A 
CSBO: r" 0.922, do = 2.370(5) A,  bo = 0.397(16) A,  

b, = 0.18 1 (36), d, = 2.737(3) A, A = 0.367(5) A. 
From Fig. 9 it is clear that the differences between the d c  
calculated from DPF(A1 + S) and the d* calculated from 
DPF(A1 + A2,S) are, over the observed d,d* range, within 
l a  of DPF(A1 + S) and thus not significant. The d* differ- 
ences between DPF(A2,S) and DPF(A1 + s )  are large at 
small d values but quite small at large d; within the d(A2) 
range they are completely within 3 a  of DPF(A1 + S). 

These comparisons and a statistical test (see F) lead to the 
conclusion that, statistically, the A1 + S and A2 popula- 
tions are only marginally different, even though the two be- 
long to different stereochemistries. This would be consistent 
with the visual impression of the prima facie evidence of Fig. 

4 if one had no prior knowledge of the distinction between 
the A1 and the A2 points. 

The lesson to be learnt here is that the appearance of a d,d* 
plot may not, and probably will not, be sufficient to suggest 
the existence of two or more angle-differentiated popula- 
tions in the d,d* sample set if there is no a priori reason to 
suspect that the set is in fact composite. This would be so 
especially when the difference in the means of the stereo- 
chemically distinct angle distribution is relatively small or 
when the distributions significantly overlap. Inability to 
recognize and identify the d,d* subsets may then lead to un- 
differentiated d,d* regressions and to inferior TE correla- 
tions. 

6. Effect of heteroligands on TE (Q3) 
When the halogen coordination of Z in a Z-Hal species 

is not homoligand, the presence of non-halogen heteroli- 
gands (e.g., 0 ,  CH,, CN) may affect TE in the conjugate 
Hal-Z-Hal trans bonds to a degree where the correlation 
equation for the pure homoligand species does not ade- 
quately accommodate the Z-Ha1,Z-Hal* pairs in the het- 
eroligand species. A case in point is TE for the homoligand 
Se(1V)-Cl species as compared to the square-planar SeCl, 
groupings with perpendicular Se-0 bonds, specifically 
Se,~l,,'- (data set Se(1V)-Cl) vs. s~~o,c~,'- (data set 
Se(1V)-Cl(0x)). In these centrosymmetric p,-dimers the 
bridge plane contains also four terminal Se-Cl bonds. The 
remaining four terminal Se-C1 bonds in S e , ~ l , ~ ' -  and the 
two Se-0 bonds in Se202c16'- are approximately perpen- 
dicular to the bridge plane (Fig. 1 of ref. 1). Statistical 
comparison of Se(1V)-Cl and Se(1V)-Cl(0x) (see F) re- 
veals that the Se-C1,Se-Cl'Vond-length pairs in these two 
sets do not come from the same population. This is not ev- 
ident from the values of most of the regression parameters 
if their standard errors are taken into account, but for d, 
(Se-C1) the difference is immediately seen: the two dc vat- 
ues differ by 0.085(19) A,  which is outside 3 0  = 0.057 A 
and thus clearly significant (but see C7 for do). 

A second example is TE in conjugate P(II1)-Br trans 
bonds. Figure 2 of ref. 1 1 is a plot of d:': - do vs. d - do for 
PBr,-, PC1,-, and several heteroligand P(II1)-Br anions. The 
PBr,(CN),- anion in the solvated Na-[18]crown-6 salt (20) 
has C2 symmFtry (Br-P-Br, 171.4"), so that d* = d - d, 
= 2.496(1) A. The DPF and CSBO correlation curves de- 
fined by the three PBr,- pairs (see B) extrapolate to d, = 
2.588 A,  i.e., to a value -0.09 A higher. Because of the 
statistical inadequacy of this P(II1)-Br set we have ao error 
estimate for this value, but the difference of -0.09 A is be- 
lieved to be significant." 

7. Effect of oxidation state (Q4) 
A change in the oxidation state of Z entails the attendant 

changes in the coordination number and the effective size of 
Z. Since these changes are interdependent, differences in TE 
that may result on going from one oxidation state to another 
cannot be said to be specifically due to the change in the 
oxidation state. The overall effect on TE can at present be 
compared for the pairs Se(1V)-Cl/Se(II)-Cl and Se(1V)-Br/ 
Se(I1)-Br. 

 his extrapolated (1, value is supported from a linear regres- 
sion of d,(CSBO) on d,,(e?pt) for Z(II1)-Br (Z = P, As, Sb, Bi): 
r' = 0.922, a = 0.013 A, d,(CSBO)o = 1.117 + 0.665d0(expt), 
from which d, for P(II1)-Br is 2.59 A. 
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FIG. 10. Correlation of the optimized CSBO parameters bo and b,. (a) WSS, Sheldrick et nl. (15, 16); OBOX, ab initio values for 
OBO*X (see Dl) .  For the broken lines see C8. Error bars shown only for points outside the region between the broken lines. (b) Plot of 
b ,  vs. bo/A (eq. [8]). Standard error not available for P(II1)-Br (no. 20, see text) and very small for OBOX, n = 5.  

As would be expected, the dc values are larger for Se- 
(11) than for Se(1V). For the C1 pair the difference is 
0.055(15) A, i.e., -0.06 A > 3a .  For the Br pair the dif- 
ference is smaller, 0.037(9) A, i.e., -0.04 A > 30.  How- 
ever, the differences in the refined parameters are all smaller 
than the respective pooled esd's of the parameters and 
therefore statistically meaningless. This calls for testing the 
hypothesis that the Se(1V)-C1 and Se(I1)-C1 samples come 
from the same population. Appropriate tests (see F) show that 
for the C1 pair this hypothesis can be rejected with consid- 
erable confidence and somewhat less strongly for the Br pair. 
The conclusion from the present data thus is that the change 
in the oxidation state affects T E  in a significant way. 

Closer scrutiny of the regression results for the three Se- 
C1 sets brings to light an additional interesting observation. 
The do(CSBO) values for Se(1V)-Cl, Se(1V)-Cl(Ox), and 
Se(I1)-Cl are 2.006(29), 2.075(129), and 2.098(90) A, re- 
spectively (Fig. &)., All,, three are accommodated by the 1.50 
interval of the unweighted mean, 2.060(39) A; a more com- 
prehensive test (see F )  shows that the three do values are not 
significantly different even at the 0.10 level. This would 
suggest that, at least for the three cases considered, the lim- 
iting Se-C1 bond length as estimated by the CSBO treat- 
ment depends neither on the oxidation state nor on the 
presence of heteroligands on the Se atom. The same result 
is obtained with the Se(1V)-Br and Se(I1)-Br sets, though 
less convincingly because of the very large standard errors 
on the do(CSBO) of Se(I1)-Br. The implications of this 
finding are touched upon in E. 
8. Correlation of parameters (Q4) 

The values of the DPF and CSBO parameters would be 
expected to reflect the chemical regularities of the Z-L 
combinations. When b,  is plotted against b, (Fig. IOU), the 
points for Z from Group VI appear to segregate roughly in 

the b, < 0 region of the plot and those for Z from Group V 
in the b ,  > 0 region, with most of the points falling withi! 
the area between the broken lines and defined, for dc = 2 A 
(right) and d, = 3 A (left), by the regression equations of C2. 
However, the expected consistency in the C1, Br, I order in 
the Z-Hal triads is lacking. A similar situation is encoun- 
tered in K vs. A(DPF) and log A(DPF) vs. log [K/A(DPF)] 
plots. 

These observations are puzzling until it is realized that the 
three parameters each in the DPF and CSBO regressions are 
statistically very highly correlated. This correlation has its 
origin in the functional form of DPF and C S B O . ~ ~  From eq. 
[8] we have b, = ( l / ln  2) - (bo la ) ,  which is the basis of 
the rectified plot, Fig. lob. This plot displays the apparent 
segregation of the Group VI and Group V points, as well as 
the irregularities in the Z-Hal sequences, more dramati- 
cally than Fig. 10a. Because of the above algebraic con- 
straint the triplet of b,,, b , ,  and A values that results from a 
convergent CSBO optimization of any d,d* sample set o r  
subset will be accommodated on the straight line of Fig. lob, 
regardless of how well the d,d* sample represents the d,d* 
population. For an ideal d,d* population the regression would 
amount to a straightforward algebraic functional depen- 
dence: the positions of the Z-L points on the straight line 
would be exactly determined and presun~ably in the proper 
chemical order. The position of the point for a d,d* sample 
set or subset, however, is determined by the requirement that 
the regression for that set converge to the model function, 
and the closeness of the point to the "true" position on the 
line thus depends on the magnitude of u(b,). The order of the 
points in the sequence of Fig. lob can then be changed by 
moving the points along the straight line within the projec- 

"very high correlations are to be expected for any model func- 
tion in which the parameters of refinement are not separated. 
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tions of their respective u(b,) intervals. The uncertainty in 
the ordering can be decreased only by reducing the errors on 
the parameters, i.e., by improving the selfconsistency of the 
individual d,d* data sets. Considering the present uncer- 
tainty in the b, values it is difficult to know whether special 
significance should be ascribed to the sign of b,, i.e., whether 
b, = 0 corresponds to a boundary between two chemically 
distinguished regions of the b, vs. bo/A plot.23 Much the same 
situation as for CSBO is encountered in the rectified c vs. (log 
K)/log A(DPF) plot. 

9. Comparison of DPF and CSBO 
For a given Z-L data set the figures of merit, r2  and u ,  of 

the DPF(A + S) and CSBO(A + S) regressions are the same, 
i.e., the d,d* pairs in an individual Z-L set are fitted equally 
well by both, and the same is true of the A,S regressions. 
Furthermore, the difference between the d, values ofrom 
DPF(A + S) and CSBO(A + S) is smaller than 0.005 A and 
thus statistically negligible. Because of this and because of 
the smallness of its standard error, d, is the regression pa- 
rameter in which we can place most confidence, and with 
respect to which we can assess differences between the DPE 
and CSBO  treatment^.'^ 

In Fig. 11 c and b, are plotted against d,. By themselves 
these two plots do not enhance any trends that may have been 
suggested by the previous figures. However, their quasi- 
mirror symmetry seems to indicate the existence of a direct 
relationship between c and b,, i.e., between DPF and CSBO. 
Indeed, the plot of c vs. b, (Fig. 12) mutually corroborates 
the consistency of the results obtained by independent fit- 
ting of the data sets to the two model functions. It can be 
shown from eqs. [3] and [4] that a c,b, correlation line must 
pass through the point c = O,b, = 0.  We also have the c and 
b, values for the OBO*X (n = 5) set, for which each fit is 
extremely close (see Dl) .  A straight line passing through 
these two points is seen to accommodate all the Z-L points 
within their respective 1u intervals but in most cases much 
more closely. This quasi-linearity of the c,b, correlation 
would have been difficult to predict from the complicated 
implicit function of the parameters that is obtained by com- 
bining eqs. [3] and [4]. The order of the c,b, points along the 
correlation line follows that of Fig. lob. 

The relationship between DPF and CSBO suggested by 
Fig. 12 leads one to expect that the conclusions formulated 
for Z-L combinations on the basis of the CSBO regressions 
will not differ from those.obtained from DPF. This is cer- 
tainly true of both the values and the order of d, and essen- 

' 3 ~ o r  their As(II1)-Br, Sb(II1)-Br, and Sb(II1)-I data sets 
Sheldrick er al. (15, 16) found b, > 0, in agreement with Table 2, 
but they failed to observe a B,(d - do) correlation for their Sb(II1)- 
C1 set (16). This presumably implies b, - 0. They explain this lack 
of correlation by an ad hoc argument involving the magnitude of 
the antibonding contribution of the Sb(5s) orbital. The result for our 
Sb(II1)-Cl set is a negative, numerically large b , ,  but the standard 
errors on b, and on the other refined parameters are large. A de- 
tailed reexamination of the Sb(II1)-C1 d,d* pairs seems desirable, 
especially if it is confirmed that in general b, can assume both 
ne ative and positive definite values, as found in our regressions. 

'4Sheldrick7s (15, 16) d. and A are not the same as ours. In the 
former, d,' - d,(expt) = (b,' In 2)/(1 - b, '  In 2), with b,' and b, '  
obtained from a linear optimization. In the latter, d, - do = (b, In 
2)/(1 - b ,  In 2), with do, bo, and b, optimized simultaneously by 
a nonlinear regression (see A4). 

FIG. 11. Correlation of the parameters bl (top) and c (bottom) 
with d, (A + S regressions). Open circles, Z from Group VI; full 
circles, Z from Group V; crossed circles, OBO*X. 

tially true of do. However, the standard error on d,(CSBO) 
is consistently about half that of the standard error on 
d,(DPF). On balance, while for practical purposes a Z-L d,d* 
set is equally well fitted by DPF and CSBO, the latter func- 
tion is to be preferred to DPF if only because it is not purely 
empirical. This said, DPF is more convenient for manipu- 
lation, and if eq. [3] is recast to eq. [5] it can be interpreted 
in chemical terms, with do the limiting bond-length value, 
A the total d bond-length range, and c the curvature-deter- 
mining exponent. By contrast, the b, and b, parameters have 
a more implicit, less intuitive meaning.25 

D. General considerations 
I .  Support from ab initio calc~llations (Ql, Q2) 

The existence and essential independence of the TE com- 
pensation and its regularity can be demonstrated on a cen- 
trosymmetric ZL2 molecule in which the electron density in 
one of the bonds is decreased by formation of an L-X bond 
to a fourth atom, L-Z-L -+ L-Z-L*-X. An experi- 
mental LZL*X series suitable for the demonstration would 
be difficult to find, not to speak of interference from extra- 
neous factors likely to confuse the expected trends. How- 
ever, usehl series can be generated by ab initio optimizations 
of the equilibrium ground-state geometries of LZL and 
LZL*X molecules, provided the calculations are self-con- 

25 In this context even the meaning of B in Pauling's relation4 
ceases to be intuitive if the relation is written as D(n) = D(1) - In 
nB, i.e., when B is formulated not as a scaling factor of In n but as 
an empirical power of the bond order (cf. eq. [6]). 
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- 

'%. C. Choi and 0. Knop. Unpublished results. 

FIG. 12. Correlation of the parameters c and b, (A + S regres- 
sions). Standard errors not available for P(1II)-Br (no. 20; see text). 

sistent within the series and at a level that is known to yield 
reasonably realistic geometries. Halogens as ligands are a 
poor choice for this purpose because of chemical restric- 
tions on the L-X combinations, but the series deriving from 
the 16-valence-electron B02-  metaborate ion monomer 
(isoelectronic with C02)  is well suited to illustrate the op- 
eration of TE in isolated homoligand species. 

The conjugate B-0 bond lengths obtained from 6-31G" 
optimizations for B O , ,  OBO*X (X = H, F, C1, Li), and cis- 
and trans-B,O, = OBO*BO (Table 4) are plotted against 
each other in Fig. 13a. The OBO angle in these molecules 
is either 180" by symm'etry or within 3" of 180". It is im- 
mediately obvious that the disposition of the d,d* points in 
this plot resembles Figs. 1-4. To  demonstrate the concom- 
itant variation of the electron density, the density p, at the 
bond critical point is plotted in Fig. 13b against the corre- 
sponding bond length d(0-B) or d*(B-0"). This plot is 
expected to conform to the functional dependence p, = sd-" 
for B-0 bonds (cf. ref. 47); to support and strengthen this 
contention we have included 6-31G* points for seven BO' 
d i a t ~ m i c s ' ~  as well as the neutral BO,, the BO," ion, and 
B(OH),. The power fit to these 22 d.p, pairs gave r2  = 0.989, 
u = 0.0077 au = 0.052 e/A3 - 4% of p, range, leaving no 
doubt about the internal consistency of the compensation in 
the OBO*X molecules or molecule-ions. 

The d,d" pairs in Fig. 13a were fitted to DPF (i) without 
any assumption about do, and (ii) assuming that do corre- 
sponds to d(B-O),,,,, = 1.160 A in the singlet BO+ (Table 
4), on the premise that progressive lengthening of the B-0* 
bond would end up in the eventual removal of an O*X- unit. 
Regression ii of d" on d resulted in r 2  = 0.913, u = 0.014 
A - 13% of range; y i th  cis- and trans-B20, omitted, r2  = 
0.998, u = 0.002 A - 2% of range. The uncoastrained 
regression i gave r2  = 0.865 and do = 1.169(33) A for n = 
7 and an almost exact fit for n = 5 ,  with do = 1.1677(4) A 
(Table 5). The CSBO regressions gave very similar results 
save for a slight difference in do. The closeness of do = 
d(BO+)6.3,,, and the do obtained from the unconstrained 
regressions supports the above assumption about the disso- 
ciative process. 

The analytic treatment of TE is thus validated also for free 
molecular species, at least to the extent their equilibrium 
geometries are described by the 6-31G* calculations. This 
provides further support for the view of the general nature 
of the bond-length compensatory mechanism and for the 3c4e 
bond concept, as well as an affirmative answer to the sec- 
ond part of Q2. 

The OBO*X series also provides an opportunity for esti- 
mating the effect of the bond angle on the TE correlation. The 
geometry of OBO*H was reoptimized with the OBO* angle 
constrained successively to 1 70°, 165", and 160". As would 
be expected, the closing-up of the bond angle from its un- 
constrained equilibrium value produced a lengthening of both 
the 0-B and the B-0* bonds (d*(B-0*) = - 1.1486 + 
2.061 6d(0-B), r 2  = 0.999), but the lengthening was so  
slight that it amounted to only -0.0009 A per 5" decrease 
in OBO*, a variation that would at best be only marginally 
recognizable in an experimental d,d* data set as arising from 
a departure from collinearity. 

2. "Self-TE-calibrati~zg" stereochemistries 
Homoligand molecules or ions with stereochemistries such 

as those in Fig. 14 are of particular interest for the treat- 
ment of TE. They contain one or two symmetric pairs of 
balanced Z-L trans bonds with bond lengths ds, and one or 
more Z-L bonds with unopposed ligands and bond lengths 
du. If d, is taken as an estimate of d, and d, as an estimate of 
do, we have A,,, = d, - d,. This means that the total d bond- 
length range for the particular Z-L combination can in 
principle be estimated from the dimensions of a single mo- 
lecular species. Equation [5] can then be written as (d:' - d,)/ 
Aest = [(d - d,)/A,,,]-', leaving c as the only parameter to 
be determined. 

Although the molecular dimensions of many such spe- 
cies are known (e.g., type A, CIF,, BrF,; type B, SF,, 
SbF,-; type C ,  BrF,, IF,, XeF,+, TeF,-, sbclS2-;  type D ,  
PF,, AsF,, PC15, SbCl,, 1n~1,'-), of all these combinations 
only Sb(II1)-Cl can be checked against our TE treatment. 
In sbclS2- (25), the differeye of the uncorrected bo2d 
lengths d,' - du = 0.33 A, 5(ds + d,') - d, = $.28 A; 
A(DPF) = 0.80(30) A, A(CSB0) = 0.45(13) A, d, - 
d,[SbC13(g)] = 0.30 A. In view of what has been said in C2 
about do as a parameter of refinement, these estimates of A 
from the bond lengths in the anion are of the right order of 
magnitude. For TeF,- the mean,differences (8 determina- 
tions) are d,' - du = 0.1 l(3) A. 5(ds + d,') - du = 0.09(2) 
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TABLE 4. 6-31G* optimized molecular parameters of OBO*X species in their ground states" 

Species P.G. OBO* 

"Total electronic energy E and the electron densities p, at the bond critical points are in au, the bond lengths are in A, and the bond angles OBO* and 
BO*X are in degrees. Optimization constrained to point-group symmetry P.G. For experimental values of some of the parameters see ref. 23. 

bV-shaped conforma!ion. Optimization with thg W-shaped Cz,, initial conformation ended up in the V-shaped conformation. 
'In B(OD), crystal, d(B-0) = 1.367(15) A, d(0-D) = 0.970(17) A, BOD, (1 13.3(8))" (48). 

d (0- B), 8, 
FIG. 13. (a) Ab initio conjugate bond lengths d(0-B) and d*(B-0*) in OBO*X and related species. Thick line, DPF; thin line, DPF 

excluding points F and G. The corresponding CSBO curves are indistinguishable from the DPF curves on the scale of this drawing. (b) 
Electron density p, at the bond critical point vs. d(0-B) and d*(B-0'" in OBO*X and related species. A, B02-; B, OBO*Li; C, OBO*H; 
D, OBO*Cl; E, 0BO"F; F,.trgns-OBO*BO; G, cis-OBO"B0; H, BO+(s); J, BO(d); K, BO-(s); L, BO-(t); M, BO'-(~);  N, BO~-(S); 
P, B O ~ - ( ~ ) ;  Q, BOl(d); R, B(OH),; S, B O ~ ~ - ;  S, singlet; d, doublet; t, triplet (see text and Table 4) 

A, i.e., much smaller than for ~b~1:-. This is generally true 
of F as against C1 as a ligand. The range of bond lengths in 
the pseudo dimer ~ e ~ ~ l , , , -  (cf. Table I1 of ref. 1) is in 
agreement with these estimates. The success of estimating 
the total d bond-length range from single geometries may 
well be worth investigating further. 

3. Extension to dissimilar ligands 
Because of the different nuclear charges on the ligands, 

in a heteroligand La-Z-Lb trans bond pair the two bonds 
are chemically nonequivalent. While for a homoligand 
L-Z-L bond pair d* r d ,  d* = d = d,, for the heteroli- 
gand pair d b  = d(Z-L,) can be greater or smaller than 
d" d(Z-L,), with a crossover at d b  = d". However, the 

d b  = d B  equality now does not characterize a symmetrically 
balanced pair of conjugate bond lengths, i.e., d b  = d" = d, 
is not a limiting bond length, and the total bond-length range 
A = d, - do now becomes, for Z-La and Z-Lb sepa- 
rately, infinite, with d: and d,b as the respective lower 
bounds. 

If it is assumed that TE for the La-Z-Lb bond pair can 
be represented by a single smooth correlation function, the 
regression equations for DPF and CSBO will have to be re- 
written as 

and 
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TABLE 5.  Regressions of d* on d for OBO*X (cf. Table 4)" 

DPF CSBO 

Parameter n = 5  rt = 7 rt = 5 n = 7  

"n = 5 includes [OBO] and 0BO"X (X = H,  F, C1, Li); n = 7 includes in addition cis- 
and trans-OBO*BO. 

where B" and Bb may be constants or B" = b," + b,"(da - d,"), 
Bb = bgb + blb(db - dgb). The DPF thus becomes a 4-pa- 
rameter regression and the CSBO a 4- or 6-parameter 
regression. The increase in the number of refinement pa- 
rameters can be expected to place severe demands on the size 
and quality of the d" d b  data sets. However, simplification 
can be achieved by introducing certain assumptions. 

If one accepts the tentative conclusion (see C7) that the 
refined limiting bond length do for an L-Z-L d,d4 set is 
independent of the presence of other ligands on Z and of the 
oxidation state of Z ,  then do" can be taken as the refined do 
for the Z-L,, set and dgb as the refined do for the Z-Lb set. 
When both do values are available, the number of refine- 
ment parameters in eq. [ l l ]  will be reduced to two and that 
in eq. [12] to two and four, respectively. 

As an indication of what may be expected from a gener- 
alization of the TE treatment we have examined the-trans 
bond lengths in Cl-Bi(II1)-S groupings (Fig. 15).17 At- 
tempts to obtain proper convergence for the 19 dc',ds pairs 
in an unconstrained 4-parameter DPF regression (eq. [ l  11) 
were ~nsuccessful. However, a regression with d c '  fixed at 
2.35 A gave r 2  = 0.816, a = 0.048 A, K = 0.143(173), 
c = 0.917(636), and doS = 2.457(200) A.2R,'9 

To test the above assumption that TE for La-Z-L, obeys 
a single, smooth functional dependence a more selfconsis- 
tent d",db set is needed. To  this end'7 we obtained a number 
of d(0-C),d(C-N) pairs in the isocyanate ion OCN- and 

'7~ufficiently extensive and selfconsistent Z-L,,Lb sets are dif- 
ficult to find. The appreciable scatter in the Bi(II1)-C1,S set comes 
from limited experimental accuracy, from the involvement of the 
S ligands in other bonds, from the presence of other heteroligands 
on Bi, and from significant deviations from collinearity. The data 
sets for Bi(II1)-Br,S, Bi(II1)-I,S, Sb(II1)-I,S, and Te(I1)-C1,S are 
even worse in this respect. Paucity of data in any such series and 
the poor selfconsistency of the d a , d b  pairs may in fact prove to be 
the greatest obstacle at present to a systematic investigation of T E  
in heteroligand trans bond pairs. 

 he dC1 bond length corresponding to point A in Fig. 15 
(Cl-Bi-S, 165"; ref. 187, see F)  is longer than any in the Bi(II1)- 
C1 set. Points B and C correspond to bifurcated C1-Bi-2s bonds, 
C1-Bi-S - 144". For point X see caption. 

' 9 ~  d,d* regression for Bi(II1)-S is not available. The mean of 
eight d,[Bi(III)-S] values (refs. 188, 191, 192, and 258, see F)  

FIG. 14. Homoligand molecular geometries (schematic) con- 
taining balanced symmetric trans bond pairs as well as bonds with 
unopposed ligands. Symmetries: (a) and (b), CZ,, or subgroups 
(du ': (1,'); (c), C,,, or subgroups (d, 5 d,'); (d),  D,, or a,,-retain- 
ing subgroups. 

in XOCN and OCNY molecules from 6-3 lG* a b  initio op- 
timizations of the respective ground-state equilibrium ge- 
ometries (Table 6). The optimized 0-C-N angle in these 
species is either 180" or within 7" of 180". A plot of d(C-N) 
against d(0-C) (Fig. 16) reveals that the bond-length vari- 
ation in the trans bond pairs cannot be described by a single 
smooth DPF or CSBO function. Although the variation is 
monotonic, the OCNY and XOCN curves from a cusp at the 
OCN- point. This unmistakable discontinuity owes its ex- 
istence to the fact that the d,d:korrelation for the heteroli- 
gand bond pairs extends beyond d"  = db ,  and to the difference 
in the effect of bond formation on the OCN m.0. energy 
levels when X is added to [OCNI- on the 0 side in the one 
case and on the N side in the other, the nuclear charges on 
the 0 and N atoms not being the same. By contrast, the cusp 
that appears when a TE curve for a homoligand bond-pair set 
is folded symmetrically along the d = d* line on itself (e.g., 
OBOX, Figs. 13a and 16), arises from the termination of the 
TE curve at d = d:" dd, and is observed whenever the slope 
of the curve at d, differs from - 1 (for DPF this implies c # 
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2.6 2.8 3.0 3.2 3.4 
d (Bi - CI), a 

FIG. 15. Variation of d(Bi-S) with d(Bi-C1) in heteroligand ClYBi(III)-S trntzs bond pairs. X, C1-Bi-S in BiSCl (ref. 259, 
section F); A-C, see footnote 28; d,(Bi-Cl), see no. 16 in Table 1; d,(Bi-S), see footnote 29. 

TABLE 6. 6-31G* optimized bond lengths and bond angles in OCN-, XOCN, 
OCNY, and related species in their ground states (47)" 

Bond length, Bond angle, deg 

Species 0-C C-N X-0 N-Y OCN XOC CNY 

FOCN 
ClOCN 
HOCN 
LiOCN 
NaOCN 
OCN- 
OCNNa 
OCNLi 
OCNH 
OCNCl 
OCNF 
CO 
C0.2 
NCN?- 

"Molecular symmetry constrained to C ,  (XOCN and O C N Y ) ,  C,:, (OCN-) ,  and D,,,(CO,, 
NCN2-),  respectively. For experimental values of some of the parameters see ref. 23. 

"OCO angle. 
"NCN angle. 

The presence of the cusp necessitates fitting the two 
branches of the T E  correlation curve of Fig. 16 separately. 
However, there is no a priori reason to think that the limit- 
ing doCo bond length for the two branches will not be the 
same, and similarly for d p .  Consequently eqs. [I 11 and [I21 
are still applicable, subject to the condition that both branches 
pass through the cusp point at [OCNI-. This requirement 
reduces the number of optimization parameters by two; for 
DPF the convenient parameters to eliminate are KOCNY and 
KXOCN . Fitting the two XOCNY branches to eq. [I  11 simul- 

taneously without additional constraints gave a very satis- 
factory result (fit A, Table 7). Repeating the regressions with 
d,Co fixed at the d(C-O)6.,,,, value in CO (Table 6; the 
matching a b  initio d? value in CN was unobtainable), and 
again without any constraint for the OCNY plus [OCNI- 
branch only, gave essentially the same results. The d,Co value 
obtained from the unconstrained regressions was somewhat 
higher than the a b  irlitio value for CO. Proper convergence 
could not be achieved for an unconstrained DPF fit to the 
XOCN plus [OCNI- only branch. 
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FIG. 16. Variation of d(C-N) with d(0-C) in [OCNI-, XOCN, and OCNY (X, Y = H, F, C1, Li, Na; 6-31G:"b iirzitio bond lengths, 
see Table 7). The corresponding DPF curve for 0BO"X (cf. Fig. 13a) is shown for comparison. Inset: correlation of the electron density 
p, at the bond critical point in the O-C and the C-N bonds. 

TABLE 7. DPF regressions of d(C-N) on d(0-C) for XOCN and OCNY (X, Y 
= H, F,  C1, Li, Na, or no substituent; cf. Table 6 and Fig. 16)" 

Parameter A B C 

,,dC:N - d,CN = , y ( ( - /CO - d o ( T ) ) - c ;  KOCNY , corNY refer to the OCNY branch, K ~ ' ~ " ,  cXo? to 
the XOCN branch of the correlation curve of Fig. 16. A ,  the OCNY and XOCN branches 
constrained to pass through the OCN- point but otherwise unrestricted. R ,  fixed at 1.114 
A, otherwise as for the A regression. C, unrestricted fit to OCNY only (includes OCN-).  

"Smallest correlation matrix elements: d(,'o-rc". -0.48; d,'"-cXoC", -0.51. 

These results indicate that the dc',ds data for C1- 
Bi(II1)-S should be refitted to take account of the pre- 
sumed though not visible cusp. Point X in Fig. 15 repre- 
sents the interatomic distances in the neutral BiSCl and may 
well correspond to the position of the cusp, but the overall 
quality of the existing Bi(II1)-C1,S data set is such that fur- 
ther treatment does not seem warranted at this time, in par- 
ticular for the branch corresponding to large d(Bi-C1) 
values. 

4. Legitimacy of bond-length averaging 
The problem with reporting a representative Z-L bond 

length when a significant TE is present is illustrated in the 
following two examples. In the centrosymmetric k2- 
[~e,Cl,,]'- dirner there are three distinct d,d4 pairs at the 6- 
coordinate Te atom, the individual bond lengths ranging from 
-2.34 to -3.1 A and clearly subject to TE (1). If these bond 
lengths are to be compared with other Te(1V)-Cl bond 
lengths, how is it to be done? 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KNOP ET AL. 2597 

FIG. 17. Bond-length averaging in centrosymmetric p2-dimers 
[Te,CIlo]'-- aqd [As,Br812- (see text). The curves represent the 
pairwise d, = -(di + d*,) averages calculated from the DPF regres- 
sions. The d, values are for [As,Br,]'-. 

A frequently encountered practice is to take the overall 
mean dull = (Cd,)/n, which is then assumed to be compara- 
ble to the bond length in a fully symmetric coordination, in 
the present case (as well as for strongly distorted T~cI,'- 
anions) to the balanced d(Te-C1) in ~ e ~ 1 , ' -  of O,, sym- 
metry.30 This practice is justified when d, + d*, - 2de, i.e., 
when the pairwise means d, = ~ ( d ,  + d*,) are approximately 
the same, which would obtain when the d,d* plot is approx- 
imately linear. However, this is generally not the case. In our 
example, the six available authentic d,d* pairs for ~ e ~ ~ l ~ , ' -  
can be fitted to DPF to r2  = 0.995, a = 0.020 A (data set a 
of Table 111, ref. As seen in Fig. 17, the d, averages for 
these pairs are far from constant and at the far end consid- 
erably in excess of the d, = 2.489 A calculated from the 
regression. The d ,,, value is 0.08 A above this d,, i.e., sig- 
nificantly larger than the value that should be compared with 
d(Te-C1) in T~CI,'~(O,,). For other homoligand Te(1V)-Cl 
species-the correlation line might be somewhat different as 
would d,,,, but the d, calculated from the respective regres- 
sions would be essentially the same as for ~ e ~ ~ 1 , , 2 - .  All such 
d,d* subsets would be contained in the global Te(1V)-Cl 
regressions, such as those of Table 1 .  In the overall con- 
text, there being only one d, value for Te(1V)-Cl, viz. that 
from the global regression, the trans bond lengths in differ- 

30 The effect of ionic charge, though not negligible, is not dom- 
inant. 

3 1 ~ h e  Te2Cl,d--only regression has a smaller dispersion than the 
global Te(1V)-CI regression of Table 1, and similarly for the 
As2BrB2--only set. 

ent Te(1V)-Cl species would differ from one another in the 
distribution of the d,,d, pairs but not in the d, values. As long 
as the d,,d, pairs are consistent with the global regression line, 
no further comparisons are necessary, the bond-length dif- 
ferences between species being simply particular (but con- 
sistent) consequences of the operation of TE. 

In the centrosymmetric ~ , , - [ A S ~ B ~ ~ ] ~ -  dimer (13, 15) the 
situation is different in that the As atom is 5-coordinate. The 
As-Br bond approximately perpendicular to the bridge plane 
(actually the mean Br2As(Br)2AsBr2 plane) is unopposed (Fig. 
1 of ref. l) ,  of length d,. It is thus shorter than either ter- 
minal As-Br bond (Fig. 17) and when included in$ul1 will 
result in a d,,,(incl.) value of -2.654 A, about 0.04 A above 
the d, = 2.617 A calculated from the AS,B~,'--only regres- 
s-ion. However, w h y  d, is omitted, the dull will increase to 
d,,,(excl.) = 2.730 A. Neither d,,, average is really satisfac- 
tory for comparisons. If the aim is to compare the d,(As-Br) 
with other d,(As-Br) bond lengths, there is no need for 
averaging, as these bond lengths can be compared directly. 
If the 5-coordination at As is regarded as an incomplete oc- 
tahedral coordination, then dull(incl.) might be more appro- 
priate for comparison with d,. 

5.  Effect of thermal correction on TE parameters 
So far the results and conclusions have been based on bond 

lengths uncorrected for the effect of thermal motion. The 
correction is typically in the 0.01-0.03 A range and thus not 
negligible. We must now examine how it affects the quan- 
tification of TE. 

For the purposes of this analysis let us assume that the 
corrected bond lengths can be written as 

When the p,q pair is the same for every d,d* pair in the Z- 
L set, the resulting DPF and CSBO fits for the d+,d*+ set 
are entirely predictable, for the sums of squares functions for 
the corrected data S,+(d,+, d,+, c) and Ss+(ds+) are made 
directly proportional to the sums of squares for the uncor- 
rected data by simple transformations of the parameters. For 
DPF, choosing do+ = pd, + q and d,' = pd, + q gives 

and 

Minimizing S,' or r z ,  log S,' + n, log Ss+ (see AS) there- 
fore gives the same value for c, but for d ,  and d, it gives 
values that are corrected in the same way as the data, viz. 
do+ = pd, + q, d,' = pd, + q. The r2  measure is the same 
for the corrected data, but the overall standard error a now 
becomes pa .  For CSBO the same effect is achieved with the 
transformations do+ = pd, + q, bo+ = pb,. 

In reality the thermal corrections are different for each d,d* 
pair. However, the p and q can be considered to be mean 
values for the correction coefficients, and the resulting fit can 
be regarded as an approximate mean of the possible fits. 
Reliably corrected d,d* values would be required to esti- 
mate (p)  and (q) for each particular Z-L set. 

Among the more important consequences of applying a 
correction for thermal motion is the reduction of the differ- 
ence between d,(expt) and d,(CSBO) or d,(DPF) (see C2). 
With the exception of Bi13 the d,(expt) in Fig. 6 are from the 
gas phase and therefore not subject to correction. The points 
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that represent these values, when replotted against d,', will 
undergo horizontal shifts toward higher d,, whereas the 
d,(CSBO),d,(CBSO) and do(DPF),d,(DPF) will be dis- 
placed both horizontally and vertically to do+(> do),de+(> 
d,). As a result the difference D+  between do(expt) and 
do+ = a,+ + a,+d,+ will be smaller than the difference D 
between do(expt) and do = a, + a,d,: D+ - D - -a,[(p - 
l)de + q]. Although we have not attempted a quantitative 
evaluation of this difference, it is clear that the thermal cor- 
rection will tend to reduce the discrepancy between the op- 
timized and the experimental do. 

E. Summary 

In terms of answers to questions Q1-Q7 posed initially, 
our findings can be summarized as follows. 

Q1, Q2. The existence of TE as a functional relation be- 
tween the conjugated bond lengths d and d* in collinear 
homoligand L-Z-L* trans bond pairs has been demon- 
strated or confirmed for a variety of Z-L combinations, at 
the experimental level for trans bond pairs in discrete or 
quasi-discrete species with Z mainly from Groups VI and V, 
and at the 6-31GX nb initio level for a number of isolated 
molecules or molecule-ions (OBOX, XOCN, OCNY; X,Y 
= H, F, C1, Li, Na, or no ligand). In all these cases the TE 
correlation has been found to hold regardless of the specific 
cause of the bond-length disproportionation de,de + d,dQ. 

For the Z-L combinations examined it can be claimed that 
d,d* in experimental homoligand trans bond pairs (d r d*, 
d and d* not related by symmetry; population A) are highly 
correlated. The model functions that have been adopted for 
the correlation and investigated in detail are the purely em- 
pirical DPF. (eq. [3]) and the 3-centre 4-electron (3c4e) based 
CSBO (eq. [4]), both involving 3-parameter nonlinear op- 
timizations. For DPF (A) the r2 values are between 0.80 and 
0.98 and the average goodness of fit measure a is about 9% 
of the total d range. For CSBO (A) the corresponding fig- 
ures are 0.80-0.97 and - 13%. 

To take account of d,da bond lengths equivalent by sym- 
metry (d = d*; population S) the DPF and CSBO functions 
were modified to combine the suitably weighted A and S 
samples. This was done in two ways, DPF(A,S) and 
CSBO(A,S) (eq. [9]), and DPF(A/S) (eq. [lo]). In addi- 
tion, DPF and CSBO were optimized for the straightfor- 
ward A + S sum of the two samples; these two fits are 
available for all the Z-L data sets examined. 

The individual d,d*' sets are equally well fitted by DPF and 
CSBO. In particular, the d, values resulting from the two fits 
for a Z-L combination are practically identical and statisti- 
cally indistinguishable. However, the rates of convergence 
of the two model functions to the asymptotic limit d + do, 
d* + 30 are not the same, which results in somewhat differ- 
ent estimates of do. This discrepancy is discussed at some 
length. The difference A = d, - do represents the total range 
of d subject to TE and is surmised to vary quasi-linearly with 
ci, (Fig. 86). 

The equal (and high) success of the purely empirical DPF 
and of CSBO in fitting the d,dQ data sets validates the use 
of the modified 3c4e bond concept in accounting for the 
quantitative aspects of TE, not only for experimental d,d2!' 
data to which the concept has been applied previously (e.g., 
As(II1)-Br) and in this investigation, but also for much 
simpler situations involving 6-3 lG* optimized equilibrium 

geometries of isolated molecules or molecule-ions with col- 
linear homoligand trans bond pairs. While the absolute val- 
ues of the 6-31G'"ond lengths should be treated with 
reserve, the self-consistency of the OBOX, XOCN, and 
OCNY sets is such that the observed conformity to the model 
functions cannot be dismissed as fortuitous or as an artefact 
of the basis set and the H-F method. The goodness of fit of 
the 6-31G* regressions thus corroborates, on the one hand, 
the validity of the calculated bond lengths relative to one 
another and, on the other hand, vindicates the suitability of 
the modified 3c4e model function CSBO for quantifying TE. 

The problems arising from the extension of TE corre- 
lations to heteroligand L,-Z-L, trans bond pairs are 
in part practical (insufficient data, appreciable scatter of 
d(Z-L,),d(Z-L,) points), in part theoretical (the bond- 
length variation over the observed range is not represent- 
able by a single smooth function). These matters are 
discussed in D3, in relation to Cl-Bi(II1)-S and to ab  in- 
itio bond pairs. 

Q3. The upper bound of d* beyond which dQ = DPF(d) 
or d'% = CSBO(d) in homoligand trans bond pairs ceases to 
correspond to an effective bonding interaction between Z and 
L is difficult to evaluate, but generally it appears to be 
somewhat lower than the sum CvdWr of the tabulated van 
der Waals radii of Z and L (Fig. 7). 

Q4, Q5. The optimized parameter values of DPF and 
CSBO are different for different Z-L combinations. There 
are indications (Figs. 10 and 12) that these values may re- 
flect chemical trends and regularities of Z-L. Statistical 
comparison of the Se(1V)-Cl, Se(1V)-Cl(Ox), and Se(I1)- 
C1 data sets shows that while the d,d* in the three sets come 
from different populations and the d, values for the three sets 
are different and statistically distinguishable, the three do 
values are similar and statistically indistinguishable. The three 
sets thus appear to have a common limiting do bond length 
that is independent of the oxidation state of Se and of the 
presence of heteroligands on the Se atom. Lack of suitable 
and sufficiently extensive experimental d,d* sets has pre- 
vented us from determining whether this conclusion for Se- 
C1 is true of other Z-L combinations. If it is, then the do from 
the regressions will of necessity be smaller than du(Z-L) in 
the reference species, as d(Se-C1) in SeCl,(g) is not ex- 
pected to be the same as the (as yet unknown) du(Se-C1) in 
SeCl,(g). 

Q6. Departures from collinearity would be expected to 
increase both d and d*, though not by equal amounts. As a 
result the d,d:+: point would move away from the TE regres- 
sion line established for essentially collinear bond pairs. The 
bond angles for the d,d* sets examined are generally 170- 
180°, yet no significant systematic deviations from the TE 
lines have been detected that could be attributed specifically 
to lack of collinearity. For the special case of Te(I1)-S see 
C5. 

Q7. Where an S sample exists, the mean 2, value in most 
(though not all) of the cases examined is very close to and 
statistically indistinguishable from the d, value obtained from 
the corresponding A sample. The d, constitutes a well-de- 
fined basic parameter of a d , d K  set and, for Z-Hal combi- 
nations, has been shown to correlate well with the empirical 
ionic radius of the ligand (Fig. 5). 

Among the various other aspects of TE discussed in this 
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paper are the consequences of correcting d,d* bond-length 
pairs for the effects of thermal motion. 

F. Sources of d a t a  a n d  statistical t rea tment  
The data sets used in our treatment of the individual Z-L com- 

binations are based on an extensive (though not exhaustive) search 
of the literature. All the d,d* pairs from this search have been in- 
cluded in the regressions except for the very small number which 
gave gross visual misfits in the d* vs. d plots and clearly did not 
belong to the respective sets. These were omitted from the final 
regressions and are not shown in Figs. 1-4. 

To save space, papers cited previously in refs. 1 and 41 will be 
referred to only by the numbers under which the citations appear 
there; references marked a are from ref. 41 and those marked b from 
ref. 1. The very numerous additional papers not referred to in the 
text have been assigned running numbers between 100 and 300 and 
the citations have been deposited." 

Se(1V)-C1: 18; a125; b13-b15; 100-104. 
Se(1V)-Cl(0x): 1; b9-11, b17; 105, 106. 
Se(I1)-C1: b15; 107. 
Se(1V)-Br: 18; a78; 104, 108-1 12. 
Se(I1)-Br: 110, 112-1 16. 
Te(1V)-Cl: 1; a74, a77; b6, b9, b12, b19, b58; 104, 117-142. 
Te(1V)-Br: 18; a71, a73, a75, (180; 08; 104, 143-152. 
Te(1V)-I: 18; a50, a102; 104, 11 1, 153-161. 
P(111)-Br: 1 1, 20: 
As(II1)-Cl: 12, 21, 22; 162-164. 
As(II1)-Br: 13, 15; 165. 
As(II1)-I: 24; 165. 
Sb(II1)-F: 35. 
Sb(II1)-C1: 4,  5,  7,  8, 14, 25, 26, 28; b36; 166- 173. 
Sb(II1)-Br: 6, 29; a88; 172, 174-177. 
Sb(II1)-I: 16, 29, 30; 178-183. 
Bi(II1)-C1: 3 1 ; a90, a92; b42-44; 184-20 1. 
Bi(II1)-Br: a93; b45-47; 187, 200-212. 
Bi(II1)-I: (194; 178, 187, 189, 202, 213-221. 
Te(I1)-S: 222-257. 
Bi(II1)-C1,S: 32; 185-188, 192, 195, 258-261. 
Xe(I1)-F: 33, 34; 262. 
Pb(I1)-Br: 01 19; 263, 264. 
Pb(I1)-I: a84, a1 15, a1 17, a1 18; 265-270. 
I(II1)-Cl: 27 1-276. 
Ti(1V)-CI: 41, 42; 277, 278. 
Ab initio values (Tables 4 and 6): the total electronic energies, 

bond lengths and angles, net charges, critical radii, and electron 
densities at the bond critical points were obtained from in-house (see 
footnote 26) 6-3 lG* optimizations of the ground-state equilibrium 
molecular geometries. For methods see ref. 47. 

Statistical treatment 
The DPF and CSBO model functions are assumed to rep- 

resent the conditional mean of d* given d ,  and the variation 
of d* about this mean is assumed to be Gaussian, with a 
standard deviation a which is constant over the range of d 
values. With the additional assumption of statistical inde- 
pendence among the different d values, the method of non- 
linear least squares (49, 50) is the appropriate technique for 
estimating the model parameters. An iterative algorithm 
minimizes the sum S[d*(obs); - d"(fit),]%nd provides pa- 
rameter estimates, standard errors for these estimates, and 
an estimate of the overall standard error (T. The latter and the 
proportion r 2  of the variation in d* explained by the regres- 
sion provide summaries that indicate the adequacy of the fit. 

 h he deposited material can be purchased from: The Deposi- 
tory of Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada K1A 0S2. 

The standard errors of the parameters derive from both (T 

and the model function and can be large even when the fit is 
adequate. For example, estimation of do involves, for any 
suitable d* = f (d )  model function, extrapolation to infinity 
and is inherently less accurate than estimation of d,. 

When S data are available, however, different method- 
ology is required to accommodate possible differences be- 
tween d, and d, and between (T, and us. Since in the S 
population d", = d,, it is only possible to consider the statis- 
tical fluctuations of d* about its mean d, rather than its vari- 
ation about a conditional mean given d .  

When d, and d, are assumed equal, a combined fit A,S is 
obtained by minimizing the weighted combination of e l .  [9]. 
Estimates for a,' and usZ are then given by j,/n, and Ss/ns, 
respectively, 3 denoting evaluation at the optimal parameter 
values. Equation [9] is the negative of the maximized log 
likelihood function for the DPF and CSBO parameters, under 
the assumption that the S population is also Gaussian. For 
the A,S fit an r' measure was constructed using the A data 
only. The constrained or  combined A,S fit is the appropri- 
ate one if estimates of d, and d, are deemed not to be signif- 
icantly different. Standard errors on the parameter estimates 
will be smaller than for the fit to the A data only. 

Test for equality of d, a n d  d, 
A statistical test for the equivalence of d, and d, was de- 

rived using the likelihood-ratio statistic, which is approxi- 
mately distributed as a X2 with one degree of freedom. This 
statistic compares the fit to the data under the assumption that 
d, = d, to the unconstrained fit. The unconstrained fit in- 
volves fitting the model function to A data using nonlinear 
least squares and also estimating d, and as using the sample 
average and standard deviation from the S population. The 
test statistic is therefore 

where c and u ,  respectively, indicate the constrained and 
unconstrained fit. Large values of T I ,  or  small values of the 
significance probability P (cf. Table 3), suggest that the 
equality hypothesis may be untenable. 

Testing for the effect of noncollinearity 
The difference between the A1,S and A2 Te(I1)-S pop- 

ulations was assessed using the n = n,, = 23  deviations 
e = (e l ,  el . . . , e2,)' of the d"(A2) values from their corre- 
sponding predictions from DPF(A1,S). The quadratic form 

properly combines these deviations and is approximately 
distributed as a X' with n degrees of freedom. Here M = [&'I,, 
+ FVF'I- '  is the inverse of the estimated covariance matrix 
of the deviations, V is the estimated covariance matrix of the 
parameter estimates, 6 5 s  the estimated variance of the 
d'"A1) values about the DPF curve, and F is the derivative 
matrix of DPF with respect to the parameters evaluated using 
the d(A2) values and the DPF(A1,S) parameter estimates of 
K, t, and do. 

The value of Q was calculated to be 32.34, which is ex- 
ceeded with probability 0.09 in the X"3 distribution. We 
conclude that these results provide mild evidence of a dif- 
ference between the A 1  and A2 populations. 
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Testing for the effect of oxidation state and heteroligation 
An overall test for comparing two populations can be 

cpnstructed from the two sets of DPF parameter estimates 
@, = (d ,, I?, d,)' and their covariance matrices C, from each 
sample i = 1,2. The test statistic is given by 

and has an approximate X' distribution with three degrees of 
freedom under the hypothesis of equality of the population 
parameters. 

Comparing Se(1V)-C1 and Se(1V)-Cl(0x) in this way 
gives T2 = 746.7, while Se(1V)-Cl and Se(I1)-C1 give 
188.5. Both these values are much larger than X 2 3 ( ~ . ~ l )  = 

11.3, so we conclude the population differences in both pairs 
are significant. 

Similar tests for single parameter values indicate that d, 
is significantly different at the 0.01 level in each pair: for the 
Se(IV)-C1 vs. Se(1V)-Cl(0x) comparison, T2 = 42.3, and 
for Se(1V)-Cl vs. Se(I1)-C1 T2 = 15.5. However, the val- 
ues of do in the three populations are not significantly dif- 
ferent even at the 0.10 level, with T2 = 0.5572. 

NOTE ADDED IN PROOF: In the recently reported XeF,.CrF, 
(ref. 5 1 ; personal cqmmunication from Prof5ssor Leban), 
d(Xe-F) = 1.928 A, d*(Xe-F) = 2.123 A. When this 
d,d* pair is added to the Xe(I1)-F set of Tables 1 and 2, the 
regressions (n = 10) give 

DPF(A+S): r" 0.874, u = 0.054 A, do = 1.690(142) 
A, K = 0.103(44), c = 0.926(424), d, = 1.997(16) A, A = 
0.307(134) A; for d = 1.928 A, d*,,,, = 2.079 (54) A. 

CSBO(A+S): r' = 0.872, u = 0.055 A,  do = 1.758(63) 
A, bo = 0.339(145) A, b, = 0.023(306), d, = 1.997(15) A, 
A = 0.239(49) A; ford  = 1.928 A, d*,,,, = 2.080(550) A. 
With the d,d* pair for XeF,.WOF, (23)oomitted (n = 9), 

DPF(A+S): r' = 0.957, u = 0.033 A, do = 1.537(248) 
A, K = 0.182(165), c = 1.200(357), d, = 1.998(9) A, A = 

0.46 l(244) A; for d = 1.928 A, d *,;,,, =02.099(33) A. 
CSBO(A+S): r' = 0.956, u = 0.033 A, do = 1.690(117) 

A, bo = 0.494(252) A, b, = -0.163(247), d, = 1.998(9) A, 
A = 0.309(113) A; ford = 1.928 A, d*,,,, = 2.099(33) A. 
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Preparation and "P NMR characterization of N-bonded complexes of platinum(I1) 
with a phosphadithiatriazine: X-ray structure of trans-Pt~l,(P~t,)($-~-Ph,~~~~~) 
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TRISTRAM CHIVERS, ROBERT W. HILTS, IAN H. KROUSE, A. WALLACE CORDES, RANDAL HALLFORD, and SYRONA R. 
SCOTT. Can. J. Chem. 70, 2602 (1992). 

The reaction of Ph,PS2N, with [Pt2(p-C1)2(PEt,)4][BF4]2 or [PtCII(PEt,)12 in dichloromethane at 23OC produces the 1 : 1 
adducts C~S-[P~CI(PE~,)~(P~&N,):I[BF,], 3, and trans-[PtCI2(PEt,)(Ph1PS3N2)], 4, respectively, in good yields. The "P 
NMR data for 3 and 4 indicate that (i) the platinum is attached to a nitrogen atom adjacent to phosphorus in both these 
adducts, (ii) the PEt, ligands in 3 are in mutually cis positions, and (iii) the PEt, ligand in 4 is trans to the heterocyclic 
nitrogen. These structural features were confirmed by an X-ray analysis of 4. Crystals of 4 are mono~linic, space group 
P2,/c, with a = 14.920(3) A, b = 8.966(5) A, c = 19.103(5) A, P = 109.32(2)", V = 241 1.6(16) A,, and Z = 4. The 
least-squares refinement with anisotropic thermal parameters for all non-hydrogen atoms converged at R =- 0.050 and 
R,, = 0.053. The Pt-N bond length is 2.122(15) A and the coordinated nitrogen atom is lifted ca. 0.63(2) A out of the 
plane containing the other heterocyclic ring atoms. The attachment of a platinum(I1) centre to the PN,S2 ring perturbs 
the S-N bond lengths significantly. The S-N distance involying the coordinated nitrogen is 1.672(16) A, while the 
other S-N distances are 1.63 1(19), 1.555(19), and 1.562(19) A, indicative of a localized sulfur diimide (-N=S=N-) 
structure. The UV-visible spectra of 3 and 4 in CH,CIZ exhibit absorption bands at 5 14 and 528 nm, respectively, but 
dissociation of these adducts to give the free ligand Ph2PS2N3 occurs readily in dilute solution. 

TRISTRAM CHIVERS, ROBERT W. HILTS, IAN H. KROUSE, A. WALLACE CORDES, RANDAL HALLFORD et SYRONA R. SCOTT. 
Can. J .  Chem. 70, 2602 (1992). 

Les rtactions du Ph2PS2N, avec le [Pt2(~-C1)2(PEt,)4][BF4]2 ou le [PtCl,(PEt,)], effectuCes dans la dichloromCthane, 
h 23"C, conduisent respectivement aux adduits I : I C~~-[P~C~(PE~,)~(P~~PS~N~)][BF~], 3, et tratzs-[PtCI2(PEt,)(Ph8S,N&, 
4, avec de bons rendements. Les donnCes de la RMN du "P des composts 3 et 4 indiquent que (i) dans les deux cas, le 
platine est attach6 2 un atome d'azote adjacent de I'azote, (ii) les ligands PEt, du composC 3 sont dans des positions cis 
et (iii) le ligand PEt, du composC 4 se trouve en position tratls par rapport h l'azote hCtCrocyclique. Ces caracteristiques 
structurales sont confirmCes par une analyse du spectre de diffraction des rayons X du composC 4. Le? cristaux du com- 
pose 4 sont monocliniques, groupe d'espace P2,/c, avec a = 14,920(3), b = 8,966(5) et c = 19,103(5) A, P = 109,32(2)", 
V = 241 1,6(16) A3 et Z = 4. Un affinement, par la mCthode des moindres canes, des paramktres thermiques anisotro- 
piques de tous les atomes qui ne sFnt pas des hydrogenes converge h R = 0,050 et R,, = 0,053. La longueur de la liai- 
son Pt-N est Cgale 2,122(15) A et I'atome d'azote coordonnC est dCplacC de 0,63(2) au-dessus du plan contenant 
les autres atomes hCtCrocycliques du cycle. L'attachement d'un centre platine(I1) au PN3SI cycle perturbe forteinent les 
longueurs des liaisons S-N. La distance S-N impliquant l'azote $oordonnC est &gale a 1,672(16) A alors que les autres 
distances S-N sont Cgales a 1,631(19), 1,555(19) et 1,562(19) A et suggkrent I'existence d'une structure diimide de 
soufre (-N=S=N-) IocalisCe. Les spectres UV-visible des composCs 3 et 4, dCterminCs dans le CH2CI2, prksentent des 
bandes d'absorption a 514 et 528 nm respectivement; toutefois, en solution diluCe, la dissociation de ces adduits pour 
donner le ligand libre Ph2PS2N, se produit facileinent. 

[Traduit par la rtdaction] 

The  phosphadithiatriazine ring system 1 is an eight .rr- 
electron system, which readily undergoes cycloaddition with 
norbornadiene (1) o r  oxidative-addition with halogens (2). 
The  interaction of 1 with Lewis or BrGnsted acids gives ad- 
ducts of the type 2 in which the electrophile (E) is attached 
to a nitrogen atom attached to a phosphorus atom (3). Ah 
irzitio Hartree-Fock-Slater SCF calculations indicate that the 
regiospecificity of these reactions is governed by electro- 
static effects. An X-ray structural determination of the 
methylated derivative, 2n,  reveals that coordination of 1 to 
an electrophile also imposes a marked perturbation on both 
the conformation of the ring and the S-N bond lengths (3). 
Specifically, the S-N bond involving the coordinated ni- 
trogen is weakened substantially suggesting that electro- 

' ~ u t h o r  to whom correspondence may be addressed. 

1 2a ( E =  Me') 
2b (E=H') 
2c (E = BC13) 
2rl (E = s ~ c I ~ ) '  

philes might be used to promote ring-opening reactions. It 
was of interest, therefore, to investigate the reactions of 1 
with other electrophiles in order to compare the deforma- 
tion of ring geometry induced by adduct formation with that 
observed upon N-methylation. In this study we  describe the 

'1n the SnCl, complex two molecules of 1 are coordinated to tin 
in a trans geometry. 
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svnthesis and 3 1 ~  NMR characterization of two platinum(I1) TABLE 1. Crystallographic parameters for 
adducts, viz. cis-[PtC1(PEt3),(Ph,PS2N3):I[BF4], 3, and trans- ~ ~ ~ ~ ~ - P ~ C I , ( P E ~ ~ ) ( ~ ~ - N P ~ ~ P S ~ N ~ ) ,  4 

[PtC12(PEt3)(Ph2PS2N3)], 4, and the X-ray structure of 4. 
Formula C18H25C12N3P2PtS2 

Experimental 
Manipulations of air-sensitive reagents and products were per- 

formed under an atmosphere of prepurified nitrogen or argon using 
standard Schlenk or dry box techniques. Solvents (THF, diethyl 
ether, hexane, and dichloromethane) were dried with the appro- 
priate desiccant and purged with argon. The compounds Ph2PS2N3 
(4), [PtCl2(PEt3)l2 (51, and [Ptz(p-C1)2(PEt3)41[BF412 (6) were pre- 
pared by the literature procedures. 

Infrared spectra were obtained as Nujol mulls (KBr plates) on a 
Mattson 4030 FTIR spectrometer. UV-visible spectra were deter- 
mined by using a Cary 219 spectrophotometer. The 3 ' ~  {IH} and 
'H NMR spectra were recorded on a Bruker AM-400 spectrome- 
ter operating at 161.978 and 400.13 MHz, respectively. The ele- 
mental analyses were performed by the microanalytical service 
within the chemistry department of the University of Calgary. 

Preparation of C~S-[P~CI(PE~,)~(P~~PS~N~~)][BF~], 3 
A purple solution of Ph2PS2N, (0.100 g ,  0.343 mmol) in di- 

chloromethane (10 mL) was added dropwise to a solution of [Pt,(p- 
CI)2(PEt,)4][BF4]2 (0.190 g, 0.172 mmol) in dichloromethane 
(10 mL) at 23°C with the immediate formation of a transparent 
red solution. The solution was stirred for 1 h and then solvent 
was removed under vacuum to give a purple-pink solid. Recrys- 
tallization of this product from deoxygenated diethyl ether - 
dichloromethane (I : 1) solution at 23OC afforded cis-[PtC1(PEt,)2- 
(Ph,PS2N,)I[BF4], (0.188 g, 0.222 mmol) in 65% yield. Infrared: 
1060 cm-I (s, br, v, BF4-); IH nmr (CDCl,, 23"C), 6 (ppm): 7.39- 
8.15 (m, C a 5 ,  IOH), ca. 1.9 (m, CH,CH,, 12H), and ca. 1.2 (m, 
CH2CH,, 18H). The "P nmr data are discussed in the Results and 
discussion section. Anal. calcd. for C2,H,oBC1F4N3P3PtS2: C 34.1 1, 
H 4.77, N 4.97; found: C 33.38, H 5.07, N 4.18. 

Preparation of trans-[PtC12(PEt3)(PhZPS3NZ)], 4 
This adduct was obtained as red crystals in 75% yield, after 

two recrystallizations from hexane at 23OC, from the reaction of 
Ph,PS2N, with [PtCI2(PEt,)], by using a procedure similar to that 
described above for 3. 'H nmr (CDCI,, 23°C); 6 (ppm) 7.54- 
8.1 l (m, C a 5 ,  lOH), 1.68 (m, CH,CH,, 6H), 0.96 (dt, CH,CH,, 
9H), 3 ~ ( ~ ~ )  = 18 Hz, 'J(HH) = 9 Hz. The "P nmr data are dis- 
cussed in the Results and discussion section. Anal. calcd. for 
C18H25C12N3P2PtS,: C 32.00, H 3.73, N 6.22; found: C 31.56, H 
3.42, N 6.04. 

X-ray crystallographic analysis of 4 
Crystals of 4 were obtained from hexane solution. The crystal 

was attached to a glass fibre'with epoxy. The structure was deter- 
mined by the application of standard procedures, and pertinent 
crystallographic data are listed in Table 1. 

The unit cell was determined from the setting angles of 25 re- 
flections with 17" < 20 < 19". All measurements were made on an 
Enraf-Nonius CAD4 diffractometer with the o/20 scan technique 
and calculations were done using the NRCVAX system of pro- 
grams (7). Psi scan absorption corrections were made. No general 
correction was made for extinction. 

The structure was solved by Patterson techniques. All non-H 
atoms were refined anisotropically. H atoms were constrained to 
idealized positions (C-H = 0.95 A) with isotropic B values of 1.2 
times the B value of the attached C atom. In the full-matrix least- 
squares refinement, the function minimized was Zw(lF,( - IF,\)' 
where w-I = [u2(1) + 0.02 1 2 ] / 4 ~ ' .  Conventional atomic scatter- 
ing factors, corrected for anomalous dispersion, were used (8). 
Positional parameters are given in Table 2 and selected bond dis- 
tances and angles are summarized in Table 3.  

Hydrogen atom parameters, anisotropic thermal parameters, 

fw 
Crystal size (mm) 
Sp!ce group 
a (4) 
b (6) 
c (A) 

z 
Dcalcd (g/cm)) 
Radiation, A 

Temperature (K) 
F(000) 
Scan range (") 
Scan speed (" min-I) 
Max 0 (") 
Octants 
Unique reflections 
Observed reflections (>2.5u) 
p (MoKa) (cm-I) 
Min/max absorption corr. 
Parameters refined 
GOF 
R ,  R,,." 

675.47 
0.06 X 0.14 X 0.20 
P21/c 
14.920(3) 
8.966(5) 
19.103(5) 
109.32(2) 
241 1.6(16) 
4 
1.86 
MoKa (X = 0.71073 A) 

graphite monochromated 
293 
1307.3 
1.0 + 0.35 tan 0 
4-16 
25 
k h  + k  + I  
4236 
2000 
64.1 
0.66-0.99 
25 3 
1.21 
0.050, 0.053 

"R = X(l l~ ,> l  - l ~ ~ l l ) / X l F ~ , l ;  R,, = [Xw(\Fc,l - ~ F ~ I ) ~ / Z ~ ~ ~ ~ F ~ , ~ ~ I ~ ~ ~ .  

TABLE 2. Positional parameters for 4 

"B,,,, is the mean of the principal axes of the thermal ellipsoid. 
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TABLE 3. Selected bond lengths (A) and bond angles (deg) for 
trans-[PtC12(PEt3)(Ph2PS2N3)], 4, P~~PS,N,M~+CF~SO,- ,  2a, and 

t r ~ n s - ( P h ~ P S ~ N , ) ~ S n C l ~ ,  2d 

Atoms 

S( l)-N(2) 
S( 1)-N(3) 
S(2)-N( 1) 
S(2)-N(3) 
P(2)-N( 1) 
P(2)-N(2) 
P(2)-C( 1) 
~ ( 2 ) - ~ ( 7 )  
Pt-Cl(1) 
Pt-Cl(2) 
Pt-P( 1 ) 
Pt-N(1) 

"See footnote 2. 

torsion angles, least-squares planes, complete tables of bond lengths 
and bond angles, and structure factors have been deposited.' 

Results and discussion 

Synthesis and -"P nmr characterization of 3 and 4 
The reaction of Ph2PS2N,, 1, with either [PtCl(PEt,),],- 

[BF,], or [PtCl,(PEt,)], in dichloromethane at room temper- 
ature results in the cleavage of the chloro bridges to give the 
1 : 1 adducts 3 and 4, respectively, as air-stable, red crys- 
tals. By contrast 1 does not react with the palladium dimer 
[PdCl,(PEt,)], even at reflux in chloroform. 

The 3 1 ~  {IH) nmr spectrum of 3 indicates that platinum is 
coordinated to a nitrogen atom adjacent to the phosphorus 

3~upplementary material mentioned in the text may be pur- 
chased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K1A 0S2. 

Tables of hydrogen atom parameters and bond lengths and an- 
gles have also been deposited with the Cambridge Crystallo- 
graphic Data Centre and can be obtained on request from The 
Director, Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, 12 Union Road, Cambridge CB2 IEZ, U.K. 

atom of the heterocyclic ring (Fig. 1). The resonances at 6.8 
and 10.7 ppm are readily assigned to the inequivalent PEt, 
ligands (PA and PC, respectively) on the basis of their large 
couplings to platinum, 3269 and 3607 Hz, respectively. In 
addition, these resonances exhibit a mutual coupling of 
21 Hz, indicating that the PEt, ligands are attached to plat- 
inum in mutually cis positions.4 The signal for PA appears as 
a doublet of doublets due to a three-bond coupling of 11 Hz 
to the heterocyclic phosphorus atom, P,. The resonance for 
P, is observed at 2.3 ppm, ca. 23 ppm downfield from that 
of 1 (1). For comparison the "P nrnr chemical shifts of 2a- 
d occur in the range 29-41 ppm downfield from that of 1. 
The resonance for P, exhibits ' 9 5 ~ t  satellites with J(PtPB) = 
30 Hz. The observation of this coupling and the PA-P, cou- 
pling strongly suggests that the platinum is coordinated to one 
of the equivalent nitrogen atoms (i.e., adjacent to P,) rather 
than to the unique nitrogen in 1. 

The ,'P nmr spectrum of 4 also indicates that the plati- 
num is attached to a nitrogen atom adjacent to phosphorus. 
Two mutually coupled resonances, ,J(P,P,) = 11 Hz, are 
observed at 2.7 and 2.4 ppm, each with flanking Ig5pt sat- 
ellites. The low-field signal with ' ~ (P tp )  = 3728 Hz is as- 
signed to the PEt, ligand while the high-field signal with 
J(PtP) = 28 Hz is ascribed to the heterocyclic phosphorus 
P,. The structure of 4 was determined by X-ray crystallog- 
raphy. 

X-ray crystal structure of trans-[PtCl,(PEt3)(Ph2PS2N3)], 4 
The X-ray analysis of 4 confirms that platinum is at- 

tached to a nitrogen atom adjacent to phosphorus. An ORTEP 
drawing of the structure with the atomic numbering scheme 
is displayed in Fig. 2. The pertinent endocyclic and exo- 
cyclic bond lengths and bond angles of 4 are compared with 
the corresponding values for the related adducts 2a and 2d 
in Table 3. The structural determination confirms that the 
PtC12(PEt,) is -q'-N-bonded to the PS2N3 ring with PEt, trans 
to nitrogen. 

The structural trends for all three adducts are similar, 
although the perturbation of the geometry of the PS,N, ring 
caused by coordination to platinum(I1) is somewhat less than 
that observed for 2a and 2d. Thus the S(2)-N(l) bond 
distance ia 4 is elongated from 1.575(3) oA in 1 (1) to 
1.672(16) A in 4 (cf. 1.707(5) and 1.712(3) A in 2a ando2d, 
respectively (3)). The P-N bond lengths of ca. 1.63 A ip 
4 are not significantly changed from the value of 1.62 A 
observed for 1 (1) and the endocyclic bond angle at phos- 
phorus is also little affected in 4. The S(2)-N(3)- 
S(1)-N(2)-P(2) segment of the ring is planar to within 
0.05(2) A in 4 while the coordinated nitrogen N(l) is disc 
placed from this plane by 0.63(2) A (cf. 0.78 and 0.71 A 
for 2a and 2d, respectively (3)). The angles sums at N(l) 
in 4 are 349.8" compared to values of 339" for 2a and 
358.3" for 2d. As for 2u and 2d, the S(1)-N bond lengths 
of 1.55-1.56 A are indicative of a localized sulfur diimide 
structure -N=S=N- in 4.5 

The geometry about platinum in is essentially square- 
planar with d(Pt-N) = 2.122(15) A. For comparison, the 
Pt-N bond lengths in platinum(I1) complexes of chelating 

'trans 'J(P-P) coupling constants are typically in the range 300- 
600 Hz (9). 

'Typical S-N bond lengths in a cis, cis-sulfur diimide are ca. 
1.52 A (10). 
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PC 

20 10  0 

6 ( P P m )  

FIG. 1. "P NMR spectrum of C~~-[P~CI(PE~,)~(P~~PS~N~)][BF,I, 3. Unreacted [Pt,(p-Cl),(PEt,),:I[BF,], is identified by an asterisk. 

FIG. 2. ORTEP plot (30% probability ellipsoids) of trar~s-[PtCl~(PEt~)(Ph&N~)], 4. 

S-N ligands are in the range 2.01-2.05 (1 1-13) and the adduct in solution (vide infra). The relatively large value 
Pt-N bond distance in thc fluxional dimer [Pt(PR,)(l,S- (3728 Hz) for ,'J(P~-PE~,) in 4 is further evidence of the 
Ph,P,N,S,)], is 2.089(7) A (14). This centrosymmetric weakness of this i n t e r a ~ t i o n . ~  
molecule undergoes a facile [ I ,  31 shift of platinum be- 
tween vicinal nitrogen atoms of the P,N,S2 ring. Thus the 6 I J(Pt-P) values for closely related complexes with strong Pt-N 
Pt-N bond length observed for 4 is indicative of a weak bonds trans to PEt, are significantly smaller (3175-3355 Hz) (12, 
interaction as reflected in the ready dissociation of this 13). 
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Electrorzic spectra of 3 and 4 
The adducts 3 and 4 exhibit absorption bands at 5 14 and 

528 nm, respectively, in methylene dichloride. The deter- 
mination of an extinction coefficient for these absorptions was 
thwarted by the partial dissociation of the adducts to give 1 
(A,,, 550 nm). The observed hypsochromic shift in the 
n*(HOMO) -+ n *  (LUMO) transition of 1 upon coordina- 
tion to platinum(I1) is much less pronounced than that ob- 
served for the adducts 2a-d, for which absorption maxima 
are observed in the range 410-430 nm (3). Thus the visible 
spectroscopic data provide another manifestation of the rel- 
ative weakness of the nitrogen-electrophile interaction in 4 
compared to that in 2a-d. 

Conclusions 
The interaction of the phosphadithiatriazine 1 with plati- 

num(LI) electrophiles produces 1 : 1 adducts in which the metal 
is attached to a nitrogen atom adjacent to phosphorus in the 
PS2N3 ring. Coordination to platinum perturbs the confor- 
mation of the ring and the S-N bond lengths in a manner 
similar to that observed for other electrophiles. However, the 
interaction with platinum(I1) is weaker than that observed for 
electrophiles such as SnC1, or upon methylation, as indi- 
cated by 3 1 ~  NMR and visible spectroscopic measurements 
and by the X-ray structural data. 
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Syntheses of model oligosaccharides of biological significance. XII.' Synthesis, 
NNIR, and conformational analysis of trideuteriomethyl 4-0-(P-D-mannopyranosy1)- 
2-acetamido-2-deoxy-P-D-glucopyranoside: the use of DEPT 'H to 13c transfer for T ,  

measurements and NOE assignments of tightly coupled 'H nuclei 
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Ho HUAT LEE, LIGAYA N. CONGSON, DENNIS M. WHITFIELD, LAJOS R. RADICS, and JIRI J. KREPINSKY. Can. J. Chenl. 
70, 2607 (1992). 

The title disaccharide Manp(p1-4)GlcpNAcpl-OCD, has been prepared by a short synthetic sequence through the 
inversion of configuration from gluco to marzrzo involving benzyl Glcp(p1-4)GlcpNAc. The disaccharide was sub- 
jected to detailed high-field 'H and I3c NMR study. First, conventional and 2D spectra were run to afford a co~nplete 
set of assigned spectral parameters. Next, steady-state 'H-{'H} NOE and 'H, ',c spin lattice relaxation experiments were 
performed to infer dynamic spectral data related to ~nolecular conformation. Owing to tight couplings and signal over- 
laps in the 'H spectrum, proton relaxation and selected NOE data were obtained via "C NMR after transfer of the ac- 
tual, non-equilibrium, proton magnetization to the "C frequency domain. Using this experimental approach it has been 
found that T,'s for Manp H-4 and GlcpNAc H-2 were substantially longer than those of the other sugar ring protons, 
and that the principal interresidue dipolar contact in Manp(p 1 -4)GlcpNAcp 1 -OCD3 takes place between Manp H- l and 
GlcpNAc H-4. Subsequently, a conformational analysis of the disaccharide was executed by means of a semiempirical 
method comparing Boltzman-averaged computed observables with experimental T I  and NOE values. The results sug- 
gest that the disaccharide has substantial conformational flexibility. Its exo-anomeric-stabilized conformational mini- 
mum at approximately + = +50° ($ = 0 2 10") of the glycosidic rotational angle is significantly populated but this global 
minimum does not represent the only rotational form available to the molecule. 

Ho HUAT LEE, LIGAYA N. CONGSON, DENNIS M.  WHITFIELD, LAJOS R. RADICS et JIRI J.  KREPINSKY. Can. J. Chem. 
70, 2607 (1992). 

On a prCparC le disaccharide Manp(p1-4)GlcpNAcpl-OCD, mentionne dans le titre en utilisant une courte voie de 
synthkse impliquant une inversion de configuration de gluco a tnanno sur le Glcp(p1-4)GlcpNAc de benzyle. On a soumis 
le disaccharide a une Ctude dCtai1li.e par RMN du 'H et du ',c a haut champ. Dans un premier temps, on a dCterminC 
les spectres conventionnels et en 2D afin d'obtenir un ensemble complet des parametres spectraux. Par la suite, dans le 
but de relier les donntes spectrales avec une conformation molC~ulaire, on a effectuC des expkriences d'EON 'H-{'H} 2 
I'Ctat stationnaire et de relaxation spin-rCseau du 'H et du "C. A cause des faibles couplages et des recouvrements de 
signaux dans le spectre du 'H, on a determini. la relaxation du proton et les donnCes sClectives d'EON B I'aide de la RMN 
du "C apres un transfert de la magnktisation rCelle, non-CquilibrCe, du proton vers le domaine de frCquence du "c. Utilisant 
cette approche expCrimentale, on a trouvC que les TI du H-4 du Manp et du H-2 du GlcpNAc sont beaucoup plus longs 
que ceux des autres protons du cycle du sucre et que le principal contact dipolaire inter-rCsidu dans le Manp(p1- 
4)GlcpNAcpl-OCD, se produit entre le H-l du Manp et le H-4 du GlcpNAc. Par la suite, on a effectuk une analyse 
confo~a t ionne l le  complete du disaccharide 5 I'aide d'une mCthode semi-empirique permettant de comparer les valeurs 
moyennes de Boltzman calculCes et les valeurs experimentales de TI et d'EON. Les rksultats suggkrent que la disaccha- 
ride possede beaucoup de flexibilite conformationnelle. La population de sa conformation exo, stabi1isi.e par anomCrie 
et correspondant a un minimum d'Cnergie pour un angle de rotation glycosidique + = +50° ($ = 0 2 lo0), est impor- 
tante, mais ce minimum global ne reprksente pas nkcessairement la seule forme rotationnelle disponible pour cette molCcule 

[Traduit par la rkdaction] 

Introduction Oligosaccharides bound t o  proteins by a n  amidic linkage to 
asparaghe  invariantly contain the core structure I as a base 

T h e  biological functions of the oligosaccharide moieties 
of glycoproteins depend on their 3-dimensional structures (1). Manpa 1 ,6  

\ I 
'For part 11, see ref. 39. ManpP 1,4GlcNAcpe I ,  4GlcNAcpP l -Asn 
'present address: Cancer Research Laboratory, School of Med- 

icine, Auckland University, Auckland, New Zealand. 
/ I 

3~resen t  Address: Department of Chemical Engineering, Uni- Manpal,  3 

versity of Toronto. I 
'central Research Institute for Chemistry, Hungarian Academy 

of Sciences, Budapest, Hungary. of enormous diversity of  more complex structures. Such 
'Author to whom correspondence may be addressed. structures c a n  in principle assume a variety of  conforma- 
'~evis ion received June 25, 1992. tions, which can be  further modified through interactions with 
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suitable sites on the carrier peptidic chain. NMR spectros- 
copy is the method of choice for the determination of con- 
formations of these substances in solution (2). However, 
NMR spectra become increasingly crowded as the mole- 
cules become more complex and resulting ambiguity in 
certain assignments makes it more difficult to draw confor- 
mational conclusions based on analysis of the spectra. This 
is further aggravated by tight coupling involving several 'H 
nuclei as in the case of GlcpNAc substituted in Pl-4 fash- 
ion (3). Since the understanding of smaller components as- 
sists in the studies of the larger molecule, we have examined 
the disaccharide Manp(P 1 -4)GlcpNAcP 1 -OCD, (11) with the 
objective to determine its preferred conformation. One of our 
aims has been to solve the problem of signal assignments, 
including NOE measurement, in tight coupling situations. 
Furthermore, we were interested in agreement between the 
conformational conclusions derived from the NMR mea- 
surements and potential energy calculations. 

Results and discussion 
Synthesis 

The synthetic design is summarized in Scheme 1. The only 
major problem in the synthesis of this saccharide is the for- 
mation of the cis glycosidic bond, i .e. ,  the P-mannopyran- 
oside (4). This is a difficult problem and a number of 
solutions has been proposed for its solution. All direct 
methods using a non-participating group for protection of 0-2 
of mannose result in formation of both a and P anomers and, 
depending on circumstances, different ratios of a :  p ano- 
mers are obtained. The P anomers are formed predomi- 
nantly (sometimes exclusively) with reactive hydroxyl 
groups, such as those in aliphatic alcohols: this has been 

OBn 
I 

observed in the case of the 2,3-;4,6-dicyclohexylidene de- 
rivative (5) and the 2,3-carbonate of mannose (6). The 
hydroxyl group on C-4 of 2-acetamido-2-deoxyglucopy- 
ranosides is relatively unreactive and in glycosylation reac- 
tions the above derivatives yield predominantly the trans 
product, i .e. ,  a-mannopyranoside. When 0 -2  of mannose 
is protected by a benzyl group, and heterogenous promotion 
is used (silver silicate, silver zeolite, thallium zeolite), 
analogous observations have been made. An indirect method 
of formation of P-mannopyranoside is based on the prepa- 
ration of P-glucopyranoside with the assistance of a partic- 
ipating protecting group on 0 - 2  of glucopyranoside, and 
converting anomerically pure P-glucopyranoside into P- 
mannopyranoside by an inversion of the C-2 configuration 
(gluco to tnanno). This has been done by either S,2 dis- 
placement (7) or oxidation-reduction sequences (8). Al- 
though the last mentioned procedure from the Jeanloz 
laboratory involving oxidation of HO-2 to a carbonyl and 
reduction of the latter with sodium borohydride afforded the 
manno configuration with a very good specificity, some gluco 
configuration has usually been obtained as well (8). We have 
found that L-Selectride (lithium tri-sec-butylborohydride) 
gave a reduction product in which the gluco configuration 
was consistently undetectable. 

The accepting partner in the glycosylation reaction often 
reacts differently when it is presented to a glycosylating agent 
as an a -  or P-glycoside. To determine which anomer would 
give higher yield and better purity in the coupling reaction, 
we have prepared pure both a -  and P-benzyl 2-acetamido-2- 
deoxy-3,6-di-0-benzyl-D-glucopyranosides. Comparison of 
glycosylation reactions using both acceptors separately did 
not show any noticeable difference. 

OBn 

H l Y H C  l UHC 1 
D~ o r l2 .. 

IIIa: R' = H, R' = OBn 
IIIb: R' = OBn. R' = H 

1 4  Via: R = R = H; R' = OBn; R3 = OAc; R5 = Bn 
VIb: R' = OBn; R' = R4 = H; R3 = OAc; R5 = Bn 
VIC: R' = R4 = H; R' = OBn; R3 = OH; R5 = Bn 
VId: R1 = H; R' = OBn; R3, R4 = 0 ;  R5 = Bn 
Vie: R' = R3 = H; R' = OBn; R4 = OH; R5 = Bn 

2 VIf: R '  = R = H, OAc; R3 = H; R4 = OAc; R5 = Ac 
VIg: R' = 0CD3;  R' = R3 = H; R4 = OAc; R5 = AC 
11 : R' = 0CD3;  R' = R3 = R5 = H; R4 = OH 
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The starting materials 2 and 3 were prepared as reported 
previously: orthoester IV was made according to Kochetkov 
et al. (9) and transformed into the bromide V by a modifi- 
cation of the procedure of Hindsgaul et al. (10). Acceptors 
benzyl 2-acetamido-2-deoxy-3,6-di-0-benzyl-D-glucopy- 
ranosides a (8, 11) (IIIa) and P (12) (IIIb) were known as 
well, but their preparation was somewhat lengthy or in- 
volved a chromatographic separation of a differently substi- 
tuted carbohydrate moiety, which would be tedious on a 
larger scale. Regioselective reductive opening of the 4,6- 
benzylidine derivative described by Garegg et al. (13) was 
promising as a simplification for the synthesis of these ac- 
ceptors. Moreover, purification of individual intermediates 
on the pathway leading to IIIa and IIIb was substantially 
helped by no need for chromatography since they were all 
crystalline. Benzylidine derivatives were synthesized from 
benzyl anomers ( a  prepared by Fischer glycosidation (1 1); 
p by Koenigs-Knorr glycosylation (1 2a, 14), separately 
benzylated, and subjected to reductive opening of the 1,3- 
dioxane ring system. Although the yields may seem low, they 
could be substantially improved by purification of mother 
liquors after crystallization. However, this would make the 
synthesis more tedious and time consuming and, in light of 
the simplicity of the design and low costs of materials in- 
volved, not justified. The synthesis of the title compound I1 
is portrayed in Scheme 1, and the synthesis of intermediates 
IIIa and IIIb is summarized in Scheme 2. 

NMR spectrometry 
Conformational studies by NMR methods usually require 

a prior complete assignment of the 'H and 13c spectra (2). 
Assignments were made by standard 1D and 2D proce- 
dures: first, homonuclear 2D chemical shift correlation 
(COSY) experiment indicated proton-proton connectivities 
within the individual sugar moieties. Next, 2D heteronu- 
clear (H,C-COSY) experiment afforded the assignment of 
I3c resonances. The assigned spectral parameters, i.e., 'H 
and I3c chemical shifts, and 'H-'H coupling constants, are 
collected in the experimental section. 

Conformational analysis of oligosaccharides relies on 
conformation-related NMR parameters, such as interresi- 
due 'H-{'H) nuclear Overhauser enhancement (NOE) data 
and spin-lattice relaxation times of hydrogen nuclei, TIH, and 
carbons, TIC. The 400 MHz spectrum of the disaccharide 
Manp(P 1 -4)GlcpNAcp 1 -OCD3 (cf. Fig. 1) as obtained in a 
dilute D 2 0  solution is displayed in Fig. 2. It can be seen that 
under these conditions protons H-2, H-3, and H-4 of the 
GlcpNAc unit appear tightly coupled (3) (cf. the additional 
splitting of the resonance at 4.63 ppm assigned to H-1 of this 
unit) while other resonances of GlcpNAc overlap with sig- 
nals of Manp protons. Although such spectral complexity, 
typical for certain oligosaccharides, causes no major diffi- 
culties in the assignment procedure, it makes it impossible 
to measure the individual relaxation times of more than a 
fraction of protons in the system. Moreover, it obviates de- 
termining which of the resonances due to the GlcpNAc unit 
become enhanced upon selective preirradiation of an iso- 
lated proton, e.g., the anomeric proton H-1 of the Manp unit. 
However, resonances in decoupled I3c spectra of molecules 
of this size are generally well separated at frequencies em- 
ployed in this study (100 MHz), and consequently it be- 
comes convenient to monitor proton relaxation processes and 

steady-state NOE enhancements after transferring proton 
magnetizations to the I3c domain prior to observation. This 
may be easily achieved using one of the known polarization 
transfer pulse sequences, a possibility recognized in the early 
1980's by Avent and Freeman (15), who described a related 
proton relaxation experiment using 2D spectroscopy. Indi- 
rect measurement of proton relaxation rates by INEPT po- 
larization transfer to I3c has been reported by Moms (16) and 
more recently by Bigler ( l7) ,  who used this technique to in- 
fer relaxation parameters of protons directly bound to I3c 
nuclei. 

The accuracy of indirectly measured proton relaxation 
rates, 1 / ~ , ~ " ~ ~ ~ ' ' ,  is limited by the fact that its value is ob- 
tained as a difference 

where T , ~ ' ~ "  is the proton relaxation time measured via po- 
larization transfer method, TIC represents the dipolar por- 
tion of the I3c relaxation time, and N is the number of protons 
directly attached to a given carbon atom. This relationship 
reflects the fact that proton longitudinal relaxation rates of 
the "C and "C obtained, respectively, from direct and in- 
direct T, experiments differ by an amount determined by the 
dipolar interaction between the I3c and I H  nuclei. This 
amount is given by the dipolar I3c relaxation rate divided by 
the number of directly bound protons. In all reported cases, 
the two right-hand sibe terms-were determined in two sep- 
arate experiments. To improve accuracy of the indirect pro- 
ton relaxation data, in this study we made two modifications 
to the known technique. First, we used the DEPT sequence 
as the polarization transfer method (known to provide dis- 
tortionless and JcH-independent transfer, and, second, we 
acquired the two data sets ( T , H ' ~ ~ ~ '  and TIC in one single 
experiment). The effects of these modifications were tested 
on a sample of methyl a-D-glucopyranoside. Three subse- 
quent measurements were performed in a queued serial run 
and the pertinent data are reported in  able-1. It can be seen 
that the accuracy of the indirectly measured TIH is about 10%, 
which compares well with the overall estimated error of 5% 
for the directlv measured relaxation time values. The accu- 
racy of indirect measurements performed on the disaccha- 
ride I1 is estimated to be of the same order. 

The proton relaxation data obtained for the disaccharide 
using the direct and indirect methods are collected in Table 
2. It can be seen that the indirect TI data agree well with the 
values obtained by direct measurements for all protons that 
exhibit no overlapping with other resonances. The data 
summarized in Table 2 also show that Manp H-4 and GlcNAc 
H-2 protons have significantly longer TI values than the other 
ring protons of the disaccharide 11. This fact may reflect the 
trans diaxial relationship of these protons to their (vicinal) 
neighbours. 

The NOE difference s~ectrum obtained for disaccharide 
I1 upon selective preirradiation of the resonance due to Manp 
H-1 is displayed in Fig. 3. Intra-residue enhancements of 
resonances due to Manp H-2', H-3', H-4', and H-5', as well 
as H-6' and H6" are readily recognized. However, as can be 
seen from Fig. 3, the spectrum gives no unambiguous an- 
swer as to which of the closely spaced H-2, H-3, and H-4 
resonances of the GlcpNAc unit is responsible for the inter- 
glycosidic enhancement, a question of prime importance for 
the conformational analysis. Fourier transformation of the 
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Ho& HO - Ace* AcO - OBn 

/ 
HNAc OH HNAc 

C1 

OH 

HO 0 V Ho HO +A+- OBn 

H 
HNAc 

H 

R 1  = H, R' = OBn 
R1 = OBn, R2 = H 

I OBn 

BnO 

R' 

1110: R' = H, R2 = OBn 
IIIb: R'  = OBn, R' = H 

FIG. 1. Structure of the disaccharide I1 showing the glycosidic 
torsion angles +H and + H ,  and the exocyclic of, hydroxymethylene , 
torsion angles. Also shown are the direct I3c T,'s measured with 
an accuracy of ? 10%. The small variations between values is in- 
dicative of isotropic reorientation of the molecule as a whole. 

resolution-enhanced time-domain difference signal (cf. Fig. 
4) suggested that most of the observed inter-glycosidic NOE 
is due to H-4 of the GlcpNAc unit. 

To verify this conclusion, a method, analogous to the in- 
direct T, experiment described above, was devised in which 
the non-equilibrium polarization of the proton spin system 
resulting from selective preirradiation of one of the proton 
resonances of interest was transferred to the "C domain via 
DEPT. The carbon spectrum measured with the unper- 
turbed proton spin system was subtracted from the carbon 

FIG. 2. Partial ' H  NMR spectrum of the disaccharide I1 in D 2 0  
showing CH and CH, protons and their assignments. The virtual 
coupling in GlcpNAc H-1 and H-5 is readily apparent. 

spectrum thus obtained, and the difference spectrum ob- 
tained is displayed in Fig. 5 (for details, see the Experimen- 
tal). It can be clearly seen that the NOE originating in the 'H 
multiplet at 3.8 ppm (cf. Fig. 4) is mostly associated with 
GlcpNAc 13c-4 at 80.2 ppm. 
Coi$ornzational analysis 

We used for conformational analysis the method, devel- 
oped by Cumming and Carver, that compares Boltzman-av- 
eraged calculated observables, (X), with the experimental 
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TABLE 1. 'H and I3c relaxation times for methyl a-D-glucopyran- 
oside" 

Site N T ' ~  T, H'DEPT) ~ , H ( i n d )  ~ , H ( d i r )  

"Direct proton relaxation times, TIH'd"', were obtained with a relaxation 
delay of 10 s between subsequent scans, and 8 scans were accumulated for 
each of 15 variable delay values (varied between 0.025 and 8 s). In the 
polarization transfer experiment providing the T,~ '~" '  and TIc data, 256 
transients were accumulated for each pair of FID's using a relaxation de- 
lay of 8 s and 16 s values of variable delay ranging between 0.005 and 
4 s. Prior to Fourier transformation, the time domain signals in both ex- 
periments were multiplied by an exponential window function with LB = 
3 s. The three sets of data, (a), (b), and (c), were obtained in a queued se- 
rial experiment. 

tions of < l o 0  (19). Thus the rings were fixed at their 
geometries determined by X-ray diffraction of model com- 
pounds (20, 21). This conformation is the 4 ~ ,  chair confor- 
mation for both Manp and GlcpNAc and is supported by the 
observed coupling constants (see Experimental). Thus P.E. 
cubes were generated by calculating sixty 60 X 60 P.E. 
surfaces by varying I$,, +,, and w, in 6" intervals. 

Three different P.E. equations were used. The first one, 
HS, has terms for van der Wads (Hard-Sphere) and the Exo- 
Anomeric (EA) effect only. The second uses these terms plus 
a Hydrogen bonding term and is denoted HH. The third uses 
Hard-Sphere but no EA term and it uses point charges to 
calculate an electrostatic term EL (dielectric = 1). The P.E. 
cubes HS, HH, or EL were then converted to probabilities 
using the Boltzman relation and subsequently to (N0E)'s and 
(T,)'s by calculating the averaged (1 /r6) distance matrix. The 
requisite isotropic correlation times were estimated to best 
fit the conformationally least-sensitive 'H variables as 1.4 X 
lo-" s ,  such as the 'H T I  of GlcpNAc H-1. In this way the 
isotropic relaxation matrix could be solved to yield (N0E)'s 
and (T,)'s. 

The results are tabulated in Tables 2 (TI) and 3 (NOE) 
along with the experimental values. The reported values are 
for varying +,, $,, and w, of the GlcpNAc residue. Similar 
values except for the NOE between Manp H-1' and GlcpNAc 
H-6, H-6' were calcuiated by varying the Manp w, instead 
of the GlcpNAc w, (not shown). Also shown in Tables 2 and 
3 are values calculated using the correlation time 0.78 X 
lo-'' s calculated from the ' 3 ~ ~ l ' s .  The ' 3 ~ ~ l ' s  did not vary 
significantly among each other whereas the IHT,'s do so, 
suggesting that the ' 3 ~ ~ l ' s  are sensitive to the overall mo- 
tion of the molecule while the 'HT,'s are also sensitive to 
other motions. Figure 1 shows a drawing of disaccharide I1 
with the direct ' 3 ~ ~ , ' ~  marked on it, and the flexible torsion 

values (18). In this work we calculated P.E. surfaces con- angles +,, +,, and w, indicated. 
sidering the bonds of greatest flexibility, namely, the gly- The general agreement between calculated and experi- 
cosidic torsion angles +, (H-1', C-1', 0 - 1  ', C-4) and +,, mental values is good considering the simplifications made 
(C-1', 0 - l ' ,  C-4, H-4) and the exocyclic hydroxymethy- in the calculations. The largest discrepancies are the T I  of 
lene torsion angles w,, (H-5, C-5, C-6, 0-6) and (H-5', C-5', Manp H-4' and the corresponding NOE to this proton from 
C-6', 0-6') .  This simplification is usually invoked since the H-1'. This may reflect some bias caused by the crystal 
bonds of the pyranose rings are known to exhibit fluctua- structure used to generate the coordinates. Small changes in 

TABLE 2. 400 MHz 'H NMR T,'s at 310 K for disaccharide I1 in s calculated 
with T, = 1.4 X 10-l0 or T, = 0.78 X 10-lo (I3c in brackets), 

Resonance (HS) (j3C) (HH) ("c) (EL) (I3C) Obsd." 0bsd.' 

Manp H- 1 ' 0.46 (0.64) 0.47 (0.68) 0.44 (0.61) 0.53 0.47 
Manp H-2' 1.06 (1.45) 1.06 (1.48) 0.91 (1.21) 1.16 1.09 
Manp H-3' 0.80 (1.14) 0.80 (1.14) 0.80 (1.14) 0.98 0.99 
Manp H-4' 1.61 (2.61) 1.61 (2.56) 1.61 (2.55) 1.20 3.70 
Manp H-5' 0.61 (0.79) 0.61 (0.78) 0.62 (0.79) 0.84 1.04 
Manp H-6' 0.33 (0.45) 0.33 (0.45) 0.33 (0.45) 0.44 0.44 
GlcpNAc H-l 1.02 (1.46) 1.02 (1.46) 1.02 (1.46) 1.03 0.84 
GlcpNAc H-2 2.02 (2.82) 2.02 (2.82) 2.00 (2.81) 2.52 
GlcpNAc H-3 1.28 (1.82) 1.28 (1.81) 1.25 (1.79) 1.55 
GlcpNAc H-4 0.73 (1.01) 0.72 (0.98) 0.60 (0.81) 0.92 
GlcpNAc H-5 0.59 (0.92) 0.59 (0.92) 0.56 (0.92) 1.17 
GlcpNAc H-6 0.29 (0.38) 0.29 (0.39) 0.30 (0.38) 0.44 0.44 

"Measured directly at 310 K with accuracy 2 10%. 
hobrained via "C spectrum at 303 K and calculated as l/TIF"'"" = l/TIH'U"P" - I/NTIC. NT~' (in s) values 

were as follows: Manp, C-1, 0.58; C-2, 0.58; C-3, 0.61; C-4, 0.59; C-5, 0.60; C-6, 0.63. GlcpNAc, C-1, 
0.56; C-2, 0.54; C-3, 0.55; C-4, 0.53; C-5, 0.53; C-6, 0.56. The T,' and values were measured in a 
single experiment by alternately acquiring the two time-domain signals. 
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FIG. 3. The NOE of disaccharide I1 in D,O showing the en- 
hanced resonances after irradiation of Manp H-1'. The strongly 
coupled GlcNAc H-2, H-3, and H-4 at 6 = 3.8 ppm are readily 
apparent. The integral of irradiated Manp H-1' was set to - 100%. 

either the ring dihedral angles or the C-H bond lengths will 
change the H-H separations. This factor was not further 
investigated since it should not markedly influence the gly- 
cosidic torsions. 

To compare the various models, a statistical parameter Z 
(see eq. [ 11, where X,,, is the observed NMR observable, X,,, 

is the corresponding calculated NMR observable, and n is 
the number of observables) was determined for the vari- 
ables sensitive to the glycosidic torsions, namely, the 

'HT,'s of Manp H-1' and H-2', and GlcpNAc H-4, and 
NOE's between Manp H-1' and Manp H-2' as well as across 
the linkage to GlcpNAc H-4 and H-6. The various values of 
Z are tabulated in Table 4, including those neglecting the 
NOE to GlcpNAc H-6. This last NOE depends on o, as well 
as +, and $,, and o, is not well calculated by these P.E. 
surfaces. For example the coupling constants J56pmR and 
of the GlcpNAc are calculated (22, 23) to be 5.3 2 0.5 Hz 
and 5.9 2 0.5 Hz by any of these P. E. surfaces compared 
to the experimental values of 5.2 Hz and 2.9 Hz respec- 
tively. The experimental values suggest averaging between 
the $, = - 60" and 1 80" rotamers (24). 

The HH surface with variation of GlcpNAc o, gives the 
best fit (lowest Z) to the experimental data although the dis- 
tinction is small. If the NOE between Manp H-1' and 
GlcNAc H-6 is neglected, then the HS model with variation 
of Manp o, gives the best fit. The EL model also fits the data 
well, suggesting that all three models give a satisfactory 
representation of the molecule. A contour plot of the EL 
surface, which shows the minimum and 10 1-kcal contours 
above the minimum, is shown in Fig. 6a. The correspond- 
ing probability plot, which shows contours for the mini- 
mum and the lo%, 25%, 50%, 90%, and 99.9% probability 

FIG. 4. Partial 'H-'~H COSY spectrum of I1 in DzO. The assignments are marked on the tracings of the 1-D spectra 
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FIG. 5. The differential 'H NOE spectrum of 11 after irradiation of Manp H-1' monitored in the I3c domain via DEPT transfer. The 
resonance at 6 = 80.2 ppm shows that the main inter-residue NOE is to GlcpNAc H-4. 

TABLE 3. 400 MHz IH NMR NOE's at 310 K for irradiation of Manp H-1' calculated with 
T, = 1.4 X lo-'' or T, = 0.78 X lo-'' (13C in parentheses) 

Resonance (HS) (I3c) (HH) (I3C) (EL) (13c) Obsd. 2 10% 

Manp H-2' 14.1 (15.5) 
Manp H-3' 5.8 (6.4) 
Manp H-4' 0.0 (-0.1) 
Manp H-5' 1 1.7 (12.6) 
Manp H-6' -0.6 (-0.5) 
Manp H - 6  0.1 (-0.1) 
GlcpNAc H-4 14.5 (15.4) 
GlcpNAc H-6 1.4 (0.4) 

TABLE 4. Statistical evaluation using eq. [ l ]  of the various P.E. 
models (the number of variables is given in parentheses) 

Description (HS) (HH) (EL) 

Varying w, of 0.11(6) 0.04(6) 0.18(6) 
GlcpNAc 0.02 (5)" 0.03 (5)" 0.11 (5)" 

Varying w, of Manp 0.86 (6) 0.11 (6) 0.09 (6) 
0.02 (5)" 0.02 (5)" 0.08 (5)" 

Varying w, of Manp 0.11 (6) 0.26 (6) 0.16 (6) 
at "C T,. 0.08 (5)" 0.1 1 (5)" 0.1 1 (5)" 

"Calculated without considering the NOE between Manp H-I '  and 
GlcpNAc H-6: 

contours is shown in Fig. 66. This surface is entirely con- 
sistent with the results of Homans using the Amber force field 
(25). The more than 150" of +, and 80" of $, occupied by 
the 99.9% probability contour suggests that this disaccha- 
ride is flexible. Figures 6c and 6d show the probability sur- 
faces for the HS and HH surfaces respectively. These last two 

surfaces do not vary significantly from each other but do 
occupy a smaller volume of conformational space then the 
EL surface. The HH plot does suggest that a hydrogen bond 
can potentially stabilize the conformation. The plots in Fig. 
6 are all taken at the minimum value of w, for the respec- 
tive surface. The surfaces at different values of w, (not 
shown) do not differ qualitatively. 

Taken together, these results suggest that the exo-ano- 
meric (EA) stabilized minimum near +, = +50° ($, = 0 f 
10") is significantly populated but is not the only confor- 
mation possible. These minima are also consistent with pre- 
vious calculations for this linkage that did not implicitly 
consider flexibility (26-29). In two crystal structures of small 
molecules with this linkage this conformation is indeed found 
(20, 30). However, in a complex between an oligosacchar- 
ide containing the linkage in I1 and a lectin, the Manp(p1- 
4)GlcpNAc linkage is found in a second minimum (3 1). This 
result points to the importance of these other conformers. In 
fact, although not predicted to be populated in our "rigid" 
maps (22, 32) (which also neglect solvation), the EL PE 
surface in Fig. 6a shows that conformers with I), near 180" 
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FIG. 6. Potential energy surfaces of the disaccharide 11: ( a )  showing the EL surface as a function of the glycosidic torsion angles +H 

and +H. The minimum and ten 1 kcal contours above the minimum are plotted. ( 6 )  The corresponding EL probability surface of 11. The 
minimum and the lo%, 25%, 50%, 90%, and 99.9% probability contours are plotted. (c) The HS probability surface of 11. The mini- 
mum and the lo%, 25%, 50%, 90%, and 99.9% probability contours are plotted. ( d )  The HH probability surface of 11. The minimum 
and the lo%, 25%, 50%, 90%, and 99.9% probability contours are plotted. 

are only a few kilocalories above the global minimum and 
probably easily accessible to the molecule. 

which the glycosidic torsion angles vary substantially are 
entirely consistent with the NMR data. This result strongly 
suggests that conformations other than the global minimum 
need to be considered when modelling larger oligosaccha- 
rides of the N-linked family that contain this linkage. It has 
also been shown that T,'s of certain 'H nuclei are consider- 
ably longer than expected (this has significance for the choice 
of experimental conditions for NOE measurements). 

Conclusions 
In conclusion, we have designed an efficient synthesis of 

Manp(p 1 -4)GlcpNAc glycosides. Furthermore, we have 
developed an NMR method for unambiguously assigning IH- 

I H  NOE's in tight coupling situations by monitoring the ef- 
fect in the I3c domain using DEPT transfer, and applied it 
to this disaccharide. This confirmed that the NOE across the 
glycosidic linkage is mostly between Manp H-1' and 
GlcpNAc H-4. This value and the TI values were then com- 
pared to calculated values, demonstrating that models in 

Experimental 
General methods 

Melting points were determined on a Reichert Thermovar melt- 
ing point apparatus and are uncorrected. Optical rotations were 
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measured with a Perkin-Elmer polarimeter (model 243B) at 26 & 
"C. Microanalyses were performed by the Micro Analytical Lab- 
oratory Ltd., Markham, Ontario. IR spectra were recorded on a 
Perkin-Elmer (model 1430) spectrometer using thin film on NaCl 
plates. 

Fast Atom Bombardment mass spectra (FAB-MS) were re- 
corded with a VG Analytical ZAB-SE mass spectrometer at the 
Mass Spectrometry Laboratory of the Carbohydrate Research 
Centre, University of Toronto. The samples in thioglycerol were 
bombarded by neutral xenon atoms (8 keV and 1 mA anode cur- 
rent) generated by an Ion-Tech Saddle Field Ion Gun. 

Thin-layer chromatography (TLC) was performed on silica gel 
60F,,, (Merck) plastic plates and visualized by spraying with 50% 
sulfuric acid and (or) 1% orcinol acidic ferric chloride and heating 
at 200°C. Silica gel (230-400 mesh; Toronto Research Chemi- 
cals) was used for flash chromatography. All starting materials were 
dried overnight under vacuum (lo-, Torr; 1 Torr = 133.3 Pa) prior 
to use and the solvents were distilled from appropriate drying 
agents. Solutions were concentrated at water aspirator pressure. 

I H  NMR spectra of the synthetic intermediates were obtained 
with a Bruker AM 500-spectrometer at 19 & 2OC either in CDCl, 
containing a trace of TMS (0 ppm, 'H and I3C) as the internal 
standard or in D 2 0  (99.98%, Aldrich) containing a trace of ace- 
tone (2.225 ppm relative to internal DSS, 'H) as the internal stan- 
dard using the G(ppm) scale. I3c spectra in D 2 0  were referenced 
to external dioxane (67.4 ppm relative to TMS). Samples for NMR 
analyses in D,O were passed through a Chelex 100 (Bio-Rad) ion- 
exchange resin in doubly distilled H,O to remove paramagnetic 
impurities, lyophilized, and then lyophilized three times with D1O. 

A Varian Associates model VXR-400 instrument was used to 
obtain the NMR spectra of the title disaccharide (11). All experi- 
ments were made with undegassed samples (10 mg in 0.7 rnL D20). 
Absence of paramagnetic impurities was tested qualitatively by 
measuring the proton TI value of the residual HDO signal of the 
solvent. In all samples this was found to be longer than 18 s. 

NMR spectrometry 

Relaxation time measurements 
The TIH data for protons involved in tight couplings, and (or) 

exhibiting their resonances in crowded spectral regions, were also 
measured by an indirect method. The pulse sequence employed in 
this study was similar to that published by Bigler (17) except that 
the polarization transfer step was achieved by means of DEFT (cf. 
Pegg et al.  (35)). To  decrease the overall errors of the indirect 
proton relaxation data, TIH""", acquisition of the time domain sig- 
nal pertinent to and TIc were acquired alternately in one 
experiment. To test the reliability, the modified sequence was ap- 
plied to a sample of methyl a-D-glucopyranoside (20 mg in 0.7 mL 
of CDCI,). First, TIH'"'" values were obtained in a conventional 
proton inversion recovery experiment, then the contribution of the 
dipolar mechanism in I3C relaxation was examined using a {'HI- 
I3C heteronuclear NOE measurement. The values obtained were 
close the theoretically expected maximum (2.98) for each ring 
carbon signal, attesting to the predominance of a dipolar mecha- 
nism in the longitudinal relaxation of the monosaccharide. Values 
of T ~ ~ ' ~ ~ ~ )  and TIC were obtained next (cf. Table 1 for the sum- 
mary of the relaxation data). 

Hot7zonuclear NOE experiments 
Steady-state Overhauser enhancements of proton resonances 

exhibiting their signals in crowded spectral regions were conve- 
niently monitored via I3c NMR spectroscopy. A pulse sequence 
was employed, in which the DEPT polarization transfer step was 
preceded by a selective proton preirradiation period analogous to 
that employed in steady-state {'H}-'H NOE experiments. The non- 
equilibrium magnetization of the proton spin system, resultin- from 
the selective preirradiation, is thus transferred to the 1 3 b C  fre- 
quency domain and detected as ',c signal enhancement. As in the 
proton NOE difference spectroscopy, the 13C signal enhancement 
is conveniently monitored in the difference mode. The reference 
intensity required is provided by 13C resonance obtained through 

polarization transfer from the unperturbed proton spin system. In 
practical terms such a pulse sequence requires fast switching be- 
tween low-power, multiple frequency, selective preirradiation 
(NOE) mode, and high-power pulsing mode (DEPT) while ob- 
serving 13C NMR, a condition readily met by modem dual broad- 
band spectrometers fitted with computer-controlled attenuators. As 
the spectrometer at our disposal was of an earlier generation, in 
which multiple-frequency, low-power selective irradiation is 
available only with the 'H observe set-up, the above experiment was 
conveniently performed in the "reversed" mode, i.e., by deriving 
both soft and hard proton pulses from the decoupler channel. In the 
actual pulse sequence the selective preirradiation was achieved by 
frequency-cycled, low-power DANTE pulse trains (36). This seg- 
ment, terminated with optional, hard 90" decoupler read pulse, was 
used to set up the NOE part of the experiment (level, duration, 
frequencies of selective preirradiation). With the NOE setup com- 
pleted, the NOE part of the pulse sequence was connected to the 
standard DEPT segment, preceded by a train of 90" I3c pulses to 
destroy eventual proton-carbon correlation effects. With alternate 
acquisition, a reference I3C DEPT spectrum with no proton preir- 
radiation was also accumulated and the resulting two time-domain 
signals were used to obtain the NOE difference spectrum. Run- 
ning these experiments in D20,  particular attention had to be given 
to minor changes in the sample temperature when switching from 
the NOE setup to the NOE DEPT experiment. Since this experi- 
mental sequence uses broad-band decoupling, the sample temper- 
ature rises a few degrees over the temperature during the NOE 
setup, and a readjustment of the preirradiation frequency is re- 
quired. 

Computational methods 
The computational methods used have been described in detail 

previously (18, 33, 37). (BIGST and NEWSIG400 are modifica- 
tions of the original CCM program developed by Carver and co- 
workers, which uses a full relaxation matrix approach to calculate 
NOE's and TI'S (23). All programs, except MONGO and MODEV 
were written in Fortran at the University of Toronto (37). Calcu- 
lations were performed on a Microvax.) Briefly, they entail using 
the coordinates (X-ray) for these monosaccharides (20, 21) as 
starting conformations. Then PE cubes were calculated using the 
program BIGTST using 60 6" increments for each of the torsion 
angles +,,, $,,, and w,, (i.e., sixty 60 X 60 PE surfaces). Electro- 
static calculations used point charges. These PE cubes were next 
used to calculate Boltzman-averaged relaxation matrices using the 
programs QSET and NEWSIG400. Finally, the relaxation matrix 
was solved to calculate for NOE's and T, 's.  Contour plots were 
made using the program MONGO (38). Coupling constants were 
calculated employing the calculated torsion angles using the equa- 
tion 8E of Haasnoot et al.  (22) and data analysis was done utiliz- 
ing the BASIC program MODEV (computer code available on 
request) (33). 

Chemical synthesis 
2-0-Ace~l-3,4.6-tri-O-benzyl-~-gl~~cop~~rat1osy bromide (V)  
Bromide V (refs. 1, 2) was prepared from the ortho ester IV (refs. 

9 ,  10) by a method of Lemieux and co-workers (10) modified as 
follows. A mixture of orthoester IV (2.69 g, 5.17 mmol) and ace- 
tyl bromide (30 mL) was stirred at room temperature for 0.5 h. Then 
it was diluted with toluene (100 mL) and evaporated to dryness to 
give V (2.9 g) as a pale brownish solid. TLC indicated that it con- 
tained mainly bromide V ,  R, 0.45 (ethyl acetate - hexane = 1 :4). 
The crude product V was dried over P205 in V ~ C L ~ O  before using for 
the coupling reaction. 

Benzyl2-acetar~zido-2-deoxy-3,6-di-O-benzyl-cr-~- 
glucopyranoside (ZZZa) 

To a solution of benzyl 2-acetamido-2-deoxy-a-D-glucopyran- 
oside, mp 186-187°C (1 I), (4.39 g) in acetonitrile (200 mL), 
benzaldehyde dimethylacetal (10.00 mL) and p-toluenesulfonic 
(0.5 g) were added at room temperature, and the reaction mixture 
was stirred at 60°C under argon for 60 h. After pouring the reac- 
tion mixture into an ice-cold saturated aqueous NaHC0, solution, 
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the resulting benzyl 2-acetamido-4,6-0-benzylidene-2-deoxy-a-D- 
glucopyranoside was extracted into CH,Cl,, and after evaporation 
of the solvent and recrystallization from dioxane and isopropanol 
it was obtained pure (mp 263-264"C, 3.59 g, 62%). This benzyl- 
idene derivative (3.05 g) in dry. THF (8 mL) was added to a so- 
lution of NaH (0.58 g) in dry THF (5 d ) ,  and stirred under argon 
to homogeneity. A solution of a-bromotoluene (1.43 mL) in dry 
THF (8 mL) was added slowly and this mixture was stirred until 
all the benzylidene derivative was consumed. Then CH,Cl, was 
added, solids were filtered off, the solution was washed with 
aqueous NaC1, dried over MgSO,, and the solution after con- 
centration gave white crystalline benzyl 2-acetamido-3-0-benzyl- 
4,6-0-benzylidene-2-deoxy-a-D-glucopyranoside, mp 267-269°C 
(3.67 g ,  63%). To a solution of this latter compound (4.17 g) and 
NaCNBH3 (2.95 g) in dry THF (300 mL) containing molecular 
sieves 3A (10 g) was added dropwise Et,O saturated with gaseous 
HC1 (50 mL). After completion of the reaction in about 45 min, 
CH2C1, (300 mL) was added, the mixture was poured onto ice, and 
extracted four times with CH,C12, dried over MgSO,, and concen- 
trated to dryness. The benzyl 2-acetamido-2-deoxy-3,6-di-0-ben- 
zyl-a-D-glucopyranoside crystallized from hexane-ethanol at 5OC 
(mp 145-146"C, 1.4 g, 33.5%). An additional equal amount was 
obtained after chromatography of the mother liquors on a silica gel 
column using a gradient of MeOH in CH2C1,. 

Betzzyl2-acetamido-2-deoq-3,6-di-O-benzyl-/3-~- 
glucopyranoside (IIZb) 

2-Acetamido-2-deoxy-D-glucopyranose (50 g) gave after over- 
night stirring with acetyl chloride (100 mL) 2-acetamido-2-deoxy- 
3,4,6-tri-0-acetyl-a-D-glycopyranosyl chloride (mp 1 18- 1 20°C, 
29.7 g, 36%), which was dissolved in dry benzyl alcohol (100 mL) 
together with Hg(CN)2 (18.37 g) and HgBr2 (3.5 g). This reaction 
mixture was stirred overnight, then it was diluted with CHCI, 
(400 mL), washed with saturated aqueous NaHCO,, water, dried 
over MgSO,, and evaporated to dryness. Chromatography on 
silica gel of the residue afforded benzyl 2-acetamido-2-deoxy- 
3,4,6-tri-0-acetyl-P-D-glycopyranoside, which after crystallization 
from ethanol gave 9.15 g (26%) of the compound, mp 165°C. 
The latter compound (12.83 g) was dissolved in dry methanol 
(50 mL, and to this was added dropwise a solution of NaOMe pre- 
pared by dissolving Na (0.7 g) in dry MeOH (50 mL) at room 
temperature. White crystals that formed during the reaction were 
collected and recrystallized from EtOH to give benzyl 2-aceta- 
mido-2-deoxy-P-D-glucopyranoside, mp 199-202°C (6.88 g). 
From this precursor were sequentially prepared benzyl 2-aceta- 
mido-4,6-O-benzylidene-2-deoxy-~-~-glucopyranoside, mp 267- 
270°C, benzy12-acetamido-3-0-benzyl-4,6-0-benzylidene-2-deoxy- 
P-D-glucopyranoside, mp 278-280°C, and benzyl 2-acetamido-2- 
deoxy-3,6-di-0-benzyl-P-D-glucopyranoside, mp 176-178"C, by 
the same procedures as described for the a anomer. 

Bet~zyl2-acetamido-4~0-(2-0-acetyl-3,4,6-tri-O-bet~zyl-~- 
glucopyratzosyl)-3,6-di-0-benzyl-2-deoxy-a+ 
glucopyrntzoside (VIa) (ref. 8)  

To  a mixture of acceptor IIIa (500 mg, 1.02 mmol), HgCI2 
(500 mg), and molecular sieves (3A, 800 mg) in CH3N02 (4 mL) 
stirred at room temperature under argon, a solution of crude bro- 
mide V (1.60 g, 2.88 mmol) in toluene (4 mL) was added (12a). 
The reaction mixture was stirred in the dark for an additional 46 h. 
Then another batch of HgC12 (300 mg) was added, and stirring 
continued for 71 h. The reaction mixture was diluted with CH2CI2 
(150 mL), filtered through Celite, the Celite cake was washed with 
additional CH2C12 (3 x 30 mL), and the combined filtrates after 
washing with H 2 0  (200 mL) were dried over MgSO, and evapo- 
rated to dryness. The residue was subjected to chromatography on 
silica gel (ethyl acetate - toluene = 1 :2) and pure compound VIa 
(719 mg. 73%) was obtained as a colorless solid, mp 128-129°C 
(from Et20-CH2C12); [a], + 79.9 (c 1.0, CHC1,) (lit. (8) mp 128- 
129°C; [a]? + 84 (c 3.0, CHCI,)); R, 0.32 (ethyl acetate - tol- 
uene, l : 2); IR (neat): 3300 and 1660 (NHCO), 1750 (RCOOR) 
cm-I; 'H NMR 6: 5.12 (d, lH,  J = 8.9 Hz, exchangeable with DzO; 

NH); 4.98 (br t, l H ,  J = 9.7 Hz, H-2'), 4.93 (d, IH, J = 3.7 Hz, 
H-1), 4.46 (d, l H ,  J = 10 Hz, H-1'), 4.17 = (t X d ,  lH,  J = 
9.2 Hz and 3.7 Hz, H-2), 4.01 (t, lH ,  J = 9.2 Hz, H-4) 3.48 (t, 
lH,  J = 9.3 Hz, H-3'), 3.30 (m, lH,  H-5'), 1.90 and 1.74 (2S, 
6H, COCH3). 

Benzyl2-ncetamido-4-0-(2-0-acetyl-3,4,6-tri-0-benzyl-~-~- 
g~ucopyrntzosyl)-3,6-di-O-benzyl-2-deoxy-a-~- 
glucopyranoside (VIa) and benzyl2-acetamido-4-0-(2-0- 
acety~-3,4,6-tri-O-benzyl-P-~-glucopyranosyl)-3,6-di-0- 
benzy~-2-deoxy-P-~-g~ucop~~rnt1oside (Vlb): a comparisotz 

To  assess the reactivity of acceptors IIIa and IIIb toward bro- 
mide V, control experiments were carried out under identical con- 
ditions (room temperature, 45 h). Two separate reactions were set 
up side by side, each using: acceptor (IIIa or IIIb, 60 mg), bro- 
mide V (205 mg of the same batch), HgC1, (60 mg), and molec- 
ular sieves (3A) (100 mg). Comparable yields of VIa and VIb (8, 
12a) of similar purity were obtained. 

Benzyl2-acetnmido-3,6-di-O-betzzyl-2-deo.ry-4-0-(3,4,6-tri-O- 
betlzy~-~-~-mat~t~opyrunosy~)-a-~-g~ucopyranoside (Vie) 
(ref. 88) 

A solution of crude ketone VId (70 mg. 0.076 mmol) (prepared 
from VIa as described (8)) in THF (3 mL) (5) was added drop- 
wise (34) to a 1 M solution of L-Selectride (lithium tri-sec-isobu- 
tylborohydride) in THF (Aldrich; 3 mL) under stirring at -78OC. 
After stirring the reaction mixture at this temperature for a further 
5 h, the reaction was quenched by addition of MeOH (0.3 mL), 
followed by 30% aqueous H,0, (0.5 mL). Then the solution was 
filtered through Celite, washed with CH,C12 (50 mL), and the sol- 
vent was evaporated to give a pale yellow syrup, which after 
chromatography on silica gel (ethyl acetate - toluene = 1 :2) af- 
forded pure VIe (38 mg, 56%) as a colorless solid; mp 173.5- 
174.5"C (observable change into an amorphous wet solid started 
at 156°C); [a], +78.5 (c 1 .O, CHCl,); (lit. (8) mp 156-159°C; 
[a]? + 80 (c 0.98, CHCl,)); R, 0.35 (fivefold development in the 
same solvent); 'H NMR 6:7.27 (m, 30H, C6H5), 5.28 (d, lH,  J = 
9.2 Hz, exchangeable with DzO, NH), 4.93 (d, lH,  J = 4.0 Hz, 
H-1), 4.63 (br s,  l H ,  H-1'), 4.27 (br t x d ,  lH,  J = 9.6 Hz and 
3.7 Hz, became a d x d after exchange with DzO, H-2), 4.05(t, 
1 H, J = 9.2 Hz, H-4), 3.99 (br t, lH,  J = 2.8 Hz, became d after 
exchange with D 2 0 ,  H-2'), 3.35 (d x d, l H ,  J = 9.2 Hz and 
3.0 Hz, H-3'), 3.27 (m, 1 H, H-5'), 2.50 (d, lH,  J = 2.9 Hz, ex- 
changeable with D,O, OH), and 1.79 (s, 3H, COCH,). Anal. calcd. 
for C56H61NOl, (924.090): C 72.79, H 6.65, N 1.52, found: C 
72.68, H 6.53, N 1.46. 

Methyl-d3 2-acetamido-2-deo,ry-3,6-di-0-acetyl-4-0-(2,3,4,6- 
tetra-O-acety~-p-~-tnat~t~opyranos~~~)-~-~-g~ucopyrarloside 
( VIg) 

Compound VIe (327 mg, 0.354 mmol) in acetic acid - metha- 
nol (3:4, 70 mL) was stirred in an H2 atmosphere with 10% Pd- 
C (250 mg) at room temperature for 23 h. After the usual work-up 
it gave a crude product that was subsequently treated with acetic 
anhydride (10 mL) in pyridine (10 mL) for 70 h. Ethyl acetate 
(100 mL) was added, the solution was washed with cold water 
(2 x 50 mL), dried over MgSO,, and evaporated to give peracet- 
ylated compound VIf (mixture of a and P, 263 mg) as an amor- 
phous solid; RF 0.52 (ethyl acetate - methanol = 20: 1). Crude VIf 
(263 mg) was dissolved in acetyl chloride - acetic acid (6: 1, 
35 mL) and the solution was saturated with HC1 gas passing slowly 
through at O°C for 6 h; stirring continued for another 85 h at room 
temperature. Then toluene (200 mL) was added, and the solvents 
were evaporated to give the chloride as a light-brown amorphous 
solid (RF 0.58, ethyl acetate). The chloride, after drying over P205 
in vacuo, was treated with HgC12 (300 mg), molecular sieves (3A; 
600 mg), and methanol-d, (0.50 mL) in nitromethane-toluene (1 : 1, 
5 mL) at room temperature for 6 h. It was diluted with ethyl ace- 
tate - dichloromethane (1 : 1, 100 mL); filtered through Celite, and 
washed with ethyl acetate (3 x 20 mL); the combined filtrates were 
evaporated to give a pale brown syrup. After chromatography on 
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a silica column (ethyl acetate), pure VIg (153 mg, 66% overall) was 
obtained as a colorless syrup; RF 0.20 (same solvent); [a], -48.2 
(C 0.57, CHCI,); IR (neat): 3370 and 1670 (NHCO), 2210 and 2065 
(CD), 1745 (RCOOR); 'H NMR 6: 5.43 (d, lH, J = 9.2 Hz, NH), 
5.40 (d x d, IH, J = 3.3 Hz and 0.6 Hz, H-27, 5.21 (t, IH, J = 
9.9 Hz, H-4'), 5.12 (d X d, IH, J = 10.4 Hz and 8.9 Hz, H-3), 
5 . 0 3 ( d x d ,  l H , J =  10 .4Hzand8 .9Hz ,H-3 ) ,5 .03 (dxd ,  IH, 
J = 9.9 Hz and 3.3 Hz, H-39, 4.70 (d, lH,  J = 0.6 Hz, H-l '),  
4.39 (d, lH,  J = 8.1 Hz, H-1), 3.97, (d X d X d, lH,  J = 
10.3 Hz, 9.2 Hz, and 8.3 Hz, H-2), 3.85 (t, IH, J = 9.1 Hz, H-4), 
3.63(m,2H,H-5,H-5'),2.14,2.13,2.10,2.09,2.04, 1.99,and 
1.96 (7s, 21H, COCH,). Anal. calcd. for C27H36N017D3 (652.617): 
C 49.69, H 6.49, N 2.15; found: C 49.52, H 6.43, N 2.08. 

Methyl-d, 2-acetamido-2-deoxy-4-O-~-ma1z1zopymrl-~-~- 
glucopyranoside (11) 

A solution of sodium methoxide in dry methanol (1%; 4 mL) was 
added to a solution of compound VIg (104 mg, 0.160 mmol) dis- 
solved in dichloromethane-methanol (2: 1, 6 mL). The reaction 
mixture was stirred for 25 min at room temperature, cooled to O°C, 
and neutralized with acidic DOWEX 50 (H') resin (2.1 mL, 
1.7 mg per mL). The resin was subsequently filtered off and washed 
with methanol (3 x 20 mL). The combined filtrates were evapo- 
rated to dryness, yielding a syrup that was taken up into distilled 
water (30 mL) and washed with hexane (30 mL). The aqueous so- 
lution was evaporated to give compound I1 (60 mg, 94%) as a 
colorless solid; mp 251-253°C (from methanol); RF 0.25 (CHC13- 
MeOH = 1: 1); [a] ,  -48.5 (c 0.47, methanol-water, 2 :  1). 'H 
NMR 6: 4.83 (d, lH, J = 1.1 Hz, H-1'), 4.13 (d x d, lH,  J = 
3.2 Hz and 1.1 Hz, H-2'), 3.72 (d X d, lH,  J = 9.6 Hz and 
3.2 Hz, H-3'), 3.65 (d X d, lH,  J = 9.6 Hz and 9.6 Hz, H-4'), 
3.49 (d x d X d, lH, J = 2.4 Hz, 6.4 Hz, and 9.6 Hz, H-5'), 3.99 
(d X d, IH, J = 2.4Hzand -12.3 Hz, H-6'), 3.80 (d, lH,  J = 
6.4Hzand -12.3Hz, H-6"),4.53 (d, IH, J =  8.2Hz,  H-1), 3.8, 
(m, 3H, H-2, H-3, H-4), 3.64 (m, IH, H-5), 3.95 (d x d, 1H, 
J=2.9Hzand-12 .3Hz,H-6) ,3 .83(d  x d, l H , J = 5 , 2 H z a n d  
-12.3 Hz, H-6') 2.10 (s, 3H, NCOCH3); I3c NMR 6: 101.4 (C-l'), 
71.8 (C-2'), 74.1 (C-3'), 67.9 (C-4'), 77.7 (C-5'), 62.2 (C-6'), 
103.1 (C-1), 56.2 (C-2), 73.7 (C-3), 80.3 (C-4), 75.9 (C-5), 
61.6 (C-6), 23.5 (COCH,), 170 (COCH,). A11crl. calcd. for 
ClSH2,NOl ,D3 (400.395): C 45.00, H 7.55, N 3.50, found: C 44.83, 
H 7.45, N 3.46. 
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Stereoselective deprotonation of tropinone and reactions of tropinone lithium enolate 
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MAREK MAJEWSKI AND GUO-ZHU ZHENG. Can. J.  Chem. 70, 261 8 (1992). 
Tropinone (6) was deprotonated with lithium diisopropylamide and with chiral lithium amides (18-24) and the re- 

sulting enolates (two enantiomers) were treated with electrophiles. The aldol reaction with benzaldehyde and deutera- 
tion were both diastereoselective. The former yielded only one isomer (exo, anti) of the aldol 8a; the latter proceeded 
from the exo face. This selectivity permitted us to probe the deprotonation of tropinone with lithium amides; it was con- 
cluded that the reaction involves predominantly the exo axial protons. The reaction of tropinone enolate with ethyl chlo- 
roformate led, via a ring opening, to the cycloheptenone derivative 9. The reaction with methyl cyanoformate yielded, 
in the presence of silver acetate and acetic acid, the P-ketoester 8b; however, in the absence of these additives, and es- 
pecially when 12-crown-4 was added to the enolate, a ring opening leading to the pyrrolidine derivative 10 occurred in- 
stead. Deprotonation of tropinone with chiral lithium amides proceeded with modest enantioselectivity. A synthesis of 
non-racemic anhydroecgonine via this strategy allowed establishing the absolute stereochemistry of deprotonation. 

MAREK MAJEWSKI et Guo-ZHU ZHENG. Can. J. Chem. 70, 2618 (1992) 
On a dtprotonk la tropinone (6) a l'aide du diisopropylamidure de sodium et des amidures de lithium chiraux (18-24) 

et l'on a trait6 les Cnolates qui se sont formts (deux knantiomkres) avec des klectrophiles. La reaction aldolique avec le 
benzaldkhyde ainsi que la deuttration sont toutes les deux diastkrkosClectives; la premikre ne fournit qu'un isomtre (exo, 
anti) de l'aldol 8a alors que la dernikre se produit par la face exo. Cette sklectivitt a permis d'examiner la dtprotonation 
de la tropinone avec des amidures de lithium; on en a conclu que la rtaction implique principalement les protons axiaux 
exo. La rkaction de l'knolate de tropinone avec le chloroformate d'kthyle conduit, par le biais d'une ouverture de cycle, 
au dCrivC cycloheptknone 9. La rtaction avec le cyanoformate de mtthyle, rkaliste en presence d'acttate d'argent et d'acide 
acCtique, conduit au p-cCtoester 8b; toutefois, lorsque cette addition est rtaliste en l'absence de ces additifs et particu- 
likrement lorsqu'on ajoute de l'Cther 12-couronne-4 21 l'knolate, il se produit plut6t une ouverture de cycle conduisant 
au dtrivt de la pyrrolidine 10. La dkprotonation de la tropinone sous I'influence d'amidures de lithium se produit avec 
une knantiosklectivitt modeste. Une synthkse de I'anhydroecgonine non-rackmique a l'aide de cette stratCgie a permis 
d'ktablir la stCrtochimie absolue de la dkprotonation. 

[Traduit par la rkdaction] 

Introduction strategy suitable for the construction of a number of tropane 
alkaloids (6) in a stereoselective manner. 

Reactions that differentiate efficiently between two en- 
antiotopic groups are often encountered in bioorganic Results a n d  discussion 
chemistry when enzymes are used as reagents (1). In more 
classical synthetic organic chemistry such reactions are rare A metal enolate of tropinone has three electron-rich ten- 

(2). Indeed the scarcity of group-enantioselective reactions ters that could be attacked by an electrophile: the a-carbon, 

has led some researchers to caution against complications of the Oxygen, and the nitrogen; depending on the character 

synthetic problems arising from symmetry in starting mate- of the electrophile either one of these centers can participate 

rials (3). Development of methods for achieving enantio- in the (vide infra). 

topic group selectivity is thus important; one sudh method 
that emerged recently as a promising new synthetic tool in- 
volves enantioselective deprotonation of ketones (4). The 
method is shown in general terms in Scheme 1; an achiral (or 
meso) ketone 1, which has an internal plane of symmetry and 
thus belongs to the C, point group, reacts with a chiral lith- 
ium amide 2 to yield a non-racemic mixture of lithium eno- 
lates (3s, r )  which further react with an electrophile to give 
a number of products (4, 5; only one enantiomer of each of 
these compounds is shown in Scheme 1). The goal is to 
achieve control over reaction selectivity, i.e., one of the 
products should predominate. 

In this paper we describe our studies on the deprotona- 
tion of tropinone (6) (5);  apart from theoretical interest in 
studying the scope and limitations of enantioselective de- 
protonation, we hoped that deprotonation of this meso ke- 
tone, followed by reactions of the resulting enolates with 
electrophiles, might lead to the development of a synthetic 

' ~ u t h o r  to whom correspondence may be addressed. 

Deprotonation of tropinone with LDA 
Relatively little is known about generation and reactions 

of tropinone lithium enolates (6); for that reason, and also 
to find a suitable method of determination of the enantio- 
meric excess of tropinone deprotonation, we first investi- 
gated reactions of this ketone with lithium diisopropylamide 
(LDA) followed by electrophilic attack (Scheme 2). The ra- 
cemic mixture of tropinone lithium enolates, generated by 
mixing tropinone with LDA in T H F  at -78OC, was treated 
with a number of electrophiles. The results are summarized 
in Table 1 (the differences between yields presented in Table 
1 and these in ref. 5a  reflect the changes in experimental 
procedures made since preliminary results of this work were 
published). 

Chlorotrimethylsilane (entry 1) and acetic anhydride (entry 
2) yielded the racemic mixtures of the 0-silylated and 0 -  
acetylated products 7 a  (E = SiMe,) and 7 b  (E = COMe), 
respectively. In the first case the quality of chlorotrimethyl- 
silane proved crucial. Use of a chlorotrimethylsilane-tri- 
ethylamine mixture, from which the amine hydrochloride was 
removed by centrifugation, a common procedure in silyla- 
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MAJEWSKI AND ZHENG 

1. LDA 
2. E+ 6 Me - 6 + 

Me Me 
8 0  E = CH(OH)P~ 

6 E+ = M ~ ~ S ~ C I ;  AGO; 7 0  E =  SiMe3 8b E = COOMe 
P~CHO; P~COCI; 7b E =  COMe 8~ E =   COP^ 
DEAD; D20; CN-COO& 

TABLE 1. Reactions of tropinone lithium enolate with electro- 
philes. 

Entry E+ 

I Me3SiCI 
2 Ac,O 
3 PhCHO 
4 Cl-COOEt 
5 CN-COOMe 
6 PhCOCl 
7 DEAD 
8 D 2 0  

Product Yield (%)" 

"Yields refer to isolated, pure products. 

tion reactions, led to low yields both when Corey's internal 
quench (7) and the normal procedure of quenching the pre- 
formed enolate with one equivalent of chlorosilane were tried. 
This was, conceivably, due to triethylamine hydrochloride 
protonating the enolate. Good yield was achieved by puri- 
fying TMSCl by distillation from CaH, followed by storage 
over polyvinylpyridine (Reillex 402) (8), and using the in- 
ternal quench procedure. 

Benzaldehyde (entry 3), methyl cyanoformate (entry 5), 
benzoyl chloride (entry 6), and diethylazodicarboxylate 
(DEAD; entry 7) reacted at the carbon terminus. Interest- 

ingly, the reaction with benzaldehyde was highly stereo- 
selective and gave only one diastereoisomer out of a possible 
four. Lithium enolates of cyclic ketones are known to give 
predominantly anti aldols (9); the vicinal coupling constant 
JAB in the 'H NMR of the aldol product 8a was, however, 
only 3 Hz, which suggested the syn configuration (9a). In 
agreement with both steric and stereoelectronic effects we 
expected this product to be the eso isomer; the exo face of 
tropinone should be less hindered sterically in analogy to 
norbornyl ring systems (10a). Alkylation of endocyclic six- 
membered enolates is known to proceed predominantly from 
the axial direction, which, in systems where steric con- 
strains are absent, was rationalized by stereoelectronic ef- 
fects (10, 11). We finally determined that the aldol 8a was 
indeed the exo-anti isomer by NMR studies on a cyclic de- 
rivative (5a) and by X-ray analysis of compound 8a, which 
fortunately was crystalline.' The low JAB value is probably 
due to the fact that, in solution, the OH group of 8a is 
hydrogen-bonded to the nitrogen (similar hydrogen bonding 
is pseudotropine was reported before) (12). 

To gain an entry into alkaloids related to cocaine we 
wanted to attach an ester synthon to the tropinone ring. To- 
wards this end we treated the racemic mixture of tropinone 
lithium enolates with ethyl chloroformate, a reagent that was 

 h he X-ray data will be published elsewhere 
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1. LDA 
2. CN-COOMe 

often used for carboethoxylation (13). Unexpectedly this led 
to formation of cycloheptenone 9 via ring opening.3 Chlo- 
roformates are known to demethylate tropinone and other 
tertiary amines (14) but the reaction leading to 9 is clearly 
of a different type; it can be viewed as an electrophilic at- 
tack on nitrogen in tandem with ElcB elimination. 

The reaction with chloroformate was thus unsuccessful as 
far as making of the P-ketoester was concerned. We next 
turned our attention to methyl cyanoformate, developed by 
Mander and co-workers as a reagent for a-carbome- 
thoxylation of ketones (15a). Initially, reaction of tropinone 
lithium enolate with this reagent produced the desired P- 
ketoester 8b, which exists as a mixture of keto and en01 
forms, in low yield (45%). The major by-product isolated 
from this reaction was the substituted pyrrolidine 10 (Scheme 
3, relative stereochemistry unknown). After a brief study of 
the reaction conditions we found that when, prior to addi- 
tion of the cyanoformate reagent, one equivalent of 12-crown- 
4 was added to the enolate, the pyrrolidine derivative 10 be- 
came the major product (74% isolated yield) and only a small 
amount of the P-ketoester 8b was formed. When one equiv- 
alent of LiBr was added to the enolate, however, the amount 
of pyrrolidine 10 was much smaller and the yield of 8b in- 
creased to 70%. We rationalized these observations as fol- 
lows: 

Mander and Crabtree observed formation of ketone cv- 
anohydrins of P-ketoesters in reactions of ketone enolates 
with cyanoformate (15). It seems, therefore, reasonable to 
envisage that intermediate 12 (Scheme 3) plays an impor- 
tant role in the reaction. This intermediate presumably 
undergoes Grob fragmentation (16), which leads to the un- 
desired pyrrolidine 10; to minimize this side reaction the 
formation of 12 has to be suppressed. The experiment with 
LiBr, addition of which increased the yield of the P-ketoes- 
ter 8b, indicated that a Lewis acid retarded the Grob path- 
way; we attributed this to the LiBr complexation with the CN 
ion, which attenuated the nucleophilicity of this anion. In an 
effort to further decrease the ability of CN- to attack the 
C=O, acetic acid was added to the reaction mixture instead 
of LiBr. The acid was expected to convert the cyanide to the 
less nucleophilic HCN: we subsequently added silver ace- 
tate to trap HCN as silver cyanide. This strategy worked; the 
desired P-ketoester 8b was now produced in 94% yield (82% 
after column chromatography). 

Deuteration of tropinone lithium enolate with D,O, using 
a second equivalent of n-BuLi to prevent "internal return" 
of the proton according to the procedure developed by 

3We later learned that this ring-opening reaction had also been 
observed by Sirnpkins, who reported it in a lecture, cf. ref. 4b. 

COOMe 

Seebach and co-workers (17), showed the same face selec- 
tivity as the aldol reaction and yielded only one mono- 
deuterated product 8e, the ex0 isomer. This allowed us to 
address the question: is the deprotonation of tropinone dia- 
stereoselective? Due to steric and stereoelectronic effects 
(vide supra) the axial exo protons should undergo abstrac- 
tion faster than the equatorial ones. 

Both 'H and I3c NMR spectra of tropinone were de- 
scribed before (18), however, there is some confusion in the 
literature concerning proton assignments (cf. difference in 
assignments in ref. 18a and ref. 18b). Since we intended 
to use NMR for the analysis of deuterated tropinones, we 
reinvestigated the proton NMR spectrum using nuclear 
Overhauser effects to help identify all the protons. The pro- 
ton assignments and nOe's are shown in Fig. 1. It should be 
noted that the six-membered ring of tropinone is known to 
assume the chair conformation with the methyl group being 
equatorial (1 8). 

Only one product (8e) was isolated from lithiation of tro- 
pinone with LDA, followed by addition of one equivalent of 
n-BuLi and deuteration with D,O (17). This product was the 
exo isomer, as evidenced by the 50% decrease in the inten- 
sity of the NMR signal at 2.69 ppm (the signal at 2.20 ppm 
remained unchanged). The exo 8e was then subjected to an- 
other deprotonation with LDA followed by treatment of the 
enolate with n-BuLi and then by quenching with D20. We 
envisaged that, if the base removed any of the equatorial 
protons, producing enolates 14 and (or) 15, we should find 
the geminal bis-deuterotropinone 16 in the products (Scheme 
4). The formation of the isomer 17, with both deuterium 
atoms axial, could result from either axial or equatorial de- 
protonation. We did not detect compound 16 either by 'H or 
by I3c NMR which led us to the conclusion that the depro- 
tonation of tropinone with LDA is highly diastereoselec- 
tive: the axial (exo) protons are removed at least 12 times 
faster than the equatorial (endo) protons (assuming that de- 
protonation is not reversible and that NMR provides 5% de- 
tection level of 16; if 5% of 16 was indeed produced this 
would indicate the relative rate of proton abstraction kHax/kHeq 
of 12-17 depending on the magnitude of the primary deu- 
terium isotope effect). 

Deprotoaation with chiral lithium amides 
Abstraction of an or-proton from tropinone (6) with a chiral 

lithium amide (18-24), followed by quenching of the re- 
sulting non-racemic mixture of tropinone lithium enolates 
with benzaldehyde, yielded two enantiomers of the aldol 
product 8a. The enantiomeric excess (ee) was determined by 
NMR; when the 'H and 13c spectra of samples of 8a were 
taken in the presence of optically active shift reagent 
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MAJEWSKI AND ZHENG 

FIG. 1 .  Proton chemical shifts and nOe's (double-headed ar- 
rows) of tropinone (6). 

(+)-Eu(tfc),, the splitting of the singlet corresponding to the 
N-Me group was observed. When the racemic 8a, obtained 
using LDA as the base, was analysed by this method the ra- 
tio of the peaks in the N-Me singlet split in the presence of 
Eu(tfc), was 52:48, which,, provided some measure of the 
accuracy of this technique. The results of our enantio- 
selective deprotonation experiments are shown in Table 2. 
The observed selectivities were modest with an optimum ee 
of 60%. We were able, however, to obtain an optically pure 
sample of compound 8a by fractional crystallization (19). 

In an effort to improve enantioselectivity we investigated 
the effect of reaction conditions (bases 22 and 23 were used 
in this brief study). Lowering the reaction temperature to 
- 100°C, as well as using two equivalents of base or an ad- 
ditional equivalent of n-BuLi, had no effect on enantio- 
selectivity. Use of HMPA or sparteine as additives decreased 
the ee by up to three quarters (i.e. , 10% ee instead 40% when 
base 23 was used in the presence of sparteine). 

To establish the absolute stereochemistry of the proton 
abstraction with chiral lithium amides and also to highlight 
the potential practical utility of the method we synthesised 

non-racemic anhydroecgonine methyl ester (27), a natural 
product of known configuration (20b), via this enantio- 
selective deprotonation strategy. The synthesis is shown in 
Scheme 5. A non-racemic sample of compound 8b was ob- 
tained in 95% yield according to the method described above 
(deprotonation of tropinone with base 22 followed by treat- 
ment with methyl cyanoformate, AcOH, and AcOAg). Due 
to tautomerism, compound 8b exists as a mixture of iso- 
mers with, presumably, the carboxymethyl group disposed 
equatorially in the major isomer. The keto group in 8b was 
reduced with sodium borohydride. It was found that under 
standard conditions (NaBH, in EtOH) only a small amount 
of 8b underwent reduction. However, upon lowering the re- 
action temperature to -60°C and addition of a small amount 
of aqueous NH,CI the reduction proceeded well (presum- 
ably due to the change in the keto-en01 equilibrium of the 
starting material) and yielded a mixture of two products 25 
and 26 in a ratio of 6 : 1 (80% yield). Compounds 25 and 26 
were separatedJ and were then subjected to dehydration. It 
was found that compound 25 (but not 26) underwent a fac- 
ile dehydration with trifluoroacetic anhydride - triethyl- 
amine. Compound 26 (but not 25) was easily dehydrated with 
triflic anhydride - triphenylphosphine oxide. Elimination of 
trifluoroacetate esters with Et,N presumably proceeds via the 
E2 mechanism, hence compound 26, in which the hydro- 
gen atom and the OH group are cis, could not be easily de- 
hydrated with the (CF,C0)20-Et3N mixture. The method 
utilizing triphenylphosphine and trifluoromethylsulfonic 
anhydride, developed by Hendrickson and Hussoin (21), 
presumably involves syn elimination. This would account for 
the easy dehydration of compound 26 under these condi- 
tions. 

 he relative configurations of these compounds were assigned 
on the basis of the comparison of their NMR spectra with the spectra 
of cocaine and its isomers reported by Carroll et al.;  cf. ref. 20c. 
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TABLE 2. Enantioselective deprotonation of tropinone with bases 18-24 followed 
by aldol addition 

Entry Base" Yield (%)" ee ( % ) b  ~somer"." 

- --- 

"Optically pure bases 18-24 were used (cf. Experimental). 
"Yields and ee refer to compound 8n.  
'The absolute stereochemistry was established by correlating the structure of 8a with that 

of ecgonine Me ester. 
"A small amount (less than 5 % )  of the et~do-anti isomer of 80 was observed. 

& COOMe ,,COOMe (CF3W120-Et3N 
NaBH4 or Tf20-Ph3P0 1 

____) 

qsCrnMe 
* 

25 a OH (+) - 27 Me 
Me 

8b 
Me 26 

[aID +9.2' 
(25:26=6:1) (from 25) 

The optically active 27 was thus obtained, via the se- 
quence described above, in 7 1 % yield from an achiral start- 
ing material (tropinone) and had the optical rotation of f9.2. 
Since the optically pure levorotatory anhydroecgonine methyl 
ester, derived from cocaine, was reported (20a) to have 
[a]? of -43, the optical purity of our sample was calcu- 
lated to be 21% (the optical purity of compound 27 could not 
be measured by NMR as no separation of peaks due to en- 
antiomers in the presence of optically active shift reagents 
was observed). 

The absolute configuration of levorotatory anhydroec- 
gonine methyl ester is known (6, 20); this isomer has the 
carbomethoxy group at C-2 (Scheme 5 ;  tropane alkaloid 
numbering). This allowed us to determine the absolute 
stereochemistry of proton abstraction: bases 18, 22, and 24 
remove preferentially the pro-S proton of tropinone (from 
C-4) and bases 19-21 and 23 deprotonate faster at C-2 (pro-R 
axial hydrogen); this was in agreement with the results of 
Simpkins (46). 

In conclusion, we have established that: (i) deprotonation 

of tropinone with LDA is diastereoselective and involves the 
axial (exo) protons. (ii) The aldol addition of tropinone Li 
enolate is also diastereoselective and produces the exo-anti 
aldol. (iii) Chloroformates react with the Li-enolate of tro- 
pinone to give a product of ring opening (9). (iv) Tropinone 
can be deprotonated enantioselectively with chiral lithium 
amides. Although the optical yields observed so far were 
modest, we are pursuing the potential use of this strategy in 
the stereoselective synthesis of tropane alkaloids. The strat- 
egy was highlighted by a short synthesis of non-racemic 
anhydroecgonine methyl ester (27). 

Experimental 
All moisture-sensitive reactions were carried out under argon. 

THF was distilled from a dark-blue solution containing sodium 
benzophenone ketyl under nitrogen atmosphere. Diisopropyl- 
amine, triethylamine, pyridine, DMF, TMEDA, and dichloro- 
methane were distilled from calcium hydride under nitrogen 
atmosphere, and then stored in 100-mL Sure-sealT"' bottles con- 
taining 4A molecular sieves under argon. TMSCl was twice dis- 
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tilled from calcium hydride under argon atmos here, and then stored 
in a 100-mL sure-seal" bottle with ReillexR 402 (8). Acetic an- 
hydride was distilled from calcium carbide (22), then redistilled 
before storing over 4A molecular sieves under argon. Benzoyl 
chloride was stirred with oven-dried calcium carbonate powder for 
2 days; the filtered liquid was then dried over sodium s~lfate.~After 
distillation, the purified benzoyl chloride was stored with 4A mo- 
lecular sieves under argon. Benzaldehyde was washed with 10% 
aqueous calcium carbonate solution and dried over calcium chlo- 
ride prior to fractional distillation (22). Butyllithium was titrated 

I periodically using 2,5-dimethoxybenzyl alcohol as indicator. Lithum 
bromide was flame-dried under vacuum and stored in a sealed flask 
under an argon atmosphere; it was used as a stock solution in THF 
(-3 M). Flash column chromatographic separations were per- 
formed with Merck Kieselgel 60 (230-400 mesh ASTM). All thin- 
layer chromatography (TLC) was camed out using precoated glass 
plates with Silica Gel 60 F254. The spots were detected by using 
UV light, or phosphomolybdic a~id/Ce(SO,)~ solution followed by 
charring on a hot plate. 

Melting points are uncorrected. Gas chromatography was per- 
formed using a Hewlett Packard 5890A with a HP-1 column (methyl 
silica gum, 5 m X 0.53 mm X 2.65 mm film thickness). The CHN 
elemental analyses were done using a Perkin Elmer 2400 CHN el- 
emental analyzer. Low-resolution mass spectra were obtained using 
a VG Analytical retro-fitted MS-12. All NMR spectra were re- 
corded on a Brucker AM 300 ('H at 300 MHz; I3c at 75 MHz) using 
CDCI3 as solvent and TMS (tetramethylsilane) as internal stan- 
dard (STMS = 0.00 ppm). 

3-Trimethylsiloxy-8-methyl-8-azabicyclo[3.2.I]ocr-2-ene (7a) 
TMSCI (5.5 mmol; 0.7 mL) was added to a solution of LDA 

(1.1 mmol) in THF (3.2 mL) followed by the dropwise addition of 
a solution of tropinone (1.0 mmol; 0.139 g) in THF (2 mL) over 
15 min at -78OC. After 5 min the mixture was quenched with 
triethylamine (1.5 mL) and was then warmed to room tempera- 
ture; the remaining TMSCI, triethylamine, and THF were re- 
moved on a rotary evaporator. The pure product (185 mg, 88%) was 
obtained after distillation from Kugelrohr apparatus: bp 218°C; 
IR (KBr) 3045, 2958, 2937, 2844, 2794, 1651, 1251, 893, 
845 cm-I; 'H NMR 6: 4.92 (d, J = 5.6 Hz, lH),  3.28 (d, J = 
5.3 Hz, lH),  3.26 (d, J = 5.7.Hz, IH), 2.53 (dd, J, = 20.0 Hz, 
Jz = 9.7 Hz, lH), 2.37 (s, 3H), 2.13 (m, lH), 2.00 (m, lH), 1.83 
(m, 1 H), 1.58 (m, 2H), 0.20 (s, 9H); I3C NMR 6: 147.1 (OC), 
106.5 (CH), 57.9 (CH), 57.2 (CH), 35.7 (NCH,), 35.3 (CH?), 34.9 
(CH2), 29.8 (CH2), 0. I (SiCH3); MS (CI-NH3) m/z: 214 (8.3), 213 
(25.3), 212 (100.0), 211 (9.1), 183 (18.8), 182 (37.8). Anal. calcd. 
for CllH2,NOSi: C 62.50, H 10.01, N 6.63; found: C 62.40, H 
10.22, N 6.81. 

General procedure for generation of fropitlone lithiurn erlolate 
arld its reaction with electrophiles 

Diisopropylamine (0.155 mL; 1.1 mmol) was d~ssolved in THF 
(3.2 mL), and cooled to O°C. n-Butyllithium (1.1 mmol; 0.48 mL 
of a 2.3 M solution in hexane) was added to the solution. The re- 
sulting, colourless, solution of LDA was stirred for 25 min at 0°C 
and was then cooled to -78OC. Tropinone 6 (0.139 g; 1 .O mmol), 

I dissolved in THF (2 mL), was added dropwise over 15 min to the 
solution. The resulting mixture was st~rred for 45 min at -78OC and 
was then treated with an appropriate electrophile. After the reac- 
tion mixture was stirred for a specified period of time the reaction 
was quenched with saturated aqueous NH,CI solution at -78OC. 
The reaction mixture was then allowed to warm to room temper- 

: ature and was extracted with CH3CI (3 X 10 mL). The combined 
organic layers were washed with water, then dried over sodium 
sulfate, and the solvents were removed on a rotary evaporator to 
give the crude product. 

3-Acetoxy-8-methyl-8-azabicyclo[3.2 .I]ocr-2-ene (7%) 
Acetic anhydride (5.3 mmol; 0.5 mL) was added to a solution 

, of tropinone lithium enolate (1.0 mmol) in THF (3.2 mL) and the 
mixture was stirred at -78OC for 1 h. After the standard work-up, 

the crude product 7b was obtained as a yellow oil (1  17 mg; 64%). 
Purification by chromatography (SiO,; 5% MeOH in CH3Cl) and 
bulb-to-bulb distillation (50°C/0.5 Torr; 1 Torr = 133.3 Pa) af- 
forded 7b as a colourless oil (97 mg, 54%). IR (KBr) 2939, 2798, 
1757, 1676, 1432, 1212, 11 16 cm-I; 'H NMR 6: 5.46 (dd, J1 = 
1 . 3 , J 2 = 4 . 2 H z ,  1H),3.37(m,2H),2.67(dd,JI = 3 . 7 H z , J 2 =  
17.1 Hz, lH),  2.44 (s, 3H), 2.18 (m, IH), 2.11 (s, 3H), 2.05 (m, 
lH), 1.91 (dt, Jl = 8.9 Hz, J2 = 2.5 Hz, IH), 1.71 (d, J = 
17.0 Hz, lH), 1.66 (m, 1H); "C NMR 6: 169.1 (CO), 145.1 (OC), 
1 16.4 (CH), 57.9 (CH), 57.2 (CH), 35.3 (NCH,), 34.6 (CH,), 29.9 
(CH,), 21.0 (CH,); MS (El) m/z: 183 (0.3), 182 (3.4), 181 (19.4), 
138 (19.3), 11 1 (27.5), 110 (100.0), 96 (27.3). 

(IR*, 2S*, IiR*)-2-(1'-Hydroxybenzy1)-8-methyl-8- 
azabicyclo[3.2 .l]octan-3-one (8a) 

The general procedure was followed with PhCHO as electro- 
phile. The reaction mixture was stirred at -78OC for 15 min. After 
standard work-up, a yellowish solid was obtained (216 mg; 88%). 

The crude product was dissolved in a minimum amount of 
chloroform in a warm water bath. Hexane was then added drop- 
wise until the solution became cloudy. A small amount of CHCI, 
was added until the mixture became clear again. The clear solu- 
tion was cooled down slowly to room temperature, and white 
needles of the racemate were collected (183 mg, 75%); m.p. 
132.7"C; IR (KBr) 3399, 3086, 2954, 2880, 2807, 1711, 1491, 
1452, 1077,760, 701 cm-I; 'H NMR 6: 7.19-7.40 (m, 5H), 5.21 
(d, J = 3.1 Hz, IH), 3.57 (d, J = 6.6 Hz, IH), 3.43-3.48 (m, IH), 
2.84 (ddd, Jl = 15.6 Hz, J2 = 4.6 Hz, J3 = 1.5 Hz, lH),  2.44 (s, 
3H), 2.39-2.42 (m, IH), 2.30 (ddd, J, = 15.7 Hz, J2 = 2.0 HZ, 
J3 = 2.0 Hz, 1 H), 2.07-2.25 (m, 2H), 1.44-1.65 (m, 2H); I3c 
NMR 6: 208.0 (CO), 141.7 (C), 128.0 (CH), 127.3 (CH), 125.2 
(CH), 76.5 (CHOH), 67.1 (CHN), 63.8 (CHN), 61.5 (CH), 5 1.6 
(CH2), 40.5 (CH3N), 26.3 (CH?), 26.1 (CH?); MS (CI, NH3) m/z: 
247 (17.7), 246 (100.0), 140 (51.9), 82 (20.1). Anal. calcd. for 
Cl5HI9NO2: C 73.44, H 7.81, N 5.71; found: C 73.50, H 8.06, N 
5.70. 

The ee was measured by 'H NMR. Small amounts of (+)-Eu(tfc), 
were added to the sample in CDCI, solution until a sufficient sep- 
aration of the peak corresponding to the N-Me group (originally at 
2.44 ppm) was achieved. 

(+)-(IS. 2R, 1's)-2-(1'-Hydroxybetlzy1)-8-methyl-8- 
azabicyclo[3.2.I]octan-3-one (8a) 

A solution of tropinone (1 .O mmol; 0.139 g) in THF (2 mL) was 
added dropwise over 15 min, to the yellowish solution 
of lithium amide 22 ( I .  1 mmol) in THF (3.2 mL) and the mixture 
was stirred for 45 min at -78OC. Benzaldehyde (1.2 mmol; 
0.127 mL) in THF (1 mL) was added to the reaction mixture at 
-78°C and, after 15 min, the reaction was quenched with satu- 
rated NH,C1 solution (2 mL). After standard work-up, the crude 
mixture was placed under high vacuum for 2 days. A yellow solid 
was obtained (212 ~rrg; 86% yield). 

Optical purity of the crude 80 was 34% as measured by 'H NMR 
using (+)-Eu(tfc),. The compound was recrystallized from CHC13- 
hexane as described above. White needles of the racemate were 
collected first and the solvent from the mother liquid was re- 
moved, and the remaining solid was again subjected to recrystal- 
lization. After repeating this procedure several times, an 
enantiometrically pure product was obtained as yellow rhombic 
crystals: mp 132-133°C; [cw]hO + 23 (c 0.0173 g/mL, CHCl,). 

Methyl 8-methyl-3-0~0-8-azabic~~clo[3.2 .l]octane-2-carboxylate 
(8b) (ref. 20b) 

Methyl cyanoformate (1.3 mmol; 0.1 mL) was added dropwise 
to a solution of tropinone lithium enolate (1.0 mmol) in THF 
(3.2 mL) at -78°C. The mixture was stirred at -78'C for 20 min. 
Glacial acetic acid (1 mL), and then silver acetate (1 mmol; 
0.168 g) in glacial acetic acid (1 mL) were added to the mixture at 
-78°C. The mixture was warmed to room temperature, stirred for 
30 min, and concentrated NH,OH solution was added until the 
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mixture became clear. The resulting solution was extracted with 
CHC1, (5 X 30 mL), the combined organic extracts were washed 
with water, dried (Na,SO,), and the solvent was removed to give 
an off-white solid (187 mg; 95% yield). 

Purification by flash chromatography (SiO,, 5% MeOH in 
CHC1,) yielded a white solid that was a mixture of keto and en01 
forms of 8b (161 mg, 82%): IR (KBr): 2951, 2851, 2799, 1741, 
1718, 1652, 1615, 1443, 1227, 813 cm-I; 'H NMR 6: 3.78 (m, 
lH), 3.76 (s, 64% 3H), 3.74 (s, 36% 3H), 3.37-3.66 (lH), 3.12- 
3.37 ( lH) ,  2.67-2.93 ( lH),  2.53 (s, 13% 3H), 2.38 (s, 22% 3H), 
2.36 (s, 65% 3H), 2.03-2.32 (3H), 1.74-1.94 ( lH),  1.48-1.66 
(1H); MS (CI, isobutane) m/z: 198 (loo), 166 (23). Anal. calcd. 
for CIOH15N03: C 60.89, H 7.67, N 7.10; found: C 60.59, H 7.72, 
N 6.98. 

2-Benzoyl-8-methyl-8-aznbicyclo[3.2 .I]oct-2-en-3-ol(8c) 
The general procedure was followed with benzoyl chloride 

(2.6 mmol; 0.3 mL, 2.5 equivalents) as the electrophile. The mix- 
ture was stirred at -78OC for 30 min, before saturated NH,C1 so- 
lution (2 mL) was added to the reaction mixture. Na2C0, solution 
(40%) was added to the resulting yellow mixture until pH -9. Ex- 
traction, followed by column chromatography (SiO,, 5% MeOH 
in CHCI,), yielded a yellow solid of 8c (150 mg; 62%); mp 75.2- 
77.2"C; IR (KBr) 3058, 2945, 2849, 2796, 1716, 1678, 1595, 
1568, 1447, 1400, 1273, 1146, 697 cm-I; 'H NMR 6: 7.43-7.57 
(m, 5H), 3.82 (d, J = 6.0 Hz, lH), 3.41 (t, J = 6.1 Hz, lH), 2.91 
(ddd, J, = 19.3 Hz, J, = 5.5 Hz, J, = 1.9 Hz, lH), 2.28-2.42 
(m, lH), 2.32 (s, 3H), 2.22 (t, J = 9.5 Hz, 2H), 2.02 (rn, 1 H), 
1.70 (m, IH); "C NMR 6: 195.6 (CO), 181.2 (OC=C), 135.6 (C), 
130.6 (CH), 128.3 (CH), 128.1 (CH), 1 12.8 (C=C), 59.6 (CH) , 
58.0 (CH), 40.4 (CH,), 37.1 (NCH,), 33.9 (CH,), 29.2 (CH,); MS 
(El) m/z: 245 (0.7), 244(5.4), 243 (21.2), 215 (54.1), 214 (100.0), 
136 (20.6), 110 (12.2), 105 (39 .3 ,  82 (52.8). Anal. calcd. for 
CI5HI7NO2: C 74.05, H 7.04, N 5.76; found: C 73.83, H 6.82, 
N 5.51. 

241,  2-Dicnrbetho.~yhydrazo)-8-nzethyl-8-azabicclo[3.2.1]- 
octnn-3-or~e (8d) 

DEAD (1.9 mmol; 0.3 mL) was added to a solution of tropi- 
none lithium enolate (1.0 mmol) in THF (3.2 mL) and the mixture 
was stirred at -78OC for 30 min. After standard work-up the yel- 
lowish, oily product 8d was obtained (295 mg, 94%). The product 
was purified by flash chromatography (SiO?; 5% MeOH in CHC1,). 
The purified product 8d was a yellow solid (250 mg, 80%): mp 
81.2-822°C; IR (KBr) 3295, 3252,2978,2957, 2883, 2766, 1746, 
1712, 1508, 1468, 1302, 1231, 1095 cm-I; 'H NMR 6: 6.81-7.09 
(br, lH), 4.99-5.21 (br, lH), 4.13 (q, J = 7.0 Hz, 4H), 3.58-3.68 
(br, lH), 3.41 (br, lH), 2.69 (d, J = 15.1 Hz, IH), 2.52 (br, 3H), 
2.23 (d, J = 15.3 Hz, lH), 1.80-2.12 (br, 3H), 1.49 (m, lH), 1.19 
(two overlap. t ,  J = 7.0 Hz, 6H); "C NMR 6: 205.4 (CO), 204.9 
(CO), 156.6 (COO), 156.0 (COO), 65.1 (CH), 64.8 (CH), 62.8 
(OCH,), 61.8 (OCH,), 61.3 (CH), 61.0 (CH), 46.7 (CH,), 46.4 
(CH,), 38.5 (CH), 37.4 (CH,), 37.2 (CH,), 27.9 (CH,), 27.5 (CH2), 
24.5 (CH,), 24.2 (CH,), 14.4 (CH,), 14.3 (CH,); MS (CI (NH3)) 
m/z: 316 (2.6), 315 (17.5), 314 (100.0). 313 (12.3), 225 (20.3), 
85 (20.2), 83 (31.2), 82 (37.2). Anal. calcd. for Cl,H23N,05: C 
53.66, H 7.40, N 13.41; found: C 53.57, H 7.58, N 13.58. 

(exo)-2-De11tero-8-meth~l-8-nzabicyclo[3.2. Iloctnn-3-one (8e) 
rz-Butyllithium (2.2 mmol; 1.05 mL of 2.1 molar solution in 

hexane), was added dropwise to a solution of tropinone lithium 
enolate (2.0 mmol) in THF (5.2 mL) at -78"C, and the mixture was 
then warmed to P C  for 20 min. The reaction mixture was then 
cooled down to -78°C. D,O (5 mL, 99% D) was added, and the 
mixture was warmed first to P C  for 3 min, then to room temper- 
ature. Extraction and removal of the solvents using first a rotary 
evaporator and then high vacuum gave a greenish solid. 

Pentane was added to the crude solid dropwise at 40°C until all 
the solid had dissolved. The solution was then cooled down to 
-30°C for several hours. The solvent was removed from the crys- 
tals at this low temperature via a syringe, and the crystals of the pure 

8e were washed with cold pentane. Yield: 227 mg; 81%; mp 40.5- 
42.0°C; IR (KBr): 3387, 2934, 2882, 2855, 2802, 1714, 1592, 
1476, 1348 cm-'; 'H NMR 6: 3.44 (br, 2H), 2.69 (dd, JI = 
4.0 Hz, J2 = 16.0 HZ, lH), 2.49 (s, 3H), 2.20 (d, J = 15.3 Hz, 
2H),2.11 (m,2H),  1.61 (m,2H);13CNMR6:211.1 (CO),60.7 
(CH) , 47.6 (CH,), 47.3 (t, J = 18.2 Hz, CHD), 38.3 (CH,), 27.6 
(CH,); MS (CI (NH,)) m/z: 144 (18.0), 143 (20.3), 142 (69.8), 141 
(100.0), 140 (84.2), 138 (17.0), 83 (91.9). 

(exo, exo)-2,4-Dideuter0-8-methyl-8-azabi~~~cl0[3.2.l]ocmtz-3- 
one (17) 

2-Deuterotropinone (8e) (1 .O mmol; 140 mg) in THF (1.2 mL) 
solution was added dropwise to a solution of LDA (1.1 mmol) in 
THF (3.2 mL) at -78°C. After 40 min, n-BuLi (1.1 rnrnol; 
0.52 mL of 2.1 molar solution in hexane) was added slowly to the 
mixture at -78'C. The mixture was then warmed to O°C for 
20 min and cooled down to -78°C again. D,O (5 mL, 99%D) was 
added to the reaction mixture at -78OC, and then warmed to O°C 
for 3 min, then to room temperature. Extraction and removal of 
solvents by rotary evaporator, followed by high vacuum, gave a 
greenish solid (141 mg; 100%). The solid was purified by crystal- 
lization from pentane as described above. Yield: 1 10 rng (78%), 
mp 42-43°C; IR (KBr): 2932, 2882, 2856, 2802, 2216, 1702, 
1475, 1344, 1 146, 483, 453 cm-I; 'H NMR 6: 3.45 (br, 2H), 2.70 
(dd, Jl  = 3.9 HZ, Jr = 16.0 HZ, 33% of 2H), 2.50 (s, 3H), 2.20 
(d, J = 15.4 Hz, 2H), 2.12 (m, 2H), 1.61 (m, 21);  13C NMR 6: 
2 1 1.1 (CO), 60.7 (CH), 47.6 (CH,), 47.3 (t, J = 18.2 Hz, CHD), 
38.3 (CH,), 27.6 (CH,); MS (CI - NH,) m/z: 145 (8.4), 144 
(46.2), 143 (83.4), 142 (100.0), 141 (69.8), 140 (29.3). 

6-(N-Carbethox)~-N-rne~hyl)anzi~zocyclohept-2-en-l-one (9) 
Ethyl chloroformate (4.7 mmol; 0.45 mL) was added slowly to 

a solution of tropinone lithium enolate (1.0 mmol) in THF 
(3.2 mL) and stirred for 10 min at -78OC. Saturated NH,CI solu- 
tion (2 rnL) was added at -78OC, the mixture was warmed to room 
temperature, and 40% Na2C0, solution (3 mL) was added to make 
the mixture basic. The organic layer was separated, and the aqueous 
layer was extracted with chloroform (4 X 5 rnL). After drying 
(Na,SO,) and removal of the solvent from the combined organic 
layers the product was purified by chromatography (SiO,, 4:  1 
hexane:AcOEt). Yellow oil (184 mg; 87%), bp 275°C; IR (KBr): 
3022, 2978, 2936, 2872, 1693, 1667, 1483, 1405, 1314, 1155, 
772 cm-I; 'H NMR 6: 6.64 (ddd, J, = 11.5 Hz, J, = 6.3 Hz, 
J, = 4.6 Hz, lH), 6.04 (d, J = 12.1 Hz, lH), 4.60(br, lH), 4.14 
(q, J = 7.1 Hz, 2H), 2.84 (m, 2H), 2.80 (s, 3H), 2.42-2.68 (m, 
2H), 1.87-2.14 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H); 13c NMR 6: 
14.4 (OCH2CH,), 29.0 (CH), 30.4 (CH,), 47.8 (CH?), 50.9 
(NCH,), 61.0 (OCH,CH,), 132.2 (CH), 146.2 (CH), 155.6 
(NCOO), 200.3 (CO); MS (EI, 20eV) m/z: 21 1 (60), 138 (66), 108 
( 9 3 ,  104 (100). Anal. calcd. for ClIHl7NO3: C 62.54, H 8.11, N 
6.63; found: C 62.70, H 8.38; N 6.76. 

Methyl 4-@'-(5'-~)1ar10-1 '-methylpyrrolidin)r1)]-3-0x0-bu~rate 
(10) 

12-Crown-4 (1.1 mmol; 0.194 g) in THF (1 mL) was added to 
a solution of tropinone lithium enolate (1.0 mmol) in THF 
(3.2 mL) at -78°C. The mixture was warmed to P C  for 10 min, 
and was then cooled to -78OC. Methyl cyanoformate (1.3 mmol; 
0.1 mL) was added and the reaction mixture was stirred for 
30 min at -78°C. After the standard work-up, and the removal of 
solvents, the crude product was purified by chromatography (SiO,, 
1 : 1 hexane:AcOEt), yielding a white solid (165 mg; 74%). Mp 
78.8-79.8"C; IR (KBr): 2954, 2855, 2799, 2242, 1745, 1715, 
1630, 1565, 1437, 1323, 1258, 1198, 1161, 1048 cm-I; IH NMR 
6 : 3 . 9 3 ( d , J =  6.7Hz,  lH),3.75(~,3H),3.48(~,2H),2.98(m, 
lH), 2.87 (dd, JI = 17.0 Hz, J, = 3.8 Hz, lH), 2.58 (q, J = 
8.5 Hz, lH), 2.43 (s, 3H), 2.34 (m, 1 H), 2.02-2.18 (m, 2H), 1.58 
(m, 1H); NMR 6: 201.0 (CO), 167.4 (COO), 117.3 (CN), 58.3 
(OCH3), 56.5 (CH), 52.4 (CH), 49.6 (CH,), 47.0 (CH2), 36.6 
(NCH,), 29.2 (CH?), 28.0 (CH,); MS (CI, NH,) nz/z: 227 (1.4), 
226 (13.0), 225 (97.3), 224 (2.0), 198 (39.7), 109 (100.0), 82 
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(24.4), 225 (46.0), 198 (100.0), 109 (19.0), 82 (12.0). Anal. calcd. of 4-(dimethy1amino)pyridine in dichloromethane (1.2 mL) solu- 
for CIlH,$'J20,: C 58.91, H 7.19, C 12.49; found: C 58.76, H 7.12, tion. The solution was stirred and trifluoroacetic anhydride 
C 12.71. (7.1 mmol, 1.0 mL) in dichloromethane (2.5 mL) was added 

Methyl (endo, endo)-3-hydroxy-8-methyl-8-azabic~~c~~clo[3.2.1]- 
octane-2-carboxylate (25) and methyl (2-endo, 3-exo)-3- 
h~~droxy-8-methyl-8-azabicyclo[3.2.l]octane-2-carboxylate 
(26) 

Compound 8b (1.0 mmol; 0.197 g) was dissolved in absolute 
ethanol (2.5 mL) at room temperature, and the solution was then 
cooled down to -60°C. Sodium borohydride (5.3 mmol; 0.200 g) 
was added to the clear solution. A small amount of solid NH,Cl was 
then added to the mixture followed by addition of saturated N K C l  
solution (0.5 mL). The reaction mixture was stirred at -60°C for 
3 h, was then allowed to warm to room temperature, and stirred 
overnight. The excess of NaBH, was destroyed by adding acetic 
acid (glacial) dropwise. The solvent and excess AcOH were re- 
moved on a rotary evaporator, and the residue was dissolved in 
CHC1, (10 mL). Na2C03 (40% solution, 5 mL) was added and the 
mixture was then extracted with CHC1, (4 x 15 mL). After wash- 
ing with water, the combined organic layers were dried (Na,SO,). 
The solvent was removed and the crude product was dried under 
high vacuum, yielding an oily solid (159 mg; 80%). 'H  NMR 
showed that the product contained 86% of 25  and 14% of 26. 

These two isomers were separated by flash chromatography 
(SO2,  5% MeOH in CHCI,); 26 (20 mg; 10%) was eluted first 
followed by 25 (133 mg; 67%). 

Compound 25: IR (neat): 3700-3100, 1740 cm-I; ' H  NMR 6: 
4.28 (t, J = 4.5 Hz, lH) ,  3.76 (s, 3H), 3.49 (br, lH),  3.23 (br, 
l H ,  OH), 3.17 (br, IH), 3.00 (t, J = 3.5 Hz, IH), 2.32 (s, 3H), 
1.94-2.16 (m, 5H), 1.82 (m, 1H); "C NMR 6: 24.2 (CHr), 25.8 
(CH,), 38.7 (CH2), 40.0 (CH), 50.0 (CH), 52.0 (CH), 60.3 
(NCH,), 62. I (CH), 64.9 (OCH,), 173.9 (CO); MS (EI) m/z: 199 
( l5) ,  97 (58), 96 (78), 83 (58), 82 (100). Anal. calcd. for 
CloHI7NO,: C 60.28, H 8.60, N 7.03; found: C 60.05, H 8.67, 
N 6.78. 

Compound 26: IR (neat): 3700-3 100, 1740 cm-'; 'H NMR 6: 
4.12(dt, Jl  = 10.3 HZ, J2=  6.6Hz,  lH),  3 . 7 4 ( ~ ,  3H), 3.48 (dd, 
JI = 6.1 Hz, J, = 2 . 6 H z ,  lH), 3 .24(m,  lH), 2 .72(dd,  J, = 
9.9 Hz, J2 = 2.9 Hz, IH), 2.38 (s, 3H), 1.68-2.08 (m, 4H), 1.54 
(q, J = 8.6 HZ, 2H); "C NMR 6: 25.0 (CH,), 27.2 (CH,), 36.1 
(CH,), 38.0 (CH), 52.1 (CH), 52.2 (CH), 60.1 (NCH,), 62.0 (CH), 
64.8 (OCH,), 175.0 (CO); MS (C1 (NH,)) m/z: 201 (12.3), 200 
(loo), 83 (24). Anal. calcd. for CIOHI7NO3: C 60.28, H 8.60, N 
7.03; found: C 60.17, H 8.90, N 6.78. 

Anhydroecgonine methyl ester (27) (ref. 20a) 
(a) (?)-(27): Triphenylphosphine oxide (0.4 mmol; 0.11 1 g) was 

dissolved in anhydrous dichloromethane (0.5 mL) and placed in a 
septum-sealed 10-mL round-bottom flask at O°C, under argon. 
Trifluoromethanesulfonic anhydride (0.2 mmol; 34 mL) in anhy- 
drous dichloromethane (0.5mC) was added dropwise to the reaction 
mixture with constant stirring. The reddish colour of triphenyl- 
phosphine oxide solution disappeared immediately after the triflic 
anhydride had been added. Racemic compound 26 (0.1 mmol; 
20 mg) in dry dichloromethane (0.5 mL) was added slowly at O°C, 
and the reaction mixture was then warmed to room temperature and 
stirred for 15 min. Anhydrous triethylamine (0.5 mL) was added 
to the reaction mixture and the reddish color appeared again. After 
15 min, the reaction was quenched with water (2 mL), and then 
extracted with diethyl ether (5 x 5 mL). The combined organic 
layers were dried over anhydrous sodium sulfate. After removal of 
the solvent, the residue was subjected to separation on a short col- 
umn (SiO,, 3% MeOH in CHCI,), which yielded the purified 
product (15 mg; 83%). 

(b) (+)-(27): Non-racemic 25 (5.5 mmol; 1.1 g), was prepared 
as previously described using chiral base 22, and dissolved in an- 
hydrous dichloromethane (4 mL) in a septum-sealed 10-mL round- 
bottom flask at O°C, under argon. Anhydrous triethylamine 
(15.8 mmol; 2.2 mL) was added, followed by a catalytic amount 

dropwise during 20 min. After stirring for an additional 2 h at O°C, 
the reaction mixture was warmed to room temperature and stirred 
for another 30 h. The reaction mixture was then cooled down to O°C 
again, and treated with dilute Na2C0, solution until the solution 
became basic. The mixture was extracted with chloroform (5 x 
30 mL), and the combined organic layers were washed (H,O), and 
then dried (Na,SO,). After removal of the solvent, the mixture was 
subjected to flash chromatography (SiO,, 3% MeOH in CHCI,). 
A colorless oil was obtained (925 mg; 93%): [a]hO + 9.2 (c 
0.1084 g/mL, MeOH), IR (KBr): 2949,2876,2843,2793, 171 1, 
1639, 1436, 1253, 1084,753,728 cm-'; 'H NMR 6: 1.52 (m, lH), 
1 .85(t ,  J =  9 . 8 H z ,  lH),  1 . 8 8 ( d d , J I  = 19.6Hz,  J 2 =  4 .7Hz,  
lH), 2.18 (m, 2H), 2.37 (s, 3H), 2.65 (m, lH), 3.28 (m, lH), 3.75 
(s, 3H), 3.83 (m, lH), 6.83 (m, 1H); I3CNMR6: 30.1 (CH,), 31.6 
(CH2), 34.5 (CH,), 36.8 (CH), 5 1.8 (NCH,), 57.0 (OCH,), 134.0 
(C), 136.2 (CH), 166.7 (CO); MS (CI (NH,)) m/z: 182 (loo), 181 
(15.6), 152 (15.3). 

Synthesis of chiral arnines 
(S)-(+)-1-(2-Pyrrolidinylmethyl)pyrrolidine 18a, which was the 

precursor to base 18,  was purchased from Aldrich and dried prior 
to use (CaH,). Amines used for generating 21-24 were synthe- 
sized by methods reported in the literature (23). Amines that were 
the source of compounds 19 and 20 were synthesized by reductive 
amination (see below). 

(+ )-(IS, 2S, 5S)-N-Pher1yl-4,6,6-trirnethylbicyclo[3. I .  Ilhept-3- 
enylarnine (19a) 

Aniline (9.0 mmol; 0.83 g), and glacial acetic acid (15 mL) were 
placed under argon. (1s)-(-)-Verbenone (1.0 mmol; 0.154 mL) 
was then slowly added to this solution at room temperature and 
the reaction mixture was stirred for 4 h. Sodium borohydride 
(5.3 mmol; 200 mg) was then added in small portions and the tur- 
bid mixture was stirred at room temperature overnight under argon. 
Aqueous HCI solution (10%) was added to acidify the mixture, and 
acetic acid was then removed on a rotary evaporator. The residue 
was dissolved in chloroform (10 mL) and aqueous sodium carbon- 
ate solution (40%) was added until the mixture became basic. The 
mixture was then extracted with chloroform (4 x 20 mL). After 
washing with water, the combined organic layers were dried over 
anhydrous sodium sulfate. The solvent was removed and the crude 
product was purified by chromatography (SO2,  4 :  1 n-hex- 
ane:ethyl acetate). Yield: 191 mg, [a]? + 25.0 (c 0.0162 g/mL, 
CHCI,); IR (KBr): 3429,3049,2922,2867, 1600, 1502, 1428, 746, 
691 cm-';  'H NMR 6: 7.17 (td, J, = 7.4 Hz, J, = 1.0 Hz, 2H), 
6.68 (t, J = 6.4 Hz, IH), 6.60 (d, J = 7.7 Hz, 2H), 5.38 (br, IH), 
4.30 (br, lH),  3.90 (br, 1H (NH)), 2.50 (m, lH), 2.43 (m, IH), 
2.01 (t, J = 6.2 Hz, lH),  1.74 (t, J = 1.8 Hz, 3H), 1.41 (d, J = 
8.8 Hz, 1 H), 1.32 (s, 3H), 1.07 (s, 3H); "C NMR 6: 147.8 (C), 
147.5(C), 130.1 (CH), 118.4(CH), 117.5 (CH), 113.5 (CH), 56.5 
(CH), 47.8 (CH), 45.2 (CH), 39.0 (CH,), 35.0 (CH2), 27.0 (CH3), 
23.0 (CH,), 22.8 (CH,); MS (CI (NH,)) m/z: 229 (14.6), 228 
( 7 7 3 ,  227 (13.2), 135 (50. I), 94 (100.0). Anal. calcd. for 
C,,H,,N: C 84.53, H 9.31, N 6.16; found: C 84.40, H 9.02, 
N 6.15. 

(-)-(IR), 2R, 5s)-N-Phenyl-6,6-dimethylbicyclo[3.1 .I]- 
heptarzylamine (20a) 

Analogous procedure using (1R)-(+)-nopinone (1 .O mmol) and 
aniline yielded a yellowish oil, 20a (204 mg, 95%). After purifi- 
cation by flash chromatograph a colorless liquid was obtained 
(189 mg; 88%): bp 302.C; [a]$'-75.3 ( c  0 .  I 142 g/mL. CHCI,); 
IR (KBr): 3421, 3050, 2911, 2867, 1601, 1502, 1465, 1315, 746, 
691 cm-';  'H  NMR 6 :  7.15 (t, J = 7.5 Hz, 2H), 6.65 (t, 7.3 Hz, 
lH), 6.34(d, J =  8.5H.z. 2H),3.94(m, 1H),3.81 (br, lH(NH)), 
2.28-2.48 (m, 2H), 2.19 (br, lH),  1.98 (m, 2H), 1.88 (m, lH), 
1.61 (m, lH), 1.21 (s, 3H), 1.12 (s, 3H), 1.03 (d, J = 10.0 Hz, 
1H); 13C NMR 6: 23.2 (CH,), 24.7 (CHI), 25.2 (CH,), 27.8 (CH,), 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2626 CAN. 1. CHEM. VOL. 70. 1992 

30.0 (C), 38.0 (CH,), 4 1.1 (CH), 45.6 (CH), 54.9 (CH), 1 13.1 
(CH), 116.9 (CH), 129.4 (CH), 147.6 (C); MS (CI (NH,)) m/z:  
217 (17.2), 216 (100); Anal. calcd. for CISH21N: C 83.67, H 9.83, 
N6.50;found: C83.77, H9.71, N6.47. 
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DALE E. WARD and YUANZHU CAI. Can. J.  Chem. 70, 2627 (1992). 
Lewis acid mediated Diels-Alder reactions of 2H-thiopyrans with acrylate, crotonate, and methacrylate dienophiles 

have been investigated. Modest to good yields of predominantly exo adducts are obtained with 4-substituted 2H-thio- 
pyrans. With 5-substituted 2H-thiopyrans, high etzdo selectivity is observed. No adducts were produced with methac- 
rylate dienophiles. Relative to the thermal reactions, the exo selectivity is enhanced in the presence of Lewis acids. 
Unusually high exo selectivity is observed using "wet" EtzAICl as the promoter. 

DALE E. WARD et YUANZHU CAI. Can. J .  Chem. 70,2627 (1992). 
On a etudie les reactions de Diels-Alder catalyskes par des acides de Lewis entre des 2H-thiopyranes et des acrylate, 

crotonate et methacrylate agissant comme dienophiles. Avec les 2H-thiopyranes substituCs en position 4, on a obtenu 
des rendements allant de modestes ?I bons d'adduits principalement exo. Avec les 2H-thiopyranes substituCs en position 
5, on observe une sClectivitC ClevCe de produits endo. I1 ne se produit aucun adduit lorsque le methacrylate agit comme 
dienophile. Comparees aux reactions thermiques, la sClectivitC exo est arneliorke en presence d'acide de Lewis. On ob- 
serve une sClectivitC anormalement elevee en faveur de I'exo lorsque du EtzAICl cchumidex est utilisk comrne promo- 
teur. 

[Traduit par la redaction] 

Introduction 

The lack of reactivity associated with cis-substituted 1,3- 
dienes ( 1 )  is a significant limitation of the Diels-Alder re- 
action (2). In an effort to address this problem, we have 
recently investigated (3) a strategy involving the use of 
W-thiopyrans as functional equivalents to cis-dienes. Diels- 
Alder reactions of 2H-thiopyrans with dienophiles can pro- 
vide adducts that, after desulfurization, are synthetically 
equivalent to an adduct derived from a cis-diene (3). 

The reactions of various 2H-thiopyrans bearing electron- 
donating substituents with reactive dienophiles such as ma- 
leic anhydride or maleimide provide good to excellent yields 
of predominantly endo adducts. However, with less reac- 
tive dienophiles such as methyl acrylate or  butenone the re- 
actions are considerably slower and thermal decomposition 
of the dienes competes effectively with cycloaddition. Al- 
though the regioselectivity is high compared to reactions with 
related acyclic dienes (3b), the lower yields and poor ste- 
reoselectivity observed in the reactions of 2H-thiopyrans with 
less reactive dienophiles limits potential synthetic applica- 
tions. In an attempt to improve yields and stereoselectivity 
by producing adducts at lower temperatures we have ex- 
amined the effect of Lewis acids on these reactions (2, 4). 
The results are presented in Tables 1-3. 

Results and discussion 

Initially we investigated the reaction of l a  with methyl 
acrylate (2a). The Diels-Alder reaction proceeds at 120°C 
in toluene (sealed tube) to give a 1.7 : 1 mixture of endo and 
exo adducts, 5a  and 5b respectively, in 56% yield after 6 days 
(3) (Table 1, entry 1). The efficacy of various Lewis acids 
in promoting the reaction at lower temperatures was evalu- 
ated. The addition of various amounts of TiCl,, SnCl,, or  
Et,AlCl to a solution of la and 2a in CH2C12 at -78°C or 
room temperature failed to produce the desired adducts; the 
only products resulted from hydrolysis of l a .  Eventually, we 
found that Diels-Alder adducts were produced at room 

temperature in the presence of BF, . Et,O (Table 1, entry 5) 
or, better, EtAlCl, (Table 1, entries 6-9). The adducts ob- 
tained were a mixture of 5 a  and 5b  together with their prod- 
ucts of silyl en01 ether hydrolysis, 7a and 76. Analysis of the 
reaction products was simplified by employing an acidic 
work-up that effected the hydrolysis of 5 a  and 5b  and re- 
sulted in the isolation of 7 a  and 7b as the only adducts. 

The stereochemistry of 7 was readily determined, as pre- 
viously (3a), by analysis of the coupling constants observed 
in the 'H NMR spectra. The endo proton at C-5 was readily 
assigned based on its 4 ~ H H  with H-3,,,,; (2-2.5 Hz). The ste- 
reochemistry of the proton at C-6 was determined based on 
its 3 ~ H H  with H-5,,,,,0 (for 7b,  J = 1 1  Hz; for 7 a ,  J = 6 Hz) 
and its 4 ~ H H  with H-7,, (for 7b,  J = 0 Hz; for 7 a ,  J = 
2.5 Hz). Stereochemical assignments were independently 
confirmed by hydrolysis (CF,C02H, CH,C12) of the indi- 
vidual isomers (3a) 5a  and 5b  to give 7 a  and 7b, respec- 
tively .' 

The use of EtAlCl, was also effective in promoting the 
reaction of l a  with N-phenylmaleimide ( lc)  to produce the 
endo adduct 11 in yields similar to that obtained in the ther- 
mal reaction (Table 1 ,  cf. entries 10 and 12) (3a). Compar- 
ing with the reactions of 2a ,  the yield and stereoselectivity 
obtained in the reactions of N-phenylmaleimide were not as 
sensitive to the amount of Lewis acid employed. Other Lewis 
acids were not as effective in promoting the reaction. In 
contrast to the thermal reaction, the exo adduct could not be 
detected in the 'H NMR spectrum of the crude product from 
the Lewis acid mediated reactions. Several attempts to ef- 
fect reaction of la with methyl crotonate (3a) or methyl 
methacrylate (4a) were unsuccessful (Table 1, entries 15, 16). 

In an effort to improve on both the scope and stereoselec- 
tivity of Diels-Alder reactions with acrylate derivatives we 
examined substrates incorporating an oxazolidone auxiliary 
(5). N-Alkenoyloxazolidones have been reported to be re- 
active acrylate equivalents (6) in Lewis acid mediated Diels- 
Alder reactions producing adducts with high stereoselectiv- 

"or a discussion of the determination of stereochemistry in these 
' ~ u t h o r  to whom correspondence may be addressed. systems see ref. 3a. For related cases see ref. 18. 
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TABLE 1. Diels-Alder reactions of l a  with 2, 3, 4, and N-phenylmaleimide (lc)" 

Entry Dienophileb Lewis acid" Product Yield (%) exo : endoc 

  one^ 
TiC1, (0.7) 
SnCI, (0.7) 
Et,AlCl (0.7) 
BF3.  EtzO (0.7) 
EtAlC1, (0.7) 
EtAlC1,(1.5) 
EtAIClz( 1 .O) 
EtA1C12(0.5) 
None' 
EtAlCl? (1 .O) 
EtAlCl? (0.7) 
EtAICI? (0.5) 
TiC1, (0.6) 
EtA1C12(0.7) 
EtAIC12(0.5) 
  one" 
Et2A1Cl(1.6)'~j 
Me,AIC1(1.6)'.J 
EtAIC1?(0.7) 
SnC1, (0.7) 
TiC14 (0.7) 
TiCI, (0.7)' 
TiC1, (0.8)'" 
TiC14 ( 1 .O) 
TiC1, (0.7) 
TiCI, (0.5) 
TiCI, (0.4) 
TiC1, (0.7) 
Ti(i-PrO),(O. 1 ) 
TiCI, (0.7) 
Ti(i-PrO),(0.2) 
TiC1, (0.7) 
Ti(i-Pr0),(0.3) 
TiC14(0. 7) 
TiC1, (0.5) 
TiCl4 (0.7) 
Ti(i-Pr0),(0.2) 
TiC1,(0.7) 
  one" 
Me,AIC1(1 .6)' 
Me2A1C1 (1.0)' 
Me,AlCI (0.7)' 
Et2A1CI (1.6)' 
EtAlCI, (I .O) 
TiCI, (1 .O) 
Et2A1C1 ( 1  .O) 
H20(0. 25) 
Et2A1C1(1 .6)' 
MeZAICI(l .6)' 

- 
0.6: 1 
2.7: 1 

5:  1 
exo" 
1.3:1 
exok 

4: 1 
16: 1 

"Reactions carried out with 0.1-0.15 mmol of l a  in CH,C12 (2 mL) at room temperature. 
'The number of equivalents based on l a  indicated in parentheses. 
'Measured by 'H NMR or (for 7) by weight of isolated adducts. 
"~eac t ion  carried out in toluene in a sealed tube (120°C. 144 h). 
"Reaction carried out in xylene in a sealed tube (120°C. 48 h) (ref. 3a).  
'The corresponding triisopropylsilyl enol ether was isolated. 
"The exo isomer was not detected by 'H NMR. 
"Reaction carried out in CDCI, in a sealed tube (I  10°C. 120 h). 
'Reaction at -78'C. 
'At room temperature the diene was rapidly decomposed and no adducts were formed. 
T h e  endo isomer was not detected by 'H NMR. 
'Reaction at 0°C. 
"'Reaction at -20°C. 
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WARD AND GAI 2629 

ity (7-9). The results are presented in Table 1 (entries 17- 
45). 

a series b series 
(endo) (ex01 

2 3 4 
5 R  = Si(i-Pr)3, X = OCH3 

n 

a series b series 
(endo) (ex01 

7 R = H , X = O C H 3  

8 R = H , X =  'NuO i 

Surprisingly, the reaction of l a  with 2b in the presence of 
excess Et2AlC1 under the published condition? did not pro- 
duce an adduct after 1 h at -78°C or at room temperature 
(Table 1, entry 18). A similar reaction mediated by Me2A1C1 
at -78°C gave a 1.7: 1 mixture of the adducts 8b and 8a in 
low yield after work-up (Table 1, entry 19). The stereo- 
chemistry of the adducts was assigned on the basis of 'H 
NMR as outlined above. The difference in the results ob- 
tained with Et,AlCl and Me,AlCl might be due to the higher 
propensity of the former to add to 2b in a 1,4 sense in com- 
petition with cycloaddition of 2b to an unreactive diene (7, 
10). . .. 

A survey of various Lewis acids eventually revealed that 
the reaction of l a  with 2b could be effectively promoted by 
TiCl, (Table 1, entries 22-31). Best results were obtained 
by "buffering" the TiC1, with Ti(i-Pro), (1 1). The yield of 
adducts was sensitive to the amount of TiC1, (Table 1, cf. 
entries 25-28) as well to the ratio of TiC1, to 2b (Table 1, 
cf. entries 22 and 26). The degree of exo stereoselectivity was 
enhanced in reactions conducted at lower temperatures (Table 
1, cf. entries 22 and 23), with more TiCl, (Table 1, cf. en- 
tries 25 and 28), or with added Ti(i-Pro), (Table 1, cf. en- 
tries 26 and 30). 

Under similar conditions, a modest yield of Diels-Alder 
adducts was obtained from the reaction of l a  with 3b 

3 ~ n d e r  these conditions cyclopentadiene reacts with 2b at 
-100°C "within seconds" to produce the endo adduct in quanti- 
tative yield (7). 

(Table 1, entries 32-34). By contrast, adducts were not 
detected in attempted reactions of l a  and 4b. The stereo- 
chemistry of the adducts 9a and 9b was evident based on 
analysis of the coupling constants between H-7,, and H-6 
(for 9b, 9 = 0 Hz; for 9a, ,J = 1 HZ) and between H-3,,,,i 
and H-5 (for 9b, 3~ = 0 HZ; for 9a, 3~ = 1 HZ). The cou- 
fling constants observed between H-6 and H-5 (for 96, 
J = 6.5 Hz; for 9a, 3~ = 7.5 Hz) were consistent with a trans 
relationship between the C-5 methyl group and the C-6 acyl 
group. 

The low stereoselectivity observed in reactions with 2b 
prompted us to examine the dirnethyl derivative 2c (8c). The 
results are presented in Table 1 (entries 36-45). The ther- 
mal reaction of l a  with 2c modest endo selectivity. Reac- 
tions mediated by various Lewis acids were consistently exo 
selective. After considerable experimentation we were able 
to produce the exo adduct lob with high stereoselectivity and 
in good yield using "wet" Et2A1Cl as the mediator (5). Re- 
actions of l a  with 3c failed to produce any cycloaddition 
products under a variety of conditions. 

The major by-products in the above reactions resulted from 
the decomposition of the diene. The use of dienol phos- 
phates as stable analogues of dienol silyl ethers has recently 
been reported (12). Diels-Alder adducts were not obtained 
in thermal reactions of l b  with acrylate derivatives (3a). We 
briefly examined the reaction of l b  with 2b in the presence 
of TiC1, and the results are presented in Table 2. At best, a 
modest yield of Diels-Alder adducts was obtained as a 1.5: 1 
mixture of exo: endo isomers. No adducts could be detected 
in similar reactions of l b  with 3b or with 4b. 

The thermal Diels-Alder reactions of l a  with 2a, 2b, or 
2c are unselective or show modest endo selectivity. Inter- 
estingly, in all of the Lewis acid mediated reactions exam- 
ined the exo adducts are the major diastereomers produced." 
By contrast, both thermal (13) and Lewis acid mediated (14) 
Diels-Alder reactions of 1,3-cyclohexadienes typically give 
predominantly endo adducts with varying levels of diaste- 
reoselectivity. Similarly, Diels-Alder reactions of both 1,2- 
dihyropyridines (15) and 2-pyranones (16) are typically endo 
selective. With the exception of reactions with methacrylate 
derivatives (17), very few examples of exo-selective Diels- 
Alder reactions of 1,3-cyclohexadienes have been reported 
( 1 3g, 1 8, 19). Specifically, Diels-Alder reactions of 1,3- 
bis(trialkylsilyloxy)-1,3-cyclohexadienes are highly exo selec- 
tive both under thermal (18, 19) and Lewis acid mediated 
(18) conditions; the reason(s) for this unusual behavior is 
unknown. 

To test the generality of this exo selective process with 2H- 
thiopyrans we examined the Diels-Alder reactions of 5-tri- 
isopropylsilyloxy-W-thiopyran (12) (3a). The propensity for 
12 to rearrange into the unreactive 3-substituted isomer 13 
precluded thermal reactions with acrylate dienophiles (3a). 
Lewis acid mediated reactions of 12 with N-phenylmale- 
imide, 2a, 2b, and 2c were repeated under conditions that 

4We assume that the observed endo: exo ratios result from ki- 
netic control since: ( i )  the ertdo : exo ratios do not appear to change 
during the course of the reactions; ( i i )  samples of 5n and 7a treated 
with EtAlCl? were shown to be configurationally stable; ( i i i )  a 1 : 1 
mixture of the triisopropylsilyl en01 ethers corresponding to lOa,b 
was unchanged after treatment with Me2AICI at room tempera- 
ture; ( iu)  samples of 1Oa and 17a were unchanged after treatment 
with MezAICl at room temperature. 
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TABLE 2. Diels-Alder reactions of l b  with 2b, 3b, and 4b" 

Entry ~ i e n o p h i l e ~  Lewis acid" Product Yield (%) exo : endoC 

Trace 
3 8 
49 
41 

Trace 
- 

"Unless otherwise noted, reactions carried out with 0.1-0.15 mmol of l b  in CH,Cl, (2 mL) at room tem- 
perature. 

?he number of equivalents based on l a  indicated in parentheses. 
'Measured by weight of isolated adducts. 
dReaction canied out at 40°C. 

proved successful for l a .  The results are presented in 
Table 3. 

Reaction of 12 with N-phenylmaleirnide (lc) mediated by 
EtAlCl, gave the endo adduct 14 in low yield along with 13 
(60%). The stereochemistry of the product was assigned 
based on the coupling observed in the 'H NMR spectrum 
between H-8,, and H-5 ( 4 ~  = 2 HZ) and was confirmed by 
hydrolysis (CF,CO,H, CH,Cl,) of the known (3a) endo tri- 
isopropylsilyl en01 ether. 

Reaction of 12 with 2a in the presence of EtAlCl, at room 
temperature gave a good yield of adducts as a 1.4: 1 mix- 
ture of stereoisomers 15 (Table 3, entry 3). Severe conges- 
tion of resonances in the 'H NMR spectrum of the adducts 
prevented definitive assignment of stereochemistry. Alter- 
natively, reaction of 12 with 2b in the presence of TiCl, gave 
a single adduct that was identified as 16a together with 
rearranged diene 13 (30%) (Table 3, entries 4, 5). In the 'H 

NMR spectrum of 16u, H-5 was coupled to H-8,, (,J = 
1.5 Hz) but not to H-3,,,, (dd, J = 3, 10.5 Hz). The stereo- 
chemistry of the major adduct from the reaction of 12 and 
2a was assigned as erzdo (15a) based on the close corre- 
spondence of its ',c NMR spectrum with that of 16a. Re- 
actions of 12 and 2c in the presence of Me,AlCl or TiC1, were 
also highly endo selective (Table 3, entries 8, 9). Surpris- 
ingly, the same reaction mediated by "wet" Et,AlCl (5) re- 
sulted in poor stereoselectivity (Table 3, entry 11). Adducts 
were not detected in similar reactions of l a  with 3c. 

endo Addition is generally the preferred mode of the Diels- 
Alder reaction (1). Various factors have been proposed to 
rationalize the endo : exo ratios in Diels-Alder reactions in- 
cluding secondary orbital interactions, steric effects, and 
dipole-dipole interactions (1). The small difference in the 
activation energy of erzdo and exo transition states, how- 
ever, means that relatively subtle changes in the transition 

TABLE 3. Diels-Alder reactions of 12 with 2n, 2b, 2c, and N-phenylmaleimide (lc)" 

Entry ~ienophile" Lewis acid" Product Yield (%)' endo : exod 

None' 
EtAlCl,(O.5) 
EtAlCI,(O.5) 
TiC14(0.7) 
TiC14(0.5) 
Me,AlCl(l .6)" 
Et,AlCl(l. 6)" 
Me,AlCl( 1.6)" 
TiC14(0.5) 
TiC14(0.7) 
Ti(i-Pr0),(0.2) 
Et,AlCl (1 .O) 
H20(0.25) 

"Diene was a 4.5-5.1 mixture of 12 and 13 ,  respectively. Unless otherwise noted, reactions were carried 
out with 0.1-0.15 mmol of diene in CHzClz (2 mL) at room temperature. 

?he number of equivalents based on diene indicated in parentheses. 
'Yield based on 12. 
dMeasured by 'H NMR. 
'Reaction in a sealed tube in toluene-d, ( 1  1O0C, 24 h). 
'The corresponding triisopropylsilyl enol ether was isolated. 
XThe e.ro isomer was not detected by 'H NMR. 
"~eaction carried out at -78°C. 
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WARD AND GAI 263 1 

state structure can result in large changes in the endo: exo ratio 
(20). Lewis acid mediated Diels-Alder reactions typically 
display enhanced endo selectivity relative to their thermal 
counterparts (2, 4 ,  21). Compared to other cyclic dienes, l a  
is unusual since the portion of exo adduct increases when 
reactions are conducted in the presence of Lewis  acid^.^ This 
behavior is presumably due to structural and (or) mechanis- 
tic consequences resulting from the replacement of a meth- 
ylene group in a 1,3-cyclohexadiene skeleton with a sulfur 
atom. 

- -  "a: a series b series 
(endo) (ex01 

H*Hexo 
Hexo 

Hexo 

Hendo 
Hendo 

Hendo 

The 1,3-diene of 2H-thiopyran deviates significantly from 
planarity and shows little conjugation with the sulfur atom 
(22). Diels-Alder reaction with methyl acrylate (2a), how- 
ever, is completely regioselective and gives predominantly 
the endo adduct corresponding to 5a (i.e., 5a with OR = H) 
(23). The mechanism of Lewis acid mediated cycloaddition 
with silyloxy substituted 2H-thiopyrans l a  and 12 is uncer- 
tain. Several examples of cycloaddition reactions of both 
cyclic (14c-e) and acyclic (24; see also ref. I la)  silyloxy 
dienes with dienophiles in the presence of Lewis acids have 
been proposed to proceed through a stepwise double Michael 
reaction mechanism. The evidence presented in favor of the 
two-step mechanism typically involves the detection or iso- 
lation of an intermediate. We presume that a two-step 
mechanism for cycloaddition reactions with l b  is unlikely 
since, in contrast to silyl en01 ethers (25), we are unaware 
of examples of Lewis acid promoted Michael reactions of 
en01 phosphates. In no case have we detected or isolated any 
intermediate product in the Lewis acid mediated cycloaddi- 
tion reactions of l a ,  l b ,  or 12. The similar stereoselectivity 
observed in the TiCl, promoted reactions of 2b with l a  and 
l b  is consistent with similar reaction mechanisms. Interest- 
ingly, high endo stereoselectivity is typically observed in 
double Michael reactions both under acidic (14c-e, 24) and 
basic (26) conditions. 

Several factors might be invoked to explain the increase 
in exo selectivity in the reactions of l a  with 2 under Lewis 
acid mediated conditions compared to the thennal reaction. 
The presence of the sulfur atom could result in reduced steric 
repulsions in the exo transition state.5 Since coordination of 

' ~ n  the exo transition state, a gauche interaction devclops be- 
tween the acyl group and the S while in the e~zclo transition state 
the steric interaction is between the acyl group and an sp2 CH. A 
sulfur atom is sterically much smaller than an sp' CH (-SCH,, 
A value = 0.7; -CH=CH2, A value = 1.35; ref. 27). 

the dienophile with a Lewis acid results in a larger effective 
size, the exo selectivity would increase under these condi- 
tions. Alternatively, secondary orbital interactions involv- 
ing the sulfur atom might favor the exo transition state.6 In 
the presence of Lewis acids these interactions become more 
important (21) and exo selectivity would be enhanced. Fi- 
nally, the sulfur might act as a Lewis base. The exo mode 
of addition would be favored by the possibility of simulta- 
neous coordination of the diene and the dienophile with a 
Lewis acid. With small revisions, all of these factors could 
be similarly applied to the second step in a double Michael 
reaction mechanism to rationalize exo selectivity. 

Comparing the reactions of l a  with those of 12 is instruc- 
tive. With both dienes reaction with N-phenylmaleimide is 
highly endo selective under thermal and Lewis acid me- 
diated conditions. The reactions of 12 with acrylate deriva- 
tives are endo selective while the same reactions of l a  are 
exo selective. In general these results can be accommodated 
by a steric argument. Cases where the exo transition state 
develops a gauche interaction between a substituent on the 
dienophile and the CH, group on the diene (i.e., l a  with lc ,  
12 with l c ,  and 12 with 2) favor the endo adduct. Cases 
where the only gauche interaction in the exo transition state 
is between a substituent on the dienophile and the sulfur atom 
on the diene (i.e., l a  and l b  with 2) favor the exo adduct. 

Rationalizing the differences in reactivity and stereose- 
lectivity observed with different dienophile and Lewis acids 
combinations is difficult. The importance of the dienophile 
conformation (and the influence of the Lewis acid on dien- 
ophile conformation) on stereoselectivity has been dis- 
cussed (6, 7, 8, 28). A major anomaly occurs in reactions 
mediated by aluminum Lewis acids, particularly "wet" 
Et,AlCl. The reaction of water with Et,AlCl is known (29) 
to produce (CIEtAl),O (plus ethane). At present we feel that 
the unusual selectivity observed with this mediator is best 
rationalized by exo transition state with simultaneous coor- 
dination of the diene (via sulfur) and dienophile to a biden- 
tate (or polydentate) Lewis acid related to (ClEtAl),O (5). 

Conclusion 
Lewis acid mediated Diels-Alder reactions of 2H-thio- 

pyrans are very sensitive to the nature of the dienophile and 
the Lewis acid. Under appropriate conditions, the reactions 
are highly stereoselective and can provide adducts that are 
unavailable in thermal reactions. Modest to good yields of 
predominantly exo adducts are obtained in Lewis acid me- 
diated reactions of 4-triisopropylsilyloxy-2H-thiopyran ( la )  
with acrylate and crotonate derivatives. Reactions of 5-tri- 
isopropylsilyloxy-2H-thiopyran (12) with acrylate deriva- 
tives give modest to good yields of predominantly endo 
adducts. In most cases the observed stereoselectivity can be 
rationalized by steric effects. Unusually high exo selectivity 
is observed in reactions of 2c in the presence of "wet" 
Et,AlCI. We postulate that, in this case, the selectivity is due 
to simultaneous coordination of the diene (via sulfur) and , 

dienophile to a bidentate (or polydentate) Lewis acid related 
to (ClEtAl),O. 

Further experiments aimed at determining the nature of the 
exo selectivity and of the wet Et,AlCl promoter are under- 
way. Applications of the use of 2H-thiopyrans as surrogates 

"or example, interaction of an occupied orbital on sulfur with 
the dienophile LUMO. 
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for cis-dienes are under active investigation and will be re- 
ported in due course. 

The dienes l a ,  lb ,  and 12 were freshly prepared as described 
previously (3a). The ratio of 12: 13  was 4.5-5: 1. The dienophiles 
2b, 2c, 3b, 3c, 4b, and 4c were prepared by acylation (7) of the 
corresponding oxazolidones (30). The dienophiles 2a, 3a, and 49 
were distilled. CH2CI2 was distilled from P205 and stored over 3A 
molecular sieves under argon. The Lewis acids EtAICI,, Et,AICl, 
and Me2AICI were purchased as 1 M solutions in hexane and were 
of good quality as judged by calibration with a known example (5, 
7). BF,. Et20 (neat) and SnC1, (1 M in CH,CI,) were used as re- 
ceived. Solutions of TiCI, (0.2-0.25 M in CH2C12) were prepared 
from distilled (CaH,) reagent. "Wet" Et,AlCl (for reaction with 
0.1 mmol of diene) was prepared as follows (5): a solution of H20  
in CH,CI, (0.11 M) was prepared by addition of H,O (10 mg) to 
anhydrous CH2C1, (5 mL). Et,AICl (1 M in hexane, 0. I mL) was 
added to an aliquot of this solution (0.23 mL, 0.25 mmol) in CH,Cl, 
(1 mL). After stirring at ambient temperature for 15 min the dien- 
ophile was added, followed by the diene. 

The IR spectra were obtained by diffuse reflectance infrared 
Fourier transform (DRIR) .  Unless otherwise noted, the 'H NMR 
and ',c NMR spectra were obtained in CDCl, solution at 300 MHz 
and 75 MHz, respectively. Mass spectra were obtained at low res- 
olution with ionization by electron impact at 70 eV (EI) or by 
chemical ionization (CI) using NH, as reagent gas. 

General procedure for reactions 
The Lewis acid was added via syringe to a stirred solution of the 

dienophile (0.11-0.25 mmol) in CH,CI2 (1 mL) at the appropriate 
temperature. A solution of the diene (0.1-0.15 rnmol) in CH2CI2 
(1 nlL) was then added. The reactions were monitored by TLC and 
after 1 h the dienes typically were no longer detected. The reac- 
tions were quenched by addition of saturated NaHCO,(aq) (ca. 
1 mL). After extraction with CH,CI2, the combined organic layers 
was dried over Na,SO,(s) and concentrated and the crude product 
analyzed by 'H NMR for the presence of diene(s) and adducts. In 
successful reactions, various amounts of the silyl en01 ether of the 
adduct(s) was detected. Addition of trifluoroacetic acid (ca. 2 drops) 
to a CH,C12 solution of the crude product gave complete hydroly- 
sis of the enol ethers within 5-10 min. After concentration to dry- 
ness, the erzdo:exo ratio was determined by 'H NMR. The crude 
products were fractionated by flash column chromatography and 
(or) by preparative thin-layer chromatography (ether/hexane mix- 
tures as eluent) to give the individual adducts. Yields are based on 
isolated products. 

( I  'R*, 4'R*, 6'S*-3-(8'-Diethylphosphoryloxy-2'-tl1iabicyclo- 
p .2.2]oct-7'-ene-6'-carbonyl)-2-oxazolidinone (6a) 

IR: 3072, 1772, 1699, ,1686, 1653, 1477, 1276 cm-'; 'H NMR 
6: 6.00 ( lH ,  dt, J = 2, 7.5 Hz, H-77, 4.41 (2H, dt, J = 2.5, 
8.5 Hz, H-5), 4.19 (IH, m, H-6'), 4.18 (4H, dq, J = 7,  7 Hz, 
OCH,CH,), 3.95 (2H, dt, J = 3, 8.5 Hz, H-4), 3.86 (IH, dd, J = 
2,7Hz,H-11),3.24(1H,m,H-4'),3.05(lH,dd,J= 3,  lOHz, 
H-3', ,),2.85(1H,ddd, J = 2 , 2 . 5 ,  lOHz,H-3',,, ;),2.16(1H,ddd, 
J = 2, 10, 12 Hz, H-5',, ), 1.98 (IH, m, H-5',,l,), 1.36 (6H, t, 
J = 7 Hz, OCH,CH,); I3c NMR 6: 172.6 (S, C-6' C=O), 153.0 
(s, C-2), 151.1 (s, C-St), 130.0 (d, C-7'), 64.5 (t, 0CHzCH3), 62.2 
(t, C-5), 47.7 (d, C-6'), 42.8 (t, C-4), 36.2 (d, C-4'), 34.6 (d, 
C- 1 I ) ,  34.5 (t, C-3'), 29.5 (t, C-5'), 16.1 (q, 0CH2CH3), (C-7', 
8' show coupling to ,'P; J = 4-8 Hz); MS (EI), m/z (relative in- 
tensity): 391 ([MI', 19), 250 (52), 150 (loo), 96 (76). 

(I 'R*, 4'R*, 6'R*)-3-(8'-Diethylphosphoryloxy-2'-thiabicyclo- 
[2.2.2]oct-7'-ene-6'-carbonyl)-2-oxazolidinone (6b) 

IR: 3067, 1774, 1700, 1655, 1478, 1277, 1202 cm-'; 'H NMR 
6: 6.16 ( lH ,  dt, J = 2, 8 Hz, H-77, 4.44 (2H, t, J = 8 Hz, H-5), 

'General experimental procedures have been recently described 
(3a). 

4.19 (4H, dq, J = 7,  7 Hz, OCH,CH,), 4.10 (2H, m, H-4), 3.95 
(IH, dd, J = 3, 8 Hz, H-1'), 3.86 ( lH,  ddd, J = 3, 5, 11 Hz, H-6'), 
3.17 ( lH,  m, H-4'), 3.07 ( lH,  dd, J = 3, 10 Hz, H-3',,,), 2.82 ( lH, 
ddd, J = 2.5, 3, 10 Hz, H-3',,,, ,), 2.39 ( lH,  ddd, J = 1.5, 5 ,  
13 HZ, H-5',,), 1.78 ( lH, dddd, J = 2.5, 3.5, 5, 13 HZ, H-5',,,,), 
1.37 (6H, t, J = 7 Hz, 0CH2CH3); "C NMR 6: 171.9 (s, C-6' 
C=O), 153.2 (s, C-2), 151.2 (s, C-8'), 114.4 (d, C-70, 64.6 (t, 
C-5), 62.3 (t, OCH,), 46.2 (d, C-6'), 43.2 (t, C-4), 37.4 (d, C-1'), 
34.1 (d, C-4'), 33.2 (t, C-3'), 26.1 (t, C-5'), 16.2 (q, 0CH2CH3), 
(C-7', 8' show coupling to ,'P; J = 4-8 Hz); MS (EI), m/z (rel- 
ative intensity): 391 ([MI', 23), 250 (87), 150 (63), 96 (100). 

(I R*, 4R*, 6s")-2-Thiabicyclop .2.2]octan-8-one-6-carbo.rylic 
acid, methyl ester (7a) 

m: 2996, 1729, 1218, 1175 cm-I; 'H NMR (C6D6) 6: 3.24 (3H, 
s, OCH,), 2.99 (2H, m, H-6, H-1), 2.65 ( lH, dd, J = 2.5, 19 Hz, 
H-7,,,,), 2.59 ( lH,  ddd, J = 2.5, 3.5, 11 HZ, H-3 ,,,, 0, 2.50 ( l H ,  
ddd, J = 2.5, 2.5, 19 Hz, H-7,), 2.32 (2H, rn, H-3 , , ,  H-4), 2.09 
( lH,  dddd, J = 2.5, 2.5, 6,  14.5 HZ, H-5 ,,, ,,), 1.56 (IH, ddd, 
J =  2.5, 11.5, 14.5Hz, H-5,), I3cNMR6: 211.2(s, C-8), 173.2 
(s, C-6 C=O), 52.4 (q, OCH,), 45.1 (t, C-7), 44.2 (d, C-6), 41.9 
(d, C-4), 35.7 (d, C- 1), 27.4 (t, C-3), 25.3 (t, C-5); MS (CI, NH,), 
m/z (relative intensity): 218 ([M + IS]+, 100). 

(I R*, 4S*, 6R*)-2-Tlziabicyclo[2.2.2]octan-8-one-6-carboq~lic 
acid, methyl ester (7b) 

IR: 1729, 1204, 1182 cm-I; 'H NMR 6: 3.78 (3H, s, OCH,), 
3.51 ( l H , d d d , J =  3 ,3 ,6 .5Hz ,H-1 ) ,3 .07 (2H,m,  H-6,H-3,,,), 
2.99(1H,ddd,  J =  2, 3,  11 Hz,H-3 ,,,, ,), 2.88(1H,dd,  J =  3,  
19 Hz, H-7), 2.73 ( lH,  dd, J = 3, 19 Hz, H-7), 2.67 ( lH,  m, H-4), 
2.63 ( lH ,  m, H-5,,,), 2.07 ( lH ,  dddd, J = 2, 4, 11, 14.5 Hz, 
H-5 ,,,, ,J; ')c NMR (75 MHz, CDC13) 6: 21 1.8 (s, C-8), 172.8 (s, 
C-6 C=O), 52.5 (q, OCH,), 48.0 (t, C-7), 43.9 (d, C-6), 41.3 (d, 
C-4), 37.0 (d, C-1), 27.4 (t, C-3), 24.1 (t, C-5); MS (CI, NH,), 
m/z (relative intensity): 2 18 ([M + IS]', loo), 201 ([M + I]', 24), 
172 (16). 

(I 'R*, 4'R*, 6'S*)-3-(2'-Tlziabicyclo[2.2.2]octan-8'-one-6'- 
carbony1)-2 -0xazo1idinone (8a) 

Recrystallized from EtOAc to afford colorless needles (mp 147- 
149°C). IR: 1773, 1726, 1688 cm-'; 'H NMR 6: 4.48 (3H, m, 
H-6', H-5), 4.03 (2H, t, J = 8.5 Hz, H-4), 3.34 ( lH,  m, H-1'), 
3.09 (2H, m, H-3'), 2.98 ( lH,  dd, J = 3, 19 Hz, H-7',,), 2.77 
( lH, m, H-4'), 2.73 (IH, ddd, J = 1.5, 3.5, 19 Hz, H-7',,,,,,,), 2.39 
( lH,  ddd, J = 3,  10.5, 14 Hz, H-5',,), 2.27 (IH, dddd, J = 1.5, 
3, 7,  14 Hz, H-5',,,, 13c NMR 6: 21 1.6 (s, C-8), 173.1 (s, C-6' 
C=O), 153.0 (s, C-2), 62.2 (t , C-5), 44.9 (t , C-4), 43.0 (d, C-6'), 
42.9 (t, C-7'), 42.0 (d, C-4'), 35.7 (d, C- 1 '), 27.3 (t, C-3'), 25.3 
(t, C-5'); MS (EI), m/z (relative intensity): 255 ([MI', 60), 208 
(46), 141 (60), 120 (100). Anal. calcd. for C,,H13N04S: C 51.75, 
H 5.13;N5.49;found: C51.84, H5.18, N5.58. 

( I  'R*, 4'R*, 6'R*)-3-(2'-Thiabicyclo[2.2.2]octan-8'-one-6'- 
carbony1)-2-oxazolidinone (8b) 

Recrystallized from EtOAc to afford colorless needles (mp 164- 
165°C). IR: 1769, 1725, 1698 c m ' ,  'H NMR 6: 4.48 (2H, t, J = 
7.5 Hz, H-5), 4.12 (3H, m, H-4, H-67, 3.54 ( lH ,  ddd, J = 3,  3, 
6.5 Hz, H-1'), 3.13 (IH, dd, J = 3, 11 Hz, H-3',,, ), 2.99 (IH, ddd, 
J = 2.5, 3.5, 11 Hz, H-3',,, ), 2.87 (2H, m, H-7'), 2.79 (lH, ddd, 
J = 2.5, 5,  14 Hz, H-5',, ), 2.73 (IH, m, H-4'), 1.96 ( lH, dddd, 
J = 2.5, 4, 11, 14 Hz, H-5',,,,); I3c NMR 6: 21 1.9 (S, C-8'), 172.2 
(S, C-6' C=O), 153.4 (S, C-2), 62.4 (t, C-5), 48.4 (t, C-4), 43.5 
(d, C-6'), 43.1 (t, C-7'), 41.4 (d, C-4'), 37.1 (d, C-If) ,  27.6 (t, 
C-37, 23.1 (t, C-5'); MS (EI), m/z (relative intensity): 255 ([MIi, 
56), 208 (54), 149 (62), 121 (100). Anal. calcd. for CIIHl3NO4S: 
C 51.75, H 5.13, N 5.49; found: C 51.82, H 5.26, N 5.28. 

(I'R*, 4'R*, 5'S:1:, 6'S*)-3-(5'-Methyl-2'-thiabicyclo~.2.2]- 
octan-8'-one-6'carbonyl)-2-oxazalidinorze (9a) 

IR: 1776, 1724, 1692 cm-'; 'H NMR 6: 4.45 (2H, t, J = 8 Hz, 
H-5), 4.16 (1 H, dt, J = 7.5, 1 Hz, H-67, 4.05 (2H, m, H-4), 3.25 
(2H, m, H-3',.,,, H-1 '), 2.94 (IH, ddd, J = 1, 4, 1 1.5 Hz, H-3',,,i), 
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2.86 ( lH,  m, H-5'), 2.73 ( lH,  dd, J = 3, 19 Hz, H-7',.,,, ,,), 2.60 
(2H, m, H-7',,, H-47, 1.18 ( lH,  d, J = 7 Hz, C-5' CH,); "C 
NMR 6: 21 1.3 (s, C-8'), 172.4 (s, C-6' C=O), 153.0 (s, C-2), 62.1 
(t, C-5), 51.3 (d, C-6'), 48.3 (d, C-4'), 43.4 (t, C-4), 43.1 (t, C-7'), 
36.9 (d, C-1 '), 28.0 (d, C-5'), 21.6 (t, C-3'), 18.1 (q, C-5' CH,); 
MS (CI, NH,), m/z (relative intensity): 287 ([M + IS]', 100). 270 
([M + I]', 19). 

(I 'R*, 4'R", 5'R", 6'R")-3-(5'-Methy1-2'-thiabicyclo[2, 
octat~-8'-ot~e-6'-carbonyl)-2-oxmoliditzotze (9b) 

IR: 1767, 1725, 1693 cm-I; 'H NMR 6: 4.48 (2H, dt, J = 7, 
7 Hz, H-5), 4.12 (2H, m, H-4), 3.16 ( lH ,  dd, J = 2.5, 6.5 Hz, 
H-6'), 3.49 ( lH, m, H-1'), 3.12 ( lH, dd, J = 3.5, 11 Hz, H-3'. rj,, ), 
3.03 (2H, m, H-5', H-3',,,, ), 2.82 (2H, d, J = 3.5 Hz, H-77, 2.55 
( lH ,  m, H-47, 0.97 (3H, d, J = 7 Hz, C-5' CH,); "C NMR 6: 
21 1.5 (s, C-Sf), 17 1.6 (s, C-6' C=O), 153.4 (s, C-2), 62.4 (t, C-5), 
53.0 (d, C-6'), 48.6 (d, C-4'), 48.3 (t, C-4), 43.1 (t, C-7'), 37.8 
(d, C-1'), 30.9 (d, C-5'), 27.7 (t, C-3'), 21.9 (q, C-5' CH,); MS 
(EI), tn/z (relative intensity): 269 ([MI', 36), 222 (21), 135 (100). 

( I  'R", 4'R", 6'S*)-3-(2'-Thiabicyclo@.2.2]octatl-8'-one-6'- 
carbotzyl)-4,4-ditnethyl-2-oxazolidinot1e (ZOa) 

IR: 1773, 1727, 1697 cm-I; 'H NMR 6: 4.48 ( lH,  dddd, J = 
1.5, 1.5, 7, 10.5 Hz, H-67, 4.03 (2H, s, H-5), 3.25 ( lH, m, H-1'), 
3.08 (2H, m, H-37, 2.98 ( lH,  dd, J = 3, 19 Hz, H-7',,,,,), 2.76 
( lH ,  m, H-4'), 2.73 ( lH,  ddd, J = 1.5, 3,  19 Hz, H-7',,), 2.36 
( lH,  ddd, J = 3, 10.5, 14 Hz, H-5',), 2.21 ( lH,  dddd, J = 1.5, 
2.5, 7, 14 Hz, H-5',,,), 1.56 (6H, s, C4-CH,); '" NMR 6: 21 1.7 
(s, C-8'), 174.1 (s, C-6' C=O), 153.4 (s, C-2) 75.3 (t, C-5), 60.8 
(s, C-4), 45.0 (t, C-7'), 44.3 (d, C-6'), 42.2 (d, C-4'), 35.7 (d, 
C-1 '), 27.3 (t, C-3'), 25.5 (t, C-5'), 24.8 (q, C4-CH,), 24.7 (q, 
C4-CH,); MS (CI), m/z (relative intensity): 301 ([M + 18If, 100), 
284 ([M + I])', 1 1), 133 (45). 

(I'R", 4'R", 6'R*)3-(2'-Thiabicyclo@.2.2]octan-8'-one-6'- 
carboty1)-4,4-dimethyl-2-oxazoliditzote (IOb) 

IR: 1768, 1727, 1703 cm-I; 'H NMR 6: 4.17 ( lH,  ddd, J = 3, 
5,  11 Hz ,H-6 ' ) , 4 .03 (1H,d , J=  8 .5Hz ,H-5 ) ,4 .00 (1H,d , J=  
8.5 Hz, H-5), 3.39 (IH, ddd, J = 3, 3,  6.5 Hz, H-1'), 3.07 ( lH,  
d d , J =  3, 11 Hz,H-3',,,, ) , 2 . 9 3 ( l H , d d d , J = 2 . 5 , 3 ,  11 Hz, 
H-3Ili ,,,, ), 2.80 (2H, m, H-77, 2.76 ( lH,  ddd, J = 2.5, 5, 14 Hz, 
H-5',,,, ), 2.67 (IH, m, H-47, 1.88 ( lH,  dddd, J = 2.5, 4, 11, 
14 Hz, H-5',,,), 1.59 (3H, s, C4-CH,), 1.58 (3H, s, C4-CH,); I3c 
NMR 6: 212.2 (s, C-8'), 172.8 (s, C-6' C=O), 154.0 (s, C-2), 75.4 
(t, C-5), 6 1.1 (s, C-4), 48.4 (t, C-7'), 44.4 (d, C-6'), 41.5 (d, C-4'), 
37.4 (d, C- 1 '), 27.5 (t, C-3'), 25.0 (q, C4-CH,), 24.5 (q, C4-CH,), 
22.6 (t, C-5'); MS (CI, NH,), tn/z (relative intensity): 301 ([M + 
18If, 90), 284 ([M + I]', loo), 268 (14), 133 (34). 

(IS*, 4S*, 5R",6R")-N-Phet~yl-2-thiabicyclo@.2.2]octat~-7-otze- 
5,6-dicarboxylic acid imide (14) 

IR: 171 1, 1494 cm-'; 'H NMR 6: 3.81 ( lH, dd, J = 3.5, 10 Hz, 
H-6), 3.60 ( lH,  d, J = 3.5 Hz.,..H-I), 3.24 (2H, m, H-5, 4), 3.05 
(2H, m,H-3), 2.68(1H, ddd, J =  2, 2, 20Hz,H-8 ,,,, ), 2.34(1H, 
ddd, J = 1.5, 2, 20 Hz, H-8c.,l,,); I3C NMR 6: 199.7 (s, C-7), 176.1 
(s, imide C=O), 174.1 (s, imide C=O), 129.4 (d X 2, N-C6HS), 
129.2 (d, N-C6H5), 126.2 (d X 2, N-C6H5), 45.6 (d, C-6), 4 1.9 (d, 
C-5), 41.4 (d, C-1), 39.4 (t, C-8), 3 1.2 (d, C-4), 28.9 (t, C-3); MS 
(CI, NH,), m/z (relative intensity): 305 ([M + 18]', 100). 

(1 S", 4S", 5s")-2-Thiabicyclo@ .2.2]octan-7-0ne-5-carbo,rylic 
acid, methyl ester (15a) 

IR: 1723 cm-I; 'H NMR 6: 3.72 (3H, s, OCH,), 3.03 ( lH,  t, 
J = 3 Hz, H-1), 2.87 (4H, m, H-3, 4,  5), 2.55 (4H, m, H-8, 6); 
13 C NMR 6: 204.2 (s, C-7), 174.3 (s, C-5 C=O), 52.3 (q, OCH,), 
40.6 (d, C-5), 39.5 (d, C- 1), 39.4 (t, C-8), 32.0 (d, C-4), 30.4 (t, 
C-3), 28.9 (t, C-6); MS (CI, NH,), m/z (relative intensity): 218 ([M 
+ IS]+, 85), 201 ([M + I]', 100). 

(IS*, 4S", 5R")-2-Thiabicyclo@ .2.2]octan-7-one-5-carboxylic 
acid, methyl ester (15b) 

IR: 1719 cm-I; 'H NMR 6: 3.76 (3H, s, OCH,), 2.99 (2H, m), 
2.88 (2H, m), 2.75 (3H, m), 2.46 (2H, m); l3C NMR 6: 204.5 (s, 
C-7), 173.5 (s, C-5 C=O), 52.4 (q, OCH,), 42.7 (t, C-8), 40.3 
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(d, C-51, 39.9 (d, C-l), 31.7 (d, C-4), 28.3 (t, C-6), 24.9 (t, C-3); 
MS (CI, NH,), m/z (relative intensity): 218 ([M + IS]+, 36), 201 
([M + I ] + ,  100). 

(I'S:!:, 4'S", 5'S")-3-(2'-Thiabicyclo@.2.2]octan-7'otze-5'- 
cnr-bot1yl)-2-osazolidinot1e (16a) 

IR: 1773, 1720, 1691 cm-'; 'H NMR 6: 4.45 (2H, t ,  J = 7 Hz, 
H-5),4.04(3H,m,H-4,5',,,),3.09(1H,ddd.J= 2 , 3 ,  10.5Hz, 
H-3',,,), 3.06 ( lH,  m, H-1'), 2.88 ( lH,  dd, J = 3,  10.5 Hz, 
H-3',,,, ,), 2.76 ( lH ,  m, H-47, 2.70 ( lH,  ddd, J = 2.5, 6.5, 
14 HZ, H-6',,,, ,,), 2.65 ( lH ,  ddd, J = 2, 3, 19 HZ, H-SIC,,,,,,, ), 2.53 
( lH,  m, H-6',,,), 2.43 ( lH,  ddd, J = 1.5, 3,  19 Hz, H-Sf,,,, ); in 
C6D6, 6: 3.82 ( lH ,  m, H-5',,, ), 3.16 (2H, m, H-5), 2.92 (3H, m, 
H-4,11), 2.77 ( lH, ddd, J = 2, 3, 10.5 HZ, H-3',.,,), 2.56 ( lH, ddd, 
J = 2.5, 6.5, 14 Hz, H-6',,,, ,,), 2.46 ( lH,  ddd, J = 2, 3, 19 Hz, 
H-SIC,,, ,,,), 2.39 ( lH,  dd, J = 3, 10.5 Hz, H-3',,,,, ,), 2.17 (3H, m, 
H-8'.,,, 6',.,,,, 4'); l3c NMR 6: 204.3 (s, C-7'), 173.9 (s, C-5' 
C=O), 153.2 (s, C-2), 62.2 (t , C-5), 42.9 (t , C-4), 40.7 (d, C-5'), 
38.9 (t, C-Sf), 38.2 (d, C- 1 I ) ,  32.6 (d, C-4'), 30.3 (t, C-3'), 27.9 
(t, C-6'); MS (EI), m/z (relative intensity): 255 ([MI', loo), 21 1 
(26), 182 (44), 168 (98). 

(1's:" ,IS", 5'SY)-4,4-Dirnethyl-3-(2'- thiabicyclol2.-  
7'one-5'-carbonyl)-2-oxazolidit~one (1 7a) 

Characterized as a 10: 1 ('H NMR) mixture of 17a and 17b IR: 
1770, 1721, 1697 cm-I; 'H NMR 6: 4.03 (2H, s, H-5), 4.03 ( lH,  
m, H-57, 3.06 (IH, ddd, J = 1.5, 3,  10.5 Hz, H-3',,,), 3.04 ( lH,  
m, H-1'), 2.87 (IH, dd, J = 3, 10.5 Hz, H-3',,,,, ), 2.73 ( lH,  m, 
H-4'), 2.66 (IH, ddd, J = 3, 6.5, 14 Hz, H-6',,, ,"), 2.56 ( lH, ddd, 
J = 1.5, 3, 19 Hz, H-8',,,), 2.47 ( lH, m, H-6',,), 2.43 (lH, ddd, 
J = 1, 3, 19 HZ, H-8',,, ), 1.56 (3H, s, CH,), 1.54 (3H, S, CH,); 
13 C NMR 6: 204.3 (s, C-77, 174.8 (s, C-5' C=O), 153.7 (s, C-2), 
75.2 (t, C-5), 60.8 (s, C-4), 40.9 (d, C-5'), 39.5 (d, C-1'), 38.8 
(t, C-St), 32.5 (d, C-4'), 30.4 (t, C-3'), 28.1 (t, C-6'), 24.9 (q, 
CH,), 24.8 (q, CH3); MS (El), tn/z (relative intensity): 283 ([MI+, 
1001, 210 (88), 168 (95). 

(I'S", 4'Sg', 5'R")-4,4-Dimethyl-3-(2'-thiabic~~clo@.2.2]octati- 
7'one-5'-carbonyl)-2-oxazolidirlor~e (17b) 

A 1.5: 1 mixture of 17a and 17b was fractionated by PTLC 
(ether, multiple elution) to give a sample that was a 0.2: 1 mixture 
( 'H NMR) of 17a and 17b. IR: 1770, 1721, 1698 cm-I; 'H NMR 
(C6D6) 6: 3.73 ( lH, m, H-5'; coupled to H-3',,,, J = 1.5 Hz), 3.1 1 
(2H, s, H-5), 2.79 (3H, m, H-1', 3',,.,,, 6',,,, ), 2.42 (IH, dd, J = 

3.5, 19Hz,H-8',,,),2.31 (2H,m,  H-4', 8 ' , , ,J) ,2.19(1H,ddd,  
J = 1.5, 3.5, 11 HZ, H-3',,,, ;), 1.97 ( lH,  ddd, J = 4,  10.5, 15 HZ, 
H-6',,,1,), 1.14 (3H, s, CH3), 1.10 (3H, s, CH,); I3c NMR 6: 204.5 
(s, C-7'), 173.9 (s, C-5' C=O), 153.7 (s, C-2), 75.2 (t, C-5), 61.0 
(s, C-4), 42.8 (d, C-8'), 40.5 (d, C-5'), 40.3 (d, C-1'), 31.9 (d, 
C-4'), 27.6 (t, C-6'), 24.8 (q, CH,), 24.7 (q, CH,), 24.2 (t, C-3'); 
MS (EI), m/z (relative intensity): 301 ([M + IS]+, loo), 284 
([M + I ]+ ,  88). 
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The acidities of 4-arylsulfonylmethylpyridines and N-methyl and N-benzyl 
4-arylsulfonylmethylpyridinium cations in aqueous solution 
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STEFAN WODZINSKI and JOHN W. BUNTING. Can. J.  Chern. 70, 2635 (1992). 
The pK, values for the deprotonation of a series of 4-(X-phenylsulfonylrnethy1)pyridines (6) (pK, = 19.89 (X = H); 

p = 3.0) were determined in aqueous dirnethyl sulfoxide solutions at 25°C using the Hoq acidity function. The pK, val- 
ues were also measured for the corresponding series of N-methyl 4-(X-phenylsulfonylmethy1)pyridiniurn cations (2) 
(pK, = 11.27 (X = H); p = 1.45) and also for a series of N-(X-benzyl) 4-phenylsulfonylrnethylpyridinium cations (7) 
(pK, = 10.70 (X = H); p = 0.65) in aqueous solution (ionic strength 0.1 at 25'C). Comparison of the substituent effects 
upon the pK, values of the sulfonyl-activated carbon acids 2,  6 ,  and 7 with the substituent effects upon the pK, values 
of the corresponding three series of ketones gives insight into the electron-density distribution in the carbanionic con- 
jugate bases of sulfone and ketone carbon acids. Extrapolation of a linear free energy relationship between the pK, val- 
ues of neutral sulfones and ketones allows the estimation of pK, = 28.7 for the deprotonation of methyl phenyl sulfone 
in aqueous solution. 

STEFAN WODZINSKI et JOHN W. BUNTING. Can. J. Chern. 70, 2635 (1992). 
OpCrant i 25"C, dans des solutions de dimCthylsulfoxyde aqueuses et faisant appel i la fonction d'aciditi HOq, on a 

dCterminC les valeurs de pK, pour la dCprotonation d'une sCrie de 4-(X-phenylsulfonylrnCthy1)pyridines (6) (pK, = 19,89 
(X = H); p = 3,O). On a aussi mesurC les valeurs des pK, pour la strie correspondante des cations N-mCthyl 4-(X- 
phCnylsulfonylmCthy1)pyridiniurn (2) (pK, = 11,27 (X = H); p = 1,45) ainsi que pour une sCrie de cations N-(X-ben- 
zyl) 4-(X-phCnylsulfonylmCthy1)pyridinium (7) (pK, = 10,70 (X = H); p = 0,65) en solution aqueuse (force ionique de 
0 , l  i 25°C). Une comparaison des effets de substituants sur les valeurs de pK, des acides carbonks 2,  6 et 7 ,  activCs par 
le sulfonyle, avec les effets de substituants sur les valeurs des pK, des trois sCries de cCtones correspondantes Cclaire 
notre comprChension de la distribution de la densite Clectronique dans les bases carbanioniques conjuguCes des acides 
carbonks de sulfones et de cCtones. Une extrapolation de la relation d'knergie libre linCaire entre les valeurs de pK, des 
sulfones et des cCtones neutres perrnet dlCvaluer i 28,7 la valeur du pK, pour la dCprotonation de la methyl phCnyl sul- 
fone, en solution aqueuse. 

[Traduit par la redaction] 

There have been relatively few quantitative measure- 
ments of the thermodynamic acidities of sulfonyl-activated 
carbon acids in aqueous solution. The acidities of 
bis(methylsulfonyl)methane ((CH,SO2),CH2, pK,, = 12.5 (1- 
3)) and bis(phenylsulfonyl)methane ((C6H5S02),CH,, pK, = 
1 1.2 1 (1)) have been measured in water, and related cyclic 
1,3-disulfones have been found, depending upon ring size, 
to be up to 1.5 pK, units more acidic (eight-membered ring) 
or less acidic (five-membered ring) than these acyclic sul- 
fones (1). a-Methylation of disulfones leads to a significant 
decrease in acidity ((C,H,SO,),CHR, pK, = 12.20 for R = 
H, pK, = 14.56 for R = CH, (3a); (C6H5S02)2CHR, pK, = 
11.21 for R = H, pK, = 13.76 for R = CH, (3b)); a -  
phenylation results in only-a slight increase in acidity 
((C,H,SO,),CHCJI,, pK, = 12.12 (3a)); a-bromination leads 
to a significant increase in acidity ((C,H,SO,),CHBr, pK, = 
10.71 (3a)). 

All of the above disulfones are significantly less acidic than 
the corresponding diketones (e.g., (CH,CO),CH,, pK, = 8.87 
(4); (CH,CO),CHCH,, pK, = 10.9 (5); (CH,CO),CHBr, 
pK, = 7.0 (6)). Greater thermodynamic acidity for a ketone 
than for the corresponding sulfone is also found for the pi- 
colinium cations 1 (pK, = 7.66 for X = H (7)) and 2 
(pK, = 1 1.34 for X = H (8)), and for P-keto sulfones (e.g., 
CH,SO2CH,COCH3, pK, = 9.90 (6, 9)) relative to disul- 
fones (see above). Ketones are also known to be more acidic 

Apart from the examples quoted above, the only other 
sulfone-activated carbon acids for which we have been able 
to locate pK, values in aqueous solution are six examples of 
cyclic P-keto sulfones (both exocyclic and endocyclic sul- 
fones) (9), the a- and P-picolinium isomers of 2 (8), 3- 
phenyl-2H-thiopyran 1,l-dioxide (pK, = 10.79 (1 1)) and 
its 6-methyl derivative (pK, = 12.36 (1 I)), a variety of 
ring-substituted phenyl esters of methylsulfonylmethane- 
sulfonic acid (e.g., CH3S02CH2S03C6H,, pK, = 9.99 
(12)), 3-methylsulfonyl-2,4-pentanedione ((CH3CO),CHS02- 
CH,, pK, = 4.7 (6)), tris(methylsulfonyl)methane ((CH3- 
S02)3CH, pK, = 0 (6, 13)), and a bicyclic trisulfone 
containing an acidic bridgehead hydrogen atom (pK, = 3.30 
(13)). In addition, data are available for several acyclic 
P-keto sulfones in 50% ethanol - 50% water (9), six eth- 
oxycarbonyl-activated sulfones and disulfones in 60% ace- 
tonitrile - 40% water (14, 15), and also for a variety of 
ring-substituted phenacyl phenyl sulfones (3) in 95% 
ethanol - 5% water (16). 

than the corresponding sulfones in dimethyl sulfoxide solu- XC6H4-SOZ-CHZ-CO-C6H,Y 3 
tion (10). 

Substituent effects upon the acidities of 4-phenacylpyri- 
dines (4) and 4-phenacylpyridinium cations (1 and 5) have 

'Author to whom correspondence may be addressed. been shown (7) to be useful probes of the delocalization of 
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electron density in the carbanionic conjugate bases of these 
species. We felt that similar insight into the electronic 
structure of the conjugate bases of the corresponding sul- 
fonyl-activated carbon acids (2, 6 ,  and 7) would also be of 
interest in view of the wide use of sulfonyl-stabilized carb- 
anions as reagents in synthetic organic chemistry. Further- 
more, in conjunction with our previous study of substituent 
effects upon the acidities of the ketones 1 ,  4, and 5 (7), such 
data would allow a detailed comparison of substituent ef- 
fects upon the acidities of these two closely related series of 
carbonyl- and sulfonyl-activated carbon acids in aqueous 
solution. In particular, we felt that such a comparison might 
provide quantitative insight into the saturation of resonance 
effects that is commonly observed upon the acidities of car- 
bon acids when successive activating substituents are intro- 
duced. 

The current paper reports the synthesis and acidities of a 
wide range of ring-substituted 4-arylsulfonylmethylpyri- 
dines (6) and their N-methyl cations (2) and also N-(substi- 
tuted benzyl) 4-phenylsulfonylmethylpyridinium cations (7). 
In addition, the pK, values were measured for several other 
sulfonylmethylpyridinium cations (8-11) in aqueous solu- 
tion. These data allow the estimation of the pK, value of 
methyl phenyl sulfone in aqueous solution. To the best of our 
knowledge, this is the first estimate of the aqueous acidity 
of a simple sulfone, unactivated by other acidifying func- 
tional groups, on the basis of a linear free energy relation- 
ship that does not resort to assumptions (17) regarding the 
rates of the deprotonation reaction. 

Experimental 

4-a~~lsulforzylmetI~ylpyridir~es (6) 
All 4-arylsulfonylmethylpyridines (6), with the exception of the 

4-bromo-3-nitrophenyl derivative (6j) which is described below, 
were prepared from 4-picolyl chloride and the sodium salt of the 
appropriate arylsulfinic acid by a method based upon that de- 
scribed by Golding et al. (8). This method is outlined below for 
4-phenylsulfonylmethylpyridine. In some cases the appropriate 
sodium arylsulfinate was commercially available; in other cases 
these salts were prepared from the appropriate arylsulfonyl chlo- 
ride as described below for sodium 4-bromobenzenesulfinate. 

Sodiurn 4-bromoberzzerzesulfinate 
4-Bromobenzenesulfonyl chloride (10.0 g) was added to a so- 

lution of sodium sulfite (7.4 g) in water. The mixture was stirred 
at 70°C, with periodic addition of aqueous NaOH to maintain an 
alkaline solution. After complete dissolution of the sulfonyl chlo- 
ride, the solution was heated at 100°C for 5 min, and then strongly 
acidified with concentrated hydrochloric acid. Upon cooling this 
solution in an ice bath, white crystalline 4-bromobenzenesulfinic 
acid was obtained. This product (5.4 g) was collected, washed with 
dilute hydrochloric acid, press-dried with filter paper, and imme- 
diately dissolved in aqueous NaOH (1 equivalent). All water was 
removed on the rotatory evaporator, whereupon sodium 4-bro- 
mobenzenesulfinate was obtained as a white powder. 

Sodium salts of the following substituted benzenesulfinic acids 
were also prepared by this same general route: 4-methoxy; 4-nitro; 
3-nitro; 3-chloro; 3,4-dichloro; 3,5-dichloro. The 4-nitrobenzene- 
sulfinic acid did not precipitate from the acidified solution, and was 
extracted into diethyl ether, which was subsequently dried over 
magnesium sulfate and removed on the rotatory evaporator. 

4-Picolyl chloride hydrochloride (8.0 g), sodium benzenesulfi- 
nate (8.2 g), and sodium acetate trihydrate (13.3 g) were refluxed 
in 1-butanol (35 mL) for 6 h. The reaction mixture was poured into 
water (800 mL). 'The product (6.8 g), which precipitated as brown 
crystals was collected and recrystallized twice from ethanol to give 
white crystals; mp 202-203°C (lit (8) mp 203-204°C). 

The other sulfones (6b-6i) were also prepared via this same 
general method in yields of 30-60%. The melting points and 'H 
NMR spectra of all 6 are listed in Table 1.  All 6 were also char- 
acterized by elemental analyses (C, H ,  N) (Huffman Laborato- 
ries, Golden, Colorado), which in all cases were within 
experimental error of the theoretical predictions. 

4-Bronzo-3-nitrophen)llsulfonylmethylpyridine (6j) 
Direct reduction of 4-chloro-3-nitrobenzenesulfonyl chloride to 

the sulfinic acid by the above method was unsuccessful. How- 
ever, the 4-bromo-3-nitrophenylsulfonylmethylpyridine was readily 
prepared, based upon a method given by Nunn and Schofield (IS), 
via direct nitration of the previously prepared 4-bromophenylsul- 
fonylmethylpyridine (6d). 

4-Bromophenylsulfonylmethylpyridine (0.83 g) was shaken for 
15 min with a solution containing 70% nitric acid (0.3 rnL) in water 
(10 mL) that had been saturated with sodium nitrate. The reaction 
mixture was then kept at O°C for 3 h. The white crystalline N-ni- 
trate was collected by vacuum filtration, and then slowly added to 
ice-cooled concentrated sulfuric acid (20 mL). This mixture was 
heated to 50°C for 5 min, and then poured onto ice. Upon careful 
basification with aqueous ammonia: a yellow precipitate was ob- 
tained. The product (6j; 0.64 g) was recrystallized from aqueous 
ethanol, and characterized as usual (Table 1). 

N-MetIzyl4-a~~lsulforzylnz~tI1~~Ipyridiniurn bromides (2 . Br-) 
The appropriate sulfone (6) was stirred with excess methyl bro- 

mide in acetone solution in a pressure bottle for 24 h. The precip- 
itated products were collected and recrystallized from ethanol in 70- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WODZINSKI AND BUNTING 2637 

TABLE 1. Characterization of 4-(X-phenylsulfony1methyl)pyridines (6) 

Melting point, 
Sulfone X "C 'H NMR," 6 

6a H 202-203~ 4.3 1 (2H, s), 7.05 (2H, d), 7.44-7.70 (5H, m), 8.52-8.55 (2H, d) 

66 4-0CH3 141-143 3.87 (3H, s), 4.27 (2H, s), 6.89-6.98 (2H, m), 7.03-7.07 (2H, m), 7.52-7.61 (2H, 
m), 8.53-8.56 (2H, m) 

6c 4-CH3 188-190 2.43 (3H, s), 4.29 (2H, s), 7.03-7.07 (2H, m), 7.26-7.30 (2H, m), 7.52-7.57 (2H, 
m), 8.52-8.55 (2H, m) 

6d 4-Br 165-167 4.30 (2H, s), 7.05-7.08 (2H, m), 7.48-7.54 (2H, m), 7.61-7.66 (2H, m), 8.55-8.58 
(2H, m) 

6e 3-C1 171-173 4.3 1 (2H, s), 7.07-7.10 (2H, m), 7.43-7.72 (4H, m), 8.57-8.58 (2H, m) 

Sf 3 ,4-C12 166- 168 4.31 (2H, s), 7.08-7.1 1 (2H, m), 7.41-7.46 ( lH ,  m), 7.55-7.59 ( lH,  d), 7.79-7.80 
( lH,  d), 8.59-8.62 (2H, m) 

6g 3,5-C12 190-192 4.3 1 (2H, s), 7.10-7.13 (2H, m), 7.55-7.56 (2H, d), 7.62-7.64 ( lH,  t), 8.60-8.63 
(2H, m) 

6h 4-NO2 21 1-212 4.37 (2H, d), 7.07-7.10 (2H, m), 7.86-7.90 (2H, m), 8.32-8.37 (2H, m), 8.58-8.61 
(2H, m) 

6i 3-NO2 181-183 4.38 (2H, s), 7.09-7.12 (2H, m), 7.66-7.75 ( lH,  t), 7.90-7.91 ( lH ,  m), 8.46-8.62 
(4H, m) 

6j  3-NO2, 169-171 4.36(2H,s),7.11-7.14(2H,m), 7.57-7.63 ( lH,  q),7.86-7.90(1H,d), 8.15-8.16 
4-Br (dec .) (IH, d), 8.61-8.64 (2H, m) 

"In CDC1,; all chemical shifts are relative to tetramethylsilane. 
"Literature (8) mp 203-204"C, (19) 199-200.5"C. 

90% yields. The melting points and 'H NMR spectra of all 2.Br- 
are collected in Table 2. 

N-(Substituted benzyl) 4-phenylsulfonylmethylpyridiniurn 
bromides (7 . Br-) 

4-Phenylsulfonylmethylpyridine (1.0 g) was refluxed with the 
appropriate substituted benzyl bromide (1.1 equivalents) in ace- 
tone for 24 h. The products that precipitated were collected and 
recrystallized from ethanol in 65-85% yields. The melting points 
and 'H NMR spectra of all 7. Br- are collected in Table 3. 

Other sulforzes 
2-Phenylsulfonylmethylpyridine (mp 11 1-1 12°C (lit. (8) mp 

11 1.5-1 12.5"C)) was prepared by a similar route to that described 
above for its 4-pyridyl isbmer. This species was methylated and 
benzylated by the above general routes to give the bromide salts of 
8 and 9, respectively. 4-Methylsulfonylmethylpyridine (mp 137- 
138°C (lit. (19) mp 133.5-134.5"C)) and its 2-pyridyl isomer (mp 
122-124°C (lit. (20) mp 121-122°C)) were prepared by the above 
route from the appropriate picol'yl chloride and sodium methane- 
sulfinate. The bromide salts of 10 and 11 were then prepared by 
methylation by the above procedure. The characterization of the 
bromide salts of 8-11 is reported in Table 4. 

pK, values 
The pK, values of all N-methyl and N-benzyl sulfonylmethyl- 

pyridinium cations (2, 7-11) were measured spectrophotometri- 
cally in aqueous solution at ionic strength 0.1 and 25°C by the 
general method of Albert and Serjeant (21). Buffer solutions con- 
tained KOH + KC1 for pH > 10.7 and Na,CO, + NaHCO, for 
pH 9.4- 10.7. pK, values were evaluated from the pH-dependence 
of the absorbance of temperature-equilibrated solutions prepared 
by mixing equal volumes of a stock aqueous solution of the ca- 
tionic sulfone (usually 0.06 mM) with double strength buffer so- 
lutions. Absorbances at A,,, in the spectrum of the conjugate base 
species were used for the evaluation of pK, values. 

As discussed below, the neutral sulfones (6) are quite weak acids 
and required the use of the acidity function (Hoq) developed by Cox 

et al. (22) for mixtures of dimethyl sulfoxide and water contain- 
ing a constant concentration of tetramethylammonium hydroxide 
(0.047 M). A stock solution of tetramethylammonium hydroxide 
(0.77 M) in water was prepared from a freshly opened bottle of the 
solid pentahydrate (99% purity as supplied by Aldrich Chemical 
Co., Milwaukee, Wisconsin). The exact hydroxide ion concentra- 
tion of this stock solution was determined by titration with stan- 
dard hydrochloric acid (0.1 M). Solutions of known Hoq were 
prepared according to the compositions given in the table in ref. 
22 using analytical grade dimethyl sulfoxide (BDH Chemicals, 
Toronto, Ontario), and were temperature-equilibrated for at least 
10 min before the addition of a small aliquot (0.1 mL) of a stock 
solution of the sulfone (6) (3.0 mM). Absorbances of these basic 
solutions were then monitored for 5 min at A,,, of the conjugate 
base species, and extrapolated to the mixing time (t = 0) to cor- 
rect for a slow decomposition of the carbanionic conjugate base 
species. The pK, values of 6 were then calculated by fitting the 
initial absorbance (A) at Hoq to eq. [ l ]  by an iterative procedure 
based upon the Marquardt algorithm. The pK, value, the absor- 
bance (Ac) of the conjugate base, and the absorbance of the con- 
jugate acid (A,,) are treated as parameters to be evaluated in this 
iterative method. In all cases A,, = 0 within experimental error, 
which is consistent with the observed transparency of the sulfone 
at wavelengths in the vicinity of the absorbance maximum in the 
spectrum of its conjugate base (e.g., Fig. 1). 

[ l l  Hoq = PK, + log(@ - Ac~)l(Ac - A)) 

Results 
4-Arylsulfonylrnethylpyridines (6)  

The electronic absorption spectra of the 4-arylsulfonyl- 
methylpyridines (6) do not change between pH 7 and 14 in 
aqueous solution. To investigate the acidities of these weak 
carbon acids, we resorted to the acidity function (Hoq) de- 
fined by Cox et al. (22) for aqueous solutions of 0.047 M 
tetramethylammonium hydroxide containing varying con- 
centrations of dimethyl sulfoxide. The electronic absorption 
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TABLE 2. Characterization of the bromide salts of N-(methyl) 4-(X-phenylsulfonylrnethyl) pyridiniurn cations (2 .  Br-) 

Bromide Melting point, 
salt X "C 'H NMR," 6 

255-256 4.38 (3H, s), 7.62-7.87 (7H, rn), 8.72-8.76 (2H, rn) 
(dec.) 

2b 4-0CH3 248-250 3.92 (3H, s), 4.40 (3H, s), 4.99 (2H, rn), 7.08-7.16 (2H, rn), 7.62-7.70 (2H, 
(dec . ) rn), 7.83-7.87 (2H, d), 8.74-8.78 (2H, d) 

2c 4-CH3 228-231 2.45 (3H, s), 4.37 (3H, s), 7.44-7.48 (2H, rn), 7.61-7.66 (2H, rn), 7.82-7.85 
(dec.) (2H, d), 8.71-8.75 (2H, d) 

249-253 4.40 (3H, s), 7.64-7.68 (2H, rn), 7.82-7.86 (2H, rn), 7.87-7.90 (2H, d), 8.75- 
(dec .) 8.79 (2H, d) 

259 (dec.) 4.39 (3H, s), 7.57-7.73 (2H, rn), 7.82-7.85 (lH, rn), 7.88-7.91 (2H, d), 8.76- 
8.79 (2H, d) 

2f 3,4-Cl2 249 (dec .) 4.45 (3H, s), 7.68-7.73 (lH, rn), 7.77-7.81 (lH, d), 7.98-8.01 (2H, d), 8.02 
(lH, d), 8.84-8.87 (2H, d) 

2s 3,5-Cl2 250 (dec.) 4.39 (3H, s), 7.80-7.81 (2H, d), 7.91-7.94 (3H, rn), 8.78-8.81 (2H, d) 

239 (dec.) 4.39 (3H, s), 7.92-7.95 (2H, d), 8.05-8.09 (2H, rn), 8.45-8.50 (2H, rn), 8.77- 
8.80 (2H, d) 

2i 3-NO2 257 (dec .) 4.39 (3H, s), 7.87-7.96 (3H, rn), 8.17-8.22 (lH, rn), 8.62-8.68 (2H, rn), 8.77- 
8.81 (2H, d) 

2j 3-NO2, 4-Br 244 (dec.) 4.41 (3H, s), 7.92-7.96 (3H, rn), 8.14-8.18 (lH, d), 8.35-8.36 (lH, d), 8.79- 
8.82 (2H, d) 

"In DzO; all chemical shifts relative to sodium 2.2-dimethyl-2-silapentane-5-sulfonate; the methylene hydrogens are not seen due to deuterium ex- 
change. 

TABLE 3. Characterization of the bromide salts of N-(X-benzyl) 4-(phenylsulfonylrnethyl) pyridiniurn cations (7. Br-) 

Bromide Melting point, 
+ 

salt X "C 'H NMR," 6 

178-179 

196- 197 

228-229 
(dec. ) 

212-213 
(dec.) 

225 (dec.) 

242 (dec.) 

237 (dec.) 
. .  ... 

222 (dec.) 

5.84 (2H, s), 7.46-7.86 (lOH, rn), 7.86-7.92 (2H, d), 8.88-8.92 (2H, d) 

2.36 (3H, s), 5.74 (2H, s), 7.22-7.82 (9H, rn), 7.82-7.86 (2H, d), 8.82-8.85 (2H, d) 

2.38 (3H, s), 5.75 (2H, s), 7.35 (4H, s), 7.55-7.77 (SH, rn), 7.82-7.86 (2H, d), 8.82-8.86 (2H, d) 

5.77 (2H, s), 7.32-7.82 (9H, rn), 7.85-7.88 (2H, d), 8.83-8.86 (2H, d) 

5.8 1 (2H, s), 7.16-7.82 (9H, rn), 7.86-7.89 (2H, d), 8.84-8.88 (2H, d) 

5.91 (2H, s), 7.53-7.63 (4H, rn), 7.72-7.87 (4H, rn), 7.89-7.94 (3H, rn), 8.87-8.91 (2H, d) 

5.95 (2H, s), 7.54-7.63 (2H, rn), 7.71-7.86 (SH, rn), 7.89-7.93 (2H, rn), 8.31-8.39 (2H, rn), 8.89- 
8.93 (2H, d) 

5.96 (2H, s), 7.55-7.63 (4H, rn), 7.72-7.82 (3H, rn), 7.90-7.94 (2H, d), 8.3 1-8.35 (2H, d), 8.89- 
8.92 (2H, d) 

"In DzO; all chemical shifts relative to sodium 2,2-dimethyl-2-silapentane-5-sulfonate; the hydrogens of the methylene group adjacent to the sulfonyl 
group are not seen due to deuterium exchange. 

spectrum of 6a: X = H as a function of Hoq is shown in Fig. 
1 .  Although such solutions are unstable, the initial spec- 
trum of each of these basic solution is readily measured. The 
initial intensity (A) of the band of A,,, = 350 nm is clearly 
dependent upon Hoq; this band can be assigned to the carb- 
anionic conjugate base 12a: X = H. The dependence of A 
upon Hoq can be described by eq. [ l ] ,  with the parameters 
A,,, A,, and pK, being defined by fitting the data to this 
equation via an iterative regression analysis based upon the 
Marquardt algorithm. Similar observations were made for five 

other 4-arylsulfonylmethylpyridines. Spectral parameters and 
pK, values that have been calculated for the deprotonation 
of each 6 are collected in Table 5 .  This table also includes 
individual pK, values calculated from each absorbance 
measurement using the value of ACE, derived in the iterative 
fit to eq. [I].  

Two of the 4-arylsulfonylmethylpyridines (6i and 6j )  
underwent reactions in these highly basic solutions to give 
intensely colored species having absorption spectra that were 
quite different from the A,, - 350 nm that are listed in Table 
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TABLE 4. Characterization of bromide salts of the pyridinium cations 8-11 

Melting point, 
Compound "C 'H NMR," 6 

8 .  Br- 255-257 4.41 (3H, s), 7.67-7.78 (3H, m), 7.86-7.93 (3H, m), 8.03-8.10 ( lH,  t), 8.41-8.49 ( l H ,  t), 8.91- 
(dec.) 8.94 ( lH,  d) 

9 . B r -  159- 160 5.96 (2H, s), 7.26-7.3 1 (2H, m), 7.50-7.53 (3H, m), 7.67-7.75 (2H, m), 7.85-7.94 (4H, m), 
8.05-8.12 ( l H ,  m), 8.48-8.56 ( l H ,  m), 8.85-8.89 ( l H ,  m) 

10. Br- 116-1 18 3.22 (3H, s), 4.43 (3H, s), 8.14-8.18 (2H, d), 8.86-8.89 (2H, d) 

11 .Br-  183-1 84 3.38 (3h, s), 4.5 1 (3H, s), 8.06-8.23 (2H, m), 8.56-8.66 ( lH ,  m), 8.94-8.98 (1 H, m) 

"In DzO. all chemtcal shifts relat~ve to sodium 2,2-d1methyl-2-silapentane-5-sulfonate. 

I Wavelength (nm) 

FIG. 1. Variation of the electronic absorption spectrum of 6a (0.1 mM) as a function of Hoq in dimethyl sulfoxide - water solutions 
containing 0.047 M tetramethylammonium hydroxide. Curve 1, neutral dimethyl sulfoxide; 2 ,  Hoq = 18.81, 3 ,  Hoq = 19.41; 4 ,  Hoq = 
20.10; 5 ,  H z  = 20.97. Spectra were recorded immediately after mixing a neutral stock solution of 6a with each of the basic media. 

5 .  An example of this phenomenon is shown in Fig. 2 for 6 i  
at Hoq = 18.12, which displays an absorption maximum at 
632 nm. We have not investigated these atypical reactions 
in detail. However, it seems significant that such species are 
only observed for phenyl rings having a 1,3-orientation 
of the nitro and sulfonyl substituents. This substitution pat- 
tern is well established as promoting nucleophilic addition 
reactions in these electron-deficient aromatic rings; i.e., 
Meisenheimer complex formation (23, 24). We suggest that 
a similar nucleophilic addition to the substituted phenyl ring 
probably occurs for 6i and 6 j  in these basic media. Our ob- 
servations suggest that in these two cases the formation of 
Meisenheimer-type u-adducts is thermodynamically more 
favourable than carbanion formation via the deprotonation 
of the a-methylene group of these two sulfones (6i and 6j). 

4-ArylsuCfonylmethylpyridinium cations (2 and 7) 
The pH-dependence of the electronic absorption spec- 

trum of 2a: X = H is shown in Fig. 3. These spectra are 

cleanly reversible to the spectrum of 2a in neutral solution 
upon acidification of these basic solutions. The pH-depen- 
dent spectrum in Fig. 3 is quite typical of that observed for 
all 2 and 7. The pH-dependence of the absorbance at con- 
stant wavelength describes a clean acid-base titration curve 
for all X-substituents. The pK, value for each substituted 
derivative of 2 and 7, and also the spectral characteristics of 
the absorption maximum of the corresponding conjugate base 
species, are collected in Table 6.  

Other suCfones 
Similar spectral observations to those described above for 

2a were also made for the cationic sulfones 8-11. The pK, 
values for each of these species and spectral data for their 
conjugate bases are also included in Table 6. The N-benzyl 
cation is more acidic than the corresponding N-methyl cat- 
ion in both the 2-pyridyl (ApK, = 1.01) and 4-pyridyl 
(ApK, = 0.57) cases, and the 4-phenylsulfonylmethyl de- 
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TABLE 5. pK, values values for 4-(X-phenylsulfony1methyl)pyridines (6) 

Sulfone X,,," log E HOq A pK, ~ a l c d . ~  PK,' 

"Absorption maximum (nm) in the spectrum of the conjugate base; log E is calculated from A,, which 
is evaluated as described in the text. 

bpK, values in this column were calculated for each individual solution from eq. [ l ]  using A, eval- 
uated as described in the text. 

' p K ,  values in this column are from the iterative fit to eq. [ I ]  that is described in the text. 

rivative is more acidic than the corresponding 4-methylsul- 
fonylmethyl derivative in both the N-methyl 2-pyridyl (ApK, 
= 0.57) and 4-pyridyl (ApK, = 0.63) cations. The 2-pyri- 
dyl cations are 0.96 to 1.40 pK, units more acidic than their 
4-pyridyl isomers. 

Discussion 

Each of the sulfones that were investigated in the present 
work displays a pH-dependent electronic absorption spec- 
trum that is consistent with the equilibration of the sulfone 
with its conjugate base. Whereas the spectra of the sulfones 
contain only the ultraviolet absorption maxima that are ex- 
pected for simply substituted benzene and pyridine chro- 
mophores, the conjugate bases display long-wavelength 
absorption maxima that are typical of more highly conju- 
gated non-aromatic systems. Delocalization of carbanionic 
electron density into the pyridine (or pyridinium) ring as 
described in 1 2  is expected to be of considerable impor- 
tance in these conjugate base species. 

The weakly acidic neutral sulfones (2) only undergo de- 
protonation in highly basic media. We have found that the 
Hoq acidity function that was developed (22) for the exo- 
cyclic deprotonation of ring-substituted pyridinium cations 
appears to be applicable to the deprotonation of these 4-ar- 
ylsulfonylmethylpyridines. A major concern in the use of this 
acidity function is the question of whether the activity coef- 
ficient postulates that are inherent in the definition of Hoq for 
pyridinium cations will also be applicable to neutral pyri- 
dines. The lack of any trend in individually calculated pKa 
values as a function of Hog in Table 5 suggests that the in- 
herent activity assumptions in Hoq must be at least approxi- 
mately applicable to the deprotonation of neutral pyridine 
carbon acids. The extensive electron delocalization into the 
pyridine ring in the conjugate base species is similar for both 
neutral and cationic pyridines, as exemplified by the similar 
A,,,, in the absorption spectra of the conjugate bases of 2 and 
7 (Tables 5 and 6). Such delocalization may be a major fac- 
tor in determining the applicability of Hoq to the neutral sul- 
fones (2). 
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WODZINSKI AND BUNTING 

Wavelength (nm) 
FIG. 2. The electronic absorption spectrum of 6i (0.09 mM) in dimethyl sulfoxide - water containing 0.047 M tetramethylammonium 

hydroxide at HOq = 18.12. 

Wavelength (nm) 
FIG. 3. Variation of the electronic absorption spectrum of 2a (0.03 mM) as a function of pH in aqueous solution. Curve 1,  pH = 10.0; 

2 , p H = 1 1 . 1 ; 3 , p H = 1 1 . 5 5 ; 4 , p H = 1 2 . 0 ; 5 , p H = 1 3 . 0 .  

The reasons for the somewhat different A,,, that are ob- 
served for the 4-nitro derivatives than for all other X-substi- 
tuents in the spectra of the conjugate bases of both 2 and 6 
must reside in phenomena other than resonance effects (see 
below). The A,,, = 317 nm that is observed for 6h: X = 
4-N02 appears to be a logical extension of the shoulder that 
is apparent in the vicinity of 310 nrn in the spectrum of the 
conjugate base of 6a (Fig. l ) ,  and the maxima at 307 and 
3 1 1 nm in the carbanions from 6e and 6f (Table 5). It seems 
likely that the spectra in Table 5 are influenced by the vari- 
ation in solvent composition that is involved in the genera- 
tion of the conjugate base species. One wonders whether 
preferential solvation of the pyridine nitrogen atom and (or) 
the sulfone group by dimethyl sulfoxide and water, similar 

to that established for the nitro group (25), may play a role 
in the observed A,,, of the spectra of the carbanions of 6 in 
Table 5 .  The conjugate base of 2h in Table 6 is the only 4- 
arylsulfonylmethylpyridinium cation in this table to display 
a double maximum. The possibility of intramolecular charge- 
transfer complexation in the conjugate base of 2h should be 
considered as a source of the unusual spectrum in this case. 

Substituent effects upon the pK, values of 2 (Fig. 4),  6 
(Fig. 5) ,  and 7 are closely correlated with Hammett u con- 
stants for the X-substituents. Correlation equations are given 
in eqs. [2]-[4]. 
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TABLE 6. pK, values for 4-arylsulfonylmethylpyridinium cationsa 

Cation X P K ~  Laxb log E 

"In aqueous solution, ionic strength 0.1, at 25°C. 
"~bsorp t ion  maximum (nm) in the spectrum of the conjugate base. 

The clean correlation of substituent effects (eq. [3] and Fig. 
5) that is obtained for 6 provides further support for the ad- 
equacy of HOq for the evaluation of the acidities of these 
neutral sulfones. Equation [2] was evaluated using the (T 

constants recommended by Hansch et al. (26) for the 3,4- 
dichloro (2J1 and 4-bromo-3-nitro (251 derivatives. In each 
of these cases, the assumption of strict additivity of meta and 
para substituent constants for these 3,4-disubstituted rings 
leads to significant deviations from the correlation line es- 
tablished for the other X-substituents (Fig. 4). 

It seems clear that the X-substituent effects upon the 
acidities of 2 and 6 do not contain contributions from reso- 
nance interactions between X and the carbanionic centre, 
since neither a+ parameters for the 4-methoxy or 4-methyl 
substituents nor the (T- parameter for the 4-nitro substituent 
are appropriate. This result contrasts with the X-substituent 
effects upon the pK, values for the corresponding ketones (1) 
in which both the 4-methoxy and 4-nitro substituents devi- 
ate significantly from the correlation line defined by other 
substituents (7). 

Substituent effects upon the acidities of the neutral sul- 
fones 6 (p = 3.0) are much larger than for the more strongly 
acidic N-methyl cation analogs 2 (p = 1.45). The reduced p 
value for 2 relative to 6 suggests much lower electron den- 
sity on the formal carbanionic atom in the conjugate base of 
2 than in the conjugate base of 6. This observation is con- 
sistent with the p = 0.65 that is found for the N-(substituted 
benzyl) cations (7). This p = 0.65 indicates significant neu- 
tralization of the cationic charge upon the ring nitrogen atom 
as a result of electron delocalization from the carbanionic 

FIG. 4. Hammett correlation for the substituent dependence of 
the pK, values of 6. 

FIG. 5. Harnrnett correlation for the substituent dependence of 
the pK, values of 2 .  The empty circles for 2f and 2j refer to u con- 
stants that assume strict additivity of substituent effects (see text). 
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TABLE 7. Thermodynamic acidities of sulfones and ketones in aqueous solution 

Carbon acid PK,  (X = H) APKa P 

+ 
XC6H~S02CH2C5H4NCH3 (2) 11 .27d 1.45 + 
XC6H4COCH,CSH4NCH, (1) 7.66' 3.61 1.38 

+ 
C6H5S02CH2C~H4NCH2C6H4X (7) 10.70" 0.65 + 
C6H5COCH2C5H4NCH2C6H,X (5) 7.28' 3.42 0.47 

"Estimated from eq. [ 6 ] .  
*From ref. 30. 
'Guthrie et al. report (31) p = 1.95(?0.19) for XC,H,COCH, for which individual pK, 

values are rather imprecise ( 5  0.5 logarithmic units). 
dCurrent work. 
'From ref. 7. 

centre into the pyridinium ring (13). Relative to p = 1.14 for Such extensive delocalization of negative charge into the 
the deprotonation of N,N-dimethylbenzylammonium cat- pyridinium ring requires predominant sp2-hybridization for 
ions (27), the p = 0.65 for 7 suggests approximately 60% the carbanionic carbon atom in 13, and leaves little doubt that 
neutralization of the formal charge upon the pyridinium ni- in the present case the carbanionic centre is planar rather than 
trogen atom of 7 upon deprotonation of the methylene group. pyramidal (32). 

The cationic sulfones 2 with p = 1.45 are of similar acid- 
ity to phenacylsulfones (3) for which X-substituent effects 
have been reported (16) to have p = 2.01 in 95% ethanol - 
5% water. This latter value may be corrected to p = 2.01/ 
1.63 = 1.23 for aqueous solutions using p = 1.63 for the 
deprotonation of substituted benzoic acids in ethanolic 
solution (28). Substituent effects upon the pK, values for 
ring-substituted benzenesulfonamides (XC6H4so2NH2, pK, 
10.00 (X = H), p = 1.06) and benzenesulfonanilides 
(XC6H,S02NHC6H5, pK, 8.3 1 (X = H), p = 1.15) are also 
of similar magnitude in aqueous solution (29) to those found 
for 2 in the current study. 

Substituent effects upon .the aqueous acidities of analo- 
gous series of pyridine and pyridinium activated sulfones and 
ketones are compared in Table 7. In all cases the ketones are 
more acidic than the corresponding sulfones, although the 
difference in acidity of these two series of carbon acids de- 
creases with increasing acidity from ApK, = 7.42 for the 
neutral species to only 3.42 for the N-benzyl cations. In all 
cases the p values are also smaller for the ketones than for 
the corresponding sulfones, although Ap = 0.97 for the 
neutral species is reduced to only 0.07 for the N-methyl cat- 
ions. The ApK, = 4.8 1 observed upon N-methylation of the 
ketone is also considerably smaller than ApK, = 8.62 that is 
found upon N-methylation of the sulfone. The p values of 
0.65 and 0.47 for the sulfones (7) and ketones (S), respec- 
tively, suggest that delocalization of carbanionic charge into 
the pyridinium ring is more important for the conjugate bases 
of the sulfones than of the ketones. This latter result is pre- 
sumably attributable to the much greater importance of en- 
olate ion stabilization in the conjugate bases of the ketones, 

than the analogous delocalization of electron density into the 
sulfonyl group in the sulfone carbanions. 

Combination of the Hammett correlation (eq. [3]) for 
substituent effects upon the acidity of the neutral 4-arylsul- 
fonylmethylpyridines with the analogous Hammett correla- 
tion (eq. [5]) previously established (7) for the corresponding 
4-phenacylpyridines (4) leads to eq. [6]. Extrapolation of this 
relationship to pK, = 18.3 1 for acetophenone in aqueous 
solution (30) allows the estimation of pK, = 28.7 for methyl 
phenyl sulfone in water. This appears to be the first esti- 
mate of the acidity of this sulfone in aqueous media, and is 
comparable with pK, = 29.05 reported for this same sul- 
fone (10) in dimethyl sulfoxide solution. 

The only previous estimate that we have been able to lo- 
cate for the pK, of a simple sulfone in aqueous solution is the 
value of 23 proposed by Pearson and Dillon (17) for di- 
methyl sulfone. This estimate was based on two separate 
assumptions regarding the kinetic acidity of this compound, 
including the assumption that the rate-equilibrium correla- 
tion for the deprotonation of ketones is also applicable to 
sulfones. This latter assumption almost certainly leads to a 
large overestimation of the acidity of dimethyl sulfone (i.e., 
too low pK,) since the kinetic acidities of sulfones are known 
(2, 3, 17) to be considerably greater than those of ketones 
of similar thermodynamic acidity. Since we have shown 
above that methyl sulfones (10 and 11) are less acidic than 
their phenyl sulfone analogues (2a and 8) in aqueous solu- 
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tion, the above estimate for methyl phenyl sulfone requires 
pK, > 28.7 (probably -- 30) for dimethyl sulfone in aqueous 
solution. The pK, of dimethyl sulfone in dimethyl sulfoxide 
solution is reported to be 3 1.1 (10). 
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PAUL WISEMAN, MURRAY HEGGIE, and RAMAMURTHY PALEPU. Can. J. Chem. 70, 2645 (1992). 
Viscosities and densities of binary mixtures containing 2-(2-butoxyethoxy)ethanol with aniline and N-alkyl-substituted 

anilines have been determined at five different temperatures over the complete concentration range. Excess volumes, 
viscosities, and excess molar free energy of activation of flow were calculated and the departure from ideal behavior is 
explained on the basis of specific interactions between the components in these mixtures. McAllister's approach corre- 
lates the viscosity data with a significantly high degree of accuracy for all these systems. 

PAUL WISEMAN, MURRAY HEGGIE et RAMAMURTHY PALEPU. Can. J. Chem. 70, 2645 (1992). 
OpCrant 2 cinq temperatures diffkrentes et sur l'ensemble des plages de concentration, on a dCterminC les viscositCs 

et les densitCs de melanges binaires contenant du 2-(2-butoxyCthoxy)Cthanol avec de l'aniline et des anilines N-alkylCes. 
On a calculC les volumes et les viscositCs en excits ainsi que 1'Cnergie libre molaire d'activation en excits et on explique 
la dCviation par rapport au comportement idCal en se basant sur des interactions spCcifiques entre les composants de ces 
mClanges. Pour tous ces systitmes, I'approche de McAllister permet d'obtenir une trks bonne corrClation entre toutes les 
donnCes de viscositC. 

[Traduit par la redaction] 

Introduction 
In this work, viscosities of five nonelectrolyte binary 

mixtures at five different temperatures were measured. These 
mixtures were composed of 2-(2-butoxyethoxy)ethanol with 
aniline ( ANL), N-methylaniline (MEA), N, N-dimethylani- 
line (DMA), N-ethylaniline (EAN), and N,N-diethylaniline 
(DEA) . 

Excess molar viscosities, volumes, and the free energies 
of activation for viscous flow were evaluated from the ex- 
perimental data to examine the type and strength of inter- 
actions between the components in these mixtures. 

Experimental 
The methods used in our laboratory have been described previ- 

ously (1-6). Densities were determined with a digital densimeter 
DMA 45 (Anton-Parr, Austria). A Sodev temperature controller 
bath (constant to O.OOl°C) was used. Calibration was carried out 
with air and nanopure water with an error of k 1 X lo-' g cm-j. 
Viscosities at different temperatures were measured using modi- 
fied Ostwald viscorneters and a viscosity bath (Koehler instru- 
mentation). The estimated error in the viscosity measurements was 
within k0.005 cP. 

Anilines used were the same as in earlier studies (1-6). 2-(2- 
Butoxyethoxy)ethanol, an Aldrich product, was purified by distil- 
lation under reduced pressure and stored over molecular sieves. The 
experimental density of 0.9521 g cm-3 at 298 K agrees well with 
the literature value of 0.9528 g cm-' (7). 

[ I ]  vE = [(XIMI + X2MJ + p] - [XIVI + X2VzI 

121 qE = q - exp (X, In q l  + X? In q21 

where p, q ,  and V are the density, viscosity, and volume of 
the mixture, M I ,  M?, V,, V,, q l ,  q2, XI, and Xz are molar 
masses, volumes, viscosities, and mole fractions of the pure 
components 1 and 2, respectively. 

The excess function (yE) for the binary systems could be 
represented by Redlich-Kister equation (8): 

where Y' and aj represent the excess functions L@, qE, AG*' 
and the polynomial coefficients. The values of the coeffi- 
cients were determined by the method of least squares. In 
each case, the optimum number of coefficients was ascer- 
tained from an examination of the variation of the standard 
error of estimate with n: 

Results and discussion where no, is the number of measurements. The values of these 
The excess functions vE,  q E  and AG:", were calculated coefficients along with standard error of estimate at 298 K 

from the experimental values3 using the following equa- are presented in Table 1.  Figures 1-3 show the values of qE, 
tions: vE,  and A G * ~  as a function of the mole fraction of the al- 

cohol. The continuous curves were generated with the aid of 
' ~ r a d u a t e  student, Department of Chemistry, University of the coefficients in Table 1 ,  

Western Ontario, London, Ontario. Viscosity data for the liquid mixtures were used to test the 
' ~ u t h o r  to whom correspondence may be addressed. 
jExperimental data of viscosities and densities along with the 

empirical approach of McAllister (9). The McAllister cor- 

values of a, have been deposited as supplementary material and may relation is based On a proposed by Eyring and cO- 
be Durchased from: The Deoositorv of UnDublished Data. Docu- workers (lo) which considers that interaction between layers 
meit Delivery, CISTI, ~a t ioLal  ~eskarch  cbuncil Canada, ~ t t a w a ,  of molecules as if the molecules were undergoing a chemi- 
Canada K 1A OS2. cal reaction and have to overcome a potential barrier of this 
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TABLE 1. Coefficients for the least-squares fit of the results of eq. [4] at 298 K 

System yE A ,  A2 A3 AJ As A6 CT 

ANL + BEE vE 
rl 
AG*E 

MEA + BEE vE 
rlE 
A G * ~  

DMA + BEE vE 
rlE 
A G * ~  

EA + BEE vE 
rlE 
A G * ~  

DEA + BEE vE 
rlE 
A G * ~  

"Units: ~ ~ ( c m ~ / m o l ) ,  q E ( ~ ~ ) ,  and A ~ * ~ ( ~ / m o l ) .  

Mole Fraction of BEE 
FIG. I .  Excess viscosities of the systems at 298.15 K 

process. For a binary mixture of A and B in which the mo- [6] In v = X: In v ,  + ~x:x ,  In v12  + ~ x , x :  In v,, 
lecular interactions of 1-1-1, 1-2-1, 1-1-2, 1-2-2, 2-1-2, and 
2-2-2 types can be visualized, this approach yields the fol- + X: In v2 + Ro 
lowing equation for a three-body interaction. where 
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0.6 

o o o  ANL + BEE 
x x x  MEA + BEE 

DMA + BEE 
m o o  ERN + BEE 
o o *  DEA + BEE 

Mole Fraction of BEE 
FIG. 2. Molar excess volumes of the systems at 298.15 K .  

[ x;:] 1 [2 M 7 ]  ecules or any other aggregates in any direction may be dif- 
[7] R, = -In XI + - + 3X,X21n - + 

3 3M1 ferent for different neighboring arrangements. It is not 
unreasonable to expect the nature of these specific inter- 

1 2M2 
actions to be about the same either for the 1 or 2 central spe- 

+ ln [- + -1 + X ;  ln [z] cies. Therefore the specific interaction terms v,, and vll should 
3 3M, have the same statistical weight at a given temperature. From 

the examination of the values of v,, and v2, in Table 2, it is 

In eq. [6], vl ,  v, and v refer to the kinematic viscosities of the obvious that the values are of the same order of magnitude but 

pure components 1, 2 and the mixture respectively. The they do differ slightly from each other. However, McAllister's 
treatment proved to be reasonably accurate in predicting the interaction parameters v,, and v2, were determined by the viscosity data of the binary mixtures. 

methods of least squares from the experimental viscosity data. The excess viscosity values (Fig. are positive for BEE 
The values of v12, v2,, absolute average error, and the ratio of ANL, MEA, EAN and slightly negative for the DMA 
radii r2/r, at different temperatures are presented in Table 2. and DEA systems, The algebraic values of q~ may be rep- 
The use of a cubic equation is justified only if the ratio of the resented in the following order: DMA < DEA < EAN < 
molecular radii of the two components in the mixture is less MEA < ANL, ~h~ sign and magnitude of ,,E depend on the 
than 1.5. The interaction Parameters v12 and U ~ I  may be rep- combined effect of factors such as molecular size, shape, and 
resented in terms of specific interactions between unlike intermolecular forces (1 1). The positive values of qE indi- 
molecules. It is possible in a simplified model to associate the cate the presence of a specific interaction such as the for- 
parameter v12 with the 1-1-2, 2-1 -2 type and vz1 with the 1-2-1, mation of weak hydrogen bonding of the type 0-H---N or 
1-2-2 type of interaction. The relative intensities of these N-H---0. The negative values of qE in the systems of BEE 
interactions between a central unit and the surrounding mol- with DEA and DMA suggest that mutual loss of specific in- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 70, 1992 

0 0 0  RNL + BEE 
M€R + - B E E  
DMR + - B E E  

Q Q  ERN + .BE€ 
* a *  DER + BEE 

Mole Fraction of BEE 
FIG. 3. Molar excess free energies of viscous flow for the systems at 298.15 K.  

teractions in like molecules outweigh the specific interac- 
tions between unlike molecules (12, 13). The symmetric 
curve of -qE and A G * ~  VS. mole fraction for ANL + BEE in- 
dicates that the energy necessary to break the hydrogen bonds 
in the mixing process' for the pure liquids is similar for both 
components. For the systems BEE with MEA and EAN the 
excess viscosity becomes less positive and the maxima shifts 
toward the higher mole fraction of BEE. This indicates that 
the breaking energy of hydrogen bonding in BEE, when 
mixing with MEA and EAN, is not compensated by the weak 
N---H bonding of the base (14). In systems whose excess 
viscosity shows a well-marked maximum, the composition 
of the complex formed can be fixed at least to a first ap- 
proximation from the mole ratio at the maximum (15). One 
can conclude from the analysis of Fig. 1 that, for the sys- 
tem ANL + BEE, there is evidence of a complex formation 
in the mole ratio of 1 : 1. For the other two systems, we can 
not find a molar relation because the maxima do not coin- 
cide. 

The observed excess volume (vE) values result from the 
balance of dipole-dipole interaction contributions leading to 

an expansion in volume and geometrical packing or free 
volume effects leading to contraction in volume (16). The 
curves in Fig. 2, indicate that the excess volumes are posi- 
tive for BEE with DEA, DMA and negative for ANL, EAN 
systems in the entire concentration range and change sign for 
the MEA system. A negative value of vE indicates strong 
interaction between the components of the mixture. The 
positive A G * ~  values (Fig. 3) can be seen in binary systems 
as an indication of strength of interactions between mole- 
cules (17, 18). From the values of excess functions, one can 
conclude that the strength of specific interactions varies in 
the order ANL + BEE > MEA + BEE > EAN + BEE > 
DMA + BEE > DEA + BEE. 
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TABLE 2. Values of McAllister's interaction parameters (v,, and dergraduate summer Research Fellowship (1987-1988) 
vz,) and average absolute error (AAE) at different temperatures provided by NSERC of Canada. 

System T(K) v,2 "2 I AAE" r2/r,b 1. R. Palepu, J.  Oliver, and B. MacKinnon. Can. J.  Chem. 63, 

A N L + B E E  298 
303 
308 
313 
318 

MEA + BEE 298 
303 
308 
313 
318 

DMA + BEE 298 
303 
308 
313 
318 

1024 (1985). 
2. R. Palepu and J .  H. MacNeil. Aust. J. Chem. 41, 791 (1988). 
3. R. Palepu and J. H. MacNeil. Thermochim. Acta, 149, 275 

(1989). 
4. R. Palepu, J. H. MacNeil, and P. Wiseman. Phys. Chem. Liq. 

23, 181 (1991). 
5. R. Palepu, J. Oliver, and D. Campbell. J.  Chem. Eng. Data, 

30, 355 (1985). 
6. D. J. G. Irwin, R. Johnson, and R. Palepu. Thermochim. Acta, 

82, 277 (1984). 
7. B. Sokolowski. Pol. J. Chem. 53, 905 (1979). 
8. 0 .  Redlich and A. T. Kister. Ind. Eng. Chem. 40, 345 (1948). 
9. R. A. McAllister. Am. Inst. Chem. Eng. J. 6, 427 (1960). 

10. S. Glasstone, K. J. Laidler, and H. Eyring. The theory of rate 
processes. McGraw-Hill, New York. 194 1. 
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The anomeric effect in thio derivatives of benzocycloheptene 

S.  DESILETS AND M.  ST-JACQUES' 
De'partement de chimie, Universite' de Montre'al, C . P .  6128, Succ. A, Montre'al (Que'bec), Canada H3C 357 

Received January 30, 1992 

S. DESILETS and M. ST-JACQUES. Can. J. Chem. 70, 2650 (1992). 
The conformational properties of six thio derivatives of benzocycloheptene were studied by 'H and I3C high-field NMR 

spectroscopy in solution at low temperature. Both parent compounds 2 and 6, with sulfur at positions 3 and 1, respec- 
tively, were found to exist in the chair conformation. The 2-substituted derivatives of 2 (3: Y = OCH, and 4: Y = C1) 
revealed the presence of the Ca form only. In contrast, the 2-substituted derivatives of 6 (7: Y = OCH, and 8: Y = Cl), 
with sulfur at position 1, showed mixtures of three conformers, namely Ca:Ce:TB (Ca = axial chair, Ce = equatorial 
chair, and TB = twist-boat), whose populations in CHF,Cl were, respectively, 93 :5  : 2 and 85 : 12 : 3. The predomi- 
nance of the Ca form in both series argues in favour of a strong anomeric effect in spite of the large departure from co- 
planarity (-35") in the :-S-C-Y fragment of both 7 and 8. This noncoplanarity appears to weaken only slightly the 
n-a* overlap characteristic of the endo-anomeric effect, contrary to earlier observations for the :-0-C-Y fragment 
in 5. The differences between the effects of 0 and S are discussed. 

S. DESILETS et M. ST-JACQUES. Can. J. Chem. 70, 2650 (1992). 
Faisant appel B la RMN du 'H et du I3C B haut champ, on a CtudiC les propriktts conformationnelles B basse temperature 

de six derives sulfurCs du benzocycloheptene en solution. On a trouve que les deux composes parents 2 et 6 contenant 
du soufre respectivement dans les positions 3 et 1 existent dans la conformation chaise. Les spectres des derives du 
composes 2 substituts en position 2 (3 : Y = OCE, et 4 : Y = C1) ne revdent la presence que de la forme Ca. Par ail- 
leurs, les spectres des derivts du compose 6 substitues en position 2 (7 : Y = OCH, et 8 : Y = C1) et portant un atome 
de soufre en position 1 montrent la presence des trois conform6res suivants : Ca, Ce et TB (Ca = chaise axiale, Ce = 
chaise equatoriale et TB = bateau croise) dont les populations dans le CHF,CI sont respectivement de 93 : 5 : 2 et 85 : 
12 : 3. La prtdominance de la forme Ca dans les deux series suggkre l'existence d'un effet anomere important malgrk 
le fait que la molCcule est loin d'&tre coplanaire (deviation de =35") dans le fragment :-S-C-Y des deux composts 
7 et 8. Contrairement B ce qui a etC observe anttrieurement avec le segment :-0-C-Y du composC 5, ce manque 
de coplaneit6 ne semble pas diminuer beaucoup le recouvrement n-a* caracteristique de I'effet anomere endo. On dis- 
cute des differences dans les effets du 0 et du S. 

[Traduit par la redaction] 

Stereoelectronic concepts are of fundamental importance 
in modem organic chemistry (1). Among these, the ano- 
meric effect (2) is best known. It refers to the preference of 
an electronegative substituent for the axial rather than the 
sterically preferred equatorial position at the anomeric car- 
bon in the tetrahydropyran ring (3). The major experimen- 
tal results (4) used to characterize this effect were generated 
by studies of five- and six-membered heterocyclic com- 
pounds such as tetrahydrofuran and tetrahydropyran deriv- 

atives substituted on the a-carbon. Analogous studies were 
carried out ( 5 )  on the seven-membered cyclic molecules 1, 
5, and 9 for which the electronegative a-substituent is OCH,. 
These benzocycloheptene derivatives revealed the stabili- 
zation of the twist-boat (TB) conformer with large varia- 
tions resulting from changes in the oxygen position of the 
seven-membered ring. Hence, this ring system is useful to 
probe conformational effects of stereoelectronic origin. 

The anomeric effect for second-row atoms such as sulfur derivatives of thiobenzocycloheptene (2, 3, and 4 constitut- 
has received relatively little attention. Interesting work ing series 3 and 6 ,  7, and 8 referred to as series 1) whose 
on six-membered molecules was reported by Pinto and substituents (Y) are all located at the anomeric carbon. The 
co-workers (6) but none for seven-membered cyclic mole- observed conformational differences will be discussed in light 
cules. We  therefore wish to report herein the conforma- of interactions at the origin of the anomeric effect. 
tional results of a low-temperature NMR investigation of six 

S~ectral analvsis and conformational results 

' ~ u t h o r  to whom correspondence may be addressed. High-field proton ('H) and carbon (13c) NMR spectra of 
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TABLE 1. Carbon-13 chemical shifts of compounds 2-4 and 6-8 at high and low temperatures 

Compound T, "C Solvent" Conformer C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 C-11 OCH, (Y P y 6 

"Chemical shifts in CH,OCH, are similar. 
"Uncertainties on conformer populations were 20 .5 .  
'Low S/N or superposed with the major signals. 
"Superposed with the majors signals. 

compounds 2-4 (series 3) and 6-8 (series 1) were obtained 
at different temperatures between 0 and - 143°C in two dif- 
ferent solvent systems (CHF,Cl and CH,OCH,). 

The 100.6 MHz I3c NMR decoupled spectrum of the 
parent compound 2 (Y = H) of series 3 shows five well-re- 
solved signals at -20°C. No spectral change was observed 
when the temperature was lowered to - 120°C. 

This result clearly establishes that 2 exists as a single 
conformer. In support of this conclusion, the 400.1 MHz 'H 
NMR spectrum at - 143°C shows splittings characteristic of 
axial and equatorial protons of the single conformer. After 
assignment of the 'H and I3c signals at 25°C using normal 
(7) and long-range (8) HETCOR 2D spectra as summarized 
in Tables 1 and 2, the following proton-proton vicinal cou- 
pling constants were obtained for the C4-C5 bond at -20°C 
(,la, = 1 1.2 Hz; 3 ~ , ,  = 7.0 Hz; ,la, < 1.0 HZ). A compari- 
son with similar benzocycloheptene derivatives (9) indi- 
cates that these parameters are characteristic of a chair 
conformation. The activation energy of the chair inversion 
determined (10) at the coalescence temperature of the H-2 
signal (T, = - 127"C), is AG' = 7.0 + 0.3 kcal mol-I in 
CHF2Cl. 

The 100.6 MHz and 400.1 MHz 'H NMR spectra of 
derivatives 3 (Y = OCH,) and 4 (Y = C1) showed a slight 
broadening of the signals when lowering the temperature to 
- 140°C. This observation is in accord with the presence of 
a single conformer. The assignment of the proton signals for 
these two compounds was readily made using the 'H-'H 
COSY 2D experiment (1 1) at - 120°C, while the I3c signal 
assignment was made by comparison with the chemical shifts 
of the parent compound 2. The pertinent parameters are given 
in Tables 1 and 2. 

The single conformer for each of 3 and 4 is found to have 
a chair geometry from consideration of the vicinal proton- 
proton coupling constants about the C4-C5 bond (,la, = 
11.0 and 11.6 Hz; 3 ~ , ,  = 6.6 and 6.8 Hz for both 3 and 4; 

,la, < 1.0 Hz) obtained at - 120°C. These values are simi- 
lar to those determined for the chair form of compound 2. 
The orientation of the polar substituents (OCH, for 3 and C1 
for 4) is then deduced as axial by the characteristic equato- 
rial-equatorial vicinal coupling constants about the C1-C2 
between H-2 and the two H-l (3~,,  = 6.6 Hz for 3 and 6.2 
Hz for 4). The substituent chemical shift effects (12) a, P, 
y were determined from the I3c data at - 120°C for the Ca 
forms of 3 and 4 as summarized in Table 1. 

Decoupled 100.6 MHz ',c NMR spectra of the parent 
compound 6 (Y = H) at variable temperature are also char- 
acteristic of a single conformer; indeed no spectral change 
is observed down to - 120°C. Normal (7) and long-range (8) 
HETCOR 2D experiments at 25°C were used to assign the 
carbon peaks reported in Table 1. 

As for compound 2, the 400.1 MHz 'H NMR spectrum 
of 6 at low temperature (- 120°C) also shows splitting of the 
axial and equatorial proton signals that were assigned using 
COSY 2D data (1 1). The chair conformer is then deduced 
from the values of the vicinal coupling constants between 
H-4 and H-5, namely 3~4a-5 ,  = 1 1.8 HZ; 3~4e-5e = 7.6 Hz; 
,la, < 1.0 Hz, which are found to be similar to those ob- 
tained for compounds 2-4. AG' is calculated for the inver- 
sion of the chair at the coalescence temperature (10) of H-2 
(T, = -45°C) and is equal 10.8 + 0.3 kcal mol-I. 

On lowering the temperature, both the methoxy and chloro 
derivatives (7 and 8) showed chan es in the 100.6 MHz I3c F NMR and also in the 400.1 MHz H NMR spectra. For ex- 
ample, Fig. 1 shows that the aliphatic carbon signals (C-2 
to C-5) of 7 split into three components of unequal intensi- 
ties (93 : 5 : 2) at - 120°C, while for compound 8 the inten- 
sities are 85 : 12 : 3 at - 120°C, both in CHF2C1. 

To show that for 7 the less abundant of the three peaks 
(2%) in CHF,Cl is not an impurity but a real conformer sig- 
nal, the saturation transfer technique (13) was used with se- 
lective excitation of the C-2 signals using the DANTE 
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CAN. J .  CHEM. VOL. 70, 1992 

FIG. 1. Variable temperature 100.6 MHz I3C NMR spectra of 7, in CHF,Cl (Ca = axial chair, Ce = equatorial chair, TB = twist- 
boat). 

sequence (14) as illustrated in Fig. 2. At -85°C in CHF,Cl, 
selective saturation of the minor peak at 86.3 pprn (Fig. 2b) 
effectively reduced the relative intensity of the other two 
peaks located at 84.1 and 91.0 ppm. Saturation of the major 
peak (84.1 ppm) was also accompanied by transfer of satu- 
ration that, as Fig. 2c shows, modified the other two sig- 
nals. This transfer of saturation between the three signals 
confirms the presence of three equilibrating conformers. 

The I3c NMR spectrum of compound 8 at - 120°C shows 
that the chemical shifts of the minor peaks (C-3 to C-5) are 
similar to those of 7 and therefore in accord with the pres- 
ence of three conformers. The I3C aliphatic signals for the 
two most abundant conformers of coinpounds 7 and 8 have 
been assigned by selective double irradiation of H-5 and H-4 
respectively. A comparison with '" chemical shifts of the 
parent compound 6 was made to assign the aromatic car- 
bons. From these results, the a, p, y chemical shift param- 
eters (12) were calculated and are summarized in Table 1. 
The y parameter is the most reliable diagnostic (15) of the 
Ca or Ce  forms. It is observed that this parameter for 7 is 
negative, larger for Ca (-6.4 ppm) than for Ce (-0.9 ppm), 
in accord with the value already observed (5) for the Ca 
(-6.8 ppm) and Ce (-2.2 ppm) forms of the reference 
methoxy derivative 5. The chloro compound 8 also pos- 
sesses a greater negative y value for Ca (-6.3 ppm) than for 
Ce (+0.5 ppm) as commonly observed in many other ana- 
logs (16). 

To  support the conformational results obtained from the 
13 C parameter analysis, the 'H NMR spectra of 7 and 8 were 

also analyzed at - 120°C. However, because the majority of 
the signals of the two less-populated conformers (namely the 
second and third conformer in order of decreasing popula- 
tion) overlap with those of the major conformer (namely the 
first conformer), complete spectral assignment for 7 was 
made using the 'H-'H COSY 2D experiment (1 1) at - 120°C. 
Figure 3 shows the contour plot obtained at - 120°C from the 
COSY 2D experiment together with the normal one-dimen- 
sional 'H spectrum above it. The diagonal peaks correspond 
to the chemical shifts of the various signals in the normal 
spectrum while the off-diagonal peaks result from coher- 
ence transfer via J coupling. 

The downfield signal H-2e at 4 .6  pprn was taken as start- 
ing point for the assignment. This signal numbered 1 on the 
diagonal of the contour plot shows two correlations (2 and 
3) that identify H-3e and H-3a. Next, the H-3e peak at 
2.4 pprn gives rise to the two correlations 4 and 5 that iden- 
tify H-4e and H4a. Finally, the two protons H-5a and H-5e 
were assigned using the two correlations 6 and 7. The as- 
signment of axial and equatorial protons for 8 was similarly 
made and the data are presented in Table 2. 

For the major conformer of 7 and 8 ,  the vicinal coupling 
constants between H-4 and H-5 agree with chair forms for 
which the substituent orientation is deduced as axial using 
the vicinal proton-proton coupling constant between H-2 and 
the two H-3 protons (3~2e-3c = 3.7 Hz; 3~2,-3, = 2.6 Hz for 7 

3 and 3 ~ 2 , _ 3 c  = JZe-3, = 3.0 HZ for 8). The minor H-2 signals 
at 4.09 and 4.66 pprn for the second conformer of both 
compounds 7 and 8 showed only one large coupling con- 
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(a) 

h 
(b) SATURATI 

C- 2 

N O R M A L  

conformation. This large preference for C over TB is totally 
in accord with that observed for analogous benzoxepins (5) qm0cH3 and is in accord with the relative conformational energies 
calculated for TB using the MM2 Molecular Mechanics 

I 0  s computer program (18) (2.8 kcal mol-' for 2 and 3.1 kcal 
I I mol-I for 6). 

Conformational dynamics 
- 85' The activation energies for the conformational exchange 

processes of the sulfur compounds are summarized in Table 
3. While compound 2 (Y = H), with sulfur at the 3 posi- 
tion, shows a low barrier for the C C* inversion (AG* = 

V+b--J- 7.0 kcal mol-I), the three derivatives with sulfur at the 1 
position (6, Y = H; 7,  Y = OCH,; 8,  Y = C1) possess a 
higher free energy barrier for the C C:% process (10.7- 12.0 
kcal mol-I). The observation that the 1,5-benzodithiepin 
series (19) showed a similar high free energy barrier (10.9- 

- 85' 12.9 kcal mol-I) suggests that rotation about the phenyl-S 
bond contributes to raise the barrier for conformational in- 
terconversion. 

(4 
SATURATION 

FIG. 2. Partial 100.6 MHz "C NMR spectra of 7 at -85OC with 
saturation transfer between the three conformers. (The intensities 
are normalized with the solvent signal.) 

stant between H-2 and one of the two H-3 protons (3~,;,+3, = 
11.3 Hz for 7 and 1 1.5 Hz for 8) which is indicative of an 
equatorial orientation of the polar substituents (Y = OCH, 
for 7 and Y = C1 for 8). 

For the third and less populated conformer, no signal was 
detected in the 'H spectra because of overlap with the major 
signals. However, based, on the general behaviour for this 
family of compounds, the most likely conformer possible is 
the twist-boat form (TB). 

In conclusion, the 'H and I3c NMR parameters for 7 and 
8 are in accord with the presence of the three conformers, 
namely, Ca, Ce, TB, in the ratios summarized in Table 1. 

The AG# values were estimated (17) at the coalescence 
temperatures of signals in the I3c NMR spectra. The results 
for 7 are AG#(ca-TB) = 12 * 1 kcal mol-I (T, = -20°C) 
and AGZ(ce-TB) = 9 2 1 kcal mol-I (T, = -50°C), while 
for the chloro compound 8, AG#(c~-TB) = 10.7 2 0.5 kcal 
mol-I (T, = 35°C) and AG#(Ce-TB) = 10.2 -+ 0.5 kcal 
mol-I (T, = -40°C). 

Discussion 
Corzformation of the parent compoutzds 2 and 6 

The 'H and I3c NMR spectra of the parent compounds 2 
and 6 revealed exclusively the presence of the chair (C) 

Anomeric effect in the methony derivatives 3 and 7 
In a previous publication (20), Wolfe et al. using the the- 

oretical PMO method for sulfur derivatives confirmed the 
large preference for the gauche form in the :-S-C-Y 
moiety (dihedral angle 0 = 60") over the anti form (0 = 
180"). The stabilization energy resulting from an interaction 
between the occupied (12,) and unoccupied (u*~-,) molec- 
ular orbitals is proportional to s'/AE (where S is the over- 
lap between the two orbitals and AE is the energy difference 
between these two orbitals). The analysis of the n , -~*~- ,  
orbital interaction within this framework (20) predicts bet- 
ter overlap for the 12, than the 12, free electron pair and it is 
suggested that this term should dominate over the energy gap 
term (m. Consequently, the anomeric effect is expected to 
be greater for the :-0-C-Y than for :-S-C-Y 
moiety. Ab itzitio studies (21) made on the 0-C-0 and 
S-C-0 fragments are in accord with the above t2-u'" 
analysis. Furthermore, assuming that a longer C-Y bond 
is a reflection of a stronger anomeric effect (22), the obser- 
vation that the C-C1 bind lengths in some sixomembered 
rings (23) are longec for :-0-C-C1 (1.84 A) than for 
:-S-C-C1 (1.80 A), supports the above prediction on the 
relative strength of the anomeric effect. 

In spite of these considerations, it is found that the axial 
conformer is more favored in cyclic six-membered sulfur 
compounds because the C-S (1.84 A) bond is longer than 
C-0 (1.45 A) and this reduces steric repulsion in Ca. For 
example, the results for both the six-membered 2-methox- 
ytetrahydropyran (3a) 10 and 2-methoxytetrahydrothio- 
pyran (24) 11 showed an identical Ca:Ce population ratio at 
25°C in the nonpolar solvent CCl, (83: 17), while in the more 
polar acetonitrile the Ca: Ce ratio is 68 : 32 for 10 and 79 : 2 1 
for the sulfur analog 11. 

Comparison of our results for the two methoxy benzo- 
thiepins (3 and 7) to the analogous methoxy benzoxepins (1 
and 5,  whose results are also reported in Table 3) show 
similar axial preference in the 3-hetero series (>98% for 3 
and 94% for 1 at - 120°C), while for the I-hetero series the 
Ca amounts are strikingly different, 93% for 7 and 5% for 
5.  This low Ca population for 5 was explained (5) by a 
weakening of the etzdo-anomeric effect produced by a large 
departure from coplanarity in the :-0-C-OMe frag- 
ment as revealed by calculated torsional angles. A stronger 
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CAN. J .  CHEM. VOL. 70, 1992 

FIG. 3. Partial 400.1 MHz 'H NMR 2D COSY spectrum of 7 at - 120°C in CHF2C1. (X denotes impurity signals.) 

exo-anomeric effect was also expected to further stabilize the 
Ce form of 5. In contrast, the departure from coplanarity in 
the :-S-C-OMe fragment of 7 does not appear to ap- 
preciably attenuate the n-u* overlap from the endo-ano- 
meric effect. In terms of free energy, the axial conformer of 
7 is stabilized over the equatorial form by AGO(a - e) = 

- 1.0 kcal mol-' while in 5 the situation is reversed with a 
destabilization bGO(a - e) = 0.9 kcal mol-l. Thus, the total 
energy difference between the Ca and Ce forms of 5 and 7 
is estimated at about 1.9 kcal mol-I. It would appear that the 
larger and more diffuse character of the n, orbital relative to 
no orbital allows it to contribute more favorably to n-a* 
overlap in spite of the appreciable departure from coplanar- 
ity as suggested by the torsion angle near 35" that is esti- 
mated for both 5 and 7 by the MM2 computer program (18). 

Finally it appears that the stereoelectronic stabilization of 
the TB in compound 7, mainly by the anomeric effect, is 
sufficient to lead to observable NMR signals (2%), while for 
compound 5 the attenuation of the anomeric effect (n-u*,,) 
was not sufficient to lead to observable signals for the TB 
form (5b). 

Anomeric effect in the chloro derivatives 4 and 8 
The advantage of the chloro substituent over the methoxy 

group is that it has no particular rotamer favouring the exo- 
anomeric interaction (25). Now, without this contribution, 
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TABLE 2. Proton 'H chemical shiftsa of compounds 2-4 and 6-8 at high and low temperatures 

Com- Con- 
pound T, "C formef H- 1 H-2 H-3 H-4 H-5 OCH, 

2 -20 2.68 (t, Hl) ,  3.26 (t, HZ), - See H2 See H1 - 
J = 4.6 Hz J = 4.6 Hz 

- 143 C 2.60 (dd, Hla),  3.30 (dd, H2a), - See H2 See H 1 - 
'J ,,_,. = - 14.6 HZ, 2J2._2. = - 14.9 Hz, 
3J,,_2, = 1 1.2 HZ; J,,_,, = 11.2 Hz; 
2.70 (dd, Hle),  3.14 (dd, H2e), 
'J ,,_,, = -14.6 Hz; 2JZc_Zn = -14.9 Hz, 
3J1r-2e = 7.0 HZ 3J2e-le = 7.0 HZ 

3 0 b h h h b - 
- 120 Ca 3.73 (d, Hla), 4.67 (d, H2), - 2.73 (t, H5e). 3.21 (dd, H5e), 3.29 

'J =-14 .3Hz  3J2._,.=6.6Hz 'J, ._,, = - 14.3 Hz, 'J,._,, = - 14.3 Hz, 
3J+,_,, = 11.0 Hz; J,,_,, = 6.6 Hz 
2.60 (dd, H4e), 
3J,,,, = - 14.3 Hz, 
3J4c-5c = 6.6 Hz 

3.49 (dd, Hle),  (H5a) 
'J, ._, ,  = - 14.3 Hz, 
3J1,_,, = 6.6 Hz 

4 0 h b h b b 

- 120 Ca 3.86 (d, Hla), 5.54 (d, H2), - 2.96 (t, H4a), 3.3-3.1 (H5e, H5a) - 
'J ,,_,, =-14 .3Hz  3J2J, ,_, .=6.2Hz 'J,,+,. = - 14.1 Hz, 

3J4,.,, = 11.6 Hz; 
2.75 (dd, H4e), 
'J,c.,:, = - 14.1 Hz, 
3J4J-lc-5c = 6.8 HZ 

3.45 (dd, Hle), 
'J ,,.,, = -14.3 Hz, 
3J,c_2c = 6.6 Hz 

6 -20 - 2.73 (t, H2), 2.09 (m, H3) 1.79 (br, H4) 3.03 (t, H5), - 
J = 5.4 Hz J = 5.3 Hz 

-120 C - 2.53 (ddd, H2a). 1.92 (qt, H3a), 1.28 (qd, H4a), 3.13 (t, H5a). - 

'J1,.Z,= -13.6Hz, 'J3,-,, = -13.4Hz, ?.,.,, = -13.2Hz, 'J ,,.,, = -13.7 Hz, 
'J2,.,, = 13.0 Hz, 3J3r.2r = 13.0 HZ, 3J,J,,.,, = 13.0 Hz, 3J5 = 11.8 Hz; 
3J211.3c = 2.0 HZ; 'J,,.,, = 13.0 Hz, 'J,r,-5;, = 1 1.8 HZ, 2.92 (dd, H5e), 
2.89 (d, H2e), 3 ~ J z _ 4 c  = 3.0 HZ; 3J4,.,, = 3.4 HZ; 'Jsc_s, = - 13.7 HZ, 
2J2,_2. = - 13.6 Hz 2.28 (m, H3e) 2.08 (m, H4e) 3Js,.,, = 7.6  Hz 

7 0 - 4.45 (br, H2) 2 .23(m,H3) ,2 .15  1 .75(m,H4,H4 ' )  3.15(m,H5),2.91 3.40 

(m, H3') (m, H5') 
-120 Ca - 4.60 (dd, H2), 2.19 (td, H3a), 1.56 (qd, H4a), 3.22 (dd, H5a). 3.39 

3J2e-3r = 2.6 Hz, 'J3,.,,= -13.9Hz, 'J,,.,,= -13.9Hz, 'J ,,_,, = -13.6Hz. 
3J2,.,c = 3.7 Hz 'J,,.,, = 13.9 Hz, 3J4J,,.,, = 13.9 Hz, 'JbJ,,,, = 1 1.8 Hz; 

'J33-2c = 2.6 Hz; 'J,  ,.,. = 1 1.8 Hz, 2.91 (dd, H5e), 
2.45 (dd, H3e), 'J,,-,, = 1.7 Hz; 'J,,_,, = - 13.6 HZ, 
'J' ,+,, =-13 .9Hz ,  1.92(m,H4e) 3J,,_,, = 7.6 Hz 
3J3,+2, = 3.7 Hz 

Ce - 4.09 (d, H2), . . . .. 
'J,,.,, = 1 1 .3 Hz 

8 0 - 5.10 (br, H2) 2.36 (br, H3) 1.89 (br, H4), 1.73 3.09 (br, H5), 2.93 - 
(br, H4') (br, H5') 

-120 Ca - 5.44 (t, H2), 2.42 (t, H3a), 2.77 (q, H4a), 3.15 ( t ,  H5a), - 
3J2,_,, = 3.0 Hz, 'J,,_,, = -13.2 HZ, 2J.,.4c = - 13.2 HZ, 2J5a.5e = -14.0 HZ, 
3J2Jz,.,, = 3.0 Hz 'J,,.,, = 13.2 Hz; ' J ,,.,, = 13.2 Hz, 'J, ,.,, = 13.2 Hz; 

2.55 (dd, H3e), s3J, ,-,, = 13.2 Hz; 2.96 (dd, H5e), 
'J,,_,, = - 13.4 Hz, 1.98 (m, H4e) 'J,,_,, = - 14.0 Hz, 
'J3,-,, = 3.5 Hz 3~ , , . 4 ,  = 8.0 Hz 

Ce - 4.66 (d, H2), 

2J,,.,, = 1 1.5 Hz 

"C = chair, Ca = axial chair, Ce = equatorial chair. 
'Parameters are similars to those at - 120°C. 
'Superposed with major conformer. 
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TABLE 3. Thermodynamic and kinetic data for compounds 1-8 
- - 

Population, -AGO, 
y0n.(1 

AGf , 
Compound Solvent Conformer kcal/mol (T, "C) kcal/mol (T, "C) 

6 CHF'CI C >98 >1.2 (C/TB, -120) 10.8 (C+C*, -45) 
7 CHF2C1 Ca 93 1 .O (Ca/Ce, - 120) 12.0 (Ca+TB, -20) 

Ce 5 1.2 (Ca/TB , - 120) 9.0 ( C w T B ,  -50) 
TB 2 0.3 (Ce/TB, -120) 

8 CHF'CI Ca 85 0.6 (Ca/Ce, - 120) 10.7 (Ca+TB, -35) 
Ce 12 1 .O (Ca/TB, - 120) 10.2 (Ce-+TB, -40) 
TB 3 0.4 (Ce/TB, - 120) 

"Populations in CH30CH3 are similar for 2-6, while for 7 and 8 populations are Ca: Ce:TB, 91 : 6: 3 and Ca: Ce:TB, 80: 17 : 3, 
respectively. 

"Uncertainties on conformer populations were 50.5.  
'Data taken from ref. 5b. 

the Ca/Ce ratio should be representative of the strength of 
endo-anomeric effect alone (25). Furthermore, the relative 
steric effect of both the methoxy and the chloro groups is 
expected to be similar as indicated by the similar confor- 
mational A values in the cyclohexane series (26). 

Considering the relative energies of the u:~,-, orbitals 
(lower for Y=Cl than for Y=OCH,) (27), the energy gap AE 
for the ns-u'+c-y interaction suggests a better anomeric sta- 
bilization for the chloro substituent than for the methoxy 
group. Considering the similar electronegativity of C1 and 
OCH,, it is expected (28) that both a*,-,, and u * ~ - ~ ~ ~ ~  
would provide the same overlap (s') with the ns orbitals. 
Consequently for a six-membered ring, the 2-ch1or:tetra- 
hydrothiopyran 12 shows a larger axial preference- with 
aGO(a - e) = - 1.75 kcal mol-I than the methoxy analogue 
11 for which AGO(a - e) = - 1.53 kcal mol-'. 

Our results for the thio derivatives 3 and 4 (>98% of Ca) 
are not suff~ciently sensitive to show differences between the 
chloro and methoxy substituents. However, in compounds 
7 and 8 a larger axial preference is observed for the meth- 
oxy derivative 7 relative to the chloro derivative 8 .  This re- 
sult is opposite to that reported earlier for six-membered 
rings.' An electrostatic interaction between the polar substi- 
tuent (C1 or OCH,) and the benzo group favouring the Ce  
form has been identified in the past (9) for the methoxy and 
chloro derivatives 13 and 14 of benzocycloheptene. Such an 
electrostatic interaction might also be responsible for the 
stronger axial preference for 7 (Y = OCH,) than for 8 (Y = 
C1) . 

Considering that in both compounds 4 and 8 the chloro 
group is located at the same ring position, then the differ- 
ence in the Ca amounts should arise mainly from the change 
in the S-atom position in the seven-membered ring. With 
sulfur located at that 3 position (as in 4), the large prefer- 
ence for the Ca  (Ca/Ce > 49) is controlled by the endo- 
anomeric effect, while with sulfur at the 1 position (as 
in 8)  the preference for the axial form is reduced slightly 
(Ca/Ce = 7.7) and, possibly, as the result of a departure from 
coplanarity in the :-S-C-C1 moiety in 8, which could 

lead to a slight reduction of the endo-anomeric effect and 
therefore shift the equilibrium towards the C e  conformer. 

Finally, the endo-anomeric effect ns-u*c-cl contributes 
to the stabilization of T B  (3%) in 8 but not in 4.  This trend 
was also observed for the methoxy derivatives 3 and 7. 

Experimental 
High-field variable temperature 'H, I3c, and COSY 2D NMR 

spectra were recorded with a Bruker WH-400 spectrometer equipped 
with a B-VT-100 variable temperature unit. Calibration using a 
copper-constantan thermocouple inside an NMR tube containing 
a solvent indicates that the temperatures reported are precise within 
? 3°C. 

The samples used in the variable temperature 'H experiment were 
prepared as a CHF'CI solution (15-20 mg in 0.55 mL of solution) 
containing 18% of CD2C1, (for locking purposes), 82% of CHF'Cl, 
and a small quantity of Me,Si in 5-mm tubes that were degassed 
and sealed. The degassed carbon-13 samples were prepared in 
CHF2C1 or CH30CH, (120-180 mg in 2.2 mL of solution) con- 
taining 18% of CD'CI, (for locking purposes) and a small quantity 
of Me,Si . 

Reliable integrations from the "C spectra were obtained using a 
0.1-0.2 s delay between pulses and by averaging at least three sets 
of carbon signals for each compound. 

Normal and long-range HETCOR 2D NMR spectra were per- 
formed on a Varian VXR-300 spectrometer in CDCI,, using the 
published pulse sequence (7, 8), for which 128 FID of 2K were 
recorded. A Gaussian function was applied and the final matrix was 
zero-filled to 256 X 2K. The digital resolution obtained was be- 
tween 5-10 Hz/pt (F2, "C) and 2-4 Hz/pt (Fl ,  'H). 

Typical parameters for the COSY 2D spectra are as follows: 
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128FID x 1K of 16 scans were acquired and the final matrix was pound to be pure. Mass spectrum CI, m/e: 199 (M + l ) ,  163 
treated with Gaussian multiplication and zero-filled to 1K X IK (M - Cl). 
matrix. The digital resolution was between 2 and 4 Hz/pt. 

The high-resolution mass spectra were taken on a modified 
MS-50 spectrometer at 70 eV. 

The molecular mechanics (MM2) calculations were obtained on 
an IBM/AT computer, using the PCMODEL program (18) pur- 
chased from Serena Software, Box 3076, Bloomington, IN 47402- 
3076. 

Compounds 2-4 and 6-8 were prepared as follows: 

1,2,4,5-Tetrahydro-3-benzothiepin (2) 
This compound was prepared by the reaction of ditosylated 1,2- 

benzenediethanol(5b) (10 g, 24.4 mmol) in 150 mL of ethanol with 
sodium sulfide nonanhydrate (5.9 g ,  24.5 mmol). The suspension 
was stirred vigourously for 6 h at room temperature and then fil- 
tered. The solvent was removed under vacuum and the remaining 
liquid was purified by flash chromatography on silica gel (230-400 
mesh) using a mixture of CH,CI,:hexanes/50:50 as eluant. The 
solid compound 2 (2.4 g), reported in the literature (29), was con- 
firmed by the 'H and I3c NMR spectra listed in Tables 1 and 2. 
Mass spectrum EI, Exact Mass calcd. for CIoHl2S: 164.066; found: 
164.066. 

2-Chloro-1,2,4,5-tetrahydro-3-benzothiepin (4) 
This compound was prepared by the reaction of 1,2,4,5-tetra- 

hydro-3-benzothiepin (2) (0.78 g, 4.75 mmol) at -20°C for 2 h with 
N-chlorosuccinimide (0.65 g, 4.86 mmol) in 30 mL of carbon tet- 
rachloride. The mixture was then filtered and the solvent evapo- 
rated under vacuum to give 0.93 g of liquid, identified by its proton 
NMR spectrum as a mixture (50:50) of compound 4 and 1,2-di- 
hydro-3-benzothiepin. Many purification attempts by distillation, 
flash chromatography (silica: alumina, basic alumina), or gas 
chromatography were unsuccessful and led to 1,2-dihydro-3-ben- 
zothiepin. The ' H  and I3c NMR parameters were obtained on the 
mixture and those of 4 are reported in Tables 1 and 2. Mass spec- 
trum CI, m/e: 199 (M + 1); 163 (M - Cl). 

2-Methoxy-I,2,4,5-tetrahydro-3-benzothiepin (3) 
At -8O0C, the chloro deriyative (4) freshly prepared as above 

(0.54 g, 2.72 mmol) was dissolved in 100 mL of methanol and the 
solution was neutralized with NaHCO, (0.28 g of NaHC0, was 
added in excess). The solution was then stirred vigourously at 
-80°C and a solution of silver trifluoromethanesulfonate (0.7 g, 
2.72 mmol) in 5 mL of methanol at -80°C was added dropwise. 
After 0.5 h, the mixture was filtered, poured into 100 mL of water, 
and extracted with 3 x 150 mL of ether. The organic layers were 
dried with magnesium sulfate, filtered, and evaporated under vac- 
uum. Purification by flash chromatography on silica gel (230-400 
mesh) eluting with (10% CH,Cl,/hexane) yielded 0.32 g of pure 
2-methoxy-l,2,4,5-tetrahydrol3-benzothiepin (3). The 'H and I3c 
NMR parameters are reported in Tables 1 and 2. Mass spectrum 
EI, Exact Mass calcd. for C ,  IH140S: 194.076; found: 194.073; CI, 
m/e: 195 (M + l ) ,  163 (M - 0CH3). 

2,3,4,5-Tetrahydro-1 -benzothiepin (6) 
This compound was prepared using thiophenol as starting ma- 

terial by a published method (30). The compound was purified by 
flash chromatography on silica gel (230-400 mesh) using a mix- 
ture of CH2C12 and hexane as eluant. 

The 'H and I3C NMR parameters are reported in Tables 1 and 
2. Mass spectrum EI, Exact Mass calcd. for C,oH,2S: 164.066; 
found: 164.063. 

2-Chloro-2,3,4,5-tetrahydro-I-benzothiepin (8) 
N-Chlorosuccinimide (0.68 g, 5.09 mmol) was added to a so- 

lution containing compound 6 (0.8 g, 4.87 mmol) in 15 mL of 
carbon tetrachloride. The mixture was stired overnight, filtered, and 
evaporated under vacuum to give 0.95 g of compound 8 as a liq- 
uid. The 'H and I3c data listed in Tables 1 and 2 showed the com- 

2-Methoxy-2,3,4,5-tetrahydro-I-banzothiepin (7) 
A solution of silver trifluoromethanesulfonate (0.65 g, 

2.52 mmol) in 4 mL of methanol was added dropwise to a stirred 
solution of the chloro compound 8 (0.5 g, 2.52 mmol) in 30 mL 
of methanol. After 0.5 h the acid mixture was neutralized with 
NaHCO,, filtered, and added to 10 mL of water. Extractions were 
made with 3 X 100 mL of ether and the organic fractions were dried 
with MgSO,, filtered, and evaporated under vacuum. The mixture 
was purified on flash chromatography eluting with a mixture of 20% 
CH,Cl,:hexane to give 0.39 g of compound 7 as liquid. The 'H and 
I3C NMR data are listed in Tables 1 and 2. Mass spectrum EI, Exact 
Mass calcd. for CI IHI40S:  194.076; found: 194.073; CI, m/e: 195 
(M + l ) ,  163 (M - OCH,). 
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Thermal expansivities of aqueous solutions of 2-butoxyethanol in the water-rich 
region: transition of mixing scheme 
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JAMES V. DAVIES, FRANKIE W. LAU, LOANNE T.  N. LE, JOHN T .  W. LAI, and YOSHIKATA KOGA. Can J. Chem. 70, 
2659 (1992). 

Thermal expansivities of aqueous solutions of 2-butoxyethanol (BE) were measured at concentrations of x,, < 0.04, 
where xBE is the mole fraction of BE. Thermal expansivity is a second derivative of the Gibbs free energy. The com- 
position derivatives of thermal expansivities, the third derivatives, show peak anomalies at the same loci as the other 
third derivatives of the Gibbs free energy reported earlier from this laboratory (Can. J. Chem. 67, 671 (1989); J. Phys. 
Chem. 94, 3879 (1990); J. Phys. Chem. 95, 41 19 (1991)). The loci of such anomalies form a boundary that separates 
two regions of totally different mixing schemes. The mixing scheme in the water-rich region seems to be consistent with 
the "iceberg formation," the "structure enhancement of H 2 0  by hydrophobic solute," and the "hydrophobic attraction." 
In the intermediate composition region, the hydrogen bond network of H 2 0  collapses due to the presence of too many 
molecules of BE, and H,O and BE molecules interact with each other as normal liquid molecules. 

JAMES V. DAVIES, FRANKIE W. LAU, LOANNE T. N. LE, JOHN T.  W. LAI et YOSHIKATA KOGA. Can. J. Chem. 70, 2659 
(1992). 

On a mesurk I'expansibilitC thermique de solutions aqueuses du 2-butoxykthanol (BE) des concentrations de xs ,  < 
0.04 oh x,, est la fraction molaire du BE. L'expansibilitC thermique est Cgale a la deuxikme dCrivC de 1'Cnergie libre de 
Gibbs. Les dCrivts de I'expansibilitC thermique en fonction de la composition, les troisikmes derivts, prksentent des 
anomalies dans les pics aux m&mes endroits que les autres troisikmes derives de l'energie libre de Gibbs rapportCes 
antkrieurement par ce laboratoire (Can. J. Chem. 67, 671 (1989); J. Phys. Chem. 94, 3879 ( 1990); J. Phys. Chem. 95, 
41 19 (1991)). Les locations de ces anomalies forment une frontikre qui sCpare deux rCgions dans lesquelles les proces- 
sus de melange sont totalement differents. La processus dans la rkgion riche en eau semble &tre en accord avec les con- 
cepts de <<formation d'iceberg,,, de ccrehaussement de la structure de l'eau par le solutC hydrophoben et d'ccattraction 
hydrophobez. Dans la region de composition intermediaire, la presence d'une trop grande quantitt de mol6cules de BE 
provoque une dtsagregation du rCseau de liaisons hydrogenes de l'eau et les molCcules d'eau et de BE interagissent les 
unes avec les autres comme des molCcules liquides normales. 

[Traduit par la rCdaction] 

Introduction 

In  previous thermodynamic studies f rom this laboratory 
o n  aqueous solutions of  2-butoxyethanol (BE) ,  the excess 
partial molar  enthalpies, ~ , ~ ( i )  (1 ,  2), entropies, ~ , , , ~ ( i )  (3), 
and  volumes,  ~,:(i) ( 4 ,  7) ,  were reported. Here  i stands fo r  
BE or  H20. These quantities were determined accurately and 
at small increments in mole fraction. Thus the derivatives of 
these quantities with respect to  the amount of  the ith species 
were evaluated with a reasijnable accuracy, within several 
per cent.  These  derivatives signify the effect of  an addi- 
tional ith species o n  the respective partial molar  quantity of  
the existing ith species. Thus, it was argued (1-4, 7 )  that they 
provide a measure of  the ith species - ith species interaction 
in terms of  enthalpy, entropy, o r  volume,  respectively. 

With the aid of  these quantities, w e  pointed ou t  that there 
are three composition regions in the single phase domain, in 
each  of  which the mixing scheme is qualitatively different 
from those in the other regions. Furthermore, w e  pointed out 
(1-4, 7 )  that the crossovers between the neighbouring re- 
gions are associated with anomalies in the third o r  the fourth 
derivatives of  the Gibbs free energy. In  particular, the tran- 

' ~ u t h o r  to whom correspondence may be addressed. 
'~ev is ion  received June 3, 1992. 

sition from the water-rich to the intermediate composition 
regions was  accompanied by  peak anomalies in the third 
derivatives of  the Gibbs free energy.  

This  work  is a part o f  continuing efforts of  learning how 
the other  third derivatives behave across this boundary in 
mixing scheme.  To this end  w e  measured thermal expan- 
sivities of  the BE-H20 mixtures. 

Experimental 
2-Butoxyethanol (BE) used was supplied by Aldrich (99+%, 

spectroscopic grade). H 2 0  was freshly distilled. The mixtures were 
prepared by weighing. BE was weighed out, at least 3 g, to within 
0.0001 g and H 2 0 ,  about 300 g, to 0.01 g for series I (see below), 
or to 0.1 g for series 11. Thus the mole fraction was determined at 
worst within 0.05%, taking account of the effect of degassing noted 
below. 

A home-made dilatometer is shown in Fig. I.  It is made of Pyrex 
glass with a volume of about 270 mL. A capillary of 1 mm diam- 
eter is fitted through a B19 ground joint. A standard wooden meter 
stick was fixed to the capillary by means of two plastic cord hold- 
ers. The cross-sectional areas of the capillary at various positions 
of the meter stick were calibrated by using a small amount of mer- 
cury. It was found necessary to degas the sample immediately be- 
fore filling the dilatometer. Otherwise, gas bubbles formed in the 
dilatometer. Degassing was accomplisheh by connecting the flask 
containing a sample solution to a 2 L flask evacuated to approxi- 
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TABLE 1. Thermal expansivities of aqueous solutions of 2-butoxyethanol, series I 

a6 (measured) (10-4 K- ' )  4 (fitted) K- I )  

Temp. ("C): 
XBE 21.00 23.00 25.00 27.00 29.00 20.00 25.00 30.00 

0 2.173 2.376 2.572 2.761 2.943 2.054 2.573 3.005 
0.002000 2.247 2.466 2.667 2.834 3.032 2.157 2.664 3.166 
0.004000 2.358 2.576 2.797 2.957 3.142 2.240 2.784 3.215 
0.006000 2.475 2.701 2.900 3.059 3.234 2.362 2.894 3.300 
0.008000 2.604 2.815 3.013 3.172 3.349 2.496 3.006 3.420 
0.010000 2.746 2.954 3.152 3.309 3.484 2.639 3.144 3.554 
0.012000 2.907 3.106 3.305 3.475 3.673 2.809 3.297 3.759 
0.014000 3.086 3.296 3.496 3.676 3.837 2.972 3.495 3.912 
0.01 6000 3.326 3.543 3.765 3.946 4.102 3.198 3.760 4.175 
0.018000 3.631 3.842 4.042 4.193 4.345 3.515 4.035 4.404 
0.019996 3.956 4.135 4.298 4.463 4.583 3.856 4.304 4.647 
0.022000 4.169 4.321 4.466 4.578 4.704 4.090 4.460 4.753 
0.024000 4.341 4.480 4.613 4.7 19 4.817 4.263 4.610 4.858 
0.026000 4.483 4.607 4.737 4.834 4.937 4.413 4.730 4.981 

250 m L  
Erlenmeyer Temp/('c) 
flask FIG. 2. Thermal expansibility, a;, vs. temperature for x,, = 

0.008, series I. 

~ b ~ n e t i c  spin bar 

FIG. 1. Dilatometer. 

mately 10 Torr ( I  Torr = 133.3 Pa) and then immersing the flask 
in an ultrasonic bath for 3 min. The decrease in mass following this 
procedure was less than 0.03%, which was judged to cause a neg- 
ligible change in solution composition. No problems associated with 
dissolved gases were subsequently detectable. 

The dilatometer filled with a sample was immersed in a bath the 
temperature of which was controlled within *0.00l0C. The tem- 
perature of the bath was measured to O.Ol°C by a mercury-in-glass 
thermometer, which had been calibrated at the ice point and the 
melting point of NalS04. 10HzO, 32.383"C. After thermal equi- 

libration, which was attained within an hour, the temperature of the 
bath was raised and the volume change was measured by the rise 
of the meniscus in the capillary. 

Two series of measurements were performed. At lower mole 
fraction regions, the thermal expansivities turned out to be smaller 
than those at higher concentrations. Therefore, in the first series, 
after thermal equilibration at 20°C the temperature was raised suc- 
cessively by 2°C up to 30°C for the concentration region x,, < 
0.026. In the second series, XB, > 0.01, the temperature was 
changed by 1°C from about 23.5 up to 26.5"C. In this way the 
meniscus rise for both series was typically from 10 to 20 cm, de- 
pending on the concentration of the sample. The meniscus rise was 
read to 0.01 cm by a magnifying glass. The temperature change was 
determined with a Beckmann thermometer to within 0.00l0C. Thus 
with stem corrections for both the Beckmann thermometer and the 
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DAVIES ET AL. 266 1 

TABLE 2. Thermal expansivities, a;, of aqueous solutions of 2- 
butoxyethanol, series I1 

Temperature a6 (measured) a6 at 25.00°C 

XB E ("c) K-') 

0.008899 24.01 2.943 
25.01 3.054 3.047 ? 0.007 
26.01 3.153 

0.01 101 24.00 3.150 
25.00 3.269 3.29 k 0.02 
26.01 3.442 

0.01300 24.01 3.245 
25.00 3.379 3.36 k 0.02 
26.01 3.463 

0.01482 24.00 3.449 
25.00 3.592 3.57 k 0.02 
26.00 3.663 

0.01600 24.00 3.678 
25.00 3.794 3.784 k 0.009 
26.00 3.881 

0.01742 24.00 3.832 
25.00 3.940 3.929 * 0.009 
26.00 4.016 

0.01810 24.00 3.836 
25.01 3.991 3.95 k 0.04 
26.00 4.027 

TABLE 2 (concluded) 

Temperature a6 (measured) a6 at 25 .0O0C 
XBE CC) K-') 

capillary of the dilatometer, the uncertainties were estimated to be 
less than 0.5%. Taking into account the thermal expansivity of 
Pyrex glass, we could indeed reproduce the thermal expansivity of 
pure H 2 0  within 0.25% of the literature values (6) in the temper- 
ature range from 20 to 30°C. 

Results and discussion 

The definition of thermal expansivity, or,, is given by 

As mentioned above, we used a dilatometer with its total 
volume, Vo, being kept constant. Thus, we actually mea- 
sure the following quantity, a;, given by 

which is therefore a second derivative of the Gibbs free en- 
ergy. Thus, we wish to measure the values of <, in small 
increments in composition and to determine the following 
derivative, the third derivative of the Gibbs free energy: 

Here, N = nBE + n,, and n,, and n ,  are the amounts of BE 
and H 2 0  in the mixture. 

Table 1 lists the results for series I. A typical plot of a; 
vs. temperature at a given mole fraction is shown in Fig. 2. 
The curve in the figure is a quadratic equation fit to the five 
values of 4 determined at 2 1, 23, 25, 27, and 29°C. From 
such a curve fitting, the values of a,!, at 20.00, 25.00, and 
30.00°C were obtained and are also listed in Table 1. For 
series 11, since there are only three values, determined at 24, 
25, and 26"C, a linear fit was used to estimate the value of 
a,!, at 25.00°C and the uncertainty for each mole fraction. 
Such values of 4 at 25.00°C are listed in Table 2 together 
with all the measured values. 

All of these data for a,!, are plotted against xBE in Fig. 3. 
Inflection points are clearly apparent. The derivatives of eq. 
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CAN. J .  CHEM. VOL. 70. 1992 

FIG. 3. Thermal expansibility, a;, vs. mole fraction, xB,. 0, series I; A ,  series I1 (see the text). 

FIG. 4. The effect of additional BE on thermal expansibility, 
(1 - xB,)(dal,/d.uB,), vs. mole fraction. 

[3] are graphically evaluated from Fig. 3. The results are 
plotted in Fig. 4 for N taken to be unity. An estimated un- 
certainty is shown in Fig. 4. The loci of the peak anomalies 
shown in Fig. 4 are plotted in Fig. 5 together with those of 
other third derivatives mentioned in the Introduction. They 
all seem to fall on the same boundary. 

According to the discussion presented in the previous pa- 

FIG. 5. The loci of peak or cusp anomalies in various third de- 
rivatives of Gibbs free energy: AV '.:.ii; ( d ~ , , " ( ~ ~ ) / d n ~ , ) ,  refs. 1 - 
3; 0, c,E(BE), ref. 5; a, (av,,E(BE)/dn,,), ref. 7 ;  0, ( d ( ~ b / a r ~ ~ ~ ) ,  
this work. 

pers (1-4, 7), in the region to the left of the boundary shown 
in Fig. 5 ,  the hydrogen bond network of H,O is enhanced by 
BE molecules in the solution. In the intermediate concen- 
tration region, to the right of the boundary, H,O loses its 
hydrogen bond network and behaves as a normal liquid. The 
fact that the values of a; are smaller in the water-rich region 
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than those in the intermediate region, as is apparent from Fig. are grateful to the Governments of Canada and British 
3, is perfectly consistent with the above interpretation. In the Columbia for the Work Study Programme. 
water-rich region, the volume increase dueto thermal mo- 

1. W .  Siu and Y. Koga. Can. J .  Chem. 67, 671 (1989). 
is for the decrease due to the 2. y .  Koga, W,  W,  Y,  Siu, and T ,  Y ,  H ,  Wong. J. Phys, Chem. 

breakage of hydrogen bonds on heating. 94, 3879 (1990). 
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The acidic specific capsular polysaccharide of Rhodococcus equi serotype 3.  
Structural elucidation and stereochemical analysis of the lactate ether 

and pyruvate acetal substituentsl 
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WAYNE B.  SEVERN and JAMES C. RICHARDS. Can. J .  Chem. 70, 2664 (1992). 
The specific capsular polysaccharide produced by Rhodococcus equi serotype 3 was found to be a high-molecular- 

weight acidic polymer composed of D-glucose, D-galactose, D-glucuronic acid, 4-0-[(S)-1-carboxyethyll-D-mannose, and 
pyruvic acid in equal molar proportions. Structural analysis, employing a combination of chemical and nuclear mag- 
netic resonance techniques, established that the polysaccharide is composed of linear repeating tetrasaccharide units, 

in which (R)-1-carboxyethylidene groups bridge the 0 - 2  and 0 - 3  positions of the P-D-glucuronic acid residues. The 'H 
and "C NMR resonances of the native and depyruvulated serotype 3 polysaccharides were fully assigned by homo- and 
heteronuclear chemical shift correlation methods. The absolute configurations of the lactate-substituted mannopyrano- 
syl residues and the pyruvate acetals were determined from 'H-'H NOE measurements on the intact polysaccharide. 
Unequivocal determination of the absolute chirality of the 4-0-[(S)-1-carboxyethyll-P-D-mannopyranose residues was 
achieved by 'H-'H NOE measurements on an acetylated lactone derivative of the glycose. 

WAYNE B.  SEVERN et JAMES C. RICHARDS. Can. J .  Chem. 70, 2664 (1992). 
On a trouvt que le polysaccharide capsulaire spkcifique produit par le Rhodococcus equi du strotype 3 est un 

polymkre acide de poids molCculaire eleve, composC de D-glucose, de ~-ga lac to~e ,  d'acide D-glucuronique, de 4-0-[(S)- 
I-carboxytthyll-D-mannose et d'acide pyruvique presents en proportions molaires egales. Une analyse structurale fai- 
sant appel 2 une combinaison de techniques chimiques et de la rtsonance magnttique nucleaire a permis d'ttablir que 
le polysaccharide est formt d'unitts lineaires tttrasaccharides qui se repktent, 

dans lesquelles des groupes (R)-1-carboxytthylidenes forment un pont entre les positions 0 - 2  et 0 - 3  des residus d'acide 
P-D-glucuronique. Les spectres RMN du 'H et du I3c des polysaccharides du strotype 3, tant nature1 que dtpourvu d'acide 
pyruvique, ont t t t  attribues par des mtthodes de correlation des dtplacements chimiques homo- et htt6ronucl6aires. Les 
configurations absolues des rtsidus mannopyranosyles substitues par un lactate ainsi que les acttals pyruviques ont CtC 
determints par des mesures d'eOn ' H - ~ H  sur le polysaccharide intact. On a rtalist une determination univoque de la 
chiralitt absolue des rCsidus 4-0-[(S)- 1-carboxyCthyl1-P-D-mannopyranose g r k e  2 des mesures d'eOn sur un derive lactone 
acttyle du glycose. 

[Traduit par la redaction] 

Introduction 
Rhodococcus equi (1) is a Gram-positive bacterial patho- 

gen that causes serious, and often fatal, respiratory disease 
in 4 to 12 week old foals (2). The bacteria are encapsulated 
by negatively charged, carbohydrate polymers that are sero- 
type specific (3, 4). By using a double immunodiffusion 
precipitation test (4) seven serotypes of the R. equi are cur- 
rently recognised. 

Capsular polysaccharide (CPS) is identified as a potential 
virulence factor of both Gram-positive and Gram-negative 
bacteria ( 5 ) .  In pathogenic bacteria, the capsular layer pro- 
vides protection from the nonspecific host defense mecha- 
nisms, although the relationship between the presence of 
capsule and pathogenesis in R. equi has not been estab- 
lished. 

In an attempt to understand the molecular basis for the 

'~ssued  as NRCC No. 34279. 
'NRCC Research Associate 1988-1990. 

antigenic diversity of the R. equi CPS, we have employed a 
combination of NMR and MS based strategies for their 
structural elucidation (6). The specific CPS's of serotypes 1 
and 2 have been fully characterized (7, 8). Both were found 
to be high-molecular-weight heteroglycans composed of 
linear tetrasaccharide units containing D-glucuronic acid 
residues. In addition, the two polysaccharides contained 
acidic, non-carbohydrate components that could be related 
to their serological specificities. The serotype 1 polysaccha- 
ride was found to contain I-carboxyethylidene (pyruvic acid) 
acetal groups while the serotype 2 polysaccharde carries 
biosynthetically related (9) 1-carboxyethyl (lactic acid) ether 
substituents. 

Pyruvic acid acetals occur widely in bacterial polysac- 
charides (9) and are recognised (10) as immunodominant 
structural features. Although less frequently encountered, 
lactic acid ether substituted sugars have been reported as 
components of both lipo- and extracellular polysaccharides 
(9). The structural variability of the antigenic determinants 
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is influenced by: (I)  the nature of the substituted monosac- 
charide residue, (2) the position(s) of substitution, and (3) 
the chirality of the substituent. These features were com- 
pletely assigned for the components present in the R. equi 
serotype 1 and 2 polysaccharides. NMR spectroscopy led to 
the identification of (S)-1-carboxyethylidene acetal groups 
linked to the 0 - 4  and 0 -6  positions of P-D-mannopyranosyl 
residues in the serotype 1 polysaccharide (7). For the sero- 
type 2 CPS, a chemical approach was employed to establish 
the presence of 3-0-[(S)-1-carboxyethyll-a-L-rhamnopy- 
ranosyl residues (8). 

In the present investigation, the structural elucidation of 
the specific capsular polysaccharide produced by R. equi 
serotype 3 is reported. This polysaccharide is unusual in that 
it contains both the pyruvic acid and lactic acid moieties in 
a D-glucuronic-acid-containing tetrasaccharide repeating unit. 
The absolute stereochemistry of these chiral antigenic de- 
terminants was determined by proton nuclear Overhauser 
enhancement based methods. 

Results and discussion 

Isolation and purification 
The specific capsular polysaccharide produced by R. equi 

serotype 3 was isolated from plate-grown cells by mechan- 
ical dissociation from the cellular material into 4 M sodium 
chloride solution. Following enzymatic digestion with ri- 
bonuclease, deoxyribonuclease, and proteinase K,  the poly- 
saccharide was purified via its insoluble cetyltrimethyl 
ammonium salt (8). Pure capsule was obtained by ion ex- 
change chromatography on DEAE-Sephacel as a discrete 
band at the beginning of the sodium chloride gradient and was 
judged to be free from nucleic acids and proteins since nei- 
ther ribose nor amino acids were detectable in its acid hy- 
drolysis products. The polysaccharide had [a], -5.5 (c 1.2, 
water); Anal. found: C 40.76, H 5.45, N 0.00, ash 0.8%; and 
gave a single sharp precipitin line in irnrnunodiffusion against 
rabbit antisera to R. equi serotype 3 cells (4). All subse- 
quent analyses were made on the DEAE-Sephacel purified 
product. 

Composition 
The native serotype 3 CPS eluted as a sharp band at the 

void volume (K,, 0.09) of a Sephadex G-200 gel filtration 
system, indicating it to be a high-molecular-weight poly- 
mer. Qualitative analysis of the eluant revealed that the 
polysaccharide contained both neutral glycose (11) and 
hexuronic acid components (1 2). 

Analysis of the polysaccharide hydrolysis products (2 M 
trifluoroacetic acid, 1 OO°C, 16 h) by high-performance anion 
exchange (HPAE) chromatography (13) indicated the neu- 
tral glycoses to be galactose (R, 0.95) and glucose (RG 1 .O) 
(eluant A), while pyruvic acid (RG 2.6), glucuronic acid (RG 
3.9), and a fifth component (RG 3.2) were identified (eluant 
B) as the acidic constituents in the hydrolyzate. 

The pyruvic acid moiety could be easily released from 
the native R. equi serotype 3 CPS by treatment of the 
polymer with dilute acetic acid (2%, 100°C, 2 h), indicat- 
ing that the substituent was linked as an acetal to a glyco- 
sy l residue ( 10). The depy ruvulated polysaccharide had [a], 
-4.8 (c 1.25, water); Anal. found: C 40.20, H 5.39, N 
0.00, ash 0.9%. 

GLC analysis of the reduced and acetylated hydrolysis 
products (14), derived from the R. equi serotype 3 polysac- 

charide, indicated that the neutral glycosyl residues, which 
were identified as 1,2,3,4,5,6-hexa-0-acetyl derivatives of 
glucitol (TGA 1 .O) and galactitol (T,, 1. I), were present in 
approximately equimolar proportions. Sequential treatment 
of the polysaccharide with methanolic HCl (1 M, 85"C, 
14 h) and sodium borohydride was employed to effect car- 
boxyl group reduction. Subsequent hydrolysis and forma- 
tion of the alditol acetates indicated the presence of glucose 
and galactose in the ratio of 2:  1. When carboxyl group re- 
duction was carried out with sodium borodeuteride, MS 
analysis confirmed that the glucuronic acid component, 
identified as 1,2,3,4,5,6-hexa-0-acetyl glucitol-6,6-d,, 
represented approximately one half of the derived glucitol 
hexaacetate. A molar equivalent of an additional compo- 
nent was identified by using the methanolysis procedure (TGA 
1.5). The EI-MS fragmentation pattern for the carboxyl-re- 
duced (NaBH,) alditol acetate derived from this component 
is depicted below (1). 

CHDOAc 

I 

The primary fragment ion at m/z 101 is indicative of an 
acetoxypropyl moiety (15) and the shift of this fragment by 
two mass units to m/z 103 when carboxyl reduction was ef- 
fected with NaBD, indicated it to be derived from a car- 
boxyethyl moiety. Furthermore, peaks at m/z 145, 146, 218, 
275, 347, 348, and 376 place this substituent at the 4-posi- 
tion of the alditol, establishing that the residue is a 4-0-(1- 
carboxyethy1)-hexose. 

The absolute configurations of the unsubstituted glycoses 
were established from the characteristic GLC retention times 
of their trimethylsilylated R-2-butyl glycosides (16). In this 
way the glucosyl, galactosyl, and glucuronic acid residues 
were all assigned to the D-series. 

Glycosyl linkage analysis 
The methylated (17), reduced (NaBH,) ( la) ,  and hydro- 

lyzed, pyruvate-free, R. equi serotype 3 CPS afforded 
products that, after reduction (NaBD,) and acetylation, fur- 
nished valuable mass spectral data on the positions of the 
linkages of the component glycosyl residues (Table 1). From 
this analysis it can be inferred that the capsular polysaccha- 
ride is composed of +4)-D-Glcp-(l+, +4)-D-Galp-(l+, 
-4)-D-GlcpA-(1+ and a +3)-4-0-(1-carboxyethy1)-hexp- 
(I+, which form a linear tetrasaccharide unit. The hydro- 
lysis products, analogously derived from the permethylated 
native polysaccharide, contained the same 0-methylated 
derivatives for D-glucose, D-galactose, and the (l-carboxy- 
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TABLE I .  Methylation analysis data for the depyruvulated and native R. equi serotype 
3 capsular polysaccharides 

Methylated glycose derivatives" 

Depyruvulated polysaccharide 
2,3,6-Tn-0-methyl-D-glucose 
2,3 ,6-Tn-0-methyl-D-galactose 
2,3-Di-0-methy 1-D-glucose 
2,6-Di-0-methyl-4-0-[(S)-1 -hydroxypropyl]-D-mannose 

Native polysaccharide 
2,3 ,6-Tri-0-methyl-D-glucose 
2,3 ,6-Tn-0-methyl-D-galactose 
D-Glucose 
2,6-Di-0-methyl-4-0-[(S)- 1-hydroxypropyll-D-mannose 

Mole ratio 

"Determined as their carboxyl reduced [I-'HI alditol acetates. 
hRetention times relative to that of 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl-~-glucitol-l-d, using 

GLC program A. 

ethyl)-hexose. However, D-glucose was obtained instead of ethyl and carboxyethylidene groups, respectively; and three 
2,3-di-0-methyl-D-glucose, indicating that the pyruvate signals at low field, 182.4, 177.2, and 175.6 ppm, indi- 
acetals were linked to the 0 - 2  and 0 - 3  positions of the 0 - 4  cated the presence of the three carboxyl groups within the 
substituted D-glucuronic acid units in the native polysaccha- repeating unit. Correspondingly, characteristic high-field 
ride. resonances at 1.61 (s, 3H) and 1.40 ppm (d, 3H, J = 7.7 Hz) 

Glycosyl sequence determination 
High-resolution NMR techniques were employed to es- 

tablish the sequence of the glycosyl residues. The general 
approach involved the initial complete assignment of the 'H 
and 13c NMR spectra of the intact polysaccharide from 
which the relative stereochemistry, ring size, and ano- 
meric configuration of the component glycoses were iden- 
tified and the location of the 1-carboxyethylidene substituent 
confirmed. 

Solubilization of the native polysaccharide in D,O pro- 
duced viscous solutions (pD = 2) that gave broad lines in the 
NMR spectra. Although better resolution was obtained at 
higher temperatures, autohydrolysis of the pyruvic acid 
acetals was observed. To reduce the extent of degradation, 
all NMR spectra of the native polysaccharide were recorded 
at 62°C in D,O buffered at pD = 6.2. 

Examination of the 'H and "C NMR spectra of the type 
3 polysaccharide confirmed the polymer to be composed of 
a regular repeating tetrasaccharide unit. The 'H NMR spec- 
trum of the native polysaccharide exhibited anomeric 'H 
resonances corresponding to the four glycosyl residues in the 
low-field region of the spectrum at 5.03 (d, ca. IH, J = 
7.5 Hz), 4.73 (s, ca. lH, J = 1.2Hz), 4.58 (d, ca. lH,  J = 
7.5 Hz), and 4.49 ppm (d, lH,  J = 7.8 Hz). Four "C res- 
onances were observed in the proton-decoupled "C NMR 
spectrum between 110 and 100 ppm (Fig. la). The lowest- 
field resonance in this grouping (109.88 ppm) could be at- 
tributed to the acetal carbon of the pyruvic acid moiety from 
the 'H coupled or DEPT (19) "C NMR spectra, while the 
intensity of the peak at 100.73 ppm suggested it to be com- 
posed of two coincident resonances. The magnitude of the 
heteronuclear one-bond "c-'H coupling constants ('J,.,) was 
found to be ca. 160 Hz for each of the anomeric reso- 
nances, which indicates that the anomeric configurations of 
all the linkages were P (20). In accord with compositional 
analysis, diagnostic I3c resonances were observed at 19.08 
and 23.87 ppm from the methyl carbons of the carboxy- 

in the 'H NMR spectrum could be issigned to the methyl 
protons of the respective carboxyethylidene and carboxy- 
ethyl groups. The methyl singlet from the carboxyethyli- 
dene moiety was absent in the 'H NMR spectrum of the 
pyruvate-free polysaccharide. 

Assignment of the proton resonances from the native and 
pyruvate-free polysaccharides was made from two-dimen- 
sional homonuclear chemical shift correlation (COSY (2 1 ) 
and Relayed COSY (22)) experiments. Subspectra corre- 
sponding to each of the four glycosyl residues were identi- 
fied from the chemical shift (23) and the vicinal 'H-'H 
coupling constant values (24). The residues were labelled a, 
b, c ,  and d according to decreasing order of the chemical 
shifts from the H-1 resonances (25). The observed chemical 
shifts and coupling constants for the native and pyruvate-free 
polysaccharide are given in Tables 2 and 3. Unambiguous 
assignment of the corresponding I3c resonances was ef- 
fected by correlation with the 'H resonances of the directly 
attached protons by heteronuclear "c-'H chemical shift 
correlation experiments (26) and the data are recorded in 
Tables 4 and 5.  

The contour plot of the ring proton region of the COSY 
spectrum obtained on the native polysaccharide is shown in 
Fig. 2. Five 'H resonances were associated with the sub- 
spectrum from residue a and, from the large observed ring 
proton coupling constants ('J = 10 Hz), it could be identi- 
fied as the P-D-glucopyranosyluronic acid unit. Analo- 
gously, the subspectrum arising from residue c could be 
attributed to a pyranosyl residue having the P-gluco con- 
figuration. The spin system associated with this residue 
comprised seven 'H resonances and was assigned to the P- 
~ - ~ l u c o ~ ~ r a n o s ~ l  unit. 

The connectivity pathway relating H-1, H-2, H-3, and H-4 
of residue d was readily discernible from the cross-peaks, and 
the 'J-values (Table 2) were typical of a pyranoside unit 
possessing the P-D-galacto configuration. 

Residue b could be identified as a manno-pyranosyl unit 
from the observed small magnitude of the -vicind cou- 
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SEVERN AND RlCHARDS 

' I '  I 

l ~ o  ' l ~ o  ' 140 ' lao . lie 80 i 0  40 20 
PPM 

FIG.  1 .  I3C NMR spectra of the (a), native and (b ) ,  depyruvulated R .  equi Serotype 3 capsular polysaccharides recorded at 6 2 ° C .  

TABLE 2 .  ' H  chemical shifts and coupling constants" ( H z )  for the native R .  equi serotype 3 capsular polysaccharide 

Lactic acid 
residue 

Pyruvic acid residue 
H-1 H - 2  H-3 H - 4  H - 6  H-6 '  - C H 3  

Residue Glycosyl residue ( J1 .2 )  (J2.3) (.I3.,) (J4 ,J  H-5 (J5,6) (J5 ,6 ' ,J6 ,6 ' )  ( J ~ ~ - ~ ~ , )  - C H  C H 3  

"Observed first-order chemical shifts and coupling constants (Hz) measured at 62'C in D,O/phosphate buffer (pD = 6 .2 ) .  

plings, JI,, (0.5 HZ) and J2., (2.8 Hz). However, mannose 
was not detected in the polysaccharide acid hydrolysis 
products, which suggested this residue to be the 0-(1-car- 
boxyethy1)-substituted hexose. The AX, spin system asso- 
ciated with the carboxyethyl substituent of residue b was 
identified from cross-peaks in the full-scale COSY spec- 
trum relating the methyl doublet at 1.40 ppm (J = 7.7 Hz) 
to the lactic acid H-2 quartet at 4.30 ppm. The low intensi- 
ties of the cross peaks relating H-1 to H-2 of residue b and 
those relating H-4 to H-5 of residue d (Fig. 2) are attributed 
to the small values (ca. 1-3 Hz) for the scalar couplings, J,,, 
and J,,,, typical of the mantzo- and galacto-pyranosyl con- 
figurations, respectively (1 8). 

The 'H NMR spectrum of the pyruvate-free polysaccha- 

ride lacked the characteristic signal due to the carboxy- 
ethylidene methyl protons that was observed for the native 
polysaccharide. In addition, H-la  and H-4a showed sub- 
stantial upfield shifts (0.3-0.4 pprn) upon removal of the 
pyruvate group. With the exception of the protons associ- 
ated with the glucopyranosyl uronic acid (residue a ) ,  the 
chemical shifts from residues b, c ,  and d (Table 3) were 
closely similar (within 0.1 pprn) to those observed for the 
native polysaccharide (Table 2). 

In the ',c NMR spectrum of the native polysaccharide, 
resonances at 182.40, 109.88, and 23.87 ppm were attrib- 
uted to the respective carboxyl, acetal, and methyl carbons 
of the pyruvic acid moiety (Fig. la).  These signals were ab- 
sent in the spectrum of the depyruvulated polysaccharide (Fig. 
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TABLE 3. I H  chemical shifts and coupling constants" (Hz) for the depyruvulated R. equi serotype 3 capsular polysaccharide 

Lactic acid residue 

H- 1 H-2 H-3 H-4 H-6 H-6' CH3 
Residue Glycosyl residue (J1.2) (J2.3) (J3.4) (J4.5) H-5 (J5.6) (J5.6',J6.6') ( J ~ ~ - ~ ~ ~ )  -CH 

a +4)-P-D-GlcpA-(1- 4.73 
(7.6) 

b -3)-P-D-Manp-(I-+ 4.67 
4 (1.2) 

(S) H + CO,H 
CH3 

"Observed first-order chemical shifts and coupling constants (Hz) memasured at 62°C in DzO (pD ;= 2). 

TABLE 4. I3c chemical shifts and 'Jc,, values (Hz)" for the native R. equi serotype 3 capsular polysaccharide 

Lactic acid residue Pyruvic acid residue 

Residue Glycosylresidue C-l C-2 C-3 C-4 C-5 C-6 -CH3 -CH -C02H CH3 C C02H 

a +4)-P-~-G!cpA-(l+ 102.46 77.20 78.83 79.28 76.75 175.60' 23.87 109.88 182.40~ 
2 3 (162) 

(R) X 
H3C C02H 

b +3)-P-D-Manp-(1+ 100.73 69.30 80.70 79.73 76.37 62.34' 19.08 77.92 177 .20h 
4 (160) 

(S) H + COzH 
CH3 

C +4)-P-D-Glcp-(I-+ 100.73 74.20 75.61 79.86 76.02 62.50' 
(160) 

d -4)-P-D-Galp-(l+ 104.29 72.36 75.75 79.01 74.08 61.91' 
(1 62) 

"Measured at 62'C in D20/phosphate buffer (pD ;= 6.2) and, unless indicated, assignments were determined by "C-'H chemical shift correlation. 
' ~ s s i ~ n m e n t s  may be reversed. 
"Identified by DEFT experiment. 

TABLE 5 .  I3c chemical shifts" for the depyruvulated R. equi serotype 3 capsular polysaccharide 

Lactic acid residue 

Residue Clycosyl residue C- l C-2 C-3 C-4 C-5 C-6 -CH3 -CH -COOH 

a +4)-P-~2GlcpA-(1+ 104.60 74.50 75.50 81.50 76.00 174.70" 
b +3)-P-D-Manp-(1- 101.20 68.80 79.65 78.08 76.22 62.14' 19.12 77.86 178.60' 

4 
(S) H + C02H 

CH3 
c +4)-P-D-Clcp-(1+ 99.83 74.40 75.73 80.28 76.14 62.14" 
d -4)-P-D-Galp-(l+ 104.30 72.72 75.92 78.28 73.72 61.90" 

"Measured at 62°C in DzO (pD = 2) and, unless indicated, assignments were determined by "C-'H chemical shift correlation. 
"ssignments may be reversed. 
'Identified by DEFT experiment. 

lb). The low-field value of the acetal carbon ( ~ 1 1 0  ppm) is acid residue is substituted by the pyruvic acid moiety at the 
indicative of the pyruvic acid acetal forming a five-mem- 0 - 2  and 0 - 3  positions, a result that is in accord with the 
bered ring system (27). A comparison of the I3C NMR data methylation analysis data (Table 1). Following removal of 
from the native and the pyruvate-free polysaccharides (Ta- the pyruvate, the corresponding carbon resonances, C-2 and 
bles 4 and 5 )  indicates that the P-D-glucopyranosyl uronic C-3, showed significant upfield shifts of 2.7 and 3.3 ppm, 
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SEVERN AND RICHARDS 

- 3.40 

- 3.60 

- 3.80 

- 4.00 

- 4.20 

- PPM 

- 4.40 

- 4.60 

FIG. 2. Partial phase-sensitive COSY contour map of the native R .  eclrli serotype 3 capsular polysaccharide recorded at 62OC, showing 
correlations of the ring protons frorn 3.3 to 5.1 ppm. Cross-peak assignments are indicated. a '  1.2, b'  1,2, d '  1,2, and other minor peaks 
arise froin partial depyruvulation of the polysaccharide. 

81' 

d' wa1,2  
, . . , , , , , 

respectively, while the adjac,ent carbons, C-1 and C-4, were 
shifted downfield by approximately 2.2 ppm. In addition, 
shielding effects experienced by C-3 and C-4 of residue b,  

- 5.00 
' 

i.e., upfield shifts of =1.0 and 1.6 ppm, respectively, may 
be attributed to conformational changes accompanying re- 
moval of the acetal substituent. 

5.00 4.80 4.60 4.40 4.20 4.00 3.80 3.60 3.40 
PPM 

TABLE 6. Proton NOE data for the R .  equi scrotype 3 capsular 
polysaccharidc" 

Observed proton The arrangement of the four glycosyl residues within the 
repeating unit was determined from interresidue 'H-'H NOE 
measurements (28), which also served to confirm the posi- 
tions of the glycosidic linkages (Table 6). NOE measure- 

Anomer~c Intrarcsidue Interres~duc Partlal Linkage 
proton NOE NOE 4equence s ~ t c  

l a  3a/5a 4d a + d 0 - 4  (d) 
Ib  2b.3b.5b 4a b + a 0-4(a)  
I c 3 c . 5 ~  2b,3b c + b 0 - 3  (b)" 
Id 3d.Sd 4c d + c 0 - 4  (c) 

ments were made using difference spectroscopy (29) (Fig. 
3). The NOE were employed qualitatively to establish short 
( 2 3  A) through-space connectivities between the anomeric 
and aglyconiL protons of the adjacent glycosidically linked 
residues. In addition, the occurrence of intraresidue NOE 
between H- 1 andd H-3 and between H-1 and H-5 within the 
pyranose ring systems of each of the glycosyl residues was 

"Measured from the NOE clil'l'ercnce spectra of the native polysacch;~- 
ride at pD = 6.1.  

"Confirmed by methylation analysis and "C chemical shifts. 
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pyruvate 
2 0  methyl + n r 

I ' I I - 1.. E . . ' . . - I -  

5.00 4.50 4.00 3.50 3.00 2.50 2.00 1.50 
PPM 

FIG. 3. NOE difference spectra measured on the native R.  eqlri serotype 3 capsular polysaccharide. Spectrum arising from the irradia- 
tion of ( a ) ,  H-l of glucuronic acid unit  (la); (b ) ,  H-1 of glucosyl uni t  (lc); and ( c ) ,  the methyl group of the pyruvate substituent. The 
off-resonance control spectrum is shown in (d). 

Residue c b 
FIG. 4. The tetrasaccharide repeating unit of the R.  eclrri serotype 3 capsular polysaccharide showing some of the observed NOE's. 

indicative of their assigned P-configurations. Thus irradia- 
tion of the anomeric proton resonance (5.03 ppm) of the P- 
I>-glucopyranosyluronic acid residue a showed strong NOE 
within the pyranose ring system to H-5a and (or) H-3a 
(-3.79 ppm), and across the glycosidic bond to H-4d 
(4.21 ppm) of the D-galactopyranosyl residue (Fig. 3a). The 
connectivity established by the transglycosidic NOE (H 1 -a/ 
H-4d), indicates the partial sequence a-d and further sug- 
gests that the P-D-glucopyranosyl uronic acid is linked to the 
0 -4  position of the P-D-galactopyranosyl unit. The occur- 
rence of interresidue NOE relating the H-ld/H-4c. H-lc/ 
H-3b, and H- l b/H4a resonance pairs established the linear 
sequence of glycoses within the repeating tetrasaccharide unit 
as 

The NOE connectivities are as shown in Fig. 4 and the 
indicated linkage positions (Table 6) are in agreement with 
the results from methylation analysis. Furthermore, the rel- 
atively deshielded values of the "C NMR resonances 
( 2 7 9  pprn) from C-4a, C-3b, C-4c, and C-4d (Table 4) 
would indicate that the respective positions are glycosy- 
lated. 

The conformation about the glycosidic linkage is to a 
large extent governed by the e.vo-anomeric effect (30). 
Thus, for a disaccharide in its minimum energy confor- 
mation, the internuclear distance between the anomeric and 
aglyconic protons of adjacent pyranose residues is of the 
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SEVERN AND RICHARDS 267 1 

order of 3 A, leading to a detectable NOE. In certain in- 
stances, interresidue NOE can be transferred to other pro- 
tons on the aglycone. This can be realised when aglycone 
protons adjacent to the site of substitution occupy equato- 
rial positions, viz., in 3-0-substituted mannopyranosyl or 
galactopyranosyl residues. Whether an NOE will be ob- 
served at an adjacent equatorial proton is dependent on the 
stereochemistry (D or L) of the two glycosyl residues (gly- 
cone and aglycone) and the configuration ( a  or P) of the 
adjoining glycosidic linkage. In the prcsent context, sig- 
nificant NOE's were observed between H-1 of the P-11- 
glucopyranosyl residue c and both H-2 and H-3 of the 
lactate-substituted mannopyranosyl residue b (Fig. 311). The 
absolute stereoche~nistry of the D-glucose residue was de- 
tennined by chemical correlation with a standard of known 
chirality. The chirality of the 4-0-(1-carboxyethy1)-man- 
nose residue was not evident by this method since appro- 
priate standards were not available. but could be detellninecl 
relative to that of the D-glucose residue from the observed 
' H - ~ H  NOE values. 

The minimum energy confor~nations of the two disaccha- 

ride units, P-~-Glcp-(l+3)-P-~-Manp and P-D-Glcp-(1-3)- 
P-L-Manp, were calculated using the HSEA method (31) and 
the minimum energy molecules are shown in Fig. 5 .  A 
transglycosidic NOE would be expected between Glc H- 1 and 
Man H-2 only in the disaccharide in which both glycosyl units 
possess the D-configuration (internuclear separation 2.8 A) 
and not in the diastereoisomeric D-L disaccharide (separa- 
tion 3.9 A). The observation of an NOE between H-lc and 
H-2b of the P-D-1 ,3-linked c-b disaccharide unit of the 
native polysacchardie (Fig. 30, Fig. 4) establishes that the 
4-0-( 1 -carboxyethyl)-P-mannopyranose has the D-absolute 
configuration. A similar pattern of NOE was observed for 
the -4)-P-~-Glcp-(1-3)-P-~-Manp-(l- unit in the R. ecl~ii 
serotype 1 polysaccharide in which the chirality of the man- 
nose residue was established independently by chemical 
correlation (7). 

Considerations of the conformation about the glycosidic 
bond of 1,3-linked disaccharides as a means of stereochem- 
ical assignment have previously been reported (32, 33). 

Thus the tetrasaccharide unit of the R .  equi S3 polysac- 
charide can be assigned the sequence shown in 2. 

Pcrr-rial acicl I~ydr.o!\'si.s 
The foregoing structural conclusions were supported by 

analysis of the oligosacchxide fragments produced upon mild 
acid hydrolysis (2% TFA, 3 h, 100°C) of the CPS. Subse- 
quent purification on Sephadex G- 15 gave the disaccharides 
3 (K,,, 0.6 1) and 4 (K ;,, 0.53), and the trisaccharide 5 (K ,,, 
0.23). Methanolysis followed by quantitative analysis of thc 
carboxyl-reduced (NaBD,) acid hydrolysis products gave the 
results recorded in Table 7. Structural information was ob- 
tained from the GLC-MS analysis of the rnethylated oligo- 
saccharide alditol derivatives. The disaccharide 3 was 
conlposed of glucuronic acid and galactose. Methylation of 
the reduced 3 and subsequent GLC-EI-MS analysis showed 
diagnostic ions at nz/z 233 (aA,),  201 (aA,), and 169 (aA,), 
indicative of a hexopyranosyl uronate end group (34). 
Abundant fragment ions at'296 ( J , ) ,  236 (bA,), and 204 (bA,) 
confirm the presence of a terminal hexitol, allowing 3 to be 
identified as 

Glycose analysis indicated oligosaccharide 4 to contain 4- 
0 - ( I  -carboxyethyl)-D-mannose and D-glucose. The EI-MS 
fragmentation pattern of the reduced, methylated disaccha- 
ride indicated nonreducing hexose (rn/z 219, aA,)  and (1- 
carboxyethy1)-hexitol (r77/z 308, bA,) ~nonomeric  nits 
consistent with 4 being assigned the structul-c 

Identification of the two disaccharide fragments confirms 
thc partial sccluences, a-d and c-b, in the repeating unit 
2 of the polysaccharide. The trisaccharide 5 was composcd 
of GlcA, Gal, and Glc. The reduced methylated trisaccha- 
ride showcd abundant ions in its EI-MS characteristic of 
terminal HexA (nz/z 233, aA,), HexA-Hex (rn/z 437, abA,), 
and hexitol end group (m/z 236, cA, )  fragments that per- 
mitted 5 to bc identified as 

representative of the trisaccharide sequence a-d-c in the 
polysaccharide. 

ADsol~~rc~ c~or~fi'grrr-ariorz oj'rlzc~ cc~r-0o,ryc~rlz~~liclc~11e nrlcl 
car0osyerIzyl s~rl~srircier~rs 

Pyruvic acid acetals bridging the 0 - 2  and 0 - 3  positions 
of D-glucuronic acid residues are known as components of 
a number of Kle0.siella polysaccharides, but the chiralities 
of these components has not been reported (35). The ab- 
solute configuration of the acetal carbon of cyclic pyru- 
vate acetals involving 1,3-dioxane ring systems linked to 
the 0 - 4  and 0 -6  positions of hexopyranosyl residues (Glcp, 
Man!,, and Galp) can be readily determined by compari- 
son of NMR chemical shifts of the pyruvate methyl 
resonance with those of model compounds (27). How- 
ever, assignment of the absolute configuration of cyclic 
pyruvate acetals involving 1,3-dioxolane ring systems is not 
as straightforward. When a 1-carboxyethylidene substi- 
tuent is linked to the 0 - 3  and 0 - 4  positions of ~ - G a l p ,  no 
significant difference is observed for ' H  or "C chemical 
shifts of thc methyl resonances in the R and S acetals (27). 
By analogy, the methyl resonances from the R- or S-2,3-(I- 
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FIG. 5. The minimum energy conformation of the two disaccharide units, (tr) P-~-Clcp-(I-->3)-P-r>-Manl> (6 = 5S0, (I = 10") and (0) 
P-~-Clcp-(1-->3)-P-~-Man[> (6 = 55". (1, = -So), calculated using the HSEA mcthod. Internuclear distances between Clc H-l and Man 
H-2 are indicated. A transglycosidic NOE would be expected only in the disaccharide in which both glycosyl units possess the D-config- 
uration. 

FIG. 6. Computer-generated models for the (tr), R- and (0), S-2,3-pytuvate acetals of P - I > - G I ~ ~ A .  An NOE woitld be expected be- 
tween the pyruvate methyl group and H-2 of the pyranose ring in the R isomer, whereas an NOE would be expected at the p-~-ClcpA 
H-3 in the S isomer. 

TABLE 7. Sugar analysis data for the oligosaccharides obtained on 
partial hydrolysis of the R .  pc/r(i scrotypc 3 polysaccharide 

Compound Derivatives" Tc;, Mole ratio 

3 Clucitol-6.6-ti," 1 .OO 0.80 
Galactitol 1.01 1.00 

4 Clucitol 1 .OO 1 .OO 
4-0-( I -Hydroxypropyl)-mannitol 1.48 0.95 

5 ~luc i to l"  " 1 .OO 1 .OO 
Clucitol-6.6-d,l' 1.00 0.92 
Calactitol 1.01 0.95 

"Delcrmincd as their carbonyl reducued aldirol acetates. 
"~c te rn i ined  by mass spectrometry. 

signment (Fig. 6). This approach was recently applied to 
the stereochemical analysis of pyruvate acetals substituted 
at the 0 - 2  and 0 - 3  positions of a-D-Galp residues (36). 

Saturation of the pyruvate methyl resonance in the na- 
tive polysaccharide resulted in an NOE at H-2 of the D- 
glucopyranosyl uronic acid residue a (Fig. 3c); no detect- 
able NOE was observed at the H- la  or H-3a resonances. 
This result is consistent only with the pyruvate acid acetal 

6 0 H 
carboxyethylidene) derivatives of 11-GlcpA would not be 
expected to show significant stereochemical shift cliffer- 
ences. Furthermore, suitable reference conipounds are not 
readily available and chemical correlation is further com- 
plicated by the extreme acid lability of the tt.ta7.s-fiised 1,3- 
dioxolane ring system (35). 

It was envisaged that results from 'H-'H NOE experi- 
ments on the intact polysaccharide would provide a diag- o 
nostic indication of the orientation of the pyruvate methyl cc* 0 Ac 
group and thereby lead to the desired stereochemical as- 7 
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SEVEIZN AND RICHARDS 

H-a H-4 

CH3 (b) 

1 1 " ' 1 1 ' ' "  1 ' 1 ' ' 1 " ' ' I  4 " I  

6.0 5.0 4.0 3.0 2.0 
PPM 

FIG. 7. NOE difference spectra measured on the lactone 7. ( a ) ,  off-resonance control spectrum showing assignments. Spectrum aris- 
ing from the irradiation of (b) ,  the lactate u-proton; and (c), H-4 of the rnannopyranosyl ring. 

having the R configuration in which the methyl group oc- 
cupies a position on the same face of the D-glucopyrano- 
syl ring system as the axial H-2 (Fig. 4,  Fig. 60). 

The absolute configuration of the lactic acid moiety was 
determined from an NOE-based method that involved a 
conformationally rigid lactone derivative of the 4-0-(1- 
carboxyethy I)-a-D-mannopyranose." 

Periodate oxidation of the pyruvate-free polysaccharide 
followed by NaBH, reduction and acid hydrolysis (2 M TFA, 
1 OO°C, 12 h) afforded 4-0-(1 -carboxyethyl)-D-mannose (6), 
which was obtained by Biogel P2 gel filtration. Treatment of 
the 4-0-(1-carboxyethyl) sugar ether (6) with acetic anhy- 
dride in the presence of pyridine afforded the 1,2,6-tri-0- 
acetyl lactone derivative (7), which was obtained pure by silica 
gel chromatography (see Experimental). 

The chirality of the lactone a-carbon was correlated to that 
of the D-mannose residue from the observed 'H-'H NOE's 
in the acetylated lactone derivative (7) (Fig. 7). The 'H NMR 
resonances were fully assigned (Fig. 70) from a COSY ex- 
periment. Irradiation of the lactate a-proton resulted in an 
NOE at H-4 of the D-mannopyranosyl ring (Fig. 76). Cor- 
respondingly, irradiation of the  manno nose H-4 resulted in 
an NOE at H-a (Fig. 7c), establishing the lactate moiety to 
have S chirality (as in 6). 

Conclusion 

The accumulated evidence permits the repeating unit of 
the native R .  eqiri S3 polysaccharide to be assigned the 
structure 8. 

Imrnunodiffusion studies suggest that the I-carboxyethy- obtained with the pyruvate-free polysaccharide. The stereo- 
lidene acetals are part of the immunodeterminant region of chemistry of these substituents is undoubtedly important in 
the serotype 3 polysaccharide. The native polysacchride (8) determining the serological specificity (37). The stereo- 
gave a strong positive precipitin reaction, whereas no pre- chemistry of the 1-carboxyethylidene acetals was firmly es- 
cipitin line against serotype 3 specific rabbit antisera was tablished from 'H-'H NOE measurements in the intact 

polysaccharide. 
'w. B .  Severn and J.  C. Richards. Submitted for publication. An NOE-based strategy involving prior lactonization of 
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the lactone-substituted sugar enabled configurational anal- 
ysis of this substituent. It is possible that the (S)-1-carboxy- 
ethyl substituents are also major epitopic features of the 
serotype 3 antigen. 

Experimental 

Btrc/er.inl c.rrl/rrr.e 
Rhotloc~occrrs ecllri serotype 3 (ATCC 33703). obtainccl from Dr. 

J .  F.  Prescott, University of Guclph, Guelph, Ontario. was grown 
on plates as previously described (8) .  

Ctrpsrrlor- poly.~trc~~tr~rr~itle 
The capsular polysaccharide was isolatcd from thc cells ( 1  23  g .  

wet weight) by ~ncchanical dissociation from thc ccllular nlatcriz~l 
into 4 M sotli~im chloridc solution. The ccllular matcrial was rc- 
movetl by centrifugation and the supernatant dialyzed until salt-frcc. 
Following enzymic digestion with ribonuclcasc. tlcoxyribonucle- 
asc, and proteinasc K. the crude polysaccharidc was precipitated 
with cetyltrimethyl ammoniurn bromide (38).  Thc insoluble Cc- 
tavlon-polysaccharidc conlplex was collccted by ccntril'ugation. 
rcdissolvcd in aqueous NaCl (4  M),  and thc polysaccharide com- 
ponent was recovered aftcr precipitation with cth;inol. Extcnsivc 
dialysis affordcd thc sodium salt of thc scrotypc 3 CPS (yield 490 
mg,  0 .4%).  

Purc capsuIc was obtained by ion cxchange chrornatography. A 
samplc (20 mg),  dissolved in water, was applied to a column ( I X 

4 0  cm) of DEAE-Scphacel (Pharrnacia) equilibrated with 0 .05 M 
Tris-HCI buffer (pH 7.2).  The  column was clutctl with thc same 
buffer (50 I ~ L )  followed by a 0-1 M NaCl gradicnt in the samc 
buffer. Fractions (2 mL) werc collccted and assaycd colourimctri- 
cally for ncutral glycose ( I  I )  and hcxuronic acid (12). Material 
purified in this way was deionized with Rcxyn 101 ( H '  form) ion 
exchange rcsin followed by lyophilization of thc cluant. 

Polysaccharidc san~p lcs  (20 mg) wcrc subjected to gcl chrorna- 
tography on columns ( I  X 40  cm) of Scphadex (3-200 (Pharma- 
cia) eluted with pyridinium acetate (0.05 M ,  pH 4.5).  Column 
eluants werc continuously monitored for changes in refractive intlcx 
by a Watcrs R403 differential refractometcr and fractions wcre as- 
sayed colourirnetrically ( l I ,  12). 

Polysaccharidc siumples wcrc tested for serological activity by 
the gel diffusion test described by Prcscott (4).  Scrotypc 3 R. eyrri 
antisera was a gift from Dr. J .  F. Prcscott, University of Guclph. 

Arln/~/ ic~al  rr~e/hocls 
Quantitative colourimctric methods werc ~ ~ s c d  to analysc the 

column chromatography eluants for (i) ncutral glycoscs ( I  I), (ii) 
tiexuronic acids ( l2 ) ,  and (iii) lactic-acid-containing glycoscs (39). 

Glycoses werc dctcrmined dircctly by HPAE (13) or by GLC of 
their alditol acctatc derivatives (14).  Carbohydrate samplcs (0.2- 
0 .5  mg) wcre hydrolyzed with trilluoroacetic acid (2  M. 0.5 mL) 
for 15 h at 100°C and evaporated to dryness irl i2crcrto to obtain the 
frec glycoscs. For the GLC-MS estimation of acidic glycoscs, 
polysaccharide samplcs (0.5 mg) wcrc trcatcd with rnethanolic HCI 
( I  M ,  I ruL) for 15 h at 85°C. Excess nlcthanolic HCI was rc- 
movcd irr vtrcxro and the residues, in water ( I  mL), wcrc trcatcd with 
NaBD, o r  NaBH, (15 mg) for 6 h at 25°C. Following ncutraliza- 
tion with aqueous acetic acid (10% v/v) ,  the mixtures wcrc con- 
centrated irr vaclto, and borate was removed by repcatcd distillation 
of methanol (5 X 5 mL) from the rcsiduc. 'Thc products wcrc 
deionized by passing thc aqueous solution (2 ~ I L )  through a col- 
umn containing Rcxyn 101 ( H '  form) and thcn hydrolyzctl (as 
statcd). Thc  free glycoscs werc rcduccd (NaBH,) antl boratc was 
rcmoved bcforc thc rcsult;int alclitols wcre acctylatcd by trcatnlcnt 
with acctic anhyclridc (0.5 mL. 7- h, 115°C). 

Absolute configur;itions of thc glycoscs wcrc dctcrmincd by 
GLC-MS of the col-responding trimethylsilyl R-2-butyl-glycosidc 
dcrivativcs (16).  The identity of thc glycosc dcrivntivcs was cs- 

tablished by comparison of thcir GLC retention times and mass 
spectra with those of authentic reference compounds. 

Methylation analysis was performed on polysaccharide samples 
(2 mg) with ~ncthyl  iodide in dimethyl sulfoxide containing an ex- 
cess of sodium methylsulfinylmcthanide (17). The methylated 
products were recovcretl by partitioning the reaction mixture bc- 
twecn water and mcthylenc chloride, followed by concentration of 
the organic phasc. Thc ~nethylated polysaccharide was treated with 
NaBH, in an ethano1:water mixture (I  : 4 )  at 25°C for 15 h antl the 
carboxyl-rcduced products werc hydrolyzed, concentratcd to dry- 
ness, reduced with NaBD,, and acety latcd (as stated). 

GLC was performed with a Hcwlctt Packard model 5710A 
chromatograph fitted with a hydrogcn flame dctector and a model 
3380A electronic integrator using a fused-silica capillary column 
(0.3 mnl X 25 m) containing 3% OV17 with thc following t a n -  
pcraturc programs: A ,  2 n i n  at 180°C, thcn 2"C/min to 240°C 
(methylatcd and acctylatetl alditols); B,  isothermally at 175OC (tri- 
mcthylsilyl 2-butyl-glycosidcs); and C ,  2 min at 200°C, then I O°C/ 
min to 320°C (mcthylated oligosaccharides). The carricr gas was 
dry nitrogcn at 30 mL/ruin ant1 retention tirnes are quoted relative 
to 11-glucitol hexaacetate (T(;,.,) or  I ,4,5-tri-0-acetyl-2,3,6-tri-0- 
methyl-o-glucitol (T,;,,). 

GLC-MS was performed using a Hewlett Packard 5958B sys- 
tcrn employing the GLC program conditions A or C .  by electron 
impact (EI) crnploying an ionization potential of 7 0  e V ,  o r  by 
chemical ionization (CI) with ammonia as  the reagent gas. 

HPAE was carrictl out using a Dionex BioLC carbohydrate sys- 
tem equipped with a column (4 .6  x 250 mm) of Dionex Carbopac 
AS-6 pellicular anion cxchangc resin, and a AG-6 guard c o l u ~ n n  
with p ~ ~ l s c d  amperometric detection. Isocratic elution was per- 
formed using thc following eluants: A ,  15 mm sodium hydroxide, 
or B,  150 n1M sodium hydroxide and 150 mM sodium acetate, at 
a flow rate of I rnL/min at arnbient temperature. Retention times 
arc quotcd rclative to that of 11-glucosc (RG). 

D(~pjr-ut~~ltr/ io,l  (!/'/he po/ys(rcclrar-iclp 
The pyruvatc acetal substituents wcre rcmovcd from the native 

capsular polysaccharidc by heating a sample ( I 2 0  rng) in aqueous 
acetic acid (2% v/v,  120 n1L) at 100°C for 2 11. The modified 
polysaccharidc was concentr;itcd to dryness and purifictL by gcl 
filtration on a G-200 column. 

Ptrr./itrl ac,itl I!\:tlr-o/j~.si.s 
The scrotypc 3 CPS (50 mg), dissolved in 2% tritluoroacetic acid, 

was kcpt ;it 100°C for 3 h. thcn conccntratcd irr t~rcrro. The hydro- 
lyzate was fractionated by gcl chromatography on a column 
(2.5 X 7 0  c n ~ )  of Sephadcx G-15 with pyridinium acetate (0.05 M, 
pH 4.5)  as cluant. Thc thrcc oligosaccharides isolated, 3 (Kc,, 0.61), 
4 (K ,,, 0.53) ,  and 5 (Kt,, 0 .23) ,  werc reduced (NaBH,) and mcthyl- 
atcd bcforc ~~ndergo ing  GLC-MS analysis (program C) .  

I.sol(r/ior~ N/' tile Itrc/orre tler-i~vr/i~le 1,2,6-/r.i-O-trce/~~I-4-O-[(S)- 
I - c c r r - I ~ w ~ c ~ l r ~ ~ l ~ - n - ~ r ~ ~ r r ~ r ~ ~ ~ ~ r - ~ ~ . ~  (7) 

Thc dcpyruvulated R .  eyrrr scrotype 3 polysaccharidc (100 mg)  
was treated, in thc da rk ,  with aqueous sodium rnetaperiodatc 
(0.12 M ,  100 mL) at 4°C for 7 days. Following destruction o f c x -  
ccss periodatc with cthylcnc glycol (I mL), the oxidizcd polysac- 
charidc was rccluccd with NaBH, (200 mg) (6 ti, 25°C); cxccss 
borohydridc was thcn decomposed with aqueous acctic acid. T h e  
modified polysaccharide was purified by gel filtration on a col- 
umn (1.6 X 100 cm) of Biogel P2 (-400 mesh) by using water as 
the eluant. Thc product was dctectcd by assaying h.actions ( 1  mL)  
colourimctrically for lactate-containing sugars (39).  

A sample of thc modified polysaccharidc (40 n ~ g )  was hydro- 
lyzcd with trifluoroacetic acid (2 M. 100 mL) for 12 h at 100°C and 
conccntratcd to dryness, followed by repcated distillation from 
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water. Acetic anhydride (2 mL) was added to a suspension of  the culture and specific rabbit antisera. We also thank Mr. D. 
hydrolyzate in THF (I0 mL). After the mixture had been stirred for W. Griffith for the large-scale production of cells and Mr. 
13 h, pyridine (2 mL) was added and the mixture stirred for an ad- F, p. cooper for the GLC-MS analyses, 
ditional 8 h. The;lcetylated product (7) was purified on a column 
of silica gel (60 A) eluted with ethyl acetate: hexane (4: I); yield, 
10 mg (10%). 'H NMR (CDCI,): 6.05 ( IH,  d ,  J = 1 .9 Hz, H- I ) ,  1. M. Goodfellow. Vet. ~ i c r o b i o l .  14, 205 (1987). 

5.31 ( I H ,  dd, J = 9.7 H ~ ,  ~ - 3 ) ,  5 .10  ( I H ,  d, J = 2.3 HZ, H-21, 2. M. D. Barton and K. L. Hughes. Vet. Bull. 50, 65 (1980). 
4.36 ( I H ,  dd, J = 5.8 H ~ ,  H - ~ I ) ,  4.29 ( I H ,  dd, J = 1.7, 12.5 H ~ ,  3. J .  B. Woolcock and M. D. Mutimer. J. Gen. Microbial. 109, 
H-6), 4.22 (IH, q, J = 6.8 Hz, H-a), 4.03 (IH, m, H-5), 3.83 (IH, 127 (1978). 
t, J = 9.7 Hz, H-4), 2.13-2.00 (9H, s ,  Ac), 1.40 (3H, d, CH,). 4. J .  F. Prescott. Can. J .  Camp. Med. 45, 130 (1981). 
"c NMR (CDCI,): 90.8(c-1), 77. I (c-a), 73.3 (c-21, 7 I .9 (c-41, 5 .  H. J .  Smith. Bacterial. Rev. 41, 475 (1977). 
7 1.6 (C-3), 7 1.3 (C-5), 62.7 (C-6), 20.8 (Ac), 19.1 (CH,). 6 .  J. C .  Richards and W. B. Severn. J. Cell Biochem. 16D, 157 

( 1992). 
NMR spectroscopy 7. R. A. Leitch and J. C. Richards. Biochem. Cell Biol. 68, 778 

Unless otherwise stated, nuclear magnetic resonance spectra were (1990). 
obtained on a Bruker AM-500 spectrometer equipped with an As- 8. W.  B. Severn and J .  C. Richards. Carbohydr. Res. 206, 3 1 1 
pect 3000 computer, using standard Bruker software. Solutions of (1990). 
polysaccharide samples in deuteriuln oxide (Merck, Sharp and 9. B. Lindberg. Adv. Carbohydr. Chenl. Biocheln. 48, 279 
Dohm, 99.8 at.%) or D,O/phosphate buffer were prepared at a (1990). 
concentration of 10-40 mg/mL subsequent to lyophilization from 10, M. ~ ~ i d l ~ b ~ ~ ~ ~ ~ ,  W. F. ~ ~ d ~ ~ ~ ~ ,  and W. ~ i ~ ~ i ~ h ,  J ,  lm- 
DzO. Proton and carbon-13 measurements were niade on solu- niunol. 104, 1321 (1970). 
tions (0.4 mL) of the polysaccharides (PD = 2.0, or 6 .5)  in 5 mm I 1 ,  M. ~ ~ b ~ i ~ ,  K ,  A ,  cilles, J ,  K ,  ~ ~ ~ i l ~ ~ ~ ,  p ,  A ,  ~ ~ b ~ ~ ~ ,  and 
tubes at 62°C. F. Smith. Anal. Chem. 28, 350 (1956). 

' H  NMR spectra at 500 MHz were recorded using a spectral 12. N. Blunienkrantz and G.  Asboe-Hansen. Anal. Biochem. 54, 
width of 2.5 kHz, an acquisition time of 3.2 s ,  and a 90" pulse. 
Resolution enhancement was achieved by using a Gaussian line- 

484 (1973). 
13. M. R. Hardy, R. R. Townsend, and Y. C .  Lce. Anal. 

shape transformation (40). Chemical shifts are cxprcssed rclative Biochem. 170, 54 (1988). 
to internal acetone (2.225 ppni). 14. S. W. Gunner, J. K. N. Jones, and M. B. Peny. Can. J. Chem. 

NOE difference spectra were obtained using a selective low- 
power presaturation pulse applied to the proton resonance for 39, 1892 (1961). 

200 ms followed by a 90" observation pulse, where each line of a 15. N. K. Kochetkov, B. A. Dmitriev, and V. L. Lvov. Carbo- 

multiple resonance was irradiated sequentially for 25 ms during the hydr. Res. 54, 253 (1977). 

presaturation delay (29). 16. G.  J .  Gerwig, J. P. Kanierling, and J. F. G.  Vliegenthart. 

Broad-band proton-decoupled "C NMR spectra were obtained Cal-bohydr. Res. 62, 349 (1978). 

at 125 MHz using a spectral width of 25 kHz and a 90" pulsc, em- 17. S .  Hakoniori. J .  Biochem. (Tokyo), 55. 205 (1964). 

playing conlposite pulse proton decoupling (WALTZ) (41). pro- 18. J .  C. Richards. M. B. Peny, and P. J. Kniskcrn. Biochem. Cell 

ton-coupled ',c NMR spcctra were detcr~nincd by gated coupling Biol. 67, 1038 (1989). 

(42). Chemical shifts are referenced to internal acetone (31.07 pp~ii). 19. D. M. DOddrcll. D. T. Pegg, and M. R.  Bendall. J.  Magn. 

Two-dimensional ho~nonuclear proton correlation experiments, Reson. 48, 323 (1982). 
COSY (2 I ) ,  Relayed COSY (22). and NOESY (43). nlea- 20. K. Bock and C. Pcdersen. J. Chcnl. Soc. Perkin Trans. 2, 293 
sured with solvent suppression employing the conventional pulse (1974). 
sequences as previously described (8). A mixing time of 200 ms 21. A. Bax, R. Freeman. and G. Morlis. J. Magn. Reson. 42. 164 
was employed for the NOESY experiment. (1981). 

Heteronuclear 'H-"C chemical shift correlations were made 22. A. Bax and G.  Drobny. J .  Magn. Reson. 61, 306 (1985). 
using the CHORTLE pulsc sequence (8, 26). 23. K. Bock and H. Thopersen. Annu. Rep. NMR Spectrosc. 13, 

'H and ',c NMR spectra of the lactone 7 wcrc obtaincd on a 1 (1982). 
sa~iiple in CDCI? at 600 MHz and 150 MHz, respectivcly, using a 24. C. Altona and C. A. G. Haasnoot. Org. Magn. Reson. 13,417 
Bruker AMX-600 spectrometer (see footnote 3). 'H-'H NOE (1980). 
measurements were niade by selective irradiation 01' cach linc or 25. M. A. Bcl-nstcin, L. D. Hall. and S .  Suku~iiar. Carbohydr. Res. 
the multiplet resonance for a total irradiation time of I s. 103. C l (1982). 

26. G.  A. Pcarson. J .  Magn. Rcson. 64, 487 (1985). 
Molec~llcrr- ttlodelitlg 27. P. J. Garcgg, P. E. Jansson, B. Lindberg, F. Lindh, J. 

Molecular modeling was performed by using the PC-bascd pro- L8nngrcn. I .  Kvarnstroni, and W. Nimniich. Carbohydr. Res. 
gram, Alchemy (Tripos Associates, Inc.). Thc niininiuni encrgy 78, 127 (1980). 
confor~iiation about the glycosidic bond of thc disaccharidcs was 28, J ,  M.  Pl-cstcgard, T, A ,  W ,  Koesncr, J r , ,  P, C, Denlou, and 
estimated by the HSEA method (30, 31). Structures were opti- R. K. Yu. J. Am. Chcni. Soc. 104, 4993 (1982); M. A. 
niized by the MM2 algorithm (Allinger, QCPE, Indiana Univc1.- Bcrnstcin and L. D. Hall. J .  Am. Chcm. Soc. 104, 5553 
sity) optimized for carbohydrates (44). (1982). 

Getzeral tnethoris 29. M. Kinnis and J .  K. M. Sanders. J .  Magn. Reson. 56, 518 

Com~iiercial reagents and solvents wcse analytical gl-;idc. Con- (1984). 

cen t ra t ions  were made under reduced pressure at b;lth tempera- 30. H. Thogcrscn, R. U. Lcmicux, K. Bock, and B. Meycr. Can. 
tures below 40°C. Optical rotations werc detcrmincd at 22°C in J .  Chcni. 60, 44 (1982). 
10 cm n~icrotubes using a Perkin-Elmer model 243 polarimctel-. 3 1 .  R. U. Lclliieux, K. Bock, L. T .  J. Delbaere, S .  Koto. and V. 

S .  Rao. Can. J. Chcm. 58. 631 (1981). 
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Dielectric enrichment in binary solvent mixtures. The intramolecular hydrogen 
bond in N-alkyl-substituted o-nitroanilines. Substituent effects 

ROSA CATTANA, JUANA J. SILBER, AND JORGE ANUNZIATA' 

Departanleizto de Quiinica y Fisica, Universidctd Nacional de Rio Cuarto, Estafeta Nro 9, Rio Cuarto, Argentina 

Received January 2,  1992 

ROSA CATTANA, JUANA J. SILBER, and JORGE ANUNZIATA. Can. J. Chem. 70, 2677 (1992). 
In this work we report solvatochromism studies on o-nitroaniline and several N-alkyl-o-nitroaniline derivatives used 

as solutes in solvent mixtures of an "inert" nonpolar cosolvent, cyclohexane, and THF as a solvent with hydrogen bond 
acceptor ability. These studies allowed us to establish the competition between inter- and intramolecular hydrogen bond 
in solutes. This was done by comparing the magnitude of the local inhomogeneity induced by the solute-in-solvent mix- 
ture, that is, "preferential solvation," using Suppan's dielectric enrichment model as modified by us to be applied to 
electronic transitions. Since preferential solvation accounts for dielectric as well as specific interactions while dielectric 
enrichment only for the former, it was shown by comparison that it is possible to separate both effects and even quan- 
tify them. It was deduced that N-alkyl-o-nitroanilines form a strong intramolecular hydrogen bond, which remains un- 
broken even in polar solvents and hydrogen bond acceptors such as dimethyl sulfoxide. This was also confirmed by 
solvatochromic studies in pure solvents. On the other hand, a symmetrical dependence of the effects of alkyl substi- 
tuents and solvents on the shifts of the absorption spectra was observed. 

ROSA CA-ITANA, JUANA J. SILBER et JORGE ANUNZIATA. Can. J. Chem. 70, 2677 (1992). 
On a effectui des Ctudes de solvatochromisme sur des derives de 1'0-nitroaniline et de plusieurs N-alkyl-o-nitroani- 

lines utiliskes comme solutCs dans des melanges d'un co-solvant non-polaire <<inerte>>, le cyclohexane, et de THF agis- 
sant comme solvant capable d'accepter des liaisons hydrogenes. Ces etudes ont permis d'ktablir les quantites relatives 
de liaisons hydrogenes inter- et intramolCculaires dans les solutCs. Ces conclusions ont 6tC obtenues en comparant l'am- 
plitude de 1'inhomogCnCite locale induite par le solvant dans le melange, soit la asolvatation pref&rentielle>>, avec le modele 
d'enrichissement diilectrique de Suppan tel que nous I'avons modifie pour I'appliquer aux transitions tlectroniques. Comme 
la solvatation preferentielle explique les interactions diklectriques et specifiques alors que l'enrichissement diklectrique 
n'explique que les premikres, on montre que, par comparaison, il est possible de differencier les deux effets et m&me 
de les quantifier. On a deduit que les N-alkyl-o-nitroanilines forment une forte liaison hydrogene intramolCculaire qui 
n'est pas briske m&me dans des solvants polaires et accepteurs de liaisons hydrogenes comrne le dimethylsulfoxyde. Cette 
conclusion a aussi CtC confirmee par des Ctudes solvatochromiques dans des solvants purs. Par ailleurs, on a observe une 
dependance symetrique des effets de substituants alkyles et de solvants sur les diplacements du spectre d'absorption. 

[Traduit par la redaction] 

Introduction as hydrogen bonding or electron donor-acceptor (EDA) in- 

Solvent effects on the electronic spectrum of a molecule 
are due to the usually weak interactions between the solute 
and solvent molecules. These can be classified into nonspe- 
cific and specific interactions. Although it has been recog- 
nized that when specific interactions are present they tend to 
dominate the total effect ( I ) ,  the greatest difficulty is usu- 
ally to determine which is the predominating solvent effect. 

T o  unravel this problem, empirical parameters are com- 
monly used (1, 2). One of the most successful approaches 
is the solvatochromic comparison method of Kamlet, Taft, 
and co-workers (3). This 'allows us to quantify specific in- 
teractions and to sejarate them from polarity-polarizability 
effects. 

Another useful approach to this problem might be the use 
of a binary mixture of solvents. As expected, the solute 
preferentially surrounds itself with the component in the 
mixture that leads to the most negative Gibbs energy of sol- 
vation (AGO). The observation that the solvent shell has a 
composition other than the macroscopic ratio is termed 
selective or  preferential solvation (4). These terms are 
generally used to describe molecular-microscopic local- 
solute-induced nonhomogeneity in a multicomponent 
solvent mixture. They include both (i) nonspecific solute- 
solvent association caused by dielectric enrichment in the sol- 
vent shell (5 )  and (ii) specific solute-solvent association such 

' ~ u t h o r  to whom correspondence may be addressed. 

teractions. 
The importance of such phenomena has been recognized 

not only for spectroscopic studies but also for the interpre- 
tation of equilibrium and kinetic data (6-9). 

Perhaps the first thermodynamic treatment of the prob- 
lem of preferential solvation was presented by Grunwald et 
al. ( lo) ,  who were interested in the solvation of ions in 
mixtures of water and dioxane. This approach was further 
developed by Covington and Newman (1 l ) ,  who studied the 
immediate chemical environment of solute ions by measur- 
ing the NMR chemical shifts of alkali metal ions in binary 
solvent mixtures. 

Although preferential solvation effects have been attrib- 
uted mostly to specific interactions, Nitsche and Suppan (12) 
suggested that there is also a complete general mechanism, 
the "dielectric enrichment" model, to explain nonadditive 
polarity effects. Taking into consideration that the absorp- 
tion band position depends on both the solute ground state 
dipole moment and the associated change by excitation (13), 
we have introduced a modification of this model. T o  distin- 
guish pure dielectric effects from other specific solute-sol- 
vent interactions, we compared the preferential solvation 
approach with the theoretical results obtained by the dielec- 
tric enrichment model for p-nitroanilines (13). 

On the other hand, there has been some controversy about 
solutes such as o-nitroanilines. There may be a competition 
between inter- and intramolecular hydrogen bond interac- 
tions in these solutes. Studies of the IR spectra of these 
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compounds in different proton-accepting solvents (14) led Theoretical section 
to the conclusion that there is a moderately strong intramo- Model used in sNldies in binary 
lecular hydrogen bond in o-nitroaniline that is completely 
broken in such solvents as dioxane, ethers, and amines. (a) Preferetztial solvation 
However, it was shown by UV-visible spectroscopy (15) that Following the model of   rank el et al. (20) for a solute in 
the intramolecular hydrogen bond in o-nitroaniline N- a binary mixture, the solvent is considered to be distributed 

methyl-o-nitroaniline does not break to form intermolecular between two phases, the bulk solvent and the solvation shell 

hydrogen bonds in bases as strong as ~ - ~ ~ ~ h ~ l ~ ~ ~ ~ l i d i ~ - 2 -  of the solute. It is assumed that the solvation shell is made 

one. NMR and IR studies (16) have shown that rn- and UP of independent sites that are always occupied. If the sol- 

p..nitroanilines form dimers in carbon tetrachloride and vation number is considered to be the same for both sol- 

chloroform by hydrogen bonding between the hydrogen of vents, there is a one to one replacement of solvent molecules. 
one molecule of amine and the nitro group of the other.  hi^ Considering that the solvation shell obeys the laws of regu- 

is not observed for o-nitroaniline, where the intramolecular lar eq. [ I  1 can be derived (20). 

hydrogen bond reduces the possibility of intermolecular in- 
teraction. 

A set of hydrogen-bond rules from crystal chemistry and 
crystallographic data has recently been developed for or- 
ganic compounds including nitroanilines. This is valid for 
solids and solutions (17). However, it is emphasized that the 
expected or typical hydrogen bonds may not occur for sev- 
eral reasons, including the presence of multiple competitive 
hydrogen-bond sites, steric overcrowding, or competing di- 
polar or ionic forces. 

In this work we report solvatochromism studies in o-ni- 
troaniline (1) and N-alkyl-o-nitroaniline derivatives (2-10) 
used as solutes in solvent mixtures of an "inert" nonpolar 
cosolvent, cyclohexane, and THF as a solvent with hydro- 
gen-bond acceptor ability. These results are compared with 
those obtained for p-nitroaniline (1 3). 

/ 
H 

N-R 

The studies were performed on a series of pure solvents 
and the data anaiyze'd by the solvatochromic comparison 
method. We also considered the effect that the substituents 
may have upon the type or strength of the solute-solvent 
interactions. It is known (18) that solvent and substituent 
effects on the acidity of p-substituted anilines are mutually 
symmetrical. Thus, for a series of solvents, each solvent 
yields a regression coefficient for the acidity vs. the substi- 
tuent, uX, and these coefficients subsequently correlate with 
solvent basicity. On the other hand, when the acidity of the 
amino group is correlated with solvent basicity the regres- 
sion coefficient now correlates with the substituent con- 
stant. 

These studies aim through the analysis of solute-solvent 
interactions, to yield further insight into the structure of those 
compounds which, having inherently large second-order 
polarizabilities, are good candidates for nonlinear optical 
materials (19). 

where Y,, and Y, represent the mole fractions of solvents a and 
b in the solvation shell, respectively, and X, and X, refer to 
the bulk solvent. 

The solvents a and b are considered to contribute in an 
additive manner to the total solvation energy. Then, if the 
frequency of the absorption maximum (v,,) is a representa- 
tive value for the mixture in the solvation phase, it can be 
assumed that (21): 

and then: 

[3] Av, = Av Y, 

where Av, = v,,, - v,; Av = v;, - v,; and Y, = 1 - Y;,. 
Since the experimentally known values are the molar 

fractions of the bulk solvents, a linear relation between Av, 
and X, is predicted only when X;, = Y:,. Any deviation from 
this relation (K # 1) may indicate preferential solvation ef- 
fects. 

(b) Dielectric etzrichrnent 
The initial model proposed by Suppan (5, 12), which we 

modified (13) for a better application to the study of solvent 
effects in electronic transitions, is described by the local 
thermodynamic equilibrium in a solvent under the influence 
of a polar, nonpolarizable solute. 

Considering in the solvent mixture an element of volume 
dl), in which an electric dipole moment dp is induced by the 
permanent dipole moment p of the solute, the dielectric in- 
teraction energy dE is given by eq. [4] (22, 23). 

where F (r) is the dipolar electric field generated by the sol- 
ute, r is the position vector of the element of volume with 
respect to the solute, and f(D) = 2(D - 1)/2D + 1 is 
Onsager's function for the mixture (eq. [5]) 

where D, and DN are the static bulk dielectric constants and 
Y,(r) and YN(r) are the "local" molar fractions of the polar 
and nonpolar solvent, respectively. 

Suppan derived an expression based on the ground state 
dipole moment of the solute from which it is ~ossible  to cal- 
culate the stabilization energy and, consequently, Yp(r) (5, 
12). 

However, since the absorption band position depends on 
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the ground state dipole moment (p,) and its associated change where E = -SF (r) dp  and the subscripts "ex" and "g" re- 
by excitation according the Franck-Condon principle (24), fer to excited and ground state, respectively. 
we have proposed that the dielectric enrichment energy (E,,) T o  evaluate E,, and E,, eq. [4] is used. The value of f(D) 
should be, for this purpose, better expressed by for the local is given in eq.  [5] while f(D) for bulk is cal- 

culated from the experimental values of X, and X,. Then, E,, 
[61 E,, = (E,, - E,)I,,~,I - (E,, - E,),,I, is given explicitly by eq. [7]. 

3 (3 cos2 0+  1) sin 0 
[7l E e n = - - ~ (  

4 
LC ~ g )  1- d r  1 11.. - Xp)f(Dp) + (YN - XN)f(DN)l 

r4 

where Results and discussion 

Y,(r) XN 
(a) Studies in binary solvent tnixtures 

- - - - exp - [Z G ( u ) / ~ ~ ]  The behavior of o-nitroaniline (1) and N-alkyl-o-nitroan- 
yp(r) xp ilines (2-8) was compared by measuring the position of the 

maximum of the longest wavelength absorption band in 
~ g ( ~ , x  - ~ g )  Af 

m ~ i n c a l  = 
several solvent mixtures. This band, corresponding to a 

a 3  transition polarized in the z axis, has a strong charge trans- 
fer character and consequently, it is greatly influenced by 

a = cavity radius; the preferential solvatochromic index polar solvents (30, 31). 
(5) is 

Preferential solvatiorz 

3p; M Af The results for 1 and 2 in THF-CHx mixtures are shown 
Z = in Figs. 1 and 2. As can be observed, the experimental points 

8 n ~ i ~ a ~  deviate from linearity, so preferential solvation for both 

where M is the average molecular weight and 6 the average 
density of the solvents in the mixture; Af = f(Dp) - f(DN); 
p = (a/r13; u = cos 0; and G(u) = 3 u2 + 1. 

Knowing a ,  p, and p,, for the solute and f(D) for the 
corresponding solvents it is possible to evaluate, from eq. [7], 
the dielectric enrichment energy (E,,) for each pair of ex- 
perimental values of XN and X, in every mixture studied. 
From these data a theoretical curve can be constructed. This 
curve gives an idea of the deviation from linearity of the 
solvatochromic shifts due only to dielectric enrichment. 

Experimental section 

o-Nitroaniline (1) from Carlo Erba was purified by sublimation 
under vacuum; mp 71.6"C (lit. (25) mp 71 .S°C). Compounds 2-8 
were synthesized and purified following the method already re- 
ported (26). Compounds 9 and 10 were synthesized and purified 
by a method reported elsewhere (27). 

The solvents used: n-hexane (Hx), cyclohexane (CHx), ben- 
zene (Bz), dimethyl sulfoxide (DMSO), dimethylformamide 
(DMF), methanol (MeOH), ethanol (EtOH), isopropyl ether (iPE), 
acetonitrile (ACN), ethyl acetate (EtAc), and tetrahydrofuran 
(THF), were purified to spectroscopic quality by standard meth- 
ods (28). The UV cutoff point in a UV cell of 10 mm against air 
was used as purity criterion. 

The spectroscopic measurements were performed in a Cary 17 
spectrophotometer at a temperature of 25 t 0.2"C. 

v,,,,, was measured by taking the midpoint between the two po- 
sitions of the spectrum where the absorbance is equal to 0.90 A,,, 
(29). Thus, the uncertainties in v,,, are ca. 100 cm-I. 

The least-squares correlation coefficients between n* vs. a ,  n* 
vs. p, and a vs. p for the solvent set used are 0.0327,0.6439, and 
0.3702 with high significance level. Thus, they may be consid- 
ered mutually independent. 

Data processing for the dielectric enrichment model as carried 
out using an IBM 3031 computer. 

solutes is detected in-the soivent mixtures studied. The be- 
havior for the other N-alkyl-o-nitroanilines is very similar. 

It should be taken into account that the observed devia- 
tions are produced not only by the dielectric factors but also 
by the specific interactions that could be involved, mainly 
hydrogen bond formation. These global interactions may be 
quantified by calculating the preferential solvation con- 
stant, K, which according to eqs. [I]-[3] can be calculated 
by eq. [81. 

The results are shown in Table 1 

Dielectric enrichment 
Solving eq. [7] by numerical integration with Gauss- 

Legendre quadrature (32), we calculated a theoretical curve 
for 1, which represents the deviation from linearity due to 
dielectric enrichment (Fig. 1). The solute parameters used 
in these calculations are a = 3.36 A and p, = 4.35 D (33). 
It is not necessary to know the value of kc, since it can be 
inferred from the experimental values of hElin,,l, a ,  Af, and 
P, (eq. [71). 

There exists an extra energy of stabilization for 1, as shown 
by a curvature of the experimental points greater than that 
predicted by dipolar effects (Fig. 1). To  interpret these re- 
sults we have considered that T H F  is a good hydrogen-bond 
acceptor solvent, as predicted by its P value (P = 0.55). 

Moreover, 1 is capable of being a hydrogen bond donor 
(14, 18, 34) and, in fact, it has a value of a; = 0.367 on the 
solute hydrogen-bond acidity scale of Abraham et  al. (35). 
Thus it is expected that hydrogen bond formation with the 
solvent should be responsible for at least a part of the ob- 
served preferential solvation of THF toward 1, as was ob- 
served for p-nitroaniline (13). 
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FIG. 1. v,,, vs. X,, for o-nitroaniline in THF-CHx solvent mix- 
ture. (-) Theoretical linear dependence for no preferential sol- 
vation; (-) curve predicted by dielectric enrichment model; (.) 
experimental data. 

FIG. 2. v,,, vs. X ,  for N-propyl-o-nitroaniline in THF-CHx 
solvent mixture. (-1 Theoretical linear dependence for no 
preferential solvation; (0) experimental data. 

TABLE 1. Preferential solvation 
constants ( K )  for compounds 2-8 
in the CHx-THF solvent mixture 

Con~pound K  

To obtain a more quantitative picture of the dielectric ef- 
fect of the solvent mixtures, we calculated the solvation 
constant, KD, from the theoretical curve (Fig. l ) ,  applying 
the same procedure used to calculate K in the preferential 
solvation model. This constant may be considered a mea- 
sure of the dielectric enrichment in the polar solvent within 
the solvation shell. 

The values of KD for 1 and p-nitroaniline (13) are 1.44 + 
0.02 and 1.70 k 0.02, respectively, while the correspond- 
ing values of K are 3.74 + 0.03 and 4.09 + 0.02. 

As can be observed, the values of KD for p-nitroaniline are 
higher than for 1, as expected, since the former has a higher 
value of pg (33). The greater values of K for p-nitroaniline 
also reflect not only the higher dielectric effects but also a 
higher degree of intermolecular hydrogen bond formation 
than for 1 (a: (p-nitroaniline) = 0.421). 

The values of K for N-alkyl-o-nitroanilines are very sim- 
ilar to the value of KD for 1, which could indicate that the 
preferential solvation is mainly due to dipolar interaction of 
these solutes with T H F  and that there is no breaking of the 
intramolecular hydrogen bond in this medium. 

On the other hand there is no significant variation of K with 
the N-alkyl substituents (R). This may be because of the 
relatively high polarity of T H F  that gives such strong di- 
pole-dipole interactions with the solutes and that is insen- 
sitive to the small changes produced by the change of the 
substituent. 

(b) Studies in pure solvents 
The absorption maxima measured for the solutes 1-10 in 

different solvents are reported in Table 2. The correlations 
obtained by Taft and Kamlet's solvatochromic comparison 
method (3) are shown in eqs. [9]-[18]: 
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TABLE 2. Absorption spectra of compounds 1 through 10. Values given in lo3 v,,,/cm-' 

Compound 

Solvent 1 2 3 4 5 6 7 8 9 10 

Hx 
Bz 
DMSO 
DMF 
MeOH 
EtOH 
iPE 
ACN 
EtAc 
THF 

There is a strong effect of the P parameter on 1 (eq. [9]), 
which coincides with literature data (14) and is interpreted 
as due to the hydrogen bond donor ability of the H amino 
group not involved in the intramolecular hydrogen bond. 

On the contrary there is no effect on p in the solutes 2-8. 
The values of b are smaller than its standard deviation and 
with a significance level higher than 40% according to the 
Student t-test. This means that the b values can be consid- 
ered equal to zero. 

This may indicate that there is no breaking of the intra- 
molecular hydrogen bond in these N-alkyl-o-nitroanilines. 
Consequently, they have a similar behavior to solutes 9 and 
10, which do not have an H in the amino group. 

The high and negative values of the IT* sensitivity coef- 
ficients, s, are as expected, considering the important in- 
crease of dipole moment upon excitation for these solutes 
(36). 

The value of s is higher for N,N-diakyl-o-nitroanilines than 
for 1 and N-alkyl-o-nitroanilines. This has been explained 
by considering that polar solvents favor the coplanarity of the 
ortho group, producing a marked bathochromic effect (15). 
However, it is believed that this effect is due to the fact that, 
in the N-alkyl-o-nitroanilines, the intramolecular hydrogen 
bond aids in stabilizing, particularly, the excited state of these 
solutes and makes them less sensitive to the solvent polar- 
ity. 

On the other hand, a negative value of the coefficient for 
a, a ,  in compounds 2-10 indicates the formation of an in- 
termolecular hydrogen bond to the oxygen of the nitro group 
in protic solvents (37). However, the values of a ,  although 
statistically significant, are low. It is evident that for com- 

pounds 9 and 10 the non-coplanarity of the ortho groups 
weakens the intramolecular charge transfer from the amine 
to the nitro group. Thus the latter is a weak hydrogen bond 
acceptor. In the case of the N-alkyl-o-nitroanilines (com- 
pounds 2-8), which are coplanar, intermolecular hydrogen 
bond formation competes unfavorably with the intramole- 
cular bond formation. Moreover, it might be considered that 
the charge transfer from the amine to the nitro group (clas- 
sical through-resonance) is only partial, as was calculated 
recently for p-nitroaniline (38). 

(c) Substituent effcts in the solvatochromism of N-alkyl-o- 
nitroanilines 

Equations [9]-[16] show a variation of the sensitivity to 
solvent polarity, when the R group is changed. 

To quantify the influence of inductive and steric effects, 
the values of the coefficient s were intended to be correlated 
with a* and E, (39) parameters, respectively. 

Although the correlation of s with a* is very poor (r = 
0.8368), it shows the trend that the greater the inductive 
electron donor effect of the R substituent, the lesser the sen- 
sitivity to the solvent polarity. There is also no significant 
dependence on the steric parameters. 

On the other hand, it was possible to determine for each 
solvent the dependence of the absorption band in N-alkyl-o- 
nitroanilines upon substituent parameters by a general equa- 
tion such as: 

This equation accounts for the effect exerted by the alkyl 
substituent on the stabilization of the positive charge on arnine 
nitrogen in the excited state. The results are shown in 
Table 3. 

As can be observed, only the inductive effect of the sub- 
stituent is significant. The positive sign of p shows that, when 
the electron donor effect of the alkyl substituents increases, 
the excited state is more stable. 

Also, by considering the correlations in Table 3, a de- 
pendence of p upon the solvent parameters was found, as 
shown in eq. [20]: 

It is evident that when the polarity of the solvent in- 
creases, and consequently its interaction with the solutes, the 
dependence on the substituent is smaller. Moreover, the 
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TABLE 3. Correlation terms obtained by application of eq. [I91 to 
compounds 1-8" 

Solvent VO' P r 

Hx 
Bz 
DMSO 
DMF 
MeOH 
EtOH 
i PE 
ACN 
EtAc 
THF 
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trochim. Acta, 47A, 821 (1991). 
14. G. Parimala Someswar. Indian J. Chem. 27A, 947 (1988). 
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36, 701 (1983). 
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17. M. C. Etter. J. Phvs. Chem. 95. 4601 (19911 

negative sign of the p coefficient can be explained by con- 18. G. Launay, B. Wojtkowiak, and T. M. Krygowski. Can. J. 
Chem. 57, 3065 (1979). 

sidering that the higher the P value for the the 'loser 19, T ,  W, Panunto, '7. ~rb~nczyck-Lipkowska, R, Johnson, and 
inductive effect of the H on 1 gets to the alkyl groups. M. C. Etter. J. Am. Chem. Soc. 109, 7786 (1987). 

Summarizing, there  ems to be a symmetrical depen- 20. L. S. Frankel, T. R. Stengle, and C. H. Lanford. J. Phys. 
dence of the substituent and solvent effects on the shifts of Chem. 74, 1376 (1970). 
the absorption band ( 18). 21. R. G. E. Morales. Spectrosc. Lett. 16, 899 (1983). 

(d) Substituent effects on N,N-dialkyl o-nitroanilines 
The results obtained by the solvatochromic comparison 

method for compounds 9 and 10 are compared with the cor- 
relations for the corresponding p-nitroaniline isomers from 
literature data (40). For p-nitropyrrolidino benzene (Pyr) eq. 
[21] is obtained: 

and for p-nitropiperidino benzene (Pip) eq. [22]: 

When the values of the solvatochromic terms s and a are 
compared with those for the ortho isomers (eqs. [I71 and 
[18]), it is  clear that the p a r a  isomers are much more sen- 
sitive in both nonspecific and specific (hydrogen bond) sol- 
vent interactions. This could be attributed to the lack of 
planarity of the ortho compound, which implies lower charge 
delocalization and, thus, lower effect of solvent polarity and 
hydrogen bond formation capability. 

1. C. Reichardt. Angew. Chem. Int. Ed. Engl. 4, 29 (1965). 
2. (a) M. J. Kamlet, J. L. Abboud, and R. W. Taft. J. Am. 

Chem. Soc. 99,6027 (1977); (6) R. W. Taft and M. J. Kamlet. 
J. Am. Chem. Soc. 98, 2886 (1976); (c) J. Am. Chem. Soc. 
98, 337 (1976). 

3. M. J. Kamlet, J. L. Abboud, M. H. Abraham, and R. W. Taft. 
J. Org. Chem. 48, 2877 (1983). 

4. C. Reichardt. In  Solvents and solvent effects in organic 
chemistry. 2nd ed. V.C. H, Publishers, Weinheim. 1990. 

5.  P. Suppan. J. Chem. Soc. Faraday Trans. 1, 83, 495 (1987). 
6. K. Remerle and J. B. Engberts. J. Phys. Chem. 87, 5449 

(1983). 

22. H. B. Callen. ~hermodinamica. Ed. AC, Libros Cientificos 
y TCcnicos, Madrid. 1981. 

23. J. D. Jackson. Electrodinimica Clisica. Ed. Alhambra S.A., 
Mexico. 1966. 

24. W. Liptay. Angew. Chem. Int. Ed. Engl. 8, 177 (1969). 
25. R. C. Weast (Editor). CRC handbook of chemistry and phys- 

ics. 65th ed. CRC Press Inc., Boca Raton, Fla. 1984. 
26. S. M. Chiacchiera, J. 0 .  Singh, J. D. Anunziata, and J. J. 

Silber. J. Chem. Soc. Perkin Trans 2, 987 (1987). 
27. R. Cattana, J. 0 .  Singh. J. D. Anunziata, and J. J. Silber. J. 

Chem. Soc. Perkin Trans. 2, 79 (1987). 
28. J. A. Riddick and W. B. Bunger. Techniques of chemistry. 

Vol. 11. Organic solvents. 3rd ed. Wiley-Interscience, New 
York. 1970. 

29. M. J. Kamlet, J.-L. M. Abboud, and R. W. Taft. J. Am. 
Chem. Soc. 99, 6027 (1977). 

30. H. J. Freund and R. W. Bigelow. Chem. Phys. 55,407 (1981). 
31. (a) H. E. Smith, W. I. Cozart, T. de Paulis, and F. M. Chen. 

J .  Am. Chem. Soc. 101, 5186 (1979); (b) W. von Niessen. J. 
Phys. Chem. 92, 1035 (1988). 

32. K. E. Atkinson. An introduction to numerical analysis. J. 
Wiley and Sons, New York. 1978. 

33. B. Oscik-Mendyk. Chromatographia, 28, 151 (1989). 
34. M. J. Karnlet, M. E. Jones, R. W. Taft, and J.-L. M. Abboud. 

J. Chem. Soc. Perkin Trans. 2, 342 (1979). 
35. M. H. Abraham, P. L. Grellier, D. V. Prior, P. P. Duce, J. 

J. Morris, and P. J. Taylor. J. Chem. Soc. Perkin Trans. 2, 
699 (1989). 

36. L. S. Prabhumirashi and S. S. Kunte. Spectrochim. Acta, 44A, 
213 (1988). 

37. T. Yokoyama, R. W. Taft, and M. J. Kamlet. J. Am. Chem. 
SOC. 98, 3233 (1976). 

38. T. M. Krygowsky and J .  Maurin. J. Chem. Soc. Perkin Trans. 
2, 695 (1989). 

39. C. Takayama, T. Fujita, and N. Nakajima. J. Org. Chem. 44, 
2871 (1979). 

40. M. J. Kamlet, R. R. Minesinger, E. G. Kayser, M. H. 
Aldridge, and J. W. Eastes. J. Org. Chem. 36, 3852 (1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The synthesis and structural characterization of a series of triphenyltin(1V) esters 
of N-arylidene-w-amino acids 

Y. C .  TOONG, S .  P.  TAI,  AND M .  C. PUN 
School of Chetnical Sciet~ces, Universiri Soitts Malaysia, 11800 Pena~zg, Malaysia 

ROSEMARY C .  HYNES 
Chemisr~y Depnrrtnettr, McCill Ut~i\~ersiry, Motzrreal, Que., Catzndu H3A 2T5 

L. E. KHOO 
NIE-Chetnisrrj~, Nulzyatzg Techtzological Utziversity, 469 Blikir Tirnalz Road, Singapore 1025 

AND 

F. E. SMITH' 

Chemisrty Department, Laurenrintz University, Sudbury, Otzr., Catlada P3E 2C6 

Received March 13. 1992 

Y. C. TOONG, S. P. TAI, M. C. PUN, ROSEMARY C. HYNES, L. E. KHOO, and F. E. SMITH. Can. J. Chem. 70, 2683 
(1992). 

Methods of synthesis, elemental analyses, and IR and NMR spectroscopic data are reported for a series of triphen- 
yltin esters of N-salicylidene-w amino acids of the general formula: Ph,SnOCO(CH?),,N=CHAr (Ar = 2-HOC6H4- and 
2-HOCloH6-; n = 1, 2, 3, and 5). The crystal structure of triphenyltin N-sajicylidene-6-amin$exanoate was deted- 
mined. The crystals are monoclini:, space group P2,/a,  with a = 16.3493(8) A, b = 9.0675(7) A, c = 18.8562(14) A, 
p = 100.493(5)", V = 2748.6(3) A ~ ,  Z = 4, and D,;,,, = 1.427 Mg m-? The final discrepancy factors are R, = 0.033, 
and R,, = 0.036 for 2339 significant reflections. This compound, believed typical of the series described, adopts a 
polymeric trat~s-O~SnC, trigonal bipyramidal geometry with the axial positions occupied by a carboxylate oxygen and 
the phenolic oxygen of an adjacent molecule. These compounds appear to be the first reported triphenyltin(1V) carbox- 
ylates with phenolic oxygen bridges. 

Y. C. TOONG, S. P. TAI, M. C. PUN, ROSEMARY C. HYNES, L. E. KHOO et F. E. SMITH. Can. J.  Chem. 70, 2683 (1992). 
On rapporte les mithodes de synthkse, les analyses ClCmentaires et les donnCes spectroscopiques d'une sCrie d'esters 

triphtnylstanniques d'acides N-salicylidene-w-aminCs de formule gCnCrale : Ph,SnOCO(CH2),,N=CHAr (Ar = 2-HOC6H4- 
et 2-HOCloH6-; n = 1, 2, 3 et 5). On a dttermine la structure cristalline du N-salicylidbne-6-aminohexanonate de 
triphCnylCtaind Les cristaux sont monocliniques, groupe d'espace P2,/a,  avec u = 16,3493(8), b = 9,0675(7) et c = 
18,8562(14) A, /3 = 100,493(5)", V = 2748,6(3) A', Z = 4 et D,:,l, = 1,427 Mg m-,. On a gffinC la structure jusqu'a 
des facteurs RF = 0,033 et R,, = 0,036 pour 2339 reflexions significatives. Ce composi, considirC comme typique de 
la sCrie dCcrite, adopte une gComCtrie bipyramidale trigonale polymCrique du rratls-O,SnC, dans laquelle les positions 
axiales sont occupies par un oxygkne du carboxylate et par l'oxygkne phCnolique d'une molCcule adjacente. Ces com- 
posis semblent &tre les premiers carboxylates de triphCnylttain(1V) comportant des ponts phCnoliques oxygCnCs. 

[Traduit par la redaction] 

Introduction comuound involves an Sn-N linkage. while for the last two 

Structural studies on a range of triphenyltin carboxylates 
have yielded examples of monomeric and polymeric forms. 
For the monomers, depending on whether the chelating car- 
boxylate group functions as a uni- or bi-dentate ligand, the 
tin atoms are found to be either four- or five-coordinate (1). 
However, in the polymeric forms the carboxylate ligands 
behave as bridging bidentate ligands and the pentacoordi- 
nate tin atoms have distorted trigonal bipyramidal geome- 
tries (1). Alternatives to carboxyl bridging have been sought 
in compounds containing either donor substituent groups or 
labile phenolic groups in the ester function. Among the ear- 
liest compounds successfully investigated was trimethyl- 
tin(1V) glycinate (2) whose crystal structure revealed a 
polymeric network built of Sn-N linkages. Polymeric tri- 
phenyltin(1V) carboxylates that contain unidentate carbox- 
ylate groups are rare. There are only three compounds 
reported, namely, triphenyltin(N) pyridine-3-carboxylate (3), 
triphenyltin(1V) 3-ureidopropionate (4), and the triphenyl- 
tin(1V) ester of citraconic acid monopyrrolidide (5). The first 

' ~ u t h o r  to whom correspondence may be addressed. 

structures the Sn-0 bridges occur through the uriedo and 
amido carbonyl oxygens, respectively, and not the carboxyl 
oxygen. X-ray structural analyses for Ph,SnOCOR where R 
contains a phenolic functional group as in Ph,SnOCOC6H4- 
OH-o (6), Ph3SnOCOC6H40CH3-o (6), Ph3SnOCOC6H4- 
OPh-o (7), Ph3SnOCOC6H4(N2C6H3MeOH) (the ligand in this 
complex is o-(2-hydroxy-5-methy1phenylazo)-benzoate (8) 
failed to firmly establish the presence of an Sn-O(pheno1ic) 
linkage even though such a network was reported for the 
trimethyltin(1V) analogue, Me,SnOCOC6H40H-o (9). W e  
describe here the synthesis and characterization by IR and 
NMR spectroscopic techniques of a series of triphenyltin 
derivatives of N-salicylidene-o-amino acids, 2-HOC6H4- 
CH=N(CH,),,COOH, and N-2-hydroxynaphthylidene-o- 
amino acids, 2-HOC,,H6CH=N(CH2),,COOH (n = 1, 2, 3,  
and 5). Each ligand contains a potential binding site in its 
phenolic fragment in addition to the carboxyl function that 
could engage the tin atom in either intra- or inter-molecular 
(polymeric) coordination. Since definitive establishment of 
the bonding behaviour in these situations must come from 
X-ray diffraction studies, we carried out an X-ray crystal 
structure determination on a representative compound in 
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TABLE 1. Analytical data for Ph3SnOCO(CH2),,N=CHAr 

Compound Melting Elemental analysis (%) found (calcd.) 
Yield point 

Ar n (%I ("c) C H N Sn 

. An ORTEP plot showing the coordination at tin (ellipsoids are shown at 50% probability). 

this series, namely, triphenyltin N-salicylidene-6-amino- 
hexanoate. T h e  results confirmed the presence of  an 
Sn-O(pheno1ic) bridge with the carboxylate group func- 
tioning in the unidentate mode.  

Experimental 
. .  ,. 

Reagents 
Bistriphenyltin oxide and other chemicals were purchased from 

the Aldrich Chemical Company, and used without further purifi- 
cation. 

Preparation of ligands 
Triphenyltin(1V) esters of N-arylidene-w-amino acids were pre- 

pared by refluxing in absolute ethanol (ca. 90 mL) a mixture of 
bistriphenyltin oxide (10 mmol), w-amino acid (20 mmol), and 
salicylaldehyde or 2-hydroxynaphthaldehyde (20 mmol). After re- 
fluxing for 6-8 h the reaction mixture was cooled and the product 
(if there was precipitation) was isolated via filtration, otherwise the 
reaction mixture was concentrated under reduced pressure before 
either toluene or petroleum ether (60-80°C) was added to induce 
precipitation. The isolated solid was recrystallized from benzene, 
petroleum ether, or ethanol to give the pure triphenyltin carboxy- 
lates whose yields and melting points are listed in Table 1. 

A slowly evaporating solution (95% ethanol, 30 rnL) of tri- 
phenyltin(1V) N-salicylidene-6-aminohexanoate (4 g) yielded 

TABLE 2. Carboxylate frequencies (cm-I) of Ph,SnOCO- 
(CH,),,N=CHAr 

Compound IR(KBr) 

Ar' n v,,,(OCO) v,,,(OCO) Av 

crystals (1.2 g), mp 118-1 19"C, from which a thin yellow plate of 
dimensions 0.40 x 0.25 x 0.03 mm was selected for X-ray anal- 
ysis. 

Instrumentation 
The IR spectra of the complexes were recorded in the region 

4000-300 cm-I with a Beckman IR 20A spectrophotometer with 
samples either as Nujol mulls or KBr discs. 

Tin was determined gravimetrically as SnO,. Carbon, hydro- 
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TOONG ET AL. 

TABLE 3. Atomic parameters X ,  y,  z and Bis,; esd's refer to the last digit printed 

Atom x Y z Bison 

Sn 0.238424(24) 0.98873( 5) 0.250144(23) 3.500(22) 
0 1 0.1 176 ( 3) 0.9007 ( 5) 0.20709 (25) 4.29 (22) 
0 2 0.1776 ( 3) 0.8010 ( 5) 0.1221 ( 3) 4.90 (25) 
0 3 0.3681 ( 3) 1.0952 ( 5) 0.2905 ( 3) 4.52 (23) 
N 0.4579 ( 4) 1.2291 ( 7) 0.2109 ( 3) 4.6 ( 3) 
C 1 0.1163 ( 4) 0.8212 ( 8) 0.1495 ( 4) 4.2 ( 3) 
C 2 0.0328 ( 4) 0.7537 ( 9) 0.1202 ( 4 )  5.1 ( 4 )  
C 3 0.0268 ( 5) 0.6818 ( 9) 0.0473 ( 4 )  5.4 ( 4 )  
C 4 0.0287 ( 4) 0.7904 ( 8) -0.0144 ( 4) 5.0 ( 4) 
C 5 0.0299 ( 5) 0.7097 ( 8) -0.0842 ( 4) 5.1 ( 4) 
C 6  0.4681 ( 5 )  1 . 3 1 1 8 ( 9 )  0.1463 ( 4 )  5.2 ( 4 )  
C 7 0.5202 ( 5) 1.1728 ( 9) 0.2551 ( 5) 5.2 ( 4) 
C 8 0.5143 ( 4) 1.0811 ( 8) 0.3145 ( 4) 4.5 ( 4) 
C 9 0.5871 ( 4) 1.0228 (11) 0.3572 ( 5) 6.5 ( 5) 
ClO 0.5845 ( 5) 0.9315 (11)  0.4132 ( 5) 6.6 ( 5) 
C11 0.5078 ( 6) 0.8986 ( 9) 0.4289 ( 4) 6.0 ( 5) 
C12 0.4353 ( 4) 0.9531 ( 9) 0.3909 ( 4) 4.7 ( 4) 
C13 0.4364 ( 4) 1.0451 ( 8) 0.3319 ( 4) 4.1 ( 3) 
C14 0.2344 ( 4) 1.1538 ( 7) 0.1696 ( 4) 3.7 ( 4) 
Cl5 0.2355 ( 4) 1.3004 ( 9) 0.1917 ( 4) 4.7 ( 4) 
C16 0.2292 ( 5) 1.4155 ( 9) 0.1418 ( 5 )  5.7 ( 5 )  
C17 0.2238 ( 5) 1.3875 (10) 0.0703 ( 5) 6.2 ( 5) 
C18 0.2234 ( 6) 1.2437 ( 1  1) 0.0471 ( 4) 6.7 ( 5) 
C19 0.2285 ( 5) 1.1279 ( 9) 0.0959 ( 4) 5.2 ( 4) 
C20 0.1969 ( 4) 1.0613 ( 8) 0.3451 ( 3) 4.0 ( 3) 
C21 0.2418 ( 5) 1.1636 ( 9) 0.3926 ( 4) 5.3 ( 4) 
C22 0.2153 ( 6) 1.2072 (10) 0.4557 ( 4) 6.6 ( 5) 
C23 0.1448 ( 7) 1.1482 (13) 0.4729 ( 5) 7.4 ( 6) 
C24 0.0992 ( 5) 1.0468 (13) 0.4275 ( 5) 7.3 ( 6) 
C25 0.1264 ( 4) 1.0035 ( 9) 0.3654 ( 4) 5.1 ( 4) 
C26 0.2997 ( 4) 0.7829 ( 8) 0.2689 ( 3) 3.9 ( 3) 
C27 0.2740 ( 4) 0.6880 ( 8) 0.3174 ( 4) 4.6 ( 4) 
C28 0.3175 ( 5) 0.5581 ( 9) 0.3386 ( 4) 5.3 ( 4) 
C29 0.3874 ( 5) 0.5241 ( 9) 0.3108 ( 4) 5.7 ( 4) 
C30 0.4131 ( 5) 0.6157 ( 9) 0.2609 ( 4 )  5.3 ( 4 )  
C31 0.3699 ( 4) 0.7434 ( 8) 0.2409 ( 4 )  4.6 ( 4 )  

"B,,, is the mean of the principal axes of the thermal ellipsoid. 

gen, and nitrogen microanalyses were performed at the Chemistry 
Department, National University of Singapore, Singapore. 

X-ray analysis 

Space group and cell dimensions 
Empirical formula: SnC31H2803N FW = 590.33 
Monoclinic P?,/a, a = 16.3493(8) A, b = 9.0$75(7) A,  c = 

18.8562(14) A, P = 100.493(5)", V = 2748.6(3) A ~ .  Cell dimen- 
sions were obtained from 25 reflections with 28 in the range 90.00"- 
100.00". Crystal dimensions: 0.40 X 0.25 X 0.03 mm. Z = 4, 
F(000) =01215.85, D ,,,, = 1.427 Mgm-3,  p = 7.80mm-I, A = 

1.54056 A (Cu Ka),  28,,, = 99.8". 

Patterson synthesis. The inner coordination sphere was identified 
using the DIRDIF (12) programme. Hydrogen atoms were calcu- 
lated. The remaining non-hydrogen atoms were located from a 
difference Fourier. The final least-squares cycle was calculated with 
68 atoms, 326 parameters, and 2339 out of 2803 reflections. Unit 
weights were used. Final residuals are R, = 0.033, Rw = 0.036 for 
data with I,,, > 2.5uIn,,, RF = 0.043, Rw = for all data. The good- 
ness of fit was 1.35. Maximum shift/error was 0.006. In the last 
D-map, the top peak was 0.410 e / ~ ~ ,  and the deepest hole was 
-0.470 e / ~ ~ .  Scattering factors were taken from the literature (13). 
All computation was performed using the NRCVAX system of 
crystal structure solving programmes (14). 

Data collection, structure solution and refinement Results and discussion 
The intensity data were collected at 295 K on a Nonius diffrac- 

tometer run by the NRCCAD diffractometer control program (lo), The biphenyltin carboxylates, Ph,SnOCO(CH,),N=CHAr 
using the 8/28 scan mode and profile analysis (1 1). A total of 3027 (n = 1 9  22 3 9  and 519 listed in Table 1, can be prepared by 
reflections were measured, of which 2803 were unique. Of these, refluxing a mixture of bisbiphen~ltin oxide, an w-amino acid, 
2339 had I > 2.5uIn,,. Absorption corrections were made from 4 and the appropriate hydroxyaldehyde in absolute alcohol as 
psi scans. The structure was solved by locating the tin from a shown by the equation below: 

CHO 
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TABLE 4. Bond distances in angstroms 

Atoms labelled a and b are symmetry equivalent 

The melting points and analytical data for the range of 
carboxylates synthesized are shown in Table 1. All the car- 
boxylates listed in Table 1 were isolated as yellow solids that 
were stable in air. 

The NMR signal from the azomethine proton in each of 
the free ligands (S = 8.40-8.80 ppm) did not shift signifi- 
cantly on complex formation. For all the complexes, a broad 
signal observed at 6 = 11-14 ppm was assigned to the phe- 
nolic proton. This assignment was substantiated by the broad 
infrared absorptions in the region 2600-3400 cm-' which are 
reported to be due to intramolecular hydrogen bonding be- 
tween the phenolic proton and the azomethine nitrogen (15). 

The observed infrared absorption frequencies for the 
carboxylic antisymmetric, v ,,,, (OCO), and symmetric, v ,,,, - 
(OCO), stretching vibrations are shown in Table 2. The as- 
signment of the v,,,,(OCO) band is complicated by the 
presence of the v(C=N) stretching vibration, which is ob- 
served in the region 1615-1625 cm-'. Nevertheless, the 
magnitude of the v ,,,, (OCO) - v ,,,, (OCO) (i.e., Av) sepa- 
ration is of interest. The observed values of Av, which are 
in the range 230-350 cm-I, indicate a unidentate bonding 
mode for the carboxylate moiety (16). For a bridging or 
chelating carboxylate group Av would be expected to be 5 

150 cm-' (17), as widely observed in the infrared spectra of 
triorganotin carboxylates (18). This suggests that it is the 
phenolic group which occupies the fifth coordination site at 
the tin atom (19). Furthermore, the strong intramolecular 
hydrogen bonding between the imino nitrogen atom and the 
phenolic group would increase the likelihood of coordina- 
tion by the phenolic oxygen to the tin atom. Thus the spec- 
troscopic data suggest that the structures of these triphenyltin 
carboxylates may well involve bridging by phenolic oxygen 
atoms. This conclusion was confirmed by the the results of 
an X-ray structural analysis for triphenyltin(1V) N-salicyli- 
dene-6-aminohexanoate. Figure 1 is an ORTEP plot illus- 
trating the coordination around the tin atom. The final 

fractional coordinates of non-hydrogen atoms with equiva- 
lent isotropic thermal parameters are listed in Table 3 while 
the bond lengths and bond angles for the complex are in Ta- 
bles 4 and 5 ,  respectively. Calculated and observed struc- 
ture factors, calculated hydrogen atom parameters, and 
anisotropic thermal parameters have been deposited as Ta- 
bles S-I ,  S-2, and S-3, respectively. The atom-numbering 
scheme and a stereo pair showing the packing arrangeme?t 
in the unit cell have been deposited as Figs. S-1 and S-2.- 

The tin is five-coordinate with the axial positions of the 
trigonal bipyramid being occupied by a carboxylate oxy- 
gen, 0(1) ,  and the phenolic oxygen, 0(3) ,  of an adjacent 
symmetry-related molecule. The sum of the carbon-tin- 
carbon angles in the trigonal plane of triphenyltin N-salicy- 
lidene-6-aminohexanoate is 358.2(3)" (1 14.2" + 133.8" + 
1 10.2"). The apical angle subtended at tin is 176.20(17)"; The 
short tin-oxygen distan2es are Sn-O(1) = 2.148(4) A and 
Sn-O(3) = 2.328(4) A and are well within the range of 
Sn-0 bond distances usually observed for triorganotin 
carboxylates (1). It is interesting to compare the phenolic 
%xygen-tin distance of 2.33 A observed here with that of 3.04 
A reported for triphenyltin salicylate (6), which clearly cor- 
responds to a much weaker interaction: 

The Sn-O(2) distance is 2.973(5) A, which explains the 
opening-up of the C(14)-Sn-C(26) angle to 133.8". Such 
non-uniformity in CSnC angles has been observed before, 
and attributed to weak Sn.. .O contacts (20). 

In contrast to the Sn-O(1)-C(l) angle of 113.3(4)" the 
Sn-O(3)-C(13) angle of the bridging oxygen atom is 
opened up to 132.2(4)" to accommodate the bulk of the sal- 
icylidene moiety. Even larger Sn-0'-C' angles (where 0' 
refers to the bridging oxygen atom) have been observed for 
Ph,SnOCOCH,CH2NHCONH2, 144.1(2)" (4), Ph,SnOCO- 
CH,, 142.7" (20), and Ph,SnOCOC6H,Cl-2, 146.4 (21). 

The short C=O distance of 1.222(9) indicates that the 
free carbonyl group on the ligand is not involved in coordi- 
nation with another tin atom. Similar C=O bond lengths 
have also been reported for corresponding non-bridging 
carbonyl groups in the compounds Ph,SnOCOCH,CH,N- 
HCONH2, 1.224(4) A (4), and Ph3SnOCOCME=CHC- 
ON(CH,),, 1.222(5) A (5). The cis configuration adopted by 
the salicylidene moiety is similar to that reported for 2-bromo- 
N-salicylidene aniline (22). Proton transfer from oxygen to 
nitrogen atoms via hydrogen bonding and the formation of 
zwitterion intermediates in similar molecules to those dis- 
cussed here is quite commonly encountered (19, 23, 24). 
Thus the labile phenolic oxygen is rendered susceptible to 
coordination with the tin atom. This makes possible the for- 
mation of a series of Sn-O(pheno1ic) bridges leading to the 
zigzag polymeric structure of triphenyltin N-salicylidene-t- 
aminohexanoate, which has a repeat distance of 4.7140 A 
(25, 26). Similarities in the spectroscopic data suggest that 
the other compounds in the series adopt similar structures. 

This series appears to be the first reported example of such 
an arrangement in triphenyltin carboxylates. 

'~hese tables and diagrams may be purchased from: The De- 
pository of Unpublished Data, Document Delivery. CISTI, Na- 
tional Research Council Canada, Ottawa, Canada K1A 0S2. 

The diagrams and table of hydrogen atom parameters have also 
been deposited with the Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, CB2 
lEZ, U.K. 
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TABLE 5. Bond angles in degrees 

0 (  1)-Sn-O(3) 176.20(17) C ( l 1 ) - ( 1 2 - ( 3  120.1(7) 
O(1)-Sn-C(14) 94.88(21) O(3)-C(13)-C(8) 119.0(6) 
O(1)-Sn-C(20) 91.18(22) O(3)-C(13)-C(12) 123.1(6) 
O(1)-Sn-C(26) 96.33(21) C(8)-C(13)-C(12) 117.9(6) 
O(3)-Sn-C(14) 8 1.3 l(21) Sn-C(14)-C(15) 117.5(5) 
O(3)-Sn-C(20) 90.45(21) Sn-C(14)-C(19) 125.5(5) 
O(3)-Sn-C(26) 86.32(2 1 )  C(15)-C(14)-C(19) 1 17.0(6) 
C( 14)-Sn-C(20) 1 14.2(3) C(14)-C(15)-C(16) 121.1(7) 
C(14)-Sn-C(26) 133.82(25) C(15)-C(16)-C(17) 120.9(8) 
C(20)-Sn-C(26) 1 10.2(3) C(16)-C(17)-C(18) 119.3(8) 
Sn-O(1)-C( 1 ) 113.3(4) C(17)-C(18)-C(19) 120.6(8) 
Sn-O(3)-C( 13) 132.2(4) C(14)-C(19)-C(18) 121.2(7) 
C(6)-N-C(7) 122.6(6) Sn-C(20)-C(2 1) 122.2(5) 
O(1)-C(1)-O(2) 123.1(6) Sn-C(20)-C(25) 121.7(5) 
O(1)-C(1)-C(2) 114.0(6) C(2 1)-C(20)-C(25) 1 16.0(6) 
O(2)-C( 1)-C(2) 122.8(7) C(20)-C(2 1)-C(22) 12 1.7(8) 
C( I)-C(2)-C(3) 114.4(6) C(21)-C(22)-C(23) 1 19.9(8) 
C(2)-C(3)-C(4) 114.1(6) C(22)-C(23)-C(24) 120.0(8) 
C(3)-C(4)-C(5) 110.9(8) C(23)-C(24)-C(25) 1 19.6(8) 
C(4)-C(5)-C(6)a 112.8(6) C(20)-C(25)-C(24) 122.7(8) 
N-C(6)-C(5)b 110.9(6) Sn-C(26)-C(27) 118.0(5) 
N-C(7)-C(8) 125.6(7) Sn-C(26)-C(3 1) 124.1(5) 
C(7)-C(8)-C(9) 120.0(7) C(27)-C(26)-C(3 1) 1 17.6(6) 
C(7)-C(8)-C(l3) 121.0(6) C(26)-C827)-C(28) 12 1.1(6) 
C(9)-C(8)-C(13) 119.0(7) C(27)-C(28)-C(29) 1 19.6(7) 
C(8)-C(9)-C(10) 122.1(7) C(28)-C(29)-C(30) 120.2(7) 
( 9 - C ( l 0 ) - ( 1 1  1 17.6(7) C(29)-C(30)-C(3 1) 1 19.4(7) 
C(10)-C( l l )C( l2)  123.3(8) C(26)-C(31)-C(30) 122.0(7) 

Atoms labelled a and b are symmetry equivalents 

C(6)a 0.03188 0.81 179 -0.14625 0.500-1 -0.500+y -z 
C(5)b 0.47014 1.20973 0.08415 0.500-x 0.500+y -z 
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GERALD ARTHUR POULTON, GORDON WILLIAM BUSHNELL, and YUN-LONG LI. Can. J. Chem. 70, 2688 (1992). 
Lambertellin, 9-hydroxy-3-methyl-2H-naphtho[2,3-b]pyran-2,5,lO-trione, previously identified from species of 

Lambertella and Pseudospiropes, has been isolated from the discomycete Ciboria gordonii Funk, identified on needles 
of the western hemlock Tsuga heterophylla. Spectral data and a crystal structure are given for lambertellin, confirming 
the structure in the literature. 

GERALD ARTHUR POULTON, GORDON WILLIAM BUSHNELL et YUN-LONG LI. Can. J. Chem. 70, 2688 (1992). 
On a isole lambertelline, la 9-hydroxy-3-m~thyl-2H-naphto[2,3-b]pyran-2,5,lO-trione (anterieurement identifike a partir 

d'espkces de Lambertella et de Pseudospiropes), i partir du discomyckte Ciboria gordonii Funk, identifik sur les aiguil- 
les de la cigue Tsuga heterophylla. On rapporte les donnkes spectrales de la lambertelline et on a determink sa structure 
cristalline, confirmant ainsi la structure proposee dans la littkrature. 

[Traduit par la rkdaction] 

Introduction 

Funk (1) has identified the fungus Ciboria gordonii Funk 
from needles of the Western hemlock Tsuga heterophylla 
(Raf.) Sarg. Cultures of this fungus produce visible quan- 
tities of the metabolite lambertellin, 9-hydroxy-3-methyl-W- 
naphtho-[2,3,b]-pyran-2,5,10-trione, 1, production being best 
at 10°C. Lambertellin has been previously isolated from 
Lambertellin hicoriae Whetzel (2, 3), from L. corni maris 
(4), and later from Pseudospiropes simplex (5), and a syn- 
thesis reported (6). As our preliminary spectral data were not 
in agreement with literature data for lambertellin, a crystal 
structure determination was conducted to confirm identity. 

Results and discussion 

Lambertellin was first isolated and identified as a constit- 
uent of a number of different fungi more than 20 years ago 
(2-4). It is of low solubility in organic solvents and thus the 
'H NMR data reported in the literature (in CF,COOH (6) or 
as the sodium salt in D20  (4)) did not permit a simple com- 
parison with spectra obtained on current FT machines in 
CDCl, or DMSO-d,. Differences between our observed 
chemical shifts of the coupled grouping of methyl and ole- 
finic proton (2.16 and 7.84 ppm in CDCI,) and published data 
(2.71 and 6.77 ppm in D 2 0  (4); 2.41 and 7.85-8.4 ppm in 
CF,COOH (6)), plus the unavailability of comparison 13c 
data, prompted us to,,confirm the structure of our isolate 
through X-ray crystal structure determination. 

Figure 1 is an ORTEP drawing of lambertellin, giving the 
atomic labelling scheme and a display of the thermal mo- 
tion ellipsoids scaled to enclose 50% probability. Table 1 
summarizes the crystal data for lambertellin. The fractional 
atomic coordinates are presented in Table 2 together with 
equivalent isotropic temperature parameters. The inter- 
atomic distances are given in Table 3. The 4 ring is aro- 
matic, with a mean bond length of 1.39(2) A. Ring B is 
distinctly quinonoid, with the four carbon-carbon bonds a 
to the car!onyl showing an average bond length of 
1 .476(10)0A and the two tentral partial double bonds being 
1.348(3) A and 1.418(3) A, typical of naphthoquinone-type 
structures (7-10). Ricg C exhibits C-0 single bonds 
(1.397(3), 1.356(2) A), C-C single bonds (1.426(3), 

'~uthor  to whom correspondence may be addressed. 

1.452(3) A), and the isolated C=C double bond (1.344(3) 
A) typical (1 1) of an a-pyrone ring. 

The carbonyl bond C(13)-O(4) is longer (1.228(2) A) 
than the other two (1.2 16(2) A, 1.202(2) A), characteristic 
of a carbonyl group which is intramolecularly hydrogen 
bonded to a neighbouring hydroxyl group. Juglone (2) ex- 
hibits an analogous difference beeeen the hydrogen-bonded 
carbonyl bond length (1.26(2) A) and that of the non- 
hydrogen-bonded carbonyl (1.20(2) A) (7). 

Bond angles are listed in Table 4. As might be expected 
from a peri-naphthalene-type interaction, the C(l1)-O(5) 
and C(13)-O(4) bonds are forced apart by steric inter- 
actions, the external angle of the C-0 bond facing the car- 
bony1 group being enlarged to 123.3(2)O, resulting in a 
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POULTON ET AL. 2689 

FIG. 1. An ORTEP drawing of the lambertellin molecule. 

TABLE 1. Crystal data for lambertellin 

Crystal system Monoclinic 
Space group P2,/n M NO.^ 14) 
a 17.749(7) A 
b 6.437(5) 
c 9.452(2) A 
I3 90.15(5)" 
v (cell) 1080(1) A3 
T 28°C 
Z 4 molecules/cell 
D (meas.) 1.538 g cm-3 
D (calcd.) 1.576 g cm-3 
Formula C~4H805 

Mol. wt. 256.22 
X 0.71069 A 
P 1.31 cm-I 

compression of the angle on the opposite side to 117.1(2)'. 
Analogous effects have been reported, e.g., for juglone (2) 
(7) and y-naphthoquinone (3) (8). Least-squares plane cal- 
culations were done for the atoms in the three six-membered 
rings and for the atoms in each individual six-membered ring. 
These four calculations were repeated with the attached pe- 
ripheral non-hydrogen atoms included in the set of atoms 
defining the plane. Not one of these calculations indicated 
planarity for the set of atoms considered, judged by the esd's 
of the fractional atomic coordinates. The plane defined by 
the 14 atoms of the three rings gives a concise description 
of the structure, and these results have been deposited (see 
footnote 3). The maximum deviation from tfiis plane by an 
atom belonging to the defining set was 0.063 A by C(8). The 
peripheral Ooatoms deviated from the plane slightly more, 
up to 0.130 A for O(3). This pla9e of the molecule lies at a 
perpendicular distance of 0.034 A from the centre of inver- 
sion (at 0.5, 0.5, 0.5 for the coordinates given). 

Selected intermolecular distances have been deposited as 
supplementary Table 4 (see footnote 3). The shortest inter- 
molecular distance is O(4). . .0(4') across an inversion centre. 
Figure 2 shows this intermolecular contact to be part of a 
bifurcated hydrogen bond which is repeated by the inver- 
sion centre to give a double bifurcation. Bifurcated hydro- 
gen bonds are relatively rare (12). 

The packing of the molecular structure can be explained 
in terms of the molecular pairs just described. Pairs of mol- 
ecules are arranged across each origin and across points like 

TABLE 2. Fractional atomic coordinates and temperature parame- 
ters" 

Atom x/a ~ / b  z/c uc, 

o(1) 41 12( 1) - 168( 2) 3844( 1) 447( 5) 
(32) 3116(1) -1902(3) 4581(2) 587(6)  
o(3) 5714( 1) -2448( 3) 209( 2) 553( 6) 
(34) 4985( 1) 3 129( 2) 4184( 2) 504( 5) 
o(5) 61 16( 1) 5530( 3) 3430( 2) 517( 5) 
c(1) 3292( 2) -5281( 5) 2639( 3) 600( 9) 
c(2) 3635( 1) - 1891( 4) 3768( 2) 429( 7) 
c(3) 3813( 1) -3464( 3) 2719( 2) 429( 7) 
C(4) 4420( 1) -3223( 4) 1888( 2) 417( 6) 
C(5) 4904( 1) - 1467( 3) 2038( 2) 374( 6) 
C(6) 5580( 1) - 1203( 3) 1142( 2) 392( 6) 
c(7) 6060( 1) 653( 3) 1388( 2) 391( 6) 
C(8) 6711( 1) , 911( 4) 611( 2) 468( 7) 
c(9) 7 140( 1) 2709( 4) 775( 2) 499( 7) 
C(10) 6924( 1) 4238( 4) 1690( 3) 495( 8) 
C(11) 6282( 1) 3990( 3) 2527( 2) 418( 6) 
C(12) 5842( 1) 2188( 3) 2383( 2) 378( 6) 
C(13) 5176( 1) 1891( 3) 3263( 2) 387( 6) 
C(14) 4729( 1) -9( 9) 3007( 2) 380( 6) 
H(4) 453( 1) -419( 4) 122( 3) 58( 7)' 
H(5) 573( 2) 505( 5) 389( 3) 86(10)' 
H(8) 684( 1) -18( 4) -7( 2) 50( 6)' 
H(9) 761( 1) 290( 4) 22( 2) 54( 6)' 
H(10) 718( 1) 545( 4) 182( 2) 47( 6)' 
H(11) 279( 2) -474( 5) 259( 3) 87(10)' 
H(12) 333( 2) -612( 5) 347( 3) 94(10)' 
H( 13) 342( 2) -624( 5) 192( 3) 94(10)' 

"Estimated standard deviations are given in parentheses. Parameters X 10" 
where n = 4 for 0 and C and n = 3 for H. (I,, = the equivalent isotropic 
temperature parameter. (I,, = 1/3 C,CJU,JapaT(a, .aJ).  Primed values in- 
dicate that (I,,, is given. T = exp -(8a2U,,, sin' 0/A2). 

TABLE 3. Interatomic distances (A)" 

Atoms Distance Atoms Distance 

"Estimated standard deviations are given in parentheses. 

(0.5, 0.5, 0.5), as shown in Fig. 2. This results in layers of 
parallel obliquely slanted molecules with differing orienta- 
tions at the x = 0 and x = 0.5 levels. Since the unit cell angle 
p is close to 90°, the layers are approximately at right an- 
gles to the a axis. The short lengths of b and c are related to 
the packing efficiency of the almost planar structure of the 
molecular pairs. The three-dimensional methyl groups do not 
lie within the lay~rs ,  but are located on their surfaces. C(1) 
lies at 0.003(3) A from the principal mean plane described 
above and has no close intermolecular contacts. 

Table 5 summarizes the 'H NMR data obtained in this 
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TABLE 4. Bond angles (")" 

Atoms Angle Atoms Angle 

"Estimated standard deviations are given in parentheses 

FIG. 2. Packing diagram for lambertellin. Unit cell outline is 
given with the origin at the lower, back, on the right-hand side. The 
a axis is vertically up, the b axis is across the page, right to left, 
and the c axis is toward the viewer. The molecules drawn are x,  y, 
z ; 1  - x ,  1 - y ,  1 - z ; 1 . 5 - x , - O . 5 + ~ ,  1 . 5 - z ; O . 5 + x ,  
0.5 - y, 0.5 + z. 

study and compares them with data reported in the literature 
for lambertellin and its methyl ether. In both CDCl, and 
DMSO, the methyl signal is observed upfield from all 
previously reported values, more in line with the values 
obtained for 3-methylcoumarins (e.g., 2.18 ppm for 3- 

methylcoumarin (4) itself (13)). Coupling constants and 
proton chemical shifts of the three coupled aromatic pro- 
tons of ring A were confirmed by spectral simulation, and 
are in line with previously reported assignments (14). 

Table 6 shows the ',c data and assignments which are 
supported by 2D-COSY, DEFT, HETCOR, and HMBC data 
(15). Juglone (2) may be taken as an appropriate model for 
rings A and B,  whereas 3-methylcoumarin (4) and 5,8-di- 
methoxycoumarin (5) are less accurate models for chemical 
shifts in an a-pyrone ring fused to a quinonoid ring. 

Experimental 

General 
Melting points were determined on a Kofler hot stage and are 

uncorrected. Proton NMR spectra were obtained on a Perkin-Elmer 
R32 spectrometer at 90 MHz, a Bruker WM250 spectrometer at 
250 MHz, or a Varian XL-300 spectrometer at 300 MHz. Carbon 
NMR spectra were determined on the Bruker WM250 spectrome- 
ter at 62.9 MHz, Varian XL-300 spectrometer at 75.4 MHz, or 
Varian VXR-500 spectrometer at 125.8 MHz. Infrared spectra were 
obtained on a Perkin-Elmer 283 spectrometer and ultraviolet spectra 
on the Beckman DU-8 spectrophotometer. Accurate mass mea- 
surements were kindly provided by the University of British 
Columbia Mass Spectrometry Centre using the Kratos MS-50 in- 
strument. 

Culture and extraction 
Ciboria gordorzii (1) was cultured on 2% malt extract (DIFCO) 

in Petri dishes at 10°C in the dark for 4 weeks. Mycelium and agar 
from 50 dishes were extracted by stirring with dichloromethane at 
room temperature (3 X 800 mL). The crude extract ( I20 mg) was 
washed with small amounts of acetone and the product recrystal- 
lized from acetone-hexane. Lambertellin was isolated as orange- 
red needles, mp 251-252°C (lit. (4) mp 253-254°C). Lambertellin 
showed v,,, (KBr): 3450,3200-2500 br, 1750, 1650, 1610 cm-I; 
A,,,, (CH30H): 299 (log E = 3.98), 270 nm (4.07); 'HMR 
(250 MHz, CDCl,): 1 1.8 ( l H ,  s,  OH, D,O exchangeable), 7.84 
( lH,  q, J = 1.5 Hz, H4), 7.72 ( lH,  dd, J = 8.4, 7.5 Hz, H7), 7.65 
( lH,  dd, J = 7.5, 1.2 Hz, H6), 7.32 ( lH,  dd, J = 8.4, 1.2 Hz, 
H8), 2.29 (3H, d, J = 1.5 Hz, Me); ',CMR: see Table 6; in a gated 
spectrum run in CDCl,, the peaks at 137.4, 133.3, 125.3, and 
119.9 ppm appeared as doublets; ms m/z (relative intensity, for- 
mula): 256.0370 (M+, 100, calculated for C14H805 256.0372), 228 
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TABLE 5.  Proton NMR data 

Compound 4 6 7 8 OH CHI Solvent Reference 

Larnbertellin 7.94" 7.6" 7.80" 7.40" n.0." 2.19" DMSO-d, This work 
7.84" 7.65 7.72 7.32 1 1.77 2.16" CDCI, This work 
------------------- 8.4-7,85(rn) .....---.--.-.------ n.0. 2.41" CF,COOH 6 

Lambertellin 6.77" --------.-- g,26-7,42(m) ----------- n.0. 2.71" D7_0 4 
Sodium salt 
Larnbertellin 8.06" ----------. 8.00-7.44(m) ----------- 4.12 2.38" CF,COOH 6 
Methyl ether (OCHd 

"J = 1.5Hz. 
''J,,, = 7.5 Hz; J,,, = 1.2 Hz; Ji,, = 8.4 Hz. Confirmed by spectral simulation. 
'n.0. = not observed. 

TABLE 6. Carbon NMR data 

Compound 2 3 4 4 ~ 1 5 5 0 6  7 8 9 90" 10 10'1 CH, Solvent Reference 

1 159.8 131.3 133.9 148.6 180.0 131.7 119.2 137.4 124.7 160.8 114.9 180.3 152.7 17.0 DMSO-d, 
1 n.0." 131.0 133.3 n.0. 179.9 133.1 119.9 137.4 125.3 162.5 114.7 180.5 153.5 17.7 CDCl, 
2 139.3 183.9 131.5 118.9 136.4 124.2 161.2 114.8 190.0 138.4 CDCI, 16 
4 162.1 125.7 139.2 119.6 127.0 124.3 130.4 116.3 153.2 17.1 CDCl, 17 
5 159.4 114.7* 138.2 110.2 149.5 103.7 114.9* 141.3t 144.77 CDCI, 18 

"n.0. = not observed. 
'The symbols ", 7 indicate the signals may be interchanged 

X-ray tneasurernerlts 
The crystal was mounted on a glass fibre in the direction of its 

greatest length and photographed using Weissenberg and preces- 
sion cameras with CuK, radiation. The symmetry was found to be 
inonoclinic and an approximate unit cell was established. The 
crystal was then transferred to a Picker 4-circle diffractometer using 
MoK, radiation and automated with a PDP-11/10 computer on 
which all further work was done. The unit cell was refined by least 
squares from 14 pairs of reflections (at k20) in the range 20 = 8- 
45". The crystal data are presented in Table 1. 

Intensity measurements were done for 1 quadrant (k,l r 0) in the 
range 20 = 0-50°, using a stepped scan of 120 steps of 0.01" in 
20 counting for 0.50 s per step. Background counting was for 30 s 
at each end of the scan. A set of standards 043;406;216 were mea- 
sured before each batch of 50 reflections; 2164 measurements 
consisting of 129 standards and 2035 reflections were obtained. 
Lorentz and polarisation corrections were applied and equivalent 
measurements were averaged to'obtain a final file with 1901 unique 
reflections. Weak reflections were included. No absorption cor- 
rection was applied. 

Structure solution and refinement 
The programs used were SHELX-76 (1 9) and ORTEP (20). The 

atomic scattering factors were those given in the SHELX-76 pro- 
gram (19, 21). The structure was solved using direct methods and 
refined by standard Fourier synthesis techniques and by least- 
squares minimizing CwA' (where w is a weight derived from the 
counting statistics (w = l/(u2( F )  + 0.001 F ') and A = I F,I - ( Fell). 
Initially carbon atomic scattering factors were used for all the ring 
atoms. The 0 atoms were identified as such by abnormally low 
temperature parameters. The hydrogen atoms of the C(l)  methyl 
group were first calculated and then the group as a whole was re- 
fined as a rigid body. The hydrogen atoms were treated as isotro- 
pic scatterers and the heavier atoms were allowed the freedom of 
anisotropic thermal motion. U,,, was refined for those hydrogen 
atoms whose positional coordinates were refined. The final resid- 

uals were R = 0.0599, R,,. = 0.0715.' The convergence was good 
with the final maximum (shift/esd) = 0.009. The final difference 
map had no important features, maximum 0.22 e A - ~ ,  minimum 
-0.28 e A-'. The number of measurements, 1901, was sufficient 
to determine the 204 parameters well. 

Supplementary tables containing hydrogen-atom fractional atomic 
coordinates and isotropic temperature parameters, interatomic dis- 
tances for the hydrogen atoms, bond angles involving hydrogen 
atoms, selected intermolecular distances, anisotropic temperature 
parameters, least-squares plane results, and observed and calcu- 
lated structure factor amplitudes have been deposited." 
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Spatial and temporal visualization of a pH-dependent complexation equilibrium 
by nuclear magnetic resonance imaging 
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B. J .  BALCOM, T. A. CARPENTER, and L.  D. HALL. Can. J. Chem. 70, 2693 (1992). 
Alteration of a chemical equilibrium, ethylenediaminetetraacetic acid chelation of aqueous copper, in response to a 

pH gradient that protonates the complexing agent, has been observed spatially and temporally by I H  nuclear magnetic 
resonance. Protonation of the complexing agent shifted the complexation equilibrium towards free copper ion. Free and 
bound copper ions alter the spin lattice relaxation time (TI) of water in the host polyacrylamide gel to different extents. 
Based on this difference, a T, weighted (fast repetition time, short echo time) two-dimensional spin-warp imaging se- 
quence mapped out the distribution of the free and bound species. Addition of a pH 3 aqueous solution to the gel was 
insufficient to alter the equilibrium; a pH 1 aqueous solution liberated the complexed copper. Quantitative one-dimensional 
experiments gave a TI weighted profile that showed the reaction front is displaced a distance proportional to the square 
root of time. 

B. J. BALCOM, T .  A. CARPENTER et L.  D. HALL. Can. J .  Chem. 70, 2693 (1992). 
Utilisant la RMN du 'H, on a pu observer la modification spatiale et temporale d'un Cquilibre chimique, la chClation 

du cuivre aqueux par de l'acide CthylknediaminetCtraacCtique sous l'influence d'un gradient de pH qui protone l'agent 
complexant. La protonation de l'agent complexant dCplace 1'Cquilibre de la complexation vers l'ion cuivre libre. Les ions 
de cuivre libres et liCs altkrent de faqons diffkrentes les temps de relaxation spin-rCseau (TI) de l'eau du gel de poly- 
acrylarnide h6te. En se basant sur cette difference, une valeur moyenne de TI (temps de rCpt5tition rapide et temps d'Ccho 
court), il a 6tC possible d'etablir des sCquences bidimensionnelles d'images dkformtes des spins qui dkfinissent les con- 
tours de distribution des espkces libres et likes. L'addition d'une solution aqueuse de pH 3 n'eit pas suffisante pour altCrer 
1'Cquilibre; i un pH de 1 ,  la solution aqueuse libkre le cuivre complexC. Des experiences unidimensionnelles quantita- 
tives ont permis de dCterminer un profil moyen de TI  qui montre que la front de la rkaction se dCplace d'une distance 
qui est proportionnelle a la racine carrCe du temps. 

[Traduit par la redaction] 

It is a fundamental tenet of the majority of chemical 
transformations that the reaction medium is spatially and 
temporally homogeneous. In practise this is generally en- 
sured by dissolving the reagents in a suitable solvent, which 
is then stirred. However, fast reactions often cannot be stirred 
briskly enough to ensure that the reaction is homogeneous. 
This is commonly observed for many acid/base titrations. 
Recently we examined two irreversible chemical reactions 
(1) where the rate of reaction was limited in a controlled 
manner by diffusion of reagents in a gel medium. In this 
communication we examine by Nuclear Magnetic Reso- 
nance Imaging (2-6) (NMRI), the spatial and temporal be- 
haviour of a chemical equilibrium in a gel matrix perturbed 
by a pH gradient. This experiment is effectively a spatial ti- 
tration. 

Ethylenediaminetetraacetic acid (EDTA) has a very high 
affinity for divalent cations; for example, the log stability 
constant of EDTA and aqueous CU" is approximately 18 (7). 
The effective stability constant, however, is pH dependent 
(7, 8); decreasing the pH of the reaction medium protonates 
the binding sites of EDTA and shifts the equilibrium to- 
wards free CU'+ ions. Relaxation of the CU'+-EDTA sys- 
tem to a new equilibrium is very rapid upon addition of acid' 

I ~ u t h o r  to whom correspondence may be addressed. 
2~omogeneous test reaction at concentrations representative of 

this work. Colour of the CU'+-EDTA complex was the indicator. 

and therefore it can be anticipated that progress of the "ti- 
tration" will be limited by the rate at which reagents diffuse 
together. 

A time-varying pH gradient was induced in the reaction 
sample by adding an acidic solution (pH 1.2, sulfuric acid) 
to the axial void of a right cylinder formed from cross-linked 
polyacrylamide gel3 doped with EDTA chelated CU" 
(15 mM). The gel network acts to limit long-range convec- 
tive mixing of the reagents (9) so that the concentration pro- 
file of migrating protons in this medium is predominantly 
controlled by aqueous diffusion (9, 10). Thus the polyacryl- 
amide gel behaves in many respects like pure water but with 
a well-defined ultrastructure determined by the casting ge- 
ometry. 

3Polyacrylamide gels were formed, over 24 h, from a 90 : 9.5 : 0.5 
mixture of water, acrylamide, and bis-acrylamide (9) employing 
ammonium persulphate as the initiator and N,N,N',N1-tetra- 
methyethylenediamine as the accelerator. Gels were cast as right 
cylinders ( i )  diameter 26 mm in a Perspex cylinder sealed at the 
bottom, with a 5-mm NMR tube placed concentric with the cyl- 
inder axis, (ii) diameter 16 mm in a Perspex cylinder sealed at the 
bottom. Water-soluble by-products of the reaction were removed 
by equilibration over several days in a large reservoir of distilled 
deionized water. Gels were doped with 15 rnM CU" (sulphate salt) 
and 15 mM EDTA (disodium salt) by a similar equilibration. The 
dopant solution was adjusted to pH 7 with aqueous NaOH prior to 
equilibration. Small diameter samples (1-D experiments) were cut 
to a square edge with a sharp wire and guide. 
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FIG. 1. Two-dimensional image illustrating the shift in complexation equilibrium CU'+-EDTA under the influence of a pH gradient. 
Areas of high image intensity map unbound CU". The left image corresponds to 4 min after addition of acid to the axial void, the right 
image 25 min. Profiles below both images reflect the intensity distribution along a line that bisects the center of each image horizontally. 

As the local concentration of H+ increases, the resultant, 
spatially dependent, shift in equilibrium can be imaged by 
utilizing the differential effect of complexed and free CU" 
on the spin lattice relaxation time (T,) of water in the gel 
media. Previously we examined contrast engendered through 
an alteration in the electronic structure of a contrast agent (1). 
In this work signal contrast is created through an alteration 
in the solvation of a contrast agent. Such effects with other - 
paramagnetic metals are well known (1 1) and are presumed 
to reflect the reduced contact of the metal with its hydration 
sphere. Inversion recovery measurements of the proton spin 
lattice relaxation time at pH 7 (cu2+  = 15 mM, EDTA = 
15 mM) gave a TI of 0.38 s ,  whereas at pH 1.2 the T, was 
0.19 s in the same svstem. 

A conventional T, weighted spin-warp imaging sequence 

was employed (2) to visualize the molecular processes oc- 
curring in the gel. The analytical expression for the signal 
intensity at any point in the image is given by eq. [ l ] ,  where 
T E  is the time at which the spin echo is detected, TR is the 
repetition time, T2 is the spin-spin relaxation time, and p is 
proton density. Since the gels under study are primarily water 
(90%), the proton density is very high and signal-to-noise in 
the resultant images is good. 

The relaxation times for this system and the imaging pa- 
rameters chosen (fast repetition rate, short TE) result in an 
image where contrast is strongly TI weighted and translates, 
to a first approximation, into a map of free and bound c u 2 + .  
Figure 1 shows two transverse slice images of the gel sys- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COMMUNlCATlON 2695 

FIG. 2. One-dimensional magnetization profiles (x direction) acquired as a function of time (y direction) demonstrating the shift in 
complexation equilibrium Cu2+-EDTA under the influence of a pH gradient. The reaction front moves right to left into the pre-doped 
aqueous gel as time increases. High signal intensities map unbound CU". The discrete profile shown is midway through the stack of 128. 
The uniform signal intensity in the aqueous reservoir shows it remains well mixed throughout the experiment. 

acquired 4 and 25 min after addition of the acidic so- inates everywhere except in the immediate vicinity of the 
lution to the axial void. Regions of the sample without sig- axial void. 
nificant concentrations of free cu2+ have weaker signal With increasing time, the region of enhanced signal in- 
intensities due to partial saturation of their longitudinal tensity spreads as the wave of aqueous protons migrates ra- 
magnetization under the influence of a fast repetition rate. dially from the central void shifting the equilibrium between 
Initially, bound copper and, therefore, low signal, predom- complexed and free cu2+.  Back-diffusion of liberated cu2+ 

into the axial void increases the signal from this part of the 

?he NMR probe was a modified split-ring resonator (15) of 
6.3 cm diameter. The imaging experiment was performed using an 
ORS Biospec 1 (83.7 MHz) instrument with a horizontal bore 
(3 1 cm) magnet and 20 cm home-built gradient set. The 2-D spin- 
warp sequence, with a hard 90" pulse and a slice-selective 180" 
pulse, had a repetition time of 0.3 s and an echo time of 15 ms. 

sample. Visual examination of the sample subsequent to 
imaging confirms that unbound copper predominates in the 
annular region of enhanced intensity. EDTA chelated cop- 
per in this sample displays a distinctive blue colour, which 
is diminished in the region of the sample corresponding ap- 
proximately to the intense signal observed in Fig. 1. Clou- 

Slice thickness-was 1 cm and the acquisition time 80 s for each diness of the polyacrylamide gel (12), however, precludes 
256 x 256 image. Field of view was 6 cm and pixel size 0.2 mm. more than a qualitative examination of the gel system based 
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time ' I 2  1 ( s " ~ )  

FIG. 3. Plot of the interface position as a function of the square 
root of time. The plot is linear in accord with theory. The uncer- 
tainty in each point is 2 1/2 pixel (0.1 mm). 

on colour changes. A less acidic solution (pH 3) added to the 
axial void gave no enhancement of NMR signal from the gel, 
which accords with the expectation that a pH 3 solution 
should be insufficient to manifest a substantial alteration in 
the cu2+-EDTA equilibrium. The cu2+-EDTA complex is 
known to be stable at approximately pH 3 (8). 

The experiment shown in Fig. 1 illustrates that we are able 
to follow the moving boundary between free and bound CU" 
that results from diffusion of H+. The spread of the reaction 
front in this experiment, however, is difficult to quantify for 
two reasons: (1) The front moves a finite distance during data 
acquisition, which leads to a smearing of the front. The exact 
nature of this smearing in the image (frequency) domain is 
difficult to predict a priori because the image is recon- 
structed, via a Fourier transform, from data collected in the 
time domain (2). (2) H+ in the axial void is of finite con- 
centration. Most s i m ~ l e  solutions to the reaction-diffusion 
equation presume a constant concentration reservoir. Both 
of these difficulties, along with the attendant mathematical 
complications of radial geometry (Bessel functions), are 
avoided if one works with a simple one-dimensional sam- 
Die. 

Roughton (13) has shown that fast reaction kinetics, in a 
one-dimensional sample, lead to the propagation of reaction 
fronts a distance proportional to the square root of time. To 
investigate the cu2+-EDTA system more thoroughly, we 
performed the one-dimensional analog to the experiment in 
Fig. 1. The sample was a cylinder of polyacrylamide, in a 
Perspex former, pre-doped with chelated copper; A roughly 
equivalent volume of pH 1.2 sulfuric acid was added to the 
top of the polyacrylamide gel. The reaction front moving into 
the gel was imaged by rapid repetition of a simple spin-echo 
imaging sequence5 without a phase encode step (2). This 
sequence produced a one-dimensional magnetization pro- 

5 ~ h e  1-D spin-echo sequence, with hard 90" and 180" pulses (16 
per profile), had a repetition time of 0.3 s and an echo time of 
10 ms. Profiles (128) of 256 pixels were collected every 30 s.  The 
field of view and pixel size were approximately the same as the two- 
dimensional experiment. 

file of the sample along the cylinder axis. The signal inten- 
sity at a point is governed, as before, by eq. [ I] .  

The experiment is shown in Fig. 2 where we have syn- 
thesized an image from a series of profiles acquired at 30-s 
intervals. In this composite image the discrete profiles (x 
direction) are displayed as a function of time (y  direction). 
As before, regions of high intensity correspond to unbound 
CU". The left side of the image, with moderate intensity, is 
the gel with chelated CU" while the dark right-hand side of 
the image is the aqueous reservoir. A representative profile 
from the image is displayed at the bottom of the figure. The 
reaction front moves, as expected, from the aqueous reser- 
voir into the gel; the shorter acquisition time of the one- 
dimensional sequence (5  versus 80 s) freezes movement of 
the reaction zone. 

A plot of the position of the reaction front as a function 
of the square root of time (Fig. 3) is a straight line as pre- 
dicted by theory (13). The front position is chosen to be the 
point of maximum slope in the advancing wave; a differ- 
ence approximation to the derivative (14) yields this point. 
This method of tracking the front is valid provided the front 
shape does not change with time. We have plotted only the 
first quarter of the experiment in Fig. 3 because the reser- 
voir concentration does not greatly exceed the total amount 
of EDTA in the sample. The boundary condition outlined 
above (constant reservoir) is only valid early in the experi- 
ment. At longer times, the observed reaction front broad- 
ens, probably because the flux of H+ has decreased. 

Further studies with other reactions and imaging se- 
quences are planned to investigate in more detail moving 
boundaries of chemical reactivity by NMRI. We conclude 
by noting this work provides a simple precedent for using 
paramagnetic chelates as a novel class of NMR-active indi- 
cators whereby the spatial variation of various chemical 
equilibria may be examined. It is conceivable that the ap- 
proach can be used to study systems such as ion exchange 
beds where it may be impossible to sample aliquots or to in- 
sert any form of instrumental probe. 
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The thermodynamics of the vaporization of liquid indium(1) iodide 
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PETER J. GARDNER and STEVE R. PRESTON. Can. J. Chem. 70, 2699 (1992). 
The transport of gaseous In(1)I in an argon camer gas was studied in the temperature range 723-887 K by the mod- 

ified entrainment method. Combination of the entrainment results with a literature equation for the total vapour pressure 
above the liquid gave the following expressions for the temperature dependence of the vapour pressures of the monomer 
(InI) and dimer (In&) respectively: lnl[p~/p01 = -(I2 866 + 141)/T + (12.99 2 0.5 1) (720-810 K) and 1n[p:/p0] = 
-(I8 370 + 700)/T + (15.8 + 1.2) (720-790 K);pO = 10' Pa. The dimer concentration is ca. 2% and nearly constant 
from 720 to 810 K. 

PETER J. GARDNER et STEVE R. PRESTON. Can. J. Chem. 70, 2699 (1992) 
Faisant appel i la mCthode d'entrainement modifiCe et operant entre 728 et 887 K ,  on a CtudiC le transport du In(1)I 

gazeux dans de l'argon agissant comme gaz porteur. Une combinaison des rksultats de l'entrainement avec une Cquation 
tirCe de la 1ittCrature pour la pression de vapeur totale au-dessus du liquide a permis de tirer les expressions suivantes 
pour la relation entre la tempkrature et respectivement les pressions de va eur du monomere (InI) et du dimere (In&) : B ln[po,/pO] = -(I2 866 ? 141)/T + (12,99 + 0,51) (720-810 K) et ln[p 2/p0] = -(I8 370 + 700)/T + (15,8 5 1,2) 
(720-790 K); p0 = 10' Pa. La concentration de dim2re est approximativement Cgale i 2% et elle est pratiquement con- 
stante de 720 i 810K.  

[Traduit par la redaction] 

Introduction 
There is considerable current interest in the thermody- 

namics of the complexation and polymerization of gaseous 
metal halides (1). Much of this interest is engendered by the 
lamp industry (2), which makes extensive use of these ha- 
lides, e.g., of In, Na, Sc, Sn, etc., as dopants within the 
envelope of the current generation of "metal halide" mer- 
cury discharge lamps. Their presence improves signifi- 
cantly the spectral distribution and colour rendition of the 
discharge. Before the discharge is struck, the halide is pres- 
ent as a condensed phase and knowledge of its vaporization 
thermodynamics is crucial to proper lamp design. There has 
been a recent study (3) of the total vapour pressure over liq- 
uid indium(1) iodide from 646 to 958 K by quasi-static va- 
pour pressure manometry. The results from this study have 
been used in combination with an examination of In(I)I(l) 
from 723 to 887 K by modified entrainment to yield sepa- 
rate vapour pressure equations for the monomer and dimer 
species. The techniques and data analysis are similar to those 
used in a recently reported study (4) of indium(1) bromide. 

Experimental 

Materials 
Indium(1) iodide, an opaque purple crystalline material, was from 

the same batch (3) as that used for vapour pressure manometry; its 
synthesis and analysis have been reported (3). The material was 
handled in a dry-nitrogen-filled glove bag. 

Argon was purified by passage through a commercial rare gas 
purifier (model RGP-4, B .O.C. Ltd.) 

Apparatus 
The modified entrainment apparatus has been described before 

(4). The principal difference between the modified entrainment 
method (MEM) and conventional entrainment is that in MEM the 
sample and the vapour in equilibrium with it are insulated from the 
irreproducible effects of the camer gas (argon) by a narrow cap- 
illary (20 mm long x 1 mm diameter). This capillary acts as a dif- 
fusive resistance to the egress of sample vapour which is swept away 

by the carrier at the capillary orifice. The equilibrium vapour 
pressure obtains at the bottom of the capillary (5) above the sam- 
ple surface and consequently the transport kinetics in the capillary 
may be formulated readily. The experimental parameter is the rate 
of mass loss (3) at a preset temperature (T); the range studied was 
from 4.2 X lo-" kg s-I (at 723 K) to 1.6 X kg s- '  (at 
887 K). The diffusive resistance (length over cross-sectional area) 
of the channel was 24 120 + 12 m-I. Eighty-three data points were 
recorded using a modified protocol compared to that used in ear- 
lier work (4). The sample was allowed to cool from its maximum 
temperature of 887 K at 2 K min-' and the rate of mass loss (rv) 
was logged digitally at 1 min intervals. Several points throughout 
the temperature range were repeated under isothermal conditions 
to confirm that thermal equilibrium is established during the dy- 
namic recording protocol. The apparatus is operated at near at- 
mospheric pressure. 

Results and discussion 

High-temperature mass spectroscopy, at 590 K, of the 
vapour above solid In(1)I (T,  = 632 K) indicates the pres- 
ence of a low concentration (a few percent) of the dimer, In,I, 
(3). The vapour composition was also examined by absorp- 
tion spectroscopy (6, 7) but only the presence of the mono- 
mer was noted. Accordingly, our results were interpreted 
assuming the following equilibria 

[ l ]  InI(1) * InI(g) AH, ,AS, 

The solution to the flux equations for these equilibria is 
identical to that for the corresponding InBr/In,Br, system, 
which has been described in detail (4) and will not be re- 
peated here. Briefly, if the ratio of the dimer to monomer flux 
in the capillary (see Experimental) is P, then the partial 
pressures of the monomer (p?) and dimer (p:) are given by 
eqs. [3] and [4] 
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In these equations, P is the argon carrier gas pressure (near 
atmosheric), w is the rate of mass loss at temperature T, //A 
is the diffusive resistance, and M, is the monomer molecu- 
lar mass. For the limiting cases of zero dimer (P = 0 in eqs. 
[3] and [4] and i = 1 in eq. [5]) or zero monomer (p = in 
eqs. [3] and [4] and i = 2 in eq. [5]), eqs. [3] and [4] re- 
duce to eq. [5] 

In these equations Di are ternary (InI, In212, Ar) diffusion 
coefficients and '2hi are binary (In1 or In212, Ar) diffusion 
coefficients. The total vapour pressure (p,) is given by eq. 
[61. 

[61 pT/Pa = py + p: 

= exp (-16 683/T + 62.716 - 5.001 In T) 

TABLE 1. The first thirty experimental data points, derived" val- 
ues of p, p?, and p; (P = 763.8 ~ o r r ~ )  

T/K 10" w (kg s-') P' P? (pald p: 

which was obtained by a weighted three-parameter regres- 769.0 14.01 0.0101 2382.6 33.53 
770.9 sion of the experimental points (3) from quasi-static vapour 772.9 

15.09 0.0102 2483.5 35.17 
15.28 

pressure manometry; the weighting factor is p', (8). The 775.1 
0.0102 2589.4 36.67 

17.46 0.0102 2716.5 38.39 
temperature range for the study by Brumleve et al. (3) was 777.0 17.42 0.0101 2829.3 39.73 
645-960 K, which encompasses our experimental range 779.0 17.80 0.0100 2948.8 40.96 
(723-887 K). The total vapour pressure above In(1)I has been 78 1.0 17.74 0.0098 3080.5 42.08 
reported many times in the past and the relative merits of 
these earlier determinations have been discussed (3). The 
presence of higher halides in the sample is a frequent cause 
of high results. We prefer to use the results of Brumleve et 
al. because they were obtained with a sample from the same 
batch as used in our work, and because of our first-hand 
knowledge of the experimental procedure of Brumleve et al. 

If the diffusion coefficients (Di) are known, then eqs. [3], 
[4], and [6] contain three unknowns, p;, p;, and p. The esti- 
mation of the diffusion coefficients is described in the Ap- 
pendix. The equations were solved numerically at each 
experimental temperature using a bisections algorithm (9) to 
find the root of F(P) = 0 where 

with an initial guess 0 < p < lo. F(P) is a monotonically 
increasing function from p = -0.5, approaches asymptoti- 
cally a positive limit at large values of P and with one root 
in this range. During data processing it was noted that the 
proportion of dimer (and hence P) was small throughout the 
experimental range. Consequently, because of random error 
in w, several negative roots for p (and hence p$ were found; 
this problem has been noted before (4). This was circum- 
vented by using analytic values of w from a weighted linear 
regression of the experimental data points, eq. [8]. This has 
the effect of smoothing the input data. 

Having found values for P at the experimental tempera- 

'These derived quantities were obtained from smoothed values of bb, eq. 
[8$ see text. 

1 Tom = 133.3 Pa. 
'p is the ratio of the fluxes of dimer to monomer in the capillary and is 

approximately equal to p;D,/pYDz; values of D ,  and D ,  may be estimated 
from eqs. [A21 and [A3]. 

dRedundant significant figures are included in these columns; the pre- 
cision of these pressures is discussed in the text and shown in the figure. 

TABLE 2. Enthalpy and entropy changes for reactions [I], [2], and 
[ l l ]  at 760 K obtained by a second law analysis 

LW AS 
Reaction (kJ mol-I) (J K- '  mol-I) 

[ I  1 W l )  InKg) 107.0 ? 1.2 108.0 * 4.2 
[21 2InI(g) = In212(g) -61 * 6 -85 * 11 
[ l  11 2InI(l) = In212(g) 153 t 6 131 2 10 

tures, values for p; and p: follow from eqs. [3] and [4]. These 
were used to generate vapour pressure e uations, [9] and 9 [lo], for the monomer and dimer (pO = 10 Pa). 

[91 1n[py/p0] = (12.99 t 0.51) - (12 866 t 141)/T 

(720-8 10 K) 

[lo] 1n[p~/p0] = (15.8 5 1.2) - (18 366 + 698)/T 

(720-790 K) 

The uncertainty intervals in the coefficients of. the vapour 
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FIG. 1. Vapour pressures of InI(1) and In212(l)(inset) as a function of temperature. Error bars represent 50% confidence limits. 

TABLE 3. Enthalpy changes for reactions [I], [2], and [ l l ]  for indium(1) chloride, bromide, and iodide 
at 298.15 K; comparison with literature results 

Reaction X = C1 X = Br X = I 

[ l ]  InX(1) S InX(g) 104.9 t 2.0" 107.9 t 0.2(4) 120.2 2 1.2 
104 2 4(3) 1 10 2 4'(3) 1 18 t 4'(3) 

[21 2InX(g) = InzXz(g) -95.3 t 0.4O - 144 ? 14'(4) - 6 4 k  6' 
. . .  .,. -100 2 13~(14) -71 t 22d(14) 

[I I] 2InX(I) = In2X2(g) 110.5 t 2.0' 72 2 14(4) 177 2 6 
128 k 9d(14) 157 t 12~(14) 

Dimer pressure fraction, 800 K, % Small(3) 4 2 

"A third law result from ref. 15 combined with an enthalpy of fusion from ref. 3 where the wide range of reported 
values for this function is discussed. 

bobserved directly by DeFoort et al. (15), reaction(4) in his Table 7 .  
'From eq. [12]. 
These literature values are not mutually self-consistent via eq. [I21 because, although they come from the same 

authors, they were reported independently (3, 14). 

pressure equations are 68% confidence intervals and are The vapour pressures are given in Fig. I with the error bars 
composite terms that include the effect of the random fluc- calculated using an estimated cross-correlation coefficient as 
tuations in w, the uncertainty in the diffusive resistance, and in the earlier work (4). The pressure fraction of the dimer is 
an estimated (5%) uncertainty for the diffusion coefficients small, changing from 0.9% (at 730 K) to 1.4% (at 780 K); 
(see Appendix). Some experimental values of w(T)  and the the difference is not statistically significant and the conclu- 
derived values of p?, p i ,  and P are collected in Table 1. sion is that the dimer concentration is approximately con- 
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stant and less than 2% in the range 720-810 K. Equation [lo] 
refers to the equilibrium 

and the thermodynamic constants for this expression are re- 
lated to those for eqs. [ 11 and [2] by eq. [12]; Table 2 sum- 
marizes our thermodynamic constants for these reactions. 

Table 3 compares thermodynamic constants for the same 
three reactions for InX (X = C1, Br, I) and includes some 
literature results. To permit comparison with literature re- 
sults, the data in Table 2 and the corresponding earlier re- 
sults (4) for InBr have been converted to apply to 298.15 K. 
The source of the C, data for this conversion was as fol- 
lows: for the liquid halides (10, 1 I), for InX(g) standard 
statistical thermodynamic routines with known (12) molec- 
ular parameters were used, and for In2X2(g) scaling with 
2.2Cp(InX) was used; this scaling factor is nearly tempera- 
ture independent and is valid for the alkali metal halides and 
their dimers (1 3). 

The enthalpy changes for reaction [I] given in Table 3 
show a predictable trend and the agreement between var- 
ious sources is satisfactory. For eqs. [2] and [ l l ]  there is 
agreement with literature sources only for InI; the disagree- 
ment for InBr is quite marked, especially for eq. [ l  I] .  

The proportion of dimer in the vapour at 800 K is higher 
for InBr than for the other halides and InBr has a relatively 
high dimerization bond energy: In2C12 (47 kJ mol-'), In2Br2 
(72 kJ mol-I), In212 (32 kJ mol-'). As noted before (4), the 
dimerization bond energy for the bromide fits satisfactorily 
with the trend in this function vs. molecular mass for the al- 
kali metal halide dimers but is clearly out of step with the 
other indium(1) halides; we can offer no explanation for this 
surprising fact. 
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Appendix 
Diffusion coefficients 

The simultaneous solution of eqs. [3], [4], and [6] at each 
experimental temperature to yield P and then p y  and p: as- 
sumes that the ternary diffusion coefficients for the system 
InI/In212/Ar are known. There are no experimental diffu- 
sion coefficients for this system but a second-order treat- 
ment (16) of ternary diffusion in the context of modified 
entrainment permits the effective ternary coefficients (D,,) 
to be written in terms of the corresponding binary diffusion 
coefficients (gG) with respect to the majority component, 
argon 

In eq. [Al.], yi is a function of P, molecular masses, and 
temperature; the analytical form has been given before (4) 
along with computational details. Numerical values com- 
monly lie in the range 0.8 < yi < 1.1. The binary diffusion 
coefficients were calculated from the Chapman-Enskog 
equation (17). Use of this equation requires collision diam- 
eters for the interdiffusing species, and for the indium io- 
dides these were estimated from an empirical correlation 
between Lennard Jones (LJ) collision diameters and mo- 
ments of inertia (18). To calculate moment of inertia, it is 
necessary to know the molecular structure and the problem 
of estimating 9+ reduces to the estimation of the molecular 
structure of In212. The corresponding structure for In1 is 
known (re = 2.754 A (12)) and there are well-established 
correlations between structural constants for the alkali metal 
halides and their dimers (19, 20). The structure of In212 was 
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GARDNER AND PRESTON 2703 

assumed to !e D,, and the In-I bond length was interpo- 
lated (2.99 A) from a plot of r(M-X),,, vs. r(M-X]d,, for 
the alkali metal halides using r(1n-I),,, = 2.754 A. The 
bond angle 0(I-In-I) was interpolated at 107.2' from a 
linear plot of 0(X-M-X) vs. (RM - Rx) for the alkali metal 
halides where R, are covalent radii (21); a similar correla- 
tion has been noted by Welch et al. (22). The covalent ra- 
dius for In was estimate{ from the bond lengths in InX 
(X = C1, Br, I) as 1.38 A. Using the moments of inertia 
calculated from the structures and the a, vs. 1'12 corr~lation 
in ref. 18, a,(InI) = 4.92 A and a,(In212) = 5.99 A. The 
Chapman-Enskog equation contains a collision integral, 
which is a weak function of kBT/~,, where E ,  is the well-depth 
of the interdiffusing species and k, is the Boltzmann's con- 
stant. Svehla's correlation (23) with normal boiling point was 
used to estimate €/kg, In1 = 1173 K and €/kg, In212 = 
1821 K. Values for the LJ constants for argon were taken 
from a tabulation by Reid et al. (24). With the Lorentz- 
Berthelot (25) combining rules for E, and a ,  and Neufeld's 
expression (26) for the collision integral, the diffusion coef- 
ficients were calculated and regressed to a power law in T 
( E ~  and a,, are the Lennard-Jones intermolecular potential 
parameters). From 700 to 950 K, the expressions [A21 and 
[A31 apply. 

The choice of molecular parameters for In212 will clearly 
influence the result, and a range of estimated parameters was 
explored to investigate the effect. Values for the In-I bond 
length in the dimer were varied by ?5% and the theoreti- 
cally e!timated parameters of Solomonik (27), r(1n-I) = 
3.078 A and 0(I-In-I) = 95.9', were also studied.' The 
effect of these changes is to alter a,(In212) to within the range 
5.86-6.12 A and this in turn affects 9(In212), P, and the 
proportion of dimer. For all these modifications, the per- 
centage of dimer remained less than 2% throughout the ex- 
perimental temperature range. The procedure described in 
this appendix, that of estimating diffusion coefficients from 
empirical LJ parameters, has been validated for the SnBr2- 
Ar and Sn1,-Ar systems (28). 

'We are indebted to a referee for drawing this reference to our 
attention. 
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G. M. ABOU-ELENIEN, N. A. ISMAIL, M. M. HASSANIN, and A. A. FAHMY. Can J. Chem. 70, 2704 (1992). 
The substituted arylhydrazonomesoxalonitriles and N-methyl phenylhydrazonomesoxalonitrile are studied electro- 

chemically in benzonitrile (BN) employing different voltammetric and coulometric techniques. They are oxidized in a 
single irreversible one-electron transfer leading to a dimerization reaction. The reduction process occurs in two irre- 
versible one-electron uptakes followed by proton abstraction from the solvent to give the saturated azomethine linkage. 

G. M. ABOU-ELENIEN, N. A. ISMAIL, M. M. HASSANIN et A. A. FAHMY. Can J. Chem. 70,2704 (1992). 
Operant en milieu benzonitrile et faisant appel 21 des techniques voltamm6triques et coulom$triques, on a 6tudiC le 

comportement Clectrochimique d'arylhydrazonomesoxalonitriles substitues et du N-methyl ph~nylhydrazonomesoxalonitrile. 
Ces produits sont oxydes par un transfert unique irreversible d'un electron conduisant 21 une reaction de dimensation. 
Le processus de rkduction se produit par le biais de deux acceptations irrkversibles d'un electron, suivies de l'arrache- 
ment d'un proton du solvant pour conduire a la formation d'une liaison azomethine saturee. 

[Traduit par la redaction] 

Introduction fractional distillation from potassium metal. The supporting elec- 

l-he electrochemical behaviour of a-arylhydrazononi- trolyte, tetra-n-b~rylammonium perchlorate (TBAP) (kuka-~wiss), 
was crystallized several times from ethanol-water (9: 1 v/v) mix- triles and their N-methylated derivatives has recently been ture and dried in vacua before use. 

reported in the literature (1-8). The increase of interest in the 
chemistry of this class of compounds arose from their re- 
ported biological activity (9-13). It was found that these 
compounds are more effective than cyanides in the uncou- 
pling oxidative phosphorylation in mitochonderial systems 
(14, 15). 

Despite the considerable interest in the polarographic re- 
duction of these compounds at the DME in aqueous buffers 
(1, 2, 16, 17), little has been reported (5) about their elec- 
trochemical behaviour in nonaqueous media at solid elec- 
trodes. In the present work we report the reduction and 
oxidation properties of some para-substituted a-arylhydr- 
azonomesoxalonitriles (la-g) and their unsubstituted N- 
methyl derivative (2) at a rotating platinum disc electrode and 
the effects of substituents on their redox characteristics. 

Experimental 

X 

Reagents 
Benzonitrile (BN) (Rotitainerm, West Germany) was purified by, 

first, distillation under vacuum from orthophosphoric acid, fol- 
lowed by repeated distillations from phosphorus pentoxide and final 

l a b c d e f g  

H C1 Br NO2 CH3 0CH3 NH2 

'Author to whom correspondence may be addressed. 

Organic syntheses 
Compounds la-g were prepared following the procedure de- 

scribed by Lax (18). Compound 2 was prepared according to the 
procedure described by Cauquis et al. (5). The products obtained 
were purified by repeated crystallization from ethanol and the pu- 
rity was checked by TLC. The structures of all the prepared com- 
pounds were confirmed by elemental analyses as well as by spectral 
data. 

Apparatus and instruments 
The voltammetric measurements were carried out using a po- 

tential scan generator VSG 72 as a potential source, potential con- 
trol amplifier PCA 72C (Bank Electronic, Gottingen, West 
Germany) as a potentiostat, servogor XY (Metrawatt, Nurnberg, 
West Germany) as X-Y recorder, and a coulometer manufactured 
by Bank Electronic, Gottingen, West Germany. The rotating plat- 
inum disc electrode (RDE), was mounted to a rotating motor 
(750 rpm) (Metrohm, Swiss). 

Measurements 
The electrochemical measurements were carried out in dry ben- 

zonitrile (BN) containing 0.1 M tetra-n-butylammonium perchlo- 
rate (TBAP) as supporting electrolyte. The steady state voltarnmetry 
was canied out using a rotating platinum disc electrode (RDE), the 
cyclic voltarnmetry using a stationary platinum disc electrode. The 
number of electrons participating in each electrode process was 
obtained by controlled potential coulometry (CPC) in the same 
electrolyte using a platinum sheet electrode. Controlled potential 
electrolysis (CPE) experiments were carried out using a platinum 
net electrode either in dry benzonitrile or in acetonitrile with lith- 
ium perchlorate as supporting electrolyte. 

The electrode potentials were measured against a saturated Ag/ 
AgCl/Cl- (BN) electrode, which was occasionally calibrated 
against the redox potential of the cobaltocenium/cobaltocene sys- 
tem (19). The standard potential of the Ag/AgCl/sat. C1- (BN) 
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ABOU-ELENIEN ET AL. 

TABLE 1. DC voltammetric data of substituted phenylhydrazonomesoxalonitriles (la-g) 
and N-methyl phenylhydrazonomesoxalonitrile (2) in benzonitrile 

Compound Processa Ell2 (mV) sb - El12 u 

l a  01 1963 107.97 150 0.00 
RI -447 84.17 90 
RII -908 84.62 100 

l b  01 1637 128.7 155 0.227 
RI -518 121.13 170 
RII - 1095 50.67 50 

l c  01 2002 139.82 200 0.232 
RI -433 129.68 135 
RII -993 139.34 120 

Id  01 1950 124.5 156 0.775 
RI - 853 116.81 115 
RII - 1200 153.11 160 

l e  01 2022 153.6 300 -0.17 
RI -478 210.29 270 
RII - 1008 92.5 1 100 

If 01 1890 215.04 270 -0.268 
RI -408 135.05 175 
RII - 1078 158.86 150 

l g  01 1892 112.1 140 -0.660 
011 2292 157.71 210 
RI -493 196.3 170 
RII - 1058 129.16 105 

2 01 2072 73.53 120 
R -1193 194.34 160 

"0, refers to the first electron oxidation, R, and R,, to the first and second electron reductions, re- 
spectively. 

'S = dE/d log ( ( id  - i ) / i ) .  

electrode against the normal hydrogen electrode (NHE) is - 176 mV 
(20, 21). 

Controlled potential electrolysis (CPE) 
Electrolysis of phenylhydrazonomesoxalonitrile (lb) was car- 

ried out with 250 mg amounts of the starting material in both ace- 
tonitrile and benzonitrile. The potential was adjusted to a value 
corresponding to the limiting current plateau (+ 1.9 V for oxida- 
tion and - 1.3 V for reduction). The electrolysis was stopped after 
the passage of a quantity of electricity corresponding to the uptake 
of 1 mole of electrons per mole of product for the oxidation and 
2 moles for the reduction. In each case, after electrolysis, the re- 
sulting solution was evaporated at reduced pressure and the prod- 
uct was extracted with ethyl acetate, which was subsequently 
removed by evaporation. The mixture obtained was chromato- 
graphed on thin-layer silica gel plates using chloroform as sol- 
vent. 

The oxidation product of CPE 
Two main products with Rf = 0.71 and 0.84 were obtained. The 

zone with Rf value 0.71 was scraped off the plate, extracted with 
acetonitrile, filtered, and evaporated at reduced pressure. The re- 
sulting brownish solid compound (yield 60%; mp 250°C (dec.)) was 
identified as 3; ir, cm-' (KBr): 3200, 3300 (two NH); 2220 (CN); 
1600 (C=N); 1220 (C10,); 'H nmr (CDCl,, TMS) 6, ppm: 7.2- 
7.4 (m, 8H, aromatic protons), 10.0 (s, br, 2H, two NH). Anal. 
calcd.: C 39.7 1, H 1.84, C126.10, N 20.59%; found: C 39.68, H 
1.75, C1 25.66, N 20.37%. 

The zone with Rf 0.84 was scraped and extracted as above. The 
faint orange-yellowish roduct obtained (yield 23%; mp 83°C) was 
identified as 4; ir, cm-'(KBr): 3200-3300 (two NH), 2220 (CN), 
1600 (C=N); IH nmr (CDCI,, TMS) 6, ppm: 7.25-7.44 (m, 6H, 

aromatic protons), 10.0 (s, br, 2H, two NH). Anal. calcd.: C 53.07, 
H 1.97, C1 17.44, N 27.52%; found: C 53.15, H. 1.90, C1 17.31, 
N 27.35%. 

The reduction product of CPE 
A quantitative yield of the original compound l b  was obtained 

(mp 102°C) when the reduction product was exposed to air; ir, cm-I 
(KBr): 3240 (NH), 2220 (CN), 1600 (C=N); I H  nmr (CDCl,, 
TMS) 6, ppm: 7.2-7.5 (m, 4H, aromatic protons), 10.0 (s, br, lH, 
NH). Anal. Calcd.: C 52.81, H 2.44, CI 17.36, N 27.38%; found: 
C52.63, H2.38, C1 17.28, N27.25%. 

Results and discussion 

The electrochemical data for compounds la-g and 2 are 
summarized in Table 1. Figure 1 shows typical steady state 
voltammograms of these compounds, while Figs. 2a  and b 
illustrate the corresponding cyclic voltammograms of the 
oxidation and reduction processes respectively, which are 
similar for compounds la-f. The oxidation occurs in a sin- 
gle irreversible one-electron process coupled with a consec- 
utive chemical reaction (an EC mechanism). On  the other 
hand, the reduction process occurs in two irreversible one- 
electron processes following an ECEC mechanism. 

Compound l g  with an amino substituent is reduced sim- 
ilarly to the other members of the series, but the oxidation 
is accompanied by a second irreversible process corre- 
sponding to the oxidation of a primary aromatic amine. The 
reduction of the N-methylated derivative (2) occurs in a sin- 
gle two-electron wave instead in two irreversible one-elec- 
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FIG. 1. DC voltamogram of compound l a  in BN. 

FIG. 2. Cyclic voltamogram of compound l a  in BN. (a)  Oxidation. (b) Reduction. Scan rate = 100 mV/s. 

tron waves. This two-electron process is accompanied by a 3 in the CPE (Scheme 1). The presence of 23% of the other 
chemical reaction (EC mechanism). dimeric species 4 indicates that under conditions of CPE, 

The substituted arylmesoxalonitriles la-g and (2) are thus using a larger electrode over a prolonged period of time, the 
oxidized in a single irreversible one-electron transfer pro- electrooxidation involves more than one electron per mole- 
cess. This assumes that the coupled chemical reaction is di- cule of compound 1. 
merization. This is supported by isolation of 60% of the dimer The reduction of compounds la-g is assumed to occur on 
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/ H / 
2X-@-N;C 2X G+. 1 \ N-N-C -, - 2X 

C A I  CN ' [a] CN 

(Radical- anion ) 

C N 
H H /  
N- N-C 

5 \C N 

the -N=C double bond in two irreversible consecutive one- 
electron transfers, the potentials of which, for compound 2 ,  
overlap. It is assumed that chemical reactions accompany- 
ing both electron transfers are proton abstractions - either 
from residual water in the solvent, from ions of the sup- 
porting electrolyte, or from the parent compound. Such a 
sequence is indicated in Scheme 2. The resulting hydrazine 
derivative 5 is unstable, especially in air, and is readily ox- 
idized with air oxygen to the starting substance. This was the 
product obtained by CPE under aerobic conditions. 

The introduction of the nitro group (Table 1,  compound 

(22) for electroreductions; it facilitates the first reduction 
process by 40 mV. Similar behaviour of the nitro and meth- 
oxy substituents was also found by Kass (23) in the reduc- 
tion of different substituted arylaziridinium salts. The 
substitution by a methyl group on nitrogen (compound 2) 
makes both oxidation and reduction processes more diffi- 
cult than that of compound la. This may be explained by a 
steric effect of the methyl group at the reduction centre, which 
would hinder the approach of the reduction centre to the 
electrode surface. 

Id )  makes both processes more when 1, M, H, Elnagdi and H,  M, Fahmy. J. Electroana,. Chem, 84, 
compared with the unsubstituted parent compounds. This is 149 (1977). 
contrary to the fact that usually the electron-attracting prop- 2. H. M. FAmy and M. H. Elnagdi. Electrochim. Acta, 23, 255 
erty of the nitro group lowers the electron density at the re- (1978). 
duction centre. Also the presence of the electron-donating 3. H. M. Fahmy, M. A. Morsi, and M. H. Elnagdo. Gazz. Chim. 
methoxy group has an effect opposite that usually observed Ital. 107, 565 (1977). 
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Coordination chemistry of thioether-pyridazine macrocycles 11. Synthesis, 
structural and spectroscopic studies of dinuclear copper(I1) and polynuclear 

copper(1) and silver(1) complexes of a tetrathiapyridazinophane macrocyclic ligand 

LIQIN CHEN, LAURENCE K. THOMPSON,' AND JOHN N. BRIDSON 
Department of Chemistry, Memorial University of Newfoundland, St. John's, Nfld., Canada AIB 3x7 

Received May 19, 1992 

LIQIN CHEN, LAURENCE K. THOMPSON, and JOHN N. BRIDSON. Can. J. Chem. 70,2709 (1992). 
The preparation and properties of the thioether-pyridazine macrocycle (L3; Cl,H16N2S4) containing one pyridazine 

subunit, and its copper(II), copper(I), and silver(1) complexes are described. Magnetic susceptibility data (5-300 K) for 
the binuclear complexes [CuL3Cl2I2 (I) and [CuL3Br2I2 (11) have been fitted to the Friedberg magnetization expression 
with a molecular field correction. Intradimer antiferromagnetic exchange is weak (-25 < 18 cm-I), with even weaker 
interdimer exchange (-zJ' < 0.3 cm-I). The complexes [CUL~CI], (111) and [AgL3C104], (V) have been characterized 
by X-ray crystallography. 111 crystallizes in the triclinic system, space group P I ,  with a = 9.410(2) A, b = 
10.291(2) A, c = 9.208(2) A, a = 108.56(1)", P = 91.82(2)", y = 68.04(1)", V = 780.1(2) A3, andZ = 2(R = 0.035, 
R, = 0.031 for 1856 reflections). The ligand acts as a bidentate, S2, bridge between dinuclear Cu2C12 units in a double 
stranded polymer. 111 crystallized in the monoclinic s y s t e ~ ,  space group P2,/n, with a = 9.382f4) A, b = 
19.274(4) A, c = 10.190(3) A, P = 106.35(3)", V = 1768(1) A ~ ,  and Z = 4 (R = 0.036, R, = 0.02!+for 1776 reflec- 
tions). The structure consists of a polymeric, two dimensional sheet structure, involving pseudo-tetrahedral silver ions 
linked by exo-bidentate, S2, ligands and bidentate perchlorates. 

LIQIN CHEN, LAURENCE K.  THOMPSON et JOHN N. BRIDSON. Can. J. Chem. 70, 2709 (1992) 
On dkcrit la preparation et les propriCt6s du macrocycle thioether-pyridazine (L3; CIIHl6N2S4) contenant une sous- 

unit6 pyridizane et de ses complexes avec le cuivre(II), le cuivre(1) et l'argent(1). On a ajust6 les donnCes de suscepti- 
bilitC magnetique (5-300 K) des complexes binucleaires [CuL3CI2I2 (I) et [CuL3Br2I2 (11) avec l'expression de 
magnetisation de Friedberg en faisant appel & une correction molCculaire du champs. L'echange antiferromagnetique 
intradimkre est faible (-25 < 18 cm-I) et l'kchange interdimkre est encore plus faible (-zJ' < 0,3 cm-I). On a carac- 
tens& les complexes [CUL~CI], (111) et [AgL3-CIO,], (V) par cristallographie par rayons X. Le composC 111 cristallise 
dans le systkme triclinique, groupe d'espace P1, avec a = 9,410(2), b 10,291(2) et c = 9,208(2)A, a = 108,56(1), P = 
91,82(2) et y = 68,04(1)", v780,1(2)A3 et Z = 2 (R = 0,035 et R,, = 0,031 pour 1856 reflexions). Le ligand agit comrne 
un pont bidentate, S2, entre des unites dinucleaires Cu2C12 dans un polymkre bicatenaire. Le composC III cristallise dans 
le systkme monoclinique, groupe d'espace P2,/n, avec a = 9,382(4), b = 19,274(4) et c = 10,190(3) A, P = 106,35(3)", 
V = 1768(1) A3 et Z = 4 (R = 0,036 et R,, = 0,029 pour 1776 reflexions). La structure consiste en une feuille po- 
lymerique bidimensionnelle impliquant des ions argent pseuduo-tCtraCdriques lies entre eux par des ligands exo-biden- 
tates, S2, et des perchlorates bidentates. 

[Traduit par la rCdaction] 

Introduction r", 
I 

Numerous studies have been carried out on homoleptic 
thioether complexes of copper (1-11). The coordination 
chemistry of chelating ligands with built in thioether and azole 
groups (12), and macrocyclic ligands with thioether and 
amino, amido, pyridine, furan and thiophene subunits have 
also been explored (1 3-23). 

Our interest in mixed sulfur-nitrogen ligands involving 
thioether and diazine linkages stems from our earlier stud- 
ies on open chain tetradentate (N,) thioether-pyridazine li- L1 L2 

gands (24-29), which involved non-coordinating thioether 
linkages and formed binuclear copper(I1) complexes with, 
in some cases, positive (0 -+ +0.5 V vs. SCE) reduction 
potentials. The combination of pyridazine and thioether 
groups, suitably disposed for simultaneous coordination, 
might be expected to produce binuclear copper(I1) com- 
plexes with more positive reduction potentials, due to the 
softer nature of the sulfur donors and their affinity for cop- ~3 

per(1). Our initial studies in this area have involved the syn- 
thesis and structural and s~ec t rosco~ic  studies of a series of 

FIG. 1. Structural representation of the ligands. 

copper(I1) and copper(1) complexes of two oligomeric mac- 
rocyclic thioether-pyridazine ligands (L1, L2, Fig. 1) (30). (pyridazine) donors only, while for the copper(1) deriva- 
For the cop~er(I1) complexes the ligands act as nitrogen tives coordination appears to involve just the sulfur atoms. 

The present paper describes the copper and silver coordi- 
' ~ u t h o r  to whom correspondence may be addressed. nation chemistry of the simple 1: 1 macrocyclic ligand L3 
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(Fig. l), which produces unusual polymeric copper(1) and 
silver(1) derivatives. 

Experimental section 
Commercially available reagents (Aldrich) were used without 

further purification. Infrared spectra were recorded using a Mattson 
Polaris lT instrument and electronic spectra with a Cary 17 spec- 
trometer. EPR spectra were recorded with a Bruker ESP 300 X-band 
spectrometer at room temperature and 77 K. Mass spectra were 
obtained using a VG Micromass 7070 HS spectrometer and nmr 
spectra using a GE 300 MHz instrument. X-ray diffraction data were 
collected using a Rigaku AFC6S instrument and room tempera- 
ture magnetic susceptibility data were measured by the Faraday 
method using a Cahn 7600 magnetic susceptibility system. Vari- 
able temperature (5-300 K) magnetic data were obtained with an 
Oxford Instruments superconducting Faraday magnetometer with 
a Sartorius 4432 microbalance. A main solenoid field of 1.5 T and 
a gradient field of 10 T m-I were employed. Elemental analyses 
were performed by Canadian Microanalytical Service, Delta, British 
Columbia, Canada. 

Synthesis of ligand and complexes 
Safety note 

Perchlorate salts of metal complexes with organic ligands are 
potentially explosive. Only small amounts of material should be 
prepared and these should be handled with caution. The com- 
plexes described in this report have, so far, been found to be safe 
when used in small quantities. 

L3 
3,7-Dithianonane-l,9-diol(31) (5.70 g, 25.0 mmol) was added 

to anhydrous ethanol (100 mL) in which sodium metal (1.15 g, 
50.0 mmol) had been dissolved, and the resulting solution was 
stirred for 30 min. 3,6-Dichloropyridazine (3.73 g, 25.0 mmol) 
was then dissolved in anhydrous ethanol (100 mL) and both solu- 
tions were added dropwise simultaneously to anhydrous ethanol 
(500 mL) by using pressure equalizing funnels, over a period of 
6 h during which time a white precipitate formed. The mixture was 
stirred overnight and then filtered. The white solid was washed with 
ethanol and deionized water, dried in vacuo, and recrystallized from 
CHCl, to give white crystals. Yield 5.5 g (72%). MP 234-236°C. 
Mass spectrum, major mass peaks (m / e  (relative intensity)) 304(20) 
P, 27 1(5), 202(8), 170(40), 133(100), 105(28), 41(42). 'H nmr 
(CDCl,) (6 (relative intensity)): 1.88(2) (multiplet, CH,), 2.65(4) 
(multiplet, CH,), 2.85(4) (multiplet, CH3, 3.53(4) (multiplet, CH,), 
7.1 l(2) (singlet, pyridazine). 

[CuL3C12] ( I )  and [CuL3Br2/ (11) 
A solution of L3 (1 82 mg, 0.6 mmol) in CHC13 (20 mL) was 

added to a solution of CuC12.2H20 (255.6 mg, 1.5 mrnol) in MeOH 
(20 mL). The resulting solution was filtered and then refluxed for 
20 min whereupon dark brown crystals formed. Yield 200 mg 
(76%). Anal. calcd. for (CI IHl&S4C~C12)2: C 30.10, H 3.67, N 
6.38; found: C 29.80, H 3.48, N 6.28. [CuL3Br2I2 (11) was pre- 
pared similarly by reaction of L3 with CuBr, and was obtained 
as dark brown crystals. Yield 210 mg (66%). Anal. calcd. for 
(CI IH16N2S4C~Br,)2: C 25.02, H 3.05, N 5.31; found: C 24.98, H 
3.00, N 5.29. 

[CuL3 CI], (111) 
Cu powder (190.5 mg, 3.0 mmol) was added to a solution of 

CuC1,.2H20 (5 1.2 mg, 0.30 mmol) in CH3CN (20 mL). The mix- 
ture was stirred for 6 h under N2 and the resulting colourless so- 
lution filtered into a solution of L3 (91.2 mg, 0.3 mmol) in CHCl, 
(20 mL) under a nitrogen atmosphere. The pale yellow solution was 
left at room temperature overnight and colourless crystals formed. 
Yield 105 mg (87%). Anal. calcd. for (CIIHl$\J2S4CuCl),: C 32.74, 
H 3.99, N 6.94; found: C 32.87, H 3.97, N 6.98. 

[AgL3(CI04)], (N), [AgL3(CI04)]CH3CN ( V )  and [AgL3(N03)] 
(VI)  

A solution of L3 (152 mg, 0.5 rnmol) in CHCl, (20 mL) was 
added to a solution of AgClO, (250 mg, 1.2 mmol) in CH3CN 
(20 mL). The combined solution was filtered and then allowed to 
stand at room temperature overnight. Colourless crystals formed 
which were filtered, washed with CH3CN and CHCl,, and dried in 
air. Yield 150 mg (63%). Anal. calcd. for (C,lH16N2S4AgC104)x: 
C 25.81, H 3.15, N 5.47; found: C 25.92', H 3.09, N 5.52. When 
the colourless crystals were kept in contact with the solution for 
several days they gradually become yellow crystals (V), which were 
found to contain one molecule of acetonitrile. Anal. calcd. for 
(C11H16N2S4AgC104).CH3CN: C 28.24, H 3.46, N 7.60; found: C 
28.06, H 3.35, N 7.53. [AgL3(N03)] (VI) was prepared similarly 
by using AgN0, and obtained only as colourless crystals. Yield 
127 mg (54%). Anal. calcd. for CI,Hl6N,S4AgNO3: C 27.85, H 
3.40, N 8.86; found C 27.76, H 3.26, N 8.87. 

X-ray crystallographic analysis of [CuL3C1], (111) 
The diffraction intensities of a colourless parallelepiped crystal 

of [CuL3ClIx of approximate dimensions 0.35 X 0.35 X 0.10 mm 
were collected using a Rigaku AFC6S diffractometer with graph- 
ite monochromatized MoKa radiation. Cell constants and the ori- 
entation matrix were obtained by the least squares refinement of the 
setting angles of 24 carefully centred reflections in the range 
48.12" < 20 < 49.88". Based on a statistical analysis of the inten- 
sity distribution, and the successful solution and refinement of the 
structure, the space group was determined to be P1. Machine and 
data collection parameters and crystal data are given in Table 1. The 
data were collected at 25 2 1°C using the 0-20 scan technique to 
a maximum 20 value of 50.0". Omega scans of several intense re- 
flections, made prior to data collection, had an average width at 
half-height of 0.28" with a take-off angle of 6.0". Scans of 
(1.37 + 0.30 tan 0)" were made at a speed of 16.O0/min (in a) .  The 
weak reflections ( I  < 10.0 u(I)) were rescanned (maximum of two 
rescans) and the counts were accumulated to assure good counting 
statistics. Stationary background counts were recorded on each side 
of the reflection. The ratio of peak counting time to background 
counting time was 2: 1. 

A total of 2932 reflections were collected. The intensities of three 
representative reflections, which were measured after every 150 
reflections, remained constant during data collection (no decay 
correction applied). An empirical absorption correction was ap- 
plied, using the program DIFABS (32), which resulted in trans- 
mission factors ranging from 0.75 to 1.36. The data were corrected 
for Lorentz and polarization effects. 

The structure was solved by direct methods (33, 34). The non- 
hydrogen atoms were refined anisotropically. The final cycle of 
full-matrix least-squares refinement was based on 1856 observed 
reflections ( I  > 3.00 u(I)) and 173 variable parameters and con- 
verged with unweighted and weighted agreement factors of R = 

cllFoI - lFcll/~l~,l = 0.035 and R,, = [(Zw(l~,l -  IF,))^/ 
CWF,?]"~ = 0.031. The standard deviation of an observation of unit 
weight was 1.63. The weighting scheme was based on counting 
statistics and included a factor (p = 0.01) to down weight the in- 
tense reflections. Plots of Ew(lF,I -  IF,^)^ versus  IF,^, reflection 
order in data collection, sin 0/h, and various classes of indices 
showed no unusual trends. The maximum and minimum peaks on 
the final difference Fourier map corresponded to 0.36 and -0.48 
electrons/A3, respectively, and have no chemical significance. 
Neutral atom scattering factors (35) and anomalous dispersion terms 
(36, 37) were taken from the usual sources. All calculations were 
performed using the TEXSAN (38) crystallographic software 
package using a VAX 3100 workstation. Hydrogen atoms were 
located in a difference map but not refined. Thermal parameters 
were set at 1.2 times the isotropic thermal parameter of the bonded 
C atoms. 

Atomic positional parameters are given in Table 2 and selected 
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CHEN ET AL. 

TABLE 1. Summary of crystal data, intensity collection, and structure refinement for I11 and IV 

I11 IV 
Formula Cl lH16C~ClS4N2 CI I H I ~ A ~ C I S J N ~ O ~  

Crystal colour (habit) 
Formula weight 
Crystal system 
Spfce group 
a (4) 
b (A) 
c (A) 

(deg) 
P (deg) 
Y (deg) 
Volume (A3) 
Density calcd. (g c K 3 )  
z 
Absorption co$fficient, (cm-I) 
Radiation, A (A) 
Temperature ("C) 
Fooo 
Scan rate (deg min-') 
20,, (deg) 
Data collected 
Number of unique data (I > 3.00 (I)) 
Number of variables 
Goodness of fit 
R 
R," 

Colourless parallelepiped 
403.50 

Tciclinic 
Pl(No. 2) 

9.410(2) 
10.291(2) 
9.208(2) 

108.56(1) 
9 1 .82(2) 
68.04(1) 

780.1(2) 
1.718 
2 

20.78 
0.71069 

25 
412 

16.0 
50.0 

2932 
1856 
173 

1.63 
0.035 
0.03 1 

Colourless, irregular 
511.82 

Monoclinic 
P2, /n(No. 14) 

9.382(4) 
19.274(4) 
10.190(3) 

- 
106.35(3) 

- 
1768(1) 

1.922 
4 

17.52 
0.71069 

25 
1024 

8.0 
50.0 

3419 
1776 
208 

1.34 
0.036 
0.029 

bond distances and angles are given in Table 4. Thermal parame- 
ters (Table S-1), hydrogen atom parameters (Table S-2) a full list- 
ing of bond distances and angles (Table S-3) and observed and 
calculated structure factors (101~,( and 10IFcI) (Table S-4) are de- 
posited as supplementary material.2 

X-ray crystallographic analysis of [AgL3(C1O4)Ix (IV) 
The diffraction intensities of a colourless, irregular crystal of V 

of approximate dimensions 0.40 X 0.20 X 0.15 mm were col- 
lected in a similar manner to 111. Crystal data, intensity collection 
and refinement details are summarized in Table 1. Atomic posi- 
tional parameters are given in Table 3 and selected bond distances 
and angles are given in Table 5. Thermal parameters (Table S-5), 
hydrogen atom positional parameters (Table S-6), a full listing of 
bond distances and angles (Table S-7), and observed and calcu- 
lated structure factors (lO(FoI and IOIF,I) Table (S-8) are deposited 
as supplementary mate ria^.^ 

Results and discussion 

The synthesis of L3 was achieved in high yield by a tra- 
ditional high dilution cyclization reaction and no trace of any 
30-membered macrocycle containing two pyridazine sub- 
units was detected. The copper and silver complexes of L3 
did not dissolve appreciably in any solvent and so were 
studied exclusively in the solid state. 

' ~ u ~ ~ l e m e n t a r y  Tables S- 1 to S-8 may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2. 

Tables S-2, S-3, S-6, and S-7 have also been deposited with the 
Cambridge Crystallographic Data Centre and can be obtained on 
request from The Director, Cambridge Crystallographic Data 
Centre, University Chemical Laboratory, 12 Union Road, 
Cambridge, CB2 lEZ, U.K. 

TABLE 2. Positional parameters and B(eq) values (esd's) for 
[CUL~CI], (111) 

Atom x Y z B(e¶) 

Description of the structures of [CuL3C1Ix (111) and 
fAgL3(C104)1x (V) 

The structure of [CuL3Cl], (111) is illustrated in Figs. 2, 
3. The overall structure is that on an infinite double stranded 
polymer with two exo-bidentate macrocyclic ligands bridg- 
ing the dinuclear chloro-bridged copper groups. The li- 
gands are bonded only by sulfur donor atoms and these 
include S 1, which is attached to the pyridazine ring and S3. 
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TABLE 3. Positional parameters and B(eq) values (esd's) for 
[AgL3(ClOJI, (IV) 

Atom x Y z B(eq) 

Ag(1) 0.9 1005(7) 0.20787(3) 0.40042(6) 3.66(3) 
Cl(1) 0.0945(2) 0.1798(1) 0.7653(2) 3.09(8) 
S(l) 0.7141(2) 0.11980(9) 0.3625(2) 2.27(7) 
S(2) 0.6190(2) 0.24062(9) 0.8327(2) 2.78(7) 
S(3) 0.6954(2) 0.0428(1) 1.0630(2) 3.8(1) 
S(4) 0.7953(2) -0.08963(9) 0.5422(2) 2.48(8) 
O(1) 0.0490(7) 0.2315(3) 0.6624(5) 7.5(4) 
O(2) 0.2501(6) 0.1783(3) 0.8193(8) 9.1(4) 
O(3) 0.0452(6) 0.1132(3) 0.7133(5) 5.1(3) 
O(4) 0.03 12(7) 0.1958(3) 0.8721(6) 6.9(3) 
N(l) 0.6515(6) 0.0272(3) 0.7952(5) 2.8(3) 
N(2) 0.6731(6) -0.0029(3) 0.6822(5) 2.5(2) 
C(l) 0.5906(7) 0.1412(3) 0.4654(6) 2.3(3) 
C(2) 0.6619(7) 0.1769(3) 0.6010(6) 2.6(3) 
C(3) 0.5458(7) 0.1937(3) 0.6736(6) 2.5(3) 
C(4) 0.7031(7) 0.1722(4) 0.9508(7) 3.1(3) 
C(5) 0.5972(7) 0.1208(4) 0.9864(6) 3.0(3) 
C(6) 0.7245(8) 0.0032(4) 0.9167(7) 2.9(3) 
C(7) 0.823(1) -0.0531(4) 0.9336(7) 4.4(4) 
C(8) 0.8454(9) -0.0820(4) 0.82 1 l(7) 3.7(4) 
C(9) 0.7676(7) -0.0549(3) 0.6925(6) 2.3(3) 
C(10) 0.7164(7) -0.0211(3) 0.4210(6) 2.2(3) 
C(11) 0.81 14(6) 0.0434(3) 0.4487(6) 2.4(3) 

TABLE 4. Selected bond distances (A) and angles (deg) for 
[CUL~CI], (111) 

Distance Angle 
Bond (A) Bonds (deg) 

TABLE 5. Selected bond distances (A) and angles (deg) for 
[AgL3(C104)Ix (IV) 

D i s t p e  Angle 
Bond (A) Bonds (deg) 

Each repeating unit of the polymer can be envisaged as a 
tetranuclear copper(1) entity, with the two ligands and the 
four coppers forming a most unusual metallocyclic arrange- 
ment. The copper atoms have a slightly distorted tetrahe- 
dral geometry with angles at copper in the range 102.90(5) 
to 120.54(5)". The bond distances to sulfur (Cul-S1 
2.367(2) A, Cul-S3 2.280(1) A) are within the range of 
other Cu(1) complexes of homoleptic thioether ligands (4, 5, 
7, 9-1 1). The long Cu 1-S 1 bond may be associated with 

an inductive effect resulting from tee proximity of S 1 to the 
pyridazine ring. S 1-C 1 (1.772(4) A) is significantly shorter 
than S3-C6 and S3-C7 (1.815(5) A). The two copper 
chlorine tistances are very similar (Cu 1-Cl1 2.340(2), 
2.350(1) A) and can be compared with those in t h ~  poly- 
meric complex (C3H6S,), (CuCl), (2.30 to 2.413 A) (39) 
which involves a canted Cu2S,C12 dinuclear centre. 

Homoleptic crown thioether complexes of silver(1) usu- 
ally involve high coordination numbers. Examples include 
six-coordinate [Ag([18]aneS6)]+ (40) and [Ag([9]aneS3),]+ 
(41, 42), five-coordinate [A~,L,]'+ (L = 2,5,7,10-tetra- 
thia[l2](2,5)-thiophene) (43) and four-coordinate [Ag3([9]- 
anes3)13' (44), [Ag,([ l5]ane~,),]" ( 4 3 ,  and [Ag(16S6)]+ 
(16S6 = 1,3,6,9,11,14-hexathiacyclohexadecane) (46) spe- 
cies. Part of the structure of IV is illustrated in Fig. 4 and it 
involves a polymeric chain structure in which distorted tet- 
rahedral silver(1) ions are bridged by exo-bidentate, macro- 
cyclic ligands, that involve sulfur atoms S1 and S2 only $s 
donors. The silver-sulfur distances (Ag 1 -S 1 2.452(2) A, 
Agl-S2 2.463(2) A) are about 0.1 A shorter than those 
found in other Ag(1) thioether complexes with high coordi- 
nation numbers (40-46), and about 0.1 A longer than those 
in two-coordinate Ag(1) complexes (47, 48). Unlike the sit- 
uation for 111, where one thioether sulfur adjacent to the 
pyridazine ring was involved in coordination, only aliphatic 
thioether sulfurs act as donors in IV. The other two donor 
sites are provided by perchlorate oxygens ( 0  1,02) with r$l- 
atively long silver Fxygen bonds (Ag 1-0 1 2.659(5) A, 
Agl-02 2.655(6) A). However, the overall structure is most 
unusual and involves bidentate perchlorates, which cross link 
the polymeric S2 chains with the formation of a 2-dimen- 
sional, polymeric sheet (Fig. 5). Bonded perchlorates in- 
volving silver thioether complexes are not common and in 
the case of the ligand cyclo(L-methionyl-L-methionyl) the 
distant silver-perchlorate contacts of 3.00 and 3.03 A are 
questionable in terms of bonding interactions. Other silver- 
perchlorate bonds in, for example, isothiocyanate (49) and 
dimethyl sulfoxide (50) complexes of silver fall in the range 
2.40-2.75 A. The tetrahedral distortion at the silver ion is 
dominated by a large S 1-Agl-S2 angle of 148.82(6)", 
with the smallest angle S2-Agl-01 of 90.5(1)". 

The coordination of L3 to both copper(1) and silver(1) by 
sulfur atoms only is clearly a reflection on the soft donor 
preferences of these ions. The exobidentate nature of the 
coordination of L3 to both copper(1) and silver(1) ions is 
consistent with the general trend for exo-dentate coordina- 
tion observed for homoleptic, macrocyclic thioether com- 
plexes, which is related to the preferred 'gauche" placement 
of the C-S linkages (51, 52). However, the incorporation 
of the rigid pyridazine subunit into the macrocycle sets li- 
gands of this type apart from the symmetric, ethane bridged, 
homoleptic macrocyclic thioethers, and could lead to depar- 
tures from the general trend of exodentate coordination. 
Molecular models indicate that L3 could encapsulate two 
metals acting as a tetradentate N2S2 ligand with endodentate 
aliphatic sulfur donors. Clearly more examples of structures 
of complexes of ligands of this sort are required to make 
reasonable comparisons with the aliphatic, macrocyclic 
thioethers. 

Spectral and magnetic properties 
The ligand L3 has an infrared absorption at 1568 cm-', 

associated with CN stretch in the pyridazine ring. A very 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CHEN ET AL. 

FIG. 2. Molecular structure of [CuL3Cl], (111) illustrating the double stranded polymer 

52 

FIG. 3. Molecular structure of a fragment of [CuL3Cl], (111). 

FIG. 4. Molecular structure of a fragment of [AgL3(C104)], (IV). 

small shift is observed in this band by 7 cm-I or less, in all 
the complexes (Table 6). The absence of pyridazine coor- 
dination in III and IV and the similarity in the position of this 
absorption in all the complexes suggests that pyridazine ni- 

FIG. 5. Molecular structure of [AgL3(C104)], (IV) illustrating 
the 2-dimensional polymeric arrangement. 

trogen atoms are not involved in coordination in the other 
complexes. Far infrared absorptions for 1 at 355 and 350 (sh) 
cm-I are assigned to terminal copper-chlorine stretch, while 
bands at 280 and 260 cm-' are assigned to bridging cop- 
per-chlorine bonds. Similar absorptions for 11 at 208 and 
252 cm-' are assigned to terminal copper-bromine stretch. 
In the range 4000-400 cm-' the spectra of I and I1 are vir- 
tually identical, indicating structurally similar complexes. 

The v, perchlorate vibration for IV appeared as a strong, 
broad absorption centred at 1078 cm-', with little peak res- 
olution. This might not have been anticipated based on the 
bidentate bridging nature of the perchlorate groups. A sim- 
ilar broad, strong absorption is observed for V. Overall the 
infrared spectra of IV and V are very similar, suggesting a 
similar structural arrangement. The presence of two CN 
stretching bands at 2293 and 2255 cm-' suggests that the 
CH,CN occupies a lattice position only and is not coordi- 
nated to silver. The nitrate complex VI has an overall in- 
frared spectrum similar to the perchlorate complex, and in 
the nitrate combination band region an expanded spectrum 
reveals four bands at 1748, 1741, 1738, and 173 1 cm-I. The 
fairly narrow range of this group of bands (17 cm-') is 
probably indicative of two slightly different monodentate 
nitrate groups (53). Structurally VI maybe similar to IV with 
a polymeric exobidentate ligand bridging the Ag(1) ions, 
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TABLE 6. Spectral and magnetic data" 

Compound IR (cm-') PC(( (RT) (BM) UV/VISb (cm-') Magnet~c datac 

[ C U L ~ C I ~ ] ~  (I) 1562 (vCN), 355, [350], 280, 260 

[CUL~CI], (111) 1562 (vCN) 
[AgL3(C10,)Ix (IV) 1564 (vCN), 1078 (vC10,) 
AgL3(C104). CH3CN (V) 2293, 2253 (vCH3CN), 

1562 (vCN), 1072 (vC10,) 
AgL3(NOJ P I )  1562 (vCN). 1748, 1742, 

1738, 1731 (vNO~)  

"[ ]Shoulder. 
bMull transmittance. 
'p fraction paramagnetic impurity; R = {Z(X,,, - x , , ~ ~ ) ~ / C ( X ~ ~ , ) ~ } ~ ' ~ ;  Na = 60 X cgsu. 

which are three coordinate with coordinated, monodentate 
nitrate. 

Compounds I ,  I1 are dark brown in colour and are insol- 
uble in common solvents. Solution can be effected in strong 
donor solvents like DMF, but decomposition occurs with the 
release of the ligand. Consequently the electronic spectra of 
I and I1 were only examined in the solid state as mulls. In- 
tense high energy absorptions were observed in both cases 
(Table 6), which are clearly associated with charge trans- 
fer, rather than d-d transitions. Infrared data indicate that the 
ligand does not involve pyridazine-nitrogen coordination and 
that both complexes contain terminal and bridging halogen 
ligands. A reasonably structural suggestion for I and I1 would 
be a square-pyramidal dihalogen bridged dimer with L3 be- 
having as a bidentate S, donor in the square-pyramidal basal 
plane, with an axially bound halogen. The intense visible 
absorptions at 20 400 cm-' (I) and 19 000 cm-I (11) are as- 
sociated with halogen to metal charge transfer because of their 
difference in energy, while the higher energy bands are likely 
to be associated with US + Cu charge transfer. A compa- 
rable ligand, 2,5,9,12-tetrathiall31-(2,5)-thiophenophane (L), 
which involves the same S4 thioether fragment bound to the 
2- and 5-positions of a thiophene ring, formed a dinuclear, 
dichloro-bridged, square-pyramidal complex [LCuCI2], in- 
volving bidentate chelating S, ligands (54). Similar, intense 
visible and ultraviolet bands for this, and related com- 
plexes, were assigned tb charge transfer transitions associ- 
ated with the sulfur and chlorine donor atoms. 

Magnetic moments for I and 11, measured at room tem- 
perature (Table 6), exceed the spin only value for copper and 
do not give any clear indication of spin coupling and sup- 
port for the proposed dimeric structures. Variable tempera- 
ture magnetic measurements were therefore carried out on 
both I and I1 in the temperature range 4.5-300 K. Suscep- 
tibility/temperature profiles are both similar (see Fig. 6 for 
I) with a pronounced susceptibility maximum at low tem- 
peratures (TN - 18 K for I;  TN - 8 K for 11). Such behav- 
iour is typical of weakly antiferromagnetically coupled 
copper(II) dimers, thus supporting the dimeric structures for 
I and 11. 

Magnetic interactions between copper(I1) centres in iso- 
lated dinuclear species are described by the Bleaney-Bowers 
expression (eq. [I]) (55) 

NP'~, 
[I1 X h l = 3 k ( ~ 0 )  [1 + (1 /3) exp ( - 2 J / k ~ ] - '  + Nci 

using the isotropic (Heisenberg) exchange Hamiltonian (H = 
-2Jsl . s,) (x, is expressed per mole of copper atoms and Nci 
is the temperature-independent paramagnetism). Interdimer 
exchange can be accounted for by the inclusion of a Weiss- 
type correction (0) (56). A non-linear regression analysis (57) 
of the magnetic data for I and I1 using eq. [ l ]  indicated the 
presence of weak intradimer antiferromagnetic coupling 
(-25 < 16 cm-I (I); -25 < 5 cm-' (11)), but also signifi- 
cant interdimer exchange as well (0 - -5 K). For weakly 
coupled copper(I1) dimers where the singlet-triplet splitting 
is comparable with the Zeeman energy, gPH, the magneti- 
zation expression (eqs. [2], [3]) is considered to be more 
appropriate (58, 59). 

Equation [2] can be corrected, in the molecular field ap- 
proximation, for the presence of magnetic interactions be- 
tween neighbouring dimers (eq. 4), 

NgP sinh (gpH/kT 
[2] M = 

exp (-2J/kT) + 2 cosh (gpH/kT) + 1 

where z is the 

number of nearest neighbor dimers and J' the interdimer 
exchange parameter. The variable temperature susceptibil- 
ity data for I and I1 were fitted to an equation which com- 
bined eqs [2], [3], and [4] and was corrected for the presence 
of simple Curie law paramagnetic impurity components. 
The results are given in Table 6.  Both compounds show 
weak intradimer antiferromagnetic coupling (-21 = 17.77(7) 
cm-I (I); -25 = 8.08(4) cm-' (11)). Very weak interdimer 
antiferromagnetic coupling is also apparent (zJ' = -0.51(1) 
cm-' (I); zJ' = -0.29(1) cm-' (II)), but because no struc- 
tural details are available for these compounds little can be 
said concerning the mechanism of this exchange compo- 
nent, or how many dimers are involved. Comparable values 
of g and -25 were obtained from both methods of data fit- 
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CHEN ET AL. 

FIG. 6. Variable temperature magnetic data for [CuL3C1212 (I). The solid line was calculated from eqs. [2], [3], [4] with g = 2.061(3), 
-2J = 17.77(7) cm-I, zJ' = -0.51(5) cm-l, p = 0.045. 

ting, but since lower residual factors were obtained with the 
magnetization equation, combined with the inherent prob- 
lems of using the Bleaney-Bowers fit for weakly coupled 
copper(I1) dimers, a more confident assessment of the ex- 
change situation can be realised by the use of eqs. [2], [3], 
and [4]. Small amounts of Curie law paramagnetic impuri- 
ties were necessary for reasonable data fits and these show 
up in the solid state EPR spectra of I and 11. No half-field 
EPR transitions were observed that sometimes typify weakly 
coupled dinuclear copper(I1) complexes. The experimental 
data and the theoretical line for I, calculated using eqs. [2], 
[3], and [4] for g = 2.061(3), -25 = 17.77(7) cm-I, zJ1 = 
-0.51(5) cm-I, p = 0.045 are shown in Fig. 6. 

Weak antiferromagnetic coupling is typical for halogen 
bridged dimeric copper(I1) complexes and in the case of 
dichloro-bridged square-pyramidal, [LCuC1212 (S2) (54) and 
octahedral [L1CuC1212 (S,) (54) complexes of some thio- 
phenophane ligands -25 values of 20.8 and 7.4 cm-' are 
found for Cu-C1-Cu bridge angles of 90.94" and 86.87", 
respectively (22). The magnetic properties of I and I1 are 
therefore consistent with dimeric halogen bridged struc- 
tures. The smaller exchange integral for the bromo-com- 
plex(I1) would not be anticipated if I and I1 had similar 
structures, with comparable bridge angles, because of the 
demonstrated ability of bridging and terminal halogen li- 
gands to modify exchange L4ased on their electron polariz- 
ing effects (60, 61). On this basis a somewhat smaller bridge 
angle might be anticipated for 11. 

Acknowledgements 

We thank the Natural Sciences and Engineering Research 
Council of Canada for financial support for this study, and 
for funds to purchase the Rigaku AFC6S X-ray diffracto- 
meter. 

1. T. E. Jones, L. A. Ochrymowycz, and D. B. Rorabacher. J. 
Am. Chem. Soc. 98, 4322 (1976). 

2. M. D. Glick, D. P. Gravel, L. L. Diaddario Jr., and D. B. 
Rorabacher. Inorg. Chem. 15, 1 190 (1976). 

3. E. R. Dockal, L. L. Diaddario Jr., M. D. Glick, and D. B. 
Rorabacher. J. Am. Chem. Soc. 99, 4530 (1977). 

4. P. W. R. Corfield, C. Ceccarelli, M. D. Glick, I. W-Y. Moy, 
L. A. Ochrymowycz, and D. B. Rorabacher. J. Am. Chem. 
SOC. 107, 2399 (1985). 

5. L. L. Diaddario Jr., E. R. Dockal, M. D. Glick, L. A. 
Ochrymowycz, and D. B. Rorabacher. Inorg. Chem. 24,356 
(1985). 

6. V. B. Pett, L. L. Diaddario Jr., P. W. Corfield, C. Ceccarelli, 
M. D. Glick, L. A. Ochrymowycz, and D. B. Rorabacher. 
Inorg. Chem. 22, 3661 (1983). 

7. J. R. Hartman and S. R. Cooper. J. Am. Chem. Soc. 108, 
1202 (1986). 

8. S. C. Rowle, G. A. Admans, and S. R. Cooper. J. Chem. Soc. 
Dalton Trans. 93 (1988). 

9. C. R. Lucas, S. Liu, M. J. Newlands, J-P. Charland, and E. 
J. Gabe. Can. J. Chem. 66, 1506 (1988). 

10. B. De Groot and S. J. Loeb. Inorg. Chem. 28, 3573 (1989). 
11. A. J. Blake, A. Taylor, and M. Schroder. Polyhedron, 9, 291 1 

(1990). 
12. E. Bouwman, W. L. Driessen, and J. Reedjik. Coord. Chem. 

Rev. 104, 143 (1990). 
13. N. Atkinson, A. J. Blake, M. G. B. Drew, G. Forsyth, A. J. 

Lavery, G. Reid, and M. Schroder. J. Chem. Soc. Chem. 
Commun. 984 (1989). 

14. P. D. Beer, J. E. Nation, S. L. W. McWhinnie, M. E. 
Harman, M. B. Hursthouse, M. I. Ogden, and A. H. White. 
J. Chem. Soc. Dalton Trans. 2485 (1991). 

15. A. J. Blake, G. Reid, and M. Schroder. J. Chem. Soc. Dalton 
Trans. 615 (1991). 

16. E. Kimura, Y. Kurogi, T.  Tojo, M. Shionoya, and M. Shiro. 
J. Am. Chem. Soc. 113,4857 (1991). 

17. I. M. Helps, K. E. Matthes, D. Parker, and G. Ferguson. J. 
Chem. Soc. Dalton Trans. 915 (1989). 

18. E. Weber and F. Vogtle. Liebigs Ann. Chem. 891 (1976). 
19. J. S. Bradshaw and J. Y. K. Hui. J. Heterocycl. Chem. 11, 

649 ( 1974). 
20. G. R. Newkome, J. D. Sauer, J. M. Roper, and D. C. Hager. 

Chem. Rev. 77, 513 (1977). 
21. C. R. Lucas, S. Liu, and M. J. Newlands. Can. J. Chem. 67, 

639 (1989). 
22. C. R. Lucas, S. Liu, and L. K. Thompson. Inorg. Chem. 29, 

85 (1990). 
23. M. M. Bernardo, M. J. Hegg, R. R. Schroeder, L. A. 

Ochrymowycz, and D. B. Rorabacher. Inorg. Chem. 31, 191 
(1992). 

24. S. K. Mandal, L. K. Thompson, E. J. Gabe, J-P. Charland, 
and F. L. Lee. Inorg. Chem. 27, 855 (1988). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



27 16 CAN. J .  CHEM. VOL. 70, 1992 

25. L. K. Thompson, S. K. Mandal, J-P. Charland, and E. J. 
Gabe. Can. J. Chem. 66, 348 (1988). 

26. L. K. Thompson, S. K. Mandal, L. Rosenberg, F. L. Lee, and 
E. J. Gabe. Inorg. Chim. Acta, 133, 81 (1987). 

27. S. K. Mandal, L. K. Thompson, E. J. Gabe, F. L. Lee, and 
J-P. Charland. Inorg. Chem. 26, 2384 (1987). 

28. T. C. Woon, R. McDonald, S. K. Mandal, L. K. Thompson, 
S. P. Connors, and A. W. Addison. J. Chem. Soc. Dalton 
Trans. 2381 (1986). 

29. S. K. Mandal, L. K. Thompson, M. J. Newlands, F. L. Lee, 
Y. LePage, J-P. Charland, and E. J. Gabe. Inorg. Chim. Acta, 
122, 199 (1986). 

30. L. Chen, L. K. Thompson, and J. N. Bridson. Can. J. Chem. 
70, 1886 (1992). 

3 1. E. Vedejs. Org. Synth. 150 (1987). 
32. N. Walker and D. Stuart. Acta. Crystallogr. Sect. A: Found. 

Crystallogr. A39, 158 (1983). 
33. C. J. Gilmore. J. Appl. Crystallogr. 17, 42 (1984). 
34. P. T. Beurskens. DIRDIF: Technical Report 1984/1, Crys- 

tallography Laboratory, Toernooiveld, 6525 Ed Nijmegen, 
Netherlands. 

35. D. T. Cromer and J. T. Waber. International tables for X-ray 
crystallography. Vol. IV. The Kynoch Press, Birmingham, 
United Kingdom. 1974. Table 2.2A. 

36. J. A. Ibers and W. C. Hamilton. Acta Crystallogr. 17, 781 
(1974). 

37. D. T. Cromer. International tables for X-ray crystallography. 
Vol. IV. The Kynoch Press, Birmingham, United Kingdom. 
1974. Table 2.3.1. 

38. Texsan-Texray Structure Analysis Package, Molecular Struc- 
ture Corporation, 1985. 

39. A. Domenicano, R. Spagna, and A. Vaciago. J. Chem. Soc. 
Chem. Commun. 1291 (1968). 

40. A. J. Blake, R. 0 .  Gould, A. J. Holder, T. L. Hyde, and M. 
Schroder. Polyhedron, 8, 5 13 (1 989). 

41. J. A. Clarkson, R. Yagabason, P. T. Blower, and S. R. 
Cooper. J. Chem. Soc. Chem. Commun. 950 (1987). 

42. P. T. Blower, J. A. Clarkson, S. C. Rawle, J. R. Hartman, 

R. E. Wolf, R. Yagbason, S. G. Bott, and S. R. Cooper. 
Inorg. Chem. 28, 4040 (1989). 

43. C. R. Lucas, S. Liu, M. J. Newlands, J.-P. Charland, and E. 
J. Gabe. Can. J. Chem. 68, 644 (1990). 

44. H-J. Kiippers, K. Wieghardt, Y. H. Tsay, C. Kruger, P. 
Nuber, and J. Weiss. Angew. Chem. Int. Ed. Engl. 26, 575 
(1987). 

45. A. J. Blake, R. 0 .  Gould, G. Reid, and M. J. Schroder. J. 
Chem. Soc. Chem. Commun. 974 (1990). 

46. B. De Groot and S. J. Loeb. Inorg. Chem. 30, 3103 (1991). 
47. Y. Kojima, T. Yamashita, Y. Ishino, T. Hirashima, and K. 

Hirotsu. Chem. Lett. 453 (1983). 
48. I. G. Dance, L. J. Fitzpa~ck, A. D. Rae, and M. L. Scudder. 

Inorg. Chem. 22, 3785 (1983). 
49. A. Guitard, A. Mari, A. L. Beauchamp, Y. Dartiguenave, and 

M. Dartiguenave. Inorg. Chem. 22, 1603 (1983). 
50. N-0. Bjork and A. Cassel. Acta Chem. Scand. A30, 235 

(1976). 
51. R. E. Wolf, Jr., J. R. Hartman, J. M. E. Storey,B. M. 

Foxman, and S. R. Cooper. J. Am. Chem. Soc. 109, 4328 
(1987). 

52. S. R. Cooper. Acc. Chem. Res. 21, 141 (1988). 
53. A. B. P. Lever, E. Mantovani, and B. S. Ramaswamy. Can. 

J. Chem. 49, 1957 (1971). 
54. C. R. Lucas, S. Liu, M. J. Newlands, J-P. Charland, and E. 

J. Gabe. Can. J. Chem. 67, 639 (1989). 
55. B. Bleaney and K. D. Bowers. Proc. R. Soc. London, A, 214, 

451 (1952). 
56. K. T. McGregor, J. A. Barnes, and W. E. Hatfield, J. Am. 

Chem. Soc. 95, 7993 (1973). 
57. R. G. Duggleby. Anal. Biochem. 110, 9 (1981). 
58. B. E. Myers, L. Berger, and S. A. Friedberg. J. Appl. Phys. 

40, 1149 (1969). 
59. W. E. March, K. C. Patel, W. E. Hatfield, and D. J. Hodgson. 

Inorg. Chem. 22, 51 1 (1983). 
60. S. K. Mandal, L. K. Thompson, M. J. Newlands, E. J. Gabe, 

and K. Nag. Inorg. Chem. 29, 1324 (1990). 
61. L. K. Thompson, S. K. Mandal, J-P. Charland, and E. J. 

Gabe. Can. J. Chem. 66, 348 (1988). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FT-infrared study of the interaction between all-trans retinylidene isopropylamine 
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P. MIGCHELS and TH. ZEEGERS-HUYSKENS. Can. J. Chem. 70, 2717 (1992). 
The interaction between all-trans retinylidene isopropylamine (tRiPA) and phenols covering a large pK, domain is in- 

vestigated by FT-infrared spectrometry. For phenols having pK, between 10.2 and 8.18, only normal OH. ..N hydrogen 
bonds are formed. The thermodynamic parameters (K, -AH, -AS0) determined in carbon tetrachloride solution show 
that tRiPA possesses a good proton acceptor ability. The spectral characteristics (frequency and integrated intensity) of 
the vc=, vibration are also investigated. From a pK,.of 6, proton transfer takes place. The proton transfer constants de- 
termined in 1,2-dichloroethane are linearly related to ApK, (pK, of the protonated base minus pK, of the phenol). Com- 
parison with previously studied imine systems shows that the proton transfer constant increases with the number of C=C 
double bonds in the base. 

P. MIGCHELS et TH. ZEEGERS-HUYSKENS. Can. J.  Chem. 70, 2717 (1992). 
L'interaction entre la toute-trans retinylidkne isopropylarnine (tRiPA) et des phknols couvrant un large domaine de 

pK, est CtudiCe par spectromCtrie infrarouge B transformCe de Fourier Pour les phknols caractCrisCs par des pK, variant 
de 10.20 B 8.18, seuls les complexes B liaison hydrogene normale OH.. .N sont formCs. Les parambtres thermodyna- 
miques (K, -AH, -AS0), dCterminks dans la tktrachlomre de carbone, montrent que la tRiPA possede un bon pouvoir 
accepteur de proton. Les caractCristiques spectrales de la vibration vc=, (frkquence, intensite intkgrk) sont aussi Ctudiks. 
A partir d'un pK, de 6, il y a formation de complexes par transfert de proton. Les constantes de transfert dCterminCes 
dans le 1,2-dichloroCthane sont linkairement correlkes aux ApK, (pK, de la base protonte moins pK, du phknol). La 
comparaison avec des systemes d'imine CtudiCs antkrieurement montre que la constante de transfert augmente avec le 
nombre de doubles liaisons prksentes dans la base. 

Introduction 
In the light transduction mechanisms of both rhodopsin and 

bacteriorhodopsin, the bond between the retinal Schiff base 
nitrogen and a proton donor group in the opsin deserves 
particular attention and it is essential to know if the Schiff 
base is initially protonated or not (see, for example, ref. 1). 
Although resonance Raman spectra of rhodopsine indicate 
that the N atom is protonated (2-6), 13c NMR (7) and dif- 
ferential kinetic IR measurements (8) oppose this view. Both 
extreme views can be reconciled by admitting a strong hy- 
drogen bond with a double minimum potential function (9- 
15). This is in agreement with ab initio calculations (16, 17) 
on retinal chromophore modelling systems such as the al- 
kylimine - formic acid system. It is thus essential to know 
the shape of the potential function governing the proton 
motion. In this work, the interaction between trans reti- 
nylidene isopropylamine (tRiPA) and phenol derivatives 
covering a large pK, range (10.20-0.5) is investigated by FT- 
infrared spectroscopy. 

The phenols have been chosen as proton donors because 
they can serve as models for tyrosine (18) and, in this large 
pK, domain, the following equilibria can be studied: 

where KHB refers to normal hydrogen bonds and K, to pro- 

' ~ u t h o r  to whom correspondence may be addressed. 

ton transfer complexes. There are some literature data on the 
interaction between trans retinylidene isobutylarnine (tRiBu) 
and phenols. Kristoforov et al. have shown that tRiBu forms 
normal hydrogen bonds with p-cresol and that proton trans- 
fer complexes can be detected in excess of proton donor. The 
proton transfer equilibria have been studied in carbon tetra- 
chloride for some phenol-tRiBu systems by Rastogi and 
Zundel (20). In methylcyclohexane, the AGO, values at 295 
K vary from +10.5 to 13.5 kJ mol-' (K, from 0.013 to 
0.004) and are not correlated with the pK, of the proton do- 
nors (21). There seems, however, to exist a correlation be- 
tween the enthalpies and entropies for the proton transfer 
processes and the proton donor ability of the phenols (20). 
In a recent work, the  thermodynamic constants for hydro- 
gen bonding and proton transfer were extensively discussed 
for the phenol-tRiBu system (22). 

This literature overview shows that there is no systematic 
study on hydrogen bonding between retinal Schiff bases and 
phenols. Furthermore, the proton transfer constants are not 
always reliable. The present study was undertaken in order 
to investigate systematically the influence of the proton donor 
acidity on the KHB and on the K, values, to discuss the 
characteristics of the V C = ~  vibration, and to establish the in- 
fluence of the number of C=C bonds on the proton transfer 
constants. 

Experimental 
The infrared spectra were recorded on the Perkin Elmer 883 and 

on the Bmker FT-IR 88 spectrophotometers. The formation con- 
stants K were determined in carbon tetrachloride from the absor- 
bance of the v,, stretching vibration at concentrations of proton 
donors ranging from 5 to 8 x lo-' mol L-'. The base was in ex- 
cess. The proton transfer constants K, were determined in 1,2- 
dichloroethane from the intensity of the vc-, band. The intensity 
of the vc=,.,.,+ band of tRiPA picrate observed at 1651 cm-', where 
100% proton transfer was supposed to occur, was taken as refer- 
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TABLE 1. Equilibrium constants, enthalpies, and entropies of complex formation 
for the interaction between tRiPA and phenols. Solvent = carbon tetrachloride 

~ 2 9 8 K  ~ 3 2 3 K  -mb - As0 
Phenolsa (L mol-') (L mol-I) (kT mol-I) (J mol-' K-') 

4-CH30 phenol (10.2 1) 78 32 27 55 
Phenol (9.95) 98 42 2 8 55 
4-Br phenol (9.34) 285 105 3 1 5 8 
3-Br phenol (9.03) 360 115 33 62 
3,4-Dichlorophenol (8.58) 725 230 35 63 
3,5-Dichlorophenol (8.18) 1070 335 37 66 

T h e  pK, of the phenols are indicated in parentheses. 
bCalculated from the K values computed from the least-squares correlations of log K vs. 

PK~.  

FIG. 1. FT-infrared spectra (1660-1580 cm-') of 1 tRiPA (c = 
0.032 mol L-'); 2 tRiPA (c = 0.032 mol L-') and 3,4-dichloro- 
phenol (c = 0.034 mol L-I). Solvent = carbon tetrachloride. Cell 
thickness = 0.1 cm. 

ence. The total concentration of complexes was calculated from the 
intensity of the vo, stretching vibration in the same solvents. 

tRiPA was synthesized by condensation of isopropylamine and 
all-trans retinal (19). The product was held at 5'C, in the dark and 
under nitrogen atmosphere. The solvents and the phenols were 
carefully dried and purified by the standard methods. 

Results and discussion 
1. Normal hydrogen bonds 

For phenols having pK, between 10.20 and 8.18, only one 
band at 1620-1621 cm-' was observed. This suggests that 
only normal hydrogen bonds are formed. The thermody- 
namic parameters (K,"-AH, -AS') determined in carbon 
tetrachloride solution are listed in Table 1. 

The logarithms of the formation constants are linearly re- 
lated to the pKa of the proton donors: 

It must be pointed out here that the thermodynamic data for 
the interaction between the n-butylamine retinal Schiff base 
and phenols having pK, between 6 and 8 were measured in 
methylcyclohexane. The AGO values at 295 K vary from 
-8.7 to - 13 kJ mol-I (KHB from 35 to 200 L mol-') but are 
not correlated to the acidity of the proton donors (21). The 
lowest value is obtained for the 2,4,6-trichlorophenol com- 
plex (K = 35 L mol-I, pK, = 6) and the highest one for the 
2,4,5-trichlorophenol complex (K = 200 L mol-I, pK, = 
6.72), the weakest proton donor 2,4-dichlorophenol (pK, = 
6.0) being characterized by a stability constant of 92 L mol-'. 
These data were obtained in methylcyclohexane. 

The thermodynamic data reported in Table 1 show that 
tRiPA possesses a good proton acceptor ability. The equi- 
librium constants have been recently reported for systems 
involving the same proton donors and other Schiff bases such 
as isobutylidene isopropylamine (iBiPA) (23), 2,4-hexad- 
ienylidene isopropylamine (HiPA) (24), and trans-buteny- 
lidene isopropylamine (tBiPA) (25). The K values are 
markedly higher for the tRiPA than for the iBiPA com- 
plexes where the Schiff base has no C=C double bond. 
There is, however, no systematic correlation between the 
thermodynamic data and the number of C=C double bonds. 

The v,,.,,, band is broad and characterized by several 
submaxima. These spectroscopic features have also been 

TABLE 2. Wavenumbers, integrated intensity (A), intensification factor (AC/Af), 
and dipole moment derivative ( d ~ / d Q )  of the v,=, vibration of tRiPA complexed 

with phenols. Solvent = carbon tetrachloride 

'C=N A" k a ~ / a Q  
Phenol (cm-I) (L mol-' cm-') AC/Af (esu amu-'I2) 

None 1620 7250 - 101.6 
4-CH,O phenol 1621 8550 1.18 119.9 
Phenol 1621 9710 1.34 136.1 
4-Br phenol 1620 10150 1.40 142.2 
3,4-Dichlorophenol 1620 10730 1.48 150.4 
3,5-Dichlorophenol 1620 11140 1.52 156.2 

"Integration limits: 1670-1575 cm-' 
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FIG. 2. ap/aQ (esu amu-I/') as a function of -AH (kJ mol-I). 

observed for other complexed Schiff bases (22). Owing 
to the overlapping with the strong vcH, and vc- bands, 
the maximum could not be estimated with precision. For 
the tRiPa-phenol complex, the maximum was localized at 
3050 + 50 cm-'. 

Characteristics of the v,=, vibration 
The vC=, vibration is observed at 1620 cm-' in carbon 

tetrachloride. As shown in Fig. 1, the frequency of this vi- 
bration is very insensitive to hydrogen bond formation. The 
vc=, band is indeed observed at 1621 cm-' in the phenol 
complex and at 1620 cm-I in the 3,4-dichlorophenol com- 
plex. A broadening of the band can be observed. This be- 
haviour is in complete contrast with the vcT0 vibration, which 
is shifted to lower frequencies by about 10-25 cm-I. The 
insensitivity of the vC=, vibration to normal hydrogen bond 
formation has been explained by the fact that the perturba- 
tion induced by the formation of the bond is transmitted to 
the terminal group implanted on the double bond rather than 
on the double bond itself (23). 

The integrated intensity (A) of the v,, band in free tRiPA 
(A') and in some complexes (Ac) was obtained by deconvo- 
lution of the bands, because of the overlapping with the v,, 
band of tRiPA and with v,,,, vibrations of the phenols. The 
values are indicated in Table 2, along with the intensity en- 
hancement AC/Af. 

The dipole moment derivatives with respect to the nor- 
mal coordinate obtained by the relation 

are also indicated in Table 2. As shown in Fig. 2, this de- 
rivative increases with the enthalpy of complex formation. 

It is noteworthy that in the complexes involving the same 
proton donors and saturated Schiff bases, the intensity of the 
vc=, vibration does not increase upon hydrogen bond for- 
mation (23). The difference can be ascribed to the elec- 
tronic delocalization in the retinylidene system, which 
increases upon complex formation. 

3 .  Proton transfer complexes 
From a pKa value of 6, proton transfer takes place. This 

can be evidenced by the frequency increase of the vC=, vi- 
bration, which is observed at 1655 cm-I. As shown in Fig. 
3, the intensity of this band increases with the acidity of the 
proton donor. The proton transfer constant K, 

[O-. . .HfN] 
K, = 

[OH.. .N] 

[O- . . .Hf N] and [OH.. .N] being the concentrations of the 
ionic pair and of the normal hydrogen bonds, is calculated 
from the intensity of the band at 1655 cm-I. This method 
seems better than that based on the intensity decrease of the 
vc=, vibration, which strongly overlaps with the vc=, vi- 
brations. The observation of both the vC=, and VC=N.(H+) vi- 
brations indicates a double minimum potential for the proton 
motion. 

The proton transfer constants are usually discussed as a 
function of ApK,, the difference between the pK, of the acid 
conjugated to the base and that of the proton donor (24). The 
pKa value of tRiPA is estimated from the shift of the voH band 

FIG. 3. FT-infrared spectra (1800-1500 cm-I) of 1 tRiPA (c = 0.17 rnol L ' ) ;  2 tRiPA (c = 0.17 mol L-I) and 2,4,6-trichlorophenol 
(c = 0.19 mol L-I); 3 tRiPA (c = 0.17 mol L-I) and 2,4,5,6-tetrachlorophenol (c = 0.24 mol L-I). Solvent = 1,2-dichloroethane. Cell 
thickness = 0.01 cm. 
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TABLE 3. ApK, values, proton transfer constant (K,), and per- 
centage proton transfer (%PT) for the complexes between tRiPA 

and some phenols. Solvent = 1,2-dichloroethane; T = 298 K 

Phenol ApKa KPT %PT 

3-CF,,4-NO, phenol 6.10 0.32 24 
2,4,6-Trichlorophenol 5.99 0.39 28 
2,3,4,5,6-Tetrachlorophenol 4.90 2.29 69 
Pentachlorophenol 4.75 2.52 79 
2,6-Dichloro-4-NO, phenol 3.55 10.19 9 1 

FIG. 4. %PT as a function of ApK, 

in the methanol complex (350 cm-') and the correlation be- 
tween the Avo, values and the pK, for OH.. .N(S~*)  hydro- 
gen bonds. The pK, of tRiPA computed from this relation is 
7.36. 

Table 3 lists the ApK, values, the proton transfer con- 
stants, and the percentage of proton transfer for the investi- 
gated systems. It must be pointed out here that for the 
interaction between tRiBu and phenols having pK, between 
6 and 8, Zundel and co-workers (21) obtained very low pro- 
ton transfer ccnstants ( K , ~ ~ ~ ~  between 0.004 and 0.013) in 
methylcyclohexane. These values are not correlated to the 
acidity of the phenol derivative but a linear correlation was 
obtained between the enthalpies and entropies for the pro- 
ton transfer process. Although these experimental results are 
hardly explainable, the K, values are, as expected, much 
weaker in methylcyclohexane than in 1 ,Zdichloroethane 
(26). 

The logarithms of the proton transfer constants are lin- 
early related to ApK, 

Typical slopes between 0.4 and 1 have been obtained for the 
OH.. .N $ 0 - .  . .H+N equilibria. The slopes and intercepts 
of the above correlation depend on the nature of the inter- 
acting molecules, the solvents, and the temperature (26). 
Figure 4, where the percentage of proton transfer is plotted 
versus ApK,, shows that 50% proton transfer is achieved for 
ApK, = 2 or, in other words, when the pK, of the proton 
donor is 5.35. For the interaction between the n-butylamine 

FIG. 5. K, as a function of the number of C=C bonds in the 
Schiff bases. 

retinal Schiff base and carboxylic acids in carbontetrachlo- 
ride, 50% proton transfer occurs at the same ApK, value of 
2 (27). For systems involving all-trans retinylidene tert-bu- 
tylamine and substituted acetic acids, 65% proton transfer 
is achieved when the pK, of the proton donor is about 4 (28). 

In previous works (23-25) the proton transfer constants 
of various Schiff bases - phenol systems were determined 
in the same solvent and at the same temperature. It seemed 
to us interesting to investigate the influence of the number 
of C=C bonds on the proton transfer constants. The K, 
values for the pentachlorophenol and various Schiff bases are 
as follows: 

Figure 5 shows that the K, values clearly increase with 
the number of C=C bonds in the Schiff base or, in other 
words, with the electronic delocalization in the polyene chain. 
It must be pointed out here that these results do not agree with 
those of Bissonnette et al. (13). These authors investigated 
the interaction of various carboxylic acids with trans hep- 
tadienylidene 2,4-tert-butylamine and all-trans retinylidene 
tert-butylamine by electronic and 'H NMR spectroscopy. The 
percentage of protonation was very similar for the two im- 
ines. The results of the present work show that the K, val- 
ues are higher for the tRiPA than for the tHiPA systems. 
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Sedum alkaloids XII. Synthesis of the new piperidine alkaloids homosedinone 
and dihomosedinone 

ALEX DURANT AND CLAUDE HOOTELE':~ 
Service de chimie organique, Faculte' des sciences, Universitd Libre de Bruxelles, B-1050 Bruxelles, Belgium 

Received April 14, 1992 

ALEX DURANT and CLAUDE HOOTELE. Can. J. Chem. 70, 2722 (1992). 
The new piperidine alkaloids homosedinone 2 and dihomosedinone 3 ,  isolated from Sedum acre, have been synthe- 

sized from (-)-norsedamine 7 by application of the sequence: anodic methoxylation - elimination - nucleophilic addi- 
tion. 

ALEX DURANT et CLAUDE HOOTELE. Can. J. Chem. 70, 2722 (1992). 
La synthbse de deux nouveaux alcaloldes pipiridiniques, I'homosCdinone 2 et la dihomoskdinone 3 ,  isolCs de Sedum 

acre, est dCcrite au depart de la (-)-norsCdamine 7 par application de la sequence : mCthoxylation anodique - 
Climination - addition nuclCophile. 

Introduction tion of the diastereoisomers was complicated owing to the 
Sedurn acre constitutes a rich source of piperidine alka- facile e~imerization (2, 3) of this type of base @-amino ke- 

loids (1). During a search for new bases from this species, tones); 2 and 3 were eventually isolated in very minute 
we isolated two fractions, after repetitive counter-current and amounts by T L C . ~  Definite evidence for structures 2 and 3, 
chromatography separations, whose spectral properties in- which also represent the absolute configuration of the new 
dicated two homologs of sedinone 1. These fractions con- alkaloids (2S,6R,8S), rests on the synthesis we describe in 
tained, respectively, homosedinone 2 and dihomosedinone this paper. 
3 accompanied by their C-6 epimers 4 and 5. The separa- 

Results and discussion 

We have shown recently that the sequence of anodic 
methoxylation - elimination - nucleophilic addition (4) 
provides an efficient route for the synthesis of 2,6-disubsti- 
tuted piperidine alkaloids (3) and we used this procedure for 
the synthesis of sedi'none 1 and sedacrine 6. The sedinone 
homologs 2 and 3 have now been obtained by application of 
the same methodology. 

The a-methoxy carbamate 8 was prepared by anodic 
oxidation of the N-carbomethoxy derivative of (-)-norsed- 
amine 7 as reported previously (3). Replacement of the 6- 
methoxy group in 8 by the desired side chain was carried out 
by treatment with an excess of 2-trimethylsilyloxybut-I-ene 
and 2-trimethylsilyloxypent- 1 -ene, respectively (synthe- 
sized according to the procedure of Corey and Gross (5)), at 
-78°C in dichloromethane in the presence of TiCl, as a Lewis 
acid. After chromatography two fractions containing at least 
95% (by 'H NMR) of the cis-2,6-disubstituted carbamates 9 

' ~ u t h o r  to whom correspondence may be addressed. 
'c. HootelC, D. Vanderaa, and A. Durant. Unpublished re- 

sults. 

and 10 were isolated in 78 and 85% yield, respectively; the 
principal by-product of these substitutions is the enecarba- 
mate resulting from elimination of methanol from 8 (3). 

The high stereoselectivity observed in the reactions of 
a-methoxy-N-acylpiperidines with nucleophiles is now well 
documented (3, 7, 8): the cis stereochemistry results from 
stereoelectronically preferred axial attack of the nucleophile 
on the irninium intermediate that contains the phenethyl chain 
in the axial orientation due to A ' , ~  strain. 

Without further purification 9 and 10 were transformed into 
the corresponding acetals 11 and 12. Reduction of the ace- 
tals 11 and 12 with LiAlH, in THF gave the N-methyl de- 
rivatives 13 and 14; acid hydrolysis of the acetal groups 
furnished two 85: 15 mixtures of cis- and trans-piperidines 
2: 4 and 3: 5 in 70% overall yield from the carbamates 9 and 
10 respectively. The presence of 15% of the trans isomers 4 
and 5 results from the epimerization at C-6 during the basic 
work-up after the deprotection step. Fractional crystalliza- 
tion of the above mixtures from hexane yielded pure homo- 
sedinone 2 and dihomosedinone 3. The spectral properties 
and optical rotation of the synthetic compounds were iden- 
tical to those of the alkaloids 2 and 3 from the natural source. 
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Structure 2 (without stereochemical implications) was re- 
cently assigned to a base isolated from Lobelia davidii; 
comparison of the physical and spectral values reported (6) 
with those of 2 and 4 do not allow its stereochemistry to be 
established and we have not been able to obtain a specimen 
of the natural product for direct comparison with the syn- 
thetic material. 

The facile epimerization of the p-amino ketones sedi- 
none 1 and the homologs 2 and 3 deserves some comments. 
In methanol at room temperature these bases epimerize at 
C-6; the equilibrium (cis: trans ca. 1 : 1) is reached after a few 
hours, while the corresponding hydrochlorides (and the 
N-acyl derivatives 9 and 10) are stereochemically stable under 
the same comditions. Epimerization is also fast in chloro- 
form/ammonia and chloroform/MacIlvaine buffer pH 6 
(precluding the use of these 'last conditions for the separa- 
tion of the C-6 epirners by counter-current distribution) but 
much slower in pure chloroform. It is likely that the epi- 
merization involves a reversible retro-Michael reaction by 
way of the six-membered ring chelate of an en01 tautomer 
as depicted in Fig. 1 (3, 9). 

Given the propensity for p-amino ketones to undergo 
epirnerization in the conditions used during isolation of the 
bases, it is not established which epirners are present in 
Sedum acre. 

Experimental 

Melting points were determined on a Kofler microscope and are 
uncorrected. Mass spectral data were obtained on a Micromass 7070 
spectrometer. Nuclear magnetic resonance spectra were recorded 
in CDC1, with TMS as internal standard on a Bruker WM 250 

spectrometer. Optical rotations were measured on a Perkin Elmer 
141 polarimeter. 

Preparation of 9 
To a stirred solution of TiCI, (108 mg) in CH,CI? (2 mL) at 

-78"C, under a nitrogen atmosphere, was added dropwise a so- 
lution of 8 (172 mg) in the same solvent (2 mL). A solution of 2- 
trimethylsilyloxybut-I-ene (738 mg) was then added and the re- 
sulting reaction mixture was stirred for 1 h at -78OC and then al- 
lowed to reach room temperature (1 h). After addition of water and 
NH,OH the mixture weas extracted twice with CHCI,. The com- 
bined organic layers were evaporated and the residue was purified 
by chromatography on alumina (CHCl,) to afford 9 (149 mg, 78% 
yield) and the enecarbamate resulting from elimination of metha- 
nol from 8 (26 mg, 17% yield), with spectral data as previously 
reported (3). 9 (oil): 'H  nmr 6: 7.3 (5H, m), 5.77 ( l H ,  dd, J = 4 
and 10 Hz, H8), 4.64 ( l H ,  m,  H6), 4.28 ( l H ,  m, H2), 3.69 (3H, 
s ) ,2 .61  (2H,m,H9),2.45(2H,m,H11),2.09(3H,s), 2.2-1.5 
(8H, m), 1.03 (3H, t, J = 7 Hz); "C nmr 6: 209.3 (ClO), 170.4, 
156.3 (NCO), 140.7, 128.7, 128.2, 126.6, 73.8 (C8), 52.7 (CH,), 
47.6,47.2and46.7(C2,C6,C9),41.4(C7),36.2(C11),28.1 and 
27.4 (C3, C5), 21.3 (CH,), 14.0 (C4), 7.8 (C12); ms, m/z: 375 
(<0.5%), 315, 256, 212, 154, 140 (100). 

Preparation of the acetalll from 9 
A solution of 9 (126 mg), ethylene glycol (105 mg), and 

TsOH . H,O (4 mg) in 20 mL of benzene was heated under reflux 
for 20 h in a Dean-Stark apparatus. After evaporation of the sol- 
vent, the residue was dissolved in water, basified with N b O H ,  and 
extracted with CHC1,. The combined organic layers were evapo- 
rated and the residue was filtered through a short column of alu- 
mina (CHCl,) to yield the acetal 11 (117 mg, 83%); 11 (oil): 'H 
nmr6:7.3(5H,m),5.76(1H,dd,J=4and lOHz,H8) ,4 .3 (2H,  
m, H2 and H6), 3.9 (4H, m), 3.69 (3H, s), 2.09 (3H, s), 2.2-1.3 
(12H, m), 0.91 (3H, t, J = 7 Hz); ',c n m 6 :  170.6, 156.1, 141.0, 
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FIG. 1. Mechanism of epimerization of p-amino ketones. 

128.7, 128.2, 126.7, 111.5, 74.0, 65.1, 64.7, 52.6, 47.8, 47.1, 
41.5,40.7, 30.0,28.5, 27.7, 21.4, 14.2, 8.1; ms, m/z: 419 (0.5%), 
390, 359, 304, 256, 244, 140 (loo), 101. 

LiA1H4 reduction of 11 
To a solution of the acetal 11 (108 mg) in THF (15 mL) was 

added LiAlH, (106 mg). The mixture was heated under reflux for 
17 h. The excess of hydride was carefully destroyed by water and 
the mixture was filtered through Celite and evaporated to dryness. 
The residue was dissolved in 0.2 N aqueous HCl and washed twice 
with CHCI,. The aqueous phase was then basified (NH,OH) and 
extracted twice with CHCI,. Evaporation of the organic phase af- 
forded the N-methyl derivative 13 (75 mg, 88% yield). 13 (oil): 'H 
nmr 6: 7.3 (SH, m), 4.94 (lH, dd, J  = 3 and 9 Hz, H8), 3.9 (4H, 
m), 3.2-3 (2H, m, H2 and H6), 2.26 (3H, s), 2-1 (12H, m), 0.92 
(3H, t, J =  7Hz); I3Cnmr6: 145.3, 128.1, 126.9, 125.6, 111.5, 
76.1, 64.9, 64.8, 64.6, 58.8, 40.5, 40.4, 30.2, 26.3, 25.3, 24.1, 
23.2, 7.5; ms, m/z: 333 (4%), 290, 218, 212 (loo), 170, 101, 96. 

Homosedinone 2 from 13 
A solution of the acetall1 (288 mg) in 0.12 N aqueous HC1 (50 

mL) was heated under reflux for 30 min. The mixture was then 
cooled, basified (NH,OH), and extracted twice with CHC1,. 
Evaporation of the combined organic layers afforded a 85: 15 
mixture (248 mg, 96% yield) of homosedinone 2 and 6-epihomo- 
sedinone 4. Crystallization of the mixture from hexane afforded pure 
homosedinone 2 : mp 62-63°C; [a];' -41 (CHCl,, c = 1.5); 'H 
nmr 6: 7.3 (5H, m), 4.93 (lH, dd, J  = 3 and 11 Hz, H8), 3.6-3.1 
(2H, m, H2 and H6), 2.7-2.3 (4H, m, H9 and H 1 I), 2.26 (3H, 
s), 2-1 (8H, m), 1.06 (3H, t, J  = 7 Hz); ',c nrnr 6: 209.5, 145.2, 
128.3, 127.1, 125.7, 75.9 (CS), 64.6 (C6), 59.0(C2), 47.7 (C9), 
40.5 (C7), 36.3 (C1 l) ,  27.1 (NCH,), 24.8, 23.5, and 23.4 (C3, 
C4, and CS), 7.9 (CH,); ms, m/z: 289 (lo%), 218, 168 (loo), 96. 
These spectral values are virtually identical with those of 2 from 
S. acre: mp 62-63°C (mixture mp without depression), [a]: -40 
(CHCl,, c = 0.2). 

6-Epihomosedinone 4 : 'H nmr 6: 7.3 (m), 4.89 (dd, J  = 3 and 
11 Hz), 2.48 (s); I3c nrnr 6: 209.3, 145.2, 128.3, 127.1, 125.7, 
75.8 (CS), 60.7 (C6), 5 1.3 (C2), 46.6 (C9), 39.0 (C7), 36.3 (C 1 l), 
35.7 (NCH,), 23.3 and 23.1 (C4 and CS), 20.5 (C4), 7.8 (CH,); 
ms, m/z: 289; (these values were extracted from the spectra of a 
1 : 1 mixture of 2 and 4). 

yield) and the enecarbamate resulting from the elimination of 
methanol (48 mg, 15% yield); 10 (oil): 'H nmr 6: 7.3 (SH, m), 5.77 
(lH, dd, J  = 4 and 10 Hz, H8), 4.66 (lH, m, H6), 4.29 (lH, m, 
H2), 3.69(3H, s), 2.62(2H,m,H9),2.41 (2H, m,H11), 2.09(3H, 
s), 2.2-1.9 (2H, m, H7), 1.7-1.5 (8H, m), 0.90 (3H, t, J  = 
7 Hz); I3C nmr6: 209.4, 170.8, 156.7, 141.2, 129.2, 128.7, 127.3, 
74.3, 53.2 (CH,), 48.1 and 47.1 (C2 and C6), 48.0 and 45.4 (C9 
and C1 l), 41.9 (C7), 28.6 and 27.9 (C3 and C5), 21.7 (CH,), 17.7 
(C12), 14.4 (C4), 14.2 (CH,); ms, m/z: 389 (<0.5%), 329, 270, 
142, 141; 140 (loo), 85, 83. 

Preparation of the acetal12 from 10 
The acetal 12 (386 mg, 81% yield) was prepared by a proce- 

dure similar to that described for 11 from 10 (428 mg), ethylene 
glycol (468 mg), and TsOH . H20 (12 mg); 12 (oil): 'H nrnr 6: 7.3 
(SH, m), 5.76 (1 H, dd, J  = 4 and 10 Hz, H8), 4.3 (2H, m, H2 and 
H6), 3.9 (4H, m), 3.69(3H, s), 2.09(3H, s), 2.2-1.3 (14H, m), 
0.91 (3H, t, J  = 7 Hz); I3C nrnr 6: 170.9, 156.7, 141.4, 129.1, 
128.6, 127.1, 111.6, 74.4, 65.4, 65.0, 53.0, 48.2, 47.6, 42.0, 
41.6, 39.9, 28.9, 28.1, 21.7, 17.5, 14.9, 14.6; ms, m/z: 433 
(<0.5%), 390, 373, 304, 270, 244, 140 (loo), 1 15. 

LiA1H4 reduction of 12 
By use of a procedure similar to that described for the prepara- 

tion of 13, 12 (358 mg) was treated with LiAlH, (340 mg) in THF 
to afford the N-methyl derivative 14 (oil, 259 mg, 90% yield): 'H 
nrnr 6: 7.3 (SH, m), 4.94 (lH, dd, J  = 2 and 9 Hz, H8), 3.9 (4H, 
m), 3.2-2.9 (2H, m, H2 and H6), 2.25 (3H, s), 2-1.1 (14H, m), 
0.93 (3H, t, J  = 7 Hz); I3c nrnr 6: 145.9, 128.8, 127.5, 126.2, 
111.8,76.7,65.5,65.4,65.3,59.4,41.7,41.1,40.4,26.9,25.9, 
24.7, 23.8, 17.8, 15.0; ms, m/z: 347 (8%), 304, 226, 218, 115, 
98 (loo), 96. 

Dihomosedinone 3 from 14 
By use of a procedure similar to that described for the prepara- 

tion of 2, a 85: 15 mixture (204 mg, 94% yield) of 3 and 5 was 
obtained after hydrolysis of 14 (256 mg) in 0.12 N aqueous HC1. 
Crystallization from hexane afforded pure dihomosedinone 3: mp: 
67-6S°C, [a]: -43 (CHCl,, c = 1.4); 'H nmr 6: 7.3 (SH, m), 4.93 
(lH, dd, J  = 3 and 11 Hz, H8), 3.6-3.1 (2H, m, H2 and H6), 2.7- 
2.3(4H,m,H9andH11),2.26(3H,s),2-1.1(10H,m),0.91(3H, 
t, J  = 7 Hz); l3C nrnr 6: 209.4, 145.7, 128.8, 127.6, 126.2, 76.4 
(CS), 65.1 (C6), 59.3 (C2), 48.7 (C9), 45.8 (C1 I), 41.1 (C7), 27.8 

Preparation of 10 and 8 (NCH,) , 25.4, 24.0, and 23.9 (C3, C4, and C5) , 17.9 (C 12), 14.3 
By use of a procedure similar to that described for the prepara- (CH3); ms, m/z: 303 (17%), 218, 182 (loo), 98, 97, 96. These 

tion of 9, 8 (346 mg) was treated with TiC1, (241 mg) and 2-tri- spectral values are virtually identical with those of dihomosedi- 
methylsilyloxypent-1-ene (1537 mg) to afford 10 (342 mg, 85% none 3 fromS. acre ([a]? -42 (CHCl,, c = 0.3)). 
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6-Epidihomosedinone 5 : 'H nmr 6: 7.3 (m), 4.89 (dd, J = 3 and 1. W. Ibebeke-Bomangwa and C. Hootele. Tetrahedron, 43, 935 
11 Hz), 2.48 (s); I3c nmr 6: 208.8, 145.7, 128.8, 127.6, 126.1, (1987). 
75.8 (C8), 60.7 (C6), 5 1.2 (C2), 47.0 (C9), 45.2 (C1 l), 38.9 (C7), 2. B. Colau and C. HootelC. Can. J.  Chem. 61, 470 (1983). 
35.7 (NCH,), 23.3 and 23.1 (C3 and C5), 20.5 (C4), 17.3 (C12), 3. F. Driessens and C. HootelC. Can. J.  Chem. 69, 21 1 (1991). 
13.8 (CH,); ms, m / z :  303 (these values were extracted from the 4. T. Shono. Tetrahedron, 40, 811 (1984), and references therein. 
spectra of a 1 : 1 mixture of 3 and 5). 5. E. J. Corey and A. W. Gross. Tetrahedron Lett. 25,495 (1984). 
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A concise synthesis of (+)-muscarine 

T. H. CHAN' AND C. J .  LI 
Department of Chemistry, McGill University, Montreal, Que., Canada H3A 2K6 

Received March 3 1, 1992 

T. H. CHAN and C. J. LI. Can. J.  Chem. 70, 2726 (1992). 
(+)-Muscarine was synthesized from S-(-)-ethyl lactate in five steps with the application of a zinc-mediated allyla- 

tion reaction in aqueous media. Reversal of chelation-control stereoselectivity was observed in the allylations of chiral 
a-alkoxy aldehydes in aqueous media. 

T .  H. CHAN et C. J. LI. Can. J. Chem. 70, 2726 (1992). 
Appliquant une rkaction d'allylation rCalisCe en milieu aqueux et faisant intervenir du zinc, on a effectuC la synthbse 

de la (+)-muscarhe en cinq Ctapes a partir du S-(-)-lactate d'kthyle. Lors des allylations en milieu aqueux des a-alkoxy 
aldehydes chiraux, on a observC un renversement du contr6le de stCrCosClectivitC de la chelation. 

[Traduit par la rCdaction] 

Introduction 

Muscarine (1, OH- instead of I-) is an alkaloid first iso- 
lated from the poisonous mushroom, Amanita muscaria (fly 
agaric) in 1954 (1). Its structure, chemistry and physiolog- 
ical activities have been extensively investigated (2). Mus- 
carine acts as a selective agonist of the neurotransmitter 
acetylcholine on smooth muscles of the gastrointestinal tract, 
eye exocrine glands, and heart. As a consequence, the re- 
ceptor responses in those tissues are termed muscarinic re- 
ceptors. More recently, with the use of selective antagonists, 
distinct subtypes of muscarinic receptors were distin- 
guished (3). 

Synthesis of muscarine has been accomplished a number 
of times from different precursors (2-6). Recently, a che- 
moenzymatic synthesis of muscarine and its stereoisomers 
has been reported (7). The renewed interest in this molecule 
is due in part to the recent suggestion that various subtypes 
of muscarinic receptors may be implicated in Alzheimer 
disease (8). Because of our interest in this area, we report here 
an efficient synthesis of (+)-muscarine from the readily 
available S-(-)-ethyl lactate by taking advantage of a zinc- 
mediated allylation reaction in aqueous media (9, 10). 

Results and discussion 

S-(-)-Ethyl lactate (2) was converted into the 2,6- 
dichlorobenzyl ether 3, in 90% yield (Scheme 1). DIBAL 
reduction of 3 gave the aldehyde 4. Treatment of the crude 
aldehyde 4 with ally1 bromide and zinc powder in water with 
NH,C1 as catalyst resulted in a anti: syn (7 1 : 29) mixture of 
diastereomers 5a and 5b in 85% combined yield. The two 
diastereomers were easily separated by flash chromatogra- 
phy (eluent: hexane :ethyl acetate, 20 : 1). Treatment of 5a 
with iodine in CH,CN at O°C gave the cyclized product 6a 
stereospecifically in 85% yield (for previous study of the 
iodocyclization reaction, see ref. 11). Finally, treatment of 
6a with excess trimethylamine in ethanol gave (+)-muscarine 
(2S,4R,5S). A similar reaction sequence with 5b gave (+)- 
epimuscarine 7. Compared to the previously reported 
syntheses in the literature, the present synthesis of musca- 
rine offers the advantages of simplicity, good overall yield, 

' ~ u t h o r  to whom correspondence may be addressed. 

and high optical purit of the product from a readily avail- 
able chiral precursor. 2' 

The stereoselectivity in the conversion of 4 and 5 de- 
serves some comments. Normally, the stereoselectivity 
observed in the addition of C-nucleophiles such as organo- 
metallic reagents to chiral a-alkoxy aldehydes (and ke- 
tones) has been rationalized on the basis of chelation control 
(12, 13). The carbonyl compound 8 forms the chelate 9 as 
shown in Scheme 2. The C-nucleophile (R-) attacks from the 
less-hindered side as indicated by the arrow, giving the che- 
lation-controlled product 10 in preference to the non-chela- 
tion product 11 (Scheme 2). The chelation-control approach 
provides a useful and convenient synthesis of 10. When this 
presumed chelation is diminished by the use of a bulky pro- 
tecting R' or by the use of a non-chelating reagent, the non- 
chelation product 11 can predominate.3 

Indeed, the reaction of 4 with allylmagnesium bromide in 
ether afforded the two diastereomers 5a and 5b in a ratio of 
40: 60 (anti:syn) as predicted by the chelation-control model. 
A similar reaction with diallylzinc in ether (15) resulted in a 
complicated mixture. The reversal in diastereoselectivity 
between organic and aqueous media appears to be a general 
result for several a-alkoxy aldehydes 8a, b ,  and c .  The ef- 
fects of solvent on diastereoselectivity are summarized in 
Table 1. We attribute this change to the disruption of che- 
lation in the aqueous media. In support of this, it should be 
noted that in the case of a-methylphenylacetaldehyde (12), 
where there is no possibility of chelation, there was no sig- 
nificant difference in the diastereoselectivity between ally- 
lations in organic or aqueous media (16). However, it is 
possible that the observed stereoselectivity in the aqueous 
organometallic-type reactions may be due to factors associ- 
ated with the metal surface in such heterogenous reactions 
(10). 

The present synthesis of muscarine demonstrates that 
organometallic-type reactions in aqueous media can make a 
meaningful contribution to organic synthesis. Further appli- 
cations of such reactions can be anticipated. 

'Synthesis of muscarine from lactate ester was not reported pre- 
viously, presumably because of the difficulty in obtaining the in- 
termediate 5a in the conventional organometallic allylation due to 
chelation control. 

3~on-chelation-controlled additions can be achieved with alkyl- 
titanium reagents of low Lewis acidity (see ref. 14a). For effects 
of protecting group on chelation control, see ref. 14b. 
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Q H ODCB - - - b 
ODCB 

a - - 
A c o 2 E t  

- 
A C 0 2 E t  90% A C H = O  

OH 9 ODCB - qme3 A - + 
63% 85% 

OH 

(a) DCBBr/Ag20/Et20/reflux/6 h; (b) DIBAL-H/Et20/-78"C/2 h; (c) CH2==CHCH2Br/Zn/H20/NH,C1/3 h; (d) 12/CH3CN/00C/3 
h; (e) NMe3/EtOH/800C/4 h 

Experimental section 

Melting points are uncorrected. Infrared spectra were obtained 
from films on NaCl plates for liquids and as a KBr pellet for sol- 
ids on an Analect FTIR AQS-18 spectrophotometer. The 'H NMR 
and I3C NMR spectra were recorded on Varian XL-200, XL-300, 
and Gemini-200 instruments. Mass spectra were determined on a 
DuPont 21-492B spectrometer. High-resolution mass spectra were 
obtained on a VG ZAB-HS instrument. Optical rotations were 
measured on a JASCO DID-140 polarirneter. Column chromatog- 
raphy was performed on silica gel 60 (Merck and EM Science). 
Acetonitrile was dried by refluxing over CaH,. 

Ethyl (S)-2-(2',6'-dich1orobenzyloxy)-propionate (3) 
Dry powdered silver oxide (1.3 g, 5.25 rnmol) was added to a 

solution of ethyl S-(-)-lactate (559 mg, 5 mmol) and 2,6-dichlo- 
robenzyl bromide (1.2 g, 5 mmol) in dry ether (50 mL) over a pe- 
riod of 40 min while stimng. The reaction was kept refluxing for 
6 h until TLC showed complete disappearance of the starting lac- 
tate. Then the reaction mixture was filtered through Celite. Evap- 
oration of the solvent resulted in a crude material, which was 
purified by flash chromatography (hexane:ethyl acetate, 20: 1) to 
give 1.25 g (90%) of 3 as a colorless oil. IR(neat) v: 2986, 2901, 
2886, 1746, 1581, 1564, 1436, 1373, 1268, 1197, 1139, 11 16, 
766 cm-'; 'H NMR (CDCl,) 6: 1.30(t, J = 7.1, 3H), 1.41(d, J = 
6.9 ,3H) ,4 . l (q ,  J = 7.1, lH),4.2(q, J = 7 . 1 ,  2H),4.7(d, J =  
10.6, lH), 5.02(d, J = 10.61, lH), 7.25(m, 3H)ppm; HRMS, 
Exact Mass for C,2H,403C12 + H', calcd.: 2773399; found: 
277.0398. 

(2S,3R)-2-(2',6'-Dichlorobenzyloxy)-5-hexen-3-ol(5a) 
To a solution of the lactate 3 (556 mg, 2 mmol) in ethyl ether 

(20 mL) under argon, diisobutyl aluminium hydride (2.2 mL, 
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TABLE 1. Stereoselective allylation of cniral a-substituted alde- 
hydes 

Combined 
Aldehyde R I  R'O Method" syn : antib yield(%) 

BnO 
BnO 
BnO 
BnO 
BnO 
BnO 
DCBO 
DCBO 
Me 
Me 

"For Method, see experimental section. 
? h e  ratio of syn:anri isomers was determined by 'H nmr. See refs. 17 

and 21. 

1.0 M in hexane) was added dropwise by syringe over 40 min at 
-78°C. After stirring for 2 h, saturated aqueous ammonium chlo- 
ride (10 mL) was added to quench the reaction, followed by the 
addition of 10% HCl(2 mL).- he organic layer was separated and 
dried (MgSO,). Evaporation of the solvent afforded the crude al- 
dehyde 4, which was used directly without purification. The crude 
aldehyde was transferred into a 100-mL flask and mixed with H20  
(50 mL). To the suspension was added allyl bromide (360 mg, 
3 mmol) and zinc powder (192 mg, 3 mmol), followed by 1 mL 
of saturated aqueous ammonium chloride solution to catalyze the 
reaction. The reaction was continued until no aldehyde could be 
detected by TLC. The reaction mixture was extracted with ether. 
The ether extract was dried (MgSO,). Evaporation of the solvent 
gave a mixture of diastereorners (2-3: 1). Separation of the dia- . * 

itereomers was achieved by flash 'chromatography (hexane : ethyl 
acetate, 20: 1). The major isomer proved to be 5a. 'H NMR (CDCl,) 
6: 1.21(d, J = 6.3, 3H), 2.21(br, 3H), 3.50(m, lH), 3.71(m, lH), 
4.75(AB, J = 10.2, 2H), 5.l(m, 2H), 5.8(m, lH), 7.25(m, 3H) 
ppm; I3C NMR (CDCl,) 6: 13.9, 36.8, 65.3, 72.2, 77.7, 117.3, 
128.3,129.8, 133.3, 134.9, 136.6ppm. 

(2S,3S)-2-(2',6'-Dichlorobenzyloq)-5-hexen-3-01(5b) 
The minor product from the above reaction proved to be 5b. 'H 

NMR (CDCI,) 6: 1.23(d, J = 6.0, 3H), 2.21(br, 2H), 2.77(d, OH, 
J = 2.6, lH), 3.41(m, 2H), 4.80(AB, J = 10.2, 2H), 5.l(m, 2H), 
5.8(m, lH), 7.25(m, 3H) ppm; ',c NMR (CDCI,) 6: 15.2, 37.1, 
65.2, 74.2, 77.9, 116.9, 128.3, 129.9, 133.1, 134.6, 136.6 ppm. 

(2S,4R,5S)-2-Iodomethyl-5-methyl-tetrahydrofuran-4-01(6a) 
A solution of 5a (266 mg, 0.97 mmol) in acetonitrile (15 mL) 

was treated with iodine (254 mg, I .O mrnol) in small portions under 
an atmosphere of nitrogen at -5°C. After stirring for 3 h at O°C, 
the mixture was diluted with ether, and washed with water and 10% 
sodium thiosulfate aqueous solution. After drying (MgSOJ, 6a was 
isolated by flash chromatography (hexane: EtOAc, 2: 1) as a col- 
orless oil (234 mg, 85%). IR(neat) v: 3399(br, OH), 2970, 2930, 
1733, 1445, 1358, 1249, 1096, 1063, 984, 992, 905 cm-I; 'H  
NMR (CDCI,) 6: 1.21(d, J = 6.4, 3H), 1.88(m, IH), 2.0(m, IH), 
2.6(s, br, lH), 3.25(rn, 2H), 3.9-4.2(m, 3H) ppm; 13C NMR 
(CDCl,) 6: 10.4, 19.7, 40.8, 77.0, 77.2, 83.2ppm. 

(2S,4S,5S)-2-Iodomethyl-5-methyl-tetrahydrofuran-4-01(6b) 
The compound was obtained from 5b by the same procedure as 

described above as a colorless needle crystal, mp 60-62°C (lit. (1 1) 
mp 62°C); IR(KBr) v: 3435(br, OH), 2885, 1716, 1539, 1179, 
1 164, 1065, 1039, 1013 crn-I; 'H NMR (CDCl,) 6: 1.28(d, J = 
6.4, 3H), 1.75(br, 2H), 2.4(m, lH), 3.35(m, 2H), 3.8-4.0(rn, 2H), 
4.16(m, 1H) ppm; I3c NMR (CDCl,) 6: 79.9, 76.7, 73.4, 41.4, 
14. I,  11.8 ppm. 

(+)-Muscarine iodide (1) 
The iodoalcohol 6a (170 mg, 0.7 rnmol) and excess of tri- 

methylamine (-500 mg) were dissolved in 2 rnL of ethanol, and 
heated to 80°C in an ampule for 4 h. On cooling, (+)-rnuscarine 
iodide (1) crystallized from solution as colorless needles. Recrys- 
tallization of the crude material twice from 2-propanol furnished 
colorless crystals (124 mg, 60%), mp 141-143°C; (lit. (7) rnp 138- 
142°C); [a];' +6.3 (c 1.0, EtOH) (lit. (7) [a];' +6.36 (c 0.346, 
EtOH); IR(KBr) v: 3374(br, OH), 3016,2969,2923,2906, 2741, 
1651, 1486, 1465, 1183, 1100, 1008, 970, 929 cm-I; 'H NMR 
(D20) 6: 1.23(d, J = 6.5, 3H), 2.l(m, 2H), 2.9(br, lH), 3.25(s, 
9H), 3.55(m, 2H), 4.15(m, 2H), 4.65(m, 1H) pprn; I3C NMR 
(D20) 6: 86.9, 78.0, 74.8, 73.4, 56.9, 40.3, 22.0 ppm. 

(+)-Epimuscarine iodide (7) 
By the same procedure as described above, (+)-epimuscarine 

iodide (7) was obtained from 6b as colorless crystals, mp 169- 
170°C (lit. (1 1) mp 175°C); [a]: +41.9 (c 0.34, EtOH) (lit. (1 1) 
[a]: +43.23 (c 0.636, EtOH); IR(KBr) v: 3428(br, OH), 2969, 
2885, 1653, 1558, 1458, 1065, 1013 cm-l; 'H NMR (D20) 6: 
1.25(d, J = 6.4, 3H), 1.65(m, lH), 2.65(m, lH), 3.20(s, 9H), 
3.55(m, 2H), 3.96(m, lH), 4.25(m, lH), 4.45(m, 1H) ppm; 13C 
NMR (DzO) 6: 83.54, 74.23, 74.04, 73.03, 56.70, 47.55, 
16.14 pprn. 

Allylation studies 
Method O(Mg): To a solution of the aldehyde (1 mmol) in ether 

(20 mL) at -78"C, allylmagnesium bromide (1 M, 3 mmol) was 
added dropwise. The mixture was worked up in the usual manner 
to give the product. 

Method A(Zn): A mixture of the aldehyde (1 mmol), allyl bro- 
mide (1.5 mmol), and zinc powder (1.5 mmol) in water (20 mL) 
was stirred at room temperature for 3 h. A few drops of aqueous 
NH4Cl was added at the beginning to initiate the reaction. The 
product was extracted with ether and purified in the usual manner. 

I-Benzyloq-I-phenyl-5-penten-2-01 (IOa, 11 a) 
The compound was obtained by Method A(Zn) or Method 

O(Mg). I H  NMR (CDCI,) 6: (syn) 2.05(m, 2H), 2.95(br, lH), 
3.8(m, lH), 4.2(d, J = 7.7, lH), 4.35(dd, J = 11.4, 39.3, 2H), 
5.0(m, 2H), 5.8(m, lH), 7.35(rn, 10H) pprn; (anti) 2.5(m, 2H), 
3.9(m, lH), 4.3(d, J = 1.2, 1H) ppm. The stereochemistry was 
deduced from I H  NMR spectra of the diols based on the empirical 
rule of J(CH-OH, syn) > J(CH-OH, anti) (17) on comparison with 
similar compounds (18). 

5-Benzyloq-l -nonunen-4-01 (lob, 11 b) 
The compound was obtained by Method A(Zn) or Method 

O(Mg). 'H NMR (CDCI,) 6: (syn) 0.9(t, 3H), 1.35(br, 4H), 1.6(m, 
2H), 2.l(br, lH), 2.3(m, 2H), 3.3(q, J = 5.4, lH), 3.65(m, IH), 
4.56(dd, J = 11.3, 21.2, 2H), 5.l(m, 2H), 5.85(m, lH), 7.35(m, 
5H) ppm; (anti) 3.4(m, lH), 3.85(m, lH), 4.6(br, 2H) pprn (19). 

2-Benzyloq-5-hexen-3-01 (lOc, l l c )  
The compound was obtained by Method A(Zn) or Method 

O(Mg). 'H NMR (CDCI,) 6: (syn) 1.20(d, J = 6.0, 3H), 2.2- 
2.5(m, 2H), 3.5(m, 2H), 4.6(dd, 2H), 5.15(m, 2H), 5.85(rn, lH), 
7.35(m, 5H) ppm; (anti) 1.19(d, J = 6.3,3H), 2.25(m, 2H), 3.5(rn, 
IH), 3.8(rn, 1H) pprn (20). 
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Competitive Diels-Alder and ene addition of N-arylmaleimides 
to 7-dehydrocholesteryl acetate 

WILLIAM J. LEIGH,' DONALD W. HUGHES, AND D. SCOTT MITCHELL~ 

Department of Chemistry, McMaster University, Hamilton, Ont., Canada U S  4MI 

Received April 2 1, 1992 

WILLIAM J. LEIGH, DONALD W. HUGHES, and D. Scorn MITCHELL. Can. J. Chem. 70, 2730 (1992). 
Thermolysis of N-phenyl, N-para-biphenyl, and N-para,para'-terphenylmaleimide with 7-dehydrocholesteryl ace- 

tate in benzene solution at 200°C yields mixtures of four cycloadducts in relative yields that are essentially independent 
of the maleimide substituent. The three major products are those of ene addition to C7 of the steroid with abstraction of 
the proton at C, or C14. The a-endo-Diels-Alder adduct is formed as a minor product. The structures of the adducts have 
been elucidated on the basis of one- and two-dimensional 'H and I3c NMR spectroscopic techniques, including homo- 
nuclear 'H decoupling, NOE, 'H-'H COSY, heteronuclear 'H-'~c shift correlation, and TOCSY 2-D experiments, and 
the results of molecular mechanics (MMX) calculations. The combination of these techniques has made it possible to 
almost completely assign the 'H and I3C NMR spectra for two of the ene adducts and the Diels-Alder adduct from re- 
action of 7-dehydrocholesteryl acetate with N-phenyl maleimide. 

WILLIAM J. LEIGH, DONALD W. HUGHES et D. Scorn MITCHELL. Can. J. Chem. 70,2730 (1992). 
La thermolyse des N-phCnyl, N-para-biphenyl et N-para,paral-terphCnylmalCimides en prCsence d'acktate du 7- 

dehydrocholest~ryle, en solution dans le benzbne, 2 200°C, foumit des melanges de quatre cycloadduits dont les ren- 
dements relatifs sont essentiellement independants du substituant de la malCimide. Les trois produits principaux 
correspondent a une addition bne sur la position C7 du stCroi'de, accompagnCe d'un enlbvement de proton en C9 ou en 
C I 4  L'adduit de Diels-Alder a-endo se forme comme produit mineur. On a determink les structures B l'aide de tech- 
niques de RMN du 'H et du 13c, uni- et bidimensionnelles, comprenant des expCriences de dCcouplage homonuclCaire 
du 'H, d'eOn, de COSY 'H-'H, de corrClation hCtCronuclCaire de dkplacements 'H-'~c et des expCriences TOCSY en 
2-D, et de rCsultats de calculs de mCcanique molCculaire (MMX). Gr2ce a l'ensemble de ces techniques, il a CtC possi- 
ble d'attribuer pratiquement tous les spectres RMN du 'H et du I3c de deux des adduits bne et de l'adduit de Diels-Alder 
obtenus par la rCaction de l'acktate du 7-dChydrocholestCryle avec la N-phCnylmalCimide. 

[Traduit par la rCdaction] 

Introduction tylenedicarboxylate (4), acrylonitrile ( 3 ,  and carbonyl 
The reactions of steroidal dienes such as 7-dehydro- dicyanide (6) have been reported to undergo ene addition with 

cholesterol (1) and ergosterol (2) with common dienophiles 1 (1-51, 2 (6), and the corresponding acetate esters to the 
have been studied in some detail (1-13). Acyclic dieno- complete exclusion of Diels-Alder cycloaddition. Evi- 
philes such as dialkyl azocarboxylates (1-3), dimethyl ace- dently, Diels-Alder addition is preferred only with partic- 

ularly powerful dienophiles such as N-phenyltriazolinedione 
(7, 8), 1,4-phthalazinedione (9), or singlet oxygen (lo),  or 
with acyclic alkenes when the steroidal diene moiety is part 
of a higher conjugated system (1 1). 

The reaction of maleic anhydride with ergosteryl acetate, 
which was first investigated almost 60 years ago (12), has 
been the subject of some confusion over the years (12-14). 
The reaction is now known to yield a mixture of the ene and 
Diels-Alder adducts shown in eq. [ l ]  (14). The structures 
of the four products (3-5) have been assigned on the basis 

' ~ a t u r a l  Sciences and Engineering Research Council of Canada 
University Research Fellow, 1983-1993. Author to whom corre- 
spondence may be addressed. 

'Present address: Uniroyal Chemical Limited, Guelph, Ont. 

of derivativization studies and 'H NMR spectroscopy (14), 
following the pioneering studies of Huisman and co-workers 
on the reactions of dienophiles with 7-dehydrocholesteryl 
acetate (1) (1, 3). 

As part of our continuing studies of the effects of thermo- 
tropic liquid crystals on the reactivity of guest molecules (1 5), 
we have investigated the reaction of 1 with a series of N-aryl 
maleimides (6-8). A preliminary account of the reaction of 
7 with 1 in isotropic and steroidal liquid crystalline solvents 
has been published (16). As is the case with maleic anhy- 
dride and 2, a mixture of Diels-Alder and ene adducts are 
obtained as the major products from this reaction (eq. [2]). 
The three ene adducts were originally identified on the basis 
of diagnostic similarities between their 'H NMR spectra and 
those of the ene adducts of 1 with acyclic dienophiles (1, 3). 
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7 

benzene 

+ 

AcO 

9b O 

+ 

AcO AcO 

In this paper, we report the results of a study of the re- 
action of 6-8 with 1 in benzene solution. We were particu- 
larly interested in rigorously verifying our structural 
assignments for 9 and 10, which were made on the basis of 
'H chemical shift arguments following the rationale devel- 
oped by Huisman and co-workers in identifying the ene ad- 
ducts of 1 with dimethyl acetylenedicarboxylate (12) 
(eq. [3]) (4). The chemical shifts of the 18- and 19-methyl 
protons are very different in the 'H NMR spectra of 13 and 

14. From examination of molecular models, Huisman and 
co-workers reasoned that the geometry of 18-CH, in rela- 
tion to the C,-C, double bond in 14 should result in its 
protons experiencing greater shielding than the correspond- 
ing ones in 13. The methyl-proton regions of the 'H NMR 
spectra of 9a,b and 10 (Ar = para-biphenyl) bear marked 
similarities to those of 13 and 14, and our initial structural 
assignments were made on this basis. This same rationale has 
been used by numerous other workers in assigning the 
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structures of the products of ene additions to steroidal dienes 
(1-3, 5 ,  6, 14), but has evidently never been verified using 
modem NMR techniques. 

In the present work, we attempted to verify our initial as- 
signments using a more rigorous spectroscopic approach. We 
carried out various two-dimensional chemical shift correla- 
tion experiments, in order to assign the individual reso- 
nances in the rather complex 'H and I3c NMR spectra of 
these molecules. For three of the adducts, we also camed out 
homonuclear proton decoupling, NOE, and TOCSY 2-D 
experiments to help identify individual protons whose as- 
signments on the basis of the other 2-D experiments are in- 
conclusive. Molecular mechanics (MMX) calculations were 
also camed out in order to assist in our assignments in some 
cases. In particular, we wondered if it might be possible to 
conclusively identify the differences in the structures of the 
B and C rings in the two adduct types, through complete as- 
signment of the B-, C-, and D-ring carbon and proton res- 
onances. As shown in the partial structures below, 
differentiation of the two adduct structures is possible if the 
protons at C- 1 1, C- 12, C- 15, and C-9/14 can be rigorously 
identified. We also employed these methods to establish the 
stereochemistry in the Diels-Alder adduct 11, in order to 
verify the assignment made by Jones et al. for the Diels- 
Alder adduct (3) obtained from the reaction of ergosteryl 
acetate (2) with maleic anhydride (14). 

The reaction of 1 and 6-8 in liquid crystalline solvents, 
which was the reason for our initial interest in this system, 
is described in a separate publication (17). 

Results and discussion 

N-Biphenyl- and N-terphenylmaleimide (7 and 8 ,  respec- 
tively) were synthesized by condensation of the appropriate 
aromatic arnine with maleic anhydride, following the method 
of Crivello (1 8). 

Reaction of 6-8 with equirnolar 1 was camed out at 200°C 
in benzene solution in sealed tubes. Monitoring the prog- 
ress of small-scale runs in deuteriobenzene by 'H NMR and 
high-performance liquid chromatography (HPLC) showed 
that the reaction proceeds to ca. 70% completion after 4 h 
under these conditions in each case. The products were iso- 

lated and purified by semi-preparative medium-pressure 
chromatography, using a combination of normal- and reverse- 
phase conditions. The reaction produced four main prod- 
ucts in each case (eq. [2]), and one minor product in yields 
that were too low (6-7%) to enable isolation. The distribu- 
tion of adducts is independent of the aryl substituent in 6- 
8, within experimental error. Ene adducts 9a and 9b are 
formed in ca. 34 and 25% yield, respectively, ene adduct 10 
is formed in ca. 13% yield, and the Diels-Alder adduct 11 
is formed in ca. 20% yield. Product yields were determined 
by quantitative HPLC analyses. It is interesting to note that 
the distributions of adducts obtained from reaction of 1 with 
the series of N-aryl maleimides are very similar to that re- 
ported for the reaction of 2 with maleic anhydride (14). 

Preliminary structure assignments for 9-11 (Ar = para- 
biphenyl) were made on the basis of their high-field 'H and 
13 C NMR spectra in deuteriochloroform solution, as well as 
their infrared and chemical ionization mass spectra. For each 
adduct, DEPT I3c NMR spectra were recorded to distin- 
guish between C/CH, and CH/CH3 resonances. Hetero- 
nuclear 'H-I3c shift correlated spectra, 'H-'H COSY, and 
TOCSY experiments were then recorded to establish 'H-I3c 
and 'H-'H connectivities (19). The high-field 'H and I3c 

NMR spectra of the adducts were essentially independent of 
the N-aryl substituent, except of course in the aromatic re- 
gions. 

The 'H NMR spectra of ene adducts 9a and 10 and the 
Diels-Alder adduct 11 (Ar = phenyl) were investigated in 
greater detail, in an attempt to establish the differences in the 
structures of the B and C rings for the first two molecules, 
and to rigorously establish the stereochemistry of addition 
in the case of the third. Figure 1 shows the 500 MHz 'H NMR 
spectra of 9a and 10, illustrating the pronounced differ- 
ences in the methyl proton resonances in the 0.8-1.3 ppm 
region for the two adduct types, and the slightly more sub- 
tle differences that occur elsewhere in the spectra. Figures 2 
and 3 show contour plots obtained from the 'H-'H COSY 
and the 'H-13c shift-correlated spectra of adduct 9a, re- 
spectively. The pertinent details of our spectral assignments 
for compound 9a are presented below, along with a brief 
description of the assignments for 9b, 10, and 11 where they 
differ from those of 9a. The 'H and I3c NMR spectra of 1 
(which have been completely assigned (20)) and those of 
other, similar cholestane steroids (21-23) were especially 
helpful in deriving the spectral assignments for these com- 
pounds. It should be noted that while eq. [2] specifically 
identifies 9a as having R stereochemistry at C-1' of the 
maleimide ring, we are actually not able to distinguish be- 
tween the two diastereomers on the basis of our NMR data. 

The TOCSY 2-D experiment provides a means of reveal- 
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5.0 4.5 4.0 3.5 3.0 2.5 2 1.' 0 1.5 1 .O 0.5 
Chemical Shift (ppm) 

FIG. 1.  High-field (500 MHz) 'H NMR spectra (0-5.1 ppm region) of (a) 9a (Ar = phenyl) and (b)  10 (Ar = phenyl) in CDC1, so- 
lution. 

ing coherence transfer throughout a spin system and will 
produce cross-peaks between protons that are not spin- 
coupled but belong to the same spin system. In principle, this 
technique should be able to resolve entire spin systems for 
specific steroid rings. To illustrate the application of the 
TOCSY method, Fig. 4 displays cross sections taken through 
the C- 15 and C-3 protons of steroid 9a. For the former, cor- 
relations are observed not only to all the other ring-D pro- 
tons but also to H-20 (overlapped by H-16a) and the 21-CH, 
protons. Similarly, all the A-ring protons were resolved by 
the observation of TOCSY correlations between H-3a and 
the C-1 protons. Figure 5 displays the TOCSY contour plot 
of Diels-Alder adduct 11, obtained with an 80 ms spin-lock 
time. 

The 'H and I3c NMR chemical shifts and 'H-'H spin 
coupling constants for 9a, 10, and 11 (Ar = phenyl) are 
tabulated in Tables 1 and 2, respectively, while the results 
of the 'H-'H NOE experiments are listed in Table 3. The 
proton chemical shifts and coupling constants presented in 
Tables 1 and 2 were not refined by iterative spectral simu- 
lation. Interpretation of the information obtained from the 
NOE experiments was assisted by consideration of energy- 
minimized structures of the adducts determined from mo- 
lecular mechanics (MMX) calculations. The results of these 
calculations are shown in Figure 6. Vicinal 'H-'H coupling 

constants, calculated from the energy-minimized structures 
of 9-11 using the equation included in the molecular me- 
chanics software package (see experimental section), are 
included in Table 2 for comparison to the experimentally 
determined values. All of the adducts exhibited IR and mass 
spectral properties that were consistent with their proposed 
structures. 'H and ',c NMR assignments for 9b (Ar = p- 
biphenyl) are collected in the experimental section. 

ti) Spectral assignments: ene adduct 9a 
The general strategy for assigning the 'H spectrum was to 

begin with the olefinic proton H-6 at 5.03 ppm and H-3a at 
4.65 ppm and establish both through-bond and through-space 
connectivities with neighbouring protons and then proceed 
into the adjacent ring spin systems. Through-space connec- 
tivity was provided by NOE difference experiments and this 
information was examined in relation to the energy-mini- 
mized structure of the molecule (Fig. 6a). In the COSY-45 
contour plot of 9a, H-6 displayed cross-peaks with protons 
at 3.62 and 2.3 1 ppm. The 3.62 ppm multiplet correlates with 
a signal at 3.14 ppm that appears as the X part of an iso- 
lated ABX spin system arising from the C-1 ' and C-2' pro- 
tons (3.14 and 2.90, 2.73 ppm, respectively) of the N-phenyl 
substituted imide ring. This dictates that the 3.62 ppm mul- 
tiplet must be assigned to H-7. 
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? I t  
, s r . . , r .  . , I .  , , , , , , , , , , , p p H  

5.0 4.0 3.0 2 .0  1 . 0  
PPH 

FIG. 2. COSY-45 spectrum of 9a in CDCI, solution. 

Proton H-7 also shows a correlation with the complex 
multiplet at 2.31 ppm. Closer examination of the 
2.31 pprn signal revealed that it overlaps with a two-proton 
multiplet and that it is coupled to the signal at 2.49 pprn as 
well as to H-3a at 4.65 ppm. Proton H-3a was also cou- 
pled to the signal at 2.49 ppm. These COSY connectivi- 
ties suggest that the 2.31 and 2.49 pprn signals arise from 
the protons on C-4; 'Presumably, the cross-peaks between 
2.31 ppm and H-6 and H-7 are due to long-range cou- 
pling over four and five bonds, respectively. Differentia- 
tion of the C-4 protons was achieved by NOE experiments. 
Saturation of the 19-CH3 signal at 0.90 pprn resulted in an 
enhancement of the C-4 proton at 2.31 ppm, allowing it to 
be assigned to H-4P. Similarly, saturation of H-3a en- 
hanced the H-4a signal at 2.49 ppm. 

The identification of H-4P provided a means for deter- 
mining if H-7 occupies an a or P position by using the 
stereochemical dependence of the five-bond homoallylic 
coupling between these protons. Maximum homoallylic 
coupling is observed when both coupled nuclei are 90" above 
or below the plane of the double bond (24). In this case with 
the geometry of H-4P being fixed, the 3.5 Hz five-bond 
coupling can only arise with H-7 being in a P position as 
shown in Fig. 6a. Furthermore, in an NOE experiment where 

H-7 was saturated there was an enhancement of a multiplet 
later identified as H-15a,P. This NOE result can be ac- 
counted for provided H-7 is in the P position. The structure 
in Fjg. 6a indicates an average internuclear distance of 
2.4 A between H-7P and H-15a,P. During this NOE exper- 
iment H-6 and H-1' were also enhanced. 

The assignment of the A-rings protons was completed by 
following the cross-peaks in the COSY-45 spectrum from 
H-3a to the multiplets corresponding to the C-2 protons (1.93 
and 1.57 ppm) and then from the C-2 protons to the C-1 
methylene protons at 1.25 and 1.82 ppm. The cw and P pro- 
tons were identified in an NOE experiment where the 19-CH3 
was saturated (Tables 1 and 3). Additional confirmation of 
the H-2a assignment was provided by the observation of a 
four-bond W-type coupling (2.2 Hz) between H-4a and 
H-2a. A four-bond coupling was also detected between H- la  
and the 19-CH3 in the COSY spectrum. 

Only a limited number of protons on the C and D rings and 
on the C-17 side chain could be identified from the 'H spec- 
trum because of the high degree of signal overlap in the 0.5- 
1.7 pprn region. A four-bond coupling resulted in a cross- 
peak being observed in the COSY-45 between the 18-CH, 
and H-12a (1.10 ppm) protons. Methyls 26 and 27 corre- 
lated with the H-25 multiplet centred at 1.51 ppm. Proton 
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I I I I 
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180 160 140 120 100 8 0 6 0  40 20 
PPH 

Frc. 3. 'H-'~C shift correlation spectrum of 9a in CDC13 solution. The ' j ~  spectrum is shown as the DEPT spectrum. 

H-20 was assigned to 1.48 pprn on the basis of its correla- 
tion with the 21-CH, doublet at 0.93 ppm. 

The 'H-',c 2-D shift correlation experiment allows as- 
signment of the remaining proton resonances and facilitates 
the analysis of the I3c spectrum. A preliminary assignment 
of the I3C NMR spectrum (Table 1) was achieved by the 
DEPT technique and by comparison with literature data (22, 
23). Olefinic carbons 5 and. 6 could be readily assigned by 
these methods to 145.9 and 119.3 ppm, respectively. How- 
ever, the assignment of carbons 8 and 14 remains tentative. 

Cross sections from the shift correlation spectra were 
particularly useful for assigning both the aliphatic carbons 
and their corresponding directly bonded protons. Since the 
A-ring protons were already identified, this simplified the 
assignment of carbons 1 through 4 (Table 1). There was an 
overlap of the C-4 and C-7 resonances. In the C ring, the 
previously assigned H-12a (1.10 ppm) was correlated with 
the carbon at 37.3 ppm. The cross section through this car- 
bon resonance located H-12P (2.00 pprn), which was over- 
lapped by the acetate methyl singlet. The C-11 methylene 
protons (1.63 and 1.53 ppm) were revealed in the COSY-45 
spectrum by the cross-peaks with the C-12 protons. The C-11 
carbon (19.1 ppm) was difficult to assign because of over- 
lap with the 19-CH,. 

The resolution of the methine carbon signals between 40 

and 75 pprn made it possible to assign the H-17a and H-9a 
protons (Table I) ,  which were obscured in the 'H NMR 
spectrum. Identification of H-17a provided the means for 
assigning the other D-ring protons since a cross-peak was 
detected in the COSY spectrum to the multiplet eventually 
assigned to H-16P (1.83 ppm). The combination of the 
COSY and shift correlation data indicated that the C-16 
methylene protons were at 1.83 and 1.46 ppm. Their des- 
ignation as a (1.46 ppm) and P (1.83 ppm) is tentatively 
based on the coupling constants estimated from these mul- 
tiplets (Table 3) (19, 22). However, it should be noted that 
this method of assignment is considered controversial (2 1). 
Both C-16 protons show correlations with an unresolved 
multiplet overlapping H-4P at 2.36 ppm; by elimination, this 
multiplet can be assigned to the H-15a,P protons. In the cross 
section through the shift correlation spectrum, H-15a,P ap- 
peared as a singlet connected to the carbon at 25.2 ppm, in- 
dicating that these methylene protons are in fact equivalent. 
The assignment of the C- 17 side-chain protons and carbons 
relied on the COSY and shift correlation spectra and com- 
parisons with literature data. 

The TOCSY 2-D experiment, which produces cross-peaks 
between protons that are not coupled but belong to the same 
spin system, provided additional confirmation of some of 
the 'H assignments. In particular, all the A-ring protons 
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FIG. 4. Cross sections taken from the TOCSY spectrum of adduct 9a showing the resolution of the protons in rings A and D (middle 
and top spectra, respectively). The correlation between H-ISa,P and the 21-CH3 indicate coherence transfer occurring over six bonds. 

could be identified by taking a cross section through the 
H-3a signal. In addition to the normal correlations with the 
C-2 and C-4 protons, H-3a also shows TOCSY cross-peaks 
to the C-1 protons at 1.25 and 1.82 ppm. An interesting 
result was the observation of TOCSY correlations through 
the entire D-ring spin system between 21-CH, and the C-15 
protons (Fig. 4, top). In the cross section through 2 1 -CH,, 
the only proton not clearly observed was H-20, which was 
overlapped with the multiplet from H-16a. The H-15 to 
21 -CH, proton correlation indicates coherence transfer oc- 
cumng between nuclei separated by six bonds. Unfortu- 
nately, the H-9/H- 1 1 /H- 12 correlation could not be clearly 

observed due to overlap of the broad H-9 proton reso- 
nance with other signals. 
(ii) Spectral assignments: ene adduct 9b 

The 'H and I3C spectra of 9b appear to be somewhat dif- 
ferent from those of 9a, though they are essentially identi- 
cal in the 0.8-1.0 ppm (methyl) regions. 'H-'H COSY and 
'H-'~c shift-correlated spectra of 9b (Ar = biphenyl), made 
in identical fashion to those for 9a (vide supra), allow suf- 
ficiently detailed assignment of the 'H spectrum to con- 
clude that the main differences between the spectra of 9a,b 
are associated with the B-ring carbons (C-6-C-9) and their 
corresponding protons. This is consistent with the identifi- 
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FIG. 5. TOCSY contour plot of the region from 0.8 to 2.9 pprn for adduct 11 (Ar = phenyl), recorded with an 80 ms spin-lock time. 

cation of 9a and 96 as diastereomers differing only in the 
stereochemistry at the 1'-position of the maleimide ring. In 
the 'H NMR spectrum of 96, H-6 appears at 5.51 pprn (cf. 
5.03 pprn in 9a), H-7P appears at 3.16 pprn (cf. 3.62 pprn 
in 9a), and H-9a appears at 2.25 pprn (cf. 1.94 pprn in 9a). 
Also, the H-15 protons are shifted to 2.17 and 2.27 ppm, 
from their position of 2.36 in 9a. The remaining protons in 
96 appear within 0.06 pprn of their positions in the spec- 
trum of 9a. 

The main differences in the I3c spectrum are due to C-5 

(143.6 pprn), C-6 (121.5 ppm), C-7 (39.9 pprn), C-8 
(125.9 pprn), and C-9 (44.0 ppm), to be compared with the 
corresponding resonances in 9a (145.9, 119.3, 37.6, 132.0, 
and 45.1 ppm, respectively). Also, the C-1' and C-2' reso- 
nances are shifted to 45.7 and 33.9 ppm, respectively, from 
their positions in the spectrum of 9a. The remaining reso- 
nances in the I3c NMR spectrum of 96 are within 0.4 pprn 
of their positions in the spectrum of 9a. 

The assigned 'H and I3c resonances for this compound are 
listed in the experimental section. 
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TABLE 1. I H  and I3c chemical shifts for 9a,  10, and 11 from NMR spectra in CDCl," 

9a 10 11 
Chemical shift (ppm) Chemical shift (ppm) Chemical shift (ppm) 

"Aromatic protons appeared in the 7.29-7.44 pprn range; aromatic carbons in the 126.4-147 ppm range. 
bAssignments may be reversed. 
'Signals not observed due to low sample concentration. 
"Assignments tentative. 

(iii) Spectral assignments: ene adduct 10 
The chemical shifts and coupling constants for 10 were 

determined using procedures similar to those used for 9a. The 
'H and I3c spectral assignments presented for this com- 
pound in Table 1 should be viewed with greater caution than 
those for 9a, since there was considerably greater overlap of 
signals in the 'H spectrum of 10 and only a small number of 
coupling constants could be determined reliably. However, 
sufficient resolution was obtained to confirm the stereo- 
chemistry at C-7 and to give an indication of the change in 
position of the second double bond in ring B. 

By analogy with the data for 9a, the homoallylic cou- 
pling (2.1 Hz) is consistent with H-7 occupying a p posi- 
tion. Therefore, the stereochemistry at C-7 in 10 appears to 
be the same as that in 9a. 

The position of the C-8/C-9 double bond was deter- 
mined by locating the C-11 protons and examining their 
geminal coupling. These protons ( l l a ,  2.26 and l l p ,  
2.13 ppm) were identified in the COSY-45 spectrum and 
were differentiated in an NOE experiment where the 19-CH3 
was saturated. An evaluation of the geminal coupling from 
the H - l l a  multiplet showed it to be approximately 

- 18.1 Hz. The substantial increase in the magnitude of the 
geminal coupling is consistent with the plane of the n-system 
bisecting the angle between the C-1 1 methylene protons (25- 
27). This result confirms that the double bond is in fact lo- 
cated between C-8 and C-9. 

( iv)  Spectral assignments: Diels-Alder adduct 11 
The gross structure of the Diels-Alder adduct (11) is par- 

ticularly easy to identify because of the AX patterns in the 
1 H NMR spectrum due to the vinylic protons at C-6 and C-7 
(5.81 and 6.22 ppm, respectively) and the maleimide pro- 
tons at C-1' and C-2' (2.75 and 3.38 ppm, respectively). 
Assignment of the A- and C-ring protons (Table 1) was 
achieved by a combination of COSY-45 and TOCSY 
(Fig. 5) 2-D techniques as well as NOE difference spectra 
(Table 3). The C-ring assignments were complicated by the 
overlap of H - l l a  and H-lip. 

The B-ring vinyl proton chemical shifts were assigned with 
the aid of NOE difference spectra in which the methyl sig- 
nals at 0.73 and 0.96 pprn were saturated. In the experi- 
ment where the 0.93 pprn methyl resonance was irradiated, 
an enhancement of the 5.81 pprn doublet was observed. 
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TABLE 2. Observed and calculateda 'H-'H coupling constants (20.5-1.0 Hz) for 9a, 10, and 
11 in CDCI3 

Protons 

l a ,  1P 
l a ,  2a 
l a ,  2P 
IP, 2a 
lP, 2P 
2a, 2P 
2a, 3a 
2P, 3a 
4a,  4P 
4a,  3a 
4P, 3a 
6, 7 
9a, l l a  
9a,  1 l p  
l l a ,  l l p  
l l a ,  12a 
l l a ,  12p 
lip, 12a 
I lP ,  12P 
12a, 12P 
14a, 15a 
14a, 15P 
15a, 15P 
15a, 16a 
15a, 16P 
15P, 16a 
15P, 16P 
16a, 16P 
16a, 17a 
16P, 17a 
17a, 20 

"Calculated from the energy minimized structures (Fig. 6 ) ,  using the equation supplied with PCMo- 
del Version 4.0. Calculated values are in parentheses following the observed values. 

'Overlapping multiplets; coupling not resolved. 
'Assignment uncertain. 

Several other protons arising mainly from ring A were also 
enhanced (Table 3). Thus, the 0.93 pprn singlet must be as- 
signed to the 19-CH3 while the vinylic doublet at 5.8 1 pprn 
can be attributed to H-6. Saturation of the 18-CH, reso- 
nance (0.73 ppm) produced the corresponding enhancement 
of H-7 (6.22 ppm) (Table 3). These NOE results provide 
experimental verification of the agreement of our assign- 
ments of the C-18 and C-19 methyl resonances with those 
of Jones et al. for the Diels-Alder adduct from 2 and ma- 
leic anhydride (14). In addition, the NOE data also confirm 
the endo- stereochemistry of adduct 11 as shown in the 
MMX-derived structure in Fig. 6c. Methyl-19 is close to H-6 
while the 18-CH, is in the proximity of H-7. Further sup- 
port for this geometry was provided by NOE experiments that 
involved the saturation of H-1' and H-2' protons of the suc- 
cinimidyl ring. Saturation of the 3.38 pprn signal produced 
an enhancement of H-3a at 5.30 ppm, thereby allowing the 
3.38 pprn resonance to be assigned to H- 1 '. The neighbour- 
ing H-2' proton (2.75 ppm) was enhanced along with the 
1.56 pprn H- la  multiplet. Saturation of H-2' resulted in 
NOE's to H-1' and to the 1.03 pprn multiplet assigned to 
H-9a. 

The D-ring protons were identified from the COSY-45 and 

TOCSY (Fig. 5) spectra. The isolated multiplet at 2.55 pprn 
correlates with the doublet of doublets at 1.68 pprn and with 
the multiplets at 1.89, 1.40, and 1.30 ppm. Measurement of 
the coupling constants for the 2.55 and 1.68 pprn multiplets 
indicated a 7.2 Hz coupling between these protons. The re- 
maining 12.3 Hz coupling associated with the 1.68 pprn 
signal arises from an interaction with the proton at 1.40 ppm. 
These results were interpreted with H-14a being assigned to 
1.68 pprn with an axial/pseudo-equatorial coupling (7.2 HZ) 
to H- 15a (2.55 ppm) , and an axial/pseudo-axial coupling 
(12.3 Hz) to H-15P (1.40 pprn). The 1.89 and 1.30 pprn 
signals were shown by NOE experiments involving satura- 
tion of H- 15a (Table 3) to arise from H- 16a and H-16P, re- 
spectively. The D-ring proton H-15P was also affected by 
saturation of the olefinic proton H-7 (6.22 ppm). This en- 
hancement is consistent with the spatial geometry of these 
protons as shown in the MMX structure (Fig. 6c). 

The TOCSY contour plot (Fig. 5) allowed the comple- 
tion of the D-ring assignments by the observation of the 
correlation between H- 15a and H- 17a. The longer-range 
correlation was also detected between H-15a and the 21-CH, 
protons. The multiplet for H-20 was not observed because 
of overlap with the H-15P and H-16P signals. 
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TABLE 3. Summary of NOE experiments for 9a, 10, and 11 

Compound Saturated (ppm) Enhanced (%") 

"Intensities measured from the difference spectrum are reported relative to the saturated 
signal where the intensity was assigned to - 100 for a single proton multiplet; the peaks of 
interest were then integrated. Since the samples were not degassed, these results cannot be 
considered quantitative and serve only as a general indication of the observed enhancement 
of the signals. For the applications in this study, the determination of a numerical value for 
the NOE was not critical since the detection of an enhancement in itself is sufficient to pro- 
vide the required structural information (40). 

m e  percent change in peak intensity is not considered accurate due to overlap with other 
signals or baseline distortions resulting from incomplete subtraction of adjacent peaks. 

Only a partial assignment of the alkyl side-chain protons 
was possible from the 2-D spectra. The 26,27-CH, protons 
displayed TOCSY cross-peaks to contours centered at 1.35 
and 1.12 ppm. These cross-peaks are considered to arise from 
the protons on carbons 22, 23, and 24, but no further dif- 
ferentiation of these signals was possible. 

Summary and conclusions 

The reaction of 7-dehydrocholesteryl acetate (1) with 
N-aryl maleimides yields mixtures of ene and Diels-Alder 
adducts. There is very little variation in the relative yields 
of the adducts with N-aryl substituent throughout the series 
6-8, and the product distributions are similar to that re- 
ported previously for the reaction of ergosteryl acetate with 
maleic anhydride (14). 

The structures of the ene-adducts 9 and 10 and Diels-Alder 
adduct 11 from the reaction of 1 and 6-8 have been eluci- 
dated by high-field 'H and 13c NMR spectroscopic tech- 
niques, employing 2;D,chemical shift correlation experiments 
and molecular mechanics calculations to assist in the spec- 
tral assignments. The accuracy with which the latter is able 
to predict coupling constants in these systems is quite re- 
markable. In all cases, the present assignments verify the 
conclusions of previous workers, who employed differ- 
ences in the chemical shifts of the C-18 and C-19 methyl 
protons to identify the structures of the various adduct types 
(1-4). 

TOCSY spectra have been reported previously for a tri- 
terpenoid (39). However, to our knowledge, the present work 
represents one of the first demonstrations of the power of the 
TOCSY pulse sequence for resolving entire spin systems in 
steroids. This technique will undoubtedly find increasingly 
frequent use in the analysis of the 'H NMR spectra of com- 
plex natural products. 

Experimental 
Melting points were determined using a Mettler FP82 hot stage 

(controlled by a Mettler FP80 central processor) mounted on an 
Olympus BH-2 microscope, and are corrected. Routine 'H NMR 
spectra were recorded with Varian EM390 or Bruker AC200 NMR 
spectrometers, and referenced with internal tetramethylsilane. In- 
frared spectra were recorded as KBr pellets (except where noted 
otherwise) using a Perkin-Elmer model 283 infrared spectrome- 
ter, calibrated with the 1601.8 cm-' polystyrene absorption. Mass 
spectra and exact masses were determined by electron impact 
(70 eV), using a VG analytical ZAB-E mass spectrometer with a 
source temperature of 200°C and direct probe injection. Combus- 
tion analyses were performed by Galbraith ~aboratories ,  Inc. 

Analytical high-performance liquid chromatographic analyses 
employed a Gilson Isocratic HPLC system consisting of a model 
302 pump and 5-mL head, a model 802B manometric module, 
Holochrome variable wavelength detector, and a Rheodyne model 
7125 loop injector. A detector wavelength of 235 nm was used for 
analysis of product mixtures from reaction of 1 and 6 .  Analyses of 
those from reaction of 1 with 7 and 8 employed a detector wave- 
length of 280 nm. The detector'was interfaced with a Unitron 
microcomputer (Apple 11+ clone) through an ~ d a l a b @  data 
acquisition/control card (Interactive Microware. Inc.). The O- 
1 0 m ~  signal was amplified to 0-1 V using an AdaampB analog 
amplifier (Interactive Microware, Inc.). Chromatogram acquisi- 
tion and storage was performed using chromatochart@ (Interactive 
Microware, Inc.). Product yields were determined from the HPLC 
peak areas (calculated by triangulation), assuming identical detec- 
tor responses for each set of adducts and are the averages of two 
runs each analysed in triplicate. Normal-phase separations em- 
ployed a Merck Hibar (4.6 X 220 rnm) Si60 (10 pm) column, while 
reverse-phase separations employed Alltech (4.6 X 250 mm) C18 
(10 pm) or Brownlee (4.6 X 220 mm) RP-18 Spheri-10 columns. 

Semi-preparative LC separations were performed with the above 
system equipped with a 50-mL recycling pump head and an Isco 
254-nm single wavelength detector. Normal-phase separations were 
performed with an EM Lobar Si60 (2.5 x 25 cm) silica column, 
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LEIGH ET AL 

FIG. 6. Energy-minimized (MMX) structures of adducts 9 a  (a), 
10 (b), and 11 (c) .  

while reverse-phase separations were performed using a Whatman 
Partisil M9 10/50 ODs-2 column. 

High-resolution 'H and I3c NMR spectra were recorded on a 
Bruker AM500 spectrometer. Proton spectra were acquired at 
500.135 MHz using a 5-mm dual frequency 'H-'~c probe. Spec- 
tra were obtained in 64-88 scans in 32K data points over a 2.415- 
3.012 kHz spectral width (5.439-6.783 s acquisition times). The 
sample temperature was maintained at 30°C by a Bruker BVT-1000 
variable temperature unit. The free induction decay (FID) was pro- 
cessed using Gaussian multiplication (line broadening: -2.0 Hz, 
Gaussian broadening factor: 0.15) for resolution enhancement and 
was zero-filled to 64K before Fourier transformation. 

Absolute value proton COSY 2-D NMR spectra were recorded 
using the pulse sequence 90"-t,-45"-ACQ. Spectra were ac- 
quired in 32 scans for each of the 512 FID's that contained 2K data 
points in F2 over the previously mentioned spectral widths. The 'H 
90" pulse width was 18.6 ps. A 2.0 s relaxation delay was em- 
ployed between acquisitions. Zero-filling in F1 produced a 1K X 

1K data matrix with a digital resolution of 2.359 or 2.941 Hz/point 
in both dimensions. During 2-D Fourier transformation a sine-bell 
squared window function was applied to both dimensions. The 
transformed data were then symmetrized. 

TOCSY 2-D NMR spectra were acquired in the phase-sensitive 
mode using the MLEV-17 pulse sequence (28). Phase-sensitive data 
were obtained using time-proportional phase incrementation (TPPI) 
(29, 30). In the F2 dimension, 2K data points were used during the 
acquisition of the 256 FID's. Each FID was acquired in 16 scans 

for adduct 9 a  and 176 scans for 10. A 2.415 kHz spectral width in 
the F2 dimension was used for both samples. The relaxation de- 
lays were 1.0 s for 9a and 0.7 s for 10. The 90" 'H pulse width used 
in the 5-mm broadband inverse probe was 26.0 ps. The length of 
the spin-lock mixing time was 80 ms plus two trim pulses of 
2.5 ms. Zero-filling in the F1 dimension to 2K data points re- 
sulted in a digital resolution of 2.359 Hz/point in both dimen- 
sions. During the 2-D Fourier transformation, a sine-bell squared 
window function shifted by 7r/2 was applied to both dimensions. 
The transformed data were not symmetrized. 

Proton-proton NOE difference spectra were acquired by sub- 
traction of a control FID from an on-resonance FID. The decou- 
pler in the control FID irradiated a position in the spectrum where 
there were no proton signals. The on-resonance FID was obtained 
with the proton of interest being selectively saturated. In both cases 
the same decoupler power and duration of saturation (5.0 s) were 
used. This saturation period also served as the relaxation delay for 
both the control and on-resonance FID's. The decoupler was gated 
off during acquisition. Eight scans were acquired for both the 
control and on-resonance FID's. The cycle of alternate acquisition 
of control and on-resonance FID's was repeated 8 times for a total 
of 64  scans for the complete difference FID. A 90" 'H pulse width 
of 18.6 ps  was used. The difference FID was processed using ex- 
ponential multiplication (line broadening: 4.0 Hz) and was zero- 
filled to 32K before Fourier transformation. Samples were not 
degassed. 

Carbon- 13 NMR spectra were recorded at 125.759 MHz using 
the 5-mm dual frequency 'H-'~C probe. The spectra were ac- 
quired over a 21.739 or 30.0 kHz spectral width in 16K or 32K data 
points (0.377-0.557 s acquisition time). Single pulse spectra used 
a I3c pulse width of 2.5 ps  (30" flip angle) and a 0.5 s relaxation 
delay. The DEFT pulse sequence was used for editing. The I3C 90' 
pulse width was 6.4 ps while the 'H 90" pulse width through the 
decoupler channel was 18.6 ps. The delays used in the DEFT pulse 
sequence were a 1.0 s relaxation delay and 1/2'5,, delay of 
0.003571 s. The FID's were processed using exponential multi- 
plication (line broadening: 4.0-5.0 Hz). 

The I3c-'~ 2-D chemical shift correlation spectra of 9 and 10 
(Ar = phenyl) were acquired using the standard pulse sequence 
incorporating the BIRD pulse during the evolution period for 'H- 
'H decoupling in F1 (31-33). The spectra in the F2 ('H) dimen- 
sion were recorded over a spectral width of 3.106 kHz in 2-4K data 
points. The 256-512 FID's in the F1 (I3C) dimension were ob- 
tained over a 19.231 kHz spectral width. Each FID was acquired 
in 32  scans. The fixed delays in the pulse sequence were a 0.75- 
1.0 s relaxation delay, BIRD pulse and polarization transfer de- 
lays (1/2'5,,) of 0.003571 s ,  a refocussing delay (1/4'JcH) of 
0.001786 s, and a 0 .3  s delay between the BIRD pulse and the in- 
verse pulse sequence. The 90" 'H pulse was 9.2 ps  while the 90" 
13 C pulse was 10.1 ps. The data for 9 and 10 (Ar = phenyl) were 
processed using exponential multiplication (line broadening: 
11.0 Hz) in F2 and unshifted sine bell in F1. Zero-filling in F1 re- 
sulted in a 2K x 1K data matrix. 

The 'H-'~c inverse detected shift correlation spectrum of 11 was 
acquired by using the HMQC pulse sequence with the BIRD pulse 
(34) in a 5-mm broadband inverse probe. The data were obtained 
in the phase sensitive mode using time-proportional phase incre- 
mentation (TPPI) (29, 30). The spectra in F2 were recorded over 
a spectral width of 2.415 KHz in 2K data points. In F1, each of the 
186 FID's was acquired in 144 scans over the 13c spectral width 
of 14.286 KHz. The fixed delays in the pulse sequence were a re- 
laxation delay of 0.6 s ,  a BIRD pulse delay (1/2'~,,) of 
0.003571 s, and the delay between the BIRD pulse and the HMQC 
pulse sequence was 0.35 s. The 90" 'H  pulse was 8.5 ps while the 
13 C 90" pulse was 10.3 ps. Carbon-13 decoupling during acquisi- 
tion was achieved by the GARP method (35). The data were pro- 
cessed using a sine-bell squared window function shifted by n / 2  
in both dimensions. In F1, the 2-D data were zero-filled to 2K. 
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The compounds used in the NMR experiments were dissolved 
in CDCl, (MSD Isotopes) to a concentration of about 0.05 M. 
Chemical shifts for the 'H and I3C spectra are reported in ppm 
relative to TMS using the residual solvent signals at 7.24 and 
77.0 ppm as internal references for the 'H and I3C spectra, respec- 
tively. 

Molecular mechanics calculations employed the MMX package 
supplied with PCModel Version 4.0 (Serena Software, Inc). Vic- 
inal 'H-'H coupling constants were calculated using the equation 
supplied with the same software package, from the energy- 
minimized structures. 

HPLC solvents acetonitrile (Caledon HPLC), dichloromethane 
(Caledon HPLC), ethyl acetate (BDH Reagent), and hexane 
(Caledon HPLC) were used as received from the suppliers, as were 
methanol (Mallinckrodt anhydrous), acetic anhydride (BDH Re- 
agent), 1-nitropropane (Eastman), chlorobenzene (Fisher Re- 
agent), toluene (Caledon Reagent), and carbon tetrachloride 
(Caledon Reagent or Fisher Spectroscopic). Absolute ethanol was 
prepared by refluxing 95% ethanol over magnesium turnings and 
iodine for 24 h followed by distillation. Benzene-d, and deuterio- 
chloroform were used as received from MSD Isotopes. N-Phenyl- 
maleimide (Sigma) was recrystallized twice from acetone and dried 
over phosphorus pentoxide (mp 89.5-90°C). 4-Aminobiphenyl, 
maleic anhydride, and para-terphenyl were used as received from 
Aldrich Chemical Co. 

7-Dehydrocholesteryl acetate (1) was prepared from 7-dehydro- 
cholesterol (Sigma) and acetic anhydride by the method of Prichard 
(36). The product was recrystallized thrice from acetone and washed 
with cold methanol (mp 125-127°C; lit. (37) mp 129-130°C). 

N-Biphenylmaleimide (7) was prepared by the method of Crivello 
(18). The crude product was purified by column chromatography 
(silica; 2% acetonitrile - methylene chloride) followed by two re- 
crystallizations from acetone, and obtained as bright yellow needles 
(mp 190.0-190.5"C; lit. (18) mp 189-190°C). 

N-Terphenylmaleimide (8) was prepared by a modification of the 
procedure employed for the synthesis of 7 (18). Maleic anhydride 
(0.3 g, 3.1 mmol) was dissolved in acetone (4 mL) and 4-amino- 
p-terphenyl (38) (0.5 g, 2.04 mmol) was added, resulting in the 
immediate formation of a yellowish precipitate. The precipitate was 
collected by vacuum filtration, dried over phosphorus pentoxide in 
a vacuum desiccator for several hours, and then dissolved in a so- 
lution of acetic anhydride (5 mL) and anhydrous sodium acetate 
(0.1 g). The mixture was heated for 4 h at 90°C, during which time 
a yellow precipitate was formed. The mixture was cooled and the 
resulting solid collected and washed with acetone-water. Two re- 
crystallizations from acetone yielded 8 as a pale yellow solid 
(0.55 g, 1.7 mmol, 83%); mp 293-303°C (dec.). IR (KBr) (cm-I): 
3095 (w), 1705 (s), 1503 (w), 1481 (m), 1394 (m), 1153 (w), 1139 
(w), 1009 (w), 939 (w), 822 (m), 812 (m), 757 (w), 751 (w), 718 
(w), 676 (m); 'H NMR (200 MHz; CDCl,) 6: 6.88 (s, 2H), 7.46 
(m, 4H), 7.68 (s, 5H), 7.69 (m, 4H); I3C NMR (CDCI,) 6: 126.28, 
127.02, 127.52, 127.74, 128.80, 130.29, 134.26, 139.00, 140.48, 
169.50; MS rn/e(I): 69(13), 169(9), 255(10), 27 l(1 I), 325(100), 
326(6). Exact Mass calcd. for C22HlsN02: 325.1103; found: 
325.1105. 

Preparation and isolation of adductsfrorn reaction of 1 and 6-8 
Preparative-scale thermolyses of 1 with 6 and 7 were carried out 

in the following fashion. 7-Dehydrocholesteryl acetate (1; 0.30 g, 
0.7 mmol) and an equimolar amount of 6 or 7 were dissolved in 
benzene (35 mL). The resulting solution was divided among three 
5/8-in. thick-walled Pyrex tubes which had been soaked in 10% 
aqueous sodium hydroxide for ca. 8 h, rinsed several times with 
distilled water, and oven-dried. The samples were degassed using 
three freeze-pump-thaw cycles, and the tubes were sealed under 
vacuum. They were then placed in a Parr model 4914 Pressure 
Reaction Apparatus and heated at 200°C for 4 h. The tubes were 
opened and the solvent was removed on the rotary evaporator. 

Preparative-scale thermolysis of 1 and 8 was carried out using 
cholesteryl 4-chlorobenzoate (a cholesteric liquid crystal at 2W°C) 
as solvent, in order to obtain a higher yield of adduct 10 than is 
afforded from the reaction in benzene solution (17). The diene 1 
(0.15 g, 0.35 mmol), 8 (0.1 13 g, 0.35 mmol), and cholesteryl4- 
chlorobenzoate (15 g) were dissolved in methylene chloride 
(15 mL). The volatile solvent was removed on the rotary evapo- 
rator, and the solid mixture which remained was placed in a 5/8-in. 
Pyrex tube, sealed under vacuum, and heated at 2W°C for 4 h. The 
resulting mixture was flash-chromatographed on a silica gel col- 
umn. The liquid crystal was eluted with 3:2 dichloro- 
methane: hexanes, while the products were subsequently eluted as 
a mixture with starting materials with 2% acetonitrile in dichloro- 
methane. 

Isolation of the products from the thermolyses described above 
was carried out by cyclic semi-preparative liquid chromatogra- 
phy, using flow rates of 8-10 mL/min. The crude reaction mix- 
tures were placed on the column. Three chromatographic cycles 
with methylene chloride as eluant separated the mixture into three 
fractions, which were collected and stripped of solvent. The first 
fraction, which consisted of the starting materials, was discarded. 
The second fraction consisted of a mixture of 9a and 10, while the 
thud consisted of a mixture of 9b, 11, and small quantities of a fifth 
(unidentified) adduct. Adducts 9a and 10 were separated after three 
further cycles of the second fraction on the same column using 
methylene chloride as eluant. For the reaction with 6, adducts 9b 
and 11 were separated from the third fraction after two further cycles 
on the same column using 2% acetonitrile in dichloromethane as 
eluant. For the reaction with 7 and 8, adducts 9b and 11 were iso- 
lated by reverse-phase chromatography using 5% water in aceto- 
nitrile as eluant (7 mL/min) and a single pass through the column. 
The solvents were stripped from the purified adducts, and they were 
then recrystallized several times from methanol or chloroform- 
methanol mixtures. Analytical, physical, and spectroscopic data 
for each of the adducts are described below. 

Product yields for the reaction of 1 with 6-8 in benzene solu- 
tion were determined by HPLC analysis of small-scale (ca. 
0.0 1 mmol) mixtures, which were thermolysed in base-washed, 
sealed 7-mm Pyrex tubes for 4 h in an oil bath at 200°C. After 
cooling to room temperature, the tubes were opened and aliquots 
were injected into the HPLC. 

Therrnolysis of 1 and 6 
The adducts were separated on silica using 2% acetonitrile- 

dichloromethane as eluant and a flow rate of -1 mL/min. Under 
these conditions, the starting materials and products elute as fol- 
lows: 1 (4 min); 6 (6 min); 9a (13 min; 36%); 10 (14 min; 13%); 
9b (19 min; 25%); 11 (23.5 min; 19%); unidentified adduct 
(27 min; 6%). 

The aryl regions in the 'H and ',c NMR spectra of the adducts 
were essentially identical (see 9a (Ar = phenyl)). 

9a (Ar = phenyl): mp 124-126°C; IR (cm-I): 2959 (s,br), 2979 
(m), 1715 (s), 1500 (m), 1467 (m), 1459 (m), 1385 (s), 1244 (s,br), 
1215 (w), 1179 (s, br), 1034 (s), 949 (w), 931 (w), 799 (w), 755 
(w), 742 (w), 693 (w); MS m/e(I): 599(0.5), 524(1), 424(3), 
365(100), 349(15), 251(30), 197(18), 157(16). Exact Mass calcd. 
for C3,HS3NO4: 599.3975; found: 599.3961. See Tables 1-3 for 'H 
and I3C NMR data for this compound. 

9b (Ar = phenyl): mp 78.5-8 1 .O°C; IR (cm-'): 2960 (s, br), 2878 
(m), 1719 (s,br), 1501 (m), 1468 (w), 1458 (w), 1378 (s), 1369 
(s), 1260 (s), 1244 (s,br), 1 174 (s, br), 1028 (s, br), 952 (w), 938 
(w), 799 (m), 756 (w), 738 (w), 694 (w); 'H NMR (CDCl,): es- 
sentially identical to that of 9b (Ar = biphenyl; vide infra), except 
in aryl region; I3c NMR (CDC13): essentially identical to that of 9b 
(Ar = biphenyl; vide infra), except in aryl region; MS rn/e(I): 
599(0.5), 524(2), 424(2), 365(100), 349(7), 251(10), 197(8), 
157(7), 119(7). Exact Mass calcd. for C3,HS3NO4: 599.3975; found: 
599.3970. 
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10 (Ar = phenyl): mp 170.0-172.S°C; IR (cm-I): 2957 (s, br), 
2876 (m), 1714 (s,br), 1499 (m), 1467 (w), 1455 (w), 1395 (s), 
1378 (m), 1359 (m), 1234 (s, br), 1209 (w), 1180 (s, br), 1158 (w), 
1034 (s), 958 (w), 939 (w), 793 (m), 776 (w), 748 (w), 691 (m); 
MS m/e(I): 599(0.8), 524(5), 424(2), 365(100), 349(5), 195(6), 
157(33), 119(11), 95(10). Exact Mass calcd. for C39H53N04: 
599.3975; found: 599.3967. See Tables 1-3 for 'H and NMR 
data for this compound. 

11 (Ar = phenyl): mp 96.5-98.0°C; IR (cm-I): 2962 (s, br), 2879 
(m), 1718 (s,br), 1500 (m), 1468 (w), 1458 (w), 1380 (s, br), 1368 
(s), 1246 (s,br), 1 186 (m), 1029 (m), 9 19 (w), 897 (w), 760 (w), 
730 (w), 688 (w); MS m/e(I): 599(1), 539(100), 524(20), 365(5), 
35 1(4), 237(8), 174(50), 129(20). Exact Mass calcd. for 
C39H53N04: 599.3975; found: 599.3976. See Tables 1-3 for 'H and 
I3C NMR data for this compound. 

Thermolysis of 1 and 7 
The adducts were separated on silica gel using 2% acetonitrile- 

dichloromethane as eluant and a flow rate of 1 mL/min. Under 
these conditions, the starting materials and products elute as fol- 
lows: 1 (4 min); 7 (5.5 min); 10 (7.5 min; 13%); 9a (8.1 min; 32%); 
9b (1 1 min; 26%); and 11 (11 min; 22%); unidentified adduct 
(16 min; 7%). 

The aryl regions in the 'H and I3c NMR spectra of the adducts 
were essentially identical (see 9a (Ar = para-biphenyl)). 

9a (Ar = para-biphenyl): mp 100.5-101 S0C; IR (cm-I): 2956 
(s,br), 2876 (m), 1714 (s, br), 1522 (m), 1485 (m), 1466 (w), 1434 
(w), 1376 (s, br), 1241 (s,br), 1172 (m, br), 1027 (m,br), 833 (m), 
757 (m), 692 (m), 662 (w); 'H NMR: similar to 9a (Ar = phenyl) 
(Fig. l a  and Table l) ,  except in aryl region; 6: 7.2-7.9 (m, 9H); 
13 C NMR: similar to 9a (Ar = phenyl) (Table l) ,  except in aryl 
region; 6: 127.2 (Bp-3'/5'), 127.8 (Bp-2'/6'), 128.2 (Bp-4'), 128.4 
(Bp-3/5), 129.4 (Bp-2/6), 131.7 (Bp-l), 141.0 (Bp-1'), 142.1 
(Bp-4); MS tn/e(I): 675(0.5), 615(2), 366(34), 365(100), 364(47), 
25 1(25), 249(50), 237(17), 219(13), 195(32). Exact Mass calcd. 
for C45H57N04: 675.4287; found: 675.428 1. Anal. calcd. for 
C45H57N04: C 79.96, H 8.50; found: C 79.44, H 8.52. 

9b (Ar = para-biphenyl): mp 221.0-223.0°C; IR (cm-I): 2959 
(s,br), 2875 (m), 1716 (s, br), 1505 (w), 1486 (m), 1464 (w), 1444 
(w), 1376 (s, br), 1243 (s,br), 1173 (m, br), 1025 (m), 817 (w), 
759 (m), 690 (m), 664 (w); 'H NMR (CDCl,; assignments tenta- 
tive in some cases); 6: 0.84 (d, 26), 0.85 (d, 27), 0.89 (s, 19), 0.90 
(s, 18), 0.93 (d, 21), 1.03 and 1.36 (m, 22), 1.15 and 1.34 (m, 23), 
1.1 1 (m(2H), 24), 1.15 (m, 17), 1.16 (dd, 12a), 1.24 (dd, la ) ,  1.42 
(m, 1 6 4 ,  1.45 (m, 20), 1.5 1 (m, 25), 1.54 (m, 1 lp), 1.55 (m, 2P), 
1.64(m, l l a ) ,  1.78 (ddd, lp) ,  1.84(m, 16a), 1.87 (m, 2a), 2.01 
(dd, 12P), 2.17 (m, 15P), 2.25 (m, 9), 2.27 (m, 15a), 2.34 (m, 
4P), 2.45 (ddd, 4a), 3.09 (m, 1 '), 2.70 and 2.93 (dd(2H), 2'), 1.98 
(s, CH3CO), 3.16 (q, 7P), 4.61 (m, 3 4 ,  5.51 (dd, 6), 7.2-7.9 (m, 
9H); NMR (CDC13; assignments tentative in some cases); 6: 
18.2 (18), 19.7 ( l l ) ,  19.8 (19), 20.9 (21), 22.0 (CH3CO), 23.1 
(27), 23.4 (26), 24.6 (23), 26.7'(15), 27.3 (16), 28.3 (2), 28.6 (25), 
34.4 (29,  35.2 (20), 36.5 (22), 36.6 ( l ) ,  37.7 (12), 38.4 (4), 39.3 
(lo), 40.1 (24), 40.5 (7), 44.1 (13), 44.5 (9), 46.2 (l ') ,  58.3 (17), 
73.8 (3), 122.0 (6), 125.9 ( 3 ,  127.4 (Bp-3'/5'), 127.9 (Bp-2'/6), 
128.2 (Bp-4'), 128.7 (Bp-3/5), 129.4 (Bp-2/6), 131.7 (Bp-1), 
141.0 (Bp-1'), 142.3 (Bp-4), 144.0 (14), 148.2 (8), 170.9 
(CH3CO), 176.2 (CO), 178.9 (CO); MS m/e(I): 675(2), 616(14), 
366(37), 365(100), 364(42), 251(22), 249(15), 237(4), 219(9) 
195(19). Exact Mass calcd. for C45H57N04: 675.4287; found: 
675.4284. Anal. calcd. for C45H57N04: C 79.96, H 8.50; found: 

675(0.2), 616(1), 615(3), 600(4), 366(35), 365(100), 364(32), 
251(22), 249(24), 195(15). Exact Mass calcd. for C45H57N04: 
675.4287; found: 675.43 14. Anal. calcd. for C45H57N04: 
C 79.96, H 8.50; found: C 79.96, H 8.56. 

11 (Ar = para-biphenyl): mp 120.0-122.0°C; IR (cm-I): 2956 
(s,br), 2875 (m), 1715 (s, br), 1520 (m), 1486 (m), 1465 (w), 1445 
(w), 1377 (s, br), 1244 (s,br), 1 180 (m), 1027 (m), 832 (m), 760 
(m), 739(m), 694 (m), 665 (w); 'H NMR: similar to 11 (Ar = 
phenyl) (Table l) ,  except in aryl region; NMR: similar to 11 
(Ar = phenyl) (Table l),  except in aryl region; MS m/e(I): 675(48), 
367(30), 366(100), 365(26), 364(15), 35 1(14), 253(18), 25 l(1 l) ,  
250(19), 249(89), 195(16). Exact Mass calcd. for C45H57N04: 
675.4287; found: 675.4289. 

Thermolysis of 1 and 8 
The adducts were separated on silica using 2% acetonitrile- 

dichloromethane as eluant and a flow rate of 1 mL/min. Under 
these conditions, the starting materials and products elute as fol- 
lows: 1 (4 min); 8 (5.0 min); 10 (6 min; 15%); 9a (7 min; 32%); 
9b (10 min; 26%); and 11 (10 min; 21%), unidentified adduct 
(13 min; 7%). Thermolysis of 1 and 8 in the cholesteric liquid- 
crystalline phase of cholesteryl-4-chlorobenzoate for 4 h at 200°C 
yields the same products, but in the following yields: 10 (40%), 9a 
(21%), 9b (13%), 11 (lo%), unidentified adduct (16%). 

The aryl regions in the 'H and NMR spectra of the adducts 
were essentially identical (see 9a (Ar = para,para'-phenyl)). 

9a (Ar = para,paral-terphetlyl): mp 147.5-1.49.S°C; IR (cm-I): 
2939 (s,br), 2861 (s), 1713 (s, br), 1508 (w), 1487 (m), 1465 (m), 
1380 (s, br), 1240 (s,br), 1169 (m, br), 1029 (w), 820 (w), 760 (m), 
730 (w), 691 (w); 'H NMR: similar to 9a (Ar = phenyl) (Fig. l a  
and Table I), except in aryl region; 6: 7.2-7.9 (m, 13H); I3C NMR: 
similar to 9a (Ar = phenyl) (Table l) ,  except in aryl region; MS 
m/e(I): 75 1 (I), 424(2), 367(6), 366(32), 365(100), 364(47), 
325(21), 271(14), 157(10). Exact Mass calcd. for C51H64N04: 
751.4601; found: 751.4579. 

9b (Ar = para,paral-terphenyl): mp 182.0-185.0°C; IR (cm-I): 
2942 (s,br), 2862 (m), 1715 (s, br), 1478 (m), 1459 (w), 1370 (s, 
br), 1230 (m,br), 1167 (m, br), 1020 (m, br), 683 (w); 'H NMR 
(CDCI,): essentially identical to that of 9b (Ar = biphenyl; vide 
supra), except in aryl region; I3c NMR (CDC13): essentially iden- 
tical to that of 9b (Ar = biphenyl; vide supra), except in aryl re- 
gion; MS m/e(I): 751(1), 424(2), 367(8), 366(38), 365(100), 
364(52), 325(34), 27 l(18). Exact Mass calcd. for C51H64N04: 
751.4601 ; found: 75 1.4579. 

10 (Ar = para,paral-terphenyl): mp 162-166°C; IR (cm-I): 2937 
(s,br), 2860 (m), 1715 (s, br), 1510 (m), 1485 (w), 1466 (m), 1384 
(s), 1240 (s,br), 1166 (m, br), 1032 (m), 824 (m), 760 (m), 730 
(w), 692 (w); 'H NMR: similar to 10 (Ar = phenyl) (Fig. l a  and 
Table l) ,  except in aryl region; I3c NMR: similar to 10 (Ar = 
phenyl) (Table l ) ,  except in aryl region; MS m/e(I): 751(0.5), 
424(2), 367(7), 366(33), 365(100), 364(38), 325(2 l),  271 (12), 
213(17), 157(3 1). Exact Mass calcd. for C51H64N04: 751.4601; 
found: 75 1.4579. 

11 (Ar = para,paral-terphenyl): mp 1 19.5-123.0°C; IR (cm-I): 
2959 (s,br), 2878 (s), 1715 (s, br), 1508 (w), 1485 (m), 1467 (m, 
br), 1379 (s, br), 1244 (s,br), 1179 (m, br), 1028 (w), 820 (m), 
762 (m), 745 (w), 732 (w), 691 (m); 'H NMR: similar to 11 
(Ar = phenyl) (Table I), except in aryl region; 13c NMR: similar 
to 11 (Ar = phenyl) (Table l ) ,  except in aryl region; MS m/e(I): 
75 1(77), 366(100), 325(82), 77 1(20), 195(12). Exact Mass calcd. 
for Cs1H64N04: 75 1.4601 ; found: 75 1.4606. 

- - 
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The HLM method: a simple way to get the solid-liquid phase diagrams 
and enthalpies of transition of pure components and mixtures 
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FRANCOIS QUIRION, DANIEL LAMBERT, and GERALD PERRON. Can. J. Chem. 70, 2745 (1992). 
A simple method of thermal analysis is described which gives the same information as differential scanning calorim- 

etry. The method is based on the Heat-Leak-Modulus, HLM, of a sample cell placed in a constant temperature reser- 
voir. In the present study, the HLM method is used for the investigation of pure components and mixtures from - 190 
to 50°C. The method allows the determination of glass-transition, crystallizations, solid-solid transition, eutectic, and 
melting temperatures with a reproducibility better than *O. 1°C. The enthalpy of a transition can be determined with a 
reproducibility of *5%. The simplicity, the low cost, and the precision of the HLM method fills the gap between stan- 
dard cooling curves and sophisticated differential scanning calorimetry experiments. The HLM method has numerous 
applications in physical chemistry, polymer science, metallurgy, and chemical engineering. 

FRANCOIS QUIRION, DANIEL LAMBERT et GERALD PERRON. Can. J. Chem. 70, 2745 (1992). 
Nous prksentons une mkthode d'analyse thermique donnant essentiellement la mEme information que la calorimktrie 

diffkrentielle balayage. La methode est basee sur le <<heat-leak-modulusn d'un Cchantillon place dans un rCservoir gardk 
h temperature constante et elle est utiliske pour l'etude des solvants et des mClanges de solvants entre - 190 et 50°C. La 
mCthode permet de determiner les tempkratures de transition vitreuse, de cristaliisation, de transition solide-solide, 
d'eutectique et de fusion avec une reproductibilitC meilleure que *O.l°C. L'enthalpie associke a une transition peut Etre 
obtenue avec une reproductibilitC de *5%. La simplicitC, la precision et le faible cotit de la rnkthode en font une tech- 

I nique intermkdiaire entre les courbes simples de refroidissement et la calorimktrie diffkrentielle a balayage. 

Introduction 
In the past years, we have been involved in the optimi- 

: zation of aprotic solvent mixtures for low-temperature ap- 
I plications of lithium batteries. To identify systems that remain 1 
i liquid at very low temperatures, solid-liquid phase dia- 
i grams were determined for numerous mixtures and many of 

I them showed unusual heating curves that were difficult to 
interpret in terms of solid-liquid and solid-solid transi- 
tions. Consequently, we developed a simple method to ana- 
lyse the time-dependence of the temperature of the sample 
in term of the Heat-Leak-Modulus, HLM, of a sample cell 
placed in a reservoir kept at a constant temperature. 

As will be shown. the HLM method ~ r o v i d e s  essentiallv 
the same information as differential scanning calorimetry, 
DSC, the major difference being that DSC is more sensi- 
tive. However. the HLM s e t u ~  is much less e x ~ e n s i v e  and 
is as effective for the analysis of systems having heats of 
transition greater than 1 joule per gram of sample. This 
condition is almost always satisfied for the investigation of 
the solid-liquid phase diagrams of mixtures. 

The present paper describes the HLM method and its ap- 
plication to the determination of phase diagrams and enthal- 
pies of transition of pure components and mixtures. 

dependence of the temperature of the sample can be de- 
scribed by (1) 

where G(x) is a geometrical factor (cm) and cp (J K-') is the 
heat capacity of the cell containing the sample. This equa- 
tion can be rearranged in term of the Heat-Leak-Modulus, 
HLM, a parameter that varies less with the temperature of 
the sample. 

In the absence of transitions involving heat, the unperturbed 
Heat-Leak-Modulus, HLM, (s-I), becomes (2) 

Both the thermal conductivity of air and the heat capacity 
of the cell containing the sample increase with temperature, 
so that HLM, should not vary much with temperature. If the 
sample goes through an endothermic transition, dHs > 0, the 
heat will be taken from the cell and the sample because of Theoretical background the poor thermal conductivity of the air layer surrounding the 

The heating rate of a cooled sample placed in a heat res- cell. In these conditions, the transition is assumed to pro- 
ervoir will depend On the thermal conductivity, k (J s-' K-' ceed adiabatically and the contribution to the time &pen- 
cm-'), of the material between the reservoir and the Sam- dence of the temperature of the sample becomes 
ple. With air, the heating rate will be small and the temper- 

I ature of the sample, Ts, will increase slowly. If the heat [41 = 
I required to warm the sample is small compared to the amount d t  d t  

o f h e a t  in the reservoir then the temperature of the reser- 
voir, TR, will remain constant. In these conditions, the time Adding this contribution to HLM gives 

'Author to whom correspondence may be addressed. 
'Revision received May 11, 1992. 

1 
[ 5 ]  HLM = HLM, - 

M s  

C~ (TR - T ~ )  dt 
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HLM 1 

HLM I HLM, 1 

B time E 1 8 3  T (K) 2 6 3  

FIG. 1. Comparison of three representations of the time dependence of the temperature, for a sample of 0.25 cm3 of acetonitrile. In 
(a), the usual temperature vs. time; in (b), the HLM vs. temperature curve is compared with a scan obtained by differential calorimetry 
using a DuPont calorimeter (model DSC 2910); in (c) ,  the values of HLM shown in (b) are plotted against time and the beginning, B, 
and end, E, of the region of transition are shown. 

0 Swagelok 

0 Fittings 

Cell (Glass) 0 
o ~ a . 6  1ao.4 0 0 Robe 

0 0 OD:0.3 

Reservoir (At) 0 0 
OD:2.6 1R2.2 0 0 

0 Heating Cord 

FIG. 2. Apparatus used in the present investigation. OB and ID 
stand for outer and inner diameter in cm, respectively. In the pres- 
ent work, the aluminum reservoir was 17 cm high and the length 
of the glass cell was about 8 cm. 

Thus, an endothermic transition will produce a minimum 
in HLM while an exothermic transition will produce a max- 
imum. The resulting dependence of HLM on temperature will 
essentially be identicpl to the one obtained with a more so- 
phisticated differential scanning calorimeter. This is illus- 
trated in Fig. 1 where three different approaches to the 
thermal analysis of acetonitrile are compared. First, the 
typical temperature vs. time curve shown in Fig. l a  allows 
a rough estimate of the melting temperature. In Fig. l b ,  the 
same data are plotted as HLM vs. temperature and the re- 
sulting curve is compared to a DSC scan obtained with a 
Dupont calorimeter (DSC 2910).  In both cases, the crystal- 
lization peak, the solid-solid transition, and the melting point 
of acetonitrile were detected. 

In addition to the detection of a transition, one can also 
determine the heat associated with the transition through an 
appropriate analysis of the time dependence of the temper- 
ature of a sample as it is cooled or heated. Integration of eq. 
[ 5 ]  leads to 

= -CP J (HLM - HLMo) (TR - TS) dt 

where AHs (J g-') and gs (g) are the enthalpy of transition 
and the mass of the sample. As with other calorimeters, the 
heat capacity of the system must be determined experimen- 
tally in the range of temperature of the investigation. 

Experimental section 

Chemicals 
The origin and purity of the chemicals used are as follows: oc- 

tane, nonane, dodecane, tetradecane, hexadecane, octadecane, and 
eicosane from Produits Chimiques AmCricain, >>99%; methanol 
and benzene from Produits Chimiques AmCricain, reagent anhy- 
drous; heptane, decane, 1,4-dioxane, acetonitrile, and carbon tet- 
rachloride from Caledon, distilled in glass; chloroform from 
Caledon, ACS spectro grade; toluene from Aldrich, ACS reagent; 
dichloromethane from Aldrich, HPLC grade. 

Metholology 
Figure 2 is a representation of the apparatus that was used in this 

investigation. The temperature probe (Omega, 100 ohm, plati- 
num) is fixed to the glass cell with Swagelok fittings. In this con- 
figuration, the liquid sample is trapped as a film (-0.05 cm thick) 
between the temperature probe and the cell. The heat reservoir is 
an aluminum cylinder heated at a constant power with a power- 
cord. The data acquisition unit consists of a multimeter (Keithley 
no. 196) driven by a compuer through an IEEE interface. This setup 
is flexible and other types of temperature probe, heating device, 
materials, or acquisition unit can be used. 

The methodology consists of three very simple steps; loading, 
cooling, and analysis of the sample. 

Loadirzg 
A volume of 0.25 cm3 is weighed and placed into the glass cell. 

This fairly large volume reduces significantly the effect of humid- 
ity and evaporation encountered in differential scanning calorim- 
etry when very small quantities of sample, = l o  mg are weighed. 
The temperature probe is introduced into the glass cell, forcing the 
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QUIRION ET AL 

exp-lit 

FIG. 3. Top; temperature dependence of the difference between the experimental and literature values of the temperature of transition. 
Middle; temperature dependence of the calibration constant, c,, of the apparatus shown in Fig. 2. Ci stands for aliphatic hydrocarbons 
with i carbon atoms and TOL, DCM, CHCl,, and BZ stand for toluene, dichloromethane, chloroform, and benzene, respectively. Bot- 
tom; temperature dependence of the heat-leak-modulus in the absence of transition, HLM,, as determined from the values of HLM,. The 
solid line was calculated as described in the text. 

HLM 

(1 /time) 

FIG. 4. HLM vs. temperature diagram showing portions of the 
curves obtained for methanol, 'carbon tetrachloride, and 1,4-diox- 
ane. Tc, TM, TG, and Tss stand for crystallization, melting, glass, 
and solid-solid transitions, respectively. 

volume of the liquid to rise as a film (thickness = 0.05 cm) be- 
tween the probe and the glass cell. 

Cooling 
The cell is hermetically closed with Teflon and steel fittings to 

avoid evaporation and contamination of the sample. Then it is fro- 
zen by immersion in liquid nitrogen or another cryogenic mixture. 

Analysis 
The cell is transferred and fixed to the heat reservoir. The tem- 

perature of the sample is read at predetermined time intervals. 
Starting at the second value, the HLM is calculated and plotted on 
the screen. At the end, the scan can be analysed, printed, and saved 
for further analysis. 

With the HLM method, it is not necessary to determine the ab- 
solute value of time because the array containing the temperature 

FIG. 5. Example of HLM vs. temperature curves obtained for 
three mixtures of heptane and toluene. The values of X is the mole 
fraction of toluene in the mixture. The eutectic temperature, TE, is 
determined at the minimum of its corresponding peak while the 
melting temperature, TM, is determined graphically. 

of the sample contains data that are equally spaced in time. That 
time interval, dt, is set to unity and HLM is calculated with eq. [2] 
where dTs is the temperature difference between two successive 
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TABLE 1. Literature values of the temperature and enthalpy of fusion and solid-solid 
transition (in parentheses) and experimental values of the temperature of transition and 
calibration constant, cp, of the appamtus. Unless otherwise specified, the reservoir was 

kept at 348 K 

TF AHF (TFeXP - T~") CP 

Systemsa (K) (J g-'1 (K) (J K-') 

Heptane 182.54 141.3 +0.02 + 0.06 
Octane 216.36 180.8 -0.23 + 0.00 
Decane 243.4 202.2 -0.4 + 0.0 
Dodecane 263.6 214.8 -0.2 + 0.1 
~etradecane~ 267.29 229.9 -0.29 + 0.04 
~exadecane~." 291.32 228.9 -0.29 + 0.03 
Octadecanec 301.33 241.2 -0.25 + 0.10 
Eicosane' 309.95 247.3 -0.64 + 0.07 
Toluene 178.16 71.8 -0.05 + 0.03 
Benzene 278.68 127.4 -0.42 + 0.08 
Chloroforme 209.6 73.7 -0.4 + 0.1 
Dichloromethane 178.0 70.7 +0.1 -C 0.1 
~ o n a n e ~  219.6 120.6 -0.3 + 0.1 

(217.18) (48.9) +0.69 + 0.13 
169 .5~  

~ e t h a n o l ~  175.4 99.2 -0.3 + 0.1 
(157.4) (19.8) +6.4 -C 1.2 

~cetonitri le~ 229.4 198.9 -0.1 + 0.2 
(217.2) (21.9) + 1.2 + 0.2 

carbontetrachlorideb 250.2 21.3 -0.1 + 0.2 
(225.2) (29.8) +0.4 + 0.07 

1 ,4 -~ ioxane~  284.8 145.8 -0.3 + 0.1 
(272.8) (26.7) +2.4 + 0.2 

Heptane + ~ o l u e n e ' ~ ~  170.8 + 0.1 -0.4 + 0.3 
Toluene + Tetradecane' 178.1 + 0.1 -0.5 + 0.6 
Benzene + Tetradecane' 264.7 + 0.1 -0.3 + 0.2 

"From Handbook of Chemistry and Physics, 57th edition, CRC, 1976-77. 
bFrom Lange's Handbook of Chemistry, 13th edition, McGraw-Hill, 1985. 
'T, = 373 K .  
dSum of both transitions. 
'Eutectic temperatures from ref. 5. 
'T, = 303 K .  

readings. The same arbitrary unit of time is used for the determi- 
nation of the enthalpies of transition. 

For integration purpose, HLM is plotted as a function of time (in 
arbitrary units) and the values are smoothed (3) over three equally 
spaced data with 

Then the user selects the,beginning and the end of a transition where 
HLMB and HLM, are determined, respectively. The baseline, 
HLM,, is calculated by linear interpolation between HLMB and 
HLM,, as shown in Fig. lc. The integral of eq. [6] is approxi- 
mated (3) by a summation assuming linearity between equally 
spaced values of HLM. The integration becomes 

[8] Area = 1/2 (AB + A,) + A, At 
I = B +  I 

where A(t) = (HLM-HLM,) (TR-Ts) and At is the arbitrary unit of 
time set to unity. With the resulting area (K), and knowing the 
calibration constant (J K-') and the mass of sample (g), the en- 
thalpy of the transition (J g-') is calculated with the area resulting 
from the integration. 

Results and discussion 
Reproducibility of experiments 

The temperatures and enthalpies of transition reported in 
this paper are values averaged over at least three runs with 

typical standard deviations of 50.05 K and *5%, respec- 
tively. From one sample to another, the reproducibilities of 
these results are e 0 . 1  K and +3%, respectively. 

Varying parameters such as the thickness of the reser- 
voir, the cooling rate of the sample, and the period of ac- 
quisition does not affect the calibration constant, c,, within 
the reproducibility limit of +5%. The calibration is also in- 
dependent of the temperature of the reservoir as long as it is 
at least 40 K higher than the temperature of the transition to 
be studied. 

One very important parameter for the reproducibility of 
the data is the volume of sample in the cell since it deter- 
mines the height of the liquid film and, consequently, the 
amount of cell material that contributes to the heat capacity. 
For instance, on going from 0.15 to 0.25 cm3 of heptane, 
the calibration constant increases linearily with a slope of 
8 J K-' ~ m - ~ .  This value is much higher than the heat ca- 
pacity of heptane because it also contains contributions from 
the glass cell and the probe. These contributions are very 
difficult to evaluate and, for that reason, it is important to 
always use the same volume of sample from one experi- 
ment to another to keep the calibration as constant as pos- 
sible. 

The melting temperatures of mixtures were determined 
graphically. The eutectic temperature and the temperature of 
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QUIRION ET AL. 2749 

FIG. 6. Comparison of the solid-liquid phase diagram obtained 
with the HLM method with the results of Guieu et al. (5) (solid 
lines). Empty and filled circles are the melting and eutectic tem- 
peratures, respectively. C14, BZ, C7, and TOL stand for tetrade- 
cane, benzene, heptane, and toluene, respectively. 

60 

C7 W% TOL 

FIG. 7. Total enthalpy of melting, in joules per gram, of the 
mixtures of heptane and toluene as a function of the weight frac- 
tion of toluene. Dashed lines represent the +5% and -5% limits 
of the reproductibility. The calibration constant was taken as the 
average of the calibrations obtained with heptane and toluene. 

melting of the pure components were defined as the temper- 
atures at the minimum of the smoothed HLM vs. T curves. 
This procedure may lead to temperatures of transition that 
are different from the expected one because the minimum is 
not always symmetrical. This is shown in Fig. 3 where a 
difference of about -0.2S°C is observed between the ex- 
perimental and the literature values of the melting tempera- 
ture. That small difference is rather systematic and it may also 
be the consequence of a miscalibration of the temperature 
probe. Nevertheless, the use of the minimum for the deter- 
mination of the melting temperature is fast and convenient. 
Temperature dependence of the calibration constant, c, 

The determination of the enthalpy of transition requires the 
calibration of the apparatus in term of its heat capacity (eq. 
[6]) in the temperature range to be investigated. We have 
determined the calibration constant of the present appara- 
tus, cp ,  with the literature value of the enthalpy of fusion, 
AH,, and the experimental area (eq. [7]) of the peak at the 
melting point. The results are reported in Table 1 and plot- 
ted in Fig. 3 as a function of the melting temperature. The 
increase of the calibration constant with temperature is in 
accordance with the general temperature dependence of the 
heat capacity of materials. Moreover, most of the values fall 
within the 2 5 %  limits of the linear trend. Thus, using the 
linear trend that describes the temperature dependence of the 
calibration constant, cP(T) = 1.54 +0.0103(T- 160), it is 
possible to measure the enthalpy of transition of an un- 
known within 5%. 
Temperature dependence of HLMo 

Equation [3] shows that HLM, depends on a geometrical 
factor, G(x), independent of the temperature, and on cp  and 
k, the heat capacity and the thermal conductivity of the sys- 
tem, which both depend on temperature. Thus, provided that 
the values of G(x), cp ,  and k are known, the temperature de- 
pendence of HLM, could be determined quantitatively. The 
geometrical factor was calculated with the value of HLM, 
just after the melting of heptane, and the values of cp  and k 
were also available at that temperature. 

With the present geometry, the heat flux is normal to the 
surface of the components, so that the overall thermal con- 
ductivity of the system is limited by the component having 
the lowest thermal conductivity according to (1) 

where Qi is the volume fraction of component i .  For the ap- 
paratus described in Fig. 2, the air layer accounts for about 
93% of the volume while the remaining space is occupied by 
the sample cell. The thermal conductivity was calculated 
using the reported values of k for dry air, and the contribu- 
tion of the sample cell was assumed to be negligible (less than 
1%). Taking G(x) as a constant, the temperature depen- 
dence of HLM, was calculated with eqs. [3] and [9] and the 
temperature dependence of cp .  The resulting curve is plot- 
ted as a solid line in Fig. 3 and it is in good agreement with 
the experimental values of HLM,, which correspond to the 
values of HLM, after the melting of the samples. This shows 
that HLM, can be calculated quantitatively as a function of 
temperature provided that the geometry and the character- 
istics of the materials are well known. 
Transitions in the solid state 

The presence of transitions in the solid state is often dif- 
ficult to observe with typical temperature vs. time curves. 
This was shown for acetonitrile in Fig. 1 and there exist many 
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other components that present solid-solid transitions. Fig- 
ure 4 presents the experimental HLM vs. T curves of meth- 
anol, carbon tetrachloride, and 1,4-dioxane where such 
transitions are observed in the solid state. 

The glass transition, TG, corresponds to an increase of the 
heat capacity due to additional molecular motions in the solid 
state, and from eq. [3] it will appear as a sudden decrease of 
HLM,. These molecular motions often lead to the exother- 
mic crystallization, Tc, of the solid glass. For instance, see 
the curve for methanol in Fig. 4. Another type of transition 
in the solid state is the reorganization of the solid structure 
or the solid-solid transition, Tss, that occurs at a tempera- 
ture lower than the solid-liquid transition, TM. As for ace- 
tonitrile, the HLM vs. temperature curves of Fig. 4 all show 
the presence of a solid-solid transition. 
Solid-liquid phase diagram 

In addition to the characterization of pure components, the 
HLM method is very effective for the investigation of the 
solid-liquid phase diagram of mixtures. This is shown in Fig. 
5 where the scans obtained with the HLM method sre pre- 
sented for three mixtures of heptane and toluene. The shape 
of the curves obtained for the thermal analysis of that sys- 
tem is very similar to the scans obtained by DSC (4). For that 
single eutectic system, the eutectic mixture, as for the pure 
components, shows a single peak that has its minimum at the 
temperature of the transition. The HLM curves of the mix- 
tures on both sides of the eutectic composition show a sharp 
peak at the eutectic temperature and a broad and asymmet- 
ric peak corresponding to the range of the solid-liquid 
equilibrium of the mixtures. Because of the asymmetry of 
the melting range, the melting temperature is determined by 
extrapolation. 

The HLM method was used to determine the solid-liquid 
phase diagram of the systems heptane-toluene, tetrade- 
cane-benzene, and tetradecane-toluene. The resulting phase 
diagrams are shown in Fig. 6 and compared to those ob- 
tained by Guieu et al. (5). For the three systems, the differ- 
ence between our value of the eutectic temperature and the 
literature value is within the experimental error. This is quite 
good, considering the fact that the thermal analyses re- 
ported in the literature were performed at a heating rate of 
0.2 K min-' while, in our case, the heating rate varied from 
35 K min-' at 170 K to about 20 K min-' at room temper- 
ature. 

The investigation of mixtures with the HLM method is not 
only a fast and accurate method for the determination of 
solid-liquid phase diagrams but it is also reliable for the de- 
termination of the total enthalpy of melting of a mixture. For 
instance, the method was applied to mixtures of heptane and 
toluene. The enthalpy of mixing should be small for these 

monpolar solvents so that the enthalpy of melting of that 
single eutectic system is expected to be linear from one 
component to the other. The calibration constant, cp, was 
determined with the pure components, and the total en- 
thalpy of melting of the mixture was determined with the 
integration procedure described using eqs. [6]-[8]. The re- 
sults are shown in Fig. 7 and they are in accord with the ex- 
pected behavior within the *5% limits shown by the two 
straight lines. 

Conclusions 
The HLM method is a technique of thermal analysis based 

on the Heat-Leak-Modulus of the system. This parameter is 
not very dependent on the temperature and it provides a re- 
producible baseline from one experiment to another. The 
HLM method allows the identification of the glass-transi- 
tion, crystallization, solid-solid transition, eutectic, and 
melting temperatures of a system with a precision better than 
0.1 K. The apparatus is easy to calibrate in term of its heat 
capacity and the enthalpies of transition can be determined 
with a precision of +5%. 

The main difference between the HLM method and dif- 
ferential scanning calorimetry is the limit of detection, which 
is lower in the case of DSC. However, a wide variety of in- 
vestigations do not require the high sensitivity of DSC. 
Moreover, the high sensitivity of DSC often forces the use 
of a very small amount of sample, which increases the rel- 
ative error in the weight of sample and emphasizes the ef- 
fect of evaporation and humidity. 

The simplicity, low cost, and precision of the HLM 
method fill the gap between standard cooling curves and the 
sophisticated differential scanning calorimetry experiments. 
The HLM method has numerous applications in physical 
chemistry, polymer science, metallurgy, and chemical en- 
gineering. 
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of Raman spectroscopy 

P. TURCOTTE, S. ALEX, AND D. VOCELLE' 

De'partement de chimie, Universite' du Que'bec a Montre'al, C .P .  8888, Succ. A ,  
Montre'al (Que'bec), Canudu H3C 3P8 

Received July 12, 1991' 

P. TURCOTTE, S .  ALEX, and D. VOCELLE. Can. J. Chem. 70, 2751 (1992). 
The percentages of protonation were determined for a conjugated Schiff base trans, trans-2,4-heptadienylidene tert- 

butylamine in the presence of 3-chloropropionic acid (CPR) and dichloroacetic acid (DCA) in three solvents of different 
polarities. In dioxane, a solvent of low polarity, protonation is only important for the strong acid DCA (50-60%). By 
using solvents of higher polarities, protonation is seen to increase and is almost complete for DCA in ethanol. When 
water molecules are added to these systems, hydrolysis of the Schiff base, measured inside the time span of the exper- 
iments (10 min), occurs readily in dioxane, is very slow in a chloroform-dioxane mixture (9: l ) ,  and is totally absent 
in a mixture of ethanol-dioxane (1 :9). Results indicate that water does not mediate protonation in all three sets of sol- 
vent combinations. The results are also discussed in terms of the possible role that water molecules could have in the 
visual and bacterial pigments. 

P. TURCOTTE, S.  ALEX et D. VOCELLE. Can. J. Chem. 70, 275 1 (1992). 
Les pourcentages de protonation ont CtC determines pour le cas d'une base de Schiff conjuguke, la trans,trans-2,4- 

heptadiknylidkne tert-butylamine, en presence de l'acide 3-chloropropionique (CPR) et de l'acide dichloroacCtique (DCA) 
dans trois solvants de differentes polarites. Dans le dioxane, un solvant de faible polaritk, la protonation n'est impor- 
tante que pour l'acide fort DCA (50-60%). En utilisant des solvants de polarit6 plus klevke, la protonation augmente et 
est B peu pres complkte pour le DCA dans I'ethanol. Quand de l'eau est ajoutCe a ces systemes, l'hydrolyse de la base 
de Schiff, mesuree 21 l'intkrieur du temps d'enregistrement des spectres (10 min), est rapide dans le dioxane, est beau- 
coup plus lente dans un melange de chloroforme-dioxane (9: 1) et est totalement absente dans un melange d'kthanol- 
dioxane ( 1  :9). Les resultats indiquent que l'eau ne favorise aucunement la protonation et cela vaut pour les trois ensem- 

I 
I bles de solvants utilises. Les resultats sont aussi discutes en terme du r6le que pourrait jouer l'eau dans les pigments vi- 
1 
I suels et bacteriens. 

I Introduction dicated that a retinylidene Schiff base in nonpolar solvents 

Protonation and deprotonation of a retinal Schiff base are 
essential events in the mechanism of proton translocation in 
visual and bacterial pigments. These two aspects have re- 
ceived wide interest on both theoretical and experimental 
grounds (1-10). It is now known that the protonating agent 
of the chromophore of rhodopsin (1 1-cis retinal linked to 
lysine 296 of the apoprotein) is glutamic acid 1 13 (1 1-13), 
whereas for the related bacterial pigment bacteriorhodop- 
sin, it is a combination of three amino acids that are respon- 
sible for the protonation of the chromophore: Asp-85, 
Asp-212, and Arg-82 (14, 15). One of the most important 
features of these pigments that is still not fully understood 
is their capacity to absorb light in the 500-570 nm region. 
Model studies of Schiff base in organic solvents have shown 
that an unprotonated Schiff base has its maximum absorp- 
tion (A,,) at ca. 360 nm while protonated model Schiff bases 
(SB) are red-shifted to k,,, ca. 440-450 nm (16, 17). Con- 
sidering that bovine rhodopsin (as an example) has its k,,, 
at 500 nm (18), it implies that the protonated chromophore 
is again red-shifted by about another 50 nm by interactions 
with the protein. This last bathochromic shift is called the 
opsin shift (19). Several hypotheses have been advanced to 
explain this shift (2, 16, 18), but lately, the emphasis has been 
placed on the relationship between the protonated Schiff base 
and its counterion; visualize R~~CH=N(R)H+-..-OOCR, 
where Ret is the retinylidene portion of the Schiff base that 
could well explain totally or in part the opsin shift. Yet, 
model studies conducted in our laboratory (20-25) have in- 

'Author to whom correspondence may be addressed. 
'Revision received July 1 1,  1992. 

or in methanol couid not be fully protonatedAby acids hav- 
ing pK,'s in the 3-5 region as measured in water, which is 
the region where Glu or Asp have their pK,'s (4.25 and 3.89 
respectively). Hence, some stabilizing factors must be pres- 
ent in the protein so that the system Schiff base/acid could 
be fully protonated (SBH+...-OOC-) . We have suggested 
(26) and partly demonstrated (21, 25) that the concomitant 
presence of several molecules of acid acting like a proton 
relay transfer and (or) the presence of water molecules could 
possibly help the system to reach full protonation. In partic- 
ular the role of water, apart from its obvious involvement in 
the hydrolysis of metarhodopsin 11, remains intriguing, since 
pigments which have been made dry react quite differently 
than normal "wet" pigments (9, 10). However, these hy- 
potheses are still controversial and more data must be gath- 
ered to confirm or invalidate these postulates. 

At this moment, two schools of thought exist on this 
question. One favors the presence of water next to the Schiff 
base (2, 6-10), the other (27) rather promotes the excitonic 
model of Kriebel and Albrecht (1). Both models have ad- 
vantages and drawbacks but neither one nor the other can 
rationalize all the physical and chemical properties of these 
pigments. 

Furthermore, if water molecules are present near the pro- 
tonated Schiff base, some additional factors must also be 
present to prevent these water molecules from reaching the 
protonated imine before the metarhodopsin I1 stage, since 
hydrolysis will occur readily. So  far, the mechanism of hy- 
drolysis of Schiff bases have received little attention. Cooper 
et al. (28) have reported a full kinetic analysis of the hydro- 
lysis of a model of rhodopsin consisting of N-retinylidene 
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n-butylamine in aqueous anionic, cationic, and neutral de- 
tergent micelle systems. 

In the present study, the role of water, especially its abil- 
ity to favor protonation and hydrolysis, will be explored. 
Since Papadopoulos et al. (29) have shown that four mole- 
cules of water are likely present near the chromophore, dif- 
ferent ratios of water in the system, from 0 up to 4, will be 
added. To do this, a simpler model will be used. It consists 
of trans,trans-2,4-heptadienylidene tert-butylamine (SB 
hereafter) that will be protonated by two acids: dichloroace- 
tic acid (DCA, pK, 1.26) and 3-chloropropionic acid (CPR, 
pK, 3.99). The SB and the acid will be dissolved in a sol- 
vent or mixtures of solvents (dioxane, chloroform, or ethanol) 
to which different amounts of water will be added. Proton- 
ation and the unwanted hydrolysis will be monitored by 
Raman spectroscopy. These experiments are expected to give 
a better knowledge of the behavior of such systems in var- 
ious electrostatic media. In addition, these tests are meant 
to stress the importance of electrostatic interactions on the 
physical and chemical properties of protonated Schiff bases. 

Experimental 
The synthesis of zrans,trans-2,4-heptadienylidene zerr-butylamine 

(CH3CH2CH=CHCH=CHCH=NC(CH3),, called SB) was car- 
ried out according to a well-established method (22). The alde- 
hyde and amine were supplied by the Aldrich Chemical Co. 
(Milwaukee, Wis., U.S.A.). Since this SB is somewhat unstable, 
it must be used freshly prepared or redistilled. All experiments were 
done quickly, especially when water and acids were present so as 
to minimize hydrolysis. Solutions for Raman spectra were pre- 
pared by mixing 0.025 M of the SB with an equimolar quantity of 
the organic acid in a given solvent. The concentration of the imine 
was selected to reduce to a minimum the self-absorption on Raman 
intensities deriving from the tail of the T-T* electronic transition 
of the protonated imine seen at ca. 308 nm in chloroform (30). The 
T-T* electronic transition of the unprotonated form absorbs at 
267 nm. Dioxane, chloroform, and ethanol were all of a spectro- 
grade quality and were dried, as well as the acids, over molecular 
sieves for liquids and in a desiccator over anhydrous calcium 
chloride for solids. Chloroform was also eluted three times on a 
basic alumina column to remove traces of ethanol and hydro- 
chloric acid. 

In the experiments using water (HPLC grade), spectra were taken 
immediately after water addition in the solution. UV spectra were 
recorded on a Pye Unicam PU 8800 instrument while Raman spectra 
were obtained on a Spex Triplemate spectrograph coupled to an 
EG&G Princeton Applied Research detector, model 1422. Sam- 
ples were excited with the 25-50 mW of the 488.8 nm laser line 
(Spectra Physics CW A+, model 2016) to take full advantage of the 
preresonance effect. To improve the preresonance effect, attempts 
to use the 457.9 nm laser line were tried but were inconclusive be- 
cause of the poor detector efficiency in this spectral region. The 
samples were put in a sealed capillary mounted on a thermally 
regulated sample holder maintained at 10°C. Resolution was 
5 cm-' at 1600 cm-'. The spectra were recorded in 10 min and the 
fluorescence background was routinely substracted with an appro- 
priate nth-order polynomial when necessary. 

Results and discussion 
In a first approximation, the SB/acid system obeys the 

simple equation written below, using symbolic notation: 

[l]  C=C-C=C-C=N-R 

+ HOOC-R, G C=C-C=C-c=N(R)Hf ...- OOCR, 

Depending on the acids and solvents used, the percent- 

age of protonated SB (or PSB) varies and this particular point 
has already been investigated in pure chloroform and meth- 
anol solutions by means of FT-IR spectroscopy (23, 24). As 
a rule, the protonation is almost complete, providing that the 
proton source has a pK, value less than to 2 units, especially 
when the solvents are polar and protic. Upon water addi- 
tion, the PSB is known to hydrolyse to give irreversibly the 
parent aldehyde (2): 

This is particularly true for the protonated SB since the 
unprotonated SB is expected to be more stable in the pres- 
ence of water according to standard organic chemistry rules. 
Thus, hydrolysis is believed to be dependent on both the 
protonation state of the imine moiety and the electrostatic 
properties of the solvents. In the present work, the water ef- 
fect will be tested to differently solvated PSB in order to 
characterize its action. Several solvents and combinations of 
solvents can be tested to carry out this study, but for this work 
we have chosen dioxane, chloroform, and ethanol for rea- 
sons that are explained later. 

Generally speaking, in the actual pigments, the proton- 
ated chromophore may be located in a protein cavity falling 
into one of the following three categories. 

(I) The protonated Schiff base lies in a nonpolar cavity and 
does not form H bonds within this pocket. 

(2) The protonated Schiff base rests in a nonpolar but in- 
teractive cavity. For simplicity, the term interactive cavity 
will be used in the text when interactions are presumed to 
exist between the chromophore and the cavity. 

(3) The protonated Schiff base is surrounded by a polar and 
interactive cavity. 

To mimic the situations (I),  (2), and (3), three solvents 
or mixtures of solvents could be used. For case (I), pure 
dioxane was selected even though some interactions are 
possible by the use of the lone pairs of electrons located at 
the two oxygen atoms. However, it is the only suitable non- 
polar solvent (dielectric constant 2.21) that is able to dis- 
solve the SB, the acid, and the water without inducing a phase 
separation. In case (2), a mixture of 90% of chloroform and 
10% of dioxane was used, whereas for (3), a mixture of 10% 
ethanol and 90% dioxane was used. In the last case, ethanol 
was chosen instead of the customary methanol because flu- 
orescence, always a nuisance in Raman, is less intense in that 
solvent. A few combinations of solvents were also tested and 
will be mentioned in the text when necessary. 

First, Raman spectra of unprotonated and protonated model 
SB were collected in dioxane, chloroform, and ethanol in the 
absence of water in order to characterize their spectroscopic 
behaviour. Spectra of the SB and differently protonated SB 
in chloroform are displayed in Fig. 1. As can be seen, they 
are dominated by the C=C double bond stretching mode 
(v,=,) of the conjugated system centered at ca. 1624 cm-' 
and the C=N double bond stretching mode of the imine link 
(v,=,) located at ca. 1641 cm-' when unprotonated. Fol- 
lowing addition of any organic acids, the v,=, vibration 
gradually disappears and is replaced by the weak c=Nf 
stretching mode (v,=,+) detected at ca. 1679 cm-'. Simul- 
taneously, the Raman intensity of the v,=, band is en- 
hanced, while its frequency position remains almost 
unchanged. It should be noted that when protonated, the in- 
tensity of the v,=, mode of the PSB gains intensity because 
the energy of its electronic transition becomes more coinci- 
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SB + DCA 

WAVENUMBER (cm-1) 

FIG. 1. Raman spectra of the SB (bottom trace) and of the SB complexed to organic acids (top traces) in chloroform excited with the 
488 nm laser line at a concentration of 0.025 M. 

TABLE 1. Percentages of protonation of several SB/acid systems 
in dioxane, chloroform, and ethanol 

SB/acid Dioxane (%) Chloroform (%) Ethanol (%) 

SB/CPR 0-10 40-50 50-60 
SB/MCAn 35-45 60-70 80-1 00 
SB/DCA 50-60 80-90 100 

"MCA stands for monochloroacetic acid. 

dent with the energy of the 488 nm laser line, leading to a 
better preresonance Raman effect (viz. A,,, 308 nm for the 
PSB compared with A,,, 267 nm for the SB). This Raman 
regime also leaves the spectra of the complexes free of the 
contribution of the v,, coo-mode of the deprotonated or- 
ganic acids, detected in the same spectral region. This makes 
the measurements of the percentage of protonation easily 
accessible and they are reported in Table 1 for chloroform, 
dioxane, and ethanol. The percentages of protonation have 
been calculated simply by measuring the peak heights of the 
vc=, of the SB that remains after protonation compared with 
the peak heights of the v,=, of the SB without the acid sys- 
tem, since all spectra have been obtained using the same 
concentration of the SB. This method is applicable as long 
as the vc-, band is visible, that is, for systems where the SB 
is moderately protonated. When protonation becomes large, 
the height of the v,=,+ band (at 1679 cm-I) can be mea- 
sured and compared with the height of this band for the fully 
protonated system. From Table 1, it can be seen that pro- 
tonation increases with the strength of the acid used and the 
polarity of the solvent (dielectric constants of these three 
solvents are dioxane 2.21, chloroform 4.81, and ethanol 
24.3). Maximum protonation occurs for DCA in ethanol, 

whereas the minimum is reached for CPR in dioxane. These 
results are comparable to those obtained by means of FT-IR 
for the same system in chloroform (23) and in methanol (24). 
Knowledge of the initial degree of protonation is important, 
as the reactions taking place following water addition are 
governed by its relative concentration compared with the one 
of either the PSB or the SB. 

Addition of water 
When water is added to the system, part of the proton- 

ated SB is destroyed and turned into its aldehyde form. The 
aldehyde (trans,trans-2,4-heptadienal) has two characteris- 
tic bands: the very intense v,=, at ca. 1637 cm-I and the 
weaker vC=, at ca. 1681 cm-I, which are unfortunately 
coincident with the v,=, band of SB (at 1641 cm-I) and the 
vc=,+ band of PSB (at 1679 cm-I), with the result that this 
study is less straightforward. The effect of the presence of 
the aldehyde in the SB spectrum can be seen in Fig. 2, cor- 
responding to 30, 70, and 100% of hydrolysis. The spectra 
corresponding to 30 and 70% of hydrolysis are computer- 
ized versions using the pure SB and pure aldehyde spectra 
and correspond to the situations where respectively 30 and 
70% of the SB would have been hydrolyzed. As can be seen, 
the intense vc=, of the dienal completely overlaps the vc=, 
of the SB. This deteriorates even more when the PSB is 
present, because then three products having almost the same 
Raman signature appear as shown experimentally in Fig. 3 
for hydrated PSB and SB adducts in dioxane. As can be seen, 
the overlapping contribution from the aldehyde consider- 
ably alters the usual spectral response in the 1600- 
1700 cm-I region. This makes it difficult to evaluate the 
percentage of protonation using the method quoted earlier, 
as well as the measurement of the extent of hydrolysis. It is 
not possible to solve this problem by substracting the alde- 
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100 %hydrolysis 

70 % hydrolysis 

30 %hydrolysis 

0 8 hydrolysis 

WAVENUMBER (cm-1) 

FIG. 2. Raman spectra of a 0.025 M dioxane solution of SB (bottom trace) and of a 0.025 M dioxane solution of its parent aldehyde 
(top trace) excited at 488 nm. Middle traces represent computer mixing of both spectra in various proportions as quoted (vide infra). 

WAVENUMBER (cm-1) 

FIG. 3. Raman spectra of a 0.025 M solution of the SB complexed to dichloroacetic acid in the absence (bottom trace) and in the pres- 
ence of water (top three traces) in dioxane (excitation wavelength 488 nm). 

hyde contribution, firstly because all the aldehyde vibra- However, it is not necessary to monitor the exact changes 
tions are coincident with either the SB or the PSB spectral in the degree of protonation of the SB in the presence of 
response and secondly, because of a lack of an internal water; it is sufficient to have an indication of how the pro- 
standard, an unmatched mass balance will result leading to tonation state varies under the different conditions. Hence, 
a false estimation of the degree of protonation. the relative change in the percentage of protonation of the SB 
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TABLE 2. Calculation of the ratio R of an equimolar 
mixture of SB/acid in dioxane (0.025 M) in the pres- 
ence of 0 to 4 times water compared with the initial 

concentration of SB 

TABLE 3. Calculation of the ratio R of an equimolar 
mixture of SB/acid (0.025 M) in a chlorofonn/diox- 
ane solution (90: 10) in the presence of 0 to 4 times 
water compared with the initial concentration of SB 

Water 
ratio added SB alone SB/CPR SB/DCA 

Water 
ratio added SB alone SB/CPR SB/DCA 

in the presence of water can be evaluated by considering the 
evolution of the different bands in the 1600-1700 cm-' re- 
gion. If protonation is favoured by water, the v,=, band at 
1641 cm-' will decrease, whereas the v,=, band at 
1624 cm-' will increase. Thus the intensity ratio of the v,=, 
band measured at 1624 cm-' divided by the intensity of the 
v,=, at 1641 cm-' will increase according to an increase of 
the degree of protonation. This ratio R can then be used as 
an indicator reflecting the protonation state of the SB. For 
0% protonation, R ranges between 1.4 and 1.8, depending 
on the solvent, whereas for 100% protonation, R tends to 
infinity. However, when hydrolysis is present, R is directly 
affected since the dienal produced has its v,=, located at 
1637 cm-', as previously described, and thus R is expected 

1 to decrease. This can be seen in Fig. 3 where four spectra of 
a SB/DCA in dioxane are shown. The first spectrum (bot- 
tom line) shows a band at ca. 1624 cm-I and a shoulder at 
ca. 1641 cm-'; the ratio R is 2.4, indicating that proton- 
ation is indeed present (R 2.4 compared with R 1.8 for 0% 
protonation). The other spectra relate to the addition of 1, 2, 
and 3 molecules of water. It shows that the 1620- 
1625 cm-' band decreases whereas the ca. 1635 cm-I band 
increases. R, measured always at 1624 and 1641 cm-' , takes 
the value of 1.8, 1.6, and 1.3 respectively. This time, the 
denominator of R mostly represents the contribution (at 
1641 cm-') of the v,=, of the dienal plus the contribution 
of the v,=, of the SB. The Raman signal deriving from the 
bending mode of water can also be detected in this same re- 
gion, but its contribution is negligeable because, at the con- 
centration range used, its signal is very weak. Thus R does 
not reflect the exact degree of protonation because of the 
presence of the aldehyde formed after hydrolysis. How- 
ever, if an x% protonation of the SB is followed by the same 
x% hydrolysis, R can again be used by utilizing an experi- 
mentally derived equation (3): 

[3] % of protonation = % of hydrolysis 
I = 114.0 - 70.4R 

I As an example, for R = 1.62, eq. (3) gives 0% hydroly- 
I 

I 
sis; for R 0.2, a 100% hydrolysis. Therefore after water ad- 
dition, if the value R corresponds to the initial percentage of 

I protonation, then it means that water does not promote pro- 
tonation. Table 2 reports the results obtained in dioxane using 
0 to 4 molecules of water and Tables 3 and 4 refer respec- 
tively to chloroform-dioxane (9: 1) and ethanol-dioxane 
(1 : 9) solvents. 

In all three cases, as can be seen in Tables 2-4, results 
show that the heptadienylidene Schiff base without acids, but 
in the presence of water, is quite stable (R does not vary). 

TABLE 4. Calculation of the ratio R of an equi- 
molar mixture of SB/acid (0.025 M) in a solution 
of ethanol/dioxane (10:90) in the presence of 0 to 
4 times water compared with the initial concentra- 

tion of SB 

Water ratio added SB alone SB/DCA 

For 3-chloropropionic acid, a weak acid, Table 2 shows 
that R is very slightly different from the "standardn value (R 
1.8), indicating that protonation, if any, is very small and that 
water molecules have, at the most, a very weak effect in 
promoting protonation in dioxane. With DCA, protonation 
is higher (R 2.4) and water molecules affect R directly (from 
2.4 to 0.9). Using eq. [3], in the case of four molecules of 
water, the degree of protonation reaches around 50%, which 
corresponds to the initial degree of protonation, thus indi- 
cating that water has no effect in promoting protonation. In 
the time span of the experiments (some 10 min for each 
spectrum), these results indicate that it takes four molecules 
of water to cause the complete hydrolysis of one molecule 
of the protonated Schiff base. 

In a chloroform-dioxane (9: 1) mixture, CPR is more ef- 
fective as a protonating agent (R 1.8 compared with 1.4). 
With water, R reaches only 1.6 (from 1.8), indicating that 
in the time span of the experiments water has almost no ef- 
fect. For DCA, in the absence of water, R reaches 3.6, in- 
dicating some 80-90% protonation and showing that 
chloroform favors more protonation than dioxane (50-60%). 
Again, with water present, R drops only slightly from 3.5 to 
2.8. For a protonation of 80% followed by complete hydro- 
lysis, R should reach ca. 0.48 (as calculated using eq. [3]) 
instead of 2.8. From Table 3 then, it must be concluded that 
chloroform is rather effective in shielding the PSB from water 
and only a small fraction of the molecules of water can hy- 
drolyze the PSB. Chloroform is known to cause the forma- 
tion of tight ion-pairs (thus favoring protonation) and this has 
been described before (20, 24). Finally, the ratio of chlo- 
roform to dioxane was varied from 1 : 1 to 1 : 9 and the same 
results were obtained, that is, R was identical or greater than 
R obtained in pure dioxane. 

In an ethanol-dioxane (I : 9) mixture, only DCA was used. 
Table 4 shows that DCA gives only 60-70% protonation (R 
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2.9), that is, more than in dioxane (R 2.4) and less than in 
chloroform-dioxane (R 3.6). Other ratios of ethanol and 
dioxane were tested. Usually R increased with an increase 
in the ratio of ethanol to dioxane. Unfortunately, severe ex- 
perimental limitations exist in this case because of the un- 
avoidable fluorescence background present with alcoholic 
solutions. Upon water addition, R remains constant, mean- 
ing that the system is chemically stable: no hydrolysis is oc- 
cumng as well as no additional protonation. This is quite 
different from the results obtained in pure dioxane where 
hydrolysis readily occurred. In fact, hydrolysis became im- 
portant in this ethanol-dioxane mixture only when the con- 
centration of water was at least 1% v/v water/solvent. The 
presence of ethanol promotes protonation when compared 
with dioxane alone and prevents hydrolysis. This means that 
some ethanol molecules lie close to the imine function and 
interact with the SB and the acid probably through hydro- 
gen bonding, helping protonation to occur. Also, other 
ethanol molecules must interact with water, again through 
hydrogen bonding, and this time preventing water from dif- 
fusing near the protonated Schiff base. 

This is not too surprising when one considers the action 
that water has when interacting either with dioxane or 
ethanol. Cemamo and Tartaglione (31) have studied by X-ray 
spectroscopy the behavior of water mixed with either diox- 
ane or ethanol. In that work, they show that whatever the 
concentrations of water used, its structure is different from 
one solvent to the other. This can also be seen by examin- 
ing the Raman spectra of mixtures of water-ethanol and 
water-dioxane. Figure 4 shows the spectrum obtained with 
a mixture of water-dioxane in a ratio of 1 : 9 (curve 1). This 
must be compared with the spectrum of pure water (also 
shown, curve 2). Dioxane is then seen to disturb greatly the 
structure of water with an enhancement of the 3420 cm-' 
band relative to the 3260 cm-I band. This is well docu- 

mented and is assigned to a decrease of the in-phase inter- 
molecular coupling of the OH oscillators (ref. 32 and 
references therein). It is believed that in such cases water is 
dispatched into micro domains. The spectrum of a 1 : 10 
water-ethanol mixture is quite different from that obtained 
with a 1 : 10 water-dioxane mixture. The water vibrations in 
this region are again perturbed but the variation of the 3420 
and 3260 cm-' band system is less pronounced. However, 
in the case of the water-ethanol mixture, the analysis be- 
comes more complex because of the presence of the stretch- 
ing vibration mode of OH of the alcohol. Some information 
can be found in the region of the OH bending mode which 
appears in the 1600-1 700 cm-' region. For pure water, in 
the IR spectrum (this signal is too weak in the Raman spec- 
trum), the band appears at ca. 1645 cm- '. In a water-ethanol 
mixture (1 : lo), the band is at ca. 1656 cm-' whereas for a 
1 : 10 water-dioxane mixture, it is at ca. 1648 cm-I. The 
1648 cm-I band being close to the 1645 cm-I band implies 
that water molecules prefer to associate with themselves in 
dioxane in the same way they do in pure water, whereas in 
ethanol water molecules are seen to associate with mole- 
cules of ethanol, creating stronger H bonds; it must be noted 
that H bonding tends to increase the vibration frequency of 
a bending mode. This being so, the results obtained in diox- 
ane and in an ethanol-dioxane mixture are perfectly under- 
standable. Hydrolysis of the PSB is fast in dioxane since 
water does not associate with it and is very slow in ethanol- 
dioxane because water associates itself to ethanol and in doing 
so does not reach the PSB easily. 

If we now look globally to the three systems, the addition 
of water does not seem to promote protonation. Of course, 
the water content is quite low compared with the solvents, 
but nevertheless it indicates that water is not attracted by the 
PSB/counterion system and hence plays no role. 

These results also demonstrate that the protection of a 

WAVENUMBER (cm-1) 

FIG. 4. Raman spectra of a 10:90 mixture of water in dioxane (1) and of neat water (2) in the region 3100-3800 cm-I (excitation 
wavelength 488 nm). 
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protonated Schiff base from hydrolysis is assured by a protic 
medium and this protection is greater as the dielectric con- 
stant of the medium is large. 

Our system has been devised to shed some light on how 
water molecules could react with the chromophore in the host 
cavity. It is evident that this model is quite different from the 
protein; dioxane, chloroform, and ethanol cannot mimic the 
protein moiety as such. However, the polarity of the cavity 
hosting the Schiff base portion of the chromophore is not 
known. Recently, the protonating agent has been found. It 
is Glu-113 (15), a rather weak acid which, as we have shown 
in the past (22-25), is unlikely to protonate fully the Schiff 
base chromophore unless some stabilizing factors are also 
present in the protein. Furthermore, water molecules are now 
known to be present near the chromophore (9, 10) and only 
very recently (33) their possible role in protonation has been 
advocated, much in the same way as we have predicted in 
the past. The present model, given all its shortcomings, can 
nevertheless show, we believe, some interesting inferences. 
In particular, our results indicate that the host cavity lodg- 
ing the protonated Schiff base in the pigments could possi- 
bly be rich in groups that will be able to form an extensive 
hydrogen-bond network so as to offer a propitious environ- 
ment for protonation. That is, the environment would sta- 
bilize the PSB, its counterion, and the water molecules. These 
groups could be Tyr, Ser, His, Glu, Asp, Arg and they could 
act in a fashion similar as the one found by Khorana et al. 
(14, 15) in bacteriodopsin where protonation of the SB seems 
to be due to the combined action of three amino acids. At 
different stages, especially for metarhodopsin 11, it is pos- 
sible to invoke the fact that the environment surrounding the 
chromophore could change from a protic medium to an 
aprotic one, thus liberating the water molecules that can now 
hydrolyze the Schiff base. 
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SIDIMA T. KABANYANE and DAVID I. MAGEE. Can. J.  Chem. 70, 2758 (1992). 
A convenient one-step method for the preparation of alkynyl phenyl sulfides using diphenyl disulfide has been de- 

veloped. The oxidation of the corresponding sulfides to the sulfoxides, and not sulfones, was achieved by using trans- 
(phenylsulfonyl)-3-phenyloxaziridine. A variety of other oxidizing reagents was also investigated. 

SIDIMA T. KABANYANE et DAVID I. MAGEE. Can. J. Chem. 70, 2758 (1992). 
On a mis au point une mkthode de preparation simple qui conduit en une Ctape du disulfure de diphenyle aux sulfures 

d'alkynyle et de phknyle. On a rkalisk I'oxydation des sulfures en sulfoxydes correspondants - et non pas en 
sulfones - en utilisant de la trans-(phenylsulfony1)-3-phknyloxaziridine. On a aussi examink une skrie d'autres agents 
d'oxydation. 

[Traduit par la rkdaction] 

Introduction 
In the course of our studies on the chemistry of acety- 

lenic sulfoxides, the development of a general, high-yield- 
ing method for their preparation became necessary. A survey 
of the literature showed numerous methods for the prepara- 
tion of acetylenic sulfides that, in turn, were oxidized to the 
required sulfoxides: dehydrohalogenation of olefinic com- 
pounds ( l ) ,  elimination of mercaptans (2), isomerization with 
migration of multiple bonds (3) ,  and the reaction of metal 
acetylides on alkyl or phenyl sulfenyl halides and thiosulfi- 
nates (4). The only direct method involved the reaction of 
an alkynyl anion with sulfinate esters (5). However, for our 
purposes these methods proved to be either low yielding, or 
incompatible with another functionality in our system. As a 
result of these difficulties, we investigated other means of 
synthesizing these compounds that would not only serve our 
purposes, but be of general utility. 

Results and discussion 
Our first attempt was the reaction of an acetylide anion 

with diphenyl disulfide; however, the sole product observed 
(85% yield) was a bis-sulfide (eq. [I]). The structural ge- 
ometry of this compound was supported by a 5.5% nOe be- 
tween the olefinic proton and the allylic methylene. This 
product, we believe, arose from nucleophilic attack of the 
lithium thiophenolate generated during the course of the re- 
action upon the acetylenic sulfide. This mechanism was 
further corroborated by the fact that treatment of pure acet- 
ylenic sulfide, synthesized via a different procedure, with 
lithium thiophenolate under identical reaction conditions gave 
the same bis-sulfide product. This result is not without 
precedent (4). Alkyl cuprates (6), sodium stannanes (7), tri- 
alkyl phosphites (8), tertiary arnines (9), and a variety of other 
reagents (10) all undergo nucleophilic additions to this class 
of compounds as well. It then became quite evident that a 
successful approach required an efficient removal of the un- 
wanted lithium thiophenolate. 

R-C=C-M+ 
f l  

R-CGC-SPh 
[I1 + - C + H2O 

Ph-S-S-Ph -SPh PhS SPh 

The conversion of sulfur compounds to stable sulfonium 
ions via S-alkylation is a well-known biological and chem- 
ical process used for the activation of certain centers to- 
wards nucleophilic addition. It occurred to us that we may 
utilize this property of sulfur for our purposes in the follow- 
ing way. Pretreatment of the disulfide with one equivalent 
of methyl iodide would generate the S-alkylated product that, 
in turn, should yield only the desired product and methyl 
phenyl sulfide on tre'atment with an alkynyl anion (path a ,  
eq. [21). 

As a test of this hypothesis we treated diphenyl disulfide 
with methyl iodide in tetrahydrofuran (THF) at room tem- 
perature for 1 h,  followed by cooling to -78°C and addition 
of the lithium alkynyl anion generated from MEM-pro- 
tected propargyl alcohol. As predicted, the crude ' H  NMR 

' ~ u t h o r  to whom correspondence may be addressed. 

spectrum revealed only the alkynyl phenyl and methyl phenyl 
suCfides after a normal work-up procedure. Silica gel chro- 
matography provided the desired compound in 87% yield. 
Clearly methyl iodide was beneficial, but was its role as 
postulated (path a, eq. [2]), or simply as an efficient thio- 
phenolate trap (path b,  eq. [2])? We favor the latter expla- 
nation for the following reasons: (1) separate, simultaneous 
addition of methyl iodide and diphenyl disulfide to the al- 
kynyl anion gave the same result as the premixed solution, 
and (2) 'H NMR analysis of the premixed solution over var- 
ious periods of time (i.e., 5 min - 1 h) showed no evidence 
of any intermediates. 

Encouraged by this result, we investigated its generality 
and our results are presented in Table 1. As can be seen from 
the table, a variety of functional groups tolerate the reaction 
conditions. Notable examples are entries 2 and 4 where the 
phenyl sulfenyl group was only incorporated at the alkyne. 
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KABANYANE AND MAGEE 

TABLE 1. Sulfenation of alkynes with diphenyldisulfide and methyl iodide 

R-CEC-H + base 
-78"CJRT * R-CEC-S-Ph + Me-S-Ph 

~ h - S - S - ~ h  + Me1 
la - 7a 

Base 
Entry Alky ne (temp, "C) Yield (%)" MeSPh (%) 

nBuLi 87 90 
(- 78) 
nBuLi 90 89 
(- 30) 
nBuLi 68 7 1 
(-78) 

NaH, nBuLi 8 1 80 
(-30) 

BuO -r 

"All new compounds gave satisfactory 'H NMR, IR, and high-resolution mass spectra. 

path a 
I 

MEMO-=- 
SPh 

+ 

SPh i' MeSPh 

MEMO-=- 

With the preparation of the sulfides in hand, the only 
task remaining was their oxidation to the corresponding 
sulfoxides. We anticipated no particular problems since there 
is ample literature precedent for performing this transfor- 
mation ( 1 1). However, we decided to undertake a more rig- 
orous investigation since the oxidation of sulfides to 
sulfoxides, and not sulfones, can be rather troublesome. The 
reagents chosen were the standard oxidants mCPBA, oxone@ 
(12), and sodium periodiate (NaIO,) (1 3), as well as the re- 
cently introduced Davis reagent, trans-2-(phenylsulfony1)-3- 

phenyloxaziridine (14). Our results are presented in 
Table 2. 

Unexpectedly, neither phenylsulfonyloxaziridine nor 
NaIO, showed any reactivity towards the sulfides under 
normal oxidation conditions, even after extended periods of 
time (24 h at room temperature). Both of these reagents are 
known to oxidize alkyl and phenyl sulfides very readily and, 
in the case of oxaziridine, very cleanly and rapidly (14a). 
This result suggests that the alkyne plays a pivotal role in 
decreasing the nucleophilicity of the sulfur atom and thus its 
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TABLE 2. Oxidation of alkynyl phenyl sulfides 

l a  - 7a l b  - 7b l c  - 7c 

Compound ~ e t h o d ~  Product b  : c  (yield%)" 

MEMO 
-=-SPh 

l a  iii 1OO:O (88) 

HO-E - SPh 

2a 

BuO 4 

1 

11 . . . 
111 

i 
11 

iii 

i 
11 

iii 

1 

ii 
iii 

"All new compounds gave satisfactory 'H NMR, IR, and high-resolution mass spectra. 
bMethods: i. m-CPBA/CH2CL2, 0°C; ii. oxone(KHSO,)/MeOH/H,0, O°C, RT; iii. phenylsul- 

fonyloxaziridine/CHCl,, reflux (60°C). 
*See Text, compounds 8a and 86  were obtained. 
**See text, compound 8a was obtained. 

susceptibility towards oxidation. The reason for this re- 
duced reactivity is not readily apparent. While one can qgue 
that a sulfur lone pairmay be delocalized into the .rr orbitals 
of the alkyne, Davis et al .  showed that diphenyl sulfide ox- 
idizes instantaneously at 0°C with oxaziridine (14a). The 
neighbouring acetylene thus exerts a very specific deacti- 
vating effect. 

We were, however, pleased to find that reactions with the 
Davis reagent at 60°C provided the desired products in high 
yields, Table 2. In all cases attempted, no overoxidation was 
observed. Surprisingly, olefin 6 showed no reaction of the 
double bond even though these are the conditions reported 
for epoxidation (14b). This method of oxidation solves the 
dilemma that we encountered with the use of mCPBA and 
(or) oxone@. Although uniformly good yields of oxidized 
products were obtained, there was difficulty in achieving 
complete specificity (contrast the results for compound l a  
with those for 4a and Sa, Table 2). 

The oxidation of compound 4, under any of the condi- 

tions, gave a more complicated result, which could prove of 
use for the synthesis of highly substituted furans. Treatment 
of 4 with oxaziridine gave, as expected, a sulfoxide, but 
spectroscopic investigations (i.e., 'H-'H decoupling, I3c 

NMR, low-resolution MS, UV, IR) revealed the structure to 
be the vinyl ether 8a, Scheme 1. This product presumably 
arises by enolization of the P-keto ester, followed by Michael 
addition of the oxygen atom onto the acetylenic sulfoxide. 
Acid-catalyzed isomerization (pTSA, MeOH) of the exo- 
cyclic double bond cleanly furnished furan 4b, Scheme 1. 

Since it was clear that an acid source was required to in- 
duce isomerization, we felt that treatment of acetoacetate 4a 
with either mCPBA or oxone@ should produce the furans 
directly. In the case of oxone@, furan 4b could be obtained 
directly (see Table 2). However, the reaction could be in- 
tercepted to give compound 8a, the same vinyl ether as in 
the oxaziridine oxidation. mCPBA, as shown in Table 2, gave 
only compounds 8a and 8b, with the sulfone product pre- 
dominating. Both of these products, when treated with p-  
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KABANYANE AND MAGEE 

Me0 Me0 Me0 
u - 

\\ \\ 
SPh S(O)nPh 

P 'C S(O),Ph 

toluenesulfonic acid in methanol, isomerized to give furans 
4b and 4c. 

In conclusion, we have demonstrated that alkynyl sul- 
fides can be prepared in generally high yields by treating a 
premixed solution of diphenyl disulfide and methyl iodide 
with various lithium alkynyl anions. The sulfides can then 
be oxidized exclusively to their sulfoxides by trans-2- 
(phenylsulfony1)-3-phenyloxaziridine. Other oxidants such 
as mCPBA or oxone@ are also effective but, in some in- 
stances, mixtures or sulfones predominate. Further studies 
in this area, including the potential use of the resulting al- 
kynyl sulfoxides (and sulfones) for intra- and intermolecu- 
lar nucleophilic additions, are currently being pursued. 

. .., 

Experimental 

All commercial reagents were purchased from Aldrich Chemi- 
cals (Milwaukee) and used without any further purification. Re- 
action solvents were dried according to established procedures (15). 
All reactions were performed in oven-dried glassware (120°C) under 
an atmosphere of nitrogen unless otherwise stated. Reaction tem- 
peratures refer to external baths. 

Column chromatography was carried out according to the pro- 
cedure of Still et a l .  (16), using Merck silica gel (230-400 mesh). 
Thin-layer chromatographic analyses were performed on Merck F254 
0.25 mm plates. Infrared (IR) spectra were recorded on a Bruker 
IFS25 FTIR and are reported in wave numbers (cm-I). Low- and 
high-resolution mass spectra were measured on a Kratos MSSOTC. 
All nuclear magnetic resonance (NMR) spectra were recorded on 
an XL200 (200 MHz) spectrometer with chemical shifts reported 
in ppm (6) with tetramethylsilane as an internal standard. All cou- 
pling constants ( J )  are reported in Hz. Ultraviolet (UV) spectra were 

recorded on a Beckmann model 25 spectrometer with 4.5 mL ca- 
pacity quartz cuvets and 95% ethanol as solvent. 

General method for alkynyl sulfide preparation: 3 -  
(methoqethoqmethy1)-1-propynyl phenyl sulfide l a  

A solution of 3-(2-methoxyethoxymethyl)-1-propynyl ether 
(250 mg, 2.2 mmol) in 5 mL THF was cooled to -78°C. To  this 
was added n-butyllithium (1.4 mL, 2.2 mmol) and the reaction was 
stirred for 30 min. A premixed solution (1 h at RT) of diphenyl 
disulfide (480 mg, 2.2 mmol) and methyl iodide (0.14 mL, 
2.2 mmol) in THF (8 mL) was then added dropwise, and was stirred 
for 1 h at room temperature. It was then quenched with 20 rnL of 
dilute aqueous NH4Cl solution and extracted with diethyl ether (2 
portions). The organic phase was dried with magnesium sulfate 
(MgSO,) and concentrated in vacuo. The crude product was puri- 
fied by SiO, chromatography (3 : 1 hexane: EtOAc) to give sulfide 
l a  (384 mg, 87%) as a colorless oil. IR (neat) cm-l: 3075 (s), 2929 
(s), 2183 (s), 1583 (s), 849 (s); 'H NMR (CDC13) 6: 7.35 (m, SH), 
4.82(~,2H),4.46(~,2H),3.70(t,2H,J=3.9),3.55(t,2H,J= 
3.9), 3.37 (s, 2H); HRMS: m+/zOb, = 252.0814 (m+/~,,~, = 
25.0821). 

3-Hydroxy-1 -propynyl phenyl sulfide 2a  
A solution of proparyl alcohol (200 mg, 3.5 mmol) and THF 

(10 mL) was cooled to -30°C. n-Butyllithium (4.7 mL, 
7.5 rnmol) was added dropwise and the reaction was stirred for 
30 min. A premixed solution (1 h, RT) of diphenyl disulfide 
(785 mg, 3.6 mmol) and methyl iodide (0.3 mL, 3.8 mmol) in THF 
(5 mL) was then added dropwise. The reaction mixture was al- 
lowed to warm to room temperature and stir for l h. Aqueous 
work-up followed by SiO, chromatography (3 : 1 hexane : EtOAc) 
afforded sulfide 2a (530 mg, 90%) as a colorless oil. LR (neat) cm-I: 
3371 (b), 3020 (s), 2919 (s), 2186 (s), 1583 (s), 678 (s); IH NMR 
(CDC1,) 6: 7.33 (m, 5H), 4.48 (s, 2H); HRMS: m+/zob, = 164.0296 
(m+/z,,,, = 164.0296). 
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1 -Nonynyl phenyl sulfide 3a (m, 2H), 7.53 (m, 3H), 4.72 (s, 2H), 4.39 (s, 2H), 3.34 (s, 3H); 
1-Nonyne (200 mg, 1.6 mmol) was treated as described in the HRMS: (mf/z - CH30CH2CH20)ob, = 209.0269 ((mf/z - 

general procedure. SiO, chromatography (20 : 1 hexane : EtOAc) CH,OCH,CH,O),,,, = 209.0273). - - --.- 

affordedsulfide 3a (252 mg, 68%) as a colorless oil. IR (neat) cm-I: 
3131 (w). 2927 (s). 2359 (w). 1583 (s); 'H NMR (CDCl,) 6: 7.26 3 - H ~ d r o x y - 1 - ~ r o ~ ~ n ~ 1  phenyl sulfoxide 2b and sulfone 2c 

(m, 5 ~ ) : 2 . 4 8  (t; 2 ~ ,  J = 6 .7 ) ,  1.60'(;, 2H), 1.35 (m, 8~), 0.88 General method 2 
(t, 3H, J = 6.7); HRMS: mf/z0b, = 232.1284 (m+/zCal, = Oxone@ (2KHS0,. KHSO, . K,SO,, 132 mg, 0.44 mmol of 
232.1286). KHSO,) in water (4 mL) was added to a solution of sulfide 2a 

Methyl-2-acyl-5-phenylthio-pentynoate 4a 
A suspension of sodium hydride (83.6 mg, 2.1 mmol) in THF 

(20 mL) was cooled to O°C. To this was added P-keto acetylene 4 
(300 mg, 1.9 mmol) in THF (5 mL). After complete addition and 
stimng for 10 min, the temperature was lowered to -30°C and n- 
butyllithium (1.3 mL, 2.1 rnmol) was added dropwise. Stimng was 
continued for 30 min at this temperature. A premixed solution 
(1 h, RT) of diphenyl disulfide (414 mg, 1.9 mmol) and methyl 
iodide (0.14 mL, 2.3 mmol) in THF (5 mL) was added dropwise. 
The reaction mixture was stirred for 1 h at room temperature. 
Aqueous work-up followed by purification on Si02 chromatogra- 
phy (3 : 1 hexane : EtOAc) gave sulfide 4a (41 3 mg, 8 1 %) as a col- 
orless oil. IR (neat) cm-': 3063 (m), 2189 (w), 1744 (s), 17 19 (s), 
1583 (m); 'H NMR (CDCI,) 6: 7.32 (m, 5H), 3.75 (t, lH, J = 7 . 9 ,  
3.75 (s, 3H), 2.98 (d, 2H, J = 7 . 3 ,  2.29 (s, 3H); HRMS: 
m+/zob, = 262.0654 (m+/z,,,, = 262.0644). 

4-(Methoxymethoxymethy1)-5-(I ,3-dioxo1ane)-1 -hexynyl phenyl 
sulfide 5a 

MOM-(1,3-dioxo1ane)- 1-hexyne (300 mg, 1.4 mrnol) was treated 
as described in the general procedure. Purification by SiO, chro- 
matography (3: 1 hexane:EtOAc) afforded sulfide 5a (374 mg, 
83%) as a colorless oil. IR (neat) cm-I: 3073 (m), 2984 (s), 2201 
(w), 1583 (s), 1441 (m), 899 (s); 'H NMR (CDCI,) 6: 7.28 (m, 5H), 
4.63 (s, 2H),3.94(m,4H),3.76(dd, 2 H , J  = 6 . 0 , J =  2.2), 3.35 
(s, 3H), 2.73 (dd, 2H, J = 6.0, J = 2.2), 2.11 (m, lH), 1.34 (s, 
3H); HRMS: m+/z0b, = 322.1245 (m+/z,,,, = 322.1239). 

4-n-Butoxymethyl-5-ethylene-I-hexynyl phenyl sulfide 6a 
The corresponding alkyne (200 mg, 1.1 1 mmol) was treated as 

described in the general procedure. Chromatography on SiO, (3: 1 
hexane:EtOAc) afforded sulfide 6a (229 mg, 72%) as a colorless 
oil. IR (neat) cm-I: 3087 (m), 2998 (s), 2929 (s), 2203 (w), 1648 
(m), 1584 (m), 1449 (m); 'H NMR (CDCl,) S: 7.30 (m, 5H), 4.91 
(p, lH,  J = 1.5), 4.85 (p, J = 1.5), 3.48 (m, 4H), 2.65 (m, 3H), 
1.77 (bs, 3H), 1.50 (m, 5H), 0.91 (t, 3H, J = 8.2); HRMS: 
mf/zob, = 288.1561 (m+/z,,,, = 288.1598). 

3-Tetrahydropyranoxyl-1-propynyl phenyl sulfide 7a 
The corresponding alkyne (200 mg, 1.42 mmol) was treated as 

described in the general procedure. Chromatography on Si02 (20: 1 
hexane : EtOAc) gave sulfide 7a (3 18 mg, 90%) as a colorless oil. 
IR (neat) cm-': 3060, (m), 3005 (s), 2739 (s), 2136 (m), 1583 (s), 
1441 (s); 'H NMR (cDc~'~) 6: 7.29 (m, 5H), 4.87 (t, lH,  J = 3.1), 
4.50 (s, ZH), 3.85 (m, lH), 3.65 (m, lH), 1.7 1 (m, 6H); HRMS: 
m+/zob, = 248.0864 (m+/~,,~, = 248.0871). 

3-(Methoxyethoxymethyl)propynyl phenyl sulfoxide I b  

General method 1 
To a stirred solution of sulfide l a  (100 mg, 0.39 mmol) in 

methylene chloride (10 mL) at 0°C was added a solution of m- 
chloroperoxybenzoic acid (82 mg, 0.47 mmol) in methylene chlo- 
ride (5 mL). The solution was stirred for 1 h at O°C, added to 
20 mL of NaHCO, solution, shaken, and separated into two lay- 

.ers. The aqueous layer was extracted with methylene chloride (2 
portions) and the combined extracts washed with brine. The or- 
ganic phase was dried with MgSO, and the solvent evaporated under 
reduced pressure. The crude product was purified by Si02 chro- 
matography (3: 1 hexane:EtOAc) to afford sulfoxide l b  (100 mg, 
96%) as a colorless oil. IR (neat) cm-I: 2926 (s), 2184 (m), 1445 
(m), 1200 (b); UV A,,: 226 (E,,, 6400); 'H NMR (CDCI,) 6: 7.75 

-, 

(60 mg, 0.36 mmol) in methanol (4 mL) at 0°C with vigorous stir- 
ring. A white precipitate formed immediately. The reaction mix- 
ture was allowed to warm to room temperature and was stirred until 
TLC showed complete disappearance of starting material. The 
solvent was removed in vacuo and the mixture was extracted with 
chloroform (3 portions). The organic phase was washed with water 
(10 mL) and brine (10 mL) and dried with MgSO,. The solvent was 
removed and the crude product purified by SiO, chromatography 
(1:3 hexane:EtOAc) to give 45 mg (68%) of sulfoxide 2b and 
5 mg of sulfone 2c as colorless oils. 

26: IR (neat) cm-': 3372 (b), 2182 (s), 1445 (s), 1048 (s); UV 
A,,: 223 (E,, 9300); 'H NMR (CDCI,) 6: 7.75 (m, 2H), 7.50 (m, 
3H), 4.39 (s, 2H); HRMS: m+/zobs = 180.0234 (m+/zCal, = 
180.0245). 

2c: IR (neat) cm-': 3296 (b), 3066 (s), 2957 (s), 2203 (s), 1312 
(s); UV A,,,: 224 (E,,, 8100); 'H NMR (CDCI,) 6: 8.00 (m, 8H), 
7.60 (m, 3H), 4.41 (s, 2H), 1.9 (bs, 1H); HRMS: ln+/z0b, = 
196.0189 (m+/zCal, = 196.0194). 

I -Nonynyl phenyl sulfoxide 3b 
Oxidation of sulfide 3a according to general procedure 2 and 

purification on Si02 (3: 1 hexane: EtOAc) gave sulfoxide 3b (96%) 
as a colorless oil. JR (neat) cm-': 3060 (s), 2953 (s), 2180 (s), 1457 
(s); UV A,,,: 226 (E,,, 9200); IH NMR (CDCl,) 6: 7.79 (m, 2H), 
7.54 (m, 3H), 2.42 (t, 2H, J = 9.7), 1.53 (m, 2H), 1.25 (m, 8H), 
0.87 (t, 3H, J = 5.9); HRMS: (m+/z + H)obs = 249.1244 
((m'/z + H),,,, = 249.1250). 

Methyl-(2-phenylthiomethyl sulfoxide)-5-methyl-furanoate 4b and 
methyl-(2-phenylthiornethyl sulfone)-5-methyl-furanoate 4c 

General method 3 
A solution of sulfide 4a (50 mg, 0.19 mmol) and trans-2- 

(phenylsulfony1)-3-phenyloxaziridine (65 mg, 0.25 mmol) in 
5 mL of chloroform was refluxed (60°C) for 3 h. The reaction 
mixture was then cooled and the solvent was removed in vacuo. 
The residue was purified by SiO, chromatography (1 : 1 hex- 
ane:EtOAc) to afford 30 mg of sulfoxide 8a (57%) as a colorless 
oil. 

Sulfoxide 8a was then dissolved in 2 mL of MeOH and a cata- 
lytic amount of p-toluenesulfonic acid was added. The mixture was 
stirred at room temperature for 12 h and then diluted with 10 mL 
of water and extracted with ether (3 x 20 mL). The combined or- 
ganic phases were dried (MgSO,), filtered, and the solvent was 
evaporated under reduced pressure to furnish 30 mg of sulfoxide 
46 (100%) as a colorless oil. 

8a: IR (neat) cm-': 3057 (m), 2956 (s), 1717 (s), 1652 (s), 1049 
(s); UV A,,: 271 (E,,, 20 000); IH NMR (CDCI,) 6: 7.66 (m, 2H), 
7.51 (m, 3H), 5.63 (t, lH,  J = 2.3), 3.76 (s, 3H), 3.71 (dt, 2H, 
J = 2.2, J = 2.3), 2.41 (t, 3H, J = 2.2); MS (relative intensity): 
246 (m+ - 32, 2), 153 (loo), 125 (7), 77 (8). 

4b: IR (neat) cm-': 2986 (s), 1717 (s), 1615 (s), 1447 (s), 1052 
(s), 636 (s); UV A,,,: 244 (E,,,, 12 400); 'H NMR (CDCl,) 6: 7.49 
(s, 5H), 6.43 (s, lH), 4.00 (d, 2H, J = 6.4), 3.78 (s, 3H), 2.43 
(s, 3H); HRMS: (m+/z - C6HSSO)ob, = 153.0560 ((mf/z - 
C6H5SO),al, = 153.0552). 

Oxidation of sulfide 4a according to general procedure 1 gave 
sulfone 86 (70%) as a colorless oil. Acid-catalyzed isomerization 
as above followed by Si0, chromatography (1 : 1 hexane: EtOAc) 
yielded furan sulfone 4c (100%) as a colorless oil. 

86: IR (neat) cm-': 3033 (s), 2950 (s), 1720 (s), 165 1 (s), 1325 
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KABANYANE AND MAGEE 2763 

(s); IH NMR (CDCI,) 6: 8.10 (rn, 2H), 7.66 (rn, 3H), 5.31 (s, lH), 
3.74 (s, 3H), 3.72 (s, 2H), 2.28 (s, 3H). 

4c: IR (neat) crn-': 2988 (rn), 17 19 (s), 1647 (s), 1447 (s), 1324 
(s), 1 178 (rn); UV A,,: 226 (E,, 12 900); 'H NMR (CDCI,) 6: 7.66 
(rn, 5H), 6.52 (s, lH), 4.34 (s, 2H), 3.79 (s, 3H), 2.42 (s, 3H); 
HRMS: m+/z,,, = 294.0571 (rn+/z,,,, = 294.0562). 

5-(I ,3-Dioxo1ane)-4-methoxymethoxymethyl-1 -hexynyl phenyl 
sulfoxide 5b and sulfone 5c 

Oxidation of sulfide 5a according to general procedure 1, fol- 
lowed by SiO, chromatography (3: 1 hexane:EtOAc), furnished 
sulfoxide 5b and sulfone 5c (78%, 7 :  1 ratio) as colorless oils. 

5b: IR (neat) crn-': 3058 (s), 2984 (s), 2182 (s), 1048 (s), 896 
(s); UV A,,,: 227 (E,,, 5200); IH NMR (CDC1,) 6: 7.80 (rn, 2H), 
7.53 (m, 3H), 4.56 (d, 2H, J = 2.9), 3.90 (rn, 4H), 3.64 (rn, 2H), 
3.28 and 3.27 (s, 3H, -0Me diastereoisorners), 2.70 (d, 2H, J = 
6.5), 2.13 (rn, lH), 1.28 (s, 3H); HRMS: (m+/z - 

CH30CH,0),,, = 277.0896 ((m+/z - CH30CH,0),,, = 277.0899). 
5c: IR (neat) crn-': 3016 (rn), 2923 (s), 2202 (s), 13 10 (s), 1 1 1 1 

(s); UV A,,,: 237 (E,,, 5300); 'H NMR (CDCI,) 6: 7.96 (rn, 2H), 
7.54 (rn, 3H), 4.5 1 (s, 2H), 3.87 (m, 4H), 3.60 (rn, 2H), 3.27 (s, 
3H), 2.62 (d, 2H, J = 6.3), 2.10 (rn, IH), 1.22 (s, 3H); HRMS: 
(m+/z - CH,),,, = 339.0912 ((m+/z - CH3),,I, = 339.0902). 

4-n-Butoxymethyl-5-ethylene-I-hexynyl phenyl sulfoxide 4b and 
srclfone 6c 

Oxidation of sulfide 6a according to general procedure 2, and 
SiO, chromatography (3 : 1 hexane: EtOAc) furnished sulfoxide 6b 
and sulfone 6c (50%, 1 :4 ratio) as colorless oils. 

6b: IR (neat) crn-': 2926 (s), 2202 (s), 1458 (s), 1032 (s); UV 
A,,: 228 (E,, 8500); 'H NMR (CDCl,) 6: 7.74 (rn, 3H), 7.45 (rn, 
3H), 4.88 (bs, lH), 4.75 (bs, lH), 3.26 (rn, 4H), 2.51 (rn, 3H), 
1.6 (s, 3H), 1.25 (rn, 4H), 0.9 (t, 3H, J = 2.8); HRMS: (rn+/z - 
C4H90CH2)abs = 217.0688 ((m+/z - C4H90CH2)calc = 2 17.0687). 

6c: IR (neat) cm-I: 3070 (rn), 2926 (s), 2202 (s), 1309 (s), 11 15 
(s); UC A,,,: 227 (E,,, 8800); 'H NMR (CDCI,) 6: 7.92 (rn, 2H), 
7.50 (rn, 3H), 4.74 (s, lH), 4.73 (s, lH), 3.31 (rn, 4H), 2.45 (rn, 
3H), 1.58 (s, 3H), 1.42 (rn, 4H), 0.84 (t, 3H, J = 4.1); HRMS: 
(m+/z - C4H90CH2),,, = 233.0629 ((m+/z - C4H90CH2)calc = 
233.0636). 

3-Tetrahydropyranyloxy-I -proprynyl phenyl srilfoxide 7b and 
sulfone 7c 

Oxidation of sulfide 7a according to general procedure 2, fol- 
lowed by SiO, chromatography (1 : 2 hexane : EtOAc), afforded 
sulfoxide 7b and sulfone 7c (71%, 19: 1 ratio) as colorless oils. 

7b: IR (neat) crn-I: 3384 (b), 2943 (s), 21 89 (s), 1036 (s), 612 
(rn); UV A,,: 227 (E,,, 6800); 'H NMR (CDCI,) 6: 7.82 (rn, 2H), 
7.56 (rn, 3H), 4.76 (rn, lH), 4.48 (s, 2H), 3.79 (rn, lH), 3.52 (rn, 
lH), 1.70 (m, 6H); HRMS: (m+/z - OH),,, = 247.0781 
((m'/z - OH),,I, = 247.0793):' 

7c: IR (neat) crn-': 3030 (rn), 2945 (s), 2203 (s), 131 1 (s), 1123 
(s); UV A,,,: 226 (E,,, 7100); IH NMR (CDCI,) 6: 8.00 (rn, 2H), 
7.63 (rn, 3H), 4.70 (s, 1 H), 4.39 (s, 2H), 3.74 (rn, lH), 3.50 (rn, 
lH), 1.62 (rn, 6H); HRMS: (m+/z - H)obs = 279.0687 ((m+/z - 
H),,,, = 279.0691). 
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NORBERTO FARFAN, ROSA L. SANTILLAN, DOLORES CASTILLO, REYNA CRUZ, PEDRO JOSEPH-NATHAN, and JEAN-CLAUDE 
DARAN. Can. J. Chem. 70, 2764 (1992). 

The formation of heterobicycles by condensation of (IR, 2R)-(-)-pseudoephedrine or (lR, 2s)-(-)-ephedrine with 
glyoxal is reported. In the case of pseudoephedrine, the nuclear magnetic resonance data of the crude reaction mixture 
indicate the presence of three isomeric compounds (5, 6, and 7), which were separated by fractional crystallization, while 
ephedrine afforded the oxazino-oxazine 8 and the known (5S*,6R*)-4,5-dimethyl-6-phenyl-1,4-oxazin-2-one (9). Con- 
clusive spectroscopic evidence for the structures of the new compounds having the cis-[1,4]oxazino[3,2-b]-1,4-oxazine 
(5 and 8) and the 2,2'-bioxazolidine type structures (6 and 7) was obtained by measurement of the I3c satellite coupling 
constants in the 300 MHz 'H nmr spectra, combined with the evaluation of dihedral angles using a modified Karplus 
type relationship. Unequivocal 'H and I3c nmr spectral assignments for all new compounds were done using two-di- 
mensional carbon-proton correlation experiments. Syntheses of the known 5a,6,1la,l2-tetrahydro[l,4]benzoxa- 
zino[3,2-blbenzoxazine (3a) whose crystal structure has been previously determined, as well as of its N,Nf-diisopropyl 
derivative 36, allowed us to corroborate the above observations for the six-membered ring heterocycles. Moreover, the 
structures of 36 and 7 were independently verified by single crystal X-ray diffraction studies, thus validating the struc- 
tural conclusions deduced from nmr satellite multiplicity measurements. 

NORBERTO FARFAN, ROSA L. SANTILLAN, DOLORES CASTILLO, REYNA CRUZ, PEDRO JOSEPH-NATHAN et JEAN-CLAUDE 
DARAN. Can. J. Chem. 70, 2764 (1992). 

La formation d'hCtCrocycles par condensation de 1'(lR,2R)-(-)-pseudoCphtdrine et de l'(lR,2S)-(-)-Cphedrine avec 
le glyoxal a CtC CtudiCe. Dans le cas de la pseudoCphCdrine les donnkes de la RMN sur le produit brut de la reaction sont 
en accord avec un melange de trois isomkres (5, 6 et 7) qui ont CtC sCparCs par cristallisation fractionnke, alors que 
I'CphCdrine conduit B l'oxazino-oxazine 8 et B la (5S*,6R*)-4,5-dimCthyl-6-phCnyl-1,4-oxazin-2-one (9) dCjB connue. 
La dktermination des structures des cis-[l,4]oxazino[3,2-b]-1,4-oxazines (5 et 8) et des 2,2'-bioxazolidines (6 et 7) a 
CtC rCalisCe par la mesure des constantes de couplage observCes sur les satellites I3c des spectres RMN 'H a 300 MHz, 
et par Cvaluation des angles dikdres au moyen d'une relation de type Karplus modifiCe. L'attribution des signaux dans 
les spectres RMN 'H et I3c de tous les composCs nouveaux a CtC dCterminCe sans ambiguYtC par des experiences de 
corrClation B deux dimensions carbone-proton. La synthkse de la 5a,6,11a,l2-tCtrahydro[l,4]benzoxazino[3,2-b]- 
benzoxazine (3a) dont la structure cristalline est connue, et son dCrivC N,N1-diisopropyle 36 a permis de corroborer les 
observations prCcCdentes relatives aux hCtCrocycles B six chainons. Les structures de 36 et 7 ont CtC verifikes par dif- 
fraction des rayons X sur monocristaux et vkrifient les conclusions structurales dkduites des mesures des constantes de 
couplage satellites. 

Introduction 

The condensation of o-aminophenol and glyoxal was ini- 
tially thought (1) to provide glyoxal bis-(2-hydroxyanil) (I), 
but a structural reinvestigation (2) suggested that a 2,2'- 
bioxazolidine (such as 2) is formed. Further studies (3) using 
various o-aminophenols, several a-dicarbonyl compounds 
and varying the molar ratio of the reactants revealed that the 
ease of condensation and the type of condensation products 
depend on the steric factors of the a-dicarbonyl com- 
p u n d s ,  as well as on the basicity of the amino group and the 
acidity of the hydroxyl group of the o-aminophenols; the 
2 ,2'-bioxazolidines (2) being the condensation products of 
two moles of o-amino~henolwi th  one mole of the a-dicar- 
bony1 compounds. 

Subsequent studies (4) showed that there were two addi- 
tional conceivable structures (3a and 4) for the reaction of 
glyoxal with o-aminophenol. Structure 4 was excluded, based 
on the 270 MHz 'H nmr spectrum, since for this isomer the 

' ~ u t h o r  to whom correspondence may be addressed. 

two central C-H protons are not equivalent and should pro- 
vide a complex signal pattern. However, since the proton 
spectrum does not allow a distinction between structures 
2 or 3 a ,  and photochemical experiments did not permit 
establishing the structure, the condensation product was de- 
finitively established as 5a,6,1 l a ,  12-tetrahydro-cis-[l,4]- 
benzoxazino[3,2-b:l[1,4]-benzoxazine (3a) by a single crystal 
X-ray diffraction study (4). 

Closely related studies report the reaction of 2-propyn-I- 
01s with 2-aminoalcohols and mercury(I1) chloride (5 ) ,  the 
reaction of 2-methylaminoethanol with glyoxal (6), and the 
reaction of 2-methylaminoethanol with gem-dibromoke- 
tones (7), which have been shown to proceed by highly 
stereoselective processes leading to cis-[1,4]oxazino[3,2-b]- 
[1,4]-oxazine derivatives. However, in all these cases the 
authors conclude that nmr techniques do not allow unequiv- 
ocal distinction between the 2,2'-bioxazolidines (like 2) or  
the actual cis-fused oxazino-oxazine structures (like 3), and 
therefore the structures were established by single crystal 
X-ray analyses. 
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The aim of this study is to demonstrate that nrnr tech- 
niques indeed allow unequivocal distinction between the cis- 
fused oxazino-oxazines (like 3) and the bioxazolidine struc- 
tures (like 2) using the 3 ~ H H  values extracted from the ',c 
satellites in the 'H nmr spectra. 

Experimental section 
The 'H and I3C nmr specEa were recorded on Varian XL-300GS, 

Jeol GSX-270, and Jeol 90Q spectrometers in deuteriochloroform 
solutions containing internal TMS. The HETCOR standard pulse 
sequence, which incorporates quadrature detection in both do- 
mains, was used. The spectral windows of HETCOR experiments 
were adjusted in order to perform separate measurements for the 
aromatic and aliphatic regions. Mass spectra were obtained with a 
LKB 9000S/l lE10 specEometer and infrared specEa with a Nicolet 
MX-1 FT spectrophotometer. Melting points were determined in 
open capillaries and are uncorrected. Elemental analyses were 
performed by Oneida Research Services, Inc., New York. 

(1R,2R)-(-)-Pseudoephedrine, (lR,2S)-(-)-ephedrine, and gly- 
oxal (40%) were commercially available. 

5a,6, I la ,  12-Tetrahydro[l,4]benzoxazino[3,2-b]benzoxazine (3a) 
was prepared as described in the literature (4); 'H nmr (CDCl,, 
300 MHz): 6.84 (ddd, J = 7.5, 6.7, 2.0 Hz, lH, H-3), 6.8 1 (dd, 
J = 8.2, 1.9 Hz, lH, H-1), 6.79 (ddd, J = 8.1, 6.6, 1.5 Hz, lH, 
H-2), 6.69 (ddd, J = 7.6, 1.7, 0.6 Hz, lH, H-4), 5.33 (d, J = 
3.7 Hz, lH, H-5a), 4.88 (bd, J = 2.9, lH, NH); I3C nrnr (CDCI,, 
75 MHz): 141.53 (C-12a), 128.52 (C-4a), 122.05 (C-3), 120.61 
(C-2), 117.1 1 (C-l), 114.92 (C-4), 75.89 (C-5a). 

N, N' -Diisopropyl-Sa, 6 , . I la ,  12 - tetrahydro[l,4]benzoxazino- 
[3,2-blbenzoxazine (3b) was prepared from N-isopropyl-o-arnino- 
phenol (8) using the procedure described for the preparation of 3a, 
mp 195-198°C; 'H nmr (CDCI,, 90 MHz): 6.93-6.69 (m, 4H, 
H- 1,2,3,4), 5.23 (s, lH, H-5a), 4.17 (septet, J = 6.6, CH(CH,),), 
1.41 and 1.32 (d ea, J = 6.6, CH(CH,),; I3C nmr (CDCI,, 
22.5 MHz): 142.2 (C-12a), 130.5 (C-4a), 121.7 (C-3), 118.9 (C-2). 
117.2 (C-I), 112.0 (C-4), 76.0 (C-5a). 

Condensation of pseudoephedrine with glyoxal 
To a solution of (1R,2R)-(-)pseudoephedrine (1 g, 6.05 rnrnol) 

in 50 mL benzene were added 0.5 g (3.0 mmol) of 40% aqueous 
glyoxal and a few iodine crystals and the solution was refluxed for 
2 h using a Dean-Stark head. The solvent was evaporated and the 
solid residue (1.25 g, 2.6 mmol) consisting of a mixture of 5, 7, 
and 6 in a 6: 3: 1 ratio was recrystallized several times using rneth- 
anol-hexane mixtures. The less soluble crystals afforded 454 mg 
(43%) of pure (2R*,3R*,6R*, 7R*)-2,6-diphenyl-3,4,7,8-tetra- 
methyl-cis-perhydro[] ,4]oxazino[3,2-b]-l,4-oxazine (5) ,  mp 12 1- 
123°C; ir v,,, (KBr): 2955,2876, 1641, 1451, 1378, 1332, 1232, 

1090, 1052,978,891 crn-'; rns, m/z (%): 352 (M+, 7%), 353 (Mf, 
+1,1), 219(4), 190(11), 189(100), 176(12), 148(7), 118(39), 
117(12), 91(4), 86(7), 84(11), and 49(17); Anal. calcd. for 
C22H28N,O?: C 74.97, H 8.01, N 7.95; found: C 75.07, H 7.75, N 
7.90 

Further crystallization yielded 191 rng (18%) of (4R*,4'R*, 
5R*,5'R")-5,5'-diphenyl-3,3', 4,4'-tetramethyl-2,2'-bioxazoli- 
dine (7), mp 1 19-121°C; ir v,,, (KBr): 2965, 2927, 1453, 1378, 
1222, 1177, 1051, 1013 crn-I; rns, m/z (%) 352(M+, 5%), 353(M+ 
+ 1,1), 301(2), 219(7), 190(1 l), 189(100), 177(6), 176(42), 
148(20), 133(3), 119(6), 118(42), 117(16), 91(10), 86(19), 84(28), 
and 49(18); Anal. calcd. for C221~,8N20,: C 74.97, H 8.01, N 7.95; 
found: C 75.21, H 7.85, N 7.97. 

The final crystals yielded 21 mg (2%) of (4R*,4'R*,5R*,S1R*)- 
5,5'-diphenyl-3,3',4,4'-tetramethyl-2,2'-bioxazolidine (6), mp 181- 
183°C; ir v,,, (KBr) 2969, 2844, 1452. 1357, 1221, 1776, 1092, 
1073, 995 cm-I; ms, m/z (%): 352 (M+, 4%), 353(M+ + 1,1), 
219(9), 190(10), 189(100), 176(3), 148(5), 118(44), 117(13), and 
91(4). 

Condensation of ephedrine with glyoxal 
Condensation of ephedrine with glyoxal was camed out using 

the procedure described in the case of pseudoephedrine. The re- 
action affords a mixture of 8 and 9 in a 7:3 ratio. The residue was 
evaporated to dryness and the solid dissolved in hexane-methanol 
mixtures to afford (2R*,3S*,6R*, 7S*)-2,6-diphenyl-3,4,7,8- 
tetramethyl-cis-perhydro[l,4]oxazino-[3,2-b]-l,4-oxazine (8) (662 
mg, 61%), which was recrystallized several times using rnetha- 
nol-hexane mixtures, mp 102-103°C; ir v,,, (KBr): 3292, 2887, 
2865, 1439, 1378, 1156, 1128, 1068, 1006, 962 crn-'. The re- 
maining liquid was distilled under vacuum to give (5S*,6R*)-4,5- 
dimethyl-6-phenyl-l,4-oxazin-2-one (9) (284 rng, 26%), bp 135°C 
(0.5 Torr; 1 Torr = 133.3 Pa) (9). 'H nrnr (CDCI,, 300 MHz): 
7.27-7.40 (m, 5H, arom), 5.62 (d, J = 3.8 Hz, lH, H-6), 3.43 
and 3.49 (AB, J = 18.3 Hz, 2H, CH,-3), 3.10 (dq, J = 6.8, 
3.4 HZ, lH, H-5), 2.36 (s, 3H, N-CH,), 0.74 (d, J = 6.8 HZ, CH3). 

Results and discussion 

In continuing our studies on the reaction of glyoxal with 
aminoalcohols (1 1) we decided to look more carefully into 
the reaction conditions for the condensation of pseudo- 
ephedrine or ephedrine with 40% aqueous glyoxal. The re- 
action of pseudoephedrine with glyoxal in a 2: 1 ratio was 
carried out in benzene under reflux for 2 h. The crude 
reaction product is a mixture of (2R* ,3R* ,6R* ,7R*)-2,6- 
diphenyl- 3,4,7,8- tetramethyl-cis- perhydro[l ,4]oxazino[3,2- 
b]- 1,4-oxazine (5), mp 12 1-1 23"C, and two isomeric (4R*, 
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4'R*, 5R*, 5'R*)- 5,5'-diphenyl-3,3',4,4'- tetramethyl-2,2'- 
bioxazolidines, mp 18 1-1 83°C (6) and 1 19-1 21°C (7), which 
were separated by fractional crystallizations using hexane- 
methanol mixtures. 

In contrast, reaction of ephedrine with glyoxal, under the 
same reaction conditions, affords a mixture of (2R*,3S*, 
6R* ,7S*) - 2,6 -diphenyl- 3,4,7,8 -tetramethyl- cis-perhydro- 
[ 1,4]oxazino[3,2-b]- 1,4-oxazine (8) and (5S* ,6R*)-4,5-di- 
methyl-6-phenyl-l,4-oxazin-2-one (9) (9). 

Contrary to all previous reports, differentiation between 
the two types of ring fusion can indeed be achieved by ob- 
servation of the I3C satellites of the ring fusion protons in the 

'H nmr spectra. This removes the equivalence of any pair of 
CH residues since one of the protons couples strongly to the 
13 C atom and the probability that the other proton is also at- 
tached to a I3c atom is very small. Thus the A2 system, 
consequent to symmetry, gives rise to an ABX spin-spin 
system, with the I3c atom as the X part. These experiments 
show that the H-2 signals at 4.06 (s) in 6 and at 4.31 (s) in 
7 undergo additional splitting ( 3 ~ H H  = 3.85 Hz), while in the 
case of the six-membered heterocycles the same protons, at 
4.34 in 5 and 4.30 in 8, respectively, show coupling con- 
stants of 0 and 1.28 Hz, respectively. 

R I - C H ,  R ~ = H  5 R' - CH, R' - H 

R' - H R' - CH, 8 R' - H R~ - CH, 

To establish a generalization of the above observations, 
compounds 3a and 3b were prepared and subjected to nmr 
studies. Comparison of the 3 ~ H H  values for 5a,6,11a,12-tet- 
rahydro[ 1,4]benzoxazino[3,2-b][1,4]benzoxazine ( 3 ~ H H  = 
0.89) (3a) and its N-isopropyl derivative ( 3 ~ H H  = 0.95) (3b) 
with those of compounds 5 and 8 shows reasonable agree- 
ment and allows definite attribution of the ring-type fusion 
based on the satellite spectrum (Fig. 1). Furthermore, the use 
of a generalized Karplus type relationship (12) in the latter 
compounds allows us to establish a cis-type fusion of these 
derivatives, since the corresponding trans derivatives should 
exhibit coupling constants in the order of 7 Hz, while for 
compounds of type 2 one would expect 3 ~ H H  around 3- 
4 Hz. The structure of 3a has already been established (4) 
by single crystal X-ray analysis and those of 3b and 7 were 
determined in this work. Perspective views of the molecu- 
lar structures are depicted in Figs. 2 and 3, respectively, while 
the atom coordinates are given in Tables 1 and 2, respec- 
tively. 

Unequivocal 'H and I3c nmr assignments for compounds 
543 to the values shown in Tables 3 and 4, respectively, were 
achieved by 2D carbon-proton correlated experiments and 

comparison with model compounds (13). In general, the as- 
signment of the 'H spectra is trivial and the fact that the 
proton signal can be recognized readily allows attribution of 
the corresponding signals in the I3C nmr spectra. Observa- 
tion of Tables 3 and 4 shows that neither the 'H nor the I3c 
chemical shifts of the ring fusion atoms may be of diagnos- 
tic value to establish the ring size in these fused heterocy- 
cles. This is in contrast to previous reports on bidioxolane 
and tetraoxodecalin mixtures (14, 15) where it has been found 
that dioxalane acetal methine protons absorb at lower field 
relative to dioxane acetal methine protons. 

Complete assignment of the I3c and 'H nmr spectra of 3a 
(see experimental) was achieved by 2D carbon-proton cor- 
related experiments. The distinction between the C-1 and C-4 
carbons was achieved by comparison of the coupled spec- 
trum with that obtained after addition of D20,  which shows 
increased intensity of the dd signal at 114.92 ppm, thus al- 
lowing attribution of this resonance to C-4; the correspond- 
ing H-4 proton appears as a double doublet of doublets at 
6.69 ppm (J = 7.6, 1.7, 0.6 Hz) in the 'H nmr spectrum. In 
turn C-1 resonates at 117.11 and is observed as dd in the 'H 
nmr spectrum (J = 8.2, 1.9) at 6.81 ppm. The remaining 
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FARFAN ET AL. 

PPM 

FIG. 1. I3c satellite spectrum for the H-C(5a)-C(1 la)-H fragment of 3a and plot generated by Altona. The program Altona (12) 
uses the relative stereochemistry of the fragment and electronegativity of atoms. 

aromatic signals were assigned from the 'H nmr spectrum, 
based on observation of the coupling pattern that allows us 
to distinguish the meta relationship. Thus the ddd (J  = 7.5, 
6.7, 2.0) at 6.84 ppm was attributed to H-3, which corre- 
lates to the carbon signal at 122.05, while the ddd (J = 8.1, 
6.6, 1.5) at 6.79 corresponds to H-2, which is assigned to 
the carbon at 120.61 ppm. 

The spectra of the N-isopropyl derivative 3b were as- 
signed by comparison with those of 3a. 

Assignment of the configuration of the 2,2' protons in 
bioxazolidines 6 and 7 from nmr measurements was not 

possible due to the fact that the central -CH-CH- protons give 
rise to singlets at 4.06 and 4.31 ppm. These could not be 
resolved by addition of optically active shift reagents, by 
which one would expect two singlets for a d,l mixture or an 
AB system for a meso compound (16). However, the struc- 
ture of 7 was established by X-ray analysis as the meso form. 

Although it has been described that mass spectrometry 
provides a criterion for the differentiation of 1,4,5,8-tetra- 
oxadecalin and bi(dioxo1an-2-yl) derivatives (17) based on 
the observation of the molecular peak, which appears in the 
tetraoxadecalins but is virtually absent in the bi(dioxolany1) 
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FIG. 2. Perspective view of the molecular structure of 3b. 

FIG. 3. Perspective view of the molecular structure of 7. 

derivatives, we are not"aware of analogous mass spectral 
studies in the case of the bioxazolidines and oxazino-oxa- 
zine derivatives. However, we have found that this crite- 
rion has been used to establish the structure in the case 
of isomeric bibenzothiazole and [1,4]benzothiazino[3,2-b]- 
benzothiazine (18), based on the fact that the mass spec- 
trum of the latter exhibits in addition to the M+ and M+/2 
ions, two fragments that are 13 mass units above or below 
the M+/2 peak, and such fragments have only been ob- 
served in ring systems like 3a. 

In the case of the isomeric structures 5, 6, and 7 de- 
scribed in this study, the mass spectra show the M+ and M+/2 
peaks in all cases. However, the most important fragment is 
at m / z  189, corresponding indeed to 13 mass units above the 
M+/2 peak. The fact that this fragment was observed in all 
three isomers cast some doubts on the validity of such an 
approach to the general application of this methodology for 

TABLE 1. Atomic positional parameters ( X  lo4) 
for N,N-diisopropyl-5a,6,1 la,l2-tetrahydro- 
[ 1,4]benzoxazino[3,2-b]- 1,4-benzoxazine (3b)" 

Atom x Y z 

C(1) 
C(2) 
C(3) 
C(4) 
C(4a) 
N(5) 
C(5a) 
O(6) 
C(6a) 
C(7) 
C(8) 
C(9) 
C( 10) 
C(l0a) 
N(11) 
C(l la) 
O( 12) 
C(12a) 
C(13) 
C( 14) 
C( 15) 
C(16) 
~ ( 1 7 )  
C(18) 

"Crystals: monoclinic, P2,; a = 9.397(3), b = 
9.017(3), c = 10.997(3) A, P = 110.16(2)"; Z = 2. 

TABLE 2. Atomic positional parameters ( x  lo4) 
for (4R*,4'R*,5R*,5'R*)-5,5'-diphenyl-3,3', 

4,4'-tetramethyl-2,2'-bioxazolidine (7)" 

Atom x Y z 

"Crystals: orthorombic, P2,2,2,; a = 6.680(4), b 
= 13.474(13), c = 22.496(4) A; Z = 4 ,  using 
CRYSTALS (10). 
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TABLE 3.  The 'H nmr data for compounds 5 4  (in ppm)" 

Compound 
(mp,  "C) H-2 H-3 H-4a N-CH3 CH3 CsHs 

5 4.17 (d ,  J = 9.3) 3.08 (dq,  J = 9.3, 6.4)  4.34 ( s )  2.45 ( s )  0.80 ( d ,  J = 6.4)  7.28-7.50 
(121-123) 

8 4 . 8 1 ( d , J = 2 . 7 )  2 . 9 6 ( d q , J = 3 . 0 , 6 . 7 )  4 . 30 ( s )  2.67(s)  0 . 9 6 ( d , J = 6 . 6 )  7.20-7.33 
(102-103) 

6 4 .82 (dd , J=9 .5 )  2 . 52 (dq , J=9 .5 ,6 .2 )  4 .06(s )  2.26(s)  0 . 9 1 ( d , J = 6 . 2 )  7.27-7.41 
(181-183) 

5 . 0 9 b ( d , J = 9 . 2 )  2 . 4 5 ( d q , J =  9.2,6.1) 4 .17(s )  2.22(s)  0 . 8 4 ( d , J =  5.9)  7 . 3 7 ( 1 H , J = 7 . 9 ,  1.3) 
7.19-7.07 ( m ,  3H) 

7(meso) 4.59 (d ,  J = 8.8) 2.46 (dq,  J = 8.9, 6.0) 4.3 1 ( s )  2.52 ( s )  1.09 (d ,  J = 6.1)  7.23-7.40 ( m ,  3H) 
( 1  19-121) 

4.67b (d ,  J = 8.6) 2.36 (dq, J = 8.6, 5.9)  4.44 ( s )  2.39 ( s )  '0.95 (d ,  J = 5.9) 7.37 (J = 7.9 ,  1.3) 
7.19-7.07 ( m ,  3H) 

"Measured in CDCI, from TMS. 
bMeasured in C,,D,. 

TABLE 4.  The 13c nmr data for compounds 5-8 (in ppm)" 

Compounds C-2 C-3 C-4a N-CH3 CH3 ips0 ortho meta para 

5 83.42 55.15 87.44 39.07 14.89 140.45 127.95 128.18 b 

8 79.37 56.69 86.95 38.98 10.06 140.39 125.60 128.02 126.77 

C-5 C-4 C-2 N-CH3 CH3 ips0 ortho meta para 

"In CDC1, from TMS. 
'Superimposed. 

the differentiation of the type of isomers described in the 
present study. 

The current interest in the study of the anomeric effect in 
ring systems containing the X-C-Y grouping, both experi- 
mentally and by computational studies (1 9-2 1 ), evidences 
the need to establish an unequivocal and simple approach for 
identifying and differentiating between isomeric systems. 

Excepting an isolated report (22), the reaction of ami- 
noalcohols with glyoxal (4, 6) as well as with various other 
compounds (5, 7, 23) have been shown to yield cis-oxa- 
zino-oxazine structures after X-ray analyses. These results, 
which imply a high degree of stereoselectivity, have been 
rationalized in terms of an anomeric effect (5) that favors 
those structures having the non-bonding lone pairs of the 
nitrogen atoms antiperiplanar to the C-0 bonds. 

Conclusions 

It is apparent that neither the formation nor the ratio of the 
isomeric oxazino-oxazine (such as 3) and bioxazolidine (such 
as 2) products can be predicted. In the case of both ephed- 
rine and pseudoephedrine, oxazino-oxazine type structures 
(as 3) having the cis ring fusion are formed, while bioxa- 
zolidine (as 2) formation occurred only in the latter ami- 
noalcohol at higher temperatures. These results show that in 
addition to the reaction conditions, to the basicity of the 
amine and the acidity of the alcohol, the reaction outcome 

is also sensitive to stereochemical changes at the aminoal- 
coho1 portion. 

The fact that the compounds having the bioxazolidine type 
structure (as 2) isomerize in solution, or during chromato- 
graphic procedures, to the cis-oxazino-oxazine type struc- 
tures (as 3) gives evidence that the latter are thermodynamic 
products. 

Detailed evaluation of the 'H, I3c,  and mass spectral data 
for the isomeric five- and six-membered ring bis-heterocy- 
cles described in this study allows us to conclude that in the 
case of the bioxazolidine (as 2) and oxazino-oxazine (as 3) 
derivatives with hydyrogen atoms at the ring fusion, mea- 
surement of the I3c satellites in the 'H nmr spectra consti- 
tutes the simplest and most adequate criterion for their 
differentiation, as validated in the present study by the X-ray 
diffraction studies of 3b  and 7.  

Acknowledgements 
We are grateful to RubCn Ocampo Torres for the mass 

spectral analyses, to the Consejo Nacional de Ciencia y 
Tecnologia (CoNaCyt), Consejo Superior Nacional de 
EducaciBn TecnolBgica (CoSNET), and Proyectos 
EstratCgicos SEP for financial support. 

1 .  E .  Bayer. Chem. Ber. 90, 2325 (1957). 
2. I .  Murase. Bull. Chem. Soc. Jpn. 32, 827 (1959). 
3. I .  Murase. Bull. Chem. Soc. Jpn. 33, 59 (1960). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2770 CAN. J.  CHEM. VOL. 70, 1992 

4. E. Tauer, K.  H. Grellmann, E. Kaufmann, and M. 
Noltemeyer. Chem. Ber. 119, 3316 (1986). 

5. J. Barluenga, F. Aznar, R. Liz, M. P. Cabal, F. H. Cano, and 
F. Foces-Foces. Chem. Ber. 119, 887 (1986). 

6. A. Le Rouzic, M. Maunaye, and P. L'Haridon. J. Chem. Res. 
(S), 35; (M), 0601 (1985). 

7. P. L'Haridon and A. Le Rouzic. J. Chem. Res. (S), 244; (M), 
2165 (1986). 

8. H. R. Morales, M. Perez-Juirez, L. Cuellar, L. Mendoza, H. 
Fernandez, and R. Contreras. Synth. Commun. 14, 1213 
(1984). 

9. A. Flores-Parra, N. Farfan, A. I. Hemindez-Bautista, L. 
Femandez-Shchez, and R. Contreras. Tetrahedron, 47, 6903 
(1991). 

10. D. J. Watkin, J. R. Carruthers, and P. W. Betteridge. 
CRYSTALS users guide. Chemical Crystallography Labora- 
tory, University of Oxford, Oxford, England. 1986. 

11. N. Farfan, J. M. Hernandez, P. Joseph-Nathan, and R. 
Contreras. J. Heterocycl. Chem. 27, 1745 (1990); N. Farfan, 
L. CuCllar, J. M. Aceves, and R. Contreras. Synthesis, 927 
(1987). 

12. C. M. Cerda-Garcia-Rojas, L. G. Zepeda, and P. Joseph- 
Nathan. Tetrahedron Comput. Methodol. 3, 1 13 (1 990). 

13. M. A. Paz-Sandoval, F. Santiesteban, and R. Contreras. Magn. 
Reson. Chem. 23, 428 (1985). 

14. P. P. Castro, S. Tihorniro, and C. G. GutiCrrez. J. Org. Chem. 
53, 5181 (1988). 

15. E. Caspi, T. A. Wittstruck, and N. Grover. Org. Chem. 8, 763 
(1963). 

16. P. Joseph-Nathan and L. U. Roman. Spectroscopy, 9, 47 
(1991). 

17. B. Fuchs. Tetrahedron Lett. 1747 (1970). 
18. E. Tauer and K. H. Grellmann. Chem. Ber. 123, 1 149 (1990). 
19. R. Miiller, W. von Philipsbom, L. Schleifer, P. Aped, and B. 

Fuchs. Tetrahedron, 47, 1013 (1991). 
20. B. Fernandez, M. A. Rios, and L. Carballeira. J. Mol. Struct. 

246, 301 (1991). 
21. H. Senderowitz, P. Aped, and B. Fuchs. Helv. Chim. Acta, 

73, 21 13 (1990). 
22. B. Alcaide, R. Perez-Ossorio, J. Plumet, M. Rico, and I. M. 

Rodriguez-Campos. Tetrahedron Lett. 27, 1381 (1986); re- 
cently corrected in: B. Alcaide, J. Plumet, I. M. Rodriguez- 
Carnpos, S.  Garcia-Blanco, and S. Martinez-Carrera. J. Org. 
Chem. 57, 2446 (1992). 

23. P. L'Haridon, A. Le Rouzic, and M. Maunaye. J. Chem. Res. 
(S), 349 (1980). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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non-metallocyclic derivatives and dinuclear (1 : 1) metallocyclic complexes 
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SANTOKH S. TANWN, LAURENCE K. THOMPSON, JOHN N. BRIDSON, and JOHN C. DEWAN. Can. J. Chem. 70,2771 (1992). 
The ligand BTIM (1,2,4,5-tetrakis(4,5-dihydro-imidazol-2-yl)benzene) reacts with cobalt(I1) salts to form two series 

of complexes. The 1 : 1, dinuclear, metallocyclic derivatives [CO~(BTIM)~X~]X, (X = C1 (I), Br (11)) involve two bis- 
dentate ligands in a metallocyclic structure with a large unoccupied cavity. The 2 : 1, binuclear derivatives [Co2(BTIM)&] 
(X = C1 (III), Br (IV)) involve two metals bound to a single, bis-bidentate ligand. The crystal and molecular structures 
of I1 and 111 are reported. Sompound I1 crystallized in the monoclinic system, space group P2,/c, with a = 
13.642(6) A, b = 11.560(3) A, c = 18.406(7) A, P = 101.73(3)" and four formula units per unit cell. Refinement by 
full-matrix least squar~s gave final residualsoof R = 0.060 and R, = 0.062. Cgmpound 111 crystallized in the triclinic 
system, space group P I ,  with a = 8.367(2) A, b = 14.254(3) A, c = 7.649(2) A, a = 100.99(2)", P = 101.44(2)", y = 
106.85(1)" and one formula per unit cell. Refinement by full-matrix least squares gave final residuals of R = 0.952 and 
R,, = 0.045. In the metallocyclic structure (11) the square-pyramidal cobalt(II) centres are separated by 7.599(4) A, while 
in the 2: 1 derivative the two tetrahedral cobalt(I1) centres have a much larger separation (8.736(3) A). 

SANTOKH S. TANWN, LAURENCE K. THOMPSON, JOHN N. BRIDSON et JOHN C. DEWAN. Can. J. Chem. 70, 2771 (1992). 
Le ligand BTIM (1,2,4,5-t~trakis(4,5-dihydroimidazol-2-yl)beene) reagit avec les sels de cobalt(II) pour former deux 

series de complexes. Les derives mCtallocycliques dinuclCaires 1 : 1 [CO(BTIM)~X~]X, (X = C1 (I) et Br (11)) impli- 
quent deux ligands bis-dentates dans une structure mCtallocyclique et une cavitC vide importante. Les dCrivCs binu- 
clCaires 2 : 1 [Co2(BTIM)X,] (X = Cl(II1) et Br (IV) impliquent des liaisons de deux m&taux a un seul ligand bis-dentate. 
On a dCterminC et on rapporte les structures molCculaires des composCs I1 et III. Le composC 11 cristallise dans le systeme 
monoclinique, groupe d'espace P2,/c, avec a = 13,642(6), b = 1 1,560(3) et c = 18,406(7) A, P = 101,73(3)" et quatres 
molCcules par unite. On a affinC la structure par la mCthode des moindres carrCs jusqu'8 des yaleurs finales de R = 0,060 
et R,,, = 0,062. Le compost 111 cristallise dans le systbme triclinique, groupe d'espace P I ,  avec a = 8,367(2), b = 
14,254(3) et c = 7,649(2) A, a = 100,99(2), P = 101,44(2) et y = 106,85(1)" et une molkcule par unite. On a affinC 
la structure par la mCthode des moindres carres jusq'h une valeur de R = 0,052 et de R,, = 0,045. Dans la structure 
metallocyclique 11, les centres en pyramide carree du cobalt(I1) sont sCparCs par 7,599(4) A alors que dans le derive 
2 : 1 les deux centres tktraedriques du cobalt(I1) sont beaucoup plus separCs (8,736(3) A). 

[Traduit par la rkdaction] 

Introduction \ I 

The ligand BTIM (1,2,4,5-tetrakis(4,5-dihydroimidazol- 
2-y1)benzene) (Fig. 1) behaves in a tetradentate fashion in 
its copper coordination chemistry forming mainly 1 : 1 me- 
tallocyclic derivatives, e.g. [Cu2(BTIM),X2]X2 (X = C1, N,), 
[CU~(BTIM),(H,O),](C~~~)~, with two square pyramidal 

*x% $; ;* 
copper(I1) centres bridged by two bis-dentate !igands, with 
large copper-copper separations (7.30, 7.42 A) ( 1,2). The FIG. 1. Structural representation of the ligand BTIM. 
copper(I1) centres were shown to be very weakly antifer- 
romagnetically coupled with -2J < 2 cm-'. 

Reaction of BTIM with cobalt(I1) salts led to the forma- 
tion of two types of dinuclear complex, one similar to the 
copper derivatives with a 1 : 1 stoichiometry and the other 
with a 2 :  1 (metal: ligand) stoichiometry. The complexes have 
been characterized by infrared, electronic spectra and vari- 
able temperature magnetism and the structures of one ex- 
ample of each type of dinuclear complex have been confirmed 
by 'x-ray crysiailography. The complex [CO~(BTIM)~B~,]-  
Br, .2CHC1, -4MeOH (11) has a dinuclear. metallocvclic 

2DMF (111) involves a unique, open chain, dinuclear struc- 
ture with the two tetrahedral cobalt(I1) centres bridged by 
one ligandd with a much larger metal-metal separation 
(8.736(3) A)). Variable temperature magnetic studies have 
been carried out on compounds I-IV, but are not really 
conclusive in terms of the presence of significant magnetic 
exchange between the cobalt centres. 

Experimental  section 
\ ,  

(2 :2) structure with dimensions comparable'to the me;allo- Syrlthesis of the ligand and cobalt complexes 
cyclic copper derivatives. The 2:  1 complex [Co,(BTIM)Cl,] . BTIM 

A low yield synthesis of the ligand has already been reported (2). 
' ~ u t h o r  to whom correspondence may be addressed. An improved synthesis is now described. 
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Tetracyanobenzene (3) (6.0 g; 0.034 mol) was dissolved in hot 
(100°C) nitrobenzene (150 mL). A solution of ethane-1,2-diamine 
(25.0 mL) in nitrobenzene (50 mL) was added dropwise over a 
period of 2 h and the mixture stirred at 100°C for three days. A 
reddish brown sohtion formed, followed by the formation of a light 
brown solid, which was filtered off, after cooling and washed with 
nitrobenzene (2 x 20 mL) and acetone (3 x 50  mL). The solid was 
recrystallized from methanol/chloroform (3 : 1) mixture. Yield 50%, 
m / e  350, mp dec. 270-300°C. 

[CO~(BTIM)~C~~]  C12 - 4 H 2 0  (I) 
BTIM (0.35 g ,  0.001 mol) was dissolved in a boiling mixture 

of methanol (200 mL) and chloroform (200 mL) and the solution 
filtered into a solution of CoCl, 6 H 2 0  (0.48 g ,  0.002 mol) in 
methanol (50 mL). The reaction mixture was boiled gently in a 
conical flask for 1-2 h so that some solvent evaporated. A brown 
solid separated from the hot solution, which was filtered, washed 
with methanol, and dried under vacuum. The blue filtrate was 
concentrated to a volume of about 100 mL and allowed to stand at 
room temperature overnight. More product appeared on standing 
as well formed red-brown crystals, which were filtered and washed 
with methanol and chloroform. The crystals crumble and lose sol- 
vent on exposure to air and are only stable in the presence of the 
mother liquor. The crystalline sample was dried under vacuum and 
analysed. Anal. calcd. for [Co2(C18H22N8)2C22]C12 . 4H20: C 41.87, 
H5.04,  N21.71, Co 11.42;found: C41.86, H4.16,  N 21.52, Co 
11.23. 

[ C O ~ ( B T I M ) ~ B ~ ~ ] B ~ ~  - 2CHC13 (11) was prepared in a similar 
manner. Anal. calcd. for [Co2(C18H22N8)2Br2]Br2. 2CHC13: C 33.12, 
H 3.34, N 16.27, Co 8.56; found: C 32.78, H 3.24, N 16.11, Co 
8.27. Crystals of I1 suitable for X-ray analysis were unstable and 
lost solvent on exposure to air, and so were kept in contact with the 
mother liquor. Both methanol and chloroform solvent molecules 
were found in the X-ray sample. 

[Co2(BTIM)C14] (111) and  
[CO,(BTIM)~B~~]. O.5MeOH - 0.5CHC13 (IV) 

The blue (111) and greenish blue (IV) filtrates obtained after 
separation of I and I1 were concentrated further to a small vol- 
ume. Acetonitrile (50 mL) was added to the hot solutions and the 
mixtures boiled gently in an open conical flask for about 15 min. 
Dark blue (111) or greenish blue (IV) crystals separated on stand- 
ing at room temperature and were filtered off, washed with ace- 
tonitrile (2 x 5 mL) and methanol (2 x 5 mL), and dried under 
vacuum. Anal. calcd. for [ C O ~ ( C ~ ~ H ~ ~ N ~ ) C ~ ~ ] :  C 35.42, H 3.61, N 
18.37, Co 19.32; found: C 35.21, H 3.65, N 17.93, Co 18.88. 
Crystals of I11 suitable for X-ray analysis were obtained by slow, 
vapour diffusion of ether into a DMF: MeOH (1 : 1) solution of the 
complex, and the sample was shown to have the composition 
[Co2(C18H22N8)C&l - 2DMF. And.  cdcd. for [Co2(C18H22N8)Br4] . 
0.5CHC13.0.5MeOH (IV): C 26.40, H 2.84, N 12.97, C o  13.64; 
found: C 26.11, H 2.81, N 12.87, C o  13.20. 

Physical measurements 
Infrared spectra were recorded using a Mattson Polaris Fourier 

transform spectrometer and electronic spectra using a Cary 17 
spectrometer. Room temperature magnetic moments were mea- 
sured by the Faraday method using a Cahn 7600 magnetic suscep- 
tibility system. Variable temperature magnetic data were obtained 
in the temperature range 5-305 K with an Oxford Instruments su- 
perconducting Faraday magnetic susceptibility system with a 
Sartorius 4432 microbalance. A main solenoid field of 1.5 T and 
a gradient field of 10 T m-' were employed. C ,  H,  and N anal- 
yses were carried out by the Canadian Microanalytical Service, 
Delta, and cobalt was determined by EDTA titration. 

Crystallographic data collection and  refinement of the structures 

[ C O ~ ( B T I M ) ~ B ~ ~ ] B ~ ~  . 2CHC13 .4MeOH (11) 
Crystals of 11 dried out, crumbled, and ceased to diffract X-rays 

if removed from their mother liquor. Accordingly, a red-brown 
crystal was mounted at the end of a glass fiber under a stream of 

cold nitrogen gas and coated with high vacuum grease. The crys- 
tal was then transferred to the nitrogen cold stream of a low tem- 
perature device mounted on the diffractometer, and maintained at 
- 110 + 1°C throughout the data collection. The crystal was quite 
stable under these conditions and the intensities of three standard 
reflections showed no decay during data collection. 

The diffraction intensities of an approximately 0.48 x 0.40 X 

0.25 mm crystal were collected with graphite monochromatized 
MoKa radiation and a 1.5 kW sealed tube X-ray source using a 
Rigaku AFC6S diffractometer. The data were collected at low 
temperature using the 0-20 scan technique to a maximum 20 value 
of 55.2" and a scan rate of 8.0°/min. Cell constants were obtained 
by the least-squares refinement of the setting angles of 25 care- 
fully centred reflections with 20 in the range 27.23-29.97'. A total 
of 7190 reflections were measured, of which 6910 were unique 
(R,,, = 0.086), and 3277 were considered significant with I,,, > 
2.0u(In,,). An empirical absorption correction was applied using the 
program DIFABS (4) and the data were corrected for Lorentz and 
polarization effects. 

The structure was solved by direct methods and refined by full- 
matrix least squares using TEXSAN (5) to final residuals of R and 
R, of 0.060 and 0.062 res ectively (R = z(IF,J - (F,I)/Z(IF,I); P R, = [Z(IF0I - IF,~)~/ZWF, )I"~), with weights based on counting 
statistics. Hydrogen atoms were placed in calculated positions 
(temperature factor 1.2 times B(eq) of atom to which they are 
bound) and the non-hydrogen atoms were refined anisotropically. 
Neutral atom scattering factors were taken from r ~ f .  6. The final 
difference map had no peaks greater than 0.7 e / ~ ~ .  One chloro- 
form molecule (C(90), C1(90), C1(91), Cl(92)) and two methanol 
molecules (C(50), O(50); C(60), O(60)) have been identified in the 
asyminetric unit and included in the refinement. A summary of 
crystal data is given in Table 1 and atomic positional parameters 
are given in Table 2. Anisotropic thermal parameters (Table S l ) ,  
hydrogen atom positional parameters (Table S2), a full listing of 
bond distances and angles (Table S3), a listing of structure factors 
(Table S4), and least-squares planes data (Table S9) are included 
as supplementary material.2 

[CO;(BTIM)C~~]. 2DMF (111) 
The diffraction intensities of a blue needle of approximate di- 

mensions 0.35 X 0.10 x 0.08 mm were collected on a Rigaku 
AFC6S diffractometer, with graphite monochromatized MoKa 
radiation. The data were collected at a temperature of 26 -+ 1°C 
using the 0-20 scan technique to a maximum 20 value of 50.0" at 
a scan speed of 4.0°/min. Cell constants were obtained by the least- 
squares refinement of the setting angles of 25 carefully centred 
reflections with 20 in the range 22.75-3 1.97". A total of 3 11 1 re- 
flections were measured, of which 2893 were unique (R,, = 0.043), 
and 1558 were considered significant with I,,, > 3.0u(In,,). An 
empirical absorption correction was applied using the program 
DIFABS (4) and the data were corrected for Lorentz and polariza- 
tion effects. The structure was solved by direct methods and re- 
fined by full matrix least squares using TEXSAN (5) to final 
residuals of R and R,, of 0.052 and 0.045, respectively, with the 
non-hydrogen atoms refined anisotropically. Neutral atom scatter- 
ing factors were taken from tef. 6. The final difference map had 
no peaks greater than 0.44 e / ~ ~ .  A summary of crystal data is given 
in Table 1 and atomic positional parameters are given in Table 3. 
Anisotropic thermal parameters (Table S5), hydrogen atom posi- 
tional parameters (Table S6), a full listing of bond distances and 

2~upplementary Tables S1-S9 may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada K I A  0S2. 

Tables S3, S7 (bond distances and bond angles) have also been 
deposited with the Cambridge Crystallographic Data Centre and can 
be obtained on request from the Director, Cambridge Crystallo- 
graphic Data Centre, University Chemical Laboratory, 12 Union 
Road, Cambridge, CB2 lEZ,  U.K. 
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TANDON ET AL 

TABLE 1. Crystallographic data for [ C O ~ ( B T I M ) ~ B ~ , ] B ~ ~ .  2CHC1,. 4MeOH (11) 
and [Co,(BT1M)Cl4] .2DMF (111) 

Parameter I1 111 

Empirical formula 
fw 
Crystal system 
Space group 
a, A 
b, A 
c, A 
a ,  deg 
P. deg 

z 
~(calcd), g cmP3 
p,, cm-' 
Radiation; A,  A 
Fooo 

C21H29Br2C13C~N802 
750.61 
Monoclinic 
p2,/c 
1 3.642(6) 
11.560(3) 
18.406(7) 
- 
101.73(3) 
- 
2842(2) 
4 
1.754 
37.07 
MoKa; 0.71069 
1500 

C Z ~ H Z ~ C ~ ~ C O Z N I O ~ Z  
748.23 
Tqiclinic 
P 1 
8.367(2) 
14.254(3) 
7.649(2) 
100.99(2) 
101.44(2) 
106.85(1) 
825.2(3) 
1 
1.505 
13.68 
MoKa; 0.71069 
380 

TABLE 2. Positional parameters and B(eq) values for [Co2(BTIM),Br2]Br2. 
2CHC1, .4MeOH (11) 

Atom x Y z B (eq) 
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TABLE 3. Positional parameters and B(eq) values for [Co,(BTIM)CL,]. 2DMF (111) 

Atom x Y z B (eq) 

FIG. 2. Molecular structure of [Coz(BTIM),Br21Br2. 2CHC13 . 
4MeOH (11). 

angles (Table S7), a listing of structure factors (Table S8), and least- 
squares planes data (Table S9), are included as supplementary 
material.* . .  ... 

Results 
Description of the structures of 

[ C O ~ ( B T I M ) ~ B ~ ~ ] B ~ ~  . 2CHC1, -4MeOH (11) and 
[Co2(BTIM)C14]. 2DMF (111) 

The structure of II is shown in Fig. 2 and bond lengths and 
angles relevant to the cobalt coordination spheres are listed 
in Table 4. Structurally I1 is analogous to several previ- 
ously reported copper(I1) complexes (2), where two BTIM 
molecules act as bridging, binucleating, tetradentate li- 
gands and hold the two square-pyramidal metal centres in 
such a way as to create a large metallocyclic structure, with 
an unoccupied cavity bounded by the two parallel and 
eclipsed benzene rings and the MN, equatorial planes. 11 has 
a centre of symmetry at the centre of the cavity. The Co-N 
distances are essentially equal (ave. 2.006 A) and compare 

TABLE 4. Interatomic distances (A) and angles (deg) relevant to the 
cobalt coordination spheres in [Co2(BTIM),Br,] Br, . 2CHC13 . 

4MeOH (11) 

Atoms Distance Bonds Angle 

closely with those reported for the copper derivatives (2). The 
equatorial donor atoms N(1), N(3), N(5), N(7) form an al- 
most perfect plane (!east-squares plane l),  with the cobalt 
displaced by 0.301 A towards the apical bromine. The co- 
balt bromine distance of 2.555(2) A compares closely with 
that foundo in the analogous copper chloride complex 
(2.504(3) A) (2). The two cobalt atoms are separaJed by 
7.599(4) A and the benzene ring separation is 4.062 A, thus 
creating a cavity of similar dimensions to that found in 
[CU~(BTIM)~CI~]C~, . 7H20 (1, 2). The hydroimidazole rings 
(least-squares planes 4 ,  5) are twisted relative to the N, plane 
(plane 1 )  and the benzene ring (least-squares plane 2 )  (Fig. 
2; dihedral angles between least-squares planes 1-2, 90.2"; 
1-4, 69.7"; 2-4, 133.6"; 1-5, 68.6"; 2-5, 135.0"; 4-5, 
77.0"). There are no close contacts between the solvent 
molecules in the lattice and the complex cation. 

The structure of I11 is shown in Fig. 3 and bond lengths 
and angles relevant to the cobalt coordination spheres are 
listed in Table 5. The molecule is centrosyrnrnetric, with the 
center of inversion at the center of the benzene ring of the 
BTIM ligand. The two cobalt atoms are four coordinate, 
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TANDON ET AL. 2775 

c2 

FIG. 3. Molecular structure of [Co2(BTIM)C14] .2DMF (111). 

TABLE 5. Interatomic distances (A) and angles (deg) relevant to the 
cobalt coordination spheres in [Co2(BTIM)C14] .2DMF (111) 

Atoms Distance Bonds Angle 

bound to two nitrogen atoms and two chlorines on each side 
of the ligand. Each cobalt centre has a slightly distorted 
tetrahedral stereochemistry with angles at cobalt ranging 
from 96.2(2)" (N(3)-Co(1)-N(1)) to 116.8(2)" (Cl(2)- 
Co(1)-N(1)). The Co-N distances are almost equal 
(ave. 1.99 A) and compare closely with tFose in 11. The 
Co-Cl djstances (Co(1)-Cl(l ) 2.252(3) A, Co(1)-Cl(2) 
2.232(3) A) are considered normal. The consequences of the 
1,2-arrangement of the hydroimidazole rings is to create 
seven-membered chelate rings, with the result that the hy- 
droimidazole rings themselves are mutually twisted and also 
twisted relative to the central benzene ring (Fig. 3; dihedral 
angles between least-squares planes 1-2, 48.8"; 1-3, 49.6"; 
2-3, 73.5"). Each half of the structure can be compared with 
that of the complex Cu(OBT)Cl,, involving the related li- 
gand 2,2'-o-phenylenebisbenzothiazole, which has a slightly 
distorted cis-square-planar structure involving very similar 
Cu-N and Cu-Cl distances (7). The DMF solvent mole- 
cule is hydrogen bonded via O(1) to hydrogen atom H(2), 
attache$ to the hydroimidazoie nitrogen N(4), (N(4)pOH(2) 
1.067 A; H(2)-O(1) 1.873 A; N(4)-O(1) 2.829(9) A). 

Spectroscopy and magnetism 
Characteristic infrared absorptions were observed for these 

complexes, associated with the ligand, in the range 3220- 
3320 cm-', due to the hydroimidazole N-H stretch, and in 
the range 1581-1606 cm-I due to the hydroimidazole CN 
stretch. In the far infrared metal-nitrogen (hydroimidazole) 
stretching absorptions were identified in the range 290- 
310 cm-l. For complexes I and I1 single absorptions asso- 
ciated with cobalt-halogen stretch were observed at 
307 cm-I (I) and 232 cm-' (11), while for the 2:  1 deriva- 
tives I11 and IV two clearly defined bands (308, 330 cm-' 
(111); 215, 240 cm-' (IV)) are assigned to cobalt-halogen 

stretch (Cl, Br, respectively) in a local C, ,  environment. The 
solid state, mull transmittance, spectra (Table 6) of com- 
pounds I ,  I1 are characterized by the presence of two bands 
in the range 17 000 - 20 000 cm-I and much weaker ab- 
sorptions in the near infrared, which are assigned to d-d 
transitions in a square-pyramidal cobalt(II) centre. The higher 
overall absorption energies associated with I are consistent 
with an axially coordinated chlorine ligand. The general in- 
frared and electronic spectral similarities between com- 
pounds I and I1 suggests a dinuclear metallocyclic structure 
for I similar to 11. Compounds III and IV exhibit major solid 
state absorptions in the visible and near infrared regions, each 
clearly resolved into three components, and associated with 
the v3 and v2 transitions, respectively, in a C2,, distorted tet- 
rahedral cobalt(I1) centre. The lower energy absorptions in 
these regions associated with IV confirm the presence of 
coordinated bromine and suggest a structure similar to that 
in 111. These spectral bands are typical of pseudo-tetrahe- 
dral cobalt(I1) complexes with CoN2X2 chromophores and 
the absorption energies compare closely with bands ob- 
served for analogous, mononuclear complexes involving the 
ligands 1,2-bis(4,5-dihydroimidazol-2-yl)benzene(LP) and 
1,2-bis(benzothiazo1-2-yl)ethane(BBTE), which have very 
similar donor groups producing equivalent, seven mem- 
bered chelate rings (8, 9). In DMF solution I11 and IV ex- 
hibit v3 and v, transitions with almost identical absorption 
energies. 

The 2 :2  metallocyclic complexes I ,  I1 have high mag- 
netic moments at room temperature (Table 6), typical of 
square-pyramidal or octahedral cobalt(I1) compounds. The 
lower values observed for the 2:  1 dinuclear complexes 111, 
IV (4.47, 4.71 BM, respectively) are typical of pseudo-tet- 
rahedral cobalt(I1) species (10). Variable temperature mag- 
netic studies were carried out on I-IV in the temperature 
range 5-305 K. Reciprocal susceptibility versus tempera- 
ture plots showed that the Curie-Weiss law was obeyed in 
all cases over the full temperature range, with very small 
Weiss constants(8 = 0 to -7K). Such small values clearly 
do not signal the presence of very significant exchange in- 
teractions. For compounds I and I1 magnetic moments at 
5 K exceeded 5.0 BM and so were not considered to have 
significant spin coupling between the cobalt(II) centres. The 
1 : 1 metallocyclic, dinuclear copper(II) complexes of BTIM 
(2), which have the same structure as 11, are very weakly 
antiferromagnetically coupled (-25 < 2 cm-I), consistent 
with this observation. As a consequence the variable tem- 
perature magnetic data for these compounds were not ana- 
lysed with respect to an exchange equation. A more 
pronounced decrease in magnetic moment (pen) was ob- 
served for I11 and IV at low temperatures, and in the case 
of [Co,(BTIM)Br,] (IV) the moment goes below the spin only 
value at about 7 K. The magnetic moment of cobalt(I1) with 
a regular or slightly distorted tetrahedral geometry (,A, 
ground state for T,) is temperature independent, except at 
very low temperatures where zero field splitting may lead to 
some temperature dependence (1 1). Distinguishing such a 
situation from one involving very weak antiferromagnetic 
coupling is clearly difficult. 

The magnetic data for I11 and IV were fitted to an ex- 
change equation derived from the Van Vleck expression (12) 
for an isotropic, Heisenberg S = 3/2,3/2 pair. Very small 
negative J values (-J = 0.432(8) cm-' (111), -J = 
0.635(5) cm-' (IV)) were obtained. However, since these J 
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TABLE 6. Spectral and magnetic data 

Complex Colour kerf (RT) (BM) Electronic spectra (cm-') (E = dm3 mol-' cm-') 

[ C O ~ ( B T I M ) ~ C ~ ~ ] C ~ ~  - 4H20 (I) Reddish brown 5.57 

[ C O ~ ( B T I M ) ~ B ~ ~ ]  Br2. 2CHC13 (11) Reddish brown 5.63 

[Co2(BTIM)C14] (111) Blue 4.47 

[Co2(BTIM)Br4] . O.5MeOH. Greenish blue 4.71 
0.5CHC13 (IV) 

"Mull transmittance; [ ] shoulder (Dq = 420 cm-' (111), 396 cm-' (IV)). 
%MF solution. 

values are very small and cannot readily be distinguished 
from zero field splitting effects, little can be said concern- 
ing intramolecular exchange in 111 and IV other than the fact 
that it is very weak. 
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Nature and characterization of the singlet and triplet excited states of the 
dibenzylideneacetone and di-3-(N-ethylcarbazoy1idene)acetone bridging ligandsl 
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Dipartement de chimie, UniversirP de Sherbrooke, Sherbrooke (Quebec), Canada J l K  2Rl  
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PIERRE D. HARVEY and BENOIT DAOUST. Can. J. Chem. 70, 2777 (1992). 
The lowest energy singlet state in di-3-(N-ethylcarbazoy1idene)acetone (dNECa), a luminescent model compound at 

room temperature for dibenzylideneacetone (dba), has been assigned to a charge transfer (CT) state using the medium 
polarity effect on A,,,(F) and the fluorescence polarized spectra of dNECa at 77 K.  The dNECa fluorescence quantum 
yields (+F) and lifetimes ( T ~ )  are solvent sensitive where both +F and TF tend to increase with polarity. The very weak 
and moderately structured phosphorences have been located for the first time for both dba and dNECa in the 550- 
800 nm range and are also assigned to a CT state. In this case the CT interactions are less pronounced than A(o.o,P and 
TP are much less solvent sensitive. Finally, EHMO type calculations confirm that the CT transition is the lowest energy 
transition in dba and di-3-(N-methylindoy1idene)acetone (a model compound for dNECa), but also suggest that the nv* 
state must lie near the CT state in dba. 

PIERRE D. HARVEY et BENOIT DAOUST. Can. J .  Chem. 70, 2777 (1992). 
En se basant sur l'effet de polarit6 du milieu sur le A,,,(F) et sur les spectres de fluorescence polarisCe de la dNECa 

a 77 K, on a attribuC 1'Ctat singulet de base Cnergie de la di-3-(N-Cthylcarbazoy1idbne)acCtone (dNECa), un composC 
modele de la dibenzylidkneacCtone (dba) qui est luminescent a la tempCrature ambiante, 2 un Ctat de transfert de charge 
(TC). Les rendements quantiques (QF) et les temps de vie ( T ~ )  de la fluorescence de la dNECa dCpendent tous les deux 
du solvant alors que QF et TF ont tous les deux tendance 21 augmenter avec une augmentation de la polaritC. Pour la pre- 
mibre fois, on a pu localiser les phosphorescences tres faibles et relativement bien structurCes de la dba et de la dNECa 
dans la plage allant de 550 a 800 nm et on les a aussi attribuCes 21 un Ctat de TC. Dans ce cas, les interactions de TC 
sont moins prononcCes et il en rCsulte A(,,,P et TP sont beaucoup moins sensibles aux effets de solvant. Enfin, des cal- 
culs du type orbitales molCculaires de HE confirment que la transition de TC est la transition de plus basse Cnergie dans 
la dba et la di-3-(N-m$thylindoloylidene)acCtone (un compose modele de la dNECa) et suggerent aussi que, pour la dba, 
1'Ctat nv* doit se trouver pres de 1'Ctat de TC. 

[Traduit par la rkdaction] 

Introduction for Pd,(dba-Fc),(dba-Fc = ( C & , ) C H = C H , ( C O ) C H ~ H -  

The dibenzylideneacetone compound (dba) is a remark- 
able ligand that is particularly easy to synthesize and is ca- 
pable of stabilizing Pd(0) and Pt(0) metals via coordination 
with the olefinic groups for preparing either mono- or bi- 
nuclear species (1-6). In the free state the ligand adopts pri- 
marily the s,cis-s,cis conformation (7) and appears to be 
particularly photoreactive (8). Electron transfer and cis,trans 
isomerization reactions have been observed in the lowest- 
energy singlet (9) and triplet excited states, respectively (8). 
The luminescing singlet excited state has been assigned to a 
charge transfer (CT) state from the aryl groups to the ketone 
(9). There has been no spectroscopic evidence for an tz -+ r *  
transition associated with the presence of the carbonyl group 
although the molecule is' closely related to benzophenone for 
which the lowest energy n r *  singlet and triplet excited states 
are well known (10). 

As mentioned, the dba ligand is photoreactive in solu- 
tion. In the complexed state, our unreported results on the 
M,(dba), complexes (M = Pd, Pt) picosecond flash photol- 
ysis studies3 have shown that the photoexcited binuclear 
complexes are efficiently deactivated, in part, via processes 
involving the bridging ligand. This investigation has an im- 
pact on the ongoing research on binuclear complexes sub- 
stituted with electroactive pendant groups (11) in our 

(C6H,)(C5H,)Fe(C5H5)) is due to metal-to-ligand charge 
transfer (MLCT) as in the M2(dba), complexes (M = Pd, Pt) 
(12), but appears to be ferrocenium localized in the oxi- 
dized form [~d,(dba-FC),]~+. Since the ferrocene molecule 
is an efficient deactivating agent for the triplet excited state 
(13), it became important to further investigate the nature of 
the dba excited states at this stage. 

In this work we wish to report a number of experimental 
and theoretical results in order to address both singlet and 
triplet excited states, and the MO picture of the dba ligand. 
Since dba is not luminescent in solution at 298 K, the closely 
related model compound di-3-(N-ethylcarbazoy1idene)acetone 
(dNECa) will be investigated (see Scheme 1 for structure). 
The C T  fluorescence assignment will be spectroscopically 
demonstrated by polarity effects and polarization studies using 
dNECa. Furthermore, the very weak phosphorescences for 
dba and dNECa will be presented and assigned to a process 
arising from a C T  state. The photophysical characterization 
of these two molecules is also made. Finally a qualitative MO 
analysis (via extended Hiickel type calculations) will be ex- 
amined for dba and di-3-(N-methylindoy1idene)acetone (a 
model compound for dNECa) confirming the existence of the 
expected n + r *  and CT electronic transitions for both s,cis- 
s ,  cis and s ,  cis-s, trans conformations. 

laboratory. W e  recently shbwed that thk excited state Experimental section 
Materials 

'For part one, see ref. 9. Dba (14) and dNECa (9) were prepared according to standard 
'~u thor  to whom correspondence may be addressed. procedures. All the solvents: methanol (BDH), acetone (Fisher 
's. M. Hubig, M. Drouin, A. Michel, and P. D. Harvey. Inorg. Scientific Company), acetonitrile (BDH), dimethyl sulfoxide (Fisher 

Chem. In press. Scientific Company), dichloromethane (Fisher Scientific Com- 
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dba = dibenzylideneacetone 

~ C H = C H - ( C O I - C H = C H  / $+JJ'J 1 / 

I I 
dNECa = di-3-(N-ethylcarbazoy1idene)acetone 

SCHEME 1. Molecular structures of the investigated compounds 

pany), dimethylformamide (BDH), chloroform (BDH), tetra- 
hydrofuran (Aldrich Chemical Company), toluene (Mallinckrodt), 
benzene (Fisher Scientific Company), carbon tetrachloride (BDH), 
ehtyl acetate (BDH), dimethoxyethane (BDH), pyridine (BDH), 
butyronitrile (Aldrich Chemical Company), and 2-methyltetra- 
hydrofuran (Aldrich Chemical Company), were purified accord- 
ing to standard procedures ( 15). 

TABLE 1. Am,,(F) and QF for dNECa at 298 K 4 

A~, , (F )~  QF 3.5- 
Solvent EO (? 1 nm) (? 10%) 

3- - 
Carbon tetrachloride 2.2 476 0.0022 + 

FJ 
4.8 502 0.073' 

- 
Chloroform 2.5- 
Ethyl acetate 6.02 495 0.013 8 
Dimethoxethane 7.1 498 0.013 .g 2- - 
Tetrahydrofuran 7.6 498 0.0046 - QI 

9.0 509 0.090 Dichloromethane 2 1.5- - 
Pyridine 12.3 505 0.066 
Acetone 20.7 515 0.045 I- 
N-N-Dimethylformamide 38.0 517 0.037 
Acetonitrile 38.0 528 0.13 0.5- 
Dimethyl sulfoxide 47.0 525 0.12 

07 

Apparatus 
The absorption spectra were acquired on a Hewlett Packard 8452 

A diode array spectrophotometer. The emission and excitation 
spectra were obtained using a Spex Fluorolog I1 spectrometer. The 
phosphorescence spectra and lifetime measurements were per- 
formed on a Spex 1934D phosphorimeter coupled with the Spex 
Fluorolog spectrometer. The fluorescence lifetimes were mea- 
sured with a FL900 single photon counting fluorometer (Edinburgh 
Inst.) using a nF 900-11s flash-lamp source under the following 

I OMS0 
DMF I CHaCN 

I acetone 

mdine I 

I CH& 
M F  + Dimelhowethane I 

ethyl acetate 

I CHCb 

I ccq 

conditions: electrode gap, 1.0 mm; gas, 0.5 bar of H,(g) (1 bar = 
100 kPa); applied EHT, 7.0 kV; repetition rate, 40 kHz. 

Experimental procedures 
The QF values were measured using 9,lO-diphenylantracene as 

standard (1 6). The polarization ratios (N) were measured accord- 
ing to literature procedures (see for examples ref. 17). 

Computational details 
All MO calculations were of the extended Hiickel type (EHMO) 

using a modified version of the Wolfsberg-Helmholz formula (18). 
The atomic parameters used for C ,  0, and H are taken from ref. 
19. The C--0, C-H, C=C, and C - C  distances used for the 
computations are 1.23, 1.05, 1.31, and 1.46 A as found crystal- 
lographically for the 2,2'-dimethyldibenzylideneacetone deriva- 
tive in its s,cis-s,cis conformation. All angles were taken to be 
120°, except for the torsional angle which was taken to be 0". A 
detailed description of the graphic programs used in this work can 

"The dielectric constants are from ref. 23. 460 480 500 520 540 

T h e  emission spectra are corrected for the instrument response. Wavelength (nrn) 

'Chloroform can be considered a protic solvent. 
FIG. 1. A,,,,(F) vs. E (In scale) for dNECa in various solvents. 
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HARVEY AND DAOUST 

FIG. 2. Fluorescence spectrum of dNECa in 2-MeTHF at 77 K (concentration -1 x M). Insert: polarization ratio (N) as a func- 
tion of A using A,,, = 447 nm (0-0 of the CT absorption band). 

be found in ref. 20. Tables of atomic orbital contributions of the 
MO 41-45 for dba and 60-65 for di-3-(N-methylindoy1idene)- 
acetone are provided as supplementary data.4 Solution NMR stud- 
ies proved that dba and dNECa have the s,cis-s,cis conformation 
(8, 9). The di-3-(N-methylindoy1idene)acetone compound was used 
as a computational model for dNECa because the EHMO package 
(20) did not permit calculations for molecules exhibiting large 
numbers of MO's, and because the MO diagram would become 
more complicated than necessary for this work. 

Results and discussion 
1. CT Fluorescence assignment 

The dNECa fluorescence appear as structureless symmet- 
ric bands that are sensitive to medium polarity. Table 1 lists 
the hmax(F) values, the solvent dielectric constants (E) ,  

and the 0,'s for dNECa in various solvents at 298 K. The 
variation of h,,,(F) plotted against E in the In scale (Fig. 1) 
shows a clear increase in hmax(F) (ranging from 476 to 
525 nm = -2070 cm-') with the medium polarity. For 
comparison purposes one should examine the spectroscopic 
data for some related monomeric compounds, particularly 
for 3-cyano-N-ethylcarbazole and 3-carboxyethyl-N-ethyl- 
carbazole for which n + n fluorescences have been as- 
signed (21). For the later, 60 and 170 cm-' red shifts of the 
fluorescence bands for 3-cyano- and 3-carboxyethyl-N- 
ethylcarbazole, respectively, are reported for solvents going 
from 3-methylpentane to ethanol at 296 K (21). The partic- 

ularly large polarity effect for dNECa is conclusively indic- 
ative of a CT fluorescence, and rules out the n + n* 
emission. This CT assignment should be considered as a 
n + n* transition in which a large charge separation is in- 
duced in the singlet excited state. The fluorescence quan- 
tum yield (0,) also increases with the solvent polarity, but 
this increase is not as regular. The 77 K spectra are moder- 
ately vibrationally structured (Fig. 2) where the 0-0 band is 
easily recognized. Again the medium polarity induces large 
shifts in the fluorescence spectra as the 0-0 band shifts from 
458 (toluene), to 462 (2-MeTHF) , to 488 (butyronitrile) , and 
to 492 nm (ethanol). 

The second set of experiments involves the measurement 
of the polarization ratios (N). The CT assignment for 
the lowest energy absorption band has been established 
(9). The variation of the dipole moment should be polarized 
along the main ( z )  axis of dNECa in the C,, point group 
(s,cis-s,cis conformation). According to the absorptivity 
data, E -21 000 M-' cm-I (9), this CT transition is al- 
lowed, and mixing of non-totally symmetric vibrational 
modes due to vibronic coupling is very unlikely. Theoreti- 
cally, a value of N = 3 indicates that the emission is polar- 
ized parallel to the dipole moment change involved in the 
absorption process, while when N = 0.5, the luminescence 
is polarized perpendicular to the absorption. Figure 2 shows 
the fluorescence spectrum of dNECa at 77 K along with the 

4Supplementary tables of atomic orbital contributions of the MO polarization.  the^ values approach 3 all along-the spec- 

nos. 41-45 for dba and nos. 60-65 for di-3-(N-methyllindoyli- trum, demonstrating that the emission does from 
dene)acetone may be purchased from The Depository of Unpub- the absorbing CT state and that no non-totall~ symmetric 
lished Data, Document Delivery, CISTI, National Research Council vibrational modes contribute to the intensity of the fluores- 
Canada, Ottawa, Canada KIA 0S2. cence, contrary to the substituted derivatives of carbazole 
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I 
I I I 1 I I 

550 600 650 700 750 800 

Wavelength (nm) 
FIG. 3. Top: phosphorescence spectrum of dba in 2-MeTHF at 77 K (concentration -1 x M, A,,, = 370 nm using a 450-W Xe 

lamp). Bottom: phosphorescence spectrum of dNECa in 2-MeTHF at 77 K (concentration - 1 x M, A,, = 447 nm (0-0 of the CT 
absorption band) using a 450-W Xe lamp). 

(17). The fact that N does not reach 3.0 (but rather -2.7) for 
the 0-0 band is due to depolarization induced by glass im- 
perfection and by solvent-induced depolarization. 

The dba molecule could not be investigated as no emis- 
sion was observed at 298 K and luminescence is very weak 
at 77 K (@, < 0.01). On the basis of the structural similar- 
ities (and the molecular orbital analysis; see the text below), 
the emissive singlet excited state is undoubtedly a CT state. 

2 .  CT phosphorescence assignment 
Very weak and moderately structured phosphorescence 

spectra were observed for dba and dNECa (Fig. 3) for which 

both band shapes and positions are very similar. The band 
positions are reported in Table 2. From the structured phos- 
phorescence bands, two vibrational modes can be depicted, 
Av and Av' (Table 2) where the low- and high-frequency 
modes average -540 ? 70 and -670, and 1530 ? 70 and 
- 1540 cm-' for dba and dNECa, respectively. The high- 
frequency modes are easily assigned to v(C==€), not v(C=O) 
(v(C=O) = 1673 and 1694 cm-' for dba and dNECa, re- 
spectively (9)). The IR and Raman spectra exhibit strong 
signals in this range where the closest frequencies are found 
at 1577 and 1576, and 1575 and 1550, for dba and dNECa, 
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HARVEY AND DAOUST 278 1 

TABLE 2. Phosphorescence spectra of dba and dNECa 

dba dNECa 

X (+ l  nm) v (cm- ') Av (cm-') Avf(cm-I) X ( k l  nm) v (cm-I) Av (cm-') Av' (cm-') 

TABLE 3. Fluorescence photophysical parameters for dNECa in various solvents at 298 K 

Solvents T~ ( n ~ )  x2 kF (lo8 s-')' k,,, (lo8 s-llb 

Dichloromethane 0.27 + 0.07 1.30 3.3 + 1.2 33 + 12 
Acetone 0.33 k 0.02 1.34 1.4 + 0.2 29 + 5 
N,N-Dimethylformamide 0.3 1 + 0.07 1.35 1.2 k 0.4 31 + 10 
Acetonitrile 0.51 k 0.04 0.93 2.5 + 0.5 17 + 3 
Dimethyl sulfoxide 0.44 + 0.04 1.38 2.7 + 0.5 20 k 4 
Ethanol 1.34 + 0.03 1.25 5.2 + 0.6 2.2 + 0.3 
Methanol 0.215 k 0.006 1.20' - - 

1.18 k 0.03 

9, = @,/7,; OF ? 10%. 
bk, = (1 - @,)/7,; OF? 10%. 
'Biexponential curve fitting with the short lifetime component intensity of 37.1% and the long one of 

62.9%. 

TABLE 4. Some spectroscopic and photophysical data for the 77 K dNECa fluorescence 

Solvent E Xo-o(F) Xo-,(F) QF T (ns) I"' X2 

Ethanol 24.3 492 530 0.19 
1.35 10% 

Butyronitrile 22.23 488 525 0.065 - 

- - -  - -  
- J 

Toulene 2.4 458 485 - - C 

"The relative intensity has been normalized. 
bDielectric constant for tetrahydrofuran. 
'@,'riot measured but qualitatively 0, (toulene) << @ (butyronitrile). 

respectively (9). The lower-frequency mode could be asso- 
ciated to ring deformation coupled with v(C=C). No polar- 
ization measurement was attempted due to the weakness of 
the phosphorescence. 

The 77 K phophorescence spectra do not appear to be es- 
pecially sensitive to solvent polarity as a moderate 6-nm red 
shift is observed for dNECa going from toluene (570), to 2- 
methyltetrahydrofuran (574), to butyronitrile (576), and to 
ethanol (575 nm). The possibility of an n + T* triplet ex- 
cited state is also ruled out, and a CT assignment is pre- 
ferred. The rather small red shift in the phosphorescence 
spectra in the polarity implies that this CT interaction is 
somewhat less extensive than that of the singlet excited state. 
The triplet state appears to possess significant TT* charac- 

ter, which is consistent with the cis-trans photoinduced 
isomerization in dba (8). 
3 .  Photophysical characterization 

As was the case for QF (Table l ) ,  the 298K 7, values for 
dNECa in aprotic solvents vary with the medium polarity. 
The 7, values are rather short as they range from 0.27 + 0.07 
to 0.5 1 +- 0.04 ns. Since the measurements are near the limit 
of the instrument, large uncertainties are induced. The ra- 
diative rate constants for fluorescence, kF(QF/7,), and the 
non-radiative rate constants, k,, ((1 - QF)/7,), are listed in 
Table 3. Considering the experimental uncertainties, both kF 
and k,, are only weakly solvent dependent. The kF values 
(ranging from (1.2 + 0.4) X 10' to (3.3 t- 1.2) X 10' s-') 
compare reasonably with the theoretical value reported pre- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2782 CAN. 1. CHEM. VOL. 70. 1992 

TABLE 5. Some spectroscopic and photophysical data for the 77 K 
dNECa phosphorescence 

ho-o(P) 
Solvent E ( a  1 nm) TP (FS) 

Ethanol 24.3 575 23.0 ? 0.3 
Butyronitrile 22.23 576 24.1 -t 0.2 
2-Methyltetrahydrofuran 7.6" 574 22.5 2 0.3 
Toluene 2.4 570 24.8 ? 0.3 

"Dielectric constant for tetrahydrof~ran 

FIG. 4. Walsh diagram for the s,cis-s,trans (0") + s,cis-s,cis 
(180") conversion of dba around one of the (COHC=C) bonds. 
MO no. 43 is the HOMO. The broken line is the total energy (1 
div = 3 eV on this scale). 

viously (3.9 x lo8 s-I) (9). At 77 K, both QF and T, arealso 
solvent dependent (Table 4) with the complication that the 
fluorescence decays exhibit biexponential kinetics. These 
biexponential kinetics were previously observed (9, 22) and 
tentatively interpreted in terms of s,cis-s,cis and s,cis-s, trans 
conformers (9). These conformers are in equilibrium, de- 
pending on both temperature and solvent (in the ground state) 
(6). The s,cis-s,cis form is the predominant form although 
a minor and non-negligible concentration of the second 
conformer exists (7). In this work no temperature depen- 
dence of the photophysical parameters is observed because 
one form is dominant over a very large temperature range. 
The dNECa phophorescence lifetimes (77 K; Table 5) are 
(like the h,,.,,P values) essentially solvent insensitive (and 
vary from 22.5 2 0.3 to 24.8 +- 0.3 ps). The dba lifetime 
is similar but harder to measure; T, is 20 + 2 ps in the same 
77 K glasses. Interestingly, the low-energy triplet excited 
states in the diarylideneacetone compounds are not very 

FIG. 5. MO diagram of the LUMO (no. 42), HOMO (no. 43), 
and HOMO-1 (no. 44) of s,cis-s,cis dba. 

sensitive to the meedium and do not appear to be strongly 
influenced by the nature of the aryl groups either. 

4.  MO Analysis 
Assuming that the bond distances remain constant, a Walsh 

diagram is computed for dba undergoing the s,cis-s,cis 
(C,,) f) s,cis-s,trans (C,) conversion, via a rotation from 0" 
to 180" around one of the (C0)-(C=C) bonds (Fig. 4). In 
this graph the total energy (---) is plotted where a -6.1 eV 
barrier to rotation is calculated with a maximum at 0 = 90". 
The s,cis-s,cis form is more stable (by only a few milli- 
electron volts), in agreement with previous observations (7). 
More importantly, the MO atomic contributions were also 
computed for both forms (Figs. 5 and 6). The LUMO's 
(no. 42; b, symmetry in the C2, point group) have essen- 
tially the same atomic contributions and are delocalized .sr 
systems involving the C 4  group. One other feature is that 
C, and C, make little or no contribution to the MO. The MO 
contributions for the HOMO'S and HOMO-1's (nos. 43 and 
44, b ,  and a,  symmetry in the C,, point group, respectively) 
are inverted in the two conformers. This inversion does not 
appear as an MO crossing in the Walsh diagram, but rather 
appears as a gradual conversion from one set of atomic con- 
tributions to the other under the rotation. In the s,cis-s,cis 
form, the HOMO (no. 43) exhibits atomic contributions in- 
volving C--C u-bonding and the nonbonding p orbital of the 
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HARVEY AND DAOUST 

H FIG. 7. Energy diagram for s,cis-s,cis-di-3-(N-methylindoyli- 
dene)acetone showing MO nos. 60 (LUMO) - 65 .  The atomic 
contributions for MO nos. 60-65 are provided as supplementary 
material (see footnote 3). 

C / H  H 

I 

FIG. 6 .  MO diagram of the LUMO (no. 42), HOMO (no. 43), 
and HOMO-I (no. 44) of s,cis-s, trans dba. 

0-atom, while the HOMO-1 is a n-delocalized system with 
no C=O contribution. 

In the s,cis-s,cis form; the two lowest-energy transitions 
(HOMO -+ LUMO and HOMO-1 4 LUMO; 'A, 4 1 . 3 ~ 2  and 
'A, + I z 3 ~ , )  are essentially the unobserved and orbitally 
forbidden n -+ n *  and a .rr + n *  type transition, respec- 
tively. In the latter case, the transition is polarized along the 
long axis of the molecule and induces a shift of the elec- 
tronic density from the C,-Cp-C,'s to the C = O  group and 
the Cp atoms that is indicative of a CT transition (from the 
ring to the C = O  group), in agreement with our experimen- 
tal observation. In the s,cis-s,cis form, the computed en- 
ergy gap between the two MO's (nos. 43 and 44) is very 
small (0.047 eV) and is only indicative that they are close 
in energy. 

To confirm that the luminescent dNECa is an appropriate 
model for dba, the s,cis-s,cis di-3-(N-methylindoy1idene)- 
acetone compound (also C2, point group; Fig. 7) is ana- 
lyzed. The MO diagram (Fig. 7) exhibits a smaller LUMO 

L U M O  

HOMO 

FIG. 8. MO diagram of the LUMO and HOMO for di-3-(N- 
methylindoy1idene)acetone. The molecule is not shown com- 
pletely since the LUMO exhibits a perpendicular miror plane at the 
C--0 while the HOMO possess a C2 axis along the C--0 bond as 
is the case for dba. 

(no. 60; b,)-HOMO (no. 61; a,) gap as expected, and the 
atomic contributions (Fig. 8) are very similar to the corre- 
sponding MO nos. 42 and 44 in s, cis-s,cis dba (Fig. 5).  The 
two key features in this analysis are that the CT interaction 
during the lowest-energy electronic transition appears more 
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pronounced than in the dba case, and the energy gap be- 
tween the HOMO and the M O  corresponding to M O  no. 43 
in s,cis-s,cis dba (C--C u-bonding + 0 nonbonding; no. 
64 in this case) is now much greater (0.505 eV). The first 
result is perfectly consistent with the very large medium po- 
larity effect on h,,,(F) for dNECa, which appears not to be 
due to the presence of the heteroatom, but rather to ex- 
tended T-delocalization. The second result implies that the 
nn*-type excited states should definitely lie above the C T  
states in this case, as confirmed by the polarization experi- 
ments on dNECa. 

Concluding remarks 
While the lowest energy singlet excited state in dba is a 

C T  state in nature, the triplet excited state possesses signif- 
icant T + n *  character. These results are consistent with the 
photoinduced electron transfer and the typical cis,trans- 
isomerization reactivities of the dba singlet and triplet excited 
state, respectively. Since the 7, and 7, values are particu- 
larly short, excited state deactivation in their corresponding 
M2(dba), complexes (M = Pd, Pt) can be promoted if the 
process involve these (intraligand) states. Picosecond flash 
photolysis investigations on the M2(dba), (M = Pd, Pt) and 
Pd2(dba-Fc), complexes are in progress. 
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Kinetics and mechanism of oxidation of nickel(I1) tetraazamacrocycles by the 
peroxydisulphate anion in aqueous and binary aqueous mixtures 
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ROBERT I. HAINES and SANDRA J. NORTHCOTT. Can. J. Chem. 70, 2785 (1992). 
The kinetics of oxidation of several nickel(I1) tetraazamacrocycles by the peroxydisulphate anion have been studied 

in water and in binary aqueous mixtures. The reactions proceed via an ion-pairing pre-equilibrium, followed by metal 
ion-assisted peroxy-bond fissure within the ion-pair solvent shell. The derived rate law is 

rate = 
2k4kip[s20,2-l [Ni(II)Lltot 

1 + K , ~ [ S ~ O , ~ - I  

Ion-pairing constants have been determined and have been found to be little influenced by steric factors, but do depend 
on solvent composition. Rate constants have been extracted using the rate expression and activation energies have been 
estimated from temperature dependences. 

ROBERT I. HAINES et SANDRA J. NORTHCOTT. Can. J. Chem. 70, 2785 (1992). 
Op6rant en milieux dans l'eau et dans des melanges binaires aqueux, on a CtudiC la cinetique de l'oxydation, par l'anion 

peroxydisulfate, de plusieurs complexes de t6traazamacrocycles avec le nickel(II). Les reactions se produisent par le biais 
d'un pre-Cquilibre de paires d'ions, suivis d'un bris de la liaison peroxy assist6 par l'ion mktallique, h I'intCrieur de la 
couche de solvant de la paire d'ions. La loi de vitesse qui en derive est 

rate = 
2k&ip[S~Oi-l [Ni(II)Lltot 

1 + KiP[S20i-] 

On a determine les constantes de formation des paires d'ions et on a trouvC qu'elles ne sont pratiquement pas influ- 
encees par des facteurs steriques; elles dependent toutefois de la composition du solvant. On a extrait les constantes de 
vitesse en utilisant une expression de vitesse et on a evaluC les energies d'activation a partir des dipendances sur la 
temperature. 

[Traduit par la redaction] 

Introduction 

There have been many kinetic studies of oxidations by the 
peroxydisulphate anion, s,o:- (1). Although ~~0:- is a 
very strong two-electron oxidant (I? = 2.2 V vs SHE), its 
redox reactions are usually slow. This is because the rate- 
determining step is thermal dissociation of the peroxy anion 
into SO,- radicals. Examples include the oxidation of thal- 
lium(l) (2), manganese(D) (3), and cerium(m) (4). The SO4- 
radical is known to be a very electrophilic species that can 
undergo H-atom abstractions (5) and addition reactions (6) 
and acts as an efficient one-electron oxidant with many sub- 
strates (7). Peroxydisulphate oxidations are, however, cat- 
alyzed by the presence of'silver(1) ions (1, 3, 8), where a 
silver(1)-peroxydisulphate complex is postulated. The re- 
duction of s2oS2- by a disilver(l) porphyrin complex (9) was 
found to be first order in both reactants. The porphyrin 
complex was labile and catalytic decomposition of the oxi- 
dant by free Ag(1) was suggested. Reaction of ~ ~ 0 , ~ -  with 
~ g +  alone is thought to proceed by a chain mechanism in- 
volving A ~ , + ,  Ago+,  SO4-, and OH- intermediates, with 
the production of molecular oxygen (10). Intramolecular 
electron-transfer-assisted decomposition of peroxydisul- 
phate has been found for a binuclear iron/ruthenium system 
(1 I). 

have been published to date. Xu and McAuley have used 
s,o:- preparatively to oxidize macrobicyclic nickel(I1) 
complexes, but found the kinetics intractible due to side re- 
actions of the SO4- radicals (A. McAuley, personal com- 
munication). 

In this paper, the kinetics of oxidation of nickel(I1) tetra- 
azamacrocycles, [N~(II)L],+, by s,~:- in aqueous and bi- 
nary aqueous mixtures are examined. The ligands Ll-L, used 
in this work are described structurally in the schematic. 

L 1 L2 L3 

The mechanism of the reaction is described and the ef- 
fects of added cosolvent are discussed in relation to solvent 
studies in other inorganic reaction mechanisms. 

Experimental 
\ ,  

As an oxidant, the peroxydisulphate anion has been used 
to prepare aqueous solutions of nickel(II1) polyazamacro- The ligand L, (1,4,8,11-tetraazacyclotetradecane, 'cyclarn') was 

cycles (12), but no mechanistic studies of these reactions used as received (Aldrich). L2 (meso-5,7,7,12,14,14-hexamethyl 
1,4,8,11-tetraazacyclotetradecane) and L, (2,3-dimethyl 1,4,8,11- 
tetraa~ac~clotetradecane) were synthesized accordinito the liter- 

I~u thor  to whom correspondence may be addressed. ature (1 3). 
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TABLE 1. Observed first-order rate constants, k,,, (s-'), for the oxidation of nickel(I1) 

Complex = [N~(II)L,]'+ Complex = 
10' kobs (s-') 10' k,,, 

[szos2-I [s'oS2-1 
(mol dm-j) T = 283.2 K T = 293.2 K T = 298.0 K (mol dm-j) T = 285.3 K T = 293.7 K 

The nickel(I1) complexes were prepared as the perchlorate salts 
by standard literature methods (13) and recrystallized from water 
prior to use. AnalaR grade potassium peroxydisulphate (BDH) was 
first washed several times with distilled water, then recrystallized 
four times from cold water, rinsed with ice-water, and dried over 
P4010 in vacuo. This procedure was found necessary to obtain re- 
producible, clean kinetics. Lithium perchlorate was prepared by 
neutralization of perchloric acid with lithium carbonate and was 
thrice recrystallized from water. All other reagents and solvents 
were of AnalaR grade and were used without further purification. 
All solutions were prepared using double-distilled, deionized water. 

Kinetics 
Kinetics were performed under pseudo-first-order conditions, 

using an excess of peroxydisulphate. The concentration of the 
nickel(I1) complexes used in all experiments was 5.00 x mol 
dm-3. Absorbance changes with time were measured using 1 cm 
path length quartz cells in the thermostatted cell compartment of a 
Beckman DU-65 recording spectrophotometer. Data were col- 
lected using Beckman Datacapture software on a Wise AT- 
compatible microcomputer. First-order rate constants, k,,,, were 
calculated from the slopes of linear regression plots of ln(A, - A,) 
versus time. Reported values of k,,, are the means of at least three 
measurements. For any given set of conditions, repetitive mea- 
surements gave observed rate-constant values invariant within 1%. 

A constant perchloric acid concentration of 0.0100 mol dm-3 was 
maintained to help stabilize the nickel(II1) products. The stabili- 
zation of nickel(II1) complexes in acidic media, as well as in the 
presence of coordinating ligands, is well known from kinetic stud- 
ies (12, 14). Decomposition of the tervalent species at low acidity 
has been attributed to intramolecular electron transfer involving 
nickel(I1)-ligand radical species. Ionic strength was kept constant 
at 0.300 mol dm-3 for all kinetic runs, using lithium perchlorate. 
Absorbance measurements were made at wavelengths chosen be- 
tween 370 and 400 nm, to avoid interference by some of the co- 
solvents. 

Results 
Stoichiometric titration of the nickel(I1) L, complex with 

~ ~ 0 , ' -  in aqueous solution gave a ratio of 2.02 * 0.05 : 1.  
The same stoichiometry was found for the reaction in the 
binary aqueous solvent mixtures used. The UV/visible 
spectrum of the product corresponded to the monosulphato- 
nickel(II1) species, [N~(III)L,(SO~)I+ (15). In aqueous so- 
lution, a clean isosbestic point was observed at 256 nm, 
indicating no observable intermediates. Furthermore, the 
product precipitated on addition of an aqueous solution of 
NaBPh,. No precipitate was formed on addition of Ph,AsCl 

to the product solution. These observations indicate the 
Ni(W species to be cationic and the overall reaction may be 
described as 

Excellent first-order kinetics were observed over at least 
five half-lives for the appearance of the nickel(II1) prod- 
ucts, in all solvents studied. This is remarkable in light of the 
well-known deviations from first-order behaviour in oxida- 
tions by peroxydisulphate that arise from reactions of SO4- 
radicals generated during the reaction (16). Thus the rate law 

1 d[Ni(III)L] 
[2] rate = +- = k,,,[Ni(II)L] 

2 dt 

is obeyed. 
Table 1 lists the observed first-order rate constants for 

oxidation of the three nickel(I1) complexes studied, in water 
as a function of tern erature and s,o,,- concentration. Ox- ?+ idation of [Ni(II)L,]- was much slower than that of the L, 
and L3 complexes, as expected from the difference in elec- 
trode potentials for the nickel(II/III) complex couples 
(+0.67, +0.87, and +0.68 V (versus Ag/AgN03 (0.1 M) 
in acetonitrile) for the L,,  L,, and L3 complexes respec- 
tively) (17). Rates were independent of acid between pH 4 
and 2, indicating no protonation of the oxidant in this range. 
This observation is consistent with the known lack of 
hydrogen-ion dependence in the oxidation of iron(I1) by 
~ ~ 0 , ~ -  up to an acid concentration of 0.010 mol dm-3 (18). 
The addition of a radical scavenger, ally1 acetate (19), caused 
no change in rates, within experimental error. This suggests 
that the rate-determining step does not likely involve the SO4- 
species. 

Figure 1 shows the dependence of k,,, on s,o,~- concen- 
tration for the L, complex at several temperatures. The 
marked curvature in the plots (found for all systems stud- 
ied) suggests an equilibrium pre-association of the ionic 
reactants prior to a rate-determining electron transfer. The 
general pattern bears resemblance to the classic Eigen- 
Wilkins (I,) mechanism (20). A simplified mechanism (ig- 
noring, for the moment, interchange between possible inner- 
sphere solvent at the nickel(I1) complex and peroxydisul- 
phate) may be described schematically as 
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HAINES AND NORTHCOTT 2787 

macrocycles as a function of [S~O~'- ]  and temperature (ionic strength 0.30 mol dm-3) 

[N~(II)L,]~' Complex = [Ni(II)L312+ 
(s-I) 10' kobs (s-I) 

[S'O$~-] 
T = 2 9 8 . 0 K  T=304 .0K T = 3 0 8 . 0 K  ( m ~ l d m - ~ )  T = 2 8 3 . 2 K  T = 2 9 3 . 2 K  T = 2 9 8 . 2 K  T = 3 0 3 . 2 K  

0.02 0.04 
[s20;'] (mol dm-') 

FIG. 1. Dependence of observed first-order rate constants on 
peroxydisulphate concentration for oxidation of the [N~( I I )L~]~ '  
cation at various temperatures. 

FIG. 2. Reciprocal plots for the data shown in Fig. 1. 

K3 
should be linear, with a slope of 1 /(2k4Ki,) and an intercept 

[3] [Ni(II)LI2+ + ~ ~ 0 ~ ~ -  G {Ni(II)LZ+, S202-)  of 1 /2k,. Figure 2 shows the inverse relationship for the L, 
ion-pair complex at different temperatures. From such plots, the de- 

rived second-order rate constants, k,, and ion-pairing con- 
k4 

[4] {Ni(11)~'+, S ~ O ~ - }  + [Ni(III)L(S04)]+ + SOd- stants, Kip, for all reactions studied were computed using a 
linear least-squares fit. Table 2 lists these parameters for re- 

fast 
[5] [N~(II)L]'+ + SO,- + [Ni(III)L(SO,)]' action of the three complexes in water as a function of tem- 

perature. From the temperature dependencies of the k, values, 
The rate law derived from this scheme is activation energies of 41.1 2 1.3 and 34.9 * 2.7 kJ mol-' 

were calculated for the L2 and L, complexes respectively. 
~~,K,,[s,o,'-] 

[Ni(II)Ll,o, 
Since the rates of reactions of the L, and L, complexes are 

[61 rate = 
1 + K~,[S,O~~-]  near the measurable limit for the conventional kinetic 

equipment available to us, the L, complex was chosen for 
From eqs. [2] and [6], a plot of 1 /kobs versus 1 /[S20,'-] further study of solvation effects on the kinetics of the re- 
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TABLE 2. Oxidation rate constants (k4) and ion-pairing constants (Kip) as a function of temperature 

[NiL212+ [NiL2I2+ . [NiL3I2+ 

k4 (s-') Kip k4 (s-I) Kip k4 Kip 

TABLE 3. Observed first-order rate constants, k,,,, for the oxidation of [Ni(11)L2l2+ in binary aqueous mixtures 

1 o3kobs (s-I) 

Methanol (%) Acetone (%) 

[s20B2-] (mol dm-3) 

action. Table 3 lists k,,, for oxidation of the L2 complex in 
a range of binary aqueous mixtures at 298 K. Figures 3 and 
4 illustrate the effect of the added cosolvents methanol and 
acetone on the observed first-order rate constants. At first 
glance the data seem erratic, but reciprocal plots analogous 
to those in Fig. 2 yield the ion-pairing constants, Kip, and 
second-order rate constants, k4, listed in Table 4. The ob- 
served trend in these parameters with added cosolvent is 
consistent with that expected for increasingly hydrophobic 
media. 

The derived rate law for this scheme is 

Nickel(I1) tetraazamacrocycles exist in aqueous solution 
as a mixture of low-spin square planar [N~(II)L]'+ and high- 
spin tetragonal [N~(II)L(oH,)~]~+ ions (21): 

  he magnitudes of the ion-pairing in media Electrostatic interaction of the peroxydisulphate anion with 
studied are consistent with those expected for a 2+/2- pair the square planar nickel(lI) complex will occur according to 
(see  able 5), indicating the ~208 ' -  anion, not HS2°8-, eq. [3], and with the tetragonal bis-aquo species: be the reacting species. 

Discussion 
Mechanism 

Reduction of peroxydisulphate characteristically pro- 
ceeds via rate-determining fission of the peroxy bond (I ) ,  a 
step that may be assisted by the presence of a metal ion. In 
the present study, formation of an ion-pair provides a cata- 
lytic pathway for redhction of s20g2- by the Ni(I1) centre. 

In the classic Eigen-Wilkins mechanism for complex 
formation, a rapid pre-equilibrium outer-sphere association 
(or ion-pairing) followed by rate-determining exchange of 
inner-sphere solvent with the incoming ligand obtains. This 
mechanism is summarized as 

Kl0 
[lo] N~L(oH~);+ + s20a2- e { N ~ L ( o H ~ ) ~ ~ + ,  s2Oa2-) 

ion-pair 

For intimate ion-pair formation, exchange between the inner- 
sphere solvent and s,o,~- must occur, analogous to that in 
eq. [7]: 

Estimated values of the rate of interchange of inner-sphere 
water with a variety of incoming ligands of varying charge 
have been tabulated by Burgess (22). The values fall in the 
range of 3-30 x lo3 s-I, which is close to the solvent ex- 
change rate for water at Ni2+(aq) of 3 x lo4 s-' (23). It is 
reasonable to assume that like Ni2+(aq), interchange at the 
bis-aquo nickel(I1) tetraazamacrocycle will be dissociative, 
with an exchange rate that is fast relative to the rate- 
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' " water 

0.01 0.03 

[S,O;-I (mol dm-') 

FIG, 3. Dependence of observed first-order rate constants on 
peroxydisulphate concentration for oxidation of the [Ni(II)L212+ 
cation in methanol-water mixtures (T = 298 K). Aqueous data are 
included for comparison. 

determining peroxy-bond fissure in our system. The inter- 
change rate at ~ i '+ ( aq )  for sulphate has been estimated as 
1.0 X lo4 s-I at 20°C (24). 

After formation of the intimate ion-pair, the redox step 
results in the formation of a sulphatonickel(IU) complex. The 
lack of rate dependence on radical scavengers suggests that 
peroxy-bond fissure and Ni(IU)-S0,2- bond formation occur 
concomitantly, according to eq. [4]. 

A rate law can be derived for the reaction, from eqs. [3]- 
[5] and [9]-[ll]: 

where Kt  = (K9Kl, + K,). The value of K, is small com- 
pared with K3, whence Kt -- K3 (which we have designated 
Kip). 

It is seen in Table 2 that the values of Kip are little af- 
fected by the presence of substituents on the macrocyclic li- 
gands. This indicates that the macrocycle does not impede 
the approach of the dianion to the metal centre, suggesting 
axial approach of the oxidant to the nickel in the ion-pair. The 
Kip's for the complexes agree well with that for pairing of 
aquonickel(I1) with sulphate ion (Table 5), further support- 
ing close approach of the s,~:- to the nickel centre in the 
complexes without steric interference by the macrocyclic li- 
gands. The precision of measuring K,,'s is not good enough 
to detect subtle effects in the primary/secondary solvation 
shells of the complex (22). The activation energies (Table 
2) are high for outer-sphere redox processes, but are ap- 

0.01 0.03 
[S,O;-] (mol dm-') 

FIG. 4. Dependence of observed first-order rate constants on 
peroxydisulphate concentration for oxidation of the [N~(II)L,]~+, 
cation in acetone-water mixtures (T = 298 K). Aqueous data are 
included for comparison. 

TABLE 4. Solvent effects on rate and equilibrium constants for the 
[Ni(11)L2]'+ /s20s2- system at 298 K 

Solvent 
(% V/V) k4 (s-l) Kip 

Water 0.00393 2 0.00005 20 2 6 
Methanol 

20% 0.0038 2 0.0002 78 2 20 
30% 0.0037 2 0.0004 56 r 15 
40% 0.0028 2 0.0003 65 2 17 

tert-Butyl alcohol 
20% 0.0051 2 0.0004 22 2 6 
40% 0.0028 t 0.0002 72 2 12 
50% 0.0030 2 0.0002 8 3 ?  15 

Acetone 
20% 0.0023 2 0.0001 57 t 8 
40% 0.0017 2 0.0002 61 

proximately half the value expected for rate-determining 
peroxy-bond fissure (25). This is further evidence for assis- 
tance to peroxy-bond fissure by the macrocyclic com- 
plexes. 

Electrochemical and pulse radiolysis studies (26) have 
shown that in sulphate media nickel(II1) tetraazamacrocy- 
cles are stabilized by axially coordinated sulphate(s). Axial 
proximity of the oxidant to the metal centre is expected to 
facilitate electron transfer from Ni(I1) to the dianion, with 
concomitant peroxy-bond elongation in the transition state. 
Pennington and Haim (27) have shown that an inner-sphere 
mechanism obtains in the oxidation of chromium(I1) by 
peroxodisulphate, with the formation of a mixture of 
CrS04+(aq) and cr3+(aq). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2790 CAN. J. CHEM. VOL. 70, 1992 

TABLE 5. Ion-pairing constants for M+/Xy-  systems in water at 
298 K 

Mn+ XY- Kip Reference 

ImidH+ 
N-Me-imid' 
Histidine 
Imidazole 
HF 
Hoxalate- 
0xalate2- 
s2oS2- 
s2oS2- 
s2oS2- 

39 
39 
39 
39 
39 
40 
40 

This work 
This work 
This work 

There appears to be little temperature dependence for the 
estimated values of Kip  (Table 2). However, the errors as- 
sociated with their estimation precludes any confident inter- 
pretation of trends. The apparent lack of temperature 
dependence of K i p  on temperature indicates a near zero en- 
thalpy for ion-pair formation. The entropy change for this 
process may be calculated as $6.0 J K-' mol-l, using a value 
of 20 for K i p .  These values are not dissimilar to those ob- 
tained for ion-pair formation between the aquopentam- 
minecobalt(II1) cation and sulphate anion (AH = 0 and 
AS = $68 J K-' mol-I at zero ionic strength; - 1.3 kJ mol-' 
and + 14 J K-' mol-I at ionic strength 1 .O mol L-') (28). The 
small entropy value is consistent with ion-pair formation 
rather than complexation, since fewer solvent molecules are 
released in the former case. Comparison of entropies of as- 
sociation for a series of ions forming inner- and outer-sphere 
associations has been made (29), showing significantly lower 
entropies for outer-sphere (ion-pairing) couples than inner- 
sphere (complexing) ones. Enthalpies of association for ion- 
pairing in these systems was also small, despite large charge 
neutralisations (Iz+z-1 = 9 or lo). 

The most significant feature of our results is that within 
an order of magnitude the values of Kip.  correspond to ion- 
pairing constants for ~i'+(aq)-x'-. Agan, this supports the 
contention that the peroxydisulphate anion approaches the 
nickel(I1) centre axially. 
Solvent effects 

Peroxydisulphate is known to oxidize organic solvents such 
as alcohols (30, 31), dimethyl sulphoxide (32), and acetone 
(33), particularly in.the,presence of metal-ion catalysts. These 
reactions have been shown to proceed by radical chain 
mechanisms, but are exceedingly slow compared with the rate 
of oxidation of the nickel complexes in this work and offer 
no interference. 

Ion-pairing constants were found to increase with in- 
creasing organic content of the solvent mixture (Table 4). 
This behaviour is in accord with the electrostatic model of 
ion-pairing, where Kip is dependent on the charge product of 
the component ions, the distance between the centres of the 
ions, and the dielectric constant of the medium (22). 

The second-order rate constants, k,, are relatively insen- 
sitive to bulk solvent composition, although there is a slight 
decrease in k, with increased organic component. For a 
second-order reaction between oppositely charged ions, it is 
expected that increasing the hydrophobic character of the 
medium would stabilize the free energy of the transition state 
relative to that of the initial state (34). Hence a reduction in 

the activation energy for the reaction in the more hydro- 
phobic medium is expected relative to water. This would 
result in an increase in rate constants in the binary mixtures 
relative to those in water. Such effects have been observed, 
for example in the mixed-solvent study of the mercury(I1)- 
catalysed aquation of hexachlororhenate (35). 

In the present study, the slight changes in rate constants 
with increasing hydrophobicity of the medium suggests that 
the system has undergone any major electrostatic rearrange- 
ments that are likely, prior to the rate-determining step. Only 
slight solvation differences are apparent in the system be- 
fore and after electron transfer. This agrees with the pro- 
posed mechanism, where concomitant nickel(I1) oxidation 
peroxy-bond fissure occurs within the solvent cage of the ion- 
pair, oblivious to the solvation effects of the bulk medium. 
Retardation of rates on going from water to binary aqueous 
mixtures has been observed previously (36) for oxidation of 
tris-diimine iron(I1) complexes. In those cases, trends in re- 
action rates with solvent composition were explained in terms 
of changes in initial-state versus transition-state energies. 

Recently, there has been a series of reports on solvent ef- 
fects on peroxydisulphate oxidations of transition-metal 
complexes (37, 38). In all of the systems studied, decreases 
in rates with increasing organic cosolvent were observed, in 
agreement with the present study. Holba et al. (36, 37) did 
not detect ion-pairing, which is not unexpected since their 
cationic complexes were singly charged. 
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Azetinone formation is not competitive with intermolecular reactions 
of a P-lactam-4-ylidene 
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MICHEL ZOGHBI and JOHN WARKENTIN. Can. J. Chem. 70, 2792 (1992). 
3-Phenoxy-I-phenyl-2-azetidinon-4-ylidene (P-lactam-4-ylidene) 2a, was generated by thermolysis of a spiro-fused 

p-lactam oxadiazoline precursor (1). Fast 1,2-H migration, a characteristic reaction of singlet carbenes that would con- 
vert 2a to 3-phenoxy-1-phenyl-3-azetin-2-one (4a) could not be demonstrated. Added 1, 3-diphenylisobenzofuran (6)  
did not afford the [4+2] cycloadduct (7) expected from 4a but, instead, the isomeric E- and Z-4-[1-(2-benzoylpheny1)- 
l-phenyl]-methylene-3-phenoxy-l-phenylazetidin-2-ones (9). Those compounds can be rationalized as the products of 
rearrangement of first-formed [2+ 11 adducts of 6 and the ylidene. The structure of the Z isomer of 9 was established by 
means of single crystal X-ray diffraction. Generation of 2a in methanol-d4, either neat or 3.3 M in benzene, afforded 
the isomeric products of carbene insertion into the OD bond of methanol-d4. Structural isomers expected from addition 
of methanol-d4 to 4a could not be detected. The results suggest that 1,2-H migration in 2a is relatively slow, with kH 5 

1.4 x lo6 s-I at 100"C, which is slower than analogous rearrangement of benzylchlorocarbene by 200-fold or more. 

MICHEL ZOGHBI et JOHN WARKENTIN. Can. J. Chem. 70, 2792 (1992). 
La thermolyse d'une oxadiazoline spiro-condensee a une p-lactame (1) conduit au 3-phCnoxy-l-phCnyl-2-azCtidon-4- 

ylidbne (P-lactam-4-ylidbne) (2a). On n'a pas pu mettre en Cvidence de migration rapide 1,2-H, une reaction carac- 
teristique des carwnes singulets qui permettrait de transformer le compost 2a en 3-phenoxy-1-phCnyl-3-azCtin-2-one (42). 

L'addition de 1,3-diph6nylisobenzofurane (6) n'a pas permis d'isoler le cycloadduit [4+2] (7) que l'on pourrait attendre 
2 partir du produit 4a; on a plut6t obtenu les E- et Z-4-[1-(2-benzoylphCnyl)-1-phCnyl]-m&thylbne-3-phCnoxy-1- 
phknylazetidin-2-ones isombres (9). On peut rationaliser la formation de ces produits par une transposition des 
adduits [2+ I ]  du produit 6 et de l'ylidkne qui se foment en premier. On a dCterminC la structure de l'isombre Z du 
composC 9 grdce 2 la diffraction des rayons X par un cristal unique. La gCn6ration du composC 2a dans du methanol-d4, 
soit a 1'Ctat pur ou en solution 3,3 M dans le benzbne, fournit des produits d'insertion du carbbne dans la liaison OD du 
methanol-d;. On n'a pas pu ditecter les isombres de structure que l'on pourrait attendre lors de l'addition du methanol- 
d4 sur le composC 4a. Les resultats suggbrent que la migration 1,2-H dans le compose 2a est relativement lente, alors 
que kH 5 1,4 X lo6 s-I, 2 100°C; cette valeur est 200 fois plus faible que celle observke lors de la transposition ana- 
logue du benzylchlorocarbbne. 

[Traduit par la rCdaction] 

Despite intense interest and activity in the area of p-lactam 
chemistry (for post-1980 reviews, see ref. I), P-lactam-4- 
ylidenes, 2,  were described only recently (2). They can be 
generated efficiently and conveniently by heating spiro-P- 
lactam oxadiazolines (1) at ca. 100°C in solution, Scheme 
1, and they have considerable potential for elaboration of the 
p-lactam system by both intramolecular and intermolecular 
reactions (2). Two potential intramolecular reactions of 2 
include 1,2-H migrations leading to azetinones, 3 and 4.  With 
l a  (R' = Ph, R2 = OPh, R3 = H) in hand (2) we were in a 
position to generate 2a (R1 = Ph, R2 = OPh, R3 = H) and 
to examine its fate. Azetinones are not stable species: An 
azetinone of type 4 has been observed at -5°C by spectro- 
scopic methods (3) but none has ever been isolated despite 
attempts by several groups (4-6). Azetinones 3 have not been 
isolated either, but their existence as transients is a facet of 
postulated mechanisms of nucleophilic substitutions on P- 
lactams (7) bearing a leaving group (L) at C4, Scheme 2, and 
of the hetero-Diels-Alder reactions, to form 5, reported by 
Meyers' group (8). 

Methods, results, and discussion 
In view of the limited stabilities of azetinones 4 ,  di- 

phenyl isobenzofuran (6) was included to trap 4a, in situ, as 
the [4n+2n] cycloadduct 7, Scheme 3. 

Thennolysis of la  in benzene containing 6 (0.5 M) did not 
take the course leading to 7. Instead of 7, two 1 : 1 adducts 

'Author to whom correspondence may be addressed 

of 2a and 6 were isolated, each in 16% yield. Spectroscopic 
data (ir, 'H nmr, I3c nmr) indicated not only a higher p-lac- 
tarn carbonyl frequency (1800 cm-I) than in la  (1792 cm-l) 
and the presence of another carbonyl group (ca. 1665 cm-I), 
but also a high probability of geometric isomerism. Single 
crystal X-ray diffraction showed that one of the products was 
2- 4 -[l-(2-benzoylpheny1)- 1 -phenyl]-methylene-3-phenoxy- 
1-phenylazetidin-2-one, 9a.' The other product could then 
be identified, from its spectra, as the corresponding E iso- 
mer, 9b. In view of the fact that 2a and its analogues have 
been shown to add to CC double bonds, as in styrene (2) and 
4-bromo- 1 - b ~ t e n e , ~  we propose an analogous cyclopropan- 
ation in the first step, to form 8, presumably as a mixture of 
all possible isomers (Scheme 4). As a special divinylcyclo- 
propane, with heteroatom substituents and phenyl groups as 
well, isomers 8 are not expected to be stable at 100°C. A 
reasonable mechanism for formation of 9 (Scheme 5) be- 
gins with an expected vinylcyclopropane bond cleavage in 
8, leading to diradical 10, which undergoes p-scission to form 
9a and 9b. 

We were unable to find a precedent in the literature for 
formation of a 4-methylene-P-lactam by a carbene route. A 
few members of the family are known (9) but molecular 
structures of compounds containing that interesting ring 

2 ~ u l l  details of the crystal and molecular structures of 9a will be 
published elsewhere. 

3 ~ .  Zoghbi and J. Warkentin. Unpublished observations. 
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1 carbonyl ylide 2 

system have not been reported. Major structural features of 
the p-lactam portion of 9a (bond lengths and bond angles) 
are given in Fig. 1 .' 

Reactions of singlet carbenes with 1,3-diarylisobenzo- 
furans, including 1,3-diphenylisobenzofuran (10, 1 l ) ,  are 
known. Thus dichloro, dibromo, and diiodocarbene react 
with 6 to afford the appropriate P,P-dihalo-[2-benzoyll- 
styrenes (10). The authors (10) also proposed initial [2+1] 
cycloaddition and subsequent rearrangement of vinylcy- 
clopropane systems analogous to 8. 

A second test for azetinone 4a involved generation of 2a 
in methanol-d,. If carbene 2a were to rearrange to 4a in 
competition with its insertion into the OD bond of methanol- 

d,, then geometric isomers l l a  and l l b  would be expected 
as well as their structural isomers, 12a and 12b, Scheme 6. 

The system was calibrated by generating 2u in neat CH,OH 
by thermolysis of l a  at 100°C. Insertion products l l c  and 
l l d  were formed quantitatively in the ratio l l c  (trans): l l d  
(cis) = 2.6: 1. Chemical shifts (6) for the proton at C3 were: 
trans, 5.26 (s, br); cis, 5.30(J = 3.6 Hz). Three experi- 
ments with CD30D were then carried out with concentra- 
tions of CD30D (in benzene) at 0.06, 0.40, and 3.30 M as 
well as one experiment in neat CD30D. Products from the 
low-concentration runs (0.06 and 0.40) were very complex 
and inconclusive because products of insertion into CD30D 
(if any) could not be identified or isolated. However, the 
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0 0 
FIG. 1.  Bond lengths (A) and bond angles (degrees) of 9a.  

experiment with 3.30 M CD30D afforded l l a  and l l b  in ca. 
70% yield and that with neat CD,OD afforded the same 
products in quantitative yield. In both cases, the isomer ratio 
was 2.6 : 1 and the signals at 6 5.27 (trans) and 5.30 (cis) 
were singlets. Moreover, the signals from C4-H (trans, 6 = 
5.44, J = 0.63 Hz; cis, 6 = 5.68, J = 3.6 Hz) in the 
'H nmr spectra of l l c  and l l d ,  respectively, were absent 
from spectra of products formed in CD30D. Therefore, 
perdeuteromethanol afforded'lla and 116 from carbene 2a 
and not 12a and 12b from azetinone 4a. 

Rearrangement of carbene 2a to azetinone 4a is probably 
slower than analogous 1,2-H migrations in other carbenes, 
because of strain in the azetinone. A rough estimate of the 
increase in strain (in units of displacement from ideal an- 
gles, in degrees) was obtained by assuming that actual in- 

temal bond angles in the carbene are 90" (Nl), 93" (C2), 87" 
(C3), and 89" (C4) and that those in the azetinone are all 90". 
The inherent carbene bond angle in an unconstrained singlet 
carbene was assumed to be that of singlet methylene, 102" 
(12), and inherent bond angles at the sp2 and sp3 carbons were 
taken to be 120" and 109", respectively. Given these as- 
sumptions, the angle strain increase accompanying the rear- 
rangement 2a + 4a is about 28°.4 Some fraction of that 
increase in angle strain must be present at the transition state 
for migration, to reduce the rate constant for that step. 
Nevertheless, the absolute value of that rate constant could 
still be substantial, given that rearrangement of benzyl- 

'Small changes in the assumed bond angles do not affect the sense 
of the change of angle strain. 
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PhO 

chlorocarbene occurs with k (100°C) = 2.9 x lo8 s-I (cal- 
culated from A = 10" ' s-' and E, = 4.5 kcal mol-l) (1 3). 
If 1,2-H migration in 2a were slower by a factor of 100, bi- 
molecular reaction of 2a with 6 would consume half of the 
carbene at [6] = 5 X M, assuming that the rate con- 
stant for trapping of 2a with 6 is about the same as that for 
trapping of benzylchlorocarbene with tetramethylethylene 
(6 X lo8 M-' s-' (1 3). Experiments with [6] = 5 X M 
are out of the question, given that the yield was only 32% 
with 100-fold more concentrated 6 

The rate constant for trapping of singlet dimethoxycar- 
bene with methanol has a value =lo5 M-' s-' at 20°C (14). 
Assuming that dimethoxycarbene is an adequate model for 
2a and that the rate constant at 100°C would be about 
lo6 M-' s-I, the experiment with 3.3 M methanol suggests 
that the rate constant for 1,2-H migration in 2a has a value 
51 .4  X lo6 s-I at 100°C. Those results also have a bearing 
on the lifetime of the carbonyl ylide precursor of carbene 2u, 
as discussed below. 

A question that remains is the fate of the fraction of car- 
bene 2a that is not trapped by 6 (0.5 M) or by methanol 
(53.3 M). In view of the fact that trapping by neat metha- 
nol was quantitative, bimolecular reactions of the carbonyl 
ylide (Scheme 7) are unlikely. Although 14 could be con- 
verted to the observed products in methanol, analogous 
compounds from genuine trapping of carbonyl ylides by 
methanol survive similar conditions (15). We assume, 
therefore, that the lifetime of the carbonyl ylide inter- 
mediate (Scheme 1) is very short. There are then two expla- 
nations for the fact that carbene trapping can be surprisingly 
inefficient without competition from azetinone formation. 

lla + llb 
1 1 C + 1 1 d (unlabelled analogues) 

First, the carbene may undergo fast alternative unimolecu- 
lar reactions, such as fragmentations or insertions (Scheme 
8). Second, it is conceivable that some azetinone (4a) is ac- 
tually formed and that it undergoes unimolecular reactions 
(Scheme 9) fast enough to escape trapping by the reagents 
that were chosen. Azetinones 4 can rearrange rapidly to im- 
inoketenes (6) and N-phenyliminoketenes undergo efficient 
electrocyclization (16) to 4-(lw-quinolinones. Electro- 
cyclic ring opening of cyclobutenones to ketenes is also well 
known (17) and serves as a second model for the potential 
ring opening of 4a. We were not able to isolate any 3- 
phenoxy-4-(1H)-quinolinone (Scheme 9) and fragmentation 
to phenylisocyanate can be ruled out, at least in the reac- 
tions where methanol was present, because methy1-N- 
phenylcarbamate was not obtained. 

In summary, the potential 1,2-H migration that would 
rearrange P-lactam-4-ylidene 2a to azetinone 4a is slowed 
because of increased angle strain in the product and possi- 
bly because of reduced electrophilicity imparted by the ni- 
trogen substituent. Moss et al. (18) recently reported that the 
methoxy group of cyclopropylmethoxy carbene retards ring 
expansion of that carbene. Although evidence for the inter- 
mediacy of 4a could not be obtained, it must be recognized 
that the high reactivity of the carbene precursor ( b ) ,  not only 
in unimolecular reactions but also toward suitable traps for 
4a, imposes severe restrictions on the choice of conditions. 

The reaction of ylidene 2a with 1,3-diphenylisobenzofuran 
to form 9 constitutes the first example of the construction of 
the rare 4-methylenazetidin-2-one unit by a carbene route. 
In view of the known reactions of rhodium carbenoids with 
simpler furans (19) there is some potential for the synthesis 
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' P h  

other products 

of additional 4-methylenazetidin-2-ones from 2a and its an- 
alogues. 

Experimental 

1,7,8-Triaza-6,6-dimethyl-5-oxa-2-oxo-3-phenoxy-l -phenylspiro- 
B '41 oct-7-ene ( I )  

This compound, a spiro-fused p-lactam oxadiazoline (2), was 
synthesized by formal [2+2] cycloaddition of phenoxyketene to 5 3 -  
dimethyl-2-phenylimino-A3-1 ,3,4-oxadiazoline (13) (7a, 20). 

Phenoxyacetyl chloride (0.51 g, 3.0 mmol) in dry CH,C12 
(10 mL) was added, drop by drop and with stirring, to a solution 
of 13 (0.47 g, 2.5 mmol) and triethylamine (6.0 mmol) in dry 
CH2C12 (20 mL) under N2 at -23OC. When addition was com- 
plete, the cold bath was removed but stirring was maintained 
overnight. The reaction solution was washed with saturated aqueous 
bicarbonate and with brine. Those aqueous layers were extracted 
twice with CH2C1, and the organic layers were combined. Re- 
moval of the solvent after drying over MgS04, and chromatogra- 
phy on silica (Chromatotron, 2-mm plate), afforded 1 as a white 
solid (98%), one diastereomer only, presumably trans, mp 95- 
96°C; ir (KBr) cm-I: 1792 (CO), 1594 (N=N); 'H nmr 
(200 MHz, CDCI,) 6: 1.48 (s, 3H), 1.56 (s, 3H), 5.49 (s, lH), '7.0- 
7.4 (m, 10H); I3c nmr (126 MHz, CDCl,) 6: 23.93 (CH,), 24.35 
(CH,), 88.21 (C3), 122.85 (C6), 129.66 (C4), 116.14, 121.91, 
123.13, 127.33, 129.30 (5 CH, aryl), 133.24 (N-CI , aryl), 156.99 
(0-C1, aryl), 162.13 (CO); ms (ci) m/z: 267 (M-N,-CO, 4%), 
209 (M-N2-CO-C3H60, 87%), 180 (76%), 134 (20%), 105 
(70%), 77 (100%); ms (ci, C&) m/z: 324 (M+ 1, lo%), 254 (9%), 
230 (40%), 209 (loo%), 180 (42%), 132 (46%), 104 (24%), 71 
(75%). The trans geometry was confirmed by means of single 
crystal X-ray diffraction. 

A minor fraction from the plate (ca. 1% yield) was a thick yel- 
low oil to which the corresponding cis structure was assigned on 
the basis of its spectra; ir (film) cm-': 1785 (CO), 1595 (N=N); 
'H nmr (200 MHz, CDCI,) 6: 1.38 (s, 3H), 1.56 (s, 3H), 5.79 (s, 
lH), 6.96-7.40 (m, 10H); I3C nmr (50.3 MHz, CDCI,) 6:.24.08 
(CH,), 24.35 (CH,), 84.20 (C3), 122.37 (C6), 122.57 (C4), 
115.50, 121.14, 123.00, 127.14, 129.36, 129.75 (6 CH, aryl), 
133.51 (N-Cl, aryl), 156.75 (0-C1, aryl), 162.48 (CO); ms (ei) 
m/z: 209 (M-N,-CO-C3H60, 95%), 180 (loo%), 132 (IS%), 
105 (33%), 77 (34%); ms (ci, NH,) m/z: 341 (M+NH4, 50%), 326 

Thermolysis in benzene 
For attempted trapping with 1,3-diphenylisobenzofuran a solu- 

tion of p-lactam oxadiazoline l a  (trans isomer, 27.6 mg, 0.085 
mmol) and diphenylisobenzofuran 14 (70.0 mg, 0.256 mmol) in 
benzene (0.4 mL) was sealed into a glass tube after three cycles of 
freeze-pump-thaw degassing. The tube was then immersed in an 
oil bath (100 -C 0.2"C) for 1 h. Removal of the solvent afforded a 
yellow oily residue, which was chromatographed on silica (Chro- 
matotron, 2-mm plate) with ether (5%) in hexane as eluent. Ex- 
cess 14 was eluted first followed by 9b and 9a. 

E-4-[I -(2-Benzoylpheny1)-1 -phenyl]-methylene-3-phenoxy-I- 
phenylazetidin-2-one, 9b 

Yellow oil; ir (film) cm-I: 1800 (CO, lactam), 1665 (CO, ke- 
tone); 'H nmr (200 MHz, CDCI,) 6: 5.61 (s, lH), 6.72-7.58 (m, 
24H); I3c nmr (126 MHz, CDCI,) 6: 84.68 (C3, -ve), 128.14 (C4), 
C5 not assigned, 117.24, 121.77, 123.01, 126.09, 127.09, 127.35, 
127.79, 127.99, 128.31, 128.84, 129.44, 129.56, 129.84, 130.02, 
132.32, 132.98 (16 CH, aryl, -ve), 130.02, 130.32, 139.85 
(3 C, aryl, +ve), 162.10 (CO, lactarn); ms (ei) m/z: 507 (M, lo%), 
414 (6%), 388 (M-PhNCO, 34%), 370 (8%), 311 (lo%), 270 
(M-P-lactam, loo%), 241 (20%), 193 (9%), 165 (26%), 144 
(27%), 116 (9%), 105 (56%), 77 (92%); ms (ci, NH,) m/z: 508 
(M+ 1, 100%), 388 (M-PhNCO, 12%), 270 (M-P-lactam, 10%). 

2-4 [I -(2-Benzoylphenyl)-l-phenyl]methylene-3-phenoxy-I- 
pheny lazetidin-2 -one, 9a 

Yellow oil; ir (film) cm-I: 1800 (CO, lactam), 1740 (C=C, 
tentative), 1670 (CO, ketone); 'H nmr (200 MHz, CDCI,) 6: 6.07 
(br s, lH), 6.86-7.72 (m, 24H); I3c nmr (126 MHz, CDCI,) 6: 
84.82 (C3), 118.10 (C5 or C4), 123.22 (C4orC5), 122.39, 126.13, 
126.57, 126.70, 127.79, 128.13, 128.33, 128.90, 129.29, 129.85, 
130.02, 131.90, 132.67 (13 CH, aryl), 136.53 (Cl,  aryl), 137.14 
(C 1, aryl), 137.93 (2 C1, aryl), 157.34 (0-C1 , aryl), 166.96 (CO, 
p-lactam), 189.28 (CO, ketone); ms (ei) m/z: 507 (M, lo%), 414 
(12%), 388 (M-PhNCO, 69%), 311 (15%), 270 (M-lactam, 
100%), 241 (lo%), 209 (IS%), 144 (30%); structure confirmed by 
single crystal X-ray diffraction on a crystal grown from hexane. 

Thermolysis in methanol 
Reactions were carried out in sealed nmr tubes of medium wall 

thickness. In a typical experiment, oxadiazoline l a  (32 mg, 
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0.1 rnmol) in methanol (0.25 mL) was degassed by means of three 
freeze-pump-thaw cycles (lo-' Torr; 1 Torr = 133.3 Pa) before 
the tube was sealed. The tube was then immersed in oil (100 ? 
0.2"C) for 55 min before it was opened and the excess solvent was 
removed by bulb-to-bulb distillation on the vacuum line. Reac- 
tions in which benzene was used to dilute the methanol were run 
in the same way. 

The residue remaining after solvent removal was taken up in 
CDCl, for 'H nmr and I3C nrnr spectroscopy. Those spectra were 
clean, indicating two isomeric products only, except for the cases 
where dilute methanol-in-benzene solutions were used. In those 
cases the nmr spectra were very complex and both assignments of 
the spectra and attempts to separate components of the product 
mixture failed. 

4-Methoxy-3-phenoxy-I -phenylazetidin-2-one 
The only product observed by 'H nmr spectroscopy, following 

thermolysis of l a  in neat methanol were the trans and cis isomers 
l l a  and l l b  (trans: cis = 2.6: 1) as a yellow oil. Spectra were ob- 
tained with the mixture; ir (film, cm-I): 1770 (C=O); 'H nmr 
(200 MHz, CDCI,, trans isomer) 6: 3.55 (s, OCH,), 5.28 (d, J = 
0.8 Hz), 5.46 (d, J = 0.8 Hz), 7.06-7.57 (m); cis isomer, 6: 3.55 
(s, OCH,), 5.33 (d, J = 3.6 Hz), 5.71 (d, J = 3.6 Hz), 7.06-7.57 
(m), total integrals ( 8  doublets : X OMe : 8 ArH) in satisfactory 
ratios; I3C nrnr (50.3 MHz, CDCl,, trans isomer) 6: 53.83 (OCH,), 
83.67 (C4, tent.), 84.61 (C3, tent.), 160.94 (CO); cis isomer, 6: 
54.53 (OCH,), 81.79 (C3, tent.), 88.23 (C4, tent.), 163.07 (CO), 
observed signals not assigned to a particular isomer, 115.56, 
115.70, 117.47, 117.57, 122.55, 125.31, 125.34, 129.31, 129.65, 
129.76 (10 CH, aryl, 136.70 (N-Cl, aryl, both isomers), 157.07 
and 157.40 (OC1, aryl); ms (ei), m/z: 269 (M, 13%), 150 
(M-PhNCO, 100%), 135 (15%), 104 (15%), 84 (15%), 77 (60%); 
ms (ci, NH,) m/z: 287 (M + N&, loo%), 270 (M + 1,90%), 178 
(18%), 150 (28%), 138 (5%), 136 (14%), 94 (1 1 %); ms (high res- 
olution) m/z: 269.1056; calcd. for C16H15N03: 269.1052. 
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NICK H. WERSTIUK, JIANGONG MA, JOHN B. MACAULAY, and ALEX G. FALLIS. Can. J. Chem. 70, 2798 (1992). 
A series of C5 monomethyl (la-If) and pentamethylcyclopentadienes (2a-2f) bearing stereogenic C5 heteroatom 

substituents (-NH,, -OH, -OCH3, and -SCH3) have been studied computationally (ab initio and AM1) and with ultra- 
violet photoelectron (pe) spectroscopy. In the case of compounds Id-lf and 2d-2f, the conformations 3 and 4 of C, 
symmetry with the lone paris anti to the cyclopentadiene ring are computed to be the most stable geometries. On the 
other hand, the twisted-anti conformers 5a and 56 are the most stable geometries of l c  and 2c. Analysis of the com- 
puted MO eigenvalues (orbital energies), MO eigenvectors (orbital coefficients), and the pe spectra of cyclopentadienes 
2a-2f established that n-n orbital mixing is not important in the HOMO'S of lc-ld or 2c-2d. That the ionization en- 
ergy of the HOMO is found to be virtually independent of the substituent at C5 in the series 2a-2f, provides support for 
the computational results. Because 2c-2d undergo Diels-Alder reactions selectively, syn to the heteroatom substituent, 
n-n orbital mixing in the HOMO cannot be the source of the n-facial selectivity observed for these compounds. 

NICK H. WERSTIUK, JIANGONG MA, JOHN B. MACAULAY et ALEX G. FALLIS. Can. J. Chem. 70, 2798 (1992). 
Utilisant des calculs (ab initio et AM1) et la spectroscopie photo&lectronique ultraviolette, on a CtudiC une sene C5 

. de rnonomCthy1 (la-lf) et de pentamCthylcyclopentadienes (2a-2f) portant des substituants hCtCroatomiques stCrCoginiques 
en C5 (-NH,, -OH, -OCH3 et -SCH3). Dans les cas des composds Id-lf et 2d-2f, les calculs ont permis d'Ctablir que 
les conformations 3 et 4 de symttrie C,, dans lesquelles les paires libres sont anti par rapport au cycle cyclopentadibne, 
possbdent les gtomCtries les plus stables. Par ailleurs, les conformbres anti dCformCs, 5a et 56, correspondent aux 
gComCtries les plus stables des composes l c  et 2c. Une analyse des valeurs propres calculCes pour les OM (Cnergies des 
orbitales), des vecteurs propres des OM (coefficients des orbitales) et des spectres pe des cyclopentadibnes 2a-2f a per- 
mis d'ttablir qu'un melange d'orbitales n-n n'est pas important dans les OM hautes occupCes des produits lc-ld ou 
2c-2d. Le fait que 1'Cnergie d'ionisation de I'OM haute occupCe soit virtuellement independante de la nature du substi- 
tuant en C5, dans la sene 2a-2f, confirme les rCsultats des calculs. Compte tenu du fait que les composCs 2c-2d sub- 
issent des reactions de Diels-Alder ~Clectivement syn par rapport au substituant hCtCroatomique, on en conclut que le 
melange d'orbitals n-n dans I'OM haute occupee ne peut pas &tre la source de la sClectivitC T-faciale observee pour ces 
composCs. 

[Traduit par la redaction] 

Introduction 

The origin of the r-facial diastereoselectivity observed in 
Diels-Alder (DA) reactions of C5  heteroatom-substituted 
cyclopentadienes is still imperfectly understood. Conse- 
quently, to determine the key factors responsible, a wide 
range of substrates have been studied both experimentally (1- 
11) and computationally (1 1-18). These investigations re- 
vealed that a number of interrelated factors are important. 
Various suggestions have been advanced as possible sources 
for the pattern observed. These include steric effects, com- 
plexation between the diene and the dienophile, secondary 
orbital interactions, polarizability, electrostatic interactions, 
orbital mixing, and transition-state hyperconjugation. This 
latter interpretation, proposed originally by Cieplak (19) for 
reactions of cyclohexanones, is based on the concept of 
transition-state stabilization by a-electron donation from the 
adjacent bond into the vacant a orbital associated with the 
incipient bond. This explanation accounted for the syn ap- 
proach of a butadiene to 5-fluoroadarnantane-2-thione where 
the electrostatic model failed (20). Macaulay and Fallis and 

' ~ u t h o r  to whom correspondence may be addressed. 

co-workers extended these ideas to Diels-Alder reactions of 
2,5-dimethylthiophenes oxides (21) and C-5 substituted cy- 
clopentadienes (22) to rationalize the preference observed for 
cycloaddition anti to the antiperiplanar a bond that is the 
better donor. 

The synthetic utility of the Diels-Alder reaction is well 
established (23). Nevertheless, the ability to control the fa- 
cial selectivity without the use of a chiral auxiliary is often 
limited. Complete facial control renders the reaction enan- 
tioselective and with asymmetric, planar 1,3-dienes there 
exists a latent capacity to establish five or more chiral centres 
in one operation. Thus it is desirable to identify the factors 
that affect the r-facial diastereoselectivity so the stereo- 
chemistry of Diels-Alder reactions of C5 substituted cyclo- 
pentadienes can be predicted with certainty and the adducts 
utilized for the total synthesis of complex natural products. 

We undertook a study of two groups of substituted cyclo- 
pentadienes. One group consisting of the C5 disubstituted 
cyclopentadienes l a - l e  was studied computationally with 
a b  initio and semiempirical methods. The other class, 2a- 
2f, were synthesized earlier (9, 22) to establish experimen- 
tally the diastereoselective preferences in this series. The 
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TABLE 1. Diastereoselectivities for Diels-Alder re- A A -- 
actions of pentamethylcyclopentadienes with maleic 

anhydride 

Addition 
ratio 

Compounda Reaction timeb syn anti 

2c <30 s 10 0 -. 
2d <I0 min 10 0 
2e 3.5 h 10' 0 
2f 27.5 h 1 9 

"See ref. 9. 
' ~ ~ ~ r o x i m a t e  time for diene disappearance (TLC); reac- 

tions were run at 22°C; ratios determined by integration of 
'H NMR spectra of the total reaction mixture. SCHEME 1 

'N-Phenylmaleimide adduct. 

results are shown in Table 1". This group has been examined 
both computationally and experimentally with the aid of ul- 
traviolet photoelectron spectroscopy (UPS) measurements. 
The objectives of the combined computational/UPS study 
were to determine the conformational preferences of the 
heteroatom substituents at C5 and gain information on the 
magnitude of the n-T orbital mixing in the HOMO in both 
series of compounds. This is important since it has been 
postulated that the latter effect is important in determining 
the syn-facial selectivity observed for reactions of cyclo- 
pentadienes bearing oxygen and chlorine substituents at C5 
(13). According to the orbital mixing rule (13), for cyclo- 
pentadienes bearing heteroatom substituents at C5 the T- 
HOMO combines out of phase with the n- and a-orbitals in 
such a way that the n-orbital mixes with the T-HOMO 
(Scheme 1). This produces a nonequivalent extension of the 
T-MO in the direction of the substituent and leads to pref- 

erential syn attack of the incoming dienophile. In view of the 
facial diastereoselectivities observed for 2c-2f (9, 22), we 
anticipated that a computational study of compounds la - l f  
and 2a-2f, coupled with a UPS study of 2a-2f, would 
establish whether n-T orbital mixing occurs in the HOMO 
of these compounds and thereby establish its importance 
in determining the T-facial selectivity of DA reactions of 
C5 heteroatom-substituted cyclopentadienes (cp's). Methyl 
substitution at C1, C2, C3, and C4 of the cp ring should 
differentially destablize the HOMO and lead to an increase 
in the E H ~ ~ o ,  E,, gap (E,,,, > E,,) in the series of com- 
pounds 2c-2f relative to the 5,5-disubstituted cp's, l a - l f .  
In principle, this should reduce the magnitude of the n-~,~,,  
interaction and, according to the orbital mixing model, re- 
sult in a loss of facial diastereoselectivity. 

In this paper we document and discuss the results of the 
ab initio and semiempirical calculations and analyze the 
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( R )n TABLE 3. Torsional angles o f  twisted cyclopenta- 
diene conformers 

H3C-C5-X-R torsional angle (deg) 

Diene Ab irzitio (4-3 1 G)  AM 1 

Ip - syn (n=l or 2) lp - anti (n=l or 2) l c  175.4, -51.4 177.4, -58.6 
Id 66.4 67.0 

SCHEME 2 l e  69.9 64.3 
I f  66.9 66.5 
2c (I 175.0, -65.5 

TABLE 2. Ab initio relative energies o f  5,s-disubstituted cyclo- 
pentadiene conformers 

2d 53.1 70.0 
2e (1 42.0 
2f 37.5 Relative energy (kcal mol-')" 

51.4 

"Not computed at the ab  initio level. 
Diene Cs  sYn Cs anti Twisted-syn 

'The total energy (hartrees) of the most stable conformation is given in 
parentheses. All calculations were done at the 4-3 1G*"//4-3 1 G level. 

T h i s  is the twisted-atlri conformation of lc. 

photoelectron (pe) spectra of 2u-2f. From the pe spectral data 
and the results of the ab initio and semiempirical computa- 
tional studies, information was gained on the magnitude of 
the n-n interactions in dienes 2c-2f. This has led to new 
insights and improved our predictive capability. 

Results and discussion 
Ab initio calculations on 5,5-disubstituted 

TABLE 4.  Ab initio orbital energies o f  5,5-disubstituted cyclopen- 
tadienes 

Orbital energy (eV)" 

Diene HOMO HOMO-1 HOMO-2 HOMO-3 

l b  
l c  syn 

anti 
Twisted-anti 

Id syn 
anti 
Twisted-syn 

l e  syn 

" .  
cyclopentadienes anti 8.23 9.22 10.51 11.69 

Ab initio calculations (24. 251 were camed out on cvclo- Twisted-syn 8.37 9.05 10.58 11.82 
\ ,  , 

pentadienes la-le (i) to determine the preferred orienta- 
tion, syn or anti to the cp ring, of the lone pairs of X (Scheme "Computed with the 4-3 1GS*//4-31 G basis sets. 

2), aid (ii) to gain information on the degree of the inter- 
action of the lone pairs with the n-system from computed 
eigenvectors (orbital coefficients) and eigenvalues (orbital 
energies) with no methyl substituents on the carbons of the 
n-system. Calculations were first carried out on conforma- 
tions with the lone pair(s) syn and anti to the cp ring, with 
forced C ,  symmetry in both cases. Optimizations were car- 
ried out with 3-21G and 4-31G basis sets, but the geome- 
tries obtained with the 4-31G calculations were used for 
single point calculations at the 4-31G** level. This was so 
because the differences in energy between the C ,  anti and C ,  
syn conformers were computed to be smaller (in the order of 
1 kcal mol-') with the 4-31G basis set than the 3-21G basis 
set. In fact, this led to a switch in the computed relative sta- 
bilities of the C ,  anti and C ,  syn conformers in the case of 
l c .  When the 3-21G basis set was used the C s  anti con- 
former was found to be slightly lower in energy (0.03 kcal 
mol-') than C s  syn conformer; with the 4-3 1G basis set the 
C ,  syn conformer was 0.1 kcal mol-' lower in energy than 
the anti conformer. Single point calculations at the 4-31G** 
level on the 4-3 1G geometries gave the results documented 
in Table 2. Polarization functions were added to hydrogens 
in addition to the heavy atoms simply to balance the basis set. 
When the 4-3 1 G C ,  geometries of the anti conformations of 
Id ,  l e ,  and If were used as starting points for full optimi- 
zations in the absence of the symmetry constraint, C ,  sym- 

metry was maintained. To establish with certainty that the 
Cs  anti conformation is the global minimum for Id-lf ,  the 
CH3-C(5)-0-CH, dihedral angle of l e  was set at 170" 
and the geometry was optimized with the 4-31G basis set 
without any symmetry constraints. That the dihedral angle 
was 179.9" in the optimized geometrical structure indicates 
that the C s  anti conformation is the global minimum of l e .  
Furthermore a FORCE calculation on the 4-31G geometry 
gave no imaginary frequencies. Because the C ,  anti confor- 
mations are computed to be the most stable geometrical 
structures of Id and l f  as well, frequency calculations were 
not carried out on these compounds. When the syn confor- 
mations of these compounds were optimized without the C ,  
symmetry constraint, twisting occurred about the C5-X 
bond to relieve torsional strain. Table 2 lists the total and 
relative energies of three conformations of l c ,  Id ,  l e ,  and 
I f .  Table 3 lists the torsional angles of the twist conforma- 
tions and Table 4 documents the orbital energies of la- l f .  
As is seen from the data in Table 2, except for the amino 
compound, the Cs  anti conformers of Id,  l e ,  and I f  are 
computed to be more stable than the C ,  syn and twisted-syn 
conformers, which would be considered to be the most re- 
active in the orbital mixing model. For the amino com- 
pound l c ,  the twisted-syn conformer 5a was computed to be 
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FIG. 1. Plots of the 0.025 au contours of the HOMO'S of the C,  FIG. 2. Plots of the 0.025 au contours of the HOMO'S of the C,  
syn (a) and twisted-anti (b) conformers of lc.  syn (a) and anti (b) conformers of Id. 

lower in energy than the Cs anti conformer with the 4- 
3 1G**//4-3 1G basis sets. 

Of importance is the nature of the three highest occupied 
MO's of lc,  Id, le, and If. According to the ab  initio 
(4-3 lG**) calculations, there is no significant interaction 
between the nitrogen and the T-system in the HOMO of the 
Cs syn conformer of lc; the orbital coefficients at N are 
<0.03.* A plot of the HOMO that is diene T-type is given 
in Fig. l(a). This plot, as well as the others obtained from 
ab initio calculations, was generated with PSI/88(26) and 
GAUSSIAN 90" checkpoint files; in this and all other ex- 
amples, the 0.025 au contour is plotted. Because PSI/88 uses 
only STO-3G, 3-21G, and 6-3 1G basis sets, the MO's were 
obtained from single point calculations with the 3-21G"' basis 
set on the 4-3 1G optimized geometry. It is important to note 
here that the orbital coefficients of the heavy atoms were 
virtually identical to the coefficients obtained with the 4-31G 
and 4-31G** basis sets. While the HOMO-1 is predomi- 
nantly localized on N (coefficient 0.49) there are sizeable 
coefficients on the methyl carbon (0.20) and C5 (0.17) of 
the cp ring. There is little mixing with the cp T orbitals; the 
coefficients at C1, C2, C3, and C4 are less than 0.06. 
HOMO-2 predominantly cp T-type (orbital coefficients at 
Cl(C4), 0.17; at C2(C5), 0.23), with a sizeable coefficient 
on N (0.11). For the twisted-anti conformer of l c  there is 
mixing of the N lp and the T orbitals in the HOMO as is seen 
in Fig. l(b). The coefficients on N, Cl(C4), and C2(C3) are 
0.12, 0.28, and 0.23, respectively. For HOMO-1 the coef- 
ficients are 0.44 on N, 0.20 on the carbon (Cl) anti to the 
lp, 0.14 on C4, and 0.1 on C5. As was the case for the C, 
syn conformer, the HOMO-2 is predominantly cp ring 
T-type. The presence of an n-T interaction in the twisted 
conformation is supported by the fact that the HOMO is 
destabilized (0.16 eV) and the N lp is stabilized (0.29 eV) 
relative to the Cs anti conformer (Table 4). For the Cs anti 
conformer there is no significant mixing between the N lp 
and the T system in the HOMO. In accord with this result is 
the fact that the orbital energies (Table 4) do not change 
significantly relative to the syn conformer. 

In the case of the Cs anti conformer of alcohol Id, a weak 
interaction between the oxygen (orbital coefficient = 0.1) and 
the T-system in the HOMO is indicated by the ab  initio cal- 
culations with the 4-3 l **//4-3 1G basis sets. This interac- 
tion is purely T-type. HOMO-1 is predominantly diene T+ 

with some involvement of the oxygen (0.12) and CH, orbit- 

'since 4-31G** is a split-valence basis set, only the largest 
coefficient of the pairs of orbitals is given in each case. 

FIG. 3. Plots of the 0.025 au contours of the HOMO (a), and 
HOMO-1 (b) of the C,  syn conformer and the HOMO (c) of the Cs 
anti conformer of le .  

als. The third MO involves mixing of oxygen (0.42) with the 
cr orbitals of the C1-C5 and C4-C5 bonds of the cp ring; 
at the 4-31G**//4-31G level en- > en+ > en. A plot of the 
HOMO of Id computed with the 3-21~" '  basis set (the or- 
bital coefficients were virtually identical to the coefficients 
computed with the 4-31G**//4-31G basis sets) is given in 
Fig. 2(a). For the anti conformer the coefficients on oxygen 
and the carbons of the HOMO are virtually identical to the 
coefficients of the HOMO of the syn conformer, as is seen 
from a comparison of Fig. 2(a) and Fig. 2(b). 

In going from the Cs syn conformer of Id to the Cs syn 
conformer of the methoxy compound le, the computed en- 
ergy of the HOMO increases only by 0.08 eV. Based on the 
magnitude of the coefficients on oxygen (0.12) and carbon, 
the interaction of the lp with the T-system of the diene (see 
Fig. 3(a)) is similar to the interaction in Id. The HOMO-1 
of l e  involves mixing of the oxygen orbitals within the 
framework of the cp ring (see Fig. 3(b). The shift of the 
HOMO- 1 from 1 1.65 to 10.96 eV (Table 3) is as expected 
for methyl substitution on oxygen. For le, HOMO-2 is 
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FIG. 4 .  Plots o f  the 0.025 au contours o f  the HOMO (a)  and 
HOMO-1 (b)  o f  the Cs syn conformer o f  I f .  

TABLE 5. AM1 relative energies o f  5,5-disub- 
stituted cyclopentadiene conformers 

Relative heat o f  formation 
(kcal mol-') 

Diene Cs syn Cs anti Twisted-syn 

"This is the heat of formation of the twisted-anti 
conformation of lc .  

qhese  values were obtained using mixed param- 
eters (C,H(AMl), S(MND0)). 

similar to the HOMO-2 of Id: there is a minor degree of 
mixing of the oxygen and T carbon orbitals with the carbon 
coefficients predominating. For the C s  anti conformer, the 
oxygen orbital coefficient is reduced (0.06) relative to the C s  
syn conformation. This is seen in a comparison of the 
HOMO'S given in Fig. 3(a) and Fig. 3(c). The HOMO and 
HOMO-2 are stabilized by 0.24 and 0.22 eV, respectively 
and the HOMO- 1 is stabilized by 0.13 eV. 

For the C s  syn conformer of If the orbital coefficients 
define a significant interaction between the sulfur lone pair 
and the T-system of the cp ring in the HOMO (S, 0.37), 
and HOMO- 1 (S, 0.5) (see Figs. 4(a) and 4(b). HOMO-2 and 
HOMO-3 also show.considerable mixing of S and c p ~ i n g  
orbitals. An interaction between S and the cp ring is also 
computed for HOMO, HOMO- 1, HOMO-2, and HOMO-3 
of the anti conformer, as indicated by the coefficients on S 
and the ring carbons. In fact, based on the coefficients, the 
mixing is virtually identical to the mixing in the syn con- 
former. 

AM1 calculations on 5,5-disubstituted cyclopentadienes 
AM1 calculations (27) were also carried out on cyclo- 

pentadienes lc-lf as well as l a  and lb. As seen from the data 
in Table 5, the conformational preferences of X-R com- 
puted by AM1 are the same as those computed for the se- 
ries at the 4-31G** level. The anti conformations are the 
lowest-energy geometrical structures of Id, le ,  and If, but 
the twisted-anti conformer of l c  is lower in energy than the 
anti or syn conformations. The orbital energies are given in 
Table 6. 

TABLE 6 .  AM1 orbital energies o f  5,5-disubstituted cyclopenta- 
diene conformers 

Orbital energy ( e V )  

Diene HOMO HOMO-1 HOMO-2 HOMO-3 

l a  9.07 10.93 
l b  9.04 11.04 
l c  syn 9.08 9.90 11.42 

anti 9.30 9.88 11.32 
Twisted-anti 9.21 9.95 11.32 

Id syn 9.16 11.43 11.65 
anti 9.39 1 1  .OO 11.55 
Twisted-syn 9.27 11.03 11.52 

l e  syn 9.10 10.38 11.19 
anti 9.29 10.50 1 1.43 
Twisted-syn 9.22 10.50 11.32 

I f  SYn 8.31" 9.37 10.62 11.57 
anti 8.47" 9.36 10.62 
Twisted-syn 8.48" 9.23 10.62 

I f  SYn 8.85b 9.43 10.62 
anti 9 . 05~  9.41 10.88 11.51 

"These orbital energies were obtained using the AM1 parameters for C, 
H, and S. 

qhese  orbital energies were obtained using mixed parameters 
(C,H(AMl); S(MND0)). 

TABLE 7 .  Ab initio relative energies o f  pentamethylcyclopenta- 
diene conformers 

Relative energy (kcal mol-')" 

Diene syn anti Twisted-syn 

2d 3.27 0(-462.40932) 2.63 
2f 5.16 0(-823.72279) 4.12 

T h e  total energies (hartrees) of the most stable conformations are given 
in parentheses. 

TABLE 8 .  Ab initio orbital energies o f  pentamethylcyclopenta- 
diene conformers 

-ei (eV)" 

Diene HOMO HOMO-1 HOMO-2 HOMO-3 

2b 7.38 10.15 
2d syn 7.53 10.44 11.23 

anti 7.67 10.59 11.25 
Twisted-syn 7.59 10.48 11.36 

2f SYn 7.53 9.00 10.00 11.30 
anti 7.66 8.97 9.98 11.32 
Twisted-syn 7.57 8.95 9.99 11.33 

"Computed with the 4-31G**//4-31G basis sets. 

Ab initio calculations on pentamethylcyclopentadienes 
Ab initio calculations were also canied out on 2b, 2d, and 

2f with the 4-3 1G**//4-3 1G basis sets. As is seen from the 
data in Table 7, the hydroxyl group of 2d has the same con- 
formational preference as Id; the anti conformer is more 
stable than the syn or twisted-syn conformers. The key point 
is that the HOMO is destabilized by 0.8 eV relative to I d  
(Table 8), but HOMO-2 is affected only marginally (0.1 eV). 
The orbital energies are shown graphically in Fig. 5. For the 
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FIG. 5. Orbital energies of the syn (s), anti (a), and twist (t) 
conformers of 2b (HOMO and HOMO-l), 26 (HOMO, HOMO-1, 
and HOMO-2), and 2f (HOMO, HOMO-1, HOMO-2, and HOMO- 
3) computed with the 4-31G**//4-31G basis sets. 

FIG. 6. Plots of the 0.025 'au contours of the HOMO (a), 
HOMO-1 (b), and HOMO-2 (c) of the Cs syn conformer of 2d. 

anti conformation the coefficient on oxygen is smaller (0.06) 
than the coefficient for the anti conformation of I d  (0.10). 
Figures 6(a)-6(c) give the plots of HOMO, HOMO-1, and 
HOMO-2 of the Cs syn conformer of 2d and clearly show that 
there is no appreciable n-T orbital mixing in the HOMO and 
HOMO-1. On the other hand, the plot of HOMO-2 also 
shows that the mixing of the lp orbitals is n-u, not n-T. 
Figures 7(a)-7(d) show the plots of the HOMO, HOMO-1, 
HOMO-2, and HOMO-3 of the syn conformer of 2f. In this 
case there is n-T mixing in the HOMO (S, 0.20; C 1(C4), 
0.26; C2(C3), 0.20). HOMO-1 is essentially ns (S, 0.62; 
C1 (C4), 0.098). HOMO-2 and HOMO-3 show a substan- 
tial amount of n-T mixing. The coefficients of the four 
highest occupied MO's of 2f are virtually identical to the 

FIG. 7. Plots of the 0.025 au contours of the HOMO (a), 
HOMO-1 (b), and HOMO-2 (c), and HOMO-3 (d) of the Cs syn 
conformer of 2f. 

TABLE 9. AM1 relative energies of pentame- 
thylcyclopentadiene conformers 

Relative energies (kcal mol-I)" 

Diene syn anti Twisted-syn 

2c 1.98 1.15 0(8. 151b 
2d 3.16 0(-38.95) 1.58 
2e 3.29 0(-31.79) 2.05 
2f 2.01 O(8.31) 0.82 
2 1.86 O(10.92) 0.94' 

T h e  heat of formation of the most stable con- 
former is given in parentheses. 

?he heat of formation of the twisted-anti confor- 
mation. 

These values were obtained with mixed AM1 pa- 
rameters (C, H(AM1); S(MND0)). 

coefficients of the HOMO, HOMO-1, HOMO-2, and 
HOMO-3 (plots not shown) of syn-2f, as are the orbital 
energies (Table 8). 

AM1 calculations on pentamethylcyclopentadienes 
As is seen from the data in Table 9, the twisted-anti con- 

former of 2c was computed as the most stable geometry with 
AM 1, in keeping with the results of the ab initio and AM 1 
calculations on lc. The orbital energies given in Table 10 are 
shown graphically in Fig. 8. For 2d, 2e, and 2f the anti 
conformations are computed to be the most stable geomet- 
rical structures. These results are in accord with the ab ini- 
tio/AMl calculations on Id,  l e ,  and If and the ab initio 
calculations on 2d and 2f. Plots of HOMO, HOMO-1, and 
HOMO-2 of twisted-anti - 2c (not shown), syn-2d (Figs. 
9(a)-9(c), and syn-2c (not shown) were obtained with PSI/88 
and the AMPAC gpt files. It is seen that the MO's (the 0.025 
au contours are plotted) of syn-2d are indistinguishable from 
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-- 

2 a 2b 2 c 2d 2 e 2f 2 f (mixed) 

FIG. 8. Orbital energies of 2a (HOMO and HOMO-l), 26 (HOMO and HOMO-l), and the syn (s), anti (a), and twist (t) conformers 
of 2c (HOMO, HOMO- 1, and HOMO-2), 26 (HOMO, HOMO- I ,  and HOMO-2), 2e (HOMO, HOMO- 1, and HOMO-2), and 2f (HOMO, 
HOMO-1, HOMO-2, and HOMO-3) computed with AM1. H1 and H2 are the values for HOMO-1 and HOMO-2 of 2e. The values for 
2f (mixed) were obtained with mixed parameters (C,H(AMI); S(MND0)). 

TABLE 10. AM1 orbital energies of pentamethylcyclopentadiene 
conformers 

Orbital energies (eV) 

Diene HOMO HOMO-1 HOMO-2 HOMO-3 

2a 8.35 9.95 
26 8.33 9.99 
2c syn 8.38 9.71 10.26 

anti 8.57 9.74 10.24 
Twisted-anti 8.50 9.78 10.21 

2d syn 8.43 10.18 10.59 
anti 8.62 10.34 10.66 
Twisted-syn 8.53 10.24 10.91 

2e syn 8.39 10.12 10.16 
anti 8.55 10.27 10.27 
Twisted-syn 8.43 10.14 10.29 

2f sYn 8.18 8.63 9.96 10.95 
anti 8.36 8.60 10.02 10.91 
Twisted-syn 8.30 8.55 9.96 10.91 

2f sYn 8.4 1 " 9.02 10.02 11.91 
anti 8.58" 9.02 10.13 10.99 
Twisted-syn 8.46 9.02 10.02 11.11 

'These values were obtained using mixed AM1 parameters (C, H(AM1): 
S(MND0)). 

the 3-21~" '  MO's (Figs. 6(a)-6(c)). This is the case (not 
shown) for syn-2e as well. The HOMO and HOMO-1 of 2f 
computed with AM1 parameters for C, H,  and S are shown 
in Figs. 10(a) and 10(b). Based on the orbital energies 
(Fig. 5) and MO's computed with the 4-3 1G**//4-3 1G and 
3-21G"' basis sets, these AM1 calculations overestimate the 
ns-T interaction, primarily because the 11, orbital energy is 
too high. This analysis is supported by the pe spectium of 
2f (vide infra). On the other hand, calculations with mixed 
AM 1 /MNDO parameters (C,H(AM l);S(MNDO) yielded 

FIG. 9. Plots of the 0.025 au contours of the HOMO (a), 
HOMO-1 (b), and HOMO-2 (c) of the Cs syn conformer of 2d 
computed with AM1 . 

results that compare closely to those obtained with ab ini- 
tio calculations. The HOMO, HOMO-1, HOMO-2, and 
HOMO-3 or syn-2f are shown in Figs. 1 l(a)-1 l(d).  The T- 

type S lp is localized more when mixed parameters are used 
and the MO's closely resemble the 3-21~" '  MO's shown in 
Figs. 7(a)-7(d). This study was carried out to ascertain which 
set of parameters gives the best description of the orbital 
energies and MO's of 2f before a comprehensive AM1 
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useful for studying conformational preferences, n-IT orbital 
mixing in other heteroatom substituted cp's, and the DA re- 
actions of 2a-2e with maleic anhydride. 
Photoelectron spectra of cyclopentadienes 

The pe spectra of 2a-2f are given in Figs. 12(a-12(f), 
respectively. The IE's are tabulated in Table 1 1 and shown 
graphically in Fig. 13. The T,, T -  splittings of 2a and 2b 
are 2.07 2 0.05 and 2.04 2 0.05 eV, respectively. These 
values are similar to the splitting of 2.10 eV observed for 5,5- 
dimethylcyclopentadiene (28). In going from 2a to 2b there 
is a decrease of 0.08-0.10 eV in the IT IE's. Relative to cy- 

FIG. 10. Plots of the 0.025 au contours of the H O M O  ( a )  and clopentadiene (28) the IE's of the HOMO and HOMO-1 dk- 
H O M O -  I ( b )  of the Cs syn  conformer of 2f computed with A M 1  crease by 1.20 and 1.28 eV for 2a and 1.27 and 1.38 for 2b. 
parameters. Relative to 5,5-dimethylcyclopentadiene the shifts of the IT- 

and IT, IE's of 2b are 1.17 and 1.23 eV, respectively. These 
results show that the addition of five or six methyls to the 
cyclopentadiene ring does not produce a significant differ- 
ential destabilization of IT, or IT-. According to the ab  ini- 
tio/AMl calculations the HOMO'S of 2a and 2b are basically 
diene IT-type mixed with IT-type orbitals of the methyl groups 
at C 1, C2, C3, and C4. No On the other hand, the HOMO- 1 
does involve orbital mixing with the C-H and C-C bonds 
at C5. 

For the amino compound 212, the IE of the HOMO does 
not shift significantly relative to 2a, but HOMO-2 is stabi- 
lized by 0.23 eV (Fig. 12(c)). According to the ab  initial 
AM1 calculations, the band at 8.88 eV is due to the nitro- 
gen lone pair. These experimental results are in accord with 
the AM 1 calculations, which showed that there is no signif- 
icant interaction between the lone pair and the IT-system in 
the HOMO of 2c in either of the three conformations stud- 
ied computationally. 

For alcohol 2d the HOMO is stabilized relative to 2a and 
2b by 0.17 and 0.24 eV (Fig. 12(d)). This is due to an in- 
ductive stabilization by oxygen. That the HOMO is stabi- 
lized is in accord with the calculations, which showed that 
there is no significant n-IT interaction in the HOMO. The 
next two bands are closely spaced, as predicted by the ab 
initio calculations. According to the ab  initio/AM 1 calcu- 

FIG. 1 1 .  Plots of the 0.025 au contours of the H O M O  ( a ) ,  lations there is no significant n-IT mixing in the HOMO-1, 
H O M O - 1  ( b ) ,  H O M O - 2  ( c ) ,  and H O M O - 3  (d) of the C,  syn  con- but HOMO-2 involves mixing of the lone pair orbitals and 
former of 2f computed with A M 1  using mixed parameters. the u (Cl-C5 and C4-C5) orbitals of the cp ring. This 

explains why the bands due to HOMO-1 and HOMO-2 
overlap rather than being split. 

computational study3 of the Diels-Alder addition of maleic 1, going from 2d to ze, the HOMO ( ~ i ~ .  lqe)) is slightly 
anhydride to 2a, 2c, 2d, 2e, ,and 2f was initiated. destabilized (0.1 eV), in keeping with the results of the 

The ab  itzitio and semiempirical computational studies computationa~ studies, HOMO-2 is stabilized by 0.28 e~ 
clearly establish that tz-IT mixing is not important in the relative to 2a, a consequence of an indictive effect and a weak 
HOMO of 2c, 2 4  and 2e. Furthermore, a comparison of the interaction with the oxygen lone pairs. 
ab initio and semiempirical results shows that AM1 calcu- In the case of 2f, the lowest IE band (Fig. 12(f) is de- 
lations give conformational preferences, eigenvalues (or- stabilized by 0.09 eV relative to the HOMO of 2a. This re- 
b i d  energies), and eigenvectors (MO's) that compare sult is in keeping with he ab initio/AM ] calculations, which 
favourably with the ab itzitio calculations at the 4-3 1G** showed that there is an n-IT interaction in the HOMO of 2f. 
level. This result suggests that AM1 calculations will be Confirmation that this interaction is weak is provided by the 

fact that the second band, computed to be predominantely 
3 ~ e  ( N . H .  W. and J.M.)  have found that syn  approach of ma- r ~ , ,  remains sharp (FWHM = 0.2 eV) like the ns band of 

leic anhydride to 2f is preferred when A M 1  parameters are used for 
C, H ,  and S; on the other hand, when mixed parameters are used, (CH3)2S (FWHM = 12 eV) (29). The other sulfur lone-pair 

ant i  addition is computed to be the low-energy pathway in keep- band is at lo. l9  eV. 
ing with the experimental results (Table 1 ) .  A manuscript docu- Because the computed orbital energies, both ab initio and 
menting an A M 1  computational study of the D A  reaction of  2b- AM1 (Tables 8 and 10) are insensitive to the dihedral angle 
2f with maleic anhydride is being written. as shown graphically in Figs. 5 and 8, the predicted confor- 
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7 8 9 10 11 12 13 14 15 16 17 7 8 9 10 11 12 13 14 15 16 17 

eV eV 

FIG:' 12. Ultraviolet photoelectron spectra of 2a (a ) ,  26 (b ) ,  2c ( c ) ,  2d ( d ) ,  2e ( e ) ,  and 2f ( f  ). 

mational preferences, twisted-anti for 2c and anti for 2 4  2e, 
and 2f, cannot be corroborated with the pes data. 

As far as the correlation between the computed and ex- 
perimental n- ,n+ splittings of the dienes is concerned (Table 
12), the ab  initio calculations overestimated the splittings. 
Nevertheless, the IE's of the HOMO's are computed with 
good accuracy (Tables 8 and 11). AM1 overestimated the 
IE's of the HOMO's and underestimated the splittings by 
0.4-0.5 eV. The key point is that both methods, assuming 
that Koopmans' theorem (30) holds, computed the insensi- 
tivity of energy of the HOMO to the nature of X at C5 of the 
cp ring, and this was corroborated by experiment. 

Conclusions 
The results of the computational studies on la-lf and 2u- 

2f, the pes studies on 2a-2f and the study of the stereo- 
chemistry of the DA reactions with maleic anhydride/ 
N-phenylmaleimide clearly show that n-n orbital mixing in 
the HOMO proposed by Inagaki et al. (13) cannot be the 
source of the n-facial selectivity observed in the reactions of 
cyclopentadienes 2c-2f. According to ab  initiolAM1 cal- 
culations and pe spectroscopy there is no significant mixing 
of the lone-pair orbitals and the n-system in the HOMO's of 
2c, 2d, and 2e, a requirement in the orbital mixing model, 
yet syn n-facial selectivity is observed in the DA reactions 
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TABLE 1 1 .  Vertical ionization energies of substituted cyclopenta- 
dienes 

Ionization energy (eV)" 

Diene HOMO HOMO-1 HOMO-2 HOMO-3 

T h e  estimated errors are k0.025 eV 

FIG. 13. Vertical ionization energies of 2a-2f. 

TABLE 12. Computed and experimental n,, n- splittings of sub- 
stituted cyclopentadienes 

Compound Ab initioa AMla UPSa.' 

Cyclopentadiene 2.31' 1.79 2.15 (ref. 28) 
5,s-Dimethylcyclopentadiene 2.41' 2.00 2.10 (ref. 28) 
2b 2.77 1.60 2.04 
2c twisted-anti 1.71 2.33 
2d-anti 2.92 2.04 -2.4 
2e-anti 1.72 2.28 
2f-anti 2.32 1.66 2.16 

"In electron volts (eV). 
bThe estimated errors are k0.05 eV. 
'Calculations done with the 4-31.**//4-31G basis set; this work 
dNot computed at the ab initio level. 

of these compounds (Table 1). Moreover, anti and not syn 
facial selectivity is observed for the sulfur compound 2f where 
the ns orbital energy is close to .rr and n-.rr mixing occurs in 
the HOMO. 

Experimental 

Computational studies 
Calculations were carried out with the ab initio packages 

GAUSSIAN 90 (24)  and GAMESS (25)  running on Multiflow 
Trace 14/300 and IBM RS/6000 computers, respectively. AM 1 
calculations were canied out with AMPAC version 2.1 (27) ported 
to an IBM RS/6000 computer. The keyword PRECISE was used 
to tighten the convergence criteria. The MO plots were obtained 
with PSI/88 (26)  ported to a SUN 3 / 6 0  computer. 

Ultraviolet photoelectron spectroscopic studies 
The pe spectra of the dienes synthesized previously ( 9 ,  22) were 

obtained on a non-commercial spectrometer described previously 
(31)  by signal averaging 20-50 scans. The spectra were calibrated 
with argon. 
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Structural studies of organoboron compounds. LVI.' 1-Benzyl-7-methyl- 
3,5-diphenyl-2,4,6-trioxa-l~azonia-3-bora-5-boratabicyc10[3.3.O]octane and 

1,4,6,9-tetramethyl-2,7-diphenyl-3,8,11,12-tetraoxa-l,6-diazonia-2,7- 
diboratatricyclo[5.3. 1.1276]dodecane 
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WOLFGANG KLIECEL, G O ~ I E D  LUBKOWITZ, STEVEN J. RETTIG, and JAMES TROTER. Can. J. Chem. 70, 2809 (1 992). 
The preparation of the N-(2-hydroxypropy1)-N-alkylhydroxylamines, 6a  (R = CH,) and 6b (R = CH,Ph), and their 

reactions with phenylboronic acid are described. Regardless of the molar ratios of reactants employed, the reaction with 
6b leads to the 1 : 2 condensate 1-benzyl-7-methyl-3,5-diphenyl-2,4,6-trioxa-l -azonia-3-bora-5-boratabicyclo[3.3.0]- 
octane, 7, while that with 6a  gives rise to the 1 : 1 condensate 1,4,6,9-tetramethyl-2,7-diphenyl-3,8,11,12-tetraoxa-l,6- 
diazonia-2,7-diboratatricyclo[5.3.1. 1'.6jdodecane, 11 (the cyclic BONBON dimer of 4,6-dimethyl-2-phenyl-1,3-dioxa- 
4-aza-2-boracyclohexane, 9). Compounds 7 and 11 both crystallize in the triclinic space group p i :  for 7; a = 13.126(1), 
b = 15.337(1), c = 10.9469(5)0A, a = 91.727(5), P = 104.647(5), y = 72.922(7)", Z = 4; and for 11; a = 9.0807(4), 
b = 9.1653(3), c = 6.4876(2) A, a = 97.708(3), P = 108.830(3), y = 89.188(4)", Z = 1. The structures were solved 
by direct methods and were refined by full-matrix least-squares procedures to R = 0.038 and 0.032 for 5879 and 1827 
reflections with I 2 3u( F '), respectively. Compound 7 has the expected bicyclic pyroboronate structure, but represents 
the first reported N-substituted example of this type of compound. Bond lengths involving boron in 7 are 
(C) @-~(sp~)  = 1.428(2) and 1.420(2), (B)@-~(sp,) = 1.472(2) and 1.468(2), N-B(sp3) = 1.737(2) and 1.762(2), 
~ ( ~ h e n ~ l ) - ~ ( s p ~ )  = 1.588(2) and 1.584(2), (~)?B(sp') = 1.402(2) and 1.404(2), (B)@-B(spZ) = 1.33 l(2) and 
1.329(2), ~(~henyl)-~(sp~) = 1.555(3) and 1.553(2) A. The X-ray analysis establishes a centrosymmetric, twofold N+B 
coordinated, dimeric structure in the solid state for 11 in which each B U N  segment of a central six-membered 
BONBON ring is bridged by an 0-C-C moiety. Compound 11 represents the first fully characterized example of a 
new type of "BONBON" compound. Bond distances involv@g the boron atom are (N)G-B = 1.465(1), (C)G-B = 
1.428(1), N-B = 1.695(2), and C(pheny1)-B = 1.607(2) A. Spectroscopic evidence indicates that in solution and in 
the gas phase this material exists predominantly as the monomer 9. 

WOLFGANG KLIEGEL, GOTTFRIED LUBKOWITZ, STEVEN J. RETTIG et JAMES TROTTER. Can. J .  Chem. 70, 2809 (1992). 
On dCcrit la preparation des N-(2-hydroxypropy1)-N-alkylhydroxylamines (6a, R = CH, et 66, R = CH,Ph) et leurs 

reactions avec I'acide phCnylboronique. Quels que soient les rapports molaires de r6actifs utilises, la reaction du com- 
pose 66 conduit a une condensation 1 : 2  et h la formation du 1-benzyl-7-mCthyl-3,5-diphtnyl-2,4,6-trioxa-l-azonia-3- 
bora-5-boratabicyclo[3.3.0joctane (7) alors que celle du compose 6 a  fournit une condensation 1 : 1 donnant naissance 
au 1,4,6,9-tCtramethyl-2,7-diphtnyl-3,8,11,12-t~troxa-l,6-diazonia-2,7-diboratatricyclo[5.3.1. ~ ' .~]dod~cane  (11) (le dimtre 
cyclique BONBON du 4,6-dimCthyl-2-pheny1-1,3-dioxa-4-aza-2-boracycohexane, 9). Les composes 7 et 11 cristalli- 
sent tous les deux dans le groupe d'espace triclinique PI; pour 7, a = 13,126(1), b = 15,337(1) et c = 10,9469(5) A, 
a = 91,727(5), P = 104,647(5) et y = 72,922(7)" et Z = 4 alors que pour 11, a = 9,0807(4), b = 9,1653(3) et c = 
6,4876(2) A, a = 97,708(3), P = 108,830(3) et y = 89,188(4)" et Z = 1. On a r6solu les structures par des mCthodes 
directes et on les a affinCes par la mithode des moindres carres (matrice entitre) jusqu'h des valeurs de R = 0,038 et 
0,032 respectivement pour 5879 et 1827 reflexions avec I r 3u( F '). Le compose 7 posstde la structure pyroboronate 
bicyclique attendue, mais elle represente le premier exemple rapport6 d'un composk de ce genre qui est N-substitue. Les 
longueurs de liaisons impliquant le bore du compos6 7 sont (~)@-B(sp~) = 1,428(2) et 1,420(2), (B)-B(sp3) = 1,472(2) 
et 1,468(2), N-B(SP,) = 1,737(2) et 1,762(2), C(ph~nyl)-~(sp3) = 1,588(2) et 1,584(2), (N)@-B(s~') = 1,402(2) 
et 1,404(2), (B)( t~(sp ' )  = 1,331(2) et 1,329(2) et c(phtnyl)-B(sp2) = 1,555(3) et 1,553(2) A. L'analyse par ray- 
ons X permet d'ttablir que dans le compos6 11, a 1'Ctat solide, il existe une structure dimtre, centrosymttrique, com- 
portant une coordination N+B binaire dans laquelle chaque segment B-0-N du cycle 5 six chainons BONBON central 
est lie par un pont 0-C-C. Le compose 11 repr6sente le premier cas complttement caractCris6 d'un nouveau type 
de compose "BONBON." Les distances impliquant I'atome de bore sont (N)G-B = 1,465(1), (C)G-B = 1,428(1), 
N-B = 1,695(2) et C(phCnyl+B = 1,607(2) A. Les donnCes spectroscopiques indiquent que, en solution et en phase 
gazeuse, ce compose existe preferentiellement sous la forme du monomtre 9 .  

[Traduit par la redaction] 

Introduction sation product 2 ( I ) ,  the molecular structure of which has 
been confirmed b y a n  X-ray crystallographic analysis of 2 

N-(2-Hydroxyalkyl)hydroxylamines, 1, react with phenyl- 
( R I  = ~2 = Me, R3 = ~4 = H) (2), A Similar bicyclic strut- 

boronic acid in a ratio of 1 : 2 resulting in a bicyclic conden- ture with a transannular N+B coordinative bond. 4. has been 

'Previous paper in this series: ref. 27 
established for the 1 : 2  condensates of N,N'-dialkyl-N,N'- 
dihydroxyaminals 3 with phenylboronic acid (3,  4). 
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As an extension of our studies in this area we have syn- 
thesized the N-(2-hydroxypropy1)-N-alkylhydroxylamines 6 
by reduction of the nitrones 5 (a: R = CH3; b: R = CH2Ph), 
obtained from 2-hydroxypropanal and N-methyl- or N-ben- 
zylhydroxylamine, respectively. Compounds 6 represent 
analogues of the bishydroxylamine 3 in which one of the ni- 
trogen atoms has been replaced by a carbon atom. The con- 
densation reaction of 6 with phenylboronic acid, however, 
gives (dependent on the nature of the N-alkyl substituent) 
differently composed crystalline products having elemental 
analyses and 'H nmr spectra consistent with 1 : 1 and 1 : 2 
condensates, respectively. The latter reaction product, ob- 
tained from 6b (R = CH,Ph), could possess the bicyclic 
structure 7 analogous to the type 2 compounds that can be 
synthesized from various N-unsubstituted N-(2-hydroxy- 
alky1)hydroxylamines. The bicyclic ring system in 7, like that 
in 2, would be formed by intramolecular N+B coordina- 
tion. This is confirmed by the "B nmr spectrum of 7 in CDCl, 
which displays two signals of nearly equal peak area at 
G(Et20BF3) = 13.3 and 28.0 ppm, indicating the presence 
of both tetracoordinate (sp3) and trivalent (sp2) boron spe- 
cies (5) .  The 1 : 1 reaction product,2 obtained from 6a (R = 
CH,), gives a 'H nrnr spectrum consistent with both of the 
cycloboronate structures 8 and 9. The latter structure, hav- 
ing the potential for twofold &B pp(n) back donation, 
should be more stable than the five-membered cyclo- 
boronate 8 containing a borinic amide N-oxide function, 
presumably an unstable moiety expected to rearrange to the 
more stable six-membered boronate ring 9. Cycloboronates 
of "1,3-diols" are well-documented in the literature (6). 

The primary signal in the "B nmr spectrum of the prod- 
uct in CDCl, solution at G(Et20BF3) = 27.2 ppm indicates 
the presence of a trivalent boron species like 9 (or 8). A 
second weak signal (3% of the total peak area) in the 
"B nmr spectrum at 13.6 ppm, however, suggests the pres- 
ence of a small amount of a tetracoordinate boron com- 
pound. Two separate "B nmr signals indicating the presence 
of both tri- and tetracoordinate boron have also been ob- 
served in the spectra of the supposed BONBON dimers of 
borinic acid esters of oximes (7, 8). The tetracoordinate boron 
species in this case could originate from the dimerization of 
8 to give the tricyclic compound 10 that resembles the di- 

 h he equimolar ratio of the components in the condensation 
product still results even when a large excess of phenylboronic acid 
is employed in the reaction. 

merization product of salicylaldoxime phenylboronate, 12, 
having a similar BONBON ring system (9). On the other 
hand, a stable six-membered cycloboronate 9 could dimer- 
ize to a tricyclic compound 11 containing tetracoordinate 
boron if there were stabilizing forces to overcompensate for 
the loss of %B pp(n) resonance energy. Another hint at a 
possible dimerization process comes from the infrared spec- 
trum (KBr pellet) and provides further evidence in support 
of a tetrahedral boron atom, at least in the solid state. The 
characteristic v,, phenyl ring stretching vibration at 1600 cm-' 
which is normally found in the spectra of trigonal planar 
phenylboronates is very weak in this case, and the decrease 
in the intensity of the v,, band corresponds to an increasing 
degree of "tetracoordination" at phenylboron centres (10). 

In both the EI and FAB mass spectra the highest mass 
feature with highest abundance is the molecular ion of the 
monomer 8 or 9. This could also be interpreted as a com- 
plete dissociation of the respective dimers 10 or 11. Similar 
dissociations of BONBON dimers in the gas phase have been 
reported for various borinic acid esters of oximes (7, 8, 1 1). 
In view of the somewhat ambiguous spectroscopic data, an 
X-ray crystallographic analysis has been carried out to pro- 
vide a definitive assignment to one of the monomer struc- 
tures 8 or 9, or to one of the dimeric structures 10 or 11, at 
least in the solid state. In addition, an unambiguous proof of 
the bicyclic structure 7 was desirable and has been provided 
by an X-ray analysis. 

Experimental 

N-(2-Hydroxypropy1idene)methanamine-N-oxide, 5a ( R  = C H 3 )  
2-Hydroxypropanal (1.48 g, 20 mmol) and N-methylhydroxyl- 

ammonium chloride (1.66 g, 20 mmol) are dissolved in 20 mL of 
ethanol (96%) and are mixed with a solution of K2C03 (1.38 g, 
10 mmol) in 5 mL of water. After 48 h the solvent is distilled off 
in vacuo. The remaining oil is not purified further. Yield: 1.85 g 
(90%). 'H nmr (90 MHz, CDCI,/TMS): 6 (ppm) = 1.36 (d, J = 
7 Hz, C--CH3), 3.65 (s, N--CH3), 4.70 (m,, M H ) ,  5.23 (s, 
broad, exchangeable, OH), 6.81 (d, J = 5 Hz, NdH). 

- ,  

2-Hydroxypropanal (1.11 g, 15 mmol) and N-benzylhydroxyl- 
ammonium chloride (2.39 g ,  15 mmol) are reacted as described 
above for 5a .  The residue remaining after removal of the solvent 
is recrystallized from ethanol/ether. Yield: 2.55 g (95%); mp 97°C. 
Anal. calcd. for Cl,H,,NO2: C 67.02, H 7.31, N 7.82; found: C 
67.14,. H 7.34, N 7.69. Infrared (KBr): 3250 (0-H), 1600 cm-' 
(--C=N). 'H nmr (90 MHz, CDCl,/TMS): 6 (ppm) = 1.34 (d, 
J = 7 Hz, CH,), 4.86 (mc, O - C H  and OH), 4.83 (s, N--CH2), 
6.76 (d, J = 5 Hz, N4H), 7.39 (s, 5 aromatic H). 

1 -(N-Hydroxy-N-methylamino)-2-propanol, 6a 
N-(2-Hydroxypropylidene)methanamine-N-oxide, 5a (crude prod- 

uct, 1.03 g, 10 mmol), is dissolved in 30 mL of methanol. A so- 
lution of KBH, (1.08 g ,  20 mmol) in 15 mL of water is added 
dropwise and the mixture is stirred for 24 h at room temperature. 
Excess KBH, is decomposed with tartaric acid, and the solution is 
brought to pH 9-10 by the addition of an aqueous solution of 
Na,CO,. After the removal of methanol in vacuo, the aqueous so- 
lution is extracted with dichloromethane (4 x 50 mL). The 
dichloromethane solution is dried over MgSO,, and the solvent is 
then distilled off in vacuo. The residual oil is taken up in a small 
volume of absolute ethanol and cooled down until crystallization 
yields 0.60 g (57%) of colorless needles; mp 71°C (from absolute 
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KLIEGEL ET AL. 

5 6 
(a: R = Me; b: R = CH2Ph) 

I 

13 (R2N = pyrrolidino) 

ethanol). Anal. calcd. for,C4HllN02: C 45.70, H 10.55, N 13.32; 
found: C 45.65, H 10.66, N 12.96. Infrared (KBr): 3400 and 
3160 cm-' (G-H). 'H nmr (90 MHz, CDC13/TMS): 6 (ppm) = 
1.20 (d, J = 7 Hz, C-CH3) ,  2.72 (m,, N-CH, and N- 
CH2-C) ,  4.08 (Q, O - C H ) ,  6.25 (s, broad, exchangeable, 
2 OH). 

I -Benzyl-7-methyl-3.5-diphenyl-2,4,6-trioxa-I -azonia-3-bora-5- 
boratabicyclo[3.3 .O]octane, 7 

1-(N-Benzyl-N-hydroxyamino)-2-propanol, 6b (0.36 g, 2 mmol), 
and phenylboronic acid (0.49 g, 4 mmol) are dissolved in 20 mL 
of benzene and refluxed for 1 h using a Dean-Stark trap for con- 
tinuous removal of water. After evaporation of the solvent in vacuo 
the crystalline residue is recrystallized from CH2C12. Yield: 
0.55 g (74%) of colorless crystals; mp 114-1 16°C. Anal. calcd. for 
C22H23B2N03: C 71.21, H 6.25, B 5.83, N 3.78; found: C 71.22, 
H 6.31, B 5.98, N 3.79. Infrared (KBr): 1605 cm-' (phenyl C=C). 
'H nmr (400 MHz, CDCl,/TMS): 6 (ppm) = 1.38 (d, J = 6 Hz, 
CH3), 2.58 and 2.61 (d, J = 12 Hz and d, J = 11 Hz, 1/2 

( O - Q - C H , ) ,  3.45 (d, J = 15 Hz, 1 /2 P M H , ) ,  3.92 (d, J = 
15 Hz, 1/2 Ph-CH,),  4.30 (mc, O - C H ) ,  7.30-7.50 (m, 11 ar- 
omatic H), 7.75-7.80 (m, 2 aromatic H), 7.92-7.98 (m, 2 aro- 
matic H). "B nmr (64 MHz, CDCI,/Et20BF3): 6 (ppm) = 28.0 
(wIl2 = 960 Hz) and 13.3 (wl12 = 770 Hz); ratio of peak areas: 1 : 1. 
Crystals suitable for X-ray analysis were obtained by slow crys- 
tallization form CH2C12. 

I ,4,6,9-Tetramethyl-2,7-diphenyI-3,8,II,I2-tetraoxa-I ,6- 
diazonia-2.7-diboratatricyclo[5.3.1 . ~ ~ , ~ ] d o d e c a n e ,  I 1  
(cyclic BONBON dimer of 4,6-dimethyl-2-phenyl-I ,3-dioxa- 
4-aza-2-boracyclohexane, 9) 

1-(N-Hydroxy-N-methylamino)-2-propanol, 6 (0.21 g, 2 mmol), 
and phenylboronic acid (0.25 g, 2 mmol) are dissolved in 20 mL 
of benzene and refluxed for 1 h using a Dean-Stark trap for con- 
tinuous removal of water. The solvent is distilled off in vacuo, and 
the remaining oil is taken up in a small volume of absolute ethanol. 
Cooling down the ethanolic solution yields 0.26 g (68%) of col- 
orless crystals; mp 107-108°C (from absolute ethanol). Anal. cdcd. 
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TABLE 1. Crystallographic dataa 

Formula 
fw 
Crystal system 
Sp$ce group 
a ,  /a 
6 ,  A 
c ,  A 
a (deg) 
P (deg) 

,.L('cu-K,), cm-' 
Crystal size, mm 
Transmission factors 
Scan type 
Scan range, deg in w 
Scan speed, deg/min 
Data collected 
20,,, deg 
Crystal decay 
Total reflections 
Total unique reflections 
Rmergc 
No. of reflections with I 1 3u(I) 
No. of variables 
R 
R,v 
Goodness of fit (gof) 
Max A/u (final cycle) 
Residual density e / ~ ~  

C>zH23B>N03 
37 1.05 
Triclinic 
pi 
13.126(1) 
15.337(1) 
10.9469(5) 
91.727(5) 
104.647(5) 
72.922(7) 
2035.7(3) 
4 
1.211 
784 
5.87 
0.20 X 0.30 X 0.30 
0.86-1 .OO 
w-20 
1.20 + 0.20 tan 0 
32 

C 2 0 H 2 8 ~ 2 ~ 2 ~ 4  
382.08 
Triclinic 
pi 
9.0807(4) 
9.1653(3) 
6.4876(2) 
97.708(3) 
108.830(3) 
89.188(4) 
506.19(4) 
1 
1.253 
204 
6.48 
0.15 X 0.25 X 0.49 
0.90-1 .OO 
0-20 
1.10 + 0.20 tan 0 
3 2 
+ h ,  ak, 21 
155 
7.3% 
2275 
2078 
0.012 
1827 
184 
0.032 
0.041 
3.71 
0.09 
-0.11 to f 0 . 2 4  

"Temperature 294 K,  Rigaku AFC6S diffractometer, Cu-K, radiation (A = 1.54178 A), 
graphite monochromator, takeoff angle 6.0°, aperture 6.0 X 6.0 mm at a distance of 
285 mm from the crystal, stationary background counts at each end of the scan (scan/back- 
ground time ratio 2: 1 ,  up to eight rescans), u'( F ') = [SZ(C + 4B) f (pF ')']/Lp2(S = scan 
rate, C = scan count, B = normalized background count, p = 0.020 for 7 and 0.005 for ll), 
function minimized Zw(/ F,I - I F,I)' where bv = 4 F :/u2( F i), R = 211 F,;( - I F,ll/ZI F,J, 
R,.. = (Cw((  F,I - I F,()'/Zwl F,(')~", and gof = [Z,v(( F,I - ( F,l)'/(m - , I ) ] '  '. Values given 
for R ,  R,,., and gof are based on those reflections with I r 3u(I). 

for C20H28B2N204: C 62.87, H 7.39, N 7.33; found: C 62.88, 
H 7.58, N 7.29. 'H nmr (90 MHz, CDC13/TMS): 6 (ppm) = 1.34 
(d, J = 6 Hz, C<H3), 2.64 (m,, 1 H of N<H2<), 2.82 (s, 
N<H3), 3.04/3.17 (dd, 1 H of N<H,<), 4.43 (mc, O--CH), 
7.14-7.38 (m, 3 aromatic H), 7.60-7.78 (m, 2 aromatic H). 
"B nmr (64 MHz, CDC13/Et20BF3): 6 (ppm) = 27.2 (wl12 = 
482 Hz) and 13.6 (wllz = 290 Hz); ratio of peak areas: 32: 1. EI- 
Mass spectrum (70 eV, 250°C): m/z = 191 (loo%, 1 /2 M'), 176 
(11%, 1/2 M+ - CH3), 104 (2896, C6H5BO). FAB-Mass spec- 
trum (3-nitrobenzylalcoho1 [NBA], positive ion mode); m/z = 191 
(loo%, 1/2 M+),  136 (47%, NBA - 17), 114 (34%, M+ - 77), 
105 (44%, PhBOH), 104 (24%, PhBO), 77 (34%, Ph), 72 (58%, 
M+ - 77 - 42). Crystals suitable for X-ray analysis were ob- 
tained by slow crystallization from absolute ethanol. 

X-ray clystallographic analyses of 7 and 11 
Crystallographic data for 7 and 11 appear in Table 1. The final 

unit-cell parameters were obtained by least-squares on the setting 
angles for 25 reflections with 20 = 93.8-101.9" for 7 and 106.2- 
112.6" for 11. The intensities of three standard reflections, mea- 
sured every 200 reflections throughout the data collections, showed 
a linear decays of 5.3% for 7 and 7.3% for 11. The data were pro- 

cessed,? corrected for Lorentz and polarization effects, decay, and 
absorption (empirical, based on azimuthal scans for four reflec- 
tions). 

Both structure analyses were initiated in the centrosymmetric 
space group P I  'on the basis of E-statistics, the choices being con- 
firmed by the subsequent successful solutions and refinements of 
the structures. The asymmetric unit of 7 contains two molecules. 
The structures were solved by direct methods, the coordinates of 
the non-hydrogen atoms being determined from E-maps or from 
subsequent difference Fourier syntheses. The non-hydrogen atoms 
were refined with anisotropic thermal parameters and the hydro- 
gen atoms were fixed in idealized positions (C-H = 0.98 A,  
BH = 1 .2Bbandcd for 7 and were refined with isotropic thermal 
parameters for 11. Corrections for secondary extinction were ap- 
plied for both structures, the final values of the extinction coeffi- 
cients being 1.02 X lo-' for 7 and 4.62 X for 11. Neutral atom 

3 ~ ~ ~ ~ ~ ~ / ~ ~ ~ ~ ~ ~  structure analysis package which 
includes versions of the following: DIRDIF, direct methods for 
difference structures, by P. T. Beurskens; ORFLS, full-matrix least- 
squares, and ORFFE, function and errors, by W. R. Busing, K. 0. 
Martin, and H. A. Levy; ORTEP 11, illustrations, by C. K. Johnson. 
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KLIEGEL 1 

scattering factors for all atoms and anomalous dispersion correc- 
tions for the non-hydrogen atoms were taken from the Inter- 
national tables for X-ray crystallography (12). Final atomic 
coordinates and equivalent isotropic thermal parameters, bond 
lengths, and bond angles appear in Tables 2-4, respectively. Hy- 
drogen atom parameters, anisotropic thermal parameters, torsion 
angles, intermolecular contacts, and least-squares planes, and 
measured and calculated structure factor amplitudes for the both 
structures are included as supplementary material.4 

Results and discussion 
The X-ray analyses establish structure 11 (Fig. 1) for the 

1: 1 reaction product of 6a and phenylboronic acid, and 
structure 7 (Fig. 2) for the 1 :2  condensate of 6b and 
phenylboronic acid. It is not yet understood why the N-ben- 
zyl substituted educt 6b gives the expected bicyclic pyro- 
boronate 7, analogous to 2 and 4, whereas the N-methyl 
derivative 6a leads to the six-membered cycloboronate 9 
which associates to the dimer 11 in the solid state but ap- 
pears to be present predominantly as the monomer in the 
CDCl, solution used for obtaining the "B nrnr spectrum. 
Varying the molar ratios of the reactants does not change the 
results in either reaction. Several competitive factors such 
as 0-B p p ( r )  interactions, rehybridization energy (sp2 -+ 
sp3) of N-B coordination, steric effects, hydrogen bond- 
ing, and crystal packing effects seem to control the forma- 
tion of the particular crystalline product in each case. 

Compound 7 is characterized by the bicyclo[3.3.0]octane 
ring skeleton, formed by a transannular N-B interaction in 
the eight-membered BOBONCCO ring which has a boat-boat 
("saddle") conformation. Folding about the N-B bond di- 
vides the ring system into a pair of cis-fused five-membered 
rings. The angles between the normals to the mean planes 
of the nearly planar BOBON rings and the BOCN planes 
of the BOCCN rings (that have envelope conformations) 
are 113.7 and 114.0" in the two independent molecules 
of 7, representing the "folding angle" of the bicyclic sys- 
tem. Similar "folding" of bicyclo[3.3.0]octane ring sys- 
tems has been reported for the compounds 2 (R' = R' = 
Me, R3 = R4 = H) (2) and 4 (R = Me) (4). Until now, type 
2 compounds had only been obtained from N-unsubstituted 
N-(2-hydroxyalkyl)hydroxylamines. Thus, the N-benzyl 
derivative 7 is the first example of an N-substituted type 2 
compound. 

There are two crystallographically independent mole- 
cules of 7. Figure 2 depicts the lR,SS,7R-enantiomer of the 
molecule containing B(l)  and the lS,SR,7S-enantiomer of 
the molecule containing B(3). Since this material crystal- 
lizes in a centrosymmetric space group, the respective en- 
antiomers of each of the two independent molecules are also 
present in the crystal. 

The N-B bonds in the two independent molecules of 7 
are significantly different from one another, presumably as 
a result of packing effects. The N-B bonds of 1.737(2) and 
1.762(2) A observed for 7 are longer than the transannular 
N-B bond in the N-unsubstituted derivative 2 (1.688(2) A) 
(2), probably a result of the steric requirements of the ben- 
zyl substipent, and are similar to those of 1.729(3) and 
1.736(3) A reported for the two independent molecules of 4 

4Supplementary material mentioned in the text may be pur- 
chased from the Depository of Unpublished Data, Document De- 
livery, CISTI, National Research Council Canada, Ottawa, Canada 
KIA 0S2. 

3T AL. 2813 

TABLE 2. Final atomic coordinates (fractional) and B,, (A2)" 

Atom x Y z Be, 
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2814 CAN. J .  CHEM. \ 

TABLE 2 (concluded) 

Atom x Y z Be, 

=Bq = ( 8 / 3 ) ~ ~ Z Z U , p r a : ( a ; .  a,) .  

TABLE 3. Bond lengths (A) with estimated standard deviations. 

Atom Atom Distance Atom Atom Distance 

"Symmetry operation: 1 - x ,  1 - y ,  1 - z 

(4). As expected, the coordination about N(l)/N(2) and B(2)/ 
B(4) is approximately tetrahedral, whereas the coordination 
at the trivalent boron atom B(l)/B(3) is planar within ex- 
perimental error. The partial double bond character of both 
0 - B  bonds involving the trivalent boron atom in 7 is doc- 

umented by the short bond lengths (O(2)-B(l) = 1.331(2), 
O(1)-B(1) = 1.402(2), O(5)-B(3) = 1.329(2), 0(4)-- 
B(3) = 1.404(2) A) which further suggest 0 - B  pp(.rr) 
interactions of differing strengths for the two bonds. The B- 
phenyl ring is nearly coplanar with the boronate group, an 
orientation which could facilitate a possible conjugation be- 
tween the IT-systems of the phenyl and boronate moietie:. The 
( ~ p ~ ) ~ - C ( ~ h e n ~ l )  bonds are shorter .by about 0.03 A than 
the ( ~ p ~ ) ~ - - C ( ~ h e n ~ l )  bonds at B(2)/B(4), resulting from a 
combination of steric and hybridization effects and a weak 
IT-interaction between the phenyl ring and the "vacant" p, 
orbital of the adjacent sp2-boron atom. 

In the ( s p 2 ) ~ U ~ ( s p 3 )  anhydridic moiety, the charac- 
teristic difference between the very short (sp2)~--0 bond 
(1.331(2) and 1.329(2) A) and the long (sp3)~--0 bond 
(1.472(2) and 1.468(2) A) is consistent with that observed 
for other compounds of type 2 (2), 4 (4), and similar cyclic 
"pyroboronates" involving one trigonal boronate and one 
tetracoordinated borinic (1 3) or boronic acid group ( 14- 17). 

The 7-methyl substituent at C(l)/C(23) is positioned in a 
pseudo-equatorial orientation at the "flap" of the BOCCN 
ring "envelope." The hydrogen atom at C(l)/C(23) occu- 
pies the pseudo-axial position, but the distance between this 
hydrogen atom and the facing oxygen atom 0(1)/0(4) is too 
long for an intramolecular C-H...O interaction that could 
play a role in the stabilization of the structure. 

Structure 11, a centrosyrnmetric twofold N+B coordi- 
nated dimer of the six-membered BONCCO ring 9, repre- 
sents the solid state structure of the simple cyclic 
phenylboronate 9. A pair of enantiomers of 9 comprises the 
centrosymmetric dimer 11, forming an "internal racemate." 
The chiral centres of the molecule depicted in Fig. 1 have the 
configurations B(1): S, C(2): R,  N(1): S, B(l)*: R ,  C(2)*: 
S, N(l)*: R.  The tricyclic ring system of 11 is composed of 
a central six-membered BONBON ring having W - - C  
bridges spanning both of the B U N  segments. This is a 
new type of "BONBON" compound. In addition to the 
simple BONBON dimers of open-chain B U N  com- 
pounds (7, 8, 1 1, 15 and references therein, 18), the ring 
system 12 having two a = C - C =  anellations (one at 
each side of the central BONBON ring) (9) and two other 
types of bridged BONBON compounds 13 (15) and 14 (19) 
are known. The tricyclic ring system of 13 has an 0-B-0 
bridge across the B+N-B fragment and a C - C  bridge 
across the N - B U N  fragment of the central BONBON 
ring. The bicyclic compound 14 contains a B U B  bridge 
across the six-membered BONBON ring. Whereas the 
BONBON ring in 11 has a strain-free, nearly undistorted 
chair conformation, those in 12, 13, and 14 have more or less 
distorted boat conformations. To the best of our knowl- 
edge, compounds 11-14 are the only "BONBON" com- 
pounds which have as yet been structurally characterized 
by X-ray analysis with the exception of a preliminary com- 
munication of some crystallographic data (without details on 
the molecular structure) for the oxime derivative 
M e 2 C = N U B M e 2  (1 1). These data, together with 
spectroscopic studies, led to the conclusion that the boron 
compound probably has a dimeric structure in the crystal, but 
is partially dissociated in solution and fully dissociated in the 
gas phase into the monomeric M e 2 C = N U B M e 2 .  

The N-B bond length in 11 (1.695(2) A) is similar to 
those observed for several cyclic N-B coordinated com- 
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KLIEGEL ET AL. 

TABLE 4. Bond angles (deg) with estimated standard deviations 

Atom Atom Atom Angle Atom Atom Atom Angle 

"Symmetry operation: 1 - x ,  1 - y ,  1 - z. 
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VOL. 70, 1992 

Q "12 

FIG. 1. Stereoview of 11; 33% probability thermal ellipsoids are shown for the non-hydrogen atoms. 

FIG. 2. Stereoviews of the two crystallographically independent molecules of 7; 33% probability thermal ellipsoids are shown for the 
non-hydrogen atoms. 
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pounds like 2 (R' = R' = Me, R3 = R4 = H) (1.688(2) A) 
(2) and the "BONBON" derivative 14 (1.703(3) A) (19), but 
is somewhat shorter than the N-B bonds in other tetrahe- 
dral "PhBO,Nn compounds having sterically hindered N-B 
bonds like 4 (R = Me) (1.729(3) and 1.736(3) A) (4) and 7 
(1.737(2) and 1.762(2) A) (this work) and similar bicyclic 
systems with N-B bond lengths ranging from 1.706(2) to 
1.759(3) A (14, 16, 17). Shorter N-B bonds than those in 
the BONBON dimer 11 are found in the polycyclic 
BONBON compounds 12 (mean 1.586(3) A) (9) and 13 
(mean 1.654(8) A) (15). The sum of the bond lengths about 
the boron atom in 11, 6.170 A, is at the lower end of the 
range 6.19 1-6.297 A observed previously for compounds 
of the type " P ~ B O ~ N ( S ~ ~ ) "  (15, 20). This is consistent with 
a relatively low overall strain about the boron atom (15). 

The dimeric structure of 11 in the solid state is addition- 
ally stabilized by weak transannular C-H-a.0 hydrogen 
bonds between C(2)-H(3) of one of the BONCCO rings and 
O(1) of the second such ring. The intramolecular C-- -O dis- 
tance of 2.853(1) A is significantly shorter than the sum of 
van der Waals radii (about 3.3 A). The existence of short 
C-H..-O interactions in crystals is well-documented, these 
interactions being considered attractive (2 1-23). Spectro- 
scopic (24) and crystallographic evidence (25) document the 
influence of intramolecular C-H.a.0 interactions on the 
conformational preferences and on the general geometry of 
both open-chain and cyclic compounds. The distance be- 
tween the transannular hydrogen H(3) and the BON oxygen 
atom O(1) in the eight-membered BONBOCCN ring por- 
tion of 11 is 2.37(1) A. A similar distance (2.34 A) has been 
observed for the transannular C-H...O interaction in the ten- 
membered ring system of nonanolactone (25). The C-H-..O 
angle of 108.0(8)" in 11 is similar to the corresponding value 
of 109.5" in nonanolactone (25). Including these C-H...O 
hydrogen bonds, the complete three-dimensional array of the 
crystalline form of 11 has an approximate diamond-lattice 
conformation resembling the skeleton of "diamantane" 
("congressane") (26). There is also a second pair of weaker 
intramolecular C-H.e.0 interactions pr5sent in 11: 
C(3)-H(4)..-0(2)*, H--.O = 2.47(2) A, C..-O = 
2.911(2) A, and C-H.a.0 = 106(1)". All intermolec- 
ular distances correspond to normal van der Waals interac- 
tions. 
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KEISUKE MAKINO, AKIFUMI HAGI, HIROSHI IDE, AKIRA MURAKAMI, and MASATOSH~ NISHI. Can. J. Chem. 70, 2818 
(1992). 

To assign unidentified ESR signals obtained in a Fenton system with a spin trap, 5,s-dimethyl-1-pyrroline-N-oxide 
(DMPO), fundamental reactions of DMPO have been thoroughly investigated. When the concentration of Fe2+ in 
Fenton systems exceeded 1% of that of DMPO, background ESR signals totally distinguishable from 2-hydroxy-5,s- 
dimethyl-1-pyrrolidinyloxy (DMPO-OH) appeared, and simultaneously absorbance at 520 nm increased, which was 
characteristic of hydroxamic acids complexed with Fe3+. To prove the postulated formation of hydroxamic acid as a key 
intermediate, DMPO was subjected to Fenton reaction or was treated with Fe3+ in aqueous solution to produce DMPO- 
OH (Makino et al. Biochem. Biophys. Res. Commun. 172, 1073 (1990)), and a major product was isolated by RPLC. 
Based on 'H, I3c NMR and MS measurements, the structure of the major product was assigned to 1-hydroxy-5,5-di- 
methyl- 1-pyrrolid-2-one (HDMPN) having a hydroxamic acid structure. Temperature dependence of NMR spectra and 
careful analysis of the fragmentation patterns in MS further revealed that HDMPN was present in equilibrium with 2- 
hydroxy-5,s-dimethyl-1-pyrroline-N-oxide (HDMPO), a tautomer of HDMPN. It has also been shown that the oxida- 
tion of DMPO yielding HDMPN and HDMPO occurs via DMPO-OH and is driven by Fe3'.. 'These oxidation products 
(HDMPN and HDMPO) were readily converted to the corresponding ESR visible aminoxyl radicals by oxidation and 
'OH addition in aqueous solution, respectively, and superimposition of the ESR signals arising from these radicals ac- 
counts for the background signals observed in Fenton systems with DMPO as a spin trap. 

KEISUKE MAKINO, AKIFUMI HAGI, HIROSHI IDE, AKIRA MURAKAMI et MASATOSHI NISHI. Can. J. Chem. 70, 2818 (1992). 
Dans le but d'attribuer les signaux RPE non-identifies obtenus dans un systkme de Fenton avec un pikge B spin, le N- 

oxyde de 5,s-dimethyl-1-pyrroline (DMPO), on a CtudiC B fond les reactions fondamentales du DMPO. Lorsque la con- 
centration de ~ e "  dans les systkmes de Fenton depasse 1% de celle du DMPO, des signaux RPE totalement differents 
de ceux du 2-hydroxy-5,s-dimethyl- 1-pyrrolidinyloxy (DMPO-OH) apparaissent avec une augmentation simultanee de 
I'absorption a 520 nm, caracttristique des acides hydroxamiques complexes par le Fe3+. Afin de prouver la formation 
postulee d'acide hydroxamique cornme intermediaire clC, on a soumis le DMPO 2 une reaction de Fenton ou on I'a trait6 
par du Fe3+ en solution aqueuse pour obtenir du DMPO-OH (Makino et al. Biochem. Biophys. Res. Commun. 172, 
1073 (1990)) et on a isole le produit principal par RPLC. En se basant sur la RMN du 'H et du I3c et des mesures de 
spectromCtrie de masse, on conclut que le produit majeur est la 1-hydroxy-5,5-dimethyl-1-pyrrolidin-2-one (HDMPN) 
possedant une acide hydroxamique dans sa structure. La relation entre la temperature et les spectres RMN ainsi qu'une 
analyse soigneuse des patrons de fragmentation de SM ont aussi permis de dCmontr6 que le HDMPN est present a I'kquilibre 
avec l'oxyde de 2-hydroxy-5,s-dimethyl-1-pyrroline (HDMPO), un tautomkre du HDMPN. On a aussi montre que 
l'oxydation du DMPO, conduisant B la HDMPN et au HDMPO, se produit par I'intermediaire du DMPO-OH et que cette 
reaction est provoquee par le Fe3+. L'oxydation du HDMPN et l'addition de 'OH a une solution aqueuse de HDMPO 
permettent de transformer ces deux produits d'oxydation en radicaux aminoxyl correspondants, visibles par RPE; la su- 
perposition des signaux RPE qui resultent de ces reactions explique les signaux de fond qui sont observes dans les systkmes 
de Fenton avec d t ~  DMPO comme pikge B spin. 

[Traduit par la redaction] 

 introduction 
The method of spin trapping is a powerful tool to detect 

short-lived free radicals that are not detectable by conven- 
tional ESR.' In this method, through reaction with spin traps, 
short-lived free radicals are converted to relatively stable 

'Author to whom correspondence may be addressed. 
2~bbreviations: ESR, electron spin resonance spectroscopy; 

DMPO, 5,5-dimethyl-1 -pyrroline-N-oxide; 'OH, hydroxyl rad- 
ical; DMPO-OH, 2-hydroxy-5,s-dimethyl-1-pyrrolidinyloxy; 
HDMPN, 1-hydroxy-5,5-dimethyl- 1-pyrrolid-2-one; NMR, nu- 
clear magnetic resonance spectroscopy; M3P0, 2,5,5-trimethyl- l-  
pyrroline-N-oxide; EIMS, electron ionization mass spectrometry; 
TMS, tetramethylsilane; TSP-d,, 3-(trimethylsily1)propionic- 

aminoxyl radicals (spin adducts) that are ESR detectable (1). 
Recently this method has been widely applied to the detec- 
tion of free radicals in biological systems in attempts to cor- 
relate the free-radical formation to the initiation of various 
diseases (2) since a large body of accumulated evidence in- 
dicates that free-radical-induced damage of cellular constit- 

2,2,3,3-d, acid, sodium salt; DMPO-OOH, 2-hydroperoxy-53- 
dimethyl- 1 -pyrrolidinyloxy; MS, mass spectrometry; RPLC, high 
performance reversed phase liquid chromatography; amu, atomic 
mass unit; HDMPO, 2-hydroxy-5,5-dimethyl-1-pyrroline-N-oxide; 
DMPOX, 5,5-dimethyl- 1-pyrrolidin-2-one- 1-oxy; HDMPO-OH, 
2,2-dihydroxy-5,5-dimethyl-1-pyrrolidinyloxy; M3PO-OH, 2-hy- 
droxy-2,s ,5-trimethyl- 1 -pyrrolidinyloxy: 
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uents such as DNA and membrane is critical to such initiation 
steps. In these studies, 5,5-dimethyl- 1-pyrroline-N-oxide 
(DMPO, 1 in Fig. 1) has been used almost exclusively as a 
spin trap since its solubility in water is sufficiently high that 
the high concentration of the spin trap can be used to detect 
short-lived free radicals present in very low concentrations. 
Another advantage is that this spin trap is sufficiently po- 
tent to trap oxygen-centered free radicals, especially hy- 
droxyl radicals ('OH) and superoxide anion radicals (0,-) 
(3). Furthermore, compared to other spin traps (4), it exerts 
relatively low toxicity to cells. 

It is known, however, that ESR spectra obtained with 
DMPO are often difficult to assign due to coexistence of 
unidentified signals (lc, 5). This is particularly the case when 
systems containing metal ions (for example, the Fenton re- 
action) are utilized to initiate free-radical reaction. These 
undesirable background ESR signals have hampered accu- 
rate analysis of ESR spectra and the origin of the spectra re- 
mains unidentified. Thus, to make the spin trapping method 
more accurate and reliable, it is extremely important to 
characterize all of the species giving rise to the background 
signals and to clarify the mechanism of their production. 

To address these questions, we have conducted basic 
studies regarding the type of impurities contained in com- 
mercial preparations of DMPO that lead to undesirable ar- 
tifactual ESR signals, and the reactions DMPO undergoes 
in the presence of metal ions to yield ESR detectable spe- 
cies. For the first question, we have shown that a DMPO 
derivative, a hydroxyl arnine having an epoxy ring (2 in Fig. 
l ) ,  is contained in commercial DMPO preparations and this 
compound is readily oxidized to .give an aminoxyl radical 
whose characteristic ESR spectrum is composed of six lines 
with equal intensities (6). For the second question, we have 
reported a preliminary study demonstrating that DMPO 
is converted to 2-hydroxy-5,5-dimethyl-1-pyrrolidinyloxy 
(DMPO-OH, 3 in Fig. l) ,  which is the same compound as 
a hydroxyl radical adduct of DMPO via the nucleophilic ad- 
dition of a water molecule to the double bond of DMPO 
complexed with ~ e ~ '  (7). 

In the present study, we have carried out further detailed 
studies to elucidate the entire mechanism for the reaction of 
DMPO in the presence of iron ions. The present results will 
be useful not only for accurate assignment of complicated 
ESR spectra obtained with DMPO in biological studies, but 

also for designing improved spin traps that do not undergo 
the undesirable side reactions. 

Materials and methods 
Materials 

High purity DMPO was obtained from Mitsui-Toatsu Co. 
(Tokyo, Japan) and used without further purification (6). Other 
reagents of reagent grade were purchased from Wako Pure Chem- 
icals (Osaka, Japan). Water was purified sequentially by Milli R/Q 
and Milli QII (Millipore, Mass. U.S.A.). 

1-Hydroxy-5,5-dimethyl-1-pyrrolid-2-one (HDMPN) was syn- 
thesized by modification of the procedure reported previously (8): 
a mixture of methyl acrylate (1.12 mol) and 2-nitropropane 
(3.35 mol) was stirred at 30°C for 14 days in the presence of tri- 
ethylamine (0.56 rnol). The methyl 4-methyl-4-nitropentanate ob- 
tained was distilled under reduced pressure (69-71°C at 0.7 Torr; 
1 Torr = 133.3 Pa) (yield, 80%). To the 50% aqueous ethanol so- 
lution (300 mL) containing distilled 4-methyl-4-nitropentanate 
(0.25 mol) and N q C 1  (0.25 mol), Zn powder (1.0 mol) was added 
at 10°C for 3 h with stirring. This mixture was filtered and the sol- 
vent was removed by evaporation. The remaining oil was dis- 
solved in 2 N HCl (100 mL) and extracted with chloroform 
(100 mL, 5 times). After drying the chloroform layer over MgS04, 
the solvent was removed by evaporation. Crude HDMPN was pu- 
rified by column chromatography on silica (Wakogel C-300) with 
CHC1,:methanol (10: 1) as eluent, and subsequently recrystal- 
lized from ether:petroleum ether (yield, 50%). This product was 
identified and examined for its purity by 'H NMR and RPLC and 
no additional lines or peaks due to impurities were detected. 

2,5,5-Trimethyl-1-pyrroline-N-oxide (M,PO, 4 in Fig. 1) was 
synthesized by the modification of reported procedures (8a, 9). An 
ether solution (300 mL) of 3-butene-2-one (0.3 mol), 2-nitropro- 
pane (0.6 rnol), and Triton B (24 mL) was refluxed for 5 h and 
subsequently shaken sequentially with 0.5 N HC1 (100 mL), 10% 
Na2C0, (100 mL), water (100 mL), and water saturated with NaCl 
(100 mL). The ether layer containing 5-methyl-5-nitro-2-hexan- 
one was dried over Na2S04 and the ether was then removed by 
evaporation. The residue was distilled under reduced pressure (59- 
60°C at 1 Torr). To an aqueous N k C 1  solution (0.8 M ,  300 mL) 
was added prepared 5-methyl-5-nitro-2-hexanone (0.225 rnol). Zn 
powder (0.9 mol) was added to this suspension under vigorous 
stimng for 1 h at 0°C and then this solution kept at 20°C for 2 h 
with vigorous stimng. The reaction mixture was condensed in vacuo 
and was extracted with chloroform. After drying the chloroform 
layer over Na2S04, chloroform was removed. The crude product 
was purified by column chromatography similar to that used above 
for the synthesis of HDMPN (yield, 50%). This product was iden- 
tified and examined for its purity by ' H  NMR and RPLC and no 
additional lines or peaks due to impurities were observed. 

FIG. 1. DMPO and its derivatives appearing in this paper. For HDMPN and HDMPO, see Scheme 1. 
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Methods 
Free radicals were generated by sonolysis or photolysis, except 

for ~ e ~ + - c a t a l ~ z e d  DMPO-OH formation in the dark. For sonica- A 

tion, a Bransonic model B-2200 cleaning bath was used. A sam- 
ple tube was set in the center of the bath and argon gas was bubbled 
(500 ml/min)  during the sonication to enhance ESR signals (10). 
Photolysis was canied out on an XC-500 tunable irradiator (Koken 
Kogyo, Saitarna, Japan) equipped with a 500-W xenon lump. These 
experiments were performed at room temperature. 

ESR spectra were measured at room temperature on a Jeol model 
PE-3X spectrometer (X-band, 100-kHz field modulation, Jeol, 
Tokyo). Mn2+ was used as a marker for the measurements of hy- B 
perfine splitting constants (hfsc) and g-values. An aqueous flat 
quartz cell (1.6 mm in thickness, 10.0 mm in width, and 180.0 mm 
in length) was used. ESR settings used are represented in the fig- 
ure legends. Spin concentrations were calculated with 2,2,6,6-tet- 
ramethylpi eridine-N-oxyl as a standard. P, 'H and C NMR spectra were obtained on a JNM GSX-400 
NMR spectrometer (400 MHz, Jeol) coupled with a variable 
temperature unit. Standards used for the measurements of chemi- 
cal shifts were tetramethylsilane (TMS) in CDCl, (internal refer- 
ence) and 3-(trimethylsi1yl)propionic-2,2,3,3-d4 acid, sodium salt c 
(TSP-d4) in D 2 0  (external reference). 

A JMS DX-300 MS spectrometer (Jeol) was used to measure 
m/z values. The electron ionization mass spectrometry (EIMS) was 
coupled with a temperature rise in the sample probe. The condi- 
tions for MS measurements were as follows: ionization energy, 
30 eV; temperature rise, 16"C/min from 25°C; pressure, 

Torr. 
For RPLC analyses, a combination of Hitachi L-6000 and L-6200 

pumps equipped with a photodiodearray L-3000 detector (Hitachi, 
Tokyo) was utilized. An Inertsil O D s  column (GL Science, Tokyo) 
was used. The chromatographic conditions are shown in the fig- 
ure legend. 

Absorption spectra were obtained on a Shimadzu UV 260 
spectrophotometer (Shimadzu, Kyoto, Japan). Concentrations 
of ~ e ' +  and Fe3+ were measured with 1,lO-phenanthroline 

= 9720 cm-I M-') and potassium thiocyanate (E,,, = 
9100 cm-' M-I) as coloring reagents, respectively. 

All experiments were canied out in the dark to avoid photo- 
chemically induced reactions of DMPO (1 I). 

Results and discussion WfiHw Y Yv YY Y DMPO-OOH 
Background ESR signals in Fenton systems 

The reaction of DMPO (0.01, 0.1, or 1 M) in Fenton I. 
0 

systems (eqs. [I]-[3]) consisting of H202 and FeSO, was Signal (i) 

investigated by ESR at room temperature under atmo- 
spheric conditions. 

lwl Signal (ii) 

[I] ~ e ~ +  + HzO2+ ~ e ~ +  + 'OH + OH- 

[3] ~ e ~ +  + 'OOH + Fez+ + O2 + Hi 

The concentrations of H202 and FeSO, were varied from 
1 mM to 1 M and 10 pM to 10 mM, respectively. When the 
concentration of ~ e ' +  was less than 1% of that of DMPO, an 
ESR spectrum composed of a 1 : 2 : 2 : 1 quartet attributable 
to a spin adduct of hydroxyl radicals (DMPO-OH, a, = 
up, = 1.50 mT) was obtained (Fig. 2A) (12). On the other 
hand, additional lines appeared when the concentration of 
~ e ' +  exceeded 1% of that of DMPO. Figure 2B shows an 
ESR spectrum taken immediately after the sample prepara- 
tion. The additional lines consisted of a 1 : 1 : 1 triplet of 1 : 1 
doublets further split into a 1 : 1 doublet, and was assigned 
as a spin adduct of the hydroperoxyl radical of DMPO 
(DMPO-OOH, a, = 1.43 mT, up, = 1.15 mT, and a,, = 

FIG. 2. ESR spectra obtained from aqueous DMPO solutions 
(100 mM) containing (A, B, C ,  and D) FeSO, (10 KM forA and 3 
mM for B, C, and D)  and H202 (900 mM), and (E) FeNH4(S0,)2 
(1 mM). Storage time was (A) 2 h, (B) 3 min, (C) 2 h, ( 0 )  3 h ,  
and (E) 1 min. Each component is explained by the stick diagrams 
in this figure. Hyperfine splitting constant values obtained for each 
of the ESR components are as follows: aN = up, = 1.50 mT for 
DMPO-OH, aN = 1.43 mT, up, = 1.15 mT, and a,, = 0.13 mT 
for DMPO-OOH, aN = 1.53 mT for signal (i), and a~ = 0.72 mT 
and a,, = 0.41 mT (2H) for signal (ii). ESR settings are as fol- 
lows: modulation amplitude, 0.05 mT; receiver gain, x500  for A, 
B, C ,  and D and X 1000 for E; time constant, 0 .3  s; sweep time, 
16 min for B, C, and D and 8 min for A and E. 

0.13 mT, 5 in Fig. 1) (12). With increasing storage time, the 
ESR spectrum obtained immediately after the sample prep- 
aration (storage time ca. 1 rnin) changed further, and two sets 
of ESR lines appeared consisting of a 1 : 1 : 1 triplet (a, = 
1.53 mT, signal (i)) and a 1 : 1 : 1 triplet of 1 : 2: 1 triplet 
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(aN = 0.72 mT and a, = 0.41 mT, signal (ii)) after 1 h (Fig. 
2C) and 3 h (Fig. 2D), respectively. All the ESR compo- 
nents appearing in Figs. 2A-D are explained by the stick 
diagrams illustrated in Fig. 2. In the present study, the un- 
identified signals (i) and (ii) have been studied in detail to 
clarify their origin and formation mechanisms. 

First we explored the possibility that the background sig- 
nals (i) and (ii) might arise through reactions between DMPO 
and ~ e ' +  or Fe3+ oxidized from ~ e ' +  in Fenton systems. No 
reaction was observed for an aqueous DMPO solution con- 
taining ~ e ' +  (as FeSO,). In an aqueous DMPO solution 
(100 mM) containing ~ e , +  (as FeNH,(SO,),, 1 mM), an ESR 
spectrum consisting of a 1 :2:2: 1 quartet appeared (Fig. 2E) 
and diminished over several 10-min intervals. This species 
has been assigned to the same compound as a DMPO spin 
adduct of 'OH (DMPO-OH), and is formed by the nucleo- 
philic addition of a water molecule to DMPO (7). These re- 
sults suggest that other reactions, probably involving 
conversion of initially formed DMPO-OH, are responsible 
for the production of the background ESR signals. 

Absorption spectra were also measured for Fenton sys- 
tems that gave rise to the background ESR signals (i) and (ii). 
As shown in Fig. 3A, a Fenton system (FeSO, (3 mM) and 
H,OZ (900 mM)) containing DMPO (100 mM) showed an 
absorption at 520 nm, which increased with increasing stor- 
age time. A similar spectrum was obtained from an aqueous 
solution containing FeNH,(SO,), (10 mM) and DMPO 
(10 mM) (Fig. 3B). These results imply that the same spe- 
cies absorbing at 520 nrn is formed in both systems, and that 
the appearance of the background ESR signals may be re- 
lated to the increment of the absorbance. 

A possibility that the species absorbing at 520 nm is a 
complex between DMPO and ~ e , +  has been ruled out since 
we already demonstrated that the formation of a DMPO-F~,+ 
complex occurs instantly at room temperature (7, 13), while 
the complex absorbing at 520 nm formed slowly at a rate in 
the order of 1 h. Elsworth and Lamchen (14) have reported 
that cyclic nitrones including DMPO undergo two-electron 
reduction in the presence of FeCl, to yield directly the cor- 
responding hydroxamic acids, and that a hydroxamic acid 
derivative of DMPO (1-hydroxy-5,5-dimethyl-1-pyrrolid-2- 
one, HDMPN) complexed with ~ e , +  has absorption at 
544 nm (e = 1075 cm-I M-'). Although the absorption 
maximum observed in this study was slightly blue-shifted 
(520 nm) relative to that reported (544 nm), HDMPN was 
likely to be produced inthe present systems. Accordingly, 
we decided to reexamine in more detail the formation of the 
hydroxamic acid (HDMPN) from DMPO or DMPO-OH to 
clarify the relation with the generation of background ESR 
signals. 
Characterization of intermediates giving rise to 

background ESR signals 
To examine the formation of HDMPN from DMPO or 

DMPO-OH, 'H NMR measurements were first performed 
in a D,O solution containing FeNH,(SO,), (10 mM) and 
DMPO (10 mM), and the time course of the reaction was 
followed. A typical spectrum obtained is depicted in Fig. 4. 
Similar spectra were obtained from Fenton systems that gave 
the absorbance maximum at 520 nm. A set of lines with 
chemical shifts of 8.43 (CH at C2), 4.06 (CH, at C3), 3.37 
(CH, at C4), and 2.57 (CH, at C5) ppm was assigned to 
DMPO: the chemical shifts were low-field shifted and line 

Wavelength (nrn) 

2.0, , ~ 1 2 0  

Wavelength (nm) 

FIG.  3. Progressive change in the absorbance at 520 nm occur- 
ring in aqueous solutions containing (A) DMPO (100 mM), FeS04 
(3 mM), and H 2 0 2  (900 mM) and (B) DMPO (10 rnM) and FeNH4 
(SO4), (10 mM). The path length of the cell used was 0.5 cm for 
A and 1.0 cm for B. 

shapes broadened due to the presence of paramagnetic ~ e , + ,  
in comparison with those for DMPO in D,O free of femc ions 
(7.23 (CH at C2), 2.76 (CH, at C3), 2.24 (CH, at C4), and 
1.42 (CH, at C5) ppm). The rest of the signals with chemi- 
cal shifts of 3.58, 3.13, and 2.43 ppm were probably due to 
the postulated complex between HDMPN and ~ e , + .  The 
signal intensities of DMPO (asterisked) decreased as that of 
the complex increased. This conversion proceeded in the 
order of 1 h, corresponding to the slow change of the ESR 
lines appearing in Fig. 2. 

Product analysis was also carried out for a system com- 
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FIG. 4. A typical 'H NMR spectrum obtained from a D,O solution containing DMPO (10 mM) and FeNH4(S04), (10 mM). The peaks 
indicated by asterisks and closed circles are due to DMPO and a product from DMPO, respectively. 

FIG. 5. An RPLC chromatogram obtained from an aqueous 
DMPO solution (10 mM) containing FeNH4(S04)2 (10 mM). Re- 
action time was 3 h. The first peak, eluted at 9.5 min, is due to 
DMPO. Chromatographic conditions are as follows: column, Inertsil 
ODs (4.6 mm i.d. X 250 mm long); eluent, (a) CH3CN: H,O (5%) 
and (b) CH3CN:H,0 (25%); gradient, held in ( a )  for 10 min, lin- 
ear from (a) to (b)  for 20 min, and held in (b); flow rate, 1.0 mL/ 
min; detection, 210 nm. 

prising DMPO and ferric ions. DMPO (1 0 mM) was al- 
lowed to react in an aqueous solution containing FeNH4(S04)2 
(10 mM) for 1 day at room temperature, and product anal- 
ysis was performed periodically by RPLC. A typical chro- 
matogram is shown in Fig. 5. Analogous chromatograms 
were obtained for the Fenton system containing DMPO. The 
intensity of the peak due to the major reaction product eluted 
at 20.5 rnin increased with the decrease in the peak of DMPO 
eluted at 9.5 min. The stoichiometry between DMPO and the 
major product was consistent with that obtained by the 'H 
NMR measurement. The major product eluted at 20.5 min 
was collected and measured by 'H NMR and MS. ~ e , +  that 
disturbed the measurements was separated during the elu- 
tion from the RPLC column. By the EIMS coupled with 
temperature rise, two peaks appeared at 170 and 194°C in the 
MS chromatogram and the major MS peaks were obtained 
from these peaks as follows: (m/z) 36, 98, 114, and 129 (M+) 

at 170°C and 86, 114, and 129 (M+) at 194°C. The sec- 
ond set of m/z values indicates the formation of HDMPN, 
which has a mass number of 129 and has methyl (15 amu) 
and carbonyl (28 m u )  groups. The fust set indicates that this 
molecule has a mass number of 129 and has methyl (15 m u )  
and hydroxyl (16 amu) groups. This compound is tenta- 
tively assigned to 2-hydroxy-5,5-dimethyl- 1 -pyrroline-N- 
oxide (HDMPO), a tautomer of HDMPN (see Scheme 1 for 
the structures of HDMPN and HDMPO). To  confirm these 
assignments, 'H and ',c NMR spectra of the isolated prod- 
uct were measured in CDCl, and D,O, respectively. The 'H 
NMR spectrum of the major product consisted of signals with 
chemical shifts of 10.02 (N-OH), 2.40 (CH, at C3), 1.90 
(CH, at C4), and 1.3 1 (CH, at C5) ppm (Fig. 6A). These 
values coincide exactly with those of authentic HDMPN. 
Consistent assignment was also obtained from the I3C NMR 
spectrum (Fig. 6B): 174.73 (C=O at C2), 64.75 (C5), 32.79 
(CH2 at C4), 28.80 (CH, at C3), and 26.91 (CH, at C5) ppm. 
From these results, the major product is assigned to HDMPN. 
Since HDMPO is a tautomer of HDMPN, an equilibrium 
between HDMPN and HDMPO may exist. To  elucidate the 
possibility, 'H NMR measurements were performed in CDCl, 
by lowering the temperature to suppress structural exchange 
between HDMPN and HDMPO. As shown in Fig. 6C, at 
-20°C and below a broad singlet emerged around 5.5 ppm, 
which is characteristic of an enolic OH group, and the sig- 
nal is attributed to an OH proton of HDMPO. The ratio of 
HDMPN: HDMPO calculated from the spectrum obtained 
at -60°C was roughly 8 : 1. 

Since HDMPN is a hydroxylamine as well as a hydrox- 
amic acid that can be converted to an arninoxyl radical under 
oxidative conditions, and HDMPO is a nitrone spin trap, ESR 
signals should arise when these compounds are oxidized 
by 'OH. Thus an aqueous solution of authentic HDMPN 
(100 rnM) was photo-irradiated at 260 nm in the presence of 
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+Fe3+ 

-Fe3+ 
0- 

DMPO 

cH3%2= 
+Fe3+ 

CH3@oH -"+ 

CH3 , CH3 , 
+H+ 0- 0 H 0- - Fe3+ 

HDMPO tI DM PN ~ I D N I P N - F ~ ~ '  

1 
( E ~ ~ ~  = 1,400 cm-' M') .OH or 

Oxidant 

0 0 
HDMPO-OH DMPOX 
(Signal+)) (Signal-(ii)) 

SCHEME 1.  Overall reaction mechanism of DMPO spin trapping in Fenton systems. ESR detectable species are underlined. 

H,O, (100 mM). An ESR spectrum obtained from the sam- 
ple is represented in Fig. 7A: the stick diagrams indicate that 
this spectrum is composed of two sets of lines (Fig. 7B). One 
is a 1 : 1 : 1 triplet (aN = 0.72 mT) of a 1 : 2 :  1 triplet (ayH = 
0.41 mT, 2H). It should be noted that this spectrum was 
previously assigned to aii aminoxyl radical referred to 
DMPOX (5d, 15). The other spectrum consists of a 1 : 1 : 1 
triplet (aN = 1.53 mT) of a 1 : 3 : 3 : 1 quartet (ayH = 0.12 mT, 
3H). The quartet that is not clear in Fig. 2 is obvious in this 
spectrum because of line sharpening in the absence of para- 
magnetic iron ions, and this spectrum is tentatively as- 
signed to an HDMPO spin adduct of 'OH. We suspect that 
the three hydrogen atoms of the two methyl groups at C5 fit 
the structural coordination of the W plan (16), with which 
hfsc values are relatively large via long-range interaction. 
A computer simulation (Fig. 7B) using the above hfsc val- 
ues nicely reproduced the observed spectrum (Fig. 7A). 
Accordingly the two sets of ESR lines arising from HDMPO- 
OH and DMPOX are consistent with the background 
signals (i) and (ii) in Fig. 2. It was also confirmed that ad- 
dition of Fe3+ to an aqueous HDMPN solution led to an ab- 
sorption spectrum identical with that represented in Fig. 3. 

Assuming that both HDMPN and HDMPO form the com- 
plex (for convenience, referred to here as HDMPN-~e~+)  
with Fe3+ in the presence of excess ~ e ~ + ,  the molar absorp- 
tion coefficient (E) of the complex was revised here to be 
1400 cm-' M-', which was slightly higher than that re- 
ported previously (1075 cm-' M-') (146). 

In summary, when DMPO is used in a solution contain- 
ing ~ e ~ + ,  HDMPN and HDMPO are produced, which are 
ESR silent (the reactions to yield HDMPN and HDMPO are 
discussed below). However, when 'OH is generated in so- 
lutions such as Fenton systems, HDMPN is converted to the 
corresponding aminoxyl radical (DMPOX), and HDMPO 
traps 'OH to form an HDMPO spin adduct (HDMPO-OH), 
both of which are ESR detectable (Scheme I).  The absorp- 
tion at 520 nm observed in the presence of ~ e ~ +  is due to the 
complex between ~ e ~ +  and HDMPN (and (or) HDMPO). 

Precursor of HDMPN and HDMPO 
As mentioned earlier in this text, the formation of DMPO- 

OH was detected by ESR in a solution containing DMPO and 
~ e ~ + .  Therefore, it is very likely that DMPO-OH is a pre- 
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FIG. 6. 'H and I3C NMR spectra obtained from the second peak in the chromatogram shown in Fig. 5 .  (A) 'H NMR spectrum obtained 
in CDC13 (reference, TMS .(internal)). (B) I3c NMR spectrum in D20 (reference, TSP-d4 (external)). (C) 'H NMR spectrum obtained in 
CDC13 at lowered temperature (reference, TMS (internal)). 

cursor of HDMPN and HDMPO. To prove this, DMPO-OH 
(ca. 50 pM based on ESR measurement) was generated 
by sonolysis in an aqueous DMPO solution (10 mM). 
Sonolysis of water gives rise to 'OH and TI by homolytic 
cleavage of water molecules and thus DMPO-OH and 
DMPO-H are formed (10). It is noted that possible involve- 
ment of DMPO-H in the reactions discussed below was ruled 
out since essentially the same results were obtained in pho- 
to1 sis of an aqueous DMPO solution containing H202 and 
FeL. After addition of Fe3+ (1 mM as FeNH4(S0,),) to the 
sonicated solution, the absorption at 520 nm increased for 
the first 30 rnin and reached a plateau, then decreased slightly 
(Fig. 8). The absorbance (520 nm) of the sonicated sample 
was always larger than that of non-sonicated one by 0.07 (in 

absorbance units). Using the E value of the HDMPN-F~~+ 
complex determined here (1400 cm-' M-I), the absorbance 
difference can be translated into 50 pM of the complex, 
which is in good agreement with the concentration of the li- 
gand (HDMPN) expected from the initial yield of DMPO-OH 
(ca. 50 pM). The amount of Fe2+ reduced from Fe3+ was also 
monitored by colorimetric analysis and an analogous differ- 
ence (ca. 50 pM) in the amount of Fez+ was found between 
the samples with and without sonication. This result strongly 
supports that the precursor for HDMPN (and HDMPO) is 
DMPO-OH. The plateau and slight decrease in the concen- 
tration of the HDMPN-Fe3+ complex observed for both so- 
lutions after 30 min (Fig. 8) is probably due to the 
consumption of Fe3+ in these systems. 
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FIG. 7. (A)  An ESR spectrum obtained from a UV-irradiated (at 
260 nm for 3 s) HDMPN solution (100 mM) in the presence of H202 
(100 mM) and (B) a computer simulation spectrum for A.  ESR pa- 
rameters used for the simulation are as follows: a, = l .53 mT, a , ~  
= 0.12 mT (3H), and g = 2.0063 for HDMPO-OH (denoted as 
signal (i) in Fig. 2), and a,  = 0.72 mT, a,, = 0.41 mT (2H), and 
g = 2.0072 for DMPOX (denoted as signal (ii) in Fig. 2). The line 
width (AHp,) taken was 0.05 mT for DMPOX and 0.08 mT for 
HDMPO-OH and the intensity ratio of DMPOX: HDMPO-OH was 
1: 1. ESR settings are follows: modulation amplitude, 0.025 mT; 
receiver gain, x2000; time constant, 1.0 s; sweep time, 32 min. 

In the sonicated solution, DMPO-OH produced both by 
the sonication and the dark reaction is involved in the for- 
mation of the HDMPN-Fe3' complex, while only the latter 
is responsible in the non-sonicated solution. Accordingly, the 
apparent rate of formation of the complex from DMPO-OH 
initially formed by the sonication can be roughly estimated 
by the initial slope of a curve (broken line) obtained by sub- 
tracting the concentration of the complex in the non-soni- 
cated solution from that in the sonicated one (Fig. 8). The 
calculated rate is 53 pM/min. It should be noted that the 
calculated value is obviously a minimum estimate of a real 
rate: the first data point of the curve obtained is already in a 
late stage of the conversion reaction of DMPO-OH pro- 
duced by the sonication and, additionally, the lifetime of 
DMPO-OH at pH 3 has been estimated to be several min- 
utes in a y-irradiated aqueous DMPO solution (17). The rate 
of complex formation by the dark reaction in the non-soni- 
cated solution is also estimated as 17 pM/rnin. It follows that 
the formation of the HDMPN-F~~+ complex from DMPO- 
OH initially formed by the sonication occurred at least 3-fold 
faster than that in the dark reaction. Assuming that the for- 

Reaction Time (min) 

FIG. 8. Time courses for the formation of the H D M P N - F ~ ~ ~  
complex in aqueous DMPO solutions (10 mM) containing (0) 
DMPO-OH (ca. 50 kM) and FeNH4(S04), (1 mM) and (0) 
FeNH4(S04), (1 mM). A broken line (D) representing a concen- 
tration of HDMPN-F~~+ originating from the sonication was 
obtained by subtracting the concentration of the complex in the non- 
sonicated solution (0) from that in the sonicated one (0). DMPO- 
OH was generated immediately prior to the sample preparation by 
sonicating (for 5 min) an aqueous DMPO solution (10 mM) with 
Ar bubbling (500 mL/min). The concentration of the complex is 
calculated using the molar extinction coefficient (E) of 1400 cm-' 
M-I (at 520 nm). 

mation of DMPO-OH is a rate-determining reaction for the 
formation of the HDMPN-F~~+ complex, the rates of for- 
mation of the complex in the conversion of DMPO-OH and 
in the dark reaction should be approximately proportional to 
k, [DMPO-OY.] [Fe3'] and ~,[DMPO:I [Fe3+], respectively, 
where k, and k, are apparent rate constants. Using [DMPO- 
OH] = 50 pM, [DMPO] = 10 mM, [Fe3+] = 1 mM, and 
~,[DMPO-OH][F~~+]/~,[DMPO][F~'+] 2: 3, k, /k, is roughly 
estimated as 660. This result implies that the reaction be- 
tween DMPO-OH and Fe3+ to produce HDMPN proceeds 
at least two or three orders of magnitude more efficiently than 
that between DMPO and Fe3+ to produce DMPO-OH. 

The reactions for the formation of HDMPN and HDMPO 
from DMPO in the presence of Fe3+ are summarized in 
Scheme 1. According to the scheme, the amount of the re- 
duced Fe3+ should be twice as large as that of converted 
DMPO. To see if this is the case, the changes in the con- 
centrations of Fe3+ and DMPO were measured for a sample 
consisting of equimolar FeNH4(S04), (10 mM) and DMPO 
(10 mM). The time profile for the conversion of Fe3+ and 
DMPO is shown in Fig. 9. It is evident from Fig. 9 that the 
amount of reduced Fe3+ is twice as large as that of the con- 
verted DMPO throughout the course of the reaction. This 
result is consistent with the proposed scheme. 
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Reaction Time (min) 

FIG. 9. Time courses for the decreases of (a) DMPO and (0) 
ferric ions in an aqueous DMPO solution (10 mM) containing 
FeNH4(S04), (10 mM). The contents of DMPO and fenic ions were 
measured by RPLC analysis and colorimetric determination with 
potassium thiocyanate, respectively. 

EfSect of methyl substitution a t  C2 on the formation of 
HDMPN a n d  HDMPO 

In the proposed scheme, elimination of a hydrogen atom 
f r o m C 2  in DMPO-OH is involved. This suggests that if the 
hydrogen atom is replaced by an alkyl group at C2 ,  no re- 
action should take place after the hydroxylation of the dou- 
ble bond. To confirm this, reaction of M 3 P 0  (18) havin a 5+ methyl group at C 2  was investigated in the presence of Fe . 
M 3 P 0  (10 mM) was allowed to stand in an  aqueous solu- 
tion in the presence of FeNH,(S0,)2 (10 mM) at  room tem- 
perature. However, no  absorption appeared around 520 nm 
in up  to 50 h ,  implying that compounds analogous to 
HDMPN and HDMPO for DMPO were not formed. From 
the same sample, an ESR spectrum composed of a 1 : 1: 1 
triplet (aN = 1.52 mT) was obtained, indicating the forma- 
tion of M3PO-OH. Probably, as  for DMPO-OH, M3PO-OH 
is produced by the nucleophilic addition of a water mole- 
cule to the double bond. Also, RPLC analysis showed an 
extremely slight decrease in the concentration of M3PO: this 
decrease may correspond to the amount of the produced spin 
adduct (in the order of 1 p M )  These results indicate that 
M3PO-OH does not undergo further proton elimination. 

In summary, in the presence of ~ e ~ + ,  DMPO is initially 
converted to ESR detectable DMPO-OH by the addition of 
a water molecule and subsequently, through hydrogen elim- 
ination from DMPO-OH, HDMPN and HDMPO are formed. 
When 'OH is present, HDMPN is converted to the corre- 
sponding aminoxyl radical (DMPOX) and HDMPO traps 'OH 
to yield HDMPO-OH. These two species give rise to the 
background ESR signals (i) and (ii) in Fig. 2.  This makes it 
difficult to analyze the ESR signals obtained. Since a series 
of reactions shown in Scheme 1 are accelerated when H202 
coexists in the systems to produce DMPO-OH by 'OH ad- 

dition, assignment of ESR signals obtained in biological 
systems should be  carried out with great care. Such unde- 
sirable side reactions can be  avoided by using spin traps 
having CH, groups at C 2  in a pyrroline ring. 
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Additions covalentes de nucl6ophiles sur les pyrido-as-triazines 

NELLY PL~, ALAIN TURCK ET GUY QUEGUINER~ 
Laboratoire de chimie organiquefine et hktkrocyclique, Institut de recherches en chimie organiquefine, Institut 
national des sciences appliqukes, Unite de recherche associee au Centre national de la recherche scientifique, 

no 1429, BP 08, 76131 Mont Saint Aignan CEDEX France 

NELLY PLE, ALAIN TURCK et GUY QUEGUINER. Can. J. Chem. 70, 2828 (1992). 
L'addition covalente de divers nucl6ophiles sur les pyrido-as-triazines a CtC 6tudiCe; la structure des a-adduits a CtC 

determink par RMN. Nous avons decelC une exceptiomelle rkactivit6 des pyrido-as-triazines comportant un atome d'azote 
pyridinique en f3 vis-i-vis des nuclCophiles carbonis. Cene aptitude 2 former des a-adduits avec ces rCactifs est com- 
parable i celle des ptbridines. Nous avons observk une rCgiosClectivitC de l'attaque nuclt5ophile sur le cycle pyridinique 
en ptri  du cycle triazinique. 

NELLY PLE, ALAIN TURCK, and GUY QUEGUINER. Can. J. Chem. 70, 2828 (1992). 
Covalent addition of various nucleophiles to pyrido-as-triazines was studied and the a-adduct structures were deter- 

mined by NMR. A remarkable reactivity toward carbon nucleophiles has been highlighted for pyrido-as-triazines bear- 
ing a pyridinic nitrogen in the f3 position: only in the pteridine series has a similar reactivity been encountered. Complete 
regioselectivity of the nucleophilic attack on the pyridine nucleus pen to the triazine was observed. 

Introduction 
L'addition covalente de rCactifs nuclCophiles est une 

rkaction caractCristique des systkrnes polyazaarornatiques 
(1-4). Divers exernples d'hydratations covalentes obsew6s 
avec des cornposCs naturels cornportant un hCtCrocycle po- 
lyazotC cornrne la xanthoptkrine (5) ont suscitC un vif intCrCt 
pour 1'Ctude de cette rkaction. Parmi les polyazana- 
phtalCnes, les pyrazino[2,3-61pyrirnidines ou ptCridines 
prCsentes dans un grand nornbre de cornposCs naturels ont 
CtC plus largernent CtudiCes (15). 

Les pyrido-as-triazines que nous avons synthCtisCes (1 3c) 
ont des structures proches de celle des ptCrines et il apparait 
intkressant d'essayer de cerner leur rCactivitC vis-a-vis des 
nuclCophiles. Dans la sCrie des pyrido-as-triazines il existe 
quatre hCttrocycles diffkrents cornportant un cycle as-tria- 
zine condense? B la pyridine par une liaison carbone-car- 
bone. Notre Ctude porte sur trois d'entre eux, les hCtCrccycles 
1, 2 et 3. 

'Hydratation 
Milieu neutre et acide 

Les spectres RMN 'H de ces hCtCrocycles restent in- 
changCs dans D,O et CD30D pendant un laps de temps 
supCrieur B 1 sernaine B temperature arnbiante. En milieu 
neutre les pyrido-as-triazines CtudiCes, 1, 2 et 3, sont donc 
stables dans l'eau et dans le rnCthanol. Cependant l'addition 
de DCl provoque une perte trks rapide de rCsolution du spectre 
RMN 'H vraisemblablernent due a des Quilibres rapides entre 
forrnes protonCes et neutres. 

En milieu acide et anhydre (CF,COOD) aucune rnodifi- 
cation du spectre RMN 'H des pyrido-as-triazines n'a CtC 
observCe a ternpkrature ambiante pendant un temps relative- 
rnent long (96 h). Ce rksultat traduit une stabilitC des ca- 

'Auteur correspondant. 
2 ~ ~ v i s i o n  r e p e  le 1 " juin 1992. 

tions anhydres I+ ,  2+ et 3+ dont la structure a pu Ctre Ctablie 
par ailleurs B l'aide de spectres RMN ',c (14). 

L'addition d'eau ou de methanol a une solution de pyr- 
ido-as-triazine dans l'acide trifluoroacCtique entraine la for- 
mation de nouvelles espCces cornrne le dCrnontre en RMN 
la diminution des signaux des pyrido-as-triazines et l'appa- 
rition de nouveaux signaux dans une region de champs plus 
forts. La complexit6 des spectres ne nous a cependant pas 
permis d'Ctablir la structure des cornposCs obtenus. 

En presence d'eau 1'Cvolution des spectres se fait plus 
rapidernent pour 3+ (tl12 = 10 min) et 2' (tl12 = 30 min) que 
pour 1+ (tl12 = 2 h 30), 

Milieu basique 
L'addition d'une base forte cornrne NaOCD, ou NaOD B 

tempCrature arnbiante des solutions de pyrido-as-triazines 
dans D,O provoque la disparition rogressive en 1 h a 1 h P 30 des signaux des spectres RMN H et 13c. En RMN 'H la 
disparition totale des signaux se fait avec une quantitk de base 
Cquivalente B 1 /10 de ia  quantitC stoCchiorn&trique. 

L'extraction par CDCl, de la solution basique (D20/ 
NaOD) pour laquelle nous n'obtenons plus de signal RMN 
perrnet d'obtenir une phase organique dont le spectre RMN 
H est identique B celui de 1'hCtCrocycle initial. Nous avons 

pu vCrifier ainsi que la disparition des signaux en RMN 'H 
ou I3c n'Ctait pas due h la destruction de I'hCtCrocycle mais 
vraisernblablernent B l'existence d'Cquilibres relativernent 
rapides entre I'hCtCrocycle et des formes hydratkes. 

Nous avons tent6 de dCterminer la nature des produits 
d'addition forrnCs en dCplasant ces Cquilibres par oxydation 
des u-adduits par un excks de ferricyanure de potassium B 
ternpkrature arnbiante. Cette mtthode a CtC prCcisCrnent 
utilisCe pour dCterminer le site d'hydratation de triazana- 
phtalbnes (6). 

Dans ces conditions nous avons pu isoler les cornposCs 6 
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TABLEAU 1. DonnCes spectrales RMN 'H des composks 1-3 et 5-7 

ComposC H3 H5 H6 H7 H8 H r n ~ b  J5.6 J6.7 J7.8 

"Solvant CDCI,. 
*Solvant DMSO-dn. 

et 7 aprks un temps de reaction de 24 h tandis que le com- 
posC 5 est obtenu en 5 jours. 

L'analyse des spectres RMN 'H des composCs 5-7 (ta- 
bleau 1) rCvkle pour chacun de ces composCs l'existence d'un 
proton mobile attribuable ?I un OH ou un NH. On observe 
Cgalement la presence d'un singulet dans la region des champs 
forts (6 10-9, 8 ppm) que nous pouvons attribuer au proton 
H3. 

Nous observons pour chacun des composCs l'existence 
d'un spectre AB avec un dCplacement chimique plus faible 
(AS - 1 ppm vers les champs forts) que celui des protons 
Cquivalents dans I'hCtCrocycle de dCpart. 

Ces remarques nous permettent d'envisager une attaque 
nuclCophile sur le cycle- pyridinique exclusivement. Pour les 
hCtCrocycles 2 et 3 l'attaque nucltophile se fait sans am- 
bigui'tC en a de l'azote pyridinique pour donner les com- 
posCs 6 et 7 (en Cquilibre tautomkre entre formes lactame- 
lactime). 

Dans le cas du compost5 5 deux structures 5a et 5b sont 
compatibles avec un spectre RMN 'H comportant un AB et 
correspondent a une attaque nuclCophile en C5 ou C7. 

L'Ctude du spectre RMN I3c du composC 5 (tableau 2) 
effectuC a 400 MHz nous permet de lever l'indktermination. 

Parmi les valeurs des constantes de couplage 'JCH et 3 ~ c H  

du cycle pyridinique donnCes dans la 1ittQature (7) on ob- 
serve les valeurs 3~a-H4  = 7 HZ et 3~ck, = 4 Hz ainsi qu'une 
valeur particulikrement Clevee 3~c2-H6 = 12 HZ carac- 
tCristique de la prCsence d'un hydrogkne sur un carbone en 
a de l.'atome d'azote. L'Ctude comparative des constantes 
3 ~ c - H  des composCs 5 et 6 (tableau 2) nous permet d'ob- 
server 12 Hz pour la constante 3~C5-H7 du composC 6 et 14 Hz 
pour la constante 3~c,-H7 pour le carbone quaternaire C9 ?I 
153,O ppm du composC 5 .  Cette forte valeur de la constante 
de couplage de ce carbone (situC en a de l'atome d'azote 
pyridinique en raison de son dkplacement chirnique) ne peut 
&tre expliquCe que par une structure de type 5a. On note par 
ailleurs que les autres constantes de couplage observks sont 
en accord avec les valeurs donnCes dans la IittCrature (7). 

Cette Ctude nous permet de conclure que l'hydratation 
covalente des pyrido-as-triazines en milieu basique se fait 
exclusivement sur le cycle pyridinique. On observe que la 
position de l'atome d'azote pyridinique influe sur la vitesse 
de la rkaction et la rCgiosClectivit6 : les composCs 2 et 3 pour 
lesquels I'azote pyridinique est en P s'hydratent plus vite que 
1, l'attaque nuclCophile se fait alors en a de l'azote pyridi- 
nique et en pCri du cycle triazine. Pour le composC 1 dont 
l'azote pyridinique est en position a l'addition est plus lente 
et l'hydratation a lieu Cgalement sur le sommet pCri libre 
(addition 1-4). I1 est remarquable que le cycle monoazotC 
soit plus rCactif que la triazine dans ces trois hCtCrocycles. 

Action de differents nucleophiles 
Action du bisulfite de sodium 

Des nuclCophiles soufrCs comme le bisulfite de sodium, 
l'acide thiobarbiturique et les thiophCnols foment des a-ad- 
duits avec certains dCrivCs des ptkridines qui sont inactifs avec 
l'eau ou les alcools (3a, 8). 

L'action du bisulfite de sodium dans l'eau a tempCrature 
ambiante a CtC CtudiCe sur les hCtCrocycles 1 et 2. Seul le 
composC 2 fournit aprks un long temps de reaction (5 jours) 
un dCrivC d'addition. Nous observons la prkcipitation d'un 
solide rouge 8; la microanalyse nous permet d'Ctablir pour 
ce composC la formation d'un adduit 1 : 1. 
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TABLEAU 2. DonnCes spectrales RMN 13C des composts 5 et 6 dans le DMSO-d,. 

ComposC C3 C5 C6 C7 C8 C9 C10 

TABLEAU 3. DonnCes spectrales 'H des composCs 8-15. Les protons Cchangeables par D 2 0  sont indiquCs par un astCrisque 

CornposC H3 H5 H6 H7 H8 CH3 CH2 CH NH J7.8 J5.6 J6.8 

Le spectre RMN 'H du compose 8 rkvkle la prCsence d'un 
spectre AB i 5,46 et 7 , l  ppm avec une constante de cou- 
plage de 6 Hz attribuee aux protons H7 et H8. 

Le glissement des deplacements chimiques de ces pro- 
tons vers les champs forts ainsi que la constante de cou- 
plage voisine de celle observCe dans les dihydro- 1,2 pyridines 
(9) indique la formation d'un cr-adduit sur la liaison C5-N6. 
Ici encore, l'hCt6rocycle 2 qui presente un atome d'azote en 
p est plus rCctif que lYisomCre 1 qui lui a l'azote pyridinique 
en a. 

Action de nucle'ophiles carbone's 
L'addition de nuclbphiles carbonks sur la pteridine 16 (36) 

et sur divers dCrivCs de cet hCterocycle (3a, 3c, 8a) conduit 
i deux types d'adduits diffkrents, sans que toutefois une ra- 
tionalisation de la rCgiosClectivit6 ait CtC proposCe. 

*Adduits 1 : 1 en NrC4 du cycle pyridinique avec dans 
certains cas un rearrangement conduisant i des dCrivCs de la 
pyrido[2,3-blpyrazine (10) 

*Adduits 2 : 1 en N5-C6et C7-N8 du cycle pyrazinique (11) 

Nous avons fait agir sur les pyrido-as-triazines 1,  2 et 3 
les differents nucleophiles carbones actifs avec la pteridine 
et ses dtrivCs. Dans les conditions o@ratoires indiquees seuls 
les composes 2 et 3 ont conduit B la formation de a-adduits. 

Action de l'acide barbiturique et de l'ace'tylace'tone 
L'action de l'acide barbiturique et de I'acCtylacCtone sur 

la pyrido[3,4-elas-triazine 2 dans l'eau B temperature am- 

biante nous a permis d'isoler deux adduits 1 : 1 possedant des 
caractCristiques voisines en RMN 'H (tableau 3). 

Les microanalyses Ctablies pour les composts 9 et 10 
permettent de conclure i la formation d'adduits 1 : 1. 

Les spectres RMN 'H de 9 et 10 presentent des analogies 
avec celui du compose 8 et nous permettent de conclure B une 
addition sur la liaison C5-N6. 

Dans le cas des composBs 9 et 10 nous n'avons pas pu 
observer le proton aliphatique H, et nous notons par ailleurs 
l'absence de couplage du proton H5. Ces donnkes RMN 
peuvent s'expliquer par l'existence d'un Cquilibre cetone- 
Cnol; nous n'avons toutefois pas pu confirmer l'existence de 
cet Cquilibre par RMN I3c. 

Action de l'ace'tylace'tate d'e'thyle et du cyanace'tate 
d' e'thy le 

L'action de I'acCtylacCtate d'Cthyle sur I'hCtCrocycle 2 
conduit au compose 11. Sa composition centhimale permet 
de lui attribuer la formule brute C l , H l ~ 4 0 2 .  

Le spectre IR presente un pic intense i 1660 cm-' attri- 
buable B un t(C=O) associC, correspondant i une configu- 
ration Z. 

Le spectre RMN 'H dans le chloroforme deutCriC (ta- 
bleau 3) rkvele l'absence de groupement methyle non cou- 
ple, qui peut s'expliquer par une r6action de dCsacylation. 

Les dkplacement chimiques de H7 et H8 et leur constante 
de couplage J , ,  sont comparables B ceux du systkme AB 
observe dans les pyridones-2 (12). Une etude comparative 
des spectres RMN 'H de 11 avec ceux des cr-adduits 8-10 
prCcCdemment dCcrits rCvkle pour 11 l'absence de signal du 
proton H5 et un dkblindage des protons H3 et H8. Ces 
Clements plaident en faveur d'une structure de type pyril- 
idkne. Cette hypothkse est confirm& par le spectre RMN 13c 
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qui prCsente un carbone vinylique a 86,9 ppm ('J,, = 
167 Hz). 

H8 

Les donnCes spectrales RMN 'H du composC 12 obtenu 
par action du cyanacCtate d'ethyle sur 1'hCtCrocycle 2 sont 
tres voisines de celles decrites pour le composC 11 et per- 
mettent de lui attribuer Cgalement une structure pyrilidkne. 
Le spectre IR rCvele la prCsence d'un pic a 1635 cm-' attri- 
buable a un v(C=O) associC, indiquant l'existence d'une 
configuration Z. 

Action du malonate de die'thyle et de dime'thyle 
L'action des esters maloniques sur la pyrido[3,4-el-as- 

triazine 2 conduit a la formation de dCrivCs dont la compo- 
sition centksimale indique qu'il s'agit d'adduit 1 : 1. 

Les spectres IR rCsentent deux bandes v(C=O), l'une 
1 1730-1720 cm-' et une autre moins intense B 1685- 
1670 cm-' 

Les spectres RMN 'H relativement complexes revelent 
l'existence de deux formes tautomkres pour l'adduit forme. 

ROOC'-' COOR 

Dans la forme 13a, le spectre RMN 'H indique que le cycle 
pyridinique est aromatique; en effet nous observons pour les 
protons H3, H8 et H7 de la pyrido-as-triazine des 
dkplacements chimiques voisins de ceux de I'hCtCrocycle 2 
(tableau 3). Dans la forrne 13b, le cycle pyridinique est sous 
forme pyrilidene : nous observons un glissement des 
dCplacements chimiques des protons H3, H8 et H7 vers les 
champs forts comparables A ceux observCs dans les com- 
posts 11 et 12 prCcCdemment dCcrits. L'addition de D,O 

entraine la disparition assez rapide du signal a 7,3 ppm et de 
la petite constante de couplage (J = 1-2 Hz) du signal a 6,75 
ppm, ce qui permet d'attribuer le signal a 7,3 ppm au pro- 
ton H6 de la forme 13b. 

Par action de D20 le singulet situe a 6 ppm disparait 
Cgalement lentement au cours du temps (55 h pour une dis- 
parition totale) et peut Etre attribuC au proton CH, de la forrne 
13a. 

Afin de verifier I'existence d'une tautomkrie entre les 
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2832 CAN. J .  CHEM. VOL. 70, 1992 

formes 13a et 136 nous avons rCalisC les spectres RMN 'H La forrne non aromatique 136 rnajoritaire est vraisernbla- 
dans le DMSO-d, et CDCl, et CvaluC le pourcentage de l'une blernent stabilisCe par une liaison hydrogkne entre l'hy- 
et l'autre forme par intigration des diffkrents signaux. drogene H6 et les doublets libres des oxygknes de la fonction 

ester proche. 
Solvant 13a 13b L'action du rnalonate de dirnCthyle i ternpkrature am- 

biante sur la pyrido[4,3-el-as-triazine 3 permet d'obtenir avec 
CDC1, 40% 60% 
DMSO-d, 24% 76% 

1'httCrocycle 2 la formation d'un adduit 1 : 1 15 dont le 
spectre RMN 'H rCvkle Cgalement l'existence de deux formes 
tautornkres. 

L'analyse du spectre de RMN 'H du composC 15 i 
temperature arnbiante dans le chloroforme deutCriC permet 
d'etablir un pourcentage de 30% pour la forme arornatique 
15a et 70% pour 156. 

Conclusion 
L'action des nuclCophiles carbones sur la pyrido[3,4-el-as- 

triazine 2 conduit essentiellernent a deux types de com- 
posts. 

Les composes de type A rCsultent de l'addition primaire 
sur la liaison 5-6 et sont des dCrivCs de la dihydro-5,6 pyr- 
ido[3,4-e]-as-triazine. Les composCs de type B rCsultent 
Cgalement d'une addition suivie d'une oxydation. Nous avons 
pu rnettre en Cvidence des Cquilibres tautomkres pour cer- 
tains cornposCs de type B. 

Si la litttrature relate'l'existence de plusieurs polyazana- 
phtalknes capables de donner des a-adduits avec des nu- 
cleophiles comrne l'eau, les thiophtnols ou les ions amidures, 
on peut noter l'exceptionnelle rCactivitC des ptkridines seules 
capables d7Ctablir des a-adduits avec des nuclCophiles car- 
bon& dCsignCs dans la IittCrature en terme de rCactifs de 
Michael. 

Cette Ctude de riactivitk des pyrido-as-triazines vis-a-vis 
de divers nucleophiles permet de mettre en Cvidence pour les 
composCs 2 et 3 une exceptionnelle aptitude a former des u- 
adduits qui est comparable celle des ptkridines. 

Dans les pyrido-as-triazines la prCsence du cycle triazi- 
nique orthocondensC semble activer le cycle pyridinique vis- 
i-vis des nuclCophiles et lui conferer cette remarquable 
rCactivitC. 

On observe pour les pyrido-as-triazines ttudiCes une 
rCgiosClectivit6 totale des attaques nuclCophiles sur le cycle 

pyridinique en pCri du cycle triazinique. On peut Cgalement 
noter une rCactivitC accrue pour les cornposCs possidant 
l'azote pyridinique en position P. 

Partie experimentale 
Les points de fusion ont CtC dCterminCs sur un banc de Kofler et 

ne sont pas corrigCs. Les spectres infrarouges ont CtC enregistres 
sur un spectrographe Beckman IR 4250 i rCseau. Les spectres de 
RMN de 'H ont CtC e~egistrCs i l'aide de spectrombtre Varian A60 
et EM360, Varian XL 100-12 WG et Bruker AM 400 (Aspect 
3000). Les dkplacements chimiques (ppm) sont mesurCs par rap- 
port au tCtramCthylsilane (TMS) dans CDC1, et par rapport i 
I'hexamCthyldisiloxane (HMDS) dans DMSO-d,. Les spectres de 
RMN de I3C ont CtC emegistrCs sur un spectrometre Bruker WH 90 
i 22,69 MHz et AM 400. Les dCplacements chimiques sont re- 
portCs en ppm vers les champs faibles par rapport au TMS ou au 
HMDS. Les spectres de masse ont CtC enregistrks sur un spec- 
tromktre Jeol JMS-D 100. Les microanalyses ont CtC effectubs sur 
un appareil Technicon CHN par Monsieur Ecolivet au laboratoire 
d'analyse de 1'Institut National des Sciences AppliquCes. 

Pr6paration des pyrido-as-triazines 
Les composCs 1-3 ont CtC prCparCs selon le mode opCratoire 

donne dans la IittCrature (13). 

Hydroxypyrido-as-triazines 
A une solution de 0.5 g (3,78 rnmol) de pyrido-as-triazine 1 ,  2 

ou 3 dans 10 mL d'ammoniaque (d = 0,9), on ajoute une solution 
de 1,62 g (5 mmol) de femcyanure de potassium dans 15 rnL d'eau. 
On laisse sous agitation i tempkrature ambiante pendant 48-60 h. 
I1 apparait un prkcipitt rouge orange d'hydroxypyrido-as-triazine 
qui est is016 par filtration. 
4-Hydroxypyrido[3,2-el-as-triazine 5 : Rdt = 15%; F = 265°C; 

IR (KBr) : 3300, 3 180, 2960, 1650 crn-I; RMN 'H (DMSO-d6) 6 
pprn : 6,9 (d, lH,  J6., = 6 Hz, H6), 7,6 (s, IH, mob. NH), 8 ,6  
(d, lH,  H7), 9,9 (s, lH,  H3); RMN I3c (DMSO-d6) 6 ppm : 156.4 
(d, C5, ,JCH = 7.5), 155,9 @, C7, lJCH = 177 HZ), 153.0 (d, C9,  
,JCH = 14), 151,6 (d, C3, l JCH = 207.2), 129.2 (d, C10, 3 ~ C ~  = 
6), 106,6 (dd, C6, lJCH = 162 Hz, ,JCH = 9 Hz). Anal. calc. pour 
C6H4N40 : C 48,64; H 2,70; N 37,83; trouvk : C 48,21; H 2,9; N 
38,170. 
5-Hydroxypyrido[3,4-ef-ns-triazine 6 : Rdt = 30%; F = 215°C; 

IR (KBr) : 3320, 3 100, 1650, 1580 cm-I; RMN 'H (DMSO-d6) 6 
ppm : ' i ,25  (d, lH,  J7,8 = 6 HZ, H8), 7 ,7 (s, lH ,  mob.), 8 , l  (d, 
lH,  H7), 10 (s, lH ,  H3); RMN I3C (DMSO-d6) 6 ppm : 159.1 (d, 
C5, 3~~~ = 12), 153,6 (d, C3, 'JCH = 210.2), 150.1 (d, C10, 
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PLE ET AL. 2833 

3 ~ c H  = 3), 147.7 (d, C7, lJCH = 177), 127.1 (d, C9, 'J = 2), 106,l 
(d, C8, 'J,, = 170.6 Hz). Masse : 148 (M+), 147 (loo%, M+ - 
H), 120 (M+ - N2), 93 (95%, M+ - N2 - HCN). Anal. calc. pour 
C6H4N40 : C 48,64; H 2,70; N 37,83; trouve : C 48,4; H 2,s; N 
38,0%. 
8-Hydroxypyrido[4.3-el-as-triazine 7 : Rdt = 10%; F = 240°C; 

IR (KBr) : 3310,3100,2900, 1710, 1680, 1540; RMN 'H (DMSO- 
d6) 6 pprn : 6,85 (d, lH,  55.6 = 6 HZ, H5), 8,15 (s, 1H mob.), 8,2 
(d, IH, H6), 9,s  (s, lH, H3); RMN I3c (DMSO-d6) 6 pprn : 157,l 
(C3), 157,l (C6), 106,6 (C5). Anal. calc. pour C,H4N40 : C 48,64; 
H 2,70; N 37,83; trouve : C 48,4; H 3,O; N 38,2%. 

Action des nucle'ophiles 
Combinaison bisulfitique 8 
A une solution de 0,90 g de bisulfite de sodium dans 10 mL 

d'eau, on ajoute 0,35 g de pyrido[3,4-el-as-triazine 2. Le melange 
est agitC pendant 30 min B temperature ambiante, filtrk, puis a 
nouveau laissk sous agitation B temperature ambiante pendant 5 
jours. I1 apparait un pr6cipitC qui est st?par$ par filtration; Rdt = 
20%; F > 260°C; IR (KBr) : 3340, 3240-3150, 1640, 1580, 1565, 
1500 cm-I; RMN 'H (DMSO-d6) 6 pprn : 5,46 (d, IH, J7,, = 6 HZ, 
H8), 6,16 (d, lH,  J,,, = 3 Hz, H5), 7 , l  (d, lH, H7), 7,5 (m, IH, 
H6), 9,4 (s, IH, H3); RMN I3c (DMSO-d6) 6 pprn : 141,6 (s, C3), 
141,2 (d, C7, JCH = 178 Hz), 100,6 (dd, C8, l ~ C H  = 168 Hz, 
,JCH = 7 Hz). Anal. calc. pour C6H5N4S03Na : C 30,50; H 2 , l l ;  
N 23,72; trouvC : C 30.1; H 2,4; N 23,2%. 

Condensation avec l'ace'tylace'tone 9 
A une solution de 0,35 g (2,6 mmol) de pyrido-as-triazine 2 dans 

10 rnL d'eau, on ajoute 0,4 g (3 mmol) d'acCtylac&tone. Le melange 
est agitC a temperature ambiante pendant 3 jours. I1 apparait un 
precipite qui est filtrC, puis lave au chloroforme et a I'ethanol; 
Rdt = 35%; F = 245°C (dec); IR (KBr) : 3100,2900, 1650, 1580, 
1500 cm-I; RMN 'H (DMSO-d6) 6 pprn : 1,85 (s, 6H, CH,), 5,85 
(d, IH, J7,, = 6 H z ,  HS), 6,16 (d, 1H,JSs6 = 3 HZ, H5), 7,3 (S 
large, 1 H, H6), 7.7 (d, IH, H7), 8.05 (s, IH, H3). Anal. calc. pour 
CllHI2N4O2 : C 56,89; H 5,21; N 24,12; trouve : C 56,s; H 5,2; 
N 24,2%. 

Condensation avec l'acide barbiturique 10 
Une suspension de 0,35 g de pyrido[3,4-el-as-triazine 2 et 

0,5 g de dimedone dans 20 mL d'eau est portCe 1 h 21 50°C, puis 
agitCe B temperature ambiante pendant 2 jours. On obtient un 
precipitk brun clair isole par filtration puis lave B I'eau; Rdt = 40%; 
F = 260°C (dec.); IR (KBr) : 3200-3000 (large), 1730, 1580 crn-I; 
RMN 'H (DMSO-d6) 6 pprn : 5,66 (d, 1H, J7,, = 6 Hz, H8), 6,3 
(d, lH,  J5,, = 3 HZ; H5), 7,15 (d, lH, J = 3 Hz, H6), 7,4 (m, lH, 
H7), 8,6 (s large, lH,  H3); 9,7 (s large, 2H, NH); RMN I3c 

(DMSO-d6) 6 pprn : 163,6; 151,O; 149,s (C=O); 142,O (C3); 138,7 
(C7); 98,9 (C8); 129,7; 123,5; 80,5 (C, ,,,, ). Anal. calc. pour 
CIoH,N6O3.H2O : C 43,13; H 3 3 9 ;  N 30,21; trouvC : C 4 3 3 ;  H 
3,4; N 30,0%. 

Condensation avec l'uce'tylace'tate d'ithyle 11 
Une solution de 0,35 g de pyrido[3,4-el-as-triazine 2, 0,40 g 

d'ac6tylacetate d'ethyle dans 20 mL d'eau est agitCe B temperature 
ambiante pendant 2 jours. On obtient un precipite rouge vif, re- 
cristallise dans l'ether Cthylique; Rdt = 60%; F = 210°C; IR (KBr) 
: 3200, 1660, 1640 cm-I; RMN 'H(cDCI,) 6 pprn : 1,3 (t, 3H, 
J = 7 Hz, CH,), 4,2 (q, 2H, CHJ, 6,2 (s, lH,  =CH), 6,45 (d, 
1H,J7.8 = 7 H z 7 H 8 ) , 7 , 1  (d, lH, H7),7,2(s,  lH ,H6) ,9 ,45 ( s ,  
lH, H3); RMN I3C (CDCl,) 6 pprn : 14,1 (CH,), 59,9 (CH,O), 86,9 
(d, =CH, JcH = 157 HZ), 100,9 (d, C8, JCH = 167 HZ), 134,4 (d, 
C7, JCH = 184 HZ), 154,7 (d, C3, JCH = 202 HZ), 154,2 (s, C5), 
146,9 (s, ClO), 119,4 (s, C9), 170 (s, C=O). Masse : 218 (90%, 
M+), 190 (M+ - C2H5), 172 (M+ - C2H5), 144 (M+ - COOC2H5), 
1 16 (loo%, M+ - COOC2HS-N,). Anal. calc. pour C10HloN40, : 
C 55,04; H 4,62; N 25,67; trouvC : C 5 4 3 ;  H 4 3 ;  N 24,8%. 

Condensation avec le cyanace'tate d'e'thyle 12 
Une suspension de 0,35 g de pyrido[3,4-el-as-triazine 2, 0,40 g 

de cyanacetate d'Cthyle dans 20 mL d'eau est agitee a temperature 

ambiante pendant 24 h. On obtient un solide rouge vif qui est sCpar6 
par filtration, puis lave au chloroforme et 1'Cthanol; Rdt = 45%; 
F = 240°C; IR (KBr) : 3100, 3000, 2200, 1635, 1530 cm-I; RMN 
'H (DMSO-d6) 6 pprn : 1,25 (t, 3H, J = 7 Hz, CH,), 4,2 (q, 2H, 
CH2), 7,1 (d, IH, J7,, = 7 Hz, H8), 7,85 (d, IH, H7), 8 , l  (s, lH,  
H6), 9,85 (s, IH, H3). Masse : 243 (85%, M+), 215 (M+ - CN), 
198 (M+ - 0C2H5), 188 (M+ - CN - N2), 160 (100%). Anal. 
calc. pour CIIH9N5O2 : C 54,32; H 3,73; N 28,79; trouvC : C 54,7; 
H 3,6; N 28,3%. 

Condensation avec les esters maloniques 
Une suspension de 0,35 g de pyrido-as-triazine, 0,5 g d'ester 

malonique et 20 mL d'eau est agitee B temperature ambiante pen- 
dant 24 h. Le prCcipitt5 obtenu est filtrC, lave au chloroforme puis 
h l'ether froid. Recristallisation dans l'ether Cthylique. 

Condensation avec le malonate de die'thyle 13 : Rdt = 60%; F 
= 240°C; IR (KBr) : 3140, 3040, 2920, 1720, 1685, 1615 cm-I. 
Anal. calc. pour CI3Hl3N4O4 : C 53,97; H 4,49; N 19,37; trouvC : 
C 5 4 3 ;  H 4,6; N 19,8%. 

Condensation avec le malonate de dime'thyle 14 : Rdt = 65%; F 
= 230°C; IR (KBr) : 3100,2980, 1730, 1680, 1615, cm-I. Anal. 
calc. pour CIIHl,,N40, : C 50,38; H 3,84; N 21,37; trouve : C 49,9; 
H 3,6; N 21,0%. 

Condensation de la pyrido[4,3-el-as-triazine avec le malonate 
de dimtthyle 15 : Rdt = 30%; F = 234°C; IR (KBr) : 3140,2960, 
1730, 1670, 1605, 1540 cm-I: Masse : 262 (40%, M+); 231 (M+ 
- OCH,); 207 (100%). Anal. calc. pour ClIHloN4O4 : C 50,38; H 
334 ;  N 21,37; trouve : C 50,7; H 3,7; N 21,0%. 
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The cisltrans stereochemistry of diphosphiranes la -g ,  2a, and 2h is investigated by MNDO calculations in terms of 
substituent effects on intracyclic phosphorus and carbon atoms. This approach is completed by calculations of dipole 
moments. These results are compared to experimental dipole moment measurements of the synthesized diphosphiranes 
3a-f, 

JEAN-PIERRE FAYET, DANIELE MERMILLOD-BLARDET, CHRISTINE TACHON, GUITA ETEMAD-MOGHADAM et MAX KOENIG. 
Can. J. Chem. 70, 2834 (1992). 

La stCrCochimie cisltrans des diphosphiranes la-g, 2a et 2h est CtudiCe en terme d'effets de substituants sur les atomes 
de carbone et de phosphore intracycliques. Cette approche, complCtCe par des calculs de moments dipolaires, est effec- 
tuCe par la mkthode MNDO. Ces rCsultats sont comparCs aux mesures experimentales de moments dipolaires de di- 
phosphiranes 3a-f, synthCtisCes par ailleurs. 

Introduction 

During the past few years, our project has focused on the 
replacement of one or several carbon atoms of cyclopro- 
pane by heteroatoms such as phosphorus, following the work 
of Baudler and co-workers (1). It is now well established that 
the stability of small strained rings such as diphosphiranes 
depends mainly on the influence of the substituent (2). We 
report here a comparative study of the stereochemistry of 
diphosphiranes, carried out by MNDO calculations (ener- 
gies, dipole moments, charges) and experimental investi- 
gations. 

Experimental 

Diphosphiranes 3a-f, bearing bulky substituents on the phos- 
phorus atoms, were prepared according to the procedure already 
described (3). For the theoretical approach, we used more simpli- 
fied models, i.e., diphosphiranes la-g with methyl substituents, 
and 2a and 2h with a phenyl group on the phosphorus atom in- 
stead of the bulky tris-2,4,6-tert-butylphenyl substituents, which 
are too large for computational approaches (Scheme 1). 

Calculations were carried out on diphosphiranes la-g,  2a,  and 
2h. The basic approximations of the MNDO (modified neglect of 
diatomic overlap) method included a semi-empirical model for the 
two-center integrals (4). We used a Control Data Cyber 860-180 
NOS/VE system of the CICT (Centre Inter-Universitaire de Cal- 
cul de ~oulouse) .  For the purpose of this paper, we collected en- 
ergy values (eV), dipole moments (D), net atomic charges, and 
optimized parameters (Table 1). 

The dipole moments of 3a-f were measured in benzene at 2S°C 
by a WTW dipole meter (Table 2). The Debye formula was used, 
as in the Halverstadt and Kumler extrapolation method, for cal- 
culation of total polarization (9, with a = ( d ~ / d w ~ ) ~ ? " ,  P = 
(dv/dw,),,,,, and 0.001 < o, < 0.050. E is the dielectric con- 
stant, W, the mass fraction of the sample, and v the density. Elec- 
tronic polarizations can be replaced by the molecular refractions 
RMD. 

' ~ u t h o r  to whom correspondence may be addressed. 

Results 
To accomplish stabilization of unstable and unusual or- 

ganophosphorus compounds in a low coordination state (6), 
the use of sterically bulky moieties as protective groups is 
extremely effective. Diphosphiranes 3a-f in refluxing tol- 
uene solution undergo a ring-opening reaction by preferen- 
tial P-P bond rupture, leading to 1,3-diphosphapropenes 
(7). The determination of the kinetic parameters of the ring- 
opening reactions at 100°C in C,D, was carried out by 3 1 ~  

NMR. The free enthalpy of activation for the ring-opening 
reactions is in the range of 30 kcal mol-' (Table 3) (8), so 
that the stabilities of diphosphiranes 3a-f can be established 
according to the following order: 3e > 3c > 3d > 3a > 3f. 

This order of stability concerns solely the thermal ring- 
opening reactions of diphosphiranes 3a-f in the trans con- 
figuration. Calculations show that the trans configuration is 
thermodynamically the most stable isomer (about 4 kcal 
mol-') for la-c and 2a, while the preferential cis configu- 
ration is obtained for Id, If, and l g .  Notable effects are ob- 
served in the case of l e ,  in which the change of the intracyclic 
carbon configuration involves a change of the cisltrans sta- 
bility. 

Experimentally, the reaction of carbenoids with trans di- 
phosphene was used as a stereoselective synthesis of di- 
phosphiranes 3 (3). In each case, only the trans isomer was 
obtained. The 3 ' ~ { ' ~ )  NMR spectra, reported as a singlet for 
3a, 3c, and 3f and as an AB system for 3d, 3e, are consis- 
tent with a trans configuration. The X-ray analysis con- 
firms this configuration (9). 

Dipole moment calculations of 1 and 2 show a large dif- 
ference between the cis and trans configurations. As ex- 
pected, generally higher values (= 2D) are observed for the 
cis configuration. Substitution of a methyl by a phenyl group 
( l a  and 2a, respectively) does not induce a substantial 
modification of the dipole moment values. 

Experimental values for 3 are in the range 0.46-1.81 D 
(Table 2). Higher values (1.8 1 and 1.75 D) correspond to 
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TABLE 1. Theoretical determination of dipole moments and total energies of diphosphir- 
ane models la-g,  2a, and 2h 

cis trans 
u , r r o n r - c i s ,  

Compound p (D)" ET (evlb P (Dla ET (eWb (kcal mol-') 

O p  = dipole moment. 
bTotal energy. 
'See Scheme 2. 
dSterically hindered. 

SCHEME 1. Structure of diphosphiranes la-g,  2a, 2h, and 
3a-f. 

monohalogenated diphosphiranes 3d, 3e, whereas the value 
observed in the case of gem-dichlorodiphosphirane 3c 
(0.46 D) is close to that for spirodiphosphirane 3f (0.60 D). 

Discussion 
Since the results of Lutsenko and co-workers (10) and 

Baudler and Saykowski (1 I), it is well established that di- 
phosphiranes substituted by isopropyl or tert-butyl on the 

TABLE 2. Experimental dipole moment values of diphosphiranes 
3 in benzene at 25OC 

Compound a I3 RMD P22 p (D) 

nP21 = total molar polarization at infinite dilution. 

TABLE 3. Free enthalpy of activa- 
tion for the ring-opening reactions of 
diphosphiranes 3a-f in deuterated 

toluene at 1 OO°C 

Compound AG* (kcal mol-') 

phosphorus atoms are somewhat unstable and susceptible to 
dimerization reactions. This dimerization, arising from bi- 
radical intermediates, is never observed for 3a-f, whatever 
the substituents on the intracyclic carbon atoms (3, 12). In 
the case of 3f, we have demonstrated that the diphosphanyl 
biradical intermediate leads to the ring extension product 
(diphosphacyclobutane) and the rearrangement product (di- 
phosphanorbomadiene), without any dimerization (1 3). 

We commonly notice a small difference in energy be- 
tween cis and trans structures (= 4 kcal mol-'); however, 
the trans forms are usually the more stable. Comparison be- 
tween measurements performed on 3 and calculations car- 
ried out on la-c and 2a provides further support for the 
presence of trans isomers as the main products. 

For the diphosphiranes I d  and l e ,  the cis forms, in which 
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tm cis - A cis - B 

SCHEME 2. Configurations of mono-halogenated diphosphiranes. 

TABLE 4. Influence of the rotation of the phenyl 
substituent on the dipole moment values 

0("): 160 40 -77 (optimized value) 
p (D): 1.15 1.30 1.24 

the chloride atom is syn with respect to the methyl substi- 
tuents of the phosphorus atoms, are the more stable iso- 
mers. Such stabilization resulting from an attractive 
interaction between the methyl group and the negative di- 
pole C-Cl has been reported for rotational isomerism of 1,2- 
dichloroethane (14). On the other hand, for 3d and 3e, the 
presence of bulky substituents (2,4,6-tri-tert-butylphenyl) 
induces a large steric hindrance, which involves a trans 
configuration. 

For the spiro derivative, the large difference between cis 
and trans calculated energy values is probably the conse- 
quence of the particular strain energy of the spiro derivative 
lf (15). Our method does not allow any accurate evaluation 
of the different ring-strain energies. Recently, Liu and 
Bachrach have estimated, by ab initio studies, the ring-strain 
energy of the parent diphosphirane (15 kcal mol-') using 
homodesmic reactions (16). For the same model, we obtain 
an energy value of 50 + 20 kcal mol-I, by MNDO calcu- 
lations. Consequently, taking into account the inherent un- 
certainty in the calculated values, the energy levels for If 
cannot be adequately interpreted. Nevertheless, compari- 
sons can be realized for the calculated and experimental di- 
pole moments. 

Thus the experimental dipole moment of 3a (1.5 1 D) is 
close to the calculated value for trans l a  (1.32 D) whereas 
the cis isomer has a much higher calculated dipole moment 
(3.07 D). The calculated dipole moment for trans l c  
(0.96 D) is also in good agreement with the experimental 
value for 3c (0.46 D). For Id, calculation of the dipole mo- 
ment of the cis isomer in the A and B configurations ex- 
cludes the B configuration (Scheme 2). In the case of 3d, the 
experimental dipole moment is nearly the same as the value 
calculated for trans Id. In contrast to 3d, the two calculated 
values for cis and trans l e  are close to the experimental di- 
pole moment determined for 3e. In this case, to determine 
the exact configuration of 3e, the dipole moment measure- 
ments must be completed by other appropriate methods. 

Replacement of a methyl by a phenyl group on either a 
phosphorus atom or an intracyclic carbon atom affects the 
dipole moment slightly: 1.32 D for l a  (trans) and 1.24 D for 
2a (trans) or 1.75 D for 3e (trans) and 1.8 1 D for 3d, re- 
spectively. The variation of p induced by the possible boat 
conformation of the aryl substituents was estimated by 

MNDO calculations as 0.4 D. The 0 angle value (dihedral 
angle CCPC), corresponding to the rotation of a phenyl group 
around the P-C bond, has almost no influence on the di- 
pole moment values (1.15 < p < 1.30 D) (Table 4). 

The optimized value of the angle (0 = -77") corresponds 
quite well to the value given by X-ray structural analysis of 
3c (0 = -72") (9). This preferential conformation in the solid 
state disappears when compounds 3a-f are in solution. Thus 
variable temperature IH NMR studies clearly demonstrate a 
free rotation of the aryl groups. The rotation-barrier energy 
depends on the intracyclic carbon atom substituents. The 
lower rotation barriers measured for 3a and 3f are 10.9 and 
10.0 kcal mol-I, respectively, whereas the barrier for 3c is 
17 kcal mol-I. In diphosphirane 3d, only the aryl substi- 
tuent in a cis position vs. the chlorine atom is able to rotate 
with a barrier equal to 19.6 kcal mol-I. This rotation, oc- 
curring in solution at room temperature, has no noticeable 
effect on the experimental dipole moment measurements 
(Table 4). 

In conclusion, the calculated dipole moments correspond 
to the trans geometry. Similarly, the experimental dipole 
moment values show the presence of preferential trans iso- 
mers, probably due to the stereoselective cyclopropanation 
reaction (17), but also to the presence of bulky substituents 
attached to each phosphorus atom. However, the calcula- 
tions allow us to predict the formation of cis isomers for the 
sterically less-hindered diphosphiranes. Recently we have 
shown that, under ultrasonic irradiation, 3d undergoes a 
substitution of the aryl group by a chlorine atom on the 
phosphorus atom without ring opening (18). For 3c, under 
the same conditions, we observe the formation of two cyclic 
isomers ( 3 1 ~  NMR data: 6 - 12; -76; ' J ~ - ~  = 80 Hz, and 6 
- 16; -59; 'J,-, = 143 Hz) in what are, most probably, the 
trans and cis configurations. This hypothesis will be ex- 
perimentally investigated in the future. 
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MICHAEL D. FRYZUK. Can. J. Chem. 70, 2839 (1992). 
An overview is given on the strategy used to come up with the design of a new type of ligand that is appropriate for 

coordination to both the late metals and the early metals. The coordination chemistry of the potentially tridentate ligand 
-N(SiMe,CH2PR2)2 is developed starting with the Ni triad and then the heavier members of group 9,  namely rhodium 
and iridium. It is with iridium that reactive fragments such as methylene and vinylidene have been stabilized and their 
chemistry examined. Extension to groups 3, 4, and the lanthanides is also discussed. With these elements, phosphine 
coordination imparts new reactivity patterns such as alkane elimination with group 3 and dinitrogen activation with group 
4. In addition, the side-on binding mode for N2 attached to a dinuclear zirconium system is also presented. 

MICHAEL D. FRYZIJK. Can. J. Chem. 70, 2839 (1992). 
On prCsente une vue d'ensemble de la stratCgie utilisCe pour mettre au point un nouveau ligand pouvant donner une 

coordination avec les derniers et les premiers mCtaux:On a dCveloppC la chimie de coordination du ligand potentielle- 
ment tridentate -N(SiMe,CH2PR2)2 en utilisant au dCpart la triade du nickel et ensuite les membres de masse plus ClevCe 
du groupe 9,  soit le rhodium et I'iridium. Avec I'iridium, les fragments rkactifs, tels le mCthylene et le vinylene, sont 
stabilisCs et on a examine leur chimie. On discute aussi de I'extension aux groupes 3 et 4 et aux lanthanides. Avec ces 
CICments, la coordination avec la phosphine provoque de nouveaux types de rkactivitt, tels I'Climination d'alcane avec 
le groupe 3 et I'activation du diazote avec le groupe 4. De plus, on a passe en revue le mode de fixation par le cBtk du 
N? attache ?i un systkme dinuclCaire du zirconium. 

[Traduit par la rCdaction] 

Introduction 
An invitation by the editors of the Canadian Journal of 

Chemistry to submit a personal account of some of our re- 
search presented in the ALCAN Award Lecture is a wel- 
come one since it will give me an opportunity to thank many 
of the people who have enthusiastically carried this work to 
its present state. This particular project involves some very 
straightforward ideas but does need some background to set 
them in perspective. 

When I arrived at UBC in 1979 there were so many proj- 
ects that I wanted to tackle that I had to make some deci- 
sions on which avenues to concentrate given the limited 
manpower available for a new assistant professor. Although 
there was an apparently unfettered choice of research proj- 
ects available to me, there were a few unwritten rules to abide 
by. The most important one was to avoid at all costs what 
you did for your Ph.D. work. For me that meant staying away 
from chiral chelating phosphine ligands and their associated 
rhodium complexes and catalytic asymmetric hydrogena- 
tion (1-3). Another related rule was to avoid what you did 
while you were a postdoctoral fellow. For me that meant 
staying away from zirconium and hafnium hydrides stabi- 
lized by pentamethylcyclopentadienyl ligands (4). As it turns 
out I probably ended up disobeying both of these rules, but 
I'm getting ahead of myself. 

In 1979 a paper appeared which I found astounding (5). 
It reported the preparation of the three-coordinate rhodium 
complex Rh(PPh,)z[N(SiMe,),]. What made this short com- 
munication so interesting was the claim that this was the first 
ever preparation of an amide ligand bound to rhodium. Even 

more important was the claim that amide ligands were still 
not known for complexes of Pd, Os, and Ir (and a few other 
metals). The amide ligand, defined as a deprotonated amine 
of the general formula -NR, (R = alkyl, aryl, silyl, or H),  
is well known to bind to the early metals (groups 3-5) and 
the lanthanides (6) but the fact that its coordination chem- 
istry with the later transition elements (groups 8- 10) was SO 

lacking was intriguing. 
About this same time I had also noticed that phosphine li- 

gands (PR,) were not generally associated with complexes 
of the early transition metals and the lanthanides. In con- 
trast, phosphine complexes of the later transition elements 
are ubiquitous. This observation was probably my way of 
disobeying the two unwritten rules for a new assistant pro- 
fessor, namely that I wanted to apply some of the expertise 
in phosphine chemistry obtained from my Ph.D. work to the 
experience with early metal chemistry picked up in my 
postdoctoral stint. 

It was the dichotomy in the coordination behavior of these 
 hi^ is an invited personal review article based on Professor two ligand types, the amide group and the phosphine donor, 

Fryzuk's Alcan Award lecture, presented at the 1992 Annual that provided the incentive to develop a hybrid ligand sys- 
Conference of the Canadian Society for Chemistry, Edmonton, tem that incorporated both ligand types into one chelating 
Alberta. array. The ligand system aimed for is shown in Scheme 1. 

'E. W. R.  Steacie Fellow (1990- 1992). It seemed possible that such a ligand would allow us to 
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THF I H 1 

1,3-bis(chlorornethyl)- 
tetrarnethyldisilazane J n-BuLi 

hexane 

NiCI,-DME / O'C 

LiN(SiMe2CH2PPhz)z + PdCI,(PhCN), / -78°C 

L,MX - 
(- LiX) 

R = Me, Ph, ~ r ' ,  BU' 

overcome the apparent coordination chemistry mismatches 
in the following way: phosphine complexes of the early 
metals and the lanthanides would be accessible since the 
arnide portion of the tridentate ligand would anchor the l i -  
gand to the metal and force coordination of the phosphine 
donor by virtue of the chelate effect; in addition, a~nides of 
the later transition eleGents would also be accessible with 
this ligand system since now the phosphine interaction would 
help stabilize the amide ligation. More importantly, if the 
reactivity patterns of a metal complex are a function of its 
coordination environment then it was hoped that this ligand 
system would result in the observation of new and unusual 
chemistry because this was a brand new type of ligand. 

A few final words of introduction are in order. The prep- 
aration of the actual target ligand was facilitated by the dis- 
covery that the proposed starting material was commercially 
readily available at reasonable prices. If at some point luck 
had to rear its head, why not at the beginning of a new proj- 
ect? In our excursion around the periodic table the vehicle 
will be the coordination complex I shown in Scheme 1 .  The 
rest of the account will summarize aspects of the coordina- 
tion chemistry of this ligand with various metals across the 

periodic table, hopefully giving due credit to my co-work- 
ers. 

Ligand synthesis 
The preparation of various forms of the ligand is shown 

in Scheme 2; the range of substituents at phosphorus from 
phenyl to ter-t-butyl has provided some limited variability in 
steric and electronic effects. In general we use the lithium 
form of the deprotonated amide as the starting material in 
concert with some halide precursor complex containing the 
metal of choice; in a few cases the corresponding potassium 
salt has also been used. 

Coordination chemistry: late metals 
My first graduate student at UBC, Patricia MacNeil, was 

the person who initiated work on this ligand system. She 
began this trip around the periodic table at the nickel(I1) 
complex NiC1[N(SiMe2CH,PPh,),1 prepared by the reaction 
of the lithium salt with NiCl,. DME (DME = 1,2-dime- 
thoxyethane); she then prepared the analogous Pd(I1) and 
Pt(I1) derivatives as outlined in Scheme 3 (7, 8). The pal- 
ladium complex was the first mononuclear palladiun~ amide 
to be structurally characterized, based on what was claimed 
earlier ( 5 ,  6). Interestingly, a review undertaken by our- 
selves did uncover some prior palladium amide complexes 
(9), but there are, to our knowledge, no other crystal struc- 
tural analyses. Aside from some peculiar CO migratory in- 
sertion behavior for the Ni derivatives (lo),  the chemistry of 
the group 10 derivatives was rather predictable; however, this 
work did provide the groundwork for our later studies. 

Patricia MacNeil then went on to synthesize rhodium and 
iridium derivatives using this ligand system (1 1-17). The 
preparation mirrors that for the group 10 triad; as shown in 
Scheme 4 the key starting material for the heavier members 
of group 9, namely rhodium and iridium, is the cyclooctene 
complex M(~'-c,H,,)[N(s~M~~cH~PP~~)~] since this allows 
access to a variety of derivatives in both the + 1 and +3 oxi- 
dation states. Without a doubt i t  has been the iridium deriv- 
atives stabilized by this tridentate ligand system that have 
provided the enduring chemistry for the late metals. As out- 
lined in Scheme 4, access to iridiuin(1) species incorporating 
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LiN(SiMe,CH,PPh,), 

+ 
1 12 [ M ( ~ ~ - C ~ H I ~ ) Z ~ ~ ( P - C ~ ) ~  

M = Rh, Ir 

+ L = CO, PR3, C2H4, Me,Si R 
Ph-CEC-Ph + RX 

-71 p y  Me2Si'N-y-x R = CH3, CH2Ph C r h 3  X = Br, I 

toluene - 
(- LiCI) 

M = Rh, Ir 

(M = lr) 

(R = CH3, X = I) 

J oxidative 
addition 

N-H oxidative 
addition 

Me2Si 

N-lr=CH2 - I -  

Me2Si migratory jN/"-'i- 
insertion Lp 

P h 2  "p-elimination" Cp P h 2  

the very reactive methylene (=CH,) (14) and vinylidene 
(=C=CHI) (1 8) fragments has allowed the chemistry of 
these very unstable moieties to be examined. For exan~ple,  
Kiran Joshi showed that addition of CH,I to the methylene 
complex resulted in the generation of the ethene-hydride de- 
rivative as a result of a carbon-carbon bond formation via 
migratory insertion; similarly, Dr. Neil McManus and Dr. 
Graham White showed that the vinylidene derivative also 
underwent migratory insertion with CH,I to generate the 
correspond~ng ally1 derivative (19). These reactions are shown 
in Schemes 5 and 6 respectively. What is significant in this 

work is that we have identical metals and ligand environ- 
ments with which to compare the relative reactivity of the 
methylene and the vinylidene moieties. As shown by their 
reactivity with CH,I there are intriguing similarities as well 
as differences and these are still being evaluated in my group. 
For example, in both of Schemes 5 and 6, the amide donor is 
shown to be involved in the mechanism by fonnation of a~nine 
derivative via intramolecular proton abstraction from a co- 
ordinated hydrocarbyl group; this "p-elimination" to the amide 
donor has precedent in some of our earlier work in the heter- 
olytic activation of H, by related group 9 con~plexes (16). 
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J oxidative 
addition 

8 - 8  

migratory GpPn, 
insertion 

R = Me, Ph C I 1 toluene 

RT 
(- LiCI) 

MC13[N(SiMe2CH2PR2)2] 

I ,.- pa -GI 

pri 

Zr, Hf Me 

We have found that iridium-carbon double-bonded spe- 
cies occur in other, .chemistry involving the iridium frag- 
ment Ir[N(SiMe,CH2PPh2),] as well. Both the therrnal 
transformation of, and the reaction of hydrogen with, phos- 
phido-alkyl iridium species would appear to involve irid- 
ium-methylene type intermediates at crucial points in the 
sequence (20, 21). For example, Kiran Joshi showed (20) that 
in the thermal decomposition of iridium phosphido-methyl 
conlplexes, the formation of cyclometalated hydride deriv- 
atives can be rationalized by proton abstraction from the 
methyl ligand by the coordinated phosphide to generate an 
intermediate phosphine methylene; as shown in Scheme 7, 
subsequent rearrangement (by a number of hypothetical steps) 
produces the cyclometalated phosphine hydride. 

It would appear that the combination of iridium and this 
ligand system is special since we have been able to access a 
variety of reactive organic fragments such as methylene and 
vinylidene and study their chemistry. In future, our efforts 

will be the focused on other reactive fragments such as sil- 
ylene (=SIR,), and silene ( q 2 - ~ i ~ , ~ i ~ 1 ) .  

Coordination chemistry: early metals and the 
lanthanides 

The other aspect of our ligand design was the use of this 
system to generate phosphine complexes of the early metals 
(22). In 1981, my second graduate student, Hugh Williams, 
was the first person to try bonding this ligand type to the early 
metals. His first success was in the preparation of bis(1igand) 
derivatives of zirconium(1V) and hafnium(IV), MCl,[N(Si- 
Me,CH2PR,)2]2 (M = Zr, Hf; R = Me, Ph) (23); although 
these complexes were of stereochemical interest, they showed 
little reactivity. Hugh did find that hydride complexes of 
hafnium(1V) could be prepared (24) via the formation of a 
nionoligand starting material having the approximate for- 
mula HfCI3[N(SiMe,CH,PMez),1 . HfCI,. A German post- 
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TH F 
Lac13 + 2 KN(SiMe2CH2PMe2), - LaCI[N(SiMe2CH2PMe2),1, 

(-2 KCI) 

doctoral fellow, Dr. Axel Westerhaus, solved a lot of our 
problems in this area by coming up with straightforward 
syntheses of monoligand staring materials for Zr(1V) and 
Hf(1V) with a variety of substituents at phosphorus (25); this 
is outlined in Scheme 8. These monoligand derivatives turned 
out to be exceedingly versatile as we were able to prepare 
dinuclear hydride complexes (26), derivatives containing the 
r14-butadiene moiety (27, 28), and trimethyl complexes of Zr 
and Hf (29). Tim Haddad prepared the r14-butadiene com- 
plexes as part of his M.Sc. thesis and showed that the 
butadiene-ally1 derivatives, M(~~-c,H,)(~'-c,H,)[N(s~M~~- 
CH,PRJ2] (M = Zr, Hf, R = PR', Me), underwent carbon- 
carbon cou lin to enerate a new hydrocarbon fragment P g  bound -q4:q to the group 4 metal centre (27). For his Ph.D., 
Tim moved the coordination chemistry of this ligand even 
further to the left in the transition series by preparing group 
3 complexes (30, 3 1) .  Here again, we started off by prepar- 

: ing the bis(1igand) derivatives MCI[N(SiMelCHlPMe,),12 for 
. . 

M = Y and La; j ' ~  {'H) NMR spectroscopy has turned out N-N' 1.548 (7) A 
to be quite crucial in these systems since it can provide in- 

Zr-N 2.024 (4) A formation on stereochemistry. We anticipated that these 
seven-coordinate derivatives would be rather unreactive in Zr-NI 2.175 (3) A 
analogy to the group 4 complexes; however, we were pleas- 
antly surprised to find that the remaining chloride could be 
metathesized by PhLi and PhCHzK to generate the corre- 
sponding hydrocarbyl derivatives, YR[N(SiMe2CH,PMel),11 w 

. . . . 
(32). These hydrocarbyl complexes were found to ther- 

. . .  . . mally eliminate hydrocarbon to generate cyclometalated SCHEME 10 
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1 
Periodic Map of the Elements 

13 14 

Lanthanides 

Actinides 

complexes; in fact, the lanthanum hydrocarbyl derivative 
could not be isolated, as it spontaneously formed the cyclo- 
metalated complex. The group 3 chemistry is summarized 
in Scheme 9. 

Because of the similarity between the chemistry of the 
group 3 elements and the lanthanide metals, Dr. David Berg 
was able to open up the corresponding chemistry of the rare 
earth elements using this ligand system. He was able to pre- 
pare the bis(1igand) derivatives MCl[N(SiMe2CH,PR,)2]2 for 
M = Ce, Sm,  Er and Yb with R = Me and Ph; he also pre- 
pared bis(1igand) derivatives M[N(SiMe2CH,PMe2),], for the 
divalent metals M = Sm(II), Eu(II), and Yb(I1). Notewor- 
thy is the 3 1 ~ { ' ~ } ,  NMR spectrum of the diamagnetic, di- 
valent ytterbium derivative Yb[N(SiMe2CH,PMe,),l2, which 
shows a singlet with I7 'yb satellites (I7 'yb has s = 1 /2 and 
14.3% natural abundance); the 'J,,-, of 665 Hz is the first 
ever one-bond coupling recorded for these spin-active nu- 
clei (22). 

Phosphine complexes of group 4 are still being pursued 
in our group. One of the final accomplishments of Tim 
Haddad for his Ph.D. degree was to make a dinitrogen 
complex of zircon~um, The reduction of ZrCl,[N(SiMe,- 
CH,PP~',),] with two or more equivalents of Na/Hg under 
an atmosphere of dinitrogen generates a deep blue mate- 
rial, which we have characterized as { [ ( P ~ ' ~ P C H , S ~ M ~ ~ ) , N I -  
~ r ~ l } , ( p - q ~ :  -q2-~ , )  (33). This complex is remarkable since 
it contains the dinitrogen in the very rare side-on mode 
bridging between the two zirconium centres (Scheme 10). 
Even more remarkable is the extremely long N-N bond 
distance of 1.548(7) A for the bridging N, unit; this is by far 
the longest N-N bond length ever recorded for dinitrogen 
complexes (34-36). 

In an attempt to try and gain a deeper understanding of this 
side-on mode of bonding for a dinitrogen ligand, David 
McConville and M.  Mylvaganam carried out semi-empiri- 
cal molecular orbital calculations, backed up by synthetic 
studies (37). What they discovered was that the side-on mode 
is a direct result of the tridentate ligand's bonding re- 

quirements since the amide donor binds to one of the d-or- 
bitals that would normally be used to form a .rr-bond with 
the end-on form of the N, ligand. This was verified by 
the preparation of a variety of derivatives; for example, 
the cyclopentadienyl derivative { [ ( P ~ ~ P C H , S ~ M ~ ~ ) ~ N ] Z ~ ( ~ ~ -  
C5H5)},(p-N,) shows a linear end-on mode of coordination 
that is consistent with the molecular orbital analysis. Pauline 
Chow has recently extended the dinitrogen chemistry to ti- 
tanium and vanadium (38); in these dinuclear systems, 
{ [ ( P ~ ~ P c H ~ s ~ M ~ , ) , N ] M c ~ } ~ ( ~ - N ~ )  (M = Ti, V), the dini- 
trogen bridges in a linear end-on fashion due to steric con- 
straints as a result of the smaller metal centres and the rather 
bulky ancillary ligand. 

Future prospects 
In Scheme 11,  a periodic table is shown with those ele- 

ments highlighted that have been studied with this ligand 
system. I have not discussed all of our efforts; rather I have 
tried to detail how this excursion got started and then travel 
across the periodic table with minimal stopovers at particu- 
lar elements. However, it should be obvious that there are 
destinations in the periodic map of the elements that must be 
visited; for example, it is rumored that adventures will abound 
in the main group elements. And what about the actinides? 
This excursion is certainly not over. 
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Preparation and structure of chloro-copper(I1) complexes of 7-azaindole 

JACQUES POITRAS A N D  ANDRE L. BEAUCHAMP'  
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JACQUES POITRAS and ANDRC L. BEAUCHAMP. Can. J. Chcm. 70, 2846 (1992). 
The light green trarls-C~Cl?(Haza)~ adduct precipitates im~nediately from mixtures of CuC1,.2H20 with excess 7- 

azaindole (Haza) in methanol. Upon standing in azaindole-rich solution, this solid is replaced by a deep green Cu,CI.,(Haza)(, 
compound. whose crystal structure (orthorbombic, Fdd2, n = 26.558, b = 23.750, c = 12.727 A, Z = 8, R = 0.068, 
R,, = 0.066) shows the presence of square-planar [ C u ( ~ a z a ) , ] ' ~  and tr~tr~s-[CuCI?(Haza),] units connected by bridging 
C1- ions, making each Cu atom (4 + 2)-coordinated. Azaindole is bonded to the metal via the pyridine N7 site, whereas 
the five-membered ring retains its NI-H proton. The azaindole ligands are disordered over two orientations in the 
[C~Cl , (Haza)~]  unit. The square-planar Cu species and apical C1- ions lie on a twofold axis and define along c an in- 
finite chain based on the ... Cl...[Cu(Haza),].~.Cl~~.[CuCI~(Haza),]..~ pattern. Equimolar mixtures of azaindole and 
CuC1y2Hz0 yield a brown Cu,0C16(Haza), c2mpound. The crystal structure of its ethyl acetate solvate (monoclinic, 
P2 , /c ,  n = 11.661, b = 22.415, c = 15.077 A, P = 109.85". Z = 4,  R = 0.048, R,, = 0.054) shows the presence of 
a tetranuclear cluster consisting of a k,-oxide ion surrounded by a tetrahedron of Cu(I1) atoms bridged in pairs by chlo- 
rine atoms. The trigonal-bipyramidal coordination of each copper atom is completed by a monodentate N7-bonded 
azaindole molecule hydrogen bonded to bridging chlorines via N 1-H. The influence of complexation on the infrared 
spectrum of azaindole is discussed. 

JACQUES POITRAS et ANDRE L. BEAUCHAMP. Can. J. Chem. 70, 2846 (1992). 
Le con~posC d'addition vert clair tr-tr~ls-CuCI,(Haza), prkcipite imrntdiatement lors du melange de CuCI,.2HZ0 avec 

le 7-azaindole (Haza) en excks dans le methanol. En le laissant reposer dans une solution riche en azaindole, ce solide 
est remplacC par un compost5 vert foacC Cu,CI,(Haza),, pour lequel la structure cristalline (orthorhoinbique, Fdd2, n = 
26.558, O = 23,750, c = 12,727 A, Z = 8 ,  R = 0,068, R,,. = 0,066) indique la presence d'espkces planes carrees 
[Cu(~aza),] '+ et trans-[CuCI2(Haza),] reliees par des ions CI- pontants, qui confkrent ?i chaque atome de Cu une co- 
ordination (4 + 2). L'azaindole est lie au metal par l'intermediaire de l'azote pyridinique N7, alors que le cycle i cinq 
chainons conserve son proton NI-H. Les ligands azaindole sont desordonnCs selon deux orientations dans le motif 
[C~Cl,(Haza)~] .  Les especes planes carrCes du cuivre et les ions C1- axiaux se trouvent sur un axe de rotation d'ordre 
deux et dkfinissent selon c une chaine infinie basCe sur la sCquence ...CI... [Cu(Haza),] ...C1... [CuCI,(Haza),] .... Le melange 
Cqui~nolaire d'azaindole et de CuC1,.2H,O conduit au compose b r ~ ~ n  Cu,OCI,(Haz~),. La structure cristalline du solvate 
d'acttate d'ethyle (monoclinique, P 2 , / c ,  n = 11,661, b = 22,415, c = 15,077 A, P = 109,85", Z = 4 ,  R = 0,048, 
R,,. = 0,054) indique la presence d'un agregat tktran~~cleaire coinprenant un ion p,-oxyde entour6 d'un tktrakdre 
d'atomes Cu(I1) pontes deux 21 deux par des atomes de chlore. La coordination bipyra~nidale trigonale de chaque atome 
de cuivre est co~nplCtCe par une molCcule d'azaindole monodentate like par N7, dont le proton NI-H paiticipe h des 
liaisons hydrogene avec des chlores avoisinants. L'intluence de la coordination sur le spectre inrrarouge de I'azaindole 
a egalement kt& Ctudite. 

Introduction sites of azaindole are not equivalent,  being part of  five- and  

T h e  ligating properties in 7-azaindole (Haza,  scheme I) '  
have attracted relatively little attention. Previous repoi-ts from 
this laboratory described the preparation and structural 
characterization of three types of complexes with the CH,Hgi 
cation ( 1, 2). In most of the remaining compounds structur- 
ally characterized s o  far, the azaindole anion acts as  a bi- 

nucleating agent by bridging a pair of metal a toms as  car- 
boxylate ligands do .  However, in contrast with carboxyl- 
ates and other common assembling ligands, the two donor 

' ~ u t h o r  to whoin correspondence nlay be addressed. 
'~n~aren thes ized  symbols are used to identify the ligand atoms 

in gencral. When rcfen-ing to specific atomic positions in crystal 
structures. the parenthesized sy~nbols given in Tables 2 arid 3 are 
used. 

six-membered rings, respectively. For  this reason, we  often 
get  mixtures of  many stereoisomers which are difficult to  
separate and crystallize. Furthermore, when crystalline ma-  
terials are obtained, structural studies are complicated by the 
fact that the ligands generally show disorder d u e  to  ring ori- 
entation. Peng and co-workers (3,  4) have shown that Cu and 
Ni compounds originally prepared by Brookes and Martin 
( 5 )  are indeed 'windn1illn tetra(azaindo1ate)diinetal units. A 
similar binding mode has recently been reported for  a di-  
chromium system (6). Azaindole anions can be used to sta- 
bilize metal-metal bonds,  as  observed in quadruply-bonded 
diinolybdenum compounds (7 ,  8). Bridging is also ob-  
served in the Cu,O(aza),(OCH,),(d~nf), and Co,(aza), clus- 
ters (3 ) .  

In the neutral form, the lone pair of  N7 in the six-mem- 
bered ring is the only one  available. T h e  presence of the 
N1-H bond in the other ring, roughly parallel to the N7 lone 
pair. results in very unusual hydrogen-bonding features fo r  
the free ligand, which has recently been shown to exist in the 
solid state as  a unique hydrogen-bonded tetramer ( I ) .  Com-  
plexes of fol-mally neutral azaindole have been described for 
CH,HgT ( 1 .  2) and ~ n "  (9). An adduct of dirhodium tetra- 
propionate has also been reported ( 10). W h e n  the ligand is 
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POITRAS AND BEAUCHAMP 2847 

bonded via N 7 ,  the adjacent N1-H bond points inside the 
metal coordination sphere, where it can interact with other 
ligands. While  exploring the coordinating ability of azain- 
dole, the reactions with copper(II) chloride in methanol were 
examined under  conditions that did not lead to ligand de- 
protonation. Three compounds were isolated and character- 
ized. T h e  crystallographic work carried ou t  o n  two of  these 
compounds shows  that hydrogen bonding has a particular 
influence o n  the structure of these materials. 

Experimental section 
Reactants and  methods 

CuC1,.2H,O (BDH) and 7-azaindole (Aldrich) were used as re- 
ceived. The solvents were of reagent grade. Chlorine was ana- 
lyzed by potentiometric titration with AgN03. 

Infrared spectra (4000-220 cm-I) were recorded as KBr or CsI 
pellets with a Perkin-Elmer 783 spectrophotometer. Magnetic 
susceptibilities were measured at room temperature with a Johnson- 
Matthey balance, calibrated with HgCo(SCN), (X = 16.44 X lo-" 
c.g.s.e.m.u.). The data were corrected for diamagnetism of the li- 
gands using Pascal's constants (I I). 

Reactions 

C ~ C l ~ ( H n z a ) ~  
To a solution of CuC1,.2HZ0 (0.49 g ,  2.9 mmol) in methanol 

(30 mL) was added a solution of 7-azaindole (1 .O1 g, 8.5 n ~ n ~ o l )  
in methanol (30 mL) at room temperature. A light green precipi- 
tate formed immediately. The resulting mixture was stirred for 
several minutes and the product was collected by filtration, washed 
with methanol, and dried ill vacrro at room temperature Yield: 
0.78 g (73%). Anal. calcd. for CI,H,,CuCl2N,: CI 19.14; found: 
19.21. p = 2.02 BM. The same compound also formed in lower 
yields when the reaction was run at room temperature with a 2: 1 
or I : I ligand: Cu ratio. 

C~r,C/,(Harn)~ 
A solution of 7-azaindole (1 .OO g, 8 .5  mmol) in ~nethanol 

(30 mL) was added to a solution of CuCI2.2Hz0 (0.36 g. 
2.1 mmol) dissolved in methanol (20 mL). The above light green 
precipitate of C~Cl,(Haza)~ appeared immediately. The mixture was 
heated near the boiling point until the precipitate redissolved to give 
a clear dark green solution. Dark green prismatic crystals were 
obtained upon cooling. Yield: 0.94 g (91%); p. = 1.95 BM (per 
copper atom). 

Cu,0C16(Hnza), 
A solution of 7-azaindole (2.00 g, 16.9 mmol) in methanol 

(30 mL) was added dropwise to a hot solution of CuCIz.2H20 
(2.88 g ,  16.9 mmol) in methanol (50 mL). The green solution 
gradually darkened and a brown solid formed. Heating was con- 
tinued for several minutes. After cooling to room temperature. the 
product was collected by filtration, washed with methanol, and dried 
in IJLICLIO at room temperature. Yield: 2.90 g (73%). Anal. calcd. 
for C28H2,Cu,C16N,0: CI 22.26; found: 21.65. p = I .81 BM (per 
cooper atoms). Single crystals were obtained as the ethyl acetate 
solvate CU,OCI~(H~Z~),.~.~C,H~~~ by recrystallization from a 
chloroform - ethyl acetate ~nixture. 

C~:vstrrllographic mcnsrtr.errlents and strrrctur-e ~ l e t e r ~ ~ r i ~ ~ ~ ~ t i n ~ ~  
The crystallographic work was done with an Enraf-Nonius 

CAD-4 diffractometer. A set of 25 centered reflections was used 
to determine the reduced cell. which was checked with axial pho- 
tographs. A primitive monoclinic cell was obtained for Cu,OCI,- 
(Haza),.0.5C,HsOZ. The systematic absences (1101, 1 # 211; Ok0, 
k # 2n), agreed with the intensity data set, uniquely defining P2 , /c  
as the space group. For Cu,Cl,(Haza),, the Niggli matrix indi- 
cated an F-centred orthorhombic cell. which agreed with the axial 
photographs. 'The systematic absences (hkl, h + k. h + I, k + I # 
211; Okl, k + 1 # 417; /lo[. 11 + I # 411) uniquely defined its space 
group as Fcld2. 

Crystal data are given in Table 1. The intensities were mea- 
sured as described earlier (I 2). Six standard reflections were mon- 
itored for crystal decay every hour and for misorientation every 200 
reflections,- For Cu,0C16(Haza), .0.5C4H8O2, four octans (hkl, 
hkl, hkl, hkl were collected (15883 reflections). Averaging (R;,, = 
0.041) yielded a set of 7020 independent hkl and hkl data. For 
C~,Cl ,(Haza)~,  3941 hkl and h i /  reflections were measured. Av- 
eraging yielded a set of 1997 unique hkl data (R,, = 0.040). The 
raw data were corrected for the effects of Lorentz, polarization and 
absorption (Gaussian integration, grid 10 x 10 x 10). 

Similar strategies were applied to solve and refine both struc- 
tures. Details specific to each compound are provided in the sup- 
plementary material.' The Cu atoms were first located from a 
Patterson map or direct methods. The non-hydrogen atoms were 
then found from A F  maps. Full-matrix least squares were used to 
refine all non-hydrogen atoms isotropically. The function mini- 
mized was Z W ( ~ F ,  -  IF,^)', with individual weights MI based on 
counting statistics. The CI and Cu atoms were first allowed to re- 
fine anisotropically, while the remaining non-hydrogen atoms were 
kept isotropic. Disorder was found to occur for an azaindole li- 
gand in C~,Cl ,(Haza)~ (Fig. 1) and the lattice ethyl acetate mole- 
cule in CU~~C~~(H~Z~),.O.~C~H~O~. Occupancy factors were 
determined at this stage and fixed for the rest of the refinement. 
Hydrogens were introGuced at idealized positions (C-H = 

0.95 A, N-H = 0.87 A). Their parameters were not refined, but 
their coordinates were recalculated after each least-squares cycle. 
In the last stage, anisotropic temperature factors were refined for 
the non-hydrogen atoms. 

The scattering curves were taken from standard sources (13, 14). 
The anomalous dispersion terms of Cu and C1 were taken from 
Cromer (15). The calculations were done with NRCVAX (16), 
SHELX-76 (17), and local utility programs (18). The refined co- 
ordinates for the two structures are listed in Tables 2 and 3,  re- 
spectively. 

Result and discussion 
In the absence of a good proton acceptor, the very poorly 

acidic N 1-H proton of 7-azaindole is not  expected t o  dis- 
sociate o r  to  be  displaced by the metal in methanol. T h e  li- 
gand is indeed found to behave as a typical monodentate 
aromatic N-heterocycle like pyridine. Mixing methanol so- 
lutions of CuC1,.2H,O and a threefold excess of  azaindole 
at  room temperature produces a dark green solution from 
which a good  yield of  light green needles of composition 
CuCI,(Haza), precipitates immediately. T h e  compound ex- 

'The supplementary material includes details on structure deter- 
minations, tables of refined temperature factors, hydrogen coor- 
dinates, distances and angles in- the disordered azaindole rings, 
distances and angles for hydrogen bonds, least-squares plane 
calculations and structure factor amplitudes for both structures, 
diagrams (disordered ethyl acetate and unit cell) for Cu,OCIc,- 
(Haza),.0.5C,H802, together with a list of infrared frequencies (62 
pages). Complete set of data may be purchased from: The Depos- 
itory of Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada KIA OS2. 

Structure resolution and refinement, Figure S-1 (disordered ethyl 
acetate molecule), Figure S-2 (stereoview of the unit cell), Table 
S-2 (idealized coordinates of the hydrogen atoms), Table S-3 (dis- 
tances and angles in the azaindole ligands), Table S-4 (distances 
and angles for the hydrogen bonds) for Cu,OCl6(Haza),.O.5C,HSOZ, 
and structure resolution and refinement: Table S-9 (idealized co- 
ordinates of the hydrogen atoms), Table S-10 (distances and an- 
gles in the azaindole ligands), Table S-l 1 (distances and angles for 
the hydrogen bonds) for C~,Cl,(Haza)~, have also been deposited 
with the Cambridge Crystallographic Data Centre and can be ob- 
tained on request from The Director. University Chemical Labo- 
ratory, 12 Union Road, Cambridge, CB2 LEZ, U.K. 
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TABLE 1. Crystal data and conditions for data collection 

Parameter Cu,Cl,(Haza), Cu,0C16(Haza), .0.5C4H802 

Formula C,2H36Cu2C1,N 1 2  

Formula weight 977.73 
Crystal system Orthorhombic 
Sp!ce group Fdd2 
a ,  4 26.5580(6) 
b, A 23.750(2) 
c,  A 12.7271(8) 
a, deg 90 
PI deg 90 
r ,  {eg 90 
V, A" 8027.7 
D~~~~~ g cm-' 1.618 
Z 8 
Radiation, X (A) CuKcl, 1.54178 
Scan technique w/20 
Scan range, Aw (deg) 0.80" + 0.14 tan 0 
Scan speed, deg (w) min-' 3.3 
F(000) 3984 
k ,  cm-' 42.0 
Crystal size, mm (faces) 0.25 (010-O~O) 

0.1 l (100-100) 
0.32 (001-001) 

Transmission range 0.37-0.63 
20 max, deg 140.0 
No. unique reflections measured 1997 
No. observed reflections 1741 
Rejection criterion, I /a ( I )  < 3.00 
T ,  K 293 
Residual electron density, e A-' 

General background ?0.2 
Maximum 

R" 0.068 
R,," 0.066 
Goodness-of-fit ratio 2.23 

"R = Xl/F<,I - IFcll/c\Fc,I. RtS = [ ~ I I ~ ( ] F . \  - IF~I) ' /CIV~F, , I ' ]" ' .  

FIG. 1. Disorder of the coordinated azaindole ligand in the 11-clrzs- 

[CuC12(Haza),] unit of Cu2C1,(Haza), (occupancies 0.50/0.50). 

hibits a normal magnetic moment of 2.02 BM. A similar 
green solid was isolated with imidazole (19) and found to 
consist of square-planar tl-nns-CuCl,L, units with one of the 
C1 ligands bridging the units into an infinite chain of (4 + 
1)-coordinated Cu centres. The structure of CuCl,(Haza)_ , was 
not determined, but it very likely corresponds to the same 
trnizs-square-planar structure, which is also found for pyri- 
dines (20-23), dimethylnaphthyridine (24) and related li- 
gands (25). 

- 

C30H28Cu4C16N802 
999.5 1 
Monoclinic 
P 2 , / c  
11.661(2) 
22.415(7) 
15.077(4) 
90 
109.85(2) 
90 
3706.7 
1.791 
4 
CuKcl, 1.54178 
w/20 
0.80" + 0.14 tan 0 
3.3 
1992 
69.9 
0.09 (010-O~O) 
0.15 (100-100) 
0.23 (001-001) 
0.37-0.56 
140.0 
7020 
4573 
3.00 
293 

k0.35 
1.3 (ethyl acetate) 
0.048 
0.054 
2.17 

The light green compound could also be isolated as a pure 
material from azaindole-CuClf 2 H 2 0  mixtures with ratios 
between 6: 1 and 1 : 1 ,  provided the precipitate initially formed 
was filtered immediately. When attempts were made to grow 
single crystals by leaving the dark green filtrate of the above 
preparations to stand overnight in closed container at room 
temperature, deep green prismatic crystals were obtained 
instead of the needles. A quicker way to obtain the dark green 
prismatic solid is by boiling a 6 :  1 mixture. The composi- 
tion of this material was shown by X-ray diffraction (see 
below) to be CuCl,(Haza),, which should be formulated as 
[C~Cl,(Haza)~:l[Cu(Haza),]Cl,. The magnetic moment of 
1.95 BM (per Cu atom) is consistent with this structure. This 
same compound was eventually prepared from a 3:  1 li- 
gand:metal mixture from which the fluffy precipitate ini- 
tially formed was not filtered. After several hours, the 
precipitate had redissolved, to be replaced by the prismatic 
deep green solid. Interestingly, even when the reaction was 
carried out with four- to six-fold excess of ligand, the same 
CuCl,(Haza), compound was the only complex isolated. We 
were unable to obtain [Cu(Haza),]Cl,, even though such 
[CuL,]X, compounds are known with imidazoles (26-30) 
and pyridines (3 1). 

Neither of the above green compounds formed when the 
reaction was carried out with excess copper. Under stoi- 
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f3-c-g @C"l- I I 

I 

I I 
CIZ CIZ 

A - A  A  - D 

I 
I 

I I 
C12 C12 

B - B  B - A  

FIG. 2. Coordination of the metal atoms in Cu2C1,(Haza),. (a) 
CuClz(Haza), unit formed by Cu( l )  and (b)  [Cu(Haza),]" ion 
formed by Cu(2). In Cuq2(Haza)?, the azaindole ligands are dis- 
ordered over two orientations A and B (see text). About both Cu 
atoms. longer apical Cu...CI bonds are formed with bridging Cl(2) 
and Ci(3) ions. Thennal ellipsoids correspond to 50% probability. 
Hydrogens are shown as spheres of arbitrary size. Dashed lines 
represent hydrogen bonds. 

ligands are all formally neutral and coordinated to copper via 
N7. The square planes, roughly perpendicular to the two- 
fold axis, are bridged by chloride ions lying on the same axis, 
which complete an overall (4 + 2)-coordination about the 
metal. Selected interatomic distances and bond angles are 
listed in Table 4.  

(a) En~~iro~lnzenf of Cu(1): trans-[CuCl,(Haza)J 
The azaindole ligand is involved in a twofold disorder (Fig. 

1) leading to two equally populated orientations of the five- 

membered ring with respect to the coordination plane: la- 
bels A and B (Fig. 2a) correspond to five-membered rings 
pointing toward Cl(2) and away from C1(2), respectively. The 
crystallographic results are consistent with the presence of 
four possible combinations of these two orientations, namely 
A-A, B-B, A-B, and B-A (Scheme 2), which all possess 
a roughly square-planar tmtzs-CuCl,N, coordination. The 
B-A/A-B pair actually corresponds to the same molecule 
rotated by 180" about the Cu(1)-Cl(2) direction (crystal- 
lographic twofold axis). As chlorine is not disordered, the 
Cl(1)-Cu(1)-Cl(1) is 172.7(1)" in all cases. The N7 donor 
atoms are not coincident in A and B, so that different pat- 
terns of distances and angles are obtained around Cu(l)  
(Table 5). Departure from planarity is large and the bond 
angles deviate very significant from ideality. We tend to 
prefer the A-B/B-A structure, because all molecules would 
then show a small square-pyramidal distortion displacing 
Cu(1) by 0.121 A toward the relatively close Cl(2) bridging 
atom. Also, the A-B/B-A molecule is statistically twice as 
probable as either A-A or B-B. 

The ORTEP drawing (Fig. 2a) shows an A-B molecule. 
The Cu(1)-Cl(1) distance (2.270(2) A) (Table 4) com- 
pares well with those reported for tl-ans-CuC1,N2 molecules 
with 2,3- and 2,6-dimethylpyridine (2.254(2) and 2.264(2) 
A, respectively), where the chlorines do not participate in 
bridging (20, 2 1). Because of the disorder, the Cu(1)-N7 
bond lengths are less reliable. The Cu(1)-N(7A) distance 
(2.02(2) A) is similar to those found in analogous com- 
plexes with related ligands (19-22, 24). The long Cu(1)- 
N(7B) distance is undoubtedly an artifact due to disorder. 
Individual distances and angles for the disordered Haza li- 
gand are listed in the supplementary material. 

( 6 )  Enviroizme~~t of Cu(2): [cLI(H~z~),]'+ (Fig. 2b) 
The Cu-N bonds in the square plane (mean 2.030 A) are 

comparable with those stated above and they lie in the range 
(1.98-2.05 A) found for imidazole complexes (26, 35, 36) 
containing CuN4 units. The N-Cu-N cis bond angles are 
essentially equal to the ideal 90" value for a square-planar 
geometry. The trans angles (1 76.4(4), 177.3(4)") show 
significant, but small, departure from 180°, indicating a 
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TABLE 4. Selected interatomic distances and bond angles in  Cu,CI,(Haza), 

Atoms Distance (A) Atoms Distance (A) 

Bonds Angle (deg) Bonds Angle (deg) 

TABLE 5. Geometry of the three possible t r a~~s -CuCl~N~ mole- 
cules consistent with the disorder 

Angle (deg) 

Bonds A- A B-B A-B/B-A 

C(1)-C(1)-C(1) 172.74(14) 172.74(14) 172.74(14) 
N(7)-Cu(1)-N(7) 155.2(7) 173.7(9) 160.6(8) 
C ( 1 - C ( 1 ) - ( 7  81.9(5) 100.0(6) 8 1.9(6) 
N(7)-Cu(1)-Cl(1)" 96.5(5) 80.4(6) 100.0(6) 
Cl(1)'-CU( 1)-N(7)" 8 1.9(5) 100.0(6) 80.4(6) 
7 - C - ( 1 )  96.5(5) 80.4(6) 96.5(5) 

Distance (A) to the CuCl,N, plane 

Atom A-A B-B A-B/B-A 

snlall tetrahedral distortion. The atom-to-plane distances 
are as follows: Cu(2), 0.003(7); N(17), -0.058(10); N(27). 
0.053(11) A. 

The bond lengths for the two independent azaindole li- 
gands in the [ ~ ~ ( ~ a z a ) , ] "  moieties (supplenlentary mate- 
rial) show differences greater than the experimental error. 
Appreciable differences are also noted with respect to the free 
ligand (1) or other N7-bonded complexes (9, 10). This sug- 
gests that some disorder, milder than above, might be pres- 
ent in this case as well, in spite of the fact that it has not been 
possible to identify resolved atomic positions. 

( c )  Molec~llar packing 
A view of an a c  layer of the unit cell is given in Fig. 

3 .  The ... C1(3)...Cu(l)...C1(2)...Cu(2)...C1(3)... chain is 
perfectly linear, all atoms lying on the crystallographic 
twofold axis. The CuN, and CuClIN2 planes are roughly 
perpendicular to this chain and occur in alternance. They are 
bridged by C1- ions, but bridging is highly djssymmetric. 
Cl(2) forms a normal "semi-bond" of 2.8 19(5) A wi!h Cu(l) ,  
but its contact with Cu(2) is very long (3.429(8) A). S iq i -  
larly, Cl(3) is inore stronsly bonded to Cu(2) (2.941(8) A) 
than to Cu(1) (3.538(4) A). Similar features have been en- 
countered in various alkylan~monium salts of chlorocop- 
per(I1) anions containing linear Cu ...Cl...Cu bridging units 
(37). Thus, although each Cu atom is surrounded by six 
neighbours in an octahedral arrangement, a square-pyrami- 
dal (4  + 1)-coordination including only one axial chlorine 
would be a more appropriate description from the electronic 
point of view. 

All azaindole N I-H protons are hydrogen bonded to C1 
at0ms.l If the ligands were in the CuCI,N2 plane, extremely 
short Hl . . .C l ( l )  distances would result. This strain is 
relieved by rotating the ligand -45" around the Cu-N7 
bond, leading to a reasonably sJrong N I-H...Cl(l) bydrogen 
bond (N...Cl = 3.177(12) A for A, 3.1 14(15) A for B) 
(38). In this orientation, weaker hydrogen bonding can si- 
multaneously take place with an apical chloride ion: 
NI...C1(2) = 3.343(12) A for ligands A, Nl...C1(3) = 

3.545(14) A for ligands B. In the [ ~ ~ ( ~ a z a ) , ] ' '  unit, the li- 
gands make angles of -58" with the coordination plan:. Two 
of these ligands form hydrogen bonds of 3.283(1 1 )  A with 
Cl(2) on one side of the square pl?ne, whereas the other two 
interact with Cl(3) at 3.013(10) A on the other side. 

This con~pound presents two unusual features: the chain 
is built up from two types of Cu(I1) species and the 
... Cl...Cu(l)...Cl.Cu(2)...Cl... backbone is perfectly 
linear. These peculiarities can be regarded as a conse- 
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C12 

Cul  

FIG. 3. View of a layer of the unit cell of Cu,CI,iHaza), down the O axis (thickness b/2). The Cu atoms and bridging C1 ions lie on 
crystallographic twofold axes. The labels on the left hand side refer to the CI and Cu atoms on the c axis. The square planes around cop- 
per are perpendicular to these axes and seen edgewise in the figure. Hydrogen bonds are shown as dashed lines. 

quence of the roughly parallel orientation of the N7 lone pair 
with the N 1-H bond, which restricts the hydrogen bond- 
ing capability of coordinated azaindole to the regions just 
above and below the coordination plane. Figure 3 indeed 
shows that hydrogen bonding occurs only inside the chains, 
all inter-chain interactions consisting of normal van der Waals 
contacts. The ligands in the [ ~ u ( ~ a z a ) , ] ' +  unit can rotate 
about the Cu-N7 bond so as to make efficient hydrogen 
bonds with chloride ions forming the apical Cu...Cl semi- 
bonds with the metal. This takes place without appreciably 
disturbing the Cu-N7 bond, the difference between the 
C6-N7-Cu(2) and C8-N7-Cu(2) angles remaining 
below 10" (Table 4). Other heterocyclic ligands like pyri- 
dine or imidazoles would be unable to give a similar stabi- 
lizing effect. Steric crowding would even destabilize the 
system with a-alkylated imidazoles and pyridines, or with a 
two-ring system like benzimidazole, which are devoid of 
properly oriented hydrogen-bond donors. In contrast, in the 
[ ~ ~ ( ~ a z a ) , ] "  unit, two of the rings are rotated above the 
square plane and two are rotated below, thereby stabilizing 
a chloride ion on each side of the plane. The chain can then 
be propagated by approaching extra square planar species at 
each end of this ...Cl... [Cu(Haza),] ...Cl... nucleus, since 
the terminal CI- ions are not sterically crowded. However, 
if the stoichiometry were [Cu(Haza),]CI,, only half of the C1- 
ions could be part of such a chain, so that the remaining ions 
would have to sit elsewhere in the unit cell, where they would 
have to interact via van der Waals contacts with hydropho- 
bic regions of azaindole in the outer part of the chain. In the 
present compound, a neutral (CuClz(Haza),] unit is inserted 
between .. .C1.. .Cu(Haza) , . . .Cl  segments, allowing the 
system to use the residual basicity of the sterically accessi- 
ble C1- ions to f i l l  the apical positions of the [CuCl,(Haza),] 
unit and favour chain propagation. This could explain the 
unusual stoichionietry found for this deep green complex and 
the fact that the [Cu(Haza),]Cl, salt known with other li- 
gands could not be obtained. 

FIG. 4. ORTEP drawing of the Cu,OCl,(Haza), molecule. 
Thermal ellipsoids correspond to 50% probability. Hydrogens are 
omitted for clarity. 

Crystal .struct~{r-e oJ'Cu,OC1,(Haza),.O.5C,H8O, 
The molecule contains the Cu,OCl, core consisting of a 

p,-oxygen atoll1 coordinated tetrahedrally to four Cu atoms, 
which are bridged in pairs by six chlorine atoms (Fig. 4). A 
trigonal-bipyramidal coordination about each of these four 
Cu atoms is con~pleted by 7-azaindole ligands bonded via the 
N7 lone pair. Disordered ethyl acetate molecules not bonded 
to the cluster are also present (Fig. S-I). '  Selected distances 
and angles are listed in Table 6.  

Structural results are available for similar clusters con- 
taining pyridines (32, 39), imidazoles (40-42) and other li- 
gands (40, 43-45). Norillan and co-workers (40) have 
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TABLE 6. Interatomic distances and bond angles in Cu,0C1,,(Haza),.0.5C,H,O2 

Atoms Distance (A)  Atoms Distance (A)  

Bonds Angle (deg) Bonds Angle (deg) 

collected these data and noted that the geometry of the Cu,O 
tetrahedron is relatively constant. The departure from tetra- 
hedral geometry about oxygen is usually small: the 0- 
Cu-0 angles have been found to lie in the range 106.3- 
1 15.8", with a mean value of 109.4". Our Cu-0-Cu an- 
gles ( 105.8(2)-1 12.5(2)", mean 109.5") fit well with these 
earlier results. The Cu-0 bond lengths are not very sensi- 
tive to thc external ligand present: our results (1.912(4)- 
1.925(4) A, mean 1.918 A) are in goodoagreement with the 
literature (1.869-1.939 A, mean 1.908 A) (40). The Cu-N 
bond lengtbs show greater vari!tion. Our distances (1.983(6)- 
2.016(7) A, mean 1.998(6) A) suggest that azaindole has 
steric requirements similar to pyridines (meaa 1.98 A) (32, 
39) and greater than imidazoles (mean 1.94 A) (40, 41). 

The coordination of copper is best described as a dis- 
torted trigonal bipyramid. The 0-Cu-N angles (174.2(2) 
-1 79.1(2") are close to the ideal 180" value. As found for 
similar molecules (40), the 0-Cu-C1 angles (mean 84.2") 

are -10" less than the N-Cu-CI angles (mean 95.9"). 
Thus, the Cu atom is displaced -0.24 A from the plane of 
the three CI atoms, toward N7. Angular distortions in the 
equatorial plane are large. The Cu-C1 distances and C1- 
Cu-CI angles can vary over a broad range in such systems 
(40). Aro~lnd Cu(l) ,  Cu(2), and Cu(3), the C1-Cu-C1 
angles range from 1 1 1.8(1) to 130.1(1 )" (mean 1 19.0°), 
whereas the Cu-C1 distances are found between 2.340(2) 
and 2.467(2) A (mean 2.397 A). Such variations can be re- 
garded as normal for this type of frainework. In contrast. the 
more severe distortions around Cu(4) are somewhat un- 
usual. The Cl(2)-Cu(4)-Cl(6) angle (141.5(1)") is much 
larger, although not quite as large as some of those fo~lnd in 
Cu,OC1,(2-methylpyridine), (32), where the metal coordi- 
nation has been described as intermediate between a tri- 
gonal bipyramid and a square pyramid. The less regular 
environinent of Cu(4) also incl~des an un~~sually long 
Cu(4)-Cl(4) bond of 2.619(2) A, almost as long as the 
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2.679(8) A bond found in the 2-methylpyridine complex. 
In spiteo of this long bond, the mean Cu-Cl distance 
(2.432 A) about Cu(4) is not much greater than about the 
three other Cu atoms, since one of the bonds to Cu(4) 
(2.329(2) A) is the shortest in the structure. Large distor- 
tions in similar clusters have been ascribed to packing ef- 
fects (39, 40) and they probably have the same origin here 
(see below). 

The geometry of the four non-equivalent azaindole li- 
gands (see supplementary material) is normal ( 1 ,  9 ,  10). If 
coordination took place exactly along the lone pair direc- 
tion, the metal would lie in the plane of the ligand and the 
two Cu-N7-C angles would be equal. The copped-to-plane 
distances are relatively smaLI (Cu( I), 0.042(l)0 A; Cu(2), 
0.175(1) A; Cu(3), 0.046(1) A; Cu(4), 0.024(1) A), whereas 
the maximum in-plane distortion corresponds to 3.8' (li- 
gand I). 

Coordination of azaindole to the axial site of the trigonal 
bipyramid places the Nl-H bond in a suitable orientation 
to form hydrogen bonds with the equatorial Cl atoms. Five 
of the six C1 atoms participate in such intramolecular inter- 
actions.' Ligands 1 and 4 each form qne moderately strong 
(38) hydrogen bond (N...CI < 3.13 A) with a single chlo- 
rine. This corresporids to relatively small N(l 1)-N(17)- 
Cu(1)-Cl(1) and N(41)-N(47)-Cu(4)-Cl(4) torsion 
angles of 39.1(3) and 33.7(3)', respectively. For ligands 2 
and 3, the torsion angles are close to 60°, so that the N-H 
bonds are roughly equidistant from two chlorines, with which 
they form bifurcated hydrogen bonds. 

A packing pattern is given in Figure S-2.' The molecules 
are held in the crystal mainly by normal van der Waals con- 
tacts. Contribution from hydrogen boading is restricted to the 
N(21)-H...C1(3) bond of 3.289(7) A. The cavity occupied 
by the ethyl acetate molecule is delimited by azaindole rings 
and Cl(6) atoms of various cluster molecules. It is probably 
to make room for the solvent that Cl(6) is the only chlorine 
not participating in hydrogen bonding and this part of the 
cluster is distorted. Also, since the ethyl acetate molecule 
is disordered, it possibly induces minor disorder in the 
Cu(4)-Cl(6) region, leading to greater temperature factors 
for these atoms. 

Itlfrared spectra of tlze azainciole conzl>leses 
The infrared spectrum of 7-azaindole has been discussed 

elsewhere (2, 7). A list of frequencies and tentative assign- 
ments is provided in the supplementary material. Since the 
state of protonation is not changed, the spectra of the com- 
plexes are not drastically different. Various shifts are noted 
in the 1600-1400 cm-' region of the ring stretching modes. 
The best diagnostic for coordination to netural azaindole via 
N7 is provided by the well-defined ring out-of-plane vibra- 
tions at 428/419 cm-' ,  which are replaced in the com- 
plexes by a weak component at 449 c1-n - '  and a stronger band 
at -434 cm-'  . 

The complexes can be differentiated from the 700- 
800 cm-' region: 789/762/715 cm-' for Haza, 781/746/ 
699 cm-' for CuCI?(Haza),, 794/78 1 /735/7 1 1 /70 1 cm- ' 
for Cu,CI,(Haza),, and 799/786/723 cm-' for Cu,OCI,- 
(Haza),. Differences in hydrogen bonding also introduce 
noticeable spectral variations for N I-H bands. The strong 
multi-component v(N-H) region (2300-3200 cm ' )  of free 
Haza is replaced in CuCI,(Haza), by a better defined strong 
band at 3330 cm-I. The weak NI-H out-of-plane bending 

band, observed near 850 cm-' in the free ligand, shifts to 
530 cm-' and becomes much stronger in the complex. These 
displacements are indicative of weaker hydrogen bonding 
than in the free ligand. The same effect has been noted for 
azaindole adducts of TaCI, and NbCl, (46). For the NI-D 
derivatives, obtained by dissolution in CD,OD, these N-H 
vibrations are shifted down to 2490 and 400 cm-I, respec- 
tively, as expected. The greater number of independent li- 
gands in Cu2C1,(Haza), leads to extra components at 3200 
and 3 145 cm-' .  For Cu,OCI,(Haza),, the v(N-H) band 
occurs at 31 10 cm-I, but the y(N-H) band expected at 
530 cm-' is masked by a metal-centered band (see below). 

The ligand shows no vibrations in the 240-400 cm-' 
range. The single broad band of medium intensity observed 
at 289 cm-' for CuC12(Haza), and Cu,Cl,(Haza), originates 
from Cu-ligand motion, but i t  cannot be safely assigned. A 
strong ~(c"-N) band has been found at this frequency for 
[cuL,]'+ species with pyridines (47) and imidazoles (27-30, 
47, 48). For various CuC12L2 compounds with the same li- 
gands, the v(Cu-N) and v(Cu-Cl) bands are believed to 
occur in the same region (28-30, 49, 50). Our band at 
289 cm-' probably includes both vibrations. The low-fre- 
quency region also exhibits a band at -230 cm- ' ,  men- 
tioned for many similar systems. There is no consensus 
concerning its assignment, but it undoubtedly originates from 
a metal-centered mode. Cu,OCI,(Haza), produces a new 
strong band at 558 cm-I, observed for other clusters con- 
taining the Cu,O core (32, 45, 5 1 )  and assigned to Cu-0 
stretching. The 289 cm-' band mentioned above seems to 
have shifted down to -250 cm- ' ,  where three components 
are observed at 263, 249, and 239 cm-'. A similar patlern 
has been noticed for the 2-nlethylpyridine cluster (32) and 
assigned to general M-ligand stretching. It probably corre- 
spond mainly to Cu-N motion, since the comparison of a 
pair of analogous chloro and bromo compounds (45) iden- 
tified the 225 cm- ' band as due to cluster v(Cu-Cl) vibra- 
tion. 
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NASER FOROUGHIFAR, KENNETH T. LEFFEK, and YONG GU LEE. Can. J. Chem. 70, 2856 (1992). 
A series of substituted 2-pyridyl-1,1,3,3-tetramethylguanidines has been synthesized and the pK, of each has been 

measured in acetonitrile and water solvents, together with the pK, of the corresponding aminopyridine. A relationship 
between the pK,'s in these two solvents has been derived that allows the estimation of a pK,, in acetonitrile from that in 
water. The results were fitted to the Hammett equation, giving p = 2.31 + 0.14 and 1.64 2 0.11 for the pyridylguani- 
dines in acetonitrile and water, respectively, and 6.16 ? 0.4 and 5.24 5 0.2 for the aminopyridines in the same sol- 
vents. 

NASER FOROUGHIFAR, KENNETH T. LEFFEK et YONG GU LEE. Can. J. Chem. 70, 2856 (1992). 
On a synthttist une strie de 2-pyridyl-I ,l,3,3-tttramethylguanidines substitutes et on a mesurt les pK, de chacune 

dans l'acetonitrile et dans l'eau ainsi que les pK, des aminopyridines correspondantes. On a etabli une correlation entre 
les pK, dans ces deux solvants; elle permet d'tvaluer un pKz, dans l'acetonitrile a partir de celui dans l'eau. On a ajustk 
les rtsultats avec l'equation de Hammett, obtenant des valeurs de p = 2,3 1 + 0,14 et 1,64 + 0, l  I pour les pyridyl- 
guanidines dans l'acetonitrile et l'eau, respectivement, et de 6,16 + 0,4 et 5,24 + 0,2 pour les aminopyridines dans les 
mCmes solvants. 

[Traduit par la redaction] 

Introduction pK, differences between the two solvents. All the bases are 

The basicity of a series of phenyl-substituted 2-phenyl- 
1,1,3,3-tetramethylguanidines was measured (1) in order to 
provide a series of strong organic bases to complement the 
weaker aniline and pyridine bases for use in physical-or- 
ganic research. Acetonitrile was chosen as the solvent since 
it is an aprotic solvent that is easy to purify and has a wide 
range of applicability in physical-organic measurements. The 
present work extends the range of strong bases to 1 ,1,3,3- 
tetramethylguanidines (TMG) substituted with various pyr- 
idyl groups at the N-2 position and also provides pK, values 
of the conjugate acids of a series of aminopyridine bases in 
both acetonitrile and water solvents. The first objective is to 
provide a quantitative relationship between thi pK,, in the 
solvents to allow a more reliable estimate of the pK, of the 
conjugate acid of a particular base in acetonitrile from that 
in water. Coetzee and Padmanabhan (2) found no such 
quantitative relationship for a series of amines consisting 
mainly of aliphatic bases, but they did find that the pK,,'s of 
the conjugate acids correlated with the Taft substituent con- 
stants, Xu:':, with the same slopes in acetonitrile solvent as 
those determined by Hall (3) in water. 

It has been known' for a long time (4) that Hammett u 
constants, determined using phenyl-substituted substrates, 
could be used to correlate substituted pyridines. The second 
objective of the pK,, determinations for the aminopyridines 
is to demonstrate the validity of Hammett correlations in 
multiply-substituted pyridines and provide a body of data that 
will allow the standard methods of predicting pK,,'s in water 
(5) to be used directly in acetonitrile. 

Results and discussion 

Table 1 presents the pK,, values of the conjugate acids of 
the bases in acetonitrile and water solvents, together with the 

'visiting Scientist (1991-1992) from Arak University, Arak. 
Iran. 

'~ostdoctoral Fellow ( 1  991-1992). 

stronger in acetonitrile than in water, as previously ob- 
served (1, 2), probably due to the weaker proton acceptor 
power of acetonitrile relative to water (2). It was shown (1) 
that the procedure of simply averaging the ApK, values was 
not a satisfactory method of estimating the pK, in one sol- 
vent from a measurement in the other, since the error may 
be more than half a pK,, unit. Uncertainties of this magni- 
tude are usually too large for meaningful discussion of ki- 
netic or other data. 

The relationship between the pK, values in acetonitrile and 
water for the bases in the present study is represented by eq. 
[1], with a correlation coefficient (c.c.) of 0.994. 

This relationship is complementary to the phenylTMG 
series previously published (1) and gives a range of bases in 
acetonitrile from a pK,, of 3.0 up to 23.9 (for DBU (1)). 
Schesinger (8) reported a value for DBU (1,s-diazabicy- 
clo[5.4.0]undec-7-ene) of 24.32 in acetonitrile and also two 
2,4-diaminovinamidines with pK, values of 26.22 and 26.92 
in the same solvent. Thus there is a wide range of nitroger, 
bases of known pK,, in acetonitrile over a scale of about 24 
pK,, units. 

If the 22 bases reported for the phenylTMG series (1) are 
combined with the 16 bases in Table 1 ,  the relationship (c.c. 
0.982) between p ~ , A "  and p ~ , , W  is given by eq. [2]. 

It is interesting to note that all the bases fall on the same 
correlation line despite the fact that the aminopyridine bases 
are protonated on the ring nitrogen atom, while the pyr- 
idylTMG bases are protonated on the N-2 atom of the T M G  
group, although no doubt considerably delocalized onto the 
N-1 and the N-2 atoms (9). Thus the solvent effect does not 
depend on the environment of the proton in the conjugate acid 
of the base, nor does it depend upon specific solvation of the 
picrate anion, since Coetzee and Padmanabhan (2) found 
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TABLE 1. pK, values for derivatives of TMG and pyridine bases in acetonitrile and water solvents 

No. Compound p K t N  pKaw A ~ K ~ ~ ~ -  Cu 

2-(2'-Py ridy l)TMG 
2-(3'-Pyridy1)TMG 
2-(4'-Py ridy l)TMG 
2-(5'-Methyl-2'-pyridy1)TMG 
2-(5'-Chloro-2'-pyridy1)TMG 
2-(5'-Bromo-2'-pyridy1)TMG 
2-(5'-Nitro-2'-pyridy1)TMG 
2-(4',6'-Dirnethyl-2'-pyridy1)TMG 
2-Aminopyridine 
3-Aminopyridine 
4-Aminopyridine 
2-Amino-5-methylpyridine 
2-Amino-5-chloropyridine 
2-Amino-5-bromopyridine 
2-Amino-5-nitropyridine 
2-Amino-4,6-dimethylpyridine 

"From ref. 6. 
"From ref. 7. 

virtually the same pK, values for picrates and perchlorates. 
This confirms that the solvent effect must be due to the poorer 
proton-accepting ability of acetonitrile relative to water. 

Equation [2] may be used to estimate pK, values in water 
for strong bases that are affected by the levelling effect in 
water. We previously estimated the pK, of DBU in water as 
14.3 from a p ~ b N  of 23.9, but the application of eq. [2] gives 
a value of 15.2k0.5. If the Schesinger value of 24.3 in ace- 
tonitrile is used, DBU would have a pK, in water of 15.7. 
Since DBU has a similar structure to the bases correlated by 
eq. [2], these values should be better estimates than our 
previous one. The large uncertainty in such an estimate 
demonstrates the need to measure pK>, values directly when- 
ever this is possible. 

Hammett plots may be constructed for all of the pyr- 
idylTMG compounds in Table 1 using the o values for the 
=N- group of the pyridine ring given by Perrin et al. (ref. 
5 ,  p. 139) and the normal o values (1, 5) for the substi- 
tuents on the pyridine ring, both relative to the position of 
the TMG group, to give Co in Table 1. These are described 
by eqs. [3] (c.c. 0.989) and [4] (c.c. 0.987) for acetonitrile 
and water solvents, respectively. 

The intercepts of eq. [3] and eq. [4] should be equal to the 
pK, of phenylTMG in acetonitrile and water, respectively. 
The agreement in acetonitrile, between 20.7k0.1 from eq. 
[3] and the literature value of 20.6+0.1(1) is very good, but 
in water eq. [4] gives 11.5k0.1, whereas Pruszynski found 
12.18k0.02 (10). In acetonitrile, at least, the pK, of a sub- 
stituted pyridy ITMG could, therefore, be predicted with good 
accuracy from that of phenylTMG. The p values are very 
similar to those found for the substituted phenylTMG com- 
pounds, i.e., p = 2.1820.16 in CH,CN (1) and 1.84k0.05 
in water (10). Within k u  they are the same in CH,CN and 
differ by only a little more than this in water. The p values 
are clearly different in the two solvents, unlike the obser- 
vation for aliphatic bases (2, 3). 

It is concluded that the electronic effects governing the base 
strengths of pyridyl-substituted tetramethylguanidines gen- 
erally parallel those of the phenyltetramethylguanidines. 

Hammett plots for the aminopyridines in Table 1 are de- 
scribed by eqs. [5] and [6], with correlation coefficients of 
0.983 and 0.999 respectively. 

The correlation found in water confirms earlier work of 
Charton (1 l ) ,  who obtained p = 5.70 and an intercept of 
5.39, and also that of Clark and Perrin (12), who found p = 

5.90 and an intercept of 5.25 for pyridinium ions in water. 
The pK;, of pyridine in water is 5.23 (6). The p value of 6.16 
in acetonitrile shows that the sensitivity of this reaction 
constant to solvent change is less for pyridinium ions than it 
is for the tetramethylguanidinium ions. The intercept of 12.8 
is somewhat higher than the pK, of pyridine in acetonitrile, 
which was reported by Coetzee and Padmanabhan (2) as 
12.33. Thus the pyridine bases are not as well correlated in 
acetonitrile as they are in water and also not as well corre- 
lated as the TMG bases in acetonitrile. Therefore, the pre- 
diction of the pK,, of a pyridine base in acetonitrile can be 
done only with moderate accuracy. 

Experimental 
Substituted 2-pyridyl- 1,1,3,3-tetramethylguanidines were syn- 

thesized using a modification of the procedure of Bredereck (13). 
A solution of 1,1,3,3-tetramethylurea (0.1 nlol) (Aldrich, dried over 
4A molecular sieve) in dry benzene (100 mL) was treated drop- 
wise with a solution of POCI, (0.2 mol) in dry benzene (30 mL). 
The reaction was stirred at room temperature overnight and a so- 
lution of the appropriate arninopyridine (0.15 mol) in dry benzene 
(80 mL) was added in several portions. The reaction mixture was 
stirred for 20 h at 75-80°C, after which the solid was separated and 
washed several times with benzene. The solid was then dissolved 
in water and 2 N NaOH solution was added to bring the pH to about 
14, followed by extraction with benzene, drying over anhydrous 
sodium sulphate, evaporation, and vacuum distillation under re- 
duced pressure. In some cases further purification was carried out 
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by tlc. The amount of POC13 used was larger than that reported by 
Bredereck (13) and this increased the yield calculated on the amount 
of tetramethylurea used. 

2-Amino, 3-amino, and 4-aminopyridine were commercially 
availale (Aldrich) and were dried and further purified as neces- 
sary. 

Picrates of the bases under study were obtained by mixing equi- 
molar amounts of the bases and picric acid in 95% ethanol. This 
mixture was refluxed for 30 min, cooled to room temperature, and 
poured into an excess of water. The fine yellow crystals that pre- 
cipitated were crystallized from ethanol and were dried in a vac- 
uum desiccator. These preparations were carried out on a small scale 
and the picrates were handled carefully with due regard to the fact 
that ammonium picrate has been used in the explosive warhead of 
some naval shells. 

The melting points were measured using a Fisher-Johns melt- 
ing point apparatus and are uncorrected. The 'H and "C nmr spectra 
were run in chloroform-d, unless otherwise stated, with TMS as the 
internal reference, using a Nicolet 360 NMR spectrometer with 
Fourier transform, at the Atlantic Resonance Centre, Dalhousie 
University. The mass spectra were recorded on a modified Du Pont 
CEC model 21-104 mass spectrometer at 70 eV. The "C nrnr sig- 
nals are reported in the sequence presented on structure I, fol- 
lowed by the signals for substituents on the heterocyclic part of the 
molecule. 

2-(2'-Pyr.idy1)-1, I ,3,3-rerr-at~1erhylg~lnr1irline 
Yield 38%; bp 110-1 15"C/0.3 Torr (1 Torr = 133.3 Pa); 'H nmr 

6: 8.2(1H, d, 5 .0Hz),  7.4(1H, t, 6.0Hz), 6.68(2H, m), 2.7(12H, 
s); "C nrnr 6: 162.0, 114.7, 137.1, 116.7, 148.4, 163.7, 39.7; ms. 
(rel. int., %): 193(8), 177(4), 148(61), 78(100). Picrate: mp 148- 
150°C; 'H nrnr N'H 6: 10.05(1H, bs). 

2-(3'-Pyrirlj11)-1, 1,3,3-rermt~1erhylgunr1irIit1e 
Yield 36%; bp 1 12-1 15"C/0.3 Torr; 'H nmr 6: 8.07(1H, d ,  

5 .0 Hz), 7.99 ( l H ,  s), 7.12 ( lH,  t, 5.0 Hz), 7.03 ( l H ,  d, 6.0 Hz), 
2.8(12H, s); "C nmr 6: 140.9, 148.1, 128.1, 123.5, 143.7, 160.7, 
39.7; ms (rel. int., %): 193(6), 192(46), 177(10), 148(100), 78(25). 
Picrate: mp 141-144°C; 'H nrnr N'H 6: 10.00(1H, bs). 

2-(4'-Pyr.idy1)-I, 1,3,3-rerratnerhylguanirline 
Yield 30%; bp 1 18-12O0C/0.3 Torr; ' H  nrnr 6: 8.15(2H, d ,  

5.0 Hz), 6.41(2H, d, 5.0 Hz), 2.57(12H, s); nrnr 6: 149.9, 
116.8, 158.8, 116.8, 149.9, 161.2, 39.7; ms. (rel. int., 76): 193(7), 
192(37), 177(7), 148(100), 78(26). Picrate: mp 153-155°C; ' H  nrnr 
N'H 6: 10.41 ( l H ,  s). 

2-(5'-~erh~l-2'-~~rirl).1)-1, I ,3,3-rert-amerh~~lg1i~znirlit1e 
Yield 40%; bp 115-12O0C/0.3 Torr; 'H  nrnr 6: 7.9(1H, d, 

2 .0Hz),7.2(1H, d d , 2 a n d 8 H z ) , 6 . 6 ( 1 H , d . 8 h z ) , 2 . 8 ( 1 2 H ,  s); 
I3c nrnr 6: 161.3, 116.1, 138.0, 123.5, 148.1, 161.6, 39.6, 17.6; 
ms. (rel. int., %): 206(88), 162(7 l ) ,  148(100), 1 19(12), 92(79). 
Picrate: mp 146-147°C; 'H nrnr N-'H 6: 8.4(1H, bs). 

2-(5'-Chlor.o-2'-pyrirl~~l)-I, I ,3,3-rerramerhylgrro,lidi,le 
Yield 42%; bp 120-125"C/0.3 Torr; ' H  nrnr 6: 8, 9(1H, d, 

2 H z ) ,  7.3(1H, dd, 2 a n d 8 H z ) .  6.6(1H, d, 8 Hz),2.8(12H, s); 

'"nmr 6: 162.0, 117.5, 136.9, 121.8, 146.6, 162.4, 39.7; ms (rel. 
int., %): 226(65), 182(80), 139(10), 127(43), 1 12(100), 77(38). 
Picrate: mp 138-139°C; 'H nrnr N'H 6: 11.4(1H, bs). 

2-(5'-Brotno-2'-~r.id~~I)-I, I ,3,3-rerramefhylguatlidi11e 
Yield 45%; bp 120-125"C/0.3 Torr; 'H nmr 6: 8.2(1H, d, 

2Hz) ,7 .6 (1H,  dd, 2 a n d 8 H z ) ,  6 .6(1H, 8Hz),2.8(12H,s) ;  "C 
nmr 6: 162.3, 118.2, 139.6, 109.7, 148.9, 162.4, 39.7; ms (rel. 
int., %): 27 1(92), 227(97), 2 1 1(100), 190(80), 157(95), Picrate: 
mp 135-136°C; 'H nrnr N'H 6: 10.7(1H, bs). 

2-(5'-Nifro-2'-p~~ridyl)-l, I ,3,3-teframefhylguanidine 
Yield 38%; bp 130-138"C/0.3 Torr; 'H nrnr 6: 9.1(1H, d, 

2Hz) ,8 .2 (1H,  d d , 2 a n d S H z ) , 6 , 6 ( I H , d , 8  Hz),2.8(12H,s) ;  
"C nrnr 6: 164.9, 115.5, 132.3, 136.1, 146.6, 167.4, 40.0; ms. 
(rel. int., %) 237(100), 193(88), 179(99), 147(66), 124(7). Pic- 
rate: mp 123-125°C; 'H nmr N'H 6: 9.6(1H, bs). 

2-(4',6'-Dimerhyl-2'-pyr.id~>l)-1, I ,3,3-rerramerhylguanidine 
Yield 45%; bp 118-125"C/0.3 Torr; 'H nmr 6: 6.3(1H, s), 

6.2(1H, s), 2.6(12H, s),  2.3(3H, s), 2.1(3H, s); "C nrnr 6: 161.2, 
113.6, 147.8, 115.7, 156.3, 162.6, 39.7, 24.5, 20.8; ms (rel. int., 
%) 220(82), 176(42), 162(100), 121(36), 106(55). Picrate: mp 14 1- 
142°C; 'H nmr N'H 6: 8.9(1H, bs). 

Tetraethylammonium perchlorate was recrystallized from ben- 
zene and dried in a vacuum oven at 60°C. 

Acetonitrile was prepared by the method of O'Donnell er al. (14), 
followed by fractional distillation from P?05 and calcium hydride. 

The pK, measurements in acetonitrile solvent were carried out 
using the potentiometric method of Coetzee and Padmanabhan (2, 
15). The H-type cell and the detailed method have been described 
previously ( 1). 

The pK,, measurements in water were carried out spectrophoto- 
metrically using a Cary 219 uv-vis instrument equipped with a 
thermostated cell, as previously described by Pruszynski (10). 
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Excess properties for acetylacetone + pentanols systems at 298.15 K 

ROQUE ~ 1 ~ ~ 1 0 , ~  HECTOR E. MARTINEZ, AND NORMA Z. DE SALAS 
Faculmd de Ciencias Narumles, Univer-sitlad Ntrciot~~d de Strltn, Buerros Aires 177, 4400 Snltcr, Republics Argetrtincl 
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ROQUE RIGGIO, HECTOR E. MARTINEZ, and NORMA Z. DE SALAS. Can. J. Chem. 70, 2859 (1992). 
From experimental densities, viscosities, and refractive indexes for the acetylacetone + I-pentanol, + 2-Pentanol, + 

isoamyl alcohol, and + tert-amyl alcohol systems at 298.15 K, the excess molar volumes, excess viscosities, excess 
molar free energies of activation of flow. and excess internal pressures were calculated over the whole concentration 
range. Conclusions about the rnolecular interactions in  these mixtures were drawn from the variations of the excess 
functions with the composition. 

ROQUE RIGGIO, HECTOR E. MARTINEZ ct NORMA Z .  DE SALAS. Can. J. Chem. 70, 2859 (1992). 
Utilisant les densites, les viscositCs et les indices de refractions experimentaux des systemes acCtylacCtone + pentan- 

1-01, + pentan-2-01, + alcool isoamylique et + alcool tert-amylique, ii 298,15 K ,  on a calculC les volumes molaires en 
exces, les viscositCs en excks, les energies libres d'activation molaires en exctts de I'Ccoulement et les pressions internes 
en exctts, pour l'ensemble des concentrations. En se basant sur les variations des fonctions en exctts en fonction de la 
composition, on a pu tirer des conclusions relativement aux interactions niolCculaires presentes dans ces melanges. 

[Traduit par la redaction] 

Introduction 

The excess properties of binary liquid solutions are fun- 
damental for the design of industrial equipment and for the 
interpretation of the liquid state, particularly when polar- 
polar liquids are the components of the mixtures. Continu- 
ing our study on these types of systems (alcohols + ke- 
tones) (1-3) we report here the excess properties: molar 
volumes (p), viscosities (qE), molar free energies of acti- 
vation of flow (G:':"), and internal pressures (piE), for the 
following mixtures: (i) acetylacetone (AA) + n-pentanol (PI) ,  
(ii) acetylacetone (AA) + 2-pentanol (P,), (iii) acetylace- 
tone (AA) + isoamyl alcohol (IA), and (iv) acetylacetone 
(AA) + tert-amyl alcohol (TAA). 

Experimental 

Matericrls 
Acetylacetone, n-pentanol, 2-pentanol, isoamyl alcohol, and 

tert-amyl alcohol (all Merck Darmstadt p.a.) werc dried over an- 
hydrous K2C0, and fractionally distilled under a nitrogen atrno- 
sphere. In each case the middle fraction was collected and stored 
over 0.3 nm n~olecular sieve for alcohols and 0.4 nm rnolecular 
sieve for acetylacetone to prevent water absorption. The mixtures 
were prepared by mixing accurately weighed quantities of the pure 
liquids. Caution was taken to prevent evaporation. 

. . ,, 

Density (p )  
Densities were determined with an Anton Paar DMA46 calcu- 

lating density meter with a built-in thermostat. We estinlated that 
the reported densities were accurate to within i O .  I kg n1C3. 

The measurcnients were carried out with a Cannon-Fcnske vis- 
cosimeter calibrated with doubly distilled watcr and benzenc (ac- 
curacy 20.5%). 

Reifi'nctive irtde,r (no) 
The refractive indexes of the pure componcnts (sodiun~ o line) 

were measured with a Jena dipping refractomctcr with an accu- 
racy of i0.00002. For viscosity and rcfractivc inclex. a thermo- 
statically controlled bath, constant to ?0.0I0C, was used. 

' ~ u t h o r  to whom correspontlence may be adclrcsscd. 
'~evision received June 26, 1992. 

Results 
The experimental physical properties of the pure liquids 

are reported in Table 1 ,  along with the literature values for 
comparison. Densities, viscosities, and refractive indexes of 
the binary mixtures can be calculated from the experimental 
data, knowing the mole fraction, by the following equation: 

I ,  

where A, and A, are the properties of the pure components. 
Table 2 shows the values of the coefficients a, as well as their 
standard deviation, calculated by the method of least squares. 

The excess functions of the binary systems can be repre- 
sented by a Redlich-Kister form of the type: 

I 

where X" represents v", q", G : ~ : ~ ,  and piE, X, and xJ the mole 
fractions of the components i and j ,  respectively, and a, the 
polynomial coefficients. The least-squares method was used 
to determine the values of the coefficients. In each case, the 
optimum number of coefficients was ascertained from an 
examination of the variation of the standard error of esti- 
mate with 17: 

[3] vv = [x(xEClh, - X ~ ~ ~ ] ) ' / ( , Z , , ~ \  - n)]"' 

where II,,,, is the number of measurements. 
The excess functions were calculated with the following 

equations: 

[4] vE = V - (XIVI + x'V,) 

= [(xIMl + x,M,)/pl - (.rlVl + -r2V~) 

[5] q E  = q - q i d  = q - exp (x, In q ,  + x2 In qz)  

161 G:*" = RT[ln q V  - (x, In q l V l  + x, In q2V2)1 

E - ~ " ( ' R T  
17' Pi -71 /6v-c /~ l /3v2 /3  - 

2 ' l " ~ ~  ~ " " R T  
2 1 1 6 ~ ~  - c / l ~ l / ~ ~ l ' / 3  + .r2 7 '  - 

- (/?N v ~ ~ / ~  I 
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TABLE 1. Experimental physical properties of the pure liquids at 298.15 K" 

P 

Component Expt. Lit. (ref.) Expt. Lit. (ref.) Expt. Lit. (ref.) 

1.44893 - 

1.4079 1 1.4079 ( 18) 
1.4043 1 1.4044 ( 18) 
1.4052 1 1.4052 (18) 
1.40242 1.4024 ( 1 8) 

AA 968.3 - 

P I  811.1 81 1.5 (18) 
f'? 805.3 805.4(18) 
I A 806.6 807.1(18) 
TAA 805.0 805.0 (18) 

"Units: p. kg m-'; 7, mPa s. 

TABLE 2. Coefficients ak for eq. [I]  and standard deviations for the binary systems at 298.15 K" 

Systems ao a I 0, 03 04 0, 

P 
AA + TAA 1 

' 1  I> 

"Units: p, kg m- ' ;  7, mPa s 

where V and q are the molar volumes and the viscosities of 
the mixtures; V,, VZ, q l ,  and q ,  are the molar volumes and 
viscosities of the pure components, respectively; q'l' is the 
viscosity of ideal mixture. The excess internal pressures (piE) 
of the liquid mixture have been obtained (4) by the equa- 
tion: 

Discussion 

All the alcohols are considered to be associated sub- 
stances (7, 8),  but when the alcohols are mixed with polar 
solvents (in our case a ketone), a breakdown of the alco- 
hol's associated structure occurs and specific interactions 
could be present (9). In this paper, we report the values of 
the following excess properties: molar volumes (vE) ,  vis- 
cosities (qE),  free energies of viscous flow ( G ' ~ ~ ) ,  and inter- 
nal pressures (pi"). 

For the excess molar volumes, there are two factors that 
explain the behavior of this property as related to the com- 
position in these mixtures. ( a )  The disruption of the hydro- 
gen-bonded alcohol structure gives rise to a positive 
contribution to V" The positive contribution depends on the 
dielectric constant of the ketone (lo),  and on the chain length 
(1 1) and the degree of branching in the alcohol (12). (b) The 
fact that the interactions between unlike molecules in all the 
systems are weaker than the interactions between like mol- 
ecules also produces a positive contribution to vE. 

Factors that make a negative contribution to  re (0) the 

where Pi ,  P i ,  and Pi, are the internal pressures of the mix- 
ture and the pure components, respectively, and can be ob- 
tained from the Buchler-Hirschfelder-Curtis equation of state 
(5): 

N is Avogadro's number and d the nlolecular diameter of the 
mixture or the pure components, calculated by following 
relation (6): 

I /3  geometrical fitting of thi ketone into the remaining alcohol 
no- - 1 

[ l o ]  d = 2  y V L ]  structure (13, 14) and (b) unlike specific interactions due to 
n , > - $ 2  4 T N  [ ' formation of new chemical species in the mixtures. 

The excess volumes v h e a s u r e d  at 298.15 K are plotted 
tzI, are the refractive indexes of the mixtures or the pure vs. composition in Fig. I .  ~ % e  positive for all systems and 
components. we can conclude that in all cases the positive contributions 

Table 3 shows the values of the coefficients n,! for the ex- to  rise from the breaking of the self-associated alcohol 
cess functions of the binary systems and their standard de- structure with the ketone acting as a diluent. From the anal- 
viation, calculated by the method of least squares. ysis of Fig. 1, we observe that ~ " ' s  are greater when the said 
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TABLE 3. Coefficients aL from eq. [2] and standard deviations for the binary systems at 
298.15 K" 

Systems Coefficients vE x loh qE G : ~ E  piE 

"Units: V", m' mol - ' ;  mPa s; pi", kbar. 

A A  A A  

FIG. I .  Molar excess volumes of the systems at 298.15 K.  FIG.^. Excess viscosities of the systems at 298.15 K. 

compounds are mixed with secondary and tertiary alcohols or tertiary carbon and the branched alcohols produces a less 
than when mixed with primary alcohols, it being evident from negative contribution to V' on mixing. The typical contri- 
our results that the (OH) alcohol function at the secondary butions appearing in these types of systems are due to those 
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A A - P  
2 

FIG. 3. Molar excess free energies of viscous flow activation by 
the systems at 298.15 K.  

caused by the dipole-dipole interaction and, on the other 
hand, that caused by the effect of the self-association of the 
alcohol. This self-association effect seems to predominate 
over the former when the alcohol is not primary. The incre- 
ments for the vE's, with respect to the negative contribu- 
tion, are in the following order: 

which are according to ref. 15. 
The smooth representation of the T E  values is presented 

in Fig. 2 and shows negative values for the excess viscosi- 
ties for all the systems, which are interpreted in terms of 
dominant dispersion forces (16). The values obtained for T" 
show the following-decreasing order: 

Such an excess function lets us draw conclusions about in- 
teractions present in the mixtures. Negative deviations oc- 
cur when dispersion forces are responsible, according to the 
order given above, which is in complete agreement with the 
conclusions reached for the vE's. 

From the analysis of the dependence of GeE upon com- 
position (Fig. 3), we observed an increment of negative de- 
viations in the following order: 

It is known that the strength of interactions increases as G ' I ' ~  
diminishes, and the data obtained indicate that interactions 
decrease in the given order, in total accord with the conclu- 
sions pointed out previously. 

Figure 4 shows negative deviations for the piE's over the 

FIG. 4. Excess internal pressures of the systems at 298.15 K. 

whole concentration range, for all the systems, in this se- 
quence: 

The negative values of the piE's indicate in a qualitative way 
that the repulsion forces are greater than the forces of at- 
traction, on the other hand, positive piE values imply the 
forces of attraction are greater than those of repulsion. The 
values obtained for excess internal pressures present good 
agreement with the Dunlap and Scott (17) prediction that the 
systems with a positive maximum in the vE will exhibit a 
minimum in the piE. 

If we compare the ~ % n d  rlE values in this study with those 
of methylisobutylketone (MIK), already published for the 
same alcohols (1-3), we conclude: (a) VE for the mixtures 
with MIK are less positive than vE for the mixtures with AA; 
(b) -qE for the mixtures with MIK are less negative than the 
-qE for the mixtures with AA. This shows that more inter- 
action exists between the alcohols and MIK than with AA. 
In principle, three types of interactions appear when mixing 
an alcohol + AA. These are (a) keto-enol, (b) keto-alco- 
hol, and ( c )  enol-alcohol effects. The more predominant 
effects in our systems are the keto-en01 interactions. 
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Solubility measurements and determination of Setschenow constants for the 
pesticide carbaryl in seawater and other electrolyte solutions 
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MIGUEL. ANGEL HUERTA-DIAZ and Sr~vlo  ROIIRIGUEZ. Can. J .  Cheln. 70, 2864 (1992). 
Accurate solubility measurements covering the range 278-3 18 K were obtained for the carbamate pesticide carbaryl 

(I-naphthyl-N-niethylcarbamate) in  water, natural and artificial seawater, and NaCI, NalSO,, CaCIl, and (CH3),NBr 
electrolyte solutions. Carbaryl solubilities were determined using a combination of a generator column method and 
spectrophotonietric techniques. In all cases the solubility of carbaryl in  water and in the electrolyte solutions increased 
with an increase in temperature. The salt effect on the pesticide solubility as a function of temperature was obtained by 
calculating the Setschenow constants for each one of the electrolyte solutions. Salting-out was observed in solutions 
prepared with NaCI, NalSO,, and CaC1, as well as in natural and artificial seawater, whereas salting-in was observed 
with (CH3),NBr solutions. 

MIGUEL ANGEL HUERTA-DIAZ et SILVIO RODRIGUEZ. Can. J .  Chem. 70, 2864 (1992). 
Operant a des tempCratures allant de 278 a 3 18 K ,  on a determine avec precision la solubilitt du carbaryl (l-naphtyl- 

N-methylcarbarnate), un pesticide de la Farnille des carbaniates, dans I'eau, dans des eaux de mer naturelle et artificielle 
et dans des solutions de NaCI, de Na,SO,, de CaCI, et de (CH,),NBr agissant comme electrolytes. On a determink les 
solubilites du carbaryl en utilisant une conibinaison d'une methode de colonne generatrice et de techniques spectropho- 
tometriques. Dans tous les cas, la solubilitC du carbaryl dans I'eau et dans les solutions d'Clectrolytes augmente avec 
une augmentation de la temperature. On a dCtemiin6 I'effet de sel sur la solubilitt du pesticide en fonction de la te~npkrature 
en calculant les constantes de Setschenow pour chacune des solutions d'Clectrolytes. On a observe un relargage dans les 
solutions preparkes avec du NaCI, du Na,SO, et du CaCI, ainsi qu'avec les eaux de mers naturelle et artificielle; I'in- 
verse a CtC observe avec les solutions de (CH3),NBr. 

[Traduit par la redaction] 

Introduction 

The extent to which aquatic biota are exposed to a toxi- 
cant such as a pesticide is largely controlled by its aqueous 
solubility (1). Solubility measurements can also be used to 
predict or  extrapolate such parameters as transfer coeffi- 
cients from residence in soils into runoff and ground water, 
systemic penetration into aqueous tissues, and distributions 
from formulations into aqueous spray carriers (2). In addi- 
tion, solubilities are of thermodynamic interest since they can 
provide information fundamental in understanding hydro- 
phobic interactions and in calculating the transfer properties 
of solutes between various solvents. 

Since most pesticides are organic compounds of low nio- 
lecular weight they show a hydrophobic character, having 
water solubilities in the ppm or even ppb range (3). Solu- 
bility measurements can be affected either by the tempera- 
ture or by the ionic strength of the dissolving medium. Hence, 
the presence of a third component such as an electrolyte may 
substantially change the solubility of nonpolar molecules. 
This is the case of the salting-out effect of sodium chloride 
and other salts present in seawater (1). The magnitude of this 
effect can be calculated by using the empirical relationship 
developed by Setschenow (4) 

where ks is the Setschenow constant, and S,, and S represent 
the solubilities in mol kg-' of the nonelectrolyte in water and 
in the electrolyte solution of concentration C,, respectively. 
A positive value for ks indicates salting-out and a negative 
one indicates salting-in. 

'Current address: INRS-Eau, UniversitC du QuCbec. C. P. 7500, 
Sainte-Foy (Quebec), Canada G IV 4C7. 

Salt effect studies provide considerable information of 
theoretical importance concerning the complex interactions 
of ions and neutral molecules and the unique nature of water 
as a solvent. Additionally, knowledge of salting-out effects 
can have practical applications on the separation of non- 
electrolytes from water solutions (5). 

Carbaryl, the common name for the carbaniate pesticide 
1-naphthyl-N-methylcarbamate, is a white crystalline solid 
soluble in most polar solvents (6). It was introduced in 1956 
under the trade name "Sevinn and since then its toxicity (refs. 
7- 11) as well as its physicochemistry (refs. 12-20) has been 
documented by several researchers. Carbaryl is currently used 
as a preharvest pesticide for the protection of fruits, vege- 
tables, and field crops and is one of the most widely used 
carbaniate insecticides (21). Carbaryl has also been eni- 
ployed in the aquatic environment to control the pests and 
predators of oysters (e.g., starfish, oyster drills (6)). How- 
ever, some deleterious secondary effects have been ob- 
served. For example, Brown (22) noted that concentrations 
as low as I ppb of carbaryl could inhibit the development of 
clam eggs. Other studies (23) have indicated that carbaryl 
may be teratogenic. It is thus important to have reliable in- 
formation on the solubility of this pesticide in natural water 
systems in order to make a proper assessment of its toxic 
implications for the aquatic fauna and the environment. 

This paper reports solubility data of the pesticide carbaryl 
in water, natural and artificial seawater, and in solutions 
prepared with the major seawater salt components NaC1, 
Na,SO,, and CaCl?. In addition, the quaternary salt (CHI),- 
NBr (tetraniethyla~ninonium bromide) was utilized to in- 
vestigate the salting-in effects of this compound on the 
solubility of carbaryl. All solubilities were measured as a 
function of temperature and electrolyte concentration and 
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were subsequently used to evaluate salt-induced effects 
through the calculation of  Setschenow constants. 

Experimental 
All reagents used were analytical grade or better and were used 

as received without further purification. Carba~yl was obtained from 
Chern Service as an analytical standard. All solutions were pre- 
pared with deionized water distilled in an all-glass still with a dis- 
solved organic carbon content of <0.2 ppm (C0.02 ~ m o l  m ~ - ' ) .  
Natural seawater was IAPSO standard seawater (Institute of 
Oceanographic Sciences, Surrey, England) with a stated chlorin- 
ity of 19.3770%. Artificial seawater was prepared according to the 
recipe given by Kester et 01. (24). The ~naximum electrolyte con- 
centrations utilized were selected based on their abundance in nat- 
ural seawater. 

The concentration of carbaryl in the different solutions was de- 
termined spectrophotometrically using a Varian model Cary 219 
UV-VIS spectrophotometer equipped with a double beam, with a 
nominal slit of 0.5 nm and a special attachment to the cell holder 
that allowed the use of a thermoregulated bath. All nieasurements 
were made using I-m matched quartz cells. Te~nperature mea- 
surements were done with a digital telethermometer (Bailey, niodel 
BAT-12) with a resolution of O.IoC. 

The solubilities of carbaryl at different temperatures in water and 
in electrolyte solutions of varying concentrations were measured 
using the method developed by May et L I I .  (25, 26). This method 
has successfully been used by other researchers (1, 27-31) and, 
briefly, it  consists in the generation of saturated solutions of non- 
electrolytes produced by passing the solution acting as solvent 
through a column packed with glass beads previously covered with 
the nonelectrolyte. In this way the surface area is greatly in- 
creased and the time necessary for reaching saturation is de- 
creased substantially. 

For our analyses 4 .0  g of carbaryl were dissolved with approx- 
imately 200 mL of methylene chloride. The resulting solution was 
then mixed with 100 g of glass beads 60-80 mesh and rotoevapo- 
rated to dryness. The beads were then packed into a 100-cm3 Allihn 
condenser with a water jacket 300 mm in length. The condenser was 
connected to a thermoregulated circulating bath (Lauda, niodel B- I )  
with an operating range of 30-100°C and an accuracy of 0.03"C. 
An immersion cooler (Neslab, Cryocool model CC-6011) was used 
to lower the temperature of the circulating water below 30°C. Water 
or electrolyte solutions were pumped through the column at an es- 
ti~nated flow rate of 2 mL niin-'. 

Each new column was initially conditioned by passing 500 I ~ L  
of distilled water at 50°C. After this initial step the column could 
be reset to any desired temperature and solutions could be passed 
through and collected in the quartz cell for measurement. It was 
found by experience that after this initial equilibration step 100 rnL 
of each new solution had to be pumped through before collecting 
the first sample. Each time a-new temperature was set, 30-35 mL 
of the solution had to be passed through the column before taking 
a sample for analysis. 

Results 

Carbaryl shows two distinct peaks in the absorbance 
spectrum, one at 269 nm and the maximum at 279 nm.  Val- 
ues for the solubility concentrations were obtained by con- 
structing a standard calibration curve (linear up  to 0 . 5  pmol  
kg- ' )  and reading at 279 nm.  These values were corrected 
for temperature-induced volume changes by using the equa-  
tion developed by L o  Surdo et 01. (32). The  estimated stan- 
dard error (u X lo-") of this equation over the ~nolality range 
zero to saturation and temperature range 273-323 K are 20.3 
and 14.8 for NaCl and Na,SO,, respectively. In the special 
case of CaC1, and (CH,),NBr, for which no high-accuracy 
density data as  a function of temperature are available, the 

TABLE I. Solubility of 
carbaryl in water between 

278 and 318 K 

T s x 10' 
(K) (mol kg-') 

278 2.71 ? 0.08 
283 3.15 i 0.09 
288 3.74 * 0. I I 
293 4.45 ? 0.13 
298 5.21 2 0.18 
303 6.52 i 0.19 
308 7.86 ? 0.24 
3 13 8.99 4 0.27 
318 10.06 ? 0.31 

correction factors used were the same as those used for 
Na,SO,. This  assumption seems supported by the findings 
of lkono (33) ,  who showed that the difference in density 
between two 0 .5  molal solutions, one of MgCl, and the other 
of CaCl,, was  less than 0 .6% in the temperature range 15- 
45"C, and this difference was even smaller for more dilute 
solutions. Furthermore, the magnitude of the correction 
in all our  data in no  case exceeded 0 . 8 %  of the value. Simi- 
lar corrections were made for seawater (SW) and artificial 
seawater (ASW) following the equations developed by 
Leyendekkers (34). 

Salinity of standard seawater was calculated using the 
equation recommended by UNESCO (35). T h e  "molality" 
In, of seawater, defined as  the sum of the molalities o f  each 
one of the electrolyte components ,  was calculated using the 
equation (34): 

where S' stands for salinity and M' can be considered a s  the 
"corrected" molecular mass of sea salt. For  convenience, 
seawater can be considered a s  a solution cons t i t~~ t ed  of dif- 
ferent electrolytes according to a specific "recipe." In this 
work,  the recipe chosen for A S W  was the one  developed by 
Kester et al. (24) in which M' = 68.08  g "mol-I." 

All solubilities represent the mean of at least three mea- 
surements for each temperature, with the estimated experi- 
mental error expressed a s  one standard deviation. Error 
propagation methods (36) were used throughout this work 
along with the usual standard statistical techniques. 

Table 1 shows that,  a s  expected, the solubility values 
obtained for carbaryl in water increased with temperature 
from (2.71 ? 0.08) X mol kg - '  at 278  K to (10.06 r+_ 

0.31) x rnol kg - '  at 318 K.  Solubility values at differ- 
ent temperatures taken from the literature (37-41) show a wide 
range of values, probably reflecting the lack of reliable sol- 
ubility data for this pesticide. Swann et al. (41), who used the 
same generator column method, obtained a value of 82.6 ppln 
at 298  K.  T h e  difference between their value and the corre- 
sponding solubility determined in this work (5.21 X 10 -' - 
105 ppm) might be attl-ibuted to the different amounts of glass 
beads and pesticide used in each experiment. During the 
course of this work it was observed that the carbaryl concen- 
tration values increased each time larger amounts of glass 
beads and pesticide were used. This  trend continued lip to a 
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TABLE 2. Solubility of carbaryl in sodium chloride and in tetra- 
methylammonium bromide between 278 and 3 18 K 

T s x 10, s x lo4 
( K )  (mol kg-')  (mol kg-')  

certain point at which further increases in their respective 
amounts did not change the solubility values obtained. Fur- 
thermore, concentrations similar to those reported by Swann 
et al .  (41), within experimental error, were obtained each time 
their glass beads/pesticide ratio was used. 

Tables 2-4 show the solubilities of carbaryl as a function 
of temperature and electrolyte concentration for the solu- 
tions made of NaC1, (CH,),NBr, Na2S0,, CaCI, and for 
natural and artificial seawater. As a rule. carbarvl solubili- 

TABLE 3. Solubility of carbaryl in sodium sulfate and in calcium 
chloride between 278 and 298 K 

T S X loJ 
(K)  (mol kg-') 

s x lo4 
(mol kg-')  

TABLE 4. Solubility of carbaryl in natural and artificial seawater 
between 278 and 298 K 

T s x lo4 s x lo4 
(K) (mol kg-') (mol kg-') 

Artificial seawater, 
Seawater, 171 = 0.05199 TII = 0.05298 

278 2.48 + 0.07 2.64 t 0.08 
283 2.94 t 0.09 3.03 + 0.09 
288 3.42 + 0.10 3.64 + 0. I I 
293 4.15 t 0.12 4.28 t 0.13 
298 4.93 t 0.14 5.18 + 0.15 

Artificial seawater, 
Seawater, tn = 0.1029 ~n = 0.1069 

ties increased with increasing temperature and decreased with Artificial seawater, 
increasing electrolyte concentration. Only the tetramethyl- Seawater, rn = 0.5329 tn = 0.5365 
ammonium bromide solutions showed an increase in car- 
baryl solublity with increasing electrolyte concentration 278 1.78 + 0.05 1.91 t 0.06 

283 2.10 t 0.06 2.26 + 0.07 (Table 2). These results were as expected since the solubil- 
288 2.52 + 0.07 2.69 + 0.08 

ity of nonelectrolytes in water is generally reduced by com- 293 3.01 i 0.09 3.22 + 0.09 , 

mon inorganic salts, whereas the tetramethylammonium salts 298 3.62 t 0.11 3.87 + 0.1 l 
often have the opposite effect. 

To  measure th; magnitude of the salting-in or  the salting- 
out effect of the different electrolytes, the Setschenow 
constants (ks) were calculated by fitting the different solu- decreased with increasing temperature. Similar results but 
bilities to eq.  [I  1 using least squares. The results as a func- opposite in trend were obtained for the salting-in of car- 
tion of temperature are given in Figs. In-le. As expected, baryl in tetramethylammonium bromide as shown in Fig. Id. 
the values of the Setschenow constant for carbaryl were The ks values for sodium sulfate and tetramethylammonium 
positive in all the electrolyte solutions except in tetra- bromide (Figs. 16 and I d )  remained essentially constant 
methylammonium bromide where salting-in was observed. throughout the temperature range considered. Calcium 

The Setschenow constants for NaCl (Fig. l a )  generally chloride values for k, (Fig. lc)  showed a maximum at 288 
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T e m p e r a t u r e  (K) T e m p e r a t u r e  (K) 

T e m p e r a t u r e  (K) T e m p e r a t u r e  (K) 

1 
A INatural s e a w a t e r  
n Ar t i f i c i a l  s e a w a t e r  

T e m p e r a t u r e  (K) 

FIG. 1. Setschenow constants (k , )  as a function of temperature for ( a )  sodium chloride, (b) sodium sulfate, (c) calcium chloride, (d) 
tetramethylammonium bromide, and ( e )  natural and artificial seawater. Error bars correspond to + (one standard deviation). 

K but no conclusion can be reached due to the high uncer- ral and artificial seawater were approximately constant for 
tainty associated with each value. the measured temperature range (average of 0.282 2 0.010 

As shown in Fig. le,  the Setschenow constants for natu- and 0.262 + 0.009 kg mol-', respectively). They were also 
, 
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similar to those obtained for sodium chloride (average of 
0.247 t 0.007 kg mol-'), the dominant ionic species in 
seawater, although the trend of the values is somewhat dif- 
ferent, reflecting perhaps the combined contributions of the 
other major constituents of seawater. Setschenow constants 
in natural and artificial seawater were determined in order 
to find if there was any effect due to organic matter that might 
be present in natural seawater. Considering the experimen- 
tal uncertainty of the individual ks values, the observed dif- 
ference between the temperature variation of the Setschenow 
constant in natural and artificial seawater (Fig. le) was not 
clearly established. 

Conclusions 
Accurate solubility measurements for carbaryl in water, 

seawater, and different electrolyte solutions were obtained 
using a generator column system. This method was dem- 
onstrated to be a simple, reliable, and reproducible method 
for determining solubilities of nonpolar molecules like the 
pesticide carbaryl. 

Setschenow parameters of carbaryl were measured as a 
function of temperature for several salts. We found that 
generally an increase in temperature decreased the ks values 
for sodium chloride solutions and remained essentially con- 
stant for sodium sulfate, tetramethylammonium bromide, 
and natural and artificial seawater. General trends in the 
Setschenow constants for calcium chloride solutions were not 
clear due to the high uncertainty associated with each value. 

Because sodium chloride is the dominant ionic species in 
seawater, we would expect a decrease in the solubility of the 
pesticide carbaryl (and other similar toxic compounds) once 
it reaches more saline, carbonate-enriched waters like coastal 
areas. However, this effect could be neutralized in organic- 
enriched natural waters or waters in which highly polariza- 
ble compounds, similar to (CH,),NBr (e.g., borates) are 
present. To have a better understanding of the behavior of 
pesticides in our environment more research must be done 
on this subject. 
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A physicochemical study on organic eutectics and addition compound; 
benzidine-pyrogallol system 
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U. S. RAI and SANTHI GEORGE. Can J. Chem. 70, 2869 (1992). 
The phase diagrams of the binary organic system of benzidine-pyrogallol was determined by the thaw-melt method. 

The solidification behaviour of the pure components, their eutectics, and the addition compound were studied by mea- 
suring the movement of growth front in a capillary. From the data on X-ray diffraction, thermal and microscopic inves- 
tigations it can be inferred that the eutectics are not simple mechanical mixtures of the components involved. The IR 
and NMR spectral investigations were canied out to throw light on the nature of bonding between the two components 
forming the addition compound. 

U. S .  RAI et SANTHI GEORGE. Can. J. Chem. 70, 2869 (1992). 
Faisant appel a la mCthode de fusion, on a determine les diagrammes de phase du systkme organique binaire benzi- 

dine/pyrogallol. En mesurant le mouvement de croissance du front dans la capillaire, on a CtudiC le comportement lors 
de leur solidification des composants purs, de leurs eutectiques et de leur composC d'addition. En se basant sur des Ctudes 
thermiques, microscopiques et de diffraction des rayons X, on peut dCduire que les eutectiques ne sont pas de simples 
melanges des composants impliquCs. Des etudes par spectroscopies IR et RMN ont CtC entreprises afin de faire la lu- 
mikre sur la nature des liaisons entre les deux composants formant le composC d'addition. 

[Traduit par la rCdaction] 

1. Introduction 
The past decade has witnessed (1-6) an immense activity 

both in the fundamental understanding of the solidification 
and properties of polyphase alloys and in the technological 
developments of in situ composites for particular applica- 
tions. Owing to the low transformation temperature, ease in 
purification, transparency, minimised convection effects and 
wider choice of materials, the organic systems (7-12) are 
being used as model systems for a detailed investigation of 
the parameters which control solidification, which in turn, 
govern the properties of materials. As the organic eutectics 
and the molecular complexes are analogues of metal eutec- 
tics and intermetallic compounds, respectively, a system- 
atic physicochemical study of a model system involving 
organic compounds may be of potential importance in un- 
ravelling the mysteries of solidification, bonding, and mi- 
crostructure, among others. In view of this, a binary organic 
system involving benzidine (BZ) and pyrogallol (PG) has 
been chosen to study its phase diagram, linear velocity of 
crystallization, thermochemistry, microstructure, X-ray dif- 
fraction, and spectral behaviour. 

2. Experimental 

2.1 Materials and purification 
AR grade benzidine (CDH, India) was directly used in the pres- 

ent investigation. Pyrogallol (S.d. Fine-Chem Pvt Ltd., India) was 
purified by repeated distillation under reduced pressure and was 
stored in a coloured bottle to avoid exposure to light. The melting 
point of each compound (benzidine, 127°C and pyrogallol, 134OC) 
b a s  compared wiih its literature value (benzidine, 1 2 8 " ~  and py- 
roeallol. 134°C) to assess its ~ u r i t v .  

in ice. Their thaw and melting temperatures were determined using 
a Toshniwal melting point apparatus equipped with a precision 
thermometer which could read correctly up to "-0.5°C. 

2.3 Linear velocity of crystallizatiorl 
The linear velocity of crystallization data for the pure compo- 

nents, the eutectics, and the addition compound were determined 
(15, 16) at different undercooling temperatures by measuring the 
movement of the solid-liquid interface in the capillary tube of 
15 cm length and 0.5 crn inner diameter. 

2.4 Heat of fusion 
Heats of fusion of the pure components, the eutectics, and the 

addition compound were determined (17) by using a Dupont-9900 
thermal analysis DSC apparatus. 

2.5 Microstrricture 
Microstructures of the eutectics and the addition compound were 

recorded (18, 19) by placing the slide containing unidirectionally 
solidified sample on the platform of a Leitz Labourlux D optical 
microscope attached with a camera. 

2.6 X-ray diffraction 
X-ray diffraction patterns of the pure components, the eutec- 

tics, and the addition compound were recorded (20 ,2  1) on a com- 
puterized X-ray diffraction unit, PW 1710 model, using CuK, 
radiation. 

2.7 Spectral studies 
Infrared spectra of the pure components, the eutectics, and the 

addition compound were recorded (22) in the region 4000-625 cm-' 
in Nujol mull using a Perkin-Elmer 783 infrared spectrometer. 
CDCl, was used as a solvent for recording the PMR spectra on Jeol 
FX 90 Q Fourier Transform NMR spectrometer. 

3. Results and discussion 
u . , 

2.2 Phase diagram 
3.1 Phase diagram 

The phase diagram of the benzidine-pyrogallol system was de- The sO1id-liquid data on the BZ-PG 'ystem 
termined by the thaw-melt method (13, 14). In this method, mix- are given in Fig. 1 in the form of a temperature-composi- 
tures of two components covering the entire range of composition tion curve. 'The plot shows the formation of a 1 : 1 addition 
were prepared in different long-necked test tubes. These mixtures compound with congruent melting point surrounded by two 
were homogenized by melting in silicone oil followed by chilling eutectics E, and E,, containing 0.902 and 0.139 mole frac- 

tions of benzidine, respectively. The melting point of pure 
'Revision received July 28, 1992. benzidine is 127.O"C and it decreases continuously with the 
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I I I I 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Mole fraction of pyrogallol 

FIG. 1. Phase diagram of the benzidine-pyrogallol system. 0, 
Melting temperature; a, thaw temperature. 

addition of pyrogallol and attains a minimum at El (1 18.0°C). 
With continued addition of pyrogallol the melting point rises 
to a maximum of 145.0°C at C after which it decreases to a 
minimum of 120.5"C at EZ. At point C the solid and the 
corresponding liquid have identical composition. This phase 
diagram may be viewed as consisting of two simple eutectic 
type phase diagrams placed side-by-side. The flatness in the 
maximum at C suggests that the addition compound is dis- 
sociated (23, 24) in the molten state. 

3.2 Linear velociv of crystallization 
According to Hillig and Turnbull (25), the linear velocity 

of crystallization (v) of each of the pure components, the 
eutectics, and the addition compound is related to the un- 
dercooling ( T )  by the equation 

where u and n are constants. The constants u and n are cal- 
culated from the linear plots (Fig. 2) of log v versus log AT 
and the values are reported in Table 1. It is evident from the 
table that most of the n values are close to 2, thereby sug- 
gesting a square relationship between v and AT. However, 
the deviations in the values of n from 2, observed in some 
cases, may be due to the difference in the bath temperature 
and the temperature. of,the growing interface. In the present 
investigation, both components have a high enthalpy of fu- 
sion, consequently each crystallization step results in a re- 
lease of heat causing the interface to attain a higher 
temperature than the bath. 

From the values of u (Table 1) for the pure components 
and the addition compound, it can be inferred that the crys- 
tallization rate of the addition compound of the BZ-PG 
system is less than that of the parent components. Studies on 
the crystal morphology of the addition compounds indicate 
that they crystallize as a definite chemical entity. However, 
during crystallization, the two components of the melt have 
to enter the crystal lattice simultaneously in such a way that 
the composition of the melt conforms to the respective molar 
ratios of the components. Thus the linear velocity of crys- 
tallization of the addition compound may be expected to be 
of the order of the growth velocity of the species crystalliz- 

log At ('C) - 
1.0 1.2 l.L 1.6 1.8 

/ I /  I I I / I  I 

/ m FyrcgalWnzidine 
Addillon compound 

FIG. 2. Linear velocity of crystallization of the benzidine-py- 
rogallol system. 

TABLE 1 .  Values of u and 11 of benzidine-pyrogallol 
system 

U 

Material (mm s-' deg-I) n 

Benzidine 0.000105 4.00 
Pyrogallol 0.007244 2.50 
Eutectic- 1 0.000724 1.86 
Eutectic-2 0.006918 1.50 
1 : 1 Addition compound 0.000005 3.33 

ing with the lower rate. The value of u for E, (formed be- 
tween benzidine and the addition compound) is higher than 
that of either component while for E, (formed between the 
addition compound and pyrogallol) it lies between the cor- 
responding components. These results may be explained on 
the basis of the mechanism proposed by Winegard et al. (26) 
and substantiated by others. Accordingly, the solidification 
of both the eutectics of BZ-PG system takes place by the 
side-by-side growth of the two components. In the eutectics 
under investigation the addition compound behaves as one 
of the components, and its melting point is higher than those 
of the components it nucleates first. 

3.3 Thermochemical studies 
One may get an idea on the mode of crystallization, 

structure of eutectic melt, and the nature of interaction be- 
tween two components forming the eutectics and the addi- 
tion compound from their heats of fusion. For the purpose 
of comparison, the experimental and calculated values of heat 
of fusion for the eutectics are reported in Table 2. It is evi- 
dent from the data in the table that the calculated (27) val- 
ues of the heat of fusion are higher than the experimental 
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TABLE 2. Heat of fusion and heat of mixing of benzidine-pyrogallol system 

Heat of Entropy of Roughness Heat of 
fusion fusion parameter mixing 

Material (kJ mol-') (kJ mol-' K-I) Asp /R  (kJ mol-I) 

Benzidine 
Pyrogallol 
Eutectic- 1 

(exptl.) 
(calcd.) 

Eutectic-2 
(exptl.) 
(calcd.) 

1 : 1 Addition compound 
(exptl.) 
(calcd.) 

values. If an eutectic is a simple mechanical mixture of two TABLE 3. Excess thermodynamic functions for benzidine-pyro- 
components involving no heat of mixing or any type of as- gall01 system 
sociation in the melt, the heat of fusion will be simply given 
by the mixture law (19). However, when a solid eutectic gE hE sE 
melts there is considerable likelihood of association and Material (J mol-I) (J mol-I) (J mol-I K-I) 

mixing, both causing violation of the mixture law. The dif- ~ ~ ~ ~ ~ ~ i ~ - ~  580.02 1201.28 1.62 
ference between the experimental and calculated values can Eutectic-2 712.32 4383.36 9.34 
be attributed to the formation of clusters in the eutectic melt. 
In the present eutectic system where one component has an 
-NH, group and the other contains an -OH group, both 
the end members have a tendency for hydrogen bond for- 
mation, resulting in a favourable condition for cluster (28) 
formation in the melt. The values of heat of mixing (29) 
(AH,), which is the difference between the experimental and 
calculated values of the heat of fusion, were calculated for 
both eutectics and the data are reported in Table 2. It is clear 
that the values are highly negative. According to thermo- 
chemical studies (13) the structure of the eutectic melt de- 
pends on the sign and magnitude of the enthalpy of mixing. 
Three types of structures are suggested; quasieutectic AH, 
> 0, clustering of molecules for AH,, < 0, and molecular 
solution for AH, = 0. The negative values of AH, for the 
eutectics of the BZ-PG system suggest clustering of mole- 
cules in the eutectic melt. To see a small value of heat of 
mixing in the case of EZ of the system, one might be tempted 
to consider the formation (30) of a molecular solution in- 
stead of a weak interaction. It may be noted that this system 
is quite different from simple eutectic systems where merely 
ordering of the parent phases has been suggested in the melts. 
It seems that there is considerable enhancement in the inter- 
actions due to the presence of molecular complex in the melt. 

The experimental values of the heat of fusion of the ad- 
dition compound determined by the DSC method are re- 
ported in Table 2. Its theoretical value was calculated by a 
method reported earlier (28). It is evident from Table 2 that 
the heat of mixing is highly negative. This suggests (30) that 
the presence of an addition compound enhances the attrac- 
tion among the components. The association is also fa- 
voured by the presence of hydroxyl and amino groups in the 
components. 

The deviation from ideal behaviour can best be expressed 
in terms of excess thermodynamic functions which give more 
quantitative ideas about the nature of the molecular inter- 
actions. It is defined as the difference between the thermo- 
dynamic function of mixing for a real system and the 

corresponding value for an ideal system at the same temper- 
ature and pressure. To understand the nature of interaction 
between two components forming the eutectics, some ther- 
modynamic functions such as excess free energy (gE), ex- 
cess enthalpy (hE) and excess entropy (sE) were calculated 
by a method reported earlier (27). The positive gE values 
(Table 3) suggest (31) that the interaction between like mol- 
ecules is stronger than that between unlike molecules. The 
values of hE and sE correspond to the excess free energy and 
are a measure of the excess enthalpy of mixing and excess 
entropy of mixing, respectively. 

3.4 Microstructure 
It is well known that in a polyphase material the micro- 

structure provides data on the size, shape and orientation of 
the grains in addition to the distribution of the phases in- 
volved. The arrangement of grains and phases in a material 
controls its mechanical properties and decides its various 
applications. The shape (32) that a crystal adopts in the melt 
subsequent to nucleation is controlled by the way in which 
atoms molecules are added onto the solid, which in turn is 
determined by the atomic/molecular structure of the solid- 
liquid interface. However, the interface structure depends 
upon the chemical character of the material in question and 
also upon the thermal environments in which the crystal is 
growing. For a material with entropy of fusion less than 2R 
(where R is the gas constant), the interface which is about 
50% populated is atomically rough and results in non-fac- 
eted growth. On the other hand, for a material with entropy 
of fusion greater than 2R, the interface is perfect with a few 
atoms missing from it, and results in faceted growth. In the 
present investigation, the pure components have their en- 
tropy of fusion greater than 2R, thereby resulting in faceted 
growth. The morphology of eutectics developed in each case 
is influenced by the entropy of fusion of the phases in- 
volved. The microstructures of the eutectics under investi- 
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FIG. 3. Microstructure of the benzidine-pyrogallol eutectic (El) 
x 100. 

FIG. 4. Microstructure of the benzidine-pyrogallol eutectic (E?) 
x 100. 

gation are given in Figs. 3 and 4. While the eutectics E,  of 
the BZ-PG system given in Fig. 3 shows lamellar growth, 
the second eutectic E, (Fig. 4) of this system indicates that 
one of the phases nucleates first and the other phase radiates 
outward perpendicularly. The microstructure of the addi- 
tion compound (Fig. 5) shows faceted growth like pure 
components. 

3.5 X-ray diffraction 
A critical scanning of the current literature (19) reveals that 

there are two conflicting ideas about the nature and bonding 
in eutectics. While one group of workers believes that a bi- 
nary eutectic is a mixture of two kinds of crystals, favour- 
ably oriented with respect to each other, the other group is 
of the opinion that the eutectic grains do not exhibit a fixed 
orientational relationship. To clarify this, the X-ray diffrac- 
tion patterns of the pure components, the eutectics, and the 
addition compounds were recorded and the results are re- 
ported in Tables 4 and 5. It is evident from the reported data 
that the number of reflections of pure components and the 
addition compounds is comparable with the number of re- 
flections of their corresponding eutectics. It can be inferred 
from this observation that they belong to the same crystal 
system and have similar lattices. It is evident from the re- 

FIG. 5 .  Microstructure of the benzidine-pyrogallol addition 
compound (A) x 100. 

sults reported in Table 4 that for the BZ-PG system strong 
reflections of benzidine and the addition compound are either 
absent in the eutectic E l  or show a variation of intensity. 
Accordingly, reflections of benzidine and d values 4.82, 
4.45, 3.12 A show an increase in intensity and those at 4.23, 
3.83, and 3.35 A show a decrease in intensity in the eutec- 
tic E l .  Similarly, reflections of the addition compoupd at d 
values 5.25, 4.47, 4.35, 3.94, 3.84, 3.30, and 3.14 A show 
a decrease in intensity and those at d values 4.58, 3.53, and 
3.10 A show an increase in intensity in the eutectic El .  

The X-ray patterns of the two components should be ex- 
actly superimposed on the eutectic composite if a eutectic is 
a simple mechanical mixture of two components. From the 
diffraction data on the pure components, the eutectics, and 
the addition compound, it can be inferred that there is a 
marked difference in the interplanar distance and the rela- 
tive intensity. The variation in relative intensity of the re- 
flections of pure components in the eutectics and the absence 
of reflections of pure components in eutectics and those of 
eutectics in pure components suggest that the eutectics are 
not simply a mechanical mixture of two components. There 
is orientation of some atomic planes during the formation of 
the eutectics. 

3.6 Spectral studies 
The IR spectrum of benzidine in Nujol shows three bands 

at (i) 3190, (ii) 3320, and (iii) 3400 cm-I due to NH 
stretching vibrations. The IR spectrum of the pyrogallol in 
Nujol exhibits four bands at (i) 3280, (ii) 3250, (iii) 3380, 
and (iv) 3480 cm-' due to OH stretching vibration in the 
compound. The addition compound gives four peaks: (i) 
3300, (ii) 3355, (iii) 3380, and (iv) 3485 cm-I. This may be 
attributed to the merging of a peak of benzidine at 3190 cm-' 
and that of pyrogallol at 3280 cm-I resulting a new peak at 
3300 cm-I in the addition compound because of intermo- 
lecular interaction between the two components. However, 
no definite conclusion can be drawn from the IR data. The 
proton NMR spectrum of benzidine shows a peak at 6 3.52 
due to NH proton, and the ring protons are obtained as mul- 
tiplets in the range 6 6.48 - 6 7.37. Pyrogallol gives a pro- 
ton signal at 6 1.6. The molecular complex of the BZ-PG 
system gives a broad band in the range 6 1.58 - 6 1.14 and 
shows the disappearance of the OH proton signal which may 
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TABLE 4. d values and relative intensity (Rl) of benzidine, eutec- 
tic-1 and the addition compound of the benzidine-parogallol sys- 

tem 

I : 1 Addition 
Benzidine Eutectic- 1 compound 

be due to a slow exchange (33) between the OH and NH 
protons. This upfield shift of NH proton signal may be due 
to intermolecular hydrogen bonding between N of NH, and 
H of OH of pyrogallol. 
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TABLE 5. d values and relative intensity (Rl) of benzidine, eutec- 
tic-2, and the addition compound of the benzidine-pyrogallol sys- 

tem 

I : 1 Addition 
Pyrogal lo1 Eutectic-2 compound 

d (A) R1 d (A) R 1 d (A) R1 

- - 17.20 5 - - 

12.30 100 - - - A 

- - 10.70 100 - - 
- - - - 8.99 8 
8.70 30 - - - - 

- - 8.42 9 - 
- - - - 8.00 8 
6.80 10 - - 6.85 10 
- - - - 6.57 12 
6.10 60 - - - - 

- - 5.99 19 - - 
- - - - 5.85 15 
- - - - 5.70 9 
- - 5.57 11 - - 
- - 5.57 1 1  A 

- 
5.50 50 5.50 29 - - 
- - 5.34 44 5.34 18 
- - - - 5.25 24 
- - - - 5.01 23 
- - - - 4.90 43 
- - - - 4.84 100 
- - 4.60 7 4.58 45 
- - 4.5 1 9 4.53 5 1 
- - - - 4.47 54 
- - 4.40 14 4.35 57 
4.08 20 4.10 7 4.11 73 
- - - - 3.98 24 
3.91 20 - - 3.94 37 
- - - - 3.84 3 1 
- - - - 3.76 22 
3.67 30 3.65 26 - - 
- - - - 3.60 14 
3.52 100 3.56 7 3.53 17 
- - - - 3.39 37 
3.35 20 3.36 14 3.35 39 
3.23 75 3.27 27 3.30 20 
- - 3.21 9 3.20 2 1 
- - 3.17 12 3.14 3 2 
- - - - 3.10 24 
- - - - 3.06 3 1 
3.01 50 - 3.03 25 - 

- - - - 2.98 17 
- - - - 2.92 10 
2.85 40 - - 2.84 9 

1. R. Elliott. Eutectic solidification processing. Buttenvorths, 
London. 1983. 

2. M. M. Schwartz. Composite materials hand book. McGraw 
Hill Book Company, New York. 1984. 

3. K. A. Jackson. Mater. Sci. Eng. 65, 7 (1984). 
4. C.  Schafer, M. H. Johnson, and R. A. Parr. Acta Metall. 31, 

1221 (1983). 
5. R. Elliott. Cast iron. Butterworths, London. 1988. 
6. W. Kurz and R. Trivedi. Proc. Third Int. Conf. on Solidifi- 

cation Processing, Sheffield. 1987. p. 1. 
7. N. B. Singh and K.  D. Dwivedi. J. Sci. Ind. Res. 41, 98 

(1982). 
8. R. P. Rastogi, D. P. Singh, N. Singh, and N. B. Singh. Mol. 

Cryst. Liq. Cryst. 73, 7 (1981). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

88
.2

55
.2

02
.1

94
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2874 CAN. J .  CHEM. VOL. 70. 1992 

K. Pigon and A. Krajewska. Thermochim. Acta, 58, 299 
(1982). 
M. E. Glicksman, N. B. Singh, and M. Chopra. Manuf. Space, 
11, 207 (1983). 
N. B. Singh, N. N. Singh, and R. K. Laidlaw. J. Solid State 
Chem. 71, 530 (1987). 
H .  Song and A. Hellawell. Metall. Trans. 20A, 171 (1989). 
U .  S.  Rai, K. D. Mandal, and N. P. Singh. J .  Thermal Anal. 
35, 1687 (1989). 
B. M. Shukla, N. P. Singh, and N. B. Singh. Mol. Cryst. Liq. 
Cryst. 104, 265 (1984). 
N. B. Singh and N. B. Singh. Krist. Tech. 13, 1175 (1978). 
U. S. Rai and K. D. Mandal. Bull. Chem. Soc. Jpn. 63, 1496 
(1990). 
U .  S. Rai, 0. P. Singh, and N. B. Singh. Can. J. Chem. 65, 
2639 (1987). 
R. P. Rastogi and V. K. Rastogi. J .  Cryst. Growth, 5 ,  345 
(1969). 
U.  S. Rai and K. D. Mandal. Mol. Cryst. Liq. Cryst. Liq. 
Cryst. 182, 387 (1990). 
U. S. Rai and K. D. Mandal. Thermochim. Acta, 138, 219 
(1989). 

N. P. Singh and B. M. Shukla. Cryst. Res. Technol. 20, 345 
(1985). 
U .  S. Rai and K. D. Mandal. Curr. Sci. 58, 784 (1989). 
R. P. Rastogi. J. Chem. Educ. 41, 443 (1964). 
M. Radomska and R.  Radomslu. 'Thermochim. Acta, 40, 415 
(1980). 
W. B. Hillig and D. Turnbull. J .  Chem. Phys. 24, 914 (1954). 
W. C.  Winegard, S.  Mojka, B. M. Thall, and B. Chalmers. 
Can. J .  Chem. 29, 320 (1957). 
U .  S. Rai, 0. P. Singh, N. P. Singh, and N. B. Singh. Ther- 
mochim. Acta, 71, 373 (1983). 
R. P. Rastogi, N. B. Singh, and K. D. Dwivedi. Ber. Bunsen- 
ges. Phys. Chem. 85, 85 (1981). 
U .  S. Rai and K. D. Mandal. Mat. Sci. Forum, 50, 117 (1989). 
N. P. Singh, B. M. Shukla, N. Singh, and N. B. Singh. J. 
Chem. Eng. Data, 30, 49 (1985). 
J. Wisniak and A. Tamir. Mixing and excess thermodynamic 
properties. Elsevier, New York. 1978. 
G. A. Chadwick. Metallography of phase transformations. 
Butterworths and Co. Publishers Ltd., London. 1972. 
R .  M. Silverstein, G. C. Basslev, and T. C.  Morill. Spectro- 
metric identification of organic compounds. 4th ed. John Wiley 
&Sons,  Inc., New York. 1981. pp. 95-105. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

88
.2

55
.2

02
.1

94
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Vibrational spectroscopic study of the interaction of metal ions with diethyl 
phosphate, a model for biological systems 
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JANUSZ STANGRET and RODRIGUE SAVOIE. Can. J. Chem. 70, 2875 (1992). 
We have studied, using Raman and infrared spectroscopy, the interaction of various monovalent, divalent, and tri- 

valent metal cations with the PO, group of diethyl phosphate in aqueous solution, at meta1:phosphate ratios ranging from 
1 :40 to 6 :  1. The results show that the metal cations interact with the phosphate groups in various ways and to different 
extents. Spectral characteristics for some specific types of interactions are presented, namely, for direct metal binding 
by one of the oxygen atoms in the PO; group, the formation of water-separated ion pairs, and non-specific electrostatic 
interactions. 

JANUSZ STANGRET et RODRIGUE SAVOIE. Can. J. Chem. 70, 2875 (1 992). 
Nous avons etudii par spectroscopie Raman et infrarouge l'interaction de divers cations mttalliques monovalents, di- 

valents et trivalents avec le groupe charge PO, du phosphate de diethyle en solution aqueuse, a des rapports metal : 
phosphate variant de 1 : 40 5 6 : 1. Les resultats demontrent que les ions se distinguent tant par leur affinite pour le 
groupement phosphate que par leur f a ~ o n  d'interagir avec celui-ci. On prtsente diverses caracttristiques spectrales per- 
mettant d'identifier certains types d'interaction, notamment la fixation directe par l'un des atomes d'oxygkne du groupement 
phosphate, la formation de paires d'ions stparees par molCcules d'eau et les interactions non specifiques de nature 
electrostatique. 

Introduction 

Phosphate groups are of prime importance in biological 
systems, as they are present in major classes of compounds, 
such as nucleic acids, phospholipids, etc. In DNA, they play 
a structural role in the linking of subunits through a phos- 
phodiester bridge of the type R,O-PO;-OR2. They can 
also interact with positively charged species, such as basic 
proteins and metal ions, through the negative charge on the 
PO; groups. Although many metal cations can interact with 
the bases as well as with the phosphate groups in nucleic 
acids, the latter type of interaction is particularly important 
as it stabilizes the DNA double helix (1, 2). From theoreti- 
cal considerations (3), phosphate groups also appear to be 
the most likely association sites for water in nucleic acids. 
Furthermore, the manner in which water molecules are or- 
ganized around DNA through PO;-metal-water interac- 
tions seems to be an important factor in the stabilization of 
specific DNA conformations (4). 

Vibrational spectroscopy, particularly Raman spectros- 
copy, has been used extensively for the study of nucleic acids 
(5-8). The symmetric stretching vibration of the PO; groups 
gives a moderately strong,and sharp band near 1090 cm-' in 
the Raman spectrum of DNA. This peak is relatively insen- 
sitive to the conformation of the polynucleotide and many 
investigators have followed the suggestion of Tsuboi et al. 
(9) that it be used as an internal standard in conformational 
studies. On the other hand, Raman studies of aqueous DNA 
solutions have shown that this band can be affected in in- 
tensity as well as in frequency when metal ions are pres- 
ent in the solution (10-12). Just how these changes are 
related to the extent and type of metal binding by the 
phosphate groups is not completely understood. It is the 
purpose of the present study to investigate this behavior with 

'Permanent address: Department of Physical Chemistry, Insti- 
tute of Inorganic Chemistry and Technology, Technical Univer- 
sity of Gdadsk, 80-952 Gdansk, Poland. 

2 ~ u t h o r  to whom correspondence should be addressed. 

a very simple model compound, the diethyl phosphate anion 
((C2H50)2PO;), in the presence of different types of metal 
cations. The vibrational spectra of various salts of DEP have 
been reported previously (13-16) and they have been the 
subject of force constant calculations (14, 15, 17). This 
molecule has also been used as a model for the calculation 
of the vibrational frequencies of the DNA backbone (14, 18) 
and of the phosphate group in phospholipids (2). 

Experimental 

Diethyl phosphate (DEP, acid form) was purchased from Eastman 
Kodak and used without further purification. Metal salts were re- 
agent grade and used as supplied. Stock solutions were prepared 
by mixing weighted amounts of diethyl phosphate in demineral- 
ized water and neutralizing with aqueous NaOH (or LiOH or KOH). 
The pH was measured with a micro-electrode and an Orion Re- 
search Model 721 pH-meter. These DEP solutions, at 0.1 or 
0 .3 M concentration, were used to obtain the reference spectra. 
Weighted amounts of the solid metal chlorides were dissolved in 
the reference solutions to prepare mixed samples at various 
metal:DEP ratios. The series of NiC1, solutions at appropriate Ni2+ 
concentrations were prepared by mixing equal volumes of a DEP 
reference solution and solutions of NiCl, (from the same original 
stock solution) at the appropriate molar concentration. The pH was 
not adjusted following the mixing; it varied from 7.5 for the pure 
DEP solution to 5.5 for a solution at 6 :  1 Ni:DEP molal ratio. 

The Raman spectra were obtained from the aqueous samples 
contained in sealed capillary cells placed in a temperature-regu- 
lated holder (19). These spectra were recorded on a microcompu- 
ter-controlled Spex Model 1400 spectrometer, with either a 
conventional photomultiplier detection system or a multichannel 
detector (CCD9000 system from Photometrics Ltd., with 1152 x 
298 pixels Thompson TH7895 detector). The spectra were excited 
by the 514.5 nm line from a Spectra Physics Model 2020 argon ion 
laser at an average power of 300 mW at the sample. The disper- 
sive spectra were obtained at a spectral resolution of 5 cm-I, the 
data being collected at 2 cm-' intervals. The total integration 
time was 25s per point, resulting from the summation of 5 spectra 
obtained at 5s per point. The spectra obtained with the multichan- 
nel detector (1 152 data points) covered a spectral region of ca. 
500 cm-I with 1200 grooves/mm gratings or ca. 2000 cm-' with 
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FREQUENCY (cm-1) 

FIG. 1 .  ( A )  Raman and (B) infrared spectra of an aqueous so- 
lution of diethyl phosphate at 20°C; (-) 0.3M solution at pH 7 and 
(- - -) 1M solution in 4M HC1 (pH < 0). Insert: variation in inten- 
sity of the 1081 cm-I Raman band of the anion as a function of pH. 

300 grooves/mm gratings. Intensity corrections were made for the 
transmission of the spectrometer and of the filter (holographic edge 
filter from Physical Optics Corporation, Torrance, CA, U.S.A.). 
The frequency calibration was achieved using emission lines from 
a neon spectral lamp (20), with an estimated accuracy of 1 cm-' 
or better. The entrance slit of the spectrometer was adjusted to yield 
the maximum resolution consistent with channel separation in the 
detector (ca. 0.5 and 2 cm-I, respectively, with the two types of 
gratings). The acquisition time was 10 min on the average. 

The infrared spectra were obtained from samples contained be- 
tween two BaF2 windows separated by a 10 km-thick Mylar spacer. 
They were recorded on a commercial BOMEM Model DA3.02 
interferometer with MCT detector. These spectra were typically 
taken at a spectral resolution of 2 cm-I by summation of 1000 in- 
terferograms and using a Bartlett apodisation function. 

Spectral manipulations were performed with the SpectraCalc 
program (Galactic Industries Corporation, Salem, New Hampshire, 
U.S.A.). 

Results 
The Raman and infrared spectra of neutral (sodium salt) 

and strongly acidic aqueous solutions of diethyl phosphate 
are reproduced in Fig. 1. At neutral pH, the phosphate group 
of this molecule is ionized, giving the (C,H,O),PO; anion. 
Previous studies (13, 17) have shown that the stretching vi- 
brations of the phosphate group in this species occur in two 
different regions: the charged PO; group gives a symmetric 
mode (v,) responsible for the strong Raman band and me- 
dium intensity infrared peak near 1080 cm-', whereas the 
antisymmetric mode (v,) gives a strong infrared band, with 
little corresponding Raman activity, at ca. 1200 cm-'. The 
phosphodiester -0-P-0- group is also characterized 
by symmetric and antisymmetric components, which give, 
respectively, a strong maximum near 750 cm-' and a weaker 
band at 810 cm-' in the Raman spectrum. The two strong 
bands at 1038 and 1055 cm-' in the infrared, with relatively 
weak Raman counterparts, are usually assigned to C-0 
vibrations, and that at 953 cm-' to a C-C stretching mode 
(2, 13, 14, 16). The weak band at 1 105 cm-', present in both 
types of spectra, has generally been identified as a compo- 

nent of the v,(PO;) vibration in the solid phase spectra. Its 
presence in the solution spectra, its absence in the spectra of 
dimethyl phosphate, and the fact that it is only weakly ac- 
tive in the spectra of methyl ethyl phosphate (15, 16) sug- 
gest that the band corresponds to a fundamental vibration of 
the ethyl group. Most of the weaker bands at frequencies 
higher than 1100 cm-' arise from vibrations of alkyl groups. 

Normal coordinate calculations have indicated that vibra- 
tional frequencies of the phosphate group in DEP vary with 
the molecular conformation (14, 15, 17). However, these 
effects are small and we have assumed that the spectral 
changes resulting from the addition of metal cations to DEP 
were not caused by changes in the distribution of these 
structures in the solutions. 

Protonation of DEP causes important changes in the vi- 
brations of the PO; group. The infrared and Raman bands 
at 1080 cm-I, caused by the v, vibration of this group, are 
practically absent from the spectra of a strongly acidic 
solution (Fig. I). Similarly, the strong infrared band at 
1201 cm-I, assigned to v,, and that at 1055 cm-' show 
an a reciable loss in intensity, whereas the band at 1105 -pP 
cm in the Raman spectrum displays the opposite behav- 
iour. It seems that the addition of another single P-0 bond 
to the system affects the mixing of P-0, C-0, and C-C 
stretching vibrations, displacing the 1080 and 1055 cm-I 
bands of the anion to 1030 cm-I, while the C-C vibra- 
tional band at 953 cm-I loses most of its intensity. The 
composite band at 1029 cm-' in the infrared spectrum of the 
acid solution has appreciable intensity, but the correspond- 
ing band in the Rarnan spectrum is quite weak. In a previous 
study on the interaction of A ~ '  ions with dialkylphos- 
phates (1 3), it was proposed that the v, vibrational band of 
the anion at 1200 cm-I in neutral solution is displaced to ca. 
1150 cm-I upon covalent neutralisation of the phosphate 
group. We rather believe that the 1200 cm-I band is dis- 
placed, with reduced intensity, to ca. 1270 cm-' in the in- 
frared spectrum of the acid solution, the increased intensity 
in the 1150 cm-' region being due, at least in part, to 
the v, vibration of H,O+ ions (21). One also notes that the 
Raman band due to the symmetric stretching mode of the 
phosphodiester --O--P-0- group is shifted to 746 cm-' 
at low pH, its intensity being enhanced in the process. The 
relative height of the 1081 cm-I Raman band of the DEP 
anion shows that this species remains ionized in the pH 
range 2.5-12 (see insert, Fig. 1). 

The changes occurring in the infrared and Raman spectra 
of DEP as a result of interaction with metal ions are usually 
small, especially at low metal concentration. Minor spectral 
modifications are more easily seen in the difference spec- 
tra, which are obtained by subtracting the spectrum of DEP 
from that of the corresponding solutions in the presence of 
metal ions. This can be done in a straightforward manner with 
infrared spectra if the sample thickness and concentration are 
very accurately known, which is seldom the case. In Rarnan 
spectroscopy, to determine the proper value of the constant 
to be used in the subtraction operation ([DEP + metal] - 
K x  [DEP]), a band present in both spectra and insensitive to 
the effect of the metal ions is needed as a reference inten- 
sity standard. We have used the Raman bands of the alkyl 
groups in the 1280-1500 cm-I range for this purpose, since 
they should not be affected by perturbations of the PO; group. 
In what follows, we will use a normalized multiplication 
constant, K ,  which is chosen in each case to yield the value 
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FREQUENCY (crn-1) 

FIG. 2. (A) Raman spectrum of an aqueous solution of diethyl 
phosphate (0. lM,  pH 7.5) at 20°C. (B-F) Difference spectra (in- 
tensity multiplied by 6) obtained in the presence of NiCll at a 
Ni : DEP molar ratio of (B) 0.025, ( C )  0.25, (D) 1.5, (E) 3.0, and 
(F) 5.0. 

1 (100%) when the reference bands used as intensity stan- 
dards are completely annulled in the difference spectrum. 

As an example of the use of difference spectra, the curves 
obtained from aqueous solutions of DEP in the presence of 
Ni(I1) at metal : DEP ratios varying from 0.025 : 1 to 5 : 1 are 
given in Fig. 2. These difference spectra show that the 
spectral changes depend on the relative metal concentra- 
tion. At very low metal :DEP ratio, one observes a slight shift 
to lower frequency of the v,(PO,) band at 1081 cm-I and a 
weak perturbation in the phosphodiester vibrational region 
near 800 cm-I. At higher metal concentration, on the other 
hand, the v,(PO;) band is shifted to higher frequency, with 
some loss in intensity. Band shifts and intensity changes are 
also apparent in the 1020-1060 cm-' region (C-0 stretch- 
ing vibrations). 

Another way in which spectral changes can be more eas- 
ily visualized is through the "affected spectrum" (22-24), 
obtained by incompletely subtracting the reference spec- 
trum to yield a positive difference curve in the region of in- 
terest. This is illustrated in Fig. 3, which shows the difference 
spectra obtained by subtracting the spectrum of an aqueous 
solution of DEP (O.1M) from'that of the same solution in the 
presence of Ni(I1) at a Ni: DEP molar ratio of 6: 1 ,  for var- 
ious values of the normalized multiplication constant K. In 
the present study, the retained affected spectrum for the 
mixed solution with Ni(I1) was the positive difference spec- 
trum, obtained with the maximum value of K, which could 
be fitted with calculated band components. The program used 
for curve fitting was the FIT program from Spectrum Square 
Associates, Inc. (Ithaca, NY, U.S.A.), run under SpectraCalc 
(Galactic Industries Corporation, Salem, NH, U.S . A.). The 
difference between calculated and experimental spectra was 
taken to be: 

N 

[(data (vi) - calc (vi))/~rnsl2 
2 - i = l  

X - 
N - F  

FREQUENCY (cm-1 ) 

FIG. 3. (A) Raman spectrum of an aqueous solution of (-) 
diethyl phosphate (DEP) (O.lM, pH 7.5) and ( - - - )  the same so- 
lution with added NiC1, (DEP + metal) at a Ni:DEP molar ratio 
of 6 :  1. (B) Subtracted spectra (intensity multiplied by 5) ([DEP + 
metal] - K X [DEP]) for different values of the normalized mul- 
tiplication constant K (see text). 

in which N is the number of data points, F is the number of 
degrees of freedom, v is the frequency, and Rms is a mea- 
sure of the noise in the spectrum. 

Taking Fig. 3 as an example, it was observed that nega- 
tive peaks occurred in the difference curves for values of K 
approximately higher than 0.88. To fit the difference spec- 
tra for this value of K and lower, five components (of mixed 
Gaussian and Lorenztian shape) were needed. The fit be- 
tween calculated and experimental spectra, as determined 
from the value of x2, decreased by an order of magnitude as 
K was lowered from 0.88 to 0.85. At this point the value of 
x2 as a function of K passed through a minimum, and the 
difference spectrum obtained with K = 0.85 was therefore 
taken as the affected spectrum. This procedure worked well 
in general, although in some cases the function x2 = f (K) 
gave a very broad minimum or merely levelled off with de- 
creasing K. The calculated spectrum for the example given 
above is compared with the affected spectrum in Fig. 4-0.  
It is obvious that the manipulations of the spectral data needed 
for the complete analysis of the effect of a particular type of 
metal ion on the spectrum of DEP were very time-consum- 
ing, so that the whole procedure was used only in the case 
of Ni(I1) in the present study. In the other cases, qualita- 
tively affected spectra chosen by visual inspection were re- 
tained. 

The affected spectrum can be very meaningful for a sys- 
tem limited number of discrete components. In this case, the 
above example is interpreted as follows. Since the final value 
of K was 0.85, we surmise that 85% of the spectrum of DEP 
remained unaffected by the metal ions under our experi- 
mental conditions. We also conclude that the affected spec- 
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I I I 
1050 1100 1050 1100 

FREQUENCY (cm-1) FREQUENCl (em-') 

I I I I 
1050 1100 1050 1100 

FREQUENCY (cm-') FREQUENCY (cm-1) 

FIG. 4. Band fitting of ( A )  the Raman spectrum of aqueous diethyl phosphate (DEP) (0. lM, pH 7.5) and of (B-D) the affected spectra 
obtained from solutions of DEP containing NiCl, at a Ni: DEP molar ratio of (B) 0.1 : 1, (C) 2: 1, and (D) 6: 1. (-) Calculated spectra. 

trum obtained by the subtraction procedure (at K = 0.85) 
represents 15% of DEP molecules. This interpretation can 
be questionable, particularly in the case of weak band shifts 
caused by bulk effects in the solution and affecting all sol- 
ute molecules. It remains, however, that the affected spec- 
trum in these conditions constitutes a very sensitive indicator 
of the band shift. 

The affected Raman spectra in the 1000-1 150 cm-' of 
solutions of DEP in the presence of Ni(I1) at various 
metal : DEP ratios (Fig. 4) are particularly revealing. Theo- 
retical band fitting of the spectrum in aqueous DEP alone 
necessitates four components, the major one being associ- 
ated to the v,(PO;) vibration at 1081 cm-I (Fig. 4-A). For 
the affected spectrum from the solution at Ni:DEP ratio of 
1 :40 (Fig. 4-B), the same number of components is needed, 
but the main band is shifted to a lower frequency by 3 cm-', 
which is consistent with the effect observed in the differ- 
ence spectrum (Fig. 2-B). At higher metal :DEP ratio (Fig. 
4-C, D), an extra component is needed at 1089 cm-' to fit 
the affected spectra. This extra band becomes progressively 
more important as the metal concentration is increased. A 
shift to lower frequency of the 1037 and 1056 cm-' bands 
of DEP, with enhancement of the lower frequency peak, is 
also observed in the affected spectra, in accordance with the 
derivative features present in the different spectra for these 
solutions (Fig. 2). This behavior, which will be discussed 
more fully below, indicates that DEP interacts with Ni(I1) in 
different ways, depending on the concentration of the metal 
cation in the solution. In an attempt to determine the num- 
ber of components required to explain the spectral data, we 

have performed a factor analysis using the 1000-1 140 cm-' 
region of the Raman szectra of 16 solutions of DEP (0.1 M) 
in the presence of Ni- , at metal: DEP ratios ranging from 
6 :  1 to 0 (pure DEP). (The analysis was done using the 
PLSPLUS option of SpectraCalc; see ref. 25 for details on 
factor analysis.) The results of this analysis suggested that 
four major components are necessary to adequately de- 
scribe the chosen ensemble. 

Difference and affected Raman spectra for solutions of 
DEP (0.3M) in the presence of the cations K+,  cap ,  and 
CU'+, at a meta1:DEP ratio of 1 : 1, are illustrated in Fig. 5. 
The corresponding curves for a solution at pH = 1 (effect of 
the H,O+ ion) are also reproduced. (The affected spectra for 
these mixtures are qualitative only, as they were not sub- 
jected to the band fitting procedure used with the Ni(I1) so- 
lutions.) The subtracted spectra ~enerally consist of a 
differential feature in the 1080 cm- region, indicative of a 
shift to higher frequency of the v,(PO;) vibrational mode, 
and a slight positive peak at 750 cm-', resulting from an in- 
creased intensity of the band due to the symmetric phospho- 
diester stretch. The difference spectra of the divalent metal 
cations also show a decreased intensity in the 1081 cm-' re- 
gion and extra components on the low-frequency side of the 
main peak. The difference spectrum obtained with a solu- 
tion at pH 1 versus that at pH 7, which shows the effect of 
protonation, is very similar to that obtained from a CaCl, 
solution, although the intensity loss at 1080 cm-' is much 
larger for the acid solution. The affected spectrum, on the 
other hand, closely resembles the raw spectrum of a DEP 
solution at very low pH (Fig. l) ,  as expected. 
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FREQUENCY (cm-I) 

- 
m 

FIG. 6. (A) Infrared spectrum of an aqueous solution of diethyl 
phosphate (DEP) (O.lM, pH 7). Affected spectra obtained from 
solutions of DEP in the presence of (B) CaCl, and (C) NiCl? at a 
metal : DEP ratio of 1 : 1 .  

- 
m 

The information provided by the affected spectra in in- 
frared are complementary to those provided by the Raman 
technique. An example of application is shown in Fig. 6, 
which shows the PO; stretching vibrational region of the 
affected spectra obtained from DEP (O.1M) in the presence 
of ca2+ and Ni2+ at a metal : DEP ratio of 1 : 1. The ~a '+-af -  
fected spectrum is typical in that it shows a shift to lower 
frequency of the bands at 1038 and 1055 cm-', whereas the 
peaks at 1080 and 1201 cm-', arising from the stretching 
vibrations of the PO; group, are shifted in the opposite di- 
rection. The effect of Ni2+ is clearly different, the v,(PO;) 
mode at 1080 cm-I remaining essentially invariant, while the 
v,(PO,) mode at 1201 cm-' is shifted to a lower frequency. 

The pH of the solution has some effect on the frequency 
and intensity of the bands of DEP within the range in which 
the phosphate group is ionized. The effect of metal ions also 

'2 

. . . . . . . . 

800 1000 1200 1400 1000 1050 1100 1150 

FREQUENCY (crn" ) FREQUENCY (crn-1) 

FIG. 5. (A) Raman spectrum of an aqueous solution of diethyl phosphate (DEP) (0.3M, pH adjusted to 7 with NaOH). Difference (left) 
and affected (right) spectra (intensity multiplied by 3) obtained from solutions of DEP in the presence of (B) KCl, (C) CaCl?, and (D) 
CuC1, at a cation: DEP ratio of 1 : 1. (E) Corresponding curves (intensity multiplied by 1) for a solution of DEP at pH 1. The % values 
indicate the amount of affected spectrum (see text). 

differ from that at neutral pH. This is illustrated in Fig. 7, 
where the spectra of solutions brought to pH near 12 by ad- 
dition of LiOH, NaOH, and KOH are compared with a so- 
lution adjusted to pH 7 with the same base. Increasing the 
pH to 12 results in a shift to lower frequency of the v,(PO;) 
band. 

Discussion 
As shown in Fig. 5,  the difference and affected spectra 

obtained from a series of solutions of DEP in the presence 
of different metal ions indicate that the complexation of this 
type of cations by ionized phosphate groups depends on the 
nature of the metals. As our measurements have been par- 
ticularly extensive on the DEP-N~'+ system, this particular 
case will be discusseci first, so that the conclusions can be 
extended to other systems. 

DEP - ~i'+ system 
The vibrational spectroscopic results gathered in this study 

indicate that the interaction of Ni2+ cations with the phos- 
phate group of DEP is a function of metal concentration. This 
is particularly evident when one compares the difference and 
affected spectra (Figs. 2 and 4) obtained from solutions at 
metal : DEP ratios of 0.025 : 1 and 6:  1. We believe that the 
four spectral components indicated by the factor analysis for 
this ensemble reflect the existence of phosphate groups of 
DEP in four different types of environment, which we ten- 
titavely identify as follows: 

Species A: 
These are ionized PO; groups as they are found in 

neutral aqueous DEP (Naf salt). They are for the most part 
hydrogen-bonded to water molecules and they interact elec- 
trostatically with their neighboring Na+ counterion. These 
interactions are, on average, symmetrical with respect to the 
two oxygen atoms of the charged phosphate groups. Such a 
system is characterized by an intense v,(PO;) Raman band 
at 108 1 cm-' (Fig. 4-A). 

Species B: 
These species consist of ionized PO, groups interacting 

with Ni2+ ions through water molecules (outer-sphere inter- 
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r 
[NOOH, p ~ = ~ ~  51-[NOOH neutral] 

D KOH, pH-  I; 

I . . . . .  I 
1050 1100 1050 1100 

FREQUENCY (crn-0 FREQUENCY (crn-0 

FIG. 7. ( A )  Raman spectrum of an aqueous solution of diethyl phosphate (DEP) (0.3M, pH 7). B-D (left) difference and (right) af- 
fected spectra (intensity multiplied by 6) obtained from solutions of DEP at high pH (conditions indicated). The % values indicate the 
amount of affected spectrum (see text). 

actions or, more generally, formation of water-separated ions 
pairs). The effect of the metal cation in this ~ i ' +  -.. 
O(H)-H -0,P(OEt)2 type of aggregate is to increase the 
acidity of the water molecule and to strengthen the hydro- 
gen bond affecting the phosphate group, causing a decrease 
in frequency of the v,(PO,) vibration. Typically, the spec- 
trum of such species corresponds to the affected spectrum 
obtained at very low metal : DEP ratio, such as in Fig. 4-B. 
Note that this spectrum is very similar to that of aqueous DEP 
alone, except for the displacement of the v,(PO;) vibra- 
tional band to 1078 cm-I. Another noteworthy difference is 
the absolute intensity of this peak, which is increased con- 
siderably in the presence of the metal cation. This causes a 
positive peak to appear in the difference spectrum, as in Fig. 
2-B. The effect is also apparent when the intensity of the 
v,(PO;) band of DEP near 1080 cm-' is plotted as a func- 
tion of the relative metal concentration, which shows a 
maximum at a Ni : DEP ratio of 0.25 : 1 (Fig. 8-B). 

The increased intensity of the 1078 cm-' band for the B- 
type species, compared to that of the corresponding band at 
1081 cm-I for the A-type variety, has to be taken into ac- 
count when attempts are made to relate the intensity of the 
1078 cm-I component (see Fig. 8-C) to the actual concen- 
tration of the B-type species in solutions of various 
meta1:DEP ratios. Even so, this curve displays a very pe- 
culiar shape in lowinefa1 concentrations, an effect which is 
reflected in the graph giving the total proportion of DEP af- 
fected by ~ i , '  ions (Fig. 8-A), as determined by the band- 
fitting procedure described in the "results" section above. 
These findings, which are even more striking when one takes 
into account the total amount of affected DEP (Fig. 8-D), 
clearly show that the number of DEP molecules linked to ~ i ' +  
ions by outer-sphere coordination is proportionally much 
larger at low metal concentrations. This can be explained by 
the fact that this type of bonding is favored on an entropy 
basis: when the metal concentration is small, it is relatively 
easy for the ~ i ' +  ions to find, within a few layers of water 
molecules, one or several phosphate groups with which it can 
interact through these solvent molecules. As the metal con- 
centration is increased, more and more metal ions find their 
way close to the phosphate groups, and more direct inter- 

actions take place, at the expense of outer-sphere coordina- 
tion. 

Species C: 
These are Ni+-0-P(=O)(O-~t), species, analogous 

to protonated DEP, with the acid proton replaced by the metal 
cation. The Rarnan spectrum of these unsymmetrically bound 
ion pairs are likely similar to that of protonated DEP (see Fig. 
l ) ,  which is characterized by a 90% reduction in intensity at 
1081 cm-I and a 40% reduction at 1055 cm-I, a shift to 
1031 cm-' of the band at 1038 cm-' in DEP solution at pH 
7, and an increase by a factor of 2.3 of the intensity of the 
peak at 1 105 cm-l, which is shifted to 1100 cm-I. The fre- 
quency shift of the low-frequency band from 1039 to 1031 
cm-I, and the increased intensity of this band and of that near 
1 100 cm-I when the Ni : DEP ratio is raised from 0.025 to 1 
(Fig. 4-B, C), are likely due to the formation of these me- 
tallated species. Even more characteristic is the negative 
component at ca. 1081 cm-I in the difference spectra (Fig. 
2), which shows the decrease in intensity of the v,(PO,) band 
as the meta1:DEP ratio is raised. Also apparent in these 
spectra are the reduced intensity at 1055 cm-' and the shift 
to lower frequency of the 1038 cm-' band. 

Species D: 
The existence of these species has to be inferred to ac- 

count for the component growing at 1090 cm-I in the af- 
fected spectra at high metal concentrations (Fig. 8-C, D). The 
intensity of this band grows more slowly than that of the other 
components of the affected spectra at low metal: DEP ra- 
tios, but it does not level off at Ni:DEP ratios >3 as the 
others do. This suggests that the concentration of the spe- 
cies responsible for the 1090 cm-' band become propor- 
tionally more important at high metal concentrations. We 
believe that species of this type are ionized phosphate groups 
which interact in a non-specific electrostatic way with metal 
cations. A partial disruption of the hydrogen bond network 
with water molecules in the neighborhood of the phosphate 
groups probably results from these interactions at increased 
metal concentrations. The effect is then equivalent to a par- 
tial dehydration of the PO, groups, which is known to dis- 
place the v,(PO,) vibrational frequency to higher values (17, 
26). It is also possible that the PO, angle of the charged 
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- - 0,99h Ni / DEP 

FIG. 8. Variation of spectral parameters obtained from a O.1M aqueous solution of DEP with added NiCl, as a function of the Ni:DEP 
ratio. ( A )  Fraction of the spectrum affected, (B) relative peak-height intensity of the 1081 cm-' Raman band, (C) intensity of calculated 
spectral components, and (D) intensity of calculated spectral components (given in C) divided by the fraction of affected spectrum (given 
in A). 

phosphate group in DEP is modified by the presence of the 
metal cations, causing a modification of the vibrational fre- 
quencies of this group (17). Note that type-A species are 
equivalent to those of type D, except that the statistically 
symmetrical interactions involved in the latter case are more 
important or consequential than with the ~ a +  counterions 
used in the reference solution (DEP-Na solution at pH 7). 

DEP - other metal-ion systems 
The conclusions from our analysis of the ~i '+-DEP spectra 

can now be extended to the other metal-DEP systems. Un- 
less otherwise specified, the spectra discussed below are for 
a 1 : 1 metal ch1oride:DEP ratio; indicated pH values refer 
to the cation/DEP solutions. The simplest metal ions to be 
considered are those of the alkaline metals: Li+ (pH = 6.4), 
Na+ (pH = 7.4) and K+ (pH = 7.2). As shown in Fig. 5, 
the difference and affected Raman spectra for K+ are indic- 
ative of a mere shift, with no loss in intensity, of the v,(PO,) 
vibrational band. This is corroborated by the shape of the 
affected spectrum, which is very similar to that of the orig- 
inal DEP spectrum. The frequency shift is rather small (ca. 
2 cm-I) for K+ and Na+ (as determined from a Na+ solution 
at 2:  1 Na:DEP ratio), and slightly larger (ca. 4 cm-I) for 
Li+. These results show that the alkaline-metal ions interact 
electrostastically in a general manner with charged phos- 

phate groups, these interactions being essentially symmet- 
rical with respect to the two oxygen atoms. It is interesting 
to note that in a solution at a much larger Na+ : DEP ratio of 
18, the frequency of the v,(PO;) band (spectrum not shown) 
is essentially identical to that at a metal: DEP ratio of 2: 1 (ca. 
1083 cm-I). The affected spectrum at high metal ion con- 
tent, however, shows an increased scattering at 103 1 cm-', 
with corresponding intensity decrease at 1055 cm-I. This 
observation, together with the decrease in intensity (by ap- 
proximately 5%) at 1081 cm-', suggests that unsymmetri- 
cal interactions (analogous to those yielding type-C species) 
take place to some extent at high salt concentrations. 

Alkaline-earth metal ions appear to have an intermediate 
behavior towards DEP, by comparison with alkaline and 
transition metal ions. As shown in Fig. 5-C for ca2+ (pH = 
6.7), the frequency shift of the v,(PO;) band is positive, but 
larger than with K+ (1088 versus 1083 cm-'), indicating 
generally stronger interactions with the PO; groups. A slight 
overall decrease in intensity is also revealed in the v,(PO,) 
region of the difference spectrum, suggesting some degree 
of asymmetrical interaction with the oxygen atoms of the 
phosphate groups. The decrease intensity at 1055 cm-' in 
the affected spectrum supports this conclusion. Note that the 
difference spectrum in this case bears some resemblance to 
that for a solution of DEP at pH 1 (Fig. 5-E), for which a 
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good proportion of the phosphate groups are protonated. The 
affected spectrum (not shown) for a M~"-DEP solution 
(pH = 6.8) shows an extra component at 1077 cm-', indi- 
cating that this metal cation is more involved than c a 2 +  ions 
in the formation of water-separated ion pairs with the phos- 
phate groups. 

p = 6.2) (Figs. 3 Transition metal ions, such as ~ i ' +  ( H 
and 4), CU" (pH = 3.4) (Fig. 5-D), Zn + (pH = 5 . l ) ,  and 
~ d "  (pH = 6.3) (spectra not shown) behave in the same 
manner. Their affected spectrum contains a high-frequency 
component at ca. 1092 cm-I, characteristic of symmetric 
electrostatic interactions with the PO; groups, as well as a 
low-frequency band resulting from outer-sphere coordina- 
tion. Their difference spectrum further shows a decrease in 
intensity in the v,(PO;) region, indicating asymmetric in- 
teractions with the oxygen atoms of the phosphate groups. 
This contrasting behavior compared to alkaline-earth metal 
ions is especially obvious in the v,(POr) region of the 
affected infrared spectrum (Fig. 6), where the band at 
1201 crn-I in aqueous DEP is shifted to 123 1 cm-' in the 
presence of Ca2' and 1190 cm-I in a ~ i ~ +  solution. 

The affected spectra (not shown) of DEP solutions in the 
presence of ~ g +  (from AgClO,; pH = 6) and pb2+ (pH = 
4.2) unexpectedly display a low-frequency component only, 
at ca. 1078 cm-'. This is particularly surprising in the case 
of Ag+, as the infrared spectrum for the solid silver salt of 
DEP is suggestive of the formation of a partly covalent 
(therefore asymmetrical) bond with PO; groups (13). The 
present results suggest that both Ag+ and pb2+ in solution 
have a relatively high affinity for water molecules, and that 
they interact with the phosphate groups through the solvent 
molecules, forming water-separated ions pairs (type-B spe- 
cies). 

The trivalent cations ka3+ (pH = 3.5) and A?+ (pH = 6 , l )  
also behave in a peculiar way, their affected spectrum (not 
shown) containing mainly a high-frequency component at 
1090 cm-' with very weak accompanying peak at 1078 cm-I . 
However, the fraction of affected spectrum with these ca- 
tions (25-30%) is much higher than with monovalent and 
divalent metal ions. Furthermore, a considerable intensity loss 
occurs at 1081 cm-I, suggesting that these ions can also in- 
teract directly, in an asymmetric way with the oxygen atoms 
of the PO,- groups. Otherwise, the interactions of the phos- 
phate groups with these highly charged species, which are 
no doubt extensively solvated, appear to be non specific. It 
is also worth mentioning that the mixture with A1C13 at 
pH = 3.3 yields anaffected spectrum which is quite similar 
to that obtained with DEP at pH 1 (Fig. 5-E). This probably 
results from a partial protonation of DEP under these cir- 
cumstances. 

Effect of high pH 
The neutralization of aqueous solutions of DEP with either 

LiOH, NaOH, or  KOH has the same effect on the vibra- 
tional spectra of this compound. In particular, the fre- 
quency of the v,(PO;) in the resulting solutions is the same 
(within 1 crn-I). However, raising the pH of such solutions 
to ca. 12 has a marked influence on this frequency, even 
though the concentration of OH- ions is much lower than that 
of DEP. As shown in Fig. 7 ,  the effect depends on the na- 
ture of the cation. 

The frequency shift of the v,(PO;) vibrational mode in the 
affected spectrum from the LiOH solution is quite large 

(14 cm-I), suggesting a strong perturbation of the phos- 
phate groups in the ca. 5% affected DEP molecules. We 
tentatively explain this behavior by the formation of OH-. 
Li+--O-P(=O)(O-Et)2 species, in which a LiOH mole- 
cule comes in close contact with one of the two oxygen atoms 
of the charged phosphate group. The effect is different in the 
KOH solution, which causes only a small frequency shift 
(3 cm-l) of the v,(PO;) mode. This minor effect probably 
results from small changes in the distribution of charged 
species in the vicinity of phosphate groups, as the affinity of 
K+ cations for OH- ions is not expected to be exactly the 
same as that for the negatively charged phosphate groups. 
The affected spectrum from the NaOH solution shows peaks 
at both 1067 and 1078 cm-I, indicating that both types of 
structures are present in the mixture. 

Conclusion 

The present results indicate that metal cations have dif- 
ferent affinities for charged phosphate groups and also that 
they interact in different ways with these groups. The vibra- 
tional spectra show that such interactions can have different 
and even opposite effects on the intensity and frequency of 
the vibrational bands of the PO; unit. These changes can be 
interpreted in terms of direct metal binding by one of the 
oxygen atoms of the PO; groups, non-specific electrostatic 
interactions, and formation of water-separated ion pairs with 
the phosphate groups. It can be concluded from these ob- 
servations that the decrease in intensity of the band due 
to the symmetrical stretching mode of charged phosphate 
groups, which is prominent near 1080 cm-' in the spectra 
of several types of biomolecules (phospholipids, nucleic 
acids. . .), is only partially characteristic of the extent of 
metal binding by these groups, as it arises mainly from in- 
teractions of the first kind. 
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KIM M. BAINES, KEVIN A. MUELLER, and TSUN K. SHAM. Can. J .  Chem. 70, 2884 (1992) 
Tetrakis(trimethylgermy1)silane can be synthesized by the addition of four equivalents of trimethylgermyllithium to 

tetrachlorosilane. Treatment of tetrakis(trimethylgermy1)silane with methyllithium gives tris(trimethylgermyl)silyllithium, 
which was trapped with aqueous hydrochloric acid, chlorotrimethylsilane or methyl iodide to yield tris(tri- 
methylgermyl)sil&e, tris(trimethylgermyl)(trimethylsilyl)silane, or methyltris(trimethyl&rmyl)silane, respectively. 
Chlorination of tris(trimethylgermy1)silane affords dichlorobis(trimethy1gerrnyl)silane. 

KIM M. BAINES, KEVIN A. MUELLER et TSUN K. SHAM. Can. J.  Chem. 70, 2884 (1992) 
On peut synthetiser le tCtrakis(trimt5thylgermyl)silane par addition de quatre Cquivalents de trimCthylgermyllithium 

au tCtrachlorosilane. Le traitement du tCtrakis(trimCthylgermy1)silane avec du mCthyllithium fournit du tris(tri- 
m~thylgermy1)silyllithium que l'on a piCgC avec de l'acide chlorhydrique aqueux, du chlorotrimCthylsilane ou de I'io- 
dure de mCthyle pour obtenir respectivement du tris(trimCthylgermyl)silane, du tris(trimCthylgermyl)(trimCthylsilyl)silane 
ou du rnCthyltris(trimCthylgermyl)silane. La chloration du tris(trimCthylgermy1)silane fournit du dichlorobis(trimCthy1- 
germy1)silane. 

[Traduit par la rtdaction] 

Introduction redistribution reaction between tetraalkvlgermanes and tet- 

Over the last decade, tris(trimethylsilyl)silyllithium has 
been used extensively for the synthesis of a variety of main 
group (for example, see ref. 1) and transition metal (for ex- 
ample, see ref. 2) silyl compounds. The tris(trimethy1- 
sily1)silyl group is often the substituent of choice when a 
sterically encumbered ligand is required. The silyllithium 
reagent is readily prepared by the treatment of tetrakis- 
(trimethylsily1)silane (3) with MeLi in tetrahydrofuran (THF) 
and can be used either in situ (4) or isolated as its THF ad- 
duct (5) before use. 

In addition to being a convenient precursor to (Me,Si),SiLi, 
(Me,Si),Si has been used as a molecular model compound 
of a silicon surface (6) and proposed as a chemical shift 
standard for solid-state NMR spectroscopy (7). 

Recently, the synthesis of tris(trimethyktannyl)silyllithium, 
by the treatment of tetrakis(trimethylstann~1)silane with 
MeLi, and its use in the synthesis of transition metal silyl 
complexes was reported (8). Given the interest shown in the 
(Me,M),Si- (M = Si or Sn) group as a ligand in organo- 
metallic chemistry, we decided to investigate the synthesis 
of tetrakis(trimethy1germyl)silane and its conversion to 
tris(trimethylgermyl)silyllithium. In addition, (Me3Ge),Si was 
of interest because of possible applications in metal-organic 
chemical vapour deposition (MO-CVD) where, recently, 
compounds containing a silicon-(carbon),-germanium chain 
have been synthesized as potential CVD precursors (9). 
(Me3Ge),Si may also aid in the structural analysis of Si-Ge 
atomic layer superlattices (10). 

Results and discussion 

To investigate the synthesis of (Me3Ge),Si, a high yield 
route to chlorotrimethylgermane was required. Although the 
synthesis of Me3GeC1 has been reported to occur in good 
yield by the demethylation of tetramethylgermane using 
concentrated sulfuric acid, followed by treatment with am- 
monium chloride (1 1); in our hands, yields significantly lower 
than that reported in the literature were consistently ob- 
tained. Thus, an alternative route to Me3GeC1 utilizing the 

'~u thor  to whom correspondence may be addressed. 

< - 
rachlorostannane was developed. Tetramethylgermane and 
tetrachlorostannane, when heated at 150°C for several hours 
in a Carius tube, yield Me3GeC1 quantitatively. This proce- 
dure is similar to that employed by Grobe and Hendriock (12) 
except that a catalyst is not required. 

Analogous to the one-pot synthesis of (Me3Si),Si (3) from 
SiCl,, Me3SiC1, and lithium, the one-pot coupling reaction 
between SiC1, and Me3GeC1 using lithium metal seemed to 
be a viable route to (Me3Ge),Si. However, attempts at the 
one-pot procedure gave hexamethyldigermane as the major 
product and only a trace amount of the desired compound 
(0.4% yield). Apparently, the formation of Me3GeLi fol- 
lowed by coupling to Me3GeC1 occurs much more readily 
than the formation of C13SiLi, leading to the formation of 
significant amounts of Me,Ge,. 

THF 
[ l ]  SiCl, + 4Me3GeC1 + 8Li + (Me3Ge)2 + (Me3Ge),Si 

major trace 

We therefore attempted the synthesis of (Me,Ge),Si by the 
addition of a solution of Me,GeLi to SiCl,. Two commonly 
used methods for the preparation of Me,GeLi are the treat- 
ment of either Me3GeC1 or Me,Ge, with two equivalents of 
lithium metal in hexamethylphosphoramide (HMPA) (1 3). 
More recently, HMPA/THF (14) or HMPA/Et20 (15) has 
been used as the solvent. It was found that the preparation 
of Me,GeLi in 1 /1.2 HMPA/Et20 from Me3GeC1, fol- 
lowed by coupling to SiCl, in pentane, gave the best yield 
of (Me3Ge),Si (19%). Hexarnethyldigermane, however, was 
still the major product formed (30%). 

HMPA/Et,O 
Me3GeC1 + 2Li , Me3GeLi + LiCl 

pentane 
[3] 4Me3GeLi + SiCI, (Me3Ge),Si + (Me3Ge), 

Tetrakis(trimethylgermy1)silane is a colourless, waxy solid. 
The 2 9 ~ i  NMR chemical shift of the central silicon atom of 
(Me3Ge),Si (-104.62 ppm) falls between that of (Me3- 
Si),Si (- 135.5 ppm) (16) and (Me3Sn),Si (-69.2 ppm) (8). 

The reaction between (Me,Ge),Si and MeLi gives (Me,- 
Ge),SiLi, analogous to the synthesis of (Me,Si),SiLi (4) and 
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(Me,Sn),SiLi (8). Although this compound was  not  iso- 
lated, its presence was  confirmed by  trapping reactions 
with the following electrophiles: aqueous acid, Me,SiCl, 
and Me1 to give tris(trimethylgermyl)silane, tris(trimethy1- 
gemyl)(trimethylsilyI)silane, and methyltris(trimethy1gemyl)- 
silane, respectively. In this way, (Me,Ge),SiLi proved to be 
a convenient reagent for  the preparation of  new compounds 
containing the (Me,Ge),Si- group. 

THF 
[4] (Me,Ge),Si + MeLi + (Me,Ge),SiLi + GeMe, 

/ 1 Me,SiCI, 
(Me3Ge),Si-SiMe, 

I pentane 

1 Me1 , 
(Me3Ge),Si-Me 

pentane 

(Me,Ge),SiH, the product resulting f rom the acidic hy- 
drolysis o f  (Me,Ge),SiLi, can  be  readily chlorinated to give 
(Me,Ge),SiCl,, in much the same manner  as  (Me,Si),SiH 
(17). 

The dichlorosilane will allow for further functionalization at  
the silicon centre using nucleophilic reagents. 

Conclusions 
The  one-pot coupling reaction involving SiCl,, Me3GeC1, 

and Li  metal in  THF was  not a satisfactory method for  the 
preparation of  (Me,Ge),Si. However ,  a moderate yield of  
(Me,Ge),Si is obtained when four equivalents of  Me,GeLi 
are added to SiCl,. A s  expected, the treatment o f  (Me,Ge),- 
S i  with M e L i  gave (Me,Ge),SiLi which,  when trapped 
with electrophiles, gave new compounds containing the 
(Me,Ge),Si- group. T h e  chlorination of  (Me,Ge),SiH af- 
forded (Me,Ge),SiCl,, which is a precursor t o  other new 
compounds containing silicon-germanium bonds. 

Experimental 
All glassware was thoroughly flame-dried and the apparatus kept 

under a dry argon atmosphere over the course of each reaction. THF 
and Et,O were distilled from sodium and benzophenone immedi- 
ately before use. Pentane and HMPA were distilled from LiAIH, 
and CaH,, respectively, and gored under an atmosphere of dry 
argon prior to use. SiCl,, Me,SiCl, and Me1 were distilled from 
CaC1, immediately before use. Me4Ge was used as received from 
Toronto Research Chemicals Inc. Chromatography was per- 
formed on silica gel plates using a Chromatotron (Hamson Re- 
search Co.; model 8924) or by dry column flash chromatography 
(1 8). Acidic work-up refers to the slow addition of 1 M HCI to the 
reaction mixture, followed by separation of the two layers and ex- 
traction of the aqueous layer with Et,O. The organic layers were 
subsequently combined, washed successively with water and brine, 
and dried over MgSO,. When HMPA was used in the reaction, the 
organic layer was initially extracted several times with 1 M HCI. 

Infrared spectra were recorded on a Bruker IFS 32 FTIR spec- 
trometer, controlled by an IBM System 9000 computer. Nuclear 
magnetic resonance spectra were recorded on either a Gemini 200, 
Varian XL-200 or XL-300 NMR spectrometer, using C6D6 as the 
solvent. Electron impact mass spectra were recorded on a Finnegan 
MAT model 8230 spectrometer, using an ionizing voltage of 70 eV. 
Elemental analyses were performed by Galbraith Laboratories Inc., 
Knoxville, TN. A Hewlett-Packard 5830 GC, equipped with a DB 

5 capillary column, was used to obtain the gas chromatographs. The 
yield of hexamethyldigermane given is based on the amount of 
chlorotrimethylgermane used. 

Chlorotrimethylgermane 
Me4Ge (6.96 g, 52.5 mmol) and SnCl, (13.65 g, 52.4 mmol) 

were introduced into a Carius tube. The Carius tube was then sealed 
under vacuum and heated for 46 h at 150°C. Simple distillation 
(under a dry argon atmosphere) of the reaction mixture gave a 
quantitative yield of Me,GeCl (8.02 g, 52.4 mmol) as a clear, 
colourless liquid (bp 102"C, atmospheric pressure; lit. (1 1) 102- 
103"C, 760 Torr; 1 Torr = 133.3 Pa). 'H NMR (pprn) 0.35 (s) (lit. 
(1 1) (C6D6) 0.39 (s)). 

(a) One-pot Synthesis 
Me,GeCl (3.00 g, 19.6 mmol), THF (25 mL), and pounded 

lithium (0.39 g, 56 mmol) were mechanically stirred at -78°C. To 
this stirred suspension, was added a solution of SiC1, (0.75 g, 
4.4 mmol) in THF (10 rnL) from a pressure-equalizing funnel. After 
stirring at -7S°C for 3 h, the cold bath was removed and the re- 
action mixture was left to stir overnight. As the reaction pro- 
ceeded, the reaction mixture went from light-green to dark-brown 
and opaque in appearance. After filtration &rough Celite and acidic 
work-up; dry column flash chromatography (silica gel; hexanes), 
followed by Kugelrohr distillation (pot temperature: 100"C, 
0.4 Tom), a crude, white solid was obtained. This was then sub- 
limed (90°C, 0.5 Tom) to give (Me,Ge),Si (0.008 g ,  0.4%) as a 
white, waxy solid. 

(b)  Using trimethylgermyllithium prepared from 
chlorotrimethylgermai~e 

Lithium metal (0.21 g, 30 mmol), pounded into small, flat pieces 
(ca. 1 cm in diameter), was placed into a 100 rnL three-neck round- 
bottom flask. HMPA (5 mL) was then added and the resulting 
HMPA/Li mixture was stirred vigorously until the solution turned 
from clear to blue-grey in colour. At this point, a solution of 
Me,GeCl (1.65 g, 10.8 mmol) in Et,O (6 mL) was added, drop- 
wise. The resulting solution gradually acquired a dark-brown col- 
our, with a yellow tinge. After 3.5 h of stimng at room temperature, 
the germyllithium solution was added dropwise (ca. 1 drop every 
3 s) to a solution of SiCl, (0.44 g, 2.59 mmol) in pentane (50 mL) 
at -78°C. After the addition was complete, the reaction mixture 
was allowed to warm to room temperature and stirred overnight. 
Acidic work-up of the chocolate-brown solution, followed by re- 
moval of the solvents by simple distillation, resulted in a crude re- 
action mixture containing HMPA, (Me,Ge),, and (Me3Ge),Si. The 
residual HMPA was removed by dry column flash chromatogra- 
phy (silica gel, pentane). The (Me,Ge), and (Me3Ge),Si were then 
separated by trap-to-trap distillation (room temperature, 0.7 Torr) 
to yield (Me3Ge), (0.38 g, 30%) as a clear, colourless liquid. The 
pot residue, (Me3Ge),Si, was purified by sublimation (62"C, 
0.7 Torr) to yield 0.24 g (19%) of a white, waxy solid; mp 245°C 
(dec., sealed tube); IR (KBr pellet, cm-') 2969 (s), 2905 (s), 2797 
(m), 1404 (s), 1229 (s); 'H NMR (ppm) 0.38 (s); ',c NMR (ppm) 
1.98 (q, J = 126 Hz); ' 9 ~ i  NMR (ppm) - 104.62; MS m/e  (%) 500 
(15, M+), 485 (36, M+ - Me), 381 (41, M+ - GeMe,), 279 (26), 
177 (36), 119 (30, GeMe,), 73 (100, SiMe,); Anal. calcd. for 
C12H,6Ge4Si: C 28.89, H 7.29, found: C 29.07, H 7.08. 

Tris(trimethylgermy1)silyllithium and tris(trimethylgermy1)silane 
Methyllithium (2.3 mL of a 1.3 M solution in Et,O) was added, 

via pipet,' to a stirred solution of (Me3Ge),Si (0.21 g, 0.43 mmol) 

'A glass pipet fitted with a 3-valve pipet filler (Aldrich Cat. no. 
213,647-6) is repeatedly flushed with argon in the following man- 
ner: the gas in the bulb is expelled by pressing simultaneously on 
the bulb and valve "An on top of the bulb, followed by drawing 
argon up into the pipet and bulb by pressing the "S" valve on the 
stem. After expelling argon from the bulb, the liquid is then drawn 
up into the pipet by pressing valve "S" and, after transfer to the 
appropriate flask, the liquid is expelled from the pipet by squeez- 
ing the argon-filled bulb and then pressing valve "S." 
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in THF (12 mL). After stirring overnight at room temperature, the 
light-yellow (Me3Ge),SiLi solution was added dropwise to 15 mL 
of a rapidly stirring 1 M HC1 solution. After the addition was 
complete, the aqueous layer was extracted with Et,O. The com- 
bined organic layers were then washed with water, followed by 
brine, dried over MgSO,, and the solvent removed by rotary 
evaporation. Purification by chromatography (Chromatotron; hex- 
anes) yielded 0.12 g (72%) of (Me,Ge),SiH as a clear, colourless 
liquid. IR (neat, cm-I) 2068 (s, Si-H); 'H NMR (ppm) 0.37 (s, 
27 H,  Ge-CH,), 3.10 (s, 1 H,  Si-H); "C NMR (ppm) 1.05 (q, 
J = 126 Hz); " ~ i  NMR (ppm) -96.95; MS m / e  (%) 382 (6, M'), 
367 (8, M+ - Me), 293 (22), 177 (20), 119 (24, GeMe,), 73 (100, 
SiMe,); high resolution MS: calcd. for m / e  c ~ H ~ ~ ' ~ S ~ ~ ' G ~ ~ ~ % ~  
381.9614; found: 381.9662. 

Tris(tritnethylgermyl)(trimethylsilyl)silane 
MeLi (0.4 mL of a 1.3 M solution in Et'O) was added to a stirred 

solution of (Me,Ge),Si (0.09 g, 0.18 mmol) in THF (12 mL). After 
stirring overnight at room temperature, the light-yellow silyllith- 
ium reagent was transferred to a pressure-equalizing funnel and 
added, dropwise, to a solution of Me3SiC1 (0.13 g,  1.2 mmol) in 
pentane (35 mL) at -78OC. The cold bath was then removed and 
the reaction mixture stirred overnight. Acidic work-up and re- 
moval of the solvent by rotary evaporation gave a crude, white 
solid. Sublimation (55"C, 1.15 Torr) resulted in the isolation of 
0.043 g (53%) of (Me,Ge),Si(SiMe,) as a white, waxy solid. IR 
(KBr, cm-I) 2967 (s), 2905 (s), 2797 (m), 1404 (m), 1260 (m), 
1244 (s), 1229 (s), 814 (s), 687 (m), 625 (m), 586 (s), 558 (s); 'H 
NMR (ppm) 0.24 (s, 9 H, Si-CH,), 0.39 (s, 27 H,  Ge-CH,); 
13 C NMR (ppm) 2.02 (1, Ge-CH,, J = 126 Hz), 2.46 (q, 
Si-CH,, J = 119 Hz); ' Si NMR (ppm) -8.44 (sextet, SiMe,, 
J = 7 Hz), - 112.45 (m, (Me,Ge),Si); MS m / e  (%) 454 (4, M'), 
439 (10, M' - Me), 335 (12, M+ - GeMe,), 235 (12), 177 (8), 
119 (1 1, GeMe,), 73 (100, SiMe,); high resolution MS: calcd. for 
m / e  ~ ~ ~ H ~ : ~ ~ i ~ ~ ' G e , 7 4 ~ e :  454.0009; found: 453.9991. 

Methyltris(tritnethy1germyl)silane 
(Me,Ge),SiLi was prepared, as described previously, by the ad- 

dition of MeLi (0.7 mL of a 1.3 M solution in Et20) to a stirred 
solution of (Me,Ge),Si (0.09 g, 0.19 mmol) in THF (12 mL) and 
stirring the resulting mixture overnight at room temperature. The 
light-yellow silyllithium reagent was then added dropwise to a so- 
lution of Me1 (0.23 g,  1.6 mmol) in pentane (40 mL) at -7S°C. 
The reaction mixture was then allowed to warm to ambient tem- 
perature and stirred overnight. After acidic work-up, purification 
by chromatography (Chromatotron; hexanes) gave 0.05 g of a 
white, waxy solid which contained a mixture of (Me,Ge),Si-Me 
and (Me,Ge),Si in a 4: 1 ratio (by GC). These two compounds could 
not be separated; however, preparative GC allowed for the isola- 
tion of a mixture containing 91% (Me3Ge),Si-Me (by GC). 
Characterization for (Me3Ge),Si-Me, containing approximately 
20% (Me3Ge),Si: 'H NMR (pprn) 0.22 (s, 3 H, Si-CH,), 0.3 1 (s, 
27 H, GeCH,); I3C NMR (ppm) -0.53 (q, Ge-CH,, J = 126 Hz), 
- 11.26 (q, Si-CH,, J = 124 Hz); 29Si NMR (pprn) -63.18; MS 
m / e  (%) 396 (31, M'), 381 (56, M+ - Me), 279 (83, M' - 

GeMe,), 177 ( 7 3 ,  119 (30, GeMe,), 73 (100, SiMe,); high reso- 
lution MS: calcd. for m / e  c ~ ~ H ~ ~ ~ ~ s ~ ~ ' G ~ ~ ~ ~ G ~ :  395.9770; found: 
395.9796. 

Dichlorobis(trimethy1germyl)silane 
Chlorine gas was bubbled (ca. 1 bubble every 5 s) through a 

stirred solution of (Me,Ge),SiH (0.053 g,  0.14 mmol) in pentane 
(15 mL) at -78°C. The reaction was monitored by gas chroma- 
tography and was found to be complete after 16 min of chlorina- 
tion. The solvent was then removed by rotary evaporation and the 
product purified by trap-to-trap distillation (room temperature, 
0.5 Torr). This afforded 0.043 g (92%) of (Me,Ge),SiCl, as a clear, 

colourless liquid. IR (neat, cm-I) 2965 (s), 2936 (s), 2876 (m), 
1458 (m), 1381 (m), 1237 (w), 822 (s), 652 (m), 600 (s); 'H NMR 
(pprn) 0.28 (s); I3c NMR (ppm) -3.27 (q, J = 128 Hz); '9Si NMR 
(ppm) 40.83; MS m / e  (%) 334 (5, M+),  319 (4, M+ - Me), 197 
(15), 119 (100, GeMe,), 73 (69, %Me3); high resolution MS: calcd. 
for m / e  C ~ H , , ' ~ S ~ ~ ' G ~ ~ ' G ~ - ' ~ C ~ ~ :  333.8987; found: 333.8965. 
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J.  K. KAUPPINEN, D. J.  MOFFATT, and H. H. MANTSCH. Can. J.  Chem. 70, 2887 (1992). 
The nonlinear behavior of the filter-type Maximum Entropy Method (MEM) was investigated from a theoretical and 

a practical point of view. The integrated intensity of the output spectral lines of MEM was probed as a function of the 
input intensity pattern, the filter length, and the S/N ratio of the input spectrum. The nonlinear behavior of MEM has 
been explained and the results compared with those derived by another method, LOMEP (Lineshape Optimized Maxi- 
mum Entropy linear Prediction). The study was carried out with the aim of resolution enhancement of spectra that have 
high signal-to-noise ratio. 

J .  K. KAUPPINEN, D. J.  MOFFATT et H. H. MANTSCH. Can. J. Chem. 70, 2887 (1992). 
On a CtudiC le comportement non-linCaire de la MCthode d'Entropie Maximale d'un point de vue tant thCorique que 

pratique. On a examine I'intensitC intCgr6e des raies spectrales de sortie MEM en fonction du patron de l1intensitC a I'entrCe, 
de la longueur du filtre et du rapport signal/bruit du spectre d'entrCe. On a expliquC le comportement non-IinCaire du 
MEM et on a comparC les rksultats avec ceux obtenus a l'aide d'une autre mCthode, LOMEP (prediction IinCaire a partir 
de l'information sur l'entropie maximale et la forme de la courbe). On a realis& 1'Ctude afin d'augmenter la rCsolution 
de spectres ayant des rapports signal/bruit ClevCs. 

[Traduit par la redaction] 

Introduction 
The basic principle of the Maximum Entropy Method 

(MEM) (1-3) is to perform a least-squares fit with an extra 
constraint, maximization of the information entropy. Sim- 
pler techniques, which use as the only constraint the stan- 
dard deviation of a least-squares fit, will not yield a unique 
solution. The most probable solution will be the one that has 
a maximum information entropy. Thus, by maximizing the 
entropy of the spectrum for a given standard deviation one 
obtains the best solution for a given set of data. This oper- 
ation, known as iterative MEM, has been shown to be suit- 
able forfitting a spectrum (1-8); however, it is not well suited 
for resolution enhancement. 

There exists another type of MEM, based on filter the- 
ory, in which the output spectrum is computed simply from 
a maximum entropy power spectral estimator, which is pro- 
portional to the power spectrum of the transfer function of 
the filter. There are many variations of this MEM that differ 
only in the model of the filter and in the method used to solve 
the resulting equations. Most common (1-3, 9) are the au- 
toregression (AR), moving-average (MA), and autoregres- 
sion/moving-average (ARMA) models. As this type of MEM 
has been used for resolution enhancement, we will make it 
the focus of our discussion. In a previous report (10) we 
tested the use of the AR method of Burg's MEM (1 1, 12) as 
a resolution enhancement technique; we now explain why it 
should never be used for this purpose. We show that in AR, 
MA, and ARMA information regarding the intensity of the 
input lines is highly degraded. Moreover, other methods in 
which the power spectral estimator is proportional to the 
power of a transfer function, such as MUSIC (13, 14) or 
MINIMUM NORM (14), will also suffer from this disad- 
vantage. 

'NRCC No. 32853. 
2 ~ u t h o r  to whom correspondence may be addressed. 

Theory 

Part A .  Filter-type maximum entropy method 
In the ARMA method (1-3, 9) the time domain model is 

given by 

where, using an interferometric notation, I, = I(jAx) is the 
time domain data point at jAx = j/(2vm,,), and e, is the cor- 
responding error at this point. The ARMA model in eq. [I] 
can be considered as a filter with a transfer function given 
by 

where 

The power spectral estimation (2, 9) has been defined as 

where a, is the standard deviation of the errors ej and H* 
stands for a complex conjugate of H. 

In a spectrum with a high signal-to-noise ratio the bkej-k 
terms can be approximated to zero (for k > 0) and the method 
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becomes the autoregression AR model. Thus eq. [ l ]  re- 
duces to 

M 

[51 I, = -C a,~,-, + e, 
k=  l 

where a, = -hk (k > 0). Thus eqs. [2]-[4] yield 

and 

dl 
[81 P(v) = 2 r  Q O =  1 

irvk 

P(v) is referred to as the maximum entropy power spec- 
tral estimator. It has been demonstrated (15) that the infor- 
mation entropy has a maximum for P(v) if the prediction-error 
coefficients {a,) are derived from eq. [5], i.e., by fitting the 
data I, according to eq. [5]. 

The procedure known as Burg's MEM is based on eqs. [5] 
and [8]. Because under certain conditions the power spec- 
trum P(v) defined by eq. [8] produces narrow spectral lines 
this method is sometimes referred to as "super-resolution 
MEM." However, the method is highly nonlinear and 
therefore often misleading. If line narrowing were to take 
place correctly in eq. [8] then this would be equivalent to 
linear prediction in the time domain. We will show that this 
is never the case. 
Part B. True linear prediction and LOMEP 

Let us now consider a new approach to the problem of 
linear prediction. Instead of using Burg's method we derive 
a theoretical impulse response {h,) of the linear prediction 
based on eq. 5.3 Equation [6] can be rewritten as a convo- 
lution: 

where I,(x) is a predicted signal and D(x)h(x) is the desired 
impulse response, if 

1 O < x s M A x  
[lo]  D(x)= 

0 elsewhere 

Let us assume that we know the true signal I(x) in the inter- 
val (0, MAx) and that it consists of noise-jree undamped co- 
sine waves, i.e., 

[I].] I(x) = A, cos (2rvix) 
i 

3 ~ .  K. Kauppinen, P. E. Saarinen, and D. J. Moffatt. To be 
published. 

where A, is the integrated intensity of a line at vi. A true lin- 
ear prediction is possible if and only if we have a stationary 
case where the theoretical coefficients {a,) do not depend on 
the shift of the input data (see below). It can be shown3 that 
if el = 0, then the simplest solution of eq. [5] is given by 

where the scaling constants a; and the phase adjustments +; 
can be derived from the constraint: 

where % { ) is the Fourier transform operator. This is a nec- 
essary and sufficient condition for h(x) to be a solution of eq. 
[51. Furthermore, it can be shown3 that the constants a, and +; depend only on the frequencies vi of the spectral lines and 
on M, thus the filter coefficients a, = -hk = -h(kAx) do not 
contain information concerning the line intensities A,. Hence, 
under these ideal conditions (a noise-free input spectrum) eq. 
[8] will not contain any intensity information and therefore 
the filter-type MEM cannot give correct intensities of the 
spectral lines and eqs. [4] and 181 cannot be accurate esti- 
mates of the power spectrum P(v). 

The only way to realize significant resolution enhance- 
ment with correct line intensities A, is to perform a true lin- 
ear prediction. This is accomplished by applying eq. [5] 
inductively (with the assumption e, = 0) to extrapolate the 
time domain starting with the M + 1 known (measured) data 
I, ( j  = 0, 1, 2, . . . M). We have given this resolution en- 
hancement method the name "LOMEP" (10, 16) (Line- 
shape Optimized Maximum Entropy linear Prediction). 
LOMEP consists of three procedures: Fourier Self-Decon- 
volution FSD (1 7), Burg's MEM, and this true linear pre- 
diction, LP. Now, maximum resolution enhancement can 
only be achieved by extrapolation of undamped cosine waves 
as assumed in eq. [ l  11. In practice, the intrinsic lineshape 
of spectroscopic lines (e.g., Lorentzian or Gaussian) corre- 
sponds to damped cosine waves in the time domain. There- 
fore the first step in LOMEP is the use of FSD to change the 
damped cosine waves to undamped ones according to the 
following equation: 

where Ein(v) is the input spectrum with lineshape function 
W(v), 4 { ) and !3-' { ) are the Fourier transform and in- 
verse Fourier transform, respectively. Line narrowing will 
be achieved if the imposed output lineshape Wo(v) is nar- 
rower than W(v). The line-narrowing factor K, loosely re- 
ferred to as the "resolution enhancement factor," is given by 

where FWHH(W) and FWHH(Wo) are the full width at half- 
height of W(v) and Wo(v), respectively. In practice K is lim- 
ited by the signal-to-noise ratio (S/N) of Ein(v), i.e., K < 
log,,(S/N). In LOMEP the output lineshape Wo(v) is a sinc 
function meaning that FSD changes the damped time-do- 
main signals to undamped ones. This lineshape optimiza- 
tion is the key step in LOMEP, enabling it to achieve 
resolution enhancement (10). 
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The next step in LOMEP is to compute the prediction-error 
coefficients {a,) (k = 1, 2, 3, . . . M) of a prediction-error 
filter. This is done by using Burg's method (1 1, 12) and 
M + 1 known data I, ( j  = 0, 1, 2,. . .M). After this we are 
able to predict new data I,(j > M) by using eq. [5] and M + 
1 known data I, ( j  = 0, 1, 2 . . . M) assuming that e, = 0. 
In rinciple, Burg's MEM gives {a,) so that the error power 2 C' e ,  1' has a minimum. Unfortunately, this minimum error 
power depends very strongly and chaotically on the filter 
length M. The innovation in LOMEP is to optimize the fil- 
ter length M using a simple test of the prediction coeffi- 
cients a,. This can be done by predicting backward the data 
I:, ( j  = 1, 2, 3 . . . M) using the input data I, ( j  = 0, 1, 
2, . . . M). From those predicted data I:, we are able to 
compute the quality factor of prediction given by: 

This is possible, because I ,  = I, and the forward and back- 
ward prediction coefficients are the same, if the input signal 
consists of undamped cosine waves. Unfortunately, in all but 
the most trivial cases, the theoretical minimum M for which 
q(M) = 1 is larger than the number of usable data points in 
the time-domain signal. The practical solution is to search 
for an optimum filter length Mo for which q(Mo) has a max- 
imum. The choice of Mo can greatly affect the quality of the 
LOMEP output in terms of lineshape. 

The next step of LOMEP is a linear prediction applying 
eq. [5] inductively to the initial input signal I, ( j  = 0, 1, 
2, . . . M,). The final signal is the input signal plus the pre- 
dicted one I, ( j  = Mo + 1,  M, + 2, . . ., N) where the prac- 
tical limit, N, to extrapolation is determined mainly by q(M,) 
and the degree of distortion allowable in the output spec- 
trum. To obtain a more desirable lineshape than sinc we 
apodize the final signal. Thus the lineshape (WL(v)) of the 
LOMEP output spectrum is simply the Fourier transform of 
the apodization function. The line-narrowing factor K of 
LOMEP is FWHH(W)/FWHH(WL) and it is proportional 
to N. 

Comparison of Burg's NIEM with LOMEP as methods 
for resolutioi enhancement 

The only step common to both MEM and LOMEP is the 
use of Burg's MEM to compute the coefficients {a,) using 
the same model eq. [5]. Thereafter LOMEP and MEM dif- 
fer substantially, the former once again using eq. [5] to ac- 
complish a true linear prediction, with the latter using the 
maximum entropy power spectral estimator given by eq. [8]. 
Therefore LOMEP output spectra are amplitude (true) spec- 
tra whereas MEM spectra are power spectra. In LOMEP, 
lineshape optimization is always performed with the help of 
FSD, while MEM is applied to spectra without use of any 
lineshape information. In this work we apply FSD before 
MEM, because in this case MEM works better (10). Fur- 
ther, in LOMEP we optimize the filter length and use the 
quality factor q(Mo) to guarantee the reliability of the final 
prediction. The closer q(Mo) is to 1, the less distorted are the 

output lines. In LOMEP the output lineshape and the line 
narrowing factor K are easily adjusted by apodization and the 
length (N) of the final signal, whereas in MEM lineshape and 
linewidth are not under our control. 

Let us now compare the properties of Burg's MEM with 
the true linear prediction of LOMEP, by applying eq. [5] to 
synthesized data. This comparison was carried out by vary- 
ing (i) the integrated intensity of the individual input spec- 
tral lines (see Fig. l), (ii) the filter length M (see Fig. 2), and 
(iii) the S/N ratio of the input spectrum (see Fig. 3). The test 
spectra are comprised of Lorentzian lines (FWHH = 40) at 
positions v, = 600, v, = 900, v, = 1600, and v, = 1650 with 
a sampling interval of 1. The integrated intensities of the input 
spectra and those of the various output spectra are listed in 
Table 1; measured intensities were integrated 25 points to 
either side of the input line positions. In all three figures, the 
MEM spectra are magnitude spectra and the LOMEP spec- 
tra have a Bessel lineshape. 

Figure 1 shows the FSD, LOMEP, and MEM output 
spectra with M = 152, N = 153. Because the theoretical 
impulse response D(x)h(x), defined in eqs. [lo] and [12], 
depends only on M and the frequencies v,, we may compute 
the {ak) coefficients for the input spectrum of Fig. 1A only, 
and then use these coefficients to compute LOMEP outputs 
for all four input spectra. The LOMEP spectra, even with a 
high K (resolution enhancement factor) value of 10, are quite 
reasonable, both in terms of lineshape (lack of distortion) and 
integrated intensity. As evident from Table 1-1, the intensi- 
ties are accurate to within 0.1%. The output lineshape is 
controlled by apodization of the extrapolated signal. The fact 
that the impulse response calculated from spectrum 1A can 
be successfully employed for the linear prediction of all four 
spectra proves that the impulse response does not contain 
intensity information. It is to be noted that LOMEP also gives 
correct intensities in the case of negative lines. 

On the other hand, the relative integrated intensities of the 
MEM spectra in Fig. 1 deviate from the input values by as 
much as two orders of magnitude. Furthermore, some lines 
have undergone splitting and even those that did not, do not 
possess uniform lineshapes. This clearly demonstrates that 
neither the impulse response nor the magnitude spectrum 
(~(v))"' in eq. [8] contains significant intensity informa- 
tion. In this simulation the ratio M/N is approximately one. 
As it has been shown (2, 3), this is not an optimal situation 
for MEM. Figure 2 illustrates the behavior of LOMEP and 
MEM as a function of the filter length (M), using spectrum 
1B as input. Again, the intensities of the spectral lines are 
retained in the LOMEP output while MEM produces a vari- 
ation of between +3 and -5 1 % around the input values (see 
Table 1-11). Spurious lines are also evident in the MEM 
output, and the lines at 1600 and 1650 often appear split. In 
this example the number of points, N, used in MEM was 153, 
while for LOMEP this number was M + 1. The discrete M 
values used in the calculations are given in Fig. 2. Now the 
M to N ratio is closer to the optimal value (2, 3) for MEM 
but not for LOMEP. For small values of M (M << Mo), the 
LOMEP procedure appears to suffer from lack of informa- 
tion, which results in lineshape distortions, but no degra- 
dation of the integrated intensity information. 

Figure 3 compares the output of LOMEP with that of 
MEM as a function of S/N using again the intensities and 
frequencies in spectrum 1B as a model. The measured in- 
tegrated intensities of the output spectra are given in Table 
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LOMEP 

K = 10 

(B) J \ ~ / ! ~ ~ ~ O O ~  

FSD + MEM 

Ah 

FSD + MEM I 

,ib---+'vw FSD 

.- 

I 
S/N - 2000 

FSD 

FSD 

I I 

I 

LOMEP 
K = 10 

LOMEP 

K = 10 

, ,  ,, FSD + MEM 1 , rL 
I t I I I I I I I I I I I I I I 

250 500 750 1000 1250 1500 1750 250 500 750 1000 1250 1500 1750 

FIG. 1. Burg's MEM and LOMEP output spectra at various input line intensity patterns. The input lines at 800, 900, 1600, and 1650 
have the following relative integrated intensities (A) 1, 1, 1, 1 ; (B) 1/2, 1, 1 /2, 1; (C) 1, 1 / lo ,  1, 1 /lo; (D) 1, - 1, 1, - 1. The peak- 
to-peak S/N was 2000. 

1-111. Once more it is evident that LOMEP performs well, 
giving accurate intensities and output lineshapes even in the 
examples with low input S/N, though some output noise is 
evident in these cases. The MEM output spectra on the other 
hand have quite inaccurate intensities. In addition, this fig- 
ure demonstrates a peculiar characteristic of filter MEM: its 
output appears to improve as the input S/N decreases. For 
example, with S/N = 2 or 20 the intensity errors are -25%, 

while at S/N = 03 the intensity errors are almost two orders 
of magnitude. This is further evidence that the maximum 
entropy power spectral estimator given in eqs. [4] and [8] is 
incorrect. Another odd characteristic of MEM is the appar- 
ent absence of noise in the output, regardless of the input 
S/N. This is because the link between the input spectrum and 
the output is very tenuous, depending only upon a smooth 
Fourier transform of the filter coefficients, {a,). Comparing 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

10
9.

22
5.

11
0.

28
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KAUPPINEN ET AL. 289 1 

FSD + MEM LOMEP (K = 5 )  

FIG. 2. Illustration of the effect of filter length, MAX, on MEM 
and LOMEP output spectra. The input spectrum is that from Fig. 
1R with N = 153 for MEM and N = M + I for LOMEP. 

the LOMEP and MEM output at low S/N (Fig. 3E), MEM 
gives a better looking spectrum while LOMEP gives a more 
accurate representation of the input along with some output 
noise. 

Discussion 
Part A .  Why can LOMEP perform a true linear 

prediction ? 
In LOMEP one uses a linear filter, as in eqs. [5] and [9], 

applied to the measured time domain signal, I(x), after FSD. 
Upon Fourier transformation eq. [9] becomes: 

[I71 Ep(v) = X(v)E(v) 

where the transfer function of the filter is given by 

[18] X(v) = %{D(x)h(x)) 

According to eq. [ l  11, I(x) consists of infinitely long cosine 
waves even though only a short segment of this signal is 
known (between 0 and MAX). Now if the condition in eq. 
[13], i.e., %{~(x)h(x)) = X(v) = 1 ,  is exactly valid, at least 
at all the frequencies (v,) where lines occur in the spectrum 
E(v), one can continue I,(x) ad infinitum, I,(x) = I(x), and 
eq. [17] can be rewritten: 

~ 1 9 1  E,(v) = X(V)E(V) 

+ ( 1 /2) 6(v - v,)) 

= x A, {(1/2) 6(v + v,) 
1 

+ (1/2) 6(v - v,)) = E(v) 

because X(v) = 1 at * vi and E(v) = %{I(x)). This means 
that LOMEP gives an exactly correct spectrum including the 
intensities A, and the frequencies v,. Though h(x) may in- 
clude frequencies that are not in I(x), the LOMEP result will 
not contain lines at these frequencies. LOMEP is inherently 
a more reliable method because it will produce an output line 
at a given frequency, v,, if and only if X(v,) = 1, and the 
spectrum, E(v,), has significant intensity at v, according to 
eq. [19]. This practically eliminates the possibility of spu- 
rious lines, which are quite common in MEM. Moreover, 
LOMEP will in general yield more accurate frequencies than 
MEM because in linear prediction both the input signal and 
the impulse response contain frequency information. 

Part B. What's wrong with MEM? 
Burg's MEM is based on the maximum entropy power 

spectral estimator given by eq. [8]. Its predecessor, eq. [5], 
can be expressed in a continuous form as 

where E(V) is an error spectrum that includes noise. Hence, 

In Burg's MEM one first derives the impulse response {ak) 
of the so-called prediction-error filter by minimizing errors. 
If E(V) were known, the output spectrum could then be 
computed by direct application of the transfer function 1 /(1 
- X(v)). Because the absolute value of the error spectrum, 
JE(V)~,  is not known, the constant value, u,, has been used 
instead, i.e., 

Using this approximation the power spectrum becomes: 

which is the well-known maximum entropy power spectral 
estimator. However, it turns out that this approximation in 
eq. [23] is very poor, especially at the line positions, vi, 
where the difference between u, and le(v,)I can be several 
orders of magnitude. Also, the error spectrum, Is(v)l, is not 
merely noise, but contains intensity information not con- 
tained in the prediction-error constants. Rearranging eq. [22], 

we see that ~ ( v )  depends not only on E(v), but also on how 
close X(v) is to unity, i.e., the validity of the linear predic- 
tion condition. 

We will now explore how this erroneous approximation 
explains much of the anomalous behavior of MEM. Let us 
take a few numerical examples. For convenience, we re- 
write eq. [24] as follows: 
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INPUT MEM LOMEP (K = 10) 

FIG. 3. Burg's MEM and LOMEP output spectra at various input signal-to-noise ratios. The intensity pattern is that used in Fig. 1B. 

TABLE 1. Relative integrated intensities of the lines A, in Figs. 1-3 

Input value LOMEP output MEM output 

Fig.1A 1 1 1  1 
I F i g . 1 B  1/2 1 1/2 1 

Fig. 1C 1 1/10 1 1/10 
Fig.1D 1 - 1  1 - 1  

Fig. 2A 1/2 1 1/2 1 
Fig. 2B 1/2 1 1/2 1 
Fig. 2C 1/2 1 1/2 1 

11 Fig. 2D 1/2 1 1/2 1 
Fig. 2E 1/2 .1 1/2 1 
Fig.2F 1/2 1 1/2 1 
Fig.2G 1/2 1 1/2 1 

Fig. 3A 1/2 1 1/2 1 
Fig.3B 1/2 1 1/2 1 

111Fig.3C 1/2 1 1/2 1 
Fig. 3D 1/2 1 1/2 1 
Fig. 3E 1/2 1 1/2 1 

where Re(v) and Im(v) are the real and imaginary parts, re- 
spectively, of X(v). Assuming the linear prediction condi- 
tion (eq. [13]) is exactly valid, i.e., Re(v) = 1 and Im(v) = 
0 at all the line positions, then, according to eq. [26], all the 
corresponding peak heights in MEM will be infinite. It is now 
easy to understand why on average the closer [A(v)I2 is to 
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FIG. 4. Demonstration of the inaccurate approximation Ie(v)l = 
a,,, using eq. [22]. 

zero, the narrower will be the output line (compare Figs. 3A 
and 3E). 

Figure 4 illustrates the behavior of the function A(v) and 
demonstrates eq. [22]. Figure 4A shows the FSD spectrum 
of the input spectrum from Fig. 3C with a S/N of 200, Fig. 
4B is the corresponding magnitude spectrum IE'(v)~, and Fig. 
4C is Burg's MEM spectrum with M = 127, N = 128. 
Again, the MEM output spectrum exhibits degradation of 
intensity information. Figures 4D and 4E show the power 
spectra of E '(v) and 1 - X(v), respectively. An estimate, 
~ ' ( v ) ,  is computed as the discrete Fourier transform of 

which means that ~ ' ( v )  = Er(v)ll - X(v)] = E(v)[l - 
X(v)] = E(V) with Er(v) = 9-'{~'(x)). This approximation, 
necessary because neither the fitted I(x) nor E(v) is known, 
is quite valid, because, at this S/N, Er(v) and E(v) differ by 
less than 1 %. According to eq. [22], taking the square root 
of the ratio of spectrum D to E should yield IE'(v)~; this is 
shown to be the case in Fig. 4F. Hence we can conclude that 
the reason for the erroneous intensities in MEM spectra is the 
fact that l ~ ( v ) 1 ~  is not a constant (uM). In this example, the 
measured values of ler(v) at 600, 900, 1600, and 1650 are I 1.01 x lo-'', 1.30 x 10- O, 1.33 x lo-", and 2.90 x 
respectively. This represents a change of more than one order 
of magnitude from line to line. 

A study of the value IA(v)l2 at the known line positions will 
further clarify the behavior of the filter-type MEM. For ex- 
ample, if one follows the MEM output spectra as a function 
of S/N in Fig. 3, it is clear that, at high S/N, lA(v)I2 is so 

small that slight changes in Re(v) and Im(v) can modulate 
the quantity 1 / J A ( V ) ~ ~  by a few orders of magnitude. In ex- 
treme cases, e.g., Fig. 3A where log(lA(v)12) ranges from 
- 10 to - 13, the peak height may even be markedly af- 
fected by small computational errors. As the S/N de- 
creases, the value IA(v)I2 increases, resulting in smaller 
changes in the output; the range for log(lA(v)12) in Fig. 3C 
is -5.7 to -6.6 and at S/N = 2 it is -2.2 to -4.2. From 
Table 1-IU one can see that at very low S/N (2 and 20) there 
exists a slight correlation between the integrated intensities 
of MEM lines and the true intensities. The reason is that the 
transfer function X(v) is distorted by the noise. Statisti- 
cally, the stronger the line is at v,, the closer X(vi) is to unity. 
In other words, IA(vi)12 is statistically proportional to (s/N)-' 
at v,, resulting in a smaller intensity distortion at low S/N. 

Part C. The importance of lineshape 
Throughout this discussion the input signal has been as- 

sumed to be composed of undamped cosine waves corre- 
sponding to a sinc lineshape in the frequency domain. The 
filter-type MEM has been used for fitting the observed data 
in cases where the lineshape is not a sinc function, with the 
goal of increased S/N with any resolution enhancement as 
a serendipitous bonus. In such cases, where the time do- 
main signal will consist of damped cosine waves, the AR 
model in eq. [5] is not generally applicable. According to the 
AR model, eq. [5] should hold for any M contiguous data 
points, I,, I,, , , . . . , regardless of the starting point, 
j. The only function that can satisfy this criterion is the ex- 
ponential: A,(x) = A, exp(-2r~x).  This means that the AR 
model, eq. [5], may be applied only to spectra composed of 
Lorentzian lines. Now eq. [8] can be seen as being appli- 
cable only to the special case (implied by eq. [3]) where the 
Lorentzian lines have zero width with the sinc lineshape re- 
sulting from the time domain truncation inherent in all dis- 
crete sample data. Attempts to apply eq. [8] directly to 
Lorentzian lines (or any other lineshape) that correspond to 
damped cosine waves in the time domain, while not exhib- 
iting as much degradation of intensity information as dis- 
cussed herein, will 'often result in inaccurate output 
frequencies and the splitting of component lines that is a well- 
known characteristic of Burg's MEM. 

Concluding remarks 
Herein we have made a comparison between Burg's MEM 

and LOMEP as resolution enhancement techniques by ex- 
amining their effect on line intensities. We compare the two 
techniques in three different ways, by varying the pattern of 
line intensities, the filter length (M), and the S/N ratio of the 
input. These trial tests demonstrate that MEM completely 
degrades intensity information, except at low-input S/N 
where there is a loose correlation between input and output 
intensities. At low S/N the coefficients {a,) will be de- 
graded, resulting in the possibility of at least a statistical re- 
lationship between A(v,) and the input intensity A,. 

By calculating an approximate error spectrum ~ E ( V ) ) ~ ,  we 
have demonstrated the large inaccuracy in the approxima- 
tion ~ E ( V ) ( ~  = (0,)' in eq. [8]. Furthermore, we point out that 
this approximation accounts for all the anomalous behavior 
of MEM. We conclude that for data having a high SIN ratio 
(>loo) treatments such as Burg's MEM, and similar tech- 
niques that approximate the power spectral estimator as being 
proportional to the power spectrum of the transfer function, 
will retain little, if any, information of line intensities. The 
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prediction-error coefficients {ah, which are  quite efficiently 
calculated by  the Burg's algorithm, can be  much better uti- 
lized for  a true linear prediction as is accomplished in the 
LOMEP technique, which is shown to retain intensity infor- 
mation. 
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system at various temperatures 
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FULVIO CORRADINI, LUIGI MARCHESELLI, LORENZO TASSI, and GIUSEPPE TOSI. Can. J .  Chem. 70, 2895 (1992). 
Measurements of static dielectric constants (E) have been made for binary liquid mixtures of N,N-dimethylformamide 

(DMF)/2-methoxyethanol (ME) at 19 temperatures ranging from - 10 to +80°C. Some empirical equations of the type 
E = E(T), E = c(X,), and E = s(T,X,) have been applied to check their validity. The E~ values, which refer to the de- 
viation of the dielectric constants of the binaries from the values arising from mole fraction mixture law, have been cal- 
culated. Deviations from ideal behaviour have been found to be positive at all temperatures. The positive E~ values are 
attributed to a specific interaction between unlike molecules, which leads to the formation of complexes between DMF 
and ME in the liquid state. These nDMF.mME complex moieties were found to have the stoichiometric ratios 2 : 1, 1 : 1, 
and 1 : 2 in the temperature range of - 10 to +80°C. 

FULVIO CORRADINI, LUIGI MARCHESELLI, LORENZO TASSI et GIUSEPPE TOSI. Can. J .  Chem. 70, 2895 (1992). 
On a determine les constantes dielectriques statiques (E) de melanges liquides binaires N, N-dimCthylformamide(DMF)/ 

2-methoxyCthanol(ME), a 19 temeratures allant de - 10 a +80°C. Dans le but d'kvaluer leur validit6 dans le cas present, 
on a applique quelques equations empiriques du type E = E(T), E = E(X,) et E = s(T,X,). On a calculk les valeurs de la 
quantite E~ qui se refere a la deviation des constantes dielectriques des binaires par rapport aux valeurs decoulant de la 
loi de melange des fractions molaires. On a trouvk que, 5 toutes les temperatures CtudiCes, le dkplacement par rapport 
au comportement ideal est positif. On a attribue les valeurs positives de E~ a l'existence d'une interaction spkcifique, 
entre les molecules dissemblables, conduisant a la formation de complexes entre le DMF et le ME, a l'etat liquide. On 
a detect6 que les rapports stoechiomCtriques de ces entites complexes nDMF.mME passent de 2: 1 i 1 : 1,  puis a 1 :2  
lorsqu'on fait varier la temperature de - 10 a +80°C. 

[Traduit par la redaction] 

Introduction 
The static dielectric constant of materials in the liquid state 

represents a measure of polarization character. When work- 
ing with polar liquids, this property can provide much use- 
ful information about the local structure due to the orientation 
of the molecules and to reciprocal interactions between 
neighbouring units. Furthermore, the dielectric data over a 
wide temperature range for pure liquids, and binary or more 
complex mixtures employed as solvents, are required to es- 
timate the electrostatic ion-solvent interactions on the basis 
of the electrostriction theory for ionic solutions, the Debye- 
Hiickel law coefficients for volumes, and other thermody- 
namic properties (1). 

Although dielectric constants as a function of tempera- 
ture and composition of binary mixtures have been mea- 
sured for a lot of solvent systems, there are very few available 
experimental data in the literature on amido-alcholic sol- 
vent systems. Thus this study was designed to extend our 
knowledge on the dielectric behaviour of n,n-dimethyl- 
formamide (DMF)/2-methoxyethanol (ME) binaries in the 
temperature range -10 to +80°C, and covering the whole 
miscibility field expressed in mole fraction of DMF (0 5 

X, 5 1). 
This solvent system could also be used in electroanalyti- 

cal chemistry, e.g., for measuring acid-base dissociation 
constants. In a recent paper, we reported the dissociation 
constant of picric acid, obtained experimentally using the 
conductometric method under the same experimental con- 
ditions as above (2). 

N, N-Dimethylformamide is a nonaqueous solvent of par- 
ticular interest because it has no hydrogen bonding in the pure 
state. It therefore acts as an aprotic protophilic medium with 

' ~ u t h o r  to whom correspondence may be addressed. 

a large dipole moment ( p  = 3.86 D at 25OC) (3) and a high 
dielectric constant (E = 37.51 at 25°C). Consequently, ac- 
cording to Charlot (4) DMF may be classified as a disso- 
ciating solvent. Thus DMF and its binary mixtures with 
hydroxy compounds may be useful to study the effect of the 
solvent structure on the solvation properties of solutes. 

2-Methoxyethanol is arnphiprotic, a potentially acidic me- 
dium with a low autoprotolysis constant (pK,,,,,,,, = 20.5 at 
20°C) (5) and a low dielectric constant ( E  = 16.94 at 25°C). 
It is therefore hardly a dissociating solvent (6-10) either for 
ionogen or ionophore solutes. Because of its dipolar char- 
acter ( p = 2.36 D) (1 I), ME shows a tendency to polymer- 
ize and form a hydrogen-bonded network. 

Based on the arguments above, we are able to study the 
properties of this binary solvent system systematically, using 
a range of mixtures ranging from the very structured sol- 
vent (pure ME) to a solvent with no structural effects (pure 
DMF) ( 12). 

Chemists often study the variation of thermomechanical 
parameters versus solvent composition to characterize liq- 
uid mixtures. In a strongly interacting system, this is not a 
linear relationship. Thus if one merely interpolates the E 

values, one may incur serious errors, particularly if there were 
not a lot of experimental data used in the interpolation. 

This paper reports on our findings of the relationship be- 
tween dielectric constant, temperature, and mole fraction of 
one component in the system (X,). 

Experimental section 

Materials 
N, N-Dimethylformamide and 2-methoxyethanol (containing both 

<0.10% and 0.05% water by weight, respectively, found by Karl- 
Fischer titrations) were of Carlo Erba (Milan) high purity grade. 
The solvents were purified by passage through neutral almuina 
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TABLE 1. Binary compositions of the 
N, N-dimethylformamide/2-methoxy- 

ethanol solvent system 

System XI VDMF/VME 

column before use, and the final purity was checked by gaschro- 
matography (99.8% DMF, 99.7% ME), confirming that no other 
significint organic components were present. 

Apparatus aizd p~.oced~~t-es 
The solvent mixtures were prepared by weight using a Mettler 

PM 4800 A-range balance in dry nitrogen to avoid contact with at- 
mospheric moisture, and then preserved on 3A molecular sieves. 
The probable error in the DMF mole fraction (XI) is estimated to 
be less than 1.5 x 

Dielectric constant measurements were carried out at 2 MHz by 
the heterodyne beat method using a Wissenschaftlich, Technischen 
Werkstatten GMBH dipolmeter Model DM01 (WTW, Weilheim 
Oberbayern, Germany). The thermostated stainless steel measur- 
ing cells were of MFL 2 (7 < E < 21) and MFL 3 (21 < E < 90) 
type. The sample cells are of the covered coaxial capacitor type with 
vacuum capacitances of 2 pF (MFL 2) and 0.5 pF (MFL 3). These 
are adequate to cover the dielectric constant range of DMF/ME 
mixtures over the whole temperature range studied (- 10 5 t/"C 
5 80). 

It was checked that good overlap was obtained when passing from 
the MFL 2 to MFL 3 measuring cell, the difference always lies 
within the experimental accuracy of the equipment. The cells were 
calibrated with standard pure liquids, such as dichloromethane, 
pyridine, butan-1-01, and acetone (MFL 2); methanol, ethanol, 
glycerol, and deionized water (MFL 3). With the exception of the 
Millipore deionized water, all these solvents were of spectrograde 
quality or more higher. The dielectric constants for the standards 
were taken from literature (13). 

All experiments were performed at least for 10 replicate mns for 
each composition and at each temperature the confidence level was 
95%; the results were averaged. 

The measurements were reproducible to within '-0.02 dielec- 
tric constant unit. The thermostated measuring cells were embod- 
ied in a polyurethane protective jacket, and a Lauda K2R controlled 
the temperature of the thermostatic bath to +0.02°C. A ther- 
moresistance Pt 100 (Tersid, Milan) immersed in the sample in- 
side the measuring cells ensured that the temperature was constant 
and a Wayne Kerr 6425 Precision Component Analyzer measured 
the resistance. An automatic titration system (Crison model KF 43 1) 
equipped with a digital buret (Crison model 738) was used for Karl- 
Fischer titrations. 

Results and discussion 
We measured the dielectric constants of the two pure sol- 

vents and nine binary mixtures at 19 temperatures in the 
-10 5 t P C  5 +80 at 5°C intervals. The compositions are 
identified by the letters A,B ,C, . . . M, and their E values are 
presented in Table 1. 

Table 2 reports the experimentally determined dielectric 
constants and In E was fitted to a linear equation in T (13) 

The above procedure yields the results summarized in Table 
I ,  which includes the standard deviation u(ln E) at each 
temperature, has been supplied as supplementary material.' 
The average uncertainty &, as calculated by 

where N is the number of data points, equals 50.02s  units, 
this shows eq. [ I ]  to be an adequate representation of the 
experimental data. 

Figure 1 shows the nonlinear nature of E as a function of 
A2. 

An early attempt to express E as a function of X, was in 
the form of a polynomial: 

Here our best results were obtained for n = 2. The rela- 
tive coefficients Pj  are listed in Table I1 (supplementary ma- 
terial),' along with the corresponding standard deviations 
u(ln E)  at each experimental temperature. The average un- 
certainty of the E values estimated by eq. [3] was ap- 
proximately f 0.03 E unit. 

The rational equation suggested by King and Queen (14) 
E takes the form: 

with some limiting conditions. Firstly, mole fraction XI is 
defined in the range [O,l] that corresponds to a likely opti- 
mum condition on the number of terms provided by m = n, 
and also the sum of the quantities in the denominator can 
never be zero. Reduced forms of the rational equation [4] are 
used by imposing the condition bo = 1 (known as the Pad6 
approximant (14)), and improved by making a,  = 1 (1 5) (the 
reciprocal Pad6 approximant). Thus rational equation be- 
comes 

It is noteworthy that eq. [5] reproduces the dielectric con- 
stant values of the two pure components, at the respective 
limits XI = 0 and XI = I ,  being assumed a,  = 1 ,  and b, 
necessarily equal to (In E,)-' at each investigated tempera- 
ture. Thus we only needed to determine two coefficients a ,  
and b,, which are the true adjustment parameters (Table I11 
of supplementary material).2 The experimental E values in 
Table 2 are reproduced with an average uncertainty of 
f 0 . 0 2 ~  unit. 

Finally we suggest that rational functions like [5] fit ex- 
perimental E values for the DMF/ME binary solvent sys- 
tem better than the polynominal [3], even both are within 
experimental uncertainly and both have two adjustable 
coefficients. Equation [3] has two true adjustment coeffi- 
cients because po = ln E*. 

The dielectric constant and all thermomechanical prop- 
erties of a binary system are functions of two variables: 

'A complete set of tables may be purchased from: The Deposi- 
tory of Unpublished Data, Document Delivery, CISTI National 
Research Council Canada, Ottawa, Canada KIA 0S2. 
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TABLE 2. Experimental dielectric constants ( E )  for the N,N-dimethylformamide/2-methoxyethanol binary mixtures at various tempera- 
tures 

System 

TABLE 3. Coefficients yij of the model 
equation E = E ( T , X , )  for the N,N-di- 
methylformamide/2-methoxyethanol 

solvent system 

Variable 
ij quantity Y 

FIG. 1. Isothermal best-fit curves of the static dielectric con- 
stant for the N,N-dimethylformamide/2-methoxyethanol binary 
system calculated by eq. [5] at various composition. 

The excess function 
The dielectric behaviour of the DMF/ME system is far 

from ideal. This deviation from ideal behaviour may be 
measured by assuming a linear dependence of E on compo- 
sition for an ideal mixture. Payne and Theodorou (17) used 
the following equation for this measurement: 

temperature and compositio*. A general expression of this 
dependence is 

By algebraic manipulation of eqs. [l]  and [5], eq. [6] may 
be expressed as 

This three-dimensional correlation model, whose coeffi- 
cients (Table 3) were evaluated by the least-squares method 
on a TSP computer package (16), fits the experimental data 
to within = k0.08 E unit over the entire experimental 
temperature (-10 5 tPC 5 +80) and composition (0 r 
X1 5 I) ranges. 

where is the excess function; represent the values for 
the pure components at each experimental temperature; and 
XI, X2 are the mole fractions, respectively. 

Table 4 lists the E~ values that have been extensively used 
(18, 19). 

Figure 2 shows plots of E~ versus X2, in which the data 
were obtained by fitting values in the following equation 
(20) : 

6 

Table IV in the Depository of Unpublished ~ a t a '  lists the ck 
values in eq. [9] and the standard deviations u ( E ~ )  at each 
experimental temperature. Values of E~ calculated from Eq. 
[9] are in good agreement with the experimental values listed 
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TABLE 4. Excess dielectric constants (cE) for the N,N-dimethylformamide/2-methoxyethanol binary 
mixtures at various temperatures 

System 

that there are homoconjugations between similar molecules 
but more likely that there are weak dipolar associations be- 
tween unlike molecules. 

Petersen (21) agreed with our opinion. He pointed out that 
the hydrogen bonds between the water molecules and the 
carbonyl oxygen atoms are stronger than those formed be- 
tween the water molecules themselves. In the case of DMF, 
this effect may be enhanced by the presence of a nitrogen 
atom in the a-position of the carbonyl group, and by the 
negative charge on the oxygen in a resonance form: 

- 

S H 3  0, + /CH3 
C-N, - ,C=N, 

H /  CH3 H CH3 

FIG. 2. Isothermal best-fit curves of the excess dielectric con- 
stant for the N,N-dimethylformarnide/2-methoxyethanol binary 
system calculated by eq. ,461 at various temperatures. 

in Table 4, with zE = + 0 . 0 4 ~  units. 
Figure 2 shows that the cE values are always positive. At 

the lower temperatures, cE reaches a maximum at X2 - 0.65. 
As the temperature increases, the maximum becomes more 
flattened and shifts to X2 = 0.5 at about 50°C. Above this 
temperature, the maximum becomes pronounced and shifts 
to X2 = 0.35 at 80°C. 

It has been pointed out in literature that small shifts of di- 
electric behaviour of mixed solvents from ideality (cE 5 5) 
may be attributed to two causes: (i) weak depolar associa- 
tions between unlike molecules and (or) (ii) homoconjuga- 
tions of the highest dipole moment component induced by 
the presence of the apolar or quasi-apolar cosolvent (17). 
Since we have two very polar components, it is less likely 

The maxima values in Fig. 2 may also serve as an index of 
thermostability of the adducts formed in solution. 

We therefore conclude that the probable compositions of 
theadductsareinDMF:ME = 1:2, 1:1, and2 : l  molera- 
tios over the temperature range of - 10 to + 80°C. 
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CP-MAS 13c NMR investigation of phase structure in mixtures of poly(ethy1 
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A. NATANSOHN, C. G. BAZUIN, and X. TONG. Can. J .  Chem. 70, 2900 (1992). 
A solid-state NMR study of mixtures of poly(ethy1 acrylate) (PEA) or poly(ethy1 acrylate-co-sodium acrylate) (PEA-i) 

with sodium palmitate (SP) shows that (1) there is a change in the electron density of the carboxylate carbons of SP in 
the mixtures compared to pure SP; (2) the TIpH value for SP in the mixtures with PEA or PEA-i is depressed in com- 
parison with pure SP for mixtures containing over 4 mol% SP. This can be interpreted as a result of interfacial magnet- 
ization transfer from the protons of PEA or PEA-i to the protons of SP; (3) deuterated SP (D-SP) shows a similar growth 
in magnetization as a function of contact time when pure or when mixed with PEA. The growth is significantly slower 
in its mixtures with PEA-i. All these findings can be explained by a PEA-i:SP mixture morphology involving bilayers 
of carboxylate ions at the interface; the same tendency exists in the PEA:SP mixtures, only in this case the ester groups 
of PEA are preferentially located at the interface. 

A. NATANSOHN, C. G. BAZUIN et X. TONG. Can. J. Chem. 70, 2900 (1992). 
Une etude, par spectroscopie RMN a l'etat solide, de melanges de poly(acry1ate d'ethyle) (PEA) ou de poly(acry1ate 

d'ethyle-co-acrylate de sodium) (PEA-i) avec du palmitate de sodium (SP) montre que : ( 1 )  dans le SP en melange com- 
pare au SP B l'ttat pur, il y a un changement dans la densite electronique des atomes de carbones des groupements car- 
boxylate; (2) pour des melanges avec le PEA et le PEA-i contenant plus de 4% molaire de SP, les valeurs de TlpH du SP 
sont plus faibles que celles du SP 2 1'Ctat pur. On peut interpreter ce fait comme resultant d'un transfert interfacial de 
magnetisation des protons de PEA ou de PEA-i vers les protons du SP; (3) le SP deuterie (D-SP), tant B 1'Ctat pur qu'en 
melange avec du PEA, presente une augmentation semblable de la magnetisation en fonction du temps de contact; par 
contre, l'augmentation est nettement plus lente dans les melanges avec le PEA-i. On peut expliquer tous ces resultats 
par une morphologie du melange PEA-i/SP impliquant des bicouches d'ions carboxylate a I'interface. La m&me tend- 
ance existe dans les melanges de PEA/SP; toutefois, dans ce cas, les groupes esters du PEA se retrouvent preferentiellement 
h l'interface avec les ions carboxylate du SP. 

[Traduit par la rkdaction] 

One of the more recent methods used to analyze the phase 
structure in polymer blends, mixtures, and composites is 
high-resolution solid-state NMR obtained with cross-polar- 
ization and magic angle spinning. A recent review of its ap- 
plications to heterogeneous materials (1) emphasizes that spin 
diffusion can be used to obtain information on a scale be- 
tween 1 and 200 nm. A variety of experimental techniques 
are available in solid-state NMR for obtaining information 
about spin diffusion (2), and the literature making use of them 
is constantly growing. Two of those techniques are em- 
ployed in this paper.to investigate mixtures of sodium 
palmitate with poly(ethy1 acrylate) and poly(ethy1 acrylate- 
co-sodium acrylate). This is part of a more general effort 
taking place in our laboratory to investigate the phase struc- 
ture of polymer blends, mixtures, and composites by solid- 
state NMR. 

The first technique is measurement of TIP,, the rotating 
frame proton spin-lattice relaxation time constant. It is now 
well established that TIpH is a reliable probe for the phase 
structure of various materials based on polymers (3). A re- 
cent review of the literature on polymer blends is included 
in one of our previous publications (4). TIpH can be directly 
related to the distance the spin travels during the spin-lattice 
relaxation process, hence it may be used as an indirect mea- 

'~uthors  to whom correspondence may be addressed. 

sure of proton density in the analyzed phase (5). Our inves- 
tigations on charge transfer interacting polymer blends 
confirmed that the physical distance between protons is more 
important for TI,, than are mobility factors (6). 

The second technique is polarization transfer between 
nonbonded regions in a sample. This is usually employed in 
mixtures in which one of the components lacks protons, and 
hence its magnetization has to come from the other compo- 
nent, the protonated one, by physical proximity and non- 
bonding interactions. Another condition that must be satisfied 
for the magnetization to be transmitted is a relatively low 
mobility of both components. Except for very low T,  rubber 
materials, this condition is usually satisfied in the solid state. 
There are many examples of such studies, some of them re- 
viewed in ref. 1. We have employed this technique in a study 
of compatibilization of a polymer pair through ionic inter- 
actions (7). 

In a previous paper (8), mixtures of sodium palmitate (SP) 
with poly(ethy1 acrylate) (PEA), and with an ionomer 
of PEA, namely poly(ethy1 acrylate-co-sodium acrylate) 
(PEA-i), obtained by partial saponification of PEA, were 
investigated by differential scanning calorimetry (DSC) and 
dynamic mechanical thermal analysis. The fact that the DSC 
transitions of the pure soap phase are not perturbed in the 
mixtures shows that the soap remains phase-separated in the 
mixtures, and that the soap phase is virtually identical to that 
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of pure soap. Furthermore, neither the glass transition of 
either polymer nor the biphasic morphology of the ionomer 
was affected by the presence of the soap. On the other hand, 
there were certain indications that there may be physical in- 
terfacial interactions between the soap phase and either 
polymer. In particular, the rubbery region was significantly 
reinforced in modulus by addition of SP, roughly to the same 
extent for both polymers, leading to the supposition that there 
are interactions between S P  carboxylate groups at the sur- 
face of the crystalline domains of the soap and the ester 
groups of either polymer. In the case of the ionomer, al- 

C 11 trans 

though the total effect of the interfacial interactions is sim- 
ilar to that obtained for PEA, it was supposed that interactions 
between carboxylate groups of the ionomer and those of the 
soap may also take place, but without significantly affect- 
ing the ionomer microdomain structure. However, no indi- 
cation of interactions between the two components was 180 160 140 120 100 80 60 40 20 0 
observed through infrared spectroscopy. We wili show in this 
paper that the two NMR techniques mentioned above pro- 

6 (PPm) 

vide new evidence for interfacial interactions. FIG. 1 .  CP-MAS "C NMR spectrum of sodium palmitate. 

Experimental 
Synthesis of the polymer and ionomer and preparation of the 

mixtures are described in previous publications (6, 8). Briefly, the 
mixtures were prepared by dissolving the two components in a I% 
benzene/methanol (50:50 v/v) solution, stirring for about 15 h, 
freeze-drying, and further drying at about 70°C under reduced 
pressure for several days. The PEA-i used in the present study is 
a poly(ethy1 acrylate) ionomer containing 10 mol% sodium acry- 
late co-units. Deuterated palmitic acid (MSD Isotopes, 97.7 at.% 
D) was converted to deuterated sodium palmitate. 

Sodium palmitate was prepared for NMR measurements by being 
subjected to the same processing procedures as were its mixtures 
with PEA or PEA-i. Thermal history, especially in a crystalline 
substance, can produce changes in the relaxation behaviour; hence 
all samples analyzed have a similar thermal history. Deuterated 
sodium palmitate (D-SP) was mixed with PEA and PEA-i, respec- 
tively, following the same general procedures. 

The NMR spectra were recorded on a Bruker CXP-200 spec- 
trometer operating at 50.307 MHz. A typical cross-polarization 
pulse sequence had a preparation delay of 10 s ,  a proton 90" pulse 
of 3.7 ks, a contact time of 1 ms, a decoupling time of 0.09 s, and 
an acquisition time of 0.1024 s. Two hundred scans were re- 
corded for each spectrum and spinning was performed at ca. 
4 kHz, leading to the complete absence of spinning side-bands. 
Proton spin-lattice relaxation in the rotating frame time constants 
and intermolecular cross-polarization rates were monitored by in- 
creasing contact times. Depending on the sample, contact times 
werc varied between 0.2 and 200. ms. No external reference for the 
chemical shift was employed; all signals were measured in com- 
parison to the sharp CH, peak (15 pprn). 

Results and discussion 

The spectrum of sodium palmitate is presented in Fig. 1 ,  
along with the assignments. There are three groups of sig- 
nals.  The carboxylate carbon resonates in a sharp peak at 
187 ppm. The methyl carbon resonates at 15 ppm, while the 
various CH, carbons give a signal centered around 32 ppm, 
which is the resonance of all-trans methylene carbons, sim- 
ilar to polyethylene (9). The spectrum of PEA-i is presented 
in Fig. 2 together with its assignments. The backbone res- 
onates at about 4 0  pprn in a broad peak, and the CH, peak 
(at 15 ppm) is again sharp, due to significant motional av- 
eraging. The glass transition temperature of this ionomer is 
5°C according to DSC heating scans of 20°C/min (8), which 

tCH2-  CH f 0.9 t CH2- CH j o . 1  
I I 

c CO f CO 
I I 

OCH2CH3 ONa 

d e 

FIG. 2. CP-MAS "C NMR spectrum of a copolymer of ethyl 
acrylate with 10 mol% sodium acrylate (PEA-i). 

means that even the segmental motion is significant at room 
temperature. The ester CHI resonates at about 60 pprn and 
the ester carbonyl at about 177 ppm. The carboxylate car- 
bon appears as a shoulder on the low-field side of the car- 
bonyl. Its chemical shift in the ionomer is 182 ppm, much 
higher than that in the sodium palmitate. A spectrum of PEA, 
not presented here, is very similar to the spectrum in Fig. 2. 
The main difference is the absence of the carboxylate car- 
bon signal. 

Figure 3 presents the "C NMR spectrum of a mixture of 
PEA-i and sodium palmitate (SP) containing 35 wt.% SP. 
As expected, the spectrum is essentially a weighted average 
sum of the spectra presented in Figs. 1 and 2. The CH, groups 
of the two components resonate together at 15 ppm, while 
the CH, signal of S P  overlaps with the backbone resonances 
of PEA-i. The carboxylate carbons of the two components 
also seem to resonate together at 183 ppm. Two of the PEA-i 
signals resonate separately: the ester carbonyl at 177 pprn and 
the ester CH2 at 60 ppm. 

Although the carboxylate carbon signal, which belongs 
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FIG. 3. CP-MAS "C NMR spectrum of a mixture of PEA-i 
containing 35 wt.% sodium palmitate. 

\ Z Q  i-.-.-___L--- 
20 4C 60 80 i 00 

weight  % PEA or PEA-; 

FIG. 4. Chemical shift of the carboxylate carbons as a function 
of composition for various mixtures of PEA-i with SP (e) and for 
one mixture of PEA containing 22 wt.O/c. SP (0). 

mainly to SP, overlaps the carbonyl signal of PEA-i, the 
resonance of the former can be readily identified and mea- 
sured because of its rather sharp signal. A plot of its chem- 
ical shift as a function of the mixture composition is presented 
in Fig. 4. The principal result is that the carboxylate carbon 
soap signal in all of the mixtures resonates upfield from the 
signal of the pure soap. The dashed line suggests that this 
signal moves linearly upfield toward the pure ionomer sig- 
nal as a function of composition. However, it is obvious that 
this cannot be confirmed by our data, since the error in 
measuring the chemical shift is relatively large and in- 
creases as the soap content decreases. 

A PEA:SP mixture containing 22 wt.% SP is included in 
the five mixtures reported in Fig. 4. The chemical shift of 
its carboxylate carbons is seen to be identical to that in the 
PEA-i:SP mixture of the same composition. In both cases, 
this apparent chemical shift can be interpreted as a change 
in the electronic environment of the carboxylate carbon in 
going from the pure soap to the mixture with the polymer or 
ionomer. This is assuming, of course, that the chemical shift 
is dictated primarily by the electron density around the res- 
onating nucleus, and does not take into account other fac- 
tors that can affect carbon chemical shifts. If this assumption 
is accepted, one could explain the shift in the ionomer mix- 

tures by considering the composition and resulting mor- 
phology of the ionomer. PEA-i, like many ionomers, shows 
two-phase behaviour (8). It is generally accepted that the ionic 
groups of the ionomer tend to aggregate to form ion-rich 
domains that lead to the appearance of the second phase (10). 
When SP is mixed with the ionomer, it is possible that at least 
some of its carboxylate groups tend to be in close proximity 
to the ion-rich domains, perhaps even mixed preferentially 
with carboxylate groups of the ionomer. The SP carboxyl- 
ate groups would thus be surrounded by more electron den- 
sity and therefore resonate at higher field when mixed with 
the ionomer than in pure SP. 0; the other hand, the chem- 
ical shift data in Fig. 4 also suggest that the SP carboxylate 
groups are as shielded in the polymer without carboxylate 
groups (PEA) as they are in the ionomer. The shielding of 
the SP carboxylate groups in the PEA mixture may indicate 
a preference for neighbouring ester carbonyl groups. If 
neighbouring ester groups have similar effects on the SP 
carboxylate groups as do neighbouring carboxylate groups, 
then, based on the chemical shift data, one cannot rule out 
that the SP groups may be mixed preferentially with ester 
groups in the ionomer mixtures as well. 

One factor to be considered in the above is that the chem- 
ical shift of the carboxylate carbons in all soap mixtures 
contains a distribution of many possible shifts at the inter- 
faces, in various environments, and in a bulk phase. Hence 
it is reasonable to suppose that the actual chemical shift of 
the soap carboxylate carbons present at the interface with 
PEA or PEA-i is much lower than the average read in the 
spectrum. Possibly this indicates the presence of carboxyl- 
ate-carboxylate or carboxylate-ester bilayers. 

To measure the protoil spin-lattice relaxation time con- 
stant in the rotatingframe (TlpH), the contact time can be in- 
creased systematically and the spectrum monitored for 
magnetization decay. Figure 5 shows an example of a plot 
of ln(magnetization) as a function of contact time for a mix- 
ture of PEA-i and SP containing 22 wt.% SP. The numbers 
on each curve correspond to the signals in Fig. 3 and rep- 
resent the magnetization decays for each of those signals. The 
only "pure" signals in Fig. 3, numbers 2 and 3, belong to 
PEA-i. They decay very fast, as fast as in the pure ionomer, 
and from the slope one can determine a TIPI, of 2.8 ms. The 
remaining three signals contain both components and, con- 
sequently, their decay is nonexponential. Nevertheless, one 
can clearly distinguish a long relaxation time component 
(48 ms for this sample) and subtract this component from the 
overall decay to obtain the fast component, which is similar 
to that of the "pure" PEA-i signals. The contribution of PEA-i 
to signals 1 and 4 is minor, as one would expect from the 
intensity ratios in Fig. 2. For CH3 (signal 5), however, PEA-i 
has the most important contribution, and this explains why 
the nonexponential decay is the most obvious here. 

The most important conclusion to be drawn from Fig. 5 
is that, as expected (8), the two components do not mix at 
the molecular level. They form separate phases, which relax 
independently, and there is a hindrance to magnetization 
transfer across phase boundaries. The actual TI,>, values as 
a function of the composition of the mixtures were also de- 
termined. Figure 6 presents the results. However, some 
caution must be exercised when interpreting them. Two 
points in particular must be dealt with. 

First, it is to be noted from the figure that, for a given 
composition, more than one TI,,, values are obtained from 
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contac t  t ime ( ins)  

FIG. 5. Magnetization decay as a function of contact time for a 
mixture of PEA-i containing 22 wt.% SP. The numbers corre- 
spond to the signal numbers in  Fig. 3 .  

the polymer or ionomer signals in some cases. Mixtures 
containing PEA-i with 35 wt.% and 22 wt.% soap show the 
same slope for all signals, as does the pure ionomer. How- 
ever, thetwo PEA-i mixtures of lower &ap content, the only 
PEA mixture, and PEA itself show different slopes for dif- 
ferent signals. This is, in fact, a well-known phenomenon 
for polymers above their Tg (1 1); and PEA, PEA-i, and all 
of the mixtures have glass transitions below room tempera- 
ture (8). In this situation, the presence of different slopes does 
not mean that there are various phases within the polymer 
domains. 

Second, care must be taken when measuring TI, , ,  values 
for crystalline substances, which SP  is. The presence of spin- 
spin relaxation mechanisms can prevent measurement of the 
actual T,,,, value. To  avoid errors in the measurements, es- 
pecially to eliminate the local dipolar field, a spin-lock ex- 
periment can be used only with relatively high spin-locking 
fields. Analyzing other soaps at higher temperatures, 
Bonekamp et al. (12) demonstrated that there is a minimum 
acceptable field for this experiment. A variable field exper- 
iment confirmed that for our sample at room temperature the 
minimum admissible field is 4 .5  G,  clearly well below the 
16 G field (corresponding to the 90" pulse of 3.7 ps) used 
by us. As supportive evidence, the TI,,, values plotted in Fig. 
6 are of the same order of magnitude as those measured on 
sodium n-butyrate ( 1  2). 

Now, the data in Fig. 6 show that PEA and PEA-i are not 
influenced very much by the presence of the soap. Their 
values stay more or less constant. SP,  on the other hand, 
undergoes significant changes when mixed with the poly- 
mer or ionomer. Except for the sample containing 6 wt.% 
SP, which shows an increase in the TI,,, value, all mixtures 

weight % PEA or  PEA-i 

FIG. 6. values as a function of concentration for several 
PEA-i/SP mixtures (*) and one PEA/SP mixture (0). The upper 
syn~bols are for the values obtained from SP signals, the lower 
syn~bols from PEA-i or PEA signals. The T,,,,, values for the sig- 
nals of pure PEA are also shown (@). See text for more detailed 
explanation. 

have lower TI,,, values than S P  itself. It is generally ac- 
cepted that in miscible systems T I , , ,  takes a value that is 
intermediate between the values of the two components. 
Phase-separated systems call show some kind of "commu- 
nication" at the interface, which affects the TI,,, value of the 
slower relaxing component (4). This means that, if the two 
components of a system present some kind of physical in- 
teraction at the interface that separates the two phases, and 
that if this interaction can translate into a limited diffusion 
of spins across the interface, then, at the interface, the 
slowest-relaxing component will be partly relaxed by the 
fastest-relaxing component. This will translate into an over- 
all decrease of for the slow-relaxing component. Such 
occurrences have been observed for charge-transfer inter- 
acting polymer blends (4), as well as for interpenetrating 
epoxy composites containing lignin (13). 

If this is true in the case studied here, Fig. 6 indicates that 
there is some communication at the interface if the amount 
of soap in the mixture with PEA-i exceeds ca. 10 wt.% (ca. 
4 mol%). Furthermore, there seems to be more communi- 
cation in the mixture with PEA than in the mixture with the 
ionomers. 

One explanation for the data in both Figs. 4 and 6 may be 
related to how the soap molecules arrange themselves at the 
interface with the polymer or ionomer. Soaps such as S P  
generally form a solid phase bilayer structure with interdig- 
itated ionic groups; i .e . ,  the ion pairs form an ionic double 
layer, where each half contains anions and cations that are 
arranged alternately both within the half-layer and between 
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Y - 2 (a)---- -- - - . interface I 

SOAP 

.,- 

""I 
FIG. 7. Schematic view of the interface between the polymer 

(ionomer) and the soap domains. Arrows indicate the distance the 
spin is required to travel to allow for magnetization transfer. 

the two half-layers (14). The DSC studies of the mixtures of 
S P  with PEA and PEA-i indicated that the bulk structure of 
the S P  phase is essentially unperturbed in the mixtures (8). 
However, given the tendency of the ionic groups to form 
bilayers, it is reasonable to assume that in the mixtures with 
PEA and PEA-i, which are polar media, the S P  molecules 
at the surface of the soap domains are arranged such that the 
sodium carboxylate ion pairs face the surrounding polymer 
or ionomer. In the case of the ionomer, this allows for di- 
rect contact between its carboxylate groups and those at the 
S P  surface; in fact, the S P  and PEA-i carboxylate groups may 
even tend to form an interfacial ionic double layer. If the 
proportion of soap in the mixture is very low, the S P  do- 
mains would be very small in size and number; under these 
conditions the interfacial separation between the soap and 
ionomer domains may consist solely of soap and ionomer 
carboxylate groups. This could explain why, in Fig. ,6,  a 
composition with the lowest amount of S P  shows an in- 
crease in T,, , ,  compared with the pure soap, unlike all other 
compositions, which present a depression of TI,,. With the 
addition of more soap, ester carbonyl groups are likely to 
replace ionomer carboxylate groups at the interface with the 
soap phase. This would allow more contacts between the 
protonated part of the ionomer and the soap, and probably 
also some communication of the carbons in the soap with the 
protons in the ionomer. 

In the mixtures with PEA, the carboxylate surface of the 
soap domains would be primarily in contact with the ester 
carbonyl groups of PEA, which are less polar than the car- 
boxylate groups and may allow for more contact with the soap 
than in the case of PEA-i. This would explain why the TI,, 
of the soap is more depressed in the presence of 78 wt.% PEA 
than in the presence of 78 wt.% PEA-i. This hypothesis is 
also consistent with the chemical shifts in Fig. 4 ,  as noted 
above. A schematic illustration to clarify the possible con- 
tacts at the interface is presented in Fig. 7.  

To test this hypothesis, experiments were carried out using 
deuterated SP. In the same experimental conditions as were 
employed for the TIpH measurements, the magnetization of 
the carbon nuclei increases with increasing contact time, 
because now the protons are a diluted species and the phys- 
ical distance between two protons is greater than the dis- 
tance previously measured for spin diffusion. Figure 8a  

i 
I 
I 1 

50 ' 00  150 100 

contact  Lime (rns) 

contact  time (ms) 

FIG. 8 .  Buildup of magnetization (a )  in deuterated soap and (6)  
in D-SP, PEA:D-SP, and PEA-i:D-SP as a function of contact time. 
The vertical axis is shifted arbitrarily. 

shows the magnetization buildup for one of the D-SP sig- 
nals. There are small differences in this buildup for various 
carbons, due to different distances from protons. Figure 8b 
shows the initial part of this magnetization buildup curve for 
D-SP in comparison with two mixtures containing 22 wt.% 
D-SP: one with PEA and the other with PEA-i. The first 
obvious conclusion is that there are no significant changes 
in the buildup pattern for the mixtures as compared to the pure 
D-SP, which confirms phase separation and lack of spin 
diffusion across interfaces. Intimate molecular mixing would 
have allowed magnetization transfer from the protons of PEA 
or PEA-i to the carbons of D-SP, and the signals of D-SP 
carbons would have grown much faster. 

Because the vertical scale in Fig. 8b is arbitrarily drawn, 
a better comparison between the samples can be made using 
Table 1, which presents the signal/noise ratios for the 
methylene carbons of D-SP at various contact times. The 
signal/noise ratio depends on several factors, the most im- 
portant in our case being sample quantity. The same spin- 
ner is tilled with pure D-SP or with a mixture containing only 
22 wt.% D-SP (lines 2 and 3). One would expect a decrease 
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TABLE 1. Signal/noise ratios for the deuterated soap and its mix- boxylate-carboxylate bilayer tends to form at the interface 
tures at various contact times separating the two domains, probably supplemented by a 

carboxylate-ester layer; this decreases or prevents mag- 
Signal/noise ratio netic communication between the protons of the ionomer and 

Sample 10ms 15ms 20ms  10ms/20ms 

D-SP 6.7 9.8 10.6 1.6 
PEA-D-SP 7.5 8.4 15.8 2.1 
PEA-i-D-SP 2.5 3.3 3.9 1.6 

of the signal/noise ratio for the mixed samples, but this 
happens only for the mixture with the ionorner. This last 
mixture has such a weak signal that it cannot be measured 
out of the noise at contact times lower than 10 ms. The fact 
that the mixture with PEA has a higher signal/noise ratio than 
the pure D-SP suggests that there is some cross-polarization 
transferred through the soap-polymer interface. From Fig. 
7, the closest contacts can be achieved with the ester meth- 
ylene protons. They are not nearly as efficient in transmit- 
ting magnetization in the ionomer samples, which suggests 
that, in the ionomer mixtures, the carboxylate groups rather 
than the ester groups dominate at the interface with the soap 
domains. A carboxylate-carboxylate interface would have 
very few protons present, thus being an effective barrier for 
magnetization transmission. 

The last column in Table 1 compares the signal/noise ra- 
tios at 10 and 20 ms contact times, and is an indication of 
growth during this interval. All samples are behaving simi- 
larly, as shown in Fig. 86, with the mixture containing PEA 
showing a higher growth. 

In conclusion, all three findings presented above can be 
explained by the presence of separated soap domains dis- 
persed within a continuous polymer or ionomer phase. The 
soap molecules at the surface of the soap domains are ar- 
ranged such that the carboxylate groups preferentially face 
the polymer phase. The carboxylate groups of the ionomer 
and the ester groups of the polymer are closer than the less 
polar groups to the soap domains, thus causing a chemical 
shift of the carboxylate carbon signal to a higher field in the 
mixtures than in pure soap. In the ionomer mixtures, a car- 

the carbons of the soap. If the amount of soap is very small, 
no communication is noted between even the protons of the 
two phases. In the polymer mixtures, the carboxylate-ester 
bilayer allows for more communication between the mag- 
netic nuclei of the two phases than in the ionorner mixtures. 
Thus, although the bulk phase of neither component is sig- 
nificantly perturbed in the mixtures, as was shown in ref. 8, 
the above results strongly indicate the presence and type of 
interfacial interactions between the two components for both 
the polymer and ionomer mixtures. 
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Influence of metal-metal interaction on magnetic and redox properties in different 
series of heterodinuclear copper(II), nickel(II), and zinc(I1) complexes 

Received January 1 3, 1992 

BFIALIII)I SRINIVAS and PANTHAI'PALLY S .  ZACHARIAS. Can. J. Chcm. 70, 1906 (1992). 
Differentseriesofheterodinuclearco~nplexes. viz., ICuNiL](CIO.,)I.rrH,O. [CUZ~L](CIO,), .IIH~O. [NiCuL](C10,)2.trH20. 

and lNiZnL](C10,),.trH20 complexes where L is a dinuclcating Schiff base ligand dcrivetl fro111 tlie condcnsation of 
1 mole of 2-hydroxy-5-metliylbenzene-1,3-dicarbaldehydc. I ~nole of 1.3-diaminopropane, and 2 moles of ortlro- or 

l>trr.tr-substituted aniline, have been synthesized and investigated. The kc , ,  values of the CuNiL and NiCuL series of 
cornplexes suggest presence of weak antiferromagnetic coupling in thcni. In MeCN and DMF the CuNiL and NiCuL 
series of complexes exhibit two reversible one-elec~ron redox couples at two different poten~ials. Thc large separa- 
tion between the two redox couples is attribuled to tlie antiferromagnetic interaction between tlie metal centres in the 
complexes. In the NiCuL series of complexes, the observed shift of 100-150 mV in E ,  to more negative valucs in 
complexes with potential donor groups such as OMc, OEt. SMe, etc. in the or-rlro position of the phcnyl group of L 
is explained on the basis of weak bonding interactions of lhese groups with the copper ccntre. Thc CuNiL series of 
complexes do not exhibit such shift in El values since there is no significant change in the square planar geometry of 
the copper centre. The CuZnL and NiZnL series of complexes exhibit only single one-electron redox couple as could be 
anticipated. 

B ~ I A M I D I  SRINIVAS et PANTHAPPALLY S.  ZACHARIAS. Can. J. Chem. 70, 2906 (1992). 
On a synthktise et CtudiC differentes series de complexes hCtCrodinuclCaires, comrne [ C U N ~ L ] ( C ~ O , ) ~ . ~ Z H ~ O ,  

[CuZnL](C1O,),.trH2O, [N~CUL](CIO, )~ . I IH~O et [NiZnL](C10,)2.trH,0, dans Iesquels L est un ligand bidentate fornie 
d'une base de Schiff provenant de la condensation d'une mole dc 2-hydroxy-5-mCthylbenzkne-1.3-dicarbaldehyde, une 
mole de 1,3-diaminopropane ct deux rnoles d'anilines ortlio ou ptrrtr substituCes. Les valeurs de kc,-,- des complexes des 
series CuNiL et NiCuL suggkrent la presence d'un Faible couplage antiferromagnktique. Dans le MeCN et le DMF, les 
cornplexes des series CuNiL et NiCuL prCsentent deux couples redox reversibles B un electron, h deux potentiels differents. 
La grande separation entre les deux couples rCdox est attribuke B I'interaction antifel-roniagnetique entre les centres 
metalliques des complexes. Le deplacement de 100-150 mV observk vers dcs valeurs plus negatives de E ,  pour les 
complexes de la skrie NiCuL portant des groupes donneurs, comme OMe, OEt, SMe, ctc.. dans la position ortl7o du 
groupe phCnyle L est expliquk par les faibles interactions dc liaison de ccs groupes avec Ics centres cuivriques. Les 
cornplcxcs des series CuNiL ne presentent pas de dcplaccment dans Ics valeurs de E l  puisqu'il n'y a pas de change- 
rnents significatifs dans la geornctrie plan carre du centrc cuivriq~re. Coniriie on pouvait s'y attendre, les coniplexes des 
series CuZnL et NiZnL ne psisentent qu'un scul couple redox B un electron. 

[Traduit par la r6dactionI 

Introduction probably due to the difficulties involved in the syntheses of  

Dinuclear metal coniplexes are important in the investi- 
gation of  interactions between ~ n e t a l  ions in dinuclear 
metal centres of  proteins (1-4) and that of  multimetallic 
species at active bio sites (5-9). Various types of  dinucleat- 
ing ligands have been used in the preparation of  dirnetallic 
complexes,  of which Schiff base ligands derived from 2- 
hydroxy-5-methylbenzene-1,3-dicarbaldehyde are of  con-  
siderable interest since they provide two metal ions in close 
proximity ( c 3 . 0  A) 'for direct metal-metal interaction. 
Dinuclear copper(11) complexes of these ligands show inter- 
esting magnetic and redox behaviour (10-19). T h e  dicop- 
per cornplex of macrocyclic Schiff base ligand obtained tiom 
the condensation of 2-hydroxy-5-methylbenzene- 1,3-dicarb- 
aldehyde and 1,3-diamino-propane exhibits reversible one-  
electron transfers at two different potentials, although both 
copper centres are identical with respect to ligand environ- 
ment and geometry (20). This  has been ascribed to the mag- 
netic exchange coupling between the copper(I1) centres and 
its resultant stabilizing influence o n  CU'CU" intermediate 
complex species (20). Compared to the bulk of literature 
available o n  dicopper(I1) complexes, very little has been re- 
ported o n  heterodimetallic complexes of these ligands, 

'Author to whom correspondence may be addressed. 

such coniplexes (21,  72) .  T h e  heterodimetallic complexes, 
having copper(I1) as  one  metal centre and the other  metal 
centre varying among Mn(II), Fe(II), Co(II), and Ni(II), have 
been shown to exhibit considerable antife~roiiiagnetic cou- 
pling between the metal centres. In this article we  wish t o  
report the syntheses, characterization of a series of  hetero- 
dinuclear Cu(II) ,  Ni(II),  and  Zn(I1) coniplexes (general 
structure is shown in 2 of Scheme I ) ,  and their spectral, 
magnetic, and redox properties. 
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M B = C u .  N l & Z n  

X Y 2 

H H 

CH, H 

H OCH, 

OCH, H 

0CzH5  H 

SCH, H 

It can be seen from the structure that the ligands provide 
two nonequivalent OzNz coordination sites, which share two 
phenolato groups. While the substitution on the phenylazo- 
methine group can be expected to influence the redox be- 
haviour of the metal at the MB site, it is not likely to do so 
at the MA sites. 

Experimental 

Sjv~rheses of cotnj~le.~es 
All reagents and solvents were purchased from commercial 

sources and utilized after distillation or recrystallization. 2-Hy- 
droxy-5-methylbenzene- 1,3-dicarbaldehyde was prepared accord- 
ing to a reported procedure (13). For electrochemistry, MeCN was 
treated successively with CaC1, and P2O5 and DMF was dried over 
CaH, and distilled. They were stored on type 4A molecular sieves. 
The heterodinuclear Cu(II), Ni(II), and Zn(I1) complexes, CuNiL- 
(C10,)2.3H,0, CUZ~L(CIO,)~.H,O,  NiCuL(ClO,),. 3H,O, and 
NiZnL(C10,),.2H,O were prepared from the precursor complexes 
CuL' and NiL' as shown in the Scheme I.  

The precursors CuL' and NIL' complexes were prepared accord- 
ing to reported procedure (21). In a typical preparation, a suspen- 
sion of CuL' (0.420 g,  1 mmol) in MeOH (20 cm" was added to 
the respective aniline (3 mmol) and solid Ni(C10,),.6HI0 (0.365 g; 
1 mmol) and stirred. The stirring was continued for 2 h, and the 
yellowish green product of C U N ~ L ( C I O , ) ~ . H ~ O  was collected by 
filtration, washed with diethyl ether, and dried in vncLto for 12 h. 
NiCuL(C10,),.3H20 complexes were prepared from NiL' conl- 
plex, the respective anilines and C U ( C I O , ) ~ . ~ H ~ O  by following a 
similar procedure adopted for the preparation of CuNiL(CI0,). 
3H10. The C U Z ~ L ( C I O , ) ~ . H ~ O ,  NiZnL(C1O,),.2H2O typc com- 
plexes were also prepared by the same procedure. 

Cci~tfiot~: The perchlorate salts are potential explosives and should 
be handled with care. 

Ph~sicril tnerisut.etnetzt.s 
The CHN analyses were carried out on a Perkin-Elmer 240 C 

Elemental Analyser. Metal estimations were carr~cd out on 
an inductively coupled plaslna spectrometer (Labtem-Australia). 
Infrared spectra were recorded on a Perkin-Elmer IR 283 spec- 
trophotorneter in the range 4000-200 c n - '  in KBr pellets. Elec- 
tronic absorption spectra were recorded on a Pel-kin-Elmer Lambda 
3B UV-Vis spectrophotometer in the 900-200 nm wavelength re- 
gion and on a Cary 17D spectrophotometer in thc near ir region 
in MeCN and DMF. Magnetic susceptibility measurements were 
made by the Faraday method, at ambient temperature using a 
CAHN magnetic balance setup. Diamagnetic corrections were rnadc 
using Pascal's constants (23). 

Cyclic voltammetric experiments were carried out on a PAR 
electrochemistry system consisting of a 174 A polarographic ana- 
lyzer and a single compartment cell. Solutions of the strengths 
(1 X lo-' rnol dm-') in MeCN (acetonitrile) or DMF (N,N-di- 
methylformamide) were used. The supporting electrolyte was 
0. I mol dm-' tetraethylammonium perchlorate (TEAP), which 
was prepared as described (24), recrystallised twice from H20,  
and dried under vacuum at 40°C. All experiments were performed 
under a blanket of dry nitrogen at 27OC, using a three-electrode 
assembly. a hanging mercury drop electrode (hmde) as working 
electrode, Pt wire as auxiliary electrode, and standard calomel 
electrode (sce) as reference electrode. All potentials are referred 
to the sce and are uncorrected for liquid junction potential. 

Results and discussion 
Sy~zthesis cind characterisation 

Synthetic details of the heterodinuclear copper(II), 
nickel(II), and zinc(I1) complexes are given in the experi- 
mental section and are outlined in Scheme 1 .  Syntheses of 
pure heterodinuclear complexes of these series are often 
difficult because of the presence of homodinuclear species. 
However, by maintaining proper experimental conditions 
such as reaction time, stoichiometry, etc., analytically pure 
complexes could be synthesised. All the complexes are sol- 
uble in common organic solvents and most of the com- 
plexes are obtained as hydrates. 

The complexes discussed here will be abbreviated as 
CuNiL, NiCuL, CuZnL, and NiZnL. The first and the sec- 
ond metal centres are represented as MA and MB sites in 
the general structure of the complexes shown in Scheme 1. 
L represents the generalised ligand structure. Depending upon 
the substituents on the anilines these ligands are represented 
as L ' ,  L', and L', etc., and are shown in Scheme 1 .  A 
special feature of the present set of complexes is that the 
metal centres are in different ligand environments while in 
the case of heterodinuclear complexes derived from 2-hy- 
droxy-5-methylbenzene- 1,3-dicarbaldehyde and diamines 
reported in the literature, the metal centres have equivalent 
ligand environment. 

Infrared spectra of the present complexes are similar since 
the ligand systems do not differ much from one another. 
For most of the complexes, the presence of water molecules 
is evident from the broad bands observed in the region 3550- 
3400 cm-I. All the complexes exhibit two strong absorp- 
tions at 1620 and 1550 cm-'  characteristic of metal coor- 
dinated C=N and C---0  (phenolato) groups. Presence of 
ionic perchlorate is evident from the observation of ir bands 
at 1100 and 625 cm- ' .  Analytical data for the complexes 
are presented in Table 1 and they agree with the structure 
shown in 2 of Scheme 1 .  
Electronic spectrci and tnagtzetic nlornents 

Electronic spectra were recorded in MeCN and DMF. 
Better spectral profiles are obtained for most of the com- 
plexes in MeCN. For all the complexes, a strong band in 
the wavelength region 430-400 nm is observed and is at- 
tributed to a combination of ligand to metal or interligand 
charge transfers. From the general structure of the dinuclear 
complexes shown in Scheme 1 it is apparent that the MA site 
is close to planar geometry while the MB site is more 
nonplanar. However, they can assume square pyramidal or 
octahedral geometry depending upon the number of co-or- 
dinated water molecules. 

The CuNiL co~nplexes exhibit spectral bands at 590 nm, 
a shoulder at 750 nm, and another band at 960 nm. For 
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TABLE 1 .  Analytical data for the complexes 

Found (calcd.) 

Metal 

Complex 

CuZnL complexes there is only one band at 625 nm with 
a shoulder at 750 nm. The mononuclear copper complex 
CuL' of the same ligand system where copper is in planar 
geometry has an absorption band at 598 nm. Therefore, the 
origin of the 590 nm band and 750 nm shoulder in CuNiL 
complex is due to the inner copper centre. The 990 band 
originates from the d-d transition of the nickel centre. The 
spectral pattern of CuNiL complexes suggests square-py- 
ramidal geometry for the metal centre (25, 26) arising from 

the possible coordination of water molecules. It may be 
pointed out that all the dinuclear complexes discussed here 
have at least two water molecules (Table 1). The NiCuL 
complexes exhibit a band at 748 nm with a broad shoulder 
at ca. 1000 nm. The 748 nm band corresponds to the d-d 
transition of the copper(I1) centre in square pyramidal ge- 
ometry and the 1000 nm band to the nickel centre. These 
bands may be compared with the spectral bands of [Cu- 
NiL,Cl,].2HI0 type complexes which have bands at 1000 
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TABLE 2. Electronic spectral and magnetic data for heterodinuclear complexes 

Electronic spectral data 
x/nm (&/dm' niol-I cm-') Magnetic 

moment" 
Complex In MeCN In DMF (FB) 

748 ( 125) 
1000 (sh) 
748 (101) 

1000 (sh) 
748 (95) 

1000 (sh) 
1000 (sh) 

745 ( 106) 
1000 (sh) 
748 ( 147) 

1000 (sh) 

965 (15), 750 (sh) 
621 (77) 
950 (12), 747 (sh) 
6 19 (87) 
970 ( 18), 748 (sh) 
621 (105) 
967 (22), 750 (sh) 
605 (140) 
948 (1 7). 752 (sh) 
605 ( 136) 
747 (sh), 620 (85) 

620 (76) 
606 (1 02) 
620 (82) 
629 (79) 
626 (90) 
626 (68) 

744 ( 169) 
1000 (sh) 
748 (1 16) 

1000 (sh) 
745 (1 09) 

1000 (sh) 
745 (1 15) 

1000 (sh) 
745 ( 104) 

I000 (sh) 
747 ( 172) 

1000 (sh) 

1000 (17) 
1006 (14) 
998 (22) 

1012 (29) 
982 (16) 
989 (20) 

"Magnetic ~noment per niolecule for heterodinuclear coniplexes; values are uncorrected 
for TIP; error limits k0.02 pO; field strength 7 K Gauss. 

"Peaks absent. 

and 725 nm. The 725 nm band is reported to originate from 
square pyramidal geometry for the copper(I1) center (27) 
arising from the possible coordination of water molecules. 
The NiZnL complexes show an absorption band at 980 nm 
which can be attributed to a square pyramidal nickel centre 
(25). 

Room temperature magnetic moments obtained for CuNiL 
and NiCuL complexes are in the range 2.86-3.09 y u  per 
complex molecule against the spin-only value of 3.31 yrl 
per complex molecule for noninteracting CuNiL and NiCuL 
complexes. The lower y,,, values indicate the presence of 
antiferromagnetic coupling between Cu(I1) and Ni(I1) centres 
in these series of complexes. Antiferromagnetic interac- 
tions exists in heterodinuclear CuNi complexes derived from 
3-fom~ylsalicylic acid and diamines and are reflected in their 
yCff values (3.05 yB).  The CuZnL and NiZnL complexes 
exhibit magnetic moments in the ranges 1.84-1.93 y~ and 
3.5-3.8 y,, corresponding to square-planar copper(I1) and 

high-spin nickel(I1) centres, respectively. Magnetic inter- 
actions are not expected in these complexes because of the 
presence of a zinc atom with a dl0 configuration. The mag- 
netic moment values for the complexes are collected in 
Table 2. 

Electrochemical data 
Cyclic voltammetric data for the complexes were col- 

lected in MeCN and DMF in the potential range f 0 . 4  to 
- 1.6 V vs. sce using the hmde working electrode at various 
scan rates (20-200 mV/s) (Table 3). In general, better cyclic 
voltammetric profiles were obtained in MeCN. In MeCN, 
CuNiL complexes exhibit two redox couples, one at ca. 
-0.48 V, which is close to reversible (AE, = 70 mV) at 
higher scan rates, with the second redox couple in the po- 
tential range - l .29 to - 1.33 V. The i,/i;, ratio is close to 
unity for both redox couples. The CuZnL complexes ex- 
hibit only one redox couple in the potential range -0.35 to 
0.39 V in MeCN with AE values of 160-220 mV. The first 
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TABLE 3. Cyclic voltammetric data for the heterodinuclear complexes at scan rate of 100 mV/s 

First electron 
transfer 

Solvent 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

McCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

McCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

MeCN 
DMF 

McCN 
DMF 

AE,, 

70 
80  
70 
8 0 
80 
70 
80 
70 
60 
70 
70 

100 

180 
- 
200 
irrev 
220 
irrev 
140 

irrev 
160 

irrev 
190 

irrev 

60 
70 
80 
60 
60 
60 
8 0 
80 
70 
60 
70 

100 

100 
80 

120 
80 

120 
90 
80 
80 
80 
70 
70 
80 

Second electron 
transfer 

"E, viilues obtained itfter immediately reverhing the scan after the first reduction peak 
"Peak absent. 

redox couple of CuNiL complexes ( E l )  therefore corre- complex species should be related to square-planar based 
sponds to a copper-centred redox process, CU"N~"-CU'N~". geometry of the copper environment which destabilises the 
The observation that this couple is reversible only at higher intermediate species. It is observed that i f  the forward scan 
scan rates indicates that C U ' N ~ " L  species is not very stable. is reversed immediately after the first reduction peak (at 
At low scan rates (<50 niV/s) large current in the range -0.60 V ) ,  the E ,  redox couple becomes Inore reversible in 
-0.90 to - 1.10 V i~npiies decoiiiposition of the Cu'Nil'L behaviour. These features are shown in Fig. I. The second 
species. The instability of the electrogenerated C U ' N ~ " L  redox couple (El) corresponds to a nickel-centred redox 
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-0 1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9 -1.0 -1.1 -1.2 -1.3 -1.4 -1.5 -1.6 

Potential v s  s.c.e. 

Flc. 1. Cyclic voltammogran~s of the co~nplexes CUN~L'(CIO,),.~H,O (-) and C u Z n ~ ' ( ~ 1 0 , ) , . ~ , 0  (----) in MeCN using a hmde 
working electrode at the scan rate 100 rnV s-'. Concentration of complex: 1 X lo-'; supporting electrolyte: NEt, C10, (0.1 M). 

Potential v s  5.c.e 

FIG. 2. Cyclic voltarnmograms of N~CUL' (CIO, ) , .~H~O (-) ~iCuL'(C10,)~ .3H~0 (----) In MeCN, using a hrnde working electrode 
at the scan rate 100 1nV s - I .  Concentration of complex: 1 X 10-' M,  supporting electrolyte: NEt,CIO, (0.1 M). 

process, CulNi"-CulNi', and is also close-to-reversible only 
at high scan rates. In DMF both redox couples are observed 
at high scan rates (> I00  mV/s) at -0.48 and - 1.30 V 
with AE, at ca. 70 mV. The quasireversibility of the redox 
couple at ca. 0.35 V in CuZnL complexes can be explained 
to arise from the instability of the intermediate species be- 
cause of the square-planar based geometry around the cop- 
per(I1) ion. These complexes also exhibit a strong current 
in the potential range -0.90 to - 1.10 V similar to CuNiL 

complexes, indicating decon~position/demetallation of the 
electrochen~ically generated Cu'Zn" species. In DMF the 
redox couple is observed at a more negative potential (ca. 
-0.50 V).  A cyclic voltammetric profile for a representa- 
tive CuZnL complex is also shown in Fig. 1 .  

The NiCuL complexes in MeCN exhibit two reversible 
one-electron redox couples in the potential range -0.20 to 
-0.39 V (E , )  and - 1.37 to - 1.42 V (Ez). The redox cou- 
ple E, corresponds to the copper-centred reduction N~"cu"- 
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Potential 5 5.c.e 

FIG.  3. Cyclic voltammogram of ~ iZnL ' (C10 , )~ .2H~0  in MeCN 
using a hmde working electrode at the scan rate 100 mV sC1. Con- 
centration of complex: 1 X lo-' M; supporting electrolyte: 
NEtj.CIO4 (0.1 M). 

Ni1'cu' and the other couple E2 corresponds to the nickel- 
centred reduction N~"CU'L-Ni 'cu '~ .  The NiZnL complexes 
exhibit only a nickel-centred redox couple at ca. -0.90 V.  
These features are shown in Fig. 3. For both series, good 
cyclic voltammetric profiles are obtained at both low and 
high scan rates which suggests that the electrogenerated 
species are more stable on a cyclic voltammetric time scale 
against decomposition/demetallation. In DMF the first redox 
couple for NiCuL complexes is observed in the -0.13 to 
-0.36 V potential range and the second at ca. -1.32 V. 
It has been reported for the dicopper complexes of ligands 
L '  and L' with strong antiferromagnetic interaction ( F , ~ ~  - 
0 . 9 0 ~ ~ )  (28) the first reduction of CU"CU"-CU'CU~' is close 
to reversible and occurs at -0.05 and -0.07 V in DMF. 
The observed shift of ca. 120 mV towards more negative 
potentials for N ~ C U L ' ( C ~ O , ) ~ . ~ H ~ O  and N~CUL' (CIO, )~  
3 H 2 0  complexes in comparison to their dicopper analogues 
can be explained by the weak antiferromagnetic coupling 
in the NiCuL complexes. The copper-centred reduction in 
complexes where there is no magnetic interaction occurs at 
more negative potential, ca. -0.50 V.  

The NiCuL complexes of ligands L', L" L5, and L" which 
have ortho substituents on the phenylazomethine group, viz., 
Me, OMe, OEt, and SMe, respectively, can be influenced 
by inductive, steric, and other effects due to substitutions. 
If steric is the only factor influencing the redox behaviour, 
all these complexes should show a shift of similar magni- 
tude for the copper-centred electron transfer potential (E l )  
to less negative values, since Cu(1) species become more 
stable in tetrahedral geometry, resulting from the presence 
of ortho substituents. The E l  value for N~CUL'  (2-Me) is 
-0.13 V while the other complexes have the following E l  
values: NiCuL3 (2-OMe), -0.36; NiCuL5 (2-OEt), 

-0.33 V; NiCuL6 (2-SMe), -0.30 V .  While the N~CUL" 
complex may attain pseudotetrahedral geometry for the 
copper centre because of steric interaction, the copper centre 
in NiCuL4, NiCuLS, and NiCuL6 will be of different ge- 
ometry because of the coordinating ability of the ortho sub- 
stituents. The negative shift in E l  potentials in NiCuLJ, 
NiCuLS, and NiCuL6 complexes can be attributed to this 
change in geometry. Cyclic voltammetric profiles for rep- 
resentative ortho- and para-substituted complexes in dmf 
are shown in Fig. 2. A similar behaviour has also been 
observed for the corresponding dicopper(I1) complexes (29). 
Another significant observation is that for all the com- 
plexes, the second electron transfer, Ni"Cul-Ni'cu', occurs 
in the narrow potential range - 1.31 to - 1.34 V ,  unlike the 
E ,  values. This is due to the similarity of the nickel-ligand 
environment in all the complexes. Although the general 
features are unchanged, the El and E, values in MeCN are 
shifted by ca. 70-80 mV towards more negative values, 
compared to the corresponding values in DMF, possibly 
due to variation in solvent interaction with the central metal 
ions. 

Comparison of the nickel-centred redox potentials in 
NiZnL complexes with those of CuNiL and NiCuL com- 
plexes reveals a shift of the potential to less negative values 
for NiZnL complexes. This arises from the difference in 
the charge of the reduced species, since for CuNiL and 
NiCuL complexes, the reduction at the nickel centre occurs 
after the first electron-transfer at the copper centre, i.e., 
reduction occurs from Cu+NiL and NiCu+L species, re- 
spectively. 

Conclusion 
In conclusion, it can be pointed out that the magnetic 

moments of the CuNiL and NiCuL series of complexes 
indicate weak antiferromagnetic coupling between the 
metal centres. The copper-centred reduction (El)  occurs at 
-0.45 V for CuNiL and -0.38 V for NiCuL complexes. 
These E l  values are in between the E ,  values observed for 
the strongly coupled dicopper system (E, - 0.05 V) and 
the noninteracting copper centres (El - -0.54 V). In NiCuL 
complexes, ligands with donor groups such as OMe, OEt, 
and SMe influence the E l  values. Magnetic and cyclic vol- 
tammetric results of our complexes show that weak mag- 
netic interaction can exist even in heterodinuclear complexes 
analogous to the homodinuclear systems. 
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NATHALIE DUFOUR, ANNE-MARIE LEBUIS, MARIE-CLAUDE CORBEIL, ANDRE L. BEAUCHAMP, PASCAL DUFOUR, YVES 
DARTIGUENAVE, and MICHELE DARTIGUENAVE. Can. J .  Chem. 70, 2914 (1992). 

Complexes of the types [CH,Hg(aza)], [CH,Hg(Haza)]X, and [(CH,Hg)z(aza)]X are obtained by reacting CH,HgOH 
and/or CH,HgX (X = NO,, C10,) with 7-azaindole (Haza). The weakly acidic NI-H proton on the pyrrole ring is dis- 
placed by the hydroxide, whereas the perchlorate and nitrate salts lead to CH3Hg+ coordination to the N7 lone pair on 
the pyridine ring. Detailed analysis of the infrared spectra of the complexes and their N-deuterated derivatives provides 
diagnostic regions for eventual prediction of the coordination mode in other systems. All compounds are characterized 
by means of 'H, "C, and ""Hg NMR spectra in DMSO solution and solid-state CP-MAS "C spectra. Comparison of 
the solution and solid-state "C spectra show that the species present in the solids remain undissociated in DMSO. Each 
type of complex can be identified from a characteristic pattern of large displacements of the ligand I3C signals. The ' H  
spectra are less informative because substitution of the Nl-H proton by CH,Hg' induces only minor shifts. Metal sol- 
vation appears to have a major influence on the "C and ' " ~ g  chemical shifts of the CH,Hg' groups. 

NATHALII-: DUFOUR, ANNE-MARIE LEBUIS, MARIE-CLAUDE CORBEIL, ANDRE L. BEAUCHAMP, PASCAL DUFOUR. YVES 
DARTIGUENAVE et MICHELE DARTIGUENAVE. Can. J .  Chem. 70. 2914 (1992). 

Les complexes [CH,Hg(aza)], [CH,Hg(Haza)]X et [(CH,Hg),(aza)]X sont obtenus par reaction de CH,HgOH et/ou 
CH,HgX (X = NO,, C10,) avec le 7-azaindole (Haza). L'hydroxyde dkplace le proton peu acide Nl-H du cycle pyr- 
rolique, alors que le perchlorate et le nitrate conduisent a une coordination de CH3Hgi au doublet libre de I'atome N7 
du cycle pyridinique. L'analyse dktaillte des spectres infrarouges des complexes et de leurs derives N-deuterCs permet 
d'identifier les rkgions caracttristiques du mode de coordination, resultat qui pourra &tre ttendu a d'autres systkmes. Tous 
les co~nposCs sont caract6rists au moyen des spectres RMN 'H,  "C et "" Hg en solution dans le DMSO et RMN "C 
CP-MAS i I'ktat solide. La comparaison des spectres I3C des solutions et des solides rnontre que les especes prksentes 
dans Ics solides demeurent intactes dans le DMSO. Chaque type de complexe peut &tre identifie d'apres un ensemble 
carr~ctCristique de deplacements importants des signaux "C du ligand. Les spectres 'H sont moins revklateurs, parce que 
la substitution du proton Nl-H par CH,Hg' ne produit que de faibles dkplacements. La solvatation autour du ~nktal selnble 
exerccr une grande influence sur les deplacements chirniques "C et Hg des groupes CH,HgT. 

Introduction 
O u r  interest has been attracted by the ability of multiden- 

tate nitrogen donors in rigid ligands like purines ( I )  to sta- 
bilize dinyclear meta l imeta l  bonded systems. Since 
7-azaindole- (11) consists of fused six- and five-niem- 

bered rings with a pair of nitrogen atoms having the same 
an-angement as N 3  and N 9  in purines, the reactions with this 
s imple model ligand were examined in the first place. 

w e  pl.eviously reported (1)  the crystal structures of a sub- 
stitution product of  dimolybdenum tetraacetate in which two 
carboxylates have been replaced by deprotonated azaindole 
units bridging the molybdenum atoms. T h e  related MolC1,- 
(aza),(PEt,), colnplex has also been studied by Cotton and co- 
workers (2 ) .  C o n ~ p o u n d s  of the type M,(aza), have been 
prepared for M = Ni(I1) and Cu(I1) by Brookes and Martin (3, 
4), w h o  proposed in both cases the presence of discrete di- 
nieric units of the "copper acetate" o r  "paddle-wheel" type. 
This  structure was confirmed for copper and nickel by Peng 
and co-workers ( 5 ) .  w h o  also examined azaindole-contain- 

' ~ u t h o r  to whom correspondence may be addressed. 
l ~ - ~ ~ r r o l o [ 2 , 3 - b  lpyridine. 

ing clusters of copper  and cobalt.  T h e  structure of a similar 
dinuclear chromium(I1) compound has been recently re- 
ported (6). O n  the other hand,  azaindole can act in a uniden- 
tate manner ,  for instance as axial ligand in dirhodium 
tetracarboxylates (7,  8).  T h e  crystal structure of a monoden- 
tate zinc complex has also been described by Sheldrick (9).  

In the crystal structures containing bridging deprotonated 
azaindole, ligand disorder is almost always found to  occur ,  
because the t w o  rings, although not identical, are suffi- 
ciently similar to  lead to  a random distribution of  ligand di- 
rection in the crystal. Probably for this reason, getting crystals 
of dinuclear compounds suitable for X-ray work is difficult. 
Thus .  reliable spectroscopic diagnostics are needed to es-  
tablish the binding mode of this ligand. 

O u r  previous work o n  nucleobases (10, 11) has revealed 
that the CH,HgL cation is a useful probe to evaluate the rel- 
ative coordinating ability of the various sites in multidentate 
ligands. T h e  three anticipated types of methylmercury com- 
plexes of azaindole were prepared and used to "calibrate' the 
N M R  and vibrational spectroscopic results. The  crystal 
structures of t w o  of these c o ~ n p l e x e s  have been reportcd in 
a previous paper ( I  2 ) .  

Experimental 

Pr~pw~~r io t i s  
CH,HgOH was obtained from Alfa as 1 M aqueous solution. 

7-Azaindole was used as received from Aldrich. All other 
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chemicals were reagent grade. C. H, N analyses were done by 
Schwazkopf Laboratories, New York. 

[CH.,Hg(rrztr)]. I 
CH,HgOH ( 1.0 mL, 1.0 mmol) was added at room te~nperaturc 

to a solution of 118 mg ( I  .O ~nmol)  of azaindolc in 13 mL rneth- 
anol. After slow evaporation at room temperature to 2-3 mL in a 
well ventilated hood, a colourless precipitate appeared, which was 
filtered. quickly washed with methanol, and dried it1 \~ac.rto at room 
temperature. Yield: 237 mg (71%). Anal. calcd. for C,H,HgN?: C 
28.88, H 2.42, N 8.42: found: C 29.07. H 2.57, N 8.78. 

[CH.<Hg(Hazcl)]NO.:. 2a 
CH3HgOH ( 1.0 mL, 1.0 niniol) was added to a solution con- 

taining 118 mg (1.0 mmol) of azaindole in 13 mL methanol and 
I .O mL I M ( I  mmol) aqueous HNO,. Volume was reduced to 2- 
3 rnL by slow evaporation at room temperature and the white solid 
was treated as above. Yield: 363 mg (92%). Anal. calcd. for 
C,H,)HgN,O,: C 24.28, H 2.29, N 3.00; found: C 24.42. H 2. l I .  
N 2.88. 

[CH;Hg(Hazn)]CIO,, 2b 
Same procedure as for 20, HCIO, was used instead of HNO,. 

Yield: 386 Ing (89%). Anal. calcd. for C,H,,CIHgN20,: C 22.18, 
H 2.09, N 6.46; found: C 22.29, H 2.01, N 6.42. 

[fCH.iHg),fa:n)lNO.:, 3a 
CH3HgOH (2.0 mL. 2.0 mrnol) was added to a solution of 

118 mg (1 .O rnmol) of azaindole in 13 mL methanol and 1 mL 
I M (I  .O mmol) aqueous HNO,. Volume was reduced to 2-3 mL 
by slow evaporation at room temperature. The.white solid was 
isolated as above. Yield: 485 rng (79%). Anal. calcd. for 
C9HllHg2N303: C 17.71, H 1.82, N 6.88; found: C 17.98, H 1.77, 
N 6.81. 

[(CH;Hg).(aza)]ClO,, 3b 
Same procedure as for 3a ,  except that HCIO, was used instead 

of HNO,. Yield: 568 mg (87%). Anal. calcd. for C9Hl ,CIHg,N,O,: 
C 16.69, H 1.71, N 4.32, Cl 5.47; found: C 16.65, H 1.77, N 4.26, 
CI 5.40. The unit cell parameters of this compound were deter- 
mined with a CAD-4 diffractorneter. following the standard pro- 
cedure used for single crystals (12): monoclinic, space gr9up C c  
or C 2 / c ,  a = 19.292(7), b = 10.840(5), c. = 14.002(7) A, P = 

114.78(4)", Z = 8, Dc,,lL.d = 3.25 g cm-'. 

I~l~tr l l l~ le l l t s  
The solution NMR spectra were recorded at ambient probe tem- 

perature using DMSO-(1, (Silanor, from Merck, Sharp & Dohrne 
Canada) as solvent. The ' H  spectra were recorded at 90 MHz with 
a Bruker WH-90 spectrometer, and the "C spectra at 20.17 MHz 
with a Bruker WP-80 instrument. Me,Si (6 = 0) was used as in- 
ternal standard in both cases. The 'H-"C heteronuclear shift- 
correlation experiment was done on a Varian VXR spectrometer 
( ' H  frequency'= 300 MHz, "C frequency = 75.43 MHZ, spectral 
width = 4825 Hz, Mixing time = I s). The "'"Hg spectra were 
obtained at 72.57 MHz with-theB~uker WH-400 instrument of the 
Laboratoire RCgional de Resonance MagnCtique NuclCaire, lo- 
cated at the UniversitC de Montreal. The chemical shifts were ref- 
erenced to an external 1.0 M CH,HgCI solution in DMSO (6 = 

-848 ppm) (13). 
The solid-state CP-MAS "C NMR spectra were recorded at 

ambient probe te~nperature on a Varian VXR instrument ("c fre- 
quency = 75.43 MHz). using external hexalncthylbenzenc as ref- 
ercnce (6 = 132.1 pp~n).  Relaxation delays were 80 s for Haza, 
20 s for [CH,Hg(aza)j. 12 s for [CH,Hg(Haza)lNO,. ant1 40 s for 
[(CH,Hg),(aza)]CIO.,. Spectra were rccordcd using a sideband 
s~lppression routine. Spinning ratcs wcre typically -4 kHz. 

The inkared spectra (4000-400 c m ' )  wcrc recordccl as K B r  
pellets with a Perkin-Elmer 783 spcctrophotometer. 

Results and discussion 
The reactions are carried out in methanol, in which 

CHlHgOH and the acid (HNO, or HCIO,) are introduced as 

I M aqueous solutions. Under the mild conditions used, no 
substitution occurs on azaindole carbon atoriis and three types 
of N-bonded complexes are isolated. 

The neutral [CH,Hg(aza)l complex (1) is prepared by 
using CH,HgOH as the metal reactant, whereby the weakly 

acidic proton of azaindole is neutralized and replaced by the 
nietal on the five-membered ring, as indicated by X-ray work 
( 1  2). This same compound has been reported by Kline and 
co-workers (14). On the other hand, if  CH,HgNO, or 
CH,HgCIO, (from the hydroxide + HNO, or HC10,) is used 
in the reaction, the proton is not removed and a [CH,Hg- 
(Haza)lf salt (2) is obtained. In this case, the crystallo- 
graphic results (12) show that the proton remains on the 
five-membered ring, whereas the CH,Hgf group is bound 
to the lone pair of the pyridine nitrogen. Finally, if the re- 
action is conducted with one mole of each CH,HgOH and 
CH,HgNO, (or CH,HgCIO,) per mole of azaindole, salts of 
the [(CH,Hg)2(aza)lf complex (3) are isolated, in which both 
nitrogens bear a metal atom. 

I ~ ? f i n r e d  spectroscopjl  
To obtain fingerprints for these three co~nplexation pat- 

terns in the solid state, infrared spectra (4000-400 cm-') were 
recorded. The wavenumbers are listed in Table S- 1 (supple- 
mentary materia1)hnd compared with those of azaindole. 
The N 1-D deuterated compounds are also included for the 
free ligand and the [CH,Hg(Haza)]X complexes. The ten- 
tative assignments used are those proposed previously ( I )  by 
comparison with earlier work on indole by LautiC and co- 
workers ( 15) and Takeuchi and Harada ( 16). 

Since coniplexation is accompanied by dcprotonation or 
changes in hydrogen bonding, the vibrations involving the 
N-H bond were first identified by means of N-deutera- 
tion. Azaindole gives rise to a b roadv(~-H)  absorption at 
-2900 cm-I, displaced to -2300 cm-'  in the N 1-D de- 
rivative. The 6(N1-H) vibration is expected at - 1150 cm-I. 
The 1230-1 100 cm-I region includes four bands (1205, 
1193, 1121, and 1103 cm-I) ,  one of which, probably at 
1 193 cm- ' ,  should correspond mainly to 6(N-H) motion. 
Only three bands (1220, 1 174, and 1 1 15 cm.. I) are left in the 
deuterated derivative, and the relatively large effect of deu- 
teration suggests that appreciable coupling with N-H 
motion is present for all these modes in non-deuterated 
azaindole. Also. the new band at 1392 cm-I in the deuter- 
ated compound is probably one of the ring modes at 1400- 
1450 cn i - '  shifted to lower wavenumber by loss of N-H 
coupling. The 6(N-D) band is found at 850 cni..'. The out- 
of-plane y(N-H) vibration gives rise to the broad feature 
around 850 cni ' for azaindole. The y(N-D) vibration could 
correspond to the very broad absol.ption underlying other li- 

p 

 able of infrarcd data for azuinclolc. thc C H , H ~ '  complexes, 
and N-D dcutefi~ted derivatives ( f o u r  pages) may be purchased 
horn: The Depository of Unpublished Data, Document Delivery, 
CISTI. National Research Council Canada. Ottawa, Canada KIA 
os2.  
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gand bands between 550 and 600 cm- ' ,  or to the very weak 
feature at 535 cm-'. 

In the spectra of the complexes, the CH,H~ '  groups pro- 
duce the usual distinctive features: sharp v(C-H) bands at 
2930 cm-', strong 6(CH,) bands at - 1195 cm- ' ,  and broader 
p(CH,) absorptions near 790 cm-I. The weak v(Hg-C) vi- 
brations normally occur at 555 cm-' ,  but ligand bands in- 
terfere in this region. 

For the charged complexes, nitrate and perchlorate salts 
were studied to reveal all the ligand and C H , H ~ +  bands, some 
of which are masked by the anion. The nitrate bands occur 
where they are expected (17): strong and broad v, absorp- 
tion at 1370 cm-' and weaker doublet for v, at -820 cm- ' .  
Low site symmetry probably imparts some intensity to the 
normally IR-inactive v ,  mode that seems to appear weakly 
at - 1050 cm-' .  For the perchlorate, the very strong v, band 
is found at - 1080 cm-' ,  as well as the weaker v, vibration 
at 625 cm-'. Weak features are also observed at 920 cm-' 
for v, and probably at 455 cm-' for v, in [(CH,Hg)?(aza)]- 
C104. 

For the N 1 -protonated/N7-mercurated [CH,Hg(Haza)]X 
complexes, the most important perturbations in the ligand 
bands are probably due to changes in hydrogen bonding. The 
high-wavenumber region clearly shows that hydrogen 
bonding is much weaker in the perchlorate than in the ni- 
trate: the v(N1-H) mode produces a massif centred at 
-3100 cm-' (2300 cm-I after deuteration) for the nitrate, but 
the absorption is sharper and at higher energy (3320 cm-' 
N-H, 2480 cm-' N-D) for the perchlorate. The y(N-H) 
band is shifted to 880 cm-I. 

A few spectral changes can be used to distinguish be- 
tween the free ligand and the complexes. The strong ligand 
band at 1422 cm-I loses most of its intensity, whereas the 
barely visible 1450 cm-' absorption is replaced by a sharp 
and strong band at 1441 cm-I. In addition, the following 
significant shifts occur on ligand bands: 1498 (+ 12), 428 
(+ 12), and 419 (+ 11) cm-I. 

Substitution of the N 1-H proton leads to more spectac- 
ular changes for [CH,Hg(aza)] and the [(CH,Hg),(aza)]X 
salts. The high-frequency region is simplified by the disap- 
pearance of the broad v(N-H) band. The weak y(N-H) 
band at 850 cm-I is also removed. No clear indication can 
be extracted from the 6(N-H) region, because the strong 6 
band of C H , H ~ +  interferes. In the low-frequency region, 
where the spectra are particularly clear, the ring out-of-plane 
vibrations of azaindole at 428 and 419 cm-' are shifted to 474 
and 442 cm-' ,  respecti'vely . The 952/9 17/897 cm-' set is 
displaced to 964/940/911 cm-I. The strong 878 cm-' band 
loses most of its intensity, whereas the equally strong 
789 cm-I band is displaced to 810 cm-I. These character- 
istics common to [CH,Hg(aza)] and [(CH,Hg),(aza)]X can 
be regarded as good diagnostics for N 1-H substitution. 

The two kinds of N1-substituted compounds show a 
number of spectral differences (Table S-1). The in-plane 
azaindole ring mode at 1583 cm-' is displaced to 1585 cm-' 
in the 1: 1 and to 1563 cm-' in the 2: 1 complexes. Also, the 
band at 1468 cm-' for [CH,Hg),(aza)]' occurs 12 cm-' 
higher for [CH,Hg(aza)]. Between 1250 and 1350 cm- ' ,  the 
three bands occur at 1304 (vs), 1285 (s) and 1242 (vw) for 
the 1 : 1 compound, but at 1342 (s), 1272 (sh), and 1263 (s) 
c m  ' for the 2 : 1 coniplexes. Various other differences are 
found at lower wavenumbers, namely at 630 cm-.', where 

the 2: 1 nitrate compound is displaced -20 cm-'  with re- 
spect to the 1 : 1 complex. 

These diagnostic regions in the infrared spectra can be used 
to identify the type of coordination taking place on 7-azain- 
dole. 

Sol~ltiorz NMR spectroscopy 
' H ,  "c, and ' " " H ~  NMR spectra were obtained with 

DMSO solution. The data are collected in Tables 1-3. 
The 'H and ',c spectra of 7-azaindole were assigned by 

Cox and Sankar from data in CDCl, (18). Their assign- 
inents can be applied directly to our results, since the chem- 
ical shifts and coupling constants are not greatly affected by 
the change of solvent. An extra broad signal is observed at 
11.6 ppm for the N1-H proton. The mutually coupled 
('J = 3.3 Hz) resonances of H2 (7.49 ppm) and H3 
(6.45 ppm) show further coupling with this proton ('J(H~- 
H2) = 1.5, 'J(H I - ~ 3 )  = 2.6 Hz). These features due to 
the N1-H proton, also observed in DMF ( l ) ,  have not been 
mentioned for CDC1, solution (18). 

For the complexes, the 'H signals can be safely identified 
by comparison with the ligand chemical shifts and coupling 
constants. The three protons of the six-membered ring are 
mutually coupled and H5 is readily recognized as a doublet 
of doublets with -'J couplings of -7.7 Hz with H4 and 
-5 Hz with H6. The difference in coupling constants makes 
it possible to identify H4 and H6. This is particularly useful 
for the N7-mercurated complexes, where the H4 and H6 
signals are close together. In the five-membered ring, the H3 
resonance always occurs - 1 ppm upfield from H2. For the 
[CH,Hg(Haza)]X salts, they both consist of doublets of 
doublets similar to those of the free ligand. For [CH,Hg(aza)l 
and the [(CH,Hg),(aza)]X compounds, substitution of the 
N1-H proton removes the broad low-field signal at 
11.6 pprn, whereas H2 and H3 appear as simple doublets, 
due to loss of coupling with HI .  In the '" spectra, the qua- 
ternary carbons C8 and C9 give low-intensity signals suffi- 
ciently separated as not to be confused. The remaining 
resonances can usually be identified by comparison with the 
free ligand. The ' H  and I3C spectra also include high-field 
signals for the CH,Hg+ groups. 

Coordination of CH,Hg' to the N7 lone pair is expected 
to render the N 1-H proton more acidic. This is reflected 
by the shift of the corresponding signal to 12.6 ppm for 
the [CH,Hg(Haza)]' ions (Table 1). The positive charge on 
this complex displaces all azaindole resonances downfield. 
The largest shifts are found for H4 ($0.47 ppm) and H5 
($0.40 ppm), whereas the resonance of H6, adjacent to the 
coordination site, is displaced by only $0.28 ppm. Thus, the 
H2 and H3 protons on the other ring, both shifted by 
$0.25 ppm, are almost as sensitive as H6 to N7-coordina- 
tion. A similar pattern of shifts is noted when azaindole is 

"p "p 
CH, CH, 

IP 

7-niethylated (III),' but the A6 values are -40% greater (18). 
Another similarity with the 7-methyl derivative is the -1 Hz 
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TABLE I .  ' t i  N M R  data for 7-azaindole and thc mcthyl~nercury  complexes" 

' H  N M R  

Compound H I  H 2  H 3  H 4  H 5  H 6  

Haza 

"In ppm vs. (CH,).,Si, in DMSO-ri6. Coupling constants, in Hz. in parentheses. Displacement with respect to free azaindole within square brackets. 
1'7-Methylazaindolium cation, iodide salt; H I-H2, HI-H3, and H4-H6 couplings not found (18). 
'Values averaged from the spectra of nitrate and perchlorr~te salts. Individual chemical shifts are within 0.02 ppm. 

TABLE 2.  I ' c  N M R  chemical  shifts for  7-azaindole and  the rnethylmercury(I1) con~plexes"  

"C N M R  

H A z a  126.1 
[CH7(Haza)]  ' " 129.6 

( + 3 . 5 )  
l C H J k ( a z a ) l  135.7 

( + 9 . 6 )  
[CH3Hg(Haza) ln  128.1 

(+2.0) 
[(CH,Hg),(aza)l " 138.2 

(+ 12.1) 

. . 
. , "In ppm vs. (CH,),Si, in DMSO-4,. Displacement with respect to free azaindole within parentheses. 

"7-Methylazaindoliuni cation, iodide salt (18). 
'Mean values obtained with the nitrate and perchlorate salts. individual chemical shifts are within 0.2 
"C8 and C9 interchanged in labelling scheme used by Cox and Sankar ( 18). 

T.ABI.I' 3 .  N M R  data for  the C H 1 H g b  groups" 

N M R  data 

Compound 'H" I .lC 
IcJc) 

H g 

"In ppm vs. (CH.;).,Si ( ' H  ant1 "C). vs. (CH;)?Hg ("'"Hz); DMSO-ti,, solutions. 
"Within parentheses. ' J(~ ' '"H~- 'H) c o ~ ~ p l i n e  constants in Hz. 
'Mean value For N O ,  and CIO, salts. 
"These assignments could be intcrchenged. 
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increase of the , J ( H ~ - H ~ )  coupling constant. In the ',c 
spectra, CH,Hg+ coordination induces a pattern of shifts 
similar to methylation, but much smaller (Table 2). For in- 
stance, the adjacent carbons undergo shifts of - I .O pprn (C6) 
and -3.6 ppm (C8) upon N7-mercuration, whereas the shifts 
are -5.3 and -9.2 ppm, respectively, for 7-methylation. The 
greatest displacements for this type of complex are found for 
C4 (+ 5 .3  ppm) and C9  (+ 4.1 ppm). 

Substitution of the NI-H proton in [CH,Hg(aza)l re- 
moves the low-field ' H  resonance for this atoni, but intro- 
duces only small shifts on the other signals. Surprisingly, the 
H2 proton, next to the substitution site, has not moved 
(7.49 ppm), even though an appreciable shift of -0.2 1 ppni 
has been noted for this complex in CDCI, ( 14). The largest 
shifts in DMSO are found for the protons most remote from 
the substitution site, that is, H5 (-0.14 pprn) and H6 
(-0. I2 ppm). The ',c assignments given in Table 2 are based 
on a 2D H-"C experiment. Large downfield shifts are noted 
for the adjacent atoms C8 ($6.1 ppm) and C2 ($9.6 ppm). 

Combined N1-H substitution and N7-coordination in the 
[(CH,Hg),(aza)]X salts lead to roughly additive effects for 
both the ' H  and "C spectra. Large "C upfield shifts with 
respect to azaindole are observed for C2  (+ 12.1 ppm), C9 
( + 6 . 8  ppm), and C4 ( + 4 . 4  p p n ~ ) .  In the 'H spectra, the 
chemical shifts are relatively close to those of [CH,Hg- 
(Haza)]'. This is normal, since N7-complexation inti-o- 
duces much larger shifts than NI-H substitution. As 
expected for [(CH,Hg),(aza)]+, the low-field N I-H signal 
is absent and simple doublets are found for H2 and H3. 

The resonances of the C H , H ~ +  groups are collected in 
Table 3. The two non-equivalent groups in [(CH,Hg),(aza)l-' 
produce two well-resolved signals in the 'H, "c, and I"" H g 
spectra, indicating slow exchange of the two types of groups. 

The ' H  signal of [CH,Hg(aza)] (0.79 ppm) occurs in the 
0.7-0.8 ppm range f o ~ ~ n d  for complexes with monoanionic 
imidazoles (19) and p ~ ~ r i n e s  (10, L 1, 20, 21) in DMSO. 
Solvent effect is appreciable, since the signal is displaced to 
0.93 ppm in CDC1, (14). Coordination to the less basic pyr- 
idine-type nitrogen results in a downfield shift to 0.97 ppm 
for the [CH,Hg(Haza)Jf compounds. For [(CH3Hg)2(aza)] ', 
the two resonances get closer together than those of the above 
I : I compounds. The same behaviour is shown by the 
'J("'H~--'H) coupling constants, which are generally re- 
garded as good probes for the nucleophilic character of the 
mercuration site. Various workers ( 10, 19, 22-24) pro- 
posed linear equations relating this 'J constant with either the 
log of the complex formation constant or the pK,, of the cor- 
responding protonated ligand. The relationship 'J = 248.5- 
3.88 pK;,, based on co~nplexes with heterocyclic nitrogen 
ligands in DMSO solutions (19), seems to be the most ap- 
propriate for the present system. When applied to the 
[CH,Hg(~aza)]+ species ('J = 234 Hz), the predictetl pK,, 
values for the N7-protonated (H'aza)' ion is -4, which is 
reasonably close to the value of 4 .6  reported earlier (25). 
considering the anticipated reliability of such ;I c r ~ ~ d e  rela- 
tionship. Using this same equation with the 192 Hz con- 
stant for [CH,Hg(aza)l, a pK, of - I5 is predicted for the 
N I-H proton of neutral azaindole, an acceptable value since 
the electro-attracting N7 atoni s h o ~ ~ l d  make the N I-H pro- 
ton more acidic than in indole (pK:, -17) (26). In the 
[(CH,Hg),(aza)] * ion, the coupling constants, like the 
chemical shifts, have nioved together. With a 'J constant of 
199 Hz, NI behaves as t h o ~ ~ g h  its pK:, hat1 decreased by -2 

units, whereas that of N7 (222 Hz) had increased by -3 units. 
Thus, electron density transferred from the five- to the six- 
membered ring has diminished the basicity difference be- 
tween the two sites. However, this effect alone cannot 
account for the "C and ' " ' ~ g  results. 

From data on a series of purine complexes, it was con- 
cluded (27) that the '"c chemical shift of CH,Hg+ decreases 
as the 'J('""H~-'H) constant increases. Combining this with 
the above 'J vs. pK, relationship, it is predicted that 6 ( " ~ )  
should hcrease with pK,. Therefore, the "C data in Table 3 
for [CfI,Hg(aza)] ( 1.5 ppm, pK;, - 15) and [CH,Hg(Haza)]+ 
( 1.9 ppm, pK;, 4 .6)  are not in the expected order. In addi- 
tion, the two signals of [(CH,Hg),(aza)] + are displaced 
downfield by - I  ppm compared with the corresponding 1 : I 
compounds, instead of moving together as observed for the 
'H  resonances. Similarly, the ' " j ~ g  chemical shifts cannot 
be rationalized solely from considerations on donor basic- 
ity. In this case, the I : I complexes occur in the order ex- 
pected from earlier studies on purines and imidazoles (28): 
[CH,Hg(Haza)l+ (-902 ppm) is observed at higher field than 
[CH,Hg(aza)] (-732 pprn). For [ ( ~ ~ , ~ g ) , ( a z a ) ] + ,  the two 
signals are closer together than those of the I : I com- 
pounds, but the predominant effect is the very large down- 
field shift of both resonances. 

The [(CH,Hg)z(aza)]f cation undoubtedly adopts struc- 
ture 3, similar to those of various adenine complexes (29, 30), 
with two roughly parallel CH,Hg+ groups lying in the mo- 
lecular plane. The obvious peculiarity of this structure is the 
presence of two Hg atoms lying close together. The 
J ( ' " " H ~ - ' " % ~ )  coupling, detected for a dinuclear com- 

pound with bridging bis(dipheny1phosphino)methane (3  I), 
could give an idea of the extent of interaction between the 
metals, but our compound was not soluble enough to pro- 
duce observable features for the small population (<3%) of 
l 9 Y  H ~ / ' " " H ~  isotopomer. Metal-metal bonding is ruled out, 
because the Hg-Hg separation, probably si~pilar to those 
observed in the adenine complexes (-3.2 A), should be 
greater than the sum of the van der Waals radii. Even at this 
distance, the electric field of one Hg atom could be felt by 
the other nucleus, but the magnitude of this effect on the '""Hg 
chemical shifts is hard to predict. On the other hand, direct 
interaction is not required to explain the large downfield shifts 
observed, since solvent effect was invoked to rationalize 
anomalies in ' " " ~ g  data for other systems, namely for 
[CH3Hg(py)]+ complexes examined by Canty and co-work- 
ers (32). The - 1159 ppm' signal of the pyridine complex was 
found to be drastically shifted in the compounds with 2- 
rnethylpyridine ( -  1014 ppm) and 2,6-di~nethylpyridine 
(-975 ppm), even though ligand basicity had not changed 
appreciably. This was ascribed to reduced solvation of Hg 
due to the steric effect of the or-tho methyl groups, restrict- 
ing access of the good donor solvent molecules to the 
"equatorial" region around mercury. Similarly, data on a 
series of (CH,),Hg solutions in various solvents showed that 
replacing coordinating solvents like DMSO or DMF by hy- 
drocarbons produced - LOO ppm downfield shifts, also as- 
cribed to desolvation (33). In the case of [(CH,Hg)2(aza)]t, 
the presence of two adjacent CH3Hgt groups in near van der 
Waals contact is anticipated to severely perturb solvation 

'These results, referenced to CH,HgNO1, wcrc converted to thc 
convention L I S C ~  herc (6 = 0 for (CH,)?Hp) by subtracting 1146 ppm 
(30). 
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TABLE 4. Solid-state CP/MAS ''c NMR chemical shifts for azaindole and the methylmercury complexes" 

"C NMR Shifts 

Compound C2 C3 C4 C5 C6 C 8 C9 c w g h  

H Aza 128.0 

(+ 1.9) 

[CH3Hg(aza)l 134.9 
133.6 

(- 1.5) 

[CH3Hg(HAza)lN03 130.1 
(+2.0) 

[(CHiHg),(aza)]CI04 136.8' 

(- 1.4) 

"In ppm, vs. (CH,),Si; within parentheses, displacement with respect to DMSO solution 
"1J('""Hg-'3C) coupling constant in Hz within parentheses, estimated error = 100 Hz. 
'Not resolved. 

around the metal, since each Hg atom blocks access of sol- 
vent molecules to one side of the other Hg atoms. This ef- 
fect likely makes a significant contribution to the observed 
downfield shifts in [(CH,Hg)2(aza)]', compared with the 1 : 1 
compounds where no similar steric hindrance to solvation is 
present. Although centred on the metal, this effect is prob- 
ably transmitted to some extent to the carbon atom and could 
explain the small downfield shift of the ',c resonances. 

Solid-state N M R  
The "C signals for the solid compounds (Table 4) have 

been interpreTed by comparison withthe solution spectra. 
For free azaindole, the resonances are relatively broad, 

often dissymmetric, and splitting in two resolved compo- 
nents is visible for C3 and C5. These effects are not due to 
poor spectrum quality or artefacts of data acquisition. They 
result from the presence of eight symmetry-independent 
azaindole molecules in the crystal. X-ray work (12) has 
shown that the solid contains two crystallographically non- 
equivalent types of hydrogen-bonded tetramers, in which the 
azaindole molecules are in similar, but not identical, envi- 
ronments. Thus, each peak can be regarded as resulting from 
eight close, but not exactly coincident, components. The mild 
disorder observed in the crystal can also contribute to signal 
broadening. The mean chemical shifts for the solid differ by 
<2 ppm from those observed for DMSO solution. 

Similarly, for [CH,Hg(aza)], the mean chemical shifts of 
the ring carbons deviate by <1.5 pprn from those found in 
DMSO, confirming that the same species is present in both 
phases. The signals are much sharper than those of the free 
ligand, but most of them are split in two or three resolved 
coinponents (Table 4). This is consistent with the crystal 
structure reported earlier (12), since the unit cell contains 
three non-equivalent monomeric ~nolecules with apprecia- 
ble differences in intermolecular interactions. 

The high-field region of [CH,Hg(aza)] includes two 
CH3Hg-' peaks at 4.4 and - 1.4 pprn (Table 4) in a roughly 
2: 1 ratio. The strongest component is shifted downfield by 
2.9 pprn with respect to the DMSO solution. [CH,Hg- 
(Haza)]NO, and [(CHjHg),(aza)lC1O, also exhibit down- 

field shifts of 2-4 pprn in the solid state. It is tempting to 
relate this trend to the desolvation effect mentioned above, 
since the metal in the solid is presumably not as efficiently 
surrounded by good donors as in DMSO. Weak equatorial 
Hg-O(nitrate) contacts of -2.95 .& in [CH,Hg(Haza)]NO, 
should play a role similar to solvation and shift the reso- 
nance back to high field, but this does not seem to balance 
efficiently the effect of desolvation, since the signals re- 
main downfield in the solid. Similarly, in the case of 
[CH,Hg(aza)], where moderately strong Hg...N7 "semi- 
bonds" of -2.85 A with adiacent molecules are found for 
t ~ ~ o  of the three independent molecules, the stronger signal 
remains downfield. Therefore, such dipolar interactions 
cannot explain the presence of the high-field signal at 
- 1.4 ppm. The unit cell was carefully examined for other 
differences that would single out one of the groups. Mole- 
cule A (Fig. 1) was found to differ from the other two not 
only by the lack of intermolecular Hg...N contacts within 
3.3 but also by the position of its CH,Hg+ carbon at 
-3.4 A, just above the six-membered ring of a molecule B, 
where the anisotropic effect of the aromatic system is ex- 
pected to be maximized. This could displace the corre- 
sponding signal for A upfield from those of the other two 
molecules. which do nbt overlook an aromatic ring. A 
recent study on CH,Hg' complexes with amino acids sup- 
ports this assumption. The '" signal (in water) of the amino- 
coordinated CH,Hg+ group appears at - 1.9 pprn for serine 
(34). but it is shifted upfield to -4.3 pprn in presence of the 
aromatic substituent in tryptophan (35). This was ascribed 
to the anisotropic effect of the aromatic system, since the 
conformation observed in the solid, with the CH,H~ '  group 
above the indole ring, was shown to be predominant in so- 
lution (36). 

In cationic complexes, the solid-state and the DMSO so- 
lution spectra show greater differences for some of the ring 
signals. For instance, with [CH,Hg(Haza)lNO,, differences 
of +5.3, +3.5. and +2.0 ppnl are found for C3, C4, and C2, 
respectively. At the moment. these various shifts cannot be 
individually interpreted in terms of detailed structural ef- 
fects. ~ o ~ e v e r ,  the presence of the charged NO,- ion can 
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FIG. 1. Position of the C H , H ~ +  group of molecule A above the 
azaindole ring of molecule B (in the plane of the figure) in the unit 
cell of [CH,Hg(aza)]. The drawing is based on the X-ray work of 
ref. 12. Hydrogens are omitted for simplicity. 

conceivably give rise, in the solid, to strong, localized, di- 
polar interactions that would not survive in solution. 

The crystal structure of the [(CH3Hg),(aza)]C10, salt has 
not been determined, but the cation certainly adopts struc- 
ture 3 similar to those found for adenine complexes (29, 30). 
This compound belongs to space group C2/c (assuming that 
it is centric, which is very likely). Thus the eight molecules 
in the unit cell should all be symmetry equivalent. Despite 
this fact, shoulders are found for almost all resonances, par- 
ticularly for C5. This is probably due to crystal disorder, 
which is expected for this type of compound. Indeed, even 
though the two halves of the [ ( c ~ , ~ g ) , ( a z a ) ] +  ion are dif- 
ferent, the van der Waals envelope of this planar species is 
not greatly modified if it is rotated by 180" about the com- 
mon C8-C9 bond (IV). As a result, the cation is probably 
randomly distributed over the two orientations in the crys- 

CH, 

tal, as found whenever the two N atoms have similar envi- 
ronments, such as in neutral 7-azaindole ( l2 ) ,  salts contain- 
ing the azaindolium cation (37), and various complexes in 
which azaindole is bridging two metal atoms (1, 5,  38). 
Disorder in [(CH,Hg),(aza)]CIO, would create non-uniform 
environments at the molecular level and introduce local non- 
equivalencies, which would explain the splitting shown by 
the solid-state spectrum. 

Conclurling rernnr.ks 
The structures proposed for [CH,Hg(aza)] and the 

[CH,Hg(Haza)JX salts in the solid-state are based on X-ray 
diffraction work published earlier (12). As to the [(CH,Hg),- 
(aza)]X salts, full X-ray diffraction was not deemed worth- 
while, but structure 3 is very likely in view of the presence 
of the similar structure observed for related ligands. In our 
detailed analysis of the infrared spectra, the vibrations due 
to the anions and the CH,Hg' groups were first identified. 
Patterns of spectral changes in the ligand bands were then 
proposed to provide characteristic diagnostics for each of the 
three types of coordination. While interpreting the 'H spec- 
tra in DMSO, it was found that a large shift is not a reliable 
indication that coordination takes place at a nearby site, since 

the H5 and/or H4 signals are the most affected for all co- 
ordination patterns. Thus, the largest displacements ob- 
served upon N1-H substitution in the five-membered ring 
of [CH3Hg(aza)] are found for protons of the other ring. 
Moreover, it is difficult to differentiate between 
[(CH,Hg),(aza)]+ and [CH,Hg(Haza)]' from the 'H spec- 
tra. The "C ligand signals are better suited to identify the 
binding mode, large displacement being noted on a specific 
set of carbons for each type of complex. On the other hand, 
the CH3Hg' resonances seem to be very sensitive to metal 
solvation, so that relationships between donor basicity and 
13 C or ' 9 9 ~ g  chemical shifts should be used with great care. 
The infrared and NMR diagnostics developed here are hoped 
to be useful to identify the coordination mode in non-crys- 
talline materials for which X-ray diffraction information could 
not be obtained. 
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Total synthesis and establishment of the absolute stereochemistry of (+)-mostueine. 
Addition of chiral nucleophiles to 3,4-dihydro-2-methyl-9-(p-toluenesulfony1)-p- 

carbolinium iodide1 
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ALLAN W. REY, WALTER A. SZAREK, and DAVID B. MACLEAN. Can. J.  Chem. 70, 2922 (1992). 
A highly convergent synthesis of the pentacyclic indole alkaloid (+)-mostueine (1) is described. The key step in- 

volved the coupling of the dianion derived from (1 's)-3-(1'-hydroxyethy1)-4-methylpyridine (4) with the iminium salt 
3,4-dihydro-2-methyl-9-(p-toluenesulfonyl)--carbolinium iodide (3). Low asymmetric induction (15% de) at the C-1 
position of the P-carboline ring system (C-3 of mostueine) was obtained. The nonfermenting baker's yeast-mediated re- 
duction of 3-acetyl-4-methylpyridine provided the hydroxyethylpyridine component in acceptable yield (67%) and high 
optical purity (99.0% ee). This synthesis of 1 has established that the absolute stereochemistry of mostueine is (3S,19R). 

ALLAN W. REY, WALTER A. SZAREK et DAVID B. MACLEAN. Can. J .  Chem. 70, 2922 (1992). 
On dCcrit une synthkse hautement convergente de I'alcaloide indolique pentacyclique (+)-mostukine (1). L'Ctape clC 

implique le couplage du dianion d6rivC de la (l'S)-3-(1'-hydroxyethy1)-4-mCthylpyridine (4) avec le sel iminium (3), 
l'iodure de 3,4-dihydro-2-mCthyl-9-(p-toluknesulfonyl)--carb01inium. On a obtenu une faible induction asymCtrique 
(15% de) ii la position C-1 du systkme cyclique P-carboline (C-3 de la mostukine). La reduction de la 3-acCtyl-4- 
methylpyridine, sous I'influence de la levure pstissikre qui ne ferrnente pas, fournit la portion hydroxykthylpyridine avec 
un rendement acceptable (67%) et une grande puretC optique (99,0% ee). Cette synthkse du COI~IPOSC 1 a Ctabli que la 
stCrCochimie absolue de la mostuCine est (3S, 19R). 

[Traduit par la rkdaction] 

Introduction 
The structurally interesting pentacyclic indole alkaloid 

mostueine (1) (also referred to as 3,14-dihydrodecussine) is 
composed of a P-carboline skeleton possessing an azepino 
ring attached to a pyridine ring. Mostueine, a weak muscle 
relaxant, was originally isolated from the leaves of Mostuea 
br~ozotzis (2). It has also been found to be a constituent in the 
root and stem bark of S t r ~ ~ c h n o s  decussata, S .  d d e ,  S .  elae- 
carpa (3) and, most recently, S .  johtzsotzii (4). The phar- 
macologically more active compound decussine (2) is 
identical with rnostueine except for a site of unsaturation at 
C-3-C-14. It is noteworthy that mostueine has been re- 
ported to be converted into decussine (3, 5) on storage (3). 

syntheses are strategically similar in that they both rely upon 
the alkylation of the indole nitrogen to close the azepino ring 
as the last step. Herein we report another more convergent 
and enantioselective synthesis of mostueine. 

The addition of nucleophiles to iminium salt electro- 
philes has been effectively exploited by us and others for the 
synthesis of a variety of alkaloids (8). It became apparent that 
this reaction may permit an efficient synthesis of rnostueine 
as shown retrosynthetically in Scheme 1. Furthermore, this 
strategy would establish the absolute stereochemistry at C-3. 
Another more general and synthetically interesting question 
was the extent of asymmetric induction at the C-1 position 
of the P-carboline ring system (C-3 of rnostueine) upon ad- 
dition of the chiral nucleophile 4. In any event, the diaste- 
reoineric-adduct mixture should be readily resolvable by 
chromatography, thereby providing an enantioselective route 
to rnostueine. 

Results and discussion 
Sytztlzesis qf'4 

'The synthesis of (1's)-3-(1'-hydroxyethy1)-4-methyl- 
pyridine (4) is outlined in Scheme 2. The starting material, 
3-cyano-4-methylpyridine (6), was prepared in gram quan- 

1 2 tities using the 3-step procedure developed by Bobbitt and 
Scola (9). The conversion of 6 into 3-acetyl-4-rnethylpyri- 

The total synthesis of (i)-mostueine was accomplished dine (8) was originally accomplished by Webb and Corwin 
by McGee el L l / ,  (6) and by Onanga and Khuong-Huu (7), (10). However, this transformation necessitated 3 steps and 
and their combined studies have established the relative the overall yield was 30%. Another higher-yielding but longer 
configuration at C-3 and C-19 to be 3SR,19RS. These sequence involved conversion of 6 into 4-methylnicotinal- 

dehyde (3 steps, 71% yield) ( lo ,  11). This aldehyde was then 
'A  preliminary account of a part of this work has appeared (1). converted into the desired methyl ketone 8 by way of its tri- 
' ~ u t h o r s  to whom correspondence may be addressed. methysilylcyanohydrin derivative in 63% yield ( 1  2). In 
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contrast to these methods, we have found that a more direct 
route was the Grignard addition of methylmagnesium bro- 
mide (3.0 M solution in diethyl ether) to the niti-ile 6 fol- 
lowed by itz situ acid-catalyzed hydrolysis of the presumed 
imine intermediate 7.  This protocol, based upon work done 
by Canonne et al. (13), conveniently furnished 3-acetyl-4- 
methylpyridine in 83% yield. 

With acetylpyridine 8 in hand, the next challenge was the 
stereoselective reduction to. forin the (S)-alcohol 4. Our ini- 
tial notion was to employ methodology developed by Brown 
and co-workers (14) for the asymmetric reduction of aralkyl 
ketones. Thus, treatment of 3-acetyl-4-n~ethylpyritline with 
(-)-B-chlorodiisopinocampheylborane [(-)-(lpc),BCI], and 
subsequent removal of the boron moiety with diethanol- 
amine, gave (l'S)-3-(1'-hydroxyethyl)-4-inethylpyridine (4). 
The overall yield was 60% and the enantiomeric excess was 
93%. This result is consistent with Brown and co-workers' 
(14) reduction of 3-acetylpyridine (65% yield and 92% ee).  
It is pertinent to note that, in each case, 2 .3  eq~livalents of 
the (-)-(lpc),BCl reagent were ,required, presumably be- 
cause of cornplex formation. 

Owing to the expense of the (-)-(IPC)~BCI reagent, we 
examined the possibility of a yeast-mediated reduction. Thus, 
treatment of the substrate 8 with Fleischiiiann's Baker's yeast 
(170: 1 yeast to 8 ratio (w/w)) for 4 days at 32°C provided 

H+, H20 

Yeast 

4 
ee=93%, yield=60% [(lpc),BCI] 
ee=99%, yield=67% [Yeast] 

MTPAO Me 

4 in 67% yield and 99.0% ee ([a], -53.5; c l .O, CHC1,). 
The product was isolated by extractive processing, and the 
reaction was performed on a 5-gram scale. Another salient 
feature was that this reduction was accomplished using 
nonfermenting yeast (i.e., glucose or sucrose was tzot added), 
thereby facilitating processing. This modification was based 
upon work done by Bucciarelli et ul. (1 5) and by Rasor and 
Riichardt (16). An interesting point is that, under almost 
identical conditions, Takeshita et al. (17) found that the yeast- 
mediated reduction of 3-acetylpyridine gave ( 1  's)-3-(I '-hy- 
droxyethy1)pyridine in 40% yield and 67% ee. Clearly, the 
4-methyl group in substrate 8 has a profound effect on the 
stereochemical outcome of this reduction. 

The enantiomeric excesses were determined by conver- 
sion of the crude alcohol products into their corresponding 
diastereolneric (S)-a-inethoxy-a-(trifluoromethy1)phenylace- 
tate derivatives (9) using S-MTPA (Aldrich) and N,N'-di- 
cyclohexylcarbodiiinide as the coupling agent. The ee was 
then assessed by high-resolution ' H  nmr (400 MHz) inte- 
gration of the well-resolved signals (A6 = 20 Hz) of  the 
diastereoineric 4-methyl protons. 

The absolute stereochemistry of 4 was ascertained to be S 
by 'H nmr analysis of its S-MTPA and R-MTPA esters (18). 
This conclusion is consistent with Brown and co-workers' 
observation (14) that reduction of similar cornpounds with 
(-)-(lpc),BCI leads to the S enantiomer. Furthemiore, yeast 
reductions of nralkyl ketones give predominantly the S-al- 
coho1 ( 19). , . 

It has not escaped our attention that the enantiopure com- 
pound, (l'S)-3-(l'-hydroxyethyl)-4-methylpyridine may be 
of value as a synthetic intermediate in the synthesis of var- 
ious pyrido-alkaloids and other natural products. Further- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

88
.2

55
.2

02
.1

94
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2924 C A N .  J .  CHEM. VOL. 70. 1992 

more, its N-benzyl salt may be of therapeutic value (20) as 
a possible antineoplastic agent. 

Synthesis of 3 
The synthesis of the intermediate of which the P-carbo- 

line portion of mostueine is comprised, specifically the 
iminium salt, 3,4-dihydro-2-methyl-9-(p-toluenesulfony1)- 
P-carbolinium iodide (3), is depicted in Scheme 3. The 
starting material was the known 3,4-dihydro-P-carboline (or 
norharmalan) (S), which is readily accessible by way of the 
Bischler-Napieralski reaction of ~ ~ - f o r m ~ l t r ~ ~ t a m i n e  (21). 
Protection of the indole nitrogen as its tosylamide presented 
some difficulty. Initially, phase-transfer catalytic methods 
(22) were examined; however, the yields were low (<30%) 
owing to formation of side products. Finally, reproducible 
yields (65%) of the desired 3,4-dihydro-9-(p-toluenesul- 
fony1)-P-carboline (10) were obtained by formation of the 
sodium salt of the indole (sodium hydride, DMF, - IO°C, 
30 min) followed by addition of p-toluenesulfonyl chloride 
(-60°C, 1.5 h). The major by-product resulted from sul- 
fonylation at the C-3 position of the indole nucleus (C-7 of 
mostueine). This procedure is an adaptation of a method 
developed by Langlois et al. (23) for the N-benzylation of 
5. Methylation of the imine nitrogen of 10 by treatment with 
iodomethane (THF, room temperature, 12 h) and subse- 
quent filtration provided the iminium salt 3 in 91 % yield. 

Coupling of 3 and 4 uncl con~zpletion c!f the synthesis c!f I 
The remaining steps in this convergent synthesis of mos- 

tueine are shown in Scheme 4. The critical coupling of 3 and 
4 went as predicted and afforded adducts l l a  (3S, 19s) and 
l l b  (3R, 19s) as a 1.35: 1.00 mixture, respectively, and in 
62% yield. Considerable effort was spent optimizing this 
reaction and it was found that the use of a con~bination of 
potassium tert-butoxide and lithium diisopropylamide af- 
forded the highest yield. A 30-n~in reaction time at -78OC 
was found to be sufficient; longer reaction periods led to a 
reduced yield. The diastereomeric compounds l l c i  and l l b  
were readily separable by silica gel flash chromatography. 

We were somewhat disappointed by the low degree of 
asymmetric induction (de = 15%) obtained for the addition 
of enantiopure 4 to the iminium salt 3. Preliminary efforts 
were made to improve the diastereoselection of this process 
by varying the hydroxyl protecting group (tert-butyldi- 

niethylsilyl ether and methoxymethyl ether) on 4 and the 
indole protecting group (beniyl and free indole). No im- 
provement in the asymmetric induction was obtained for the 
coupling of these modified compounds (all combinations 
were tried). These results suggest that the stereocenter on 4 
is too remote to offer significant stereoinduction upon ad- 
dition of this nucleophile. 

Compounds l l a  and l l b  in racemic form were also iso- 
lated by McGee et al. (6) in their synthesis of (*)-mos- 
tueine. Of significance is that our high-resolution 'H nmr data 
obtained for ( + ) - l l a  and (-)- l lb  correspond exactly with 
the literature (6). Their work demonstrated that the racemic 
modifications of the (3S, 19s) diastereomer l l a  can be cy- 
clized under forcing conditions (potassium tert-butoxide in 
THF) to provide (?)-mostueine. Mechanistically, this re- 
action is consistent with the transfer of the p-toluenesul- 
fonyl group from the indole nitrogen to the C-19 alkoxide 
followed by S,2 displacement of the p-toluenesulfonyloxy 
group by the indole nitrogen (for a related example of this 
type of cyclization, see ref. 24). Thus, treatment of l l a  with 
potassium tert-butoxide in anhydrous THF provided (+)- 
mostueine in 13.5% yield. The major product of the reac- 
tion was the imine 12 (40% yield) presumably formed by 
C-alkylation of the intermediary C-19 tosylate. Our results 
are consistent with those obtained by others (6, 7). The rel- 
ative (and in this case the absolute) configuration of 12 was 
established by 'H nmr nOe experiments. For instance, a 
significant enhancement (6.8%) of the H-14ax signal was 
observed upon presaturation at the signal for H-19. Addi- 
tionally, presaturation at the signal for the H-18 methyl pro- 
tons gave a 7.5% intensity enhancement of the H-21 signal. 

Attempts to improve the yield of mostueine were unsuc- 
cessful. For instance, the adduct corresponding to l l a  de- 
protected at N-9 was oxidized (MnO?, CH,C12, reflux, 36 h, 
42%) at C-19 to provide the ketone. Unfortunately, condi- 
tions to reductively aminate the indole nitrogen with the ke- 
tone were not found. 

The spectral data for the synthetically prepared (+)-mos- 
tueine were identical with the data for a sample of the 
natural product that was kindly provided by Prof. F. Khuong- 
Huu. Also, the optical rotation for mostueine synthesized by 
this method was + 186 (c 1 .O, CHCl,), a value that closely 
corresponds to the optical rotation of natural mostueine (+ 196 
(2)). This result unambiguously demonstrates that the ab- 
solute stereochemistry of 1 is (3S, 19R), an assignment that 
is consistent with the proposed biosynthesis (4) of mos- 
tueine from strictoside. 

In summary, the enantioselective synthesis of the indole 
alkaloid mostueine has been accomplished in a convergent 
and efficient manner. This work shows that the absolute 
configuration of mostueine is (3S, 19R) as depicted. 

Experimental 
Ap[~,~'~u-utu.s, m~~rerials ,  and methods 

The ' H  nmr spectra were recorded at 200 MHz and 400 MHz (as 
indicated) on Bruker AC-F2OO and AM-400 spectrometers, re- 
spcctively. The samples were dissolved in either C D C l  or DMSO- 
L / ,  (as indicated). The proton chemical shifts are quoted in parts per 
million (ppm) downfield relative to the internal standard, tetra- 
methylsilane (6 scale). The '" nmr spectra were recorded at 
50.3 MHz on a Bruker AC-F200 spectrometer. The carbon 
chemical shifts are quoted in ppm with reference to CDCI, 
(77.00 ppm). The multiplicities of signals were determined by 
JMOD experiments. The analyses were done as a first-order ap- 
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proximation. The ir spectra were determined using KBr disks or 
taken from films on sodium chloride plates (as indicated) on a 
BOMEM MB-I 20 ft-ir spectrophotometer at room temperature. 

EI (electron ionization) mass spectra were recorded at 70 eV on 
a VG Analytical ZAB-E mass spectrometer equipped with a VG 
11-250 data system. CI (chemical ionization) spectra were re- 
corded on the same instrument using NH, at - 1 Torr (1 Torr = 
133.3 Pa) as reagent gas. The peak intensities are given as a per- 
cent of the base peak (100%) intensity. High-resolution mass spectra 
(hrms) measurements were performed on the above instrument 
under EI conditions. 

Melting points were determined using a Fisher-Johns appara- 
tus and are uncorrected. Optical rotations were measured on a 
Perkin-Elmer 24 1 polarimeter and were run at room temperature 
(-23°C). Thin-layer chromatography was performed using silica 
gel 60-Fz,, plates (E. Merck No. 5714) of 0.25 mrn thickness. 
Preparative-layer chromatographic (ptlc) separations were accom- 
plished on silica gel 60-F2,, plates (E. Merck No. 5717) of 2 mm 
thickness. For flash chromatography, silica gel 60 (230-400 mesh, 

quenched, and the solution acidified to pH -2 by addition of 4 M 
HC1. This solution was stirred for 2 h, at which point it was basi- 
fied to pH -10 using concentrated NH,OH solution (aq.). The 
aqueous layer was extracted with ethyl acetate (6 X 60 mL), the 
combined organic extracts were dried over MgSO, (anhydrous), and 
the solvent was removed in vacuo. The crude red oil (5.14 g) was 
purified by silica gel flash chromatography (ethyl acetate - hex- 
ane (2:3, v/v)) to furnish the acetylpyridine 8 (4.75 g,  83% over- 
all yield from 6) as a colorless oil (this material is slightly volatile 
and, thus, should not be exposed to reduced pressure for pro- 
longed periods); bp 57-58°C (1-2 Torr); v,,, (film): 3052, 2979, 
2928, 1687, 1592, 1358, 1270 cm-';  'H nmr (200 MHz, CDC1,) 
6: 2.53 (3H, s,  CH3CO), 2.62 (3H, s,  CH, at C-4), 7.17 ( lH,  d, 
J = 5.0 Hz, H-5), 8.51 ( IH,  d ,  J = 5.0 Hz, H-6). 8.92 ( I H ,  s,  
H-2); "C nmr (50.3 MHz, CDC1,) 6: 20.8 (CH, at C-4), 29.1 
(CH,CO), 126.6 (C-5), 132.8 (C-4), 147.8 (C-3), 150.2 (C-6), 
15 1.5 (C-2), 199.2 (CH3CO); ms (EI), rn/z (%): 135 (52) [MI', 
120 ( loo), 92 (82), 65 (37). Exact Mass calcd. for C,H,NO [MI': 
135.0684; found (hrms): 135.0692. 

E. Merck No. 9385-5) was employed. (I'S)-3-(l'-Hydro.uyethyl)-4-methylpyridize (4) 
All reactions involving lithiation were performed in apparatus Met,zorl I .  (-)-( lpe)2BCI reductiorz 

dried in the oven at 140°C for at least 12 h and assembled hot under To a solution of (-)- B-chlorodiisopinocampheylborane 
a stream of argon. Septa and syringes were used for transfer of re- (Ipc):BCI, Aldrich, 5.95 g, 18.5 mmol) in THF (20 mL) at -20°C 

--. agents. Solvents and reagents were reagent grade and, when re- 
.. . and under an argon atmosphere was added 3-acetyl-4-methylpyri- 

quired, further purifications were accomplished following published dine (8) ,00 g, 7.41 mmol), The reaction mixture was stirred for 
procedures (25). Titrations of the organolithium reagents were done 17 and the volatiles were removed under vacuum, The residue 
using diphenylacetic acid (26). was dissolved in diethvl ether (30 mLI and diethanolamine 
3-Ace~l-4-merhylpyridirze (8) 

To a stirred solution of 3-cyano-4-methylpyridine (6) (5.01 g ,  
42.5 mmol) (prepared according to ref. 9) in benzene (30 mL) at 
0°C and under an argon atmosphere was added a 3.0 M solution of 
MeMgBr in diethyl ether (42.0 mL, 126 mmol). The solution was 
stirred at 0°C for 2 h, the temperature was then raised to room 
temperature, and the stirring was continued a further 16 h. The 
mixture was cooled to O°C, the excess of MeMgBr was carefully 

(4.29 g,  40.8 mmol) was added. This mixture was stirred for 3 h 
and the solid that precipitated was removed by filtration through a 
sintered-glass funnel (medium porosity). The filter cake was washed 
twice with pentane and the combined filtrate and washings were 
concentrated in vnclro. To remove the remaining a-pinene, the oil 
was taken up in 0.2 M HC1 (40 mL) and washed with ethyl ace- 
tate (60 mL). The aqueous layer was basified with NaHC03 (s) and 
extracted with ethyl acetate (5 x 50 mL). The combined extracts 
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were dried over MgSO, and the solvent removed irl vtrcuo. The 
remaining oil was purified by silica gel flash chromatography (ethyl 
acetate - methanol (95:5, v/v)) to yield 0.61 g (60% yield) of the 
chiral alcohol 4 (ee = 93.0%) as a colorless oil; [all, -50.2 (c l .O, 
CHCI,). 

Merhnd 2 .  Y~,trsr  reducriorz 
Six 500-mL side-arm Erlenmeyer flasks, each containing a 

mixture of the ketone 8 (0.85 g ,  6 .3 mnmol) and dry baker's yeast 
(Fleischnmann's Yeast Limited, "Traditional Active Dry Yeast") 
(145 g) in tap water (250 mL), were shaken on a wrist-action shaker 
for 4 days at 32°C. The solutions were combined and centrifuged 
(13,000 rpm, I0 min, 4°C). The supernatant aqueous layers were 
decanted, more water was added to the centrifuge tubes, and the 
yeast re-suspended. This mixture was centrifuged as above and the 
supernatant aqueous layers were collected. All aqueous extracts 
were combined and passed through a 2-cm bed of Celite. Extrac- 
tion of the aqueous phase with ethyl acetate (6 X 400 mL), fol- 
lowed by drying of the combined organic layers over Na2S0, and 
removal of the solvent irz VCICIIO, gave a slightly-yellow oil. This 
material was further purified by silica gel flash chromatography 
(ethyl acetate - methanol (95:5, v/v)) to provide 3.45 g (67% yield) 
of the (S)-alcohol4 (ee = 99.0%) as a colorless oil; [a], -53.5 (c 
1 .O, CHCI,); v ,,,,, (film): 3296, 2975, 2926, 1603, 1449, 1416, 
1373, 1096, 1071 cm-'; 'H  nmr (200 MHz, CDCI,) 6: 1.46 (3H, 
d. J  = 6.5 Hz, C-2' H's), 2.30 (3H, s ,  CH, at C-4), 4.80 ( 1 H, br 
s, DzO-exchangeable, OH), 5.06 ( 1  H, q ,  J  = 6.5 Hz, H- 1 '), 6.98 
( l H ,  d ,  J  = 4.8 Hz, H-5), 8.18 ( IH,  d, J  = 4.8 Hz, H-6), 8.51 
(IH,  s,  H-2); "C nmr (50.3 MHz, CDC1,) 6: 18.1 (C-2'), 23.4 (CH, 
at C-4), 64.5 (C-l ') ,  125.0 (C-5), 140.0 (C-4), 144.3 (C-3). 145.7 
(C-6), 146.3 (C-2); ms (EI), m/z (%): 137 (28) [MI', 122 ( loo) ,  
94 (50), 93 (13), 92 (12), 65 (14). Exact Mass calcd. for C8H,,NO 
[MIi: 137.0841; found (hrnms): 137.085 1. 

(I'S)-3-[1'-0-(S-MTPA)etl~yl]-4-rr1etlr~lpyridi1ze (9) 
To S-(+)-a-methoxy-a-(trifluoromethy1)phenylacetic acid (101 

mg, 0.430 mmol) in dichloromethane (15 mL) were added 
N,Nf-dicyclohexylcarbodiimide (114 mg, 0.553 nmmol), 4-di- 
lnethylaminopyridine (10 mg. 0.082 mmol). and the chiral alco- 
hol 4 (42.0 rng. 0.306 mmol). and the solution was stirred for 
16 h. The white precipitate was removed by filtration through a 
sintered-glass funnel (fine porosity) and washed with pentane (2 x 
15 mL). The filtrate was diluted with dichloromethane (20 mL) and 
sequentially washed with saturated aqueous solutions of NaHCO, 
and NaCl (15 mL of each). The organic layer was dried over MgSOJ 
and the solvent removed irz tlclcuo to afford 76.8 rng (7 1% yield) 
of the acetate 9 as a colorless oil (the spectral data for the ( l lS ,R)  
diastereomer are given in parentheses if they are different from those 
of the ( I IS ,S)  diastereomer); 'H nmr (400 MHz, CDCI,) 6: 1.56 
(1.63) (3H, d, J  = 6.7 Hz, C-2' H's), 2.38 (2.33) (3H, s, CH, at 
C-4). 3.45 (3.55) (3H, q, J  = 1.2 Hz, OCH,), 6.27 (6.23) ( I H ,  
q, J  = 6.7 Hz, H-1'), 7.06 (7.03) (1H. d, J  = 5.0 Hz, H-S), 7.30- 
7 .45(5H,  m, Ph), 8 .39 ' (8 .37) (1H,d ,  J =  5 . 0 H z ,  H-6), 8.53 
(8.35) ( IH,  s, H-2); "C nnmr (50.3 MHz, CDCI,) 6: 18.4 (18.3) 
(C-2'), 21.1 (21.0) (CH, at C-4), 55.3 (55.5) (OCH,), 70.5 (70.4) 
(C-1'), 120.4 (CCF,), 125.4 (125.2) (C-5), 126.2 (CF,), 127.2, 
128.3, 129.6, 131.8 (127.0. 128.4) (Ph), 134.4 (134.3) (C-3), 
144.2 (C-4). 147.6 (147.4) (C-6), 149.1 (149.0) (C-2), 165.6 
(165.8) (RC02Rr); ms (EI), 111/z (%): 354 (5) [M + HI', 224 (12), 
I89 (65), 143 (14), 120 (100); ms (CI), rrz/z (%): 354 (100) [M + 
HI '. 120 (15). Exact Mass calcd. for C18H,,N0,F, [M + HI ': 
354.13 16; found (hrnms): 354.1322. 

4,Y-Dihydr-n-9-(p-rol11erzesu!fo11~I)-3H-pjricl~7-[3,4-b]ir1tlole (10) 
At - 1O0C, the 3,4-dihydro-P-carboline 5 (see ref. 21 for prep- 

aration, 1.40 g ,  8.23 mlnol) was added slowly to a suspension of 
NaH (0.58 g. 60% in mineral oil. 14.6 ~nlnol) in DMF (20 mL) and 
under an argon atmosphere. (Caution: various 3,4-dihydro-P-car- 
bolines and 3,4-dihydro-2-methyl-P-carbolinium salts have re- 
cently been implicated in provoking the neuronal degeneration 
underlying idiopathic Parkinson's disease (27).) The mixture was 

stirred for 30 nmin and then cooled to -60°C at which time p-tolu- 
enesulfonyl chloride (3.15 g. 16.5 mmol) was added. The reac- 
tion mixture was acidified after 1.5 h using 0.2 M HCI (40 nmL) and 
extracted with diethyl ether (2 x 30 mL). The combined organic 
layers were extracted with 0.2 M HCI (25 mL) and the combined 
aqueous extracts made basic with concentrated NH,OH solution 
(aq.). Extraction with dichlorolnethane (2 x 60 nmL) and subse- 
quent drying over MgSO, and removal of the solvent irz \,ncuo 
provided a solid amorphous material. This solid was purified by 
silica gel flash chromatography (ethyl acetate - hexane (7:3 v/v)) 
to yield 1.74 g (65%) of the tosylamide 10, which was recrystal- 
lized from ethyl acetate - hexane; mp 143-145°C; v,,, (KBr): 3048, 
2936, 2849, 1596, 1554, 1444, 1365, 1230, 1167 cm-I; ' H  nmr 
(200 MHz, CDCI,) 6: 2.31 (3H, s ,  Ts-CH,), 2.75 (2H, app t, J  = 
8.7 Hz, H-4), 3.84 (2H, td, J  = 2.2, 8 .8  Hz, H-3), 7.16 (2H, d, 
J  = 8.2 Hz, Ts), 7.28 ( I H ,  t, J  = 7.5 Hz, H-6), 7.43 ( l H ,  t, J  = 
7.8 Hz, H-7), 7.47 ( l H ,  d ,  J  = 7.9 Hz, H-5), 7.65 (2H, d, J  = 
8.2 Hz, Ts), 8.18 ( l H ,  d, J  = 8.3 Hz, H-8), 8.99 (IH, app s, H-1); 
"C nmr (50.3 MHz, CDC13) 6: 18.7 (C-4), 21.4 (Ts-CHI), 47.1 
(C-3). 115.1 (C-8), 120.1 (C-5), 124.1 (C-6), 125.6 (C-44, 126.5 
(Ts), 127.3 (C-7), 127.8 (C-4b), 128.6, 129.8 (Ts), 134.7 (C-94, 
136.8 (C-8a), 145.1 (Ts), 150.9 (C-I); ms (EI), nz/z (%): 324 (24) 
[MI',  169 ( loo) ,  142 (22), 115 (2 l ) ,  91 (19). Exact Mass calcd. 
for C18Hl,NZ0,S [MI': 324.0932; found (hrms): 324.0926. 

4.Y-Dil1~~dr-o-2-r1rer~l-9-(p-rol11e12e~r11~f011yI)-3H-pyrido- 
[3,4-b]ir1clolirzi~~111 iodide (3)  

To a solution of the tosylamide 10 (501 mg, 1.54 mmol) in tet- 
rahydrofuran (25 mL) was added iodomethane (0.49 mL, 
7.7 mnmol) with stirring and at room temperature, and the mixture 
was allowed to stand overnight. The solid precipitate 3 was iso- 
lated by filtration through Whatman filter paper (hardened) and the 
filter cake washed with hexane (2 x 20 mL) to provide 0.653 g 
(91% yield) of the bright-yellow crystalline 3,4-dihydro-2-methyl- 
P-carboliniu~n salt 3; mp 195- 197°C; v,,,, (KBr): 3077, 3035, 2994, 
2970, 1640, 1540, 1434, 1370, 1171, 1096 cm-I; 'H nmr 
(200 MHz, DMSO-cl,) 6: 2.31 (3H. s ,  Ts-CH,), 3.37 (2H, app t, 
J  = 9.0 Hz, H-4), 3.89 (3H, s ,  N-CH,), 4.16 (2H, t, J  = 9.1 Hz, 
H-3). 7.16 (2H, d ,  J  = 8.4 Hz, Ts), 7.45 ( IH,  app t, J  = 7.9 Hz, 
H - 6 o r H - 7 ) , 7 . 7 0 ( 1 H , a p p t , J = 7 . 9 H z , H - 6 o r H - 7 ) , 7 . 8 7 ( 1 H ,  
d, J  = 7.9 HZ. H-5). 7.99 (2H, d ,  J  = 8 . 4 H z , T s ) ,  8.07 ( lH,  d, 
J  = 8.6 Hz. H-8), 9.47 ( l H ,  s, H-I); "C nnlr (50.3 MHz, DMSO- 
cl,) 6: 19.0 (C-4). 21.0 (Ts-CH,), 47.7 (N-CH,), 49.8 (C-3). 1 14.6 
(C-8). 123.2 (C-5). 125.4 (C-6), 125.8, 125.9 (C-4a, C-4b), 127.4, 
130.4 (Ts), 131.6 (C-7), 132.5 (C-9a), 134.1 (Ts), 138.7 (C-8a), 
146.5 (Ts). 155.1 (C-I); ins (EI). rrz/z (YO): 340 (17) [M - I + HI '-, 
185 ( loo) ,  184 (73), 183 (36), 157 (18), 156 (18), 142 (61), 139 
(24), 92 (5 1). 9 1 (64). Exact Mass calcd. for Cl,H,,,N,02S [M - 
l + HI': 340.1245; found (hrms): 340.1234. 

Tosylarrlide crdtlrrcrs lla[(IS,I"S)-2,3,4,9-terr~~l1yeIro-l-{[3'-(1"- 
hydro.rye~hyl)-4'-~~yridi11~~I]111etlzyI}-2-111e~hyl-Y-(p-toli~e1ze- 
su!fbrz!l)- 1 H-p~~rido[3,4-b]irzrlole] clrlrl 11 b[( 1 R,  1"s)- 
2,3.4,9-rc~trr~l1ydro-I -{[3'-(l"-hydro.~-yer11~~1)-4'- 
~~yr-itli1z~l~netl~jI}-2-met/2yl-9-(p-lie1zesifo1yl)- H- 
pyrirlo[3,4-b]ir1tlole] 

Under an argon atmosphere and at - 10°C, the hydroxypyridine 
4 (228 mg, 1.66 mmol) in tetrahydrofuran (20 mL) was treated with 
potassiunm rer-r-butoxide (1.5 M in tetrahydrofuran, 1.44 mL. 
2.16 mmol). The solution was stirred at this temperature for 
10 min at which time it was cooled to -78°C and lithium diiso- 
propylamide ( 1.5 M in tetrahydrofuran, 1.44 mL, 2.16 mrnol) was 
added; the solution became yellow. After 25 min, the solution was 
added dropwise using a cannula to a vigorously stirred suspension 
of the 2-methyl-P-carboliniuln salt 3 (5 19 mg, I .  l I mmol) in tet- 
rahydrofuran (20 mL) at -78°C. The reaction was quenched after 
0.5 h by addition of saturated NaCl (aq.) (2  mL) and then diluted 
with dichloronmethane (40 mL). This mixture was washed sequen- 
tially with saturated NaHCO, (aq.) (15 mL) and saturated NaCl (aq.) 
(15 nmL), dried over MgSO,, and the solvent removed irl vncrro. The 
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residual oil was purified by silica gel chromatography (ethyl 
acetate - methanol (95:5, v/v)) Silica gel flash chromatography 
(dichloromethane - 95% ethanol (20: I ,  v/v)) afforded the dia- 
stereorners l la (1 88 mg) and l l b ( 139 rng) (62% overall yield) as 
slightly yellowish crystals. (The numbering system used for both 
' H  nmr and "C nmr assignments for l l a  and l l b ,  and for the fol- 
lowing two compounds (12 and I ) ,  refers to mostueine number- 
ing, as shown in the structural formula for I . )  

l l a :  mp 85-90°C; [a], +68 (c 1 .O, CHCI,); v,,,;,, (KBr): 3363, 
2967, 2933, 2847, 1597, 1450, 1366, 1 170, 754 cm-.I; ' H  nmr 
(400 MHz, CDCI,) 6: 1.60 (3H, d, J = 6.6 Hz, C-I8 H's), 2.29 
(3H, s. Ts-CH,), 2.35 (3H, s, N-CH,), 2.3 1-2.40 ( IH,  m,  H-5 or 
H-6), 2.48-2.83 (3H, m, C-5 H's, C-6 H's), 3.34 ( 1  H, dd, A of 
ABX, J = 7.4, 14.2 Hz, H-14), 3.53 (IH, dd, B of ABX, J = 3.5, 
14.2 Hz, H-14'), 4.46 ( IH,  dd, J = 3.2, 7.3 Hz, H-3), 5.15 (1H. 
q , J =  6.6Hz,  H-19),7. l l  ( 2 H , d , J =  8 .4Hz,Ts) ,7 .22(1H,d ,  
J = 5.1 Hz, H-16), 7.29-7.41 (3H, rn, H-9, H-10, H-l I ) ,  7.50 
(2H, d, J = 8.1 Hz. Ts), 8.22 (LH, d, J = 7.8 Hz, H-12), 8.32 
( IH,  d, J = 5.1 Hz, H-17), 8.61 ( lH,  s, H-21); "C nmr 
(50.3 MHz, CDCI,) 6: 15.9 (C-6), 19.9 (Ts-CH,), 2 1.4 (C-18), 
36.5 (C- 14), 41.3 (N-CH,), 43.1 (C-5), 62.5, 62.9 (C-3, C-19), 
115.7 (C-12), 118.6 (C-9), 118.9 (C-7), 124.2 (C-lo), 125.2 
(C-l I ) ,  125.7 (C-16), 126.1, 129.5, 130.0 (Ts), 134.5 (C-8), 137.1 
(C-2), 137.2 (C-13), 138.8 (C-20). 144.9 (C-15), 146.9 (C-17), 
147.0 (Ts), 148.7 (C-21); ms (EI), tn/: (%): 476 ( < I )  [M + HI", 
339 (100), 184 (47), 183 (36), 122 (23), 91 (35). Exact Mass calcd. 
for C27H,oN,0,S [M + HI': 476.1993; found (hrms): 476.2008. 

l l b :  [a], - 149 (c 1.0, CHC1,); v ,,,;,, (KBr): 3378, 2969, 2935, 
2849,2801, 1596, 1450, 1368, 1 170,753 c m ' ;  'H nmr (400 MHz, 
CDC1,) 6: 1.68 (3H, d, J = 6.5 Hz, C-18 H's), 2.25 (3H, s, 
N-CH,), 2.29 (3H, s, Ts-CHJ, 2.5 1-3.40 (4H. m, C-5 H's, C-6 
H's), 3.16 ( lH,  dd, A of ABX, J = 10.0, 14.2 Hz, H-14), 3.37 
( lH,  d, J = 14.2 Hz, H-14'), 4.23 ( IH,  br d, J = 9.8 Hz, H-3), 
5.02 (IH, q, J = 6.5 Hz, H-19), 7.10 (2H, d, J = 8.0 Hz, Ts), 
7.26-7.41 (3H, m, H-9, H-10, H-11), 7.49 (2H. d, J = 8.4 Hz, 
Ts), 7.88 ( lH ,  d, J = 5.2 Hz, H-16), 8.24 ( lH ,  d, J = 8.1 Hz, 
H-12). 8.55 ( lH ,  d, J = 5.1 Hz, H-17), 8.76 ( lH ,  s, H-21); "C 
nmr (50.3 MHz, CDCI,) 6: 16.4 (C-6), 21.4 (Ts-CH,), 23.1 (C- IS), 
36.6 (C-14), 42.3 (N-CH,), 44.1 (C-5), 61.4 (C-3), 65.4 (C-19), 
115.7 (C-12), 118.6 (C-9), 119.9 (C-7), 124.2 (C-lo), 125.0 
(C-11), 126.0 (C-16), 126.2, 129.5, 130.2 (Ts), 134.4 (C-8). 134.8 
(C-2), 137.2 (C-13), 139.5 (C-20), 144.8 (C-15), 146.3 (Ts), 148.0 
(C-17). 148.1 (C-21). 

Imitze 12 [(6S, 12R)-5,12-dihydro- 12,15-c/it11erl1~11-6H-6, I 1 b- 
(i1~li1~oerlzntzo)~1y1'ido[3',4':4,5]~~~~clolze~~r[I ,2-b]itlclole] cltzd 
(+)-t~zosrueitze (I)  [(SR, 13aS)-1,2,3,S, 13,13a-lzc~.~r1l~yc/ro- 
1,8-clitnethyl-I, 76, I0-r1'iazc1be~zzo[5,6]~~~clc~lze~1tr1[I ,2,3- 
j kljl~loretlc] 

To a stirred solution of the tosylamide l l r r  (163 mg, 0.343 mmol) 
in tetrahydrofuran (15 mL) at 0°C was added potassiun~ rerr-bu- 
toxide (231 mg, 2.06 mrnol). The medium was allowcd to warm 
slowly to room temperature and, after 5 h, was dilutcd with di- 
chloromcthane (40 mL) and washed with saturated NaCI (aq.) 
(20 mL). The organic layer was dried over MgSO, and the solvent 
removed itz vnc.uo. The residual solid was purified by ptlc (dicthyl 
ether - 95% ethanol - diethylamine (90:3:7, v/v)). The major 
product isolatcd was the imine 12 (40.3 mg, 40%) along with 
mostueine l ( 1 4 . 0  mg. 13.5%). 

12: [a][, -42.8 ( c  I .O,  CHCI,); v ,,,,, (KBr): 2930, 2859, 2794, 
1593, 1451, 1325, 1143,920 cm- ' ;  ' H  nrnr (200 MHZ. CDCI,) 6: 
1.72 (3H, d, J = 7.2 Hz, C-18 H's), 1.96-2.37 (4H, m,  C-5 H's, 
C-6 H's), 2.38 (3H, s, N-CH,), 2.78 ( IH,  q ,  J = 7.2 Hz, H-l9), 
3.1 1 ( IH,  dd, A of ABX, J = 6.3, 14.9 HZ, H-14). 3.47 ( IH,  dd, 
B of ABX, J = 1.9, 14.9 Hz, H-l4'), 4.12 (IH. dd, J = 2.0, 6.4 
Hz, H-3). 7.23 ( lH,  td, J = 1.2, 7.3 Hz, H-lOor H-l I ) ,  7.24 (IH, 
d, J = 4.8 Hz, H-16), 7.37 ( IH,  td, J = 1.3, 7.5 Hz, H-10 or 
H-l I ) .  7.46 ( IH,  d, J = 7.5 Hz, H-9). 7.64 ( IH,  d, J = 7.3 Hz, 
H-l2), 8.47 ( lH ,  d ,  J = 4.8 Hz, H-L7), 8.58 (IH, s. H-21); "C 

nmr (50.3 MHz, CDCI,) 6: 18.5 (C-18), 30.6 (C-6), 36.0 (C-141, 
38.2 (N-CH,), 42.1 (C-7), 42.3 (C-19), 47.1 (C-5), 60.7 (C-3), 
121.0 (C-12), 124.9 (C-11), 125.1 (C-lo), 125.8 (C-9), 128.1 
(C-16), 137.1 (C-20), 144.9 (C-8), 148.2 (C-17), 148.3 (C-15), 
148.7 (C-21), 154.2 (C-13), 187.3 (C-2); ms (EI), tn/z (%): 303 
(82) [MI-', 288 (8), 260 (23), 184 (100); ms (CI), tn/z (%): 304 
(100) [M + HI', 184 (IS), 183 (18). Exact Mass calcd. for 
C20H21N1 [MIi-: 303.1735; found (hrms): 303.1741. 

1:' [a],, + 186 (c 1 .O, CHC1,); v ,,,;,, (KBr): 2920, 2850, 2790, 
1596, 1457. 1320, 1192, 1051, 747 cm-'; 'H nmr (200 MHz, 
CDCI,) 6: 1.67 (3H, d, J = 7.0 Hz, C-18 H's), 2.54 (3H, s, 
N-CH,), 2.62-2.79 ( 1  H, m, H-6), 2.90-3.00 ( l H, m, H-5 or H-6), 
3.10-3.38 (2H, m, C-5 H's or C-6 H's), 3.15 ( lH ,  dd, J = 2.1, 
13 HZ, H-l4), 3.52 ( l H ,  t, J = 12.7 HZ, H-14'), 3.85 ( lH,  dd, 
J = 2.1, 12.7 Hz, H-3). 5.79 ( IH,  q, J = 7 Hz, H-19), 7.19 (IH, 
t ,  J = 7.0 Hz, H-lo), 7.28 ( IH,  d, J = 4.9 Hz, H-16). 7.29 ( lH,  
t ,  J = 7.0 Hz, H- l l ) ,  7.47 ( lH ,  d, J = 8.3 Hz, H-9), 7.52 
( lH ,  d, J = 7.5 Hz, H-12), 8.55 ( lH ,  d, J = 4.9 Hz, H-17), 8.62 
( IH,  s, H-21); "C nmr (50.3 MHz, CDCI,) 6: 18.7 (C-6), 22.8 
(C-18). 36.8 (C-14), 37.3 (N-CH,), 53.1 (C-5), 55.3 (C-19), 60.8 
(C-3), 108.2 (C-7), 109.5 (C-I?), 118.4 (C-1 I), 119.6 (C-lo), 
121.8 (C-9). 125.1 (C-16), 126.8 (C-8j, 133.7, 134.8 (C-2, C-20). 
136.3 (C-l3), 147.1 (C-15). 149.4, 150.2 (C-17, C-21); ms (EI), 
tn/z (96): 303 (100) [MI', 288 (33), 260 (56), 184 (74); ms (CI), 
m/: (%): 304 (100) [M + HI', 183 (37). Exact Mass calcd. for 
C20H21N3 [MI': 303.1735; found (hrms): 303.1738. 
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The effect of Lewis acids on the intramolecular Diels-Alder reaction 
of the furan diene 
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CHRISTINE ROGERS and BRIAN A. KEAY. Can. J .  Chem. 70, 2929 (1992). 
A general method is described for effecting the intra~nolecular Diels-Alder reaction of the furan diene in which the 

side arni connecting the diene to the dienophile contains four carbon atoms. The use of 1.1 equivalents of methyl- 
aluminum dichloride at -78OC for 2-8 h shifts the Diels-Alder equilibrium towards the products and provides the ox- 
atricyclo adducts in good to excellent yield. Catalytic quantities of methylaluminum dichloride (10 mol%) provided a 
higher quantity of adduct than excess Lewis acid when the enone was substituted with alkyl groups. The scope was ex- 
tended to include a precursor containing a five carbon atom side arm, and two exaniples containing acetylenic dieno- 
philes that were activated by a carbonyl moiety on the side ann. Precursors having a four carbon atom side ann provided 
only oxatricyclo adducts having the side arm sytz to the oxygen bridge. The assignment of the stereochemistry of the 
oxatricyclo adducts is discussed in detail. 

CHRISTINE ROGERS et BRIAN A. KEAY. Can. J .  Cheni. 70, 2929 (1992) 
On dCcrit une mCthode gCnCrale d'effectuer une rtaction intramolCculaire de Diels-Alder avec des dienes furaniques 

portant une chaine IatCrale de quatre atomes de carbone qui relie le dikne au diknophile. L'utilisation de 1 , I  Cquivalent 
de dichlorure de methylaluminium, h -78"C, pendant 2-8 h, dCplace I'equilibre de Diels-Alder vers les produits et les 
adduits oxatricyclo avec des rendements allant de bons h excellents. Lorsqu'on substitue 1'Cnone avec des groupes al- 
kyles, les quantitCs d'adduit formees lorsqu'on utilise des quantitks catalytiques de dichlorure de mCthylaluminium 
(10 mol%) sont plus grandes que celles obtenues avec un exces d'acide de Lewis. On a Ctendu le champ d'application 
h un prkcurseur contenant une chaine IatCrale de cinq atomes de carbone et h deux exemples contenant des diCnophiles 
acCtylCniques activCs par une portion carbonyle sur la chaine IatCrale. Les prCcurseurs portant une chaine Laterale con- 
tenant quatre atomes de carbone ne fournissent que les adduits oxatricyclo dans lesquels la chaine laterale est syn par 
rapport au pont oxygkne. On discute en dCtail de I'attribution de la stCrCochimie des adduits oxatricyclo. 

[Traduit par la rCdaction] 

The intramolecular Diels-Alder (IMDA) reaction is a 
widely utilized synthetic strategy for the simultaneous for- 
mation of two rings with high stereo- and regio-control (1). 
The use of a furan moiety as the diene component in the 
IMDA reaction leads to the creation of an oxygenated 
cyclohexane ring in a rigid cycloadduct that has potential 
application for the synthesis of natural products. The intra- 
molecular Diels-Alder reaction of the furan diene (IMDAF) 
has been studied extensively both when the tether connect- 
ing the diene and dienophile consists of three carbon atoms 
(1, 2), and when the tether contains a heteroatom and is either 
three (n = 1) or four (n = 2) atoms in length (eq. 1) (1, 3). 
The IMDAF reaction of precursors that have a side arm 
containing four (n = 2) (1, 4) or five (n = 3) (1, 5) carbon 
atoms have been studied to a lesser extent, and are gener- 
ally reported to have equilibria that lie toward starting ma- 
terial. Methods employed to overcome the unfavourable 
equilibrium have included heat (4a), P-cyclodextrin (6), 
aqueous solutions (4h, 7), substituted side arms (3g, 3h, 4k, 
4m, 4n, 56, 8) and high pressure (46, 4c, 4j). The success 
of these methods has been variable. The first four methods 
have produced increased starting material : adduct (SM : A) 
ratios for precursors with unsubstituted dienophiles but usu- 
ally required long reaction times (2-14 days). High pres- 
sure ( 1  .O-1.2 GPa) has been successful in overcoming the 
unfavourable equilibrium with both unsubstituted and sub- 
stituted dienophiles; however, the isolated yields of the ad- 
ducts have been poor, the reaction scale is limited, and access 
to specialized equipment is necessary. We therefore sought 

' ~ u t h o r  to whom correspondence may be addressed. 

a generally applicable method for performing the IMDAF 
reaction that would overcome these limitations. 

n= 1 (a CH2 may be substituted by an S, 0, or N atom) 
n=2 (a CH2 may be substituted by an 0 or N atom) 

Lewis acids have been used extensively in the inter- 
molecular Diels-Alder reaction of the furan diene (9) to in- 
crease both the regioselectivity and the rate of reaction. Lewis 
acids have also been used to accelerate the rate of the intra- 
molecular Diels-Alder reaction (10); however, their suc- 
cessful use in the IMDAF reaction (4i, 5n, 11) has been 
limited to only two reports: one employing an internally co- 
ordinated magnesium salt (12), and the second an applica- 
tion of zinc iodide (13). The paucity of examples of Lewis 
acid-mediated IMDAF reactions may be due to competing 
side reactions such as: (a) the polymerization of the furan ring 
or the dienophile (14), (6) the susceptibility of the furan ring 
to Friedel-Crafts-type reactions (14), and (c) the aromati- 
zation of the oxatricyclo adducts (1 5). We recently reported 
that the IMDAF reaction, in which the side arm contained 
four or five carbon atoms, is accelerated by the Lewis acid 
methylaluminum dichloride at low temperatures to provide 
the oxatricyclo adducts in good to excellent yield (16). We 
herein provide a full account of this work. 

Preparation c$ IMDAF precursors 1-1 7 
Precursors 1-8 were prepared as outlined in Scheme 1. 

Lithiation of either furan 18 or 2-methylfuran 19 under 
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Reagents: (a) 1.2 equiv. n-BuLi, THF, O"C, 1.5h; (b) 1-bromo-3chloropropane; (c) Nal, acetone, reflux; (d) 
2.2 equiv. t-BuLi, Et20, -78°C; then, acrolein, methacrolein, crotonaklehyde or tglic aldehyde; (e) Swem [O]; 
(f) 1,4dibromobutane; (g) 2.2 equiv. t-BuLi, Et20, -78%; then acrolein 

SCHEME 1 

standard conditions (17) followed by trapping of the resul- 
tant anion with I-bromo-3-chloropropane, afforded alkyl- 
ated furans 20 (63%) and 21 (95%), respectively. Conversion 
of the chlorides 20 and 21 into the iodides 22 and 23  was 
accomplished in excellent yield under Finkelstein condi- 
tions ( 18). Halogen-metal exchange of the iodides 22 and 
23  with tert-butyllithium (19) followed by quenching of the 
resulting carbanion with acrolein, methacrolein, crotonal- 
dehyde, or tiglic aldehyde provided allylic alcohols 24-30. 
Swern oxidation (20) of the allylic alcohols 24-30 yielded 
the IMDAF precursors 1-7 respectively. Furan 8 was pre- 
pared by reaction of the anion of furan 18 with 1,4-dibromo- 
butane to provide bromide 31, which was converted to furan 
8 by the identical sequence described above (Scheme 1). 

The synthesis of IMDAF precursors 9-15 is summarized 
in Scheme 2. Ismail and Hoffman (21) have reported that 
FriedelLCrafts alkylation of either furan 18 or 2-methyl- 
furan 19 with 4-methyl-2-0x0-3-pentenenitrile 32 (22) in the 
presence of aluminum trichloride in benzene provided es- 
ters 33 and 34, respectively, in reasonable yield after the re- 
action mixture was que~ched  with methanol. Our attempts 
to repeat this reaction provided esters 33 and 34 in poor yield 
(<20%) due to the competing Friedel-Crafts alkylation of 
the solvent benzene. Changing the solvent to carbon disul- 
fide provided esters 33 and 34 in 30 and 66% yield, respec- 
tively. The yield of ester 33 was diminished due the fonnation 
of the 2,5-dialkylated product 35. Attempts to prevent for- 
mation of 35 by blocking one a-site of furan with a tert- 

butyldimethylsilyl moiety were unsuccessful; the silylated 
furan did not undergo Friedel-Crafts reactions when sub- 
jected to a variety of Friedel-Crafts conditions. 

Although Lipshutz and co-workers (23a) reported suc- 
cessful 1,4 additions of the higher-order cyanocuprate of 
2-lithiofuran to a,P-unsaturated ketones, we were unsuc- 
cessful in effecting the same reaction on 3-methyl-2-butenal, 
methyl 3-methyl-2-butenoate, or dimethyl isopropylidene- 
malonate. The failure of these reactions may be due to both the 
low reactivity of the cuprate reagent (23b), and to the hin- 
dered nature of the position to be attacked. 

Reduction of esters 33  and 34 with lithium aluminum hy- 
dride provided alcohols 36 and 37, respectively, which were 
converted to the corresponding iodides 38 and 3 9  via the to- 
sylates (18). The iodides 38 and 39 were then converted to 
precursors 9-12 and 13-15 via: (a) halogen-metal ex- 
change, (b) quenching the anion with an a,P-unsaturated 
aldehyde to give allylic alcohols 40-46, and ( c )  Swern ox- 
idation. 

The acetylenic precursors were prepared by treating the 
anion formed by halogen-metal exchange of iodide 38 with 
either 3-(trimethylsi1yl)propynal 47 (24) or 2-butynal 48 
(Scheme 2) (25). Swern oxidation provided compounds 16 
and 17 in good yield. 

Results and discussion 
Compound 2 was treated with a number of Lewis acids 

(26) that had been reported to accelerate both inter- (9c, 27) 
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ROGERS AND K E A Y  

Reagents: (a) oxalyl choride, hexane; (b) CuCN, MeCN; (c) 0.25 equiv. AICb, CS2, furan 18 or 2-methylfuran 
19; (d) MeOH; (e) LiAIH,, Et20; (f) TsCI, DMAP, CH2CI2; (g) Nal, acetone, reflux; (h) 2.2 equiv. 1-BuLi, Et20, 
-78'C; then acrolein, ~Jhacrolein, crotonaldehyde, or tiglic aldehyde; (i) Swern [O]; (j) 2.2 equiv.t-BuLi, Et20, 
-78'C; then TMSC=CCHO (47) or MeC=CCHO (48). 

and intra-molecular (1 Om, 13, 28) Diels-Alder reactions 
(Table 1). Compound 2 was chosen for this model study since 
it had previously shown reluctance to undergo the IMDAF 
reaction when treated with Florisil either in methylene chlo- 
ride or aqueous 2.0 M CaCl, solutions (entries 9 and 10) (412). 
In each example, 1.1 equivalents of Lewis acid was added 
to a dilute solution (0.02-0.03 M) of compound 2 in meth- 
ylene chloride at -78°C. Aliquots were removed from the 
reaction mixture and their 'H NMR spectra were measured. 
The reaction was stirred at a particular temperature until there 
was no further change in the starting material to adduct 
(SM:A) ratio by 'H NMR. The reaction was then warmed 
another 10 or 15"C, and the process repeated until a tem- 
perature was reached at which decomposition was detected. 
The aliquots removed from the reaction mixture were 
quenched with cold 10% sodium bicarbonate to prevent re- 
equilibration and to neutralize acidic by-products. The SM: A 
ratios were measured by integration of the 'H NMR spec- 
trum of the crude reaction mixture, in particular by compar- 
ison of the integral of the vinyl protons of the adduct 50 (6 
6.48 and 6.14) and that due to the 6-furan protons of the 
starting material 2 (6 6.28 and 6.00). 

The results are summarized in Table 1 .  Zinc iodide (entry 

1) was the least effective Lewis acid examined, which was 
surprising in light of its proven synthetic utility for acceler- 
ating both the intermolecular Diels-Alder reaction of the 
furan diene (9c) and an IMDAF reaction in which the side 
arm contained three carbon atoms (13). Although some ad- 
duct was produced within 3 h at room temperature, the 
equilibrium still favoured starting material. The ratio of 
SM: A did not change significantly after 39 h and decom- 
position products were detected by 'H NMR. These find- 
ings are attributed to the unfavourable heterogeneous nature 
of the reaction mixture when zinc iodide is used. Tin(1V) 
chloride (entry 2) provided a favourable SM: A ratio of 24:76 
within 1 h at -78°C; however, extensive decomposition was 
also observed (by ' H  NMR). The remaining Lewis acids 
(entries 3-8) provided SM:  A ratios favouring adduct after 
only 2 h at either -78 or -50°C; decomposition was evi- 
dent at temperatures above -50°C for all Lewis acids ex- 
amined. The yields of the adduct were in excess of 95% 
(based on recovered starting material) after flash chroma- 
tography (29), indicating that decomposition below -50°C 
was insignificant. For ease of handling and reaction work-up, 
methylaluminum dichloride was chosen as the Lewis acid to 
continue the study. 
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TABLE 1. Effect of various Lewis acids on the IMDAF reaction of The geminally substituted precursors 9 and 13 (Table 3) 
cornpound 2 provided adducts 56 and 60 in 88% yield, respectively, upon 

-acid* 
treatment with Florisil alone after only 1 day at room tem- 
perature, and therefore were not treated with methylalu- 

- - minum dichloride. Compounds 10, 11, 14, and 15 provided 

0 0 
varying SM:A ratios when Florisil was employed; how- 
ever, in all cases adduct was detected and isolated. This 

2 50 finding is in contrast to the results from the corresponding 
unsubstituted precursors 2, 3, 6, and 7 (Table 1) in which no 

Lewis acid Conditions 2:50 Ratio adduct was detected after 6 days. The increased reactivity of 

1 ZnI? 1 h, -78°C 1OO:O the substituted precursors may be due to the gem-dialkyl ef- 
3 h, r.t. 69:31 fect (3g, 3h, 4m, 8 ,  30). 
39 h, r.t. 65 : 35" Treatment of compounds 10, 11, 14, and 15 with 1.1 

equivalents of methylaluminum dichloride provided SM : A  
2 SnC14 1 h, -78°C 24:76' ratios in favour of starting material; increased quantities of 

BF, . Et,O 

TiCI4: T ~ ( O ' P ~ ) ~  

EtAICI, 

MeAlCl? 

Et2A1CI 

Me2AICI 

Florisil /CH?CI? 

2.0 M CaCI, 

2.5 h, -78°C 
3.5 h, -50°C 

4.5 h, -78°C 
2.5 h, -50°C 

2.5 h, -78°C 
2.5 h, -50°C 

2.5 h, -78°C 
2.5 h, -50°C 

2.5 h, -50°C 

2.5 h, -50°C 

14 days, r.t. or 40°C 

4 days, r.t. 

"Some decomposition after 64 h (by 'H NMR). 
"Extensive decomposition (by 'H NMR). 
'Some decomposition after 3.5 h (hy 'H NMR). 
"Decomposition occurred above -50°C. 

The effect of solvent on the Lewis acid-mediated IMDAF 
reaction was also examined. Treatment of compound 2 in 
hexane with methylaluminum dichloride resulted in the for- 
mation of a gummy precipitate. Both 'H NMR and TLC in- 
dicated that no IMDAF reaction had occurred. Toluene was 
also unsuitable as a solvent because many unidentified 
products formed even at -78°C. All subsequent reactions 
were therefore performed in methylene chloride. 

The results from treating precursors 1-7 and 9-15 with 
methylaluminum dichloride at -78°C are summarized in 
Tables 2 and 3 respectively. Previous results from our lab (412) 
using Florisil are also included for comparison purposes. 
Several observations are noteworthy. The use of 1.1 equiv- 
alents of methylaluminum dichloride with precursors 1, 2,  
5, and 6 provided their corresponding oxatricyclo adducts in 
excellent yields. Both compounds 1 and 5, which have un- 
substituted dienophiles, provided adducts 49 and 53 in 99% 
yield after only 1 h at -78°C. Compounds 2 and 6,  which 
were unreactive with Florisil, gave adducts 50 and 54 in 63 
and 80% yields, respectively. In contrast, precursors 3, 4,  
and 7,  which have substitution at the terminus of the dien- 
ophile, had S M : A  ratios in favour of starting material. The 
unreactive nature of these dienophiles in the IMDAF reac- 
tion is well precedented in the literature (4i), and may be a 
result of both increased steric interactions in the transition 
state as well as increased electron density of the carbon- 
carbon double bond. 

adduct were formed relative to the results from using Florisil, 
except for compound 14. The lower SM: A ratios for com- 
pounds 10 and 14 (Table 3) when compared to the SM: A 
ratios for compounds 2 and 6 (Table 2) can be explained by 
unfavourable 1,3-diaxial methyl interactions present in ad- 
ducts 57 and 61, which are absent in adducts 50 and 54. Thus 
the 1,3-diaxial interactions may be promoting the retro Diels- 
Alder reaction. Compound 12 provided no adduct with 1.1 
equivalents of methylaluminum dichloride. 

We then sought a means of overcoming the unfavourable 
equilibrium for precursors containing more hindered dieno- 
philes. A survey of the literature revealed very few exam- 
ples in which catalytic quantities of Lewis acids had been 
employed to accelerate IMDA reactions (lOh, 10j, 10k, 28c, 
31) and no examples involving the IMDAF reaction. Dra- 
matic improvements in the SM: A ratios were observed when 
compounds 3, 6 , 7  (Table 2), 10, 11, and 14 (Table 3) were 
exposed to 0.1 equivalents of methylaluminum dichloride at 
-78°C. In all cases the SM : A  ratios favoured the adducts 
(SM :A ratios ranged from 40 : 60 to 0 : 100) and provided the 
oxatricyclo adducts in good to excellent yield. The SM:A 
ratios of compound 4 and 15 improved only slightly when 
compared to the results from the use of 1.1 equivalents of 
Lewis acid, and the tiglic precursor 12 did not react at all. 
These findings therefore represent the f i s t  examples of Lewis 
acid-catalyzed IMDAF reactions. In addition, these are also 
the first examples of Lewis acid-catalyzed IMDA reactions 
involving systems containing an internally activated dieno- 
phile. 

The greatly improved S M : A  ratios obtained when 0.1 
equivalents of methylaluminum dichloride was employed, 
when coinpared with 1.1 equivalents, were rationalized by 
considering the effect that the amount of Lewis acid present 
has on the reaction equilibria. Our IMDAF reactions were 
shown to be under thermodynamic control: the reaction of 
pure adduct 50 with 1.1 equivalents of methylaluminum 
dichloride at -78°C for 2.5 h provided the same ratio of 
compounds 2 : 50 (35 : 65) that was obtained when pure pre- 
cursor 2 was treated under the identical conditions (Scheme 
3). The proposed equilibria are illustrated in Scheme 4. In 
the presence of 1.1 equivalents of Lewis acid the starting 
material and adduct are essentially complexed with Lewis 
acid and therefore both the forward and reverse Diels-Alder 
reactions are accelerated, leading to a thermodynamic ratio 
of Lewis acid complexed starting material A* and adduct B:':. 
Treatment of the reaction mixture with a bicarbonate quench 
at -78°C destroys the Lewis acid and provides, in the case 
of compound 3, a SM: A ratio of 78 : 22 (Table 2). This ratio 
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ROGERS AND KEAY 

TABLE 2. Effect of methvlaluminum dichloride on IMDAF reactions 

SM:Adduct Yielda 
Ratio (%I Adduct Starting Material Conditions Time 

(h) 

Fbrisil 

1.1 eq. MeAICI2 

Fbrisil 

1.1 eq. MeAICI2 

Fbrisil 

1.1 eq. MeAICI2 

0.1 eq. MeAICI2 

1.1 eq. MeAICI2 

0.1 eq. MeAIC12 

Fbrisil 

1.1 eq. MeAIC12 

Fbtisil 

1.1 eq. MeAICI2 

0.1 eq. MeAICI2 

Fbrisil 

1.1 eq. MeAIC12 

0.1 eq. MeAIC12 

"Yield in parentheses is based on recovered starting material. 

is therefore indicative of the A* :B* ratio in solution, since 
it has been shown that compound 3 and adduct 51 do not 
interconvert in the absence of Lewis acid or upon work-up 
at room temperature. When catalytic quantities of methyl- 
aluminum dichloride are employed, the Lewis acid should 
preferentially complex with the more basic enone in the 
starting material A (Scheme 4) rather than with the satu- 
rated ketone in the adduct B (32). The dissociation of the 
Lewis acid from the adduct B* and complexation with A thus 
not only slows the rate of the reverse Diels-Alder reaction 
but accelerates the forward reaction, leading to a shift in the 
equilibrium towards adduct. The SM: A ratio for compound 
3 : 51 increased to 3 1 : 69 (Table 2) with 0.1 equivalents of 

Lewis acid. Attempts to probe the nature of the species in 
solution by 'H NMR studies have been inconclusive to date. 
Further work is in progress to establish support for the above 
hypothesis. 

The utilitv of mild Lewis acids in the IMDAF reaction was 
not limited to either a four carbon atom side arm or dieno- 
philes comprising enones. Compound 8, containing a five 
carbon atom side arm, provided two oxatricyclo adducts 63 
and 64 in a ratio of 84 :8 in favour of the endo isomer in ad- 
dition to unreacted starting material when treated with 0.1 
equivalents of methylaluminum dichloride at -78OC for 2 h 
(Table 4). The stereochemistry of the major isomer (63) was 
determined by comparison of the 'H NMR spectrum of 63 
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TABLE 3. Effect of MeAICI, on the IMDAF reaction of eeminallv substituted precursors 

Starting Material Conditions Time SM:Adduct Yielda 
(h) Ratio (%I Adduct 

Florisil 24 

1.1 eq. MeAICI2 8 6832 31(96) 

10 0 0.1 eq. MeAIC12 2 40:60 60 57 0 

Florisil 192 87:13 12 (67) 

1.1 eq. MeAICI2 8 73:27 22 (94) 

11 0 0.1 eq. MeAICI2 27:73 70 58 ' 0 

1.1 eq. MeAICI2 2 1OO:O 

0.1 eq. MeAIC12 2 10O:O 
0 12 59 : 0 

Florisil a 1 .I eq. MeAlC12 

240 77:23 19 (68) 

8 78:22 22 (97) 

14 
I I 
0 0.1 eq. MeAICI2 2 23:77 75 61 0 

Florisil 336 8315 13 (62) a 1 .I eq. MeAlC12 8 78:22 18(93) 

15. 0 0.1 eq. MeAIC12 2 69:31 30 62 0 

"Yield in parentheses is based on recovered starting material. 

with that reported by Harwood and co-workers (5a). Inter- 
estingly, compound 8 has been previously reported to pro- 
vide adducts 63 and 64 only at 1.2 GPa and in a ratio of 1 : 1 
( 5 ~ ) .  

Acetylenic precursors 16 and 17 provided the strained 
adducts 65 (88%) and 66 (97%), respectively, when treated 
with 1.1 equivalents of dimethylaluminum chloride at -50°C 
for 2.5 h (Scheme 5). The weaker Lewis acid dimethyl- 
aluminum chloride (26) was employed to minimize possible 
side reactions such as aromatization of the adducts. The use 
of internally activated acetylenic dienophiles in either the 
IMDA or IMDAF reaction is rare (1, 33), and no successful 

examples have been reportea with the IMDAF reaction (41). 
Usually the acetylene has been activated from the terminus 
by an ester moiety (1, 10). Thus, the reactions of com- 
pounds 16 and 17 are the first successful IMDA reactions 
involving internally activated acetylenic dienophiles. Ad- 
duct 65 was easily purified by flash chromatography, while 
adduct 66 was not as stable and partially isomerized to 
compound 67, which contains an exocyclic double bond, 
upon standing. 
Stereochemistry of the adducts 

The stereochemistry of all the adducts formed in the Lewis 
acid accelerated IMDAF reactions containing a four-carbon 
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ROGERS AND KEAY 2935 

2:50 ratio = 3565 

0 250 ratio = 3565 0 

side arm had the side arm orientated s-ytz with respect to the 
oxygen bridge resulting from an exo mode of attack. This is 
not surprising since (1) the calculated AGO = + 12.9 kJ/mol 
(PCModel 4), for the equilibration between the exo adduct 
49 and the corresponding etldo adduct, favours the exo ad- 
duct and (2) the reactions are under thermodynamic control 
(vide supra). This stereochemistry is consistent with that re- 
ported by others in the literature for tethers consisting of four 
carbon atoms with an internally activated dienophile (4u, f ). 
The delineation of the stereochernis!xy in adducts 49-51 and 
53-55 (Scheme 6) will be described in detail as represen- 
tative examples. The stereochemistry of the remaining ad- 
ducts arising from either acrolein-, methacrolein-, or 
crotonaldehyde-type dienophiles were determined in a sim- 
ilar manner. 

The stereochemistry of adducts 49 and 53 was deter- 
mined by 'H NMR based on the coupling constants of pro- 
tons H-6a, H-7a, and H-7P (Scheme 6). The bridge proton 
in adduct 49 H-8 (6 4.91) was coupled to both H-7P 
(3.8 Hz) and H-9 (0.9 Hz). Coupling of H-8 to H-7a was not 
observed since the dihedral angle of H-8-C-8<-7-H-7a 

was 90". Proton H-7P (6 2.49) was a multiplet with cou- 
plings of 3.0 Hz, 3.8 Hz, and 1 1 .8 Hz to protons H-6a 
(6 2.28), H-8, and H-7a (6 1.49), respectively. The 3.0 Hz 
coupling constant observed between H-7P and H-6a was 
indicative of a 60" dihedral angle, thereby placing the side 
arm sytz to the oxygen bridge. If the side arm was orientated 
ntzti to the oxygen bridge then the C-6 proton would have a 
dihedral angle of 0°C to the C-7a proton and a coupling 
constant of approximately 8 Hz would be expected (34). The 
8.3 Hz coupling observed between H-7a and H-6a there- 
fore confirmed our assignment of the relative stereo- 
chemistry. Since compound 53 has a methyl group at C-8, 
proton H-7a was identified by its upfield shift as the doub- 
let of doublets at 6 1.6 1 .  This upfield shift was observed in 
compound 49 for H-7a, and was probably due to the dia- 
magnetic anisotropy of the carbon-carbon double bond. The 
coupling constants of 11.8 Hz to H-7P and 8.2 Hz to H-6a 
again confirmed the sytz orientation of the side arm to the 
oxygen bridge in compound 53. 

The determination of the stereochemistry of the side arm 
with respect to the oxygen bridge in adducts 50 and 54 could 
not be directly related to coupling constants since a methyl 
group is attached at C-6 (Scheme 6). If the adducts were 
formed from the mode of cyclization in which the side arm 
was orientated e , ~ ,  the C-6 methyl substituent would be anti 
(i.e., endo) to the oxygen bridge and be shielded by the 
C - W - 1 0  double bond. The methyl group at C-6 had an 
upfield chemical shift of 6 1.1 1 and 6 1.08 for adducts 50 and 
54, respectively, which is indicative of endo orientated 
methyl groups in oxatricyclo adducts (35). The proton H-7P 
was a doublet of doublets at 6 2.86 in compound 50, due to 
vicinal coupling with the bridge proton H-8 (5.1 Hz) and 
geminal coupling to H-7a (1 1.8 HZ). Proton H-7a coupled 
only geminally to H-7P ( 1  1.8 Hz), and was highly shielded 
at 6 1 .OO due to the anisotropy of the carbon-carbon double 
bond. Similarly, protons H-7a and H-7P appeared as an AB 
quartet (1 1.8 Hz) at 6 1.12 and 6 2.55, respectively, in 
compound 54. 

The crotonaldehyde-derived adducts 51 and 55 contain an 
additional stereocenter at C-7. Since IMDAF reactions cat- 
alyzed by Lewis acids have a concerted mechanism (36), the 
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TABLE 4. IMDAF reaction of com~ound 8 

Temperature ("C) SM : endo : exo 

0.1 eq. MeAICI2 -78 
-65 

1.1 eq. Me2AICI, -50°c 

2.5 h, CH2Ct2 

methyl group at C-7 should be anti to the oxygen bridge 
(Scheme 6) if an exo mode of cyclization had occurred. 
Proton H-8 (6 4.69) in adduct 51 was a doublet of doublets 
coupled to H-9 (1.6 Hz) and H-7P (4.7 Hz), indicating that 
the methyl group at C-7 was indeed anti to the oxygen bridge. 
If the C-7 methyl group was syn to the oxygen bridge, the 
protons H-8 and H-7 would form a 90" dihedral angle, and 

would therefore show no coupling (34). This stereo- 
chemical assignment was also supported by the highly 
shielded chemical shift of the C-7 methyl doublet (6 0.93) 
due to the anisotropy of the C - w - 1 0  carbon-carbon dou- 
ble bond. Proton H-6 was a doublet (4.0 Hz, 6 1.73) and 
coupled to H-7P (6 2.79). The 4.0 Hz coupling constant was 
indicative of a 60" dihedral angle, thereby placing H-6 anti, 
and the side arm syn, with respect to the oxygen bridge. The 
stereochemistry of compound 55 was assigned in a similar 
manner. The C-7 methyl group appeared as an upfield doublet 
at 6 0.95, consistent with the moiety being anti to the oxy- 
gen bridge. Proton H-6 (6 1.89) was a doublet with 4.2 Hz 
coupling to H-7, indicating the side arm was syn with re- 
spect to the oxygen bridge. 

Conclusions 
We have shown that Lewis acids are effective reagents for 

promoting the IMDAF reaction in which the diene and 
dienophile are connected by four or five carbon atoms. The 
reaction conditions are also applicable to acetylenic dieno- 
philes internally activated by a carbonyl moiety. The use of 
methylaluminum dichloride makes the IMDAF reaction a 
viable synthetic transformation since: ( I )  the time for the 
reaction to reach equilibrium is reduced to a few hours from 
4 to 14 days; (2) the isolated yields of adducts are very high, 
and (3) only one adduct is formed with up to four asymmet- 
ric centres of known relative stereochemistry. Synthetic ap- 
plications of this methodology are currently in progress. 

Experimental 
General methods 

Melting points were determined using an Electrothermal melt- 
ing point apparatus and are uncorrected. Boiling points refer to the 
air-bath temperature using Kugelrohr distillation apparatus, and are 
also uncorrected. Infrared spectra were obtained as either thin films 
(oils) on either NaCl or KBr plates, or as KBr pellets (solids). The 
infrared spectra were recorded on either a Nicolet 5-DX FT-IR 
spectrophotometer or a Mattson model 4030 FT-IR. 

Nuclear magnetic resonance spectra were obtained on one of three 
instruments: Bruker AC-300 ('H 300 MHz, I3c 75 MHz), Bruker 
ACE-200 ('H 200 MHz, 13c 50 MHz), or a Bruker AM-400 
spectrometer ('H 400 MHz). Deuterochloroform was used both as 
the solvent, and the internal standard ('H, 6 7.27; "C, 6 77.0) un- 
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ROGERS AND KEAY 2937 

less otherwise stated. All 'H NMR spectra listed will have the fol- 
lowing format: chemical shift (in ppm), (multiplicity, number of 
protons, coupling constants (Hz), assignment). The abbreviations 
used to describe the multiplicities are as follows: br = broadened, 
s = singlet, d = doublet, t = triplet, q = quartet, qu = quintet, 
and ABq refers to a quartet due to an AB spin system. The "C NMR 
spectra listed will have the following format: chemical shift (in 
ppm), (number of attached protons as determined by DEFT exper- 
iments). 

Low-resolution mass spectra were recorded using either a Varian 
CH5 spectrometer, or a VG 7070 instrument. The data are listed 
as mais (rn/e), (relative intensity, assignment). The spectra were 
obtained either by the electron-impact (El) method or field ioni- 
zation (FI), and the method will only be listed if FI was used. 
High-resolution mass spectra were recorded on a Kratos MS80 
spectrometer. Microanalyses were performed either by Guelph 
Chemical Laboratories Limited, Guelph, Ontario, or by Mrs. D. 
Fox, Department of Chemistry, University of Calgary. 

Solvents were either dried by standard methods (37), then dis- 
tilled prior to use, or were purchased as anhydrous solvents in Sure- 
Seal@ bottles from the Aldrich Chemical Company. THF was dried 
over sodium and benzophenone, as was diethyl ether. Methylene 
chloride, diisopropyl amine, and triethylamine were dried over 
CaH,. Methanol was refluxed with M ~ O  metal for 12 h, then dis- 
tilled. DMSO was dried over NaOH. kcetonitrile, DMF, and di- 
ethyl ether were purchased as anhydrous solvents, and HPLC-grade 
acetone was used. 

The Lewis acids employed in this study were used as pur- 
chased, with no further purification. Boron trifluoride etherate and 
titanium(1V) chloride were used as neat liquids. The aluminum- 
containing reagents were purchased as molar solutions in hexane 
from Aldrich. 

All glassware and syringes were dried in a 120°C oven for at least 
4 h, then cooled under a stream of Ar, or in a desiccator contain- 
ing Drierite. Reactions that were sensitive to moisture or atmo- 
spheric conditions were performed under an Ar atmosphere. 

General procedure 1: conversion of tosylate or ehloride to iodide 
The tosylate or chloride (10 mmol) and Nal (25 mmol) were 

dissolved in HPLC-grade acetone (75 mL) and heated to reflux for 
24 h under Ar. The reaction was cooled, and the solvent removed 
in vacuo. Diethyl ether (100 mL) and water (75 mL) were then 
added to dissolve the crude material. The aqueous layer extracted 
with Et,O (3 x 100 mL) and the combined organic layers were dried 
over Na2S0, (anhydrous), filtered, and the solvent removed in 
vacuo to provide the crude iodide. The iodide was purified either 
by flash chromatography, or distillation. 

General procedure 2: coupling of iodide with 
unsaturated aldehydes 

The iodide was purified by filtration through basic alumina, then 
distillation just prior to use. The iodide (1.0 mmol) was dissolved 
in anhydrous Et,O (10 mL), and.the solution was cooled to -78OC 
in a Dry Ice - acetone bath. tert-Butyllithium (2.2 mmol) was added 
dropwise to the cooled solution by syringe, and the reaction was 
stirred for 1 h at -78OC. The a,P-unsaturated aldehyde was dis- 
tilled from Na2S0, under Ar, and was added neat (1.5 mmol) by 
syringe to the reaction. The reaction was continued for a further 
30 min (or until monitoring by TLC showed no starting material 
was present), then was quenched at low temperature with satu- 
rated NH4Cl (10 mL). After warming to room temperature, the 
aqueous layer was extracted with Et20 (3 x 25 mL) and CH2C1, 
(2 X 25 mL). The combined organic layers were dried over Na2S04, 
filtered, and the solvent removed in vacuo to provide the crude 
coupled product, which was purified by flash chromatography, then 
distillation. 

General procedure 3: Swern oxidation 
The method of Swern (20) was used to oxidize the allylic alco- 

hols to the enones. Oxalyl chloride (1 1 mmol) was dissolved in dry 
CH,C12 (25 mL) and cooled to -60°C (Dry Ice - chloroform) in 

an Ar-purged 3-neck round-bottom flask equipped with a drop- 
ping funnel. Freshly distilled alcohol (10 mmol) was dissolved in 
dry CH2C12 (10 mL) and placed in the dropping funnel. DMSO 
(22 mmol) was added neat (by syringe) to the oxalyl chloride so- 
lution, the reaction was stirred for 2 min, and then the alcohol so- 
lution was added within 5 min. The mixture was stirred an 
additional 15 min, then Et,N (50 mmol) was added and stirring was 
continued for another 5 min before warming the reaction to room 
temperature. Water (50 mL) was added, and the aqueous layer was 
extracted with CH,CI, (5 X 25 mL). The combined organic layers 
were washed with 5% HCI (15 mL), 5% Na2C0, (15 mL), and 
water (15 mL), dried over Na,S04, filtered, and the solvent re- 
moved in vacuo to provide the crude bad-smelling product, which 
was purified by flash chromatography, then distilled. 

General procedure 4: IMDAF reactions in Florisil 
The freshly distilled enone (1 mmol) was dissolved in dry CH2C1, 

(15 mL) and placed in an Ar-purged round-bottom flask. To this 
was added Florisil (100-200 mesh, 10 weight equivalents to the 
enone). The reaction was wrapped in foil and stirred at the appro- 
priate temperature for the required length of time. The reaction was 
then filtered, the Florisil washed well with EtOAc (20 mL), and the 
solvent removed in vacuo without external heating to provide the 
crude product, which could be purified by flash chromatography. 

General procedure 5: IMDAF reactions using Lewis acid 
The freshly distilled enone (0.2 mmol) was dissolved in dry 

CH2C1, (10 mL), placed in an Ar-purged 3-necked flask, and cooled 
to the appropriate temperature. Methylaluminum dichloride 
(1.0 M in hexane) was added to the cooled enone solution, and the 
reaction was stirred for the appropriate length of time. The reac- 
tion was quenched with 10% NaHCO, (10 mL), and warmed until 
no frozen material remained. The aqueous layer was extracted with 
CH2C1, (4 X 10 mL), then the organic layer was washed with H 2 0  
(15 mL), dried over NaZS04, filtered, and the solvent removed in 
vacrro without external heating to provide the crude product, which 
was purified by flash chromatography. 

3-(2-Fury/)-1 -chloroproparze (20) 
Furan 18 (6.0 mL, 82.5 mmol) was dissolved in dry THF 

(140 mL) under Ar and cooled to -78OC. Butyllithium (2.5 M in 
hexanes, 39.6 mmol) was added, then the solution was warmed to 
0°C and stirred for 2 h. The 1-bromo-3-chloropropane (15.5 g, 
98.7 mmol) was passed through basic alumina, then distilled be- 
fore being added dropwise to the yellow anion solution. The re- 
action was stirred at room temperature overnight. The solvent was 
removed in vacuo, then ether (100 mL) and saturated NH4C1 
(100 mL) were added to the oily residue. The aqueous layer was 
extracted with ether (3 x 100 mL), dried over Na2S04, and the 
solvent removed in vacuo. Distillation under aspirator provided 
compound 20 as a clear, colourless oil (9.1 g, 63.1 mmol), 76% 
yield; bp 60-70°C/20 Torr (1 T o n  = 133.3 Pa); IR (neat) cm-': 
2959-2850(C-H), 735(C-Cl); 'H NMR (200 MHz): 2.12(qu, 2H, 
J = 7.0 Hz), 2.82(t, 2H, J = 7 . 0  Hz), 3.57(t, 2H, J = 7.0 Hz), 
6.05(dd, IH, J = 0.8 Hz, J = 3.0 Hz), 6.30(dd, IH, J = 1.8 Hz, 
J = 3.0 Hz), 7.33(dd, lH,  J = 0.8 Hz, J = 1.8 Hz); "C NMR 
(50 MHz): 25.07(t), 30.86(t), 44.01(t), 105.55(d), 110.09(d), 
141.13(d), 154.29(s); mass spectrum: 144(15, M"), 81(100, 
M - (CH2)2C1). Exact Mass calcd. for C7H9C10: 144.0342; found: 
144.0352. 

3-(2-(5-Methylfury1))-1 -ckloropropane (21) 
2-Methylfuran 19 (7.9 mL, 80.0 mmol) was dissolved in dry THF 

(140 mL) under Ar and cooled to -78OC. Butyllithium (2.5 M in 
hexanes, 38.4 mmol) was added, then the solution was warmed to 
0°C and stirred for 2 h. The 1-bromo-3-chloropropane (17.0 g, 
108.2 mmol) was passed through basic alumina, then distilled be- 
fore being added dropwise to the yellow anion solution. The re- 
action was stirred at room temperature overnight. The solvent was 
removed in vacuo, then ether (100 mL) and saturated NH4Cl 
(100 mL) were added to the oily residue. The aqueous layer was 
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extracted with ether (3 x 100 mL), dried over Na,SOJ, and the 
solvent removed in vacuo. Distillation under aspirator provided 
chloride 21 as a clear, colourless oil (1 2.3 g, 77.5 n~mol), 97% 
yield, bp 75-85"C/20 Torr; IR (neat) cm-I: 2956-2867(C-H), 
653(C-CI); 'H NMR (200 MHz): 2.lO(qu, 2H, J = 6.9 Hz), 2.27(s, 
3H), 2.76(t, 2H, J = 7.2 Hz), 3.58(t, 2H, J = 6.5 HZ), 5.87(d, 
1H. J = 3.0 Hz), 5.92(d, lH,  J = 3.0 Hz); "C NMR (50 MHz): 
13.27(q), 25.02(t), 30.87(t), 43.96(t), 105.66(d), 106.02(d), 
150.43(s), 152.25(s); mass spectrum: 158(11, M"), 95(100, M - 
(CH,),CI). Exact Mass calcd. for C,HllOCI: 158.0498; found: 
158.0501. 

3-(2-F~o:y/)-I-iodopropn11e (22) 
Using general procedure 1, chloride 20 (9.1 g. 63.1 mmol) was 

converted to iodide 22 (14.1 g, 59.7 mmol) in 95% yield after dis- 
tillation; bp 20-3O0C/0.04 Tom; IR (neat) cm-': 3144-3001(C-H), 
2953-2843(C-H); 'H NMR (200 MHz): 2.15(qu, 2H, J = 
7.0 Hz), 2.77(t, 2H, J = 7.0 Hz), 3.20(t, 2H, J = 7.0 Hz), 
6.06(dd, lH,  J = 0.8 Hz. J = 3.1 Hz), 6.29(dd, lH,  J = 1.8 Hz, 
J = 3.1 Hz), 7.32(dd, lH,  J = 0.8 Hz, J = 1.8 Hz); "C NMR 
(50 MHz): 5.79(t), 28.57(t), 31.61(t), 105.70(d), 110.09(d), 
141.16(d), 153.92(s); mass spectrum: 236(51, M',.), 8 l(100, 
M - (CH?)J). Exact Mass calcd. for C,H910: 235.9697; found: 
235.9704. 

3-(2-(5-Mer/1~~uryl))-I-iodopro~~n11e (23) 
Using general procedure I , chloride 21 (3.75 g, 23.6 mmol) was 

converted to the iodide 23 (5.60 g, 22.4 mmol) in 95% yield after 
distillation; b 10OoC/20 Torr; IR (neat) c m ' :  3 102(C-H), 2942- P 2845(C-H); H NMR (300 MHz): 2.13(qu, 2H. J = 6.8 Hz), 
2.26(s,3H), 2.71(t, 2 H , J  = 6.8Hz),  3.21(t, 2 H , J  = 6.8Hz),  
5.85 and 5.89(ABq, 2H, J = 3.0 Hz); "C NMR (50 MHz): 5.88(t), 
13.42(q), 28.63(t), 31.72(t), 105.78(d), 106.28(d), 150.50(s), 
15 1.94(s): mass spectrum: 250(5 1 ,  M"), 95(100, M - (CH2),I). 
Exact Mass calcd. for C,HllIO: 249.9855; found: 249.9857. 

6-(2-Fury/)-I -he,~e11-3-01 (24) 
Using general procedure 2, iodide 22 (0.59 g, 2.50 mmol) was 

treated with tert-butyllithium (3.23 mL, 5.5 mmol) and acrolein 
(0.25 mL, 3.74 mmol) to produce compound 24 (0.22 g, 
1.32 mmol) as a clear, colourless oil in 53% yield after purifica- 
tion by flash chromatography (5 : 1 )  and distillation; bp 60-68"C/ 
0.04 Tom; IR (neat) cm-I: 3385 (0-H); 'H NMR (200 MHz): 1.52- 
1.84(overlapping m, 6H), 2.67(t, 2H, J = 7.1 Hz), 4.13(n1, IH, 
J = 6.2 Hz), 5.12(ddd, lH,  J = 1.3 Hz, J = 1.3 Hz, J = 
10.3 Hz), 5.23(ddd, lH,  J = 1.3 Hz, J = 1.3 Hz, J = 17.2 Hz), 
5.90(ddd, lH, J = 6.2 Hz, J = 10.3 Hz, J = 17.2 Hz), 6.00(dd, 
lH,  J = 0 . 8 H z , J =  3.1 Hz), 6.28(dd, l H , J =  1 . 8 H z . J  = 
3.1 Hz), 7.30(dd, lH, J = 0.8 Hz, J = 1.8 Hz); '" NMR 
(50 MHz): 23.87(t), 27.80(t), 36.39(t), 72.93(d), 104.85(d), 
110.05(d), 114.72(t), 140.77(d), 141.09(d), 155.98(s); mass 
spectrum: 166(9, M'+), 148(10, M - H,O), 94(100, M - 
CH,=C(OH)CH=CH,).., Exact Mass calcd. for C,,,HI4O2: 
166.0994; found: 166.0994. 

6-(2-Fl~~l)-2-1net /1yI-I  -11exen-3-01 (25) 
Using general procedure 2, iodide 22 (0.51 g ,  2.18 mmol) was 

treated with rert-butyllithium (2.82 mL, 4.79 mmol) and methac- 
rolein (0.27 mL, 3.26 mmol) to produce compound 25 (0.22 g, 
1.20 mmol) as a clear, colourless oil in 55% yield after purifica- 
tion by flash chromatography (5 : 1 ) and distillation; bp 130°C/ 
0.1 Torr; IR (neat) cm-': 3397(0H); 'H NMR (200 MHz): I .55- 
1.80(m, 5H), 1.72(t, 3H, J = 1.1 Hz, J = 1.1 Hz), 2.67(t, 2H, 
J = 7.2 Hz, H-4), 4.08(br q,  lH), 4.85(qu, lH,  J = 1.6 Hz), 
4.95(m, lH,  J = l.OHz, J = 1.6Hz),5.99(dd, IH, J =  0.8Hz,  
J = 3.1 Hz), 6.28(dd, lH, J = 1.8 Hz, J = 3.1 Hz), 7.30(dd, lH,  
J = 0.8 Hz, J = 1.8 Hz); "C NMR (50 MHz): 17.45(q), 24.06(t), 
27.76(t), 34.22(t), 75.85(d), 104.82(d), 110.03(d), 1 11.10(t), 
140.75(d), 147.40(s), 156.00(s); mass spectrum: 180(10, Mi), 
94(100, M - CH2CH(OH)C(Me)=CH2, McLafferty rearr.). Exact 
Mass calcd. for Cl,Hl6O2: 180.1 151; found: 180.1 150. 

(E-7-(2-F111yI)-2-lzepte11-4-o/ (26) 
Using general procedure 2, iodide 22 (0.60 g, 2.56 mmol) was 

treated with tert-butyllithium (3.32 I ~ L ,  5.64 mmol) and croton- 
aldehyde (0.32 mL, 3.84 mmol) to produce compound 26 
(0.31 g, 1.72 mmol) as a clear, colourless oil in 67% yield after 
purification by flash chromatography (9: 1) and distillation; bp 52- 
68"C/0.035 Torr; IR (neat) cn1-': 3443(0-H); 'H NMR 
(200 MHz): 1.47-1.84(m, 5H), 1.70(dd, 3H, J = 0.9 Hz, J = 
6.0 HZ), 2.65(t, 2H, J = 7.1 Hz), 4.06(br q, lH,  J = 6.3 Hz), 
5.48(ddq. IH, J = 0.9 Hz, J = 6.0 Hz, J = 15.3 Hz), 5.67(ddq, 
IH, J = 1.5Hz, J = 6.8 Hz, J = 15.3Hz), 5.99(dd, lH, J = 
0.8Hz, J = 3.1 Hz), 6.28(dd, lH,  1.9Hz, J = 3.1 Hz), 7.30(dd, 
lH,  J = 0.8 Hz, J = 1.9 Hz); "C NMR (50 MHz): 17.62(q), 
24.00(t), 27.81(t), 36.63(t), 72.84(d), 104.78(d), 1 10.02(d), 
126.97(d), 134.1 1 (d), 140.72(d), 156.05(s); mass spectrum: 180(8, 
M"), 162(39, M - H1O), 94(100, M - CH2CH(OH2)- 
CH-CHMe). Anal. calcd. for C,,Hl,OI: C 73.30, H 8.95; found: 
C 73.10. H 9.02. 

(E)-7-(2-F~~ryl)-3-t~1c~thj~l-2-hepte1~-4-o/ (27) 
Using general procedure 2, iodide 22 (1.56 g, 6.63 mmol) was 

treated with ter-t-butyllithium (8.58 mL, 14.58 rnmol) and tiglic 
aldehyde (0.96 mL, 9.94 mmol) to produce compound 27 
(0.58 g, 3.00 mmol) as a clear, colourless oil in 45% yield after 
purification by flash chromatography (7: 1) and distillation; bp 72- 
78"C/O. 1 Torr; IR (neat) cm-': 3365(0-H); 'H NMR (200 MHz): 
1.49(br, s ,  IH), 1.50-1.80(m, lOH), 2.65(t, 2H, J = 5.0 Hz), 
4.01(br m, lH), 5.47(br q,  lH), 5.99(dd, lH, J = 0.7 Hz, J = 
3.1 Hz), 6.28(dd, 1 H , J  = 1 . 9 H z , J  = 3.1 Hz),7.30(dd, lH,  
J = 0.7 Hz, J = 1.9 Hz); mass spectrum: 194(23, Me+), 176(42, 
M - H20), 94(100, M - CH2CH(OH)C(Me)4HMe). Anal. 
calcd. for C12H1,02: C 74.19, H 9.34; found: C 73.9 1, H 9.32. 

6-(2-(S-Met/2y~i~1y/)) - I  -11erer1-3-01 (28) 
Using general procedure 2, iodide 23 (0.59 g, 2.34 mmol) was 

treated with tert-butyllithium (3.03 mL, 5.15 mmol) and acrolein 
(0.24 mL, 3.51 mmol) to produce coinpound 28 (0.25 g, 
1.40 mmol) as a clear, colourless oil in 60% yield after purifica- 
tion by flash chromatography (5 : 1) and distillation; bp 130-135"C/ 
12 Torr; IR (neat) cm-': 3400(C-O), 1021(C-0); 'H NMR 
(200 MHz): 1.53-1 .El(overlapping m, 6H), 2.26(s, 1 H), 2.6 1(t, 
2H, J = 7.2Hz),  4.13(br, nl, lH,  J = 6.2Hz), 5.12(dt, lH, J =  
1.3 Hz, J = 1.3 Hz, J = 10.3 Hz), 5.23(dt, IH, J = 1.3 HZ, 
J = 1.3 Hz, J = 17.2 Hz), 5.85(ABq, 2H), 5.87(ddd, lH,  J = 
6.2 Hz, J = 10.3 Hz, J = 17.2 Hz); I3c NMR (50 MHz): 13.41(q), 
23.96(t), 27.85(t), 36.42(t), 72.93(d), 105.40(d), 105.73(d), 
114.73(t), 141.10(d), 150.16(s), 154.08(s); mass spectrum: 180(3 I, 
M"), 162(7, M - H?O), 108 (100, M - CH2=C(OH)CHSH2). 
Anal. calcd. for ClIH1,O2: C 73.30, H 8.95; found: C 73.08, 
H 9.21. 

6-(2-(5-Metl1ylf'uryl))-2-1nerhyl-l -hexen-3-01 (29) 
Using general procedure 2, iodide 23 (0.52 g, 2.07 mmol) was 

treated with rert-butyllithium (2.67 mL, 4.55 mmol) and methac- 
rolein (0.26 mL, 3.10 mrnol) to produce compound 29 (0.28 g, 
1.45 mmol) as a clear, colourless oil in 70% yield after purifica- 
tion by flash chromatography (5 : 1) and distillation; bp 69-77"C/ 
0.04 Torr; IR (neat) c m ' :  3405 (0-H); 'H NMR (200 MHz): 1.55- 
1.70(m, 5H), 1.72(dd, 3H, J = 0.9 Hz, J = 1.2 Hz), 2.25(s, 3H), 
2.61(t ,2H,7.0Hz),4.08(brt ,  lH , J=7 .5Hz) ,4 .84 (m,  1 H , J Z  
1.7 Hz), 4.931~1, IH, J = 0.8 Hz, J = 1.7 Hz), 5.85(ABq, 2H); 
'k NMR (50 MHz): 13.42(q), 17.44(q), 24.19(t), 27.84(t), 
34.35(t), 75.66(d), 105.40(d), 105.79(d), 110.99(t), 147.48(~), 
150.13(s), 154.16(s); mass spectrum: 194(14, M"), 108(100, M 
- CH2CH(OH)C(Me)=CHZ). Anal. calcd. for C12H1x02: C 74.19, 
H 9.34; found: C 73.82, H 9.38. 

(EJ-7-(2-(5-Methyy'ur~1))-2-I~epter~-4-01 (30) 
Using general procedure 2, iodide 23 (0.79 g, 3.18 mmol) was 

treated with tert-butyllithium (4.10 mL, 6.99 mmol) and croton- 
aldehyde (0.53 mL, 6.35 mmol) to produce compound 30 
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(0.52 g ,  2.66 mmol) as a clear, colourless oil in 84% yield after 
purification by flash chromatography (9: 1) and distillat~on; bp 72- 
78"C/0.1 Torr; IR (neat) cm-I: 3417(0-H); 'H NMR (200 MHz): 
1.50-1.70(m, 5H), 1.70(dd, 3H, J = 0.9 Hz, J = 6.3 Hz), 2.25(s, 
3H), 2.58(t, 2H, J = 7.5 Hz), 4.06(br m, 1 H), 5.46(ddq, 1 H, J = 

1.2 Hz, J = 6.8 Hz, J = 15.3 Hz), 5.68(ddq, l H ,  J = 0.9 Hz, 
J = 5.9 Hz, J = 15.3 Hz), 5.85(ABq, 2H); "C NMR (50 MHz): 
13.46(q), 17.82(q), 24.12(t), 27.88(t), 36.68(t), 72.88(d), 
105.35(d), 105.72(d), 126.91(d), 134.14(d), 150.12(s), 154.20(s); 
mass spectrum: 194(16, M"), 178(36, M - H20) ,  108(100, M - 
CH2CH(OH)CH=CHMe). Anal. calcd. for CIIHIRO?: C 74.19, H 
9.34; found: C 73.86, H 9.29. 

6-(2-Fury[)-] -hexen--?-one (1) 
Compound 24 (0.19 g, 1.18 mmol) was oxidized according to 

general procedure 3 to provide compound 1 (0.18 g, 1.10 mmol) 
as a clear, colourless oil in 93% yield after purification by flash 
chromatography (20: 1) and distillation; bp 50-55"C/0.08 Torr. The 
'H NMR spectrum always contained > l o %  bridged adduct 49, 
therefore compound 1 was not analyzed but treated with either 
Florisil or methylaluminum dichloride to provide adduct 49. 

6-(2-Furj~1)-2-methyl-1 -hexen--?-one (2)  
Compound 25 (0.65 g, 3.58 mmol) was oxidized according to 

general procedure 3 to provide compound 2 (0.60 g,  3.36 mmol) 
as a clear, colourless oil in 94% yield after purification by flash 
chromatography (20: 1) and distillation; bp 58-60°C/0.045 Torr; 
JR(neat) cm-I: 1677(C=0); ' H  NMR (200 MHz): 1.87(dd, 
3H. J = 0.8 Hz, J = 1.4Hz), 1.97(qu, 2H, J = 7.3 Hz), 2.67(t, 
2H, J = 7.3 Hz), 2.72(t, 2H, J = ? . 3  Hz), 5.75(dq, lH,  J = 
0.8 Hz, J = 1.4 Hz), 5.92(m, lH,  J = 1.4 Hz), 6.00(dd, lH,  J = 

0.8 Hz, J = 3 .0Hz) ,  6.28(dd, IH, J = 2 . 0 H z ,  J = 3 .0Hz) ,  
7.30(dd, lH,  J = 0.8 Hz, J = 2.0 Hz); "C NMR(5O MHz): 
17.55(q), 22.80(t), 27.27(t), 36.44(t), 105.18(d), 110.06(d), 
124.27(t), 140.91(d), 144.53(s), 155.46(s), 199.52(s); mass 
spectrum: 178(21, M"), 94(100, M - CH2==C(0H)C(Me)=CH2, 
McLafferty ream.). Exact Mass calcd. for C ,  ,H,,O,: 178.0994; 
found: 178.0998. 

(E)-7-(2-Fur-yl)-2-hepten-4-orze (3) 
Compound 26 (0.27 g ,  1.48 mmol) was oxidized according to 

general procedure 3 to provide compound 3 (0.23 g, 1.29 mmol) 
as a clear, colourless oil in 88% yield after purification by flash 
chromatography (20: 1) and distillation; bp 60-70°C/0.05 Torr; IR 
(neat) cm-I: 1672 and 1 6 9 6 ( C V ) ;  'H NMR (200 MHz): 1.89(dd, 
3H, J = 1.6 Hz, J = 6.8 Hz), 1.96(qu, 2H, J = 7.2 Hz), 2.57(t, 
2H, J = 7.2 Hz), 2.66(t, 2H, J = 7.2 Hz), 6.00(dd, IH, J = 
0.6 Hz, J = 3.1 Hz), 6.1I(dq, IH, J = 1.6 Hz, J = 15.7 Hz), 
6.28(dd, lH,  J = 1.9 Hz, J = 3.0 Hz), 6.83(dq, lH,  J = 6.8 Hz, 
J = 15.7 Hz), 7.30(dd, lH,  J = 0 . 6 H z .  J =  1.9Hz); I3cNMR 
(50 MHz): 18.09(q), 22.50(t), 27.26(t), 38.92(t), 105.18(d), 
110.04(d), 131.91(d), 140.89(d), 142.31(d), 155.44(s), 199.74(s); 
mass spectrum (FI): 178(100, M"). Anal. calcd. for Cl1H1,O2: C 
74.13, H 7.92: found: C 74.18. H 7.98. 

(E)-7-(2-Furyl)--?-rnethy1-2-hepten-4-one (4) 
Compound 27 (0.69 g, 3.55 mmol) was oxidized according to 

general procedure 3 to provide compound 4 (0.62 g, 3.24 mmol) 
as a clear, colourless oil in 91% yield after purification by flash 
chromatography (20: 1) and distillation; bp 60-70°C/0.045 Torr; 
IR (neat) cm-I: 1666 (C=O); 'H NMR (200 MHz): 1.77(d, 3H, 
J = 1.1 Hz), 1.84(d, 3H, J = 6.9 Hz), 1.96(qu, 2H, J = 7.2 Hz), 
2.66 and 2,68(overlapping t, 4H, J = 7.2 Hz), 5.99(dd, lH,  J = 
0.7 Hz, J = 3.1 Hz), 6.27(dd, lH,  J = 1.8 Hz, J = 3.1 Hz), 
6.69(qq, lH,  J = 1.1 Hz, J = 6.9 Hz), 7.29(dd, lH,  J = 0.7 Hz, 
J = 1.8 Hz); I3c NMR (50 MHz): 10.78(q), 14.51(q), 22.92(t), 
27.19(t), 35.90(t), 104.94(d), 109.90(d), 136.88(d), 138.02(s), 
140.68(d), 155.40(s). 200.94(s); mass spectrum (FI): 192(51, M'), 
94(100 - CH=C(OH)C(Me)=CHMe, McLafferty rearrange- 
ment). Anal. calcd. for CI2HI6o2:  C 74.97, H 8.39; found: 
C 74.85, H 8.43. 

6-(2-(5-Methylfury1)-1 -hexen--?-one (5) 
Compound 28 (0.24 g, 1.34 mmol) was oxidized according to 

general procedure 3 to provide compound 5 (0.15 g ,  0.84 mmol) 
as a clear, colourless oil in 63% yield after purification by flash 
chromatography (20: 1) and distillation; bp 60-70°C/0.04 Torr; IR 
(neat) cnl-I: 1684(C=0); 'H NMR (200 MHz): 1.96(qu, 2H, J = 
7.5 Hz), 2.25(s, 3H), 2.59-2.70(t, 2H each, J = 7.5 Hz), 5.85(m, 
2H),6.19(dd, 1 H , J  = 1 . 5 H z , J =  16.5Hz),6.38(dd, l H , J =  
10.1 Hz, J = 16.5 Hz); "C NMR (50 MHz): 13.42(q), 22.33(t), 
27.24(t), 38.57(t), 105.74(d), 105.86(d), 127.87(t), 136.50(d), 
150.36(s), 153.36(s), 200.34(s); mass spectrum: 178(13, M"), 
108(100, M - CH2=C(OH)CH==CHI, McLafferty rearrange- 
ment). 

6-(2-(5-Methylfury1))-2-tnerhyl-1 -hexen--?-one (6)  
Compound 29 (0.28 g, 1.45 mmol) was oxidized according to 

general procedure 3 to provide compound 6 (0.27 g, 1.42 mmol) 
as a clear, colourless oil in 98% yield after purification by flash 
chromatography (20: 1) and distillation; bp 60-68"C/0.045 Torr; 
IR (neat) cm- I: 1680(C=O); 'H NMR (200 MHz): 1.87(dd, 3H, 
J = 0 . 7 H z , J =  1.3Hz),  1 . 9 4 ( q u , 2 H , J = 7 . 3 H z ) , 2 . 2 4 ( ~ , 3 H ) ,  
2.61(t, 2H, J = 7.3 Hz), 2.73(;, 2H, J = 7.3 Hz), 5.75(m, lH,  
J = 0.7 Hz, J = 1.4 Hz), 5.84(ABq, 2H), 5.93(m, lH, J = 
1.3 Hz, J = 1.4 Hz); "C NMR (50 MHz): 13.41(q), 17.54(q), 
22.95(t), 27.37(t), 36.52(t), 105.78(d), 124.19(t), 144.57(s), 
150.33(s), 153.56(s), 201.61(s); mass spectrum: 192(62, M"), 
108(100, M - CH2=C(OH)C(Me)=CH2, McLafferty rearrange- 
ment). Exact Mass calcd. for Cl2Hl6O2: 192.1 150; found: 192.1 158. 

(E)-7-(2-(5-Merhylfuryl))-2-hepten-4-one (7) 
Compound 30 (0.30 g, 1.54 mmol) was oxidized according to 

general procedure 3 to provide compound 7 (0.24 g, 1.23 mmol) 
as a clear, colourless oil in 80% yield after purification by flash 
chromatography (20: 1) and distillation; bp 70-82"C/0.045 Torr; 
IR (neat) cm-': 1695-1670(C=O); 'H NMR (200 MHz): 1.89(dd, 
3H, J = 2.5 Hz, J = 7.5 Hz), 1.95(qu,2H, J = 7.0Hz),  2.25(s, 
3H), 2.55(t, 2H, J = 7.0 Hz), 2.60(t, 2H, J = 7.0 Hz), 5.84(ABq, 
2H), 6.1l(dq, lH,  J = 1.6 Hz, J = 15.8 Hz), 6.83(dq, lH,  J = 
6.8 Hz, J = 15.8 Hz); "C NMR (50 MHz): 13.39(q), 18.08(q), 
22.59(t), 27.38(t), 38.96(t), 105.74(d), 105.78(d), 131.90(d), 
142.24(d), 150.28(s), 153.49(s), 199.88(s); mass spectrum: 192(10, 
M"), 108(100, M - CHZ=C(OH)CH=CHMe, McLafferty rear- 
rangement). Exact Mass calcd. for CIZHlhOZ: 192.115 1; found: 
192.1138. 

I -Blotno-4-(2-fury1)buturze (31) 
Furan 18 (5.0 mL, 68.7 mmol) was dissolved in dry THF 

(80 mL) in an Ar-purged flask and cooled to -78OC in a Dry Ice - 
acetone bath. To this solution was added n-butyllithium 
(20.0 mL, 50.0 mmol), then the reaction was stirred at room tem- 
perature for 1 h. Freshly distilled 1,4-dibromobutane (10.0 g, 
46.3 mmol) was added to the orange anion, and the reaction was 
stirred overnight. Saturated N&Cl (50 mL) was used to quench the 
reaction. The aaueous laver was extracted with ether (3 x 
100 mL), then the'combineiorganic layers were dried over N ~ ~ S O ~ ,  
filtered, and the solvent removed in vacuo. The crude product was 
distilled using a fractionating column under aspirator pressure, 
collecting the fraction boiling from 95 to 100°C to give compound 
31 (2.54 g, 12.5 mmol) in 25% yield; IR (neat) cm-I: 2943- 
2864(C-H); 'H NMR (200 MHz): 1.67-2.08(m, 4H), 2.68(t, 2H, 
J =  7.1 Hz), 3 . 4 3 ( t , 2 H , J =  7.1 Hz),6.02(dd, 1 H , J  = 0 . 8 H z ,  
J = 3.0 Hz), 6.30(dd, lH, J = 1.7 Hz, J = 3.0 Hz), 7.33(dd, lH,  
J = 0.8 Hz, J = 1.7 Hz); ')c NMR (50 MHz): 26.56(t), 27.00(t), 
32.04(t), 33.34(t), 105.03(d), 110.06(d), 140.88(d), 155.38(s); 
mass spectrum: 202 (6, M'), 81(100, M - (CH2),Br). Exact Mass 
calcd. for C,H, ,BrO: 201.9993; found: 20 1.9982. 

7-(2-Fury/)- I -hepterz--?-one (8)  
General procedure 1 was used to convert bromide 31 (3.55 g, 

17.5 mmol) to the corresponding iodide (4.16 g, 16.6 mmol) in 95% 
yield after distillation; bp 60-68"C/0.08 Torr; IR (neat) cm-I: 
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2936-2860(C-H); 'H NMR (200 MHz): 1.64-2.01 (m, 4H), 2.68(t, 
2H, J  = 7.5 Hz), 3.21(t, 2H, J  = 7.5 Hz), 6.02(dd, lH,  J  = 

0.7 Hz, J = 3.1 Hz), 6.29(dd, lH,  J  = 1.7 Hz, J  = 3.1 Hz), 
7.31(dd, IH, J  = 0.7 Hz, J  = 1.7 Hz); "C NMR (200 MHz): 
6.50(t), 26.80(t), 28.87(t), 32.78(t), 105.03(d), 110.06(d), 
140.88(d), 155.35(s); mass spectrum: 250(22, M'), 123(30, M-I), 
81(100, M - (CH,),I). Exact Mass calcd. for CsHl JO: 249.9851; 
found: 249.985 1. 

Using general procedure 2, the above iodide (0.58 g, 2.32 mmol) 
was treated with tert-butyllithium (3.0 mL, 5.09 mmol) and acro- 
lein (185 p,L, 2.78 mmol) to produce the corresponding allylic al- 
cohol (0.29 g, l .61 mmol) as a clear, colourless oil in 69% yield 
after purification by flash chromatography (7: 1) and distillation; 
bp 50-60°C/0.05 Torr; 'H NMR (200 MHz): 1.39-1.75(m, 7H), 
2.64(t ,2H, J =  7.2Hz),4.11(br,  m, lH),5.11(dt, lH,  J =  
1.2 Hz, J  = 1.2 Hz, J  = 10.3 Hz), 5.22(dt, lH,  J  = 1.2 Hz, J  = 
1.2 Hz, J  = 17.2 Hz), 5.91(ddd, lH, J = 6.2 Hz, J  = 10.3 Hz, 
J  = 17.2 Hz), 5.99(dd, lH,  J  = 0.7 Hz, J  = 3.0 Hz), 6.28(dd, 
lH, J  = 1.9Hz,  J  = 3.0Hz), 7.30(dd, lH,  J  = 0.7 Hz, J  = 
1.9 Hz). 

The above allylic alcohol (133.9 mg, 0.74 mmol) was oxidized 
according to general procedure 3 to provide compound 8 
(1 13.3 g, 0.64 mmol) as a clear, colourless oil in 86% yield after 
purification by flash chromatography (20: 1) and distillation; bp 
80°C/0.06 Torr; 'H NMR (200 MHz): 1.56-1.83(overlapping m), 
2.50-2.76(overlapping m), 5.83(dd, lH,  J  = 2.5 Hz, J  = 
10.1 Hz), 5.98(dd, lH,  J  = 0.7 Hz, J = 3.0 Hz), 6.20(d of ABq, 
lH ,  J  = 2.5 Hz, J = 17.5 Hz), 6.25(dd, lH,  J  = 1.8 Hz, J  = 
3.0 Hz), 6.37(d of ABq, lH, J  = 10.1 Hz, J  = 17.5 Hz), 7.30(dd, 
IH, J  = 0.7 Hz, J  = 1.8 Hz). 

4-Methyl-2-0x0-3-pentenenitrile (32) 
Freshly distilled acid chloride of 3-methyl-2-butenoic acid 

(2.19 g, 18.5 mmol) was dissolved in dry acetonitrile (15 mL) under 
Ar. To this solution was added anhydrous CuCN (2 equiv.), and 
the suspension was heated to reflux (oil bath, 90°C) for 30 min, 
during which time a clear, brown solution was formed. The solu- 
tion was cooled to room temperature, and the solvent was removed 
using a rotary evaporator (no heat), followed by an Ar back-purge. 
The desired compound was then distilled from the remaining brown 
solid, along with some acetonitrile. Conversion was confirmed by 
'H NMR, then the acyl cyanide 32 was used directly for the next 
step, bp 70-80°C/20 Torr; I H  NMR (200 MHz): 2.07 and 2.30(s, 
3H each), 6.25(s, 1H). 

Methyl 3-(2lfuryl)-3-methylbutanoate (33) 
A modification of the method of Ismail and Hoffmann (21) was 

used for the preparation of furan 33. The acyl cyanide 32 (3.52 g, 
32.3 mmol) was dissolved in CS, (120 mL) under Ar and cooled 
in an ice bath. To this solution was added AICI, (1.08 g, 
8.10 mmol), resulting in a gummy precipitate. After stirring for 
1 h at room temperature: furan 18 (12.0 mL, 165.0 mmol) was 
added neat, and the reaction was stirred for 24 h, after which time 
anhydrous methanol (100 mL) was added to the solution. The re- 
action was then stirred for an additional 24 h. Evaporation of the 
CS2, followed by removal of methanol in vacuo, resulted in a vis- 
cous brown material. The crude product was taken up in ether 
(200 mL) and water (100 mL) followed by washing with 10% 
Na,C03 (2 x 100 mL), then water (2 x 100 mL), dried (Na2S04), 
and the ether removed in vacuo. Distillation of the crude brown oil 
provided 33 (27% from 3-methyl-2-butenoic acid), bp 40-44"C/ 
0.03 Torr (lit. (21) bp 40°C/0.03 Torr); IR (neat) cm-': 1738 
(C=O), 1077 (C-O); 'H NMR (200 MHz): 1.40(s, 6H), 2.61(s, 
2H), 3.58(s, 3H), 6.01(dd, lH, J  = 0.8 Hz, J  = 3.2 Hz), 6.26(dd, 
IH, J  = 1.9 Hz, J  = 3.2 Hz), 7.32 (dd, IH, J  = 0.8 Hz, J  = 
1.9 Hz); I3c NMR (50 MHz): 2 X 28.70(q), 34.96(s), 45.73(t), 
51.1 l(q), 103.12(d), 108.80(d), 140.66(d), 161.27(s), 171.58(s); 
mass spectrum: 182(58, M"), 109(100, M - CH2CO2Me). Exact 
Mass calcd. for C,oH1403: 182.0942; found: 182.0935. 

Methyl 3-(2-(5-nzethylfury1))-3-methylbutanoate (34) 
The acyl cyanide 32 (1.82 g, 16.7 mmol) was dissolved in CS2 

(60 mL) under Ar and cooled in an ice bath. To this solution was 
added AICI, (0.56 g, 4.2 mmol), resulting in a gummy precipi- 
tate. After stirring for 1 h at room temperature, 2-methylfuran 19 
(7.0 mL, 70.5 mmol) was added neat, and the reaction was stirred 
for 24 h, after which time anhydrous methanol (70 mL) was added 
to the crimson solution. The reaction was then stirred for an ad- 
ditional 24 h. Evaporation of the CS,, followed by removal of 
methanol in vacuo, resulted in a viscous brown material. The crude 
product was taken up in ether (200 mL) and water (100 mL), fol- 
lowed by washing with 10% Na2C0, (2 x 100 mL), then water 
(2 x 100 mL), dried (Na2S04), and the ether removed in vacuo. 
Distillation of the crude brown oil provided 34 (66%), bp 100- 
120°C/15 Torr; IR (neat) cm-': 1738(C=O), 1385, 1365(CMez) 
1198(C-O); 'H NMR (200 MHz): 1.37(s, 6H), 2.25(d, 3H, J  = 
0.75 Hz), 2.58(s, 2H), 3.60(s, 3H), 5.87(d of ABq, 2H, J  = 
0.8 Hz, J  = 3.1 Hz); I3C NMR (50 MHz): 13.43(q), 2 X 26.69(q), 
34.89(s), 45.82(6), 71.08(q), 103.64(d), 105.57(d), 150.33(s), 
159.568s), 17 1.77(s); mass spectrum: 196(53, M"), 123(100, 
M - CH2C02Me). Anal. calcd. for CllH1603: C 67.32, H 8.22; 
found: C 66.84, H 8.18. 

3-(2-Fury1)-3-methyl-] -butatlo1 (36) 
TO LiAlH, (0.51 g, 9.3 mmol), suspended in ether (25 mL) at 

0°C under Ar, was added dropwise a solution of freshly distilled 
33 (1.42 g, 7.8 mmol) in ether (8 mL). The reaction was warmed 
to room temperature and stirred for 12 h. After cooling to O°C, the 
reaction was quenched using water (0.5 mL), 15% NaOH 
(0.5 mL), then water (1.5 mL). The white mixture was then fil- 
tered through Celite, and the solvent removed in vacuo to provide 
a clear, colourless oil. The oil was purified by flash chromatog- 
raphy (1 : I), then distilled to yield compound 36 (92%), bp 48"C/ 
0.07 Torr; IR (neat) cm-': 3333(0H), 1385,1363(CMe2), 1077, 
1059(C--0); 'H NMR (200 MHz): 1.30(s, 6H), 1.51(s, lH), 
1.89(t, 2H, J  = 7.2 Hz), 3.54(t, 2H, J  = 7.2 Hz), 5.99 (dd, lH,  
J  = 0.9 Hz, J  = 3.2 Hz), 6.28(dd, lH ,  J = 1.5 Hz, J  = 3.2 Hz) 
7.32(dd, lH,  J  = 0.9 Hz, J  = 1.5 Hz); ')c NMR (50 MHz): 2 X 

27.20(q), 34.57(s), 44.61(t), 59.92(t), 103.24(d), 108.61(d), 
140.64(d), 163.32(s); mass spectrum: 154(35, M"), 109(100, 
M - (CH2),0H). Anal. calcd. for C,Hl102: C 70.09, H 9.15; found: 
C 69.66, H 9.00. 

3-(2-(5-Methylfury1))-3-methyl-I-butanol(37) 
Compound 34 (2.03 g, 10.4 mmol) was reduced to alcohol 37 

(1.76 g, 10.1 mmol) by the method described for compound 36 
in 97.5% yield after distillation, bp 60-7O0C/O.1 Torr; IR (neat) 
cm-l: 3334(0H), 1384,1365(CMq), 1059,1021(C-O); 'H NMR 
(200 MHz): 1.28(s, 6H), 1.38(br s, lH), 1.87(t, 2H, J  = 7.1 Hz), 
2.26(d, 3H, J  = 0.8 Hz), 3.58(t, 2H, J = 7.1 Hz), 5.85(ABq, 2H); 
I3C NMR(5O MHz): 13.45(q), 2 x 27.22(q), 34.36(s), 44.55(t), 
59.97(t), 103.62(d), 105.51(d), 150.31(s), 160.46(s); mass spec- 
trum: 168(60, M"), 123(100, M - (CH,),OH). Anal. calcd. for 
C10H16O2: C 71.39, H 9.59; found: C 71.37, H 9.43. 

3-(2-Fury/)-] -iodo-3-methylbutane (38) 
Distilled compound 36 (1.05 g, 6.80 mmol) was dissolved in dry 

CH,C12 (20 mL), and cooled in an ice bath. To this solution was 
addedp-toluenesulfonyl chloride (2.59 g, 13.6 mmol) and DMAP 
(1.66 g, 13.6 mmol), and the reaction was stirred for 12 h. The 
mixture was poured into water (50 mL), then the organic layer was 
washed with 5% HCI (2 X 50 mL), and water (3 X 50 mL), then 
dried over Na2S04. The solvent was removed in vacuo to yield a 
viscous clear oil, which was then purified by flash chromatogra- 
phy (7: 1) to provide the tosylate of compound 36 (2.03 g, 
6.58 mmol) in 98% yield. This decomposed when stored at 
room temperature; IR (neat) cm-I: 3093-3035(C-H), 1364, 
1187(SO,st.); 'H NMR (200 MHz): 1.25(s, 6H), 1.97(t, 2H, J  = 
7.3 Hz), 2.45(s, 3H), 3.93(t, 2H, J  = 7.3 Hz), 5.91(dd, lH,  J  = 
0.7 Hz, J  = 3.3 Hz), 6.22(dd, lH,  J  = 1.8 Hz, J  = 3.3 Hz), 
7.25(d, lH,  J  = 0.7 Hz, J = 1.8 Hz), 7.33 and 7.74(AA'XXr, 4H); 
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',c NMR (50 MHz): 21.56(q), 2 X 27.02(q), 34.61(s), 40.34(t), 
87.95(t), 103.78(d), 109.76(d), 127.64(d), 129.71(d), 133.40(s), 
144.52(s), 141.05(d), 160.92(s); mass spectrum: 308(6, M"), 
109( 100, M - (CH2)lOTs). 

General procedure 1 was used to convert the above tosylate 
(2.00 g, 6.5 mmol) to iodide 38 (1.56 g, 5.91 mmol) in 91% yield 
after distillation, as a clear, colourless oil; bp 54-56"C/0.06 Torr; 
IR (neat) cm-': 1386, 1364(CMe2); 'H NMR (200 MHz): 1.28(s, 
6H), 2.26(m, 2H), 2.96(m, 2H), 6.00(dd, lH,  J = 0.7 Hz, J = 
3.2 Hz), 6.27(dd, lH, J = 1.8 Hz, J = 3.2), 7.33(dd, lH,  J = 
0.7 Hz, J = 1.8 Hz); 13c NMR (50 MHz): 0.35(t), 2 X 26.41(q), 
38.14(s), 47.22(t), 103.92(d), 109.78(d), 141.13(d), 160.82(s); 
mass spectrum: 264(36, M+) ,  109(100, M - (CH2),I). Anal. calcd. 
for C,H,,IO: C 40.93, H 4.96; found: C 40.93, H 4.98. 

3-(2-(5-Methylfury1))-1 -iodo-3-methylbutane (39) 
The tosylate of alcohol 37 (2.70 g, 8.37 mmol) was prepared by 

the same method as above, in 87% yield after purification by flash 
chromatography (9: 1) as a white, crystalline solid; mp 45-46°C; 
IR (KBr) cm-I: 3087-3035(C-H), 1358 and 1 191(S02); 'H NMR 
(200 MHz): 1.22(s, 6H), 1.94(t, 2H, J = 7.3 Hz), 2.20(s, 3H), 
2.46(s, 3H), 3.95(t, 3H, J = 7.3 Hz), 5.77(ABq, 2H), 7.33 and 
7.75(AA'XXf, 4H); I3C NMR (50 MHz): 13.41(q), 21.55(q), 2 X 

27.05(q), 34.45(s), 40.29(t), 66.14(t), 104.37(d), 105.54(d), 
127.64(d), 129.70(d), 133.24(s), 144.49(s), 150.52(s), 159.07(s); 
mass spectrum: 322(6, M"), 123(100, M - (CH2)>OTs). 

General procedure 1 was used to convert the above tosylate 
(2.70 g, 8.37 mmol) to iodide 39 (2.09 g, 7.5 1 mmol) in 90% yield 
after distillation, as a clear, colourless oil; bp 40-44"C/0.04 Torr; 
IR (neat) cm-l: 1385,1366(CMe2); 'H NMR (200 MHz): 1.25(s, 
6H), 2.23(m, 2H), 2.26(d, 3H, J = 0.8 Hz), 2.99(m, 2H), 5.84(m, 
2H); I3c NMR (50 MHz): 0.71(t), 13,52(q), 26.42(q), 37.98(s), 
47.19(t), 104.50(d), 105.56(d), 150.53(s), 158.95(s); mass spec- 
trum: 278(30, M'+), 123(100, M - (CH2)?I). Exact Mass calcd. 
for CloHl,IO: 278.0168; found: 278.0153. 

6-(2-Fury1)-6-methyl-1 -hepten-3-ol(40) 
Using general procedure 2, iodide 38 (250.1 mg, 0.947 mmol) 

was treated with tert-butyllithium (1.16 mL, 1.96 mmol) and ac- 
rolein (72 pL, 1.08 mmol) to produce compound 40 (89.1 mg, 
0.458 mmol) as a clear, colourless oil in 48% yield after purifi- 
cation by flash chromatography (5 : 1); IR (neat) cm-I: 3356(0H), 
1644(C=C), 1385,1363(gem-CH,), 1 0 1 2 ( C 4 ) ;  'H NMR 
(200 MHz): 1.26(s, 6H), 1.28-1.80(m, 5H), 3.99(q, lH,  J = 
6.5 Hz), 5.10(dt, lH,  J = 1.2 Hz, J = 10.6 Hz), 5.18(dt, lH,  
J = 1.2 Hz, J = 17.1 Hz), 5.80(ddd, lH,  J = 7 .0Hz ,  J = 
10.6 Hz, J = 17.1 Hz), 5.98(dd, lH, J = 0.8 Hz, J = 3.1 Hz), 
6.25(dd, l H , J =  1 . 7 H z , J =  3.1 Hz),7.30(dd, 1 H , J =  0.8Hz,  
J = 1.7 Hz); l3C NMR (50 MHz): 26.75(q), 26.87(q), 32.25(t), 
35.42(s), 37.46(t), 73.41(d), 103.31(d), 109.63(d), 114.58(t), 
140.62(d), 141.13(d), 162.59(s); mass spectrum: 194(9, M'+), 
176(10, M - H20), 161(37, M - H20  and CH,), 109(100, M - 
(CH2),CH(OH)CH=CH2). Exact Mass calcd. for Cl2HI8o2: 
194.1307; found: 194.1296. 

6-(2-Fury1)-2,6-dimethyl-1-hepten-3-01 (41) 
Using general procedure 2, iodide 38 (201.1 mg, 0.761 mmol) 

was treated with tert-butyllithium (0.93 mL, 1.58 mmol) and 
methacrolein (72 pL, 1.08 mmol) to produce compound 41 
(108.7 mg, 0.522 mmol) as a clear, colourless oil in 68.6% yield 
after purification by flash chromatography (5: 1) and distillation; 
bp 56"C/0.035 Torr; IR (neat) cm-': 3373(0H), 1650(C=C), 
1384,1364(CMe2), 1 0 1 3 ( C 4 ) ;  'H NMR (200 MHz): 1.26(s, 6H), 
1.29-1.75(m, 5H), 1.64(s, 3H), 3.96(br t, lH,  J = 6.3 Hz), 
4.83(overlapping dd, lH, J = 1.5 Hz), 4.91(dd, lH, J = 
1.6Hz), 5.97(d, lH,  J = 3.2Hz), 6.26(dd, lH,  J = 1.8Hz, J = 
3.2 Hz), 7.31(d, lH, J = 1.8 Hz); l3C NMR (50 MHz): 17.29(q), 
26.71(q), 26.98(q), 30.02(t), 35.45(s), 37.61(t), 76.27(d), 
103.35(d), 109.67(d), 11 1.18(t), 140.64(d), 147.33(s), 162.66(s); 
mass spectrum: 208(13, M+) ,  190(4, M - H20), 175(10, M - H20  

and Me), 109(100, M - (CHl),CH(OH)C(Me)=CH2). Anal. calcd. 
for C13H2001: C 74.96, H 9.68; found: C 74.93, H 10.08. 

(E)-7-(2-Furyl)-7-mettzyl-2-octen-401 (42) 
Using general procedure 2, iodide 38 (247.3 mg, 0.936 mmol) 

was treated with tert-butyllithium (1.2 1 mL, 2.06 mmol) and cro- 
tonaldehyde (1 16 pL, 1.40 mmol) to produce compound 42 
(166.4 mg, 0.800 mmol) as a clear, colourless oil in 84% yield after 
purification by flash chromatography (5: 1) and distillation; IR 
(neat) cm-': 3350(0H), 1673(C==C), 1 0 7 7 ( C 4 ) ;  IH NMR 
(200 MHz): 1.26(s, 6H), 1.27-1.76(m, 5H), 1.69(dd, 3H, J = 
1 .3Hz , J=6 .2Hz) ,3 .93 (b r .q ,  lH , J=4 .4Hz) ,5 .44 (dq ,  lH, 
J =  1.8Hz, J =  6.9Hz, J =  15.3Hz), 5.64(dq, lH,  J =  0.7Hz, 
J = 6.2 Hz, J = 15.3 Hz), 5.96(dd, lH, J = 0.9 Hz, J = 
3.2 Hz), 6.26(dd, lH,  J = 1.8 Hz, J = 3.2 Hz), 7.31(dd, lH,  
J = 0.9 Hz, J = 1.8 Hz); ',c NMR (50 MHz): 17.59(q), 26.79(q), 
26.91(q), 32.56(t), 35.50(s), 37.70(t), 73.41(d), 103.31(d), 
109.65(d), 126.78(d), 134.28(d), 140.64(d), 162.74(s); mass 
spectrum: 208(15, Ma+), 190(17, M - H20), 175(43, M - H20  
and Me), 109(100, M - (CH,),CH(OH)CH=CHMe). Anal. calcd. 
for CI3HZ0o2: C 74.96, H 9.68; found: C 74.85, H 9.79. 

(E)-7-(2-Furyl)-3,7-dimethy1-2-octen-4-01(43) 
Using general procedure 2, iodide 38 (346.1 mg, 1.466 mmol) 

was treated with tert-butyllithium (1.90 mL, 3.23 mmol) and tiglic 
aldehyde (212 pL, 2.20 mmol) to produce compound 43 
(193.3 mg, 0.869 mmol) as a clear, colourless oil in 59.3% yield 
after purification by flash chromatogra hy (9: 1) and distillation; 
bp 68-72'C/0.045 Torr; IR (neat) cm-! 3353(0H), 167 1 (C=C), 
1382, 1363(CMe2), 1 0 7 6 ( C 4 ) ;  'H NMR (200 MHz): 1.25(s), 
1.28-1.70(m, 5H), 1.52(dq, 3H, J = 1 .O Hz, J = 2.2 Hz), 1.61(dq, 
3H, J =  0.9Hz, J =  6.7Hz), 3.88(brt, lH,  J =  6.0Hz),5.43(qq, 
lH,  J = 0.9 Hz, J = 6.7 Hz), 5.96(dd, lH, J = 0.9 Hz, J = 
3.2 Hz), 6.26(dd, lH,  J = 1.9 Hz, J = 3.2 Hz), 7.30(dd, lH,  
J = 0.9 Hz, J = 1.9 Hz); I3c NMR (50 MHz): 10.65(q), 12.97(q), 
26.67(q), 27.00(q), 29.96(t), 35.47(s), 37.97(t), 78.37(d), 
103.29(d), 109.64(d), 120.94(d), 137.79(s), 140.60(d), 162.74(s); 
mass spectrum: 222(38, M"), 204(17, M - H20), 189(30, M - 
H20 and Me), 109(100, M - (CH2),CH(OH)CMdHMe). Exact 
mass calcd. for CI4Hz2O2: 222.162 1 ; found: 222.1609. 

6-(2-(5-Methylfury1))-6-methyl-1 -hepten-3-ol(44) 
Using general procedure 2, iodide 39 (297.9 mg, 1.07 mmol) was 

treated with tert-butyllithium (1.40 mL, 2.36 mmol) and acrolein 
(143 pL, 2.14 mmol) to produce compound 44 (154.5 mg, 
0.742 mmol) as a clear, colourless oil in 69% yield after purifi- 
cation by flash chromatography (7: 1); IR(neat) cm-': 3408(0H), 
1388, 1365(CMe2), 1 0 1 9 ( C 4 ) ;  'H NMR (300 MHz): 1.20(s, 6H), 
1.29-1.66(m, 5H), 2.22(s, 3H), 3.98(br q, lH, J = 6.3 Hz), 
5.07(dt, lH,  J = 1.4Hz, J = 10.4 Hz), 5.17(dt, lH,  J = 1.2Hz, 
J = 17.2 Hz), 5.79(AB , 2H), 5.7(ddd, lH,  J = 6.2 Hz, J = 19 10.4 Hz, J = 17.2 Hz); C NMR (75 MHz): 13.54(q), 26.78(q), 
26.89(q), 32.21(t), 37.37(t), 35.24(s), 73.53(d), 103.66(d), 
105.38(d), 114.63(t), 141.08(d), 150.02(s), 160.76(s); mass 
spectrum: 208(11, M+),  190(6, M - H20), 175(19, M - H20 and 
CH,), 123(100, M - (CH2),CH(OH)CH=CH2). Exact Mass calcd. 
for CI3H2,O2: 208.1464; found: 208.1467. 

6-(2-(5-Methylfury1))-2,6-dimethyl-1-heptet-3- (45) 
Using general procedure 2, iodide 39 (253.7 mg, 0.912 mmol) 

was treated with tert-butyllithium (1.20 mL, 2.01 mmol) and 
rnethacrolein (151 pL, 2.01 mmol) to produce compound 45 
(1 13.4 mg, 0.510 mmol) as a clear, colourless oil in 56% yield after 
purification by flash chromatography (7: 1) and distillation; bp 
60°C/0.065 Torr; IR (neat) cm-': 3369(0H), 1652(C=C), 
1384, 1366(CMe2), 1 0 2 1 ( C 4 ) ;  I H  NMR (300 MHz): 1.20(s, 6H), 
1.29-1.59(m, 5H), 1.62(t, 3H, J = 1.1 Hz), 2.22(d, 3H, J = 
0.8 Hz), 3.94(brt, lH), 4.81(m, lH, J = 1.6 Hz), 4.88(m, lH), 
5.80(ABq, 2H); I3C NMR (75 MHz): 13.53(q), 17.16(q), 26.67(q), 
27.02(q), 29.84(t), 37.38(t), 35.27(s), 76.29(d), 103.89(d), 
105.37(d), 1 1 1.33(t), 147.20(s), 149.98(s), 160.78(s); mass 
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spectrum (FI): 222.28. Exact Mass calcd. for C14H2202: 222.1620; 
found: 222.1620. 

(E)-7-(2-(5-Methylfu~~l))-7-ttzethyl-2-octe1-4-01 (46) 
Using general procedure 2, iodide 39 (270.4 mg, 0.972 mmol) 

was treated with ter-t-butyllithium (1.26 mL, 2.14 mmol) and cro- 
tonaldehyde (161 pL, 1.94 mmol) to produce compound 46 
(194.3 mg, 0.874 mmol) as a clear, colourless oil in 90% yield after 
purification by flash chromatography (9: 1) and distillation; IR 
(neat) cm-I: 3457-3427(0H), 1675(C=C), 1384, 1 367(CMe2), 
1 0 7 7 ( C 4 ) ;  'H NMR (300 MHz): 1.20(s, 6H), 1.24-1.68(m, 5H), 
1.66(dd, 3H, J = 0.9 Hz, J = 6.2 Hz), 2.22(s, 3H), 3.90(m, 1 H, 
J = 6.6 Hz), 5.43(dd, JH, J = 0.9 Hz, J = 6.6 Hz, J = 
15.0 Hz), 5.57(dq, lH,  J = 6.2Hz, J = 15.0 Hz), 5.79(s, 2H); 
I3C NMR (75 MHz): 13.53(q), 17.62(q), 26.77(q), 26.89(q), 
32.46(t), 37.53(t), 35.27(s), 73.44(d), 103.81(d), 105.37(d), 
126.76(d), 134.19(d), 149.97(s), 160.88(s); mass spectrum: 222(13, 
Me+), 123(100, M - (CH2)?CH(OH)CH=CMe). Anal. calcd. for 
CL4H?,O2: C 75.63, H 9.97; found: C 75.25, H 9.99. 

6-(2-Furyl)-6-tnethyl-l-hepten-3-otze (9) 
Compound 40 (169.4 mg, 0.872 mmol) was oxidized accord- 

ing to general procedure 3 to provide compound 9 (1 18.8 mg, 
0.618 mmol) in 7 1% yield as a clear, colourless oil after purifi- 
cation by flash chromatography (9: I )  and distillation; bp 50-56"C/ 
0.05 Torr; IR (neat) cm-': 1703 and 1680(C=0), 16 15(C=C); 'H 
NMR (200 MHz): 1.28(s, 6H), 1.88-1.96(m, 2H), 2.37-2.45(m, 
2H), 5.77(ddd, lH, J = 1.5 Hz, J = 10.6 Hz), 6.00(dd, lH,  J = 

3.2 Hz), 6.11(dd, IH, J = 1.5 Hz, J = 17.3 Hz), 6.28(dd, lH,  
J = 10.6 Hz, J = 17.3 Hz), 6.30(m, lH), 7.32(dd, IH, J = 

0.9 Hz); I3C NMR (50 MHz): 2 X 26.46(q), 35.09(s), 35.26(t), 
35.56(t), 103.47(d), 109.44(d), 127.38(t), 136.12(d), 140.81(d), 
161.56(s), 200.34(s); mass spectrum: 192(18, M"), 109(100, 
M - (CH2)2C(0)CH=CH2). Anal. calcd. for C,,HI,O2: C 75.69, 
H 8.80; found: C 75.45, H 9.26. 

6-(2-Furyl)-2,6-dimethyl-l-hepren-3-one (10) 
Compound 41 (83.1 mg, 0.399 mmol) was oxidized according 

to general procedure 3 to provide compound 10 (63.1 mg, 
0.306 mmol) in 77% yield as a clear, colourless oil after purifi- 
cation by flash chromatography (9: 1) and distillation; bp 50-56"C/ 
0.04 Torr; IR (neat) cm-' 1679,1672(C=0), 1630(C=C), 
1385,1367(CMe2); 'H NMR (200 MHz): 1.28(s, 6H), 1.83(dd, 3H, 
J = 0.8 Hz, J = 1.4 Hz), 1.86-1.95(m, 2H), 2.46-2.54(m, 2H), 
5.70(m, lH), 5.81(m, lH), 5.99(dd, lH,  J = 0.8 Hz, J = 
3.2 Hz), 6.26(dd, lH,  J = 1.8 Hz, J = 3.2 Hz), 7.31(dd, lH,  
J = 0.8 Hz, J = 1.8 Hz); 13c NMR (50 MHz): 17.60(q), 2 X 

26.79(q), 33.35(t), 35.44(s), 36.60(t), 103.67(d), 109.72(d), 
124.09(t), 140.84(d), 144.40(s), 162.00(s), 202.03(s); mass 
spectrum: 206(7, M"), 109(100, M - (CH,),C(O)C(Me)=CH,). 
Exact Mass calcd. for Cl,HlnO,: 206.1307; found: 206.1283. 

(E)-7-(2-Furyl)-7-methyl-2-ocretz-4-one (11) 
Compound 42 (166.4 mg, 0.807 mmol) was oxidized accord- 

ing to general procedure 3 to provide compound 11 (124.7 mg, 
0.604 mmol) in 76% yield as a clear, colourless oil after purifi- 
cation by flash chromatography (20: 1) and distillation; IR(neat): 
3 143-301 3(C-H), 2969-287 1 (C-H), 1697, 1673(C=0), 
1634(C=C), 1379,l 365(CMe2); 'H NMR(200 MHz): 1.26(s, 6H), 
1.84(dd, 3H, J = 1.6 Hz, J = 6.8 Hz), 1.84-1.92(m, 2H), 2.29- 
2.37(m, 2H), 5.97(dd, lH, J = 0.7 Hz, J = 3.2 Hz), 6.04(dq, 1 H, 
J = 1.6 Hz, J = 15.8 Hz), 6.25(dd, lH,  J = 1.9 Hz, J = 
3.2 Hz), 6.72(dq, lH,  J = 6.8 Hz, J = 15.8 Hz), 7.29(dd, lH,  
J = 0.7 Hz, J = 1.8 Hz); I3C NMR (50 MHz): 17.96(q), 2 X 

26.68(q), 35.31(s), 35.76(t), 35.96(t), 103.59(d), 109.62(d), 
131.72(d), 140.75(d), 142.00(d), 161.89(s), 200.22(s); mass 
spectrum: 206(36, M+), 109(100, M - (CH2)2C(0)CH=CHMe). 
Exact Mass calcd. for C13Hln0,: 206.1307; found: 206.1307. 

(E)-7-(2-Fury1)-3,7-dirnethyl-2-o~ten-4-one (12) 
Compound 43 (153.2 mg, 0.689 mrnol) was oxidized accord- 

ing to general procedure 3 to provide compound 12 (144.2 mg, 

0.654 mmol) in 95% yield as a clear, colourless oil after purifi- 
cation by flash chromatography (20: I) and distillation; bp 80-90°C/ 
0.06 Torr; IR(neat) cm-': 1667(C=0), 1644(C=C), 
1379,1363(CMe2); 'H NMR (200 MHz): 1.28(s, 6H), 1.74(d, 3H, 
J = 1 .O Hz), 1.82(d, 3H, J = 6.9 Hz), 1.85-1.94(m, 2H), 2.42- 
2.5(m, 2H), 5.99(dd, lH,  J = 0.7 Hz, J = 3.2Hz), 6.20(dd, lH,  
J =  1 . 8 H z , J =  3.2Hz),6.58(m, l H , J =  l . O H z , J =  6.9Hz),  
7.32(dd, lH,  J = 0.8 Hz, J = 1.8 Hz); NMR (50 MHz): 
10.98(q), 14.59(q), 2 x 26.77(q), 32.95(t), 36.87(t), 35.44(s), 
103.60(d), 109.89(d), 136.66(d), 138.05(s), 140.77(d), 162.10(s), 
201.76(s); mass spectrum: 220(45, M'+), 109(100, M - 
(CH2)2C(0)CMe=CHMe). Exact Mass calcd. for C14H2001: 
220.1464; found: 220.1461. 

6-(2-(5-Methylfr~ryl))-6-methyl-I-heptetz-3-one (13) 
Compound 44 (122.0 mg, 0.586 mmol) was oxidized accord- 

ing to general procedure 3 to provide compound 13 (80.9 mg, 
0.392 mmol) in 67% yield as a clear, colourless oil after purifi- 
cation by flash chromatography (9: 1 )  and distillation; bp 52-58"C/ 
0.03 Torr; IR (neat) cm-': 1682(C=0), 1614(C=C); 'H NMR 
(300 MHz): 1.22(s, 6H), 1.84-1.89(in, 2H), 2.22(d, 3H, J = 
0.9 Hz), 2.37-2.42(m, 2H), 5.75(dd, lH, J = 1.3 Hz, J = 
10.4 Hz), 5.80(dq, lH,  J = 1.0 Hz, J = 3.0 Hz), 5.83(d, lH,  
J = 3.0 Hz), 6.1O(dd, lH,  J = 1.3 Hz, J = 17.6 Hz), 6.26(dd, 
lH,  J = 10.4 Hz, J = 17.6 Hz); "C NMR (75 MHz): 13.55(q), 
2 x 26.62(q), 35.23(s), 35.62(t), 35.79(t), 104.34(d), 105.47(d), 
127.76(t), 136.44(d), 150.37(s), 159.98(s), 201.01(s); mass 
spectrum: 206(24, M"), 123(100, M - (CH2)2C(0)CH=CH2). 
Exact Mass calcd. for CI3H1,O,: 206.1307; found: 206.1294. 

6-(2-(5-Metlzylfitryl))-2,6-dimethyl-l-hepten-3-one (14) 
Compound 45 (90.2 mg, 0.406 mmol) was oxidized according 

to general procedure 3 to provide compound 14 (88.3 mg, 
0.401 mmol) in 99% yield as a clear, colourless oil after purifi- 
cation by flash chromatography (9: 1) and distillation; bp 60°C/ 
0.055 Torr; mp 27.5-30°C; IR (neat) cm-': 1677(C=0), 
1625(C=C); 'H NMR (300 MHz): 1.22(s, 6H), 1.81(d, 3H, J = 
1.1 Hz), 1.82-1.87(m, 2H), 2.21(d, 3H, J = 0.8 Hz), 2.45- 
2.51(m, 2H), 5.68(m, lH), 5.80(m, 3H); ',c NMR (75 MHz): 
13.53(q), 17.67(q), 2 x 26.63(q), 33.43(t), 36.56(t), 35.30(s), 
104.28(d), 105.47(d), 124.29(t), 144.31(s), 150.29(s), 160.1(s), 
202.39(s); mass spectrum: 220(18, Me+), 123(100, M - 
(CH2)2C(0)C(Me)=CH,). Exact Mass calcd. for CL4H2002: 
220.1463; found: 220.1473. 

(E)-7-(2-(5-Methylfuryl))-7-rnethyl-2-octetz-4-otze (15) 
Compound 46 (199.8 mg, 0.899 mmol) was oxidized accord- 

ing to general procedure 3 to provide compound 15 (169.3 mg, 
0.768 mmol) in 86% yield as a clear, colourless oil after purifi- 
cation by flash chromatography (20: 1) and distillation, bp 62-64"C/ 
0.055 Torr; IR (neat) cm-I: 3034(CH), 2988-2869(CH), 1697, 
1674(C=O), 1634(C=C), 1385, 1366(getn-Me); 'H NMR (300 
MHz): 1.25(s, 6H), 1.82-1.9 1 (overlapping m, 5H), 2.25(s, 3H), 
2.32-2.40(m, 2H), 5.84(m, 2H), 6.06(dq, lH,  J = 1.6 Hz, J = 
15.7 Hz), 6.74(dq, lH,  J = 6.8 Hz, J = 15.7 Hz); I3C NMR 
(75 MHz): 13.56(q), 18.16(q), 2 X 26.82(q), 35.27(s), 35.95(t), 
36.01(t), 104.30(d), 105.45(d), 131.84(d), 142.22(d), 150.29(s), 
160.12(s), 200.66(s); mass spectrum: 220(16, M+), 123(100, 
M - (CH2)2C(0)CH=CHMe). Exact Mass calcd. for C14H2001: 
220.1463; found: 220.1462. 

6-(2-Fltry1)-6-merhyl-1 -(trimethylsil)~l)-1 -heptyn-3-otze (16) 
Using general procedure 2, iodide 38 (285.1 mg, 1.08 rnmol) was 

treated with rert-butyllithium (1.40 mL, 2.37 rnmol) and aldehyde 
47 (202.6 mg, 1.61 mmol) to produce the corresponding allynic 
alcohol (187.6 g, 0.71 mmol) as a clear, colourless oil in 66% yield 
after purification by flash chromatography (7: 1) and distillation; 
bp 80-88"C/0.065 Torr; IR (neat) crn-': 3380(0-H), 
lO55(C-0); 'H NMR (200 MHz): 0.18(s, 9H), 1.28(s, 6H), 1.47- 
1.8l(overlapping m, 5H), 4.27(br q ,  lH,  J = 5.9 Hz), 5.99(dd, 
lH,  J = 0.8, J = 3.2 Hz), 6.27(dd, lH,  J = 1.9, J = 3.2 Hz), 
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7.31(dd, IH, J = 0.8, J = 1.9 Hz); "C NMR (50 MHz): -O.I4(q), 
2 X 26.88(q), 33.24(t), 37.22(t), 63.12(d), 89.40(s), 106.80(s), 
103.37(d), 109.66(d). 140.73(d), 162.43(s); mass spectrum: 264(4, 
M"), 249(15, M - Me), 109(100, M - (CH2)2CH(OH)- 
C-CSiMe3). Exact Mass calcd. for CI5H2~o2Si: 264.1546; found: 
264.1535. 

The above alcohol (123.3 mg, 0.47 mmol) was oxidized ac- 
cording to general procedure 3 to provide compound 16 
(1 16.6 mg, 0.44 mniol) as a clear, colourless oil in 95% yield after 
purification by flash chromatography (20: I )  and distillation; bp 68- 
74"C/0.04 Torr: IR (neat) c n - ' :  2 15 I(C=C), 1679(C=O); 'H 
NMR (200 MHz): 0.25(s, 9H), 1.28(s, 6H), 1.90-2.04(m, 2H), 
2.33-2.50(m, 2H), 6.00(dd, 1 H, J = 0.8 and 3.0 Hz), 6.29(dd, 
IH, J = 1.7 and 3.0 Hz), 7.33(dd, IH, J = 0.8 and 1.7 Hz); "C 
NMR (50 MHz): 0.80(q), 2 X 26.73(q), 35.20(s), 35.38(t), 
41.34(t), 97.50(s), 101.93(s), 103.82(d), 109.70(d), 140.99(d), 
161.47(s), 187.5 1(s); mass spectrum: 262(5. M"), 247(15, M - 
Me), 109(100, M - (CH,),C(O)C-CSiMe,). Exact Mass calcd. 
for C,sH2202Si: 262.1389; found: 262.1385. 

7-(2-F~tql)-7-rt1ethyl-2-oc~rl-4-or1e (17) 
Using general procedure 2, iodide 38 (601.5 mg, 2.28 mmol) was 

treated with tert-butyllithium (2.95 mL, 5.01 mmol) and aldehyde 
48 (620.1 mg, 9.12 mrnol) to produce the corresponding alcohol 
(378.8 g, 1.84 mmol) as a clear, colourless oil in 8 1 % yield after 
purification by flash chromatography (7: 1) and distillation; bp 70- 
8OoC/0.045 Torr; IR (neat) cm-': 3520(0H), 1054(C-0); 'H 
NMR (200 MHz): 1.28(s, 6H), 1.44-1.83(overlapping m, 5H), 
1.84(d, 3H, J = 2.2 Hz), 4.22-4.25(br m, IH), 5.98(dd, IH, 
J = 0.7Hz,  J = 3.2Hz), 6.26(dd, l H , J  = 1.8Hz, J = 3.2Hz), 
7.31(dd, IH, J = 0.7 Hz, J = 1.8 Hz); "C NMR (50 MHz): 
3.37(q), 2 x 26.74(q), 33.46(t), 35.26(t), 37.19(t), 62.76(d), 
80.37(s), 80.73(s), 103.24(d), 109.56(d), 140.59(d), 162.42(s); 
mass spectrum: 206(10, M"), 109(100, M - (CH,)?CH(OH)- 
C-CCH,). Exact Mass calcd. for C,,Hl,02: 206.1307; found: 
206.1307. 

The above alcohol (213.1 mg, 1.03 mmol) was oxidized 
according to general procedure 3 to provide compound 17 
(200.9 mg, 0.98 mmol) as a clear, colourless oil in 95% yield after 
purification by flash chromatography (20: 1 )  and distillation; bp 76- 
80°C/0.08 Tom. IR (neat) cm- ': 2218(C=C), 1673(C=O); 'H 
NMR (200 MHz): 1.27(s, 6H), 1.90-1.98(m, 2H), 2.00(s, 3H), 
2.34(m, 2H), 5.99(dd, 1 H, J = 0.8 Hz, J = 3.2 Hz), 6.27(dd, 1 H, 
J = 1.9 Hz, J = 3.2Hz), 7.32(dd, lH, J = 0.8 Hz, J = 1.9 Hz); 
"C NMR (50 MHz): 3.96(q), 2 x 26.70(q), 35.22(s), 35.54(d), 
41.44(d), 80.18(s), 89.78(s), 103.75(d), 109.70(d), 140.96(d), 
161.6 1 (s), 187.86(s); mass spectrum: 204( 1 1, Me+), 109( 100, 
M - (CH2),C(0)C=CCH3) Exact Mass calcd. for CI3Hl6o1: 
204.1 150; found: 204.1 15 1.. . .. 

(6a,8cu-H)- I I -Oxntricyc(o[6.2. I .0'~6]~~ndec-9-er-5-ore (49) 
General procedure 5 was used for the Lewis acid-mediated 

IMDAF reaction of compound 1. Thus, enone 1 (54.1 mg, 
0.329 mmol) was treated with MeAIClz (362 kL, 0.362 mmol) at 
-78°C for 1 h to provide adduct 49 (54.0 mg, 0.329 mmol) in 99% 
yield as white, crystalline solid; mp 25-27°C; IR (KBr) cm-': 
1 7 0 8 ( C 4 ) ,  1153(C---0); 'H NMR (400 MHz): 1.47(dd, lH,  
J70.6a = 8.2 Hz, J ,,,,, = 11.8 Hz, H-7u), 1.79-2.08(m, 2H), 
2.28(dd, 1 H, J6a,7P = 3.0 HZ, J6a,7a = 8.2 HZ, H-6u), 2.49(ddd, 
J7P,6a = 3.0 HZ, J7,3,* = 4.8 HZ, J ,,,,, = 11.8 HZ, H-7P), 2.20- 
2.58(m, 4H), 4.89(dd, IH, J,,, = 1.6 Hz, Jx,7p = 4.8 Hz, H-8), 
6.27 (d, 1 H, JIo ,9  = 5.7 HZ, H-lo), 6.42(dd, lH,  J8,9 = 1.7 HZ, 
J,,,, = 5.7 Hz, H-9); "C NMR(5O MHz): 21.73, 28.17, 29.10 and 
41.66(t, C-2, C-3, C-4 and C-7), 50.30(d, C-6), 78.08(d, C-8), 
90.40(s, C-I), 136.92 and 138.20(d, C-9 and C-lo), 209.30(s, 
C-5); mass spectrum (FI): 164(100, M+). Exact Mass calcd. for 
ClOHl2O2: 164.0838; found: 164.08 19. 

(8a-H)-6a-Methyl- I I -oxurricycl0[6.2.1.0'~~]ur1dec-9-er~-5-orze 
(50) 

General procedure 5 was used to perform the Lewis acid- 
mediated reaction of compound 2. Thus, enone 2 (66.6 mg, 
0.374 mmol) was treated with MeAICI, (41 1 kL, 0.41 1 mmol) at 
-78°C for 2.5 h to provide a SM:A ratio of 22.78 with 98% re- 
covery of material. Adduct 50 was characterized as a pale yellow, 
crystalline solid, mp <22"C; IR (neat) cm-': 1707(C=O); 'H NMR 
(400 MHz): I.Ol(d, IH, J ,,,,, = 1 1.8 Hz, H-7u), 1.12(s, 3H, -CH,), 
1.91-2.03(m, 2H), 2.25-2.28(m, 2H), 2.42(dt, IH, J2P,3a = 
2.9 HZ, Jzp,,, = 2.9 HZ, J ,,,,, = 14.4 HZ, H-2P), 2.62(dd, IH, 
J3n.~c, = 14.4 HZ, J 8,.,,, = 19.4 HZ, H-4P), 2.86(dd, 1H, J 7 ~ , *  = 
5.1 HZ, J ,q,,,, = 11.8 HZ, H-7P), 4.82(dd, IH, JX,p = 1.6 HZ, 
JX,7p = 5.1 HZ, H-8), 6.14(d, IH, J l o , 9  = 5.7 HZ, H- lo), 6.49(dd, 
IH, J,,, = 1.6 Hz, J9,10 = 5.7 Hz, H-9); "C NMR (50 MHz): 
20.94, 25.67, 37.34 and 38.28(t, C-2, C-3, C-4 and C-7), 22.44(q, 
-CH,), 54.18(s, C-61, 78.03(d, C-8), 91.70(s, C-I), 135.13 and 
138.81(d, C-9 and C-lo), 213.00(s, C-5); mass spectrum: 178(14, 
M"), 94(100, M - CH,=C(OH)C(Me)=CH2, retro IMDAF- 
McLafferty rearr.). Exact Mass calcd. for Cl,H1,O2: 178.0994; 
found: 178.0990. 

(6cu,8a-H)-7cu-Mer/lyl-l l-oxntri~yclo[6.2.1.0'~~]~tr~rlec-9-en-5-or~e 
(51) 

General procedure 5 was used to perform the Lewis acid- 
mediated reactions of compound 3. Quantitative reaction: precur- 
sor 3 (107.6 mg, 0.604 mmol) was treated with MeAICI, 
(664 kL, 0.664 mmol) at -78°C for 8 h to provide a SM:A ratio 
of 78 : 22 with quantitative recovery of material. Flash chromatog- 
raphy (7: 1) provided starting material (40.8 mg) and adduct 51 
(1 1.2 mg). Catalytic reaction: enone 3 (121.6 mg, 0.682 mmol) was 
treated with MeAICI, (68 kL, 0.068 mmol) at -65°C for 2 h to 
provide a SM:A ratio of 31 :69 with 99% recovery of material. 
Flash chromatography (9: 1 )  provided precursor 3 (39.4 mg) and 
51 (77.8 mg) as a clear, colourless oil; IR (neat) cm-': 1706(C=0); 
'H NMR (400 MHz): 0.93(d, 3H, J = 7.0 Hz, C-7-CH,), 1.73(d, 
IH, J6,,7p = 4.0 Hz, H-6u), 1.82-2.01(m, 2H), 2.21(dt, IH, 

J2a.3a = 4.7 HZ, JZa.3p = 12.3 HZ, J ,,,,, = 12.7 HZ, H-2u), 2.27- 
2.38(m, 2H), 2.47(ddt, IH, J4p,,p = 1.6 Hz, J,p,3, = 3.7 Hz, 
J48,3P = 3.7 HZ, J ,,,,, = 14.4 HZ, H-4P), 2.79(ddq, IH, J7P,6a = 
4.0 HZ, J7p ,*  = 4.7 HZ, J = 7.0 HZ, H-7P), 4.69(dd, IH, J8.9 = 
1.6 HZ, J n , 7 p  = 4.7 HZ, H-8), 6.24(d, lH,  JIo,, = 5.7 HZ, H-lo), 
6.37(dd, IH, J9,* = 1.6 HZ, J9,10 = 5.7 Hz, H-9); I3c NMR 
(50 MHz): 17.23(q), 21.45, 28.50 and 41.54(t, C-2, C-3, and C-4), 
37.40(d, C-7), 58.59(d, C-6), 8 1.80(d, C-8), 9 1.12(~,  C- l) ,  135.80 
and 138.32(d, C-9 and C-lo), 209.76(s, C-5); mass spectrum: 
178(16, M"), 94(100, M - CH,=C(OH)CMe=CHMe, retro 
IMDAF-McLafferty ream.). Exact Mass calcd. for Cl,H140,: 
178.0994; found: 178.1002. 

(80-H)-6cu,7cu-Dimethyl-I I -oxatricyclo[6.2. I .0'.~]undec-9-en-5- 
one (52) 

General procedure 5 was used to perform the Lewis acid- 
mediated reaction of compound 4. Quantitative reaction: enone 4 
(38.1 mg, 0.198 mmol) was treated with MeAlCl? (218 kL, 
0.218 mmol) at -65OC for 2 h to provide a SM:A ratio of 100:O. 
Catalytic reaction: compound 4 (143.8 mg, 0.747 mmol) was 
treated with MeAlCl? (75 kL, 0.075 mmol) at -65°C for 2 h to 
provide a SM : A ratio of 95: 5 (99% recovery, 142.2 mg). Start- 
ing material 4 (130.0 mg) could be separated from the product 52 
(6.0 mg), a yellow oil, using flash chromatography (9: 1) (no bp 
due to decomposition); 'H NMR (400 MHz): 0.78(d, 3H, J = 
7.4 Hz, C-7-CH3), 0.93(s, 3H, C-6-CH,), 1.88-2.00(m, 2H), 
2.20-2.26(m, lH), 2.40(dt, lH,  J,p,3, = 3.0 Hz, J,P,3P = 3.0 HZ, 
J ,,,,, = 14.7 Hz, H-4P), 2.55-2.62(m, lH), 2.64(dt, IH, J,,,,, = 
7.2 Hz, J40,38 = 14.7 Hz, J ,,,, = 14.7 Hz, H-4a), 2.99(dq, lH,  
J7P,8 = 4.8 HZ, J7P,12 7.4 Hz, H-7P), 4.71(dd, J8,, = 1.7 HZ, 
J8,7p = 4.8 HZ, H-8), 6.22(d, 1 H, J,,., = 5.8 HZ, H-lo), 6.45(dd, 
IH, ./9,8 = 1.7 HZ, J9,10 = 5.8 HZ, H-9); 13C NMR (50 MHz): 
13.29(q), 17.86(q), 20.72, 26.18 and 38.20(t, C-2 to C-4), 39.27(d, 
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C-7), 60 .35(~ ,  C-6), 8 1.92(d, C-8), 92 .68(~ ,  C- 1), 137.1 1 (d, C-9 
and C-lo), 214.25(s, C-5). 

(6a-H)-8a-Methyl-] 1 -oxatricyclo[6.2.1 .O'~~undec-9-etz-5-orze 
(53) 

General procedure 5 was used to perform the Lewis acid- 
mediated reaction of compound 5. Thus, enone 5 (58.9 mg, 
0.33 mmol) was treated with MeAIClz (0.36 mL, 0.36 mmol) at 
-78°C for 1 h to provide adduct 53 (58.9 mg, 0.33 mmol) in >99% 
yield as yellow oil (no bp due to decomposition on heating); IR 
(neat) cm-': 1710(C==O); 'H NMR (400 MHz): 1.58(s, 3H, -CH3), 
1.61(dd, lH,  J6,,7, = 8.2 HZ, J7a,7P 11.8 HZ, H-7a), 1.88- 
2.04(m, 2H), 2.20(dd, lH, J7@,& = 3.5 HZ, J ,,,,, = 11.8 HZ, H-7P), 
2.23(dt, lH, J2a,3a = 5.2 HZ, J2a ,3~ = 12.4 HZ, Jge,,l = 12.4 HZ, 
H-2a), 2.39(dd, IH, Js,,,@ = 3.5 Hz, J6a,7a = 8.2 HZ, H-6a), 2.35- 
2.44(m, 2H), 2.52(dddt, 1 H, J,p,,p = 1.6 Hz, J4P.30 = 3.6 Hz, J4P,3P 
= 3.6 Hz, J ,,,,, = 14.1 Hz, H-4P), 6.15 and 6.25(ABq, lH,  J = 
5.6- Hz, H-9 and H-10); I3c NMR (50 MHz): 18.71(q, -CH3), 
2 1.68, 28.54, 35.42, and 41.86(t, C-2, C-3, C-4, and C-7), 
53.77(d, C-6), 85.96 and 90.83(s, C-1 and C-8), 137.69 and 
141.18(d, C-9 and C-lo), 209.70(s, C-5); mass spectrum (FI): 178. 
Exact mass calcd. for CllHl,02: 178.0994; found: 178.0986. 

6a,8a-Dimethyl-1 I-oxatricyclo[6.2.1 .0'.6]1indec-9-et~-5-one (54) 
General procedure 5 was used to perform the Lewis acid- 

mediated reactions of compound 6.  1.1 Equivalents of MeA1Cl2 
reaction: precursor 6 (80.5 mg, 0.419 mmol) was treated with 
MeAlCl? (461 pL, 0.461 mmol) at -78°C for 8 h to provide a 
SM : A ratio of 19: 8 1 with quantitative recovery of material. Flash 
chromatography (9: 1) provided starting material (12.6 mg) and 
adduct 54 (59.0 mg). Catalytic reaction: enone 6 (37.4 mg, 
0.192 mmol) was treated with MeAIC12 (19 pL, 0.019 mmol) at 
-65°C for 2 h to provide a SM:A ratio of <1:>99 with 99% re- 
covery of material. Flash chromatography (9: 1) provided precur- 
sor 6 (2.6 mg) and 54 (34.6 mg) as a clear, colourless oil; IR (neat) 
cm-': 1708(C=O); 'H NMR (400 MHz): 1.08(s, 3H, C-6-CH,), 
1.10(d, lH,  J7a,7P = 5.5 Hz, H-7a), 1.50(s, 3H, C-8-CH,), 1.82- 
2.04(m, 2H), 2.16-2.23(m, 2H), 2.38(dt, lH,  J3P,4P = 3.2 Hz, 
J3U.4p = 3.2 Hz, J4a,4p = 14.4 Hz, H-4P), 2.51-2.67(m, lH), 
2.55(d, 1H,J7a,7P = 11.8 HZ, H-7P), 6.13(d, lH, J l o , 9  = 5.6Hz, 
H-lo), 6.27(d, lH, J,,,, = 5.6 Hz, H-9); I3c NMR (50 MHz): 18.87 
and 22.24(q, -CH3's), 20.84; 25.86, 38.22, and 43.66(t, C-2, C-3, 
C-4, and C-7), 57.41(s, C-6), 85.69 and 92.09(s, C-1 and C-8), 
135.87 and 141.65(d, C-9 and C-lo), 213.33(s, C-5); mass spec- 
trum: 192(5, M'), 108(100, M - CH&(OH)C(Me)=CH2, retro 
IMDAF-McLafferty rearr.). Exact Mass calcd. for CI2HI6O2: 
192.1150; found: 192.1141. 

(6a-H)-7a,8a-Dirnethyl-l1 -oxatricyclo[6.2. I .0',~]urzdec-9-et1-5- 
one (55) 

General procedure 5 was used to perform the Lewis acid- 
mediated reaction of compound 7.  Quantitative reaction: enone 7 
(63.7 mg, 0.331 mmol) was treated with MeAICI, (364 pL, 
0.364 mmol) at -78°C for 8 h to provide a SM: A ratio of 82: 18 
with 98% recovery of material. Flash chromatography (7: 1) pro- 
vided enone 7 (46.9 mg) and adduct 55 (15.2 mg). Catalytic re- 
action: compound 7 (51.4 mg, 0.267 mmol) was treated with 
MeAIC1, (27 pL, 0.027 mmol) at -65°C for 2 h to provide a SM:A 
ratio of 24:76 (92% recovery, 47.5 mg). Starting material 7 
(10.7 mg) could be separated from the product 55 (32.1 mg), a 
yellow solid, using flash chromatography (9: I), mp 28-30°C; IR 
(KBr) cm-': 1709(C4), 1136(C--0); 'H NMR (400 MHz): 
0.95(d, 3H, J = 7.1 HZ, C-7-CH,), 1.52(s, 3H, C-8-CH,), 1.89(d, 
lH,  J6a,7P = 4.3 Hz, H-6a), 1.90-1.99(m, 2H), 2.17(ddd, lH,  
J2,,,, = 5.3 Hz, J2,,,P = 12.1 Hz, J ,,, = 14.7 Hz, H-2a), 2.29- 
2.38(m, 2H), 2.46(dq, lH,  J7p,6, = 4.1 HZ, J = 7.0 HZ, H-7P), 
2.5(dddt, lH,  J4P,2P = 1.6 HZ, J4p.3, 3.7 HZ, J4P,3P = 3.7 HZ, 
J ,,,,, = 14.3 HZ, H-4P), 6.20(d, lH, J 9 , I o  = 5.6 HZ, H-lo), 6.26(d, 
lH, J9,,o = 5.6 Hz, H-9); I3c NMR (50 MHz): 17.07(q), 17.12(q), 
21.38, 28.62, and 41.53(t, C-2, C-3, and C-4), 43.10(d, C-7), 
61.51(d, C-6), 88.63 and 90.09(s, C-1 and C-8), 138.80 and 

138.87(d, C-9 and C-lo), 210.14(s, C-5); mass spectrum: 192(13, 
Me+), 108(100, M - CH,=C(OH)CH=CHMe, retro IMDAF- 
McLafferty rearr.). Exact Mass calcd. for CI2HI6O2: 192.1 151; 
found: 192.1 132. 

(6a,8a-H)-2,2-Dimethyl-l1 -oxntricyclo[6.2.1.0'~6]urzdec-9-etz-5- 
one (56) 

The IMDAF reaction of compound 9 (52.9 mg, 0.275 mmol) was 
performed according to general procedure 4 to provide adduct 56 
(46.5 mg, 0.242 mmol) after 12 h in 88% yield as a white solid, 
mp 57-60°C; IR (KBr) cm-': 1705(C=O), 1663(C=C), 1390, 
1369(gem-Me); 'H NMR (400 MHz): 1.08 and 1.36(s, 6H, 2 X 

CH,), 1.55(dd, IH, J7a,6u = 8.5 Hz, J ,,,,, = 11.8 Hz, H-7a), 
1.6l(ddd, lH,  J3a,4P = 2.7 Hz, J3a,4a = 5.8 HZ, J g,,,, = 13.9 HZ, 
H-3a), 1.99(dt, 1 H, J3p,4p = 4.3 Hz, J3p,4, = 13.9 Hz, J, ,,,, = 
13.9 HZ, H-3P), 2.27(dd, lH,  J6a,7P = 3.2 HZ, J6u,7a = 8.5 HZ, 
H-6a), 2.37-2.42(overlapping m, 2H, H-4P and H-7P), 2.58(dt, 
lH,  J4,,,, = 5.8 Hz, J,a,3p = 15.1 HZ, J4,.4p = 15.1 HZ, H-4a), 
4.88(dd, lH,  58.9 = 1.5 HZ, J8,7p = 4.9 HZ, H-8), 6.24(d, 1 H, 
J 1 0 , 9  = 5.8 HZ, H-lo), 6.43(dd, IH, J 9 , 8  = 1.5 HZ, Jg.1, = 5.8 HZ, 
H-9); 'k NMR (50 MHz): 24.24 and 25.96(q, -CH,), 30.98,34.88, 
and 37.84(t, C-3, C-4, and C-7), 31.98(s, C-2), 47.90(d, C-6), 
77.90(d, C-8), 95.90(s, C-1), 133.47, 138.83(d, C-9 and C-lo), 
210.20(s, C-5); mass spectrum: 192(48, M"), 109(100, M - 
(CH2),C(0)CH=CH2). Exact Mass calcd. for CI2Hl6o2: 192.1150; 
found: 192.1148. 

(8a-H)-2,2,6a-Trimethyl-I I -oxatricycl0[6.2.1.0'~~]undec-9-en-5- 
one (57) 

The IMDAF reaction of compound 10 (221.2 mg, 1.07 mmol) 
was performed according to general procedure 4 to provide after 
96 h precursor 10 (186.4 mg, 0.903 mmol) and adduct 57 
(19.8 mg, 0.096 mmol) after purification by flash chromatogra- 
phy (9: 1) in 93% total recovery. 

General Procedure 5 was used to perform the Lewis acid- 
mediated reactions of compound 10. Thus, enone 10 (55.3 mg, 
0.268 mmol) was treated with quantitative MeAlCl? (295 pL, 
0.295 mmol) at -7S0C for 8 h to provide a SM:A ratio of 68: 32 
with a quantitative recovery of material. Enone 10 (161.9 mg, 
0.785 mmol) was treated with catalytic MeAIC1, (79 pL, 
0.079 mmol) (according to general procedure 5) at -65°C for 2 h 
to provide a SM:A ratio of 40:60 with quantitative recovery. Flash 
chromatography (9: 1) provided enone 10 (64.5 mg) and adduct 57 
(92.3 mg) in 97% recovered yield. Adduct 57 was characterized 
as a white solid, mp 44-55°C; IR (KBr) cm-I: 3078, 3021(C-H), 
2982-2858(C-H), 1699(C=O), 1389, 1369(gern-Me); 'H NMR 
(200 MHz): 0.99(d, lH,  J = 1 1.7 Hz, H-7a), 1.03(s, C-6-CH3), 
1.16 and 1.39(s, 3H each, 2 X CH3), 1.6l(ddd, lH,  J3,,4p = 
2.8 HZ, J,,,,, = 5.8 Hz, J3a,3P = 13.4 Hz, H-3a), 2.01(dt, IH, 
J3p,4p = 4.1 HZ, J3P,4a = 14.3 HZ, J3P,3u = 13.6 HZ, H-3P), 
2.35(ddd, IH, J,,.,, = 2.8 Hz, J,p.3p = 4.0 HZ, J4p,,, = 15.3 Hz, 
H-4P), 2.82(dt, lH,  J ,,,,, = 5.8 Hz, J ,,,,, = 14.5 Hz, H-4a), 
2.85(dd, lH, J7P,8 = 3.8 Hz, J7p,7, = 11.8 HZ, H-7P), 4.77(dd, lH,  
Js,, = 1.6 HZ, J K , 7 P  = 5.2 HZ, H-8), 6.33(d, IH, J'0.9 = 5.9 HZ, 
H- lo), 6.48(dd, IH, J9,8 = 1.7 HZ, J9.10 = 5.9 Hz, H-9); ',c NMR 
(50 MHz): 23.85(q), 24.44(q), 27.48(q), 32.70(s, C-2), 35.10, 
35.29, and 39.78(t, C-3, C-4, and C-7), 54.18(s, C-6), 77.39(d, 
C-8), 97.10(s, C-1), 132.15 and 138.70(d, C-9 and C-lo), 
213.94(s, C-5); mass spectrum: 206(10, M"), 109(100, M - 
(CH2),C(0)CMe=CH2). Exact Mass calcd. for C13H1802: 
206.1307; found: 206.1290. 

(6a,8a-H)-2,2,7a-Trimethyl-1 I -oxatricycl0[6.2.1.0'~~]undec-9- 
en-5-one (58) 

The IMDAF reaction of compound 11 (54.9 mg, 0.266 mmol) 
was performed according to general procedure 4 to provide a SM : A 
ratio of 87: 13 with quantitative recovery of material after 192 h. 
General procedure 5 was used to perform the Lewis acid-me- 
diated reactions of compound 11. Thus, enone 11 (104.1 mg, 
0.504 mmol) was treated with quantitative MeAlCl, (555 $, 
0.555 mmol) at -7S°C for 8 h to provide a SM:A ratio of 73:27 
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and enone 11 (60.5 mg) and adduct 58 (24.7 mg) with 82% recov- 
ery after separation by flash chromatography (9: 1). Enone 11 
(124.7 mg, 0.604 mmol) was treated with catalytic MeAIC1, 
(60 pL, 0.060 mmol) at -65OC for 2 h according to general pro- 
cedure 5 to provide a SM:A ratio of 27:73 with a quantitative re- 
covery of material. Adduct 58 was characterized as a solid, mp 35- 
37°C; IR (KBr) cm-': 3012(CH), 2968-2871(CH), 1698(C=O), 
1389, 1368(gern-Me); 'H NMR (200 MHz): 0.98(d, J7p,14 = 
7.0 Hz, C-7-CH,), 1.07 and 1.3 1(s, 3H each), 1.59(ddd, lH,  
J3u,4P = 3.1 HZ, J3a,4a = 5.7 Hz, J3,,3p = 13.4 Hz, H-3a), 1.77(d, 
1 H, J6,,7p = 4.0 Hz, H-6a), 2.01(dt, 1 H, J3P,4P = 5.2 Hz, J3P,4u = 
13.4 HZ, J3,,3p = 13.4 HZ, H-3P), 2.40(ddd, lH,  J3,,,p = 3.1 HZ, 
J3p,4p = 5.2 HZ, J4,,,p = 16.3 Hz, H-4P), 2.54(ddd, lH,  J3,.4, = 
6.6 Hz, J3p,4, = 13.4 Hz, Jap,,, = 16.2 Hz, H-4a), 2.74(ddq, 1 H, 
J7P,6u = 4.2 Hz, = 4.8 Hz, = 7.0 Hz, H-7P), 4.73(d, 
lH, J7,, = 4.6 Hz, H-8), 6.40(ABq, 2H, H-9 and H-10); I3c NMR 
(50 MHz): 17.5 1(q), 24.23(q), 25.78(q), 3 1.91(s, C-2), 34.47 and 
37.55(t, C-3 and C-4), 39.72(d, C-7), 56.28(d, C-6), 8 1.57(d, C-8), 
96.47(s, C-1), 134.95, 136.32(d, C-9 and C-lo), 211.29(s, C-5); 
mass spectrum: 206(20, Me+), 109(100, M - (CH,),C(O)CMe= 
CH?). Exact Mass calcd. for Cl3HI8o2: 206.1307; found: 206 1305. 

(6a-H)-2,2,8a-Tritnethyl-1 I-oxatricyclo[6.2 . I  .0'.6]undec-9-en-5- 
one (60) 

The IMDAF reaction of compound 13 (62.1 mg, 0.301 mmol) 
occurred at 0°C as a neat oil to provide adduct 60 (62.1 mg, 
0.301 mmol) as a white, crystalline solid, mp 52-54°C; IR (KBr) 
cm-': 1707(C=O); 'H NMR (300 MHz): 1.08 and 1.33(s, 3H 
each), 1.55(s, 3H C-8-CH,), 1.60(ddd, lH,  J3,,4P = 2.7 Hz, J,,.,, 
to 5.8 Hz, J30,3P = 13.9 HZ, H-34,  1.68(dd, lH,  J7a,6a = 8.4 Hz, 
J7a,7P = 11.8 HZ, H-7a), 2.01(dt, lH,  J3p,4p = 4.3 Hz, J3P,4a = 

13.9 HZ, J3P,3a = 13.9 HZ, H-3P), 2.12(dd, lH,  J7pS6, = 3.3 HZ, 
J7P.7, = 11.8 HZ, H-7P), 2.38(dd, lH,  J6,.7P = 3.3 HZ, J6a,7a = 
8.4 Hz, H-6a), 2.40(ddd, lH,  J4P.3a = 2.8 Hz, J4P.3P = 4.3 Hz, 
J4p,4, = 13.2 Hz, H-4P), 2.56(dt, lH,  J,,,,, = 5.8 HZ, J4a ,4P  = 
13.2 Hz, J,,3p = 13.9 Hz, H-44,  6.25(ABq, 2H, H-9 and H-10); 
I3c NMR (75 MHz): 18.77(q), 24.08(q), 26.05(q), 32.10(s, C-2), 
34.88, 37.40, and 37.89(t, C-3, C-4, and C-7), 5 1.24(d, C-6), 
85.63 and 96.09(s, C-l and C-8), 134.16 and 141.77(d, C-9 and 
C-lo), 210.83(s, C-5); mass spectrum: 206(43, Me+), 191(13, 
M - Me), 123(100, M - (CH,)2C(0)CH=CH2). Exact Mass 
calcd. for Cl3HI8O1: 206.1307; found: 206.1297. 

2,2,6a,8a-Tetramethyl-11 -oxatricyclo[6.2.1.01~6]urzdec-9-en-5- 
one (61) 

The IMDAF reaction of compound 14 (58.4 rng, 0.265 mmol) 
was performed according to general procedure 4 to provide a SM:A 
ratio of 88: 12 in 82% recovery of material after 336 h. Starting 
material (40.9 mg) and adduct (6.8 mg) were isolated by flash 
chromatography (9: 1). General procedure 5 was used to perform 
the Lewis acid-mediated reactions of compound 14. Thus, enone 
14 (48.8 mg, 0.222 mmol) was-treated with quantitative MeAlCl, 
(244 pL, 0.244 mmol) at -78°C for 8 h to provide a SM:A ratio 
of 78:22 with quantitative recovery of material. Enone 14 
(30.1 mg) and adduct (9.0 mg) were isolated by flash chromatog- 
raphy (9: 1). Enone 14 (32.7 mg, 0.148 mmol) was treated with 
catalytic MeAlCl, (15 pL, 0.015 mmol) (according to general 
procedure 5) at -65°C for 2 h to provide a SM:A ratio of 23:77 
with quantitative recovery. Adduct 61 was characterized as a solid; 
IR (KBr) cm-': 2986-2873(C-H), 1708(C=0), 1384,1371(gem- 
Me); 'H NMR (300 MHz): 1.01(s, 3H, C-6-CH,), 1.09(d, lH, 
J7a,7P = 11.7 HZ, H-7a), 1.12 and 1.33(s, 3H each), 1.46(s, 3H, 
C-8-CH3), 1.56(ddd, lH,  J3a,4P = 2.7 HZ, J3,., = 5.8 HZ, 
J3a.30 = 13.6 Hz, H-3a), 1.99(dt, lH,  J3B.4B = 4.1 HZ, J30.3a = 

46.21(t, C-4), 57.37(s, C-6), 84.76 and 97.29(s, C-1 and C-8), 
132.76 and 141.69(d, C-9 and C-lo), 214.39(s, C-5); mass spec- 
trum: 220(18, M+), 123(100, M - (CH2)2C(0)CMe=CH,). Exact 
Mass calcd. for Cl,H2,0,: 220.1464; found: 220.1462. 

(6a-H)-2,2,7a,8a-Tetramethyl-I 1 -o.ratricj~clo[62.1 .~ / .~ ]undec -  
9-en-5-one (62) 

General procedure 5 was used to perform the Lewis acid- 
mediated reactions of compound 15. Thus, enone 15 (14.6 mg, 
0.066 mmol) was treated with catalytic MeAlCl, (6.6 pL, 
0.066 mmol) at -65'C for 2 h to provide a 15 : 62 ratio of 69: 3 1 
with 72% recovery; IR (KBr) cm-': 2960-2868(C-H), 1706(C=0), 
l384,1368(gem-Me); 'H NMR (400 MHz): 0.97(d, 3H, J I 4 , 7 p  = 
7.0 Hz, H-14), 1.08 and 1.28(s, 3H each), 1.50(s, 3H, C-8-CH,), 
1.56(ddd, lH,  J3,,4p = 2.8 HZ, J3,,4, = 6.0 HZ, J3,,3p = 13.5 HZ, 
H-3a), 1.88(d, lH,  ./6a,7P = 4.1 HZ, H-6a), 2.01(dt, lH,  J3p,4p = 
4.8 HZ, J3p,,, = 13.6 Hz, J3P,3a = 13.6 HZ, H-3P), 2.35(dq, lH, 
J7P.6, = 4.1 HZ, J7P,14 = 7.0 HZ, H-7P), 2.40(ddd, lH,  Jdp,, ,  = 
2.8 HZ, Jdp,3P = 4.8 HZ, J4P,4a = 16.2 HZ, H-4P), 2.51(ddd, lH, 
J,,,, = 6.0 Hz, JQ.3P = 13.6 Hz, JkAP = 16.2 Hz, H-4a), 6.20(d, 
1H,Jl0,, = 5.7Hz,H-10),6.37(d, lH,  J,,,,= 5.7Hz,H-9); 13C 
NMR (50 MHz): 17.20(q), 17.40(q), 24.06(q), 25.86(q), 3 1.94(s, 
C-2), 34.40 and 37.55(t, C-3 and C4), 45.65(d, C-7), 59.21(d, 
C-6), 88.25 and 95.38(s, C-1 and C-8), 135.41 and 139.34(d, C-9 
and C-lo), 21 1.59(s, C-5); mass spectrum: 220(8, Me+), 123(100, 
M - (CH,),C(O)CH=CHMe). Exact Mass calcd. for C14H1002: 
220.1464; found: 220.1465. 

(7P.9a-H)-12-Oxatricyclo[7.2.1 .0'~7]dodec-10-en-6-one (63) 
General procedure 5 was used to perform the Lewis acid- 

mediated reaction of compound 8. Thus, enone 8 (63.5 mg, 
0.356 mmol) was treated with MeAlC1, (36 pL, 0.036 mmol) at 
-78°C for 2 h to provide a SM:A ratio of 8:92 with 98% recov- 
ery of material. Some retro-IMDAF reaction occurred upon at- 
tempted purification by flash chromatography (9: 1). Adduct 63 was 
characterized as a white crystalline solid; 'H NMR (200 MHz): 
1.38-1.67(m, 2H), 1.75-2.30(overlapping m, 6H), 2.38- 
2.70(overlapping m, 2H), 3.20(dd, lH), 4.90(dd, lH, H-9), 
6.02(d, lH,  J1,,,, = 6.2 Hz, H-11), 6.41(dd, lH, Jl0., = 1.2 Hz, 
Jlo.ll = 6.2 HZ, H-10). 

2,2-Dimethyl-7-(trimethysilyl)-ll-oxatricyclo[6.2.l.0~] rrndec- 
6,9-dien-5-one (65) 

General procedure 5 was used for the Lewis acid-mediated 
IMDAF reaction of compound 16. Thus, enone 16 (100.9 mg, 
0.384 mmol) was treated with MeAIClz (423 pL, 0.423 mmol) at 
-50°C for 2.5 h to provide a SM:A ratio of 12.88. Adduct 65 
(76.4 mg, 0.482 mmol) was obtained in 89% yield (based on re- 
covered starting material) as a golden crystalline solid, after puri- 
fication by flash chromatography; mp 85-94°C; IR (Kbr) cm-': 
1660(C=0); 'H NMR (200 MHz): 0.19(s, 9H), 1.09 and 1.22(s, 
3H each, C-2-CH,'s), 1.79(ddd, lH, J3,.4P = 2.6 Hz, J,,,,, = 
6.6 Hz, J ,,,, = 14.2 Hz, H-3a), 1.95(ddd, lH,  J3P,4P = 5.6 Hz, 
J3P.4, = 12.5 HZ, J ,,,, = 14.2 HZ, H-3P), 2.43(ddd, lH,  J4P.3, = 
2.6 HZ, J4P.,P = 5.6 HZ, J,,, = 19.1 Hz, H-4P), 2.63(ddd, lH, 
J4,,,, = 6.6 Hz, J4,,3p = 12.5 Hz, J,,, = 19.1 Hz, H-4a), 5.60(d, 
lH, J8,, = 1.9 Hz, H-8), 6.98(dd, lH,  J,,, = 1.9 HZ, J9,,, = 
5.4 Hz, H-9), 7.05(d, lH,  Jlo,9 = 5.4 Hz, H-10); ',c NMR 
(50 MHz): -2.15(q), 25.76(q), 22.29(q), 31.63(s, C-2), 34.20 and 
36.16(t, C-3 and C-4), 86.48(d, C-8), 99.87(s, C-l), 144.16 and 
144.44(d, C-9 and C-lo), 160.77 and 174.23(s, C-6 and C-7), 
195.64(s, C-5); mass spectrum: 262(15, M+), 247(50, M - Me), 
109(100, M - C8H160Si). Exact Mass calcd. for Cl5H2,O,Si: 
262.1389; found: 262.1376. 

13.6 Hz, J,p,,, = 14.4 Hz, H-3P), 2.32(ddd, 1 H, J.+.,, = 2.7 Hz, 2,2,7-Trimethyl-1 1 -o.mt,.icyclo[6.2.1 .0' 6]undec-6,9-dien-5-one 
J;IP.3P = 4.1 HZ, J4P,4,, = 15.3 Hz, H-4P), 2.53(d, lH,  J = (66) 
11.7 HZ, H-7P), 2.77(ddd, lH,  = 5.8 Hz, J4,,,@ = 14.4 Hz, General procedure 5 was used for the Lewis acid-mediated 

J,,,p = 15.3 Hz, H - h ) ,  6.25(d, lH,  Jl0,9 = 5.7 Hz, H-lo), 6.30(d, IMDAF reaction of compound 17. Thus, enone 17 (99.1 mg, 
lH, J9.,, = 5.7 Hz, H-9); ',c NMR (75 MHz): 18.93(q), 23.75(q), 0.485 mmol) was treated with MeAIC1, (553 pL, 0.553 mmol) at 
24.27(q), 27.5 l(q), 32.78(s, C-2), 35.00 and 35.3 1(t, C-3 and C-7), -60°C for 0.5 h to provide adduct 66 (98.5 mg, 0.482 mmol) in 
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99% recovery as a white, crystalline solid, which could not be pu- 
rified by flash chromatography without isomerization of the 
C-6, C-7 double bond; IR (neat) cm-l: 1666(C=O); 'H NMR 
(200 MHz): I .  I0 and 1.21(s, 3H each), 1.75(ddd. IH, J ,,,, = 

3.0 Hz, J,,,,, = 6.7 Hz, J ,,,,, = 12.9 Hz, H-3a), 1.89(dt, IH, 
J;p.,p = 3.0 HZ, J3p,4m = J ,q,,,, = 12.9 HZ, H-3P), 2 .31 (~ ,  3H, 
C-8-CHJ, 2.43(ddd, lH,  J,p,,, = 3.0 Hz, JaP, ,p = 3.0 HZ, J ,,,,, = 
16.3 Hz, H-4P), 2.50-2.75(m, IH, H-4a), 5.10(d, 1 H, Jx,9 = 
1.8 Hz, H-8), 7.04(dd, lH,  J,,, = 1.8 Hz, J ,,,, = 5.4 Hz, H-9), 
7.09(d, IH, Jlo,9 = 5.4 Hz. H-10); "C NMR (50 MHz): 15.63(q), 
22.02(q), 25.44(q), 3 1.64(s, C-2), 34.20(t), 36.16(t), 86.12(d, 
C-8), 99.28(s, C-1), 142.04 and 145.57(d, C-9 and C-LO), 
171.98(s, C-6 and C-7), 196.32(s, C-5); mass spectrum: 
204(14, M"), 163(24, M - HCECH), 109(100, M - 

(CH2)2C(0)CrCCH,). Exact Mass calcd. for CI3Hl6O2: 204.1 150; 
found: 204.1146. 
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at a nickel electrode 
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RICHARD MENINI, PIOTR K.  WRONA, HUGUES MENARD, and OLIVIER VITTORI. Can. J. Chem. 70, 2948 (1992). 
The effect of tensioactive agents (TSA = SDS, BRIJ35, BRIJ78, BRIJ99, and CTAB) on the kinetics of hydrogen 

evolution at a rotating nickel electrode in 0.2 M solutions of Na2SOJ was investigated. It was found that at higher con- 
centrations of TSA, their presence inhibited the reaction although their adsorption behaviour at the nickel electrode is 
different. We concluded that BRIJ35 and CTAB should show better performance in the hydrogenation of organic com- 
pounds than SDS. 

RICHARD MENINI, PIOTR K. WRONA, HUGUES MENARD et OLIVIER VITTORI. Can. J. Chem. 70, 2948 (1992). 
On a itudiC l'influence de divers agents tensioactifs (STA = SDS, BRIJ35, BRIJ78, BRIJ99 et CTAB) sur la cinetique 

de la reaction d'evolution d'hydrogkne i une electrode tournante, dans des solutions 0,2 M de Na,SO,. On a trouvC que, 
B des concentrations ClevCes de TSA, leur presence inhibe cette reaction de f a ~ o n s  semblables, m&me si leur comporte- 
ment d'adsorption i 1'Clectrode de nickel est diffkrent. On en conclut que, lors de l'hydrogknation de composCs orga- 
niques, le BRIJ35 et le CTAB devraient donner de meilleures performances que le SDS. 

[Traduit par la redaction] 

Introduction pounds, after reduction, could be used as a source of hydro- 

Tensioactive agents (TSA) are frequently used in electro- 
chemistry. Since these compounds usually show strong ad- 
sorption at the mercury electrode, they have been widely used 
in polarography as maxima suppressors (1). It has also been 
found (2) that TSA (gelatin and methyl red) show signifi- 
cant influence on the kinetics of reactions occurring at 
the electrodes. Many TSA show self-organization and at 
higher concentrations they spontaneously form micelles (3). 
Micellized TSA (4) were used by Proske to solubilize non- 
polar organic compounds in water for electrochemical mea- 
surements. This idea was similar to that described (5) by Behr 
and Dojlido. These authors have found that the adsorption 
of benzene at mercury electrodes increased many times in the 
presence of small (5%) amounts of ethyl alcohol, although 
in the bulk of solution, ethyl alcohol had very small effect 
(an increase of less than 3%) on the solubility of benzene. 

At present the TSA micelles are used widely to modify 
organic chemical and electrochemical reactions (6, 7). For 
example, it has been found (8) that after the addition of a non- 
ionic surfactant (BRIJ35), a single four-electron polaro- 
graphic wave of the reduction of substituted nitrobenzene at 
- - 

pH r 9 splits into two waves. The product of the first one- 
electron wave has. been identified as a nitrobenzene free 
radical. Similar results were obtained (9) in 1952 by Holleck 
and Exner, who used camphor and triphenylphosphine. They 
also obtained a single, one-electron reduction wave of ni- 
trobenzene to nitrobenzene radical (see also ref. 10). 

The use of cationic micelles of cetyltrimethylammonium 
bromide to reduce 4-bromobiphenyl to biphenyl by 9- 
phenylanthracene radical has been recently described (1 1). 

TSA may also enhance the hydrogenation of organic 
compounds. Many organic, and mostly aromatic com- 

' o n  leave from Universite Lyon I ,  Laboratoire d'Clectrochimie 
analytique, 43 Bd. du 1 1 Novembre 19 18, 69622 Villeurbanne, 
France. 

'on leave from Department of Chemistry, University of Warsaw, 
Pasteura 1, 02-093 Warsaw, Poland. 

3 ~ e v i s i o n  received June 26, 1992. 

gen. Various applications of this idea have been described 
by Lessard and co-workers (12). For hydrogenation reac- 
tions these authors used mostly nickel, copper, and other 
composite electrodes. Recently, Menard et al. have de- 
scribed (13, 14) the use of composite nickel powder elec- 
trodes bonded with AlPO, and LaPO, polymers. These 
electrodes have very large active surfaces and have been used 
successfully in many electrochemical organic syntheses. The 
long-range purpose of our work was to determine the effect 
of TSA micelles on the hydrogenation of organic com- 
pounds at composite nickel electrodes. Since in the pres- 
ence of TSA the organic substances are often reduced at 
higher overvoltages, our first problem is to find a TSA with 
as little effect as possible on the electrode kinetics, and that 
is strongly adsorbed at the electrode surface. This paper de- 
scribes the first part of our work, i.e., to measure the effect 
of TSA micelles on the kinetics of hydrogen evolution re- 
action (HER) at nickel electrodes. We found that all TSA 
used anionic, cationic, and non-ionic, inhibit the HER in a 
similar way, but their adsorption at the nickel electrode is 
markedly different. 

Experimental 
The rotating disk electrode was made from high purity nickel roc$ 

mounted in KEL-F. The surface of the electrode was 0.126 cm-. 
The electrode was polished by alumina before every experiment, 
later rinsed in 1 M H,SO, for 15 s or introduced into the cell with- 
out washing. When the electrode was not washed, its potential was 
100 mV more negative than the formal potential of the ~ i / N i ~ +  
redox couple. The pH of the solution was measured before every 
experiment. 

The cell was made of Pyrex glass and the anodic compartment 
was separated by a Nafion membrane M-901 CATH/MD (DuPont). 
A Luggin capillary was used to minimize the ohmic drop. Since the 
current was of the order of 0.2 mA, and the resistivity did not ex- 
ceed 40 R, the IR was smaller than 10 mV. 

The reference electrode was a calomel electrode with saturated 
KC1. The electrode was separated from the experimental cell by a 
salt bridge containing the solution under study. The counter elec- 
trode was a graphite rod with a high surface area. 

Most experiments were conducted in 0.2 M solution of Na2S04 
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MENINl ET AL. 

TABLE 1. Characteristics of the tensioactive agents used in this work 

Chemical formula Critical micelles Kraft 
TY pe and abbreviation concentration (M) temperature ("C) 

Anionic Sodium dodecylsulfate (SDS) 8.1 x 23 
CH3-(CH?), ,-S0;Na' 
0.05 M Na2SOJ 1.5 x lo-" 
0.2 M Na2SOy 4.2 X lo-, 

Cationic Cetyltrimethylammonium bromide 
CHr(CH2)15-N(CH3):Br-(CTAB) 9.2 x lo-' 26 
0.2 M Na2S0J 1 x (est) 

Non-ionic Polyethylene oxide dodecanol 
CH3-(CH2),,-(OCH2CH2),-O 
BRIJ-35 (n = 1 1 ,  k = 23) (6-9) X 

0.05 M Na,SO," 9.5 x lo-, 
BRIJ-78 (n = 17, k = 20) 
CH3(CH2),,-CH=CH-(OCH2CH2)kOH 
BRIJ-99 (n = 15, k = 20) 
0.05 M Na2S04" 5.6 x 

"Values determined in this work using the surface tension method (15). 

at pH 3.4. The sodium sulfate used was of high purity (Na,SO,, with correlation coefficient R = 0.989. Both the slope and 
anhydrous, BDH). In the case of Na,SO, manufactured by the E: value for pH = 0 were in accord with theoretical pre- 
Anachemia (Na2S04, anhydrous) and Na2S04.10H20 (BDH) the dictions. 
current-potential wave appeared at potentials -100 mV more 
negative. This shift can be explained by the presence of C1- ions 
in solutions prepared from Na2S0, 10H20. The concentration of 
chlorine ions was 10 times higher in Na,SOd 10H20 than in Na2S04. 
Similar shift in potential occurred when a 10 mg/L solution of so- 
dium chloride was added to the 0.2 M Na2S04 solution. However, 
this phenomenon needs additional studies. Solutions were pre- 
pared using deionized water (Barnstead Nanopure). Oxygen was 
removed by passing nitrogen through the cell. All experiments were 
carried out at 25°C. 

Results 
Description of the surface active agents 

The TSA used in this work are listed in Table 1. Physico- 
chemical properties of these compounds in water and in or- 
ganic solvents have been described by Lardet and Thomalla 
(15) and Berthod (16). Berthod has found that for ionic TSA, 
the critical micelles concentration (CMC) depends on the type 
of the salt, and decreases linearly with the salt concentra- 
tion. The lowest CMC was found for Na2S04. In the case of 
BRIJ, almost no dependence of CMC on salt concentration 
was found. Values of CMC corresponding to p. = 0 M are 
presented in Table 1 .  We therefore measured the CMC at 
higher concentrations of Na,S04 using the surface tension 
method (15). In all cases one observed the CMC at much 
lower concentrations of TSA. 

Measurements of the formal potentials of the H +  /Hz 
redox couple 

The formal potentials of the electrode reaction 

were measured in Na2S0, solutions at p. = 0.2 M in the range 
of pH from 2.6 to 3.4 at a large Pt electrode kept in a stream 
of Hz. The dependence of E: on pH was described by a lin- 
ear relation: 

Stability of the nickel electrode 
Typical cyclic current-potential curves recorded with the 

use of the nickel-rotating electrode in 0.2 M solution of 
Na2S04 at pH 3.4 are presented in Fig. 1. In the region of 
potentials more negative than -0.4 V (SCE), one observes 
a very well developed wave of H' ion reduction, and at more 
negative potentials, the reduction of water. 

At potentials more positive, one observes a small oxida- 
tion peak. Since at these pH's the formal potential of the 
~ i " / ~ i  redox couple is close to 0 V / S C E  (-0.25 V vs. 
SHE) (17), it follows from the Pourbaix diagrams (17) that 
the nickel electrode should be oxidized to  ~ i ~ '  ions. Inter- 
pretation of these small peaks is difficult. Formation of these 
peaks was also observed by Reshetnikov (18) and Kesten and 
Feller (19). Probably the peaks correspond to the formation 
of a monolayer of nickel hydroxide. 

Though the electrode potential was always more negative 
than -0.4 V (when it was dipped into the solution), we have 
experienced some problems with the reproducibility of the 
I-E curves. For example, the second curve, recorded im- 
mediately after the first one, was usually located at poten- 
tials more negative. This can not be attributed to the 
formation of NiO which facilitates the reduction of hydro- 
gen (20). Therefore some poisoning of the electrode surface 
has occurred. T o  achieve reproducibility, we have analyzed 
the effect of several electrochemical pre-treatments on the 
I-E curves under the following conditions: (i) no additional 
electrochemical pre-treatment; (ii) by passing a cathodic 
current 2 mA for 30 min; (iii) by imposing a potential in the 
region of limiting current of H' for 15 min; (iu) by keeping 
the electrode in solution at the open circuit for 30  min; and 
(u) by cycling the potential from zero current to reduction of 
water. 

Before every experiment the electrode was polished on 
alumina and washed in 1 M solution of H2S04 for 15 s. 

Reproducible results were obtained only in case (ii). Here 
when the cathodic current was flowing through the nickel 
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2950 CAN.  J .  CHEM. VOL. 70. 1992 

FIG. 1 .  The current-potential curves recorded in 0.2 M solution 
of Na,SO, at pH 3.52 at the rotating nickel disk electrode: f = 
3000 rev min-', rl = 10 mV s-I. 

0 D i , , L  - - L - - -  _ .  L-- - -  
I I I I 

E CV/ECS) 
o Pol 30 mln + Before pol 

o Pol. 30 min. + Pol. 30 min. 

FIG. 2. ( a )  Comparison of I-E curves before and after pre- 
treatment (ii); (b) two I-E curves recorded at Ni RDE after treat- 
ment (ii) (see text): pH 3.4, 0.2 M Na'SO,, temperature 25°C. 

electrode, its potential slowly changed towards more nega- 
tive values, and later stabilized. This behaviour was similar 
to that observed by Bockris and Conway (21) and AmosC and 
Barbieri (22). These authors have also reported a loss in the 
activity of the nickel electrode during cathodic polarization, 
and ascribed this effect to the adsorption of traces of impu- 
rities (Bockris and Conway) or the dissolution of hydrogen 

TABLE 2. The kinetic parameters of the hydrogen evolution re- 
action at the nickel electrode and parameters of the double layer 

C . r ~ ~  El/' GI (1  - CP) 
(mM) (V) -1ogk: a (~Fcm-- ' )  (deg) 

SDS pH 3.4, p. = 0.2 M 

o 0.696 3.40 0.50 3 9 r 6  
8.5 X lo-' 0.689 3.25 0.41 40 
6.2 X lo-' 0.689 3.44 0.52 33 
7.3 X lo- '  0.703 3.26 0.45 34 
1.6 0.737 3.61 0.50 29 
1.8 0.722 3.45 0.46 33 
4.1 0.713 4.15 0.44 29 
4.5 0.708 4.01 0.61 33 
6.2 0.701 4.02 0.63 28 
8 0.695 4.01 0.66 29 

SDS pH = 3.1 

8 .4x10- '  0.729 3.51 0.44 40 
3.1 X lo-' 0.718 3.59 0.48 39 
8.0 X lo-' 0.722 3.68 0.49 35 
1.4 0.703 3.75 0.54 35 
2.7 0.722 3.61 0.47 40 

BRIJ-35 

1.8X10- '  0.712 3.61 0.50 29 
6.2 X lo-' 0.728 3.61 0.47 20 
1 .5XlO- '  0.741 3.53 0.44 20 
3.0 X lo-' 0.747 3.56 0.44 17 
7.6 x lo-' 0.734 3.60 0.47 13 
1.4 0.791 4.00 0.47 12 

BRIJ-78 

1.8X10-' 0.721 3.43 0.45 40 
8.1 x lo-' 0.720 3.48 0.46 38 
1.9 X lo-.' 0.736 3.28 0.40 39 
3.4 X lo-' 0.732 3.34 0.42 39 

BRIJ-99 

1.9 X lo-' 0.734 3.28 0.40 29 
7.3 X lo-' 0.721 3.36 0.43 31 
1.8 X lo-' 0.740 3.33 0.40 29 
3.8 X lo- '  0.797 3.63 0.39 22 

CTAB 

8.2 X lo-' 0.716 3.35 0.52 27 
2.8 X lo-' 0.720 3.64 0.40 24 
6.6 x lo-' 0.722 3.88 0.51 25 
1.8 0.756 3.70 0.43 23 
2.5 0.757 3.83 0.60 24 
3.6 0.752 3.88 0.51 22 

in the electrode (AmosC and Barbieri). We are unable to 
distinguish between these two possibilities. Our earlier re- 
sults seem to confirm the first version (23). Undoubtedly 
freshly prepared electrodes have slightly higher activity than 
those that have undergone pre-treatment, since the reduc- 
tion wave of the H+ ions appeared at fresh electrodes at po- 
tentials more positive by -50 mV (Fig. 2a). However, we 
decided to sacrifice a higher activity of the electrode to 
achieve reproducible results. An example of the I-E curves 
obtained is shown in Fig. 2b. 

The dependence of limiting current on the concentration 
of H' ions for f = 3000 rev min-I is described by the fol- 
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MENINI ET AL. 295 1 

FIG. 3. Evolution of hydrogen at Ni electrode in 0.2 M solution of Na2S0, ( a )  without and (b) in the presence of SDS (lo-'  rnol L-I). 

lowing equation: I,,, (mA) = (6.0 k 2.7) X  lo-' + (4.96 ? 

0.25) x 10-I C(H') (mM). From the Levich equation (24): 

[3] I,,, = o . ~ ~ ~ F A D $ '  ma 6-'16 CH+ 

one may calculate the diffusion coefficient of the H+ ions. 
The value obtained (DH+ = (7.2 2 0.5) X  cm' sC') was 
in good agreement with that reported (25) by Vielstich and 
Jahn (7.5 x cm' s-I). 
Influence of vurious TSA on the kinetics of H +  ion 

reduction at  the nickel electrode 
The experiments were conducted in 0.2 M solution of 

Na,S04. The TSA was introduced to deoxygenated solution 
and its concentration was increased up to the moment when 
visible turbidity appeared. Up to 10 mM concentration 
of SDS could be obtained. Other TSA had much lower 
solubilities: 3.6 mM (CTAB), 1.4 mM (BRIJ35), and 
-0.35 mM (BRIJ78 and BRIJ99). 

The half-wave potentials, determined from the semi-log- 
arithrnic analysis (log (i/(i, - i)) - E)  are presented in Table 
2. Table 2 also lists the kinetic parameters (logarithm of the 
formal rate constants and the cathodic transfer coefficients 
a )  of reaction [I]. Since hydrogen evolution was in all cases 
irreversible, we could calculate the formal rate constants 
using the following equation (24): 

I , i m  I 
h - - X -  

[41 - nFAC,+ I,,, - I 

From the dependence of log k ,  on E ,  the a values were 
calculated. The log kk values correspond to log k, at E:.  

Most of the TSA caused a shift of El /?  towards more neg- 
ative potentials. In the presence of SDS, at lower concen- 
trations almost no change in E,/, was observed, and at higher 
concentrations they shifted slightly towards more positive 
values. At the same time, in the region of intermediate con- 
centrations, one observed an increase in a from 0.5 to 0.66. 

All TSA (including SDS) significantly affect the sizes of 
the evolving hydrogen bubbles. In the absence of TSA, hy- 
drogen evolved as large bubbles, causing erratic variations 
in the limiting currents. Occasionally, large bubbles of hy- 
drogen formed and sticked to the nickel electrode, causing 
the current to drop to almost zero. In the presence of TSA, 
hydrogen evolved uniformly in the form of very small bub- 
bles, which could be easily removed from the electrode. In 
these cases the limiting current did not show any irregular- 
ities. Changes of the form of bubbles in the presence of the 
TSA are presented in Fig. 3. 

Changes in capacities of the nickel electrode caused by 
TSA at potentials more positive than the reduction of 
the H+ ions 

To measure the effect of TSA on capacities of the nickel 
electrode we attempted to measure the ac impedance in the 
region of hydrogen evolution. Since the ac measurements 
lasted for 10 min, we did our measurements while record- 
ing the current-time curves at various potentials. The re- 
sults showed that the current slowly dropped with time for 
more than 5% of its original value, indicating a slow de- 
crease in the activity of this electrode. We were therefore 
unable to measure the ac impedance in these potentials re- 
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FIG. 4. The Nyquist plot for the Ni RDE in 0.4 M solution of 
Na2S0, at pH 3.4. 

++ 0.0 
0.0 2.0 4.0 6.0 8.0 

C (TSA) , ml$, 

FIG. 5. Dependence of the transfer coefficient a on C T ~ ~  for SDS 
at two pH values; 0,  3.1; 0, 3.4. 

gion, since a change in activity affected the ac impedance. 
The ac impedance was therefore measured in a region of 
potentials more positive than the wave of the H+ reduction, 
at zero current and E = -450 mV. 

The impedance of the nickel electrode showed frequency 
dispersion (Fig. 4) which is typical for a solid electrode (26). 
Appearance of the frequency dispersion is most probably the 
result of electrode inhomogenity (27). In such a case one may 
use (28) the equivalent circuit consisting of the solution re- 
sistivity (R,) and the constant phase element (CPE) in se- 
ries. The total impedance (2) could be described by the 
following equation: 

FIG. 6. Changes in the double layer capacity of the Ni RDE in 
the presence of various concentrations of TSA (pH = 3.4 and 
0.2 M Na2S0,): 0 ,  BRIJ 35; A ,  BRIJ 78; A ,  BRIJ 99; 0, CTAB; 
0, SDS. 

The capacity of the double layer was calculated from the 
equation given by (29) Brug et al.: , , , ( I -+ )  

The calculated capacities are given in Table 2. 

Discussion 
Changes in the formal rate constant of the hydrogen evo- 

lution reaction at nickel electrode, observed during the ad- 
ditions of increasing amounts of TSA, are presented in Table 
2. All these changes have similar character. In regions of 
small concentrations of TSA, the formal rate constants in- 
crease by a factor of 2 and later decrease almost by a factor 
of 3. Changes in pH has small effect on the kinetic param- 
eters and the adsorption of SDS on the nickel electrode. 

Changes in the transfer coefficient cl are presented in Fig. 
5 for SDS and Table 2 for the other TSA. Results presented 
in Fig. 5 indicate that in the presence of SDS, in the region 
of intermediate concentrations, one observes an increase in 
LY from 0.5 to 0.66, whereas the effect of all other TSA on 
this parameter is rather small (Table 2). Thus we may con- 
clude that the presence of SDS facilitates the evolution of 
hydrogen to a greater degree than other substances. 

Usually, the changes in the kinetics of electrode reac- 
tions in the presence of various organic compounds have been 
explained by different adsorption behaviours of these com- 
pounds. The changes in capacity of the nickel electrode 
caused by increasing amounts of TSA are presented in Fig. 
6. All capacity measurements have been conducted in a re- 
gion slightly more positive than the potential of zero charge 
for the nickel electrode (17) (E,,,(Ni) = -0.55 V). Results 
presented in Fig. 6 indicate that SDS has small effect on ca- 
pacity. Higher concentrations of CTAB lower the capacity 
of the nickel electrode by about 25%, whereas the maxi- 
mum lowering in C,,, equal to about 60%, was observed in 
the case of BRIJ35. 

Thus we expect that these two compounds to have maxi- 
mum effect on hydrogenation of organic substances, since 
they do not change much the kinetic of the hydrogen evo- 
lution, but they should facilitate adsorption of organic sub- 
stances at the vicinity of the electrode and improve their 
hydrogenation. 
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SDS should not show similar properties. However, since 
in its presence one  observes some increase in the transfer 
coefficient, it is possible that it could be used for  the evo- 
lution of hydrogen. 
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H.-K. SHIN, M. J. HAMPDEN-SMITH, E. N. DUESLEK, and T.  T.  KODAS. Can. J .  Chem. 70, 2954 (1992). 
The compounds (P-diketonate)Cu(PR3),,, where P-diketonate = 1.1,1,5.5,5-hexafluoroacetylacetonate, hfac; 1,1,1- 

trifluoroacetylacetonate, tfac; and acetylacetonate, acac; R = rz-butyl (12-Bu), phenyl (Ph), and cyclohexyl (Cy); n = 1 
and 2,  have been prepared. The monotriorganophosphine adducts were prepared in high yield by the reaction of the 
sodium salt of the corresponding P-diketonate with [ClCu(PR,)] with elimination of sodium chloride. The 
bis(triorganophosphine) adducts were prepared by the reaction of (P-diketonate)Cu(PR,) with one equivalent of trior- 
ganophosphine. These species were characterized by 'H,  "c, and "P NMR spectroscopy, lTIR spectroscopy, mass 
spectroscopy, and by combustion elemental analysis. Four examples were structurally characterized-by single crystal X-ray 
(iffraction in the s ~ l i d  state. (acac)<uPCy3 crystallizes in the triclinic crystal system, space group P1,'where a = 13.502(6) 
A, b = 13.691(6) A, c = 5.781(6) A, a = 71.05(3)", P = 67.50(3)", y = 64.81(3)", Z r  4, and R = 5.42P/o. (tfac)CuPCy, 
ystallizes in the monoclinic crystal system, space group P21/rz, where n = 9.639(3) A, b = 22.717(7) A, c = 12.045(5) 
A, p = 11 1.67(3)", Z = 4,0and R = 7.22%.0(hfa~)CuPCy3 cr~stallizes in the inonoclinic crystal system, space group 
P2,/c, where a = 9.870(2) A, b = 17.314(4) A, c = 15.586(3) A, P = 99.74(2)", Z = $, and R = 5,29%.jhfa~)Cu(PCy,)~ 
ystallizes in the monoclinic crystal system, space group P2,/rz, where a = 13.645(6) A, h = 19.252(13) A, c = 16.875(9) 
A, 6 = 102.02(4)", Z = 4, and R = 7.20%. The compounds (P-diketonate)Cu(PCy,) are all monomeric in the solid state 
and possess approximately trigonal-planar copper coordination environments, although (tfac)Cu(PCy,) is significantly 
distorted from trigonal geometry. The C u - 0  bond distances are significantly different in this species. The compound 
(hfac)Cu(PCy,), is monomeric in the solid state and possesses a distorted tetrahedral copper coordination environment. 
The distortion is believed to be dueo to the large steric demands of the PCy, ligands that result in long Cu-P bond dis- 
tances of02.251(3) and 2.277(3) A, a large P---Cu-P angle of 141.3(1)", long C u - 0  distances of 2.213(5) and 
2.251(5) A, and a small M u - 0  angle of 80.8(2)" compared to the corresponding values for (hfac)Cu(PCy,). No trends 
in C u - 0  bond distances between the compounds can be discerned, within the limits of error on the data, that would 
clearly enable a comparison of thermodynamic parameters such as bond length - bond strength relationships as a func- 
tion of the P-diketonate substituents. However, the spectroscopic data revealed a number of trends as a function of the 
P-diketonate substituents, including an increase of v(C---O and v(CS) in the order acac < tfac < hfac, analogous to 
the increase in their Lewis acidity. An increase in shielding of the , 'P resonance of the triorganophosphine ligands was 
observed in the order hfac < tfac < acac, consistent with expected inductive effects based on the electronegativity of 
the P-diketonate substituents. 

H.-K. SHIN, M. J. HAMPDEN-SMITH, E. N. DUESLER et T .  T.  K o n ~ s .  Can. J. Chem. 70, 2954 (1992). 
On a prepart les composes (P-dicCtonate)Cu(PR,),, dans lesquels P-dicetonate = 1,1,1,5,5,5-hexafluo- 

roacCtylacCtonate (hfac), 1,1 , 1-trifluoroacetylacetonate (tfac) et acCtylacCtonate (acac); R = 11-butyle (n-Bu), phenyle 
(Ph) et cyclohexyle (Cy); n = 1 et 2. On a prepare les adduits monotriorganophosphines avec d'excellents rendements 
par la reaction du sel de sodium du P-dicetonate correspondant avec le [ClCu(PR,)], avec elimination de chlorure de 
sodium. On a prepare les adduits bis(triorganophosphine) par la reaction des (P-dicCtonate)Cu(PR,) avec un equivalent 
de triorganophosphine. On a caracterise ces especes par RMN du 'H, du I3c et du 3 1 ~ ,  par spectroscopie infrarouge par 
transformee de Fourier, par spectroscopie de masse et par analyse Clkmentaire par combustion. On a caractenst5 les 
structures de quatre exemples par le biais de la diffracticn des rayons X par un cristal unique 2 1'Ctat solide. Les c~istaux 
du (acac)CuPCy, sont tricliniques, groupe d'espace P I ,  avec a = 13.502(6), b = 13,691(6) et c = 5,781(6) A, a = 
7 1,05(3), P = 67,50(3) et y = 64,81(3)", Z = 4 et R = 5,42%. Ceu: du (tfac)CuPCy, sont monocliniques, groupe d'es- 
pace P2, /n,  avec a = 9,639(3), b = 22,717(7) et c = 12,045(5) A, P = 1 1  1,67(3)", Z = 4 et R = 7,22%. Ceux du 
(hfac)CuPCy3 sont monocliniques, groupe d'espace P21/c,  avec a = 9,870(2), b = 17,3 14(4) et c = 15,586(3) A, P = 
99,74(2)", Z = 4 et K = 5,29%. Les cristaux dy (hfa~)Cu(PCy,)~ sont monocliniques, grou,pe d'espace P2,/rz, avec a = 
13,645(6), b = 19,252(13) et c = 16,875(9) A, P = 102,02(4)", Z = 4 et R = 7,20%. A l'ttat solide, tous les com- 
poses (P-dicCtonate)Cu(PCy,) sont monomCriques et leurs environnements de coordination du cuivre sont approxima- 
tivement plan trigonal m&me si la gdometrie trigonale du (tfac)Cu(PCy3) est trks dCformCe. Dans ces eseces,  les distances 
Cu-0  sont trks differentes. Le compose (hfac)Cu(PCy,) est monomCrique et l'environnement de coordination du cuivre 
est tetraedrique dCforme. On croit que la distorsion est causCe par les grandes demandes stkriques des ligands PCy3 qui 

' ~ u t h o r s  to whom correspondence may be addressed 
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allongent les distance CU-P (2,251(3) et 2,277(3) A), Clargissent I'angle P-u-P (141,3(1)"), allongent les dis- 
tances C u 4  (2,213(5) et 2,251(5) A) et amenuisent l'angle W u 4  (80.8(2)") par rapport aux valeurs correspon- 
dantes du (hfac)Cu(PCy,). Aux limites experimentales pres, on n'a pas observe de tendances dans les distance C u 4  
entre les divers composCs qui auraient pu permettre d'ktablir une comparaison avec des parametres thermodynamiques 
comme les relations longueur de liaison/force de liaison en fonction des substituants des P-dicktonates. Toutefois, les 
donnees spectroscopiques ont rCvClC un certain nombre de tendances en fonction des substituants des P-dicetonates, y 
compris une augmentation de v(C=O) et v(C=C) dans l'ordre acac < tfac < hfac, analogue a celui de la variation de 
leur acidit6 de Lewis. On a observe une augmentation dans le blindage de la resonance 3 1 ~  des ligands triorgano- 
phosphines dans l'ordre hfac < tfac < acac qui est en accord avec les effets inductifs attendus sur la base de 
1'6lectronegativitC des substituants des P-dicktonates. 

[Traduit par la redaction] 

Introduction 

It has been demonstrated that P-diketonate complexes of 
copper(1) and copper(I1) exhibit suitable physical properties 
to be precursors for the Chemical Vapor Deposition (CVD) 
of copper metal. Copper(I1) P-diketonate complexes have 
been studied extensively (1-5). However, while their vola- 
tility is high ( C ~ ( h f a c ) ~  exhibits an equilibrium vapor pres- 
sure of -250 mTorr (1 Torr = 133.3 Pa) at 60°C) (6), they 
do not thermally decompose below 340°C and, above 390°C, 
significant incorporation of carbon impurities into copper 
films is observed. The presence of hydrogen gas during de- 
position increases the purity of the deposit, but drastically 
alters the selectivity (4, 5). 

On the other hand, it has recently been shown that cop- 
per(1) P-diketonate complexes, (P-diketonate)CuL,,, where 
L = a Lewis base such as a triorganophosphine, an olefin, 
or an alkyne, undergo thermally induced disproportionation 
reaction (Eq. 111) (7-9) over a temperature range 80-400°C 
and, in some cases, deposit copper selectively (7-15). Se- 
lective copper deposition from (P-diketonate)CuL com- 
pounds onto the metals Pt, W, and Cu in the presence of SiO, 
and the minimum deposition temperature are strongly influ- 

enced by the nature of the P-diketonate substituents and Lewis 
base ligands, L. For example, (hfac)CuPMe, selectively 
deposits copper onto W and not SiO, in the temperature range 
150-300°C. Above 300°C, selectivity is lost and deposition 
is observed on SiO, as well. However, (tfac)Cu(PMe,) and 
(acac)Cu(PMe,) selectively deposit copper at 100-150°C and 
<80°C, respectively, on W in the presence of SiO, (7, 16). 
Above these temperatures selectivity is lost. In contrast, 
(hfac)Cu(l ,5-COD) and (hfac)Cu(2-butyne) deposit copper 
on both W and SiO, over the temperature range 120-200°C. 
Below 120°C, no deposition is observed (16, 17). Further- 
more, the compounds (hfac)Cu(PR,),, R = Me, Et, show 
substantially higher thermal stability than their monophos- 
phine counterparts and do not deposit copper below 350°C 
( 16). To gain a better understanding of those factors that af- 
fect the bonding of P-diketonate ligands to the copper(1) 
center and that play a crucial role in CVD, we have under- 
taken studies of the smcrural chemistry and reactivity of (P- 
diketonate)CuL,, complexes. 

Despite the enormous amount of work devoted to synthe- 
sis and characterization of copper(I1) P-diketonate com- 
plexes, there are relatively few reports devoted to the 
corresponding Cu(1) complexes. Reports of monotriorgan- 
ophosphine adducts, (P-diketonate)Cu(PR,) , are particu- 
larly rare. Copper(1) acetylacetonate was reported previously 
(1 8-20) and shown to undergo disproportionation to copper 
metal and copper(I1) bisacetylacetonate compounds in the 

absence of stabilizing ligands (19). A number of stable 
complexes of general formula (P-diketonate)CuL,, (L = 
isonitriles, ammonia, and phosphines; n = 2 or 2.5) were 
synthesized and characterized by Nast and Lepel (21). In 
early 1970, Carty and co-workers (22, 23) also prepared a 
number of copper(1) 6-diketonate complexes containing two 
triorganophosphine ligands bonded to each copper. Doyle et 
al. (24) reported preparation of (P-diketonate)Cu(CO) from 
CuzO and 6-diketones, and observed that only one CO is 
absorbed per copper atom. The yellow-green solution of 
(hfac)Cu(CO) is only stable if stored under a CO atmo- 
sphere; otherwise, it disporportionates to form copper metal 
and copper(I1) P-diketonate according to Scheme 1. These 
P-diketonate copper(1) carbonyl complexes react with trior- 
ganophosphines, amines, and isonitriles to produce the cor- 
responding bis(Lewis base) species, (P-diketonate)CuL,. 

It was also shown previously that the addition of trior- 
ganophosphine ligands to the copper(1) coordination sphere 
can displace a uninegative oxygen donor ion. For example, 
the copper(1) nitrate complexes (NO,)Cuh_, (N03)CuL3, and 
(NO,)CuL, exhibit bidentate, monodentate, and ionic ni- 
trate ligand binding modes, respectively (22, 25). Further- 
more, we recently demonstrated that addition of an excess 
of PMe, to the mononuclear, distorted trigonal-planar 
complex (P-diketonate)Cu(PMe,) results in displacement 
of the P-diketonate ligand from the copper coordination 
sphere to form [P-diketonatel-[Cu(PMe3),lf (26). In this 
work we report the syntheses and characterization of a 
number of (P-diketonate)Cu(PR,), species, where R = Bu, 
Ph, and Cy; n = 1 and 2. Included is a solid state structural 
study of (P-diketonate)Cu(PCy,), where P-diketonate = 

1,1,1,5,5,5-hexafluoroacetylacetonate (hfac), 1 1 1 -  
fluoroacetylacetonate (tfac), and acetylacetonate (acac); 
Cy = cyclohexyl and (hfac)Cu(PCy,),, to probe the changes 
in P-diketonate coordination as a function of the P-diketonate 
ligand and the degree of substitution with a sterically de- 
manding phosphine ligand. 

Experimental section 

Gerzeral procedrtres 
All manipulations were carried out under an atmosphere of dry 

(molecular sieves) dinitrogen using standard Schlenk techniques. 
All hydrocarbon and ethereal solvents were dried and distilled from 
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sodium benzophenone ketyl and stored over 4 A molecular sieves. 
Copper(1) chloride, sodium hydride, and tertiary phosphines were 
purchased from Aldrich Chemical Co. and used without further 
purification. Copper(1) chloride was obtained from Fischer Sci- 
entific Company and recrystallized by the literature method (27) 
prior to use. The P-diketone starting materials were purchased from 
Aldri~h~Chemical Co. and were distilled under nitrogen and stored 
over 4 A molecular sieves before use. Sodium salts of P-diketones 
were prepared by the reaction of the free acid with sodium hy- 
dride, as previously described (28). The compounds [C1Cu(PR3)] 
were prepared by methods previously described in the literature 
(28). Elemental analyses were performed by Ms. R. Ju at the De- 
partment of Chemistry, University of New Mexico. NMR data were 
recorded on a Bmker AC-250P NMR spectrometer by using the 
protio impurities of the deuterated solvents as references for the 'H 
NMR, and the ',c resonance of the solvents as the reference for I3c 
NMR spectroscopy. Tem eratures were calibrated with either eth- 9 ylene glycol or methanol. 'P NMR data were recorded on the same 
instrument using phosphoric acid as reference. ,'P NMR chemical 
shifts are quoted using the high frequency = positive sign conven- 
tion. Infrared data were recorded on a Perkin-Elmer model 1620 
FTIR spectrophotometer. Mass spectra were recorded on a Finnegan 
GC mass spectrometer. The melting points were determined using 
a digital melting point apparatus purchased from Electrothermal 
England Ltd. 

Syntheses 
Similar synthetic procedures were employed to prepare the two 

classes of compounds described here, (P-diketonate)Cu(PR,),, 
n = 1 and 2. A typical example of an experimental procedure is 
given for each, followed by the spectroscopic data. 

(acac)CuPBu3 
The liquid ClCuPBu, (4.26 g, 14.14 mmol) and 2.30 g 

(18.84 mmol) of Na+(acac-) were placed in a 250 mL Schlenk 
flask, and 100 mL of dry pentane was added under dry nitrogen. 
The white solution immediately turned pale yellow. After stining 
at room temperature for 2 h, the solution was filtered, the white 
precipitant was washed with two 10-mL portions of pentane, and 
the filtrates were combined. The volatile components were re- 
moved in vacuo to give 4.83 g (94% yield) of very pale yellow 
liquid, which was characterized as Cu(acac)(PBu,). 

(hfac)Cu(pC~3), 
PCy, (0087 g, 0.31 mmol) and 0.155 g (0.31 mmol) of 

(tfac)Cu(PCy3) were placed in a 100 mL Schlenk flask, and 
10 mL of dry pentane was added under dry nitrogen. The light 
yellow solution was stirred at room temperature for 2 h. The vol- 
atile components were removed in vacuo to give 0.221 g (91.7% 
yield) of greenish yellow powder, which was characterized as 
Cu(hfac)(PCy,),. Chartreuse crystalline (hfac)C~(PCy,)~ was pre- 
pared by cooling a pentane solution in the freezer (-30°C), over- 
night. . ,. 

Spectroscopic and analytical data 
Representative s ectroscopic data are provided here for (hfac) 

compounds. 'H, '&{'H), and "P{'H) NMR data, IR and mass 
spectral data for the other compounds are available as supplemen- 
tary materials (see footnote 2). 

(hfac)CuPnBu3 
Orange liquid. Yield: 90%. IR data (KBr disc, cm-I): 2962(s), 

2934(s), 2875(m), 1642(s), 1590(w), 1549(m), 1522(m), 1483(s), 
1467(m), 1415(w), 1381(w), 1342(w), 1256(s), 1198(s), 1147(s), 
1096(m), 105 1 (w), 1007(w), 969(w), 946(w), 9 10(w), 794(m), 
765(w), 741(w), 727(w), 668(s), 583(m), 527(w). 'H NMR 6: 6.30 
(s, 1 H, CH), 1.10 (m, 18H, P(c3H6CH3),), 0.78 (t, 7 HZ, 9H, 
P(C3H6CH3)3); 1 3 ~ { 1 ~ )  NMR 6: 177.4 (9, 34 Hz, CO), 1 18.6 (q, 
J(C-F) = 286 Hz, CF,), 89.5 (s, CH), 27.5 (d, J(C-P) = 3 Hz, 
PBu,), 24.8 (d, J(C-P) = 26 Hz, PBu,), 24.4 (d, J(C-P) = 
14 Hz, PBu,), 13.7 (s, PBu,); 3 ' ~ { ' ~ )  NMR 6: -8.57 (s, br). Mass 
spectral data (70 eV, m/e): 472, 7%, [ ( h f a c ) ~ u ~ ~ u , ] + ' ;  467, 5%, 

[CU(PBU,)~I +'; 403, < 1 %, [(02C2CHCF3)CuPBu3]+'; 265, loo%, 
[CuPBu3]+'; 209, 7%, [CuP(H)Bu,]+'; 202, 44%, [PBu31f'; 201, 
2%, [CU(O~C~CHCF~)]+'  or [(O~C~CH)~CUI+';  1 87, 3 %, [PBur 
(C,Hs)]+'; 173, 14%, [PBu~(C~H~)]+' ;  160, 28%, [PBu2(CH3)]+'; 
151. 5%, [CuPBuIf'; 146, 53%, [P(H)Bu,]"; 131, 5%, [P(H)Bu 
(C,H,)]+'; 1 18, 19%, [P(H)Bu(C,H,)]+'; 109, 12%, [CF,COCH]+'; 
104, 12%, [P(H)Bu(CH,)]+'; 103, 7%, [(OCCH)Cu] +'; 89.7%, 
[P(H)Bu]+'; 69, 1%, [CF,]"'; 63.3%, [Cu]+'; 57, 1%, [C4H9]+'. 
Anal. calcd. for C17H2802F6PC~ (mol. wt. 472.93): C 43.18, H 
5.97; found: C 43.55, H 6.19. 

(tfac)CuPnBu3 
Chartreuse liquid. Yield: 98%. Anal. calcd. for C17H31F302PC~ 

(mol. wt. 418.96): C 48.74, H 7.46; found: C 49.14, H 7.55. 

(acac)CuPnBu3 
Light-yellow liquid. Yield: 94%. Anal. calcd. for C17H3402PC~ 

(mol. wt. 364.99): C 55.94, H 9.39; found: C 56.24, H 9.3 1. 

(hfac)CuPPh3 
Color: orange. Yield: 93%; mp 145°C. IR data (KBr disc, cm-I): 

3057(w), 3020(w), 2987(w), 1646(s), 1585(w), 1576(w), 1548(s), 
1519(s), 1488(s), 1457(w), 1436(s), 1419(w), 1387(w), 1337(m), 
1310(m), 1257(s), 121 1(s), 1150(s), 1102(s), 1097(s), 1090(s), 
1073(w), 1028(m), 998(m), 980(w), 973(w), 944(w), 927(w), 
852(w), 846(w), 807(w), 792(s), 753(s), 738(s), 708(s), 696(s), 
670(s), 618(w), 586(m), 537(s), 509(s), 493(s), 443(w), 436(w), 
420(w). 'H NMR 6: 7.32 (m, 6H, PPh,(o)), 6.90 (m, 9H, 
PPh3(rn/p)), 6.31 (s, lH, CH); I3C{'H) NMR 6: 177.6 (q, 33 Hz, 
CO), 134.0 (d, 13 Hz, PPh,(b)), 131.5 (d, 43 Hz, PPh,(a)), 130.7 
(s, PPh3(d)), 129.1 (s, br, PPh,(c)'), 1 18.6 (q, J(C-F) = 288 Hz, 
CF,), 89.8 (s, CH); 3 1 ~ { ' ~ )  NMR 6: 9.22 (s, br). Mass spectral 
data (70 eV, m/e): 595, <I%, [ (hfac)~u~P~h,]+ ' ;  587, <I%,  
[Cu(PPh3)2]+'; 532, 1 %, [(hfac)CuPPh,]+'; 445, < 1 %, [(OC- 
CHCF,)CuPPh,]+'; 325, 4%, [CuPPh,]"; 262, 100%, [PPh,]"; 20 1, 
496, [Cu(02C2CHCF3)]+' or [(02C2CH)2C~]+'; 183,48% [PP~~I" ;  
108, 19%, [PPh]"; 69, <I%, [cF,]"; 63, 3%, [cu]+'. Anal. calcd. 
for C23H1602F6PC~ (mol. Wt. 533.59): C 51.77, H 3.02; found: 
C 52.13, H 2.97. 

(tfac)CuPPh3 
Color: chartreuse. Yield: 92%; mp 131°C. Anal. calcd. for 

C23H19F302PC~ (rnol. wt. 479.62): C 57.60, H 3.99; found: 
C57.62, H4.11. 

(acac)CuPPh3 
Color: white. Yield: 94%; mp 109 (dec.). Anal. calcd. for 

CZ3HZzO2PCu (mol. wt. 425.65): C 64.90, H 5.21; found: 
C 64.80, H 5.12. 

(hfac)CuPCy3 
Color: orange. Yield: 75%; mp 11 1°C. IR data (KBr disc cm-I): 

2925(s), 2853(S), 1675(m), 1640(s), 1580(w), 1545(s), 1535(w), 
1517(s), 1492(s), 1461(w), 1457(w), 1446(s), 1343(w), 1325(w), 
1302(w), 1294(w), 1256(s), 1204(s), 1177(w), 1142(s), 1101(m), 
1050(w), 1044(w), 1003(w), 946(w), 917(w), 890(w), 853(m), 
845(w), 820(w), 806(w), 790(s), 760(m), 756(w), 741(w), 736(w), 
707(w), 668(s), 583(m), 525(m), 5 17(w), 473(w), 460(w), 432(w), 
419(w), 410(w), 404(w). 'H NMR 6: 6.32 (s, lH, CH), 1.8-0.9 
(m, 33H, PCy,); I3c{'H) NMR 6: 177.3 (q, 33 Hz, CO), 119 (q, 
J(C-F) = 286 Hz, CF,), 89.6 (s, CH), 31.8 (d, J(C-P) = 21 Hz, 
PCy,), 30.9 (d, J(C-P) = 3.0 HZ, PCy,), 27.0 (d, J(C-P) = 
10.4 Hz, PCy,), 26.1 (s, PCy,); 3 'P{'~) NMR 6: 30.34 (s, br). Mass 
spectral data (70 eV, m/e): 624, <I%, [C~(Pcy,)~l+' ;  550, 7%, 
[(hfac)CuPCy,l+'; 481, <I%, [(O2C2CHCF,)CuPCy3]+'; 343, 9%, 
[CuPCy,]+'; 280, 23%, [PCy,]+'; 261, 8%, [CU(PC~~H)]+'; 198, 
100%, [PCy2H]+'; 177, 7%, [cuPCy]+'; 117, 37%, [PCyH2]+'; 97, 
2%, [CF,CO]+'; 83, 9%, [Cy]+'; 81, lo%, [C,H,]+'; 55, 16%, 
[C4H7]+'. Anal. calcd. for C23H3402F6PC~ (rnol. wt. 55 1.04): C 
50.14, H 6.22; found: C 50.38, H 6.28. 
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SHIN ET AL. 2957 

(rfac)CuPCy3 
Color: chartreuse. Yield: 75%; mp 104°C. Anal. calcd. for 

C23H3702F3PC~ (rnol. wt. 497.07): C 55.58, H 7.50; found: 
C 55.91, H 7.94. 

(acac)CuPCy, 
Color: white. Yield: 82%; mp 92°C. Anal. calcd. for C2,H4,, 

02PCu (rnol. wt. 443.10): C 62.35, H 9.10; found: C 62.49, 
H 9.34. 

(hfac)Cu(PnBu3), 
Orange liquid. Yield: 89%. 'H NMR 6: 6.02 (s, IH, CH), 1.31 

(m, 36H, P(Cfl6CH3),), 0.89 (t, 7.0 Hz, 18H, P(C3H6CH3),); 
I 3 c { ' ~ )  NMR 6: 175.9 (q, J(C-F) = 31 Hz, CO), 119 (q, 
J(C-F) = 289 Hz, CF,), 86.3 (s, CH), 27.5 (d, J(C-P) = 
3.0 Hz, PBu,), 25.5 (d, J(C-P) = 14.5 Hz, PBu3), 25.0 (d, J(C- 
P) = 12.2 Hz, PBu,), 13.9 (s, CH,, PBu,); 3 1 ~ { 1 ~ )  NMR 6: -19.5 
(s, br). Anal. calcd. for C2yH55F602P2C~ (mol. wt. 674.78): C 
51.61, H 8.15; found: C 51.47, H 8.40. 

( ~ j a c ) C u ( P " B u ~ ) ~  
Chartreuse liquid. Yield: 93%. Anal. calcd. for C29H58F302PZC~ 

(rnol. wt. 620.78): C 56.1 1, H 9.34; found: C 56.05, H 9.27. 

(acac)Cu(PnBu3), 
Light-yellow liquid. Yield: 96%. Anal. calcd. for C2yH6102P2C~ 

(rnol. wt. 566.78): C 61.45, H 10.76; found: C 61.64, H 1 1.26. 

(hfac)Cu(PPh3), 
Orange solid. Yield: 93%. 'H NMR 6: 7.47 (m, 12H, PPh,), 6.95 

(m, 18H, PPh,), 6.04 (s, lH, CH); I 3 c { ' ~ )  NMR 6: J76.8 (q, J(C- 
F) = 32.5 Hz, CO), 134.0 (s, br, PPh,), 133.1 (s, br, PPh,), 129.9 
(s, PPh,), 128.8 (s, br, PPh,), 1 18.7 (q, J(C-F) = 288.3 Hz, CF,), 
87.4 (s, CH); 3'P{'H) NMR 6: -2.22 (s, br). Anal. calcd. for 
C41H31F602P2C~ (mol. wt. 794.90): C 61.95, H 3.90; found: 
C 62.13, H 4.06. 

(rfac)Cu(PPh3)2 
Chartreuse solid. Yield: 96%. Anal. calcd. for C41H34F30,P2Cu 

(rnol. wt. 740.90): C 66.46, H 4.59; found: C 66.42, H 4.36. 

(acac)Cu(PPh3), 
Light-yellow solid. Yield: 86%. Anal. calcd. for C4,H3,02P2Cu 

(rnol. wt. 686.90): C 71.68, H 5.39; found: C 7 1.62, H 5.46. 

(hfac)Cu(PCy3)2 
Color: orange. Yield: 97%; mp 148°C. IR data: 293 1 (s), 285 1 (s), 

1653(s), 1646(m), 1517(s), 1515(m), 1507(w), 1448(m), 1251(s), 
1 188(s), 1 138(s), 1084(w), 1005(w), 942(w), 915(w), 889(w), 
852(w), 8 18(w), 799(w), 784(w), 753(w), 668(m), 662(s), 577(w), 
525(w), 517(w), 418(w), 403(w). 'H NMR 6: 6.25 (s, lH,  CH), 
2.0-1.1 (m, 66H, PCy,); ' 3 ~ { ' ~ )  NMR 6: 175.5 (q, J(C-F) = 
32 Hz, CO), 119 (q, J(C-P) = 289 Hz, CF,), 86.9 (s, CH), 32.8 
(s, br, PCy,), 30.4 (s, br, PCy,), 28.0 (s, br, PCy,), 26.6 (s, PCy,); 
3 1 ~ { ' ~ }  NMR 6: 9.45 (s, br). Mass spectral data (70 eV, m/e) :  624, 
< 1%, [CU(PC~,),]+'; 550, 2%, [(hfac)CuPCy3]+'; 481, <I%,  
[(02C,CHCF3)CuPCy3]+'; 343, 6%, [CuPCy3]+'; 280, 3 1 %, 
[PCy,]+'; 261, 4%, [Cu(PCy,H)]+'; 198, loo%, [PCy2H]+'; 177, 
4%, [CuPCy]+'; 117, 70%, [PCyH2]+'; 97, 1%, [CF,CO]+'; 83, 
14%, [Cy]+'; 81, 6%, [C6H9]+'; 55, 23%, [C4H7]+.. Anal. calcd. 
for C41H6702F6P2C~ (mol. Wt. 831.48): C 59.23, H 8.12; found: 
C 58.98, H 8.42. 

( r f a c ) C u f P C ~ ~ ) ~  
Color: chartreuse. Yield: 92%; mp 137°C. Anal. calcd. for 

C41H7002F3P2Cu (mol. wt. 777.51): C 63.34, H 9.08; found: 
C 63.40, H 9.38. 

(acac)Cu(PCy,), 
Color: white. Yield: 88%; mp 129°C. Anal. calcd. for C4,H7, 

02P2Cu (rnol. wt. 723.54): C 68.06, H 10.17; found: C 67.98, 
H 10.76. 

X-ray crystallographic studies 
Single crystal X-ray difffraction studies of (acac)Cu(PCy,), 

(tfac)Cu(PCy,), (hfac)Cu(PCy,), and (hfac)Cu(PCy,), were car- 

ried out for comparative purposes. A summary of the crystal data 
and experimental details for the X-ray diffraction studies of these 
compounds is presented in Table 1. A general description of the 
experimental procedure is presented here, with more details avail- 
able as supplementary material.' 

Crystals of each compound were grown from n-pentane solu- 
tion at -30°C. Suitable crystals were selected and sealed in glass 
capillaries at room temperature in a glove box under nitrogen at- 
mosphere. X-ray data were collected on a Nicolet R3m/V diffrac- 
tometer and the structures solved by direct methods using Shelxtl 
Plus and refined by the full-matrix least-squares method. 

(acac)Cu(PCy3) 
Refinement of the non-hydrogen atoms showed that the cyclo- 

hexane ring corresponding to C(18)-C(23) had large anisotropic 
U's. This is indicative of some positional disorder. Attempts to 
refine the ring as two disordered cyclohexanes with isotropic U's 
on the disordered ring positions yielded higher R-factors than by 
simply refining all these ring positions anisotropically. In the final 
model, all non-hydrogen atoms were treated anisotropically, and 
all hydrogen atoms were included in idealized positions (riding 
model) with their isotropic U's set to 1.25 times the U(equiv) of 
their parent atoms. 

(rfac)Cu(PCy3) 
Refinement of the non-hydrogen atoms showed that the F's had 

very large aniso&opic U's. Close inspection of a difference Fourier 
map showed two sets of F's corresponding to two CF3 positions 
rotated slightly from one another. All the F's share one isotropic 
U, which was not varied at first to determine the relative occupan- 
cies of the two sets of F's. The occupancies refined to 0.6767 and 
0.3233 for the sets F(1)-F(3) and F(1')-F(3'), respectively. Fix- 
ing the occupancies on the disordered F's, the final refinement 
model used anisotropic U's on all non-hydrogen atoms except the 
disordered F's, which were refined isotropically with a common 
U. All hydrogens were included in idealized positions (riding model) 
with isotropic U's set to 1.25 times U(equiv) of their parent atoms. 

(hfac)Cu(PCy3) 
Refinement of the model went smoothly without any problems. 

The final model: anisotropic refinement on all non-hydrogen at- 
oms, all hydrogen atoms included in idealized positions (riding 
model) with isotropic U's set to 1.25 times U(equiv) of their par- 
ent atoms. 

(hfac)Cu(pCy3), 
Refinement of the non-hydrogen atoms showed large aniso- 

tropic U's for F(2), F(3), F(4), F(5), F(6), and particularly C(17). 
Study of difference Fourier maps showed that C(17) could be dis- 
ordered over two sites, while no other sites for the F's could be 
picked out except for their original positions. Fixing a common 
isotropic U for C(17) and its other site C(17'), varying the relative 
occupancies, gave the resulting site occupancies for C(17) and 
C(17') as 0.675 and 0.325. The final model refined all non-hydro- 
gen atoms anisotropically except for C(17) and C(17'), which had 
fixed occupancies and a common, but variable isotropic U, and 
included all hydrogen atoms (allowing for disorder on C(17) and 
C(17')) in idealized positions (riding model) with isotropic U'S set 
to 1.25 times U(equiv) of parent atom, except for those on C( 17) 
and C(17'), which were set to 1.25 times the common isotropic U 
of C(17) and C(17'). 

 he supplementary material referred to in the text may be pur- 
chased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K 1 A 0S2. 

Tables of crystal data, bond lengths and angles, hydrogen-atom 
coordinates, and crystal packing diagrams for each of the four 
compounds have also been deposited with the Cambridge Crystal- 
lographic Data Centre and can be obtained on request from The 
Director, Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, 12 Union Road, Cambridge, CB2 lEZ, U.K. 
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TABLE 1. Summary of crystal data and experimental details for X-ray diffraction studies" 

M 
Crystal size/mm 
Tl0C 
Unit cell 

dimensions 
0 ('$1 
b ('$1 
c (A) 

(deg) 
P (deg) 
x 
V (A') 
D, (g cm-') 
F(000) 
z 
Space group 
Crystal system 
Reflections collected 
Reflections used 

( F  > 3.O(F)) 
28 Range (deg) 
P (mm-'1 
R 
R '  

13.502(6) 
13.691(6) 
15.781(6) 
7 1.05(3) 
67.50(3) 
64.81(3) 
2392.7(15) 
1.230 
952 
4 
P 1 
Triclinic 
7876 
4928 

2451.03(14) 
1.347 
1048 
4 
P2 ,  /,I 
Monoclinic 
4736 
2944 

2629.18(93) 
1.392 
1 144 
4 
P 2 , l c  
Monoclinic 
4630 
2513 

4335.9(41) 
1.274 
1768 
4 
P 2 , l n  
Monoclinic 
6970 
4222 

"Details in common: radiation, Mo-K, (A = 0.71069A); weighting scheme, t v - '  = U ' ( F )  + g  F' (see supplementary materials for value of g ) .  

Final difference Fourier maps were essentially featureless at the or ionic salts when small phosphines such as PMe, and 
end of final refinements for all structures. Atomic coordinates are PMe,Ph are used, as described by eq, [4] (30). 
presented in Tables 2-5, and bond lengths and angles are pre- 
sented in Tables 6-9. Full details of the structural data are avail- E [Cu(L),I [CUR,] 
able as supplementary materials (footnote 2). L = PMe3, PMe2Ph 

[4] Cu2(02CMe), + 2MgR2 + excess L 
Results and discussion CURL, 

Synthesis L = PMePh2 
The complexes (P-diketonate)Cu(PR,), where P-diketonate 

= hfac, tfac, and acac, R = Bu, Ph, and Cy , were prepared The reaction of ClCuPPh, with the thallium(1) P-diketonate 

by the reactions of [Cu(Cl)(PR,)] with the corresponding (1 : 1 molar ratio) led surprisingly to the formation of bis- 

sodium P-diketonate salt according to eq, [2]. This method phosphine (31) as in Eq. L5] 3 and not to 

avoided the ~roblems of formation of the bidtriorgano- the expected monophosphine 
. - 

phosphine) complexes described in the Introduction. The [5] T]'P-diketonate- + c ~ c ~ p p h ,  
complexes (P-diketonate)Cu(PR,), were prepared from n- 
pentane or diethyl ether solutions of (P-diketonate)CuPR, by - O.5(P-diketonate)Cu(PPh& + TIC1 + ? 

reaction with PR,, in 1 : 1 molar ratio as shown in eq. [3]. 
These reactions resulted in the formation of the desired 
product in high yield. 

In addition to the methods descr~bed in the Introduction, 
several other methods of preparing triorganophosphine ad- 
ducts copper(1) compounds have been described in the lit- 
erature. However, these methods do not result in formation 
of mono(triorganophosphine) species. The reduction of P- 
djkcionate copper(I1) complexes with the tertiary phosphine 
(22, 23. 29) results in formation of bls(triorganophosphine) 
adducts, an3 the reduction of copper(II) acetate with Grignard 
reagents in the presence of a triorganophosphine results in 
the form'ttion of either tris(triorganophosphine) complexes 

Recently, Doyle et al. (24) prepared a number of P- 
diketonate copper(1) olefin and carbonyl complexes, but re- 
ported that displacement of the carbonyl ligand, with L = 
triorganophosphines, amines, or isonitriles, gave deriva- 
tives of the type (P-diketonate)CuL,. The reaction of 
eq. [2] seems to be a convenient, high-yield, general route 
to a variety of (P-diketonate)Cu(PR,) complexes. 

The reaction of eq. [3] resulted in formation of the 
bis(triorganophosphine) products, generally in high yields. 
However, where PR, = PMe,, the addition of an excess of 
phosphine ligand resulted in displacement of the P-diketonate 
ligand from the copper(1) coordination sphere to form the salt 
[(P-diketonate)]-[Cu(PMe,),li (26), analogous to the ob- 
servations of Dempsey and Girolami (30). Unexpectedly, the 
very sterically hindered species (P-diketonate)Cu(PCy3), 
(PCy,, cone angle = 170°C) was prepared and isolated by 
reaction of eq. [3], and one example, (hfac)Cu(PCy,),, was 
structurally characterized by single crystal X-ray diffrac- 
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SHIN ET AL 

TABLE 2. Atomic coordinates (X 10') and equivalent isotropic displacement coef- 
ficients (A' X 10') for (hfac)Cu(PCy,) 

Atom s .Y z U(eq)" 

"Equivalent isotropic U defined as one third of the trace of the orthogonalized U,, tensor 

tion. This molecule is of interest because the bulky 
tricyclohexylphosphine groups are likely to exert a large steric 
effect on the copper(1) coordination environment. 

'The addition of other Lewis base ligands such as pyri- 
dine, NEt,, THF, and H1O to electronically unsaturated 
complexes (P-diketonate)CuPR, in greater than tenfold ex- 
cess did not lead to any reaction. This observation is not 
surprising, since these ligands, although less sterically de- 
manding than PCy,, are weaker (hard) lewis bases with re- 
spect to the "soft" copper(1) cation. However, the result of 
a proton NMR study in which pyridine-d, was reacted with 
(hfac)CuPMe, revealed that addition of one drop of pyridine- 
d, to a benzene-d, solution of (hfac)CuPMe, caused the 'H 
resonance of the coordinated PMe, to be deshielded by 
0.4 1 ppm, and dissolution of (hfac)CuPMe, in pyridine-dj 
resulted in further deshielding of 0.72 ppm. We previously 
observed that the coordination of the Lewis bases to the 
copper(1) center is dominated by the a-donor ability, not the 
.rr-acceptor ability, as evidenced by the small change in car- 
bon-carbon bond lengths of olefin and alkyne ligands on 
coordination to the (P-diketonate)Cu(I) moiety (8, 32). 

Depending on the particular phosphine and P-diketonate 
groups, the complexes have varying stability with respect to 
air oxidation, but all are moisture insensitive. In general the 
complexes derived from hfacH are more stable with respect 

to aerial oxidation and therrnolysis than those prepared from 
tfacH and acacH. For example (acac)CuP(n-Bu), thermally 
decomposed during attempted sublimation. The compounds 
(hfac)Cu(PR,),,, (tfac)Cu(PR,),,, and (acac)Cu(PR,),,, in 
general, are orange-yellow, chartreuse, and light-yellow 
solids or liquids, respectively. The complexes (P- 
diketonate)Cu(PBu,),,, where tz = 1 and 2, are viscous liq- 
uids at room temperature, whereas the other derivatives are 
solids with melting points that vary from 92°C to 148°C as 
described in the experimental section. In general (P-dike- 
tonate)Cu(PR,), compounds are more thermally stable than 
their (P-diketonate)Cu(PR,) analogues. 
C1~~zr.ac.ter.izatio~z and trends 

The compounds (P-diketonate)CuL that were character- 
ized previously were shown to be monomeric in the solid state 
and in solution (8, 28, 32, 33), and thus the (P- 
diketonate)Cu(PR,) complexes described here were ex- 
pected to exhibit a similar trigonal-planar arrangement of 
ligands about the central copper(1) atom. The species 
(P-diketonate)Cu(PR& were expected to be monomeric, 
four-coordinate, and tetrahedral by comparison to the liter- 
ature data for analogous complexes, assuming that the P- 
diketonate ligand remains chelating (22, 25). P-Diketonate 
ligands can exhibit a great variety of coordination modes in 
metal-organic complexes. The solution phase 'H, ',c, and 
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TABLE 3. Atomic coordinates ( x  lo4) and equivalent isotropic displacement coef- 
ficients (A' x lo3) for (tfac)Cu(PCy,) 

Atom x Y z U(eq)" 

"Equivalent isotropic U defined as one third of the trace of the orthogonalized U,, tensor. 

31 P NMR and solid state IR spectral data were consistent with 
chelation through both oxygen atoms in these phases. 
Table 10 lists the IR spectroscopic data of some (P- 
diketonate)Cu(PR,), species in the double bond stretching 
region (1500-1700 cm-I)., The P-diketones themselves exist 
in keto-en01 tautomerism where electron-withdrawing sub- 
stituents, such as CF, and C6H5, displace the equilibrium in 
favor of the en01 tautomer, while electron-donating substi- 
tuents (CH,) favor the keto form (35). The observed in- 
crease in v(C=C) fgqhency in the order acac < tfac < hfac 
is consistent with the increasing Lewis acidity of P-diketones 
(36, 37). It is also noteworthy that when CH, groups in P- 
dikeotnate complexes are replaced by CF, groups, the car- 
bony1 stretching frequency increases (i.e., acac < tfac < 
hfac). These observations have previously been interpreted 
in terms of weakening of the C u - 0  bond on complexation 
as the frequency of the perturbed carbonyl band was raised 
in the case of Cu(I1) P-diketonate complexes (38-40). 
Comparison of the v(C-0 and v ( C 4 )  bands in (P- 
diket~nate)Cu(PR,),~, n = 1 and 2, compounds show that 
v(C-0) is higher and v ( C 4 )  is lower for n = 2 than for 
n = 1. These changes are consistent with a greater contri- 

 here has been some discussion about these band assignments 
in the literature. For a normal coordinate analysis, see ref. 34. 

bution of the keto form to (P-diketonate)Cu(PR,), com- 
pounds. 

In the 'H and I3c NMR data of (P-diketonate)Cu(PR,),, 
the downfield chemical shifts of the central methine protons 
and carbons of the P-diketonate ring, the upfield shifts of the 
phosphine protons, and the increasing ' J ~ - ,  in the order hfac 
> tfac > acac may be ascribed to the rehybridization of 
phosphorus (more electron-withdrawing substituents on the 
P-diketonate may cause the Cu(P-diketonate) moiety to be 
more electron withdrawing), as expected on the basis of 
Bent's rules (41). The 3 1 ~  NMR chemical shifts of phos- 
phine ligands in the title species are generally quite broad and 
follow the order of shielding hfac < tfac < acac-. This trend 
could reasonably be interpreted in terms of inductive effects 
(more electron-withdrawing substituents on the P-diketonate 
ligand result in more deshielding of the ,'P resonance) due 
to the highly electronegative CF, group. The observation of 
broadened singlet ,'P NMR resonances may be the result of 
quadrupolar broadening (42, 43) due to the presence of 6 3 ~ ~  

or 6 5 ~ ~  (44) or the possibility of an exchange process (45) 
involving either the triorganophosphine or P-diketonate li- 
gands. Solutions containing excess triorganophosphines also 
exhibit a broad single resonance at the weighted-average 
resonance of the complexed and free phosphine at room 
temperature. These results are indicative of reversible 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

88
.2

55
.2

02
.1

94
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SHIN ET AL 

TABLE 4. Atomic coordinates (T 10') and equivalent isotropic displacement coef- 
ficients (A- x 10') for (acac)Cu(PCy,) 

Atom x Y -I We@ 

triorganophosphine dissociation that is rapid on the NMR [(P-diket~nate)Cu,(PR,)~]+ were .observed with low inten- 
time scale at room temperature. sities. Molecular ions were observed for @-diketonate)- 

The mass spectral data of the title compounds were stud- Cu(PR,) compounds in every case, and the highest intensity 
ied to investigate the oligomerization in the vapor phase since ion was attributed to either [CU(PR,)]+ or [PR,]+. The mass 
these species have potential to exist as oligomers bridged spectra were generally dominated by fragmentation of the PR, 
through the P-diketonate oxygen as a result of steric crowd- ligands. However, molecular ions were not observed for (P- 
ing (46). AS we observed previously, ions corresponding to diketonate)Cu(PR,), compounds, and their fragmentation was 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

88
.2

55
.2

02
.1

94
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 70, 1991 

TABLE 5 .  A t o m ~ c  coordinates (X 10'') and equivalent isotropic displacement coef- 
ficients (A' x lo') fo r  (hfac)Cu(PCy,), 

Atom x 1 i We@" 

"Equivalent isotropic U defined as one third of the trace of the orthogonalized U,, tensor. 
"C(17) and C(17') represent disordered positions of C(17) with occupancies of 0.675 and 

0.325, respectively. The positions of H(12a), H(16a), H(16b) are the idealized hydrogen atom 
positions for C(17) and its corresponding hydrogens H(17a) and H(17b). The positions of 
H(12b), H(16c), and H(16d) are the idealized hydrogen atom positions for C(17') and its 
corresponding hydrogens H(17c) and H(17d). 

similar to that of their monophosphine analogues. Variation and decreasing the sample heating rate, did not result in the 
in the mass spectral parameters, such as reducing the ioni- observation of the expected monomeric parent ion, (P-di- 
zation potential (70 to 30 eV), increasing the sample size, ketonate)Cu(PCy,),+. These observations probably result 
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TABLE 6a. Selected bond lengths (A) for (hfac)Cu(PCy,) 

C u 4 (  1) 1.987(4) C u 4 ( 2 )  2.026(4) 
CU-P 2.152(2) O ( l H ( 1 )  1.255(7) 
0 ( 2 H ( 3 )  1.239(7) c (  1 )--c(2) 1.376(10) 
c( l H ( 4 )  1.504(11) C(2)--C(3) 1.397(10) 
C ( 3 H ( 5 )  1.517(12) P x ( 6 )  1.845(6) 
P<(12) 1 .844(6) P X ( 1 8 )  1 .846(6) 

TABLE 60. Selected bond angles (deg) for (hfac)Cu(PCy,) 

O ( l ) - - C u 4 ( 2 )  90.7(2) O(I)--Cu-P 139.6(1) 
O(2-u-P 129.5(1) C u 4 ( 1 ) - C ( l )  125.9(4) 
C u 4 ( 2 ) < ( 3 )  124.3(4) O(l)--C(l)-C(2) 127.2(6) 
O ( l ) - C ( l ) - C ( 4 )  114.7(6) C ( 2 ) - C ( l ) - C ( 4 )  118.1(6) 
C(l ) - C ( 2 ) - C ( 3 )  123.6(6) O(2-(3H(2)  128.1(6) 
0(2)--C(3)--C(5) 1 13.3(7) C(2-(3)--C(5) 1 18.6(7) 
CU-P<(6) 1 13.2(2) CU-P<(12) 110.2(2) 
C(6+P<(12) 107.0(3) Cu-P<( 18) 113.6(2) 
C(6+P<(18) 106.2(3) C(12+P<(18) 106.2(3) 

TABLE 7a. Selected bond lengths (A) for (tfac)Cu(PCy, 

Cu-P 2.1 64(2) C u 4 ( l )  1.942(6) 
C u 4 ( 2 )  2.068(5) P x ( 6 )  1.860(6) 
P<( 12) 1.848(6) P<(18) 1.858(6) 
O ( l H ( 1 )  1.252(10) 0(2)--C(3) 1.229(12) 
C ( 1 F - w )  1.374(10) C ( l H ( 4 )  1.520(12) 
C ( 2 H ( 3 )  1.428(12) C(3)--C(5) 1.511(12) 

TABLE 76. Selected bond angles (deg) for (tfac)Cu(PCy,) 

from weak coordination of the second phosphine ligand, 
consistent with the observed lengthening (weakening) of the 
Cu-P bonds in the solid state structure of (hfac)Cu(PCy,), 
compared to that observed for (P-diketonate)CuPCy, com- 
pounds. 
Solid state structural data 

The solid state structures of (hfac)Cu(PCy,), (tfac)Cu- 
(PCy,), and (acac)Cu(PCy,) were determined by single 
crystal X-ray diffraction and the ORTEP plots are shown in 
Figs. 1-3 respectively. All three compounds are mono- 
meric with three-coordinate copper in the solid state. The 
copper coordination environment is distorted trigonal planar 
and none of molecules possesses any symmetry elements in 
the solid state. The compound (tfac)Cu(PCy,) is most dis- 
torted from trigonal-planar geometry with 0-Cu-P an- 
gles of 156.3(2)" and 112.7(2)". The two Cu-0 bond 
distances are significantly different, within the limits of error 

TABLE 8n. Selected bond lengths (A) for (acac)Cu(PCy,) 

TABLE 8b. Selected bond angles (deg) for (acac)Cu(PCy,) 

O(l)-Cu(l)--0(2) 93.7(2) O( l ) -Cu( l+P( l )  141.5(1) 
0(2) -Cu( l+P( l )  124.9(1) Cu(l)--0(1+C(l)  124.5(3) 
Cu(1)--0(2)-C(3) 123.6(4) O ( l ) - C ( l ) - C ( 2 )  125.7(5) 
O(1 ) -C( l ) - -C(4)  1 16.1(5) C(2)--C(l)--C(4) 1 18.2(5) 
C( I ) - C ( 2 ) - C ( 3 )  127.3(5) 0 ( 2 ) - C ( 3 ) - C ( 2 )  125.0(6) 
0(2)-C(3)--C(5) 115.5(5) C(2)--C(3)--C(5) 119.5(5) 
Cu(l+P(l)-C(6) 11 1.7(2) Cu(l+P(l)-C(12) 113.8(2) 
Cu(l +P(1 H ( 1 8 )  1 12.2(2) 0(4)-Cu(2)--0(3) 93.9(2) 
0(4)-Cu(2+P(2) 137.1(2) 0(3)--Cu(2+P(2) 128.9(1) 
Cu(2)--0(4)-C(24) 123.5(4) Cu(2)--0(3)-C(26) 123.4(4) 
0(4)-C(24-(25) 126.3(5) 0(4)--C(24-(27) 1 14.6(6) 
C(25)-C(24-(27) 1 19.1(7) C(24-(25-(26) 126.6(7) 
0(3)--C(26)-C(25) 126.3(7) 0 (3 ) -C(26) -C(28)  116.5(5) 
C(25)--C(26)-C(28) 1 17.2(6) Cu(2+P(2-(29) 1 12.9(2) 
Cu(2+P(2)-C(35) 1 1 1.3(2) Cu(2+P(2)-C(41) 1 14.5(2) 

TABLE 9a. Selected bond lengths (A) for (hfac)Cu(PCy,), 

TABLE 9b. Selected bond angles (deg) for (hfa~)Cu(PCy,)~ 

0 ( 1 ) - C u 4 ( 2 )  80.8(2) C ( 1 ) - - 0 ( 1 H u  128.6(4) 
C 2 1 )  130.0(7) C(3 - (2H( l )  122.8(7) 
082)-C(3-(2) 128.1(7) C u 4 ( 2 ) - C ( 3 )  128.6(4) 
P( 1 ) - C u 4 ( 2 )  96.2(2) P ( 2 ) - C u 4 ( 1 )  95.7(2) 
P(l )-Cu-P(2) 141.3(1) O(2Hu-P(2 )  114.8(2) 
C(2)-C(l)--C(5) 1 16.9(7) C(2-(3-(4) 1 17.3(8) 
O ( U - ( 1  112.4(2) O(l)--C(l)--C(5) 113.1(7) 
C(l )-C(2+H(2) 1 18.6(5) 0(2-(3-(4) 114.6(7) 
CU-P(1)<(6) 1 14.0(2) C(6+P(1 )--C(12) 104.8(3) 
Cu-P(2)--C(30) 1 1 1.6(2) Cu-P(2)--C(36) 120.8(3) 
CU-P(2)--C(24) 108.5(2) C(24+P(2-(30) 104.9(3) 
C U - P ( I H ( 1 2 )  118.6(3) C u - P ( l H ( 1 8 )  108.9(2) 
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TABLE 10. IR spectral data for (P-diketon- 
ate)Cu(PR,),, complexes. Assignments based on 

literature data (34) 

Compounds v(C=O) v(C=C) 

1672(s) 
1623(s) 
1587(s) 
1675(s) 
1642(s) 
1613(s) 
1640(s) 
1625(s) 
159 1 (s) 
1653(s) 
1632(s) 
1605(s) 

FIG. 1. ORTEP plot for (hfac)Cu(PCy,). 

0) 

FIG. 2. ORTEP plot for (tfac)Cu(PCy,). 

FIG. 3. ORTEP plot for (acac)Cu(PCy,). 

on the data, with C u 4 ( l ) ,  close to the CF, substituent, 
1.942(6) P\, shorter than C u 4 ( 2 ) ,  close to the CH, sub- 
stituent, 2.068(5) P\. However, no trends in C u 4  bond 
distances between the compounds can be discerned, within 
the limits of error on the data, that would clearly enable a 
comparison of thermodynamic parameters such as bond 
length - bond strength relationships as a function of the P- 
diketonate substituents. The bite angles of the P-diketonate 
ligands -91"--94" and the C u 4  bond lengths of 
-2.00 A are similar to other copper(1) P-diketonate com- 
plexes bearing one Lewis base adduct (8, 28, 32, 33). Sim- 
ilarly, no unambiguous trends in Cu-P bond lengths or 
C 4  and C - C  bond lengths and angles, within the limits 
of error of the data, were observed that would enable com- 
parison to the spectroscopic trends observed. 

The crystal structure of (hfac)Cu(PCy,), was determined 
by single crystal X-ray diffraction. The ORTEP drawing is 
shown in Fig. 4 and the structural data confirm that this 
compound is monomeric and adopts a distorted tetrahedral 
geometry, although the bulky tricyclohexylphosphine li- 
gands exert a large steric effect. The steric effects are evi- 
dent fromothe long Cu-P bond distances of 2.251(3) and 
2.277(3) A (hfacCu(PCy,) derivative = 2.15 A), the large 
P-Cu-P angle of 141.3(1)", theo long C u 4  distances of 
2.213(5) and 2.25 l(5) P\ (-2.01 A for (hfacCu(PCy,)), and 
the small W u - 0  angle of 80.8(2)" (90.7(2)" for 
(hfacCu(PCy,)) compared to the monotricyclohexyl- 
phosphine-substituted derivative (Tables 6 and 9). The Cu-P 
bond lengths are analogous to those observed in other tet- 
rahedrally coordinated copper(1) compounds with two- 
phosphine ligands (47). The M u - P  bond angle, 
141.3(1)", is close to that of the four-coordinate nitrate 
complex (NO,)Cu(PCy,),, 140(1)", but it is significantly 
larger than those typically reported for systems with the less 
bulky PPh, groups: 127(1)" in (tfac)Cu(PPh,), (25), 131.2(1)" 
in (NO,)Cu(PPh,), (22), and 123.26(6)" in (BH,)Cu(PPh,), 
(23). Furthermore, the M u - +  angle, 80.8(2)", of the 
hexafluoroacetylacetonate ligand is significantly smaller than 
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C21 be taken when interpreting these data as dependent on crys- 
tal packing forces (although no short intermolecular dis- 
tances were observed). 

The species (hfac)Cu(PCy,), was also characterized by 
single crystal X-ray diffraction in the solid state and re- 

39 vealed a distorted, tetrahedral copper(1) coordination envi- 
ronment. The distortion was believed to be the result of the 
two sterically demanding PCy, groups, which resulted in 
significant lengthening of the C u - 0  bonds. These results 
are valuable for comparison to the thermally induced dis- 
proportionation of (P-diketonate)CuL compounds that is 
being examined as a method for the CVD of copper. The 
trends in FTIR data can be compared to the changes ob- 
served in coordination of these species on silica surfaces to 
provide insight into the mode of adsorption. Steric over- 
crowding of the copper(1) center resulting in lengthening of 
the C u - 0  bonds of the P-diketonate ligand until it is fi- 
nally completely displaced from the copper(1) coordination 
sphere, as in the case of [(P-diketonate)]- [cuL,]' com- 
pounds, may provide insight into the P-diketonate ligand 
transfer during thermally induced disproportionation. Fur- 

FIG. 4.  ORTEP plot for (hfa~)Cu(PCy,)~.  ther studies are in progress. 

that of (hfac)CuPCy, (90.7(2)"). Since the tricyclohexyl- 
phosphine is very bulky, steric factors exert a strong influ- 
ence on the coordination environment of copper in the 
compound (hfac)Cu(PCy,),. These results are cmsistent with 
the cone angle data derived for PPh, (145") and PCy, (170") 
(46). Within the limits of error on the X-ray diffraction data, 
the changes in tautomerism predicted for the P-diketonate 
ligands in (hfac)Cu(PCy,) compared to (hfacCu(PCy,),, based 
on the spectroscopic data, could not be unambiguously es- 
tablished. 

Conclusions 
A general synthesis of a variety of new monotriorgano- 

phosphine adducts of copper(1) P-diketonates of general 
formula (P-diketonate)Cu(PR,), prepared by the salt elimi- 
nation reaction between [ClCu(PR,)] and Na (P-diketonate), 
results in high purity and high yields. These species can then 
be reacted with one equivalent of the corresponding tri- 
organophosphine to yield the adducts (P-di?.etonate)C~(PR,)~ 
in virtually quantitative yield. Trends in the NMR and FTIR 
data suggested that the strength of binding of the P-diketonate 
and phosphine ligands to the copper(1) center increases in the 
order acac < tfac < hfac. This trend is also consistent with 
the observed qualitative trends in thermal and oxidative sta- 
bility of these species. The v(C-0) band is weakened 
markedly along the series hfac > tfac > acac. On addition 
of PR, to (P-diketonate)Cu(PR,) compounds, the FTIR data 
are consistent with a stronger contribution of the keto form 
of the P-diketonate ligand compared to the starting mate- 
rial. 

Attempts were made to confirm these trends by compar- 
ison of the metrical parameters of the species (hfac)Cu(PCy,), 
(tfac)Cu(PCy,), and (acac)Cu(PCy,). However, while the 
Cu-0  bond lengths in (tfac)Cu(PCy,) were significantly 
different within the limits of error of the X-ray diffraction 
data, with C u - 0  adjacent to the CF, substituent being 
shorter, the compounds (hfac)Cu(PCy,) and (acac)Cu(PCy,) 
exhibited values that covered a larger range of bond dis- 
tances and did not exhibit any trends. As a result, care should 
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MICHEL ZOGHBI and JOHN WARKENTIN. Can. J. Chem. 70, 2967 (1992). 
A3-1 ,3,4-Oxadiazolines ( I )  that share their C2 with C4 of a p-lactam ring in a spiro fusion were repared. The struc- P tures were established through single crystal X-ray diffraction of l a  and by infrared, 'H, and C nuclear magnetic 

resonance spectroscopies. Thermolysis of 1 at 100°C, in benzene containing dimethyl acetylenedicarboxylate, afforded 
spiro-fused p-lactam cyclopropene 12 in 33% yield. Similar thermolysis of l b  in the presence of ethyl phenylpropiolate 
gave spiro-fused p-lactam cyclopropene 13 (32%). The molecular structure of 12, determined by single 5rystal X-ray 
diffraction, has the two ester carbonyl carbons out of the plane of the cyclopropene ring by about 0.17 A, indicating 
substantial nonbonded steric interactions and suggesting unusually high strain energy. At 154.5"C, 12 underwent iso- 
merization to 19, presumably through a vinyl carbene intermediate. 

MICHEL ZOGHBI et JOHN WARKENTIN. Can. J. Chem. 70, 2967 (1992). 
On a prCparC les A3-1 ,3,4-oxadiazolines ( I )  qui partagent leur carbone-2 avec le carbone-4 d'un cycle p-lactame pour 

donner une fusion spiro. On a dCterminC leurs structures par diffraction des rayons X par un cristal unique de 1 et par 
spectroscopies infrarouge et rksonance magnCtique nuclCaire du 'H et du I3c. La thermolyse de 1, a 100°C, dans du benzkne 
contenant de I'acCtylknedicarboxylate de dimkthyle, fournit le cyclopropkne spiro-condensk a un p-lactame, 12, avec 
un rendement de 33%. Une thermolyse semblable de l b  en presence de phCnylpropiolate d'kthyle conduit au cyclo- 
propkne spiro-condens6 a un p-lactame, 13, avec un rendement de 32%. La structure molCculaire de 12, dCterminCe par 
diffraction des rayons X par un cristal unique, montre que les carbones des deux groupes carbonyles des esters sont a 
0,17 A du plan du cyclopropene, indiquant qu'il existe des interactions stkriques non-liCes importantes et suggCrant la 
prCsence d'une knergie de tension anormalement 6levCe. A 154,5"C, le composC 12 s'isomCrise en 19, probablement 
par I'intermCdiaire d'un carbkne vinylique. 

[Traduit par la rCdaction] 

Introduction 
Recently we reported the preparation and thermolysis of 

some spiro p-lactam oxadiazolines, 1 (1). Such compounds 
undergo thermal decomposition to afford P-lactam-4-yli- 
dene intermediates (2) that can be trapped by intermolecu- 
lar cycloaddition to alkenes and alkynes (1). The product 
from reaction with an alkyne (Scheme 1) is a novel species 
(3) embodying not only the ring strains of a p-lactam and a 
cyclopropene but also the additional strain engendered by 
virtue of the spiro ring fusion. The latter feature prevents the 
bond angle between substituents at the tetracoordinate car- 
bon of the cyclopropene from adopting the large value char- 
acteristic of small ring compounds. 

We  now report details of the synthesis and characteriza- 
tion of two compounds of the families 1 and 3 and the ther- 
molysis chemistry of one of the spiro p-lactam cyclopropenes 
(3). 

Methods, results, and discussion 

Spiro p-lactam oxadiazolines l a  and l b  were prepared 
by the route outlines in Scheme 2 .  The preparation of 4- 
substituted ketone semicarbazones, including 4,  has been 
described (2) and their cyclization by oxidizing agents, in- 
cluding Pb", to 2-imino-A3-1 ,3,4-oxadiazolines (e.g., 5)  is 
well known (2, 3). Only the Z isomers of 5 were obtained, 
as shown in Scheme 2 (3a, 4). On treatment with diphenyl- 
acetyl chloride and triethylamine at -20°C, 5a  was con- 
verted to l a  in 90% yield. Similarly, 5b  afforded l b  in 80% 
yield. 

While the structures of l a  and l b  could be inferred from 
their infrared and nmr spectra, an unequivocal proof of the 
connectivity was needed to rule out isomeric structures as 

' ~ u t h o r  to whom correspondence inay be addressed. 

well as compounds derived from 1 through loss of N2. To that 
end, the structure of l a  was confirmed by X-ray diffrac- 
tion. The main features of the molecular structures are illus- 
trated in Fig. 1 .' Bond lengths and bond angles for the 
p-lactam ring of l a  are not significantly different from those 
reported (4) for 1 -(2-bromopheny1)-azetidinone. 

Oxadiazoline l a  is stable at room temperature but it 
decomposes in benzene solution at 100°C (sealed tube) with 
a half-life of 41 min. Its decomposition was followed con- 
veniently by 'H nmr spectroscopy, which showed the decay 
of the methyl singlets of l a  (6 = 1.42 and 1.44) and the 
growth of the singlet from acetone at 6 = 1.95, relative to 
the internal toluene reference signal at 6 2.50. By analogy 
to the mechanism of thermolysis of other A3-1 ,3,4-oxadi- 
azolines (5, 6) we propose that the first step is a concerted, 
suprafacial, 1,3-dipolar cycloreversion to N2 and a carbonyl 
ylide (6), Scheme 3. Again, on the basis of analogy, 6 might 
be expected to undergo 1,4-sigmatropic rearrangement to 7 
(7, 8), electrocyclization to oxirane 8 (9-1 l ) ,  and fragmen- 
tation to carbonyl compounds and carbenes (8, 9 ,  12), 
Scheme 3. Compound 7, which should be stable under the 
reaction conditions, was not detectable by 'H nmr spectros- 
copy. Oxirane 8, which might survive at 100"C, was also not 
observed. Oxiranes spiro-fused to C4 of a p-lactam ring 
have not been reported, to the best of our knowledge, but a 
thiirane analogue is known (13). Imide 1 0  was not obtained 
either, nor was there any evidence for the formation of pro- 
pene, the expected product from fast rearrangement of 2- 
propylidene (11) (12b). On the other hand, the high yield of 
acetone (>95%) implies that 6 fragments rapidly, and es- 
sentially unidirectionally, to 9 and acetone. That fragmen- 

' ~ u l l  details of the crystal and molecular structure will be pub- 
lished elsewhere. 
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(numbering systems for the 
two rings shown sepantely) 

/ R' 
R'HN 

k0 P ~ ( O A C ) ~  N 
H-N, XO Ph2CHCOCI 

N=<R CH2C12 * \k+R Et3N 
R 

R 

4 5 CH3 
1 (numbering system 

for combined rings) 

(a: R = CH3, R' = Ph; 6: R = CH3, R' = CH2Ph; c: R = p-C6H4Br; d: R = R' = Ph; 
c and d apply to 4 and 5 only) 

FIG. 1.  Selected bond angles (deg) and bond lengths (A) for 
spiro-P-lactam oxadiazoline l a ,  with estimated standard devia- 
tions in parentheses. 

tation, potentially reversible (l2b), is presumably driven by 
two factors. First, 6 is heavily substituted in the p-lactam ring 
and must be twisted out of the planar conformation (14) to 
accommodate nonbonded interactions. Such twisting must 

reduce the bond order of at least one of the ylide 0-C 
bonds. Second, the higher ground state energy of 6 is com- 
plemented by enhanced transition state stabilization from 
partial formation of the strong carbonyl double bond and a 
singlet aminocarbene (9). 

Ylidene 9 probably undergoes a number of unimolecular 
reactions as well as reactions with l a  and with itself in the 
absence of good carbenophiles. The numerous products from 
thermolysis of In in benzene were not characterized3 be- 
cause of our greater interest in trapping 9 by cycloaddition. 

Thermolysis of l a  at 100°C in benzene containing di- 
methyl acetylenedicarboxylate (3.1 M) and of l b  in the 
presence of ethyl phenylpropiolate (3.0 M) afforded 12 and 
13 in 33 and 32% yields, respectively (Scheme 4). Both were 
characterized by means of ir spectroscopy, I3C nmr spec- 
troscopy, and mass spectrometry. A single crystal of 12 was 
used to confirm its structure. bv X-rav diffraction. . , 

Major aspects of the molecular structure of 12 are shown 
in Fig. 2.' The most striking feature is the distortion of the 
bonds holding the ester groups to the cyclopropene ring. The 
carbonyl carbons of these e:ter groups are oyt of the cyclo- 
propene ring plane (0.180 A for one, 0.155 A for the other) 
in the direction toward the lactam nitrogen, as emphasized 
in the drawing (Fig. 2). Presumably nonbonded repulsions 
between those ester groups and the phenyl groups at C6 are 
responsible. 

Thermolysis of 12 at 154.5"C in benzene afforded a 
product to which structure 19 could be assigned. Formation 
of 19 can be rationalized as depicted in Scheme 5. The well- 
known ring opening of cyclop~openes to vinyl carbenes (15) 
is the first step, forming 17 and its geometric isomer, not 
shown. Both carbenes presumably revert to 12 (15n) but 17 

' ~ x c e ~ t  to exclude 7, 8, and 10 as reaction products and to con- 
firm that a major product was acetone. 
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A A 
Ph Ph + PhCeCC0,Et N E-CrC-E ' 

(10: R = CH2Ph) (E = C02CH3; 
In: R = Ph) 

Ph CO ?Et 

also inserts into a phenyl CH bond to form 18, which 
undergoes allylic rearrangement to the more stable 19. That 
carbene attack had occurred on a C-phenyl and not on the N- 
phenyl group was clear from..the mass spectrum, which did 
not contain the signal for diphenylketene radical cation 
characteristic of 1, 12, and 13. The infrared spectrum showed 
that the p-lactam ring had remained intact (1810 cm-') and 
both the uv spectrum as well as the 'H and "C nmr spectra 
indicated that the product cannot have structure 18. Al- 
though 18 would appear to be a necessary intermediate, iso- 
merization to the more stable 19 is not surprising given that 
the H moiety that migrates is allylic, benzylic, and ester-ac- 
tivated in 18. 

Experimental 

2 - ~ h e t ~ ~ l i m i r ~ o - 5 , 5 - c / i 1 ~ 1 ~ ~ t l z y l - d . ' z e ,  5a, ntld 
2-berlzylitrlit~o-5,5-dimethyl-A'-/ .3,4-oxnclinzolitze, 5b 

These compounds were prepared from the appropriate 4-substi- 
tuted semicarbazones of acetone as described in the literature (2). 

1,7,8-Tt-inza-6.6-dirnetl~yl-5-o,rn-2-0~0- l,3.3-tripherlyl- 
spiro[3.4]oct-7-etze (la) 

To a solution of 5n (0.96 g, 2.5 mmol) and triethylamine 
(6.0 mmol) in dry methylene chloride (20 mL) under nitrogen at 
ca. -23°C was added, drop by drop, a solution of diphenylacetyl 
chloride (0.69 g, 3.0 mmol) in dry methylene chloride (10 mL). 
The cold solution was stirred during the addition and, thereafter, 
overnight after the cold bath had been removed. The solution was 
washed with saturated sodium bicarbonate solution and with brine 
and the aqueous layers were extracted twice with inethylene chlo- 
ride. The combined organic layers were dried over MgSO,. Filtra- 
tion and evaporation of the solvent afforded p-lactam l a  in nearly 
pure form. Centrifugal chromatography (Chrornatotron, 2-mm sil- 
ica-coated plate, elution with ether (1 part) in hexanes (4 parts)) 
afforded pure In (90%), mp 154°C; ir (KBr) cm-': 1770 (C=O), 
1595 (N=N); 'H nmr (500 MHz, CDCI,) 6: 1.38 (s, 3H), 1.39 (s, 
3H), 7.10-7.50 (m, 15H); "C nmr (126 MHz, CDCI,) 6: 24.30 
(CHI), 24.40 (CH,), 76.13 (C3), 122.61 (C6), 125.17 (C4), 
123.27, 127.57, 128.02, 128.33, 128.42, 128.69, 128.75, 129.39 
(8 aryl CH), 133.38 (CI of Ar), 134.61 (C1 of Ar), 136.39 (N-C1 
of Ar), 166.80 (C=O); rns (ei, low resolution) m / z :  355 (M - N2. 
I%), 269 (M - N2 - C3H,0, 68%), 236 (M - N, - PhNCO, 7%), 
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FIG. 2. Selected bond angles (deg) and bond lengths (A) for 
spiro-P-lactam cyclopropene 12, with estimated standard devia- 
tions in parentheses. 

194 (Ph?CCO, 60%), 119 (PhNCO, 35%), 165 (C13H9 = 9-flu- 
orenyl, 100%); rns(ci, NH3) m/z: 384 (M + 1, 100%); structure 
confirmed by single crystal X-ray diffraction. 

1,7,8-Triaza-I-benzyl-6,6-di~1zethyl-S-oxa-2-o.uo-3,3- 
diphenylspiro[3.4]oct-7-erze (Ib) 

The procedure described above gave, from 5 b  and diphenyla- 
cetyl chloride, spiro-P-lactam oxadiazoline lb in 80% yield as a 
white solid, mp 101-102°C; ir (KBr) cm-': 1770 (C=O), 1600 
(N=N); 'H nmr (500 MHz, CDC1,) 6: 1.35 (s, 3H), 1.45 (s, 3H), 
4.53 ( d , J =  15Hz, lH),4.66(d, J =  15Hz, IH),7.20-7.55 (m, 
15H); "C nmr (126 MHz, CDCI,) 6: 24.32 (CH,), 24.67 (CH,), 

76.03 (C3), 122.3 1 (C6), 124.82 (C4), 127.65, 127.80, 128.00, 
128.36, 128.41, 128.60, 128.73 (7 arylCH), 135.13 (C1 of Ar), 
135.36 (C1 of Ar), 136.80 (C1 of Ar), 168.53 (CO); ms (ei) m/z: 
397 (M, 3%), 341 (M - Nz - CO, 1 I%), 265 (9%), 236 (18%), 
194 (Ph2CC0, 100%), 165 (C13H9, 9-fluorenyl, 83%), 132 (30%), 
91 (PhCH?, 87%); ms (ci, NH,) m/z: 415 (M + NH,, 28%), 398 
(M + 1, loo%), 360 (11%), 345 (27%), 302 (71%), 267 (20%), 
206 (32%), 194 (Ph,CCO, 17%), 167 (43%), 108 (IS%), 99 (40%). 

Therrnolysis of P-lactam oxadiazolines in presence of nlkynes. 
Preparation of 12 and 13 

For the preparation of 12, a solution of spiro-P-lactam oxadi- 
azoline l a  (0.038 g, 0.10 mmol) and dimethyl acetylenedicarbox- 
ylate (0.14 g, 1 .O mmol) in benzene (0.25 mL), in a medium-walled 
nnlr tube sealed to a ground glass joint, was degassed by means of 
three freeze-pump-thaw cycles at lo-' Tom ( 1  Tom = 133.3 Pa). 
The tube was sealed and immersed in an oil bath, maintained at 
100 -t 0.2"C, for 10 h. Bulb-to-bulb transfer of the excess alkyne 
and benzene (vacuum line) left a residue that was chromato- 
graphed on silica (Chromatotron, 2-mm plate) using ether (25%) 
in hexane for elution. 

Compound 13 was prepared by the same procedure, from lb and 
ethyl phenylpropiolate. 

4-Azn-1,2-bis(merhoxycarbo11~~l)-S-oxo-4,6,6-triphe11yl- 
spirop .3]hex-l -ene (12) 

Yellow solid, 33% yield; mp 128-129°C; ir (KBr) cm-': 1720, 
1730 (2 x CO, ester), 1750 (CO, lactam); uv (CH2Cl2), Amax: 
248 nm (log E = 4.32); 'H nmr (500 MHz, CDCI,), 6: 3.75 (s, 6H), 
7.1 1-7.46 (m, 15H); ',c nmr (126 MHz, CDC1,) 6: 53.43 (OCH3), 
64.13 (C3 or C6), 66.03 (C6 or C3), 119.8 1 (Cl ,  C2); 125.55, 
127.24, 127.79, 128.02, 128.53, 129.46 (6aryl C), 135.82 (N - 
C1, Ar), 137.00 (2C1, Ar), 158.33 (2C0, ester), 167.63 (CO, 
lactam); rns (EI) m/z: 439 (M, trace), 41 1 (M - CO, 1 I%), 379 
(13%), 348 (18%), 320 (M - PhNCO, loo%), 293 (24%), 249 
(13%), 178 (31%), 165 (C13H9 = 9-fluorenyl, 73%), I19 (PhNCO, 
15%), 77 (47%), ms (CI, NH3), ~n/z:  457 (M + NH,, 16%), 440 
(M + 1 ,  loo%), 410 (23%), 382 (5%), 352 (6%), 323 (7%), 294 
(6%), 246 (5%), 167 (28%), 119 (lo%), 94 (12%); confirmation 
of structure by single crystal X-ray diffraction. 

4-Aza-4-berzzyI-I-ethoq~carbonyl-S-o.uo-2,6,6-t1-ip~l- 
spirop .3]he-u-I-ene (13) 

Yellow oil, 35% yield; ir (film) crn-': 17 10 (CO, ester), 1745 
(CO, lactam); 'H nmr (200.1 MHz, CDC1,) 6: 1.26 (t, J = 7.2 Hz, 
3H), 4.04-4.41 (m, 4H, CH,Ph and CH,CH,), 701-7.46 (m, 20H); 
"C nmr (50.32 MHz, CDC1,) 6: 14.08 (CH,), 43.02 (PhCH,), 
60.92 (C6), 61.45 (OCH,), 70.97 (C3), 112.51 (CI), 125.00 (C2); 
127.16, 127.29, 127.32, 127.50, 127.67, 128.29, 128.35, 128.56, 
128.69, 131.50, 131.70, (11 aryl C); 135.97, 137.24, 138.20, 
138.69 (4 X C1 of Ar), 159.46 (CO, ester), 169.55 (CO, lactam); 
ms (EI), m/z: 485 (M, 6%), 457 (M - CO, 9%), 384 (M - 
CO - COZEt, 7%), 352 (M - PhCH2NC0, 19%), 322 (12%), 194 
(Ph,CCO, 1 I%), 165 (Cl,H9 = 9 - fluorenyl, 27%), 133 (Ph- 
CH,NCO, 29%), 105 (22%), 91 (PhCH2, 100%); ms (CI, NH,), 
m/z: 503 (M + NH,, 3%), 486 (M + 1, loo%), 353 (M - Ph- 
CH,NCO - H, 5%), 167 (17%), 108 (18%), 91 (20%); rns (HR), 
m/z :  calcd. for C3,HZ7N0,: 485.199 1 ; found: 485.2000. 
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ZOGHBI AND WARKENTIN 297 1 

3,4-bis(Methoxycar-bony1)-2,8b-diphenyl-2a, 8b-dihydro- 
0,l-blazet-I(2H)one (19) 

Thermolysis of 12 (0.86 g, 1.95 mmol) was carried out in dry 
degassed benzene (5 mL) in a sealed tube. The tube was heated with 
refluxing anisole (154°C). After about 3 min the solution turned 
from pale yellow to dark green but the yellow colour returned on 
cooling the contents of the tube to room temperature. After 4 h of 
heating, the green colour, presumably from a reactive intermedi- 
ate, faded, and the solution was again yellow. After heating for 4 
additional hours the tube was opened, the solvent was evaporated, 
and the residue was examined by tlc to reveal two fluorescent spots 
and some highly polar material. Centrifugal chromatography 
(Chromatotron, 2-mm silica plate) using ether (25%) in hexane gave 
the least polar fluorescent material as a white solid, mp 165-166"C, 
in 25% yield; ir (KBr) cm-': 1685 (C=C), 1712 (CO, ester), 1732 
(CO, ester), 1810 (CO, lactam); uv (A,,,, CH2ClZ) nm: 232 (log 
E = 4.16), 258 (log E = 4.05); 'H nrnr (200.1 MHz, CDC1,) 6: 3.50 
(s, 3H, OMe), 3.73 (s, 3H, OMe), 4.96 (s, 1 H, CH), 7.22-7.56 
(rn, 14H); I3C nmr (126 MHz, CDCI,) 6: 44.1 1 (C2a), 51.1 1 
(OMe), 52.74 (OMe), 78.12 (+ve, C8b), 98.87 (+ve, C3), 121.16 
(+ve, Ar), 117.18 to 130.94 (series of 10 -ve Ar peaks), 130.26 
(+ve, C4), 135.18 (+ve, Ar), 135.69 (+ve, Ar), 150.64 (+ve, 
C4a), 164.70 (+ve, CO), 165.41 (+ve, CO), 171.89 (+ve, CO 
lactam; ms (EI), m/z: 439 (M, 3%), 41 1 (M - CO, 5%), 380 
(M - CH3C02, 26%), 352 (M - CO - CH3COZ, loo%), 320 
(M - PhNCO, 38%), 291 (15%), 160 (8%), 84 (35%); ms (CI, 
NH,), m/z: 457 (M + NH,, loo%), 440 (M + 1, 40%), 412 
(M + 1 - CO, 40%), 380 (22%), 352 (40%), 320 (9%),; ms (HR), 
m/z: calcd. for C2,HZ,NOs: 439.1420; found: 439.141 8. 
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Cycloaddition reactions of SNSAsF, with aryl nitriles and diphenylacetylene; the 
preparation and characterization of aryl 1,3,2,4- and 1,2,3,5-dithiadiazole radicals 
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JACK PASSMORE, XIAOPING SUN, and SIMON PARSONS. Can. J. Chem. 70, 2972 (1992). 
The SNS' cation (in SNSAsF,) underwent symmetry-allowed concerted cycloadditions with the aryl nitriles RCN - 

(R = 2,5-Me2C6H,, Ph, p-02NC6H,, and 3,5-(02N)2Cc,H3) and diphenylacetylene. The cycloadducts RCNSNSAsF6 - 
(R = 2,5-Me2c6H3, Ph, p-O2NC6H4, and 3,5-(02N)2C6H,) and Ph CSNSCPhAsF, were characterized by elemental analyses - 
and IR and NMR ( 'H,  "c, I4N) spectroscopies. The reduction of RCNSNS' gave the corresponding 1,3,2,4-dithiadi- - - 
azoles RCNSNS., which in turn rearranged to the corresponding 1,2,3,5-dithiadiazoles RCNSSN.. The rate of this - 
rearrangement was correlated with the ionization potentials of the corresponding nitriles. The radicals RCNSNS . (R = 
Ph, p-O2NC6H,) were isolated as pure compounds, and characterized by mass spectrometry, IR, Fr-Raman, and ESR - r 
spectroscopies. The reduction of PhCSNSCPh+ led to neutral radical PhCSNSCPh., which is stable in solution up to 
ca. 0.5 M, but decomposes at higher concentrations. 

JACK PASSMORE, XIAOPING SUN et SIMON PARSONS. Can. J .  Chem. 70, 2972 (1992). 
Le cation SNS+ (du SNSAsF,) donne des cycloadditions concertCes, permises par la symCtrie, avec les nitriles aro- 

matiques RCN (R = 2,5-Me2C6H3, Ph, p-02NC6H4 et 3,5-(02N)2C6H3) et le diphCnylacCtylkne. On a caractCrisC les cy- - I 

cloadduits RCNSNSAsF, (R = 23-Me2C6H3, Ph, p-02NC6H, et 3,5-(02N),C6H3) et Ph CSNSCPhAsF, gr2ce aux analyses - 
ClCmentaires et par spectroscopies IR et RMN du 'H, du I3C et du "N. La rCduction des cations RCNSNS+ foumit les 

m - 
1,3,2,4-dithiadiazoles RCNSNS- correspondants qui, a leur tour, se rkarrangent en 1,2,3,5-dithiadiazoles RCNSSN. 
correspondants. I1 existe une corrClation entre la vitesse de cette transformation et les potentiels d'ionisation des nitriles 

m 
correspondants. On a is016 les radicaux RCNSNS- (R = Ph, p-02NC6H,) a 1'Ctat pur et on les a caract6risC par spec- - 
tromCtrie de masse et par spectroscopie IR, Raman-TF et RPE. La rCduction du cation PhCSNSCPh+ conduit au radical - 
neutre PhCSNSCPh. qui est stable en solution jusqu'a une concentration d'environ 0,5 M; toutefois, a des concentra- 
tions plus ClevCes, il se dCcompose. 

[Traduit par la rtdaction] 

Introduction the dewendence of the rearrangement rate on the nature of the 

We previously showed (1-5) that SNS+ (as the AsF,- salt) 
undergoes extensive, quantitative, symmetry-allowed cy- 
cloaddition reactions with aliphatic alkynes, nitriles, al- 
kenes, and SN+. In this paper we report the cycloaddition 
reactions of SNS' with aryl nitriles and diphenylacetylene, - 
which give RCNSNSAsF, (R = 23-Me2C,M3, Ph, p- 

m 
OINC,H,, and 3,5-(02N)2C,H,) and PhCSNSCPhAsF,. 
The quantitative kinetic aspects of these reactions have been 
reported elsewhere (5): - 

Reduction of the alkyl derivatives of R C N S N ~  led to the - 
corresponding neutral 771 radicals RCNSNS., but at higher 

f 

concentrations RCNSNS. rearranged to the thermodynami- - 
tally more stable 771 radicals RCNSSN. (2, 6, 7). How- 
ever, we were able to isolate small amounts of - 
CH,CNSNS. at low temperature (6) and the paramagnetic - 
liquid Bu'CNSNS. in the dark (7). Since then. some related 
diradicals have been wrewared (8). We were interested in 

u 

substituent. The results are reported below. - 
Reduction of alkvl derivatives of R'CSNSCR' in dilute - 

solution gave the corresponding 771 radicals R'CSNSCR". 
(1, 9). At higher concentrations a large number of diamag- 
netic products were detected (1, 9), except in the case of - 
CF,CSNSCCF,, which was isolated as a thermally stable - 
green liquid under a blue gas (10). Since then NCCSNSCCN. 
has been prepared (1  1)  by a different route. The related rad- 
ical benzo-l,3,2-dithiazole is stable (12), as well- as other 
more complex derivatives (e.g., benzobisdithiazole) (13). The - 
preparation of PhCSNSCPh. in solution at high concentra- 
tion and a study of its stability is reported below. 

Experimental 
Unless otherwise specified, reagents and techniques used are as 

described in ref. 5 .  The purity of the reagents RCN (R = 2.5- 
Me2C,H3, Ph, p-O2NC6H,, and 3,5-(02N)2C6H3) and PhCCPh 
(Aldrich Chemical Company) was established by their infrared and - 
NMR ( 'H ,  "C and ''N) spectra. SNSAsF, and H2CSNSCH,AsF, 

L .  , . - were prepared as described (3, 14). The multinuclear NMR ( 'H ,  understanding RCNSNSm and its novel rearrangement to I+, 1 4 ~ )  spectra were obtained as described ( 1 5 )  IR spectra were - 
RCNSSN-. Therefore we attempted the preparation and iso- obtained as Nuiol mulls with KBr dates  in the 4000-200 cm-' re- 

A A - 
lation of the aryl derivatives of RCNSNS. and investigated gion using a Perkin-Elmer 683 IR spectrometer. ESR spectra were 

recorded at room temperature with a locally modified version of the 
Varian E-4 spectrometer using DPPH as a field marker. The IT- 

' ~ u t h o r  to whom correspondence may be addressed. Raman spectra were acquired on solid saniples in a 5-mm NMR 
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PASSMORE ET AL. 2973 

TABLE I .  Data for the reactions of SNSAsF6 with aryl nitriles o r  PhCCPh in liquid SO, at room temperature 

Elemental anal 
Impure calcd. (top) 

Purified product fraction obsd. (bottom) 

Nitrile or SNSAsF, Apparent Weight Isolated 
PhCCPh (g, SO2 Colour reaction (g, yield Weight C H N S 

(g .  mmol) mmol) (g) change time Appearance mmol) (%) Colour (g) (%) (%) (%) (%) 

PhCN 
(2.815.7.91) 

4.32 Clear 
yellow 

+orange 

5.32 Clear 
yellow 

+dark 
green 

+ brown 

5.58 Clear 
yellow 

+brown 

3.05 Clear 
yellow 

+brown 

7.68 Clear 
yellow 

+black 

15 min Orange 
crystals 

2 hrs Bright 
yellow 
crystalline 
plates 

20 hrs Yellow 
crystals 

3 days Yellow 
crystals 

3 min Black 
powder 

76 Yellow 0.38 27.2 2.3 7.0 
27.3 2.4 7.0 

86 Green 0.324 22.7 1.4 7.6 
22.9 1.4 7.8 

88 Brown 0.310 20.3 1.0 10.1 
20.6 1.0 10.1 

71 Brown 0.27 18.3 0.66 12.2 
18.4 0.73 12.2 

Black 37.7 2.3 3.2 
37.5 2.3 3.2 

tube using the FT-IR spectrometer IFS 6 6  (Bruker) equipped with (Table 2),  and multinuclear NMR (Table 3). In the case of 
the FT- ama an a c c e s s o j  FRA 101 using the 1.064 Fm-exciting line 
of a Nd: YAG laser (70  mW; resolution: 2 cm- ' ;  300 scans). The 
mass spectra were obtained at room temperature in the electron- 
impact mode using 7 0  e V  ionizing voltage on a Kratos MS-5OTC 
instrument. 

All the reactions were performed in liquid SO2  in a two-bulbed 
reaction vessel, incorporating a sintered glass frit and J .  Young 
Teflon valve. ESR spectra were obtained using a rigorously-dried 
4-mm quartz tube connected via a J .  Young valve. Reactions car- 
ried out in sit14 were quickly warmed up to room temperature to 
prevent tube breakage. 

p-02NC,JI,, and 3.5-(02N)2C6H3) and P ~ ~ S N S C P ~ A S F , ,  by 
the reacriot~s o f  SNSAsF, rvirh RCN or PhCCPh 

Liquid nitriles RCN (R = 2,5-Me2C6H3 and Ph) were dissolved 
in SO,, and the solutions poured onto SNSAsFf,; in the case of solid 
nitriles RCN (R = p-O,NC,H, and 3,5-(02N)2C(,H,) and PhCCPh, 
SO, was condensed onto the solid mixtures of SNSAsF, and the 
corresponding nitriles or PhCCPh at - 196'C, and the mixtures 
warmed up to room temperature. These five reactions led to in- 
tensely coloured solutions as shown in Table 1 .  The colour change 
for 2,5-Me,C,H,CN and PhCCPh took place within the specified 
apparent reaction times (Table l j. In the case of PhCN, the first 
colour change from clear yellow to dark green took place quickly 
after the two reactants were mixed at room temperature, the sec- 
ond colour change from dark green to brown occurred in 2 h .  For 
p-02NC,H,CN and 3,5-(0,N),C,H3CN, the colour change took 
place immediately with rapid dissolution of the nitriles after the 
reactants were mixed at room temperature. However, the SNSAsF, 
did not completely dissolve until the indicated reaction times (Table - 
1). All ttie products (except PhCSNSCPhAsF,) were recrystal- 
lized in sit14 as previously described (1 ,  51, giving purified crystals - 
of RCNSNSAsF, with different colours in the different yields (Table 
I ) ,  which were characterized by chemical analyses (Table I ) ,  IR 

I 

PhCNSNSAsF,, the trace amounts of dark green and brown im- 
purities were removed by more than 10 recrystallizations, leading 
to a pure bright yellow product.' In other cases, fewer recrystalli- 
zations were needed to remove the intensely coloured impurities. 
The decomposition points of the first four products are all ca. 
213 * 3°C. The  1R and ' H  NMR spectra of the impure fractions 
were identical to those of the corresponding pure fractions except 
that NH, peaks (only ca .  0 .  I wt.%) were also observed in the ' H  
NMR spectra (6.07 ppm, 1 : I : 1 triplet, 'J(H-'~N) = 109.1 Hz) of 
the impure fractions. Traces of other impurities were not observed 
( ' H  NMR) in reactions carried out it1 situ. The gross yields (pure 
+ impure) for all the five preparations were higher than 95%.  

Tlzr jwej'aration ~ ~ P I I C S N S C P ~ A ~ F  by the reaction of PhCCPh - 
with H2CSNSCH2 AsF6 

SO, (5.35 g) was condensed onto a mixture of PhCCPh (0.089 - 
g ,  0 . 5  mmol) and H2CSNSCH2AsF(, (0.296 g ,  1.0 mmol),  giving 
a brown solution, which was stirred for 24 h. The volatiles were 
removed, leaving a brown solid (0.391 g )  ( ' H  NMR in SO? with - 
CH2CIl internal concentration standard: 7 . 8  ( P ~ C S N S C P ~ ' ,  mul- 
tiplet, l OH), 3 .7  and 3.1 (S,N(C,H,),+, d ,  J = 6 . 6  Hz, 8H).  The 
brown solid was extracted four times with CH,CI? (4 .66 g).  After 
removal of the solvent it gave a brown soluble amorphous solid and 
a white insoluble solid (identified as S,N(C,H,),' by IR). The - 
brown solid was identified as PhCSNSCPhAsF, by its 1R spec- 
trum: 1596(mw). 1578(w), 1496(mw), 1437(sh), 142 1 (m).  
1311(vw), 1291(mw), 1181(w), 1151(w), 1095(w), 1088(sh), 
1078(rn), 1046(vw). 1032(vw), 1024(w), 1002(w), 969(w),  
836(w).  794(m),  769(m), 757(ms),  690(s,v3AsF6-), 679(sh),  
669(sh),  626(w).  579(w).  541(w),  524(w).  464(w),  390(s. 

3 -  

-PhCNSNSAsF, was sin~ultaneously prepared elsewhere, but 
reported ( 16) to be  green. 
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TABLE 2. The infrared spectral data for RCNSN~ASF,  (R = 2,5-Me,C,H3 (a), Ph (b), 
p-0,NC6H, (c), and 3,5-(O2N),C,H3 (el))" 

694(vs,br) 700(vs, br) 

675(w) 
655(nls) 
640(w) 

587(1n) 
52 1 (m) 
465(w) 
43 1 (w) 
397(vs) 

676(vs) 
649(m) 
634(s) 

61 1 (w) 
59 1 (m) 
575(w) 
440(m) 
339(vs) 

Assignment 

1609(m) 
160 1 (m) 
1529(vs) 
1499(m) 
1425(s) 
1402(s) 
1355(vs) 
1324(s) 
1307(w) 
1295(w) 
1250(vw) 
12 10(m) 
1 188(m) 
1 123(m)*: 
1 1 lO(w) 
1013(m) 
99 1 (s) 
980(vw) 
922(m) 

888(m) 
860(s) 
853(s) 
829(w) 
804(s) 
752(m) 
709(vs) 
693(vs,br) 
683(w) 
674(vs) 
623(s) 
596(ms) 

575(m) 
535(w) 
474(w) 
444(1n) 
400(vs) 

1632(s) 
1597(m) 
1493(w) 

1406(m) . 
1365(w) 
1343(vs) 
132 1 (nl) 

1251(w) 
1230(w) 

I 
1 13 1 (nl)* 
1092(nl) 
1039(m) 
1001 (vw) 

945(w) 
9 19(s) 

886(n1) 

836(m) 

799(vs) 
729(vs) 

I 
7 1 ~ ( v s )  

670(s) 
628(vs) 

I 
689(vs,br) 

585(w) 

453(1n) 
425(w) 
395(vs) 

C=C stretch 
in aryl rings 

C-H in-plane bend 
in aryl rings 
*S-N asym. stretchh 

-CNSNS+ ring 
vibrations 

S-N sym stretch" 

-CNSNS+ ring 
vibrations 

"Actual spectra deposited. See footnote 3.  
"Based on the assignments of the syn~n~etric  stretches, thc asymlnctric stretches arc then assigned ac- 

cording to Banister's equation ( 17) u .,,,,,, = 1.5 1 v ,:,,, - 73.1. 

- v,AsF,-1. The "C NMR spectrum of a silnilar reaction carried out ESR ,rltc(?' rec,,.rcl,tge,lle,Ir  of^^^^^^. (R = 2,5.~, ,?~(d.+,  
in 1 : I stoichiometry in a 10-mnl NMR tube showed resonances at - - PII, p-02NC6H,, 3,.5-(02N),C6H,) ro RCNSSN. ill tlze solid 
183.9. 134.4, 131.2.; 130.3, 123.3 (PhCSNSCPh' , see Table 3); rt,rtr, 

. > . L , , L  

132.5, 129.8, 129.7, 123.5, 91.5 (PhCCPh). and 46.8 ppnl - 
(S~N(C?HI)I+ (3)). SOz (0.5 g) was condensed onto a solid mixture of RCNSNSAsF, 

(7 mg). SbPh, (7 n ~ g ) .  and NMe,CI (7 ~ n g )  at - 196'C. The sam- 
Tlle ge~~ercrtio~z cr11d ESR st~rriy of 4-crrj31-1 ,3,2,4-cIitI~ic1cIi~1zoI~~s ples were rapidly warmed up to room temperature and after 3 inin - 

RCNSNS. (R = 2,S-Me2C,JI,, Ph ,  p-02NC6H4, 3,5- the solvent was quickly removed under dynamic vacuum with so- 

(02N)2C8.3) lutions kept in the dark at all times. The solid mixtures (contain- - 
SO, (0.100 g)  and CFCI? (0.500 g) were successively con- - 

densed onto a mixture of RCNSNSAsF, (7 mg), SbPh, (7 mg), and 
NMe,Cl (7 mg) in an ESR tube. giving a blue solution of - 
RCNSNS. ((3.0 f 0.5) X lo-' M) at room temperature. A dupli- 
cate set of samples was also prepared. One set of the san~ples was 
continuously exposed to room light, while the other set was kept 
in the dark. ESR spectra of both sets of samples were recorded at 
room temperature once every 1 or 2 days until the rearrangement 
was completed as indicated by the yellow colour of all the solu- 
tions. The results are given in Table 4 ,  and the data for the rear- 
ranged disulfides are given in Table 5. 

ing RCNSNS.) were exposed to room light for I or 2 days and then 
dissolved in a n?ixture of SOz (0.100 g) and CFCI, (0.500 g) (in 
the dark). Their ESR spectra were recorded immediately. The sol- 
vent was quickly removed (in the dark) and the above procedure 
was repeated on each of the samples until the rearrangement was 
completed. The spectral data are shown in Table 4.  - 
P ~ ~ ~ I L I ~ L I ~ ~ O I I  qf'RCNSNS- (R = Pl7, p - 0 2 N C a 4 )  by red/~c.tior~ cf - 

RCNSNS ' - 
PhCNSNS.: SO, (6.30 g) was condensed onto the solid mix- - 

ture of PhCNSNSAsF, (0.881 g ,  2.38 mmol) and Na,S,O, (0.873 
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PASSMORE ET A L  2975 - - 
TABLE 3. The multinuclear NMR spectral" data for aryl RCNSNSi and PhCSNSCPhi 

I H  NMR"." "C NMR '"N N M R  
Compound 6 (pprn) (relative intensity %) 6 (ppm) (No. of assigned C atom)" 6 ( P P ~ )  ( v , , ~  (Hz)) 

-34( 1750), N',  N" a 
shoulder superimposed 
on the lower field side 
of the peak 

AA'BB' type -13.9(280), N',  N ,  NOZ 
asymmetric peak 

AX? type 
9.48(d, JJz = 1.9Hz,100); H2; H6 
9.42(t, J?, = 1.9Hz,38); H4 

- 19.5(190), N', N", NOZ 
asymmetric peak 

No signal detected 

- m 
"Actual spectra deposited (see footnote 3). The ' H  NMR spectra o f  the aryl deriva~ives of RCNSNS' and PhCSNSCPh' exhibit complex second-order - 

multiplets due to aryl ring protons with the exception of ~ , ~ - ( o ~ N ) ~ c , H ~ c N s N s  ' , which has a simple AX, type of coupling between orrho andprrra pro- 
tons. These spectra indicate that both H2. H6 and H3, H5 are equivalent, respectively. Correspondingly, the I3C spectra show the equivalence between - 
C2 and C6 and between C3 and C5 (except 2,s-M~,C,H,CNSNS') .  The results suggest that the aryl rings of all the cycloadducts can freely rotate about 
C-C single bonds in solution al room temperature. 

I m 
"C7 stands for the carbon atoms in the -CNSNS ' or -CSNSC'- rings. The carbon and hydrogen atoms in the aryl rings are numbered in accordance - - 

with IUPAC rules as shown, e .g. ,  for PhCNSNS' and PhCSNSCPh': 

g, 5.01 ~nmol) at - 196OC and then the reactants warmed up to room - 196°C. The contents were warmed up to room temperature. The 
colour of the solution, which contained SbPh,CI? and Me,NCI, 
became brown very quickly, and a black solid (insoluble in SOZ, 
CFCI,, and C,H,)  was formed. The reactants were stirred for 
10 min at room temperature in the dark to allow the reduction to 
be completed, but to avoid any rea~~angement taking place. The 
black powder was washed five times with SO2 to remove the col- 
oured solubles and then the colour of the solution became very light. 
The SO, was removed by evacuation and the black powdered p- - 
O?NC,H,CNSNS. (0.589 g, 2.60 mmol) was recovered in the yield 
of 84%. IR:' 3 IOOw, 3070w, 3053vw, 2722w, 235 lvw, 1912vw, 
1682vw. 1605ms. 1595rns, 1 5 7 4 ~ .  1524vs, 1503w, 1487w, 
1408m, 1342vs, 1322m, 1310m, 1298w, 1227w, 1 1  13m, 1105rn. 
1008w, 961w, 9331ns, 855s, 850s, 824w, 792m, 751s, 705s, 683s, 
651m. 613w, 592111, 542vw, 461m, 393vw cm-I.  aman:' an:' 
654.0vw, 721.9vw, 796.3s, 1105.3vw, 1181.6m, 1341.7w, 
1405.7s. 1478.9m. 1506.5vs, 15 1 5 . 4 ~ ~ .  1595.5vs, 2392.6vw, 
2 8 1 9 . 0 ~ ~ .  cm-I. EI mass spectrum (m/e (int%)>4%): 226 (M', 
24.41, 180 (Mi - NOZ, 5.4). 148 (p-OzNCt,H,CN', 4.2), 134 (p- 
O?NC,,H,Ct, 4.8). 102 (C,H,CN+, 12.3), 78 (SNS' , 100). Ele- 
mental anal. (%) calcd.: C 37.2, H 1.8, N 18.6, S 28.3; found: C 
37. I ,  H 1.9, N 18.6, S 28.5. ESR: The spectrum was obtained in 

temperature and stirred overnight in the dark. The colour of the 
solution became near-black. The soluble material was poured 
through a frit into the other bulb and the SOz was removed by - 
evacuation at - 15'C. Black crystalline PhCNSNS. (0.375 g,  
2.07 mmol) was recovered with a yield of 87%. IR:' 1597w, 
1502vw, 1406vw, 1334w, 1227w, 1 I78w, 1152vw, 1099w, 
1074w, 1056vw, 1027m, 1000w, 984w, 970w, 929m, 914m, 
825w, 800w, 776s, 765s(sh), 757s, 705s, 680vs. 650111. 634m, 
605w, 595m, 542w, 508m, 395s cm- ' .  EI mass spectrum (nz/e 
(int%)>7%): 18 1 (M', 70), 135 (PhCNS', 27), 103 (PhCN', loo), - 
78 (SNS+, 47). ESR: identical to that of PhCNSNS. generated in 
4 -~nm ESR tube in siru (see Table 4). - 

p-O?NC<,H,CNSNS.: SO? (12.9 g) was condensed onto the solid 

mixture of p - ~ z ~ ~ , ~ , ~ ~ ~ ~ ~ ~ s ~ 6  ( 1.288 g,  3.10 mmol), SbPh3 
(1.01 1 g, 2.86 mmol), and Me,NCI (0.989 g. 9.02 mmol) at 

' ~ c t u a l  spectrum deposited as supplementary data. Supplemen- 
tary material mentioned in the text may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2. 
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TABLE 4. ESR spectral data of aryl RCNSNS. and their rearrangements in dilute solution and in the solid state 

R 
m 

RCNSNS. 2,5-Me,C6H3 Ph p-O?NC,H, 3,5-(02N)2Cc,Hj 

Type of ESR 
spectrum 

Rearrangement time" 
in solid state in light 

1 : l : l  
triplet 

1 : I : I  1 : l : l  I: I: I 
triplet triplet triplet 

5 days >3 days >3 days > I  days 

Rearrangement time" 5-6 days 
in CFC13/S02 in light 

4 days 3 days < I  days 

Rearrangement time" No rearrangement No rearrangement >35 days 5 days 
in CFCI,/SO? in the dark 

I.P. value (eV) of 11.62 12.09 12.63 13.4 
the corresponding RCN (5) - - 

"Here rearrangement time indicates the period over which the above rearrange~nent of RCNSNS. to RCNSSN. was completed, - 
i.e., RCNSNS. were not detectable by ESR even under high receiver gain. - 

TABLE 5. ESR spectral data of aryl RCNSSN. 

- 
RCNSSN. 2,5-Me2C,H3 Ph" p-OZNC,H, 3.5-(02N),C6H3 

Type of ESR 1:2:3:2: 1 1:2:3:2:1 1:2:3:2:1 1:2:3:2: 1 
spectrum pentet pentet pentet pentet 

R 2.0 113(3) 2.01 lO(4) 2.0 1 1 1(3) 2.0 102(3) 

(zN(mT) 0.53(3) 0.5 l(2) 0.5 l(2) 0.50(2) 

"Identical parameters to those in ref. 18 

saturated CFCI, solution at room temperature, and was identical to 
r----l 

that of p-O,NC,H,CNSNS. generated in a 4-mln ESR tube in sirrc 
(see Table 4). - 
Prepctmtion of RCNSSN. (R = Ph, 3.5-(O,N)?C,H.,) by rlze - 

rearrangement ($ RCNSNS- - 
PhCNSSN.: SO, (5.24 g) was condensed onto NaZS,O, - 

(0.325 g, 1.87 mmol) and PhCNSNSAsF, (R = Ph) (0.343 g, 0.927 
mmol). The colour of the solution changed from yellow to dark 
brown after 10 min at room temperature, but the solution was stirred 
for 20 h to allow complete reduction and rearrangement. The SO, 
was then removed by evacuation and the soluble material ex- 
tracted with dry benzene into the second bulb, giving a black - 
crystalline product PhCNSSN. (0.13 g) in 81% recovered yield (IR 
and mass spectrum (19), ESR (18)). ~ T ~ a m a n :  3064. Is, 
3010.7vw, 2136.2vw, 19 15.4vw, 1 6 7 3 . 8 ~ ~ .  1599.4vs, 1553.6w, 
1498.6111, 1375.2s, 1363.0n1, 1325.0rn, 1268.3w, 1159.lw, 
1 140.4vw, 1026 .9~ .  1003.3s. 805.61~1, 777.2111, 662.9111, 6 18.5w, 
5 0 8 . 7 ~ .  473.0w, 430.5m (S-S stretch),' 3 10.8n1, 2 6 3 . 5 ~ .  2 19.6111, 
152.9111, 1 16.9s c m ' .  - 

3,5-(02N)2C6H,CNSSN. : SO? (4.33 g) was condensed onto the 

solid mixture of ~ , ~ - ( O ~ N ) ~ C ~ , H ~ C N S N ~  ASF, (0.5 18 g, 

= 432.3 cm-' based on Steudel's equation (20): tlS_, = 
2.53 - (1.041 X lo-') (300 < us., < 530); tl,.., = 2.08 A for - 

1.12 mmol), SbPh3 (0.285 g, 1.86 mmol), and Me,NCI (0.265 g, 
2.43 mmol) at - 196°C. The contents were warmed up to room 
temperature, the colour of the solution (which contained SbPh,CI, 
and Me,NCI) became brown very quickly, and black solid was 
precipitated. The reactants were stirred for 10 min at room tem- 
perature to allow the reduction to be completed. The black pow- 
der was washed five times with SO? to remove the coloured solubles 
and then the colour of the solution became very light. The SO, was 
pumped off and the black powder of rearranged 3,5- 
I 

(O?N),C6H3CNSSN was recovered. Mass spectrum (m/e  (int%)): 
271 (M +, 100). 225 (M+ - SN or NO?, 70), 193 (3.5- 
(02N)2C6H,CNC, 44), 179 (M+ - N2S1, 751, 147 (O~NC,HH,CN,  
16), 101 (c6H,CN', 33), 78 (SNS', 66). ESR: the spectrum was 
acquired in CFCI, solution at room temperature and was identical - 
to that of 3,5-(0,N),C6H,CNSSN. generated in sirrc (see Table 5). 

PI-epurarion (2nd stability o f ~ h b ~ ~ ~ b ~ h -  
In an initial experiment, SO2 was condensed onto a mixture of - 

PhCSNSCPhAsF, (ca. 1 mg), SbPh,, and NMe,CI in an ESR tube. 
After allowing the reduction to proceed for 4 min the SO? was re- 
moved by dynamic vacuum, and replaced with degassed CFCI,. The 
ESR spectrum at room temperature was the same as reported pre- - 
viously for PhCSNSCPh. (hyperfine coupling constants: "N, 10.7 1 
G: I i ~ ,  15.02 G; "s, 3.92 G: g = 2.0065). 

m 
PhCSNSCPh- is transparent royal blue in dilute CFCI, solution, 

but opaque deep green when concentrated. In an attempt to pre- - 
pare 1 M solution of PhCSNSCPh., SO, was condensed onto a 
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PASSMORE ET AL. 2977 - 
mixture of P ~ C S N S C P ~ A S F , / S ~ N ( C ~ H ~ ) ~ A ~ F ~  (1.549 g. contain- five-membered ring. The peaks in the "N spectrum of - 
ing 2.0 mmol of P ~ C S N S C P ~ A S F ~ ) ,  SbPh3 (0.708 g, 2.01 mmol), 
and NMedC1 (0.538 g, 4.91 mmol), giving a brown solution, which 
was stirred in the dark for 30 min. The SOz was removed, leaving 
a brown solid lump, which was stirred in the dark with CFCI, - 
(20 mL) overnight to extract the PhCSNSCPh.. The deep green 
solution was filtered into a second bulb (where several flakes of a 
black precipitate began to form), and then into an NMR tube 
(containing 0.015 g of CH2CI2 as an internal concentration stan- 
dard), and an ESR tube. The samples were kept frozen at - 196°C 
until the first spectra were acquired (at room temperature). Then 
on storing at -20°C, a thin grey film slowly formed on the walls 
of the tubes. The ESR spectrum of the solution was monitored over 
600 h. The intensities (arbitrary units) of the ESR signal (deter- 
mined by double integration of the spectra) varied with time (after 
the addition of SOz): 15.5 h, 7.1; 88.9 h ,  6.0; 155.9 h, 4.5: 256.4 
h, 4.1; 417.4 h, 4.1; 615.8 h, 4.1. The 'H NMR spectrum of the 
solution exhibited resonances due to SbPh3C1, (8.4 ppm, multi- 
plet), SbPh, (7.9 ppm, multiplet), NM~, '  (1.8 ppm, singlet), and 
some radical decomposition products (7.6 ppm, multiplet). The 
intensities of these resonances did not change relative to that of the 
CHzCl, internal standard over 49 days. 

Results and discussion 
The cycloadditiorz reactions between SNS' and aryl nitriles 

and PhCCPh 
The reactions of SNSAsF, with the aryl nitriles RCN 

(R = 2,5-Me2C6H,, Ph, p-02NC6H,, and 3 ,5-(O2N),C6H3) 
and PhCCPh gave analytically and spectroscopically pure - - 
cycloaddition products RCNSNSAsF, and PhCSNSCPh- 
AsF,, which were established by good elemental analyses 
(Table 1) and IR (CN, SN, CS, and AsF,  vibrations, Table 

~,~-M~,c,H,cNsNs' are broad and they appear to be su- 
m 

perimposed. In the cases of RCNSNS+ (R = p-02NC&, and 
3,5-(O,N),C,H,), the I %  spectrum shows only one narrow 
asymmetric peak, presumably due to the su erimposition of P the resonances due to NO,, N', and N". The H and I3c NMR 
spectra also show that there is free rotation of the aryl groups 
in solution at room temperature (see footnote (a )  in Table 3). 

We were unable to remove the traces of black impurity 
l-----l 

present in PhCSNSCPhAsF, given by the reaction of Ph- 
CCPh and SNSAsF,. However, the material was analyti- 
cally pure with IR and NMR ('H, "c) identical to the pale 
brown material produced according to eq. [I]: 

Reaction [ I ]  was shown to proceed quantitatively by an irz 
situ I3c NMR experiment. However, the isolated yield of - 
PhCSNSCPhAsF, was lower than that in the direct cycload- 
dition reaction (100%) because of separation problems using 
CH,Cl, as a solvent. 

Aryl 1,3,2,4-dithiarlinzole radicals and their 
rearrangements to 1,2,3,5-dithiadiazoles - 

Dilute solutions (ca. lo-' M) of RCNSNS- (R = 2,5- 
Me2C6H,, Ph, p-O,NC,H,, 3,5-(02N)2C,H3) were prepared 
according to reaction [2]: 

2) and multinuclear NMR ('H, "C and "N, Table 3) spec- - 
troscopies. Although the initial unpurified products were [21 RCNSNSAsF, + 1/2 SbPh, 
highly coloured, the experimental results show that only 
traces of impurity were formed."herefore the aryl rings in SOz/CFC1, - - + Me,NCI- RCNSNS- 
RCNSNS' (R = 2,s-Me2C6H,, Ph, p-02NC6H, and 3,s- 

m 
(O,N),C6H3) and PhCSNSCPh' essentially remain intact 
during the cycloaddition reactions, and the cycloadditions 
between SNS" and aryl nitriles and PhCCPh are essentially 
quantitative symmetry-allowed cycloaddition reactions (5). 

The NMR spectra of the cycloadducts showed aryl sub- 
stituent resonances at higher frequency than in the corre- 
sponding unreacted nitrile due to the formation of the cationic 
rings. However, the identity of the ring systems is best 
established by the I3c chemical shifts of C7 (202-205 ppm - 
for the aryl derivatives of .RCNSNS" and 184 ppm for 

r-----l - 
PhCSNSCPh"), which are characteristic for -CNSNS" and 
m 

-CSNSC-' by comparison with the I3c chemical shift val- 
ues of related cations (5). The "N NMR spectrum of - 
PhCNSNS' shows two broad peaks at -46 and 20 ppm, 
assignable to the two inequivalent nitrogen atoms in the 

'The highly coloured impurities may be produced from the slow 

side reaction of SNS' with the aryl rings of RCNS<S+ (R = 2.5- 
MelC,H,. Ph, ~ I - O ~ N C ~ H , ,  and 3,5-(OzN)2C,H,) and - 
PhCSNSCPh'. A slow reaction is observed between SNS' and 
benzene to give highly coloured products (J. Passmore, M. J. 
Schriver, and X .  Sun, unpublished results) (cf. reaction of ONO' 
with C,Hh (21)). The related cycloaddition reactions of SNS' with 
aliphatic nitriles and alkynes led to either colourless or yellow cy- 
cloadducts (1, 2, 5). 

The radicals were identified by their ESR spectra, which 
showed g and nN values very similar to those reported for the 
alkyl derivatives (6, 7); the spectral data are given in Table 
4. Like the alkyl derivatives, they also undergo rearrange- 
ments to the corresponding disulfide isomers, the ESR 

I 

parameters of which are given in Table 5. RCNSNS. (R = 
2,5-Me,C6H3 and Ph) (like the Bu' derivative) only rear- - 
range in the light. However, RCNSNS (R = p-o2NC6H4, 
3,5-(O,N),C,H,) (like the CF, derivative) rearrange in the 
dark, although at a much slower rate than in the light. The 
rates of rearangement given in Table 4 can be correlated with 
the ionization potential of the RCN nitrile, and the electro- 
negativity of R. This kind of correlation is also obtained for - 
the aliphatic derivatives of RCNSNS- (R = CH,, Bu', CF,, - 
and I), i.e., the rearrangement rates of RCNSNS. follow 
the order Bu' < CH, < CF3 < I (6, 9). It is likely that the 
higher the electronegativity of R (which corresponds to a 

m 
higher ionization potential of RCN and also of RCNSNS.), - 
the faster the rate of rearrangement of RCNSNS. to - 
RCNSSN. (although on this basis the CF, derivative would 
have been expected to rearrange faster than the iodo deriva- 
tive). This rearrangement has been quantitatively deter- - 
mined to be a bimolecular process for RCNSNS - (R = Ph, 
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p-0,NC6H,), which will be reported elsewhere)., Further - - 
studies of the rearrangement of RCNSNS. to RCNSSN. are 
in progress. We have prepared spectroscopically (IR, Ra- 

m 
man, and ESR) pure PhCNSSN- by the quantitative rear- - - 
rangement of PhCNSNS.. PhCNSSN- was first synthesized 
by Banister and co-workers (16, 19, 23) by the reduction of 
the corresponding cation. Since then various other - 
RCNSSN. (e.g., CF, (24) and Me,N (25)) have been syn- 
thesized by the same route. We have also synthesized - 
RCNSSN. (R = Bu' and CF,) on a preparative scale by the - 
quantitative rearrangement of the corresponding RCNSNS. 

m 
(6). The rearrangement of 3,5-(O,N),C,H,CNSNS-, like 

CF,CNSNS., was rapid, and we were unable to isolate it. The - 
reduction of 3,5-(O,N),C,H,CNSNS' on a preparative scale 
led directly to the precipitation of rearranged radical 3,5- - 
(O,N), C,H,CNSSN-, which was identified by ESR and mass 
spectrometry 

Isolation a i d  properties of solid RCNSNS. (R = Plz, 
p-O2NC,H,) - 

Although RCNSNS. undergoes facile rearrangement to - 
RCNSSN., we were able to isolate unrearranged radicals - 
RCNSNS- (R = Ph, p-O2NC6H,) as pure solid materials on 
a preparative scale by allowing them to quickly form in the 
solid state. Their identity was established by the combina- 
tion of several experimental techniques, including mass 
spectrometry, ESR, IR and FT-Raman spectroscopies, and 
X-ray crystallographic analysis. The mass spectra of - 
RCNSNS . (R = Ph, p-02NC,H,) showed intense SNS' (47% 
for Ph and 100% for p-O,NC,H, derivatives) and (or) RCN' 
(100% for Ph and 4% ~ O ~ ~ - O ~ N C , H , ~  derivatives) peaks from 
the fragments for both of the radicals. This characteristic 

u - 
fragmentation pattern for RCNSNS. is supported by the ob- 
servation of their photolysis into RCN and SNS. (22). - 
Although the mass spectra of RCNSSN- gave peaks due to 
the fragments SSN (same m/e as SNS) and RCN, they were 
less intense than those of the corresponding molecular ions. - 
The X-ray crystallographic analysis for P~CNSNS-8 showed 
that its unit cell parameters and crystal system are com- - 
pletely different from those of the disulfide PhCNSSN. - 
(23). In addition, PhCNSNS. also has different IR data from - 
those of PhCNSSN. (19). The FT-Raman spectrum of p- 
I 

O,NC,H,CNSNS. did not give an S-S stretch, which was - 
strong in PhCNSSN. at 430.5 cm-I. This is, as far as we are 

"N. Burford, J. Passmore. and X. Sun. Manuscript in prepara- 
tion. See also ref. 22. 

 h he very low intensity of the 11-O,NC,H,CN' peak is conceiv- 
ably attributed to the lower intensity of the M' peak than that of 
the Ph derivative and the more branched fragmentations of M' and 
II-O~NC,H,CN' due to the existence of the nitro group. 

m 
~rystal lographic u ~ i t  cell parameterso for PhCNSNS.: ornono- 

clinic, cr = 6.156(5) A. O = 15.581(5) A, c = 8.659(5) A, cr = 
y = 90". p = llO.13(6)", V = 779.8(1) A3. Z = 2, volume of mo- 
lecular unit 389.9(1) A" Determination of the full crystal struc- 
ture was unsuccessful because of its crystallinity loss during 
attempted data collection, possibly due to the rearrangement on an 
irradiation by the X-ray beam. 

aware, the first report of Raman spectra of these or related 
highly coloured radicals, now obtainable by using FT-Raman 
spectroscopy, which is likely to prove very useful in this and - 
related areas. RCNSNS. (R = Ph, p-02NC,H,) are unam- 
biguously characterized by their ESR spectral data ( 1  : 1 : 1 
triplet for both derivatives) in solution, showing that the 
isolated solid compounds were unrearranged radicals - 
RCNSNS, (R = Ph, p-O,NC,H,). The crystallographic - - 
studies also showed that PhCNSNS. and PhCNSSN. pos- 
sess essentially the same volumes of the molecular unit - 
(389.9(1) A3 for PhCNSNS- and 382.4(1) A3 for - - 
PhCNSSN- (23)). This suggests that PhCNSNS. forms sim- 
ilar sulfur-based ~ '~ - . r r ' *  dimers in the solid state as ob- 

served for P~CNSSN. (23). The attempted reduction of 2,5- - 
Me,C,H,CNSNS' resulted in an intractable tar. - 

RCNSNS- (R = 2,5-MezC6H3, Ph, p-O,NC,H,, and 3 3 -  
(OIN),C6H3) not only undergo photochemical rearrange- - 
ment in dilute solution, but also rearrange to RCNSSN. in - 
the solid state in the light at room temperature. PhCNSNS. 
even completely rearranges to its disulfide isomer - 
PhCNSSN- in the solid state in the dark at -20°C after a - 
week. We have also found that Bu'CNSNS. completely - 
rearranges to BulCNSSN. in the liquid state in the dark at 
room temperature after ca. 20 h (7): Banister and co-work- 

T-----l 

ers (26) recently reported that p-C,H,(CNSNS)2-. under- 
goes thermal rearrangement to its disulfide isomer - 
p-C,H,(CNSSN)2.. in the solid state at 150°C. All of these 
results suggest that this rearrangement is a general process 
for 1,3,2,4-dithiadiazoles in the solid state. Energetic dif- 
ference obviously exists between the rearrangement of - - 
RCNSNS- to RCNSSN. in the light and in the dark. This 
suggests that the thermal rearrangement (low-energy pro- 
cess) may be related to a different reaction pathway from that 
of the photochemical rearrangement (high-energy process). - 
p-O,NC,H,CNSNS. is infinitely stable in the solid state in 
the dark at room temperature. However, the attempted crystal 
growth by sublimation at 90°C resulted in thermolysis top-  
O?NC,H,CN (detected by IR), presumably due to the loss 
of SNS- (22). - 
Genei-~ltioiz L I ~ I ~  stability of PI7CSNSCPh. - 

The PhCSNSCPh. was previously prepared in dilute so- 
lution by Sutcliffe and co-workers by the reaction of Ph- 
CCPh with S,N,, and characterized in dilute CC1, solution 
by ESR (27-31). We prepared it by the reduction of - 
PhCSNSCPhAsF, with SbPh,/NMe,Cl according to eq. [3]: - 
[3] PhCSNSCPhAsF, + 1 /2 SbPh3 + NMe,CI 

The ESR parameters obtained in this study were in good 
agreement with those obtained by Sutcliffe and co-workers 
(29-3 1 ). 

P ~ C S N S C P ~ .  decomposed to an insoluble diamagnetic 
solid when an attempt was made to isolate it. It is also un- 
stable as a 1 M solution, decomposing to some soluble ( 'H 
NMR) and insoluble products. The decomposition appeared 
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to cease (in this case after 70 h) when the radical concentra- 
tion reached a certain critical level, which we estimated to 
be about 0 .5  M ,  by monitoring the intensity of the ESR sig- - 
nal of a i M solution of PhCSNSCPh. as a function of time 

in the dark. The stability of R' CSNS&. is comparable with 
that of its nitroxide analogue RIR"NO.. R,NO. (R = Bu', 
CF,) is a stable species (32, 33). Ph,NO. is unstable and not 
isolable (33, 34), but it decomposes to diphenylamine and 
N-phenyl-p-benzoquinonime N-oxide in solution under nor- 
mal preparative concentrations (34). This suggests that the - 
stability of R'CSNSCR". parallels that of the nitroxides 
RIR"NO.. 

Conclusions 

We previously showed the generality of quantitative 
symmetry-allowed cycloaddition reactions of SNS+ with al- 
iphatic alkynes and nitriles (1-5). This generality has now 
been extended to simple aryl derivatives to give the corre- - 
sponding pure cycloadducts RCNSNS+ (R = 23-MezC,H3, 

II 

Ph, p-O2NC6H4, and 3,5-(O2N),C6H3) and PhCSNSCPh+. 
- + .  Reduction of RCNSNS in dilute solution gives the neu- - 

tral 7 7 ~  radical RCNSNS.. We were able to isolate solid 

RCNSNS- (R = Ph, p-O2NC6H4). The novel rearrangement - r-----l 
of RCNSNS. to RCNSSN. was previously studied for some 
alkyl derivatives (6, 7). In this work, we determined the 
relative rates of this rearrangement for some related aryl de- 
rivatives and found that the lower the electronegativity of R, 
the slower the rearrangement. This discovery may lead to a 
better understanding of the mechanism of this rearrange- 
ment. It also aids us in the planned syntheses of more stable - 
RCNSNS. mono- and multi-radical containing species that 
are of interest in their own right and as potentially useful 
materials. 

The study of the stability of P ~ C S N S C P ~ .  showed that - 
PhCSNSCPh- is stable in solution up to ca. 0 .5  M. It seems 

r-----l 
to be intermediate in stability between CH3CSNSCCH3., 
which is only detectable by ESR spectroscopy in very dilute - 
solution (I) ,  and RCSNSCR. (R = CF, (lo), CN (1 I)), which 
are isolable as stable materials. 
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Organometallic intermediates in the group 4 metallocene-catalyzed dehydrocoupling 
of organosilanes. 2. Variations in the intermediates of dimethyltitanocene reactions 
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J .  F. HAKKOD, YING MU, and E. SAMUEL. Can. J .  Chem. 70, 2980 (1992). 
As previously described, organosilanes react with dirnethyltitanocene (DMT) to give three reduced titanium inter- 

mediates, CpzTi(k-SiRRIH)(p-H)TiCpz, 1 ,  [Cp.Ti(k-SiRR'H)],, 2,  and [Cp2Ti(H)],(~-H), 3. When R = Me and R' = 
tz-Bu, the DMT is quantitatively converted to 1, which is persistent at room temperature. When R' = H, DMT is ini- 
tially converted quantitatively to 1, which then rapidly declines to give an equilibrium mixture of 1, 2, and 3, with 2 as 
the dominant species. When R = Ph and R' = Ph or Me, 1 is again produced quantitatively, but it rapidly declines to 
produce an unidentified paramagnetic product, rather than 2 or 3. It is believed that 2 is unstable with respect to disso- 
ciation in these cases due to the steric bulk of the substituents. 

J.  F. HARKOD, YING MU et E. SAMUEL. Can. J.  Chem. 70, 2980 (1992). 
Comme on I'a dkrnontrk antkrieurement, les organosilanes rkagissent avec le dinlkthyltitanockne (DMT) pour donner 

trois intermkdiaires reduits du titane, Cp2Ti(p-SiRR1H)(~-H)TiCp2, 1, [CpzTi(pSiRR1H)],, 2, et [CpzTi(~-SiRR'H)IZ(p- 
H), 3. Lorsque R = Me et R' = tz-Bu, le DMT est transform6 quantitativement en 1 qui est persistant a la temperature 
ambiante. Lorsque R' = H, le DMT est initialement convert; quantitativement en 1 qui disparait alors rapidement pour 
donner un nlklange i I'kquilibre des composks 1, 2 et 3 dans lequel le compose 2 prkdomine. Lorsque R = Ph et R' = 
Ph ou Me, 1 est encore une fois produit d'une facon quantitative, mais sa concentration diminue rapidement pour don- 
ner un produit paramagnktique inconnu plut6t que les produits 2 ou 3. Dans ce cas, on croit que le compose 2 est ins- 
table et qu'il se dissocie i cause de I'encornbrenient stkrique des substituants. 

[Traduit par la rkdaction] 

Introduction 
T h e  intermediates in the group 4 metallocene-catalyzed 

dehydrocoupling reactions of organosilanes are quite differ- 
en t  for  titanium (1, 2 )  and  for  zirconium (3 ,  4).  In a number 
of  studies, w e  have used the dimethylnietallocenes of group 
4 as  the catalyst precursor (1,  3 ,  5). In these cases, the 
chemistry of  the transformation of  the precursor into the ac- 
tive catalytic species constitutes an important part of  the 
chemistry. Tilley and W o o  have carried out  extensive stud- 
ies with pre-synthesized silylzirconocene(1V) and hafno- 
cene(1V) complexes that provide convincing evidence for the 
role of  silylhydridozirconocenes(1V) a s  the key catalytic 
species (4). They  also showed that the induction periods 
typical of dimethyl;netillocene catalysts are not observed with 
silylhydridozirconocene catalysts. Finally, all studies have 
concluded that the zirconium remains mainly in the oxida- 
tion state I V  throughout the reaction and only small amounts 
of Zr(II1) species are detected. 

The  titanocene-catalyzed reaction differs in two impor- 
tant ways from the zirconocene and hafnocene systems.  In 
the first place, o n e  cannot use either dihydrotitanocene(1V) 
o r  hydridosilyltitanocene(1V) complexes as  catalysts, since 
such compounds are  too unstable to isolate and  manipulate 
(6, 7). Secondly,  once the induction period for transforma- 
tion of D M T  into the active catalyst is cornplete, all of  the 
detectable titanium is in the form of  Ti(II1) (1, 2).  Despite 
this fact,  it was  concluded from a study of the kinetics 

of a number of DMT-catalyzed reactions that the mos t  
probable species fo r  the true catalyst was  the hydridosilyl- 
titanocene(IV), 4 (8). In no case has 4 ever  been directly 
observed. However ,  Buchwald and his collaborators have  
recently succeeded in isolating and structurally characteriz- 
ing tri~nethylphosphine coordinated 4 (R = R '  = ~ h ) . '  From 
these results. it appears likely that the true catalyst is gen- 
erated by  an equilibrium splitting of  the d imer  1 by silane a s  
shown in eq .  [ I ] .  

In earlier reports, we  described the manner in which D M T  
reacts rapidly with organosilanes, following an induction 
period, to  give 1 initially, then [CplTi(SiRRIH)],,  2 ,  and  fi- 
nally the mixed valence hydride Cp,Ti,H,, 3 (1, 2). W e  have 
now systematically followed these species in the course of 
the reactions of  several organosilanes, by monitoring their 
'H N M R  spectra. 

Results and discussion 
T/7c rerrcriot~s of'pr-itntrrjl silnt7es 

The  profile of a reaction of a catalytic amount of DMT with 
phenylsilane is shown in Fig. 1 .  T h e  amounts  of  la  and 2cr 

' ~ u t h o r  to whom correspondence may be addressed. 's. Buchwald. personal con~munication. 
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HARROD ET A L  

LZ: R = Ph; R' = H 
b: R = Me; R' = H 
c: R = Me; R' = n-Bu 
r f :  R = Ph; R' = Ph 
e :  R = Ph; R' = Me 

Reaction time (min) 

FIG. 1. Evolution of the concentrations of compounds ~ L I ,  20, 
and 3 with tirne. [DMT], = 0.1 M; [PhSiH,], = 1.0 M in benzene- 
d, at 20°C. 

were calculated directly from integration of NMR spectra. 
The third curve, believed to be mainly due to the presence 
of 3, was obtained by subtraction of the amount of l a  + 2a 
from the total amount of titanium. The zero of time in this 
figure corresponds to the time at which the blue colour, sig- 
nalling the end of the induction period, was first observed. 
It is evident from these results that DMT is transformed 
rapidly and completely to l a  in the first few seconds of the 
reaction. The concomitant formation of one equivalent of 
PhMeSiH,, some oligophenylsilane, and some CH, was also 
evident from the 'H NMR spectra. The initial reaction in the 
presence of excess silane Is then: 

+ 3 MeH + PhMeSiH, + 2/t1 H(PhSiH),,H 

Immediately following its rapid formation, l a  begins to 
decay to the other two products. The decay continues until 
a steady state of all species is reached after about 2 h. At the 
steady state, under ambient conditions, the dominant spe- 
cies is 2a (ca. 65%) and l a  is about 30% of the total tita- 
nium present. 

When isolated, l a  is used as a catalyst for phenylsilane 
polymerization, there is no induction period, and the rate of 
dehydrocoupling is initially high. The rate then declines as 
the l a  is converted into 2a. When isolated, 2a is used a cat- 
alyst, the reaction is initially very slow, but accelerates as 
the 2a is converted to l a .  This conversion is evident from 

the change in colour from the dark greenish-grey of 2a to the 
royal blue of l a .  The ' H  NMR spectrum of the reaction 
mixture shows that about 30% of 2a is converted to l a  over 
a period of several hours. Thus, the same steady state com- 
position is achieved irrespective of the starting complex. 

The course of a reaction of methylsilane with DMT is very 
similar to that of phenylsilane. At the steady state, which was 
achieved after ca. 3 h with 0 .1  M DMT and 1.0 M MeSiH, 
in C,D,, the concentrations of l h  and 26 were again ca. 35% 
and 60% of the total titanium. 

The reaction of n-hutylmethylsilane 
The reaction of n-butylmethylsilane is somewhat differ- 

ent from those of the primary silanes. Following the induc- 
tion period, the reaction mixture does turn royal blue and 
the 'H NMR spectrum shows the formation of CH,, Bu- 
Me,SiH, and the complex l c .  There is, however, no evi- 
dence for transformation of l c  into any other species and its 
concentration remains constant for at least several hours. 

The 'H NMR spectrum of l c  is similar to that of l a  (1). 
At room temperature, the four resonances of the inequiva- 
lent C p  groups are already sharp in l c ,  while the bridging 
hydride resonances only sharpen up at lower temperature, as 
illustrated in Fig. 2. The presence of a paramagnetic spe- 
cies in solutions of l c  is signalled by a marked paramag- 
netic broadening of the resonances of the metal complex, 
excess BuMeSiH,, and the solvent. The effect of concentra- 
tion on the C p  resonances of l c  is shown in Fig. 3.  

Studies by EPR of a solution of l c  in toluene showed a 
broad featureless singlet at room temperature with g,,, = 
1.984, and did not provide further clarification as to the 
structure of the paramagnetic species responsible for the line 
broadening of the NMR signal. 

The reactions of dipherzylsilarze and metlzylplzenylsilane 
The initial reactions of diphenylsilane and phenylmethyl- 

silane with DMT gave CH,, the methylated silanes, and 
quantitative conversion of DMT to Id and l e ,  respectively. 
In both cases, 1 begins to decay immediately, but there is no 
evidence in the NMR spectrum for the formation of 2. The 
EPR spectra of reacting solutions reveal the presence of 3, 
together with an intense broad singlet of unassigned origin. 
When the reactions are carried out in hexane as solvent, a 
black microcrystalline precipitate is recovered after several 
hours, which from its EPR spectrum and chemical analysis 
appears to be mainly 3. Curves showing the disappearance 
of l d  and l e  with time are shown in Fig. 4.  

The rneclzc~tzistn of forination of I and 2 and their 
ir~~plicatiotz iiz DMT-catalyzed dehydrocoupliizg 

In earlier reports we described some aspects of the reac- 
tions of DMT with organosilanes and organogermanes (1, 
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I-==I""I1" 'I"TTTTTT.I ~ " 1 " " 1 ' ~ ' 1 " " 1 " " 1 " " l  
6.4 6.2 6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 PPM -125 -13.0 -13.5 -14.0 -14.5 PPM -19.0 -195 -20.0 -205 -21.0 -21.5 PPM 

FIG. 2. I H  spectrum of l c  at different temperatures. [ lc]  = 0.1 M in toluene-d8. 

"nl""l""lmllnrrIm?mq""lmrlmr[ nlrl""l""l'mlrml'l'illllll""lU"I"' P mrFRpmFrTmrFnTmrFrrlmrFnl 
6.0 5.8 5.6 5.4 PPM 6.0 5.8 5.6 5.4 PPM 6.0 5.8 5.6 5.4 PPM 5.8 5.6 5.4 5.2 PPM 

FIG. 3. I H  NMR spectrum of l c  in the Cp region at different concentrations of the complex. ( a )  0.1 M; (b) 0.2 M; (c) 0.3 M; (d) 
0.6 M. 

9). The critical feature of the DMT reactions, and one which 
distinguishes DMT from its zirconium and hafnium ana- 
logues, is the explosive nature of the reaction that leads to 
reduced titanium species. In its strongly autocatalytic na- 
ture and its spatially inhomogeneous propagation, this re- 
action is very similar to the reaction of Hz with DMT (6, 10). 
It is likely in both cases that titanocene is the chain carrier 
that is responsible for the branched chain character of these 
reactions. Bercaw et al. were able to show unequivocally that 
this was the case for the reaction of H, witti c ~ ; + ~ T i M e ?  (1 1). 
We have shown that the explosive reduction, in the case of 
silanes, is suppressed by CO (1) .  When CO is present, in- 
stead of the catastrophic reduction to Ti(II1) dirners, there is 
a slow, non-autocatalytic formation of Cp,Ti(CO),. If there 
is only a small amount of CO available, the slow accumu- 

lation of the dicarbonyl continues until the CO is exhausted 
and then the catastrophic reduction to Ti(II1) dimers occurs. 

When a sterically undemanding, basic phosphine, such as 
Me,P, is added to the DMT/silane reaction mixture, the 
product is not (as might be anticipated from the CO result) 
the titanocene(II)bis(phosphine) (12), but a titanocene(II1)- 
silyl(phosphine) complex (2). The same products are ob- 
served on reaction of 1 or 2 with Me,P or CO. Since 1 and 
2 interconvert, it is not easy to distinguish whether these re- 
actions involve specifically 1 or 2. 

The new results described above confirm that complexes 
1 are the initial products of the reduction reactions of silanes 
with DMT. They also indicate that the origin of the low ac- 
tivities of secondary silanes with respect to catalyzed dehy- 
drocoupling is different in the case of butylmethylsilane from 
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HARROD ET AL. 2983 

FIG. 4.  Evolution of the concentrations of I d  and l r  with time. 
[DMTIi = 0. I M; [Ph,SiH,] = 0.7 M; PhMeSiH, = 0.9 M. At 20°C 
in benzene-&. 

the cases of  diphenyl- and phenylmethyl-silanes. T h e  inac- 
tivity of  the former is d u e  to the inordinate stability of  l c ,  
while that of  the secondary arylalkylsilanes seems  related to 
the inordinate labilities. o r  instabilities, of  Id and l e .  T h e  
abnormal stability of l c  may arise from the greater elec- 
tron-releasing character of  the alkyl substituents, giving rise 
to stronger bridging bonds. It may also be  partly due  to steric 
inhibition of  reaction [ I ] .  By the same reasoning, it may  b e  
concluded that the arylalkyl- and diaryl-silanes dissociate 
more readily into mononuclear species, d u e  t o  the greater 
electron deficiency of  the bridges, but that the formation of  
4 (eq. [ I ] )  is slowed down,  perhaps by  steric 
effects,  to  the point that the mononuclear intermediate de- 
composes via an unproductive channel.  T h e  more rapid dis- 
appearance of  Id and l e ,  relative to  la, may also be  linked 
to a more facile dissociation of these bimetallic into mono- 
metallic c o m ~ l e x e s .  In this case. however, the dissociation 
may b e  a disproportionation into titanocene(I1) and  a hydri- 
dosilyltitanocene(1V) complex ( I ,  8). 

T h e  failure to observe 2d and  2e by NMR does  not prove 
that they are  absent,  since they may dissociate into para- 
magnetic monomers,  according to eq .  [ 3 ] .  Even  a small 

amount  of  dissociation could cause extreme broadening o f  
NMR resonances, provided the equilibrium was rapid. There 
is also a m ~ l e  evidence that dissociation of 2 can occur in the 
presence of  donor ligands (2). This  explanation is still not 
very convincing, however, when it is recognised that 2a and 
20 have unbroadened resonances at room temperature, while 
neither 2d nor 2e can  be  detected in reaction mixtures d o w n  
to -80°C. 

T h e  activity of  primary silanes can then be rationalized in 
terms of a n  optimum ease  of dissociation of 1 and a rate of  
conversion of the resulting mononuclear c o n ~ p l e x  into 4 that 
precludes its decomposition by a nonproductive reaction. 
Although 2 is not a n  efficient source of  the primary cata- 
lyst, its fonnation correlates with high catalytic activity. This 
is presumably because the processes that are  prerequisite to  
the formation of  4 are also prerequisite to  the formation of  

2. All of  this leads to  the conclusion that only a small frac- 
tion of  the titanium is in the form of  primary catalytic spe- 
cies and  that the true activity o f  the primary catalyst is very 
much higher than the apparent activity. W e  are therefore 
concentrating our  continuing efforts o n  the development of  
Cp-related ligands that inhibit dimerization of the hydride and 
silyl intermediates, and  slow d o w n  their spontaneous de- 
composition, without unduly slowing d o w n  the dehydro- 
coupling process. 

Experimental 
The general prockdures for the purification of solvents, synthe- 

sis of reactants and catalysts, and carrying out reactions, are the 
same as described previously (I).  

Reactions ofprirnary nrzd srcor~dcwy silarzes with DMT 
All of the reactions were followed by 'H NMR. The standard 

conditions, except for methylsilane, were as follows. To a solu- 
tion of DMT (10 n ~ g ;  0.048 mmol) in degassed benzene-& con- 
taining one drop of cycylohexane as calibrant, was added the 
reactant silane (0.06 mL). The mixture was sealed in an NMR tube 
and placed in :he temperature-controlled cavity of a 300 MHz NMR 
spectrometer. The concentrations of 1 and 2 were monitored pe- 
riodically by comparison of the integrals of their Cp resonances with 
the cyclohexane standard. In the case of methylsilane, the same 
amount of DMT was dissolved in benzene-d6 (0.48 mL) contain- 
ing a drop of cyclohexane. The methylsilane gas was bubbled into 
the solution until it turned deep blue. The NMR tube was then sealed 
and the reaction was followed by the same method as for the other 
silanes. 

Synfhrsis of [Cp2Ti(p-SiH2Me)12, 2b  
Methylsilane was bubbled into a solution of DMT (100 mg; 

0.48 mmol) in toluene (2 mL). Within a few minutes a rapid col- 
our change from orange to deep blue occurred, accompanied by a 
vigorous gas evolution. The solution was left under an atmo- 
sphere of methylsilane for 24 h to complete the conversion of 10 
to 2b. The supernatant liquid was then decanted and the crystal- 
line product was washed three times with 2-mL portions of cold 
toluene and dried under vacuum (yield: 34 mg; 35% based on 2b). 
The 'H NMR spectrum of the product, in toluene-c18, revealed only 
peaks due to the two isomers of 2b, in a ratio of 1.2: 1. Major iso- 
fner (ppm): Cp: 4.594 (s) and 4.492 (2); Si-H tem~inal: 4.777 (m), 
-JI.,,,,: 4.48 HZ; ' J ~ , ~ :  4.50 HZ; CH3: 0.765 (dd), ' J , . ~ , ~ I ~ ~ :  1.85 HZ; 
Si-H-Ti: - 10.16 (br s). Minor isomer (ppm): Cp 4.586 (s) and 
4.518 (s); Si-H (terminal): 4.866 (m), -J,,,,,: 4.48 Hz; '~1.1,~: 
4.50 Hz; CH3: 0.739 (dd), 'JI ,,,,,: 1.85 Hz.; Si-H-Ti: - 10.16 (br 
s). The spectral parameters for Si-H (terminal) and CH3 reso- 
nances are cited for the spectra obseived while decoupling at 0.765, 
0.739, and - 10.16 ppin respectively. The major isomer is tenta- 
tively assigned the cis structure on the basis of the larger differ- 
ence in chemical shift between the two Cp resonances for this 
isomer. Although the NMR spectrum indicated only the presence 
of 2b in solution, satisfactory analyses for this compound were not 
obtained (Anal. calcd. for C,,H,,,Si,Ti,: C 59.19, H 6.77, Si 12.58, 
Ti 21.46; found: C 55.57, H 6.25, Si 9.94, Ti 21.87). The poor 
analysis can be attributed in part to the presence of 3, which is NMR 
silent, but it is also common for coinpounds containing Ti and Si 
to give poor analyses due to the forination of refractory titanium 
silicide. Although the Inass spectra of the products contained many 
expected fragments, parent peaks were not observed and it was 
concluded that the coinpounds are not in general stable enough to 
carry out structure confirination by high-resolution MS. 

Several attempts to isolate l b  in a relatively pure state were 
frustrated by the facile decomposition of l b  into 2b. However, l b  
was readily observed in solution by its 'H NMR spectrum. At room 
temperature. all resonances were very broad, including the Cp 
resonances. Contrary to the spectra of all other colnplexes of 1 so 
far observed, l h  only exhibits three separate Cp resonances in the 
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TABLE 1. 'H NMR data for Cp,Ti(p-H)(p-HSiMeH)TiCp?, lb" 

Chemical shifts, ppm 
Temperature 

("c) CjH, Si-H CH, Si-H-Ti Ti-H-Ti 

"In toluene-d, with TMS standard. 
"Very broad. 
'Not observed. 
'Figures in parentheses are peak widths at half height (Hz) 

ratio of 1 : 1 :2, due to the accidental degeneracy of the two higher 1. C .  A. Aitken, J. F. Harrod, and E. Samuel. J. Am. Chem. Soc. 
field resonances. 'H NMR data for l b  at different temperatures are 108, 4059 (1986). 
summarized in Table 1. 2. E. Samuel, Y. Mu. J. F. Harrod, Y. Dromzee. and Y. Jeannin. 

Synthesis of Cp2Ti(p-SiBuMeH)(p-H)TiCp?, l c  
DMT (150 mg) was dissolved in pure degassed tl-BuMeSiH? 

(1.0 mL). The solution changed colour rapidly from orange to dark 
blue with a vigorous gas evolution. After about 30 min, the super- 
natant liquid was decanted and the residual precipitate was washed 
three times with 2-mL portions of cold hexane and dried under 
vacuum to give a black powder (102 mg, 63% based on l c ) .  Sat- 
isfactory analyses were not obtained (calcd. for C,jH3,SiT,: C 
65.50, H 7.48, Si 6.13, Ti 20.9; found: C 62.7, H 7.01, Si 5.31, 
Ti 20.64). The 'H NMR spectrum of the product gave only reso- 
nances in the Cp and hydride regions that were attributable to l c .  
The n-C4H, and CH, resonances of the complex were slightly ob- 
scured by small amounts of free BuMeSiH,, also apparent from its 
Si-H resonance. The 'H NMR spectrum of l c  is described in de- 
tail in the discussion. No parent peak for l c  was observed in the 
mass spectrum. 
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